JlabopaTtopHasa paboTta Ne90

BBEJIEHUE

B 3aBuCHMMOCTH OT BEJIMYMHBI 3JIEKTPUUYECKOTO COIPOTHUBIICHUS BCE TBEPHbIE
BeIIeCTBA OOBIYHO pa3AeNdi0T Ha TPU TPYIIbl: TPOBOAHUKU (METalbl),
MOJIYIIPOBOIHUKH M M30JIATOPBI (AUJIEKTPUKH).

[IpOBOAHUKH HMEIOT yaelibHOEe cOompoTHBIeHHe 107°+107 oM.cM HIH
107 +107° OM.M, YIEIbHOE CONPOTHBIIEHHE IIOJYIPOBOIHUKOB TOpa3io OOJbIIE M

MeHdeTcd B OOIBIINX npenesnax - 107 +10° , eme GoJiplee COIIPOTUBJICHUE UMEIOT

u3ossitopel 10" 10" .OgHako, MeXay MeTalllaMH C OJHON CTOPOHBI H
IIOJIYIIPOBOJIHUKAMU M H30JIATOPaMHU C APYIOil, CyLIECTBYIOT U IPUHLMUIIAATIBHBIE
pasznuuusd (C TOYKU 3pEHUs MEXaHU3Ma JIEKTPOIPOBOAUMOCTH).

DTU pa3nuyusl COCTOAT B CIEAYIOLLEM:

1. Pa3Hblii xapakTep TeMmIlepaTypHOW 3aBHCHMOCTH 3JIEKTPOIPOBOAHOCTH (WJIH
CONIPOTHBIIEHM:). MeTaibl XapaKTepU3yIOTCd IOJIOXUTEIbHBIM TEMIIEPATYPHBIM
K03(ppuumeHToM (P ~ oT), @ HOJYIPOBOIHUKU U U3OJIATOPBI - OTPULIATEIBHBIM
(p~ePh).

2. Pa3Hblil XxapakTep 3aBUCHUMOCTH TEIUIONPOBOIHOCTH OT MPUMECEHN: B METAIAX
yBEJIMYEHUE KOJIMYECTBA IPUMECEU NMPUBOAUT K BO3PACTAHUIO COIPOTUBIICHUS, B
IIOJIYIIPOBOHUKAX U M30JIATOPax — K YMEHBIIEHUIO COIIPOTUBIICHHUS.

3. 3aBUCUMOCTb CONPOTUBIIEHUS (BJEKTPOIPOBOAHOCTH) MOJYITPOBOAHUKOB M
U30JIITOPOB OT Pa3IMYHOrO poja OOJyuyeHUil (CBETOBBIX M KOPIYCKY/ISPHBIX) U
HE3aBUCUMOCTb OT TAKOBBIX Y METAJLIOB.

[TpruriHa BBICOKOH 3JIEKTPOIPOBOAHOCTU METAIIOB KPOETCH B ClEUU(PUIECKUX
YCIIOBUAX CBS3U BAJIEHTHBIX 3JIEKTPOHOB aTOMOB METaJlIa C €ro 41poM. B xpucrasuie
3Ta CBSA3b HACTOJIBKO ci1ala, YTO MOTEHLMAT MOHU3ALUUH 3JIeKTPOHA PaBEH HYIIO —
BAJICHTHBIE 3JIEKTPOHBI, IIPU CKOJIb YTOIHO HU3KHUX TEMIIEpPATypax OTPBIBAIOTCH OT
CBOUX aTOMOB M HAYMHAIOT CBOOOJIHO IEpeMelaThcs Mo BceMy 00beMy MeTasuia.
DTH Xa0TUYECKH OJTyXIarolue sJIeKTPOHbI YK€ He TPUHAIeXaT OTIeIbHOMY aToMy
U CTAHOBSITCS, CJENOBATEIbHO, KOJIEKTUBU3UPOBAaHHBIMU. [loBeneHne mopoOHbIX
BIIEKTPOHOB B KAKOH-TO MEpPE AHAJIOIMYHO IMOBEJEHUI0 OIHOATOMHBIX Ia30BbIX
MOJIEKYJI, IO3TOMY COBOKYITHOCTH KOJIJIEKTUBU3UPOBAHHBIX 9JIEKTPOHOB U IIOJIyYuIia
Ha3BaHME BJIEKTPOHHOIO rasa. BaXHO NOAYEPKHYTh, YTO OTPBIB BAJEHTHBIX
3JIEKTPOHOB OT CBOMX aTOMOB ITPOUCXOAUT 0€3 KaKOoro-1u0o BHEIIHErO BO3IEHCTBUS
Ha HUX. CIOCOOHOCTb BAJIEHTHBIX 3JIEKTPOHOB CBOOOIHO MEPEABUraThCS 1O BCEMY
o0beMy MeTaiia, M03BOJIMIa Ha3BaTh UX CBOOOJHBIMU 3JIEKTPOHAMH.

PaccmaTpuBasd aBuxeHUE CBOOOIHBIX 3JEKTPOHOB C IMO3ULMUN KJIaCCUYECKOU
MEXaHUKH, YIAIOCh OOBSICHUTh OCHOBHBIE 3aKOHOMEPHOCTH 3JIEKTPOIPOBOAHOCTH
B MeTayuiax. OnHako, psan 3@eKToB OCTaIcs HEOObSICHEHHBIM. DTO MPEXe BCEro
TEIJIOEMKOCTh METAJIOB, IapaMarHuTHasg BOCIPUMMYMUBOCTH U , KOHEYHO,
CBEPXIPOBOAUMOCTD. IIOHATh 9TH M HEKOTOPBIE APYIHE SBJICHUS yAAIOChH JIUIIb C
IIO3ULUI KBAHTOBON MEXaHUKU.

B wn3onAropax M nosynpOBOIHMKAX DHEPIUS MOHU3ALMM HE paBHA HYNIO, HO B
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MOJYIIPOBOJIHUKAX OHa Malla, CKaXeM, MeHee 3 3JIEKTPOH-BOJIbT, (B TUIIMYHBIX,
Ha1/160nee qacTo I/ICHOHI)3yeMI)IX B TCXHUKH ITOJIYIIPOBOAHUKAX 3H€pFI/IH MOHU3aAlIuN
MopsaKa OIHOTO 3JIEKTPOH-BOJIbTA, a B U30/IITOpPaX — BEIIHMKA.

HpI/I KOMHAaTHOU TEMIICPATYPC B YHCTHIX ITOJIYIIPOBOOTHHUKAX I/IOHI/IBYGTCSI OUYCHb
HEeOOJTBITIOe YHCIIO aTOMOB, KOO SHEPTHs HMOHU3AIMHA HAMHOTO IMPEBOCXOAUT CPETHION0

®HEepruo yacrutl, papuyto 3,41 (ipu T = 300K 3;«r cocrasnser Beero 0.04 anekTpoH-

BoJibTa). OTCloga clieyeT, 4TO YHMCJIO CBOOOIHBIX 3JIEKTPOHOB B TaKOM
NOJIYIIPOBOIHUKE ITPU KOMHATHOH TeMIlepaType HaMHOTO MEHbIIIe YKciia CBOOOIHbBIX
QIIEKTPOHOB B METAIIE U 9TO YUCJIO CUJIBHO 3aBUCUT OT TEMIIEPATypbl (MHOXUTEND

kT croutr B nokasarese 3KCIOHEHTHI). I105TOMy ITpOBOAMMOCTSH IOIYITPOBOAHUKA

CUJIBHO 3aBUCHUT OT NPUMECEN — Jaxe HeOOJbIII0e YUCIIO TPUMECHBIX, YPE3BBIYAIHO
MOHU3YEMBIX aTOMOB PE3KO MEHSET YUCIIO CBOOOIHBIX 3JIEKTPOHOB.

B nocnenyromux maparpagax Mbl pacCMOTPUM BCe 3TO MOApPOOHEe, MOJIb3YsCh
KBAaHTOBO-MEXaHUYECKUMHU MPEICTABICHUSIMU, HO HE JeJiad, KOHEYHO, KBAaHTOBO-
MEXaHMYECKUX BBIBOJOB, KOTOpbIE JTUOO TPOMO3IKH, JIMOO TPeOyIOT CHEelUaIbHbIX
3HAHUM.

§1. Duepeemuueckuii cnekmp 3J1eKmMpoOHO8 6 KpUcmaJe.

C no3ulMu KBAaHTOBOM MEXAaHWKH, KaXJIblid 3JIEKTPOH, BXOISIIUI B COCTaB
CBOOOTHOTO aToMa, MOXET 00Jiaiarh JIMIIh KaKUMH-TO BIIOJHE OMpeneSIeHHbIMU
BHEPIUsIMU. DTO O3HAYAET, UTO DHEPIETUYECKUI CIIEKTP MOHOB HE HEIPEPHIBEH, A
UMEET AUCKPETHYIO CTPYKTYPY. DIEKTPOHBI PACIIPENENICHbI 110 CTPOTO ONPENETIeHHbIM
BHEPreTUYECKUM COCTOSHMSAM, WM, KaK HMX €lle Ha3blBaKwT, ypoBHaMu. [Ipu
OMPEIEIICHHBIX YCIIOBUSX 3JIEKTPOHBI MOTYT IEPEXOIUTh C OMHOTO YHEPTETUUECKOTO
YPOBHS Ha JPYyroi, HO HE MOTYT HAXOJUTCI B KAKOM-JIMOO MPOMEXYTOUHOM
COCTOSIHUH.

YcnoBus KBaHTOBaHMS DHEPTUM BJIEKTPOHOB CTPOro COOIIONAIOTCS BO Bcex 0e3
UCKJTIOYEHUS] aTOMaX BEIIeCTB, a TaKXe U MPU 0ObeAMHEHUH aTOMOB B KPUCTAILIBI.
OnHako, 3aKOHbl KBAaHTOBAaHUS 3HEPIUM B3JIEKTPOHOB B KPUCTAJIE OKa3bIBAOTCSA
HECpaBHEHHO 0oJiee CIIOXHBIMHU.

[Ipu KOHOEHCUPOBAHUU )y OTHAEJbHBIX aTOMOB B TBEPHOE TEJIO, BCIEACTBUU TOTO,
YTO BJIEKTPUYECKHE TOJII aTOMOB OKa3bIBAOT CWIbHOE BIIMSIHUE IPYr Ha Apyra,
KaXJblii HEBBIPOXKICHHBIN YPOBEHD IIPEXJIE€ U30JIMPOBAHHOIO aToMa “‘paclierigercsa’
Ha N OJMU3KUX IO BEJTMYMHE, HO BCE X€ Pa3TUYHBIX MOAYpPOBHEH KpHCTallIa, Ha
KaXJOM M3 KOTOPBIX, COITIaCHO npuHuumy Ilaynu, MOXeT HaxomuTcsd Mo JiBa
3JIEKTPOHA, OTJIUYAIIMXCS APYr OT Jpyra HampaBlI€HUEM CIIMHOBOTO MOMEHTa
KOJIMYEeCTBa JBHXKEHUd.*

*) Cocmosanue »1eKmpoHoE 6 amome XapaKkmepusyemca HabopoM Hemvlpex KEAHMOBGHLX UUCEL.
Hpunyun Ilayau enacum, umo He Mmoxkem Oblmb O08YX HNEKMPOHOE C OOUHAKOBGHIM HAOOPOM
K6AHMOGbLIX UHuceJl. Hpu makoii ¢0pmyﬂup061<u npuHyuna Hayﬂu, 6 Haéop K6AHNOBLIX HUCeN
éxooum u npoeKyua CNUHO6020 MOMEHNIA Kouvecmea osuxerus. B ceoboonom amome pacHbvIM
Ha50p0.M K6AHMOGLIX UYUCE MOKem COOMEEMCmMEO8amb 0OUHAKOGAA IHeEpUA. Ha makom
IHepeeMUUECKOM YDOBHE, OObIYHO HA3bIBACMOM 6‘blp0)K@€HHbLM, MOKem HAX00UMCA CHIOJIbKO

ANEKNIPOHOB, CKOJIbKO Haéopoe K6AHMOEbLX HUcesl emy coomeenicnieyenmi. Hpu 83auUMO0eicmeun
amomoe SblPOJKdeHue 00bIYHO CHUMAEMCA.
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COBOKYITHOCTh 3TUX YpOBHEH oOpa3yeT ®HepreTHYecKyl IOJIOCY WU, KaK ee

Ha3bIBAIOT, pa3pelieHHYI0 30HY. Pa3perieHHble 30HbI OTHCNSIOTCS IPYr OT Apyra

O6JI&CT$IMI/I, B KOTOPBIX SHGKTPOHH B CUIIy KBAHTOBO-MEXAHUUYECCKHUX 3dKOHOB
HaXOOUTHCA HC MOTYT, OTU O6JIaCTI/I Ha3bIBAOTCA 3aHpCH_[eHHI)IMI/I 30HaMU.

H_[I/IpI/IHa pa3pemeHH0ﬁ 30HBbI OIIPEHCITACTCA BEJIMYUHOU B38.I/IMO)Z[€I>1CTBI/I$I dTOMOB
MeXy co0oii. BHyTpeHHHE 0007I0YKH MHOTORIEKTPOHHBIX aTOMOB B3aUMOJCHCTBYIOT
MeXIy co0oii c1ab0 M COOTBETCTBYIOIIIME UM 30HBI OYEeHb y3Kue. B3ammomeiicTBre
BAJICHTHBIX 000JI0YEK ropasio CHUIIbHEEe W WX 30HBI TOPa3I0 IIUpeE.

[Tpu abCoMIOTHOM HyNEe TeMIlepaTyphl BCE JIEKTPOHBI B KPUCTAIIE 3aHUMAIOT
HAaWMHU3IIUC YPOBHU U IIpH OTOM MOTYT BCTPETUTHCA HCCKOJIBKO BapI/IaHTOB
3aIIOJTHCHUA (BHyTpeHHI/Ie O6OJ'[O‘IKI/I BCeraa 3aIl10JIHEHDI, KpOMe aTOMOB HepeXO)Z[HI)IX
QJIEMEHTOB, HO UX MBI paCCManI/IBaTb HEC 6yI[CM)Z

a) €CJIM 9YUCJ10 SHGKTPOHOB B KpUCTAJLJIC COOTBCTCTByeT qucity BO3MOXHBIX MECT
B OIIHOﬁ NI HECKOJIBKUX HU3IINX 30HAX W 30HbI HE HeperI)IBaIOTCSI, TO OTHU 30Hy
OyAyT TIOJTHOCTBIO 3aITOJTHEHBI (BEPXHIO M3 HUX OOBIYHO HA3BIBAIOT OCHOBHOW WJIH
BAJIEHTHOM 30HOM), a OCTAJIbHBIE 30HBI OYIYT COBEPIIIEHHO MyCTHIMU (BO30YXKICHHBIC
30HbI UJIX 30HBbI HpOBO)Z[I/IMOCTI/I). Takag CI/ITyaL[I/IH Ha6J'[IOIIaeTCH B IIPOBOAHUKAX
N )Z[I/ISHGKTPI/IKaX,

0) eclii YKCIIO 3JIEKTPOHOB B KPUCTAIIe MEHbIIIE YHUCIa BO3MOXHBIX COCTOSTHHM
B HaWHU3IIUX 30HaX, TO YacTh 30HBI OCTAeTCd CBOOOTHOM. DTO XapaKTepHO IJIs
OJHOBAJICHTHBIX METAJIJIOB,

B) €CJIn 4YUcCJIo SJIGKTpOHOB COOTBCTCTByeT qucity BO3MOXHBIX COCTOSIHUU B
BAJICHTHOW 30HE, HO TIOCJIENHSS MEePEKPhIBACTCS C COCEOHEH IMyCcTOH 30HOM, TO B
O0OBETUHEHHOM 30HE (30HAa MPOBOTUMOCTH) BEPXHSS €€ YacTh OCTaeTCs MYCTOM.
Takag CI/ITyaL[I/IH BCTpﬁ‘IaeTCﬂ y )Z[BYXBEUICHTHI)IX SHCKTPOHOB, HallpuUMEp, 6epI/IJ'IJII/I$I.

HpI/I ITOBBIIIICHU U TEMIICPATYPhI B METa/lJIax SHCKTPOHI)I JICTKO IICPEXOIAT Ha
coceqHue Oojiee BBHICOKHME CBOOOTHBIC YPOBHHU, M paclpeiesicHHue MO YPOBHSIM B
TaKHUX YCJIOBUSX omnuchiBaercd opmynon @epmu-lupaka:

w= % (1)

e kT +1
IJI€ ( - BEPOSITHOCTH 3aII0JTHEHMS 3JIEKTPOHOM YPOBHS ¢ 3Hepruei E, Y - sHeprud
(unu yposeHb) @epmu, k - moctosinHad bonbiivana u T - abconmoTHas Temreparypa.

eciu T = 0, TO IMOKa3aTejb 9KCIIOHEHTHI OECKOHEYHO BCJIUK, IIpUYCM OH

IOJIOXKUTEJICH, eclniu E > ; oTpuuareneH, ecim E < ; T.e. w=0 npu E>p u
w=1 npu E <p. Orcrona cienyet, 4yto 3Heprusi @epmu [ - NpeacTasisieT coooi
BHEPIUI0 CaMOTrO BBICOKOIO YPOBHS, €lle 3aHATOro anekTpoHamu npu I = 0 (B
cllyyae MeTauIoB). DHeprus @epMu oyeHb BeJIMKa M MMEET BeJIMYuHy nopsaka 10
3B, 3aMETHM, YTO k7 TIpM KOMHATHOHM Temreparype paBHO Bcero Jimimb 0.026 sB.
[TosToMy, B Meramiax, Jaxe INpPU KOMHATHOM TeMIlEpaType, paclipelesieHue
3JIEKTPOHOB IO YPOBHAM M0 OTJIMYaeTcd oT pacupenesenus npu I' = 0) pucl.).
JIMIIb OTHOCUTENBHO HEMHOI'O YPOBHEHM OKa3bIBAKOTCH 3aHATBIMU IIpU E > U
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HEMHOTO ypoBHel cBOOOIHO 1pH E < [ . TONbKO 9TH 3/IEKTPOHbI, C 9HEprueii 013K o

AfB)

300(1& 1000 . 300, ,30

12 1.0 08 06 04 02 0 02 04 06 0.8 1.0 1.2
(E-F) (E-F)

Puc.1. Bun ¢ynkuuun pacnpenenenus @epmu-dupaxa.

K [, MOIYT JICTKO IIEPEXOOUTH C YpOBHAI Ha YPOBCHb IIOJ BJIIMAHHUEM BHCIITHHUX
BO3JCHCTBUM U MMEHHO OHHU 06yCJIaBJII/IBaIOT TCIINIOEMKOCTh METajljia, €ro
MmapaMariuTHYI0 BOCIIPUUMYKUBOCTDb U YU4AaCTBYIO B ITPOBOAHMMOCTHU.

B 4ucTheIX ITOJIYIIPOBOAHUKAX YPOBCHDb (DepMI/I JICKHUT MCXKIOY BCPXHHUM KpacM
BAJICHTHOM 30HbI U HUXKHUM KpaEM 30HBI ITPOBOAUMOCTH. Tor):[a BHYTPH pa3pCHICHHBIX

30H \E—u\ >>kT u npu TemrepaTypax, OTJIMYHBIX OT aOCOJIIOTHOTO HYJISl, HO He

CITUIIIKOM BBICOKHMX, MOXHO TOJIb30BaThCsl MPUOTUKEHHBIMU BHIPAXKEHUSIMHU T (0
E-p
JUTA BaJIEHTHOM 30HBI, Ile E - <0,e T <<1

Ww=1-¢X (2)
E-u
a JUIsl 30HBbI MPOBOJUMOCTU E —pu >0,e kT >>1
E-p
w=e T (3)

HHSI BAJIEGHTHOU 30HBI y):[O6HO BMECTO BepOﬂTHOCTI/I 3aIIOJTHEHU A SHCKTPOHOB

HGKOTOpOFO ypOBHH HUCITIOJIB30BaTh BepOSITHOCTI) TOI'O, UTO yPOBCHL OCTAHETCA HyCTbIM.
E—u
OO6o03HauuM 3Ty BEPOSITHOCTh W, - w, =1-w= e kT

TaKI/IM O6pa30M, BepOHTHOCTb 3aIIOJTHECHU A HeKOTOpOFO ypOBHSI B 30HC
HpOBO):[I/IMOCTI/I paBHa BepOSITHOCTI/I OCBO60)K):[CHI/I$I ypOBHSI B BAJIEHTHOMU 30HE, €CJIIn
OTHU ypOBHI/I HaXOoO4dTCd Ha OJMHAKOBOM paCCTOSIHI/II/I oT ypOBHSI (DepMI/I.

/ KonuuectBo ypOBHEN B Pa3pelICHHbIX 30HAX CTOJIb BEJIMKO U PACCTOSHUS MEXIY
HUMU CTOJIb MaJIbl, YTO :BHepFI/ISI SHGKTpOHOB B 30HC HpOBO):[I/IMOCTI/I (baKTI/I‘{eCKI/I
MCHACTCA IIOYTHU HerﬁprBHO. HO DTOU HpI/IIH/IHe :BJICKTpOHbI 9TOU 30HBI MOFyT
HpaKTI/I‘IeCKI/I HereprBHO MCHATH CBOIO SHGPFI/IIO, yCKOpﬂHCL SHCKTpI/I‘IeCKI/IM IIOJIEM,
T.C. y‘IaCTBYIOT B HpOBOIII/IMOCTI/I. HO u SJ'IGKTPOHI)I B B&JICHTHOU 30HE MOFyT N3MCHATH
CBOIO SHGPFI/IIO, TaK KakK HpI/I T#0 HCKOTOpOG YUCJIIO HEC3aHATBIX ypOBHef/'I TamM
HUMECTCH. PaCCMOTpeHI/Ie CJIOKHOI'O ABUXCHUA OFpOMHOFO KOJIMYECTBA G)JIGKTpOHOB
BOJTM3U BEpXHET0 Kpas BAIEHTHOM 30HbI YIOOHO 3aMEHUTh PACCMOTPEHUEM JIBUXKEHUS
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CPAaBHUTCJIbHO HG6OHI)H_IOFO quciia IyCThIX MECT, IbIPOK, KaK HUX O6I>I‘IHO HAa3bIBAIOT.
KomnuecTtBo CBO60)1HI)IX 3J'IGKTpOHOB B YUCTOM ITOJTYIIPOBOOIHHUKEC BCEria PpaBHO 9UCIIy
HABIPOK, I/160 BCIKUU nepexon SHGKTPOHa U3 BAJICHTHOU 30HBI B 30Hy IMpOBOAUMOCTH
IIPUBOAUT K POXIECHUIO ITapbl BJIEKTPOH-ABIPKA, a BO3BpAT ®JIEKTPOHA U3 30HBI
IMPpOBOAUMOCTH B BAJICHTHYIO — K p€KOM6I/IHaI_II/II/I Imapbl 3H6KTpOH—)Z[I)IpKa. Takue
HepeXO)Z[I)I IMPOUCXOIAT BCCraa, 1 BpeM:A CYHICCTBOBAHUA CBO60)1HI)IX 3J'I€KTpOHOB )51
ABIPOK OrpaHUYEHO. BEpodaTHOCTH Iepexona MEeXAy 30HAMU 3aBUCUT OT LUWPUHBI
3anpemeHH01>’1 30HBI, T.€. OT PaCCTOAHNA MCKIY BECPXHUM KpaeM BAJIEHTHOU 30HBI U
HUXHHUM KpacMm 30HBI HpOBOIII/IMOCTI/I./
KOHLIGHTpaHI/ISI CBO60)1HI)IX HOCUTEEen OHpC)Z[eJIHeTCSI HC TOJIbKO BCPOATHOCTBHIO
W, HO U INTIOTHOCTBIO PACITIOIOKCHUA ypOBHefI, T.C. YUCIIOM ypOBHeﬁ B CAMHUYHOM
UHTEpBaJie HEPTUU, OTHECEHHOM K enuHHIle oObeMa kpuctamwia - N(E). Pacuer

N(E) nOBOJIBHO IPOCT.
/OHO HEe MeHbIIIe YKCcia aTOMOB B 00beMe JIAHHOTO KPUCTANIa, T.€. IPU pa3Mepax

KpUCTaJlJIa, KOIrla ero 0ObeM COCTaBISeT lcm®, YUCIO YPOBHEW HMMeEET HOpPSIOK
10* —=10*. PacueTr moka3plBaeT, YTO IIMPUHA 30HBI IPOBOAUMOCTH MMEET MOPSIIOK
3JIEKTPOH-BOJIBTA, CJIEJOBATEIbHO PACCTOSHUE MEXITy ABYMsI OJIMXKaWIIIMMU YPOBHIMU

COCTaBIIIET BEIMYMHY 1072° =107/,

Yucno pa3pelieHHbIX COCTOSHHI B MHTEpBale HMMIIYJIbCOB OT P a0 P+dp
OIpEESeTCsl YUCIIOM BJIEMEHTAPHBIX sd4YeeK B (ha30BOM MPOCTPAHCTBE (IIPOCTPAHCTBO

UMITYJIbCOB), T.€. YaCTHBIM OT JieJieHUs] 00beMa IIapoOBOTO CJIOS 4np’dp Ha 06BEM
OIHOU JYEUKU, PABHBIN h?:

4T1p*
N(p)dp = hf’ dp

Hanee Hac OyayT MHTEpPECOBAThH JIUIIh COCTOSIHHS B dKCTpeMyMme (pyHKIMH E (P),

touHee E(k), rme k - BOJIHOBOM BEKTOpP ®JeKTpoHA. CBSXEM Hayalo OTCYeTa
3HEPruu ¢ MUHUMYMOM E (Kpall 30HbI) B 30HE MPOBOAMMOCTH. [lepeiiis B HanmucaHHON

Bbitire popmysie ot p K E (p=+/2m’E ), momyunm:
4mam: B2
h3

3necs N (E)dE - obruee uucno cocrosiuuii B untepsaie ot E 10 E+dE, m” -
apekTuBHAA Macca 3JeKTpoHa (cM. §3).

N, (E)dE = dE

Torga B O6H.[€M BHUIC coOCTBeHHas KOHHOCHTpalnud SJICKTPOHOB n. B 30HE
IMPOBOAUMOCTHU 3aAIMUIICTCA:

Emax

n, =2 [N (E)(E)E
0

Mnuoxurens 2 paer ydyer npuHumna Ilaynu, E - BepXHAd I'DaHULA 30HbI
IIPOBOAUMOCTH.
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ITocrasus crona Beipaxkenue N (E) u w(E), momydum:

Enae 1/2
=8m/2m|, h™ f E dE

ekT

3amMeHUM BepXHUIl mpenen uHTerpana E_ - Ha OECKOHEUHOCTh, YTO OIPaBIAHO

max

ObICTPBIM YOBIBAHMEM MOABIHTETPATBHON (pyHKIMH. Torna nosydyum ramMmma-hyHKIHIO,
3HaYEHUE KOTOPOU MU3BECTHO, T.€.

K oo 1/2
_ *3/2 —3 T dE _ TkT B2 —
n, = Sﬂ\/imn h TI wim nh;=2 sz m, ekl 4)
0T O
[TooOHBIM IyTeM HaXOAMTCH BbIpaXEHUE JUId KOHLEHTPALUUN p; COOCTBEHHBIX
IOBIPOK B BAJIEHTHOU 30HE:

Tak kak n; =p,, TO

n; :2@9/2rrlfernfMe_zAk]?r :AT3/26% (5
O h” 0O

BupuM, 4to coOcTBeHHAs KOHLEHTpALMs ONpeNelisseTcsl IUPUHOM 3anpeleHHON

30Hbl AE ¥ OHA OYEHb CHJIBHO 3aBHCHUT OT TEMIIEPATYpHI.

§2. Bauanue npumeceni Ha c60UCMEA NOJAYNPOEOOHUKOE.

[IpumecaMu IPUHATO CUUTATH, KaK BHEAPEHHBIE B KPUCTAUIMYECKYIO PELIETKY
IIOCTOPOHHME aTOMBI, TaK M pa3HOro poaa aedekTsl pemeTku. Hanuune npumeceit
IIPUBOIUT K IIOABJICHUIO B 3allpELEHHOM 30HE OTHENIBbHBIX YpoBHeW. Ilpu manoii
KOHLEHTPALMU IPUMECEN 9TH YPOBHH IPAKTUYECKHU HE PACILCIUIAIOTCA U X MOXHO
CUMTATh BBIPOXKIEHHBIMU OJUHOYHBIMU YPOBHAMU. Ha KOHIIEHTpaLuI0 HOCUTENEN B
NOJTYIPOBOJIHUKE CUJIBHO BIIMSIOT YPOBHHU, PAcloioXeHHbIe JTM00 OIM3KO0 K BEpXHei
rpaHulIe BaJIECHTHOM 30HBI, TUOO K HUXXHEH rpaHuile 30HbI TPOBOAUMOCTH. IlepBbie
Ha3bIBAIOTCS AKLENTOPHBIMUA YPOBHAMM, BTOPBIE — JOHOPHBIMU YPOBHAMU. B repmanun
U KpEeMHHMHU Takue YpPOBHM oOpa3ylTcsi B NEPBOM Cjydyae TPEeXBaJE€HTHBIMU
3JIeMEHTaMU (MHIUM, JIIOMUHUIK), BO BTOPOM Cly4yae MATUBAJIEHTHBIMU (CypbMa,
tocop, MBIIBIK). B TUIIMYHBIX CilydasdX pa3HOCTb SHEPIU MEXIY BEPXHUM Kpaem

BJICHTHOM 30HBI M aKUENTOPHBIMU YPOBHAMU AE,, U MEXJy HUXKHUM KpPaeM 30HbI
IIPOBOJMMOCTU U JOHOPHBIMU YPOBHSAMU AE, COCTaBIAIOT OLHY UM HECKOJIBKO

COTBIX ®JIEKTPOH-BOJIbTA. TakuMm obpa3oM, U AE,, u AE, 3HauuTEIbHO MEHBILIE

LIMPUHBI 3aIPEILEHHON 30HBI.
PaccMoTpuM BiIMSHHME IOHOPHBIX YpPOBHEM Ha KOHLEHTPALMIO HOCUTEJIEH B

6
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nonynpoBojgnuke. [Ipu T = 0 Bce ypOoBHM B BAJIEHTHOM 30HE U BCE JOHOPHbBIE
YPOBHH TIOJTHOCTBIO 3aIlOJTHEHBI 3JIEKTPOHAMH, a 30Ha mIpoBomuMmoctu myctad. C
IMOBBIICHUEM TCMIICPATYPhI SHCKTPOHLI C )Z[OHOpHI)IX ypOBHefI JICTKO IIEPEXoIAT B

30HYy NpoBoAMMOCTU (AE, Mano) u npu AE, <<kT NpaKTHYECKU BCE BJIEKTPOHBI
JOHOPHBIX YPOBHEN OKa3bIBalOTCd B 30HE IpoBoaMMOCTH. [Ipu manbHelimeM pocre
TeMIIepaTypbl B HEKOTOPOM €€ JIMana3oHe KOJIMYECTBO ee HocuTesel (CBOOOTHBIX
BIIEKTPOHOB) B 30HE IIPOBOJUMOCTH IIOYTH HE MeHdercd. ToyIbKO Torma, Koraa

cranosatcs cpasanmbivu AE u KT | xommuectso HocHTe€i! B 30He IpOBOAMMOCTH
CHOBA HAYMHAET PaCTH, OJHOBPEMEHHO PACTET U KOJIMYECTBO ABIPOK B BAJIEHTHOMU
30HE.

Takum 0OpazoMm, IpU HU3KHUX TEMIIEpaTypax MPOBOIAUMOCTH OCYILECTBISIETCS B
OCHOBHOM OJIHMM THUIIOM HOCHUTEIIEH, B IAHHOM CJIy4ac JIEKTPOHAMHU, a IPU BBICOKUX
TeMrepaTypax — 0oOOMMHU TUNaMu Hocuteneill. TeMmmepaTypHas 3aBUCUMOCTD
KOHIIEHTPAIIMU CBOOOIHBIX 3JIEKTPOHOB M JBIPOK M300pakeHa Ha PUCYHKeE 2.

e <0 Cutyauusi COBEPIIEHHO 4HJIOTHYHA
00 010010 200 IIPU HAIMYUM aKLENTOPHBIX MPUMECEH.
8 [Ipu T = 0 Bce ypoBHU B BaJIEHTHOU
10 7 30HE 3aHATHI, & AKLENTOPHBIE YPOBHU U
\ 6 30Ha npoBogumMocTu nycteie. C
10" 17 = = MOBBILLIEHUEM TEMIIEPATYPhl BJIEKTPOHBI
Mr‘emega;yﬁm C YPOBHEU BAJIEHTHOU 30HBI NEPEXOAAT
N Ha aKLENTOPHBIE YPOBHU — B BAJICHTHOMU
o 30He 00pasyioTcs apipku. [Ipu BBICOKOIA
I~ TEMIIEPATYyPhbl 2JIEKTPOHBl HAYMHAKOT
TIOTIAIaTh U B 30HY IPOBOAMMOCTH — OIISITh
MOSIBJISIIOTCS. HOCUTENMH 000MX 3HAKOB.
< PeanbHBIli MOJYyNIPOBOJAHUKOBBIN
\ 1 KPUCTAJUI COAEPXKUT NPUMECH Kak
0 ooos ooos oo JNOHOPHBIE, TaK M AKUENTOPHBIE, HO UX
Wlmypa“( KOJINYECTBO 0OBIYHO CUJIBHO
pasiunyaercd. [TonynpoBoIHUK,
coJepXallhuii B OCHOBHOM [OHOPHBIE
IIPUMECH, Ha3bIBAETCH MOITYIIPOBOIHUKOM
n-tuma (ot “negative”), OO MPU HUZKUX
TeMmrepaTypax HpPOBOJUMOCTb, B OCHOBHOM, OCYIIECTBJISETCS CBOOOIHBIMH
anekTpoHamu. [IpoBOOHUK, comepXamiuil, B OCHOBHOM, aKLENTOPHBIE IPUMECH,
Ha3bIBAETCS MOJIYINPOBOJAHUKOM p -TuUna (oT “‘positive”). B HeM npu HU3KUX
TeMIiepaTypax MpoOBOJUMOCTh, B OCHOBHOM, OCYILIECTBIISIETCS! AbIpKamMu. [Ipu oObraHOM
KOJINYECTBE IPUMECEN B IOJIYIPOBOAHMKAX, WAYIIMX HA H3rOTOBJIEHHUE AMOIOB,
TPAH3UCTOPOB U T.A., HU3KUMHU TEMIIEPATYPAMH MOXHO CYMTATh I T'€pMaHHI
temneparypsl MeHble 350K, a g kpemuust mensite S00K.

[IpoBOAMMOCTh TOJYIIPOBOAHUKA ONPEAENIIETCS HE TOJBKO KOHIEHTpalueu

HOCUTENEH, HO U MX MOABUXHOCTBIO, T.€. CPEAHEN CKOPOCTBIO Apeiida, KOTOPYIO

10"

KoHteaTpauus Oblpoxds

J

N
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Puc.2. TemnepaTypHad 3aBUCUMOCTb
KOHLIEHTpalU HOCUTEIIEN.
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HOCHUTT/IY [OT B CK

unmu 1 B/cM). TTogBMXHOCTH CBOOOIHBIX BIIEKTPOHOB, KaK MPaBUIIO, BCeTa OObIie
MOJIBUXXHOCTH JIBIPOK U B PA3HBIX BEIIECTBAX UMEET Pa3HYIO BEIMUUHY. B OCHOBHOM
MOJIBUXXHOCTh HOCUTENIEH CBd3aHa C BEJIMUUHOU 3(P(PeKTUBHON MacChl HOCUTEIEH
(cM. cren. §). Uem MeHbiie a¢pgekTuBHaAs Macca, TEM BbIIIE IMOJBUXHOCTD.

O06o3HaYUM IHOABUXKHOCTD CBOGO)IHI)IX QJIEKTPOHOB - u , 4 HOABUXHOCTb ABIPOK -

u,. IIpoBogMMOCTb NOJIYNIPOBOJHMKA G 3alMCHIBAETCA CIEAYIOIIMM 00pa3oM:

0=q(u,p+u,n) (6)

rjie q - 3apsja 9JeKTPOHA, N U P - KOHLEHTpPALUH CBOOOAHBIX 3JE€KTPOHOB U

ABIPOK COOTBETCTBEHHO. Eciii n >> p win p >> n, TO MOXHO MOJIb30BaThcs Ooiee
IpOCTHIMU (hopMyJiaMu, OTOpackiBas B opmylie (6) OQHO U3 cllaraeMbiX.

CnenyeT OTMCTHUTD, 9YTO BEJIMYUHBI u W U, 3aBUCAT KaK OT TEMIIEPATYpPhI, TaAK U

OT KOHLIEHTpAallMU IpUMECEH, yMEHbILIAsICh C UX MOBbIIEHHEM. bosiee Toro,
MOJBUKHOCTU TIPU JOCTATOYHO OOJIBIIINX 3HAYCHUSIX HAMPSKEHHOCTH 3JIEKTPUUECKOTO
nond E, HaunnHarort 3aBucets U oT E.

OnpeneneHHyo pojib UTPAIOT MIPUMECH, YPOBHU KOTOPHIX paCIosiaraloTcsi BOIU3H
CEpEeANHBI 3alIPELICHHON 30HbL. [Ipy HATMYMKM TaKUX YpPOBHEN COKPAILAETCId BpeMs
CYILIECTBOBAHUS HOCHUTEJIEH, 0OBIYHO Ha3bIBAEMOE BPEMEHEM XU3HU, KaK B BAJIGHTHOMU
30HE, TaK W B 30HE MPOBOAUMOCTHU. BEpoSaTHOCTH, UTO CBOOOIHBIN DJIEKTPOH W3

AE
30HBI IMPOBOAMMOCTHU BCPHCTCA B BAJICHTHYH OIIPCACIIACTCA BEJIMUMHOM ¢ 2kT | a

BEPOSITHOCTh TOTO, YTO CBOOOIHBINA B3IEKTPOH YyHAET Ha NMPUMECHBIH YPOBEHb
_AE,
onpenesaeTcd BeJIMYUHoON e 2T, rne AE,, KaK U paHbllle, Pa3HOCTh SHEPIUM MEXIY

HVKHEW rpaHULIEN 30HBI IPOBOIAMMOCTHU U IIPUMECHBIM YpOoBHEM. Tak kak AE, <AE,

TO IEPEXObl HA IPUMECHBIN YPOBEHD COBEPLLIAIOTCA Yalle. Bee ckazaHHOe, KOHEUHO,
OTHOCHUTCA MU K IIEpEXOoaaM M3 BAJICHTHOM 30HBI Ha IMPUMCCHBIC YPOBHH. Takue
MEePEXOIbl COKPALLAIOT BpeMs XU3HU IbIPOK.

§3. Dppexmuenaa macca Hocumeneu 3apaoa.

HBI/I)KCHI/IC QJICKTPOHA, XOTd OH M Ha3BaH CBO60):[HI)IM, B MMCPHOAUYICCKOM
QJIICKTPUYCCKOM IIOJI€ KpHUCTA/JIa 3HAYUTEJIBHO OTIHMYACTCA OT COBCPIICHHO
CB060):[HOFO ABHUZKCHHA TOI'O XK€ OJICKTPOHA B BaKyyMe. HeﬁTpaanLIe dTOMBI
Kpucrajmia Inpu OTCYTCTBHH KOHC6EIHI/II>1 HC MCHIAKT ABHXCHHIO DJICKTPOHOB.
HpCHHTCTBI/ISIMI/I ABIIAIOTCA KOJ'IC6JIIOH_[I/ICC$I dTOMBI 1 MOHBI (HpI/I T = 0 gactp dTOMOB,
XO0T4d U HE 60)'[1)].[[&9[, I/IOHI/I3I/IpOBaHI)I), a TAKXE aTOMbl 1 UOHBI HpHMeCCﬁ.

MoxHo IoKa3aTb, 4TO B IMNECPHUOAUYCCKOM OIJICKTPHUYCCKOM IIOJIC KpHCTAJLIa
3aBUCUMOCTb OHEPIUH OSJICKTPOHA E ot ero HMIIYyJIbCa P TaKXC MABJIIACTCA
nepuoguuecko ¢ynkuuen. K coxaneHuo, 3TO 10Ka3aTeJbCTBO IMPOBOAUTCSH
METOdaMHU KBAHTOBOU MCEXAaHUKH, MBI €I'0 3[1€Ch ITPUBECTU HE MOXKEM. B HpOCTGﬁLHGM
CJIydac 9Ta 3aBUCHUMOCTDb OKa3bIBACTCA MMOXOXEU Ha CUHYCONTAJIbHYIO (CM. pI/IC3)

BOim3n MUHUMYMOB U MaKCUMYMOB 3TOH 3aBucuMocTH pyHkuus E=E(p) moxer
OBITH anMpoKCcUMHUpoOBaHa Mapabosnoii. [Tapabonmueckas 3aBUCUMOCTD Xe Mexay E

8
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3anpelieHHble

W(p)

N

Puc.3. 3aBUCUMOCTbh DHEPTUM JIEKTPOHA OT MMITYJIbCA B OJTHOMEPHOM
KPUCTAUIMYECKOU pELLIETKE.

0 - P

U p XapakTepHa AJisi CBOOOJHOIO 3JIEeKTPOHa!

= mv® _ (mv)® _ p’
2 2m 2m

1
Koaduuuenr nepen p® paseH 5> A€ m - Macca CBOOOIHOIO 2J1eKTpoHa. B
m

KpucCTtajjie, B 3aBUCUMOCTHU OT TOI'0, TYIIbBIM HWJIM OCTPBIM OKa3bIBACTCA SKCTPEMYM

cyukim E(p), KoaduimeHT nepen p* MOXKeT ObITh JTIOOBIM U JaXe OTpUIlaTeIbHbIM
(nng MakcumymoB E(p)). IToaTomy BOIM3H 9KCTPEMYMOB 3aBHCUMOCTh MeXny E 1 p
3aIUChIBAETCS TaK:

2
E=P
2m

*
e m - appeKTHBHAd Macca 3IEKTPOHA.

x 1
Ecnu B o6mem onpenenuts 3¢peKTUBHYIO MacCy Kak: m = W,
dp?

TO B cepeArHe 30H 3((eKTUBHAT Macca OKa3bIBaeTcsi OECKOHEYHOM.

Takum oOpa3oM, B HMXXHEH 4YacTH 30HBI BJIEKTPOH BeleT ceds Kak 4yacTHhlia C
OTpHULATEIbHBIM 3aP4I0M U HEKOTOPOM MacCOM, KOTOpas MOXET CUJIBHO OTJIMYAThCS
OT Macchl CBOOOAHOTO alleKTpoHa. Tak, Hanpumep, apekThBHas Macca CBOOOIHOTO

SJIEKTPOHA* JyId repManus m’ =0,22m, a I apceHuna rawmg m =0,07m. B
BEPXHEI YacTH 30HbI 3JIEKTPOH BeleT ce0sl KakK 4acTUla C OTPULIATEIbHBIM 3apsiioM
U OTpULATENIBHON Maccoii. Takol 37eKTPOH HA3bIBAETCH 9KBUBAIEHTHBIM YaCTHULIE
C IIOJIOKUTEJIBHBIM 3apsIOM U ITOJIOKUTEIIbHON MAacCOU, TaKas 4acTULA Ha3bIBAETCS
IBIPKOM.

B peanpHOM KpucTauie 3aBUCUMOCTb E OT p, XOTd U nepuonuyeckasi, Ho Oosee
CIIOXHAas, K TOMY X€ paBHas JUld pa3sHbIX Hallpas/leHU! p. B nepenax ogHoro nepuoaa

*) B kpucmanne sppexmusnas macca 3a6ucum om HANpANeHUA P U, 6000ue 2060pA,

aenaemca meuzopom. Husxe npuseoenvt s¢ppexkmusroie maccol On4a HanpagaeHuil, HauboJiee axHsLx
6 NOJYNPOBOOHUKOBOU MeXHUKE.

9
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MOXET 6I)ITI) U HECKOJIBKO M&KCI/IMYMOB U MHHHUMYMOB. Ha pI/IC4 IMPpUBCICHBI
HECKOJIbKO TaKMX 3aBUCUMOCTEU.

AV AWV "

T =

/

:¢3 q)S‘— 1 i

i P
[111] 0  [100] [111] 0  [100]
@) pucs.  ©

3oHHBII penibe) KpeMHus (a) U apceHuaa ranug (6) A aByX
KpHUCTAUIOrpapuuecKux HarpasieHUui (Cp. ¢ BEPXHEU U CpelHen
KpuBbIMH Ha puc. 1 - 10 B npenenax I monoxurenbHOro
“nonmynepuona’).

Yem menbliie a(pheKTUBHAS Macca HOCHUTENEH, TeM OoJbllle MX MOABUXHOCTD H,
COOTBETCTBEHHO, TPOBOIUMOCTb.

TemmepaTypHasi 3aBUCUMOCTb TOJABUXKHOCTH JOBOJIBHO CIIOXHA, MO0, KaK MbI
YIIOMUHAJIA, PaCCeHUE 3JIEKTPOHHBIX BOJIH MPOUCXOMUT MO PA3HBIM MPUYUHAM.

B o6mnactu Temneparyp 100-300 K B MOHOATOMHBIX MOTYIIPOBOAHUKAX OCHOBHYIO
pOJIb B paccesHre BHOCIT KoJieOaHUS pelieTKH: aKyCTUUYeCKHUE W HeIoJIIpHbIe
ONTUYECKHE. YUeT paccesHUs Ha OTHOW JIMIIb aKyCTUYECKOW BETBU KoJieOaHMii

_3
IIPUBOOUT K 3aBUCUMOCTH U ~T A 9KCHCpI/IMeHTaJTbHI)I€ SHAYCHH: I1OKa3aTCId y

T ornuyamTcs OT _é H 3aBUCAT OT THIIA HOCI/ITCHGI‘/JI, a TaKX€ M OT BHIA

MOJIyIIPOBOAHMKA. [I71s1 repMaHus 1okaszaTelb paBeH —1,66 s a1eKTpoHoB U —2,33

VI OBIPOK, JUI KPEMHHUS COOTBETCTBYIOIIME LUGpbI paBHbl —2,6 n —2,3. Takag

TeMmneparypHas 3aBUCUMOCTh U OOBSICHSETCS COBMECTHBIM paccesHUeM Ha

aKyCTUYECKOW U ONTUYECKON BETBAX U PA3IMYMEM CTPYKTYpPhl 9KCTPEMYMOB 30H.
§4. HepasHosecHvie npoyeccol 6 NOJLYNPOEOOHUKAX.

OObpazoBanue HOCUTENEH 3apsaa MOXET MPOUCXOAUTH HE TOJIBKO MO BIUSHUEM
TEIUIOBOTO JBUXEHUS, HO U MO/ JICUCTBUEM JIPYTHX (paKTOPOB, HAIIPUMED, U3Ty4eHUs
CBETa WM JEHCTBUEM CHJIbHBIX BJIEKTPUYECKUX Tojeil. B aToM ciyuae 0oObIdHO
o0pa3zyroTcsd Kak cCBOOOIHbIE 3JIEKTPOHBI, TaK U IbIpKHU. Eciii 00ydeHne HenpephiBHO,
TO 4Y€pe3 HEKOTOPOE BpEMS BO3ZHUKACT CTALMOHAPHOE COCTOAHHE — KOJIMYECTBO
HOCUTENel, 0O0pa3yloIIuXcsl 3a CYeT NeHCTBUS HM3Ty4eHUs, OKa3bIBAeTCS PaBHBIM
KOJIMYECTBY PEKOMOMHUPOBABIINX M YHISAMNX U3 007aCTU U3IMy4eHHUsS] HOCHUTEIICH.

B o01iem ciiyyae aBUXeHUE HOCUTENEH 3apsaa B OJIYIIPOBOAHUKAX 00YCIOBIEHO
ABYMS IipouieccaMu: qudpy3nen o IENCTBUEM ITPalMEHTa KOHLIEHTPALMHU U Apendom

10
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oJ AEWCTBUEM TpagueHTa IMOTeHUHana anekrpuueckoro nons. Auddysnada
COCTaBJ/IA0IIIAd IINIOTHOCTH TOKA ():[J'ISI ITPOCTOTBI 6}7)Z[CM CUUTAaTh, 4TO Yy HaC UMCIOTCA
HOCHUTEJIN TOJIBKO OAHOI'O 3HAKd, 4 UMEHHO CBO60)Z[HI)I€ SHGKTpOHI)I) B OOTHOMCPHOM
cllydae MOXeT OBITh 3alicaHa Tak:

. on
=qD_ —
(Jn )IlI/Itb q n 6X (7)

e D, - xkoadpdunueHT nud@y3un 3IEKTPOHOB, CBA3aHHBIA C IOJBUXKHOCTBIO
COOTHOIIIEHUEM DUHINTENHHA.

kT
Dn = 7Un 8
. ®)
g - 3apsja 2MEeKTPOHA, N KOHIIEHTPAIUsl CBOOOMHBIX 3JIEKTPOHOB.
JpeiichoBas cocTaBnsomasi IUIOTHOCTH TOKa 3allAChIBAETCS TaK:
i o}
(jn) g =aqnU 6:1: =qnU € 9)

rie ¢ - nmoTeHuuan sIeKTPUYECKOro Mos, a £ - €ro HalpsXKEeHHOCTb.
Takum oOpa3oM, IJIOTHOCTh TOKa, OOYCIOBIEHHAs CBOOOJHBIMU 3JIEKTPOHAMHU

. n
OKa3bIBAETCSl PABHOM: Jo =9D, P qnU € (10)

B ciydae GunosnsipHOi MPOBOAMMOCTHU CIIEAYET YYUTHIBATH IMOJHYIO IJIOTHOCTH
TOKa = j, +],, T.e. HyX)HO 100aBUTh npeiicoByto U aucdy3HyI0 COCTaBISAIONIYIO,

o0yciioBJIeHHYI AbipKamMu. [IpoTekaHue HEpaBHOBECHBIX MPOIECCOB B
IIOJIYIIPOBOIHUKAX OIMCHIBAETCSA TAaK HA3bIBAEMBIM YPABHEHUEM HEIPEPBIBHOCTH.

on n-n, 1

—~ =0g, ————"+—div(j,) 11

ot B q ! (11
CneBa, B 9TOM ypaBHEHUHU, CTOUT U3MEHEHHE KOJIMYECTBA CBOOOIHBIX 3JIEKTPOHOB

B €IMHMIYy BPEMEHU B HEKOTOPOM 3jieMeHTapHOM oObeme. CrpaBa, NEpBbIi WieH

BbIpaXaeT TeHEpalui0 3JEKTPOHOB 3a CYET BHEIIHUX (PAKTOPOB, HANpUMED,

o0siydeHus cBeToM. BTopoil ujeH BblpaxaeT yObUIb 3JIE€KTPOHOB 3a CYET

n

pPEeKOMOMHAIMK. T, MOCTOSIHHAs BPEMEHHU 3TOrO Ipolecca, Ha3biBaeMas BpEMEHEM
XKU3HU. M3MeHeHue KOaMYecTBa 3JIEKTPOHOB 3a CYET IPOTEKAILIETO TOKa,
KOJIMYECTBO MPULIEIIINX B JaHHBINA 3JIeMEHTApHbII 00beM HOCUTENIEH MOXET OBITh
HE PABHO KOJIMYECTBY YILEALINX, YYTEHO B ITOCIIEAHEM YiIeHe. B oqtHOMEpHOM citydae:

.. 0j
div =1
(Jn) Bx
Taxum oOpa3oM, JiId 3JEKTPOHHOTO IOTYIPOBOJIHNUKA YpaBHEHUE HETIPEPHIBHOCTH
OyHeT BBINNISIETh TaK: on =Ag, - D70 19, (12)
ot T, q Ox

5i
Huddepenunpys no x o6e yactu dopmyisl (10) u noacrasss 6J>I<1 B (hopMyITy

(12) monydaeM ypaBHEHHE HENPEPBIBHOCTH VIS 3JIEKTPOHOB B CJIECAYIOLIEM BHIE:
11
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5 o o€

on n-n n n

—=Ag, - C+D, - +U,e—+nU, —

ot 8 T, ox* Ox Ox (13)

on
B orcyrcreumn BHemHux ¢aktopoB Ag =0 B CTalMOHAPHOM COCTOSHUU 5t =0
o€ _
JUIs ONHOPOZHOTO MOMYNPOBOAHMKA = 0 momyvyaem:
5’n on n n Uegdn n
D,-5-Ug_——-—=0 wm - — - =
" ox? TOx T, 5> D, & D,1,

YTO CHPABEUIUBO IIPY MATIOW KOHLIEHTPALMU HEOCHOBHBIX HOCUTEJIEN — BJIEKTPOHOB
110 CPAaBHEHMIO C KOHLEHTPALIMEN OCHOBHBIX HOCUTEJIEN — IBIPOK, B pACCMATPUBAEMOM
cirydae.

Us_ 4
Hcnons3yst cootHomenne DiHWITeHHA [ ~,r U BBels 0003HaYCHUs
Ys g= I =y U D 1, =1 HOJIy4aeM ypaBHEHUE:
D, kT nin
6271’1 - §671’I - E =0 14
ox* o 1] (14)
OO1muM pellieHueM 3TOro ypaBHEHUs OymeT: n = ce +ope (15),

2

1
e k, ¥ k, YIOBIETBOPAIOT XapaKTepUCTUYECKOMY ypaBHeHHI0 k” — xk — Z- 0
0

KOTOpOE Jaer - k,=—* =+ =0,

4 1

B |

[TockosbKy pU3MYECKUI CMBICT UIMEET TOJIBKO 3aTyXarouiasd KCIIOHEHTa, TO ¢, =0

u 1pu x =0, n=n, CJIeOBATEJILHO,

(17)

Takum o6pazoM, Mbl BUIMM, YTO KOHIIEHTpalUs, CO3JaHHBIX CBETOM
HEPABHOBECHBIX HOCUTENIEH TOKa, YObIBAa€T C yBEJIMYEHHEM PACCTOSHHUS OT MecTa

BO3HUKHOBEHHMs 10 3KCIOHeHTe. BennunHa 1 B mokasaTesie 9KCIIOHEHTbI, paBHAs
paccTOsIHUIO, Ha KOTOPOM KOHIIEHTpalus yObIBaeT B € pa3, Ha3blBaeTcs JJIUHOMU
3aTIruBaHusg Hocutesd. M3 obiero pereHus MOXHO TOJYYUTh JiBa TPeHebHbBIX

ciyyvasi:
1. e=0
Tormga x = q& =0 U |=(, YTO JaeT n=n,e I (17a),

12
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e 1, - cpennsas anuHa AUQ@y3HOro CMEIEHUs HEPaBHOBECHBIX HOCUTEIIEH,
ABUXKYIIUXCS TOJIBKO TMOJ BIMSHUEM TpaJiieHTa KoHUeHTpauuu (quddysus),

2.

1
>
10

X

2

x 1 1 Dt

—+ — ~_ ~  =x])=_Znnid nd =

) ilg.OTKyJ:[ae 0 X1, o7 e=1,U_ ¢
x1;

X

[loxcrasnss 3HaueHne B OPMYIly n=n,e | M yduThiBas, 4to x =U €t, 20et -

t

BpPEMS XKU3HU HOCUTEJIEH, TTOJIYYUM: n=ne (17b)

TosydeHHble COOTHOLIEHHUs MO3BONAIOT W3 HAOMIONEHUs HApacTaHMs M Cliaja B
3aBUCMMOCTH OT BPEMEHHM CHMIHajaa, MPONOPLUUOHATBHOrO KOHIEHTpPalUK
BO30YXXJIEHHBIX CBETOM HEPABHOBECHBIX HOCHTEJIEH, ONPEIEUTh BpeMs XU3HH, a
M3 M3MEPEHMI BETMYMHbI CHTHAIa B 3aBUCMMOCTH OT PAacCTOSHHUS JIO MeCTa
BO3HMKHOBEHHSI HEOCHOBHBIX HOCHTEJIEH HailTH 1IHy 1ucdy3HOrO CMEIIEHHS.

§5. Aenenue Xonna.*

SBnenue Xola 3aK/IIOYaeTcd B OTKJIOHEHMH HOCHTeseil B HallpaBJIeHWH,
TepIEHMKY/IAPHOM KaK HAIIPaBIEHHIO TOKA, TaK U HAIIPABJIEHHI0 MATHUTHOTO MO,
DTO OTKJIOHEHME TIPUBOAUT K MOSBIEHHIO MONEPEYHON BIEKTPOIBHKYIIENH CHIIBI,
KOTOpasi JIETKO MOXET ObITh M3MEPEHA.

PasbepeM 3T sIBIEHHE HECKOIBKO MogpobHee. IIycTh MO MUIaCTMHKE TOJILMHOMN
d v mmpuHoii b Teyer TOK I B MOJOXUTENHHOM HaNpaBleHHH OCH X. MarHuTHOE
1oJie A€HCTBYET B HAIPaBJIEHUM OCH Y, U TOK CO3JIaeT JBUXKEHHUE TIOJIOKHUTEBHBIX
3apsa10B. B 9TOM cilydae HalpapjieHHe JBMKEHMsS HOCHMTENEi TOJIKHO COBMAaTh C
HarpaBJIeHHEM TOKa, T.€. CKOPOCTb HOJKHA COBNAAaTh C IOJOXKHUTENbHBIM
HaIpaBJIeHHEM OCH X.

MarHuTHoe MoJjie, KaK M3BECTHO, AEHCTBYET Ha MOJNOXHUTEIBHO JBIXYIIMECS B
HEM 3apsbl ¢ cunoii Jlopenua F=ql|vxB] (18)

KOTOpas B JIAHHOM cltydae OyJeT Hanpas/ieHa BBepX. [10j1 IeHCTBUEM DTOM CHITbI
TOJIOKHUTENbHBIE HOCUTENH GYIlyT CMELIAThCS B HAIIPABIEHUH OCH Z, KOHIIEHTPHPYACh
Yy BEPXHETO Kpasi INIACTUHKU M OOHAaXas OTPULATENbHBIE 3apSIbl y HUXHETO Kpas.
DTOT npouecc GyeT MPOIOIIKATHCS 10 TEX MOP, MTOKA Pa3HOCTh MOTEHIMATOB MEXTY

BEpXHUM U HMXHHUM KpaeM IU1acTUHKH, oObiuHO E (BJC Xomna), He co3gact B
IUTACTUHKE 3JIEKTPUYECKOe M0JIe, CUJia KOTOPOro ypaBHOBecUT cuity JlopeHia. DTo

E, L=
paBHOBECHE BO3HHKAET, KOIna q b =qlv X B] (*)

Otkyna: E, =bvB (19)
Js HAcC CyIIeCTBEHHO, YTO NPH IOJOXHUTEIbHBIX HOCUTEISIX BEPXHUH Kpaid

*) Dmom napaepagh uumarom cmyoeHmol, 8blNOJIHAIOUUE PAOOMbL NO U3YYEHUIO A6JIeHUA X0,
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3apSAOUTCS TOJOXUTENbHO, a HUXHUU
V2 OTpULATENIbHO. ECiiu COeOUHUTh TOYKH
A u B mjacTuHKM yepe3 rajibBaHOMETP,
TO B raJIbBAHOMETPE MOTEUET TOK OT A K
B.

Ecnu TOK, TeKymMi B IUIaCTUHKE,
CO3/1aeTCd JIBUXEHUEM OTPULATEIbHBIX
3aps/l0B (JIEKTPOHOB), TO CYMUTas IO-
MpPeXHEMY, YTO TOK HAalpaBjeH MO OCU
X, CKOPOCTb JIBUXKEHUS 3aps/IOB # JOIXKHA
coBnajgarh C OTpULATEJbHBIM
HaIlpaBJIEHUEM OCH X (CM. puc.5).

Ha nBukymmiicd oTpunaTesibHblid 3apsij
MarHuTHOE TOJIE ICUCTBYET C CUIION (**),
KOTOpasi OTJIMYAeTCS OT BbIpaxkeHus (*)
3HaKOM (-) y 3apsgna Hocutend. OmHako, U3MEHEHHE HallpaB/IEHHS CKOPOCTH V

Puc.5.

IIPUBOAMT K U3MEHEHUIO 3HaKa [v x ]§J, YTO COBMECTHO C M3MEHEHHEM 3HaKa 3apsia
npuBoauT B (20) K TOMY X€ HalpaBJIeHUIO CUJIbI, KOTOpPOE ObUIO U paHblle B Cllydyae
IIOJIOXKUTEJIbHBIX HOCHUTEJIEH.

Takum 006pa3oM, U B TOM, U B IPYrOM CiIydyae MarHUTHOE 1oJie OyleT OTKJIOHATh
HOCUTENIM BBEPX, U BEPXHUH Kpail INTaCTUHKK BHOBb 000TraTUTCS HOCUTEISIMU TOKa,
TOJIPKO Ha 3TOT pa3 OTPULIATEIbHBIMM HOCHTEISMHU. B COOTBETCTBHM C 3THM Ha
HUXKHEM Kpae OyznerT HaOJolaThCs HEOOCTaTOK OTpHULATENbHBIX HOCHUTENeH, H,
CJIEOBATENBHO, HUXKHUN Kpail 3apsAIuThCS MOJIOXHUTENBHO. ECIM BHOBb COEMHUTD
Touku A U B uepe3 ranbBaHOMETp, TO B ralbBAHOMETPE BO3HUKHET TOK 0OPaTHOro
Harpasienusd, ot B k A, u 3Hak DJIC Xosuia B 3ToM cityyae OyieT IpOTUBOIOTOXKHBIM.

Onpenenss Takum o6pazoM 3Hak DIIC Xoswia, MOKHO BbISIBUTD TUIT IIPOBOAUMOCTH,
T.€. yKa3aTh 3a CUET ITOABUXKHOCTU ABIPOK WJIM 3a CUET IOABUXKHOCTU 3JIEKTPOHOB
OCYILECTBIIIETCA TOK B JAHHOM IOJIYIIPOBOJHUKE.

B dopmymy (19) BXOOuT CKOpPOCTh IBUAKEHHS HOCUTEIIEH, KOTOPYIO JIETKO CBA3ATh
C IVIOTHOCTBIO TOKA j M KOHLEHTpALUENd HOCUTEIEH N WM P.

JIelicTBUTEIBPHO, Yepe3 NMOBEPXHOCTh S, PaCIOJ0XEHHYIO IEPIEHIUKYJISIPHO
BEKTOPY CKOPOCTH, 3a OJHYy CEKYHIY IIEPEMECTITCI BCE T€ HOCHUTEIU, KOTOpBIE K
Hayajly pacCMaTpUBAaEMOM CEKYHIbl HAXOOWIMCh OT MOBEPXHOCTH HA PACCTOSHHH,
YHUCJIEHHO HE MPEBBILIAIIIEM V. DTO 3HAUYMT, YTO 3a CEKYHIY, YEPE3 NOBEPXHOCTD S
NIEPEMECTATCA BCE HOCUTEIIW, 3allOJHSBLIME B Hayale pacCMaTpUBAaEMON CEKYHIbI
00bEeM MPSIMOYTOJILHOTO TMapajulenuiie/ia ¢ IIOAabl0 OCHOBAHUSI S U BBICOTOM V.
Ecnu HocuTeNsAMU SIBJISIOTCS 3JIEKTPOHBI, TO B TAKOM 00bEeME COCPEIOTOYEH 3apsijl
nvgS*, KOTOPBIN NepeMELasICh Yepe3 MOBEPXHOCTh S IAaET INIOTHOCTh TOKA:  j = nvq .

T j= ! !
aK KakK =—,TO v = .
bd ngbd

*) 30ecv u oanee emecmo n credyem nooOCmMagumy p, ecau HOCUMENAMU ACTAIOMCA ObIPKUL.
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[Toncrapnssg nmonyyeHHOE BbIpaxeHue B opmyiy (19), nomyuum:

1B
nq d

E, = (21)

Bemnuuny (nq)™ 00brgHO 0603HaYaroT OykBOil R M Ha3bIBaOT OCTOSHHOM Xoua.
Eciu TouHas Teopusd, yUUTHIBAIOLIAd PACIIPEAETIEHUE CKOPOCTEN HOCUTENEN, JaeT

. . 1
JUTI IOCTOSHHOM XoOJIIa TaKoe BbIpaXeHHUE: R=A—,

nq
e A - Koa(pULHEHT, 3HaUEHHUE KOTOPOTO OIPENEIISIETCS MEXAHU3MOM PACCESTHUS
BIIEKTPOHOB B KPUCTAUIMYECKOM PELIETKE TBEPAOTO Tena. s MeTayioB, HallpuMep,

. . . 3m
A =1, a 1 MOTYIPOBOTHUKOB ¢ aTOMHOU perierkoi (Ge, Si u ap.) - A = Y

Eciu xe TOK 4epe3 INUIACTUHKY CO3JaCTCA HOCHUTCIIAAMU oboux 3HAKOB, TO
2 2
g=A pYp U,
a4 (pu, -nuU, f

HKCIIEPUMEHTAJIBHAA YACTD. *

NOCTOsIHHad XOJlj1a BbIpaXxaeTcsl CIEAYIMM 00pa3oM:

§1. Dpgexm Xonna ¢ memannax.

Hacrosmas pabora mocBsIiieHa OIpeneeHuI0 3HaKa HOCUTENell TOKa M MX
KOHIIEHTpAIlUd B METAUTMYECKMX oOpasiax (Meab, OJ0BO). DTH ONpeneaeHus
OCHOBBIBAIOTCS HA U3MEPEHUU 3HAKA U BEJIMUMHBI TOCTOSHHOM X0J11a U BBITOJTHAIOTCS
Ha OCHOBE COOTHOLLUEHUH, BbIBEJEHHBIX paHee. [IJisl onpesiesieHuns 3HaKa U BEITMYUHbBI
NOCTOSHHON XO0JI/Ta UMeeTCsl KOMIUIEKT MPUOOPOB, COCTOSIINM U3:

1. a7eKTpOMarunTa, CriocOOHOTO CO3/IaTh OHOPOTHOE MArHUTHOE T0JIe Ha TUTOLIaIN
kpyra 10 cwm,

2. HU3KOOMHOTrO0 noTeHimometpa 3-306, npeagHaszHaueHHOro jijist usMepenus DC
Xoma,

3. HyJIb-TAJIbBAHOMETPA CO CBETOBBIM yKazaresjeM Tura M-195,

4. 3epkanpHOrO TampbBaHoMmeTpa ['3-1, wcmonb3yeMblil Kak OayiMCTHYECKUi
ralbBaHOMETP AJI U3MEPEHUI MAarHUTHOIO TOJISl B 3a30pe MarHuTa,

5. IByX Mara3uHOB COINPOTHBJIEHUH,

6. IByX aMIIEpPMETPOB U JIBYyX PEOCTATOB.

*) B nabopamopuu umeemca namv YCMAHOEOK NO U3YUEHUIO CEOIUCME MemAaNos U
NOJYNPOBOOHUKOG:

1) s¢ppexm Xonna ¢ memannax;

2) appexm Xonna é nonynpoéoonukax Nel;

3) appexm Xonna é nonynposoonukax Ne2

4) onpeoeneHue wWUpUHbL 3aNPEUEHHOL 30HbL 6 2EPMAHUU;

5) onpeodenenue kosgppuyuenma ouppysuu u epemeHu Ku3HU HOCUMmMeell.

Dmu ycmanoeku onucamvl 6 §§1-5 u Kaxowvlii cmyoeHm yumaem OnUCaHue ceoell YCmaHoeKu,
He 3a0bl6aA O CCHLIKAX HA Npeobloywue napazpageol.
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I. KoHcTpykKuus ®J€KTpPOMAarHuTra

4
a4 . n3o0paxena Ha puc.6.
B ; P :
6

e CepleyHUK  BJIIEKTPOMArHUTa (1)
2 é—':,b npejcTaBisgeT coboi xene3Hplii crepxens 100

_> \ 1 i - > MM B nuameTpe. CepaeuyHHNK XECTKO CBS3aH C
' MarHUTONpPOBOAOM (2), HA KOHLBI KOTOPOTO

e KJTagyTcsl KanuOpOBOYHbBIE MPOKIaAKu (3) |

aKopb (4). Bo3aywmwHBIN 3a30p MeXny

IJIOCKOCThIO BEPXHEro TOopua CTEepPXKHI H
OTHLTIM(OBAHHON MOBEPXHOCTBIO B CpeIHEN
Puc.6. YacTU AKOpS MMEET TOJIILMHY IPOKJIaaKu (3).
HaMarHn4yuBamoIad karymka (5) umeer N=100
BUTKOB U BBITIOJIHEHA U3 MPOBOJIOKH 3 MM cedeHus. KOHIIbI 0OOMOTKHU BBIBEIEHBI K
KiemMmaM (6) 1 0003HadeHbl “+” 1 “-”. EC/IM BKJIIOYUTH ITATAIOIIUIA MarHUTHBINA TOK
B HaIpaBJIeHUH, COOTBETCTBYIOIEM 0003HAUYEHHUIO MOJIIPHOCTH Ha KiemMax (6), To
B €r0 3a30p€ BO3HUKHET MarHUTHOE I10JIe, HAIPABIEHHOE BBEPX.

II. U3mepenue DC Xosa MPOU3BOOUTCS KOMIIEHCALIMOHHBIM METOIOM IIpU
nomoinu noresuuomerpa P-306.

Komnencaumonnsiit Meton obecrniednBaet DC B OTCYTCTBUM TOKA, T.€. B YCJIOBUSIX,
KOIJIa HET MaJIeHUs HAIIPSXKEHUS] Ha BHYTPEHHEM COIPOTUBIIEHUU. B ycioBusx Harei
paboThl BTO HE CYIIECTBEHHO, TaK KaK BHYTPEHHEE CONPOTUBJICHHE IUIACTUHKU
Xomma HuuToXHO. MHave 6bu10 61, ecu 661 mputuioch uamepsats DIAC Xomna Ha
MOJIyIIPOBOJAHMKE, BHYTPEHHEE CONPOTUBIEHUE KOTOPOrO OYEHb BEJIMKO W UHOINA
TOYHO He u3BecTHO. M3mepenne DJIC Xoruta Ha MOMYyIPOBOAHUKAX, ITyTEM M3MEPEHHS
TOKa B TA/IbBAHOMETPE, B 3TOM CJTy4yae ITPOCTO HE BO3MOXHO, TaK KaK K TajIbBAHOMETPY
oyner npunoxena He DIC Xomna, a pazHocth Mexay DJIC Xomna U BHYTpeHHEM
najeHuu HamnpsaxeHud. IlocienHee Xe M3-3a HEU3BECTHOCTH BHYTPEHHETO
COIIPOTUBIICHUS] HAUIEHO OBITH HE MOXKET.

Merton koMIieHcaluu 00ecreyrBaeT HECPAaBHEHHO OOJBIITYI0 TOYUHOCTh U3MEPEHHS.
TOYHOCTh U3MEPEHUI U3-3a LENOro psa HEJOCTATKOB rajiLBAHOMETPA HUKOIIA HE
npeBocxoauT 1%. B ciiyduae KoMmeHcauuu BcCerjga MOXHO JOCTUTHYTh, NpU
JAOCTaTOYHO YYBCTBUTEIILHOM HYJIb FAIbBAHOMETPE, TOUHOCTH, C KOTOPOU OIpEesIeHbI
CONPOTHUBIICHUS, YTO MPUMEHHUTEIHHO K OOBIYHBIM 3aBOJACKUM YCTAaHOBKaM,

Xf -xz 2 b D
Al...] B Ma
¢c Ocon
[TorenunomerpP 306 | ° )
Puc.7.
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00€eCIIeYNBAET CHUXEHHE OIIMOKHU 10

OXIO OXZO OFO OH9O OB HECKOJbKHUX THICIYHBIX %.

VEO ’ ' KoMmeHCallMOHHBIH MeTOH JaeT
O-0O TOYHOCTH TOYTH Ha TPH MOPSAKa
C)TOH OOJIBIIYI0, YeM HEeMOCpPeICTBEHHOE

HAHPABJ‘[ TOKA Lm XlmV O x0.1mV HU3MCPCHUC.

II1. Cxema HOJAKJIIYECHUS
R ONY noteHuromerpa P-306 x uccnenyemoit
B—"’ ‘B— IUIACTUHKE IPUBEACHA Ha pUC.7 U 8

O x00ImV O x0.00lmV O x0.000ImV p A puc. )

710 8 s Tak KaK HUKOI/a HEe YIaeTcs CAeJIaTh
OTBOJIbI OT MJIACTUHBI B TOYKax

Puc.8. A ’

NMpUHAaIIEXKAUUX K

®KBUIIOTEHLIUATIBHON MMOBEPXHOCTH, TO C OIXHOM CTOPOHBI IUIACTHHBI AEJIAETCS [1BA

oreofa C u Jl. OnvH 13 3TUX OTBOJOB NOMAAAET HA 9KBUIIOTEHLIUAIBHYIO [IOBEPXHOCTD

IIOTEHIAIa 6OJII)H_I6FO, YEM IIOTCHOU Al TOUYKH A, a )Ipyroﬁ — Ha SKBHUIIOTCHOHAJIbHYIO
IMOBEPXHOCTD, IMOTCHIMAIA MEHBIIICIO, YEM MMOTCHOMUAII TOYKH A. MG)K):[y TOYKaMH

C u 1 BKJIIOYAETCd IOCIENOBATEIBHO JIBA MarHUTa CONPOTUBIEHUHM M, U M,.
[TonOupast BeTUYMHBI CONPOTUBIEHUN DTHUX MarasMuHOB, MOXHO OOecCHeyuTb
SKBHUIIOTEHLUMATBHOCTh TOYEK A M B, B OTCYyTCTBUM MarHMTHOIO IOJId, T.€. TOIAQ,
korga DJIC Xosna paBHa Hyo. [Ipy HaTMYMKM MAarHUTHOTO NOJISE MEXIY TOYKaMH
A u B, BO3HUKaeT HeKoTOpoe HarpsixkeHue, Koropoe Oyrer pasHo DIAC Xosia,
€CJIM COIIPOTHUBJIEHME MarasuHoB M, U M, (0003HauuM ux R, U R,) JOCTaToyHO
Benko. Ora DIC Xomwia usmepsaercda noreHuromerpoM P-306. 3amerum, 4to
CIIMIIKOM OOJNbLINE 3HAYEHUS CONPOTHBIEHHH R, U R, yMEHBLIAIOT TOYHOCTb

usmepenus DIIC noreHoMeTpoM. Tak 4TO, Ha BEJTMYMHBI CONPOTUBIIEHUNA R, U
R, HakJaJbIBalOTCS NPOTUBOpeuMBble TpeOoBaHUS. B omnuckiBaeMoil ycTaHOBKHU

COIIPOTHBIIEHHE R, MOXeT BbIOMparhcs B npexrenax 0,5-5 oM.

IV. JTaGopaTtopHbIii TOTEHIIMOMETP TOCTOSTHHOTO ToKa P-306 mpeaHaszHaveH Juid
TOYHBIX H3MEPEHUN MaJIbIX 3JIEKTPOIABMXKYIIUX CUT W HanpsxeHuil. [lo cBoeii
TOYHOCTU OH OTHOcHUTCS K Kiaccy 0,015. IlpenenpHas Benuuuna uzmepsemon DAC
paBHa 20,111 MB. LleHa HanMeHbIIETO NETIEHUS] paBHA OJHOM JECATON MUKPOBOJIBTA.

[MorpemHocTh NprbOpa onpeessercst GopMmynon +|1,5x1074U + 0,4AU‘
IIe U- BEIUMYHMHA U3MEPSEMOrO HaIpsiXE€HMs, B MUKPOBOJIbTAX,

- AUneHa oHOW CTyIeHW MJIQJIIei IeKajJbl B MUKPOBOJIbTAX.

H3mepeHue sneKTpOABIKYIIHUX CHJI HAIIPSKEHUI TOTEHUUOMETPOM ITPOU3BOIUTCS
CIIE/IyIOIIMM 00pa3oMm:

a) MpoBepsieTcd TOYHOCTh YCTAHOBKM pabouero Toka. [nsg »Toro pyuky
nepekmoyarens HO-X u X (puc.8) nocrasute B nonoxenue HD (HopMmaibHbIN
DJIEMEHT) W PyYyKaMH PeryJupoBKH paboyero Toka (pydkd C HaAMKHChio “Tpydo”,
“TOHKO”) NOOMTHCS HAMMEHBIIEro OTKJIOHEHHUS rajibBaHOMETpa BHayajle Ipu
Pa30MKHYTBHIX KHOIIKAaX, 3aTeéM Ipu Haxarou “2.7 KoM” M B KOHLE IPU HAXaTOU
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KHonke “07.

b) mnpousBogurca usmepenne DIC. Ing storo mepekiwouarensbr HD-X —-X
NEPEBECTH B MOIoXeHUue X Wik X U JIeKaJIHble MepeKIioyaTesd yCTaHABIMBAIOTCS
B TaKue MOJIOXEHUsI, YTOObI OTKJIOHEHHE TajTbBaHOMETpa ObIJI0 HAMMEHBIIINM, CHavYaIa
ITPU PA30MKHYTBIX KHOIKAX, 3aTEM IPY HAXATOU KHOMKE ‘2.7 U ITOTOM IPY HAXAaTOU
KHonke “07.

C) Jajee U3MEHsIeTCs HalpaBjieHue pabodyero Toka pyuykoi “HampasieHue Toka”
U 3aHOBO MOBTOPSETCS Npelpiayliuii NnyHKT. [lociie aTOro MCTHHHOE 3HaYeHHE
M3MEPAEMON JIEKTPOIBUKYIIEN CUIIBI MOIY4aeTCd KaK CpeaHee apupMETUIECKOE
W3MEpEeHUil, TIOJTyYeHHBIX TP PABHBIX HaNpaBieHuil padoyero Toka. Takum criocobom
UCKJII0YAaeTCsd Halludue B HU3MEPHUTEJIbHOW CXEeMe Napa3uTHBIX
TEPMOBJIEKTPOABUKYILUX CWI, €CIIH MOCIeJHUE HE MEHSI0TCI BO BPEMEHHU.

V. MarauTHoe mojie U3MepseTcsl MO BeIuurHe oTOpoca OalTMCTUYECKOro
rajlbBAHOMETpA, MPU BABUTAHUM WU BbIIBUTAaHUU BUTKA, BMOHTUPOBAHHOIO B
IUIEKCUITIACOBYIO ITUIACTUHKY B 3a30p 3JIEKTPOMArHuTa:

B= CGRq)
S

- Ha o
rae: ¢;R - mocTosgHHasd rajbBaHOMETPa, paBHas 0,4 x10 ? Sré, ¢ -OacTYeCK i
M

oTOpoc, § - IJIOMIaab BUTKA, paBHas 6,85 cm?

[Topsmox BeITTOSTHEHUS PabOThI M3IO0XEH B PYKOBOJCTBE, BbIJaBaeMOM B
nabopaTopuu.

3apanme:

1. M3mepute DJC Xota ¢ MOMOIIB0 KOMIIEHCALIMOHHOM CXEMBbI, OINpPEHE/INB
MPEIBAPUTESIHLHO MOJT0XEeHNE DKBUIIOTEHIIUAIbHBIX TOUEK Ha W3ydyaeMou IUIacTHHE.
2. OnpenenuTh MAarHUTHYIO UHAYKIMIO B ¢ MOMOIIbI0O U3MEPUTEIBHOTO BUTKA.

3. Ha ocHOBaHUU MOJTy4€HHBIX JaHHBIX BBIYUCIUTH BETMYMHY TOCTOSHHOM XO0Jsuia
R u onpenenuts o HEM KOHLIEHTPALMIO HOCUTENEH.

4. OnpenenuTh 3HaK HOCUTEJIEH TOKa.

TpeOoBaHus, IPEeIbIBIIEMbIE K OTYETY:

1. laTh cxeMmy BCell yCTaHOBKH.

2. IIpuBectu Bce HEOOXOAMMEBIE (DOPMYJIBI.

3. TlpuBecTr TaONHIy 3KCIIEPUMEHTATBHBIX PE3yJIbTaTOB M CpelHee 3HAYCHHE
MOCTOSHHOM XoOJl1a.

4. YKazarb MOrpeuHoCTh MOJy4YEHHOIO pe3ysbTaTa.

5. Yka3aTb 3HaK HOCHUTEJIe TOKa U BBIYMCIUTh KOHIIEHTPALIMIO HOCUTEIEH TOKa.

§2. Dpgpexm Xonna 6 nonynpoeoonuxkax Nel.

B Hacrogieit pabote omnpenensdeTcd 3HaK HOCUTENEH TOKa, UX KOHIICHTpAIUs U
IOABUZKHOCTb B ITCpPMaHHU. D1t ONpeacjacHUA OCHOBBIBAIOTCA HAa M3MCPECHUHU 3HAKa
U BEJIMYMHBI IOCTOSIHHOU Xonna, I CETO UMECTCA KOMIUIEKT HpI/I60pOB COCTO?IH_[I/Iﬁ
3

1. EHCKTPOMaFHI/ITa, peocTrara Ajid HM3MCPEHHA TOKa YCpe3 C€ro O6MOTKy,
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aMHepMeTpa 51 HepﬁKJHO‘IaTCJIH. KOHLII)I HaMaFHI/I‘{I/IBaIOH_[eﬁ KaTyH_IKI/I
SHGKTPOMaFHHTa BBIBCJICHBI K KJIEMMaM HepeKmoanens[ u O603Ha‘ICHI)I (+) nu (-)
HpI/I COOTBGTCTByIOH_[eM INOAKIIYCHUNU ITOCTOAHHOTO HalIpAXKCHUA B B03)Z[yH_IHOM
3a30pe JIEKTPOMarHuTa BO3HUKAET I10Jie, HAlPAaBICHHOE BHU3.

2. 3epKalbHOTO OATUCTHUYECKOTO TalbBaHOMETpa I M3MEPEHUS MarHUTHOUN
UHIYKLIY B 3a30pe aiekTpomarauTa. ([Ipoussenenne OATUCTUYECKOM MOCTOSTHHOM

—[THa
Ha CONPOTHBJICHUE TraJlbBaHOMETpA: csR =3,4x107 v

3. OOpa3na repManus, CMOHTHUPOBAHHOTO Ha IJIEKCUIJIACOBOM IIACTHHKE,
CXeMaTU4YeCKH M300paXeHHOro Ha puc.9.

5/«— e —» 4
S 2
a1 b
4 3 ¥

Puc.9.

3neck: 1 1 2 — ToKONpoOBOAAIIME OTBOABI, 4 U 3 — 30HIbI I usmepenud DIC
Xosna, 5 — BCoMoraTesibHbIA 30HA AJIs U3MEPEHUS 3JIEKTPOIPOBOAHOCTH.

Tommmuua obpazma d = 0,57 MM, mupuHa obpazma b = 3,8 MM, paccrosHue
MEXIY 30HAaMH U1 ONpeAesieHusl 3eKTponpoBogHoctu € = 4,34 mM. B 3ty ke
IUTACTUHKY BMOHTUPOBAHBI TPY BUTKA [T U3MEPEHHUS MArHUTHOU UHAYKILIMM, PAIAYC
BUTKOB | cM.

4. MarazuHa COIPOTUBIICHUH, BKJIIIOYEHHOTO IOCIEI0BaTeIbHO C 00pasloM B
KauecTBe JOOABOYHOTO COMPOTHUBIEHUS, U MIWUTUMETpPA U1 M3MEpPEHHs TOKa depes
oOpaserl.

S. [Torenunomerpa P-307 u Hynb-ralbBaHOMETPA, CO CBETOBBIM YKa3aTEIEM THIIA
M-195, npu nomoum kotopsix umepserca DIAC Xomra.

Cxema BbIBOgOB noteHuromerpa P-307 na puc.10.

OXIO OXZO O O OHQO OrO

Perymmposka Toka
OFPYEOO
OTOHKD leV x0. lmV X0.0lmV

o .O. X O @ @
BHEy X, an(n

O O O
4Q O Vemok.

o]
XO.OOImV XO.OOOImV X0.00001m

Puc.10.
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HN3mepsgemas DIC momkiwyaercd K KoHTakTaM X —X, K KOHTakTam [
NPUCOETUHSIETCS TalbBaHOMETpa, K KOHTakTaM B — Gatapes, K koHTakTam HD —
HOPMAQJIBHBIN ®JIEMEHT.

Takum 00pazoM, cxema YCTaHOBKHU BBHIIJISIUT TakK, Kak m3o0paxeHo Ha puc.ll.

26v

K noreHumomerpy npu
H3MEPEHNH K TPOIPOBO

K norenuuomeTpy npu
n3mepennu DAC Xomna

Puc.11.

[Tpu w3mepenun DC Xosna Haqo UMETh BBUJLY, YTO 0Opa3ell MMeeTcs TOJBKO JBa
30H1a (3 u 4), 32 CHMMETPUYHOCTD ITOIKJIIOUEHHS KOTOPBIX HENb3s pydyaThcd. Eciu
30HIbI TOAKIIOYEHbI HE CUMMETPUYHO, TO MPH MPOXOXACHUU TOKa yepe3 obpasel
MeXIy HUMH OKaxercd HampsxkeHue Ay. DJC Xosta, KOTopas BO3HUKHET MpU
BKJIFOUEHUU MarHUTHOTO 1OJs, OyneT MO0 CKIaabIBaThCs, TMOO BHIUUTATHCS U3 Ay
B 3aBUCHUMOCTH OT HAIpaBI€HHUsS TOKOB uyepe3 MarHUT M 4yepe3 obOpazel. Takum
o0pazoM Ha 30H1ax 3 u 4 Oyner uzmeparbes He DIC Xorna, a HEKOTOpPbIiT CyMMapHBbIii
apext. Hebonpiioii Bkag B uamepsiemyto DJIC OyiayT BHOCUTh U TEPMOBJIEKTPOHHbIE
CUJIbl, BO3HMKAIOIIME IpPU KOHTAKTax pa3HbIX MarepuajnoB. Takum obOpazowm,

usMepsieMoe Hanpsikenue Oyner coctoats U3 DAC Xomna E, , DIC KomneHcanuu

Av u tepmo DIC Av,. Eciiu nipy KakKMX-TO HallpaB/IEHUAX TOKa B IUIACTUHKE U
MarHuTHoro moJjist 3t DI C cKi1agpIBaloOTCs, TO
E,=E, +Av + Ay,
M3MEeHUB TOJBKO HANPaBJIEHUE MArHUTHOTO IOJIsI, MOXHO U3MEHUTh 3HAK IMepel

EX , 4 UISMCHUB HaAIIPpABJICHUEC TOJIbKO TOKAa B INIACTHHKE, MOXHO H3MCHUTbH 3HAKH

nepen E, u Ay. Takum oOpa3oMm M3MeHss HalpaBlieHUs TOKOB Yepe3 MarHuT M
oOpasel, MOXHO TPOBOJWTh TakKMe KOMOWHAIIMM W3MEpPEeHHWi, KOTOpbie HamyT
BO3MOXHOCTbh UCKJIFOUUTh BeJIMYMHBI Ay MAv, u onpeaenuts DIC Xomra. Ilpu

3TOM CJIe/lyeT BHUMATEIbHO CIIEAUTh U 0053aTEIbHO 3aIUChIBATH HE TOJILKO BEJTMYMHY
uzmepsaemoit DJIC, Ho u ee 3HaK. Ee mossipHOCTH ompenensercss N0 MapKUpPOBKe

KJIEMM Ha IIOTEHLIMOMETPE.
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Jns u3MepeHusi MarHUTHOM MHAYKIIMU B 3a30pe 2JIEKTPOMarHuTa UCIOIb3yeTcs
OQUTMCTUYECKUI TaTbBAHOMETP W TPH BUTKA IMPOBOJAA, BMOHTHPOBAHHEIE B Ty Xe
IUTEKCHIJIACOBYIO TUTACTUHKY, 4TO W oOpasel. Tak Kak B 3TOM ciydae OBICTPO
BBITAIIIUTH BUTKHU H3-3a 3a30pa HEBO3MOXHO, TO U3MEHSITh MAaTHUTHBIN MTOTOK CIEIyeT
NEPEeKTI0UeHUEeM TOKa 4epe3 OOMOTKY MarHuTa (00s3aTesIbHO MepeK/TIoUeHUEM, a
HE BBIK/TIOYCHUEM WM BKITIOYCHHEM, YTOOBI MCKITIOUUTH TUCTEPE3UCHBIC SIBIICHUS).
H3mepeHue a1eKTpOorpoOBOAHOCTH 00pa3iia TakkKe MPOU3BOAUTCS MMOTEHIIMOMETPOM
P-307. Ong sTtoro usMmepseTcsl HampsSxkeHue MexXAy BbiBogamu 5 u 4. YienbHoe
COTIPOTHUBIICHHE OTpEAESISeTCS MO BEIMYWHE MaJcHUS HampssKeHUs Ha oOpasie u

3HAYEHHIO TOKA YEPE3 HETrO, T.E. p= [IJ?,

Iie |— paccTosHWe MeXay 30HaaMu 4 u 5, § — ceueHue oOpasia.

3ananue:

1. U3mepurs DIIC mexny BoiBOIaMU 3 U 4 IIPU pa3HBIX HAINPABIEHUAX TOKA B
IUTACTHHKE ¥ OOMOTKE 3JIeKTPOMAarHiTa ¥ BEIYUCTUTH BennunHy U 3HaK DJIC Xommna.

2. V3MepuTh HANpAXEHHOCTb IOJ B 3a30pE 9JEKTPOMATHUTA, MPH KOTOPBIX
npousBonuuck uaMepennd SIC Xoma.

3. BbruuciauTh NoCTOAHHY0 XOJuia.

4. OnpenenuTh KOHLEHTPALMIO HOCUTENEN TOKA U UX 3HaK.

5. M3MepuTh 21eKTPOIPOBOTHOCTH 00pasiia.

6. BBIYKMCIUTh MOABMXHOCTh HOCHUTEJIEH TOKA B JaHHOM 00pasiie.

TpeGoBanusd, npexbsaBigeMble K OTYETY:

1. laTp cxemy BCEH yCTAaHOBKH.

2. Ilpusectu ¢opmyny miga onpenenenuda DIC Xosna, NOACTaBUTh B Hee
V3MEPEHHBIE BEJIMYMHBI U MPUBECTH PE3YJIbTAT C YKA3aHUEM ITOIPELIHOCTH.

3. IlpuBecTH 3HAYEHMS HANPIXKEHHOCTEH MArHUTHOIO IOJI, NPU KOTOPBIX
m3Mepsnack DIC Xosna.

4. TlpuBectn opMyy UId ONpelNeneHus] MOCTOSHHOW XOIUla, €€ 3HauYeHHE C
YKa3aHUEM Pa3MEPHOCTH M IOTPEIIHOCTH €€ OIPEACIICHHUS.

5. IlpuBecTu 1noJiydeHHbIE 3HAYEHUS] KOHIIEHTPALUU HOCUTENIeH TOKAa U yKa3aTh
UX 3HaK.

6. YKa3zaTh BeJMUYMHY 3JIEKTPOIMPOBOAHOCTH OOpa3lia ¢ OLIEHKOW MOTPEIIHOCTH
€e OIpENEIICHNUS.

7. Yxazarp BEIMYMHY HOJBUXHOCTH HOCHUTENIEM C OLEHKOW IOIPEIHOCTH €€
ONIPEIEIICHUS.

§3. Bppexm Xonna ¢ nonynpoeoonuxax Ne2.

B Hacroseit pabote onpegensieTcsl 3HaK HOCUTENeH TOKa U X KOHIIEHTpaIud B
nonynpoBogHuke PbS. I 3Toro HeoOXOAMMO W3MEPUTh 3HAK W BEJIUYUHY
MOCTOSHHOU XOJuIa.

YcraHoBka coCTOUT U3:

1. DnexTpoMarauTa ¢ UICTOYHUKOM nutanug YHUII-1.*

*) H3zmenenue HanpaeJleHuA nokKa 6 oOMOmMKe MAHUMA MOKHO I’lpOM36’OaLH’I/lb MOJIbKO npu
6bIKJIWUYEHHOM UCNIOYHUKE NUMmMaHuAa.
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2. WU3meputend MarHuTHOM uHAykKunu E11-3.
3. HuzkoomHuoro noreniuomerpa P-306.
4. Hynb-ralbBaHOMETpaA CO CBETOBBIM yKaszaresieM tuna M-195.
5. [Mnactunku ¢ oOpasiom.
6. CrabunuzaTopa TOKa, NMUTAIOIIEro oopasell, C MUJTHAMIIEPMETPOM.
OO6pazer] CMOHTUPOBAH Ha TEKCTOUTOBOM IIACTUHKE, CXeMaTHUeCKU n300paxeH

Ha puc.12.

3necy 1 u 2 TokompoBomsiue OTBOIbBI, 3 U 4 — 30HABI Wid u3MepeHus DIC
Xomna. Tommmaa obpaszmna d = 0,5 mm.

Cxema noaksmodeHus nmoteHimomerpa P-306 x ucciegyeMomy oOpasity mokazaHa
Ha puc.13.

K norenupomerpy npu
m3mepennu IAC Xomna

Puc.13.

[Topanok u3MepeHus 3JIEKTPOABUXYIIUX CUJI U HANPSKEHUH MOTEHUUOMETPOM
P-306** npusenen Ha ctp 18, onucanue naMepuressd MarHuTHOW UHayKuuu E11-3
MPUBEICHO B PYKOBOJICTBE, BbIaBAEMOM B J1a0OpaTOpUU.

[Tpu m3mepennn DC Xosia HyXXKHO UMETh BBHIY, YTO 0Opa3el] UMeeT TOJbKO
aBa 30HAa (3 1 4) 32 CUMMETPUYHOCTh TMOJAKIIOYEHUS! KOTOPhIX HEJb3d PydaThCsl.
Ecnu 30HIbI MOAKJIIOYEHBI HE CUMMETPUYHO, TO MPHU MPOXOXKIEHUM TOKa 4Yepes
oOpazer; Mexny HUMU okaxercs HanpsikeHue Av .DIC Xomia, KoTopas BO3HUKHET
MpU BKJIIOYEHUU MArHUTHOTO MOJIsd, OyneT b0 CKJIaabIBaThCsl, TUOO BBIYMTATHCS
u3 AV B 3aBUCHMOCTH OT HaIlpaBjieHHS TOKOB Yepe3 MarHuT U depe3 oOpasel.
Takum oOpa3om, Ha 30HAax 3 u 4 OyneT u3MepsaThcd He DIC Xomna, a HEKOTOPBIHA
cymMMapHbIil a¢pdekT. UToObl nckmounts u3 u3Mepsemoit DIC Hanpsixenue Av, a
Takxke U TepMo DJIC BOCHONIB3YyHTECh YKa3aHUEM, NTPUBEAEHHOM Ha cTp. 20 u 21.

Tak xak B JaHHOM ciiyyae usMepsaemad DC maiia, ToO HEKOTOPYIO POJIb UTPAIOT
u tepmo DJIC, Bo3HuKaruye B noreHuuomerpe P-306. 171 UX UCKITIOUeHUS CIIeTyeT
NOBTOPSITH BCE HM3MEpEeHUs C M3MEHEeHUEeM HampaBlieHud paboyero Toka
notenomerpa. [TomsgpHocTh 0011IEro KOMIIEHCHPYIOILETO HAMPSKEeHUsI OTpeesIeTcs
110 MAPKUPOBKE KJIEMM Ha MOTEHLHUOMETPE.
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3ananue:

1. Uzmeputs nonepeunyto DC u Bprancautsy DIAC Xosia.

2. W3MepuTh HANpPSIXKEHHOCTU MO B 3a30pe 3JIEKTPOMArHWTA, MPHU KOTOPBIX
npousBonuiuck uaMepennd S1C Xoma.

3. BbruuciauTh NOCTOAHHYI0 XOJUia.

4. OnpenenuTh KOHUEHTPALMIO HOCUTENEH TOKa M MX 3HaK.

§4. Onpeodenerue wWUpuHsl 3anPeujeHHOU 30Hbl 8 2ePMAHULL.
3aBUCUMOCTbH TCINIOMPOBOAHOCTHU OT TEMIICPATYpbl A ITOJYIIPOBOAHHKA,
cojiepXarrero MpUMecH OJHOTO COPTa, MOXKET OBITh OITUCAHO CIIEMyIoIIel (hopMyIIOu:
_AE _AE,
o=0,e 2T +g,e 2T
3necy AE - mmpuHa 3amnpermieHHoi 30HbI, a AE, - mupuHa npoMexyrka jaubo
MCXKIY YPOBHAMU JOHOPOB U HUXHEU FpaHHL[eﬁ 30HBI IIPOBOANMOCTH, b0 MCXKIY
YPOBHAMU AKOCIITOPOB T BCpXHeﬁ r'paHI/IHefl BAJICHTHOM 30HBI.
HepBLIﬁ YICH 9TOI'O BBIPAXKCHUA OTPAXKACT XaAPAKTEP TeMHﬁpaTypHOﬁ 3aBUCUMOCTHU

COOCTBEHHOH IMPOBOIUMOCTH, & BTOPOH — mpuMecHOi. AE,, KaK IPaBUiIO, MHOTO

menpiie AE, a g, >>0,. [losToMy, IIpu CpaBHUTEIBHO HU3KHX TeMIIepaTypax

IPOSBIIIETCA, B OCHOBHOM, IPUMECHAsd NPOBOAMMOCTb, IEPBBIM XK€ YJIEH B
BBILLIEHAIUCAHHON (hOpMYyJIe MAJIO OTIIMYAETC OT HyJ1d. [Ipy BBICOKHX TeMneparypax
CYLLECTBEHHA JIUILIb COOCTBEHHAs: POBOAMMOCTb. ['paHuiia Mex 1y 00J1acTbi0 BBICOKMX
Y HU3KUX TEMIIEpaTyp 3aBUCUT OT THUIIA IOJYIIPOBOJHUKA U KOJIMYECTBA IIPUMECEH
B HeM. Ham o6pasenr TakoB, 4TO KOMHATHasd TeMIlepaTypa MOXET yXe CUUTaThCA
BBICOKOW TEMIIEPATYPOl M MBI MOXEM I10JIb30BATHCS YIPOLUEHHOM (hOPMYJION:
_AE
o=0pe T
B BeMuKHY 0 BXOAMT MOABMXHOCTH HOCUTENEU U KO3 PULIMEHT IPU 3KCITOHEHTE

_AE
e kT (cM. opmyny (6) u (5a))*. KoapuuueHT npu 3KCIOHEHTE 3aBUCUT OT

3 o
TeMIepaTypbl Kak 7%, NONBMXHOCTD HOCHTEIEH B repMaHuy Tuna n (MMEHHO
Takoi oOpasell 3/1ech HCIOIb3YeTCs) B 00JIACTH UCIIONIb3YEMbIX TEMIIEpaTyp MEHSIETCS

-3
10 3aKOHY ONM3KOMY K T % Takum o0pa3oM, 0, 3aBUCUT OT TeMIleparypsl ciado.
[Iupuna 3anpenieHHo 30HbI AE 3aBHCHT OT TeMIepaTypsl TOXe cliabo.
[ToaToMy, TOJYYUB BDKCIIEPEMEHTAIBHYI0 3aBUCHUMOCTh O U TIOJB3YSICh DTOM

chopmys10ii, MOXHO ompeneiauts 6, U AE. Jng atoro ynobHee BCEro HauepTUTb

3aBucuMocTb 1 0 ot T™'. Ecniu chopMyra cripaBeyinBa, To 3Ta 3aBUCUMOCTb JOJIKHA
OBITh JIMHEMHOM.

YcraHnoBka 1 M3ydeHus: TeMIepaTypHO 3aBUCUMOCTH TIPOBOJMMOCTH BKJTIOUAET
B ce04:

*) B uucmom noaynpoeooHuke u KOHUEHMPAyUro HOCUMENE MOKHO NOJLYUUNb, U3ENEKAA
K6AOpamHbulll KOpeHb U3 Npasoll yacmu popmyast (Sa).
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1. IlmactuaKy repmanus (cMm. puc.l4),

Puc.14.

2. UICTOYHUK MUTAHUS IUTACTUHKHM T€PMaHKsd U MUKPOAMIIEPMETP Ui U3MEPEHUS
TOKA 4yepe3 IUIACTUHKY,

3. meup s noporpeBa obOpasla; TOK yepe3 Ieuyb peryjupyercs
aBToTpaHcgopmaTtopoM. IJid M3MepeHus TeMIlepaTypbl B Ie€4Yb BMOHTHpPOBaHa
TEpMOIIapa: TOK TepMONapbl U3MEPSETCS TaTbBAHOMETPOM,

4. norenuuometp P-307, ciayxammii s u3MepeHus MaieHus HanpsKeHus Ha
oOpasiie KOMIIEHCAIIMOHHBIM METOIOM U HYJb-TajibBaHOMeTp M-195.

CxeMa cOelMHEHUS 3TUX BJIEMEHTOB IPUBEINEHA HaA puc.15.

+ U cToyHUK
TOKAa

O6pasen ::r(::

P-307

Puc.15.

Jananue:
1. M3meputh 3aBUCHMOCTH MajeHHE [J Ha oOpasle OT TeMIepaTyphl Kak IpH
MOBBIIIIEHUH, TaK U TP MOHUXEHUU TEMIIepaTyphl.

2. Tloctpouts rpacuxk dpynkuum 1, U =f @—;@

3. MeTonqoM HauMEHBIIMX KBAJPATOB OIPENEIUTh [IUPUHY 3alPEILLICHHON 30HBI
Y BBIYUCIIUTD MOTPELNIHOCTD MOJYYEHHOTO 3HAYEHUS.

§5. Onpeodenerue OnuHbl Oupdy3uu u epemenu Ku3Hu HeOCHOBHHIX
HocumeJiell MoKa 6 NOJIynpo80oOHUKe.

B pa6ore onpenensgercs quddysrnoHHad IMHA 1, HOCUTENEH TOKa — 3JIEKTPOHOB

B JBIPOYHOM IOJIYIIPOBOOAHUKE U BpEM XKHU3HU T, HEOCHOBHBIX HOCHUTEJIEH TOKa.

Obpazen npexacTapisgeT co0Oil repMaHUil, JIATUPOBAHHBINA TATTUEM, BJIIEMEHTOM
III rpynmer nepuonuueckoii cucrembl. OO6pasel BbIpe3aH B BUJE MPSMOYTOJIBHOTO
Opycka mmHON okono 1,5 cM. I yMeHbIIEHUS MOBEPXHOCTHOM peKOMOMHAINN
MOBEPXHOCTh 00pa3iia crienuaibHo 00paboTaHa: OunIlieHa TPaBJIEHUEM B MIEPEKUCH
BOIOPOJA C MOCJEAYIOIIMM ITPOMBIBAHUEM TUCTWUIMPOBAHHOW BOHNOM. K mpaBomy
24



JlabopaTtopHasa paboTta Ne90
KOHITy 00pa3slla YHUCTHIM OJIOBOM NIpHUIIasH MEIHBIN 31ekTpoa. Ha HekoTopoMm
PacCTOSSHMM OT 3JIeKTpOJa MOBEPXHOCTH oOpaslia KacaeTcs TOYEYHBId KOHTaKT,
Ha3bIBAEMBI KOIIJIEKTOPOM U TPEACTABIISIONIUN CO00i BOIB(PAMOBYIO ITPOBOJIOKY
C IMaMeTPOM OCTPHUS B HECKOJIBKO MUKPOH.

Jlng mHabmonenus nudpy3uu HOCUTENEH TOKa, CO3MaHHBIX CBETOM, MPEIyCMOTPEeHA
CUCTEMa OCBelleHUd oOpa3iia MydKoM CBeTa, UAYIIMM OT IMPOSKIIMOHHOMN JIAMIThI U
(hoKycHpYIOIMCS B BUJIE TOHKOI TIPSMOM JIMHHAHA s . DTa JIMHUS MepecekaeT oopasell
U NapauiesibHa €ro TOpLaM.

JIng KperieHns ¥ riepeMelieHus 00pa3siia OTHOCUTETBHO CBETOBOM MOIOCHI CITyKHT
OKYIISIpHBIN MUKpoMeTp. ['epMaHueBbIil 0Opa3ell MpUKJIeeH Ha IMOIBIKHOM TUTACTUHKE
dTOTO MuUKpoMmeTpa. [Ipu BpalmeHUHM MHKPOMETPUUYECKOTO BHHTa oOpaselnn
nepeMeniaeTcsi OTHOCUTEIbHO HEMOABUXKHOM Kbl ¢ aeiaeHusMu ot 0 10 8 mw,
pacroyioxeHHOU B POKaIbHOU IJIOCKOCTH OKKYJIsIpa.

[Tpu moBOpOTE MUKPOMETPHUYECKOTO BHHTA 3a HaKaTaHHYI0 yacTh OapabaHa Ha
oanH 000pOT oOpasell MepeMeCTUThCd Ha OJHO JejieHHWe IIKalbl, T.. Ha 1 MM.
Bapaban no okpyxHoctu pazaener Ha 100 yacTeid, moBopot 6apabaHa Ha 1 neneHuid
COOTBETCTBYeT repemMeltiennto oopasia Ha 0,01 mm. Takum obpazomM, mKana 6apabana
CIIYXHT JUIS OTCYeTa COTHIX JIOJEH MUUIMMETpPa. DTO 3HAYUT, YTO C TOYHOCTHIO
orcueTa B 0,8 MM MOXHO OITpeIeTUTh BEIMIMHY IepeMellieHns] 00pa3siia OTHOCUTETLHO
CBETOBOU IOJIOCKH.

[Tydok cBeTa mpephIBaeTCs IPU TOMOIIH JMCKA C YeTHIPbMS OTBEPCTUSIMH, KOTOPBIT
Bparmaercss MOTopoM. Takum o0pa3oMm, CBET MMajaeT Ha MOBEPXHOCTh oOpaslia B
BHUJIE UMITYJIbCOB TIPSIMOYTOJIBHOUM hopMbl. Brraromgapst 3HaUnTe IbHON UTUTETLHOCTH
CBETOBBIX HMITYJIbCOB B 00Opasie co3JaeTcs CTallMOHapHOe paclpeiesieHue
HEPaBHOBECHBIX HOCUTENICH, KOHIIEHTPAIUSl KOTOPBIX C YBEIMYCHUEM PACCTOSHUS
BIOJIb 00pa3iia OT OCBEIIEHHOTO y4acTKa YMEHBIIAeTCs M3-3a PEeKOMOMHALUU TIO
N0Ka3aTeJIbHOMY 3aKOHY.

Yepes KOXyX OKKYJIIPHOTO MUKPOMETpa BBIBEICHBI HAPYXKY JIBa MPOBOJIA: MTEPBBIN
— OT KOJUIGKTOpa, a BTOPOH — OT Kpasi oOpasiia, KOTOpble MOIAKII0UAIOTCI K CXEMe
(puc.16).
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Puc.16.

Ha xonTakt K (KomiekTop, IBISIONIUNACS TOYSUHBIM JIeTEKTOpOM, OT OaTapeu E
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yepe3 nenuTennb Hanpsikerus 11, mogaercs mocTOSHHOE CMeITIeHne, COOTBETCTBYIOIIEE
3alIOPHOMY HalpaBjeHHWI0 (B HaIIeM cjydae, IMOJOXHUTEIbHOE), U3MepseMoe
BOJIBTMCTPOM ITOCTOAHHOTO TOKaA. COHpOTI/IBJ'IeHI/Ie KOHTAKTa B 3aHOpHOM HaHpBﬂﬁHI/II/I
BEJIUKO, HOSTOMy TOK, HpOXO)Z[ﬂH_[I/Iﬁ IO BK/IIOUCHHOMY ITOCJICAOBATC/IBHO C HHUM

Harpy3oyHomy conporusiaeHuio R, =1KOwM, omnpenensgercd B OCHOBHOM
CONPOTUBIIEHNEM KOHTaKTa. YTOOBI COMPOTHUBJICHHE JETUTENS HampsXKeHHs,
BKJIIOYEHHOE IIOCIEAOBATENBHO C R, HE MCKaXalo BEJIMYMHBI HArpy304HOIO

COIIPOTHBJICHHUS, NApAJIeSIbHO JIEIUTEN0 BKJIIOYeHa OokupoBoyHas eMKocTh C,
3aMbIKaloIad 1o IEPEMEHHOMY TOKY LIl KOJIEKTopa Ha 3emino. C Harpy304HOro
COIPOTUBJICHUS HAIPAXEHHE IOCTYIAET HA JIAMIIOBBIM BOJIBTMETP IIEPEMEHHOIO
ToKa B3-13, KOTOpBII PEruCTpUPYET U3MEHEHHE TOKA KOJJIEKTOPA.

[Tone, cozpaBaemMoe MOJIOXKUTENBHBIM CMELLIEHUEM Ha KOJUIEKTOPE U JOCTUTAOLIEE
B HEIMOCPEACTBEHHON OJM30CTH OT HEro 3HAYMTENbHOUW BEJIUYWHBI, coOupaer
oKa3aBIuecs BOJM3M KOJIJIEKTOpAa HEOCHOBHbIE HOcUTelu. BcrnepctBue aTOro
oOpaTHBI TOK KOJUIEKTOpA YMEHBIIIAETCs, ¥ MajleHne HAPSKEeHUS Ha Harpy304HOM
CONPOTHUBJIEHUH pacTeT. UMITysibcHOE OcBelieHre 00pasiia MO3BOJISeT OTIETUTh YacTh
TOKa KOJUUIeKTopa, 00YyCJOBJIEHHYI0, BO30YXJEHHbIE CBETOM HEOCHOBHBIMU
HOCUTEIAMH, OT €ro IIOCTOSHHOW COCTaBisoleld. BceiencTtsum sToro mnageHue
HanpsiXeHusd, (PUKCUPYeMOE€ BOJIbTMETPOM IEPEMEHHOrO TOKAa, BBI3BAHO
HEIOCPEICTBEHHO TOKOM JOMOJIHUTEIBHBIX HOcUTENeN. T.K BEJIMYMHA 9TOrO TOKa,
a TaKXe IMMaJeHue HANpsSKEHUS Ha HArPy30YHOM COIIPOTUBIIEHUU V ~ IPU MaJbIX
KOHLIEHTpAUUIX AOMOJIHUTEIBHBIX HOCUTEJIEN TPOITOPLIMOHATIBHBI X KOHLIEHTPALUH,

10 1UPy3HYIO IIMHY |, MOXHO BEIMUCIUTS 110 hopmyite (17a) rpacuuecku, 3ameHss
1 IPOINOPLIMOHAIIBHON €U BEIINYUHOU V.

X
B camowm nene, nposiorapucgmupoBas Beipaxenue (17a), nomyunm 1,n =1,n, - o
0

H3MepuB V ~ NPUPA3TUYHBIX PACCTOSHUAX KOJUIEKTOPA OT OCBEILIEHHOM IIJIOCKOCTH

U IOCTPOMB KPHUBYI 3aBUCUMOCTH | V OT X, IPHO TaHIEHCY yIjla HaKJIOHA

. . 1
MNPpAMOIMHCUHOI'O0 Y4dCTKad KPUBOU MOZXKHO OIIPCAC/INTH BEJIIMUUHY r (3aM6Ha n Ha
0

V ~ HE U3MEHHUT yIJIa HAKJIOHA).

[Tocsie BBIKJTIOUEHMS OCBEILEHUS KOHUEHTpalUsi HEPAaBHOBECHBIX HOCHUTEJE N
YMEHBIIIAETCI CO BPEMEHeM 3KCIIOHEHIIHAIbHO, cornacHo copmyne (176). Mmed
OCLWJJIOTpaMMy CHUTHaJIa, MPONOPLHMOHATILHOTO KOHILIEHTPAallMd HEPaBHOBECHBIX
HOCHUTEJIEH, B 3aBUCUMOCTH OT BPEMEHHM I10CI/I€ BBIKJIIOUEHHUSI, MOXHO Ha y4acTKe

Cliajla CUrHajla HalTU BpeMs, pPaBHOE T, - BPEMEHM XU3HU HEPaBHOBECHBIX
HOCHUTEJIEN.

-1

1
Kax BumHo u3 opmysst (176), npu t = Tn;i =e = T.o., Ha yyacTKe cnana

n
0
HEOOXOIMMO HANTH BpeMsi, B TEYEHUH KOTOPOTO CUTHaJl YMEHbBILAETCS B € pas, T.€.

26



JlabopaTtopHasa paboTta Ne90

1 .
70  OT HAYATBHOH BETUYHHDL.
TpeboBanud, npexbaBigeMble K 0TYETY
Ot4er n0/KeH coaepKaTh:
CxeMy yCTaHOBKH.
Tabnuiy ¢ pe3yibTaTaMyd U3MEpeHUH.

KpuByio 3aBucumMoct y OT X.

Kpusymw 3aBucumoctu 1V or x.

A ol S e

3HaueHue BPEMCHU XU3HU T, HEOCHOBHBIX HOCHUTEIEH TOKa.

3HaueHue nuddy3HON IIMHBL |, HEOCHOBHBIX HOCUTENIEH TOKA.
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