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IlpencraBiensl pe3ysbTaThl MarHUTOra30MHAMUYECKOIO pacyeTa XapaKTePUCTHK
JABYXCTPYMHOM 3JIEKTPUYECKOH NyIrd C YyYETOM TEMIIEPAaTypHOM M MOHU3alMOHHOI
HEPABHOBECHOCTEH aproHoBoii miasMmbl [lokazano, 4To KaTomHass M aHOMHAsA CTPyH
UrParoT PoJib MJIA3MEHHBIX 3JIEKTPOMIOB, BIOJIb KOTOPHIX XapaKTep HyroBOoro paspsua
MEHSETCS C CAMOCTOSITEJIbHOI'O HA HECAMOCTOSATE IbHBIHA.

OTKpbITasi ABYXCTpyHHas 2JICKTpUYECKasi Ayra oOpa3oBaHa aHOOHOW U
KaTOJTHOH IUTa3MEHHBIMH CTPYSIMH, KOTOpPBIE (hOPMHPYIOTCS 3a CYET Harpesa
U YCKOpEHHs IIa3MOOOpPa3yloLIero rasa B KaXIOM U3 PACHOJIOKEHHBIX
MOJl HEKOTOPBIM YIJIOM 3JIEKTPOAHBIX COIEJ. DKCIIEpPUMEHTaJIbHBIE HCCJIe-
noBanusi [1] moOKasanm, YTO JIEKTPOMATHATHOE OTTAJKMBAHHUE WCKPHUBILIET
IUTa3MeHHbIe cTpyu. [Ipn HabmoneHnn Yepes ONTHYECKU IUIOTHBIN (HIIBTP
SPKO CBETSANIUECS] CTPYHW Pa3leICHB TEMHBIM IPOMEXYTKOM W BBINVIAOAT
CaMOCTOAITESIbHBIMU. B 30He cimsiHus CTpyil [yroBoil paspsn aud@ysHo
pacmpeniesieH MO BBICOTE B IHPOMEXYTKe Mexny crpysamu. Ha ocHose
MIPOBENECHHBIX U3MEPEHUI TEMIIEPATypPHOM U 3JIEKTPUYIECKON CTPYKTYp pas-
PSIIHBIA TIPOLIECC MEXIY IUIa3MEHHBIMHE CTPYsiME KiiaccuduuupoBad B [1]
KaK HEeCaMOCTOSITEJIbHBII TyrOBOH pas3psii.
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4 O.b. Kynymbaes, T.b. HukynnueBa

MarHuTora3oMHaMUYeCKil pacdeT [2] paBHOBECHBIX XapaKTEPUCTHUK
IUIOCKONapaJIUIeSIbHOM BYXCTPYWHOH MAyrH IOKasaja, 4TO B pe3yJbTaTe
WCKpPUBJICHHUS CTpyi (opmupyercs oOmmil MOTOK ILIa3Mbl, 00pa3OBaHHBIN
ABIKYIIVIMUCS B OJHOM HAIIPaBJICHUM CTPYWHBIMH TEUCHUSIMH U Pa3/iesIcH-
HBIi BOBJICYCHHBIM C BHEIIHEH MEKCOIUIOBOM TPAHUIBI CITyTHBIM Ta30M.
Tedyenne u TEmI000MEH 3TOrO rasa OINpPENEIACT IOJIOKCHIE 30HHI IepeTe-
KaHWsl TOKa (TOKOBOI MEPEMBIYKU) MEKIY CTpysMH. HIDKHSSA, CO CTOPOHBI
COIIeJI, TPAaHMIA IEPEMBIYKH COOTBETCTBYET PACCTOSTHUIO IIPOTPEBA CITyTHOTO
rasa OT CTPYH IUTa3MBl IO TEMIIEPaTypsl, MPH KOTOPOH ra3 mpuodOpeTaet
CIOCOOHOCTb IIPOBOUTD 3JIEKTPUYECKUI TOK.

B mexcrpyiiHOit 0071acTH, 3alOJTHEHHOH CITyTHBIM ra3oM, Iuia3ma Oy-
OeT HepaBHOBecHOH. [loaTomy B maHHON paboTe Momdesb OBYXCTPYHHOI
9JICKTPHYECKOi ayrd [2] 000OIIEHa yY4eTOM TEMIIEpaTypHOH M HOHHM3AIN-
OHHOM HEPaBHOBECHOCTEW aproOHOBOM ILIa3Mbl [JI1 YTOYHEHHUSA MEXaHU3Ma
NepeTeKaHnsl TOKa MEXIy IUlasMeHHbIMH cTpysimMu. Ilosaraercs, 4ro Bce
MIPOTEKAIOIIHE TPOIIECCH CTallMOHApHbBIE, TCYCHHE NO3BYKOBOE M JIAMUHAp-
HOe, nu3JIy4eHne oobemHoe. I11a3ma aromapHOro rasa paccMaTpuBaeTcs Kak
JIBYXKOMIIOHEHTHBI KBa3sHHEUTpaJIbHBI KOHTHHYYM 3JIEKTPOHHOIO Trasa C
TeMIepaTypoil Te W rasa TSKEJIBIX YacTHUIl C TEMIepaTypoil Th, B3auMmomneii-
CTBYIOIIUX TTOCPEACTBOM YNPYTUX coynapeHuid. KoHIeHTparwsa 37eKTpOHOB
Ne HEpaBHOBECHAs M3-32 HAPYIICHUsS JIOKAJILHOH KOMIIEHCAIlUU IIPOLIECCOB
MOHM3aIMH aNe W pexoMOuHamuu AN2 muddysnonasm VDAVNe U KoH-
BEKTUBHBIM — V'V NEpeHOCOM (V — cpemHeMaccoBasi CKOpocTh, Da —
k03¢ PurrienT amOunonAapHoi Tudpdy3nuu, @ — 4acToTa yiapHO! MOHU3ALINY,
B — K03(hOUIMEHT TPEXIaCTHIHON yHapHO-PAINAIIIOHHON PEKOMOWHALINM;
V — omnepatop ['amuibroHa). XapakTepuUCTHKU ABYXCTPYHHOH 3JICKTpPH-
YEeCKOU YW ONHCBIBAIOTCS CaMOCOIVIACOBAHHON CHCTEMOH CTallMOHAPHBIX
IOBYMEPHBIX ypaBHEHH HenpeprBHOCTH, HaBbe—CTOKCa, 6a1aHCOB 9HEPrun
3JIEKTPOHHOIO Ta3a, ra3a TSHKEIbIX YacTHL, YUCJa 3JIEKTPOHOB M HeEIpe-
PBIBHOCTH 3JICKTPAYECKOTO TOKAa B MOTCHIMAJIBHOM 3JICKTPHUYECKOM IIOJIE,
IOIOJIHEHHON 3aKOHOM JlayibTOHA, 3aBUCHMOCTSIMH KO3()(HUIIMEHTOB IIa3MBbl
OT [JaBJICHHs, TEMIIEpaTyp M KOHICHTpaumuil vactuil [3] U rpaHUYHBIME
ycsoBusiMA. MIHIyKIMST MarHUTHOTO TIOJIST BBIYMCIISIETCSI B COOTBETCTBUH
¢ 3akoHOM bno—Casapa. MeTonuka YHCJICHHOIO pEILICHUs] ypPaBHEHHUH,
ornucaHHasi B [2], TOMOJIHCHA YYETOM AIPHOPHOIl HEOMPENEICHHOCTH pac-
YEeTHOU 00JIaCTW IS 9JICKTPOHOB, BHE KOTOPO# KO3(QUIMEHTH IepeHoca
COOTBETCTBYIOIIUX YPABHEHUI BBIPOKIAIOTCS.

IIpoBomuTCcs pacdeT XapaKTEpHCTHK ILUIOCKONApPasUICIbHOU IBYXCTPYW-
HOIl [QyrMm C TreoMeTpueil Hacamok |[l| ©IpW ONMHAKOBBHIX M PaBHBIX
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Puc. 1. ITosie TemrepaTypsl 3JIEKTPOHOB B IBYXCTPYHHOM 2JIGKTPUYECKO ayTe.

0.012g/(s - mm) MOroHHBIX pacxomax IIa3MoOoOpa3syloIero rasa dgepes
COIUIa U MOrOHHOH cuJjie Toka 5 A/mm.

Paccunrannas kKoH(puUrypanms HEepaBHOBECHOW JBYXCTPYWHOH 3JIEKTPH-
YecKol Oyrm wunocTpupyercs puc. 1. BumgHo, 9TO TO cpaBHEHHIO C
PaBHOBECHBIM CJIydaeM [2] MOSIBIISIETCS HOBOE Ka4eCTBO CTPYKTYypPhl —
acUMMETPHUS OTHOCUTENIbHO X = (0 — OCH JIBYXCTPYHHOH 3JIeKTpHYeCKOU
AyTH, 00yCJIOBJICHHAs Pa3JIMYUMOCTBIO KaTOTHOM M aHOIHOM CTpPyil B HEpaB-
HOBECHOM TNPHOJIMKEHUN IUIa3Mbl M3-3a 3HAKOB OJHOU M3 COCTaBJIAIOLINX
—engEv (umeromeit oTHOcHTE IBHBIN BKJIag ~ 10%) ymesnbHO# MoMmHOCTH
TeIUIa B ypaBHEHHUM OajlaHCa 3JICKTPOHOB.
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z, cm

Puc. 2. Pactipenesnienyst HOpPMUPOBAHHbIX (@) XapaKTEPHUCTHK IJIA3MbL Te — 1; Th —
2;Ne — 3; Ex — 4; jx — 5 (c macmrabamu Ty = 8577K; nm = 1.5-10% cm™3;
Em = 58.1V/em; jm = 0.3 A/mm?) ¥ 4icHOB ypaBHEHHs GaNaHCA WHCIIA 3MCKTPO-
HOB: aNe — I; —Bn — 2; —VyuxNe — 3; —ViuNe — 4; VxDaVxne — 3;
V:DaV:zNe — 6 Ha ocu IBYyXCTPYHHOU 3JIeKTpHICCKOil ayru (b).

Haubompumit otpeiB T, oT Te, oxono 7kK, nHabmiomaercs Ha ocu
IOBYXCTPYHUHOM 3JICKTPUYECKOM Oyrd B 30HE IIEPETEKAHUA TOKA MEXKIY
CTpysIMU. 3a CYET JKOYJIEBA HAarpeBa 3JIEKTPOHOB IEPETEKAIOIMM TOKOM B
3TOH 30HE peaM3yeTcs MaKCUMYM e Ha OCH IBYXCTPYHHOM 3JIEKTPHYECKOM
myru (puc. 2,a), Kak 1 B akcriepumenTe [1], 1 o6pasyercst CMbIMKa JICKTPOH-
HeIX u3oTepM (puc. 1). ITo Mepe ABIKCHUS 3aMONHAIOMIMNA MEXCTPYHHYIO
00J1aCTh CIYTHBIH Ia3 IporpeBaeTcs OT CTPYH ILIa3Mbl U JIEKTPOHOB, U Th
MOATATMBACTCS K yXe yMeHblaouieiicst Te (puc. 2,a).

KonueHTpanusi 3/1€eKTPOHOB KaueCTBEHHO HOBTOPSAET paclpe/lesieHue
TeMIIepaTyphl 3JIEKTPOHOB, HO CUJIbHO OTJIMYaeTcs OT OIpelessaeMoil ypas-
HenneM Caxa c¢ TemmepaTypoil Te. B karomHO#l cTpye Ne Oosbline, yem B
aHOMHOH (pHC. 3,a), BOOJb OCEH CTPYil KOHLECHTPALIMN JICKTPOHOB YMCHb-
IIAIOTCSA, 4 HA OCU IABYXCTPYMHON 3JICKTPUYECKOM AYI'd B 30HE IIEPETEKAHUSA
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z, cm

Puc. 2 (npooonocenue).

TOKa MEXIY CTPYySIMH Ne HEMOHOTOHHA M Oojiee YeM Ha MOPSANOK MEHbIIIE
oceBoll B cTpysix (puc. 2,a).

B TokompoBoxsieM KaHajle ABYXCTpYHHOH Ayru OajlaHC uHCia 3JIeK-
TPOHOB, HE 3aBUCAIMMI B CHJIy HENPEPHIBHOCTU OT CTAI[MOHAPHOTO TOKa,
nokassiBaeT (puc. 2,b, 3,b) 1OCTATOYHO CJIOKHYIO KapTHHY OTHOCHTEJIbHBIX
BKJIQIOB yJapHBIX IPOIECCOB M KOHBEKTUBHO-TH((Y3HOHHOTO IepeHoca
9JICKTPOHOB. BuyiHo, uto wieHoM VDAV Ne (ambumomnsipHoit muddysueit
BIOJIb Z) MOXKHO NpeHeOpeub M BIOJb, U IMONEPEK OCH ABYXCTPYHHOI
Ayrd, T.€ KOHBEKTHBHO-IU((Y3HOHHBI IIEPEHOC 3JIEKTPOHOB SABJIAETCA
HorpaHcioinpiM®. Ha ocsx crpyit (puc. 3,b) moMuUHHpYeT HOHM3aLWs,
KOMITCHCHpyeMas ¢ TOYKH 3pCHHUs OajlaHca HE TOJIBKO peKOMOWHAIMel, HO
U Pa3’HOCTbIO KOHBEKTUBHOTO BHOCA U AU((Y3MOHHOTO yXofa 3JIEKTPOHOB
B 00€¢ CTOPOHBI OT OCEBBIX MAKCUMyMOB Ne. POJIb KOHBEKTHBHOTO IepeHoca
—VVe 00yciioBjieHa ellle He JOCTUTHYTOH CTpyAMHM B CEYEHMU Z = 2cCm
napaJuienbHocTu. [ToaToMy B 3TOM cedeHnu Ha nepudepun Kaxuoii u3 cTpyi
KOHBEKTUBHBIE WIEHBl — VyUxNe U —V;VzMNe UMEIOT PasHble 3HAKU, U 3HAK
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Puc. 3. PacnipenesieHnsi HOPMUpPOBaHHBIX (@) XapaKTEPUCTHK IUIasMbl Te — I;

Th — 2,ne—3 Exk — 4 E. — 5, jx — 6, j; — 7 (¢ macmrabamu
Tm=9822K; nm=1.2-10%cm™; En=8.8V/iem; jm= O.SA/mmz) U WICHOB
ypaBHeHMs OaylaHca dKCIa 9JIEKTPOHOB: ahNe — I —BM — 2; —Vyvxhe — 3;
—VzvzNe — 4; VxDaVixNe — 5; V:DaVzNe — 6 B cedyennn z = 2 cm ABYXCTpYii-
HOM aJIeKTpuyecKoil ayru (b).

KaXI0r0 M3 HUX NPOTHBOMIOJIOKEH Ha JIEBOM M MpPaBOil I'paHMIE KaxKIoiu
ctpyu. OCHOBHOII Tpoliecc BBIHOCA 3JICKTPOHOB M3 CTPYH B MEKCTPYHHBIN
MIPOMEXYTOK — KOHBEKIHUS BJIOJb OCH X, YyCHJIMBaeMasi B OCHOBHOM
aMbunosnsipHoil nuddysnell, Tak KaKk MOHM3ALMUS 31eCh MPAKTHYECKH KOM-
neHcupyercd pekomOuHauueil. I3 KaTOmMHON CTpyH 3JIEKTPOHOB BBIHOCHUTCS
Oospme, yem u3 aHomHOW. CTOKOM 3JIGKTPOHOB B ATHX 00JIACTAX SBIISCTCSA
X BBIHOC TIOTOKOM CIIyTHOTO Ta3a BBEpPX — B CTOPOHY BO3pacTaHWs Z.
B MexcTpyiiHOM nHpoMeXyTKe OajaHC dYHCiIa BJIEKTPOHOB OOYCIIOBJICH
HOHHU3alMeil aNe M KOHBeKuued —V,UzNe, IpU MPAKTHYECKH HYJIEBOM
BKJIaie BCEX OPYyrux mporeccoB (puc. 3,b). DTo 03HAYaeT, 4TO AYroBOii
paspsii MEeXIY COCTaBJISIONIMME HEHYJIEBOH yroJl yJacTKaMH IUTa3MEHHBIX
CTpyH SIBJISIETCS CaMOCTOSTETBHBIM. [1lo Mepe yMeHbHICHHS yrila MEXIy
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Puc. 3 (npooonocenue).

CTPYHHBIMH IIOTOKaMH OTHOCHUTEJIbHBINA BKJIaJ MOHU3ALMK yMEHbIIAETCH, U
opa Z > 2.74 cm IOMHUHHUPYIOIIUM U3 TIOJIOKUTENIbHBIX WIEHOB ypaBHEHHS
Oaytarca 3JIEKTPOHOB CTaHOBHUTCA ciaraeMoe VyxDaVyNe ¢ amOumnonspHoit
muddysueit (puc. 2,b), KOTOPOe BMECTe ¢ KOHBEKTUBHBIM BHOCOM — VyUxNe
KOMIIGHCHPYETCsl PacTyIIel peKoMOuHammeii —A3N2 ¥ KOHBEKTHBHBIM BHIHO-
coM —V;U;zNe 3JIEKTPOHOB. B 3T0i1 06s1acTi DyroBoil paspsAn MexIy cTpys-
MU TepsieT XapaKTep CaMOCTOSTEIbHOCTH, IIOCKOJIbKY HaJM4ue 3JIeKTPOHOB
TaM OOYCJIOBJICHO WX IPHUTOKOM W3 IJIa3MEHHBIX CTPYi. DTHM NPHTOKOM
OOBSICHSICTCS POCT KOHIICHTPAIUK 3JICKTPOHOB Ha OCH IBYXCTPYWHOH HyrH
BIUIOTh 10 Z = 7cm (puc. 2,a). PacnpenenicHue JMHAA 3JIEKTPHIECKOrO
TOKa IIOKa3bIBaeT, YTO K YCJIOBHOI IpaHule pasfesa Z = 2.7 cm UMEIOIHX
PA3JIMYHBIA XapakTep pa3psAmHbIX MPOLECCOB IepeTekaeT mpumepHo 50%
JIEKTPUYECKOTO TOKA.

HanpskeHHOCTD 2J7IeKTPUYECKOro TI0JIs1 B KaHaJIe aHOHOT'O COIUIA BbILIE,
4eM B KarogHoM. [layiee, BOOIb Ocell CTpPyH, HANpSHKEHHOCTH 3JICKTpHYe-
CKOT'O TIOJIs1 YMEHBINAOTCS. BOoiab ocn AByXCTpYIHON Oyrn HaUpsSKEHHOCTD
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3JICKTPHYECKOTO TOKa OT HIDKHEH T'paHUIBI TOKOBOW IEPEMBIYKU OBICTPO
YMEHBIIACTCSI OT MaKCUMaJIbHOTO 3HaueHus Ey ~ 58 V/iem (puc. 2,4),
KOTOpOE TIOYTH Ha MOPSIOK OOJIbIIIe OCEBBIX 3Ha4eHUH B cTpysx. K rpanuie
pasfesia CaMOCTOSITEJIbHOIO M HECAMOCTOSITEIbHOIO Pas3psiTHBIX IPOIlec-
coB Ex ymenpmraercss B 15pa3. B ceuennmn z = 2cm B crpysax Ex < Eg,
a B MEIKCTPyWHOM mpoMexyTke Ex B 4 pasa npessimaer E; (puc. 3,a).

[Is1I0THOCTH 3JIEKTPHYECKOTO0 TOKAa B T'€OMETPHYCCKU OJIMHAKOBBIX Ka-
Hajlax aHOAHOTO M KaTOOHOIO COIesl IMPUMEPHO ONMHAKOBH 1.45 A/mm?.
Kaptuna JjMHMIT 3JIEKTPUYECKOr0 TOKA IMOKA3bIBAET, YTO Pa3psii B 30HE
causHUA cTpyit muddysHO pacmpeneseH Ho BeicoTe Ha ~ 2.5 cm. Takoe xe
NPUMEPHO OTPaHWYCHUE IO BBICOTE B PACIPENCIICHHH TOKA YCTaHOBJICHO
30HIOBBIMH M3MepeHusiMi [1]. MakcuMaibHasi IUIOTHOCTh TOKa Ha OCH Z
cocrapisier 0.3 A/mm?. B cevyennn z = 2cm j; B CTPysIX MPUMEPHO B 2
pasa MpeBBIIAET |x B MEKCTPYHHOM mpoMexyTke (puc. 3,a). PacuetHoe u
M3MEPEHHOE PaClpe/ieIeHUs] TUIOTHOCTH TOKA IO BHICOTE B 30HE MEpeTeKa-
HUS TOKA MEKIY CTPYSMH Ka4eCTBEHHO COTJIACOBBIBAIOTCS.

[TosryyeHHBIE pe3ysIbTaThl MO3BOJISIOT CHEJIATh BBIBOA O CJIOXKHOM, KOM-
TUIGKCHOM XapakTepe IepeTeKaHus TOKa MEXIy IJIa3MEHHBIMU CTPYSIMH.
B camom Hauasie 30HBI IEpETEKaHKsI TPUMEPHO ITOJIOBUHBI AJIEKTPHYECKOTO
TOKa IOYTOBOW paspsii SIBJISIETCS CAMOCTOSITEIbHBIM, a Hajee — HecaMo-
CTOSITEJIbHBIM. XOTSl B MEKCTPYWHBIH HPOMEXKYTOK JICKTPOHBI BBIHOCSTCS
U3 KaXIOH CTPYH, HO MHTErPAJIbHO B CHJIy acCHMMETPUH KaTOHHAsl CTPYs
SIBJISIETCS] IMUTTEPOM 3JICKTPOHOB 32 CUET MX KOHBEKTUBHO-TH((PY3MOHHOTO
BBIHOCA, WIPAIOLICTO pPOJIb BTOPUYHOIO MpOIecca, a aHOHMHAsi CTPys —
KOJUIEKTOPOM 3JIEKTPOHOB. IloaTOMYy KaTomHas W aHOmHAss CTPyH WIPAiOT
POJTb CBOCOOPA3HBIX MJIA3MEHHBIX 3JICKTPOIOB.
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