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INPEAUCJIOBHUE

B HacrosinieM u3iaHuW J1a0OpaTOPHOro MpakTHUKyMa Mo Kypcy oOiiei
(U3MKM BBE/ICH TEOPETUYECKHUI pa3/iesl, B KOTOPOM (yHAaMEeHTaJIbHbIE TIOHS-
THUsI KBAHTOBOW MEXaHMKHM — KBAHTOBAHUE SHEPIUH, pacLICIUIEHUE SHEPreTH-
YEeCKUX YpOBHEW M 0Opa3oBaHUE YHEPreTUUECKHX 30H paccMaTpUBAIOTCS Ha
KaueCTBEHHOM YPOBHE M Ha OCHOBE JIAOOpaTOPHBIX paldoT, BbIMOJHSBILIMXCS
CTYJIEHTaMH B IPEAbIYIUX CEMeCTpax.

Teoperuyeckuil paszaesn 1nocoOusi cHaOXeH OO0JIbIIUM KOJIUYECTBOM
KOHTPOJIBHBIX BOIIPOCOB, PaclpejieieHHbIX Mo pa3zjaeiaMm. KOoHTposbHbIe
BONPOCHI-33iaHus, TpeOyromue BbBOJAa (DOPMYJI, BbIIEICHBI KUPHBIM
mpudTom. Paboune GpopmMyIibl 0OBeIeHBI paMKaMHU.

PexomeHnyeTcsl BBIMONHATE J1TaOopaTOpHbIe PabOTHl B CIEIYIONMEM II0-
paznke: naboparopHas pabota Ne 41 — tak kak oHa He TpeOyeT 3HaHUS KBaH-
TOBOH MexaHMKH, JaboparopHas padota Ne 40 munu Ne 42, 3arem nabopa-
TopHas padota Ne 44.



3JEMEHTBI KBAHTOBOI TEOPUU
TBEPIOI'O TEJIA

JUCKPETHBIE YPOBHU SHEPI'MN
JJIEKTPOHA B ATOME

PaCCMOTpI/IM BHa4aJi€ ¢ TOYKH 3PCHUA Kaaccuyeckoll Mexanuky B3auMo-
I[eﬁCTBPIe OJICKTPOHA C IMOJIOXKHUTCJIbHBIM 3apAA0M aTOMHOI'O sAApa. Tak kak
CuJia JJICKTPOCTATUYICCKOIO B3aPIMO,I[CI>iCTBHH HEHTpAJIbHA, TO COXPAaHsACTCA

MOJTHBIA MOMEHT UMITyJIbCa dJIeKTpoHa M (B KBaHTOBOW MEXaHWKE MOMEHT
UMITyJIbca TPUHATO 00O3HadaTh 3TOi OykBoit). CoxpaHseTcss M TOJHas
JHEPTHs dJIEKTPOHA

E=FEg .+ U(r):mvz/Z—Zez/r,

2 -
rae Ey, =mv / 2 — KMHEeTHYecKas dHeprus, m — Macca, v — CKOpPOCTb
JJIEKTPOHA, U(r)=—Ze2/r — TOTEHIHAaNbHas SHEPrus B3aHMOICHCTBUS
3apsiaa dNeKTpoHa (—e) ¢ 3apsaom sinpa Ze, Z — aTOMHBIA HOMep, F —
paccTosiHUE OT JIEKTPOHA 10 TOYEYHOTO S/pa.

Ecnu pa3noxutb BEKTOp CKOPOCTH 3JEKTPOHA ¥, KacaTelbHbIH K Tpa-
€KTOpWH, Ha JIBE OPTOTOHAIbHBIE KOMIMOHEHTHI, PAJHANBHYI0 ¥V, W a3UMy-

TaNbHYIO V, (pHC. 1) M BBIpa3uTh V. 4epe3 BEIMUYMHY MOMEHTA UMITyJIbCa
M= |17><[7| =rpsino =rmv,,
TO MOJIHYIO SHEPTHIO 3JIEKTPOHA MOXHO MPEACTABUTH B BUAE CYMMbI KUHETH-
. 2 .
YECKOW PHEPrUU PaAuaIbHOTO IBIXKEHUS MV / 2 W 3aBHCSILEH TOJBKO OT 7

3(b}EKTUBHON TMOTEHUMANBHON dHepruu Us,gg, = M 2 / 2mr? +U(r), rpadux

KOTOpOi1 N300paXkeH CILTONTHOM KpUBOW Ha puC. 2.



Puc. 1 Puc. 2

['paHULIBI TAKOTO «OAHOMEPHOT0» JBMXKEHUS 3JIEKTPOHA 3aBUCST OT €ro
nosiHo# sHeprun. Ecau E >0, TO 3JIEKTPOH MOXET OTOPBATHCS OT sIpa,
YUTH B OECKOHEYHOCTH, ABMKCHHE dJIEKTPOHA uHpunumuo. Ecom xxe E <0,
TO IBW)KEHHE 3JIEKTPOHA (PuUHUMHO, T.€. MPOUCXOJUT B OrPAHUYCHHOM
npoctpancTBe. OONacTH, OTMEUEHHBIE ITPUXOBBIMA TOPHU3OHTAISIMH Ha
pHUc. 2, KIacCUYECKOMY 3JIEKTPOHY HEIOCTYIIHBI, TaK KAK B HUX MOTEHLU-
ajibHAs DHEPTHS TPEBBIIIACT MOJIHYI0. B 9acTHOCTH, TONHASI DHEPTUS HE
MOXET OBITh MEHBIIE MUHUMYMA U, -

C TOUYKM 3pEeHUS K8AHMOBOU (80JIHOB0L) MEXAHUKU, CBI3AHHOE JIBIKE-
HHUE JJIEKTPOHA B aTOME CXOXKE CO CTOSYeil BOJHOH B OTpaHMYEHHOM IIPO-
cTpancTBe. BcmomuauM naboparopryto padoty Ne 24 «BoaHbI Ha CTpyHEe».
CrauuoHapHbie Kosie0aHusi CTPYHbI, 3aKPEILUICHHONW HA KOHLAX, JOCTUIaju
OOJBIIION aMIUIMTY/BI, €CIM Ha JUIMHE CTPYHBI L YKJIaJbIBajoCh I[elloe
YHUCITO MOJTyBOJH:

L=n)\/2, n=1,23...

BbisicHum Qu3uueckuii CMbICI 3TOr0 YCjI0Bus. PaccMoTpuM cmelieHue
CTPYHBI B Kakoi-m1bo mrockoctn AB (puc. 3). 'apmonnyeckas BoyiHa, Ha-
mpuMep, OeryIas BIPaBo, MOCIEA0BATENBHO OTPaXaeTcs OT KOHIIOB CTPY-
HBbl ¥ CKJIAJIBIBAETCS B IJIOCKOCTH AB C MEepBUYHON BOJHOM, MPOXOASIICH
3Ty IUIOCKOCTh B OoJiee MO3MHUI MOMEHT BpeMeHHW. bompimas ammmutyna
CyMMapHOM BOJIHBI BO3MOXKHA TOJBKO B TOM CIy4ae, €ClId COCTaBIAIOIINE



BOJIHBI CKITambiBatoTcsA B (haze. To ecTh Haber (a3l MpH MUKIAIECKOM 00-
XOJIE CTPYHBI JOJDKEH OBITh KpaTeH 27 :

2L=nh< L=n)\/2.
[pu mo6GOM IPYToM 3HAYeHHH Pa3HOCTh (a3 MHOTOKPATHO OTpakKaio-

uMxcsi Oeryiux BOJIH OyZIeT MEHATbCs B mpejaeiax ot 0 g0 27, no3ToMy
pe3yIbTUPYIOIIAs aMIUTUTY/ A He OyIeT MaKCUMATbHOM.

Puc. 3

B kBaHTOBOIl MeXaHWKE ABMXEHWUI0 MUKPOYACTULBI C UMITYyJILCOM p
COOTBETCTBYET JMHA BONHBL A =/h/p (dpopmyna me Bpoiins), h — mocro-
ssaHas [1nanka. B modenu amoma bopa moctynmupoBaiiuch TONBKO T€ KPYTo-
Bble OpOUTHI, HA KOTOPBIX YKJIaJbIBaeTCs 1iejoe uucio A . OnpeneneHHbIM
3HAYEHUSIM A COOTBETCTBYIOT OINpEJelieHHbIE 3HAYeHUs UMITyJbca p, a
yepe3 UMILYJIbC M ONpeAeIcHHbIe 3HaueHus dHepruu W. IlomydeHHsblil Ha
OCHOBE TAaKOH MNOJyKJIAaCCUYECKOW MOJENIM DHEPreTUUECKUH CIEKTP 3JIEK-
TpOHa COOTBETCTBOBAJl JKCIEPHUMEHTAIBHBIM CIIEKTPOCKOMUYECKUM JIaH-

HBIM. Ha puc. 4, a moka3aH ITHCKPETHBIH HaOOp OTPHIIATENBHBIX YPOBHEM
SHEPTHU B aTOME BOIOPO/A :

E,=-R/n*, n=1,2,3..., R=1365B,15B=16-10" [x.

' Tocrosunas Punbepra, nponopruonansHas R, Takxke 0603HauaeTcst 31oit Oy-
KBOH.



E(B)

=0 = dp
::71’5 n=>3 — N | S
—+ 34 n=2
e
I 136 n=1 G 0 G
a o
Puc. 4

3necy n — enasnoe Kéanmogoe 4ucno. YpPOBeHb ¢ n =1 COOTBETCTBYET
OCHOBHOMY, HEBO30YXKIEHHOMY, COCTOSIHAIO aTOMa BOJOpoJa. JHEprusi no-
Hm3ammn E; = 13,6 3B — sHeprus, koTopyro HEOOXOAMMO COOOIINTH HEBO3-

Oy KIIEHHOMY aTOMY BOJIOpPO/Ia JUIS OTPHIBA AJIEKTPOHA.

B pamkax Gojiee 001iel TeOpuu 601HO80U PYHKYUY DIIEKTPOH, KaK BOJI-
Ha, MOeT OBITh OOHapy KeH Ha JI000M pacCcTOSHUM OT sIIpa, OJHAKO CyIle-
CTBYIOT 00JIacTH, B TIpEJeNiax KOTOPHIX €ro oOHapy)KeHue Hanbojiee Bepo-
atHo. Ha puc.4,6 i HWKHUX TpeX YPOBHEH OJHEpPruM MOKa3aHbl
paavanIbHBIE pacTpeieNieHus BEPOSTHOCTH dP(r) oOHapy»X eHHs 3JIEKTpOoHa

B cheprueckoM cioe OECKOHEYHO MaNoi TONIIMHBI dr BOKPYT sipa. Mak-
CUMYMBI 3THX KPUBBIX TPUMEPHO COOTBETCTBYIOT KJIACCHYECKHM TPAEKTO-
pusAM, OIHAKO B KBAHTOBOW MEXAHHMKE MPHUHSATO TOBOPUTH 00 21eKMpPOHHOM
06/za1§e. C pocrom sHepruu E pa3mepbl JIEKTPOHHOrO 00JjiaKa yBeJIU4KUBa-
FoTCS”.

2 B yueGuuMKax OOBIMHO MPHUBOAST rpaduKé WM KAPTUHKM PACIIPEICICHIs
nromHocmu eeposmuocmu, He odpaiaomieiics B Hyab npu » = 0, 0JHaKO IIOJHAS
BEPOATHOCTH (P, TIPOTIOPIMOHaIBHAS +dr, oOpaImaeTcst B Hylb: dIeKTPOH HE MO-
JKET yracTh Ha SIpo.



B B0O0POIONOI0GHEIX HOHAX ¢ ogHMM dtektporom (He™, Lit™, Be®"
¥ T. I.) CTPYKTYpa YpOBHEl 3HEpriH SMeKTPOHA OTIHYAETCs OT BOJOPOTHOM

2 o
TONbKO MacmTabom: E, = —ZR/ n° ,rae Z — aTOMHBIA HOMeEp.

B MHOTO037€KTPOHHBIX aTOMax 3JIEKTPOHBI PACHpENeeHBl M0 JJieK-
MPOHHBIM 00010YKAM — TPYIIIIaM OJIM3KO PACIOJIOKEHHBIX YPOBHEH C OIl-
peneNeHHBPIMU 3HAYEHUSIMH KBAaHTOBBIX ymcell. Kak u B atome Bomopona,
yeM OOJIbIe SHEPTHsl, TeM OOJIbIIE pa3Mep JIEKTPOHHOTO oOaka. B3anwm-
HOE OTTaJKHWBaHHWE SJEKTPOHOB OCNAONSIET WX MPUTSKEHUE K AIpy, Tak
YTO 3JIEKTPOHBI BHEUIHUX JJIEKTPOHHBIX O00OJOYEK B3aUMOJEUCTBYIOT C
SIIPOM ropaszio ciabee, UeM BHYTPEHHUX. DHEPrusi CBI3U C SAPOM Y dJIeK-
TPOHOB BHYTPeHHHX oGomodex mgocruraer 10°...10*5B, Torma kak y
BHeUIHUX oHa nopsaka 10 3B. ITosmomy 6orvuuncmeo ceoticme amomos
(Xumudeckux, 9NeKmpuiecKux) onpeoeisiemcs, CmpoeHuem 6HeuHux daex-
MPOHHBIX 0O0TOYEK.

KOHTpOJ’lebIe BOIIPOCHI

4. Kakue BenTWYHMHBI COXPAHSIOTCS MPHU JBIKEHUH JJIEKTPOHA B KIlac-
CHYECKOM aToMe Bogopoa?

5. Tlpu kako¥ MOJHON SHEPruu SJEKTPOH CBSA3aH C SAPOM Kiaccuye-
CKOTO aToma Bojiopoja?

6. 3aBHCHT JIM MOJIHASI PHEPTHS DJIEKTPOHA B KIIACCHYECKOM aTOME BO-
JOpoJia OT OPHWEHTAIM €ro OpOWTAaNIbHOTO MOMEHTa HMMITYJbCa, T. €. OT
OpHEHTANNN KJIaCCHIECKOW OpOUTHI?

7. Ha mpumepe xoneGaHWN CTPYHBI OOBSCHUTE KBAaHTOBAaHWE BOIHBI,
CYIIECTBYIOIIEH B OTpaHMYEHHOM TIPOCTPAHCTRE.

8. Kakne opOHUTHI 31€KTpOHA MOCTYIMPOBATUCH B Moaenu aTtoMa bo-
pa? Hamummwure dopmyny ne bpoiina. Kak oHa oOBsSCHSET KBaHTOBaHHUE
JHEPruu NEeKTpoHa?

9. Hammmmre GopMyiy 3HEpreTHIecKOro CIeKTpa 3JIeKTpoHa B OOpOB-
CKOI1 MOJIENT aTOMa BOAOPO/Ia, HAPUCYHTE CXeMY ypOBHEH.

10. Hapucyiite rpaduku paguaibHOrO pacrnpeiesieHusl 3JIEKTPOHHOTO
objaka aToma BOIOpOJa Ui HECKOJNBKMX 3HAYEHWH TIIABHOTO KBaHTOBOTO
YHcra.

11. YUem ompenenstorcs XUMHYECKHE U INIEKTPUYECKHE CBOMCTBA MHO-
ro3J1eKTPOHHBIX aTOMOB? [louemy?

10



PACIIEILIEHUE YPOBHEHN DHEPI MU

Bcenomuum naboparopryro padoty Ne 20 «Cpsi3aHHbIE MasTHUKHY.
BHauasie BbIpaBHUBAJIUCH JUIMHBI MAsTHUKOB, YTOObI YaCTOTbI I'apPMOHHUYE-
CKMX KOJIeOaHMH W30JMPOBAHHBIX MAasATHUKOB cOBHAiM. B Takom ciyudae
TOBOPSIT, YTO MAasiTHUKH 6bIpodicoeHyl 1o yactote. OHAKO MOTOM, Korja
MasiTHUKU CBSI3bIBAJIM NPY>KUHOH, rapMOHUYECKUE KoJieOaHMs BO3HUKAIU
Ha 08YX pa3HblX 4acTOTaX. JDTO OUeHb OOlllee SIBICHUE: C653b KOIebamennb-
HLIX cucmem NpugoouUm K CHAMUIO YACMOMHO20 GbIPOACOEHUS, K pacuyen-
JIeHUI0 HOpMAbHBIX Yacmom. V1 4eM cUbHee CBSI3b, YEM CHIIBHEE pacTATH-
BaJach MPYXKMHA, TeM OOJIbIIE paclIeNIeHHE.

Cnucok B3aMMOJEWCTBUM, NMPUBOIAIINX K PaCIIENICHUI0 aTOMHBIX
YPOBHEH 3HEPruu, OOMMpPEH: BHEIIHUE MOJIsA, MEXIIEKTPOHHOE B3aMMO-
neiictBue B atroMme. /laxke B aToMe BOAOPOJa BOSHUKAET cliaboe paciuen-
neHune (mowukas cmpykmypa), BBI3BAaHHOE CHUH-OPOHUTaIbHBIM B3aWMO-
JECTBUEM DJJIEKTPOHA «C CaMUM co00O0i»: BHYTPEHHHH MarHUTHBIH
MOMEHT 3JIeKTpOHa (cnuH) B3aUMOAEHCTBYET ¢ MarHUTHBIM IOJIEM, CO3-
JlaBa€MBIM TOKOM 3JIEKTPOHHOTO «BUTKa» IPH JIBI)KEHHH 3JIEKTPOHA IO
opbure.

IIpMeHHTENBHO K TEOPUH IIEKTPONPOBOAHOCTH KPUCTAIUIOB PacCMOT-
pUM pacIleIUIEHHE, CBSA3aHHOE C MEXAaTOMHBIM B3aUMOJEHCTBHEM.
Ha puc. 5 nokazaHo pacuiemnieHle ypoBHEH H30JIMPOBAHHOTO aTOMa 10 Me-
pe YMEHBIIEHUS PaCCTOSTHUS MEXIY aTOMaMH @ W COOTBETCTBEHHO YBEIH-
YeHUsl NOTCHLMAIBHOM DHEPruu MEXaTOMHOro B3aumonewcrsus W. Kpu-
crajul — cucrema N B3auMOJEHCTBYIO-
X aTOMOB. Kaoicowlili «pooumeinsb-
CKUI» YPOBEHb U30NUPOSAHHO20 AMOMA
pacwennsiemess Ha N nodyposuell. e } N
B xpucramie pasmepom 1 MM comep- —=
xurca 10" atomos. Ilpu TunuuHOM = }N
PAcCTOSTHUM MEXJy YPOBHSIMH DHEPruu —
nopsiaka 1 aB paccrosHne mexmy nop-
ypoBHsiMH paBHO mnpumepro 10 ' 3B.
[ns cpaBHenusi: npu temneparype T =
=300 K sHeprus TemioBOro JBUKEHUS
kT ~0,025 ~ 1/40 3B. To ecTb B Kpu- a
cTajuie 00pa3yloTcsl KBa3UHEIIPEPhIBHbIE w
oHepeemuyeckue  30Hbl  DJIEKTPOHOB. Puc. 5
Pa3penienHbsie 30HBI SHEPTUH pasjere-

aToM
|
Kpucrann

N3onnpoBaHHbII

11



HBI 3anpelieHHbIMA 30HaMu. Ha puc. 5 AE, — mupyHa 3anpenieHHON 30HbI

(gap — wens, 3a30p, MpoMexyTok). CHiIbHEe B3aUMOJECHCTBYIOT BHEIIHHE
3JIEKTPOHBI aTOMOB U IOTOMY MX YPOBHH 3HEPIHH CUIIbHEE PACILEIUISIOTCS,
TaK 4TO 30HBI COCEJHUX POAMUTENILCKUX YPOBHEH aromMa MOTYT IEpeKphI-
BAaThCS.

KouTpoabHbie Bonpochl

12. TosicHuTEe Ha MpUMEpPE CBSI3aHHBIX MAasATHUKOB, YTO TAKOE pacllern-
JICHUE YacTOT KOJIEOAHHMH U UTO BJIMSET HA BEJMYUHY PaCLIEIICHHUSI.

13. Ilepeuncnure OCHOBHBIE HCTOYHHKH PaCIIETIIICHUS SHEPreTHUECKUX
YPOBHEN aTOMOB.

14. Hapucyiite cxemy 00pa3oBaHUS SHEPreTHUECKHUX 30H B KpHCTAIJIE,
COCTOSIILEM U3 N aTOMOB.

OBOBHIECTBJIEHHUE 9JIEKTPOHOB B KPUCTAJIJIE

DNeKTpOHBI U30JINPOBAaHHBIX aTOMOB «IIPUBSI3aHBDY K cBoeMy Aapy. [lo
Mepe COMKEHHUs aTOMOB BOJHOBBIE (DYHKIIMU 3JIEKTPOHOB MEPEKPHIBAOTCS
BCE CHJIbHEE, NPEKAE BCEro y BHELIHMX D3JEKTPOHHbIX oOosouek. Ha
puc. 6, a LIITPUXOBOM ¥ MyHKTUPHOMN JMHUAMHU MOKa3aHbl BEPOSTHOCTH pac-
IpeAeeHus] OTOENbHbIX 3MeKTPOHOB. [II0Chl HOHOB AaHBI COOTBETCTBEHHO
B IITPUXOBOM WIIM MyHKTHPHOU OKpy>kHOCTH. CIUIONIHON NMHKEH nmoka3aHa
pe3yIbTUpPYIOIIAsi BEPOSITHOCT dP 00HapyKeHHUs 3JIEKTpOHa Ha OecKOHeu-
HO MaJlOM MpPOMEXYTKE dr KpucTamia. BUIHO, YTO 3JI€KTPOH C BBICOKOH
BEPOSITHOCTBIO MOXET ObIThb OOHApYXEH HE TOJbKO BOJMU3HM slep, HO U
MPaKTHYECKH B 000 Touke kpucTamia. COBOKYITHOCTh CBOOOTHBIX 3JIEK-
TPOHOB B KpUCTaJlIe 00Pa3yeT 21eKmpOHHbII 2a3.

DT0 SBIEHHE MOXHO OOBSICHUTH U Kiaccuuecku. [loTeHunanpHble Kpu-
Bole U(r) otraenpHbIX sigep (IUTPUXOBBIE M MYHKTHPHBIE JIMHUM Ha

puc. 6, 6) 4acTUYHO HAKJIAJbIBAIOTCS JAPYr Ha japyra. Pesysbrupyroias
KpHBas MOTCHIMATBHOM SHEPTHM (CIUIONIHAS JTUHHS) TMOHWKAETCS: MPUTS-
JKEHHUE DIIEKTPOHA K ONKaiieMy sapy 4acCTHYHO KOMIIEHCHPYETCS TPUTS-
XKCHUEM K COCCIHUM sJpaM. HO3TOMy BCPXHSASA ODHEPreTUUCCKAsA 30HaA
A— A oka3zbiBaeTCs BO BCEM KpHCTalJe BBIIIE MOTEHIHATLHOTO Oapbepa
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TyHHenbHbII
nepexos

Puc. 6

nonoOHo obnactn E >0 WHOUHUTHOTO OBMXKEHHS HA PHC. 2. DIIEKTPOHBI
Ha HIWKHHUX JHEPreTHYeCKHX 30Hax B—B TakkKe MOrYT NEepeXoIuTb OT
aToMa K aTOMy CKBO3b MOTEHIIMANbHBIE Oaphephl, HO ¢ MEHbIIIEH BEepOSTHO-
CTBIO (K6aHMO6bLIl MYHHeNbHblU Y deKxm).

KonTpoabHble BONPOCHI

15. OObscHuTe 00001IECTBIICHUE IIEKTPOHOB B KPUCTAJLIE HA S3bIKE IPO-
CTPAHCTBEHHOI'O PACHPE/IC/ICHHsI BEPOSITHOCTEH 00HAPYKEHHUS DJIEKTPOHOB.

16. OObsicHuTe 00pa30BaHUE DHEPreTHUUYECKON 30HBI CBOOOIHOIO JBU-
JKEHHsI DJICKTPOHOB B KPUCTAILIIE.

IMPUHLUII ITAYJIN

PaccmotpuMm monmpoOHee pacmpenelieHHe JJIEKTPOHOB 10  yPOBHIM
9Hepru. MOryT JIi BCe 3JIEKTPOHBI CKOIMUTHCS Ha OJTHOM, HAalpUMep HIK-
HeM, ypoBHe sSHepruu? KakoMmy pacmpeneneHH0 COOTBETCTBYET MUHU-
MaJbHas SHEpPTHs SJIEKTPOHOB B aTOME WM KpHCTaie?
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Ha ocHoBe m3yuenms aTtomubIX crnekTpoB Ilaymm chopmymnmupoBan
MPUHLIMT 3aMPeTa: 8 KAMCOOM KEAHMOBOM COCHOAHUU He MOXMCem HAaxo-
oumwvcs 6onee 00H020 2nekmpona. T1ol cOCTOSIHMEM MOHUMAaeTCs Habop
3HAYCHHUI KBAaHTOBBIX YHCEJ, OTMPEILISIONINX BOJHOBYIO (hDYHKIIHIO MUKPO-
yacTuipl. KBaHTOBOE MacHumuoe cnunogoe uucio my, ONUCHIBaOIIEe Mpo-

eKIIHI0 COOCTBEHHOTO MOMEHTA UMITyIbca (cnuna) M, Ha BEIOpaHHYIO OCh,
MOKET IPHHAMATH TOJBKO 1Ba 3HaueHus my = £1/2, 1.e. M. =+h/2. Ilo-

9MOMY HA OOHOM YPOBHE IHepeUuu MOdCem HAaXooumocs He 0Oonee 08YX
9NEeKMPOHOE C NPOMUBONON0NHCHO HANPABTICHHBIMU CHUHAMU.

Hpunuun [Mayau m03B01u1 OOBSICHUTH PACIPEICICHUE 3JIEKTPOHOB 10
aTOMHBIM YPOBHSIM 2Hepruu. B arome renus Ba 3J1€KTPOHA ¢ NPOTUBOIO-
JIO)KHBIMU CIIMHAMM 3aHMMAIOT HWXKHUM ypoBeHb. B atome nutus TpeTuii
3JIEKTPOH JIOJDKEH YK€ 3aHsATh OoJiee BHICOKUH ypoBeHb. [1o Mepe yBenuye-
HUSI aTOMHOTO HOMEpa Z 3JIEKTPOHBI MOCAEA0BATEIBHO 3AMOJHSAIOT JJIEK-
TpoHHBIE 000/0YKH. BakHO OTMETHUTB, YTO B COOTBETCTBHU C MPUHIUIIOM
[laynm BHyTpeHHHE, 3amOJIHEHHBIE, OOOJIOYKH COJEpXKAaT YETHOE YHCIIO0
3JIEKTPOHOB, TOT/Ia KaK Ha BHEIIHEW O00JI0UKE YHCIIO 3JEKTPOHOB MOXKET
OBITh KaK YeTHBIM, TaK ¥ HEUETHBIM.

KOHTpOJ’lebIe BOIIPOCHI

17. Chopmynupyiite npuaun [laymm.

18. Kak mpunmun Ilaynmn oOBscCHSAET paclpenelieHHe 3JICKTPOHOB II0
ATOMHBIM YPOBHSIM dHepruu? MOTyYT Ji BCe 3JIEKTPOHBI B aTOMe coOpaThes
Ha OJTHOM 3HEPTeTUYEeCKOM YpOBHE?

NNPOBOJHUKHU, JUIJIEKTPUKU,
noJaynrPOBOJHUKU

[pu Temneparype, 6J1M3K0# K aOCOIIOTHOMY HYJIIO, SHEPIUsi KpUcTalia
CTPEMUTCA K MUHUMYMY, MTO3TOMY 3JICKTPOHDI 3allOJIHAKOT YPOBHH, HAYUHAA
¢ HIKHero. Ha xaxom ypoBHE HaxOAMTCS M0 JBa 3JIEKTPOHA C MPOTUBO-
IMMOJIOKHO HaIllpaBJICHHBIMUW CIIMHAMMU. Ha BCPXHEM 3aHATOM YPOBHEC MOKET
ObITh OJIMH AJIEKTPOH (puc. 7, a).

Takum 00pa3zom, Aake MpU HYJCBOW TEMIEparype KPUCTaLIM4eCKON
pelIeTKH 3JIEeKTPOHBI O0Naal0T HEHYJIEBOW JHEprheil XaoTHYeCKOTO JIBH-
JKEHUs, «HOCATCS Kak yropesbie». To ecTb 3JeKTpOHHAs TeMIepaTrypa Kak
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Mepa SHEePruu XaOTHYECKOTO IBIKEHHS OTJIMYHA OT HyJs. DTO YHCTO KBaH-
TOBBIN 2P QEKT.

:‘)JIGKTPOHI)I KaXX0ro HUKHETO POAUTEIIBCKOTO YPOBHS DHEPTHUU aTOMa
MOJTHOCTBIO 3aTONIHSAIOT COOTBETCTBYIONIYIO HMIKHIOIO 3HEPTEeTHYECKYIO 30-
Hy B Kpuctamie: 2x NatomoB = 2x N nmomypoBHeW. BepxHsas w3 moi-
HOCTBIO 3allOJTHEHHBIX 30H HAa3bIBaeTCs BaJeHTHOW 30xol. Ecnmm ke Ha
BEepXHeH 3JeKTPOHHOW 000J0YKe aToMa TONBKO OJHH 3JeKTPOoH, To N To-
IIypOBHeI‘/'I BerHefI 30HbI OHUW 3AMOJIHAT JIMIIb HAIOJIOBUHY, TAK KaK Kax-
JIBI IOy pOBEHb 3aHMMAIOT JIBa AJIEKTPOHA.

E
0
= — — =
— & — p— 3
T s Q i — < 9
=i = =1
_ = p—
Er 785 § — £ — "3
Ecac 3 — < © g
=1 = &
-0 = S s =
-@-@mg AEgI
g8 = o 8 3 =
38 3 oo = oo g
$2Efs g3 g2 Eg
&6 = & Pocs 88 5 %
20 8 2 ©o g8 £ 3
ol <o &
33 o o0 M
peece o &
a o 6
Puc. 7

Co3gaauM B TaKOM KpPUCTallle BHEINHEE dJIEKTpHuecKoe mone ¢ . Ha
KaXK/Ibli 3IIEKTPOH 3TO II0JIE JEUCTBYET ¢ CUIoH F = —gc© , u3MEHSIOIIEN,

M0 KJIACCHYECKHM TIPEACTABICHHUSIM, €0 CKOPOCTh U 3Hepruto. OMHaAKO W3-
MEeHEeHHe SHEprHH BO3MOXXHO, €CIH B JHEPreTHYecKOod 30He, K KOTOpOH
MPUHAJICKAT TAHHBIE JJICKTPOHBI, €CTh HE3aHATHIC MOAYPOBHU. [10CKOIBKY
paccTosiHIEe MEXIy MOTyPOBHSIMH OYE€Hb Mallo, TOCTATOYHO CIaboro 3iek-
TPUUECKOrO TMOJIsl, YTOObI BO3HHMKJIO MPEUMYILECTBCHHOE HAIMPABJICHUE
IBIDKEHUS DJIEKTPOHOB IPOTHUB TIOJIA, T. €. JIEKTPHIECKHIA TOK.

YacTUyHO 3aloJIHEHHAs 30HA WU CBOOOJHAS 30HA HaJ BaJEHTHOM 30-
HOW Ha3BIBAETCS 30HOU Npoeooumocmu. BeliecTBa ¢ YacTHYHO 3aIONTHEH-
HOW 3HEPTreTUIeCKON 30HOM JOKHBI OBITh XOPOIIMMH MpOoBOTHUKamMu. Ta-
KOBHI Imenodnbie MeTtautel Li, Na, K..., a Takke Cu, Ag, Au — y aToMOB
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BCEX JTUX DJICMEHTOB HA BHEUIHEW JJIEKTPOHHOU 000JIOYKE TOJIBKO OJIMH
3JICKTPOH.

Xopoliei 3JeKTPOIPOBOAHOCTBIO MOTYT 00J1a/1aTh BEIIECTBA, Y KOTO-
PBIX Ha BEpXHEH 3JIEKTPOHHOM 000I04Ke aToMa HAXOUTCI HEYETHOE YUCIIO
3NIeKTPOHOB, HampuMep Al. YacTHYHO 3amoHEeHHas 30Ha MOXET 00pa3o-
BaThCA M IIPHM HAJOXKEHHUH CBOOOJHOM M BaJCHTHOH 30H, KaK y Oepruius U
uIeJI0YHO-3eMejIbHbIX djieMeHToB Ca, Sr, Ba (puc. 7, 6).

Temneps paccMOTpUM clTydaid, KOTJa BaJICHTHAs 30HA 3aIOJIHCHA IICNH-
KOM W OTZIeJIeHa OT OJrKaiIieil cBOOOMHON 30HBI ITUPOKON 3ampeneHHOM
30HOM AE, (puc. 7, 6). BHelHee 2IeKTPUIECKOe Mo, NPUIIOKEHHOE K Ta-

KOMY KpPHCTAJLTy, HE CIIOCOOHO TOJHATH AJIEKTPOHBI B BBIMIENEKAITYIO 30-
Hy. BHyTpu ke BaJeHTHOI 30HBI, HE cojepXkalleil Hi OJHOTO CBOOOTHOTO
YPOBHSI, TIOJIe JIUIIb BBI30BET NEPECTAHOBKY AJIEKTPOHOB IO YPOBHSM, UTO
HEe HApyIIAT CHMMETPHIO paclpe/ie]ieHus 3JeKTPOHOB IO CKOPOCTSIM H He
CO3/1aCT HAINPaBJICHHOTO JIBUKEHHS JJIEKTPOHOB. Takue BellecTBa SBISIOT-
CSl HenpoeoOHUKamu, Tak Kak 00JalaloT MPaKTHYECKH HYJIEBOW 3JIEKTpO-
MPOBOJHOCTHIO. Y CJIOBHO HEMPOBOJHUKH MO IIUPHWHE 3aMPENICHHOW 30HBI
ACIATCA HA JUBJICKTPUKUA U TTOJYTIPOBOJHUKH. VY THNMAYHBIX OMSJZQKmpuKOG
AE, >3 5B. Tak, y anmasa (yriepon — 4 BAJICHTHbIX 3JIEKTpOHA) AE,=

=5,29B, y kopyuna Al,O3 AE,= 7 3B. K noaynpogsoonuxam oTHOCAT Be-
IIeCTBa CO CPaBHUTENBHO y3KOIl 3ampelieHHoi 30H0H, AE, =1 3B. VY rep-
manusi (4 snekrpona) AE, = 0,66 5B, y kpemHus (4 snexrpona) AE,=
= 1,08 9B, y apcennna ramms AE, = 1,43 3B.

KOHTpOJ’lebIe BOIIPOCHI

19. HapucyliTe u 00BsICHATE 30HHO-IHEPTETHICCKYIO AHarpaMmy:

a) MPOBOIHHKA (BapHaHTHI);

0) IUDJIeKTPHKA.

20. PaBHa 1M HYJIO SHEPTHs JIEKTPOHOB TPH HYJEBOW TemmepaType
KPUCTAJUINYECKON PeIeTKn?

21. Tloyemy 30Ha TPOBOJANMOCTH TaK Ha3BIBAETCS?

22. KakoBa 3J€KTpONPOBOAHOCTh KPUCTAIJIA C MOJHOCTBIO 3aIMOJIHEH-
HOH BepXHEH YHEPTreTUUECKOM 30HON TpH TeMIIepaType, OJU3KOoN K HYIH0?

23. Kak nompa3aenstoT TU3JeKTPUKA U TTOTyTTPOBOTHUKH ?
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BUAbI NIOJYITPOBOJAHUKOB

CoOcTBEeHHBbIE TOJTYNIPOBOAHUKH

DTO0 XUMHYECKH YHUCTble MHONyHnpoBoAHUKHU. Ilpum abcomoTHOM Hye
TeMIepaTypsl 30Ha MPOBOJUMOCTH TAaKOro IOJYNPOBOJHHMKA IycTa
(puc. 7, 6), a BajeHTHAas 30HA IOJIHOCTBIO 3aII0JHEHA, BCE IEKTPOHBI «3a-
HSTBD» B MEXKaTOMHBIX CBSI35X KPHCTaJUIa, IO 2 3JIEKTPOHA Ha CBSA3h MEXIY
napoit atoMoB. [ToaTomy mpu abCoOTHOM HyJie TTOIYTTPOBOAHHK SIBIISIETCS
JURIIEKTpUKOM. HeHyneBas 37eKTpOIpOBOIHOCTD MOTyIIPOBOJHUKA MOXKET
BO3HHKHYTh TOJBKO TOJA AEHCTBHEM BHELIHETO (pakTopa, CIOCOOHOTO CO-
OOLIUTH 3JIEKTPOHY 3HEPrHI0, JOCTATOUYHYIO JJIsl Pa3pbiBa BaJIGHTHOM CBSI3U
U ero nepedpoca B APYryto s4eiKy KpHCTauia, IJ1e BCe CBS3U 3aI0JIHEHBI, 1
3TOT ANEKTPOH OYyIET JIWIIHNUM, T. €. CBOOOIHBIM. Takumu ¢akTopamu Mo-
TyT ObITb OOMy4YEHHE CBETOM HJIM HOHU3UPYIOIIUM HM3JIyYeHHEM JIHOO Io-
BBIIIEHNE TEMIIEpaTyphl, KOTa 3JEKTPOH MONIydaeT 3HEPTHI0 OT TEILUTOBBIX
KoJIe0aHMii MOHHOM PEeIIeTKH.

CBOOOHBII E J—
JJIEKTPOH o
Sasa
oo0— E-
AE, | ———-EF
~ 00— FE,
OO
O
-
0o
o
a o

Puc. 8

ITpu OTphIBE BIIEKTPOHA M €0 MepeXxojie B 30HY MPOBOIMMOCTH BO3HU-
KaeT OblpKa — TIONOKUTENBHBIN HOH KPUCTANITMYECKON PEIIeTKH, He3aroJl-
HEHHas Me)KaTOMHas CBA3b (pUC. 8, a) U CBOOOIHBIN ANIEKTPOHHBINH YPOBEHb
B BaJIeHTHOW 30He (puc. 8, 6). Ha puc. 8 Ej, — sHeprusi BEpXHEro ypoBHs
BaJICHTHOH 30HbI (valence — criocoOHOCTb NpUBIEKaTh), £~ — 3Heprus aHa
30HBI TPOBOIUMOCTH (conductivity — IpoBOANMOCTE). JIBIpKa MOXKET OyxK-
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JlaTh TI0 KPUCTAJIIYy, TaK KaKk MECTO YIIEAIIero 3JeKTpPOHAa MOXKET 3aHATh
cocenHUl cBs3aHHBIU. [log nelcTBUEM BHEIIHErO IOJISI BaJICHTHBIE JJIEK-
TPOHBI CIIOCOOHBI TEPEXOJNTh HA CBOOOIHBIN BaJCHTHBIN YPOBEHB IO-
IOOHO JJICKTPOHAM B 30HE MPOBOIHUMOCTH, T. €. ABIPKH MOTYT CO371aBaTh
anekTpuueckuil Tok. CyMMapHas cujia TOKa 3JICKTPOHOB BAJICHTHOM 30HBI
C OTHAM CBOOOJHBIM COCTOSIHHEM paBHA CHJIE TOKA, CO3IaBa€MOTO OJHOM
(OUKTHBHOM YacTHIEH C MOJOXHUTEIBHBIM 3apsAIoM +¢ , ITOMEIICHHON B

3TO COCTOsIHKE. B COOCTBEHHBIX MOJYMPOBOIHAKAX KOHIICHTPAIHS IBIPOK p;
(positive — MOJOXUTEAbHBIM M Intrinsic — NPUCYILUMH, CBOWCTBEHHbIH)
paBHa KOHIIEHTPAIIMHA COOCTBEHHBIX 3JIEKTPOHOB B 30HE MPOBOJUMOCTH H;

(negativ — otpuuarebHbiil). OqHaKO BKJAA IbIPOK B 3JICKTPUYECKUI TOK
MEHBIIIE, TaK KaK UX MOJABUKHOCTH MEHBIIIE, YEM y IJICKTPOHOB 30HHI MPO-
BOJTUMOCTH.

KOHTpOJ’lebIe BOIIPOCHI

24. Yt0 Takoe cOOCTBEHHBIN MONTYITPOBOIHUK?

25. Jng coOCTBEHHOTO MOIYIIPOBOTHAKA HAPUCYHTE U TTOSICHUTE:

a) MPOCTPaHCTBEHHOE pacIpe/ieIeHre 3aps/IOB U CBA3EH B KpUCTAaJLIE;

0) 30HHO-DHEPTeTUIECKYI0 TUarpaMMy MpH HaJWIUU CBOOOIHBIX 3apsi-
JIOB.

PABHOBECHbBIE HOCUTEJIN

I'enepayusa — npouecc NOsBICHUS CBOOOAHBIX HOCHTENIEH, Hapumep,
IIPYU HEHYJIEBOW TeMIepaType KpHcTaludeckod peuietku. Ecnu 6b1 3TOT
npouecc Obll €IMHCTBEHHBIM, TO KOHLEHTpPALUsi CBOOOJIHBIX HOCUTENeH
HenpepbIBHO OBl Bo3pacTana. OQHAKO BMECTE C reHepalyeil BO3HUKAaeT U
peKomouHayus — yHUUTOKEHUE Iapbl CBOOOJHBIX HOCUTEJIEH U BCTpeue
3MeKTpoHa ¢ AbIpkod. CamMa BO3MOXKHOCTb YCTAHOBJICHUS INOCTOSHHON
KOHLIEHTPALIUU CBOOOAHBIX HOCHUTENIEH 00yCIIOBIEHA TEM, UYTO CKOPOCTH
reHepaluyy W PEKOMOMHALMU IO-Pa3HOMY 3aBHCAT OT KOHIEHTPAlHH.
IIpennonoxkum, 4T0 CKOpOCTh renepauuu G, T. €. KOJMYECTBO HOCUTEINIEH,
BO3HHKAIOIINX B eIMHHIIE 00bEMa B €IMHUILY BPEMeHH (M ° ¢ '), He 3aBH-
CUT OT BpeMeHH ¢ (Topu3oHTanbHas mpsimas Ha puc. 9). Torma, ecnu Ob1
cBOOO/IHBIE HOCUTENN HE MCYe3ald, UX KOHLUEHTpauus #; JIMHEHHO pocna

OBI CO BpeMEHEM.
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PexomOuHanus — coBMellieHUe AByX He3a-
BHCHUMBIX COOBITHH — BCTpeda TOABIKHOTO
3apsiia ¥ MOJBMDKHOW BaKaHCHM JUIS ATOTO 3a- G /
psiza B OJHOI BIIEeMEHTapHOM sYeliKe KpucTa-
nnyeckoi pemetkn. Kak m3BecTtHO (310 pac-
CMaTPHBAJIOCh B 1-M cemecTpe), BEPOSITHOCTh R
COBMECTHOTO COOBITHS PaBHA IPOM3BEIACHUIO
BEPOSITHOCTEH HE3aBUCHMBIX COCTABIISIOLINX
coObITHii. [ToaToMy ckopocTs pekomMOWHAIH t
R mpomnoprmonanbHa MPON3BEIEHUIO KOHIIEH- Puc. 9
Tpauuii CBOOOAHBIX 3JEKTPOHOB M PaBHOW el

KOHIIEHTPAIMA JBIPOK, T. €. PAMepHO 7> (kpuBas Ha puc. 9). Touka mepe-
CEUEHHUS] CKOPOCTEW TeHepallui W PEKOMOMHAIMK eCTh TOYKa PaBHOBECHS,
OIpeAesAoNIas KOHLUEHTPALUIO PAGHOBECHBIX HOCUMENEl.

Jpyrue crnocoObl reHepaumu: oA JeicTBIEeM cBeTa (CM. J1JabopaTopHyIo
padoty Ne 42) ujin HOHU3UPYIOIKMX YacTHll (CM. JlabopaTtopHbie padoThi 10,
11, 12 npaktukyma ®T®), BBenenue (unorcekyus) 4epe3 KOHTAKT C IPYTHM
Marepuajiom (cM. j1adopatopHyto padory Ne 44). Bo3Hukariue npu 3ToM
JIOTIOJIHUTEIIbHBIE HOCUTEIIN HAa3bIBAIOTCS HEPAGHOBECHBIMU.

[Mockosbky it TeHepauuu TpeOyercsi NOMOJHMUTENbHAS SHEPrusi, TO
npu 00paTHOM Mpolecce PEKOMOMHALIMK SHEPTHsl BbIIEJISIETCS, HAPUMED, B
Buje Teruia (Oe3bi3iyyaTesbHas PeKOMOMHALMS) WIIM KBaHTa cBera (M3J1y-
YaTenbHas pekoMOWHanus). JleiicTBHe CBETOIMOMOB OCHOBAHO Ha HM3ITyda-
TENTbHOM PeKOMOWHAIINH.

KOHTpOJ’lebIe BOIIPOCHI

26. Yro Takoe reHepauus ¥ peKOMOMHALMS B KpUcTayiax?

27. Urto Takoe paBHOBECHUE HOCUTEIIEH, TOUYEMY OHO BO3HUKAET?
28. Iepeuncnure crocoObl reHepalii HEPAaBHOBECHBIX HOCHTEJIEH.
29. HazoBute TUIIBI peKOMOMHAILIMN HOCUTENEH B KpHUCTAILIE.

IIpumecHble NOIYNIPOBOAHUKHU H-TUIIA
(10HOpHBIE, YJIEKTPOHHBIE)
Hpe,ZIHOJ'IO)KI/IM, YTO B KpHCTAJJIC YCTBIPECXBAJICHTHOI'O I'¢pMaHHs 4aCTb

aTOMOB 3aMf€lI€Ha aTOMaMH IIATHBAJICHTHOI'O MbIIIbsJKa (pI/IC. 10, Cl). ,HJ'[H
YCTaHOBJICHUA CBSI3EH C COCCIsIMHM aTOM MbIIIbsAKA pacxoayeT 4 BaJICHTHBIX
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anekTpoHa. [19ThIii 371eKTpoH B 00pa30BaHUN MEKATOMHBIX CBSI3€i HE ydacT-
-9 3
ByeT. Jloist mpuMecH B MOJYNPOBOAHMKAX MeHsieTcs B npeaenax 10...107,

T. €. PACCTOSIHME MEXAy aTOMaMu NpPUMECU B J10°...10° =10...10° pas
0osiblie, YeM MEX/Y aTOMaMu OCHOBHOrO BeliecTBa. [10aTromy aTtom rmpume-
CH OKpY)KEH aTOMaMu OCHOBHOI'O BELIECTBA, MOXKHO CUMUTATh, YTO OH MOIPY-
JKEH B NIUAJIEKTPHUK. JlWaneKkTpuyeckas NMPOHUIIAEMOCTh repMaHus & = 16,
CIIeZIOBaTebHO, TATHINA AIIEKTPOH IBIDKETCS B IIOJIE MOHA MBIMIBAKA, 0CTal-
JICHHOM B € pa3, paanyc ero opOuTHI (TOUHEE, pa3Mep 00IaCcTH JIOKATH3aIIH
3JIEKTPOHA) B € pa3 OoJbllle, YeM B M30JIMPOBAHHOM aToMe. JHEpPTHs CBS3U
3JIEKTPOHA C AIPOM, dHepeus uonusayuu npumecu AEp ~ 0,01 3B cpaBauma
C DHepruei TeroBoro ABrKeHus atomoB. [Tostomy mpu 7 >0 BbICOKa Be-
POSITHOCTh OTPbIBA MSATOrO 3JCKTPOHA M NPEBPALICHUS €0 B CBOOOHbBIN
3JIEKTPOH mpoBoauMocTH (puc. 10, 6).

5-if smexTpoH As

T=0

ME :l: _:__E_QE
Dy soo00otE D

JoHOpHEIE
AE g YPOBHH

gty
Roacs
a 6

CBo0oaHEII —_—

SIIEKTPOH y %—ECLE
r>0| BER] —=——Fr

JoHopHEIE
AE g YPOBHH

Y go-Fy
-0

Puc. 10

20



[Ipumecu, sBsOmMEcs UCTOYHUKOM 3JIEKTPOHOB IPOBOAMMOCTH, Ha-
3pIBAtOTCS donopamu (donate — maputh). [lomynmpoBOAHWK, COAEpIKAIIHIA
TaKyl0 MPUMECH, Ha3bIBACTCS 2NCKMPOHHLIM WIN N -MUnd, a Takxe 0oHop-
nov. [lpy HU3KOW TemmepaTrype, KOrja KOHLEHTpalus MPUMECHBIX MOA-
BI)KHBIX 3JIEKTPOHOB HAMHOTO OOJIbIIEe KOHLIEHTPAUU COOCTBEHHBIX 3JIEK-
TPOHOB U JBIPOK, IPUMECHBIE HOCHUTENN Ha3BIBAIOTCS OCHOGHBIMU, @ JBIP-
KU — HeocHosHbimu. [1pr BBICOKOW TeMIiepaType KOHIEHTpalus cOOCTBEH-
HBIX TIOJIBW)KHBIX HOCHTEJEW PEe3KO BO3pacTaeT, MO3TOMY pa3lelieHHe Ha
OCHOBHBIE U HEOCHOBHBIE HOCUTENH TEPSIET CMBICIT.

Ha s13pIke 30HHOH TeOpHH: YHEPreTHYECKHE YPOBHH IATOTO 3JIEKTPOHA
aTOMOB MbIIIbsiKa Ep PacnojioxeHbl B 3alpelleHHON 30He aTOMOB TepMa-
HUst BOJM3M JHA 30HBI mpoBogumoctu FE- (puc. 10, 0) Ha paccrosiHUM
AEp ~ 0,01 3B. Atombl npumecu Mexay co0oii ¢i1abo B3aMMOJICHCTBYIOT
(cM. BbIlIE), pacileieHHe MIPUMECHBIX YPOBHEH HAMHOTO MEHbIIE, YEM Y
repMaHus, O3TOMY 3TH YPOBHH 4acTO M300paKalOT KaK €AMHBIA YpPOBEHb,
HO He 30HY. OOpa3syromuecs Ipy Nepexoae JOHOPHBIX 3JEKTPOHOB B 30HY

IMPOBOJAUMOCTH ITOJOXXUTECIbHBIC MOHBI MbIIIbAKAa HEIIOABWIKHBI U B ITPOBO-
AUMOCTU HE YYAaCTBYIOT.

KonTpoabHble BONPOCHI

30. Kakue nmpumecH mpeBpallaloT repMaHuil B JOHOPHBINA MOJIYPOBOJ-
HUK?

31. lns AOHOPHOTrO MOJYNMPOBOJHUKA HAPUCYWTE€ W TOSCHUTE IIPO-
CTPaHCTBEHHOE pPAacIpe/ie]ieHne 3apsiioB U CBA3EH B KpHUCTajlie, a TakXke
30HHO-3HepreTudeckyto auarpammy npu 7' =0 nnopu 7 > 0.

32. HasoBuTe OCHOBHBIE U HEOCHOBHbBIE HOCHTENU B JOHOPHOM IIOJY-
IPOBOIHUKE.

IIpuMecHbIe MOJYNPOBOIHUKH pP-THIIA
(akuenTopHbIe, ILIPOYHbIE)

[Ipenmonoxxum, 4TO B pemieTke repMaHus YacTh aTOMOB 3aMelleHa aTo-
MaMmH TpexBajieHTHoro uHaus (puc. 11, a). s oOpazoBanus cBsizeit ¢ ye-
TBHIPbMSI OJIMDKAHILIMMK COCEASIMU aTOMY MHJIMS HE XBATaeT JIEKTPOHA. DTOT
9JIEKTPOH MOXET NEepeiiTH OT aroMa repMmaHus, B pe3yjbraTe oOpasyercs
HGHOHBH)KHLIﬁ OTpI/IIlaTC.HI:HHﬁ HWOH HUHAMA W MOJOXKHUTC/IbHAA [bIPpKaA —

21



HE3aloJIHEHHas CBs3b y atoma repmanus (puc. 11, ). Ilockoneky mmis me-
pexoaa 3IIEKTPOHA €My JOCTaTOYHO COOOIINTH IHEPTHI0 MOHW3AINH TMPH-
mecu AE, = 0,01 3B, cpaBHUMYIO C TEMJIOBOW 3HEprueit aToma, 3Ta JbIpKa
MOXET OJy>KIaTh M0 KPUCTAJLTY.

HeyxomMmnexroBanHas
CBfI3b

— — E,

AXIENITOPHEIE
YPOBHH

T>0

AE AxnenTopHeIe

Puc. 11

Ha s13p1ke 30HHOM TEOpUU: HE3AMOJHEHHBIE JJIEKTPOHHBIE YPOBHU [F
WH/NASA PacrojiaraloTCsi B 3allpelIeHHONW 30HE TepMaHWs Ha PaCCTOSHHUH
AE 4 oT BepXa BaJICHTHOH 30HBI £ (puc. 11, 6). DNeKTpOHBI, IIepeIIe e

Ha 3TH YPOBHHU M3 BAaJICHTHOW 30HBI TePMaHUs, CBA3BIBAIOTCS aTOMaMH HH-
JIUSl ¥ B TIPOBOJIUMOCTH HE y4acTBYIOT. [10ABMIKHBIMU HOCUTEISIMHU SIBJISIIOT-
Csl IBIPKU B BaJICHTHOH 30HE (puc. 11, 2).

22



[Ipumecu, 3axBaThIBarOIUe 3JIEKTPOHBI U3 BAaJEHTHON 30HBI MOJYIIPO-
BOJ/IHUKA, HA3bIBAIOTCS aKyenmopHuiMu (accept — IpUHUMATh), a YHEPIeTU-
YecKHe YPOBHHU 3THX MpUMeced — aKIeNTOPHbBIMH YpoBHAMU. [lonynpoBoa-
HHUK, COJEpXAalluii aKUEeNTOpHble MPHUMECH, HAa3bIBAOT ObIPOYHBIM
NOTYNPOBOOHUKOM WIH p -THNA, a TakxkKe axyenmophviM. OCHOBHBIMH HO-

CUTCISIMU B aKLCITOPHOM IMOJIYIIPOBOAHUKE ABJIAIOTCA ABIPKH, a HCOCHOB-
HBIMHU — 3JICKTPOHBI.

KonTposbHble BONPOCHI

33. Kakue npumecu npeBpaliaroT repMaHuil B akIleNTOPHBINA MOITYPO-
BOIHHK?

34. ]lng akuenTtopHOTo MOJIYNPOBOAHWKA HAPUCYHTE M MOSCHUTE IPO-
CTpaHCTBEHHOE paclipe/ielieHre 3apsjoB W CBA3eil B KpHUCTallle, a TaKkKe
30HHO-3HepreTudeckyto auarpammy npu 7' =0 nnopu 7 > 0.

35. HazoBuTe OCHOBHBIE 1 HEOCHOBHBIE HOCHTENH B aKIIEITOPHOM IIO-
JYTIPOBOHHKE.



JlabopatopHnas padora Ne 40

OIIPEJEJIEHUE HINPHHbDI
SAITPEINEHHOMX 30HbI ITIOJIYIIPOBOJHUKA

eap padoThI: ONpeAeUTh LIMPUHY 3aMPELIEHHON 30HbI MOJYTPOBO/I-
HUKa MO0 TEMIIEPAaTypHOIl 3aBUCHMMOCTH 3JEKTPOnpoBoaHOCTH. CpaBHHUTH
pe3ynbTaT u3MepeHui ¢ TaOIMYHBIM 3HAYEHHEM.

Teopus

JHepreTnyecKoe pacnpeaejeHue Y1eKTPOHOB

[pu abcoaroTHOM HyJie TeMIEpaTypbl MOHHON pEUICTKH CBOOOHbBIC
3JIEKTPOHBI TIOMAPHO 3alONIHSAIOT B 30HE MPOBOJAMMOCTH BCE€ YPOBHHU JHEp-
TUU OT HHBIIETO 1O HEKOTOPOTO MAaKCHUMAJIBHOTO. Temepp paccMOTpUM
JHEPreTUYECKOE PaclpeesieHNe B JJIEKTPOHHOM Trasze MpH MPOU3BOIBHOMN
TeMIeparype.

Hatinem koanuectBO 31eKTPOHOB dN(E), UMEIOLIMX DHEPIUIO B UHTEP-

Bane E, E+dE . 11 3Toro Heo0X0JUMO KOJUYECTBO BO3MOXKHBIX COCTOS-
Huil dG(E) B nHTepBane dE yMHOXHWTH Ha BEPOSTHOCTH 3aNOJHEHHS CO-
crosaus f(E), HazpIBaeMyto (hyHkyuetl pacnpeoenenusi:

dN (E) = BeposSTHOCTD X 4rcio coctostauid = f(E)-dG(E). @)

Yuc1o cocTOSIHUI CBOOOTHBIX 3JIEKTPOHOB
B UHTepBane dE

B knaccuueckoil MEXaHMKE COCTOSIHUE MATEpUaIbHOM TOUKHM IMOJIHO-
CTBIO OTIpefeNsieTcs 3aJaHueM KOOPAMHATHI U CKOPOCTH (WM HUMILYJbCA).

B mectumeprom ¢hazoeom npocmpancmee ¢ KOOpAWHATAMH {r,p} =

= {x, Y52, Dx»> Pys pz} 3TOMY COCTOSTHMIO COOTBETCTBYET TOYKa. [[ITOTHOCTB

PaCIoJIOKEHUA TOYCK U UX 06H_Iee KOJIMYECTBO OECKOHEUHEL.
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B kBaHTOBOM MEXaHHKE KOOpAnHaTa U COOTBETCTBYHOIIAsA KOMIIOHCHTA
umiyJibCa CBA3aHbl COOTHOLICHUEM HeOHpe,HC.HCHHOCTCﬁ

Ax-Apy >2h, Ay-Ap,>h, Az-Ap.2>h,

—34
rae h=6,62-10 3 [k - ¢ — mocrosiHHas [lnanka. CrnenoBaTenbHO, OTHOMY
COCTOSIHMIO MHUKPOYACTHIIBI COOTBETCTBYET «KYOHK» C MHUHUMAIIbHBIM
«00BeMOM» B (pa30BOM IIPOCTPAHCTBE:

Ax-Ay-Az-Ap, -Ap, -Ap. >n.

TouHee 3a1aTh COCTOSHNE MHUKPOYACTHUIBI HEBO3MOXKHO.

DJNEeKTPOHBI MOTYT CBOOOAHO TEpeMeIaThcsi B KpHUCTalle, Heompee-
JIEHHOCTh MPOCTPAaHCTBEHHBIX KOOPAMHAT 3JIEKTPOHA PaBHA pa3MepaM KpH-
ctayuia. [TosToMy mpocTpaHcTBeHHBINH 00beM, KOTOPBII 3aHUMAET 3JIEKTPOH,
paBeH oObemy Kpucramwia: Ax-Ay-Az =V . Torna MUHUMaJIbHBIA 00bEM

OJTHOTO COCTOSIHUSI B TIPOCTPAHCTBE HUMITYJIHCOB
3
Apy-Ap,-Ap. =h /V.

DHeprus cBOOOIHOW HEpENSTUBUCT-
CKOM YacCTHULbI CBS3aHA C BEJIMYMHON MM-

P,

nyiasca® E = p2 /2m. Haiinem uwucio p

COCTOSIHMH C MOAYJEM WMITyJIbCca B WH-
TepBane p, p+dp . B mpocTpaHcTBe M- D,

MyJIbCOB TaKUM COCTOSIHUAM COOTBECTCT-

BYET CIIOH MeXIy chepaMu paauycoM p Py

u p+dp (puc.1). O6Bem 3TOro chepu- ptdp

4ecKoro cios pase 4mp dp . Puc. 1
1as

p2 =2mE, dp=~2m

2JE

3 Takas CBSI3b MOJAPAa3yMEBAET, YTO HAYAIO OTCUETA SHEPIMH HAXOAMTCS HA
YPOBHE JTHa 30HBI IPOBOANMOCTH, TOT/Ia KaK B MPEIbIAyINeM pasjene «DIeMEHTH
KBAHTOBOW TEOPUM TBEPAOrO TEJA» HAYalIO0 COOTBETCTBOBAIO HYJIIO MOTEHLUAIIb-
HOW PHEPTHH B3aMMOAEHCTBUS 3apsnoB. Hudero crpamHoro: GyHKIMs pacnperne-
JeHusl, KaK MOKa3aHO HMXKE, 3aBUCUT OT pA3HOCHMU JSHEPTHH, T. €. HE 3aBUCUT OT
TIOJIOKEHHS Havyajia OTcUeTa.
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Torna
1dE
2JE

Takum 00pa3oM, 4MCIIO COCTOSIHMI B MHTepBajie sHepruid E, E+dE
paBHO

3
4np?dp = 4n2mE~2m =2n(2m)2VEdE .

47tp2 dp - 2V
w w
KakoMy SHepreTuueckoMy COCTOSHHIO COOTBETCTBYIOT JIBA COCTOSTHHSI

3NIEKTPOHOB C MPOTHUBOMOJIOKHBIMHI HANpPABIEHUSIMU CITUHOB. [103TOMY OKOH-
YaTeJIbHO MOJTHOE YHCIIO COCTOSIHUM 31EKTPOHOB B uHTepBajie £, E + dE paBHO

3
(2m)2JE dE .

4nV 3
dG(E) = h—3(2m)2 JE dE . ©)

KonTpoabHble BONPOCHI

1. Uro Takoe (ha30BO€ MPOCTPAHCTBO?

2. Kak omnucwiBaetrcst B (ha30BOM TPOCTPAHCTBE COCTOSHHUE KjIacCH4e-
CKOI1 yaCTHIIbl U KBAHTOBOW MUKPOYACTULbI?

3. Boieeoume dopmyiy uucia COCTOsIHMM CBOOOJHBIX 3JIEKTPOHOB B
uHrtepBaie dE.

®ynkuus pacnpenejnenus Pepmu—/Iupaka

MukpodacTuibl CO CIIMHOM h/ 2 win 1/ 2 B eQUHULIAX /I, B TOM YHUCJE

3JIEKTPOHBI, TIOAYUHSAIOTCS npuHIHITY [laymm (cM. paszen B 3ToM yueOHOM
nmocobun «IJIeMEeHTHI KBAaHTOBOW TEOPHH...»). TaKkue YacTHIIbI Ha3bIBAIOTCA
Gepmuonamu. Ecnm >neKTpOHHBIA Ta3 B3aWUMOJEHCTBYET C TEPMOCTATOM,
UMEIOIMM TeMmiepatypy 7 (Hampumep, ¢ KpUCTAJUTMYECKOW PEIIeTKO# ), TO
BEpPOATHOCTh JUIS 3JIEKTPOHA 3aHSTHh COCTOSHUE C JHeprueit E  OmuchH-
BaeTcs pyHKIHEH pactpenencuus Pepmu—lupaka

Fr(E) = . 3)

e KT +1
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3nech k=1,38-10"° Jlx/K — nocrosmnas Bonsumana, Ep — xumuye-
CcKuti nomenyuai, KOTOpeId B (PU3MKE TBEPAOTO TeNa HA3bIBAIOT dHepzuell
Depmu, unu yposnem Pepmu. ITa BaxKHasg XapaKTEPHCTHKA paclpelesIeH s
HaM noTpedyeTcs B 1abopatopHoii pabote Ne 44. Duepruto Gepmu onpene-
JSFOT U3 TIOJTHOTO YHCIIa YacTHLl B cucTeMe 1o gopmyiie (1):

[dN(E)= N = [ fr(E)dG(E). )

Dueprus Depmu 3aBUCUT OT CTPYKTYPbl YPOBHEH U, BOOOILIE FOBOPSL, OT
TeMIiepaTyphl. B coOcTBeHHBIX monrynpoBoaaukax mpu 7 = 0...300 K ypo-
BeHb depMu cOBMAaeT ¢ cepeInHON 3alpenIeHHON 30HbI (CM. «DIIeMEeHTHI
KBaHTOBOW TEOPHH...», PUC. 8, 6), B IPUMECHBIX TOIYTPOBOJHUKAX — C Ce-
peanHO# 3ampelieHHoi 30HBI ImpuMecH (cM. «DIIeMeHTHl KBaHTOBOW Teo-
pun...», puc. 10,6 meu 11,6 u2).

Paccmotpum ynknmto @epmu—/lupaka st raza cBOOOIHBIX 3IEKTPO-
HOB 30HBI mpoBomuMmocTH. Ilpu 7 —0 wu mpum FE > Ep mnomydaem
(E—Ep)/kT >, 1.e. fr(E)—0.Ipu E < Ep nokasareib 5KCIOHEH-
ol (E—Ep)/kT — -0, 1.e. fr(E)—>1. Takum oGpaszom, npu 7 — 0
dyuknms Pepmu—/lupaka oMUCHIBACT YKEe paCCMOTPEHHBIN cirydait («Jie-
MEHTBI KBaHTOBOW TE€OPHH...», PUC. 7, d), TIOTYYCHHbI HAMH W3 IPHUHITANA
[Maymu m TpeGoBaHWS MHHHMATBHON SHEPTUU DIIEKTPOHHOIO Ta3a IpH
T =0. Ha puc. 2 usobpaxen rpaduk 5Toil (yHKIHH B BUAE CTYICHBKH .
Yposeub depMu 3JIEKTPOHHOrO rasa — 3TO MaKCUMajlbHasi YHEPIUsl dJIEeK-
TpoHanipu 7 =0.

—7=0
fF(E) kT ___'T>O
I —==_] dE

\I %W_W
0,5" ‘ \\ //’
NS
e T (S
Er dE E
Puc. 2

4 o
Ha Bcex mpenpiaymux pucyHKax ocb SHEPIHU OblTa BEpTHKATHHOM.
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I'padmk dynxnmm @epmu—/upaxa mpn 7 >0 — mTpuxoBas KpuBas Ha
puc. 2. Bo3Hukaer Bompoc: Kak BEpPOSTHOCTH 3allOJIHEHHs MOAYPOBHS MO-
XKeT ObITh ApOoOHOH, MeHblIe equHulbl? Bens nogypoBens 1u00 3aHAT, JIH-
00 cBoOOIEH, T.€. YMCIIO 3alOJIHeHMsl MOAYPOBHA JIMOO eauHMua, JIMOO
HOJb. OOBsicHeHHWe: (YHKLUUS paclpelesieHHs ONMUCHIBAET BEPOSTHOCTS,
YCpelHeHHYI0 M0 OecKoHeyHO MajoMmy HuHTepBaidy dE . Ecnu mpucMot-
peTbes K 3TOMY HMHTEpBally C «yBEIHMYUTEIbHBIM CTEKIOM» (yBEIHMUCHHAs
BBIHOCKa MHTepBaja dE), TO BHIHO, YTO B HEM 3allOJHEHA TOJBKO 4acTb
HOJOYPOBHEH, T. €. CpelHssl BEPOSTHOCTH 3allOJIHEHUS MEHBIIE €IUHUIIBL.
BepositHOCTh 3anonHenust noaypoBHei ¢ £ = Er Bceraa pasna 0,5.

IMpn 7 >0 >37eKTpOHBI MOTYT IMOJIyYaTh JOMOJHUTENEHYIO SHEPTHIO OT
TEIJIOBBIX KOJIeOaHUH pelleTKr (¢hoHoH08) N NepexonuTh Ha Oosiee BbICO-
Kue nonypoBHu, E > Ep . BcieacTBue 3TOro 4ucio 3JaeKTpoHOB ¢ E < Ep
YMEHBILAETCS, TaK KaK MOJIHOE YUCIIO 3JIEKTPOHOB B 30HE MPOBOIMMOCTH HE
MEHSIETCS: TeIJIOBOM 3HEPrHH HEAOCTaTOYHO, YTOOBI MEpeOpOCUTh AOMOI-
HUTENbHBIE JIEKTPOHBI U3 HIXKenexaieil BaneHTHoH 30861, [Ipn 7' = 300 K

CpeIHss TEeMIoBas YHEPI U
kT ~1/409B<< Er ~1...103B.

[TosTOMY TOJTHOE YHMCIIO AJIEKTPOHOB, MOJABEPTIINXCS TEIJIOBOMY BO3-
OY>KIEHUIO, COCTABJISET MAJIYI0 9acTh OT OOIIETO YHMCIIA 3JIEKTPOHOB B 30HE
npoBoguMocti: AN / N ~1...2% .

PaccMoTprM BBICOKO3HEPTeTHIECCKHM «XBOCT» (DYHKIIUU pacIpenecHHs,
E > Er, tounee, E >> Er . Hanomuum, E, Er <0.Ilycte £ — 0. Torma

_Er
e T >>1,

[To3TOMy eAWHHYHBIM claraeMbIM B 3HaMeHaTene (opMyInsl (3) MOXKHO
npenedpeds. Torna

E-Ep Er E

fr(Eyxe K ekl kT, )

T. €. ipu E >> Ep pacnpenenenne @epmu—/upaka coBnajgaer ¢ pacrpee-

neaneM MakcBesa—bonbiiMaHa. TOT BaXKHBIN PE3yIbTAT MBI UCIOJIE3YEM
B JaJIbHEHUIIIEM.
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KouTpoabHbie Bonpochl

4. Kakue gacTHIlpl Ha3bIBalOTCS (PEPMHOHAMH, KAKOBO X CBOWCTBO?

5. 3anuuinte Qyukuuro depmu—/lupaka, esieedume ee npeneabHbIN
Bun npu T — 0, Hapucyiite rpaduk. [losicHuTe, KaKk 3TOT rpaduk coriia-
CyeTcsl C pacHpejeseHUeM 3JIEKTPOHOB B 30HE MPOBOJAUMOCTU MPOBOJI-
HUKA.

6. Hapucyiite rpaduk ¢pynkaun Gepmu—/lupaka npu 7 > 0. OObscHH-
Te ornuue fr(E) OT eqMHNLIBI MW HYJIS.

7. Iosicuute rae pacnoJaraercst yposenb depmu:

a) B COOCTBEHHBIX IOy IPOBOJIHUKAX;

0) B IPHMECHBIX MOJTYIPOBOAHUKAX.

8. C KakuM pacrnpeneneHueM COBMamaeT pacrpenenenne Depmu—
Hupaka npu E >> Ep?

TemneparypHasi 3aBUCMMOCTb KOHLUEHTPALMHU
NMOJABUKHBIX HOCUTEJIeH B COOCTBEHHOM MOJIYNIPOBOAHHKE

OnpenennM KOHLIEHTPAIMIO CBOOOIHBIX JIEKTPOHOB B 30HE TPOBOIH-
MocTtd popmyiibl 13 (4):

n=" = [/ (EIG(E). (©)

WHTerpupoBaTh HY>KHO 10 BCEM MOAYPOBHSAM 30HBI MPOBOJIUMOCTH, OT HY-
Js1, comagaroniero ¢ E- (cM. puc. 8, 6), u 10 BepxHero ypoBHs. [1ockoiib-
Ky B COOCTBEHHOM MOJIYIPOBOIHUKE 3aHSTA TOJIBKO Majiasi 4aCTh MOyPOB-
Hell STOil 30HBI, BEpXHHI Mpeell MOXHO 3aMEHUTh Ha OECKOHEYHBIM.
Kpome Toro, 3ameHum TouHoe pacnpeneieHue Pepmu—upaka ero BbICO-
KOdHEpreTudeckuM mpubmxernem (5). Torma (6)
3 Epo E
4’”/(2 )2 ek je K \JE dE . )

OTOT MHTErpan nponopunonaigen 1 32 (6e3 moxazarembcTBa). Bo-BTOPHIX,
11l cOOCTBEHHOTO TIONYTIPOBOAHUKA dHeprus depMu oTpHIaTelbHA OTHO-
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CUTEIIbHO JHA 30HBI MpoBoaUMoOCcTH: Ep = —AE, / 2 (cMm. «DreMeHTH KBaH-
TOBOM TEOPHH...», puc. 8, 6). [loaTomy
3 _ABg
n=CT2e 2T | ®

rne C — moCcTOosTHHAS.
OreHnM U3MEHEeHHe COMHOXHTENeH ¢ TemMieparypoid. B ycrmoBusx ia6o-

paTopHo#t paboThl Temmeparypa m3mensiercst ot 20 go 55 °C, T, =293 K",
Tax =328 K", 8T = (Trax — Tmin )/ Tmin = 0,12 . CrenosatesnsHo, OTHOCH-

TenbHOE W3MeHeHHe MHOXHuTens O(7T 3 2) ~1,5-0,12=0,18=18 % . OtHo-
CUTEIHbHOE M3MEHEHUE SKCITOHEHTHI

AEg AE,
AEg 2kT 2k i
_m 3 Al e N e min AEg 3 AEg AT (9)
(e - AE ~ AE 2 AT = —=———
T T kT in 2KTmin Tmin

e e
[ycts AE, /220,5 5B, kT ~1/40 »B. Torama 5KCHOHEHIMANbHBIN

MHOXUTENb MeHseTcs ¢ Temnepatypoit B 20 - 0,12 = 2,4 paza. To ecTb uz-
MEHEHHE 3KCIIOHEHIMATbHOTO MHOXKHUTEN] HAMHOTO CHJIbHEE BIIMSET Ha
KOHLIEHTPAIHIO0 CBOOOAHBIX HocuTesel. [103ToMy n3MeHeHHeM MHOXXUTENS

2
T3/ MO>KHO HpeHe6peqL. OKOHYATEIHHO KOHIOCHTpAaIus 3JI€KTPOHOB B 30-
HE MPOBOAUMOCTHU

_AEg
n(T)=Ce T, (10)

rae C] — IIOCTOsHHAasA.

KOHTpOJ’leI)le BOIIPOCHI

9. Boigeoume Gopmyjly TeMIEpPaTypHON 3aBUCUMOCTH KOHLEHTPALUH
MOJIBMDKHBIX HOCHTENel B COOCTBEHHOM MONynpoBoaHKKe. Kakue momymie-
HUS UCTIOJIB3YIOTCS TIPH BBIBOE ATOM GOpMYITHI?
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TemnepaTypHasi 3aBUCMMOCTb 3J1€KTPONPOBOAHOCTH
U LIMPHUHA 3anpelieHHOH 30HbI COOCTBEHHOI0 MOJIYNPOBOAHUKA

W3 3akona Oma mis yuactka nenu U = IR, rne U — HampsDKeHHE Ha
aToM ywactke, /— TOK, R=pl/S — conporuBjeHHE ITOr0 ydacrka, pP—
yAETbHOE COMpPOTHBIEHNE, /— JUIMHA y4acTKa, S— ero momepevyHoe cede-
HHeE, TI0JIy4aeM yIeIbHYIO 3JIEKTPOIPOBOJIHOCTh BELIECTBA

= L £ (Cwm). (11)
p US

HanpskeHHOCT diekTpudeckoro mons & = U/l B npubnmKeHud of-
HOPOJIHOTO TIOJISl B BELIECTBE, IIOTHOCTh Toka j = //S . Tloatomy u3 (11)
TOJTy9aeM JIOKaNbHBIH 3akoH OMa j = 6¢ . IIIOTHOCTH MOTOKA YaCTHI[ CO
CpemHeil CKOpoCcThl0 V paBHa nv (mporpamma l-ro cemectpa, Tema «JlaB-
JICHWE Ta3a Ha CTEHKY»), a IUIOTHOCTh TOKa j = gnv . CKOpoCTh Apetida
4YacTUll B BELIECTBE IOJ ACHCTBHEM 3JIEKTPUUECKOrO MOJsi MPONOPLHO-
HANbHA HANPSKEHHOCTH MONs vV = Wé€ , Tae |1 — HOABIKHOCTS . IloacTas-
s Bee 3TH QOpMYJIBl B j = 6¢© , TOJIy4aeM BBIPaKEHHE DJIEKTPOIIPOBOI-
HOCTH Yepe3 KOHIEHTPAIUIO 2JIEKTPOHOB POBOAMMOCTH:

G =qnu. (12)

B cobcTBeHHOM MOJYIIPOBOAHUKE INOJABH)XKHBIMH HOCHUTCIIAMH 3apsia
SBJIAKOTCS HE TOJIBKO 3JICKTPOHBI, HO U JAbIPKH. H03TOMy

G =gmpl, +qpil, = qmi(L, +1,), (13)
rac },ln, },lp — IIOABUXKHOCTHU SHCKTpOHOB %1 ,I[LIpOK, KOTOpI:Ie 3aBUCAT OT

77u s PacCMOTPEHHOM BBITIIE MPUOTMKEHUH MOTYT CYMTATHCS TOCTOSH-
HBIMHA.
[Moncrasnss koutenTpanuio (10) B (13), monydaem TemnepatypHylo 3a-
BHUCUMOCTD 3JICKTPOIPOBOJHOCTHU
_Afg
c=0ge T . (14)

5 PaSMepHOCTb NOABMXHOCTU BBIBEAUTE CAMOCTOSATCIIBHO, UCXOJd U3 OIPCac-
JICHUA.
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Jlorapudmupys (14), moaydaeM JTHHEHHYIO 3aBHCHMOCTD Jiorapudma 3iek-
TPOIPOBOJHOCTH OT OOpaTHOM abcomoTHOM TeMmeparypst 1/7 :
1

Inc=lhoy ——=—. 15
0T TL T (15)

B nepemennsix Incu 1/7 rpaduk 310l 3aBUCMMOCTH MMEET BUJI MPSIMON
(puc. 3), mpuuem mupHUHA 3aMPELICHHON 30HbI MPONOPLHNOHAIBHA YTTIOBOMY
k03 pUIIEeHTY HaKIIOHA 3TOW MPSIMOH, ONpeNeieHHOMY 10 KOOpAWHATaM
neyx touek (Incy,1/T}) u (Inc,,1/T5):

A(lnc) Inc, —Ing,

AE, = 2k AT 2k T (16)

Moncrarnss (11) B (16) m mpeo6pasys pa3HOCTH Jorapru(pMoB, MoTyya-
€M OKOHYATCJIbHOC BBIPAKCHUC HIMPUHBI 3anpemeHH0171 30HbI MOJIYIIPOBOI-
HHKa Yepe3 M3MEPEHHbIE 3HAUCHUS TOKA, HAPSKEHUS U TEMITEPaTyPbl

lnl[]—z—lnllj—1
AE, =2k—2——11|. (17)
/T, -1/T;

Takum 00pazom, LIMPHHA 3aNPEIIEHHON 30Hbl MAaKPOCKOIIMUYECKOr0 00pas-
la TOJYNPOBOIHUKA HE 3aBHCUT OT ero pasmepoB. [TosTomy Ha puc. 3 1o
BEPTUKAIBHON OCH MOXKHO OTKJIabiBath He Inc, a In(//U).

Inc
In—
U

In ()

In (9]




B nuskopasmepuvix cmpykmypax (K6aHmogvlx HUMAX, K8AHMOBbIX MOU-
Kax), y KOTOPBIX OJUH WIIM HECKOIIBKO pa3MepoB CPaBHUMBI C AMAMETPOM
aToMa, IIMPHWHA 3aNpPEelIeHHON 30HBI 3aBHCHT OT 3THX pa3MepoB. Takwe
CTPYKTYPBI — OOBEKT UCCIEAOBAHUS HAHOIIEKIMPOHUKU.

KonTpo/abHble BONPOCHI

10. Boigeoume dopmyily TemreparypHON 3aBUCMMOCTH 3JICKTPONPO-
BOJIHOCTH COOCTBEHHOTO NOJIYIPOBOAHHUKA.

11. Boigeoume Ghopmyily WIUPUHBI 3aMPEIIEHHON 30HBI COOCTBEHHOIO
MOJIY IPOBOJJHHKA.

Oo0wmas TemnepaTypHasi 3aBUCUMOCThb
3JIEKTPONMPOBOAHOCTH MOJYNPOBOAHUKA

Mo>xHO TOKa3aTh, YTO TEMIIEpaTypHas 3aBHCHMOCTH 3JIEKTPOIPOBO/I-
HOCTH TIPUMECHOTO TOJYIIPOBOJHUKA B OONACTH HHU3KUX TEMIIEpaTyp Mo-
JKeT OBITh omrcaHa ¢popMyiol (14) ¢ 3aMeHOl MHUPHUHEI 3aIIPEIICeHHON 30HBI
HA DHEPrUI0 HOHM3AUMKU npuMecH. B nepemennbix Inc u 1/T rpaduk s1oii

3aBUCUMOCTH OyJeT JUHEHHBIM, a YITI0BOH K03 (GUIMEHT HaKJIOHA IPAMON
OyZzeT NpomopLUHOHAIBHBIM 3HEPruy MOHM3anuu npuMecu. Ha puc. 4 uzo-
OpaxxeH oOmuii rpaduK TeMIepaTypHONH 3aBUCHUMOCTH JJICKTPOIIPOBOTIHO-
cti. Ha mpsimeix /—2 mprmMecHON MPOBOIUMOCTH B 3—4 cOOCTBEHHON TIpO-
BOAMMOCTH 3JIEKTPOTPOBOIHOCTH MPOMOPIIMOHATIbHA KOHLIEHTPAUH. YTOI
HaKJOHA TIPSIMON COOCTBEHHOIH MPOBOAMMOCTH OOJNBINE, YACTO HAMHOTO
0oJbIIe, yriia HaKJIOHA MPSIMON TIPUMECHON TIPOBOIMMOCTH.

Inc 4
(Inn)

\\ 1T, /T

Puc. 4
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IIpsimbie /-2 1 3—4 coenMHAOTCA MEPEXOJHBIM ydacTkoM 2—3. DTo
obnacte ucmowenus npumecu. I1o Mmepe pocra Temneparypsl OT TOUKH [ K
To4ke 2 pacTeT KOHIEHTpauus MPHUMECHbIX Hocuteneil. B Touke 2 Bce
aTOMBI NMMPUMECH WOHM30BAHBI, MPUMECh HE MOXKET 00ecreunTh JanbHei-
mui pocT KoHIEHTpanuu. KoHIEHTparnus COOCTBEHHBIX HOCHUTEJIEH B
Touke 7, (3TO TOYKa 5 Ha IITPUXOBOM MPOJOIKEHUH TpsiMoil 3—4) erre

CITUIIIKOM MaJjia, 9YTOOBI 00ECTIEYUTh POCT AJIEKTPONPOBOAHOCTH. [ToaTOMY
OT TOYKH 2 3JIEKTPOMPOBOAHOCTH MOJYNPOBOAHNKA YMEHBINAETCS MOI00-
HO 3JICKTPONPOBOJHOCTH METAJUIOB: KOHIEHTpalMs CBOOOAHBIX HOCHTE-
Jell mpaKTU4EeCKH MOCTOSIHHA, HO C TEMIEPaTypol pacTeT paccesHue HO-
CUTENIell Ha TEIUIOBBIX KOJeOaHMSIX KPHUCTANIMUYECKOH pEeLIEeTKH, T. €.
pacTeT compoTHBiIeHHE TOKY. TONbKO MpuW HajbHEHIIEeM pocTe TemImepa-
Typbl (OT TOYKM 3) CTAHOBMTCS 3HAYMUTEJIbHON KOHIEHTpALMs COOCTBEH-
HbIX HOCUTEJIEH.

KOHTpOJ’[bHI)le BOTIPOCHI

12. Hapucyiite rpaduk u3MeHeHHs JIEKTPONPOBOTHOCTH TONYTIPOBO-
HHUKa B ITMPOKOM TEMIIEpPaTypHOM JHala3oHe, YKa)KHUTe XapaKTepHbIE 00-
nactu rpaduka.

13. YeM oTaM4aroTCs 30HBI IPUMECHON U COOCTBEHHOM TPOBOIUMOCTH
Ha rpaduke?

14. YUro Takoe 0071aCTh HCTOIICHUS IPUMECH, T0OYEMY OHa TOSBISIETCS,
KaK M3MEHSAETCS 3JIEKTPOIPOBOIHOCTD B 3TOW 00JIacTH U oyeMy?

Onucanue IKCIEPUMEHTAIbHON YCTAHOBKH

:‘)JICKTPI/I‘-IeCKaSI NMpUHOUIIKMAJTIbHadg CXeMa I/ISMepI/ITeJII)HOI‘/’I YCTaHOBKH
mokaszana Ha puc. 5. O0pazer moJynpoBOAHIKA Yepe3 KOHTAKTH [ U 2 TO-
kmtodeH k nctounnky JJ[C. Ammepmerpom A m3mepsercst Tok [ yepes 00-
pazen noJaynpoBOAHMKA. TOK peryinmpyercsi C moMoIbI0 NEPEMEHHOTO CO-
nportusiieHust R . [lepexiatouaTesib HapaBIeHUs TOKA HA PUC. 5 HE MOKA3aH.
Boabst™meTrp V usMepser HanpsikeHue Us 4 MexIy KoHTakTamu 3 u 4. g
M3MEpEHHsl TEMIIEPATYPHOI 3aBUCUMOCTH 00pasel] MOMELLIEH B dJIEKTpUye-
CKYI0 HarpeBaTCJIbHYI IICYb. LICHI: IUTAaHUA €YU C BBIKJIFOYATCJICEM Ha
puc. 5 He nmokazana. C momouipio ommeTpa {2 M3MepseTcs COMPOTHBIEHNE
JaT4rKa 5 TeMIlEpaTypbl o0pasla — TepMOMETpa CONPOTUBIIEHHS (TepMope-
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3UCTOpa). 3aTeM II0 TPaayHpOBOYHON KpPHBOH, MMEIOIIEHCA Ha IepemaHei
MaHEeTN KaXI0W YCTAaHOBKH, HEOOXOAMMO IMEPECUUTATH COMPOTHUBIICHUE B
3HAYCHHUE TEMIIEPATYPHI.

Ileun

Puc. 5

IHepsuunvie uzmepsiemvle eenuuunbl: TOK, HAMPSDKEHUE W COMPOTHUBIIE-
HUeE.

Ocobennocmu usmepenuii. Ilpu BKIIFOUEHHOH MEeYW TeMIiepaTypa Io-
JMYTIPOBOJIHUKOBOTO 00pa3iia HeMmpepBhIBHO BO3PACTAET, MOITOMY CIIOXKHO
3amucaTh OJHOMOMEHTHBIE TIOKa3aHUs TpexX mpubopoB. MoxxHO cdoTo-
rpadupoBaTh Ha OJWH CHUMOK. VT MOXXHO YMEHBIIUTH CKOPOCTH H3Me-
HEHUS TEMIIepPaTyphl, OTKIOYNB Ha KOPOTKOE BPeMsI IIeUb H JI0XK/IaBIIUCH,
KOTJIa TEMIIepaTypa NePEeCTaHET MEHSITHCS.

3aganue k padore

1. I3meppTe TOK W HampsDKeHHE Ha oOpaslle MONyNpPOBOTHUKA IPH
KOMHATHOM TemIiepaTtype.

2. BxtounTe 31eKTponeys U U3MephTe TOK M HAIPsDKEHUE TIPH pa3iiid-
HBIX 3HAYEHHUSX TeMIlepaTyphbl MoJynpoBoaHuKa. B nuamazone 20...55 °C
M3MEpUTh HEe MeHee 5—6 Touek. [[na ycrpanenus Biausiausg tepmod/1C mex-

35



Iy KOHTaKTaMu 3 U 4 TOBTOPHUTE BCE M3MEPEHUs NP 0OpaTHOM HaIpaBJie-
HUM TOKA.

3. Beluuciure CcpeaHeKkBagpatuuHoe oTkionenue In(//U) npu kom-
HaTHOMW TeMIlepaType UCXO0/sl U3 Morpemnoctei usmepenust [ u U .

4. Tocrpoiite rpaduku In(//U) or 1/T nas npsamoro u o6paTHOro Ha-
[IpaBJICHUI TOKA.

5. Tlo rpadukam ompesnenuTe WMPUHY 3aNPELICHHON 30HbI AE, moiy-

MTPOBOIHUKA.
6. CpaBHHUTE MOIY4YEHHBIH Pe3yIbTaT C TAOTMIHBIM.

KoHTposbHble BONPOCHI 110 32 IaHUI0 K padoTe

15. Kakoga ueinb padboTbi?

16. Kakue BenMuuHbI M3MEPSIIOTCS B paboTe, KakuMu npudopamu?
17. KakoBbl 0COOEHHOCTH U3MEPEHUIT?

18. Kaxkos rpaduk npeanosiaraeMoii Te0peTU4eCKOi 3aBUCUMOCTH?
19. Kax no rpaduky onpeae/iuTh MPUHY 3aNpEUICHHOM 30Hb1?



JlabopatopHnas padora Ne 41

N3YYEHUE DPDPEKTA XOJJIA,
OIIPEJAEJIEHUE KOHHEHTPALIUN
1 IIOJABUKHOCTH HOCUTEJIEHN 3APSIJIA
B IIOJYITPOBOJHHUKE

eab padoThbi: HA OCHOBAaHUM U3MEPEHUN MOCTOSHHOM XO0JljIa U 3JIeKTPO-
MPOBOTHOCTH OTIPECIIUTh KOHIICHTPAIMIO U TMOJABUXHOCTh HOCUTEJICH 3apsaa
B IOJIYIPOBOJHUKE. CpaBHI/ITI) MOJIYy4YCHHBIC PE3YJIbTAThI C Ta6JII/I‘{HI>IMI/I.

Teopus
IddexTt Xoana

[onympoBogHuK, WMeromuii (HopMy TPSIMOYTOJBHOTO Mapasuielenu-
nena, yepe3 KOHTAKThl / U 2 BKIIOUEH B 3JIEKTPUYECKYIO LENb, B KOTOPOU
npotekaet Tok [ (puc. 1). Ecam Ha momynpoBOIHHUK HAJIOKUTH MATHATHOE

noie B, MepneHIUKYISIPHOE HANpPaBICHUIO TOKA, TO MEXIY OOKOBBIMH
TpaHdMH NOJYNOPOBOJHUKA, MNapalJICIbHbIMU CHUJIOBBIM JIMHUAM MArHuT-
HOTO TI0JIsI, BOSHUKHET Pa3HOCTh MOTEHIHANOB. Ha pucyHKe 3TO BEepXHSS U
HIDKHSSI TPaHH IOJYIPOBOJHHUKA. DTO sBIEHHE Ha3biBaeTcs >(deKkTom
Xoga, a mornepevHas pa3HOCTh nmoTeHuuanoB ex — I/C Xomna.

5 23
1 =
l /T\ﬁ
] | R 2 I
.......... » | Ve —e Q_%_g
h T T P P B
l d/
4
Puc. 1
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Paccmorpum mexanusm mnossieHus DC Xosia B MPUMECHOM JJe€K-
TPOHHOM TOJYMPOBOMHUKE. JlOMycTHM, YTO BCE CBOOOMHBIE JJICKTPOHBI
JBHIKYTCS C TTOCTOSTHHOM Ipeii(hoBOI CKOPOCTHIO V.

Ha snekTpoHbl 1eficTByeT MarHUuTHas cuja

Fy = e[x? x B] (1)
T/ie e — 3apsj AJNeKTPOHa.

ITon neiicTBueM 5TOM CHJIBI JIEKTPOHBI CMEIIAIOTCS K BEpXHEW I'paHu
IUTACTHUHBI TOTYIIPOBOAHNKA. B HIDKHEH YacTH IUTaCTHHBI BO3HHKAeT HM30bI-
TOK TIOJIOKHTENBHBIX 3apsanoB. IIpocTpaHCTBEHHO pa3ziefieHHBIMHU 3apsaaMu
CO3/1a€TCsl MONEPEYHOE XOJUIOBCKOE DJIEKTpUYECcKoe moje <y . Pasnenenue
3apsAI0B MPEKPATUTCS, KOTIa SJICKTpHIECKas CHJla YPaBHOBECHUT MarHUTHYIO:

ex =evB. 2)

YMHOXHM PaBEHCTBO HA KOHIIEHTPAIMIO 3JCKTPOHOB 7, T.€. HA WX
4YUCJI0 B €UHUILIE 00bEMA:

nex =nevB. 3)

M3BeCTHO, UTO MPOM3BE/ICHHE KOHIEGHTPALMI Ha CKOPOCTh NV (M -MC ' =
=M72-c') ecTh MIOTHOCTH MOTOKA YACTHUIL, T. €. KOMMYECTBO YACTHII, PO-
XOJSIINX B €IWHUILY BPEMEHH 4Yepe3 eJUHHILY IUIOIMAIN, & TUIOTHOCTh IO~
TOKa, YMHOXXEHHAsI Ha 3JIeMEHTapHBIH 3aps,

j=env=I/S 4

— 3TO IUIOTHOCTh TOKA, PaBHAs OTHOLICHHIO TOKA K MOMEPEYHOMY CEUCHHUIO
obpasua S = hd . [losToMy Hanps>KEHHOCTb

1 IB
Ex=——. (%)
ne hd
CunTaeM MarHHUTHOE II0JI€ OJHOPOIHBIM, TOIIa M XOJIJIOBCKOE DJIEKTPH-
YECKOE I10JI€ OAHOPOIHO. M3 CBSI3U HANPSXKEHHOCTH C HAMPSLHKEHUEM

€
Ex =X 6
x=7 (©)
noiydaeM Beipaxkenue nisa DC Xomna
1 IB IB
e == R— . 7
X he d d @
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Kosdduuuent R =1/ne naszwiBaercs nocmosnnoii Xonna. Bosnee TouHOe
BbIpaXXKEHHE sl NOCTOSIHHOM XO0Ju1a

R=2, ®)
ne

rne A — BeJWYMHA MOPS/AKA eWHUIIBI, YUYUTHIBAET CTATUCTHUYECKHH Xapak-
TEp paclpeneneHusl IEKTPOHOB IO CKOPOCTSAM U HEOAHOPOIHOCTDH IIOIe-
PEYHOT0 XOJUIOBCKOTO BJIEKTPUYECKOTO molisi. [Ipy KOHLIEHTpaluu mpuMe-
cu, He mnpesbrmatomeii 102 M~ (10" cM°), MW OpH KOMHATHBIX

TemMmepaTtypax (HesbipodicoeHHbill nOaynpoeooHuK) ko uiment 4 ~ 1,18.
DKCTIEpUMEHTAIBHO TTOCTOSTHHAS XOJuia onpenensiercs: yepe3 koddduim-

€HT NPONOPIUOHAIIBHOCTHU B JIMHEIHOM 3aBUCUMOCTH €x OT MPOU3BCACHUA 1B.

SXd
IB |
TommuHa obpas3iia d ykazaHa B [TacIIOPTe YCTaHOBKH.

3Hast OCTOsHHYFO X0J1J1a, MOXHO BBIUYKUC/IUTh KOHLEHTPALMIO CBOOO/I-
HBIX HOCHUTEJIEH 3apsa:

R=

()

1,18
n~—-9\. 10
Re (10)

IHoaBu:xHOCTH

Hubdepennmanpapiid 3akoH OMa
j=0& an

rae © — yJelbHas 3JIEKTPONPOBOAHOCTH MOJIYIPOBOJHUKA, a ¢ — Hampsi-
JKeHHOCTh TpononbHOro (longitudinal) 37eKTpHYecKoro IoJs, UCHONB3YS
(4), MOXHO 3amucaTh B BHJIE JIMHEHHON CBS3H

v=ne (12)

cKkopocTH Ipelida CBOOOAHBIX HOCHUTENEH 3apsna v ¥ HaPSKEHHOCTH
IPOIONBHOTO 3JIeKTprudecKkoro mois <. KoaduuneHt mponopunoHansHo-
CTH I MEXIY CKOPOCTBIO M HANPSKEHHOCTBIO HA3bIBAIOT HOOBUNCHOCHIBIO.
[TomBMXHOCTE MOXKHO OTIPENENUTh, 3Has MOCTOSHHYIO XOJla U 3JEKTPO-
IPOBOAHOCTH MOIYIPOBOIHHUKA,

v o Re
A 13
H < ne 1,18 (13)
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Onucanue IKCIEPUMEHTAIbHOI YCTAHOBKH

[TprHIMTIMANBEHAS 3TEKTPUYECKasi CXeMa dKCTIEPUMEHTAIBLHON YCTaHOB-
ku s onpeaenenus DAC Xomna €y W 3JIEKTPONPOBOAHOCTH G TMOKa3aHa
Ha puc. 2. Obpaszen momynpoBogHuka [1 gepe3 KOHTAKTHI / ¥ 2 TOACOSHH-
HeH K ucTouHHKY noctosHHoi D/IC g;. B mens mocienoBaTeasHO BKIIOYE-
Hbl amrepMeTp Al g u3mepeHus Toka [ depe3 MONYNPOBOIHUK U PE3U-
ctop Ry mnsa perynupoBku Toka. C momometo kimoda K1 mepekmodaror
HanpasjeHue Toka. Ha puc. 2 IByMs CIJIOIIHBIMHU JKMPHBIMH CTpEIKaMU
MOKa3aHO OJIHO IOJIOKEHME TMOABIMKHBIX KOHTaKkTOB K1, mepekioyaembIx
OJTHOBPEMEHHO, a IUTPUXOBBIMH — JIPYTO€ TMOJI0KEHHE.

K2

Puc. 2

Bonermerp V mpenHazHaveH Ui M3MEPEHUS HANPSDKEHUN B IBYX PEXKH-
Max. Mexxay KOHTakTaMu 3 ¥ 4 Ha OOKOBBIX TPaHAX MOJYHNPOBOAHHUKA H3Me-
pstot xomoBckyto DAC ey . Kontakrel 3 u 5 ciyxat Ui U3MEPEHUs dJIeK-
TporpoBogHOoCcTH. Kimtodom K2 BBIOHpalOT pekuM H3MEPEHHS XOJUIOBCKOM
O/JIC (xoHTaKTH 3 U 4) WK 3IeKTpornpoBogHOoCcTH (3 1 5). BTropoe momoxe-
HUE MOJIBMXKHOTO KOHTaKTa Kiitouya K2 nokazaHo ITpUXOBOM CTPENIKOM.

Puc. 3
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OObpaszer MoynpoBOTHIKA MTOMEIIAI0T B OJHOPOJHOE MarHUTHOE TIOJIE,
CO3/1aBaeMO€ COJICHOM/IOM (KaTylIKoi) [, MOIKIIOYEHHBIM K HCTOYHHKY
noctossHHON D/IC €, . Cxema BKIIIOUEHHUS COJNEHOUJA MOKa3aHa Ha puc. 3.
[Ikana amnepmetpa A2 (puc. 3) mporpanxynpoBaHa B eIMHUI[AX MarHUTHOM
WHIYKIIUH, TIO3TOMY aMIIEPMETP SIBIISIETCSI MAarHUTOMETPOM. Pesmcropom
R, MmewnstoT BennuuHy mMarautHoro noisi. Kimtouom K3 MeHsroT Hampagne-
HUE TOKA Yepe3 COJICHOU, T. €. HAPaBJICHNE MATHUTHOTO TIOJIS.

N3mepenne IIC Xoaaa

Pa3HOCTh MOTEHIMANIOB MEXy KOHTakTaMH 3 W 4, u3MepseMas BOJbT-
MeTpoM, OyaeT paBHa XomnoBckoi DJIC, ecii 3TH KOHTAKTHI B OTCYTCTBHE
MarHUTHOTO TOJIS HAXOAATCS Ha OJIHOM 3KBHUIOTCHITHATBHOMN MOBEPXHOCTH. B
o0IIeM cllydae 3TO He TakK: MeXIy ToukaMu 3 U 4 OyaeT HaOmoaaThes pas-
HOCTh moTeHnumanoB U, . ns uckmouenns Bmusaust U, Ha D/C Xomna He-
00XOJIMIMO TIPOBOJIUTH U3MEPEHHUS JBAXIBI MPH OJHOM M TOM K€ TOKE, HO
MPOTUBOIMOJIOKHBIX HAMPABICHUSX MarHUTHOTO Nouis. [Ipy cMeHe HampasJie-
Husg MarHutHoro nois DJIC Xomia MeHseT 3HaK, TOTa KaK JOTIOTHUTEbHAS
pasHocTh notTeHuKaaoB Uy OT HampaBieHUs MArHUTHOrO IOJISi HE 3aBUCHT.

W3mMepeHHBIE (C y4eTOM 3HAKOB!) HAPSDKEHUS] MOXKHO 3aIIFCATh TaK:

Usy =Up +ex, Uy =Ug —¢x. (14)
Otcrona MoxxHO BeruucauTs JAC Xonna
‘U3+4 —U§4‘
lex| = — 15)

HN3mepenue 3j1eKTPONPOBOAHOCTH

Kitou K2 (cm. puc. 2) mepexmoyaroT Tak, YTOOBI BOIBTMETP M3MEPSI
HanpspkeHue Uszs MeXIy KOHTakTaMu 3 M 5. DNEeKTpONpOBOJHOCTH OIpe-
TeJsIoT 1o popmyiie

Y

== 16
Us s (16)
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Paccrosinue / mexay KoHTakTamu 3 ¥ 5 M IUIOILA/b NONEPEYHOro ce-
yeHus1 S o0Opasia yka3aHbl B MaCMOPTE YCTAHOBKH.

KoHTakThl 101ypOBOAHUKOBOro 00pasia ¢ COeAMHUTEIbHBIMU IPOBO-
JaM{ UMEIOT, BOOOIIe TOBOps, pa3Hyto Temrepatypy. [loaTomy B u3mepen-
HO€ 3HA4YEHHE HANpPsDKeHUs BXOAMT mpoaonbHas TepmodC er. [ns uc-

KJIFOUEHHS W3 PE3yJIbTATOB M3MEPEHUI 3TOH COCTaBJISIOLIEH HEOoOXOIUMO
IPOBOIMTH M3MepeHus Hanpsokenuilt Uss u Uss TpM ByX IPOTHBOMOJIOK-

HBIX HampaBieHusx Toka. TepmoO/IC He 3aBUCHT OT HampaBieHUS TOKa, a
HamnpsikeHue Uss, CBSI3aHHOE C MPOTEKAHUEM TOKa, CMEHMT 3Hak. Toraa

Uss =Uss +er, Uss =—Uss +¢7, (17)

U5 - Us|
[Uss| = ———- (18)

3aganue k padore

1. Uccnenyitte 3aBucumocts DJIC Xonna €x OT BeJIMYMHBI ToKa [ de-

pe3 obpaszen ¥ OT MHAYKIUK MarHUTHOTO 1ot B . Kax/iplii OMBIT MOBTOPU-
TC MPU TPOTUBOIOJOKHOM HAMNPABJICHHUU MArHUTHOTO IIOJIA. KomuectBo
TOYEK 3aJlaeTCs MPernoiaBaTeleM.

2. Moctpoiite rpaduk 3aBucumocty DJIC Xomna €x OT mpom3BeneHus /5.

3. I'padnaeckn onpenennre moctosHHyo Xoma R 1o (9).

4. Onpenenure 3JIEKTPONPOBOAHOCTh G IMONYIPOBOAHUKA IPU TpeX
Pa3HBIX 3HAYEHMAX TOKa. Kax/Ibplii W3 OMBITOB MOBTOPUTE MPH MPOTHBOIMO-
JIO’)KHOM HaNpaBJIeHUM TOKA. BeIarcanTe 31€KTPONpPOBOJHOCTD KaK CpeiHee
TpeX M3MEPEHHBIX 3HAUYEHUH G .

5. BeruncianTe KOHIICHTpAITHI0 HOCUTeNeH 3apsana » 1o (10).

6. BeramcnuTe MoABMKHOCTH HOcUTeNeH 3apsna | mo (13).

7. Bpruucnute cpenHeKBaJpaTHUHbIE OTKJIOHEHHS IONTyYEHHBIX 3Hade-
HHUI KOHLIEHTPallUU 1 NOJBIKHOCTH
8. CpaBHUTE MTOIIy9YE€HHBIE PE3YIbTATHI C TAOTMIHBIMA.
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KouTpoabHbie Bonpochl

1. Kakosa nienb paboTh1?

2. BriBenute pabouyto ¢popMyny A ONMpeaeseHus MOCTOSHHOW XoI-
na R.

3. BeiBenute pabouyto ¢popMmyry Ui ONpeeNieHHs 3JIEKTPOIPOBOIHO-
CTU G 00pasia NOJIyIPOBOAHUKA.

4. BeiBenuTte (HhopMysy IS BBIUYMCIEHWS KOHILIEHTPALIMU TTOABVIKHBIX
HOCHUTEJIeH 3apsaa B HOJTyIPOBOJAHUKE.

5. BeiBeaure Gopmyiy ans OonpeneneHus MoABMKHOCTH HOCUTENEH 3a-
psiaa B MOJyPOBOJHUKE.

Tadauua pe3yjJbTaTOB U3MepeHHuil (BapuaHT)

B npemiaraeMyro Ta6n1/1uy I/I3MepeHI/II71 BKJIFOUCHBI TOJIBKO HEIOCPEACT-
BEHHO U3MEPSAEMbIE BEIINYNHBI. IIJ'ISI PEIYIIBTATOB IMMPOMEKYTOUHBIX U OKOHYaA-
TCIbHBIX PAaCUYCTOB HeO6XO,[[I/IMO MpeayCMOTPEThL AOTOJHUTEIIbHBIC STYCHKH.

1 B Us, Usq I Uss Uss
1, B, 1,
B, I,
1
I B
B,
1




JlabopatopHas padora Ne 42

WCCJIEJJOBAHUE CIIEKTPAJIBHOI
XAPAKTEPUCTHUKHU ®OTOPE3UCTOPA

Ileas paGoThl: uccienoBaTh 3aBUCUMOCTh (hOTOTOKA 4epe3 (oTopesn-
CTOpP OT MJIMHBbI BOJIHBI IPU pPa3HbIX CBCTOBBIX IMOTOKAaX. OHCHI/IT]: HIUPUHY
3alpeIeHHON 30HbI MTOTYIPOBOTHHKA.

BBenenue

DoTOpe3uCTOPOM Ha3bIBAIOT MOJIYIPOBOIHUKOBBINH IPUOOD, JEKTpUYE-
CKO€ COTNPOTHBJICHHE KOTOPOTO M3MEHSeTCsl oA AelcTBreM cBera. KoHCT-
PYKTHBHBIE 3JIEMEHTHI (pOTOpE3nCTOpa MoKa3aHsl Ha puc. 1.

2 hv

Puc. 1

Ha usonupyroiyto noaioxkky / HaHeceHa TOHKAs IJICHKA MOJyIpo-
BoaHMKA 2 ((OTOUYBCTBUTENIbHBIA CIIOH), a Ha Hee — MeTaJlJIMuecKue
3JIEKTPOJBl 3, KOTOPHIMH (POTOPE3UCTOP BKIIOYAETCS B IJIEKTPHUUECKYIO
1enb. [l 3alMThl OT BHELTHETO BO3ACHCTBUS IUICHKY 2 MOKPHIBAIOT TOH-
KUM CJIOEM BEILIECTBA, MPO3PAaYHOTO B OOJIACTH CIEKTPaJIbHOW YyBCTBU-
TENbHOCTH MOJyNPOBOJHMUKA. Uepes 3TOT ClIoil u3ilyueHHue BHELIHETO HC-
TOYHUKA I[ONAagaeT Ha MOJYHPOBOJHUK U morjouiaerci B HeM. [lon
JeiicTBUeM CBETa B IMOJIYIPOBOJHUKE CO3JaI0TCSI CBOOOAHBIE HOCUTENH
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3apana. JTo SBIEHUE Ha3bIBAETCS 6HYMPEHHUM (homosghghekmom, a no-
MOJTHUTEIbHAS TPOBOJNMOCTH, MPUOOPETEHHAS MOJYIMPOBOTHUKOM O
JIEHCTBHEM CBETa, HA3BIBAETCS (homOonpoeooUMoCmoio.

Teopus
I'enepaums HocuTeJiei 3apsina

[Ipu abconmoTHOM HyJle TEMIIEpaTypbl B COOCTBEHHOM IMOIYTIPOBOJHHUKE
HeT cBOOOTHBIX HOCUTENEH 3apsiia, 30Ha IPOBOAUMOCTH IIyCTa, BCE IHEpTe-
TUYECKHE TOJYpPOBHH BaJICHTHOW 30HBI 3alTOJIHEHBI 3JIEKTPOHAMH, CBSI3aH-
HBIMH C aToMamu (CM. «DJIEMEHTHl KBAaHTOBOW TEOPHH...», puc. 7, 6). Ilo-
JyIPOBOJHUK IPU 3TOM SIBJISETCS JUIICKTPUKOM.

C noBbILLIEHNEM TEMIIEpPATypbl BO3MOYKHA T'€HEpaLys MOABMKHBIX JJIEK-
TPOHHO-JIBIPOYHBIX AP 33 CUET YHEPIUU (POHOHOB — TEIIOBBIX KoJeOaHU
KpPUCTAJUINYECKON peleTKH. AHaJIOTMYHBIM NMPOLECC TEMHOBOW IeHepanuu
CBOOOIHBIX HOCHTENEH MPONUCXOAWT M B MPUMECHOM MOIYNPOBOAHMKE. B
3TOM CIIy4ae MOJyNMPOBOAHHUK Oy/eT 00IagaTh SIEKTPOTPOBOJHOCTHIO TaXKe
MPU HYJIEBOW OCBEIIEHHOCTU. MaJblif 3JIEKTPUUYECKUN TOK, MPOTEKAIOIIMMA
yepe3 (pOTOUYBCTBHTENBHBIN 3NIeMEeHT 0e3 BO3JeHCTBHS CBETa, Ha3bIBAETCS
MeMHOBbIM MOKOM.

ITpn mormomeHnn cBeTa COOCTBEHHBIM TOIYMPOBOIHUKOM BO3MOXKEH
pa3pblB KOBAJIEHTHOW CBS3U 2JEKTPOHA C aTOMaMH, T. €. TEHepalus dJIeK-
TPOHHO-JBIPOYHON CBSI3H, €CJIU 3Heprus (POTOHA KaK MUHUMYM paBHa ILIH-
pHUHE 3aNPEIICHHOM 30HbI AE !

hv:h%ZAEg, (1)

rue v = c/ A — YacroTa u3lyueHus, A — JUIMHA CBETOBOHM BOJIHBI, ¢ — CKO-

pocth cBera, /4 — mocrosiHHas [lnanka (cM. «3JJeMEHTbl KBAaHTOBOM Teo-
pun...», puc. 8, 0).

AHaIOTHYHO TIPOMCXOANT TE€HEpalnsl TOJBMKHBIX HOCHUTENEH 3apsiia u
B IIPUMECHOM TIOJYTIPOBOJHUKE. B 37IeKTPOHHBIX MOJIYNpPOBOAHUKAX (OTO-
HBI TTOTJIOIIAIOTCS aTOMaMH MTPUMECH, JOHOPAMH AIIEKTPOHOB, BBI3BIBAS HO-
HHU3ALKI0 JOHOPA U MEPEXO0/ JIEKTPOHA € JIOKAIBHOIO JOHOPHOTO YPOBHS B
30HY IMPOBOAMMOCTH (CM. «DJIEMEHThl KBaHTOBOW TeopuH...», puc. 10).
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B np1pouHBIX MOMynpoBOgHUKAX (OTOHBI MOTJIOLIAIOTCS, TIepeaaBas YHep-
THIO BaJCHTHBIM 3JIEKTPOHAM, KOTOpbIE IEpPEeXOIsIT K aToMaM NPHUMECH —
akuenropaMm. Takum 00pa3oM, B BaJIEHTHOH 30HE 0Opa3yercsi MOJBHXKHAs
JBIPKa, a aKLENTOp 3apsDKaeTCa OTPULATENBHO (CM. « DJI€eMEHThl KBAaHTOBOH
TeOpuH...», puc. 11).

['eHepanys MOABIKHBIX HOCUTENEH 3apsiaa B MPUMECHOM IMOIYTIPOBOJ-
HHKE BO3MOXHa, €M SHeprus poToHa

hv>AEp wiu hv > AE 4, )]

rae AEp, AE, —3Heprusi akTuBallMM aTOMOB JOHOPHOM WJIM aKUENTOPHOMI
MIPUMECH COOTBETCTBEHHO.

IHoriomenue cBera

PaccmoTpuM n3MeHeHWE WHTEHCHBHOCTH CBETOBOTO IIy4Ka IIPH €T0
pacnpocTpaHeHuu B BeuiecTBe. IHTEHCMBHOCTD J — 3TO IUIOTHOCTH NIOTOKA
SHEpPTHUH, T. €. SHEPrus, MPOXOiIas B eIWHUI]y BPEeMEHU dYepe3 eIuHIY-
HYIO TIOIIAb TIONEPeYHOro ceuenus myuka (Bt/m*). B snekTpoanHamuke
JIOKa3bIBAETCS, YTO MHTEHCUBHOCTb MPONOPLMOHAIBHA OOBEMHON IUIOTHO-
CTH DHEPTUH AJIEKTPOMAaTHUTHOTO TMOJIS U CKOPOCTH cBeTa. B cBoto odepens
o0BeMHas TIOTHOCTh SHEPTUH, C KBAaHTOBOW TOYKU 3pEHUS, MPOTOPIIHO-
HaJlbHA 00BEMHOM KOHLIEHTPAIMU (POTOHOB 711 ().

IycThb Ha cioif BelecTBa MIoIaAbio 1 M° 1 Maioi ToIuHOM dx maja-
€T HOPMAJILHO CBET MHTEHCUBHOCTH J . B Ka)X7I0M aKkTe MoryiomeHus ncye-
3aeT onuH (OTOH (0OHOKEAHMOBLLU, OOHOPOMOHHBIN NPOYECC), BEPOSIT-
HOCTh NorIoleHus (OTOHA B T€UeHHE | C MOCTOSHHA, TOATOMY KOJIHUYECTBO
¢oronoB dNy =d(ny dV), NOrMOUWEHHBIX B €IMHUIlY BPEMEHU B 00beMe

2
dV =1M" - dx , IpONOPIMOHATBHO MTOTHOMY YHCITY (POTOHOB B 3TOM CIIOE!

—d(nydV)~n;dV ~nsdx. 3)
3HaK «MHUHYC» 37IECh CBSI3aH C T€M, YTO U3MEHEHHE dn < 0 (morore-
HUE).
Toraa u3MeHeHHe HHTEHCHBHOCTH PABHO

—dJ =aJdx, “4)
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rae o (M) — moka3aTenb MOTIOIICHH)S, 3aBUCSIIHNIT OT CBOMCTB BEIIECTRA.
Wnrerpupys (4), nonyuaem 3akoH Byrepa—Jlambepra—bapa juist unreHCHB-
HOCTH CBETa Ha BBIXOJI€ U3 MOTJIOLIAIOMIETO CIIOS TOMIIUHON X :

J(x)=Jye ™, %)

roe Jo— HWHTEHCHBHOCTH BO BXOJHOM

TUIOCKOCTH CJIOSI WM, €CITH HE YYUTHIBaTh J()/J,
MOTEePU Ha OTPa)KEHWE Ha BXOJHOW TpaHH, 1
MHTEHCHBHOCTh CBETa, MaJaloIlero Ha Io-

BEPXHOCTh BelecTBa. I'paduk 310l 3aBU-

CHUMOCTH TIOKa3aH Ha puc. 2. TomuHa no- 1/e
[JIOLIAIOIIETO  CJ10st  dep, HA KOTOPOM
WHTEHCUBHOCTb M3JIyYCHUsS YMEHbILAETCs

B e~ 2,7 pa3a, Ha3pIBaeTcA 3G (HEKTHBHOMN

TONIIUHOW (WM TITyOWHOI) TIPOHUKHOBE-

Husl. [Tpy Takoi TOJNIIMHE SHEPreTHUECKHUIA

ko3 dunreHT normnomuieHus (absorption — MoruoleHue) cBeta A, paBeH

Jox ~ Janx _ Jo —J(x) :l_e_adeﬁ
Jex Jo

TonmuHy MOMYNMPOBOAHMKOBOM TIJIEHKW TOAOMPAIOT MPHUMEPHO PaBHOM
3G PEKTUBHOM TOJILMHE UCXOAS M3 IBYX KOHKypupyrowux ycioBud. C oj-
HOM CTOPOHBI, JUIsi YBeJIMUEHHs! (POTOTOKA HEOOXOJMMO YBEJIMYMBATh KO-
¢unuent nornouenus. C Apyroi CTOPOHBI, Hy’>KHO MUHIMU3HPOBATh TEMHO-
BOW TOK, OTpaHMYMBAIOIINN YyBCTBUTEIBHOCTh (DOTONPHUEMHHUKA, ISl YETO
HY’KHO YMEHbBILIATh Pa3Mephl HOIYNPOBOAHUKA. B COBpeMEHHBIX TOHKOILIE-
HOYHBIX ()OTONPHEMHBIX yCTPOICTBaX ONTUManbHas TomIHa d < 10 MKM.

[Ipu BBICOKOH MHTEHCUBHOCTH M3JIy4YEHHS, TO €CTb MpPU OOJIBIION KOH-
HEeHTpauu (OTOHOB, MOXET HAOMIONATECH O08YXPOMOHHOE NO2TOUECHUE.
Mnozogpomonnvie npoyeccoi, KOTia B 3IEMEHTAPHOM aKT€ Y4acTBYIOT cpa-
3y HECKOJIbKO (DOTOHOB, U3Y4aEeT HeAUHEUHAS ONMUKA.

~0,63=63%. (6)

A =

CnekTpanbHas xapakTepucTuka goropesucropa

CHCKTpa.IILHBIC XapaKTCPUCTUKU — OTO 3aBUCHUMOCTH I10KaA3aTejid I10-
TJIomeHusd o, (1)OTOTOK3, ICD u q)OTOHpOBOI[I/IMOCTI/I Ogp OT JJIHUHBI CBETO-

BOH BOJIHBI A MpPU MOCTOSHHOM MHTEHCHBHOCTH MAaJarolero Ha MOJIyHpo-
BOJIHUK U3JlyuyeHus J .
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VneanbHple CHeKTpaabHblE XapaKTEPHUCTUKU COOCTBEHHOTO MOJYIIPO-
BOJHMKA UMEIOT BUJ CTYTIEHBKH C TPaHMIIEH, ornpeaenseMoil yciosuem (1),

hy = hi = AE,, 7
TaK Ha3bIBaeMOHN Kpachoil epanuyeti gomosghghexkma (puc. 3, a). Ilpm
A >\, KOIJla PHEPrusi KBaHTa CBETa HEJOCTaTOYHA /Ul mepedpoca 3jiek-
TPOHA B 30HY NPOBOJAMMOCTH, MOIJIOLIEHHE U (OTOTOK OTCYTCTBYIOT. [Tpn
A <Ay Kaxaplii (POTOH TE€HEPUPYET JIIEKTPOHHO-ABIPOYHYIO TIapy.

~

Q
S

A, A

Puc. 3

VY peajgbHOTO TONYIPOBOAHMWKA T'PAHWIA CIEKTPAILHOW 3aBHCHMOCTH
MoKasarest TIOTJIOMIEHNsT oL — TUIaBHas kpuBas (puc. 3, 6). MexaHH3MOB,
NPUBOJSIIMX K Pa3MbITUIO KpacHOH rpaHuibl Gporoadderra, HECKOIBKO.

1. ®oTOH-(POHOHHOE B3aUMOJIEHCTBHE: IMPU KOHEYHOH TeMIepaType
BO3MOJXKHA reHepalusi CBOOOJIHBIX HOCHTEJICH, IaxXe eciii A > A, Tak KaKk

HezoctaTouHas dHeprusi poToHa MoXeT ObITh JONOJHEHA SHEPruei TerJio-
BBIX KOJIEOaHWI KPUCTAJUTMYECKOW PETETKH.

2. JleekThl KpUCTATHIECKON CTPYKTYyphl. [IpH ToNIIHHE MONYIIpO-
BOJAHWKOBOHM TIJICHKM TOPSAKAa HECKOIBKMX MHKPOMETPOB 3HAYHMTEIHHOE
BITUSTHUE OKAa3bIBAIOT IMOBEPXHOCTHBIE W MOMTOBEPXHOCTHBIE NeQEKTHI, T. €.
JIOKaNbHBIE BapHallid KPHUCTANIMYECKOW CTPYKTYPHI, BBI3BIBAIOIINE CMe-
[IEHNE dHEPreTHUECKNX yPOBHEH. DKCNEpUMEHTAIbHO HAOII0AaI0Ch H3Me-
HEHHE KpacHOW rpaHuibl GoTodddexra, eciau MoaynpoBOJHUKOBBIA KpH-
CTaIlI To/iBepracs nedopMaIlim.

48



3. IIpumecu. Ecnu sHeprus aktuBanuu npumecu AEn, AE, MeHblle
UIMPUHbI 3aMPEIIEHHON 30HbI COOCTBEHHOI'O MOJIyIIPOBOJIHMKA, TO KpacHas
TpaHUIa CMEMIaeTCsl B CTOPOHY OOJBINIUX JTHH BOJH.

4. KoHeuyHoe BpeMs MpoJieTa MOJABMKHOTO HOCUTENs Mo Kpuctanay. Co-
TJTACHO KBaHTOBOW MEXaHHKe HEeOIpeIeIeHHOCTh SHEPTUU COCTOSIHUS AE U
BpeMs JKH3HH T 3TOTO COCTOSHHUS CBSI3aHBI COOTHOIIICHHEM HEOIIpeeIeHHO-
cTeit

AET>h, (6)

rae h — nocrosHHas [1nanka. B TOHKOH TUIeHKE BpeMsl )KU3HU OIpeenseT-
Cs1 B OCHOBHOM BpeMeHeM nuddy3uu HocuTeneil K ee rpaHuLam.

5. HeMOHOXpOMAaTHYHOCTh W3Jy4YeHHs. VICTOUHMK H3Iy4deHMs, JamIa
HaKaJMBaHUS M3IIy4aroT «OeNplii» CBET, 3aHMMAIOIIMK IIMPOKYIO Hempe-
pBIBHYIO 00macTh JynH BOJH. CrieKTpaibHBIH MPUOOP, MOHOXPOMATOP, BBI-
JeJISIeT U3 TOr0 U3JIydeHHs ropasuo Oosiee y3KUH, HO KOHEUHBIH y4acTOK
JUIMH BOJIH.

B cBs3u ¢ OoTCyTCTBHEM PE3KOM JJIMHHOBOJHOBOW TIPAaHUIBI Yy CIEK-
TpaJIbHBIX XapaKTEPUCTHK MONYIPOBOJHUKA IMPHUHATO ONPEAENATh MUPHUHY
3alpeIleHHON 30HBI IO CpelAHEH TOYKE AIMHHOBOJIHOBOIO Claja CIIEK-
TpajbHOW 3aBUCHUMOCTH (DOTOTOKA, T. €. MO TOYKE YMEHbLUeHUs! (POTOTOKA
BIIBO€ OT MakcuMyMa (pHuc. 3, 0).

O cnexmpanvHom makcumyme ¢homomora. TeopeTndeckn TOMHMO
JUTMHHOBOJTHOBOTO CIMaja y CMEKTPadbHBIX XapaKTepUCTHUK MOIYIpPOBOJ-
HHUKa JIOJKEH HaOJoJaThCsi U KOPOTKOBOJHOBBIM cmaa B o0jacTu AMUH
BOJIH YJIbTPA(MOJIETOBOrO U MATKOIO PEHTIC€HOBCKOTO M3JIy4eHHs, KOrua
JHEprusd KBaHTa CBETa IPEBBINIACT CyMMapHYy MIMPUHY TpeX 30H — Ba-
JIEHTHOM, 3ampenIeHHON U 30HBI MPOBOAUMOCTH. OIHAKO TAaKOW cmaja Ha-
OmogaeTcs B BUAMMOM OOJIACTH CIIEKTpa, T. €. IPU TOPa3I0 MEHBIIHX
9Heprusax kBaHTta. OOBACHAETCS 3TO B3aMMOAEHCTBUEM HOJBUKHBIX HOCH-
Tesnel ¢ poHOHAMHU, KOJIeOaHUsIMU KpHUCcTallinueckol peuietku. KopoTko-
BOJIHOBBIH, T. €. BBICOKOIHEPTETUYECKUI KBAaHT CBETa, MOPOXKIAeT ObICT-
pBIil TOABYKHBIN 3JIEKTPOH, KOTOPBINA 3a0pachiBaeTCsl M3 BAJICHTHON 30HBI
Ha BEPXHME MOAYPOBHH 30HBI MPOBOAUMOCTH. OJTHAKO OH TEPSAET IHEPTHUIO
IIpH CTOJKHOBEHUAX C MOHAMH M CKaTbIBAE€TCA HA JTHO 30HBI TPOBOJUMO-
ctu. Ha kiaccuueckoM sI3bIKE: MPOTEKaHUE TOKA BbI3IBAET HArPEB IPO-
BoxHMKA. TakuM 00pa3om, Ha CHEKTpajJIbHON KpHUBOH (hoTOTOKA HabIrOAa-
€TC MaKCUMYM.
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Onucanue IKCIEPUMEHTAIbHOI YCTAHOBKH

CBer OT NCTOYHMKA, JIaMITBI HaKanmBaHus JI, magaer Ha BXOAHYIO IIENb
MOHOXpomaropa M, mupuHa KOTOPOH J0JDKHA ObITh MOCTOSIHHOW B TEUEHUE
Bcero skcriepumMenTa (puc. 4). ®otopesucrop OP, BKIItOUEHHBIH B 3J€KTpH-
Yyeckyro 1enb ¢ uctounnkom DJIC u ammepMmeTpoM A, YCTaHOBJIEH Y BbI-
XOJTHOW IIeNu MOHOXpomaropa. JTiMHa BOTHBI M3NMydYeHHS A Ha BBIXOJE
MOHOXpOMAaTopa peryiIupyeTcs BpalleHHeM OapabaHa MOHOXpoMaropa
ompezensieTcs Mo KalInOPOBOYHONW KPHUBOW MOHOXPOMAaTOpa, 3aBUCHMOCTH
A OT yria noBopoTa 6apabana o (3TOT rpaduk mpuiaraeTcs K yCTaHOBKE).
DOTOTOK [ U3MEPSETCS ¢ NOMOLLBIO aMIIEPMETPA.

&

gx
OP @ o

Puc. 4

Tak Kak dHEpreTudecKas CIEKTpajabHas IUIOTHOCTh M3JTyYCHHUS JIAMIIbI
MEHSETCS C JUIMHOW BOIHBI, TO W3MEPEHHbIe 3HAYeHHs (OTOTOKA CIeyeT
MEePeCcYnTaTh, MPUBOMSA UX K MOCTOSHHOW WHTEHCHBHOCTH MAJalOIIEro Ha
(hoToconpoTHBIeHNE U3ITYUeHNS, TIO hopMyIie

, g
Iy =Ip—%, (7
e

rae ](D u ICID — COOTBETCTBECHHO HM3MCPCHHOC U IMEPCCUUTAHHOC 3HAYCHHA
Q)OTOTOKa, €y, — CIICKTpaJibHasA IJIOTHOCTb HU3JTYYUCHUS JIaMIIbl JJIA HaHHOI;'I
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JUIMHBI BOJIHBL A, @ €y, — MAaKCUMaJIbHOE 3HAYEHUE ITOH 3aBHCUMOCTH.
I'paduk €, mpunaraercs K ycTaHOBKE.

3ananue k padore

1. ITpoBeaute kanuOpPOBKY MOHOXpOMATOpa MO M3JIYUYEHUIO HATpUE-
BO#l nmaMmbl. BbIcOokas MOHOXPOMATHYHOCTh €€ HW3JIy4YeHHS CBS3aHa C
TeM, 4YTO B HeM IpeodajaeT JKelnTas JUHUS U3IYydeHHS [MapoB HATPHUA
ANa = 0,589 mxm. [lng kaauOpoBKH OTKIOYHMTE Jamiy JI, mocraBbTe
Na-namny Ha paccTossHUU 5...7 CM OT BXOJHOMU LIEJU MOHOXPOMATOpA.
Bpamas 6apaban MoHOXpomaTopa, Io0elTech MaKCHMalbHOTO (OTO-
TOKa. YCTaHOBHUTH OTCUETHBIN «A3bI90K» OapabaHa Ha JeleHHe, COOT-
BeTCTBYIOIIEEe An,= 0,589 MKM Ha KaTMOpPOBOYHOW KPHBOH MOHOXPO-
matopa A(a). [lpu nmanbHEHIIUX UBMEPEHUSIX «A3BIYOK» JTOJDKCH
HaXxOJUThCS B HANpaBlglomeM masze Oapabana. OTkmounte Na -j1amiy
U yJaJIuTe €€ U3 yCTaHOBKU. Brutouute namny JI.

2. Usmepsbte 3aBucuMocth (hoToToKa /g OT yriia noBopora o Oapala-
Ha MOHOXpOMAaTopa /sl TpeX paccTOSHUHN Jammbl JI oT BXOMHOM menn Mo-
HOoxpomatopa. [lomokeHrne Touek Ha KpuBod /g () : MAKCUMYM /g ; TOUKH
0,9 Iomax > 05 Iomax > 053 Iomax > 051 Ipmax — MO 00€ CTOPOHBI OT Iy pay -
Wroro: ne menee 10 Touek Ha Kaxmoi KpuBol. st CHATHS nEepBOM 3aBU-
CHUMOCTH TIOCTaBbTe JaMiry JI Ha yCTAaHOBOYHOM pellbce Ha MaKCUMAallbHOM
yAaleHnH OT BXOJIHOM IIenu MoHoXpoMaTopa. [lepen cHiITHEM KaXkIoi mo-
cienyromell 3aBUCUMOCTH [g(01) BHadane BpalleHHeM OapabaHa ycTaHa-

BUTE MaKCUMAaJjIbHbIH (OTOTOK. 3aTeM MPUABUHBTE Jamily OJIMKE K MOHO-
XpoMaTopy Tak, 4YToOBl ()OTOTOK BO3pOC MpHUMepHO BaBoe. CHUMHUTE
3aBUCHMOCTH /g, (Ct) .

3. IepecunTaiite 3Ha4eHus Iq (o) Ha Ig (L) mo dpopmye (7).

4. TlocTpoiiTe Ha OJHOM pPHCYHKE TpPH CIEKTpalbHBIE 3aBHCHMOCTH
I (M)

5. Onpenenute A5 1O JIMHHOBOJIHOBOMY CKJIOHY KaXJIOTO U3 rpadu-
KOB, a 110 A( 5 — COOTBETCTBYIONIYO LIUPHHY 3alPEIEHHOMH 30HBI.

6. Cnemaiite BBIBOJ, 3aBUCHUT JIM LUIMPHUHA 3AMPEIICHHON 30HBI OT WH-
TEHCHUBHOCTH CBETA.
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KouTpoabHbie Bonpochl

1. Kakoe siBnenvie Ha3piBaeTcs BHyTpeHHUM (hoTodhdexTom?

2. B gem cocrouT mpuHIMT neicTBHS GoTopesncTopa?

3. OObsicHATE MEXaHW3M (OTOMPOBOJUMOCTH B COOCTBEHHOM W TpH-
MECHOM MOJIyTIPOBOJHHUKAX.

4. Boteeoume 3axon Byzepa—/lamoepma—bipa. Hapucyiite rpaduk 3a-
BUCUMOCTH MHTEHCHBHOCTH BBIXOJHOI'O H3JIY4YEHHUS OT TOJILIMHBI MOIJIO-
LIAOILETO CIIOSI.

5. [Toyemy cyiecTByeT ONTUMabHas TOJIIIMHA (POTONPUEMHOTO CII0s?

6. Kakoii Bua uMeer ujeajbHas CIEKTpaJibHAs XapaKTepUCTUKa (OTO-
pe3ucropa?

7. Kakumu MexaHu3amaMu OOYCIIOBJIEHA IJIaBHAs AJMHHOBOJIHOBAs Ipa-
HUIIA peallbHBIX CIIEKTPANTBHBIX XapaKTEPUCTHK TOTYTIPOBOTHAKA?

8. Kak mo m3MepeHHoi CIeKTpaTbHON XapaKTepUCTHKE OIEHUTD IUPH-
HYy 3alpelieHHON 30HbI TOTYTPOBOIHAKA?

9. [loueMy BO3HHKaeT KOPOTKOBOJIHOBHIN criaja (PoToTOKA?



JlabopaTopHas padora Ne 44

N3YYEHUE XAPAKTEPUCTUK
IJIEKTPOHHO-ABIPOYHOT O ITEPEXO/JIA

Leas paGoThl: HcclenoBaTh BOJBT-aMIIEPHYIO XapaKTEPUCTHKY ILIO-
CKOCTHOTO p—n-TIepexo/ia U TEeMIIEpaTypHYIO 3aBUCUMOCTH MPSIMOTO U 00-
PaTHOTO TOKOB.

Teopus

[epexonm Mex Ty TByMS 00acTIMHU TOTYTIPOBOAHHUKA, OJTHA U3 KOTOPBIX
UMEET 3JICKTPONPOBOAHOCTh 7 -THIA, a Jpyras — p -TUMA, Ha3bIBACTCA
3JIEKTPOHHO-JIBIPOYHBIM (n—p WIH p—n) mepexonoM. Ecnu TonmmHa nepe-
X0Jla HAMHOTO MEHBIIIE €0 Pa3MepoB, OMPEAEIIONINX ero pabodyro IIo-
[IaJb, TO TAKOW TIepeX0/ Ha3bIBaeTCs IUIOCKOCTHBIM.

PaccmoTpuM mpomecc ycTaHOBICHHS TEPMOJUHAMUYECKOTO paBHOBE-
CUSl B p—n-TIEpexXo/ie C PEe3KUM M3MEHEHHEM THIla IPOBOIUMOCTH Ha Tpa-
HUIIE.

HcxoaHoe cocrosHUE

N3-3a HEKOHTPOJIMPYEMOro 3arpsi3HEHUs IOBEPXHOCTH NPAKTUUYECKH
HEBO3MOKHO CO3/1aTh p—H-NIEPEXO0Jl MPOCThIM COEAMHEHUEM IBYX 00pa3LoB
nojiynpoBoaHuka. OMHAKO Ui MOHUMaHUs PA0OThI MOJIYTPOBOJIHUKOBOIO
JIM0/1a TOJIE3HO MPEACTABUTL €0 UACAIBHOE UCXOIHOE COCTOSHUE B BUJE
JIBYX M30JIMPOBAHHBIX YAaCTEM C pa3HbIM THUIIOM [TPOBOAUMOCTH.

Ha puc. 1, a — cieBa moynpoBOIHUK p-TUMNA ¢ KOHIEHTPALUEH aKIIeT-
TOPHBIX aTOMOB 724 (M), CIIpaBa — MOMYNPOBOJHUK 72-THIIA ¢ KOHIEHTpA-
el TOHOPHBIX aTOMOB #p . [lJIst MpOCTOTHI OyeM CUuTaTh, UYTO My = Hp .
B nonynpoBoiHUKe p-TUNIa OCHOBHBIMU HOCHUTEISIMU SIBIISIOTCS ABIPKHU, UX
KOHIEHTpAlWs. p,, B TONYNPOBOJHHUKE 7 -THIIA OCHOBHBIC HOCHTEIH —

QJICKTPOHEBI C KOHHCHTpaHHeﬁ n,:

Ng=np2p,="n,.
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[ToMHMO OCHOBHBIX, TOJYTIPOBOJHUKH COJEPKAT U HEOCHOBHBIE HOCH-
TEIM: JIEKTPOHBI C KOHLEHTPAIUEH 7, B MONYNIPOBOJHUKE p-TUIIA, JBIPKH
C KOHIIEHTpale p,, B MONyHpoBoAHWKe #-THma. Ha puc. 1, 6 moka3zaHbl

pachpeieNieHHs TOIBIDKHBIX HOCUTENEH B 00€MX YacTAX MOIYIMPOBOIHHKA.
CooTHOLIEHHE KOHIEHTPAllMii OCHOBHBIX M HEOCHOBHBIX HOCHTEINEH
pp/n, u n,/ p, Ha puc. 1, 6 CUIBHO NPeyMeHbLIEHO. PeansHo p,, , 1, Ha

HECKOJIBKO IMOPAAKOB MPEBLIIIAOT np s Pn-
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B ncxomHOM COCTOSIHMM TPOIECCHI TeHepaluu W PEeKOMOWHAIMU CBO-
OO/HBIX HOCUTEJIEH B3aUMHO ypaBHOBELIEHbI. 3apsi/ibl B KXKI0H TOYKE MO-
JTYyNPOBOJAHUKOB B3aUMHO CKOMIIEHCHPOBaHBl. MaKpOCKOIMMYECKOE 3IIeK-
TPUUECKOE IOJIE€ OTCYTCTBYET, MOITOMY MOTEHUHUAN BCEU p—H-CTPYKTYpPHI
MOCTOSIHEH.
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Ha puc. 1, 6 moka3zaHbl CHCTEMBI 30H W YPOBHEW 3HEPTUH TOIYIIPOBOI-
HHKa p-Tuna (clieBa) U NoJynpoBOJHHKA n-Tuna (cnpasa). Kak u B nabopa-
TopHOH pabore Ne 40, Ej— Heprus BepXHEro ypOBHS BaJICHTHOH 30HEI,

Ec — oHeprusi HIKHEro ypoBHsl 30HBI NPOBOAUMOCTH, AE, = Ec —Ey —

IIUPHUHA 3aMPEIEHHON 30HBI COOCTBEHHOTO MOJIYNPOBOMHUKA, £, — dHEp-
TEeTUYECKUI YPOBEHb AKIECNTOPHONW MPUMECH B MOJYNPOBOJHUKE p-THUIA,
AE = E, — Ey —oHeprus HOHU3AlMU aKUEeNTOpHOH nmpuMecH, Ep — sHep-
TEeTHYECKUH YpOBEHb [OHOPHOW TpUMECH B MOIYNPOBOAHHWKE A-THUIIA,
AEp = Ec — Ep — sHeprus MoHM3alUuMu JOHOpPHOH mpumecu. K o0o3naye-
HUSM dHepruii depMu (XMMHYECKUX TMOTEHIIMATOB) JOOABIEHBl WHIEKCHI
TUIA TIPUMECHOTO NOJIYNIPOBOAHKKA: Ef, — sHeprus depmu 1moiynpoBoA-

HUKa p-tuna, Ep, —3Heprus @epMu noynpoBOJHUKA 1-THIIA.

KonTpoabHble BONPOCHI

1.Kakue HOCUTENH SIBISIOTCSI OCHOBHBIMA M HEOCHOBHBIMH B TOJIYIIPO-
BOJHHKE. ..

a) p-THMA;

0) n-tuma?

2.Kakne npuMecHbIe HOHBI BOZHUKAIOT B TIOTYTIPOBOIHHUKE. . .

a) p- TUIa,

0) n-tuma?

3. V3oaupoBaHHbIi 00pa3el] moJynpoBOAHUKA 1-TUIIA 3aPsKEH OTpULIa-
TEJIbHO?

4.KakoBo pacrpeiesieHre 3JIEKTPHUECKOTO MOTeHIINala B N30JIMPOBaH-
HOM ITOJTyIPOBOJHUKE?

5.Kakue mporiecchl ¢ HOCUTENSIMH 3apsI0B TTPOUCXOAAT B U30JIHPOBAH-
HOM 00pa3iie moiaynpoBoaHuKa? Kak oHU CBA3aHBI?
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PaBHOBecHOe cocTOsIHUE p—n-Tiepexoaa

Ecau coennHuUTh MOMYNpPOBOAHUKH 1O rpanunie MM (puc. 2), TO Hau-
HYTCsl MPOLIECChI MEpepacipeieeHus MOABMKHbIX HocuTesel. [10cKojIbKy
Pp >> Dn» BOSHUKHET nu(ddy3ust JbIPOK U3 p-00aacTu B #-001acTh. AHa-

JIOTHYHO BO3HUKHET AM(QY3MOHHBIA TOTOK AJIEKTPOHOB W3 K-00J7acTH B

p- 0051acTh, TaK KaK n, >>n, .

O]
(€]
[S]

o(x) 9,

Ip—>
<«
— 1,

I, «——

Puc. 2
Ecnu Ob1 monBM)XHBIE HOCUTENN OBUTH HEUTPANbHBIMH, TO B PE3yJIbTaTe
TUQQy3Un OHU PACIPOCTPAHUIUCH OBl MO BceMy O0BEMY p—#-CTPYKTYPHI.

Onnako mu¢dy3us 3apsHKEHHBIX YacTUI] IPHBOIUT K pa3/ieNeHHIo 3apsaoB U
BO3HMKHOBEHHIO MAaKPOCKOINYECKHUX 3JIEKTPUUESCKUX CHI MEXIy HUMH. Tak,
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U3-3a yXoJa ABIPOK B #-00J1aCTh B p-00JIaCTH OCTAalOTCS HECKOMIIEHCHPOBaH-
HBIE OTPHILIATENFHBIE aKIEeNTOPHBIE MOHBI. AHAJOTMYHO B NMPHUKOHTAKTHOM
cjl0€ 1-00JIaCTH BO3HHMKAIOT HECKOMIICHCHUPOBAHHBIE IOJIOXKUTENIbHBIE JIO-
HOpHBbIE HMOHBL. B pe3ynbTaTe BOKPYT p—#-KOHTAKTa BO3HUKAET ABOWHOM
JIEKTPUYECKUN CIIOW KOHEYHOW TomuuHbl d =d, +d, C DJIEKTPUIECKUM

nosieM ¢, (puc. 2, a). O6iacTi NOIyNPOBOHUKA OKA3bIBAIOTCS 1101 PA3HBIM
noTeHIuanoM ¢ (puc. 2, 6). KoHtakTHast pa3HOCTh TIOTEHIHATIOB

UK =0, =0y, :—ngdxz—f/éx -d

JIOCTUTAeT HECKOJIbKUX JIECATHIX BOJIBTA.

YeMm Oonbllle OTHOIIEHWE KOHIICHTPAIM OJJHOTHITHBIX OCHOBHBIX U He-
OCHOBHBIX HOCHTEJEH B p- U n-001acTsax, TeM Oomnbiie nuddy3noHHbIE MO-
TOKH, TeM OOJIbIIIe TOJABMKHBIX HOCUTEINEH YXOJIUT B APYTYIO 007acTh, TEM
HIMpe KOHTAKTHBIN CIIOW U TeM OOJIbllie KOHTAKTHAS PA3HOCTh MOTEHIINAIOB
(bopmMyBI — O€3 MOKA3aTeIbCTBA):

Uy ~1np—p=1nn—"; d~\U,.
Pn np

[ToBeneHne MOABMHKHOTO HOCUTENSI B KOHTAKTHOW OONACTH 3aBHCHT OT
B3aMMHOI'O HaIlpaBJiCHUS HayalbHOU CKOPOCTH U 3JIEKTPUYECKOWU CHIIBI,
JeicTBytolel Ha 3apsaj. i OCHOBHBIX HOCUTENIEH HayajbHasi CKOPOCTh U
CHJIa HallpaBIIeHBI TPOTUBOIIONOXKHO (HOKaAMCUMme IMo CAMOCMOAMEIbHO),
T. €. DIIEKTPHYECKasi CHJia MPensITcTBYyeT Mud(dy3ud OCHOBHBIX HOCHUTeENEH
yepe3 KOHTAKT, CO3[aeT Ul HUX MOTCHLMAJbHbIN Oapbep BbicOTON U .

Penxuii OCHOBHOM HOCUTEJIb IOJIETUT 10 CEPEAUHBI p—H-TIEPEXO/IA.

KpOMe TOTr0, K YMCHBIUICHUIO KOHICHTPAUXU MOJABUKHBIX HOCHUTENIEH B
KOHTAKTHOM CJIO€ BEIACT HX peKOM6I/IHaHI/I$I. OcHoBHas AObIpKa U3
p-005acTH, MPeoIoNIeBIasi KOHTAKTHBIN CJIOW, CTAHOBHUTCS B n-00JacTH He-
OCHOBHBIM HOCHTEJIEM. AHAJIOTHYHO OCHOBHOW JJEKTPOH W3 71-00JIACTH,
nmomaaast B p-06IIaCTI), CTAHOBUTCSI TAM HEOCHOBHBIM. JTOT mpouecc Ha3bl-
BAETCS UHICEKYUell HeOCHO8HbIX Hocumesel. IHKeKTHpOBaHHBIE HOCUTEIN
ABJIAIOTCA HECPABHOBCCHBIMU, OHU peKOM6I/IHI/Ipy}OT C OCHOBHBIMHU HOCHUTEC-
JsiMHA 00J1aCTH, KOTOPBIX HaMHOro Oosbiie. [1o3ToMy 110 Mepe ynaneHus oT
TpaHulbl KOHTAaKTa MOJJYIMPOBOJAHHWKOB KOHLCHTpaLXUs HCOCHOBHBIX HOCHU-
TeJIel MaJlaeT 10 PABHOBECHOM.

Ha puc. 2, ¢ nokazansl rpaduku paBHOBECHBIX paclpeAesieHuil p- u n-
MOJBHUYKHbBIX HOCUTEJIEHN B MOJIYIPOBOJHUKE.
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Takum 00pa3oM, B KOHTAaKTHOM CJIO€ CHIDKCHAa KOHIIGHTpAIlUs OCHOB-
HbIX HOCHUTEJICH:

1) m3-3a orpannyenus AUQPy3MOHHOTO TOKA KOHTAKTHBIM 3JIEKTpHUYE-
CKHM IIOJIEM;

2) n3-3a peKOMOMHALINY MH)KEKTHPOBAHHBIX HEOCHOBHBIX HOCHTEIEH.

IToaToMy, HECMOTPSI HAa MaJlylO TOJILLHUHY (10_8 ..107 M) COTHH — ThI-
CAYU MEPUOJIOB KPUCTAIIIMUECKON PEIETKH, 2IeKmpuieckoe conpomueie-
HUe nepexo0H020 CIOsL OKA3bI6ACM sl HAMHO20 DOIbUEe CYMMAPHBIX CONPO-
mueieHuti 060uUxX KOHMAKMUpPYowux noaynpoeooHuxos. 1o 3Toil npuunHe
KOHTaKTHBIN CIIOM JBYX MOJYyHNpPOBOAHHMKOB C Pa3sHbIM THUIIOM IPOBOJUMO-
CTH Ha3bIBAIOT 3aNuUparoujum cioem.

KoHTakTHOE T10J1€ HE TIOJTHOCTHIO OrpaHNuMBaeT NU(Py3UI0 HOCUTEIICH.
1 HEOCHOBHBIX HOCHUTEJIEH, NONAaBLUMX B KOHTAKTHBIN CJIOH, dJleKTpUye-
CKasl CHJIa COHAIpaBJIeHa BEKTOPY HadalbHON CKOPOCTH (ROKaxcume camo-
cmosamenvho). CiaenoBareabHO, HEOCHOBHBIE HOCHTEIN HE BO3BPAIAIOTCS
B «CBOIOY» 00J1aCTh, a, YCKOPSSICh, APEeU(DYIOT uepe3 KOHTAKTHOE MO0JIE J10
nIpyroit obnactu. Takoii mpoliecc Ha3bIBaeTCS IKCMpakKyuel, T. €. N3BIede-
HUEM HEOCHOBHBIX HOCUTENEH.

B paBHOBECHOM COCTOSIHUY BBITIOJIHICTCS HPUHYUN OemMATbHO20 PABHO-
6ecusi: OTOK YacTUL KOMIIEHCUPYETCS MPOTUBOINOJIONKHBIM MOTOKOM TOIO
ke tuna. [losromy npeidoBbIli TOK HEOCHOBHBIX IBIPOK /,; 4€PE3 KOH-

TaKTHOE IIOJIe€ PaBeH MPOTHBOIIOJIOXKHO HarmpaBieHHOMY Au(Py3noHHOMY
MMOTOKY OCHOBHBIX ABIPOK [, , OTpaHUYEHHOMY KOHTAKTHBIM ITOJieM. AHa-

JIOTUYHO Jper(OBbIA TOK IKCTPAKLIUK HEOCHOBHBIX 3JICKTPOHOB /,; paBeH
¢ (Gy3NOHHOMY TOKY OCHOBHBIX 3JIEKTPOHOB [/, . TOKM 3TH O4YeHb MaJbl,

TaK Kak Malla KOHIIeHTpallys HEOCHOBHBIX Hocuteneil. Ha puc. 2, 0 Hampas-
JICHUEC TOKA JJICKTPOHOB COOTBETCTBYCT ABUIKCHUIO MOJIOKHUTEIIBHBIX 3aps-
J10B. [ToJIHBIN TOK Yepe3 paBHOBECHbBIN p—r-NEPEXO0] PABEH HYJIIO.
PaccMoTpuM n3MeHeHre ypoBHEN SHEPTUU MIPH MEepexo/ie OT UCXOTHOTO
COCTOSIHUA K pPaBHOBECHOMY. B 31eKTpuueckoM 1oJie MoTeHIalbHas SHEP-
THS BCEX JJIGKTPOHOB aToMa W3MEHUTCS Ha BeNWYuHy (—q)P, Tie ¢ —

SJICKTPI/I‘-ICCKI/Iﬁ INOTCHIHAI Z[aHHOfI TOYKH. HOSTOMy OHEPreTU4YEeCKue
YPOBHHU ABIPOYHOI'O IMOJYIPOBOAHHMKA HAYHYT I’ZO@HHMCIWIbC}Z, a DJICKTPOH-
HOT'O — onycKkamucA.
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Ipumep. IIycTs 5HepreTUYecKUil ypoOBEHb JIEKTPOHA B MOJYMPOBOJ-
Huke FE =-2 »5B. IlycTe mnoTeHIMan JbIPOYHOTIO IOJYIPOBOJAHUKA
¢, =1B, a anekrponnoro ¢, =1,1 B. Torna sHepreTnyeckuii ypoBeHb

3JIEKTPOHA B p-TIONYNPOBOJHUKE paBeH
E,=E+(-q)¢, =—35B,

a YHEPreTUYECKHU YPOBEHbB B /-TIONYTIPOBOIHUKE PaBeH
E,=E+(-q)¢, =-3,1B<E,.

Benuunna Ep +(—g)Q Ha3bIBaCTCS 21€KMPOXUMUYECKUM HOMEHYUQA-

oM. YCIOBUEM TEPMOJAMHAMHYECKOTO PABHOBECHSI CHUCTEMBI YaCTHUI[ BO

BHEITHEM JJIEKTPUIECKOM ITOJIe SBISAETCS HOCMOSHCMBO INEKMPOXUMUYEe-
6

cK020 nomeHyuaia Bo BceM oO0beMe cucteMbl . Ha puc. 3 moka3aHa cxema

SHEPreTHYECKUX 30H MONYyIPOBOJHIKA B COCTOSSHHHM PaBHOBECHS. 31ECh

Ey,, Ey, — BepXHHUE IPAHULIbI BAJICHTHBIX 30H p- U n-obnacreit, Ec,, Ec,—

HUKHHUE TPaHULIBI 30H IMTPOBOJAUMOCTH.

Tt _

P

Puc. 3

S V3ecTHBIi HAM MPUME: ra3 B MOJIE CHIIBI TSOKECTH (MaTepuan uydancs B 1-m
cemectpe, B pazaene «MomnekymsipHas ¢usuka»). bapomerpuueckyto dopmynty s
3aBMCMMOCTH TUIOTHOCTH WJIM JIABJIGHMSI Ta3a OT BBICOTHI MOXKHO C(HOPMYJIMPOBATH B
BUJIE TIOCTOSTHCTBA AJIEKTPOXUMHIYECKOTO, TOYHEE, «TPABUXUMUYECKOTO) TTOTCHINANA.
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U3 ycnoBust paBeHCTBa 3JIEKTPOXMMHUYECKHX IOTEHLUAIOB p- U n-
MOy TTPOBOAHUKOB

Epy +(=9)9, = Epy, +(=9)0,
[OJIy4aeM KOHTAKTHYH Pa3HOCTh HOTEHIHAIOB
Ep, —ER,
—q )

Ha pwuc. 3 Buano, uto quddyHaupoBaTs n3 #-001acTu B p-001acTh MO-
TYT TOJBKO 3JIEKTPOHBI, 00JaJalolIue JAOCTATOYHOI JHEepruer, a MMEHHO
HaxoJsIIrecs Ha YPOBHSX BBINIE THA 30HBI MPOBOAUMOCTH K, He MeHee

Uk =0 =0, =

yem Ha qU,. AHajormgHo orpaHudeHa AUQQPy3us IIPOK U3 p-0OIACTH B
n-00J1acTh.

KOHTpOJ’[bHI)le BOIIPOCHI

1. /lBa monympoBOJHUKA p- U K-TUIA NMPUBEIU B KOHTaKT. OmnuiuuTe
mpomecchl audGy3un OCHOBHBIX HocuTenei. Kak oHm HampaBieHBI? YUTO
MPOUCXOUT C pacHpeleseHueM 3apsia NOJyIPOBOAHUKOB B pe3yjbTaTe
mudphy3un?

2. HapucyiiTe pacnpeeneHue 3JeKTPUYECKOTo MoJid U MOTeHIuanta B
PaBHOBECHOM COCTOSIHMM p—H-CTPYKTYphl. UTO Takoe KOHTaKTHasi pa3HOCTh
noTeHnranoB? Kak oHa 3aBUCUT OT KOHIEHTPALIMA HOCUTENCH?

3. Kak KOHTaKTHOE 3JIEKTPUUYECKOE T0JI€ JeHCTBYET HA OCHOBHBIE HOCH-
tenmn? [losicauTe Ha pucyHke. UTo Takoe MH)KEKIMS HEOCHOBHBIX HOCHTE-
neit? Yro ¢ vumu nmpoucxoant? Hapucyiite pacnpenenenns KOHIEHTPAUN
MOJIBMKHBIX HOCHUTEJEH B PABHOBECHOM COCTOSTHUH p—H-CTPYKTYPHI.

4. Yro Takoe 3ammparomuid cioi? OOBICHHUTE, TOYEeMy OH TaK Ha3bIBa-
ercs. Kak ero TojiKHa 3aBUCUT OT KOHTAKTHOHM pa3HOCTU MOTEHLIHAIOB?

5. UTo Takoe 3KCTpakUusi HEOCHOBHBIX HocuTenei? Kak KoHTakTHoe
3JIEKTPUUECKOEe ToJie NeWCTBRYeT Ha HeOCHOBHbIe Hocutenu? [losicHuTe Ha
PpHUCYHKE.

6. Uemy paBeH 001Ul TOK yepe3 p—n-Mepexo/l B PABHOBECHOM COCTOSI-
Huu? OnuuiMTe COOTHOUICHMS COCTaBJISAIOUIMX 001iero Toka. Kakomy
MNPUHIUIY OHU MOTYUHSIOTCS?

7. YTO TPOUCXOIUT C SHEPreTUYECKUMHU YPOBHSIMHU SIIEKTPOHOB KpHU-
cTajyla MoJA NEeHCTBUEM BJIEKTPUUECKOTo MOJs 3amuparouero ciog? Omnwu-
LIUTE 3TOT MpOIIECC.
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8. KakoBo ycinoBue TepMOIMHAMUYECKOTO PABHOBECHS B CUCTEME C IIe-
pemMeHHBIM unciaoM yactuil? Hapucyiite 30HHO-OHEPTETHYECKYIO Jrarpam-
My p—H-IIEpex0/ia C yUETOM yCJIOBUS PAaBHOBECHS.

9. Kakne ocHOBHBIE HOCHTENN MOTYT TU(GGYHIMPOBATH Yepe3 paBHO-
BeCHBIN p—n-riepexon? IlosicHuTe Ha 30HHO-3HEPTETHYECKOI Tnarpamme.

IIpsimoe BkJIIOUEHHE p—n-Tiepexoaa

[IpucoennHUM MONYTPOBOJHUK K MCTOYHHUKY HAMpspKeHUS U: «Iumocy
HCTOYHUKA K p-TIONYTIPOBOJHUKY, & KMHHYC» — K #-TIONYTIPOBOJHUKY (pHC.
4, a). Ha nonynpoBoaHUK OyIeT HaJ0KEHO BHEIIHEE MOjie ¢ , BbI3bIBAIO-
niee npeid OCHOBHBIX HOCUTENEH B p- U 7-00JIACTH TIO HAMPABICHUIO K
KOHTAKTHOMY p—n-cliol. B pesynbraTe IIUpWHA 3alMUpaloOIIEro Cios
YMEHbIIACTCS.

B camom cnoe BHelIHee MoJjie HampaBlieHO MPOTHB 3aMMPAIOIIET0 KOH-
TaKTHOTO MOJIs ¢, , BCIIEJCTBHE YeTo MOTEHIHANbHBIN Oapbep U, Ui oc-

HOBHBIX HOCHTEJEH MoHMKaeTcs. JIocTaTo4HO HEGONBIIOro Hons ¢ , 4To-
OBl BOOOIIIE KOMIIEHCHPOBATh KOHTAKTHOE T0JIe. B pe3ynbraTe 3HaYNTENBHO
BO3pacTaeT MOTOK OCHOBHBIX HOCHTENEH uepe3 p—n-mepexon. B To xe Bpe-
M$ TTOTOK HEOCHOBHBIX HOCHTENIEH HE M3MEHHUTCS, TaK KaK JJIsl HUX MEPexo]
HE SIBJSIETCS TIOTEHITHAIBHBIM O6aphepoM. [103TOMy MOJIHEIN TOK Yepe3 p—n-
Nepexo/| yXKe He paBeH HyJIro (puc. 4, 0).

=
&

Puc. 4
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b WHxeKTUpOBaHHBIE B «UyXKYyI0» 00JIacTb HO-
P CUTENN PEKOMOMHHMPYIOT C OCHOBHBIMH HOCHTE-
JSIMHU 3TOM o6macTr. YOBUIP OCHOBHBIX HOCHTE-
ael B KakIoW 0o0MacTM  KOMITEHCHpYeETCS
TTPUXOIOM COOTBETCTBYIOLINX HOCHTENEH OT WC-
TOYHHUKA: DJIEKTPOHOB B M-00JaCTh — OT «MHHY-
Uo6p\|/ UHp Cay, a «IMOJIOKUTENBHBIX 3apsSI0B» B p-001IacTh —
OT «TuIoca» ((W3WYEeCcKH ANEKTPOHBI p-00jacTh

I ]06p IBMOKYTCSl K (IUTIOCY» MCTOYHMKA). Takum obpa-
Puc. 5 30M, DJIEKTpUYECKAas LENb I[OCTOSHHONO TOKa
uc.

3aMKHYTa.

IIpsiMasi BeTBb BOJIBT-aMIIEPHON XapaKTepu-
CTHKH p—N-TIEPEX0/a, T. €. 3aBUCUMOCTb [, (U,p) , ABJIACTCS HE JIMHEHHON,
a cymepiuHeiHou (puc. 5), T. €. MPSAMOIl TOK BO3pacTaeT He MPOTOPIINO-
HAJIBHO HAIPSDKEHWIO, a CHJIbHEE. JTO CBA3aHO C T€M, YTO COMPOTHBIEHHE
p—n-Tiepexoia yMeHbIIIaeTcsi ¢ poctoM HamnpspkeHus. 1o 3akony Oma mmst
yyacTka Uenu ToK [ MponopiuoHaieH HampsbkeHuto U, eciiv COMpOTHB-
neHre R 3TOTO ydacTKa MOCTOSHHO:

/ 1 S 1

]:lU; R=p—; =0—; O0=—,
R S R l p

A€ p — YACJIbHOC CONPOTHUBICHHE, G — YJACJIbHAA 3JICKTPOIIPOBOAHOCTD,

S — nomepeyHoe cedeHne MPOBOJIHUKA.

DJIEKTPONPOBOJHOCTE G = gnl (A1 HOCUTENS OAHOro Tuna (cM. j1ado-
patophyto paboty Ne 40). [Ipu npsMoM BKIIOYEHUU p—H-CTPYKTYpPBI KOH-
HEHTpAIHs] OCHOBHBIX HOCHTENEH 000MX THIOB B KOHTAKTHOM CIIO€ BO3pac-
Taer ¢ HanpspkeHueM U .

Kpome Toro, compoTuBieHue 3amuparollero p—n-Clos HAMHOTO Tpe-
BOCXOJUT COMNPOTHUBJIEHUE OCTAJIBHOW YacTu p—n-CTpyKTyphl. I[losTomy
MOXHO cuMTaTh [ = d , Tne d — TONIWHA KOHTAKTHOTO Cjios. BHenmHee Ha-
MpsDKeHNEe YMEHbBINAeT BRICOTY MOTEHITHAEHOTO Oaphepa, W BMECTe C HUM
YMEHBIIAETCS TOJIIIMHA 3aMNPAOIIETO CIIOS:

d~JU U .

Takum oOpa3oM, 00a ¢akTopa BBI3BIBAIOT YMEHBIIEHHE COMPOTUBIICHHS
p—h-nepexojia ¢ POCTOM BHEIIHEr0 HAaNpsKeHUsl MPU MPSIMOM BKJIIOUYEHUH.
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KouTpoabHbie Bonpochl

10. Kak u3MeHsieTCs KOHTaKTHas Pa3HOCTh MOTEHLMAIOB MPU MPSIMOM
BKIJIIOUEHUH p—N-CTPYKTYPbI?

11. OnmmuTe ABMXKEHWE OCHOBHBIX HOCHUTENICH B «CBOECH» 30HE TNpH
OpsiMOM BKJrOueHuu. Kak npu 3TOM M3MEHSIETCs TOJILUMHA 3alUPAOLLEro
cios?

12. Kak mMeHseTcsi BeJIMYMHA TOKOB OCHOBHBIX M HEOCHOBHBIX HOCHTE-
Jiel Ipu NPsIMOM BKJIFOYEHUH U OOLLEro ToKa yepe3 p—n-nepexon’?

13. OObsicHUTE BUA NPSIMOI BETBH BOJIbT-aMIIEPHON XapaKTEepUCTUKH.

Oo0paTHOoe BKJIIOYEHHE p—h-Tiepexoaa

COe,E[I/IHI/IM «MUHYC» HCTOYHHKA C MNOJYINPOBOAHHUKOM p -THUIIA, a

«ITIOCY» € TMOJYNPOBOJHUKOM 7 -TUNA. BHelIHee moJjie OT HCTOYHHMKA Ha-
NPaBJICHO OJIMHAKOBO C 3aMUPAIOIIMM KOHTAaKTHBIM I10JI€M, OHO MpersiT-
CTBYET ABM)KCHHMIO OCHOBHBIX HOCHTEJIEH K 3anuparouiemy ciorw. Cieno-
BaTe/IbHO, LIMpUHA d 3amuparouiero ciios Bo3pacraer (puc. 6). Kpome
TOrO, BBICOTA MOTCHIMAIBHOTO Oapbepa Uy =~ (£ +€)d s OCHOBHBIX

HOCHUTEJIeH MOBBIIIAETCS B CpaBHCHHUHU C paBHOBCCHBIM COCTOSAHUEM.

P n
1 L)
® = 2| & &) &
| = 1 e
® K @
® ol | )
[S) [S) 1\% [S] 0] | & a
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B pesynbrate muddysus OCHOBHBIX HOCHTENEH CTaHOBUTCS MpeHedpe-
J)KUMO MajiO¥ — HAMHOIO MEHbIIEH, 4YeM B PAaBHOBECHOM COCTOSIHUU. B TO
K€ BpeMsi TOKM HEOCHOBHBIX HOCHTEJEH He M3MEHSIOTCS: CKOPOCTh peiida
HEOCHOBHBIX HOCHUTEJIEH B 3alUPAOILEM CJIO€ YBEJIMUYUTCS MOJ 1E€HCTBUEM
00JIBIIIEro Mo, OJHAKO M TOJIIMHA cIog Bo3pacTeT. KoHIeHTpanns Heoc-
HOBHBIX HOCHTEJIEH OmpezenseTcsi paBHOBECHEM T'eHepalii U peKoMOnHa-
LMY, HE 3aBUCSIIMM OT BHEILIHEro HampsbkeHus. I1oaToMy pesyabTupyto-
wuii 00paTHbIi TOK /5, HAMHOrO MEHbIIE MPSIMOrO M NMPAKTHYECKH HE

3aBUCHUT OT 0OpaTHOro Hamnpsukenus Uy, (CM. puc. 5), €ro Ha3pIBalOT TO-

KOM HachlmeHus [, (saturation — HachIIeHNE).

KOHTpOJ’lebIe BOIIPOCHI

14. Kak n3mMeHseTCs KOHTAaKTHAs Pa3HOCTh ITOTCHIIMAJIOB IIPH O0OpaTHOM
BKJIFOYEHUU p—N-CTPYKTYpPbL?

15. OnuiuuTe JBU)KEHHE OCHOBHBIX HOCHUTEJEH B «CBOEH» 30HE IpHU
obpatHOM BKIIOUeHHH. Kak Mpu 3TOM M3MEHSETCS TOJIIIMHA 3aAPAIOIIETo
cios?

16. Kak MeHsIeTCcsl BeIMYMHA TOKOB OCHOBHBIX M HEOCHOBHBIX HOCHTE-
nelt mpu 06paTHOM BKJIIOYEHUH M OOIIIETO TOKA Yepe3 p—r-Tepexon?

17. O6bscHuTE BUIT OOpaTHOI BETBM BOJIBT-aMIIEPHOMN XapaKTEPUCTHKH.
YT0 TaKO€ TOK HACHIICHUS ?

OTHOLIEHNe 0OPATHOIO U MPSIMOT0 CONMPOTHBJIEHUI

Wcnonezyem pesynbraTr jgaboparopHoil padoTsl Ne 40. Me1I mokazanm,
YTO JUISl DHEPTHH, MpeBBIaoImuX >Hepruto depmu, pacnpeneneane Dep-
mu—/lupaka, T. €. QYHKIUS pacnpelelleHns] 3JeKTPOHOB, COBMAIaeT C pac-
npenenenneM MakcBemna—bonsimana (popmyna (5) mabopartoproit pabo-

T Ne 40):
E-Ep  Ep _E

fp(E)ze kT = okT o kT

Bornee Toro, U monHas KOHIEHTPAIUsI COOCTBEHHBIX 3JIEKTPOHOB B 30HE
MPOBOJMMOCTH TMPONOPIUOHANEHA OOJIBIIMAHOBCKOMY MHOXHTEMO ((op-
myJsl (8) u (10) maboparoproii padoTsl Ne 40). TakoMy e pacrpeaeIeHHIO
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MNOAYHUHACTCA W pacHpC€ACJICHUC IMPHUMECHBIX, T. €. OCHOBHBIX, 3JICKTPOHOB

MIPU SHEPrusiX, NpeBblIaouX dHepruo depmu npumecH,
Epy—E

n,~e . (D

DTa 3aBUCHUMOCTHh KOHIICHTPALUHA MPUMECHBIX JJIEKTPOHOB OT SHEPTUU
E npu E > Ep,nokazaHa Ha puc. 7. Mcnonb3yem ee [l OLIEHKH MPSMOTO

1 00paTHOTO 3JIEKTPOHHBIX TOKOB. JIJII TBIPOYHOI'O0 TOKAa MOXKHO IIPOBECTH
TaKoM >Ke aHaIn3.

Puc. 7

Ha puc. 3 MbI noka3anu, 4TO B PABHOBECHOM COCTOSIHMM p—1-NIEPEX0/1a
u3 n-obsactu B p-obnacte AUGYHIUPYIOT 3JIEKTPOHBI, SJHEPTHUsi KOTOPBIX,
KaKk MHUHHMYM, Ha qU, BBIllle SHEPruu JHA 30HBI MpoBoauMMoOcTH E,. Ha

rpaduke #, 310 Touka /. Ha ocu 3J€KTPOHHOrO TOKa € COOTBETCTBYET
paBHOBeCHBIH TU(PPY3MOHHBIA TOK [, (Ha puC. 7 3TO BBIAEICHO >KUPHBIM

mpuQTOM), PaBHBIA MPOTHUBOIOJIOKHO HANPaBIEHHOMY Ipeld(OBOMY TOKY
HEOCHOBHBIX 3JIEKTPOHOB.
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Ecnu k p-n-nepexomy NpuIIOKUThH NpsiMoe Hamnpspkenue U, HampasjieH-
HOE€ TIPOTHBOIIOJIOKHO KOHTAKTHOW pa3HOCTH moTeHImanoB U, (cm. puc. 4),

TO 3JIEKTPOHHEIN TOK Bo3pacTeT (Ha pHc. 7 3To Touka 2). OueBUIHO,
v
[nnp(U):[nekT . )

Mycts U= 0,3 B, kT ~1/40 5B, torna
1y up(U)

n

~ exp(0,3-40) ~1,6-10° .

[lpu oOpaTHOM BKIIIOUEHHUH p—n-Tiepexoja BHEITHee W KOHTAaKTHOE Ha-
MPsDKCHMSI HAMPaBJCHBI OJMHAKOBO. DJTOMY COOTBETCTBYET TOYKa 3 Ha
puc. 7. Bknagom nuddy3noHHOTO TOKA B 3TOM CIIy4ae MOXKHO MPEHEOpEUb,
TaK KaKk OH HAMHOTO MEHBIIE Apei()OBOro TOKa HEOCHOBHBIX HOCHTEJICH,
paBHoro [, u cnabo 3aBucsmero ot U .

OKOHYATeNbHO MOJIyyaeM OLIEHKY OTHOLICHUS OOpaTHOrO M HpsSMOTO
compoTHBIeHUH p—n-niepexona npu Uy, = 0,3 B, Uyg, = 10 B:
Roop _ Yo/ Toop _ 101 6105~ 5.10°.
Ry Unp /Iy 0,3

To ectp p—n-mepexon o0magaeT MPaKTHYECKH OJHOCTOPOHHEH MPOBO-
JTUMOCTBIO.

KOHTpOJ’lebIe BOIIPOCHI

18. KakuM pacmpeneneHueM OMNUCHIBAETCS BBICOKOIHEPreTUYECKUI
«xBocT» pacnpeneneHus Oepmu—/lupaka?

19. IlosicHuTe Ha PUCYHKE COOTHOILIEHHE KOHLEHTpaluil M TOKOB OC-
HOBHBIX JJICKTPOHOB:

a) B paBHOBECHOM COCTOSIHUU p—1-TIEPEX0JIa;

0) IpH IPSIMOM BKITIOUCHHH;

B) IIpH OOPaTHOM BKITFOUCHHH.

20. Ouenume coomnouienue 0OpPAMHO20 U NPAMO20 CONPOMUBTEHUT
p—n-nepexooa.
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TeMnepaTypHble 3aBUCHMOCTH TOKOB

IIpsimoil Tok uepe3 p—n-nepexo] ONpeleseTcsl KOHLEHTpaluen oc-
HOBHBIX, T. €. IPUMECHBIX, HOCUTeIel. OOpaTHBII TOK — KOHIIEHTpaIUeH
HEOCHOBHBIX, T.€. COOCTBEHHBIX, HOcHTeneld. PaccMOoTpuM H3MeHEHHe
3THUX KOHLEHTpaluili B 00JaCTH TeMIepaTyp MPUMECHON MPOBOANMOCTH.
Ha pwuc. 8 crnnmomnas kpuBas [—2-3—4 — TemmepaTypHas 3aBHCHMOCTH
3JIEKTPONPOBOTHOCTH TONyTpoBoaHMKA. [Ipsimas /-2 — obmacTe mpumec-
HOI mpoBogumocTH, nipsimast 3—4 — cobctBenHoi. LlTpuxosas npsmas /-
2', mpopomkeHne mpaMoi 3—4, — cOOCTBEHHAas JIIEKTPONPOBOAHOCTH B
JMarna3oHe TeMmIepaTyp NPUMECHOH NpoBOIMMOCTU. BuaHo, uro coOct-
BEHHAsl 3JIEKTPONMPOBOJHOCTh B 3TOM JAMANa30HE HAMHOIO MEHBIIE IMpH-
MecHOM. [103TOMy TOK OCHOBHBIX HOCHTEJIEH HAMHOro 00JIbLIEe TOKA HEOC-
HOBHBIX HOCUTEJIEH.

Inc 4

A(lno )

2' /T

A(lnc

HEOCH )

OpnHaKko OTHOCHTENBHOE W3MEHEHNE JIEKTPONMPOBOIHOCTH (M TOKA) He-
OCHOBHBIX HOCHTENIEH MeXIy Todkamu /-2’ HamMHOTO OOibIle, YeM H3Me-
HEHWE DJIEKTPOMPOBOTHOCTH OCHOBHBIX HOCHTENEH MEXKIy Toukamu [—2.
JlercTBUTEIBHO,

A(lnc) =Ino, —Inc; =In(c,/6y); In(cy /o) > In(c,/67) .
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I'paduuecku 310 OOBICHAETCS TEM, YTO YIJIOBOH KO3()(HUIMEHT HAKIIO-
Ha NpSAMOI COOCTBEHHOHM MPOBOJMMOCTH, MPONOPLMOHAIBHBIN IIUPUHE 3a-
NPELIEHHON 30HbI MOJIyNPOBOJHUKA, HAMHOrO OOJbLIE HAKIIOHA NPSMON
MPUMECHOW MPOBOAWMOCTH, TPOTOPIMOHAIBHOTO JSHEPTHH HWOHHW3AINH
npumecH (cM. 1aboparopayto padoty Ne 40).

[Toatomy mpm moBsitieHnn Temnepatypsl oT 20 1o 60 °C mpsmoil Tok
YBEIUUUBAETCS Ha AECATKH MIPOLIEHTOB, a 00pPAaTHBIN TOK — B HECKOJIBKO Pas3.

KOHTpOJ’[bHI)le BOIIPOCHI

21. HapucyiiTe TeMmMmnepaTypHyl 3aBUCUMOCTb 3JIEKTPONPOBOJHOCTU
nonynpoBoaauka. OOBsicHUTE 1O TpaduKy COOTHOIIEHWE BEIWYWH W TEM-
nepaTypHbIX U3MEHEHUH MPSIMOTro U 00PaTHOI'O TOKOB.

OnucaHue 3KCNEePUMEHTAJIbHOI YCTAHOBKH

Kak u B mabGopaTopHoii padore Ne 40, HCIIONB3YIOTCS TPH H3MEPHUTEIb-
HBIX TIpUOOpa: aMIIepMeTp, BOJIBTMETP, OMMETP. AMIIEPMETPOM U3MEPSETCS
ToK [ 4Yepe3 oOpazel MoyynpoBoAHUKA. TOK peryjiupyercs ¢ MOMOILbIO
MEPEMEHHOro conpoTuBieHns R . VMeercs: mepekiroyaTens HanpaBiIeHUS
TOKa. BonbT™MeTpom usmepsitoT HanpsbkeHue U Ha nonynpoBojHuke. Jlis
M3MEpEHHsl TEMIIEPATYPHOI 3aBUCUMOCTH 00pasel] MOMELLIEH B dJIEKTpUye-
CKYyI0 HarpeBaTenbHyto nmedb. C moMorpio oMmMerpa 2 mu3MepsieTcs: Conpo-
THUBJICHWE [laTYMKa TeMIlepaTypsl oOpasia — TepMOMETpa COMPOTHBIECHUS
(TepmopesucTopa). 3ateM MO TPaaAyHPOBOYHONW KpPWBOM, MMeromeiics Ha
nepeHell MaHeIn KaXKI0W YCTaHOBKH, HEOOXOTUMO IEepecuyuTaTb COIpO-
THUBJICEHUE B 3HAYEHUE TEMIIEPATYPbI.

Ocobennocmu usmepernuti. [Ipn BKIIIOUEHHOH IeYH TeMIIepaTypa MoJy-
MIPOBOHUKOBOTO 00pa3sila HempephiBHO BO3PACTaeT, MOITOMY CIIOXKHO 3a-
MUcaTh OJJHOMOMEHTHBIE TIOKa3aHHUs TpeX MpuOOpoB. MOXHO MaHENn BceX
Tpex MpUOOPOB, HAXOAIINECS B OJHOW TUIOCKOCTH, coTorpadupoBats Ha
OJIMH CHUMOK JIM0O YMEHBUIMTH CKOPOCTb M3MEHEHHs TeMIIeparypsbl, OT-
KJIIOYMB Ha KOPOTKOE BpeMsl Medb U J0XKAABIIUCH, KOTrla TeMIeparypa mne-
pecTaHeT MEeHSThCS.

3aganue k padore

3. CHuUMUTE BONBT-aMIepHYI xapaktepuctuky (BAX) p—n-nepexona —
3aBrcUMOCTH /(U/) Ipu KOMHATHO# TeMIiepartype:

a) CHauaja CHUMHTE 3aBUCUMOCTh /(U) mpH MpsMOM HalpaBJIEHUU TOKA.
HauansHas Touka Uy, = 0, mar AU = 0,05 B, Unax~ 0,5 B;
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0) cauMuTe 3aBHCHMOCTE /(U) mpu oOpaTHOM HaIlpaBJICHWH Toka. Ha-
yanbHas T04Ka Uys, = 0, mar AU =1 B, Upax~ 20 B.

2. VccrmenyiiTe 3aBUCUMOCTH MPSIMOTO M OOPAaTHOTO TOKOB 4EPE3 p—h-
nepexon oT tremmepatypsl. lllar uamenenns remnepatypsl Ar = 4...6 rpam.
IIpu u3MepeHnsx HEOOXOOUMO TOACPKUBATH MOCTOSHHBIMU BHIOpAHHBIC
3HAQUCHHS TPSIMOTO W OOpPATHOTO HAIps-
>)keHUi. JlonmycTuMble OTKJIIOHEHMSI OT BbI- I
Opannbix 3HaueHuil Uy, 1 Ugp — 5 en. P
TpeTbei 3Havamei nnpsl.

3. [Moctpoiite BAX p-n-nepexona, Uosep Un,
n300pa3ute 00e BETBHU, MPSIMYIO U O0Opart-
HYIO, HA OJJHOM Tpaduke (puc. 9). Logp

4. HaiiguTe conpoTUBIIEHUS p—n-Tiepe-
Xo4a Uil OIHOW TOYKM NpPsIMOM BETBU Puc. 9

BAX u 1 01HOM TOYKM 00paTHOW BETBU.
Beruucnure otHomenne Rosp/Rip.

5. Moctpoiite rpaduku 3aBUCUMOCTH MPSIMOTO U 00OPaTHOrO TOKOB OT
temnepatypsl (°C). Ocb TeMeparypsl einHas, OCH OPJUHAT ABE — Inp U ogp.

6. [lpn aHanu3e 3KCIEPUMEHTANBHBIX NaHHBIX IPOBEPHTE, MOATBEp-
JKAAI0TCA T TEOPETHUECKUE BHIBOJIBI:

a) 0 BBICOKOM OTHOIIEHUH 00paTHOTO M MPSMOTO CONPOTHUBIICHUIA;

0) 0 HEMMHEWHOH (CBEPXIIMHEWHO ) IPSIMOW BETBU BOJIBT-aMIIEPHON Xa-
PaKTEepHUCTUKH;

B) O HACHIIIEHUH TOKa B OOpaTHOIN BETBU BOJBT-aMIIEPHOH XapaKTepH-
CTHKY;

I) O TOM, YTO OTHOCHUTENIBHBIH POCT OOpaTHOrO TOKa C TeMIepaTypoil
MIPEBBIIIAET POCT MPSIMOT0 TOKA.
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CrnpaBouHble JaHHbIE

Iupuna 3anperueHHoN TozmmkrocTs, M*/B - ¢
Marepuan 30HBI AEg,aB
Wy le'P
Ge 0,7 0,38 0,18
Si L1 0,15 0,050
CdS 2,4 0,035

OcHoBHBIE (pU3NYeCKHE KOHCTAHTHI

CkopocTb cBeTa c= 2,998 10° m/c
TMocrosianas Bonbimana k= 1,380 - 107 Iw/K
DneMeHTapHBIN 3apss e=1,602-10" Kn
Macca snekrpona m, = 0911 -107 kr
Iepsbiii 66poBeKuil paauyc H=0,529-10""m
DHeprus cBs3U JJIEKTPOHA E;, = 13,595B
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