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MPEAUCJIOBUE KO BTOPOMY HU3JAAHUIO

Jlnst nepBoro W3JaHHsi 3TOT ToM Obln HanucaH 25 ner Hasap.
EcrtecTBeHHO, 4TO TakKoH OGOABUIOH CPOK NpHBEA K HeOOXOJHUMOCTH
JOBOJIBHO 3HAYHTEJNbHOH nepepabOTKH H JONOJHEHHS KHHTH s
HaCTOsHIIer0, BTOPOTO, H3JaHHf.

MNmANN arartanuan mNAI2DA

a KLT“ baf=]
TOOp MdTepHasnaa Oblid NPOHSBLACH B CBOC KUM 06pa3ol

o A
CLANILIYE I l} € JIIVL

49T0 (aKTHYeCKH OH (3a BecbMa He3HAUHTEJbHHMH HCKJIOYEHHSIMH)
He ycTapesJ H K HACTOSieMy BpeMmeHH. B 3TOl 4acTH npoH3BeleHbl
NHIIbL CPABHHT:/IbHO HeGOJbUIHE JONOJHEHHS H YJYULIeHHA.

INToTpe6oBaoch, OJHAKO, CYUIECTBEHHOE AONOJHEHHe KHUI'H HOBBIM
marepuanoM. OcoGeHHO 3TO OTHOCHTCH K TEOPHH MArHHTHBIX CBOHCTB
BellleCTBa H TEOPHH ONTHYECKHX fIBNEHHH; J00aBjeHbl HOBHIE TIJIaBbl
O TPOCTPAHCTBEHHOH IUCNEpPCHH M O HEJHHEHHOH ONTHKe.

['naBa 06 3/eKTpOMarHHTHHIX GyKTYaUHsix HCKJ/IIOYEHa, TOCKONLKY
3TOT MaTepHa] H3JI0XKeH Telepb, B H3MEHEHHOM BHJE, B JPyroM ToMe
sroro Kypca—Ttome [X.

Heouennmyio nomoinp npu pabore no nepepaboTke 3T0ro, Kak H
APYrHX, TOMOB OKa3anM 3aMeyaHHsi HalllMX TOBapHILUEeH N0 Hayke —
CJIMIIKOM MHOTHX, uTOOBI BCeX 3/eCb IIePeyHUCJUTb; BCEM HM MHI
uckpeHHe GaaropapHel. OcOOEHHO MHOTO 3aMeuyaHHd OBIO CIENaHO
B. JI. Tunsbyprom, B. f. 3eapnosuuem u B. I1. KpaiinossiM. Ouenb
HeHHa Jif HAac Gblia BO3MOXKHOCTb MOCTOSIHHOTO OOGCYXIEHHsI BO3-
HuKaBwX BonpocoB ¢ A. @. AuipeespiM, M. E. JI3sjomuHcKEM H
. M. Jlupunuem. Ocobyro 6narofapHoCTb Mbl XOTHM BBIPa3HThb
C. W. Ba#inmreiiny u P. B. ITonoBHHY 3a 60abliyi0 NMOMOIIbL, OKa-
3aHHYI0 HMH TpH nepepaboTKe T/aBbl O MAarHHTHOH rHADPOAMHAMHKE,

Hakoneu, Mol 6narogapau A. C. boposuky-Pomanosy, B. U. Tpu-
ropeeBy M M. M. KaranoBy, npoduTaBIIHM KHHTY B PYKONHCH H
clenaBIIUM PSA NOJE3HBIX 3aMEeuYaHHH.

Hioas 1981 r. E. M. Jupwuy, J. I1. Numaesckui



NMPEAUCJIOBUE K NEPBOMY HM3AAHHIO

ITpepsaraembiit ToM «TeopeTHyeckOH H3HKH» TOCBSAIIEH TEOPHH
3JIEKTPOMAarHHTHLIX MOJieH B MaTepHaJbHBIX CpelaX M TEOPHH MAKpo-
CKONMHYECKHX 3JeKTPHUeCKHX M MarsMTHBIX CBOHCTB BemecTBa. Ciona
OTHOCHTCH, KaK 3TO MOXHO BMJETb M3 OIVIaBJeHHs, BeCbMa IUHPOKHH
KpYI" BOOPOCOB.

Ilpu HanucaHuH 3TOH KHHI'H Mbl BCTPETH/IHCH CO 3HAUHTEIbHBLIMH
TPYJHOCTSIMH, CBSI3aHHHIMH C HEOGXOAMMOCTBIO KaKOro-to orbopa H3
HMEIOIErocst OrPOMHOIO MaTepHala, a TakXe C TeM, YTO O00bIuHOe
H3J0XKeHHe MHOTHX OTHOCHILIMXCS ClI0Ja BONPOCOB He 0C/IafaeT A0JIK-
HOH cTeneHplo (PU3HYECKOH SICHOCTH, a 3avYacTyilo JAaxe COJEepPKHT
omubku. Mul oTHaeM cefe OTYEeT B TOM, YTO H B mpejaraeMom
M3JIOXKEHHH HMEETCS elle MHOTO JePeKTOB, KOTOpblE Mbl paCCUHTLIBaEM
HCTIPaBHTL B JajbHeillleM, B CACAYIOIMX H3JNaHHAX KHHTH.

Mul 6aaropapunl npod. B. JI. TuH36ypry, npouuTaBlleMy KHHTY
B PYKONHCH H cJejaBlleMy psil TOJE3HblX 3ameyaHui. Mbi Guaro-
Zapunl Ttakxke M. E. [ssnomunckomy u JI. Il IluraeBckomy 3a
6OJbIIYIO TMOMOILb, OKAa3aHHYI0 HMH NpPH YTeHHH KOPPEKTYPHI.

Mocksa, okTa6pbp 1956 r., JA. 1. Jaroay, E. M. Jupuuy
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1£ HEKOTOPBIE OBO3HAUEHUS

Besge npuHATO NpaBUIO CYMMMPOBAHWA MO JABAXKAbl IOBTOPAIO-
IMMCs BEKTOPHbIM M TEH3OPHBIM TPeXMepHBIM (/NaTuHCKHe OYKBBI) H
ABYMEDHBIM (Tpeueckue GYKBBI) HHJIEKCaM.

Cepliku Ha naparpadgs! U ¢opMyJibl JPYTMX TOMOB 3TOTO Kypca
cHalxkeHbl puMcKUMH nugpamu: I —«Mexanukar, 1973; 11 —«Teopus
nons», 1973; I11—«KBautoBas Mexauuka», 1974; IV —«KBaHroBas
afekTpoauHaMuKa», 1980; V—«Crartucruueckas ¢u3uka, 4actb I»,

1976; VI —«Mexanuka crnyowneix cpegny, 1954; VII —«Teopus ynpy-
roctu», 1965; IX-—«Crarucruueckass ¢usuka, uactb 2», 1978;
X —«®PysuuecKas KuHeTHKa», 1979.



FrTABA 1

AJNEKTPOCTATHKA NPOBOAHHUKOB

§ 1. Jnexrpocrarnueckoe noJje nPoOBOAHHKOB

Hpemvie'r MAKPOCKOIHYECKOH 3JMEeKTPOXUHAMHKY coCTaBiser u3y-
ueHHe 3JeKTPOMATHUTHEIX noJell B ripGetpaHcTHEe, 3ANOJHENHOM Beffié-
ctBoM. Kak Y BeAKas MAKPOCKONMYECKAs TEOPHS, 3JMeKTPOAHHAMHK A
onepupyeT (pH3UUECKUMH BeJUYHHAMH, YCPeIHEHHHMH no «pusnuecku
GECKOHEUHO MaJbiM» 371eMeHTaM ofbheMa, He HHTepPecysich MHKPOCKO-

ITITETAATY N AT ATZY TTaain
MHYEeCKUMHU KoaefaHuaMy 3THX BesnuuyuH, CBA34AHHLBIMH € MOJAEKYJIAD-

HBIM CTpPOeHHeM BellecTBa. Tag, BMeCTO HCTHHHOTO «MHKPOCKOIIM-
YECKOTO» 3HAueHHS HanpsKeHHOCTH 3JeKTPUUECKOrO Nosts € Mbl OyaeM
paccMarpHBarh ee yCpenHeHHoe 3HaueHue, 0603HAYWB €ro Kak

e=E. (1,1)

OcHoBHBle YpaBHEHUS 3I€KTPOAHHAMHUKH CIJIOWHBIX CPe MoJy-
YalTCsl IOCPEACTBOM YCPeJHEHHS YPABHEHHH 3/€KTPOMATHMTHOTO
mofs B nycrore. Takoil mepexol OT MHMKPO- K MaKPOCKONHUECKHM
ypaBuenusM Obl1 BnepsHe npousseneH Jlopewyem (H. A. Lorentz,
1902).

Bux ypaBHeHu#i MaKPOCKONU®eCKOH 3JEKTPOJHHAMHKH H CMBICJ
BXOJSIIIMX B HHX BeJIMYUH CYILECTBEHHO 3aBUCAT OT (U3HUECKOH HpH-

o
F N0 m W kY] m b4
ponb! MaTePHaNbHOH Cpeip!, a TakXKe OT XapakTepa U3MEHEHHA HOMA

co BpemeneM. IloaTomy npeicTaBnsfeTCst palyOHaMbHBIM POHM3BOAMTD
BBIBOJ ¥ HCC/JIENOBAHHE 3THX YpaBHEHUH INA KaXKAOH KaTeropuu
¢usnueckux OGBEKTOB B OTHEJbHOCTH. :

Kak u3BeCTHO, B OTHOLIEHUH 3JIEKTPUUECKUX CBOHCTB Rre Tena
ACNATCA HA JBE KaTeropuH —npoRoOHuUKY W Ou3jeKmpuKkiy. NDHYEM
nepBble OTJIHYAIOTCSH OT BTOPLIX TE€M, UTO BCAKOE 3JIEKTPHUECKOE r10JIe
BBISbIBAET B HHUX JBIKEHHE 3apsH0B-—3JeKTPHUECKUH TOK '),

Mnl HauHeM ¢ M3YYeHHS NOCTOSIHHBIX 3/EKTPHUECKHX NoJefl, co3-

JlaBaeMbIX 3apSXKEHHHIMH NPOBOIHUKAMM (94€KmMpocmamuKe poBOL-
HEKOB). M3 OCHOBHOrO CBOHCTRA NpPOBOLHUKOB, NMPEXAE BCEro, CJe-

AYET, YTO B 3/JEKTPOCTATHYECKOM CJydYae HampsKEHHOCTb 3JIEKTpH«
YeCKOro InoJisfi BHYTPY HHMX JO/KHa OblTb paBHOH HyJawo. [leiicT-
BHUTE/IPHO, OTIMYHAA OT HyJd HanpsxKeHHocTs E npuBena 6wl

K BO3HMKHOBEHMIO TOKAd, MeXAY TeM pacnpocTpaHeHHe TOKa B Ipo-

1) Nposoannk mpennonaraerest 3hectk OJHOPOAHBIM (N0 CBOEMY COCTABy, Temrle-
patype # T. n.). B HeopHOpoAHOM NPOBOJHHKE, KAK MBI YBHIHM B jaibHelilueM,
MOryT CyumecTBOBAThL NOJIS, He BMI3LIBAWIILHE HBHXKeHHS 3apAf0B.
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BOIHUKE CBS3aHO C JUCCHIALKEH 3HEPrHU U NOTOMY HE MOXKET Camo
no cebe (6€3 BHELIHUX HUCTOYHUKOB 3HEPrUM) NOANEPKUBATLCS B CTa-
[IHOHAPHOM COCTOSHUH.

Otciona B CBOIO ouepenb ClenyeT, YTO Bce 3apsiinl B [POBOJHHKE
JOJKHBL OBITh pacrpejeseHbl N0 €ro NOBEPXHOCTH: HaJHYHEe 3aPsloB
B o0beMe MPOBOAHMKA HENPEMEHHO NpHBeno Obl K BO3HUKHOBEHHIO
3NIEKTPHYECKOTO NOJASl B HEM'), pacnpejeneHue ¥Xe 3apsioB MO MO-
BePXHOCTH MOXKET OblTb OCYLIECTBJICHO TakuM 00pa3oM, uToObl cO37a-

BacMble UMH BHYTPH NPOBOAHHMKA 110J51 B3aHMHO KOMIIEHCHPOBAMKCH.

Tem campIM 3amaua 3JeKTPOCTATHKH NPOBOLHHKOB CBORUTCH
K ONpPEAENCHUIO 3JEKTPHUYECKOTO NOJAS B NYCTOTE, BHE [POBOJHHKOB,
H K ONpeaeseHHIo pacnpeneseHus 3apsijoB N0 TIOBEPXHOCTH NPOBOK-
HHKOB.

B Toukax, He cAMIUKOM OJU3KHX K [OBEPXHOCTH Tena, cpenHee
noie E B nycrore akTHUeCKH COBNANaeT ¢ HCTHHHBIM [10JieM €. ITH
JBC BEAHYHHDBI OTJHUYAIOTCH APYT OT APYra JHilb B HENOCPEICTBEHHOH
OMH30CTH K Teny, T/ie €ellle CKa3biBaeTcsl BJAMAHHE HEPeryJsipHLIX
MOJeKYIspHBIX noned. Ilocnepnee o6cTosATENLCTBO, OJHAKO, HE OT-
paxkaeTcs Ha BHIE yCcpeAHeHHbIX ypaBHeHu# nonsg. TouHbie MUKPOCKO-
YUecKHe ypaBHeHus Makcpenna B nycToTe rvacAr:

dive=0, (1,2)

1 oh
I‘Ote—--———c**ap (1,3)
(h—MHKpOCKONHYECKas HanpsXKeHHOCTb MarHutHoro mnoJs). Ilo-
CKOJbKY CpeJHee MArHUTHOE fI0Jie MPEeAnoaaracrTcsi OTCYTCTBYIOMIMM,
To u npoussosnass Jh/0f obpaiaercd B pesyabTaTe YCPEeLHEHUS
B HYJdb, 4 Mbl HaXOOUM, 4YTO TNOCTOSIHHOE 3JIEKTPHYECKOe TioJe

B NYCTOTE YAGBJCTBOPHAET OOBIUHLIM YPAaBHCHHAM
d1vE=0, rot E=0, (1,4)

T. €. ABJACTCA TNOTCHHHAJLHBIM II0N1E€M C NOTEHOIHAJMOM ¢, CBA3AHHLIM
C HanpaXKeHHOCTbIO COCTHOUIEHHEM

E=—gradg (1,5)
U YIOBJeTBOpsOUiUM ypaBHeHH10 Jlannaca
Ap =0. (1,6)
rnonvrnUL:n RJATENADIICY TTITLO 1IN r 0 nnrjﬂnvrl(\r\m!r MDMNATTITIITY
1L panr—inpic VDR AJin 11\ ) lUDClJAI.’lU\,I.H. L PAFDNT L ELYEI

—
-
)
e
= o

CNefyOT M3 CaMOre ypaBHEHHSA rotE 0, cnpaBeaHBOTG
HcxonHoe ypasuenue (1,3)) u BHe, u BHYTpu Tena. BroibepeM och 2
IC HANpaBJE€HHIO HOPMAJIX n K dosepxnocm NMPOBOAHHKA B HEKO-
TOpoH ero Touke. Komnonenra E, noas B HenocpeacTBEHHOH O6iu-
30CTH K TNOBePXHOCTH Tena [AOCTUraeT OdeHb OO0JblUMX 3HAYeHUH
(BBHLY Hanuuus 37echb KOHEUHOH pPa3HOCTH [OTEHUHATOB Ha OuYeHb

1) 310 sicHO BHAHO M3 TIPHBeAeHHOFo HHXe ypaBHenns (1,8).
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MaJblX PAacCTOSHUAX). DTO GOJbIIOE NOJe ABASETCS CBOHCTBOM CamMoOH
MOBEPXHOCTU M 3aBUCHUT OT ee (U3UUECKHX CBOHCTB, HO HE HMeer
OTHOLLIEHHS] K paccMaTpHBaeMOd HaMM 3JEKTPOCTATH4YeCKOH 3ajxaue,
TaK Kak OBICTPO cliajjaeT y:Ke Ha pacCTOSHUAX, CPAaBHUMBIX C aTOM-
HpiMH. CylllecTBEHHO, OJHAKO, YTO €CJU NOBEPXHOCTb OJHOPOJHA,
npousBonuble 0F,/0x, OE,/0y BROJb NOBEPXHOCTU OCTAIOTCH KOHEY-

HbIMH, HecMOTpss Ha ofpamienue camoro FE, B G€CKOHEYHOCTE,
[losromy u3

OF, aE
ay 0z

(rot E), =

caenyer, uro 0E,/0z KoneyHo. I10 3Hayut, 410 E, HENpepuIBHO Ha
NOBEPX HOCTH ('raK Kak cKauok £, osnadan Obl oGpameHHe Ipou3s-
BojHOR OE, /0z B 6eCK0Hequc1‘b) To xe camoe orHocutcs u K E,
a TIOCKOJNBKY BHYTpH npoBojanuka Boobuie E =0, To MmbI npnxo,zmM
K BBIBOZY, YTO KacaTeJbHble KOMNOHEHTbI BHEIIHErO MOJS Ha €ro
MOBEPXHOCTH JOJKHB 00paniaTbcsi B HYJb:

E;=0. (1,7)

Taxum obpas3oM, 31€KTPOCTATHUECKOE Iose JONKHO ObITb HODMAJb-
HbIM K NOBEPXHOCTH NPOBOJIHHKA B KaxnoH ee touke. [lockonbky
E =—gradg, TO 3TO 3HAUUT, UTO MOTEHUHAJ MOAS LOMKEH OLITb
[IOCTOSIHHBIM BAOJIb BCEH NMOBEPXHOCTH KaXKIOTO JAHHOTO MPOBOLHUKA.
JlpyruMy cja0OBamH, I[OBEPXHOCTb OJHOPOLHOTO MPOBOJHUKA MpEX-
CTaBysieT COOOH 3KBHMIOTEHUHANBHYIO NOBEPXHOCTb 3J1€KTPOCTATHYEC-
KOrO MOJf.

HopManbHasi xKe K NOBEPXHOCTH KOMIIOHEHTA I1Onf BeCbMa MPOCTO
CBsi3aHa C IJIOTHOCTBIO pacCHpefeseHHOTO MO [OBEPXHOCTH 3apsia.
dra CBA3b MOJYYaETCs M3 OOLIEr0 3JeKTPOLHHAMUYECKOTO YPABHEHUSA
dive=4np, Koropoe mocse yCpeIHEHHUHA MNPHHUMAET BH]

div E = 4np, (1,8)

rae P—CpenHsigs NJIOTHOCTb 3apsijia. B HHTerpanbHOM BHEe 3TO
ypaBHEHUE 03HAYdeT, KaK M3BECTHO, UYTO MOTOK IJIEKTPHUUYECKOTO MOJfA
uepe3 3aMKHYTYIO IIOBEDXHOCTb PaBeH MOJNHOMY 3apsify, Haxonsiie-
MYCSi B OTPAHUYEHHOM 3TOH MOBEPXHOCTBIO o0beMe (YMHOKEHHOMY

AL T QA TITARIAITITUYY ﬁ wr
Ha 4x). IlpumenuB 3Ty TeopeMy K 37eMEHTY o0beMa, 3aKJIOUeHHOMY

MeXIy HAByMsl OeCKOHEUHO OJM3KHUMM eIYMHUYHLIMHM [LIOHIAZKaMH,
MPUMBIKAIOLUMH ¢ 00€UX CTOPOH K HOBEPXHOCTH HNPOBOLHUKA, M YUH-
ThIBAsi, YTO Ha BHyTpeHHeH miaomaznxke E =0, Halinem, uto E, = 4no,
Tle 0—IOBEpXHOCTHAA IJIOTHOCTL 3apsid, T. €. 3apfifi Ha €JUHMILE
JIOLaAY HOBEPXHOCTH NPOBOAHMKA. TakuM o6pasom, pacipejeneHue
3apsANOB 110 MOBEPXHOCTH NPOBOAHUKA JaeTcs (opMmynoil

=ImEr= T Imom (1,9)
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(npousBogHasi OT mnOTeHuHala Oepercd B HanpaBleHHH BHeIHEH

HOpManyu n K HOBerHOCTH). Ionubiii dapdan npoBOogHHKA
1 o
e—wq}{ "éz'df! (1510)

rge uHTerpan Gepercs no BCEH €ro NOBEPXHOCTH.
Pacnpene.neﬂne MOTeHIHANE BO BCAKOM 3neKTpoc'ramqecxom nose

MOMKeT ,uocmraTb MaKCHMAaJbHOIO HJH MHHHME]JII:HOI‘O 3HAYEeHHU
Juulb HA rpanuiax obaacTu noast. ATy TeopeMy MoxKHO CHOpMYJH-
poBaTh M KaK YTBEPKACHHE O HEBO3MOXKLCC'H YCTOHUHBOIO paBHo-
BECHSI BHECEHHOIO B NoOje NpoGHOIO 3apsra e, TAK Kak HeT Takof
TOYKH, B KOTOPOH Obl €ro NOTeHUHAaNbHAs 3LE THS £ UMEIA MHHHUMYM.

,HOK&SHTeJleTBO TEOpPEMBbI Becmvxa npocto. Jlonyctum, Hanpnmep,
YTO B HQKOTOPOH TOUKE A \nc HE‘IXO,ZIHM%HCH Ha TIpaHHue uu.un}
MOTEHLHA HMeeT MaKCHMyM. Torga MOXKHO OKpYKHTb TOUKY A Takoi
Masofl 3aMKHYTOH NOBEPXHOCTBIO, Ha KOTOpOH Be3ne NPOHM3BOJHAS

no HopManu Og/on < 0. CrnegoBatenbHo, W UHTErpaJ no 3TOH MO-
BePXHOCTH S-‘;%df< 0. Ho B cuny ypaeuenuus Jlannaca

0P 4o _
Sgﬁﬁ_SAwthL
B NPOTHBOPEUHH C NPEATOIOKEHHEM.

§ 2. Jueprus AEKTPOCTATHUECKOTO TNOJSA NPOBOAHHKOB

BelunucnuM nondyo sHepriio U 3ieKTpOCTAaTHUECKOro Nonas 3aps-

Fald rttL Vv MM ADATIIIINYG 1\
AT LD A 11PUUUAH.‘I’II\UD

ﬂm—&EMV (2,1)

rae uurerpa’i Gepercst 1o BCEMY o0beMy NPOCTpPaHCTBA BHE NPOBOJ-
HHKOB. [lpeo6pasyem 3ToT uuiTerpan CJAeRYIOLIHM 0OpasoM:

1 1 . 1 .
’lt=—~—8~ESEgrad(pdV=—§t—j dlv(cpE)dV—kgEScp div E dV.

Bropo#l uHTerpan obpaiiaercs B HYJbL B cuay (1,4), a nepsblil npe-
obpasyercd B HHTErpan IO OrPaHHYHBAIOIMM [10J€ [I0BEPXHOCTSM
NPOBOAHMKOB M 1O GeckoHeuHo ynaueHuofi nosepxHoctu. Ho nocien-
HUH HHTErpan obpaijaeTcs B HYJAbL B CHJAY JOCTATOYHO OBICTPOro
y6bIBaHUS 1O Ha OeCKOHEUHOCTH (Npeinonaraercsi, YTO NPOU3BOIb-
Hasf NOCTOSHHasA B ¢ BpiOpaHa TakuMm oGpas3oM, uro ¢ =0 Ha Gecko-

1) Kpanpar E2 He coBnapaer co CpeIHUM KBAAPATOM €2 HCTHHNOIO NOJAA BOJIN3H
NOBEPXHOCTH TPOBOJAHHKA, d TakKe ¥ B oObeMe nocaeaHero (rge E - 0, no, pasy-

meercst, e # 0). Bwyncassa uurterpal (2,1), Me TeM caMBIM OTBJEKAEMCSl OT He

HHTepecyollleil Hac 3JeChb BHYyTpeHueH 3HeprHH NPOBOAHHKA KaK TAKOBOIO M OT
SHepruH CpoICTBA 3apALOB K €ro NOBEPXHOCTH.
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HeuHocTH). HyMmepys NpOBONHMKHM HHIEKCOM @ M o0o3Hauasi I[CCTO-
siHHble 3HAYeHHs] NOTeHIMana BAoJAb KakI0I'C U3 HUX NOCPEACTBOM @y,
noayduMm )

Hakouen, BBoIs NoJHble 3apsibl NPOBOLHHKOB e, coraacuo (1,10),

HOMIYHHM COKOHUdTE/ADbRU BblPDdMCHHE

1
U= Pl 2 €aPas (2’2)

AHAJIOTHUHOE BBIPAXKEHHIO JJIsI JHEPIHH CHCTEMbl TOUYEYHbIX 3apsioB.
3apsiibl W TNOTEHUHAJIbl TNPOBOTHHKOB He MOTYT ObiTh 3aapbl
OHHOBDPN[PHHO nﬂOH%PﬂJ’IhHhTM ﬂﬁ'ﬂﬂ%ﬂM MP}KTIV HUMU ("\]I"P(‘TR\IF‘T

onpenesienHast CBsiab. B cuny NHHEAHOCTH 1 OJHOPOLHOCTH ypaBHeHnn
noJisi B [1yCTOTE 3TA CBfI3L TOXKe JOJKHA ObITh JHHEHHOH, T. €. Bbl-

paXaTtbCad COOTHOLICHHAMH BHIOA
.
€y — %Cabq’\b’ (293)

rae Besuunubnl C,,, C,, MMEOT pa3MepHOCTb NJHHBI H 3aBHCAT OT
¢dopMbl M B3aHMHOTO pAacIIONoKeHHst NPOBOAHHKOB. Bemnunun C,,
HA3BIBAOT KoIppuyuenmamu emxocmu, a Bexnuuunl C,, (@ 7=b) —
KO3 ienmamy IreKmpocmamuieckold undykyuy. B wactHoCTH,
eC/i uMeeTcsl BCero OAWH npoBogHuk, 10 e==Cqp, rae C-—eMKOCTb;
IIOPAAOK BEJIMYMHbI €MKOCTH COBRAjaeT C JIMHEHHBIMH pasMepamu
Tesia. O6paTHble BhipaxKeHHsi AJst [IOTEHUMAJIOB 4Yepe3 3apsijbl:

«= 2Caer, (2,4)

rae Kospduuuentnl Cgy COCTABJAAKT MaTpuily, O0PaTHYIO MaTpHIE
Kosppunuento C .

BbluHcANM H3MeHeHHe 3HepPIHH CHCTeMBl NMPOBOLHHUKOB TpH 6ec-
KOHEUHO MaJOM HM3MEHEHHH HX 3apsgoB WK NoTeHUHaNOB. Bapbupys
MCXOAHOE Bblpaxkenue (2,1), nmeem

1
é‘uzq}-{SEGEdV.

IDTo BbipameiHe MOXKHO NIpeobpa3oBaTh Lajee ABYMs 5KBHBAJICHTHBIMH
cnocobamu. [loactaBuB E= —grad ¢ u umess B Buxy, 4TO ‘BapbUpO-
BaHHOe 10JIe, KAK W UCXOnHOe, yIoBJeTBOpsieT ypaBuenusm (1,4) (tak

') Tlpu npeo6pazoBanui OGLEMHOIO HUTErPaia B MOBePXHOCTHbIi 31eCh H HHKeE
HAJ0 ¥MeTh B Buly, uto [, eCTh COCTABJSIONIAS [OJIS N0 HaNpasjeHH®d) HOPMAaTH,
BHEIUHE!l MO OTHOIWEHHIO K NPOBOAHHKY; 3TO HAINPABJCHIE NPOTHBOTIONOXKIO Ha-
[paBseHHio HOpMAJdH, BHeweld no oTHowenHQ K oGIACTH OGBEMHOTO HHTErpHpO-
BaHHWs, T. €. NpocTpai'cTha BHe ODOBQ/HUKOB B CEA34 C 5THM NDH 1ipeoGpa3oBaHuH
H3MeHeH 3HAK HHTerpa.fa.
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yro div 8E =0), nuwmem

89 —= —--—Sgrad -0 dV =

1o, . I wx . L

HUJAK OKOH4YaTEJ/JAbHO

8U = 2 ¢,0e,, (2,5)

T. €. NOJAy4aeM HU3MEHEHHE 3HEPIHH, BLIPAXKEHHOE Yepe3 H3MEHEHHS
3apAaoB. DTOT Pe3y/bTaT, BIPOUEM, 3apaHee OYeBHAEH KaK pabora,
KOTOPYI0 HEOOXOOMMO NPOHM3BECTH Haj OECKOHEUHO MaJbIMH 3apsi-
namu Oe,, uTOGbLI NEpPEHeCTH HX K 3aJlaHHbBIM NPOBCIHHKAM H3 (ec-

KUHCqHULTl/l rpe noTeHiiuaa noJas leHCH HyJUU
C Apyroil CTOpPOHBI, MOXXHO HAaNUCaTh

6%__-——5Egrad6cpdl/———5d1v E 8¢)dV = 25%9?5 df,

HJIHN
U = Z ea(S(pa, (2’6)

T. €. M3MEHEHHE 3HEPrUM BbIPAXKEHO 4Yepe3 H3MEHEHHSI MOTEHUUaJIOB
IPOBOAHHKOB.
dopmyast (2,5), (2,6) nokaswisaoT, uto, AuddepeHUHPYS IHED-

ruio U no BeIMYMHAM 3aPAL0B, Mbl [107y4yaeM TOTEHUHAJab TPOBOJ-
HMKOB, a NPOM3BOAHBIE OT 9 1o noTeHuHanaMm [JarOT 3HAYEHHsT 3a-
pSALOB: :

oU o

ge, Vo Fo. =Ca (2,7)

C Zpyroi CTOPOHBI, NOTEHUMANbl M 3apSifbl SBISIOTCS JHHEHHBIMH
¢yugupsiMa apyr apyra. C nomouplo (2,3) uMeem

0pa gy Oq bas

a M3MEHHB NOPSNOK Ju(depeHunpoBaHust, Mbl noayduan 6ot C,.
Orcloga BHIHO, 4TO

C b—_"cba (2 8)

(¥, aHaJOTHYHO, Cab_Cbl) Oneprus U moxer OHTb NPEACTABIEHA
B BHME€ KBajpaTHYHOH (POPMHl NOTEHUMATOB WJIH 3apPH0B:

1 1
du=§‘zcabcpacpb= 52 Ca_bleaeb. (2,9)
a, b a b

OTa KBajZpaTHuHas ¢(opMa, KakK M HCXOLHOoe BhipaxeHue (2,1),
HOMKHA OBITh CYIIECTBEHHO NOJOXKHTeNbLHOH. M3 sroro ycnoBus Bo3-
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HHMKalOT Oflpejie/leHHble HepaBeHCTBa, KOTOPBHIM YIOBJIETBOPSAIOT K03(d-
¢uunento C,,. B uactHOCTH, BCe KO3P(HUHEHTH EMKOCTH MOJOMXKH-
TEILHBL:

C,,>0 (2,10)
(a Takxke u Czy > 0)Y).
HanpotuB, Bce KO3(hDUUHEHTH 3JEKTPOCTATHUECKOH HHIYKUHH
OTPHLATENbHLL:

PR .Y

Fai R Y Oy 11\
Cp <O (a==D)- (2,1T)

IT0 0OCTOATENLCTBO OUEBHUIHO YXKe M3 CIEAVIOUiUX MPOCTHIX coobpa-
xenuii. IlpencraBuM cefe, 4YTO BCE MPOBOLHHKH, 33 HCKJIHYEHUEM
JHIlb OAHOrO (a-r0), 3a3eMJIEHBl, T. €. UX NOTeHHUAJbl PaBHH HYJIIO.
Torna sapsn, MHIYUYPOBaHHBII 3apsiKEHHbIM (a-M) IPOBOIHUKOM Ha
KakoM-1100 NpoBOIHHKe b, paBeH ¢,=C,,¢,. 3HaK HHLYUHPOBaH-
HOTO 3apsiza NPOTHBONOJOXKEH 3HaKy HHAYLMPYIOUIEro IOTeHIuana,
a noromy C,, << 0. B 3TOM MOXHO y0enuTbCsi, MCXOAsl W3 TOro, 4TO
NIOTE€HUMA/] 3JEKTPOCTATHUECKOrO IOJNS He MOXEeT JOCTHraTh MaKCH-
Ma/JLHOTO U MHHMMaNbHOrC 3HaueHUHd BHe NIPOBONHHKOB. IlycTh, Ha-
IpuMep, NOTEHUHMA] €IMHCTBEHHOrO He3a3eMJEeHHOro IPOBOJHUKA
¢, > 0. Torga noreHuran GyAeT NOJOXKUTENEH U BO BCEM pOCTpaH-
CTBe, TakK 4YTOObl €r0 HaHMeHbulee 3HadeHue (HyJb) ROCTHMraJ0Ch
TOIbKO Ha 3aseMJeHHBIX npoBoxHMKax. OTClofa cregyer, 4TO Ha
IOBEPXHOCTH NIOC/EHUX HOpMasnbHas IPOM3BOLHAN TOTEeHuHaNa 0¢/0n
OyZeT NOJOXHUTENbHOH, a UX 3apaj coriacHo (1,10)— oTpuuaTebHBIM.

C noMoImblO aHaJOTHYHBIX PaCCyXKIEHHH MOXKHO YOeIUTBCS B TOM,
uto Cgp > 0.

DHeprusa 3/7eKTPOCTaTHYECKOTO NOJS HPOBOAHUKOB 06JiaflaeT CBON-
CTBOM 3KCTPeMaJsIbHOCTH, HMEIOIHM, IpaBja, He CTOJAbKO (PU3HIECKUI,
CKOJILKO (popManbHLIii xapakTep. [/as BHBOZa 3TOro CBOACTBa nipex-
cTaBuM cefe, 4YTO pacnpejesneHHe 3apsiioB B IIPOBOINHUKAX OgBep-
raercs OeCKOHEYHO MaJjoMy H3MEHeHHIO (NPU HEHWSMEHHOM I10JHOM
3apsijie KaXI0ro NnpoBOAHUKA), B pe3yabTaTe KOTCPOro 3apsflbl MOTYT
onacTb ¥ BHYTPb NPOBOAHUKOB; IIPU 3TOM MBI OTBJEKAaeMCs OT TOro,
UTO B [EHCTBHTENBHOCTH TaKOe paclnpeseseHHe 3apsijoB HE MOXeT
ObITb CTAUHMOHAPHBLIM. PaccCMOTPHM COOTBETCTBYIOLIEE  HM3MeHeHHe
MHTerpana

i
Y = { E*dV,
&n )
KOTODBI HalO NpeacTaBisTb cebe Tenepb pacnpOCTPAHEHHBIM MO
BCeMY MPOCTPaHCTBY, BK/louafd 00beM CaMUX MPOBOJHHUKOB (TaK KakK
mocne cMmeuieHua 3apsnoB nojde E Oygner, BooGiie roBopsi, OTIHYHHIM

') YkaxeMm TaKKe, 4TO CPeiH YCJIOBHH NOJOXHTEJbHOCTH (opMbi (2,9) dury-
PHPYIOT H HepaBeHCTBA

CaaCosb > C,ﬁb-
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OT HyJns W BHYTpPH npoBogHHkOB). [Mumiem

64U

f
I

1 i : 1 .
E Sgrad - (SE dV — _E. Sdlv((p SE)dV JF' "4? S @ le (SE dV.

Ile

o
us)
ae
s

bl terpaji, 6yayuu npeo6pa3oBaH B HuTerpaid no 6ecko-
r ? J N I | «< 2 hes paada 1300 UL AL
M

HeuHOo yJaJeHHOH NOBepXHOCTH, Hcue3aer. Bo BropoMm B cuay ypas-
HeHust (1,8) umeem divOE =4ndp, Tak uro

85U =\ ¢ 8p dV.

Ho stor wuHTerpan oOpamaercss B HyJdb, €CJIH ¢ COOTBETCTBYeT
HCTHHHOMY 3JEKTPOCTAaTHUECKOMY IOJIO: B 3TOM CJyuae BHYTPH KaxK-

JOr0 npOBOZHHKA ¢ =const, a uurerpanol S(Sp dV no ux ob6bemam
paBHbl HYJIO, TOCKOJbKY TNOJHble 3apsigbl NPOBOLHHKOB OCTAlOTCS

HeH3MEHHbIMH.

TakuM 00pa3oM, 3HEPrusi UCTHHHOTO 3JIEKTPOCTATHUECKOrC MOoJs
MHHHMa/dbHa ') NO CPaBHEHHUIO C 3Heprueil noseil, Kotopble OblIH Obl
CO3JlaHbl BCAKHM APYIHM pacnpejejieHdeM 3apsacB no obbeMmMy npo-
BOIHHUKOB (meopema Tomcorna).

13 3TOA TeopeMbl BbiTeKaeT, B YaCTHOCTH, TaKOe CJEJCTBHE:
BBeleHHe He3apsKEHHOro MPOBOXHMKA B NOJE 3ajaHHbIX 3apsiJoOB
(3apszKEHHBIX TNPOBOJHHKOB) YyMeHbUIaeT TIGJHYIO 3SHEPTHIO NOJsl.
Hanast Toro utoObl YOEAHTbCS B 3TOM, AOCTATOUHO CPABHHTb 3IHEPTHIO
HCTHHHOrO 1OJIsi, KOTOPOE YCTAHOBHUTCS [10CJe BBEJEeHUS NPOBOLHHKA,
C sHepruedl (PUKTHBHOTO I10JI5i, COOTBETCTBYIOILErC OTCYTCTBHIO MHIY-
NMpPOBaHHLIX 3apsj0B Ha BBEINEHHOM nposBophHuke. IlepBas, 6ynyuu
MHHHMAaJbHO BO3MO;KHOH, MeHbIle BTOPOH, KOTOpasti B TC Ke BpeMms
COBMNAajgaeT ¢ 3Heprueil MepBOHAUANbLHOrO NoJsl (TaK Kak IpH OTCYT-
CTBHH HHJYUHPOBAHHBLIX 3apsif0B [0Je «NPOHUKJIO» Obl BHYTPb MNpO-
BOJHHKA, HE M3MEHHBIIHCH). IDTOT pe3yabTar MOXKHO CHOPMYJIHPO-
BaTh ¥ APYTHUM 00pa3oM: He3apsKeHHbIH NPOBOLHHK, PACHONOKEHHDIH
BAalH OT CHCTEMbl 3afaHHBIX 3apsii0OB, NPUTSITUBAETCS K HHM.

Hakoneir, MO}HO noka3aTb, UTO NPOBORHHK (3apsizKEHHBIH WM
He3apsiKEHHbIH), BHECEHHBIl B 3JIEKTPOCTATHUECKCE MoJe, BOOOIIE He
MOKET HAXOZUTbCS B YCTOHUHMBOM paBIIOBeCHH INOX BJIHSIHHEM OLHHX
TOJNBKO 3JIEKTPUUECKHUX CHJI. IDTO yTBepKAeHHe 06001aeT yKa3aHHYIO
B KOHUE MpeipiAylierc naparpada aHajdOrHuHYK TeopeMy IJasi TO-
YEYHOTO 3apsila U MOXeT ObiThb [I0JYYEHC NYTEM COBMECTHOrO MNpH-
MEeHEeHH$sl nocaennedt U TeopeMbl TOMCOHA; Mbl He CTaHeM NPUBOLHTb
37ech COOTBETCTBYIOIIHX paccyXaeluil.

dopmyna (2,9) ynodua nJsi BLIYMCIEHHS HEPTHH CHCTEMBI Npo-
BOJHHKOB, HaXOLfLIMXCHA HA KOHEUHBIX PacCTOAHUAX JPYT OT apyra.
Ocoboro paccMOTpeHHst, OJHAKO, TpeOyeT 3HepPrust He3apsKeHHOro
MPOBOHHKA, HAXOASIILErocss B OQHOPOJHOM BHelllHem IoJe (&, KOTO-

Y Mu e GyzeM NpHBONHTH 37eCh NPOCTHLIX paccysKIeHHd, MOKAa3LBaOUIHX,
YTO peub HAeT HMMEHIO O MHHIMYyMe, a He 06 3KCTpeMyMme BooGuUie.
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poe MOXHO NPEACTaB/AThL cebe cO3NaHHBIM 3apAnaMH, HaXOAALHMHCSA
Ha OGeckoHeuHoctu. CorjacHo (2,2) 3Ta sHeprusa paBHa U=eyp/2,
rie e-—yjaleHHbIH 3apsaji, CO3JallIHH 1noJae, a ¢— noTeHuHan
noJis, CO3]aBaeMOro paccMaTpUBaeMbIM IPOBOAHHUKOM B TOYKe Ha-
XOXJeHus 3apazna e (u3 U uckiaoueHa sHeprHa 3apsaja ¢ B ero cob-
CTBEHHOM T0Jie, KaK He HMelulas OTHOLUeHHS K HHTEpecylouleHd Hac
3HEPrHH NPOBOAHHKA). 3apsij NpOBOJHNKA paBeH HYJIO, HO 107 BJHA-
HHeM BHeEIUHero noJs NPOBOJHHK NpHOODETAET JHNOJbHHI 31eKTpHYe-

CKHH MOMEHT, KOTOpBHIM Mbl 0003HauMM uepe3 HP. [loreHuuan noas
3/IeKTPHYECKOro JHNOJs1 Ha OOJBIUOM DPacCTOSHUH I OT Hero ecTb,
KaK H3BeCcTHO, ¢ = JPr/r3. Ilostomy

e

Ho —er/r® aBnsgercss B TO e Bpemsl HaNpAXeHHOCTbIO & noss, co-
37aBaemMoro 3apsaaoM e. Takum -o0pasom,

Y= —1/,E. (2,12)

B cuiay nuHeHHOCTH BCeX ypaBHeHHH NOJsI QYEBHJHO, YTO KOM-
NOHEHTh! AHNOJABHOIO MOMEHTA HP ABJAIOTCA JHHEHHBIMH (DYHKIHAMH
KOMIIOHEHT HanpsikeHHoCTH €. KospdHiHeHTH nponopuHOHa LHOCTH
MeXIy HP ¥ & uMeroT pasMepHOCTh Kyba IJAMHBI H NOSTOMY NpO-
NOpUHOHANBHE 00bEMY NPOBOJHHKA:

?izva,-k@k, (2,13)

rae ko3ddHUHEHTH «; 3aBHCAT TOJABKO OT (opmbl Tesna. CoBOKyN-
HOCTL BenwuuH Va,, CoCTaB/IsieT meH30p noaiapusyemocmiu tead. dToT
TEH30D CUMMETDHYEH: &, =a,; (10KAa3aTeJAbCTBO 3TOTO YTBEPIKIEHHS
nato B § 11). Cooteercreenno, sHeprud (2,12) npeacraBurcs B BHIE

”ll:-*—-l/zvaik@'[@k. (2,14)

3apaumn

1. Buipasuts B3aumuyo emkocTs C cHcTeMbl M3 ABYX MPOBOAHHKOB (¢ 3aps-
AaMH +e) uepe3 KoabpuuneHTr Cgp.

Pewmenne Bsaumnan eMKOCTh ABYX NpPOBOJAHHKOB OnpelensieTcs Kak Ko3g-
dHuMeHT B cooTHoweHHH € =C (Q;— @), 4 3Heprua CHCTeMnl Bhipaxkaercsi yepes C
nocpeicteoM U == 2C. CpaBuus ¢ (2,9), nmoayuum

1 _C11+2C+ Cy

_—=C1 -1 -1
¢ =0~ O C11Ca2 —C2,

2. Toueynnii 3apsii e pacnosoxes B Touke O BOAM3H CHCTEMH 3a3eMJeHHBIX
NPOBOAHMKOB H HHAYUHPYeT Ha HHX 3apsajbl €,. Ecan Obl 3apfjl ¢ OTCyTCTBOBAJ,
4 O/IHH H3 NpPOBOAHHKOB (a-#) HMeJ mnoreHuHan ¢, (oCTaJbHbE MO-NpexlieMy 3a-

3eMJeHbl), TO MoTeHudan noas B Touke O Ob1 Obl @) Bobipasnth sapaiel e,
uepes @, H .
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Pewmenne Ecan sapagel e, Ha NpoBoJHHKAX CooOUlal0T HM MOTEHIHANH @,
a 3apajan e;-mnOTeHuuanu q;‘;, To U3 (2,3) caeayer, 4TO

¥ 0ae, = 0.Car®y=, Pitq-
¢ a, b ¢

[TpuMeHHM 3TO COOTHOILIEHHE K JBYM COCTOSHHSIM CHCTeMBI, COCTAaBJEHHOH H3 BCeEX

TPOBOJHHKOB H TOUEUHOro 3apaja € (pacCMaTpHBas NOCAeIHHH KAk npenesbHBINA

caydall NpoOBOAHHKA Majoro pasmepa). B oJHOM COCTOSHHH HMeeTcs 3apsj €, Npo-

BOIHWKH HMEIOT 3apajel e, H mnoreHiuangn ¢,=0. B npyrom cocrosuun 3aps
' ; . 4 1 y

=

€a=+—ecpa/(;0‘;.

Tak, ecau 3apaj € HaAXOJUTCAd Ha pacCTOAHHH r OT UEHTPA 3a3eMJIEHHOTO
NPOBOASUIErO apa pajuyca a (r > a), TO @, =@,a/r B 3apaj], HHAYUHPOBAHHKN
Ha ape,

eg=—eajr.

. B kayectBe gpyroro mprMepa paccMOTPHM 3apsT €, HAaXOAULHACH MeXAYy
ABYMS 3a3eMICHHBIMH KOHLEHTpHYECKHMH cdepamu pajHycoB a H b Ha paccros-
HHH r oT uedtpa (@ < r < b). Ecan Hapyxnasa cdepa 3asemneHa, a BHyTpeHHSA
3apsiKeHa 10 NoTeHuHa’na ¢/, TO MOTEHIMA] HA PACCTOAHMH 7 paBen

. L lr—1yb
Po= % T 175

TTosromy 3apsj, HHAYLHPOBAHHEIH Ha BHyTpeHHeH cdepe 3apsjoM e, paBe

o — ah—r)
a7 Tr(b—a)
Ananornuno, 3apsij, HEAYUHPOBAHHHI Ha BHeWIHe# cdepe,
b(r—a
eh:‘—f-’%‘“"‘%-
“ r{b—a)

3. Ilsa nposoanuka ¢ emxoctaMH Cy n Cp noMmeilleHbl Ha DPAaCCTOSTHHH 7 JIpyT
oT gpyra, GOAbWIOM IO CPABHEHHIO C MX COOCTBEHHBIMH pasmepamu. OnpegesuTtsh
KospbrumenTel Cgp.

Pemenne Ecan npoBogHHK ! HeceT 3apsj e;, a NPOBOAHMK 2 He 3apsiiKeH,
To B MNepBoM NpHOMHKEHHH @, =e(/C, @p=ey/r; TNpH 3TOM Mbl NpeHeOperaem
H3MEHeHHeM 10J8 BA0Ab HpoBoAHHKA 2 u ero noaspusaumedl. Takum olpasoMm,
Cr=1/Cy, C;l=1/r n, aHalorHyHo, C:1=1/C,. OTCIO1a HaXOAUM ANA Ko3p-

22
duunenros Cgp 1)

C,C c,C C,C
Cyp=Cy (1+ 2 2): Cro=— lr . Caa=0Cy <1+ : 2).

r2 re

4, OnpeleauTs evkocTh C KoJbld M3 TOHKOTO NpOBOJa KpYroBOTO CedeHHs
(pajuyc KoJblla b, paadyc cedekds mpoBoja 4; b > a).

Pewenue DBeuay ToHKOCTH Koabla noJde sO6IH3H €r0 NOBEPXHOCTH COBMa-
JdeT ¢ noJeM, KOTOpOe CO03jaBajock Ob TeM JKe 3apsOM, PacrpefefeHHEIM 10

1y Crepyiouide YJIeHE Pa3/TOXKEHHs HMelT B ofileM cayuae fOpajok (mo 1/r)
Ha | 6onee BHICOKHI, 4eM BeINHCaHdble. EcaH, oAHAKO, OTCUUTHIBATE 5 KakK pac-
CTOSTHHE MEXJY «UEeHTpaMH 3apsjoB» o00HX Ted (aas cep—wmexay HX TeoMeTpu-
4eCKMMH UEHTPaMi), TO MOPSAOK C/eAYKLHX WIeHoB GyieT Bhime Ha 2.
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OCeBOH JIMHHH KoAbua (370 OHIO 6Bl TOYHBIM AAS NPAMOro uHaMeipa). Iloaromy
[OTEeHILHAJ CaMoro KoJblia

e pdl
Pa =305 95 r’
rjie r— paccTosiHie OT JaHHOH TOYKH IHOBEpXHOCTH KoJbLa A0 3JeMeHTa dl ero
OCEBOH JHHHH, 110 KOTOPOll NpPOU3BOAHTCSH MHTETpUpoBaHue. Pazobbem uHTerpas nHa
ABe yacTH no obmactaMm r < A v r > A, rie A—HeKOoTopoe pacCTosiHUe, TaKoe,
yto <€ A<€b. Torna npu r < A MOXKHO CUHTaTh [y4acTOK KoJblLa NPAMBIM H

IIUIUJ“JJ A
dl dl 2A
— = — e 2In —.
r ]/'12+ a2 a
—-A

A>r

B ofaactu e r > A MOXHO npeHe6peyb TOMIHHON NpoBoda, T. €. CYHTATh
LPOCTO PacCTOSHHEM MEXJAY JABYMS TOYKAMM OceBoH JHHUM Koabua. Torna

dl_. deP — (P()
S T—QSW“_QI“ teg -
r>A Do

TAe (-—UEHTPaJbHHH YToJd, Ha KOTOPHI oNMpaercs Xopia r, a HHXHHI mpegen
HHTErPHPOBaHUA onpefeasercs u3 2b sin(gy/2) =A, otkyaa @, ~ A/b. ITpu cao-
#eHuu o6enx uacTel HHTerpata BeJMYMHA A BHINAJaeT, H OKOHYATEJbHO HoMyuaem
st eMkocTH Koabua C=e/@, chaelyloiiee BLIpaKeHHe;

mbh

in 80/a)"

§ 3. MeToabl pelleHUs! 3NEKTPOCTATHYECKHX 3axady

O6mue MeToabl pelenuss ypaBHenus Jlansnaca npu 3ajaHHBIX
TPAHHMYHBIX YCJOBUSAX HA T€X WU HHBIX NOBEPXHOCTAX U3YYalOTCS B
COOTBETCTBYIOLLEM pa3fiefie MAaTEMaTHYECKOH (H3MKH, U B HalUy HeJb
HE BXOJAUT NOJHOE HX H3JoXKenHe, Mbl orpanyuynmMcsi 3Jech JHIIb
yKa3aHHeM HEKOTOpHX 0oJiee MNPOCTHX TNPHEMOB M pellleHUeM psja

THNHYHLIX 33744, HMEIOL[HX CaMOCTOATENbLHHIH HHTEpec!).

MeToa u3obpaxenuii. Onpejenenue mnons, CO3J1aBaeMOTO TOUeu-
HBIM 3apSIIOM e, pAacnoJIOXKEHHHIM BHE NPOBOAsAuIEN Cpeabl, 3anoJ-
HAIOUEl NONYNpPOCTPAHCTBO, ABASETCA NPOCTEHIUHM NPHMEPOM MPH-
MEHEHHs TaK HasbBaeMoro metoja naobpaxenuil, Mpesa storo merona
COCTOMT B noAGOope TaKHUX JONOJHHUTENbHHX (UKTHBHBIX TOYEUHBLIX
3apsil0B, KOTOpbHIe BMECTE C JaHHBIMH 3apsiaMM co3jaBajn Ol noJge,
4] KOTOpOro MNOBEPXHOCTb 34JaHHOTO NPOBOJHHKA coBHajana Obl
C OAHOH M3 3KBUNOTEHNHAJBHBIX TnOBepxHocTel noasd. B pannom
Clyyae 3TO JAOCTHraeTcsl BBefeHHEM (UKTHBHOTO 3apdaja e’ = —e,

1) PemeHne 3HAYATENBHOTO 4YHCMa OGojlee CHOXKHBHIX 3aflad MOXHO HAaliTH B
Kuurax; Cwmadm B. 3mexrtpocTaTka M 3dekTpoamuamuka, —M.: HWJI, 1954
(Smythe W. R. Static and dynmamic electricity.— McGraw-Hill, N. Y., 1950);
FpunbGepz I'. A, H36paHHbe BONPOCH MaTeMaTHUECKOH TEOPHHM 3JEKTPHUECKHX H
MarHMTHHX fBjenuii.— M.: VMaa. AH CCCP, 1948,
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pACIIOJIOKEHHOTO B TOYKe, npeicTasJjdwooumell coboil sepkaibHoe OTpa-
)KeHHe TOUKH € B I'DaHMYHOH MJIOCKOCTH npoBoisuieil cpenbl. [Toren-
HHMaJg NOJA 3apsaja e H ero «u3obpakenusa» e’ paseH
oL 1Y

o—¢| 12 (3.1)

Y — \T——;_} {Uyi)
rae r ¥ r’'—paccTosgHUs TOUKM HabjwoaeHus oT 3apsifoBe U e'. Ha
TPAHMYHON IJIOCKOCTH r=r ¥ NOTEHNUAJ HMeeT [OCTOSIHHOe 3Ha-

yeHHe @=0, TaK uyTO HEOOXOAHMMOE TpaHHYHOE YyCJAOBHE JeUCTBH-
TeJibHO BHnonnsercs u (3,1) naer peluenne nocTaB/JeHHOH 3alavH.
OrMmeruM, YTO 3apsii e NPUTACHBAEICA K NPOBOAHUKY C CHJOH
e?/(2a)* (cura usobpascenusn), a 3HeprHsl B3aHMOJECHCTBHSA paBHA
— 22/4aq.

Pacnipenenenne Ha rpaHHYHOH MJIOCKOCTH NMOBEPXHOCTHHIX 3aps-

10B, MHAYLMPOBAHHBIX TOUEUHBIM 3apdAaoM e, jJaercsa ¢opMmyJoH
1 do e a (3,2)
4 on [r=r 2 8? ’

rie a—pacCTosiHHe OT 3apsAjAa 10 MJAOCKOCTH. Jlerko y6enuthes B
TOM, 4TO MOJNHBLIH 3apdAn Ha 3TOH MJOCKOCTH paBeH

{odf=—e
KaK W JO/MXHO OLITh.

O6uiuil 3apsi, WHAYLUHPOBAHHBIH NOCTODOHHHMH 3apsjaMH Ha
nepBoHavYaMbHO HE 3apsKEHHOM H30JHDOBAHHOM MPOBOJAHHKE, pa-
3yMmeeTcsl, ocTaercss paBHbM HyJ0. [losToMy, eciu B JaHHOM Cayyae
npoBoAsiulas cpena (B AefCTBHTENbHOCTH — NPOBOJAHHMK OOJBLILHX pas-
MEpOB) H30JIMPOBaHa, TO HAJ0 NPEACTaB/sAThL cebe, YTO OJAHOBPEMEHHO
C 3apsifoM —e HHAYLHPYeTCs 3apsj e, KOTOpHH, 0AHaKo, OyayuH
pacrpelesien no NOBEPXHOCTH OOJBIIOTO TE€1a, HMEeT HCYe3alllyio
IJOTHOCTD.

Hanee, paccmorpum OoJiee CJIOXKHYHO 3ajady O noJe, co3janae-
MOM TOUYEUHBIM 3apsiJoM €, HaxoAsalHMCA BOJH3H [IAPDOBOTO IPOBO-
HuKa. Jlag peluenuss 3TOH 3ajJayd BOCMOJb3yeMmCsl CJeLYOuiHM pe-
3y/AbLTATOM, KOTOPbIH JIETKO INPOBEPHTL HENOCPEACTBEHHBIMH BBLIYHC-
nenusamu. [ToTennuan noJs, Co34aBaeMoro AByMsl TOUEUHbLIMH 3apsijaMu
en—z,

’

e e
—=——

r r

ofpauaercss B HyJb Ha C(hepHUECKOH NOBEPXHOCTH pajuyca R, LeHTp
KOTOpOHl JIEXUT HAa NPOAO/KEHHH NpsAMOH, COCAMHAIOUIEH TOUKH e
W e, na paccrosuud [ u I” ot 3THX Touek, mpuuem [, !, R yioB-
JeTBopsIOT paBencTeam [/’ =(e/e’)?, R*=1I".

[pexnonoxuM CHayana, YTO WAPOBO NMPOBOAHUK MOLAEPKHUBAETCS
pH MOCTOSAHHOM noTenuvaste ¢=0 (wap saszemnen). Toraa nose,
cO3jJlaBaeMoOe BHE Iiapa TOYEYHBIM 3apsJoM €, HaxOJAUIMMCA Ha pac-
croauuu [ OT uentna wapa (B touke A Ha puc. 1), 6yaer cosna-
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JaTh € 110JieM, CO3[aBaeMbIM CHCTeMOH ABYX 3apsJOB— JaHHLIM 3a-
psagoM € H (UKTHBHBIM 3apsiioM —e’, NOMEUIEeHHbIM BHYTPH Liapa
(Touka A’') Ha pacctoAHuu [ OT ero HeHTpa, NpHyeM

I'=R¥l, ¢ =eR/l. (3,3)

¢o=e/r—eR/lr’ (3,4)
(cM. puc. 1). Ha noBepxnoctu wwapa HHIYUHPYeTCS TIPH 5TOM OTJIHY-

Hbplil OT HyJis NOJHBIA 3apsj, paBHBIH —e . JHEpPrusl B3auMOJAEHCT-
BHSl 3apsija C LIapoM paBHa

ee’ etR
U=—g0—n~= "30—Ry" (3,5)
H 3apdn anTHI‘HBaeTCﬂ K mapy ¢ CHJIOH
p__ 0% _eMR
T a9l T (P—R¥»E

Ecnu xe npoBoaumas cdepa NoJJepKUBaeTcd NPH PaBHOM HYJIIO
NOJHOM 3apsAjae (M30JHPOBAHHBLIA He3apsa’KeHHLIH 11ap), TO HAJO BBe-
CTH ewe OAUH (UKTUBHLIA 3apsj Takum obpasoMm, YTOOBI NOJHBIH
MHAYHHDOBAHHbIH Ha NOBEPXHOCTH 1lapa 3apsdj]l OKasajcsli paBHbIM
HYJ0, TpUYeM He JOKHO HapVvilaTbCsd MOCTOAHCTBO NOTeHNMasa Ha
3TOIl NOBEPXHOCTH. IDTO JOCTHraeTCsl NoMelleHHeM 3apsija e’
B neHTp wapa. IloTeHnuan HCKOMOTO
noJisi onpegenutcs toraa dopmyJioH

e e e’
(P=—,“—;r+;0'- (3,6)

DHeprus B3aHMOJEHCTBUA B 3TOM CJay-
yae Oyner

e ( 1 1 . e?R3
2 \7T l—~l’> T 23(I2—RY”
(3,7) Puc. 1.

Hakonen, ecau 3apsil e HaxoguTcs B C(hepHYECKON MOJNOCTH B
nposBoasaueil cpege (B touke A’, puc. 1), To noje BHYTPH MOJOCTH
COBIANaeT C I0JieM, KOTOpPOe CO03JaBanock Obl 3apsiioM € M €ero
«3o6paxkendem» B TOuke A BHe cdepbl (He3aBHCHMO OT TOro, 3a-
3eMJIeH NMPOBOAHHK WM H30JHPOBaH):

o= e eR (3,8)

7T

Mertopx uusepcHu. CyniecTByeT OpOCTOH MeTOJA, KOTOpDHH B psje
cJlyuyaeB MO3BOJIAET N[O HM3BECTHOMY PEILEHHIO OJHOH 3JeKTPOCTaTH-
yeckKofl 3ajayd HaxoAUTh pelueHue Jpyroi 3agayd. (QOcHOBaHHeM
3TOT0 MeToja sIBJisieTcsl MHBAapHaHTHOCTb ypaBHeHHus Jlamjaca no
OTHOIIEHHIO K OnpejleIeHHOMY NpeoOpa3oBaHHI0 NepeMeHHbIX.
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B cdeprueckHx KoopiWHaTax ypaBHeHHe Jlamsmaca wmeer BHJ
1 g/ ,0¢ 1 .
ﬁg;(f §>+7§A9§0—-0,

rae nocpeictBoM Ap o603HauyeHa yraoeas 4acThb omepartopa JlanJaaca.
Jlerko ybeauThCsi B TOM, YTO 3TO ypaBHEHHE COXPaHfET CBOWO (opmy,

ey BMECTO NMEPEMEHHOH 7 BBECTH HOBYIO IMEPEMEHHYIO r’ COIVIAcHO

r—=— (3,9)

(npeobpasosanue unsepcun) ¥ OJHOBPEMEHHO 3aMEHUTb HEH3BECTHYIO
(yHKIHIO ¢ COrJacHo

r

,

(P:E-(P’. (3,10)

31ech R—HeKOoTOpasi MOCTOSIHHAs ¢ pasMEPHOCTbIO IJIUHBL ( paduyc
uunonminl Takum 06nazoM. ecau dvaKnug @ (r) vIOBJIEeTRODSST VDAB-
W'({Ub,,/ A CLAMELITL uu\.rux \\-fUIl.l \f] l.l.llL\l.lIl \'/ \ , JH\.’UV! uvr J I-'H

HEHHIO .Hanﬂaca, TO dpyHKLmﬂ

R o (Br 3,11

¢ (M) =7 ¢ 7=f (3,11)

TOJKE €CTbh PEIUEHHEe 3TOTO yPaABHEHHS.

Ipennonoxum, 4T0 HaM H3BECTHO pelleHHe 3alauH 00 371eKTpo-
CTATHUECKOM T0JIe, CO3JaBaeMOM HEKOTOPOH CHCTEMOH MPOBOAHHKOB,
KOTOpblE HaxoASTC NpH OAHOM H TOM K€ NOTeHNHale ¢,, ¥ CH-
cremoil Toueunblx 3apsAjoB. [loreHnuan ¢ (r) OOLIUHO ONpeAESAIOT
TaK, 4ToObl OH oOpaniajcs B HYJb Ha OeCKOHEUHOCTH. 3/eChb, OJIHAKO,
MBI onpefefum @ (r) TaK, 4ToObl Ha OeCKOHEUHOCTH 3Ta GYyHKHHSA
CcTpeMHJaCh K —(@,; TOrja Ha nposoaHHkKax ¢ =0.

BuiicHUM Tenepb, Kakas 3JeKTpocraTHyeckas 3ajada Oypaer pe-
imathca npeobpasosanHoil ¢ynkumein (3,11). TIlpexne B»cero, wMe-
HSIIOTCS c[mrypbl BCEX TMPOTSKEHHBIX NPOBOJAHUKOB H HX B3aHMHOE
pacnofioxkenue. ['panHyHOe yCa0BHe NOCTOSIHCTBA NOTEHNHMANa Ha
MOBEPXHOCTH NPOBOJHUKOB aABTOMATHUECKH BBINOMHSIETCS, TAK Kak
npu ¢ =0 6yzer u ¢'=0. [lanee, menaOTCA DPaCHOJOXKEHHE H Be-
JHYMHBE BCEX TOUEUHBLIX 3aps0B. 3apsl, HAXOAAUIMHCH B TOUKe T,
MePEXOAUT B TOUKY ry=(R*/ri)r, u npuobperaer BEJHUHHY €', KO-
TOPYK MOMKHO ONmpeAequTh cJaeAylomHm obpasom. Ilpu rﬁ+r0 1no-
TeHnuanl @ (r) oﬁpamaemﬂ B GECKOHEeYHOCTb MO 3aKOHy ¢ =¢/| Or]|,
rae dr=r—r,. C xpyrofi CTOpOHbI, AHQpepeHHHPYd COOTHOILIEHHE
r=(R?/r’?)r’, HaligeM, uTo aGCOTIOTHHIE 3HAYEHHsT MAIbIX PA3HOCTEH
8r u Or'=r'—r, CcBSI3aHH APYr C APYroM COOTHOILCHHEM

, RY ’
(Br): =5 (Or)%.

[Mosromy npu r’ — r; GyHKOHA ¢’ CTPEMHTCH K GECKOHEYHOCTH MO
3aKOHY

r

,Re )

5r]  R|ér |’

¢ =

o |
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COOTBETCTBYIOUIEMY 3apsify

’
8/’0 eR

e =g =" (3,12)

Haxkonen, paccmMoTpuM nobeneHue ¢yHkimuu o' (r') BOnusm Hauana
koopaunatr. Touke r’=0 coorBerctByeTr r-——o00. Ho npu r —oo
’

dyHRIUS @ (r) CTpeMHTC K —- ¢,. [lostomy npu r’ — 0 dyHKuHA ¢
obpaitaercs B GECKOHEUHOCThL IO 34KOHY

r__. __R(?O
(‘p - P
ATO 3HaYuT, YTO B Touke r' =( HaxomuTcs 3apsn ¢,=— Rg,.
YKaxkeM, Kak npeo6pasyrorcsi NIPH HMHBEPCHH HEKOTOpPHIE [eOMeT-

puyeckue ¢urypul. Cdepuyeckas 10BEPXHOCTb pajuyca a ¢ HEHTPOM
B TOYKE r, JaeTcsl ypaBHeHHEM

(r—r,)?=a?

[Mpoussensi HHBEPCHIO, NOJYYHM ypaBHeHHE
R* , 2
(Frr—n) =a,

KOTOpO€ 1OC/Ie YMHOXEHHsI Ha r'* U meperpynnupoBKH YeHOB MOXKeT
6LITh npHBELEHO K BUAY (r'—rg)2=a’2, rne
’ R2r0 ’ aR2

at—rg |a2—r3|
Takum oOpa3oM, Mbl CHOBa noJgyudaem cdepy Apyroro paauyca a’ u
C IEHTPOM B TOuKe r;. Ecnu nepsoHauaibHas cdepa npoxoauna yepes
HayaJo KOOpPAHHAT (a=r1,), T0 @’ =o00; B 3TOM cJaydae cdepa npe-
ofpasyeTcsd B MNNOCKOCTb, MEPNEHHKYNSPHYIO K HanpaBAeHHIO I, U
NPOXOAALLYI0O Ha PaCCTOSIHUH
R? R?

’ !
ro—a' = =
0 a-tr, 2a

OT Hayaja KOOpJIHHAT.

Merton koHdopMHOro orobpaxenus. [lose, 3aBHCsIIEe TOILKO OT
JBYX J€KapTOBbIX KOODAUHAT (X, y), HA3bIBAIOT nA0CKU M. MOLLHEIM Cpejl-
CTBOM /151 pelneHHs NJOCKHX 3a1a4 3JeKTPOCTATUKH ABJSETCA Teopud
GyHKIHA KoMNneKCHOro nepemenHoro. OCHOBaHMA 1/ NpPHMeHEHHS
5TOH TEOPUH 3aKJIOYAITCA B CJACYIOLIEM.

DnekrTpoCTaTHUECKOE NROJe B MYCTOTE YAOBJETBOPSAET ABYM YpaB-
neguam: TotE=0 wu divE=0. Tleppoe u3 HHX 103BONSIET BBECTH
noteHnuan nons cornacio E = -— grad ¢. Bropoe xe ypaBHenue noxa-
3bIBAET, UTO HApsAy C (¢ MOXHO BBECTH TaKKe M «BEKTODHHI TNOTEH-
maia» noas A cornacne E=rotA. B naockom cayuae Bektop E
JIEXKHUT B IVIOCKOCTH Xy U 3aBHCHT TOJIBKO OT 3THX JABYX KOOPAHHAT,
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CoOTBETCTBEHHO, BEKTOP A MOXHO BHIOpaTb Tak, YTOOH OH OBLI
Be3Jle HanpaB/eH NepneHJuKyJasIpHO K MNJocKocTH xy. Toraa xommno-
HEHTbl HalpsKEHHOCTH BLIPAXAIOTCA B BHAE NPOHU3BOAHBIX OT ¢ WJH
A corsacHo

Q ) 0 dA
E.=——F="—, E=—-"=——"—, (3,14)

Komu——PumaHa, Bbxpamaromnmn TOT cpaKT uTo Komnnexcnoe BLIp a-
JKeHue

w—q@—iA (3,15)

IBJisieTc . aHaJIMTHYEeCKOH  GdyHKUMEH KOMILIEKCHOrO  aprymeHra
= x| {y. D10 3HAUUT, uTO (PYHKUHA @ (2) UMEET B KaxKAOH TOYKE

ATIMATATAUID VI NMNATI2RNATTLHTVION o 29RUACdIITUVIN AT Tannan moutia [N 7 7o
Ulpracdivig yiv upuhddoUiii y v,y v Japdvduyr Ul nanipgaodicrirnin, b RY

TopoM oHa Gepetrcda. Tak, AuddgepeHuupysd B HanpaB/JE€HHH OCH X,
HaitgeM, 4TO

dw _d9 ;04

dz — ox dx ?
UJH

dw .
_g;:‘#Ex—{“lEy- (3’16)

@ yHKUKS w HAa3bIBaeTCsd KOMNAEKCHbIM NOMEHUUANOM.
CuJ/IoBble JIUHUK NOJS ONpelefsdioTcs ypaBHeHHeM

dx dy

E. ~E,°
Buipaxas E, n E, uepes npou3BojHHE OT A, nepenumem 31o ypas-

HeHHEe B BHIE P
dA J

otkyna A (x, y)==const. Takum o0OpasoM, JTHHHH INOCTOSHHHIX 3Ha-
yeHHH MHUMON uYacTu (QyHKUUH w(2) NPEACTaBJAT COO0N CHUOBHE
JUHUH 1noasi. JIMHHM Xe NOCTOSTHHBIX 3HAYEHHI ee BellecTBEHHOM
YacTH SABJAAIOTCA 3KBUNOTEHUMANbHBLIMH JHHHAMH. BsauMHasi oprtoro-
HaJbHOCTE 3THX JABYX CEMEHCTB JIMHUU oOOecrneunBaeTcsl yxKe HCXOl-
HBIMM COOTHOIneHHaMu (3,14), cornacHo KOTOpHIM

op 04 | op 0A

B o T oy =

Kak BeulecTBeHHasi, TAK U MHUMAas 4acTH aHaJHTHUYCCKOH (yHK-
uuY w(2) B paBHOH cTeNeHH YJAOBJAETBOPAIOT YypaBHEHHIO Jlanjaca.
[TosToMy ¢ TeM ke ycliexoM MOXKHO NPHHATHL Imw B KauecTse noTeH-
uuana nojsa. CooTBeTCTBEHHO CHJIOBLIE JIHHUU OyiayT TOTAa NaBaThes
ypaBHeHUAMH Rew = const. Bmecro (3,15) OGyneM npu 3TOM HMETh

w=A+ip.
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TTOTOK HanpsiXKEeHHOCTH 3JEKTPHUECKOTO TNons uepe3d Kakou-anbo
OTPE30K 3KBUNOTEHNMAJNBHON JIUHUK JaeTcs HHTerpanom

rjae dl ecTb JeMeHT 3KBHIIOTEHILHAJb!

HopMa/aH K Hedd. CornacHo coorHolueHusiM (3, 14) uMeeM ch/an——

= — 0A/dl, npnqu Bb160p 3HaKa npegnonaraer UTO €CNH CMOTDPETh
dBJIC 0 I1OJ0A CJBHOLC [] JC -

oot
(@]
e
=
=
e
=
:S
V]
=
oot
ay
=
g
o
fee}
=
1]
pa of
oo}
g2

j En dl = ?l_'dl :Az“"Ah

rae A, u A,—3Hauenuss A Ha 06OMX KOHHAX oOTpe3ka. B wacryo-
CTH, NIOTOK 3JE€KTPHUECKOrO 1075 Yepe3 3aMKHYTLIH KOHTYD paseH 4me,
rJ€ e—NONHBIA 3apsi[, OXBAThIBAEMBIH 3THM KOHTYPOM (OTHECEeHHHLH
K €JIUHHUIE AJUHBI NPOBOJHUKOB BAOAbL OcH z). Ilostomy

1
e——‘HAA, (3,17)

rae AA-—mu3meHeHue A npu 06xoje 3aMKHYTOH 3IKBHIOTEHLIHAJbHON
JUHWH B HaNpaBJeHWH NPOTHUB YaCOBOH CTPENKH.

[lpocrefiinuM npHUMepoOM KOMIJIEKCHOTO NOTEHIHa a fIBJASETCS IO-
TEHLHAJ MOJA 3apsKeHHOH npaMoil HUTH (COBNAAarolled C OCblo 2).
Hanpsaxenunocts 3Toro noas jaaercs (GopMyJaMu

E ‘":ge_" EG_—"O’
-

,
rae r, 6—noasapHble KOOPJAHHATHI B TIMOCKOCTH XY, a e— 3apsij €1Hu-
HMOE J/HHE HHTH. COOTBETCTBYIOMIMH KOMIIEKCHBIA NOTEHHHAN

w=—2¢einz =—2elinr—2ied. (3,18)
Ecin e 3apsykeHHash HUTb NPOXOJAUT He yepe3 Hauyano KOOpAMHAT,
a yepes TOYKY (Xy, Yo), TO KOMIJIEKCHBIH NOTEHLHA

w=—2eln(z—2,), (3,19)

rae z,=X,+1y,.

C mareMaTHueckOli TOUKH 3peHHs (QYHKUHOHAABLHOE COOTHOLIEHHE
w=w (2) OCYLIECTBJAICT KOHPOPMHOe Omobpaiensue TJIOCKOCTH KOM-
IJIEKCHOTO TepPeMeHHOr0 2 Ha IIOCKOCTb KOMIIJIEKCHOTO I€peMeH-

HOTO . TTyr-mL C ecth KOHTYD CEueHHs IPOBOAHHKA B MNJIOCKOCTH XY,

a ¢,—INOTEeHUHa] 3TOro npoBojHHKa. V3 Bcero ckasaHnoro sbillie
ICHO, YTO 3ajaya 00 OnpejeneHuu nojsl, Co314BaeMOTO 3THM NPOBOJ-
HHUKOM, CBOJMTCA K HaXOXICHHIO TakoH O(yHKuuH w (2), KOTOpas
orobpaxana 6bl KOHTyp C B IJIOCKOCTH Z Ha JIHHHIO W= ¢,, napan-
JIeJILHYIO OCH OPAKMHAT B MJIOCKOCTH W; TOTJ|a BEUIECTBEHHASA YyacTh Re w
JaCT MOTEHUHMAX paccMaTpuBaemoro nons (ecau ke ¢yHkuua w(z)
. otoBpaxaer konryp C Ha JIMHHIO, napaaieabHyro ocu abcuuce, To
notreHuuan aaercs cdyukunuein Imuw),
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3ana4ga o kiauHe. IIpusenem 3aech A CNpPaBoK (GopmyJbl, onpe-
JeAsiollge 1oJie, co3aaBaeMoe TOUYEUHBIM 3apsJioM e, PACIONOXKEeHHbBIM
B MPOCTPAHCTBE MeXIAy JABYMSl TEPeCeKaloUMHCA MPOBOJSALIHMH

noaymaockocTsamu. [lycTs och 2 HHJAMHIAPHYECKOH CHCTeMbI KOODIH-
HaTt r, O, 2z coBnajaetr ¢ JIHHHEH
Kpad yrJa, npu4yeM yroa O OTCUH-
a THIBA€TCSI OT OJJHOH H3 €ro CTOpPOH;

3apsj € nyCctb HaXOIHUTCA B TOHKE

g

’ 24

% a, v, 0 {puc. 2). ¥Yron pacTtBopa &

Dy, MEKIY  IUIOCKOCTAMH  MOMET ObITb
KaKk MeHbllle, Tak u OoJjblie 7, B

Puc. 2. nocJeHeM Clyyae Mbl HMEeM JeJ0

C 3apsiioM, DAaCHONOXKEHHBIM BHE

NPOBOAALIErO KJHHA.

IMotennnan nons paercs (hopMyJioH

w

e ‘S‘ sh (nl/a) . sh (/a0 dt
e V—Q_a?ﬂ e cos PO=N T (O Y h T —chy ’
& 3 & o
. (3,20)
@ -ri4-2t .
ch n= _Tm.'_' y M > 05

Ha NOBEPXHOCTH NPOBOJAHHKA, T. e. npu 0=0, &, notenunan ¢ =0
(H. M. Macdonald, 1895)1).

B uyacTtHOCTH, npu & =2m noJyvyaetcs NpPOBOAALIAA NOJYIJIOC-
KOCTb B 1OJ€ TOYEYHOro 3apsazna. B stom cayuae uHTerpan (3,20)
BBIUMCJ/ISIETCS] B KOHEYHOM BHJAE H jaeT

l cos 2 £ eos 8ETN T
P |a_—_2n=—e— —- arccos —2 = I—,arccos 2 ,
T R ch l R ch 1]_
2 ) i
(3,21)

R=[a?+ r?422—2ar cos (y—0)]":,
R’ =[a*4r*4-z2—2arcos (y+46)]' /.
B npenene, Koraa Touka HabJoAeHHA NOJASA CTPEMHTCS K TOYKe Ha-
XOXJeHus 3apsaja e, noreHuwan (3,21) npunHumaeTr BUA
e ’ e [ m—\

CP=R+CP’ Y =" %m 1+sin'y')' (6’22)

[TepBHLIfi W/leH eCTb YUCTO KYJOHOBCKHH MOTeHUHad, obpaulawuiuics
B OeckoHeuHocTh npu R — 0, a ¢'—Wu3MeHeHHe NOTEHUMAAa B
TOYKE HaXOXKJAEHHWA 3apdAfa noj B/JAHAHHEM NPOBOAHHKA. IJHepPrus

1y BeiBoA 3T0fi hopmMyabl MomHO HafiTu B wHHrax: Lameeun B. B., Tonme-
eun M. H. COopuux 3agay mo anektpoannHamuke.— M.: «Haykar, 1970, 3azauu
200, 206; Macdonald H. M. Electromagnetism.— Bell, London, 1934,
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B3aHMOJCHCTRUA 3apdaa ¢ NMPOBOAAIIEH MOJYTJIOCKOCTBIO €CTh

:ﬁgz_%(l-f-“_"). (3,23)

sin y

3anmauu

1. OnpafenuTe NoJle BOKPYT NPOBOASAIIEro He3apsKeHHOro mapa (patnyca R),
HaXOJsIUEerocst BO BHEIIHEM OJHOPOJHOM 3/eKTPHUECKOM NoJe (.

Pewesn ne Iluimem nmoteHuuan B BHIE @ =@y @y, e @, =— (Hr— NoTeH-

LLHaJ BHeLIHero noJs, a ¢ — HCKOMOE H3MeHeHHe NOTeH1MaNa, BEI3BIBAEMOE [1apoM.
BBuly CHMMETpUH mapa QYHKUHA @y MOKeT 3aBHCeTh JHUIb OT OJHOI0 NOCTOSIH-
Horo BeKTopa (. EanncTBeHHOe Takoe peleHHe ypaBHeHHs Jlansaca, ofpamaoliieecs

B HYJb HAa GECKOHEYHOCTH, ecTb

Gr

t ! -
¢, =— const- &V —r—=const~7

(Hayano KOOpPAHHAT BHIOMPaem B ueHTpe wapa). Ha noBepxHoCTH Wwapa ¢ Ho/KHO
OBITE TIOCTOAHHBIM; OTCIOAAa Haxoium const—= R3, Tak uTo

. R?
p=— rcos b (1_?3')

(6 —yron wmexay BekTopaMH (¢ M r). Pacnpelejexue 3apsjoB Mo NOBEPXHOCTH
wapa aaetcsa QopMyJaoi
N 1 og
T 4w or

3E
=-——cos b;
r=R 41

NonHwA 3apsal e=0,
JunofeHei MOMEHT iapa Mpoule BCEro H4HTH NyTeM CPABHEHHS (; C NOTEH-
HaJoM 9Pr/r® nons 3/JeKTpHYECKOro JHNOJSA; Haftaem

P=RG.

2. To e 1/ GeCKOHeUHOro UHWJHHAPA B NMoNepedHoM OJHOPOIHOM node.

Damaomgwa RuAlom MTATaRTILIA TAARITIIIIATI T PN AET M ATY TTATiTIYEYS

reimi¢d e O0BOAHM NOJAApPHBIE RKOOpAHHATH B NJAOCKOCTH, ﬂepucnp\nnyﬂﬁp-
HOﬁ K OCH ]_lHJIHHIIpa. PemeHHe ﬂByMepHOFO ypaBHeHHﬂ ﬂan.naca, 3aBHCALEEe TOJLKO
OT OJHOro NOCTOAHHOrO BEKTOpa, €CThb

-

¢, =const- @&y In r=const » (_g...

CkaagpBas ¢ Qo= —r@ H NOJMOXHB collst= R*, moayunm

o(1_K
= rcos —=].
¢ 72
ToBepxHOCTHAS NJOTHOCTL 3apsioB
G
0=—- cos 0,
2

JIHnOMbREIN MOMEHT G €HHHUB AJHHBI IHIHHPaE MOKHO HafiTH NMyTeM cpas-
HeHHS @ ¢ NMOTEHUHAJOM JBYMepHOro IuNojhHOro nojs. IlocnefHHH HMeeT BHJ

(72
29 v Inr=-=2;12 d

?

Tak uto § = ER?*/2.
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3. OnpeflenuTe nofe BOIH3H KIHHOBHAHOrO Kpas Ha NpoBOJHHKe,
Pewenne BruOupaem nonspHele KoopAHHaTiui r, O B MIOCKOCTH, neprnel-
IMKYJAPHOH K Kpai0 KJHHA, H C HAYajaoM B BepwHHe obpasyemoro um yraa 0,
(puc. 3). Yrom 6 nycTb oTcuuThiBaeTCS OT OAHOW H3 CTOPOH KJKHA, 00/JacTH BHe
NpoBOAHKKA COOTBeTCTBYiOT 3uavennst 0<C 0= 27 —0, BOausn xpas yraa notes-
LHaT MOXHO pAasloXKHTL 110 CTeneHAM r, NPUYeM Hac HHTepecyeT NepBhil (nocie
Oro) 4JieH TOrO PaznoKenud, cogep:xamuil HauCosiee HH3KYIO CTeneHs 7.
Peuwreninss JABYMepPHOIO ypaBHenuss Jlanmaca, nponoppmo-
Hamwlme %, cyTh r* cosnB u 7 sinnB. Pewenue ¢ nan-
MeilbIHM 1, VIORJETBOpRIOUlee YCIAOBHIO @-—const mnpu
—8, (1a noBepxioC

¢ =const-r*sinnf, n=m,21--0,).

HanpsaxennocTh 10, COOTBETCTBCHHO, 3aBHCHT OT r Kak
i/ =3 Tlpu O, <@ (n < 1), caeloBarejJibHO, HanpsKeH-
HocTh oOpawaercs BOJMHU3HM Kpad yrjaa B OeCKOileYHOCTH.
Puc. 3. B uacTHOCTH, A5 O4yeHb TOHKOro Kauua (8, <1, nx1/y)

E pacrer npd ymeHbilleHHH r Kak r~'/2. BGauan xe Kpad
KJIWHOBMAKON BOTHYTOCTH Ha NMOBEPXHOCTH NpPeBOAHuKA (B, >m, n > 1) node cTpe-
MHUTCS K HYJIO.
3uauenye consi mMomer ObThL OonpeledeHO TOMbKO W3 PelleHHsl 3ajadu JJs BCero
nods B penaoMm. Tak, N7 OYeHb TOHKOIO K/IHia B noje TOUEHHOIro 3apsiia € Tpe-
JeMbHBI nepeXxol K MaldeiM r B (3,21) noArBepraaer 3akoH

@ — const. ]/? sin % ,

4eVa Y

const = ~————=sin— .
2

n (@*-22)

CnoBa «BGAH3M KJIHHOBHIHOIO Kpas» 03HA4alOT B 3TOM Clyyae yc1oBde r<€a, npu
BLINOJHEHHH KOTOPOTO MOXKHO npeHebpeub uleHoM 0%@/0z% B ypasueuuu Jlanjaca,
4. OnpegeauTb Noje BOIH3M KOHLA TOHKOTO KOHHYETKOTO OCTPHA Ha NOBepX-
HOCTH TNPOBOIHHKA.
Pemwed ne. Buibupaem cepyieckne KOODIHMHATH C HAYAJOM B BepilHHe H
C MOMAPHOH OChI0 BAONb OCH KOHHYECKOTO OCTpHS. ¥Yroa pactBopa KOHYCA NycTh

npuieM

Ul Lo vilD el

Gyner 20, <€ 1, tak uTo ofnacTH Blie NPOBOJHHKA COOTBETCTBYIOT 3HAueHHs MNOJsp-
noro yraa 8,<< 0 << . Audanornino TomMy, Kak 3To Jejasoch B npeabiayilefi 3agave,
HULEM pelleHHe (I nepeMeHHOH YacTH NOTEHIHANa), CHMMETPHYHO® OTHOCHTEJbIO

OCH KOHYyca, B BH]IE
o= rnf (B) (1)

C HaWMeHbIHM BO3MOXKHBLIM 1. Y pasHeHnHe Jlanmaca

13 (,dp I g(. @)_
?‘E(’ 0_r)+r2sin00£) sinb 5 ) =0

nocje noJACTaHOBKH 3TOr0 BbhIpameHHsa JdeT

L4 (0o f a1y f=o0. ©
S111L O 49 \ UU/

VeJdoBue NOCTOAHCTBA MOT?HIHAMA HA MOBEPXHOCTH OCTPHS O3HAUAET, YTO AOMKHO
6uiTh [ (8,) =0. :

Hpu wmanom 8, mwem pemende, clefas npeanonoxenue, 410 n<€ 1, a f(0)
umeeT Bui f=const. [l +¢ (0)], rae <1 (npu 8,0, 1. e. 19 GeckoHeuHo
TOHKOI'O OCTPHS, €CTECTBRHIIO OXKHIAThb, YTO § CTPEMHTCH K TNOCTOAHHOH MOYTH BO
Bceli o6acTH BOKPYT octpud). Jlas ¢ noayyaem ypaBHeHHE

L d (. . dp\
sine&_é(s‘ne%-)__n' (3)
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Pentedne, B KoTopoM { He uMeeT 0COGeHHOCTell B OOJaCTH BHE OCTPHS (B YACTHO-
¢TH, npu 6=m), ects

upn 8~U0\ 1 ¢y'ﬁi{11 ist 1'p(8) nepecrast

UeHHOE BBLIPaXKeHHE OCTaeTCs NPHMSHHMBIM, TaK KakK B 3TOH 0GaacTH B CHJIY MaJo-
ctH 8 moxkHo BooOwe NpeHebpeub BTOPHIM UJIeHOM ypaBHeHHs (2). s onpenene-
HH A nocrosmﬂou nB l'lepBOM npménmxeﬂnﬂ HaJo HOTpGﬁOBaTb oépameﬂaﬂ B HYJIb

HanpsXeHHoCTh TNOJMS HEOrpaHHYEHHO BO3PacTaeT NpH NPHOMMKeHHH K KOHLY
octpHs Kaxk r~—U~" T e B OCHOBHOM Kak 1/r.
5. To K& HJisi TOHKOTO KOHH4ecKOro yray0/eHHsl Ha NOBEPXHOCTH NMPOBOAHHKA.
Pemwendue ObnacTh BHe NPOBOJHHKA TeNepb COOTBETCTBYIOT 3HAYEHHA
0= 0<<0, Kak H B npexbinyiefi sagave, dmem ¢ B BHae (1), HO Temepb Gyner
n>> 1. IMockoaeky no Bcell ofnactd noqas teneps 8<€ 1, To ypaBHeHue (2) MOXHO

HANHCATL B BHJEe
1 ! ] Qf* ().
6 de (e (18) " )

3to— ypaBHeHHe Deccensi, W ero peijeHHe, He HMeioulee ocOOeHHOCTEH B obmacTu
no.ns-[ cetb J gy (r0). 3HaueliHe 7 onpejelseTcs Kak HaHMRHbIIH{ KOpeHb ypaBHe-
HUAA J o (n0,) =0, otkyza

n :2,4/60-

6. OnpemenHTh 3IHEPrHl0 NPHTAHKESHAST 3JSKTPHUSCKOIO JMHMOJS K TJIOCKOU

NOBEPXHOCTH NPOBOJHUKA.
Pemenue BufhpaeM ocb x Nepn2HAHKYJAAPHOH K NOBEPXHOCT
w

H
TN nncnn.'-\r'fr qp nP-'J TOUKY HAXQKnNeHUd TTDIT'I("ITI’CI na Oon TUTNIONLHEHOTD
AL pVAVLARLALY 158 SASE-] LY aaa CasLLOna i, DSOSV UV Anulannisi s

NycTh J&KHT B NJOCKOCTH XY. «I/Isot’)pa}KeHHe» OHNOJS HAXOAHTCA B TOUKE ~— X
H HMeeT NHNOJBLHHEH MOMRHT Py= Py, JyH — $Py. Uckomas >Heprus NpPUTSKe-
HHSl BLIYHMCJIARTCS KaK 3HEPrus B3aHMOARHCTBHA MHNOAS C eT0 «H30Gpa)KeHHeM»
H paBHa

1
U=— o5 2P+ F0).

7. OnpenesHTe B3aUMHEYIC @MKOCTb SIHHHUM JJIHHB ZBYX NapajiefbHbiXx Gec-
KOHRUHBIX UHJIHHJAPHYSCKHX ITPOBOAHHKOB (PagHycOB @ H b, PAacCTOSHHR MEKAY
ocsiMH C) 2).

1) Bonee Tousas ¢opmyna, n=1/(21n(2/8,)), comepxamas ro3dduuHEHT
B 6osblIOM Jorapapme, B ARHCTBHTRJLHOCTH H2 MOXKeT OMITh NONY'eHA YKAa3aHHEIM
NPOCTEIM MeTOZoM. Dosee TouHoe BHIYHC/IEHHe, OXHAKO, Mo CAYYAHHBLIM [PHYHHAM
NPHBOMNT HMEHHO K 3ToH (opwmyie.

%) AHallorHusas 3aj1aua ias JBYX chep He peasTcs B KOHeuHoM BHIe. Pas-
HALA CBA32HA C TeM, 4TO B MOJe ABYX 3&PSKeHHbIX (PAaBHEIMH H NPOTHBONOJOMK-
HblMH 3apsiiamH) MNapajJeiLHbX HUTeH BCe 3KBHNOTEHUHAJNbEBIE TOBepX HOCTH
AABJSIOTCS KPYTOBBIMHM LWIHHAPAMH, &8 B NOJie ABYX TOUEYHLIX 3aPH0B -+ ¢ SKBHe
NOTeHIHAJMLHEIe TIOBEPXHOCTH He SBMSIOTCH chepamu.

2 7. . Jlapgay, E. M. Jiadwnu
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Pewexdue. Ilone, cosgaBaemoe oCGOHMH UHIHHApPAaMH, COBMAfacT C MOJEM,
KOTOpO€e Co3jaBajock Obl (B NPOCTPAHCTBE BHE IMJIHHIPOB) ABYMS 3apsiiKeHMBIMH
HUTSMH, MPOXONLIMMH Yepe3 COOTBETCTBYIOILMM ofpasoM mNupoOpaHibie Toukd A
u A" (puc. 4). Haru HecyT (Ha egHHULE IJHHBY) 3apsais - e, pasHble 3apsjaam
UBJAAMAPOB, a Touku A U A" Jo/DKHb ObiTh pacfiono:keHsl Ha JjHHAd 00 Tk,
4TOGH NMOBEPXHOCTH LHAKUHAPOB COBNAfANM C SKBUNOTEHUHANbHEIMH NOBEPX HOCTAMH.

-g Oas sroro paccrosuua OA u O'A" poax-
Hbl YJOBJETBOPSATb COOTHOLIEHHAM

+g
mr OA-OA':a*, O'A’-O’A:b2,
»

Y~ b T. €.

A dy (¢ —dy)=0a% dy(c—d))=b>

/]
=N
-l

Torga Ha Ka)KJOoH H3 OKpY>XHOCTeH OTHO-
wenue r'/r pacctosHuil oT Touek A u A’

7 T
Zﬁ,; NOCTOSIHHO: HAa OKPYXXHOCTH [
“dy
4'=d, z r_a ___a _ 4
Puc. 4. r 0 c—dy o

a Ha OKPYKHOCTH 2 r'/r=dy/b. COOTBETCTBEHHO, NMOTEHIHANB! LHIHHIPOB:

_ o & o om0 o e G
q>1———2eln—r-,—_—2eln—&-, ¢y =2¢In h Pa—@1=2¢In 25
Otcioga HaXoauM A5 MCKOMOH B3aMMHON eMKocTH C=é/(y—@y):
1 dydy, c2—a?— b2
—5_2 In —ab—_2 Arch 57 .

B vacTHOCTH, AJA LMJHMHIpa pagdyca @, HaXoAfulerocs Ha pacCTOsHHH h > a
OT NpoBofillell IIIOCKOCTH, HAO MOMOXKHKTb ¢ = b --/i H MepeiiTd K npeneay b — o)

3TO gaer

1 h
-E=2 Arch-E.

Ecny ABa NMosbiX UHMJIMHApA HAXOAATCS ONHMHA BUYTPH Apyroro (¢ < b—a), To
NoJie cHapykH OTCYTCTBYeT, a NoJie B MPOCTPAHCTBE MeXIy LHJIHHAPaMH coBmna-
Iaet C MoJeM, KOTOpoe co3AaBaloch Obl ABY-
MS HUTSIMH C 3apsifjaMH -}-e¢ H — ¢, TpPOXO-
AsuMa vepes toukd A 1 A" (puc. 5). Tem xe
Cnoco0OM MONYYHM pe3yIbTaT:

21 p%__ 2
L:__g Arep 05—
C 2ab
8. I'panvna npoBogHHKa npexactTaBafaeT
co6oil HEOTpAHHYEHHYID TJIOCKOCTh C BBHICTY-
oM B BHAe Noaywapusi. Halitd pacnpegene-
HHe 3apsilloB Ha NOBEPXHOCTH.
Pewenue B HafizednoM B 3agave 1
noje ¢ MoTeHUHaloM BHAa

3 Puc. 5.
(p:const-z( ——5—)

r3

naockocth 2=0 ¢ BHCTYNOM r=R sBIAeTCS 3IKBHUNOTCHIHAJLHOH TOBEPXHOCTHIO
(na xotopoit ¢=0). IlosToMy oHa MoXeT ObITb H TNOBEPXHOCTHIO TNPOBOJHHKA,
a HanpdcaHHas ¢opMmyaa onpejfelseT INoJe BHe INpoBofuHka. Pachpegenenue
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3apsAfloB Ha IJOCKOH UaCTH NOBEPXHOCTH Aaetca GopmyJiol
1 d¢ R3
—0y 1-——3-
2=0 r

4t 0z
(Mel NOMOXKAAW const = — 4ng,, TAe 0,— NNOTHOCTb 3apsi0B BAAJH OT BHICTYNa).
Ha noBepXHOCTH Xe BbHICTyNaA

7] ACIABHE MOME OHKOPD NDOBOAHINErO H HHIDHYE OO

CTep}KHﬂ (I[JIHHbI 21 pa;myca a, a<l B s.nempmecKoM nose , napanneanoM
ero OCH.

Pemenue IlycTs T (2)— HHAYLHPOBAHKLIN Ha MOBEPXHOCTH CTEP:KHA 3apal,
OTHECEHHBIH K eJMHHMUE IJMHHB; 2Z—KOOpPAHHATa BIOJb OCH UHJAHHIpE, KOTOPYIO
GyZeM OTCYHTHIBATbL OT €T0 CepejHHbl. ¥ CJOBHE NOCTOSHCTBA NOTEHUHasna Ha 10-
BeDXHOCTH NPOBOJHMKA [JACHT:

o !
oo Lo er@)dede 0 o T e iaa @Y
—@z_l_ﬁ‘) ‘)__E_—'U’ K= L(z —2)* -+ 4a® sin —2—J

(¢ — yroa mMeXay MJOCKOCTAMH, NPOXONAHMMH Yepe3 OCb LHJIMHIPA H Uepe3 TOUKH
Ha €ro NMOBEePXHOCTH, PacCTOsiHHE MeXKIy KOTOpeMH paBHO R). PasobbeM uHTerpan
Ha JIBé UdcTH, HAanucaB B HeM TOXKIECTBEHHO T (2')=7T (2} [T (2'}—7 (2)]. Yuu-
ThIBasl, UTO /3>>a, U pacCMaTpuBas TOUKH, He CHHUKOM GIM3KHE K KOHLAM CTepKHA,
umeeM

2m
dz’ dgp _ 1 (2) 2 — 4 (I2—2%
2n SS ~ on Sl a? sin? (q>’2) dp=7 (2) In a?
0
M1
UCNOJB30BAHO H3BECTHOE 3HAueHHe S In sin @ dg==—m In 2 |. B unrerpane, co-
0

JeprKaleM pasHoCTb T (2')—T (2), MOKHO npenebpedb uJeHom € a® B R, Tak KaK
3T0 He NOBJeueT 3a cO6OH PacXOAWMOCTH HHTerpaha. TakHm 0GpasoM,
i
1n4 (12—z2)+ g‘ T(Z')— 1 (2) iz
a* S 2 —z|

3aBHCHMOCTE T OT Z B OCHOBHOM CBCOIHTCA K NPONOPUHOHAJBHOCTH 2, B 3TOM IpH-
6MKeHUH CTOSILHA 37eck HHTerpan naeT — 27T (2), ¥ B pe3y/bTaTe noJayyaeM
T(2)= €z .
In [4([2—2%)/a%] —2
D70 BEIPaXKenHe HENPHTONHO BOMH3H KOHIOB CTEPKHS, HO 1/ BBMHC/IEHHA HCKO-

MOrO nUNONLHOrO MOMEHTa 3T3 ofJ1acTh 2HaUeHUd 2z "HeCyiiecTBeHHA, C npuuaren

LAV ALV AT VaeiGie i o vju.l\,
HaMH 3J1eCk TOYHOCTBIO HMEEeM:
l l

_ _G ([ 6 Ll L(a

P lr(z)zdz_-r!g [z -—ﬂln(l 12 )]dz_ - [1+Z(3-—1n2)]
- 0

(rie L=1In(2//a)—1—G6onbiioe uHcI0), HAH, C TOH Ke TOUHOCTRIO,

___ Gn

~ 3[n @la)—"/5]"

P

2%
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10. OnpefenTb eMKOCTb MOJOro cepH4eckoro NpOoBOIANIEro CerMeHTa.
Pewenue BwubepeM Hauano xkoopawHaT O B KakoOil-THGO TOYKE Kpas Cer-
MmedTa (pHc. 6) u npoussemeM npecOpasoBanne uHBepcuu 7 =I%r" (/— pauda
XOpIb B IJIaBHOM cededun cermenta). IIpu 3TOM cerMenT nepexoAuT B MOJAYIIO-
CKOCTBb (HITPHXOBas npsAmas Ha pHc. 6), neplediukyaspuy:o K pagnycy AO cer-
A MenTa H TNpOXOAfLYI0 4Yepe3 TOYKy B ero
N Kpas; yroa y=:1—8, rge 20 —yroa pacrso-
| pa cerMesra.
Ecan norenunan cermenrta, Hecymero Ha

g <
A cefe 3apstl e, NpHEITL 3a HYJb, TO NpH

724

I

F— o0 NOTeHUHA.T NOJA CTPEMHTCH K
¢
P~ — ot — -

CootBeTcTBEHHO, B NpeoOpasoBaliHOH 3axaye
npu r' — 0 rMoTCHUHAN CTPEMUTCH K

l
!
1
!
]
I
1
|

, { e

r T

(nepBnifi  unen cooTBeTcTBYeT 3apsily e =—lIp, B Hauaje KOOpAWHAT).
C npyroit croponsl, coriacno (3,22) umeem

;e e 0
v="—gu e e)

(moTenunan BOMM3K 3apsga €, HAXOAAWEToCs HAa paccTOARuM [ OT Kpas npoBois-
niefl NoJIynJOCKOCTH C TOTeHuHasoM HyJab). CpaBuHHB ofa BuipaKeHHS, MOJAyYHM
19 HCKOMOH eMKOCTH (= e/, ClIenyiouyto GopMy.y:

L/, 8 R .

(R —pagnyc cerMedra).

11. OnpegelHTh CBA3aHHYIO C KpaeBbiMH 3¢Q(eKTamMu TONPABKY K 3HayeHHIO
C=S/4nd 119 eMKOCTH ILIOCKOTO KOHZencatopa (S— maomalb MOBEPXiloCcTH 06-
K1ajku, d—paccrosHue Mexay ofkaagkamu; d<<Y S).

Pemenne. Hannune y 00KJIaJ0OK cBOGOAHLIX KPAeB HapyLlaeT PABHOMEPHOCTD

pacnpegesesns 3apAfoB Ha HEX. [ OnpefejeHHs WCKOMOH MONpPaBKH B NepPBOM
NpHOMHKenHH paccMaTpuBaeM TOUKH 06-

KJaJAoK, viaJeHHue OT Kpass Ha pacctod-

Hua x Takye, uto d<€ x <<} S. Paccmar-
pHBas, HanpuMmep, BepXHWIO OOKJIagKy
(c morenuMaloM Q=@,/2; puc. 7, a) H
npeHefperas ee paccrosHHeM d/2 10 cpel-
HeH WJIOCKOCTH (PKBHNOTEHunaJibHAA TNO-
BepXHocTh @—=0), MH moJyuaeM 3anauy
0 noJjie B6JIH3H TPasMIbl ABYX vacTed IJoc-
KOCTH, HMEIOHX pa3iHyHbie NOTEHUHAMH
(puc. 7, 6). dra 3ajaua peilaeTcs 3JeMeH-
tTapHo 1), U B pesyabTare 1jid H3OLITOUHOH
(MO CpaBHeHHIC ¢ © BAAJH OT Kpas) ILIOT-
HOCTH 3apfAi0B NoOJyuaeTcd BhIpaxkeHue

E, o, Puc. 7.

A= T =&

1y Cm. § 23; B dopumy.ie (23,2) nI1d motennuansa Halo NOJOKHTE B JaHHOM
cnydae @gp — Qo/2, oL=1.
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TaK YTO TNOJHBIA H30HITOYHBIA 3apsan

SAde__S 5 V-S

(L —panHa nepuMeTpa OOKIaAKH); NMPH BBHIYUCAEHHH JOrapHpMHUECKH pacXoidie-
rocst HHTerpasja B KaueCTBe BepXNHero H HHXKHEro rpejpefios MOACTABJAEM I'paHHIlbl
obnactud £ x LY S.

Orctofla HAXOIHM eMKOCTE:
2/

Wl

r
o) y
C=fmaTHmz Iy

Bonee Tounoe BhuHchenue (ompefenenue koathdMuveHTa B aprymedre Jora-
pHdMa) TpeOyeT npHMeHeHHS 3HAUHTENbHO GOJee CJAOMKHBIX METONOB, NMpPHUEM pe-
3yJbTaT 3aBHCHT OT ¢GopMbi 0OKJafoK. JlAs Kpyroeuix (pajuyca R} 06KJIagoK

nolyyaercs
=R+ R (1 IGZR_l\

4d

(Popmyra Kupxeoga).

§ 4. llpoBoasumuit MIUNCONK

3afaua 00 onpeAeNeHHH TOJAS 3apFKEeHHOr0 NMPOBOAALIETO 3JMUM-
couzia H 3ajauya o0 SJJHICOMAE BO BHEIIHeM OAHOPOJHOM rfojie pe-
HIAOTCH C MOMOINbBI0 TaK HA3bIBAEMBIX 3A24UNCOUAAAbHOLX KOODAUHAT.

CBs3b  3/IJTUNCOMJANLHBIX KOOPAMHAT ¢ JE€KapTOBbIMH  JaeTcs
ypaBHEHHEM

22

2 2
st tar =1 @>b>9. (4]

D10 ypaBHeHHe, KYOHUECKOe OTHOCHTEJbHO 4, UMEET TPU PasJUUHBIX
BELIECTBEHHBIX KOpHS (u=E§, M, {), JeXaux B CJIeAYIOUHX HHTEP-
BaJsax:

E=—cf, —cZ=n=—b, —b0>=[>=—al (4,2)

DTH TPH KOPHA H SBJAIOTCH 3JITHICOMAANBHBIMA  KOODAHHATAMHU
TOYKH X, y, 2. VIX reoMeTpuueckHil CMBICJ $IBCTBYET U3 TOIO, UTO
NOBEPXHOCTH TNOCTOSHHBIX 3HaueHUH &, 1, { rpeacTaBgiorT 006014
COOTBETCTBEHHO 3JMTHIICOUJIbI, OJHOMOJOCTHLIE [HNEPOOJOH bl H IBYX-
NOJIOCTHbIE THNEepOOIOHIbl, IPHYEM BCE OHH COPOKYCHBI C 3JVIHIICOHAOM

R R M | (4,3)

Uepes KaKayK TOUKY MPOCTPAHCTBA NPOXOAHT MO OJHOH NOBEpX-
HOCTH 3THX TPeX ceMeficTB, MpPUYEM 3TH TOBEPXHOCTH B3aHMHO OPTO-
¢ TOHaJbHbBl. Popmysanl npeofpasoBaHHs OT 3JIUNCOHJANBHBIX KOOD-
JHHAT K JEKapPTOBBIM MOAYYalOTCAd NMYTEM COBMECTHOTO DELeHHS TpeX
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ypaBHeHHid thna (4,1) 4 umeloT BHA

. (§+ a®) (n+a?) (C-a®) /s
¥=E [ (b2 —a?) (c?—a?) ] i
o [(E40%) (n+63) (E+ 03] /e
= (E=bH(@i—byH | ?
" [(E%—C‘*) (N4 c?) (H—Cz)]‘fz.

@—c) ()

—
1>

H
J

4

DJIeMeHRT JAJUHB B 3JJIHNICOMAAJNBHBIX KOOpAHWHATAaX HMEET BHI
di® = R3dE? 4- hyd? + hidE?,

B VE—m E=DH , _VY0o-0Hm=8 , _VE=8E-m
1= 2R§ ] 2 an ? 3 2RC ]

(4,5)

rae BBENEHO 00O3HauCHHE
R,=V (u+a*) (u+b% (u+c?), u=E n, ¢

CooTBeTCTBEHHO, ypaBHeHHe Jlanjiaca B 3TMX KOODAMHATAX €CTb
_ 4 (n—ty R 2 (. 39
A =r=n—p T L(g 0 Re gz (Re gt )+
dJd d
+ @8 Rogr (Rage) +E—m Rz (R L) | =0 @)

Eenu ape u3 moJgyoced a, b, ¢ cTaHOBSATCH PAaBHEIMH, TO 3JJIHI-
coujlajibHasg cHCTeMa KOOpPAHHAT Bulpoxpaercs. [lyetb a=b >>c.

2l Torma xkyGuueckoe ypaBHenue (4,1)
\\ ¥ /7 BHIPOXKJAaeTcA B KBajpaTHoe:
\ N~ E/ o2  2° ’
), Era e

a2 o :
&-'rﬁ' f/ ‘7__:_0 pz"_"‘xz—l_yzs (437)
C AByM4 KOpHAMH, np06erafomHMH 3Ha-
UECHHA B UHTEPBaJax

/ \ E=—ct, —cz=n=—ak

KoopanHaTHBE MOBEPXHOCTH MOCTOAH-

Prc. 8. HHX & d 1 NpeBpamaloTcs COOTBETCT-

BEHHO B COQOKYCHLIE CIJIIOCHYTHIE 3/I-

JUTMCOUALI BpallEHUA W OJHOMOJOCTHbIE TUnepOOMONAbl BpaleHud

(puc. 8). B KauectBe TpeThell KOODAMHATH MOXKHO BBECTH IOJAPHBIH

yroaq @ B IJIOCKOCTH xy (x=pcos¢, y=psing). HYTo XKe Kacaer-

C  AIJHNCOMAANbHON KOOPAMHATH {, TO nmpu a=~>b OHA BHPOXKIaer-

cs B MOCTOAHHYI — @ Ee cBA3b ¢ YIJIOM @ 3aK/OY€HAa B 3aKOHE,
110 KoTopoMy { cTpemutcsi K — a%, Korja b cTpeMuTes K a:

—_
cos @ = ]/a%f%:g , (4,8)
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B ueM Jerko ybemutbcd u3 (4,4) UM HEnmocpeICTBEHHO U3 ypaBHe-
nus (4,1). CBf3b KoopauHaT 2, p C KOOpAuHHaTaMu E, v Iaercd ce-
raacHo (4,4) paBeHCTBaM#

[ @+ (- cH]r/e
N
KoopaunaTel &, 1, @ Ha3LIBAIOT CHAIOCHYMbIMU CHepoudaroHbmu
KOOpAKHHATamMH 1).

[E+a) (tay]ir

L a?—c? ] '

-
e

2 = 4= Q\
i vy

~

0N —
P

AnajoruygbiM 06pasoM, npu @ > b= 3J1JUNCOUAANbHLIE KOOp-
JAUHATHl BBIPOMXKJAKOTCA B TaK Ha3biBAeMble GMAHYMbIE CHepoudans-
Hbie Koopaunathl. [IBe KOOpAMHATLI & U { 3ajaloTcs KOpHAMM YypaB-
HEeHH S

¥2 0?
a2+u+b2+u:1' pr=y* 2%, (4,10)
npuueM &= —b2, —b2>[ >—af TIOBEPXHOCTH MOCTOSHHLIX & ¥ {
NPEeACTaBJAT cO00H BLITHAHYTHIE 3JJIMIICORABI ¥ IBYXIOJOCTHBIC
runepfoqaousbl Bpamenus (puc. 9). Koop- 2
JHATa 3Ke 1) BhIPOXKJAAeTCHA nMpu ¢ —b B &
MOCTOAHHYID — H* N0 3aKOHY “ P
b2 q ha o
cosg= Y 5EL, (4,11) -
TAe ¢ —TNOJNSAPHEIH YroJq B NJOCKOCTH Y2. - y
CBsi3b KoopauHar §, { ¢ KoopauHaTa- §
M X, p Jaercsd ¢opmyJamu ~
- ~
o [E+ad Gty 7 ~
X= 4 al—ph2 ’
e v L9y % v £ 1y
45 o~ 5 (2 e
o= | - W12

B crunocuyToit chepousanbrofl cucreMe (OKYCH KOOPAMHATHBIX
MOBEPXHOCTEH (JIMUNCONIOB 1 TUNEPOONOUIOB) JIKAT Ha OKPYKHOCTH
pamuyca V a*—c® B niockoct Xy (Ha puc. 8 AA" ectb muamerp
aroit oKpyxxnocru). IlpoBeseM niockocTb, NpoOXoASIIYIO Yepes HEKO-
TOpylo TOYKY P u ocb 2. Ona nepecedeT (GOKANbHYIO OKPY¥KHOCTD
B IBYX TOYKAaX; NMyCTh r, ¥ r,— PacCTOAHUSA OT 3THX TOYEK JO TOUKu P,
Ecau p, z—KoopauHaThl TOUK# P, TO

ri=(p—=Va—c)+2 rn=@+Va—c)+z
Cdepounaibarie KOOpAUHATH ' §, 1) BEIPAXKAIOTCA Yepe3 ry, r, MO cJe-
AyomuM QopmyJaam:

riry\2 ro—r1\2
= (B e = (0] e (+13)
') Mu npunnMaem 3jech Takoe onpefefienue cepouNaNbHBIX KOOPABHAT, NpH

KOTOpOM OHH. ABASIOTCA NPeleNbLbiM CyYaeM 3JUIHNCOHZATLHBIX. B nuteparype
MoNMb3YIOTeA H APYFUMH OTpefieleHusiMH, JIerKo CBOASAUIMMHCS K Haluemy.
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B ButanyTol Xe chepoupadbHOi cHcereMe (OKycamu ABJISIOTCH

ABe TOUKH ¥ = +} a*—b® na ocu x (Touku A, A’ ma puc. 9). Ecu
Ty, T3—PACCTOSHUA OT 3THX (OKYCOB A0 TOUKH P, TO

ri=p"+(x—Vai—b2)?, ri=p*+(x+VaE—p?),

a ctepousanbubie KoopAuHatbl &, { BhlpaxawoTcs uepes r,, 7, IO
TeM ke dopmyaam (4,13) (c 3amenoll w Ha {).

BepueMcsas K 3ajaue 0 noJe 3apspKeHHOrO 3J/AUNCOMAA, TOBEpX-
HOCTb KOTOPOrO 3ajana ypasHeHueM (4,3). B saauncoupanbHbIX
KOOpAKHAaTax 3TO—KOODAHHATHASA noBepxHocTh £ =0. [TosTromy scHO,
YTO €cId HCKaTbh NOTEHUHANa noasf B BHUAe (YHKUHH TOJbKO OT &,
TO aBTOMATHYECKH OYy/AYT SKBHUNOTEHUMAJbHLIMH BCE 3JIHIICOHIAMb-
Hble MOBEPXHOCTH §=const, B TOM UMCJE NOBEPXHOCTb NPOBOAHHKA.
Ypasuenue Jlanaaca (4,6) cBoauTcs TOrAa K ypPaBHEHUIO

d d
7 (R ) =0

OTKyJa

e

pE)=4

k:la_
tht

Bepxnu#t mpejea HHTEIpUPOBaHUS BLIOpDAH TakuM 00pa3oM, 4TOGHI
ofecneyuTh Hcue3HOBeHUe mnong Ha OeckoneuHoctu. Ilocrosmnyio A
NpOIIE BCEr0 OnpefenuTb M3 YCJAOBHA, UTO Ha OOMBLIINX PACCTOSHUAX
r Tione JOMKHO CTPEMHTbCH K KYJOHOBCKOMY: ¢ = €/r, TI€ e-—IoJ-
Hblfl 3apAn npoBoxHHKa. CTPEeMJIEHHIO r — 00 COOTBETCTBYET & - 0o;
npu atoM r?=E, Kak 370 caeayer u3 ypasHeHus (4,1) ¢ u=EL.
C npyro#t croponnl, g5 Gosbmux & maeeMm Re = 32 u ¢ ~24/VE =
= 2A4/r. Orciona 3akmoudaeMm, 410 24 =—e, TaKk YTO OKOHYATENBHO
MOJTy YiM

d
a0 4,14
. (4,14)

e

¢C)=7

> 8

Croamuy 37ech HHTErpasJ— 3JMUNTHUECKUHA nepsoro poxa. Iloeepx-
HOCTY TPOBO/AHUKA COOTBETCTBYET 3HaueHue £=0, nosromy i
eMKOCTH 3JIIUICOMJA HMeeM
w
| | dg
z=7{ % (4,15)
0
Pacnpenenenue mnjOTHOCTH 3apsa MO MOBEPXHOCTH 3JUTHICOH/A
onpenenaseTcss HOPMaJbHOH NPOM3BOJHOH NOTeHilHala
. 1 (1 dq)) . e
E=0 ) 4mn hl d& §=0—_ 4m ]/‘T‘E *
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C nmomMouipio ypaBHeHHH (4,4) nerko yb6eauThbesi B TOM, YTO NPH §==0
x oyt 2R ng
W T o T
[Tostomy

~1/2

e [ x% y? 22\
~ Inabe (-ﬁ_—l—'b—i‘—’r—c_“—) ’ (4,16)

JI1s IByXOCHOro 3nnuncouga uHterpanst (4,14) u (4,15) Buipa-

XKaloTCA 4epe3 3neMeHTapHble GYHKUMHU. [ BEITARYTOrO 3//HICOU 1A
(@ > b=c) noreHuuasn nons jaercs QGopmyJol

¢ = S Arth }/‘;—‘; , (4,17)

d €ro eMKOCTb
. Vai—p? .
Y= Arch @) (4,10)

Jas enaIIOCHYTOro e aasuncouna (a=b > c¢) uMeeM

arctg]/ e o= Ve (4,19)

arrcos (c/a)

=y
B wactHOCTH, Ana Kpyraoro aucka (a=b, ¢=0)
C=2a/n. (4,20

Ilepefinem x 3azadye 0 He3apsKEHHOM MPOBOIAIIEM 3JJHIACOMJIE,
HaXOoJAIeMCSl BO BHENIHEM OJHOPOJHOM 3JIeKTpUUECKOM mnone (. hes
OrpaHH4eHHUs OOWHOCTH JOCTAaTOYHO PacCMOTpeTh BHeluHee mnoJe &,
HalpaBJeHHOE BJOJb OJHOH M3 OCed 3/JHICOoMAa. B npoTuBHoM Ciry-
Yde MOXKHO pas3ioxKHTh & HAa TPH COCTAB/AKMINE BIOJAb OCEH 3JMHII-
COHA2 M HCKaTh pe3yJbTHpylOlee [Oe  KaK  CyNeprHosuiuio
noJsed, NoOJaydaliuicsd OT K&)KI_LOH M3 3THX COCTABAAIOHIHX B OTIE/b-
HOCTH.

IloreHuuan o1HOpPOIHOTO MOJA &, HanNpaBJeHHOrO BIOJb OCH X
(ocb a snnuncouna), B 3ULIHICOMIANbHBIX KOOPAHHATAX HMEET BHJ

e [EEe) () (¢ ey )
bo= —Cr=—6 [E a2 (*.21)

HDEI{CTaBHM MoTeHUHaa MoJs BHE 3JJHICOHZA B BHIC @ ==, ¢,
rae ¢’ ONpelesfeT HCKOMOE HCKasKeHHe BHEUIHEro MO 3JAHICOHI0M,
H OyneM ucKatbh ¢ B BHJE

¢ =@oF (). (4,22)

B ¢ynkuuu ¢’ 3aBUCAUIME OT W M { MHOKHTEJNH COBNAjalOT C Ta-
KOBBIMU B ,; TaKoHM BHJX (YHKUHH MO3BOJHT YJIOBJETBOPHTH Tpa-
HHYHOMY YCJOBHIO mpH =0 U NPOU3BOJIBHBIX 1, { (Ha NOBEPXHOCTH
dnmuncouna). IloacraBus (4,22) B ypaBhenue Jlannaca (4,6),
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MOJYYUM A7 F(E) ypaBHeHHe
aF d
52 T+ a5 & N [Re (E+0a%)]=0

OnHo u3 pellleHHH 3Toro ypaBHeHHs ecTb F = const, a Apyroe umeer
BH/L

FE =4 . (4,23)

(E 1L 2)Y R
e NE

[

ey §

Bepxuuil nmpenen MHTErpUpOBanusA BeibpaH Tak, 4yToOpl Ha GECKOHEY-
ROCTH (§ — oo) norenuuan ¢ crpemuiacs K Hy/mo. CToslUMH 3J€Ch
HHTerpasi— 3JIUNTHYeCKUE BToporo poja.

Ha noBepxnocTu annuncouga A0mkHO ObiTh @ =const. HUtoOH
3T0 yCJOBHE MOrJIO BHINOJHATbCH npu & =0 H mnpousBo/bHBIX 1, C,
Hajo nojoxuth const =0. Bribupasa COOTBeTCTBYIOIUM o0pa3oM KO-
ahpunuent A B F (§) (Tak, ytobut Geio F (0) = — 1), nosyyum OKoH-
YaTeJbHO CJAEAYIOULeE BhIpasKEHHEe JUIs MOTeHOHa a MoJs BOKpyr 3.-
JIMTICOU 1A:

(

N

Hafizem Buj notenuuana ¢’ Ha GoNbuHIEX PACCTOSIHUAX 7 OT 3.J-
auncouna. Boabuiun r cooTBeTCTBYIOT 00JblIKME 3HAYEHUA KOOp JU-
HaTHl &, npuueM r? = §, KaK 3TO CJjellyeT HEernoCpeaCcTBEHHO U3 ypaB-
nerus (4,1). Tlostomy

e c] e =}
(& (8 _ 2
) GraR, ) FT T EE
3 r2
M JJIA MOTeRnMana ¢ noJsryyaem
' __G';x V
T 7 A

rae V =4nabc/3—o06beM 3aauNCOMAA, a BeluHuyHHa n'® U aHaJ 0ruy-
Hble QUrypupyomwue Huxke Beauuyunel nY, n'? onpegeasiorcs  dop-
MYJ1aMU

Bripaxenue 115 ¢, KaK 4 JOMKHO ObiTb, HUMEET BHJ NOTEHUHANA
NeJas 3JIEKTPUYECKOTO JHMOJNN:
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NPHYEM JUOOJBHBIH MOMEHT 3JITHICOM Ja

. VvV
Pe=C; dnn (< "

(4,26)

AHaNOTUYHBIMH BBIPAXKECHUSIMH ONPEAENATCA JHIOJbHBIE MOMEHTEHI
npu noJse €, HanpaBJEHHOM BOOJIb OCH ¥ HJH 2.

IMonoxuTeNbHBIE NOCTOSAHHBIE 1Y), 1Y), u'¥ 3aBHCAT TOJBKO OT
(opMbl 3JIJHIICOMJA, HO HE OT €ro o0beéMa; OHH Ha3bIBAIOTCA KOIp-

guguenmanu OenoaApusayuu ). ECIM HE NpefpelnaTh BRIOOD Oced
KOOp IMHAT BOJb OCeH 3qsuncouna, to ¢opmyny (4,26) Hamo nu-

caTb B TEH30DHOM BHJIEC.

PP =G, (4,27)

Beanuunel ¥ nW n'®) gRAGIOTCA TAABHBIMH 3HAUEHUAMH CHMMET-

PHYHOIO TEH30pa BTOPOIO paHra f;,. CpaBHEMUE C onpejeneHHeM

(2,13) nOKa3bIBAET, UTO O, ==Hj;/4M €CTb TEH30p MNOJAPU3YEMOCTH
NPOBOAAMIErO 3JJUNCOUA.

B o0uieM canyyae nOpousBoJbHBIX 3HAueHHH a, b, ¢ M3 ompefe-
JAeHud n'®, nW, n'® crenyer npexae BCEro, yTo

n'® I nW < n'?, ecn a > b > c. (4,28)
Ilanee, cnoxuB uHTErpasel n*’, nY’, n® 4 BBeng B KauecTBe IIe-
peMeHHOH MHTCTPUPOBAHUA u == R2, HalizeMm
o o]
abc du
n(x)+n(y)+n(z)=_ V 3/2. ,
v U
(abc)2
OTKYJia
¥ a L n® =1, 4,29)

CymMa Tpex Koa(dHLUUMEHTOB NEnOJsApH3AUMH paBHa €AMHAMUE (B TEH-
SOPHOM BHJIE 3TO 3HauHT, yro n,; =1). INockonbky, ¢ Apyro# cro-
POHBI, 3TH KO3(h(HUMEHT! NOJOMUTENbHBI, KaKIblH H3 HHX HE MO-
XKET MPEBBIILIAThL €IHHUILHL.

Ina mapa (@=>b=c) U3 coobpaKEHUH CHMMETDHH fICHO, HYTO

1'% = pn zn(z):l/s_ (4,30)

Ins nunuuapa (C oCbI0 BIOJL OCH X, @ — oc) HMeeM 2)

1) 3th ke xosbpuuHenTH QUIYPHDYIOT B 33a1adaX O JHIJIEKTPHUECKOM 3~
JIMNICON/IE BO BHEUIHEM 3JEKTPHUECKOM MOJEe HIM MArHHTHOM 3IHICOMJE B Mar-
HATHOM ToJe (§ 8). Tabauinl U rpadukH 3THX KO3DPHLHEHTOB i 3MTHOCOKIOB
BpauleHHA B Vi TPEXOCHBIX 3JHNCOHA0B MOXKHO HAliTH B craTtbhax: Stoner E. C. —
Phil. Mag., 1945, v. 36, p. 803; Osborn J. A.—Phys. Rev., 1945, v. 67, p. 351.

%) Oti 3naveHus A Wapa W UAIHHADA HAXONATCH, PA3YMEETCH, B COOTBETCT-
BHK C pe3yJpTaTamH, MOJYyYeHHbIMH B 3aftayax 1 u 2 § 3.
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[TpenenbHOMY XK€ Cydaw @, b — oo (NOCKAas MJIACTUHKA) OTBEYAIoT
OY&BHIHbIC 3HAYCHUA

¥ =0 =0, n'®=1.

ANIUNTHYECKHE HHTErpanbl (4,25) BbIpaxaioTCcs Yepes 3JEMEHTap-
mbi€ (DYHKLUHU 17 BCeX 3/HNCOMAOB BpauleHusa. /18 BBITAHYTOrO

3JJIMNCOMAA BpallleHUusa (@ > b =c¢) ¢ 3KCUEHTPHCUTETOM e=V 1—b¥a*
HMeeM

] —e2
e’rj

n(X) -

(Arth e—e), nW=n®=1/,(1—n¥). 4,32)

Ecan snmunconn 6au30k K mapy (<€ 1), 10 npubIMkKEHHO

nix) — 1/3_2/]5 62, ny — p@ — 1/.'3 + 1/15 eZ. (4,33)
JNa CIUTIOCHYTOTO K€ 3JIHNCOHAA (@=b >():
1e?

rae e=V a¥c*—1. Ecm e<£ 1, 10

A =1/ 42 et A = =1/ 1/ et (4,35)

3agaun

1. HaiiTu mose 3apsi:keHHOro IpoOBOAANEro Kpyr.joro jaucka {paianyca a), -
pasHB ero B IVIMHAPHYECKHX KooppunataX. HaiiTh pacnpegesenne zapsjpa Ha
JIUCKeE,

Pemennme. Pacrpesenenue rapana roayuaerca myTeu nepexopa B (opmyvre
4,16) & npeneny ¢c— 0, 2— 0, mnpuuem oTHomeHue z/c—= Y 1— r2/a? (rje
p ) {
z r*=x%4y?% B cootBerctuu ¢ (4,3). dro jaer

_ i a9\ 1/

S f—— o

’ 4ma® a? )
2 // Ve IloTeHnma1 noJas BO BCEM INIPOCTPAHCTBE olpefe-

' asercd (4,19), B Kotopo#t noaaraem ¢=:0 u BHpa-
rd

’KaeMm £ uepes r M z C LOMOIUIbIO ypaBHeHus (4,1)
a a i npu ¢=0, u=E§, a=b:

q)*a

1 2a* e
Prc. 10, Xarete | () A |

B6.1u3u Kpas HCKa BBOJMM BMECTO r H 2 KOOpJKHATH O H O corslacHo 2 =p sin 0,
=a—pcos B (p<€a) (puc. 10) u HaxoHuM

e [T TN
P = (‘2“““' l/%p sin%),

B COTacuM ¢ ofuuM peayabTaToMm 3ajaud 3 § 3.
2, OnpellenuTh KBAJIPYNOJbLHLIH 3JIEKTPHYECKUH MOMEHT 3apsXeHHOro 3JIHM-
COMMA.
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Pemenne. TeH3op KBaAPYHOJBHOTO MOMEHTA 3apsSKEHHOIrO NPOBOJHHKA Oll-

pefeasiercss KaK D, =e (3x;xp—r?0;;), rne e—ero Noaubli 3apsj, a YepTa O3Ha-
yaeT yCepelNHeHHe T 3aKOHY

E;;.—_:-i—ﬁx,-xkc df.

QueBHJHO, YTO OCH 3JIVIHMCOHIA SIBJASIOTCA B TO e BpeMfA [VaBHBIMH OCSIMH TeH-

n

sopa D;. BocrnoabsoBaBmick A1 ¢ QopmyJaor (4,16), a ang 3a1eMedra noBepx-
dxdy _dxdy

HOCTH 3JJMHINCOHIA BhipaxKeHHEM
72

(v —eauHHYHBIE BEKTOP HOPMaJH K IMOBEPXHOCTH 3JIHNCOHAA), TOJYUIHM

2

c Iz}
4rab 5 dedy_-?

(unTerpupoBanue no dx dy NMPoM3BOJUTCA ABaxIbl NO ILIoHIAAH CedeHHA BJLIHM-
COHza TLIOCKOCTbIO Xy). Taxum obpasoM,

df ==

—

28 =

e € €
Dxx:-é- (2a*—b%—c?), D, =3 262 —a—c?), D, =3 (2c%~a®—b?).

3. Haittu pacnpezncieHHe 3apsajioB Ha TOBEPXHOCTH He3apsixKeHHoro TpoBOAd-
LEro THNCOHAA BO BHELIHeM OJHOPOJHOM NoJe.
Peuwenne CoraacHo dopmyae (1,9) nmeem

;1 Oy
cco~ \ Ty aa)=

(3JeMEHT JJHHMW BIOAL HarpabJeHHdA HopMadH K IIOBEPXHOCTH 3/MIHNCOMAA €CTh
corstacHo (4,9) hyd€). C nomowbio (4,24) U yuyuTHBas, 4TO

- 1 ox X
* h’l 6§ §=0“202h1 E=
I TV LT LY
IIVVIJ AERIVE
0= L4 pYEIR

ITpy npoH3BONbHOM HaNpaB/JeHHH BHEUIHEro 105 OTHOCHTeIbHO oOcefl X, y, 2
SJLTHIICOHA

1 1
G:TV! (B (gk [ (x)@x—l" n(y) (gy—l" (Z) @z]

4, To xe a8 He3apsKEHHOro KPYrJaoro milocKoro jAHcka (pajaHyca a), pace
MOJOXKEHHOTO TapaaebHo Moo ). OnpefeHTh JHIONbHBIE MOMEHT JHCKa.
euie H He. PaceMaTpHBaeM JHCK Kak Tipeje] 3JJIHICOHAA BpallleHHsT NpH

AMILARE TTATIIT T |-1 LY o LIV T T'T..u ATARS r}n:}l’“\r"\ﬂ 'rn'nu’r‘ i) Hr\rrn'f’\u',)nvr"u DA TR
\-lPClVlJlCﬂYlKI. 11 J -y \_l’l. [ 7 ¢ ﬂ.yw'lon LAIJI’.I ~ LAUAIVL I\.UJ\PLPI [LWT Y iy § A\alludlﬂt’ Ll L [SFARWLY §o
3TOlf OCH (ocb 2) cTpeMHTCA K 1, a Blosib ocedl X H y—K HYJJIO TO 33aKOHY
M=1—" g0 =y ="
2a dq

1y Ilas npHcka, PacroJIoKeHHOTO MepreHAMKYISPHO K ToJI0, BOMPOC ObLT O
TpPUBHAJEH; 1TOJe OCTAeTCSl OJHOPOJHBIM BO BCEM IpocTpaHCTBe, a Ha ABYX CTOpO-
HaX JIACKAa HHAYHNHUPYIOTCs 3apsiin o= 4 /4.
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cnenyouemy 43 (4,34). KomnoHenTa vy eJHHHYHOTO BEKTOpa HOPMAadH K TIOBepX-
HOCTH 3IJTHNCOHJA BpPauleHHs CTPEMHTCS K HYJIIO M0 3aKOHY
2 —-1:2 2 2 2y =142
X —|— xc xc x4 4
e (S ) (A

a? a%z  at

1103TOMY
—G p CoS cp

0 —

) .
JunoabHbil MOMeHT AHcKa onpefensiercss o QopmyJae (4,26) u pased

403

=-—(5

OTMeTHM, UTO OH TPoNOplLHOHAJEH a3, a He «oOBEMY» AHCKa a*c.

5. OnpeneJuTh TMoTelNnHa I TOJA BHe He3apAKEeHHOTO NpoBojsilero 3/THICOKAA
BpauleHHs, PacHoJOXKEHHOTO CBOEH OChbl) CHMMETPHH MNapaiielbHO BHEHIHEMY OJJHO-
POIHOMY NOJIIO.

Pemente g BuTAHYyTOro 3/MJMOCOHAA BpameHus (a > b=c, noae §
B Hanpae/JeHHH OCH X) NOJYYHM, BBIYHC/HB HHTeI‘pa.n B GopMmyne (4,24),

( T )

Arth / ]/“-———

f{)z—&x! 1 — ] 2+E‘ _f_i_g_ I}
Arth ]/ '

Koopauuara £ cBfizana ¢ KOOpIHHATaMH X H p= V 42+ 2% nocpenctsom

2 2
e T WA
b2+ & a4 §
TpHYeM B MPOCTPAaHCTBe BHe aaaunconpa 0= E<C
st CILTIOCHYTOro 3JIHICOHAA (a=b > ¢) no.ne ¢ nanpaseHo BIOJb OCH 2.

B cea3u ¢ »THM B uHterpasax B (4,24) Hajo 3ameHHTb S+ a®Has--c M B34TH
¢o=—Cz. B pesyanTate moayuum

/ _l/ 32 )
l §-}— - — arctg §+C2 !
J

p=—@Ez4 1 — >
l l/%—-l——arctg

NpHueM KOOPAMHATA § CBA3aHA C KooDAHHATAMH Z K p== V'xz—i—_z,r2 NOCPeNCTBOM

Al

2 22
NN
FrETeTE
6. TO XKe, eCJIH 0oChb CHMI\JETPHH 3JJIHNCOH A I‘IEpl’IEH,lIHKy.HHpHa K BHCIHHQMY

noJo.
Pemen e J1g BHTAHYTOro 2Jauncouza {foJe B HaANpaBJeHHH OCH Z):

( VEfa® ]/az—bzx
Arth
£+ b2 2 _. E--a®
q)-_-—sz<| 1— ]fa b

|\ :2 V 7 Arth ]/1—--— J
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JIna COJIIOCHYTOTO 3JITHIICOMAA (NOJe B HANpaBJeHHH OCH X):

1 F—¢ Yite
o )Y@ etV TreTTEtE |
1 ./ a , <
\ Ve autk VT Ta |

7. Onnopopuoe moJse (8, HanpaBneHHoe BJOJb OCH Z (B MNOJYIPOCTPAHCTBE

2z < (), orpaHHYeHo 3a3eMJEHHOH IpPOBOAAMIEH NJIOCKOCTEKI 2 =0 ¢ KpyrIbnM OTBep-
ctaem. OnpeleadTs noJ1e U pacnpeleseHHe 3apsAj0B Ha MJOCKOCTH.

Pewenne. II10CKOCTh Xy ¢ KpYIJBIM OTBEpPCTHEM pajdHyca d C MEHTPOM
B Hauasle KOOPAMHAT paccMaTpHBaeM KaK NpejeJbHEIH caydal OfHONOJIOCTHOrO I'H-
nepbo.10Ma BpauleHHs

a 3

p~ 2"
_ =
a*—[nl [l
npu | N] — 0. 31u runepCosounsl NpeacTaBiAAOT CoGOH OHO W3 CEMefCTB KOop-

JIUTHATHBIX TIOBEPXHOCTEH CILMOCHYTOH CdepoHaInHOi CHCTEMbl KOOpPAMHAT C ¢=U.
JlekapToBa KoOpaHHATa z Bblpaxaercs coriacHo (4,9) uepes § u % mocpesncTBOM

z=]f§|n|/a, TIPHYEM KOpeHb VE noamen GuTo B3IT CO 3HAKOM |- HIH — COOT-
BETCTEEHHO B BepXHEM H HiKHEM NOJYIIPOCTpaHncTBaX.
Huem pemrenne B BHge @ = — 2z F (§) u aaa ¢pyakuus F (§) nonyyaem

F (E) =const - g E?E-(%gm: comst - (T/_%—T arctg %)

(NOCTOSIHHYIO HHTEr pHpOBAHHMA II0JaraeM DABHOH HYJI0 B COOTBETCTBHH C YCJIOBHEM

¢=0 npa z~>--o0, T. e. npu Y § —> 4 ). Ilpu 310M arctg oTpunaTeashoro
aprymMeHTa Hajo MOHHMATh Kak

P2 =X 7,

arctg —L—-zn——arctg

a
-VE VE’
N PP - ”
a He kak—arcig (a/¥ £). B npoTHBHOM cayuae NOTEHIHAN HCNBITHIBA/ Gb! pas3pbiB
HeNpPephIBHOCTH Ha maockocTH otBepetus (E==0). TlocTosinubii KO3(hdUUHEHT BHI-

6upaeM Tak, 4TOOBI MpH Z —— (T, €. TpH V E—>—o0, arctg (a/]/-_g)——m)
6et0 = — (2, H OKOHUATEIBHO TMOJYUYaeM

Tl I3 a
p==— £ arctg 4 % |= —(S‘K—lll [Earctg —=— 1].
n VE VE © ol a VE
Ha nposopsineil nosepxnoctd =0 # noreunyas, kKak H ¢lej0Bajio, obpailaeres
B HY.b.

Ha Gosmbmiux paccrosuusX r—=} z2--p? or oTBepcTHs UMeeM E = r> H MOTEeH-
UHan (B BepXHeM MNOJYIIPOCTPAHCTBE) NpPHOOpeTaeT BUA

e @@V . adz
e T

T. €. I0Je — JHTOJBLHOIO THIIA, COOTBETCTBYIOIUEE [IHIOJbHOMY MOMEHTY P =
= §a?/3m.

HanpsskennocTs moas yObBaeT kak 7~ 3, U NOTOMY LOTOK MO0.1S Yepe3 Gecko-
HEUHO yjlaJeHHY!0 MoBepXHOCTb (B noJaynpocrpaHctee z > () ofpamaercss B HyJIb.
OTO 3HAYMT, YTO BCE CHJOBHE JHHHUH, TPOXONSUIHE YEPE3 OTBEPCTHE, 3aMBIKAIOTCA
H3 Bepxhed CTOpOHE NPOBOAMINIEH NMJIOCKOCTIL.
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Pacnpenenenne 3apAnoB Ha DpoBoAsied MIOCKOCTH BBIYUCAACTCH CJAELYIOUIHM
ofpasom:

o=T 1 o¢ . a op

4_756_22=0—$4n VEoV —q

rJe BEpXHHE H HHXHHWEC 3HaKH OTHOCATCHA K EEpXHepi H HHXHEH CTOpoOHaM ILIO-

ceAsmBawed £ ¢ p, 2z, Ha mAockoeTH z=0 umeem V E =4+ YV p’—a2. Taxum
ofpasoM, pacnpejielleHHe 3apsJ0B HAa HIKHeH CTOpOHE TPOBOAAMIEN ITOCKOCTH
Jaetcsa ¢opMyJtol

1 . a a
o=—@§ ype (n—-arcsm _p_+__]/-——— )

pl_aﬂ

Ilpu p — o umeem o= — /41, kak u pomxkHo ObiTh. Ha Bepxueit xe cropone

1 / a a
0:—@'—; —— —aresin — .
4ﬂ-(V'pz_a2 p)

[Mosrubiif HHAYLHPOBAHHEIL 3apsi] HA BepXHeH CTOPOHE MAOCKOCTH KOHEUEH H PaBeH
[s o}
r a2
e :So-Qﬂp dp= -~-8—C€.
a

8. To xe, ecim oTBEpCTHE B NMPOBOASUIEH TMJIOCKOCTH TIPeACTaB/Aer coboii
NPAMYIO HIeTb WIMPHHB 25,

Pemwewnue. IlnockoCTs xy cO medsid BAOTH OCH X paccMaTpuBaeM Kak Impe-
JedbHbIH cJaydail runepGosnyeckoro [HJAHBApA

>

¥
br—im| Inl

npi | M)~ 0. 318 runepfoiuyeckse UMJIMHAPH TNPEACTABASIOT COBOH OFHO U3

CEMEHCTB /JIMIICOHJATBHBIX KOODAHHATHBIX TOBEPXHOCTEH IpH a@— o0, €—- 0.
HexapToBa KoopaHpara z == VE [n|/b.

Kak u B 3ajaye 7, umem pewende B Buge @ = —CzF(§) u naa  dyuxuun
F () momyuaem

d§
3/23/ 5 13
gy e
3nech KodpdHIEEHT K TOCTOSNNAS HHTEPHPORAHHSA ONpelesIoTCs YCJIOBH IMH
F=0 u F=1, COOTBETCTBEHHO, TIPH Zz —--® H z—>—o0 (1.e. npK V & - o0
VYV E—>—o0), H OKOHUATEJIBHO MO1YYdeM

.1 —_— —
o=CqmlVEFEFVEIVI,

I7e Mb Temeph ToHHMaem xopedb V' & kak NOJOMHUTETLHYIO BEJHUHHY, a BepX-
HHU M HUXHHI 3HAKH COOTBETCTBYIOT obaactam z > 0 u z < 0.

Ha Goabmux paccTosHHAX OT WE@IH B BepXHEM TNCJYTIPOCTDAHCTBE HMEeM
E~ y?4-22=r% u norenuuai

L b ] . b%
?~Cy 1/5 =G4z,

T.€. TO1€ JABYMEDHOTO AHIOJBLHOrO THMA ¢ JIHITOJbILIM MOMeHToM (%0%/8 Ha enu-
HILY JUIHHBL Wean (M. dopmyay B 3apaue 2 § 3).

F=const- S\
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Pacnpesenenne 3apsnoB Ha NLOBOJAULEH TMJIOCKOCTH jaeTcA (opMyJoR

1 [yl
= — [ ———— F 1 ).
® & <Vy2—b2 N )
[MonHbi MHAVIHPOBAHHLIA 3aps], HA BepxHEH CTOpOHE NJIOCKOCTH (OTHeCeHHbli

P TYE ox wrd -~ ATy

K €NHHHIlEe IJHHbBI IHEJH) paBeH

B6auan kpas menu B BHpaxenud A ¢ (&, 1) MoXHo nodoxuts £ -0 n
0
~ —2bp sin? =,
n e 5
rpe p, 0 —noasprnie KOOPAHHATH B ITOCKOCTH yZ, OTCUMTLIBAEMbIe OT Kpas HIeJH
(y=b-+pcos B, z=psinb). Torga
<</ bp_. O
=0 V 5 s10

B COMJIacHH ¢ peayavTaToMm aafauk 3 § 3 ana cilyuas 6, <€ L.

§ 5. Cuabl, peicTByOLIHE HA MPOBOAHHK

B snextpuuecKkoMm MoJie Ha NMOBEPXHOCTb MNPOBOJHHKA JAEHCTBYIOT
Co CTOPOHBI HOJIf omnpejeneHHbie CHJbl. X J€rKo BBIYHCIUTL CJe-
JylomuM o6pasoM.

[T10THOCTE MOTOKA HMIIYJIbCA B 3JIEKTPUYECKOM [10J€ B MYCTOTE
OfpesiesIeTCA M3BeCTHBIM MAKCBENJOBCKHM TEH30DOM HalpsxKeHHH !):

Pf’ T Q74 n ﬂﬂ;}n’T‘n‘TmYTT’Jn 1T n DITARNIAIIT A'F in i
whJda me, ACHUTBYIOUIas da JJjckMdy ai

YTO MHOe, KaK [OTOK «BTEKAlOileTO» B HCTO M3BHE MMIYJjbca, T. €.
paBHa 0;,df, =0;,n,df (3HAK U3MEHEH B CBfI3M C TEM, 4YTO BEKTOP
HOpMaJll N HampaBJeH HapyXKy oOT Tesna, a He BHYTpb Hero). Benu-
UiHA O 4f, €CTb, caefoBarensHo, cuia F ., oTHecennas K 1 em? mio-
{1 MOBEPXHOCTH. YUUTHBAs, 4TO Y NOBEPXHOCTH MeTaldsa Hanps-
KEeHHOCTb E uMME€EeT TOJbKO HOPMANbHYIO COCTABJAIOULYI, MOJYUHM
2
Fnorz:ngz'{'! (5’1)

HJIH, BBOJSl TMOBEPXHOCTHYIO NJIOTHOCTb 3apsiioB O,
Fo» = 270%2n =1/,0E.

Takum ofpa3om, Ha MOBEPXHOCTH MPOBOJHHKA AEHCTBYIOT CHJBI «OT-
pUHATEJILHOrO JAaBJICHHS», HANPaBJEHHOIO [10 BHEINHEH HOpMalu
K NOBEDXHOCTH H MO BEJHYMHE pABHOTO IVIOTHOCTH 3HEPTHH MOJS.

1) Cm. 11 § 33. Tenzop HanpsmKeHu#l O;r TNpPHHATO ONpEAENATh CO 3HAKOM,
06pariipiM MO OTHOURHHIO K TEH30pY NACTHOCTH NoToKa HMmyJabca. Takoe onpe-
AejieHye NPHHSATO M B LPYFHX TOMax 3Toro Kypca; mmwb B II § 33 no nejocmortpy
0603HaUEHHe Ok HCNOJb30BAHO C APYTHM 31IaKOM.
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[Tonnast cuna F, geficTByioilasi Ha NPOBOAHHK, MOJIY4YaeTCs HHTE-
rpupoBanueM cuanl (5,1) mo Bcelt ero nomepxHOCTH'):

F=@Ltid (5,2)

O6pyHO, OaHaKo, 6osee y100HO BBIYHCASITH 3Ty BEJHYHHY, COTVIACHO
OOLIMM MpaBH/JaM MeXaHHKH, NyTeM JHupdepeHiiupoBanus sxepruu U.
Wmenno, cuna, nAeHicTBylowWwasi Ha NPOBOJAHHK BIOJAb KOOPAHHATHOH
HEHHUE 3HEPruH MpH napajelbHOM CMEUIEHHH NaHHOTO TeJa Kak
1eqoro BRoab OcH . Ilpu 3TOM 3Heprus goJxkHa OBITh BhHIpaXKeHa
yepe3 3apsifibl NPOBOJHUKOB (MCTOYHHKOB 10Js), U IubdepeHuuposa-
HUE MPOH3BOJUTCSI IPH MOCTOSIHHBIX 3apsifax. OrMeuasi 370 06CTOSI-
TeJIbCTBO HMHJAEKCOM e, HaIUIIEM

Fo=—(2LY (5,3)
4 \aq}e ’

Anajoruuno, NMpoeKulst Ha KakKywo-aufo OCh MOJHOrO NeHCTBYICULETO
Ha NpOBOAHHK MOMEHTA CHJ paBHa
" 0U
K=—{5¥). 64
rae P—yroj noBopoTa T€Jda KaK [EeJ0ro BOKPYr AaHHOU OCH.

Ecau ke sHeprusi BolpaXkeHa KakK (YHKIUHS NOTEHIKAJNOB, a He
3apsiIOB TPOBOJAHUKOB, TO BOMNPOC O BBIYUC/IEHUU C €€ MOMOUIbIO CHJI
tpebyeT ocoforo pacCMOTpeHnusi. []esio B TOM, YTO AAA MOAAEPIKaHMS
y OPOBOJHKHKA {NpH €ro mnepeMeleHud) MNOCTOSTHHOrO MOTeHHala
HeoOX OUMO NpUOErHyTh K NOMOUIH OOCTOPOHHUX Tes. MOKHO, HanpH-
Mep, MOANEPIKUBATh NOCTOSIHHBIH MOTeHUHAJ/ NPOBOJHHKA MyTEM COE-
JIUHEHHUsI ero ¢ IPYrdM APOBOAHUKOM, 00JafaloliuM OuyeHb O0JbIIOH
eMKOCTBbIO («pPe3epByap 3apsiioB»). 3apsizKascCb 3apsiioM e,, IPOBOIHHK
OTHUMaeT €ro U3 pe3epByapa, MOTEHHHAJd (¢, KOTOPOro NpH 3TOM HE
MEHSIETCSl BBHAY €ro OoabllioH eMKOCTH. Mensiercs, OfHaKo, 3HEprus
pesepByapa, yMeHbluascb Ha e,¢,. [lpu 3apsi:kenuu Bcefl cucremsl
NpPOBOJHHKOB 3aPsiiaMK €, SHEPTUsl COEJUMHEHHBIX C HUMH pe3epBya-
POB HM3MEHHTCSl B CyMMe Ha — X,€,¢,. B Bemmuuny ke U BXomur
TOJAbKO 3HEpPrusi paccMaTpUBaeMblX NPOBOAHMKOB, HO HE 3HEPTHS
pe3epByapoB. B 3ToM CMBICJE MOXKHO CKal3ath, 4To U OTHOCHTCS
K SHEPreTHYeCKH HEe3aMKHYTOHU CHCTeMe. TakuM 06pa3oM, AJIs1 CUCTCME
NpOBOAHUKOB, NOTEHIHAMb KOTOPHX MOAACPIKHUBAIOTCS NOCTOSHHBIMH,

poJb ME€XaHHYECKOH 3Hepruu urpaer He U, a BesHuMHA
oy Y
U=U— Dle,¢,. (5,5)
41

'Y B naHHOM Cayuae Mbl NpHMeHsieM 3Ty (GOpMyJy K NOBEPXHOCTH, He COBra-
naowedl OyKBAILHO € TNOBEPXHOCTBIO TeJda, A HECKOJABKO CAEEHHOH OTHOCHTeIbHO
nee, UTOObl HCKJIOYHTh BJAHSHHE CTPYKTYpHl NMOJASL BOJM3H NMOBEPXHOCTH Teaa (cp.
crp. 14—10).
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~

Moncrasue ciona (2,2), HaxoauMm, uTo U W U OTAMYAIOTCA TOJBKO
3HAKOM:

U=—U. (5,6)
Cuna F, nonyuaercsi nuddepenuupoBanueM U MO g NPH TOCTOAHHBIX
noTeHlnasax, T. e.
o oU
F =_(_> z(__) . 5,7
1 99 Jo 9 /e (5.7)

TaxuMm o6GpaszoM, OEHCTBYIOUIHE HA MPOBOJHHK CHJIBI MOXHO MOJY-
yuTh auddepennuporanreM A Kak NPH MOCTOAHHBIX 3apsAfax, TakK
M NPH TOCTOSIHHBIX MNOTeHUHaNax, ¢ TOH JHIUb PasHHLed, 4yTo Hpo-
H3BOAHYI0 Hamo OpaTh B NEpPBOM CJyyae €O 3HAKOM MHHYC, a BO
BTOPOM — CO 3HAKOM ILTIOC.

DTOT Ke pe3yJbTaT MOKHO Obl10 Obl NOJYYHTb H 60Jee ¢GopMalb-
HBIM NyTeM, HCXolAs U3 nuddepeHuuanbHOro TOXKIECTBA

dU = 2 (Padea__Fq dqr (5,8)

B KOTOPOM 4 paccMmaTpuBaeTcss Kak (yHKUMS 3apSNO0B NPOBOAHHUKOB
M KOODAHHATHI §; 5THM TOXKJECTBOM Bhblpaxkaetcs TOT (PakT, UTO mpo-
U3BOAHBIE paBHul 0U/0e,=¢,, 0U/0qg=—F, Tlepexoxs K nepemeH-
HBHIM (¢, BMECTO e,, HOJYYHM OTCHO/A

dqz=—§€ad(paqu dqv (5,9)

OTKyJaa u caexnyet (5,7).

B xonue § 2 6b1a paccMoTpeHa 3HePrusi NpOBOAHHKA BO BHEI-
HEM OJHOPOJHOM 3JeKTpHueckoM noJe. [losnas cuia, NeHCTByOLAA
Ha He3apsKeHHbIH MPOBOJHMK B OAHOPOAHOM [OJe, paBHa, pasy-
meercs, Hymo. [Ho BelparkeHwem sHepruu (2,14) MOXHO BOCHOJB30-
Batbcsl ISl ofpejeNeHns CHbl, AeHCTBYIOUEH Ha MPOBOJHHUK B KBa-
3HOIHOPOJHOM mose (&, T. e. B mOJe, MaJO MEHSIOLEMCS Ha NPOTH-
JKEHHH Pa3MepoB Tena. B TakoM foje B nepBoM NpPUGIHKEHHH BCe
¢lile MOXKHO BBIMHCJAMTbH 3Hepruio mno gopmyae (2,14), a cuna F ompe-
AEJUTCA KakK rpajdeHT 3TOH 3HepPTHH:

F=—gradU="1,0,V grad §;E,. (5,10

Urto ke Kacaetcs mnoasoro momenTta cun K, 10 oH, BOOGuIEe ro-
BOps, OTJMYEH OT HYJS ykKe W B OJHOPOJHOM BHelHem mnoJe. Ilo
o0lIMM TpaBW/IaM MeXaHHKH K MOXKHO ompenenuth, paccMaTpuBas
6ecKOHEeYHO MaJibll BHPTyaJbHEIR MNOBOPOT Tesa; U3MEHEHHE 3HepPTHH
npu TakoMm nopoporte cesa3aHo ¢ K nocpepcreom O0U = —K 8¢, rae
8¢ —yron nosopora. [Toropor Tena Ha yroa Oy B ogHOpPOIHOM ToOJe
5KBHUBAJIEHTeH MNOBOPOTY [OJsi OTHOCHTEJNbHO Tena Ha yroa -— 0.
Hamenenne noss npu 3Tom ectb 0G = —[8¢ - ], a u3MeHeHne 3HepPrUH

U U
6%=a—$6@3=*—6¢ [@ (ﬁ].
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Ho 0U/0G = —¢gP, KaK 370 BHAHO u3 cpaBHeHus dopmyn (2,13) u
(2,14). Tlosromy 6U=—[FPE] Oy, oTKyna

B COOTBETCTBHH C OOBIYHBIM BBIpazZKeHHeM, H3BECTHBIM U3 TEOPHH I10JI5
B MyCTOTE.

Ecin mosHble cuna M MOMEHT, AeHCTBYIOmME HA NPOBOJHUK,
paBHBI HYJ/IO, TO NPOBOJAHUK B MOJE OCTAETCH HENOJBUMKHBIM U Ha

afakalislhs [] AATaaTa a¥a ' Ve S T

[ a 35,50 D1y brioda R bIC ACURIPMAPDOBAH NEM
Teia (Tak HasblBaeMast saekmpocmpukyus). Cuasl (5,1), mefictsyio-
ue Ha MOBEePXHOCTh MPOBOJHHKA, PUBOJAT K H3MEHEHHIO ero GopMul
n oobema. [Ipu 3ToM, BBy pacrsrdBawomero xapakrepa cuJa, oGbeM
Tela yBenuuusaerca. [lonHoe onpenenenne negopmaumu  Tpebyer
pelleHusl YpPaBHEHHH TEOPUM YNPYrOCTH C 33/laHHBIM pachpepe/eHHeM
cun (5,1) Ha noeepxHoctd Tena. Ecau, oxnaxo, UHTEPeCcOBaThCH
TOIbKO H3MeHeHHeM ofbeMma, TO 3ajaya MOxKeT GbITh pellleHa BechMa
PoCTO.

Hast 3T0r0 HANO y4yectb, 4To ecau aedopmauus claba (Kak 7o
GaKTHYECKH HMeeT MeCTO IPH 3JEKTPOCTPUKLHUH), TO BJIHAHHE H3-
MeHeHus Qopmbl Ha u3MeHeHHe obbema siBAsercss sddekToM BTOpOTO
nopsijaka Manocti. [Toatomy B nepBoM NpuG/IHKEeHUH H3MeHeHHe 0GbeMa
MOXKHO paccMmartpuBaTh Kak pesyabTaT AedopMUpoOBaHusi 6e3 uaMe-
HeHUA (QOPMBI, T.e. KdK BCECTOPOHHEE pacTsKeHHe NO0J BJAUAHHEM
HEKOTOPOTro 3>(PeKTHBHOrO H3OLITOUHOrC paBJeHHs AP, PaBHOMEPHO
paclpeesleHHoro Mo HOBEPXHOCTH Tesa M 3aMeHsoumero coboi Tou-
HOe pacnpejenenue coraacho (5,1). OtHocuTesnbHOE H3MEHEHHE oGbeMa
nojy4aercsi ymHomxenueM AP na kospdUUHUEHT BCECTOPOHHEro pac-
TsKeHus BemectBa. [laBnenue AP onpenensiercst, corJacHO H3BeCT-
HOH ¢opMmyJe, KaK NPOH3BOJAHAA OT 3JeKTPUUECKOH sHepruu Ttesia U
no ero oGvemy: AP =—oU/oV?Y).

[lycts  pedopmupyloumiee mnofe CO3JaeTcsi camuM 3ap AKEHHBIM
NpOBOAHUKOM. Toraa sueprus U =e*2C u jnaBnenue

Ap= %20 (i) .
20VA\C
Ilpu sapnanHoR dopme Tela ero eMKocTbh (Kak BeNHYHHA, HMEIOmas
pPasMepHOCTb JJIMHBI) OPOMOPUHOHA/bHA €ro JHHEHHBIM pasMepaw,
T. €. mponopuuoransHa V1/3, [Tostomy Haxoaum
AP =5 _ %0 (5.12)
) 6CV ~ 6V° R

Ecau Ke HesapsikeHHbIH HPOBOJHUK HAXOJHTCA B OJHOPOIHOM
BHelllHem MoJae &, To ero sueprus jgaercs ¢opwmynoi (2,14). [Tostomy
B 3TOM CJyuyae pacTsrHBaloniee jaaejeHde Oyiaer

AP=1/2O£ik@i@k. (5,13)

) Onpenenennas TakuM OODa3oM BeJHUHHA €CThb pacTsKeHMe, JeHCTBYIOlIee

Ha [OBePXHOCTH CO CTOPOHBI CAMOT0 Tena; JaBjJeHHe Ke, ,uef{cmyiomee Ha Hee
H3BHE, TNOJAYHaeTCd H3MEHCHHEM 3HAKa.
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3agauu

1. ManeHpKHH TDPOBOAHHK C eMKOCTBIO ¢ (MTOpAJKA BeNHYHHB ero pa3mepos)
HaXxOAHTCH HA PACCTOSAHHH r OT LeHTPA cepHYeCKOro IMpOBOHMKA OCOJBIIOTO pa-
auyca a {@>>c). Paccrosiene r—a or NPOBOAHHKA ¢ O NMOBEePXHOCTH lapa mpen-
nosaraercs GOJbIIAM JHUWL TI0 CpaBHEHHIO C ¢, HO He Mo cpapdedHo ¢ g. Oba
IPOBOAHHKA COeNHHEHbI APYF ¢ APYToM TOHKHM NPOBOJOM, TaK YTO HaXOJISTCH NpH
OJHHAKOBOM moOTeHuMane @. OnpeneruTb CHJIY B3aHMHOIO OTTAJKHBaHHSA IIPOBOJA-
HHKOB.

Pewedne. Bpray MmajoctH NPOBOJHHKA ¢ MOXKHO CYHMTaTb, 4TO €ro IIOTeH-

I q Ny’ ¥ G

2 TLIB 4 . % 10 2 582 ~

Goabiiol cdepol, B coGCTBeHHOrO IOTeHNUMATa €,¢, C03J1aBaeMOro 3apsioM €, Ha-
XOAANHMMCH HA caMOM TIpoBoARHEKe. OTciofla BMeeM @ = @a/r—{-¢/¢ Hau e=c@ (1 —a/r).
HckoMas cHaa B3amMopefcTBHUs [ onpeaensiercs XKak KYJOHOBCKas CHJAa OTTaJKH-
BaHHS MEX]y 3apANOM e TPOBOHHKa ¢ H 3apaioM a( chepoi:

2
F=2F (1-—3)
r r

(370 BbipaXeHHe CIpPaBelJHBO C TOYHOCTEIO IO YJeHOB OoJjiee BLICOKOre TOpAAKA
mo ¢). dra CHJIa MakKCHMaabHa NpH r=3a/2 (rle oua pasHa Fp,y =4c@?27a)
yObiBaeT B 00¢ CTOPOHH OT 3TUH TOUKH.

2. 3apskeHHB NpoBOAsAMIMA wap paspesan monctaM. OIpeieSiHTb CcHAY,
c KOTODoH ©00a Mmoayliapus OTTaJKHBAKTCA APYr oT apyra').

Pewesnne, IlpeacraBnsgem cefe moaymapus pasieeHHbBIMH OeCKOHeYHO y3-
KOH UleJBblo B onpefesieM JeHCTBYIOLLYH) HA Kaxkjoe H3 HHX cuny F myTeM HHTe-
IDRPOBAHUA TO HX TOBSPXHOCTH cuael (E%/8m)cos O (mpoeknus chabi (5,1) Ha
HanpapJeHHe, llepileHUKYJAAPHOe K TJIOCKOCTH pasgela moaywapuil). B menu
E =0, a na napyxsoil noeepxuoctH E=-¢e/a?% rje a—pajuyc imapa, a e—mnoJ-
Hbil 3aps1 Ha deM. B peayrprare moJaydHM

32
F =z

3. To xe Ans He3apPSMeHHOTO WAPa, HAXOJALWIETOCS BO BHEIIHEM OJHOPOIHOM
noae &, mepmeHIUKYJASPHOM K TJOCKOCTH Da3spesa,

PewenHe aHallorRYHO mnpelblAyLIeR 3a7Taue, ¢ TOR pPasBuliell, YTo Ha mo-
sepxrocTd wapa E =3E cos § (cornacuo 3azave 1 § 3). HMckomas cuaa

F="9/,,a2G2.

4. OmnpeleanTs H3MeHeHHe cOBeMa H H3MeHeHHe QOPMBbI NMPOBOASIIEro Wapa BO
BHelIHeM OJHOPONHOM 3JIeKTPHUECKOM MoJe.

Peumen de. HUsmenenne obvema AV/V=AP/K, rie K—mMo1y/1b BCeCTOPOH-
Hero pacTsaXeHUs BewectBa, a AP onpelensietcs Qopmyiaoik (9,13). Hdas wapa
g =00 = 30;p/4n (o B3 3amaum 1 § 3), TaK uTO

AV 362
VT &nkK®

B pesyabtare JedopMamuH 1Wap npeppauiaercs B BHTAHYTHEA aanuncoup. Ias
onpejeeHHs 3SKCHEHTPHCHTETA 5TOTO /JHIICOHAA MOMHO paccMaTpHBaTbh Jedop-
MAlHI0 XaK OJHOPOAKYI0 BAOJb oO0nema Tesaa JleQoDMAUHIO CJBHId, aHaJIOrHYHO
TOMy, KaK JJs H3MeHeHHS O0merc ofhema MBI DAcCMaTPHBAJH OJHOPOJHYIO Hedop-
MAallBI0 BCECTOPOHHErO pacTSXKeHHd.

1) B zanauax 2 u 3 mpeamoJgaraeTcd, UTo 063 NONYIIADHSA HAXORATCH INpH
OfHHAKOEOM TMOTERNHAJe.
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YcnoBHe paBHOBecHS 1elOpMHPOBAHHOrO TejJa MOXKHO choOpMyJIHPOBATH XKaK
YCJAOBHE MHHHUMANbHOCTH CYMMbl 3JICKTpOCTaTHUeckoh H ynpyroit suepruu. [lepsas
M3 HHX corsacHo dopMynam (2,12), (4,26) paBHa

Vv 3V
Ban B O
rpe R —mepBoHauaabHbii paguyc wapa, a H b-—mnoayocH JMUNCOHAA, a
e i 4 a—b

~3 15 R

3V a—b

§2 n — —_——
¢ 10 R

qg:__‘”[:"_ @2’

— xoxbduumeHT jenonspusaluy (eM. (4,33)).

B cuny akcuadbHOll cHMMerPHH jedopManuu (BOKDYT HampaBJeHHS Moad —
OCH x) OTJHYHBI OT BY/sl JHUb KOMIOHCHTBl Uyy H Uy, =u,, TeH3opa nedopma-
uud. JlockoabKy Mbl paccMarpHBaeM pP2BHOBECHE MO OTHOMIEHHIO K H3MeHeHHIO
dopMbl, MOXKHO CYHTaTh MpH 3TOM oO0beM HeH3MeHHBIM, T.e. u;; =0, IlosTomy
VIAPYIYIO HEPTHIO MOXKHO RalKcaTs B BHIe

Tie O;p— Tel30p ynpyrux Hanpstkenu# (cm. VII § 4). Mmeem

Oyx— Oyy= 21 (u,xx—u,yy),
rie W—MOayJab CABHTA BeiecTBa, a u.xx—u,yy:(a—b)/R. [losToMy
21 (a—b)?
‘Ztynpﬂ—gfe-g—-- V.
Munummaupya cymmy Uyp, -+ Usy M0 a—b, noayunm
a——b: 9 &2,
R 40mp,
5. HafitiH cBA3b Mexay YacTOTOH H AJMHOH BOJHBI, paclnpocTpaHsiomedcs no

3apAKEHHOH TIJIOCKOH MOBEPXHOCTH KUJKOrO MPOBOAHHKA (B Mote TsxKecT). [loay-
UPTh YCIOBHE YCTONUMBOCTH 3TOH NoBepXuocta (. H. ©penxens, 1935).

[RS8 014 bt SV j4RolU Y4y LUV el ol

Pewewnue IlycTe BOJMHA pacnpocTpaHsercs BJOJb OCH X, Ock 2 HalpapieHa
BePTHKANbLHO BBepX. BeprukaanHoe cCMellieHHe TOUEK MOBEPXHOCTH XKRAKOCTH { =
=g exp [i{ (kx—wt)]. Flpy HenmoaBUKHOH MOBEPXFOCTH HAaNPAKeHHOCTb IOJd Haj
Helf £,— E=4no,, a ero moTeHunan ¢=—4nc,z, rpe 0,— IOBePXHOCTHAS MNJOT-
HOCTb 3apdnoB. IToTeHuwan moad Hag Kojedmomedcsd MOBePXHOCTHIO MHILIEM B BHJE

p=—410,z + @1, @;= const.el (k-0 ¢-kZ,

rae (pp— Masag mompaBKa, YAOBJIeTBOpAomasn ypabHerno Agp, =0 u obpamaomascs
B HyJb MpH 2z —o0. Baoan caMoH MOBepXHOCTH TPOBOJAHHKA MOTEHIIMAM JOJKeH
HMeTb [OCTOSHHOE 3HAYeHHEe, KOTOpOe NMPHHUMaeM 3a HYJb; OTCIONG

Cornacuo (5,1) 11a 3apsaKeHHYIO MOBEPXHOCTb KUAKOCTH JeliCTBYeT HONOJHH"
TeJBHOE OTpHﬂaTeﬂbHOB JaBJIeHHE, paaﬂoe, C TOYHOCTEIO A0 UJIeHCB IePBOIO MO™
pAjKa ne @,

E2  F:

—— x =2 x 2n0G - koy,
Z

g o . = 2n05 -+ 4nogkl.

- 2
[TocToAHHBIA uleH 2:10q HecylmecTBeH (ero MOMKHO BKJIOYHTH B [TOCTOSIHHOe BHell-
Hee JaB/eHHE).
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Paccmorpenne ruipojiHHaMHUECKOro JBUXKEHHA B BOJHE BIIOJHE &HAJOFHUHO
TEOPHH KanuAaspHeX BOJH (cM. VI § Gl), oTauuasick JHib HaldHylieM yKa3aH-
HOrO Bblllle JOMOJHUTENBHOIO jaBjeHUA. Ha MoBepXHOCTH KUIKOCTH I[OJYYacM
TPaHHYHOE YCJIOBUE

oD

62
pgl+p T c

2
—a — —4nogkl =10
2=0 0x? c '
rae o-—KOS(POHIHEHT NOBEPXHOCTHOTO HATAXKEHHA, Q— IIOTHOCTE KHIKOCTH,
a O—noredunan ee ckopoctu; @ u { cBA3awbl APYr C ApYroM e€Lle H COOTIIO-
e HEM

-y 5= Ve o0 |
gt oD
at"— 0z z=0.

ITonctaBHB B 3TH ABa COOTHOLIEHHSH
L =qellthx-01), D = At (kx-0f) o~ kz

(© ynosaeTsopser ypaeneHHI0O AD =0) H HCK.TOUHB a 1 A, MONYyYdM HCKOMYIO
CBSI3b MeXay £ U o:

L, s .
1Y Zz
wgzg(gp-——élnook - ak?). (1)
Jlaa rtoro 4ro0bl NOBEPXHOCTh MHAKOCTH Obljaa yCTORUYUBOH, UaCTOTA ® NOJKHA
ObiTo BEULECTBEHHOH 1IDH BCeX 3HAuEHMAX R (B IPOTHBHOM clydae OyiyT Cyuiecr-
BOBaTb KOMIIJIEKCHbIE () C TTOJOKUTeNbHOH MHUMOH YacThbio H MHOXKHTENb e~ (0! Gyjer
HEOIPaHHYeNIHO BO3PAcTaTh). Y CiOBHE IOJIOXKHTEJNbROCTH MpaBoif cTopoHbr (1) raa-

cur: (4m05)2—4gpa < 0, oTKyaa
os < gpo/4n?.

3710 U eCThb YCJI0BHE YCTOHUHBOCTH.

6. Hailty ycnoue ycroityusocti 3apsukenHoli cdepuyeckolt xkamau (Ray-
leigh, 1882).

Pemenue. Cymma 5/MeKTpocraTHyeckOd H NOBePXHOCTHOH SHEPIUM KamiH

€2
QL:-E—CT—}—OCS,

£ae o— KO3pGUUHEHT MOBEepXHOCTHOrO HaTAXKeHUs XKUIAKoCTH, C—eMKOCTh Kamid,
S —nmomane ee nmopepxHocTH. HeycTofluHBOCTL BO3HHKAET (DU YBEJIHYEHHH €) no
OTHOUIEHHIO K BLITATHBAHMIO 1IaPa B 3JIUMCOMI U ONpelessiercs MOMECHTOM, KOria
U cranoBuTcsa yOuBaionlel (yHKUUed SKCUEHTPUCHTETAa (IIPH 3&1aHHOM oOneme
kaman). llapooGvassas (opMa Bcerga COOTBETCTBYeT 3KCTpemymy U; mnosTomy
VYCJIOBHE YCTOHYHBOCTH IJIACHT:
ozU
. 0(a—b)2la=b >0,
rae a, b—noayocH sanumncoyaa, a auddepeHlEpopaye MPOUIBOIATCA NpH ab? =
= const. BocnoJbsoBaBice H3BECTHON (GOPMYJIOH AAT MOBEPXHOCTH 3ATHICOUIA-
u popMmyaoi (4,18) nad ero eMKOCTH, MOJYYHM TMOCIE AOBOJABHO AJHHHOTO BHIYH-
eHY

I

~ [« 4
vl in

e? < 10nada.

3T0 ycnoBHe oGeCneYdBaeT yCTOHYMBOCTE KaMaH OTHOCHTNLHO MaawX fedop
manui. Ono okaspiBaerca Oosee cialbiM, 4YeM YCJIOBHe YCTOHYHBOCTH OTHOCH-

Tenblo 0OMbIIOH nedopMalHd — fe/leHHS Ha JBC OAMHAKOBBIE HaCTH (KAmau ¢ 3a-
pagaMy e/2 U papuycamy a/21f3):
2'/s 1
e2 < 16na3a——27=0,35- 1603,
3



FTABA II

SJIEKTPOCTATHUKA AHIJEKTPHKOB

§ 6. dueKTpocTaTHYECKOE MOJIE B JAHIJEKTPHKAX

TlepefineM Tenepp K M3yYeHHIO MOCTOSHHOINO 3JeKTPHYECKOrO MO
B J[PYrOf KAaTErOPHH MaTePHatbHBIX CpeJ— B AHRIIEK TPHKAX.

OcHOBHOe CBOUCTBO JIUJACKTPHKOB 3aK/IIOUAETCS B HEBO3MOXKHOCTH
MPOTEKAaHHd B HHX NOCTOAHHOrO ToKa. [lo3TOmMy, B OTAHUKE OT mpo-
BO,JHMKOB, HaNPSKEHHOCTh NMOCTOSIHHOTO 3JEKTPHYECKOTO MOJA B IH-
3MEKTPHKAX OTHIONb He 10JAKHA ObITh DABHOH HYJII0, W MBI JOJXKHH
NOJYYHTh YPaBHEHUSA, KOTOPBIMH 3710 noJe onuceiBaercst. OJHO H3
HUX TOJYyYaeTcsl nyTeM ycpeiHeHus ypaBHeHus (1,3) U mo-npexHemy

I'J1dCHT!

rot E =0, (6,1)
Bropoe ke noayuyaercs ycpejHenueM ypaeHeHus dive=4mp:
div E = 4mp. (6,2)

[IpennonoxuM, YTO BHYTPb BelllecTBA JH3JIEKTPHKA He BHECEHO H3BHE
HHKAKHUX NOCTOPOHHHX 3apdaioB; 3TO €CTb HauboJee OOLIMHLIK H BaXkK-
HBIH cayyai. Toraa noJdeti 3apsl Bo BCeM OOGbene JH3JEKTpHKa
OCTaeTCst PABHBIM HYJIO U [10CJ€ BHECEHHS €r0 B 3/J1eKTPUYecKoe noJe:

{oav=o.
JTO HHTErpajbHOE COOTHOIIEHHE, KOTOPOe JOJKHO BHINOAHATHCS AJS
Tés1a J1000H opibt, 03HAYaeT, 4YTO CPeAHSs MJAOTHOCTh 3apsifoB
MozKeT OBITb HallCana B BiHJe [IBEPreHIHH HEKOTOPOIo BeKTOpa,
KOTOPBIH NPHHATO 0003HadaTh kak — P:

o= —divP, (6,3)

npuyem BHe Teqa P=0. [leficTBuTe1bHO, MHTErpHpys NO 06BEMY,
OrPaHHYEHHOMY IOBEPXHOCTBIO, OXBAaTHIBAWOUIEH Tes0 H NPOXoAsLlel

Be3Ji¢ BHe €ro, NOJYVUHM

Voav=—{divPay=— fPdai=0.

Benuyuna P HasniBaeTcd BekTOpoM JuIaneKmpudecKol noaspusayuy
(HJIH NPOCTO NOJSIPH3AlNK) Teda; AHITeKTPHK, B KOTOPOoM P oTauuHO
OT HY.isl, Ha3ulBAOT n0aapusoeanxoim. Hapany ¢ ofbeMHOR noT-
HocTeio (6,3), mektop P ofpejenser Tak:Ke H MOBepPXHOCTHVIO ILTOT-
HOCTb O 3apsiiOB, pacnpeieJeHIiblX 10 NOBEPXHOCTH NOJSAPH30BAHIIOro
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ausnexTpuka. Ecau npounterpuposatsh ¢opmyay (6,3) nmo aaemeHty
o6beMa, 3aKJIOUeHHOMY MexKay JIByMS OeCKOHeuHO OJU3KHMH eJH-
HHUHBIMH TIJIOM[aXKAMH, NPHMBLIKAOWHMH ¢ 00eUX CTOPOH K IMOBepX-
HOCTH JM3JAEKTPHKA, ¥ YyuecTb, UTO HA HapyKHOH mowaike P =0,
TO MBL mosay4uMm (cp. BelBoa cdopmyast (1,9)):

o=P (6,4)

rae P,—cocraeasiomas BekKtopa P no Bpemueir HOpManuM K mno-

n

BEPXHOCTH.

) 1)

Has BoisicHeHusl GU3UYECKOTO cMbicsia caMmoi Beauuunsl P pac-
CMOTPHUM TIOJHHIA AMNOJBHBIA MOMEHT BCeX BHYTPEHHHX 3aps0B
‘B AU3JEKTDHKE;, B OTJHYME OT TMOJHOrO 3apdAaa, 3Ta BeJHYHHA He
AOJXKHA ObiTh paBHO# Hymio. Ilo onpepenenuio JUNMONBHOTO MOMEHTA
5TO eCTh HHTErpas

C .~ s
yrpdv.
[TopcraBuB p B Buae (6,3) U CHOBA UHTErpUPYs MO OOGBEMY, BBIXO-
JAIIEMY 3a npeAetbl Teja, NOJYYHM

{pav=—{rdivPayr=—¢r@p 4§ Pr)rav.

Wuterpan no noBepXHCCTH Hcyedaer, a Bo BropoM umeeMm (PyY)r=P,
TaK 4TO |

\rodv={Pav. (6,5)

TakuMm ofpa3oM, BeKTOp NMOJAPU3ALUH [pelcTaBaseT coboi dunois-
Hblll mOMenm (MU, KaK TOBOPAT, 3AeKMPUHCCKULL MOMEHM) eLHHHLBL
ofpeMa JU3AEKTPUKA').

HMoxcraBus- (6,3) B (6,2), nonyunM BTOpOE ypaBHEHHE 3JEKTpO-
CTaTHYeCKOro mofs B BUle
divD =0, (6,6)
rj€ BBeieHa HoBasl BequuuHa D, ompenensieMast Kak
D=E +4=P (6,7)

W HasbiBaeMasl saekmpuueckoil unoykyued. Ypasuenue (6,6) Owlno
NOJYYeHO NyTeM YCPeJHEHUS IVIOTHOCTH 3aPAA0B, BXOASIIUX B COCTAB
AM3JeKTPHKA. Ecau Xe B AU3JeKTPUK BHECeHbl M3BHE NOCTOPOHHHE
N0 OTHOIIEHHIO K €ro BellecTBY 3apsanbl (Mbl OyleM Ha3bBaTth HX
cmo poxKumu), TO K NpaBoi uyactu ypaBHeHus (6,6) mosxkHa Obith
n00aB/€HAa HX IVIOTHOCTD:

div D =4mp,,. 6,8
. )

1) Caegyer 3aMeTHTb, YTO cooTHoweHHe (6,3) BHYTPH AH3JEKTPHKA H YCJIOBUE
P =0 Bue ero camu no cefe eue He onpenensioT BeaHyHny P ofHO3HauHBIM 0Opa-
30M; B 00/IaCTH BHYTPH AH3JAEKTpHKa MOxKHO nMpubaBuTh K P moGoR BeKTOp BHAZ
rot f. JIMwb ycraHOBN€HHE CBSA3M ¢ JHIOJIbHLIM MOMEHTOM OKOHYATeJbHO OfIpe-

neaseT P.
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Ha noBepxHOCTH pazaena ABYX Pa3NHYHEIX JU3JEKTPUKOB JOJKHbI
BHINOJIHSATBCS OnpeAeseHHble IPaHHYHbe yea10B8usl. OpHO H3 3THX
ycaoBuil fiBasiercs caeactBueM ypasHenus rot E =0. Ecau nosepx-
HOCTh Pasjiesla OfHOpPOAHA IO CBOMM (H3MYeCKHM CBoO#cTBaMm '), TO
3T0 ycaosue tpefyeT HenpephB %
HanpsKeHHOCTH NOJIA:

HOCTH TAHTreHIHAJbHOH COCTABJISIONIEN

i X LRLAL Y ¢ 2

HOCTH COCTaBJSIONEHl HHIAYKIHHU:
D, =D,,. (6,10)

JleficTBHTEILHO, CKa4Y0K HopMaabHO# coctaBaswoinefl D, =D, osna-

uan Gb obpamenue npoussopHoil 0D,/0z (a ¢ Helo u divD) B Gec-
KQOHeuHOCTE,

AR WF AR ARENS S L

Ha rpanuue MexXay AM3JEKTPUKOM M nposopHHkoM E;=0, a yec-
MOBHEe AJ51 HOPMAJbHON KOMIOHEeHTH nosayvaercs u3 (6,8):

E,=0, D, =4no,, (6,11)

raje 0. -—IJOTHOCTb 3aPdJ0B Ha TNOBEPXHOCTH NPOBOAHHKA (cD.
(1,8—9)).

§ 7. Au3anekTpuueckas NPOHHIAEMOCTb

s toro uyroObl ypasHenus (6,1) u (6,6) cocraBasiM nosauymo
cUCTeMYy ypaBHeHHil, onpefessIoNUX 3JAEKTPOCTATHYECKOe 110, K HUM
Haj0 elle MPHCOeIHHHTL COOTHOLIEHHe, CBsI3HIBAaIOIIee HWHAYKiIHIO D
M HanpsizkeHHoCcTb 1odsi E. B orpoMHOM GONbLIMHCTBE CJY4aeR 3Ty
3aBHCHMOCTb MOXKHO cyMTaTh JuHe#Ho#. OHA COOTBETCTBYET NEPBBIM
yjleHaMm pasfaoxkeHuss D no crenensM E M cBs3aHa ¢ MajoOCTbiO BHel-
HUX 3JEKTPUYECKHX 1odedl NO CPaBHEHUIO € BHYTPEHHHUMH MOJEKY-
JSIPHEIMH [TOJISIMH.

Jluneiinaa saBucumocts D ot E npuobGperaer 0ocoGeHHO MNPOCTOH
BHI B BaKHeHIueM CJyyae H3OTPONHBIX JAH3JeKTPHKOB. OueBHAHO,
YTO B H30TPONHOM AHANEKTPUKe BeKTOPH D u E 10MXKHH uMmeTh
O/MHaKoBoe HampasJjehue. [losTomMy MX JHHeliHass 3aBHCHUMOCTb CBO-
TUTCA K NPOCTOH NPONOPIHOHANBLHOCTH #):

D =¢E. (7,1

1) T. e. mo cocraBy compuxacamlwuxcs Tea1, Temneparype u T. . Ecan ju-
371K TPHK SIBJISETCS KPHCTAMJIOM, TO [MOBepPXHOCTb HNO/KHA ObiTh KPUCTANAHYECKoH
JIOCKOCTHIO.

%) Takas 3aBUCUMOCTb, Mpexnonaraiomas obpamedue D B HYJAL OfHOBpE-
menHo ¢ E, cnpasepnuBa, cTporo rosops, JHUb B OXHOPOAHEIX M0 CBOHM (PH3U-
yeCKHM CBOHCTBaM (COCTaBy, Temieparype H T. [1.) AHdJIeKTpHKax. B neomHopoaHbix
tejax D moxeT HMeTh OTVIMYHBble OT HyaAs 3nayenus u npu E =0, onpeieassce
IpH 3TOM TPajJHEHTaMH MeHSIOMMXCS BAOAE Tea TePMOMMHAMUYECKHX BeJHYHH.
ST uY/leHbi, OJHAKO, BecbMa MaJbl H MH OyleM [MeJb30BaThCs B janbHeluenm coor-
Holeruem (7,1) H B HEOAHOPOAHBIX TEMax,
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KoappuilueHT & HA3BIBATCH OudAeKmpPpudeckKol npoHuLaemocHsio

BellleCTBa M ABJIsieTCs QYHKUHEeH ero TepMOAHHAMHYECKOro COCTOSIHHUS.
BmecTe ¢ MHAYKIHeH NpomNopiHOHANbHA MONO TaKkKe M MOJSPHU-

3aIue; |

e—1 o

D__.LE {7
r | ¥ an F VR iy

N
4j

I

BenuunHa » Ha3bBaeTCd Ko3DPHIUEHTOM NOJSAPH3YEMOCTH BellleCTBa
(unu_ero Oudsexmputeckoil eocnpuumyusocmero). Huxe (§ 14) Oypaet

MOKA3aHO, 4YTO AMNIEKTPHYecKas NPOHHIAEMOCTh BCerja Oojiblle
eHHHIB; TOJSPH3YeMOCTb, COOTBETCTBEHHO, BCErjaa MOJOKHUTENIbHA.
[Tonspu3yeMocTh pa3spekeHHOH cpejbl (ras) MOXKHO CYHTATL OPONOP-
LLHOHANBHOH ee MJOTHOCTH.

I'panuynbre yeaosus (6,9) u (6,10) Ha nosepxnocTu pasjena ABYX
M30TPONHBLIX AHANEKTPHKOB NPHHHMAIOT BHJ

En=Epn &E,;=8F,. (7,3)

TakuM ofpasoM, HOPMaJbHAsg COCTaBJAALIAA HANPAKEHHOCTH MOJA
HCOBITHIBAET CKAYOK, MEHssACh 00PATHO NPONOPLHOHANTBHO ANUIIEKTPH-
YeCKHM NPOHHIIAEMOCTSM COOTBETCTBYIOLIHMX cCpej.

B oaHopoaHom AHIEKTPUKe e=const, ¥ TOraa U3 ypaBHeHUS
div D=0 caeayer, uto u divP=0. BBuay onpegmenenus (6,3) sro
3HAYHUT, uyTO OOLEMHAS IJIOTHOCTh 3apAN0B B TaKOM TeJjie OTCYT-
cTByeT (MOBepPXHOCTHAs Ke maoTHocTh (6,4), BooOwmie roBops, OT-
Au4Ha oT HyJas). Hanporus, ecldu AHSJEKTPHUK HE OAHOPOIEH, TO
MMeeM OTJAHYHYHO OT Hym 06’b€MHy10 IJIOTHOCTD _

o=—div

Ecau BBecTH MNOTEHIHAJ 3JeKTPHYECKOro MnoJdsdA COrJadcCHO E =

———grad ¢, To ypaBHenue (6,1) ynosaerBopsieTcsl AaBTOMAaTHUYECKH,
a ypaBHenue divD=diveE=0 paer

div (& Vo) =0. (7,4)

D10 ypaBHeHHe MepeXOAHUT B oOblyHOe ypaBHenue Jlamnaca Juilb
B OJHOPOAHOH JH3AeKTpUYecKod cpene. I'panmunbie ycnosus (7,3)
MOXKHO Tepenucath B BHJAE CJelYyIOIIHX YCAOBHH 5 TNOTeHOHana:
0
D= Poy By A=, T2 (7,5)
(yCJIOBHE HenpepLIBHOCTH TAHTeHIMAJbHBIX NPOHW3BOAHBIX MOTEHLHANA
SKBHUBAJIEHTHO VCJOBHIO HENMPepHIBHOCTH CAaMOro ¢).

B KycOYHO-OJHOPOAHOH JNH3JEKTPHUECKOH cpeje ypaBHenue (7,4)
CBOAWTCS B KaxkJOM OJHOPOJAHOM YyacTKe K ypasHenuro Jlansaca
Ag=0, TaK 4To AM5IEKTPHYECKHE NPOHHUAEMOCTH BXOJAT B pellle-
HHMe 3324 TOJBKO 4epe3 mocpeiacTBo ycaosuil (7,5). Ho atu ycao-
BHS COJepkKaT JHUIIb OTHOUIeHHe AMIJTEKTPHYECKHX NPOHHILAeMOCTeH
JBYyX compukacamoumxcsa cpea. ITostomy, B 4yacTHOCTH, pelleHue
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3JEKTPOCTATHYECKOR 3a1aud AJs AMICKTPUYECKOro Teja ¢ IPOHH-
AEMOCTBIO &,, OKPYKEHHOI'0 cpejol ¢ NMPOHHIAEMOCTHIO €,, CBOJHTCH
K TAaKOH e 3ajaue AJs TeJa ¢ NMPOHUIIAeMOCTLIO &,/€;, Haxojsiue-
rocsi B NYCTOTE.

PaccMOTpHM BONPOC O TOM, KaK MEHSIKTCS MOJyuYeHHble B npelbl-
AVIIHX naparpadax pe3yabTaThl A8 3JEKTPOCTATHYECKOro MHOJM
MPOBOJHUKOB, €CJH MOCJE/1HHe HAXONATCH He B NyCTOTE, a MNOrpy-
’KeHbl B OJHOPOAHYIO H H30TPOMHYIO JIH3JEKTPHYECKYIO cpeny. B 060ux

—CJyYasxX pachnpejeseHHe  NOTEHIHATa ONUCHBAeTcd ypaBHEHHEM
Ap=0 ¢ rpaHHYHbIM VCJIOBHEM MNOCTOSHCTBA ¢ HAa MNOBEPXHOCTH
MPOBOJHHKA, U BCE OT/JMYME 3aKJAK04aeTcsi B TOM, 4TO BMECTO CBSI3H

E,=—0¢/0n=4n0 ¢ NOBEPXHOCTHOH NJOTHOCTBI) 3apANOB Temepb
Oynert:
op
Dnz—'—ﬁ‘a{:‘lﬂ:o’. (7,6)

Orcioa BHAHO, YTO pelUeHHe 3aJauH O NOoje 3apsiKeHHOro npo-
BOJHHUKA B NYCTOTE NEPEXOJHT B PEILCHHE TOH K€ 3a/auH B AHIJEKT-
puueckoii cpeae nyteM GOpManbHOR 3aMeHbl NOTEHHHAJIOB H 32PA/IOB:
au6o ¢ — eq, e — ¢, Au60 ¢ — @, ¢ — ¢/e. Ilpu 3ajaHHbIX 3apsAnax
NPOBOAHUKOB MOTEHHHaJ H HANpPSKEHHOCTb MOJs YOBIBAIOT B € pas
10 CPABHEHUIO C UX 3HAYEHHAMH J/S MOJAS B NycToTe; 3TO ocnabJe-
HUE [OoJist MOxKeT OblTb HAarJAAAHO HCTOJKOBAHO KaK pe3yJabTar
YACTHYHOK 3KPAHUPOBKH 3apsijia NpOBOAHUKA NOBEPXHOCTHRIMHU 3aps-
JaMM TPHJEralmero K HeMy noJdspU30BAHHOTO AM3JNEKTpPrKaA. Ecau
’Ke TOJJEPKHUBAIOTCS MNOCTOSHHBIMH TNOTEHHAAbl NPOBOAHHKOB, TO
noJje OcTaeTcss Hed3MeHHBbIM, HO YBEeJUUHBAIOTCA B € pas 3apsabl
IPOBOJIHUKOB ).

HaxoHnel, oTMETHM, UTO B 3J€KTPOCTATHKE MOXKHO (opMajbHO
paccMaTpHBAaTh NPOBOAHUK (He3apsiKeHHBIA) Kak TeJo ¢ 6eCKOHeuHOH
AU3JEeKTPHUECKOR NPOHHLAEMOCTHIO —B TOM CMBICJE, 4YTO BJUSIHHE,
OKd3bIBaeMoe MM Ha BHelllHee 3JeKTpHUeCcKOe noJge, TaKoe Ke, KaKoe
OKa3biBaj Obl THAJEKTPHK (TOH Xe dOopMbl) ¢ & — oco. JleHCTRIITeIbHO,
B CHJIY KOHEYHOCTH TPaHUYHOro YCJAOBHA A8 HHAYKIMH D ona
JIOJIZKHA OCTABaTbCsl KOHEYHOH BHYTPH TeJd ¥ NpH &€ — 0o, HO 3TO
o3HauadeT, utO B TakoM noJge Gyget E=0, B coOTBeTCTBUM CO CBOH-~
CTBaM4 NPOBOJHUKA.

3agpauu

1. Onpenenuth moJe, cO3AaBacioe TOYCUHLIM 3apSAAOM €, PAaclONOXKeHHBIM Ha
paccTOsIHUH A OT IJIOCKOIf TPAHUILI pas3fesa ABYX PpasdHYHBIX JU3JIEKTPUYECKHX
cpes.

Pemenue HaszoeeM TOYKy, B KOTODOH HAaXOIHTCH 3apsaj € B cpexe /,
toukoii 0, a ee 3epkajbiioe oToOpake:dde Mo APYTYI0 CTOPOHY IJIOCKOCTH pasfena
(8 cpene 2)—roukoii O (puc. 11). Bbynem Hckarte node B cpepe ! Kak node, cosja-

1) OT1ci04a cieayer, B 1acTHOCTH, "TO NPH 3aN0/HIEHHH KOUAEHCATOPA AHAJIEKT-
PUKOM, er0 eMKOCTb YBEeIHUMBAETCSl B € pas.
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BaeMoe JBYMs TOYeUHBLIMH 3apajlaMy,— 33pHAIoM e H (DUKTHBHBIM 3apsioM e’
B Touke 0" (cp. meTon H3oOpaxeHu#, § 3):

e e
P1=—-+ ’
e1r 81]'
[ ! AN II I Tzl T A A TALIITa anAaTnamaTnanae s £ g Y TTAarme ~wo
rqac r, r “PGLLJUHHHH 1UYNKNK bauviiviThrya Luuipoluliopon 1 v n v 1 1WWlT Mo

n LV
B cpeie 2 HileM B BHJe M0Js, €03/aBaeMOoro GhUKTHBHLIM 3apaioM €7, HaXOAALUIUMCH
B Touke O:

=

Ha rpanuuHofl NJAOCKOCTH (r=r) JOJKHBI BBIIOJIHATBCH Yc/aoBHA (7,9), H3 KO-
TOPLIX HOJYYaeM YpPaBHEHHS

e—e =¢", ..f’i?;—_—_-f:.,
31 Eo
QTCIONa
o' — €1— &y , "— o 2e, . (1)
€118 €11 €2
ITpu &, — o0 HMeeM ¢’ =—e, @,=0, T. €. Mbl BO3BpalLaeMCH K pe3yJbTaTy,

NOJyUeHHOMY B § 3 Ad Nojist ToUeuHOIo 3apaaa BOJM3H NpPOBOAsUIEH NJOCKOCTH.
Cuna, neficteyronas Ha 3apsil e (cuaa usobpa-
HeHusa), paBHa

Fe ee’ _(_e_>2 g1—Es
T (2h)%ey \2h) &i(e1tes) ]

F > 0 cooTBeTCTBYET OTTAJIKHBAHHIO.
2. To ke paa GeckOHeYHOH npAMOH 3apfKeH- » o

HOR HHTH, PACHOJOKEeHHOH NMapa/ielNsHO NJOCKOCTH \gr

pasnena Ha DAcCTOSHHHM fi OT Hee. 7 o
PemeH e BOOJHE aHANOIHYHO PeLUEHHIO Mpe- hr h

HNbIYLLeH 3allauy, ¢ TOH pAas3HHIeH, YTO MOTEHLHAJH & &
noasi B o0eHx cpegax:

28 28,1 ! . 23”1
(pl:._._._{;{.lnr—Tl- nr, (pg—“—_g' nr, Puc. 11

rie e, e’, e”-—3apAisl Ha eAHHWIE NJIHHBI HUTH W ece «U300paxeHuii», a r, r' —
PAcCTOSIHMA B TJIOCKOCTH, NepheiuiBkyAapHol K HuTsaM. [Jas e, €', ¢” noayuaiorcs
Te XKe BulpaXeHHsa (l), a CH/Ia, JeHCTBYKCIAA HA eJHHHLY JUIHHB HHTH,

4

P 2ee’ &% (e;—ey)
" 2hey hep(eg-tey)

3. OnpenenuTh noJe, cosnapaeMoe CeCKOHeUHOH NpsAMOR 3apsXkeHHOH HUTLIO,
pacnoJoXeHHof (B Cpele ¢ JM3JIEKTPHUECKOH NPOHHLAEEMOCTHIO €;) NapalyieVibHO
UHJMEADPY (C &=g,) Paiuyca a Ha paccTosHHI b (b > a) oT ero ocu’).

Pewenue Tloae s cpene { GyieM HCKaTh KaK 10Je, KOTOPOE CO3/1aBA/IOCH Obl
B OLHOPORHOM AH3/JEKTPHKE €; pealbHOH 3apAKEHHOH HHTRIO (IpOXojslleli yepes
touky O, puc. 12) ¢ sapajoM e Ha eIHHHUE JJHHH M JXBYMsI (HKTHBHBIMH
HHTAMH C 33apAiaMK ¢ M —e’, NIPOXOAAUWNMHE COOTBETCTBEHHO uepe3 Toukn 4 u 0.
Touka A pacnosoxena Ha pacctosvuu AO'=a®/b oT LeHTpa OKPYKHOCTH; TOI/1a
AJS BCEX TOUeK OKDYXKHOCTH pacCTostHHA r H r’ cooTBeTCTBeHHO o Touexk O u A
HaXOoNSITCA B TMOCTOAHHOM OTHOWIEHHH r'/r=a/b, B pe3yJbTaTe YEro OKaxercs

1y Aunafornunas 3a1aua O TOUEYHOM 3apsje BOJAM3H JIM3JEKTPHUECKOH cdephl
HE pELiaeTcsi B KOHeYHOM BuUJe.
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BO3MOXKHBIM YJIOBJ/IETBODHThL I'DAHHYHBIM YCTOBHAM Ha 3TOH OKpyXHocTH. [Toje ke
B cpefe 2 Oydem MCKarb KakK [OJe, KOTOpOoe CO3]ABaJH 0ol B OIHOPOLHOH cpelle €,
(bHUKTHBHble 3aps)bl ¢ HA HUTH, npoxousiied vepes 0. -

['panuuHble yca0BHsS HA NMOBePXHOCTH pasjiena yloO6HO chopMyJaHpoBarh C IIO-
Moliblo noteHuHana ¢ (E=-—grad ¢) u BekropHoro norenuuana A (cp. § 3),
onpenejedHoro ¥3 D=rot A (B cornacuu ¢ ypasHeHueM divD=0); B nJaockoi
3ajaye BeKTop A Hampas/eH BAOAb OCH Z (MePNeHAHKYJSIpHO K IJIOCKOCTH pH-
CYHKa). YCJOBHSI HeNpepbiBHOCTH KacaTeJdbHHX KoMHoneHT E ¥ HopMaJbHOH KOM-
noHeHTH D) 3KBHBAaJeHTHbl YCJIOBHAM

Q=@ Ay=A,.
Ins Moas 3apsKeHHOH HHTH HMeeM B NOJSPHBIX KoopinuHaTax r, 0:
¢=-— (2e/e) Inr+4-const, A-—=2e0-}-comnst
(cp. (3,18)). IlosToMy rpaHmYHLIe YCJAOBHS IJ1aCHT:

2 , P 2e”
—(—elnr—eée Inr' ¢ lna)=-—— Inr-const,
gy €9

DI0_1_ p'0 __ »'

{
1

; HCIIOJIb30BaHO NoncGHe TpeyroqbHukos 00'B
’

(0603HaYenue yraoB NaHO Ha puc. |
—e =¢", n paa e’, ¢” cHoBa noJyyawrcs

u BO'A. Orciona &y (e+e’) =¢g,e",
BripaxKenus (1) u3 sapaum 1,

a0'=4

N

Puc. 12,

Cuna, peiictayiouias Ha elMHMIY JJMHBL 3apsiKeHHol HUTH, napaasnenbsa 00’
H DasHa

o 2ee [ ] 1\ 2e%(g;—egy)a?
Feeb== (674'_ 00’ ) T8 (1 4-£9) b (B2—0?)

€1

(F > 0 coorBeTcTByeT OTrajdkupaHui). B npepene a, b— w, b—a—-h 310
BhipaXKeHHe NEPEXONHT B pe3yJabTar 3afaus 1.

4, To ke, ¢CIH HUTb NPOXOHNHT BHYTPH LHJIHHIpa C JAu3/IeKTPHYecKol mpo-
HHL3eMOCTLIO0 &y (b < a).

Pewenwue [Ilore B cpere 2 vieM Kak noJe peadbHoil HHTH € (T0uka O
#a puc. 13) v cduxrupHoll HuTH €', npoxopdwed Yeped ToukKy A, PACNONOKeHHYW
Tenepk BHe UHAHHIpa. [lose ke B cpelle J HMEM KaK Ioje BHTEH C 3apsijnaMmu e”
u e—e", npoxonauux coorseTcTBeHHO depe3 O u O'. Tem Xe crnocofoM, Kaxk H

B Npeamjylielt 3anaye, MoJY4YHM

o o B %2 ’ . 2¢, .
&1 8 811 &y
Hute orTankupaercs (IpH £y > &) OT UMIHEAPA ¢ cHIOH
F=?£€: 1 202 (gg—ep) b

€2 OA 3 (e11€2) (B—07)
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5, IToxasath, uTo HoTeHnHaa noas ¢4 (rg), cozlaBaeMblf B TouKe rp IIpOH3-
BOJIGHOH HEO;IHOPOJHOH NH3/JeKTpHUECKOH Ccpel1bl TOYEUHbIM 3apgaoM &, Haxoid-
IHMCSL B TOYKE I 4, papeH NoTeHuualy g (r4), co3jaBaeMOMy B TOUKe I 4 TEM Ke
3apAN0M, HAXOIALIMMCA B TOUKE rg.

Pemenue. TloreHuuanst ¢4 (r) ¥ g (r) yI10BJIeTBOPAIOT YPaBHEHHAM

- < \

r—ra),  div (€Vgp)=—4re d (r—rp)

—1IB)

YMHOXKHB [€pBOe H3 HHX HAa (g, 4 BTOpPo€ HAa (¢4 H BHUTH I[OYJeHHO OpfHO H3
Lpyroro, Haijem

ﬂ—\

div (ev @) =—4me &

—

div (e V@) —div (948 VPp) = —4me O (r—r 4) @p (1) +- 47 O (r—rg) @ (1).

MnrerpapoBanne 3TOro paBeHCTBAa [0 BCeMY NPOCTPAHCTBY J@eT HCKOMOE COOTHO-
LieHKe: ¢ (rp)=qg (ra).

§ 8. MuanekTpuuecKuil JIHICOMA,

Tlonapusauna gUaIeKTPHUECKOTO 3JAMAUNCONAA, TOMENIeHHOTo BO
BHeILlIHee OJHOPOJHOE 3JeKTPHUecKoe MoJe, obiajaeT HeKoTOPbIMH
cBoeoOpa3HbIMH oCOOEHHOCTSAMH, [IPHAAIOIHMH 3TOMY NpHUMepy oCoObIN
HHTEpec.

PaccMoTpuM  npejBapuTeibHO MpPoCToH YacTHBIA caydadl — qu-
3JIeKTpHUeCKHH Iap Bo BHelnHeM nofde €. O603HaunM ero JHAJMEKT-
DHYECKYIO TIPOHHLaeMOCTb MocpeacTBoM €Y', a  JH3MeKTPHUECKYIO
IPOHHUIAEMOCTL BHelIHel cpeibl, B KOTOPYIO OH MOrpyxKeH,— nocpe-
ctBom &'9, BrifepeM Hawano cdepnuecKodl CHCTeMbl KOOPAMHAT B
NeHTpe 1mapa (fonapHBIH yroi O orcunThiBaeTcs OT HanpaBieHus &)
1 OyneM HCKaTbh MOTeHuHaA noJds BHe lIapa B BHJIe

r
P =—€Cr+ A€ ;

NepBbi YjeH ecTb MOTEHIIHaA NPUJAOKEHHOTO BHeIIHero nojisl, a BTO-
poHl 4jeH, obpallaromuica Ha GeCKOHEUHOCTH B HYJAb, JaeT HCKOMOE
H3MeHeHHe noTeHuwWana, Bbi3biBaeMoe IHApOM (Cp. pelileHne 3ajauu 1
§ 3). Tlorenuuan xe nons BHYTPH IHapa HleM B BHje

q)(t‘) —— B@r;

3TC eCTb €JAMHCTBeHHas (QyHKUHMS, YAOBJETBOpAIOUias ypaBHEHHIO
Jlanjaca, ocramouiascsi KoHeUHoH B EHTPe 11apa 1 3aBHCANIAs TOJbKO
OT MOCTOAHHOrO BeKkTopa & —eqMHCTBEHHOro NapaMeTpa, BXOJALLEro
B JaHHYIO 3ajauy.

Tloctroannnie A u B onpefensiorcsi TPaHUUHBIMH YCJAOBHAMH Ha
noBepxHocth wapa. Ho yxe cpasy ot™erum, uto nose BHyTpu wiapa
E‘) = BGE okasbiBaercs OJHODOJIHBIM, OT/IHYAIOUIHMCS OT NPHJIOKEH-
HOro foJia @& Jullb CBOeHl abCo/IIOTHOH BeIHYMHOM.

I'pannuHoe ycjioBHe HenpepbiBHOCTH NOTeHIHana Jaer

E‘”=(&Z(l—ﬁ)
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(R__._pa)lﬂyc mapa)’ a ycaoBpHe HerlpepbiBHOCTH HOPMAJIbHOH COCTAaB-

D(l‘) J— (8)@ 1

Uckmouaqa u3 3THX JIBYX DABEHCTR OTVU UM
ARV LAY AWl - -~ » J - r’\—lu\wll\-«xu o l’ llv.f“y A XTLLIY)
1/, (DY 4 2@ EW) = gt (8,1)
uau, nopctaBuB DY =eWEY,
. 38(3)
E0=—"2" _@, (8,2)
2e(e) L gl)

AHanornuHbIM crocoboM pelllaeTcsi 3ajada 0 JIUJIEKTPHUECKOM
GeCKOHeUHOM UMJIMHHJIpe BO BHeUIHeM MoJie, NeprneHauKyaspPHOM K ero
ocu (cp. 3agauy 2 § 3). Ilose BHYTpH uUMAHHIpPA, Kak U BHYTpH
lapa B MNpeNbIylieM [puMepe, OKasbiBaeTcst ojHopoaHbiM, QHo
yJOBJIETBOPSET COOTHOLIEHHIO

1/2 (D(f)+8(e)E(z‘)): 8“”(‘5, (8’3)
HIU
ED =22 . (8,4)
8(1)+8(€)

Coothourerus (8,1} n (8,3), B KoTOpHie aH3/MeKTPHUYECKasi MpO-
HHllaeMoCcTb €'Y ulapa MM LWJIHHIPA He BXOAMT B SBHOM BHJe,
ocoOEHHO Ba)KHBI NOTOMy, 4YTO MX CHOPaBejJHBOCTE He CBA3aHa
C JuHeliHo# 3aBucuMocTblo Mexny E u D BHyTtpu Tena; oHu umeloT
MecTO TPH JwbGoM BHIE 5TOH 3aBUCHMOCTH (B TOM YHCAEe IJs1 aHH-
30TponHHX Tes). Takoid :Ke XapakTep HMEIOT aHaJOrHuHble COOT-

HOLIIEHU A
ED =6 (8,5)

Aas LWAHBOpAa B TPOJOJBHOM [HoJE, H
D) — gle) (8’6)

I8 naocKonapanajenbHOH MAAaCTUHKH B TNepHnEeHAUKYJAPHOM K HeH
noJjie; 3TH paBeHCTBAa OUYEBUIHBI W3 FPAHUUYHBIX YCJIOBHH.

CBolicTBO co3zaBaTth BHYTpPH ceba oJHOpoAHOoe noje (Gyayuu
noMelleHHBIM Bo BHeLIHee OJHOPOAHOE [0J€) npHCcyllle, OKa3biBaeTcH,
BooOlle BCAKOMY 3JJIHICOHAY C fIPOH3BOJBHHIM COOTHOILEHHEM foJy-
oceit a, b, ¢. 3alaua o NMOJAPH3AUKA JHINEKTPUUECKOTO 3JIHIICOHA
pelilaeTcs ¢ [OMOLIBIO AJJIHICOHAANBHBIX KOOPAHHAT, NOAOOHO TOMY,
Kak Obina pellleHa B § 4 aHanoruyHas 3ajava A8 OPOBOAALIErO
3JAUNCOUA.

[lotenuman noasi BHE 3J/aMNCOMJA HUieM CHOBa B Buue (4,22)
e =@,F (£} ¢ dynrnuuess F (&) us (4,23). B noreHunan xe mnosas
BHYTPH 3JJUnCOMJA ¢, QYHKUHUS TaKOro BH]a BOATH He MOXKeT, Tak
KaK OHa HE€ YyJOBJETBOPAET YCJAOBHIO KOHEUHOCTH MNOJS BO BCeM
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obbeMe BHYTpH annuncounpa. [leHCTBUTENbHO, pPacCMOTPUM [OBEpX-
HOCTb §==—?%, npeicTaBasomylo co6Od 4yacTb MJOCKOCTH Xy, Orpa-
HHUEHHYIO 3JIHICOM C noayocsiMu (@*—c?)/: u (b —c?)'/:, nexamwnm
BHYTpPH ob6beMa sjauncouna. Ilpu & --—c¢* unrterpan (4,23) Beger

ce6s Kak V E--c. Hanpsixkeunocts mnosns, T. e. rpajHeHT NOTeH-
nuana, 6ylet BecTH ce6s, cjaepoBaTenbHo, Kak (§-+c¢?)~": u obpa-
naeTcss B OeCKOHeYHOCTh NpH §=— % Taxkum obpaszoM, jjas noas
BHYTPH 3JUTHMCOMJA TPHTOAHO JHLIb petnenue F (E)=const, T. e. ¢,

2 i 5 s o &5 > I = = % 57 L S —
¢; = B,

Mbr BHAMM, YTO NOTeHLMAN ¢; OTJANYaeTcsl OT MOTeH(Hana OjHO-
POJHOrO MoAs ¢, TOJBKO MOCTOSHHBIM MHOXKHTeAeM. [IpyruMu cJjo-
BaMM, MoJie BHYTPH 3Jauncousa 6yIeT OJHODPOAHBIM.

Mpl He craHeM BLINHCBHIBaTb 37€Cb GOPMYJBI AJ51 TOAS BHE -
JUNCOHAA. OJHOPGHHUC AKe 10Je BHYTPH JJAHNOCOHAA MOXMKHO HalTH
0e3 (paKTHUECKOro BBIMUCHIBAHHA FPpaHHYHBIX YCJOBHH, BOCNONbL30BAB-
IMCh BMECTO 3TOr0 HEKOTOPHIMH YK€ H3BeCTHBIMH HaM pes3y/bTaTaMHu.

[Ipepxnoso:kuM cHayana, 4TO 3JJIHICOH] HaXOAUTCA B OYCTOTE
(e =1). Torpa mexay Bexktopamu EY¥, D' & (KoTopbie Bce MMEIOT
OJHHAKOBOe HanpaBJeHHe —BAOAb OCH Xx) AOJNKHA CYHIECTBOBATH
JuHeHHaa CBs3b BUAQ

aE® 4 bDW = @

rae KoaphuuveHThl @, b 3aBUCAT He OT AU3JEKTPHUECKOH [pOHH-
naeMocTi €' 3MMHNCOHAA, a TONBKO OT ero ¢opMmu. Hannuue takoii
CBA3H CJejyeT M3 BHJA TPDAHMYHHIX YCJOBHH, B UeM MBI yxe yo6e-
JAWJTHCH Bblllle Ha NpuMepax WIapa H LHWIHHIpAa.

Ilns onpejenenys a u b 3aMeuaeM, YTO B TPHBHAJIBLHOM 4acTHOM
cayyae e’ =1 6b10 6br pocto E=D =&; orcioga a b= 1. JIpy-
'OH yiKe W3BeCTHbIH HaM YacTHBIH CyYall — NPOBOAAIMEA SMIHICOMS,
B npoBoasinke EV=0, a unaykaus D' He umeer HenocpegcTBeH-
HOT'O (DH3HYECKOrO CMBIC/IA, HO MOXKET pacCMaTpPHBATBLC Kak  ¢hop-
ManbHas BeJWYMHA, CBsA3aHHAs C MOJHBIM JAMIOJLHHIM MOMEHTOM
3JITHIICOHAA COOTHOLIeHHEM

X

‘ 4
D) = 4P =~ gP.

DY =§ /n0,
T. €. Kosppuuuent b=n'*, a notoMy q=1—n®,

Takum o6pa3om, Mbl OPHXOAMM K COOTHOLIEHHO

(1—n) Ef 09D =6, 8,7)

3 . A. Japgay, E. M. Jupuwug
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HJIH
EH=E, —4anP,. (8,8)

Besnuupny 4nn®P, HA3HBAIOT 0enoAApusyouum noisem?).
Takue Ke cOoTHOLIeHHs (c xoahdHuHenTamu nY, n®)) cnpaBel-
JIMBBHL IUTst 10J1s1 BAOJB oced y W z. Kak u yactunle opmyast (8,1),

(8,3), onM cnpaBelJIMBBl TIPH JIOGOM BHIe 3aBHCHMOCTH Mexay E u
D BHYyTpH 3/IMIICOHAA.

Il HanpsizKeHHOCTH MOJsi BHYTPH 3JIHncouaa nodyuuM u3 (8,7),

MOJIOKHB D = gD EW:

ED =Y (8,9)

1 (eD)—1)nto’
a [ONHBIH JUNOJbHBIA MOMEHT 3JJIHNCOHAA

1 . . b ) _.
P, =VP, =L e~y VD g0

Tew ¥

G, (810

Ecan noje & uMmeeT cocTaBifiioUiie 10 BCeM TPEM OCHM, TO Ioje
BHYTPH J3/UIHNCOHJIA no-npexHeMmy O6yJeT OLHOPOJHBIM, HO, BooOue
roBops, He nmapa/jneibHbIM &. He npenpeiias BHIGOp cHCTEMBI KOOp-
AHHAT, MOXKHO HanucaTb B obuieM cjayyae cooTHolleHHe (8,7) B BHje

EP=n (D —E) =G, (8,11)

[Tepexon x cJayuvarw IH3JIEKTPHYECKOH NPOHHLAEMOCTH Cpelwl,
OTIHYHOH OT 1, coBepliaercsi mpocTe nyTeM 3ameHbl e na e@/el®,
[Ipu srom ¢popMyaa (8,7) npuHHMaer BHI

(1 __.n(x)) 8“"’5}“ +n"“D§}" — E(e)(gx_ (8,12)

Jrta ¢opMyaa MOKeT GBITb NPHMEHEHA, B YACTHOCTH, K NOJIO BHYTPH
a L1

ATTUITIANIITO T IINATYM VT AN NAMYT T in) LIAAT
VAL UL AT DT VL U.lDCtJ\.- irin D ncui lJ

1_L
i

TITIITATITIY
nric

cpele: IJsi 3TOTO HANO NOJOXKHTL &) =1,

3axaun?)

1. OnpeeluTh MOMEHT CHJ, JefiCTBYIOIUX HAa VIIMINCOH BpalleHHs B OHO-
pPOJHOM 3JIeKTPHUECKOM ToJe.

Peuwenne Coraacio ofuteil popmyne (16,13) momenT cuJl, zeficTBYOLHX Ha
IMNCOHST, pased K = [9P@G:], rne 9 — MunodbHBE MOMEHT JAAHNCOMIa. B aamun-
COHJe BpalleHHs BeKTOp 9P JIeXXHT B IVIOCKOCTH, MpOXo]suleit yepe3 0Cb CHMMETPHH
H HanpasJeHue (. Moment ke cuil HanpaBjeH NepreHiMKYJASPHO K 3TOH TJIOCKO-
CTH, & /i ero albCOMIOTHOH BReJHYHHBI BHUYHCIeHHe ¢ noMowsio dopmya (8,10)
NPHBOIHT K pe3yJabTaTy

. (e—1)2[1—3n|V sin2a
8n(ne--1—n) [(1—n)e+ 1+n]

1) Anazorudsble hopMyJibl ClpaBeWIMBH IS HAMATHHYHBAIOUIETOCS SJUIHNICOM1A
BO BHEIHEM OTHOPOJIHOM MArHMTHOM Todie (cM. § 29). B 370l cea3u KoadbdbuunenTst
nt®, n¥), nl®) HasbIBAIOT KOSPPUYUEHMAMU PAIMALHUHLBAHUA.

%) B 3azauax sToro naparpada TpeInoNaraeTcs, uTO HIIHMCOMI HAXQIHTCA
B TyCTOTE.

E2,
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re 00— yIroJl MeX1y HanpaeJjeHHeM (& ¥ OChbI0 CHMMETPHH JIVIMNCOHIE, 8 1—KO03d-

GHUHENT 1enoJApH3auMH B10JAbL 3TOH OCH (TAaK YTO KO3(PHUHEHT JenojispH3anuu
B NEePUeHIHKYJSIPHLIX K 3TOH OCH HanpaeJdeHHsX ectb !/y (1—n)). MomeHt cua
HalPaBieH TAK, UTO OH CTPEMHMTCH MOBEPHYTH OCh CHMMETDHH BHITSHYTOrO (12 < 1/3)
H COJecHyToro (n > 1/3) 3JJHMICOH10B B NOJOXEHHE, COOTBETCTBEHHO NapanijelbHO
H NEePNeH1HKYAApHO K MO0,

Jlag npopoisuiero saHNcoul1a (e — oo) HMeeM
1 —3n
K= | V(&2 sin 2a.
8nn (1 —n)
e g ¢ 7 1 X -

PEHHHI H BHEWIHHI PanHycH & H @) HAXOUMTCH B OJHOPOJHOM BHEIIHEM IEKTPH-
yeckoM moge (§. OnpeleduTs mojie B NOJOCTH lBapa.

Pemwenue Axanornyno toMmy, KaK Obi10 Clelako B TeKCTe AJsi CIVIOLIHOIO
mapa, HuleM MOTeHIHAd NoJA B NYCTOTe CcHapyxku wnapa (obaacte I) H BHYTDH
nojoctd (061acth 3) COOTBETCTBEHHO B BHIE

¢, =—1{ cos B (rm%) , ¢p3=— BErcosb,

a TOTeHUHAA MOJS B AHIJAEKTpHUECKOM cJoe (o6nacte 2) —B BHIE
4 D
(p2:—~CGJCOSB &f—;*g) ,

rae A, B, C, D —rnocTosHHbIE, ONpe1edisioltiecss H3 YCAOBHH HENPEPBIBHOCTH ¢ H
g dp/0r Ha rpanvnax /—2 u 2—3. Takum obpasom, noae E;= B BHYyTpH moJo-

CTH 0Ka3blBaeTCsl 01HOpO1HBIM (nojie Ke E, B mmapoeom cjoe Heo1HOpOAHO). Bh-
YyHCeHHe TOCTOSHHBIX NPUBOIHT K pe3ydbTaTy:

E,— @ 9e
PV e @ D=2 —1)2 (b}

3. To xe :as TOJOTO LIWIHHXPA B IONEPeyHOM OTHOPOIHOM noJje 1).
PeieH e aHaJOrHUHO 1pelblylied 3a1a4ye ¥ MPHBOIHMT K Pe3yJbTaTy:

E,— @ — 4¢
(

R LY £ 1
e 1)F—(e—1)

§ 9. JduanekTpuyeckad NPOHHLAEMOCThH CMECH

Ecai BeulecTBO mnpeicTaBasieT co00f MeJKOJUCTePCHYI0 CMech
(smMyabcust, nopowmkooOpasHas CMechb U T. [i.), TO MOXKHO paccMmart-
DHBATH 3JeKTPHYeCKoe TfoJje, ycpeaHenHoe no obbemam, OOJBIINM MO
cpaBHeHHIO ¢ Maclutabavy geojHopoiHocTed. [To oTHOLIeHNIO K TAKOMY
CpelHeMy TOJIO CMeCb sABJseTcs OIHOPOAHOH M H3OTPOMHON cpenoit
M KaK TAKOBas MOKeT XapakTepH30BaTbCs onpenedeHtbM ek THB-
HbHIM 3HAYeHHeM JH3JeKTPHYECKOH NpOHHLIAeMOCTH, KOTOpoe Mbl 000-
3HaunM g&.,. Ecal E 1 D-—ycpennenssie yKkazauHslM 00pasoM Hanps-
JKeHHOCTb M HMHJYKLHA [0As, TO, [0 OIpeleNeHHIo

D =¢,E. 9,1)

1y B npoaonbHom noJde oTteer odeBujel: Ez=(&.

3*
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Ecau Bce uacTHIBI CMeCH H30TPOMNHBI, a PA3HOCTH MeEXIy HX JAH-
3JIeKTPHYECKHUMH TPOHHIIAEMOCTSMH MaJbl 10 CPABHEHHIO C CAMHMH &,
TO OKas3biBaeTCcs BO3MOXHEIM BHUYHCJHTL B OOlieM BHAE &, C TOU-
HOCTbIO IO WIEHOB BTOPOrO MOPAAKA MO yKAa3aHHLHIM PasHOCTAM.

HanmueM MeCTHOe 3HaueHHe HaHpH}KeHHOCTH nonsg B Buue E =

Kak g-+08¢, rae
e= (eav 9,2)

noaydaercsl ycpejitendieM no oovemy. Torga cpegnee 3HayeHHe HHAYK-
1K

— (5+0¢) (E+OF) — ¢E -+ 8¢ OF (9,3)
(rak xak, no onpeneneHuio 8e u OE, MX cpenHHe 3HAYEHHS DABHHI
HVIIO At R o gunannyg MTAUATIIMZAIUT o — e TIONRLEIM OTTUHUHLIL AT Wy Ta
nuyJ } 1y ﬂ)‘d wowVvl 1]y!iudllllnbllrlr1 DCM D, ll\.»t’uull'l \Jlull’l.'.lﬂDll’l Wl ﬂ)‘dln

[T

onpaBouHblil ujeH OyJAeT, ecTeCcTBEHHO, BTOPOro nopsaaka no 8e, Kax
310 BHjHO M u3 (9,3).

M3 neycpennennoro ypasrenus div D=0, ¢ ToUHOCTbIO 10 MaJBIX
Y/JIeHOB MePBOro MOpPANKa, HMeeM

div (e -+ 8e) (E+8E)y=ediv 8E + EV 8 =0. (9,4)

Ycpennenue npoussenennst 8e 6E B (9,3) npoeonum B 1Ba Jrana.
IIpexxne Bcero, ycpemHseM o 0O0beMy YacTHI[ OJHOFO H TOTO »Ke Be-
IlecTBAa, T. €. MPH 33JaHHOM 3HaueHHH 8e. YCpeJAHEHHOE TaKuM 06pa-
som 3naueHne OE nerko nonyunts U3 ypasHenus (9,4). Hwmenno,
BBHIY HM30TPOMHH CMecH B LIEJOM HMeeM

d

= 0z 0 1 . %=
5}613,, ='a—y 6Ey _—"5'2- (SEZ= -§- div (SE

Ecau, ckaxeM, BeKTOp E HanpasaeH no ocH ¥, TO H3 (9,4) umeem

— 0 = 00s

38&65x=—Ex W ’
OTKyna

SE, = —Lxge.
3e

Beuay npoM3BONLHOCTH BHOOpPAa HampaBJeHHs OCH X, 3TO PaBeHCTBO
MOXKHO Hamucathb B BEKTOPHOM BHje:

6_13—:—-2_63.
3e

YMHOXHB Ha 8¢ W nPOM3Bels OKOHuaTelbHOe YCpEAHeHHe MO BceM
KOMIIOHEHTAM CMeCcH, MOJIYYUM

8¢ OF = — = (8¢)".

&

o
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Haxkorern, NOACTABUB STO BRI aKeHHE B (9,3) u cpasuuB ¢ (9,1),
NOAYYHM HCKOMBIE pe3yibrar:
1
3e
Ot1a dopmya moxker ObITb NpeICTaBJeHa H B JPYroM BHje, eCaH
3aMeTHTh, YTO C TOUHOCTBLIO IO WIEHOB BTOPOrO NOpAJKa

Eey=8—

(8e)2. (9,5)

= G100y s 1 L)
\ /

ﬂ_

a
JC

[ToaTomy

8:1(,3:81/3' (9,6)
TaxuM o6pa3oMm, MOXKHO CKasatb, 4TO B paccMaTpHBaeMoM TpHOIH-
JKeHHH OKa3blBaeTcsi ajIMTHBHBIM KyOHUeCKHH KOpEeHb H3 &.

Hpyroii npenenpHblil caydaid, AONYCKalOMWHHA TOUHOE paCCMOTpe-
HHe, — IU3JNEKTpHUeCKas NpPOHHIAEMOCTb 3MYJbCHH C MPOU3BOJBHOMN
pH3IHMIEHl MeXIy IM3JeKTpHYECKHMH MPOHHIaeMOCTSMH cpelsl ()
. JQHCneprupoBanHofl  ¢daswl (e,), HO MajoH KOHUEHTpauHe# mnovsen-
Heli; 4YaCTHOBl [AHCTEPTHPOBAHHOH ¢has3pl OpelnosaralTcs chepu-
YeCKHMH.

B unrerpasne

-“TS(D—EIE) AV =D—¢,E

nojblHTErp ajbHOe BhIpaxKeHHe OTJHUHO OT HYJA TOJIBKO BHYTPH
yacTHI 3MyJabcuu. [lostoMy OH nponopuHOHaseH 00beMHOHW KOHLEeH-
TpAUNH 3MYJBCHH ¢ M TPH €ro BBIYHCJIEHHH MOXKHO CYHTATb, YTO
yacTHIUbl 9MYJbCHH HaAXOAATCA BO BHELIHEM TMone, COBNAJAONEM CO

cpegiuM nosneM E. Bocnoas3opasiivch A1 chepHYECKHX YaCTHIL

- Sl EELLYR LAV E Sk ¥E Bk & ek S v i dwryv s RS 2SSl LSS IS I 2 A 2T
dopmyJoit (8,2), noayunM Ans KoaddHukeHTa NPONnOPLUHOHANBHOCTH

mexay D u E:

3 (80—
smzel-{—c-%:_i_——%ﬂ. 9,7)

ra dopMyda cnpaBeiiiBa C TOYHOCTHIO O Y/IeHOB TNEPBOro nopfjxa
no c¢. Ilpy GAM3KHX € M &, OHAa COBNAjaer (C TOYHOCTBIO 1O UIeHOB
MepBOro [OPsAKAa MO ¢ H BTOPOrO—IMO €,—¢g;) C Pe3yJbTaToM, 1a-
BaeMBIM TpH Maablx ¢ QopMysaoi (9,9).

§ 10. TepMopMHAMHUYECKHE COOTHOLIEHHSI AJfl AMIJNEKTPHKOB
B 3JIEKTPHYECKOM TMoOJe

Bomnpoc 06 M3MEHEHHH TepMOIHHAMHUECKHX CBOHCTB Gaarojaps
HaJdHUHIO 3JEKTPHUECKOTO MoJs He BO3HHKaeT A1 MPOBOJHUKOB.
[TocKOMBbKY 3/JeKTpHUECKOe TMoJe BHYTPH MNPOBOAHHKA OTCYTCTBYET,
TO BCe H3MEeHeHHe ero TepMOJHHaMHYeCKHX BEJTHYHH CBOAHTCA MPOCTO
'K n0GaBJEHHIO 3HEpPTHH €O037aBaeMOro HM B OKPYXKAIOMEM TPOCTPaH-
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CTBE MOJA K €ro noJHOU 3Hepruu ). dra BennunHa Boobuie HE 3aBH-
CHT OT TEPMOJIHHAMHYECKOIO COCTOSAHHA (B YACTHOCTH, OT TeMNepaTypH)
Tena W TOTOMY, Hanpumep, He CKasblBaeTcs Ha ero 3HTPOMHH.

Hamnporns, Ha TepmMopuMHaMHuecKHe CBOHCTBA JHINEKTPUKOB 3JEK-
_TpHYeCcKoe MoJie, NpoHHKAas BHYTPb Te/aa, OKa3nlBaeT TyGOKoe BAMS-
Hue. JlJsi u3ydueHns 3THX CBOHACTB, Tpexje Bcero, ofnpereaumM padory,
NPOH3BOJIHMYI0 Haj TEelJIOHU30JHPOBAHHEIM IN3JEKTPHUKOM [PH GecKo-
HEeYyHo MaJiOM H3MEHEHHH N[OJis B HeM.

TeKTpHuYecKoe TfioJie, B KOTopOM HaXOAHTCHA JIH3TEKTPHK
PeACTaBIsATL ce0e KaK co3jaBaeMoe HEKOTOPBIMH [1OCTOPOHHHMH
3aPsiKEeHHBIMH TPOBOJHMKAMH, a M3MeHeHHe MoMs MoXKHO Torja pac-
CMATPHBaTh KAK pe3y.bTaT H3MEeHeHHs1 3apsioB npoBoaHuKos %), [lpen-
MOJOKHUM JUIsT KPaTKOCTH, YTO MMeercs BCero OQUH NPOBOJHHK C 3a-
psAnoM e U mnoTeHuuasoM ¢. PabGota, KoTopyio Hajo NPOH3BECTH AJ4
TOro, 4ToOBl YBEJHYHTbL €ro 3apsij Ha OecCKOHeYHO MAaJyio BeTHUHHY
de, paBHa

SR = ¢ Se; (10,1)

3TO ecTb MeXaHudyeckas pabora, NpOU3BOAHMAS 3aJaHHbIM MoJeM Haj

_3apajgoM. 0e, nepeHocHMBIM M3 GeCKOHeYHocTH (rje MOoTeHUHad Moas
paBeH HYJI0) K NOBEPXHOCTH NPOBOIHHKA M MPOXOASIHM, CJeJoBa-
TeJIbHO, Pa3HOCTb MOTeHnHuanoB, paBHyio ¢. Ilpeofpasyem SR K BHay,
BHIpA)KEHHOMY 4epe3 3HAaueHMsl MoJis B OKPYXKaoueM T[POBOAHHK
IPOCTPAHCTBE, 3ANOJTHEHHOM JU3JEKTPHKOM:

Ecnu D,—npoekuus BeKTopa 3JeKTPHUYeCKoi MHAYKIHM Ha Ha-
npaBJaeHHe HOPMa/H K MOBEepXHOCTH MPOBOAHHKAE, BHeIIHel Mo OTHo-
IIEHHI0 K JH3JAEKTPHKY (1 BHyTpeHHefi MO OTHOIIEHHI0 K MPOBOJ-
HUKY), TO MOBEPXHOCTHAasA MJIOTHOCThL 3apAJIoB HA NPOBOJHMKE paBHA
— D, /4, Tak uto

e=—-z § D.df=— - DL

Vmest B Buy, UTO MOTEHIHA] ¢ NMOCTOSHEH BAOAb BCell TMOBEPXHOCTH
MPOBOJHHKA, MHINEM

6R=@66=—%S@6Ddf=—%5div(cp(SD)dV.

[locnhenHuii wHTerpan cnpasa 6epercs no Bcemy o0beMy BHe mpoBoa-
Huka. [loCKonbKy BapbpHpoBaHHOE MoJe, KAk W lepBoHavyanabHoe,
yIOB/IeTBOpsAeT ypaBHeHuto noas, to div D=0, tak uro

div (¢ 8D)= ¢ div 8D - 8D grad ¢ = — E 6D.

1} Mp oTBJeKaeMCsl 371eChb OT 3HEPrHH CBSISH 3apsijia C BEUleCTBOM NMPOBOJIHHKA,
3Ta 3Heprusi OyneT paccmoTpeHa B § 23.

%} OxoHYaTe/bHble BHIpAXKEHHSA, KOTOpble OynyT HAMM TOJYYEHH, COIEPAT
TOMbKO 3HAYEHUS N0/l BHYTPH JHJAEKTPHKA M MOTOMY HE 3aBHCST OT NPOHCXOXK-
AeHus nodsi. Beuny atoro HaMm He HYXXHO 0coG0 OropapHBaTh CAYYaH, KOTHA Mode
CO3/1a€TCSl He 3apsKeHHbIMH NPOBOJHHKZMH, a, HANPHMED, BHECCHHBIMH B CaMbIi
AH2JCKTPHK CTOPOHHHMM 3apsiiamMd WJH e €ro nupoziekTpuiecKod (cm. § 13)
noJsipusannei.
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TakuM ofpa3oMm, mo/aydaeM OKOHYATEJbHO CJEAYIOILYI Ba2KHYIO
dopmyy:
i E 6D
6R=S——~—dV (10,2)
4n
ITopuepxHEM, 4TO HHTETPUPOBAHHWE B 3TOH (opMmyJe MPON3BOJUTCS
10 BCEMy IIOJIO, B TOM YuCae U 110 06/1acTH BaKyyMa, €C/n AU 3JeK-
TpUYecKas cpela SaHMMAEeT He Becb O0beM MPOCTPAHCTBA BHE MPo-

BOJHHKA.

Pa6Gora, mpou3BeleHHAs HaJl TEIIOU30JHPOBAHHLIM TEIOM, €CTh
HE YTO MHO€, KaKk H3MEHEHWe SHepruy Tesja NpU MOCTOSHHON ero
sHrponuu. Ilostomy BuIpaxkenue (10,2) nomkHo OHITL AoOaBJIEHO
K TEePMOJHHAMHYECKOMY COOTHOLICHHIO, ONpelensioueMy 6eCKoHEeYHO
MaJsoe H3MEHEeHHe IOJIHOH ZHepTHH TeJsa, BKJ/odawlled B cebs TakkKe
M 3HEPTHIO 3JeKTpudeckoro noJs. OGO3HA4WB 5Ty SHeprv nocpen-
cTBOM U, HmeeM, CJeLOBaTeJILHO,

SU=T 6§“+Z%SEﬁDdV (10,3)

(T —Ttemneparypa, & —sHTponus Teqa)'). COOTBETCTBEHHO /151 HOJ-
HO cBOOOAHONH 3HepruH o =U—TF ?) umeem

8F = — 8T —}—ZIESEéDdV. (10,4)

AnanorpuHble TepMOJAHHAMHYECKHE COOTHOLUEHUS MOTYT ObITH Ha-
MHCAHBLI H /IS BeJHUMH, OTHOCAIUXCSA K euHUIe ob0beMa Tesa. IlycTh
U, S 1 p—BHYTPEHHAA 3HEPIHsA, SHTPOMKEA H Macca eJHHULL 00bEMA
tena. Kak u3BeCTHO, OOHYHOE TePMOJMHAMUYECKOE COOTHOIIEHHE
(B OTCYTCTBHE MOJS) 1] BHYTPEHHEH 3HEpPruu B 3afaHHOM OObeME
TVIaCHT:

dU =T dS -+t dp,

rge [—xumu4yeckHd noreHuuas seulecTsa®). Ilpu Hanmnmuupm mnoud
B JUSJEKTPUKE CIOAa AOJKEH ObiThb A0GaBJICH 4YJIeH, B39TbiM H3
MOABIHTEr PATbHOIO BbipaxkeHus B (10,3):

dU=T dS+Ldp+5-E dD. (10,5)

1} O6rem Tena npeanosaraercst B (10,3— 4) nocrossuneM. Ciaelyer, onHako,
HMeTb B BHAY, UTO B 3JE€KTPHYECKOM IoJe TeJIO CTaHOBHTCST, Boobule roBops, He-
onHoyo,uHuM, H TOTOMY 00beM He XapakTepH3yeT ero COCTOSIHHS.

) 2Ty BeAMUHHY HMeeT CMBICJ pacCMaTpHBATh JIHUIb IPH NMOCTOSHHON BAOJb
TeJMa TeMmmeparype. :

3) Cm. V § 24. BMeCTO NJOTHOCTH MAacChl Mbl MOJb30BAJHCh TaM YHCJAOM 4Ya-
cran, N B eguuuue obvema: p= Nm, rie m—wmacca Mojaekyabl. X AMHUECKHH nOTeH-
ngan , oTHeceHHH! K €IHHHIE MAacchl, OTJIHYACTCH MHOMHTEIEM OT XHMHUYECKOTO
NoTeHNIMaNsa [t, OTHeCEHHOro K OIHOH yactuue: {=p/m.

Ob6o3naueHie NJOTHOCTH MACChl BelecTBa Toli e OYKBOIl p, YTO H HJAOTHOCTB
3aps10B, He MOMKET TIDHBECTH K HeJIOpPa3yMEHHK, TaK Kak 35TH BeJIHUYHHBH HHUTje
He OyayT QUrypHpoBaTe BMeCTe.
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Ilna ceobogHoil sHepruu F=U —TS epuHuunl o6beMa AU3JIEKTPHKA
MMeeM COOTBETCTBEHHO

dF = — S dT +{dp + 4 E dD. (10,6)

[TosiyuyeHHBIe COOTHOLUEHHSA IPEeACTABAAIOT COO0H OCHOBY TepPMOJIHHA-
MUKHE JH3JEKTPUKOB.

Mu BPIJILPIM yto Beauudkw U u F HBJIHIOTCH TEPMOILHHaMHIIE—

S p, DuT,op, D B 4acTHOCTH, MOXKHO NMOJYYHTL HANPSKEHHOCTb

nossi nyTeM AH(G@PEpeHINPOBAHUA 3TUX IIOTEHUHAJOB MO KOMIIOHEH-
taM Bekrtopa D:

OU\ oF

E—4n (—- —4n . (10,7)
dD /s, p 0D /T, p

CpofoHas 3HEpPrHd B 2TOM OTHOMIEHHH YyaoOHee, Tak Kak ee paud-

thepeHUUPOBAHKE JOJKHO NPOH3BOAUTLCH MPH IIOCTOSHHOH TeMmepa-
Type, MEXIy TeM Kak BHYTPEHHSS SHEPrHs JAOJKHA IPH 5TOM OHITh
BbIpaxeHa 4epe3 menee yJI00HYH BeJUYHHY — SHTPOIHIO,

Hapany ¢ U u F mone3Ho BBecTH TepMOJHHAMHYECKHE IOTEH-
qHaJbl, B KOTOPBIX POJIb HE3aBHCHMBIX IEPEeMEHHBIX HTpalOT KOMIIO-
HeuTH BekTopa E, a He D. TaxkoBHIMH ABJAIOTCA BeJHUHHbI

P ED 7 ED
U=U—%z, F=F—3%, (10,8)
ANA  JuddepeHHaNoB KOTOPHIX HMeeM

dU =T dS +tdp— - D dE, |
(10,9)

— SdT +¢ dp——- D dE.

"'1'1!

1
ar

Orciofa, B 4acTHOCTH, HMeeM

U oF
D= — 4 (OE) =—4n(ﬁ-)w. (10,10)

OGparuMm BHEMaHHe Ha TO, 4TO CBSA3b MEXAY TePMOAHMHAMHYECKHMH
BeJJUIHHAMH, KOTOpHIE MBI o6o3HavaeM O6ykBaMH CO 3HAaKOM ~ H 0e3
HEro, Kak pas COOTBEeTCTBYET TOi, KoTopas yxe Ohljia BBeneHa B § 5
AN SHEPTHH 3JIEKTPOCTATHYECKOrO I10JS IPOBOJHHKOB B MYCTOTE.

HeiicTBUTEIbHO, MHTETpal SEDdV MOKHO Ipeo0pa3oBaTh CoBep-

ILIE[IHO AHAJOrHYHO TOMY, KaK MBI 5TO AesaJi B Hadaje § 3, HCnoJb-
ayd npu stom ypaBHeHHe div D=0 B o0beme aHU3JEKTPHKA H Tpa-
HUUHOE YcaoBHe D, =4m0 Ha MOBEPXHOCTH IPOBOJAHHKOB:

7 | EDdV =— | grad - DdV————ZS(paD df = E(pa e,

(10,11)
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[TosToMy, Hanpumep, AJA BHYTpPeHHeH SHeprHH:
‘sz‘lL——S—E-ng=‘lL—2(paea, (10,12)

B COOTBETCTBHH ¢ ompejesteHueM (5,5).
ITonesno conocTaBuTh Takke (GOpMyJbl A8 6eCKOHEUHO MaJblX
H3MEHEHHH 3THX BeJHUHH, BHIPAXMKEHHBIX Uepe3 3apsibl B MOTEHLH AL

NpOBOAHHUKOB (HCTOYHHKOB noJs). Tak, aas BapHamdd CBOGOJHOM

SHepruM (Apu 3aJaHHON TeMiepaTrype) HMeeM

(0F ) =0R=2 9.0, (10,13)

;8 Py Yool e WY " Y A
KOJ)T:(O(’T}T_'OQ(Paea:_éeaoq)a‘ (10,14)

MoXHO CcKa3arb, YTO BeJHYMHBl 0e3 3HAKa ~ ABJAAIOTCA TEePMOLH-
HaMHYeCKHMMH fOTeHIHaJaMHd HAO OTHOILEHUIO K 3apfAaam MpPOBOAHH-
KOB, & BeJHUYHHB! CO 3HAKOM ~ —[0 OTHOLUEHHIO K HX HOTEH{HalIaM.

Kak u3BeCTHO U3 TepMOAHHAMHUKH, PAa3/IMYHbIE TEpMOJAHHAMHUECKHE
MOTeHIHAMb! 00/1aJal0T CBOHCTBOM JOCTHTaTb B COCTOSAHHH TeNJIOBOTO
PAaBHOBECHS MHHHEMYyMa II0 OTHOIICHHIO K pas3/H4YHbBIM H3MECHEHHSAM
cocrofHuda Tena. Ilpu ¢opMyTupOBaHHH 5THX YCJOBHH PAaBHOBECHSA
B 3JEKTPHUECKOM M0JI€ HeOOXOAHMO YKAa3biBaTb, pacCMAaTPUBAKTCA JIH
H3MEHEHHs] COCTOSIHUS HPH HEH3MEHHBIX 3apsjaX HWJH [OTeHiHaJax

NPOBOJAHHKOB — HCTOUHHKOB MoJid. Tak, & HIH & HMeT B paBHOBe-
CHH MHHHMYM IO OTHOIUGHHIO K H3MEHEHHAM COCTOAHHMSA, NPOUCXO.Af-
UAM [pPH MOCTOSAHHOA TeMmAepaType H, COOTBETCTBEHHO, MOCTOSHHBIX

3apAfax MJM NOTeHUHaNax MPOBOAHHKOB (TO xe camoe piad U u U
CMpaBeAJIMBO MPH MNOCTOSHHOA 3HTPONHH TeJsa).

Ecau B Tese MOTYT MPOHUCXOAHTb KaKHe-JHOO MPOLLecchH!, He HMEo-
LHe NPSMOrO OTHOLIEHHS K 3JeKTPHUECKOMY I0/I0 (HarnpuMep, XUMHU-
yecKHe peakiuu), TO YCJOBHE pAaBHOBECHUS 110 OTHOIUEHHID K 3THM
mpoueccaM AAaeTcs MHHUMyMOM F ApH 3ajaHHBIX IJIOTHOCTH M TEMIe-

parype Tesqa M HHAYKUHH D B Hem /160 MHHHMyMOM F npH nocTosH-
HbIX IVIOTHOCTH, TeMHAepaType H HanpsxeHHoctd noada E.

Ho cux nop Mbl He fenaly HMKAKHX NPEANOJONEeHHH O 3aBUCH-
MocTH D or E, Tak uTo BCe HOJIyUeHHbIE TEPMOAHHAMHYECKHE COOT-
HOLIEHHS CIpaBefuBbl TpH JOOOM XapakTepe 3TOH 3aBHCHMOCTH.
[IpuMeHuM HX Temepb K HM30TPONHOMY AHJIEKTPHKY C JIMHEHHOH 3a-
BUCHMOCTbI0O D=¢E. B srom ciayuae uHTerpupoBanue COOTHOLIEHHH
(10,5 u (10,6) naer

D2 D2
U:UO(Sr p)+8:r£6’ F"_'“FO(T’ p)+§}'é’ (10,15)
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rae U, n F, oTHOCATCA K RH3JEKTPHKY B OTCYTCTBHE nojs. TakuM
oépasoM, B ,naHHOM caydae BeJUYHHA
D* ¢E* ED
8xe~ 8n 8m

(10,16)

npeacTasiseT coboil CBA3aHHOE C HaJH4HeM TMOJsl H3MEeHeHHe BHYT-
peHHell sHeprul (IpH 3aJAHHBIX 3HAYEHMSAX SHTPONHM M IJIOTHOCTH)
WK H3MEHeHHe CBOOOZHON 3HepPTHH (IIpH 33JgaHHBIX TeMmIepartype H

NJIOTHOCTH) €AUHHIBLI o0LeMa AH3/JICKTPHYCCKOA Cpebl.

AHnanoruynble BhlpaxKeHHS 18 norteHuyuanos U u F:

- el? = eE?
U=U0 (Ss p)_’s?’ F:FO(T7 ¥ T Ru (10’17)
Mu Buaum, uto pasHoctd U—U, u U—U, ornuyaiotcd B 3TOM
cjydae TONBKO 3HAKOM, KaK 3TO HMEJO MeCTO U AJIs 3/1eKTPHYe-
ckoro nons B nycrorte (§ 5;. B ausiiekTpHueckol cpepe, OfHAKO,
TaKoe TPOCTOS COOTHOIIEHWe CHIPaBeAJHBO TOALKO INpPH JHHEHHOH
cBaA3n mMexay D u E.
BrimuieMm Takxe A/ janbHeHWIEX crnpaBokK ¢opMysbl afg MJaoT-
HOCTH 3HTpPONUE S B AJ9 XUMHUECKOrO TMOTeHipajda BeuecTBa [,
cneaytourne 3 (10,15):

S=—(357), o= (T O+ gmr (57 ), =S (Ts 0 +4 ((‘31‘;)108,)
(), e -E (%), o

O6e 3TH BeAHYMHLl OTJIHYHBI OT HYJdA, PasyMeeTcsl, TOJBKO BHYTPH
AUJIeKTPHKA.

[osHas cBofojHas 3Heprus nosyuaeTcsi HHTerpuposaniem (10,15)
no BceMy npocTpaHcrBy. Bauay (10,11) nmeem

5-'“(5".,-——5'%)—611/:%23“%. (10,20)

TocsesiHee BbIpaXkeHHe PopMajbHO coBHajgaeT ¢ GOpMyJIOH pJis sHep-
THH 9JEKTPOCTATHYECKOro NOJIs IPOBOJHHKOB B NycToTe. K 3TOMYy e
pe3yabTaTy MOXKHO INPHATH K HENoCLeACTBEHHO, HCXOASl H3 BapHa-
uuu O (10 13) npu OGecKoOHeYHO MaJOM K3MEeHeHHH 3apsfoB Ipo-
BOAHHKOB. B AaHHoM <Jjaydae, IIpH JuHelHoR ceasu D ¢ E, BCe
ypABHEHYS M1OJS K TPAHKYHEIE VCJOBHA K HUM TOXKe JTHHEHHBI. [TosTomy
IIOTEHIHAJb] TIPOBOAHUKOB JOMKHBI OBITh (KakK K AJAA 1OJIA B IIyc-
TOTe) JHHEHHbIME (PVHKUUAMH HX 3apAAoB, W HHTeTPHPOBaAHHE pa-
BeHctsa (10,13) npusoaur k (10,20).

[loguepkHem, 4TO B 2THX paCCyXKACHHAX OTHIOAb He IpeirnoJa-
rajoch, 4TO JHIJEKTPHK 3anoJHseT BCe IPOCTPAHCTBO BHE IIPOBOJ-
HUKOB. Ecju xe nocjefHee HMeeT MeCTO, TO MOXKHO MOHATH ewie



§11] IMOJIHAA CBOBCJHAA HEPIMA AJURJEKTPHUECKOIO TEJA 75

Jajblle W, WUCNOJb3YS H3JOKEHHble B KOHUe § 7 peayjabTarthl,
yTBep:KAaTh caepyiomee. Ilpy 3apaHHbIX 3apfApnax MPOBOAHHKOB BBE-
ACHHE AHU3JEKTPHYECKOH CpeAbl yMEHbIaeT B & pa3 BMecTe C [IOTEH-
IHA/JJAMH [POBOJHHKOB TaKiKe K SHEPruio Mnojs (Mo CpaBHEHHIO CO
3HAYeHHSAMH 3THX BeJHYHH AJIA M04s B nycrore). Lcau xe nopzaep-
JKHBAIOTCA MOCTOSHHBIMK MOTEHUHANb! MPOBOLHUKOB, TO 3HEPrus MoJjs
yBeIUYHBACTCA B € pa3 (BMeCTe ¢ 3apsaaMH MPOBOJHUKOB).

Jangaua

Onpenefuth BHCOTY /i NOZHATHR YPOBHS XKHAKOCTH, BTATHBAEMOH B BEpPTH-
KaNbHBIA NJAOCKHH KOHIEHCATOpP.

Pewenne [lpn sagaHHbXx noreHnyHatax o6KJIAg0K KOHIEHCATOpa HOJMKHA
ObITb MHHHMaNLHOH §f, B KOTOPOH HAjo YyYecTh Takyke M 3Hepruo pgh?/2 cronba
KUIKOCTH B none TsokecTH, M3 sToro ycJjoBHst Jerxo monyuaercst

g—1

— 2
= oz E2,

§ 11. Monsas csoGofHast IHEPTrUS AUINEKTPHUECKOTO Tena

ITonHasa cBoGoiHasA 3HepTHA o (UJIK NONHAS BHYTPEHHSAS SHep-
rud U), Kak oHa Obwia onpepejeHa B NpeablayuleM naparpade,
BKJIIO4YaeT B ce0s TakxkKe W SHEPTUIO BHELIHEro 3JeKTPHUYECKoro nons,
MONAPU3YIOLIETO AHIEKTPHK; 3TO MOJe MOXKHO INpeACTaBiaATb cebe
KaK CO37aBaeMoe ONpejeseHHON COBOKYMHOCTbK MPOBOAHHKOB € 3a-
AAHHBIMH [OJHBIME 3apsjiamMH Ha HUX. Hapapy c¢ sToil BeJuuHHON
& HMeeT CMbIC pacCMOTPeTb MONHYK CBOGOAHYIO 3HEPTHIO, U3 KO-
TOPOH HCKJ/IIOUEHA 3HEPTHS M0J5, KOTOpPOe CYUIeCTBOBaNO Obl BO BCEM
MPOCTPAHCTBE B OTCYTCTBHe Tesa. OOCo3HAUMM HaNpsXKEHHOCTb MO-
ciaeanero mnocpeacTsom €. Torga «nonHas» B yYKa3aHHOM CMBICHE
cBoOOHAsA 3HEPrUsi PaBHA HHTErpany

(P ay 11,1
V(F—gz) v, (11,1)
rpe F-—mna0oTHocTs cBoGopHON 3Hepruu. Mol 6yjpem 3zech o6o3HauaTh
5Ty BeJIMYHHY ToH xe OykBo#l &, koropoii B § 10 ofGosuauancs

UHTerpan S FdV. Cnepyer nopuepKHyTb, 4TO pa3sHuLla MeX1y 060UMH

onpefeNeHusMH & CBOAMTCA K BeJHUHHE, He 3aBHCANEH OT TepMO-
AUHAMHYECKOIr0 COCTOSHUA M CBOHMCTB JKH3JeKTPHKA, H MOTOMY BOOOILE
He OTpPa)KaeTcs Ha OCHOBHBIX TepMOLHHAMUueCKUX IudbepeHunab-
HbIX COOTHOLUCHHAX, KOTOpPbI€ KHMEIT MecTO A1 3TOH BeJIHYHHBI!).

Bbluucaum uameHenue o B peaysnbTaTe GeCKOHEYHO MaNoOro H3-
MeHeHHS 110/, NPOUCXOIAIICro MPH MOCTOAHHOR Temneparype u 0e3
HapyIIeHHA TepMOJHMHAMHYECKOro PaBHOBECHS CpPeabl.

1) Ormerum, 4to BeYHTATh H3 F Beanuwny L£2/87 me umeNo GW cMBICTa, Tak
kak E €ctb nose, yke H3MeHEHHOE NPHCYTCTBHEM [IHIIEKTPHUKA, H TOTOMY pas-
nocre £ —(£2/8n) orHionk Hemb3st OblI0 6Bl paccMaTpUBATh KaK IIOTHOCTE CBO-
GolHOH 3HEepPruM JIH3JEKTPHKA KaK TAKOBOIO.
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[Tockoabky 6F = —1— E 0D, To umeem

8F = 5(E 8D — @ 6&) dV.
310 BbIpaXKeHHE MOXKHO TOXJICCTBEHHO IIepenucaTh B BHIE

— 1 0 1 1 "
67 —4= | D—6) 86 dV—!—HSE (5D — 86) dV——Hg(D——E) 5G dV.

(11,2)

B nepBoM uHTerpase muiem 6(‘——grad 8¢, (@,—MOTeHUUAT
noqas &) U npeobpa3yeM ero 10 4acTaM:

S grad 8, (D—&) dV — 3 8¢, (D —&) df——S 8¢, div (D —G) dV.

marorca B HyJab. Ilas 05’beMHOI‘ HHTErpajia 5TO CJejlyeT Hernocpej-
cTBeHHO H3 ypaBHeHHHA divD =0 u div@® =0, KoTopbiM yI10BJLTBO-
pSIOT COOTBETCTBEHHO I10Jie B AU3JEKTPUKE U 11oJe B nycrore. [lepBuiil
XKe HHTerpan Oepercs no NOBEPXHOCTH CO3AAKLUX 110J€ IPOBOJHU-
KOB U MO OECKOHEHHO yJaJleHHOH noBepxHocTH. [locnennuil uurerpan
ofpauiaeTcd, KakK OObIYHO, B HYJb, & Ha KaXXAOM HU3 IIPOBOAHHKOB
d¢,=const, Tak uro

§ 8¢, (D—@)di =8¢, § (D—6) di.

Ho none ¢, mo omnpeiesneHuio, CO3RaeTcss TEMH JKe HCTOYHUKAMH,
yto ¥ nose E ¢ unaykuwed D (T. e. OZHEMH W TeMH e IpPOBOA-
HEKAMU C 3aJaHHBbIMH [OJIHBIMH 3apAfaMH ¢ Ha HUX). Hosromy oba

HHTerpaJja OS'D Ldf u 95(6; df PaBHBI OJHOH K TOH ke BeJauunue 4e,

a ux pa3HOCTb paBHa HyJIIO,

AHanoruuHbiM ofpa3om ybexkjlaeMcs B TOM, YTO DaBEH HYJIO H
BTOpoil wieH B (11,2) (nis 2roro noxcrasiasem B Hem E =—grad ¢ u
NPOH3BOJNM TaKoe e NpeobpasoBanue). OKOHUATEIbHO IOJYUYAeTCS

i |
63:——H5(D—E)6@dV=——SP6(§dV. (11,3)

3ameuaTeJbHO, YTO B 3TOM BLIDAXKEHHH HHTerpan Gepercs TO/LKO
1o 061_;(31\;{}]i 3aHATOMY nuqnpwrnnuprknn cnpenofl, TaK KaK Bue

tesa P=0. )

[Toquepxuem, o0nHakO, 4YTO I[IOALIHTErpajbHOE BhipaxkeHue P &G
HEe MOXKeT ObITb HCTOJIKOBAHO KaK BapHauuf «IJOTHOCTH» CBOGORHOMH
SHEPTHH TeJsa, MOJ0OHO TOMY, KakK 3TO OHIJIO cAesiaHO B CBA3H ¢ dop-
myaamu (10, 3) (10,4). TIpexne Bcero, 3Ta «IJOTHOCTb» NOJKHA Cy-
IIeCTBOBATh H BHE Tesa, TaK KaK €ro HajJuuyie HCKaKaer IoJje
H B OKDY2XKAIOUIEM NPOCTPAHCTBe. FICHO TakiKe, 4TO IUIOTHOCTb 3HEp-
FIE B KaXjAOd TOYKE Teja MOMKET 3aBHCeTb JHUIL OT PealbHO Cy-
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MIECTBYIOMIETo B Hell mouisi, a He OT 110/1s1, KOTOpoe HMesnoch Gl 3[ech
B OTCYTCTBUE TeJa,

Eciau BHemHee noje & OgHOPOAHO, TO
8F = —066 | PdV = — g b6, (11,4)

rae JP-—INOJHBIA 3MeKTPHUECKUA AMMOMbHBIA MOMeHT Tesa. [TosTomy
TepMOJHHAMUYECKOE TOXJIECTBO /1A CBOOOAHOH 3HEPrUM MOXKHO Ha-

~IIHucaTtb B AAHHOM CJIyd4ae Kdk
dF =— & dT — G d6. (11,5)

[TorHblil 3A€KTpHYECKHH MOMEHT TeJa MOXKHO, CJeJ0BaTeIbHO, IONy-
ydTb nyTeM auddepeHEHpoBaKHA MOJHOA CBOOOAHOI 3HEPTHHU:

F=—(5): (11,6)

Otverum, 49TO nocnefHOW (GopMyJay MOXKHO MOJAYYHTb W HEMmo-
CPeACTBeHHO U3 o0ulel CTAaTHCTHUYECKOH (GOpMYJIbI

- ()

rle J7 —raMHJbTOHHAH Teja KAk CHUCTeMbl COCTaBMAAIOMIMX €ro yac-
THL, a A—Kako#-nubo napamerp, xapamepmymmuffi BHELUHHE yCJ0-
BHf, B KOTOPBIX HaxopuTca rtejo {cM. V (11,4), (15,11)). daa rena,
HaxoAsmerocs BO BHEIIHeM OJHODoAHOM none &, raMuIbTOHHAH

COJCPKHUT 4YJICH —-(509° rae Q?"«—onepal‘op JUMNOJbHOTO MOMEHTA,
¥, BEIOpaB (& B KauecTBe mapaMeTpa A, Mbl MOJYUEM HCKOMYR op-

My
Eciu D u E cBfizaHb APYT C APYTOM JHHEHHOH 3:
D=¢E, To aHAJIOrHYHBIM NYTEM MOMHO BBIYHC/JHTb B SIBHOM BUJE
He TOonbKo BapHauuio O0F, HO ¥ camy & . Vimeem
n ED_G’;Z
—& ——5 ~&n dv.

ITO BbIpAXKEHHBE TOXKJIECTBCHHO [EPENHCbIBAEM B BHIEC .

g
o
o
£
=
-
U

T
E
I-
'
o
bd
u)
bor
[wppl

1
MOJKHO YGED,HTI:CH HOJIO}KHB B HeM E+(’_—grad (P -+ o)
u3Beas npeobpasoBaHue, BIOJHE aHATOTHYHOE [IPOKH3BEIEHHOMY BHILIE.
[TosToMy mosyuaem

F—F oV, T)=—5 | GPaV. (11,7)

B HACTHOCTH, B OJHOPOJIHOM BHEIIHEM [I0JI€

F—F,(V, T)=—1/,EH. (11,8)



78 SQNEKTPOCTATHKA OJUSNEKTPHUKOB [rji 11

[Tocaennee paBeHcTBO MOXHO OBLIO OBl NOMYYHTb W MyTeM He-
MocpejJCTBEHHOTO HHTeTpUPOBaHMs cooTHolueHust (11,3), ecsan 3ame-
TUTb, YTO B CHJY JHHEHHOCTH BceX ypaBHeHui nojsi (npu D =eE)
SJIeKTqueCKHﬁ MOMEHT P 1oJxkeH OHITb JEHeHHoM cbyHKuHeff: G.

JIMHeHYI0 3aBUCUMOCTb MEX1y KOMIOHeHTaMH P u @ MOKHO
HalnucaTb B BHJAE

ﬂ,‘—“VOLik(S'k, (11,9)

nogo6HO TOMy, KaK 5TO OBJIO CIeJaHO HAMH /151 IPOBOJHUKOB (§ 2).
B oTinune OT NpPOBOAHHKOB, OJHAKO, «IOJAPH3YEMOCTb» JUICKTPH-
YECKOro TeJa 3aBHCUT He ToJNbKo OT ero (opMbl, HO K OT €ro 1u-
sleKTpUUuecKoll nocroaHHOH. CHMMETPHUHOCTb TEH30pa o, (ynoms-
HyTas yxe B § 2) HermocpeacTBeHHO cjenyeT u3 cooTHolueHus (11,6);
JOCTATOUHO 3aMeTHTb, UTO BTOpasi MPOK3BOJHASA

“'\‘)ﬁ—

Yo 0P —
08 4 ()Li 98,

He 3aBHCHT OT lopsiika AuddepeHuUPOBaHHA.

®opmyaa (11,7) eme Oojee yhOpomaeTcsi B BaXKHOM cJydae,
Korga & Oau3ko K 1, T. €. AU5JAeKTpHYeCKas BOCIPHHMUHBOCTD
%= (e—1)/4n mana. B 3ToM cJjlyuyae NpH BbIUHCJCHHH 3HEPTHH MOXKHO
npeHe6peub BbLI3bIBAGMBIM HAMH4UHeM Tejla HCKa)KeHHeM 0oas, T. e.
MOJOKHTh

— Vo,

P=u«E ~ «6.
Torna

HbIH MOMeHT 07“ Vx(i, a CBoﬁo,aHaﬂ 9Hepr1
F — 3=————(ﬁ (11,11

B ofuwem ciayvae npou3BodbHoll 3aBucHMoctd D or E mpoctble
dopmyaer (11,7) u (11,8) He umewor mecra. [as BbIYHCACHHST o
3jecb MoxeT ObIThb nosesHoit dopMyJia

F = S(F—-—)dv S[F____-—pc]dv, (11,12)

BbIBOJ KOTOpOH moc/je MPOH3BEACHHBIX BbILE BbIYKHCJICHHH OUEBHIEH.
HeHcTBHTEIbHO, MOABIHTETPAJbHbIE BHIpaXeHHs B o6oHX HHTErpanax
OTJIHYAIOTCS Ha BEeJHYHHY

ED P | G2 1 .
— "5 +g-=— 5 (D—G)(E +6);

nocje MNoAcTaHoBKM E=—V¢, €= —V@, B HHTCTPUPOBAHUSA IO
BCEMY [POCTPAHCTBY 3TO Bbipa)keHue oOpamaercs B HyJdb. OGpartum
BHUMaHue Ha T0, uro B (11,12) (kak u B (11,7)) moabHTErpajbHOE
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BbIpaXKeHHE (BO BTOPOM HHTerpase) ofpamaeTci B HYJb BHE Tesa
(rne P=0, F=E?*8n), Tak YTO HHTErpUpPOBaHHE TPOU3BOAHTCA
TOJBKO 110 ero o0beMmy.

3apmaua

IMoayuyure dopmyay, 3aMeH oW Y10 (11,7}, nmas tenma, HaXofsinierocst He B
nyCTOTe, @ B Cpefie C AH3JIEKTPHYECKOH TPOHHLAEMOCTBIO &(9’
Pewenmne. IloBropsas ans sroro caydas IpoH3BeneHHBE B 1eKCTe mpeobpa-

30BaHHs, NOJYYHM

l e
F—Fo=—gr | ©O—cWE)V.

§ 12. 3AeKTPOCTPUKUHUSA H3OTPONHBIX AUINECKTPHKOB

Ilns TBepAOTO AM3JEKTPHKA B 3JIEKTPHUYECKOM MOJE HEJMb3sl BBECTH
IOHATHE HABJCHUS TaK, Kak 3TO [JeJaeTcsl AIsi H30TPOMHOro Tena
B OTCYTCTBHE I0J5, NOTOMY YTO JACHCTBYIOHIHE B TAKOM AMSTEKTPHKE
cunbl (oHH Oyayr onpepedeHsl B §§ 15, 16) mensioTcst BAoAb TE€Ja
U aHU3OTPOMHBI, JaxKe eCIH TeJo caMo no cebe H3orponHo. TouHoe
onpenenenue aedopManuu (31eKmpocmpuKkyun) Takoro Teda tpedyer
pellIeHHs CJOXKHOH 3ajaud TEOpHH YMPYLOCTH.

Ilesio ofcTouT, OAHAKO, Topasio MOpome, ecJH Hac HHTEpecyer
TOIbKO H3MEHEHHEe MoJHoro obbeMa rtesa. Kak yxke Obl1o yKasaHo
B § 5, Mpu 3TOM MOXHO CudTaThb (opMy Tela HEM3MEHHO, T, e. pac-
CMaTpHBaTbL JAeGOPMANHI0 KAaK PaBHOMEPHOE BCECTOPOHHEE CiKaTHe
HJAH PacTSXKEHUe.

Bynem npeHeSperaTtsb Z 37IEK TPHYECKHMH CBOMCTBAMH BHeLIHEH
cpennl (Hanpumep, atMmoctepsr), B KOTOpoHl HaXopHTCsl paccMaTp-
BaeMoe Teso, T. e. OyJeM cuuTaTh, 4TO ee &€= 1. "Poib cpe/ibl CBO-
AUTCA TONBLKO K CO3JaHUI0 PABHOMEPHOTO JaBJEHHs!, JEHCTBYIOILETO
Ha NoBepxHocTb Tesa. YIMEHHO 3TO BHellHee paBJeHHe Mbl OVjieM
ofo3HavuaTe HHxke nocpeactsoM P. Ecau & —noanas cBobojanasd
3HEPTHs TeJa, TO COlVIaCHO H3BECTHOMY TEPMOJAHHAMHYECKOMY COOT-

HQHICHHUKO
_(oF
P=—(%),

1 COOTBETCTBEHHO B BbIpakeHHH s AuddepeHudana df noixeH
ObiTh JobaBieH wieH —PdV. Tak, B OZHOPOAHOM BHEILIHEM IMoJe
umeeM BMecTo (11,5)

def =— & dT — P dV — P dE.

BeejieM 0OJHBIA TepMOAMHAMMYECKHH MOTeHUHAJ TeJa CorVlacHo
OOBIYHOMY TEPMOAHHAMUYECKOMY OMPeAeJIEeHHIO:

H=F +PV. (12,1)
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Hua puddepennnana 3Tofl BeTHYUHB! (B OZHOPOJAHOM BHELIHEM M0J€)
MMEeM COOTHOLIEHHe

A = — & dT 4V dP — P ds. (12,2)

iameHeHHe TepMOJAMHAMHUYECKHX BEJIHYHH BO BHEIIHEM 3JIEKTPH-
YeCKOM Mose SBJISETCH 00BIYHO OTHOCHTENALHO MAaJIOH BeJUYHHOM.
COI‘JIaCHO Teopeme 0 MaﬂbIX Ao6aBkax (cM. V (15 12)), Majoe H3-

HeHUe TepMOLLHHaMquCKoro OTeHILKA1a (an 3a,ILaHHbI‘( T u P)
paBHbt JApyr apyry. [losromy HmHapsny c (11,8) MoxkHo Hamucath
aHaJIOTHYHOEe COOTHOILICHUE

P == Py — /G (12,3)

JJIst TepMOJMHAMHYECKOTO MOTEHIHA A TeJa BO BHEIIHEM OJHOPOJHOM
moje. 3xecb P, OTHOCUTCA K TeJly B OTCYTCTBHE [0S MpH 3ajlaH-
HbiX 3HaueHusix P, T (B To Bpemsi Kak o , B (11,8) ects cBOGOHAS
SHEPrus TeJa B OTCYTCTBHE 11011 NpH 3aJaHHbIX 3HaueHusix V u T),

BbipaseB B sIBHOM BHJE 3aBHCHMOCTL JUMOJLHOTO MOMEHTa OT
V u @ coryacuo (11,9), nepenuiuem (12,3) B Buje

P = g’o (P’ T) - 1/2V°°z'k(gi@'kv (12’4)

IpUYEM [OMPABOUHbLIA YjleH JoJKeH ObiThb BHIPaXeH B (PYHKIHH OT
TeMIepaTypbl H AaBJEHHS COIJIACHO YPABHEHWIO COCTOSIHUS Teja B OT-
CYTCTBHe nojs. Jrta dopMysa OCOGEHHO YIpomaeTcs B clAydyae Masoil
AUICKTPHYECKOH BOCIPHUMUYHBOCTH BEIIECTBA:

P =%, (P, T)——@" : (12,5)

(cp. (11,11)).
Uckomoe wusmenenue obwvemMa V — V BO BHEILIHEeM I[I0Jie MOMXHO

NONYYHTb TENepb HEMOCPEACTBEHHO MyTeM AuddepeHUUpOBaHEA &
no paeaeHuo (mpu nocroaHHelx T u ). Tak, u3 (12,5) Haiizem

1 (wV) 2
V—Vo=—7 (55,6 (12,6)

JTa BelUYMHA MOXeT ObiTh KaK MOJOXKUTEJbHOH, Tak W OTPHLATE/Ib-
HOH (B MNPOTHBONOMOXHOCTb 3MEKTPOCTPHKIME MPOBOJIHHKOB, 00beM
KOTOPHIX B MOJe Bcerja BO3pacTaer).

AHanoruunsiM 06pasoM MOXKHO BRIYHC/IHTL TaKXKe H KOJTHUECTBO
Tem1a @, nopaoniaeMoe B JAHJIEKTPUKE NPH H30TePMUUECKOM BKJIKO-
YeHHH BHEIUHero 3JeKTPHYeCKOTO Mofdsi ([pHYeM BHEINHee JaBjieHue
MOJJePKHBACTCH NOCTOSIHHBIM) '),

1y Ecnn xe TeJo 1enjoH30/JHPOBAHO, TO HAJOKEHHE MOJH NPUBEIET K H3Me-
HEHMIO TeMmneparyps!, pasHomy AT —=— Q. €p, rie €p—-TENN0MKOCT TeJa opH
TIOCTQAHHQOM [aBJleHHH,
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Hugpepenunposanue P — 3P, no Ttemneparype AacT H3MEHEHHE
HTPONIIMM TesNa, a YMHOXKHB ero Ha T, NosyuuM MCKOMOE KOJHYECTBO
tensaa. Tak, u3 (12,5) noayuaercs

=5 (2 (12,7)

\

[Tonoxurenpubie 3HauYeHus @ COOTBETCTBYIOT MOIJIOLIEHHIO TelJa.

3agaumn

1. Onpesennts H3MeHeHHe OO0BEMA H 3JIEKTPOKANOpHUECKHH 3hdeKT AIs JH-
3JIEKTPUUECKOTO 3/JIMICOHAA B OJHOPOAHOM 3JIEKTPHUECKOM NOJe, NapajieabHoM
OJHOH H3 ero ocefl.

Pewenune. CornacHo ¢opmyaam (12,3) n (8,10) umeem

N vV e—1 -
g‘)_gbo_%_ ne+1—n C=

g usameHenns ofbema Haxoaum ')

V—V, @ g—1 1 de
V  8n | {(ner1—nK (ne+1—n)? (6P>T] ’

a Jas 3JIeKTpoKaopHyeckoro s¢dexra:

TVE2 | a(e—1) 1 (68
Q= 8 Lns+l—n+(ne—1—l_n)2 \dT> ]’
rae L1 (ﬂ.) — KO3(EHUNEHT CKHMAEMOCTH TeJa, a oc:—;L<—a—‘-/—) —
K VOP )T ' V\aoT /p

KOo3(ptALHEeHT TeNnJoBOro pacllypeHHs.
B wuactHoctH, ans mJAocKonapaasenbHOH MJACTHHKH B NEPNEeHAHKYJIsipHOM
K Hell nose =1, Tak 41O
V-V, G2 fe—1 1 /oe\ 7

V8 | eK e \9P)r|’

on T [y 4 (%) ]

Jdas Ttakolf e nJIaCTHHKM (MM JMOBOr0 LWHJAHHAPHYECKOTO TeJaa) B HPOJOALHOM
nojtfe n=0 Hu

V—V, 62 [e—1 de 0= TVE? (e 1)1 de
V ~— 8 | K aP jr]1’ 7 8n or jp )"’
2, OnpeJenuTb Pa3sHOCTb TEMJIOEMKOCTH o MIOCKONApaLieanHOH NJIACTHHKH
B NEpPHNeHJHKY.ISIPHOM K Hel [oJie NpH MOCTOSHHOH Pa3HOCTH NMOTEHUMANOB MEXIY

ee CTODOHaMHM M TEeIIOEMKOCTH @€ p NpH MOCTOSHHOH HHAYKLHH, B OGOMX CJAyuaax
BHEIIHEE JaBJEHHE MOAAEPKHBAETCH MNOCTOSIHHBIM 2.

1) TTonoXHB € -—> 0o, MOJYUYHM /IS H3MEHEHHSI 0GheMA [POBOMASAUETO 3MJIHI-
couna (V—Vo)/V=0C%8nKn. Ins wapa n="1/3 1 Mbl BO3BPALIAEMCH K Pe3y.1b-
rTary 3ajpasd 4 § 5.

%) €y ABIAeTCA TEMIOEMKOCTBIO INJIACTHHKH, LOMEIEHHOH MEKIy OOKJIaiKaMH
MJOCKOr0 KOHJEHCAaTopa, BK/IOUEHHOTO B LEMb € NMOCTOSHHOH 3. 1.c. B pasoMmxny-
TOM e KOHJIeHCATOpe C TNOCTOSHHBIMH 3apajgaMu Ha oOK/JajKax miaacTHHKa Oyjer
HMETb TEIIIOEMKOCTb & p.
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Peuwred ne. CornacHo pesyiasTaraM 3agaud 1 auTponmsa njacTHHKH

F=—(22), =totp. A [ oy L (22 ]

e g2

Hupyxuns BoJgs BHYTPH DJACTHHKH COBfiajaer ¢ BHellHHM nojem: D =(§. ITostomy
AT BLIUMCJEHHs TenvoeMKocTH ®p Hane auddepeHuuposaTs ¢Ff TPH TOCTOSH-
noMm (. PasHOCTE TOTEHIHANOB MeXAY CTOpOHaMH MJIAacTHHKH ¢ = El=(//e, rue
[ —tommuuua n.aacTHHKH. TIpH paBHOMepHOM CXKaruM HJIH pacIlupeHuu Teta [ me-

Hsetcs mponopuunonainno V3. T10s1oMy 115 BLIUMCJCHUS TETI0EMKOCTH €, Hano

nupepeHnpoBaTs f npH moctosniom mponssegenun GV'/3/e. B pesyabrare
HaiijeM j1Jd9 HCKOMOIl Pa3HOCTH:

eo—to -T2 [conoid (45),] [+ (5),5]

3. Onpenenntr 3JeKTpoKaJopuyeckHd 3¢dgeKT B 0XHOPOTHOM JH3JEKTpHKe,
MOJHLIH 00BEM KOTOpOro IOAJEPKHBAETCH NMOCTOSHHDIM.

Pewenne. Crporo roBopsi, PH HaJOXKeHHH BHEMIHEr0 oIS TJOTHOCTSH
Te1a MeHAeTCsd (CTaHOBSCh HEOJHOPONHOH BJOJL Teaa), Jaxe ecal ero NOMHLH
o0LeM TOAAeP KUBAETCS NOCTOSHHBIM. OJHaKO [IpH BbIMHC/JEHHH HY3MEHEHHS MOJTHOH
SUTPOHHH 3TUM OOCTOSTENLCTBOM MOXKHO NpeHeOpeyb M CUHTaTh MJAOTHOCTb P MO-
CTOSHHOHA B KaxJo# TOuke Ttenal).

Coraacno (10,18) noanas sutponus te.1a

1 749
F=Folo. T)+g -a%)pgmv,

rje MHTerpHpoBaHHe pacnpocTpaHsercs no oOpeMmy Tena. Iloraoutaemoe Kosu-

yecTBO TenJa
T [ oe U ro

4, Onpenesntb pasuocte B —Ep (CM. 3anauy 2) npH DOCTOSTHHOM TOJHOM
ofbeMe NJACTHHKH. :

Pewenune. TIpu HeHM3MEHHOM oObeme (a MOTOMY H TOJIHHE) MIACTHHKH
guddepenuHpoBaiie DPpd NOCTOSHHOH PAE3HOCTH MOTEHLHATOB 3KBHBAMECHTHO JIHQ-
(pepeHMPOBAHHIO TIPH TIOCTOSIHHOA HAnpsixKeHHoCTH E.

C nmoMoutkio NoJdy4YeHHOH B 3ajaye 3 GopMydabt s SHTPONHH HAXOIHM

TVE? ( de )zf TVGE® [ e )-z

gE_gD: 4re -a—T— p— 4res aT p.

5. KoHjeucatop COCTOMT M3 JBYX MPOBOAALUIX MOBEpPXHOCTEH, HAXOASIIIHXCH
HA paccTOsiHMM A ApyT OT jpyra, MajoM no CpPaBHEHHIO C pa3mepaMmd OOKJAJIOK;
MPOCTPAHCTBO MEXJly OOKJAaJKaMH 3aM0/IHEHO BElU{eCTBOM C JIM3JICKTPHYECKOH mpo-
HHIZeMOCTbIO €. B KOHJEHCATOp BBOAMTCS II2pPHK pajsuyca a<<h C JU3JeKTpuue-
CKOH TPOHHIZEMOCTbIO €5, OnpenequTh H3MEHEHHE eMKOCTH KOHJeHCaTtopa.

Pemenue TlycTh mAapHK BBOJUTCH B KOHJEHCATOpP TaK, YTO PA3HOCTL MO-
TEHUHaJOB (¢ MEXAy ero OOKJagKamMH oCTaeTCsd HeuaMeHHOH. Pojb cBoboanoi

3HEpPrMH PPH TOCTOSHHLIX [OTeHLHMaJax NpOBOJAHMKOB urpaer . B orcyrcrsue
mapuka F =— Cy9?%2, rpe Cy—neppoHauainHas eMKocTb KoHjeHcatopa. Beuay

1y Mamenenne njotHocTn Op —BeJIHYHHA BTOPOrO MOPSIKA MO MoK (~ £2),
a CBsI3aHHO@ C HUM H3MEeHeHHe MOJHOH 3IHTPONUH —yerBeproro nopaaka. [ledcTeu-

0

dp
Terpan Sép dV=0 B cu1y HeM3MEHHOCTH 0OOmell Macchbl Tena.

TeIbHO, JAuHeiinoe mo dp M3meHeHHe nOJHON IHTPOHHH eCThb S(Sp dV, uo uH-
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MaJBIX pasMepoB MIApHKA MOXHO CUYHTaATb, YTO OH BBOJUTCH B OﬂHOpOﬂHOG noJe

¢ HanpsukeHuoctblo 8 =@/h, a n3meHeHue gf‘ Mand. Majioe H3MeHeHHe 3’ opH no-
CTOSIHHBIX TOTEHLHANAaX paBHO MajOMy H3MeHeHHIO §f NpH NOCTOSHHBIX 3apsjax
HCTOYHHKOB modd. C nomotibio ¢GopMyJibl, TONyueHHOH B 3agaue § 11, u dop-
Myabl (8,2) Haxo1uM

= 1 s Q% g5 (ey—&y)
F=—g 0~ g, T,

OTKyJa HCKOMAasa eMKOCTb

a® &y (eg—8y)
C= CO—{- ———281+82 .

§ 13. JIHajieKTpHUeCKHE CBOHCTBA KPHCTANIOB

B aHu30TponHOH AH3MEKTPHUECKOHN cpejne (MOHOKDHCTANT) JHHeH-
Haf CBA3b MeXAY HHAYKHHEH M HanpsXKeHHOCTHIO 3JEKTPUUECKOro
nosas HMeeT GoJiee CAOXKHBIA BUA, HE CBOAAWIMHCA K INPOCTOH nOpo-
NOPUHOHANBHOCTH.

HanbGonee oOmmui BHA TaKoH 3aBUCHMOCTH JaeTCs BbIpaxKehHeM

D; =D, +¢;,E}, (13,1)

rie D,—nocToskkbIH BEKTOP, @ COBOKYITHOCTb BEeJHYHH €;, COCTaB-
JAfleT TEH30D BTOPOTO paHra-—meH30p OUINEKMPUUECKOL NPOHULYA-
emocmu (Mnu, Kopoue, dussekmpuveckuli mer3op). CBOGOAHBIH useH
D, B coorsowerun (13,1) cyulectByer, 0aHaKO, He BO BCAKOM KpH-
cramne. BoJbUIMHCTBO THNOB KPHCTaAJ0rpadHuecKod CUMMETPHH He
JONYyCKaeT CYILEeCTBOBAaHUA MOCTOAKKOTO BEKTOpa (CM. HHUXKe), H TOrja
uMeeM MpocCTo .

D;= ey E. (13,2)
Tensop ¢;, CHMMeTpHYeH:
€ip = Epj- (13,3)

Yrobbl yGeauTrbCs B 3TOM, JOCTAaTOYHO BOCHOJbL30BATLCA TepMOAH-
HaMHueCKUM cootHowesneM (10,10) u 3amerurh, yTO BTOpadA Mnpo-
U3BOJHAafA

02F aD;

— S E, = 3E, — Sit

He 3aBHCHT OT MNOpAAKA AH(pepeHuHPOBaHHS.
Hans camo#i Bemnmunibl F uMeeM (mpu BoimosHennu (13,2)) Bbi-
paxenue
eikEiLg
81

F=F,— . (13,4)

CpoGoanas sueprusi F paBha

~ EﬂDi i i .
f:==1:{-—iig—‘==1ﬂ)4————§Ru——. (13,5)
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Kak ¥ BEAKHH ¢HMMETPUYHBIA TEH30D BTOpOro paHra, TEeH30p
;. NyTEM HajJexauiero BhiOopa ocedl KOOPAHHAT MOxKeT GhITb MpH-
BeleH K JAHaroHasbHOMY BHAy. B ofimeM cJaydae, ca1€10BaTeNbHO,
TEH30D &;, ONDEENACTCS TPEMH HE3ABHCHMBIMH BelHIMHAMH — TDEMS
ITABHBIMH 3HAUYEHHAMH z;‘“, g, ¢®. Bece 3t¥ BenWuHMHBI BCerja
0oJplle eJUHHLBI, NONOOHO TOMY Kak € >1 y H30TpOMHOro Tesa
(eMm. § 14)

»,

pasquﬂmx I71aBHbIX 3HauYeHHH Tehsopa g, MOXKeT OKa3aTbCs |
MEHBbLIHM TpeX.

B kpucrtannax TPUKJIHHHON, MOHOKJHHHOA H POMOHUYECKOH CHCTEM
BCE TPH IJ1aBHBIX 3HAYEHHA pPas3jHuHbl; 3TH KPHCTAJIbl Ha3blBaKOTCA
deyxochoimu'). Tlpn 3ToM B KpHCTannax TPHKJIHHHOH CHCTEMBb! Ha-
NpaB/IEHHH TaaBHbIX ocell TeH3opa ¢&;, He CBA3aHbl OJHO3HAYHbIM

IAXTY_ TIIAEA ¥ Arnarhrn v T
Uupa30fv1 ¢ KAKHMHU-THOO Kp}lCTaﬂJ{UIl}(.l\i}l’lunK}{Pd}{ HaﬂpaBHEHHHPv’H{.

B kpHucTaniax MOHOKJHHHOH CHCTEMBI 3apanee OnpeneeHHbIM ABIS-
eTcsl HanpaBjeHHe OJHOH M3 TJIABHBbIX OCeH —OHa A0JKHE COBIaLaTh
C OCbi0 CHMMETPHH BTOPOTO HOPALKA HJH ObITb NepheHAUKYJsipHOH
K I[JOCKOCTH CHMMETpHUH KpucTtamta. B Kpucranaax ke pomGHyec-
KOf CHCTEMBl KDHCTANJOrpauuecku ONpeieNeHbl BCE TPH [JaBHBIE
OCH TEH30pa &.

Jlanee, B KpHCTaa/laX TeTParoHaslbHOH, pOMGO3ADHUECKOH H TeK-
caroHanbHOH CHCTEM [Ba W3 Tpex IVIaBHBIX 3HAY€HHHA coBnazpaiot,
TaK 4YTO HMEIOTCA BCEro jBe HEe3aBHCHMbBIE BEJIWUHHBI, TaKHE KpH-
CTa/Jbl Ha3blBAOT 00HOOCHBIMU. OnHA U3 TJAaBHBIX OCEH CoBlajnaer
Mpy 3TOM C KPHCTANTOrpapuuecKod OCb0 CHMMETPHH YETBEpPTOro,
TPETHEro HJH ILeCTOro nopsiika, a HanpaBieHue IBYX APYTHX TJaB-
HBIX OCefl MOXKHO BBIOPAThb [POH3BOJbLHLIM 06pa30M.

Haxkonen, B Kpucrannax kKyOHYECKOH CHCTEMBI BCE TPH TJIaBHBHIX
3HAYEHHS TEH30pa &;; OAMHAKOBbLI, a HANpaBJEHHsA TJaBHbIX oceh
MPOU3BOABHBL. DTO 3HAYMUT, 4TO TEH30D ¢&;, HMEeT BH] ed,,, T. e.
OMNpeAesAeTCs OJHUM CKansipoM e. JIpyrumu cja0BaMH, B OTHOLUEHHU
CBOHX JH3JEKTPHYECKHX CBOHCTB KPHCTAJJIbI Kyﬁmecxon CUMMETPHH
HE OTJHYAITCA OT H3OTPOIHLIX TEI.

Bce 3TH 70OBOJIBHO. OUEBHIHEIE CBOWCTBA CHMMETDHH TEH30DA &,
CTAHOBATCHA OCOGEHHO HATJIAJHBIMH, €CJH BOCIOIL30BATHCH H3BECTHLIM
M3 TEH30DPHON anre6pbl NOHATHEM MIEH30PHO20 3JAAUNCOUOR, ITUHA
onyocedl KOTOPOro MPONOPUHOHAbHA TJIaBHbIM 3HAYEHHSM CHMMeT-
pDHYHOTO TeH30pa BTOpPOro paHra. CHMMETpHA 3JJHICOHIA J0JXKHA
COOTBETCTBOBATh NpH 3TOM CHMMETpUH Kpucranaa. Tak, B OZHOOCHOM
KpHCTaNNe TEH30PHBIA 3JJHICOH] BbIPOKIAETCHA B 3JJIMICOHA Bpa-
ILeHHSA, MOJHOCTBIO CHMMETPUYHBI OTHOCHTENBLHO NPOIOJBHOH OCH;
nojuepkHeM, uto Anf (GU3HUECKMX CBOHCTB KpHCTaNIa, ONpeness-
IOHIMXCA CHMMETDHYHLIM TEH30pOM BTOPOTO palra, HaMHYHE OCH
CHMMETPUH Y¥KE€ TpPEeTbero MopsaaKa 3KBHBAJEHTHO MOJHOH H30TPO-

1} 310 HasBaHHe CBA3aHO C ONMTHYECKHMH CBOHCTBAMH KPHCTAMIOB —cM. §§ 98, 99.
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MHH B IUIOCKOCTH, MEPHeHAHMKYJAAPHOH K 3TOH ocH. B KpHcraanrax
KyOHYEeCKOH CHMMETPHH TEH30DHBIH 3JJIHICOHI BbIpOXKIaeTcs B chepy.

OcTanoBHMCA Telepb Ha OCOOEHHOCTAX AUIEKTPHUECKHX CBOHCTB
KPHCTAJN0B € MNOCTOAHHBIM 4iedHom D, B (13,1). Hanuuue srtoro
CYTCTBHE BHEUIHEr0 3VIeKTPHUYECKOro MNOJfA; TaKHe TeNa Ha3bLBaloT
nuposarekmpuqeckimy. BennynHa 3TOH CHNOHTaHHOM MNOJMSIPH3alHH,
OJHAKO KTHYECKH BCeria O4YeHb -
JASAPHBIMH MOJIAMH). JTO OOCTOATENLCTBO CBA3aHO C TEM, 4TO GOJbliHe
3HayeHHs D, npHBoauAHM Obl K CYILeCTBOBAHHIO CHJbHBIX MOJeH
BHYTPH Tesa, 4TO 3HEPreTHYECKH BECbMa HEBLITOJHO H NOTOMY He
MOLJIO GBI COOTBETCTBOBATb TEPMOAHHAMHUYECKOMY  PaBHOBECHIO.
Manocte D, oGecrneuniBaer B TO Ke BpeMs 3aKOHHOCTb pa3JiokKeHUs
D nmo creneusm E, nepBeIMH pByMf YsJeHaMH KOTOPOTO H SBJISETCH

Beipakenue (13,1).

€PMOANHAMHYECKHe BEJHYHHBI NHPO3JNEKTPHUIECKOro TeJa Haxo-
AUM, HHTErpHpysda COOTHOLIEHHE

An g5 = D; =Dy, + e, Ey,
OTKY 1A
- i EIE I
F=F,—2 1k —ED,. (13,6)

CBo%01mnas 3Heprus
s EiD; ik EiE I
F=F4——= Fo+s—%lr—k=Fo+‘gI €k (D;—Dy;) (Dy—Doyy).
(13,7)

OtMeruM, 4TO H3 F BbINajaeT uMeBIHIHACH B F uJieH, JHHefHHEH 0O
Eil)'

[TonHyio CBOGOAHYIO HEPTHIO MHPO3JEKTPHKA MOKHO BBIUHCJHTD
no gopmyie (11,12), noacraeus B nee (13,7) u (13,1). B orcyrtcTBHE
BHEIIHEro nojst, G=0, nonydaercs npocroil pesyabTar:

7= (FO- gff*)dv. (13,8)

OTMerHM, 4TO CBOGOAHAs 2HEPTHS [HPO3IEKTPHKA B OTCYTCTBHE
BHELLIHET 0 M0JIs 3aBUCHT (BMecTe ¢ nosieM E) He TosabKO OT ero o6beMa,
HO W OT (QOpMHL.

Kak yxe Obu10 yKasaHo, SB/IEHHE [HPOVIEKTPHYECTBA BO3MOKHO
HE NpPH BCAKOH CHMMeTpuH KpucTaiia. [TockombKy npu JioGom mpe-
00pa30BaHuH CHMMETPHU BCE CBOUCTBA KPHCTAa//Aa JOJKHBI OCTABATh-

1) Crenyer oTMeTHTb, YTO B 3THX (OPMYJax Mbl B A€HCTBHTENbHOCTH npeset-
peraeM nee3oa(dekToM (T. €. BJIMAHHEM BHYTPEHHHX HanpsiKeHHH HA 3JIeKTpuuec-
KHe CBOWCTBA Tesa, cM. § 17). ITosroMy OHH, cTPOrO rOBOpS, MPHMEHHMBI JIHIIb

B c/Iyuae OJHODOAHBIX 7O ofbeMy Tead moseH, KOTjJa HampsiKeHUs B TelTe MOTyT
OTCYTCTBOBATS,
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CA HEWU3MEHHBLIMH, TO SICHO, YTO MHPOIEKTPHUECKHM MOMKeT ObIThb
JHIIb TaKoH KPHCTaM1, B KOTOPOM CYILUECTBYET HafpapBJeHHE, OCTa-
olleecsT HEH3MEHHBIM (B TOM YHCJE HE MEeHswlleecst Ha 00paTHOE)
NpH BCeX npeoOpa3oBaHHAX- CUMMETPHH, B 3TOM HamnpaBJeHHH H
Gyler JexaTb NOCTOAHHHII BeKTOp D,.

JTOMY YCJOBHIO YAOBJIETBOPAIOT JIHIUb Te rpynlibl CHMMETPHH,
KOTopre CKJIaI_I.bIBaIOTCH H3 OIHOH OCH H npoxo;uuunx yepes Hee

HE MoryT 6b1Tb KpHCTa.HJIbI oﬁna,ua}omue uempom CHMMETPHH Hepe-
YKCAUM T€ K3 32-X KPUCTAAIUUECKHX KJIacCoB, B KOTOPBIX CYUIECT-
BYeT MHPO3JIEKTPHUECTBO:

TpUKAUHHAsA cucteMa: €,
MoHoK/HHHAas cuctema: C,, C,,
pombuueckas cucrema: GC,,,
TerparoHanbHas cucrema: C,, C,,
poMGosapuueckasn cuctema: C,;, C,,,
rekcaroHanbHasa cuctema: C;, C,,.

Cpenu KyOGHUECKHX KJ/JacCcoB MUPO3TEKTPHUYECKUX, Da3yMmeercs, Boob-
me Her. B kpucranne knacca €, HanpaB/eHUE NHPO3JIEKTPHUECKOTrO
BeKTopa D, He CBfizaHO C KAaKHM-JIHO0 KPHCTa/JorpapHuecKH BHIJE-
JEHHBIM HanpaBJeHHeM, a B KpucTtamne knacca C; AOMKHO J€XKAaThb
B TIOCKOCTH cuMMeTpuu. Bo Bcex ke oCTalbHBIX H3 MNePeYHCIEHHLIX
BhIllle KJacCoB Hamnpashaenwe D, coBliagaer ¢ HamnpaB/l€HHEM OCH
CUMMETPHH 1),

Cnexyer ykasatb, YTO B ODBIYHBIX YCJAOBHAX MNHPO3JEKTPHUECKHE
KPHCTAJAbi HE UMET NOJHOr0 3JEKTPHYECKOro JAHIONBHOIO MOMEH-
Ta, XOTA NOJAAPU3aUMA B HHX M He paBHA HyMo. Jleno B TOM, 4TO

BHYTDH CHOHTAHHO MOJSIPU30BAHHOTO AM3JEKTPHKA HMEEercd OTJIHY-

Had OT HyJs Hanpsxehhoctb noasi E. Buaarogaps tomy, 4ro ¢ak-
THUECKH ofpasen oObYHO ofJajaeT HeKOTOPOH, XOTHA H Majlo#, HO
BCe kKe He paBHOW HYJI0 [POBOAUMOCTBbIO, HalHyue MOoJs BBISOBET
MOSABJEHHE TOKa, KOTOPBIH OYJeT Teub 10 TexX Mop, noka obGpasy-
ION[Mecss Ha MOBePXHOCTH Teéla cBoOOJAHBIE 3apaabl HE NPUBEAYT K
HCYE3HOBEHHIO moJis B ofpasue. B ToM ke HanpaB/eHHH AeHCTBYIOT
HOHBI, OCEaIoIHe HA MOBEPXHOCTh ofpasua u3 Bo3ayxa. Ha omneire
MHPO3JEKTPHUECKHE CBOKHCTBA HalJ/0aloTCst fPH HarpeBaHUM Tena,
KOTJa BeJHUYHHA ero CHOHTaHHOH noJsApH3auuH MeHsercs W oGHapy-
HUBACTCH 3TO HIMEHCHHE.

CLL R 4N LA LY Y, R A AL L

1) ToBopss 06 ycJNOBHAX CHMMETPHH, MLl pacCMaTpHBaeM KpPHCTALIHYECKYIO
cpely Kak HeorpaHuuennyio. /s KOHeUHOro KpHCTaJya TOYHOE 3HAUEHHe ero
NOJHOr0 AHMOJLHOUO MOMEHTa MOXKeT 3aBHceTb (B HMOHHOM KpHcTaaae) OT TOro, mo
K@KHM KPUCTANTHYECKHM MJOCKOCTAM TNPOXOIAT €ro TIpaHu —COoAepkar JH 3TH
MJ0CKOCTH HWOHBI OJHOTO 3HaKa WJIH Ke OHH 3JeKTpHueckH HeidTpanabHu. Ho B
paMKax MAaKpOCKORHYECKOH 3JIeKTPOAHHAMHKH, NMOAPa3yMeBaiolledl ycpeaHeHHe o
(busnyeckn OECKOHeuHO MadnM o0heMaM, eCTecTBeHHO MOHHMaTh Kak ycpelHenHoe
TAK¥Ke i MOJI0XKeHHe rpaHell OTHOCHTeILHO KPHCTaJNIHuecKoi pewieTKH. B peayanrare
TAKOTO ycpeiHeHHsl 3HavenHe Dy OKaxeTcss pagHbLIM HyJO B JTIOGOM HENHPO3JIEKTPH-
YeCKOM KOHeUHOM KpuCTaljge H He 3aBHCAMHM OT OFPaHKH-—B INTHPO3JEKTPHYECKOM.
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3agayu

1. Onpepenuts noJe, co3jaBaeMoe€ B NYCTOTe NHPOIJIEKTPHUECKHM [LHapoM.
PemeH ue. BHyTpu luapa uMeeTcsl 0JHODOJIHOE NOJE, B KOTO[OM HaIpsXKeH-

HOCTb M HHIYKUHfA cBA3aHbi cooTHoweHHeM ZE =— D (kak 3To caenyer H3 (8,1)
npd (¢ =0, T. e. B OTCYTCTBHE BHeEIIHEro INpHJIoxKeHHoro mnoJas). ITojpcraeisis B
(13 1) nmonyuuMm vpaeuenne 2F; Lg.Fr—— D,. BrfienemM 0CH KOOppHHAT BroJb
\ y = F J Jv i3 I ik R Or i ARG L LUeio

IJIaBHBIX Ocell TeH3opa €;,. Torga HaiigeM H3 3TOro ypaBHCHHS

Dy;
Ei=—sr s Pi=
TTe

D;—E; 3Dy
2

dn — 4x;

(9 elin "

v e e
ITone BHe 11apa eCTL NMOJI€ 3VIEKTPUYECKOIO JIMIIONS ¢ 2JEKTPHUECKHM MOMEHTOM
g =">rV.

2, OnpenesnTh NoJje TOUEMHOrO 3apsia B OJHOPOJHOH aHH30TpPOMHONH cpeje !).

Pemwenne. [Tose ToueuHOTO 3apsina OnHChiBaeTcs ypasHenneM div D=4me 6 (r)
(3apap HaxopuTcs B Hauajde KoopiHHar). B anusorpomuofi cpene D;==gipEp =
= -—&;5 0P/0Xp; BbIOMDAA OCH X, y, Z BJOMb I[VIaBHLIX OCeH TEeH30pa £;p, MOJyYHM

Fal 4 oo e AanuoaITuA
cragridsdlia _y}JaDn\.uu

2 2 02
%x(g Lt ?)TJ(.E—\— el2) EZ%: —45ed (r).

w

glx)

HyTeM BBENEeHHS HOBLIX TTepeMEHHBIX COI1acHO

x=x Ve, y=y VeD, z=2z Ve (1)
OHO TIPHBOJHTCA K BHAY
4ne
V (e
KOTOpblH (OpMaJbHO OTJHYAeTCH OT ypaBHeHHsT AJIst NOJS B IyCTOTe JMillb 3aMe-
u -1
HOlt e Ha ¢ —e [eXeWe@]™ /2, [TostoMy

A== 8 (1),

’

e e x2+y2_|_22 —i/s
LA Vemewen | e 1 e T e@ :

B TeH30pHBIX OBO3HauYeHHAX, He HpejpellaiouX Bb0OP CHCTEMBl KOORIHMHAT,

- e
=,
Vielentens
rae | e|—omnpe/einTess TeH30Pa €;p.
3. OmpeteauTb €MKOCTh INPOBOJAMIEro IMapa (pajgHycad a), NOTpY:KeHHOTO B
AHH30TPOTNHY!O JHIICKTPHUECKY:O Cpely.
Pewenuc. [Tyrem npeoSpasoanus (l) ompejerenne mNoJs wiapa ¢ 3apsaoM

¢ B aHM30TPOIHOH Cpeje CBOAUTCH K ONpelesIeHHi0 N0.18 B NMyCTOTE, CO3;aBaeMOro
3apsIoM e’, pacnpe/leJleHHLIM 110 HOBEpXHOCTH 3JITHICOH/1a

£ Xixh =g x'2 L gyt L gl@)z'2 = g2,
Bocnoaesosaeiuuck dopMynod (4,14) n11 moTeHuuana moas SJJHNCOMA, TO-
JYYHM JI/IS1 HCKOMOH eMKOCTH:
e8]

1—C: 2Ve(x‘)le<y>gcz) g [<E+_§é’_) (E+#§;) (g—lﬁgz_’)] "

[

1) B 3anayax 2—6 ju3JeKTpuuecKast aHH30TpOMHAsA Cpeja NpepioJaraercs
Hennpo3JeKTpHiecKoi.
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4. OnpeneJUTL TOJIe B NJOCKOMapanneJbHOH anu30TPONMHOH NJacTHHKe, HaXo-
JSleHCH BO BHEUIHEM OHOpPQjHOM noJe (§.

Pewenne M3 ycroBust HenpepblBHOCTH KacaTebHOH cocTaBjsAioiledl Hanpi-
MEeHHOCTH cJenyeT, 4To

E = @+ An,

e T Tew o w .-..- i LY T re ey i we e ewEraw

rjpe l:.-—riaupnmcnﬂuu:: ONHOPOAHOTO NOJIA BHYTPH MJIaCTHHKH, N -——elHHHYHBH
BCKTOP HOPMa/Jan K €e MOBEPXHOCTH W A-—nocTrosnnas. flccazansas cnpepeasercd
H3 YCJOBHH HenpPepubIBHOCTH HOPMANbHOH KOMOOHEHTbl HHAYKUHH: nD=n( umu

niepEr="n;e28p + Aespning =8 n;.

OTciona
A= (ir—0ir) n{Sg
EmMity,

B uacTHOCTH, ec/ld BHelllHee MOJI€ HANpaBJeHo 110 HOPMaJIH K MJacTHHKe (och Z), TO
A=C (1 —ez;)/ezz.
Ecau none napananeJs5HO IInacTHHKEe H HApaBJeHO No OCH X:
A= —Cezylez,.

5. OnpejeanTb MOMEHT CHJA, JEeHCTBYIOWHX HAa aHH30TPONHLIH JIU3JeKTPHYeCK HH
wap, Haxojsuuiica (B mycToTe) BO BHELIHEM OjjHOpojHOM no.te (5.
Pewenne. Cormacio (8,2) uMeeM i Hanp#A:KEeHHOCTH NOJs BHYTPH Ilapa
3
= Y
Es 2—{-8(’”Cx
(u awanornduo nis £, E;), mpHuem ocu X, y, 2 BHOPanbl BAOJL FIaBHHIX ocei
TeH3opa g;. OTtciona IL.JIH KOMIOHEHT JIHMOJABHOTO MOMEHTa wwiapa (pajnuyca a)

4 e(x) —1
Do 3p :
Pu=—3-@Px e [ 2 @0

KoMIIOHeHTa e JeHCTBYIOmero Ha UIAap MOMEHTA CHJI
_ gtxX) —g(»
KZ:[@&JZZSQJ@,;@

YEI T EV )

H aHajloruiHo aia K, K.

6. B HeorpaHnueHHOHl aHH30TPONHOH cpeje HMeeTcsi cdepHUecKas 0oJOCTb.
BolpasuTth nose B mOJOCTH uepe3 OHOpojAHOe nose £(8) B cpeje BAaJdH OT [10JIOCTH.

Pewenue. Tlpeo6pasosanneM (1) 3ajaun 2 ypasHeHHe I8 NMOTEHLHANA 1O
B Cpefle NPHBOAMTCS K ypaBHeHHIO Jlanzaca aunst noas B myctoTe. YpaBHeHHE Ke
ABA ROTEHUMANA yOJds B MOJOCTH, HaNDOTHB, OpeBpalllaeTcad B ypaBHeHHe 4
MOTEHLHANA B CPefe € [HINEKTPHUYSCKHMH NpoHHumaeMoctamu 1/et®) 1/e 1/gid),

Kpome toro, map (pajgiyca ag) NpeBpaacTcad B 3JJIMICOMA C NOJYOCHMH a/]/_e(x)

a/ ]/-8(3’) a/ ]/8(3). flyete nt¥), Y| nl?) — koadbuLnenTsl ACHOJAPH3EUHH TAKOIO
sanunconaa (onpenenasieMeie no GopmynaM (4,25)). flpuMensss K moJio 3TOro 3JUIHN-
coupga GopMyay (8,7), nosyyHM COOTHOLIEHHE

a{pti) alx) (’}{Piil A8
—p{x) f—t
(I —nt2) ox’ +E(X) ax’ ox’

(n ananoruuHele —Bjonb ocefl y’ u 2’'). Bosppaiuanch K NPEXKHHM KOOPAHHATAM,
HMeeM

%%y g, Ve,
X

ox’
TAK 49TO JUVI%# MOJA B 1IOJMIOCTH TOJIyYaeM OKOHYATenbHO
) gix) e
= £

TN — ¥ (gl —1)
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§ 14. MoaoKHTEIbHOCTD AHIJCKTPHYECKOH BOCNPHHMUYNBOCTH

Jlasi BbIICHEHUS XapakTepa 3aBHCHMOCTH TepMOAHHAMHUYECKHX
BeJIHYHH AHMYIEKTPUKA B MOJ€ OT €ro IUJIEeKTPHYECKOH npoHHLa-
eMOCTH pPaccMOTpHM (GOpPMAJbHYIO 3aj)ayy o0 H3MEHEHHH 3JEKTpH-
YeCKOH YacTH MOJHOH CBOOGOAHOH 3HEPrUH Teaa 0OpH OECKOHEUHO
MajJOM H3MEHEHHH &.

Jlast n3orponHoro (HO He 0053aT€NbHO OXHOPOJHOTO) AH3JIEKTpPH-

Ka nMeeM corsacHo (10,20)
F—Fo=| o dV.

Ilpr usmeHeHMH & H3MEHSeTCHA TakxKe H HHAYKUHA 1noad. [lostomy
paccMaTpuBaeMas BapHalus CBOOOJHOH 3HEPrHM paBHa

g.__(‘DﬁDa,,,_{‘ D? 5e dV.
_’,) Sne Y ,)8:182

IlepBelf usieH B MPaBOH YaCTH paBEHCTBA COBIAJAET C BhipaKeHHeM
(10,2) mast paGorthbl, coBepliaeMod NMpu GECKOHEUHO MaJOM H3MeHEeHHH
HCTOUHHKOB M0JIs (3apaAnoB NpoBOAHKHKOB). Ho B AaHHOM ciyuyae Mbl
paccMaTpHBaeM H3MEHEHHE MOJIA NPH HEeH3MEHHBIX €ro UCTOUHHKAX;
MO3TOMY 3TOT u/eH 00palaerca B HyJab, W Mbl MOJyyaeMm

T 0e E?
6&’:—58—2%511/:—5638_“611/. (14,1)

=

M3 stolt dopMyabl cielyer, 4TO BCAKOE yBedHUEHHE HHIJIEKTPH-
YeCKOH TNPOHHLIAEMOCTH Cpefbl XO0Ts Obl B HEKOTOPOM €€ YyuyacTKe
(IpH HEM3MEHHbIX HCTOYHHKAX I0Jf), NPUBOAUT K YMEHbUICHHIO ee

(1} (1}
TTATTITMYY f\nn‘gf\‘nuf\r]’ mITOANTTIITY n TN MY A~ RAAATTFET A~ LT/AMTD M SEF vr o

MNOJHOM CBOOOAHOH 3HEPruu. p HaCTHOCTH, MOXHO YTBECPpAK4dTh, YTO
cB0oGOJiHAs 3HEPIHA BCEria yMEHbIUAeTCHd MPH BHECEHHH B JAHIJIEKT-
PHUECKYIO Cpely He3apsKeHHBIX ITPOBOJHHKOB, MOCKOJAbKY MOCJAE]-
HHE MOTYT pPacCMaTPHUBATLCA (B 3JIEKTPOCTATHKE) KAaK TeJda C Gecko-
HEUHO GOJIbUION €. DTO yTBepMkaeHHe 0600IlaeT BHICKA3aHHYIO B § 2
TeopeMy 00 YyMEHBUIEHHH 3HEPrHH 3JEKTPOCTATHUECKOTO I10Js1 B
MyCTOTE MPH BHECEHHMH B HErO HE3aPs?KEHHOrO0 MPOBOXHHKA.
[Tonnasa cBoGojHas sHeprus yMeHbLIaercsi ¥ KOrja KakoH-sn6o
3aps)l TOJHOCHTCSA K JAHIJEKTPHYECKOMY Tely H3 OGeCKOHEYHOCTH

(UTO MOXKHO BOCHPHHHMATh KaK yBE&JHYEHHE € B HEKOTOPOM OGbeMe
104 Rnu’pyr‘ anqnn\ UrofLl crenarts OTCIONA 3aKJIOUYEHHE O TO)

A A LA WNOUANMWLLV I LLTIA W l\llvl,

UTO BCHKHH sapsm HpHTHI‘HBaETCH K JH3JIEKTPHKY, Hajo Obl10 Obl,
CTPOro roBopsi, JOKa3aTh €lle, 4TO & He MOXKET AOCTHIHYTb MHHH-
MyMa HH MPH KaKOM KOHEUHOM PaCCTOSHHK MEXAY 3apSAIOM H TEJOM.
Mb! He cTaHeM oCTaHaBJAMBATLCA 31€Ch Ha J0Ka3aTelbCTBE 3TOTO
yTBepxKaeuus, TeM Cosee, YTO MOABJEHHE CHJ MPHTSMKEHHS MEKLy
3apAJOM M JMJIEKTPUKOM MOKHO pacCMATPUBATh KaK JOBOJBHO
OYEBHJIHBIH pe3yJsbTaT B3aHMOAEHCTBHS 3TOro 3apAla C JHIONbHREIM
MOMEHTOM IMOJSIPH3YEMOr0 UM JUICKTPHKA.
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HenocpeactBenHo w3 dopmyas (14,1) MoxHO ciaenaTth 3akaioue-
HHe O HaNpaBJEeHUHN ABHKCHHUSA IU3JEKTPHUECKOro TeJad B KBA3HOJHO-
POAHOM l1OJI€, T. €. B NOJIe, KOTOPOe MOXKHO CUMTATH MOCTOAHHBIM HA
NPOTSKEHHH pa3MepoB Tena. B sTom caydae E® BBIHOCHTCA H3-TOJ
3HaKa HHTerpasa ¥ pasHocTb & —d& , €CTb OTpPHIATE/NLHAA BEJHUYH-
Ha, nponoputoHaabHas E?. CTpeMsAch 3aHATL MOJOMKEHHE, B KOTOPOM
ero cBoGofHast 3HEPTHA MHHHMAanbHa, Teao OGyAeT, CIe40BaTeabHO,

nepeMeniaToca B HANPABJAEHHH yBeannueHusa E.

HezaBucumo ot ¢opmyant (14,1) MOXHO nokasaTb, YTO MOJHOE
U3MCHEHHe CBOGOJNHOH 3HEpPrHH JAHSJCKTPUUYECKOTO Tejaa NpH BHECE-
HHH €ro B 3JICKTPHUECKOE NOJe OTPHUATENbHO'). DTO MONKHO ClenaTh
C MOMOLIBK TECPMOAHHAMHUYCCKOH TEOPHH BO3MYIULEHMH, DacCMaTpH-
Bas H3MEHeHHe CBOOOJHOH 3HEPrHM T€Ja KaK pe3yabTaT Be3Mylle-
HHSl €r0 KBAHTOBBIX YPOBHEH 3SHCPTrHH BHEILIHUM 3JICK TPHUECKUM

L1l
noaeM. CoraacHo »TOH TeOpHH HMeeM

ii W LN UYL vi i3 l\‘\ll-l iiiiii AVA S-S ¥R
g—d_[):Vnn“_E_ZZ m;(o) ’2(0) & ”ﬁ(vrm"—vnn)z
n - &~m
n m
(14,2)

(eMm. V (32,6)). 3xech EQ —- HEBO3MYyLICHHbBIE YPOBHH, V  — MaTpHu-
HBle 3JeMeHTH Bo3Myniawomed sHepruu, a udepra o00o3HadaeT CTaTH-
CTHUECKOE YCPEJHCHHE ¢ 1IOMOHIbl0 pacnpenenenns ['nboca

~(0)
W, = exp {3——";—%‘—-}

Unen V,_, B dopmyne (14,2), nuHelHLIA [0 100, OTJAHYEH OT HYNA
TOJBKO B NHPOJEKTPHUYeCKHX cpenax. Murepecyromee ke Hac KBaj-
paTHYHOE N0 MOMI0 H3MEHEHHE CBOGOAHOH 3SHEPTHH [aeTCA OCTasb-
HBIMM Wi€HaMH 3TOH (GopMyJbl, UX OTPHUATENLHOCTh CUEBHJHA.

C 1apyro#i CTOpOHBI, W3 CaMoro BHIBOAA ¢opmy.nl (14,2) scno,
yTo noaHaa cBOGOAHAS 3SHEPTHA o JAOJKHA NOHHMATbCA B HEH B
ykasauHoM B § 11 cMblcie-——wM3 Hee HCKJ/IOYEHA 3HEPTHs nogs,
KOTOpPOE CYyuiecTBOBaso O B OTCYyTCTBHE Tena. IlodTOMy pasuocTb
F —&F, naerca TepmoauHamuyeckoh dopmyaoi (11,7). Pacemorpum
TeI0 B BHJAE JJHHHOTO UWJHHAPA, PacloNOXeHHOro BA0Jb OJHOPOA-
Horo BHemHero nosas @. Toraa none BHYTPH UHJAHHJApA cOBrnajpaer
¢ €, a ero noaspusauusa P=(e—1) E/4m, Tak uro

3—30=_9§;1vc&2.

OTciona cieayer, 4To pasHocTb F — & , Oy AeT OTpHIATENbHE, TOJbLKO
ecad € > 1. Mbl npuXoguM K YIOMSHYTOMY B § 7 H MCHOJb30BaH-
HOMY YK€ paHee YTBEpPMKACHHIO, 4TO AU3JEKTpHUECKast NPOHUI{AeMOCTh

1y Mwmeercst B BUAY H3MEHEHHE, NPONOpUUOHANLHOE KBagpaTy noas. HanomHuM,
YTO B MHPOIJIEKTPHUECKHX TeJax u3MeHeHHe CBOOONHOH 3HEpTrH COLEPXKHT TaKiKe
W JIMHeHHbIH Mo MOJMO uJeH, KOTOPbId HAac 3jeCh He HHTepecyer.
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BCAKOro Tesna OoJbllle €AWHHIE, T. €. €ro JU3JeKTpHyeckas BOG-
NPUUMYHBOCTb %={e— 1)/47 noJOXHUTEJNbHA.

Takum :xe oOpa3oM 0Ka3biBAlOTCS HepaBeHcTBa e > 1 mas
IJIaBHbIX 3HAYeHHH TEH30pa e;, AHU30TPONHOH JAH3IIEKTPHYECKOH
Cpeibl. llJm 9TOro A0CTaToOuHO paccmoTpeTh aHeerm nojs, Hanpas-

§ 15. dneKkTpuyeckue CHJBI B XKHJAKOM JHIJEKTpUKE

Bonpoc 0 BbIYHCIEHHH CHJ (HX Ha3bIBAIOT rOHOCPOMOMOPHBIMLL),
JAE€HCTBYIONIHX Ha JU3JEKTPUK B NPOU3BOJIBLHOM HEOJHOPOJHOM 3JIEK-
TPHYECKOM IicJle, JOBOJBHO CJIOXKeH H TpefyeT pasjie/ibHOre paccMor-
pPEHHS sl XKUAKMX (MIH rasoo0pasHblX) W TBepAbIXx Tea. Mpbl Hau-
HeM C 0oJi€e MpOCTOro caydas KHAKUX JH3JEKTPUKOB.

Bynem ofozHauate nocpeacteom fdV cuny, pefictyomyto Ha
JeMeHT oObeMa cpeabl dV/, BekTOop § MOXHD Ha3BaThb OOBEMHOI
GJOTHOCTBIO CHJI.

Kak u3BecTHO, CHJALI, AeHCTBYIOUIHE HA KaKOH-THOO KOHEeYHbIH
ofbeM Tena, MOryT ObITh CBeJEHbl K CHJIaM, NPUJA0OXKEHHbIM K Mo-
BepxHOCTH 3Toro oovema (cM. VII § 2). I10 obcrodrenserBo sBias-
eTcsl CJAEACTBHEM 3aKOHA COXpaHeHHsl MMNyabca. Cuna, AeldcTBYIOLLas
Ha BelecTso B obteme dV, npeactaB/asieT co60il HU3MEHEHHE €ro uMm-
nyabca B €IUHMILY BpeMeHH. JTO H3MeHEHHEe JOJKHO ObITh paBHO
KOJMHYECTBY HMMIYJAbCa, BTEKAIOIULEr0 B TEYEHHE TOrO XK€ BPEMEHH B
3TOT 00bEM Yepe3 ero [OBEPXHOCTb. LECaH o003HAYUThb TEH30p MOTO-
Ka HMNyJbca yepes —a0;,, TO

{ v =@ oydf,, (15,1)

rje HHTerpHpoBaHHe B [paBol YaCTH PABEHCTBA NPOHM3BOJHTCS MO
noBepXHOCTH oObema V. TeH30p O, Ha3bIBAIOT MEH30pPOM HANPANCE-
ruti. OdeBujaH0, 4YTO

Orp Af =01 df

€CTh (- KOMIIOHEHTa CHJbl, AEHCTBYWOIIEH Ha 37€MEHT NOBEPXHOCTH
df (n-—eJIMHUYHBIH BEeKTOpD HOPMATH K TMOBEPXHOCTH, BHELIHeH [0
OTHOLIEHHIO K JaHHOMYy oObemy).

AHanorudHeiM 00pa3oM CBOLUTCS K HHTErpajy Mo NOBEPXHOCTH
TAKK€ W NOJHBIA MOMEHT CHJ, JEHCTBYWOIIHX Ha JaHHBIH 00beM,
yeM ofecneynBaercst BbillOJHEHHe 3aKOHA COXpaHEHHsi MOMEHTa HM-
nyJabca. Kak M3BECTHO, BO3MOXKHOCTb 3TOTO CBEAEHUS CBA3aHa € CHM-
METPHYHOCTBIO TeH30pa HaNpsiKeHUH (0,, = 0,,;); NOCJEAHNAS ABASCTCH,
TaKUM 00pa3oM, BhIpaKeHHeM 3aKOHA COXPaHEHHS MOMEHTa HMIyJbCa.

IlpeoGpasys uHTerpan no nosepxHoctu B (15,1) B uHTerpan no

o6BbeMy, NHOJAYUYHM
gf dy = S S ay
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U OTCIOJ4, BBHIY IPOH3BOJLHOCTH O6beMa HHTErphpoBanus,
aﬁ‘k
ft'z axlk' (15!2)

D10 —i3BecTHasi opMyaa, BhipaKatollas oObeMHbIe CHJIbI Yepe3 TeH-
30p HanpsKenui: _

[TpueTyniuM Tenepb ¥ BBIYHEIEHHIO Tensopa nanpsukenuit, Kam-
Abiii MaJiblfi yyacTOK NoOBepXHOCTH MOMKHO paccMarpusarb Kak NJao6-

EKHiA; a TeJO W aneKTpuyeckoe noile BOSU3H HEFO— KaK OJAHOPOAHLIE.

ITosToMy Ans ynpouieHusi BoiBoja Mbl MomeM; G€3 BCHKOINO OrpaHu-
yeHHs OOUIHOLTH, PaeCMOTPETL OAHOPOJAHLIE (N6 €ocTaBy, MAGTHOCTH
W TeMnepaType) muiockOnapajsienbublii €qofi BeilieeTBa (TOMinHHb h),
HaXOAHILHHES B OJIHOPOJHOM 3JIeKTPHUECKOM rofe 1). STO Nbie MOKHO
npeACTaBaATL cebe KaK Co3faBaeMoe NPUJIOMeHHbIMH K NOBEPXHOCTH
CJIOS TIPOBOASAILMMH NJIOCKOCTAMHU (OOKaajkaMu Koujencatopa).

Cnenys ofuieMy Metony onpefejienusi CuJji, NOJBEPrHEM OfHY H3
00KJIAJO0K («BEPXHIOIO») NapasyieJbHOMY BHPTYalbHOMY CMELLEHHIO HA
OeCKOHEYHO Majyl0 BeJIHYHHY §; HanpaBjeHHe § NPOH3BOALHO H He
obf3atenbiO €oBnajaer ¢ HanpasjeHHeM HopMaiH n. Byjem cuurtars,
yTo noreHudan npoBoAHWKA (B KAMIOH €ro Touke) OcTaeTcs MpH
CMElLeH}H HEW3MeHHbIM, a Bbi3biBaeMasi 3THM €MeLleHHEeM O/iHOpOojHasA
aedopManist eaoit AHNEKTPHKA — i30TepMUYHA.

Ha ejuuuny niomany noBepxHoETH JeficTByeT €O ETOPOHEI €aMOFo
Tesla (CJI0A) CHIIA — 00, [IpH BHpTYyanmbHOM CMEUIEHHH 3Ta €Hja
npou3BOAUT paboty —o,./,E;. C fpyroi croponsl, pabota, npous-
BojiuMasi NpH H30TepMUYECKOH fAedopMalldd W TMOCTOAHHLIX NOTeH:

IIMaydx NPOBOJAHHUKOB, paBHa YObIIH BeJHYHHEI SFdV Wiau (Ha enu-
HUIly MJIOLLAJH MOBEPXHOCTH cjos) Benuyunsl AF. Takum obGpasoM,

0;E1, =0 (AF) =h 8F 4 F dh. (15,3)

TepMonnamudeck e BeHUHHBI XHAKOCTH 3aBHCAT (NPH AaHIbIX
TeMraepaType ¥ HaNpsKEHHOCTH [0Jsl) TOJbKO OT €€ [JIOTHOCTH;
AeopMmailiH, He MEHSIOULHE NJOTHOCTH' (JedopMallud CcABUTA), He
OTpa)karoTcsi Ha TepMojuHaMuueckoM coctosHuH. [lostomy pas u3o-

TepPMHYECKOli Bapuaiid OF B XKHIKOCTH ITHILIEM

=_ [ oF OF ____DSE | [ OF
GF_(GE)T’D(SE-I—(—(%)E’T(SF)__—-—&— ($>E’T§p. (15,4)

M3MeHeHHe MJIOTHOCTH CJIOSi BELIECTBA CBA3AHO C H3MEHEHHEM €ro
TO/ILIMHBL CooTHOWeHHeM O0p=— p 8h/h. Bapuanus e 10Js BHIYHC-
JISETCA CIAEAYIOMmHUM 00pasoM.

1) TeM cambiM Mbi OTGpachiBaeM B TeH30pe HATPSMKEHHH UYledbl, KOTOpbie MOIJIH
Obl 3aBHCETh OT rpajMeHTOB TEMNEPAaTypH, MOJA M T. M. ITH UJEHH, OHAKO, HCUe-
3af0i€ MaJikl 1O CPABHEHHIO ¢ UJIEHAMH, He COJepKauldMH NPOH3BOAHBIX, B TOM Ke
CMbICJIE, KAK MaIBL UJenbl ¢ NPOH3BOAHBIMH, KOTOphe MOTJH Ohl NMPHCYTCTBOBATH
B 3asucuMocTH D or E. :



§ 15] QJEKTPUYECKHUE CHJIbI B )XHUAKOM [UIJIEKTPHUKE 03

B nanHyi0 TOUKY IpocTpaHCTBa (C pajuyc-BEKTOPOM ) Mornajaer
NpH CMEHIeHUH BEUIeCTBO W3 TOUYKH r—u, rJ€ uU—BEKTOp CMEUeHus
yacTHll B O0beMe ciosi. [lockonbky B paccMaTpHBaeMblX YCJIOBHSAX
(onHOpomHas nedopMallsi U MOCTOSHCTBO NMOTeHIMana Ha o0KjajKax)
KaxJasd dYacTHlla BeulecTBa nepeMellaeTcsd BMecTe CO CBOUM 3Haue-
HHeM NOTeHLHana, TO U3MEHEHHe [OCJeJHero B AAHHOH TOYKE Ipo=
* CTPAHCTBA €CThb

dp=¢(r—u)—e@(r)=—uVe=uE,

rape E —ojgHopojgHoe mnoJjie BHYTPH HejledopMHpoBaHHoro c¢josd. Ho
BBUAYV OJHOPOJHOCTH AedopMaiul HMeeM

u=-=-§, (15,5)

Fle Z-—paccTosHue OT HuxHell noepxHocTd. Ilostomy Bapuanus
HalpsXKeHHOCTH NOast

8E = — - n (E§). (15,6)

[Toncrapnas Bce nomyuennbie BolpaxeHus B (15,4) U yuuthiBas
Takxe, 4To O =E,=8&n, noayuum

Ok = g (WD) (E)— (8n) p - -+ (gn) F =

E;D,  OF _
= {_Zlﬂ_k_—p % 6!'k+Fafk} gink‘

Orciofa OKOHYATeNILHO HAXOJAUM CJEAYIolnee BhIpaXKeHUe A5 TeH3opa

HalpsxkeHHN:
oF E:D
Ik = [F p( )E, T] 1k+ k' (15’7)

B u3oTponHbIX cpelax, KOTOpble 3Jech U paccMaTpHBAIOTCs, Harpas-
aenusa E u D cosnagawor. Ilosromy E;D,=E,D; u Ttensop (15,7),
KaK ¥ JOJKHO OBRITb, CHMMeTpHYeH !).

Ilpn nuuefiHo#t cBsi3u D =¢cE umeem

F=F,(p, T)—L

=TI, (p, )'—g (15,8)
(em. (10,17)); Fy ectb cBoGosHasi 3HEPTHA €IMHHILI 00beMa BelecTBa
B oOTcyTcTBHe nosas. CorsiacHo H3BECTHOMY TEPMOJHHAMHUECKOMY
COOTHOLUEHUIO, NPOU3BOJHAS OT cBOOOJHOH 3Hepruu 1 r BemiecTBa

______ 145 (B E R WL e

no yAeJbHOMY 06'beMy €CTh JaBjeHHe:

o

1} Tor dakr, 4To B H3J0KeHHOM BHIBOJe Hanpasneude E cosnapgaer ¢ n, He-
CylllecTBeH, TaK Kaxk 3apaliee OUeBHAHO, UTO O;p MOXKeT 3aBHCETh JHIIb OT HAlpap-
jgeids E, Ho He n.
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P,=P,(p, T) ectb TO paBJa€HUE, KOTOpOe HMejoch Obl B cpeje
B OTCYTCTBHE [OJsS NpH JaHHBIX 3Hauvenusix p u T. [Tostomy npu
nogcranoBke (15,8) B (15,7) nonyuum

O=—Po(p, T)0;,— gn [S_P (%)T]‘(Sik_!_eifk' (15,9)

B nycrtore 310 BhIpaXKE€HHE NEPEXOAHT B H3BECTHBIF MaKCBEJJIOBCKHH
TEH30p HalpSKEHHH 3JEeKTpPHUYECKOro nouas?t). .

IM €ACTBYIOT Ha [OBEPXHOCTb pasjena JBE
COTPHKACAONMECH PaA3THIHBIE CPE/bl, JOJIKHBI ObITh paBHBbI U IpO-
THBOMNOJOXKHDBL: 0N, = — Opfly, TA€ BEJIHYUHBI CO IUTPHXOM H 6e3
HEro OTHOCATCS K JABYM cpeiam. BexkTopel HopManu n U n’ HMEIOT
B3aUMHO [IPOTHBONOJIOXKHLIE HANpaBAeHHs, TaK YTO MOXKHO HANUCaTb

O ipily = Oiplly,. (15,10)

Ha rpaHuile ABYX H3OTPONHbIX Cpel paBCHCTBO TaHrCHIIHAJbHBIX
COCTABJALILNX CHI cobi0gaeTcs ToXAecTBeHHO, JleficTBUTENbHO, NOA-
crapuB (15.7) B (15.10) u B3SB TAHrEHIMAJbHYIO KOMIIOHEHTY, I1O-
JTY9UM

E.D,=E;D,.

Ho 3T0 paBeHCTBO YAOBJETBOPSAETCSA yXKe B CHJIY TpaHHUYHBIX yCJO-
Buli nenpepuiBHocTH E, ¥ D,. Yc/aosHe K€ PAaBEHCTBA HOPMaJbHBIX
COCTABJSOMMX CHA JaeT HETPUBHAILHOC YCJOBHE, HalaraemMoe Ha
pa3HocTb JaBienuii B o0€HX cpejax.

PaccMoTpuM, Hanpumep, TpanHuily MeXKAY XHAKOCTbIO H aTtMocde-
poii (a/asi THocaeiHell MOXKHO nojgoxHTh €=1). OT™Meyas WTPHXOM
BEJHUHHBI, OTHOCSI{HECH K aTMocdepe, H NOAb3YACh [1d O, dop-
MmyJsofi (15,9), noayuum

E?® 0 1 , ,
—Po(0 T+ i 0 (3), + o (B3—ED) = — Pyt (B — EP).

Yuuteipas rpanuunble ycaosus E;=E;, D,=¢E, =D,= E,, nepe-
MHIIEM 5TO PaBeHCTBO B BHJE

E? {0 —1 :
Py(o, TV —Par=5 (55 ), — S5 CEZHED. (15,11

ITO COOTHOLUEHWE HAJ0 NOHUMATh KaK YpPaBHEHIE, olipelesstoliee
MJIOTHOCTb O KHAKOCTH BOJIM3H €€ MOBEPXHOCTH N0 HANPSKEHHOCTH
3JIEKTPUUECKOTO MOJS B HEH.

OnpefennuM Tenepb AeHCTBYIONINE B JUIJMEKTPHYECKOH cpeje o0beM-
Hble cuabl. Jluddepenuupys coraacuo (15,2) pwipaxenue (15,9),
OJYYUM

S 2 3 2 g 0
o= [ Pots o (&) | =it | = v b B0 |

1) CMm. npuMevan#e Ha cTp. 49.
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Ilpu yuere ypaBhenust div D ==0D,/0x,=0 BblpaxkeHUe B CKOGKax
B NOC/EIHEM WI€HE CBOJUTCH K CyMMe

3F, OF; ‘0E, OE;
—eEy gt Dyl = —Dy (-3,

obpamatomieiics B HyJb BBUAY Toro, 4to rot E=0. Takum obpasoM,
nosyyaem

1 de L?
- 0 87 dp /T 81 ’

(H. Helmholtz, 1881).

Ecin B puaseKTpuKe HMEIOTCS CTOPOHHHE 3apsagbl ¢ o5bheMHOM
NJIOTHOCTBIO Q.., TO K cHne f jnobasutcsa eme uien E div D/4m; no-
cKoabKy div D =4mp,,, TO 3TOT YJeH paBeH

~t

o. E: (1

Cr—'7

5.13)
J

7

HE cJellyeT, OJHaKo, AyMaTb, 4YTO 3TOT pe3yJbTaT CAMOOYEBHjEH
(cp. 3agauy 3 § 16).

rase, Kak y»xe Obulo yKa3aHO B § 7, MOXKHO CUMTaTh PasHOCTh
¢—1 nponopuuoHanbHoli ero njorHoctH. Toria pde/dp=e—1 u
dopmyna (15,12) npuHumaer Gosee npoctoii BuA:

—1
f=_“VP0+88ﬂ

grad E?, (15,14)

Dopmyna (15,12) cnpaBeanuBa jjis cpen Kak OmHOPOAHBIX, TaK
U HEOJHOPOJHHIX MO CBOEMY coctaBy. B HeogHopoaHoli cpeje e
ABASETCA (yHKIHER He ToabKOo o W T, HO MW MeHslleAcs BAOJb
Cpejbl KOHIEHTpaluH cMecH. B ofHopoaHOfl XKe mo cocraBy cpefe &
ecTb PyHKIHs Toabko P, T, U grad & MOXKHO pacKpHITb Kak

o= (a7 ), 5T+ (&) %o

Torpa (15,12) npuobperaer BuA:

f=—VP (o, T)+4=V [EZ (gﬁ)]——gg (%‘;’-)va. (15 15)

Ecnn # Temnepatypa nHOCTOSHHA BAOJbL Teéna, TO TPETHH uneH obpa-
U aeTCst B HyJb, a B €PBOM MOXKHO 3aMeHHTb VP, Ha pV, (coriacho
H3BECTHOMY TEPMOAHHAMUYECKOMY COOTHOLUEHHIO AJsi XHMHUECKOTO MHO-
TEHIHaJa B OTCYTCTBUE noas: pdf,=dP,—S,dT) u

o [a B () ]-mer 0510

rie {— XMMHYECKHI NOTEHIHaJ BELIECTBA B 3JEKTPUUECKOM IoJe
(em. (10,19)).
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B uwactHocTH, ycaoBHe MexaHHueckoro paBHoBecusi f=0 npu
MOCTOSHHOH TeMmnepaType Nacur:
T2
Y (.%)Tsconst (15,17)
B COrJAacHH € OOWHM TepMOAHHAMHUYECKHM YCJOBHEM PaBHOBECHS.
OObIYHO 5TO YyCJAOBHE MOXKeT ObIThb HamucaHo B eme Oosee npocToM
BUjae. VIamMeHeHHe NJOTHOCTH cpeab! LOJA BJHAHHEM TOJA CaMo Mpo-
poAHa 10 CBOEH MNJOTHOCTH, TO W MPU HAJWUYUH NOJAS B MNOCJEHUX
ABYX uneHax B (15,10) caegyer mnonarars p=const; yuer uamMeHe-
HUA O B QopmyJsax, NpeAnoaraouiux JHHeHHY0 cBa3b D =¢E, Obln
Obl npeBbllUEHHEM HX TouHocTH. Torpga, npupaBHuBas Hymo f u3
(15,15), nonyyuM LipH NOCTOAHHOH TeMNOepaType YCJIOBHE PaBHOBECHS
B BUJE

P, (p, T)—gj(@)T:const, (15,18)

8n \dp
orandaromemes or (15,17) tem, uro B™Mecto , B HeM CTOUT P,/p.

B 3akmroueHue 3toro naparpaga nokaxkem, KakuM oOpa3oM MOKHO
BbIBECTH HENOCPeJCTBEHHO BhipaxkeHue A5 cuabl (15,12) ua dopmyasl
(14,1),— eciy He cTaBHuTh cee 1esbl0 BbIYHCIEHHE TeH3opa Hanpsi-
KEHHUH.

PaccMoTpuM HeorpanH4Y€HHYIO HEOJHOPOJHYIO HHIIEKTPHUECKYIO
cpeay, MNoOJABEpraeMyto H30TEPMHUYECKOR Masoi Jedopmanuu, obpa-
mammeics B Hyab Ha OeckoHeuHoctH. Bapuanua 8e ckaagpiBaercs
H3 JBYyX uacrte#i: 1) W3 u3MeHeHUs

g(r—u)—e(r)=-—uvye,

CBA3AaHHOrO C TEM, 4TO B Pe3yJbTare AedopMauuH B 3aJaHHYIO TOYKY I
NPHXOAHT YaCTHLA BEIECTBAa H3 TOYKM F—u, U 2) H3 H3MEHeHH$
e .

— | = di
(5) e v,

CBI3aHHOIO C H3MEHEeHHeM [JIOTHOCTH BelecTBa B TOYKE I Kak
uspectHo (cM. VII § 1), divu ectb orHocuresbHOe H3MEHEHHE 3e-
MeHTa o0bE€Ma H [OTOMY H3MEHEHHe IJIOTHOCTH ecth O0p = — pdiv u.
Takum obpasoM, BapuauHs cBoOOJHOH SHEPrHu:

0
+{= [u ve 4 (g—g)T pdivuJ v (15,19)
(nepBblil wieH —BapHalus CBOGOJHON 3HEPrHH B OTCYTCTBHE nos).
ITpounterpuposae B (15,19) unenst ¢ divu 1no yacTAM W CpPaBHUB
pe3y.1bTaT ¢ BbipaxKeHHeM O — — (uf dV Bapuauuyu cBoGOJHON 3Hep-
ruud uepe3 pabory cua f, non3.'qHMU(15,12).



§ 16] ANEKTPUYECKHE CHUJIbI B TBEPLIX TEJAX q7

§ 16. JDaexTpHuecKHe CHJIBI B TBEPABIX TeJaX

,H,HSJIeKTleIeCKHe CBOHCTBA TBEpAOro teéjga MEHSATCA HE TOJLKO
IIpH H3MCHCHHH €ro IJIOTHOCTH (KaK Y }KH)IKOCTH), HO H [IPH )1e(pop-
MallHgX, HEe MEHAKOIHX NOJOTHOCTH (C,ILBHI‘&X). Mur paCCMOTpHM cHoa-
YaJjia T€Jjid, KOTOpbi€ B OTCYTCTBHE [OJA H3OTPOIIHBI. ,,u,cq;upivi&ilh'n
Hapyliaer, B006HJ,e roBopsi, HU3O0TPONHK TEJA; B pE3yabTaTe CTAHO-
BATCHA AHH3OTPOINHLBIMH TaKiKE€ H €ro JHU3JCKTPHYCCKHE CBOﬁCTBa, H

CKandApHas JHICKTPHYCCKAasA IIPOHHIACMOCTb € 3aMCHACTCHA JHIJCKT-

PHUYECKHM TEH30POM €.
Cocrosinne caabo jeopMUpOBAHHOrO TE€aa ONHCHIBAeTCst, Kak

M3BECTHO, TEH30poM AedopMalluu
4 I du; _|_6uk)
ik = dx, | Ox;
rge u(x, y, 2)—BEKTOp CMEIIeHHS TOYEK Tesa., BBHIY MasjoCTH 3THX
B&JIUYHH B H3MEHCHHH KOMIIOHECHT £;, JOCTATOYHO OTPAHHYHUTLCH JIHLIb

YJIeHaMH NepBOro Nopsjaka no 4;,. CoOoTBETCTBEHHO 3TOMY MpeacTa-
BUM JH3JEKTPUUYECKHHA TeH3o0p Ae(opMHPOBAHHOIrO TeJa B BHJE

&5 7= €0+ Ayl iy - At 0 . (16,1)

31ech  &,— AUIEKTPHYECKAs NPOHHUILAEMOCTb Heae(opMHPOBAHHOIO
TeJla, a NOCJA€JHUEe JBa ujaeHa (C AByMs CKaJspHLIMH NOCTOSHHBIMH
a,, a,) NpeacTasasioT coboil Haubosee oOUIHEA BUjA TE€H30pa BTOPOTO
paHra, KOTOPbIH MOMKHO COCTaBHUTbL JIMHEHHBIM oOpasoM H3 KOMIO-

HEHT TCH30pa U,
[locMorpum Tenepb, B KaKoM NYHKTe AOMKEH OBITb H3MeHeH

FTEw A TT TTYIFTTTOAR S nrarnaduna | [ PSR,

BBIBOA, H3JIOKEHHbIK B GPCABIAYIIEM Lidparpa@e. 110CKOJABKY B TBEp-
goM Teae F 3aBHCHT OT BceX KOMNOHEHT TEH30pa AeOpMaiuH, TO
pmecto (15,4) Hago nucarb

~

6F= D6E+a » k'

Ilpu paccmarpuBaemMoM BUPTyaJbHOM CMEMIEHHH BEKTOpP W jaercd
¢dopmyaofi (15,5), Tak uTO TeHsop aedopmaiUu

1
Uip= 5}1 (-EJz'nk + Eknt')'

[NopcraBus 310 B OF W yunTHiBasi CHMMETPHIO TEH30PA 4, (2 NOTOMY
U NpOU3BOJHBIX OF /0u;.), noayuum

6F — ﬂ—_D(SE—{-}IlaaF E iy, (16,2)

¢ . J. Jaugay, E. M. JIndmang
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Tenepp sicHO, 4TO A/ TeH30pa HANPSKEHHH Mbl NOJYYHM BMECTO
(15,7) cnenymomee BbipaxkeHue !):

= oF E:D
GikzFﬁfk+(m>T’E+_4h_k- (16,3)

dopmyaa (16,3) npumeHuma npu Jawboi 3aBucumoctd D ot E.
Ilnst nenupo- (4 Henbeso-) 3TeKTPUUECKOTO Tena, B Kotopom D, =e; E,,

F paercs ¢opmynodi (13,4), U Anst HYXKHBIX HaM INPOU3BOJHBIX NO-

JyYaeM
oF _oF, 1 .
duje  ouip 8w (@ EiEp+ a,£?0y).
[Tocne storo Be3me B (16,3) noaaraem g;,=¢g,0;, 0 HaXOAUM CJe-
JyOMmyo GopmMyny AJS TEH30pa HanpsKeHHH:

28, —a e, a
01p =0 +—5— E;E,— 22 £28y; (16,4)

0% ecTb TEH30p HANpPsKEHUH B OTCYTCTBHE 3JEKTPUUYECKOIo IIOJH,
onpepensomuiics yepes MOAYJIH CABHra W CXKaTHsI O OOBIYHHIM (op-
MyJlaM TEOPHH YINPYTOCTH.

[lepefiem Tenepb K aHAJOTHUHLIM BBIYHCJACHHAM JIJIS aHH3O0TPOIl-
HEIX TBepablXx Ten ?). VameHenus, koropbie noaXKHB ObITh NPH 3TOM
BHECEHbl B H3JIOKCHHBIH BHIUIE BHIBOJ, 3aKJ0YATCSH B CJAEAYIOLIEM.
Ilpu BUpTyaabHOH JedopMalHH CJ1051 BELECTBA €ro KpHCTaJJaorpa-
()HUeCKHE OCH HCHbITHIBAIOT NOBOPOT, B pe3yJbTaTe 4ero MeHsieTCs
HX OpHEHTalUs N0 OTHOLUEHHK K 3JEKTPUYECKOMy MnoJw. Bruay
AHH30TPONHHU JAU3JEeKTPUUYECKHX CBOHCTB KpHcTandnia 3To o0cTosTenb-

fads sl *Fat MTNTIDATLIT r MTATITATITITO ITLITNAMMLS TAANMAITOTTITN p O VITTAITIINARMLT
il l.ll.}l’.lDU,U‘l’.l 1 3 Iy AMLIVVLIILI .l\.u“.]JII.U.L\lJ' FOLALVIC I RLTMINS 1 [P A J’ 1 l.\,ll.llUlVl-y

B (16,2). Ilpu BhIYucaeHHH 3TOrO H3MeHeHUs 0Oe3pa3uyHO CUHTATh,
OCH JH KPHCTajja TOBOPAYHBAIOTCH HA HEKOTOPLIH yroj O¢ OTHO-
cUTenbHO nossi E uau noJje NOBOPAUYHMBAGTCSH OTHOCHTENBHO ocedl Ha
yron —O&¢; BTOpOi crocob Gosee yaobeH.

1) Bennunna F B 3Tof ¢opMyJie, Kak H Be3le Bbillle, eCTh CBOGOAHAA 3HEp-
riis, oTHeceHHas K eZHHHIlE ofbeMa Tena. B TEOpHH yNpPyrocTH, oJAHAKO, OGRIYHO
NPHHHMACTCR HECKOJAbKO HHOE Onpefesenie; TepMOAHHAMHUECKHE BENHUHHB OTHO-
CAT K KOJHYECTBY BeulecTBa, 3aKJ/OUCHHOMY B €IHHHIEe oObeMa HeledopMHpOBAH-
HOTO Tela, KOTopoe nocse 1epopMHPOBAHHA MOMKET 3aHAThL HECKONLKO HHOH 0GheM.
Ilepexor oT OAHOro oONpefiesleHHsl K IPYroMY Jerko NPOH3BECTH, BhipaxKas oTHO-
culeJbHOE H3MeHenHe obbema NpH AedbopMauuu uepe3 TeH3OP 4;p (BBHAY HAJHUHR
B (16,3) npoussBofHON Mo #;p 3TO HAA0 CI&AaTh C TOUHOCTBIO 10 YJEHOB BTOPOrO
nopsanka). B pesyawrate o6a nepseix usexa B (16,3) cBel1yTCA K OZHOMY ujieHy

BHJA O0F/0u;p, B corjlacuH ¢ OOBYHOH (OPMYJOH TEOPHH YNPYrocTH.

%) Mbl yBuaam B § 17, uTo sABAeHHE 3JEKTPOCTPHKIMH B KPHCTAMJIAX MOXKeET
NpH oNpefieJeHHbX THNAaX CHMMETPHH BeCbMa CYMIECTBEHHO OTVIHYAThCH OT 3JIeKTPO-
CTPHKUHMH H30TPONHEIX TeJ. Takue KpPHCTAMIL HA3bIBAKOT 16€3034eKMPULECKUMU.
3nech ke OyleT HATH peub 00 37JeKTPOCTPHKUHH B HeNbe303JeKTpAuYeCKHX KpHC-
Tajax.
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Takum ofpasoMm, K Bapuanuu noas (15,6), paccmaTpuBaBLIEHCH
HaMuy paHee, Hajo npubaBuTL H3MeHeHue E npu moBoporte Ha yroua

— d:

6E =— 5 n(E¢)—[Sg-E]
y oI 8w cRran a4y ¢ ReKTONOM CMeneHUud 1 rnnu nechboDM AT H nmocnan-
1 Ul U w5100 A L% j\j,\JtJ\JLV,l SrifirlilN-ll1L271 L) lll.}xl H\a\tl\_lt}l.vl\—lll.xlll \J\.-t.r\.p,{_\
CTBOM 6(p— ,Tot 1 (3TO paBEHCTBO JErKO MOJYYUTh, 3aMETHB, 4TO

npu l'lOBOpOTe tTesia Ha yroad O@ ero TOYKH CMElaloTesi Ha u =
= [8¢-r]). TToncraBuB cioga u u3 (15,5), momyunm

— o [v2-8] = o [nE],
4 3aTeM

8E = — = n (E&)+-o; [E [n&]] = — 5 {n (E¥) +& (nE)}.

PR I A e TN

IlepBbiit unen B (16,2) npuHumaer BUf

ging E;Dp+ ED;

— & D 8E = .- {(nD) (XE) + (§D) (nE)} = 5 E0et

Orciona BuaHo, 410 B (16,3) npouspenenue E;D, 10MKHO ObITL 3aMe-
HEHO CTOsilled 31eCh B CKOOKAaX M0J1YyCYMMON:

= oF 1
0= FOy 45—+ iz (EDu 4 EuD)). (16,5)

OTMeTHM, UTO IIOJyYEHHOE BLIDAXKE€HHE ABTOMATHUECKH OKAa3bIBAETCS,
KaK H JOJI)KHO ObITb, CHMMETPHYHBIM IIO MHJAEKCaM i U k.

Uro KacaeTcsi [JM3JIEKTPHYECKOro TeH3opa aehopMHPOBAHHOLO
pHCTaJIJIa TO BMECTO BhIpAEHUS (16,1) ¢ aByMS CKaJIAPHLIMH HO-

P - - = ax TEREAFmE A - e~ r Ty

TOAHHBIMI | y €M HMCTD B Uuuj,cm Clydac BbIpaXeHHC BHjAa
— ol
it =ik T Uipymbyms (16,6)

rae Q;,;,—NOCTOAHHbIN TEH30p YETBEPTOr0 paHra, CHUMMeTpPHYHBIH
110 TapaM HHJAEKCOB [, k2 u [,m (HO He CUMMETPUYHLIH O OTHOWIEHHIO
K MepecTaHoBKe mapel i,k ¢ napoit {,m). Uucao oTAUYHBIX OT HyJs
HEe3aBUCHUMbIX KOMIIOHEHT 3TOr0 TEH30pa 3aBHUCUT OT CHMMETpPHH
KPHUCTaN1a, a HMEHHO OT €ro KPHUCTAJJIHWYECKOro KJacca.

Mb! He cTaHeM BbLINHCHLIBATL 37ech (QOpMyJbl [Jsi T€H30pa Hanpsi-
xKeHu# (aHanoruyHoi (16,4)), noaydarouelics npH HCHOJL30BAHHH
(16,6).

ITonyuenHbie (GOpMYJIbI ONPEAENAOT HanpsixKEHHs BHYTPH TBep-
Joro guaiiekTpuka. OHM, ONHAKO, HE HYXHbl, €CJIH Mbl XOTHM OIpe-
JeNUTh noJHylo cuay F uan noadoiii MomeHdt cua K, npefierByiomue
Ha TeJ0 CO CTOpOHbI BHEIHEro ioJs. PaccMoTpum Teso, morpyxes-
HOE€ B XHAXVIO (MMM ra3o00pasHyio) cpeiy M ylepxKHUBaeMoe B HeH
HerofBUXKHO. [lomHas JeficTByrolnasi Ha HEro CuJia paBHA HHTErpaJy

4%
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56 O;sNydf, B3ITOMY MO €ro noBepXHOCTH. B CHJly HelpephIBHOCTH

cnn 0;,M;, 0€3pa3anyuio, BLIYUCSIEICS JIU 3TOT HHTErpas no 3HAYeHHsIM

O Ha (16 4), wan us gopmyast (15,9), oTHocamedca K okpyxKaro-
med Temo cpefe. IlpeanonoxuM, uto 3ta cpejla HaXOAMTCA B MeXa-
HUYECKOM H TellJIOBOM paBHOBeCHH. Torjga BbUHCJIeHHE ellle Gosee
ynpouaercs, ecJii yuecTb yCiaoBHe pasHosecus (15,18). B cuay storo
YCJIOBHSl YaCTh TeHzopa nanpsixkenui (15,9) okasbiBaercsa nocTosiH-
HbIM B)lOJIb cpenbl paBHOMeprIM CAKHUMAIOIIUM (mm paCTﬂrHBammHM)

Ha TeJo crmy F u mMomentr cun K. IIJIH BbIYHCJEHUA HOCJIe)lHHX
MOZKHO, C/l€J0BaTEeIbHO, MUCATb O;, NPOCTO B BUJE

0, = (E E,— ls,k) (16,7)

rae E—noae B XKHUJIKOCTH, a4 £ —ee AHIJMEKTPHYUCCKAn NPpOHHIIaEeMOCThb

3TO BbIpd2KE€HHE OTIHYACTCA OT MAKCBEJIJOBCKOIO TEH30pa Halpaxe
HU | JEKTPHYECKOrO NOJIA B NYCTOTe JHUIUL MHOMXKHUTEIEM €. Takum

obpasom:
~L ﬁ{ (nE) — E*n }df, (16,8)
- ;-_n 55 {[rE](nE)—-—IQ— E* [rn]} af. (16,9)

OTMeTHM TaKxe, YTO MOCKOJBKY MKHAKOCTb HAXOMMTCA B DPABHO-
BECHH, TO B 3THX (OpPMYyJaX MOXKHO MPOH3BOJHTL HHTETPUPOBaHHE

no moGOoHA 3aMKIyTOH NOBEPXHOCTH, OXBATHIBAWOMIEH PacCMaTPHBAEMOE
Te0 (HO, padyMeercsa, He 3akJjmoyaromed B cefe 3apsiKeHHbIX Tel,
SIBJASIIOIMXCS HCTOYHUKAMU T10J191).

K Bopocy 0 BbIYHCJIEHHUH [OAHOK CHUJBI, JeHCTBRYIOIER Ha au-
3MEKTPHK B 3JEKTPHYECKOM Tojie (B INYCTOTE), MOXKHO NOMOHTH U
C ApYrod TOYKH 3pEHH:, BhIpaXas ee He yepe3 (PaKTHYECKH CYIecT-
BylOlee 1oJse, a yepes To nose &, KoTopoe co3jaBajoch Obl 3aiau-
HbIMH HCTOYHHKAMH B OTCYTCTBHE JHM3JEKTPHKA; 3TO €CTh TO «BHELIHee
roJe», B KOTOpoe BHOCHTCA Teqo. Ilpu a3rtoM npeanmosaraercqa, 4ro
pacripefiesienue 3apsjloB, CO3MAIHUX 1107, He MEHSeTCs NpPH BHece-
HUM Tesia B MoJie. IT0 yCJI0BHe MOXKeT (akTHYeCKH He BbINOJHATHCH,
HanpuMep, eCJu 3apsiibl pacnpejie/eHbl 10 NOBEPXHOCTH [POTsKeH-
HOrO MpOBOJHHMKA U JUIEKTPUK [OAHOCUTCA HA KOHEYHOE pPacCTos-
HUE K HeMy.

ITpu BupTyanbHOM nHapajjiebHOM MepeHoce Tea KAk Iel0ro ua
OecKoHeuHO MaJjioe PaccTosHue U nojunasi CBo6oAHAS SHEPTHUS Tela H3-
MenuTcs cornacuo (11,3) Ha

8F = —(Poeav,
rae
06 =€ (r+u)—6€(r) =(uy) &
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ecTb M3MeHeHHe noas & Mo OTHOIUIEHHWIO K 3aJaHHOoN Touke Teaa. [lo-
ckosibky u=const u rot & =0, umeem

P (u¥) & = (PV) (u6) = u (PY) &

TaK 4TO
8F — —y \(PY) @ aV
J A Sl P O
C npyroit croponsl, 8 — —uF, W MBI NPHXOAHM X CJexyloLLeH
¢opMmyJie AN UCKOMOH CHJBL 1):
F={(Pneaw. (16,10)

AHasnoTHYHBEIM 0Opa30oM MOXHO ONpPEAeJUThb TNOJIHBIH MOMEHT CHJI,
JefcTByOUUX Ha Tesno. He ocTaHaBnauBasch Ha COOTBETCTBYIOIIHX
BBIUMCJCHUAX, YKaXKeM pe3yJ/bTarT:

1‘7 4 M 11

(16,11}

B kBa3uoaHOpOXHOM NoJ€, KOTOPOE MOXKHO CHHTATh IOCTOSHHBIM
Ha NPOTSKEHUW pa3MepoB Tena, ¢opmyaa (16,10) B nepsom npuéb-
JIMKEHHHU HaeT

— t’ ¥ rf‘ Fa o gy oy |
%)I_ S- 1/,1._3“'.([1‘7) J

F=({Pavv)e=(pve, (16,12)

Tlile J°—NOJNHBIH AUTONbHBIH MOMEHT NOJSAPH30BAHHOIO AW3JEKTPHKA,
YTO, pasyMeeTcs, MOXKHO OblI0 Obl NOAYUHUTL M NPAMBIM JAHpdepeH-
uuposanuem & u3 (11,8). B dopmyase (16,11) B nepsom npubauKe-
HUH BooOllle NpeHeGperaeM BTOPHIM WJIEHOM 10 CPaBHEHHIO C TNEPBHIM

H HpHXOJIHM K eCTEeCTBEHHOMY peayanaTy:
K =[P6]. (16,13)

3agaumu

1. Juaaexktpuueckufl wap (paauyca a), HaxoAsIKHACS BO BHeUIHeM OJHOPOMI-
oM noqe (F, pa3pesad Ha JiBe NOJOBHHBI I1IOCKOCTHIO, NeprleHAHKyaspuoit X na-
npasJaeyuio noast. OnpeleduTb CHAY TIPHTSKEHUS MeXAy NOJYIapHsaMy.

PeweHue IlpeactaBaseM cebe noJywapHs pasjieleHHbIMH OeCKOHEYHO TOH-
KOl IeJbl0 H onpeiesseM culy no dopmynae (16,8) (¢ e=1}, npoussoass B Helt

WHTerpUpOBatike 110 NOBEPXHOCTH ToJAywapHs, rpuieM E—HanpsixkenHocTs 10/
B mycroTe y roeepxuocTd. CorsacHo (8,2) noJe BuyTpH lUapa OIHOPOAHO K PABHO
EW =3 /(2 ¢) (e —Ou3aTeKTpHuecKas NPOHUILAEMOCTD wWapa). [lose B meau nep-
MeHAUK yISPHO K [OBEPXHOCTH W paBHO

E—Di ="
24

3(5"

1) TonuepkHem, OIHAKO, UTO MNOJABIHTErpa/jbHOe BLIpaxeHHe B 3TOM HHTerpaJte
HeJab35l UHTEPIPETUPOBATb KaK O0BeMHYIO NJIOTHOCTb cuda. Jlelo B TOM, YTO Mect-
Hble CHJIBI B JIH3JIEKTpHKE CBA3aHbl He TOJIbKO ¢ rojeM (§, HO K ¢ COOCTBEHHBIMH
BHYTPEHHHMM TOASMH B HeM, KOTOpble, B CHJAY 33KOH3 COXPAHEHHS UMIVJ/bCa, He
JAl0T HUKAKOro BKJalda B IIOJHYIO CHJAY, HO BJIRSIOT HA paclipejaeaedude ¢l 1o
obbeMy Tena.
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Ha pHeluHeli Ke rioBepXHOCTH luapa

. 3e - .
Er:D;t)zﬂ—e(Ecos@, Eg=E} = — 8(Ssme,

rae 0—yron mexny paadyc-BeKTOPOM M HalpaBJieHHeM (§.
Briusicesive uHTerpana npUROAUT K CUJIE NDUTHAKEHUS

9 —1)? .
Fetgemar ©C

2. OnpeaeauTh U3MeHEHHe (JOPMEI JH3JIeKTPUUYeCKOro luapa BO BHEIUHeM OJHO-
POJIHOM 3JeKTPHUeCKOM IoJe.

PenleH e BrnoaHe aHalolHYHO peienwo 3ajauu 4 § 5. [lpu onpenenenuu
H3MeHeHHsl OpMH npelnonaraeM o6beM wapa HeuzMmeHnuwM 2). Ina ynpyrod ua-
cTd CBOGOAHOH 3HEpPruH MMeeM TO JKe BblpaKeHHe, yTO H B 3ajade 4 § 5. Oiekr-
puueciiass 4acTb JaeTcsl BbipaxelneM

1 Vo oew_1

—_ P = — = - - = ‘.2
27" 8n 14-n(e¥—1) ~

(cM. (8,9)), npuueM AK3/JIeKTpHUECKAs IPOHMIIAEMOCTH BJO/Ib OCH X CorvacHo (16,1)

2a 20y, a—b
E(x)zgo‘f‘al”xx:-go‘f"gl’(”xx“”yy)=80+‘3—1 r

U3 ycaoBUS MHHUMyMa Toanoli CBoGojHOR 5Heprun HallfeM (C yyeTOM MaJOCTH
UCKOMOH BeJHYHHbI):

a—b  96% (gg—1)*4-5a,/2
R 40y (801 2)° .

[Ipu ey — o0 2TQ BHIPaXeiHe NEPeXONUT B pe3yabraT AAS NPOBOJASLLEro luapa.
3. OnpezeauTh o6LeMHble CHJbi B M30TPONHOM TBEPJOM [UIEKTPUKe TPH Ha-

JMUIUH B HEM CTOPOHHHX 3apSAO0B; TeJO TPeANOJNAraeTcs OfoPOLHBIM.
Pewesue. [lpeanonaras &€;, @y, @, NOCTOSTHHBIMI H UCHOJAB3YS ypaBHeHUS

fOtE:O, leD ~ 80 le Em4ﬂ-pcr,
no.1yaum u3 (16,4)
_ doyg :ao'i-%) 1 ( Iy

JE?
fi= 5 +az> _a;;”}‘(l_—ga') PcrEi-

2¢e,

dxp  Oxp 8

§ 17. IIbesoanexrpuxu

BHyTDEHHHE HANPAXKEHUSA, NOABJAKILNECT B H30TPOIHOM AH3JEKT-
plIKe B 3/JEKTPUUYECKOM I0Je, NPeACTaBIA0T cob0Hh 3(dekT, KBagpa-
Tuunbli o noaw. Takoil xe addekT uMeeT MecTo W B KPUCTALIAX,
OTHOCAIIMXCA K PAAY KpUcTawrorpaduueckux kaaccos. Ho npu

1) CoBnajieHue Npeneta 3TOTO BbipPakKeHUS NIPH € —s 00 ¢ Pe3yJAbTATOM 33134l 3
§ 5 i Nposoasllero mapa cJayuadHo (B AeHCTBHTEIbHOCTH [axe 3HAK STHX CHJ
pazinyeH). PH3HUECKAS HEIKBUBAJEHTHOCTH OSOMX CJayuaeB sICHAa H3 TOrO, UTO
B 1UeqH MEXAY ABYMS IIPOBOJALLMMH NOAYIWAPHAMME (HAXOAAUIUMUCS NPH OQUHAKO-
BOM MNOTEHLUHaJe) HeT LoJg, a B NaHHOH 3ajayve —eCThb.

%) Mamenenne oduema onpejeasierca B 3ajaue 1 § 12.
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Onpeje/eHHBIX THIAX CHMMETPHH 3JIEKTPOCTPUKLIHOHHBIE CBOHCTBA KpPH-
CTa/IOB MMEIOT CYIUECTBEHHO HHOH Xapakrtep. BuyTpennue nanps-
JKE€HHs, BO3HHKAIOLIHE B 3JIEKTPHUECKOM I[0JI€, B 3THX Tesax (nses0-
JAEKmMpuUKax) TpPONOPLUOHAJNbHE! nepBoil crenenu nogas. Ccoteer-
CTBEHHO HMeeT MecTo M O06paTHbIl  3(hQeKkT — AepopMUpOBaHUE

U2 ~ATTNYATOSE 1700 an TN
nuESOBJEEKTpunu \.,uulJUDumAa\..lbn uU)‘lDdC

IIMOHA/ILHOTO BeJUYHHE AedopMaiHH.
Mgrepecyack B Nbe303/1€KTPUKE JHIIL OCHOBHBIM, JHHENHLIM 3¢-
(dexTOM, MBI MOXKeM npeneGpeub B obuiedt copmyse (16,5) xsappa-

T ™ To TT M TPy N T e

HAEM B HEM [i0Jis, IMpOHOp-

THYHBIMH O TNOJIO yjenaMu. Joraa

z oF
O =F0;,+ ( S )T, E

Huxe B 3TOM naparpacde Mel OyieM M0Jb30BATECA TEPMOAMHAMHU-
YECKMMH BE/JIHUYMHAMH, OTHECEHHBIMH K KOJIMUECTBY BEILECTBA, 3aK/IO-
YEHHOMY B €JUHULE 06beMd HeAeOPMUPOBAHHOIO Tela (CM. HpHMe-

yanue Ha crp. 98). Ilonumaa F B 3TOM CMblc/Ie, Gy1eM MMETb IIPOCTO

aF
"fk:(au,-k )T’ ; (17,1)

CoOTBETCTBEHHO TEPMOAMHAMHYECKOE COOTHOWleHHe A  jaudepen-
uvaaa dfF 6yner

dF = —8 dT +0,,du—-D dE. (17,2)

[To nosoay nocsejHero yjieHa Hajo CAeMaTb CJEAVIOLLES 3aMeYaHHe:
B TaKOM BHJE 3TOT uJjieH (nepeHecenHsifi ctoxa us (10,9)) orHocurcs,
CTpOTO TrOBOPA, K elnHulle ob6beMa jedopMupoBaHHOTO Tenaa., He
YYUTBIBAA 3ITOrO, MBl AONYCKaeM OWHOKY, KOTOpas, OJIHAKO, B JaH-
HOM cJydae (119 Nbe303JTEKTPUKA) AB/AETCH BEJUYMHONH OOJIee BbI-
COKOro nopsjKa MaJoCTH, YeM OcTajdbHblEe uJjeHbl B (17,2).

B (17,2) poib He3aBUCHMBIX NEPEMEHHBIX HILPAOT KOMIOHEHTH
TeH3opa u;,. MHorja GpiBaeT yno6HO MOABL30BATLCA B KAUECTBE Ta-
KOBBIX KOMMOHEHTaMH G;,. [l1s 3T0rO0 Hajo BBECTH TEPMOLHHAMH-
YECKHH NOTEHLMaJ, ONpejesnsieMblil Kak

HAns nuddepenuuana atoil pesiMuuHbl GYIEM HMETb
= 1
d0 = —S8 dT —1,do;,—— D dE. (17,4

nOﬂqepKHEM, 49TO BBCJACHHUE B 3JIEKTPOAUHAMHKE TEPMOJHMHAMHUYECKOTO

norexuuana @ cornacno c¢opmynam (17,3) u (17,4) csazano co
CIPaBejiyIMBCCTBIO COOTHOWIEHHA (17,1) U MOTOMY BO3MOMKHO JIMIIL
LA be303/JeKTPHUYECKHUX TeJl.
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Omnpenenus TakuM 06pa3oM HYXHbIE HaM TepMOJMHAMHUYECKHE
BEJUYUHBI, [epefijileM K ONUCAHUIO Ibe303JIEKTPUYECKHX CBOHCTB
KpucTaanos. Buibpas BenuuuHer 0;, H £, B kKauecTBe HE3aBUCHUMBIX
epeMeHHBIX, MBI JOJXKHBI paccMaTpuBaTb HHAyKUHIO D kKak HX
(PYHKLHIO, 2 B PA3J0XKEHHH ITOH PYHKUHH HAJO COXPAHUTL 4YJEHbI
IIepBOro MOpsjKa No HUM. JIMHeHHBe 4JeHBl pas/OoxKeHHs KOMIIO-
HEHT BEKTODa IO CTENEHAM KOMIIOHEHT TE€H30pa BTOPOro paHra B Haubo-
Nee o6LIeM CTyyae MOTYT BbITb HalUCaHbI B BUJE 41y, klckl’ rie CoOBO-

(MHO}KHTE.HI: 4n BBEiCH ATA y1{06CTBa) HOCKOJIbe TEHSOp le CHM-
MeTpU4EH MO CBOMM HHJEKCaM, TO SICHO, YTO W TEH30D ¥, ,, MOKHO
CYHTATh CHMMETPHYHLIM [0 COOTBETCTBYHOLIUM [BYM HHIEKCaM:

Yi, et =Yi, te> (17,9)

AJ1s HACJSITHOCTH MBI OTHENSeM 3ansiTol CHMMETpPHYHYIO Mapy WH-
JeKcoB R[ OoT TpeTbero HHAekca. DyjaeM Ha3bIBATL TEH30D ¥;. k
Nbe3031eKTpUYecKUM. Ero 3ajaHueM MOJHOCTBIO ONpeRensioTcs Mbe-
3091eKTPHUECKHE CBOHCTBA KPHCTA/JA.

Hob6aBus nbe303eKTPHUUECKHEe ysieHsl K Buipaxenuto (13,1) aas
3JIEKTPHUYECKON WHAYKUHH B KPHCTaJJe, HanuileM

Di = DI'O + St'kEk + 4“?1’. klckl' (17’6)

CooTrBeTcTBYIOILHE AONCAHHTEIbHBIE UJeHbl MOABATCA U B TEpPMOJIHU-
HAMMYECKHX BeJWYHHAEX. ¥ HeNbe303JeKTPHUECKOro KpHCTalsna B
OTCYTCTBHE IOJA TEPMOJAMHAMHUECKHH INOTEHLHAN

= 1
O =0= CDO ) Wi ktmOiO1ms

FT!D m aTuancTea w UDHB(}\H“IJTI““DGLTU”“J‘T T TTY] 2 nrrnnn:"'x 1 ITNLY
AN ‘*’0 LIIvACK 1\-’ l. N IILA\.’\}’ULJJ.\'I.II.PUUL[[AILUJ.\'I. L% vl [ [#1 DI.U}JUYI he 'SR WY 5 3
npejcransnsier co6oil OOBIUHYIO YNPYTYIO SHEPruio, ONpeiessiolLyocs
TEH30pPOM YNPYrHX NOCTOAHHBIX W, "'). g nbe3osnekTprika xKe

1) TeH30p Wigi, ONpenensieT CBSIZh MeXAY HanpsixeHUAMM U pedopManyeis
COTJIACHO

oD
ao';k
B VII § 10 mb1 nucaau o6paTHYIO 3aBHCHMOCTD

Uijp=— =WiklmOlm-

Ok zkz'klmulm-

SlcHo, YTo Bce cBOHCTBA CHMMETPHH TeH30Pa [jpy, TNOMHOCTEIO COBNAAAIOT CO
CBOHCTBAMH CHMMeTPHH TeH20Pa Ajpyp-

B ceoCoarylo 3Hepruio F ynpyrasi Heprusi BXOJAUT CO 3HAKOM IJIIOC:

Fynp — 1/2?"1'klmuikulm'

Tepmonunamuecknii e NOTeHUMAn MoJayYaeTcss U3 F  BLIYMTAHHEM Oyplifp, M
NOTOMY

— T T . _ .
‘Dynp_Fynp—Ulkuzk— —Yohipimbirtm = — /oM ikimO k01
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6ylieM HMEThb
= 1 1 |
D == (DO —7 uiklmcikalm_"gE St'kEiEk_'gE-—L' EiDt'O_—Yiy klEiUkl'
(17,7

Buj NOCJCAHHUX TpEX YJACHOB ONPpeACHAACTCss TEM, 4TO I[IPOH3BOJAHLIC

oTf @ no E,; (npyu 3aJaHHbIX BHYTPEHHUX HaNpsKEHUSX W TeMepa-
Typ€) COrJIacHO (opmy.Jie

)

JIOJUKHBL laTh Bbipaxkenus (17,6).

3uaa O, MOXKHO noay4yurb corjacHo (17,4) c¢opmy.y, Bepaxa-
IOLLYI0 TEH30p jedopManui dyepe3 Hanpsbkenus o, u noge E:

ID
Ui = '“( 90z )T. e = RirtnSun TV, ieE;. (17,8)

Crnenyer OTMETHTb, YTO CMBICT BEAHYHH Wb, U €, KaK yNOpy-
MX MOCTOSTHHBIX W AHUIJIEKTPUYECKOH MPOHUILAEMOCTH B NbE303/CKT-
pHKe B ONpeJeTeHHOM CMblcsie yciaoBeH. Ilpy BHIOpaHHOM HaMH OIli-
peleeHdd OHHU [Jal0T COOTBETCTBEHHO 3aBUCHMOCTB JedopMalud OT
YOPYTUX HANpsDKEHWH NpU 3aJaHHON HaNpPsXKEHHOCTH MO M 3aBH-
CUMOCTb MHAYKUHH OT HaNPsKEHHOCTU NPU 3aJaHHBIX HANPAKEHAX.
Ecau ke JepopMUpOBaHWME [IPOMCXOAMT MPU 3aAaHHOH HUHAYKLHHU
MoJAs WJM K€ Mbl pacCMaTPUBaEM 3aBHCHMOCTb WHAYKLHM OT Hanps-
JKEHHOCTH NpH 3ajaHHOH jedopmanuu, TO POJIb YNPYTHX KO3pdu-
IHCHTOB U JU3/JCKTPUYECKOH NPOHUIAEMOCTH OYHYyT uUrparb JApyrue
BEJTUYMHB, KOTOPbl€ MOrYT OBbITh BBIPAKEHLI (XOTHA H JIOBOJbBHO
CIOXKHBIM 00pa3oM) yepe3 KOMIIOHEHTH! TEH30pPOB M, € H ¥.

Onpenenenude nosisg B NbE303JEKTPUUECKOM TN JOMKHO MOPOU3-
BOAUTBLCS OJHOBPEMEHHO C ONpeleNeHHeM ero aedgopMaluu M Ipel-
CTaBJ/sieT COGOU COBMECTHYIO 3ajauy 3JEKTPCCTATHKH M TEOpHU YIi-

pyroctd. MmeHHO, clrepyeT HMCKaTb COBMECTHOE pelIEHHE 3JIEKTpPO-
CTAaTHYECKUX yPaBHEHHUH

divD=0, rotE=0 (17,9)

¢ D u3 (17,6) u ypaBHEHUH ynpyroro paBHOBECHS

aofk
% =0 (17,10)
C COOTBETCTBYIOULMMH TPaHUUYHLIMH YCJOBHSIMH Ha IIOBEPXHOCTH Te-
Jda H C yueTOM CBfI3M MexAy O;, U HAedopMmauued, jpasaemod pop-
mynamu (17,8). B ofulem ciyuae Takas [OCTaAHOBKA 3ajaud BecbMa
CJI0KHa.

3anava OueHb yIpollaercs WIS Teda 3/IIHaCOUJaNbHOH (HOPMbI
CO CBOGOJHOH NMOBEPXHOCTHIO (T. €. K KOTOPOH HE NPHUJIOKEHL! HUKAKHE
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BHeIHHE MeXaHu4ecKHe CHJab). B srom caydae (§ 8) nosae BHyTpH
TeJla, @ NOoTOMy M ero amedopmauusi OMHOPOAHBL, a BCE yNpyrue Ha-
NpsiKeHUus 0;,==0.

Hakowuen, 3afiMmeMcss BOIPOCOM O TOM, KaKue THOB KPUCTAJJIH-
YeCKOH CHMMETDHH AONYCKAIOT CYILIeCTBOBaHHE Mbe303JeKTPHUeCTsa.
HOpyruMu cToBaMH, HalO pPacCMOTPETb OrpaHHuYeHHsl, HaKJaaJlblBae-
MHBIE YCJOBUAMM CHMMETPHM Ha KOMIOHEHTBI TeH30pa ¥; ;. B 006-

: M i Mk u [} umeer
18 OoTAHYHBIX OT HYJA HE3aBHCUMBIX KOMIIOHEHT, (aKTUUYECKH XKe
YHCJ0 HE3aBHCHMbIX KOMIIOHEHT OOBIYHO 3HAUYMTENbHO MEHbIIIE.

IIpu Bcex npeoBpa3oBaHHUAX CHMMETPHH JAHHOTO KpHCTalla Bce
KOMIOHEHTBI €r0 TEH30pPa Y;, p; MOKHbI OCTaBAThCSI HEH3MEHHBIMU MO
petuyHe. OTCofla cpa3y caejiyeT, 4TO BO BCAKOM CJy4ae HE Mo-
KeT ObiTh NbE30TEKTPUKOM Te/10, obsajiaiouiee HeHTPOM CHMMETPUH

{ 0 2OTRNATIINAS TOo
B TOM HULJE, KOHEYHO, H3OTPONOHOC TL.HO). ,:T_TJ‘\D,HCTBHTE.HLDUO, Ipyu CT-

PaXeHHH B IEHTpe (U3MEHEHHE 3HAKa BCeX TpeX KOODJHHAT) MEHSIOT
3HaK BCE KOMIOHEHTbI TEH30pa TPETLero PaHra.

M3 32-x KpUCTaMIMueCKHX KJACCOB JONMYCKAIOT Nbe303/JeKTPU-
uectBo Beero 20. Croma otHocarcst, npexnae Bcero, 10 nepeyucnen-
HeiXx B § 13 KJaaccoB, HONYCKAOUHX [HPO3JIEKTPHUECTBO (BCe NUPO-
3MEKTPUKH SIBJSIOTCS B TO e BpeMsl ¥ Nbe30snekTpukamu). Kpome
TOrO, NbE303JEKTPUUECKHMH SABJIAIOTCS KpHCTaMIbl caepywoumx 10
KJIaCCOB:

pomOuueckas cucreMa: D,
TeTparoHainbHas cuctema Dy, D,,;, §,,
pombosapuueckas cucrena: D,,
rekcaroHa/jbHas cicrema: D,, C,,, Dy,
Ky6uueckass cucrema: 7T,

IMepeunicieHHe OTJHYHBIX OT HYJST KOMIIOHEHT Ibe303JeKTPHUYEeCKOro
TeH3opa I/ BCeX K/JacCOB JaHO B 3ajauax K 3TOMy naparpady.

YnoMsiHeM 3jiech €lle O POJACTBEHHOM INbe303/eKTPHUECTBY SBJIE-
HHH, BO3HHMKAKCILeM INPpH <« JleopMUPOBAHHH» MKHUAKOTO KPHCTAJIa;
npy 3TOM Mbl GyneM HMeTb B BHLY Hemamuueckue Kpucrtaainl. Ha-
noMHuM (cM. V § 140), yTo 3TH XKHJIKHE Cpejbl XapaKTepH3YIOTCS
CYUIECTBOBAHHEM HEKOTOPOrO BhIIENEHHOIO HalpaBJeHHd MNpeHMY-
L(CCTBEHHON OpHEHTalMH MOJEKYJ. DTO Hanpas/eHHe 3aaeTCs B Kax-
1{01‘/’1 TOYKE CPelbl e{HHHUYHBIM BeKTopoM d—dupekmopon _kpucrasna.
B HepedopMUpOBaHHOM KHUAKOM KpUCTAJJI€ HallpaBJeHHE d HOCTOSIHHO
BJIOJIb BCero ero ofnema, B aetOpMHpPOBaHHOM — YHKUHA KOOpH-
Hat. Pasnoxennto (17,6) cooTBeTCTBYET B KHJKOM KPHCTA/LIe Bbpa-
JKeHHe HHJAYKIUH B BHIAE

D;=¢;,E,+ 4ned; div d+4me,[rot d-d];, (17,11)
rie e;, e,—cKajasapHole KoadppuuneHto (R. B. Meyer, 1969)'). [Ipa

1) 1Tupo3/1eKTPHYECTBO B HeMaTIIMeCKUX KPHCTAAIAaX (akKTHUeCKH HeH3BeCTHO,
nostomy nosaraem Dy=0.
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nocsefHuX 4jeHa, ONUCHIBAIOIMe paccMaTpuBaeMblil 3dgdexkT, npen-
CTaBJaA0T co60il Haubosee oOULUil NOMAPHBIH BEKTOP, KOTOPhIH MOXKHO
COCTaBUTb U3 BekTOopa d M €ro nepsblX NPOU3BOAHBIX NO KOOpjiuHa-
taM. OT™eTuM, uTo BbIpaxenue (17,11} aBToMaTuuecku okasbiBaeTcs

ANMTITIATIMY TASTIMA T IAMEeITATU g auawa o
l/lnDaljnanlnDuu UanbYllCdlDﬂU H3MCHCHHA 3HdK4d G.

Uro KacaeTcs TeH30pa JHMIJICKTPUUECKOl MpPOHUIAEMOCTH HeMa-
THYECKOTO KPHCTaLna, TO 10 CBOEH CMMMETPHH OH COBMajaer C Ta-
KOBBIM JI/Isl OJHOOCHBIX KPHUCTA/ /0B, NMPUYEM pOAb OCH CHMMETPHUH

MIPaeT MeCTHoe (B KaKOH TOYKe Cpellbl) HanpasJeHHe JHpeKTopa.
TeHsop &;, MOxeT ObITb NPEACTABJCH B BUJE

&= 8,0+ €,d;d, (17,12)

C AByMA HE3aBHCHMbBIMH OOCTOAHHBIMH €, H E€,.

3apauu

1. Onpene/uTs OTJIHUHBE OT HYJAS KOMIOHEHTH TeH30pPa Vi p; AAS HelHpo-
5JeKTPHUECKHX KPHCTANIHYECKHX KJIacCOB, NONyCKalNIHX Mbe303JeKTPHUeCTBO.

Pewenne. Kaacc Dy corepXHT TDH B3aHMHO NepleljIHKyJ/ifipHble OCH CHM-
METPHH BTOPOTO NOPSAJKAa, KOTOpsie BbifHpaes B KauecTse oceli x, y, z. [loBopoThl
Ha 180° BOKpyr aTHX ocell MeHHIOT 3HaKM KaXAHX ABYX U3 Tpex KoopauHart. [lo-
CKOJIbKY KOMIOHEHTH ¥y p; ApeofpasyroTcss Kak MPOM3BEJCHHS X XpX;, TO OTJIHU-
HBIMM OT HyJsg MOTyT ObITb TOJILKO T€ H3 HHX, BCe TPH MHJAEKCa KOTOPHIX pas-
JIUUHBI:

Yx.yz» Vz,xy» Yy, zx
OCTaNbHbIE OTJMYHBIC OT HyJ/ISI KOMIIOHEHTH paBHBl 3THM B CHJY CBOHCTBA Y/ p; =
=¥, ik CoOTBETCTBEHHO Ibe303JeKTPHUeCKas YaCTb TepMOJAMHAMHYECKOro I10TeH-
nuana’t)

Ebnbeao = 2 (Vx, yZExGyz + Yy, szr Oxz+ ¥z, XJEZG.X.'J)‘ ()

Kaace D,y nonyuaercs nofaBneHueM K ocsiM KJjacca D, elne nMByX NJ0CKoCTedH
CHMMETPHH, npoxo,umu;nx uepes3 OfHY H3 OCeH (mycrb ock z) " ,uemmmx MonoJam
YyIJB MeHKNy OciAMM x M y. OTpaeuue B OfHOH M3 3THX IIJIOCKGCTeA O3HauaeT
npeo0pasoBanue X—>rlY, Y — X, 2— 2 [loaToOMy KOMIOHeHTH Y; g, OTJHHYAID-
IMecsl NepecTaHOBKOH MUIEKCOB X M y, JIOIXKHBI ObITh OAMHAKOBELIMH, TaK UTO H3

TpexX Ko3touuneHToB B (1) ocramTcs HE3aBMCHMBIMM JHILbL J1BA:

Yz, xy» Vx, yz=Vy, x2°

Kaace T noayuaercsa u3 kaacca D, nytem pofasieHus ueTbipex /lMaroHasbs
HBIX Ocell CHMMeTDHH TpeTbero IOpSAKAE, MOBOPOTHl BOKPYI KOTOPHIX OCYHIECTBJIS-
0T HHKJIWUECKYIO [1epecTaHoBKY OCel X, y, Z, HalpuMmep: X —» 2, y —» X, Z2 —> I.
[ToatoMy cTaHOBSITCS PaBHEIMH BCe TPH Kozdguuuenta B (1):

A .=
i

A e — N - anos
X, yz I, 2x iz, xy-

Takoit e pesyabTaT nodyuaercss ans KyOuueckoro kJaacca Ty.

1) Bo usbexaude HeAopasyMeHHA HAllOMHHM, UTO eCJH BBIUHC/ISTH KOMIOHEeH-
THl TCH30pa feOoPMaUMH U;p HeNOCPeACTBEHHEIM AUbdepeHunpoBaHHeM KOHKpeT-
HOTO BbipaxeHusi g8 @ 1o O, TO NPOM3BOAHBIC 10 KOMIOHRHTAM O C i £k
NanyT yABOEHHBIE 3HAUEHUS COOTBETCTBYIOMIMX KOMIIOHEHT Kjp. DTO CBSI3aHO C TeM,
YyTO BBHIpaKeHUs1 u;p = —0D/J0;p UMEIOT 110 CYLIeCTBY CMBICH JIMIIb KaK BhHIpaxKa-
onHe ToT $akT, uto dO = — u;pd0;p; HO B CYMMY 4;p00;p, WieHH C nuddeperina-
JaMH HeJHaroHajqbHbIX KOMIIOHEHT CHMMETPHYHOTO TeH30pa O BXOIAT ABAXKIHI,
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Kaace Dy copepXuT ochb CHMMeTpHM 4-r0 mopsifika (ocbh 2z) W 4YeThlpe ocH 2-ro
nopsjka, Jexalue B IJOCKOLTH xy. B JononHeHHe K 2/eMeHTaM CHMMETPHH
kJaacca D)y noctaToyHo paccMOTpeTh 37ech MOBOPOT Ha 90° BOXpyr ocu z, T. e.
npeobpasoBanue x-—ry, y-——x, z—>2z. B cuay srtoro npeofpasvBaHus
OIHH U3 K03D(DHIMEeHTOB (1) ofpawaercs YT (Y2, 5y~ —Vz.oyx =

B
_— A AT — M THRUTY " nn—\Tcn

y-
—';Y'Z.xy’ UT}\_\/’HE’I ‘Y'z,xy— vj, a ABa ApYTna OT/IHY aio 3Hat i

ey LI P Y
1 IWWIDRW

Yx, yz = —Vy, x2-

Takoll ®e pesyasTar nodyvaeTcs A Kaacca Dy,
Kaace 8§, conepXuT npeo6pasoBaHUAA X -~-»l, Y=-—>—X, z—>—2 U
X—> — X, Yy—>r—y, z—= 2. OTIUUHBE OT HYJAS KOMIIOHEHTH

Yz, xy» Yx,yz™ Yy . xz» Yz, xx= —Yz,yy: Vx,2x > Vy, 2y

COOTBETCTBYIOILUM BEIGOPOM HanpaBJeHUR OCel X, y OAHA U3 3TUX BeJAUYHUH MO-
#xer GHTL ofpaumiena B HYMB,

Kaace Dy conep:HT ocb CHMMeTpuHd 3-ro nopsaxka (och z) 4 TPH OCH CHMMeT-
pHH 2-r0 nopagKa B MJOCKOCTH Xy, OHA M3 KOTOpPHIX NycTe OyieT Hamnpab/eHa
no ocd x. J/1a BrIsAiCHeHUs oOrpaHHueHMH, HaJaraeMbX HaJWYHEM OCH TPETLEro
nopajAKa. yaioOHO fipou3BecTH dhopmaibHoe npeobpasoealie, BBOAA KOMILIEKCHbLIE
«KOOpPJUHATH

E==x+iy, n=x—iy;

KOOPALHATY 2z ocTarJseM Ge3 MameHeHHWA. K 3THM HOBBIM KOOpDAMHATaM Mmpeolpa-
3yeM TakiKe M TEH30D ¥/ p;- B €ro KOMIIOHEHTAaX HILEKCH NMpoferaioT Teneph 3uaye-
rusg &, 1, 2. Ilpu nosopore na 120° BORpYr OCH z 3TH KOODIMHATH NiojBepra-
10Tcsl peobpasoBaHHIo

£ Eezm/s’ 1 ne-—am/a, 7 2.
[Ipy sTOM OCTaOTCS HEH3MEHHBIMU U THOTOMY MOTYT ObITh OTJHYILIMH OT HYJA
JHIIB cleylonue Komuonenorbi TeH30PA Vi, kt' ¥y, me» Vm, 220 Ve amr Vi £tr Vn, o
Yz zz- [1oBOpOT ke Ha I80° BOKpYr ock x ecTb npeobpazoBanue X —x, Y ~—r— Y,
z2—>—z, T.€. E—1, 1— & z—>—2z TIpy 3TOM ¥z nt H V2 z» H3MEHSAIOT
3HAK # NOTOMY JOJXHB OOGPAaTUTHCS B HYJAb, 4 OCTadbHbie W3 HEPEUHUCJICHHBIX
BLILIC KOMIOHEHT [ONapHO ilePeXoasiT APYr B JApyra, 4YTO IPHBOAMT K PaBeHCTBAM
N, 25~ — Y%, zn, YE &£ ¥n, wn. JAs TOro uyrofnl HallMCaTh BhIpaXeHHe LIS
Dy pe30, HANO COCTABHUTL CYMMY —%; g, Op;, B KOTOPO{l MEAEKCH npoeraloT 3mua-
wenus &, n, 2

Cuzean == 2y 5 (En0oz— Een) Ve, 12 (0% TE00um).

A-1)

3ech Halo elle BLIPa3UTL KOMNOHeHTH £; u O;p B KoopiuHaTtax §, 7, z uepes
KOMIOHEHTH B MCXOAHWX KOOPAMHATAaX X, Y, Z. JTO .1erKO ClelaTh, BCCIOML30-
BABIUKCH TeM, YTO KOMIOHEHTH TeH30pa npeobpasylTcd Kak [POHM3BE/LeHHS COOT-
BelcTBYIOMKX Koopauuar. [lostoMy, Hanpumep, H3

EE =xx—yy 4-2ixy
cJegyeT, 4TO _
Ogg = Oxx — Oyy +2i0 -

B pesyabTaTe nmoJyyum

cbnbeao =2a (Eysz_ Exo'zy) +b IQEyny —Exloxs— Tyl (2)
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rne a=2iy, . b:27§ £z — BEULECTBEHHbIE TOCTOsHEbe. COOTHOWEHUS MeX1y
KOMIOHEHTAMH Yy, p; B KOODJMHATAX X, y, Z IVIACAT, KaK 3TO BUJHO 3 (2)Y):

Yy, zx =7 Vx,zy="1a Yy, xy= T Vx50 Vx, yy = —b.

Kaace Dgp vonyuaercs pofaBneHdem K kjacey I3 0/10cKocTH CHMMeTpHH,
nepneHJMKyISpPHO# K OCH TPeTbero nopsaka (ivockocth xy). OTpaKeHUe B 3TOH
[MIOCKOCTH ecTh M3MeHeHMe 3HaKa z, a IOToMy H vy 25:0, TaK 410 B (2) ocraercd
TOJMBLKO uJ/ieH ¢ OJHMM KOo3(ppUnHeHTOM b.

,

11 = 3 W e 7 ' ]
Hell MJocKocTs cuMMeTpHH. OTpaxeHue B locdejHell €cTh H2MeHeHMe 3HaKa 2, 4
MOTOMY JHOJIXHbl ObiTh PABHBIMK HYJIIO BCE KOMIIOHEHTH Y; g, B HHIEKCAX KOTOPBIX 2
BCTPeYaeTcss HeYeTHOe YMCJIO Pa3. YUUTLIBAS TAK:KE PACCMOTPEHHbIe Bhille OTPaHH-
UeHHUsI, Hajdaraenble OChi0 CHMMeTPHUM TpeThelO NOPSAKA, HaiaeM, YTO OTJAUYHLI OT
HyJas TOJBKO JBE KOMIOREHTB! Y, o H Vg £ 3TU BeJHUYHHB JO0MKHB 6T KOM-

IJIEKCHO-CONPSIKeHHBMHY A5 TOro, 4to6n M 6bi10 BellecTBeHHBIM. Of03HAYUB
2ve e=a--ib, 2y, . =a—ib,
k] k-] T

MOAYIUM

Dppeso —4a [QEyny_Ex (Oxx—oyy)] +5b [QExey‘J—Ey (Oxx—Oyy)]- (3)
CooTseTcTByIOUIHM BRIGOPOM HANpaBJAeHUS ocei ¥, y MOKHO OBPaTUTL a WAM b B
HYJI5.

2. To ®e /1 KpHCTAIJIUYeCKHX KJaCCOB, AONYCKAWUIMX NHPO3JAEKTPHYECTBO.

Pewenue. [lycte ochb 2 coBnagaer ¢ ochld) CHUMMETPHH BTOPOTO, TpeThero,
4eTBePTOro WJAM LIECTOro nopsaka, a B kJjaacce Cg; NepreHAUKyIgpHa K TLIOCKOCTH
cuMMeTpHH. B Kiaccax C,, NJIOCKOCTb X2 COBIAZaeT ¢ OJHOR H3 IJIOCKOCTEH CHUM-
METpUH.

Huxe ykasaHhi BCe OTJHYHBIE OT HYJSl KOMIIOHEHTB Y; gy IS KaXJOTO U3
KJ4acCoB:

Kaace €y: Bce vy, g

Kaace €@ Bce KOMIIOHEHTH!, COepXamue HHIEKC 2 HYJAh WK nBa pasa,

Kaace Cyy:
Yz, xx» Yz, yyr Yz, zz0 Vx, xz0 Vy.yz

K.ace C,: Te ke, 4To B Cyy,, 4 TaKKe

Yx.yz» Vy.x20 Yz, xy
Kaace Cyp:

Yz, xx =Yz, yyr Vz.2z20 Vx,x2=Vy, yz-
Kaace Cy: Te e, uto B €y, a Takixe

Ve, yz— — Vy, x2
Kiace Csy,:

Vz, 220 Vx,x2=Vy,yz» Va.xx™ —Vx,yp= ~ Yy xy» Yz, xx = Vz, yy*
Kaace C3: te &e, 4T0 B C3,, 2 TaKKe

Yz, yz= — Yy, x20 Vy, xx = Vy, yy= Vx, xy-

1) B HeopToroHa/lbHbIX KOOPAKHATAX, KAKOBBLIMHE SIBJSIOTCS g, n, 2z, Hano, Kak
M3BECTHO, Pa3/U4YaTh KO- M KOHTPABAPHAHTHBIE KOMIIOHEHTH TEH30POB. D10 06cTO-
ATENbCTBO JOJMKHO Obi10 Gbl YUUTHIBATHCS U NPU Tepexofe K HCXONHbIM KOOp iU~
HaTAM X, Y, Z: ecJM KOMIOHeHTH £; M op; npeobpasyores kak KOHTpaBapuaHTHble,
TO KOMIIOHEHThl TEH30Pa ¥y; ; AO/IKHbI NPeofipa3’oBRIBATBECS KAK KOBADPHAHTHLIE,
M, opHaKo, o6XOZMM 3TOT BOUPOC, OLpeledsist CBSI3b MeXNy PasTHUHLIME KOMIIO-
HEeHTdMHM Y; p; B KOODAMHATAX X, Yy, Z HENOCPEJCTBEHHO HA OCHOBAHHM BHjA CKa-
JAIPHOK KOMOWHaUUW (2).
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Kanace Cgpt
Yz, 220 Vx,x2= Yy, yz» Yz.xx=Vz, yy
Kaace Cg: Te Xe, uto B Cgy, a8 TAKKE

'Vv gy — — V., .
A e 1 -

CooTBeTcTBYIOUIUM BEHIGODOM HalpaBiaeHUs ocelk X, y, 2z B Kaacce €C; MOXHO o6pa-
THTL B HY.Ib €ile TPH KOMIIOHeHTHl, a BHIGOpoM ocelk x, y B kJaaccax C,, Co, C3—
o,tu KO moueﬂry (B KJaaccax Ke C4 H C6 Bprﬂ)KEhPle y, sz O'kl HHBapHaHTHO

yMeHbmeHHe YUCJId OTVIMYHEIX OT HYJsS KOMIOHEHT ¥ gy HEBOSMO}KHO)

3. Onpeneauts moayab lOura (kosdpduuuent npollopukoHaJIbHOCTH MEXKLY pac-
TATHBAIOHMM HanpsieHHeM H OTHOCHTeJbHBIM YIJMHEHHeM) A8 IJOCKonapalsieds-
HOH IJIACTHHKY HEIHPO3JeKTPHYECKOTO Ibe303NEeKTPHKa B C/eAYIIUX CIyyasdx:
a) IJacTMHKa pacrsirMpaercsl OOGKJajKaMH 3aKOPOYeHHOTO KoHAeucaropa, 6) mja-
CTHHKa pacTarupaeTcs OOKJA4JKAMH He3apsXEHHOTO KOHLEHCATOpa, B) NJACTUHKA
pACTArvBaeTCs [apajjenbHo CBORH IVIOCKOCTH B OTCYTCTBHe BHEIUHero [oJs.

Pemwednne. a) B srom cayuae HanpaKeHHOUTb TIOAA BHYTPH NJIACTHHKH
E=0. ExnncTBedHass oTJAM4HAast OT HYJ/S KOMIIOHEHTa TEH30pa O - PaCTITHBAlO-
ulee HalpsKeHHe O,, (OChb Zz MNepredTHKy/A9pHa K IWocKocrd mactuHyH 1)), Hs
(17,8) uMeeM u,,=[;;,,0,,, OTKYAA Ads5 Monyas IOura £:

VE=Y;zz5.
6) B stom cayuac B niacrurke £y =£, =0, D,=0. M3 (17,6) u (17,8) umeenm

Dy=t,,E, +4172, 2262, =0, Uzz =V2222022 1 V2, 222
Hekatouas 43 3THX AByX pasBeHctB £, HadzeM

1 4m
F T Hzzzz — _;" Va zz'

B) B stom cayuae Takxke £,=E, =0, D,=0, pacTaxeHue xe NycTb MpOHC-
XOLHUT Baodb ocH x. HMveem

D, :SzzEz+4ﬂ72, xx0xx =0, Uyy=tyrxxOcx+Vz, zzE

Hekamoyast E,, nonyunm

1 4n
_E—:P‘xxxx €22 'Vz, xx

4. [loayuuTbh ypaBHeHHe, onpejesioniee cCKOpOCTh 3BYKa B Nbe303JeKTHHYeCKOk
cpele.
Pewenue. B 3Toll sagaye yno6Hee mosb30oBaThCH Kak He3aBHCHMBIMU Tiepe-

MEHHBIMH BeJMYyHHAMH ;; BMecTO O;p. [ldwem F B Buje

- 1 1 1
F=Fo+5 Mrimbtintim — 8 eipkiEp— e E;Dio4Bi, miEittrg

oF
ik =7~ =Aiptmtiim + Bu, inEyr
ik

YpaBHEHNS JIBUXKEHUS] TEOPUH YIPYrocTd IJacsT

- ao; du oE
pu;= axl: Mikim a;m”Fﬁz, ik 5'_[

xk’

(4)

1 Oua ne npepgrosaraeTcs COBNAfaloniell ¢ KaKMM-JIHG0 U3OPAHHBIM KDHCTAMI0-
rpacHyeckM Hanpap/JeHHEM.
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rjle p—mJOTHOCTE Cpelibl, U-—— BEKTOp CMEIleHHA, CBH3AHHBIH C U;p NOCPEJICTBOM

1 (@uf oupg,
=g (Gt
¥paprenue div D=0 paer

an

ULp OUg;
g;p ———A4nP; g —==0 5
ik axi Bl, &l axi H ( )
2 HanpsaXXeHHOCThb IMOJA BhIpaxKaeM uepe3 ero InoTeHUHAaJJ:
op
F.— — —L
¢ dx,- ’

yeM Ya0BJeTBOpsieTcsl ypasHediie rot E =0.

B nuockofi 3BYKOBOH BOJHEe U H ¢ NPONOPUHOHAJBHBI €
CaHHbIX YpaBHEHH#l NoJyuaeM

2o — . .
PORu; = A g kiRt — By, ikReRg,
Efkbi'kk{p+4ﬂﬂ-' k;k-kku;:&

R, Rt

{ (kr- ot
( ), U ¥3 Hamu-

Wckmiouue oTclofia ¢, NMuOleM YCJA0BHE COBMECTHOCTH NOJAYUAMEXCH IS 1y
ypaBHeHKil

Rk kb
det szﬁz'k—K;';kmklkm—4n (Bl mi'tl m) (ﬁp qk*tp q) 0
Epshrhs

IMpy KaXj0M 3aJaHHOM HANpaBJeNHH BOJHOBOTO BekTopa k 3T0 ypaBHeHHe ompe-
JeqaseT TPH, BooGlie roBOps, DA3JHUHBIX, (ha30BBIX CKOPOCTH 3BYKa w/k. Xapak-
TepHOH JJ5 Nbe303JIeKTPHUECKONl cpelbl OCOGEHHOCTBIO SBJASETCH CJAOXKHAS 3aBACHU-
MOCTb CKOPOCTH OT HanpaBjieHHd BOJIHBI.

5. TIbe303JJeKTpUUECKUl KpucTtans, oTHocswuiics K Kaaccy Cgp, OrpaHuued
IJOCKOH TOBEPXHOCTHIO ([JIOCKOCTh X2), NMpoXojsiluell uepes oChb CMMMETPHu {0Ch Z).
Haftin cKOpoCTh NOBePXHOCTHBIX BOJH, DACIPOCTPAHSIOIKNXCA NePHeHMKYISIpHO
OCH CHMMETPHH (BJIOJIb OCH X); B BOJHE LCHLITHIBAKT KOJeGaHBA CMEIEHHE 1, H
MOTEHLHMA 3JeKTpHueckoro noast ¢ (J. L. Bleustein, 1968; 10. B. I'yases, 1969).

Pemeunne B paccMaTpHBaeMbiXx yCJOBUsSIX B CHCTeMe ypaBHeHult (4) u (D)
OTACJSI0TCS [BA ypaBHEHHs, COlepKaliMe TOJbKO Uy W (; 3TH BEJHUKHB 3aBHCAT
OT KOOpAMHAT X, ¥ (M OT BpeMeHH &), Ho He OT 2. OTJNHuHBE OT HYJs KOMIOHCHTHI
TeH3opa HanpsiKeHHH B BEKTOPa HHIYKIHK:

Czx = BEx + 2hityy, Gzy:BEy+27¥u2ya
D,=—8nBuy+eEy, D,=—8aPuy,+eL,,
pHUeM
1 duy, 1 du, : o o
—_— —_—_— —— E —_—— —
Uex =73 x> M= g gy U ox 0 L Jy

H I8 KpaTKOCTH 0003HaueHo
0 _ D 2 " __n — " o~ o~ e
Px,xz2 =Py, yz2=¥P, Arxzxz=hryzyz==n", Sxx=8yy =2

MOCTOAHHAS NHpOMeKTpuueckas HHAYKUuA D, =D, B ypaBHeHAS H rpaHuyHbe
YCJIOBHS He BXOJHMT.

Vpaeuenre (5) U 2z-KOMIOHeHTa ypaBHeHHs (4) nawT na8 o6JacTH, 3aHATOH
Nbe303/JeKTPHUECKOI cpeloft (MoaynpocTpatcTBo ¥ > 0):

4nPAu, FeA =0, pty=— BAQH) 4 AAu,,
rie A =0%/0x?+ 0%y, nmepennieM 3TH ypaBHEHHS B BHJE
ply =Mu, Ap=0, (6)
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riae

L wztmﬁ

u )
£ £ 2 T9

B nycrorte ke (nosynpoctpaHcreo y < 0) moreHurHan ¢l€) ynoBJeTBOPAET YpaBHEHHIO
Aple) ==, {7\
gy b A\t

3TH ypaBHeHHS [QOJXKHBI peMaTbCR NpPH TPAHHYHBIX YCJOBAAX HA IIOBEPXHOCTH
cpeanl:

enlf) (e) 0 Nl
¥

=@ Oy =0, Yy = ()y PR =% (8)

U MpH YCAOBHAX
U0 mpun y-—ow; o—00py y—4

BJlagxd OT NOBEPXHOCTH. MHJ,EM petletiye B BylIe
uz-—-Ae“”yei (kx—(ot), w :Be—kyef (kx—(ot)’ (P(e): Cekyei (kx-mt),

npryeM

pw? =} (B* —x?). (9)

YpaBuenus (6), (7) v yc/a0BHS Ha OeCKOHEUHOCTH yke YAOBJETBOPEHEI, a yCJo-
Bust (8) MAlOT TpH JMHefHBIX OAHOPOAHBIX ypaBHenusn ang A, B, C, yciaoBue pas-
PeIIHMOCTH KOTOPBIX NDHBOAHT K COOTHOIUEHHIO

Ae (1-Fg)

Haxonen, noacrasus B (9), Haiizem $asoByi ckopocTb BOJH

w=F

-[Fo-v]"

TToBepXHOCTHOE pacnpocTpaHeHnHe 3ITHX BOJH CleuudpruHO M3 Nbe303JeKTpH-
yeckoli cpexpi. Ilpu P — O rayGuna npolivkHoBeHus 1/ -— oo, T.e. BojgHa cTa-
HOBUTCH 0OBEMHOIH.

§ 18. TepMoauHaMHUecKHe HepaBeHCTBa

[To dopmynam § 10 nmonnas cBofoiHad 3HepPrus NpeacTap/sgercs
B BHJIe HHTerpaja

F=\F(T, p, D)V, (18,1)

B3STOTO 110 BCeEMY NPOCTPAHCTBY. Dyaem paccMaTpuBaTh BXOAAIIYIO
B NoAblHTETrpajbHoe Bbiparkenue (yHkuuto D (r) kaxk yznosiaeTBopsio-
LIYIO TOJbKO YPaBHEHHIO

divD=0 (18,2)
AN /!

§ -

BHYTPHU JU3JEKTPHKA K YCAOBHIO
$ D di = 4ne (18,3)

Ha [IOBEPXHOCTH MPOBOAHHKA, HECYLIEro 3ajaHHBId 3apsj; 3THMHU
paBeHCTBAMU YCTAHAB/JUBAETCH CBA3b MNOAA C €ro HCTOYHHKAMH.
B octanbHoMm xe pyHxuHio D (r) cuutaeM npousBo/ibHOH, B 4aCTHOCTH,
He TpeGyem 3apaHee, UTOOBI OHA YAOBJETBOPS/IA BTOPOMY YPaBHEHUIO
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noisg rol E=0 (rae E =4n 0F/0D) u rpaHuYHOMY YCJI0BHIO ¢ = const
Ha MNOBEPXHOCTH NpPOBOAHUKOB. [lokaxeM, uYTO 3TH HeZOCTAIOIIHE
ypaBHEHHs MOTYT TOrJa OBITb NOJYYeHbl H3 YCJAOBUA MHHHMAJbHOCTH
unTerpajga (18,1) no ordomenuio K HameHeHusMm QyHkuuu D (r),
YAOBJETBOPSIONIUM YPaBHEHUSIM {‘18,'2) u (18,3). INopuepxuem, uto
BO3MOKHOCTb TaKOTO BbIBOAA a pPriori He OYeBHJHA, TaK KaK KOHKY-
pUpYIOIIHE NpH onpeje’leHUd MHHUMyMa uHTerpa’ia (18,1) pacnpepne-
JIEHHsl NMOJA He COOTBETCTBYIOT (DH3HYECKH BO3MOMKHBIM COCTOSHHAM

(MOCKOJMBKY A/As HHX He YJIOBJETBOPSIIOTCSI BCe YpaBHEHHs MO/ );
B TepMOJWHAMHUYECKOM K€ YCJAOBUH MUHHUMAaJIbHOCTH CBOGOJAHOH 3HEp-
THH CPaBHUBAIOTCA JAPYr C JPYTroM JIHIIb pasinyHbie PU3HUYECKH BO3-
MOXCHbBIE€ COCTOSIHHS.

3ajaua 0 HaxO¥JAeHWH MHUHHMyMa unrterpana (18,1) npu pomnoa-
HUTeJabHBIX ycaoBusax (18,2) u (18,3) pemaercsi METOIOM MHOMKHUTE-
aei Jlarpanxa. Crenysi 3TOMy METOAY, YMHOXKHM BapHAIHIO YCJIOBHS
(18,2) Ha HexoTopylo, NOKa HeONpeJe]eHHYIO (byHKumo KOOPAMHAT
(oBo3HauuM ee mocpeAcTBOM —@/417), 2 Bapuanuo ycaosus (18,3) —
Ha HeoNpeJeJeHHbill NOCTOSHHbIH MHOXHUTeAb (0003HAuuM ero Kak
(o/41), MOCJE yero NpHPaBHUBAEM HYJIO CYMMY BapHaIlhil:

1 : 0
S(SFdV-—Tn—S(pdlv 8D dV + {2 § 5D di —0.
B nepsoM ujieHe nuiueM ')

SF — (gg) 6D=Z‘_;Eén,

a BTOPOH npeobpasyeM [0 4acTsaM:

Vo diveDdy=§ ¢ oD ai—§ 6D grad g av.

B pesyJ/bTare nmonyuyaem

\ (E +grad ) 5D aV + ¢ (9,— ¢) 6D df 0.

Orciopa 3akirouaeM, uTo Bo BceM o6beMe Jo/MKHO GbiTb E = —grad ¢
(u moromy rot E=0), a Ha nOBepXHOCTH NPOBOJAHHKA ¢ = ¢, = const.
OTo — npaBwibHbie yDaBHEHHs /sl HaNPSKEHHOCTH [OJS, NpHUEM
JarpaHxKeB MHOXKHTEIb (p OKA3biBAETCs €ro MNOTEHIIHAIOM,
AnanornynpiM 06pa3soM MOXKHO [10Ka3aTb, YTO YPABHEHHS AJIA
3JIEKTPHUECKONH HMHAYKLUHUH MOJAYYAOTCH M3 YCJIOBHSI MAKCHMAJIbHOCTH

) CeoBonHasi 3HEePTHs MMeeT MHHHMYM IIDH 3afauHol TeMmepaType. Bapbupo-
BaHHe JOJ/KHO [POU3BOJIMTLCA M0 JABYM HE3aBMCHMBIM BeduuydHam: D u p. Hac
HHTEPeCYeT 3jech JIMIUbL Pe3y. bTaT BapbHPoBaHus no D. BaphupoBanue ke uHTer-
pana (18,1} mo mjorHocTH (1p¥ JOMOHHTENLHOM VCJIOBHH TNOCTOSHCTBA MOJHOR
MAacchl Teja) Aaer oMo U3 OObIUHBIX YCIOBHH TENJOBOrO PaBHOBECHS — MOCTOSH-
CI1BO XHMHUYECKOTo NHoTeHIHaga (.
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HHTerpana
F={F(T, o, E)aV,

B KoTopoM Bapbupyercss Qytkuusg E (r) npy Q0ONOJHUTENBHBIX yCJIO-

BUfIX, 4T0 E = — grad ¢, a ¢ = const Ha NOBEPXHOCTH NPOBOJAHHKA '}
,U,eHCTBHTeJIbHO, HMeeM
LS v 8 dV

dV = & oD d
4n J

oD df —
] .
—-Zﬁ—gﬁcp div D dV =0.

[TepBhifi utHTerpai papeH HYJ00, NOCKOJAbKY 8@ =0 Ha MOBepXHOCTH,
a M3 BTOPOTO HAXOAUM, BBUAY [ipOU3BOJBHOCTH O¢ B o0beme, HCKO-
moe ypasHenue div D = 0.

Ecau Te10 He HaAXOAUTCA BO BHEUIHEM 3JeKTPHYECKOM NoJe
(B YaCTHOCTH, HET 3apsKEHHbiX NPOBOAHHKOB), TO MOMXKET OKa3aTbCs
BO3MOXKHBIM (popMyﬂHpOBaTb yc10BHE  TEPMOJHHAMHYECKOTO PaBHO-
BECHA KaK yCiaoBue abCO/MOTHOTO (0e3yC/0BHOT0O) MHHHMyMa TOJIHOH
cBoGognoi sHeprud (18,1). Dro ycaoBue CBOAUTCSI K YCJAOBHEO MHHHU-
MaJbHOCTH TJIOTHOCTH CBOOOAHOM 3Hepruu F Kak (DYHKUHH He3aBH-

cumoi nepeMenHou D:

T. €. HaNPsSXKEHHOCTb NOoJsd JojxHa ObiTb PaBHA HYJK BO BCEM Npo-
ctpatcTBe. Eciau nupu 3TOM MOXKET OblTb YKasaHo pacnpeieseHue
AHAYKUHH, yloBAeTsopstomee yeaopuio divD=0, TO TemM caMbM
HalijeHHoe cocToffue OYAET COOTBETCTBOBATH TEPMOAHHAMHYECKOMY
PAaBHOBECHIO ?).

1} To o6cTOATENLCTEO, YTO TepMOJAHHAMHUECKHH NMOTCHUMAA Sf HMeeT HMEHHO
MAaKCHMyM N0 OTHOWICHHIO K nepeMennoi E (uan D), a ue MuHuMYM Kax gf , uMeeT
o6 XxapaxTtep u oOBSICHAETCS CAEIYVIOUIHMH paccyxehdsiMu. [1ycts paBHoBecHoOe
3HAUCHHE HEKOTOpOH mepeMeHHOH X (nycTs 370 Gyler x-—=1{) onpejejsercs ycIo-
BHEM TepMOJA#HaMuueckoro papHosecusi. Torga csofopHas sHepPTrHf § HMeeT npu
sagaunnix T # V musumym npn x-=0. [pyrumu cjJoBamu, B TOuke x =0 uMeeM
X = (@F /oxyv, =0, a BOMu3H 3TOH TOUKH

X =uaux, 3:_-3'0—}—%,\‘2, a > 0.

Ecau tenepr BBeCTH TepMoidHavuyueckKHH nortenusan § = F —xX, 10

F=Fo—ert =F o g X2

T.¢. §J HMeeT B DaBHOBECHH MAakKcumMyM 0o ¥ Had X. [Jo oTHOmeHH e K Ka-
KHM-TH60 JPYLHM MePeMeHHLIM Yy, He 3aBUCAWMM OT X, MHHUMYM HMeOT Kak G,
TaK U §f .

%y 3mecy umeorcss B BUHAY TeJa, B KOTOpbiX MoxeT Obith D 7 0 npr E=0
(cv. chenyiowkit naparpag). B nporuBrOM ciysae Mel umedu Obl NIPOCTO TPHUBU-
anbHbit peaynstar E=0, D=0 Bo Bcem npocrpaHcrse.
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IlpupaBHuBas Hy/I0 NEpBYIO. BApHAUHUID CBODOJHOH 3HEPTHH, MBI
HaXOoAUM TOJIbKO HEOGX0J4HMbie, HO He JOCTATOYHbIE YCAOBHA €e MH-
HUMA/JIbHOCTH. BblICHEHHE Ke JIOCTATOuHBIX YCJAOBHH Tpedyer Hcce-
JOBaHHSl BTOPOH BapHauud. JTH YCIOBHS HMEIOT BHJ ONpe/leNeHHBIX
HEepaBEHCTB (TaK HasbiBaeMble MEPMCOUHAMULECKUE HepageHcmea) i
SIBJAAIOTCS, KaK H3BECTHO, YCJAOBHSAMH, 00ECNeYdBaIOMHMH yCTOMIH-
BOCTb COCTOIHUSA Tesa (CM. Vv § 21)

mmee Hac TepwogHHaMuqecxoe HepaBeHCTBo (CBfI3aHHOR C AMIMEXTDH-
YECKHM# CBOUCTBAMH TeJa) CTAHOBHTCH oueBHHBIM. [losHas ceoboj-
Hasi sHeprHs ecTb

Fot | e dV.

$IcCHO, UTO OHa MOXKeT HMeTb MHHUMYM TOJbKO, ecjd & > 0; B npo-
THBHOM CJIyuyae MOXKHO Ob1JIo Obl HEOTP aHHYEHHO YMEHbIIaTb HHTErparn,
AaBast HHAYKHHH D cKoJb yrojHo 0oJblliHe 3naueHHs. Takum obpa-
30M, B 3TOM CJyuyae Mbl MO CYUI€CTBY He Y3HAeM HHYEeTro HOBOTO, Tak
KaK Mbl yIXKe 3HaeM, 4TO JU3IJEKTPHYeCKas NPOHHI2eMOCTb AOJIKHA
ObiTb B J€ACTBHTEIbHOCTH He TOJbKO MOJOXKHTEIbHOH, HO U GoJblle
enuHHnpl (cM. § 14).

B ofmeMm ke cayuyae npousBoJbHOH cBsizy Mexay D u E Heob-
XOJMMO paccMOTperb BTOPylo BapHauuio uHTerpana (18,1), mpuuem
BapbHPOBaTh Hano oAHoBpeMeHHO D H p (ocTaBJss NOCTOSIHHOM JHIIb
remneparypy). B wsotponnom tene F (T, p, D) 33BHCHT TONBKO OT
a0COJMIIOTHON BenHUHHBI BeKTopa D, BapbHpyOTCH Ke TPH €ro KoMm-
MOHEHTbI He3aBHCHMO. BribepeMm HanpasiaeHne HeBapPbUPOBAHHOTO BEK-
Topa D B Kauecrse ocu 2. Torga usdmeHeHue abCOMIOTHOH BEITHYHMHDI
BeKTOpa D Bbipa3suTcsi uyepe3 HU3MEHEHHA €ro KOMIOHEHT, C TOYHO-
CTbIO A0 YJIEHOB BTOPOrO MOPsSiAKa, NOCPeICTBOM

8D = 8D, + 57 [(6D,)* (8D, )?].

Ilepeass u Bropasi Bapuanuu unTerpana (18,1) Bmecte coiepkarcs
B BBIpaXKeHHUH

1 g%F IGF
S{ 6D+ 2L 6p 4+ S 0D 6D 8p 4 }dv

IlopcTaBuB ciona 6D M COGpaB useHbl BTOpOro mopsijaxa, Hai’meM BTO-
pyto Bapﬁauﬂioz

L O (8D2 4 8D2) dV

2D GD
+S{; gDiﬁD“raDa 8D, 8p+ 5 20 p2}dV. (18,4)
OO0a HanucaHHBIX 37€Chb YJEHA HE3ABHCHMBI Apyr ot apyra. [lep-
1; ag > 0. Ho dF/0D =E/4xn, tax
4TO TPOU3BOAH2S OF/0D nojo:KuTeNnbHa HJIH OTpHUATENBHA, CMOTpS

F

BBl H3 HHX IMOJOZKHTEJIEH, €eCJIH
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no TOMy, HanpasJseH Jd BeKTOp D no wid nporis Bextopa E. Ta-
KHM oOpasowm, BekTopbi D u E 10mxHB! OBiTh OAHH2KOBO HAanpas/eHHl.
YCJI0BHSI NOJIOKATEJIbHOCTH BTOpPOTro 4iena B (18,4) sakodennt
B HEpaBeHCTBAX
0%F

Fr > 0, (18,5)
PO __(L9F Vg (18,6)
do2 dD* Y opoD ) v

IMocxonbky OF/0p =, OF/0D = E/4m, 10 nepBoe U3 HUX Aa€T

(—>D, r = 0, (18,7)

[lepexonss ot nepemeHHblx D, p K nepeMmeHHBIM D, {, uMmeeM

0(E,L) _ 9(E.Q 9(D,L) _ (BEN (L) .
oD,p) 9Dy 9D, p) (aD); (ap/D>0’

BBUAY (18,7) 5T0 HEpaBeHCTBO PABHOCHIBHO YCJOBHIO
oF
(50“); >0, (18,8)

TaxkuM o0pa3oM, Mbl HAIIH HCKOMBbIE TePMOJHHAMHYECKHE HepaBeH-
ctBa. B orcytctBue moss HepaBeHcTBO (18,7) nepexonut B ofbiuHOe
YCJIOBHE IOJIOKHTENbHOCTH H30TEPMUYECKOfl CrxkuMaeMocTh: (GP/0p)r >
> 01). Hepaseucrso xe (18,8) naer e >0, Tak kax npu £ — 0 un-
aykuust D —el.

M3 nByx nepasencts (18,5), (18,6) Bropoe siBisiercsi GoJee CHJIb-
HBIM: OHO MOKET HapyluathCs paHblue, YeM HapyIIUTCS NepBoe, Mexy
TeM KaK o0paTHOoe HEeBO3MOXKHO. PaBeHCTBO

aZ_FazF__<02F Vo L IED
32D \dpaD) Taw oD, p)

1) Hanomnum, 4TO B OTCYTCTBHE HOJIS { €CTh TePMOIXHAMHYECKHE MOTeHuHas
elUHHIBl MACChl BLECTBA ¥ COIVIACHO OOBIYHbLIM TEeDMOAHHAMKYECK UM COOTHOIIEHHSIM
ero pugdepennHal

g =—~ap—_ar,
p P

TaK 410 (08/0p)r= (9P /dp)r/p. B n3JI0xeHHOM BHIBOME OCTAeTCsl B CTOPOHE BTOpOe
U3 OOBIYHBIX TepMOJAKHAMKHUECKHX HepaBeHCTB — YCJIOBHE NOJOMHUTESILHOCTH TemJo-
eMKOCTH.



§ 19l CETHETO3/NEKTPHMKH 117

COOTBETCTBYET Kpumudeckomy cocmoanuw (M. V § 83). 1o ycaosde
yao0Hee 3anHcaTbh B JPYrOM BHJE, YMHOMKHB €ro Ha OTJHYHLIH OT
HyJdd MHOxKHTeldb 0 (D, 0)/0 (L, p):

0(E, ) [0C\

O(E.p) \dp/E T

Ha nnockoctn E, T KpHUTHYECKHe COCTOSIHHSA 3aMOJHSIOT HEKOTO-

(1)

—0. (18,9)

dyurumit Tesa, n0g06HO TOMY Kaxk SBAAETCH OCOGOH KpUTHUYECKAs
TOYKa B OTCYTCTBHE 0JIA.

§ 19. CerHeroanexTpuKH

CpeaH pasiH4YHBIX KPHCTANIHYECKUX MOAUGUKALHI OJHOTO H TOTO

LITL I7ayy TIIFIH - mayYy Ir AOTITMNANITALZ TUATTITE AN
e BemecTBa MOTYT ObiTb KakK NHpPOo-, TaK H HENUPOWIeKTpHuecKHe.

Ecau nepexon Mexay TakUMH JABYMfA MOAH(DHKAUUSAMH COBepLIaeTcs
nytem $asoBoro nepexoza BTOPOr0 poOAd, TO B6JIM3H TOYKH flepexoza
BeIecTB0 OOHApyKHUBAET psA CBOeOOPA3HBIX CBOHCTB, OTVIMYAKIIUX
€ro OT OOBIYHOTO NUpo3NEeKTpHKA. Takde Tela Ha3LBAOT Ce2Hemo-
neKmpuieckumu (HIH gepposreKmputecKumu).

B 06BIYHOM MNHPO3IEKTPHYECKOM KpHCTa//le H3MEHEHHe HalpabJe-
HUS CIIOHTAHHOH MOJISPH3aIHY CBA3AHO C CYmeCTBEHHOH NepecTpoiKoil
KPHCTa/UTHYECKON peluerkd. Jlaxke eC/id OKOHYATeJAbHBH pe3y/bTar
TAKOH NepecTpoiKd ¥ Obla Obl SHEPreTHYeCKH BBITOJHBIM, €r0 OCyLie-
CTBJIEHHE BCE€ PaBHO MOXKET 0KasaTbCAd HEBO3MOXKHBIM, TaK KaK 3TO
Tpe60Baio Gbl NPEOJOIEHHsT OYEHb BBICOKHX «3HEPIeTHUeCKHX 6aphb-
€pOoB».

B CcerneTosjieKTpUuecKoM ke Tese MOJ0KEeHHe CYLIECTBEHHO Me-
Haercs Gaarogaps TOMy, 4TO BOJIM3H TOUKM (pa3oBOro rnepexoja BTo-
pOTO POJA PACHNOJIOKEHHE aTOMOB B KPHCTAI/IHUYECKOH pelleTke nupo-
3JeKTpH4YeCKOH (aspl JIHIIL MaJO OTJIHYaeTC OT HX PAaCilOJNOKEHHs
B HENHPOIIEKTPHUECKOH pelleTKe (B CHIYy Yero Masia U ClOHTAHHAA
noasipusanus). Ilo 370l npuunHe H3MeHeHHe HaNpaBJieHHs CIOHTAH-
HOH moJsipd3andu TpeGyer 3jecCb JHIUb HeGOJbIIOH NepectpoHKH pe-
IUETKH H MOXKET CPABHHTEJIBHO JIETKO MPOH30HUTH.

KOHKPETHEI XapakTep CEerHeTO3JEKTPHYeCKHX CBOHCTB Tesia Cy-
H[ECTBEHHO 34BHUCHT OT €ro KpHCTamlorpaduuyecKod cuMmeTpuu. Ha-
npasJjieHne CIOHTAHHOH TOJSPH3ANME NUPOIEKTPUUECKOH (aspl (Mbl
OyaeM TOBOPHTb O HEM KAaK O CErHETO3JEeKTPUYeCKOH OCH) fnpeiomnpe-
AeJISeTCs yKe CTPYKTYypOH HenuposieKTpuueckod ¢aspl no apyrytwo
CTOPOHY TOUYKH flepexojad. B HeKOTOpHX Clyuasx 3TO fpenolpeaesne-
HHE OJHO3HAYHO B TOM CMBICJIE, YTO CETHETO3/JeKTPHYEeCKast OCb BO3-
HUKAeT JIHIIb B OJHOM BIIOJIHE ONPEJeJEeHHOM KpPHCTALIOIpahHuYeCKOM
HanpapB/ieHHH, HalpaBJeHHe CNOHTAHHOH MOJSPU3AIMH B 3TOM CIyyae
[pejoNpeseseHo ¢ TOYHOCTbIO 10 3HAKa, TaK KaK B HeNHPO3JIeKTpH-
yeCKoH ¢hase o6a B3aUMHO NPOTHBONOJIOXKHBIX HalpaBJAeHHs!, napai-
JIeJIbHBIX CETHETO3JIEKTPHUYECKOH OCH, MpPH 3TOM JOMKHH GbiTh 3KBH-
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BaJIeHTHBl (B TNPOTUBHOM CJy4ae H 3Ta KpHUCTalIuuecKas MogupHKa-
nusi Jonyckaja Obl NHUPO3JEKTPHUYECTBO). B apyrux e ciayyasx
CUMMETpPHUS HEeNU PoaaeKTPHUeCKOH (ha3bl MOXeT oKa3aTbCs TaKoH, 4To
AOTMyCKaeT BO3HHKHOBEHHE CNOHTAHHOH NOJApPH3alUH B HECKOJbKHX
KPUCTA/LI0r paQHUecKy 3KBHBAJEHTHBLIX HanpaeijeHHsX '). BO3HHKHO-
BeHHE NOJAPH3ANHH BCErla CBA3AHO C NOHHKEHHEM CHMMETDHH KpH-
cTaJjl1a. I'IoaTomy MO}KHO TOBOPHTD (B COOTBETCTBHH C TepMHHOJIOI‘HEH

quHOH, ao anoaJIeKTqueCKOH—KaK 0 HeCHMMeTquHOH.

[ToxazxkeM, KakuMm o6pas3oM CTPOUTCH TEOPHHA CerHETO3/IEKTPUYECTBA
B pamkax obmel Teopuu (asoBLIX nepexojoB BToporo poaa Jlaniay
(taxast Teopus GHJa Bnepsble noctpoeHa B. JI. I'unabypeom, 1945)2).

[TpumeM BeKTOp AH/IEXTPHYECKOH Nosasdpusanud semecTsa P B Ka-
yecTBE Mnapamerpa Nopsiika, BEIHYHHA KOTOPOTO OfnpejessieT CTeneHb
OTK/IOHEHHA CTPYKTYpbl KPUCTa/MHYeCKOH pelieTKH HeCHMMeTPHuHOH
¢hasn OT CHMMETPHYHOH. DTO 3HauuT, uTo P Oyjper paccMaTpHBaThCS
K&K He3aBHCHUMas TepMOAMHaMyuyecKasi nepeMeHHad, (aKTHUECKoe
3HaueHue KOTopol (Kaxk (yHKUWH TeMIepaTyphl, NoJas d T. I1.) Ompe-
LEJIeTCs 3aTeéM YCAOBHEM TelJIOBOI0 PABHOBECHS— MHHHMa/JIbHOCTBIO
TePMOAMH2MHYECKOro NoTeHnyana.

PaccMoTpuM CHauasa ciay4all oJHO3HAYHOTO PaCIO/IOXKEeHU CerHe-
TOMEKTPHUYECKOH OCH, KOTODPYHO mpuUMeM 3a oCb z. [lH3ajJeKTpHUYEeCKHE
CBOICTBA KPHCTa/d/ja B HanpaBJeHHsIX oceH ¥ U y NPH 3TOM He 06-
HapyKHBAlOT HUKAKHX aHOMaJdH, a A/ UCC/Ie]oBanHsl CBOHCTB BJ0Jb
CCH 2 JOCTAaTOYHO PacCMOTpeTb B TEePMOJHHAMHYECKOM NOTeHLHalie
TOJMIBKO 4JeHBl, Cofep:kaiiMe P,. BO/JH3H TOUKH nepexojla napamerp
nopsiika P, Man U TepMoAMHaMHueCkuil noreHuHas @D Moker GHITH
pasjo:KeH Mo ero creneHsiM. BBUAy 5KBUBa/JeHTHOCTH 000OMX Harnpas-
JEeHHH OCH 2, pasjoXeHHe He MOXeT 3aBHCeTb OT 3Haka P,, T. e.
COZEPIKUT TOJBKO ueTHHE ero creneHd. C TOYHOCTBIO 10 WIEHOB 4YeT-
BEPTOH CTENeHH:

O =, + AP+ BP.. 19,1)
(

') Tlpumep nepsoro THna NpeiCTaBysfeT CErHETOBA COJb, HENHPOSJIEKTPHUECKast
¢asza koropoi o6.1afaeT pomGuueckoil cummerpyedi. CerneTos/JeKTpuuecKass OCh BO3-
HHKaeT B Hell BO BROJHe ONpe/ejeHHOM KPUCTaMIOT padHIecKoM Hanpaejennd (oaHa
¥3 ocell 2-ro nmopsjiKa), npuueM pelleTka CTaHOBUTCS MOHOKJIHHHOMH.

[Tpumep BTOpPOro poja npeiacraBjaseT TaTanar Oapusi, Ero HenmuposJekTpuie-
ckast Moa¥(HKanysa HMeeT KYOGHUECKYI0 pelIeTKy, a CerHeToaNIeKTPHUECKOH MOXKer
cTaTh mobas #“3 TpeX Kybuueckux ocefi. [locse toro, Kak B TOYKEe I€pexoja BO3-
HUKAeT CIOHTAHHAA NMOJAPH3anMs, 3TH TPH HaNnpasB/jeHHs, Da3yMeercs, NepecTaroT
OLITh 3KBHBAIEHTHLIMHM: OCbIO UeTBepPTOro MOPsAKa OCTaerTcs JIHIUb CerHEeTO3JIeKTPH-
yecKasi 0Cb H DELUeTKa CTAHOBHUTCS TeTParoHaJbHOH.

%) Teopus Jlanjay 3aBeOMO CTAaHOBHTCS HeNLHUMEHHMOH B J0CTATOYMHOH 6JIH30-
CTH K TOUKe mepexona. Bonpoc o Tom, Korja 3TO HacCTynmaeTr, B C/ydYae cCerHeTo-
3JIeKTPFKOB TpeOyeT KOHKPETHOro aHaJj{3a 3KCNEePHMEHTAJTbHDLIX NaHHbIX H BRIXOAHT
3a paMkd 3T0H KHHTA. OTMeTHM, UTO (paKTHUYECKH MHOIHE H3 CerHeTO3JeKTPUUYECKHX
nepexofioB (hakTHyecKy HABJIAOTCS HE NepexojamMd BTOpPoro Poja, a nepexolamu
nepeBoro poja, GIH3KHMH KO BTOpOMY. 70, HO-BHAMMOMY, CBSi3aHO C PayKTyauuou-
HEIM 3(peKTOM, YNOMsiHYTHM B KoHue V § 146
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B cummerpuunoit gase A > 0 U MUHHMyMY TepMOAHHAMHYECKOrO
noteHuuana orsevaer P,=0. Jlas Toro utobbl MoOrja MNOSABUTbCH
CNOHTAHHAA noJApu3auHd, kKodpduuueHT A Jo/AKeH cTaTh OTpHuA-
TeJbHBIM; B TOUKe (ha30BOro nepexona, CJaeioBaTejabHo, OH obpauiaeTcs

p ount. R mannuu Jlaanavy nnyuuuMaeTey T rhnu'lznucr A {TY rvano
B HY/Jib. & TE0pPHH vianliay lipn nnmub;\,u, STC {pyH HA A \i ) pda3-

JOXKHMa MO neabiM creneHaMm T —T ., rie Tc—TeMnepaTypa TOYKHU
nepexoja; B OKPeCTHOCTH 3TOH Touku nonaraeM A =a(T—T,), rae
a—TNOoCTOAHHAA (He 3aBHUCAmAas OT TeMllepaTyphbi) BeJHUHHA; AJS ON-

pelesieHHOCTH OyJleM CYMTaTh, uTO a > 0, TaK uTO HeCHMMeTpPHUYHOH
tbasze oTBeyatoT TeMnepartypol 7 < T ,. YCJI0BHE YCTOHUUBOCTH COCTOSIHHS
B caMoil ToukKe T =T, TpefyeT NOJOKUTEAbHOCTH Ko3(punyenta B
B 3TOH TOUKe, a NMOTOMY H Be3le B €e OKPeCTHOCTH; HHiKe nojg B
OynerT nonuMaTbcs ero 3Hauenne B (T ).

Ecau MEKTPpHUECKOE ItoJie B TeJe OTJAHYHO OT HYJHA, B TepMOIH-
HAMUYECKOM nNOTeHnHaNge NOdRJASIOTCH JACNOJHUTEJBHEBIE UJIeH k. ;H,-Hﬂ

LD 4 P LWL U L S0 5L nifavase LIV ARV AA Mua viAJER

HX HaAXOXJEHHA HCXO0AUM H3 COOTHOLUIEHHA
oD
dnze=—D=—E—4nP. (19,2)

WMurterpupys ero npu 3ajganHoM 3HaueHHH HE3aBHCUMOH mnepeMeHHoil P
(n yuutbiBag, uto npH E =0 noreannanet @ u @ cosnapaioT), Ha-
XOAHM

~ E2

OP,E)=0®@, O)—EP—-.

PaccmaTprBad sieKTpHuecKoe noje, HanpableHHOE BJOAb OCH Z, H
Basge O (P, 0) us (19,1), nmeem

D — 2 " Ez
—®,+a(T—T,) P:+BP\—E,P,--L2 19,3
1] c z 8 ’
'
Hanuuues uneua —— F D maupnnuT ¥ TaMy BTAUTWO I CWwaTL 7o Tis
aa/JMUne BJ/ICHd4a L7, HIpABOAML K TOMY, HTO YRC b CKGJID YIGAHO

ciabom nojae E, napaMeTp nopAika P, CTaHOBHTICH OTJHYHBIM OT
HyJ/isl BO BCel 06/1aCTH TeMmnepartyp; foJje noJfpH3yeT HENHPOIEKTPH-
yeCKylo ¢asy, TeM CaMbIM MOHHKasg ee CHMMeTpHlo. Takum ofGpasom,
KauecTBeHHad pa3Huua Mexay ofeHMH hasaMH HCYe3aeT; COOTBETCT-
BEHHO HCUe3aeT TaKKe H JUCKpeTHasd Touka ¢a3oBoro nepexoja —
nepexol «pasMbIBaeTcs» ).

Tepmonnnamnueckufi norernuan O gomxken umers B paBHOBeCHH
MHHUMYM TPHU 33JaHHOM 3Ha4YeHHH HanpsxeHnocTH E. nddepen-
nupya (19,3) npu noctostHHoM E,, Haxoaum

2P,a(T—T,)+4BP;=E,. (19,4)

DTO — OCHOBHOE COOTHOLIeHHe, OTIpeIe/siolIee CBA3L MEXKAY HaNpsiKeH-
HOCTBIO 110JIs1 H TIOJIAPU3anHell CerHeTO3/eKTpHKa ?).

1y Cp. V § 144, [Tocaenyioulee #3J0XKeHHe B 3HAYHTENBHOH CTENEHH I1OBTOPSET

CKasaHHOE Tam.
%) Beipasus P (E) u3 (19,4) u mogcrasue B (19,3), Mu NOAYYRM  [OTEHIHA

® (E) kak dyukuuio 10aK0 o1 E. OTMetumM, uto B CHITY YCJIOBHS od (P, E)/0P =0,
paBencTBO D =— 471 0®/OE umeeT MecTO KaK A7 bYHKIHHA ID(E) TaK K A0
byHKIHH @ (P, E) (audbdepenunpyemoir npu mocroguuom P).
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[Tpu T > T, (B nenuposaexTpudeckon (ase) P, obpamaercs B HyJIb
Bmecte ¢ L,. Ilpu Bospactanuu [, noasdpusanusi Bo3pacTaer CHayasia
no JuHeHHOMY 3aKoHy P,=x[, C BOCIPHHMYHBOCTHIO

w=1/2a(T—-T,), T>T, (19,5)

4 cr? - c? A ¥ F

HeorpanuueHHo Bospactatiomed npu T — T,. Bmecre ¢ P, JinHeHHO
Bo3pacraer Takxe U HMHAyKuda D,=(l-F4nx) E,. B oKpecTHOCTH

TOYKH Nepexo]ad x BeJIHKO H, C TOH e TOUHOCTLbIO, HMEeeM
e 4 =—n—n. (19,6)

B 10CTaToyHO e CHJbHBIX NOJAX MOJASApU3alHd Bo3pacTaer no 3a-
Kony P,=(E,/4B)"s.

[pu T < T, (nuposnekTpHueckasi hasa) snauenne P,=0 BooGiie
HE MOXKeT COOTBETCTBOBATb YCTOHYHBOMY coctostHuioo. [lpw E, =0
paxoauM 43 (19,4) CNOHTaHHYIO TNOJASPH3ALUIO MHPO3IEK TPHUECKOH

(pasnr:
a(Te—T)
Pz(,:i ]/ﬂ'Q_B_F_l (19,7)

JIM31eKTPHUECKYIO BOCTIPHUMYHBOCTD 3ToH (Dasbl MOXKHO ONPEIedHThb
KaK 3Hauepde mpousBoaHoi dP,/dE, npu E£,— 0. W3 (19,4) umeeM

[—2(T,—T)a4 12BPZ] ZZ: 1 (19,8)
v, nojcTasuB coaa (19,7), noayuum
dp, o

v=l. =ma—r, T<T. (19,9)

O6paTuM BHHMAaHHe HA TO, 4TO 3Ta BeJIUYHHA B [Ba pasa MeHblie
BOCNPUHMYHBOCTH HEMHAPOINEKTPHUECKOH (Pasbl NPH TOM ¥KE€ 3HAUEHUH
|7.,—T|. B nocraTouno caabuix noasix nodaspusauwust P, =P, +xE,,
unaykuus D,=D,+¢eL,, rne D,,=4nP,,, a jusieKTpuyeckas npo-
HH11aeMOCTb

L C e L— (19,10)

Ha puc. 14 usoGpaxen rpadux ¢ysxuuu P, (E,), onpejensemou
ypaBuenueMm (19,4) (npu T < T,). Ilpexge Bcero oTMeTHUM, 4TO yyac-
TOK KPHBOH ¢¢’ (1306paxKeHHbIH IyHKTHPOM) BooG1e HE COOTBETCTBYET
VCTOAUMBLIM COCTOSIHHSIM; JE€HCTBHTeIbHO, U3 paBeHcTBa (19,8), Ha-

NMUCAHHOTO B BHJE
b, @) —1
d5z<aP§ E,
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BHAHO, 4TO npu dP,/dE, < 0 6yzer u 0*®/0P: < 0, T.e. TepMoAHHa-
MHYecKHil noteuvan @ umeer MakcuMmym, a He MHHUMYM. OpauHaTel
TOYeK ¢ W ¢’ omnpejenstorcs paseHcTBoM dE,/dP,=0, ¥ MBl npuxo-
JAMM K BBIBOJAY, UTO BO3MOXKHBIE 3HAueHUs | P, | B MUPO3JEKTPHUECKOI!
¢daze orpaHuYeHbl CHHU3Y YCJIOBHEM

py>te )2 (19,11)

3HaueHuu E,, To B 06sacTH Mexaly abcudccaMy TOYeK ¢ ¥ ¢’ Bce elie
OCTaeTcsl ABY3HAYHOCTb B BO3MOXKHOM 3Ha- 2, &
YeHWH P,, ¥ BO3HHUKaeT BoNpoc o (usHuyec-
KOM CcMBICTe ofedX BO3MOXKHOCTeil. Dyaem (
MPd 3TOM NPEACTaBAsAThL ce6e CEerHeTo3/1eKT- /
PHK KakK MJIOCKONapaaJe/bHyI0 OJHOPOAHYIO \
[VIACTHHKY (C CEerHeTO3JIeKTPHUYECKOH OChIO, N
NeprneHAUK yJAsIpHON K MNJAOCKOCTH MNAAaCTHH- = <
KH), HaXoAsauyocs MEex1y o6KJIaAKaMH KOH- ™ £z
AEHCaTOpa, MOAAEP>KMBAaEMBIMH MpPU 3a31aH- Yot
HbIX MOTeHlMAaNnaxX, T.e. CO3JdUUMH 01HO- /
pOAHOE noje ¢ 33JaHHOH HaNpsKeHHOCTLIO g
E=EL,. ./
IIpu 3a1aHHBIX MOTEHUHAaNaX NPOBOIHH- &'
KOB yCJOBHE YCTOHYHBOCTH TpebyeT MHHH- Pnc. 14.
MaJbHOCTH HMEHHO TepMOJHHAMUYECKOTO [0-

tenunana @. B uacTHocTH, npu E =0 UMEOTCS [BAa COCTOSHUS,
OTJIHYAKOLHECs] 3HaKOM P, (TOYKH a U a’ Ha KPUBOIl), HO OTBEUaio-

(e OJHOMY M TOMY XKe 3HaueHHlo @ (=M). IDTu 1Ba cocTosiHHUA,
C/1eJ0BATEIbHO, B PABHOW CTENEHH YCTOHYMBBI, T. €. MpeACTABJAIOT
coboi 1Be (asbl, KOTOPhlE MOTYT CYUIECTBOBATH OJHOBPEMEHHO, CO-
npHKacasco Apyr ¢ Apyrom.

Yxe oTciona sCHO, YTO YYaCTKH ac ¥ a’c’ Ha KPHMBOI COOTBETCT-
BYIOT COCTOSIHHSIM He abCOMOTHO YCTOHUYMBBIM, d JIHIIL METACTAOH/Ib-

usiM. He npencrasisier Tpyna yGeauThCS U HENMOCPEICTBEHHO B TOM,
yto 3HaueHus @ Ha oTpeskax ac W a’c’ AeHCTBUTENLHO Gosblie, yeum
Ha BeTBAX a’b’ u ab npu Tex ke 3HaueHusix E,. OpauHaTbl TOuek a
u a’ nawrtcs dopmymoit (19,7). Takum o6pasom, obsacTb MeTacTa-
OUJILHOCTH JIEXKUT B HHTEpBaJie

(Tc—T)a (Te—T)a
68 < Pg‘ < 2B

) (19,12)

CyuwectBoBanue aByx ¢az ¢ E =0 Becbma cylmecTBeHHO, Tak KAk
NPUBOAHT K BO3MOXHOCTH DACMajeHUsl CETHETO3/IEKTPHUECKOro Tesa
Ha PAA OTAENBHBEIX OGs1acTedl (uiiv Jomenog), OTIHYAIOUIMXCS HaANpaB-
nenveM nonspusauud. Ha nosepxHocTax pasgena mexiy STHMH 00-
JIACTAMH JOJIKHBI BBINOMHSTECS YCJIOBHSA HeNPEPhIBHOCTH HOPMAJbHOM
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KOMNOHEHTB! D W KacarenbHO# KomnoHeHThl E. Bropoe u3 HUX BH-
MOJNIHAETCS] TOXAECTBeHHO (nockosabKy Boobuwie E=0). M3 nepsoro
Ke CJIeAYeT, YTO IPaHHMLBl MEXAY AOMEHaMH JAOJIKHHB OBITh mapai-
JeJbHBIMU OcH z. KoHKpeTHBIe (opMa W pasMepbl JOMEHOB ONpefe-
JISIIOTCA  YCJIOBHEM a6c0m0THoi/’1 MHHHUMaJIbHOCTH [OJIHOTO TE€PMOAHHA-
MHYECKOT0 MOTeHlHaJja Tesa'’ )

Ecau He uHTEpecoBaTbCA AETAJNAMH 3TOH CTPYKTYPH H paccCMaTpH-

BaTb YYAaCTKH Tesaa, GoJbLIKE [10 CPABHEHHIO C pa3MepamH JOMEHOB,

yuacTKoB. Ee cocrasastomias P, MOMKer, ouyeBuaHO, npoberaTth 3Ha-
YeHUs] B HHTEpBaJje MEXKAYy OpJAHHATAMH TOU€K a H a’, T. €.

]/(T ¢ P, < ]/ (19,13)

JLpyrumu CJOBaMmu, ecliM MOHUMATh Ha juarpamme puc. 14 nox P,
ycpeiHeHHOe B YKA3aHHOM CMBICJ/Ie 3HAYEHHE NOJsIpU3ainu, To o61acTu
JIOMEHHOH CTPYKTYpHl OVAET COOTBETCTBOBATL BEPTUKANBHBIM OTPE3OK
aa’, a n3obpakeHHas1 KUPHOH JiMHUEeH KpuBasi baa’b’ Gyper oTHO-
CHTBLCSI KO BCEM CTaBGHJBHBIM COCTOSTHHSIM, NpoOeraeMbiM TEJIOM.
[lepeiifeM K CeErHeTOJEKTPUKAM, OTHOCALMMCS (B HENHPOJIeK-
TpHueckoil ¢aze) K KyOuueckol cucreme?). KyOuueckas CHMMETpHUS
JAONYCKaeT ABa He3aBHCHMBIX HHBAPHAHTa YETBEPTOro MOpsiiKa, CO-
CTaBJEHHBIX M3 KOMIOHEHT BeKTOpa P; B KauectBe HUX Bbifepem

(Pi+Py-+P)? u (PiPj+ PiPi+PiPi).

Toraa pasnoxkeHue TepMOIMHAMHYECKOTO MOTeHuuasda BOJIM3H TOUKH
nepexona umeeT (npu E=0) Bug

® =D, +a(T —T,) (P+ Pj-+ P+
4 B (P%+ P2+ P22 C (P2P2 + PEP2-+P2PY), (19,14)

1) TloauepkHeM, 4TO pedb HAET O MOJHOM TE€PMOJHHAMHYECKOM DABHOBECHH.
OHO MOMKET OCYLIeCTBJATLCH Y CerdHerTo3JeKTPHKOB, HO (GaKTHUeCKH HHKOIAa He
OCYLIECTBJAAETCH Yy OObIUHBIX NHPO3/JEKTPHKOB B CBS3H C YyINOMMHaBlleHcs Bbilte
TPYAHOCTBI) MepeopHeHTalHH NOoAspH3auuH (4 noToMy M 0o0pas’oBAHHA JOMEHOB)
B HuX. Bompoc o ¢opme m pasMepax JoMeHoB OyjerT paccmorped B § 44 nas (Bo
MHOTOM aHAJOTHUHOro) cayuas deppovarmetnkop. Ha cneungruecknx ocobennocTsx
JOMEHHON CTPYKTYpHl CErHeTO3TeKTPHKOB Mbl OCTaHABJHBAThCsi He OyleM. DTH 0co-
GeHHOCTH OOYCJIOBJIEHBI, NpeM/e BCEro, KeCTKOCThI0 CBA3H HAaMpaBJeHHs NOAALH-
3aLHUH CErHeTOIEKTPHKA C ONpejle/IeHHbIMH K[ HCTA/IorpapHIeCKHMH OCAMH, ¢ 60.ib-
IIOK AH3JEKTPHUECKOH BOCIHPHHMYHBOCTHIO (IO CPABHEHHIO ¢ MAar4MTHOH BOCIIPHHM-
YHBOCTBIO (PeppOMarHeTHka), u ¢ OGOJbUIel pOJbI0 ABJEHHH CTPHKIHH.

) WmMeotCst B BHIY KpPHCTaJdJHueCKHe KJaccel Ty H Q. KyOuueckue kijaccer
T u T, AOUYCKAIOT TakXe W HHBAapHAHT TpeTwero mopsaka PP, P.; B Takmx
ycaoBHsAX cocrosiiue ¢ P =0 3aBeiomo He MOrVIO Obl yAOBJAETBOPATh YCJIOBHIO YCTOH-
YUBOCTH (MHHHMYMY D), Tak uTO (a3oBelli Nepexol BTOPOrO POAA HEBO3MOMEH.
Cumnerpus ke kjaacca O (2 Takxe Kaacca T) AONYCKaeT JIMHEHHBIH 10 NPOH3BOA-
HbIM HHBapHaHT Prot P; 310 NPHBOANT K MOABJIEHH!O HECOPAa3MEPHON CTPYKTYpHI

(cp. § 52).
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rie a, B, C-—1mOCTOsSIHHBIE, a OCH X, Y, 2 HamnpaBjieHbl BJOJb TpeX
OCel CHMMETPHH 4YeTBEPTOro nopsjika.

CoBOKYIHCCTb 4JeHOB ueTBepToro mnopsika B (19,14) nomxua
NPeACTABASATL CO0OM CyLIECTBEHHO MOJIOXKUTEBHOE BhIpamenue. s
3TOr0 JOMXKHO OBITh

B>0, 3B4C >0. (19,15)

Crontannas mosspusauusi cernertosaektpuka (npu E=0) ompe-

JeJs1IeTCsl  YCJOBHEM aO0COJIIOTHOTO MHHHMMyMa noTeHumana @ Kak

: : JEH Oro TopsiAKa u
. IEPBBIH U3 YJIEHOB YETBEPTOrO NOPSIAKA HEe 3aBUCSAT OT Hanpasaenus P,
TO HampaBjieHHe CIOOHTAHHOW MOJSIPU3AIUH ONpeAesasieTcsl YCJIOBHEM
MHHUMAJIBHOCTH mnocaeanero uneHa B (19,14) npu 3azaunoit abcouaor-
noii Benduune P. Ilpu stom BoamoxkHEI ABa cayuasi. Ecau C > 0, To
HauMEeHbIIEMY 3HAYEHHIO 3TOTO 4jieHa OTBeuaioT Hanpasaenus P Bpoib
ocedl X, y, 2z, T. €. BIOJb Kakoro-iubo u3 Tpex pebep xyb6a. Ecau
xke C <0, To HaMMeHBLIEMY 3HAYEHHIO OTBCUAIOT HANpaBJaeHHs] BAOJb
NPOCTPAHCTBEHHBIX AnaroHaned kyba, T. e. xoraa Pi= Pi= P?— P¥/3.
B nepsom ciyuae nuposneKTpPHYecKas ¢asa CerHeTosIeKTPHKa ob.a-
JlaeT TeTparoHajbHOH, a BO BTOPOM — POMOO3IPHUYECKOA CHMMETpHUEH.

Paccmotpum Goaee nogpobno, manpumep, nepehi cayuait (C > 0)
M [PHMEM HaNpaB/JeHUE CNOHTAHHOH MOJASPH3AUHH HHKE TOUYKH He-
pexoja 3a ocb z. Besquunna P, CrNoHTaHHOH MOJSIPH3AUMM oOmpese-
asercst (npd E=0) MUHHMYMOM BEIpa)KeHHS

—a(T,—T)P*+ BP?,

OTKYy/a
p3=20e=D (19,16)

Jl1s onpejeseHHsl 3aBUCHMOCTH MEXIy MoJsipu3auueii u mnosem E

Hafo A06aBuTh K (19,14) usen—PE (nepeiins Tem caMbiM K HOTeH-

uvany @) u npupaBHATH HYJO Npou3Boanyio 0M/IP,
Hnst cnaboro monss E manel takxke u P, P, P,—P,. Onycrus
B YPaBHEHHsX WJIEHBl BTOPOro M 6ojee BBICOKHX MODPSIKOB MaJOCTH
W NOACTaBWB B HUX P,,= P, u3 (19,16), noayuum ans upononbHoH
NoNSAPH3ALHH:
1
Pz—-P0=4——————a(TC_T) E,, (19,17)

¥ Asnf [NONepeuHoil:

D

P, == Ex (19,18)

(v anamoryuno Aas P,). Bume Touku mnepexoia, B HeMHPO3JEKTDH-
YecKoi (hase, AM3/ICKTPHUECKAT BOCHPHHMYHBOCTE KYBUUECKOro Ce-
THETO3/JEKTPHKA BO BCEX HalpaB/JCHHAX OHHAKOBA:

I
p=m5 (19,19
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OcTaHOBHMCSl KPAaTKO Ha YNPYTHX CBOHCTBAX CErHETOAJNEKTPHKOB.
B 33BHCHMOCTH OT CBOEro KPHCTa/MJIHYECKOTO KJacca Henupo-
NIeKTpHuecKas ¢asa MoxeT Kak ob/Mafath, Tak U He o6J1afaTh Obe30-
3JIEKTPHUECKHMH CBOHCTBaMu'). PaccMOTpPHM CHayaJja TNepBuId cay-
Yyal, npuueM OyaeM CUHTaTb, YTO CHMMETPHS AONYCKAET Mbe303/eKT-

puup(‘n’ym (nuupuuym\ CBAZL Mpwny wnrhgpmrmrnqmu U pnnlqpu'zqunmu
BIXOJIb CEI‘HGTO&HGKTPH‘IECKOH OCH (OCb Z). CIOIJ,E! OTHOCATCHA KPHCTAJ-
nauyeckue kiaccel D,, D,,, S,; Bo BceX 3THX C/IyudasX NOJSPH3alLHs

Pz BXOJHT B IMNbE303JEKTPHUYCCKYIO HacCTb TepMOJHHAMHYECKOro I1o-

TeHUHaNa B BHJIE 4J€Ha
Po

_‘Vz.xy z-xy-"

B ynpyryio »xe 3Hepruio KpHCTa/1/loB YKa3aHHOH CUMMETPHH KOM-
MoHeHTa O, TeH30pa HanpspkeHHH BXOAMT B BHJIE UJeHa

2
_u‘xy xygxy'

Takum obpasom, A5 TEPMOAHHAMHUECKOTO MOTEHHana BOJIH3H TOYKH
nepexonaa MMeeM (A1 KPaTKOCTH OGO3HAYUM Y, .\ =7V, My gy = M) ?)
- F2
2 1 2 Z

(D:(D0+a (T'__Tc) Pz+BP2_'?on'xy“_H0'xy——Ezpz—8_" (19:20)
Unenamu ¢ ocTaNbHEIMH KOMIOHEHTaMH P 1 0, MBI HE HHTepecyemcsl,
TaK KaK OHH He NPHBOJAT K dHOMaJAHfM Mbe303JIEKTPHYECKHX CBOMCTB
BOJIM3U TOUKH Nepexosa.

IlpupasusiB mymao npoussoanyo 00/0P, npu £E,=const, noay-
YHUM ypaBHEHHE

E,=2a(T—T,) P, 4BP}— o (19,21)

xy”

KoMnoHeHThl ke TeH3opa JedopMmauuu noayuaiorcsa auddepenuupo-
BaHMEM TepMoAHHAMHUyeCKoro noTeHuHana (19,20) no cooTBercTByIO-
UMM KOMIMOHEHTaM 0, (cM. (17,4))%):

Uyy="/3yP, + 10, (19,22)

B menupoanexTpuueckoi ¢ase npu ciaabom nose E MoxHOo mnpe-
HeOpeus B (19,21) unenom ¢ Pi:

E,=2a(T—T,)P,—y0,,.

‘) neunpu:mt:nlpnqct.ndn thasa 3JICKT
PHUECKHMH CBOHCTBAMH, MOXKET OTHOCHTLCH K BOC
106 necat KJaccos:

HKa, o0Jajaiouaa ObLe303JeKT-
MH ns MepeyHCJIeHHbIX Ha CTP.

D,, D,, Dyy, S, D;, Dy, Csy, Dyp.

%) Beully Apyroro xapakTepa pasJIOXKeHHSI, OIpejesieHust TeH30POB Y; z; H
Wikt 34€Ch HE coBMajgaiT ¢ 0003HAYEHHBIMH TeMH e OyKBaMH TEH30DaMH, BBe-
IeHHbIMH B § 17, HO MX cBOHCTBA CHMMETPHH, Pa3yMeeTcs, OJHHAKOBLI,

’) O audpepesuMpoBaHHH 1O KOMIOHEHTAM TeH3opa —CM. MNPUMEYaHHe na
ctp. 107.



§ 19] CETHETO3JIEKTPUKHU 195

[ToacraBuB otcioza P, B (19,22), nonyunm

ey = g Bt |1 e O
Xy~ 4a(T—T,) "% 4a(T—T),)

KosdpduuueHt npu o,, B 310l ¢dopMmye HrpaeT posib YIPYFOro MO-
nmuma nma noathnnarariia N KOTODH AN TANSZIINAATOa NS TA aQrIrnll
Ay.un Al sl AL.\*J\JPIVLCILAYIYI, ll.l.)l’l nuwi l,}l.)l.A [ AV Sl giie lJmYlDCl\..lbl] ilU\_lUHHﬂUfl
HallpsDKEHHOCTh moJsi E,, B To BpeMsi Kak B dopmyse (19,22) p ects
VOPYrU# MOAYAb AN AedopMauHK MpH NOCTOSAHHOH nojdpusauuu P,.

IlosToMy MOXHO HamucaTh

I_L(E) e M(P) _{_4,_(1 (T?;TC) , (19’23)

rfle BEpXHHE MHAGKCHl YKa3blBalOT XapakTep AedopMauuu. Mbl BHAHM,
yTo 00a 3TH Ko3dduuueHTa BeayT cebs pa3nUyHBIM 00pa3oM: B TO

BpemMsl Kak WP) ecTb MOCTOSHHAs KOHEYHas BeJNHYMHA, MOAy/ab p(E)
HEeOrpaHHUYeHHO DacTeT npd IPUBAUKEHUN K ToUKe nepexoja 1\

IS AL V0§ A | e e r ALprE v Ta ARl

B nuposnekTpHueckoii ¢ase dopmyna (19,22) noxasmBaeT 4TO
CIIOHTaHHasl TMOoAsApU3aUHsl HPUBOAUT K ofpeiejeHHoH aedopMaluu
Tesla. B oTcyTeTBHe BHYTpeHHMX HanpspkeHud u npu E=0 pnedop-
Mauus u,, OpomopuHoHadbHa P,,, T.e. MeHseTCA C TeMIepaTypoH

K VTC——T.

Ecan cuMmmerpust (Hanpumep, KyOHuecKasl) HeNHPO3JIEKTPHUYECKOH
(a3bl CerHeTO3JEKTPUKA He JONYyCKaeT JIMHeHHOro nbe3osddekTa, To
IepBLI€ HEHCUYesalolHe YJeHbl Pa3NoKEeHHS TepMOAHHaMUUYECKOro Mo-
TEHUHaMa [0 CTeneHsm o;, W P kBagpaTHyHB 10 KOMHOHeHTaM P,
T. €. UMET BUJI

~VikimP i PeOims (19,24)

TAE V;pm— TEH30p YeTBEPTOro pPaHra, CHMMETPHYHBIH [0 MapaM HH-
neKcoB ik u Im. B Takux ciayuasx HAedopMaulus, BO3HHKAOIas B
MHPOIIEK TPUUeCKOH ¢ase MoA BAHSHWEM CIOHTAHHOH TNOJSIPH3ALMH,
npeacTabasieT cobol kBaapatuunbld (no P,) 3ddexkT, cOOTBETCTBEHHO
yeMy MeHsercsl ¢ temmepartypoid Kak T,—T.

MoxxeT BO3HHKHYTb COMHEHHE B 3aKOHHOCTH HCMOJAb30BaHHS BbI-
paxenus: (19,24) B TepMoaMHaMHUECKOM MOTEHUHANE, M[OCKOMBKY B
§ 17 6ni10 yKas3aHo, 4YTO MOCJAEAHHM MOXKHO NOJIb30BATHLCS JHIIb MPH
YCJOBHU TpeHeOpeXkeHUs] KBaApaTHYHbIMU 3¢deKTaMu. CerHeToseKT-
DUKH, OXHAKO, SBJISIIOTCS B 3TOM CMBIC/I@ MCKJIIOUEHHEM BBHIY MaJOCTH
(B6TM3M TOYKHM Mepexoia) HampsikeHHoCcTH E 10 cpaBHeHHIO ¢ moJs-
puzauueii P (uan uHaykumeil D)—Kak cleacTBHE HEOrpaHHYEHHOro
BO3pAaCTaHUs JMIJEKTPHUECKOH BOCIPUUMYMBOCTH. BBejeHue tepmo-
JHHAMHYECKOro MOTEHUHMaNa OblIO CBSI3aHO C npeHeOpexeHHeM BeJiH-
yuHamMu nopsipgka EDu,, (wau, yto To ke, EDO;,); BbIpaXKEHHE XKe
(19,24)—nnopsigka D?*0,,.

1) TlocTosthHOM BeaW'MNOil sBASETCS TakkKe M MORyab W) =y -1 y2/8x,
onpefeNsOmH 1edopMALHIO NPH NOCTOSHHOH HHAYKLyH D,
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§ 20. HecoOGcTBeHHBIE CErHETO3NEKTPHKH

Msnoxennaa B mpeaplaylieM naparpacde TeopHs CEerHeTO3JIeKTPH-

yeCcTBa OCHOBaHa Ha OTOXKJAECTBJEHUH BeKTopa MNoAApH3aUHH KpH-
cTanmnnma ¢ [TananeTnoM 11oODHIIKA onNeneT1diInTiM UIMeUHeH e CUHMMEeT-
W l Gvivid: e lhurlulIA\-{lr\Jlra LA SRR, kB e AL AR AL g SRR LA An-divn-alXa ~ W EkAVLIVE % &
pHH KPHCTaAAa Npu Ga3oBOM nepexoje. ITo OPeANoNoKeHNe, OJHaKo,
He Bcerja JAONyCTHMO, MOXKET 0Ka3aTbCd, UTO Q)EII{T BO3HUKHOBeHUA

CIIOHTAHHOH noJadgpu3auun CaM T1I0 cebe He OnpenenseT MNOJHOCTBIO

XapaKTep M3MeHEHHA KPHUCTaJJIHYeCKOH CTPYKTYDH.

Hanomuum (cm. V § 145), uto mapamerp nopsinka B (a3oBOM
nepexoje BTOPOro poja SBJASETCA BEIHUYUHOA WJAH COBOKYIHCCToMO
BETHUHH, NPeofpa3yiolUXCa COIJIaCHO KaKOMY-Jub0 U3 HeNpHBOAH-
MbIX (HEeeJHHUYHOMY) NPEACTABJEHHH IPYynnbl CHMMETPHH HCXOAHOH
(«ccuMMeTpUYHON») dassl. MIMeHHo TpancdopMauHOHHBIe CBOHCTBA Napa-
METPHH NpU (PasoBom mepexone. KOHKpPETHHIH Ke QU3HUECKUH CMBICT
ero HEeCyLeCTBeH, B KauecTBe fapaMerpa NopsiAka MOXKHO BHIOPaTh
pas/iyyHble (PU3HUECKHE BEJUYMHBI, €CJH TOJbKO OHM CBA34HBL APVT
C APYIrOM JIMHEHHbIMH COOTHOLUEHHAMH U HOTOMY OAMHAKOBEI 110 CBOHM
TpaHCPOPMALHOHHBIM CBOHCTBAM.

BriGop Bekrtopa P B kKauyecTBe mapameTpa MNOPsIAKa PaBHOCHJIEH
NpennoNOKEeHHI0, YTO TMOCACAHUH Mpeodpas3yercs Mo TOMY Ke [pex-
CTaBJIEHHIO, YTO MU KOMMOOHEHTHl BekTopa (MoJafApHoro). Ecii Gha30Bbli
nepexoj cobepliaeTcs 0e3 U3MEHEHH S 3JeMEHTAPHOH SYeHKH PeleTKH
(TouHee— UL C ee pedopmManue), To peub HAET O HENPHUBOAMMHIX
NPEACTABJACHUAX TOYEYHBIX TPYNN CUMMETPHH— KPUCTAATHUECKHX
K1accoB. B KpHCTa/NIMYECKUX KJ1acCaX, OTHOCALIMXCHA K KaTeropuu
aAByxocHBIX (§ 13), kaxnass KOMIOHEHTa BeKTOpa mpeodpasyercsd mo
OJHOMY M3 OJHOMEPHBIX MNpeACTaBJeHHH. TO Ke camMoe OTHOCHTCS H
K KOMIOIeHTe BeKTopa BJ0Jb rJaBHOH (3-ro, 4-ro uau 6-ro nopsia-
KOB) OCH CHMMETDHH OJHOOCHBIX KDHCTaM10B. /1A BCEX 3THX npef-
CTaBJIEHHIl NapamMerpoM MOPAAKA MOXKET CJIYXKHTb COOTBETCTBYIOILAs
KOMNOOHEHTa BekTopa P, U K HHM OTHOCHTCA TeopHs, OCHOBaHHasl Ha
TepMoaMHaMHyeckoM HorteHuuadne (19,1). Komnonentn P B nmockoctw,
nepoeHAHKYJAsSpPHOi TJIaBHOH OCH CHMMETPHH OJAHOOCHOI'O KPHCTAMNa,
npeoOpasyloTcd [0 JABYMEPHOMY HENPHBOLUMOMY MpeACTaBleHHIO U
AJAA 3TOI0 MPeJCTaBJAEHUS MOLYT CJAYXKHTb [apaMeTpoM IMOopAaKa.
HakoHeu, B KpucTaniax KyOHUYeCKOH CHUMMETPUH BCE TPH KOMIOHEHTHI
K 3TOMY CJIYYald OTHOCHUTCA TEOPHUS CETHETOWIEKTPUUeCTBa, OCHOBaH-
Hadg Ha TepMoiuHaMH4yecKoM noTtenuuasie (19,14).

Ho cymecTByloT Tak:ke M Takue CerHeTO3JIeKTPHUECKHE MepexoHl,
B KOTOPBIX fapaMeTp nopsizka npeodpasyercsl 110 HENPHBOAHMOMY
NPEACTABJAEHUIO «CHMMETPHUHOH» (ba3bl, He OTBeuawlyeMy KOMIOHEH-
TaM BeKTopa. B Takux cJayuasix nmapaMeTpoM MHOPSAKA ABASETCH He
NnoJspuszauus, a BeTuunHa Apyroil Quanuecko MNPHPOABI; CIOHTAH-
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Has e MNOJsIpU3alisi BO3HUKAET B H3BECTHOM CMBIC/IE Kak BTOpHY-
HBIH 3(dexkT (npeanonaraercs, KOHEYHO, 4TO CHMMETPUS] «HECHMMET-
pHuHOH» (asnl JONyCKaeT ITHPOIICKTPUUECTBO). Takue CerHeTosa/eKkT-
PHUKH HAa3LIBAIOT HECOOCMBEHHbIMU; OHW CYIIECTBEHHO OT/IMYAlOTCs MO
XapakTtepy JAHJIEKTPHYECKUX aHOMaJHi OT OOLIYHLIX CETHETOINEKT-

1 17851 5> IFati & FaTeals Linalls BN » Falal I‘QFUQT‘J"\Qﬂﬂt)’ﬂ"ﬁT}l’YDf‘L’l’]ﬂ TTANAVYNTILT ™ TID
p}‘{KOB ). CI\JAU LW O Y R WL WY 5 B L W | U\,\.— el Iv ivAvivnnd t)n-u.,\.,nru. li\.l.}\.«AUAf)l v ros

MEHEHHEM 9JIeMeHTapHOH H‘-ICHKH, T. €. ¢ U3MEHCHHEM TPAHCIALHOH-
HOH CAMMETPUH PpEIIECTKH (COOTBG‘TCTBYIOLU,H@ HENIPDHBOAHMBIE TpET-
CTaBJeHHUsI 33aBeJOMO HE€ MOTYT OCVUIECTBJASATLCSH BeKTOPHBIMH BeJH-

YUHaMU, UHBAPHAHTHBIMH OTHOCHTE/IBHO TPAHCAAUMH) ?), HO 3TO MOTYT
ObITh H Nepexoibl 6€3 M3MEeHEeHHs TPAaHCASIUHOHHOH CUMMETpHHM (Ilapa-
METp TNopsaka npeobpasyeTcss MO HeNPHBOAUMOMY [peicTaB/eHHIO
TOYEYHOU TPYyNNk, HE OTBEUAIOUIEMY KOMIOHEHTaM BeKTopa).

B OOLIYHOM CErHeTO3JMEKTPUUECKOM MNepexojie, KOTAa H3MeHeHHe

CHMMETPHUH [IOJIHOCTLIO ONPEALTACTCs] BEKTOPOM IMOASAPHU3AUHH, Nepe-
X0/ NPOUCXOAUT B BEICHIVIO (Lr':z YUCJTA JAONYCKAWUIUX MUDO3IEKTDU-

LA SL I UIYRR ALY 42 LAl Y INS yYaer RdALve L) enaiiag ‘.J RAARS LY

quTBo) MOArpynny HpOCTpaHCTBeHHOH Tpynnel HCXOAHOH (HEenupo-
neKTpHueckoit) ¢asel. IIpu HecOGCTBEHHOM 3Ke CerHEeTO3eKTPHUYECKOM
nepexoje MHPOJIEKTpHYeCKass ¢a3a OTHOCHTCA K NoArpynne 6GoJee
HU3KOH CHMMETDHH,

KoHKpeTHue TepMOAHHAMHYECKHE CBOHCTBA HeCOOCTBEHHBIX cer-
HETOIEKTPUKOB MOFYT ObITb MHOT00Opa3HBl B COOTBETCTBHUH € MHO-
roofpasnemM TpanchopMauHOHHEIX CBOHCTB BeJHYHH, NpeobpasyouHXCs
Mo pasIHYHBEIM HENPHBOAHMBIM NPEICTABAEHHSM MNPOCTPAHCTBEH-
HEIX rpynn. Pacemorpum 3zech (cHoBa B paMKax Teopun ¢aso-
BHIX  nepexogoB Jlanmpay) Jumb 0AMH (opMaabHBHIH NpHUMEp ¢
UEThI0 HAAIOCTPAUMH HEKOTOPLIX CYIIECTBEHHBIX MPHHUHMHAILHAIX
MOMEHTOB.

Paccmotpum nepexos (Oes W3MeHeHHS 37eMEeHTapHOH sueHiku) U3
HENHPOIIEKTPHUECKOTO KpHCcTanda kaacca (;, B kiracc C,, nony-
CKalowui CMOHTAHHYIO TMOJAPH3AUMIO, NpHYeM napameTp I[OpsiKa
ABYXKOMIIOHEHTEH (1, m,) W npeobpasyercs No HeNPHBOAUMOMY MpPei-
crasiennio E, rpynnel Cy,; KoMmnonentol xe P, P, BexTopa noJs-
pU3auHu (B TUTOCKOCTH, NepneHAHKyasapHoH ocu C,) npeobpasyroTcs
no npeicTasaeHuio £,

TepMoMHaMquCKHH notenuuai O B6AU3M TOUKH Nepexoa 10/KeH
OBITL pPas3ioXkKeH 10 CTeNeHsM NapameTpa Nopsiaka 1, 1, W NOAspH-
sauun P,, P,. Ilpu 3TOM A7 BO3HHKHOBEHHS CETHETO3I/EKTPHUYECTBA
TpebyeTcs cymeCTBOBaHHe CMEIIaHHBIX HHBapUAHTOB, COCTABJEHHBIX
M3 TeX MU JAPYFUX BeJWYHH, npuueM gauHelHo Mo BekTopy P. Takux
HHBAPHAHTOB B AAHHOM CJy4ae CyUleCTBYeT ABA: BeLleCTBeHHAs WU
MHHMas uYacTH mnpoussefenns (n,—+in,)*(P,+iP,). B pesynbrare

!) BO3MOXHOCTb CYIIECTBOBaHWS TAKHX CETHeTO3/JEKTPHKOB Omlia YyKasana
B. JI. Hudenbomom (1960).

?) TakoBH (haKTHYECKH BCE H3BECTHHIE 1i€COGCTBEIHLIE CErHETO3JeKTPHKH.
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IIPUXOAUM K pPAas3/IoKEeHHIO BHAA

O =@y +a(T-—T,)n*+ Byt + %P>+ C,? [P (v} — 1) — 2P, 117. ] +
. . E?2
+C* [P, (v1—v0) + 2P, 7. ] —-EP— - (20,1)

(M*=mni+n3, y;=mn,/n; BekTopul E, P—B miockocT Xy).
[Tapamerp nmnopsiaka W mNossipH3auMsi ONPEAESIOTCS  YCJIOBHEM

MunuMmanbiocTH @ (npn E =const). OTMeTHM JAWlIL XapakTepHELIE
pesysnbTaThl, OUEBHAHBE H 6e3 (aKTHYeCKOro MNpoBeAEHHsI COOTBET-
cTByloUHX Buluucaenui. Ilapamerp nopsiaka B HecummeTpHuHOUH dase
OKa3blBAeTCsl, KaK H NPH BCSAKOM Iepexoje BToporo poaa (B TEOPHH
Jlanpay), npomnopuvoHaitbubiM (7 ,—T)/:. Ilonsipuzagusa e Bo3Hu-
KaeT KakK 3pdeKT BTOporo HOpsiaka Mo 1 H MOTOMY OKa3LlBaeTcs
nponopudonaisoit T ,—7T. [uanekrpuueckasi BOCOPHEMUYHBOCTL He
crpemutess npu T — T, K GeckoHeuHoCTH (KaK B OOLIUHLIX CErHeTo-
3JIeKTPHKAX), TTOCKOAbKY OHA He OlpeAensieTcsl Tenephb CTPeMSLIHMCS
K HyJ0 KospdpuuueHToM NpH mE. OHA HCHBLITHIBAET, OJHAKO, B TOUKE
Mepexoid KOHEYHBIH CKayoK. ITo CBA34HO C TeM, YTO B CHMMETPHY-
Ho# ¢pase mapameTp mnopsiaka 1y =0 u He MeHseTcs Hox ACHCTBHEM
noas E, a B HECUMMETPHYHOH — MEHSIETCS, YTO M AAeT AONOJHUTE/b-
Hell BKJIa4 B BOCIIPHHMYHMBOCTS.

OTMeTHM, 4TO HECOOCTBEHHBIH CETHETOZJIeKTPHUECKHH Mepexof
BO3MOXKEH TOJbKO MPH MHOIOKOMIIOHEHTHBIX MHapameTpax MHopsiaxa.
JleiicTBUTENLHO, MDPH OJHOKOMIOHEHTHOM MapameTpe 1 CMeIaHHbIH
HHBAPHAHT, JIHHeHHbIH 1o P, Mor Ol ObiTh JHWL MP,, rae P,—ojHa
M3 KOMIOHEHT BekTopa P (mocKoAbKY 1711 oaHOMEPHOTO MpeacTaB-
JeHHus1 KBajapar m® yxe cam sBjsercsl HHBapuaHToM). Ho 3T0 o3Ha-
yano 6bl, 4yTo v H P, coBmajaidT M0 CBOWM TPaHCHOPMALHOHHBIM
CBOHcTBaM, Tak 4To P, M camo Morjio Gbl ObiTh BLIOPaHO B Kaye--
CTBe MapameTpa MopsRKa.



FJTABA III

NOCTOSHHBLIH TOK

§ 21. IInoTHOCTP TOKA H NPOBORHMOCTD

Ot H3yuYeHHs 3JeKTPHUYECKHUX TOJeH, CO3AaBaeMblX HeHNOABHXK-
HBIMU 3apsilaMu, Mbl OepeiieM Tenepb K PacCMOTPEHHIO cTauHoHap-
HOTO JBM:KehUs 3apsiIOB B NPOBOAHHKAX (MIOCTOSHHBIA 3JeKTpUUECKHH
' TOK).,

Byaem ofosnauaTh cpejuiold NJIOTHOCTh NMOTOKA 3apsjioB fHoCpe]-
CTBOM j; ee Ha3blBalOT NAO0MHOCMbIO 3aeKmputecko2o moka'). B no-
CTOSIHHOM TOKe MPOCTPAHCTBEHHOe pacnpefe/eHne j iie 3aBHCHT OT
BpeMeHH H MNOJAYHHSETCS ypPaBHEHUIO

diVjZO, (21’1)

BBIpaXKaloleMy CO60#i [OCTOSIHCTBO MOJHOTO cpejHero 3apsja, 3a-
KJIIOUeHHOTO B JII0OOH 4acTH ofbeMa NPOBOAHHKA.

DNeKTpHYecKoe MoJe, CyLIeCTBYIOIee BHYTPH MPOBOAHHKA, MO
KOTOPOMY TeuYeT MOCTOSIHHBII TOK, TOXKe MOCTOSHHO, & HOTOMY VIO-
BJIETBOPSsieT ypaBHEHHIO

rot E=0, (21,2)
T. €. MMeeT ToTeHuHas.

K ypasrmenusam (21,1) u (21,2) pomxkHo eme GbITh TPHCOETUHEHO
ypaBHeHHE, CBs3bIBatollee MexxAy coboil BeanuuHbl j U E. Drta cBA3b
3aBHCHT OT CBOHCTB BelecTBa NPOBOAHUKA. B orpoMHOM GOJBILIHHCTBE
CJAyYaeB ee MOXKHO CYMTaTh JMHeHHOH (3axon Ona).

Ec1v npoBoAHHK OZHOPOAEH H H30TPONEH, TO JHHEeHHAas 3aBHCH-
MOCTb CBOAHMTCSI K TPOCTON MPONOPIHOHAIbHOCTH

j=oE. (21,3)

KosbduuuedT ¢ 3aBUCUT OT poja H COCTOSIHHSI NPOBOJAHHKA, €ro
Ha3bIBAIOT KOIPPUUUEHMOM 3NEKMPONPOBOOHOCMU, WIH TIPOCTO 11p0-
800UMOCTbIO TeJA.

‘B oxnopoanom mnposoanuke o=const u mnogcraHoska (21,3) B
(21,1) naer divE=0. [losromy B 3TOM cayuYae mnoTeHHHad 3J7EKT-
pHYECKOTO TO0Jis1 YAOBJETBOPSET ypaBHeHuto Jlangaca Ag=0.

Ha rpannue pasgena 1ByX NpOBOASINHX CPeJ HOPMAaJbHAas KOM-
MOHEHTA IUIOTHOCTH TOKa J0JXKHA, OYeBHAHO, ObITL HeMpPepLIBHOM.

') B sToit raBe MH He DACCMATPHUBAEM CO3]aBAEMOTO TOKOM MarHHTHOTIO MO
H COOTBETCTBEHHO He YUHThiBaeM oOpaTHOTO BJIHAHHS 5TOr0 NOJs Ha TOK. Yder

3TOTO BJAHAHHA NOTpeOyeT YTOUHEAHs OIpefesleHHd INJIOTHOCTH TOKA, uTo GyAeT
chesnaro B § 30.

5 JI. 1. NMaunnay, E. M. Judwun
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Kpome Toro, coriacHo ofeMy YC/JIORHIO HEeNpephiBHOCTH TaHFEeHUH-
aJbHOH KOMIIOHEHTDLI HaNpPSIAKEHHOCTH (CJACAyIOmieMY H3 YpaBHEHHS
rot E=0, ¢cp. (1,7) # (6,9)) A0MKHO ObITH HENPEPHIRHO OTHOLIEHHE
jo. Taxkmn of6pazoM, rpaHHUHBIE YCAOBHS [, [JIOTHOCTH TOKa
rJ1acArT;

s * 5 — 3 /ey fc)

Jn1 = fney h1/P17= J42/Y2 (~1,3
HIU 1714 HaHpH}KeHHOCTII 10151

o kFr g kK r _r {21 By

Y1=pl Hale 2y ~t2 {2 \~ 1Y)

Ha rpanitue ke mpoBOjHHKA C HENPOBOASIIIEH Cpefoll HMEEM MpPOCTO
i, =0 i £,=01").

DACKTDHUECKOE [0JEe, TOAAePKHBAKINEE TOK, MPOM3BOAUT HAJ
MePEMEILAIOLIHAMHCS B NPOBOJHHKE 3apsKEeHHbIMH YaCTHIAMH (HOCH-
TEJSAMH TOKA) MEXaHHUYECKYIO padoTy; padord, npouseopumas B 1c¢
B €IHHHULL 06’&9\12 HHBHH QUCRHHO, ’THOHQRPWEHH}O IF g'l"?] ﬂﬂﬁ()'l‘ﬂ

AUCCHITHPYETCS B BeI_LGCTBe NPOROJHHKA, [EPeXoas B TEI0. Taxum
o6pa3oM, KOJIHUECTBO Te€mJja, BHzeAsowerocs B 1¢ B 1 cm® ogHo-

POLHOTO HPOBOAHUKA, PABHO
jE=0F%=j%0 (21,6)

(3axon Hocoyra—Jlenya).

Buljesqenue Temaa MNPHBOAMT K BO3PACTAHHIO IHTPOIMH TeJja.
ITpu Bel1enenuu Tenaa d@ =jE di/ 3HTponHs AaHHOTrO 3JCMeHTa ofbeMa
yBeuausaerca Ha dQ/T. TlostonMy CKOPOCTH M3MEHEHHSI IOJIHOH
SHTPONHH TeJId paBHa

4.5 {E
= Fav (21,7)

MmTr oY AATr~TFn Ty

B CHAY 3aKoHa DUS‘p.’:‘xCTE‘x
6BTL nosoxHTenbHoi. [{oactaBue B Hee j=0E, Mbl BUAMM, 4TO U3
sroro TpefoBaHHS MOXKHO CAe1aTh 3aKJAIUEHHE O HNOJ0XKHTEJALHOCTH
IPOBOAMMOCTH O,

B anuzorponHoMm Ttesae (MOHOKPHCTAUJ/IE) HAnpaB/eHHs BEKTOPOB
j u E, BooGmi¢ roBopsl, HE COBNAIAIOT H JHHEHHAs CBS3b MEKLY
HHMH BhipaxaeTcsl GopMyJaaMU BHJAA

j1=0:Ly, (21,8)

rA€ BENMUHHBL O, COCTABASIOT cm\meTpanbe«’i (cM. HHKE) TEH30p

T e s N e P Ry, |

B10pPUTO l.)dl‘ild \HL(:'H/JUIJ IL]JUUUUHJWULHLHJ

1) ObBpatnM BuuMasHe Ha To, 4yto ypaeHenus rot E=0, div (GE)=0 u rpa-
Auunbie ycaoBHA (21,5) K uuM ofHapyxuBaT (OPMadbHYI aHAJOTHIO C ypaBHe-
HHSIMH 3J€KTPOCTATHHECKOro NOJfA B JAW3JIEKTPHKAX, OTJIMYAsAC, OT HHX JHLIb 3a-
MEHOH & Ha 0. 3To OOCTOATE]LCTBO MO03BOIAET HaXOJIUTh peLEeHUs 3a7au O pac-
npeiesleHHH TOKa B HEOrpaHHuYeiHOH NpOBOIsLiell Cpexe HENOCPeICTBEHHO MO pe-
HIGHHAM auajJIoTHUHBIX 3JEKTPOCTaTHYECKHX 32124, [1pu naauunu rpaiui NpoBOJHHKA
€ HENPOBOIAIEH CpeJod 3Ta aiuajorus He NPHBOANT K IlesM, TaK KaK B 3J€KTpo-
CTaTHKe HeT cpel ¢ € =0.
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3nech HeOOXOIHUMO chenaTh caeaywouiee samedanue. Cama 1o cebe
CHMMETPUA KpucTaldia Morjaa 6bl AONYCTHTb HaJHyHe cBOOOAHOT®
yjeHa B JUHEHHOH CBA3W Mexnay j U E, 1.e. dopmyay Buxa

i =04E 4+ P

C MOCTOSIHHBIM BexkTopoM ', Hanuuue Taxkoro useHa os3nayano Gbl
«MMHPO3IEKTPUYHOCTb» NPOBOAHHKA-—B OTCYTCTBHE TOKa (j=0) B Hem
cyuiectsoBano Obl OTAHYHOE OT HYJAS 1oje. B AefCTBHTETLHOCTH,
ONHAKO, 3T [O’KHO B CIJTY 3dKOHa BO3pPACTAaHUST SHTPOLHH:
yien j*E B mopbiHTerpasbHOM BbipaykeHnu B (21,7) saBenomo mor
6pl uMeTb 00a 3HaKa, B pesy brare yero def/df He morsaa Obl GblTh
CYUIECTBEHHO MOJIOKHTEALHON BEJIWMYHHOM,

IlogoGHo ToMy Kak B H30TPONHON cpepe yeiaorue d/di > 0 npH-
BOAUT K TOJOXKHUTEJbHOCTH O, TaK B aHH30TPONHOM TeJe U3 3TOro
VCIOBHSA CAEAYET MOJOKHTEIbHOCTh IVIABHBIX 3HaYeHUHA TeH30pa o,,.

3aBHCHMOCTb YHCJIA HE3ABHCHMBIX KOMIOHEHT TeH30Pa OT CHM-
METPHH KpHCTalJa Takas ke, KaK Yy BCSIKOTO CHMMETPHYHOTO TEeH-
3opa BTOporo paura (cM. § 13): v ABYXOCHHIX KpHCTaNJI0B Bce TpH
ITaBHBIX 3HAYEHHUS PA3JINYHBL, Y OJHOOCHBIX — JBA M3 HHUX OJHHA-
KOBbl, a Y KyOMYECKHX—BCe TPH OJMHAKOBH, 7. €. KyOUUeCKHI KpH-
CTans B OTHOLIEHWH CBOHX CBOHCTB NPOBOJAHUMOCTH Bemer ce6s Kak
H30TPOIHOE TeJo.

CHMMETPHYHOCTE TEH30pa NPOBOAHMOCTH

Oir= O (21,9)

ABJIACTCA CJACACTBHOM NPUHYUNGA CUAMEMPUL KUHEMUMECKUX KO-
guyuerimos. DopMysHPOBKa 3TOT0 obWIEro NpPUHHHNA, NPUHA/IEKA-
mero JI. Owcacepy, yio6uas a5t NPUMEHEHUS 3J1eCh M HHKe
(8 §§ 26—28), sakmouaercs B caexywouiem (cp. V § 120).

Ilycts X, X,, ...—HEKOTOpHlE BeNHUMHBI, XapaKTepPH3VIOI[He
COCTOfIHME TesJa B Kaxaou ero touxke. Hapsigy ¢ uumu BBOIHUM Be-

JHUYH HbI
oS

XGE_EE’ (21,10)
rae S—sHTPONUSI elHHHUB ofbeMa Tela, a NPOM3BOAHAS Gepercs
NpH TNOCTOAHHOW 3HEPrHH 3Toro obwema. B cocTefHuH, GaH3KOM
K PaBHOBECHOMY, BEJIHYHHBI X, OJH3KH K CBOMM pPABHOBECHBIM 3Ha-
YeHMSAM, a BejHydHB! X, Masbl. [Ipu 370M B Tese GVAYT NPOHCXOAUTH

O CKOPOCTSIX U3MEHEHHS BCJHYHH X, TPH 3THX DPOLECCAX MOKHO
OOBIYHO YTBEPKAATh, YTO OHH SIBJISIOTCH B KaXKI0H TOUKe Tesia $hVRK-
IHAMH TOJBKO 2HAYCHMA BEJIMYMH X, (HIH X,) B TeX Ke TouKax.
Pa3.n§1raﬁ 5TH QYHKUMH B pal 1o cTenedaM X, M OrpaHHYMBASCH
JMUHEMHBIMH  YJICHAMH B PA3JIOKEHHH, MNOJYYUM COOTHONIEHUS BHa

0xg
%o ¥ Xy (21,11)
b

L%
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Torja MoOxKHO yTBepKHaTh, 4TO KO3(DDHUHEHTH vy, (KunemudecKue
Kosghepuyriemot) CHMMETPHUHBI MO HHAEKCAM a H b'):

Yab = Voa- (21,1
HJIH dDaKTH‘IECKOI‘O HCIHOJAB30OBaHUA 3TOoIr'o HD HIIHUA HeOﬁXOHHM .

H3BOHbBIE X,), OHpEILEJIHTb COOTBETCTRYIOHIHE X,. STa 3ajaya oObIYHO
MOzKeT ObITh BECbMa NPOCTO pelleHa ¢ NOoMouibio GopMyJbl, onpene-

Jsomedl CKOpoCTh H3MEHEHHS Co BpeMEHEeM MONHOH 3HTPONUH Tejaa:
d 7] .
_‘if:_SZXa ey, - (21,13)
a

rae HHTErpHpPpOBaHHUC MPOH3BOIHTCA MO BCEMY O6’b€My TEeJ4.

B paHHOM c/lyuae npH NPOXOKAEHHH TOKA yepe3 NMPOBOJAHHUK A/
3T0H CKO ODOCTH MBI HMeeM dmrwrvnv (91 7\ (‘nnmmnaq eo ¢ (21 13)

111 AL WLV LY & dyd g e JOanIIXIDan OO o\ Ry

MBI BHIMM, YTO €CAH B KayecTBC BGJIMYHH X, BHIOPATb KOMIIOHEHTH
BEKTOpa MJOTHOCTH TOKa j, TO COOTBETCTBYIOHIMMM BeNHYHHAMH X,
6V11y'r KOMNOHeHTH BekTopa —E/T. CpaBHenHe xe dopmyna (21 8)

n (21,11) noxaswiBaeT, 4TO POJb KHHETHYECKHX Ko3(DdHUHEHTOB Hr-
parwT OpH ITOM YMHOMKEHHBE Ha T KOMIOHEHTH TEH30pa IPOBOIH-
MOCTH, CHMMETDHs KOTOPOTO CIeiyeT, TaKHM OGpa3oM, HEMoCpencT-
BeHHO H3 oOmMX cooTHolleHui (21,12).

Saxaun

1. B npoeoasmyo cpely MOIpy:KeHa CHCTEMAa 3JeKTPOJAOB, MOAAEPKHBAEMBIX
NpH NOCTOSHHBIX I[IOTEHHHAIAX @Qg. C KaMAOro H3 3JEKTPOAOB CTEKaeT TOK Jg4.
Onpeaenuts moJHOe IXKOYJNEBO TENJO, BLIACSIONEECH B CpPeie B 1 CEKYHRY.

7 Peme#ue. Mckomoe Tenno Q naercs wHTerpa-
JIOM

Q= S E dV = — S jvcpdvz——g div (g dV,

B34TbIM no oOwemy cpeasl. IlpeoGpasyeM 2T0T HH-
g Terpasg B HHTErpal 1O NOBEPXHOCTH, YUYHTHIBAg, UTO

7 Ha BHelHeHd rpanuue cpeisl j,=0, a Ha nosepx-
HOCTHX 3JeKTpoaoB ¢ =const=¢,. B pesyabrare
NOJYUAM
-
Q:Z(Paja-
a
0" 2, Onpelenuthb pacnpejgedcelue TMOTeHIHATa B
Puc. 15 npoaonﬁme" cepe, B KOTO}’y:O tok J BXOgHMT yepes
o OJUH TOJIOC KW BHXOZHT Yepe3 IPOTHBOIOJOXKHLIH
TOJHOC.

Pemenae BGiuan nomocoB O u 0 (puc. 15) motenuuasd COOTBETCTBEHHO
JloJKeH HMeTh BHJI

p— J H —_— __—.J -
?= 270R, ¢= 2n0R,’

') TMoapasymepaeTcst, 4TO BeJHYHHBEl X, H Xp BeAyT ce6A OJHHAKOBLIM 06pazoM
MO OTHOUIEHMIO K H3MEHEHHIO 3HAKA BpPEMEHH.
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rae Rji, Ry—DacCTOfHHA 70 NMOIOCOB. ITH (YHKIHH YAOBJCTBOPSIOT YDABHEHHIO
Jlanaaca, a mnerpanm—cg Vp-df no GeckoHeyHO MalbiM IoaychepaM BOKpyr

touek O u O’ paBunl +J. Mmem noteHnmuan B IpoH3BOJLHOH Touke P cdepnl
B BHje
I (1 1

)|
= e — L
=T \ R R Y
rAe P ecTb pelleHue ypaBHeHHs Jlallnaca, He HMewomee TIOJIOCOB BHYTPH Cdephl H
e epxHoctH. M3 cu
TOALKO cepuyeckuX Koopauuat r u 0.
Ha nosepxunocTn coepsl (r==a) RoJXKHO OHTb Op/dr=0. Ilpousseas audde-
peHIHpPOBAHHe, HAHAEM OTCIOAA Ajs P Ciaeayollee I'DaHHYHOE YCIOBHE:

Q‘L__l_(L_}_ Tou r—a
or  2a\R, R, pu r=da.

Ecau f(r, 0) ectb kakoe-1H60 petiesne ypaBHeHus Jlanmaca, TO ¢yHRIUA
r
Sr*lf (r, 0) dr Toxe ecTp pewlenne !), CpaBHHBAf C HANMCAHHBIM T PAHHYHBIM yC-

0
J0BHEM, JIerkKko 3akK.fio4iTb, UTO eMy YAOB.JIeTBOPSACT pellcHHe

:
1 1 1\ dr
’*’Z?ﬂ?ﬁﬁﬂ?'

1
[oacrasus R, ,=(a®+r? F 2ar cos ) /2y npou3Beiss HHTErpPHpPOBaHHe, TIOJAYYHM
OKOHYaTeJLHO

_J 4111 a-1-r cos B a—rcos
(P——Q"EO—_{RI—Rz—I—?E(AI‘Sh r sin 0 -—AI'Sh'—""'—"—)}

rsin B

(¢ orcuuTHBaeTCA OT 3HayeHHsa =10 npu r=~0).
3. Iloka3aTh, 4TO pacnpeje/eHse TOKa B NpoBOasinedl cpeie OTBeYaeT MHUHH-

I O TIOOCTATIATINE QrrIonriinr
VL y Ivi AL riLalan JFiavplinn,

PeweHne Peyb Haer 0 MHHHMyMe HHTerpaJa

:2
S;EdV:S—’—dV
_ G

IIpH AOTOIHHTe bHOM ycioBuu div j==0, BulpaxamomeM coxpaHeHHue 3apsiza. Bapb-

HPYs 10 j HHTerpasl
j2 g
——— d
5‘ ( = 2 dlv]) |4

(2¢—aarpamKeB HeoNpeledeHHBbI MHOXKHTEIb) H NPHUPABHUBAR BAPHALHMIC HYTIO,
NIONYYHM YpaBHelHe j—— oV(p WIH

rot (j/o)=0,
CopMajawiiee ¢ ypapnenusmu (21,2) u (21,3).

1) B sroM Jerko yGeanTbesl KaK HeNOCPEeACTBEHHOH TIpOBEpKO, Tak H Ha OC-
HOBaHM# TOro, 4TO HCKOMoe pemeHue f(r, ) ypasnenus Jlanaaca, 3asHcAuee
TOJABKO OT NepeMeHHLIX 7, O, MOXeT OLITh IPEICTABIEHO B BH/IE

f= 2 P, (cos 0),
n

rae ¢,— IocTosiuise, a P,— noaunonsl Jlexasipa.
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§ 22. 3dppext Xoana

Ecau IIPOBOJAHHK HaxXOIHUTCA BO BHCIIHEM MarHUTHOM II0J€ H,
TO CBA3b MEXKAY TIJIOTHOCTBIO TOKa H HanpPAXeHHOCTbIO 3EeKTpyue-
CKOro noJd mno-npexHemy laeTcad COOTHOLUEHUAMHU

ji =0 Ey,

HO KOMIOHEHTbI TeH30pa MPOBOAUMOCTH 0, ABAAIOTCA PyHKiusaMu H

M, 4TO OCOOCHHO CYHIECTBEHHO, YK€ He CUMMETPHYHBI 110 HHAeKCaM ik.
CummeTpusi sTOrO TeH30pa Oblia AoKasaHa B §. 20, HCXONA H3 NMPHH-
(M2 CHMMETPHU KHHeTHYeCKHX Kos3PpgunueHtToB. Ho B MarHUTHOM
noJe, Kak H3BeCTHO, (GOPMYJHPOBKA 5TOr0 NPHHIHNA HECKOJAbKO
MEHSAETCS: ONHOBPEMEHHO C MEPECTaHOBKOH HHICKCOB Y KHHETHYE-
CKHX KO3(Dp(HIHEHTOB NOMKHO ObITb M3MEHCHO Ha ofpaTHoe Takke
M HanpasjeHue MarHuTHoro noas (M. V § 120). IMostomy nna xoum-

41¥l Lia U ¥l . 2SS AT A LY & 2 U )

TIOHEHT TeH3opa 0,, (H) 6ynem Tenepb HMeTb COOTHOLIEHHS
O (H)=0,, (— H). (22,1)

Beanuunsr xe 0., (H) u 0,;(H) oTHIO4b He paBHBI Apyr Apyry.

Kak ¥ BcskHii o6mUiA TEH30p BTOPOrO paHra, TEH30DP O;, MOXKHO
pasaenuTb Ha CHMMETDHUHVIO H aHTHCHMMETPHYHYIO YacTH, KOTOpBIe
Mbl 0003HAYHM COOTBETCTBEHHO KaK S;; H @

O =S+ Q- (22,2)
ITo onpenenensio,
Sip(H)=s3; (H), @a;, (H)=—a,; (H), (22,3)
a us (22,1) caenyert, uto
Sig (H) = $p; (— H) = s, (— H),

O« b
s () = @y, (— H)=— a5 (— H). (22:4)
Takum o06pasoM, KOMNOHEHTbl TeH30pa S§;, HABAAIOTCA YETHBIMH,
a TCH30pa 4;,— HCYCTHBIMXA (PYHKIUAMH MArHUTHOrO IOJS.

Kag H3BecTHO, BCAKHA aHTHCHMMETPHUHBIH TEH30pP BTOPOro paH-
ra Q;, 3KBHBaJeHTeH ([yaseH) HEKOTOPOMY dKCHAJbHOMY BEKTOpY,
C KOTOPBIM €ro KOMIOHEHTb! CBSI3aHBl NMOCpeNCTROM

Quy =0z Qyp,=—24,, a,,=0. (22,5)

C noMolIbIO 3TOro BEKTOPA KOMMOHEHTHl IIPOH3BEACHHA &;,F, MOryT
ObITb HaM{CAHBl B BUJAEC KOMIOHEHT BEKTOpHOro npoussencHus [Eal:

ji=0',-kEk=S,-kEk+[Ea]i. (22,6)

JIx0yneBo TemIo, BbIAEAILIECS NPH NMPOXOXKACHHH TOKA, OMNpe-
Jensetca npouspeneHueMm JjE. B cuay nepneHIHKY/JAPHOCTH BEKTO-
pos [Eal u E ux npouspenenue o6pamaercs TOXIECTBEHHO B HYJb,



§ 221 DPOEKT XOJJIA 135

TaK 4TO
jE == SikEiEk’ (22?7)

T. €. KOY/1eBO TenJ10 onpeenasieTcs (Npy 3aj1aHHOH HanpsaxkeHHocTH E)
MNTH

& <
FOTHMIIITUNIT ITANTLLY MTALISANA TINATATIIRINANS Y
AHOH JHUIUE CHMMETPHUYHOH HacCTbio ICH30pa NPOBOAHMOCTH.

Ecau marupTHOe nosge AoCTaTouHO c¢jaaboe, MOXHO DAa3I0KHTDL
KOMIIOHEHTB! TE€H30pa NPOBOAUMOCTH MO €ro creneHsM. BBupy Heuer-
Hoctd dyHkuuy a(H), B pasnoxeHHe ITOro BeKTOpa BOHAYT TONBKO

YJeHbl HEeYeTHbIX cTeneHed. [lepBHe UJCHH pPa3OKEHHA JHHEHHBI
1o NOoJK, T. €. UMEOT BUL

al':al-ka. (22,8)

Bektopbl a2 u H o0a axkcuanbubl, nmO3TOMY [OCTOSIHHBIE O;, COCTaB-
JASOT OOLIYHBIA (NMOAAPHBIN) TeH30p. B passoxkeHue ke YeTHBIX PYHK-

[
b1 6 R P ETTTAY M O FTAMMTITT Thary A TT N TTorR A Y 4~ T TEE

HH?‘I Sik{ﬂ) BXOJAT TOADKO H/JCHDBI ¢ UCTHDLIMYK CTCHCHAMH. nepbbm
YJEH pPas3JOoXKEHHS €CTb MNPOBOAHMOCTDb 0‘5-?3) B OTCYTCTBHEC NIOJA, a nep-
BbI€ IIONDABOYHDBIC YJEHBI KBaapaTUUYHBL 1O TMOJIIO:

Sip= O'(i?e) +ﬁz’kthIHm' (22,9)

Tensop B;4;, CHMMETPHYCH KaK MO HHAEKCAM [k, Tak ¥ N0 uHAeKcaM Im.

Taxkum 00pa3om, OCHOBHOH, JHHEHHBIH 1o no/to, 30peKT BAAAHE A
MarHuTHoro mnoJs 3ax/ioueH B uneHe [Ea] (sppexm Xoanra). On
COCTOMT, KaK MBI BHIHM, B TNOABICHHH TOKa, NMEPHEHAHKY.ISIDHOrO
K_3/71€KTPHYECKOMY MO0 H MO BeJHYHHE NPONOPLHOHAABHOrO Halp si-
KEHHOCTH MarHuTHoro mods. CraenyeT, OAHaxKo, UMeTb B BHIY, YTO
B o0lieM c/ay4Yae MPOU3BOABHOM AHH3OTPOMHOH CpeAbl XOMJOBCKHI
TOK He SBJAAETCS eJdHCTBEeHHHIM, NepneHAUKyAfApHbiM K E; Takue

L2

U Y T LT T YTT IR R AT IAM ren e MTT re TT -~ SN TT ot o e oo E

COCTaBJ/IAOIIHE MOXKCT HMETb H HE XOJAJOBCKHH TOK S:‘kEk-
Oddext Xoanma umeeT ¥ JIPYrof acnekT, ABCTBYIOMHHA U3 0Gpart-
HbIX GopMyJa, Bbipaxkalomux nodae E depes MIOTHOCTb TOKa:

=1
E; =0

O6paTHblii TeH30p O, Kak ¥ NPAMOH, MOXKHO PasJOXKHTh Ha CHM-
METPHYHYIO 4acTb (KOTOPYIO MBI OGO3HAYHWM KaK P;,) H aHTHCHMMET-
PHYHYIO, AYAJbHYI0O HEKOTODOMY aKCHajdbHOMY BEKTOpY b:

Ei=Pfkfk+[jb]f- (22,10)

Tensop p;, 1 BexTop b 0GiazalOT TakKUMH KE CBOACTBAMH, KaK H
S;e U a. B uyacTHocTH, B C1abblXx noasix BekTop b JuHeeH no ma-
rHUTHOMY noawo. B dopmynax (22,10) sddext Xonna npepcrasasercs
wieHnoM [jbl, T. e. mosBIeHHEM 3/1€KTPHUYECKOro MOMA, NepIEeHAUKY -
JIAPHOTO K TOKY H 110 BEIHYHHE NPONOPIHOHAJIBHOIO MarHHTHOMY
nomio (4 TOKY j).

Bce Hanucanubie BBILle COOTHOIIEHHS OYEHb YNPOLIAKTCH, €CAHU
NPOBOAHUK H30TpOneH. B 3ToM cayyae H3 coo0pa)KeHHH CHMMeTpHH
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OYeBHAHO, YTo BeKTop b (MaH a) MoxeT ObITb Hanpas/JeH TOJbKO
BIOJb MArHUTHOro nodsi, LEAMHCTBEHHBIMH 2Ke OTJIMYHBINMH OT HYJA
KOMMOHEHTAMH TeH30pa QP ABASIOTCH p.. =0, H P, I'le oCb 2
Bbibpana BjoJb HanpaBienusi nods. O6o3nadns 3TH jBe BeJHYHHbI
NOCPEJICTBOM p; M P,y U BbiOpaB MJIOCKOCTb Xz NMpPOXoisuleli yepes

HanpasJeHHe Toxa, OyieM HMeTb

Ex:p_l_..ix' Ez_b’x* Ez:p!!.iz' (22’11)

J

OTcioga BUAHO, 4YTO B H3OQTPONHOM TPOBOJHUKE XOJ/J10BCKOE M0/
ecTb eIMHCTBEHHCE 3JEKTPHYeCKoe IMoJe, NepneHiuKyaspHoe O1HO-
BPEMEHHO TOKY H MarHHTHOMY MO0,

B cnabplx MarHuTEBIX nNOaAX CBS3b BeKTopoR b u H jaercs
(B H30TPOMHOM Te/e) NPCCTO COOTIHOLUEHHeM

=—RH, (22,1

[N]

)
[Moctosnnas R (nocmosrnas Xoasa) MoxeT ObITb Kax M0.10KHTEIb-
HOM, Tak W oTpHuaTesbHoH. YTo KacaeTcsi kBajpaTtHuHbiX 1o H
YyNeHOB B 3aBHCHMOCTH MeXay E u j (BXoasamux yepes TEH30D ;)
TO HX BHMJ fIC€H H3 TOTO, YTO €IMHCTBEHHBIMH BEKTOpaMH, KOTOpbIE
MOXKHO cocTaBuTh H3 j H H (JAUHEHHBIMH To j U KBagpaTHUYHbIMH
no H), asasiorca H(jH) u jH2. [lostomy ofmuit BHA 3aBHCHMOCTH

Mexkgy E M j B H30TpomHOM Tese C yyeToM KBajgpaTuuHelx mo H
YJeHoB naetcs GopMyJaoH

E=p j+ R[Hj]+p.jf2 +B,H (Hj). (22,13)
3anava

BLIpa3uTh KOMIOHEHTH OGPATHOrO TEH30PA Gl Hepe3 KOMIOHEHTHI S;p ¥ a.

Pewmernune. Ilpome Bcero npOW3BOAHTL BHIUHCJAEHHA, BHIGPAB CHCTEMY KOOp-
AWHAT X, y, 2, B KOTOPOH TEH30p S;, NMPHBEAeH K FAABHBIM OCAM, IIOC/E 4ero no
BHAY NOJYYAICILHXCS BBIPAXKEHUN JIETKO 3aKJJI0YHTL 06 KX obuell ¢opme B mpous-
BOJMbHOR cucreMe KoopauHar. Onpejenutenb TeH30pa:

Sxx dz T4y 2 2 2
lol=|—a; Syy ax | = Sxxsyyszz+sxx ax+ Syyay'l‘ Szz0z.

QuesujHo, YTo B oflueM cayyae
[0 |=]s]|-sipa;ay.

CocTaBaas TakXe MHHOPLI 3TOTC ONpefesIATeNs, HaigeM KOMIIOHEHTHI 06paTHOro
TeH30pa

2
~1 Syyszz+ Qx

a,a, —a-s
-1 xHy YA
Uxx:Pxx=—T6T““—, ny:ny+bz=_——

| G l ¥ - s #
O6mue BbHpaxeHks, NEPEXOAflHe B 5TH NPH HalleM BHIGOPE CHCTEMbI KOODJIHHAT:

l _ 1
Pik:m {sic|s|--aas}, b= — 5] SikQks

HeM H peliaeTcs IToCTABJACHHAS 3ajata,
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§ 23. KoHTakTHas pa3HoCTh NOTEHIIHAJIOB

Jlns toro uto6bl YOAMHTh U3 MPOBOAHHKA Yepe3 ero NoBepXHOCTH
3apsKEHHYIO YacTHIly, HEOOXONHMO MpPOU3BECTH HaA HeH omnpefeseH-
Hylo paboty. Pabomoil swxoda HazbiRaioT paboTy, KOTOpas HOMMKHA
OblThb NPCH3BeAeHA Hal YacTHLeH, ecliu ee yAajeHUHe CoBepllaeTcs

1 . IT i -
JOXKHUTEJbHA, KaK 3TO CJAeAyeT HenoCpeICTBeHHO H3 Toro, YyTo TO-

YeYHbIH 3apai NPUTATHBACTCA KO BCAKOMY HeHTpanbHOMY Tesy, B TOM
YHCAe KO BCAKOMY MpoBogHUKY (cM. § 14). O6GosHaumM 3Ty padoTy
kKak eW, rie e—3apajn yacTHUbI; 3HAK OfnpeAedeHHOro TakHM oOpa3oM
nomenyuara evixoda W coBnagaeT €O 3HAKOM 3apaja yAansaeMoi
YaCTHIIBI.

Pabora BBIXON@ 3aBUCHT Kak OT pPOAa NPOBOAHHKaZ (M ero TepMmo-
AHHAMHYECKOr0  COCTOSIHUS — TeMaepaTyphl, MJOTHOCTH), Tak H OT
poja 3apsiKeHHOH yacTuubi, Hanpumep, y OZHOTO H TOrO KE Me-
Talla paboTa BbIXOJa pas3nHyHa NMpH VjaJeHdd 3apana B BHJe 3IEKT-
pOHa MPOBOAMMOCTH HJAH NpPH VyjaleHHd HOHA C ero NOBEPXHOCTH.
HeobxoauMo TakxkKe IOAYEPKHYTb, YTO pafora BBIXOja SABIAETCS
BeJIHYHHOH, XapakTepHsylonied MOBEPXHOCTb MNpoBojaHHKA. [losToMy

OHa 3aBHCHT, Hampumep, H oOT crnocofa ob6paGoTKH H CTENEHH «3a-
FPsI3HCHHA» TMOBEPXHOCTH. EcCau IPOBOAHMK IIpeacTasiseT CO6OM
MOHOKPHCTaA/1, To paboTa BHIXOAA pa3InHyHa H JIf PasSHBIX €ro
rpaHen. _ '

[as yacHeHua PU3nIeCKod NPUPOAL 3aBHCUMOCTH paboThl BBIXOAA
OT CBOHCTB TIOBEPXHOCTH YCTAaHOBHM ee CBsI3b C 3JeKTPHUYECKOH
CIPYKTYPOH TNOBEpPXHOCTHOro ciaosi Bemecrea. Ilonumaa mnox p(x)
MJIOTHOCTb 3apAAoB, He VYCPEAHEHHYIO 10 (u3uueckd OCCKOHEYHO
MaJbIM 3/IeMeHTaM JJHHBL BAOJb OCH X (NepneHJAHKYJASAPHOH K INIO-
CKOCTH C/10s1), muileM ypaeHeHue [lyaccoHa B MOBEPXHOCTHOM CJ0€:

&>
A= 4mp.

Ilycty obaactu mnposojgHuka cootBeTctByoT X < 0. Hurterpupys
OAHH pas, NOJYYHM
X

do !
e == 4n S p dx,

- 0

nocae 4yero ciaeayomaee HHTErpupoBaHuHe TMNpPpOH3BOAHM MO HaCTAM.

Q— @ =—4nx §pdx+4n § xpdx.

X

[Ipu x — oo unrerpat Spdx BeCbMa OLICTPO CTPEMUTCH K HY
-

JIO  (BBHY 3JEKTPOHEHTPAIbHOCTH  IIOBEPXHCCTH  HE3apsKEHHOT(
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nposojaHuka). [lostomy
+ @
¢ (+ 00)—g(—o0)=4n { xp dv.

-0

Huterpan, crosmuid B npaBodl yacTH paBeHCTBa, NpeacTasaseT coBol
JMTNOJAbHBIE MOMEHT 3apsaf0B, pPacnpeieJeHHBIX BO/IM3M MOBEPXHOCTH
Teqad. IDTO pacnpenedeHne MMeeT XapakTep 0goliHo20 408, B KOTOPOM
3apsAanl NPOTHBONOJNOKHOIO 3HAKA pasfeneHbl Tak, YTO JHUMOJbHbIMH

MOMEHT CHCTEMbI OT/IH4YeH OT HYJId. CTPYKTypa AROMHOrC cJ0f, pa-
3yMeeTcs, 3aBHCHT OT CBOHCTB NMOBEPXHOCTH (ee KpucTajsorpaduue-
CKOro Hamnpap/eHMs, 3arpssHeHuil W T. 1.). PasHocTb XK€ MoTeHIHa-
JIOB BBIXOJ@ C PA3JIH4YHBIX NOBEPXHOCTEH JaHHOrO MPOBOAHHKa Ompe-
NEeAAeTCA pPasHunefd MUX IHNOJBbHBIX MOMEHTOB.

"EcaH nBa pasjHyYHBIX NPOBOAHHKA NPHBEAEHBl B CONPHKOCHOBEHHE
APYT C APYTOM, TO MeXAY HHMH MOXKeT MPOUCXOJUTL OOMeH 3aps-
JKEHHBIMH vacTHuaMu. IIpu sToM 3apsiibpl 6YAYT NepexoadTb OT Te.ja
C MeHbLEeH K Teay ¢ Goabmedl pabGoTOH BbIXOAA A0 TEX TNoOp, MOKa
MEXKAYy OOOHMH TPOBOJIHHKAMH He
YCTAHOBUTCS PA3HOCTb MOTEHIHA-
JOB, NPENnATCTBYIOLLAA NEPEXOay 3a-
PANOB—TAK HA3bIBAEMas KOWMAKHI-
HAS PA3HOCME NOMEHUUAA0S.

Ha puc. 16 wusobpaxkeH nome-
peyHBId paspe3 ABYX cONpHKacaio-
LUXCHA NPOBOAHHUKOB (@ H b) BOIU-
31 HUX CBOOOJHBIX T[OBEPXHOCTEH
AO u OB. TloteHnuansl 3THX TO-
BEDXHOCTEH O0O6O3HAYMM COOTBETCT-

Puc. 16. BCHHO KaK ¢, H ¢,; KOHTaKTHad

pa3HOCTb TOTEHIHAJOB €CTb pas-

HOCTh @, =@,—¢,. KoanyecTBeHHas CBA3b MEXAY 3TOH PA3HOCTBIO
U paboTaMH BbIXOA YCTAHAB/AHBAETCS YCJIOBHEM TEPMOJHHAMHYECKOro
pasHosecus. Paccmorpum paborty, KoTopasi 10JHa Gblia Obl OBITH
MPOH3BEJCHA HaJ YacTULeH C 3apsagoM ¢ A1 Toro, uTobbl YAadaHuTh
€ro M3 NMpPOBOJHHKA @ yepe3 noBepXHOCTh AQ, 3aTeM nepeHecTH ero
K noeepxHocTH OB 4, HAKOHey, BBECTH BHYTPb NPOBOJHHKA b; B CO-
CTOAHUH TePMOJHHAMHYECKOTO PARHOBECHA 3Ta paboTa JOMKHA ObITb

paBHa Hyuic!). Pabotbl, NpoOU3BOAMMBIE Haj UaCTUIEH HA KaxJOM
U3 YKA3aHHBIX TPeX 3ITANOB 1NOVTH, PABHBI COOTBETCTBEHHO gl){/a’

A OGialdi N - a $aiiRS2S iiala AN A AN AN A AIR IR AR

e(p,—¢,) u —eW,. IlpupaBHsiz UXx CyMMy HY/I0, HaiIeM HCKOMOE
COOTHOILEHHE

Qp=W,—W,. (23,1)

1) Pazyneercst, B JAeHCTBHTEALHOCTH mepeXo] YaCTHILI U3 OAHOTO IIPOBOIHHKA
B JPYro# MOMNKeET npoM30HTH TOJbKO Yepe3 NMOREPXHOCTb HX KORTAKTA, a He uepes
OKpy:Kamliee npocTpancTBo. Mul, oapaxo, nodwsyemes Tes, 4to pafota 3T0ro
nepexona He 3aCHCHT OT QIO NYTH.
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Taxum of6pasoM, KOHTaKTHaf pPa3HOCTb NOTEHIHAA0B MEXKIY COCel-
HUMH CBOOOJHBIMU TOBEPXHOCTSIMH JBYX CONMPHKAaCAOUIUXCH MPOBOJA-
HMKOB paBHa pPa3HOCTH HX MNOTEHUHNA/IO0B BHIXOAaA.

Haanune KOHTAKTHOH Pa3HOCTH NMOTEHUHAJ0B NPHBOAHUT K TOAB-
JAE€HHIO 37A€KTPHYECKOro MoJs B MPOCTPAHCIBE BHE NPOBOJHMKOB. He

EaY=%: ol Toan mirn
Ht)bf\\,TaBdlﬂbl TJ.JJ,LJ‘C[ uutJ\,,u‘\,JIk{LU .31u uuule BOJIH3H MQC;& nnﬂpHKOc

HoBeHHsl. B HeGogpliof ob6aactH BOAM3H JHHHM CONPUKOCHOBEHHUS
(rouka O Ha puc. 16) nepecekaromuecs CTOPOHB! NPOBOJHHKOB MOXKHO
paccMaTpuBaTh Kak nJjockue. [loteHuuasn noJs BHE NPOBOAHHKOB

VIOBJIETBOPSIET yPAaBHEHUIO
2
M=t 2(r )4 L2 o
/

r Or

-

(r, O0—noadpHele KOOpAMHATHl C HayaJoM B Touke (), a Ha CTOpO-
HaXx A0 u OB p0JXKeH NPHHUMATb 3aJlaHHBIE NOCTOSHHBIC 3HAYCHUS.

TTe ~ o TIITmAMAMATIIAT ATITATITIErN MAOANIIZ ATITAA 1IN rﬂr\w TITIDEZLTTIM

_[_I.lJl’l dlUlVl na\, l’lnlClJCL,yCl lJClJJCﬂl’lC, LU,U‘\.,lJmClLuLL flCll’J.UUJlbL nn:;n.yru
cTeneHb r: OHO OyaeT npeAcTapasaTb coO0#l IVIaBHBIH UY/I€H pasfoxke-
HHSl TIOTeHuMaJda 1O CTereHsM Majoro paccTofiHus r. TaxkuM peine-
HHeMm siBasiercsl @ ==const-0. OrcyursiBag yroa 9 or croponer A0
H TMPHHSB €€ NOTEeHUHad YCJAOBHO PaBHBIM HYJIO, MOJYYHM

=ik, (23,2)

rae oo—yroa AOB. Takum 06pa3oMm, 3KBUNOTEHIH aJbHBIMY JHHH MM
(B NMVIOCKOCTH DHCYHKA) ABJASIOTCA MPAMBIE JY4YH, DPacXOASMIHECH OT
toukd 0. COOTBETCTBEHHO CHJOBBIE JHHHH TpEeACTaBaAloT Co6oh
CeMEHCTBO YT OKPY:KHOCTEH ¢ neHTpom B Touke O. HanpaxeHHOCTDb
noJs paBHA

am P | .
Ee—l00__ wl (23,3)

T. €. y6biBaeT 0O6paTHO NPONOPUHOHAABPHO PacCTOAHHIO OT Touku 0.

Kak yxe yKa3bBadoCb, «KOHTAKTHbIE» pPa3HOCTH MOTCHUHAI0B
CYILECTBYIOT H MK,y pa3iHYHbIMH IpaHAMH MeTadIM4eCKOro MOHO-
Kpucranaia. [TosToMy 37eKTpHYecKoe MoJje ONHCAHHOTO Bblllle Xapak-
Tepa JOJIKHO CYllecTBoBarb W BOAHM3H pebep Kpucraddatl).

Eciu uMmeercsi pfa nocjaef0OBaTe/dbHO COCIHHEHHBIX MeTajJanyec-
KUX TPOBOJAHHMKOB (HaXOJAIMXCA INPH OAMHAKOBOH TeMneparype),
TO Pa3HOCTb NMOTEHIHAJOB MEXKIy KpaHHHUMH NpPOBOJAHHKAaMH paBHa
(KaK 3TO JErKO 3aK/AYHTb HA OCHOBaHMH popmyabt (23,1)) npocto
Pa3HOCTH HX NOTCHIHAJ0B BbBIXOJAa, KaK M JUIA ABYX HENoCpeACTBEHHO
COMPHKACAIONHXCH NMPOBOAHUKOB. B uyacTHocTH, eCaHM Ha 060HX KOH-
Lax Iend HaXoNATCH OJAMHAKOBBIE METaldJbl, TO PAa3HOCTb NOTEHUHa-
JOB MeXIYy HHMH paBHa HYJ©0. JT0 OOGCTOATEAbCTBO, BIIPOYEM, YIKE

1y B peaabHBIX YCJIOBHSIX BCe 3TH N10JS OGHYHO KOMIIEHCHPYIOTCS MOJEM HOHOB,
«HAJHNAIOUINX» H3 ATMOC(epH HA NOBEPXHOCTD,
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3apaHee OUYEBHANO: eCTd OBl MeXay ONUHAKOBEIMH NPOBOJHHKAMH
CYLIECTBOBaJa pa3HOCTh MOTEHLHAJIOB, TO MNpH 3aMbBIKaHUH LIENH
B Hell BOSHHK ObI TOK, B NMPOTHBOpPEYHH CO BTOPBIM HAYAJIOM TEPMO-
JIUHAMHKH.

§ 24. IanpBaHWuUeCKHH 2JeMeLT

C,ILeJIaHHOB B KOHIIE npeﬂ,u)lymero naparpacba 3aMeanHe Tepser

pa3ﬂHqH0H HpHpOILbI (MeTaJIJIbI 5 paCTBOpr .quTpOJmTOB) B cBA3u
C paaJjuuxeM pabOT BBIXOJAa OZHOrO H TOTO IKe MPOBOJAHHKA MO OT-
HOLIEHHIO K PA3JHYHBIM 3apAKEHHBIM YacTHLAM (2€KTPOHAM U HOHaM)
CyMMa BCeX KOHTaXKTHHIX pa3sHOCTEe#l NOTEHUHAJOB B IIeNH 31ech OT-
JU4Ha OT HYJAA J[aie NpH OIHHAKOBHIX TMNPOBOJAHHKAX Ha O0OHX ee
KOHLAX. 9Ty CYMMy Ha3biBAIOT ﬂeﬁcmyfomeﬁ B LENH 34EKMPOOSUINICY-
E@Eu Luﬂuu\d . C. ﬁ OHa MpeACTaBJaACT CO00H HE YTO HHOE, KdK pas-
HOCTb TMOTEHIHANOB MEXIY [BYMS ONHHAKOBBIMH TPOBOIHHKIMH,
HaXOAMMHCA Ha KOHuaxXx pas3OMKHyTOH uend. [lpd samblkanuu
TAKOH uend B IIeH BO3HHKAaeT TOK; Ha 3TOM OCHOBaHa pabora ea.ib-
BQHUMECKUX 3AeMeHmog. VICTOUHHUKOM 3HEpPrHH, NOAZCPIKHBAICIIIM
NPOXOXKACHHE TOKA B LEMNH, ABJIAIOTCA IPH 3TOM XHMHYECKUE MPEB-
palleHus, MPOUCXOAANLIHE B 3JEMEHTE.

[Ipu moanom obxoxe no JMOOOMY 3aMKHYTOMY KOHTYDY, MpOXO-
IAIIeMY BHYTPH 3aMKHYTOH Lend, MOTEHLHaA NOJf AC/IKeH, pasy-
MeeTCs, BEePHYTbCHA K HCXOJHOMY 3HAYEHHWIO, T. €. €ro CyMMaploe 13-
MEHeHHe paBHO Hy.Ja10. PaccmoTpuM, Hanpumep, KOHTYp, NMpoxoia-
m{H M0 NOBEpPXHOCTH MNpoBOAHHKOB, [lpu mnepexoge ¢ OgHOIO mpo-
BOAHHKA Ha JApYrof NOTeHLUHA] HCMOBITBIBAET CKA4OK . Ilajpenie
JKe MOTeHuHana BIOAb AJHHBL KaKA0ro NpOBOAHHKA NPH HaJHYHH
ToKa J (TMOMHBIH TOK Yepes ceyeHue) paBHO RJ, rae R—conpoTiis-
JeHue TnpoopHuKa. ITosroMy cymMmapHoe H3MEHEHHE MOTEHIHATA

BI0OJIb LENH pPaBHO )
E (Pab"__z JR

[MpupaBHAB 5TO BbpaxKeHie HY/TIO H 3aMETHB, YTO TOK J MOCTOSIHEH
BIOIb BCCfl LEMH, a CyMMa % ¢, €CTh 3JEKTPOABHKYWAA ciia &,
Hafl jeM:

IYXR=6, (241

TaK YTO TOK, BO3HHKAWOIIHA B LENH C TajJbBaHHYCCKIIM 3JEMCHTOM,
paBeH 3.7.C., JEJEHHOH Ha TOJHOE COMPOTHRBJIEHHE BCEX INPOBO/HH-
KOB B LENH (B TOM 4YuCJ€, pPa3yMmeercs, ¥ BHYTpEHHee CONpOTHBJE-
Hye CaMOro 3/JeMeHTa).

XoTs 3. . C. raJbBAHHYECKOrO 3/IEMEHTA U MOXKeT OHThb BhipaxeNa
B BHJEe CYMMbl KOHTAKTHBIX pa3HOCTEH MOTEHLHA/JI0B, HO O4EHb BaKHO
MOYepKHYThb, YTO B JEHCTBUTENLHOCTH 5TO €CTb TePMOAHMHaMHuYecKas
BeTHYHHA, ONpee AN asacsa HCKAOUNTEIbHO OObEMHBIME COCTOSTHH IMU
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NPOBOAHHUKOB U COBepIIEHHO He 3aBHCAllAas OT CBOHCTB HX TNOBEpX-
HOCTEH pasjena. ITO SICHO yxXKe M3 TOro, 4To & ecTb He 4To HHOe,
Kak pafoTa (OTHeceHHas K €AWHHYHOMY 3apsay), Koropas Obiia Obl
IpOU3BejileHa Hajll 3apAKeHHOH uyacTHLeH npyH 0O6paTHMOM NPOBEJEHHH
ee BJOJb BCeHl 3aMKHYTOH LenH.

MARANTiEE OTATN NASTO

ﬂ.un WIAKCTpalld 3TOrG O0LTCA TBa pPacCMOTpHM rajJlbBaHu-

oa lJ(J.\.«\.rl\l.UllJIll.V.l 1 vl LAl

YeCKHH 3J€MeHT, COCTaBJEHHBIH U3 JABYX MeTaJJHUeCKHX 3J€KTPOAOB
(Metaniri A u B), morpyxeHHEIX B pacTBop 3aeKTpo.1HTOB AKX H
BX (X —kakoii-n1u60 anuoH). [lyeTts {, 4 {p— XHMHYECKHE NOTEH-

v

tHadel MerannoB A U B, a { .y, {py—XYMHUECKHE TOTEHLUAJbI
3JIEKTPOAUWTOB B pacTBope'). Ilposesenue snemeHTapHOro 3apszia e
BAOJIb 3aMKHYTOH ilenu O3HadaeT mepexoj wona AT us anekrposa A
B pacTBOp, Nepexoj HOHa B™ u3 pacTeopa HaA 3JEKTPOM, IipHUEM
H3MEHEHHe 3aPsAL0B 3J€KTPOJOB KOMIIEHCHPYeTCA MepexooM 3/1eKTPpoHa

OT 3jeKTpoia A K 3JeKTpoay B no BHemHed 4acTu ienu. Pesynb-
TaT 33TUX TI}‘\(\HPQ(‘(\B r‘nnnwrr'g K 'T‘ﬂl\ﬂ\] qT0O QﬁPk’Tﬁﬂﬂ A ’T‘Pn‘HPT

- A B4 L L it LAY kbt

a B npuoGperaer 1O OAHOMY HEHTpPalbHOMY aToMy, & B PacTBope
3JeKTPONUTA OfiHa MoJsekysaa BX 3amenserca na AX. Ilockonbky
paGoTa, Mpou3BOAUMAs TNPH OOpaTHMOM Ipouecce (NPH TIOCTORHHBIX
TeMIepaType U JaBJeHUH), paBHa H3MEHEHHIO TEePMOAUHAMHYECKOTO
MOTEHIHA/Aa CHCTEMbl, TO HaXOAHM COOTHOLIeHH’e

6 ap= (L —Lpx) —(La—Cax) (24,2)

Bblpaxarwlee 3.4.C. 37eMeHTa dyepe3 OObeMHBbIE CBOHCTBA 3JEKTPONOB
H pacTBOpa 3JEKTPOJUTA.

@opma 3amuck (24,2) mo3BOJAET CIesaTb TAKXKE ¥ CieyoUHH
BbIBOJA. Ec/aH B pacTBOpe HaxomsaTcsd Tpu saekrtpoauta (AX, BX,
CX) u B Hero mMOrpyxeHbl MerannHyeckue sieKTpoiabnl A, B, C, TO
3.J.C. MEXIY Ka’KJblMH JABYMS W3 HHUX CBA3aHBl COOTHOLIEHHEM

S a8 'f[‘éjsc'—‘éa,qc- (24,3)

C moMmompio OOHMIMX TepMOJHHAMHUYECKUX COOTHOLUEHUH MOXKHO
CBf3aTb 3.4.C. rajbBaHHYECKOr0 3/JeMeHTa C TeNJOBbiM 3]deKTo:,
COTIPOBOXKAAKWHM TNPOXOXKACHHE TOKA Ti0O LeNH, KOTOpoe B peasbHbIX
YCJOBHSAX TMPOUCXOUT, pasyMmeercs, HeoOpaTHMbIM o6pasom. ITyets Q
eCTb KOJHYeCTBO Tenjd, Bblaesaswllerocd (Kak B CaMOM 3J€MeHTe,
TaK H BO BHeIIHeH YaCTH Lenu) npy NPOXOXKJEHUH eJUHHYHOro 3a-
pAJa; 3TO ecTb He YTO HHOe, KaK TepMOXHMHYeCKas TelaoTa peak-

TI DITLvIm x ™n AITNIITAMN MATM Fag ¥ 4 =
HHH, ulJUtu,AG:l,ﬁme BHYTpH raJbBaHHUYCCKOI'QO 3J/JIeMEHTa ulJn _lj,lJ'UAU}K'

Jenuyd Toka. CorjacHO H3BeCTHOH TepMOJHHAMHUECKOH Qopmy.ie
(em. V § 91) oHa cBsizaHa ¢ pafoToif & CJeYIOIUM COOTHOLIEHHEM:

Qe=—T%(%). (24,4)

}) B stom naparpace noipasyMepaercss OOLIYHOE oOlnpefeseHne XHMWUECKOrQ
NOTeHIHaNa #a OJUy YacTHIY.
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QupenesneHye cTosmER 3jeCh YaCTHOH TPOU3BOJHOH TO TeMIepaType
3aBHCHT OT TOTO, B KAKHX YCJOBHAX TNPOUCXOJHUT MNpolecc; TakK, ecau
NPOXOXKAEHHe TOKA COBEpIIaeTcsl TPy HOCTOSHHOM JaBJeHuH (Kak
3TO OOLIYHO ¥ HMeeT MeCTO), TO AuGepeHUUpOBAHHE POH3BOLUTCA
NpH NOCTOSSHHOM J2BJEHUH.

§ 25. 2nexTHOKANHMASIPHOCTD

JaMH B.ufAeT Ha nosepwocmoe HaTsKeHHe Ha HeH; 3T0 sBJEHHE
HA3HBAICT g1exmpokanuiraprocmerto.  DakTHUCCKH peyb upeT NpH
3TOM O JABYX KUAKHX Cpeiax —oOObIYHO O TPaHUUE MEXKAY KUIKHM
MeTAa1JI0M (PTYTh) M DPAaCTBOPOM 3JICKTPOJHTA.

OGo3HauuM DOCPEACTBOM ¢, 4 ¢, IIOTERIHAABI OOCHX MPOBOJHH-
KGB, 4 NOCPEICTBOM €, U €,—3aps/bl, PACNOJI0KEHHDIC YV HX MOBEPX-
HOCTH COIPHKOCHOBCHHA. 110C/ACAHKE PdBHDbI IO EG/IHWHHWHE H TPOTH-
BOII0JI0XKHHBL IO 3HAKY, 00pasys, TakuM o0pasoM, BAOJbL 3TOH NOBEPX-

HOCTH TaK HasbiBaeMBId Ogorirod caodl.

s puddepennnana noreHiinanza ¢d CHCTeMBbI JIBYX MPOBOJHUKOE,
C yueToM HX HOBEPXHOGCTH pasjesa, OpH 3aJaHHBIX JaBJeHUH U TeM-
neparype, HUMCEM

dip = o dS— e, de, — e, dep,. (25,1)

Unen o dS npeacrasiser coboit paGory o0paTHMOro H3MEHEHHUS MJIo-
many S TOREPXHOCTH paszjiena (®— Kos(uIUEHT [0BEePXHOCTHOIC
HaTsKeHus; M. V § 154),

Buecto TepMoaMHaMuuecKoro noteHnuana ¢ B (25,1) MoxHO nH-

CaTh TOJBKO €T0 NOBCPXHOCTHYIO 4acTb (P, TaK Kak o0beMHad 9acTh

Py 3dJaHHDbIX [aBJeHWH H TeEMIeparype BCE PABHO MNOCTOAHHA U He

HHTEpecyeT Hac 3lech. O003HAYUB ¢, =-—¢,=:€ W BBOJA Pas3HOCTb
NOTEHIIHAJAOB ¢ = (@, —@,, nepenuweMm (25,1) B suze
dp .= dS-—e dyp. (25,2)
Orcona cnegyer, yTo
(Oi> _a, (25,3)
oS /e

npyYeM o phbipaxeno B ¢GyHKuuu oT @. MHTerpupysa sto coorHolue-

HHe, HaifijeM, uto Py=aS. TlogcraBus 310 obpareo B (25,2), no-
AYIUM d(ocS)—oadS—e de wiu Sda=—edp, oTKYIa

0= — (jf{j)l) . (25,4)

rie 0=-e/S—3apsf, npuxoasamuiics Ha 1cm? nosepxnoctd. CooTHo-
weHue (25,4) (G. Lippmann, J. W. Gibbs) sapasercsd oCHOBHOI
opMy ol TEOPUH 37EKTPOKANUIASIPHBIX ABJEHHH.
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B coctosiHMH paBHOBeCcHS TEPMOJMHAMHUYCCKHI TOTEHIHAT @B
AOMXKeH ObiTb MHUHHMAa/ICH [PH 2aJaHHBLIX 3HAYCHHAX 3MEKTPHUYECKHX
MOTEHIIHAIOB MPOBOAHUKOB. PaccyarpuBas ero Kak PyHxKIuo nosepx-
HOCTHBIX 3apsiloB €, HamumeM HeoOXOAHMble YCJAOBHS MUHHMYMA:

ey g, PPs~ g, 5,5
oe ’ ab-> (25.5)

e NpPOU3BOJAHLBIE NOAPA3VMEBAOTCST B3ATHIMH IIPH NOCTOSIHHOU TIAO-

maau S. i BLIYMCACHUS NPOM3BOJHBIX BHIPA3HM P, yepe3 Tepro-
JUHAMHYECKUH TMOTEeHUHA 1 ¢o, =P, (€) COoraacro

By =D (e)—e g —ep,= P, (e)—eq. (25,6)
YcaoBre papencTsa HyJA0 nEPBOA NPOH3BOAHON JaeT
o, 0D

— —q =0,
ge Je ¢

[OCJIE 4ero yCJOBHE TOJOXKHTEIbHOCTH BTOPOH TPOH3BOIHON MPHHH-
MaeT BH/]

o2, __s2p, ¢ 1 og
66-5”4 aezs_d(f S do > 0’
HJU
5 > 0. (25,7)

ITO YCJIOBHE eCTeCTBEHHO OBbIIO 0XHJIaTh, €CJAH paccMaTpHBarh JABOH-
HOH CJ0Il Y NOBEPXHOCTH KAK «KOHJEGHCATOP» C EMKOCTh Oe'd¢

[Tponuddepenuuposas pasenctso (25,4) no ¢ ¥ ucnonnzyn (2

Mbl HAaXOAHM, YTO

Cﬂ

’7\
s I Jy

a

6° _
a-f < 0. (25,8)

DTO 3HAYMT, 4TO B TOUKe, B KOTOPOH Ouw/0p=— 0=0, kpupas 3a-
BHCHMOCTH O OT ¢ HMEET MaKCHMVM.

§ 26. TepmoanexTpuueckie SABICHHSA

\/ niim MATUAL T vy TTY r\rrnr\ vvvvvvvvvvvv

¢ CJICBHE OTCY ICTBIIA TOKAd B METaJJd€ 3ak/JIKHaeTes B HaJ dHYWH
TEPMOHHAMHYECKOTO PaBHOBECHR 1O OTHOLICHII) K 3JeKTPOHAM Mpo-
BoguMocTH. OHo Tpedyer, Kak H3BECTHO, HapfLy C MOCTOSHCTEOM
(Bronb Tesa) TEMMEpaTyph TaKKe 1 IICCTOSHCTBA CYMMEI eq¢-C,, rae
0o— XHMUHYECKUH [OTCHUHAM ~3/71€KTPOHOE NPOBOLHMOCTH B METalIe
(ipy ¢=0)"). Ecai MBl HMeeM Jen0 € METaNION, HE O1HOPOLHLIM

) Cm. 'V § 25; M1 podnnvaeM 37eCh 11071 { XAMAYECKHI MOTCHIKAAJM, OTHECeH-
HBI O0BIUHLIM 06pAa30M K 0AH0H yacTule (3JexTpoiy).
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o CBOEMY COCTaBy, TO [, MeHSeTCs BAOJb Hero Jlaxe Npu MOCTOSH-
Hoit TemmnepaType. [To3ToMy MOCTOSIHCTBO 3J€KTPHYECKOro MOTeHIHada
¢ B 3TOM CJyyae OTHIOJb He LPHBOAUT K OTCYTCTBHIO TOKa B Me-
Tajnje, XOTAd HanpsxeHHocts E==—grad¢ W paBHa HYI0. 310 00-
CTOSATENbCTBO jenaer HeyAoOHbBIM 0ObluHOE onpefedeHue ¢ (Kak
pe3y/bTaTa yCpeAHeHHs HCTHHHOTO TOTeHLUuala), €ClIH MBl XOTHM
BKJIOYHTL B PaCCMOTpeHHe TaKXe U HeOJHOpOAHble TMPOBOJHUKH.

EcTecTBeHHO TPUHATL B KaueCTBe HOBOIO OfpefejeHHsl TOTeH-

NpocTo Kak ¢ '). B ofHOpOoNHOM Meradse Takoe H3MeHeHHe CBOJUTCA
K JoCap/JeHHI0 K OOTeHIHaJy HecyllecTBeHHOH mnocTosHHo!l, Coot-
BeTCTBEHHO «HampskeHHOCTby E =-—grad ¢ (kKoropoii Mbpl v OyjeM
[0Jb30BaThCsl) COBHajaeT ¢ HWCTHHROH cpeljHell HaNPSKEHHOCTHIO
JWIIb B OJIHOPOJHOM MeTa'lle, a B oOieM cJaydae OTAuHYaeTrcd OT Hee
IPAAHCHTON HEeKOTOPOH (QYHKUHH COCTOAHHSA ?).

[Tpu Takon onpelleserdd TOK obpamaercd B HYJb BMecre C Ha-
NPAKEHHOCTBIO B TEePMOJHHAMHUECKH paBHOBECHOM (I10 OTHOHLIEHHIO
K 9J1eKTPOHAM NPOBOJKMMOCTH) COCTOSHHH, W CBsizb MexaV j u E Oy-
AeT jaaBartbea Qopmynol j=0E (uau j,=0,,E,) naxe B HEOJHOPO]-
HOM [IO CBOEMy COCTaBy MeTadje.

PaccyoTpuiM Temeph HepaBHOMEPHO Harperbifi MeTanad, B KOTOPOM,
BO BCSAKOM CJydYae, HeT (3/IeKTPOHHOTO) TePMOJHHAMHYECKOrO paBHO-
Becusi. Torga HanpsxeHHOCTb E oTJHUHA OT HyJd Jaxe H B OT-
CYTCTBHe TOKa. B ofmeM ciydae, Korja OTJHYHA OT HYJAs Kak
IJOTHOCTE TOKA j, TaK ¥ TPajHeHT TeMmeparypbl VI, CBA3b MeXAy
5TUMH BeJHYHHAMH W HalpsKeHHOCTbIO 1108 MOXeT OBTh HamucaHa
B BHJE

I,
E=—j+ayT. (26,1)

31ecb ¢—o0OblYHAs TNPOBOJAMMOCTL, a C.—eme OjAHa BeJH4HuHa, Xa-
pakTepHsyiolias 3JeKTpHueCKue CBOHCTBa MeTahna. Mel npejmnona-
raeM 3;eChb 14 NPOCTOTHI, YTO BEIIECTBO H3OTPONMHO (WaH obnajaer
KyOHUECKOH cudneTpued), B CBS3W ¢ 'YeM mnuueM Ko3dhduilyeHTh
NPOMOPLUUOHAJNBHOCTH B BH/E CKaJSApHBIX BeJHUYHH. JluHeilHas 3aBu-
cumocTe E oT ¥T mnpeicraBaser coboff, pasyMeercsi, JHIlb TEpBbIf
YJjeH pasjoXeHus, AOCTATOUHBIA BBYY MaJOCTH rpajHeHTa TeMre-
patypbl (pakTHYECKH Bcerja HMetouel mecto).
Ta xe dopmyaa (26,1), HanucaHHass B Buze

j=0(E—a¥T), (26,2)

1) Oro onpetesende MoxKHO CPOPMYTHPOBATE H HHadYe! HOBOE 3HaueHHe €@ ecTh
usMeiedue CBOGOAHOH 3HEpPTHU NPH BBEHEHHHU (H30TEPMHUYECKOM) B METAJJ OZHOTO
3JIeKTPOHA; APYTUMH CJloBamH, ¢=0F/dp, rae F—cBoGofnan 3HepPrHa MeTaJa, a
O—3apsl 3J1eKTPOHOB NPOBOIHMOCTH, OTHECEHHBIE K €IHHHUHOMY OGBEMY.

*) Mojpuepxuem, uTo npH 3ToM npousseienue ¢E yike we 6vier cuuaofi, peficr-
Byioliell Ha 3apsal e. J1o o0CTOATEALCTBO MOXKET Clesarh Takoe onpejgenexie E
(Les1eccodpastoe B GeroMeHOJIOTHYECKOH TEOPHH) HeyJ00HBIM B MHKPOCKOMUYECKO
TEOpHH, MPM BBIUHC/IEHHH KHHETHYeCKMX Kos(popunuentos (cp. X, § 44).
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IIOKa3LIBaeT, YTO B HEePABHOMEPHO HarpeToM MeTas/Je MOMXeT Teub
TOK ¥ TIpY paBHOA HyJ0 HanpsiKeHHocTd-E.

Hapsaay ¢ nnoTHOCTBIO 31€KTPUYECKOTO TOKA j paCCMOTPHM TaK¥XKe
¥ NJIOTHOCTb NOTOKa 3Hepruu, KOTopylo 0003Ha4uM INOCPEJCTBOM (.
Ilpexxne Bcero, W3 5TOr0 HOTOKA CJelyeT BblIeAHTb BENUUUHY ¢j,
CBI3aHHYIO HPOCTO C TeM, UTO KaxJAas 3apsixeHHas 4acTiia (3Jiek-
TPOH) nepeHOcUT ¢ Co0OH 3Heprui eg. PazHoCcTh q—@j, OJHAKO,
yxe HE 3aBHCUT OT Camoro HOTeHIlHaJIa U MOXKeT 6bITI:- npejCcTaBiena,

uvrl, aHanoquo cpopmyﬂe (26 2) ILJs NJAOTHOCTH TOKa. Hanuiuem
NnoKa 5Ty GOpMyay B Buje

q—¢j=pE—yvT.

IIpWHIMN CHMMeTpHH KHHETHYECKHX KO03PDHIHEHTOB NO3BOJISET CBS-
3aTb KO3(duyenT P ¢ KospduuueHToOM o B BblpaxeHuu (26,2).
Hng 3TOro BBIUHCAHM CKOPOCTb H3MEHeHUs NOJHOH 3HTPONUH
npoBojHuKa. KonuuecTBO Tensa, BblAENSAIOMEECS B €luHUIY BpeMeHU
B eluHulle oObema Tena, ectb —div . IlosTOMy MOXHO HanucaTh

dif div q
—J;_——S "9y

Hanee, nuumiem, ¥Mcrnoab3ysd ypasHeHue div j=0,
1 . 1 . . . . 1 . .
7 div g == {div (q—ei)+ div ¢j} = div (q—oj)) —F.

Huterpan ot nepBoro 4jeHa npeodpasyeM 1O YacTSM W B pe3yJib-
TaTe noaydaem

T
(R (=¥ gy, (26,3)

Jta Qopmyaa nokasblBaer, 4TO, eCly BLIGpPAaTh B KadyeCTBE BEJY-
uiH 0x,/0f (cM. § 21) KOMIIOHEHTbI BeKTOPOB j ¥ —@j, TO COOT-
BETCTBYIOIUMH Be/IHuHHamy X, 6YAYT KOMIOHEHTH BeKT0poB — E/T
u y7T/T? CoOTBeTCTBEHHO 3TOMY, B COOTHOLIEHYAX

i=aT E. o'.-T?E

T T2?
. E vT
q—@j=pT =z—yT% =

JOJIXKHBI ObITb paBHbIMU Koadduiuentol oal? u BT .
Takum o6pazom, f=ocal, u Mbl uMeeM

q—¢j=0aT E—yyT.
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Haxkone1l, BolpasuB 3jech E depes j u VT coriacHo (26,1), nosydum
OKOHYATEIbHO CJIeAylollee BhIPAXKEHHE!

q=(¢+aTl) j—=vT, (26,4

r1e BBeleHO o0o03HaueHHe x»=y-—To?0. BenununHa % #ABASETCS He

YyeM HMHBIM, KakK OGHIYHBIM Koaq)(pnuHeHTOM TenJIONPOBOJAHOCTH, Onpe-

JeJS0M KM TOTOK Telmsia B OTCYTCTBHE 3J€KTPHUECKOro TOKa.
CaefyeT yKasaTk, YTO VCJIOBHE NOJOXKHTENLHOCTH IIPOH3BOJHOH

def/df He HakIaJblBaeT KAKHX-A100 HOBLIX OrpapH4eHuHH Ha TePMO-
ziekTpudecke KosdouunenTe. Ilpun noacranoske (26,1) u (26,4) B
(26,3) noayyaercs

W (G av> o, (26,5)

OTKYJa CJejyIOT JIHIIb YCJOBHA HOJOXKHTEABHOCTH KO3PPHIIHEHTOB
Te[JI0- H 3JeKTPOIIPOBOJHOCTH.

B manucaHHbpiX Boillle (QOPMy/Jax MOJUAIMBO NOAPA3YyMeBa/IoCh,
YTO HEeOJHOPOJAHOCTb JAaBJEeHHS (HAH IJIOTHOCTH) [PH NOCTOAHHOH
TeMreparype He MOXKeT NPHBECTH K BO3HMKHOBEHHIO IOJA (HJIH TOKa)
B [POBOJHHKE; HA >ToM oOcHOBanuu B (26,2) u (26,4) nHe Criin Ha-
MHCAHB UY/eHbl, NPONOPIHOHAMLHEE Yp. B JeHCTBHTENLHOCTH HajiH-
upe TAKHX YJIEHOB IPOTHBOPEUHJIO Gbl 3aKOHY BO3PACTAHHUSA SHTPONHH:
B NOJABIHTErPaibHOM BEIpAXKeHHH B (26,5) NosBH/AHCHL Obl UWlIeHBl CO
3HAKONePeMEHHLIMH NPOH3ReIeHUusIMH jvp # VT vp, B pesyiabrare
yero MHTErpaj He CMOT Obl OBITb CYIIECTBEHHO NOJMOXHTENbHDIM.

CoorHowenns (26,1) u (26,4) comepxar B cebe pasguyHbIE Tep-
MozaekTpruueckne sdbektol. Pacemorpum temio —divq, Buaeiso-

[eecst ex<eCeKyHAHO B elHHHue oObeMa nupoBojruka. Juddepenuupys
BLIpaxenue (26,4), nahgem

DL 7S IR AR 25 L R B AR FRAL

Q=—divgq=div(xyT)+Ej—j v (aT),
WIH, TOjicTaBuB ctoaa (26,1),

Q = div (% VT)+_’;-—-Tj vo. (26,6)

[TepBLlif 4JeH B 5TOH CyMMe CBA3aH C YHCTOH TeNJIONPOBOJHOCTLIO,
a BTOpPo# uJeH, NMPONOPUMOHANLREIH KBAjAPATY TOKA, MOXKHO Ha3Barth
JKOyJeBHIM -TervioM. Hac uuTepecyer 3jech TpeTHi wier, cojeprka-
mHHA cnendruyecKHe TepMOsJIEKTpuYecKHe 3(pexTl.

[lpeqnonoxiM, YTO NPOBOIHUK OJHOPOJeH no cocraBy. Torja
M3MeHEeHHE BeTHYHHLI O CBSI3aHO TOJIBKO C IPaJHEHTOM TEMIEPATYpH,
M MOXKHO Hanucarb Vo = (da/dT)VT,; eciH, Kak 3TO OOBLIYHO HMeer
MeCTo, BJOJIb Tena JaBJeHHe NMOCTOFHHO, To noj de/dT Hajo noxHu-
MaTb Opou3BOAHYI (0a/0T)p. TakuMm oOpasoM, HHTEpecyloliee Hac
BHenenue rtenia (agpgpexm Torcora) paBHO

pivT, rne pz—Tj—;-. (26,7)
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Besaunanny p uasbBawoT koadutiuenmon Tomcona. OTMeTHM, 9UTO
570T 3deKT NponopUHOHa/leH NepBOH CTENEeHH TOKa, a He ero KBal-
paTty, Kak jukOyJjepo remno. ITostomy OH MeHseT 3nHak NpH H3MEHe-
HYH HalpaB/JeHWs TOKa Ha obpaTHoe. KoshPHUIHEHT P MOMKET ObITb
KaK HOJOXUTEJbHBIM, TaK W OTpHuaTeabHeM. Ecau p >0, 10 TOM-
TOKa B HalpaB/JIeHHH BO3pacTaHusd TeMOepaTyphl, a PH TeYEeHWH TOKA
B NIPOTHBOMOJIOKHOM HalpaBJeHuU — Tero norjaomaercs; npu p < 0
COOTHOLIEHUA OOPATHEI

T
Hpyroit tennosoiét 3ddext (3¢hghexm [Teavmve) BO3HUKAET NpH
NPOXOXKICHUH TOKA Yepe3 KOHTakT (cmai) ABYX PasIHUHbIX MeTaJLiOR,
Ha noeepxnoctu KOMTaKTa HempepbIBHBI TenmepaTrypa, NOTERIHal, a
TaK:Ke HOpPMaJbHble KOMMIOHEHThl BEKTOPOB IVIOTHOCTH TOKa H IJIOT-
HOCTY NOTOKa sHeprud. OTvedas HnaexcaMy 1 ¥ 2 3Ha4yeHUS BeJHUHH,
‘OTHOCSINKMECS K JBYM MeTa/JaM, H NPHpaBHUBAas 3HayYeHUS HOPMAJIb-

e OO0 AN r\61\ r AU T IR Y Tr A TTmo T TresrvreR L

CHM CTOPOHAM KOHTAKTa, [NOJYy4YHUM

IIT TV TN ATY

HbiX KOMIIOHEHT {§ (40,%) 0O O

BBUAY HENpepblBHOCTH ¢, T, j.:

2 .
(=25 ) [ = — 1T (a—ou;
OCb X HampapJera N0 HOPMAW K NMOBEePXHOCTU. Eciu monoxuTeIpHOR
HanpaBJleHHe OCH X eCTb HalpaBJeHHe OT MeTadna I K MeTamay 2,
TO Bblpa:KeHWe, CTOsLIee B JIeBOH YaCTH paBeHCTBA, eCTb KOJHYECTBO
Teria, 0TBoAuMOoe B 1 ¢ ¢ | cM? OBepXIIOCTH KOHTAKTa MyTeM Temnjo-
NPOBOAHOCTH. JTOT OTBOJ KOMNEHCHPYET BBLIEIAIONIEECH B KOHTAKTe
TENJI0, 1PeCTasageMoe BblpaxeHyeM B npasofl yacTy pasencTBa. Taxum
00pasoM, Ha eJHHHUIE IJIOmAAH KOHTAKTA BblueJseTrcs (8 1 ¢) renao,
paBHOE

?

,j, rae I, =—7T (a,—a,). (26,8)

Bemvuuny 1l,, naseBaior Kosgpuyuerimom Ilerormve. Kak u shbext
TomcoHa, sTOT 3dhdeKT NponopiuHOHaLEH NMepBOH CTENEeHU TOKa U Me-
HAET 3HAK Mpu W3MEHEHWW HanpasJeHHs Toka Ha obparHce. OTMeTHM,
4T0 KOo3ppunveHT IlenpThe oGaafaeT CBoOHCTBOM aAlHTHBHOCTH, Bbi-
paxawomumes pasenctsom 1, =11, +1l,;, rpe wuugekewm 1, 2, 3
OTHOCATCH K TpeM pa3/JHUYHbIM MeTasljaM.

Cpasnenve ¢opmya (26,7) u (26,8) nokasbisaer, 4T0 Ko3(dUIH-
enTol Tomcona u IleibThe CBA3ARBI COOTHOMIEHUHEM

~ o mod T, Iy
Po—pP1 =1 ar T - {

Faty

6,9)

B

Ilanee, paccMOTpHM pDA3OMKHYTYIO ileflb ¢ JByMs KOHTaKTaMH,
NMpHYEM JiBa KpaHHHX NPOBOJHHUKA NPeACTaBSiOT cO60f O1HMHAKOBblE
MeTanipl (mMertann I, puc. 17). Tlpeanonoxum, uro cnau (Touku b u c)
HAaX0IATCA IpH pa3iuuyHbix Temneparypax 7, u T,, a Temueparypbl
o6ouX KOHLOB 1enu (TOYKH @ ¥ d) oauHakoBsl. Toraa MeXIV 3THMYU
KOHIAMH CYIIECTBYET PA3HOCTb IOTEHUHATOB, HA3blBaeMass mepmo-
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aaexmpodsunxcyweld cunolf; o0603HauMM ee &p. I BblUHCIEHHS
3TOH cuJjbl nonaraeM B (26,1) j=0 u HHTerpHpyem HampsKeHHOCTb
E =ay7l BlOAb Bcell AAHMHBI LUenH (OCb X):

d d
7 :(){_Z.-d—T-dx:(‘
J J
a a

X

1 D y d M HICTI F UEAdHKC
oT b 10 ¢ ecTb wWHTerpupoBaHue no d7 B npejenax or 7T, ao T,

BO BTOpoM Metaane. Ilostomy Ha-
a b ¢ d P y

XOAHM

T
Puc. 17. 6T=T§ (@, —a,)dT.  (26,10)

CpasnuBas ¢ (26,8), Mbl BHAuM, 4TO TepPMO3JEKTPOABHXKYIIAS CHJIA
cesizaHa ¢ KospopunuentoM IleapThe caeIylOUHM COOTHOLIEHHEM:

T, _
Er=— | =T (26,11)

Ty

Gopmyanr (26,9) u (26,11) nasbiBaT coomuowenuimi T oMCORA
(W. Thomson, 1854).

B sakawoueHue 3Toro naparpada BbinHIueM QopMyJbl 175 TOKa
¥ [I0TOKa TemJla B aHH30TPONHOM NPOBOJAHHKe. IDTH (OPMYJbI BBIBO-
ASITCSA € NMOMGHLBIO MPHHIKIIA CHMMETPHH KHHETHYeCKHX KO3(pdulnen-
TOB aHaJoTH4HO BbIBOay Qopmya (26,1), (26,4) u raacar:

—1; oT
Ei =0k i+ %y

e oT (26,12)
, — = f g — o, —.
q; ¢, kile — %k dxg
31ech 07— TeH30p, OOpATHBIE TEH30pY NPOBOJHMOCTH O,,; TEH30pPH
G;p U %;; CHMMETPHUHbL. TepMO3JeKTPHYECKHH »Ke TEeH30p o B 0O
HIeM cJydae HeCHMMeTpHUeH.

§ 27. TepmoraibpaHoMarHATHble ABJeHHS

Eme 6osee pazHooOpasHbl sBJeHHS, BOSHHKANOIIHE NPH NPOTEKA
HHH TOKA NPH OJHOBPEMEHHOM HAaJUYHH 3JeKTPHYECKOrO U MarHuT-
HOrO NoJieH ¥ TpajueHTa TeMnepary pbl.

Hccnenoranue 3THX sBJI€HUE BIOJHE aHATOTHYHO MPOH3BEAEHHOMY
B npexbraylleM naparpade Anf TepMOsNeKTPHUECKHX fABJeHHH. Bynem
NPOU3BOJHTL €ro cpasy B TEH3OPHOM BH/e, NPUMEHHMOM H K aHu-
30TPONHBIM TPOBOJHUKAM. [luleM NJIOTHOCTb 3JeKTPHYECKOTO TOoKa
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j 4 noToKa Temia ¢ B Bule
1
] Qip T +bzkaxk7"
(27,1)
. E; o 1
qa’“(P!z':Cz'kT+dik5x—k—7-—,

rie Bce KOpUUHEHTHI ABAAKTCH (PYHKHUAMH MArHUTHOTO TIONd.
Corn1acHO MPUHUUITY CHMMETPUH KUHETHUECKUX KO3(hHLIHEHTOB HMEeM

ajp (H) = ay; (—H), dy (H)=d,,; (—H), by (H)=c,, (—H).  (27,2)
Bripasus u3 (27,1) E u q—j uepes j u V7, noayudum

1 oT
C Ey =0yt oy, 0xg,’
o or (27.3)
g, —@j, =p..Js

— Wy
it J i trd n L Oxk'

TA€ TeH30pbl 671, &, 3, ® onmpejeseHHbIM 06pa30oM BblpaXKaloTCA ye-
pes Tensophl a, b, ¢, d ¥ 06/aalOT CAELYIOMUMY CBOACTBAMH CHM-
MEeTpHY, BO3HUKAWIUUMH B CHJIY COOTHOIIEHUH (27,2):

6 (Hy=0p' (—H), =, (H)=x,(—H),
Bir (H)=Toy; (—H).

JT0 W eCcTb UCKOMBIE COOTHOLIEHHST B HauGonee obmeMm Buze. OHu
obobmiaroT cBA3Y, HahjeHHble B § 26 ans caydas OTCYTCTBHSA Mar-
HUTHOTO N0AS U B § 22 aadg cayuas OTCYTCTBHS TPajHeHTa Temme-
patypnl. TlopuepxHes, 4TO TEH30pHl &;, U [, B aHW30TPOMHOM IpO-
EOJHHKE, BOOOLIE TOBOPS, HE CHMMETPHUYHBI H B OTCYTCTBUE MArHHTHOIO
mods.

Tenszopel 677, %, G MOXHO PAa3JOXHTb HAa CHMMETPHUHYIO H aHTH-
CINMETPHYHYIO 4acTH, 0JA06HO TOMY, Kak 5To 6bl10 cjenaHo B § 22
B csaBom MarHuTHOM MOJA€ CHMMETPHYHBIE 4acTy MOMKHO CUHTATb
NOCTOSIHHBEIMH, HE 3apucamuMu o H BenuunHamy, a aHTHCHMMETPUY-
Hble suHedHE! no H. Jdas u20TPONHOTO 1POBOJHUKA MNMOJYUYHM C 3TOMH
TOUHOCTBIO CJEAYIONIHE BbIPAXKEHUS:

(27,4)

=L 4 ayT + R [Hj]+ N [HYT], (27,5)
q—¢j=0oTj—»vT +NT [Hj]+L[HVT]. (27,6)
3,1er G, —OGbI‘-IHbIe KOE)(})(})HILHEHTI:I E)JIEKTpO H TEIUIOIIpOBOI_LHOCTH,

ot — TEPMO3JIEKTPUUECKUA KoadpuuueHT, durypuposasumuit B (26,1),
R —xosdpdunuent Xoana, a N, L—Hosbie Kosdduuuenrsl. Uiaen
N [HYT] MoxHO paccMaTpuBaTh KakK BJIusHHE MarHMTHOTO T0Jid
Ha TEPMOSJEKTPOUBHAKYILYIO CHAY (9pgpexm Hepuncma), a unen
L[HVT|—xak B/IWsHWE MarHUTHOTO [0JA Ha TENJIONPOBOLHOCTD
(sgppexm Jledwxa— Puau).
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Ha rpanune AByXx cpea HempepblBHBI HOPMaJbHbie COCTaBJfIOIINE
BEKTOPOB j U (, @ NOTOMY H BeKTOpa

—xyT +aTj+ NT [Hj]+L[HVT].
Unen NT [Hj] onmcbiBaeT BiMAHHE MarHUTHOrO mnOAA Ha 3PQdeKkT

[TenbTbe (3¢hhekm Immunecxaysena).
KonnuectBo Tema, Bbigeasiomeecd B 1 ¢ B ejguHuHue obbema

NpOBOjHKKA, ecTb @ = — div q. Cioga nalo noacraButh q u3 (27,6),
rnocse 4yero 3aMeHuTh —V¢ =E Bblpaxenuem wu3 (27,5). Ecaun mpo-
BOAHHK OfHOPOAEH MO CBOEMY cOCTaBy, TO Beauuunbl o, N, L,...
ABMAAIOTCH PYHKUMAMH TOJABKO TeMmiepaTypbl, TdK 4TO HX IPAJHEHTH!
nponopuuonanbubl v7. Ilpu Bbiducnenud mnpenebperaeM BceMu dJie-
HaMu BToporo mnopsaaka 1o H; B s3tom npubiinKeHHY MOXKHO CYHTaTh,
yro rot(j/o) &~ rot E=0. Kpome toro, sameqaem, 4t0 AJf BHeEILIHEro
nmonst H (WCTOUHWKY KOTOpPOrO HaxoAfATCs BHE pacCMaTpPHBAeMOro
nposoanuka) umeem rot H=0"'). Haxoneu, Kak Bcerga ass noCTosfH-
Horo Toka, divj=0. Mwmes Bce 370 B BuAy, NOJy4uM [lOC/]€ BbIYH-
CTIEHUA

'2 i . 1 d .
Q :]F +div (#yT)—Tjve —{—5?3? (oNT?) [jH] vT.

Tpetuil 4ieH B 3TOM BblpaxkeHuu onucbiBaeT 3ddext Tomcona (26,7),
a TOC/eHHUIA 4JeH Jaer usMeHeHue storo sddekTa 6Graronaps Haau-
YHIO MAarHUTHOTO TOJS.

Hanuwupe auddyauu npHBOAHWT K BO3HHKHOBEHHIO B pacTBOpax
2JIeXTPOJIMTOB clienuduieckyux sBJeRyil, He HaGA0AaIHXCA B TBEP-
ABIX TIPOBOJIHMKAX.

Byaem- npeanonaraTe AAfA yIPOIIEHUA, 4TO TeMiepatypa nocro-
fiHHa BJOJb BCEro pacrBopa. TeMm camblM Mbl OrpaHuiuBaeMcs pac-
cMOTpeHHeM 4ucTO Au(PY3HOHHO-3MEKTPHIECKHX fBJIEHUH, HE YCIOXK-
HEHHBIX TEPMO3JEKTPHUeCKUMY 3ddexTamy.

Bmecto paBiaedusa P M KOHUEHTPAUMH ¢ pacTBOpa yAoOHee
MOJIb30BaThCA B KaueCTBe HEe3dBHCUMBIX M€DEeMEeHHLIX JaBJACHHEM H Xu-
MuueckuM mnorenuuanom (. Ilocaeanu$i Mbl omnpejensieM 3j€ch Kak
NPOU3BOAHYI0 OT TepMOAHHAMHUECKOro NOTeHUuasaa €JMHHLbl Macchl
pacTBopa 1O €ro KOHUeHTpauHu ¢ (mpu mnocTosHHbIX P u T); npu
3TOM TIOA KOHUeHTpauueld Mbl OyjgeM TNOHHMATb OTHOIIeHHe MacChl

1) Tem cambiM Mbl DpeHefiperaem cgaObiM 2¢iheKToM —BJAHAHHEM HA BBLIEIEHHE
Tensa cOGCTBEHHOTO MarHMTHOIO IOJs PAaccMaTpHBAeMBIX TOKOB.
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3JIEKTPOJIHTA K NOJHOH Macce XKHAKOCTH B JaHHOM 3jeMeHTe oOrema ).
HanomHuM, 4YTO NOCTOSHCTBO XHMMHUYECKOrO MNOTEHLHAAa SIBJASETCS
(Hapaay ¢ NOCTOAHCTBOM JaBJEHHS H TEMIepaTyphl) OJHHM H3 YCJO-
BUH TepMOJHHAMHYECKOrO paBHOBECHS.

Onpenenenye noTeHUyasa JIeKTPHYECKOro nojs, daHHoe B § 26,
HOCUTEJNAMH TOKa SABJAIOTCH TeLepb He 3JeKTPOHBl MPOBOAUMOCTH,
a HOHbl PaCTBOPEHHOro 5JeKTpodauTa. FlmeHHO, pamuoHa/nbHoe onpe-
JejeHHe (cp. npuMedaHue Ha ctp. 144) npaercs dopmydod ¢ =
= (0D/dp),, rae @ —repMOAMHAMHYECKHI NOTEHNIHaA, & P—CyMMa
3apsJOB MOHOB B eiuHuue o0beMa pacTBopa (nmocide authdepeHinpo-
RAHHSA HAJ0, pasymeercs, NOAOKUTb p=0 BBHAY 5JEKTPOHEHTpPA.Ib-
HOCTH pacTBopa). IlpousBoaHas Oepercsl npH NOCTOSHHOH MAaCCOBOH
KOHUEHTpAUHH, T. €. NPH 3aJaHHOH CyMMe MacC HOHOB O0OOHX 3HAKOB
B eauHuue obbeMa ?). _

[lpn Hanuuuu rpaiveHTa XMMHYECKOTO MOTEHILHAJIA B BhIPAXKeHHH
AJIi TJIOTHOCTH TOKA NOSIBJAAETCS NPONOPUHOHAJNBHBIA eMy JO0N0JAHH-
Te/AbHbIH UYJICH;

!

j=0 (E—BV0), (28,1)

7

AHAJAOTHUHBIH JIONOJAHUTEbHOMY 4ieHy B (26,2). Hixe mul yOenumca
B TOM, 4TO npd 3aZaHHOM FpajHeHTe XHMHUECKOrO TMOTeHiHanaa
(¥ TemMnepaTyphi) j He MOKET 3aBuceTb OT FpajMeHTa MAaBJeHHs,
H NOTOMY 4jeHa ¢ VP B Bhipaxenun (28,1) Her?).

Hapsany ¢ saekTpHuecKHM TOKOM HEOOXOAHMO PaCCMATPUBAThL TaKKe
H OJIHOBPEMEHHO NPOHCXOASAIHA MepeHoc macchl 3/ekTpouuta. Ilpu
5TOM HAJ0 HMeTb B BuJy, UTO MNPOXOXKJEHHE TOKa uYepe3 pacTBOp
MOKeT CONPOBOXKAATBCS MAKPOCKONHUECKHM JBHXKEHHEM JKHIKOCTH.
[110THOCTL NMOTOKA Macchl 3JAEKTPOJAUTA, NEPEHOCHMOIO 3THM JBHKe-
HHEeM BMeCTe CO BCeH KHAKOCTbIO, paBHA PCV (V— CKOpPOCTh, p— MJAOT-

1) OOpiusbie xymuYeckye NOTEHIMANB ONpeAeasoTea Kak §; =d®/dn;, =
= J0/0n,, rae O — TePMORHHAMHYECKHH TTOTEHIIMAM HEKOTOPOTO NTPOU3BOABHOTO KO-
JYYECTBA PACTBOpA, & fj, Ap—UYHCJA YaCTHI PACTEOPEHHOTO BELUECTBZ H PacTBO-
puresia B neM. Ecam Temepr oTHecTH @ k 1 r pacTBopa, TO f1; U A OYRYT CBA3AHH
COOTHOLUEHHEM nymy—+ngme=1 (my, my—wmaccsl yacTHi 000€10 POAA), & KOHIEH-
Tpauua c=n;m;. [JoaTOMy HMeeM A1 BEeAeHHOIO 3ReCh XHMHYECKOIO NOTeHLHANa:

D A 9ny | 0D dny G Lo

b= dc~ 0ny dc ' dny 8¢ my Mg

) B cMabHOM 3JEKTPOJIMTE PACTBOPEHHOE Bell{eCTBO LEJHKOM JUCCOLMHPOBAHO,
TaK YTO MaccoBasl KOHIEHTPailild MOXeT OblTb NPeACTaBJeHA B BURE c=m_ #. -
+m_n_, rae m,, m_ —MacChl KATAOHOB M AHMOHOB, @ M., A. —IJIOTHOCTH MX
yucha. Ilpd ykasaHHOM onpelesleHMM NOTeHlMana paBeHcTBO (=0 oTBeuaeT cooT-
HoweHuo §/m, ={. /M _ MEeXAY XWMMYeCKMMH NOTeHLHAJaMH KATHOHOB M aHMo-
HoB; nmoreHiluanws {, H §_ ceasauws ¢ {; pasenctsom , +§_={;.

%) IMonuepxreM, OAHAKO, 4TO NPH 3aJaHHOM rpajMeHTe KOHHEHTPALMH j 3aBu-
CUT OT rpajdenTta ZaBJeHHs:

. /02 ot
o {92 95 gp
V=13 )p‘ PV (ap)c, r
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HOCTb pacTBopa). Kpome TOro, sneKTPOJIUT NEepeHOCHTCS MOJeKyJisip-
HbIM, JAH(QYy3uOHHBIM nyTeM. [lnoTHocTh 3TOro  anddysHOHHOTO
MOTOKAa O0O3HAUUM NOCPeACTBOM i, TAK 4YTO MOJHAES MJIOTHOCTh MO-
TOKa ecTb pcv + 1. HeoGparumbie npodecchl Juddys3un ToKe NpHBOAAT
K BO3pacTaHHIO 3IHTPONHH; CKOPOCTh H3MEHEHHN NOJHOH SHTPONHH

onpee/ineTCsa POpMYyJIOH ° )

b

= (Hay—(Tav. (28,2)

Kak ¥ NJOTHOCTb 35JIEKTPHUECKOFO TOKa, AHGPOY3UOHHBIE NOTOK
MOxKeT ObITb HanucaH B BuJe JuHeiiHoit komOuHapuw E ¥ VI uay,
yTo TO ke, § U V{. C nOMOUILI0O CUMMETPHH KHHETHUEeCKUuX Kosbhhu-
ULHEHTOB OJHH U3 KO3(M(PUUUEHTOB B 3TOM BbipakeHHWH MOXKeET OHIThb
cBA3aH ¢ KoahduuuentoM B B opmyne (28,1), BnonHe aHaJOTHUHO
TOMYy, Kak 3T0o OBLIO ciedaHO B npejbiaylliem naparpade a1d j U
q—j. B pe3yabrate noayuaercs:

,l.l..

‘(EE*)——VE‘H?’J (28,3)

KosdbduuuedT npu V{ BbipazkeH uyepe3 OOLIUHBIA KOosp(PHUHEHT AHP-
¢dysuu (p 3AeCb— MJIOTHOCTb BellecTBa). Ilpu j=0 u npu nOCTOSH-
HOM JAaBJeHuHd (M Temnepatype) umeeM OOMUHLIA JHPPY3HOHHBIHA
noToK i =— pD Vc.

HeBoamoxkHOCTh CyllecTBOBaHHSA B BhipaxeHusx (28,1} u (28,3)
UJeHOB, NPONOPUHOHAMbHBIX FPaJHeHTY jaBJjieHust, CHOBA (Kak U B
§ 26) caenyer u3 3aKoHa BO3pacTaHUSA 3HTPONHU: TakHue UJICHBI cle-
jJand Obl TPOU3BOAHYIO NOJMHOH SHTpONHH (28,2) He CyllecTBEHHO
NOJIOXKHUTENbHOH BEeJTHUHHOH.

Dopmyast (28,1) u (28,3) cozepxkar B ceGe Bce auddy3HOHHO-
3JIeKTpHUYECKHe sBJeHHs; Ha OoJee noApOOHOM HX PacCMOTPEHHH Mbl
He OyaeMm 3/ech OCTaHaBJMBATHCA.

3agaua

JiBe napajisesibHble TJIOCKHE IWIACTHHKH (M3 ORMHAKOoBOTO MeTamua A) morpy-
KEHBl B DACTBOP 3JIEKTPOJHTa AX. HallTh 3aBUCHMOCTb IWJIOTHOCTH TOKa OT NpH-
JIOKEHHON K TJIacTHHKAM Pa3HOCTH NOTEHIHAJoB.

Pewenune IIpH npoXoxmeHHH TOKa METANJ PAacTBOPSAETCS C OJHOTO VIEK-
TPola W BoicakuBaercAa Ha jpvroM. Ilpu 3ToM pacTBopuTens (BOJAE) NOKOHTCHA,
a yepes pacTBOpP NpOXOIMT NOTOK MAacchl MeTalla C JLIOTHOCThIO pc)*]m/c (j —
MJIOTHOCTE 3JIEKTPHYECKOre TOKA, /M Il e—mMacca u 3apaf uoHos A+)?). C apyro#t

) Brleon BTOpOro ujeda B 3Tolt ¢opmyae cM. B VI § 57,

%) HanomuuM, u4To onpepgesieHsde THAPOIMHAMHYECKOH CKOPOCTH V B pacTope
3aKJIOUAETCS B TOM, YTO OV eCTh HMOYJIbLC eXUHMIBI ofbema KHIKoeTH (cM. VI
§ 57). llosrtosy TOT hakT, HTH B AARHOM CJIyuae XBHKETCHA (OTHOTHTEIbHO 31EKTPO-
ROB) TOJIBKO PacTBOPeHibid MeTa/lJl, HecyLLecTBeH NMDU BBUMCIENHH OV,
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CTOPOHEI, 3TOT NMOTOK JaeTcsl BhipaskeHWeM i--puc ¢ [ u3 (28,3); npeanosaras aae-
JleHHe MOCTOSHHBIM BJCJbL MUIKCCTH 1), HOJYUHM ypaBHeHHe

pD—d—C— [B-20—0/ (1)

— KOODa¥ WHATaZ B HaNPaBJIEHUM MeXKIV 3J1eK

(e
pacTeOpa, TO HMeeM O’I'CEO,H,a

"~

tpopamu). [Tockosbky j= const BIO.b

a

ji=| 2%, @
J B0

iecy, Co— KOHMEHTPAIMH Y NOBEPXHOCTH ITACTHHOK, a [ — PacCTOAHN2 MeX Ty HHMH.

Pa3HoCcTh NOTEHIHANCB & MeXY MIAaCTHHKAMM ApOolle BCeIo ONpelesuTh N0 moJ-
HOlt Amccunaiuy aseprin @ (8 1 ¢), kKoTopast jAosukua GbiThb paBHa (GyIyuM OTHe-
ceHa K | cM? NOBepXHOCTH macmHOK) 15 COI‘JIaCHO (28,1), (28,2) umeem

A
- i Jlo ! c\dx) | :
H, BocnoJb3oBaBuideh (1), mosyumm
Ca Ce
S = - oD de + % [,")——Ii(l—c)] de. (3)
m dc e
o |B—2(1—0)
C1 e C1

dopmyant (2) u (3) pewlaoT (B HeABHOM BHIE) MOCTABJCHHYIO 3ajauy.

Ecan TOK [ Maji, TO Maja TakkK2 M DPa3HOCTh KOHUEHTpAalHHA ¢, —cy. 3ame-
HUB MHTErpajbl MPOM3BEJeHUAMH MOJBIHTEIPATBLHEIX BhIPAXKEHHH Ha c,—C), NOMY-
yum a018 3pEekTHBHOIO y/eIbHOIO CONMpPOTHBJICHHS pacTBOpA

b p-2oa]

AN [ (. dx

Tlepsrtii unen B (3) Aaer na;

eHWe NOTeHluana \JI ) CBfI3aHHOE C Mpo-
XOXKJeHHeM TOKAa. BTOpOH ke uJseH eCTh 3JekTpOABMXKYINASA cuna, 00A3aHHad pas-
HOCTH KOHIEHTDPALMil B DacTBOpe (B H3BECTHOM CMbiC/e aHaJIOMMYHAT TepMo-3.4.C.).
D10 nochdefHee BbIPaKEHM2 He CBA33HO Jaxke C YCJIOBHAMU JaHHO KOHKpeTHOl
OJHOMepHOH 3aJaiud M NnpejcraBifeT coGoid ofilee BHIpAXKeHHe MM 3.1.C. «KOH-
LEHTPALHOHHONO 3JIEMEHTay,

1) ¥Yyer M3MeHeHMA JaBJIeHMf, BLI3BAHHOIO ABHXKEHHEM MHUAKOCTH, Mpuses Obt
K MaJbiM BeJMUHHAM BHICIIErO NOPsIKa.



FrTABA IV

MNOCTOSAHHOE MATHUTHOE HOJIE

T MarHHuTH I

[locTossHHOE MArHHTHOE noJie B MaTepHaJbHLIX CpeflaX ONuchiBa-
eTca AByMs ypaBHeHUsMH Makcpesa, KOTOpbie NMOJYYAOTCA NyTeM
ycpeJHeHHs MHKPOCKOMHYECKHX ypaBHeHHH

. 1 de 4=
divh=0, roth Z?Eﬁ'—{——c“ pv. (29,1)

CpenHiol0 HanpAKeHHOCTb MATHHTHOTO NOJsi TNPHHATO Ha3bIBAThb
MaeHumHOU urdyKyued W ODO3HAUATEL NOCPEICTROM

h=B. (29,2)

[TosTomy pesy./bTaT ycpeiaHeHHs nepBoro W3 ypasseduil (29,1) Ha-
nuiercs Kak

div B =0. (29,3)

Bo BTOpPOM € ypaBHEHHH NPOM3BOJHAS O BpeMeHH NPH ycpeilde-
NHH 1ICU€33€eT, NOCKOJIBKY CpejlHee IOje MNpeInoaaraercst MOCTOSH-
HBIM, TaKk UYTO HMEeMm

rot B=225v. (29,4)

C
Cpensee 3HaueHHe MHKPOCKONHUECKOH MJIOTHOCTH TOKa, BoobIe
FOBOPfl, OTJIMYHO OT HyJS KAK B NPOBOAHHMKAX, TaK H B JH3JeKT-
pHKax. Pa3Hula MeXAy 5THMH JABYMsA KAaTeropusMH Tes 3aKJda-
eTcs Julllb B TOM, YTO B AM3JEKTPHKaX BCerja

{ bt =o, (29,5)

rle uHTerpas OeperTcs N0 NOJHOH nuollagd Jo00oro nonepeyHoro
CeUeHHs TeNa; B NPOBOJAHHKAX K€ STOT HHTErpaj MoxeT OHTh OT-
JHYHHM OT Hyss. [lpeanodoxxkum cHauana, 4To B Tesne (ecnu OHO
ABJISETCH NPOBOAHHKOM) OTCYTCTBYeT MNOJIHBIA TOK, T. €. ChpaBeji-
JIMBO COOTHOWIeHHe (29,5). °

PapencTBO HyJso HHTerpana (29,5) no oOOMy CedeHHIO Tesa

O3HayaeT, YTO BEKTOp PV MoxeT ObiTh HanucaH B BuAe pOTOpa He-
KOTOpPOro APYrOro BeKTOPa, KOTOPHIA npHHATO 0003HayaThk Kak cM:

pv =crot M, (29,6)
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npuyeM BeJHudHa M OTJHYHA OT HYJAs TOALKO BHYTpH Tesa (cp.
aHajJoruuHbie paccy:xaeuus B § 6). JleficTBHTEIbHO, HHTETPHPYA NO
NOBEpXHOCTH, OrpPaHHUeHHOH KOATYpPOM, OXBATHIBAOIUM Te10 H
NPOXOAAIIUM Be3jle BHE €ro, NOJyuHM

(— < (L oaa s Y N
Vpvdi=c rotMar=c  Mal =0.

BekTop M HasblBalOT HAMAZHUYeHHOCMbIO Tella. BBOAs ero B ypas-
genue (29,4), noayuum

rot H=0, (29,7)
rie BekTop H cBfzan ¢ MarauTtHoil uujiykuueir B cooTHolwenuem
B =H + 4aM, (29,8)

AHAJOTUYHBIM COOTHOLUEHHIO Mex1y 3JeKTPHUeCKOH HHAyKuUHed D u
HanpaxeHHocToio E. Xora sektop H, no aumaitorun ¢ E, HasbBatoT

ARTIITIT N LI/Y 4 9 QAN DL LN, 337 1 60 ATQATIITIMIINATMN TNl S ITOTTVOMT rTARMILITrmL rmey
v nDlLHanv flquf}ﬂJIbCflanblll.UlU Widl Fil: LITWL W 1T UvLTL, \.rUl\lA.y il NiUNIILYL 1Dy 1Y

B JAefCTBHTENbHOCTH HCTHHHOE CpejiHee 3HAUEHHe HanpsKeHHOCTH
ectb B, a He H.
st BbIsICHeHHst (H3MUECKOro cMmbicia pednunHbl M pacemotpum
NOJHLIH MaeHumHbil MOMenm, cO3/laBaeMbll BCeMH JBHKYLIUMUCH
BHYTpH Teja 3apameHHbMH uacTuuaMmu. [lo onpepesnenuio MarsuT-
Horo MomeHta (cM. Il § 44), 5T0 ecTh uuTerpan’)
—_— Fal
%S[r-pv] dv = { [rrot M]av.

[Tockonbky BHe Tena pv =0, To HHTerpaJ MOMXKHO 6paThb 0O JIO-
Gomy oObemy, BhIXoAslleMy 3a mpeleiab Teda. [IpeoGpasyem wumre-
rpaj caeiyrmuM obpasom:

MT—CTIM e 1514V
SRIITTLL 1

Y |+ ¥ .

Hurerpan no nosepxHocTH, npoXxoisuleii BHe Tesaa, ofpaiiaercs B
Hy/b. Bo BTOpoM ke ujieHe nmeem

[MV]r]= —Mdivr+M= —2M.
Takum obpasoM, nosyuaem B pe3yJabTaTe
5§ Iroviav=(mav. (29,9)

Mbl BuANM, 4YTO BEKTOp HaMaTHHUYEHHOCTH NpeiCTaB/fAeT cofofl Mar-
HUTHHIH MOMEHT eJMHuUB o0beMa Tesa ?).

1) Iaa sACHOCTH nOJYepKHEM, YTo B 3TOf dopmyne r—~OGeryuwas KooplAxHATa
(mepemMeRHAs HHTEPHPOBAHHSA), 8 HE KOOPAWHATA OTAEIbHOH MHMK POCKOTHUECKOR
YacTHI(K; MO3TOMY OHa HE BXOAHT TOJ 3HAK YCpeJHEHHS.

%) JInwe mocse YCTaHOBJEHHS 3TOTO COOTBETCTBHS BeJHuHHa M CTaHOBHTCH
MONHOCTLIO onpeaencHHoil. CooTHoileHHs e (29,6) BuyrpH ¥ M =0 BHe Teaa
cami no cefe eile He ONPeAENSIOT 3Ty BeJHYHHY OJHO3HAYHbLIM 00paszoM: B 06aacTy
BHYTDH TeNd MOXKHO Oblslo Gbl mpubasuTh k M moGoii BekTOp BHaa gradf, He Ha-
pyw4B pasencrsa (29,6) (cp. aHANOTHYHOE 3aMeyaHHe NMO TOBOAY 3JEKTPHYeCKOMH
noAspn:ailHl Ha cIp. 57).
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K ypasrenusMm (29,3) u (29,7) A0MKHO OBITH NPUCOETHHEHO CO-
OTHOLICHUE, CBA3bIBAIOLIee MeXNy coboit Benuuuubl H u B; numb
nocse TOrO CHCTeMa yPaBHEHHH cTaHeT nojHoii. B HeQ)eppOMaer-
HbIX TenaX, B He CJHUIKOM CHJbHBIX MarguTHeIX nonasax, B u
CBHA3aHbI rmvr C nnvrnM HHI—TPHHFJM COOTHOIIIegHe M, V HQ()TDOHHbIX

TeJ ﬂHHeHHaH CBﬁSb CBOJHUTCA K HpOCTOH HpOHOpHHOHaﬂbHOCTH
B =pH. (29,10)

KoappHuueHT 1 Ha3HIBACTCA Ma2HUMHOU NPpOHULAeMOCTbo, & KO3(-
(pUUKMEHT NPONOPUHUOHANLHOCTH

—1

B cooTHouleHud M =yH —maenumuod socnpuumtusocmsio.

B 1pOTHBONONOKHOCTL AH3NEKTPUYECKOR NPOHHIAEMOCTH €, KOTO-
pasl y BCex TesJl mnpeBbllaeT [, MarduTHash NPOHHIAEMOCTb MOXKET
ObITb Kak OoJblie, TaK U MeHbule efuHuubl, MOXKHO TOJBKO YTBep-
}KAaTh, UTO Becerja u >0 (O npuUUMHE 5TOro OTJHUYHMSA MEXKIYy U H €
cM. § 32; nokasaTenbcTBO HepaBeHcTBa p > 0 OyzeT pado B § 31),
COOTBEeTCTBEHHO MarHUTHAs BOCTPUMMUHBOCTE % MOKeT OBITh KakK
NOJIOXKHUTENBHOH, TaK H OTPHULATEJbHOH.

Jpyroe oTnuuie -—KOJHUECTBEHHOE — COCTOMT B TOM, 4TO MarHuT-
Hasl BOCNPHUMUUBOCTL OFPOMHOro GOJILIIMHCTBA T€I OdYeHb Maaa Mo
CPABHEHHIO ¢ HX [JH3JeKTPHUECKOH BOCTIPUAMUUBOCTBLIO. ITO OT/IH-
yge CBSI3aHO C TeM, YTO HaMarHudeHue BeilecTBa (He (eppoMarHuT-
HOFO) SIBJIITCA PeNATUBUCTCKUM 3(h(peKToM BTOPOro NOpsiika Mo /¢
(v— NMeKTPOHHBIE CKOPOCTH B atoMax)}l).

B aHM30TPONHHIX Tejax, KpHCTaiaX, mpoctas NPONOPUHOHAb-
HOCTh (901 1m 3AMEeHSeTCs JUHeHHBIMH COOTHOHIEHUSIMU

Tensop MarHUTHOH NPOHHMUAEMOCTH M;, CHMMETpPHYEH. ITO cnejyeT
13 TepMOJAHHAMHYECKHX COOTHOIUeHHH, KOTophle OyAyT BhIBeJeHBl B
§ 31, ToyHo Tak xe, Kak B § 13 Onlna po0kasaHa CHMMETPHUHOCTb
TEH30pPa &;4.

Wz ypasnenuii divB=0, rot H=0 cnegyer (cp. § 6), 4To Ha
rpaHule JBYX pa3/H4YHbIX Cpel AOJKHBI BHIMOMHATHLCH YCIOBHUSA

B,,=8B,,, H,;=H,. (29,13)

DTa cucTeMa ypaBHEHHH U IpaHu4HbIX YCJIOBHH K HHM (QOPMasbHO
CoBnajaer ¢ CHCTeMOR YypaBHEHHH, ONpenenslomuX 3JIEKTPOCTATH-
geckoe Mojie B AH3JEKTPHKAaX B OTCYTCTBUE CBOOOAHBIX 3apsjioB,
OTJIHUASACE OT HuX saullb 3ameHol E u D coorBercteenHo Ha H u B.
Beuay ypaeuenus rot H=0 moxno nckars H B Buse H=—grady,

1) OpuH pa3 oTHOWeHHe v/c BXOAMT BMecte ¢ H B raMuiIbTOHHAH, OMMCBHIBAIO-
IME B3aUMOJENHCTBHE TeJa ¢ MAarHWTHHIM ToJieM, BTOPOH pa3 OHO BXOJMT - Uepes
3JIEMENTAPHBIC AaTOMHBIE HJIM MOJIEKYJISIPlIbIe MATHHTHbBIC MOMEHTHI.
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H AJA noTeHlyasa P noayuyaioTcs Te€ Ke ypaBHeHHs, uTO d JJd
3JIeK TPOCTATHYECKOTO MOTEHIHANA.

Pemenns psaa 3ajgau, paccMoTpeHHbX B . I anda s;ekTpocrta-
THYECKOTO MNOJIst, HENOCPEeJCTBeHHO NepeHOoCcATCs, TaKuM 00pasoM, Ha
NOCTOAHHOE MarHuTHOe noje. B uacTHocTH, nosyuenHble B § 8 ¢op-
MYJIBl AJSl JH3JIEKTPHUECKOTO 3JIJMNCOHAA B OJHOPOAHOM 3JEKTpH-
YeCKOM M0JIe MOJHOCTbIO CNpaBejJiuBhl (C COOTBETCTBYIOIUHM H3MeHe-
HueM OOO3HAueHWdl) M AJIg MATFHHTHOTO 3/JMOCOHAA B OLHOPOJLHOM

MATHUTHOM TOJie. TaK, HanpsikeHHOCTh HY w uapyknus B Mar-
HHTHOTO NOJS BHYTPH 3JJHNCOHIA CBA3aHBI C HaNpsIKEHHOCTbIO £
BHEIIHero nojs COOTHOILIEeHHeM

HP 4 ny, (B —HP) =9, (29,14)

rie f;;— TeH30p Ko3(pHuHeHTOB pasMarHuuuBaHug. Hanomuum, uto
5TO COOTHOILEHHe CupaBejInBO npH J000H cBa3un Mexpy B n H.

TaHrennuasbHble KOMNOHEHTH MAarHHTHOH HHAYKIHH, B NpPOTHBO-
NOJIOKHOCTh ee HOpPMAJbHOH KOMNOHEHTe, HCNBITHBAOT €KA4OK Ha
MOBEPXHOCTH pa3jena ABYX cpen. BennunHy 2TOr0 CKaukKa MOXKHO
CBf3aTh C NJOTHOCTBIO TOKOB, NPOTEKAOLIHX NO noBepxHocTH. Hus
5TOr0 NpOHHTerpupyeM ofe CTOPOHBEI ypaBHeHHs (29,4) no Manomy
oTpe3Ky Al, nepecexarwoleMy NOBEPXHOCTb pa3fela B HanpaBJeHHH

HopMaau. Hdauny Al ycTpemAasieM 3aTeM K HYJI0; HHTerpad Sp—vdl

MOXKET CTPeMHTbCs, OJIHAKO, MpH TOM K KOHeUHOH BeauunHe. Onpe-
LeJeHHYI0 TaKHM 00pas3oM BeIHUHHY

g=\pva (29,15)

MOXKHO Ha3BaTh MOBEPXHOCTHOH NJOTHOCTbIO TOKA; OHa Onperenser
3apsili, MPOTEKAIOIIHA B eAMHHIY BpeMeHH uepe3 egHHHLY LJHHbI
JIUHHH, TPOBEJEHHOH HAa NOBEepXHOCTH. BuibepeM HanpaBieHue g B
JaHHOH TOUKe NMOBEPXHOCTH B KayecTBe OCH Y, a HampaBJjeHHe HOp-
MaJii—B KaueCTB€ OCH X, HanpaBJeHHOH OT cpexbl I K cpege 2.
Torga uHTerpupoBanne ypaBHeHus (29,4) paer

dB, 0B, 4o 4n
S(—az‘—a‘) dx=—g,=—g.

Beujy HenpepblBHOCTH B, npousBojiHas 0B,/0z orpaHudeHa, # no-
TOMY HMHTerpas OT Hee CTPeMHTCH K HYJI0 NpPH CTPEeMJIEHHH K HYJIO

aaunbl otpeska Al. Wnrerpan :xe or 0B,/0x paer pas3HOCTb 3Hade-
HHA B, Ha 00eux CTOPOHAX NOBEPXHOCTH. TakuMm 00pa3oM,

4
Bzz—Blz: T g
2TO paBeHCTBO MOKHO HanHCaTh B BeKTOpHOM BHUIE KaK

ig._g:[n, BZHBI]=4TI [f‘l, Mz“_“Ml], (29»16)
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rjAe N—eJHHAYHLIA BEeKTOP HOPMAJH, HANPABJIEHHOH BHYTPb Cpelnl 2;
npH nocJaeiHeM npeobfpa3soBaHHH yUTEHA HENPephiBHOCTL TaHreHLH-
aaeHOH KomnoHenTn! H.

§ 30. MaruuThHOe moJie NMOCTOAAHHBIX TOKOB

ov =crot M+j.

[MepBLiii usieH, CBA3aHHBIL C HaMardHYeHHOCTbIO Cpejbl, He Jaer
BK/ajla B MNOAHBIH TOK, TaK YTO NOJHHI nepeHoc 3apsija uepe3

nonepeyHoe cedeHye Tesia ONPEIENSeTCs HHTErpajoM def TOJIbKO

OT BTOPOFo useHa. BenuuuHy j Ha3HBAOT AAOMHOCMAIO MOKG RpO-
sodumocmu '), ViMeHHO K Hell OTHOCHTCS BCce ckasaHHoe B § 21, B
YACTHOCTH, SHEPrHs, JUCCHOHpyeMas B eIHHHIY BpeMeHH B elHHHIe
oobema, pasHa Ej.

Pacnpenesnedse TOKa j no o0beMy TPOBOJHHKA ONpejensercs
yKa3aHHuMH B § 21 ypaBHeHHfAMH, B KOTODHI€ HE BXOJHUT CO3jaBae-
MOe 3THMH »Ke TOKamH MarsuTtHoe noJe (npd ycaoBUH npeHeGpexe-
HUA BJHAHHEM II0Jf Ha CBOHCTBA NPOBOAMMOCTH CaMOrO MeTasnna),
[Tostomy 3agaua o0 onpejgeneHdd MArHHTHOFO NOJAS TOKOB JOJXKHA
pelaThCA N0 3aJaHHOMY pachpejeNesyio NOoCIeIHHX. YpaBHeHHs
3TOrO MOJS OTJHYAIOTCA OT NOAydeHHHX B § 29 ypaBoeuuii yanu-
unem uyseHa 4nj/c BMecTO Hyns B npasol uvactu (29,7):

div B =0, (30,1)
j. (30,2)

[InoTHOCTL TOKA NPOBOAMMOCTH j, NPOMOPUMOHANLHAS HanpsKeH-
HOCTH 3JEKTPHYECKOro MoJf, ABASeTCH BeJHUHHOH OrpaHuueHHoOH,
He oOpauiaroieiics B OeCKOHEYHOCTb, B YaCTHOCTH U Ha rpaHHie
pasjena nByx cpen. Ilostomy Hannuue npaBofi 4aCTH B ypaBHEHHH
(30,2) He oTparkaeTcs Ha IPaHHYHOM YCJIOBHH HeNnpephiBHOCTH Tad-
reHiinanbubiXx KomnoHeHT H.

Hnst pemwenns ypasnenuit (30,1—2) ynoGHO BBeCTH eexkmopHbul
nomeryuar A, noON0OXKUB

B =rotA, (30,3)

1) BenuuuHy e ¢ rot M HHOTAZ HA3BIBAIOT TUIOTHOCTHIO MOJIEKYJIA PHBIX TOKOB.
Of0 Ha3BaHHe, OJHAKO, HE BMOJHE COOTBEICTBYET HCTHHHOR (M3WYecKoll KapTuHe
ABHKEHHA 3apDAACR B NpoBOAHHKE. Tak, B MeTajJjie BKJAX B HAMarHHYeHHOCTh
ARIOT HE TOMBKO 3JIEKTPOHBI, ABUIKYM{HECH BHYTPU aTOMOB, HO H 3JIEKTPOHH! RpO-
BOAKMOCTH.,



§ 301 MATHHUTHOE IIOJIE TIOCTOMHHBIX TOKOB 159

B pesynbTaTe uero ypasHeHue (30,1) yAOBaeTBOpSeTCS TOXKIECTBEH-
Ho. Pasencrsom (30,3) BexTophblfi noTeHuHas elle He Onpejess-
eTCl OIHO3HAuHO, K HeMy MOXKHO anGaBL He Hapywas (30,3),
J060H Bexktop Buia gradf. Beuay srof HCOI_[HOSHB‘-IHOCTH MOXKHO
HaJIOKNTL Ha A O/HO JONOJIHUTEAbHOE YCJAOBHE, B KayecTBe KOTO-
poro

III
[
Ch
1]
o]
]
St

div A =0. (30,4)

ypaBHEHHB 118 A nosyuaercs noICTaHOBKOH (30,3) B (30,2). Tlpu

auHedHol cBasu B=pH nveeum
- rot (F rot A\, = %‘E j. (30,5)
/

B TakoM Bujie 3TO ypaBHeHHE CrpaBeViNBO it JIOGOH HeoIHOpo-
HOH CpeJLl.

B opgHopoinod cpeme p =const, # nockoabky rotrotA =
=graddiv A—AA =— AA, 10 yparuenue (30,5) npuBOAHTCA K BHLY

AR = — Ty, (30,6)

Ecan e MBI HMeeM €10 C COBOKYMHOCTBIO JBYX HaM Gojee
Pa3NMUHbIX CONPHKACAIOUINXCA Cpel, Kaxlas H3 KOTOPHX obnanaer
CBO€H MarfuTHOH NPOHNNAEMOCTLIO W, TO obuiee ypasHeHue (30,5)
CBOAMTCS K ypapHeHui0 Buia (30,6) BHYTPH KamKAOro H3 OJHOpPOI-
HBIX TeJ, a Ha WX TPaHHuaX JOJKHO BBINOJHATLCA YCJIOBHE Hernpe-
PBIBHOCTH TaHTEHUHaJbHBIX KoMnoxeuT BekTopa (l/u)rotA. Kpowme
TOrO, JOJAHBI ObITb HENpPepLIBHEIMH KacaTelbHble KOMMOHEHTh ca-
MOr0O BEKTOPa A, TaK KakK HX CKayOK O3Hayasn Gbl HasHuue Ha Fpa-

HHe GECKOHEUHOH HHAYVKUHMH B.
YnQRnPHHq nong \Innnrnnm"rcq J191831

SRR TIAL A v A [2 LW 3 L O 1

UH onpejene-
HHS MarHuTHOILO MOJA B Cpeje, He orpaaneHHon H OJHOPOAHON
OAHOM HanpapieHuu (KOTOpoe MBI NpHMeM B KauecTBe HanpasJeHH:
OCH Z), mnpuueM CO3Ja0IlHe noue TOKH TOxKe HanpapldeHhi Be3Je
BIOAb OCH 2, a MX NJIOTHOCTb j,=j eCTh (DYHKUHT TOJABKO OT X, ¥.
Crenaem eCTeCTBEHHOE (MOATBEPAMOLILECH PE3YAbTATOM) NpeNoso-
XeHune, UTO BEKTOPHBIA MNOTEHIHaJ TaKOro noJs TOXKe HanpapJeH
Broab ocu 2@ A,=A (x, y) (ycnosue (30,4) ynoBrerBOpsiercst npu
3TOM aBTomaTqucm), a4 MarfuTioe MNoJie COOTBETCTBEHHO Be3jle na-
panienbHo naockoctH xy. O6o3HauWB nocpeacTBOM kK ejuHHUHBIN
BEKTOP BAOJMb OCH 2, HMeev

rot A=rot Ak =[grad 4 -k],
rot (M—rot A) [V [%A--kﬂzﬁkdiv%.

[Tostomy ypaeuenne (30,5) npuBOIUTCH K BHALY

j
l-:
Q
©
-
<
e
w
£

w(b

divEet — 2 j(x, ), (30,7)
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T. €. Mbl JEHCTBHUTEJbHO NOJyYaeM OJHO ypaBHeHHe JJs OIHOf cKa-
nspHO# BenuuuHel A (x, y). JAs KyCOUHO-OTHOpOAHOH cpexnt (30,7)
CBOJHTCI K ypaBHEHHIO
4 .
AAd =— —uj(x, y) (30,8)

c

C TPAaHHYHBIM YCJOBHEM HenpephiBHOCTH A M — z— Ha NOBepXHOCTH

npejesieHide TOKOB CHMMETPHYHO OTHOCHTEJIbHO OCH 2: j,=j(r) (r —
paccTosiHHe 0 ocH 2). OueBHAHO, UTO B 3TOM Cjyuae MarHUTHbIE
CHJIOBLIE JIHHUM FABJSIOTCA OKPYKHOCTAMH r ==const. AGcosoTHas
e BeJuuHHA NOoJsg HenocpeiCTBEHHO onpejenasiercs: U3 GopMyJibl

PHa =Y def, (30,9)
AIBNSIOLIEHC MHTerpatbHoi ¢opmynoil ypasHenus (30,2). Wwmenno,
H(ry=210 (30,10)

cr

rne J (r)—nOJHBIH TOK, NPOTEKAIUIUH BHYTPH OKPYKHOCTH r =
= const. o

Ceenénue BeKTOPHOro ypaBHeHus (30,5) K OIHOMY CKasnsipHOMY
ypaBHEHHI0 BO3MOMKHO TaK¥Ke M NpH aKCHAJIbHO-CHMMETPHYHOM pac-
npeie/jeHHd KpyroBblX TOKOB, T. €. NPH pacnpejiesieHHd, KOTopoe B
LUMJIHHPHUECKHX KOODAMHATAX r, ¢, 2 HMEeT BHJ

Ir=1=0, jo=1jlr, 2).

BekTopHBId noTenudan wumeM B BUae A,=A,=0, A,=A{r, 2).
[Ipn 3TOM KOMIOHEHTbl MArHHTHOH HHAVKuUH B =rot A

oA 1 ¢
Br=—'a—z, Bz:TaTr_(rA)’ B(p":O,

H (-KOMIOHEHTa ypaBHeHHda (30,2) naer

%(5—%)+%(#§n4)=—~%j(r, 2). (30,11)

1) OBpardM BHHUMAHWE Ha TO, YTO MJIOCKAs 33laya O NOCTOSIHHOM MAarHHTHOM
1oJle OKA3nBAETCH 3KBMBANEHTHON IJIOCKON 3allade 3JIeKTPOCTATHKM 06 onpejele-
HMH 3JI@KTPHYECKOIO NOJISA, CO37aBaeMOr0 CTOPOHHUMH 3apfilaMH, pacnpelefeHHbl-
MH B JH3JEKTPHUECKOH cpele C IIOTHOCTBIO Per (X, y). [TocaenHss sajaua tpe6yer
pellieHHs] ypaBHeHUs

div (e grad @) = — 4mp.,

(p —noreRiuan nonf), ormxuanerocs or (30,7) mume sameroit A, jic, w coor-
BETCTBEHHO HA @, Pcr, l/E; COBMAjalT Takke rparHYHble yolnoBHS A A v s @.
Pasuuna, O1HAKO, BO3HUKAET NpPH onpeljeseHnn cooTsercTseHHo E waw B no ¢
unu A. Bexkropm E—=-—gradg u B=rot A B Kax/0oii Touke OAHHAKOBH TIO aG-
COMOTHON BeJHUHHE, HO B3aUMHO NePHeHAHKYJNSPHB MO HAaNpPaBJeHHIO.
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VpaBfieHHsi MarHUTHOrO 10Jifi TOKOB MOryT GbiTb pelleHbl B 00-
IleM BH/JEe B BaXKHOM CJiyuae, KOrja MarHHTHbIMH CBOHCTBAMH Cpebl
MOXKHO OpeHebpeub, T. €. MOXHO MOJI0XHTh Besje p=1. [Insa Bek-
TOPHOrO MOTeHIMana TOrja BO BCeM [IPOCTPAHCTBE HMEET MECTO
ypaBHEHHE

AA=—22;
c

Ge3 KakuX Obl TO HH OBLJIO VCJOBHH Ha rpaHuliaXx pasjena pasjiuy-

HBIX CPeji (B TOM 4YHCJE Ha rpaHHile NPOBOJHHKA, O KOTOPOMy Te-
yer ToK). Pemenue sroro ypaeneHus, obpamaiomeecs Ha OGecKoHeu-
HOCTH B HYJb, €CTb

1(J
A=\ Fav, (30,12)

rae R—paccTosiHie OT TOYKH, B KOTOpOH Mbl HieM A (Touka HabJio-
Jenus), o sjaementa obvema dV (cm. II § 43). Ilpu npumenenun
onepauuy rot K 3TOMY BBIPaXKEHHIO C/€LYeT MOMHHTb, 4YTO IHbde-
peHuHpoBaHHe j/R moj 3HaKOM HHTErpaja MOJAKHO MPOH3BOAHTHCS
M0 KOOpAMHATaM TOYKH HabJdIjeHHs, OT KOTOPbIX j He 3aBHCHT,
TaK 4TO

j 1, 1 .
rot }_;'"': [gradﬁ--]] =—E[R]],

rae paamyc-Bektop R wHanpaBnen u3 dV B Touky Hab0JeHHs,
Takum o6pasom,

B=H=- {1l av. (30,13)

Ec/y NpOBOAHHK, MG KOTOPOMY TeueT TOK, JOCTATOYHO TOHOK
(TOHKHMH MPOBOA) H Mbl MHTEPECyeMCsl JHIUb MOJEM B OKPYKAIOIIeM
ero fMpoCTPaHCTBe, TO TOJILWHOH NPOBOLHHKA MOXHO IpeHebpeub.
B panbuefilieM Mbl HEOAHOKpaTHO OyaeM paccMaTpHUBATh TaKHeE, Kak
roBopAT, AuHelinvie TokH. VHTerpupoBanue no o0beMy NOPOBOJAHHKA
3aMeHsieTcss B 3TOM CJy4yae HHTETpHPOBaHHEM IO €ro KOHTYyDY.
MMenno, dopMmyJbl A9 JHHEHHBIX TOKOB MOJYYalOTCA H3 QopMmyd,
OTHOCAINXCS K 0OBbEMHBIM TOKaM, 3aMeHOH B MOC/enHHX

jdv —J dl,

rae J —moaHbl TOK, MPOTEKAlmui no NpoBojHHKY. Tak, u3 dop-
mya (30,12—13) noayuum
dl [dl R
A=1 z» H== CS R3]' (30,14)

Bropas u3 sTHX (opMmyJa Bbipaxaer coboit saxor Luo u Casapa.
Takue npocrele GoOpMYJbl A MarHUTHOrO O/ JIMHEHHBIX TOKOB

He CBA3aHH Jaxe C TpeGoBaHWeM = 1. [loCKO/JBKY TOMLHHOH OpO-

BOAHUKA MH mpeHebperaeM, TO HHKAKHX TpPpaHHYHRIX YCJAOBHH HA €T0

6 1. J. Nangay, E. M. Jludmny
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IOBEPXHOCTH MHCAaTh HE HaJ0 U MATHHTHbIE CBOHCTBA €ro BelleCcTBa
BOOOLIE HECYUIECTBEHHB! (OHO MOXeT Jlaxe ObITb (eppoMarHHTHBIM).
Pemenue ypaBuesus (30,6) mi1a nois B OKpyKawoweidl OPOBOAHHK
cpene O6yler nosToMy

A W rdl o W C[dIR]
A

; bkl —_ { r Yall WY
—"_c',)R , B= Ct) 7 (30,19)

AJis Jilo0OTO 3HayeHHs MarHUTHOH BOCIPUMMUMBOCTH cpelnl. Takum
obpa3oM, Ha/jivuue CpPelbl NPUBOJMT JHIIb K HW3MEHEHHIO MarHUTHOH

HHAYKIHH B U pa3, HanpskeHHocTb xe H=B/u BooOime He usMme-
HUTCH.

3afaua 06 ompelesieHHH MaTHUTHOrO [OJisl JHHEHHBIX TOKOB MO-
JKeT pelllaTbCs M Kak 3ajaya Teopud noteHiuana, Ilockosbky oObe-
MOM IIPOBOJHHKOB Mbl mpeHepperaeM, TO (paKTHUECKH Deub HIeT ob
onpejie/ieHHy moJig B NPOCTpaHCTBE, BO BceM OObeMe KOTOporo (3a

UCKJWUEHUEeM TOJBKO OCOOBIX JUHUU —JUHEeUHBLIX TOKOR) TOKU OT-

YaSlw favaais Awal ANSVARFIA NS eSS AFLLL WANRILKLEL [P UISRR I Ruy B ipsy LWL A3FINT)

cyrctByloT. Ho B OTCyTCTBHE TOKOB ITOCTOSIHHOE MAarHUTHOE foje
obJiajflaeT CKajsPHBIM MOTEHIHaJO0M, YAOBJAETBOPAIOLINM (B OJXHOPOI-
HOH cpene) ypaBHenuto Jlamsmaca. Mexay moTeHnnajioM MarHHUTHOrO
MOJis W 3J€KTPHYECKHM MOTEHLMANOM HMEErcsl, OJHaKO, CYLIEeCTBeH-
Hoe pasanuue. [loTeHuuan 3/4eKTPHUECKOro moJisgi BCEerja sBJAsEeTCs
oJIHO3HauHoOH (yHKuHed. ITO ecTb cJjeiacTBue Toro, uto rot E=0Bo
BCEM MPOCTPAHCTBE (B TOM YMC/I€ W TaM, IJe HMeloTCs 3apsiibl), H
MOTOMY H3MEHeHHe moTeHnuasjda npH o6Xoje 1o JOOMY 3aMKHYTOMY
KOHTYpY (T. €. nupkyisuus E 110 3TOMy KOHTypy) paBHO HY.JIO.
LIUpKy/Iuus Ke MArHHTHOrO [0Jds MO KOHTYPY, OXBaTblBalOLIEMY
Coboii JIMHEHHDbId TOK, OTJHYHA OT HyJs U paBHa 4mnJ/c. [lostomy
3HayeHue MOTeH[HaJla MeHSercs Ha 3Ty BeIUYHHY [OpH BCAKOM 00-
XOJ€ BOKPYr JIMHHH TOKa, T. €. MOTeHHHaJ MArHHTHOrO [oJsi sBJisi-
eTCs MHOTO3HauYHOH (yHKnuel.

Ecnn cucrema TOKOB cocpefloToueHa B KOHeuHoM 06.J1aCTH mpoOCT-
paHctBa (a p=1 Kak B MpoBOAHHKAX, TaK W B cCpele), TO BAajdH
OT HEe BEKTOPHBIH MOTEHIIHaJ MATHUTHOI'O MOJIA HMEET BHJ

A=, (30,16)
rage
m—-—S [r]dV (30,17)

€CTb MOJHBIH MarHHUTHBIH MOMEHT CHCTeMBI 1).
Ilas avHEeHHOro Toka 3T0 Bmpamenne IPHHHUMAeT BHJ

1) Cm. II § 44. B mpuBeficHHOM TaM BbIBOJE HCHOJBL30BAHO B SBHOM BHIE
MpelCTABJIEHHe TOKOR KAaK Pe3yJbTaTa JBHXKeHHA OTHAIbHBIX 3aDSKEHHBIX YacTHIL.
Takoit BmiBON 06JMafaeT, KOHeuHO, NOJHOR  ofmpoCTHIO, HO Gopmyay (30,16)
MOXHO MOJYUHTh M YHCTO MAKPOCKONMHYECKHM MyTeM (CM. 3aiauy 4 K 3TomMy ha-

parpady).
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H MOXeT ObiTb Npeo6pasoBalo B HMHTErpas M0 MNOBEPXHOCTH, Orpa-
HUueHHOH KoHTypoM Toka. [lpoussenenue df =[r dl]/2 pasuo no a6-
COMIOTHOH BenWYHHe TMJIOINalH TPEyroJbHOTO 37JEeMEHTa MOBEPXHOCTH,

MOCTPOEHHOro Ha BeKTopaX r W dl. BekTopHbBIH Xe HHTerpad Sdf

o
wa IanpueonIrT AT TATrO nmNn wawn Uuvoriyn IMnRanvyuncTU {I’.!'Q’I"CIU\T'T‘I\LI N
ow Jabrivrl Ul lulyy NV RADUN FiMUiny LVDUP AINUL LR (G ian yiurn aa

3a/laHHblH KOHTYp) OH Gepercd. Takum oOpa3oM, MATHHTHBIH MOMEHT
3aMKHVTOro JMHEHHOTO TOKa paBeH

col

Jr y
M=-C—‘) dl. (30,10)

B uacTHoCTH, /18 MMOCKOrO 3aMKHYTOrO JHHEHHOrO TOKa MarHUTHBIN
MOMEHT paBeH npocto JS/c, rie S—nnomans orpaH HUEHHOH TOKOM
YacTH [JIOCKOCTH.

B saknodenue 3TOro naparpada OCTAHOBHMCA e€ILie Ha Bompoce
O MOTOKE 3Heprud B npoBolAHHKe. Jluccunupyemas B INPOBOIHHKE
(B BHAE 1XoyJeBa Temnna) 3HePrus 4eprnaercs U3 SHEPTHH 3SJAeKTPo-
MarHHTHoro nonf. B cranuonapHoM ciaydae ypaBHEeHHe HENpephiBHO-
CTH, Bblpaxatollee co0OH 32KOH COXPaHEHHS SHEPruH, MMeeT BHJ

—divS=jE, (30,19)

rie S—naoTHOCTh MoToKa sHeprud. Ilocnexnds paercd BHYTPH Mpo-
BOJHHKa BhIpaKeHueM

$=-[EH], (30,20)

dopManbHO COBHNANAOLIMM C BbipaxkeHweM anA Bektopa [lofintunra
Inf nonsd B nycrote. B 5ToM Jerko y6enuTbcsl NPAMOH MPOBEPKOil:
Bblurcnene div S ¢ ucnonb3oBanneM ypaBhewHH rotE =0 u (30,2)
npuBoauT K (30,19).

HesasucuMo or sToro BeiBola, ¢opmyna (30,20) oaHo3nauko cae-
IyeT U3 QUYEBHJHOTO YCJOBHA HENMPEPBIBHOCTH HOPMAaJbHOH KoMIO-
HeHTH S Ha MOBEPXHOCTH Tesa, eCAH MPH 5TOM YUHTHIBATH Hempe-
poiBHocTe E; w1 H, u Tor dakr, uto dopmyra (30,20) cnpapensnba
B NYyCTOTE BHE Tena.

3agaunl)
I. OnpeflennTs CKaNSIPHLIA TOTEHLHAJ] MAarHHTHOTO TOJS 3aMKHYTOrO JHHefi-
HOro ToKa.

Pewmenue. [IIpeo6pasys uuterpaji Mo KOUTYPY B HHTErpaj 1o OXBaTbIBAEMON
MM TIOBEPXHOCTH, NOJYYHM

J dl J 1°

J 1

1) B sagauax 1—4 nosnaraem Besge p=1.

H*
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(ftpH npeo6paszoBanusgx Hamo yuects, 4T0 A (1/R)=0). Cpasnuas ¢ B = — grad v},
HajijeM, 49TO CKAJSAPHBLIH TMOTEHIHAJ

J 1 J (diR
t== Vv =7 |

Crostiuit 3fech MHTerpasl mpejpcTaBasfeT coboil, reomerpuieckd, TelecHb yroa £,
MOJ KOTOPHIM BHAEH KOHTYpP H3 TOUKHM HAOMOACHHS noJst. YNoMAHyTast B TeKcre
MHOTrO3HAYHOCTh MOTEHIHANA NPOSBJsAETCs B TOM, 4TO, KOria ToYKa Hal/MojenHA
OTHChIBAGT 3aMKHYTHIl NyTh, OXBaTHLIBAOU{HH MPOBOJM, YroJ §2, NOCTHIHYB 3HAUEHHS
27, MeHseT 3HAK, CTaHOBSCh PaBHbIM —27.

. OnperennTs MarBHTHOE NOJE JHHEHHOrO KDYTOBOT ( :

Pewenne DBrbupaem Haua/I0 UHJIHHAPHYECKOR CHCTEMBI KOOPAHMHAT 7, ¢, 2
B LleHTPE OKPYXKHOCTH, NpHYEM YroJs ¢ OTCUHTHIBAGTCS OT MJIOCKOCTH, NPOXOASILLEH
yepe3 Ocb Z H TOUKY wHabmojseHust noJis. BeKTOPHLIH mnoOTEHIHAJ HMEET TOJBKO
kKomnioHeHTy Ag= A (r, 2), u coraacuo dopmyae (30,14) numem

J pcosqdl 2
c R ¢

acos ¢ do

A(P: 1y
(a4 r®+ 22 —2ar cos ) '

(= o |

Broxst HOBYIO nepeMeHEYyl0 O coriacho @=7- 20, MOKHO NPHBeCTH 3TO BHIpaNe-

HHEe K BHAY . .
47 a k
dar
(@t te

a K 1 E—noJube 31/ H0THYeCKHe HHterpansl l-ro H 2-ro poxa:

rue
=

/2 8 /2
= ——, [L[= T—k%sin20 do.
K ( V1= FEsin? 0 S 4 -
0 0
JIJist KOMNOHEHT HHAYKIHH HaXOIuM:
_  04g__ J 2z a*-+r2 122
B(p—o, Bf—'—_—g"—_?r V-(a_i_r)z_l_zz [ K+(a—r)2+225 !
1 0 J 2 a®—r? —'22
Be=t o VA= VT [K+m “5] :

MEl BOCHOMB30BAJHCE 31€CH JEI'KO NpOoBepsSeMbiMH (QopMyJIaMH
oK E K 0E_E—K
ok — k(1—k%) k° ok~ k

Ha ocu (r=0)
2ra®J

c(@@+42%)°7: "
UTO MOMKHO MOJYYHTH H HeMOCPEACTBEHHBIM 3JIeMEHTAPHLIM PacuerToM.

3. OnpegeJHTh MarHHTHOE NHOJE B LHIHHADHYECKOM OTBEPCTUM B UMIHHApHUE-
CKOM (OeCKOHEUHO AJIHHHOM) NPOBOJHHKE, BJOJL KOTOPOTro TedeT TOK, PABHOMEPHO
pacnpefie/leHHbI 0 ero cedeHmio (puc. 18).

Pemenne. Ecau 6u oTBepeTHs He GhINIO, noJie BHYTpH UMJABEAPA Gblio Obi
paBHO

B"ZO, BZ:

Hy=—2ujyje, Hy=2njx/c
(0603navenust pasmepoB M ocell KOODAMHAT JaiHl Ha PHCYHKE).
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Ecin 6bl 0 BRYTPeHHeMy LHJHHAPY MOPOTEKal TOK C MJIOTHOCTBIO —f, OH
co3faBal Obt B TOH ke TOUKe HAGMONeHHS HoJe
Hy=2njy jc, H,=— 2mjx’[c.

Hckomoe nose B OTBEPCTHH HOJIYyYaeTCs HaloXKeHHeM 3THX JByX none#. 3a-

MeTHB, uT0 ¥x—x' == 00" =h, y=1y' naiigem
2njh 2hJ
He=0, H,==""0___ 2
¢ (b2 —a?) ¢

4, BbIBeCTH rbopmyﬂy (30 16) IlJIﬂ BeKTopHoro noTeHUHaN a HoJd BXATIH OT
TOKOB H3 opMyant (30,12).

Pemenne ITnmem R=R,—r, rle R, # r— pagnyc-BeKTOprl U3 Hauana
KOOPIHHAT, PAclo/IOKeHHOro rjae-aH00 B 00JacTH TOKOB, A0 TOMKH HabmojeHHs H
Ko saementa dV coorBercTBeHHO. Pasilaras NoJblHTerpaibHoe BHIpa:KeHHe MO CTe-

NeHaM I W yYHTHIBaf, qToSi dV =0, nmoayuum g P

-~ e,

A[z%‘sxkhdv
o (17N

(nuzexc 0 y R omyckaem). VHterpnpys no dvac-
TAM TOXIeCTBO
Sx;xk div jdv =0, f q / 2,z

MONYIHM
{ Goxet iz av =o. »
[MosToMy MOXKHO hepenucaTh A; B BHIE
R . .
Ai=-20—£3 S (Xgii—xijg) dV, Prc. 18.

yro coBnagaer ¢ (30,16).

5. OHpe,ﬂe.fIHTb MarsHTHOE MNoJe, co3iaBaemMoe JHHEAHBIM TOKOM B MarHMTHO-
Toa~rn ananra (A7 Raspng  10R4N ’

aHH30TPONHOH CPEAC (A. . DUSAUA, 199%).
Pemenne, B aHH30TpONHOH cpene, OKPy:Kaweld NPOBOAHHK, HMEEM YpaB-
HeHHe
aHk

TIe Wijp— TEH30P MarvHTHOH NMPOHHUAEMOCTH CPENHI. Bwmecto Toro uToOB BBOJHTH
BEKTOPHHI MoTeHUHan cornacHo B =rot A, BBegiem 1pyro# sexTop, C, onpenensembli
paBeHCTBOM

oC (
Hi = einibkm 5 (2)

{:n:— AHTUCHMMETDHUCCKHH eXHHHYHBIR Tpuqnn\ BripaxeneM (2) vnapugeuue (1)
‘Utkt CRIT L FLAW ILIVA (¥YIVW 1 PII ALYV EY J Y \,Allllll llllll ”lrl—l‘l‘\u AAANrdva \“! Jr} AAAAAAA A’
o

TOXKe YIOBJAETBOPAETCA TOXKecTBeHHo. Ha OHpeI[eJIeHHbIH TakHM 06pasoM BeKTOP C

MOXKHO elle HAJOXKHTh JOMOJHHTe]bLHOE YCJOBHE:

0C,
Xl

divC==t—0. 3)

dn
[TogcraBue (2) B ypasHeHHe rotH—T], MOJTY4YHM

oH, _ 0°C; _doi;
ik Bxy MRPOxpox, ¢
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(npn npeo6pa3OBaHHM HCNOAL30OBAHO PaBEHCTBO

Clkilmn=— aimakn"‘ 6iar:a.'em

n ycaosue (3)). Tlomyyennoe takum o6pa3oM ypaBuenHe 1ast C coBnagaer no gopme
C ypaBHeHWeM NJsi MOTeHIHaJa 3JeKTPHUECKOro IOJsl, C031aBaeMoro 3apsjiaMu
B aHH30TPONHOH cpeme (3agmaua 2 § 13). Ero peiuenne umeer BHX

_LE jdv
€IV uﬁéR,-Rk

u dv). Hepexo,t[sq K HHHeHHOMy Toxy, nonyan OKOH‘IaTe.IIbHO
dl

¢ VIMSSVW}IRI-R,E

§ 31. TepmonHamMHuyecKHe COOTHOLUEHHSI B MATHHTHOM moJie

TepMopvHaMHUeCKUEe COOTHOLUEHUA AJfA MarHeTHKa B MarHHTHOM
oJie B CBOEH OKOHUATEIbHOH (popMe, KaK Mbl YBHIHUM, BECEMA CXOJHHI
C aHAMOTHYHBIMU COOTHOLIECHHAMH LJAA IUINCKTPHKA B 3J1CKTPHUECKOM
noje. Mx BbIBOJ, OJHAKO, CYIIECTBEHHBIM 00pa30M OTJHYaeTcsi OT
TOro, Kotopoifi Obln mpousBeneH B § 10. 1o oranune cBA3aHO, B KO-
HEYHOM MTOre, C TEM, UTO MATHUTHOE [071€, B MPOTHBOMNOJOXKHOCTh
3JIEKTPHUUECKOMY, HE MPOU3BOAHT PabOThl Haj JBHKYIHHMUCS B HEM
3apAfaMH (TaKk Kak JeficTBylomasd Ha 3apsaj CHJa NepneHiUuKyJsapHa
K ero ckopocTy). I1o3ToMy 1A BHIUHCACHUA H3MEHEHUA SHEPTUH CPesIH
IPH BKJIOUEHHH MArHUTHOrO NOJA HAI0 PacCMaTpHBaTh 3JEKTpHue-
CKHMe MNoJiA, HHAYUHpYIOLlHeCcs NMpH U3MEHEHWH MArHUTHOrO nojf, 4
onpeneaTb paboTy, NPOU3BOJUMYIO UMM HAJ TOKaMH (HCTOUHHKAMM
MarHUTHOTO HOJIH)

ldKHM UUpddOM, HCU()XU}LH 10 ﬁpIr‘iB—leiIb _y_p‘B" CHHE, Aﬁpeﬂeﬂﬂm'
11ie€ CBA3b MEXKJY JEKTPHYECKHM YU NEePEeMEHHBIM MAarHUTHBLIM IOJSIMH.
I1T0 ypaBHEHYUE,
1 B
fOtE-—-—-T'é?, (31,1)

SIBASIETCH HEMOCPEACTBEHHBIM PE3YAbTATOM YCPEIHEeHUSA MHUKDOCKOIH-
yecKoro ypaBHeHUud (1, 3§
B Teuenue Bpemenu Of nose E nmpousBogMT Hax TokamM j pabory,
PaBHYIO
PO .
of | JEAV.
Jra Ke BeruuyuHa, B3fATas ¢ OOpaTHLIM 3HAKOM, ecTb pabora OR,

MPOU3BEIEHHAA «HAJ MOJEM» CO CTOPOHHB TOH BHeIIHeH 3JeKTpOIBH-
Kymeld CHAB, KOTopas SABJAACTCA HCTOUHUKOM, MOAJEPIKHBAIOUINM

- C
nporekanue Tokos. [loacrasus j=7~ rot H, noayuum

SR = — 6t7£-;$ ErotH dV— 61‘%5 div [EH]dVﬂét%SH rot EdV.
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IlepBblit uuTerpan, Gyiyun npeoGpa3’oBaH B HHTErpal: no GECKOHEUHO
ylaleHHoll nopepXHocTH, obpallaercs B HyJb. Bo BropoM xe nox-
craBnsiem rot E u3 (31,1) u, BBoAs usMenenue 6B = 8¢ 0B/0f maruuTt-
HOM HHAYKUHH, HOJy4YaeM OKOHUATeNLHO

‘3R"_5 H 6B dV. (31,2)

21a ¢opmyJia no BHAy BHONAHE aHalornuHa phipaxenuo (10,2) pas

paboTEl NpH GECKOHEUHO ManoM H3MEHEHHH 3JIeKTPHUYECKOro MoJs.
Crnenyer, oJlHaKO, 3aMeTHTh, UTO (DH3HYECKas aHAJOTHA MeXIy STHMH
ABymsl GopmynaMH B J€HCTBHTENbHOCTH He TaK IiyboKa, HMOCKOJAbKY
H, B nporuponmonoxuocte E, He eCTb cpejHee 3HaueHHE HCTHHHOM
MHKPOCKOIHYECKOH HaNpsXKeHHOCTH MOonf.

ITocne nonyuerust dopmynb (31,2) Bce TepMOAHHAMHUUYECKHE COOT-
HOIlleHud HJ‘!H MATHEeTHKA B MATrHHUTHOM I110.J1e MDI"VT 6bITb HanuCaHbl

aHaJIOrH4Ho ToMy, KakK Obinu HamucaHel B § 10 COOTHOILIGHUS AJS
JM3JIEKTPUKA B 3JEKTPUUECKOM [oJle; JOCTAaTOYHO 3aMEHUTb B HHUX
obosnaueHuss E u D coorBercrBenHo Ha H u B. Brinumem 3jeck aas
JaNbHEHIIMX CCHUIOK HeKoTophle H3 3THX dopmys. as auddepen-
LHaJIOB NMOJHBIX CBOOOJHOH W BHYTpEHHel 3Hepruii nmeem:

1
63:_f6T+IESH63dV, 515
6%:T63’+£ESH68¢1V, ’

a JJf 3THX e BeJHYMH, OTHEeCeHHBIX K eJHHHIEe obbema:

dF_—_—SdT+§dp—l—-—l—HdB,
(31,4)
dU =T dS 4 dp 4 = H dB.

Hapany ¢ F, U Ham noHapoGATCS TaKKe TEPMOJMHAMHYECKHE MOTEH-
L Ha/Ib!

O=U-2B F_Fr_ (31,5)

4m ! 4:rz
AN KOTOpHIX

dF =—SdT 4t dp—+=BdH,

—
o
[

S~

40 =T dS—{—(;dp——-;EBdH.

[Tpu nuneifinoit cea3n B= pnH MoXHO HanmucaTb BhipaXkeHUs JIJs BceX
BE&IMUMH B KOHEUHOM BHJE:

B? B?
U=U(S, 0t F=Fo(T,0)+g5,
M

s i (31,7)

U=U,(S,0)—4E, F=F,(T,p)—

B
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PaGotry OR (uam, uto TO Xe, uaMeHenue OF npu nocTosHHOM
TEMNEPATYPE) MOKHO BBIPA3HTb B JPYroM BHje, uYepe3 MJAOTHOCTH
TOKOB U BEKTOPHBLIH MOTEeHUHAn MAarHUTHOro noJsd. Js storo nona-
raem 5Bwr0t 0A M muLeM

(OF )r== 5 H rot 6A dV = -——5 div [H 8AdV + 5 8A rot H dV.

[lepBuiit HHTErpaJ CHOBA oﬁpamaeTCﬂ B HyJb, & BTOPOHl HaeT

8F )p=— S SA dV. (31,8)
AHanorH4HbIM NpeodpasoBaHHEM MOXHO NONYUHTD

(85 ), =—- | Asjav. (31,9)

ITone3H0 OTMETHTb, YTO B MATEMATHYECKOM dopManu3Me Makpo-

CKONUUYECKOH 3JIEKTPOANHAMHKH TOKH — UCTOYHHKY MAarHuTHOrO NoJist —

UTpaAOT PONb, aHAJOTHUHYIO POJIH MOTeHIHAaNoB (a He 3apsJI0B) UCTOU-

HHKOB 2JIEKTPHUECKOTO MOJif, JTO NPaBHUJIO SCHO MNPOSBASIETCS NPH

conoctaBnenuu dopmya (31,8) u (31,9) ¢ ananoruuHeiMu popmytamu
B 3JEKTPHUECKOM MoJe

6F),= odpav, (F),=—{pdopav (31,10)

(em. (10,13), (10,14)). Mol Buaum, 49TO 3apsiibl M NOTEHuUanabl pac-
MoJIoKeHbl B 3THX GopMynax oOpaTHbIM o0pasoM [0 CpPaBHEHHIO
C TOKaMH ¥ noTeHuuanamu B dopmynax (31,8), (31,9)1).

Beuay mnonuoro ¢opMajibHOro COBNAJEHHA TEPMOAHHAMHYECKHX
COOTHOILIEHUH (BblpaKeHHbIX uepe3 HaNPSKEHHOCTb W HHIYKIHIO)
B 3JEKTPHUYECKOM M MarHHTHOM MHOJMSAX HEMOCPeACTBEHHO HePeHOCATCH
Ha MarHUTHOE MOJE TaKkKe W nojyueHHole B § 18 TepmopuHaMHuecKue
HepaBeHCcTBa. Mbl BHIe/IM, B YaCTHOCTH, 4YTO M3 HHX CJeJlyeT Hepa-
BEHCTBO & > (0. B 3JeKTpHYeCcKoM Clyuyae 3TO HepaBeHCTBO He npej-
CTaBNSJO HHTEpeca, MOCKONbKY OHO cJjaabee ycnoBus € > 1, cnepo-
BaBlIero 13 Apyrux coobpaxenuii. Ho B MarHuTHOM Cayuae aHano-
rUYHOe HEPABEHCTBO

p>0

BECbMa CYLICCTBEHHO, TaK KakK OHO fBJAAETCA €AHHCTBEHHbLIM OrpaHu-
yeHHeM, HaKJAaZbiBatMbiM Ha BO3MOXKHBIE 3HAUEHHUS MArHHTHOH npo-
HUII3EMOCTH.

§ 32. lloaHasa cBoGojgHAasi SHePrHsl MarHeTHKA

B § 11 Gbinu monyueHsl BbIpaXKeHWs st TONHOH CBOGOJHON
SHEPTHH & IM3JAeKTPHKa B snekTpuueckom noJje. OAuH U3 TepMoau-
HaMHYECKHX acCleKTOB 3TOH BeJHYMHBI 3aKJAI0YaeTcss B TOM, 4YTO ee

1) IToapoGHee o CMEHICAe 3TOr0 pasaHdui—CM. DpuMedaHHe Ha c1p. 176.
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H3MeHeHHe onpelenser paboTy, NPOM3BEIEHHYIO 3JeKTPHYECKHM Mo-
JIeM HaJ TeJOM NpH HeM3MeHHbIX HCTOYHHMKAX (3apsaax), CO3AloLHX
3T0 nosje. B MarHMTHOM e 10Je AaHAJOTHYHYIO pOJb Hrpaer CBo-

fonHas 3Heprus & , TaK KakK NpH 33JlaHHBIX HCTOYHHKAX (TOKAX) MOJS

HMEHHO ee H3MEeHEHHe JaeT NMpoM3BEJeHHYI0 Hajg TenoM pabory.
Caenymoluil HEKe BBIBOJ MOJHOCTBHIO AHAJMOrHYEH TOMY, KOTOpHH

6ui1 mpousBejiel B § 11, «[loaHyio» BeJIHuHHY MBI OnpefensieM Kak

F=((Fr®\ay (32,1
JN T 8/ ¥ ’

rjge $—MAarHHTHOE fosie, KOTOpOe CO03/aBaJjH Obl JaHHLHIE HCTOYHHKH
B OTCYTCTBHE HaMarHH4YWBalome#icst cpegbi. 3Hak | B CKOOKE (BMECTO

sHaka — B (11,1)) cBsizaH ¢ TeM, YTO 3HaueHHe & AN MATHHUTHOTO
moJisl B NMYyCTOTE €CThb

,_.f 2 v
8

(em. (31,7)). HnrerpupoBanue B (32,1) MPOU3BOJAUTCH IO BCEMY IIpO-
CTPaHCTBY, BK.JIOUasi 00beM MPOBOLHHKOB, HECYLIHX TOKH, KOTOpbIE
CO3JaloT noJje’).

BuiuncniuM u3ameHende o (npH 3alaHHOH TteMmnepatype u 6e3 Ha-
pYILEHHS TEPMOJHMHAMHUYECKOIO DaBHOBECHA Cpenbl) mpH GeCKOHEUHO

MAaJIOM M3MeHeHHH moas. Ilockombky OF = — = B 0H, 10 nMeem
53_*___#3"(3\511 —©09)dV =

_ ___S(H :;)6@dV——~——S' B(6H—-6€’a)dV———S(B H)8dV.

(32,2)

BBojs BeKTOPHHIH NOTEHUHA]H U 1MOJAA § [UIIEM B NEPBOM UJieHe
(H—$) 89 =(H — o) rot 6% =div [62 (H— $)] 82 rot (H —&).

Ho mosss H u © cosnatorcsi, no onpejieseHu0, OAHHUMH H TeMH ke
TOKaMH j, pacrpejejieHde KOTOpPHIX N0 00beMy NPOBOAHHKOB HE 3a-
BHCHT (cM. § 30) OT CO3/1aBaeMOr0 HMH XKe MOJis, T. €. He 3aBHCHT
OT HaJHUMH HJAH OTCYTCTBHS MATrHETHKOB B OKPYXKalolEM NPOCTPaH-
cree. [loaromy H 1 & ya0BneTBOPAIOT OAHHAKOBBIM YyPaBHEHU M

an , in .
rot H =—1 rot-i?——-—c—],

: 1) B § 11 mbl cudranau, 4To HHrerpupoBanie B (11,1) npousBojHTCcs Nno BCcemy

NPOCTPaHCTBY, HCKJUasg o6beM 3apAXMeHHHIX NPOBOJIHHKOB, CO35AOWHX NoJje. Tam
MOXKHO 6BIT0 TaK jJeMlaTh, NOCKO/IbKY BHYTPH 3apsiKeHHOTO IIPOBOTHHKA 3JIEKTPHUe-
CKoe 10Je BCe PaBHo OTCyTcTBYeT. MaruuTHoe XKe mnoJie HMeetcsl H BHYTPH MNpoO-
BOJAHHKOB, HECYUHMX TOKH, H HCKJ/OYAaTb ero NpH BBIHCIEHHH MOJMHOH CBOGOHOMH
3HEPTHH HeNb3sl.
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TaK 4to rot (H— $)=0. WMurerpan xe ot div[62 (H— &)] npeocd-
pa3yercss B HHTerpan no 6eCKOHEYHO yJIa/leHHOH NMOBEPXHOCTH H 00-
paniaercsi B HyJb.

AHanornuHbiM ofpasoM yGexzaaeMcsi B TOM, YTO PaBeH HYJIIO H
BTOpoH uieH B (32,2), Tak 4To

6<3;=~—LS(B—H)65;dV=—SM6®dV. (32,3)

Takum 00pa3zoM, Mbl NOAYUYHAH J/1f 5F BbIpa)KeHHe, AaHaJOrHYHOe

Bolpaxenmio (11,3) anst 8F B s/iekTpHUeCKoM Ciayuae. B 4aCTHOCTH,

B OJHOPOJHOM BHELIHEM MATHHTHOM mojie § HMeeM sl dF Bhipaxe-
Hue, aHajgoruyHoe (11,5):

df =— & dT — M d9, (32,4)

rie JM —noJHbIl MAarHUTHBIHE MOMEHT Tena.

He noBropsast jpanpHeHuxX BbluHCIEHHH, HaNUIIeM CJejyIOHiHe
dopmysnl no aHanoruu ¢ ¢dopmydamu B § 11. Tlpu suuefinoll ces3u
B=uH nmeem

F—7,0, )=—{ g omav. (32,5)

B 4acTHOCTH, B OJHOPOAHOM BHeEIlIHeM NoJie
F—F(V, T)=—"1/,9M. (32,6)

B ofmeM xe cjiydyae nNpou3BonbHOH 3aBHCHMOCTH B ot H ans Boi-
UHCJIeHHH & MOXHO MM0Jb30BaThCs (PopmyJioi

F = V(F—]————-—- s'g)dV=S(F——-————M$9)dV, (32,7)

aHaJjorudHod dopmyae (11,12) nas ausIeKTPHKOB.

B § 11 6binu yKa3aHbl TaKxe ynpolleHHble GopMyJibl, OTHOCSLIL HECS
K CJy4yalo Majiodl JAHSJEKTPHUECKOH BOCIIPHUMUMBOCTH. AHAJOrH4HBIH
Cayuadl A/l MAarHUTHOro noJisi ocOGEHHO CYIeCTBeH BBUAY YIIOMHHAB-
eics y:ke MaJOoCTH MArHHTHOH BOCOPHUMUYHBOCTH GOJIBLIIHHCTBA Te.
TIpu sTOM HMeeM

F—Fo=—%{orav. (32,8)

—~ P e R Y T

,u..fm MATrHUTHOI'O 1OJI MOMXHO [I0JY4YHTD TakXe€ H pPE3yabTaTthl,
aHajioruyHble pedynbratam § 14. Peub uper o6 u3MeHeHUH TepMoJu-
HAMHYECKHX BeIWYHH MarHeTMKa npu OeCKOHEUHO MaJioM H3MEHEeHUH
€ro MarHUTHOW TNPOHHUAEMOCTH W; HCTOUHHKM TOJis TPEANoJaaraircs
IpH 3TOM HeusMeHHbIMH. [loC/ie BCero CKasaHHOro Bhllle 3apaHee
SICHO, 4TO BMeCTO u3MeHeHHs! ¢ (kak B § 14) Hajo paccMarpuBaTth

Tenepb H3MeHeHue & . MB He CTaHeM NOBTOpPATH 3/1€Ch BHIBOJA, aHa-
JOTHYHOro BbiBopy d¢opmyasl (14,1). OH npuBoaHT K TOMYy xke
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pe3yJIbTaTy:

8F = — S 6p et dV (32,9)

B § 14 na ocHoBauuu dopmyar (11,7), anajoruunoit gopmyae
(32,5), 6p110 CeIaHO 3aK/IIOUEHHE O MOJOKHTEILHOCTH 3JeKTPHUECKOH
BOCIIPHHMUYHBOCTH BenlecTBa. B MarHMTHOM cayuae, 0aHako, TakoM
BbIBOIl He MOXKeT OHTb c;erIaH 1 MarHHTHaf BOCHpHHMqHBOCTb MoO-

3aKJII0UaeTCsl B TOM, YTO FAMUJbTOHHAH CHCTEMBI ABHXYILIUXCA 3a-
PAZOB B MarHHUTHOM MOJI€ COAEP2KHT HE TOJNbKO UJCHH!, JHHEHHBIE MO
NOJI0 (KaK B 3JEKTPHYECKOM CJyuae), HO H KBajpaTHUHbIE UJIEHHL.
[losToMy npu ompeaeseHHd H3MeHEHHS CBOGOJHON 3HEPrHH Teja
B MarHHTHOM I10J1€ ¢ TOMOIIbIO TEOPHH BO3MyLIeHH# no dopmyJe (14,2)
BKJIAJ 6y,71y'r AaBaTh HE TOJBLKO UJEHBI BTOPOrO, HO H NEPBOTO MpH-
GJHKEHHS. FIHKaKHX O()IIIHX 3aKJ/IIOUEHHH O 3HakKe H3MEHEeHHS IpH
3TOM HeJb3f cleJaTh; Y NapaMarHHTHEIX TeJ OHO IOJ0XKHTENbHO, a
y AHaMarHHTHBIX — OTPHIATENBHO. '

B § 14 6bi1 caesanbl 3aKJIOYEHHS O HANPABJIEHHH ABHXKEHHS TeJ
B 3JIEKTPHYECKOM NOJIe. AHaJIOrHYHbI€ BBIBOABI CJAEAYIOT TAKXKE H H3
dopmyasl (32,9). Oanako BBHRY TOTO, UTO [ MOXKET GHITH KaK GOJIbIIE,
T4k H MeHbie 1, HampaB/eHHe ABHXKEHHS TeJ B MarHHTHOM MoJie He
yHHBepcaabHO. Tak, B KBa3HORHOPOJHOM IOJe NapaMarHHTHLHIE TeJsa
(v > 1) nepememiaroTcsl B HaNpPaB/JA€HHH YBEJIHYEHH S HANPSKEHHOCTH,
a puaMarHutHeie teqa (W < 1)—B HanpaBieHHH yMmeHbiueHus f.

§ 33. JHeprus CHCTEMBI TOKOB

PaccMOTpHM CHCTEMY NPOBOAHHKOB C TEKYILHMH IO HHM TOKAaMH.
[IpeanonoxuM, 4YTO HH CaMH NPOBOAHHKH, HH Cp€la, B KOTOpPOH
OHH HaXOjATCs, HE (eppOMAarHuTHel, Tak uyro Besge B=pH. Co-
raacHo § 31 mosHas cBoGojHaA SHEPTHsT CHCTEMBL BHIpaXKaeTcs qepes
C031aBaeMO€ TOKaMH MAaTrHHTHOE IoJie NMOCPEACTBOM :

7 =g | HBAV. - (33,1)

MtuI onycTHAH 3/ieCh TNOCTOSHHYIO (NpH 3aJaHHOH TeMneparype Ted)
BeJHUHHY & ,, HE HMEIOLLYI0O OTHOWIEHHS K ToKaM. HuTerpupoBaHue
B (33,1) mpousBoguTCA MO BCceMy MpPOCTPAHCTBY, KaK BHYTPH, TaK
H BHE NPOBOJHHKOB.

DTy JKe SHEPrHi0 MOXKHO BHIPA3HTb H UYEpe3 TOKH HHTErpaJoMm

1 .
=—ESA]dV (33,2)

(cp. nmepexox ot (31,2) x (31,8)). VHTerpupoBaHHe NPOH3BORHUTCH
31eCh yKe TOJbKO 1o 00beMy MPOBOAHHMKOB, TaK KaK BHe HX j=0.
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B cuay JHHEAHOCTH ypaBHEHHH MoJISi MAarHHTHOE IIQJEe MOKHO
NpEJCTaBUTh B BHAE CYyMMBI NOJIEH, KOTOPHIE CO3/1aBaJIUCh GHl KX AbIM
TOKOM B OTAEJBHOCTH, €CJH Obl B OCTAJbHBIX HPOBOAHHKAX TOKH

orcyrcrBoBain: H =Y H,. Toraa noimas cBoGoxuas sueprus (33,1)
IpUMET BHA

3- Z gaa"‘" agb aby (33,3)
rje
1 i
F pa= E&‘S HB,dV, &,=- S H,B, dV (33,4)

B8 &,p=8&,, yureso, yro H,B,=pH H,=H,B,, rae p—mMaruur-
Hafl MPOHHLAEMOCTh B KaXKA0OH AAaHHOH TOUYKE NpoCTpaHCTBa). BejH-
YHHY & ,, MOXHO Ha3BaTb COGCTBEHHOH CBOGOAHOH 3HEPTHEH TOKOB
@-r0 TPOBORHHKA, a & ,,— YHEPrHEH B3aHMOAEHCTBHA INPOBOJHHKOB
a u b. Hano, BipoueMm, HMETb B BHAY, YTO TAaKHE Ha3BaHHS HMEIOT
OGYKBaJbHEIH CMBICJ, JHLiL €CJH ITpeHeOpeub MarHHTHBIMH CBOWCT-
BaMH BRIIECTBA KaK CaMHX TNpPOBOXHHKOB, TaK H Cpeaw. B mporue-
HOM CJyuae moJe (a IOTOMYy H 3HEpPrus) KaXKJAoro TOKa 3aBHCHT
TaKXe H OT PACIO/IOKEHHS H MarHHMTHOH NMPOHHUAEMOCTH OCTaJbHhLIX
IIPOBOJHHKOB,

Benuuunb (33,4) MOXHO BRIDa3HTb TaKX€ H 4YE€pe3 TOKH j, B
KaXkJOM H3 TPOBOJHHKOB, B COOTBETCTBHH C dopMynod (33,2),

i . 1 . 1 .
gaa:'Q—C S ]aAa dVa’ g—asz S ]aAb dVa-__TS ]bAa dvb (33’5)

Wurerpan B & ,, Gepercd 31eCh TOJMbKO 10 0GbeMY a-TO HPOBOJHH-
Ka, a & ,, NPEACTAaBAAETCS B BHAe moGOro H3 ABYX BHIPAXKEHHH,
B KOTOpHX HHTQT‘pHpOBaHHe IPOH3BOAHTCH COOTBETCTBCHHO 10 Uﬁnﬁl‘vify’
NMPOBOJHHKA @ HJH b.

[Ipy 3azaHHOM 3aKOHE paclpejiesieHHsl IJOTHOCTH TOKa IO 06beMy
NpOBOJHHKA 3HayeHue & ,, 3aBHCHT TOJIBKO OT IIOJNHOH CHJIBI TOKa
J ;» TIpOTERaloOLIEro Yepes €ro momepeunoe ceyexue. Ilpu sToM Bes-
ygue J, OyAyT npomnopuHoHa/lbHbl KaK IJIOTHOCTE j, Tak H Co3ja-
BaeMoe TOKOM TIOMTE. [Toatomy BeCb HHTErpad & ,, MPOIOPLUHOHANEH

5. Ero nuwyt B BHAE

&F aa 202[, J2, (33,6)
rae L,, HaswBalOT Kosguyuenmom camouxdyxyul TNPOBOJHHKA.

AHaJOrHYHBIM 06pPa30oM 3IHEPrHs B3aHMOJAEHCTBHS ABYX TOKOB IpO-
NOpUMOHAJbHA IIPOH3BEAEHHIO J ,J,:

1
Fap= 2 Lood od s (33,7)

Beauunny L,, Ha3blBalOT Kosgduyuermom 63aumnol uHdyKyuu ipo-
BOAHHKOB. TakuM 06pasoM, noJHast CBOOOAHAas 3HEPrHs CHCTEMEI
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TOKOB

Fogm S Lalit = 3 Loyl 2222LabJJ,,.

a>b

(33,8)

Yc/OBHE TIONOXKHTEABHOH ONPEAeNeHHOCTH 3TOH KBaJpaTHYHOH
¢opMBl HaKJIaAbIBaeT psij OrpaHHUYEHHH Ha 3HaYeHHSA KO3((HLHEHTOB.
B uvacrthocTu, BCEe L,, >0, a

Lbb > Lgb-

BrlyucjeHHe sHepPrud TOKOB B OOWIEM CJaydyae IPOHU3BOJBHBIX
MaCCHBHBIX HPOBOAHHKOB TpPeGyeT MOJMHOIO PELIEHHUA YPaBHEHHH INoJsA
H npeiacTaBasfieT coGoil caoxHyoo 3ajgady. OHa ynpomiaercs, eCJu
MArHUTHYIO [IPOHHIaEéMOCTh KaK CaMHX HPOBOAHHKOB, TaK H Cpejbl
MOXKHO TOJIOKHTB paBHOH eauHHine. OTMETHM, YTO MHPH ITOM HHEp-
THSl TOKOB BOOOLIE INepecTaeT 3aBHCETb OT TEPMOAMHAMHUECKOTO CO-
CTOAIHHA (B YaCTHOCTH, OT TeMIepaTypbl) TeJl, a IOTOMy EO BCeX
HalHCaHHBIX BbllIE (oOpMyJax MOXKHO C OAHHAKOBBIM NPaBOM TOBO-
PUTb KaK O CBOOOJAHOH »HEPrHH, TaK H NPOCTO 06 HHEPTHH.

[Tpu p =1 BekTOpHLIH MOTEHIHAJ MOJs, CO31aBa€MOrO TOKaMH j,
aaerca gopmydoit (30,12). Tostomy Al coBCTBEHHOH HEPTHH Npo-
BOAHHKA MOJYYHUM

Foa=gz | | -dVav’, (33,9)

rae oba HMHTErPHPOBAHHSA MPOH3BOAATCA 1O 0OBEMY AaHHOTO Mpo-
BOAHHKA, a R ectb paccrosiide Mexay dV u dV'. AHanorH4HBEIM
006pasoM, B3aHMMHasl HEPrHS ABYX NPOBOJAHHKOB

F =1 j S -‘-gi’- dv, dv,, (33,10)

rae dV, u dV, snemeHTbl O0BEMa Ka*KAOrO H3 MPOBOAHHKOB.
OcobGeHHO NPOCTO BBIYUKC/AETCH B3aHMHAs 3HEPrHs ABYX JHHEH-
HbIX TOKOB. Ilepexon or oObEMHBIX TOKOB K JIHHEHHBEIM B dopmyse
(33,10) ocyumectBasiercs 3ameHo# j,dV, H j,dV, cooTBeTCTBEHHO Ha
J dl, u J,dl,, 1 MBl HaxoAHM, 4TO Ko3({(pHIHEHT B3aHMHOH HHAYK-

OHH €CTb
¢- ¢> dl, dly .

B aroM npuONHKEHHH, C/I€A0BATENBHO, Lab 3aBUCHT TOJILKO OT (op-

, Pa3MEpOB H B3aHMHOIO paCHOJIOKEHHSA OOOHX KOHTYPOB M HE
3aBHCHT OT pacnpefeseHdss ToKa o ceyeHHio NnpoBoaoB. [lopuepk-
HEM, YTO /Il MOJIyYEHHS TaKoH NPOCTOH (PopMyJbl B Caydyae JHHEH~
HBIX NPOBOJAHHMKOB He TpeOyercs pa)ke MNPealoNoXKeHHS O TOM, YTO
Beage w=1. B npuGauxkeHHH, B KOTOPDOM MbI NpeHeGperaeM ToJ-
IMHHOH TPOBOJAOE, MarHHUTHBIE CBOHCTBA HX MarepHaja Boolblle He
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BJAHAIOT Ha CO3JaBaéMoe HMH MNoJe, a NMOTOMY H Ha HX B3aHUMHYIO
suepruio. OTaHunas ke oT | MarHHTHas MPOHHLAEMOCTb [ CpPEAH,
OKpYyKamlleld mnpoBoga, corjacHo (30,10) npocto yBenHuHBaeT B U

TOPHBIH TIOTEHIHAN (a C HAM HAYKOHIO) MarHHTHOIO TIOJIA.
Bo cTosbKo ke pa3 yBeNHUHTCH, CAEJOBaTeNbHO, H KOIDDHUHEHT
B3aHMHOH HHJAYKIHH, Tak 4TO GyaeT

LabzpsﬁﬁfL‘;f—IE. (33,11)

Uto Kacaercs KoadpHUHEHTa CaMOMHAYKUHH JHHEHHBIX NPOBOA-
HHKOB, TO €r0 BbIYHCJCHHE TMPEACTaBJASET 3HaYHTEIbHO OGAJbliine
TPYAHOCTH; 3TOT Bonpoc OYAET paCcCMOTPEH B CJAeAyiolLeM naparpade.

[TonHyIO 3HEPrHIO CHCTEMBI JIHHEHHBLIX TOKOB MOXXHO HamHCaTh
ewe H B JpyroM Buge. [nsg 3Toro BepHemcs K uHTerpany (33,2),
KOTOPHH JAJ5 JHHEHHBIX TOKOB NPHHHMAET BHJ

=—2';2J09§Adla, ~(33,12)

ri€ A —BeKTOpPHHH MOTEHIHaJJ MOJHOrO mnmoas B Touke dl, a-ro
npoBogHHKA. OcHOBHASl MOTPELiHOCTb, KOTOPYIO MBI RONYCKAeM NpH
nepexoge ot (33,2) k¥ (33,12), 3akmouaercs B mnpeHEOPEKEHHH H3-
MEHEHHeM noJqs (B TOM 4YHcJAe CcOOCTBEHHOTO MOJsS AaHHOTO TOKa)
BAOJIb TONEPEUHOro ceueHus npoBofa. Kaxkawi us croawux B (33,12)
KOHTYPHBIX HHTErpajsoB mpeobpasyercss B HHTErpaJs Nno NOBepXHOCTH:

$Aad,={rotA.df,=|Bad,

T. €. npeacraBaseT coGoff NOTOK MarHHTHOH HHAYKUMH (HJH, Kax
FOBOPSAT, MA2HUMHbIL NOMOK) 4epe3 KOHTYpP a-ro Toxa. byaem obo-
8HayaThb 3TOT NoTOoK nocpeactBoM @,. TakuM o6Gpa3zom,

1
F =510, (33,13)

AHaforHuHEIM 06pa3oM BHIPaXKaeTCs Yepe3 MarHUTHBEIA MOTOK
cBoGoAHAs 3HEPrHsl o JHHEHHOro ToKa J BO BHELIHEM MarHHTHOM
noJe, T. €. 3HEPrufA, B KOTOPyl0 He BKJIOYaeTcd CoOCTBEHHAs 3Hep-
THS1 HCTOYHHKOB nogs. OueBHAHO, YTO

F—-LJo, (33,14)
c

rae @ ecTh NOTOK BHEUIHEro NoJs uepe3 KOHTyp Toka J. Ecau

BHELIHEE M0JI€ OXHOPOAHO (a y cpeAbl u=1), To D=9 S df. Beoas
MaTHHTHBIH MOMEHT Toka corsacho (30,18), noayuum F = M.
3Hasl 3HEPTHI0 CHCTEMBl TOKOB KakK (QYHKUHIO HX Da3Mepos,
¢dopMbl H B3aHMHOIO PaClOJ0XKEHHS, MOXKHO ONPENeJHTb LeiHCTBYIO-
IIHE Ha NPOBOAHHMKH CHJBL TPOCTO NyTeM AuddepeHUHPOBaHHSA 110
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COOTBETCTBYIOIIMM KoopauHataM. [lpu astoM, 0aHaKO, BO3HHKaer
BOIIPOC © TOM, KaKHE XapaKTEPHCTHKH TOKOB Hajlo NpH audxpepeH-
LUPOBAHHHU MMojaraTbh NOCTOSAHHLIMU. Haubosee ynoGHO NMPOU3BOIHUTD
BBHIUHCNIEHHUS NPH NMOCTOAHHBIX TokaX. Ho B sTOM cCiaydae poJb CBo-

OomHOH 3HEpPruu wurpaer BeaWudnHa & . IlosroMy oOoGuieHHast cuia
F,, neicTsyouas «BLOb» O0OOLIEHHOH KOOpAUHATHI §, €CTb

i)

I/IHJ_IGKCI:I y HpOH3B0,ElHOH 03HayaloT, 4YTo J.IHq)(pepeHquOBaHHe 1po-

T, HOCKOJley MBI onycxaeM B CBOﬁOJ_IHOH SHEPrHU TMOCTOSTHHYIO

4acTh, HE 3aBHCALLYIO OT TOKOB, TO & H & pPasiHualOTCH TOJBKO
3HAKOM, TaK 4YTO

F,= —(%—_%') ~(£), = EJ 1% (33,15

(MHAekC T y NPOU3BOAHBIX 34€Ch M HHIKE AJIf1 KPAaTKOCTH OMYCKaeM),
B 4acTHOCTH, CHU/bI, AEHCTBYIOLIHE Ha MPOBOJHHK CO CTOPOHBI
e€ro CoOCTBEHHOI'0 MarHMTHOLO TMOJ, OHpEILEJIHIOTCH no dopmyJe

Fy=gg It 2 (33,16)

rae L —CcaMOMHAYKIUS TPOBOAHHKA. XapaKTep JNEHCTBUSA 3THX CHJI
3apaHee OYEBHIEH HU3 CJaeaynmux coobpaxenui. Ilpn 3agannoM

3HAYEHHWH CHJAB TOKa (H TEMIEpaTyphl) BeJHYHWHA o CTPEMHTCH K

MUHUMYMY. IJocKo/lbKY B paHHOM cnydae o = — LJ?/2¢%, To 3TO
3HAYUT, YTO MAEHCTBYIOUIHE HA MPOBOAHUK CHJIbI OYAYyT CTPEMHUTHLCH
YBEHUHTb €ro KoappHUHEHT caMOMHAYKUWH. Ho mnocnenHHi kak
BEJHYHHA C pPa3MEPHOCTLIO JJWHBI MPOMOPUUOHAJNEH pa3MepaM Ipo-
BOJHHKa. TakuM o00pa3oM, NOj BJAUSHHEM MarHUTHOTO IOJA 00beM
IPOBOJHUKA YBEJIUUHBACTCH.

Ilnsi TOKa BO BHELIHEM MarHHTHOM MoJie uMeeM!):

F=—F=—Mp. (33,17)

Bo Bcex HamucaHHBIX BblE GOPMyJaax AJsl SHEPTHH IpejnoJa-
raeTcsl JUHEHHad CBA3b MEXAY WHAYKUUEH W HANPSKEHHOCTLIO Mar-
HUTHOro mnoJjis. B ofumeM »Xe Caydae NPOH3BOJNBHOH CBA3H MOXKHO
YCTaHOBUTb aHajOTHYHbIe AH(pepeHUHaNbHBIE COOTHoLIeHHSA. Msme-
HeHHe CBOCOJHOH SHEPrud Npu GECKOHEYHO MaJjJoM H3MEHEHHW MNOJd
(mpy mMOCTOAHHOW TeMmepaType) ecTb corgaacHo (31,8)

65":—1—Sj6AdV

1) OrcyrcrBue 3lech (no cpaBHeHHIO ¢ dopmysoi (32,6)) mMHOoXHMTenss 1/y cBs-
33HO C TeM, YTO MArHUTHHIA MOMeHT ToKa B (33,17) ecTr MOCTOAHHAS BeJHUHHA,
He 3aBHCHLAd OT NOJA, MeXAY TeM Kak (urypupywounii B (32,6) MarHHTHBIE MQ-
MEHT MArHeTHKAa CaM BO3HHKAET TOJNbKO HOJ ACHCTBHEM TOJA.



176 IMNOCTOSAHHOE MATHHTHOE IIOJIE [TJ. 1V

HJH, A58 CHCTEMBl JHHEHHBLIX TOKOB,
. 1
SQTZTZJaﬁﬁAdIG.
c

[octynas manee Ttax ke, Kax npH nepexone or (33,12) x (33,13),
nosy4yum 1)

1
8F =— 3 J 80, (33,18)

AxanmornyHeM ob6pa3zoM Hakinem u3s (31,9)

8F — _._i_chaa.ra. (33,19)

MoxHo ckasaTb, 4TO JAJsi CHCTEMH JHHEHHBIX TOKOB & $BJf-
€TCA TEPMOJHHAMHUECKHM TOTEHUUAJIOM I10 OTHOHIEHHID K MarHuT-

HBIM IIOTOKaM, a o — O OTHOWIEHHIO K CHJaM TOKOB, NPHYEM 3TH
JBa TNOTEHLHAa/Na CBA3aHbl APYr C APYroM MOCPEACTBOM

—

— 1
F=F——3% 1,0, (33,20)

Taxum obGpasom, npH J0OLIX MAarHHTHBIX CBOHCTBAX BeLleCTBA Cripa-
BeJJTHBB TEPMOJAMHAMHUECKHE COOTHOLICHHS

1 .  oF 1 -  oF
—J,= 30 —C—CDa_ ~ar," (33,21)

Ecau npUMeHHTb 3TH GOpPMYJHL K CAYYar JHHEHHOH CBA3H, KOrja
F naercsi ¢opmyaoil (33,8), TO MBI MOJYyYHM

1 |
©,=— 3 Lo/, (33,22)
b

Takum oOpazoM, Koa(bUIIHEHTH HHAYKUHH OKa3bIBAOTCH K03hdu-
LMEHTAMH HPOMOPLUHOHAJBHOCTH MEXAY MarHUTHBIM MOTOKOM H CH-
JaMH TOKOB, CO3JalOUIHX MarHuTHoe mnoJe. ITpoussenenue L, J,/c
eCTb MATHHUTHBIH NOTOK, CO3jaBaeMblii ToxoM J, (b=~ a) uepe3 koH-
Typ ToKa J,, a L,,J,/c—TOTOK uepe3 TOT Xe KOHTYp, CO3/aBaeMblil
CaMUM TOKOM J

a-

1) OTMeTdM oueBHAHYIO aHadoruio Mexay dopmynaamu (33,18) B MaruuTHoM
u (10,13) B amexTpuueckom cayyasx. IIpu 3ToM posib 3apajoB B MarHUTHOM clyuae
HCPAKOT TOTOKH MHIYKIMH. DTa aHAJOrHs HMeeT HarisgHoe (hU3HYECKOE HCTOJKO-
pative. ITogo6HO ToMy, KaK 3JeKTpHUeCKoe TloJe MOXKeT MoijepkKHBaThca Oea 3a-
TpaThl 3HEPrUH M3BHE 3apsi/laMH Ha H30/IHPOBAHHBIX TPOBOJIHHMKAX, MarHuTHOe ToJe
MOKIIO TIOAJepkKUBATh Oea MOJBOAA SHEPrHH H3BHEe CBePXMpOBOIAIMMH COJleHOUa-
MH, MarHHTHBIE TIOTOKH ueépe3 KOTOpbie OCTAlTCH TOCTORHHBIMU. EcTecTBeHHO
NI03TOMY, YTO H3MeHeHHe CBOOOJAHOH 3SHEPrHU § B 3JIEKTPUUCCKOM W MArHHTHOM
cayyasx onpejensieTcs COOTBETCTBEHHO H3MEHEHHAMY 3aps0B WM TIOTOKOB HH-
JyKUHH,
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§ 34. CaMouHAYKUHS JHHEHHBIX NMPOBOJHHKOB

[Tpx BbruncaeHHH Ko3(duuHEeHTa CAMOHHAYKIHH JHHEHHOro mpo-
BOJAHHKA HEJb3fl INOJHOCTbIO MNpeHeGpeub ero TOJIHHOH, KaK MBI 3TO
Aenajd AJf BHIUHCJEHHA B3aHMHOH HHAYKIOWH ABYX MPOBOAHHKOB.
CnenaB rtak, Mbl noayuunau 6bl u3 (33,9) caMOMHAYKuHIO B BHIE

L=g 1

rae ob6a HHTerpasa OepyTcs 1O OJHOMY H TOMy e KOHTYpy; HO

3TOT HHTerpaJj JorapudMUYeCKH pacxoautcd npu R — 0

TouHoe 3HaueHHe CaMOHMHAYKIHMH INPOBOAHMKA 3aBHCHT OT pac-
peAesieHHst TOKAa B HeM, KOTOPoe MOXeT ObiTb pPa3iHYHbBIM B 3aBH-
CUMOCTH OT criocoba Bo306yKIAEHHS TOKa, T. €. OT TOro, KakuMm o0-
pa3oM MpPHJOXKEHA K HeMy 3JeKTpoABHxkyWiasa cuna. Ho pas nuuefi-
HOrO NpPOBOJA CAMOMHAVKUHS OKA3bIBAeTCs He 3aBHCAIled OT 3aKOHa
pacnpejesieHHsi TOKa [0 €ro CeueHHo') ¢ JOBOJBHO 60JbIIOH CTe-
NMeHbI0 TOYHOCTH.

[IpencraBUM CAMOHHAYKUMIO B BHAE CyMMEI L=L,+L; rae L,
H L; cBfA3aHBl ¢ 3HEPrHEH MArHUTHOrO IOJS COOTBETCTBEHHO BHe
H BHyTpH IPOBOJIHHKA. Y JIMHEHHOro IIPOBOJA OCHOBHVIO 4acTh Ca-
MOHHAYKIUHH COCTaB/seT «BHeLIHAS» 4YacTb L,. DTO CBS3aHO C TeM,
YTO OCHOBHAf 4YacTb MArHUTHOH 3HEPrHH 3aMKHYTOrO JHHEHHOTO
KOHTYpa 3akJIoueHa B 1oJjie BHe NPoBOJa Ha Goabliux (MO cpaBHe-
HHIO C €ro TOJILIKHOH) pacctosinusX. JeHCTBHTeNbHO, SHEPrHsi, TpH-
XOAAIasACA Ha e€AMHHUY AJUHbBI HeOrPAHHYEHHO AJHHHOTO MPSIMOTO
MpoBOJa, AAETCH HHTErPajoM

g; S‘Hz-.?ﬂrdr:—g—;-g<w) O dr = Helt MeJ "dr

cr

(r —paccrosinie OT OCH NpPOBOJA, W,—MarHHTHas [POHHIIAEMOCTh
BHELUIHEH cpejpl). DTOT MHTerpaj JOrapHPMHUECKH PacXOJHTCH MPH
GosblHX r. 1y 3aMKHYTOr0 JIHMHEHHOrO KOHTYpa 3Ta PACXOAUMOCTD,
pasyMeeTcsi, HCUE3HET— HHTerpal «oOpeercsi» Ha PacCTOAHHSX MO-
pAllKka BeJIHUHHBI pa3MePOB KOHTYpa. Mbl nmojayuuM npubiauxkeHHOE
3HAYEHHEe 3HEPrHH, YMHOXHB HANHCaHHBI} HHTErpaj Ha MOJHYIO
AJIHHY NpPOBOAa [ W B3AB 1J1f BEPXHEro IpeRena 3Hadenue [ (HUXK-
HHH Ke Npelesl paBeH pajuyCy @ TpPOBoAa):

1) Toynee, or pacmpejeneHRH, NPH KOTOPBIX IJIOTHOCTH TOKA CYileCTBHHO
MeHsdeTCs JIHWb Ha paccTosHHsAX, CPAaBHHMBIX C TOMUHHON @ npoBoxa. Ecan xKe
pacnpeneseHrHe TakoBO, YTO TIOTHOCTb TOKA 3aMETHO MEHAETCA HA PACCTOAHHSAX,
MaJIIX 1O CpaBHeHHIO C a (KaK 3To HMCeT MeCTO B CHJY CHeuHaNbHBIX TPHYHH
TpH TAK HA3bIBAEMOM CKHH-3((heKTe HJIH Y CRePXNPOBOAHHKOB), TO CaMOHHAYK-
LK TpoBRoJa MeHAETCH.
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Orciona CaMOHHIYKIHS
[
L=2ulIn—. (34,1)

ITto BeIpaKeHHe 06J1a1aeT, KaK TOBOPAT, 402QPUPMULECKOL MOYHOCMbIO),
ero OTHOCHTEJbHAs NOrPEIHOCTb —IIOpsiAka BeaHyuHbl 1/1n(//a), a
OTHOLIEHHE //a MPEeANnoaaraeTcs HacTOJNbKO GOJBLIMM, YTO U €ro Jo-
rapupm BesaHkK ').

(cosenoud), B KOTOpOH MPOBOX HAMOTAH IO CIUPajH C OYeHb GJH3KO
pacno/IoKEHHBIMH APYT K APyry BHTKamu. [IpeneGperas To/niuHOM
POBOJA H PaCCTOAHHAMH MEXJy BHTKAMH, Mbl MHOJYYHM MPOCTO
IHIHHAPHYECKYIO TPOBOASIIYI0 IIOBEPXHOCTb, IO KOTOPOH Teyer
«[IOBEPX HOCTHBIH» TOK NMPOBOJAMMOCTH. ¥ paBHenue rot H=4nj/c BHyTpH
NMPOBOJHHKA 3aMEHfETCA MPH TAKOM DPaCCMOTPEHHH IPOCTO T'paHHy-

HbIM YCJOBHEM
4
[ns H2—H1]='C_ﬂ'g! (34)2)

rpe g-—IoBEPXHOCTHasA MJIOTHOCTL Toka, H; H H,—HanpskenHocTH
noas no o6Ge CTOPOHBI TOBEPXHOCTH COJMEHOHJA, a HOPMa/lb n Ha-
npaBjaeHa BHYTPb cpeast 2 (cp. BwiBoA (opmyJbl (29,16)).

Ecau coneHouj mnpeacraBasier coO0H GECKOHEUHbIA NHIMHAP, TO
CO3jlaBaeMOe HM MAarHHTHOE [0Jl€ ONpeesieTci COBCEM IPOCTO.
[ToBepXHOCTHBIE TOKH HHMPKYJSAPHBI, @ HX IJIOTHOCTb g =nd, rae
J-—TOK, TEKYUIHHA 0O MNpPOBOAY, & 7—YHCIO BHTKOB Ha €IHHHLY
AJHHBI cojeHoujga. [lose BHE pMJAHHAPAa paBHO HYJIO, a BHYTPH
HMeEeTCHd ORHOPOJAHOE TMoJie, HalpaBJAEHHOE BJOJb OCH HJIHHJApPA H
paBHOE

HmﬂnJ.
[

JleHCTBUTENbHO, TaKoe MoJe OYEeBHAHLIM 06pa3soM VIOBJETBOPSET
ypaBHenusiMm div H=0, rot H=0 Bo BceM npocTpaHCTBE BHE Npo-
BOAAULEH TIOBEPXHOCTH, @ TAKKE rPaHHYHOMY YC/JIOBHIO (34,2) Ha HeH.

COOTBETCTBEHHO, IHEPrHA NOJs, OTHECEHHAd K EeXHHHUE JJIHHBI
HHJAHHApPA, €CTb

M by

2022, Iz
8 c? i

(b—paauyc uHJAHHApPA, W, OTHOCHTCH K Cpeae, 3aloJHAIMEH coJe-
Houp). IIpenebGperas HCKaxKeHHeM IOAA Ha KOHUAX, MOXHO MpHMe-
HHTb 3Ty (QOPMYJaYy H K COJEHOHAY KOHEYHOH OojblUoH (1o cpaBHe-

1) CpenaHHOe BHIIe YTBEepXKJeHHE O He3aBHCHMOCTH CaMOHUIYKIHH OT pacmpe-
AeAeHHs TOKAa OTHOCHTCS B JEHCTBHTEJBHOCTH He TOJbKO K NpHOJHXKEeHHOMY BHI-
paxeHuto (34,1), HO u K cJeaywlleMy NpHOTHKEHHIO, B KOTOPOM YUYHTHIBAKOTCH
yJeHbl, He CcoAepikKamwue OOJbWOro JorapHpma (4TO 3KBHBAJEHTHO YueTy B apry-
meHTe Jorapupma xosbduiueHTa npu [/g); ¢M. 3agaun K 3TOMy naparpagy.
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HUio ¢ b) gnunbl A. Torga ans caMOMHAYKUHH INOJYYHM
L =4mn®b?hp, = 2au nbl, (34,3)

rae [=2nbnh-—nonuas AJMHHA TNpPOBoAA B KaTyIIKEe. Y BETHYEHHE
CAMOHHIAYKUHH COJIEHOHJ2 MO CPaBHEHHIO ¢ CAMOHHAYKiMEeH HeHaBH-
TOro MpoBoAa TOH ke anuHbL (cp. (34,3) ¢ (34,1)) aABaserca ecrect-
BEHHbIM CJEACTBHEM B3aHMHOH HHAYKUHH MEXAY OMAU3KO pacroso-
JKEHHBIMH BHTKaMH.

3anauyul)

1. Onpefenuts CaMOHHIYKLHMIO 3aMKHYTOrO TOHKOro TpoBOjAa C KpPYTroBoH
popmoil CeueHHS.

PemeHd ne. MardutHoe mosie BHYTPH [IPOBOAA MOXKHO TIpHHATH TaKHM, KaK
BHYTpH OECKOHEYHOro TpAMOro IHJIHHApaA:

2Jr

ca?

Lr___
11 —

(r—paccrosune or ocH mpoBoja, a—ero paauyc). O1Cioga HaxoAUM BHYTPeHHIOW
4acTb CAMOMHAYKLHH:
2c? p; I,
Li== -\ H?dV =% 1
S 8m 27 @)
rae {-—JJHHA paccMaTpHBAEMOrO 3aMKHYTOTO NPOBOAA.

Hna Buivucnedus L, saMeuaeM, 4TO IlOJle BHE TOHKOrO TNPOBOAA HE 33BHCHT
OT pacnpejeleHHS TOKA 1O ero ceuycHHw. B uacTHocTH, sHeprusi §F , BHEIIHEro
MAarHUTHOTO TIONS He H3MEHHTCH, eCJH TPEeANONOXKHTb, 4To TOK TEUYET TOJbKO 1O
NoBepXHOCTH npoBoja. Ho toraa BHYTpH nporoaa 6yaet H=0 H MOXHO BBIYMC-
JAThL 3Hepruw F,, Kak NOJHYW 3Hepruw, no dopmynae (33,2).

Beuay npeanonokeHHOro NOBEPXHOCTHONO pacmpeielieHHss TOKOB HHTerpan B
s10fi popmyJie PaKTHUECKH CBOJHTCH K JHHEHHOMY HHTerpaay 1o KOHTYPY OCeBOH
JIHHHH TIPOBOJA, TaK 4TO BHEIIHAR YacTb CAMOHHAYKIHUH

; 22 J e

— —— di,

SRR LTI i P

ric 3HauseHHe A B ToAbIHTErpalbHOM BhipaxKeHHH Oepercss HAa NOBEPXHOCTH Npo-
Boda. [Ipu nepexoae K 3ToH (opMyle yYTeHO TakXKe, YTO B PAacCMATPHBAEMOM
TNpUOMHKEHHH TOJe TIOCTOSHHO BAOJL KOHTYPA KPYIoBOrQ CEYeHHR NpPOBOAA.

ITocne Toro, xak 3ajaya OKa3anach CBEJEHHOH K BBIYHCIeHHIO A |,_,, clenaem
APYyroe TpeInoJOkKeHHe o pacnpeieJeHHH TOKA: NyCcTh BeCh TOK J TedYeT BAOJb OCe-
BOH JHMHHM NpoBoja. 3HAYCHUE TOJSA HA NOBEPXHOCTH TPOBOAA B paccMaTpHBacMOM
NPHOJMKEHHH OT 3TOrC He HM3MEHHTCH (OHO He H3MeHUIOCh Obl BOBCE y mpPSMOrO
npoBojia Kpyroeoro cedeHus). Torxa cormacHo ¢opmyae (30,14) umeem

J dl
Alree=7 $ & |,

rae R—paccrosHHEe OT 37eMeHTa dl oceBoli MHHHHM TNpPOBOAA 10 NAHHOH TOUKH €ro
NOBepXHOCTH. PasobbeM MHTErpaj Ha [Be YacCTH, B KOTOPHX COOTBETCTBEHHO R>A
M R < A, rae A—Hexoropas JAJHHa, Manas No CPAaBHEHHIO C pasMepaMH KOHTYpa
ToKa, Ho GoJplllas Mo CpaBHeHHIO ¢ paguycom a nposojaa 2). B unrerpane mo ofna-
CTH R > A MOXHO fpcHe6pedh @ M TMOHHMATh R NPOCTO KAaK PacCTOSHHE MEXIY
IByMSI TOUKaMH KOHTypa Toka. HHrterpan ke mo o6macth R < A MOXKHO CYMTaTh

1) B 3agauax 1—6 nojaraem MarHuUTHYK TPOHHLAEMOCTh CPelist = l.
%) Ananoruusuifi Merop Obll npHMeHeH B 3ajaue 4 § 2 A% BHUHCACHHS eM-
KOCTH TOMKOrO KOMblla.
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HanpaefeHHbIM TIO KacaTeJbHOH K JaHHO# ToukKe KoHTypa. OGo3HauHB egHHHYHBIH
BEKTOP B 3TOM HafpaBJjeHHH 4epe3 t, nHmem:

dl

Vatr a7 et

A
~t 5 ————dt———=2tArsh A ~ 2t ln2A
r'=a

D
4%

Ito BHpaMeHHe MOXHO CHOBA TepeNHCcaTh B BHJE HHTErpana

2t]n2—aA-z (. dl

A

ia

D ?
LAY

[V
A>R>a/2

rle Temepb yie R CHOBa MOHHMaeTcsd KakK DACCTOSHHE MEXKAY TOYKAaMH KOHTypa
ToKa. Takum o0pasom, CKJajbiBag C HHTerpajoM no ofaacth R > A, nOAyYUM
BblpaXKeHHe

J dl

A!r:a:C_ 13
R > a/2

H3 KOTOPOro MPoH3BOJbHBEIH napaMeTp A, Kak H J0MKHO ObIThb, BHIMATaET.
TakuMm 00pasoM, OKOHYATEeJbHO HMeeM:

L, SS a4. @)

R >a/2

HuterpupoBasie pacnpocTpaHseTcs 3Jecb [0 BCEM MapaM TOYEK KOHTypa, paccros-
[IHe MeX]1y KOTOPLIMH mpeBbnuaeT a/2.

2. OnpeeNMTe CAMOMHAYKUHIO TOHKOTO KoJbIA (pajnyca b) H3 npoBoja Kpy-
TOBOI'O CeyeHHUs (paduyca a).

Peumenne. IloanHTerpaidbHoe Beipa)keHHe B ¢opMyne (2) 3alaun | 3aBuHCHT
TOMBKO OT HEeHTPaJbHOrO YIJa (p, HA KOTOPHIH OTMHpacTCH Xopjda R OKPYKHOCTH
KoAbua, npHuem R =25 sin (¢/2), a dldl'=d!l-dl’ cos ¢. ITosToMy HMeeM

a
LEL—Q( COS(P'QRb'bd(P:‘tIﬂb [— In tg %9———2 CoS (—@] .

25 sin -2 2
2

Po

Huxuuli npejaea HHTerpHpoBands onpegefsierca H3 26 sin (¢y/2) =a/2, ortkyaa
Qo = a/2b. TlojgcTaBHB 3TO 3HAUYEHHe H CJIOXKUB € L;=mbp;, Nosy4nm ¢ TpeGyeMoil
TOYHOCTBIO

_ 8ol
L=4nb (]n - —-24—?).
B wacrHocth, npu p;=1

L=—4nb (lﬂ §2'—‘1—) ’
a 4
nelficTEHeM

PAS

3. OnpejenuTs pacTaXKeHHe KOJLLEBOrO MNPoOBOAA (C
MarHHTHOT'O TOJST TMPOTEKaloUero no Hemy TOKa.
Pemenune. BHyTpeHHHe HanpsaxKeHus, geHcTByollHe BIONbL OCH NpoOBOAA H

nepneliMK yAspHO K Hell, onpenensiores cordacHo (33,16) dopmynami

w:-— 1Y mon
i ’ ]

g 0 _OL g ne oI 0L
M6 = 502 § 3nb) L™ 32 Gg

Moactaeue L m3 npeasiayiled 3ajauu, NoJyudM

g — J2 ]n .82_._.3 g —_._.._Ji
Il —nazcz a 4 ’ 1= a2’
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Orciofia HCKOMOEe OTHOCHTEJbHOE YAJKRHEHHe KOJbsla

Ab 1 J? 8 3
5= (0,—200,) =T (ln Z—-—Z—{—mw)
(E—wmonyas KOura, o—koadduunent INyaccoua matepuana npoeoaa; cM. VII § 5).
4. OnpefesinTe CAMOHHAYKUMIO €RHHKLUBL IJHHL JBOHHOrO MpOBOAA, £OCTOS-
ero W3 ABYX mnapaifelibHbIX NpPAMBIX TpOBOJNOK (C U;=1) Kpyrosoro ceueHud
(panuycoe a ® b), OTCTOAUIMX HA PACCTOSHHE A MEXy HX OCAMH, NpHueM 1O ITHM
NPOBOJIOKAM TEKYT PaBHblE ¥ NPOTHRONONOXKHbe TOKH J (pHC. 19).
Pewenne. BekTopHulH MNOTEHUMA] MACHHTHOrO TOJAA Ka)JI0ro M3 TOKOB

HanpaeJeH NapajyelbHO OCAM NPOBOJOB, W MOTOMY BEKTODHBIE TOTEHLUHAJBI 000HX
noJieli CKJAAJBIBAIOTCA TPOCTO anreb-
panuecku. [Jas MACHHTHOrO 1OJA
npoBoJla / ¢ paBHOMepHO pacmpefe-
JeHHBIM TOKOM -+ J wuMeeM (B UH-
JIMHIPHYECKHX KOOpAHHATAX)

=+ (c-%)
Az«? \C——a—z-/ npu r < a,

Az=—'£— (c—1—21n %)

npu r > a,

fae C—npou3BOJNbLHAS NMOCTOSHHAS; HA rpaHulle nporola A, HenpepuHBHO. AHalo-
ruysble GOpMYyJIsl JUIS [0JsT NpoBOAa 2 noay4aloTCsd 3aMEHOH @ Ha b B H3MeHeHHeM
anaka J. VIHTerpupoBanne no nJuollajn ceyeHds npoeoja / B dopmyne (33,2) paer

JZ r% sy .
s )\ (02 )= (e-1-2m iz ) =

a?2mn
2 r h2 11— 2hry cos @} Jz /1 h
:26«‘,“&255 {.F‘Er{-ln e L }rld@drlz-é:n? (,-2~+2ln -5).
00

HuTterpupoBanie e 10 ceYeHHI0 TNposold 2 JlaeT TAKOE Ke BhIpAXEHHe C a
BMecTo b. T103TOMY HCKOMasi CAMOMEAYKUMST eJMHULBl JJIHMHB ABOHHOIO [1POBOjAa
hZ
L=1--21n—.
+ ab
5. OnpelenuTs CAMOMHIYKUHMIO TOPOWIAJLHOIO COJEHOMIA.
Pemenue PaccvarpuBaeM COJIEHOHT KaK TOPOHAANBHYIO TIPOBOIAILYIO 110-
BEPXHOCTh, NO KOTOPOH LHPKYJHPYIOT NOBEPXHOCTHEIE TOKM C INIOTHOCTBHIO
NJ
8= 97

(N —nonuoe uxcsio BHTKOB nposopa, J —ToK B HeM; KOOpJAHMHATH M pa3mepsl 10-
Kasansl Ha puc. 20). MaryaTHoe noje BHe coieHouaa H,=0, a suyTp®
: 2NJ
Hip=H;,=0, Hjp="—
ir iz ' i cr

(r, z, @ —umauHApHYecKre KoopauHatel). JleficTeuTedbHO, ITO PELIEHHE YAO0BJETBO-
psier ypasuenusim div H=0, rot H=0 u rpanuunomy ycnosuio (34,2) 1). Dneprus
MarHATHOrO 10N BHYTPH COJEHOHJA

Hi N2J? pzdr
f'sz V=97

.
3

1) Ono cnpaseTHBO H AJs KONbLeoOpasHOro COJEHOHAA C MNpPOH3BOJLHOH,
HEKpyroeoi QopMoHd CeueHHH.
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HHTEI‘pHpOBaHHe TIPOU3BO/AHTCA MO KOHTYPY ceycHUqa TOpa H JIETKO OCY[IJ,ECTBJIHGTCF{
nyTeM BBejeHHs yraa O cornacHo z=asin6, r=>~b-}acos 0. B pesyantare noay-
yaeM ANA CAMOHHAYKIIHH:

L=4aN2(b—V b2 —a?).

6. OnpejlenuTh MONPAaBKy TMepBOro mopsaka mno /A K BHpaxenuo (34,3)
(c .= 1) a8 CaMOMHAYKLUHH LHJAHHAPHUECKOTO COJIEHOHAA, CBA3aHHYIO C HCKaxe-
HueM mofif BOJH3H €ro KOHIOB.

r4

oy

a =

Puc. 20.

Pemesue CaMOMMAYKLHA COJNEHOH/A BBIUMC/SETCS Kak ABOHHOH HHTETpan

0 er'0 TOBEpPXHOCTH:
L =77 SS &1 8 df 1 df 2,

rjie g-—TNoBePXHOCTHAA IIOTHOCTE ToKa (¢ =nJ). B uMAHHApPHUECKHX KOOpAuHaTaX
h h2n
cos @ dpdz, dz, —=8rubn? (h—C) cos pdodl

L= 2nb%n® _ =
. ]/ (22 —24)% -} 457 SiHZ% ]/Cz—l— 4h% sin? 5
000D 00

(p—Yron MexAy XHATOHANBHEIMH TWIOCKOCTSIMH, TPOXOASIIMMH deped dfy u dfy).
Hurerpupysa no df, noayuum mpu A> b

€3

n
L = 8nbn?{ | hin h — h--2b sin X cos @ do

bsin -g— 2

H OKOHUATEJIbHO

L=4n2p%n? (h—-s— b).
3n

7. OnpefeuTh, BO CKOMLKO pa3 M3MEHHTCH CAMOHHAYKLHMS TJOCKOrO JiHHed-
HOr0 KOHTypa, €CJIH NOMECTHTh €ro Ha mJAOCKYI0 TOBEPXHOCTH uuuyuec}(()ﬂe'-.HGH
cpefibl ¢ MaruuTHOH MPOHHLAEMOCTBIO W,. BHyTpenHe#i 4aCThi0 CAMOHHJYKLHH NpPO-
BOja mpeHebGperaeM.

Pemenue M3 coobpaxenHil CHMMETPHH OUeBHAHO, UTO B OTCYTCTBHE CPEABI
MarHMTHOE floJie TOKA CHMMETPHUHO OTHOCHTENbHO TVIOCKOCTH KOHTYpa, a MArHut-
HBIE CHJOBble JIHHHHM TeEpPeceKaoT 3Ty MJIOCKOCTb HOPMaJbHO K HEH; HA30BeM 3TO
noiie Hy. Mbl yOBJNIETBOpHM ypaBHEHHAM NOJAS M rPAHHYHBIM YCIOBHAM Ha NOBEpX-
HOCTH no.nyﬁecxoneqﬂoﬁ Cpe/ibl, €CJH TIQJNOXHM B MNYCTOM MOJYNPOCTPAHCTBE

2u,
' He"l’l e'l'l

Baercs HenpepuiBHOCTh B, u H; ua rnaﬂnquof«i TJOCKOCTH, a uUupkyasuus H mo

H,, a B cpene B=p ,H=—— JefcTBUTENbHO, 3THM oOeCneuH-
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A060H cunosoil AuHuu GyjleT paBHa UHMPKYJAauuK Hgy mo tofi xe jgunua. Orcoja
JErKO 32KJIOYHTh, 4TO MPH BBEJEHHH CPelbl NOJHAS SHEPrus NOJS, a CJiejoBa-
TeJIbHO, H CAMOMHAYKUHS KOHTYpa, YMHOMXEETCH Ha

2u, .
ue+1

§ 35. CHabl B MarHHTHOM MoJie

o

J5__onpejeneHus
HHTHOM [Mo/ie, HaM [OYTH He MOHAZOOWTCA NPOH3BOAHTL HOBBIX
BHIYHC/IEHHH BBHAY MOJHOH aHANOTHH C 3JEKTPHYECKHM CiyyaeM,
AHasorusi cBsi3aHa, NpPEXJE BCEro, C TeM, UTO BhIPaXKeHHs AMs TepMo-
AMHAMHYECKHX BEIHYHH B MArHHTHOM [0J€ OTJIHYAIOTCA OT BHIpa-
XKeHHH B 3JEeKTPHYECKOM MoJsie Jaumb 3aMeHodi 6ykB E, D cooTger-
creeHHo Ha H, B. Ilpu BbluMcieHHH TeH30pa HampsiKeHHit B § 15

KLI’H’O TAALATITATL 3ADAITA TTAMAITITITA Y LI AT L T et Pda sl s Fa b TaTa fdnl T a R

Ubl/Jia AviWiDoUbanad LHUltainna/baullbd JJACKRTPHUYCCKOro 1noJii, ABJIAKD-
mascs cjaeicTBHeM ypaBHeHHs rot E =0. MarautHoe xke none ypos-
JIETBOPSET YPaBHEHHIO

4n , ‘
rof H ZTJ, (35’1)

cBoasiemycsi K rot H=0 jHubL B OTCYTCTBHE TOKOB MPOBOZMMOCTH.
Ho npu BblYHCHEHHH TeH30pa HampskeHHH BooGlIe crefyeT Bcerja
nojarate j=0. IlockosbKy j CBSi3aHO C NMpPOM3BOAHBIMH OT MATHHT-
HOro nossi, TO y4YeT TOKOB [PH BLIYHCJIEHHH HANPSKEHHH O03Hauan
Obl BBejJleHHE B TEH30D HANpPsKEHHH O, HCYE3aIollle MAIbIX MONpPABOK,
CBA3aHHBIX C HEOZHOPOAHOCTbIO MONs (CP. NpHMeuaHHe Ha cTp. 92).

Takum 06pa30M,uBce nonyyensrte B §§ 15 u 16 dopmyns s
TE€H30pa HAanpsKeHHH HENOCPEACTBEHHO IMepPeHOCATCS HA MArHHTHOE

H HHOH cBAsH B=pH unmeem

v e ~rrer v RN

10J1€. T‘an, B XKHAKOH Cpejae MNpH JHHEeH
_ He Ju wh;Hy,
O =—Po (0, T)O;——5— [u-—p (—%—)T] S t=3—E. (35,2

OGbeMHble CHJIBI BBIYHCISIOTCS OTCIOAA COrIACHO [ =00,,/0x,.
Ecnu cpena sBiaserca nposBojsulell H B HeH TeyeT TOK, TO BLIYHCje-
HHe OTJHYaeTCs OT NpPOH3BelJeHHOro B § 15 TeM, 4To BMecTO ypas-
HeHHA rot H=0 umeem ypaBzenue (35,1).

Huddepenunpyst (35,2) W yuHTHIBaS 0pPH 5TOM PaBeHCTBO
div B =div (uH) =0, Haxogum

f=— VPt g ¥ | Hoo () | —4m Vp— e VE 4+ (HY) H.

Ho, cornacno usBecTHOH ¢opMyne BEKTOpHOro aHanusa,
I .
(HY) H = grad H*—[H rot H] = - grad H2 4+ 22 [jH],
H OKQH4YATeJBHO

1 3, H? .
f=— VPO—]-E—I-{grad [H"'p (-3%)1_] —% Vp—{—-g-[]H]. (35,3)
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Ilo cpasHenno ¢ amanornunoll dopmynoit (15,12) 3spech pobas-
JsieTCsl elle OauH (nmocneaHHH) wieH. Bolio Owl, oaHaKo, HenpaBHIb-
HbIM JIyMaTb, YTO IMOABJAEHHE 3TOr0 UJE€HAa O3HAayaeT (H3HYECKYIO
BO3MOKHOCTb OTA€AUTb B f cusly, CBS3aHHYIO C TOKOM NPOBOAHMOCTH,
OT JApPYTHX s¢dekToB. [lenmo B TOM, YTO BBMAY YpaBHeHus (35,1)
TOK j HEOTAENUM OT HEOJHOPOJHOCTH NOJs, a3 NPOH3BOAHLIE OT MOMA
NO KOOPIHHATAaM BXONAT H B Apyrue wieHs! B (35,3). Ilpu 3amerHo
OTJIMYHOH OT | MAarHUTHOH NPOHMLAEMOCTH BEUIECTBA BCE WIEHH

B (35,3), BOOOILE TOROPS, OQHOrO MOPAAKA BETHYHHHL.

Ho ecnn, xak sto obblHO 6biBaeT, p 64aH3KO K 1, TO NpH Halu-
YHH TOKA MPOBOJHMOCTH MOCAEAHHH uneH B (35,3) maeTr OCHOBHOH
BKjaJ B CHJY, [0 CPABHEHKIO C KOTOPLIM OCTa/lbHbLIE YjeHbI SBATIOTCS
JIHUIb HECYLIECTBEHHOH Manoi nonpaskofi. Torna npu BHIUMC/IEHHH
CHJ MOKHO moJjaraTh W =1, H Mbl HMeeM MOpPOCTO

f =~ [jH] (35,4)

(ureH— VP, 3aecb H HHXKE HAC HE HHTEpPecyer, H Mbl €ro ONycKaem).
Ilpu p =1 cBoiicTBa BemlecTBa BOOOMIE HHKAaK HE OTPaxKaloTCs HA
MAarHUTHLIX fIBJEHHAIX H BblpaxeHue (30,4) and cuabnl B paBHOH
CTeNE€HH OTHOCHTCA KakK K XKHJKHM, TAK H TBEPJbIM NPOBOAHUKAM.
ITonnas cuna, pedcTsyromass B MArHUTHOM [OJie HA TPOBOJIHHK
C TOKOM, [AeTCi HHTErpajom

F=d S [H]dV. (35,5)

®opmyny (35,4) MOXKHO, pasyMeercsi, BecbMa MPOCTO MOJNYYHTL H
HEllIOCPeCTBEHHO Ha OCHOBAHHH H3BECTHOrO BLIPAXKEHHSA JIOPEHUEBOH
cuibl. Maxkpockonuueckas cuJja, ACHCTBYWOHIafs B MAarHHTHOM IOJ€
Ha HENOJBHKHOE TENO, €CTb HE UTO HHOE, KaK yCpejHeHHOe 3Haye-
Hue JIOPeHUEBBIX CHJ, NEeHCTBYIOIIHX Ha COCTaBJAIOUIHE TN 3aps-

JKE€HHbIE 4aCTHIB! CO CTOPOHBI MHKPOCKONHYECKOro nons h:

l ———
f=—[pv-h].

Ho nmpu p=1 nose h coenapaer co cpexum nosem H, a cpepHee
3HaYeHHe PV COBMAJAeT C MJOTHOCTbIO TOKA MPOBOAWMOCTH.
ITpy nBHKEHuH NPOBOAHHKA cuibl (30,4) OpOH3BOAAT HAj HHM

L1
i {~Tad 74 %47 naﬁf\ ” s | DELTLT no 89 qd =Y "
HLKnTnpyr}O PV{exaHI’{ ‘l\.v\.r.l.'\y inJs l.ll'-l sl .)' « d414Q ll\.-IJDLLJII]. Do l vl Ilﬂ IV{UII\CT 11 Una"

3aTbCsl, UYTO 3J€Cb HMEeTCsl NPOTHBOpEYHe C TeM, YTO JIOpeHUEBHI
CHJIbI He INPOM3BOAAT HAA ABHKYUIUMHCH 3apajaaMH HHKAKOH paboThI.
B aeficTBHTENBLHOCTH, KOHEUHO, HHKAKOTO NPOTHBOPEYHS HET, TAaK
KaK B JBHKYLIEMCH NPOBOAHHKE B PabOTy JOPEHIEBhIX CHJI BXOJHT
He TOJIbKO MeXaHHyeckas paboTa, HO U paboTa 3/€KTPOABHKYILIHX
CW1, HHAYUHPOBAaHHLIX B TMPOBOJHHKE MNPH €ro ABHXKEHHH. DTH jBE
paGoTsl paBHB MO BE&IHYHHE H NPOTHBOMOJONKHLI MO 3HAKY (CM. IpH-
MeyaHHe Ha ctp. 304).
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B Buipaxkenun (35,4) H ecTb HCTHHHOe 3HAueHHE MarHUTHOTO
1M0Jif, CO31aBaEMOr0 Kak MOCTOPOHHHMH HMCTOYHHKAMH, TaK H CAMHMH
TOKaMH, HAa KOTOpHi€ 3Ta cuaa pelicTByeT. OpHAaKO NpH BLIYHMCAEHHH
NOJAHON CHJBL cornacHo (35,5) MOxHO moHHMaTe nojx H JMUb BHEL-
Hee noje §, B KOTOpO€ BHOCHTCHA [MMPOBOAHHK C TOKOM, CobcTBeH-
HOE TOJA€, NPOH3BOAMMOE [AHHBIM NPOBOJAHHKOM, B CHIY 3aKOHA

COXDAHEHHs HMIyJbca He MOXKeT jaTb BKJAaj B JEHCTBYIOUYIO HA
HEero Camoro NojaHYio CHAY

BriuHciieHHe cH OCOOEHHO MNPOCTO [asl JIHHEHHOTO NPOBOAHHKA.
MarHuTHbe CBOHCTBA ero BelIECTBA BOOOIE HECYHIECTBEHHLI, 4 €C/H
B cpege u=1, To noaHas AEHCTBYIOIAs HA HEro CHja NaeTCH JH-
HefiHbIM HHTErpaioM

F=2 Fldl-o], (35,6)

DTo BbIpaKeHHE MOXKHO NMPEACTaBUTb H B BHjE HHTErpana rno nosepx-
HOCTH, OXBaTblBaeMOH KOHTYPOM TOKAa. 3aMmeHsst COrJacHo Teopeme
Crokca dl omepatopom [df-V], monyuum

$d-o1={[1ai-v]9].
Hanee nuiem:

[[df- V] ©]=—didivH+ v (di-H)=

=— df div 9 +[df - rot ©] -+ (diy) ».
Ho div$ =0, a B mnpocTpaHcTBe BHE TOKOB Takke H rot$ =0.
TakuM 00pasoM,

J
F = ;-g(dm (35,7)
B 4acTHOCTH, B KBAa3HOLHOPOAHOM BHELIHEM [O0J€ MOXKHO Bbl-
HeCTH § BMeCTe C omeparopoM Y H3-NOA 3HAKa HHrerpana. Bsoad
TaK:KE MAarHUTHBIH MOMeHT Toka corsacHo (30,18), Mbl npuaem Toraa
K €CTECTBEHHOMY De3yabTaTy:

F=(MV)®. (35,8)

[ockonsky M B 3TO#l ¢opmyJie €cTb NOCTOSIHHAs BeJIHYHHA, TO
MOXKHO HanucaTb F Tak:xke U B BHJE

F =grad (M9) (35,9)

TBHH C BulpaxeHnueM (33

7
1)

TOKA). MOMEHT ’Ke CuJi, JEACTBYIOUIMX HAa TOK B KBAa3HOLHOPO
rose, KakK Jierko y6ejauThcs, paBeH OOLIYHOMY BLIPAXKEHHIO

= [M®]. (35,10)

mm

17\ Mg QLIA

HOM

=

3agaua

Onpenenuts Cuay, JelCTBYIOIYIO Ha JHHeHHHH npaMofl mporox ¢ ToKoM J,
pacnoJOXeHHb# fapanjeibH0 GeCKOHEUHOMY KPYTOBOMY LHJAHHApY (C MArHATHOR
HPOHULAEMOCTRIO 1) PajHyca g Ha PacCTOAHHH ! OT €ro OCH.
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Pemenue. Beuly ykasauuoro Ha crp. 160 cooTBeTcTBHS MeXAYy INIOCKHUMH
3aflayaMy 3JeKTPO- ¥ MarHMTOCTATHKH, TNOJie TOKa Onpejeisercd nyTeM u3MeHe-
HHS o6o3uavemuit B pemtenuu 3anauu 3 § 7. Iloje B npoctpaHcTBe BOKPYr Lu-
JHHpa COBMANAET C TOoJieM, KOTOpoe co3faBajoce Obl B NMycToTe TOKOM J # TO-
xamu --J’ B —J', IpoXoNSAMMY COOTBTCTBEHHO uepe3 Touku A # O (cm. puc, 12),
npHueM

2
Jﬂ: J—-—,
b1

npoxoaAumuM ueped Touky O. Cuna, feiicTBywas Ha eMHULY LJHHALL NPOBOIHHKA,
' 2,2 (1 —
F:-I—JB=2JJ 1 l’ _ 2J% (p 1) .
¢ ¢z \0A 00 b (b2 —a?) (p--1)c®
AuanoruunuyM o6pasoM ualfeM (CM. 3afauy 4 § 7), uto JHHeliHBH NPOBOJUEK,

NPOXOAAUIMA BHYTPH LMJAMHAPHYECKOrO OTBEPCTHS B MalHUTHOH Cpeje, MpHTATH-
BaeTcsi K OiKaiilled 4yaCTH NMOBEeDPXHOCTH OTBEPCTHH C CHJIOH

2725 (p—1)
@ =53 (p et

F =

§ 36. M'MpoMarHHTHBle SIBJCHHSA

PasHoMepHOe BpauieHHe Tesa (HE HMEIOLIEr0 MAarHHTHOH CTPYK-
TYpbl) NOPHBOAUT K €ro HaMarHH4YeHHIO, JNHHEHHO 3aBHCALIEMY OT
yraosoll cKopoCTH Q@ (agppexm Lapremma). C peHOMEHOJIOTHYUECKOH
TOYKH 3PEHHs, JIHHEHHAS CBA3b MEXAY MarHHTHBIM MOMeHToM Tejna M
H BeKTOpOM £ BO3MOXKHA, NOCKOJbKY 00a OHH MEHsIOT 3HAK NpH
oOpaileHHH BpeMeHH. I1oCKOMbKY Ke 00a ABJAAIOTCA AKCHAJbHLIMH
BEKTOpaMH, TO Takas 3aBHCHMOCTb BO3MOXKHA W B H3OTPOIHOM Tese
(rne OHa CBOAHTCH K MPOCTOH MPONOPHUHOHAILHOCTH MexXiy M H Q).

Hapsagy c sTHM 3dderToM fOMXKeH CYLIECTBOBATb H OOPaTHBIA:
cBOOOHO MOjABENIEHHOE Te0 NPH HAMarHHyeHHH HaYHHAET BpaIlaThCs
(s¢ppexm  Sdinwumeiina—ade Xaaca). Mexny o6onMH 3dderTaMu
HMEeTCs NpoCTas TepMOAHHAMHUecKas CBsisb., E€ MOXKHO MOMYYHTbH
cJIeayIomHM 00pasoM,

Kak usBectHo (cM., V § 26), TepMOAHHAMHYECKHM MOTEHIHAIOM
10 OTHOIIEHHIO K YrJIOBOH CKOPOCTH (IIpH 3ajaHHbIX TeMnepaType H

o6beMe TeJla) AB/sETCS CBOGOAHAS SHEPTHA & ~ Telna BO Bpaulamouleics
BMeCT€ C HHM cucTeMe KoopavHAaT. IIpu 3TOM MOMEHT HMIYJ/bCa
tesqa L paseH
OF
L=—% (36,1)
THpoMarHUTHEIE IBJNEHHSI OMHCHIBAIOTCS BBEJEHHEM B CBOGOJHYIO

SHEPTHIO JOMNONHHTEJNbHOrO BHIPAXKEHHs, MPEACTABJIAIOMEro Co6OM
mepBbl WIEH ee pasioKeHHs Mo creneHsM Q H HaMar HHYEHHOCTH
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M B Kaxpaofi TouKe Tena, COZep¥Kalllero OAHOBpPeMEHHO KakK 2, Tak
U M. 2ToT ujgeH JuHeeH o @ u nmo M, T. e. HMEET BHA

Frw=— MM, dV = — 0, Q.o (36,2)

rie A;,, —TMNOCTOSHHBIA TEH30p, B o0lleM CJy4ae H€ CHMMETPHUYHbBIH.
CormacHo (36,1) u (36,2) MOMeHT HMmyJbca, NPHOGPeTaeMbli
TE€JOM B pe3yJbTaTe HaMarHHYEHHs, CBA3aH C €ro [OJHbIM MAarHHT-

HbBIM MOMEHTOM COOTHOIIEHHEM
(Lr. M)i = ?”z'koﬂk'

OGBbIYHO MOJB3YIOTCA BMECTO Ay, OOpaTHbIM TEH30POM, ONpejeseH-
HBIM COTJIACHO

2mc o _
i =" Mg

(¢ © m—s3apsiy M Macca 3JeKTpoHa); Oe3pasMepHble BETHUHHBI g
HA3BIBAIOT 2UPOMASHUMHOIMU Kodpduyuenmamu. Toraa

oM; = fem"zgik (L. ws- (36,3)

C apyrofi croponst, Bbipaxedue (36,2) nokashiBaeT, YTO B OTHO-
HIEHHH CBOEro BJMSIHHS Ha MAarHHTHble CBOHCTBA BpallEHHE TeJa
3KBHBAJEHTHO I;osneﬁc'ramo BHEIIHETO TNOJA C HaNpsKeHHOCThIO

2me

i ="~ Gk % (36,4)

TeM CaMbIM MBl HMe€eM IMPHHUHIIHAJIbHYIO BO3MOXKHOCTb BHYHCIHTD

BhI3BIBaEMOE BpalieHHeM HaMmarnu4enue. Tax, ecnH MaruuTHas Boc-

MPHAMYHBOCTL TeJIa Y;, MaJja, TO NPHOOPETaeMbIHi HM MAarHHTHBIA
MOMEHT He 3aBHCHT OT ero ¢opMbl H paBeH

2mc _
oM = %= " Ninin -

®opmyasl (36,3) u (36,4) OTBeyalOT COOTBETCTBEHHO 3(peKTam
Shinmrelina—zxe Xaaca u bBapHerra. Mbl BuauM, uTo o06a adekTa
ONPEAENAIOTCA OAHUM H TeM XK€ TEH30POM g 4.
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®EPPOMATHETU3M U AHTHO®EPPOMATHETHU3M

§ 37. MaruuTHas cHMMeTpHUS KPHCTAJIOB

Mexay 37eKTpHYECKUMHM M MArHHTHBIMH CBOHCTBAMH KPHUCTaJJIOB
cyuiecTByeT rayb6okoe OT/IHUYHE, CBSI3aHHOE C pas3HHUed B MOBEJEeHHH
2apsAA0B H TOKOB IO OTHOIIEHHIO K H3MEHEHHIO 3HAaKa BPEMEHH.

Kak H3BeCTHO, BBHIY HMHBAPHAHTHOCTH ypaBHEHHH [BHIKEHHS MO
OTHOUIGHHI0O K H3MEHEeHHIO 3HaKa BpeMeHH, (opMalibHas 3aMeHa !
Ha —{, NpHMeHEHHass K KaKOMY-J1HOO TepMOAHHAMHYECKH paBHOBEC-
HOMY COCTOSIHHIO TeNa, JAOJKHA MPHBOJHTL K COCTOSIHHIO, KOTOPOE
TOXKE SBJAETCA OJHHM H3 BO3MOMKHEIX pPaBHOBECHBIX COCTOSIHHH.
B CBSI3H ¢ 3THM BO3HHKAWOT JAne BO3MOMXHOCTH: COCTOSIHHS, NEpexo-
AAUlHe APYr B Apyra OpuH 3aMeHe ! Ha —¢{, JqHOO coBNajarwT, JHOO
He COBNAAAloT.

Bynem oGosHauaTb B 3TOM mHaparpacde nocpeacTsoM p(x, Y, 2) H
i(x, y, 2) HCTHHHYIO (MHKDOCKOMHY€CKYIO) MJIOTHOCTb 3apsijIOB H MJAOT-
HOCTh TOKOB B KaXJOH TOYKE KPHCTa/Nsa, YCPEAHEHHYIO TOJbKO MO
BpeMeHH (HO He no «(pH3H4eCKH OeCKOHEUHO MasbiM» 00beMam, Kak
3TO Je/NaeTCsi B MaKpOCKONHYECKOH TeopHH). ITO—Te€ (QYyHKUHH,
KOTOpble ONpeJensiloT COO0H COOTBETCTBEHHO JIEKTPHYECKYIO H Mar-
HHTHYIO CTPYKTYPY KPHCTaJ/Ja. ’

3aMena ¢ Ha —! MeHfeT 3HAK j. ECHH B pe3yJbTaTé 3TOrO
npeo6pasoBanHs COCTOSIHHE Tella HE MEHSETCH, TO 3TO 3HAUMT, YTO
].—_-—], T. €. j=0. Takum o6pa3oM, HMeeTCs NpHYHHA, B CHJIY
KOTOpPOH MOryT CYLIeCTBOBAThL T€Ja CO CTPOre pPaBHOH HY/MO ¢YHK-
uMes j(x, y, z). BMecre c MJIOTHOCTHIO TOKA B TAaKHX TeJaX CTPOTO
ofpamanTcs B HyJdb CpeaHHe (IO BpeMeHH) 3HAYEHHSA MAarHHTHOTO
MoJii M MarHUTHHIX MOMEHTOB B KaKJOH TOYKe Teja (pasyMeercs,
peub HJeT Be3ae O COCTOAHHAX TeJa B OTCYTCTBHE BHEIIHEro Mar-
HHTHOTO MOJIA). O rakux TeJaX MOXHO CKasaTb, YTO OHH HE 06./1a-

mY DATFIT 1r

JlaloT HHKaKOH maeHummuoll wnpymuypuu $akTHYECKH K 3TOH Kare-
FTOPHH OTHOCHTCA OrpPOMHO€ OOJIbLIHHCTBO TEJI.

[TnoTHOCTL Ke 3apsjoB p NpH NpeobpasoBaHHH ! — —¢ BooOlle
He MeHsercsi. [To3TOMy HeT HHKAakHX NPHYHH, B CHJIY KOTOPHIX 3Ta
GyHRnHa Morjaa Obl TOXKAECTBEHHO OOPATHTLCA B HyJab. JIpyrumu
C/IOBAMH, H€ CYUIECTBYET KPHCTANJIOB, KOTOpbLIE He 00jaaaiu Obl
«3/IEKTPHYECKOH CTPYKTYypoii». B 3TOM 3ak/I04aeTcsl yIOMsIHYTOE BhIlle
CYIIECTBEHHOE OT/IHYHE MEXKJY 3JeKTPHUYEeCKHMH H MArHUTHLIMH CBOH-
CTBaMH KpHCTaJJ0B,
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ObpaTtumcs K KpHCTa/d/aM, Y KOTOPHIX 3aMeHa { Ha -—f MeHser
coctossuHe H notomMy j==0. O Tagkux Ttenax Mbl OyJeM TOBOPHT,
KaK O TeJlax C MarHHTHOH CTPYKTYpPOH.

[Ipexxne Bcero OTMETHM, YTO XOTsi j U He pPaBHO HYJ, HO HH-
KaKOro NOJHOTO TOKAa (B PaBHOBECHOM COCTOSIHHH Tejla) He MOXKET
ObITh, T. €. HHTerpan deV, B3sITHIA 10 00beMy 3JeMeHTapHO#
sTYeHKH, MONKeH Bcerja obOpamatbes B Hyabn '), B npoTuBHOM cay-

yae 3TOT TOK CO3jaBaj Obl MaKpOCKONHYEeCKOe MArHUTHOE MoJje H
KpHCTansn obsagan Obl MarHHTHOH ’Hepruell (Ha emxHHHLY oObema),
ObICTpPO BoO3pacTramlledl ¢ yBejHYEHHEM pa3MepoB Tena. Beujy sHep-
reTHYeCKOH HEBBITOAHOCTH TAaKOTO COCTOSIHHS OHO, OUEBMJHBLIM o0pa-
30M, HE MOXKeT COOTBETCTBOBAaTh TEPMOJHHAMHYECKOMY PaBHOBECHIO.

B To ke BpemMs TOKM j MOTYT CO3/laBaTb OTJHYHBIA OT HyJs

Iy L TTAMETE YT A EOAR AT ~ ~ erTTAA o (‘r.-:" A1

bIH MOMEHT, T. €. HHTErpada yLFij av
CHOBa B3ATHH MO oObeémy 3n€MeHTapHOH siueliKu) MOMKEeT OBITh OTJIH-
yeH oT Hyussi. COOTBETCTBEHHO 3TOMY, CpeiH TeJ, B KOTOpPbIX j =0,
MOKHO pasnHyaTb jBa THUNA: Teaa C OTIHYHBIM OT HYJs MakKpPOCKO-
MHYECKHM MarHUTHbIM MOMEHTOM M Tesa, B KOTOPLIX TaKOH MOMEHT
OTCYTcTBYET. [lepBble Ha3bIBAIOTCA @PeppomMazHUMHbIMI, @ BTOphiE —
anmughbeppomaznumuoimu.

Bosuukaer BONpOoC O BO3MOMKHBIX THINAX (rpynnax) CHMMETPHH
pacopeneneHuss TOKOB j(X, y, 2). JTa CUMMETpPHsI CKJIajbIBaeTcH,
npex/ae BCEro, H3 OOLIYHBIX 3JIEMEHTOB-— IOBOPOTOB, OTPaKeHHH U
TpaHC/IsALUHHA, COOTBETCTBEHHO Ye€MY CpeiH BO3MOKHBLIX TpPYNN CHM-
METPHH j BO BCHKOM cJjyuae uMeercs 230 OOLIYHBIX KpHCTaJJIOrpa-

(pHUECKHX MNPOCTPAHCTBEHHLIX Tpynn. IDTHM, OAHAKO, JaJeKo He
HCYEPNLIBAETCA CHOHCOK HCKOMHIX rpynn. Kak yxke OGpliio yKaszaHo,
3aMeHa { Ha —{ MeHsieT 3HaK BEKTOpPAa j. B cBaA3H c 3THM BO3HH-
KaeT HOBbIH BO3MOXKHLIH 3/1eMEHT CHMMETPHH — CHMMETPHH MO OTHO-
EHHIO K npeobpa3oBaHUI0, 3aKMIOUAKOLEMYCs B H3MEHEHUH Halpas-
JEeHHsT BCeX TOKOB Ha oOpaTHoe; 0003HAauHM YCJ0BHO 3TO npeodpa-
30BaHHe nocpeiacTsoM R. Ecau pacnpepeneHHe TOKOB 00Jajgaer 3Je-
MEHTOM CHMMETPHH R camMHM 1o cebe, TO 3TO 3HayHT, YTO j=—j,
T. €. j=0, 1 Teqo BooOme He 00JafaeT MarHHTHOH CTPYKTypoOH.
OtrauyHasd oT Hyas ¢QyHKuHs j(X, y, 2) MOXKeT, ojHaKo, o6aagaTsb
CUMMETPHEH IO OTHOWEHHIO K PA3JHYHBIM KOMOWHAUMsSIM npeobpaso-
BahHs1 R C JPYrHMH 3/€eMEHTaMH CHMMETDHH-—NOBOPOTAMH, OTpa-
XKeHHsIMH H TpaHc/AsuHsAMH. TaguM o6pasom, 3ajaya 00 onpeaeneHHH
BO3MOXHBIX THIOB CHMMETPHH paclpeieneHuss TOKOB (Ma2uiumHblx
NPOCMPAHCMBEHHbIX 2pYynn) 3aKMOYaeTCs B MNOCTPOEHHH BCEX BO3-
MOXKHBIX TPYII, COCTaBJeHHLIX KaK U3 npeobpaszosaHHH, HMEIOLIHXCH
B OGblYHBIX NPOCTPAHCTBEHHBIX TPyNNax, Tak H W3 npeoGpasoBaHuil,

royr FIATTINTY rrrTY

1) TMopuepkneM, 4TO peub ifeT OO MCTHHHON SJEMEHTApDHOR SuefiKe, YUHTHI-
BAOUIeH MATHUTHYIO CTPYKTYPY KpHcTa/wiaa. 3Ta «MarHWTHag suelKay MOMET OTJH-
YaThCH OT YHUCTO KpHCTAJIOrpaduueckKol, yunThlalomei JHIUb CHMMETpUIO pactipe-
AeNeHus 3apsajoB B peweTKe (cp. Huxe § 32).
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NOJMYYAIOIHXCA KOMOUHUPOBAHHEM IMpeoOpa30oBaHUid oOblUHOro THIA
¢ npeobpasoBaHHeM R.

Ecan cuMMeTpHsi paclpeneseHHss TOKOB 3ajaHa, TO TeM CaMbIM
6yueT orpexeseHa u KpHucTamjorpagpuueckas CHMMETPUS PacrnoJoxke-
HHS1 yacTHL B JAHHOM KpHCTaJJe, COBINAnamwllas ¢ CHMMeTpuel dhyHk-
uun p(x, y, 2). Ora Oyner onpeieasiTocd TOH NPOCTPAHCTBEHHOH
rpynmnoH, Koropasi MOJMYYHTCS H3 TPYNIbI CHMMETPUH j, €cad ¢op-
MaJbHO CYHTaTh MpeoOpasoBaHue R TOXKAECTBEHHLIM (KAKOBHIM OHO

H ABJSAETCH B NPHMEHEHHH K (QYHKUHH ).

3HaHHe MOJHOH Tpynnbl CHMMETpuH ¢yHKUMH j(X, ¥, 2), ONHAKO,
He HY}KHO, €C/JIH Mbl HHTEPECYyeMCs JHIIb MAKPOCKONMHYECKHMH CBOi-
CTBaMH Tejna. DTH CBOHCTBA 3aBHCAT TOJLKO OT HalpaBjeHHs B KPH-
cTajie, a TPaHCAAUMOHHAA CHMMETDHS KPHCTAAJIHYECKOH peleTKH
He uMeeT K HUM oThouleHus. C 4HCTO CTPYKTYpPHOH KpPHCTaJlorpa-
¢bHuecKo#l TOUKM 3peHHsA «CHMMETpHSI HAanpaBi€HHH» B KpHCTasLIe
1aeTcsi, KaK H3BeCTHO, 32 KPHUCTANIHYECKHMH KJ/accaMH. JTO eCTb
TPYIOIbl CHMMETPHH, COCTABJIEHHbIE H3 OJAHHX TOJbLKO YHCTHIX MOBO-
POTOB M OTPa:KEHHH; OHH MNOJYYarOTCs H3 MPOCTPAHCTBEHHBLIX TPy,
ecJH B TOCAEAHHX CUMTATb BCE TPAHCJASIIHM TOXKJIECTBEHHLIM Mpeod-
pa3oBaHHEM, A BHHTOBbIE OCH H IIJIOCKOCTH CKOJIbXKEHHS paccMaTpu-
BaTb KaK IIPOCTHIE OCH H MJOCKOCTH CcHMMeTpud. C TOUKH 3peHus
’Ke MArHUTHBIX CBOHCTB MAKPOCKONHYECKast CHMMETPHA JOJXKHa KJjac-
cHUuHpPOBATLCH MO TPyNNaM, COCTABAEHHbIM H3 NOBOPOTOB, OTpaxe-
HUH ¥ uX KOMOHHAuuil C 3JeMEeHTOM R. 3ru IpPYNIb MOXKHO Ha3BaTh
MOAZHUMHBIMU Kpucmarrudeckumy Kraccamy. OBY HAXOAATCHA B TAKOM
’Ké OTHOIIEHHH K MarHUTHbIM NPOCTPAaHCTBEHHBIM FpynnaM, Kak oObiyu-
Hble KDHCTAJJHYECKHE KJacChi K OObIYHBIM [POCTPAHCTBEHHLIM
rpynnam.

K Hx uHcjay OTHOCSTCS, IpeXkie Bcero, 32 oObIYHBIX KJacca,
JIOTIOJIHEH HBIX 3JIEMEHTOM R, u Te ke 32 Kjaacca 6e3 3JjeMeHTa R.
IlepBuie ABASIOTCS, B YAaCTHOCTH, IpyNOaMu MaKpocxoanecxou CHM-
METPHH BCEX TeJs, He 06/ajaloliX MarHuTHOH cTPyKTypoil. Ho stumu
Ke KJaccaMi CHMMETPHH MoryT o6gapaTb M TeJda € MarHUWTHOH
CTpyRTypo#. [las sToro Hajo, YTOOB B MArHUTHYIO NMPOCTPAHCTBEH-
HYIO TPYNIy CHMMETPHH 3TOTO T€Ja caM 3J€MEHT R BXOAHJ He KakK
TaKOBO#, a TOJBKO B KOMOMHAUHMH C TPAHC/AUHSIMH.

Kpome Toro, umeercss 58 KJaccoB, B KOTOpble 3JEMEHT R BXOAHT
TOJILKO B KOMOMHAUKHH C NOBOPOTAaMH HJiH OTpakeHUAMH. Kaxabi# u3

HUX, €C/H 3aMEeHHTb B HEM oOMNepauHio R TOXKAECTBEHHLIM mnpeobpa-

30BaHHEM, MpeBpallaeTcs B OAHH U3 OOBIYHBIX KDPHCTa/VIHUYECKHX
KJaCCOB.

Cnenyer OTMETHTb, YTO BO3HHKHOBEHHE MAarHHTHOH CTPYKTYpHI
(dbeppo- MM AHTHQPEPPOMATHHUTHOH) BCETAA CBA3aHO CO CPABHHUTEJbLHO
cnabpiMH  B3auMogelicTBusMu ').  [losToMy Kpucraijorpaguueckas

1) O6bIuHO O6GMEHHOE B3aHMOJCHCTBHE MEXAY MarHHTHBIMH MOMEHTAMH aTOMOB
NPUBOAMT K HACBHILEHHIO BaJleHTHBIX CBA3ell ¥ 06pa3’0BaHHI0 HEMAarHUTHEIX CTPYK-
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CTPYKTYPa MATHHTHOTO Tesa IPeACTaBaseT Co0oH He(oJbIIOE HCKa-
JKEHHE 110 CPaBHEHHIO €O CTPYKTYPOH HeMArHHTHOH ¢asul, H3 KOTO-
pOH MarHHTHasi (pasa OOBIYHO BO3HHUKAeT IPHU NMOHMXKEHHHU TeMIlepa-
Typbl. B 3TOM OTHOMIEHHH (PEPPOMArHeTHK, B YACTHOCTH, OTJHUYAETCS
OT OOLIUHBIX MHPOIIEKTPHUECKHX TeJ, HO AHAJOTHYEH CerHeT03J/ieKT-
pPHKaM.

3ajaHHeM MarHUTHOrO KpPHCTAJMJIHYECKOI0 KJacca Onpefensiercs
XapakTep BCEX MAKPOCKOINHYECKHX MArHHUTHBEIX CBOHCTB 0-
Jiee BaXXHBIM U3 HHUX fIBJIICTCSl HaJH4YHe HAH OTCYTCTBHE MaKpOCKO-
MHYECKOr0 MarHUTHOTO MOMEHTa, T. €. CIIOHTAHHOH (06€3 BHemHero
10Jis1) HaMarHHYeHHOCTH. MarHuTHbli MOMEHT M ecTb BeKTOpHAs
BeJIMUWHA, KOTOpas INPH NOBOPOTaX H OTPaXKEHUAX BeleT cels Kak
AKCHAJIbHHH BEKTOP (BEKTOPHOE IIPOH3BeJeHHe [BYX MNOJSAPHBIX BeK-

TOPOB), a NpPH INpPHMEHEHHH onepauHH R MeHseT 3Hak. Kpucrann

&
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XOTA OB OJHO TaKOe HamnpaBJieHHe, 4YTO JeXKallHii B HeM BekTop M
C YKa3aHHbIMH CBOHCTBAMH OCTAa€TCsl MHBAapUAHTHBIM IIpH BCEX IIpe-
06pa3oBaHHAX RAaHHOTO MAarHHTHOrO KPHCTA/LIHUECKOrO KJjacca.

CHOBa NOJUEPKHEM OT/JIHYHE OT 3/JEKTPHUYECKHX (Ha 3TOT pas—
MaKpPOCKOIIHYECKHX ) CBOMCTB. X apakTep MOCAEAHHX NOJHOCTBIO OIpe-
JensieTcsi OOBIYHBIM KpHCTaAorpaHuecKuM KJaccoM. B wacTHOCTH,
A7t TOro ytoObl TeNO OblJ0 MHPO3NEKTPHUECKUM, AOCTATOYHO, 4TOOH
€ro KPHCTAJJIMYECKHH KJacC JAONyCKaJ CYLECTBOBAHHE TIOJSPHOTO
BeKTopa P (snekTpHueckuii momeHT). B TO XKe Bpems Oblio GH CO-
BEPUICHHO HEINPaBUJLHBIM J€J1aTh 3aKJIIOUEHHSI O CYLIECTBOBAHHH HJIH
OTCYTCTBHH MAKPOCKOINHYECKOro MArHUTHOTO MOMEHTa Ha OCHOBAHHH
MOBEIEHHST aKCHAJbHOrO BeKTopa M mO OTHOWIEHHIO K MpecGpasoBa-
HHSIM UYHCTO CTPYKTYPHOTO KPHCTaJAIHUECKOr0 KJacca JaHHOrO TeJa,
OTBEYAIOUIETO CHMMETPHH GYHKUHMH p(X, ¥, 2) (Mbl BepHeMcsi emle
K 3TOMY BOIpOCY B cCaeaylouieMm mnaparpage, rnocte (akTHUECKOro
TOCTPOEHHSI MarHUTHBIX KJacCOB).

Bmecto cummerpuu ¢GyHKuMM j(¥, ¥, 2) MOXHO TOBOPHTb O CHM-
METPHH pacrnpefenieHHsi MHKPOCKONHMUYECKOH IJIOTHOCTH MArHHTHOIO
MoMenta M (x, y, 2)=[rj(x, y, 2)]. B cBow ouepelb, MocaeRHION
OOBLIYHO MOXKHO PACCMAaTPHBATh KaK CHMMETPHIO PACHOJOXKEHHS H
OPHEHTAHUH CPelHUX ([0 BpeMeHH) 3HAUeHHH MarHHTHBIX MOMEHTOB
aTOMOB (MOHOB) M B KPHUCTaJJAUueCKOH peuieTke. B Tene Ge3 maruur-
HOW CHMMETPHH 3TH CpeJlHHE 3HA4CHMsi PaBHHI HyJ0. B deppomar-
HETHKE CyMMa aTOMHBIX MOMEHTOB B KaXJOH 3/IEMEHTApHOH siuelike
OTJIMYHA OT HYJs, a B aHTH(hEeppOMAarHeTHKE — paBHA HYJIO.

O COBOKYIHOCTH aTOMOB B KPHCTaJJIMUECKOH pellleTKe, 06./ajaro-
IHUX OJIHHAKOBbIMH 3HAYEHHSIMH W, TOBOPAT KaK O Ma2HUMHOU nod-
pewemxe. OueBHIHO, 4YTO aHTHPEPPOMATHETHK COAEPHKHT MO Kpaii-
Heil Mepe JBe€ MOJpELIeTKH €O B3aHMHO AHTHIAPAMJIENbHBIMH H PAaB-

TYp. K BO3HHKHOBEHHMIO MAarHWTHOH CTPYKTYPHI NPHBOIHT TOJABLKO OTHOCHTEJLHO
ciaboe oOmennoe B3aHMoOfeficTBHE TIMIYOOKO pPACNOJNOKEHHBIX d- W f-37€KTPOHOB
4TOMOB 3/IEMEHTOB NepexXoiHbIX rpynn cHcTembl Menjeneepa.
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HbIMH 10 BeJHYHHE 3HayeHHAMH n. Eciau HanpaBfieHns MOMEHTOB u
BCEX MOJIPEIIeTOK NapasvielbHbl HJAH aHTHIApas/efbHbl, aHTH}Ep-
POMarseTHK Ha3blBAIOT KOAAUHEAPHOIM; B POTHBHOM C/Jy4ae rOBOPAT
0 HeK0AAUHeapHOM aHTH(eppOMarHeTHKeE.

deppoMarHeTHK TOXKE MOXET COJepiKaTb HECKOJBKO MOJPEIIETOK,
B y3koM cMmbicsIe oJ eppoMarHeTHKAMU [TOHHMAIOT Tesa, Y KOTOPBIX
BCe CpeJlHHe aTOMHbleé MarHUTHHe MOMEHTHI MapajjelbHbl. Eciu xe
KPHCTaMI COJEPXKHT ABe WaH 0ojee MOJAPEINETOK ¢ HECOBIIAJAOUIHMH

MO HaNpaBJeHHIO (MJIM BEJHUMHE) aTOMHbIMH MOMEHTaMH, €ro Hasbl-
BalOT (heppumazHemuxom; B OTJHUHE OT aHTH(EPPOMArHETHKOB,
BEKTOpHass cyMvMa M MarHHTHBIX MOMEHTOB IOJPEILETOK B 3THX TeJaX
OTJAHYHA OT Hy#asl. @PeppoMarHeTHK MoOxXeT ObITb KaK KOJJIHHEapHbIM
(eciM MarHHUTHbIE MOMEHTBI BCCX IMOApEIUeTOK B HeM I1apajuiesibHH
HJIH aHTHIapanajesbHbl), TaAK H HEKOJUTHHEAPHBIM,

§ 38. MarsuTHble KJacchl H NPOCTPAHCTBEHHBIE IPYNIbI

ITokaxeM, KakuM 00pa3oM (akTHYECKH CTPOSITCS MATHHUTHHE
TPYNNbl CHMMETPHH; HAYyHeM C MAarHHTHBIX KJIacCOB.

Kak yxe YKasbiBajoCh B MpeAbllylleM naparpage, MarHHTHbIE
KJaCCBl MOXHO pasfienuTs Ha TpdH THna. K tuny I orHocsites 32
OOBIYHBIX KPHCTAJIMYECKHX KJiacCa, He COJepXKallHX 3JeMEeHTa R
BoBce. K tuny Il orHocsircs te e 32 Kaacca, AOMOJNHEHHBIX 3Je-
MeHTOM R. KamxJAbld Takod KaacC CONEPXKHT BCe 3JeMeHThl O0BIY-
HOro KJacca (TOYe4HOH rpynnel @), a TaKkKe BCC 3TH XKe 3JEMEHTHI,
yMHOXEHHble Ha R; 0603HAauyHB MarHHTHBIH KJaacc cHMBoOaoM M,
MOXXHO Hamnucartb

M=G+ RG (38,1)

(npeoGpa3oBaHue R, pa3symeeTcsl, KOMMYTaTHBHO CO BCEMH IPOCTpaH-
CTBEHHBIMH [OBOPOTAMU H OTpaxeHHsiMH; noatoMy RG =GR, rje
G — 6ol snement rpynnel G).

STH JBa THNA KJacCOB SIBJSIIOTCH, B H3BECTHOM CMHBICJE, TpPH-
BUaabHbMH. K HerpusHasbuomy Tuny II1 otHocsitest 58 MarHHTHBIX
KJaCcCOB, B KOTOPHIE 3JeMeHT R BXOIHT TOJbKO B KOMOHHaAUHUsX
C MOBOPOTaMH HJIH OTpaxKeHHsiMH., KaxIbli H3 HHX, €C/lH 3aMEeHHTb
B HEM OnepanHio R TOXIeCTBEHHBIM IpeofpasoBaHHeM, NepPexOlHT
B OJHH M3 OOBIYHBIX KPHCTaNJIHYeCKHX KJaccoB . [locTpoeHne Bcex

RAATIIITYMYTTITY  xrvraAnAnA~ATY  Am TFTTA MAAYTTITANMN TTLY ™

MarHHTHBIX KJ/aCCOB 3TOr0 THIId OCYILCCTBAACTCH
AYIOWHX COOBpaxKeHHH.

O6o3nayum cumBOAOM H COBOKYNMHOCTb 3JIeMEHTOB Trpynnel @,
KOTOpBIE OCTAIOTCH (NMPH MOCTPOEHHH MarHWTHOro Kjaacca M) He ymHo-
xKeHHbiIMH Ha R. Ilo camomy onpeleneHHi0 TakKOH COBOKYMHOCTH,
OHa COJePXHT eJHHHYHBIA 3neMeHT £ (B npoTHBHOM cayyae M co-
Jepxana Obl 3jeMeHT R cam mo cebe, T. €. oTHOCHaach Obl K tumy 11),
a TNpou3BeJleHHA OO0 mapbl ee€ 3JIEMEHTOB JAlOT 3JEMEHTBl TOH XKe
COBOKyNMHOCTH, [Hpyrumu cnosamu, H ecTtb noarpynmna rpynnk G.

Fal é j 24
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Bce ocrannHbie 37eMeHTH rpynmkl G BXOAAT B M yMHOXEHHBIMH
Ha R; mnockoJsbKy R*=FE, TO BCe INONApHbLIe MPOH3BEJEHHS 3THX
3JIEMEHTOB TPVYINB fB1AIOTCA 3jeMeHTamu rpynns H. Otciopa cae-
aAyer, uyro H-—noarpynma rpynnu G (1 tem camuM rpynnsl M)
HHAcKca 2'). IIpyruMH cjJoBamH, CTpyKTypa MarHHTHOro Kjacca M
tuna 111 moxer OwnITh mNpejcTaBieHa B BHJE

M —H+ RG,H, (38,2)

rae (,—Kakoi-au60 snemeHTt rpynnsl &, ne Bxoasud B H. Oue-
BHJAHO, uTo rpynna M u rpynna G = H - G,H u30MOphHHI.

Takum ofpa3om, 33a7aua O MMOCTPOEHHH BCEX MAFHHTHHEIX KJ/JacCOB
CBOAMTCH K HAXOXK/]EHHIO IOATPYNN HHjAeKca 2 BCeX KpHCTaljHye-
CKHX KJacCoB. B ¢BOIWO ouepein, nocjaenHss 3ajaua JerkQ pelaercs
C IMOMOLLLI0 TaGJHIl XapaKTepOB HENPUBOJUMBIX IPeACTABJIEHHH TO-
yeyHuIX rpynn. Kaxpoe HeeiHHHUYHOE OjJHOMEpHOe mpejcCTaBJeHHe
IpPynobl CONEePXKUT PaBHOR YUCAO XapakTepoB --1 u —I1; 3jeMeHTH
C xapaktepamu -1 cocTapasiioT noArpynny wunjaerca 2. Ilpu nepe-
X0J€ K MarHMUTHOMY KJacCy 3TH 3JEMEHTol OCTAlOTCS HEH3MEHHLIMH,
a BCe OCTalbHBie yMHOXKawTcs Ha R.

[TpouwsticeTpupyem 3Ty NpoueAypy HAa npuMepe TOUeYHOH TPyNilbi
C,,- Tabnnua xapakTepoB ee HerpHUBOAMUMBIX npeactaBJjenuii (cm. 111
§ 95):

£l C, | 2¢, | 20, | 20,

A, 11 1 l 1 1
Byl 1| —l 1 —l
By, |1 1| —1 | —1 1
E 2] -2 0 0 0

Heequnuunbe ogHomepuue npeactaiaenus: A,, B,, B,. B npea-
CTaBJeHHH A, 37eMEHTH C Xapaktepamu -1 [06pasyiorT nmoarpynmy
C,. CoOTBeTCTBYIOUIMIT MATHHTHBI KJace, KOTOpH OGO3HAUMM CHM-
Bosiom C,,(C,) cocTaBNeH H3 3JE€MEHTOB

E, C,, 2C,, 2Rc,, 2Ra),

B mpeacraBnennax B,, B, aneMeHTH € Xapaktepamu -1 o6pasyioT
noarpynne  C,,, OTIHYAKOLINECS JHIUL PACIONOKEHHEM MJOCKOCTEN
O, M0 OTHOUIEHHI0 K (PUKCHPDOBAHHOH CHCTeMe KOOPJMHAT. ITH 1oj-

') 210 3naumT, YT TMOArpynna K CONEPHHT BJABOE MEHbIIE 3JeMEeNTOB, HeM
Ipynna G. Yxaszannoe yTBepikKJeHHe — CNeACTEHE OBLIEl JOBOJbEO OYeBUAHON Teo-
PeMsl: Tionrpynna £ rpynnel G umeer MHACKC 2, €CJH Ii TO.ILKO €Cid [pPOU3Beje-
HHe MOOLIX ABYX 3J€MeHTOB Ipynnsl G, ne BXojsimux B H, ectb aneMeHT 3 H.

7 A, A Jlangay, E. M. Jlndung
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TPYIIBL KPUCTAAAOrpaduueCKd HepPasAvuUMEl, U MM OTBeYaeT OAUH
U ToT XKe maruutHbid kaacc C,, (C,,) ¢ 3aemeHTami

E, C,, 2RC,, 20,, 2R0,.

[lepetpae takum ofpaszoMm BCe 32 KpuUcCTaAJAHYeCKHX KJhacca, I10-
Jyuum 58 MarnuTHHX Kjaccos Tuna lII, nepeuncnennbix B TatGa. 1.
Kaxabifl knace G (H) onpenensierca Ucxoauoil Todeunolt rpynmok G
u ee noarpynmoli f—oaHOH H3 IepeuHCAeHHHX B CKOOKax nocte

I v . L 11 3

Tab6unuma |. MarHuTHbIe KIacchl

C; (Cy) Csy (Cy)

Cs(Cy) D (Cy)

Cz (Cl) ﬂsd {33, Sss Csv)
szh (Cz‘, Cs, Cs) Cah (Ca)

Cyy (Cs, Cy) Cs (Cy)

D, (Cy) Dsp (Cspy Cay, D3)
Dzh (Dz, Czh, C2v) Cin (Ce, SG, Csh)
Cy (Cy) Coy (Co: Csy)
5,(Cy) Dy (Cy, Dy)
D,,;(S,, D,, Cs) Dy (Ds, Cop, Copy Day. Dp)
D, (C,, D) Tp(T)

Csy (Cy, Coo) 0(T)

Cin (Cyy Con, Sy) Ty(T)

Dy (Dy, Cip, Dop, Coy, Dyy) 0,0, Ty, Ty)
5:(Cs)

MNOATPYII MHJAEKCA 2, M [OTOMY HeT IIOCTPOEHHHEIX HAa MX 06ase mar-
HUTHBHIX KJaccoB. Ormerum Takike, 4ro noBopoT C; HUKOIAAa He BXO-
JUT B MATHUTHHI (HeTpUBHANALHHI) KJjacC yMHOXKEHHBIM Ha R; 1mo-
Bopot CyR mocie TpexXKpaTHOTO IOBTOPeHUA mpuBesJ OHl K Ipeobpa-
30BaHUID R, OTCYTCTBYIOIEMY B KJjaccax 3TOoro Tdma'l).

B npeabpaymeM mnaparpade yike 0TMEHajnoch, 4TO O BO3MOMKHOCTH
CYLIECTBOBAHMSA (epponMarHeTysma Hesb3sl CYAUTH II0 KpucTanjorpa-
dudeckoMy KJaaccy. Has niamocTpanMd PacCMOTPHM TeTPArOHAbHYIO

pedleTKy H3 OJUHAKOBBIX aTOMOB C MATHUTHBIMH MOMEHTAaMH, Ha-

1y B abcTpakTHOM TeOpHUM CHMMETPHH O MArHHTHOH CHMMETPHH TOBOPAT Kak
06 antHcHMMmerpuu. Haes anTucHMmeTpHH Obl1a BLIIBHHYTA HE32BHCHMO XeemleM
(H. Heesh, 1529) u A. B. I[Hybrurxoeom (1945). Knacchl aHTHCUMMETPHH OblaH
nanaensl [Hybnurkosom (1951) Kak rpynnsl CHMMETPHY T€OMETPHUCCKHX PHIryp (MHO-
TOrpaHHHKOB) € TpaHsIMH, OKpalleHHLIMH B JBa ILBeTa; 3JaeMedTy R cooTeeTcTBYeT
IpU TOM Ofepauds H3MEeHeHWst IBeTa rpanedl. Kak rpynmnbt MarkHTHoOH CHMMeT-
pHH, 3TH K1acel Gouint moayuenst 5. A. Taseepom w B. M. 3atiyesom (1956).
Manoxkennblil 3fecs crnoco6 HX BuiBoja NpuHasiexur B. J. Hadedaboruy (1959).
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IpaBJE€HHBIMU BJ10Jb TeTParoHasbLHOH oCH '). Ee MarnuTHEI KpHCTa-
JMUYeCKU# kyace: Dy, (D,), copepxamuii npeoGpasoBanus 2)

E, C,, 2C,, 2U,R, 2U,R,

{, o, 28,, 20,R, 20,R,

Bce 31 mnpeobOpasoBaHUs OCTABAAKT HHBAPUAHTHBLIM AKCHAJAbHBIH
BeKTOp M, Hanpas/ieHHLIH BJOTHL OCH 4eTBepPTOro nopsjaka. Mexay

TeM, KPHCTa/JLJHYecKHd Kaacc D,, caM no cefe He jponyckaa Owl
CYIiIeCTBOBAHUA AKCHaJbHOTO BEKTOpPA: Bce €ro KOMIOHeHTm M,
M, M, mensan Obl 3HAK, Hanpumep, NpH NOBOPOTE BOKPYr TOH
AN WHOH OcH BTOPOI'O MNOPSJKA.

[lepeiineM K npocTpaHCTBEHHBIM MarHHTHBIM rpynnaM, OHH Ha-
XOAATC B TAKOM K€ OTHOLIEHHHM K OOBLIYHBIM KPHCTAJLIMYECKHUM Tipo-

CTPaHCTBEHHLIM IpynnaM, KaKk MarHUTHbBIE KAacChl K KPUCTAMJIHYECKHM
KjaccaM: I[lepBble CBOAATCA K NOCAELHMM, ecad 3aMeHHThL npeobpa-
30BaHMe R TOXJIecTBEHHbIM IipeofpasoBaHuem. [IpocTpancTeenHbBIX
MarHUTHBIX TPYNIl HMeeTca Bcero 160l; KakK M MarHuTHBE Kjacew,
OHH NOAPa3eJsAlOTCA HA TPU THUIIA.

K tuny I otHocatrca 230 rpymm, cOBNAjaloliuX € KPHUCTaJI0-
rpadHYecKUMH H He cojepxKaigHx npeobpasoBanus R BOBce, a K TH-
ny Il —te xke 230 rpynn, JONOJHEHHHLIX 3J€MeHTOM R.

K nerpuuansnomy tuny III ornocarca 1191 rpynn, coxepxa-
e peobpaszopaHue R JHil, B KOMOMHALLMM ¢ KAKHMH-AHOO MOBO-
pOTaMM, OTPAKEHUAMH HJAM TpaHCAAmUAMU. OHU HUMEIT CTPYKTYPY
(38,2), raie H— kakas-1ubo moiarpynna MHAexKca 2 KPUCTANJIHYECKOH
npocTpaHcTBeHHON rpynns G, a G, —3aeMenT U3 @, He BXoasiuuii B H.
Ouesuano, yro noarpymnna A jaomxHa COBIajaTb C HCXOJAHON 11po-
CTPaHCTBEHHOH rpynnoi U nubO 110 CBOEH TPAHCAAUHOHHOH CUMMETPHH,
JUGO 1O CBOEMY KJaccy; B NIepBOM CJyyae OHa HMeeT BjIBOE MeHbille
«[IOBOPOTHBIX» 3JIEMEHTOB ([TOBOPOTOB H OTpakenui), dem rpynna @,
a BO BTOPDOM —B/(BO€ Me€Hbiue TPaHCIANUNH. COOTBETCTBEHHO 3TOMY,
tin 111 mMoxkHO moapasjgenuTs ene Ha jJBa MOJATHIIA.

K mopruny 11la oTHeceM MarHHTHBIC IPOCTPaHCTBEHHbIE IPYNNEI,
anst koTopelX G, B {31,2) ecTs Kakoe-THOO «IIOBOPOTHOe» rpeobpa-
30BaHue Kpucrasguuecko#d rpynnsl G = H -4 G H, ne Bxoasimee B H.

WMED  nNelsTka rhnnnnuqruu“r‘unﬁ rhq':nd weneza, B KDHCTAN G-
\-’P’ P Ll LIy 4 \iJ\'HtJULlul ALEL A llVId \.‘.ﬂ AT L’ lel\,lulf-‘v‘.‘U

rpaqmqecxou OTHOLUEHHH oOHa TpelcTaBiaser cobofi c1alo HCKa)KeHHYIO (B10Mb
OfHoH M3 ocefl yerBepTOro Nopaaka) KyOwueckyio pewerky. Mckaxenne — pesyasn-
TaT MarHUTOCTPHKLHM, BO3HHKAWOWEH B CHJAY CAMOTO HAJIHYHA MArHHTHOH CTPYyK-

TYPphI.
?) O6osunauenun aJjemenTos cummerpu#d Bezge no 111 §§ 93, 94. B uactnocry,

r 1]
Us, U;—rmoBoporsi Ha 180° BoKpyr ropu3oHTaNbHLIX Ocell, MePreHIHKYASpPHLIX
OCH 4-ro mopfAzKa, Op—OTPAKEHHe B TOPH3OHTAILHOH MJAOCKOCTH, Oy, Oy—OTpa-

HKEHUs! B BepTHKAMLHLIX TJIOCKOCTAX, TpoXolsiiux 4eped ocd €y u Uy, Us. Cam-
BOMbl UyR, 0R W 1. 11, 0603HAYAIOT TJIOCKOCTH M OCH CHMMETPHMH, KOTOpble BXOIAT
B RaHHbIH KaAacc B KoMOGuHalHH c mpeoGpasoraiveM R.

1y Tawvapa 119
’ 1 uK\UI.Ju, Ilgily

)
o

7%
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Tpancasiunonnas cuMMeTpus (pemletka DpaB3) npocTpaHCTBEHHOH
rpynnbl M 3TOro THna COBnajaetr € TPAHCASIMOHHOH CuMMeTpHel
rpynnbl @ ApyruMH CJAOBaMH, 3JEMEHTapHas sYefiKa MarHUTHOH
CTPYKTYphl COBNajaeT € YHCTO KpHCTAAAOrpaHueckoil 3JeMeHTap-
HOH s4eldKkOl. TH NpPOCTpPAHCTBeHHbIE MACHWTHHle Tpynnbl (HX
Bcero 674) OTHOCATCA K MarHUTHBIM K.Jaccam tdna I11.

K noatuny 1116 ornecemM MarHuTHbie npoCTrpaHCTBeHHbie T'PYINIb,

1 ’

TPAHCASIMS HAa OAMH H3 OCHOBHBIX NepHoAOB rpynnel (. DneMeH-
TapHas sdYeilKa MaTHUTHOH CTPYyKTYpbt 1o obbemy BjABOe O§OJbille
KpuctannorpadudyeCKon 3/eMeHTapHOH fdeidku. COBOKYIIHOCTb YUCTH X
TPAHCJASIIHA H TpaHCASIHH, YMHOXEHHBIX Ha R, ofpasyer mazrum-
Hyw peuiemky b pas3; BCero umeeTcsl 22 pasjUUYHBIX TAKUX PEIIETKH.
[lpocTpancreennbie marsuTHote rpynnbt tuna 1116 (ux umeercs Bcero

017) oTHOCATCA K MArHHTHEIM KJaaccaMm THna i11Y).

3anava

[TepeurcanTh MArHUTHBLIE KJACCHI, JOTyCKamwilne (eppoMarHeTUsM.

Pemenune Kuaccer tuna 11 He ronyckaioT deppomarnetusma. FlogueprHen,
YTO TeM CamblM He JOTYyCKaoT deppoMarneTH3Ma BCe NPOCTPAHCTBEHHBIE 1PYTLI
tunos 11 u 11156, conep:kaune B cebe ymHOKeHHble HA K Tpauc/IsuuM (3TU npe-
o6paszoBanuf 3aBelOMO MeHMOT 3HaK M); apyrnMu croBamu, p/isl CyilleCTBOBaHHSA
(eppoMarHeTHamMa BO BCAKOM C/yuae HeoOXoAMMO, 4TOOBI MarHUTHad 3JEMEHTapHAdA
suelika coBmagana ¢ xpucTamiorpaduueckoi 2).

M3 knaccos tuna | (coBmaparownx ¢ OObIMHBIMH KPHCTAMIMUECKHUMH KJacCaMH)
CYllecTBOBAHHE aKCHAJILHOTO BeKTOpa M jomyckaercss kJaccami:

C;, C;—M B nwoboM BanpasJeHUH,

C;—M B NNOCKOCTH CHUMMETpUH,

Co, Cyp, Cy, §,. Cap, C3, Cy, §g, Czp, Cop— M BJOIL OCH CHMMETPHH.

Ias cymecrsosaHusl ¢eppoMarneTusma B KJaaccax tuna 111 Bo Besikom cayuae
HeoOX0UMO, 4TOObl OHHM HE COjlepXKa/in 3JMeMeHTa [R, MeHsOIero 3HaK sekTopa M
npu mobom ero nanpasaeHud. Hs uycaa 3THX KJ1accoB JONYyCKAOT (eppoMarte-
TH3M CJeAyIomHe:

C,(C,), Cyp (C;)—M mnepnenpuryasped ocd C,R;

C,;(C;)—M B naockoctH OR;

Cs, (C5)—M B nyockocTH 0y,R nepneHIuky/aapHo ocH CyR;

Dg (Cz), C2‘U (62), Dgh(C2h)—M BI[OJII‘) OCH Cg,

Dy (Cy), Cyy(Co)s Doy (S1). Dy (Cuy), D3(Cs), C3y,(Cs),
Ds; (S5), D3n (Cyy), Dg(Cy), r.‘,,_{m Dgp (C

o I {-.‘A
Y670 3R \~3Ak uin L.

Yy ITocTpoeHHe BCceX MarEMTHEIX TIPOCTPAHCTBUHHBIX T'PYNN (Kak rpynn aHTH-
cuMMeTpun) ocyuectsiedo A. M. 3amopsaeson (1953) w H. B. Beaosoim, H. H. He-
porosoit, T. C. Cmupnosot (1955); cocTaB/IeHHBE TIOC/TEIHUMH ABTOPAMH TaGIUib
atuXx rpynn—eM. Tpyast HMucruryra xpucranmorpaduu, 1995, 1. 11, c. 33 (aur-
aufickuit nepesog—s xHure Shubnikov A. V., Belov N. V. Coloured summetry.—
Pergamon Press, 1964). HauGoses nosHbie Tabiunbs MarHUTHBIX TIPOCTPAHCTBERUBIX
rpynn u ux csoicts — Konyux B. A. llly6Hukosckue rpynne.—- Hag. MIY, 1966.

*y CHOBa HaTOMHHM (cp. mpumeuanue Ha cTp. 193), YTO peusn HAET O CHMMET-
pHM  pCUIeTKH, y:Ke HCKaKeHHOH caMuM CYUIeCTEOBAHMEM MArliuTHOH CTPYKTYPBL,
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§ 39. deppomarseruk BOMM3M Toukn Kropu

Meskly MArHUTHBIMH CBOHCTBAMH (eppOMarHeTHKOB H 3JeKTpPH-
eCKMMH CBOHCTBAMH CeTHETO3JEKTPHKOB HMeeTCsl JaleKo Huayuias
anajorusi, Te u apyrve o0/ajaioT, B MAKPOCKONHYeCKHX oObeMax,
CIIOHTAHHOH MO/APH3aNHEH — MarHUTHON MJH 3JeKTpHuecKol. Mcyes-
HOBeHHe 3TOH INOJAPH3AUHHM OPH H3MEeHeHHH TeMIlepaTyphl B 0DOHX
cayyasix MPOHCXOIHT NyTeM (as3oBOro rnepexoaa BTOPOro poaa (TOuKy

nepexona Mexay ¢eppo- H mapaMarHHTHOH ¢asaMH Ha3biBAWOT Mo4-
kot Kropu).

B TO xe BpeMs Mexny (GeppOMarHHTHBIMH H CerHeTO3/eKTpHye-
CKHMH SIBJEHHSIMH HMEIOTCA W CYLIeCTBEHHHIe OTJIHYMS, CBsA3aHHBE
C pas3HHIEe#l B XapakTepe MHUKPOCKOIHYECKHX CHJ B3aHMOJAEHCTBHS,
NPHBOASIINX K YCTAHOBJEHHI0 CIIOHTAHHOH IOJSAPH3ALUH. ¥ CerHeTo-
3JeKTPHKOB B3aUMOJEHCTBHE MOJIEKYJ B KPHCTAAJHYeCKOH pellleTKe
CYILeCTBEHHO AaHH30TPONHO, B pe3yjbTaTe 4yero BEKTOP CIOHTAHHOM
NOJISIPH3an UK OTHOCHTEJbHO IMPOYHO CBA3aH C ONpe/le/IeHHBIMH Ha-
npaBJaeHUSMU B KpHCTaJLIe.

Bo3HUKHOBEeHHE Xe MArHHTHOH CTPYKTYpPH,, B TOM YHc/ae (eppo-
MArHHTHOM, CBf13aHO B OCHOBHOM C OOMEHHBIM B3aHMOJEHCTBHEM
aTOMOB, KOTOpOe BOOOIe He 3aBHCUT OT HallpaBJ/eHHs CYMMapHOro
MarHHTHOTO MOMEHTa OTHOCHTeMbHO pemreTkH'). [lpaBna, Hapsny
¢ OOMEHHBIM CVIIEeCTBYeT TakKKe M HellOCPeACTBEHHOe MATrHHTHOe
B3aHMOJIeHCTBHE MexKjly ATOMHBIMH MAarHHTHBIMH MOMEHTaMH. IDTo
B3aHMOJIEHCTBHE, OJIHAKO, TpejcTaBjsier Co00H 3ddekT ~ v*/c* (v—
H4TOMHblEe CKOPOCTH), NOCKOJbKY CaMH MarHHTHBIE MOMEHTBI aTOMOB
€oflepxat MHOxRHUTENH 1/c. K 3TON Xe KaTerOpHHU OTHOCHTCS H B3aHMO-
JeHCTBHE MArHHTHBIX MOMEHTOB 4aTOMOB C 3JIeKTPHUECKHM I10JIeM
KPHCTaA/IHUYeCKOH pellieTkH. BCe 3TH B3aHMOIeHCTBHA (KOTOPhie MOXHO
HA3BATb PEATMUBUCMCKU MU BBHIY HaJHYHA B HHX MHOXHTens 1/c?)
ABJSIOTCS C1abbIMH 10 CPAaBHEHHIO C OOMEHHBbIM B3aHMOICHCTBHEM H,
TakHM 00pasoM, MNPHBOASAT JHIUL K CPaBHHUTEIbHO C/1ab0i 3aBHCH-
MOCTH 3HepTHH KpPHCTajajla OT HanpaBJeHHs HAaMarHHYeHHOCTH. Takoe
COOTHOILEHHE Mex1y OOMEHHBIM H pPeJsiTHBHCTCKHMH B3aHMOJeHCT-

BHaAMH OyJeT mpeanoJjarathcs Beslle HH¥Ke B 3TOH rJase 2).

1) O6MeHHOe B3aUMOAEHCTBUE SIBJSIETCH, KaK HM3BECTHO, CHEnH(HYECKHM KBaH-
TOBBIM D(PEKTOM, BO3HHKAOQULHM B CBsI3M C TOH WM MHOM CUMMeTpHeH BOJHOBLIX
OYHKIMHA CHCTEMbl YaCTHL, 1O OTHOLIEHMIO K HX NepecTaHoBKaM. [lepecTaHoBoYHAd
CHMMETpHsl BOJIHOBbIX ¢yHKNHE, a ¢ Heio ¥ oOMeHHOS B3aWMOACHCTBHE, 3ABHCHT
TOJALKO OT DOJHOrO COHHA CHCTeMbI, HO He OT ero HanpasJjenus (cm. [I1 § 60).
Ponn ofmenHOro B3auMojeiicTeusi B (¢eppoMarHeTukax Oblla BhiepBbie OTMCUEHA
A. H. Ppenxeren, . I'. Hoppmarnon v B. Ieisenbepeom (1928).

%) TTops10K BETHUMHBI OTHOLIEHUS! PENATHBHCTCKUX B3auMOICHCTBHIl K obmen-
HOMY XapakTepuayeTcst oTkomeHueM U,u/NT., rie U,y—>Heprus Mar{uTIOl
AHU30TpONHM (cM. caefywomuil naparpad), N-—upcao aTOMOR B €fUHULE obnema,
T ,.— remneparypa Touxku Kiopu. [las $eppoMarHeTykoB OHO COCTARAAET OGBIMHO
10-2 —10~~. B psie heppoMarHeTHKOB ( pe/IKO3eMebHLIX MCTANIaX U X COelMHEelHAX ),
OHAKO, 5TO OTHOLIEHHE MOKeT OKa3aThCsl 3HAUUTeNbio OOMblUC M JaKe JOCTHTATE
3HaueHHUil MOpSAKE CIAWHULL,— KaK BBHIY «anoMa/bHO» OGOJBILOH 3HEPrUH aHH30-
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CrenoBate/IbHO, HAMAarHHY€HHOCTh (eppoOMarHeTHKa sIBAsIETCS Be-
JUUYMHOH, KOTOpas B NepBOM NPHOJMKEHHH, T. €. 0 OTHOIUIEHHIO
K OCHOBHOMY (OOMEHHOMY) B3aUMOJICHCTBHIO, COXpaHseTcs. D10 06-
CTOSITE/IbCTBO INpHjaeT OGoJsiee TIYyOOKHH (DH3HUECKHH CMBICJ TEPMO-
AWHAMHYECKOH TEOpPHH, B KOTOpPOH HaMarHWueHHOCTh M paccmartpH-
BaeTcAd KaK He3apHCHMAas epeMeHHast, GaKTHUeCKOe 3Ha4YeHHEe KOTO-
pod (Kak (YHKUHH TeMnepatypbl, NOasf H T. II.) onpe)_leﬂﬂe'rc;r 3aTeM
COOTBeTCTBylomMMH yc.HOBHHMH Ten.noaoro paBHOBeCHH 1),

nHan eﬂ,HHHubI oﬁbema BELECTRA, paCCManHBaeMbiH KaK q)yHKuHH
HE3aBHCHMOH nepemeHHol M (Hapsay ¢ ApYTHMH TepMOAH HAMHUYECK HMH
nepeMeHHbIMH). Dyaem 1oka npeneGperaTh peJisiTHBHCTCKHMH B3aHMO-
JAEHCTBHSAMH, T. €. YUHMTBHIBATh JHIIb OCHOBHOe, O6MEHHOe B3aHMOJEeH-
cteue. Torga @ (M, 0) moxer OblTb yHKIHEH TOJbKO abCOTOTHOH
BeJUYHMHB], HO HE HanpaBJeHHA BekTopa M.

Jinsi toro 9ro0bl HAaHTH TEPMOJMHAMHYECKHE BEJHUYMHBI IIpH OT-
JUYHOM OT HyJs noje H, moctynaem TOuHO Tak, Kak npH BeiBoae (19,3):

HCXOQAHM M3 coorHowends 0M/0H = — B/4n u Haxopnm
& (M, H)=D (M, 0)—MH 1 (39,1)

Jns norequuana @ umeem o1cioaa

O M, B)=D 42— ® (M, 0)+ 1= =D (M, 0) + 5= (B—4aM)*.
(39,2)

[Ipn npene6pekeHHH MArHHTHOH aHM30TPONHeHd deppoMarHeTHKAa Ha-
IpABJEHHs BEKTOPOB M u H, pasymeercd, CcOBIAjaIOT, MNO3TOMY
B ¢opMyaax \ov 1—-—4) MOXHO I[HCATb BMCCTO- BEKTOPOB HX abco-
JMOTHBIE BeJIHYHHBI.

B6ansun touku KiopH HamarHuueHHocTb M mana. PaccmoTpim
cBOHCTBA (beppOMarHeTHKa B 3TOH 06aacTH B paMKax OGIEHd TEOpHH
¢a30BbIX IEPEX0/ 0B BTOPOro poaa Jlauaay ®). Cneaysa 5TOH TEOpHH,
paztoxum @ (M, 0) B pax 1o cremeHsm BekTopa M, Hrpatoiiero
posib TNapamerpa nopsaka. Pasjoxenne H30TpONHOH (QYHKUHH 110
CTENIeHSAM BEKTOPHOH BEJMMUYHHBI MOXET COJAEepKaTb JIMIIb YJCHHI

TPOTIHM, TaK H BBHAY OTHOCHTeJbHOH cmafocTH OOMenibiX B3anmonedcteuh. Bos-
MOJKHOCTH MAaKpOCKOTHYECKOH TeOpHH B TIpUMEHEHMH X TaKHM MAarHeTHKam, pasy-
meerca, Gomee orpanuuendl. Jerambuoe o6cyrkaeHHe MHKDOCKONHYECKHX MEXaHH3-
MOB pa3JHUHbLIX B3aUMOJCHCTBHI B KOHKPeTHHIX MarHeTHKaX BBIXOAHT 33 DaMKH
3TOH KHHIH.

1) Tlo cBoedl MaKpOCKOTHYECKOH MATHHTHOH CHMMETPHH H TIO CcBOeMy TO-
BeJleHH® B He CJHINIKOM CHALHBIX MATHHTHRIX TIOASX KOJJIHHEaDHbie (eppHMar-
[ €THKH HEOTHYHMB OT (PEPPOMArHeTHKOB B Y3KOM CMbLICIE 3TOrO CJI0Ba (CM.
kouery § 37). HManaraemas HH)Ke TEOPHSI OTHOCHTCH K 00eHM 3THM Kareropusm mar-
HETHKOB.

%) CpoiicTBa (eppoMarHeTHKa BO (IyKTyalHoHHOH ofmactd BOJAM3IT TOYKK
Kiopu 6yayT paccMotpens B § 47,
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YeTHBIX CTeneHen:
D=+ AM? + BM* —MH — 1, (39,3)

rle CI)ﬂ, A, B-—OQyHKUHH TOJIBKO TemIepaTyphl U faBJeHHA ).
Touka l\}opﬂ T=T,(P) onpenensiercs obpaieHHeM B HY b K03(-

¢bunrenTa A, npuuem 4> npu T >T, u A<<O0nopuT < T, (ra-

KOe TemnepaTypﬂoe pacnonomeHHe (1)33 HMeeT MeCTO BO BCeX H3-

OﬁﬂaaTeJn)Hbm) B6Jm3p1 TOYKH Kzopn HMeeM
' A=a(T—-T),), (39,4)

rhe a > (0-—He 3aBuUcCALlas OT TeMOepaTypbl mocTOsiHHAS. Bhipaxke-
HHe {39,3—4) orsmuaercs ot (19,3) JMHUIL CMBICAOM BeHYHH: M BMeCTO
P u H Bmecto E,. [Tostomy mnpuBeieMm ciaepyiomue U3 (393 4)

oL n & 10 n
BIBOALI, He HOBTOpHH BCeX H3J0XeHHLBIX B Ny v yaccy}KﬂeHHH

CrioHTaHHas HaMarhHUYeHHOCTL B ¢eppOMArHUTHON dase MeHsAeTCH
¢ TeMIlepaTypoH IO 3aKOHY

M= }/-2—“5(7‘0—7‘) . (39,5)

Briie TOUKH KI’OPH CliIOHTAHHAd HaAMaArHUYEHHOCTD OTcyTCTBYET,
d MdATHHTHa#s BOCHpHHM'—IHBOCTb paBHa
I
A= —T,

(39,6)

T. €. HUMEeT MeCTO IapaMarHeTH3M ¢ BOCIPHUMUYHBOCTHIO, OGPATHO
nponopunoHaabHod T —T  (3axon Kropu— Beticca). Humxe TOUKH

Kropu HMeem M

oM 1 aa
LEN\BH Jis T T —T) - (59,7)
Hanomunm, ©4HaKO, 4YTO 3Ta BeJHYMHA He sABJSETCS 37€Ch BOCIpPH-
HMUHUBOCTbIO B OOBIYHOM CMBIC/IEe €0Ba (T. e. Ko3dpduiueHTOM Mnpo-
MOPUHOHANLHOCTH MexaAy M u H), Tak Kak M ==0 u npu H=0.

@akTHYeCKH BOCHPHHUMYHBOCTE (39,7) MOMKeT AOCTUraTh 3HAUeHHH
nopsjka eJHHHMUB JHLIIbL B HeNOCPeJCTBEeHHOH OJM30CTH K TOUKe
Kiwopu. Otsiekascb OT 3TOi 06JacTH, Mbl MOXKEM CUHTATh, YTO Ha-
MarHudyeHHOCTh M BecbMa cJjab0 MeHsleTcsl MOJ BJMSIHHEM MArHMT-
HOro moJsi M MOXKET paccMaTphBaTbesl MpH 33/1aHHOI1 TemIieparype
KdK IMMOCTOAHHAaAdA BeJiH4YHHA, YTO H UY}lEI IIpBILHUJIdI‘dTbCH B LJlE}lyHJ'
WUX naparpagax.

M B 3TOM oOTHOWIEHHHM HMeeTCHl pas3/nuHe MeXay (eppomarHeTH-
KaMH U CerHeTO3JeKTPHUKaMH, y KOTOpeIX OP/CE, BOOOnIE TOBODA,

!) Tor thaxkT, uTO pas3ioKeHHE COJEPXKHT UJEHBI TOJbKO UETHHIX CTENeHeH 1o
KoMmnoHeHTaM BekTopa M, umeer # apyrywo, Gosee raySoxyio, NpUYHHY, HE CB-
3anHyi0 ¢ OOMeHHLM npubaviKeHHeM: BeJHUHHaZ M HeueTHa IO OTHOLIEHHIO K O6pa-
WEHWIO BPEMEHH, MEKIV TeM KaK TepPMOIMHAMHUECKNHH MOTEHIHAJ HZOJdXKEH ObiThb,
PasymeeTcs, HHBAPHAHTEH IO OTHOLUEHHIO K 3TOMY Tpeol; 430BaHHI0.
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He MaJjo0 jaxke BAadu oT Touku Kropu. [Ipuunna cHOBa /J€XHT B Ma-
JIOCTH ATOMHBIX MarHUTHBIX MOMEHTOB 110 CPaBHEHHIO C 3JEKTpHYe-
CKUMH JUIIOJbHEMH MOMEHTAMU MOJIEKY.JI.

B § 19 6b10 OTMEYEHO, YTO HAJOMEHHE 3JeKTPUUEeCKOoro 105
PasMBIBACT JHCKDETHYIO TOUKY ¢dasoBoro mnepexojga BTOPOroO poaa
B CErHETO3/ieKTPUKax. 10 K€ CaMOe OTHOCHUTCH, KOHEYHO, U K Oep-
pPOMAarHeTHKY B MarHutHoMm node. [Tockosbky B O6MEHHOM npubIu-

YKEHHH HanpaBneHm M u H COBIAAAI0T, TO B 5TOM HpHﬁJIH)KeHHH

HaHpaBJIEHHPI H

§ 40. JHeprusi MarHMTHOH AHU3OTPONMH

Kak y:xe OBIJIO YKa3aHO, aHU30TPONHSl MarHUTHLIX CBOHCTR (eppo-
MarHeTHKa CBf3aHa CO CPABHUTEABHO CJAOBIMH PeIATUBUCTCKHMU
B3aUMOJICAICTBUAMH MEXJy ero aroMamMu. B MakpOCKONHYeCKoil Teo-
pUH 3Ta AHHU3OTPONHUA OMUCHIBAETCA INyTEM BBEJCHHS B TePMOJHUHA-
MHUYECKHH MOTEHIIMAJA COOTBETCTBYIOUIUX WICHOB — dHepalULl MACHILIHOL
QHU30MponuL, 33aBUCALLeH OT HanpapJdeHUs HaMarHUUEHHUS.

Beiuyc/ieHHe 3HepruM aHU3OTPONHH, UCXOAS U3 MUKPOCKOIHUECKOH
TEeOPUH, TPpeboBaso Obl MPHMEHEeHHS KBAaHTOBOMEXAHUUECKOH TeOpHUH
BO3MYUIEHHH, B KOTOPOH POJIb BO3MYLIAIOLIEH SHEPTUU UTPAIOT YJeHbB
B raMHJbTOHHAHE KPUCTAJa, ONHCHIBAOIINE PEISTHBUCTCKUE B3aHMO-
peficteusa. Ho OOmIMHA BUA HCKOMBIX BBIPaKeHUH MOKeT OBITH yCTa-
HOBJIEH U 0€3 npOBeJeHUst STHX BBIUUC/AEHHI, HA OCHOBAHUU IIPOCTHIX
coobparkeHHil CHMMEeTPHH.

['aMHJABTOHHAH PEAATUBUCTCKUX B3aUMONECHCTBUH COACPKHT UJCHb
NepBoil U BTOPOH CTeNn€HU IO ollepaTopaM BEKTOPOB CIIMHA 3J€KTPO-
HOB (CHH-OPOHTANBHOE M CHMH-CHHOBOE B3aumoaedcTBusA). ManocTsb
TeX H JAPYTHX omnpejensercd OTHOIIEHHEM Vet rTne U —MOPS 10K
BEJMUMHBL CKOPOCTeHd ATOMHBIX 3JEKTPOHOB, a C—CKOpOCTb CBeTa.
Pag TeopuH BO3SMYILEHMH I/ 3HEPTUH aHU3OTPOIIMU €CTh PA3JIOKe-
HUE 10 3TOH MaJOCTH, HO BBHUJY YKa3aHHOH 3aBHCHMOCTH OlepaTtopa
BO3MVIIEHUA OT ONepaTopOB CIMHMHA, SHEPTHSA aHW30TPOIHUH aBTOMA-
THYECKH NOJYYAeTCAd B BUAE pAja NO CTENEHAM HaNpPapIAlIUX KO-
CHHYCOB BE€KTOPAa HAMArHH4€HHOCTH, T. €. KOMIIOHEHT €JHHHUYHOrO
BeKTOpa m B HanpasaeHUd M. C jnpyrod CTOPOHH, 5HEPrHA AHH30-
Tponun U,,, Kak U cam norennuan @ (cp. npumeuanue Ha cTp. 199),
UHBApPHAHTHA TI0 OTHOWICHHID K OOpalI€HUIO BPEMEHU, MEKAY TEM
KaK HaMarHu4eHHocTe M mpu 3ToM npeoOpa3OBaHUM MEHAET 3HAK.
Orclona craeayer, 4TO 3HEPTUSI AHU3OTPONUH AOMXKHA OBIThH YETHOH
(byHKIHeHd KOMIIOHEHT ml.

Jlnsa oaHO- W JABYXOCHBIX KDHCTAJNJIOB PA3/IOKEHUE 3SHEPTHH aHH-
30TPOIHH HAUHMHAETCA € UYJIEHOB BTOPOU CTeneHH N0 KOMIIOHEHTaM fm.
[IpepctaBuM 3TH 4JI€HBEl B BUIE

Uan = Kt'kmimkv (40, 1)
rpe K, — CHMMETPHUHBIH TEH30p BTOPOTO paHra, KOMIOHEHTHl KOTO-
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poro umelwT (kKak u cama U,,) pa3MepHOCTb [JIOTHOCTH 3HEPTHH.
B 01HO- H JABYXOCHBIX KPHCTaJJax TakKoH TEH30pP HMeeT COOTBeTCT-
BEHHO /B€ H TPHU He3aBHCHMEBIE KoMAOHeHTH. OHAKO B JaHHOM CJayuae
HaA0 ellle HMeTb B BHAY, YTO OJlHA KBajpaTHuHAs KOMOHHAUMUS,
UMEHHO my+my-+mi=1, He 3aBHCHT OT Hanpas/JeHHs BeKTOpa m
U [OTOMY MOXeT OLITb HCKJ/IIOYeHa H3 3HepPrud aHusotrponuu. Crieno-
BaTeJbHO, BbiParKeHHE (40 l) b 63 Oﬂ,HO- H B,ByXOCHbIX KpHCTaJIJIOB

cpmmema
Tak, a4 OAHOOCHHIX KPHCTA/IMOB IHEPTHIO AHH3O0TPONUH MOMKHO
Hanucatb B BHJE

U,,=K(mi+m))=Ksin?0 (40,2)
WJIH B 3KBHBAJEHTHOM BH/E')
Uy,,=— Kmi=—Kcos*8,

rae O —yroa Mexay m M OCblo Z, BHIGPAHHOH BAOJL TJaBHOH OCH
CUMMETPHH KpHcTaJaa. Ecau xkoadipHunedT (PyHKUHA Temnaeparyphl)
K >0, 10 3HeprHs aHH30TPONHH MHHHUMAJALHA MPH HaMarHHYEHHH
BLOJb OCH 2; 3Ta OCb OYyJeT, KaK TOBOPST, HANDABACHUEM ALZKO2O
HaMaeHu4eHua, a 0 TAaKOM (eppoMarHeTHke TOBOPST, YTO OH OTHO-
CUTCA K THOY «aeekas oce». LEcan xe K < (0, TO HanpaBieHHe
JIETKOrO HAaMarHHYEHHs JEXHT B MJOCKOCTH Xy (6a3HCHAf AJOCKOCTh
KpUCTaJJ1a); Takol (eppoMarHeTHK OTHOCHTCS, Kak roBOpAT, K THAOY
«aeekas naockocmoy ?). Buipaskenue (40,2) H30TPOAHO B 1JOCKOCTH XY.
JTa HU30TPONHs, OAHAKO, HApyulaercsl B uJjieHax OoJee BRICOKOTO
nopAAKa B pasjoxeHuu U,,, KOTopbiMH H onpegensercs (npu K << 0)
HanpapJeHHE JeTrKoro HaMarHHyeHHsA B HJOCKOCTH XYy. BHA 3THX
YJEHOB 3aBHCHT OT KOHKPETHOH KPHUCTAJNJIMYEeCKOH CHCTEMBI, K KOTO-
POl OTHOCHTCSI KPHCTAJ.

Jl1s1 TeTparoHaNbHEIX KPHCTAJ/JIOB 4YJEHH YeTBEpPTOro mopsajaka
CoJepKaT J1Ba HE3aBUCHMEIX HHBapuaHta (m:-l-mj)? u mimt (ocu x
U y BHIOpaHBI BAOJb ABYX Ocell 2-TO nopsiika B GA3UCHOH MJOCKOCTH).
K anusorponuu B 0a3uCHOH NJOCKOCTH NPUBOAHT BTOPOH M3 HHX.

B rexcaroHaJbHOM KPHCTa/Je SHEPTHS aHH3OTPOMHH COACPIKUT
B 9eTBEPTOM MOPSLKE BCEro OjHH YJeH, NPONOPIHOHANbHEIH (m2-+mi)?;
B 3TOM NPUOJIHIKCHHH 3HEPTHsl aHU3O0TPOMHH 3aMHCHBAETCA Kak

b 2 A

Uy=K,sin*0+ K, sin*6 (40,3)

1) 311 7Ba BHIpameHHA OTJHYAIOTCH JPYT OT JPyra He 3apHCsSUIeli OT nanpas-
JdeHHs senpuuHoll K. Ilepexol oT O1HOrO M3 HHX K PyTOMY 03HAaYacT BKJIOYECHUE
3TOH BeJiMYMHBLI B H30TPONHYIO uacTe @; B wacTHOCTH, MeHserca KosduuneHt A
B pasznoxenun (39.3).

%) ITpuMepoM 0 HOOCHOTO (eppPOMAarHeTHKA sBJASETCHA TeKCaroHadbHel KoGalsT.
Y wero K meuser suak npH TeMmneparype ~b30 K, npuuen K >0 1 K < 0 coot-
BeTCTBEHHO HH:Ke M Bblle 3TOH TeMmmnepaTypbl. JKcTpanodupoBansoe kK 0 K 3Haye.
HHe K =~0,8-107 aprycM®. 3Hauenne xe NT, ~ 2.10'% spriom®,
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(kospduuuent K us (40,2) obosHauen 3znech Kak K,). AHH3oTponus
B 0a3HCHOH MJIOCKOCTH, OJAHAKO, HAOSABJAETCS JHillb B UJeHax b6-ro
NOpsIAKA; AHW3OTPOMHbLIM HHBAPHAKTOM 3TOr0 NOPAAKA SBJAAETCSA

Yy [(my+im,))° 4 (m,—im )*] =sin* @ cos 6@ (40,4)

(oce x BbIOpana BAOJAb OAHOH U3 oOcedl 2-ro nopsjika B GasycHON
AJOCKOCTH; OT Hee K€ OTCUHThIBAeTCs HSHMyTaJIbeIH erJI P).

quBepToro HOpHﬂKa C HHBapHaHTaMH

(mi4+m2)?=sin*8, (40,5)
Yom, [(my,+im,)* + (m, —im,)*| =cosOsin®*Bcos3p  (40,6)

(ocb y—BaOJb OAHOH H3 OCEH 2-r0 nopsiiKa; yrod (¢ OTCYHThIBAETCA
ot ocu x). Hanwuue muoxutrenss m, BO BTOPOM H3 HHBapHAHTOB
APHBOJAUT K BbIXOAY HanpaBJeHHs! JEerKOro HaMarHHYeHHsI Ha MaJblil
yroJ K3 6asHCHOH MJOCKOCTH, BBHAY MAaJCCTH m,, Olpeje’eHde Ha-
npaBJjeHUsl JIErKOro HaMarHHYeHds TpeboBaJo Obl OJHOBPEMEHHOTO
y4yera 4Y/JeHOB Kak 4-TO, TaK H 6-r0 MOpSIIKOB (CPeAH KOTOPhIX €CTh
uyteH ¢ HHpapuaHtoMm (40,4)).

[lepefigem K (eppoMarHUTHLIM KpHUCTA /1AM KyOUUYECKOH CHCTEMbI.
x cBOACTBA CVYILECTBEHHO OTJHYAOTCA OT CBOHCTB OHOOCHBIX
(M ABYXOCHBIX) KpHCTA/110B. [en0 B TOM, 4TO €aMHCTBEHHON KOMOH-
HaiHell BTOPOroO fAopsifka, HHBAPHAHTHOH MO OTHOLIEHHIO K npeobpa-
30BAHHAM KYOHUECKOH CHMMETPHH, KOTOPYI0 MOXXHO COCTaBHTb H3
KOMMOHEHT BeKTOpa m, fABJsercs KpBaapar m®=1. [losromy neppnim
HEeHCYe3alomyM UJIeHOM B PasJIOXKeHHH 3HEPTHH aHH3O0TPOMHH y KyOH-
YECKOro KPHCTa/Ia sBJAETCS 4YJAeH He BTODOro, a YeTBeproro mo-

Nanwa Q gl cXagelpy  AMTIZA thf%\ﬂl}"‘l‘LT R{‘JT‘!YTJ"I"IYI‘\TJ AUYTINATINATTIIATY vy wyryréaesy
l}llA[\a. Lr W LpFiOr . Firiivl J\i}\t}b[\lul widl ririrnuril (.ll_ll’lDUllJUIlflfl y f\‘yuﬂ'

YeCKHX KPHCTaJ/10B, BooOIe rosops, cjaabee, yeM B OAHO- H ABYXOCHbBIX
KpHCTAJJIaXx.

KybHueckas CHMMeTpUSl fOMYyckKaeT BCEro OiUH He3aBHCHMBIH HH-
BapHAHT YETBEPTOTO MOPSAKA, 3aBUCAIHH OT HanpaBJaeHHs m. Duep-
I AaHU3OTPOIHKH KYOHYECKOro ()eppoMarHeTHkKa MOXeT GBITh Npej-
cTaBjJeHa B BHAe

U= K (mim} + mim; 4+ mimsZ) (40,7)
HJTH

Uﬂ}I = 1/2K (m.?c_{— m.gf ’i‘ m;‘);

3KBUBAJEHTHOCTL OOOHX BbipaKEHHH OYEBHJHA M3 TOTO, YTO HX pas-
HOCTb €CTh He 3aBHCALlAsh OT HanpaBJeHHs Bednuuna K/2

Ipu K > 0 (nanpumep, y xxeaesa) 3HEpTHA aHH3O0TPOMHH JOCTH-
raer OAHMHAKOBLIX MO BEeJHUHHE MHHHUMA/JIbHbIX 3HAaYEHHH NpU TPeX
pacno/IOXKeHHsAX BeKTopa M — napaiieqbHo TpeM peGpam kyba (ocH
X, Yy, 2; Kpucrajanorpaduyeckue Hanpasaenus [100], [010], [001]).
Taxkum 06pasoM, B 3TOM CJay4yae KPHCTAJLT HMEET TPH 5KBHBAJEHTHDLIE
OCH JETKOT0 HaMarHHuYeHHs.
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Ecan ke K <0 (HaanMep, y HHKeJs), TO 3Heprusl aHH30TPONHH
MHHHMAJbHA TIPH /Mi=my=m;=='/;, T. €. KOTAa BEKTOP m Hanpae-
JeH BAOJb KaKoOH-JTHOO M3 4eTbipex MPOCTPAHCTBEHHHLIX AHAroHased

Ky6a (kpucrajnorpaduueckue Hanpasienus [111], [111] u T. n.).
OHK H fBIAIOTCS B 3TOM CJy4ae HalpaBJeHHAMH JErKOTO HaMarHH-
yeHUsA ).

CﬂenylomeMy nocJie (40 7) npuﬁ.numeHmo B aHepmn aHHSOTpOHHH

U3 HX 9HCIa He 3aBHCALKHA OT HaIIpaBJIeHHH [{HBapHaHT (mz)3
BhIpaxKeHHe, oTiaHuamomeecss oT (40,7) Jauwb MHOXKHUTETEM m?, MBI
OCTaHeMCsl BCeTo ¢ OJHUM HHBAapUaHTOM, B KagecTBe KOTOPOrO0 MOXKHO
BBIOpaTh m,%mf,mg. Torna

an Kl (mxmy + m,xmz + mymz) + sz m (40,8)

.
CaenyerT OTMETUTh, 9T0 (PeppoMarHUTHLIH KyOudecKHH KPHCTaLIs

CHOHTAHHO HAMarHHYEHHBIH BROJb KaKOH-1M60 W3 CBOHX OCeit Jer-
KOTO HaMarHH9eHUsl, Tepser, . CTPOro TroBOpsA, KYOHYECKYI0 CHM-
METpHIO (B CBfAI3H C 4eM IIPOMCXOZHT H COOTBETCTBYIOUIEe CMEIleHHe
aTOMOB, T. €. HCKaXeHHe KpUCTaaingecko#t pemerkd). Kpucrand,
HaMarHU4eHHBIH BIOJb HanpasjeHusi pebpa kyba, cTaHOBUTCA c/aabo
TeTparoHaqbHbLIM, a NPH HaMardHu4eHHM BAOJb IIPOCTPAHCTBEHHOH
quarosand ky6a—pomGosapudeckuM. B aTOoM OTHOIIEHHH KyOuge-
CKHe KpHCTaLJdbl OT/IMYAOTCA OT OJHOOCHBIX KPHCTAMJOB C Halpas-
JeHHeM JerKkoro HaMarHudeHusl BAOJAb TIJABHOH OCH CHMMETDHH;
OUeBHJIHO, YTO HaMarHu4yeHdHe B 3TOM HanpaBJIeHUH He MeHseT
CHMMETPHH KpHCTa/Ja.

[ToguepgHEM CHOBa, YTO paccMOTpeHHOe B 3TOM maparpade pas-
JOXeHHe SHePTHH aHU30TPOIHH (peppoMarHeTHxka IO CTeleHsM KOM-
NOHEHT eJHHHYHOTO BEKTOpa M He ecTh pasjoxKeHHe 1o caMof Ha-
MariuueHHocTH M (Kotopas, Baanu oT ToukH KropH, OTHIOAb He
MaJja)—CXOLUMOCTh PfAja CBfA3aHa JHWb €O ¢1a00CTbI0 PeATHBHCT-
ckux B3aumopeicTBuil. Ho B6aM3u Touku Kriopu, rae BeruudHa M
MaJsa, OHO CTaHOBHUTCS pasjoxeHueM rmo M. B pamkax teopuu Jlangay
OTCIORa CJenoBago Obl, 9T0 B OAHOOCHOM KpHCTaJgge oTHoleHHe K/M?
(K us (40,2)) nonxuo crtpemutsess npu T — T, K OTJIHUHOMY OT
HYJs KOHeYHoMy 3HaueHH0. JIJ1 MOsICHEHHS 3TOTO YTBEPKIAEHHA
paccMoTpuM, HampHMep, mepexoj H3 mapaMarHuTHoH ¢asol B deppo-
MarHuTHy1o Tuna Jerxas och. Corsacro (39,3) u (40,2), kBagpaTHd-
Hble ujeHbl PasJoXKeHHs TePMOAHHAMHYECKOro MOTeHIHasnsa Mo cTe-
IeHaAM KoMmoHeHT M HMeloT BHJ

AME 4 (A 4+ KIM#) (M2 4+ M3).

Touka nepexoxa onpenessercss obpauieHHeM B HyJdb KoahdHumueHTa
npu M2, xosdduuuert xe npu M2+ M7 octaercsi KOHEUHBIM.

1) ns npuMepa yKaieM, 4To y >KeJe3a M HuKesad 3HaueHue 1/3 K (pasnocth
Uaw Zna nanGonmee nerkoro w manGoJee TPYAHOTO HAIpaBJeHHit HaMarHHueHHf),
9KeTpanosuposaitoe K 0K, cocrariser okoso 2-10° spr/em3.
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AHanoruunsiM 06pasoM, B KyOHUecKOM ¢GeppoMarHeTHKe ROJKHO
6bi10 Obl CTPEMHTbCA K KOHEUHOMY 3HaueHuio orHoweHue K/M?*
(K u3 (40,7)).

HOH o6JacTu, OAHAKO, YKAaszaHHOe [10BeJIEHHE
30TPOnKH, BOOOLIE TOBOPS, HapPyUIAeTCs.

A (X AA A a M
[ |/ ) » Ty Cl Cl

MarHeTHKa W MarHUTHBLIM [10JIeM B HEM; JJsl ollpeaeseHHOCTH OyaeM
CUUTaThb, 4TO ()ePPOMATHETHK OTHOCHUTCS K THAY «J1erkKas 0Cb». JHep-
THIO aHH30Tpomuu OyaeT yjpo0HO Nepefnucarb 3jech B BHjE
2
U,, =22 sin20, (41,1)
BBeasl OespasMepHulii ko3dhduuuent B > 0 (cormacno K =PpM?*/2)?).
Hanomuum, 4ro aGcoqioTHYIO BeJHYMHY HamarHuueHHOCTH M Mul
cYpuTaeM He 3aphcsmed or H, Tak 4TOo peub HAeT TOJAbKO O IOBO-
porax 3toro BekTopa?). M3 cooOpakennil cuMMeTpun OUYeBHJHO, YTO
BekTop M Oyner JexaTb B nJOCKOCTH, ApOXOasllell yepe3 OCb 2 H
Hanpasjgenue H (IOCTOMBLKY, MOCKOJAbKY B 3HEPIHH AHK3O0TPOIHK He
VUYHTLIBAIOTCH UJeHbl BBLICIIHX [OPHAAKOB, AHH30TPOAHLIE B IIJIOCKO-
CTH Xxy); BbifepeM 3Ty ILJIOCKOCTb B KauecTBe MJOCKOCTH xz. TepMmo-
AMHAMHYECKHH MOTEHLNaJ C YYETOM 3SHePriK aHu30TPONHH paBeH ®)

- B oy H?
=D, (M) ++ M;—HM— =

HZ
=(1)(,(M)—[—52 sin*Q— M (H,sin04-H, cos)——. (41,2
3asucumocts M ot H onpepensiercst yesoBuem pasnopecust 00/00=0,
OTKy 2
M sin®cosO=FH, cos0—H,sin0. (41,3)

[To otnomieHuo k neuwsBecTHolt E=sin® sTo ectb anreGpanueckoe
ypaBHeHHE YeTBepTOil CTelleHH

(BME—H ,)* (1 —8%) = HZE?

1) Manaraemoe Hike uccseoBaMHe OCHOBAHO HA Bolpawennu (41,1) mas siep-
ruy anugorponuu. Chaenyer, OAHAKO, YKa3aTb, UTO pa3jgoMKeHHE, MEPBLIM UJEHOM
KOTOPOro fBJAETCA 3TO BHpa)KeHHe, B PeadbHBX cayuasaX obwuno obaanaer 1o-
BOABHO TMJOXOH cx0auMOCThIO. IT03TOMY aA7 YAOBACTBOPHTELHOTO KOJHYECTBEH-
HOIO ONHCAHUA ABJCHMI TPHXOLMTCA YUMTHIBATb €lile H uieH CJAeyHUlero (ueTsep-
TOr0) mnopsika.

%y Ilomumo paccMarprBaeMmoro 3fech npollecca BpaweHHss sexTopa M, B ¢ep-
PHTAX B OYeHb CH/BHBIX TIOMAX BO3MOXeEH elle H Apyrok npouecc: aHTHNapan/jenb-
Hble MArHHTHHE MOMEHTH IOBOPAUNBAIOTCA HABCTPeyy APYr APYLY, CTaHOBACL na-
PATACABHBIMH, IJTO TPOHCXOAMT, OJHAKO, JHIUb B «OOMeHHBIX» mnoaax H~T ./u;
TaK, Aad geppura FeO-Fe,O3 (T, =580K, p~pg) stn nons H ~1073.

3) Brmiouus U,; B TepMopnnaMuueckuii noreruuan @, Mu TeM caMbim I0]-
pazymeBaeM, YTO KOHCTAHTHl AHH3OTPONHM OMNpeaeseins NpH 34aJaHUBIX  YIPYIHX
- HaNpPAXKCHUSX,
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¢ OTJHYHBIMH OT HYJs1 Ko3(phUUHEHTAMH APH HeueTHBIX cTeleHAX E.
310 ypaBHeHHe HMmeeT AHOO ABa, JHOC YEThIPE BELIECTBEHHBLIX KOPHHA
(npuueM Bce oHH < 1). Tlockosbky Bce 3TH KOPHH COOTBETCTBYIOT

skeTpemymam ¢yHKuMH @ (8), TO ACHO, YTO B NEPBOM cJaydyae 3Ta
(GYHKLUHA HMCET OJHH MHHMMYM H OJHH MaKCHMyM, a BO BTOPOM —
JABa MUHHMyMa H JABa MakciuMmyma. [IpyruMil CJOBaMH, B NE€PBOM CJy-
yae 337aHHOMY 3HaueHHi0 NoJs H coOTBeTCTByeT ofHO HanpaBJieHHe
HamMarauueHus. Bo BTopoM ke ciaydae npH 3agaHHOM H BO3MOXKHBI

ee MeHbLieMy M3 MitHiMyMoB (D) tepmoauHaMiluecKH BIOJIHE yCTOH-

YHBO, a BTOPOE (COOTBETCTBYyIOLIee GospuieMy H3 MHHHMyMoB (D) Tep-
MOJHHAMHYECKH MeTacTabn/bLHO. .

Tor uau zpyroit cayuait HMeeT MeCTO B 3aBHCHMOCTH OT 3Haue-
uuit H, u H,. [Ipy nocreneHHOM H3MEHEHHH 3TUX NapaMeTPOB OjHUH
cayuail nepeXoaHT B APYTOH B MOMEHT, KOrZa OJHH H3 MakCHMyMOB

cauBaeTcsl ¢ OJAHMM M3 MuHMMyMoB. [Ipn stom xpusasg @ (0) umeer

BMECTO IKCTpPEMyMa TOUKy neperuba, 1. e. Bmecte ¢ 0b/00 obpamaercs
B HY/db TaKxKe€ H BTOpas IPOH3BO/HAas

02/002. Hanucas ypasrenue (41,3) B #z
BHJie ;M
Hx Hz .
sin®  cos 0 =pM
H npopudxpepeHUUPORBAB €ro ele pas
no 0, noJayuum M BN e
He _ M.
sil? @~ cos*0°
Uckmouns 0 u3 3tux ABYX ypaBHe- e
HUH, [OJYyUYHUM
HI+H =@My (41,4) Puc. 21.

Ha puarpamme ., H, ypaBHenue (41,4) onpenensier usobpaken-
HY!0 Ha pHC. 21 3aMKHYTyr KpHBy1O (actpoupa). OHa jaendT 1nJjo-
CkocTh H, [, Ha 1ABe 4acTH, H3 KOTOPLIX B OJHOH BO3MOXKHO, a B
APYrodl HEBO3MOKHO CYLIECTBOBaHHE MeTacTabU/JIbHLIX COCTOSIHHI.
YKe 6e3 JONOJHHTEJBHOTO HCCJAENOBAHHA OYEBHJHO, UTO 06J1ACThKO
OTCYTCTBHS MeTacTabHJIbHbIX COCTOAHHH ABJACTCH 00JaCTh, BHEHIHSS
M0 OTHOUIEHHK K KPHUBOH. IDTO SICHO H3 TOTO, 4TO npi H —oo ye-
" TOHYUBBIM MOXKeT ObiTh TOJbKO OAHO HalpabJjeHne M Baoab Iogas H.

Hanuuue mertactabH/AbHLIX COCTOAHHMH IIPHBOJHUT K BO3MOMKHOCTH
CYHIECTBOBAHUSA eucmepe3uca—NpoXOAsIIEMY 4€pe3 3TH COCTOAHHS
Heo6paTHMOMY H3MEHEHHMK) HAMarHHYE€HHOCTH NPH H3MEHEHHMH BHeEMI-
Hero maruuTHoro noJad. flostomy usobpaxkennas Ha puc. 21 kpubas
npejcraBJaser coGoil abCOMIOTHYIO TPaHHLY THCTepe3nca,— fApH 3Ha-



206 PEPPOMATHETHU3M U AHTHUGEPPOMATHETHU3M [rn v

YeHUSAX fA0JIf, JEXKAUMX BHE 3TOH KpHBOI, rucrepesuc BO BCAKOM
c/ydae HEBO3MOKEeH !).

OcoGoro paccmotpeHusi TpeOyiOT COCTOSIHHSI, B KOTOPHIX Hamps-
xeHHocTh H nepnenankyasipHa K ocH Jerkoro HamarHuuenus (H,=f,
H,=0). TepmoauHaMu4ecKuil noteHUHAT

O =, L B g H M sin®. (41,5)

8n 2
. Ecan H >PM, To ® uveer anmb OfMH MHHUMYM— npH 0= 1/2,
~ - ) y r 1 ~ e T - ~ 7y N L 8. A

....... ) n

BAOIE

To O HmMeer MUHHUMYyM IpH
M, = Msin0=H/B, (41,6)

yeMy COOTBETCTBYIOT /Ba BO3MOXKHBLIX pacrnojoxeHus Bektopa M (mop
yraamu 8 u n-—U), cuMMeTpHuHble OTHOCHTENLHO OCH X. Takum 00-
Pa3oM, B 3TOM CJydae MMeTCsS ABa PABHOBECHBIX COCTOSIHHS, fnpHueM

C OAHHAKOBbIMH 3HaueHusiMH @D 1 NOTOMy B DaBHOH cTeneHH YCToOii-
YHBHIE.

D10 0OCTOATENLCTBO BECbMA CYLIECTBEHHO, TaK KaK MPHBOJAUT
K BO3MOXKHOCTH CYLICCTBOBAHUA ABYX compukacawmuxcs ¢as, B Ko-
TOPbIX HanpsixKeHHocTh H OxriHakoBa, a HaMarwuueHHOCTL M (a moToMy
n uHaykuua B) pasauuna. B pesyabrate nosisasercs HOBasi BO3-
MOKHOCTb JJI YMEHbUIEHUsI ITOJHOFO TEPMOAWHAMUUYECKOrO MNOTEeH-
lhajga Tteja: ero o0LeM MOKHO pa3buTh Ha PSA OTAEIbHBIX ofJacTeit,
B KQ)KA0H 13 KOTOPbIX HAMArHUYEHHOCTb MMEET OXHO U3 CBOHX JIBYX
AONYCTHMbBIX HaApaBJeHUH; 3TH 06JacTH Ha3bIBAOT 004acmaAMLL CHOH-
MAHHOL HAMOSHUHMEHHOCTNYL NI Jomenamu. PaKTHUIECKOE onpejeseHye
TePMOHHAMIYECKH PaBHOBECHOH CTPYKTYPbl (eppoMarHeTHKa Tpe-
Oyer paccMOTPEHHSI Tesla B I1€10M, C YU€TOM ero KOHKPeTHOM (opMbl
M pasmMepoB; Mbl BEpPHEMCsl €llle K 3TOMY Bonpocy B § 44.

Paccmotpum yuacTox Tena, Mafbiit A0 CPaBHEHHIO C €ro foJHBIM
06beMoM, HO GOLIOH MO CpaBHEHUIO ¢ pa3Mepamu gomenos. Hanps-
*EHHOCTD [/, MOKHO CUUTATh MOCTOSIHHOH BJIOJb BCErO 3TOTO yyacTka,

a nocpeactBoM M u B oGosnauum 3HaueHuss M u B, ycpesserHbie
no ero o6vemy. Bumecte ¢ H, n0ocTosiHHA ¥ nonepeyHasl COCTABJSAM-
wasa M,=H /B navaraudenHoctd. [IpojodbHas ke cOCTaBAsOLAS
M, B pa3JuuyHbIX JOMEHAX OTIMYaeTcAd 3HAKOM, TaK YTO ee cpejHee
3HA4YEHNE BO BCAKOM CJyyae He npeBOcXoAHT | M,|. YuursBasa takxe,
uto Besge [,=0, umeem a1 cpeaHeill UHAYKUHH:

Evsz(‘l—i—%y B, < 4n ]/Mﬂ-—’g—f‘. (41,7)

') Bo Bcem wu3noeumu B 3TOK IjaBe MBI OrPAHHYHBAEMCA PACCMOTPEHHEM
TOJBKO TEPMOJHHAMHUECKH DPABHOBECHBIX COCTOSHHH (heppOMATHETHKOB H, COOT-
BETCTBEHHO, OOpaTHMBIX NpoueccoB B HHMX. B uactHocTd, Mel coBepwenno ue xa-
CaeMCA MeXaHW3Ma THCTEPe3HCHBIX FABJAEHWH, KOTOpHie MOTYT ObITh CBA3AHH C Je-
¢eKTaMy  KpHCTaaia, BHYTPEHHMMH HANpSDKEHMAMH B 00pasue, NOSHKDPHCTANINY-
HOCTBIO W T. . TIPHYHHAMM.
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DtuMmu opMyJIaMi onpesaeasercs o6/JacTb 3HAUYEHHH cpejHell HHAYK-
HUH, COOTBETCTBYIOWAS JOMEHHO{l CTPYKType OAHOOCHOro (eppomar-
HEeTHKa.

Hcenenosanne 3asucnmoctd M ot H 1715 KyOHuecKkoro KpucTaJjia
Mo¥eT ObiThb B MApUHuUMNE MPOU3BENEeHO AHAJOTHUHO TOMY, Kak 3TO
OLII0 CJeJaHO BHIUC A5 OJHOOCHOTO KpucTamia. OjHaxo, BBHAY
6O/IbIIEH CJAOXKHOCTH ypaBHEHHH, AoJdyueHHe ABHLIX aHAJUTHUECKHX
¢dopMy.1 OKasbiBaeTcs 3jileChb HEBO3MOXKHDBIM, H Mbl He Oyjem OoJblie

——OctaHas.HBaTbcHd Ha ITOM BOTpPOCe.—— 0 0 0000 00—

3anauu

1. Oanoocuuiil eppoMArHUTHBIE KpUCTAMA lMeeT (OpMy 3JJIHICOMAA Bpalie-
HHA (npHYeM OCb JErKOro HaMarlHyeHHd COBMNAJaeT C OCBI0 BpAllEHH:) H NOMe-
el Bo BHellHee MarnkTioe noJge §. Onpesequrts 006/1aCTbh SHAYEHHH §), UpH KO-
TOPBIX TeIo Gyier o6/anaTh AOMEHHOH CTPYKTYpOH.

Peuweune. CoriacHo ofUHM CBOICTBAM 3IJHNCOHAANBHBIX TEN B OJHOPOAHOM

pHelrdem noge (3 8), yepenHedAHbIe 10 JOMEHHON CTPYKType uHaykuua B ¥ nanps-
xenuoctb H=:H cpazaub ¢ § cooTnomennem

. —n— 1
nBat (=) Hy ey ot Bye g o=

rae n —KOJ(])@HIIHEHT pasMarHHuMBaHMg BAOJb TJIABHOH OCH S/AIHNCOMLA {OCh 2).
IMoaoxus H,==0 u ucnoan3ya gopmy.iel (41, 7) NOJy4HM

$x = ‘l/ x
H B, y M2 —— .
=T 0a(—np o <Am
HMckmouns orciona My, Haﬁ,aem HCKOMOE HepaBeHCTBO
62

2

(4m G a—npE <M
onpelefiouee 00.1aCTh CYILIECTBOBAHHA JOMEHHOH CTPYKTYPEL

2. /119 nOJMKPHCTANAMUECKOTO Teia B cHIbHOM (f 3> 4mM) mardutHoM wone
Ol pele/iUTh YCPEIHCHHY!O TO KPUCTAAINTAM HAMAarH{Y€HHOCTb, KpHCTalJAuThl 00-
JaJ1al0T OAHOOCHOH CHMMeTpHeH.

Pemwmenne. [lycTh B npefetax OIHOrO KpHCTAAIHTa O B P— yLabl Memay
€ro Hanpap.eHues JeTKOr0 HaMmaridueHdHs U COOTBeTCTBenlo BexTopami M u H.
3apapee O4eBHAHO, YTO B CHJIbHOM ToJe Hanpae.geHne M Gyier GJH3KHEM K Ha-
npasaensio H, t.e. yroa ¢=0—+ man. Hanucas 8 (41,2) MH = MH cos (0 — )

H UPHPABHAB HYJO mpoH3Bofuylo dd/¢0, nomyunm

Y

{
9 =~ sinﬁ:—%sinﬁcosﬂ.

Cpennas HavMarHiueiHOCTh HanpagjieHa, OYeBHAHO, Bxoab H u paBua

M=Mcos =M 1—iﬁ =M I_F)EM2 sin? g 8
— C — D) = 572 1 CoSs R

rJe yepra O3HauaeT yCpelHEHHE NO KDUCTALJIHTaM. Hpelmo.rlarasl BCe HaNpaBJaenusd
OCH JIerKOoro HaMaruHueHH KpPHUCTAJJHTOB pPABHOBEDOSATHLIMH, TOJYUHM

______ 62M2‘
M_M<1-W).
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Takum ofipasoM, cpefufsi HaMarHHYeHHOCTb NpHOMDKaeTCs K IACHLUEHHIO N0 3a-
KOHY M—M ~ -2,

3. To xe npu KyOuueckoil CHMMETPUH KPHUCTALIUTOB.

Pewernue. Ycnopus MUNHMAALHOCTH BLIpaKEHHSH

(B (40,7) nomoweno K = BM?/2) npn JononHnTenbHOM ycaosun M3 My 4+ M2 =
= const ryacqr:

BMI-FHe=AM,, BMj+Hy=1M, BMI+H,—AM.,

Ifle A-——Jarpamxes HeonpefleJennbid MHOXHUTenb. ITpu Goavwom H umeem orciofa
1 B .3
sz_fh’x‘h*h

a CKJalpBas KBajIparel 3THX paBeHcTB, Haiiem M® = H/A® t.c. A= H/M.
Yron O Mexay M u H Haxoium Kak

TrhRsErstod

AP S [l\'ll’l]‘ J'VI"
92 = sin? §= AT = H“’ Yl vH (Hi—Hp),
rle CyMMHPOBAHHE NPOH3BOIMTCHA MO HHKJAHUECKHM NEPEecTiHOBKAM HUACKCOB X, .,
z. YcpelucHie 3TOTO BBIPAKCHEA N[O OPUERTAUMAM KpHCTAMIHTOB SKBHBAJCITIO
YCpenHeHno 110 Hanpasjienudam pektopa H. ITocjeniHee MPOM3ROIUTCH NyTeM HHTe-
TPHPOBAHKS NO cepHUECKHM YrJaaM, onpejeasiomis zanpabierie H, u B pesyins-

TATE MOJAyUaeTCd: B
— I =\ AP

§ 42. MaruuTOoCTpHKIHS (eppOMarHe TUHKOB

Mamenenne HaMarHH4YeHHOCTH (PePPOMArHeTiIKa B MarHHTHOM 1108
NIPHBOJKT K €ro Ae(OPMUPOBAHUIO (MazHumocmpusyus). JT0 SBje-

HHEe MOMET OLITL CRBY3aHO Kak ¢ OOMEeHULIMH. TAaK ¥ C DNensSTUBUCT-

1IELiv%. LIS WIS Ly | (S piTulsyyLw, I A A YU R LY ¢ LUn oL pRYIAInDriv

CKHUMH B3aHMOJAEHCTBHAMH B TeJe. I'[ocxoany oOMeHHAast 3HepPrus
3aBUCHT JHHIb OT aOCOMOTHOI BeJHUYMHLI HaMarHWYeHHOCTH, TO U ee
HM3MEHEHHEe MOXKeT OblTb CBA3aHO JIHib C W3MCHEHHEM BeJqHUYHHBI M
B MarHUTHOM moJje. XOoTsd noc/epHee, Booblle roBops, GTHOCHUTENILHO
BECbMa MaJio, HO, C APYroH CTCPOHBI, caMa OOMEHHAs 3HEPrusl BesHKa
110 CPaBHEHHIO ¢ 3Heprueit anuzorponuu. [lostoMy sdxtekThl MarmuToO-
CTPHKUHH, CBfI3aHHble ¢ OOOMMH BUJAMH B3aUMOJAEHCTBHI, MOTYT
OKa3aTbCsl CPABHHMBIMH.

Taxoe 1onokeHHE HMEeT MecTO B OAHOOCHBIX KpHCTa/LIax. 3amer-
Hble fedopMailii, BO3HHKAWIIHEe OT H3MEeHEHHs HanpaBjieHuss M, UMeioT
MecTo B notsax H~PM,; u3venenHe e BeyiHuHHbI M CTAHOBHTCH
CYILEeCTBEHHbIM NP NoAXx A ~4aM. Ecau 3ty c6aacty npakTHUECKH
COBIIaAAIOT, TO IIPH PACCMOTPEHHH MArHHTOCTPUKUHUU OAHOOCHBIX (ep-
POMAarHeTHKOB HeoOX0AHMO, BOOOWIE TOBOPH, yUuThiBaTh c0a sddekTa
BMecTe. Mbl He CTaHeM OCTaHABJMBATLCH 3J€Ch HA MOJYYEHHH CGOT-
BETCTBYIOUIKX, NOBOJNBLHO CJIOXKHBIX (POPMY.TI.

B kyOHYeckUX KpPUCTaJJaX MCJHOKEHHE HHOE B CBSI3H C OTHOCH-
TEMLHOH MAasOCTbl0 3JHEPTHH aHH30TPONHH (KaK BEeJHUYHHbI YeTBep-
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Toro nopsiaka). CylLiecTBeHHass MAarHUTOCTPHKIHS, CBfI3aHHAS C H3-
MeHeHHeM HanpasJeHHs M, HMeeT MecTO yiKe B CPABHHTEJIbHO CJa0biX
AOJIAX, B KOTOPbIX H3MeHeHHeM abCOJKTHOH BeJHUHHBI M MOXKHO
ele MoJHoCThI0 npeHeOpeusr. PaccvoTpuM 3t 3¢dexTsi.

k=4 o
Uamenenue 3HepTHH PeNSITUBHCTCKHX B3aHMOAEHCTBUHH B He@gp-

A AV L W dlE -l Sk RAER CVIFE LA DLLTIA WV 4 VI IL Qarnivivs

MHPOBAHHOM T€J/J€ OIIHCbhIBA€TCSI BBEJCHHEM B TepMOlIP[HaMI’[T{eCKHI‘:I

—~

notreHuHan O [ONOJHUTENbHBIX MASHUMOYAPYSUX WIEHOB, 3aBHCALIUX
0T KOMMOHEHT TeH30pa YNPYTHX HaNps:KEHHH O, H OT HANpaBJeHHA

BekTopa M (H. C. Akyroe, 1928). llepebie HeucuesawllnHe uJeHbl

TAKOTO POAA JHMHEHHBI NO O;, H KBAAPATHUHbI NO HANPABJAIOULHIM

KOCHHycaMm Bexktopa M (nocsenHee—cCHOBa B CHJAY CHMMETDHH M0

OTHOLIEHHIO K H3MEHEHHIO 3HaKa BpeMmelH). B obuiem ciayuae umeem,

CJEeA0BATE/bHO, AJS MAarHUTOVAPYrod 3Hepruu BuIpaXKeHHe BHjA

Umyz—a!klmﬂ'!km_lmm, (42,1)

rae Q;.;,—0e3pasMepHslii TEH30p YETBEPTOro paHra, CHMMETPHUHLI
10 mapaMm HHJAEKCOB ik U [m (HO 1He N0 OTHOMIEHHIO K NepecTaHOBKe
napel (R ¢ mapoft [m). B6ausu Touxkn KiopH, rpe passioxkenue o
CTENEeHAM HanpaBJfOMX KOCHHYCOB BeKTopa M 3KBMBAJEHTHO pas-
JOXKEHHIO 10 CTEeNeHsAM €ro KOMMNOHCHT, BEJHYHHbBI d,p,, M? cTpe-
MATCA K MOCTOSIHHBIM OpejAesaM.

Ilpu nojcyere yHcJIa HE3ABHCHMbBIX KOMMOHEHT TeH30pa ¢, CHOBA
cJefyeT HMETb B BHAY, uTO ujaenbl B (42,1), coaep:Kaliue xKommno-
HEHTbl M B KOMOHHAUKH m} -+ mj - m3, He 3aBHCAT OT HaNpaBJeHHs m
H OTOMYy MOTYT ObiTb HCKJIOUEHbl H3 MAarHHTOynpyroil 3sHeprHu').
HNmes ato B Bupy, HafizeMm, uTo y KyGHUECKOrO KPHCTAJJa MArHHTO-
yHnpyrass 3Heprus COAeP:KHUT BA de3aBUCUMBIX KO3hPHUIHEHTa; 3amnu-
leM ee B BHjE

Un.y=—a,(0,,m;+0,m:+0,m;)—
—2a, (0, Mn, 40 mem, 0, .mm,). (42,2)

~

Tensop pedopmaunn noayuaercsi augdepenunposannem O 1o co-
OTBETCTBYIOLUHM KOMIOHEHTaM O’

Ujp= —ad)/aom,

npuueM B (D Haj0 BKJAIOUHTL (C OOPATHLIM 3HAKOM -—CM. MPHMEYaHIe
Ha cTp. 104) Takke M OObIUHYIO YAPYTYIO 3HEPTHIO. ¥ KyOHUECKOTO
KPHCTa/lJa MOCAERHAST COAEPKHT TPH HE3ABHCHMBIX YAPYTHX KO3h-
¢uumrenTa u Moxker GblTb NpeiCTaBJeHa, HanpHMEp, B BHJE

UYﬂp:% (G;}x + UE’!{ + 0—32) -+ %; (O—xx + Ugw + Uzz):2 +- Hs (Uiy + 0':7)2 + Gzz)a
(42,3)

') Bosuukawmuii B CBA3N ¢ 9THM HEKOTOPLIl MPOH3BOJA B BHGOPC Qipim BHI-
PaxkaeT cofiofi npocTo ycoBHOCTH BHOOPA HampaBJeHHS M, NPH KOTOPOM (8 OT-
CYTCTBHE NPUJIOKEHHHX M3BHE MeXaHWYECKHX CHJI) Mbl CYHTAEM KPHCTanT Helle-
PopMEPOBATHEIM,
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TAe U, Wy, Hg— MOJOKHTENbHblE Beanuuubl. [Ias Tensopa gedopma-
MU nojyuaem ')

uxx = (Ml + IU'2) U.wx + }‘LQ (Uyy + Gzz) -{_ alrn’fﬂ
Uyy == WgOy + QMM (42,4)

W aHAJOTHYHO O] OCTaJbHbIX KOMMAOHEHT.
Atu Qopmysanl copepkaT B cebe BCE MarHHTOCTP

-
“/ )

MKIIMOHHbIE 3()-
(DEK1D B—{d a1 Bd ¥, H .

CTBHE BHYTPEHHHX HaNpsuKeHUH (OpMYJIbl
Uy = QMG Uy = QMM .. (42,5)

onpeneNsoT H3MeHeHHe nedopMaulH NPH H3MCHEHHH HallpaB/eHHd
HamMarHHueHnHocTH. IHamomHuM, uTo abcoqioTHas BeaHuiiHa jgedopma-
UHH B H3BECTHOM CMbICJAE VCJOBHA BBHJY YCJ/JIOBHOCTH BbiGopa TOrO
HallpaBJeHHS m, A5 KOTOporo jedopmailis NPHHHMAETCS OTCYT-
CTBYIOLLEH.

TeH3op HanpsKeHHI, ONpeneeHHblil B pe3yanTaTe PECHHS KOH-
KPETHOH 3ajaun (HanpuMep, ANs 3aKATOTO KPUCTAJLIa), MO NOPSALKY
BEJHUHHBI O~a/|\, TJ€ @ H P—IOPsAKH BEIHUHHbI COOTBETCTBEHHO
KO3(PhHIHEHTOB @y, H YIPYTHX KO3(phuUMEHTOB. B 3ToM CMblcae
MarHHTOynpyras 3Heprus (Kak Bcerja, Ha eiununy obbema)— BeJH-
ygna nopsaaxa a*/p. Koahduunenrnt ¢-— BeNHUHHBI MEPBOTO MOPSAKA
0 PEJIATHBHCTCKOMY COHH-CIHHOBOMY B3aHMOJEHCTBiHIO, Tak UTO
MarHUTOyNpyras 3HEPrHs—BTOPOro nopsjka no Hemy. B ognoocuom
KpHCTATe 3HEPTHA aHH30TPOAHU-—IIEPBOr0 NOPAAKA 10 PEIATHBHCT-
CKOMY B3aUMOJEHCTBHIO, H IIOTOMY Kak NPaBHJIO BEJIHKA NO CPaBHe-
HHIO ¢ MaTHHTOynpyrod sHeprueil. B kyOHUYecKIX Ke KpHCTadIax
3HEPTHS AHH30TPONHK — BTOPOro fopsAAKa I10 YKA3aHHOMY B3auMoO-
JeficTBHIO, K B 3TOM CMbICJe CpaBHHMAa, BooOLle TOBODPS, ¢ MarHuTo-
ynpyroft aneprueil ?). B 3ToH cBsiau MOKeT BO3HHKHYTb HEOGXonH-
MOCThL OJHOBPEMEHHOTO yueTa O0OMX BHIOB 3HEPTHH (Hanpumep, Ipu
HCCJAENOBAHHU KPHBOH HavMarHHYeHnd), UYTO CYMmECTBEHHO YCJAOK-
HsieT 3ajauvy.

PaccMoTpHM Tenepb MAarHMUTOCTPHKUMIO MAarHETHKAa B TaKUX CHJIB-
HBIX nodsax (H>>4mM), npH KOTOPHLIX HECYINeCTBEHHA 3HEPTHsI aHH-
30TPOIKU H JOMEHHAs CTPYKTypa ye OTCYTCTByeT, Tak 4TO Hanpas-
JeHHe M MOXKHO CUHTaTh CoBnajamolium ¢ HanpasjaenueM H.

Beujy npeHeOpeKeHHUA 3HEPTHEH aHU30TPOINMH KOHKPETHAsd Ci
METPHS KPHCTAANa CTAHOBHTCH HECYLIECTBEHHOH, Tak UTO CJEayio-
mue HuxKe (QopMyJbl B paBHOH Mepe NpPHMEHHMbl K JwGomy deppo-

MarHeTHKY.

1) Ilpr nudpepernuporannn @ Hago HMeTh B BHJAY 3aMeUaHHMe, CleslaHHOE Ha
ctp. 107

2y Ho 1 B kyOuyecKHX KpHCTa/JaX MarHHTOYNPYras 3HEPTHs MOXeT oOKa-
3aThCSl MaJoH 1o cpasHeHMO ¢ 3uepruefl amuzorponuu. Tak, y Kejesa ((Ipu KOM-
naTHofl TeMneparype) UX OTHOWieHHe ~10-2
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[Tycth Testo HaxoAMTCs B OJJHOPOAHOM BHEIUHEM MAarHHTHOM IoJe §).
Ero nosublilt TepmojvHaMudeckuil notenuuan ) paercs dopmyioi

P = —oll§) =—MV, (42,6)

rne ot = MV —noaHbli MarHUTHBIE MOMEHT TeJd, OIHOPOJHO HAMar-
HHUYCHHOTO B HANpas/IC€HHH, COBNAJAOLIEM ¢ HalpPaBJIEHHEM IOJIfA;
MBI ONYCTUJM 31€Ch YJCH (P,, HE CBA3AHHBIH C MACHUTHBIM MOJEM.
Tensop aedopmanuu, yepepnennelii no ofveMy Tena, onpemessercs

(popmyToH

-~ 1 0P
="V oz’
OTKY a4
m _EG(VM)

LY 90,7, (42,7)

TaxkuM obpazoM, AebopMauHs ONpefesasieTCsi 3aBHCUMOCTBIO HaMarHu-
YEHHOCTH OT BHYTPEHHHMX HaNpPsKEeHHH.

[Tpn xyOHUeCKOH CHMMETPHH KPHCTa/lsa BCSIKHH Xapak TepH3YIo-
WHHA ero CBOHCTBA CHMMETPHYCCKHI TeH30p BTOPOTO PAHTra CBOJHTCS
K CKaasipy, H3 KOTOPOro On noJdydaercss ymMuokenuem na 8. 3to
OTHOCHTCS U K TeHsopy 0(VM)/00,,, Tak 4TO MarHHUTOCTPHKLHOHHAS
Ae(HOPMALHS CBOAUTCH B 3TOM C/ydae K BCECTOPOHHEMY CHKATHIO HJH
PACTSIKEeRHIO.

Eciu MBI HHTEpecyeMcsl TOJAbKO H3MeHenneM OV 1ojHoro ofbema

~

T€/Ia, TO €ro MOXKHO MOJYYHTh NpOoCcTO AH(deperuHpoBaHHeM G 1o
JaBJeHuIo;

—~

oV = 2P 50 MY) (42,8)

opP oP °

rie P Haj0o NOHHMAaTh Kak PABHOMEPDHO MPHJAOKEHHOE K Tesgay BCe-
CTOPOHHEE naBJICHHE.

3anauu

1. HaéiTh orHocuTenbHOe pacTsiKeHHe (DePPOMATHHTHOrO Ky8HUECKOro KpH-
CrTajna B 3aBMCHMOCTH OT HalpaBJeHHs HAMATHHUCHHOCTH M H HANDPABJCHHS H3-
MepeHHS n.

Pemenue OrHOCHTENRHOE pACTSKEHHe B HanpaBJcHUM €IHHHYHOIO BeK-
TOpa N BeIpaXKaeTCsl yepe3 TeH30p AedopMauuy (GopMmy.aok

0L/l =u;pn;ng.
Honcraens ciofla u;, (B OTCYTCTBHE BHYTPeHHHX HampshkeHHH) us (42,5), moayuum
242 2492 1 212
81/l =a, (mxnx—{—myny—[—mznz) (MM, MmNy n, -myman,ng).

Hanomaum, uTo 6e3YCJIOBHBIT CMBICA HMeel He camMa 374 BeJMYHHA, a JHWIL Pas-
HOCTH ee 3HaUeHHH NPH PA3NHYHLIX HANpaBJeHHAX m U n. Tag, ecau m Haupas-

—

1) 3nech mospasymepaeTcst To ompegeienne P, o KOTODOM wJna peup B § 12.
WM Henb3st nmosmb3oBaThCSt AJIS CYLIECTBEHHO HEONHOPOAHO nedopMHPOBAHHBIX Tell,
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JeHO B10Jb OCH X, TO pPasHocTe 3HaueHui Of// Bposb ocell x U y pasHa ay;. Ecanm
M HanpaBJIEHO B10Jb OJHOM M3 IPOCTPAHCTBEHHLIX QHArOHAMeld, TO Pa3HOCTb 3Ha-
yenuit O6l/f B 2TOM 2Ke HanpaBJeHMH H BLOJL TpeX APYIrHX NpOCTPaHCTBEHHBIX
JliaroHanei pasHa 4a./9.

2, Onpejennts H3MeHeHHe 00bBEMA TIPH MAFHUTOCTPHKUMH ()epPPOMATHHTHOrO
LIHACOHAA BO BHellHeM noJe § ~ 4mtM, navannennHom OfHOR M3 ero oceil; ¢ep-
pOMarHeTHK pe1nonaraeTcss KyGHuecKum ').

Pewenue. [lpn npenebperkeHnn sHepruefi aHH3OTPONHKHH 061aCTh CYLLECTBO-
BAHMSA JOMCHHOH CTPYKTYpbl Onpegensiercst HepaBeHctsoMm B < 4nM npn -H=0

(4epTa O3HAuaeT vcpelHenue mno obvemy Tena: cp. § 41). B sanunconpe nB -

(1 —n)y H=1¥, 1, nonoxus H =70, Haiilen, UTO JOMEHHAs CTPYKTypa CyIlecT-
ByeT 1IpH
H < danM.
[pu stou nB —=4anM =45, T.e. cpelHAs HAMarHH4eHHOCTD
M = H/dan.

Otciona TepMOJHHAMMUECKHH MOTEHILHA

S’:E

(1)

)
0

Fean ke H>4anM, TO 3/IKICOHL HAMATHHYeH HEJAHKOM BAoAb noast: M=M.
[lpu atom

B = — M§$V |- 21M? Vn @)

(npu $=4nMn seipakenus (1) u (2) cosna.lawr).

HckoMoe HameHeHHe ofbeMa nogyuaercsl aHppepenivposaHneM & no gaeie-
HHIO:

$H% 9V .
6V = — 8_1'[.(;% npu y < dnnM,
LMy o (M2V) .
6V—"‘*‘ .S;'-—Fp—‘j—Qﬂ,ﬂ ——EP— NnpH ‘\) > danM.

Mpu $ > 4nnM Mp BO3BramaeMcst K npUBeIeHHOH L Tekcre gopmyne (42,8).

§ 43. [NoBepXHOCTHOE HATsKEHHE NOMEHHOH CTEHKH

Kak yxe 6b110 ykasano B § 41, cymectByer ummpoxasi o6/acTh
COCTOSIHUHA, B KOTODPBHIX (epPPOMATHETHK JOJ/AKEH MMETh JOMEHHYIO
CTPYKTYDY, T. €. pachmafaTtbhcsi Ha ydacTKW ¢ Pas3jHYHBIMH HaNpa.je-
HHUSIMH HaMarHH4eHHOCTH. DTO OTHOCHTCS, B YACTHOCTH, K Qeppomar-
HHTHOMY Teldy, He HaXOAseMycsi BO BHEIUHEM MAarHHTHOM TOJe.

C TepMOAHHAMHYECKON TOYKH 3DEHUF CONPHKACAIOUIHECH JOMEHbI
npeacTaBisor coboi pasanynble ¢asel deppoMarHerdka, OTJHAYalo-
LyecA HallpaBJeHHEM CBOeil CIIOHTAHHOH HaMarHHYeHHocTH. Pac-
CMOTPHM, NDEXKIE BCEro, cBOMCTBA MeX(pasHbIX paHHl (WaH, Kak
rOBOPST, OOMEHHBIX CMEHOK) KAK TAKOBBIX M ONPEAEeTHM HX IOBepX-
noctHoe Hatsukenue (JI. . Jlanday, E. M. Jluguuy, 1935).

1y B oaHoocHOn (heppomarHeTHKe 1npH § ~ 4nM Hano ObIO OB yUHTHIBATbh
9MePTHI0 AHH3OTPONHH, Hero He HAjO eNaTh B KyGHUECKOM KpPHCTAITe.
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MexdasHble TpaHHUBl TIPEACTABIASIIOT CO00H B JeHCTBUTENHHOCTH
CPaBHHTENLHO Y3KHe IepeXoiHble CJAO0H, B KOTOPBIX HalpaBjeHHe
HaMarAHYeHHOCTH HeNPePbIBHO MEHSIeTCsl OT HampaB/eHHS B OLHOM
K HanpasieHHio B apyroMm pomene. «[llupuHa» Takoro cjiost U xop
u3MeneHuss M B HeMm ONpelensitoTCsi YCJAOBHSAMU TePMOJHHAMHYECKOTO
paBrOBecHsl. IIpH TOM HO/KHA OBITH yuTeHa AONOMHUTeNbHAs 3HEp-
Tdsl, CBSI3aHHAs € HEOJHOPONHOCTBIO HaMarHHuenusi. Hauboabiuni
BKJIaJ B 3Ty JHEpeur0 HeoOHOpoOHocmu JaeT OOMeHHOe B3aHMOmefl-

JKeHa yepes MNpoH3BoAHble OT M no kKoopauHaTaM. IDTO MOXKHO Cje-
JaThb B OOWEeM BHOe, Npeanosgarass rpajHeHT HanpabjeHuss M cpas-
HHTEJbHO MaJ/lblM; 3TO YC/JIOBHE 03HauYaeT, YTO CYLIECTBEHHOE H3Me-
HeHue HalpaBJeHUs MACHHTHBIX MOMEHTOB IPOHCXOJHT JHIUL Ha
PAcCTOSIHHAX, GOMBIIKNX NO CPABHEHHIO C MEXKAYaTOMHBIMH paccTos-
HUAMH. Ero BHNOJAHEHHE B JaHHOM CIy4yae OUYeBHIAHO, TaK KaK Cy-
L{ECTBeHHOE pasjHuie B HallpaBJeHHSX COCeJHHX ATOMHBIX MarHHT-
HbIX MOMEHTOB NpHBesio Obl K BeCbMa GO/BIIOMY YBETHUEHHIO OBGMEH-
HOM 2HEDrHH ¥ TIOTOMY TePMOAHHAMHUYECKH HEBBIFOLHO.

OGo3HaUNM [ITOTHOCTb HEPTHH HEONHOPOAHOCTH nocpeAcTBOM U ., ..
JIMHEHHbIX 110 MepBbIM NPOUSBOAHBIM WIEHOB BUAa @, (M)OM,/0x, B
ee DasoKEeHHH He MOXKeT OBITb—YVyXKe B CHAY TPeGOBAHHS CHMMer-
PHH [0 OTHOLICHWIO K OCpalleHHI0 BPeMeHH (ITa Ofnepauusi MeHser
3HaK BekTopa M, sHeprust ke HOMKHa OCTaBaThCA HEH3MEHHOH).
CHMMeTpust Kpucraaia Morjaa Obl JOIYCTHTH CYUIECTBOBAHNIE UJIEHOB,
COoepKaliX I1POU3BENEHHS NPOU3BOAHBIX OM,;/0x, Ha KOMIIOHEHTHI
camoro Bektopa M. Hac unrtepecyer 3zmech oO6MeHHasi 3HeprHsi Heo-
HOPOJHOCTH; COOTBETCTBYIOLIHE 4ieHbl B U, ... JOJKHBI ObITb HHBA-
PHAHTHB MO OTHOLIEHHIO K OJHOBPEMEHHOMY OLHHAKOBOMY NOBOPOTY
BEKTOPOB M BO BCeMm NpPOCTPAHCTBE (NpH HEM3MEHHOI CHCTeMEe Koop-
auHar)'). Torjaa uwieHbl ¢ yKa3aHHBIMH NPOH3BEJICHHSIMH MOTYT HMETh

. JIHIIBb BH]

aM 1
a; (M)Ml—axi—_’——_-g—a(M)sz.

Takue wienbl, 01HaKO, He MOTyT MMETb DeabHOIrO CMBICAA SHEPTHH
HeONHOPOJHOCTH, JaXKe eC/d JONYCTHTh M3MeHeHHe BIOJb KpUCTalja
He TOMbKO HalpaBjeHHs, HO H BeIHUYMHH BekTopa M. [leno B ToM,
UTO peabHbIA TePMOJHMHAMHYECKHH CMBICA HMeeT He caMa BeJIHYHHA
Ueousr @ HIIb €€ HHTErpal no 06beMy Teda; HO NPH TAKOM HHTer-
PHPOBAaHHH U/JeHbl HANHCAHHOTO BHAA CBeIHCh OBl K BBIDAMKEHHAM,

34BHCALLUM TOJNbKO OT 3HAYEHHH HAMArHHYEHHOCTH HA I[OBEPXHOCTH
Te/la, HO HE OT XOJa ee H3MeHeHHS B oGbeme 2).

') 910 sHAuUT, YTO CKalsipHO® BhIpaKeHHe Upeoqy AOKHO GbITh COCTABJICHO
TakUM oOpasom, YToObl «MATHUTHEIEY M «KOOP/AHHATHbIC» BEKTOPHHE WHICKCH CBO-
PauMBanuce Obl Kak/bie TOMLKO MeXKAY coGOH, HO He APYr ¢ Apyrom.

%) CHMMeTPHSI KPHCTAJIa MOXKeT, OZHAKO, NOMYCKAaTh CYIeCTBOBAHHE WJIeHOB
BUAA @y M;0Mp/dx, He 0OGMeHHOR NpHPOIB. ITO TPUBOAHIAG Obl K HIMEHEHHIO
Xapakrepa (eppPOMarHHTHOTO YNOPSIOUYeHHSA B KpPHCTamie —cM. § 52.
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[To »Toii ke nmpuunHe MOXHO He mucath B U, .. cpelH YJIEHOB
cJellylonero nopsaika MajJoCTH 4/eHOB, JHHEHHBIX 110 BTODbIM MpO-
U3BOJHBIM OT M NO KOOpAMHaTaM: IpPH HHTETPHPOBAHHH MO OGLEMY
OHH IpeobpasyloTcsl B BBIPAKEHH$, KBaJpaTHUHble MO MepBBEIM MNPO-
13BOAHbIM. VIMeHHO KBagpaTHuHble BBIDAXKeHHS M SBJSIOTCS TIJiaB-
HBIMH HeHCUesaloUlUMH UJeHaMH B pasjoxKedHH OOMeHHOH 3SHepruu
HEeOJHOPOIHOCTH.,

Haun6osee obuiHii BHO 3THX 4JIeHOB:

1 oM; oM,
Uﬁeozm:_g'aika?m’ (43:1)

rje o,-—CHMMEeTPHUHBIH TeH30p; A/ YCTOHYHBOCTH (eppOMarHuT-
HOTO YMOP$I0YeHHs] 5TO BbIPaxKeHHe NOJIKHO GBITh CYII@CTBEHHO HO-
JIOKHTE/IBHBIM, T. €. IVIABHBIe 3HAUeHHS TeH30Pa O, NOJIKHBL OBITh
MOJTOKHTEIbHBIMA. B KyOHueckoM KpHCTa/sie TeH3Op O, CBOIUTCH
K ckaasipy (o, =ad,,, o > 0), tak uro?)

U a oM oM

HEOA® — 9 ox; ox; -~

B 0nHOOCHOM KpHCTA/WIC TCH30P C¢;, HMeer JBe He3aBHCHMble KOMIIO-
HeHTBl U 3HePTrHs HeOJHOPOJHOCTH HMeEeT BHJI

Uscom="%" [(%—T)u(%)z]#—;ﬁ ()" (43,3)

/

(43,2)

[Toguepkuem, uTro Baasd or Toukd Kiopu Bblpaxenus (43,1—3)
cjenyeT paccMaTPMBAThL Kak IEpBble UJ/eHbl DasJIOXKeHHs MO cTelle-
HAM NPOH3BOJHBIX OT eIHHHYHOrO BekTopa m=M/M, a He camoi
HamarhidueHHoctd M. JIMiub BOJAM3H STOH TOYKH OHO CTAHOBHTCS
pas/ioKeHHeM MO TPOU3BOAHHIM HMeHHO 0T M. CoOTBeTCTBEHHO 3TOMY,
B paMkKax Teopuu Jlanpay KoOs(pHUHEHTBI ®;, B 3THX BBIPAXKEHHSX -
IO/KHBL OblIH OBl cTpeMuTbesi NpH T — T, K OTJIMUHBIM OT HYJsA
KOHeYHbIM 3HaueHHusiM (O posd QAyKTyanuH#d B 5TOM OTHOIUeHHH —
cm. § 47).

PaccMOTpHM B KaueCTBe IIpUMepa rpaHHIY pasiesna Mexny ¢a-
3aMH B OJHOOCHOM KpHCTajJje THOa «JIerkast oCb», NpenmnoJarasi mpu
5TOM, YTO BekKTOop M mapaJsiesied (HJIH aHTHIApaJ/IesieH) OCH JIErKOro
HaMarHH4eHHs: (OCH 2).

CTpyKTypa NepexoJHOro CJI0s onpejelsercsd yc/J0BHeM MHHHMAJb-
HOCTH ero nNoJHoi ¢BoGoaHo# sHepruu ?). Ilpu srom o6MeHHasi sHep-

1y Tlo nopsAAKY BeNMUYHHE! (HAlpHMep, Ans XKenesa) o ~ 1071% cm.
%) B npeHeGpeKeHHH MArHUTOCTPHKiMEH HeT HCOOXOAHMOCTH DasjHyaTe CBO-

GOLBYIO 2HEPruio F u TepmoinHamuueckuii noTeHyuas 2. ECJH Ke UMETb B BHAY
yuer ynpyrofl ¥ MarHHTOYNpyroil sHepruii HeOAHOPOAHOH AePOpMaLHH (YTO MOKET
OKA3aTbCA HEOOXOAHMBIM B HEKOTOPHIX caydasX —cCM. 3aflauy 2), To caelyeT roBo-
PHTE © TNOJHOH cBoGogHOH sHepruu. HamoMHHM B 3TOH CBA3H, YTO YpaBHeHHA
PABHOBECHS CPENBl TONYYAIOTCS MyTeM BaphbHPOBAHHS HMCHHO ee MOMHOH cBOGOA-
Hoil SHEPrHH NO KOMNOHEHTaM BeKTopa JAedopMauHH U (Cp. BHIBOJ, H3JI0XKeHHbIA
B KoHile § 15 mas xuaxocTH; ypaBHeHue paBHosecus f—=0 mosyuaercsi npupaBHU-

BaHHEM HYMIO BapHALUH O ).



§ 43] MOBEPXHOCTHOE HATSM)KEHHE JOMEHHOWM CTEHKH 215

risl JeHCcTBYeT B HalpaBJeHHH YBeJHYeHHs TOJIMHBI caos (T.e. 6o-
Jee IJ1aBHOTO H3MeHeHHs Han