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JlabopaTtopHas paGora
Pu3uyecKue 0CHOBBI JJIEKTPONPOBOAHOCTH METAJLJIOB

Hean padorel: n3ydyeHne GU3NUYECKUX OCHOB 3JIEKTPOINPOBOJIHOCTU METAILIOB,
OCBOCHHME METOJIMKHM pacueTa AICKTPUUECKUX XapaKTEPUCTUK MPOBOJIHUKOB U3 MEAU
Y aJIOMUHUSA NIPU PA3JIMYHBIX TEMIIEpaTypax.

I[IpubGopbl m o0OpyIOBaHMe: HMCTOYHUK TOKa, KIIOY, HaOOp pPE3UCTOPOB,

aMIICPMCTP, BOJIBTMCTP, TCPMOMCTP.

1 Kparkue TeopeTu4yecKkue cBeieHHs
1.1 DHeprus 3J1eKTPOHOB B KpPUCTAJLIe. DJIeKTPOHHBII ra3

JIns mepenayn 3JIEKTPUYECKOM DHEPTUMU MCHOJIB3YIOTCSI B OCHOBHOM TBEPBIC
IPOBOJHUKOBBIE MaTepUajgbl — METaUIbl U HUX cIuIaBbl. OHM NPUMEHSIOTCA MPU
U3rOTOBJICHUH MPOBOJIOB, PE3UCTOPOB, KaTyIIEK MHAYKTUBHOCTH TpaHC(HOPMATOPOB,
anexkTpoABurarened u T.4. OT MX CBOMCTB 3aBUCAT XAPAKTEPUCTHUKU PATUYHBIX

pruOOPOB U YCTPOUCTB, KAUECTBO CUCTEM DIICKTPOCHAOKEHHUSI U MHOTOE JIPyTOE.

[To xapakTepy SIEKTPONPOBOAHOCTH MOYHO BBIIEIMTh META/LIbl BBICOKOM
IIPOBOJMMOCTA M CIUIABBI BBICOKOTO CONPOTHMBIIEHHUS. JJIS YHUCTBIX METAIIOB
>IEKTPOnpoBoaHOCcTs  coctabmger  10°-107  (Om-m):.  Cmmasel  BEICOKOTO
COIIPOTHBJICHHS UMEIOT yIeIbHOE conpoTupienue He meree 0,3 MKOM:M.

CornacHO  DJIEKTPOHHOM  TEOPMHM  METAUIOB  TBEPABIE  IPOBOIHHKU
IIPEICTABNIAIOT COOOM CHCTEMY, COCTOSIILYO U3 Y3JIOB KPHUCTAUIMYECKOH HOHHOM
PEIIETKH, MEXIY KOTOPBIMH CBOOOJHO MEPEMEINAOTCS dIEKTPOHBL. COBOKYITHOCTE
5JIEKTPOHOB, 3aMOHAIOMINX PEIIETKY, MOTy4UIa HA3BAHHE «DJIECKTPOHHBIN ra3y.

IoaTBepKAEHNE O HAJIMYMU DIIEKTPOHHOIO TIa3a B MeTallax SBISIOTCS
CJIEAYIOIIUE DKCIIEPUMEHTAIbHEIE (DAKTHI:

- HaJM4YMe TEPMODJIEKTPOHHON SMMCCUM W3 METAUIOB NPH HATPEBaHUH IO

BBICOKMX TEMIIEPATYDP;



- OTCYTCTBHE B U3MEHEHHH MACChI ABYX AJIEKTPOJOB, HAXOASAIIMXCA B TECHOM
KOHTAaKTe, [IPU NPOXOKIECHUHU Yepe3 HUX AIEKTPHUUECKOr0 TOKA;

- BO3HUKHOBEHHME Pa3HOCTUM IIOTCHIMAJIOB HA KOHLAX JBUIAKOLIETOCA
IIPOBOJIHUKA MPHU €r0 PE3KOM TOPMOKEHUU;

- BOo3HuUKHOBeHHE OJIC B IpPOBOJHMKE, IIOMEIIEHHOIO B IONEPEYHOE
MarHuTHOE I0JIE.

IIpencraBienne NpoBOAHMKA KaK CHUCTEMY, B KOTOPOM DJIEKTPOHHBIM TIa3
YPaBHOBEIINBAET CUJIbI OTTAJIKUBAHUS MEXIY MOHAMM, IIO3BOJIAIET IIOHATH OCHOBHBIC
3aKOHBI JJIEKTPOIIPOBOAHOCTH. PaccMOTpuM NnprupoAy BOZHUKHOBEHUS JJIEKTPOHHOTO
raza B IPOBOJIHHUKAX.

DNEKTpOH B HM30JMPOBAaHHOM aTOME YAEPKMBAECTCS 3a CUET NMOTEHIMAIBHOIO
O0appepa, B KOTOPOM IOTCHIMAT W3MEHSETCS NpomnopuuoHansHo 1/r (r — pammyc
OpOUTHI AIIEKTPOHA B aToMe). bapbep co3maercst KyJIOHOBCKUM T0JieM HoHa sizipa. [o
(dopMme Gapbep MOXKHO MPEACTaBUTH B BHJIE€ BOPOHKOOOPA3HOM MOTEHIIUAIBHON SIMBI,

B KOTOPOI 2JIEKTPOH MOKET HAXOIUTHCS OECKOHEYHO 0JTO (PUCYHOK 1).

Pucynox 1 — 3meHnenne nmoTeHIMana B KpUCTajie HaTPHs BIOJb

OJTHOM W3 IIeTI0YEK MPHU CONMKEHUN aTOMOB

[Ipu oOpa3oBaHUM KpUCTala PACCTOSHHE MEXAY aTOMAMH YMEHBIIAETCS 10
pa3MepoB NPHUMEPHO PABHOMY JAHAMETPY DJIEKTPOHHOM OOOJOYKH HEUTPaIbHOTO
atoma. Ha pucyHke 1 cxemMaTH4YHO MMOKa3aHO M3MEHEHHE MOTEHLHAJIA BIOJIb OJHOU

U3 aTOMHOM HOCIIOYKKU KPpUCTAJJIa HATPUA IIPHU commkennu atoMoB. Ha cxeme JaHO
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pacnpeziesieHre >JIEeKTPOHOB MO 000JI0UKaM aTOMOB HATpHs, Y KaKJOTO U3 KOTOPBIX
umeetcs 11 snexTpoHOB. YpoBeHb ¢o=0 Ha3bIBAE€TCSA HYJIEBBIM YPOBHEM, HA KOTOPOM
TIOJTHASI DPHEPTHS AJICKTPOHOB paBHA HYJIIO.

[TepBast (ypoBeHb 1S) m BTOpas (ypoBHH 2S W 2p) OOOJIOUKH 3arOTHCHBI
MOJTHOCTBIO, HA TPeTheil 0000uYKe (YPOBEHD 3S) HAXOIUTCS TOJBKO OJHMH AJICKTPOH.
DJEKTPOHBI, HaXOAIINECs Ha HanOoJiee yIaIeHHOM YpOBHE OT spa (HanOOIbIIHA
paauyc 000JI0UYKH) HA3bIBAIOTCS BAJICHTHBIMU 3JIEKTPOHAMH.

[loTenmuanpHbie  Oapbepbl aTOMOB  MPEJCTABISIOT  COOOM  (PYHKIUIO
CKaJISIPHOTO TOTEHIMaNa. Pe3ynbTupyromue KpuBble H3MEHEHHS TIOTEHIATa MEXKIY
OTJCNbHBIMH  aTOMaMH,  TPEACTABISIOT  COOOW  HAJOXKEHHE  OTICNIbHBIX
MOTCHIIMAIBHBIX KPUBBIX aTOMOB JpPyr Ha JApyra, Moka3aHo Ha pucyHke 1
MyHKTUPHBIMH JIMHUSIMHU. B pe3ynbTaTe BhICOTA MOTEHITMATBLHOTO Oapbepa y KaK0ro
aToMa YMEHBIIIA€TCSd U CTAHOBUTCS HIKE YPOBHS BaJCHTHOTO 3JIEKTPOHA (Ha cXeMe
ATO BaJCHTHBIM JJIEKTpOH ypoBHS 3S). B pesynbrare s1neKTpoHBI YpPOBHS 3S
CTaHOBSITCS HE3aBHCHMBI OT CBOMX aTOMOB M MOTYT MEPEMEIIAThCS M0 KPUCTALTY OT
atoma K aromy. COBOKYIHOCTh JaHHBIX OJJICKTPOHOB M TMOJy4YWsIa Ha3BaHHE
AIEKTPOHHBIN Tas3.

[ToTenmuanpHbie Oapbepsl B oOjacTH oOojouek 1S, 2S, 2p, KOTOphIe
PacIoIOKEeHBI OJIMKE K SIAPY, MPAKTUYECKU HE M3MEHUIUCH. [[03TOMY 3JIEKTPOHBI,

IMpUHAJICKAINNEC TaHHBIM O6OJ'IO‘IKaM, IMPOYHO CBA3aHbl CO CBOMMH aTOMaMMU.

1.2 3onHas MojeJib TBEPABIX Te

B HeliTpanbHOM aTOME BaJEHTHBIE 3JIEKTPOHBI UMEIOT OJMHAKOBBIE SHEPTUH U
KaXJIble M3 HUX HAXOJATCS y CBOEro aroma. B kpucramie, kak ObUIO TOKa3aHO Ha
MIpUMEpPE HATpHsA, BAJICHTHBIC A3JEKTPOHBI MPHHAJICKAT BCEM aTOMaM KpHUCTaLIa.
OHU mepeMelIaloTCa MO KPUCTAILTY B Pa3HbIX HAMNPABICHUSX M C Pa3TUYHBIMU
CKOPOCTSMH, T.€. DHEPTUs 3JIEKTPOHOB OyAeT paznuuHas. [losTomy B Kpucramie
OT/ICJIbHBIE SHEPTE€TUUECKUE YPOBHU PA3MbIBAIOTCS, U OHH MPEBPAILAIOTCS B 30HBI, B

KOTOPBIX OJJICKTPOHbBI MOTI'YT HAaXOAUTHCA, T.C. BO3HHMKAIOT 30HbBI Pa3pCIICHHBIX



sHepruil. Ha pucynke 2 moka3aHa cxema o00pa3oBaHHMS 30H B KpHUCTaJJe.
DHEpreTM4ecKkue  30Hbl,  OOpa3oBaHHbIE M3  HWKHUX  JHEPreTHYECKHUX
ypoBHEH, y3kue. [Ipu 3TOM 1aHHBIE 30HBI pa3JeneHbl IUPOKUMHU 30HAMU, B KOTOPBIX
3aMpeleHO UMETh SHEPIUIO HIEKTPOHAM — 3aIIPEIICHHBIEC 30HBI.

BanenTtHsle ypoBHH aTOMOB 00pa3yrOT LIMPOKHE 30HBI, KOTOPBIE OTJEJIECHbI
Ipyr OT Jpyra Yy3KMMHM 3alpelleHHbIMA 30HAaMH, KOTOpPBIE MOTYT Jaxe
MEPEKPBIBATHCS APYT C APYTOM. DTO TaK HAa3bIBAEMOE HAJIO)KEHUE PA3PEIICHHBIX 30H.

B sTom ClIy4dac 3JICKTPOH MOXKCT HAXOAUTHCA B HCCKOJIBKHX 30HAX OAHOBPCMCHHO.

=3 S~ —
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1 — nuckpeTHBIE aTOMHBIE YPOBHU; 2 — DHEPTeTUYECKUE 30HBI, 00pa30BaBIINECS U3 aTOMHBIX
YpOBHEM; R — paccTosiHre MEXKy aTOMaMu

Pucynok 2 — Pacmiennenue sHepreTuueckux ypoBHei U oOpazoBaHue
SHEPreTUYECKUX 30H B KPUCTAILIIE

Ha pucyHke 3 mokazaHa cxeMa 3allOJHEHUSI JHEPreTUYECKUX 30H B
MeTauiax. PaccMOTpUM KaXayro 30HY B OTACIBHOCTH. 30HA 3 3aIMOJIHEHA YaCTUIHO
(pucynok 3, a). OTHOCHUTCS K CiIy4aro, KOTJIa OHa o0pa3yeTcsi U3 aTOMHOTO YpOBHS,
KOTOpPBI B aTOME 3aIl0JIHEH HE TOJHOCTBIO. [Ipm abCoMOTHOM HyJE 3JIEKTPOHBI
BCEX YPOBHEH HAXOJATCS B OCHOBHOM COCTOSHUH. YacTh 30HBI 3, 3alTOJTHCHHAS TIPU
aOCOJIIOTHOM HYyJIe BaJCHTHBIMHM SJICKTPOHAMH, HA3bIBACTCS BAJCHTHOW 30HOH —
30Ha 4. PacmosnokeHHbIE BBINIC YPOBHU DHEPTUHU, HE 3aHATHIC SJEKTPOHAMU TIPU

T=0 K, Ha3siBarotcs cB0001HOM 30HOH (5).
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1 — 3amoTHEeHHBIE 30HBI; 2 — 3aNPEIICHHBIE 30HBI; 3 — YaCTUYHO
3al0JTHEHHAs 30HA; 4 — BaJICHTHAst 30Ha; 5 — CBOOOAHAs 30Ha;
6 — BOBHUKHOBEHHUE MEPEKPHITHS 30H; £; — MWPHUHA 3aIPEIICHHON 30HBI

Pucynok 3 — 3amonHeHne YHEPTeTHIECKUX 30H B METaJIax

[Ipy mony4yeHUW IOMOJHUTEIBLHOW SHEPTUM (HAMpPUMEp, MPHU TOBHIIICHUH
TEMIIEPATYPhl) IEKTPOHBI U3 BaJIEHTHOW 30HBI MOTYT MEPEHUTH HA HUIXKHUE YPOBHHU
CcBOOOJHON 30HBI. YacTh CBOOOAHOW 30HBI, KyAa NEPEXOAST HIIEKTPOHBI U3
BAJICHTHOW 30HbI, TOJIy4YusJa HAa3BAaHUE 30HBl IMPOBOJUMOCTU. IJIEKTPOHHI,
HAaXOJAIIMECS B 30HE MPOBOAUMOCTH, MPUHUMAIOT YYaCTUE B CO3JAHUE TOKA — TOKa
IIPOBOJMMOCTH.

Ha pucynke 3, 6 mokazaHa cxema mepekpbITHs 30H. [lepekpbiTe 30H UMEeT
MECTO JIsI psijia METAJNIOB, 00YyCIIaBIMBast UX MPOBOAUMOCTh, HAIIPUMED, B MEJIH.

[Ipriiokum K MPOBOJAHUKY HANPSIKEHUE, CO3/1aB B HEM JJIEKTPUYECKOE IOJIE
HaIpsDKeHHOCThI0 E. Ha Kaxkawlii CBOOOJHBIM AJEKTPOH B 30HE MPOBOJIUMOCTU
TeNepb CO CTOPOHBI Mo AeicTByeT cwiia F=—eE. CymiecTBoBaBIas CUMMETPHUS B
pacupeneneHu JJIEKTPOHOB 110 CKOPOCTSAM JO HAJOXKEHUS IO0Js1 HapyLIaeTCs:
AJIEKTPOHBI, JBUXYIIUECS MO HAMPABICHUIO MOJI — YCKOPSIOTCS, MPOTUB MO —
3aMEJUISIIOTCS. JTO CKa3bIBAETCS HA W3MEHEHHHM DJHEPrud BJIEKTPOHOB, T.€. HUX
Nepexo]i B HOBbIE KBAHTOBBIC COCTOSIHUSI ¢ OOJIbIIICH WM MEHbIeH >Heprueit. s

TOI'0 YTOOBI TAKHE NnepeXoabl COCTOAINCD, HCO6XOI[I/IMO YTOOBI B 30HEC, I'’I€ HAXOOATCA



QJICKTPOHHI, ObLIH CBO6OI[HBI€ YPOBHHU, YTO HMCET MCCTO JIs1 30H, KOTOPBIC
YKOMINICKTOBAHBI HC ITOJIHOCTBIO.

Takum 06p8,30M, HaJIOKCHHUC II0JIAA HA ITPOBOJHHK CHOCO6CTByeT IMOABJICHUIO Y
JacTHU SJICKTPOHOB HAIIPABJIICHHOIO ABHWKCHHUA IIPOTHUB I10JIA, T.C. BO3HHUKACT
BJIGKTpI/I‘IeCKI/Iﬁ TOK. Takol MeExXaHH3M HMMEET MECTO BO BCEX IMPOBOIAITHUX
BCIICCTBAX. OTO OCHOBHOE YCJIOBHC IIOABJICHUA Y BCUICCTB BBICOKOM IMPOBOAUMOCTH:

B SHCPICTUUCCKOM CIICKTPC IOJIZKHBI OBITH HE ITOJHOCTHIO YKOMINICKTOBAHHBIC 30HBI.

1.3 KoJsiebanus kpucrauinyeckoi pemerku. PoHOHBI

B pesynbrare TemioBOro BO3JAEHCTBUSL aTOMbl KPUCTAJUIMYECKON PpEIIETKU
COBEPILAIOT KOJIEOAHUsI OKOJIO TOYKHM paBHOBECHs (Y3JIOB aTOMHOW pemeTku). Bee
aTOMBI B KPUCTAJJIC CBSI3aHBI MKy COOOM, MOITOMY XapakTep KoyjeOaHul aTOMOB B
KPUCTAIIJIE UMEET CIIOXKHBIN Xapakrep. KaxkIplii U3 aTOMOB y4acTBYET BO BCEX ATUX

KoJiIeOaHUsIX, U KOJIEOAHMsI HOCSIT XaOTUUECKUN XapakKTep.

Jlns onpeneneHus SHEPTUM KoJieOaHUsI aTOMOB B KPUCTAJTMYECKOU PEIIeTKE
HCMOJIB3YETCSI KBAHTOBO-MEXaHUYeCKoe paccmoTpeHne. C TOUKHU 3pEeHUsI KBAaHTOBOU
MEXaHUKU 2Heprusi E KojiebaHUN aTOMOB C YAaCTOTOW ® MOXKET MPUHHUMATHh TOJBKO

JTVCKPETHBIN s/l 3HAUCHU N
1
E=(n+ )ho, (1)

rae n=0, 1, 2, ... - KBaHTOBOE YHCJIO;
h — noctosinHas Ilnanka ¢ yepToil.
N3 cootHomenus (1) crmemyer: MUHUMAabHAs dYHEPTUs KoJeOaHW HE paBHA
HYJIIO, @ paBHA Y2/i — SHEPTUS MOKET U3MEHSATHCS TOJIBKO MOPLUUIMU Ai.
Takum 00pa3om, MOXKHO 3amucaTh, YTO MUHHUMAaJbHAs JHEPrus KojaeOaHUs

aToma paBHa

E,.=-ho. (2)



CrnenoBatenbHO, B TMPHUPOJAE HE CYIIECTBYET HE KOJICONIOIIMXCS aTOMOB.
[Topuus sHeprun sc nomyunia Ha3BaHue (GOHOH, a KOJIeOaHUS aTOMOB C HYJIEBBIMU
SHEPTUSIMHU Y2710 TIOTYUYUIN Ha3BaHKUE HYJIEBBIX KOJICOaHUI aTOMOB.

DHeprus HyJIEBbIX KOJIEOAHHI B KPUCTAJUIE OCTAETCS BCEraa MOCTOSIHHOW. OHa
CTAHOBUTCSl PaBHOM HYJIIO MPHU MCUE3HOBEHUU (paspylleHun) kpuctamia. [lostomy
(OHOHBI HA3bIBAIOT KBA3MYACTHUIIAMH (B OTJIMYME OT pEaJbHBIX YACTHUI, TAKUX Kak
(OTOH HJTH 3JICKTPOH).

[Ipu paccMOTpeHUU MPOLECCOB B KPUCTAIJIE SHEPTHUIO HYJIEBBIX KOJIEOaHUM He
YUYUTHIBAIOT U JIJI OTIPEEICHUs SHEPTUU (DOHOHOB MOJIB3YIOTCS (PopMyIoit

E =nio. 3)

CnenoBaTenbHO, NP PACCMOTPEHUM PHEPIHM KOJeOaTelIbHBIX IPOLECCOB B
KpUCTaJUIE MOYKHO CYHUTaTh: KoJieOaHME B KpHUCTaie BO30YXIEHO HE 10 N-ro
K0JIE0ATEIbHOTO YPOBHS, a YTO B KpUcCTajyie uMeercs N (POHOHOB € IHEPrueu mo sw
Kaxabli. B kpucramie MoryT Bo30yXkJaTbcs KoJeOaHMA C pa3HbIMH YacTOTaMH,

CJIeI0BaTEIbHO, POHOHBI MOTYT UMETh Pa3HbIE SHEPTUU.

1.4 DaekTpu4yeckoe CONPOTUBJICHUE

Kak cregyer u3 30HHOW TEOpPUM TBEPABIX TEJ, KPUCTALIUYECKYIO PEIIETKY
MOYHO MPEJCTaBUTh Kak 00bEeM, 3aMIOJIHEHHBIM CMEChIO DJIEKTPOHHOTO U (POHOHHOTO
raza. BzammojeicTBUE SJEKTPOHOB C KOJICOIONMICHCS pPEIIeTKON (CTOJTKHOBEHHE
AJIEKTPOHOB C (POHOHAMH) U paccessHME Ha Hed oO0yClIaBIUBAaeT TMOSBJICHUE
AJIEKTPUUYECKOTO CONTPOTUBIICHUS.

[Tponiecc B3auMOAEHCTBUS 3JIEKTPOHA € PEIIETKON MOKHO pacCMaTpPUBATh Kak
MPOIIECC TMOIJIOMICHUSI WM M3IyYeHHs] AJIEKTpOoHOM (oHOoHA. J[0 CTOJKHOBEHUS
>IeKTpoH obnagan sHepruei W, mocie cToNKHOBeHHs OH mMmeeT sHepruro W. B
YCJIOBUSIX COXPAHEHMSI 3aKOHA JHEPTUU DHEPIUsl SJIEKTPOHA YBEIWYMBACTCA WIIU

YMEHBIIAETCs Ha BEJIUYUHY A

W=W=+#Aw. (4)
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Hapsiny ¢ B3aumMoaelcTBHEM 3JIEKTPOHOB C aTOMAaMU KOJIEOIIOLIEHCS PEILETKH,
IPOUCXOAUT UX CTOJKHOBEHHUS C IMPUMECSIMU PEUIETKU U C APYTHMMU IIEKTPOHAMHU.
Kaxxgoe u3 3TuX B3auMoneicTBHI XapakTepusyeTcs CBOEH AIMHONM CBOOOMHOIO
npobera A: B3auMoJeiicTBUE C (OHOHAMU — Ap, C aTOMaMU HPUMECH — Ay, U
DIIEKTPOHaMH — A,. CONpPOTHUBIEHHE IIPOBOJAHUKOB OIpeenseTcs HauOoiee
BEPOSATHBIMU CTOJIKHOBEHUsIMU. [loydeHo, 4To Takoi JUIMHOM sBiseTCA Ay

[lpunoxxum Kk MNpoBOJHHMKY HamnpsbkeHue U, KoTopoe co31acT BHYTpPU
IPOBOJHUKA DIEKTPUYECKOE IIOJ€ HANpsKeHHOCThIO E,. Ha  aiexTpoHs
IPOBOAMMOCTH CO CTOPOHBI JAHHOT'O MOJISI JEHCTBYET cula

= —eE.. (5)

B pesynprare y 5I€KTpPOHOB Ha JUIMHE CBOOOXHOrO Impobera Ag Hapsamy ¢
Xa0TUYECKUM JIBUKEHHEM BO3HMKAET HAIIPaBIEHHOE JBIXKEHUE. BosHuKarolee
HAIIPABICHHOE JIBU)KEHHE DJIEKTPOHOB C HEKOTOPOM CPEIHEH CKOPOCTBIO Vg, OyHeT
OIpeNeNATh dNIeKTpudeckuil Tok | depe3 mpoBogHuk. Cuiaa TOKa B IPOBOJHHKE

CBsI3aHa C ero conpoTuBiicHHEeM R 3akoHomM OMma

U
I=—. (6)
R

B CHU enununeit conporuBnenusi R sBiusgercs Om: compoTtuieHuem 1 Owm
o0JyiajaeT TPOBOJHUK, uepe3 KoTopwl mnpu Hanpsbkenuu U=1 B mportekaetr Tok

I=1 A. DiekTpudeckoe conpoTuBiIcHUE R TpoBOIOB omnpeensercs mo Gopmyre

R:pgi (7)

TJI€ p — YAEILHOE CONPOTHUBIICHUE MaTepUana nposoaa, OM:M;
| — nmuHa mpoBoaa, M;
S — momepevHoe ceueHHe MPOBOA, M2,
B cBA3M C TeM, YTO 3HAYEHHMS p IS TAKON €IUHUILIBI M3MEPEHUS TIPEACTABISET
c0001 HEOOIBIINE YUCTIA, 3 €AMHMILY YAEIBHOIO CONPOTUBIEHHS IIPUHATA €MHHIIA:

OM-MM?/M, B 5TOM ClIydae ceueHHe OyaeT U3MEPAThCS B KBAIPATHBIX MUILIMMETPAX.
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1.5 D1eKTpPONPOBOAUMOCTH NMPOBOIHUKOB

[Ipu pacuerax BMECTO AJIEKTPUYECKOTO COMPOTUBIEHUS R 4acTo MOJIB3yOTCS
oOpaTHON BEIWYMHONH — MpoBOIUMOCTBIO 0. o=I|/U. EnuHunedr mnpoBogumMocTh
sBisiercss Cumenc: 1 Cm=1/0Owm.

PaccmoTpum omnpe/eeHue MIPOBOJIUMOCTH IIPOBOTHUKA yepe3
MUKPOCKOMTMYECKUE TTapaMeTPhl, XapaKTEPU3YIOIINE JICKTPOHHBIN a3 B HEM.

Cpennee Bpemsi 7 CBOOOJHOTO MpoOera Mexy JIBYMs B3aWMOJCHCTBUAMH C
y3JlaMH KPHUCTAJUIMUYECKON PpEIIETKU OIpeesseTcs 4Yepe3 OTHOIICHHE CpeaHen
JUIMHBI CBOOOAHOrO mpodera As K 3HAYEHHUIO CPEIHEH CKOPOCTU U JBUKCHMS
ANEKTPOHOB: T=Aplv. JIs1 METAIUIOB CpEeNHSS CKOPOCTh 0 AJICKTPOHOB B OTCYTCTBUU
I10JI1 MHOTO 0OJIBbIIIE CKOPOCTHU Dy, DJIEKTPOHOB MO ercTBUEM 0. [ToirydeHo, uto
3HaYeHHe » cocTaBiusgeT nopsaka 1,6-10° m/C, a ckopocTh vy, MMeeT 3HaueHHE
nopsaaka 0,3 m/c (mpu E=10"2 B/m). [1o3TOMY IIpH BBIYMCICHMU IPOBOJAMMOCTHU H,
COOTBETCTBEHHO, TJIOTHOCTH JJEKTPUUYECKOTO TOKA MOXKHO MPUHSTH, YTO CPETHSS
CKOPOCTb 3JIEKTPOHOB B ITPOBOJHUKE OCTAETCS MPAKTUUECKHU HEM3MEHHOW. Beraenum

2

B IWJIMHAPUYECKOM MPOBOJHUKE 00BEM € OcHOBaHMeM S=1 M~ m oOpa3zyromei

1

PaBHO 0,,,, COBIIQAAIONICH C HaMpaBiIeHHeM jpeiida (prucyHok 4).
| op
[

i

Pucynok 4 — K BeiBoAY (OopMyIIbI TSl IIIOTHOCTH TOKA

E

DIIeKTPOHBI, 3aKJIIOYCHHBIC B JJAHHOM OOBeMe, 3a Bpems | ¢, mpoiias ero,
BBIIYT U3 JAaHHOTO 00bEeMa U CO3JaAyT MIIOTHOCTh TOKA
j=env()p. (8)
rae N — KOHLEHTpAaIKs JICKTPOHOB B 30HE ITPOBOJMMOCTH ITPOBOHHUKA.

ITo 3akony Oma maoTHOCTh TOKa (nuddepeHnmanbapii BUa 3akoHa Oma)

J=VE, (9)
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r7e y — ylaeabHas 3JEeKTPONPOBOIHOCTh MPOBOJHMKA, KOTOpas oOpaTHa YIEIbHOMY
COTIPOTUBIICHUIO TIPOBOIHUKA.

[I1oTHOCTP TOKa OmpeneseTcs, Kak OTHOIIEHHWE TOKa B MPOBOJHHUKE K
wiomaan ero momnepeynoro cedenus j=I/S ([dannHas ¢Gopmyna ucCHOIB3yeTcs s
pacdera IJIOTHOCTH TOKAa TPU KOHKPETHBIX 3HAYCHUSAX TOKA W CEUCHUS U HE
MOKa3bIBAaCT B3aMMOCBSI3b MEXKY dTUMHU BEIMYMHAMH TMPH UX HU3MEHEHHH C TOYKU
3peHuss (U3UYECKUX TMPOIECCOB B  MPOBOJHMKAX. OTO CBS3aHO C HE
IPONOPLIUOHATILHBIM U3MEHEHHEM TOKA MPU U3MEHEHUH CEYEHUs POBOJAHMKA, YTO B
CBOIO OYEpE/Ib OMPECIIICTCS Pa3HbIM MPOTEKAEM TETLIOBBIX MTPOIIECCOB).

OO6benuuss BeipakeHus (8) u (9), nomydaercs

y=enu,, (10)
1€ Ue=0,/E — MOIBMXHOCTB 3JIEKTPOHOB.

Hcnonb3yst BblpakeHUe s ApeiioBON CKOPOCTH 3JIEKTPOHA (IOJIYUYEHO U3

peICHUA KHHCTHYCCKOI'O YPAaBHCHHUA BOJ'IBI_[MaHa)

Vop— mi E (11)

dbopmyia s TOABMYKHOCTH JISKTPOHOB IMTPUHUMAET BU/T

uez%. (12)

C yueroMm gaHHOU (OPMYIIBI AJIs ONPEIeTCHUS TPOBOIUMOCTH Y TTOTy4aeM

2
ne’z _ne‘4,
WIN p = .

y= (13)

m VJH

OtMetuM, 4TO B OOIIEM ciydae BpeMsl T CBOOOJHOTO mpoOera 3aBUCUT OT
SHEPTUHU IIEKTPOHOB. [103TOMY B BBIpOXKEHHUH JTOJKHO MCTIOIB30BAThCS YCPETHEHHOE
BpEMsI BCEX DJICKTPOHOB, YYACTBYIOIIMX B CO3/IaHWM TOKa Yepe3 MPOBOJIHUK. Bce
AJIEKTPOHBI MPOBOJAMMOCTH TPUHUMAIOT, HE 3aBUCHMO JAPYT OT Jpyra, y4acTHe B
CO3JJaHUU  DJIEKTPUYECKOTO TOKa W  (POPMHUPOBAHUHU  DJIEKTPOMPOBOIHOCTH

IMPOBOJHHKA.
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Tax kak BenmuuwHa, oOpaTHas yIETLHOMY COIPOTHUBJICHHUIO, MPEICTABISET
VACTBHYIO TPOBOJMMOCTb, TO VJACIbHas mpoBoguMoctb p~1/p. Pa3smepHOCTH
yeIbHOH poBoAuMOCTH M/OM MM,

YaenpHas TPOBOAMMOCTh, KaK W YJEIHLHOE CONPOTHUBJICHHE, 3aBUCUT OT
CBOMCTB MaTepuaia (mpuioxenue A, Tadauia A.l).

3aMEHUB YACIBHOC COIMPOTHUBJICHUC y,ZleJIBHOﬁ IIPpOBOAUMOCTBIO, IJISA pacdcCTa

COTIPOTHUBIICHUS MOYKHO HCITOJIH30BaTh (HOPMYITy

R= . (14)

7’

1.6 3aBuCcHMOCTD Y/1€JIbHOTO CONNPOTHBJIEHUS OT TEMIIEPATYPbI

B metannax KoHIEHTpaIys N 3JIEKTPOHOB U CKOPOCTh AJIEKTPOHOB 0 B 00JIaCTH
MPOBOAMMOCTH  TMPAKTUYECKU HE3aBUCHUMBI OT Temmeparypel [. Iloatomy
TEeMIlepaTypHas 3aBUCHUMOCTb )y OMPENEISETCS TOJIBKO 4Yepe3 CPEeIHUM CBOOOIHBIM

npoOer Ag.

PucyHnok 5 — 3aBUCUMOCTbD YIE€IBHOTO COMPOTUBIIEHUS YACTOTO
MeTaJljia OT TEMIIEPATYPhI

Ha pucyHke 5 moka3zaHa cxemMaTHYeCKas KpHBas 3aBUCHMOCTH YICITBHOTO
COTIPOTHUBJICHUS YUCTHIX METAJIJIOB OT TeMIlepaTypbl. PaccMoTpuM 00J1acTh BBICOKHX
temneparyp. JiauHa cBoOomHOro mpobera A, OUYEHb CHIIBHO 3aBHCUT  OT
TemriepaTypbl. Tak B Meau 3HaYeHue A, usmensercs ot 4-10™ cMm npu Temmeparype
T=100 K g0 7-107 cm npu Temneparype 7=1300 K, T.e. ymMeHbIIaeTCA.

Ho »Tt0 B coTtHM pa3 Oosbllie pacCTOSHUS MEXAY aTOMaMH B PEIICTKH

Kpucrajia. CJ'ICI[OB&TCJ'IBHO, C—)q)(beKTI/IBHBIC CCUCHHUA pPaCCCiAHUA OJJICKTPOHOB Ha
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y37aX KPUCTAJUIMYECKOM pelieTku (MOHAaX) MHOTO MEHbIIIE, YeM UX F€OMETPHUUECKHE
pasmepbl. OTcrofa CIE€yeT, YTO HOHBl KPUCTAJUIMYECKOW PEIIETKM B IEPBOM
OpUOMMKEHUU MOXKHO CUMTaTh, Kak Obl MPO3pauyHbBIMU ISl JBHKYIIMXCA
AJIIEKTPOHOB.

Kax yka3biBaJIoCh BbIIIIE, COMPOTUBICHUE MPOBOJHUKOB OMPEAEsETCS IITUMHOM
cBoOoaHOro mpoodera Ag. Ilpu moBbllIeHMHM TeMIepaTypbl BO3pacTarOT KoJeOaHus
KpUCTAJTTMYECKOHN pemieTku. B pesynbTare paccesnue Ha (OHOHAX YBETUYHBACTCS, a
JUIMHA Agp YMEHBIIAETCSA: MPOUCXOAMT 3HAYUTENIbHOE W3MEHEHHE HalpaBJIEHHOTO
JABWOKCHHST DJIEKTPOHOB TMPH KaXIOM B3aMMOJCHCTBHHM C KOJICONIOMIMM aTOMOM
(boHOHOM), T.€. CONMPOTHUBJIICHUE MPOBOJHUKA MOBbIIIaeTcs. COrjiacCHO KBaHTOBO-
MEXaHUYECKOMY PAacCMOTPEHHIO, JUIMHA CBOOOJIHOrO mpobera Ay HE 3aBUCUT OT
SHEPIrUU PACCEUBAIOUIETO 3JIEKTPOHA, a 3aBUCHUT JHIIb OT KOHIEHTpAUHH (POHOHOB:
A¢~Ng. Tak Kak B 00s1aCTH BBICOKUX TeMuepaTyp Ng~T,T0 A¢~T. B cBsa3u ¢ 3TuMm
HojlyyaeM Uil YJEIbHOIO  CONPOTHBIIEHUS MPONOPLUUOHAIBHOCTH p~T, a
npoBoaumocts y~1/T.

B oOnactu HU3KMX TemmepaTyp MpPOBOAMMOCTh HAuWHAET OBICTPO,
IponopUKOHansHO 1/T°, BO3pacTaTh ¢ IMOHMKEHUEM TEMIIEPATYPhL. TO €CTh, Ta HOJIs
COTIPOTUBJICHUS, KOTOpas BbI3BaHA TEIUIOBBIMH KOJEOAHUSMU PEIIETKH, JO0JKHA
yMeHbIIaThCs 0 Hymst. OHako Jaxe npu temneparypax omauskux k 0 K y meranmnos
Ha0II0AAeTCsl OCTATOYHOE COMPOTHBJIEHUE, KOTOPOE HE 3aBUCUT OT TEMIEPATYpPHI U
ONpeNENsAeTCS KOHUEHTpAMen npumece. Ha BennMuuHy HaHHOrO CONMPOTHUBIICHUS
BJIMSIFOT TaKXKE MEXaHWYECKUE JACPEKThl B TIPOBOJHUKE, OCTATOYHBIC MEXaHHUUECKHE
HaTNPSHKEHUST 1 MHOTOE JIPYTOE.

SIBnenue, HaOmonaroliee y NPOBOJAHMKOB M CIUIABOB IPU TEMIIEpaTypax
omuskux k 0 K, korga conpoTuBieHne CkaukooOpa3HO YMEHBIIAETCS Ha HECKOJIbKO
MOPSJIKOB, TMOJYYWJIO Ha3BaHUE CBEPXIPOBOAUMOCTb. (OJHAKO HEBO3MOXKHO
MOJIyYUTh TEMIEPaTypy, paBHyl0 Hymio KenbBUHOB, a Takke HEBO3MOXKHO
U3TOTOBUTH COBEPUIEHHO YHUCTBHIM MPOBOJHMK, MOITOMY CYLIECTBYET HEKOTOPBIM
mpeJies Mo COMPOTUBIICHHIO, K KOTOPOMY MOKHO CTPEMUTHCS, IIOHUXKAsi TEMIIEpaTypy

Y OYMILAS IPOBOJHUK OT IPUMECEH.
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Pacuer compoTuBiICHWII NpU PaA3TUYHBIX TEMIIEpaTypax MPOBOIUTCS TIO
dbopmyie
R.=R:1[1+a(T>-T1)], (15)
rae R, u Ry — conporuBnienns npu temneparypax 7> u 71 COOTBETCTBEHHO, OM;
0. — TeMIepaTypHblid ko3¢ durueHT conporusieHus, 1/K.

[IpuHuMas Bo BHMMaHue, 4to B auamnazoHe ot 0 mo 100 °C moutm mis Bcex
METAJJIOB YJIEIbHOE COMPOTUBJICHUE 3aBUCUT JIMHEWHO, YNIEJIBHOE COMPOTUBJICHUE
MO>KHO PaccuuTath 1o ¢hopmyse

p=po(1+at), (16)
rae t — remneparypa, °C;
po — yaenbHoe conporusienue npu 0 °C (tabnuunoe 3HaYeHHE).

JI1st MHOTUX METaIIOB KOA(PHUIMEHT 0 110 YUCICHHOMY 3HA4YE€HUIO OJIM3KO K
0,00367 wmm x 1/273.

brnaronapss cBoMM MpPOBOASIIMM CBONCTBAM OCHOBHBIMU MaTepHalaMH,
HCTIONB3YEMBIX B AJICKTPOTEXHUKE JJIi U3TOTOBJIECHUS MPOBOJIOB, SBISIOTCS MEb,

ATFOMWUHUU U CTAJIb.

2 Tlopsaok BHINOJHEHUS PA0OTHI

2.1 CobpaTh 3IEKTPUUECKYIO IIETIh, COCTOSIIYI0 M3 MCTOYHMKA TOKa, KIOYa,

pesuctopa (MPOBOJIHUK U3 MEJN), aMIIEpMETPa U BOJILTMETPA.

2.2 3aMKHYTb KJIIOY U CHITh MOKa3aHUs MPUOOPOB. Pa30MKHYTH KITHOY.

2.3 Ucnonws3ys dhopmyny (6), paccuutath COMPOTUBICHUE M DICKTPUICCKYIO
IPOBOJUMOCTH MEAHOTO MPOBOJIHUKA.

2.4 Vcnonbdysa dopmynsl (7) u (9), paccuntarh yaeiabHOE CONPOTUBIECHUE U
YACIBbHYI0 IPOBOJUMOCTh NPOBOJHUKA, IUIOTHOCTh TOKa W  HANPSKEHHOCTh
ANEKTPUYECKOro TMOoJsl B TMpOBOJAHUKE. J[[nMHA mNpoBOAHMKA M €ro IUIoUajib
MONEPEYHOT0 CEYEHMS 3allCaHbl HA PE3UCTOPE.

2.5 3anucath TeMIepaTypy B IOMEIIESHUH.
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2.6 Tlo gopmyne (16) paccuutarh yAelbHOE COMNPOTUBICHHE MPU JAHHOU
temneparype (yaensHoe conporusienue mpu 0 °C ompenmensercs mo tabmune A.l
OPUIOKEHUS A).

2.7 CpaBHUTHb TMOJy4YCHHbIE B TyHKTax 2.4 u 2.6 3Ha4eHHUS YACIbHBIX
COIPOTUBJICHUU.

2.8 BbINoiHUTE MYHKTHI 2.1-2.7 114 aNtOMUHUEBOTO MPOBOJHUKA.

2.9 Pazo0paTh 2JIEKTPUUYECKYIO IIETIb.

2.10 Ucnonwszyss panHbie Tabmuipbl A.2 (mpuiokeHue A) paccuuTarhb
JOMYCTUMYIO TUIOTHOCTh TOKa MPH Pa3iMuHbIX TeMIlepaTypax A MpoBOJAa U3 Meau
n amoMuHus. Pesynbrarel pacueroB 3aHect B Tabmuny 1. Iloctpouths rpadux
3aBHUCHUMOCTH IUIOTHOCTH TOKa OT IUIOLIAJM CEYEHHUsS IMPOBOAOB IPHU Pa3INYHbBIX
TeMIIepaTypax.

2.11 Ilo nmosy4eHHBIM pPE3yJIbTaTaM ClIeNIaTh BBIBOJI.

Tabnuma 1 — Pe3ynbpTarhl pacuera MIIOTHOCTU TOKa (CHadasia JJisl MEIU, 3aTeM IS

ATFOMHUHUS )
Temneparypa T, °C | TInotHOCTH TOKa Ceuenne mpoBozia S, MM>
J, Ahav® 1 [25] 4 | 6 | 10| 16 | 25
20 j
25 j

3 KoHTpoJibHbIE BONPOCHI

1 TlepeyncianuTh OCHOBHBIC DKCIIEPUMEHTAIIbHBIE (PAKTOPHI, TTOATBEPKAAIOIINE

AIEKTPOHHYIO CTPYKTYPY CTPOCHHS METAJLIOB.

2 YUto mpencTaBiisieT COO0M «JICKTPOHHBIN rasy.

3 Yto onpenensieT 3AEKTPONPOBOAHOCTh IPOBOTHUKOB?

4 OOBACHUTE SHEPTETUUYECKYIO TMarpaMMy METaJIJIOB.

5 Kak pacnosararorcsi 3J€KTPOHBI Ha DJHEPreTUYECKOW Juarpamme Ipu

a0COJIFOTHOM HYyJIE?
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6 Urto onpenensieT JUIMHy CBOOOHOTO Mpolera 3JIeKTPOHOB B MPOBOJHUKAX ?
7 Kak Has3pIBaeTCs MHUHHMAJIbHAs SHEpPrusi KoJeOaHUl aTOMOB B y3jax
KPUCTAJUINYECKON PEIIECTKU?

8 OOBACHUTE 3aBUCUMOCTb YACIBHOU MPOBOJUMOCTH OT TEMIEPATYPHI.

bubauorpaduyecknii Cimcoxk

1 Ocenequuk, 10.C. ®usnka: MoayapHBINA Kypce JUISI TEXHHUECKUX BY30B: y4eO.
nmocooue s OakamaBpoB / FO.C. Ocenemunk, I1.M. Camoiiinenko. — M.:
NznarensctBo FOpaiit; UJ1 FOpaiit, 2013. — 526 ¢. — (Cepus: bakanasp. ba3oBsrii
Kypc).

2 Tpodumona, T.1. Kypc ¢pusuku: yued. mocobue mis By3oB. Pex. MO. — 17-
e usn., crep. / T.W. Tpopumosa. — M.: M3aat. nentp «Axamemus»: Beicmt. mk., 2010.
— 560 c.

3 CagenneB, U.B. Kypc obmeit pusuku. B 5 ku. Ku.3.MonexynspHas ¢puznka
U TepMoJinHaMuKa: Yueb. mocob. ais Bry3oB / U.B. CaenbeB. — M.: OOO "U3n-Bo
ACT", 2007. — 208 c.

4 Jlernad, A.A. Kypc dusukn: yued. moco6. mis BTy3oB. Pex. MO. — 6-¢ u3.,
crep. / A.A. lletnad, B.M. fBopckuii. — M.: U3mar. nentp "Axkagemus", 2009. —
720 c.
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[Tpunoxenue A
JlaHHBIe JJI5l pacyeTa XapaKTepuCTHK NPOBOJHUKOB

Ta6muna A.1 — CBolicTBa MPOBOAHMKOBBIX MaTepUaioB rmpu Temmneparypax 0 u 20 °C

VY aensHOE VY nenvHas CpenHue 3HaueHUS
COIIPOTHUBIICHUE p, IPOBOJUMOCTbD ), TEeMIIepaTypHOro
Marepuan OM-MM?/M M/(OM-MM?) KodpdunreHTa
7,0°C | 1,20°C | 7,0°%C | T,20°C COIPOTHBIIEHHUA 0,
Ot
Menp 0,0155 0,0175 64,5 57 0,0041
AnroMUHUN 0,0253 0,0224 39,5 34 0,0042
Cranp 0,0869 0,013 11,48 7,7 0,0057

Tabmuua A.2 — JIMUTENbHO JOMYCTUMBIE PAacUeTHbIE HArpy3Kd [JIsi MPOBOJIOB C
PE3UHOBOM WM TMOJUXJIOPBUHWIIOBOM H30JISIIIMENH C MEIHBIMU U aJTHOMUHUEBBIMU

MPOBOJAMHM IIPM pACUETHOM TemIeparype OKpyxkaromero Boszayxa +25 C°C,
IIPOJIOKEHHBIX BHYTPHU 30aHUS
Ceuenue
MpoBOJIA, 1 2,5 4 6 10 16 25
MM?
TokoBas
Harpyska*, A | 17/13 30/24 41/32 50/39 80/60 100/75 140/105
*[Ipumedanus.

1 B uyucnurene mpuBeleHbl HArpy3Kd JUIsi MEIHBIX MPOBOJOB, a B 3HaAMeHaTene — JUIs

AJJFIOMHUHUECBBIX.

2 [Ipu pacueTHO# Temmeparype Bosayxa T, oTnuuHoit oT 25 °C, Harpysku, IpuBeeHHBIC B

TabJuIe, YMHOXKAIOTCS HA KO3 QUIIUEHT

rae 7o — MakcuMallbHas JOMyCTHMas TeMIlepaTypa MpoBoAa B H30iAUMU. [l HpoBOIOB C

PE3HHOBOM MM TIOMMXIOPBHHIIIOBOM H30suel Benmmunna T,=65 °C.
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