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NPEAUCJIOBHE

B nocsienHue roabl, 0COOBHHO B CBfA3W C PA3IUYHLIMH MpH-
JOMEHHAMH, WHTEHCHUBHO pAa3BUBAIOTCA MCCJAELOBAHHA MACHHTO-
yNOpSALOYeHHBIX KPHUCTAMIOB — (QePPOMATHETHKOB, aHTHdeppoMar-
HETHMKOB M (eppuTOB. MHorue cBONCTBA 9STHX KDHCTAIJIOB —
B MepBYI0 OuYepelb BHICOKOYACTOTHHIE, a TAKMKE TepMOIHHAMHYE-
CKHe M KHHEeTHYeCKHe CBOHCTBA — ONpeNeJfIoTCs B  00J4ACTH
HH3KHX TeMIepaTyp cneLudHUeCKUMH BOJHAMH, MOTYIIHMH pac-
NPOCTPAHATLCA B STHX TeNaxX, TAK HA3LIBAEMBIMH CIHHOBHIMH
BOJHAMH, UNPENCTAB/MSIIOLIMMH COOOR mepenaloliHecss OT aTOMa K
aToOMy KoOJe0aHHs aTOMHOrO MarHMTHOTO MOMEHTa.

ITH BOAHBE U CBA3AHHHE C HUMK YACTHUB —MAarHOHLI, OTKpPHI-
toie B 1930 r. DBaoxoM, Bo MHOTOM aHAaJOTHUHBl Je0aeBCKHM
KBaHTAaM 3BYKa — ¢)OHOHaM B OOBIUHBIX KpHcraaaax. Kak e,
TaK W ApYrhe MONYUHAIOTCH craTHCTHke Dose — IitHmitetina, u
BHOCSIT CBOH BKJal B TeMJI0eMKOCTE M TeNJONPOBOIHOCTb Mar-
HUTOYNOPSI0YEHHEIX KPHUCTALI0B. B oTaHuMe OoT YOHOHOB chu-
HOBHIE BOJIHBl — MArHOHB — 00J13aa10T MAarHUTHBIM  MOMEHTOM,
MO3TOMY OHH OMNpeAeJf0T He TOMbKO TeMJIOBLle, HO H MarHWT-
Hble CBOHCTBA MAarHHTOYNOPALOYEHHBIX KPHCTAMI0B.

Hacrosuwas knura nocssiieHa TEODUH CIHHOBLHIX BOJH. Mbl
HaYHHAEM C M3MOXKEeHHd OCHOB TEOpHU (eppPOMAarHeTH3Ma —MOLegaH
lefizenfepra, M janee nocaeloBaTeNbHO H3JjaraeM crepsa ¢eHo-
MEHOJIOTHUECKY10, a 3aTeM MHKDOCKOINHUYECKYI0 TEOPHUIO CMHHO-
BEIX BOJIH.

deHoMeHONMOTHUECKad Teopusi, Gasupymollascsi Ha ypasHe-
HHUAX SJAEKTPOMarHUTHOrO mnoJad MakcBeana ¥ ypasHeHHH JIBH-
’KCHHA MATHUTHOI'O MOMEHTa, NO3BOJAET MCC/IENOBAThH BHICOKO-
yaCTOTHBLIE CBOMCTBA MAaTHHTOYNOPALOYEHHHX KPHCTALIOB, B ua-
CTHOCTH  OJHOPOJHBIf M HEOLHOPOAHLIH (PEePPOMATHUTHHIA H
aHTH(QEPPOMATHUTHHIH  De3OHAHCH, MOBEPXHOCTHHI WMMenaHc,
napaMerpuyeckoe BO30OYXKIeHHe CIHHOBBIX BOJH, KOTepeHTHOe
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yCHJeHHe CITHHOBHIX BOJIH NMOTOKAMH 3apseHHBX vacTHU. Ona
NO3BOJAET TAKkKe, C MpHBJICUCHHEM TeODHH YMPYTOCTH, Pa3BHThb
TEOPHI0 CBA3aHHBIX MAarHUTOYNMPYIMX BOJH, B YACTHOCTH TEOPHIO
MAarHUTOAKYCTHUYECKOTO pe3oHaHca.

dyunamenranbHoft NMpobieMOR B MHMKDOCKONMHYECKOH TeOpHH
CMUHOBLIX BOJH siBAseTCs npobiaeMa UX KBAHTOBAHHMSA, CBOAALIAACS
K MpelCTaBICHHID ONEPaTOpPOB CNHHA C TOMOLILI 603eBCKUX
ONePaTOPOB POMIEHUS M YHHUTOXKEHUS MAarHOHOB. Mui u3naraem
JBa MeTo/a pelueHus 3TOR npobJemel, npuHaaaexaluue Foacreny
u IlpumaxoBy u [aticony. Kpome Toro, Mol mpuBOiMM pelleHHe
3a1aun O CBA3AHHBIX COCTOSIHMAX JABYX MarHOHOB.

Mukpockonuieckas TeOopus CMHMHOBBIX BOJH MO3BOJSET HCCJe-
IOBATL TEPMOAMHAMMUECKHE M KHHETHueCKHe CBOMCTBA MarHUTO-
yNOPANOUYEHHHX KPHCTAMNOB B 00JacTH HH3KHX TeMieparyp. llpu
MCC/IeI0BAHHN TepMOAMHAMHYECKHUX CBOHCTB MAarHHTOYMNOPALOYEH-
HBI# KPHUCTALJI MOXKHO PacCMaTpHBAaTh KaK COBOKYNHOCTb MAeajb-
HBIX TId30B MAarHoHoB, (OHOHOB H 3JEKTPOHOB IPOBOIHMOCTH.
Mpbl onpejesseM 3aBUCHMOCTH HAMATHHYEHHOCTH M TEIVIOEMKOCTH
MAarHUTOYNOPALOUYEHHBIX KDHUCTANJN0OB OT TeMIepaTyphl M BHell-
Hero MATHUTHOTO MOJf, a TaKXe HM3.1araeM TeopHIo (ayKTyauui
MArHHTHBIX BEJIMYHH, MO3BOJAMILYI0 HCCAeL0BaTb TAKHE ABJCHUSA,
KaK paccesiHie MelJeHHBIX HEHTPOHOB M pacCesiHMe 3JeKTPOMar-
HHTHBIX BOJH HA4 CNHHOBHIX BOJHAX.

Kunernueckne cBOMCTBA MAarHUTOYMOPSAO4YEHHBIX KPHUCTAMIOB
CYLIeCTBEHHO CBA3aHbl C HEHAEANbHOCTLIO Ta30B MArHOHOB, ¢o-
HOHOB U 3JEKTPOHOB NPOBOAUMOCTH. [T09TOMYy A8 HMX HCCaen0-
BaHHS HeOOXOIUM YueT pasUuHBIX MNpPOLECcCOB B3aUMOACHCTBUSA
MWLy MarHoHamu, (OHOHAMM M 3JeKTPOHAMH TPOBOIUMOCTH,
a Takxke MeXJY 3THMH UYacCTHLUAMH M INDHMeCHBIMH aTtomMamH. Mul
OrpaHHynBaeMCsi paCCMOTPeHHeM TOJABKO AOCTATOUHO YHCTHIX Mar-
HUTOYMOPAI0UEHHBX AM3JEKTPUKOB, KHHETHUECKME CBOUCTBA KO-
TOPBIX ONpeleasioTCd MpoleccaMd pacCesiHUsi MarHOHA MATHOHOM
M UYeDEHKOBCKHM H3JyuyeHueM POHOHA MarHoHoM. Mul u3saraem
TECOPHIO pe/aKCcallid MArHUTHOTO MOMEHTA U BLIPABHUBAHUS TeM-
nepatyp CNMHOB M pellleTKH B TAKMX KPHCTALJIaX, a TaKKe Teo-
pHIO TeIIONPOBOIHOCTH MarHUTOYNOPSALOUYEHHHIX 1HIJEKTDUKOB;
HAKOHell, MBEl W3JaraeM KBAaHTOBY) TEOPHI0 BHICOKOYACTOTHOH
MarHHTHOH BOCHPHHMUYHMBOCTH (PEPPOMAarHETHKOB.

Mbl HazeeMcs, YTO 3Ta KHHIA, HECMOTPS HA €€ HENOJHOTY ——
B Hell OTCyTCTByeT, HanpuMep, MUKDOCKONHYECKas Teopus KHHe-
THUECKHX sBJeHHH B (eppOMATHUTHBIX MeTaljJax W He Conep-
WHUTCH TEOPHS CMHHOBBIX BOJH B CJAOXHBIX (BHHTOBBIX) MATHMUTHBIX
CTPYKTYypax, — 6yJeT, TeM He MeHee, MOJE3HOH Kak TeopeTHKaM,
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TaK M 3IKCIepuMeHTaTOpam, paboraiowuM B o6aactd  (GU3HKH

MAarHUTOYNOPALOUEHHBIX KPUCTAAN0B.

Ilag nonuManna GoJblued 4YacTH KHHTH LOCTATOYHO 3HAHHSA
OCHOB KBaHTOBOW MEXaHWKH H CTaTHCTHUeCKON (uBHKH, U TOJBKO
nocAelHss rJiaBa, Coiepxauwlast Oosee abCTpaxTHBIA Marepuart,
TpeDyeT 3HaHMA KBaHTOBOW Teopuw moad. W3 aTok raasml, Ko-
TOpas B NEPBOM YTEHMH MOXKeT OblTb ONylleHa, AJAS IKCHEPHMEH-
TaToOpOB NOMKEH MpPeACTaBAATb HHTepeC MOC/AeLHUH pasiaen no-
cierHero mnaparpada.

Mbl xorenu O6bl B 3aK/MIOYeHHe BHIPA3UTb 6JarolapHOCTDb
HU. A. Axuezepy, HanucasuieMy nJiss KHHTH maparpadp o ¢ayk-
TYauMaX MArHMTHbIX BeJMYHUH H PacCesHHH MEANEHHHIX HEHTPOHOB
U 3JeKTPOMATHUTHEIX BOJIH Ha CNHHOBBIX BoJMHax, U B. I1. Cununy,
HalKCaplIeMy JAONOJHEHHE O CHOHHOBHIX BOJHAX B HedeppoMar-
HHTHBIX Mertaianax. Mbl OGnarosapusi rtaxwe B. B. Tanny,
B. A. Ilonosy, M. A. Capuenko u JI. A. UWluwkuay 3a nomoub
B NIOATOTOBKE DPYKOMMCH.

Asmopot



FTABA I
®EPPOMATHETHKH U AHTH®EPPOMAIHETHKH

§ 1. OGmennas moaenar (heppomMarueTHKa

1. MaruutHoe ymnopagodenne. Lleawm#t psn xpucranios
obnagaer ynopsiiOuyeHHOM MAarHUTHOM CTPYKTYpoH. DTO 3HauwmT,
YTO B OTCYTCTBHE CTOPOHHEI0 MArHHTHOTO MOJA CpeiHee (KBaH-
TOBOMEXAHHYECKOe) 3HAaYeHHWe MATHHTHOIO MOMEHTa No Kpatiheft
Mepe O[HOTO M3 aTOMOB B Kaw/IOH 3JEeMCHTApHOM sueHiKe Kpu-
CTanjla OTJMYHO OT HYJA.

B mnpocrefinieM THIE MarHHTOYNOPSAAOUYEHHBLIX KPHUCTANI0B —
deppomarnerukax (Fe, Ni, Co, Dy) — cpenHue 3HaueHus Mar-
HUTHBIX MOMEHTOB BCEeX 4TOMOB MMEIT OJHHAKOBYI0 OPHEHTAUHIO,
€CJIH TOJILKO TeMIepaTypa ¢peppOMarHeTHKA He NMPEBOCXOLUT Ompe-
feJeHHO}  KpHTHYecKOW TeMlepaTypbl — Temneparyps  Kiopu.
bDnarozaps stoMmy deppoMarHeTHKH o6JalalOT CNOHTAHHHIM Mar-
HUTHBIM MOMEHTOM, T. €. MAaKPOCKOMHYECKHUM MarHHTHLIM MO-
MEHTOM, OTJIHYHBLIM OT HyJad B OTCYTCTBHE CTOPOHHEro MAarHMT-
HOTO MOJA.

B Gosee ClOXHBIX MarHHTOYNOPAAOYEHHBIX KpHCTAA1aX —
aHTHdeppoMarHeTHKax (K MX uMc/Jy OTHocsarcs KapOoHnartot, Gea-
BOLHble CYyAbdaTbl, OKHUC/IH, (TOPULBI MNepeXOIHHIX METaNIOB
Mn, Ni, Co, Fe)— cpenune 3HaueHH MaTHHTHBIX MOMEHTOB
aTOMOB (B OTCYTCTBHE CTOPOHHEr0 MATHMTHOTO II0J) KOMIEH-
CHUPYIOT APYr Apyra B MNpelenaXx KawaoH sjeMeHTapHOH Auelky.
HMHbiMH coBaMHM, aHTHGeppPOMArHeTHK NpeiacTas/serT coOo# COBO-
KYTNHOCTb HECKOJbKHX TMOLpelIeTOK (MX Ha3blBAlOT MarHUTHEIMU
NOApeIeTKaMH), A KawAOH U3 KOTOPHIX CpelHee 3HaueHHe
MarHUTHBIX MOMEHTOB aTOMOB OTJHYHO OT Hyjd. Takasi MarHWTHas
YHOpALOYEHHOCTb HMeeT MeCTO, eCJHH TeMmeparypa aHTHdeppo-
MarHeTHKa HHXe OnpeleJeHHOW KPHTHYECKOH rTeMmepaTypbt —
Temnepatypsl Heens. :
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Hakoneu, cyutecTsyeT euie OZMH THN MATHHTOYNOPAZOYEHHBIX
KPUCTAA0OB — (PeppUThl, KOTOPHE COCTOAT M3 HECKOJIbKUX Mar-
HHTHBEIX TOJAPEINeTOK, MArHUTHHE MOMEHTH KOTOPHIX, B OTJAHuHeE
OT aHTU(EPPOMATHETHKOB, He KOMIEHCHPYIOTCHA, TaK uyro dep-
pUT 00nagaer CHOHTAHHBIM MaTHHTHBIM MOMEHTOM. ®eppuTamu
ABASIOTCS, HANpUMep, COCAMHEHHA MNepeXOJHbIX MeTaNI0B THIA
KOMI/IEKCHBIX coaelt MnO . Fe,03, 3Y,0, - 5Fe,04 u ap.

MarnutHas ynopsaaoueHHOCTb (eppo- U aHTUEPpPOMATHETH-
KOB BO3HMKaeT O/arojaps Koppelsudd Mewxiy Harnpas/ieHHsIMH
CIIMHOB 3JCKTPOHOB OT/IEAbHBLIX aTOMOB 3THX TeJ, MarHuTHbIA
MOMEHT KOTOPbIX HMMEET B OCHOBHOM CIIMHOBYIO Npupoiy. Jta
Koppenauus 0GyCJIOBACHA B CBOW O4epelb B3aMMOCBS3LI0 MEWALY
NPOCTPAHCTBEHHONR CcHMMeTpHelt BOIHOBONH (YHKIHMH H BeTHUHHOH
CYMMapHOTO CIIMHA CHCTeMbI 3JMeKTPOHOB. Takasf B3aMMOCBA3b,
ABJISA0IIAACA CAEACTBUEM MPUHIMNA HEPasAHYUMOCTH OAMHAKOBHLIX
YacTul, MNPHBOIUT K 3aBUCHMOCTH SHEPTHH CHCTEMBI OT BelM-
YMHBl €€ INOJHOTO CMUHA, TAaK KaK BOJHOBBIM (yHKIMAM, 06.a-
LAOWUM  pa3iuyYHOW npoCTpanCTBEHHOW CHMMeTpuel, CoOTBeT-
CTBYIOT, BOOOIIe TOBOps, pasiuuHbie 3HAUCHUS] IHEPTUH CHUCTEMBI.

CyluecTBeHHO, YTO NPU 9TOM TFaMHALTOHUAH CUCTEMbl MOKET
He COLepaTb UJEeHOB, OMUCHIBAIOIUMX MATHHUTHBIE, T. €. PeJATH-
BHCTCKHE, B3aMMOICHCTBUS 3JEKTPOHOB, TaK UTO peub HIeT
O YHCTO KBAaHTOBOM 3ddexTe, CBAZAHHOM C TEM, YTO 3JEKTPOHbI
noaunHsawTca cratuctuke ®epmu — Jupaka. 3tor 3ddekT Haswi-
BalOT OOMeHHBIM 3¢(eKTOM, a O 3aBUCUMOCTH SHEPTUM CHUCTEMBI
OT BGJIUYUHBI ee MOJHOTO CNMHA (T. e. O 3aBUCHMOCTH DHEPTHH
OT CBOHCTB CHUMMETDUH BOJHOBOH QYHKLHMHU) OOLIYHO TOBOPAT,
uyTO OHa O0yC/AOBJeHA OOMEHHBIM B3aHMOJAEHCTBHEM.

2. MouaexyJsa Boaopoja. PasabfcHUM XapakTep OOMEHHOTO
B3aUMOZeHCTBUA Ha mpocTefimeM MNpUMepe MOJEKYJ/ab B)A0DPOJIa,
ABa 3JEKTPOHA KOTODPOH# 3JEKTPOCTATHYECKH B3auMOLEHCTBYIOT
Mexly cobolt U ¢ 0GOUMH MPOTOHAMH MOJeKyan [1].

[aMUALTOHMAH CUCTEMB! 3JEGKTPOHOB IIPH 3aKPElICHHHLIX Ha
3a1aHHOM DPAaCCTOHHWM fAAPAaX WMEET, OYEeBHIHO, BHI

2 2
pi+rpo 1 1 1 1 1 1

Lo J Rl i 201 e

H = 2m e(r r r r r r )’

rle p;, Py — ONepaTopbl HMNyJabCOB 3/JEKTPOHOB, M N € — HX
Macca M 3apsll M, HaKOHel, rg, — PACCTOSIHHE MENKIy 4acTHLAMU
a u B (I, 2 —uHneKCcH B3JeKTPOHOB, &, O — HHIEKCH saep,
r==r,). Tax kak S He COLEPHKHUT HUICHOB, OINUCHIBAIOWHX
MArHHTHOE B3aHMOACHCTBHE 3JEKTPOHOB, TO BOJHOBYIO (QYHKLHMIO
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CHCTeMBl 3J1eKTPOHOB ) MOXKHO MPEACTABHTH B BHIe MpPOH3Belne-
HHSl POCTPAaHCTBEHHOH ¢ (ry, F9) H CIHHOBOR ¥ (0, Oy) BOJHO-
BbIX (PYHKUHH;

P (r0y, 7909 =@ (ry, 13} (), 0O9)

(0,, 0o — TNPOEKUUH CTHHOB 3JEKTPOHOB HA HEKOTOPYIO OChb).

$yukups P pomkHa OBITh, COTMAacHO npHHuMNY Ilayau, aHTH-
CUMMETPHYHOHR OTHOCUTENBHO OIHOBpPEMEHHOMH NepecTaHOBKH KOOp-
IUHAT U CIUHOBBLIX TeEPEeMEHHBIX 3JeKTPOHOB. ITO 3HAYMT, oue-
BELHO, 4YTO CHMMETPHYHOH CHHHOBOH (PYHKUMH COOTBETCTBYET
AHTHCHMMETPHYHAs TPOCTPAHCTBeHHAs (YHKUMA H, HAOBOPOT,
AHTHCHUMMETPHUYHOH CTMHOBOY (YHKLUUM COOTBETCTBYET CHMMeE-
TpUYHasA MOpocTpaHcTBeHHas ¢yHkuua. Pynxuus y Oyler CHM-
METPUYHOH, eClTH CyMMapHHI# chonH S OOOHX 3/1eKTPOHOB paBeH
expnulle, S==1, u anrucuMmerpuuno#t, eciu S==0. [Tosromy
NPOCTPAHCTBEHHAs! BOJHOBasA GYHKUMS OyleT aHTHCHMMETPHUYHOM
npu S=1 u cummerpuynofi mpu S =0. Mu Gyiem 0603Ha4aTb
3TH QYHKLUMH COOTBETCTBEHHO uepe3d ¢, U (.

[Mpeanonarag, uro B3aUMOJeHCTBHE MEXIy aTOMaMi sBJASETCH
Ca0biM M 4YTO 00a OHH HaXOXISATCS B OCHOBHOM COCTOSIHUM, MOXHO
NpHOAHMKEHHO DBOCTPOUTH GYHKUMU @ (ry, Fo) U @, (ry, ¥9) C HO-
MOIUBIO BOJHOBLIX (YHKIHMH 3/€KTPOHA, MABHKYIUErocs B KYJO-
HOBCKOM T10Jle KaXIO0TO M3 siiep:

1
V2T +v)
1
Qg (11, rQ):T/Q—(I—T—Y—fT o) o (ry) — o))}, S=1,
rie ¢ (r,) — HOPMMPOBAHHAsA BOJHOBAadA (YHKUMA aToOMa BOIO-
poOla, «COCTOAIero» M3 [-TO ajekTpoHa (=1, 2) u «a-ro aipa

(a=a, b) u

@y (ry, ry) == {(P(ral)(P(er) +oreer,y), S=0,

Y= ”(qj(ral)(p(rbl)drl'

3HaueHus SHEPrHU MOJNEKYJbl B COCTOAHHAX ¢ S=1u S==0
CBA3aHH C QYHKUHIMH @, B @, COOTHOLIEHUAMH

EM(”):J(Pa(rl' ry) @, (ry, ro)drydr,,
EN(r):J‘(ps(rl, ry) FEGs(ry, o) drydr,

(B uHTErpanax ONYIIeH 3HAK KOMILJIEKCHOTO COTpPSKEHUd, TaK
Kak @, W @, SBAAOTCA BeLIeCTBeHHBIMH GYHKUMAMU B CHIY
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npennoJOKEHHA O TOM, YTO ATOMbI HAXOAATCA B OCHOBHOM coctof-
Huu). Iloacraeiaag coona npuBeleHHBle BBILIE BBHIPAKEHUS 11
¢, U Qg HalneM

A(N—B(n
iy

AN +Bn
VT2

Exa(r) = Epy(r)== ;

raoe
A= [ U@ ) @ (ryp) dr,dr,,

By = [ Ue(ra) 9 (ry) ¢ (ro) 9 () dry dry
H

(8 Beipaxenuax Aas Eyx(r) u Exy (r) orOpouens He 3aBHCsLHe
OT r cjaraeMbie, NpencTasjsiouive CoOOft SHEPTHIO ABYX aTOMOB
BOJOpPOLA, HAXOAfIIHXCA HAa OeCKOHEYHOM PAacCTOSIHHU JpyT
OT Apyra).

Benuuuna A(r) onpepesnser, 04eBHIHO, 3JEKTPOCTATHYECKYIO
HEPIHI0 B3aNMOLeHcTBUS OOOMUX aTOMOB B MPEINOJOXKEHHH, YTO
KamJAbH W3 3JEKTPOHOB «KECTKO» CBf3aH C OILHHM M3 siep
(anektpon 1 ¢ AnpoM @ ¥ 37eKTPOH 2 ¢ 4apoM b), a Benuuuna
B(r)y —ux o0mennywo sHepruio. IlocaenHee HadpaHHe CBSI3aHO
¢ TeMm, 4ro Bejuuuna B (r) npeacraaser co6of MarpuuHBIR 37e-
MEHT 3JeKTPOCTATHYECKOH 3SHEPTHU B3aHMOLEHCTBUA 3J€KTPO-
HoB U/ MeXay COCTOsiHMEM, B KOTOPOM 3JeKTpoH | «mpunan-
JA€KUT» ALPY @ W 3JEeKTPOH 2—a1py b, U COCTOSHHEM, B KOTO-
POM 3JEKTPOH 1 «NpHHAAJEKUTS AIDY O U 3JMeKTPOH 2—s1py a.

O6MenHas sHeprusl OT/HYaercs BawHON OCOOGEHHOCTHIO: OHa
GBICTPO (3KCMNOHEHLMAJbHO) YMEHbLIAETCH C YyBeJMYEHHEM pac-
CTOSIHMA MeXIy SApaMd, B OTJIMUHE OT MEIJRHIO Chalamolei
9HEPrHH MX KYJIOHOBCKOPO B3dHMOJEHCTBHA. ITO OOBACHAETCS
TeM, yTo B B (r) BXOAT NPOU3BEIEHHS BOJHOBHIX (QYHKLMH 3Jek-
TPOHOB, «NPUBSI3AHHBIX» K PpasHbBIM sapaM, O(F,) @(r,) u
@ (ru0) @ (ry). Tlostomy B(r) saBucuT OT TOTO, B KakoH Mepe
«NepeXPHBAIOTCS» BOJHOBEHE GYHKUHH @ (r,;) 1 @(F,), a 370
«MePeKPHITHE® IKCMOHEHUMANLHO YMEHbILAeTCH C DOCTOM 7.
Ha 3ToM ocHOBaHMM MOXHO CKasaTb, 4TO OOMeHHOEe B3auMojeH-
CTBHE fBJAETCH KOPOTKOLEHCTBYIOLINM.

KauectBenno xox wuaMeHenusi BequuuH Ex(r) u Eyx ()
C pOCTOM 7, T. €. pAacCTOSHHA MeXIy fApaMH, u300paMeH Ha
pruc. 1. Mbl BUIHM, UTO 1Ba HeBO3OYKIEHHBIX aTOMa BOLOPOA
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MOTYT 00pasoBbLIBATL MOJEKYJYy BOjAopoia (KOTOPOH COOTBer-
ctByeT KpuBag Ejy(r) ¢ MMHMMYMOM) TOJbKO NpPHM aHTHUNApal-
JeMbHOW OpHeHTAaLud CAMHOB OOOHX 3JeKTPOHOB.

STOT NpuMep HarjAsAHO NOKAa3biBaeT, YTO YHCTO KRAHTOBHI
3¢exT oOMeHa 3/MeKTPOHOB MPUBOAHT K 3(PdekTHBHOMY B3aHMO-
1eHCTBHIO MexAy aTOMaMM, CYLIECTBEHHO 3aBHCSILEMY OT CYM-
MapHOTO CMTHHA aTOMOB, XOTS CNMHOBLIE MepeMelHble U He BXOLAT
IBHO B MCXOIHDBIH, «MHKPOCKOMHYECKUH» TraMHJILTOHHAH COBO-
KYMHOCTH aTOMOB, YYMTBIBAIOUIMH TOJbKO 3JEKTPOCTaTHUECKHE
B3auMoelcTsug. -

OOMeHHOe B3aMMOJLEHCTBHe, Jexaluee, Kak TNOKa3biBaeT pac-
CMOTpPEHHBbI mpuMep, B OCHOBE TOMEONOJAPHO# XHMHUECKOH
CBA3W *), 0O0BSCHAET TaK}kKe MpH-
poiy ¢eppo- Hu aHTHeppo-
MarHeTH3Ma. 3

B orauulie oT MOJAeKybl BO-
Jopoza, Aas KOTOpPOH oOMeHHas

9Heprus orpuuarteabta (B {r) <0), £
6narogaps ueMy COCTOSIHHE C CYM- "
MapHbiM criuHoM S =0 oKasbl- £y,

BaeTcs 00/ana0lWuM  MeHblie# \
9Hepruel, ueM COCTOSHHE CO

cnutom S=1, B eppomar- »r
HETHKAX COCTOMIHI0 ¢ 6OJAbLIUM V
CTNHHOM COOTBETCTBYCT MeEHbIuas
9Heprus, TaKk 4YTO B OCHOB-
HOM COCTOSHUM (peppoMarHeTHka
CMHHB BCeX aTOMOB HMEIOT na-
pannesbHY O OpHEeHTALMIO *¥).

Ilia toro yToOLl MaTeMaTHYECKH ONMUCATL OOMeHHOE B3aUMO-
JeHcTBUE, BBeleM B PACCMOTPEHHE ONepatTop

Gt =—J(r)s;8,+ E(r),

Puc. 1.

rie §;, §,— ONepaTopbl CNHHOB 3jeKTpoHop H J(r), E (r)—
HeKoTopble (GYHKUHH OT 7, KOTOphie MBI NMoibepeM TakUM oOpa-
3oM, yToOBHl COOCTBEHHBIE 3HaueHHs onepaTtopa & (LeHCTBYIO-
111er0 B MPOCTPAHCTBE CIIMHOBEIX NepeMeHHbIX) COBNajani CO 3Ha-
yeHuAMH aueprud Eyy (r) u Egy (r).

*) KpaHTOBO-MexaHuueckoe OOBACHEHHE XHMHUECKOH CBA3U GHLIO
naHo [eiitaepom u Jlongonowm [1).

**) 310 o0bACHEHHE NPHPOALI PeppoMarHeTu3mMa NpuHagaexuT [ ai-
senbepry (2], Ppenxemo [3] u Nopdpmany [4].
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Tak kak
S, == ! 2 Lo _— S S+1 3
$8, =5+~ 5@ i +s)=5SE+D—7,

3
TO COOCTBEHHbIE 3HAYCHHMS ONEpaTopa §;8; PaBHbl: — 7 NpH

S=0n —i— npu S=1. ITosroMy cobcTBeHHbIe 3HAYEHUS S

OyayT copnagath ¢ peauunHamu Eyy (r) m Eyy (r), ecu nOA0OKHTb

J(r)=Exy (r)~ Exn(r)s
E(r) =3 Enn(r) + -1 Exy (7).

Benununna E (r) onpenenser, OueBHIHO, CpelHee 3HAYEHHE SHEPTHH
aTOMOB (rnapaajejbHON OpHEHTAUHH CIHHOB 3JEKTPOHOB COOT-
BeTCTBYET CTATHCTWUeCKM# Bec 3/4, a aHTUNApaAAENbHOR OpUeH-
TAlUU — CTATHCTHYeCKU# Bec 1/4), a J(r) — ofMeHHYI0 3HEPTHIO.
Orsnexadach OT 3ITOH cpenued IHeprud, Mbl 6yleMm B JaibHeHiueMm
paccMaTpUBaTh TOJbKO NepBOe cJjaraeMoe B BhIPAXKEHHH 419 JE,
3aBUCAllee OT CHOMHOB 3/eKTpoHOB. Ero Has3bizaldT raMuibTo-
HHaHOM OOMEHHOTO B3aHMOIeHCTBHA 9JACKTPOHOB U OGO3HAUAKT
yepes ', ¥)

H == — J(r) §,8,. (1.2.1)

Mbl noayyuau BbIDaKeHHE [JS1 TaMUJIBTOHHAHA OOMEHHOTO
B3aUMOLENACTBHS, DACCMATPHBAA KOHKPETHO MOJEKY.ay BOIOpOAA.
Ho k Hemy MoxHO nupu#ith u u3 Gosaee o6iwux coobpaxenutt,
@ HMEHHO HCXO0.4 M3 TPeOGOBaHHA HHBAPHUAHTHOCTH raMUJIbLTOHUAHA
B3dUMOAEHCTBUA YACTHI OTHOCHTENLHO HNDPOCTPAHCTBEHHBIX Bpa-
IeHNH.

JeACTBUTENLHO, [OCTaBHM BOMPOC O HAXOWIACHMM Hanbosee
00IIET0 BBIPAXKEHNA 118 TaMWIbTOHHAMA B3aUMOIEHCTBHA IBYX
OIMHAKOBEIX 4YaCTHL, MpPEeANoaras, 4ro OH 3aBUCHT TOAbKO OT
KOODAHHAT M CTNHHOB yacTHU. Tak KaK U3 OnepaTopOB CIHHOB
YaCTHL §; WU Sy M DAAUYC-BEKTOpA ¥, ONPEACAAIOUIErO MX OTHO-
CHTe/JIbHOE TI0JIOMEeHHEe, MOXHO MOCTPOHTh TOJLKO TPH HE3aBH-
CHUMBIX HHBAapHaHTa OTHOCHTENbHO TnpeofpasoBaHull npocTpan-
CTBEHHBIX BpaltleHHH:

r2, 8185 (8;7)(8or),

*} B raxom Buge raMuabTOHHAH OOGMEHHOIO B3aHMOAEHCTBHA Gbla
Bnepsble noayued Jdupaxom [5].
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TO MCKOMBIH TaMIIBTOHMAH &% MOMeT ObITh MPOM3BOMBLHOM QYHK-
yuel 9THX WHBApUaHTOB. Baamen (8,7)(Syr) ynobHee BBECTH
MHBApHaHT

S19== 3 (8,72) (So7t) — 518y,

rie n:—:—, W 3anncath mo3TOMy ¢ B BHIE
7 H == f(r, 8,82, S19),
rie f — npou3BOMbHAR (PYHKLUA TPeX HE3aBHCHMbLIX MePEMEHHBIX.
Ecau ciun kamiol M3 YacTHU PaBeH §==-, TO 3T0 Bhipa-
KEHHE MOKeT ObiTh 3HAYMTEJBHO yNpOlUeHO, 6/arozapa ciaeLyio-
eMy CBOHCTBY CNHHA %: moGas uenaas NOJOKUTENbHAA CTENeHb
MATpHL §;8; M S;o, 4 TAaK¥Ke NPOU3BeleHHe TAKUX CTeneHel Bhipa-

2KAIOTCSE B BUAE JAMHeHHOK KOMOMHALMM CaMHX 3TMX MaTpHll H
€1HMHUYHOM MaTpHubl. ITO CBOUCTBO ABAACTCH CJICACTBHEM H3BECT-

1
HOro COOTHOLICHHUA IJA KOMIOHEHT CNHHA S:;—j

i 1
Spsp = bl EotmSm ~+ T le'

Vicnoan3ya 31O COOTHOUIeHHE, NEeTKO MPOBEPHThb, HANPHMED, YTO

1 1
2 __ . o
512_ S1S2 S

3 1
(8,82 == 16 7 5152

3

8 2 2

1
$12(818) == (8:82) $12 = 7 S12.

Orcoza crenyer, uro, pasaoxus GyHKuuw f B pia no cre-
MEHAM €e APIyMEHTOB, MOKHO NPUBECTH FaMUJIbTOHHAH 7 K BHLY

F=U,(r) +-Uy(r) 8,8+ Us(r) spo. (1.2.2)
rie U, (r), Uy(r) n Us(r) — nekoropbie (yHKUMH OT paccTosi-
HHS MexX1y uvacTHuamu. [loduepkHeM elle pas, u4To 31a ¢opMya
CrpasefluBa TONbKO B CAY4ae YACTUL, HMEIOUMX COHH § = .

C nepBHIMH ABYMS CJAraeMBIMH B BHIDAXECHWM LAst S MBI yxe
NO3HAKOMUW/JINCH BHILE, NPH PACCMOTPEHHHM MOJEKYJ/Ipl BOLOpOAA.
Yro Kkacaerca Tperhero cjaraeMoro, TO B ciayuae ABYX 3/eKTpO-
HOB OHO mpeiacrasasger coOO# 5SHEPrHi0 MX MarHMTHOrO B3aMMO-
LEHCTBUA, T. €. SHEPTHUI0 B3aHMOLEHCTBUA MArHUTHHIX MOMEHTOH

2 A. U. Axuesep 17



eh eh
3.1eKTPOHOB, —— 8 H —=8; (m — Macca 3ieKkTpoHa, h— KBaH-

mc
eh \?2 1
ToBas nocrosnyHag), Ilpun stom U, (r) =~ ol B ta 3Heprus

COZEpPHUT 1O cpaBHeHHI0 ¢ U (r)+4U,(r)s;8; u0GaBounkifi

1 v\2
MHOXHTEIDb F’ (TOque roBOps, MHOXHTEJb (?) , TAC U — BeJIH-

YHHA NOPAAKAa CKOPOCTH 3JEKTPOHA B amme). B cjayuae MoJe-

KyJabl BOLOPOZA Mbi He YUHTHIBAJIH 3TOH 3HEDPruu, UMewlwef
PeNATUBUCTCKOE NPOMCXONIAEHHE, TaK Kak v <& C.

3. O6menHblii ramuabTOHUAH deppomarHeTHka. [lepeiinem
Tenepb K YCTAHOBJEHHI0 BHLAa I'aMM/IbTOHHAaHA QeppoMarHeTHka.
[1aBHBIH BONPOC, KOTOPHIH HAc HHTepecyer, 3aK/AOMAeTCs B Bhi-
SICHEHHH XapaKTepa 9HepreTHYeCKOro CrekTpa deppoMarHeTnka
BO/MM3H OCHOBHOTO COCTOSIHHA, KOTODOMY, KaK IOKA3LIBAET OIIT,
W KaKk LOMKHA OODBACHUTL TEOPUAl, COOTBETCTBYET MapasenbHas
ODHEHTAlHs MaTHUTHBIX MOMEHTOB OTZHE/JBHHIX aTOMOB (eppo-
marHeTHka. Cnepsa Mbl He OyAeM YYMTBIBATb CPABHHUTENBHO
caalbix peJsTuBHCTCKUX B3aumosefcrsuit. TloaToMy wexoaHBIM —
MHKDOCKONHUECKHH TaMHAbTOHHAH ¢eppoMarHeTika O6yner co-
AepXaTb B KayeCTBe NOTEHLHMAIbHON SHEPTHH JMLiL IHEPTHIO
KY/MOHOBCKOTO B3aUMOLeHCTBUS 3JeKTPOHOB ¥ sep H, KpOMe TOro,
KMHETHYECKY10 SHEPrHI0 YacTHL, T. €. CyMMy onepatopos Jlaniaca
148 Kaxaod W3 dvactuu. BosHoBble (YHKLUHHM 3TOrO ramuiabTo-
HUaHa JOMKHDL 00/1a1aTh ONpeje/]eHHbIMH CBOHCTBAMH CHMMETpPHUH,
6narosapd dyemy, KaKk OBlJIO pasbsCHEHO BbIle, YCTaHABIHBAETCS
KOppeJasillud Mex 1y 3HauyeHWsAMM OOWIEro CNHHA CHCTEMbl W 3Ha-
YeHHAMH €e SHEprHH.

Ecau npeanonarath, 4TO KPUCTAMI (OPMUPYETCH AHAIOTHUHO
MOJIeKYyJle BOZOPOAA, T. €. H3 OTIEJIBHBIX arTOMOB, KaXiblf
U3 KOTODHIX COLEPKHT MO OLHOMY 3JeKTPOHY B OCHOBHOM CO-
CTOSIHUM, TO, UCNOAB3YSA YKA3AHHLIA MHKPOCKOTHYECKHA raMUIbTO-
HHaH, MOXHO INpUOJMNKEHHO HANTH SHepreTHYeckHe YDPOBHHU
KpHCTaNIa.

Onnako anas uccnenoBadus Godee oOUIMX CAy4YaeB MUKPO-
CKOMMYECKHH TaMHJbTOHHAH ABASETCH CAHIIKOM CJOMHLIM, YTOOHI
UM MOKHO OBIJIO HElOCpelICTBEHHO NOoAb3oBaThCA. [1o3ToMy ecTé-
CTBEHHO TNOMBITATLCH NEepPefTH OT MUKPOCKONHMYECKOTO FaMHAbTO-
HHaHa K TaMHAbTOHHAHY, umelolleMy OoJiee MPOCTYIO MaTeMaTHye-
CKYI0 CTPYKTYPY M NDHBOISLEMY B IMABHBIX YEDTAX K TAKOMY Ke
IHEPTETUYECKOMY CINeKTPY, KAaK W HCXOAHHN raMuiAbTOHHAH.
JTOT mepexol MOXHO MPOH3BECTH AHAJOTHYHO PACCMOTPEHHOMY
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BLille TNepexoly OT MHUKPOCKONHYECKOro raMHALTOHHAHA ABYX
aTOMOB BOLOpOJa, COLepHallero MABa JanJgacHaHa H 3MeKTPo-
CTaTHYECKHEe TIOTeHUMANbHBlEe 9SHEPTHM pasfHuHBIX Nap uYacTuy,
K OOMEeHHOMY TraMMJbTOHHAaHY, HMelolleMy 3HauuTeJabHO O0lee
NPOCTYI0 MAaTeMaTHYeCKYIO CTPYKTYPY, YeM UCXOLHBH raMHAbTO-
unadH. [IpH 9TOM, KaK MBI BHIEJH, eCnM peub HAET 00 9Hepre-
THYECKHX COCTOSIHMSIX, BO3HUKAIOLIMX M3 OCHOBHBIX COCTOSHHH
IBYX aTOMOB M OTJIMYAIOLIMXCH TOJBKO 3HAaYeHHEM CYMMAapHOro
cnuHa S, TO MCXOHLHBIt TaMUIBTOHMAH IKBHUBAJAEHTEH OOMEHHOMY
raMUAbTOHHAHY.

Hamte raasHoe HpeanoJoskeHHe 3aKJOYaeTCs B TOM, YTO Mbl
MOJAyUdM TIPABWIBHYI0 (DU3MYECKYI0 KapTHHY 3HepreTHYeCKOro
criekTpa deppoMardeTuka BOJIU3H ero OCHOBHOTO COCTOSHHS,
eC/IH 3aMCHMM MHKDOCKONMYeCKHH raMH/IbTOHHAH (heppOMarHeTHka
CYyMMOR OOMeHHBIX TaMHJILTOHHAHOB Pa3JHYHBIX AP ero aToMos *).

ByneM nas npocToThl MpeirnoJararb Crepsa, UTO BCE aTOMbI

1
(heppOMATHETHKA HMEIOT CIIHH § = 3 . Torzna oOMeHHBI raMHIbTO-

HUaH (eppoMarHeTHKa, KOTOPHIM Mbl 3aMeHSeM UCXOIHBIH, MHKPO-
CKOMHYeCKHA TaMUAbTOHMAH, OyLeT MMETb BUA CYyMMbl TaMUJIBTO-

HuanoB (1.2.1)
1

gf’?e:'*jz-/(le)SlSm, (1.3.1)
I#£=m

rie §; U S, -— CIMHB AaTOMOB, HAXOAALIUXCS B {-M M m-M yanax
peweTky v J (R,,,)—HexoTopas QyHKUMS OT Paiuyc-seKkTopa R,
coenunsomwero [-# v m-fi y3an (CyMMHPOBaHHE TIPOM3BOAUTCH
M0 BCeM TNapaM aToMOB KpucTaaaa). IJrta (YHKLMA, HOCHAAN
Ha3BaHWe OOMEHHOrO HHTerpaja [-ro U m-TO aTOMOB, OYEHb
ObICTPO, DKCHOHEHUHAALHO, YOBIBAeT € YyBeauueHMeM pacCTOAHNA
MeX(y aroMaMM, TaK Kak OHa oOmnpelelseTcs CTeleHbl0 mnepe-
KPLITHA BOJHOBHX (yHKUMKA aTtomoB. [lo3TOMYy mpakTHYeCKH
Beau4HHa J(R},,) OTAMYHA OT HYyAs TOALKO B TOM CJyuae, ec/H
I-B n m-# aToMbl 4BJAAIOTCHA COCEIHMMM; NP 3TOM

o2
IRy ~ 82

rie @ — NOCTOSIHHAs pelleTKH M § — yiCAeHHBI mapaMeTp Mo-
paika 0,1, onpenensieMhLt CTenmeHbi0 NepPeKPbITHS BOJHOBHIX
(PYyHKUHMA cOCelHHMX aTOMOB.

*) BeiBOnM BbtpaxceHHs I/ 9KBHBAJIEHTHOIO F'aMHALTOHHAHA B PaM-
Kax TOMEONMOJApHOH MoIelu KpHCTaJaa HpHHagaexnt Boromo6oBy u
Tab6auxosy [6].
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B ramuasTonnane (1.3.1) paccTosiHus Mekiy ATOMAMH CuM-
TAOTCA 3aLaHHBIMH, d IHHAMHUECKUMHM TEPEeMEHHBIMH HBJHIOTCA
TOJbKO OnepaTtophbl CIHHOB aTOMOB, KOTOphbIE ,ZI,(EHCTB_VIOT (a BMeECTE
C HHUMH W OMNepaTop J#’,) HA BOJHOBYI0 (YHKUMIO CHCTEML,
NpeiCTABAAIINYI0 cO00# GYHKUHMIO TOMTLKO OT CNHHOBHIX Mepe-
MEHHbIX, HO HE€ OT NPOCTPAHCTBEHHLIX KOOPIWHAT YAaCTHL.

Has deppomarHeTHka OGMEHHBIH HHTErpan HOJOKUTEREH,

J(le) > 0’

fnarolaps d4eMy B OCHOBHOM COCTOSIHHM CITMHBI BCEX aTOMOB
UMEIOT OIHY M Ty Xe OpHUSHTALMIO (3Ta OPUEHTALMSA, ONHAKO,
HMKaK He BblleJeHa, €CJH YUYHTBIBATb TOJbKO OOMEHHOE B3aHMO-
LeHCTBHE, CM. HHXKe).

Kax mu yGeanmcs zanee, oOMeHHBIH ramuiabToHWaH ¢eppo-
MarHetHka (1.3.1) NpHBOANT HE TOJBLKO K NPaBUJALHOMY 3aKJi0ye-
HHIO O TOM, YTO CNHHBI, a C/1eJ10BaTe€JbHO, U MATHUTHBIC MOMEHTHI
aToMoB deppoMarHeTUKa, (BASOIINECS B OCHOBHOM CINUBOBHIMH,
HMEIOT B COCTOSIHUM C HaMMeHblle# 3Heprueit 0JHHAKOBYIO OPHEH-
TalMI0, HO TPaBHJBHO ONHCHIBAET TaKXe TY UYaCTh SHepreTuye-
CKOTO CnexTpa deppoMarseTuka, KoTopad HaxoIUTCs BOJUSH
OCHOBHOTO  COCTOfIHMA. [lo3TOMy HMCIOJb30BaHHe OOMEHHOrO
TaMHJIbTOHHAHA MPUBOIMT K PasyMHBLIM (DHU3HYECKUM pe3ynbTaTaM
B 00MaCTH LOCTAaTOYHO HHU3KUX TemIepatyp (T. e. TeMmepartyp,
MaaLl X 110 CPaRHeHHIO ¢ TeMnepaTypoft Kiopu), koraa Bo3Gymenbl
r1aBHLIM 00pasoM SHepreTHdecKkue COCTOAHHA, OJU3KHE K OCHOB-
HOMY cocToanuioo. Mo Oyned najee npexronaraTb, YTO BbIpa-
wenne (1.3.1) ana ramuiapTOHHMaHAa OGMEHHOTO B3aMMOAeHCTBHS
CnpaBelMUBO HE TOJbKO B cayuae §=—1/2, HO W NpPH NPOU3-
BOJMLHOM CIHHE aTOMOB.

BaxHbim cBo#tctBoM oOmenHoro ramuiabToHHaHa (1.3.1), koro-
pBIl  OOLIYHO HasbiBaeTCsl Taf3eHGEPrOBCKMM  TaMUJILTOHUAHOM
(roBopaAT Taxkuke O MOZeau QeppomarHeTvka [ aftsenbepra, NMoHU-
Mas TMOJ 9THM ¢eppOMarHeTHK, KOTOPHIH ONMCHIBAETCS TAMHJIBTO-
HuaHoM (1.3.1)), sBasercs TO, 9TO OH KOMMYTHDYeT C KamaoH
H3 TIPOCKUMH CYyMMapHOTO crHHa $eppoMarHeTuka

S:ESI.
!

JleHCTBHTENLHO, UCTIONBL3YS H3BECTHLIE MEePecTaHOBOUHBIE COOTHO-
HIeHUs 175 ONEePaToOpOB MPOeKUMH CNUHA aroMa

[Sia> Smgl = EapySiydim (1.3.2)
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{a, P, Y — KOOpIWHATHbIE HWHAEKCHI), Jerko y6eadThCs, 4TO
(sl +Sm) slsm = slsm (sl _+ sm)

0,8 =8, .

Orcioxa crenyeT, YTO eCaH YUATHIBATL TOJIbKO O6MEHHOE B3a-
HUMOJeficTBME, TO KBAApAT MOJHOIO CMHHA CUCTEMBl M €ro Mpo-
eKIUA Ha KaKylo-au60 ocb ByLyT KBAHTOBOMEXAHHYECKHMU HHTEr-
pajJaMM IABHXeHHA, T. e. oOMeHHOe B3auMojeficTBMe caMo no cele
HE MOKET H3MEHUTb ITHUX BeJUUMH. IJTO 06CTOATENbCTBO SABJAETCH
COBEpIUIEHHO TMOHATHBIM, €CIH BCIOMHHTb, YTO C MHKDOCKOHR-
yeCKOH TOUKM 3peHMs OOMeHHOe B3AWMOIEHCTBHE — 3TO UHCTO
3JeKTPOCTaTHIeCKOe B3AUMOACHCTBHE C YUeTOM CHMMETPHU BOJIHO-
BOH @YHKIMH CHCTEMBI.

Kak yxe yxaswipasoch, MarHUTHHIM MOMeHT (eppOMarHeTHKa
HMeeT B OCHOBHOM CNUMHOBYI0 npupoxy. IlosroMy MOkHO oOfpe-
NeJuTh ONepaTop WJIOTHOCTH MarHHTHOIO MOMEHTa (eppomarhe-
THKA M (r) B TOUKE r KaK CyMMy

M(r):Quozl]s,é(r—R,), (1.3.3)

H TO3TOMY

e
rie [, = —2—’:—0 — Marneton bopa, R;-— paanMyc-BeKTOp, oOmpe-

neNAOWUA  MoJoKeHHne [-TO y3jaa KpUCTA/IM4eCKOfl pelueTKH.
FamunbToHMAH OOMEHHOTO B3aHMOIEHCTBUA Y, MOMKHO Bbl-
pasuTh Yepe3 OnepaTop MJIOTHOCTH MArHHTHOTO MOMEHTa:

1 ’ ’ /
H, = — Wjdrj ar'J(r —r'Y M(r) M(r").

HetcTauTensto, noacrasaas ciola smecro M sepaxenue (1.3.3),
MOy YuM

o . 1 % 7 .I ! .
efge—“wz jdrjd" S8 (r r)é(r Rl)X
I#+=m
X0 — Rp) Qg =— = ¥, SRS
m Mo)* == 9 ad Im/ 9 m
l#=m

yTO CoOBMalaeT ¢ BhipawmenueM (1.3.1).

Jlerko Buieth, Hcnoaways (1.3.2), uro omeparopnl npoekilui
MJOTHOCTH MAarHHTHOTO MOMEHTA YJIOBJIETBOPSIOT NepPecTaHoBOY -
HBIM COOTHOLUEHUSIM

(M), My (r)) = 2ingee My (r)d(r — 7', (1.3.4)
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Ecan BBeCTH oneparop MOJHOTO MATHHTHOTO MOMEHTA (beppoe
MAarHeTHKAa

mt:—jM(r)dr, (1.3.5)
TO €ro NnpoeKiHH 6yIlyT yIlOBJIeTBOpﬂTb HepeCTaHOBOQHHM cooT-

HOLUEHHSM
(M, M) = 216, M, (1.3.6)

4. O6menHas oHeprua ¢eppomarsetHka. [amuabTOHHAHY
(1.3.1) cootBeTcTBYeT MAaKpOCKOMMYecKas -OOMEHHas 3HepTHd
(eppoMarHeTHKa

W,=— _1_7 J‘ dr J‘ ar'J(r—rYM(r, Y M@’, ), (1.4.1)
2 (2w

rie M(r, £)— NJOTHOCTb MaKpPOCKOITMUECKOTO MarHHTHOTO MO-

MeHTa QeppOMAarHeTHKA, ABAALOIIAACA, BooOule roBops, dyHKIHeH

KOOpAMHAT + W BpeMeHu f u J(r)— Hekoropas YHKUHUS OT r,
a Takxe OT TeMmnepatypbl 1. 3ta (YHKUMS, TAK Ke KaK U
¢dyHkuus J(r), GbICTPO yMEHbLIAETCSs C POCTOM 7 H TpH loCTa-
To4HO Hu3kux Temneparypax (T <& T, T ,— temneparypa Kiopn)
Majo orauuaercs ot dyuxkuuu J(r).

IT10THOCTD MaKDOCKOMHYECKOTO MarHUTHOTO MOMEHTA CBSI3aHa
C OMNepaTopoM MNJOTHCCTH MarHWTHOro MomeHra M(r) cooTHo-
lLIeHHeM

M(r, )=SppM(r),

rie © — JOKaJdbHO pPaBHOBeCHagd MaTpHla IJOTHOCTH ¢eppo-
MarHeTHKa M uepTa CBepxy o0003HauaeT ycpelHeHHe MO ¢u3M-
yeckH GECKOHEYHO MaJjoMy 3JeMeHTY obbeMa.

Tax Kax B OCHOBHOM COCTOSIHMH HeppOMATHETHKA CyMMapHbifl
CNIHH KMeeT MaKCHMa/JbHO BO3MOXHOe 3HaYeHHWe, TO B COOTBET-
CTBUH C HAlIHM TIpelCTaBJeHHeM O TNpupode deppoMarHeTHaMa
Mbl OyleM TNpeinosaraTb, YTO HPH J1OCTaTOYHO HHU3KHX TeMIlepa-
rypax (T <& T,) MOLYJib IVIOTHOCTH MaKPOCKOMHYECKOTO MOMEeHTa
NpaKTHYECKM He MeHAeTcl CO BpeMeHeM, TaK YTO BO3MOXHble
usMeHeHus Bexktopa M(r, ) co BpeMeHeM CBOAATCA B OCHOBHOM
K €ro BpAalIleHUAM, MpaKTHYeCKH O0e3 H3MEeHeHH MOAYJId BeK-
Topa M.

Bosspamasce k ¢opmyse (1.4.1) 119 06MeHHOH 3Hepruu
deppomMarHeTHka, HAaNMOMHHM, 4YTO OOMeHHHH HHTerpan J(r)
GLICTPO  yMeHbUIAeTcd ¢ yBenuueHwem 7, IlostoMy B dopmyne
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(1.4.1) moxno pasnoxure M(r’, £) B psin no creneHaM r'—r.
M OTPaHUYUTLCA YIEHAMM He BEILIE BTOPOTrO MOPRLKa:

M, (r', &= M(r, f)+(x;——xl)0M’ (r. ),

1 02M,(r, 1)
+7(x; 1)(x — %) dxfaxk )

Monacrasass 310 pasaoxenue B (1.4.1) u orGpachizan nepsoe
c/raraeMoe, KakK HecyUeCTBEHHYI0 MOCTOSNHHYI0, TOJYuuM

WEZ_TQIH_)Q_ff(r—r')(x;—xi)d(r’—r)fM(", £H X

OM(I', ) 1 1 7 ’ ’ ’
>< 0x d mf.](r"‘r)(x_'x)(x ——xk)X

X d(r —r)fM(r t)OOM(O';Ct)d

Mbi 6yaem npenmosarath, YTO KaMABl Vy3ead pelIeTKH
ABAAETCA ee LUEHTPOM cuMMerpuu. B 3ToM cayuae mepsoe cia-
raeMoe 3lechs 06paulaeTcd B HYJAb, M Mbl NPUXOIUM K CleIyio-
LWIEMY BHIPAKEHUIO 1451 OOMEHHOR SHEpTUH:

0?M(r. )

1
Wez——-i-fdralkM(r' t)m—’

(1.4.2)

rae
l —_
aik:WJJ(r)xlxkdr. (143)

Beimoauns B (1.4.2) uHTerpupoBaHHE MO YaCTAM, MOXKHO
MpeiCTaBUThL OOMeHHYI0 3Hepruio ¢eppomarsetuka B Buie [7]

= [w,ar, (1.4.4)
v

rne

(V — ofbem " eppomarneruxa). 3IJta  BeAHUUHA TIPEACTABISET
coboff MJIOTHOCTb MaKPOCKOnNHuecko# oOMeHHO# 3SHepruM deppo-
MarH{eTHKa.

OGpaTuM BHMUMaHME Ha TO, YTO BeJWYHHA W, HE 3aBMCHT
OT HanpaB/JeHUs BeKTOpa NJAOTHOCTH MATHHUTHOTO MOMeHTa M.
D10 06CTOATENLCTBO ABJAAETCH (YHAAMEHTANbHBIM CBOHCTBOM 006-
MEHHOI'0 B3auMoOJeHCTBUA.
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CrpykTypa BolpaXeHHs 11 W, MOXeT GbiTh MOHATA, €CJH
paccMaTpuBaTh OOMEHHYIO 3Hepruio QeppoMarHeruka ¢eHoMeHOo-
JOTHYECKH KaK 3JHEPTHI0 MarHUTHOH HeOJHOpOAHOCTH. IleHcTBH-
TeJAbHO, DPAacCMOTDHM 3ABHCHMOCTb TIOTHOCTH 3SHePruu deppo-
MarHeTHKa OT TpalHeHTOB KOMMOHeHT BekTopa M. OcuoBHOMY
COCTOAHHUIO (eppoMarHeTuka COOTBETCTBYeT OJMHAKOBAf OpHeH-
Taluus CIMHOB aTOMOB, T. €. HEKOTOPHY NOCTOAHHBIN MO BeaH-
YyMHEe W HAmnpaBJEHHI BEKTOP HamarHwdyenus. Hanporus, nas
BO3OYXAEHHEIX COCTOSHHUM KOMTOHEHTBH BEKTOpPa HaMarHWyeHHs
6yiyT 3aBHCeTb OT KoopliuHaT. Has cocTosHMH, OAM3KHX K OC-
HOBHOMY, KOMNOHeHTH M (r) OYIyT MeIJCHHO MEHHATLCS OT TOUKY
K TOYKe, M TMO03TOMY INIOTHOCTb 3HEPTHH MOXKHO pas/OkKHTb
B psl MO CTeNeHAM rPaiHeHTOB KOMIOHeHT M (r), Or paHHUUBLIHCH
MepBH MU  HeHCueaaloWUMu ujdeHaMd. Kosdouunentor B 2TOM
pasoxEeHUN NPeACTABIAIT OO0 HeKOTOPHE TEH30phl, 06/aLan-
LMe CBOHCTBAMUM CUMMETDUM KpHCTAJJa.

Ecan B uyucae 3/7eMEHTOB CHMMETPHH KPHCTa/l/da eCTb LEHTP
MHBEPCHH, TO pAasdaOXeHHe IVIOTHOCTH 3SHepruH w, Oyler Ha-
YUHATLCA C YJIEHOB, KBaJAPATHYHBIX OTHOCHTENbHO TPaIHEHTOB,
T. e. OyleT MMeTb BUIL

1 aM; oM,

W, =— = Q; —_
e 9 Viklm ()Xk axm

(1.4.5)

Tie Opp, — HEKOTOPHIA Tensop 4-ro panra. Ho sHeprust w, umeer
06MEHHOE MNpPOHMCXOXIEHHEe, @ 3TO 3HAUYMT, HTO W, HE JOJIKHO
3aBUCETb OT HATpaBleHusi BekTopa M(r), MHLIMH CJI0BaMi, B BHpa-
xennd (1.4.5) no/KHBI coBMAzaTh HHIeKCH [ M i, T. e. TeH-
30D O;pyp AOJKEH OBITb BHAA Op,0;, M MbB NPUXOAHM K TOJY-
YeHHOMY Bbllle BbIpaxxeHHIO (1.4.4) 1ag w,, B KOTOPOM (O, Npei-
crasasieT coOOH HEKOTOPHIL TEH30p BTOPOrO pAaHra, KOTOPbIH
B TMPHHIMIIE MOMX2T 3aBHCETb OT KBaipara BexTopa M (u oT Te4-
nepaTypsl) H KOTOPHIH OT/AHYAETCHA TeM CBOHCTBOM, UYTO KBaLpa-
THYHAs OTHOCHTEJNbHO TpaiueHToB ¢GopMa @, LONKHA ObTb
CYLIECTBEHHO MOJOMHTEALHOM.

3aMeTuM, 4TO COOOpa)KeHHA, KOTOpble NMPHBEJH HAC K 3TOMY
BHIDAXKEHHUIO, fBAAIOTCA 0ojee OOUIMMM, YeM TMpPHBEICHHbIH Bhille
BBIBOJ, MCXOAHBIM TIYHKTOM KOTOpPOTO 6uli0 Bhipaxeuue (1.3.1)
1asi 0OOMEHHOH 9Hepruu, CrpaBelJuBOe, CTPOro TrOBOPSK, INIPH
s ==1/,. JleWCTBUTENBHO, MBl HUTIE He TOAL3OBAMMCH TEM, YTO
CIMH aroMa paBeH § =1/, U HCHO/]b30BaJ¥ TOJbKO OCHOBHOE
cBOHCTBO OOMEHHOrO B3aUMOAEHCTBUS, a HMEHHO, €r0 WHBAPHAHT-
HOCTL OTHOCHTEALHO BpaileHMH MoMenTa M. Il03TOMYy MOKHO
CuuTaTh, 4YTO TMOJYYEHHOE HAMH BHIpaXeHHe nas W, aBaseTcd
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oBuwIMM H CHpaBeldHBBIM HE3aBUCHMO OT TOTO, KaKOe 3HAYeHue
MMeeT CHHH OTIEJIbHOTO aroMa (eppoMarHeTHKa.

CHMMeTDHYHBIH TEH30p ;5. BXOIAWMHA B BLIPAXKEHHE [/
O0GMeHHOW 3HepruM, onpefensiercs B Molean I ansenbepra op-
MyJaoit (1.4.3), B KOTOPYl0 BXOAMT OOMEHHBIH HHTErpan Mexny
cocelHUMU aroMaMu. B Gosee oflueM ciydae OH MOXeET, KaK Yxke
VKa3hBaJOCh  BBIlle, 3aBUCeTb OT KBAApaTa HAaMArHUYEHMS
(¥ TeMmnepaTypbl), HO BCeria IO MOPALKY BeJHUYUHH DaBeH

J .

5 N(_?F(:;E as, (1.4.6)
rae  Jy,-—BeanuHHa OOMEHHOTO HHTerpajsa Mexiy COCEIHHMH
aToMaMu; 3TOT WHTerpaj orpelensieT no IMOPAAKY BeJHYUHDBI
takxke temneparypy Kiopu T, (B 9HepreTHYeCcKHX eIHHHMLAX);
NO3TOMY

T,

a?,
noMo

Ajp ~
rie My~ %%.

B 01HOOCHBIX KpHCTaANaX TEH30p ;, UMEET [Be HEe3ABUCH-
Mble KOMIIOHEHTH, M I[IO9TOMY @, UMEeT BH[

o b (S + (2T} o] 0

(cch 2z coBMajaeT ¢ OCbI0 KPHCTAMLIA).
B ky6GHuecKHX KDHUCTAMIAX O == 0d;,.

§ 2. MarunTHO® AHMNOJILHOE B3aHMOAEHCTBHE

1. JHeprus aunoJpHoro B3aumojgeictpua. OOMeHHoe
B3auMoaelicTBue dABaAAETCH HaPI6OJIbI_UPIM, HO H€ €IUHCTBEHHLHIM
B3auMojeficTBueM Mexaly artoMaMu (eppomarderuka. Hapsany
¢ HUM HMeeT MeCTO MArHUTHOe B3auMoleHcTBUE MeXny MArHHUT-
HbIMH MOMEHTAMM aTOMOB H B3aUMOIeHCTBHe MEXK Ay MArHUTHBIMH
MOMEHTAMH MU 3SJEKTPUYECKUM mNoJaeM KpPICTaJIJIPIlleCKOﬂ pelIeTKH.
O6a 3T B3aUMOJeHCTBUS ABJAAIOTCA PENATHBUCTCKMMH, ¥ NIO3TOMY
COOTBETCTBYIOLIME HM 3HEPrMU SHAUUTEJIbHO MeHblUe OOMeHHOR

rae

v \2
sueprun W,, cocraBafs no MOPAAKY BeMHYHHbBI (7) w,,
¥ — BeJUYHHA MOPAIKA CKOPOCTH 3/EKTPOHOB B aTOMe.
OnHako, HecMOTpA HAa TO, UTO peNATHBUCTCKHE B3AUMO-
IefCTBUA 3HAYMTENLHO caabee OOMEHHOTO B3aUMOLEHCTBUH, OHU

UIPaIOT CYLIECTBEHHYIO poJb. DTa poab ABOSAKa.
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Bo-nepBrix, 6aarozaps peJSTHBHCTCKMM B3aUMONEHCTBHAM
B KpHCTan/le BOSHHKaeT wa0paHHOe HaNpaBJ/ieHHe HaMarHWYeHHs,
KOTOPOMY COOTBETCTBYET MUHUMAALHOE 3HAuEHUE SHEPruu deppo-
MarHeruka. Ha 2TOM ocCHOBaHMH TOBOPAT, YTO DEJSTHBUCTCKHE
B3aUMOJEHCTBUA MPUBOAAT K MOABJIEHHIO SHEPTHH AHU3OTPOINHH,
T. €. K 3aBUCHMOCTH 3HeprHM ¢eppoMarHeTHKa OT HamnpasJjeHUf
HamarHuueHus M (oOMenHas sHeprus, kaxk BuiIHO u3 (1.4.4),
He 3aBUCHT OT HampasJjeHus Bektopa M).

Bo-propuix, 6aarozapf pelaTHBUCTCKMM  B3aMUMOIEHCTBUAM
yCTaHaBJMBaeTCs CTATUCTHUECKOE PABHOBECUE B CUCTEME CIIHHOB
tpeppomarteruka. Ecan 6bF 3THX B3aumoleHcTBHH He O6buJO,
a Takxe He ObIO B3aUMOLEHCTBUSA CITMHOB C KOJeOaHHAMH pe-
IIeTKH, TO CTaTHUCTHYECKOE paBHOBeCHe B pelleTke He MOrjo Ol
yCTaHOBHTbCS.

[TepefinemM K paccMOTpeHHIO PEJATHBUCTCKMX B3auMoneWcTBuit.
HayneM ¢ MAarHuTHOTO IMMOJBHOTO B3aWMOLeHCTBUA.

MaryuTHoe IHMOJbHOE B3aUMOLEHCTBHE OMMUCHIBAETCS TaMUJb-
TOHHAHOM

0, =242 ¥, - 7 (618 Ry — 3(R,) (4R, 21D
lsm

Tle §; — CARH aToMa B [-M yane # R, — Paiuyc-BeKTOp, COenu-
HAOWWH y3ael [ u m.

TFamuabToHHaHY S, COOTBETCTBYET MAKPOCKOMHYecKas 3Hep-
T'Hfl MAarHUTHOTO JHIOJbHOIO B3auMOIeHCTBHA

1

W =__ > N M R)M — .1,
n % X M R) My(R) s s+

ls#m

2 —
rie M(R,):—::T"S, (uepra Han §; cayxur 1as 00o3HaveHus

ycpelHeHHS) H Uy— 00beM 3J1eMEHTapHOH saueHKu.

Yr1o6Bl MPUAATL 3TOMY BHIPaXKeHHI0 OOBIYHBIH (PEHOMEHONOTH -
4eCKHH BHJ, HYXHO TnepeHTH B HeM OT CYMMHUPOBaHus MO OT-
IeJbHBIM V3JaM pewieTKH K UHTerpupoBaHHIO MO 06beMy deppo-
mardetuka. OpgHako, Tak Kak npu ¢opMajlbHOM nepexofe OT
CYMMHUPOBAHHA K WHTETPUPOBAHMIO BO3HHKAET HeoNpeleseHHOCTb
npu R;,—>0, To noaromy cilesyeT npeaBapHUTe/]bHO BBLLEIHTDH
o6nacte Manmx R;,. Iaa sroro Mu pazoGeem W, Ha 1Ba
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cJlaraeMeulx,

Wo=Wn,~+ W,

1 2 0? 1
Wn=——t5 ¥ MR)MR) " ——.
2 f-j‘ OR[;0R}; Ry,
(Rij>0)
“ 1 2 0? 1
Wne=——="% M RY) My (R) —r——¢ - ——» (2.1.2)
2 z;,- OR};0R}; Ry,

(R <)

rie p— LOCTATOYHO Majaf MaKpOCKONWYeckas JJMHA; eC/H
L — 11MHa, Ha KOTODOH CYILUECTBEHHO MEHAETCA IIOTHOCTL Ma-
THHTHOTO MOMEHTa, TO BeJHUYHHY P Mbl BLGepeM Takum ofpa-
30M, 4TOOB!I BHIMOJHAIHCL HepaBeHCTBA

a<& p& L.

Tak kak M(R;) MelJeHHO MeHSeTCd HA DacCTOSHMAX MO-
pslka @, TO TNepBOe CJaraeMoe MOXKHO NpPeICTaBUTh B BUIe
IBOHHOTO HHTerpana nmo o6beMy ¢eppoMmarseruka V:

0? 1

—F . (2.1.3
oxiox, lr—r'] ( )

Wop=—— J- dr f ar'M; (r) M, (r")

tr'—r’l>p

Bo Bropom we cnaraeMom MoOwHo BbiHeCTH Beauuuny M, (R))
3a 3HaK Cymmbl, 3aMenus M, (R;) na M, (R,). Bpona nanee o6o-
3HayeHHe *)

B a OR{;ORF, R,
(jqél; R”<n)

14
npeacrasum W, B Bule

" 1
W= — B | drM () My (r). 2.1.4)
v
ITokaxem, utO
Whn—— 5 fdr{%EMZ+MH<m>}, (2.1.5)
v - .

- *) Tak Kak p_>>a, TO BeanunuHa B, He 3aBHCHT OT f.
7



u'

rie H(m) —~ CTATHYECKOE€ MArHHTHOC NoJe, C031aBaeMOe€ HaMaruu-
ueHneM M. 3rto noJe YAOBJAETBOPAET YPaBHEeHHAM MATHHTOCTATHKH

rot H™ =

div (H™ +4nM)=0 (2.1.6)

W YCJOBHAM HENpPEepbBHOCTH HA IpaHule (eppOMArHETHKA TdH-
reHLHaMbHbLIX COCTaBAAIIUX BEKTOPAd MarHWTHoro noas H™
HOPMAaJbHON COCTABANILEHR BeKTOPa HHAYKUNH B —=H "™ L 471M

(H™), = (HD),,  (HP),+ 42My = (HD),, (2.1.7)

rle HHAEGKCH ILIIOC M MHHYC CAyXaT naa o003HayeHus mHogeh
BHYTPH H BHe (eppoMarHeTHka, a MHIEKCHl T H v 0003HAYAIOT
TAHTeHUHAa/bHbiC ¥ HOPMaJbHBIE COCTABAAIOLIME BEKTOPOB HA MO-
BEPXHOCTH ¢eppoMarHeTuka S. :

Pemienne ypaBHeHHH MarHUTOCTaTHKM € TPAHUYHBIMH YCJIO-
pusiMu (2.1.7) nMeeT, Kax WM3BECTHO, BUI

H'"™ (r) = — grad ¢ (r), (2.1.8)

rie @ (#)-—-- MarHUTOCTATHUYECKHA TOTEHUHaa, onpeleaseMblft ¢op-
MyJoft

q)(r)~—fd’d‘“"(')+fd$ M) 91

r=rT

Ity GdopMyay MOXKHO Nepenmucarb TaKKe B BHIe

co(r)——J dr’M,-(r’)——a, R - o (2.1.10)
0x; lr—r'|
OTKYy.Ia
(m) . op
HEr) == 5=
0 1

Voxloxs Tr—r' |

:~—M ; ()= lim ( dr’'M, (r’

>0 v
>0

[Toacrasasgs 3To BeIpaxkeHHe B Gopmyay (2.1.5), mbl mnpH-
BeseM ee Kk Buay (2.1.3).

Taxum 006pasoM, 3Heprus MarHUTHOTO AMMOJABHOIO B33UMO-
LeACTBHA HMeeT BHJ

W= [ar by M)+ 52 M) M HO ().
%4

m

©@.1.11
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IMoxaxeM, 4TO HHTerpan OT TPEeTbero C/1araeMoro B 3TOM
BHIP2XEHHH MOXeT OBITH TPHUBeleH K BHLY

1 m g L (m)
*-Q‘JMH dr—gnf(ﬂ 2dr, (2.1.12)

rie HMHTerpMpOBaHMe B MNpaBOfl YacTH PABEHCTBA NpPOH3BOLMTCA
M0 BCEMY IPOCTPAHCTBY. 3aMeTHM 1A 3TOTO, 4TO, COMVIACHO
ypaBHeHuaM (2.1.6),

— [.drMH(””: SL f(ﬂ“m)?dr —}——}—fq)B(im) s,

7T, 8n
§
rie MHTErpHpoBaHHe BO BTOPOM HHTerpaje COBepliaeTcss IO TO-
BepXHOCTH Tesa. Tak Kax MOTEHUHAT ¢ M HOPMajabHas COCTa-
BJAAIOIARA BeKTOpa MHAYKUMH B™) HenpephlBHH HA NMOBEPXHOCTH
Tead, TO TOBEPXHOCTHBI HHTErpan Moxer OHTbL Npeofpasosaw
B 00beMHBIH wnuTerpan no ob6bvemy V', oxpyxaioiwemy deppo-
MarHeTHK:

.
81—n| chﬁ-'mds,:_gE fdr div qH ™.
S v’

Yuurwisad, uro div (@H™) = — (H"™)2, mu noayunm dop-
myay (2.1.12)

2. Ten3op pasmarHnunBaromux koadduurentos. Paccmo-
TPHM OAHOPOJHO HAMATHMYEHHBIH QeppomarneTHk, M(r)= const.
Marnutnoe nose H U™ (r) B TakoM QeppOMarHeTuKe HMeer, CO-
raacHo (2.1.10), sun

H™ (r):V(MV)J dr

fr—r’|
1%

=—4aN@FH M, (2.2.1)

rie N (r) TeH30p € KOMIIOHEHTaMH:

1 02 dr’
Nik(r):—'jﬁ.? 9, xk‘f F—rT" (2.2.2)

JTo noJe He sBasercs, BooOlie roBops, olHopoxHuM. Ho,
eCcaM TpUAATE (eppoMarHeTHKY ¢GOPMY NDPOHM3BOALHOTO BJIIHII-
couna, to npu M==const none BHYTPH Hero (HO He BHe) GyneT
OLHOPOIHEIM. JleHcTBUTENBHO, B 3TOM CJlyuae, Kak MOxHO y6e-
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AUTbCA, AAA TOUYEK BHYTPH 3SJUIMNCOMLA CNpaBelJIMBO PAaBEHCTBO

J‘ dar’ —nabcj' E /1 o x2 . y2? 2?2
(r—r’| RS( A+ s b2+s—c2+s)’
v ¢

rie

R,= V@ 9B F9)@F )

a, b, ¢—-TONyOCH 3MMIICOMAA M X, ¥, Z — NPOEKUHH paanyc-
BEKTOpa ¥ NPOU3BOJILHON TOUKH BHYTPH 3JIHICOMAA HA IJaBHbIE

’

dr
ocu saauncouna. Tak Kak HMHTerpan le;?T
v

npeiCTaBaseT
co6o# KBaJApaTHYHYIO (YHKUHIO KOOPILHHAT TOUYKH ¥, TO TEH3OP N
He OyzneT 3aBHCeTb OT KOOPIMHAT, T. €. floJe H™) 6yner oxno-
POLHBIM.

Tensop N nasmiBaercs TEH30POM DPa3MarHMYMBAIOUIMX KO-
¢unuenToB. B cHcTeMe KOODIMHAT, OCH KOTOPOH COBNAazawT
¢ TJaBHBIMH OCSMH 3JUJIMIICOHAA 3TOT TEH30D HMeeT TOJbKO IHa-
roHasbHble 3jeMeHTH [8]:

1 ds
m=gate [ G fm,
0

1 ds
N?:?abcof —_—(b2+S)RS ,

(2.2.3)

1 ds
Ni=gare | o tn
0
Jlerko yOeauTbcsl, 4To CyMMa pa3MarHHYMBAIOLIMX Ko3(dHuHen-
ToB N, Ny, N, Bcerna pasHa enuHHIle:
N + Ny+ N;=1. (2.2.4)

TlpuBenem 3nayeHusl pasMarHMUMBAOWHUX KOSGhOHUIHEHTOB B He -
KOTOPHIX CAyYasx.
Ecan Teno umeeT ¢opMy liapa, To
Ny=Ny= N, — -
1= Vo= Ng=7.
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Ecau Teno umeer ¢GopMy UMAHHIPA, OCb KOTOPOTO HampasiaeHa
BIOJb OCH X (@ =00, b=¢), TO

Ny=0, Ny=N;=-

7-
__!__ y2+22 =1,

B cayuae BHITAHYTOrO 3/JAHMCONAA BPAILeHHA —
(@ > b) pasmarHuuMBawuHe Ko3OULHEHTHI mwelor va

1 —e2 1 1
O R

V[T

Hakownel, B caydae Ci/IIOCHYTOTO 9JJUNCOUIA BPALLCHHA

3

x4 y2?
=t

”Zz =1 (a > ¢) xospduurentst N, pasHHl

NI:N2=§(I—N3), Ny=——+— 1+e (e — arctg e),

e:]/(g)?—wl.

Jlo cux nop Mpl He YUMTLIBAAH MarHUTHOTO MOJs, CO31aBae-
MOT'0 CTOPOHHMMHM HCTOUYHMKaMu. [IpM HaauuMu Takoro mnoJjs,

KOTOpOe Mbl OyleM Ha3biBaTh CTOPOHHUM U 0003HA4aTh yepe3 Hy
K SHepruu ¢eppomarHeTnka LO/KHO ObITh 100aB/IeHO Cjaraemoe

W, =— f drMHE. L (2.2.5)

Ecin cropoHHee moJie OAHOPOLHO W Tel0 HMeeT (OpMy
3JJIMNCOMAA, TO TIOJe H HAMarHWYeHHe BHYTDH Teaa Takxke OyayT
0AHOpOLHbIMU. [IpH STOM CBSI3b MEXILY MAarHMTHhIM nonem H()
BHYTDH Tesld, HaMarHMuyeHueM M M CTODOHHHM MArHHTHHIM TIO-

nem HY umeer sux
HY =H™ + HY = HY — 41NM. (2.2.6)

3ameTHm, uTO, roBOpA 00 OJHOPOIHOCTH TMOJS M HAMariu-
YeHHOCTH (peppOMArHeTHKA, Mbl He MPHHHUMAJM BO BHUMaHHE BO3-
MOXHOW JOMeHHO# CTPYKTYDb ¢eppomarHervka. ITo crpasel-
JHBO B C/lyyae LOCTATOYHO CHJBHBEIX BHELIHHX MarHMTHLIX NOJEH.
Ecan ke ¢deppomarHeTHK pacnazaeTcsi HMa AOMeHLt, TO B MpH-
BEJeHHbIX Bbille ¢GopMyaax mnoj NoJeM H HaMarHUYEHHOCTHIO
c/elyeT TMOHHMATh yCpelHEHHblE 3HAYeHMA STHUX BeJHUMH MO A0-
MeHHOH CTpyxType ¢deppoMarHeTnka.
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§ 3. dHeprusm MArHUTHOH AHM3OTPONHH
¥ noaHas 9Heprusa (eppomMarHetuxa

Cnun-op6uTtanbHoe B3anmoneiicTue. Ilepefizem Tenepsb
K pacCMOTPEHHIO B3aHMOJAeHCTBHH MATHHTHBIX MOMEHTOB aTOMOB
(heppOMarHeTHKa C 3JeKTPHYECKUM IOJIeM KDHUCTALJIHYeCKO# pe-
uwetkd, [aMUJIbTOHMAH STOro B3aUMOAECHCTBHA, KOTOpOE Ha3bi-
BaeTcs CHMH-OPOHUTAJNBLHLIM, MOXHO TNPEICTaBHTb B 00ileM BHIe

8
%Sl:;skAk, (311)

e
rie §, —cnud k-ro aroma, A, = —2u,H, n H, — maruutHoe

noJe, HCHBITBIBAeMOe K-M aTomoM GJarojaps ero ABHKEHHIO
B ajexTpuueckom mnose E, kpucraamuyeckoh peietkd. Ecam
U, — CKOpPOCTb R-TO aroMa, TO, 0YeBHAHO,

b= (0 X Ey).

OrHeceHHass K OIHOMY aTOMYy 3HEprus CHHH-OpOUTATLHOTO
B3aUMOIEHCTBUS COCTARATET MO MHOPAAKY BEIHUHHbL

v e v)\2 e?

“OF'ZTN(T) e
["aMu/AbTOHNAH CIUH-OPOHTAILHOTO B3aAHMOMEHCTBUS COTEPKUT
CKOPOCTH, T. €. ONEepaTOpbl WMIYJALCOB Y4ACTHU, M COOTBETCTBYET
M103TOMY MHKPOCKONMYECKOMY TaMHJIbTOHHAHY, O KOTOPOM TORO -
puJioch B Hayaje 3ToH rnasul. [lepexons k Moaenu [alsenGepra,
Mbl JOJDKHB! 3aMEHHTb OMEPaTopbl CKOPOCTeH ofnepaTopaMu, no-
CTPOEHHBIMH TOJbKO H3 CNHHOB uacTHU (M PacCTOsHHET MeXa1y
HUMM), TpUYEeM 3ITa 3aMeHa, KaK Pa3bACHNIOCH Bhilile, HE JIOJDKHA
M3MEHHTb CTPYKTYPBHl SHEPTreTHYECKOro criekTpa (heppOMarHeTHKA

(no kpaftne#i mMepe BOAU3KW er0 OCHOBHOTO COCTOSHHUA).

Ecnmu 66l Mbl MMeH [eJd0 ¢ H3OTPONHBLIM [POCTPAHCTBOM,

1
a He C pelweTKOM M CHHH aTOMOB paBHAICA Obl §==, TO TaKo#

MONHPUUHPOBAHHEIH FaMHUALTOHHAH CIHH-OPOWTAALHOTO B3aHMO-
feficTBufl AoMueH Obll OB HMeTb CJACAYIOLIMH BUI:

H = Z F(Ry)s8:+
-+ (2u)? Z B(R) (3(SiR) (SuR) — (5:8) R%). (3.1.2)

rae f(R;p) v P(R;p) — HeKOTODHIE (DYHKUMH PACCTOSTHHH Mewkay
yanamu pemleTKu. IlepBas M3 3THX CYMM He OTJIMYaeTCA MO cBOeH
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CTPYKType OT ramuibToHMaHa OGMEHHOTrO B3aMMOLeHCTBMSA, TO-
3TOMY OHa MoxeT OLITb OTHeC€Ha K 3TOMY TaMWUJAbTOHMAHY H
31eCh MOMET HE DacCMaTPHBATLCA.

Bropas cyMmma uMeeT Ty e CTPYKTYpY, YTO TI'aMH/bTOHHAH
MATHUTHOT'O IMNOJBHOTO B3auMoiefcTBuda. Pasanuue 3axmaiouaercs
B TOM, YTO B 3Ty CYMMY (€€ MHOIILA HA3LIBAIOT TaMUJIbLTOHHAHOM
NCeBAOANNONBHOTO B3aUMOAEHCTBUS) BXOJAUT OLICTPO cmanaioiuas
C yBeJau4eHHWeM pAacCTOSIHHA Mexay aromamu ¢yakuua f(R;y,).
TOTJA KaK B FAMUJbTOHHAH JAHUMOJLHOTO B3aUMOILEHCTBHA, ABAAIO-
merocs IJAUHHOJASHCTBYIOLHM, BXOIMT MeELICHHO MeHAIOAAcs
pyHKUEA R

B kpucraanuveckoft peweTke CHTyalus OCJONKHAETCH H3-32
HEeSKBUBANEHTHOCTH pPa3JMYHBIX HampasaeHull. DBuaaromapsa stomy
ckansapnas ¢yHkuus p(R;,) B3aMeHseTCd HEKOTODLHIM TEH30POM
BTOPOTO paHra ﬁ(Rik) W TaMUJIbTOHUAH CNUH-0POUTANBHOTO B3aUMO-
ILefcTBuA npHOOpeTaeT BUIL

G%sl = 2“’(2) izk‘ ﬁay (Rik) Siaskv~

I'Iepexonﬂ 34ecb OT CIIMHOB K NJAOTHOCTH MArHUTHOIO MO-
MeHTa, 1OJYy4YuM Cclelylollee BbIpameHue 14 MaKpOCKOHPI‘{eCKOH
9HEpPIiu CHHH-OpﬁHTaJIbHOI‘O B3auMO e CTBHSA:

Wom=ny [ ar [ ar'bte —r) M) My, (3.13)

Tak kax ¢Gyukuus f;, (r —r’) GHCTPO ymeHblidercs C yBe-
JUdeHHeM paccTostHud | F-— r'| MexIy aToMaMu, TO (YHKLMIO
M(r’) MOXHO pA3NOKHUTH B PSA MO CTereHaM r —r' N coxpa-
HUTb B 3TOM pa3/JOMEHUH TOAbKO TNepBbift uieH. B pesynbrare
Mbl TIOJYYHM

W, = f w, (Mydr, (3.1.4)
%
rie

1
Wy (M) = 5 B My M,

Bir= f B (r) dr.

CpasHende 3TOro Bbhpaxenus Ans W, ¢ BhpaxeHHeM 1A
9Heprud MAarHMTHOrO JIMNOJbLHOrO B3aumosieticraus W, moxasbi-
BAeT, UTO J[Ba CJaraeMblx [oh 3HAakoM uirerpasa B (2.1.11)
HMEIOT Ty We CTpyKTypy, u4to U w,(M). IlosroMy MoOxHO
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i
i

OTHECTH 3TH cjaaraembte K w, (M) W monuMarb nox SHeprieft ma-
FHUTHOTO JHHOOJLHOTO B3aWMOLeHCTBHSA BEJIHUHHY

W, — _% f MH™ dr. (3.1.5)

[Ipu BmBoze dopmyast ia W, Mbl mpeinojarau, uro

1 .
=5 B obuwem cayuae npu S——/=7 OHa, CTPOTO TOBOpf, He

CnpaBeAansa u o w,(M) MOXKHO TOJABKO CKa3aTh, 4TO 3Td BeJU-
4MHa npeicrapafer co6off HEKOTOPYI0 PYVHKUMIO MIOTHOCTH Ma-
FHUTHOrO MOMEHTa, NPHUYeM B OTJHYHE OT IJIOTHOCTH OOMeHHOM
SHePruM, He 3aBUcAUleld OT HANpaBJeHHs BeKTOpa HaMarHHueHus,
MVIOTHOCTE 3HEPIHH CIHH-OPOGUTAJILHOIO B3aUMOAEHCTBUSA 3aBHUCHT
OT HanpasJ/JeHHd 3TOr0 BEKTOPa OTHOCHTENbHO KpHCTaLIOrpadu-
YeCKHUX oceft.

2. TlnotHOCTHL 92HEPrHM MarHuTHON aHusotrponud. I[lpu
Aocraroyno Huakux temneparypax (T <€ T,) moay.ab Bextopa M
npexctapafer cOOOH NMpAKTHYECKW, KAK MBI yKe FOBOPWJIM, He-
KOTOPYIO IOCTOSHHYIO BEMHUYUHY U W, (M) MOxHO paccMaTpuBaThb
TOJABKO Kak ¢GyHKUMIO HanpasiaeHuss M. 3Ty GYHKUHIO OGBIUHO
Ha3BIBAIOT MJIOTHOCTBIO DHEPIHH MArHMTHOM aHH3OTPOIMH.

[Tpu deHOMeHOJOTHUeCKOM OMUCAHWH (DeppOMATHETHKA (YVHK-
unio w, (M) oObl9HO NpeAcTaBIfIOT B BHAE DAa3/T0KEHHST B pal
MO CTeMeHdAM KOMMNOHEHT M M COXpaHfOT B HeM HecKoJ/JLKO nep-
BEIX udeHoB {8—10]. B sTo pasnoxeHHe ITOMKHLI, OUYEBHIHO,
BXOINTL TOJBKO TaKHe KOMOWHALMW TPOU3BEIEHHH KOMIOHEHT
BekTopa M, KkoTOpble SBJAFIOTCS MHBAPUAHTAMH OTHOCUTENBHO
3/EMEHTOB CHMMETPHMH KPHCTa/Ia. B uucae 3/eMEHTOB CHMMETPHU
COAEPIKHTCHA, OHYEBHAHO, Takmke M rnpeobpasoBaHHe o6palieHus
BpeMeHU (f —> -— ), TIPH KOTOPOM KOMNOHCHTBH M MeHsoT cBOH
3HAK; I03TOMY paafnoxkenue w,(M) Z0MKHO coZepkaTh TOJBKO
YyeTHBIE CTeneHH KomnouneHt M.

PaccMmoTpiM, Hanpumep, OZHOOCHBIH ceppomardernk. Ecan
OrpapuunTbCs B pasaokenun w, (M) uleHaMu BTOPOro nopsaxa
N0 CTereHAM KOMUOHEHT M, TO MBl NoJAyunM

w, (M) = 5 B sin 0 = — BM3 — L g (nM)®, (3.2.1)

rie 0 — yron Mex iy BekTOpOoM M U OCbIO CUMMETPUN KPUCTANIA Tt
M B -— HeKOTOpas KOHCTaHT4, HA3LIBAEMAas KOHCTZHTOW aHM30-
Tponuu. 3Ta KOHCTaHTa ABJAAETCHA, BoOOLle TOBOPS, (PYHKIHEH
TeMIlepaTyphl.
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Ecau > 0, TO MHHHMYM SHEPrHH aHM30TPONHH LOCTHraeTCs
npy 0=0, T. e. 3Heprug aHM3OTPONHH GYIET MHHHMaJIbHA TNPH
HAMarHWYeHHH BIOJb OCH CUMMeTpHH (OChb 2Z), KOTOpad fBjiseTcs,
KaK TOBODAT, HarnpasJeHHeM Jerkoro Hamarnudenus. Ecau p < 0,

us
TO 3Heprud AaHU3OTPONIHH MAOCTHTaeT MHUHHMyMa [pH e:::?f'

T. €. IPH HAMATHHYEHMH, JeKalleM B MJIOCKOCTH Xy, NepreHIy-
kyaspHo#t ocu z. Ilins ompenenenus Hanpas/leHHs Jerkoro Ha-
MarHMYeHHst PUBENECHHOTO BhipaweHus i w, (M) HerocraTouHo
M HeoOXOJHM ydYeT JadbHeHIMX Y/AeHOB pasnoxenus w, (M) no
cTeneHsaM KommnoHent M.

Ecauw xpucrann OTHOCHTCH K TeTParoHalpHO# CHMMeTpHH,
TO aHH30TpOINHA B 0a3HCHOH INJIOCKOCTH (IIOCKOCTH XY) onpe-
nefiieTcs UilBAPHAHTOM MiMf,. Ilpu rexcaroHaabHOH CHMMETpUH
KpHCTa1aa aHH30Tponua B 0a3HCHOM NJIOCKOCTH (TIIOCKOCTH X )
ApPOABASeTCS JHIb B ulJeHax 6-ro nopaaxa OTHOCHTEJILHO KOM-
noHedT M un onpeletseTcs HHBADHAHTOM

1 Lo ,
wr (M MY — (M, — 1M,)6).

Ecau kpucraan obianaer KyOudyecKoH cummerpuelf, to mep-
BHIMH HEHCUE3AIOIIHMH UJNEeHAMH B DPABIOMKEHWH SHEPTHH MarHut-
HOW AHH3OTPOMMU TO CTeneHsM KommoHeHT M 6yayT uieHs 4-10
nopaika. KyOuyeckan CHMMETDHA JONMYCKACT 1BA HHBAPHAHTA
4-ro MoOpsIKa, COCTaBACHHBIX M3 KOMIOHeHT Bexrupa M:

2 212 2 212 2 442 4 4 4
MMy~ MMz + MMz, My~ My—+ M.
Bropolt mHBapuaut He ABJAETCS, OXHAKO, HE3ABHCHUMBIM, TaK Kak

4 212 | g2 a2 242 a2
oH pased” M ~2(/VI,MM—,+ MXMZ+1WyM2).H09Ton1y SHCpTHA
MArHUTHOH aHU3OTPONHH KyOHuecKoro ¢eppoMarHeTuka, YdUThI-

BalOILAd TOJBKO ujeHbl 4-r0 MOpsAKkd OTHOCHTEMbHO KOMIO-
nedut M, umeer BUJ

wa (M) = ' (MEM)+ MEM—+ MIM3)  (3.2.2)
H/AH, 4TO 3KBHUBAJIECHTHO,

W, (M) = — o+ (M M} - 1), (3.2.3)

rae B’ — texoropas KOHCTaHTa (KOHCTAHTA AHH3OTPOMIH).
ficho, uyro npn 7> 0 HanparieHde JEeCKOTO HAMATHRMENHA

copnazaer C Hanpasienusmu Tpex pebep kyOa. Ecan p’ <0,

TO SHEeprusi aHU30TPONHM OyZeT MHHMMaJbHOW IIpH HAaMarHHYEHHWH

3* 35



BIOJMb KaKoH-JH6O M3 4YeThlpeX NPOCTPAHCTBEHHBIX AHaroHaJeft
Kyba.

OTMeTHM, 4TO CHHH-OpOUTambHOE B3auMOAchicTBHE 06yCJIOB-
JUBAET HE TOJBKO 3HEPrui0 MAarHUTHOH aHHU3OTPONHH, HO OKa-
3bIBaeT TAKKe BJAMAHHE HA THPOMAarHUTHOE OTHOIUEHHE aTOMOB
B peppomarueTnxax. JleficrsurenbHo, pacCMOTPHM MarHUTHEIH MO-
MEHT aroma

m =218 —+ Rol,

rie I — ero opGuranbHnift moment. Ecam 6wt He Owio cnmH-
OpOUTANbHOTO B3AUMOAEHCTEHA, TO CpelHee 3HAueHHe OpOUTANb-
HOPO MOMEHTa paBHaAoCh Oni Byaw. baaroxapa cnuH-opGurans-
HOMY B3aUMOIECHCTBHMIO CpexHee 3HaueHMe BeKTOpa ! CTaHOBHTCA
OTAUUBLIM OT HYJH,

(1) =hs,
- o\2
rae A— HeKOTOprﬁ TEH30p ¢ KOMIIOHEHTAMH MNMOopalKa (-E-) , U

BHIpAXKEHUE LIS m NpHobperaeT BUL
m=2u,gs. g=1I-rk (3.2.4)

Orauune TeH3opa & OT €IMHHYHOrO TeH3opa / cocTaBaser no
v\2 -2 —4
MOPAIKY BETUUHHBL | — | ~ 10— 107"

3. Noanas amneprus ¢eppomarnernka. Cioxus sHepruu
06M6HH01‘0, CHHH-OpéHTElJIbHOI‘O H MATHUTHOTO IAHNOJBLHOIO B3aH-
MOJEHCTBHl, a TaKKe 3Hepruio (peppoOMarHeTHKa B CTOPOHHEM
MaruMTHOM TOJC, NOJYUYHMM HNOJHYIO MAKDOCKONHYECKYIO IJHEPTHIO
peppoMartHernka

oM;
dxk

W:Jdr{F(M, )~—;—MH(’”)»MH§{”},

(3.3.1)

F(M, 0M,¢) 1 oM oM

axy ) T2 Yk Gy, m+wa(M)+f(/‘12)~

3nech f(M?) — nexoropad ¢pyskims ot M2, mpuuem orseuaio-
mas eff 3HEepPrus uMeeT B OCHOBHOM OOMeHHO® NDOMHCXOMUIeHHe.

Ecnu yuecTh SHepruio MarHuTHON HeOZHOPOIHOCTH, OOYCAOB-
JIEHHYIO PRJSTUBUCTCKHMH B3dUMOAEHCTBHAMH, TO € TOYHOCTbIO

aM;
L0 UACHOB, KBALPATHYHBIX MO ==, ¢yukuua F Gyner HMeTb
k
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BUI

oM,f OAM’
O.X'k dxk

,aMl !
Ty T

1
) = b} Qir: 1m M

F(M,
oM;
“+ Vir (M) T dw, (M)4- f(M2), (3.3.2)

Tae TeH30PH CUipim (M) ¥ Vi (M) npeiacrapasioT coGOH Heko-
TOpHle (YHKUHH OT MJIOTHOCTH MarHuTHOTO Momenta M (a Tawxe
oT Temuneparyphl). Bropoe cnaraemoe B BhpawceHHd 11 F oT-
CYTCTBYyeT B cayuae ¢(eppOMarHeTHKOB, 006/a1a0lUX HeHTPOM
MHBEPCHU.

Brupaxenue (3.3.1) 11g sHepruu deppoMarueTuxa crpapen-
JAMBO, CTPOTO  T'OBOps, B CTAaTHYeckoM cayyae. [Ipu sTOM
none H™), cosnabaemoe MATHHTHBIMM MOMEHTAMU aTOMOB, VIOB-
JeTBOpsieT ypaBHeHHaM MarHutocraTHkd (2.1.6). Oanako BH-
paxendeM (3.3.1) M YpABHEHMAMH MarHMTOCTATHKH MOXKHO MO.1b-
30BaThCsl M B TOM cayuae, koria seauudnnl HY™ u M usme-
HSIOTCS CO BPEMEHEM, €C/JH TOJBbKO 3TO H3MEHeHMe IIPOHCXOIMUT
IOCTATOYHO MEIJEHHO, WMeHHO, (as3oBasd CKOpPOCTb BOJH, CRil-
3aHHBIX ¢ KkoaeGamusmu H™ u M, gomkHa 6biTh Madol 1o
CPaBHEHHIO CO CKOPOCTbIO CRera.

Wcnonssya (2.1.12), moxkHO mepenucars Buipawenue aag W

B BHIC

W — J w dr,
rne
. oM; 1 (mn2 (e)
w__F(M, —g)c—;)+-8—g(ﬂ - MHY  (3.3.3)

M WHTerpHPOBAHME COBEPIIAETCHA 110 BCCMY TPOCTPAHCTBY.
[IpuBeseHHOE BHIpAXKeHHe 15 MAKPOCKONMYCCKOH 3Hepruu
(deppoMarHeTHKa OTHOCHTCH, KAk YKe YIOMHHAJIOCh, K KRasu-
CTATHUCCKOMY CAyYalo, Koraa mareuthoe noae H™' y mior-
HOCTb MarHMTHOTO MOMeHTa M MEIJACHHO M3MEHHIOTCS CO Bpe-
weHeM. Ho B hanbHelilieM Mbl OyieM, KpOMe KRA3HCTATHYECKUX
noJsel, M3yyaTh TaxxKe 3JEKTPOMArHUTHHIE BOJHB B (PeppOMar-
HeTHKe. B 3TOM ciywae HYXKHO NOJL3OBATHCH HE yPABHEHHAMMU
MArHHTOCTATHKH, 4 NMOAHOH cucTeMOH ypanueHa#t Makcseaia

4r 1 oD .
ot H == -‘T_'J +7_0t s divB =20,
1 0B o ;
otE=- 1% divD =0, (3.3.4)
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rae E — snexrpuyeckoe mnoje, H — mMarHuTHOe moJsie 3a BhIye-
TOM CTOPOHHETO MarHuTHoOro woasd, B = H - 4nM — marnvruan
MHIYKLHs, D) — saekTpuyeckast HHAYKLUHA H f — IUIOTHOCTb TOKA
IIPOBOIHMOCTH.

B o6aacty uacToT, MalHX MO CpPaBHEHHMIO € ONTHYECKHUMH
YaCTOTAMH, JHCIEPCHA J1H3/eKTPHYEeCKOH TPOHHUAEMOCTH HecCy-

1
HWEeCTBEHHA U TNIOTHOCTb 3/IEKTPHUECKOR SHepruM paBHa §JTED‘

B sTOoM cayude BBpameHHe IS MaKPOCKOTMHUECKOH SHEPrHU
¢deppomarterika npuobperaer BHI

W — (dr{F(M, %)+%(H2+ED)—MH8‘3’}. (3.3.5)

Y

§ 4. OHeprus aHTH(eppoMarHeTuxa

I. O6Gmednas 3Heprus auTHdeppomarHeruka. B npean-
AyWHX nmaparpadax, McXoAd M3 ra#seHOeproBCKOf Moteau dep-
pPOMarHeTHKa, MLl IOJYYHJM BhpAXeHUe IAS MaKPOCKONUuyecKoH
sueprud ¢eppomarveruxa. Ilepexons Temepb K DaccMOTpeHMIO
aHTH(DEPPOMArHETUKOB, 3aMETHM TIPEXJe BCero, 4TO He CyllecT-
BYeT MHKDOCKONHYECKOH MOJeaH aHTH(EPPOMATHETHKA, aHAJo-
THYHOM Traft3eHOeprosckoff Mozxean deppomarHeruka. 3T0 CBd-
32HO C TE€M, UYTO HEeBO3IMOXKHO MHKPOCKONMYECKOe OMHCaHHe
auTudeppOMarHeTHKa KaK KPHCTAlJa, B KOTOPOM CIHHBI COCell-
HHX aTOMOB OblaH OBl OPHEHTHPOBaHbI TPOTHBOMOJOXKHO APYT
apyry. HeHcTBHTenbHO, ec/AH BCe aTOMbl aHTH(deppOMArHeTHKa
O1HHaKOBLl (@ Takas CHUTYallusi HMeeT MeCTO B pfAle CJAy4Yaes),
TO TaMHALTOHMAH aHTUdeppoMarHeTHKa HE MOXeT H3MEHUTLCH
IpH MNepeCTAHOBKE MecTaMu JABYX aromoB. [lostomy ero coG-
CTBeHHEIE (YHKLNH J10JKHB AHOO He HM3MeHATbCH, an60 u3Me-
HATb CBOH 3HAK NpH TaKo# mnepecranoske. C ApYroH CTOPOHH,
BOJHOBaA (YHKLMS aTOMOB B pacCMaTpUBAEMOM C/yuyae SIBHO He
yI1OB/JETBOPACT 3TOMY YCJAOBHIO, TaK KaK TNepecTaHOBKA CIHHOB
COCeJlHUX AaTOMOB Hapyulaer MCXOAHBIA NODALOK.

He uMes MUKpDOCKOMMYeCKOH MoleqM aHTN(depPPOMATHETHKA,
aHaloruuHo# mojeqau Tatizenbepra aas ¢peppOMarHeTHKa, MOXHO
TeM He MeHee NMOCTPOUThL MAKPOCKOTHUECKYI0 Teopud aHtudeppo-
MarHeTH3Mma, npeinoJaras, 4ro anTughepPOMarHeTHK MpeicTaBaser
cof0fl COBOKYMNIOCTb HECKOABKIX MATHHTHHX ROJPEHICTOK, Kaw-
J25 13 KOTOPHIX XapaKkTePU3yeTcst CBOCH ITOTHOCTLIO MATHHTHOTO
MOMeHTa. B OTCyTCTBHe CTOPOHHEro MAarHMTHOTO 1108 CyMMa
NJOTHOCTEH MATHUTHBIX MOMEHTOB TOJpelIeTOK O0pauaeTcs
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B HYJAb, NPH HAIHYMM Ke CTOPOHHETO TMOJSl 3Ta CYMMa OTJH-
yaeTcsl OT HYJAs M BO3HUKAET MaKPOCKONMYECKWH MarHMTHBIA
MOMEHT anTueppomarsetuka [11 — 13].

Takoe npeacrapieHne 00 aHTH(eppOMArHeTHKe KaK COBO-
KYNHOCTH HECKOJbKHX HAaMarHH4eHHbLIX [OApelleTOK, XOpPOLo
COTJIacyeTcsl ¢ 9SKCNEepUMEHTAJIbHbLIMH JAAHHBIMU O TeMJIOBBHIX H
MATHUTHBLIX CBOKCTBAX aHTU(EPPOMarHeTUKOB, a4 TaKXKe C pesyib-
TaTaMu HelTpoHOrpaduM aHTH(EeppPOMArHeTHKOB.

Mbl OyjieM paccMaTpHUBaTb TOJBKO AHTH(EPPOMATHETHKH MPO-
crefiiefi CTPYKTYphl, COCTOSLIHE H3 IBYX OJHHAKOBBIX MArHWUT-
HplX mojpeilerok. [IpH  A0OCTaTOYHO HHU3KMX TeMIepaTypax
(T <& Ty, rae Ty —rTemneparypa Heeas) monyau maoTHocTeft
MX MarHutHeix MoMentos M, (r, £) u M,(r, {) OILMHAKOBHI,
IM{(r, t)|=|My(r, £)|, upuuem ¢ OOALIIOH CTENEHbIO TOYHO-
¢t 370 obuiee 3nayeHHe NMJIOTHOCTeH MOMEHTOB MOMHO, TdK Xe
KaK # B clAyyae (eppOMarHeTHKOB, CYHTAaTh He 3aBUCALIUM OT
ppeMend. Ecam CTOpOHHée MarHMTHOE TOJe OTCYTCTBYeT, TO,
KaK Yie YKaabBaJOCh BbIlle, B OCHOBHOM COCTOSIHUM aHTH(eppoO-
MarHeTHKa TJIOTHOCTH MAarHUTHBIX MOMEHTOB ero nojipelleTox,
OJIHHAKOBLIE NO BeJMUYHHE, HMEIOT NPOTHBOMNOJOMNKHOE Hanpasie-
Hue. :

Tak e Kak u jing peppOMarHeTuKa, 3Heprusa aHTudeppomMartes
THKA CKJajblBaeTcsl M3 oOMeHHOHW sHepruu W, sHepruum cnuH-
opburajibHOTO  B3amMmojeficTBus W,  3HepruM  MarHMTHOTO
JUNOJIbHOrO B3aumoielictsus W, m sHepruu anTHdeppomarte-
THKa Wy B CTODOHMHEM MarHuTHOM mnoJje. [Be nocieianve sHep-
THH OMNpeAC/SIOTCA TeMH Ke (OpMyaaMH, YTO W B Cayyae deppo-
MarHe THKA:

mn

W %f (M, +- My) H™ ar,
v (4.1.1)

W= — [ (Mi+ My H dr,
v

rae H — maruwTHoe rose, cO31aBaeMOe MarHUTHLIMH MOMEH-
TaMU 4TOMOB aHTH(EPPOMArHETHKAa W HHTErPHPOBAHME NPOUIBO-
auTest o o6beMy auTHdeppoMarHeTHka. B CTaTMuecKOM W KBA-
sucTaTMdeckom cayuasx nodae H(™ onpenenserca ypaBHEHHAMH
MarHUTOCTaTHKH (2.1.6), B KOTOpHIX nox BeauunHoW M HyKHO
HOHHMAThL CYMMY TUJIOTHOCTEH MAarHMTHBHIX MOMEHTOB NOJpelle-
Tok, M= M, 4+ M,.

YcraHoBHM Tenepb BHI MAKPOCKOMMYECKOH oOMeHHOH 2Hep-
rud W,. T110THOCTD 3T0# SHEPrUM W,, 3aBUCALLYIO OT MIOTHOCTeR
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MATHUTHBIX MOMeHTOB o0enx noapemetrok M; u M, MOxHO,
TaK Xe KaK M B-cayude deppomMarHeTHka, pasIokutb B pan Mo
creneusM rpazuentos M, u M,. Ilpn 3tom ciesyer umers B
BRAY, 4TO IJIOTHOCTD SHEPIUM W,, COTNIACHO OCHOBHOMY CBO#-
cTBY OOMEHHOTO B3aUMOASHCTBHS, AOJMKHA OBITH MHBAPUAHTHOH
OTHOCUTE/IbHO NPOCTPAHCTBEHHHX BpalleHUH BekTopoB M; u M,.
[Tosromy pasnoxenve B psi € TOYHOCTBIO IO WIEHOB, KBajipd-
THYHBIX OTHOCHTEAbHO rpanueHToB M; u M, A0/MKHO uMeTb BHI

[14. 15]

2 2 1 oM, oM oM, oM
we:f(MlM?’ Mi, M2)+7aik( 0in dxk1 -+ dx[Q ()x: )+
. oM, oM,
+aik ()Xl' ’ ()Xk i

rie f-—HekoTropad cHMMerpuunas (yHKUHS MArHHTHBIX MOMeH-
ToB M; u M, BXOIAWMX B Hee B BWAe MHBapuaHToB M;M,,
M, ML, noa,,, o), —TeH3Opb, aHATOTHYHBIE TEH3OPY G, OIl-
peiensoleMy IJIOTHOCTL OGMEHHOR 3HepruH dQeppoMarHerHka.

[TepBoe csnaraeMoe B 3TOM BBIDA:KEHHH TNpeiactaBaser coboit
NJIOTHOCTE OGMEHHOH 3Hepruy OJHOPOJAHO HAMarHWYEHHBIX INOA-
peueToK, a BTOPOE U TPeThbe charaeMple — MAOTHOCTh OGMEHHOU
SHEpruM, CBA3aHHOK € HEOAHOPOIAHOCTbIO MATHUTHBLIX MOMEHTOB;
Npy 3TOM BTOpOE CJaraeMoe ONHMCbIBAeT OOMeHHoe B3aumojeit-
CTBHE B KaX10H M3 NOJpelIeTOK, a TpeTbe caaraeMmoe — oGMeH-
HOe B3aUMOICHCTBHE MeK1y MOJpeuIeTKaMH.

Takum o6pa3om, oOMeHHad 3Heprud aHTHdeppOMarHeTHKa

HMEEeT BHUI
’

W, = f ar | f (MM, M, M3
14

1 (OM, oM, | oM, dM,\ , , M, oM,
+7(le( dx,- dxk + 0Xi 0Xk) —{_aik ()X,' dxk } (412)

Ilpy 10CTaTOYHO HM3KHX Temmepatypax KBalpaThl IUIOTHO-
CTel MArHHUTHBIX MOMEHTOB TMPAaKTHUECKH TOCTOSHHB M (YyHK-
UM f MOXHO CUMTATb 3aBHCAWEH TOJbKO OT OAHOH nepeMeH-
Hott M{M,. B npocrefimie#t moneau antHdeppoOMarHeTHka CuH-
Tal0T, 4TO

f(MMe, MY, M3) = MM,

rie 6—~H€KOTOpaﬂ NOJOXHUTEAbHAA NMOCTOAHHAA.
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OueHNUM BeJNYUHHB a,. u 0. [lo anagoruu ¢ ¢eppo-

i %y
MAarHeTUKAMN MOXKHO CYHUTATH, 4YTO MO TOPHANKY BCJUYHHDLL
T
a~a’~a2-—1x——,
oM,

rae T, — remneparypa Heeas.

[Mpn GoabWINX TPalMEHTAX MarHHTHOIO MOMEHTa, KOrla
oM M,
ox  a '
nopsaiky BeduuuHel. ITostomy

BCe cJaaraeMbi€ B BhIpAXEHHU 1A W, PaBHb 0O

[ TN

——~—Y
a? oMy

Tak kak Ty 3> u,My, 10 8 > 1.

2. JHeprus MarHMTHOH AHM3O0TPONHH H MOJAHAS IHEPrusn
aHTH(eppomarHeTuka. PaccMOTpUM, HAKOHEl, SHEPTHIO CHHH-
opbuTaAbHOrO B3auMOJEHCTBUS B aHTHdeppoMarHeruxax. IlgoT-
HOCTb 3TOH 3Heprum sapasgercs (YHKUHeR NMAOTHOCTEH MarHMTHBIX
moMeHTOB M; n M, ofeux MOZPENIETOK U 3aBUCUT OT OpHEH-
TAlMK 3TUX BEKTODOB OTHOCHUTE/JbHO KPUCTAMIHYCCKUX oOCeH.
ITpu nocrarouno uuskux Temmeparypax (I <€ Ty), korua M=
= M3 == cons!, IIOTHOCTb 9HEePTUU CNMUH-OPOUTANbHOTO B3AUMO-
LeflCTBHS MOXKHO HHTEepPNpPETHPOBATh KAK IVIOTHOCTb 3SHEPIHH
MATHUTHOH aHMBOTPONMH. ITY BeJIHYMHY, TaK Ke KaK W B CaAy-
yae (PeppOMAarHeTHKa, MOXHO NPEICTaBUTb B BHJAEC Pa3J0MEHHS
no cremeHsiM BekTopoB M; m M,, coaepXkailero Takue KomOH-
HAallMM TIpOU3BEJeHHH KOMIIOHEHT 3TUX BEKTOPOB, KOTODHIC
ABJAIOTCS MHBAPUAHTAMM 1O OTHOLIEHHI0 K TNPeo6PasoBaAHUAM
CUMMETpPUM Kpuctaana. Hanpuwmep, B cayuae OIHOOCHOFO aHTH-
theppomMarHeTHka NJIOTHOCTb SHEPrUM MAarHuTHOH aHU3OTPOINHUH
umeer Bux [14, 15]

&~

W, (Mg, My) = — B (M, + (Myn)?) — ' (Myn) (Myn),
(4.2.1)

rae B u P’ — KOHCTAHTHI MATHMTHOH AHM3OTPONMH M H — elH-
HUYHBEIH BeKTOP BAOJL OCH aHU3OTPOIMH.

Ecian mpu noBoporax BOKPYT OCH CUMMeTpUM OZHA W3 TMOA-
pPeLIeTOK HE MNEepPeXoiIUT B APYIYI0, TO K 3TOMY BBIDAKEHHIO
Moxer GuTb HoGaBaeno caaraemoe [16]

Wy =d ((M; X M) n), (4.2.2)
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rne d — HEKOTOPAad KOHCTAHTa TOTO K€ MOpfAIKa, YTO H KOH-
CTaHTBl AHH3OTPONWM B W P’ (HEPrHA W, TaK e KAK H JHep-
THSl W,, MMEeT Pe/ATHBHCTCKOE NPOHUCXOXKIEHHE).

Hannune sHepruu w, MOMKET NMPUBOJMTL K TOMY, YTO B OT-
CyTCTBHE CTOPOHHETO MATHHTHOTO TOJS MATHHTHBIE MOMEHTH
NOAPELIETOK B COCTOSHUH PaBHOBECHUS He OYAYT OPHEHTHPOBAHLI
TOYHO TNPOTHBOMOJOXKHO APYT APYrY, T. €. aHTH(EeppPOMarHeTHK

npH HY =0 Oyaer o6nazaTb OTJMYHBIM OT HYJS CYMMAapHBLIM
MATHHTHBHIM MOMEHTOM. IJTOT MOMEHT OyIeT OAHAKO Maj, Tak
T4K SHEPTHA w, UMeeT He OOMEHHOE, 4 DEeIITHBHCTCKOE Mpo-
ucxoxaenne. Ha stoM ocHoBaHUM aHTH(EDPPOMATHETHKH € KOH-
crantolf d, OTAMuHO! OT Hy/d, HA3LIBAIOT AHTHU(EPPOMATHETH-
KaMH co ca1abev deppomarnernamom [16] (nozpo6uee o6 ycao-
BUAX NOSIBJEHUSI MaJOrOo MATHUTHOTO MOMEHTa B aHTHdeppoMmar-
HeTHKax cM. [17]).

Cnoxus snepruu W, W, W, n W, Haltiem noauyw ma-
KPOCKOMHYECKYI0 3HEpPTUi0 aHTU(epPOMarHeTHKa:

W= [ dr{ P (R — My My HE,

rae
2 9 1 oM oM oM oM
F=f(MM,, M, M2)+5a,.k( e Tt 0x:)+
) , oM, oM,

Ay G e T e (4.2.3)

H HHTETPUPOBAHHE MNPOUIBOJUTCA MO BCEMY IMNPOCTPAHCTBY.




FTTABA I
MAKPOCKONHUYECKAA TEOPHS CIIHHOBLIX BOJIH

§ 5. YpaBHeHue ABHKEHHS MAaTHHTHOTO MOMEHTa
H ypaBHeHHe nepeHoca TenJja B ()eppoMarHeTHKax

1. YpapHeHHe NBHXEHHS MATHHTHOTO MomeHTa. CuibHas
KOppeJsLMA MEXIYy OpHEHTALUUAMH CNUHOB OTAEJbHHIX AaTOMOB
B MATHHTOYMOPSALOYEHHBIX KPHCTANIaX MNPHBOIHT K CYLIECTBO-
BAHHWI0 B TAaKUX KPHCTanlax cCnelnudHUecKHX BOJH.

YroObl NOHATL HX DNPOMCXOKIEHHE, PAacCMOTDUM CHAyaja
¢eppomarHeTuky W OyzeM mnpeanoaarate, uro 7 =0. B 3ToM
Clyyae BCe MarHUTHble MOMEHTHl aTOMOB ()eppOMarHeTHKa MMEIOT
OIMHAKOBYI0 OpHEHTALUWI0, COOTBETCTBYIOILYI0 MHHUMYMY €ro
sHepruu. IlpencraBum ce6e Tenepb, YTO MBI H3MEHHJIM OpHEH-
TalMI0 MarHUTHOrO MOMEHTA KaKoro-Aubo OLHOro aToMa W mnpe-
JAOCTaBU/IM 3aTeM atroM caMomy ceGe. Torzna 3To M3MeHeHHe OpH-
€HTAlUMH He OCTAHETCH JOKANH30BAHHBLIM B HCXOLHOM aToMe, a
6naronaps OOMEHHOMY B3aMMOICHCTBHIO OylNeT NepPexOlUTb OT
aToOMa K aTOMy, T. €. OyIeT pacnpOCTPAHATbCA B BHIE BOJHHL.
Takue BOJHBI HOCAT HasdBaHWe CNHHOBHIX BOAH*). OHH MoOryT
pacnpoctpanatbcs kak npu I =0, Tak u npu T=0, xak B
(deppOMarHeTHKax, TaK M B aHTHGhEPPOMATHETHKAX M XapaKTe-
PH3YIOTCA ONpeleNeHHBMY 33aBUCHMOCTSAMH YACTOTH OT BOJHO-
BOI'O BEKTOpaA.

CnuHOBBIE BOJHB MOMHO pAacCMaTPHBATL KaK KoJeBaHusl
MJMOTHOCTH MArHHTHOTO MOMEHTAa, pacnpOCTpaHsioltMecs B Mar-
HUTOYNOPALOYECHHOM KpHcTaane. ITOITOMY I/ MX HCC/AeN0BaHHA

‘HeOOXOIHMO HMEThb YpaBHEeHHe, ONpefesiollee H3MeHeHHE M0T-

HOCTH MAarHuTHOCO MOMEHTA CO BDEMCHEM.

*) Onu 6nan ortkpuitel Baoxom [1].



Yro6b yYCTAaHOBHTb 5TO ypaBHEHHE, HANOMHHMM CHAyanaa npo-
cTefllllylo 3a1auy O IBHXEHHH «KeCTKOT0» MarHUTHOTO MOMEHTA M
BO BHelUHeM MarHutHoM noje H. Tako#t MOMEHT npeleccHpyer
BOKPYI Hanpas/JeHus noas H cornacHo ypaBHEHHIO

m=g (mX H), 5.1.1)
. 2u,
rie g==-—=".

PaccmorpuM Tenepr ¢eppomarnetnk. buaarogaps CHIbBHOMY
0OMEHHOMY B3aHMOAEHCTBHIO MeXIy CIHHAMH OTIEJbHLIX a1OMOB
(reppoMATHETHKA €ro MAarHUTHBIH MOMeHT ¢ 6O0JBILIOH CTeneHslo
TOUHOCTH ABJSETCS <OKECTKHM», €CAU TOJbKO TeMmepaTrypa ¢ep-
pomMarHeTHKa AOCTATOYHO HHU3KA. VIHEIMH COBaMM, MOAY/b BeK-
TOpa MJIOTHOCTM MarHUTHOIO MOMEHTa (eppoMarHeTHKa JHIIb
B OueHb cJ1a0O0fi CTefleHH MOMET 3aBUCETb OT BpeMeHH. Ilostomy
U3MCHEHHEe CO BpeMeHeM TLIOTHOCTH MArHHTHOTO MOMeEHTAa [0J-
XHO B MePBOM NMPUGJUMEHMU HOCHTh XapakKTep Mpeleccud, T. e.
NPOUCXOIUTb 1O 3AKOHY

WD g )X H(r 1), (5.1.2)
rie ﬁ(r, t) — HeKOTOPHIY BeKTOP, KOTOPHLIA Mbl OyieM Hashbl-
BaThb 3(@eKTUBHLIM MarHUTHHIM TnoJjeM. [lo cwmbicay ypaBHeHus
(5.1.2) 3TOT BeKTOp MOXHO ONpPEeIEJAUTb TOJBKO C TOUHOCTHLIO
IO TPOU3BOJLHOIO BeKTOpa, MapaiejbHOTO BekTopy M(r, f).

Ilpexae ueMm nepexoIuTbh K oOnpelreneHHI0 3¢Q@eKTHBHOTO
MATHHTHOTO TOAS Hf, Pa3bLACHHM, YTO O3HAUAET YpaBHEHHE 1BU-
MEHNSI MATHHUTHOTO MOMeHTa ¢eppomarHetnka (5.1.2), uan, kax
Mb  OyAeM ero Ha3blBaTb, YpaBHeHHe MPEHEeCCHH, C TOUKH
3peHHs] KBAHTOBOH MeXaHHMKH [2].

Tounoe KBaHTOBOMeXaHUUYECKOe YpaBHEHHWe JABHIKEHHS .1/
omepatopa TNJOTHOCTH MAarHUTHOIO MOMeHTa (eppoMarHeTHKa
M(r, t) uMeeT, KaK U3BECTHO, BHI

m—_- [, M), . (5.1.3)

rie &€ —ramuibToHuaH peppomareetuka u [4, B] = AB — BA —
KOMMyTaTtop omeparopos A n B.

Yro6el HaliTH koMmyrtaTop [5%, M], ynoCHO mnpencTaBuThb
raMHWJIbTOHNAH &7 B cielylolleM oOlleM BHIE:

HAM(r, t)}zE J dr, drz...dr,lfilizmi”(rl,rg, ...,r,,)><

n

X Mil (ri, t) M[2 (ro, £) ... M[n (Fp 0),
rae fii, ..o (F1, ra. ..., ry)— HeKOTOpble (YHKUHH KOODIH-
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_ HAT, CHUMMETpHYHbIE OTHOCHTEJIbHO /060 MEpecTaHOBKH [epe-

MeHHBIX I,r, W [f; (3T (YHKUHMM MOTYT CcOIepKaTb TaKwke

O-pyHKUMM OT pasHoCTell KOOpPIMHAT M MX MHpPOU3BOJHHIE).
Kommyrarop [F¢, M,(r. {)] pasen, oyeBuano,

(56, My(r. )= Y, [ drdrs ... drafus, .o, (Frs . ra) X

n

XY My el £ My, (reers X

R=1
XMy (re £, Milr, O My | (Frsas £) o My (ra, 0).
3ameuas, uto coraacuio (1.3.4)

[M,'k(rk, f), /14,~(r, f)]ZQI'U/O&[k[j/Wf(I‘, t)b(r—rk),

nepenuuleM ypaBHeHUe ABHkeHHA 1as M B Bule

n
oM; (r, t 2
ltgt ):—%O_EEfdrl"'drk—ldrk+l-..drﬂ><

n k=1
X, 0 (1o Frcts 1 Prgts oo oa F) My (PLE) o
.AMik_l, (rk_l,t)M,-(r, f)M (res1, £) ... Min(t‘,,, t)gi]‘,i/'-
(5.1.4)

I

[TepefineM K MaKDOCKONHYECKOMY ONUCAHHIO eppOMarHeTHKa.
ILng s10T0 HEOBXOAUMO YCPelHHTb ypaBHeHUe (5.1.4) npu nmoMoriu
MaTpUilbl MJIOTHOCTH ¢eppoMardeTuka. [Ipu TakoM ycpenHeHuH
oneparopa M(r, f) Mbl NOJYUYHM JIOKAAbHYIO BeJIHYHHY — MJIOT-
HOCTh MaKpOCKOMHYECKOTO MarkuTHOro Momenra M (r, t).

Ec/au paccMaTpuBaTh J1OCTATOYHO MeIJIEHHBIE U3MeHEeHHS! MaKpo-
CKOMNUYECKOr0 MAaTHHTHOTO MOMEHTa, XapaKTepH3YIOLIHeca spe-
MEHAMH, KOTOpble 3HauMTeJbHO OoJiblle BpeMeHH YCTaHOBJIeHUS
JIOKaNbHOTO KBasHpaBHOBecHsl B (eppOMarHeTuke, TO B JeBOH
yacTH paseHcrsd (5.1.4) MBI NOJYyunM NPOM3BOLHYIO IO BpeMeHH
OT IJIOTHOCTH MAKPOCKOMHYeCKOTo MarHuTHOro moMenra. Cmpana
Mbl JOJKHB YCPEIHATh MPOU3BEIEHHs ONepPATOPOB MJAOTHOCTEH
MOMEHTOB B PasHBIX TOUKAaX MpocTpaHcTBa. PeppoMarHeTHK OTaU-
yaeTcsi TeM CBOHCTBOM, 4TO B HeM OJaronaps CH/IbHOMY OGMeH-
HOMY B3aHMOJENHCTBHIG OueHb OBICTPO YCTAHABAHBAETCH JOKAJb-
HOe KBa3MpaBHOBECHOE pacnpelesieHHe MarHUTHOTO MOMeHTa.
[TostoMy ¢ 60JbIIOH CTeNMeHbI0 TOYHOCTH YyCpelHeHHe NMpPOU3Be-
IleHUsl OMNepaTopoB IUIOTHOCTE# MOMEHTOB JdeT HpPOU3BEIEHHE
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JIOKaJAbHBIX MAKPOCKONMNYECKHX MJIOTHOCTER MOMENHTA, ABASIOLIMXCA

yXe, pasymeercd, c-uuciaMH. Takum oG6Gpa3oM, B pe3yabraTe

ycpelHeHus (5.1.4) Mbl NOJYUHM COOTHOLUEHHE, HMEWOLIEE TY Xe
CTPYKTYPY, UTO H HCXOIHO€ COOTHOLIEHHe, B KOTODOM, OIHAKO,
He HYXHO pas/nuarh nopanka MEoxutenet My (r1. 1), M, (ro. 1). ..

dynxuuu fili2 ... i, TOCIC yCpelHeHH (IpH MNOMOILM Mart-
pULIb TIIOTHOCTH) TaKKe NpeTepnsiT H3MeHeHHe M CTaHyT, BooOuie
roBopsi, 3aBHCETb OT TeMNEpaTypH. ITH MOIUPHUHDOBAHHbIE
¢yukuuyu (Mb OyIeM Mmo-npexHeMy 0603HaYaTh HX Yepes fil¢2 in)

Onpeleqi0oT MAKDOCKOTHYECKYI) 3HEpPrui0 (peppoMarHeTHka

.
W:LJ dry...odraf, i (r .. 1) X
n
X My (1 8) o My, (Fa. £).

Bosppawmadcs k ¢opmyne (5.1.4), B KOTOpOH BeJHUHHH
M;(r., ) npeacrasasioT co6ofi c-uHCaIa, MLl MOXEM MNepenucarh
ee B BHJIE YDABHEHHS TpELeCCHH

oM ~
S = B(M X ),

rie BekTop H onpeaeaserca ¢opmynoHt

ﬁj:zn [ dreoarafy i, o P X
n

><Mi2(r2r t) Min(rﬂ. t)

dra ¢opmyna nokassipaer, yro BekTop M, T. e. addexTu-
BHOE MarHMTHOe NOJeE, TPeNCTaBiseT co00d (PYHKIHOHANBHYIO
NPOH3BOJHYI0 OT 3Heprud ¢eppoMmarHernka W O MarHMTHOMY
momeHty M(r, £) [3]:
= oW
H(r, t)=——

T (5.1.5)

$opmyaa (5.1.5) noxasbiBaeT TaKKe, YTO BAPHALUS IHEPTHH
CBfi3aHa C Bapuauued IVIOTHOCTH MarHuTHOro Momenra M (r, )
COOTHOILEHHEM:

W = —. f Hr, dM(r, t)dr. (5.1.6)

2. TMoToKk W aMcCCHODALHSg 9HEPTrHM. Y PaBHEHHE IBUMKEHHs
MATHUTHOI'O MOMEHTa, KOTOpOe MBI YCTAHOBHJIH B npeablnyliem
paszeJse, HE€ YUYHTHIBAET [IHCCHHNAUHMH SHEeprHu. MHKpOCKOHqu-
Ckasg TeOpHUf MNPOHECCOB, NPHBOAAIIMX K IHCCHUNALHMH IHEPI'HH,
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6yzer u3noxeHa B riaase VII, snech ke MBI TNOKakeM, Kak
(eHOMEHONOTHYECKH ONUCATh 3TH TPOLECCH.
Bpenem psisi 3TOr0 B NpaByi0 4YacThb YpaBHEHUS] ABUKEHUS
MmaruurHoro moMenta (H.1.2) nobasouHoe ciaraeMoe R:
oM TN '
u GyleM mpeamoJaraTb, YTO BeKTop R (OH HAa3bIBAeTCs PeNaKca-

UHOHHBIM WICHOM) TNepneHaunkyaspen Bexktopy M X H u dapas-
eTcsl auHelHol ¢yHKuuel 3(QPeKTUBHOTO MATHHTHOTO NOJS

Rizrikﬁk'_ R(M X H)=0, (5.2.2)

rie r;, — HeKOTOpHI! TeH3op, saBucsiiuit, Booduie rosops, ot M.
CsoitcTa TeH3opa 7;,, TaKk ke Kak M BUI 3(PeKTHBHOro
MAarHHTHOTO 104, MOTYT OblTh, Kak MBI cefiyac yOeaumcsi, ycra-
HOBJIEHB M3 3aKOHa COXpaHeHus 3Hepruu [4].
[Tpu ¢$eHOMECHOJTOIHYCCKOM ONKCAHHH Mbl OyAeM HCXOAHTH U3
CJAeLYIOUETO BHIPAXKEHUd LI 3HEPruM (eppoMarHeruxa:

W = f drw,

. oM; (e) 1 (m)\2 1
w_.F(M, —5x—k’)——MHo g (H™Y + 2 ED,

oM; ,
rie F -—nekotopast ¢yukuus or M; u o—x;‘—, KOTOPYI0 MOKHO
paccMaTpHBaTh Kak INOTEHUHANbHYH 3SHEPTHI0 CAHHKUL OObema
(eppoOMarHeTHKa.

Huddeperuupys MAOTHOCT JHEPTHUH MO BPEMeHM M UCIOJIb -
3ysl YpaBHGHME [BIXEHHMA MarHuTHoro MoMenta (5.2.1), a Takxe
ypasHeHna Makcsesna

m __An 5 1 0D iv B™ —
ot ' = —J o div B =0,
(m)
ot E=— 1 987, divD =0,

¢ ot

rie B™ =H" 4+ 4nM u j=0E (0 — NpoBoInMocTs deppo-
MAarHeTHKa), MOJYYUM

ow . OMi ’ (1n) (q)_ oF 0 oF 0
7——-@7(”1 T = g ey amy | T OF
y dxk

0 [ (m) oM; oF
+ 5 {47(” X E)e 43 — } (5.2.3)
Oxk
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Ecau cHavana mpene6peub IuccumaumeR sHepruu, T. €. CUH-
ratb 0 =0, R==0, T0 nU3MeHeHHe MJOTHOCTH IHEPTHH CO Bpe-
MeHeM JOJXKHO CBOIUTbCH K TNpPOCTPAHCTBEHHOH NHMBepreHUMH
NJIOTHOCTH motoka sxepruu II:

-a_w__i_al—l_kz(),
of | axp
[MostoMy mnepsoe chaaraemoe B (5.2.3) pomxHO oO6paliaThcs
B HYJb.
Yuursipast ypasHenue npeneccudt (5.1.2), orcioma MOMXHO
i
ot
IO TIPOM3BOJABHOTO CJaraeMoro, NMpoNopuHOHaAbHOrO M, cosna-
1ath ¢ 9¢ G2KTHBHBIM MArHWTHEM nogem /4, Omyckas 5T0 He-
CYlLIECTBEHHUE cJaraeMoe, IMOJAVYUM Caeiyiollce BEIpaXeHHe Ias
9()peKTHBHOTO MATHUTHOTO IOJSA:
oF 0 oF
oM T ox, o M oM
dxk

3AKJ/JIOYHTh, YTO MHOKHTEJAb MNPH — JOJKEeH € TOYHOCTLIO

H=H"— (5.2.4)

rae H? = H™ + H?. (3ro supakenne H, xak G6yner noxa-
3aHO jajee, HAXOINTCA B COOTBETCTBHH C dopmyaol (5.1.5).)
Bropoe caaraemoe B (5.2.3) mokaswiBaer, 4to [4]

C m ()M aF
Hk:-ﬁ(EXH“))k__aTt;m (5.2.5)
dxk

Yurem Tenepb Jauccunauuio sHepruu. Toraa ypapHenue (5.2.3)
NpUMET BHIA

dw | oM, . 5 OM
o T om, = OB —Ho5

Ucnoabayst ypastenue (5.2.1) mas 1 BHpawenue (5.2.2)

M
Tof
ina R, OTCIOLA NOAYUHM

%_th_i_divn:*UEQ”’ikﬁiﬁk- (5.2.6)

Mu BHIMM, uTO aMCCHMALUS SHEPTHH OTpejensercss CUMMeT-
puuHOR uacThbio TeH3opa r;,. IlockOJbKY npaBas uacTb paBeH-
ctBa (5.2.6) nomkna ObiTh Bcerga OTPHIATENLHOH, TO TEH30P r,
JOMKeH ObITh TaKMM, uTOGb opMa r,X;X, OblIa CYLIECTBEHHO
nonoKuTebHOR. B nanpnefiuiem Mbt OyieM nosb30BaThLCY cle-
AYIOUIMM TPOCTEHLINUM BhIpAXeHUueM IJAS 7,

1

1
_5ik—-—T‘—(nink~—6,~k), (5.2.7)

., =
ik Tq
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m
rae n=7 H Ty U To— IBC KOHCTAaHTHI, HMeEIOLHE pas3Mep-

1 1 1
HOCTh BPEMEHH, NpHueM — >> 0, T_+T > 0. DTH KOHCTaHTHI,
2 1 2

3aBUCALIME OT TeMmepatyphbl, MH ouenuM B § 27. Bexrop R
onpenensieTcs 1npH 3TOM GOpMynoR

:%ﬁ—%(n)((n)(ﬁ)). (5.2.8)

[TokaxeM B 3aKJIOYCHHE 3TOrO pasflena, 4YTO BLIpaKeHHe
(5.2.4) nas 3bdexTHBHOrO MarHUTHOrO IOJAS B NPHOJIHKEHHH
MAarHHTOCTATHKH TpeacTaB/seT co0Of (YHKUHOHAMLHYIO NMPOH3-
BOJZHYI0 OT 3Hepruu $eppoMarHeTHKa MO TJIOTHOCTH MArHUT-
HOr0 MOMEHTA.

Briuncsum aag 31010 BapHanuio sxepruu deppomarseruxa W,
CBA3AHHYID C W3MEHEHHeM IJIOTHOCTH MoMeHTa dM(r, f). ame-
THM Tpexle BCero, 4YTo

[ oF 0 OF
v 0—=—
dxk

oF
+ f aS, —ar; OMs
0 i
N ()xk

rie V —o6beM, a S — noBepxHOCTh (heppOMarkeTHKa.
Halinem Aajiee BApHALMIO MATHUTHON SHEPTHHA 315 f(H(m))Q dr.
Jlerko Buierb, YTO B NPUOJMKEHUM MArHATOCTATHKH, KOTIa
H™ = — vy,
MMeeT MeCTO COOTHOLUEHHe

f B™8H"™ dr =0, (5.2.9)

(m)
roe OH — Bapuauns MarHUTHOro MOJfA, CBA3AHHAS C BapHalHel
MJIOTHOCTH MArduTHOr0O MOMEHTa GM ,H.eﬂCTBHTeJIbHO, 3aMeyasf,

yro div B™ == 0, umeen

f B"SH'™ dr — f ASB™op, — f ASB™5g_,
S S

rle MHIEGKCH IUIIOC M MHHYC cJayxat 1as 000o3HayeHHd MoJeH
BHyTpH M BHE deppomarreTka. [locieanee BhipaxeHue obpa-
aercas B HYJAb B CHJIY HeNpPepHIBHOCTH MNOTeHUMAIa ¢ U
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HOpManbHOR cocTaBasiowett sektopa B™

THeTHKA.
Uz dopmyan (5.2.9) BoiTekaer, 4TO

Ha rpanuue deppoma-

—15 f (H™ gr = — f MOH™ dr.
v

Ho, cornacro (2.1.8) u (2.1.10),

J MOH'™ dr = J H'™M dr.
v v

[TosToMy OKOHYATEJIBPHO MEl NOJYYHM Clelyloliiee BhIpAXKeHHE
IJsi BapHalUUU SHePruu:

o () oF 0
oW — fdr(H; — 31, 5y o aM )5/14 +

. v

dxk
-+ dek oM, OM;,
. dxk

rIe H(l)xﬂ(m)—{—H&g).

Orciona BUAHO, 4TO

oW oF oF
T = H ey o
())Ck

T. €. — SZ == B coorsercrBud ¢ gopmyaoh (5.1.5).

3. YpaBHeHHe mnepeHoca Temaa B (eppomarHeruke. o
CHX NOD Mbl HHUIIE HE YUHTHIBAAM TOrO OGCTOATENbCTBA, YTO
MJIOTHOCTE 3HEPTUHM W 3aBUCHT TaKxke OT MJAOTHOCTH SHTPONUH §.
[Tosromy nox dw/0¢ B ypasuenun (5.2.6) HyxHO, CTPOTO rOBOPA,
NOHMMaTh MPOHM3BOAHYI0 OT IJIOTHOCTH SHEPrHU MO BPEMEHH NpPH
NOCTOAHHOR sHTpomuu, T. e. 3amuchiBath ypasHeHne (5.2.6)
B BHUIe

ow . -~ N
(S5 +divil=—oE2—r,AH, (5.3.1)
flcHo, uro ‘
gy __dw _ Ow 05
of )s“ of  o0s of°
C 1pyro# CTOpPOHH, B MNOCTOSHHOM CTODOHHEM MArHHTHOM
nore HY' umeer wmecro sakoH COXPAHEHHS 3JHEpPrHH, B CHAY
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KOTOPOro :
99 1 div (I — = VT) =0, (5.3.2)

rie ® — Ko3dduumeHt TennonpOBénHOCTu, a — %VT — mI0THOCTH
NMOTOKA Temia (Mas TPOCTOTH Mbl He PacCMaTpPUBAEM AHWBOTPO-
nuu TenaonposoAHoctH). Ilostomy us (5.3.1), (5.3.2) Buirexaer
COOTHOlIeHHE
s | . X Loy 1 o 1 25
W—*"— le(—"—T— VT)——- K(—-T—VT\’ +TOE +-—7,—riniHj
(5.3.3)

( =7)
HamOMHUM, 4TO —— ==1].

s )

n
Bennunna — VT npeacrasaseT co0ofi MAOTHOCTh NMOTOKA

SHTPOMHM, a TIpaBas yvacTb paseHcTBAa (5.3.3) — HCTOUHMKH
SHTPONHUH.

B ypaBHenue tensonpoBosHoctH (5.3.3) BXOAUT SHTPOMHS
HepaBHOBECHOTO COCTOsIHHMS (heppOMArHeTHKa, KOTOpOe XapakTe-
pH3yeTCs 3ajaHHeM JIBYX HE3dBUCHUMBIX BeJUYHH — TeMIepaTyphl
M TJIOTHOCTH MArHUTHOTO MOMeHTa (B COCTOSIHHM paBHOBeCHS
NMOTHOCTb MArHUTHOIO MOMEHTa SIBJfAeTcs ONpeieseHHOW (yHK-
uuelt TeMrnepaTypel H CTOPOHHEr0 MAarHHTHOTO 10Js1). DTy SHTPO-
NUI0 MOMHO ONpPeNeJUTh KaK 3HTPONHI0 (eppOMAarHeTuka, HAaXO-
JSALIErocss B HEKOTOPOM COCTOSIHMKM DaBHOBecusi, KOTOpoe Xa-
paKTepusyeTcs Temnepatypot T M CTODOHHMM MarHMTHBIM TOJeEM,

pasuniy HY — H.
Yro6H yOelHTbCS B 3TOM, 3aMeTHM, UTO

ow ~ ow
(m‘)f —H. ('aT)M: T,
U, CJeIO0BATENLHO,

d(w-+HM— sT)=MdH —sdT.

Beauyuna V (w-+ HM—sT) npencrasiser coGo#, OUeBUIHO,
TepMOLHHAMHUecKu# noTeHUnaa 2 ¢deppoMarHeTuka B JOMOJHHU-

TeJbHOM CTOPOHHeM noJe, paBHOM — H (Opu HaIHYUM 3ITOTO
JIOIOMIHUTEBHOTO MOJs BeduynHa M Gyaer dABJAsSThbcAd PaBHOBEC-
HOY NJIOTHOCTbIO MAarHMUTHOTO MOMeHTa ¢eppomarHeTuxa). Takum
cOpasom,

d—?,--———-Mdfl——sdT
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M

§=— ", —_— =
V or Vv 0H’
YTO H YTBEPKIANOCh.

Ypasuenue (5.2.1) BMecTe C ypaBHeHHeM TeIlVIONPOBOAHOCTH
(5.3.3) u ypaBHeHusMH MakcBes/a npeiAcCTaBaAlT cOO0H NOJAHYIO
CucTeMY ypaBHeHHH 114 onpeledenus seawuun M, E, H, T.

4. 'paHnnyHbpie YCJAOBHA JAJS BEKTOPAa HAaMarHH4YeHHI.
Tax kak B ypaBHeHHE [BMWXKEHHSi MArHHTHONO MOMEHTA BXOAAT
NpOU3BOAHBIE MO KOOPAHHATAM OT [JIOTHOCTH MArHUTHOTO MO-
mMeHta M, TO HeOOXOIMMO elle BBHIACHUTb, KAKHM YCJIQBHAM
yAOBJAETBOPSeT IIOTHOCTD MarHUTHOIO MOMEHTAa Ha TpaHule
¢deppomarseTuka [5—7].

HcnonsdyeM [as 3TOrO HenpephIBHOCTh HOPMaJbHOH cocta-
BAfIOIEeH TMIOTHOCTH TNOTOKA SHEPrHH Ha IOBEPXHOCTH (heppo-
MarHeTHKa:

H_v = Hﬁ_\’,

rje v — eIMHHYHBbIH BEKTOpP HOPMald K IMOBepPXHOCTH ¢eppo-
MarHeTHKa. JTH COCTaBAfIOllHe BHe M BHYTPH (deppoMmarHerika
onpeneasoTca GOpMyaaMu

oy = v(E- X H) = = HP (v X E_),

(5.4.1)

4 b oM
H+V __'—II—H(JFIZ)(VXE_*_)-—— '\k—ﬁ ()t

Oxk

Tak Kkak TaHreHUHadbHblE COCTABJASIOLIME 3IJEKTPHUYECKOTO U
MArHUTHOI'O MOJeH HeNMpephBHL Ha TpaHule (eppoMarHeTHKa,
TO OTCIIA CJIEAYIOT COOTHOILEHH:

oF
. —OMT'V;Z == 0, (5.42)

0 oxp S

KOTODhle M [MpEICTABAAIOT CO00# rpaHUYHLIE YCJAOBHA IIf BeK-
TOpd IJIOTHOCTH MarHMTHOTO MOMEHTA.

O6patuM BuMMaHHE HA TO, YTO eC/M TpU (peHomeHonoruqe-
CKOM OMNUCaHHK ¢eppoMarHeTHKa peaKcauHOHHbI# uied R BbI-
Oparb TakiM o0pasoM, uro RM==0, To u3 ypasnenutt (5.2.1)
OyleT c/el0BaTb COOTHOIIEHHE

M? == const, (5.4.3)
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O3Hauaiollee, UTO ypasHenus nBMxenus (5.2.1) BHpomaaTCA
B CHCTeMy ABYX IH({¢epeHuHabHbIX ypaBHeHult. IloaToMy B 3TOM
cayuae YpaBHEHHS IBHMXKEHUS MATHUTHOIO MOMeHTa OyayT Heco-
BMECTHBl C TpeMs TPaHHYHLIMH ycaoBusaMu (5.4.2).

Taxkas cuTyauus BOBHHKAET, HanpuMep, B TOM CJyuyae, €CJH
MOMOKUTL B BHIPAXEHHH (5.2.7) LAS TEH30Pa r;; KOHCTaHTY Ty
paBHO#i OecKOHEYHOCTH.

Yro6bl MOHATH NMPHYHHY STOrO MPOTHBOPEUHUA, TIPERMOJOKUM,
UTO BeJHYMHAa Ty XOTS M BeJHKA, HO KoHeuna. Torza npu mo-
60M KOHEYHOM T, YPAaBHEHHS [IBHKEHHS MarHUTHOrO MOMeHTA
(5.2.1) 6yoyT COBMeCTHB ¢ TpaHMYHLIMH yc/aosusMu (5.4.2).
Orciona caenyer, 4TO NMPH GOJBLUIHX T, BONN3H TPAHULBL LOJHEH
06pa3oBbLIBATLCS MOTPAHUUHEIA C/I0/, TOMIMHA KOTOPOTO CTPEMHUTCH
K HYJI0 0pH T,—> 0O U B KOTOPOM He/b3s nmpeHefperaTtb LHc-
CUMATHBHBIMU CJ1aTaeMbIMM, HAPYIUAIOMIWMHM 33KOH COXpaHeHHS
(5.4.3). ToawmmHa 3TOro CJA0A MO HOPKIKY BEIMYMHLI DaBHa

o}
O =~ 1//_01 , e @ -—4acToTd U3MEeHEHHsT MArHUTHOIO MOMEHTA.
Ulg

B morpaiinuHoM cjoe NPOHCXOAMT PE3KOE W3MEHEHHe BEKTOpa
oF
Ve oM
s Pl
dxk
C0si TpaHWYHLle ycJaoBHA (D.4.2) yxe HecnpaBend/iUBH.
[MTocMOTpUM, KaK MOMXKHO MOJYUMTb M3 TPAHHUHOTO YCJIOBUS
(6.4.2) n ypapHeHMH IBMXKEHHMS MarHMUTHOTO MomeHTa (5.2.1)
HOBOe 3({eKTHBHOE TPAHMUYHOE YCJAOBHE B Clyyae Ty,—> OO,
KOTOpOe No3Boua0 Obl K30exaTh IeTalbHOTO PpaccMOTpeHHd
CBOJCTB NOTPAHUYHOTO CJI0f.
Wnrerpupys ypasHeruss npmkenus (5.2.1) mo ToJuiMHe no-
I'PDAHMYHOTO C€JI0S B HANpaBJeHHH HODMAJH K IMOBeDXHOCTH dep-
POMATHETHKA M YYMTBHIBAasi rpaHHYHOe ycJjoBue (5.4.2), noJjyunm

, Tak 4to BOJH3H MOBEPXHOCTH, HO BHE MNOrpaHHYHOTO

4] 4]

a . @  OF oM OF
Ta't—fMdz-gfdzJMX(” —W)'Ta?x—_aﬂ_+
6 ] i 0—+-

/8 OF d OF )
+M><(73}“ o oy —aar | TR
0 —— ; Pl i
ox ay
oOF
+& ([ MX —55 )
0
oz I
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rle 2z — KOOPIOMHATA BAOJbL HOpMaau (2 =0 coOTBercTByer rpa-
9
Huue ¢eppoMarHeruxa). Tak xak M u 3%, MOTYT HMeTb B Mo-
R

TPaHUYHOM C/I0€ TOJbKO KOHeuHb pasphiB [ d-06pasnoe uame-

a OF
He¢HHe HCIOBITHIBAET TOJIBKO -&—-—a—ﬁf— H TOJLIMHA caos O npu
Oxk

Ty —> OO CTPEMHUTCH K HYJI0, TO B OTCYTCcTBUE Auccunauuu (R = 0)
MBI NMOJYYUM H3 MOCAENHEro ypaBHeHHs

Mka;%r —0 (5.4.4)

0xy s

(BEKTOpPHOE TpOU3BeLEHHe BHIUHC/SeTCS BOJH3H NOBEPXHOCTH,
HO BHe IIOTpPaHHYHOrO cJos). Ycaosue (5.4.4) u mpencrasasier
COGOH MCKOMOe TpaHHYHOE YCJ0BHEe B OTCYTCTBHE ILHMCCHMNALMH,

3ameTHM, uTO rpaHuuHoe yciaosue (5.4.4) rawke obecneyn-
BaeT HernpepLiBHOCTb HOPMAaJbHOM COCTaBJIAOLEd NMJIOTHOCTH MO-
ToKka 5Hepruu. JHeHcTBuTeabRO, Wcnoabdys gopmyuast (5.4.1) u
HeMpEPLIBHOCTb TAHTEHUHAJIbHBIX COCTABJSAIOLIUNX 3MeKTPHHECKOro
¥ MarHRTHOTO NOJS, NOJAYYUM

Il_v~ﬂ+v=vk—i£"——%1——.
; Pl
dxk

Ho rak kak B paccMaTpuBaeMoM ciyuae

O — e MX A,

TO
H_v——II+v=:—gﬁ (MXvk—%FT‘— ,
0 27

dxk

OTKyZa B CHJAY TPAaHUYHOTO Yycaosus (5.4.4)
I v=IIv.

5. PaBHOBecHHEe COCTOAHHA ¢eppoMarHeTHKOB M JHHea-
pH30BAaHHOE YpaBHEHHE JBHXEHMS IJOTHOCTH MArHHTHOrQ
moMeHTa. M3 ypaBHeHUs! 1BHXEHHS IUIOTHOCTH MArHMTHOTO MO-
menta (5.2.1) caenyer, uTo, MPHPABHAB HYI0 S¢xbeKTHBHOE Mar-
HUTHOE MOJAE, Mbl MONYYHM YPaBHEHHE AAA ONpeleNeHHs PaBHO-
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BeCHbIX 3HAQYEHHH NMIOTHOCTH MArHUTHOTO MOMEHTA

H=0. (5.5.1)
Bcenomunnas onpenesenue 3¢p¢peKTHBHOIO MATHUTHOTO NOJS
5 oW
H=—"

MH BHIHM, uTO oOOpalleHde 3SPQPEKTUBHOrO MarHUTHOTO T10Jd

B HYJb COOTBETCTBYEeT MHHMMYMY 3SHeprud QeppOMarHeTHka.

Hcrnoabays Beipaxenue (3.3.1) 119 sHeprum ¢eppOMarseruka,
nerko y6enuTbest, uTo *)

4 ] Jw 0°M

A=H" % M oM

H oM ZMST (M) -y 5

Mu 6yzeM panee M3yyaThb TOJNbKO MNpocredinft u Hanbounee
BaXHBIM Cayualt, KOrza paBHOBECHOMY COCTOSIHMIO deppoMarHe-
THKA COOTBETCTBYET OJHOPOJNHOE HAMATHHYeHHe U He Oynem
U3yuaTb fBJICHUH, CRBA3aHHHIX C BO3MOXHOW IOMEHHOH CTPYKTY-
polt deppomarnernka. Ecau d¢eppomarseTik nomeued B OLHO-
poJHOe U TOCTOSIHEOE CTOPOHHEEe MATHHUTHOE MHOJe H( ) ro ans
OJHOPOJHOCTH HaMarHuueHHs HeoOXOAMMO, KaKk Mbl BHIR/IH
B § 2, uro6u ¢deppomarneruk umea Qopmy saiunconsa. B srom
cayuae, KOTOPH Mbl M OyeM najlee paccMaTpHBATD, MO/ BHYTPH
deppoMarserika H0 1 CTOPOHHee MArHHTHOE IN0Je H( ®) cBasaHbl
Mexc1y co0off COOTHOIIEeHUHEM

HY = HY — 42N M,, (5.5.3)

rie M, — paBHOBeCHas TLIOTHOCTb MATHHTHOIO MOMeHTa W N —
TEH30D PA3MArHUYUBAIMWIAX KO3GPUUHEHTOB.

YcnoBue paBHOBecHs B cjayuyae ONHODOLHOTO HAMarHMYeHHs
HMeeT BHI

(5.5.2)

y  owg (M '
HY — 222t oM,y (M) =

Ias onnoocnoro deppomarHeTHka
1
w, (M) = — 5 B (Mn)?

(n — eIMHHYHHH BCKTOpP BLOJbL OCH AHU3OTPONHH) H, CJAeROBa-
TeJIbHO,

HY 4-pn (Myn) — 2M, ' (M}) =

*) dddexTHBHOE MArHuTHOE mMOJe, AeHCTBYIOUlee HAa MaTHHTHBIH
MoMeHT (eppomarserska, Ona0 BeeneHo Jlanpay u Jludmunem [3).
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HJTH
H® 4-pn (Myn) — 4aNM, — 2M,f (M2 =0. (5.5.4)

[MocnenHee ypaBHEHHe B MPUHUMIE MOXET CHAYXKHTb IAS ONpe-
LeJeHUs paBHOBECHOH IJIOTHOCTH MAarHMTHOrO MoMeHra M, npu
331aHHOM CTODOHHEM TOJe ng). Oxnako dakTHYeCKH BUL QYHK-
und  f(M?) Ham Heu3BecTeH, M MOITOMY MOJIynb Bexktopa M,
onpeneauTh ¢ TomMouwbo (5.5.4) Heab3d; HaNpaBAeHHE e BeK-
topa M, npy 3alaHHOH ero BeJMYUHe oOnpelensdercd ypasHe-
nuem (5.5.4) noanoctblo. Helcrsurennuo, ymuoxas (5.5.4) pek-
TOPHO Ha My, MBI NOJY4YHM ypaBHeHHe

(HO 4 pn (Mn) — 4NM) X M, =0,  (5.5.5)

He cojepxallee f’(Mg), M3 KOTOPOro MOKHO HaWrth My/M,.
D10 ypaBHeHHe HMeeT, BOOOLie IoBOps, HECKOJbKO peilleHM#t,
Mbl JDOJKHBl B3AThb T€ H3 HUX, KOTODHIE COOTBETCTBYIOT MHHH-
MYMY ILIOTHOCTH 3Heprun @ (M) deppomarHetua,

w (M) = — 3 p(Mn)’ — HPM— 5 HM —
= — 2 B(Mn)’ — H{M 4 21 MN M.

Paccmorpum B kadecTse TpHMepa ¢ePpOMArHeTHK, HMeEIoWHH
dopmy CdepHl, H NPeLNOJOKUM, YTO H((Jg):O. B sroM cayuae
ypaBHeHue (5.5.5) npuxuMaer Bun

(Myn) (M, X n) = 0.

Takum oOpasom, M, moxer OHTh HanpasjseHo aubo mapas-
JebHO, JAHOO NeprueHAHKYASpHO OCH aHW3OTPOINHUH.

Ecan g > 0, To muHHMYyM 3uepruu pocruraercs npu M, || n.
B sToMm ciyuae roBopar o deppoMarHeTHKax ¢ MAarHHTHOM aHM-
30Tponued THMa «Jjerkas ocb». Ecau p <0, TO MHHUMYM 3Hep-
rug pocraraerca npu My | n. B 3roMm cayuae rosopsar o dep-
pOMAarHeTHKax ¢ MAarHHTHOM aHuU3oTpomMed THMA «Jaerkas mnjio-
ckocTby. CXeMaTHYeCKH pe3y/abTaThl Delledus ypasHedus (5.5.5)
B HEKOTOPHIX HAHOOJee HHTEPeCHBIX CJAyuyafdXx TMNpHBeAeHB Ha
pHCyHKax Ha crp. 198—199.

B nanbuefiureM Mbl Gyzem H3yuaTb Majble anHaGaTHueCKHe
(n==0, s==const) koJMeGaHUs NJIOTHOCTH MATHHUTHOIO MOMEHTA
¢peppomarteruka «M u COOTBETCTBYIOIMHE KOMeGaHHS MALHUTHOTO
noas H'Y oxono ux pPaBHOBECHBLIX 3HaYeHHH. YpaBHeHHe ABHXe-
HHU MUIGTHOCTH MarHUTHOTO MOMEHT4 B 3TOM CJydae CHJILHO
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ynpouaercd, Tdk Kaxk 3¢dexTHBHOe MATHUTHOE NOJie CTAHOBUTCH
JUHEHHON YHKUMEH OTKJIOHEeHHH MATHUTHOTO MOMEHTa W Mar-
HUTHOTO MOJA OT HMX PaBHOBECHBIX 3HAauYeHHH.

PaccMoTpuM, HanpuMep, OAHOOCHER deppoMarHetuk. [Tonaras

M@, y=My+m(r, t), HP@r H)=HP +h(r, b,

rie m u h—mansie oTikAoHeHus oT M, u H, NOJAY4UM, CO-
raacHo (5.5.2), (5.5.4), caenyoumee Boipamenue past 3pdexTHB-
HOTO MATHHTHOTO MOJS C TOYHOCTHIO 10 KBaAPAaTHYHHIX MO M
1 A ujneHoB:

o o’m ) 2
H=h i ———— M Hy M
R 0x; 0%y, MQ { 0 B (M) } m -

4 2
~+ bn(mn) — 4Myf" (M3)(Mym).  (5.5.6)
[TosroMy ypaBHeHHe ABHXKEHHA NJOTHOCTH MATHHUTHOTO MOMEHTA
B CJyyae MaJblX OTK/JIOHEHHH OT paBHOBECHBIX 3HAYEHHH, KOTO-

poe Mbl OyleM Ha3bLIBATh JMHEdPH30BAHHBIM yPaBHEHHEM JBHXKe~
HUA, MMEeT BUL

"a’f —g(Mo>< [h+a1k

’m
; 0%y

— (M H B (M) m }) (5.5.7)

~+pn (mn) —

M2

Ecau deppomardetux o6JafaeT MarHUTHOH aHH30TpONHelt THMA

«jierkas ocb» (f >0) u Hf)” napaajieqbHO BEKTOpY M, TO JiH-~
HeapusoBalHoe 3¢deKTUBHOe MAarHUTHOE NOJE DABHO

H(” ’m
A= h—-(ﬁ+ )m4 Wt g e B4 (M5)) (mn) .
(5.5.8)

Ecan deppomarsetux o6/alaeT MarHUTHOW AaHM30TpOMMefi THMA

« ierkag maockocto» (f < 0) u H(‘ | n, TO JMHEapH30BaHHOE

a¢ddexkTHBHOE MarHMUTHOe ToJe paBHO

~ Hg") an " 9

H = h— ==t 40y g~ B () — 4Mof " (M) (Mym).
(5.5.9)

K auHeapn3oBaHHOMY Yp4BHEHHMIO IBHIKEHMSl MJIOTHOCTH Mar-
HUTHOI'O MOMEHTa (5.5.7) HOJ/UKHH OHTb MPUCOCIMHEHB TpaHNY-
HEEe YCJAOBHSL I/ MJIOTHOCTH MarHuTHOro Momenra. O6liee rpa-
HHYHOE YCJIOBHE JJs1 TJIOTHOCTH MAarHHTHOrO MOMeHTa ObLIO
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COpMYJIHPOBAHO BhIlle:

dxk S

rie F — nioTHOoCTh SHeprud (eppoMmMarHeTvka, oOnpejaensemas
¢opMyaoh (3.3.2), M Vv —eIMHUYHLIH BEKTOP BIOJb BHEIIHeH
HOPMAJaHW K TNOBEPXHOCTH (peppoMarHeTHKa.

Hac wuuTepecyOT Majble OTKJOHEHHMS MATHHTHOTO MOMEHTa
OT PaBHOBECHOTO 3HAYEHMS M Majble TPaiHeHTH MOMeHTa. B aTom
ciayuae

oF ony; Ovie
> OM; = Gy ()x; T Vig e Vieg (()Ml)
dxk

¥ TPaHHYHbIE YCAOBHS MPUOOPETAT BHI

( Ly ?)Tl + Vi ) } =0. (5.5.10)

B npeabiayuiem passene Mbl BHAEJAM, YTO €CJAH He YUMTBIBATH
IHCCUMATHBHBIX TIPOLECCOB, HAPYWAOWMNX 34KOH COXPAHEHHs
KBaJpaTa NJAOTHOCTH MATHHTHOTO MOMEHTa, TO TDaHHUHBIE YCAO0-
BUs (D.4.2) CTAHOBATCH HeCNpPaBEINHBLIMH H LOJKHBI OBITH 3aMe -
HeHbl ycaoBusMu (5.4.4). B srtoM cayuae Bmecto (5.5.10) mu
NOJAYYUM

dam;
ErpiMOp (ak[ —d-#—l—yik;lml) vk‘szo. (55.11)

Eciu B uMcle 9/eMEHTOB CUMMETPHM KPUCTANIMYECKOH pe-
IIeTKH HWMeeTcs LEHTP HHBepPCMM, TO, KaK M3BECTHO, I1s Hee
Heab3s TOCTPOUTb TEH3OD TPETbero pawra, T. €. Y, , =0, n

rpaHuunble ycjaosus (5.5.11) npuummaior BHA
[é}
. Vil T)xﬁl =0 (5.5.12)

(sameruM, uto m | M,).

Bo MHorux cayuasix sHeprus aHM3OTPOIHHM CHJIbHO BO3PAcTaeT
BO/IH3H MOBEPXHOCTH ()ePPOMATHETHKA, H MOITOMY KOS(POHUUHEHTH
B JIMHEAPU30BAHHOM YpaBHEHHH ABHIKCHHSA IJOTHOCTH MACHUTHOTO
MOMeHTa OYyIyT 3aBUCETb OT KOOPIMHHAT. ITO CHIBHO OCJOX-
HAeT HCC/eloBaHHe ypaBHeHMH ABHKeHHs. OJHaKO, Kak Mbl cefi-
4ac MOKaeM, ecAd LJMHBl BOJH, CBSI3aHHBIX C KOJeOAHHSIMH
IVIOTHOCTH MarHHTHOTO MOMEHTa, BeJHKH 1O CDAaBHEHHIO C TOJ-
UIMHOH cyioA O, Ha KOTOPOM CYLUECTBEHHO H3MEHACTCHA KOHCTAHTA
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AHH3OTPONHH, TO B YypaBHeHUH [ABHXKEHUA MAarHUTHOrO MOMEHTA
MOXHO He YUMTBIBATH 3aBHCHMOCTH KOHCTaHTH AHH3OTPOMNHH OT
KOOPIHHAT, HO MpPH 3TOM CJeIYyeT NMOJb30BATbCA HEKOTODHIM 3¢-
GeKTUBHBIM T'paHMuHBLIM ycaoBHeM BHIa (5.5.11), B KOTOpOM
BEJMYHHB Y, , ONPEIeNFIOTCS XapPaKTePOM 3aBHCHMOCTH KOH-
CTAHTHl dHH3OTPOMMH OT KOOPIHHAT.

Yro6el y6eIMTHCH B 3TOM, MpPeLNOJNOXKHM, YTO OChb aHH30-
TPOMHUM TNepMNeHIMKYJIsIpHa IpaHulle ¢eppOMarHeTHKa H KOHCTAHTA
AHU3OTPONMWH 3aBHUCUT OT PACCTOSHHA 2 1O TpaHuuH, f==p(2)
(dbeppoMarHeTHK 3aHUMAeT NOJAYNPOCTPaHCTBO 2 > (). JluHeapu-
30B3aHHOE YpaBHEHHe IBHXEHHS IUIOTHOCTH MarHUTHOrO MOMEHTA

HMeeT TOTAa BUL
om

- =81IM, X H],
rae
H=h—p(2)m—+alAm.

[Tpexnoaaras, uro ¢yHkuus f(2) pesko BO3pacTaeT B TOHKOM
c10e TOMUMHB O, Ha KOTOPOM m M K npakTHuecKH He Me-
HSIOTCSH, TOJNYYHM TMOCJe HUHTErPHPOBAHHUS 3TOTO YPABHEHHS MO Z
oT Hyasd K0 O

’ []
3 =g Mox(hé-—mj‘ﬁ(z)dz—{—a%”—l— 4+
3 2 lz=6

0? 02
+a (-5;’%-}-7;”;)6 . (5.5.13)

om
MPHYEM 31eCh Mbl Y4lH, YTO ——

ycaosus (5.5.12).

=0 B CHIy TrpaHHYHOrO
z2=0

8
[lpennonaras panee, uro npu 66— 0 wuHTerpan fﬁ(z)dz
0

OCTaeTcs KOHEYHHIM, TMOJIYYHUM M3 NOC/JeIHero ypasBHeHHs 3ddek-
THBHOE TPaHUYHOE YCJIOBHE

om -
dw—ml=0=0, (0514)
rie
a
d=— .
[Baz
1]
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Ias Toro 4roObl MOXHO OBbLIO NpeHeOGpeyb B YPABHEHHH
(56.5.13) uneHaMu, TNPONOPUUOHANBHBLIMH O, HeOOXOIHUMO, Oue-
BHAHO, uYTOOBl YacTOTa H3MEHeHHS MJIOTHOCTH MarHHTHOT'O MO-
MeHTa ©, JIJMHA BOJHB A M BequuuHa B (0) yuosaersopsiid
YCIOBHAM

o << g MB (0), k>>]/ﬁ—z)7, B(0)>>1. (5.5.15)

Kpome Toro, Heo6x0auMO, 4YTOOB MJIOTHOCTb MArHUTHOTO MO-
MeHTa MeILJEeHHO MeHsaJIacb B CJ0€ TOJUWHHBI d. CQHTHH, 4TO
B 3TOM CJIO€ M3MEHEeHHE IJIOTHOCTH MArHUTHOIO MOMEHTa OIlH-
ChIBAeTCS YpaBHeHHMeM

o’m
0z?

a —pO0)m =0,

JerKo 3aKJIOUYHTh, YTO BeJHYMHA O JOJMKHA YIAOBJIETBOPATH

YCAOBHIO
a
LS 1/ B (0)

s d.

Ecau 1avHa BOAHBL A yAOBIeTBOpseT HepapeHctsaM )/ dd <&
<& A& d, TO 3bdeKTHBHOE IDaHMYHOE YC/IOBHe NpHOGperaer
BUl [5]

HJIH

ﬁg_zzozo, Vod < < d. (5.5.16)
Ecau ke A S>d, 1o [6]
ml,_o=0, A >d. (5.5.17)

§ 6. CnusoBbIe BOJIHH B (ieppomMarHeTHkKax

1. TeH3op BBICOKOYACTOTHOH MArHUTHOH BOCHPHHMYH-
poctH (eppomarHetruka. [lepeiiieM Temepp K HCCIELOBAHMIO
KogeGaHu# MUIOTHOCTH MArHUTHOTO MOMeHTa (eppOMarHeTuKa
M(r, t) oxoso paBHOBecHOro sHaueHus M,. Bwmecre c koue-
GaHuaMH IJIOTHOCTH MarHUTHOTO MOMEHTa OYIAyT NPOMCXOLMTDH

raxxke KomeGarus marmutaoro noxa H (r, t) OKOJIO paBHOBeC-

Horo suauenns H.', NpUYeM OTKJOHCHHA MIAOTHOCTH MAarHHUTHOTO
MOMeHTa m(r, {) W MarHuTHoro noas A(r, t) OyLyT CBsI3aHbl
Meway coGOH JHHeapU30BAaHHBIMM ypaBHeHHAMM ABuXeHHs (5.5.7).
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[lepexonq B 3TOM ypaBHeHHH K KOMNOHeHTaM Pypbe OTKJO-
Heunit m(r, £) n h(r, t):

mr, t)= f m k., )" ¥ gk g,

h(r, t)= f Rk, ©)e" gk de,

NONYYUM
(i)
—iom (k, (O)zg(MOX[h (&, (0)‘—{ ij 1 j+ OH
o } m (k, 0 pr (nm (k. co))D
0

3ro ypaBHeHHe YyCTaHABJIHMBAET CBA3b MEXAY KOMIOHEHTAMU
dypbe m(k, ©) u h(R, ©), xOTOPY0 Mbl OylIeM 3aNMHCHIBATH
B BHle [3]

my(k, @) =1y, (k. o) bk, w) (6.1.1)
rie
Kex Aey O
Tij (R, w)== Ayx  Kyy 0] (6.1.2)
O 0 0
&M, &M,
Kre = QQ, —a?’ Ayy = QQ,—a?’
logM
A
MH{) .
QIZgM0<aijkikj+T+'Bcos lb\.
0 /
M H(i)
Q,=gM, (a”k k.~ ————— 1P cos 21]))
r) /

¥ ) — YroJ Mexly OCbi0 aHH30TPONHU B U BekTopoMm My, och 2
Hanpasfiena BIOAb M;. OCb X JIeMUT B IJIOCKOCTH BeKTOPOB 7t
u M, Bemnunun y,;(k, ®) 06pasyior, OUYEBHIHO, HEKOTOPHIA
TEH30p, KOTOPLIf Ha3HIBAETCS TEH30POM BHICOKOYACTOTHOH Mar-
HAUTHOR BOCIIPHMMUMBOCTH (eppoMarteruka. OOpartum BHUMaHue
HAa TO, uTO KOMIOHEHTH TeH30pa ¥, (k, ®) 3aBUCAT HE TONBKO
OT YacTOTH ), HO TaKXe M OT BOJHOBOTO BeKTOpa k. D710 3HA-
YUT, YTO B (PEPPOMArHeTHKax HMMeeT MeCTO KaK BpeMeHHAs, Tak
H MpPOCTPaHCTBEHHAas AHCNepPCHs MarHUTHOH BOCIPHHUMUYHBOCTH.
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Ecau ¢eppoMarHeTHk o6ianaer aHu3oTponue# THMa «nerxas
ock» (B> 0) u My|[n|HY, 10

QI=Q2=Q,

ngmo( o ks Aﬁ -Hs) (6.1.3)

OTHOCSIUKECS K STOMY CJIy4al0 (OPMYJIbI CNIPABENJINBH TaKKe
1751 peppOMArHETHKOB KyOHYecKOH CHMMeTpHH I1pu aTom HyxHO

JUIIb TNPOW3BECTH 3aMeHy P Ha 2p MO, €CJIH OCb JIETKOTO Ha-

rae

MarHUYeHHs! HanpaBjJeHa BAOJb pebpa kyba, u f§ Ha 4 l[ﬂ ]Mg.

ecIM OCb JIErKOrO HAaMarHW4YeHWs HanpasjcHAa BLOJb npOCTpaH-
cTBeHHOH gnuaronannm KyGa, rie B’ — KOHCTAHTA AHM3OTPONHH,
Bxousiwas B ¢opmyay (3.2.3) 444 NJIOTHOCTH SHEPIMH aHH30-
TPOIIHH.

Ecan  deppomarsetnk o6aalaeT MarHMTHOM anusoTponueit

THNA «Jerkas naockocts» (B<0) u M, | n, MOHH(()‘), TO

H®
Q =gM, (a,jkikj -+ ——M—) ,

(‘)
szgMo(a ) 6.1.4

2. 3aKkOH AHCNEPCHN CNHHOBHIX BOJH. [lepeiizem kK ycra-
HOBJIEHHI0 3dBHCHMMOCTH YaCTOTH ( CNHHOBOH BOJHBI OT €€ BOJ-
HOBOro BekTOopa k. [Has 3TOro Hy»HO BOCHOJB30BATLCA KaK
ypaBHEHHEM [BHXKEHUS MarHUTHOTO MOMEHTA, TAK H YDPaBHEHHAMH
MakcBenna. YpasHeHHe IBIXKEHHS! MarHUTHOTO MOMEHTa 3KBHBa-
JCHTHO, KaK Mbl TOJBKO YTO BHIEJNH, BBEICHHIO TEH30pPa BBHICOKO-
4aCTOTHOH MAarHHTHOH BOCHIPHHMUUBOCTH Y;; (B, @). Tlosromy Ham
HYXHO ellie yuecTb CBA3L Mexly BeanuuHamu m(r, £) u h(r, ),
BHITEKAWLY0 W3 YypaBHeHui# Maxcsenna. Ho cnuHoBBle BOJHBI
ABJSIIOTCH HU3KOYACTOTHLIMA MArHATHBIMH BOJHAMH M IJ9 HUX
MOXKHO He YYHMTHIBATh 3JEKTPUYECKOTO TOJfA, 4 MATHUTHOE moJe
cyuTaTh Oe3BUXPeBbIM. KIHBIMM CJI0OBAMH, NPH MUCCIEAOBAHMU CIH-
HOBHIX BOJIH MOXHO TIOJb30BAThCS MATHUTOCTATHYCCKHM npHOIH-
EHHEM, T. e. CUMTaTh, 4TO BeJIMYMHbl m(r, t) u h(r, t) yno-
BJIETBOPAIOT yPaBHEHUAM

roth(r, t)=0,
divh(r, t)=— 4ndivm (r, ).
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[Tepexonss B 3THX ypasHeHHAX OT BequuuH m(r, £) u h(r, §)
K HMX KOMNOHeHTaM ®ypbe, mojayduM

EX h(k, 0)=0,
kh(k, ©) = — dnkm (k. o). (6.2.1)

VI3 nepporo ypasHeHHs cJelnyeT, 4TO MarHuTHoe noie h (R, o)
napanajejlbHO BOJHOBOMY BeKTOpy R:

h(k, o©)=—ikp(k, o),

rze ¢ (R, ®) — komnonendra ®ypbe MarHUTHOrO0 MOTeHLHMAnTa. ¥ uu-
THIBaf, 4TO

mk, 0)=7k, o)kk, o),
npeictaBuM BTopoe ypasHenue (6.2.1) B BuIe

(k2 4 Atk iy (R, ©)) (R, @) =0,
OTKYIa
k2 Ankkx, (R, ©) =0. (6.2.2)

3710 COOTHOUIeHHNe, CBA3BIBAWILEE YaCTOTY O W BOJHOBOH Bek-
Top R cnMHOBOH BOJHBL (OHO Ha3biBaeTCs IHCIEPCHOHHBIM YpaB-
HeHdeM), H ofpelelseT CHeKTP CMWHOBBIX BOMH B (eppomar-
HeTHUKe.
Hcnoawsys Beipaxenne (6.1.2) nas y;; (R, ©), npuseseM auc-
nepcHoHHoe ypaBHeHHe (6.2.2) kK Buzy
dngMyQ, K dngMQ, K 0
TR0, —e? R V90, —o R
OTKY 1A

o, (k) =V Q,Q 1 4ng My (Q; cos? @ | Qy sin? @) sin? 9, ,
(6.2.3)

rae ¢, U Qg ~—TNOJAPHHIN H A3NMYTAALHBI# Yr/H BOJHOBOTO BeK-
Topa R (HamOMHUM, YTO OCb 2 HampaB/eHa BAOJb BekTopa M,,
a oCb X . NeXUT B naockocty BextopoB M, u n). B obnactu
BOJIHOBHIX BEKTOPOB 0tk% "S> | BhipaskeHHe A/ YaCTOTH CIIMHOBOM
BOJIHBI 3HAYUTeNbHO ynpoeuiaetcs [8]:

o, (k) = & Mo, ;k;k ;.

B wusorponnom ciayuae 3Ta ¢popmyna npuobperaeT BH.
o, (k) = QTC (@k), (6.2.4)
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rae 0,=h=~
neparypo#t Kmwopn). Takum o06pasoM B 06/1aCTM BOJIHOBBLIX BeK-
TOpoB @k%>>1 wuacToTa CHMHOBOK BOJHH NPONOPUHOHA/IbHA
KBaJLpaTy BOJHOBOTO BEKTODa.

3. 3atyxaHne CNHHOBHLIX BOJH. B npeabinyniem pasiene
Mbl HE YYUTBHIBA/JIH JUCCUMATUBHBIX NPOUECCOB U MPHUULIA [03TOMY
K BBIBOJY O TOM, Y70 CINMHOBLE BOJIHbl He 3aryxawr. B refi-
CTBUTENLHOCTH, OJIHAKO, CIMHOBHE BOJHH BCerja 3aTyXaior,
XOTd 3TO 3aTyxaHue npu HUskux TeMmnepatypax (T <€ 0,) ouenb
Mano. OHO BBLI3BIBAETCS! B3aUMO,1eHICTBHEM CIIMHOBBIX BOJH MEKAY
coBOM, a Takxke ¢ KOJeOaHMUAMM pelleTKM M 3JeKTPOHAMH Mpo-
BOLMMOCTH. OTH MeXaHM3Mbl 3aTyXaHHss MBI H3YUHM TNO3IHee,
31€Cchb ke orpaHuumMmcsl (PeHOMEHOJOTMYeCKHM pACCMOTPeHHEM
npotlecca 3aTyXaHHs CIHUHOBBIX BOJIH.

Ins storo Heo6XOIMMO BOCHOJIb30BATLCA YpaBHEHHEM [BH-
KEHHS NJAOTHOCTH MarHUTHOTO MOMEHTa COJEpXaluuM peaaxca-
UMOHHBIK ujieH R U ypaBHeHHeM TelJONPOBOIHOCTH., Mbl B Aaib-
HefilreM He OYIeM YUHTHIBATb NPOLecca TeNIONpPOBOIHOCTH, CUATas
KoJebaHusl IVIOTHOCTH MAarHUTHOTO MOMEeHTa aAnabaTHYeCKUMU.

Ecan BbI6paTb pesakcauMoHHBIR uleH R B ¢dopme (5.2.8),
TO ypaBHeHHe nJas M OyleT uMeTb BHI

M — g M)+ H — (1 X (0 X)), (6.3.1)
2 1

M
roe n:—wi’-, A 3(deKTHBHOE MAarHUTHOE MOJe omnpele/sercs
4

]
¢dopmyaoit (5.5.6). Hcxons u3 3TOro ypaBHeHH W MOCTynas
TaKk e, KaKk M B MpeiblAyuleM pasjiese, MOXKHO OIpeleauTh
TEH30P BBICOKOYACTOTHOM MAarHUTHOH BOCIIPMHUMYMBOCTH (eppo-
MarHeTHKa € yYeTOM IWCCHIATHBHBIX MPOLECCOB.

Mgpr orpaHMyMMCcst 34eCb PACCMOTPEHHEM OJIHOOCHOI‘O ¢ep-
poMarHeTHka, npudem OyzaeMm INpeANoJaratb, YTO IoJe HY napaj-
JeJbHO ©CH JIETKOro Hamaruudenus. B atom cayuyae, coraacuo
(5.5.8),

~ H(()i) o*m
1'1::]1—('3 +W)m+aik0_—xi0xk ~
+(p—4Mis" (M) (mny n.

~ ” g 9
Bxoasinyio B Bbipawenue g H Beanuuny f (MO) JNer-
KO CBfi3aTb CO CTaTHYECKOR MArHHTHOR BOCIPUMUMYMBOCTHIO
oM,

TOR JeHcTBUTRABHO, B COCTOSHUH
0

deppomarnernka ¥9 =
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paBHOBECHA, KAK MBI BUIENH,

2
HY Mo — 2Mof’ (M3 =0,
OTKy.Ja
1 HW
2 0
@M f (Mp) = —— -
Y ¥4 0
Hcenonbays st GOpPMYJIH, NOXYYHM CJeLylOline BHparKeHus
JA9 KOMIOHEHT TeHsopa BHICOKOYACTOTHO! MarHuTHOH BOCIIpPl-
UMYUBOCTH.

(6.3.2)

Xex Xxy O
X )={2yy Ay O}
0 0 .
rie
i Q
gMQ—— + gM,?
Xex =Xyy = o 0\’
2 —(o+ 2z )
0
XZZ
= — (6.3.3)
Xaz 14 xgz (ai/‘kikj — zco12)
iogM
Xy =" Ayx=— ; 019 3
2 —(o+715)
u
1 1 1 H
T='1—1+ﬁ’ Q=gM, @ik~ 57 +B/.

1
3amerum, uTO EAT?<<1' OTmeTuM TaKxe, YTO KOMIO-
0

HeHTa y,, TeHsopa y (R, ®) oTaMYHA OT Hyad, B TO BpeMs Kak
NpH T,==0CO OHAa DPaBHAIACL HYJIO.

INoacraBup (6.3.3) B (6.2.2), noayyum ypaBHeHHE NS ONpe-
IeJIeHUs] 4acTOTHl CHUHOBOM BOJMHBI KaKk (YHKHWM €€ BOJHOBOTO
BekTopa. [Ipn R == 0 3TO ypaBHeHHe UMeeT KOMILIEKCHBE KODHH,
BellJeCTBEHHAA 4acTh KOTOPHIX ONpeJeafeT YacTOThl, a MHHMas -—
KOS(QULMEHTH 3aTYXaHNA CNHHOBBHIX BOJH (IEKPEMEHTH 3aTyXa-
HUA).

Tax xax

g/ﬁ —<|o], To KO3 duUMEHT BaTyXaHHA CIUHO-
o
BOW BOJHH Yy, (R) onpenensercs ¢opmyJoi

v, (B) = E&l—ot(g 4 2ng M, sin? 9,). (6.3.4)
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3ra peanyuna Mana mno CpaBHEHHIO C 4acToTOf, KOTOpas ¢ Tou-

HOCTBIO 10 WIEHOB NOPAIKa (gMo‘r)'2 NO-NpeXHeMy ONpere/sercs
¢dopmyaamn (6.2.3), (6.1.2).

dopmyabl (6.3.3) Laa TeH30pa BHICOKOYACTOTHOH MAarHUTHON
BOCTIPHMMYMBOCTH Mbl MOJIYYHJIH, HCXOAS H3 (PeHOMEHOJIOTHYECKOTO
yPaBHeHHd [RHXKelUs MJIOTHOCTH MATHHTHOIO MOMEHTa C peidK-
CALMOHHBLIM YJIEHOM, COLepKallUM BeJHYMHY T KaK HEKOTOPYI0
MaTepHaibHyio koHcTaHTy. B § 31 6yner 1ana MUKpockomrueckas
TeOpUsl BBICOKOYACTOTHONH MAarHUTHOH BOCIIPHMMYMBOCTH, OCHOBAH-
Hasl Ha yyeTe KOHKPETHHX MPOLECCOB B3aUMOLEHCTBUS Meway
CIMHOBBLIMU BOJIHAMH, KOTOpaaA NOKaabiBaeT, yTo dopmysst (6.3.3)
He NepejaloT NPABHJBHO XapakTepa QyHKUMH ¥, (R, ©) npu npo-

M3BOJbHEIX B W ®. Mbl yBHIMM, YTO TOJNbKO B 00JacTH MaJbiX
T
yaCTOT, KOrla u)<<0)s(0)<<? H ak?<€ 1, a takke upH

yacroTax, GJM3KMX K YacTOTe CMHHOBOH BOJHMI, |0 — o (k)|<€C
<< o,(k), dopmyab (6.3.3.) npaBUILHO ONpELEJIOT TEH30p
x:j(k, ®). Ilpu 5TOM B mNepsoM cjydae BCIHYHHA T ABJAETCH
HeKOTOpOH (QyHKUMEH TeMllepaTypbi, @ BO BTODOM — (pyHKUHEH
TeMIlepaTypbl U BOJIHOBOTO BeKTOpa.

TakuM 06pasoM, yparHeHHe IBHKEeHHs ILIOTHOCTH MArHHUTHOrO
MOMEHTd € peNaKCALHMOHHLIM U4JIEHOM, CONEepXalUM T Kak He-
KOTODPYI0 MaTepHaNbHYI0 KOHCTAHTY, MMEET Ol DaHHUEHHYIO MNpH-
MEHHUMOCTb NpPH HCC/IeLOBAHMH NOBeLeHUs (PeppOMarHeTvka B CTO-
pPOHHEM MNepeMeHHOM MAaTrHUTHOM TOJe.

OrpannueHHas MPUMEHHMOCTL 3TOTO YPABHEHHA MpPOSABJIAETCA
TaKe TPH ONpele/NeH’H NeKPeMEHTa 3aTyXaHHs CIMHOBOH BOJIHH,
a uMeHHO: dopmyna (6.3.4) LA LeKpeMcHTA 3aTyXaHUs CIUHOBOMH
BOJIHBI € BEJHYMHON T KaK HeKOTOpPOH MaTepHaJbHOH KOHCTAHTOH
OKA43blBAeTCH CIPABEIJIHBON TOJNBKO B TOM Caydae, ecan ak’<& 1.
ITpu sroM, kax Oyzer nmokasaHo B § 31,

2 M T \2
W =gnem e (g) @<l 639

Eciu xe ak?>>1, 10
Vs (k) ~ S (aky ({:)5/2, ho,(k)>T.  (6.3.6)

Kak ynoMuHajoCb Bblille, ypaBHEeHHe IBHXKEHHS [JIOTHOCTH
MarHUTHOTO MOMEHTa ¢ peJlakCaUHOHHbIM 4jeHoM (5.2.8) npu-
BOJMT, NPH HAJIHYHUU CTOPOHHErO MepeMeHHOrO MarHHTHOTO [0,
K NpaBUJbHHIM peayabTaraM B obaactu Maasix yactor. C apyro#
CTOpPOHBI, Kak Mbl yGeaumca B riase VI, ypaBHeHHe ABHxKeHHUs
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MJOTHOCTH MArHHTHONO MOMEHTA C PEJAKCAUHOHHBIM YIEHOM NpH-
rOAHO I/ ONHCAHHA MpOUecca peaKCauHH MarHHTHOTO MOMEHTa,
T. e. TNPHGJHXKEHHS ero K paBHOBecHOMY sHayenulo. Cuenyer,
OJHAKO, HMEeTb B BHIY, YTO AMA ONMHCAHWA NpOLECCd penak-
CauH M NoBeleHHS (eppPOMATHETHKA B CTOPOHHEM mNepeMEHHOM
MAarHUTHOM TOJie NPUXOAMTCA MOJAb30BATHCS PasHbLIMH peJlaKca-
I[MOHHBIMH KOHCTAaHTaMH. DTO OOCTOATENbCTBO JNMUIHHA pas noj-
yepKUBaeT KaueCcTBEHHBI XapakTep YpaBHEHUS [IBHKEHUS MJIO-
THOCTH MarHUTHOIO MOMEHTa C pPeJaKCAaUHOHHBIM UYIEHOM.

Paccmorpum 6oJee MoAPOGHO TpOUecC peaKCaudd MarHuT-
Horo MowmenTa. Ilosoxum aas storo B ypaBHenuu (6.3.1)

M=M0‘+‘m,

rie m — manag no6aBka K PaBHOBECHOH MJIOTHOCTH MAarHUTHOTO
MomenTa M,, KOTOpYIO 6yieM CUMTATb QYHKUHEH TOJbKO BpeMeHH,
HO He KOOpAWHAT. B mpocrefimieM cayuae, paccMOTpeHHeM KO-
TOPOro MB! 31eCb OIPaHHYHUMCH, KOTZa CTOPOHHeEe MarHHTHOE
NoJIe HalpaBJeHO BIOJb OCH JIeTKOr0 HamMarHuyeHHss W ofpasel
umeer Qopmy urapa, 3dbeKTHBHOE MACHUTHOE TOJE ¢ TOYHOCTHIO
10 JNHHEHHBIX OTHOCHTENbHO MP YJIEHOB PaBHO

~ g’)
H= —( + B+ g mt
4n ()
+<ﬁ—?+ T*——@:)(mﬂ)ﬂ
H peliende ypasHeHus (6.3.1) uMeeT puL
m,=me ‘2,
My iy == (m g+ imyg) e~V Lle!™, (6.3.7)

H('—’)
rue wo—gMo(5+ )

1 {4n 1 1 A
Yz=—( —l——)' Y1=(T+ )(ﬂ‘* ) (6.3.8)

To X2z 1

M M, N My~ My — HaYajbHbE 3HaYeHHS NPOAOJBHOH M 1O-

nepeyHolt (OTHOCHTEbHO M;) COCTaBJAALMX OTKJIOHEHHA MJIOT-

HOCTH MarHUTHOI'O MOMEHTa Mt OT paBHOBecHOro 3Hayenus M.
Beanuunm .

T

I I
= ——, T, = —
Y,

1 '
o5* 67



NpeACTaBAsOT COGOft BpeMeHa penakCauuH NpoNOJbHOR H MO~
NepeyHOR COCTABJAIOWIMX MArHMTHOro Momenta. Tak kak M,

B OYeHb MaJOH{ CTeNeHH 3aBHCHT OT HS) TO X22<<1 U, Cje-

JOBaTe]bHO, Y, == 10 . Mu BupuM, uTo ¢opMma Tena Majo
ToXzz
CKa3bLlBaeTCsl Ha BeJHYHHE Y,.
(€)
Ecmn B+ —A/(I)—o>> 1, To ¢opMa Tesia He OKA3bIBAET BJMAHHA

TaKKEe H HA 'YJ_; B 3TOM CJaydae

1 1 1 6&‘)
Y. = 0 Yi:('r__l— )B—l" ) (6.3.9)

ToXzz 1

§ 7. YpaBHeHUS ABHKEHHS MArHATHHIX MOMEHTOB
B aHTUeppomMaTHEeTHKAX

1. ddpdexTuBHHIE MATHHTHHE nNO0JAA B aHTH(deppomarue-
THMKaX. lI3yunB CNHHOBLIE BOJHB B (PepPOMATHETHKAX, MbI
nepefiieM Tenepb K HM3YYEHHIO CNHHOBLIX BOJH B aHTHdeppoMmar-
HETHKAX, KOTOpHE, TaK e KaKk H CHHHOBEIE BOJHB B ¢eppo-
MarHeTHKaX, MpPeACTaBAfI0T COGOH pacnpocTpaHsoluecs koJaeba-
HUSl MAarHHTHBHIX MOMEHTOB. JlIs 9TOrO HYXHO TIpexJe BCEro
yCTAHOBHTb YPaBHEHHS IBHXEHHS MAarHHTHBIX MOMEHTOB B aHTH-
(eppOMarHeTHKax.

B oraunuue ot npocTod MarHUTHOH CTPYKTYpPH ¢eppomar-
HETHKOB, MarHHUTHbBlEe CTPYKTYpPHl aHTH(EeppPOMATHETHKOB OTJIH-
Ha10TCA, KaK yKe YKashBaloChb BhIe, GOJBIINM DPasHOOOpa3HeM.
Mbl OorpaHuuMMCsl 31ech PAcCMOTPEHHEM TOJBKO IPOCTeliero
cayuyass — OLHOOCHHIX AaHTH(EPPOMAarHETHKOB C [IBYMS 3epKaib-
HBIMH MAarHUTHBIMH TIOLPEIICTKAMH.

Ecan ne yuuTBHIBATE AHCCHNAUMH DHEPTHH, TO YpaBHEHHs
IBHXEHHS TJIOTHOCTEH MArHMTHBHIX MOMeHTOB M, (r, £) u My(r, £)
00enx” MaTHUTHHIX NOJpelleToK OyLyT HMeTb TaKOH e BHI,
KaK M ypaBHenme IBHxeHHna (5.1.2) 149 NJIOTHOCTH MAarHHTHOTO
MoMeHTa ¢eppomarnernka [9],

%zé’(MlXﬁl)»

6M2 (7.1.1)

——g(M2><H2)

rie g — rupoMariutHoe oTHowenue U M, u H, — adexTHBHEIE
MarHUTHHIE T0As, NeficTByOUHe HAa MOMeHTH M, (r, £) u M, (r, £).
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dru noJas cBs3aHB ¢ SHeprueH anrTudeppomarHetuxa W obuium
cootHoumeHueM (5.1.5)

' oW ~ (1.4

le_W' Hy= — M,

Hcnoab3yss BoipameHHe I8 3SHEPruM auTudeppomarHeTuka W,
NOMyYdM OTCI0AA

g o g OF 0 oF
H,=H oM, T Ty 5 OM,
ED (7.1.2)
fAy—=H? 9 9 _OF
2= oM, T Oxg , OM,
dxk

rae HY) — marnumHoe nofe BHYTPH aHTH(ePPOMATHETHKA.

3aMeTuM, UTO YpaBHEHHS IBHKEHMS IIOTHOCTEM MarHHTHBIX
MOMEHTOB HAXOJATCA B COOTBETCTBHHM C 3aKOHOM COXpaHeHHd
SHEPrHU ¥ NDHBOIAT K CJEAYIOUIEMY BBLIPQXKEHHIO 1J8 MIOTHOCTH
NOTOKA SHEPTHH B aHTHGeppOoMarHeTHKe:

c (m) 0M1 0M1 0M2 dMZ
H— [EXH bi—a; (0x~ ot +ax,- ot )“

oM, OM, | oM, oM
i (dx]l 5+ ax, Wl) (7.1.3)

2, PaBHOBecHble  COCTOSHHA aHTHdEPPOMATHETHKOB.
[pexie ueM M3yuaTb CMMHOBbLIE BOJNHBI B aHTH(ePpPOMArHeTHKaX,
MEL ZIOJKHEI ellle ONpelequTh PABHOBECHHIE 3HAUEHUH MIOTHOCTEH
MarHUTHHX MOMeHTOB My u My, obenx nozpewerok [10], Bosae
KOTODLIX MNpPOUCXOIAT KoJaeHanua momentos M; u M,. C aro#
LeAbI0 HYXHO, TAK e KaK U B Clydae (peppPOMATHETHKOB, NMpH-
paBHATL HYJI10 30deKTHBHLE MarHuTHHIE nois. MoxHO, oxHako,
VUHTBIBAS  «KECTKOCTb» MATHUTHBIX MOMEHTOB TOJPeleToK
(M, = My, =M_), HCXOIUTb M3 TOrO, YTO PABHOBECHOMY COCTOSI-
HUI0 AaHTHODEPPOMArHETHKA COOTBETCTBYIOT TAKHE HaNpaBJjeHHs
MATHUTHBIX MOMEHTOB MOIPELIETOK, NPU KOTOPHIX AOCTHraeTcs
MMHUMYM TUIOTHOCTH SHEPTHM aHTH(eppOMarHeTHKa

w = MM, — 5 B (M, - (Myn ] —
— B’ (Min) (Mon) — HE (M; + My)

(Mpt npenefperay 3mech [IJ49 NIPOCTOTH 3SHEPrHe#t w,, OTBeT-
CTBEHHOH 32 BOSHMKHOBeHHe cJa6oro deppomarteruama [11] u

3Heprue# 2rt(Ml—1—M2)f\7(M1 -+ M), sapucamed OT (HOpMEL
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tena. OCHOBHEIE COCTOSIHHS H CHEKTP CNMHOBHIX BOJH C YYETOM
3HePrud w, NOAPOOGHO paccMoTpeHn B Mouorpaduax {12, 13].)

[IpeanosoxuM cHauana, dYTO CTOPOHHEE MAarHUTHOe TMoJe
orcyrcryer. Ecam npu srom B—p’ >0, 10, Kak Jerko ybe-
IUTbCAd, MHHHUMYM @ JOCTHMraercs B TOM CJydYae, KOTZa MarHMT-
Hble MOMEHTHl NOIPeLIeTOK OPHEHTHPOBAHBI BHLOJb OCH aHM30-
tpomin 1 M+ Myp=0. O raknx aHTudeppoMarHeTHKax ro-
BOPAT, 4TO OHM 00/1analoT MATHUTHOH aHM3OTPONHeH THNA «Jerkas
ocby. Ecan B — B/ < 0, TO MUHEMYM @ LOCTHr2eTCd B TOM cliyuae,
KOTLa MalHMTHBLIE MOMEHTH [MOJPELIeTOK OpHeHTHPOBAHEl IMep-
NeHIMKYJIpHO OoCH  aHudorponud 1 Mg+ M,;=0. B stomMm
clydyae TFOBOPST, YTO AaHTU(EPPOMarHeTHK 06JanaeT MarHHTHOH
4HU30TPONHEN THMA <«Jerkas IMIOCKOCTbY *).

Herpyaro onpenennTs paBHOBECHble HANPaBJIEHHS MarHUTHBIX
MOMeHTOB M;, U My, ¥ npy HaMHUUM CTOPOHHEr0 MAarHUTHOTO

noas H. Pe3yabTaTel COOTBETCTBYIOWMX BBIYHCJIEHHH cXeMaTH-
yecKH npuseiensl ua crp. 204.

§ 8. CnuHoBbLie BOJHB B aHTHdeppomarHeTHKAX

1. Ten3op BHICOKOYACTOTHOH MArHMTHOH BOCNMPHMMYHBOCTH
aHTH(EPPOMATHETHKOB. lIMes ypaBHeHHS IBHKEHMS MArHUTHHIX
MOMEHTOB B aHTH(eppOMarHeTHKe W 3HAA PaBHOBECHbIE 3HAYEHHS
3THX MOMEHTOB, MOXHO HaiTH TeH30p BHICOKOYACTOTHON MarHur-
HOH BOCIPHHUMUMBOCTH aHTHgeppomarnetTuka. ag sToro caenyer
NOJNOKHUTb B YpaBHEHUAX ABHeHUs (7.1.1) u B ypaBHeuuax (7.1.2),
onpelenqaiownx 3hGeKTHBHEE MAarHUTHbIE NOJAA,

M (r, t):Mlo'.*.mx(rv £), .M2(r- t) == My~ my(r. 1),
HP(r, ty=H + h(r. ¢

rie my, m,, h - Malbe OTKJOHEHHS OT PABHOBECHBIX BeJHYHH

My, My, HS. n npoussectn 3areM NHHeapH3ALMIO STHX ypaB-
Hennd. B pesyiabTaTe MB NpHAEM K CHCTeMe ABYX JHHEHHBIX
IuddepeHuyanbHEX  ypaBHenuift 444 ONpenesieHus OTKJOHEHH#
MOMEHTOB M (r, £) u my(r, t).

[Tpousrons B 9TUX YpaBHeHHAX NPpeobpadoBaHre Pypbe, MOKHO
BLIPA3UTh KOMIOHEHTH Pypbe OTKJIOHEHHH MAarHHTHBIX MOMEHTOB

*) B kauectBe npumepa antHpeppoMarHeTHKOB C MarHHTHOH aHu-
30TpolHeH THIa «Jerkad och» Moxmuo mpusectd CuCl, - 2H,0, Cry0;,
FeCO;; antudeppoMarseTHkaMu ¢ MarHuTHOH aHM30TpOMMeH <«aerkas
TVIOCKOCTb» SABAAIOTCA TEMATHT, KapOOHaThl M (TOPHAB HEPEXOJHBIX
METaJIoB.
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m,(k, ®) v my(k, @) uepe3 xoMmnoHenry Pypbe nepemeHHOro
MarHuTHOro nosd A (k, ®) U HARTH CyMMapHBIA NepeMeHHBIR Mar-
HHUTHBIH MOMEHT aHTH(eppOMarHeTHKA

mk, 0)=m,k o)+ myk, 0)=y k. o)k @), (8.1.1)

rie ’)E(k, ) — HEKOTOPbIH TeH30p, 3aBHCAWMR OT B, ® W Beau-
YMH, XAPAKTEepPUSYIOUIMX PABHOBECHOE COCTOAHHE aHTH{eppomar-
HeTAKa. JTOT TeH30p H NpeiCTaBadeT cOOOW TeH30p BHICOKO-
YacTOTHON MArHUTHOH BOCIPHHUMUHBOCTH aHTH(epPpPOMaTHE THKA.

Haftnem ero npexie Bcero s aHTHdeppOMArHETHKAa C Mar-
HUTHON ann3orponuell THma «aerkas ocb». EcaAd  MarHuTHOe

none HY napannessno ocu ammsorpomnn u HY' < H,, rze
H, =M, ]/2(5([3 —p’), TO AMHeapu3OBaHHbIE ypasHerug aad
m (k. ©) u my(k, ©) umMewT, coraacio (7.1.2), ¢.2.1), (4.2.3),

caelyoWui BRA:

(e
0

_— i(,)ml (k, (1)) = g(Mlﬁ >< l:h (k, (1)) -—(6 ~*— MO _+B___ B/ +
—J,-al.l.kikl.) m, (k. @) — (5+a kk ym, (k. (o)]), (8.1.2)
HY

— fom, (k. m)zg(Mgox[Mk, co)——~(6— T+ B— B+
o, ik ym, (k@) — O+ o kkym, (&, m)}), (8.1.3)

oTiyaa [9]
(XXX X.X)' 0
x (k. @)= Lyx Lyy 0.
L0 0 0
rie
L[, (Q, —gHY Q_(Q_+gH)
Xox = Ayy = E Lo < 92*— . 522- . > .
(9, —gHY QL 4-gHY
Ly =7 Yyx = 0o ( 2 —gr Q@ )
H

H,\2 1
_ I Ay + (e) 2
Q. —gM, 1/25((1” o ) kk 4 (Mo) £ gH =
(ch z Hal'lpaBJIeHa BAOJb OCH aHHSOTpOﬂHH U MAarHuTHoe noJe
HY napannenbHo OCM aHM3OTPONMM); TaK KAaK MATHUTHBIA MO=
MeHT anTHeppomarteruxa maa, to HY = H{).
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[ocrynas aHaiorduHeiM 06pasoM, MOXHO OfNpelelHTh TEH30P
BLICOKOYACTOTHOA MarHUTHOH BOCTIPHHMUYMBOCTH aHTHDeppPOMArHe-
THKA B TOM cayuae, KOrZa MaruutHoe noae MY opuenruposano
NePNEeHAHKY AAPHO OCH aHH3OTPOIHH:

Xex 00
Lk Q= 0 y,, % | (8.1.4)
0 Xey Xe
rie
o o (et Y
Xxx=Xo§g_—mrp Ayy = 70——07’ Yzz == XO—@_Q ]
. iogH'Y)
Xyz =~ Yoy = Xo T
u

Hl 2 H(()e) 2

omon /e T
’ H\2
Q= gM, 1/26 (@ =) Rk, + (Wll})

(npezmonaraeTca, yro HY < H,, Hy=28M,, ocb z Hanpas -
MeHa BAOJb OCH AHH3OTDOTHH, OCb X B1OAb H).

PaccmoTpuM Tenepb aHTHGEPpPOMarHeTMKM C MarHUTHOM aHH-
30TPOHHEN THNA «JIErKas MAOCKOCTb». Ecau none HY' nepreH-
ILUKYJAAPHO OCH aHH3OTPONHH H H <&~ H,, 10 TeH30p BLICOKO-
YaCTOTHONM MAarHWTHON BOCIPHUMYHBOCTH oOnpefetsercs ¢opumy-
Jaod [13])

. Xew 0 0
vk, = 0 %y Ay | (8.1.5)
0 Aoy Xez
rie B ons
Xx,=Xo—,292ﬁ2v ny=Xo—(§2Ho—)2-
Q) — o Q —o
9;2 iogH'®
Xzz=Xom» Xyz=—Xzy="'XoQ—1,r:;;
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/ H(()E) 2
Q;_—.gMO] 26(al/—a,/)k,kj—|—<———Mo),

Hy\?2
! e —a =t
QQ__gMO]/QG(a” a”)klkj—l—(Mo)

(och z mampaBieHa BIOAbL OCH AHM3OTPOMHMU, 4 OCb X BAOML

{
marautHoro noas H).
Ecau marmutHoe noae HY napaniesbno ocH aHWZOTPONHH,

TO
Kex Xzy O
Xk, @)=\ %y, Ayy O ], (8.1.6)
0 (U
rine
”2
£ o
Xxx - XO ¥ 9 ’ ny XO ”? 9 !
) A —
1 1
o’ _ egHf)
Xzz“—:XO_—,ﬁ' Xxyz”’ny:lXOT—?
Q —o Q —o
14

” , Hl 2 H(()@) 2
Q' =gM, l,/?é(ai/—alj)kik[+(m) +(TO ,

” Hg)e) 2
=, |/ e, —ai i, 1 ()

(ochb 2z HanpaBneHa BIOJb OCH AHM3OTPOMHH, 4 OCb X JIEKHT
B TIOCKOCTH MarHHTHbIX MOMEHTOB INOAPEIIETOK).

2. CnekTp cHHHOBBHIX BOJH B aHTudeppomarHeTHxax.

3Han TEeH3Op BHICOKOWACTOTHOH MATHHUTHOH BOCHPHMUMUMBOCTH
aHTU(EpPOMAarHeTHKa, Jerko HaNTH CNIEKTP ero CMNUMHOBLIX BOJIH [14].
Has aTOoro chaeayer BOCMOJB30BATHCA OGIUUM IHCMEPCHOHHLIM
ypasHeHueM (6.3.2), xoTopoe onpelefseT CNeKTp CNHHOBLIX BOJH
B MarHMUTOCTaTHYECKOM MpPUOMMKeHUH KaK 15 (peppOMarHeTHKOB,
TaK M A8 aHTH(PEpPpPOMAarHeTHKOB,

2 dnkky,; (R ©)=0.

Oxnako daktuuecku 8 cayuyae auTudeppoOMarHeTHKa pellaTb 3TO
ypaBHeHHe He HYXKHO, Tak Kak KOMIOHEeHTH TeHsopa ¥,; (R, ©)
I aHTHdeppoMarHeTHKa NpPOMNOPLUHOHANbHE —MajIOMy mapa-
METPY Y%g» ¥ NMOITOMY C TOUHOCTBIO 10 uJeHOB mopaika g Mgy,
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4aCcTOThl CHNHHOBBIX BOJH NOJ/KHBI COBMadaTb C MOJCAMH TEH-

sopa ¥ (k, ®). OTcona cirenyer, HanmpuMep, YTO B C/Ayyae aHTH-
(eppOMarHeTHKOR C MarHUTHOH aHW3OTpPONUeH THMa «Jerkas OCby»
YacTOTHl CNHHOBBLIX BOJH ompeneisiorca dopmyaamu [15, 9, 16]

wsl(k)zQﬁ_:gMO]/Qb(aU —a Rk, +( ) + gHE, ',

0al)=0_=gM ]/2‘3 (0 =0y Riky + (72)2 —gHt li
(8.2.1)

ecan MarsutHoe node HY napaniesbHo OCM aHMBOTPONMH H
HY < H), w dopmyaaun [16]

1Y (HEV
0 ()= =gM |/ 26(e,,~a;) bk, +\50 ) 5]

, 2
0 (k)=Qy=gM, ]/2‘5 (@, — ;) kil - (Tfo) '

(8.2.2)

ecau MaruutHoe noje HY NepNeHANKYAIPHO OCH aHH3OTPOMHH.

B cayyae aHTH¢eppOMarHeTMKOB ¢ MATHUTHOW aHH3OTPONHeH
THIA «Jerkas MIOCKOCTb» 49aCTOThl CMHMHOBLIX BOJIH OMNpELCsIOTCs
dopmyaamn [12, 13]

H 2 He) 2
o, (B)=Q =gM, ]/2‘5 ;+(741§) +<M_80) ]'
(e)\2 }
) H{ |
oz(k)——Q —-gM 1/126 -at/)kk ( (Tf;)), J
(8.2.3)

ecan marhutHoe noge HY napannesbHo OCH aHH3OTDOTMH,
¢dopmyaamu {17] ‘

/ H(E)
o ,(=0Q{=gM, |/ 25(x,, lj)k‘k/+(Mo

l
JF s
o, k)=Q =gM, ]/26 — o) ) kk, 4+ ( ‘

ecan MaruutHoe mone HY' nepnemaukyispHo ocu aHH3OTPOMMH.
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Bo Bcex caywasx B aHTH(epPOMATHETMKAX, B OTIHMYMEe OT
$beppoMarHETHKOB, MMeeTCs He OlHAa, a JABe BeTBH CNHHOBHIX
BOJIH, mpHYeM B 00JacTH 60JbINMX BOJHOBBIX BeKTOPOB 0Ge ua-
CTOTHl CIMHOBHIX BOJH IIPONOPLUHOHANLHEI BOJHOBOMY BEKTODY.

§ 9. 3neKTPOMATHHTHEIE BOJHHI
B MATHHTOYNOPAROYEHHBIX KPHCTAJJAX

1. JlucnepcHoHHoe ypaBHEHHE RJA 3JEKTPOMAFHHTHLIX
BoJiH. B npexnayumnx naparpadax Mbl H3YUHAU CIWHOBLIC BOJHB,
HpencTaB/sioinie co60H PACHPOCTPAHAIOUMECS MACHUTOCTATHYE-
CKHe KOJNeOaHusl MATHUTHHIX MOMEHTOB B MArHUTOYMOPAAOUEHHBIX
Kkpuctannax. Ho Hapany ¢ TakuMM BOJHAMH B 3THX KpHCTaMIaX
MOTYT pacnpoCTPaHATbCA TaKyKe H COGCTBEHHO DJIEKTPOMAarHuT-
Hble BOJIHB. LA WcCAeIOBaHMA 9THX BOJH HELOCTATOYHO MOJb-
30BaThCA YPAaBHEHHAMU MAarHHTOCTATHKH, a HEOOXOJIUMO MCXOINHTH
U3 TMOJHOR cHcTeMbl ypasHeHW#t MakcBesana M yuMTHIBATB MpH
STOM B3aKOH J[BHXEHHA MArHUTHHX MOMEHTOB. ITOT ydeT NpH-
BOIMT, KaK MBl BHIEJH, K COOTHOILEHHIO

mk, o) =7 (k. o) ik, o), 9.1.1)

rie m(k, ®) u A(R, ®) — aMIIUTYAbl TNEPeMEHHBIX COCTAaBJSIO-
HIUX TUIOTHOCTM MAarHUTHOTO MOMEHTa M MAarHHTHOTO MOAs W
)Z(k, @) — TEH30p BBICOKOYACTOTHON MATHHTHOH BOCTIPUUMUUBOCTH
(eppoMarHeTuka WA aHTHdeppOMarHeTHKA.

Ypasuenua Maxcseasa 18 MJAOCKHX BOJH C Y4YCTOM CBA3H
(9.1.1) umelor BuI

(kX el="b, [kXhl=—"d. (9.1.2)

rae bszh " d:Ee*aMHJIHTyILbI TIepEMEHHLIX COCTABJAIOLIHX
MAardUTHOW W  S3JEKTPOMArHUTHOH  MHIYKLHH, ﬁ(k, @) ==1-+
—{—4n)€(k, ®) — TeH30p MAarHUTHOHU TPOHHLUAEMOCTH U £ — TeH30p
JLUDJIEKTPHUECKHX TOCTOAHHBIX. B panbHefilieM 1/ MPOCTOTH MBI
Oynem paccMaTpusarth ciayual, KOria €;;==€d,; M CUMTaTh € He
3aBUCALIMM OT B U ®.

IlpupaBusas Hyalo nerepMuHaHT cHcTembl (9.1.2), noJayuum
JUCNIEDCUOHHOE YPaBHEHWE, CBA3BIBAIOlEE YaCTOThl H BOJHOBLIE
BEKTOPHl 3/EKTPOMATHHTHBIX BOJH B MarHHTOYMOPSLOYEHHBX
KpucTaaaax [4]:

D(k, 0)= Ak, o)n*+ Bk, o)n?+C(k, ©)=0, (9.1.3)
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ck
rie n — — — IOKa3aTelsib NpPeJoMJIeHHus,
oV

4
Ak, @)=1+ —k“T kik s (ko @),
kikj
kZ
C(k, ©)=dety;;(k, o)

n Aij (k. ®)— muHOpH ompenenutens det p;; (R, o).

ITO [IUCMEepCUOHHOE YpAaBHeHHE ONpPeleNsieT IPU 3a4aHHOM
BOJIHOBOM BekTope kR, BOOOLle roBODPs, HE OLHY, 2 HECKOJbKO
yacToT. Jasa ceppomarHeTHka TakuX uyacToT TPM, a4 IJA AHTH-
deppomarseruka — yeTbipe. PasjuyHbie YacTOTH, COOTBETCTBYIO-
I{He OJZHOMY H TOMY e R, onpeneidiOT PpasJHiHLE BETBU KO-
nebanHuft,

XoTs pemuTh [AMCNEpPCHOHHOe YpaBHeHMe B oOlleM BHIe
HeJb3s, HO TeM He MeHee MCCJIeN0BaTh XapakTeD Pas/HYHLIX BeT-
Belt koneGanuit MoxHo. C 5TOH uenbI0 caelyeT mpexie Bcero
BLLAC/IHTH T€ YYacTKH BeTBel KoneOaHM#, KOTOpBIE COOTBETCTBYIOT
CIHMHOBBIM BOJHAM M COOCTBEHHO 3JIEKTPOMArHUTHBLIM BOJIHAaM.

CrnuHOBbIe BOJIHBL XapaKTepU3YIOTCs, BooOlle roBops, MaJol
¢$a3oBo#t CKOpOCTbIO (MO CpaBHEHHID CO CKOPOCTbIO CBeTa B Ba-
KyyMe ¢), (ba3oBas e CKOPOCTb COOCTBEHHO 3JeKTPOMarHMTHLIX
BOJIH nopsika c¢. ITosToMy A/as CIMHOBHIX BOJIH MOKa3aTelb Npe-
JIOMJIEHHS! 3HAYNTEJbHO OOMblle eAMHUUB, 1 3> 1, U ANCHepCHOH-
HOe YpaBHEHHE I/ HHX [OJDKHO TOJY4aThCsl M3 OOLUEro ANCmep-
CHOHHOTO YypaBHeHus (9.1.3), ecam clenaTb B HeM mpelefbHBIH
nepexol n-—oo ((popMalpbHO 3TO O3HAYAET, UTO MHl TOJAraeM
€ == 00, 4TO B CBOIO OYepelb COOTBETCTBYET MAarHUTOCTaTHYECKOMY
NpUb/MIKEHNIO, B KOTOPOM Mbl HCCJeLyeM CIUHOBLIE BOJIHEL).

U neticrutensuo, pasnenns (9.1.3) na n* v ycrpemus 3atem n
K OeCKOHEUHOCTH, MLl TNOJYYHM YpaBHEHMe

Ak, ©)=0, (9.1.5)

(9.1.4)

B (k. CO):< “61‘;) A (R o),

KOTOpoe cOoBnanaeT ¢ ﬂHCHepCI/lOHHbIM ypaBHeHPleM
1 2% by (R, @) =0
+ gz Rik i (R, 0) =

2A CAUMHOBBIX BOJIH.
3ameuasn, uTO ¥acToTa CAHHOBHIX BOMH ®,(R) mopsika gM,,
MOXHO CKa3aTh, YTO CHNMHOBLIM BOJHAM COOTBETCTBYIOT 3HAYEHHH
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BOJHOBOTO BEKTOPa R, YIOBJETBOPAIOLHE HEPABEHCTBY

M
k>>%_?.
UJIA
[

S &M,

(A — LaMHA BOJIHED).
M
Kpome cnmHOBOH BOJHHL IpH k>>—gT‘l CYLUECTBYIOT TaKxke

ABe CcOOCTBEHHO 9/JIEKTPOMArHUTHBEIE BO.JIHDI, XapaKTepU3yOLHECH
3aKOHOM JHUCIepCHH:

ck
W= ——.
Ve
Hama sajaua 3ak/n0uaeTcs Teneps B TOM, UTOOBI BHSCHUTB, KaK

gMo.

BellyT ceOsl BETBH 3/EKTPOMATHUTHHIX KoJeGaHui mpu k <

1 M
Tak kak Va >£—~°, TO B 3TOR 00JaCTH BOJIHOBHIX BEK-

o ¢
TopoB ak? €1, u, clelOBaTelbHO, HeCylUleCTBeHHA INPOCTPaH-
CTBeHHas JUCTepCUs TEH30pa BLICOKOYACTOTHOH MarHMTHOH BOC-
NPHMMUHBOCTH. ITO 3HauutT, uyro Koadduuuentst A, B, C

B OucrnepcuoHHoM ypasHeHun (9.1.3) npu k<<g—/cw2 OynyT 3a-

BHCETb TOJBKO OT UYaCTOTH M HaNpaBJeHHS BOJHOBOTO BEKTOPa,
HO He OT €ro BeJHYHHHI.

B 9THX yC/I0BMSIX IHMCHEDCHOHHOe YypaBHeHHe VI0OHO pac-
CMaTpuBaTh KaK ypaBHeHME OTHOCHTE/BHO 2 WJH, UTO TO XKe
caMoe, OTHOCHTEJNbHO MOLYJR BOJIHOBOIO BEKTOpa R NpH 3anaH-
HEIX 4YacTOTe W HaNpaB/JeHHH pACNpOCTPaHeHHd. PellleHHe 3TOro
ypaBHeHHS HMEET BHIL

2 cki,2\2 __ —B(%, @)+ VB*(%, 0) —44 (%, 0) C (%, a)
l2__<0)V6~) o 24 (%, ®) ’
9.1.6)
rie M=£
k

BeruecTBeHHbIM [MOK434aTe/IM MNpPEJOMJIEHUS #; COOTBETCTBYIOT
BOJIHBEI, pacnpocTpaHsoiiecs ¢ ($asoBOH CKOPOCTLIO:

e
Ven (o)

9rta ckopocTb ABaseTcsd QYHKUUCH O H %.

0 (%, ©) =
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2. B3aumopeiicteue mexay coOCTBEHHO 9JEKTPOMArHHT-
HBIMH H CNUHOBHLIMH BOJHAMH. Ilaanem.uee Hccnenosaﬂue BET-

Beft 3J1eKTPOMATrHUTHBIX KoneGauft B 06.1acTH k <22 Tpebyer

IETANbHOTO 3HAHUS TEH30pa BHICOKOYAaCTOTHON Mar}mTHon BOC-
NpUUMUHBOCTH. MBI OrpaHuuuMcs 3IeCb pPaccMOTpPeHHeM OIHO-
OCHOro geppoMarHeTuka, npuueM OyleM MNpeianosaratb, YTO CTO-
pOHHee MarHWTHOE IOJe HanpaBjAeHO BJOJMb OCH AHH30TPOIHH.

Tensop 1 (k, @) B 9TOM Cjyuae uMeeT BHI

nooiuw 0
nk, @)=| —ip’ p 0], 9.2.1)
0 0 1
rie
u(w):H—M, W (o) = 22g Moo

02—

oo+ )

M OChb Z Hanpas/eHa BIOJb OCH aHH3OTPONMH (TaK KaK HAC HHTe-
pecyeT 06JacTb, B KOTODOH HeCyIleCTBEHHA NPOCTPAHCTBEHHad

IUCTepCHsl TeH30pa [, TO Mbl MpeHeGperyu B BhIpaXeHUH AJsl Q
uieHOM tk?).
BBoas B paccmMoTpeHue OpTHI

. - nXk ., kX (nXER) . __k
N=Taxe] T TexX@exXh BT %

Tie ## — eAMHWYHHI BEKTOD BLOJIbL OCH AHUBOTPOMNUM, NMPeNCTABUM
BeKTopsl b, A, e B BHle

i b:b1j1+b2j2,
h= g1 hodo—t b3
e=ej, + eyj

Hcxanouan us ypasuennit (9.1.2) mextop e, moayuum

k(R X H)—kh=—SCp,
oTKyAa
b =n%h,, by=n’h,. 9.2.2)
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Tak kak b=ﬁh, TO

{ g2 Bcos? &yt (2 —w?) sin? 9, } _ w cos Oy B0
W sin? 85 4~ cos? B Vi wsin? 8, Fcos? 0, 2
. w cos 'ﬂk { 2 [ .
. wsin? &, - cos? ¥, by n u sin2 9 -+ cos? ¥, }bQ—O’

rie O, — yrol Mexiy BOJHOBBIM BEKTOPOM B M OCbIO aHHU30-
tponuy. Hckmovenue ua 9Tux ypaBHenu#h amnautysn b; u b, npu-
BOLMT K CACAYIOLIMM 3HAYCHHAM TOKasaTens npeaomaenns {18, 19]:

n?, =‘12‘ (usin? &, cos28,) ' {n (1 + cos?0,) +

+ (u2— pP)sin? ¥, £ V(p? — w” —)¥sint O, + 4p” cos? O, )
(9.2.4)

(sTM  GOPMYJBl SBAAIOTCA UYACTHEIM CJAy4aeM oOWMX  QopMyn
(9.1.6) 119 OLHOOCHOTO KDMCTAaJNa).

3uauenus BequuuH b; M b, AAA BOJHBL C NOKasaTeJeM npe-
NOMJIGHUS 71; CBA3AHBI MeXAy COOOH COOTHOWENNTY

b(ll) —
W) 0
rie
. n2] cos® ¥, —p (1 — an sin’ 1) 9.2.5)
0j= w cos Oy ) e
3aMeTHM, 4YTO
P10y =—1
M, CAeN0BaTENLHO,
(D (2)
%:»J%=m. (9.2.6)
5 B

YuuTHBaA BeUICCTBEHHOCTb 0, OTCIOAA JErKO 3aKAIOUHTH, 4TO

paccMaTpHUBaeMble BOJHEL SBJAAIOTCA JJIHNTHYCCKU NOJSAPH3OBAH-

HBIMHM, TIPHYEM TJ4BHBlE OCH JJIMNCOB MOJSAPHU3AUMH HANPaBJIeHbl

no opraMm j, n f,. Daaunce nNoasipusauun 00eux BOJH HMEIOT

OJMHAKOBOE OTHOlUEHHe ocCefl, HO NMOBEPHYTH APYT OTHOCHTEJBHO

Ipyra Ha 90° wHanpas/eHHe BpallleHHs B HHX MPOTHBOMOJOKHO.
Ha ¢opmya (9.2.2) creayer:

f(li)-—ip- K _ W sin ¢, 4 (u— sin 9, cos 9,
hg) 7 psin 9, 4 cos? 9,
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(uunekc j cayxuT 3zech, KaK W paHnee, XA 06O3HAYEHHS BOJHbI
C MOKa3aTe/aeM MpPEJNOMIEHHR 7)),

OGparumcsa Teneps Kk dopmyaam (9.2.4) 1aa nokasarteeft npe-
JIOMJCHUSI W BRISICHMM, MPW KAaKWX 3HaYeHHAX () BOJHOBOH BEKTOP
oOpauiaercss B Hyab. Tak kak npu ® —> O npasbie dactu (9.2.4)

1 (0)
HMEIOT KOHeuHhle mnpeledsl, paBHbe W(0)u CosT 05 T 1 (0) SIT2 0"

TO £ o6pawaercd B Hyab BMecTe ¢ @, INpuYeM B OOKACTH

o0& gM,
k, — YO
c
@, Ver(© . (9.2.7)
¢ Vcos?9,+p(0)sin? ¥,

Kpome toro, BoaHOBO# BeKTOp oOpaliaeTcd B HYJb NpU HeKO-
TOpOM 3HadeHMH ® nopdanka £M, a WMeHHO npH

k2=

0 =0, =g (H 4 4aM,+ pM,). (9.2.8)

IToayueHHble pe3yJabTaThl MO3BOJAIOT CXeMaTHYeckH U300pa-
3HTb XOJ BeTBel 3JEeKTPOMArHWTHHIX KoJeGaHUK B OJHOOCHOM
(deppomarHeTuke, 4TO Cle-
nago Ha puc. 2. Ha atom
PUCYHKE CHOMHOBHIM BOJIHAM
COOTBETCTBYeT  HYHKTUpHas
KpuBas ©=w,(k), a cob-
CTBEHHO  3JIGKTPOMAarHUTHBHIM
BOJHaM — NYHKTHpHasA  nps-
ck
Ve '
ACHMNTOTHYECKH COBMAZaeT ¢
4yacTblio BeTBH [ mpn R>>

w

Masa =

Jra Kpusas

- M
> gc % | a npamas ABIAETCS

obuieft acumMnToTOoN Bersel //
w [l (Tax Ke 1mpu RS>

% 7
¢ Ye
Puc. 2.

M
>>————gc°). JIerko nokasatb, 4TO pPAacXOKAEHHE 3STHX BeTBeli

k M
OTHOCUTE/IBHO MNPAMOH ® = <= onpeaensiercs npu R > &%
¢

Ve
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dopmyoh
O, 111 = ck (1 + 2mgMy Ve cos ﬁk). 9.2.9
Ve ck

OcranoBuMcS elle Ha CBOMCTBAX MOJNAPU3AUMH paccMaTpuBae-
MbIX BeTBefi 3/JeKTPOMAarHMTHHIX KonaeGanuf. Jlerko yGeiuThed,
YTO BeKTOP WHAYKUMH b npu £ -»> 0 Hamnpas/eH BLOMbL BeKTOPa j;
aaa xoJdeGanufi BerB / M BLOMbL BEKTOpA f, AR KoJeBGanubi
sersu //; BerBb /// Xapaxrepusyercsa npu 2 -— {0 saauntuyeckofl
nossgpusauved, npuueMm Aad Hee

bit i
bll,” cos ¥
gM,

4

B o6nactn Goabluux k& (k>>

KPYroByi0 NOJAAPU3ALUIO.
B o6aactu 6oabwiux & y sereft // wu [/l MardutHOe mose
ABJIACTCH MOMepPeyHbIM, a4 ¥ BeTBU / —- NPOIOJBHBIM, B 06J4aCTH Ke
MaJblX k£ A1 HUX XapakTepHO HaJHyHe KaK MOMepeyHHX, TaK H
[pOAOJbHLEIX COCTABJAOINAX MarHHTHOTO MOJA, npuiyeM obe 3TH
COCTAaBJISIIOIIME MMEIOT OLMHAKOBHIN NOPSAOK BEJUUYHMHEL *).

3. BpameHue NJI0CKOCTH NMOJSAPA3ALHN B OJHOOCHLIX (hep-
pomarderukax. Tak xak B ¢eppOMarHeTVKax 3aLaHHOMY 3Ha-
YEHHMIO YaCTOTH COOTBETCTBYIOT, BOOOLle roBOps, 1BA 3HAueHHd
BOJIHOBOIO BEKTOPA, TO B HUX BO3MOXEH 3MdexT BpallleHUus [10-
ckocTH noaspusauun (3ddext Papanes).

Ilyctb, Hanpumep, JAMHEHHO TOAAPU3OBAHHAA BOJHA ManaeT
HOPMa/JbHO Ha (eppoMarHeTHK, OCb aHU3OTPONMHMH KOTOPOro CO-
BlManaeT C HampasjiendieM HOpMaau. Torza KOMNOHEHTH MAarHuT-
HOTO noJas B ¢deppoMardervuke MOryT OBITb 3anucaHbl B BHIe

) sersu // w /]I wumelwor

hl Ju— % A (eik,z _{__ etk,z)e—imt ,
hy== _%_ A (elk,z — etkzz) e—iot

O - p—
rae A — aMIINTYAa Majaiouiel BOMHB U Ry o= — VeVt

(nanpaB/eHHe NOJAAPU3ALMH NALAIOLeH BOMHLI COBMANaeT C OChIO X;
z=0 cooTBercTByeT rpaHuye cJaos). Bsoas o6osHaueHus

*) BsauMopeHcTBHE CIHUHOBHIX W 3AEKTPOMArHMTHBIX BOJAH B aHTH-
tdeppomarneruxax uccaenosaHo B [20], a B Meraanax — B [21].
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k =:% (kB + kg) % ==%(Ie1 — ky), mNepenuileM STH BHIPAXKEHHA

B BHIE
hy = A cosnz . et (kz-at),

hy = Asinnze!kz—o),

[Ipn BrIXOZe W3 c/0S QeppOMarHeTHKAa OTHOIUEHUE BEJHYHH A,
u hy, OylLeT paBHO
hy

3 =tgul, (9.3.1)

rie [ — roawuya caos. Mbl BULHM, Y4TO NJOCKOCTb NO.ISPHU3ALUU
TIpY TIPOXOXJEHMH CJI0fR (PePPOMATHeTHKA NOBOPAYMBAETCH, TPH-
YyeM YroJ MOBOPOTA ¢ NPONOPUMOHANEH TOJLIMHE CJOSN:

p=nl=g Ve (VR@TH® - Vi@ ¥ @) 932

—————rr s o



FrNTABA NI

BbICOKO‘{A.CTOTHblE CBONCTBA ®EPPOMATHETHKOB
H AHTH®EPPOMAIrHETHKOB

§ 10. OnHopoaHmii eppoMarHUTHBIH
H aHTH(deppOMarHUTHeI pe3oHaHCH

1. ¥YpapHeHHe gJd omnpejedeHHA HACTOT OJHOPOAHOTO
pe3oHaHca. B npeawmnyuiux naparpadgax npu HaxoxiaeHuu
CNeKTpa CIHMHOBHIX BOJH Mbl He YUHTHIBAJAH DPasMEPOB Tela,
WHLIMH CJIOBaMH, MBI CUHTaNH, YTO IJMHA CNHHOBOH BOJIHBI 3Ha-
ydTeJbHO MeHbllie pa3MepoB Tesda. [lepeitzneM Temepb K uccie-
LOBAHUIO CIIHHOBHIX BOJH B OTpPaHHYEHHBIX 06pasuax QeppomMar-
HETMKOB M aHTH(eppOMarHeTHKOB, KOIIa pa3Mepbl 06pasloB
CpPaBHMMBI C [JHHAMKH CIMHOBBIX BOJH.

PaccmoTpum  cHauama onHopoAHBE KoJebGaHHA TUIOTHOCTH
MarHuTHOrO MoMeHTa. YTo6b BO36YINNTh TaKHe KOJeGaHUs, HYKHO
npuiarb o0pasny 3AMHNCOHLAABHYIO (OPMY M NOMECTHTb €ro
B CTODOHHee IepeMeHHOe MarHUTHOE IoJe, IJHHA BOJHBI KOTO-
poro A BeaWKa IO CpaBHEHHIO C pasMepaMu ofpasua L:

ASS L.

B 9ToM clyuae MOMXHO CUHTATH CTOPOHHEE MArHHTHOE Mo
OIHOPOIHBIM, a Tak Kaxk oOpasell umeer Gopmy sJaHMNCOMLA,
TO MArHMTHOE MoJe BHYTpU o6pasiia Takxe 6YIeT OLHOPOIHHIM.

[TepeMeHHBIe cocCTaBasOUINE STUX TnoJeH K9 u B casann
Mexnay cofoff cooTHolIeHUeM
B0 4+ 4aNm = B, (10.1.1)

rie m -— nepeMeHHasi COCTaBJSIOLIAS MATHHTHOIO MOMEHTA, 3aBH-
cAUas TOJbKO OT BpeMeHH, M N — TEH30p pa3MarHHuMBAaIOLMX
K03 HULHEHTOB.
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f) -
Ecan marunrsoe none A” namenserca no saxony B ~ e ot

TO R
m =7 (o) B, (10.1.2)

rue i(m)—Teﬂaop BLICOKOYACTOTHOH MAarHHTHOH BOCNPUHMYY-
BOCTH TeJa, COOTBETCTBYIOLUH OIHODOLHHIM KOJeGaHHAM Mar-
HUTHOT'O MOMeHTa (KOMIIOHEHTBl 3TOr'0 TeH30Pa MOTYT OLITH MO-
JyuyeHbl M3 OOIWHX ¢OpPMYyJT [/11 KOMIOHEHT TEH30Pa BHICOKO-
YaCTOTHOW MAarHUTHOH BOCIPUUMYMBOCTH i(k,co), €CJIH MOJOXKHUTD
B HUx k£ =0). IToagcranoska (10.1.2) B (10.1.1) naer

(1 447Ny (@) BD =n®, °

OTKy 4
D = (1 4 4aNy (0)) "' 2©,
nim
Ay (0

rie A (w)==det(l - 4311’\\/”)2 (©)) # Ay (®) — MHHODH feTepMH-
Hadta A (o).

Ecan Ob IHCCHNIATHMBHBIE MpOLECCH B CNWHOBOM CHCTeMe
OTCYTCTBOBAIH, TO HYJH co(;) (/=1, 2, ...) nerepmunanra A (o)

Obln Obl  BelleCTBEHHBLIMH; I03TOMY B 3TOM CJAyuae MpH HM3Me-
HeHHHM YaCTOTHI () MCTOYHHKA MOJA M NPUOTHKEHHH © K OJHOMY
ns sHaueHut o) mose BHyTpH 00Pa3Ua HeOrpaHHYEHHO Ol BO3-
pacTano (NpH HEM3MEHHOH AMIUIMTYIE NEePEMEHHOTO CTOPOHHEro
noJs h(e)). D10 3HAIAT, YTO BHYTPH o06pasua, B OTCYTCTBHe
BHELIHHX MCTOYHUKOB, MOIMIH Obl CyWecTBOBaTh IeDPeMeHHbIe
MarHuTHbIE MO/ KOHEYHOM aMIIMTYIH C YacTOTaMH co<j’.>. Takum
06pasoM, BeJHUYMHDI co(jf) NpeacTaBasioT cofo# COOCTBEHHBIE ya-
CTOTHl OJHODOJHBHIX MarHHTHBHIX KoOJe0OaHHH pPaccMaTpHUBAEMOTO
HaM¥ 3J/UIMICOMAANBLHOTO o0pasna QeppoMarHeTMKa HWAM aHTH-
¢deppomarsetuka. OHH HOCAT HasBaHWe YacTOT OJHODOIHOIO pe-
30HAHCA — (EPPOMArHHTHOTO MK aHTH(EPPOMArHUTHOTO, B 3aBHU-
CHMOCTH OT BelleCTBa 3JUIMICONIA.

Mrak, Mbl BHANM, 4YTO YacTOTbl OLHOPOIHOTO pPe30HAHCa
ABIAIOTCA KODHAMH ypaBHeHHUA

det (1 4+ 4nN'y () ) =0, (10.1.3)

rie nox y(®) caeryeT MOHMMaTb TeH30pP BLICOKOYACTOTHON
MaruutHO# BocmpuuMuuBOCTH ¥ (0, ©), BHIYHC/ICHHBIH, B Mpelno-
JOXeHUH 00 OTCYTCTBHH JAHMCCHNAUMH B CIIMHOBOH CHCTeMe.
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2. Onnoponubiii deppomaruuTHbii pesonanc, [lepeftnem
K ONpeleNeHNI0 49acTOT ONHOPOIHOTO pe3OHaHCa *) B Pas/MMYHBIX
cayuasix. HauHem ¢ paccMoTpeHHsl OLHOOCHOTO ¢eppoMarHeTHka,
OCb JIETKOTO HaMarHWUeHHWd KOTOPOTO M TNMOCTOSHHOE CTOPOHHEee
MArHUTHOE 10Je Hg” HaNpaBJeHbl BLOJb ONHOH M3 TIaBHBIX ocelt
saauncouya, Hanpumep ocu z. Tensop )Z(co) B 9TOM CJiyuae,
coraacHo (6.3.3), umeer pua

Lrx (@) Lpy (@) O

KO =| 1y @) 1y @ 0. (10.2.1)

0 0 0

rie |
Lxe (@) = Lyy (0) = — gA:oQo—'—L(Dy .
Q5 — o°— 2i0l, 7T,
o O 10 =
Qf — 0" — 2inl, 7

"

H
O:gMO ’3+ 1‘,10

1 1
—m). y=

Mbl TpeHeOperau 3iaech BeJHUUHOM , TaK KaK P! .
p p . Xzz Xzz -~

Eciu ocu x W y HanpapieHBl BIOJb ABYX APYTHX TJIaBHBIX
ocefl 3JATHNCOHIA, TO TEH30P PA3MATHHUUBAIOIMX KO3(PHLMEH-

ToB N 6yner umeTb BHI

N, 0 0
N=|l0 N, 0
0 0 Ny
[Mostomy
(14 4aNy (@) =
1 1+ 431N2Xxx (@), __4RN1Xxy (), 0
= A @) 4N gy xy (@), 14-4aNy e, (@), 0 ), (10.2.2)
] O N A (0))

*) OgpHoponHuiii ¢deppoMarHutHeil pesoHanc 6bia OTKpeIT [ pH-
durcom [2), a Teopus sToro pesoHaHca XaHa Kurrenem [1].
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rue

~~ 00y — 0 — lo (@, + o,) g),’lll
(Aw) = det (1 + 4Ny (®)) = e,
08 — o — iRy —F
M,

oy =+ 4nNgM,, 0y ==+ 4nN.g M,

Mpl BUANM, uTO B OAHOOCHOM (eppPOMaTHETHKE C MarHUTHON
AHU3OTPOMNHUEN «JTerkas OCb» HMeeTCA OJNHA YacTOTa OAHOPOMHOro
pesoHaHca, pasHas [1]

ot =V iy =

(e)
=gM ]/ ﬁ+ =4 (N, —N3>) <B+

H§?)

"M—’)——i—“}ﬂ(N?-—NS)).
(10.2.3)

Dra uvacToTa 3aBUCHT OT q)OprI 06paaua W BEJHYHHBI CTODOH-

nero moas HY), Boapactas ¢ yBelMYEHHEM TOCJeIHEro.
[IpuBeneM 3HaueHUd Pe30OHAHCHOM wYaCTOTH AJaf OBpasLOB
PasAn4yHOR (POPMEL.

Ecnu ofpasen umeer dopmy mapa, 70 Ny = Ny= Ny==

1
3

H
m(”=gM0(ﬁ+~ ) (10.2.4)

154

Ecau obpasen umeer ¢$HopMy HUMINHAPA, OCb KOTOPOTO COB-
1
nagaer ¢ OCbKO JErKOrO0 HaMarHuyeHus, TO N1=N2=_2_,
N3:0 n
H(

(o(”—gMo( —l—2n) (10.2.5)

Ecu® o6pasen nmeer (opMy UMAHHAPA, OCb KOTOPOTrO Iep-
MeHINKYAPHa OCH JETKOro Hamaruuuenus, 10 N, =0, Ny=

:NS:% H

o = gM, ]/(B+ (e))(ﬁA—%?—Qﬁ) (10.2.6)

(uuIaHAp OynreT OIHOPOILHO HAMarHMYeH R HalNpaBJAeHHH, Tep-
MeHIHKYAIPHOM €ro OCH, €ClH HMeeT MeCTO HepaBeHCTBO

H® g My— 2nM, > 0)-
B6




Ecan obpaseu umeer (popMy MIACTHHKH, MOBEPXHOCTb KOTO-
po#l mapajjelbHa OCH J1erkOro HamarHuuedus, 70 Ny =Ny =0,
Ny=1 (ocb y HampasieHa 8 ray6b niaactusxu) u [1, 2]

(e) (e)
o = gM, l/(ﬁ-}-- %’T) (ﬁ+ Hﬁ(’o-+4n) (10.2.7)

Hakonen, aas MacTMHKH, OChb Jerkoro HaMarHHYeHUSl KOTO-
poit TepneHJMKy/AApHa INOBEPXHOCTH naacTuHkH, N, = N,==0,
Nd::I H

H(e)
o =gM, ([3-{— —4::) (10.2.8)

(B 3TOM cCJyyae IMIACTMHKA OLHOPOAHO HAMAarHHYMBAETCA, ECJH
HY 4+ pM, — 4aM, > 0).

dopmyna (10.2.3) ompeneasieT 4acTOTy OJAHOPOZHOTO (eppo-
MarHMTHOTrO PE3OHAHCa B TOM C/Iyyae, KOTAa CTODOHHEee MarHUT-
HOe 110Je HanpaB/JeHO BIOJb OCH JEeTKOro HaMarHHYeHHs.

Ecau cToponHee MATHHUTHOE MOJe HANpas/ieHO HepHeHAMKY -
JAPHO OCH JIErKOTO HaMarHuueHus u oOpasen, umeer QopMmy
mmapa, TO €ro pe3oHaHCHas wacToTa ompelensercs ¢GopMy-
aamu [3, 4]

(e)
gy ]/ﬁ2 ) C HY <pMy,

o) — (10.2.9)

HO [ge
e )/ T (H ) s,

Sra pe3oHaHCHasd yacToTa cHayala yObIBaeT € POCTOM HY,
o0pallaercs B Hyab ApPH H(Oe)=[3M), a 3areM BO3DAaCTaer ¢ po-
CTOM Hff). IMosToMy npu (UKCHPOBAHHOA yacTOTe CTOPOHHETO

NepeMEeHHOTO MAarHHTHOTO MOJA U U3MEHEHHH BEJHYHHB T0J Hﬁf)
deppOMAarHUTHBIK PE3OHAHC HACTYMaeT ABAXAB: OLUH pa3 B caa-
60M M BTOPOH pa3 B CUILHOM CTOPOHHEM MArHHTHOM TMOJe.

Mpbl paccMoTpend OTHOOCHbIE (EPPOMArHETHUKH C MAarHHUTHOH
aHHaoTponuei THma «Jaerkas oce» (f > 0). Paccsorpum Tenepb
OILHOOCHHIE (eppPOMAarHETHKM C MArHUTHOH aHU30TPONHENH THMA
«Jj1erkas maockocts» (B << 0).

TeHsop BEICOKOUACTOTHOM MarHUTHOR BOCTIPHMMYMBOCTH TAKUX
¢deppoMarHetHkoB ompenensercsd ¢opmyaamu (6.1.2), (6.1.4).
Monaras B HUX k=0 U ucnoabays oGuwee ypasnenne (10.1.3),
HallleM pe3OHAHCHYI0 4acToTy ¢eppoMarHeTHKa ¢ MarHUTHOH
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aHU30TpONHeH THMa «erkasg IVIOCKOCTb»:

o) —

Hée) Hée)
=gM, l/(“ﬂ“‘ M, +4“(N1—'N3)(M0 +4“(N2—N3))
(10.2.10)

(Mbl, KaK ¥ paHee, IpeanoJaraeM, 4to CTOpDOHHEE MATrHUTHOE

nose HY w marmutHE# MOMeHT HanpasJ/eHbl BIOJAb OCH 2).

3. Opsopoanniii anTadeppoMarnuTuulit pesotanc. [lepeit-
JleM Telepb K PpacCMOTPEHHIO COOCTBEHHBIX OIHOPOIHBIX KOJE-
6aHuit MarHUTHBHIX MOMEHTOB B OlpPaHHYEHHBbIX 006pa3uax aHTH-
(eppOMarHeTHKOB, NPEANOJaras MNo-NpexHeMy, YTO OHW HUMEIWT
J/UTHIICONIAABHYI0 (POPMY.

B § 8 Mb Buieau, uTO KOMIOHEHTH TeH30pa BHICOKO-
YacTOTHOM MarHUTHO® BOCTIPHHMYMBOCTH AaHTH(EeppOMAarHeTHKa
NPONOPUHOHAJIbHEl MAJIOMY MapaMeTpy Y. [103TOMy ¢ TOYHOCTbIO
1O uNeHOB Tmopaika Y8 M, xopHu ypasuenna (10.1.3) nns
Onpeje/ieHHs 4acTOT OIHOPOJHOTO pe30HaHca B CJayyae aHTH-
deppoMarHeTyka coBmazaloT ¢ noJjiocamu TeHaopa ¥ (w). C apy-
roff CTOPOHBl, YacTOTH CMHHOBBIX BOJH, KAaK MEl BHIRIH,
SIBJAIOTCA B 3TOM ke NPUOIMKEHUH MOJIOCAMH TeH3opa ¥ (R, ®).
Takum 00pa3oM, 4YacTOTE OIHOPOAHOTO AHTH(EPPOMArHUTHOTO
pesoHaHca paBHBEl YacTOTAM CIIMHOBBLIX BOJAH mnpH R==0. 3ty
yacTOTH MpaKTHYeCKH He 3aBUCAT OT ¢OpMb o0pasua aHTH-
deppoMarneruka, B OTJHYHE OT YACTOT (EPPOMATHUTHOTO Pe3o-
HaHca, KOTOpble CYIUEeCTBEHHO 3aBHCAT OT ¢opMB 00pasua.

B cayuae anTHdeppoMarHeTHKoB ¢ MarHHTHOH aHM30TpomnueH
THMa «JerkKas OCb®» 4acTOTH OJHODOAHOTO aHTH(eppOMarHUTHOrO
pesoHaHca onpezneasiorcs popmyaamu [9]

o =g (Hi + HY), of =g(H —H), (10.3.1)

ecnn marhuTHoe nose HY§' mapannenbHO OCH aHH3OTDOTHH H
HY < H,, u dopmyaamu

o' =g VH: + (HP)?,  of =gH),  (10.3.2)

ecan Marunthoe nose HY' mneprneHIMKyASpHO OCH aHH3OTPOMHA.
3aMeTHUM, YTO IKCIIepPHUMEHTAIbHOE H3yueHHe aHTHeppoMar-
HUTHOTO PE30HAHCA MO3BOJIAeT ONpPeJeNUTh IHEPreTHUECKYIO ILelb

B CTeKTpe CNMHOBHIX BOJH, T. €. BelH4yudy H = M, ‘/26((3 __[3’)~
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B cayuae anTudeppomarheTHkoOB € MArHMTHON aHH3OTPOMueh
THIMA «JIErkas MIOCKOCTb» YacTOTHl OJHOPOAHOTO aHTHgeppoMar-
HUTHOTO pe30OHaHca onpelensioTcd Gopmyaamu

o =g VH £ (HY)?E  of =0, (10.3.3)

e}
ecan MarhutHoe mone HY napanneqbHO OCH aHU3OTPOTHH, U
gopmyaamu [6, 7]

of) = gH®, cog)-:-—ng, (10.3.4)

ecau marantnoe noae HY NepNeHAUKYAAPHO OCH aHHU3OTPOTIHH,

4. Noraoumenne sHepruu BGAM3N pe3onaHca. B npenwi-
JYWMX pasjenax Mbl He YYUTHIBAIM IMCCHUMATHBHHIX NPOLECCOB
B CNIMHOBOH CHCTeMe W MPHULIM MO3TOMY K BHIBOAY O CYLIECTBO-
BAHHW HE3aTYXamIHX COOGCTBEHHBIX KOJeOaHuH.

PaccMoTpum Tenepb poJab AUCCHNATHBHEIX MPOLECCOB. 3ITH
NpOLeCCH BLI3BLIBAIOT, BO-TIEPBLIX, 3aTyXaHHe COOCTBEHHBIX KO-
aeGaHuit U, BO-BTOPHIX, ecan oOpasel HAXOIUTCA B MepeMeHHOM

)
CTOPOHHEM TIOJe K, NpUBOAAT K TOTJIOUEHHIO SHEPrHH 3TOTO
noJd BellleCTBOM oOpasua.

3aryxaHne COOCTBEHHBIX KOJeOaHUH# YacTOTH co(}\ Xapakre-
pH3veTca NeKPEMEHTOM 3aTyXaHHud v(]f). ONpenesioIUM N3MeHEH e
CO BpeMeHeM AaMILIUTYIbl COOCTBEHHBIX KoJeGaHuit A].,

0,
A ()= A (0)e "7’

YtoOH HaWTH JeKpeMeHTHl 3aTyXaHus y(]f), HYXHO peluTh
ypaBHeHHe
A (@) = det(1 + 4aN y (0)) = 0,

B KOTODOM KOMIIOHEHTH TeH30pa % (®) ONpeieleHEl C yuYeTOM
JIPCCHNIATHBHEIX NPOLECCOB B cnuHOBOM cucreme. Kopuu atoro
ypaBHeHUs GYAyT KOMIIEKCHBIMH, TPHYEM HMX BellecTBEHHbIE
yacTH OyLyT ONpelefdaTb 4YacTOThl, d@ MHUMHE HacTH — IeKpe-
MEHTBl 3aTyXaHHusd coOCTBeHHBIX KoJeOaHHR.

IlepefineM K onpeneneHdi0 3IHEPTHH, KOTOPYIO MOTJOUIAET
ofOpazell, HAXORAWMHACA B CTOPOHHEM TEepeMeHHOM HoJe:

B (£) == _;. (hoe—imt + h(*)elcot).

Mu OyzeM npennosaratb, 4TO TMEPHOL 3TOTO MOAS 3HAUUTETb-
HO GoJblie BpeMeHH YCTAHOBJEHHA JOKAJTBHOTO DPABHOBeCHs
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B BeutectBe o6pasua. B srtom cayuyae ypasueuns (5.2.1), (5.2.4),
BHIBeICHHBIE IS MOCTOSIHHOTrO MoJs, GYIyT CHOPABelJHBH U IR

ow
nepemeﬂﬂoro noJd. HOSTOMy (7) (e)=0 U, CJaenopareabHo,
h
NIPOM3BOJHAA OT SHEePruH obpasua no Bpemenn Oyler paBHa
(e) (e)
W __ W on? o Ok ,
ot one ot ot

rae V -—obwvem obpasua (MbI YY4JIH OILHOPOIHOCTL MOJA /z(")).

YcpeaHsis 39TO BHIPaXCHUE MO BpeMeHM, HafldeM CpeilHioio
9HEPruio, MoraouiaeMyro (eppOMarHeTHKOM WM aHTueppoMar-
HeTHKOM B CIHHUIYY BPEMEHH:

o on'e)
Tof T or '

(10.4.1)

rie M — NepeMeHHas COCTABASIOWAN MarHUTHOTO MOMeHTa W uepTa
CBEpXy O3HauaeT ycpeiHeHue N0 BpeMeHW. Bcmomunas, uTo

m (@) =7 (@) (1 + 47N ¥ (©)) "' £ (),
H HCHOJIbByﬂ COOTHOUIEeHHE
X”(_w)‘——;X:j ((D):

npencrtasuM m (f) B Bule

1

m(t) = 3’ (@) ke~ + 3 3" (@) Bletor,  (10.4.2)

03]

rie ~ -
% (@) =% (@) (1 + 47N 7 (©))

[Moncrasass, HakoHeu, 310 Bupamenue B (10.4.1) u npoussoas
ycpeaneHne no BPEMEHH, MNOJYUYUM

1 oW 0 e(=, ~
v =— 1 W @ —1"" @)k, (10.4.3)
Mbl BUAMM, YTO TMOIJOLIEHHe 3HepruM oO6pasuoM ompexe-
JfeTCs AHTHIPMUTOBOH uacTbio TeHsopa ¥’ (@), KOTOPHIA CBA3HI-
BaeT NMEePEMeHHYI0 COCTABASIOUWY IO INIOTHOCTH MArHHTHOTO MOMeEHTA
CO CTODOHHUM TMNEPEMEHHLIM MArHHUTHBIM TMOJIEM,
AvrtuapMuToBa uacth Tensopa ¥’ (®) ocoGemno pesuxa B 06-
1acTH pe3oHaHcHulx vactor. Hampumep, B caydae oaHOOCHOTO
(eppoMarHerTMka ¢ MarHUTHOM aHM3OTPONMEN TUNA «JErKas OChbd
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" H(‘)“” || Teusop )Z'((o) umeet, coraacio (10.2.2), (10.2.1),
CREAYIOIWMA BHIL:

m2—i% i0 0]
o1 - gMy
X (@)= @) 0y — o (D,——liﬂ- ol
(01(02—-1—~M—T-03—-(02 T
& [ o 0 0
(10.4.4)

¥ TO3TOMY ero aHTH3PMUTOBAs 4acTb NPH ®, GJIHSKHX K 4acTOTe
OLHOPOAHOTO (QepPOMarHUTHOIO pe3oHaHca, onpeneasercd ¢op-
mytoH

¥ (@) — %" (@)=
20" ) 0y io® 0
T

— 00 o, 0 |. (10.4.5)

= Oy 292 (e [ O+ 0 \2
[((D ) o’] -+ o (—_—gMoT ) 0 0 0

§ 11. HeoaHopoaHbiii (eppOMATrHATHELIA pe30HAHC

1. O6uwHe ypapHeHHs AJA ofpejeJieHHS YacCTOT HEOAHO-
poaHoro pe3oHaHca. B npenbinymem naparpade Mbl paccMoT-
pean npocrefiinii BUL cOOGCTBEHHBIX KOJeOaHWH NJIOTHOCTH Mar-
HUTHOI'O MOMEHTZ B (DEpPpPOMArHUTHBLIX M AHTH(EPPOMAarHUTHBIX
o0pasnax — OJHOpOAHbe KojeGaHusa. IlepeiizeM Temepb K pac-
CMOTPEHHIO 60Jiee CIOKHLIX COOCTBEHHHIX KOJMeOAHHH MIOTHOCTH
MAarHHTHOIrO MOMEHT4, NpPH KOTOPBIX NOJe H HaMarHuueHHe 3a-
BUCAT OT KOOPAMHAT, HO KoJeOaHUA TIO-TNIPeXHeMy SBJAIOTCH
MaruutocratHdeckumu [8, 9]. Jlnd 9Ttoro HeoOXOAMMO, 4YTOOH
(asoBad CKOPOCTb BOJIH, COOTBETCTBYIOLIHX TaKHM KoJeOaHHsaM,
OblJla 3HaYUTENLHO MeHblUe CKOPOCTH CBera ¢, T. e.

Ao <& e,

rie A-— IAWHA BOJHH H & — yacToTa KoJeGanufi. Kpome toro
Mbl GyleM NpeianoJaraTb, YTO NPOCTPAHCTBEHHAdA IMCHEPCHA Mar-
HHUTHOR BOCIPUHMMYMBOCTH HeECYIIeCTBEHHA. OTO NPEANONOKEeHHe
CHPaBel/IMBO, €CJM JJMHA BOJHE KoseOGaHul A ynoBierBOpsieT
HEPaBEHCTBY

Va <A,
9r



0,
rie a==a ]/ Hrak, Mbl mpenoaaraeM, 4to JJHHA BOJHB
2ueM,
Kome0aHHR JexuT B HHTepBaje ¥)
V(—z—<<k<<%. (11.1.1)

JLast HaXOMIEHHA YacTOT COGCTBEHHBIX KOAeGaHUH BOCIOMb-
3yeMcsi ypaBHeHHSMH MarHUTOCTaTHKH:

rot B9 =0, div B =0,
rot B =0, div(p® -+ 47m) =0

L5 TePeMEeHHBIX COCTABJAIIMX MATHUTHOTO MOJS BHE W BHYTpPH
o0pasua, KOTOpble MBI CUHTAeM TapPMOHUYECKHMH (YHKIMAMHU
BpEeMeHH:

K@, y=h" (r)e ™, B (r, H=0" (r)e ™",

Bpona norenuuans (p(l) U q)(e), CBSA3aHHLIE € TIOJASAMHU h(i)(r)
u B (r) cooTHOWeHHsIMHI

B (1) =—V¢" (), B (r)y=— Vg (r), (11.1.2)
nepenuileM ypABHEHHS MATHATOCTATHKH B BHAE
Ag =0,
02 (D)
AP 4 4my, 5 Fx, 00n =0. (11.1.3)

K sTuM ypaBHeHHAM JOMAKHH OBITb Z0OABJEHBI I'DaHHYHEIE
VCJAOBMS: HENpepbIBHOCTL Ha TpaHHue 00pasua TaHTreHUHaJbHBIX
COCTABJSIOUMX MATHUTHOTO U0/ M HODMaAbHOH cocrasisiouett
MarHHTHOH HWHAYKIHH,

Y =100, )+ damy=hr
(MHIEKCH T M V CIymaT 1as OGO3HAYCHHH TAHTEHUMAALHBIX H
HOPMAJbHOW COCTaBJSIOLINX BEKTODPOB), a TAKXKE YCJIOBHE Ha Gec-
KOHEUHOCTH, 3aKJI0YaIOUIEecsl B TOM, YTO MPH 7 —> CO MoJe A (r),
a caenosarejbHO, M € nomKHBL 06pAWATBCS B HYJb,

@) =0, (11.1.4)

r—->cwo

*) Cuntas A ~ L, rme L -—pasmepwm ofpasua u @ = 10" —
10" cex!, MOJIyYHM OTCIOAA 1078 ex < L e

92



Hcnoavays (11.1.2), MOXHO NpeicTaBUThb TPaHHUHBIE YCJO-
BHA B BHIe

Oq)([) Oq)([) Oq)(e)
(1) — gle) et SRR S
@ P v - 4y g ax; vy, o, (11.1.5)

X

(v, — npoekuus €IMHHYHOTO BeKTOpa BAOJbL HODMaJH Ha OChb R).

CoopmyanpoBaHHas TakMM 06pa3oM TIpAHMYHAA 33a1aya HMeeT
HeTpUBHa/MbHbIe PelleHUs] He NPH NPOM3BOMBHEIX, @ TOJbKO IpH
BMOJIHE OTNpele/ieHHBIX 3HAYeHHAX BXOIAWMX B ypasHenue (11.1.3)
u rpanuyHble yeaosus (11.1.5) napamerpos y;;. C apyro# cro-
POHBI, BENHYHHBl ¥,; SBASAIOTCS ONpeleJeHHHMH (YHKUUSMH ya-
CTOTHI, th=th((9)- TTosToMy, Hattnd 3HAueHWs NMapaMeTpOB Lij
M 3Had BUI STUX OGYHKUMH, MOXKHO B TPHHUMIE OMpeZEeaHTb
COOTBETCTBYIOIME 3HAYEHHS YACTOT, KOTOPble M MPEICTABJASIOT
cO0OH YacTOTH COOGCTBEHHBIX KOJe0aHHH MJIOTHOCTY MATHHTHOrO
MOMeHTd B OGpaste. ITH 4acTOTH OOBIYHO HA3BIBAIOT YAaCTOTAMH
HEONHOPOJHOTO pEe3OHAHCca.

2. Mnactunka. PaccMoTpuM cHavaja KoJeGaHHS MATHUTHOTO
MOMeHTa B OeCKOHeuHO! TMJIOCKOMapaJiebHOR TaacTuHke. [pa-
uuunble ycaosus (11.1.4) m (11.1.5) B 3TOoM cayyae HPHHH-
MaioT BHI

o9, ,=o?],_,,=0,

0(P(e)
0z

(1) aot (£)
=(uzz %“I’“sz—%" “zx%) ’Z—j:L, (1121)

Z=%L

CP(E) ’z=:x:oo =0,

rae (=0, -+ 4my;, 1 2L — TonwuHa nsacTUHKK (OCh 2 mep-
MeHAUKYASIPHA NOBEPXHOCTH MJAACTHUHKHU, OCH X M y JIeWAT B IJO-
CKOCTH IIACTHHKH; TWIOCKOCTH 2 == 0 TNpOXONUT uepe3 CepeluHY
NJAACTHHKH).

Byzem uckarb notenunaam @Y m @© B Buae

q)(i) — ei (kxx+kyy) (Aeikzz ‘-I-—Be—ikzz),

Ce-72, 2>1L,
(@) — ot (Byrthyy)
o) e y {Defz, 2 < —1, (11.2.2)
rae A, B, C, D — HekoTopble KOHCTAHTH.
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[Toacrasasgs stu Bhipaxenns B (11.1.3) u ucnonpays rpannu-
Huie ycaosus (11.2.1), noayunm [10]

f=Vi+£.
R+ 4 (y, ~2 + nykz + 7,k =0,

2
(Mo k) — (Mg k. + Way ky)2 —k,— k§
21,2k, ’

OTH ypaBHeHHS ONpeleNdI0T YacTOTHl W BOJHOBHIE BEKTODH COG-
CTBEHHBIX MarHMUTOCTATHYECKUX KOJeOAHHUM MIACTHHKH.

PaccmoTpum noapobree (eppOMaTHHTHYO NJAACTHHKY, mOpel-
noJaras, 4TO OCb aHM30TPONUU U CTOPOHHEe MAaTHUTHOE MNoJe Hff)
HaNpaBJeHbl MNePNeHIHKYAAPHO MOBEPXHOCTH MJAACTHHKH (BLOJb
ocd z). B srtoM ciyuae TeHsop BHICOKOYACTOTHOW MarHUTHOM
BOCTIPHUMUYHBOCTH ¥ (®) onpeneiderca dopmyaamu (6.1.2), (6.1.3),
noiacTaHOBKa KoTophix B (11.2.3) naer

(0(’)2 == QO (QO + 4ﬂgM0 Sil‘l2 ﬂ'),

1k, &y (11.2.4)

(11.2.3)

ctg2k,l =

2 :
e sintd=—L, B =k4kE, EBE=kE+E. QU=

k2’
75
=gM, ( +p— 4n) Orciona caenyer

kR Ltgk,L, nn<|kzL|<n(n+—;-),
k(L 1
| —k.LetghlL n(n+7)<|kz[,|\<n(n+l),
rie n=0,1,2, ... n
o) = .

V(@ T dngMysit b,0), mn |kl | << 0 (n 4 -‘2-) ,

V Qo (Qt+4ngMycos? k,I), n (n -+ %)<] k,L .]<n(n-{—1).
(11.2.5)

MBl BHAHM, YTO BO3MOXHBIE 3HAUEHUS YACTOT COOCTBEHHBIX
KoJebanui q)eppOMal‘HﬂTHoﬂ IVIACTHHKM 3aK/JI0YeHBl B UHTepBase

Q, < o K V@ Qo+ 4ng My). (11.2.6)
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3amernM, urto ecau R,L <& 1, TO
kJ_L = (kz[z)Q-

T. €. CTeleHb HEeOAHOPOAHOCTH TNOJA BIOJb NJIACTHHKH MEHbIUE
CTeNeHH HEOJIHOPOAHOCTH TNOJAA BLOJb HOPMAAH K IJIACTHHKE.
[lpu k,L ->0, uyacrora o cosnagaer ¢ yactoToH Geppomar-
HUTHOTO pe30HaHCa MVIACTHHKH, onpejeseMot popmyao#t (10.2.8).
EcaM CTOpOHHee MarHMTHOe TMNoJie W OCb JerKOoro HaMarHu-
YeHUH JexaT B IJOCKOCTH MJIACTUHKM, TO MOXHO IOKa3aTb, UTO
coBcTBeHHbIE yacToThl KoJsebanuft onpesessiorcs QOPMyaaMH

o) =V Qy (Q, + 4mg M, sin? §),

1 M k2
2k, ctg 2k,L = —e—sr kg_ki_ki_4niﬁk2_§)’
lkaﬁ—ky Q, K,
k24 HE©
rae sin29 ::%, Q=gM, (_A/(ISO + ﬁ) (ocb x HanpasJena

BIOJb OCH aHU3OTPONHUH, a OCb 2 — BAOJb HOPMaJM K MOBepX-
HOCTH MAACTHHKM). DTH YaCTOTH 3aK/OYeHbl MO-TPeXHeMy B WH-
tepsane (11.2.6). Ilpn £, — 0 uacrora o) coBmagaer ¢ 4acTo-
TOH OILHOPOIHOrO (eppOMaTHUTHOI'O pe3oHaHCa IJIACTHHKH,
onpenensemofi dopmysaoft (10.2.7) (urobbl yGemMTbCA B 3ITOM,
2
caelyeT MMeTb B BULY, 4TO HpPH R, — 0 BeJHuMHb R, ky~kz).
3. Ilap. Ha#nem uacToThl coOOCTBeHHBIX KoJeGaHMH MAOT-
HOCTM MarLutHoro momenta B wmape [9]. TloTenumajasl Maruur-
Horo noast @9 () u ¢ (r) BHYTPM M BHe 1Apa YIOBACTBOPSIOT
ypasHeHusM (11.1.3)
2. (i 2. (1 2..(i
“(o(pu_l_aq,() G
0x2 ' 0y2
Aq)(e) = 0,

oz =0 (11.3.1)

rle OCb 2 HAampaBJeHd BAOJb OCH AHM3OTPONMMM M B=1 4+ 4my .
[y, onpeneasercs copmyaamu (6.1.2), (6.1.3), B KOTOpBIX

o y 4n Hé")
= eMo(p— 5 ).

[ToreHuuan (® MAardUTHOrO MOJA BHE [I1apa MOXHO B3ATH
B BHIE

1
PRI

o) = P (cos By e ™, (11.3.2)

rie ¢ 1 0 — asuMyTalbHBIH M HOJAPHBLIN YIJbl PaiHyC-BEKTOpA F,

- m — ueable UYHCIa H PLml—l'IpPlCOElIHHeHHble MOJMUHOMBbE

95



Jlewanapa. 3TOT noTeHUMald, KAaK H3BECTHO, AIBJASETCS pelueHHeM
ypaBHeuus Jlannaca u yLOBJETBODSAET YCAOBHIO Ha OeCkOHeu-

HoctH (11.1.4).
Has naxomxnenns norenuana @) BHyTpM Luapa 3aMeTHM,
4TO GYHKUHA

19
F(r)=e¢'me J' f(iz 4+ pcosa) cos ma da,
—n
rie p=V x4+ 32 u f(2)— HexkoTOpas nPOM3BOIBHAA BYHK-

1us — ynoBJeTBopser ypasHeHuio Jlannaca. IlostoMy peleHue
ypaBHenust (11.3.1) naa @) Moxer ObITb MNpeLCTAaBICHO B BHIE

F14
@D (r) = elmo J' f(rli Vitcos04sin0 cosal) cos ma da.
-

MonGepem d¢yukumio f takuM o6pa3om, 4TOOb Ha MOBEpX-
HOCTH 1LIapa BEIMOJHSJIOCH YCAOBUE

PO r2a =) |24

(@ — paauyc wmapa), T. e.

ff(a [qucosB+31n0cosa])cosmada—— —ATT P! (cos 0)

-

(11.3.3)

(u3 paseHcTBa noTedunanos @ (r) M @ () Ha NOBEPXHOCTH
mapa c/JelyeT HeNpepEBHOCTb TaHIEHIMAJIbHEIX COCTaBJAAIOLWMK

MarHUTHOIO MOJA).
Jlerko Buaers, uro ycaoBue (11.3.3) 6yaeT BHINOJHATbCA,
ecan B kauecTBe f(2) BuOpath (yHKIHIO

) f(=Crp, (—m) :

rze Cy — HekOTOpas MNOCTOAHHAA, KOTOPY0 MBI OfpeienuM
B HaiabHeWweM. IeHCTBHTENbHO, HCIOJAb3YHA TEOPEMY CJOKEHUA
015 NoAuMHOMOB Jlexanapa

P, (xx’ + V(l — (1 — ") cosa) =

2 (— 1y Ll P ) P (') cos ma

m=-n




JEerKo NnOKa3arb, UYTO

n
J'P (iV;TcosO+sin9cosa
,, —L
VT—p?

—on(_qyr (—=Am)! pim l‘ml(-]/ 0 )
=21 (-—1) CENETR) P, (cos ) P, ' |1 T/
[Tosromy rpanuunoe ycaosue (11.3.3) Gyner BHIMOAHATHCS,
ecmu B kavectse C7' BHIGpaTh
e 1 D7 (nA-1m)!

T a™ a—m)) pl’"'( ]/ )
T—n

Takum o6pasom, notenumnan ¢ (), yLoBaeTBOPAOLIYE ypaB-
wenuto (11.3.1) wm rpanuunomy ycnosuio (11.3.3), umeer Buf

) cosmao do =

-n

g
D) () o CTplmP fp (f__i uc056+sin6c0sa)c o,
¢ (r) ne J o= VT os ma da
(11.3.4)

[Morenunan ¢ (r) noMKeH YIOBJAETBOPATH elle BTOPOMY
rpaHiuHoMy ycaoBuio (11.1.5), o3HavawolleMy HenpepeBHOCTD
HOPMa/JbHOH cocTaBasOLe MarHuTHOH MHAyKuMH. B chepuueckux
KOODIMHATAX 3TO YCJAOBHE HMMeeT BUJ

(0 (1)
{psinG(iql—sinO—{— cos @ a(p )—{—-

oot (i) ()
207 cosg—L i’ 9 }
+c056< cos B smG ) P

dp(?
r=a  OF

.
r=a

Moacrapass cioaa sMmecto ¢ (r) n @@ (r) sopaxenns (11.3.4)
v (11.3.2), nmoayuum

n 1o mpy @)+ s o 10 PY" (5)=0,  (11.3.5)

s=1 ]/—1-%, W=,

- DT0 yCNOBUE MONKET BLINOJHATHCH, OYEBUAHO, He TIPU TPOU3-
BONBHBIX, @ TOJABKO IPH BMOJHE OMNpelefeHHEX 3HaueHUdX @,
KOTOphe M NpeiCcTaBAsOT cOGOM 4YacTOTH HEOXHOPOLHOTO dep-
POMAarHUTHOTO Pe30HaHCa.

rie
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TakuMm o06pazoM, Mbl NOAYYHJAM AMCAEPCHOHHOE YDaBHEHHE
IAf OfpenefeHUl YyacTOT COOCTBEHHBIX KoJeQaHu# MarHUTHOTO
MOMeHTa B (eppoMarHuTHoM wape. KopHH 8Toro ypasHeHus,
KoTOpheie MBI OyjleM 0003HayaTh uepe3 cog,)zp, 3aBHCAT OT LENRBbIX

ynucei 7 u m, rae m=—mn, —n-+1, ..., n, ¥ He 3aBUCAT
HM OT KaKWUX HENpepHBHLIX NapaMeTpoB (p 00603HauaeT HOMep
pewenHs). MueiMu choBamu, crekTp KkoseOanu#t deppomarsur-
HOTO 1apa SiBAfieTCs AMCKPETHEIM. '

Jlerko BuaeThb, YTO MarHWTHOEe nOJIie BHYTPH luapa opu n =1,
m= 1 sapasiercss OIHOPOIHHM. B 3TOM Ciyuae AHCIepCHOH-
Hoe ypaBHenue (11.3.5) uMeer eIMHCTBEHHOE peliieHUe

(" Hg
of), =8&M\p-1 M,

4n H)
(Mbl yuiH, u4to B caydae coepnt ,=gM, ([3——3— —Mo—))
Sra uacToTa, KAK M CNEJ0OBAIO OWMAATb, COBNANaeT C 4YacTOTOH
OJIHOPOZHOIO (DeppOMAarHATHOrO Pe3OHAHca luapa, olipeleasieMOH
dopmyaoti (10.2.4).
lMpu n=2 (m=0, &1, 122) KOPHH AHCIIEPCHOHHOTO yPaB-~
Henna (11.3.5) umeror BuR

165
(05’8:"/90(90—{— 5 glMO) N
4
of) == Q —$—TngMO, (11.3.6)

8n
0)539 — QO —|-—5— M.

MoxHO noKasath, 4YTO MpH m==n, n— 1, HE3ABHCUMO OT
BeJHYHUHB 7 MMeeTcs TOJbKO OJHH KopeHb ypasheHus (11.3.5)

off) == Q(;+Z—';l_—14ngMo, m=n, n—1.
Hax-ox-xeu, MOXHO NOKA3aTh, YTO YACTOTH COGCTBEHHHIX KOJjig-
Ganu#t wapa mﬁl’,’np YJAOBJETBOPAIOT HEPABEHCTBY
lm(’) — Q| < 2ng M. (11.3.7)

nmp

4. dnauncoup spaumenus. YpasHenue (11.3.5) onpexneaser
YaCTOTH HEOAHOPOJHOrO (peppOMArHUTHOIO pe30HaHCA IJd luapa.
Ecan ¢eppomarseTnk uMeeT (OpPMY 3/JIHICOMAA BpPALUEHHA, -OCb
KOTOPOI'0 COBMAjJaeT -C OCbI0 JEerKOro HAaMarHuueHusd, TO, KaK
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MOXHO TOKAa3aTh, YacCTOTHl HEOJHOPOILHOTO (epPOMAarHHTHOTO
pe3oHaHca ONpeleNdioTCs H3 IHCIEPCHOHHOrO ypasHeHHs [9]

ggg ln Q&) — my’ - (%)Z_g' 527‘“‘ PmE) =0, (11.4.1)

rae
b\2
b2 2 (E) :

gzzm, £ _—(—%YT-I-,

2 2 2
@ M b—rmoayocu sanuncouna x—i‘:—L—{——;————:l b<a) u

v (2) — dynxuuu JlexaHipa BTOpOro poaa.

KopHu 3TOro AMCTNEPCHOHHOrO ypaBHEHUS SBJASIOTCS JIUCKPET~
HbLIMM M 3aBUCSIT OT LeJABLIX uMced 7 U m. YacToThl cOGCTBEH-
HBIX KoJeGaHWfl 3JJIMNCOKAA, KOTOpHE Mbl OyleM 0GO3HAuaTh
uepes wg}np (p — cayxut aaa o0O3HauUeHHs HOMepa pelleHus),
TaK e KaK M 4YacTOThl COOCTBeHHHIX KoJjeOaHuil mapa, 3axJio-
uensl B uHTepsane (11.3.7).

[Tpu n==1, m =1 nucnepcuonxoe ypasHenue (11.4.1) nmeer
eIHHCTBEHHOE pellieHHe

of) =Q,+ dngMN,,
rie (11.4.2)
2 0 -1
M=(1—F 5 QO) -

Dra BelMUMHA, KAaK MOXHO MOKa3aTh, NpeicTaBiser coGoft pas-
MarHuuuBaouMft ¢akTop CHMIOCHYTOTO 3JJKICOMIAA BpalleHHA.

CpasuuBasg ¢opmyant (11.4.2) u (10.2.3), Mb BMAUM, uTO
KOpeHb cog'l) oucrnepcuoHHoro ypasHenus (11.4.1) saBasercs ua-
CTOTO# OJLHOPOAHOTO (eppOMArHUTHOTO pe3oHaHca IMJIUICOoUIA
BpallleHus.

5. Pe3oHaHC Ha CTOAYMX CNMHHOBBIX BoJAHAX. o cux nop
HOpH HCCJAeZOBaHHH COOCTBEHHbIX KOJeOGaHMH HJIOTHOCTH MArHHT-
HOTO MOMEHTa B OTPAHMYEHHBIX (EPPOMATHETHKAX MBI HE yuH-
THIBaJIH NMPOCTPAHCTBEHHON NHCHEPCHU BHLICOKOUACTOTHOH MarHut-
HOM BOCIPHMMYHBOCTH. JTO 3aKOHHO, kak caenyer us (11.1.1),
LA He CJOMKOM Manblx oOpasuos. Onnaxko ycaosue (11.1.1)
HapyluaeTcs, ecJu pasMepnl o6pasLOB LOCTATOYHO Mafbl. B aroM
clyyae MNpH HCC/IEJ0BAHMH COOCTBEHHHIX KOJeGaHMH MarHUT-
HOTO MOMEHTAa He0OXOLMMO VYUTBLIBATH 3aBUCHMOCTL TEH30pa
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BLICOKOYACTOTHOX MArHUTHOH BOCHPHHUMYHMBOCTH He TOJBKO OT
4yacTOTH, HO U OT BOJHOBOTO BEKTOpaA.

PaccMOTpuM B KaueCTBe NPUMEPA TOHKYIO (eppOMarHUTHYIO
MJACTHHKY, TpHYeM 1/ NMPOCTOTH OyJeM CYMTaTb, uTO OCb Jer-
KOro HaMarHu4yeHus H MoJe H(()e) HanpaB/ieHH MePNeHAHKYAIPHO
NOBEPXHOCTH MJACTHHKH M 4TO B MJIOCKOCTH TJIACTHMHKH MarHuT-
HOe TOJle U MardHUTHHH{ MOMEHT OINHOPOIHBI, T. €. BC€ BEJHYHHH
3aBUCAT TOJAbKO OT KOOPAMHATH 2, MEePrerAuKYAApHOR MIOCKOCTH
niacTuHku [11].

Taxk Kaxk TNpPOeKLUs MepeMeHHOH COCTABAAIOLIER MAOTHOCTH
MarHUTHOIO MOMEHTa Ha OCb 2 paBHa Hyawo, TO divm =0, u
NMO3TOMY MepeMEHHOEe MArHUTHOE MOoJie YAOBJEeTBOPSAET ypaBHEHHAM

divh=0, roth=0, (11.5.1)

CrpaBelMUBBIM KaK BHYTPH, TaK M BHe IJMACTHHKH. SICHO, uro
5TH YpaBHEHMS, BMeCTe C OJHOPOIHBIMH T'DAHUYHBLIMH YCJIOBHSMU
h=0 npn z== 1 0o, MMEOT TOJbKO TPHBHAILHOE pelLIeHUE
h=0. Orcioza onHako He ciaenyet, uto m — 0. HdelcTBUTENbHO,

~i(wt—k 2z
cqyydTas, 4TO m USMEHAETCHd NPONOPLHUOHANbHO € (@ z ), U yuyn-

THBaf COOTHOWEHHe m ==y (R, ©)/, Mbl NOJYUHM CileLylOLiee
ypaBHEHHe IMs ONpejeseHus m:

YUk, 0)m=0, (11.5.2)
KOTOpO€ HUMEET HETPHBHUAJIbHOE pelleHue, eCJau
dety~1(k, ©)=0.

BBona uupKyaspHble KOMIIOHEHTH MAarHHTHOTO MOMEHTa
my =m, T imy, u ucnoabaya seipasenus (6.1.2), (6.1.3) naga
X1; (R, ®), MOXHO Nepenucath ypasHeHus (11.5.2) B Buie

(© —Qk)m, =0,
(04 QR))m. =0,

rae -

2 HE)
QRy=gMo\okz +p —4n—++ i)
MEl BHUAMM, 4YTO 4acToTa CcOOGCTBEHHHIX KOJeGaHMH MIACTHHKH
pasHa '
o =Q (k) (11.5.3)

M 4TO OTJMYHA OT Hy/ad TOJbKO LMPKYJISDHASA KOMIIOHEHTA Mar-
HUTHOTO MOMEHTA #1,.
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Jonyctumble 3nauennss k, MOryT OHTb ompeielieHbl M3 rpa-
HHUYHBIX yciaoBui. Tlpm sTOM, nOMHMO OGBHIYHBIX TPAHHYHBIX
ycaoBufl 175 BekTopoB £z U b= k- 4nm, KoTOpble aBTOMaTH-
yecKH BbINoJHsIOTCA, ecdn BA=0 u m,==0, cienyer ucnoib-
30BaTh ellle 'DAHHYHBIE YCAOBHA JJIS MarHUTHOrO MOMEHTa, TaK
KaK MpH HaJUYyuM NPOCTPAHCTBEHHOM AHCNIEPCHH ypaBHeHHE JBH-
XEHHS MarHHTHOTO MOMEHTA COJEepPXHT NPOU3BOJHBIE MO KOOP-
AMHaTaM. OTH paHUYHble YCJOBHA, coraacho (5.5.14), HMEOT BUL

om om
(d——m) =0 (d?—l—m). =0, (11.54)
riec 2L — romuMHa NAACTHHKH.
IMonaras
m, = Ae~ " ("8 | BeT (1R (11.5.5)

¥ UCKJIOYas MpPOM3BOJbHLIE MOCTOsAHHHEe A, B, Haftnem, uTo no-
nyCcTUMble 3HAueHUS K, YAOBJETBODAIOT OJXHOMY H3 ypaBHeHHH:

kzL tg kZL == -‘%s

L (11.5.6)
kzL tgkzL:T.
Tleppoe M3 3THMX ypaBHeHHN COOTBETCTBYET CHMMETPMUHBIM OT-
HOCHTEeJBHO 3aMeHH 2 Ha — 2z pemeHusM (11.5.5), a BTOpOE
YpaBHeHHe — aHTHCHMMETPHYHBIM DPeLIeHUSM.
Ecan d>3> L, To BO3MOXHEIE 3HaYeHUH R, PaBHHI

T
" LA CUMMeTPUYHOIO pelleHHs,
kz= I 1
—L—(n —}-—2—) LS aHTHCHUMMETDHUYHOTO DelIeHHS,
rie n=0, *1, £2, ... (31 3HaueHus k, ARAAOTCA CAEICT-

om
BHEM TPaHHYHOIO YCJOBHA s

= 0>.
Zm L
Ecau d <€ L, 10 BO3MOXHbIe 3HAYeHUs k, paBHHI

‘ A (n+ ) I/ CHMMETPUYHOIO pelIeHUS,
{ 11

g aHTUCUMMETPHUYHOI'O pelleHHUd

:i—

(9Tn 3HaueHMs k, BEITEKAIOT U3 FPAHHYHOrO yciosua m|, . ,==0).
[Moncrapass 5TH 3HaueHus k2, B (11.5.3), HaneMm uacTo-
Thl COGCTBEHHHX KOJNeOaHWH [JIOTHOCTH MAarHHTHOrO MOMEHTA B
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NJIaCTHHKEe € YYETOM TPOCTPAHCTBEHHOM HMCNepcHH MarHHTROH
nponunaeMoctd. Kak BHIHO W3 nomyyenHHX opmyn, uHTepBan

T \2
Mexny COCEIHHMMH PE3OHAHCHBIMH 4aCTOTAMH paBeH gMoa (—L—) .

[MosTomy naq HabJaiofeHHS PE30HAHCA HA STHX YACTOTax yLoGHO
NOJb30BATbCA TOHKUMH IJIeHKaMu. VsMepeHuwe HHTepBala Mexiy
PE30OHAHCHBLIMM 4YaCTOTAMH MO3BOJAET SKCNEPHMEHTAJIbHO Ompe-
JeNUTh KOHCTaHTY oOMeHHOTO B3auMmoneHcTsua o. Hannuie skc-
NepUMEHTOB IO OMNpeJe/eHNI0 OOMEHHBIX KOHCTaHT PpasiHYHHIX
(eppoMarHeTHKOB npuseleHs B of3ope [12].

§ 12. MosepxHocTHHI MMNenanc (eppoMarHeTHKOB

1. JucnepcnoHHoe ypaBHeHHe JJs @eppoMarHHTHOro
meranJda. PesynbTatnl npeabnyiiero mnaparpada OTHOCATCH,
CTPOTrO TOBOPH, K MATHHTOYIOPAILOUYEHHLIM JHU3JEKTPHKAM, a He
K MeTanlaM, TaK KaK Mbl HUIJe He YYHTBIBAIH TPOBOIMMOCTH
BewecTBa. IlpencTaBisieT NMO3TOMY HHTEpDEC BHIAACHUTb, KaK NpoO-
siBAsieTcs GpeppOMATHUTHBIN Pe3OHAHC B epPOMarHUTHBIX METal/Nax.

Kak u3BecTHO, 3/MeKTPOMArHUTHAs BOJHA 3aTyXaeT, pacmlpo-
cTpanfsach B MeTaane. IIpu aTom, ecau Aauna cBOGOAHOTO Mpo-
6era S71eKTPOHOB TPOBOZMMOCTH [ JLOCTaTOYHO Mana, TO riaybuna
NPOHUKHOBCHHA SJICKTPOMACHATHOIO MNOJS B METAJA1T paBHa MO
MOPAJLKY BeJHYHHBI

[

= Ve

rie (®—4actoTa Mojs, O — MPOBOAMMOCTb. JTa (opMyaa onpe-
nenasieT TJyOHHY TNDPOHUKHOBEHHS B TOM CJydae, e€CAM BBLINOJHSA-
ercst ycnosHe I <€ . flcno, uwro ecau pasmeph o6pasua L Majbl
10 CPABHEHHIO ¢ TayOHHOM NPOHHKHOBEHHS! SJEKTPOMarHHTHOTO
noasi, TO CKHH-3(Q¢dekT He OyneT NMPOABIATLCA, H (OpMYJamH
npelbAYIIHX TnaparpagoB MOXHO NOMb30BATLCA HE3ABHCHMO OT
TOTO, ABAZETCH JH (eppOMarHeTHK INMIJIEKTPUKOM WK METaNLIOM.
Ecin ke L>>6, To nposoaumMocts G6yLeT OKa3bBATh CyINECTBEH-
HOe BJ/HMsAHME Ha pacrnpeje/eHde mOJs B oOpasue H pesy/bTaThl
npenblayuero naparpaga 6yiyT HEeNMpUMEHHMH K MeTaJjlJiaM.

Mbl mepefizeM Tenepb K HCC/eLOBaHHIO 3TOTO BAUSHUA, MPeXL-
nojaras, 4To

(12.1.1)

L>0.

B stoM cayuae, oueBMIHO, HH (hOopMa HM Pa3MepH Te/a HecCylle-
CTBEHHBl, M MHl TIPUXOJMM K 3afade 00 OTpameHHH H NpejoMje-
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HHM 3JIEKTPOMAarHHTHOM BOJIHbLI Ha TrpaHulle (eppPOMarHUTHOro
MeTanna, 3anoJHSIOUIEro MOJYNPOCTPAHCTRO.

[Tycte Ha ¢eppoMarHeTMK NalaeT MJAOCKas MOHOXPOMaTHue-
ckas BoaHA e~ !(0i=&r) ¢ 4yacTOTOH ® M BOJHOBHIM BEKTOPOM R.
DeKTPOMArHHTHOE MNoJe B (¢eppoMarieruke 6yLeT MMeTb TOIAa
BHA CYNEpNo3HUMA Psla IVIOCKAX MOHOXPOMAaTHYECKHX BOJIH,
¢ TOK Ke 4yacTOTOM ®, YTO M Yy najawpllef BOJHH, HO C OTJH-
yallUMUC OT Ry BOJIHOBHIMH BekTopamu k. Iaa Kaxioff Takoi
BOJIHB Y/EKTPHYECKOE M MATHHTHOE MOJA H3MEHSIOTCA MO 3aKOHY
e—l(0t=kr) y yiOBNeTBOPAOT ypaBHeHHsAM Maxceedna

(kX €)= i;’_ﬁh,
(12.1.2)

4mi -

(k><h)=—-——c—oe,

rie | M O — TEH3OPH MAarHUTHOM NPOHMUAEMOCTH W MPOBOH-
MOCTH (eppOMarHeTHKa, 3asucsiuue, BooGule rosops, OT o u k.
[pupaBuuBas HYMO NETEPMUHAHT 3TOH CHCTEMBl, MEl TOJYYHM
JMCIIepPCHOHHOE YPaBHEHHE, KOTOpOe ONpPELeNHT BO3MOMNHbIE 3Ha-
yenua k npu sazanHo# . Ilpeanosaras, uro I <€ d, Mbl MOXeM
CYWTaTh, 4TO O He 3aBHUCHT HHM OT R, mu or ®. Kpome roro,
4TOGBl YNPOCTHTH BHIYHCICHHS, MEI GYleM CUHTaTh, YTO Oy ==00;;
1 410> ». Jlerko BHIeTb, uTO B 3TOM CJyYae BOJHOBOH
BEKTOp kR HampasjieH MepreHAMKY/ASpPHO K MOBEPXHOCTH ¢eppo-
MarHeTuxa. IledcTBUTENHHO, TAHreHUHAJbHEIE COCTABJSIOUIME BOJ-
HOBOT'O BEKTOpa HenmpepbLIBHBL Ha TpaHHue o6pa3ua, MoLyab Ke
BOJIHOBOTO BEKTOpPAa BHYTPH Tesla 3HAUHTENbHO Gosblie By, €CiIn

40 > 0.

[Tonaras B (12.1.2) B= — kv, rie v—eIUHUYHLIH BEKTOp
BJLOJIb BHelllHel HOpMaiu K (eppoMarHeTHky, Hatilem
ck
e=—1 y (v X h), (12.1.3)

H, CJACIOBATE/LHO,

ck?

i
4no

(v><(v><h))=—cm—ﬁ(k,co)h, (12.1.4)
OTKYLa
det{%OZkZ(vivk—éik)—i—ium(k, co)}=o. (12.1.5)

OTo AUCMEpCHOHHOE ypaBHEHHE MO3BOJSAET HAWUTH BOJHOBOW
BEKTOp k£ Kak (PYHKHMIO YacCTOTH ® M YIJOB MEXKIY HOPMaabio
K TOBEPXHOCTH Vv M KpHCTajjaorpaduueckuMu ocaMu. [Ipu sTou,
OUEBMJIHO, caelyeT BHIOMPATh Te pelleHMA, g KoTopux Im 2>0.
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Mu orpaHmyHMcA paccMOTpEHHEM OJHOOCHOro deppomarse-
THKA, NpHYeM O6yIeM CuuTaTb, YTO PABHOBECHOE 3HAYEHHE ero
MarHUTHOTO MOMEHTd HampapJ/eHO BIOJb OCH JIETKOro HAMAarHHye-
Hud. B atoM cayyvae

wk o ik o O

Nk @)=\ —in (k. ©) wuk o 0/
0 0 1
rie
, 0 9
e —(m+ gMyt )(w+ gMoT)
w(k, 0)= Q0 \2 ’
Q2 — —_—
(‘”+ gMoT) (12.1.6)
Wk, 0) = 4ngM0u2‘s2 )
92—(m+ )
gMt
H

HY
Q ”.:-gM()(akQ—l—ﬁ—l_ ‘_Mo"))
Q' =Q 4 4ngM,
oM, _
T < 1;cm. (6.3.3)>.

2. CooTHOLIEHHA MeWk1y aMmJuTyaamu noJeii B deppo-
MardHHTHOM wMmertaJJae. [IlpeanonoxuM CcHayana, 4YTO CTOPOHHEe
maruntHoe noae HY HanpaBJeHO napajsfe/bHO OCH Jerkoro Ha-
MAarHUYeHHs, KOTODas JeHUT B TIJIOCKOCTH, OTPaHHYUBAIOILEN
¢deppomarternk. Ypasneuns (12.1.4) npnoGperaior B 3TOM cay-
yae BHI

MBI CunTaeM, yTo i, =1, TaK KaK y0, =

(22 1)

- k252 ,

(; . —f—u)hx—f—iuhy=0, (12.2.1)
— ik phy =0,

(ocb 2z Hampas/jeHa BIOJb OCH AHM3OTPOIMH,

rie 0 =

L
V inoe
a OoCb Yy — BIOJb BHYTPeHHeH HOpPMaMH K MOBEPXHOCTH (eppo-
MArHeTHKa).

ITa cucTeMa ypaBHeHMH NONMYyCKaeT pelleHHe, A KOTOPOro
BOJIHOBON BEKTOpD paBeH
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H JEKTPOMATHHTHOE IMOJ€ HMEET KOMIIOHEHTHI

e =, 0,0, B”=(0, 0, 2.
npuyemM
) = — LAy (12.2.2)

=0-0) 55

Kpome s3rtoro peurenus, cucrema (12.2.1) zomyckaer pele-
Hust ¢ #,=0, AJ9 KOTOPLIX BOJHOBOW BeKTOp B yIOBJeTBOpSET
JMCTIEDCUOHHOMY YDPaBHEHHIO

H

5 R — 1l (R, @) =0, (12.2.3)
l"jle , o
i o= EQEIGES =
9’2—(m+l gﬁot )2
- 5 . (12.2.4)
99'_(m+i e )(u) t-i gMOT)

Dro ypasHeHHe sABASeTC KYOMYeCKUM OTHOCHTeNbHO k%, M 1O-
9TOMY HMeercsi, BooGmie rosopsi, Tpu pewenns ¢ 2, =0. Kom-
MOHEHTH MOJIeR JUId 3THX DEIIEHWH XapaKTEePH3YIOTCa CAELYIO-
UIMMU COOTHOIUEHHSIMHU:

e=(0, 0, ¢). h=(hy b, 0), (12.2.5)
npuueM 7
LW (R @) __ lck
by =1 e =g M

Ky6uueckoe aucnepcuoHHoe ypasHenue (12.2.3) npespaiua-
eTca B ypaBHeHHE IIePBOrO NOPSAKA OTHOCHTENLHO K% B TOM
cnyyde, KOTLAd MOMHO He YYHTLIBATb MPOCTPAHCTBEHHOH LHcTep-
CUY MarHMTHO# BOCIPUMMYHBOCTH, T. €. 3aBUCHUMOCTH W (R, ©)
OoT BOJMHOBOTO BekTopa k. Buanm or deppomaruutHoro peso-
HaHca JJIS 3TOTO HEeOOXOLMMO, Kak BHIHO u3 dopMmyirn (12.2.4),
Bhnoarenne yciaosud ok P <& 1, a B6AM3H pe3oHaHCA — YCIO-

1
sust ok 2 < P20 (rocnenHee ycaoBue najee GyIeT yTOUHEHO).

Mp OyleM cHauajla MNpennonaraThb BLIMOJHEHHHIMH 3TH YCaAO-
puss. Torna ypasHenwe (12.2.3) Gyler uMeTb €NMHCTBEHHOE
peutenne

PR L (12.2.6)
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rie
h
O =
Vi)
(@) =1 (0, o).

[MoacraBasis 3TO 3HAYeHHe BOJHOBOrO BekTopa B (12.2.5),
3anMlIeM KOMIMOHEHTH IOJA, COOTBETCTBYIOLLHE BOJHOBOMY BeK-
TOpY Ry, B BHIE

2):(0’ 0, e(zz))’ h(?):(hf)’ h(?)’ 0),

npuyeM
(2) — ZQhE\?)v M
- ;W (0 ) L@
rue

f——p) SO

Beanunnn 6 u & umeioT npocToi ¢(usMueCKUH CMBICA: ecau
npene6peyb JMCCHIATHBHBIMU CJAaraeMbiMu B ¥;;(0), To & u &'
OyLyT onperensiTh TaAyOUHB NPOHUKHOBEHMS B (heppOMarHeTHK
BOJH C KOMIVIEKCHEIMH BOJHOBLIMM BEKTOpaMM k; u k, (mond
6yIyT 3aTyXaTh B MeTajlse 1O 3aKOHY e =¥ y e—y'é)‘

OGpaTum BHHMAHHWE Ha TO, Y4TO BelduWuyuHa &, ofpawiaercss npy

1
— =0 B 6GeCKOHEYHOCTb, €CJH YacTOTa ® NpUHUMAET 3HAYEeHHE:

= V00 = gy 1/( A;) +s)( Af) +ﬂ+4n).

rae Qo u Q) — suavenns Q n Q’ npu £ =0 (MB yuaH, 4TO
ecan none HE napaanenbHO NMOBEPXHOCTH NAACTHHKH, TO HY =

= HYf ) Dra uwacrora npejcrasaser co6ol yacToTy Qeppomar-
HUTHOTO pPe30HAaHCa TIACTHHKH, TNOBEPXHOCTb KOTOPOH mapan-
JenbHA OCH JleTkoro HamarHuuuBaHug (cum. dopmyay (10.2.7)).

Mu paccmoTpenn cayua#t, korja ochb Jerkoro HaMarHHYeHHUs
JeXUT B TUIOCKOCTH, OTpaHHuMBawouiet deppoMarseruk. AHano-
THYHO MOXHO DAacCMOTpPeTb CJyyaH, KOTAa OCb JETKOTO HaMarHH-
YeHHd M CTOPOHHee MarHHUTHOE NoJe HY HarnpasJeHbl NMepresiu-
KynsprO 3TOR mjockocTd. YpasHeuus (12.1.4) npunoGperaior

106




B 3TOM CJyyae BHI
h,=0,

(-,1,— ik262+u) byt inhy =0, (12.2.8)
—lu’hx—l—(%lk262+p.)hy=0

(ochb 2z TMpeamnoJaraeTcs 31ech HAaNpaBJeHHOH BLOJB BEKTOpa V).
Uckaouas u3 5TOH CHCTeMBl /7, W hy, NOJYYuM IHCHep-
CHOHHOE YypaBHEHHe [Ja OIpeneeHus R

(g0 4k D~k 0) =0,
an (12.2.9)
—:12—1'1?,262 = tn' (B 0)—pnk, o). :

KoMmoHeHTH 3JIeKTPOMATHHTHOTO TOJA ONPEeAesiorcs NMpU 3TOM
dopMynaMu

e=(e,, Ltie, 0), h=(h,, Lin, 0),

rge

ck
€y =T J5 lix (12.2.10)

M 3HAKW IVIIOC M MHHYC OepyTcs B COOTBETCTBHH C TeM, C KaKUM
anakom Gepercst W' B ypasuenun (12.2.9).

B ycaoBusix, KOrLa MOXKHO TpeHeOpeub NMPOCTPAHCTBEHHON
Iucnepcuedt BHICOKOYACTOTHOR MarHUTHON BOCIPHUMUYMBOCTH, KaXK-
noe 13 ypasHenuit (12.2.9) umeer no ozHomy peluennio. dtH
pelIeHUS HMCIOT BHI

kB, = 1;;‘ k=1 EL (12.2.11)
rie 5
=i
H

I
s (et )
’ gMyt

pyp = -
(o:tQ(l:t gMOT)

(12.2.12)

Bennuuamt 0, w 8. (xak u panee seamuunn 9, &) onpe-

1
- Aensor npu —- =0 rayOHHBI IIPOHMKHOBEHHMSA noJel e, n
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u e, A7), coorBercTByIOWMX BOMHOBHIM BeKTOpaM R, nk_.
STH ﬂoﬂﬂ HMEIWT (,flellylou_llfle KOMIIOHEHTHI.

e(*):(e&j‘)’ . (+) O) h(+) (h(+) l.ﬁfr+), O).

(=) ) - (=) p) (12.2.13)
e =, i, 0, A= 7, o)

pHueM e n hSY cpssanb Mexay coGOH COOTHOMICHHAMHU

ef:.):_ic(*-)h&j')' e&‘):ig(—)hfr—), (12214)

s —-(1—1)]/"’(‘;;“) .

Kak caenyer m3 ¢opmya (12.2.12) aaa p £ p’, peanuuna s

riue

200paiaercs npuTzo B 0eCKOHEYHOCTb, €CJIM 4acTOoTa MNepe-

MEHHOrO noJid npuHuMaeT 3Ha4eHHe

HY
r 0
(D()=Qo=gM0(ﬂ+ MO -43-[)

(Mbt yunn, uro ecan HY napammembno v, T0 HB”:HB’“’)——AIHMO).
Dra vuactota npeicTaBAseT coGOH UaCTOTY (eppOMarHUTHOTO
pesonanca TJIacTMHKHM, TOBEPXHOCTb KOTOPOH MepHeHiHKyaspHa

OCH JIEFKOTO HAMArHHYEHNs M CTOPOHHEMY MarHutHOMy mouio HY
(em. ¢opmyay (10.2.8)),

Buime Mbl chopMyaMpoBand YCJIOBHE mpeHeGpemeHHS Mpo-
CTPAHCTBEHHOH JAHMcrmepcHell BOMM3H De3OHaHcAa, T. €. NMPH O =7

1
~ VQOQO B BUJE HepaBeHCTBA ¢ | & |2 << . Y uuThIBad Teneps,

yTO BGJHSH pe3OHaHCa kNT VgMo'c » MOXHO TIepenucarh 310

HEPABEHCTBO B BHIE

1
agMO—CUT<<W. (12.2.15)

an BBIMOJIHEHUH TMOCJACAHEr0 HEpaBeHCTBA, HakKJaalblBamouero
1
OTpAaHHUYEHHUS HA BEJHWYHUHLHI 0 H - BO3MOXHO npeHeﬁpemeHHe

IPOCTPAHCTBEHHOH JHcHepcHelt B yCJOBUAX Pe30OHaHCa.

3. IlopepxHoCTHBI HMNEgaHC. YCTAHOBUB COOTHOIUEHUS
MemJy aMIJINTYLaMu MoJed BHYTPH (epPOMATHETHKA, MOXHO
cOopMYINPOBATh TPAHMYHBEIE YCJOBHSl /s OMNpeleJeHUs JeKTPO-
MarHUTHOTO TN0JA BHe - deppoMarHeTHka. Tak Kak Ha rpaHuue
¢eppoMarueTHKa HeNnpepHBHE TAHTeHUHMaJbHbIE COCTABJAIOLIME
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9/JEKTPHYECKOTO ¥ MAarHUTHOTO MmoJeR, a BHYTPH deppoMarHeTuka

STH COCTaBJSIOLMEe CBA3aHE JUHEHHLIMH OXHOPOIHBIMM COOTHO-
IICHUSIMH, TO HCKOMOE TPaHHYHOE YCJIOBHE LOJDKHO HMeTh BUA [13]

ey, =& (B, X V). (12.3.1)

rie €y, U hy — TaHTeHNMaJbHLIE COCTABJALINEG HOJel €y u
BHe (eppoMarHeTHka BOJAMSH ro TPAaHHIBl M § — HeKOTOPHIf
JBYMEPHHI TeH30p. JTOT TeH30p, HA3BIBaeMHH TEH3OPOM IO-
BEPXHOCTHOTO MMINEJaHCA, 3aBUCHT TOJBKO OT 4YacTOTHl MOJA H
KOHCTAHT, XapaKTepU3YIOWUX (eppoMarHeTHK.

Taxk kak BHyTpH (eppOMAarHeTHKAa 3JEKTPOMATHUTHEIC BOJHBI
pacnpoCTPaHMOTCA BROJAL HOpMamu (ecan 410 > ), 10 b, =
=d,=0. IlosTomMy BHe ¢eppomarHeTuxa, B6JH3U er0 IPaHHLH,
JLOJKHEl BBIMOJHATBCA TAaKXKe TPAHMYHBIE YCAOBHS

e, = hg, = 0. (12.3.2)

KoMmnoueHTr TeH30pa NOBEPXHOCTHOTO UMIelaHCca MOTYT ObITh
HafileHbl, ecJM 3aMEeTUTb, YTO BHYTPU (eppoMarHeTHKa BOJIM3H
€r0 TPaHHLBl MMEeT MECTO DPaBEHCTBO

e.=C(h, X V) (12.3.3)

W BOCNOJBb30BATLCA COOTHOLIEHHSIMH MEXIY KOMIOHEHTAMH 3JIeK-
TPOMAarHMTHOTO TOJAS €. M k., TOJYuYEHHEHIMH B TpPEIBLLYILEM
paszeie.

PaccmoTpum cnadana TOT cayua#, KOTIa OCb aHU3OTPONHU
M CTODOHHee MAarHMTHOE TI0Jie JeXaT B IJMOCKOCTH, OTDAaHHYHU-
Bawoilefi ¢eppomarHeTnk. Bribupas oCH KOOpDAMHAT TaK XKe, KaK
B A4HAJTOTHYHOM CJyude, Da3006DAHHOM B NpPelBIAyLIEM pasieie,
nepenumeM cooTHollenne (12.3.3) B Buie

Cp=—— Cxxhz + szhx'
e,=—— szhz + szhx'
0 ZD
T

IMoacrasasis B 3TH paBeHCTBa BMeCTO &y, KB, cHavana ey,

a MoTOM e(f), B, noayuusM, ucnoanayda (12.2.2), (12.2.7):

c.a\’.,\’=€1’ sz=g2' sz=czx=0.

Takum 06pa3oM, TeH30p MOBEPXHOCTHOIO HMMIELAHCA B paccMa=
TPUBAEMOM CJIyuae WUMeeT BHI:

. /4 O
€=(0 Q). (12.3.4)
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Onperenum Tet3op MOBePXHOCTHOrO HMINeENaHCa B TOM CJy-
yae, KOr1a OCb JIErKOrO HaMarHHYeHusl HaNpPaB/ieHa NepleHIuKY-
JASPHO K TOBEPXHOCTH eppoMarHeTHKa. BriGupas ocH koopauHar
TaK Ke, KaK M B aHAJOTHYHOM cJayuyae, pasoOpaHHOM B Ipejbi-
IyiieM paszene, mMepenultieM cooTHomeHnHe (12.3.3) B Buze

e,= gxxhy - gxyhx-
ey ="Cyhy —Lyyhy.

Toacrasassa ciona cuavana e't), k(H), a notom e, k), nonyunm,

ucnoabayd (12.2.13), (12.2.14), crenyoluyw cucreMy ypasHenu
JAs1 OnpeaeeHHs] KOMIIOHEHT TeH30Pa MOBEPXHOCTHOIO HMMNe1aHca:

i;xx—!_;xy:i;(-'—)' igyx “}_cyy :§(+).

i;xx—‘cxy::i;(-)v _i;)rx+;yy:;(-)'
OTKyna

Coe= Ly=5 (417,

Coy=—"Cy= é (C(H — C(_))-

Takum 06pasoM, TeH30D IMOBEPXHOCTHOTO WUMIENAHCA B TOM
cayyae, KOrla OCb JErkoro HaMarHWyeHWss M CTOPOHHEE MaTHUT-
HOe TloJie HampasJienbl MEPNEeHIHKYJAPHO ITOBEPXHOCTH Geppo-
MArHeTHKa, UMeeT BU]

1 - [ -
. 7€+ @ =19
i) deee)

4. TInOTHOCTh NMOTOKA SHEPTHH Hepe3 NOBEPXHOCTh (hep-
pOMarHeTHKa. C NOBEPXHOCTHHIM UMIIENAHCOM MOXHO CBfI3aThb
CpeiHee no BpPEMEHH 3HayeHve MJIOTHOCTU MOTOKa 9HEepPruu uepes
NOBEPXHOCTL MeTaJjana:

y= 'gcn— Re eg; (h;r X V).
3ameuasi, uTO

ko X v =(T7") et

NOJNYYHM

ﬁvz.gcﬁ Re eor (1) ege = fi Re (For X ¥) € (Box X v). (12.4.1)
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Ecnn TEH30p MNOBEPXHOCTHOTO MMIEJaHca [MAroHaleH, TO
9TH (OpPMYJAh NPHOGPETAIT BUE

— 2 2
o= Re(Fl o L E) = o Re o o P e
(12.4.2)

3apucumoctb motoka asueprun II, ot wacrotel @ npu Heus-
MeHHOH aMIAHTYle MATHUTHOTO MOJAA Ha MOBEPXHOCTH deppo-
MarHeTHKa onpejenseT (GOpMY JHHAM TMOIJIOLIEHUS 3JEKTpOMar-
HUTHOTO TMOJsi B (eppOMarHuTHOM MeTajie. ITa ¢opMa JHHHUH,
kak caenyer u3 (12.4.1), _
(baKTHUECKN ONpeLendeTca 3a- 7,
BHCHMOCTHIO KOMIOHEHT TeH-
30pa NOBEPXHOCTHOrO HMIe-
JIaHCA OT HacTOTHL

Kak Mbl BuIeau B mpe-
IBIAYILEM pa3iele, U3MEHeHHE

KOMIIOHEHT TeH30pa [ ¢ ua-
CTOTOH HUMeeT pPEe3OHaHCHBIM
XapaxkrTep, NDHYEM STH KOM- b -
NOHEHTHl AOCTUCAIOT MaKcH- @™ w
MyMa Iipd COBnaieHud 4acTo- Puc. 3.

TH ® C 4acToTO# deppomar-

HUTHOTO pe3oHanca o'"'; WHPMHA MuHEH PE30HAHCA MO HNOPAIKY
BeJHYMHEl PaBHa, O4EBUAHO, 1/T.Biaam oT pesoHaHca KOMIOHEHTHI

TeH30pa € seayr ce6s kak J ©. CxeMmaTuueck X0 3aBHCHMOCTH

Hv OT 4acTOTHl (MPH fy, = const) nokasaH Ha puc. 3.

5. TlpocTpancTBenHas JHCHEPCHs BHICOKOYACTOTHONH Mmar-
HHTHOH BOCIPHHMYHBOCTH M NOBEPXHOCTHHIA Hmneganc cdep-
POMAarHMTHHX METaJJOB. JlO0 cuX NOD Mbl HE YUMTHIBAJAH TIPO-
CTPAHCTBEHHON NUCNEPCHH MAarHMUTHOM BOCIPHUUMYMBOCTH (ep-
poMaruerika. Ilpu 3ToM IuMpuHa JMHMH epPOMArHUTHOTO
Pe30HaHCa, KaK MB BUIEIH, ONpPELenseTcs TOJAbKO peaaKCaluoH-
HOM TNOCTOAHHOR 1/T M He 3aBUCHT OT 3JEKTPONPOBOJIHOCTH
MeTanna ¢. [lokaxem Tefiepb, YTO Y4YeT MPOCTPAHCTBEHHOH nHC-

NepCuy TeH30Pa MarHUTHOH BOCMPHHUMUMBOCTYH ¥ (B, ®) NPUBOIUT
K JONOJHUTENbHOMY YVIUHPEHHI0 JHHHH (eppPOMArHMUTHOrO pe3o-
Hanca, 06YyCJOBJCHHOMY MpOBOAMMOCTbIO O {14, 15].

C aroft Uesbio MBI JOMKHB ONPENeIUTh KOMNOHEHTH TeH30pa
NMOBEPXHOCTHOTO MMNeiaHca BOJIM3H (epPOMATHMUTHOIO pe30HaHca
NpH HaJMyMH TNPOCTPAaHCTBeHHOW nucnepcuu. [as onperneneH-
HocTd OyZeM NpeanonaraTh, 4TO OCh JerKQro HaMarHHUYeHHS,
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napajafiebHa CTOPOHHEMY MATHHUTHOMY TOJIO, JEXHT B TUIO-
CKOCTH, OrpaHMYHBalOIleR (eppOMArHETHK.

B atoM cayuae, He3aBUCHMO OT NPELNOJNOXKEHUSI O XapaKTepe
NPOCTPAHCTBEHHON IUCMEPCHH, B (eppOMarHeTHKE MOXET CyIle-
CTBOBaTb Sﬂe}{TpOMaI‘HHTHOE noJe:

=2, 0,0, &"=(0, 0, £P).
COOTBETCTBYIOLLEE BOJIHOBOMY BEKTOpY

fy =11t 1+t

npHueM
1 1
e( ) J— Z.lh(z)-

PaccMoTpuM ypastenHe (12.2.3) ¥ uccnelyeM ero peuieHus

/
B6IM3M pesoHanca, T. €. MpH © ~ o, @“‘:VQOQO. Tpeano-
Jaras, yTo BG/IH3M Pe3OHAHCa BHIIOMHAETCS HePABEHCTBO o | k <& 1
(uro 6yzeT lajJee ONPABIAHO), TlepenulieM ypasHenue (12.2.3)
B Bule

L2 { 4ngMOQO

+ (Qo+ Q) gMOOLkQ} = 8mig MoQp.

KopHH 3TOro ypaBHeHHfi HMEIOT BHI

’
akz — __..2.15_30___
2,3 N~ -
(90 + Q'o) p(w)

+ '/l 25&96 ]2 ' 8mQ)0 (12.5.1)

+ - i — . .5.
L {2+ Q) 1 (@) (2 + 2) 8°

Tak kak —<<1 n B6aM3K pesoHanca | (L(®)|>>1, To BOIHO-

Bble BeKTOPH R, M R;, Kak W yTBepxa1ajloCh, YIOBJETBOPSHIOT

yCa0BHIO- @ | Ry 3 2 <& 1.
3aMeTuM, 4YTO eciM De/aKCauMOHHAs nocTosHHas 1/t jocra-

TOYHO BE€JIMKA, TaK 4TO

IR@) ™"~ @MD" > 5,

TO BLHIpaXEHUS LJS KODHeR Ry M R, 3HAYNTENBHO YMPOINAIOTCA:

N 4nQ)]

k% ~ 4mi -E)—g- p:((!)), k% - ——,0::-— ,
¢ o (2,4 Q) 1 (@)
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M Mbl BO3BpALlAEMCH K CJAyuYald, PACCMOTPEHHOMY B TMpEIblAyLIEM
pasaene (tak Kak |k3|>>>|ky|, TO mNoae, coOOTBeTCTBYIOllEE
BOJHOBOMY BeKTOPY R, IpPaKTHYeCKH He TNPOHHKaeT B (eppo-
MAarHETHK; I0ITOMY 3TO foJie He (QUIYPHPOBAJIO B MNpeablIylueM
paszene).

BoanoBbiM BekTOpam R, M R, COOTBETCTBYIOT PellleHHs ypaB-
HeHu#t Makcseana (12.2.5):

R =@, 1Y, 0), p2 =D, 12, 0),
rie
@ _ u (B2, ©) B2, B = u (ks 0) h®, 5.9
hy ———(k% ) =) (12.5.2)

3T pelleHus, O/JHAKO, HEMOCPEICTBEHHO He NMPEACTABASIOT cOOOH
MarHUTHBIX TMOJieH, MOryiuux cyuiecTBoBaTh B (peppoMarseTuke,
TaK KaK OHU He YIOBJAETBOPSIOT MPAHHUYHEIM YCAOBUSIM JJS MJAOT-
HOCTH MarHUTHOTO MoMeHTa. [locielHMe HOJMKHEL, OYEBUIHO,
YUYHTBIBAThCS, €CAH CYUIECTBEHHAa MNPOCTPAaHCTBEHHAsA AHCHepCHs
TeH30pa MarHUTHOH ROCHPHUMUMYMBOCTH (B 3TUX YCAOBUAX ypaBHe-
HUS ABHXKEHWS MarHWTHOI'O MOMEHTAa COXEPIKAT BTOpHIE TPOM3BOJ-
HBle MarHUTHOTO MOMEHTA TIO MPOCTPAHCTBEHHEIM KOOPAHHATAM).
I'panuuynble yciosusi, coraacuo (5.5.14), uMelor Bun

(m —d—) =0. (12.5.3)
ay

drux ycaosuit 1Ba, Tak kKak m,=0 (Mbl npeHebperaeM auc-
CUMNATUBHEIMM CJaraeMbIMH, H3MEHAIOUIHMHA BEJHYMHY INIOTHOCTH
MAarHUTHOTO MOMEHTa).

pannunbiM  ycaosuaMm  (12.5.3) yaoBaeTBOpseT pelleHHe
(12.2.2), coorBercTByIOlllee BOJAHOBOMY BeKTOpPY R, TaK KaK 1is
wero m =0, no ne ynosierpopsior pewenus (12.5.2), coor-
BEeTCTBYIOLLUE BOJHOBMM BeKTOpaMm R, u k.. Bouaee Toro, B cuny
OJHOPOJHOCTH TPAHUYHBIX YCJAOBHH HM, CTPOrO TOBOPS, Helb3d
YIOBAETBOPHTb H CYMEpPNO3UUMed 3STHX pelieHuH.

Ognnako BOJM3M pe3oHaHca rpaHHuHbie ycaosusa (12.5.3) He
ABJIAIOTCS He3aBMCHMBIMU M, KaK MBI IIOKaXeM, BLINOJIHeHHe OJHOTO
M3 HUX aBTOMATHYECKH BJeuyeT 3a COOOH BHIMOJHEHHEe APYTOro.

HeHcTeuTenbHo, Tak Kak m::){(k, o)k, 10 B cuay (12.5.2)
HMeeM

mfr])— “’«(k/’ w) — 1} h,
o __ LW (ko) () .
W =— o e j=2,3. (12.5.4)
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[ToaTomy
2
m) Wk )= (R 0)— (k) @)
m(y]) P'I (kjv )

Ho BG6ausn pe3oHanica, Koraa o~ o VQOQO, MOXHO CUH-
Tath, uro W' (k; 0)=p (0, o) u u(k ®)==0 (HanoMHuM,
uto a| k; [P < 1) Takum 06pasoM, Ipn © o

"y

_X_N in/ (r)
— ~ —iu (0, o''),
0 no( )

T. €. OTHOlIeHHe m&,f)/m(yf) He 3aBUCHT OT THMA PEUIeHHS.

Crenyer 3aMeTHTh, YTO NIPH CTPOrOM DeEUIEHHM 3ai1aud IHC-
nepcuoHHoe ypasHenue (12.2.3) mmeer He 1Ba, a TPU KOPHA M
C TNOMOWbIO ToJeH, COOTBETCTBYIOLUMX 3THM pelleHWsM, BCeraa
MOXHO YIOBJETBOPHTb I'DAHHUYHBIM ycaoBHaM (12.5.3).

@ @

Haitzem renepn cynepnosmumio noeit A9, e® n p®, ¢®
yAOBJETBOPSIOILYI0O IPaHHYHBIM ycaoBusaM (12.5. 3) B6J1U3H Pe3o-
HaHCca.

Ucnonbayst nepeywo ua dopmyn (12.5.4) u yuurwisas, 4ro

|ﬁ(kj, )| >>>1, nMeem
1 ~ ~ .
me=m$ 4 ml) = {u (ks ©) KD+ w (ko 0) AT}

[TostoMy rpauuunoe ycjaosue (12.5.3) umeer B
(1 — tkod) 1 (R, ©) S - (1 — thad) p(ks, ©) 1S ], o =
252

~ Ny
euas, uTo i = — {———, NoJayuu
3ameua w(k; ©) I g > oayuun

(1 — thad) k3hD + (1 — iksd) k3D | o = 0,
OTKYZA BHITEKAET COOTHOUIEHHE MEXIY aMILIUTYIaMM MoJeH

B 1—ikd
2 T e

B —=
* B 11— ik

CaenosarenvHo, coraacuo (12.5.2),

’ 2 .
h(2) u (ko @) 40 O B (ks ) _l_zi 1 — ikod

, KD, (12.5.5
e Y W(ky ©) K2 1—ikyd ( )
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Taxum 06pasom, uckomas cynepnouuns nonett k= A® 1 p®.

e’=e‘2)+ e?, YIOBJETBOPAIOIAs] TPAaHMYHHIM YCJIOBHAM NId
MOMeHTa, UMeeT BHI

B = ny, 0), € =(0,0, ;)

rie )
o _(1 _fz__‘;"k_ﬁd_> o
= 5 A X

ky 1—ikyd

I I4 2 .
u (kg © wo(ky, ® k5 1—ik,d
h, —_z( Fp ) ¥ (5 )——é 2 )hﬁ?’, (12.5.6)
U (kg o) (kg @) ky 1—ikyd

eZ::———— — X -

;e [ B 1_—ik2d) @
2T Ry T—ikyd

Hatinst moas, Morymme cyilecTBosath BHYTPH deppomarHe-
THKA, JIETKO ONpeleJHTb KOMMOHEHTHl TeH30Pa MOBEPXHOCTHOTO
umnenaHca BOIM3M pe3oHaHca. Bocmosbayemes 14 aToro ypasHe-
HUAMH

e, =—=— gx.vhz + gxzhx'
€= — gthz + gzzhx'
1 1
TMoxcrasass B uux h=h", e =", Oy YUM
Cee=0Cn CL,=0. (12.5.7)

Toacrarass natee A=—~h’, e=—=e’, nalizem

N
Bk B gy -+ (g )

ic
sz = Zno

. L, =0. (12.5.8)

[Tocaeantono GopMyay yaoGHO meperHcath B BUIE

Lx=01—1 1/“’5,5;") ' (12.5.9)

e p(®) — HekoTopas GYHKIMS OT YaCTOTHI, KoTopas Moxer OBITh
omnpereneHa ¢ nomouwsio dopmya (12.5.1).

Tpusenem QopMyasl M 1u(®) B ABYX NpelesbHHX CAyuanx
|k;d | << 1 u|kid|>1[16]:
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npu | k;d | L1

- dng M,
B(@)=— — v (12:5.10)
2,25+ 2 (Ae")* — 0° — iw o (?—{—?,—)
npu | k;d |>>1
- 4ng M, Q)
U'(CO):: P 2 . ) e P 1 1 1 +
0,05+ (W™ — " — io (9 + ) 231 (?‘*’7)
i 4mg M, Q) (Ac\)?
+(1‘—l) 7 (e 9 .00 ; 1 1 1 7!
[QOQO—{"(A(D ) —o* — i (QO—{—QO) FZuR (—T——{—TC,—)]
(12.5.11)
rae

Vo (g M,)*
—=~2Vn
5 Vo, (2+9)

(Mo ~ 2 _VBE gMy V aQg (Qo+ Q).

9TH GOopMyaB HOKA3HBAIOT, YTO YYeT HPOCTPAHCTBEHHOH AHCMEp-
CHMHM MarHMTHOM nNPOHHLAEMOCTH H CKHH-3¢h(deKTa 3KBHBAIECHTCH
YBEJIHUCHHI) peJIaKCallHOHHOH TMOCTOSIHHOM Ha BeJHYHHY no-

paika [14]:
V o a
~ gM, 1/%;4 -5 &M,

§ 13. NMapameTpuueckoe BO3GYXKAEHHE CIHHOBHLIX BOJH

1. YpasHeHusa napameTpuueckoro ¢eppoMarHuTHOro peso-
HaHca. IIpu m3yueHuu oaHOPOIHOTO (hePPOMArHHTHOTO Pe3OHAHCA
Mbl HUCXOLHWJIH H3 JHHEAPHU3OBAHHOTO ypaBHeHHH JIBHKEHHUA NJAOT-
HOCTH M'aFHPlTHOFO MOMEHTAa W NPHILIH HOSTOMy K 3aKJWYeHHIO,
UTO NnepeMeHHOe OLHOPOJIHOE MArHUTHOE MoJe BOSﬁY)KILaeT TOJBKO
OJHOPOIHble KOJe6GaHusl MAOTHOCTH MarHHTHOrO MoMeHTa. B neft-
CTBUTEJBHOCTH B CHUAY HeJHHeHHOCTH YPpaBHE€HHUS IABHXKECHHUSA NJIOT-
HOCTH MArHHTHOTO MOMEHTa OJHOPOIHLIE koneGaHusa CcBf3aHbl
C HEOAHOPOIHBIMH KOJIeﬁaHl/lﬂMI/l, ik ﬂOSTOMy O,ZLHOpOILHOe nepe-
MEHHO€ MAarHuTHO€ 1O0Je MOXKeT BOBﬁy)KILaTb KdK OILHOpOIHBbIE,
TaK W HEOJHODOIHBbIE KoJeb6aHus NJAOTHOCTH MarHHTHOTO MOMEHTA.
Aro B03OyxIEHHE HOCHT XapaKTep HapaMeTPHYECKOro pe30HaHCa
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¥ MOXer ObITb H83BAHO NMapaMeTpHHecKuM Bo3OYAAeHHEM CIHHO-
BhHIX BOJH [17, 18].

[pH paccMOTpeHHN NapaMeTPHUECKOr0 BO36YKAEHHA CIIMHOB bIX
BOJH [IJ5i OMNpejieleHHOCTH OyIeM CYHTaTh, YTO (eppOMarHETHK
MMeeT GOPMY 3JUIMICOMLA BPALIEHUS, BIOJb OCH BpPAlIEHHs KOTO-
pOro HampaBJieHbl BeKTOPbI HE u M, (Mbl BEIOEpEM €€ 33 OCb 2
KOOPAMHATHON CHCTeMbI).

YT1o6b! YCTAHOBUTb CBA3b MEMAY OXHOPOIHLIMM H HEOIHO-
POLHHIMY KOJeOaHHAMM TOTHOCTH MAarHMUTHOTO MOMeHTa, GyneM
HCXOZUTb U3 YPABHEHWH ABHMKEHHS IJA UUPKYJIAPHHX KOMIOHEHT
m. ==m, & im, OTKJIOHEHUS TJIOTHOCTH MArHUTHOTO MOMEHTAa OT
P4BHOBECHOTO 3Hauenus m =M — M,,

my==ig(M,H, —H,m.) (13.1.1)
rie N R
H. =H, * iHy, M2=Mo—|——mz.

2 2
Tak kak M" = M;, 10

m, —=— — — —

=gt

Ias mpocrothl Mbl He 6yleM YUHTHIBATH SHEPrHH MArHHTHOR
aHU3OTPONUK, T. €. OyNeM CUMTaTh, YTO 3¢eKTHBHOE MATHUTHOE
rloJie MMeeT BHI

H=aAm + b+ HP,

riue h—nepemeHHaﬂ COoCTaBpaAK0mMAaa MarHUTHOTO MOJA B (peppo-

martetuke W HY = HY — 4nN3gMy (N3 — pasmarHuunBaoiuit
Ko3(dUUMeHT BILOJb OCH 2). TakuM ob6pasow,

H:t =0.Amt—-|——hi. ﬁz =aAmz+hz+H8i).

IepeitieM K NPOCTPAHCTBEHHBLIM KOMIOHeHTaM Pypbe OTKJIO-
HeHH TJIOTHOCTH MOMEHTa OT PaBHOBECHOIO 3HAYeHHA

m(r, t):Em(k)gikr, m(k):-%—J‘m(r’ t)B"”"dr
k

¥ YCTaHOBHM YypaBHEHHS JJaf KomrnoHeHT Pypbe m (k) (Mbl He
OTMeuaeM B uucJe aprymeHTOB #2(R) Bpemenu). Ilpu stom cne-
JAyeT MMeTb B BHAY, YTO CIMHOBEIE BOJIHEI COOTBETCTBYIOT Mar-
HUTOCTATUUYECKOMY TpPUOMMNKEHHIO, T. e. noae k(r, t) yioB-
JleTBOpsieT ypaBHEHUAM MarHutoctaTukd. OTCl04a ciaelyeT, 4YTO
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koMmnoHenTs $ypbe noas A (k) ceg3aHn ¢ m (k) COOTHOWIEHHAMH

_ Ank (km (k) P
py—) T B +90,
B t) — 4nNm (0), k=0,

rie A® () — cTopoHHee TiepeMeHHOE NOJAE, KOTOpoe MH Gyiem
NpeAnoJaraTb OpPHeHTHPOBAHHBIM NeprneHIHKyAspHo M, H usMe-
HSAIOUIMMCS 11O 3aKOHY

B — _;. (hoe ™" 4+ he'™), hoMy—=0.  (13.1.2)

3anuiueM npexjie BCEro ypaBHEHUS JBMIKEHHS AN KOMIOHEHT
m, (k) npu k=0. Tak Kak OIHODOZHBle KoJecOaHus BO30Y-
KIAI0TC CTOPOHHMM I0JIEM M CB#I3b MEeXAY OAHOPOLHBIMH H
HEOIHOPOAHBIMM KoseGaHUsIMH B O6IIeM HeBesHKa, TO eCTeCTBEHHO
HCXOLUTh 151 My (0) U3 TMHEAPU3OBAHHOTO yPABHEHHS JBUIKEHHS,
KOTOpO€e KaK Jerko yGeluTbcs, MMeeT BHA

m. (0)= £ ig Moh? 7 10" m.. (0), (13.1.3)
HE) '
rie o = gM, - F 4N, | —uactota omsoporHoro deppo-
1}

MaTHHTHOTO Pe30HaHca B paccMaTpuBaeMoM cayuyae (N;— pas-

MATHHYMBAIOLIHA MHOXHTEIb, COOTBETCTBYIOLULHH OCAM X H ).
3anuumeM ypaBHeHus JABwxeuuss Ana m.(R) nupu k=0,
Tak xak HeoaHOpOLHble KoJeOaHus BO30YXKJIAIOTCA He Henocpen-
CTBeHHO, a O6aarojpaps cBS3H C OLHOPOAHBLIMH KOJeOaHUAMH, TO

B ypaBHeHMSIX IBHxeHHS 1aA m, () MB JLO/KHBl Yiepxarb

He TOJbKO JauHeHHble no m_ (k) yjeHbl, HO H OUINHelHBle YjeHH
tHOB My (0) m. (k). Jlerko yGenuTbcs, YTO ypaBHeHHs [BUxMe-
HHSl C y4eTOM TaKHX 4YJEHOB HMeIOT BHI

m. (k)=—iAgm, (k) — iBem_ (k) + F. (k),

m_ (k) =iAzm_ (k)4-iBym, (k)4 F_(k), (13.1.4)
rie ‘

2
k_’;::— , Bp=2mgM, %—,
H
Q=—gM, (ak2 -+ —Mé;-) ,
F. (k)= £ 2mig 22 (m, ©) m_ (B)+m_(O) m. (&) ks +
~+ m (0) (kym_ (B)—+ k_m ())}.

Ap =Q+ QJTgMO
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Tak Kax BemuunHel m. (0) omnpenensioTcs ypaBHEHHEM,
B KOTOpOe He BXOIAT BeJHYHHB my (R) ¢ kB0, To ypaBHe-
Hus (13.1.4) nas m. (k) npenctaBasior coOolt cucTeMy JHHEHHBIX
nuddepeHUHaNLHEIX YPABHEHUH MEPBOro MOPHIKA C NepeMeHHBIMH
ko3¢ duuueHTaMu (NpONOPUHOHAABHHMH m 4 (0)).

2. UHKpeMeHT HapacTaHusA aMIIAHTYX HEOZHOPOAHBIX KO-
Jebanuii MarHUTHOTO MomeHTa. Jaa panbHefiulero uccaenoBa-
HUA cucteMu ypasHenu#t (13.1.4) ynoGuo nepefith or nepemen-
HHX 7 (kR), m_ (k) x HODMaJbHBIM KOODIMHATaM C,, c*

-k:
* R
m, (Ry==u,c, v, ,

m_(R)=uyc" ,+v,c,,

]/Ak+°) (k) __ B; ]/W
e = Yo, (k) ° CF T T B Tos (B)

o, (R)=V AZ—[ B,

Torna ypaBHeHHe AJs Cp OyLeT MMeTb BUI

¢, =—io (k) c, +uF (k)— v,F_(R), (13.2.1)

roe
F, (k) —0F_ (k) =4mig S { (k u, -+ k_v}) X
X (g, (O vym_ () ¢, +[(k, v, - k_u,) X
X (gm, (O)+Tym_ (0) — (k_m (0) —k m_ (0))} ck}.

Ha#tzeM Bxonsmue cwoaa seauyudsl m, (0). Hrobul He no-
Ayuuth GeckOHeuHHX 3uaueHutt m. (0) npn pesoHaHce, Mul
LOMMHEI, OYEBMAHO, BBECTM B ypaBHeHus asmxenus (13.1.3)
aaa m. (0) 3aryxaHHe CNKHOBBEIX BOJIH, T. €. 3aMEHHTb UX ypaB-
HEHHSAMH

M (0)= T 10" T iyDym, (0) £ igMr, (13.2.2)

rae Y — xo3¢uunenT 3aTyXxaHus TpH pe3oHaHce. Peurenue
9TOr'0 YpaBHeHMs HMeeT BUI

1 ke ot h3+elmt
m, (0)=—2~gM0{ o — o — iy + o o — iy }
¢ (13.2.3)
m_(0)y= +
-0)=5gM, o — @ 4 iy + o) 4 o4 iy
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Ocraerca NOACTaBUTHL 5TH BHpawenus B (13.2.1) u peuwurs no-
JyueHHEe JHHeHHblE YyPaBHEHHA C TMepPeMEHHBIMH KO3gdHUHeH-
TaMH. Y10OHO MOJOXHUTb C 3TOH Le/bIo

- t
Co(t)=xp(t) - e s ®E
Mu nmosyyuM TOTIA 148 X, ypaBHeHHEe BUAa
. _ - 2 _ —_
xk=x*_k(ake imt+aketmt)e tms(k)t+xk(ﬁke icot+ ﬁkelmt)'

rne g, G, Be, Pe — HEKOTOpHE KOHCTAHTHI, 3aBHCALIHE OT R U

NpoNopUHOHAILHBIE AMIIIUTY 1€ CTOPOHHETO MArHHTHOTO moas A9,
Mpl paccMoTpuM nanee nauboJiee MHTepeCHBIHl c/yuall, Koria
o =~ 2m0,(k). B 3TOM cayuae B nocieaneM YpPaBHEHHH MOXKHO
COXPaHUTb TOJbKO OLHO cJjaraeMoe, TPOTOPLHOHAILHOE O,
: —i (@~ Rt *
Xp—Ope i (@ Qms( )) Xop

rie, kak Jjerko suaers u3 (13.2.1), (13.2.3),

k
ak:Q:rrig—k% (k, u,+ k_fub)gMo 4
hi u, ‘ hg v,

X{ u)(’)—u)—iy(’) L u)(’)—l—u)—l—iy(r)

}. (13.2:4)

*
fIcHo, uyro BeauuuHa X _p YIOBJIETBOPHAECT YPaBHEHHIO
J%ik ake’ (m-?co (k)) t

HCIOJIb3YA KOTOPOE MOJYYUM OKOHUYATEJbHO C/EAYIOLlEe YypaBHE-
HHE AJA ONpeIe/JICHHUA Xp:

Xp—+ 1@ — 20,(R) Xp — | g Pxp=0.  (13.2.5)
Peurenne 3TOro ypasHeHHs HMeeT BHIL

- xp (8) = xPet+ 4 xPet-1, (13.2.6)

e =— (2 —0,@) £ ) TaF—(3 — 0,@)]

n x), %@ — npOoM3BONBHEIE NMOCTOSHHbIE.
MB! BHAHM, YTO ec/H BLUIONHAETCS HEpaBeHCTBO

|ox| > |5 — 0, ®)].

raie
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TO BeqMuuHa A, OyleT HMeTb NOJOXKUTEJbHYIO BelleCTBEHHYO
4acThb:

Rex+_=_n,,(co)=]/|a,, |2—(§—cos(k))2, (13.2.7)

T. e. aMmauryza kose6GaHu#f OyleT SKCIOHEHUHAILHO HapacTaTh
CO BpEMEHeM C WHKPEMEHTOM T (©).

ITOoT BHIBOA OCHOBAH Ha NPENNOJOXKEHHH, YTO CIHHOBHIE
BOJIHBI He 33aTyxawT, Ecanm yudThiBAaTL MX 3aTyXaHWe, TO Hapa-
cranue KoJeGaHu#t OyleT MMETb MECTO TOJbKO B TOM CJAyuae,
€CJIM MHKPEMEHT HapacTaHHs T (®) NMPeBOCXOAHT AEKPEMEHT 3a-
TYXaHHS CIIHHOBEIX BOJH Y, (k)

Np (©) > Vs (R),

HJIN

| o |2>(-°23—ws(k))2—|—v§(k). (13.2.8)

EcTecTBEHHO, YTO SKCNOHECHUHAJbHBIH POCT aMIJIHTYL CIH-
HOBBIX BOJH He OyleT nposOMkKaTbCs OECKOHEYHO NOJAFO, TaK
KaK NMpH 10CTATOYHO GOJBIIMX aMIVINTY1aX HAYHYT Urpath pOJb
He yuTeHHble HaMH B ypaBHeHusax (13.1.4) Henunefinrie addexTH,
KOTOpHlE B KOHEUHOM CcueTe MPHBEAYT K HEKOTOPOMY CTalluo-
HAPHOMY pexuMy, KOTOpbiff OyLeT xapakTepu3OoBaThCs ONpere-
JEHHBIMH AMIUIMTYIaMH Kak OIHOPOAHHIX, TaK M HEOIHOPOLHBIX
KoJMeOaHN) IMJIOTHOCTH MarHUTHOFO MoMeHTa. Mbl He OyleM 3iech
pewatbh 3TOH HeJqMHeHHOW 3amayM, pelleHHE KOTOPOR 1aHO B pa-
6orte [17], a orpaHnuuMCs JHUIIb PaCCMOTPEHHEM HayalbHOR CTa-
IWM, KOTIa MPOUCXOIUT IKCNMOHEHUHMAJbHOE HapacTaHHe aMILIu-
Tyan KoaebGanut Ap no 3axouy

Ap = Ap (0) eM= Vs B) £,

Hs Buipaxenns (13.2.4) ciaeiyer, 4TO HHKpPeMEHT HapacTa-
HHS AMILUIMTYALI CNMMHOBOH BOJHBI Mg () OyAeT 0COOGeHHO BeJHK,
€CJH 4acTOTa CTOPOHHEro 10Jd ® OJH3Ka K yacTote deppomar-

HUTHOTO pesonanca o). B stom ciyuae

o (k) [
Mo V(e — 0P 472

Iak | =
rie
o (k) =2m(g Mo 2 | u, (b, u, + k_})|,
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u ycaosne (13.2.6) nprHoGperaer BHA

[ £ | > e
Y G- riw]
{07 — ) +y7 | 5 — o5 (k) ) v ()

he= o (k)

(13.2.9)

Mupl BUIHM, 4TO BO36YXIeHHe OLHOPOIHBLIM IOJEM HEONHO-
POAHBIX KoJeGaHu#t OyleT NPOHUCXOAHTb B TOM CJydae, ecjH
aMILIMTY4a CTOPOHHEro MepPeMEeHHOr0 MAarHWUTHOTO [MO0Js NpeBo-
CXOIHT HEKOTOpPOE MHMHUMAJbHOE KPHUTHYECKOE 3HaueHue A,
B ycaoBusix pesoHaHca, Koria

o =o") =20, (k),
KPHTUYECKOR Tofe onpenenserca Gopmynoh
Vs (k) ¥7
h,—=- M,
¢ o (k) 0
[To mopaaky BeanUMHLI

By y»
h _M YS(
0 gMo M,

(r) - -
Cuuras Yk YD 10 !, noayunm h,~ 1072M, ~ 10 zc.

&M, &M, ;
IToacTaBass B yciosus pesonanca o) = 2w, (k)
H )
(N — oM ( 0
(O] - )
g 0 Mo

o (k)=

i) (i)
=gM, v/( k2 —1- -H;fzmsm«ﬁk)( k2+f_+|3)

MOJAYYUM CJAERYIOllee BHIPAXEHHE LIS BelHYHHbl BOJNHOBOTO BeK-
TOpa MmapaMeTpUdecKH BO30ymaaeMOH CNMHHOBOH BOJHBHI:

(

’ , 1 (HY g
ak? = (2nsinQﬁk)2+T(—M—+ﬁ+4nN1) —
] Hg)i)
M,

— 2msin? &), —
Orciona cienyer, 4To LJs NapaMeTPHYECKOTO BO3GYKIEHHS CIIH-
HOBBIX BOJIH LO/MKHO BBINOJAHATLCA YCAOBUE '
HY - pMy < 4aN M, (13.2.10)
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(HanoMHuM, YTO YC/IOBMEM OJHOPOJHOTO HAaMarHH4YeHHs 9JITHN-
COMIa fBJISETCH HEepaBeHCTBO H&"+ﬁMOEH%’—4nN3MO+
~+pMy;>0.) Mu BuguM, uro Haiuyue OGOJbIMION KOHCTAHTHI
MATHUTHOH aHM30TPONHM MNPEnsITCTBYeT BO3MOXHOCTH HapaMeTpH-
yeCkoro BO30YXIeHHS HEOJHOPOJHHX KoJeOaHuH MIOTHOCTH
MarHUTHOTO MOMEHT4.

3aMeTuM, 4TO ecJH HB”—|—[3M0 6ausko k 4N, M,, To BO3-
6yIaeMble CIIMHOBLIE BOJIHBI PacipOCTPAHAIOTCH B Y3KOM KOHYCE,
OCb KOTOPOTO HanpaBleHa BIOJb BeKropa M, mnpuueM yroa
pacTBOpa STOTO KOHyCa paseH

/ 4N, My— H — pM,
4nM, )

ﬁ:zl (13.2.11)

Mul paccMoTpenn TapaMeTpuueckoe BO30GYKIEHHe CIMHOBBIX
1
BOJH C 44aCcTOTOH ms(k)z——?m(”. Ho BosmoxHO Takxke napa-

MeTpuyeckoe BO3GY:KIeHUe OLHOPOIHBIM MACHUTHEIM NOJeM Heol-
HOPOAHHX KOJAeGaHUR MarHUTHOrO MOMEHTA C Y4acTOTaMH @, (k)=

n
— gm(’), Tle 7 ¥ M — NPOU3BOJbHEIE LeJble YHCA.

B 4aCTHOCTH, BO3MOXHO NMapaMeTPHYeCKOe BO3OYKIeHUE CNHU-
HOBLIX BOJIH C 4dacTOTOH (os(k)zco(”. Hns Toro uroGul HafiTH
MHKDEMEHT HapacTaHus AaMIWIUTYAbl TaKuX BOJH, HeoOXOAUMO
B YpaBHeHHH IBHXCHUA MAarHHTHOIO MoMeHTa mpu R =+ 0 coxpa-
HUTb uiaeHbl THnos m (B) m? (0).

Mu He 6GyneM nNpUBOAMTH 3feCb TNOAPOGHbLIE BHLIYHC/ICHHS,
a npuBeieM JHIIb OKOHYaTeJbHOe BLIPAXCHHE IS HHKpEeMeHTa
HApACTaHUs AMILIMUTYIL KOJeGaHuH, MNPeanonarad, YTO YacTOTH

w,(k), ©) 1 © 6aM3KH IPYT K APYTY:

1, @)= V[0, [ — (0 —o,®)

rie
a | = g [*e” (@)
. I lz‘ - M% {(m(r)"‘“’)2+v('y} ,
’ 1 3 2 2 kz
0’ (k) =5 (§ My)" up \@k" 47 — 4aN,].

AMOnuTyna CNMHOBHIX BOJH OyleT HapacTaTb CO BPeMeHeM, eCJu
My, (®) NPEBOCXOIUT LEKPEMEHT 3aTyXaHHs CIHHOBLIX BOJH Y, (R):

M, (@) > ¥y, (R).
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310 yCA0BHE MOXHO 3anucathb B BHIE

|hs | > hes
rie
4

1 1 r r 1
Ho= S (0— 0, (BPH R W) (0 — 0 P GO
(13.2.12)

B yCJIOBHAX pe€30HaHCa, KOoria
o =0 = o, (k),
KPHTHYECKOe 3HaueHHe MOJSA onpejensiercs Gopmyoi
1
p E@N
=T M
¢ Vo (B
Nno NnOpaAILKYy BEJIHYHHDBI

’ EY\ y(D
th(Mﬁ .
¢ 0 gM, gM,

4
Mu BuauM, uro i, > A,

U3z ycaoBus pesonadca o ==, (k) Jerko MOJYYHTb Bhpa-
eHHe JJSi BeJUYMHBLl BOJHOBOT'O BEKTODAa NapaMeTPHYECKH BO3-
O6y#1aeMOll CIHHOBOH# BOJIHBL:

(D)
Hy

2
ok == i

—f —2mxsin? O, +

(7)

+ ]// (2 sin? ﬁk)2+<1;30 +B+ 4nN1>2.

4
Orcona cireayer, UYTO He3aBUCHMO OT BEJHUHMHBI H(S)—H?)MO
BO3MOMXKHO BO30y}IeHWe CMUHOBLIX BOJH B HHTepBajge YIJ/OB

sin? &, < 2N,.

Ecau xe MB XoTuM, uToOGH CNMHOBHE BOJHbLI BO3GYXIAJHCh
B MHTepBaie yriaos sin’®, > 2N;, TO LOJKHO BBHINOJHATLCS
yCcJa0BHe
. (i) 2
Hy 1p< 4n Ny
M, sin2 &y — 2N *

Mbl paccMoTpenn mapaMeTpuuecKOe BO3OYMKIeHHe HeoIHO-
POIHBIX KOJeOAHUH MIOTHOCTM MAarHUTHOTO MOMEHTAa B TOM CIy-

yae, koraa h'® mepnennuxyaspuo M,. HO napamerpuueckoe BO3-
OyxleHne KoJeGaHHH MIOTHOCTH MATHHTHOTO MOMEHTa BO3MOMKHO
U mnpu i napaaaesbo M,. Mbl, 01HAKO, He 6yleM 3lech pac-
cMaTpuBaTh 3TOT cayuad (cM. [19]).
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ITapaMerpuueckoe BO3OYm/IeHHe CIHHOBHIX BOJIH BO3MOXHO
He TOJBKO ¢ MOMOIUbI0 MEPEMEHHOTO MArHUTHOTO MOJfA, HO H
¢ noMouiblo 3Byka. Takoe B030yiieHHe OBIO HCCJIEIOBAHO
B [20].

§ 14. KorepeHTHoe ycCHJeHHE COHHOBBIX BOJH NOTOKOM
3apAMEeHHBIX YaCTHI

1. Ycaopusa pesonanca. Ecan nepes deppoMarHeTvk ABHU-
HETCH 3apsiKeHHas YacTHLA € AOCTaTOYHO O0JbLIOH CKOPOCTHIO,
To oHa Oyner BO30Yy:KI4aTh B HeM KaK COGCTBEHHO 3JeKTpoMar-
HHTHBIE, T4K U CIUHOBBE BOJHBL. IS 9TOro HeOGXOINMO JIHIUL,
yTo6Hl (pa3oBas CKOPOCTb BOJHEI COBMAAajNa C NpoeKLHed CKoO-
pPOCTH YacTHLBl P HA HanpasJieHHe BOJHOBOro BekTopa. VHbiMu
CIOBAMH, [OJ/KHO BHIOJHATBCA YC/JIOBHE pe3OHaHca

PR =0 (R),

rae o (k) — yacToTa BOJHBI C BOJIHOBHIM BEKTOpPOM K.

310 sBJeHUe (YepEHKOBCKOE H3JIYYEHHE) MOXeT GLITh UCIO/b=
30BAHO J[IJSl YCHJIEHUA CNHHOBHIX BOJH IYYKOM 3apsiKEeHHBIX
YyacTHU, HAMpHMep 3JeKTPOHOB, MNPOXOAAIUX uyeped deppomar-
Heruk [21]. Ilpu 3TOM nyyox uyactuu Oyrer Haubojee HHTEH-
CHBHO BO36Y¥/1aTh T€ CIHHOBLIE BOJHEI, [Jf KOTOPHX BBINOJ-
HseTCsl YC/IOBHUE

o, (R) = kv, (14.1.1)

rie ¥y— CKOPOCTb My4Ka.

KosdduuueHr ycuneHus, TOYHee FOBOpS, HHKPeMeHT Hapa-
CTAHUA aMIUIMTYIB CIHHOBBIX BOJIH, CYLIECTBEHHO B3aBUCHT OT
CTeNMeHH MOHO3HEpreTMYHOCTH dacTuu B nyuke. Ecam pasbpoc
yacTUll MO CKOPOCTAM He Mal, TO HHKDeMeHT Hapacrtauus Gyner
NponoplUHUoHaleH NMJIOTHOCTH YacTHL A, B ciayuae e OOJMbIIOH
MOHO3HEPTeTHYHOCTH NyuYKa HWHKPEMEHT MOXKeT ObiTb NPOMOpIHO-
HaneH ns (NPeANoOaraeTcs, YTO MJOTHOCTh YAaCTHIL LOCTATOYHO

Mmana).

BoabyxneHne COHMHOBHIX BOJH NYYKOM 3apsSIKEHHBIX YACTHL,
NPOXOJAIUX Yepe3d (ieDPOMarHeTHK, AaHAJOFHYHO BO3GYXIEHUIO
IJIa3MEHHBX KoJeGaHHH My4yKOM 3apsKeHHBIX YacTHL, NMPOXOAs-
LIUX Yepe3 IJ1asMy, MpUyeM B oboux ciaydyasaX 3aBUCHMOCTb HH-
KpeMeHTd HapacTaHus aMIJIUTYAbl KoJeGaHuH OT IJIOTHOCTH
YacTULl B MyyKe OJHHAKOBA.

Hapsany c¢ BosfyxieHHEM CIHHOBBIX BOJIH INPU BHINOJHEHHH
ycaoBug @, (k)= RVg. KOTOPOE MOXHO Ha3BaTb YePEeHKOBCKHM
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BO36YXKICHHEM, BO3MOXHO elle, Tak Xe Kak W B MiasMe, Haxo-
Islleftcs B MOCTOSHHOM MarHWTHOM MoJie, BO36GYXJeHHe CNHHO-
BHIX BOJIH NPH BHIMOJHEHHH ycaoBuft [22]

0, (B) = ko) 4+ log, (14.1.2)

rIe o ———lﬁi—li"———uuknmo B,— ma-

B="s POHHAsA yacToTa 9JekTpoHa (B,—wma

FHATHAA MHAYKUHA B (eppoMarHetuke) u l= £ 1, £2, ..,

310 BO3OyxJaeHHe npu /= —1, — 2, ... Ha3blBaeTcs LMKJIO-
TPOHHBIM.

2. MHKpemeHT HapacTaHHA aMNJHTYA CHHHOBBIX BOJIH.
Mpl paccmoTpuM 3IeCh NpocTeHlIylo 3alavy © NPOXOMIAECHHH
CKOMIIEHCHPOBAHHOIO IUIA3MEHHOTO NYyYKa yepe3 (peppOMarHeTvk,
npuueM cHavana OyneM npeHeOperaTb TEIJIOBBHIM [BUXKeHHEM ua-
CTHLL B Myuke. B 9TOM ciyuae NMyuyok MOXKHO XapaKTepu30Bath
THIPOJHHAMUYECKUMU>  BeJMYUHAMH — IJIOTHOCTBIO M CKOpO-
CTBIO KaXJIOH M3 ero KOMIOHEHT, B NpocTefilieM cayyae —
IBYX: jerkod u Tsokenof. Jlo mpouecca B3auMOAeHCTBHMSA MyuKa
¢ $eppOMarHeTHKOM, T. €. B HEBO3MYIUEHHOM MYUYKe, MAOTHOCTDb
M CKOPOCTb HMMEIOT OJHMHAKOBHIE 3HAYEHUSA JLJA OOEHX KOMIOHEHT
nyuka. Mp Oylem o0003HauaTb MX yepe3 n, M ¥, M npeLnoJa-
ratb He 3aBUCSLUMMH HH OT BPEMEHH, HH OT KOOpIHMHArt. Urolhl
9TO HEBO3MYILEHHOE COCTOSHHE HE MOTJO WM3MEHHTBbCH TOJ, BJHUS-
HMEM TIOCTOSIHHOTO MAarHUTHOrO ToJA B (eppoOMarHeTHxe, Mbl
OyJleM npelnoJjaraTtb, 4TO IBHXXEHHe MNYYKA NPOUCXOIUT BLOJb
BeKTOpa IOCTOSIHHOM cocTaBuasiolie MarHuTHO# uHALyKUMH B,
B (eppoMarHeTHke, T. €. ¥, NapaijiejbHa B,

[Ton BAMAHHWEM NepeMeHHBIX TNOJeH, BO3HHKAWOIIHX B pe3yb-
TaTe COBMECTHOTO JAeHCTBHS uacTuLL NMydka M aTOMOB (eppoma-
THETUKA, NJOTHOCTL H CKOPOCTb MNyuka OYILyT H3MEHSITbCS BO
BpEMEHH M B npocTpaHcTBe. Mel OyfeM INpelnoJjaraTb, UTo HaMme-
HEHHI0 TOJBEpraeTcs TOJbKO MJAOTHOCTD H CKOPOCTb JIerkoH
KOMIIOHEHTHl 1yuKa, IUIOTHOCTh Xe H CKOPOCTb TsKeJoH KoM-
NOHeHTH OYyIeM CYUTAThb HEH3MeHHBIMH.

Tax,kak Mbl npeHeGperaeM TeTJIOBBIM JBHXXEHMEM 4YacTHIL
nyuka, TO LA ONpeleseHHs] H3MEHeHMs IIOTHOCTH M CKOPOCTH
Jerko#t KOMIOHEeHTH Nyuka, KOTOpble Mbl OyieM 0603HAuaTh
uepes n(r, £) U ©(r, £), MOXHO BOCNOJb3OBATLCH YPaBHEHUAMH
THIPOIMHAMHKH, HE COIepKalMMH JAaBJCHHS:

do e 1

G ENe="de 4 S (@0 X B+ b))
on ) (14.2.1)
_07+dw ny==0,
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rie e u b — nepeMeHHOe 3SJeKTpPHYeCKOe MOJe U TepeMeHHas
COCTABJAIONIAA MAarHATHOM MHIYKLUHMH, CO31aBaeMble YaCTHUAMH
JerKO# KOMIOHEHTH TIyyka W aTOMaMH dreppomarHeTHka (e H
m — 3apsil M Macca 4YacTHL, JerKOH KOMIOHEHTH). ITH BeNHYHHbI
BMECTe CO CBSI3aHHBLIMH C HAMM TIepEeMEeHHBIM MAarHUTHBIM ToJeM R
¥ TiepeMEeHHOH 3JeKTpHYeCKOR HHIYKUHe# d MOLUMHSAIOTCS YpaB-
HeHnAM MakcBenana:

o L 0D
1] e—————TW,
4n 1 dd
roth:Te(n'v‘-anyo)_y-?w.,
divd =4ne (n — n,), (14.2.2)

divb =0,

B KOTOpble BXOJIAT NepeMeHHble COCTABMIOIHNE IIOTHOCTH 3apsia
H IIOTHOCTH TOKA, CBA3AHHBEIE C JIGTKOH KOMIIOHEHTOH NyuKa.
Bexktopul & u A cBsizaHBl Mewaly coOoH COOTHOLIeHHeM

b=h-+4nm,

rie m-—=M—- M, — OTK/IOHeHHe NJOTHOCTH MAarHUTHOTO MO-
menta M OT paBHOBECHOro 3HauyeHHd, npuyeM M mnonuyuHAETCA
ypaBHeHHIO IBHXeHHs (5.2.1), HakoHel,

d=c¢e,

rie & — IH3JeKTPUYecKass MOCTOSHHAasA (eppoMarHeTHKa.

Hawra 3agaua saxjiouaeTcd B COBMECTHOM pellleHHH ypaBHe-
it rugpoiuHamukn (14.2.1) n ypasnenufi Makcsesnna (14.2.2).
Ora 3azaua OIHAKO CJHLIKOM CJOXKHA, TAK KAaK W YPABHEHHS
FHAPOIMHAMUKHE M ypaBHeHHs MaxcBe/a COMepkar HesJHHeHHBIE
yjgensi. MBI OrpaHHYHMCA YOSTOMY 31€Chb HCCAELOBAHHEM TOJbLKO
HAuyaMbHOH CTAaJMH B3aUMOJEHCTBHA TNyyKa € (eppOMAarHeTHKOM,
KOrla IJOTHOCTb H CKOPOCTb MYYKa ellle Majlno OTJAMYATCH OT
CBOMX HeBO3MylUleHHHX 3HaueHHB. COOTBETCTBEHHO STOMY MBI
HOJOKUM

nr, )y=ny,+n(r, ),

o(r, H)=9,+0,(r. ?),

rie n(r, t) n v (r, £)— OTKJOHEHHA IUIOTHOCTH H CKOPOCTH
NyyKa OT HeBOMYILEHHHIX 3HAYeHHH, H OyLeM CuMTaTb, YTO
| ny | <€ 1o |0, | <€ 9y, YpaBuenna (14.2.1) 3aMensitcss npu 9TOM
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/MHEeAPH3OBAHHBIMU YPABHEHUAMH CHIPOAMHAMUKH

G @0 =l et @ X )+ 0, X B},
(14.2.3)
0"‘ —+n, divo, +(9,V)n, =0,

a ypaBHenus (14.2.2) — nuHeapu3oBaHHBIMM ypaBHeHHAMH Makc-
BeJaJaa:

te— 1 0b
ro e——-—?'a—t'

1 od
roth_-—e(ﬂ1‘vo+”07’1)+ ¢ or (14.2.4)
divd ==4nen,,

divd=0.

Ilng uccenoBaHUA MOMYYEHHBIX JHHEAPUBOBAHHHIX YPaBHEHUMH
nepefiieM k koMnoHenram ®ypbe, cuutas, YTO BCe NepeMeHHHE
BEJHYHHBl TPONOPUHOHAMBHE e—!(®/—kr). Mp mnoayuuM Toria
CHIeNYIOWLYI0 CHCTEMY OJHODOJHHIX JHUHEHHBX anre6panyeckux
ypaBHeHHH 118 KOMMoHeHT Pypbe:

k><h__——ff—l-e('von +nov)——e,

EXe== L,
X e (14.2.5)

—i(0—kvy) v, == e+—(‘vo><uh)+—(‘vl><30)
(w—kvo) n, — ny (ko) =0,

rie ﬁ(k, ®) — TeH30p MAarHUTHOH NMPOHHLAEMOCTH (NPH H3yUCHUH
B3aUMOLEHCTBHA MYUyKa CO CIMHHOBBLIMH BOJIHAMH JHIICKTPHUYCCKYIO
MPOHHIAEMOCTb € MOXHO CUUTATh He 3aBHCALLER HH OT ®, HU OT R,
TaK KaK IHCNepcUs AU3/J1eKTPHYECKOH NPOHHUAeMOCTH NpoABaseTCs
npH HacToTax o _>> gM,).

[TpupaBHAB HyJI0 1eTepMMHAHT 3TOH CHcTeMBl yDaBHeHHUH,
MBl MOJYYUM JUCNEDPCHOHHOE YPaBHeHHE I/ OMnpeleneHHUs 4acToT
KaKk (yHKUMH BOJHOBOro BekTOopd. KoOpHM 3TOro ypaBHeHus
OyIyT, KAaK MBI YBHIOUM Jajee, KOMIJIEKCHBIMH, MpPHYEM HeKO-
TOpble U3 HHMX OYAyT HUMeTb NOJOMHTENbHYI0 MHHMYIO 4acTb,
Imo > 0. CooTBercrByiouie WM peUICHA JMHEAPH30BAHHHIX
ypasHeHu!d ruapoiuHamMuku M MakcBeasna 6yIyT npencraBasiTh
co0O# BOJMHBL C 9SKCHOHEHLHMANBHO Hapacraioule#t co BpeMeHeM
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aMNIUTYIOH Ap:
A, = A, (0)e"**,

rane T]k=lm(o (3Ta BE/JIHUYMHA HA3bIBAETCAd WUHKDEMEHTOM HapacTa-

HHSl aMIuTyAs kxonebanu#t). Hanamunme Takux peiueHudt W osHa-
yaeT yCHJAeHHe BOJH B (eppOMarHeTHKe NYYKOM YaCTHL — KakK
CNHHOBBIX, TaK M COOCTBEHHO 3J]eKTpoMarHuTHbiXx. Kpowme Toro,
OHO O03Ha4aeT HeyCcTOHUMBOCTb MCXOAHOIO, HEeBO3MYIICHHOTO CO-
CTOAHHA NyuKa, W60 MPOM3BOJAbHbIE OECKOHEUHO MaJjble UIyKTya-
UMH MIOTHOCTH H CKOPOCTH Nyuka OyayT HapacTaTh 3SKCHOHEH-
LIMAJIBHO CO BpeMeHeM.

SlcHO, yTO B HeHCTBUTEABHOCTH STOT SKCINOHEHUHAIbHBA pOCT
B KOHIE KOHUOB [PEKPAaTUTCA, TAK KAK NPH YBEJHUYEHUH 1, U D,
HAYHYT IeHCTBOBATHL HE YUHTbIBAeMble HAMH HesauHelHble 3QGeKTH,
KOTOpble TNPUBEAYT K BO3HUKHOBEHHIO HEKOTOPOTO CTalMoHap-
HOTO COCTOSIHUS, XapaKTepusyeMoro OIlpefeJeHHbIMH MOCTOSIH-
HBIMH aMILIMTyZaMu. Mul He OyjeM 31eChb peliaTbh 3TOH HequHeh-
HOM 3a/1a4H, a OTPAHUUMMCS, KAK YKE YMOMHUHAJIOCh BhILIE, TOJAbKO
paccMOTpeHMeM HA4albHOrO 3Tana B3auMmoieHcTRUA Niyuka ¢ dep-
POMAarHeTHKOM, KOTOPBIH MOXKHO HCCJAeNO0BAThH, NOJAb3YACh JHHEH-
HBIM DpubIMKEHUEM.

Jusi onpeneneHHocTH OyleM npennoJaraTtb, 4To ¢eppomar-
HeTHK 0O0/ajaetr MarHHTHOH aHU30TpONHeH THUMa «Jerkas ocChby».
B sroM ciyuae TeH30p BBHICOKOYAaCTOTHOM MareUTHOH BOCTIPHHM-
4HBOCTH omnpeneasercs ¢opMynaamu (6.1.2), (6.1.3), ucnouanays
KOTOpBIE U UCKJIIOYas U3 cucTeMet (14.2.5) semuunnn e, A, ny, v,
NOJYYHM C/elyiollee IHCNePCHOHHOE ypaBHEHHe:

92 2

D
(@) [0 — 3]

D (k. 0)+ - Gk, ©)=0, (14.2.6)

rie
D (k.0) = w* (n? — u)[n?—u(l —n? )] —+ o’ (n?L — 1)
G(k,m):aﬁ(m —m2) u2)(1—n2)+un?(2 ng)—nz}—i—
ot {0 —w) (1 —n2) w2 (L) found (1 —n2)+
+ nZn® u ( )2 n® n}—+2u'n} —}+
ot {0 =) 2 — ) () — 2w 22,
Qf,:flﬂ’;:_ez, (0’=(0—k'0,ov nz(p:/ke, h“/rﬂ__nz
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(Mu npeneGpernu 3fech YNeHAMM, KBALPATHYHBIMH- OTHOCHTENLHO
NAOTHOCTH NyuKa n,.)

B oTcyTcTBHe myuka 3TO ypaBHeHHe MepPeXOLHT B HM3BECTHOE
yKe HaM JHMCTIepCHOHHOe ypaBHeHHe

D(k, ©)=0,

onpejelsiolllee 4aCTOTH TPeX BeTBeH 3JeKTPOMAarHUTHHIX KoJebad-
Hufi B cpeppomarsetuke. bBaaroaapa Bo3IeHCTBHIO MOJsA Myuka
NMPOUCXOAUT MoAudUKANUA ITUX BeTBeH, ompeleiseMas BTOPbLIM
cnaraeMbiM B (14.2.6).

EcAM NAOTHOCT MyuKa LOCTATOYHO Mana (Mbi Oylem pac-
CMATpUBAThL Jajee TOJbBKO 3TOT cJayua#t), TO ero BJHSIHHE Ha
cnekTpb KogeGanuf OyreT 0coO€HHO CyUleCTBEHHLIM B TeX Cay-
uadAx, Koraa Mana oana u3 seanunH (©')F, (02 — ©%, HHbIMH

C/JOBAMH, €CJH BBINOJHAETCA OIHO U3 YCJIOBHH (STH ycaoBuda
LO/OKHBL BBIMOJAHATHCA € TOUYHOCTBIO A0 UYJAEHOB mNOpAIKa Qp)

o; (k) = ko, (k) =~ ko, T wg, (14.2.7)

rie HHIAeKC { CJIYXHT Aas o6o3HayeHWss BeTBHM KoJebanu#h. [lep-
BO€ M3 3THX yCJOBHH MOXHO WHTEPNPETHPOBATb B CJIydYde MAaabLiX
MJIOTHOCTEH [Nyuka Kak YCJAOBHe pe3oHaHca Mexly KoJeba-
HHSIMH [-H BETBH W JEHTMIOPOBCKUMHM KO.1eGaHHSAMU myuka (B CM-
cTeéMe KOOPAMHAT, CBSI3AHHOH € NMYYKOM, YacTOTa 3TUX KoJeGaHuH
paBHa © == Qp/}/e), 4 BTOPOE YC/JI0BHE — KaK YCJAOBHE pe3oHaHca
MeXLy KoJNeOaHUAMH i-H BETBH M ULMKJIOTPOHHBIMH KoJaeGaHHAMH
MnyuKa.

HuTepecysach BausHWEM NMyuyKa TOJbKO Ha CHEKTP CHHHOBHX
BOJH, Mbl GyleM lajee MOHKMaTb NOA ®,(R) 4acTOTYy CMNHMHOBOH
BOJIHB © (k).

PaccmoTpumM cHauasla B3aUMOJeHCTBHE CIIHHOBLIX BOJIH C JIEHT=
MIODOBCKHMH KoJeOanuaMn nyuka. [lomaras B (14.2.6)

o=o0,(k) +5(k), o, (k)=Fv,

M CuUMTas, 4TO | £ (k)| <€ w,(k), moNyunm cienymolliee ypasHeHHe
Ana onpeleaeHust §(k):
Q%0 (k) G(k, ©
gB(k):: psg( . ) ( ! ) .
E0p e D (k,0)

0= (k)

OnuH U3 KOpHe# 3TOro ypaBHEHWA BellleCTBEHeH, a 1Ba Apy-
rHX — uMeloT MHuMbie dactH. Kophio ¢ ImE (k) > 0, coorser-
CTByeT, OYeBHIHO, HapacTaHHe aMILIUTYIbl CIHHOBOH BOJHH €O
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BpEMEHEM IO 3aKOHY
Ay = Ay ()",

rie M,(k)=Img(k). Dra BeiMuMHA eCTb HMHKPEeMEeHT Hapa-
CTAHHMS aMILIUTYAH CIUHOBOR BOJIHEIL, OHa paBHa

/3 Q0 () \Ys G (&, s
' ( ps { )) (& ) (14.2.8)

n‘(k)Z_Q— [0)

0
B EF(D—D(k,(D)

=0, (k)

Tak kak Qp~]/n0, TO HHKPEMEHT HAapacTaHHA AMILVIHTY bl
CMUHOBBIX BOJIH, YIOBJAETBOPSAIOLINX YCAOBHMIO pe3OHaHca o, (k) —
= kov,, OyJeT, KaK yxe YIOMHHAJIOCh, NPONOPIHOHA/IEH n(')/-l. 3rot
pesy/abTaT CyLWEeCTBEHHO CBA3aH C JABYMS INPEANOJJOXKeHHMH:
MAJIOCTHIO ILIOTHOCTH NMydkKa ¥ MOHOIHEPIeTHYHOCTbIO €ro YacTHLU.

3ameyast, uTo

c2k? (o5 (R)\? , H
G(k'w.s):e—<'§_(k—)—) %, Qk)=gMylak®p- )

a [ c2k2\2 o (k) 1
— D(k, © ' :——k ) S . - ,
0w ( ) 00, (7) £ Q (k) 2ng M, sin? ¥,
NPEACTaBUM OKOHYATEeJbHO HHKPEMEHT HapacTaHHd aMniauTyhbl
CTIUHOBBIX BOJH B BHUJIE

V3 2ngMysin2 ¥y, [ Q,\2)'
ns(k)::ﬁz—ms(k){——ﬁ"(—ly—k(—c;e—) } . (14.2.9)

3ra ¢gopMmyna nMOKa3bIBAET, YTO OTHOCHMTEJLHLHIH MHKDEMEHT Hapa-
CTaHHsT OCOGEHHO BeJHK MpPH ManbiX A.

IOas Toro uToGH peasbHO MOIJIO MPOMCXOAWTb YCHJEHHE
CIIHHOBBIX BOJH IYUKOM YacTHl, HEOOXOAHMO, OUEBHIHO, BbIIOJI-
HeHWe HepaBeHCTBa

ns (k) > Ys (k)’

rae y,(R) — AeKpeMeNT 3aTyXaHHA CIHHOBOH BOJHAI.
Bennuuna & (k) Hapazy ¢ MHMMOM ¥MMeeT BeLIECTBEHHYIO 4acTh

Re & (k) = Tg— 1, (k), Koropad onpejenser CMeleHHE YACTOTbI

CTIHHOBOH BOJHBI, O0O0YCJIOBJEHHOE B3aHMOMAEHCTBYEM C MYUYKOM.
Tak kak 7,(R) <€ o (k), TO 3TO CMelleHHe HECYILeCTBEHHO H
ero MOXHO He YYUTHIBATh.

W3 ycaoBus pesoHanca g (R)=—Rv, jerxko HaTH MuHH-
MaJbHYI0 CKOPOCTb, KOTOpOfl JoJxeH 004ajaTe MNYyYOK, 4TOOHI
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B036y)Kﬂ.aTb CIIHHOBBLIE BOJIHBI:

o
vmm=2gM0]/ a(ﬁ—Jr— i ) (14.2.10)

3amerHM, uTO TpH 3alaHHHX U, H ¢, ycJl0BHe De3oHaHca
MOXeT, BOOOILe TOBOPS, BHITIOJAHATHCH [/ HECKOJAbKHX 3HaueHuh

BOJHOBOro BEKTOpa ('{HCJIO 9THX 3HAUYEHUH onpeneadaerca Xapak-

TepoM Gynxuun @, (k) npu Goibluux X, kN%).

Ecau BHINMOMHAETCA HEPaBEHCTBO Ty COS Uy S>> Uy, TO Oy AYT
BO30y1aThCA CIIUHOBBIE BOJIHBI C 4aCTOTaMH, OAM3KUMK K 0, (0) =

—em )/ o 5o

(#)
A/(I) —§—4nsin91‘}k), W BOJHOBBIMH
0

BeKTOPaMu k:v—ﬁ{%—. OTHOCHTe bHBIH WHKPEMEHT HapacTa-
0 €05 Vp
HHS AMIIMTY[ 3THX BOJH paBeH
s (0) V3 [ngMo\sjvy, Q, )’/1
o =7 () (Ewmm) SO0 0421
rie
in2 20 1
s ®0=] :
Qg My \2 . .o |k 2ugM, _ '
| [ (S o] =5 s o |

-1
3Ta BeJHYMHA MOXeT AOCTUTaTh 3HAUCHUH (DT'(SO) ~ 1077, ecan
S

v - 10 -
=~ 10 oy~ 10" e

Tak kak OTHOCHTENbHBIH JEeKPEMEHT 3aTyXaHHsl CNHUHOBHIX
BOJH B JOCTAaTOYHO YHCTHX UTTpHeBHX deppurax [24] cocra-
paser 1072 — 107°, To OHH, NO-BHANMOMY, MOTYT GbITh HCTIOMb-
30BaHH 1 HabmioneHna sddexTa KOrepeHTHOTO YCHJACHHSA CIH-
HOBHIX BOJH NYYKOM 3apsokeHHHX uacTul. [Ipu sToM myuwok
JosxeH ObiTb LOCTATOMHO MOHGIHEPreTHuHbIM, 4 HMEHHO, OTHOCYH-
TeJAbHBIH pasbpoc ckopocted nomuen OHTh MeHbule T, (0)/w, (0).

Ecau, xkpome wepaBenctBa v,c08 Oy "S> Uy, BHTOJHSETCA

a
elue HEpaBeHCTBO Uy COS ﬂk<<gM0—5—, TO, KPOME &IIAUHHO-

BOJTHOBOH®» CMMHOBOH BOJHBEI ¢ 4acToTOH ®,((0) U BOJHOBHIM Bek-

! o5 (0)
TOpOM k= —2—"—, MOryT B030yK1aTbCHl «KOPOTKOBOJHOBbIEY
Uy cOSs U
hvg cos B
CNHHOBHIE BOJIHBI C BOJHOBLIM BEKTOPOM k& = b OrtHoCH-
x
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TeAbHBIH HHKDEMEHT HapacTaHHA TaKHX CIHHOBBIX BOJMH oOnpene-
agercs popMy.aoh

05 (k) V3 Y3 on (vao )2/3 (gMoa)Z( sin 9, )%
g (k) - ) T Mo gMqyc Ug cos2dy,/

(14.2.12)

Ata BeJHUYMHA 3HAYUTEJAbHO MEHblle OTHOCHUTEJbHO HHKpe-

0
MeEHTa 15 (9) HAapacTaHua aMmnjauTyn COUHOBBIX BOJIH ¢ BOJHO-

o5 (0) 0
BBIMU BEKTOpaMH k~i§(f)—.
v, cos U,

PaccmorpuM B3auMonelcTBME NyYKa YacTHIL CO CIHHHOBBIMH
BOJHAMH, A5 KOTODHIX BBIMOJHAETCS YCAOBHE pe3oHaHca ¥)

0, (R) = ko) — 00y
ITonaras
o=0o,k)+E(k). LR o(k),
noJayuyuM, coraacio (14.2.6),
1 Q2% (k) G (k, o)

B )= 2 o
2 e® L
B E D(k, @)

=0 (k)

OTKyZLa Jerxo HaWTH OTHOCHTENbHLIH MHKPEeMeHT HapacTaHHs
AMIJIMTYAB CIHMHOBBIX BOJIH:

Ns (k) . Img *V_ 9/7 ( gM()Q (k) ®p )l/z
os (k) — oy (k) o (k) o5 (k) c2k?

ag (k)Y koo, (R) .
(1+ -.Q(k) )L070k+m—;§m—sln2’6k .

(14.2.13)

MunuManbHas CKOPOCTb Y4aCTHI, MYYKa B 3TOM (Jay4yae paBHa

(l)
Uy = 28 M, ]/a( gM ) (14.2.14)

Ecan v,cos ¥, > vy, TO 6yLYT B036y)K,£laTbCﬂ CIIMHOBBIE
BOMHB C 4YacTOoTOo# ® ==®,(0) ¥ BOJHOBBIM BEKTOPOM K==
0O oy

vy cos Uy

OrHocHTeAbHBIA HHKPEMEHT 3THUX BOJH IO

*) CHHHOBHE€ BOJHH, JJs KOTODEHX BBIIOJHSAETCS YCJIOBHE Pe3o-
HauCca @ (k) = kvy+-l@y, rae [ 55 — 1, npu JIBMKEHUWH NyuKa BAOJb

HANDPAaBJACHHA MarHHTHOH HHIYKIHH BO HE yCuAHBaloTCA.
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nopsAIKy BEAUYHHB DaBEH
i) Qp Yo

mzm——c—. (14.2.15)

3. HemonosHepreTHYecKHii Ny4ok. B npeamdyuiem pas-
Zefe Mbl CYMTANM NYUYOK YACTHL, CTPOTO MOHOISHEPTETHUHBLIM H
OMHCHIBAMM €ro MO3TOMY THIPOIHHAMMYecKH. B neHcrBurens-
HOCTH, Gaaropaps TEIVIOBOMY ILBWXKEHHIO 4acCTHLL B MyuKe, BCeria
umeercsd pasbpoc YacTHL MO ckopocraM. ITo pasbpoc XapakTepH-

3yeTcd BENWUYHHOR Tp/Uy, TAe Uy :]/QTB/mn — TeNIOoBas CKO-
poctb uactuy B nyuke (7' z - Temneparypa nyuka) u vy, — cpei-
HAs CKOPOCTb HaNpaBJeHHOro JBHXEHHA YacTHl B myuke. Pas6poc
0 CKOPOCTAM MOXKHO CUHTAThb MadbiM M He YUMTHIBATb €ro, eciu
OTHOCHTEJbHEIH HHKPEMEHT HapacTaHUs aMJMTYAb CHOMHOBLIX BOJH
3HauNTENbHO Gonblue Uy /U

", (k)
W (k) >

Hpu BBINOJHEHHN STOTO HEpPABEHCTBA CIPAaBEIJHUBHL PE3YJ/bTAThI
NnpeAblAYLIero paszaea. Ecau e BuInoaHseTca HEpaBeHCTBO
v

n, (k)
o0~ o k)

TO Pe3y/bTaThl INpPEALAYIIET0o pas3ieNa CTAHOBATCH HeNpHUMEeHH-
MBIMH, TaK KaK B 3TOM CJyYae He/b3s [OJb30BAThCS HIPOHHA-
MUYECKHM ONMCAHHEM MYYKa M HYKHO MOJb30BATHCS KHHETHUYECKHM
onucanuem [23].
Mbl He OyzeM 31echb NOAPOGHO HCC/IENOBATH 3TOT cJyyalt w
OTMETHM JHMIIb, YTO HHKDEMEHT HAapacTaHUf AMIJIMTYALl CIHHO-
vr o (R o
BOH BOJMHBH NpH —— > Oy1erT NpONOopLHOHAJeH He n)s
Yo og (k) 0
WA Rz, KaK 3TO UMEAO MEeCTO Sl MOHOSHEDreTHUYeCcKOoro nyuxa,
a HEBO3MYIUEHHOH MJOTHOCTW Nyuyka 7, B nepBoi crenenu. Tak
KaK MJIOTHOCTb TY4YKa CYHTAeTCA Maaol, TO STO O3HAYAET, YTO
HEMOHOSHEIeTHYHOCTh MYYKa MPHBOJAHT K YMeHbIICHHID HHKpe-
MeHTa HapacTaHus.

v
Ecan —v—:~> N, (k) (R), TO AexpeMeHT 3aTyXaHud CIHHO-
BOH BOJHHI C BOJHOBBIM BeKTOpOM R onpeleasercs ¢opMyJoH

Q,\2 @2 (k) + Q% (k) cos? O, 2ngM
Vs (B) = (TZ‘)/‘” (%) Fo05 () o k)" (R 30— kD).

(14.3.1)
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rie

. ck\2 Q(k) ko /O (k)
k‘vmln*@s(k)il‘l_( p) ongM, mi(k)-{—Q?(k)COSzﬁk }

" — JeKPEMEHT 3aTyXaHHA CHOHHOBOH BOJIHHL C BOJHOBBIM
Ok e a f ot BO OJHO

BEKTOPOM K B OTCYTCTBHe My4yka. Mbl BHAMM, YTO JAEKpeMeHT
3aTyxaHHa oOpawaercs B HyJb NpH RT, == kD, U CTaHOBUTCA
OTPHUATENLHLIM, eClU RDy > RDy,; NPU 3TOM CIIMHOBBIE BOJIHBI
repecTaloT 3aTyXaTb M CTAaHOBATCA HApacTalIUHMH.

YwmeHblleHHe JdeKpeMeHTa 3aTyXaHus [pH npuénulxex-mu Ty
K VUmin (Y9 < Umin) NPUBOLHT K YBEJHYEHHI0 MHTEHCHUBHOCTH CJY-
yaliHbIX CHUHOBBIX BOJH B (peppOMAarHeTHKE.

MowHo noxasatb [23], 4TO OTHOLIeHHe KBaApaTa aMILIMTYILbI
CayUaHHIX CMUHOBBIX BOJIH MPH HAJHYMM MyuKa K 3TOM ke BeJu-
yiHe B OTCYTCTBUE IIYYKa PABHSETCH MO HOPSAKY BEJTHYHHBI

A Ta (S )E® g, 2)
A2k ha, (k) v, (k) -

rae T — TemnepaTypa ¢eppoMarHeTHka.

3aMeTHM, YTO CHUJIbHOE yBeJWUeHHe HHTEHCUBHOCTH CJayuai-
HBIX CIIHHOBHIX BOJH MPH MNPHOIMXKEHHH CKOPOCTH MNyuKa v,
K Uiy, AONKHO MPHUBOIMTB K 3HAYHTEJLHOMY YBEJHWYEHHIO ceue-
HHA paccesiHUA MelJIeHHBIX HEHTPOHOB, a TaKMKe 3JeKTPOMArHWT-
HbIX BOJIH B (peppoMarHeTHKe. IJTO fBJEHUE aHAJOTMYHO U3BECT-
HOMY fIBJEHMI0 KPUTH4ecKo# omnajecueHUHH BOIM3M Touek ¢a3o-
BOT'O Mnepexona BTOPOro polaa.



rTABA IV
CBSI3AHHBIE MATIHHUTOYIPYT'HE BOJIHbI

§ 15. YpaBuenusd TeOpHH YyNPYroOCTH H ypaBHEHHE ABWKEHHs
MATHHTHOTO MOMEHTAa B (eppoMarHeTHkax

1. 9pdexTHBHOE MATHHUTHOE MOJIEé H TEH30P HATMKEHHH
B ynpyro aedopmupopaniom ¢eppomarseruke. o cux nop
Mbl HE€ YYHUTBIBAJAH CBA3U MeXKAy CIHHHAMU U ABUNKEHHEM HOHOB
KpHCTaJIJIPl'-leCKOH peleTKH. B HIEeACTBUTEJBHOCTH Ke TaKad CBA3b
CyleCTBYeT, 6nar0ﬂapﬂ ueMy Kone6amm CIIHHOB COHpOBO)KILaIOTCﬂ
K0J1e0aHHsIMY HOHOB, a Ko0/J1eOaHUgIMOHOB — KOJeGaHUIMH CIUHOB.
MubiMH C10BAMH, CNHMHOBBLIE BOJHBI B (beppOMarHeTUKAx U B aHTH-
¢)eppomarHeTHKax JAOJMKHBI CONPOBOXIATLCA YNPYrUMHU BOJHAMH
A ynpyrue BOJHbBI — CMIUHOBBLIMH BOJIHAMU. Bb]pa)i(aﬂCb 601166
TOYHO, MOXHO (CKd3aTb, 4TO B MATHUTOYNOPANLOYEHHBIX KDHUCTAJM-
Jax OOJIKHBI PACNPOCTPAHATLCA HE YACTO MATHUTHBIE W HE UYHUCTO
ynpyrue, a cBs3aHHble MarHWToynpyrue oausl [1, 2].

Csis3b MEx.1y CINHHOBBIMM M YNDYTUMH BOJHAMH, OJHAKO,
HeBeJMKA U TNPAKTHUYECKHW MNPOABJAAETCS TOJLKO NPH BBINOJHEHHH
onpeieseHHHIX ycAOBUH — yc/JIOBUH pe3oHaHca (OHM 6yIyT mafiee
HOILpOéHO HCCJIEILOBaHbI). Ecan xe aTH yCJIOBPlﬂ HE€ BbINOJHSAWTCA,
TO ¢ OOJbLUWIOH CTerneHbI0O TOUYHOCTH MOXKHO rOBOPUTL O pasieJb-
HOM CYLUECTBOBAHHM CIIMHOBBLIX M YNPYTrUX BOJH, KOTODBIE TeM
He MeHee B3aMMOLEHCTBYIOT Mexay coOoH.

[TepefizeM k MCC/IeI0BAHUIO CBS3aHHBIX MATHHTOYIPYTHX BOJH.
I[,JIH 3TOr0 HAM HeOéXOILPlMO UMeThb ypaBHeHHﬂ, onpeneasmwllue
H3MEeHeHHe CO BpeMeHeM He TOJMbKO TMJAOTHOCTH MAarHUTHOIO
MOMeHTa (heppOMarHeTHKa, HO M BeKTOPa CMELUEHUS] KaXIO0ro
ero 3JeMeHTa.

ITpu ¢eHoMeHOJIOrHUECKOM OMUCAHUU PeppPOMArHeTHKA, KOTO-
pbIM MBL 6y,ﬂ.€M MM0Jb30BATLCA, €CTECTBEHHO Npeano.aaratb, 4To
3TH ypaBHGHHA HUMEIOT «THIpOIMHaMUueckut» xapaxtep. HHbIMH
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CJIOBAMHM, XapaKTepPH3ys COCTOSIHHE (eppOMarHeTHKa MAarHHTHBIM
MOMEHTOM  elHHHUBI MacCel [ (r, £) W BEKTOPOM YOpPYroro
CMellleHHs ajeMeHTa (deppoMarHeruka u(r, f), Kortopele pac-
CMaTPHMBAIOTCA Kak (YHKUMM 3HJIEpOBLIX KOODAMHAT r U Bpe-
MeHY £, MBI NpeLNosaraeM, YTO yPaBHEeHMs IBHXKCHHUS IS U W &
HMEIOT cnellylomun BUL:

d
= 0, bt dx =g(u ><H)+p R,
d?u 0 0
o= g =7

3nech o (r, f)— CKOPOCTb 3JeMeHTa (eppoMarHeTuka,

du ou ou
=2 = TV

(15.1.1)

ﬁ—a(b(bemmmoe MaruutHoe mose, Jf— ynpyras cuia, oTHe-
CeHHasd K elMHULE Macch (eppoMarHeTHka, R — penakcaluUOHHBIH
yjgeH W p— IJOTHOCTh (peppoMarHeTuxa. Bennuune H, S, R uu
dui dui g,
Oxp ' Ox, = Oxp
MHpiMu CJIOBaMM, MBI CYMTaeM, YTO COCTOsSHME (peppoMarHeTuka
OlHO3HAUHO OMpenessieTcsl 3alaHHeM B HauyalbHEif MOMEHT Bpe-
M@HW pachpefel]eHHss MarHATHOTO MOMEHTAa L U BeKTOpPOB CMe-
LIEHHS & H CKOPOCTH .

M3 3akoHa cOXxpaHeHMs WMNOYJbCa CleiyeT, KaK U3BECTHO,
yTo cuia f MOXeT ObiThb NpencTaBieHa B BHIE

6yﬂ,eM CYHTATb 3dBUCALLHMH TOJbBKO OT L,

Otip
fi= g5 (15.1.2)
rae f;, — HeKOTOPHH TeHsop, KOTopbm Mbt OyleM Ha3nBaTh
TEH30pOM HATKeHuH.

YroOB uMETH IOJHYIO CHCTEMY ypaBHeHnn K YypaBHEHHAM
(15.1.1) HeoGxomiMo #0GaBUTH ellle yYpaBHeHUE HeMpepEBHOCTH

9 4 divoo— (15.1.3)
n ypaBHeHHH MATHUTOCTATHKH
rotH:iCIEj,
1 0B
ot B — 1. 98 (15.1.4)
divB=0,
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rne B — MarHWTHasi HHAYKUMA, CBSI3aHHasi ¢ MArHHUTHEIM MOMeH-
TOM & COOTHOILICHHEM
B=H+4RM=H+ 4J'tpp,,
B j — TNJAOTHOCTb TOKa:
. I :
J=QE+7wxm} (15.1.5)
(Mnl cuMTaeM, YTO HMCTOYHHKH CTOPOHHETO MAarHWTHOIO [OJS
otcyrersyior, Tak uto HY =0, u BMecTo H™ nonbayemes 060-
3HaueHueM H.)
[TepefizeM k onpenenenuo Beaunuud H, f, R [1]. Bpenem
A5 3TOr0 MJAOTHOCTL 3Hepruu eppomarneTuka w. OHa ckaambl-
1
BaeTcsl M3 MJOTHOCTH MarHMUTHOH 3SHeprum S—nHQ, MJIOTHOCTH
KMHETHUYECKOH 3HEepruu ABHIKYLUUXCS 37eMeHTOB (eppoMarHeTHKa

1
79'02 M TIAOTHOCTH TMOTEHUHANbHOH 3SHeprum deppoMarHeTuka.

()]J.i ()ng
[Tocnennsin sBAgercd HekoTopoit dyHKuUHeH W, Fxp Fxg
OTHeCeHHYI0 K elMHMLE MacChl MOTeHUHaJAbHYIO SHepruio ¢eppo-
MarHetnka Mbl O6yneM o6o3Hauath yepes F — F(u O %)
y U Oxp ' Oxy)"
Taxum o6pasoM,
du ou
_ 2 2 bt our
w = H+2m+w@vm,myamm

Il.mp(pepenuupyﬂ TIOTHOCTh SHEPIHH W@ O BPEMeHW H HCNOJb-~
3ys vpasuenus (15.1.1), (15.1.3), (15.1.4), noayunm

ow | OF | 1 9 OF du,
5= in—"m"—Em(PE)i -+

dxk

+{f~—(1><3), %”—+%(pf§§%)—

Oxy 0 du,;

a oF 1 -, 0 1
——(P—_blz) 'Uz—‘FJ?‘T—OTk{("“Q‘P"’?'Uk’F
'\ dxk /

oF 0
+ (H X E),+ HMu, — Fou, + O~ o S+
Oxk
P w ,m},(an
dxk
ou;
rae b, =19, — 0xll .
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IlpeanonoxuM cHauajna, YTO He NPOUCXOAMT JHCCHMALHH
sHeprun, T. e. R=0, j=0. B srom cayuae ynpyras cmjIa,

0
KOTOPYI0 Mbl OyjleM 00603HauaTh 4epes SO, He momxua 3aBucers
OT 0v;/0X,, M H3MEHeHHe IJIOTHOCTH SHEPTHH CO BpeMeHeM
LOJIXHO CBOLHTbCA K MPOCTPAHCTBEHHOM IHBEPreHUHWH OT IWIQT-

HoctH notoxa suepran IO
—alf— +divII® —o0.

[TosTOMy MBI HOJMAHEI CYHTaTh BbIpaXKeHHe B (PUIYDHHIX CKOG-
Kax, CcTofllee mnepel vU;, PaBHBIM HyM0. ITO NPUBOIMT K Cle-
LyIOLIEMY BEIPAXEHUIO I8 CHJIbI s OTCYTCTBHE IHUCCHNAUHH
9Hepruu:

© __ /  OF . OF  ow
Ji dxl + dxk T ou; by —op ou; Oxy |° (15.1.8)
0 0=+
dxk dxk
Kpome TOro, Mbl JLOMKHBI CUMTATh BHIPAXEHHE, CTOslee Mepej
——p%—, PaBHLIM H, 4o npusoINT K cleyioLeMy BhIPaxXeHHIO
415 5()(eKTHBHOTO MArHHTHOINO MOJS:
oF 1 0 oF
H,=H ——p—1- 15.1.9
i— T dui_l—P@xk(paﬂi_) ( )
\ 0xp

Orciona, B coorBercTBuH ¢ (15.1.7), ciaepyeT, uTO MIOTHOCTb
0
notoxa sueprun I pasna

I = 7 (B X H)y — o~ - G+
dxk
1, OF
+v,{61k(7 0o’ + pF — HM) —p by, (15.1.10)
07;;
3aMeuass, 4TO B NPUOGJIHAKEHMH MArHATOCTAaTHKH (npu o = 0)
0 4 0 1 1,
M—ax—lﬂ_Wk-E(H,Bk-7H6,k).
MOKHO NpEeACTaBHTH f{ B BHIE
50) atg(l)e)
f = ()Xk '
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rue
AD L 40 4 fm

() oF  ow;
tie = du A TR
dxk dxk (15111)

1
l‘%‘) - —4—J‘l (HlBk —~-2—H26[k) .

dopmyawr (15.1.9). (15.1.10), (15.1.11) cupaBemJHBH B OTCYT-
cTBHe auccunaunun sHepruu (j=0, R=0).
[lpu Hannuun ILHCCPIHaU.HH SHEPrUd TEH30p HaTdKeHH# Gyner

OTJAUYATLCA OT tlk, MBI 34dNHIIEM €ro B BHIEC
4
Ry (15.1.12)

riue tﬂ) onpeaeasercs ¢opmyao#t (15.1.11), a tllk npeacTaBaser
cob0Ol HEeKOTOpPHM TeH30p, CBA3AHHBIM C AHCCHUNALMelt 3Hepru.

YroO6b! onpeenuTh AUCCUNALMIO SHEPTHH, BOCTIOAbL3YeMcs op-
myao#t (15.1.7)

0 orid 1
T”;+m’i— o/ (f~7 <j><B>—f<°’)~—-’g-,

(15.1.13)

ree fO, H u MO onpeneastiorcs dopMyaamu (15.1.8), (15.1.9),
(15.1.10). 3ameuas, uro B cuny ypaBHexu#t (15.1.4) u cdopmya
(15.1.8), (15.1.11) npu 00 uMeeT MeCTO PaBEHCTBO

O+ LG X B, = - ~ 112,

u yuursiBas (15.1.13), moayumm

ow dﬂi .

——d—t'—{""a';——q, (15.1.14)
rie ‘

I0; =0+ v,tp; (15.1.15)

T ¥ 1 dyy
——‘G-‘{*Rﬂ—i—ftko—” .

Bexrop II mpexacraBaser co6o# TJIOTHOCTb MNOTOKA SHEPTHH
NpH HAJHYHM JIUCCHNALHMH, 3 ¢ — KOJNHUECTBO TEeMaa, BbLIEIAK-
meecs B e€IMHMLY BpPeMeHH B eluHHle obbeMa (eppoMarHeTHKa.
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(31ecb He yUHTHIBAETCA MPOUECC TEMIOMPOBOIHOCTH, KOTOPLIH Mbl

4
paccMoTpuM moaxe.) fICHO, YTO BeJHUHHB! £;, U R; 10MXHbBl OBITh
TaKHMH, 4TOOH Bbiendiouieecsl TeMA0 ¢ OBIIO TOJOXKHUTEJbHBIM

g2>0.

2. TlaoTHOCTD MOTEHUHANBbHON 3HEPTUH (peppoMarHeTHKA.
Ho cux mop Mbl CYMTAMH, YTO MJIOTHOCTb MOTEHIMAJbHOM 3HEp-
ruH ¢eppoOMarHeTHKa sBJdeTCHd MNPOHM3BOJNBHOH ¢yHKuUHER W,
oM;/0x,, Ouy/0x,. B neHcTBUTENBHOCTH, OIHAKO, STU BEJUYHHEI
MOTYT BXOIHTb HE TMpPOHM3BOJBHBIM 0OpasoM, a TOJbKO B BHIE
omnpelfe/eHHHX KOMOHHALUH, 06eCNneunBaoHX WHBAPHAHTHOCTD
¢yukuuu F OTHOCHTeNbHO NPOU3BOJBHBIX BpalleHuil ¢eppomMar-
HEeTHKAa, MPH KOTOPLIX NMPOHCXOIUT MOBOPOT KAK pelleTKH, TaK
M MardHTHOTO MoMeHTa [3].

Uro6bl OnpelenHTb 3TH KOMOHHAUUH MM, KaKk Mbl OyleM HX
Ha3blBaTb, WHBADUAHTH, YJ0GHO BBeCTH HApALy C 3HJIepOBBIMHU
KOOpAHHATAMHU JarpaHmeBbl KOOPAMHATHl §, CBA3aHHBe C 3flJe-
POBBLIMH KOOPIHMHATAMH COOTHOLIEHHEM

r=%t+uéE o, (15.2.1)

rZe BEKTOP CMEIEHHS # paccMarpuBaercd Kak ¢yuxuus & u £

ITpu mosopoTe Tesna npeoOPasOBLIBAIOTCA MPOEKUUH MArHUT-
HOro MOMeHTa (epPOMATHEeTHKA |1, H 3HAEPOBbl KOOPMHHATHI X,
COOTBETCTBYIOIME MNMOJOKEHUAM TOYEK TeJa B AedOPMUPOBAHHOM
COCTOSIHMHM, JIarPaHKeBbl (Ke KOOPAMHATHl &, cayxale 011
TOTO, UYTOOB «HYMEDPOBATb» OTIelbHble 3JEMEHTH (eppoMarHe-
THKA, OCTAIOTC HEH3MEHHBIMH.

Ham Hy»HO cOCTaBHTb UHBApHAHTHble KOMOHHAILMU MepeMeH-

Iy Juy
HBIX Mg 5o M 5o -, WM, MTO TO XKe CaMOe, MepeMeHHBIX W;,
ou;  Ouy
O—EL, ?‘ B noc/eiHUX BEKTOPHBIM HHIEKCOM fBASETCS TOJBKO
k k

uHIeKc [ (MHIeKC K, CBA3AHHBIM C JarpaHKeBLIMM KOOPIHHATaMH
MOXHO He Y4YUTHIBaTh, TaK KaK STH KOODIMHATHL He NOZIBep-
raloTcs Bpaulennio). IToaToMy 3azaua COCTOMT B TOM, uTOOH
MOCTPOUTb BCEe He3aBUCUMBble HHBAPHAHTH C TMOMOIbIO Tpex
r__ Oy r 0x;
BEKTOPOB W;, W=~ X; =5 -
MoXHO NOKa3aTb, YTO YUCAO TaKUX HHBAapDHAaHTOB paBHO 18
H Y4TO B KayecTBE HUX MOTYT OBITb B3ATH HHBAPUAHTH

] dxk dxk , K dxk _dxk duk (1522)

iy =gy K=y
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Hpyrue MHBapHaHTHI, HanpuMep:

— __ Opp Opg O
= Mele Oy== e e Q=te g
C 1 dxi dxj dxk dxi 0}1]
=% Cijebimr 0%, OE, O%, ' 1m == Eijp O, 0%, We.
. 1 Oy Oy Opg 1 0x; Oxj Oug
G=—€pCimn— 55 5 2 =5 ik mr S e
6 4 08, 0&m Okn ! 2 THETImT 08 Okm  OE,
0x; Opj Oug 1 ox; ()x,
Qrn =g Cjeimr e Gy Ty » |0 =7 CuiaBimn Ty G,
1 Oy Opj
P =5 &ije€imr o5 O, Me

MOTYT ObITb BHIPaXeHbl yepes uuBapuantsl /;;, K, K;;. Ilei-
CTBHTEIbHO,

W2 == K d7'K, s G == Kanlud Ky C == det 1,

= C etK;]' Pm—ClrmKnm, Tr:CIr_les»

1
Q== 'QC' 8tksslmrlh‘Kkans' u7lm =T ensrlanmsKr ’
P - 8knfslmrKlemsK

TaxkuM 06pa3oM, OrpaHHYEHUs, CBA3AHHBIE C HHBAPUAHTHOCTHIO
¢dbyHkuMM F OTHOCHTENBLHO BpallieHH#, CBOAATCA K TOMY, uto F

ABJSETCA He MPOU3BOALHOM QYHKLHEHR NepeMeHHbX g, —g% %

& k

(uucno ux pasuo 21), a dynkuue#t Ttosnpbko 18 uHBapHaHTOB
Iij’ Ki’ Kl]

F=F(,;, K; K. (15.2.3)

Tak kax wunBapuauthl /;;, K, K;; comepxaT npousBoaHbie
OT U, U X, MO JArpaHXKeBbLIM NepeMeHHHIM §;, TO Mbl NPHReleM
34eCh  BHPAKEHHS llJISl sddekTHBHOrO MaruutHoro mnoas H n

TeH30opa HaTAXeHHH tlk B JIArPaHXeBLIX NepEeMEeHHbIX.
3ameuan, 4TO

oF  _ OF 0x; Oxp O0F Ops Oxp

o i g 0us 08 0%, o s 085 OE, "
9%k %o %o 15.2.4
OF _ OF ox (15.2.4)
0”1 - 0 Mg 0§p ’
dxk 0[:

142



noayunm u3 (15.1.11), (15.1.9)

A0 OF  0x,
k== J »oul 0§m
0%m
S oF 1 6§ 0 [ oF oOx
H=H"— 2 - %n g (5 % %\ (15.2.5
= G Y ey (P ou B | (102D
Om

3. 'pannuHbie ychaoBus. CHopMyTupyeM yCIOBHS, KOTOpPHIe
JOJKHEl YIOBJAETBOPATLCA HA rpanuue (eppoMarHeTHKAa C Baky-
YMOM.

PaccMOTpUM Mpexie BCero TPAHHYHbIE YCAOBHS [Jsi MArHHT-
HOrO H 3JeKTpHYyeckoro noJjeft. M3 yparuenns div B == 0 caenyer
HepephIBHOCTL HOPMAAbHOH KOMIIOHEHTHl BEeKTOPAa MarHUTHOH
MHIYKUMK Ha NMOBeDXHOCTH deppomardernka S:

vB, =vB_, (15.3.1)

rlle MHAGKCH IUIIOC M MHHYC 3[eCb W B JaibHeHlleM caymaT Ans
0003HaueHust NnoJedl BHYTPH M BHe (deppoMarsHeruxa BOJAU3N ero
NOBEPXHOCTH M V — eJMHHYHBLIK BEKTOD HOPMAaJH K IOBEPXHOCTH.

['paHHuHBIE YCJAOBUA [JAA TaHTEHUHMAJbHBIX KOMIIOHEHT MOJs
npoile BCEro MNOAYYUTb MyTeM Tiepexoja OT HENOABMIKHON
cuctemb otcuera K K cucreMe orcuera K’, aBuxkyiwedcs Bmecre
C IaHHBIM 3JeMeHTOM IO0BEPXHOCTH Tela, CKOPOCTb KOTOPOIO
(HampaB/ieHHYIO BIOJb HOPMaau v) 0603HauYuM Yeped v,. B cu-
creMe K’ crnpaBeinusbl OGBIYHBlE T'DAHMYHBIE YCIOBHS — Hempe-
PHIBHOCTb TaHTEHUMAMbHBIX COCTABJIAOLUIHX E; n H:. Cornacho
peIATHBUCTCKUM ¢dopMmyamM npeoOpasoBaHus 3TH  TpeGoBaHuA
SKBHBAJICHTHb YCJAOBUIO HeMPEPBLIBHOCTH TaHreHUHAAbHBIX KOMMO-
HEHT BEKTOPOB E—%—%(‘DXB), H—%(‘DXD)%H (npuban-
KeHMe MArHWTOCTATHKH (OPManbHO COOTBETCTBYET TOMY, 4TO
D =0).

B3siB npoekuMHn 3THUX BEKTOPOB HAa MJAOCKOCTb, MePNEHLUKY-
JASAPHYIO K vV, NMOJYYUM HCKOMble T'DAHHUYHBIE YCJIOBHA

v

VX (B, —E)=--(8, — H.)

vX (H, —H_)=0. (15.3.2)

[ToxameM nanee, uTO TEH30D HATAKEHHR f;, yIOBAETBODSAET
TPAHHYHOMY YCJIOBHIO
e)
LiwVa ls:t(i/evk lss (15.3.3)
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rae £ — Tensop HaTskennt 3MEKTPOMArHHTHOTO NOJsA BHe deppo-
MarHeTHKa

1 1
t?:—E(Hin——7H26ik) (15.3.4)

u H — maruutHOoe noJe BHe ¢eppomardeTixka. Beenem nas 3roro
UMNyJabC peppoMarHeTHka

P, = f ov; dr

(B npubJMXEHHM MATHUTOCTATHKH MOXHO He YUYUTHIBATb UMIYJabCa
3/IEKTPOMarHUTHOTO NoJf BHYTPH ¢peppomarHetuka). MameHeHue
MMIyJAbCd B EIMHHIY BPEMEHHM [OJ/KHO PpaBHATbCS cHle, neft-
cTByOlel Ha (PEeppPOMArHETUK CO CTOPOHBI 3JIEKTPOMarHUTHOTO
nons BHe (ePPOMATHETHKA, T. €.

Py __

= fiase.
N

C zpyrofi cTOpOHHI,

dapP; 0
-——dtl = J. —()7 Y, d"+ J. pV; Vg dSk
v N

3ameuad, uTO
0 d'Ui /]
of PO 0T T g, PV

M HCmoab3yda ypasHenus ynpyroctd (15.1.1), (15.1.2), noayuum

f £9dS, = f tin dSt,
s s

OTKyla W clenyer cootHouwenue (15.3.3).

HMlcnosbayem, HakoHell, HelMpepHIBHOCTb HOPMajbHOR cocTa-
BAAIOLER MJIOTHOCTH NOTOKA 3HepPTMM Ha rpaHulUe deppoMar-
HeTHKa:

Stv=_8"w, (15.3.5)

rae St u 87 — nnotHocTM nOTOKAa 3HeprMM BOAW3M TPaHHLBI
BHYTPH M BHe (eppOMAarHeTHKa. DTH BEAWUYHHBI JOMKHB OBITh
onpejieseHbl C yYeTOM JBUXEHHA TPaHULB (GeppOMarHeTHka.
[Moatomy, ecau Il — na0THOCTE MOTOKA uepe3d HEMOLBUMKHYIO
MOBePXHOCTb BHYTPU ¢eppoMmarHeTika (OHa onpeleadetcs ¢op-

myao#t (15.1.15)), To maotHocts notoka ST uepe3 NOABHXKHYIO
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rpaHuuy ceppoMarnetuka 6yieT HMeTh BHI

1 H?
S;:IIk-—vk(g—pv?—kaﬁ——gnl) (15.3.6)

(BTOpOE cCnaraeMoe B 3ITOM BHIDaXXeHHMH NpeacTaBhaseT cobGoH
HJIOTHOCTb TI0TOKA 3HEPTHH, OOGYC/JOBJEHHYIO ABHXCHHEM TOBepX-
HOCTH Tena). AHaJOrHyHO

2

H
Sy —*-—(E-><H e — e g (15.3.7)

rie BTOpOE chaaraeMoe, TaK ke KaK H BTOpOe cjaraemoe B ¢op-
myne aas S*, npeacraBaser co60# MOTOK 3HEPruu, 06YCIOBJEH-

HBI ABH)XeHUeM MNOBEPXHOCTH Tea.
Ucnoabsys coortwomenus (15.1.10), (15.1.15), (15.1.11),

(15.1.12), moxuo npeacrasuts S*v B BHIe

Stv=— v,t,kvk—{-ﬁv (E,. H, 1+
H2\1 OF dus
—{—vl{tmvk-v,(ﬂ M- 8*), p—ow—vk%—.
om

IMoacrasass cioaa Beipaxenue (15.1.11) ans tlk, MOy 4YHM

§Tv=— Vit 1pVe + (H+)‘r{ (v X (E,)) — 4n vy (B.) } +

+E3v”r(ﬂ+)r*f’;a—w”k ik

dxk
Hicrionvaya (15.3.4), MOwHO npeacTaBuT, S~ v B BHle

87V =— vitffve+ (H_ )r{ (vx E- ) ‘_‘41?'”\’(1'1-—%]('!—
+ g (H )0, (H ).

CpaBHUBas 3TO BHpaxeHWe C BhipaxeHueM 1ad S™v u ucnons-
aysa rpanuyuble ycaosus (15.3.2), (15.3.3), moayuum

OF
Ko =0. (15.3.8)
S

dxk
BameTuM, YTO IIPU ydeTe TEeILIONPOBOJHOCTU HENPEPLIBHOCTH
HOpMaJIbHOﬂ COCTABJAOLIER [MJOTHOCTH MOTOKA SHEPrud TaKKe
6yﬂ.eT BHINIOJMHATHCA, TaK KaK TeMhOeparypa yIOBJETBOPAET
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TPaHUYHOMY YCJOBHIO
oT

mvk =0. (153.9)

s

(Mbl npeneOperaeM npoUECCOM /JYYEHCNYCKAHHWA; NPY ydeTe NO-
cleJHerc HeoOXOILMMO YUMTBHIBATh TaKIKE HAJHYHE LOMOJHHTENb-
HOTO TEMNJOBOro NOTOKA 3JEKTPOMATHHTHOH 3HEPTHH BHE W BHY-
TpU Tena.)

4. CaencTBHA M3 3aKOHA COXPaHEHHUA MOMEHTA KoJH4Ye-
cTBa ABHeHud. Has yyera IMCCUNALHMH 3HEPTUH Mbl BBead
YHCTO (HOpPMaJbHO B YPABHEHHs IBHIKEHHS TEH30D Aie W penakca-
unonubifl uieH R;. [lokaxeMm Tenepb, YTO MeMAY 3THMH BelH-
YHHAMH CYLUECTBYET ONpeleseHHAd CBf3b, BLITEKAIOLIAS M3 3aKoHa
COXpaHeHHsl MOMEHTa KOJWuecTBa IBMWXKeHHd [3, 4].

B 06bluHOA TEOPHH yNpyrocT# MJAOTHOCTb MOMEHT4 KOJHYe-
CTBAa IBHXEHWS PABHA, KaK H3BECTHO, Pg;,X,7¥;. B deppomarue-
THKEe K 3TOMY BBIPAXEHHIO IO/DKHA ObITh N00AaBJAEHA MJAOTHOCTb

1
CIIUHOBOTO MOMEHTA KOJAW4YeCTBa ABUXKEHUA ?pul HOSTOMy MO~

MEHT KOJWYeCTBA ABWUKeHUA (eppomarHeTuxa omnpeneaserca ¢op-
My J10A

J=fp{(r><v)+ %u}dr (15.4.1)

(MBI He YUHTHIBAEM 3]ECb MOMEHTA KOJIHUECTBA ABUKEHHS 3JMEKTPO-
MATHUTHOTO [10Js, TaK KaK TMOAb3YeMCsl MAarHHTOCTATHYECKHM
npubauxenuem). [lpoauddepeniipyem 31O Bhipamesue no spe-
MeHH!

al; 1
= f {eiklxkvl +? Yy } pv, dS, +
i 0 1 0
+ J {elklxk”dT v+ & 57 Pl } ar

(nepBoe caaraemoe onpelensieT H3MeHeHHe J;, O00YyCJAOBJeHHOE
U3MEHElIHEM MOBEPXHOCTH TeJa CO BpeMeHeM). 3aMedas, 4ToO

Co90 o duy 0 (00,0,
o P =P T Oy, PRV

d d d

3T O =0 g7~ e (IT)
W yuuTeIBas ypasHeHHs ympyroctd (15.1.1), (15.1.2), noayuum
Tfi F= J. siklxktu dS]+ J. {-81k1t1k+ ?\O —ZjT- }d", (15.42)
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B cuny 3akoHa COXpaHeHHS MOMEHTa KOJMYeCTBA IBHKeHHs
06beMHBIf MHTErpal B 9TOM BBIDAXEHHH IOJKeH 06palarhes
B HYJb, T. €.

f{smtuz —pm X H), — % R;}dr=0. (15.4.3)

(Mb! HCROJB30BANM 31eCb ypaBHEHHe IBUXKEHHS MAarHWTHOTO MO-
menra.) IToBepxnocTHuIfl e HHTErpaa, B coorsercTBur ¢ (15.3.3),
npexcTaBaser coGOW MOMEHT CHJ, JeHCTBYIOIMX HA TeNO CO
CTOPOHBI 3JIEKTPOMArHUTHOrO [OJS BHe Tena:

RITRYL]

L:fﬁ x 1€ dS

TeHsop f;, COLePKHUT, Kak BHAHO M3 ¢opmyan (15.1.11),
TOJbKO TNepBble NPOH3BOILHbIE MAarHHTHOIO MOMEHTa B N0 KOOp-
nHHaTaM, a 3dexTHBHOe MaruuTHOe noJe H CONepXUT TakxKe

0%y
W BTOpHE NPOU3BOIHbIE ————, [lOo3TOMY, H -
p p I Tx; 0%, 9TOMY, HCNOJBL3YS T'PaHHY

Hoe ycaosne (15.3.8), MoxHO nepenucarb ypapHenue (15.4.3)
B BHIE

0 oF oF
v{‘ Eimifix  int aik O~ N -p[u X (H‘?ﬂ)] —
(3xs
1

"‘E‘ Rl}dr _— 0,

oTKy 12
oF Y oup

Eiribie = PEipibhe (Hz"'(ﬁl‘) O8iersy dx —{— R, (15.4.4)

dx]-

3TO COOTHOLleHHe 3aMeHseT B cjyvae ¢eppOMAarHeTHKOB COOT-
HOWIEHHE CUMMeTpHM f;, ==f,; AN TeH30pa HATAKEHHH B 0Oblu-
HOH Teopuu ynpyroctu [3, 4].
Ecau 6bl nHCCHNIauMs HEPTrHH OTCYTCTBOBAAd, TO COOTHOIE-
uue (15.4.4) umeno Gb BUL
(0) oF opp, OF
S'kltlk= Eipilhe (H———— — 0€;p =— — (1545
i pe; YT oy ) T P gy i )
0xj
Jlerko, onnHako, yOeIUTbCd, YTO NOCJelHee COOTHOLIEHHe clipa-
BelJUBO H TNpH HaAHuHU J.mccunauun sHeprud. HeficrBuTenbHO,

3ameuas, uTO z}‘,’; (")—{— t,k » M HCNOJIb3Yys BHpaxenne (15.1.11)
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nna t%')‘ nepenuiteM (15.4.5) B Buae

() oF ou, OF

e t = —— 0€; _— — 0&; —
1eilin O€irille o Pkt iy ().a”l
dx/

YunrbiBas nanee cdopmyan (15.2.4), (15.2.5), MoxHO npeobpa-
30BaTh 3TO COOTHOLIEHHE K BUAY

oF  0Oxp oF  op, oF
£ —_— e —— t=0. (15.4.6
ik { OH 0w T dig O TV dw} (15.4.6)
Fm Oim
Ho F sBasercsa He mpoH3BONbHOM (yHKLMEeH Beauvun ggi’ n;,
k
—gigf—, a ¢ynkuweti unsapuantos /;;, K;, K;; NOCTPOEHHBIX H3
k

9THX BEJUUYMH. [109TOMY, KaK Jerko MNPOBEPHTb, 3TO COOTHO-
IIeHHe YIOBJAETBOPALTCH TOXKAECTBEHHO.
Benomunas, uro t, =tO ¢, mnoayuum u3 (15.4.4),
(15.4.5)
R,=ge,t,. (15.4.7)

3T0 BaxHOe COOTHOlLIEHHE, CBA3BIBAIOLIEE MEWIy cOOOH JHCCH-
NATHBHBIE YMeHB R, H f;,, ABASAETCH, KAK Mbl BHINM, Clel-

CTBHEM 33KOHA COXPaHEHHS! MOMEHTAa KOJHYeCTBA IBHKEHHA.
Pasnaras TeH3op f;, Ha CUMMETDHYHYI0 W aHTHCHMMETpHY-

HY1O0 4acTH:

=15 +tp, (15.4.8)

npencTaBuM, coraacHo (15.4.7), Beipawmenune (15.1.15) naa ko-
JHYeCTBA BBHIAENAEMOrO Tema ¢ B BHIE

+R(H+—rot w)+t"” g;” (15.4.9)

310 BBHIPA¥EHHE IOKHO OLITb I10J0KHTEJIbHBIM NPH NPOH3BOJb-

7 d‘Ui
HbIX 3HA4YE€HHAX Hl H -o—x— HOE)TOMy MBI MOXKEM MNOJJOXKHTDL
13

~ 1
Ri =rik(Hk+§é—r0tk‘0>,

1 /ov ov
(s) s P
W=y (o T a). (5410
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Tle BEJIMUYHHBL 7ig, Tk sp NPEACTABAAIT COOOH MONOKHTEALHO
onpelefeHHble TEH3OpHl, T. €. TEeH30pbl, 111 KOTOPHIX

FipXXe > 00 My o VY5, >0

NPpH TPOMBBOJBHBLIX 3HAYEHHAX X; H VY, OTJMUHBIX OT HYJd.
Takum o6pasoM, ¢opmyna (15.4.9) npuHuMaer Bux

1. 7oy L 7 1
=5 Q—f—’zk(Hi—f—'QE‘TOtf”)(Hk—f—”Q?fOtk‘v)‘f_
4 s 0V - (15.4.11)

7% sp 0x, 0xy "

5. HsmeHneHue sHTponuu aedopmmupoBaHHoTO (eppomar-
HetHKa. B dopmyne (15.1.14), rak e Kak M BO BCeX HpeIbl-
Aywux (OpMyJax, He YUMTHLIBAJOCH U3MeHEHHe SHTPONUU ¢eppo-
MarHeTuka. Mes 1y TeM IJIOTHOCTb SHEPUUH 3aBUCHT OT SHTPOIHH,
nosToMy 0ol Ow/of clielyeT NOHUMaTb NpPOHM3BOAHYI OT IIOT-
HOCTH SHEpPTHH MO BPEMEHH MPU HOCTOSHHONW SHTPONMH eAHHHLLBL
Macchl §, M, CJaenoBaresabHO, ypaBHenue (15.1.14) npasuabno
3aMUCHIBATh B BHIE

Tl

ow
(%), G ==

(o) ow_ 0w ds
T)S“ of ~ 0s = dt '

rue

C zxpyro#t cTOpOHBI, B CHIy 3aKOHA COXPaHEHHS 3SHepPruu

Jw 0 oT
—Et———l——a":(ﬂk ——%o—x'k‘):(), (15.5.1)
raie % — Ko3pQHuUUEeHT TEIIoNPOBOLHOCTU. IlosToMmy
ds 5} oT
—pT-d.t——l— dxk (% dxk):_q
ow
(Mbl yuJad, 4To WZPT)‘ Hcnoabays nainee ypaBHeHHe Henpe-

PBLIBHOCTH, MOJYYHUM OKOHHYATEAbLHO

9 0 x OT\ (1 oT\2 ¢
5t—(ps)—f——0;;(psvk—7m)-—u(77x—;) +L. (1552

x oT
Benuuuna psvk—TE npeacraeafer coGolt MJAOTHOCTb MOTOKA

SHTPOIIHHU, a npapgasi 4acTb paBeHCTBA — MJOTHOCTb HCTOYHHKOB
SHTPONHUH.

6. OcHOBHBbIe ypaBHeHHsA. Boinuuiem 14as yno6crBa OCHOB-
Hble  ypaBHeHud, onpelensiollie UBMEHEHHE O  BpPEMeHeM
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PasAMUHBIX BeNMYNH, XapaKTepH3yIOLHX ynpyro ndedopMHPOBaH-
Hu#t (peppoMarseTux.

YpaBHeHHe JABHKEHHS MarHHTHOTO MOMEHTa eIMHHIBI Macchl
deppoMarieTHka HMeeT BH]

A —gxX W+ R (15.6.1)

rie s¢dexriBHOe MarHHTHOe noJje H M penakcauMoHHBIH uneH R
onpereadTcd GopMyaaMH

gj:Hj_i+L_0_(pdTF>, (15.6.2)
; I,
0 ——
0%
Ri=r,(H L rot
j—rjk( k-—i—"—QE—rOkv)-

YpaBHe}me JABHXKEHHA 148 BEKTOpPa CMEIICHHsi W ypaBHEHHE
HenpepbiBHOCTH HMEIOT BHI

d*u . 0tik
dt? _— dxk ’
op .
X+ divep =0, (15.6.3)

rle TeH30p HaTmKeHu# f,,, CKAALbIBAIOUKCA M3 Ge31UCCUNATUB-
HO#  £{) u ;MccMmaTHBHOM ¢, uacTeM, onpeneaserc GopMmyiaMu

Lip = t‘i%‘*’ t;k' t(i?z) = t(z'72)+ t(z"g)'

(" oF ok _ oF oy
Li =0 3 dul E—X—t— e 9 0“[ 0Xi ’
()xk dxk (1564)

1 1
t(L'I’ZZ) = _E (Hin — 7 HQéik) ’

’ 1 oug dv, 1
tip= T Wik; sp (5};‘ +0—xs‘) =+ P €1 Ry

ypaBHeHHH MATHHTOCTATHKH. UMEIOT BHUJI

rOt H=écijy
divB =0,
1 oB (15.6.5)
I‘OtE———? Tk
divD =0,
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rie j-— IJIOTHOCTb TOKA,
Jj=clE+ @xB)}. (15.6.6)

Hakoneu, ypaBHeRHe, onpelnelsiolliee U3MEHEHHE SHTDOIHHU
elMHHUBl Macchl, HMeeT BHI

0 0 % oT 1
Ft—(ps)+m(psvk x M) u(r m) +4. 567

rie ¢ — KOJWYECTBO TEMNJd, BBLACJAAEMOEC B CIHHHLE 06bema
¢deppoMarseryka,

J2 = 1 ~ 1
=t (k) o]

0vs 0vyp
= —E (15.6.
+nls,‘ sk 0x; Oxp (15.6.8)

7. Cayuaik mMajbiX HEOMHOPOAHOCTeH. B 3akmwoueHue aToro
naparpada npuBefeM BHIPAXEHWS A4 MUVIOTHOCTH MOTEHLMaAbHOR
3HepruM ¢eppoMarHeTHKa, TEH30pa HATKEHHR H 3ddeKTHBHOrO
MarHUTHOTO MOJIS B ClAyyae MajislX IPaLHEHTOB MAOTHOCTH Mar-
HHTHOTO MOMEHTa W BEKTOpa yNnpyroro cMeLleHHA.

Banucas wnpapuanth /,;, K, K;; B suie

duk duj duk duk

I:()—’» 2[1..' K:u.—{—u _—_ K:-—— —_—,
1 == 9ij gjr D= BT R e 77 08 T 0% Ok

— TeH3op JledopMauuit B JarpaHxeBHX MepPeMEHHBIX

0ui j duk duk
( g + oE —z)
0 0§i 0%; ()b/

rae llj

u

pasnoxum ¢ynxunio F(ly;, K. K;) B pan no crenenaMm #;; n
K,j. OrpPaHHYUBAACH Y/JIEHAMU JO BTOPOFO NMOPSILKA BKJIOYUTEbHO:

=a-+2\ 4, -+ QBtm; f’m'ulmKl’m’ +v,.K,. +
1
+7 M v Bt me T Vi 0 Koy (18.7.1)

3:£(er a. x'lm' ﬁIm;l’m" Vime llm;l’m" Yim;l-'m’ - HEKOTOpHIE
dynxuun uHBapuantoB K;, NpHYeM, OYeBHAHO, B QYHKUUAX
Bims trm> My t'mer Vim; 1y MOMHO 3aMeHHTb K; Ha M, Yro xce
kacaerca ¢yukunit a (K)). A, (K), v,,(K,), TO OHH ROMKHB

duk

OLITH PasmoxeHbl B pAL MO CTeNEeHs M Mg —og— BIJIOTbL OO YJECHOB
!
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BTOPOTO nopsiKa:

_ da ouy, 1 0% ouy, Ou;
a (K= @)+ 50 e 5 -5 G, M ag, M,
dA ou
Ry (K ) = Dy (1) + 5 5 (15.7.2)
aYlm Oug

Ylm (Kt) Ylm (“’ )+ ouk S ogk .

[Moncrasasa 9TH pasnoxeHus B (15.7.1), noayuuM OKOHYaTeAbHO
1 ou,, Ou, 1 d%a
F=+ 9 \lm U'm' 0§1 ogl, +{ 7"lm U'm' + ° _——“ou Jn M[“l +

dul oul' 0”1

0 m
b 2 ) G e (Pt g | e+

0Y1m +QB ouk oum
ks; lm ot 0§l
(15.7.3)
31ech BEJHYHHbI Vim; 1'm k[m; rm M Vi Brs, 1 &> ABATOTCH
POM3BOIbHEIMH (DYHKUHAMH [1;, OTPAHHUEHHBIMH TOJBKO COOT-
HOLIEHHAMH CHMMETPUH:

i/
+Y1m Hm + a +{Y1s6km

Ylm; I'm = Yl’m’; Im’ A’lm; 'm’

A’lm = ;"ml’ ﬁks; im = ﬁsk; im’

I'm'; lm m'l'; lm’

(15.7.4)

3amerTuM, 4TO BEAWYUHBL Y, ., W @ CBA3AHE C BEAWYMHAMHU
Qm; I'm’ M W, BBEleHHbIMH B § 3, COOTHOLIEHHAMH

1
Yim; 1rm' == Po%ym; yrme a*aw

rie py — MJIOTHOCTh (eppoMATHeTHKA B OTCYTCTBHe AedopMauutl,
a BeJHYMHA Y;, COBNAJdeT C BeJMYMHOR Y., BBeleHHOH B § 3.

Kak Bugto u3 (15.7.3), MJIOTHOCTb NOTeHUHaAbHOR 3Hepruu
(deppOMarHeTHKa COLEPKHT KaK 4YJeHbl, 3aBHCSILIME TOJBKO OT
NJIOTHOCTH MAarHHTHOTO MOMEHT4 M TOJbKO OT TpajHeHTa Bek-
TOpa CMELIEeHMS, TaK W uJeHbl CMEIIAHHOTO THMNA, 3aBHCALLME H
OT TJIOTHOCTH MATHHTHOTO MOMEHTa M OT TpaiueHTa BEKTOpa
cMewteHHd. [locaenHue dYjaeHB M OOYC/MOBAHBAIOT CBA3b MEXIY
CTMMHOBBIMU U YIDPYTHMHM BOJHAMH B (eppOMarHeTHKeE.

1
Beanunua Ea(u) B BblpaweHHH s F npencrasiasier coGoi

MJAOTHOCTb 3HEPTUH OAHOPOIHO HAMArHUYEHHOT O ¢)epp0M3rHeTm<a,
T. €. INMIOTHOCTb 3HEPIrHH aHHU3O0TPOIIHH. OépaTl/lM BHHMAHHE HA TO,
YTO 3Td BEJWYHHA BXOAHUT B IOTEHUHANBHYIO SHEPruio q)eppo-
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MarHeTHKa TaKike W B BHle NMepBof W BTOPOH MPOM3BOLHHIX 1O
MJIOTHOCTH MarHHTHOTO MoMeHTa. Diarozaps sToMy BO3HHKaeT

JOMOJAHUTENbHOE cnaraeMoe B TUJIOTHOCTM MATHUTOCTPUKIHMOHHOU
ou
SHeprHHu (cnaraeMoe }Ll 3 l) U B TJIOTHOCTH YTpYTOH 3Hep-
n
1 02 Ou,  Ouy
- “ “l' . = .
2 0w, 0m, ! 0% Okm’
BaMy, 3HEPTUA MarHuTHOH dHU3OTPOTIHH MNPUBOAUT K AOTIOJIHH-
TeJbHOH MaArHUTOCTPHKUMHM H K JAONOJHUTEJbHOMY HW3MEHEHHIO
moaynelt ynpyroctd. BaxHo TOI4epKHYTb, YTO 3TH H3MEHEHHS
He MOryT OHTb CBelieHb K TiepeolpeleNeHnio BEINYMH A;, H
Mm, ¢'m', TAK KaKk NPH 3TOM Hapywanauch On CBOHCTBA cuMMe-
tpuu (15.7.4).
OTMeTuM Takxe, UYTO B MJIOTHOCTb MOTEHLHMANbHOR 3Hepruu

THH (cnaraemoe ) HuuiMu cao-

ou;
(eppoMarHeTHKa BEKTOD CMelLleHHs BXOIHT B BUAE EI a He
J
dut duj
B BHIE CUMMETDPHYHOrO TeH30pa JAedopmaumu ;== T - o
J i

KaK 3TO MMeeT MeCTO B OGLIYHOH TEOPHH YNpyrocTd. ITO cBA-
3aHO ¢ TeM, 4TO B HHBAPHAHTEHI, OMpejensiomne TMJIOTHOCTbL MHO-
TeHUHAIbHOM 3HepruMm ¢eppoMarHeTvKa, Hapsily ¢ TPaIUeHTOM
BEKTOpA CMelleHNs BXOAMT IUIOTHOCTb MAarHMUTHOTO MOMeEHTa.

Hcnoabays dopmyasr (15.7.3), (15 6.2) u (15.6.4), MoxHO
HatiTu 3¢deKTUBHOE MAarHUTHOE MOJ€ H u TeH30p HaTsKeHuh ¢ 1y
B cJayuyae MalblX TpaJHEHTOB MAarHUTHOTO MOMEHTa M BeKTOpa
cMeleHuH:

r da Nim Om

07\,1,,1 dul
— (2 G gt O ) g
1 0 du[
35@79{%; mt G T Ves T
oy ou
+[2ﬂzt ks T Vel V10 + 50 ks ]Wf }'
() 1 07‘lm
tim =204 5 Mm;v'm' == M Ou — M St = o= Wy -
Um

ox,, da 1 % ou;.
"*’ l“‘l+ 2 0}1 M[ mt’+ 2 0” dll l“‘z”[ Pm +

0 0
+{ l‘))lm ks‘*' Ykmbls-"'_ e } 2 +27”lm+ 0H
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§ 16. CA3aBHbIE MATHHTOYNPYrHe BOJHBI
B (deppomariernxkax

1. JluneapusosaHHbie ypapHenus ABH¥KeHHs. Mcnoabays
NOJy4eHHbIC B NPEILIAYINEM pa3fiefle BHPAXeHHA A1 9DdeKTus-
HOTO MAarHWUTHOTO. N0/l ¥ TEeH30pa HaTSXeHHH, Jerko BHIBECTH
yPaBHeHHe JBHXEHHA I/ MarHHTHOrO MOMEHTa H BEKTOpPa CMe-
LleHUsA, KOTOpbie B MPHHUMIIC MOTYT CAYKMTb AJSl HCCAENOBAHHA
CBA3aHHBIX MATHHTOYNPYTHX BOJH MNPOU3BOJNbHOH AMIVIMTYAbI,
Juiib Obl PAajMEHTHl MATHHTHOTO MOMEHT4 M BEKTOpa CMelleHHs
Obutn  poctaTouno Maabi. OpHako Mu He OyieM 34ech 3aHH-
Mathbcsl HeJNMHEHHBIMH MaTHHTOYNPYruMH BOJHAMH, a OrpaHHYHMCA
TOJIbKO HMCCJAELOBAHHEM BOJH MaaoH ammantyasl. C aTofl ueabio
MBI J10/DKHBI NPOBEeCTH B BHpaxeHuax (15.7.3), (15.7.5) no6a-
BOYHOE pa3JOXeHHe B PAA MO CTeneHAM OTK/JIOHEHHA MATHUTHOrO
MOMEHTa W OT €ro PaBHOBECHOr0 3HAUEHHA W, AJd KOTOPOro
BHIOJHAOTCA PaBeHCTBa

Mmm&(%ﬂfa

BJSIOLLHECS  YC/IOBUSIMH MHHMMyMa MNOTCHUHaJbHOH SHEepruu.
IlpuBenem pesy.bTathl pPa3/ioxKeHWs, npeliofaras Ajs NPOCTOTH,
UTO (heppOMarHeTHK SIBJASETC OJHOOCHBIM.

[l10THOCTL SHeprun uMeer Bug

1 1 1 ou, Ouy
= 2 4 on? e — ot e
U= T et g hm e

1 dau
+72‘ ( ”) + fpzp‘o (nt l’ mm’ nmnm 6/1’) ><

ou

, oup 0 (un) \2
T et 0 (Tt ) +

—+ 105 {(f (nzp‘lm -+ )+ Bap,,

+ () [0+ D), €8,,]) SEL - 7 6EPWE +- 7 63D (1,
3aeck @, — Manoe OTKJAOHEHHE MArHUTHOTO MOMEHTa W OT PaBHO-
BECHOrO 3Ha4eHUd W), M — €IHHUUHBIA BEKTOP BAOJbL OCH JIETKOTO
HaMarHM4eHus, T. €. mNapajnejbHEH BeKTOPy N, O — OoOMEHHas
KOHCTAHTa, Py — PABHOBECHAl NMJOTHOCTh ¢(eppoMarHeTHka B, b,
J+ ¢ 1 d—HeKoTophEe MOCTOAHHEIE, BXOASWLME . B BHIPaXKeHHS
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295 (Ga o * (G
Om 0uy Jo

0
1
- = PBbyp 4 by (16.1.1)
o2 ( l‘zol‘k) B0z %

2 [0\
7( 0;”‘) ':fp’o(émsn +61s m)+661m s“’().*_dnl mns“%«
s /0O
(16.1.2)

(nocTodHHaA B COBMagaeT ¢ KOHCTAHTOH aHWU3OTPOMUH, BBEICHHON
B § 3); B paccmarpuBaeMoM NpHOAHXeHHH 3HAepOBH H Jnarpad-
WeBbl KOOPAMHATH, OUEBUAHO, He PA3NUYAIOTCA.

JddexTHBHOR MATHUTHOE MoJe onpejenasercd dopmynolt

H =R — o+ 000e 575 0x ()x — Polto [(f +B) V (nu) +-

+ (V) ] — npy b (n1,) - ¢ (V) - (0 4 1) (n7) (ma)];
(16.1.3)
TEH30PH HaTskeHuft £, £ u £~ AMeOT BUL

1 = 9 {;\'l/m 1 (Ogto)t F +B) D, mpmy —
ou,,
—f(“'opo) 61["1 n } o_:fl_, '+‘ pg“'o [(f+ B) “m"z ‘+'

-{—fu”nm —+[ed, lm-{—(b-—{—u?d)n n,|nn)

- __pouo s (16.1.4\

t = Vs 1 :;’"'_FQ_lér_gwprpk(ﬁk —|—71g—rotk1/),
rae
7\4;”1 e -—-klm ,,m,—l—(uopo)? {(b—l—;ﬂd) nn nn,
—|—c( o e O ,nnm)—|-f( S
+6u"lm"m'+61m'”1'”m+61'm”1”m')}-

Ucnoavdys st dopMyan, mnoayuum, coraacHo (156.6.1)—
(15.6.4), crenytomyto cMcTEMy JIHHeapHSOBaHHbIX ypasHeHuf:

0
T =guo(n X )+ R
oot =F + F’,
div (B 4mpyp; + 4np ) =0, (16.1.5)

roth=0, p -+ p,divo=0,
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rie P, — OTKJIOHEHHe MJOTHOCTH (ePPOMArHeTHKa OT paBHOBEC-
Horo 3HaueHust W F, F’—nJIOTHOCTH ynpyroH CHABL M CHIIBL
TpeHHﬂ

F dx (tgz (m)) = pO{ im; l'm’ +(“’Opo)2 (f+ﬁ)6mm n n’e’ -
— (e80)" f Oyt 0} %, 6x >+ 90”01(f—+ By, ailm +

AV, + [c o_zfr b+ 12d)n, (nV)] (,1) } + oty (RV) .
' (16.1.6)

P 9 %, 1
1 ox,, tlm: Nom; 1'm? Ox,,0x,, +—QErOtl R.

Hakoneu, penakcauuoHHE# yieH onpenreasercss GOpPMynoR
1 (x5 1 1 & 1
R-—E(‘H—}—-Erow)——?{n hd [n < (H—{-Erotw)”.

[Monyuyennsle JHHEAPU3OBAHHHIE YPaBHeHHs INOKA3bIBAIOT, YTO
M3MEHEeHHe MaTHUTHOrO MOMEHTa MNPOMCXOIMT He TOJbKO 6Jadro-
1aps JeHCTBHIO MATHUTHBIX CUJ, HO W 6jaroiaps Redopmailuu
¢eppoMardeTuka, a H3MEHeHHE BEKTOpa CMeLleHHS — He TOJbKO
6naronaps neHCTBHIO YNPYTHX CHJI, HO W 6Jaronaps HeOXHOPOX-
HOCTH MAaCHUTHOTO TNOJS M MAarHUTHOTO MOMEHTa. Jrta CBA3b
MeXJY MarHMUTHBIMH M YNPYTMMH BeJHYMHaMH OOYCJNOBIMBaeTcs
MarHUTOCTpHKIilHel, SHeprHeH MATHUTHOH aHU3OTPONIHH U HOHLEPO-
MOTODHBIMU CHJIAMHU.

2. BaaumopneiicTBHe 3BYKOBHIX BOJH CO CINHHOBBIMH BO.J-
HaMH M MarHuToakycTHueckuii pe3omnanc. Ilpeanonaras, uyto
BeJMUMHBl Wy, %, A W p; HM3MEHAIOTCA CO BpEMEHEM MO 3aKOHY
e~ i@ —kr) e @ M R~ 4acTOTA H BOJHOBOH BEKTOD CBS3aHHBIX
MarHUTOYNPYTHX BOJH, MOXHO C IOMOLUbIO JHHEAPH30BAHHBIX
ypaBHenu# (16.1.5) noayuutb LHCNePCHOHHOE YpaBHeHHe, CBf-
3biBalouiee MewAy coGolt BeauuuHbl © W k. OuHako B o6uleM
cJyyae MPOU3BOJILHEIX TEH30POB ;"ik-lm’ Mk tm M TPOH3BOALHOTO
HANPABNEHUS  PACNpPOCTPAHEHHS! BOJHBHL 3TO YPaBHEHHE HMeeT
OueHb TDOMO3AKHA BHI H ero TPYAHO MCCAeAOBaTh. IlosTowmy,
4yTOOH [POAHATH3UPOBATH OCHOBHbIE CBOHCTBA CBABAHHLX MarHUTO-
YOPYTHX BOJH, MBI OTPaHHYMMCS pPAaCCMOTpeHMeM INpocTefilero
cayuas, Korga (GeppOMarHeTHK MOKHO CUUTATh H3OTPOMHBIM OTHO-
CUTEJbHO €ro yNpyrux CBOHCTB, T. €. OyleM NpeanoJararb, uTo

lf’ im [(81)2 2 (St)zl 9, 6 + (81)2 (611 km l- 6'm 6.121)’
ntk Im (nl - an) 6112 im + nt (61’ 6km + 6Lm 6kl)
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(s, W S, — MpeAcTaBAOT cOBOH CKOPOCTH MPOLOABHOTO U TOMe-
peuHoro 3syka). KpoMe 1oro, Mbul 6yseM CuMTaTb, YTO MArHWTO-
ynpyras BOJIHA, PAacTPOCTPAHAETCH BOJb OCH aHH3OTPONUU (OCh 2)
M OTCYTCTBYKOT peJIaKCAUNOHHLIE cJaraeMoie, NMPUBOAALINE K H3Me-

1
HEHMIO BeJHUYMHB MAarHUTHOTO MOMEHTa (r— = 0). B stoM cayuae
2

Mbl moayuyum H3 (16.1.5) caenyiomMe ypaBHEHMSt IS LUPKY-
JAIPHBIX KOMMOHEHT uf:uuiiu. H uizuxiiuy BEKTO -

iy
poB W, M W
{® To,®E(1F i(‘)s)} nE =
, M _, _ 0] .
— + kagMop—o"{l +Lés(1 < Q—fEM_o)}"—’
{m?—-m?(k)(l — 1)) u* = (16.2.1)
— R _ s (R) }
— ‘kaoll i ST o, ruE,
{m? — o7 (k) (1 —i(‘),)} u,=0,
rae o, (k)= gM,(ak? - B) — uacrora CNMHOBOH BOJHHI (M,=
= pMg), O, (R) =8k n ©,(k)= 5k — 4actors nonepeuno#t u
NPOAOJBLHON 3BYKOBHIX BOJH, B KOTOPble BXOAST MOAHGUIUPO-
BAHHBIE CKOPOCTH 3BYKA §; M §,

2

M3 M
S?*-S ,——(ﬁ~4n) s;= (s, — f poo‘

H, HakoHel, O, O, W O, — BEJMYMHBI, ONpeeJAIOLNe AUCCHTIA-
LMIO 3HEPTHH,

o 0, = 2 n—9of g 0 2
=, == 5 :-_——-—T],
s gMOTl t pO% 7 § ps? 4 2 Y

He yuurbiBag cHavajsa AMCCHNATHBHBIX NPoOLeccOB, MH 6ynem
MCXOINTb W3 ypaBHEHUH:

. M
[0 F o, (®]ni =% kagMo—Bo—" ut
[wQ—w?(k)]ai:~ikaOp,li, (16.2.2)
[0 — 7 ()] u,==0.

MBI BHAMM, YTO BLOJIbL OCYM aHMU3OTPOMHM MOTYT PACNPOCTPAHATHCA
HE3aBUCHMO TPO/OJbHAS W TNOMepeuHbie BOJHBL.
CKOpOCTb pacmpOCTpaHEeHHS npononb}mx 3BYKOBHIX BOJH §,

Mano OT/AHYaeTca OT §;, TaK Kak ——<<1 HO B NpHUHUHME
Posz
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M3MeHeHHe CKOpPOCTH TpPOXOJbHOR BOJHEI MOXHO Ha6JI01aTh,
€CJH BKJIOUHTb BJOJb OCH aHH3OTPOINHH CTOPOHHEe MarHHTHOe

none H{: tak kak B 5TOM cayyae CKOPOCTb MPOMOABHLIX 3By-
KOBBIX BOaH Oyler aasucet ot HE (npu HE £ 0 B dopmyue

H®
0

LA §; BEJHYHHY P HALO 3aMeHHTb Ha P i/
)l 0

PaccMoTpuM TOliepeyHble MarHHTOYNpPYTHe BOJHBI, Pacnpo-
CTPAHAIIHECH BLOJMb OCH aHM30Tpomuu. Mckiouas M3 nepBhIX
IBYX ypaBHeHn# cucrembl (16.2.2) amnautynnl #*, pf, nomyunm

ClefyIOlHe AUCTIEPCHOHHBIE YPABHEHHA:
(0 — o? (k) Y@ — o (k)— LgMy? (k) =0,

16.2.3
((1)2 —o? (k)) (0+ o, (k))+ Lg Mw? (k) =0, ( )

2

roe §=f? M% . TepBoe 3 3rux ypaBHeHHH onpefesser ua-
008t

CTOTH MAarHHTOYINPYTHX BOJH C «JeBOH» KpPYyroBOH noJspHsauned

(ut # 0, 4= ==0), a BTOPOE — YACTOTHI MATHUTOYMPYTUX BOJH

¢ «npasoit» kpyroso#i noaspusaumet (¢~ == 0, ut =0).

Ecan B 3THX ypaBHeHHAX NOJMOXKHTb {— 0, TO mHcHepCcHOH-
Hble YpaBHEHHs pacnaiyTCcsl HA YPaBHEHWS, OTNpelesioliHe YaCTOThl
IBYX TIOMEpeyHbX YMPYrHX BOJH H 4HacTOTY CMNHHOBOR BOJIHHL.
[MosTomy BeauuuHy { MOXIO paccMaTpubaTh Kak NapameTp CBA3H
MEXILy YNPYFHMH W CHOHHOBBIMH BosaHaMu. O6wiyno f =~ 3-~10,
My=~ 103 2¢, py==10 2/cu? u s,=~3.105 cu/cex, nostomy
L~ 107°--10"% Takum 0o0pa3aoM, KaK H YKa3hiBaJaOCb BBIIllE,
CBSI3b MEXLY YTIPYTHMH W CIIMHOBBLIMH BOJIHAMHU fBAsleTCS CJ1a6OH.

YuntbiBas Manocts mnapamerpa {, Jerko HalTH KOPHH IHC-
nepcHOHHBIX ypaBHenu# (16.2.3). [lpexae Bcero ua BTOPOTO
ypasHehus (16.2.3) nmeem

— 1 LeM
“)_‘Dt(k)(l _—Q—ng—s(—k)) (16.2.4)

Mbl BHINM, YTO B3aMMOIEHCTBHe TOMEpPEYHOH 3BYKOBOH BOJHbBI
C «npaBo#» KpPYroBoH mnojdpH3alMel cO CNHHOBOH BOJIHOH INipH-
BOAMT K H3MEHEHWIO YacTOTH @) (%) Ha BeaMuuHy mopsika fe, (k).

Paccmorpum Tenepb BaauMoleficTBMe nonepeyHOR 3BYKOBOH
BOJIHB C «J€eBOW» KpyroBo# noJspuaaiue#t co CriMHOBOR BOJHOM.
Ilpu 3TOM caelyeT pas3auyaTh ABA CAyuas B 3aBHCHMOCTH OT TOTO,
BEJHKO MM Malo pasinune Mexnly BeJHuHHaMH o (R) ¥ o,(R).
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Ecau BosHoBOH Bekrop R TakoB, uto |, (R) — o, (k)| >
>>>lo,(k), TO KOpPHH LHCMEPCHOHHOTO YyDABHEHHS HWMEIOT BUA
= L &My
o=0®(1 ~ 3t o=
gM0? (k)
o, (k) (02 (k)—m?(k)))'

3tn dopMyabl MOKA3LIBAOT, uTO MNONEpeuyHas 3BYKOBas BOJHA
¢ «JaeBo#» KpYroBod mnoadpusaluell B3auMOLeHCTBYeT CO Cmu-
HOBOM BOJIHOM 3HAYWTENIBLHO CHJIbLHEE, YeM [MomnepeyHas 3BYKOBas
BOJIHA C <«MNpaBof» KPyroBo# moJjifpu3aimued.

Ecan peauynHBl ®; M ®, Mano OTAMHAOTCS APYr OT Apyra,
TO mepBoe U3 ypasueHuH (16.2.3) MOKHO nepenucaTb B BHIE

(16.2.5)

co:cos(k)<l +

(@ — o, (8)) (0 — 0, (R)) — 5 Lg My, (k) = 0.

KOpHH 3TOr0 ypaBHEHHA HUMEWT BHA

W) == % (0; ) —_—;— V(mr '_' (‘)s)2 + chMomt’

(16.2.6)

o) _—:%(m, + o) +—é~ V(“’t — 0,2+ 2gMyo,.

St GOpMyaH CNPaBElJHBH, e€CMi |0, — &, | L @, Ve

O0paTuM BHMUMAHHWE Ha TO, 4YTO B 00MACTH BOJHOBHIX BeEK-
T0poB |0, — 0; | L, V'L oran-
YyHe YacTOT CBS3aHHBIX MArHHTO-
YOPYTHX BOJH @, @ OT HeBO3-
MyUeHHBIX 4acToOT @, @, COCTa-
BAfET MO TNOPSAIKY BeJHUHHDI
Vi, B To Bpema Kak npH
oy — o, | >>Lw, 3T0 oTAHYME
coc¢rapaser Lo, um Lo,

Ha puc. 4 usobpaxen npu-
MepHbLII XOX BeTBeH CBA3AHHBIX
MarHWTOYNPYr¥X BOJH NpPH pac-
NPOCTPAHEHUH UX BAOJb OCH aHHU-
sorponun. Bersu [ u Il coort-
BETCTBYIOT B3aHMOJeHCTBYIOLINK
CHMHOBOW H monepeyHolt 3BYKO- Puc. 4.

BOM BOJIHE C «JIEBOH» KPYyroBo#

noaspusaunelt. B o6nacti Manbsix BOJHOBHIX BekTOPOB, B < R,
rae k, onpenensercs us ycaosus o, (R;) = o, (R,), Bersb / coor-
BETCTBYeT 3BYKOBOH BOJHe, a BeTBb [/ — CIHHOBOW BOJHE;
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B o6macTH ke GOMBUIMX BOJHOBHIX BeKTOPOB, & > &, BerBb /
COOTBETCTBYET CNUHOBON BOJIHE, a BeTBb //-—3BYyKOBOH BosHe [D].
Berb /// cooTBeTcTByeT mnomepeuHOH 3BYKOBOH BOJIHE € «lpa-
BOI» KpYroBO# noJspH3auued, KOTOpas NMPAKTHYECKH HE B3aUMO-
JeficTByeT co cnuHOBOH BoJHOH. HaxoHeu, Bersb /V cooTBer-
CTBYeT MpOLOJbHON 3BYKOBOH BOJMHE, KOTOpas Tak¥e B paccMa-
TPUBaEMOM CJ/yyae MPaKTHYECKH He B3aHMOJEHCTBYET CO cnUHOBOMH
BOJIHOH.

Boseparumcsa k ypasuenusM (16.2.2). HMa Hux caenyer, uro
AMIVIATY Abl UMPKYJAADHBIX KOMIMOHEHT MAarHHTHOrO MOMeHTa H
BEKTOPA CMELUEHUS CBA3aHHI MekAy COOGOH COOTHOIIEHHEM

ikfgho S
L _ V0 gux
nE = E et (16.2.7)

WJAH, 4YTO TO XKe caMoe, COOTHOLUEeHHEeM
kfM,
= 2

o° — o) (k)

ut = — nE. (16.2.8)
OTi ¢GopMy/ab NOKA3BLIBAIOT, 4YTO €CIH B (eppOMarHeTHKE BO3-
OyauTb ynpyrue koneGanus, TO 3TH KOJeGaHHs BHI3OBYT B CBOIO
Oouepelb MAarHuTHele KoaeGanus, W HA06opOT, ecau BO3OYIHTH
MarHHTHbIe KOJe0aHHd, TO OHH BBIBOBYT ynpyrue KojebaHHA.

PaccMoTpumM 18 OnpeieseHHOCTH BO36YXKIEHHE MarHMTHBIX
koJeGaHu#t 3BykoBbiMU. OGpamasck 8 3STOM cJayyae kK ¢op-
myse (16.2.7), Mbl AO/KHBI [IOHHMATb B HEH 0] @ TOT KOpeHb
INCMEePCHOHHOIO YpaBHeHus, KoTOphA 6/M30K K ®, (mpu pac-
CMOTPEHHH BO30YMHAEHHUS 3BYKOBBIX KOMeGaHU! MATHATHBIMU HYIKHO
B ¢opmyae (16.2.8) mouuMaTh moi ® TOT KOpeHb ILUCHEPCHOH-
HOTO ypaBHEHHS, KOTOPuH 6Ju30K K @,). Mbl BUAMM, 4TO BO3-
Oyxaenue KoJNAeOAHMH HOCHT pE3OHAHCHBIA XapakTep M yTO
aMOJHTYAa MAarHUTHBIX KoJeOanuH, BO30y#daeMblX 3BYKOBLIMH
KOneOanuaMH (M COOTBETCTBEHHO aMILIMTYAa 3BYKOBHX KoJeGanuft
BO30yX1daeMbIX MArHUTHEIMH KojeOanuamu), OyieT o0cobeHHO
BEJHKA B TOM CJy4ae, KOIJa BBIIOJHACTCA YCJ0BHE

o, (k) = o, (k). (16.2.9)

Takum o06pasoM, MOXHO FOBOPHUTL 00 Olpele/eHHOM pe30-
HaHce, KOTOpHIH Mbl OyleM Ha3biBATh MAarHHTOAKYCTHYECKHM pe-
3OHAHCOM.

OnpenenuMm 4acTOTH MarHMUTOAKYCTMYeCKOro pesonanca. Us
yclIoBHA pe3OHaHCa

Sk = g My (ak® + B)
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JIeTKO Ha{TH COOTBETCTBYIOI(HE 3HAYEHH BOJHOBOrO BekTopa k!

—__2_4—1/_1_( St )2___5_
kl'r"—_QagMo - 4 \agM, o’

s 92
Tak kax ! 5~ b >1, 10
o (gMy) 1oM,0,
— Bg M, o St
kl T ) k2 —_— agMo .

DTHM BOJHOBBIM BEKTOpaM COOTBETCTBYIOT 4YAaCTOTHl MATHHTOAKY=

CTHYECKOTO pEe30OHaHca
2

S
(1) ~ (N~
of BgMO, of T
Cunras My~ 103 2¢, s, ~3-10° caulcex, p=~1 n o=

0 2 -2 9 13 -1 10 -1
= —¢ g~ 1072 cu’, noayunm @’ ~10"% cer ™", 0" ~10" cerc "',

Mo My
TakuM o6pa3oM, yacTOTEl MarHUTOAKYCTHYECKOrO PE3OHAHCA JIeHKAT
B OOJACTH yJaAbTpa- W rHnep3Byka. [ToaToMy sBJIeHHe MarHuTO-
AKYCTHYECKOTO pe30HaHCa MOXeT OBITb HCMOJB30BAHO 1Js CO-
31aHHUA TeHepaTOpPOB THNEP3BYKa.

Lo cux nmop Mpl aad npocTOTH paccMaTpPUBAMH pacnpocTpa-
HeHHE MAarHUTOYNpYTUX BOJH BAOJbL OCH aHU3OTponuH. B 3ToM
HanpaBsJeHUM [Ijas WM30TPOMHOTO (B CMBICJAE YMNPYTHX CBOHUCTB)
¢deppoMarHeTHKa OTCYTCTBYET B3aHMOJeHCTBUE MPOIOJBHOW 3BY-
KOBOH W cnuHOBOH BouHbI. OIHAKO 31eCh CKa3blBaeTCs He CBOM-
CTBO MPOLOJBHOCTH 3BYKOBOK BOJHBI, a H30paHHOCTbL Hanpasle-
Hus pacnpoctpaHedus. Ecam pacnpocTpaHeHHe  NMPOUCXOAMT
B MPOH3BOJbHOM HANpaBJEeHHH, TO HMeeT MECTO B3aHMOIeHCTBHE
CMUHOBOM BOJIHBI CO BCeMM BeTBAMH YMNpYyTHX KoJebaHu#, T. e.
KaK C MONepeyHbLIMH, TaK W C MPOLOJLHOW 3BYKOBBIMH BOJIHAMHU.
OTO 3HAUMT, UTO MpU MPOH3BOJLHOM HANpaBJIeHHH PacnpocTpa-
HeHUS MPOUCXOIHT U3MEHEeHHWE 3aKOHOB IMCMEpPCHU KaK Mnomepey-
HBIX 3BYKOBHIX M CMUHOBOR BOJIH, TaK H MpPOJOJbHOH 3BYKOBOM
BOJIHH. AHaJOTHYHOe MOJIOXKEeHHE MMeeT MECTO, €CTECTBEHHO, AJd
BCeX BeTBeH ynpyrux KkoJaebGaHH{ B CJayuyae aHH3OTPOMHOrO
(B cMBICAE YOPYTHX CBOMCTB) peppOMAarHeTHka, KOTZa pasielieHHe
Ha MNonepeyHble M NpPOLOJbHBIE KoaeGaHud BooOlue He HUMeeT
CMbIC/IA.

BsaumonefictBiHe Mex1y CnMHOBOR BOJHOH M BCEMH BETBAMH
ynpyrax xoaeGaHu#t AOJIKHO HPHBOAHTh K PE3OHAHCHOMY BO3-
Oy X IEHHIO CTIHHOBOH BOJIHOM, KaK MPaBWJO, BCeX 3BYKOBHIX BOJH
H BCeMH 3BYKOBLIMH BOJHAMHW — CNHHOBOK BOJHBL. HMubimu cao-
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BAMM, MATHHTOAKYCTHUECKHH pE3OHAHC MOXKET HMeTb MeCTo He
TOJbKO Ha momnepeyHodt, HO W HA NPOLOJLHOK 3BYKOBOH BOJHE.
OH BO3HMKAeT BCAKUH pas, KOr1a COBMNAlalOT HeBO3MYLIEHHbIE
yacTOTHl PAa3JHuHbLIX BeTBeH KoseGanmft. B rako# ¢opmynnposke
yCJOBHE De30HAHCa CHpPaBelJUBO H LS aHU3OTPOMHOTrO (B CMBICIE
yNpYrux cBOHCTB) (peppomaruemxa, a Takxe I aHTHUdeppo-
MarHeTHKOB [6].

JlucnepcuonHoe ypaBHEHHE TNPU NPOU3BOJLHOM HaNpaBJIeHUH
pacrnpocTpaHeHUd BOJHBI HMeET CJOXHBIH BHA, M Mbl He Oyiem
NPUBOJHUTL €r0 3jecCb, a MPUBENEM JHIIbL pelleHHs JUCMNepCHOH-
HOTO YpaBHEeHMH AJS W3OTPOMHOTO (B CMbicje YNPYIHX CBOMHCTB)
(eppoMarHeTuka, CrpapelInBEEe B OKPECTHOCTAX MATrHUTOAKyCTH-
YeCKUX Pe30HaHCOB.

PaccMoTpuM cHauyana OKDECTHOCTb MAarHHTOAKYCTHYECKOTO
pe3oHaHca Ha NpoLOJbLHON 3BYKOBOH BoJHE. DTOT PE3OHAHC UMEeT
MeCTO NpU BLIMONHEHHH YCJIOBHS

o, (k) = o, (k), (16.2.10)

rie o, (k) ==k HacToTH MarturOynpyrux BOJH B OKDECTHOCTH
9TOTO pe3oHaHca omnpejaensiorcs dopmynamu [7]

O] == O = $R,

of = 2 o} + o?) +

1 M?
— 0?—o2\2—4 (g M) 2 2f —4n)2 w?F,,
+2‘/( ; S)’T‘ (z: O) poszq(ﬁ+ f ) Rl (16.2.11)

1
=7 (O} + 0 -

I M2
—_ _V/_(m?—mz)g—i—él(gMo)?—g B+2f—4m)?ofF,
2 0087

HP
rae F w(ak +B8 + 9 )sm2 Opcos?O, n p —yroa Mexay

BOJHOBBIM BeKTOPOM & U OcCbl0 anusorponuu. Yacrorn o), oy
COOTBETCTBYIOT NONEPeUYHbIM 3BYKOBBIM BOAHAM, KOTOPBIE 8 OKPECT-
HOCTH paccMaTpPUBAEMOrO pe3oHaHca He B3aUMOLENCTBYIOT CO CIH-
HOBOH BOJHOH, a 4acToTH ®, ®y — NPOAOJILHOH B3BYKOBOH
BOJHE W CIHHOBOM BOJIHE, B3aHMOJEHCTBYIOLIHM Mexay cobofi.

PaccMorpumM Tenepb OKpeCTHOCTh MATHUTOAKYCTHUECKOTO Pe30-
HAHCa Ha TMONepevyHOHA B3BYKOBOH BOJIHE, KOTODHIH HMEET MecTo
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e e s -

fnpu BHITIOJMHEHHWU YCJOBUA
o, (B) = o, (k). (16.2.12)

B OKPECTHOCTH 3TOr0 DPEe30OHaHCa YaCTOTHI MaTHMUTOYNMPYTUX BOJH
onpeneasoTca popmyaamu:

— 5 (@ o)) —

: 2 72 2 2M
- (0 — @) +4(8My)* o7 F,,

1 . 5
h=g (0 o)+ (16.2.13)

1 M2
+ ‘/ (03— R+ (g Mf ot F
0oS¢

g1 == S;k,

Wy = Slk ,
rie

(z)
Fy==[(B+ f)sin? &, — f cos? &) (|3+ 4 akQ) A

HW
—+ f2cos? Y, <B+ _ML 4+ 0k? 4 47 sin? ﬁk) .
Qo

Yacrora oy (k) B paccMaTpuBaeMOM CJAy4Yae COOTBETCTBYET NpoO-
IOAbHON 3BYKOBOH BOJHE, He B3aUMOIEHCTBYIOLIEH CO CHHHOBOMH
BOJIHOM, a uyactora op;(R)— oLHO# M3 IBYX NOMEpPEYHLIX 3BY-
KOBHIX BOJIH, KOTOpaf TaKke He B3aUMOJEHCTBYET €O CNMHOBOH
BOJHOH; uacTOTH @;(R) M ®(R) COOTBETCTBYIOT B3aUMO.EH-
CTBYIOLUMM CAMHOBO# BOJHE H BTOpOH monepeuHoft 3ByKO-
BOR BOJIHE.

Mbl BHAuM, 4TO nNpPH NPOU3BOJBHOM HANpPaBAEHHH Dpacnpo-
cTpaHeHusi, Kak M B cayuae Up==0, co cuuHOBO# BOJAHON
B OKPECTHOCTH PE30HaHCa B3aUMOLEHCTBYET TOJbKO O[HA M3 IBYX
[ONePEUHBIX 3BYKOBHIX BOJIH.

OTMeruM, uTo BO3HUKAOLLAA OJaronaps B3aHMOLEHCTBHIO 3BY-
KOBBIX W CHMHOBBIX BOJH JAMCHEPCHA CKOPOCTH 3BYyKa OCOGEHHO
BeJuKa B 06JACTH MarHHTOaKyCTHYECKHX DE30HAHCOB *).

*) dta nHCHepcHs CKOPOCTH 3ByKa Oblra OGHApyMkeHAa 3IKCIepH-
MEHTaALHO Ha MoOHokpucraate JYG [8].
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Ha puc. b cxematuyeckH H3oOpaxceH XoOI BeTBe# MarHHTO-
yupyrux koJeGaHu# INpH NPOH3BOJLHOM HampaBleHHH HX pac-
npocrpaHenus. B o61acTH BOMHOBHX BekTOpOB kB < kg (ké onpe-

Iensierca M3 yciaosus o;(R)==wy (k)) sersu [/ u /Il coorser-
CTBYIOT MONEpeyYHbIM 3BYKOBHIM BOJHAM, BeTBb [/ — npononbHO#
3BYKOBOH BOJIHE ¥ BeTBb [V —

¥ =0 CMUHOBOH BOJIHE; MNpH Ky <

w < k <k, sersu [ u [l no-

NpeXHEMY COOTBETCTBYIOT NO-

MepevyHLIM 3BYKOBLIM BOJHAM,

% /47 BeTBb // — CNHHOBOH BOJHE H
BeTBb /V —— nponoJbHOf 3BY-

/ KOBOH BOJIHE; HAKOHel, NpH

/ kR > k, BeTBb [/ COOTBETCTBYyET
cnuHoBO#  BoOJHe, BeTBH [/

W [/l — monepeyHsIM 3BYKO-
BLIM BOJHaM ¥ BeTBb [V —

_» TPOLOALHOU 3BYKOBOH BOJIHE.

ky Ky k OrMeTuM, YTO pasauunble
yuacTkh BeTBU [/ cooTBercT-
Puc. 5. BYIOT NPOLOJbHEIM 3BYKOBBIM,

CIIMHOBLIM M MOMNEPEYHbIM 3BY-
KOBLIM BOJIHAM. DTO 06CTOATENbCTBO MOXET OBITh HCIOJb30BAHO
479 npeoOpa3OBaHUS TNpPOIOJBHBIX B3BYKOBBIX BOJH B CIIHHOBbIE
» rolnepeyHtie 3BYKOBbIE BOJHHL. Jla18 3TOro Heo6X0AMMO npw-
JIOXHTb K TeJy cJ1a60-HeOIHOPOIHOe MarHHUTHOe noJe, Gaarozaps
yeMy [pH 3al1aHHOR uacToTre BOJHOBOH BeKTOD OyleT MEHATLCA
Broab Teaa [11].

3. 3aryxaHHe MarHuTOynpyrux BoJH. IlepelineM k mccae-
LOBAaHHMIO 3ATYXAHHs CBA3aHHBIX MAarHHTOYNPYrHMX BOJH, KOTOpoOe
006yCIOBJIEHO [IHCCUMATHBHLIMH TNpPOLECCAMH B CMHHOBOH CHCTeMe
W B pelieTke.

Koa¢dpuuveHT uam pexpeMmeHT 3aTyxaHus y (k) omnperensier
H3MeHeHWe CO BpeMeHeM AaMIUINTYIB HJOCKOH BOJHH A, npH
3aJaHHOM BOJIAOBOM BeKTope R,

Ay = Ay (0) o= V@,

Yro6u Hatitu Yy (R), cjeiyeT BOCHOJb30OBATbCH IHCMEDCHOHHLIM
ypaBHeHHeM

Ao, kR)y==0,
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BBHIBEJIEHHBIM C Y4YeTOM IHCCHMATHBHHX npoueccos. Kopuu aroro
ypaBHeHHs GYILYT KOMIUIEKCHBIMH, NpHYEM BelleCTBEHHbE HX YaCTH
NPEACTaBARIOT CO00H YacTOTH, a MHHMble HacTH — JEKPEMEHTH
3aTyXaHHS COOTBETCTB) IOILHX BOJH,

Vj(R)=Imo, (k).

IToxruepkHeM, UuTO Kaxn1ad BeTBb KOJeOaHHR Xapaxkrtepuayercs
CBOUM [EeKPEMEHTOM 3aTYXaHHS.

Ecnu JekpeMeHTHl 3aTyXaHHs JOCTaTOYHO Manel, Y (R) <€
< {o(k)|, TO L1 MX HAXOKIEHHA He 0GS3aTEJBHO peLIaTh
JUCMEPCHOHHOE yPasHEeHHe C YYETOM NHCCHUMATHBHBIX NPOLECCOB,
a MOXHO onpeneasate Y(R) HENOCPeICTBEHHO NO (Qopmyne

rie ¢ -— KOJUYeCTBO TeI/a, BLLAJSIOLICECA B CIHHULY BDEMCHH
B Teje Oaarojaaps jaHcCMNauuu 3Hepruu, u W — sueprus tena;
NpH STOM NepeMeHHble BeJUYHHBI, OT KOTOPHX 3aBHCAT ¢ u W,
LO/KHBI onpeleaTbcss B INpeHeOpeKeHuu 3aTyxanuem (depTa
03HAuaeT ycpelHeHHe IO BpEMEHH).

HTo6Hl BBIACHUTH XapaKTep 3aTyXaHHA MarHUTOYNPYTHX BOJH
MBI CHOBAa HauHeM C pacCMOTpPEHHs MpocTeHwero caydas, Korna
BOJIHBl PACTIPOCTPAHSIOTCS BAOJb OCH aHM30TPONHUH. JlucnepcHOH-
Hble YDaBHCHHUS B 3TOM CJayyae C yuyeTOM JAMCCHIATHBHBIX NPO-
1eccoB uMeloT, cornaacHo (16.2.1), caenywowud Bua:

{032—033(1- iét)} [m~ o (1 — iés)}-
o1+ 7)o
{co2——03f(1 —iét)} [m+m5(_l + iés)] —

—tgM}| 1+ 00, (1 + gt} =0,

(16.3.1)

Hawa 3anada sak/iouaeTcs B HAXOMKIEHUM MHMMBIX qacTeH KOpHeft
3THX YpaBHeHMH NpM 3aJaHHOM 3HAYeHHH BOJHOBOTO BeKTOpa R.
[Tpu 3TOM caenyeT pa3nuyaTh ABa CJy4yasi B 3aBHCHMOCTH OT TOrO,
BEJIHKO WM Mal0 pasiHyHe Mexay uactorami o,(R) u o, (R).
Ecau BosnHOBO# BexTOp R TakoB, uto | @, (R) — o, (R) | > Lo, (R),
TO JEKpEeMeHTH 3aTyXaHHs TMOMePeUYHbIX 3BYKOBBIX BOJH Yy, Yo
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H CINMHOBOW BOJIHE Ys HMEIOT BHIL

1 gMyas
Yie = "2“’)1{6 +&9, (0 — @g)? }'

1 g Moo, ~ 1
‘ym__?-wt{bt—'—gésm}’vf’mtét’ (16.3.2)

M 3
— {5 +, BTy (mfd":z;)g }

[Teppas u3 aTHX Qopmyn onpenenser IeKpeMeHT 3aTyXaHHUs TOH
U3 IBYX TNOMEPEeYHLIX 3BYKOBHX BOJH, KOTOpad B3auUMOXeHCTByeT
CO CNHHOBOM BOJHOH (e#i COOTBETCTBYET «JeBasi» KPyrosas noJs-
pusaumud), a Bropad ¢opMmylia — IeKpeMeHT 3aTYXaHus BropoH
nonepeudol 3BYKOBOH ROJMBL (C «npaBo#» Kpyroso#t nosaspusa-
uuelt), koropas He B3aMMOIEHCTBYET CO CHHHOBOH BOJHOM.

Mu BuauM, yTO 3aTyxaHHe 3BYKOBOH BOJHBI, He B3auMoieli-
cTByrouleff co CnuHOBOM BOJHOM, INPAKTHYECKH ONpeleaseTcs
TOJBKO THCCHNATHRHBIMH NPOLECCAMH, NPOTEKAIOLIHMHY B DelleTKe,
B TO BpeMfl Kak 3aTyXaHue B3aHMOIEHCTBYIOLIMX 3BYKOBOH H
CIMHOBOR BOJMH omnpefeadercd BOIM3M MATHHTOAKYCTHYECKOro
pe30oHaHCa Kak JNHCCHNATHBHBIMH TNPOLECCAMHM B DellleTKe, TaK H
IHCCHNATHBHLIMHM NPOLECCAMU B CIIHHOBOH CHCTEME.

3ameTHM, YTO AeKPeMeHT 3aTyXaHHsl Yy, NMPOLOJbHOR 3BYKO-
BOH BOJIHHI, pacnpocTpaHspliefics npu U, =0 He3aBUCHUMO OT
NMONEPEYHBIX 3BYKOBHIX BOJIH H CIHHHOBOH BOJIHH, ONpeae/deTcs
TOJbKO IHCCHMATHBHBIMH MPOLECCAMH B pelIeTKe

1
V=5 0,00,.

[Tycte Tenepb wactoTsl ®w,(R) u ©,(R) Mano OTIHYAIOTCH

Apyr oT Ipyra, Tak uto |[@,(R)— o, (k)| < ]/Cco (k). Torna
KOpHU ypaBHeHHA (16.3.1), cooTBeTcTByIOllue BETBAM Ko.seba-
uu#i [ w [/, uzo6paxeHHbIM Ha puc. 4, 6yIyT MMeTb BHJ

- % ((03 +'mt) - _LQ— (63(’)5 -+ ét(’)t) -
- % Vo, — o, +i (00, — o)+ 2e ML (1 —id) o,

Oy == 'Fj ((0 -+ o) — 2 (6 s T 0,00, -+
A V0, = 0, T 160, — 0,0)F + 28 ML — 1) 0.
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B ycnonnﬂx MaI‘HHToaKyCTHlIeCKOI‘O pe3oHaHca
o) =05 0;0+d) — 5 VQgMObms (I —id)—wZ (5, —d),
W == (Os”"j O (6{‘"‘6:) _’_7 v-QgMOCms (1 - "‘55)“@3 (61 - 65)2'

[Tocaennne GopMyabl MOKA3BIBAIT, YTO €C/IM 3aTYXaHME HeB3au-
MOZEACTBYIOIMX BOJIH I0CTATOYHO Mato ((§, ~ 0,2 <& {), To Hek-
peMeHTbl MATHHTOYNPYTHX BOJH OJMHAKOBHI

1
Y1=Y11=7®5(‘55+‘5:)' (16.3.3)

Mpul BUMIMM, UTO B 3TOM CJyuae IEKDEMEHTHl 3aTyXaHusi obenx
B3aUMOJEHCTBYIONIMX BOJH NpH pe30HAHCe OJIWHAKOBEI, MpHYEM
OHM OTIPeNEeNAI0TCS KaK AUCCHIIATUBHEIMH NPOIECCAMH B DelleTKe,
TaK U B CNHHOBOH CHCTeMe.

Ecan (b, — 62>>L, 10 vy =0,0,, yy=0,0,. Takum 06-
pasoM, B cayuae oueHp caabo#t csasm (L <€ (6, —90,)?%) saryxa-
HHe KaxJo# Bersd KoJjeGaHHH ompenpesercss NTUCCUIATHBHHMHA
npoueccaMi B «cBoefi» cucreme.

PaccmoTpum noapofHee TOT cayuaft, KOria LIHCCUMALHUA Hep-
TdM B pelleTKe 3HAUNTEJbHO MeHblle IMCCHMALUK 3SHEPruu B
cnunoBo# cucreme, 0, KLLO,. B 3TOM caywae Branm OT Marau-
TOAKYCTHYECKOTO PE30HAHCA AEKPEMEHTHl 3aTyXaHWsl B3aUMoOLefi-
CTBYIOWIMX 3BYKOBOH M cnuuOBOH BOJH ompereasiorcs Gopmy-
Jamu

'Yt— Cé(othO—(—m—_’)?'»

Vs =0,00,.

[Ipy MarHUTOAKYCTHUGCKOM pe3OHaHce NeKPEMEHTH 3aTyXaHuf
06enX MarHUTOYNPYTHX BOJH CTAHOBATCS OLMHAKOBLIMH:

1
YI=Yu= ) 0,0,

Mu BuauM, uro ecd 9, < L0, TO LekpemeHT 3aTyXaHHs 3BY-
KOBOM BOJHBl cHABHO, B 1/ pas, BOospacraer B yC/AOBHSIX Mar-
HHTOAKYCTHYECKOTO PEe30HAHCA.

Ecau umeer MecTo 0o6paTHOE COOTHOILIEGHUE MEXAY BeJU4u-
Hamu O, u O, T.e. 0, KLd,, TO NMPM MATHHTOAKYCTHYECKOM pe-
30HAHCE CHABHO BO3PACTAeT JeKPEMeHT 3aTyXaHus CIIHHOBOM
BOJIHbBI, JOCTHras 3HaueHHs

1
VI ="Yu = 5 S0,
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OcraHoBuMca eute HA Xapakrepe 3aTYyXaHU! MArHUTOYNpy-
THX BOJH NPH NPOH3BOJALHOM HANPaBJeHHH MX pacnpocTpaHe-
HHA, KOTrJa uMeeT MeCTO B3aHMOLEHCTBHE MArHHTHOM BOJIHBLI He
TOJbKO C MOTNEepeYyHLIMH, HO H C NpOJOJLHOH 3BYKOBLIMH BOJ-
Hamu. Baarosapf 3TOMY B3aMMOLEHCTBHMIO NHCCHUNATHBHBIE TNPO-
LecChl B CMHHOBOH CHCTEMe OKa3bBAIOT BJHMAHHE Ha 3aryxanue
ynpyrux koJjeGaHufl, a NMCCHUMATHUBHLIE NPOLECCH B pelleTKe —
Ha 3aTyxaHMe MAarHMTHHX koneGanu#t, npuyemMm OHO 0cCOOEHHO
BEJIMKO B YCJOBHfAX MarHUTOAaKYCTHYECKHX pE3OHAHCOB.

B cnyuyae pesonanca Ha npoLOJbHOH 3BYKOBOH BOJHE
(0; == ®@;) NeKpeMeHTbl 3aTyXaHHsi MATHUTOYNMPYTHX BOJH Ompe-
LenqTcs GopMynaMu '

1
Vi ="Ym = 5 00
X (16.3.4)

Yiu = Yiv = _2— (O (bl + 65)’

4 B cCayyae pesoHaHca Ha nomnepeyHo# 3BYKOBOH BOJHe
(0, = ®;) — dopMynamu

1 ,
Vi =Y =5 0 (5, + 0y,

Y = 5 8,0, (16.3.5)
1

(unzexcw I, II, 1II, IV o6Gosnauaor BeTBM KoJeGaHuM, u3obpa-
JeHHble Ha puc. 5).

4. BpameHue NJOCKOCTH MOJIAPH3ALHH NonepedHoli mar-
HHTOYNPYroi BoJHbl. Hucnepcuonnoe ypasuenue (17.2.3), pac-
cMaTpuUBaeMOe KaK YpaBHeHHe OTHOCHTEJIbHO BOJHOBOTO BEK-
Topa kR nNpM 3a7aHHOA YacTOTE ®, HMMeeT HECKOJbKO KopHefi,
6naronaps ueMy MOMeT BO3HHMKATb BpallleHHe NJIOCKOCTH NOJSpH-
3aUMd MOMepeuHblXx MarHuToynpyrux BoaH [9, 2]. Yro6u y6e-
IUTbCS B 3TOM, PACCMOTPHUM [JMHHHBIE MArHUTOYNPYTHE BOJHHI,
KOT/d BLIMOJHAETCS HepaBeHCTBO k2<€] 1, T. e. HeCylleCTBEHHA
3aBUCHMOCTb 4acTOThbl CMMHOBHX BOJH OT BOJHOBOTO BEKTOpa.
B stom cayuae aucnepcuonuoe ypasHeHue (16.2.3) umeer aBa
KOpHSI:

-2 o — o5 (0) e
kl——?;l/u)—ms(o)_cg/uo' ka—st, (16.4.1)
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NPHUYEM BOJIHOBOMY BeKTODY #; COOTBeTCTBYeT BOJNHA C «JeBOH»
KPYroBoH noJjspHu3auMed, a BOJHOBOMY BeKTOpPY KAy — BOJIHA
C «npaBofi» KpYroBoH mNojspH3alHedt.

KoMnoneHTn BekTOpa CMeLIeHHS & ONpelelfllOTCH, OUeBHIHO,
$popmynamu

i, =

p Re {u+e—i(ot+ik|z _+ u—e—imt+ikzz},

(16.4.2)

i, ==

y

ro| = ro| =

RC { — jute—iot+ikz __*_. iu—e—imt+ikzz},

rje u* — nNpoM3BOJbHBHE KOHCTAHTH M OCb 2 HAMpaBjeHa BLOJb
ocu anmsorponud. Ecaum npu 2z=0 koneGanus mnpoucxonsar
BLOAE OCH X (npu 9TOM at =u~ =u=u"), TO QopMyaHl
(16.4.2) npuo6peraloT BUI

ux:ucos(cot———k—‘-;'—k"’ z) cost—ﬁ 2,

ki + &, ) ki —k,
———2—2 SIH—Q—Z.

(16.4.3)

u

y:-ucos(cot——

Mb BMIMM, uYTO NpH pPacnPOCTPaHEHHUH BOJHBI MJIOCKOCTh,
B KOTODOH TNPUOHCXOLAT KoJeGaHHs BEeKTODA CMelleHHs, MOBO-
pauMBaercs, NpUYEeM YroJ ¢ MexIy HanpasJjeHUeM Ko/aeGaHHH
H OCbI0 X W3MEeHSeTCS NPONOPUUOHAMBHO 2:

ky—k

(p=——'2—2 z. (16.4.4)

Taxum 06pa30M, BpalleHHe TJIOCKOCTH NnoJApHU3aUd MarouToyn-
ky—k

PYrof BOJIHBl XapaKTePU3YeTcs BeJHUHHOH —‘—2——2 dra penu-

YyHHa HaablBaeTcs KO3(QHULHEHTOM BpalleHHsl MJAOCKOCTH MOJs-
pusaiiun. ‘

Ecau uacrora ® He cavuikom Gauska k uvacrore @, (0), TO
K03¢¢dHUMeHT BpPALIEHHA NTJAOCKOCTH NOJAPH3AUHH paBeH

ky—Fk l, @ ong (0
ok lpo . 000 (16.4.5)
2 2 s @ —ag(0)
B sax/iouende OTMETHM, YTO De30OHAHCHOE HM3MeHeHUe Ko3(-
¢uuMenTa BpalileHHs TJIOCKOCTH NOJAAPU3ALUM O6blIO OGHApYHKEHO
skcnepumentanso [10].



Fr'1ABA V
KBAHTOBAS TEOPUS CIIMHOBBIX BOJIH

§ 17. KpaHTOoBaHMe COHHOBHIX BOJH B ¢eppoMarHeTHKax

1. Marsousl. B npearayuiux naparpagax OBJIO NOKaszaHo,
YTO €CJIU OTKJOHUTb MAarHUTHHH MOMEHT Kakoro-an6o aroma
(eppoMarHeTHKa OT HanpaBjeHHd, COOTBETCTBYIOIETO0 MUHHMYMY
SHepruu QeppoMarHeTMKa M MpPeNOCTaBUTh €0 3aTeM CaMOMY
ce6Ge, TO B KPUCTA//Ie HAYHET PACNPOCTPAHATLCA CIUHOBAA BOJIHA.
flcHo, uTO sHeprua 3TOH BOJHH OyleT paBHA 3HEPTHH BO3GYK-
IeHHR KPHCTANna, CBA3aHHOH ¢ M3MeHEHHWeM OPUEHTAUMH CHHHOB
ero aToMOB.

Mpl nmoJyusM 9SHeprul0 3JeMEHTAPHOTO BO3GYKIEHWSI, CBA-
8aHHOTO CO CMUMHOBOH BOJHOR, ecnM YMHOWHUM ee 4acToTy o, (k)
(kR — BOJMHOBOH BEKTOpP CNHHOBOH BOJIHB) HAa KBAHTOBYK NOCTO-
AHHYI0 f. DTy 3HEPTHIO

e, (k) = ho, () (17.1.1)

MOXHO paccMaTpuBaTb KaK 3HEPTHIO HeKOTOpOﬂ YacTHLE, a BC-
JUYUHY

— Kak ee uMnyabc. DTy uacTuly Mbl GyIeM HA3LIBATH MarHo-
HOM.

Tak kak cnuHOBAad BOJIHA PACIPOCTPAaHAETCs He B cBOOOL-
HOM TPpPOCTPaHCTBe, a B KPUCTA/NIMYECKOR pellleTKe, TO BEKTOp p
MO¥eET ObITb OnpelefeH TONbKO € TOYHOCTbIO A0 271AT, rie T —
BeKTOp OOparHoH pelterku. [loaTOMy BeKTOp P HA3LIBAIOT HE
MMIIYJIbCOM, a KBa3WMMIYJ/JbCOM MarHOHa.

Ecau sHeprua BoaGyxuieHus d¢eppoMmarHetnka E . HeBeaHka,
TO ee MOXHO TNpelCTaBHTh B BUIE CYMMBl SHEPTHH OTIETbHBIX
pacnpoCTPaHAWNXCA B HeM CIHHHOBLIX BOJIH WM, BbIPaMasch
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HHaye, B BHIe CyMMbl 3HePrH# MArHOHOB

Es{n}=2k]hms (k) n (B). (17.1.2)

3nech n (k) — yMCAO MATHOHOB (CNHMHOBBIX BOJH) C BOJHOBHIM
BEKTOPOM R, M CYMMHDOBAaHHE TIPOU3BOAMTCA NO BCEM 3HAue-
HUaM k.

Bripaxenue (17.1.2) onpenenser, ecTecTBEHHO, TOJAbKO Mar-
HHTHYI0 YacTb SHEPrHH (QeppoMarHeTHka, CBA3aHHYK C pas3aHu-
HBIMHM B3aUMHBIMH OPHEHTALMAMH CHHHOB ero aToMoB. OHo crpa-
BeJJUBO, €CaH 3Heprus Bo3OyxaeHUa (eppoMarHeTvka Aocra-
TOYHO Maja, TaK KaK TOJbKO B 3TOM CJydyae MOMXHO HCXOILHMTb
U3 KOHLeNMUUH UI1eaJbHOTO rasa MarHoHOB, KOTOPOH COOTBETCT-
ByeT ¢opmynaa njas sHepruu (17.1.2).

Manbie sHeprun Bo36yKIEHHS COOTBETCTBYHOT HHU3KUM TeM-
neparypam, 1 €T, (T, — remneparypa Kiopu). [lostomy BHI-
paxennem (17.1.2) moxHO moub3osarnses, ecan T <€ T,. B stom
clyyae cpelHsil SHepruss MarHOHa OyleT paBHA 1O MNOPSIKY Be-
JUYHHB TEMIepaType

e, (B)~T

(Mbl TOJb3yeMcs 3HepreTHuecko 1wkamoft remneparyp). I[lox-

CTaBJAd ClOAa
g, (k) == 0, (ak)?

(Mbl npenebperaeM peJATUBUCTCKMMM B3aHMOJEHCTBHAMU), MO=-
JY UM
0,(aky ~T,

— T
akN]/—a.
Tax kak 0,~7T, u T <€ T, 10

ak << 1.
1

3Bro HEPABEHCTBO O3HAYaeT, 4YTO AJHHA BOJIHbI MAarHoHa X=7a-

OTKyZa

BeJINKA M0 CPaBHEHHID ¢ MOCTOSIHHOM pellleTKH:

> a.

VIHBIMH C/JIOBaMM, NpPH HU3KHX TeMIepaTypax B ¢eppoMarHeTHKe
BO30YKJEeHB B OCHOBHOM [JHHHOBOJHOBHIE MarHouel, Ho miauu-
HOBOJIHOBHIE KOJeGaHHs MarHUTHBIX MOMEHTOB MOXHO OMHUCHIBATH
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$iCTO (PEHOMEHONOTHYeCKH, OCHOBHBASICH HA MAaKpOCKOMMuecKOH
3MeKTPOAHHAMHKE, UYTO Mbl W JeJalH B NPelblIyLiHX raaBax.
Takum 00Opasom, Mbl TPUXOLHM K BAXKHOMY (H3UUECKOMY
BHIBOLY, 3aK/IIOYalOlieMycd B TOM, YTO HafiieHHHH HaMH ¢eHO-
MEHOJIOTHYECKH 3aKOH JHCTiepCHH CIIHHOBHX BOJIH OlipelensieT
9Heprui0 IJWHHOBOJHOBHIX MarHOHOB, a TEM CaMblM H BHEDIHIO
(deppoMarHeTHKa B 00JIaCTH HUM3KHX TeMiepatyp, korna 7 <& T,.
Ho cux nop Mbl roopuau o geppoMarHeTHKax, HO BCe CKa-
3aHHOE B DAaBHOH Mepe OTHOCHTCA M K aHTH(EDPOMATHETHKAM.
Pasuuua 3akaouaeTcst JMlIb B TOM, YTO B aHTH(eppOMarHeTH-
Kax, B OTJWYHE OT (EDPPOMArHeTHKOB, MOXET pPaclpOCTPaHsAThCS
He OjHd, a HEeCKOJbKO CHUHOBBIX BOJH C OJIHHM U TeM e BOJ-
HOBBIM BEKTODOM R (B cayuae aHTU(EPDOMArHETHKOB C [IBYMs
3epKaMbHBIMM MAHHTHBIMU NOApelleTKaMu TaKUX BOJH IBe).
O6o3nayas 4acTOTE CNHHOBHIX BOJH B aHTueppOMarHeTuxe
uepes ©g;(R). rae HHIEKC j cAy®HT Aas 0603HAYeHWS THNA
CMUHOBOW BOJIHBI, MOXHO CKa3aTb, YTO B aHTH(eppoMarHeTHke
SHEpPrHs MATHOHA THMNA j C BOJHOBLIM BEKTODOM R paBHa

&; (B) == ho,; (k). (17.1.3)

Ecan sHeprus Bo3Oywieuns aHTHGeppOMarHeTHKa J10CTa-
TOYHO Maja, TO ee MOMHO. TaK e Kak W B cJayuae ¢eppomar-
HETHKA, TMPeICTABUTbL B BULE CYMMBl SHEDPrHH OTHe/bHLIX Mar-
HOHOB

E, =X ho,; (R)n; (k). (17.1.4)
kj

rie CyMMHpOBaHHe, B OTJIHuHe OT ¢opmyan (17.1.2), otHOCH-
mektcd K ¢(eppOMarHeTHKY, NPOH3BOIHMTCHA He TOJBKO IO BOJHO-
BLIM BEKTOpPaM R, HO H 10O THUNAM CNHHOBHEIX BOJH j.

Tax *e Kak H B cyuae peppoMarHeTixa aToH ¢opmy.ioit MOKHO
HOJb30BaTbCH, €CJAH TeMmeparypa aHTH(eppOMarHeTHKa J10CTa-
TOuHo HM3ka, T. e. T <& Ty, rne T, — temneparypa Heens.

dopmyant (17.1.2) u (17.1.4) 1419 MarHMTHOH uacTH 3Hep-
THH ¢eppOMarHeTHKa W aHTH(deppOMArHETHKA aHAJOTHUYHBL (op-
MyJe

E, =§hw,,,~(f) N, (f) (17.1.5)

A 9HepPruu konebamu#t kpucramna, rae N;(f) — uucno ¢ono-
HOB, T. €. YaCTHL, CBfA3aHHBIX C 3BYKOBOW BOJHOH, XapakTepu-
ayloueHics BOMHOBHIM BekTopoM f, monspusaumedt j u uacro-
TOH @, (f). :
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DHeprus MAarHoHa paBHa YMHOxeHHO# Ha h 4acToTe CNHHO-
BO} BOJHBI, TaK >e Kak W 3Heprus (OHOHA paBHa YMHOXeHHOH
Ha h vacToTe 3BYKOBOH BOJHHL.

AHanorua Mexiy STHUMM BOJHAMH TNPOCTHpaeTcd JAajbllie —
KaKk (OHOHH, TaK M MAarHOHBl NOZYUHAIOTCA OZHOM U ToH e
CTAaTUCTHKE — CTaTUCTHKe bBo3e — DHHwTeliHa. [losToMy B co-
CTOSIHUM CTAaTUCTUYECKOrO pAaBHOBECHS CpelHHe 3HAYeHHS 4Yucest
MarHoHOB M (pOHOHOB OMpelensrTca eiAnHOH opmynaof [lnanka

1 1

e T —1 e T

OTH BhIpaxeHnns BMecTe ¢ BuipaxeHuamu (17.1.2), (17.1.4),
(17.1.5) no3BOJAKT B NMpHHIMNE HAXOLHTb BCe TePMOLMHAMHYE-
CKue BeJIMYMHBL 1/ MarHUTOYMOPSZOYEHHBIX KPHUCTANIOB, CBf-
3aHHBIE CO CNMHHOBOH CHCTeMOHM M ¢ KO/JIeOaHUAMH DEIIETKH.

Ecnu kpucTaan sBiseTcsi NPOBOLHHKOM, TO, eCTeCTBEHHO,
L9 Onpefe/eHHsd ero TepMOAUHAMUYECKHX BeJHYHH HYMKHO YUH-
TBIBATb elle BKJal, BHOCHMEIR 3/MeKTPOHAMH NpoBOAUMOCTH. Ml
OrpaHHYHMCA B JajbHeHIleM DAcCMOTPEHHEM TOJbKO MArHHTOY-
NOpAIOUEHHHX AUSJIEKTPUKOB, TepMOIMHAMUYECKHe CBOHCTBA KO-
TOPBIX OMNPeIe/AITCS MAarHOHHBIM M (DOHOHHHIM CHEKTPAMHU.

3HaHHe 3THX CNEKTPOB, T. €. 3HAHHE 33AKOHOB LHMCNEPCHH
CMUHOBBIX BOJH H (DOHOHOB, a TaKXe CTATUCTHKH, KOTOPOM MOA-
YUHAIOTCS MarHOHbl W (OHOHBI, JAOCTATOYHO K TNOCTPOEHHUs
TEPMOINHAMHUKH MarHUTOYNOPSALOYEHHBIX KPUCTANJIOB, HO HEIO-
CTaTOYHO AJIsI MCCJAELOBAHHS WX KUHeTHYecKHX cBoficts. Ilocnen-
HHe 3aBUCAT OT AJMH CcBOOOIHOro npobera MarHOHOB M (HOHO-
HOB, KOTOPHIE€ B CBOI0 Ouepe]b OnpelensioTCsl PaszJH4YHBLIMH TIPO-
ueccaMu B3aMMOLeHCTBUS CNHHOBBIX BOJH H (POHOHOB.

2. OnepaTopsl POXAEHMS M YHHUTOXEHHS MArHOHOB W
¢doHoHOB. YTOOH HMeTb BO3MOXHOCTb H3y4aTh Kak TepMOJAMHA-
MHUeCKHe, TaK W KHHETHYeCcKHe CBONCTBA MAarHMTOYNOPAILOYEH-
HBIX KPHCTAMJIOB, KeJaTeJbHO C CaMOro Hayajna HMMeTb METOol,
NO3BOJISIOIIMA OMUCHIBATL MpOLecchl B3aHMMOJAEeHCTBHS MAarHOHOB
1 ¢oHoHOB. TakuM MeTONOM sBJsiETCS MeTOl BTOPHYHOrO KBAaH-
TOBaHUS, B KOTOPOM COCTOSIHME KPUWCTalJa 3ajaeTcs BOJHOBOH
(YHKINHEH — UM BEKTODOM COCTOSIHUA — B TIPOCTPAHCTBE YHCe
gactui. Ha 3Ty ¢yHKuMI 1eHCTBYIOT ONMEPAaTOpPH POKAEHHA H
YHHYTOKEHHS 4Y4aCTUL, KOTOpble Mbl OyieM o0603HayaTb 4epes
c}(k), c].(k) JJIS1 MardHoHa THna j ¢ BOJHOBHIM BEKTOPOM R H

yepes b;r(f). b,(f) ans ¢oHOHa c BOMHOBHIM BekTopoM f W
noaspusauuett J.
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Tak kak MarHoHH H GOHOHB MOAMHHSIOTCH CTATHCTHKE
Bose — JiiHwiTeltHa, TO omepaToph ct (k). c,(k), b} N, bj(f)
yILOBJIETBOPAIOT MEPECTaHOBOYHHM COOTHOLICHHSIM
[cj(k), ¢t (k’)]=6j]., A(k—F), [¢;®). ¢, (k’)]=0.
[0,0F). b5 ()] =8, , AUF—F). [6,(F) b, (f)] =0,
rie [A, B) o6o3HauyaeT KOMMyTaToOp omepaTopoB A u B u

1, k=0,
A(k):{o k0.

Kak u3BecTHO, M3 TUX COOTHOLIGHHR ciledyeT, 4YTO oOme-
paropsl

(17.2.1)

njky=cj (kyc; (), N;(f)="07()o;(f
MMEIOT TOJBbKO lieJble HeoTpUIATeNbHElE COOCTBEHHbe 3HAYEHUS:

C}— (k)cj(k)(D...nj...Nj...=nj(k)(D...nj...N]....' (17 9 2)
VIO DD v = NPy

rae coGCTBEHHBIH BEKTOpP (D---",-~-~N,---- ONHUCHIBAET COCTOSIHHUE,

B KOTOpOM nmeercss n;(k) MarHoHOB THma j ¢ uMnyibcoM fk
u N;(f) dononos ¢ umnyancom Af u noaspusaumedt j.
+ +
Oneparopu ¢ (k), b7 (k) npn LeHCTBHH Ha BEeKTOP COCTOfA-
HuA (D...n]....Nj... VBEJMYMBAIOT YMCJAO YacTHL HA eIMHHLY, &

oneparopl ¢; (k), b;(f) npu neficeun na (D__,,,ijj_,_ yMeHb -
IIAIOT YHCAO YaCTHI[ HAa eIHHHIY:

@D neon, =V B FIO i1,

GO, =V D a1 (17.2.3)

b}*—(f)(DnN]:VN](f)_‘— 1 (D...n]-...Nj+1 vee

J

biNID. sy = VN DDny vt

Ilo sTo#t npuumHe c}“ (k) m b}L (f) HasLBAOTCA omepaTopaMu
poxnennd, a c;(k) n b; (f) — onepaTopaMM YHHUYTOMEHHA Mar-

HOHa W (OHOHA.
Hepes onepaTropsl pOXIeHHA H MOTMOLUEHHsI MarHOHOB M ¢oO-
HOHOB MOXHO BBIPasuTb OMNEpPaTop SHEPrMM MAarHHUTOYNOpsLO-
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YeHHOro Kpucrtaaia. Ecaun Obl MarHOHBI He B3aUMOAEHCTBOBA/M
MEXAy cOoGoH M ¢ (HOHOHAMH, TO ONEpPaTOp CNMHOBOH yacTH
JHEPIUH KPHCTALIa HUMed Obl BUL

H s = ,,Z hos; (k) ¢} (k) ¢; (k) (17.2.4)
7

rie CYMMHpOBAHHE MPOM3BOLMTCS MO BCeM 3HAYEHUSIM BOJHOBOIO
BEKTOPa R ¥ NO pa3juuyHBIM THUNaM j COHHOBHIX BOJH. [Hefcr-
BUTE/IbHO, COGCTBEHHBIE 3HaYyeHUsl STOrO OMepaTopa paBHBI, COT-
“macno (17.2.2),

E,= X to,; (k) n; k), (17.2.5)
ki

YTO HAXOLHWTCA B COOTBETCTBHU ¢ dopmyiaol (17.1.4).
AHanoruyrbiM 00pa3oM, ecau 6b OHOHH He BsaMMOLeHCT-

BOBAJIM Mexay coOOf M C MarHoHamH, TO OMeparop, COOTBeT-

CTBYIOWIHA KO/eBaTelbHON SHepruu Kpucranila, HMead Obl BHI

e%’,=§hwm~<f)b} N b, () (17.2.6)

rie CYMMHUDOBAHHE NPOU3BOAMTCA MO BCeM 3HAYEHUAM BOJHOBOTO
BeKTOpa OHOHA f M 110 pa3NUUHBIM MOJAPU3AUUAM (POHOHOB .
CoOcTBeHHble 3HA4YeHUS STOrO0 OMeparopa paBHBI, COIJACHO
(17.2.2),

E, =§bwp,-(f)1\’j(f). (17.2.7)

§ 18. Mpexcrapaenue ramMuJbTOHHAHA ¢eppomarHeTHra
¢ MOMOWLLIO ONIEPATOPOB POXKAEHUA M YHHUTOKEHHA MATHOHOB

1. Peanu3sanus onepaTtopoB CNHHA C NMOMOMULLI0O 0O3€BCHHX
onepatopos. B rmase I MB BHpa3uau raMuJabTOHMaH ¢eppo-
MarHeTHKa uYepe3 oONepaTopel cmuHOB ero aromoB. C npyro#
CTOPOHB, B MpeAblAynieM maparpade Mbl NMOKa3ajH, 4TO raMHJlb-
TOHHAH (eppOMArHeTHKA B IMpeHeOpeXKeHHH B3AUMOAEHCTBUAMH
MeXIy MarHoHaMH MOxeT OBITb BHIpaXEH uepe3 ONEpPaTOPHi
pOM(IEHUS M YHUUTOKEHHd MarnonoB. [lostromy Bo3HHMkaeT ¢yH-
LAMEHTAaALHLA BOMPOC, KaK CBA3aTh ONEpPaTOPH MpoeKuuH CAMHA
ATOMa C ONepaTopaMM PpOXKIAEHHS W YHUYTOMKCEHHS MArHOHOB,
MHEIMH C/J0BaMH, KaKk MOCTPOUTH € MOMOWIBIO OnepatopoB ¢t (k),
¢(R), y10BNeTBOPAIOWIUX NI€PECTAHOBOYHBIM COOTHOWeHUAM (17.2.1),
onepatopel §7, s, yNOBJAETBODAIOLIME MEPECTAHOBOYHBIM COOT-

HouteHusaM (1.3.2).
Jas  pelwleHust s9TOW  3anayn  BBeleM B PacCMOTpeHHe
OMepaTopel @F W &, yLOBIETBOPAOMME [ePECTAHOBOUHBIM
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COOTHOILEHUAM
+1 —
[al, a,,]—()”., (18.1.1)
H NOCTPOUM C MNOMOILUBI0 3THX OMepaTopoB, KOTOpbie MH Oylem
Ha3blBaTh (O03eBCKHMHU OMepaTtopamu, oneparopsl [1]

+
ar a4
S

sf=s7+ isly:V—Q—sal+ l/l—— 5
— ata (18.1.2)
s;=sf—isy=1) 2s ]/1—%0,,

2 e -
53 == s—{—a; a,

3’

rie pazMKanbl NOHUMAOTCS GOpMaNbHO, KaKk GecKOHeuHble PAlbl
ajta,
2s

Jlerko y6enuThcd, 4YTO MOCTPOEHHBlE TakHM 00pa3oM ome-
paropsl YIOBAETBOPSIOT NMePECTaHOBOYHBIM COOTHOWIeHHsM (1.3.2)
L1 onepaTtopos cnuHoB. [losToMy onepaTopul §;7, §;7. S} MOXHO,
Ka3a/n0ch Gbl, HHTEPNPETHPOBATE KAK ONEPATOPHl MPOEKLHH CNUHOB
atomoB. OnHaKO caelyeT MMETb B BUAY, YTO ONeparops s H s
JOMKHBL OBITb 3PMHTOBO CONPSKEHHBIMH, @ ONEPaTop S;—Camo-
CONPSIKEHHBIM. JTH YCJOBUS 3PMUTOBOCTH BHINOJHSAIOTCS, Ouye-
BUIHO, TOJBKO B TIOANDPOCTPAHCTBE COOCTBEHHBIX BEKTODOB Olle-

ai a,

paTopa —5——, KOTOpbE MNpHHAAMeHKAT cOBCTBEHHBIM 3HAYEHUAM

Nno CTEeNneHAM

3TOTO ONEepaTopa, MEHLIUMM WX paBHLIM elHHHue. [losTomy
TOJNLKO B 3TOM MNOANPOCTpaHcTBe onepatopbl (18.1.2) moxuo,
CTPOro TOBOPS, HHTEPNPETHPOBATH KK OTEPAaTOPbl CMHHOB &1OMOB.

[lepefineM Temepb K BBIICHEHWIO CBA3M MeXAy ollepaTopaMu
a‘, @, W OnepaTropaMu pONIEHUS W YHHUTOKEHMR MarHOHOB.

Tak kak mnepBble ABJAAIOTCA GYHKLUUAMU KOODJHHAT Y3JI0B pe-
1IeTKH, a BTOPble — (PYHKLHAMH BOJHOBHIX BEKTOPOB, TO MpEMKIE
BCEro Mbl mepeftreM k xomnonentaM ®ypbe oneparopos a;f, 4,

1 R, o+ 1 + - ikR
al_—]/—ﬁga(k)e 5, af = ﬁga (kye "R, (18.1.3)

rie N — YMCAO DJEMEHTAPHLIX fYeek B Teje, W BOJHOBOR Bek-
Top R nexur B nepsoi 3oue Bpusaosna.

Jlerko y6eanthes, uyro omeparopel a’t (B), a (k) yrosaerso-
pHIOT NMepecTaHOBOUHLIM COOTHOLIEHHAM

(a (k). a* (k)] =Nk —F), [a(k). a(k)] =0, (18.1.4)
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rae
1, k=0,

A(k)-:{o, k+0,

COBTIA13I0IMM C MePeCTAHOBOYHBIMH COOTHOWeHUsAMH (17.2.1) nus
ONEPATOPOB POMKIEHUT H YHHYTOKEHHS MarHOHOB ¢t (R) u ¢ (R).
[MosToMy MowHO yTBEpXIHaTh, uyro omeparopsl a*(k), a (k) u
ct (k), c(k) ceasanbl Mexay cOGOH HEKOTOPHIM YHUTAPHEIM Ipe-
obpaszopanneM. YUro6ul Halith 9TO npeofpasoBaHue, HeoOX0AUMO
MMeTb KOHKPETHHI BHI TaMHJIbTOHHAHA (eppOMarHeTHKA, BBI-
PAXKEHHOTro yepe3 ONepaToph CNHMHOB ero aToMoB. [lpeanc.jaras
LS IPOCTOTHI, UTO TAMWJILTOHHAH MATHUTHOR aHU3OTPONMHMH HMeeT
BHIL

B |e|h 2su
@%7112—”?“0/”02(3?)2' “0:—1' Mo":_l’
!

2mc Uy

rie P — KOHCTaHTa aHM30TPONUM (OCb 2 HampaBjeHa BLOJAb OCH
aHU30TPONUM), MBI GyLeM HCXOIHTb W3 CJELYIOLero BbIpaXeHHs
ISl TAMHJIbTOHMAHA (heppPOMarHeTHKA:

+ouz ¥ —— 7 (Riusis — 3(Rys,) (Ry:s)) +

IE=1M

+2uot1? 2 Suoty Y1 18.1.5)
l

31ecb mepBoe cjaraemoe npeicrtasiseT co6o# raMHAbTOHHAH
06MEHHOrO B3aMMOJEHCTBUS, BTOpPOE CJaraeMoe — raMHWJIbTOHHAH
MarHUTHOTO IHMOJBHOTO B3aHMOLEHCTBHS M TpeTbe cjaraeMoe —
raMWJibTOHUAH B3aUMO1eHCTBUS CITMHOB CO CTOPOHHHUM MarHHUTHBIM
nojeM (IJAS NPOCTOTH Mbl CUYMTAeM, YTO 3TO MOJe HanpaBJeHO
BJOJIb OCH @HH3OTPOIHH).

Bripasum rammibTOHMaH eppoMarHeruka uepes 0Oo3eBckHe
oneparopbl a* (R) n a(R). 3anuwem (18.1.2) B BHIe pALOB NO
aa;
2s

CTeneHam

5‘,‘:-—1/2_3{41,—41 afam,+ . } (18.1.6)
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¥ NOACTaBUM 3TH pasnoxends B (18.1.5). Torma ramuabronuas
¢eppoMarHeTHka MNPeACTAaBHTCA B BUIE

Fos=Wo+HP + 50+ 5P+ ..., (18.1.7)
rie W, He colepXHT onepaTopoB a;, a,
W, =
s €) Rl — 3
=5 N/ Ru) — 2osHEN + 2pos Moy ¥, —1 1
Il Y Rll'
(18.1.8)

2
G — nexoropas KBagpaTHuHAs (GOPMA OTHOCHTENBHO Ollepa-
TOPOB @/, a, FEY — dopma TpeTbero nopaIKa OTHOCHTEILHO

3TUX OMNEpaTopos, HY — ¢opmMa ueTBEpPTOroO Mopsiika u T. L.
Benuuuna W, npeiactaBaseT co6oH, OYEBHLHO, 3HEPTHIO
¢eppoMarHeTHKa B OCHOBHOM COCTOSIHHM, KOIl[Ia CMHHbLI paccMa-
TPHBAIOTCH KaK K/AacCHYECKHe BeJHYHHBI.
Mbl npHuBeleM 31ech fABHOE BbIPaMeHHE TOAbKO 1A% Ollepa-

Topa L

3 1
Qo}fgg?)= 2{ lm)a a _J_ A Im) al+al+_2-B lm)al m+

I=m
+ 5B (Ry)apat}.  (18.1.9)
rie
“05 2
At (Rim) = — 250 (Rim) — —=~ (Rim -~ 32),
im
. 2u
Ao (Rum) =25 (Rim) — 22 R (R,,,l = 823,) + = (HE + pMo).
Im
6u S
B(Rip)=— = = (le)2 le =Xp = iVim
im

2
[Tepexonass B BLIpaXeHUW A1A P or onepatopoe a;, a
K UX KoMmnoHentam ®ypbe cornacHo dopmyaam (19.1.3), noayuum

Y 2 { Aa* (B a (k) + & Bya (k) a () +

+ 5 Bja’ (h)a* (k)}, (18.1.10)
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rue
2

9
Ay= A+ outs 3 B (1 R 425 (30— ),

! tm
-2
Bk = Bo+ 6“38 2 (i;;%n)_ (1 — ellem),
] im

J(B) = zl].l('le) PLLLIM

321m

R?
Ao =20 (H” + pMo) — buis Z S im

R ’
6“23 2 Erﬂ___
0 1 R?m

[locTynas ananoruunbiM 06pasoM, MOKHO NPEICTABUTH ONEPATOPH
O, s b puze [2]

Y = % (©,(12.3)afaga A (kb + ky — k)+>. ¢},
S0 = 12234 {@,(12.3%)atfafaa Ak + k,—k,—k)+ (18.1.11)
+ @7 (123,4) ajragaFa A (b + kyth,—k)+ 5. ¢.),

rae @ (12,3), ® (12,34) n @) (123,4) — Hexoroprie GyHKUHH
OT BOJHOBHIX BeKTOpoB R; (Mbl moJb3dyeMcs 00603HaueHHAMU
=k,, 2=F&, ¥ He yuuThiBaeM npoileccos Nepebpoca).

[To nopsanxy Beau4HHBL
woM,y
VN
dyuxuna D (12,34) B o6aacTH  BOJHOBBIX  BEKTODOB

ak>>]/£‘%w—° uMeer, cornacuo (18.1.11) u (18.1.5), BuL
0

@,(12,3) ~ D/ (123,4) ~ 2220 (18.1.12)

MoMo .
N

D, (12,34) = g (J (b — k)T By — )+ T ey — )+
Iy — k) — J(By) — J (Rg)— J (Bg) — J(R)). (18.1.13)
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OMO

Ecaun 22 & ak < 1 (Jy— 3HdueHHe OGMeHHOTO HH-

Terpana Mexaiy CocellHHMPl ATOMaMH), TO

@, (12,34) =~ — ——a2(k By ksk,). (18.1.14)

Hakonen, ecan ak <& ]/ ﬂjﬁ’f_o TO
Q

@, (12,34) ~ Lello.

(18.1.15)
)

Oneparop %Y npercrasaser coGoM raMUAbTOHHAH HeB3aM-

MOAEHCTBYIOUIMX CHHHOBHIX BOJH HWJH, BbIPaXasch WHadye, ra-

(3
MWJIbTOHHAH HIEaJbHOro rasa MarHoHOB, a OMNEpPaTopHl @%(S),

(4
S — ramuabTOHMAHE B3aUMOLEHCTBHS MArHOHOB Ipyr ¢ apy-
ro™. [TosTomy Mbl 6yaem NOAb30BAaTLCA TaKke 0003HAUEHHAMU

@ozgs - 56’0‘{‘ 9%733'

rge
Sto=H?, SH=Y + 5P+ .

2. YuutapHoe npeoGpa3oBaHue. Mb MoxeM Temepb ycra-
HOBUTb BMI YHUTApPHOTO Npeo0pasoBaHUA, CBA3BIBAIOLUIEr0 Go3en-
ckue oneparopsl at (R), a (k) v onepaTopbl pOMXIAEHHS H YHHY-
TOXeHHs MarHoHoB ¢V (R), ¢(k). dro npeobpasoBaHue, KOTOPOe
Mbl 3amdmieM B Buie {1, 3]

a(k)==u,c(k)+ vict (—k),

. (18.2.1)
at(k)=du,c* (k) + v, c(— k).
ThE U, W U, — HEKOTODble (QYHKHHH BOJHOBOTO BekTOpa K,

o2
LOMKHO TNPHUBOAWTH KBaApaTHYHYI0 GopMmy P k nmaronann-
HOMY BHAY

IV =EP+ Do et e, (1822)

3nech e, (k)-— Heprus MarHoHa ¢ BOJHOBBIM BEKTOpOM R H
E(f)— BeJAMYHHA, HE COlepKauas onepaTopoB DOXKACHUA W YHHU-
TOXEHHS MAarHoHOB, KOTOPYI0 MOXHO HHTEDNpeTHPOBAThL Kak
SHeprui0 HyJeBHX KoJeOaHUA B cHcTeME CIIHHOB.

TToxaxeMm, Kak HaliTH BeiWuHHb U4p W Up. [Ipexne Bcero,
TaK Kak onepatopul a' (R), a (B) u ¢t (k). ¢(k) yioBaeTBoOpAOT
OJWHAKOBBIM NEPEeCTAHOBOYHHIM COOTHOLICHMAM, TO #p H Ui
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JOMKHBL YAOBAETBOPATH YCAOBHIO
(g P—|vp P = 1. (18.2.3)

BocnoasayeMcas najnee KBAaHTOBOMEXaHHYeCkHMM YPaBHEHHEM IBH-
weHusd 11a a (R):

i(y= +[56?, a®)
IMoncrasasa ciona Beipaxenue (18.1.10) ans 569, MOJYYHUM
i (k)= — 1 Awa (R) — L Bl (— b,
oTKyfna, yuurniBas (18.2.1),
G(k) = — 5 (A, + B,y c(k) —+ (A, + By (= B,
C apyrofi cTopoHsI,
a (k) =u,c(k) + vict (— k),
rae
()= 5[50, c)]=—+e e @)
CpaBHeHHe 3THX GOPMYy. 1aeT
(Ak —e, (k))uk + Blv, =0,
Bpur+(Ar s (R) yvp =0,

OTKy1a
e, ()=V Al B, (18.2.4)
Ucnonbzys (18.2.3), HaltzeM Ko3(DPUUMEHTH Z, W Uyt
YAV PEYND) - B Ar —es (k)
he = s (B) P By e ® (1825

(NpOH3BObHLIA (ha30BBIA MHOMHTENb B 4, W U, BHOpPaH paBHLIM
€JINHHLE).

3aMeTHM, 4TO B NpeHeOpeXeHHH peATHBUCTCKHMH B3aUMO-
neficrBusiMu Bp =0 w up, =1, v,==0, T. e. yHuTapHOe mnpe-
obpasoBanue (18.2.1) B 3TOM ciayuae BHIPOKIAeTCH B TOKILECT-
BeHHOe npeobpa3oBaHHe.

OHeprus MarHoHa B NpeHeOpexeHHH peENSTHBHCTCKHMH B3aH-
MoIeHCTBUAMU onmpelensercsi, coraacHo (18.2.4), (18.1.10).
¢opmyoH

£ (R) = Ag == 2uH + s (J (0) — J (k).
9ra ¢opmyna nepexoiuT mpu ak <€ 1 B dopmyay (6.2.4).
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IMpuBeseM, HAKOHell, BHIpA¥EHHe L/ SHEPTHH HYMEBHX KO-
neGanunit:

EQ — % ¥ s ) — Ap). (18.2.6)
&

2
Cnoxns EP u W, naftzem 9HepPTHI0 OCHOBHOTO COCTOSHHSA (ep-
poMarHeTHka:

—EP 4 Wy=—=— &N X J(Rim) — 2uoNsHE -
1l

R 37 1
+@uesl Y = Y e () — Ay (18.2.7)
I#=m im k

Jlerko yOeInTbcd, uTO 3HEprus HyJeBbIX KoJeGaHufi Mana
NO CPaBHEHMIO C KJAcCHYecKOH sHeprHefl OCHOBHOTO COCTOSIHMSA,

(2)<<W
3 OHeprus maruoHa. Onpeneam BeauuuHbl A, H B,
Hattnem npexie Bcero cyMmMmel, onpefeasioute A, u By, Ilo-
CTymasi Tak Xe, KaKk B § 2, umeeMm

\ ! R%m'—azlm 1
24——5——*2 =—P— | dr—-—,
le Ozlm le 02 r

R 0 o i 1
32(’;") =E( 2 =
R 1 o'xlm oylm o'xlmoylm le .

] o2 02 , 02 1
=By — Byy ~“243'*)’_‘fdr(dﬁ T oy — 2 0x0y)7'

rie UHTEIPUPOBAaHHE MPOM3BOAMTCS MO o6beMy Tela (UMeOLLEMY
¢opMy saauncouia), M3 KOTOPOro HCK/IOUEH 00beM coephl
GecKOHeYHO MajAoOTO pajuyca C UEHTPOM B Hauaje KOODIAUHAT,
W BEAUYMHBL f;; onpenelsTcs $pOpMyaaMu

02 R

B =
11
Ry <)

(Be/MUMHEL f;; XAPEKTEPU3YIOT SHEPrHI0 MATHHTHOH aHHBOTPO-

nuy, OOYCJOBJEHHYI0 MAarHHTHBIM IHMOJLHBIM B3aHMOLEHCTBHEM,
oM. §2). :
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[Tpeo6pasoBaB ofibeMHble MHTErpaibl, BXOIALIHE B BHIpame-
HHA AAf CYMM, B MOBePXHOCTHHIE,

) 4n z
f df 3 f = dSz,
N

92 0\ 1
fd’(w dy2__2 oxay) =

:_~J.—rT(dex—~dey *-2Ldey),
S

rie S-— NOBepXHOCTb 3IJJMMNCOMAA, M 3aMmeyas. YTO, COrAacHoO
(2.2.2), KOMNOHEHTH TEH30Pd PA3MATHHYHBAIOLINX KOIPPNUUEHTOR
MOXKHO NpelCcTaBUThL B BUIe

_ 1 ’Xi
le_EferSj’
S

NOJYyYUM OKOHYATEALHO

2 2
~ Rj,, — 32 4n
Ty 2__'2______rl=_(6zz__4n/v3+?),

™ R
37, 2 l =By —Byy — 2iByy + 4T N, — Ny))

(ocH X, y, z COBNANAIOT C IVIABHBIMU OCAMM JIAUICOMAA).
B cayuae npocroft Ky6uuecko peuretkn P;;==0 u BeaAHUHHBI
Ay By umewor un

Ay= QMOH})i) + 4ap, M, (N1 -+ NQ) -+ 2u M,
By=— 4np,My (N, — N,).

Benuuunbsl Ay u B; onpenejsioT 3SHeprui0 CIHHOBOH BOJIHBH!
¢ BOJIHOBBIM BeKTOpOM R =0:

gg == 2y X

e ]/[Hgf’)—}—ﬁMO—l,AnMo(Nl—‘—Ns)] [Hg’)—l-ﬁMo—l,—llnMo (NQ-—NB)].

CpasuuBas 3ty ¢opumyay ¢ (10.1.7), MBI BUIMM, 4TO
g, == ho(, (18.3.2)
rae ©F) — yacTora OJIHOPOAHOrO ¢$eppPOMArHUTHOIO PE30HAHCA.
Hatinem tenepp Benuuuns A, u B, npu Li<<k<<a"1
B 3ToM cayuyae MOMKHO 3aMEHHTb CyMMbl, BXOJAMAIIHE B BHIPAXEHHS
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ins A, u B, wuHTerpasams, KOTODHE BHIUMCHAIOTCA SAeMeH-
TapHo. B pesyabrare moayuum

Rl2m'—'3z?m ikR k
UOZ T(l —e IM)=4nN3——4n72-.

2
z

2

(Rim)’ 2R (k, — iky)
30, Z,“—R?m:”_(l — ¢™*Rim) = 4 Ny — Nyp) = 2

Cuurast 118 NPOCTOTH, YTO pelleTKa ABJASETC NMPOCTOH KyOu-
YeCKOH, MOXHO [iO/b30BATLCA NpH ak <€ 1 caeLyoOwuM Bhbipa-
wenueM aas J(R):

J(R) == J(0)— J, - (ak)?,

rie J,-— OOMeHHBIH HHTerpan Mexny OJMNKaRIIHMH COCELHHMH
aToMaMu. B pesyAbTaTe Mbi NOAYYMM chaeciyioiive (GOpMmyab Aas
Ak H BkZ

A, = 2sJ (ak)* + 20 H{P + 2 M, +- 4p M, sin? &,

e (18.3.3)
Bk =4JT}LJMO sin? ﬁke 2l(pk,
rae O, M (p — NONAPHHIY M a3UMYTAJIbHBI YYJH BOJHOBOIO
BekTopa R.

CpaBuuBas 3tH ¢dopmyas ¢ (6.1.3), (6.2.3), Mbl BUIUM, YTO
9HEpPrus COMHOBOH BOJMHB € (R) paBHa (KaK W JOMKHO OBITH)

e, (k) = ho, (), (18.3.4)

rie o, (k) — 4acTora CNHHOBOH BOJHBI C BOJHOBBIM BeKTOpOM K.

[1pu KBaHTOBAHHH CMMHOBBIX BOJH Mbl HCXOIHAH U3 MHKPOCKO-
NHYeCKOro raMH/JIbTOHHAHA (eppPOMarHeTHKa, BBIPAXEHHOIO uyepes
OnepaTophl CAMHOB atoMoB. Ho KBaHTOBaHHMEe CHUHOBLIX BOJH
MOXHO (pOpMA/NBHO TMPOBOLUTH HECKOMBKO MHBIM nyTem [4],
MCXONS M3 MAaKpPOCKOMHYECKOW B3Hepruu (eppoMarHeTHKa, eciau
CUHTaTb KOMNOHeHTH BekTopa M(r) He KIaCCHYECKHMH BesH-
YUHAMH, 4 ONeparopaMH, MOLYHHSIOUIMMUCA NePecTaHOBOYHEIM
COOTHOUIEHH M

(M (r), My ()] ==2ipeeiM (1)d(r —r'). (18.3.5)

Tako#f mnoaxon, Kak W BCe MAKPOCKOMHYeCKOe paccMoTpeHue,
SIBJIeTCqd 3aKOHHBIM TOJIBKO B CJay4dde JAJHHHBIX BOJIH, KOrA3

ak & 1.
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[lepexoias K KoMnoHeHTaM ®ypbe OTKIOHeHUS MarHWTHOTO
MOMEHTa OT PABHOBECHOTO 3HAUEHHS :

M(r) — My=m(r)= VZm(k)e””

U noJjaras
m, (k)= m, (k) - im, (k) =

= VoM {a* (—— ity X ot (R)et () X

BE RN
Xak")Ak + & + B — By + } (18.3.6)
o ()= m () iy )
= VoM {att) — gt Y ot (B)a®)a®")X

kBRI
Ak 4k — B — k") }
m, (k) = — VHO'V Za+ (B)a (k") A (k -k — k),
kR

AerKO yOefuThCsl, YTO MepecTaHOBOuHLe cooTHoweHust (18.3.5)
yaOBAeTBOPSIOTCS, ecau oneparopsl at (k) u a (k) noauuHAwTCS
NepecTaHOBOUHBIM cooTHOWweHuaM (18.1.4).

§ 19. Csa3aHHbie COCTOAHHA ABYX MAarHoHOB

1. ¥Ypasuenue lllpeaunrepa AJad CBA3AHHBIX COCTOSHHUH
JABYX MarHoHoB. Taxk kak MarioHbl B3aMMOJCHCTBYIOT MeEWAY
cof6ofl, TO BO3HUKaeT BOMPOC, MOXeT JH 3TO B3auMoLeHcTBUE
NPUBOAUTL K OOpPa30BaHUI0 CBA3aHHBIX COCTOSIHMA MarHOHOB,
Mbl nokaxeM, YTO B CHCTeMe [IBYX MAarHOHOB BO3MOXHO Cylue-
CTBOBaHHe CBA3AaHHBIX COCTOSHMH [5, 6].

Yro6H ynpoOCTHUTL HCCAeL0BaHUHe OyneM YUYUTHBATH TOJBKO
o6MeHHOe B3auMoiekicTsue, T. €. 6yleM CuuTaTh, UTO FaMUJIbTOHUAH
(eppomMarHeTMka MMeeT BHI

=ty B =4 D@ s
l=m
Tak kak orneparop SZ:-‘; Sf KOMMYTHDYET C raMUJbTOHHA~

HOM S, TO COGCTBEHHblE COCTOSIHHUR SH MOXHO XapdKTepH3O-
BaTb COGCTBEHHBIMM 3HAaueHUsAMH omcparopa S,.
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Mu Gyaem o6o3Hayath ofiiMe cOGCTBEHHBle BEKTOPH oOmne-
paropoB F¢ u S, uepes | N):

S, NYy=N—Ns)|R), (19.1.1)

rie M=0, 1, ..., 2Ns. OcHOBHOMY COCTOSIHHIO (eppoMarHe-

THKA COOTBETCTBYET, OYEBHIHO, 3HaueHne N, pasHoe Hymo.
Bextop ocHoBHOTO cocTosiHust | 0) yIOBIETBOPSET ypaBHEHHAM

S, 0) == — Ns| 0), s[|0>=0, (19.1.2)
rae §jt = sy = is). Tax xax

[Sz_ sﬁ] = T 51*6”,,

TO BTOpPO€ YpaBHeHHe TapaHTHPYeT OTCYTCTBHE COCTOAHUM C NpoeK-
udeR cnuua, Menbiueff yem — Ns.

IMoxnef#icteosaB Ha BekTop cocrosanus | 0) kakum-auGo u3 one-
patopos s}, Mu mnoayuum cocrosmue ¢ X =1. Ho cocrosnue
s/ 10) ne Gyner cOGCTBEHHBIM COCTOSHHEM TaMHJbTOHHaHa ep-
pomarnetnka F¢. Jlerko yGeauTbcs, OAHAKO, 4TO, 0Gpa3oBaB
CYNepNO3ULHIO ITHX COCTOSHHUMA:

| 15y = X ™*Risi| 0), (19.1.3)
!

Mbl TIOJyYHM COOGCTBEHHBIHl BeKTOp TaMHIbTOHHaHA S W omepa-
Topa S,:

| 1a)=(Ey+e,(8))| 1z), S,| 1) =(1 —Ns)| 1,), (19.1.4)
rie Ej=—2u NsH® — s2N D J(R,,,) — 3Heprus OCHOBHOTO
l .

cocTosinus eppoMarneruka u e (k) = 20 HE + s(J(0) — J(R)).
Tak kak, coraacHo (18.1.2),
s;710)=a/|0),

TO cocTosiHie | 1) mpescraBaser coGoRt cocTodHHe ¢ OJHHM. Ma-
THOHOM C BOJIHOBBIM BeKTOpPOM R H sHeprueft e, (R).

Ecan noneficTBOBaTb Ha BekTOp cocTosnus | 0) npoussene-
HHEM [BYX ONepaTopoB THNA §;, TO Mbl TOJAYYHM COCTOfHHe

¢ M==2. B 3TOM COCTOAHMHM HMMeeTCs [BA MArHOHA, KOTOpPHE He
00611a1210T, OAHAKO, OTpeie/IeHHBIMH UMNYIbLCaMHU.

HanbGonee o6uwas ¢opma BeKTOPa COCTOSHHA, COLEpHKallero
JBa MarHOHa, HMeeT, OYEBUIHO, BHIL

|2>=i2j¢(R"’ R;)s;sy|0), (19.1.5)
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rae seawuunsl P (R, R;)= 1P (R;, R;) MOXHO MHTepNDPETHPOBATH
KaK BOJHOBYI0 (YHKLMIO IBYX MarHOHOB B KOOPJAMHATHOM MNpen-
CTaBJCHHH.

Hac unTepecylor cocrosuus |2), o6rasaiouHe onpeseieHHOR
sHeprue. ITH COCTOSHMS YILOBAETBOPSIIOT ypasHenuio Llpe-

IHHrepa
12)=E,|2). (19.1.6)
Tak kaxk S |0Y=E,{0), to
SR, R)[5i 57 50]|00=—2 T (R, R)s5;10).
(19.1.7)
rne & =E,— E,.
Yro6bl YIPOCTHTH UCCAEIOBAHME HTOTO YPABHEHHUS, Mbl OyleM

VUHTHIBATE OOMEHHOE B3aMMONEHCTBHE TOJBKO Mexny Onmxait-
muMy  atoMamd. B sToMm cavuae ramuwabToHuaH € HMeeT BHI

1
G =2p HY) 2 §;— 5 Jo 2 5S4
! 1,k

rae J,— oOMeHHBIft wuHTerpanm Mexnay OJHXKaHIINMH COCeNHHMH
aToOMaMH U CYMMHpOBaHHWe NO A 0003HayaeT CyMMHUpOBaHue MO
GavmwakmuM K [-My aTOMy COCEIHHM aTOMaM.

Hcnonsayss 3TO BhIpaXeHWe A FAMHJIbTOHMAHA W TepecTa-
HOBOYHBlE COOTHOMIEHHS

(57, i) = £ s£8y  [s75 S| =278y,

nepenutieM ypasHenue (19.1.7) B Buze
(& —2HP A4/ W (R, R)="
= —shy 3 (W (R;+0, R)+¥ R+ 0. R))+

[

9! 5 bR RIFHR, R)—b(R;, R)} FAR—R,—0).
’ (19.1.8)

rie @ — BEKTOp, COeAMHAIONIMA Onanxkatiuine cocelHWe aTOMBI,
y — uncno Oamxkalumivx cocelelt u ’

A ) 1, r=0,
(”z{m r+0.
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Uro6s YNPOCTHTb 3TO YpaBHeHHe, mNepelieM K HMIYJbCHOMY
NpeLCcTaBAeHHIO:!

VR, R)= 3, eRR 4 Nty (), (19.1.9)
K k
rie

R=% R+ R). r=R - R,

(cymmupoBaHue no kB v K npousBoiuTcsl no nepsott 3ome Bpui-
JII03HA).
[Toacrasass (19.1.9) B (19.1.8), noayuum

(&~ ex (D) b W)= NV (ks BV (B). (19.1.10)
-

rie
1 ,
ViR, B)=2J, 2 coskp (cos 3 Ko — cosk p)
P

noEg (k) — cymMma sHepruff IBYX CNMHOBHIX BOJH C BOJHOBLIMH

BeKTOpaMH klzlgl(—i,—k H k2=%[(-k:

e (R)y=¢e(k)+ e(k2)=4u0Hg”—§—25JO 2 (1 ——cos—; Kpcos kp).
P

(19.1.11)

[TokaxeM, uro uuHTerpaabHoe ypasuenne (19.1.10) moxer
OBITb CBEeNEHO K KOHEeYHOH cucTeMe aare6panyeckuX ypaBHeHHH.
BBeseM 148 3TOr0 BeJMYHHBI

Py (0) = —]:72 P, () (cos % Kg — cos kp).
k

Toraa, coraacHo (19.1.10),

250, (0)= 2 ¢ (") B (0. 0", (19.1.12)
]
rie
kolc l1\”—‘—cosk’)
B ,_45./0 cos 0(052 0 ]
K(p’ 9)— N ‘é’—-EK(k)

. &
Jlerko BHIETbL, 4YTO

Py (k)zgji{(_o(k_) ¥ cosrpp (). (19.1.13)
')
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IMpupaBuaB Hymo AerepMHHAHT cucTeMmbl (19.1.12), noayuum
ypaBHeHHe [JIsl OnpejeleHHs SHEPTHH & COCTOSHHA ¢ 1ByMs
MarHoHamu [6]

det [—2sA(p — p’)—+ By (0. 0)} =0.  (19.1.14)

Jlerko BuIeTb, uTO 3TO ypaBHeHWe NpH 3anaHHOM K umeer N
KOpHeH, paBHOMEDHC 3alOJIHAIOLIMX HHTEPBajJ HEpPrui:

min g, (k) < & < maxeg (k) (19.1.15)

(nepexoaswux npy N -—>00 B HenpephiBHBH cnekTp COGCTBEH-
HHIX 3HaueHu#i ramuibronMaHa S#’). Ho, kpome Toro, ypashe-
uue (19.1.14) moxer Takxe UMeTb (MpH N —> 00) H30JAHPOBAHHBIE
kopuH. CoCTOAHHS, COOTBETCTBYIOLIME STHM KODHAM, M TIpei-
CTABASIIOT COGOM CBA3AHHBIE COCTOSHUS JBYX MArHOHOB,
3ameruM, uto u3 ¢opmya (19.1.10) u (19.1.12) crenyer,
yro BeiauyudHa K (6yneM HasbiBATh €€ KBAa3HMMMYJbCOM CBSI3aH-
HOTO COCTOSIHMS ABYX MAarHOHOB) MpejcTaBiseT cOOOH KOHCTAHTY
npixenus. OJHAKO 3Ta BeJUYHHA HEe BXOIMT TPHUBHAMLHBIM o6pa-
30M HM B SHEPrui0) & CBSI3AHHOTO COCTOSIHMA ABYX MAarHOHOB
(B Bume caaraemoro K2%/2M, roe M — HekoTOpas KOHCTaHTa),
HH B BOJIHOBYIO (YHKUHMIO CBSI3AHHOTO COCTOSIHUA (B BUAE MHO-
wuteas e!XR B BoNHOBOH (YHKUMM B KOODIMHATHOM MNpeicTa-
BAEHUU). ITO CBASAHO C TeM O0OCTOATEJbCTBOM, YTO TaMHJBTO-
HUaH 4 He UHBapHAHTEH OTHOCHTEbHO npeoOpasoBanufl [anunes.
2. CnexTp cBg3aHHBIX cocTodHMil. IlepefizeM k uccaeno-
BAHHIO CMEKTpa CBSI3AHHBIX COCTOSIHUMH ABYX MAarHOHOB. BeauuuHml
By (9. 0°), Bxonsiuue B ypasHenue (19.1.14), moryt 6uTb, Oue-
BHIHO, 3aNHCaHB B BUIE
Uy cos ko (cos ko' —a,
Br (0. )= e | ar " )

W ’
-3 Z a,. cos kp”

p”

(19.2.1)

rae f==3— (& — 4 HE), o, = cos % Kp u wuHTerpupo-

1
s/,
BaHUE MPOU3BOAMTCA MO nepsod 3oHe Dpunmosna. Tak kak
—n Ko<, 1o 0o, K 1.

Benuuuner By (p, p°), kKak BuaHo us (19.2.1), ssasiorcs
AHAJUTAYECKUMHY OYHKUUAMM B IJIOCKOCTH KOMIJIEKCHOR mepe-

MEeHHOH ¢ ¢ paspesoM BIOJb BelleCTBEHHOH OCH, —Eap<
0

<t<2ap. B srom wumtepsane, coraacHo (19.1.15), nexut
P

HENpepbIBHbIA CHOEKTDP COOCTBEHHBIX 3HAYeHHWH TraMHIbLTOHHAHa.
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JlMcKpeTHHH CHeKTpP TraMHWJIbTOHMAHAa (eCAH OH CYLIECTBYET)
JeKUT BHE 3TOrO MHTEpBana, T. €. NPH

ltl>2ap~
s

Wcxons w3 ¢usudecknx coobpawennit, 061acTb CcylecTBOBA-
HHSl CBSI3aHHBIX COCTOSIHMEL MOXHO eule OoJee cysuTb. [eficrau-
TEJAbHO, TO CMBICAY CBSI3AHHOTO COCTOSHHUSA é"_——;é"(K)<8K (k)
ang seex sHauenudt k. Ilostomy & (K) < g, (0)=4n HP -+
484, (3 — Z ap). Orciona caenyer, uto £ > 2 p.

e

[s)
YToObl yCTaHOBUTb BEpXHHH mpelena IJs NepeMeHHOW £, 3a-

MeTHM, uTO ypabHeHue (19.1.14) He COAepKMT SIBHO MATHUTHOTO
noas HY. To3TOMy 115 HAXOKIEHUS BEPXHEro npenena nepe-

MEHHOHM ! LOCTaTOYHO pPaCCMOTpeTb cJayuaht HB”:O. Tak kak
& >0 (B cu1y YCTOHYMBOCTH OCHOBHOTO COCTOSIHUSI (heppoma-
THETHKA), TO f < 3. DTO HePaBEHCTBO OMNpeje/seT BepxHUH npe-
Jen nepeMeHHOH £ W TPH HaJAWYMM MArHUTHOTO MOJA.

Taxum o6pasoM, 06.JacThb CylUeCTBOBAHHA CBA3aHHBIX COCTOSA-
HUM ompere/sieTCs HepaBeHCTBAMH

Do, <t < 3. (19.2.2)
e

Hucnepcuonnoe ypapHenue (19.1.14) sB/asieTcss OueHb CJIOK-
HbIM. [lo3TOMY, 4TOOBI YNpOCTHTH 3aAayy, Mbl PacCMOTDHM CHa-
Yaja CcJAy4aH OLHOMepHOR M IByMepHo# pemerok. Benuunnst
Bk (p. p') coxpauswor npu 31oM dopMaabHo cBOH Bun (19.2.1),
ec/Ju 1MoL R M @ MOHWUMATb OLHOMepHBIE W IBYMEPHble BEKTOPHI,

a non v,/(2m)® — Bequuuny (@/2m)?, rie d —- pasMepHOCTb pe-
wietkd. [lapamerp f cBsidaH npu 3TOM ¢ & COOTHOLIEHHEM

1

=d— - — (e)

t=d 5T, (é" 4“0Ho ) H 006JaCTb CBSI3aHHBEIX COCTOSIHUH

onpeneaseTcs HepaBeHCTBaMH
Do, Lt L d. (19.2.3)
P

PaccMoTpuM cHauana oOIHOMepHYIO peltieTky. Beanuuna Bg
paBHa B 3TOM cJayuae

t—a? |t —VE= oz
By = .

a2 Vt2 a2
M IMcnepcuonHoe ypasHerue (19.1.14) npunumaer Bun
2s02(2 —a) =t —a)(t t —VE—a). (19.2.4)
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rfe HikHUR 3HAaK cooTBerCTByer cayuwaio f < — d, a BepxHui
3HaK — cayyawo ¢ > a. Tak kak npu ¢ < — a JeBas M Inpasad
YacTH 3TOrO YPABHEHUS MMEIOT NPOTUBOMOJOXKHBE 3HAKH, TO OHO
He HMMeeT pelueHud npu £ < — Q.

Ecau ypasuenue (19.2.4) npu ¢ > 0 nepenucate B Bule

p)y=q(),
rie
pt)=4s2t+a(s— 1], q@®)=t+2s— DHa?)?,

TO OveBMaHble HepaBeHcTBa p(a)y <L g(a) u p(l) > g(l) noka-
3bIBAOT, 4T0 @ £ < 1. DTH HepaBeHCTBA HAXOJATCH B COOTBET-
crBud ¢ (19.2.3) npr d==1.

Ilpu s==1/2 ypaBHenue (19.2.4) umeeT eIHHCTBEHHOE pelile-

HHUe t(a):—%—(l+a2)<1. SToMy pelleHHI0 COOTBETCTBYET

SHEepruf CBA32HHOT'O COCTOAHMA *): ¢
& (K) =4 HE + 7
1
'+‘§jo(1 —cos Kp). (19.2.5) t(a)
AN

Ha puc. 6 noxasana cTpyk-
Typa, CMeKTpa [ABYXMarHOHHBX 4
COCTOSIHMH B OJHOMEDHOM CJaydae g
(d==1). HenpeprBHo#t uacrtu
CMEKTPa COOTBETCTBYeT 06aacTb g -y
—a<¢t<o (ua puc. 6 oHa 7
sawITpuxosana). JlioOoMy 3sHaue-
Huio o B uHTepBate 0 o<1
COOTBETCTBYET eIMHCTBEHHOE
CBA3aHHOE COCTOfHME NpH O <
< ¢(a) < 1, npuyeM, Kak Jerko

Buzeth, £{0)= e 3HaveHue

t(a)==1gocrhraercampuo=1. ~7/
[Tepeitnem Tenepr K pac- Puc. 6.

CMOTPEHHUI0 CBfI3aHHEIX COCTOSf-

HUU B IByMepHOM ciayuae (d ==2). Beanuunn By B 3TOM cayuae
MOTYT ObITb BLID@XKEHB! 4Yepe3 IOJHbIE SAAUNTHYECKHE HHTErpasbl
NepBOro, BTOPOro H TpeThero pona. Mbl He OyzeM 3Toro 3aech
lenaTb, a OTPAHUYMUMCS PACCMOTpPEHHEM TOJBLKO HEKOTOPHLIX YacT-
HBIX CJAYydaeB.

*) d1or cayuait Gbia BnepBhie HccaeloBaH Bere [5].
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Myctb cHauana o, == 0, =0. MOXHO MOK23aTh, 4TO B ITOM

P 1 /4

ciyyae B HHTepBane 0§a<§(R — 1) HMMeeTCsl 1Ba CBA3aH-
t HHIX COCTOAHMA £ (@), Iy (la),
Z npuueM  £,(0) == £,(0) =
CocrosiHne £, () npu o=

1 /4
=55 (?E I) NpUMBIKaeT K He-
(@) npepuiBHOMY cniekTpy. Ilpu a >
r > L (~ — 1) umeerca TOabKO

2s \m
O[HO CBAI3aHHOE COCTOfIHHE £y (),
A npuuem fo(1)==2. Crpykrypa
4s ClIeKTPa [BYXMATHOHHBIX COCTO-
/ AHUH [IpH O == Oy = O 1I0Ka3aHa
0 wa _{_7/ 7 & na pHC. 7, M3 KOTOpPOIrO BHIHO,
2s[m uro 20 < ¢y, £, < 2. 10 Haxo-
Prue. 7. IUTCSl B COOTBETCTBUH C HEPaBeH-

creamu (19.2.3).

Ecan 0y==0, 0;==0a, TO Hcclen0BaHHe KOpHEeH YypaBHEHHS
(19.1.14) npousBOLUTCA COBepLIEHHO 3JeMEHTapHO. B 3TOM Cay-

yae B uHTepBane 0 <L a <1

HMeeTCHd IBd CBA3AHHLIX CO- z

crosius. OJHO U3 9THX CO-
cTosHUA f;(Q) B TOUHOCTH
COBMNaJaeT CcO CBA3AHHBIM
COCTOAHUEM B OLHOMEDHOM
c/iyuae, Ipyroe e onpe-
neasiercs dopmy.ioi

7

wo=Y [T +e.
(19.2.6) %

CrpykTypa crekrtpa B
3TOM cJ/yuae MOKasaHa Ha

[1+(45)9 %

t(e, 0)

)

puc. 8.
Hakonen, puc. 9 cay-

HKHT 05 HJIAJI0CTpauuHu

7 a,
Puc. 8

CTPYKTYpH cnexTpa B o6uweMm Buie. Ilo ocaM OTJOMXeHB Besu-
YHHBl O, H Oy B o6iacTv u3MeHeHUS Q; M Oy, COOTBETCTBYIOLIeH
3aLITPHXOBAHHON YacTH PHCYHKA, CYLIECTBYeT OJHO CBA3aHHOE
cocrosiive. B ocTanbholi 06aacTn M3MEHERHA Q) H Gy UMeeTCH 1B

CBA3AHHLIX COCTOSHHA.
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[TepeitieM Temepb K pacCMOTPEHHIO CBSI3aHHBIX COCTOAHWH
B TpexMepHOM cayuae (d = 3).

[Tycrb cHavana o, == 0, == a3 ==a. Torna ypapHenue (19.1.14)
pacniazaercd Ha [Ba COBNAJAOWINX YpaBHEHHUS:

2sa t t t
¥ ypaBHeHue
2sa t t
_3_.—_—-_(-3—(1—(1) DI(E), (19.2.8)
The
T T T
1 cos ky dky dky dks
Dl(x)_—JTS—J‘ jj X —CO0S by — COS ky — COS &3
&80

n
1 cos ky cos ky dky dk, dk;
Dy (%)= ? J J J X — c0s By — €08 ky ~— COS ky =
00 0

Ypapuenuio (19.2.7) cooTBeTCTByeT ABYKPAaTHO BHIPONAEHHOE
CBfI3AHHOE COCTOfAHHe, 4 ypaBHeHHIO (19.2.8) — HeBLIPOXKIAEHHOE
CBA3aHHOE COCTOSIHUE.

7

7 C693aHHDE COCm.

A i.;/__.tp
2,
as(m 4;53

| 1
. J./i..7/ -
z2slr

CrpykTypa cnekTpa IBYXMarHOHHBIX COCTOSIHHM B 3TOM CJay-
yae mnokasaHa Ha puc. 10. M3 pucyHka BHMIHO, Y4TO He cylile-
CTBYeT CBfA3aHHHIX COCTOfHU#t npu @, OJUSKHUX K eluHuue (Ma-
ase K). Tak kak rpaHuLa HempepPHBHOTO CHEKTPa Ompeiendercd
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ypasHeniieM £==30, TO ABYKDAaTHO BHIDOXJAEHHOE CBA3AHHOE CO-
CTOsSIHUE OTRBETBJIALTCA OT HENPEPLIBHOrO CleKTpa INpH

=2 (0,3 —D3)=%>

d HEBBIPDOXKIEHHOE COCTOSIHHE IIpH

-1
@ =D, (3)(23—S-|— D, (3)) . D, (3)=0.17.

[Tpu o==0 semnunna f(a) paBHa 1f4s kak 4aa ypaBHeHHS
(19.2.7), tak u aasa ypasHenusn (19.2.8).

A
3
A
2k
s
t(x)
7F
7L i)
2
1 45
45 / o
4 » o A i_ !
0 7 e J
Puc. 10. Puc. 11.

Hccnenosanue ciayvad o ==0,==0, O3==0 CBOIHTCA K pe-
uteHn10 ypasHeHns (19.1.14) naq oaHoMepHOR H AByMepHOH pe-
metok. CTpykTypa cmexkTpa IpH @, ==a,==0 wuaobpaxeHa na
puc. 11. Us svoro pucynka Buino, uro B obaacth 0 <<a <<

1 /4
<glz— 1| uMeeTcs Tpu CBSIBaHHHIX COCTOSIHHSA, a B 061acTn

213 (i — 1) < a <1 -—-jgBa cBSI3aHHEIX COCTOSIHHS.
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Ha puc. 12 xauecTBeHHO NOKA3aHO YHCJAO CBA3AHHHIX COCTOS-
HHUR B pasnuuHmX o6aactax npocrpanctea 0 Lo, 1 (I=1,
2, 3) B ofwem caywae. M3 pucyHka BuAHO, 4To B obaactn 0

@y
.~ 144/
7 24/

&
” aa0) '

Puc. 12,

t B6M3W TOYKU 0y =~ | (mansie K) BooOlIE HET CBS3AHHHIX COCTON-
nuil; B obaactm | WMeeTcd OAMO CBA3aHHOE COCTOfIHHME, B (00-
JACTH 2 — JABA CBA3aHHLIX COCTOSHUSA; W, HAKOHel, B 06aacTH 3 —
TPH CBA3AHHHX COCTOAHHA. JTOT PUCYHOK, OYEBHAHO, KaYeCTBEHHO

coraacyerca ¢ puc. 10 » 11.




Fr1TABA VI

TEPMOIUHAMHKA $EPPOMAIHETUKOB
U AHTHOEPPOMATHETHKOB

§ 20. TepmopunamMHka ¢eppomMarHeTHKOB

1. TepmopuHamMu4YecKHii NoTeANHAJ HIEaJbHOTO rasa
MarHOHOB. BbISICHUB XapaKTep CTATHCTHKH, KOTOPOH MOMYHHAITCH
CITUHOBBIE BOJIHBI —— MACHOHBI M 3HAafd 3aKOH HX IHCIEPCUH, MBI
MOXeM TepeHTH K HCCAelO0BAHHI0 TEPMOIHHAMUYECKUX CBOHCTB
(peppoMarHeTUKOB H aHTU(PEepPOMarHeTUKOB.

Bocrnonbayemca ¢ 310l Lebi0 M3BECTHBIM COOTHOLIeHUeM [1]

K
=—TInSpe T, (20.1.1)

CBAI3LIBAIOLUMM TePMOJHHAMHYECKHA MoTeHuMan & npousBoJLHOH,
CUCTEMBl . C €€ TraMuIbTOHHAHOM J&. [aMHUABTOHMAH MAarHWTO-
YMOPAIOYEHHBIX KPUCTAJJIOB CKJAILBIBACTCA M3 TaMHJIbLTOHHAHA
CMTMHOBOM CHCTeMBI U raMu/bTOHHaHA pemeTkH. [losTomy B Tepmo-
JUHAMUYECKUH TOTEHLHAN TaKWX KPHUCTANIOB BHOCAT BKJAL Kak
CNIMHOBAs CUCTeMa, Tak M pemterka. Mel paccMOTpuM 3lech BKJal
CIIMHOBOM cHUCTeMBl M GylleM MO3TOMY NOIL &4 NMOHUMATb raMuib-
TOHHAH CMUHOBOH CHCTeMBl S, ITOT raMMIbTOHHAH MOXHO Npes-

CTaBUTb B BHIE
s =T+ Hssr

rie &, — raMuibTOHHAaH HAeaNbHOrO I'a3a MAarHOHOB M ¢, —
raMUALTOHHAH B3aUMONCHCTBUSI MEKLY MAarHOHAMH.

B o6aacTy 1OCTATOYHO HH3KHX TEMNEPATyp MOMKHO CUMTATh
YTO MarHOHH 00pAa3yiOT MIeatbHBIl ra3 4acTHL, NOIMHHAIMXCA
cratucTuke bose — DiHiurefina. Iag sToro Heo6xoauMo, YTOOH
TeMrepaTypa yaosierBopsana ycaosuio T <& T, nus ¢eppoma-
rheTHkoB M T <& T, -— Ans  autudeppoMarHeTukoB. B sThx
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yCIOBHAX MOXHO CHauasla He YYHTHIBATL TaMW/IbTOHHAHA B3AUMO-
IeficTBHA FF; M HMCXOLMTb H3 CJAELYIOWErO BHPAKEHHS OAd

TEPMOLIHUHAMUYECKOTO IMOTEHIHANA:
Fo

Qy=—TInSpe T, Y (20.1.2)
[Toactasagsa ciona

Hy=E (HP)+ g e, (B)ct (B)c, ().

rie €,;(k)— SHeprus MarHoHa cOpTa j C BOMHOBBIM BEKTOPOM R

n (k). ¢ (k) — onepaTopbl pOX[IEeHHS H YHHYTOMXEHHS COOT-

BETCTBYIOLIErO MarHOHa, IMOJAYYHM CJeLylOllee BHIPAMEHHE /S

TEPMOLHHAMMYECKOTO NOTEHLUHNaJa HAeaJbHOTO Tra3a MAarHOHOB:
esj (&)

90_—_EO(H8“’))—+-TZIn(1——e— T ) (20.1.3)
kj

PasHoBecHad NJIOTHOCTb MAarHMTHOro Momeura M (T, Hff)) U CIH-
Hosas Tennoemkocts ¢ (T, ng)) MarHUTOYNOPSILOYEHHOTO KPH-
cTayila cBsA3aHbl ¢ £ COOTHOLIEHMAMH
1 0Q T o
M:——-—-——(eT, == - (20.1.4)
vV oH(
rae V — o6bem Tesa. Had MiealbHOrO rasa MarHOHOB 3TH ¢op-
Myabl npuoGperaior, coraacHo (20.1.3), Bux

M(T, HY) =

1 9E, 1 deg; (k) 1
TV HP @y Z f ak oOH® e @
i e T —1 (20.1.5)
) g5 (B)
@) = o s/
es(T- HY) = gmys o7 f dk— G

e T 1

[MepBoe caaraemoe B dopmyne zas M npeacrapasger coGolt naoT-
HOCTb MarduTHoro Momenta npu I =0, a Bropoe ciaaraemoe —
NONPaBKY K MJIOTHOCTH MAarHHTHOTO MOMEHTa, OOYCJ/IOBJEHHYIO
KOHEYHOH TeMnepaTypoif CNMHOBBIX BOJIH.

2. PapHOBeCHBIi MarHHUTHLII MOMEHT H CINHHOBAaA TeNJo-
emkocTh (heppomarnetuxoB. [lepefizem k onpexefeHNI0 paBHO-
BECHOTO MAarHHTHOTO MOMEHTa W CIHHOBOH TemnaoeMKOCTH deppo-
MAarHeTHKOB.
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PaccmoTpuM npexie Béero OXHOOCHHE eppoMdrHeruk ¢
MaTHHTHOR aHM30TPONHUeR THOA «JAe€rkas OCb», TNpuuem OyleM
NIpeANoNaraTh, 4TO CTOPOHHee MarHutHOe noae MY H pasHO-
BeCHbIl MarHMTHBIA MOMEHT HampaBJ/leHbl BLOJb OCH aHU3OTPOINHH
(ycnoBusti, npu koTopex M, napatienen HY, NpHUBEAEHH Ha
crp. 198-—199 Ha cxeMe paBHOBECHBIX COCTOAHMH heppoOMarneTnKa).

Hcnoabays Bupaxenne (18.2.7) nas E, u surpaxenne (18.3.3)
s A, W B, MOXHO HalTH HaMarHWYeHHOCTb TakHX ¢eppo-
marHetuko npu 7T =0 [2]:

1 0E
MO, HY) = — — =0
(0. Hif) V 0HP

1 [dmpMg\'(  2nM, \'
My|1— — . ,
[ 6“3( O ) (HS”'i-ﬁMo) ]

= Mo 4+ HY > 2nM,, (20.2.1)

2 4 M 3/2 {
[ [ — &2 (). 1 2

My= 22, 8, =slp= 2%, HIY = HIY — aNad.

[
Q

Bropoe ciaraemoe B 3THX (hopMyJax OOYCJIOBIEHO «HYyJle-
BEIMH» KOJe0aHHAMH CHOHHOBHIX BOJH M COCTAaBJASET NO MOPAIKY
woMq

Be
o6pasoM, paBHOBecHOe HamarHuueHne npu T == 0 npaxTHuecku
He 3aBHCHT OT BHELUHEr0 MATHHTHOTO MOJA.

OnpelenumM B3aBHCHMOCTb MarHHTHOTO MOMEHTa M CIHHOBOH
TeIlVIOEMKOCTH (heppOMarHeTHka OT TeMnepatypbl. DHeprus Cnu-
HOBOf BOJHB B paccMaTpuBaemMoM cJjydae, corjacHo (18.34),
paBHa

g (k)= [0, (ak) 4 po (HS + pMo)|[0. (@) +
1o (HE + B M) + 4ot M, sin? 0, ]'%,

3/y —6
BeJUUUHbL =~ 10 OT mnepBOro caaraemoro. Taxkum

rae ¢, — yroal Mexiy BOJHOBHM BeKTOPOM K M OCbI0 aHH30-
rponuu. Hcnosaesys 310 BhIpamedwe aan e.(R) u nepexoas
B (20.1.5) oT wuHTerpupoBaHMd IO R K HMHTETPHPOBAHHIO MO

=£TS, MOXHO npeicrasuTh Beamunny AM =M (T, HY)—
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—M(0, HY) 5 suze

14
2
_ My (TN .
AM—_W(G—L-) J Slﬂﬁdﬁx
WVWxFesinfo—(m+t sin%f))]'/’
X —
V(m+2E sin?8)
ruie
4“H0Mo

22 Mo+ HE), g =

B aTux e MepeMeHHBIX CIIMHOBAaA TEMJIOEMKOCTb ¢eppoMar-
HeTHKA ONpenenaserca Gopmyaoh

1 T\ .
S—’:W(E) Slﬂﬁdﬁx

[a o]

X J‘ dxexxl o [x(Vx"’-l-ggsm“t‘}———n gsmgﬁ) I-

Va(n+2E sin? §)

St |n

IpuBenem puipawenne azas AM, ¢, B HekOTOpHX HauGoJee
VHTEPeCHBIX MpeReabHEIX Cayuasx *):

L) MO(G )/2, T > 2 M, 1, (BM,~+ HE),

8x'/2s

b T \%/T\:
— vz () (5)
48V 72s 4 M, 0,

AM = i, (BM, + HP) << T < 2, M, [4] (20.2.2)
e () e {— oMot )},
8n /25 ec 7

2mp M, < T < 1, (pM, + HiP),

*) 3aBucamocts AM w ¢ or T mpn T > 2npM, n T >
> (ﬁM + H ))—Tar( Ha3MBaeMHH 3aKOH TPeX BTOPHIX — Obna
BIEpBHE MoayueHa Baoxom [3).
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1 T T\%
— M T
l 32n'hs O (QRMOMO ) (64 ) X
{

AM= ’ 2u, (BM, —-{-H(i)
 exp { _ L(_OT__O) } ,
T < 2y My <, (BM, + HP). (20.2.2)
15 ¢(52 1 [T \% .
S E2 L ()" 75y
7
ws flz) a1 e
64 a2 4° (4nqu0) (65 ) '
o (BM,+ HY) < T << 2mpg M 141,
|l M T o)
¢, =1 on'a® TO, M, 0, P T ’

2mpg My <& T <& 1o (B Mg 4+ HY),
1 (M, < HE )2( T )‘/2
8n'2a3 (2:160 ) P+ My ) \e, X

(7)
K op| — 2o 1) |

T L 2np M, < py (BMO + Hgi))- (20.2.3)

Mpl BMAMM, YTO B CJyYae CHJAbHBIX MArHHTHBIX MOJded U
OYeHb HHM3KHUX TeMIlepaTyp OTK/OHEHHe PaBHOBECHOTO MAarHUTHOTO
MOMeHTa OT ero 3HaueHus npu 7 ==0 H CNHHOBAs TelIOEMKOCTH
deppomMarHeTuka 3SKCIIOHEHUHATbHO Maabl. ITO OOCTOATENbCTBO
CBA3aHO ¢ HAJIMYMeM SHEPTMM aKTHBALLMM Y CIHHHOBHIX BOJIH.

CpaBHUM CNHMHOBYIO TEilTOEMKOCTb (heppPOMArHeTHKA C Temio-
€MKOCTbI0, OO0YCNOBJEHHOH! Ko/aeGaHusAMU pellleTKH. DTa Tenjao-
eMKocTh (OHA HasbniBaeTcs (OHOHHOHM) B 06JaCTH  TeMIeparyp
T <€ 0,, onpenenserca Gopmy.ioh

2% 1 T \3
€ =—p—" F‘(—e;) , (20.2.4)
rie 0, — remneparypa [leGas, paBHas 11 W3OTPONHOTO Tena
1
2 1\7™% hs hs
0,—=(— 4 — , 0,="t 0§ ==L
b (36? + 6?) ! a L a

(S, ¥ §; — CKOPOCTH MOTEDPEYHOTO M NPOLOALHOTO 3BYKa).
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Jlerko v6ennTbcs, yTO CIHHOBAR TelIOEMKOCTL MPEBOCXOAMT
(pOHOHHon TEIIOEMKOCTb B HHTepBajte TeMrepatyp BpoMy <

< T < 9 . HuxuHu#t mpenen a1echb cocTaBasieT HECKOJbKO COTHIX

rpanyca AJd BeliecTB ¢ Malo#k aueprueft aumsorpornun (B <€ 1)
u pased npuMepHo 1°K a1d OAHOOCHBIX KpHCTaANOB, y KOTO-
pbIX 9HepPrUsl MarHUTHOK aHM30TponMu Beauka (B =~ 10); Bepx-
HHA npelea noaydaer BeJdHYnHY nopsanka 10-—- [00°K.

dopmyan (20.2.2), (20.2.3) nokasblBalOT, uTO NpPH TEMIlE-
parypax 0, >T >, (H(()i)—{—BMO), 2ap, M, MarHuTHBI MO-
MeHT (eppOMarHeTHKa H3MeHSeTCA C TeMIepaTypo#l no TakoMy
e 3aKOHY, KaK M CNHHOBAasA TemaoeMKocTb. B apyrux obGaactax
STH BEJHYWHBI MMEIOT pAasAHyHbiH TemmepaTypHHH XOA.

TemnepatypHas 3aBHCHMOCTb MArHUTHOrO MOMEHTa M TeIIo-
eMKOCTH (eppOMarHeTHKOB M3y4yanach 3KCIePUMEeHTaAbLHO, PHYEM
B COrJIacHU ¢ TeOpHef HaOM0NAeTCs 3aKOH AMNcSNT%.

[TepeflieM K paccMOoTpeHHIO (eppOMarHeTHKOB C MATHUTHOM
aHHU30TPONHell THNA «JerKas IJIOCKOCTby», npuyeM OyneM mpeino-
naraTh, 4TO CTOPOHHee MaruuTHOe nose M wanpasieno nepnex-
LUKYJIAPHO OCH aHU3OTPOMHH H DAaBHOBECHHIH MATHUTHBIH MOMEHT
napajaeseH HY (cM. cxemy Ha ctp. 198). B atom cayuyae sneprus
CMUHOBOl BOJHBI B IpeHeGpeXKeHHH BJAHSHUEM MAarHUTHOIO JLH-
NOJLHOIO  B3auMoJeficTBUA  ompenensercd, corjaacHo (6.2.3),
(6.1.4), dopmyoi

e, (k) ==V[0,(ak) 4 2u, (HP +[B [ M))] |8, (ak) +2u,HP].

HCMOJB3YS KOTOPYIO MOXHO npencTauth Besuuutbt AM (T, ng))
M ¢, B BHIE

%2
AM = — s M5 ) X
g
X f (1/x2+ &2—11——&) =,
Vnm+E)
1 (T\% o2
o= () [ g
Vam+g

e T A ECS

rie n:2uOHg‘)/T, g:QIﬁIp,OMO/T. Tak xak Mbl npeHeGperau
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Hy

wuo v —

tp T oviug,

BAMAHUEM MATHUTHOTO AHMOJLHOTO B3aUMOILEHCTBHSA, TO 3THMH
¢bopMynaMu MOXKHO NoAb3oBaTbed NpH T =>> 2muy,M,.

PaccMOTpHUM HECKO/LKO TpeleNbHBIX CAYYaes,

Ecmn T > p HWY, T > |p|uyM;, TO MB CHOBa mpHXOIMM
Kk ¢opmyaam Baoxa nas ¢ n AM.

Ecan#*) p HH) < T < |B|uyM, 10 [5]

1

0 o f T\2
24s O(QIBIMOMO) (ec) !
. . Y T\3
=5 (zvareon) (o) (20.2.5)
Hakoweu, ecmu |B|M;>> H{P u T<<“0V'B1M0HS“' TO
1 T \%
AMe=— o — — M, [
@m)":2s 0(66) X
( H((Ji) )1/4 { 2”’0 VlﬁlMOHg)i) }
X\Te725, ) exP\— 7 ’
(20.2.6)
__ 1 20, | B 1 M\
C.;“ (2:“)3/2[13( e‘. ) ><
X( H(()i) )5/4(QMOH((JL'))1/; ox {_QMOVIMMOH((JL') }
[B1 M, T p T ¢

3. Marnutoxanopuuecknii 9ddexrT. 3Ham 3aBHCHMOCTD
TENJIOEMKOCTH CHHHOBBHIX BOJH OT CTODOHHEr0 MarHHTHOIO
noas Hg”), MOXHO HCCJIe10BaThb MArHHTOKaJOpHYeCKHH sddekr,
T. €. U3MEHeHHe TeMIepaTypH ¢eppomarHeTuka npu anuabaru-
YeCKOM H3MeHEHHH CTOpDOHHEro MAarHWTHOTO mnoJs. Yro6sl HafiTH
5TO U3MEHeHHe TeMNepaTyphl, HYXHO TNPHPABHATh 3HAUYEHHe
SHTPONMHM B HAYaJbHOM M KOHEYHOM COCTOSHHAX:

S (HY, T1)+ S,(T1) =S, (H, T3) -+ S, (T3), (20.3.1)

rae S,(H®, T)—surponus cnuxosbix BoaH, S;(T)— suTpo-
nuA GOHOHOB uH®, T u HY, Ty— navaibHbe H KOHEYHBIE
3HAUECHHS MarHUTHOTO I0JIA M TEMNeparyphl. DHTPONHS CIHHOBLIX
BOJIH onpenensiercs hopMya0#

e 1 09
SS(H( ), T)='—"V'77—~’

*) llna Dy koHcTaHTa P Moxer focruraTh 3HaueHuit p ~ 102,
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MCNOABL3YS KOTOPYIO ferko fokasath, 4TO
1 T \% poHE 2uoHEE)
© Ty=— |8 _—2_,
S (H*. 1) 47’/2g3 (ec) 7 %P T
wHE > T 2> 2np,My, 1|B| Mo,

5C (5/2 1 T \%
S, (0. T)=—fé—u~f7}-;(5:)’. T >> 2np,My, o|B| M.

Bdurponus ¢oHoHHoro rasa npu T <€ 0, pasHa
22 [ T \3
Sl(T)= 1543 ("é;) :

[Moxcrasass stu Bhipaxenus B (20.3.1), noayuum ciaeaymouiee
ypaBHeHHe 1Js ONpeleNeHHs KOHeYHOH TeMmmepaTypnl (eppomar-
HEeTHKA NPH aauabaTHyeCKOM BLIKJIOUEHHM CTOPOHHEr0 MarHuT-

noro noas HY (woHY > T > 2npugMy, 1ol B| M)
() {2y 2y
p -

5 7 &X T T5 \8

4’ \ 9, T, T, 15 19,
— RG2) (To) 20 (Ty)s
 16n™- (OC) 15 (—9_.;) :

B sneBo#t uacTm 3TOro ypaBHeHHS MOXKHO TpeH e0peub SHTpomueR
CNHHOBHIX BOJH MO CPaBHeHH C SHTpomuel ¢oHonos. Ilpen-
nojaras jajee, uTO HavalbHad TeMmepatrypa 1; JLOCTaTOYHO

65
HHU3Ka, T‘<<T’ MOXHO B INpaBOH 4YacTH 3TOTO YypaBHEHHS
(4

nperebpeyb 3IHTPONHEH (OHOHOB NO CPABHEHHIO C IHTpONHUEH
CNUHOBHIX BOJH. B pesysbrate Mbl noayuum

L 32n7/2 */a T 2~ 7‘[ 2
TQ_(W) 65(3;_) ~7ec(g) . (20.3.2)

Mpbl BHINM, 4YTO KoOHeyHasd Temneparypa T, npu annabaru-
YeCKOM BBIKJIOYEHHH NOCTATOYHO CHJIBHOTO MArHHTHOrO TNOJs
OKa3blBAeTCA 3HAYMTENbHO MeHbllle HauaJbHOH TeMmepatyps 7T,
(nanoMHnM, 9T0 Qopmyaa (21.3.2) ornocutcs kK caydawo Ty <&

<<_ez,)
8./

YMeHbLIeHHEe TeMneparype ¢eppoMarHeTHka npu anuabatu-
YeCKOM BBIKJIOYEHHH CHJABHOTO CTOPOHHErO MATHUTHOTO MOJS

CBA3aHO C TeM, 4YTO 3SHTPONHA CIITHHOBOU CHCTEMbl B 3TOM cayyae
YMEHbLIAETCA C POCTOM CTOPDOHHEr0 MAarHUTHOrO MN0Jif, TdK Kak
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60/bMIMM MAarHUTHHIM MOJAM COOTBETCTByeT OoOJblIasd YHnopAno-
YeHHOCTb B CmMHOBOH cucreMe. C npyrofi cropousl, GosblieMy
yNOpALOYEHHI0 B CHHHOBOH CHCTEMe B OTCYTCTBHE CTOPOHHErO
MATHUTHOTO MOJs COOTBETCTByeT OOJee HH3Kasd TeMMepartypa.
osToMy npu annabaTHUECKOM BBLIKJIIOYEHMH CTOPOHHErO0 MarHMT-
HOTO MOJA BOSHHKAIOWAS HEYNopsLOYeHHOCTb B CNHHOBOH CH-
cTeMe CcoOTBercTRyer OoJiee HHSKHM TeMIeparypaM, ueM MpH
HAJHYHH CTOPOHHEIO MAarHHTHOTO MNoJd. 3TO W INPHUBOILHUT
K YMeHbIUEHHIO TeMNepaTyphl ¢eppoMarHeTHKa.

3aMeTHM, 4YTO ecJH ng)wMo, TO 3aBHCHMOCTb CNHHOBOH

HTPOMHH OT MArHUTHOrQ MOJA HY Moxer GHTb He MOHOTOH-
Hoft, 6Jarozapsi 4eMy BHIKJIOYCHHE MAarHHTHOTO mnojs He 6yler
06513aTeIbHO NPUBOAUTbL K YMEHbIIEHHIO TEeMIepaTyphl TeJa.

4, BausiHve B3aHMOAEHCTBHUA MEWAY CNHHOBLIMH BOJHAMH
Ha TepMOAMHAMHYECKHH moreHuHaJ ¢eppomarseruka. Ilpu
BBIYHCJICHUH TePMOAMHAMUYECKOrO MOTEHLHala eppoMarHeTuKka
Mbl CYMTQJNH, YTO CNHHOBbIE BOJHB OOpa3yOT HICalbHBIH ras, H
He YHUTBHIBAMM B3aHMOJEHCTBHA CIHHHOBBIX BOJH IDYr C APYrOM.
[Tokaxem Temepb, YTO NpH HHU3KUX TeMneparypax, T <& T,
B3aUMOLCHCTBHE MEXAY CHHHOBBIMM BOJHAMH OKAa3blBaeT Majoe
BAHSHMUE HA TepMOJHHAMMYECKMH NOTeHUHal (peppoMarHeTHKa.

Onpenenum ¢ 3TOH 1eabl0 MONPABKY K TEPMOAHHAMHYECKOMY
NOTEHUHANy B INepBOM GOPHOBCKOM TNPHOJUNEHUH NO SHEPrHU
B3aUMOLEHCTBUR CIHHOBEIX BOJH & . ITa MONpPaBKa onpeie-
asetcd, cordacHo (20.1.1), dopmynoft

go“wa
Q,—=Sp e T . (20.4.1)
Moacrapasa ciona Hss = HS + P+ ... n ncnoabays

soipaxenus (18.1.11) anq 23) u 89, MOy YHM
Q, = 12234(138 (12,34) (afafa,a VA (k +-ky— R, — k),
rie
Qy—Fy
<a1+a2+a3a4> =Spafataae
3ameuas, uToO

(arasaay=nn, (A (R —k)A (Ry—k )4 (ky—k)A (k,—E,)),

Es (ki) -1
;l:- = (e T 1) !

i

rae
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nepenuuieM Q; B BuIe
Ql=2§n1n2®s(12,12)- (20.4.2)

Ouenum cHauana BKJajd, BHOCUMHIA B £2; OOMEHHEIM B3auMo-
oMy
nefictBueM. B o6nacth BOJHOBLIX BeKTOPOB ak>>]/ Holf%o
peanuyuHa D (12,12) onpenensercs dopmyaod (18.1.13), a TaK
KaK T<<6£, TO 3Ty BEJHUHHY MOXHO DAa3NOXKUTL B PAL MO
cTeneHsIM ak, B KOTOPOM NO/KHBI GBITH COXpaHEHH YJeHH MOo-
psaka (ak)* (Tak Kak unen R,R, mpu unterpuposanuu no dk, dk,
obpataercst B HyJab). Orciona creayer, 4TO MHTepeCyIOLIMH Hac
BkJan B £2; umeeT BUA [6]

A 4
Q° zNT(—T—) .
O .
DTo cooTHOWeHHe chpaBelauBo npu T <& 0,.
Takum oOpasoM, mompaBka K TepMOLHMHAMUYECKOMY NOTeH-
uuany B obaactu Temmeparyp poM, <€ T <€ 0, nponopuuo-

HajbHa OSITON CTENEeHH TeMMepaTypH.
B cayyae npoctol kyOuueckoHW perteTku

1 J
D, (12,12) = — =5 @’y by + 7757 2 { (k0)* (Ryp) —

— 5 (R0 (R10) + (10 (kip) |

n
QSE)"»—NT(AQRQ ) ZE/Q(%-Q); (20.4.3)
rae .
Z, (x):Z e;lr:x , eg=¢, (0).
m=1

(r)
Onpepenum exaan €)', BHOCHMHH B TepMOIMHAMHYECKUH
MOTEHIHAN Pe/IATUBUCTCKUMH B3auMoieHcTBHAMU. B aTom cayuae,
coraacuo (18.1.15),

(D(f)(lg 12) ”DMO ,

H TMO3TOMY
T\3
Q" =~ — pyM, (—é—-) .
[4
Mbt Bunnm, uto ecau T > Y poMyB,. T0 ocHoBHYyI0 poab Hrpaer
obMenHoe B3auMoieHcrBue,
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PaccmarpuBas nafee TOAbKO 3Ty 006/acTh TeMnepatyp H
ucnoabdysa dopmyay (20.4.3), Jaerko HaWTH MONPaBKH K TJIOT-
HOCTH MAarHWTHOTO MOMEHTa M CIIMHOBOH TEeIJIOEMKOCTH ¢eppo-
MarHeTuka:

AM=— 22 MEGREG2) (45

153 (20.4.4)

8,0, = c2<5/2>( )

3ameruM, uTO npu cpasHenun Gopmya (20.4.4) ¢ dopmy-
namu (20.2.2), (20.2.3) neo6x0AMMO uMETh B BHLY, YTO MpH
BLIBOLE TMOCAEAHAX MBI CcuydTanu, urto g, (k)==¢ey—+ 0,(ak).
B xeficTBUTENbHOCTH e 3aKOH [HMCNEPCHH MarHOHOB HMeeT BHI
e, (R)=r¢,+ s (J(0) — J(k)). Hpyras 3aBUCHMOCTb SHEPTHU Mar-
HOHA OT R TaKe NPUBOIMUT K NONPaBKe K TEPMOILUHAMUYECKOMY
notexuuany. Jlerko yOemHTbcsi, UTO TepMOAMHAMHYECKUA MOTEH-
LKal HyneBOro NpUOAMMEHHs ¢ yueToM Oojee CIOXHOH nucrnep-
CHOHHOW 3aBUCHMMOCTU 3IHeprHH CNHHOBOW BOJIHBL B CJydyae npo-
CTON KyOMueCKOH pellleTKM HMeeT BHI

o= 2 () S () +

—;—%”2(4;{96)%29/2( 0 () )} @049

(3zecb BHIMHCAHBI CiaraeMble, cOMepxkallke TeMIEPaTypy, CTeneHb
KOTOpOH He npeBocxoauT 9/2). [lepBoe cJaraeMoe B 3TOM Bbl-
paeHHH COOTBETCTBYeT 34KOHY IMCIEPCHH MArHOHOB € (R) =
=g, + 0,(ak)> u npusoaut mpu g, =0 K BHIpaweHusm (20.2.2),
(20.2.3) 114 MarHUTHOTO MOMeHTa (eppoMarHeTHKa ¥ CNHUHOBOH
TeNJI0EMKOCTH.

B 3aknaoueHMe 3TOro pasiena OCTAHOBMMCA Ha poau CBA-
3aHHBIX COCTOAHMH MArHOHOB B TepMOIMHaMHKe d¢eppomarte-
THKOB. -

CpsisaHHBIe COCTOSIHMSI ABYX MarHOHOB, KOTOpble MHl HUCCJe-
ZoBaan B § 19, MOKHO paccMarpuBarh KaK COBOKYNHOCTb HOBBHIX
KBA3HYaCTHIL ¢ KBasuuMmnyibcoM K u suepruedt & (K). Ilpu
HU3KHX TeMNeparypax, OYeBMIHO, TJaBHYI0 poab §yIyT HTpaTh
CBSI3aHHBIE COCTOSIHHS C HauMeHblIeH 3Heprueft u, CaeLOBATENbHO,
C ManbiMM 3HaveHus MM KBasuumnyabca K. Tax kak B TpexMepHOM
clyyae CBAI3AHHBIX COCTOSIHMH 1ByX MarHOHOB C MajbIM 3Haye-
nieM K (Ka <€ 1) ne cyuectByer, 1O B 00JaCTH HH3KHX TeM-
neparyp CBSI3aHHLIE COCTOSIHMS BHOCAT npeHeOpexnMo Masbi

14 A. W. Axnesep 209



BKJaJ B pasiMuyHble TepMOLMHaMWyeckHe BeaHuyuHu. OnHako
B IBYMEDHOM H OJHOMEPHOM CJy4asiX, KOTZA BO3MOXHBI CBS-
34HHBIE COCTOSIHHA TPH JI0OHX 3HaueHUAX Kpasuumnyabca K,
Ol MOTYT HrpaTh pPOJb B TEPMOJHHAMHMKe (eppOMarHeTHKOB
B 00/1acTH HU3KUX TeMmeparyp. 3aMeTHM, HAKOHel, YTO CBsi3aH-
Hple COCTOSHUA Moraud OBl TNpOSBUTbCA B JAHpdepeHIHanbHbIX
CeyeHHAX paccessHus 3JeKTPOMArHUTHHIX BOJIH, a TaKwxe HedATpo-
HOB B (heppOMarHeTHkKax.

§ 21. TepmonuHamHuka aHTH(EPPOMATHETHKOB

1. CnuHOBafA TEMJOEMKOCTb AHTH(eppoOMarHeTHkon. Ile-
pefileM K HCC/eL0BAHUIO TEIUIOBEIX M MAarHUTHLIX CBOUCTB aHTH-
deppoMarHeTukon b 00JacTH HU3Kux Temneparyp, T <& Ty

CnHHOBas yacTh TePMOIMHAMUYECKOrO MOTeHUWana aHTHdep-
pOMarHeTHKa C ABYMS MarHMTHBIMH NOJpPeLIeTKaMH, KOTOPHE M
TOABKO M GyleM paccMaTpuBaTb, onpenenserca npu 1 <& Ty
dopmyao#t (20.1.3), B KoTOpOH CyMMHPOBAHHE NPOM3BOAUTCH MO
IBYM THNaM CHOHHOBBIX BOJH, CYLIeCTBYIOWMX B TaKUX aHTH-
(eppoMarHeTHKax.

Haunem ¢ onpeneneHuss CNHUHOBOH TemaOeMKOCTH aHTUdep-

pOMAarHeTHKOB:
Esj ()
s = (2n)3 "oT Ef e” o @ 4k

—1
PaccMoTpuM cHauazna aHTHq)eppOMarHeTHKH C MarHUTHOH aHH-
e
soTpomuel Tunma «Jjerkas ocby. I[lycTb HY napasjeabHo n

(n — elMHWYHBIH BEKTOp BLOJbL OCH AHHU3OTPONHH) U H(oe)<H1.
Torza 3HepruM MarHoHoB OyLyT onpelensTbcs, corsaacHo (8.2.1),
(hopMyaaMu

[4

2= VO @AY+ (WP + uHf),

rie 02,02 =20 (a — o/) pM,, p= hg (MBI CUMTaeM 1/ IPOCTOTHI,

_ o
uTO @ ;= ou')”., a,, —=a 6”). Hcnoabays 9TO BhipaxceHHe LJs €

ij sj*

TOJY YUM

0= g (5) {E fw T g (= —

+n
+ f S (2]
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rae
pH, nH® e
b=— N=——, x==-
[puBeneM BhipameHHs A8 €, B HEKOTOPHIX MpelefbHHX CHay-
yaax [7—9]:

4n? T \3
m*(q) . wHy, pHE < T,
H
2 WH(\3 [ pH \V%e -~ ©
@0 (Fj) (55" w7 <ty
15 (5/2 T \*f2f uH{ \2
= 4<2r—()a//m)a (‘9;) (IL—N’) o w(H — HY) << T<<p Hy,
1 (llﬁl)l/’ WH, (HI—H(‘)”) exp{;"(HI_HSE))}
@Yl \ T 03, T ,
T < p(H — HY).
(21.1.1)

IlycTb MaruuTHOE ToOJe H§” uanpaseno NepneHnKyIsSpHo
ocu aumsorponnd. Torna, cornacHo (8.2.2), 9Heprud MarHOHOB
onpeneasiorca GopMyIaMu

e (B) =V 8% (ak)’ + (uH1)* + (nHEIY,
e (B) =V 0%, (aR)2F (nH,)?

M CNUHOBadg TEMJOEMKOCTb uMeeT BHL [9]

o0 62 3
1 [ T3 ! x g Lx (o — g2 — )]
Co= s |5 f dx 3
s 6a2aq® (BN) l e* —1
VEIrm? 5
m x—ax—g‘[x (2 —tM |
a2 '
: et ] J

B npeneabnbix cayuasx pHi, wHY <€ T w pHY << T < pH,
5Ta ¢(OpMyJa MPUBOIUT K BHIpAKEHHAM 19 €, COBNALANLIUM
C mepBEIMM IByMs BhIpaxceHusMu (21.1.1).

EBeon T << pHE, pH, w H'~ H,, To cunnoBas Temno-
eMKOCTh TaKxe ompeleasercs BTOpDOH u3 ¢opmya (21.1.1), B
koTopoft ToabkO xo6aBisieTcss MHOXHTeab 1/2. Ilpu sTtomM cnu-
HOBasl TEMJOEMKOCTb OyZeT SKCHOHEHLHANbHO MaNoH, HE3aBUCHMO
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OT TOTO, MaNa uaM Beanka paswocts |Hy — H'|. (Hanomuuw,
uTO ecnH MaruuTHOe noje HY napanienbHO OCH aHW3OTPOMHH.

1o npu p|H, — HY | << T << pHY, pHi cnnsosas Tenmoem-
KOCTb NponopunoHaasHa Ts.)

B o6aactm Temneparyp QN>>T>>uH6"’), nH, cnuHoBas
TEeMJI0EMKOCTb aHTH(EPPOMAarHeTHKOB MNPONOPLUOHAMbHA TPeTbel
CTENMEeHH TeMNepaTyphl, T. e. BeleT cebd TaK ke, KaK U (OHOH-
Hasd TeNJOeMKOCTb, HE3aBHCHMO OT OpPHEHTaUHH MarHHTHOTO

noas HY. Crenyer OTMeTTb, ONHAKO, 4TO ycaoBue pH; <& 0,
MOMCET BBLIMOJHATLCS TOJbKO B cayyae aHTH(eppOMaTHETHKOB
€ JOCTATOYHO BLICOKOH TeMnepaTypoll Heena. s anTudeppomar-
HETHKOB C TeMrnepaTypo#t Heens B HeCkoJbKO LecATKOB Ipairycos
uH; ~0y. Ilosromy HaGmonarh 3akon 73 B cmuHOBOH Temio-
eMKOCTH B daHTHAQepPpOMarHeTHKaX C MAarHUTHOH aHU30TponueH
THNA «JIeTKas OCb» OYeHb TPYIHO.

3Has CIMHOBYIO TEMJIOEMKOCTb aHTHGEPPOMArHETHKOB, MOXKHO
BBISICHHTD, KaK MPOSABASETCA B HUX MArHHTOKAJIODHUECKUH S(deKT.

PaccmoTpuM, HampuMep, TOT cayuaif, KOria MarHuTHOe MoJe HY

napantenbHo ocu anusotponun n MY < Hy. Usmenenue Temme-

paTyphl NpH anMaGaTHYecKOM BBIKJIIOYEHHH BHEIUHEr0 MATHHTHOTO

noJass MOKHO Ol'lpelleJme U3 yCJOBHSA paBeHCTBA 3HTp01‘IHﬁ a0 H

NnocJje BLIKJKWYEeHUsA MATCHUTHOTO MNOoJad. OﬂyCKaﬂ l'lpOCTbIe BbLl-

KJ4IKH, TIpUBe/eM BbIpaXKeHWe LA KOHEUHOH TeMmeparyph T
0 (uH, \%

T2=—£(%) T, 21.1.2)

eN 1

rie T, — nauanpHas TeMmnepaTypa aHTHdeppoMarHeTuka. 3Ta
2

dopmyna cnpasennusa, ecau Iy <€ pH,, uH, (—92
%

Bbille MB! BUJeNM, YTO CIHHOBas TEIUIOEMKOCTb 3dBHCHT He
TOABKO OT BeJUYMHBI, HO M OT HamMpaBjieHus MaruutHoro noas HY
OTHOCUTE/ILHO OCH dHM3OTPONMM. OITa 3aBUCUMOCTb OCOGEHHO

CUIBHO MNPOABASIETCS, €CJIH ulH“”—»Hl l & T € uH,, nHE.

T\t
B srom ciayyae CnuHoBas TENIOEMKOCTDb CSN —6—- , €CJH

N
MATHUTHOE TMOJie napanjeJbHO OCH daHH30TPONHUU U 3SKCIMOHEH-

UHadbHO MaJd, eCdd MAaTHUTHOe [oJe MNepHeHNHKY/IAPHO OCH
aHu30TpoONHU. Baaronaps 3ToMy AO/MKHO NPOHCXOLUTH YMEHb-
IieHHe TeMeparyphl aHTHdeppOMarHeTHKa, ecad aHTHdeppoMar-
HeTHK, TMepBOHAYaJIbHO HAaXOIAWUiics B MArHUTHOM MoJie, mep-
NeHANKYJASPHOM K OCH aHH3OTPOIHH, MOBEDHYTb TaKUM 00pasoM,
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yro6bl MArHWTHOE ToJe CTajo NapajlelbHO OCH aHH3OTPOTHH.
KoHeunan Temmeparypa Tesla onpelessieTcss NMpH 3TOM Qopmyaoh

T,=¢T, (ﬁ%) (%)2 (21.1.3)

1 D

b 0 3/,
rIe g:Qn(m) 2,\,0,15. Jra ¢opMyna cnpaselnuBa,

6p
ecmu T, <€ uH,, HHIT)T'
PaccMoTpuM Tenepb aHTU(epPOMAarHETUKM C MArHHTHOH aHu-
30Tponueff THMa «ierkas NAockocTb». Ecau nose HY Neprex-
IUKYJASIPHO f2, TO CINHHOBAf TEMIOEMKOCTb TAaKHX aHTH(eppo-
MarHeTUKOB omnpelensercd dopmyaamu [9, 10]

{ 2m? T \3 e)

(47‘) . wHEY < T < uH,,
N

2n2 [ T \3
o=t (a) W <T<uH. QLY
N
42 3 -
150 (“er—) » BHE, W LT <Oy
L N

Mgl BMIMM, UTO B WHMPOKOM HHTEpBale TeMIepaTyp CMHHOBas
TEMI0EMKOCTb TIponopunoHanabHa 738, T. e. BeleT cefs ¢ uaMe-
HeHUeM TeMNepaTyphl, KaKk H (OHOHHAA TemaoeMKocTb. Ilpu
3TOM, OINHAKO, KoagdduuueHt npun T3 B 06aacTH TeMmeparyp
uH(e), ‘wH, <& T<& 0y BoBOe GO/blie COOTBETCTBYIOWIELO KO-
stpduunenta B obaacty TeMneparyp uH8F)<<T<<uH1 (mm
u.H1<<T<<quf)). STO CBA3aHO C TeM, YTO MpPU LOCTATOYHO
HUBKHX TeMmepaTypax Bo30OyxklaeTcl TOJAbKO Oe3aKTUBALMOHHASA
BeTBb CIIMHOBLIX BOJH, B TO BpeMs Kak B 064acTd 60Jjee Bbl~
COKHX TeMMepaTyp Bo30yx1aioTcs 00e BeTBH CNMHHOBLIX BOJIH *)

Eciu cropoHHee MarHUTHOe I0Jie Napa/ielbHO OCH aHH30-
TPOMHUH, TO CIHHOBAass TEMIOEMKOCTb OINpeIeJserTcss MepBoi U3

dopmya (21.1.4) npu T<<V(MH)2—+—(MH8E))2 U Tperbel U3

gopuya (21.1.4) npu T3>V (uh)*+ (wHE)’ (11,

2. Ten3dop CTaTHYECKOH MATrHHTHOH BOCHPHAMYHBOCTH
antudeppomardeTuxoB. Kax Mbl 3HaeM, MarHHTHbie MOMEHTHI
noapemeToK aHTHQEpPpOMATHETHKA, B OTCYTCTBHE CTOPOHHErO

*) OrmeTuM, 4TO yaBoeHHe ko3ddunuenta npu 73 B TenA0eMKOCTH
CMHMHOBBIX BOJH OBJIO 3KCTIepHMeHTaJbHO Habmogeno B MnCO; [10].
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MaTHHTHOTO TNOAA, KOMNEHCHPYIOT APYr APYra; B caabhx e
MATHHTHEIX MOJAAX BO3HHKaeT pPe3yAbTHPYIOIIHA MariHHTHHH MoO-
MEHT, NPONOPUHOHATbHEIR CTOPOHHeMY MarHHTHOMy mnojio. [lo-
3TOMY MarHuTHble CBOHCTBa aHTH(EPPOMATHETHKOB B CJAy4ae CJa-
ObIX MoJeR MOXHO ONUCHIBATL TEH3OPOM CTATHYECKOH MarHUTHOH
BOCTIPHUMUYHBOCTH:

_ oM
Xik—W—

1 1 2 w®
. 23 [awnli—e )

— dkln\1—e 1

V oH® 9HE  (2n)3 oH(®) oHE) ; 8 ¢

[Moacrapaas cwola suipawends (8.2.1)—(8.2.4) nas sueprupt
MAarHOHOB B aHTH(epPOMATHETHKAX, JIETKO BBIYHCIHTb KOMIOHEHTEI
TEH30pa ¥;p. MBI mpHBeZeM 31ech OKOHYATEJbHble PeayabTaThl
IJS OTJAHYHBIX OT HYJA KOMIOHEHT ¥, NpH HY 0.

Has aHTHdeppoMarHeTuka ¢ MarHUTHOR aHU30TpoONHeHd Tuma
«iaerkag oce» [8—10]:
wH,

o w (TN NG
Xo (23‘;)3/’ 039N (6N> ( ON ) e 4 ’<< U‘Hlv
Kax = Kyy = 2 2
xo_m;(_g;) ' T > uH,,
21.2.1)
H
2 M2 qu Y, T \% _ET_‘
@ (o) (5,) (5,) ¢ T T
Xez™ N N N
w_ [T\ 7> uH
w5y =

a 119 aHTudeppoMarHeTHKa ¢ MarHHTHOH aHM30TpoMMel Tuna
«Jerkas miockoctb» [9, 11]:

N

I xo+%%xo—u,§2—(%)2, T <,

1 w2 [T\
Xax = Kyy = Yo~ 5~ a0, ('(')_') ’
Xzz'—‘ 1 2 T \2 (2122)
n
| o= (5] T
(SJIer X[):-é— H OCb 2 HanpasdeHad BIOJAb OCH aHH30Tp0nKH).
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§ 22. CnunoBbie Qynknuu 'pHHA W BBICOKOYACTOTHAs
MarHuTHas BOCOPUHMYHUBOCTH (peppOMarHEeTHKOB

1. Koppeasunonnbie pyHKIHH CNHHOB M ABYXBpPEMEHHbIE
¢yuknuu Fpuna. Kak Mbl 3naeM, OTAHYMTENLHOH OCOGEHHOCTHIO
¢deppoMarneTHKa ABAAETCA HaJAH4YHE CHABLHOH KOPPENAUMH MEXIy
HANp4B/JeHUAMH CNHHOB ero OTHe/bHBIX 4TOMOB. 3Ty Koppens-
LMIO X4PAKTEPUIYIOT KOPPENALHOHHbIE PYHKUMN CIIHHOB, KOTOPbIE
olipeaessioTcss caenyioluM  obpasoM. Ecaum s, (f) — oneparop
cnuHa [-ro aroMa B refi3eHOeproBCKOM IpeACTaBJAeHUH, TO KOp-
peNSUHOHHBIMH (QYHKUHAMH CRHHOB [-TO W Mm-TO aTOMOB HA3bi-
BAIOT yCpelHeHHbie 3Hauenns onepatopos s} (£) s® (0) (unsexchi i,

k 0003HAUAIOT NPOEKUUM CIHHA):
(s (&) s%, (0)) = Sp pyst (£) s% (0), (22.1.1)

rne p,3~—paBHOBECHHH ManHL[a NJOTHOCTH CbeppOMaI'HeTHKH, CBA~
3aHHadaA ¢ ero raMuibTOHHAHOM Qo{ﬁ] COOTHOLUEHUEM
Q-3¢
pp=e T . (22.1.2)

KoppeasunoHHble YHKUMA MOXKHO BHIPA3UTH Uepe3 MaTpUy-
Hble 3JeMeHTH OepaTopoB ClMHA. BBelleM I7f 3TOro coGCTBEH-
Hble BEKTOPHl |V) raMuJbTOHHAHA (eppoMarHeTHka E:

H|v)=Ey[v).

rae E,— 3HaucHue SHepruM ¢eppoMArHeTHKA B COCTOSHHH [ V).
Torna

(st O sj®) =2 e 75 (v sk (0)| m) (| s ()] ),
rae B =% Ho

t
wlst @) vy =e' T ET (st ) vy,

IToaTomy
t

O stO)=32¢ @20 T w7 (y 55 0)] ) (] s{ O v).

W srot dopmynn caenyer, yro komnonenra Pypbe koppe-
asunoHHOH dynkumn (st (0) 87 (2))

pU—1, @)= j dtelot (sh, (0)s!(8))  (22.1.3)
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MOXeT OblTb MpeNCTaBlIeHa B BHIE

Jlk (l — U, ®) ==

=2ah 2P C7E) (v] s (0)] ) (] s}, (0)[v) 8 (ho + E, —E ).
¥ (22.1.4)

Acuo, uro

(s} (O)S,‘(t)>=—21; fdcoe—‘wff,-k(l-l’, ®). (22.1.5)

s dopmynn (22.1.4) B culy 3PMHTOBOCTH ONCPATOPOB §; Bbi-
TeKdeT COOTHOIUeHHUE

Ji(l—1, o)=Ju (' —1, o). (22.1.6)

AnajoruunbM 06pa3oM MOXeT GuTh ONpeledeHa KOMMOHeHTa
Pypoe Jj, (I — 1/, ®) xoppemsiumonHot dyuxuun (s!(¢) sk (0)):

(51 s (V) = o= f doe=to)!, (L — 1, 0),  (22.1.7)

rie
‘I;k (l ~l/, (\)):
=2nh 2P EE) (n | O v) (v st (0| w)d(ho +E, —E).
nv

Jlerxo yGeauTbcs, 4TO
el =1, @)=, (1 — 1, o) (22.1.8)

BBeneM HapAly ¢ KOppe/SILHOHHBIMH (YHKUMAMH IBYXBpe-
MeHHBle 3anasabiBaiolive ¢yHkuun [puna [12] *)

AN ~1, =—© @ {(sl@®, st ) (©2.1.9
M JByXBpeMeHHLIe onepexaiouive ¢yHKuMH [puHa

R —1, =0ty {si®. sf ). (22.1.10)
rue
1, £>0,

®(t)={0. t<O.

*} Meton dyukumit 'puna k pemenuio 3amay cdeppoMarueTuaMa
Gbla BHepBhie npumened Boroawbosnm u Tabankosum [14].
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Ucnoabays dopmyan (22.1.3), (22.1.7) u (22.1.8), netxo
BbIPa3UTb KOMIOHEHTH ®ypere sanasamiBaioulel u onepexaiouleft
¢ynxuud TpuHa uepes ¢yukuuio J; (( —1', ®) (91a dynxums
HasbiBaeTCsl CNEKTPaJbHON (yHKLUHeH):

(oo

1 [ Jp@—1, o) (PP —1
ORU—1. o) =g, | A= o
- (22.1.11
/ 1 Jip(U—1', @) (e —1)
GR(—1, 0) =1 f =y do’.

/
3ameTuM, 4YTO (YHKLHA G&'k)(l——l , @) SBASETCA aHAIWTUYE-
ckO# ¢ynkuueft B BepXHeH MOMYIJIOCKOCTH KOMILIEKCHOrO nepe-

MEHHOro @, a (yHKUHus G(ﬁe’(l—l'. ®) — aHATMTHYECKOH yHK-
el B HHKHER MOMYMJIOCKOCTH ®.

$opmyant (22.1.11) n0ka3bIBAOT, YTO QYHKLUH GYk)(l—l', a))
n G -0, (o) MOXHO pAacCMATPHBATH KAaK MpeflelbHbie 3Haue-

aus eIMHOR ananuThuecko# ¢yuxumn G, (I —1', 2) KoMirekc-
HOH nepeMenHOd 2:

1 w/- -1, fro”_q
Gyl — 1, z):ﬁj‘ it ( zi)(gf ) g, (22.1.12)

Hmenno:
GN—1, 0©)=Gu(l—1, o +10)

, 22.1.13
08 (U—1, 0)=Cial—1 0—i0) o)

s onpenenenus Gy (I—1, 2) crenyer:

G,l—0V,0—i0)—G(l—1 o4+i0)=
=(ebro — 1)/, (0—1U, @) (22.1.14)

Jro cooTHolleHHe BMecTe ¢ ¢opmyaamu (22.1.5), (22.1.7) no-
3BOJISIET CBS3aTh KOPPeJNALMOHHEIE PYHKLUNH CHHHOB <sf, (0)s! ®).

(s} ®sf: (0)) co  ckaukom  yHKIUUM G,(0—0U, 2) Ha
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BeleCTBEHHON ocu:

(s} (0) si(t) ==

1ot
2 JOu—r 00— 0 a—r. 0—10) 20,
(22.1.15)
(sL(t) st (0)) =
] i !/ , —lu)td
—_—leJ(Gik(l—»l,co—l—lO)- Gl —1, m-_lo))—'ffa%;‘-

—ou

Bxoasmyio cioga ¢yrkunwo Gy (I—10, o +4i0) — G, (=10,
® — {0) MOXHO BBHIPa3UTb Yepe3 3anasAbiBAILYI0  (QYHKLMIO
[puna. He#tctBurenbHo, corjiacHo (22.1.11) u (22.1.6),

R~ 0)=GI" (' — 1, )
H, CJea0BaTeNbHO,
Gy (! — U, 0410)— Gy (! — U, @ — i0) =
=000 —1, 0)—G (' —1, o)
Beons oGosnauenus
G (k. )= g e RGO (1 — 1, ),

Iy (R, w):?e—lk’e”'lik (=10, (22.1.16)

Jir (k, 0) =R e "R, (1 -1, w),
noayunM u3 (22.1.15) l
Jin (B, ©) = iN, {G]) (&, ©) — GT" (2. w)}.
Jie (R, @) =i(Ny—+ 1) {GI) (R, 0) — GY) (k. w)}.
rie

(22.1.17)

1

No= g7

2. CBA3b TEH30pa BBHICOKOYACTOTHOH MATHHMTHOH BOC-
NPUHAMYHBOCTH C ABYXBpPEeMEHHOH 3anas3gsiBalomei QpyHKuHel
Ipuna. [lokameM, 4YTO TEH30p BHLICOKOYACTOTHOH MAarHUTHOH
BOCIIPHUMYHBOCTH MOMeT ObITb BHIDAXEH Yepe3 JBYXBPEMEHHYIO
sanasabiBatowyo ¢ynxkumwo [pusa [13]. Onpenenum ans srtoro
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cpenHee 3Ha4YCHHe oneparopa §; B NepeMEHHOM CTOPOHHEM Mar-
HUTHOM noJe:

§,(H)=Spsp(f). (22.2.1)

rae p(f) — marpuua nAOTHOCTH ¢peppOMArHeTHKa B LIpeiHHTe-
DPOBCKOM TIPeACTABJEHUH NMPH HAaAHMYMM CTOPOHHErO MEPEMEHHOTO
MarautHoro noas k(r, £). Ouna ynoBreTsopsier ypaBHEHHIO

=154V, o, (22.2.2)

rie S — raMHJIbTOHHAH (eppOMarHeTHKA B OTCYTCTBHE CTOPOH-
Hero rnepeMeHHOr0 MarHUTHOro nojs W V — raMuAbTOHMaH B3aH-
MolleiicTBUS (eppOMATHETHKA C TEpeMEeHHBHIM MArHHTHHIM MOJeM:

V=2u N k(R, b)s, (22.2.3)
2

Ina Haxoxaenua s;(f) nepeftaeM K ra#senGeproBcKoMy npe-
CTaBJIEHHUIO:

t t
S;(t)y=e * s ",

t t
oy =e' T Fpre” T

(22.2.4)

-Marpuua niOTHOCTH B Tefi3enGeproBCKOM NpeaCTaBJAeHUH YIO-
BJIETBOPSET YDPaBHEHHIO

nE = ol (22.2.5)

rae V (¢) —oneparop sHepruu B3auMoleHCTBHs (heppOMArHeTHKa
C MepeMeHHBIM CTOPOHHUM MaTHUTHBLIM MOJieM B Trai3eHGepros-
CKOM MNpejicTaBAeHHH:

V=21 X bRy H8,().

B’ nepeoM NpUOJHMEHWH MO CTOPOHHEMY TMepeMEeHHOMY Mar-
HUTHOMY MOJII0 pelleHHe ypasHeHus (22.2.5) umeer Bua [8]

pO=p(—oo)—f [V, B—oconar. 22.26)

—00
rae p(— co) — MaTpHua MJOTHOCTH CHCTEMH TPH ¢ == — 0O,
Ilpennonaras, 4To NpH f==— cO NepeMeHHOE MATHHTHOE ToJe

obpauanoch B HyJb, a eppOMarHeTHK HAXOIMJICH B COCTOSAHWH
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TEPMOIHNHAMHYECKOTO PpAaBHOBECHA, Mbl JTOJIXKHBI BblépaTb B Ka-

4ecTBe MaTpHUbl IVIOTHOCTH P(— CO) pPAaBHOBECHYI0 MAaTpHILy
maotHocTH . CornacHo (22.2.6) u (22.2.1) Mbl noaywum torma
C/elyIOUIee BhIPAXeHHe A/ CPelHEero 3HauYeHUs CMuHA [-ro aToMa;

SO=(sHy+2e Y | a'aRU—1, t— )y R 1),
! —oo
(22.2.7)

(" !
rie Gy (l—l , t)—sanasltbmalomaﬂ ABYXBpEeMeHHas QyHKuus
I'puna, onpenensieMas cdopmysoit (22.1.9) u (sf)—paBHOBeCHoe
(npu IaHHOW TeMmnepaType) 3HaueHHe CnMHA [-ro aroma:

(sf) == Sp sip,.

3Hast cpelHee 3HaueHue CNMHA [-TO aToMa §,(f) MOXHO, CO-
rnacHo Qopumyae (1.3.3), HaliTu cpelHee 3HayeHHe omepartopa
MJIOTHOCTH MarHUTHOTO MOMEHTa:

Mr, ) =—2m X 8(r — RS, (2).
IMoncrapaas B 3Ty (OpMYyJay BMECTO 6‘7(1‘) BLIpameHue (22.2.7),
MOy YUM
mr, H=M(r, t)— M, (r) =
2 7 /
—_— (2;_02 fdt G—1 t—¢) - nR. £)o(r—Ry,

i -

(22.2.8)
rune

Mo(f)Z—QMo; d(r — Ry (s))

eCTb PaBHOBECHAf IVIOTHOCTb MAarHUTHOTO MOMeEHTa.
Hatinem xommnoHenty ®ypve m(r, £):

mk, ©) = f dr dte-ikr—otm (p. ¢).

3ameuas, uToO

(27103 E L= Ry :'ULD E d (k' — k—+-2n1), (22.2.9)
l T
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X

rie T — BekTop 0OpaTHOH pelIeTKH U Uy— o6beM 3JeMeHTap-
HOM siuelikH, moayunm u3 (22.2.8)

2 2
my (R, oo):——%(iﬁ'}(k, ©) Y by (k— 277, ),

rie h (R, ®)— koMnoHenta $ypre CTOPOHHErO0 MarHUTHOrO 10JId
h(r, t) '

h(k, @)= f dr dte-!r-ap (p, £).  (22.2.10)

dopmyny mas m (R, ®) MOXHO NMpPeICTABHTh TaKke B HHTe-
rpajbHOM BHIe
m(k, ©)= f 7 (k. B o) B (K, o)dk, (22.2.11)
rie
vk B 0)=7 (k ) 20k — k- 201),

(22.2.12)
%y, (ke @)= ___@ﬁ‘;i G¥) (k. ).
0

3aMeTHM, UTO HHTerpajbHas CBsA3b MewJAy KOMIOHEHTaMH
dypbe MIOTHOCTH MarHUTHOIO MOMEHTa H CTOPOHHEro MarHMT-
HOro moJs ofycJjoBjeHa TeM, u4TO ¢eDDOMATHETHK He fABJIAETCA
OLHODOILHBLIM TeJOM, a TmpeACTaBasieT c000H NEPHOINUYECKYIO

CTPYKTYPY.
Ecaun CTOPOHHEE MArHHTHOE TOJie MaJo MEHsETCs Ha pac-

CTOAHUAX Topsaka a(ak <€ 1) U Mbl HHTepecyeMc «I/JUHHOBOJ-
HOBBIMHU» KOMIoHeHTaMK $ypbe MarHuTHOro MoMenra (ak << 1), To

mk, 0)=7y"(k o)k o). (22.2.13)

Tak kak cTOpOHHee nepeMeHHOe MarHWTHOE MoJe, BOOOWE ro-
BODA, He COBNAajaeT C MATHHTHBIM MOJieM B deppOMarHeTHke A,
To TeH3op ¥’ (R, @), ¢ KOTOPLIM ML Yye BCTpedanauch B § 10,

OTJIMY3eTCs] OT TeH30pa MATHUTHOH BOCHPUUMYHBOCTH ¥ (R, ).
Ecan 2L > 1 (L — pasmepHr Tena), TO KOMNOHeHTH Pypbe

noie#t A(r, f) u h(”(r, ¥) cBA3aHBI MeXIy CoOO#f COOTHOMmICHUEM
km (k, ©)
k2 )

IMostromy coorHowene (22.2.13) B 9TOM cJayuae MOXKHO Nepe-
NHcaTh B BHIE

4 / / 1
(8 — %% i ©) &y ) m (R, 0) =1, (R, ) B (B, @),

K (R, 0)=h(k, o)— 4nk
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CpasuuBas STO ypaBHeHHE C COOTHOLIEHHEM
mj(k, (o)=xﬂ(k, o) iP (R, o),

NONyYuM
vk 0)=[1—4my’ (k @)n]" %' (& ©), (22.2.14)
rie
kikj
n,jr::—k-r.

M3 nocnenned dopmyan creryer:
2 (B, ©)=7% (B o)[1 4+ 4mny(k @)]""  (22.2.15)

ToacraBasa ciojla BMeCToO )Z(k, ®) Boipaxenue (6.3.3), noayuum
&M,

1 (k. 0)= o2 (k) — 2ioy, (k) — o X
Q — lw/g M, o, 0
X — o, Q) —io/gMyt, 0 (22.2.16)
0, 0, 0

(och z BHIOpaHa BLOJbL OCH AHM3OTPONMHM I, 4 OCb Y — HEpIeH-
LUKyJApHa MAOCKOCTH (r, R); penakcanuouHasd nocrosnHas 1/,
npeinojaraercs paBHOR HyJai0). Mbl BHIMM, YTO MOJIOCH TeH-

3opa %' (B, ®) onpeReNsioT 4aCTOTy ®,(R) H IeKDEMEHT 3aTyxa-
HHSl CUHOBOH# BOJMHH Y, (k) C BOJTHOBEIM BeKTOpOM K.

Ecan BL <€ 1, 10 noas i (), h(®) cBa3aHb MeXAY coboft
COOTHOLIEHHEM
) (0) =h (0) — 47Nm,
H, CJleL0BATENbHO,

20, @) =[1 — 47x' (0, @ N]"' %" (0, w).

rie N — TeH30p pPa3MarHHYHBAIOLWKX KO3 ¢PHUUEHTOB (TeNO npel-
MOJIATaeTCA MMEIOWMM 3JIHNCOMaabHylo dopmy, cM. § 10). Us
nociaenHelf GOpMyJNH craenyer:

¥ (0, ©) =% (0, o)[1 + 47N (0, &) ™",

Dra ¢opmyaa coenazaer ¢ ¢opmyaofl (10.4.2). B cayuae onHo-
OCHOro (eppoMarHeTika ¢ MardHUTHOH aHW30TpOMMER THMA «Jjer-
Kag ocCb» H Hée)“n reHsop %' (0, ®) onpenensercs GopmyJioH
(10.4.4).
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Hcnoabsys dopmysin (22.1.7), MOXHO BHpasuTh CHeKTpaib-
Hue GYHKUMH Jip (R, 0) H Jir (B ©) Yyepe3 AHTHIPMHUTOBY 4acTb
TeHsopa ¥, (R, ®):

- / h % 7
Jip (R, ©) = (;Uo)2 Nm {in(k, ©) — ¥, (R, @)},
7k ivoh N (v (B !k (22.2.17)
i (k. ©) =15, )2( o T D) {Xe; (B ©) — %, (R, o).

C noMoubW 3TUX COOTHOWIEHH# MOKHO TMOJAYYMTb Bblpawe-
HURl A8 KOMMNOHEHT Pypbe KOPPEAAUHOHHOH (GYHKUHMH OmepaTo-
POB IIOTHOCTH MarHutHoro momenta (M;(ry, t) M;(ry t9)),
rae oneparop M;(r, t) onpexeasiercs dopmyao#t (1.3.3). Co-
raacno dopumyaam (22.1.7), (22.2.9) xomnouenra Pypbe TOH
GYHKUME UMeeT CAeXYIOMA BHA:

fdrdr’dte"‘*’(‘-")”"’"‘*""""'(M,;(r, M, (', t)) =
=2nP (MM),, 26k —k —+271),  (22.2.18)

rie

(MM G s ks o),

J>lz(o

uau, coriacuo (22.1.7), (22.2.12),
(MM, =ih (Nm--l—l){x;.*t(k, m)—x;j(k, m)}. (22.2.19)

D10 BaXHOE COOTHOLIEHHE OMpelefsieT CHeKTPalbHOe pacnpene-
JeHue (AYKTYaUHH TUIOTHOCTH MATHATHOTO MOMeHTa B (eppo-
MarHerukax. B § 24 wMbl BepHeMcs K 3TOMY COOTHOLIEHHIO U
NPUMEHUM €ro A/ WCCAENOBAHHA TIPOLECCOB paccesiHUus HeHATpoO-
HOB M (OTOHOB B (hepPOMATHETHKAX.

Onperenum B 3a}<moqeﬂue 3TOrO paszesa 3amas3iblBalouLYIO
¢yukuuio 'puna G! j(k ®) npu B==0 B npeHeOpexeHUH pes-
THBUCTCKHMH B3aUMOIEHCTBHAMHU.

3aMeTHM Tpexie BCero, 4TO

G, m):_w‘_J dte™ (S, (6), S;0)]), (22.2.20)
0
rie S{¢)= ;Sl(l‘) u N — MoMHOe YMCAO aTOMOB B (eppoMar-
HeTHKe.
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fpu yuere oOmHOrO TOALKO OGMeHHOTO B3aMMOIEHCTBHA ra-
MHIbLTOHHAH (eppoMarHeTHkKa HMeeT BUI
> {e |elh
S = o+ 2ueSHY, g =

2me

’

rae S¢,— ramuIsToOHuaH obGMeHHOro B3aumoaehctsus. Tak Kak

S, &, =0, 10
$1(ty=—51S,(t). & () =2

=2 e HES1 ().

Orciona crenyer;
S, (8) =S, (0)cos 0yt — S, (0) sin at,
S, () =S, (0)sin oyt + S (0) cos ayt,
S,(H)=S5,(0),
rie wo=gHY§ (ocb 2z Hanpasaena Bzoas HE)). Toscrasass
3TH cooTHolneHuss B (22.2.20) u uCnoab3ys NepeCTaHOBOUHbIE
COOTHOIIIEHUS [JIfl ONEePaTOPOB MOJHOrO CITHHA:

[S;: Spl =g, S,

HaliieM
r / 1
GY(0, w)=— G{)(0, o)):ﬁ(sz){—_—m_mmuo +
1
A b,
1 ‘°+‘:o+’°} (22.2.21)
() — 0N —_
0.0, =G0, & =5 (S| 5rorris —
1
T o—w, 110 }

(ocranbHble KOMIIOHEHTH! TeH30pa Gﬁ’,)-(O, ®) paBHBLl HYJI0).
Teusop y;,;(0, @) onpenensiercst hopmyoH

~ 2 2
2110, ©)=—LEL 6} 0. o).

3. dueprua, norjomaemas ¢eppomarHeTHkom. [lToxaien,
-~/

YTO aHTUSPMUTOBA uaCThb TEH30PA Y (g, o) OMNpEIEJSET SHEPTHIO
NepeMeHHOro MAarHUTHOrO MoJs, TOriolideMylo QeppomarHe-
THKOM.

DHeprus rMepeMeHHOTO MATHUTHOrO MOJfA, MOTJAOlaeMas ¢ep-
POMAarHEeTHKOM B eAHHULY BpeMeHH, OueBMIHO, paBHa

Qty=—Spp®)(H +V). (22.3.1)
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Henoavays ypasrenne (22.2.2) nas MaTpuusl MAOTHOCTH H BEL-
paxense (22.2.3) aaa V, noayuum

Qt)=2u) 3,5,(8) 5 B (Ry. 1),

!

Hin, coraacuo (1.3.3),
Q(t)z——fdrM(r, 82 h(r. 0.

MMepexons k wkomnouentaM Pypoe Besuuud h(r, £) v m(r, t),
NOJAy4UM

Q(t)=-—J dr My(r) 28

- (2;)‘5 Jdk de fdm'co'e”w“")‘m(k, @) h(—k, o).

oo £ —co

Eciu nepeMeHHoe MarHMTHOe MOJe AeHCTBYeT B TeueHHe KOHeY-
HOTO TNpPOMEXYTKA BpPEeMEeHH, TO SHEpPTUs, MOTrJIoLieHHas deppo-
MarHeTHKOM, corjacHo (22.2.11) pasua

Q= (2 i fdkdk’fd(o(o/z (B o) {x],(k, & ©)—
— i (R, B (o)}/zj(k', ©) (22.3.2)

(MBl yumm, uTO X,,(k k', o)==y (—k —k; —o) Tpea-
noJarasl, 4T0 KOMNoHeHTs! Pypse nepeme}moro MarHUTHOTO MOJA
OTJMYHE OT HYJS TOAbKO Npu ak <& 1, noayuum

Q= (2;)4 fdkfd(o(ﬂ/l (k, (’)){X;j(k (D)—X (R, (D)}/l (&, o),

(22.3.3)

rie Xh’(k, ®) onpeleaserca dopmyaoft (22.2.12). 3amucas 3Ty
dopmyny B BHIE

Q= [ Qda, (22.3.4)
rae 0
Qu=gie [ kA B, o) (11, B @)~ 5, ) 1, B

15 A. K. Axueaep ' 225



BUINM, uTO Q, d® npeicrasaser co6oH 3HepPrHIO, NorAowAeMYylo
({heppoOMarHeTMKOM B WHTepBaje YacTOT @, © + dw. Beanunna Q)
KaK QYHKUMS © onpeleiseT (OPMY JHHHH IOTJOLLEHHS.
PaccMoTpuM cayualt, KOTIa K (eppOMarHeTHKY NPHJIOKEHO
NMepUOAHYECKOE BO BPEMEHH CTOPOHHEe MarHMTHOE MOJe, U3Me-
HAwueecs ¢ yactotoft wy. Toraa
=00

h(r, [):—TQ%I_)S_ E fdkh(k, wn)ei(kr—m”t)’

1= =00

rie ©,=nw, Komnonesra ®ypne srorc noas pasua

hk, 0©)=21 X h(k ©,)0(®—,).
Hcnonb3ya 1o Bbipakenue u Qopmyny (22.3.1) Jerko Ha#itu
CPeAHIOld 3HEepTHIO, NOTJOIEHHYI0 (eppOMarHeTHKOM 3a Nepuol
27
T=":

@y

T
k% 1 . . ] 7 *
QZ:TJ'Q(;)dt:_(_Qi)TZ fdkdk w,h* (B, ©,)%

mn>()
XAy (k. B 0)—3'" (k. B o) Rk, ©,). (22.3.5)

Ecan maruuTHoe mnoae A(r, f) Majao MeHsieTCs Ha paccrosi-
HMAX nopsaka a(ka <€ 1), To

CTZ:—@'—J;)T D Jdkm,lh(k. ©,) X

0)”>0

XXk 0,) — ¢/ (k. 0} B(R ©,) (22.3.6)

(cM. dopmyay (10.4.3)).

Brime Mu onpesennsu Ttensop y’(0, ®) B npeHeGpexeHuy
peJATHBUCTCKHMH  B3auMoleficTBuaMH. Fcnoinsys 3TOT TeH30p.
ONpEleaHM Tenepb SHeprHi0 OJAHOPOAHOTO MEPEMEHHOrO MATHMT-
Horo noas A (¢), noraoinaemywo deppomarderakom. KoMnodeura
$ypbe 3TOrO mosaa MMeeT BHA

h(k o)=2n)?6(k)k(0),
rie

h(@)= o fh(t)eimf at,
A .
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MMoncraeass 10 BhpaxeHue aaa k(R ©) B (22.3.4), noayunm
CHEKTPAJbHYI0 TUIOTHOCTb MOTJIOLIEHHO# 3Heprud Q:

Q, = 20, - to (S,) | B, (@) + i, () ]26((9—@0) (22.3.7)

(npu sTOM MBI 3aMeHuad (d(R%))? Ha (2 E 0(R); cM., Hampu-

mep, [26]).

Ira GopMyaa NOKasblBaeT, YTO MOrJOLLEHHe IHEPTHA TPOUC-
XOLUT TO/MbKO HA PE30HAHCHOH yacToTe » = @), Takum o6pa3ou,
KaK M YKasblBaJocCb Bhlllle, OAHO TOJAbKO OOMeHHOE B3aMMOzeH-
CTBHe HE MOXET MPHBECTH B CJayuyae OIHOPOLHOTO MepPEeMEHHOTO
MATHHUTHOTO 110JSl K VIIMPEHWI0 JHHHK (eppPOMArHUTHOTO pe3o-
HaHCa.

[ToaHOe morolleHre 3Heprud onpelensercd GopmynoH

Q—Qmo (SZ) | 72, (@q) 4 iy () 2. (22.3.8)

[TokaxeM B 3aKJIOYeHHE ITOTO pasiena, YTO TeH30p )Z’ (k. ®)
onpelensieT PeJaKCalMi0 MarHHTHOTO MOMEHTA.

[Mycth B HavaibHLI# MOMEHT BpeMeHH f=0 B cHCTeMe
HMeeTCHl HEeKOTOpoe paclipesieneHne [JIOTHOCTA MAarEMTHOTO MO-
menta m® (r), xoropoe Obli0 Obl PABHOBECHHIM NpH HAJMYUU
MOCTOSHHOrO MarHMTHOro nous A9 (r), cBA3AHHOrO ¢ HAYANLHBIM
pacnpeleieHueM MaTHUTHOTO MOMEHT4 COOTHOILIEHHEM

m© ()= [y (k. ' 0RO (R)dR.  (22.3.9)

Besuuynna MarHuTHOro Momenta npu £ > () ollpenenasercs BHpa-
weHveM (22.2.11), B KOTOpOM B KayecTBe MePeMEHHOT0 MAarHMT-
HOTO MOJ# CJelyeT B3fTb

hir, )=0(—0e" @), e—>-+0.

Tako#t BuiGop R (r, f) cooTBeTcTByeT annabaTHYeCKOMY BKJIIO-
venno noas A (#) npu f=— 00 W MIHOBEHHOMY BHIKJAKOYE-
Huo ero B Moment £ =—10. Kowmmnouenrn Pypne sTOro MarHur-
HOTO MO0J5 MMEIT BUI

h(k, ©)=md, (0) O (F), (22.3.10)
rie

1
0 0= a=t»
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n €—> 0. TMoacrasasa (22.3.10) B (22.2.11), Halnem

m(k, o)=rm, (o) f ¥ (R, k' ©) RO (k") dR’,
OTKyAa

m(r, )= -—s—— (2::)4 fdk dk’ jdconé (@) e (Br—at) ¢

X7/ (k, B @) RO (R). (22.3.11)

Tak Kak KOMIOHEeHTH TeHzopa ' (R, ®) ABJAIOTCA aHANHTH-
yeCKUMH (YHKLHAMH B BepXHeH NOJYIIOCKOCTH KOMIlIeKCHOH
nepeMeHHolt ®, TO mpH £ < 0

1

m(r, )=

f dk dk'e'*ry’ (k, k'; 0) B0 (k")
YTO HAaXOJHTCS B COOTBETCTBUHH ¢ (22.3.9).

§ 23. CnuHoBbie ¢ynkuuu I'puna
H HAMarHHYEHHOCTh (peppoMarHeTHka

1. Ypapuenue puas 3anaspmBaioweil ¢yHkouu Tpuna.
Ilnst HaxoeHHsl DABHOBECHOTO MarHMTHOTO MOMeHTa ¢eppomar-
HEeTMKa MBI ONpele/sIH NpPelBAPUTENbHO TePMOAMHAMUYECKHUH
norenuuan Q. Ho x 3Toit 3anave MOMHO MOLOHTH H C HECKOJBKO
MHOH TOUKH 3DEHHdA, 4 HMEHHO MOXHO CBS3aTh HaMarHUYeHHOCTDb
¢eppoMarHeTHka C KOPpPEJSIUHOHHOR (yHKLHER CHOUHOB ero
aTOMOB. :

Yrobul y6eauThbCsi B 3TOM, NPELANOJOKUM IS NPOCTOTH, YTO
CNUH aToMOB ¢eppoMarHeTHka paBeH S ==1/,. Toraa u3 u3Becr-
HON popMy bl

S4S. — S, (s, =s(s4 1)
(uHnexkc [ MBI ONmyckaeM) CJaelyeT, UTO
() =—s(+ D+ +(sp5-),  (23.1.1)
OTKYyZAa Npu §==1/,
(52) = — 5+ (s45_). (23.1.2)
3T0 COOTHOLIEHHE CBA3LIBAaeT CpejHee 3HAUYeHHe CNMHA HA OCh 2

¢ KoppeaaunoRHol dynkumett (s} (£) s, (0)) npu ¢ = 0 (ee moxkHO

Ha3BaThb aBTOKODPEJNAUHOHHOM ¢YyHKuMeH, TaK Kak nJa Hee
l=10).
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Hcnonbays dopmyan (22.1.15), (22.2.12), MoxHo npencra-
BHTb 3TO COOTHOLIEHHE B BHIE

hyy 1 x_+( co)

(s, >**”+EW Z fd e (23.1.3)

rae ¥, (k,®)— UAPKYASpHAT KOMIOHEHTA TEH30Pa 2 (R, o),

paBHast

1 (B @)=, (R 0)+x; (R 0)Fi(x,, (k 0)—y;, (k o).
(23.1.9)

IMoncraraas crona Beipaxenue (6.1.2), 1ng KOMNOHEHT TeH30pa

¥ (k, ®) nonyumM, Kaxk Jerko BHieTb, dopmyay baoxa xas
HAMarHMYeHHOCTH.
BeezeM B paccmoTpenue 3anasabiBapowiylo ¢yHkuuioo I puna:

G (1, ) =—0®){si ®), s O)]). (23.1.5)
CBS3aHHYI0 C KOppeasuMoHHOR (yHKunei (sl‘ ® st (0)>, U no-
NLITAEMCA YCTAHOBHTb YpaBHEHHE, KOTOPOMY YJAOBJAETBOpPSET 3Ta
¢ynkuus I'puna.

Huddepenuupys G(')(l*l/, t) o BpeMeHM M 3ameuas, uYTO
99 (f)
dt

2a( 1, h=— 1) s 0. st O+
+ 200 ([ 57 O] s O]). (23.1.6)

Bynem npeamnosaraTs nJs NPOCTOTH, YTO TAMHUABTOHHAH ep-
pOMarHeTHKa OHPEILe.nﬂeTCﬂ TOJAbKO OOMEHHBIM B3aUMOLeHRCTBHEM:

Ho=— = Z J(le)s,sm+2u0H(e)Es,
l#m

=0(¢), moayunm

B 3TtoM cayuae
[, s;]= py J(R,,) (sz,sy — sis;) — 2uHYs
m
(m1)
u ypasuenue (23.1.6) npuoGperaeT BHL

20N —1, )=200 (1) o (sF) — 2pHEA" (1 — 1, 1)+
14 ¥ IR O (5 1) s () — sE By 57,.(8), s (O]
(m”alél)

7

(23.1.7)
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B npasylo 4acTe STOTO ypasHeHHs, KpOME HCKOMOH ¢ yHKitun
Fpusa G (0 — I, ¢), sxoaur ewe dyuxumus

@(t)([sz @) sp (O — si@®) 55,0, 53 O)]).

conepxkamas, B oranune or GV(l — 1, £), He nea, a Tpu one-
paropa cnuHa (OHa TaKke HA3LIBAETCH IBYXBpPEeMeHHOR 3anasnbi-
Bawolueft ¢ynxuued I'puna).

Ecau Gbl MBI 3aXOTeJM MOJYYHTh yPaBHEHHE, KOTOPOMY yILO-
BJAETBOPsAeT nocaennds (yHKUUA, TO, KaK JAerKO BUAeTh, NPHILAH
6bl K .¢yHkuun Ipuna, cosepxaiieft dyeTsipe oNepaTopa CNUHA.
TIpoxomxas 3TOT mpouecc, Mb TOAYuUMAM Obt OECKOHEYHYIO CH-
CTeMy ypaBHeHHH a4 ¢yHkuu#t I'puHa, conepiamux npousBOJb-
HOE YHUCJ0 ONepPATOPOB CIHHA.

Yro6bel onpeneauTh UHTepecylowlyio Hac ¢yHkuuio ['puna
Gt —1, t), HeoOX0MMMO KaKHM-TO 00pasoM CBSI3aTh (yHK-
unio I'puHa, colepxkaliyio TPH CIUHOBBIX OMeparopa, ¢ QyHKUU-
el G(’)(l——l', t). Mpul clenaem npocrefiluee NpearnooXeHHe, a
MMEHHO TNpUMEM, YTO WMEeT MeCTO COOTHOuieHne [!4]

— O @) [z, () s7 &), sHO])=(s,) GO —1, ). (23.1.8)

rie <SZ>—:—<sfn> He 3aBMCUT OT HoMepa y3na m. VcnoansoBanue

3TOr0 CooTHOleHUs B (23.1.7) NpUBOANT K ChAeIylOlLeMy ypa-
7

BHEHHIO J1Afl qbyHKLLHH I'puna Gm(l— L, t):

S0 — 1, ) =208(t)(s,) b — 2O (1 — 1, £) 4
+1 Y IRA (=1, )G (m— 1, )(s,). (23.1.9)
(g

Ilepexons k komnoHextaM ®Pypee GYHKIHH G(')( -, t) 1o

BpEMCHM U MO NDPOCTPAHCTBEHHBIM NEPEMEHHBIM!:

G(r) (l o l,, t) _ 2_nljv 2 J‘ d(oe—i(u)t-kRur) G(r) (& o),
k

nodyuyum u3 (23.1.9)

oG (B, ©)=—2(s,)+ 0o, k)G %, ©), (23.1.10)
rlie
&, (k) = gH® — (—S;_)(J(O) —J®).  (23.1.11)



Vuntnisad, uTo dyHKUUA G (k, ®) ananutiuna B BepxHeH moay-
NJAOCKOCTH ©, HaltleM OTcCloia

) . 2(s,)
G (ko) = ———“——m—-as(k)—{—io . (23.1.12)

AHanoruunbiM 00pa3oM MoxeT ObITh HaHIeHa KOMMOHEHTa
4
Pypbe onepexawomed dynkunn Tpuna GV — 1, ¢):

GOk, o) == — —2(52) (23.1.13)
© — 0 (k) — i0
Otciona caefyer, 91O
2(sg)
(k. 2) T o, () ( )

TMostromy BeanduHa ckauka ¢ynkuun G (R, ©) Ha BeniecTBeH-
HOW OCH papHa

Gk, © + i0)—G (k, ©—i0) == 45/ (s,)d (0 — o, (k)). (23.1.15)
HattreM aBTOKOPDPeNALHOHHYIO (PYHKLUIO <Sf (0)s; (0)) B co-

prnajamoiune MoMmeHTh Bpemeun. CorsacHo (22.1.15) umeem

_ i G (k, 04 i0)— G (k, 0— i0)
(st O s7 Oy =z N, f do o .
k -—x

Tloacrasass cioaa (23.1.15), noayuum

| _ . 2(s) v dk
(s ©)s7 (@) = — 2Lzl f . (23.1.16)

rae vy==V [N ¥ WHTerpupoBaHHe coBepuaercs no oObeMy 3Je-
MeHTapHOH siueilku obGpaThHoit pemweTku. 3ra dopMyna cnpasen-
AvBa Aas AOOr0 3HAYEHHS CIMHA S.

2. PagHoBecHbi MarHuTHbIf MOMEHT ¢eppomMarHeTuka
B cJydae CaMHA, papHOro moJopuHe. Ecav s==1/2, 10 ¢ no-
mowbio (23.1.16) MOXHO cpasy MOJY4HTb ypaBHeHHE, KOTOPOMY
yLOB/JETBOPSART CpelHee 3HayeHHe MpPOeKUMH cnuHa S,. HeficTau-
TeJbHO NOACTaHOBKA (23.1.16) B (23.1.2) naer

—~v(sz)—(§%?‘fdkcth£‘2(rﬂ:é~, (23.2.1)
rie ‘ N
g, (k) = ho, (k) = 2uoHEY — (s,) (J (0) — J (k).
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310 ypaBHeHHe fABAAETCA TPAHCHEHIEHTHHIM YpaBHEHHeM OTHOCH-
TeMbHO (S,) M, KaK fABCTBYyeT M3 €ro BbIBOJd, He OrpaHHYeHO
06aacTbl0 HH3KHX Temnepatyp [l14].

Kak mbl ceituac ybeaumcs, ¢popmyaa (23.2.1) npuBoauT k npa-
BUIBLHEIM pe3y/abTaTaM B o6jacTH HH3KHX Temneparyp, T <. T,
M PasyMHbIM pe3yabTaTaM B 00/acTH TeMneparyp, GAH3KHX K TeM-
neparype Kwopu. Tlostomy 3Ty ¢opMysy MOMKHO paccMaTpHBAThb
KAK XOPOIWIYI0 HHTEpNOJAAHHOHHYI0O (OpMydy BO BCeM UHTepBale
TeMIeparyp.

[lokaxieM npexfie BCero, uTo M3 ypaBHeHHs (23.2.1) Bhite-
kaer ¢opmyaa bioxa 1A HaMarHW4eHHOCTH (eppOMarHeTHKa
npu HHU3KUX TeMneparypax, T <€ sJ,, B srom cayuae Benu-
uyHa (S,) MaJO OTJHYAeTCH OT CBOEr0 MHHHMAJIBHOIO 3HAUEHHS

s,=~—1/2. TloaTomy B BBHIpOXeHHU uas £,(k) MOXHO 3ame-
Huth {s,) Ha —1/2, B pe3yabTare 4ero Mel TNOJYYHM

1 v dk -1
(Sz):——7<1+(2n;3 f eﬁgs(k)__l> .

OcHOBHOM BKJad B 3TOT HHTerpaj BHOCHT 00JAcTb ManbiX BOJ-
HOBHIX BeKTOPOB. [l0o3TOMy OOMEHHBIM MHTerpa.j, BXOASLIMH B BLl-
paxeHne Aaa £ (R), MOMXHO pAa3NOXKHTb B PAL MO CTENeHIM XK.
Cuurtas 419 IPOCTOTHI, YTO (peppoMarHeTHK o6Jazraer KyGuueckol
CHMMeTpHEH, TMOJyYHM

3/2 3/2
(Sz) = —+— & é/g) (_JT) » P«nge) << T << ‘IO
B cooTBetTcTBUM C opumysoft Baoxa (cM. (20.2.2)).

Belunc/uM HaMarduyeHHOCTb (eppOMarHeTHKAa Mpu Hf =0
u temnepatypax T, xoropbie Huxe Temueparyps Kiopu T, no

6ansku k nedt. Eciu HE =0 u T =T, 10, ouesumso, (s,) =0.
[Mostomy, cuutas 8 (23.2.1), 4to (s,) — 0, nonyuum

4'00 dk _
oy Le f TO =T

OTKyJa BBHITEKAeT CAelylollee BLIPaXxeHue AJg Temnepatypsl Kiopu:

-1
2:1;3
re=5r (] vorm) (23.2.2)
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.

Jas mpocTod KyGHYeCKOM pelueTkH, B NpHOIMMKeHHH «Gavxait-
WHX» cocelled moayuuM oOTCioAa
3 J

T, =2

2 C'’

rie J;— oOMeHHBIH HMHTerpaj MexAay OJMmKaRIIMME cocelsiMH |

a

n
1 3
C= (2mn)3 fdx fdy fdz3—cosx—cosy—cosz ~ 1,51.
-1 -1 —-n

Uro6bl HaliTH 3aBUCHMOCTBL (S,) OT TeMneparypsl npu T =T,
(T << T,), 3amerum, uTo B 3ToH OOnacTH Temneparyp | (s,) |<& 1,

s()

nosToMy (QYHKUHIO Cth —>= MOXKHO pAa3JOXHTb B DAL M ynep-

XKAaTb B HEM TMepBbie Ba '-lJleHa pasJjoxenusa:

thEs(k)%Nw { 1_(&)2}.
N =or €5 (k) 1_'_3 27

[Moncrasasst 370 BeipaxeHue B (23.2.1) M yuHTHIBas onpeiencHue
teMneparypsl Kiopu (23.2.2), noayuum

T, +QJ°( =1

(sz)z—]/rf;or . (23.2.3)

(3aMeTHM, UTO TAKYIO Xe 3aBHCHMOCTb HAMArHHYEHHOCTH OT TeM-
neparyps B o6aactd Temneparyp T ~T,(T < T,) aaer Teopus
¢$asoBHIX TepexonoB BTOporo poaa Jlanaay [15].)

Ecmu T>T,u HY) =0, 10 ypaBHeHue (23.2.1) pemenuft
He HMeerT.

3. PaBHOBeCHbIii MarHHTHBIE MOMEHT d¢eppoMarHeTuka
B CJAyyae npou3BOJBHOTO cnuHa. YpasHenne (23.2.1) cmpa-
BenauBo npu s ==1/2. Ecau s # [/2, TO Tak:kKe MOXHO NOJY4UTh
ypaBHeHHe 1as S,), HO OHO GylLer uMeTb Gojee CIOKHYIO CTpY-
KTypy, ueM ypaBHennme (23.2.1). 310 oOBAcHdAeTcd TeM, UTO
B OCHOBHOe cooTHollleHHe (23.1.1), casbiBaiouee (s,) ¢ (s,s_),

BXOZHT, KpoMe (s,), ewe (s?) Yro6bl HCKJIUUTL 3Ty BeNHYUHY,
Mbl BBeleM 000GlUeHHYIO0 3ama3jbiBaiolyl0 ¢yHkuuio [puna [16]

OTKyla

GOu—1, ¢ a)=—t®(t)<[s,— @, =70 i (0)]). (23.3.1)
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m

Huddepenunpys 5Ty GYHKUMIO 1O BPEMEHH M HCTOJAB3YS NpPH-
BeleHHOe Bbillle BBIPAXEHHe I/ raMHJAbTOHHAHA S, TONyunM

-O%- G —U, t; a)=— id(®) 0, <[s,’, easl'sl*,'] >—-
. QIHQH(()e)G(r) (l . l/, t, a)_'__
»}—% Z J(R,,)© (t)([sfn (#) sy (£) — s2 () s (), e“‘l's;,]>,

m
(m+=1)
rie s;=s§,(0). Ionaras

—o@ sz, @57 0, T sp]) = (50" — 1, 1; a)

H nepexoas K KOMIIOHEHTaM bepbe 10 BpeMeHH W KOOpAHHATaM,

Hatzem
r4
as
<IS,‘. e ’S,*D

@ — g (£) - i0

rae (T)s (k) onpenenserca dopwmyaoit (23.1.11).
Ananoruynoe CcoOTHOLIEHHe CIIPABELJANBO 1J8 06OGIUeHHON
onepexarolueft ¢yukunn I'puna:
z
< [s,", easls;“] >

© — @ (k) — i0

G (k, ©; a)== , (23.2.9)

G? (R, o; a)= (23.3.3)

3™ ¢GyHKUMH SBASIOTCA MNpeneNbHBIMH 3HAUEHHUSIMH eXMHON
aHa/IMTHYECKON (PYHKHHH
z
as
- i)
<[S[ , € S[ R

G(k, F24 a)z_‘;j—m)—'; (2334)

CKaY0K KOTOPOW Ha BeElIECTBEHHOH ocu paBeH
Gk, w+i0; a) —G(k, © — Ii0; a) =
2 ~
= — omi < [s,—, em‘sl*] >6(w — o, (k). (23.3.5)

Yepea BeNMYHHY ITOTO CKAYKa MOXKET OLITh BblpaxeHa 000G6lieH-
Hast KOppeasiuHOHHAS GYHKIHS

Z
<eas"(t)sl+, ® Sf>-

HetictBurenbto, npw BuiBone ¢opumyas (22.1.15) Hurne me wuc-
N0Ab30BANOCH TO OOCTOSTEJBCTBO, YTO § SABAAETCS CIMHOBBIM
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2
b asy, 4
OTlepaTopOM, TO3TOMY, 3aMenas B (22.1.15) s Ha e st u sj

Ha §;, TOMYYHM
z
as
Vstsm (8) =
<e spsy ) =

fo o]
i Gk 040, 0) — Gk, 0o—i0;0) ;01
SN 2 J'd(o T e—iof,

R —co

Monaras 3zece !”==1 u t=0, noayuum, ucnoanays (23.3.5),
as? _ 1 as? __1__ .
<e Lsis; >:—ﬁ<[s[, e ’s[r] >§ AN (23.3.6)

Bxonsiuue B 3TO ypaBHeHMe cpejHHe 3HAYEHMS MOXHO BbIPasUTb
yepes PYHKLMIO

C Da) =(e®D). (23.3.7)

NeticTBuTenbHO, 3amevas, 4to  S}s; =s(s4 1)+ sF— (sf)2,
HafineM

z 4 r4 z
<eas‘ s[+s["> =s(+4+1) <easl>—{— <easl ¢f> — <easl (57)2 —_
=s(s+1DD@+ D' (a)—D"(2). (23.3.8)
Hcnonb3ys nafee COOTHOWIEHM KOMMYTAalMM Mexiy $7 U S;,
MOXHO NOKa3aTb, YTO

v z
_ as a . asy
[sl,e ’]:——(l—e)e sy

[Tostomy
(. et = 1l

H, CJ/1e10BAaTEAbHO,

([sr.eisp] ) =— 1 —en s+ DO@ —~
—(14+eHD @+ 1 —eHD @@). (23.3.9
Toxacranoska (23.3.8), (23.3.9) B (23.3.6) npuBoauT K cie-

ayioweMy IHGGepeHUMaTbHOMY YPaBHEHHIO AJA  OnpeleleHus
oyuxuuu D (a):

vy L+ R)eTE+R o _
@’ (a) A @’ (@)—s (s+1)D (a) =0, (23.3.10)
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roe

1 1
m—_—ﬁ;_——)—. (23.3.11)

epgs(k 1
Yro6u Hafitu D(a), Heo6XO@MMO ellle 3HATL HaYyaJbHEE
ycaosus aas D (a). OnHOo M3 HMX HMeeT BHI
DO)y=1. (23.3.12)
Bropoe yciaoBue cleiyeT M3 ONepPaTOPHOTO TOXKAeCTBa:
s
I .—p=0.
p=-3
ycpeaHSis KOTOpOe, MOJYYUM

I - )}@(a)

p=~5

=0. (23.3.13)

a=0

Peurenne ypasHenHs (23.3.10) ¢ Haua/JbHBLIMH YCJIOBHAMH
(23.3.12), (23.3.13) umeer BUA

q2s+lgsa (1+ 92)23+1 glstha

@ (a) = - )
(@) [R3H (1 R+ Ry e~ —R]

(23.3.14)

Huddepenupupys 3T0 BHpaXeHWe NO 4 H TOJaras 3aTeM
a =0, Hafizem

_9\) 1 9})‘26‘4—\ (S 1 m) 91?S+\
(s, = — L= (T+m)gsj_;2;sj . (233.15)

dra ¢dopmyaa BMecte ¢ onpeleneHuamH (23.3.11) u (23 1.11)
peauunH N u Es(k) N03BO/fET ONpENEJHTh 3aBHCHMOCTb Hamar-
HUUEHHOCTY OT TEMIEpATyphbl B LIKDOKOM WHTEpBaje TeMIepatyp.

PaccMoTpuM mpexcie BCero chyua#t HH3KMX TeMneparyp,
T <€ T, Tlpu sToM cpelHee 3HaueHHe NMPOEKLUMH CNMHA HA Ha-
npaB/JeHHe MarHuTHOro noaa (s,) Majo OTJAHYaeTcd OT CBOETO
MHHHMaJbHOTO BHAYEHWA— § W [PH BHIUKCIECHUU BenwudHb N
B BBIPaXeHHH NJA ES (k) MOxHO 3ameHHTb (S,) Ha —s. B pe-
3yJbTaTe Mbl CHOBa noJyuum ¢opmyay bBaoxa

() =—s+102) (ggr) - (283.16)
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TMocTynag Tak we, K4k W B cayuae s= 1/2, Moxuo HaltTn
noBeleHue HaMarHuyeHHOCTH BGanau Temnepatypsl Kiopu (T < T)):

(s,)=—AVT,—T, (23.3.17)
rue
T,=

2/0 10Cs (s - 1)

s(s—+1). A‘“V 3J,[4s (s +1)—3F5C]

(cM. ¢opmyay (23.2.3)).

Mbl noxasand, Kak MOTYT OBITb MOJYYEHBl ypaBleHus, olnpe-
Ae/fIONINe 3aBUCHMOCTb HAMATHHYEHHOCTH ¢eppoMarHeTHka OT
TeMIeparypel B IUMPOKOM HHTepBaje temmepatyp. O6obuenue
9THUX ypaBHeHHH Ha cayya#h aHTH(eppOMATHETUKOB He HApenCTa-
padeT ocoOuix 3atpynHenu#t [17]. Peay/bTaTsl, noJyyaeMble nNpu
3TOM B 06JaCTH HM3KMX TeMNepaTyp, TaK e Kak U B cJayuae
(eppOMAarHeTHKOB, COBAAZAIOT C BHIBOJAMH TEOPHH CMHHOBBIX
BOJH; NpU TeMmeparypax xe, 64us3kux Kk Temneparype Heens,

HaMarHMYEHHOCTD NOIPElIeTOK Metsercs no sakony M~V T\ —T.

§ 24. daykTyanuu MarHuTHBRIX BEJHYHMH U paccesHHe
MeaJeHHbBX HeHTPOHOB M CBe€Ta HAa CNHHOBBIX BOJHaX

1. KoppeasTopn (JIyKTyauHuii MAarHHTHBIX BEJHYHH B ¢ep-
pomarHerdkax. B § 22 Mbl HamWau KOpPpeNAUMOHHYIO (YHKIHIO
MJIOTHOCTM MarHUTHOTO MOMEHTa, XapaKTepPH3YWILYIO (JIYKTYyaluu
MATHUTHOTO MOMeHTa B ()eppoMarHeTHkax. 3Has 3Ty (QYHKUMIO
H HCMO/b3yd yYDaBHEHHA MArHUTOCTaTHKHM, MOXHO HaHTH Koppe-
JSLUOHHBIE (YHKUHH MAarHUTHOTO NMOJA M MarHHTHOH MHIYKLHH.
MBI npHBeleM 31ecb BHIPAXEHHS a9 KOMIOHEHT Pypbe 3THX
¢hyHKLUHK, KOTOpHEe OyieM Ha3bBaTbh KOPpeaSTOpaMi PAyKTyauu#t,
B TOM cCayuae, xoria ak <& 1.

Koppeasropsl daykryauuit onpenesiorcs COrIacHO dopmyne

(A= [ (A1, 8) A;(rys E)ye~i®r=00dr at,  (24.1.1)

roe A;(r, £) cayxur pnaa o0003HauyeHUA /M0O60H M3 MArHHUTHBIX
BEJIUYUH M F=7r|— ry, [==£F — £, (Takoe OmNpele/eHHe BO3-
MOXHO BBUILY TOTO, YTO KOppeJIALUOHHBIe (YHKLMU B Hempe-
pHIBHOH W OAHOpDOAHOH cpene SABJAAIOTCA (YHKUUAMHM PasHOCTeH
apTYMEHTOB r|, f; H Iy, fy).

3aMeTHM, 4TO

(A;(k, @) Aj (K, o)) = @)t (A4;A)),, 0 (k=4 £) (0 + o),
(24.1.2)
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i

rie
A, (k, @)= J'Ai(r, £) e—i(kr—00 gr df .

PaccMOTpUM mipexie Bcero Koppeasarop ¢JayKTyauud OTKIO-
HEHHS! TJOTHOCTH MarHUTHOIO MOMEHT2 OT PaBHOBECHOTO 3Haue-
g m(r, t). Ilpn k + 0, ©® = 0 3T70T KOppeadTOp ompelnensiercyd
dopmytoft (22.2.19):

(mim ), =—ih (N, 1) [x;j(k, @) — xij (&, (o)}, (24.1.3)

rue lej (k. ®) — TeH30D BBLICOKOYACTOTHOW MATHUTHOW BOCTIPHHM-
YHBOCTH, ompelenseMbii dopmyramu (22.2.16), u
1

Am
el —1

N, =

(3aMeTUM, 4TO BEJHUYMHA () MOXET OHIThH 34eChb KAK MOJOKHUTENb-
HO#, TaK M OTDHLATEJbHOH).

[ToruepkHeM, 4YTO KOpPpeaarop MJIOTHOCTH MarHWTHOTO MoO-
MEHT4, XapaxkTepu3ywIuukt CneKTpaabHOe pacnpejpeneHue GJIyK-
Tyauuii NJIOTHOCTH MarHUTHOTO MOMEHTA, TMOJHOCTHIO onpeaeadercs
TEH30pOM BBICOKOUAaCTOTHOH MATHUTHOH BOCNPUUMYUBOCTH. 31eCh
MBI CTANKHBAEMCSl C CHUTyauueH, aHaJOTHUYHON CUTYAUUU, UMeIOIIeH
MeCTO B BSIEKTPHUecKHX lendx, ¢IyKTyauuu B KOTOPHIX Ompe-
JeF0TCa HX KOMIUIEKCHBIMH CONpOoTHBAeHUAMHU. BoJee Toro, kop-
peasTopb B OBGOMX CAy4adx MOryT OHTh HalaeHBl OLMHAKOBBIM
METOLOM, HUCXOIA M3 BbIPAXKEHUH A1 HU3MEHEHUSA SHEPTHH CHCTEMBI
B CIMHHLY BpEMEHH MNoA JdeHcTBHEM «CayyaHHOU» CHIABI U M3-
BECTHOH CBA3M MeXAV WHTepecywlled Hac PAYKTYUPYIOwWeH Be-
JMUHHONH ¥ «cayualiHott» cwaof *). B cayuae daykryaund mior-
HOCTH MAarHMTHOTO MOMEHTa MQJ <«CJAyYalHOH» CHJIOH HYXKHO NO-

HMMaTh CTODOHHEE MarHWTHOE NOoJe A (k, ®). IIpu aTtom seau-
unnel m (R, ®) U (&, ®) CBA3aHBI MEXAY COGON COOTHOIIEHHEM

mk, @) =7y (k, o)1 (&, o),

a BHIpaWeHWe MR W3MeHeHMs 3HepTUH (PepPOMArHEeTHKA HMeeT,
cornacuo (22.3.5), BHL

Qz—@’# 2 f dkoh™® (k, o) (1’ (k, ©)—1* (k, ©)) O (k, ).

>0

*) dtoT Meton 6uia pa3suT HaiikBucToM, JleoHTOBHYEM H PHITOBhIM
H Keanenom u Bearonom (cm. [18]).
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Kak Mbl 3HaeM, monoweHHe 0COGeHHOCTe# TeH30Opa )Z’(k, ®)
onpenenfieT 3aKOH AHCHepcHM caabosaryxalouiux kosacOaHuft
MarHHTHOTO MOMEHTAa — CIHHOBHIX BOJH. [losTOoMy cnekTpa’ibHOe
pacnpenefedve QJAYKTyauHu MJOTHOCTH MAarHMTHOTO MOMeHTa
HMeeT De3KHe MAKCHMYMBl NPH 9aCTOTaX, COBNALAIOLIMX C 4acTO-
TOH CNMHOBOH BOJHEL g (R).

[lpu vacroTax, OaM3KUX K ®,(R), Koppeastop ¢JayKTyauuu
MJIOTHOCTH MAarHHTHOTO MOMEHTA, Onpejedsercs cienyiouwe#t dop-
mymoi {19}:

(M ;) = 400 (N =+ 1) gMQ, v (R) [(0? — 0? (R))? +
+ (20, (B) v, (B2 (24.1.4)

Snecb Y (R) — AeKPEMeHT 3aTYXaHWs CMHHOBOH# BOJHBI H TeH-
sop {J;; umeeT Buz

Q in 0\
Q,.j =| —io @ 0
0 0 o/
rie
HY
Q=2gM, (ak2+[5+ ) ) Q, =Q 4 4ngM,sin? Oy
. 1}

(ocb z BbIOpana BHOJb OCH AaHM3OTPOMHMH, OCb Y MEPNEHIUKY-
JSPHA K MJIOCKOCTH (72, R), B — €INHNYHEIA BEKTOp BAOJAb OCH Z;
O, — yroa Mexily BeKTOpaMu n U R).

Ecau vy, (k)—0, 1o

1 2ys (k) o (k) 8 (6" — o 24.1.5
7 (@ ()P + 2y, B o, (k))2—> (0 — o} (k) (24.1.5)

u ¢opmyna (24.1.4) npHHHUMaeT BHL

(mym ), =2nh [N, +1]gMQ, 8(0* —o?(R). (24.1.6)

Hafinem koppeasaTops ¢JIyKTYyauuit MaTHUTHOTO NOJS (hihj)km
W MarHMTHOR MHAYKUMH (;D;), . mpeanonaras no-npexHemy, uTo

lo| =~ o/ (k).
Hcnoab3ys cooTHOLIeHHe

k(km (B
h(k):—4”"'(_/e”lz(—))’
JIETKO BHMIAETL, 4YTO
kikj
(i) o = =gz (Bg (24.1.7)
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rine
(B2) o = — (270 | N, + 1| g MQsin®®, X

X Ys (B) ]
(0 — 02 () 4+ (2v, (k) 0, ()

Ecau y,(R)— 0, 10
(B0 =4 Qm)° 1| Ny~ 1| gMQsin® 8,0 (0" — 02 (k).
(24.1.8)
Hakouneu, ucnoassys cootHowenne b—h —+ 4xm, noayuum
8
<bibj)km: — @nphe |[Ny+-1|g MyB; ;X

Vs (R) 24.1.9
X (0 — F (B))? 4 (2v, () o, (B))* ( )

rie
kikg kik,
Bj= (61‘0 — -_kE—) (6/'19 — _k—f) Q4
Ecmu vy, (k) —0, 10
bibj),,=4Cm* (N +1g MOBij(S (co2 — @2 (k). (24.1.10)

B wacrnocty,
(0%),, =4 @0 | Ny~ 1]gMo(Q cos’®, + 21) 5 (0’ —0? (k). }

(B2, = 4 (2’1 | No - 1] g MoQ sin*Bpco5’hed (0 — ) (#)).
(24.1.11)

2. PaccesHue meIjJeHHbIX HEHTPOHOB HAa CHHHOBBIX BOJ-
HaX. 3Has KoppeaAdToph (UIYKTyauu# MarHUTHBIX BEAMMHMH
B (eppOMArHETHKE, MOXHO OIpeledUThb CEYeHUs pacCesHHs Mel-
JeHHBIX HEHTPOHOB M CBETa Ha CHMHOBHIX BOJIHAX.

PaccmoTpnum mnpexiae Bcero paccesHue MelJeHHBIX HeHTpo-
HOB Ha CIHHOBHIX BOJHax B deppoMarHeTHkax. Mul GOyneM
MHTePeCOBaTLC paccesHHeM HeHTPOHOB C MajbIM H3MEHEHHeM ux

h
umnyisca Ap, Ap <L - B sToM cnyuae MOXHO HCXOAMTD M3

Ciaelylouiero BBIPAXEHUA O TraMHJAbTOHHAHA B3aUMOJEHCTBUS
HeHTpoHa CO CHUHOBLIMH BOJHAaMU;

Gy =—n,00(r, t); (24.2.1)

3nechb b (r, f) — nepeMeHHast COCTABJIAWLAA BEKTOPA MATHUTHOH HH-
AYKUMM B (eppOMarHeTHKe, W, — MArHHTHbIH MOMEHT HEHTPOHA
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H O (0;, Oy 03) — MaTpuun Ilaymwu,

(01 o 01y L_(1 O
a=l1 0/ P \=t o) P o —

(ocb 3 coBnazaer c HampaBJieHHeM BeKTOPa MOCTOAHHOK CoCTa-

BAsIOLIEH MATHHTHOM WHIYKUMH B deppoMarHeTHke By). ’
Hac uHTepecyer BEpPOATHOCTb mMepexoia HeHTPOHA M3 Hayalb-

HOTO COCTOfIHMSI {, XapaKTepH3yeMOro HMMINyJlbCOM HeWTpoHa p,

npoexuueli ero cnuHa S, Ha HampaBJieHHe BEKTOPAa MAaTHUTHOH
. 2

HHIYKUMH B, u sHeprueit HeHiTpoHa e:—Q‘Zm—,—QsZu,,BO, B KO-

HEYHOE COCTOsIHME f, XapakTepH3yemMoe MMMYyJbCoM HelTpoHa p’,

14

NpOeKIMel ero cnuHa S, M dHepruef e’:—-—‘g—’;—Qs;unBo. Kaxk

M3BECTHO, 3Ta BepOATHOCTb OMpelejserca (opMyok
2

, vV 4
dWi_,f=% f(f/%,/i)e—‘m’dt 727";7';7, (24.2.2)

re 0= £
AeO="5
(V — o6bem deppomarteruka). Tak Kak BOJHOBbHE GYHKIUUU

HeﬂTpOHa B HayaJbHOM H KOHEYHOM COCTOSIHUH HMEKWT BUI

u (f|&#,|i)— matpuunbiit  sJeMeHT nepexona

i ' !
1 s (pr-ey . 1 5(pr-e
ll’i—vf,——e Xir \l/f—V—Ve Xp
rie y; W J;— CIMHOBHE BOJHOBHE (GYHKUHH HEHTPOHA, TO

(fl&’ﬁzli)=—~“‘—,”—Z(s;lojlsz)fdre""’bj(r, £,

J

rie ¢ = -}17 (p — p’). CaenosarensHo,

ul

AW, =gvr (40,15 (2 o5] 5,) %
i’
X J‘e._tqu+ico11bj(r1’ tl)drldtl X

—_ Vdp
X J‘ eiqr: i(l)tzbj' (r2‘ t2) dr2dl‘2 TQRT)" . (24.2.3)

ITo BHIpaMeHHe LOMKHO OBITb YCpPeIHeHO Mo ¢GIYKTyauH-
AM  MArTHUTHOH uHAykuuu. BcnoMupas, uTo KoppeasuHoHHas

16 A. U. Axmeaep 241



dynumsa (b, (r, )b, (r, t,)) 3a8BUCHT TOMLKO OT pa3HOCTeH

KOOPIMHAT | — ry B BpeMeH {; — [, U NePexona OT ry, £, U Iyt

K HOBBIM NEPEMEHHBIM F==1F| — Iy, t =1 — {5, R= % (r—4-ry),

T = -;— (t,+ ty), noayunm

f e- gttt (b (r, t)b (1,

= | e-? (‘l'—‘ﬂ”(bj (ry t) b, (ry. t)ydrdtdRdT =

=V AT (bjbj,>qm,

rne AT — wnTepBal M3MeHeHUA BpeMeH f; W fo.

Taxum 06p830M, MBl MOXXE€M BBECTH BEpPOATHOCTbL mnepexona,
OTHECEHHY0 K €I1HHWUE BpEMEHN

t))dr dr,dt dt,=

2 ,
W . dp
dw, =55 X510, (210, 15)40,8 00 Ty

i
(24.2.4)

Passenus 3TO BhIpa)keHWe HA MAOTHOCTL NMOTOKA HEHTPOHOB, pas-
nyio ¢/V (v -— HavaabHas CKOPOCTb HeHTPOHOB) M UYMCJAO aTo-
MOB B (hpeppoOMarHeTuke, noayunMm auddepenunanbHoe ceyeHue
paccesiHHs HeHTDOHOB, OTHECEHHOE K OJHOMY aToMy
w2 dp’
n 7 P
0=-— YU, , SN (bb. e 24.2.
d h?vn, E il (Sz Z)< 7 //>qw (2nh)3 > (24.2.5)
i’
rle ng-—— YHCIO aroMoB deppoMarHeTMka B elunuue obbema u

Uy (S sy =520 |52)" (s ]5.).

Sra ¢opmyna cnpaBeAnWBA, CTPOrO TOBOPHA, NPH  Manbix
nepenayax UMHOyJabca HefiTpona, korda aq <€ 1. Ecau ag> 1,
TO NpH paccesHUd HeHTPOHOB OYLYT NPOABAATHCH HEOLHOPON-
HOCTH MHKDOCKOMMYECKOTO MarHWTHOTO [MOJA Ha PACCTOAHUAX
nopsika pasMepoB aroMa. JTO MPHUBOIHT K MOSBJIEHHIO B cede-
HUA paccesnus nobasounoro muoxutens |F (ag), rie F— ne-
KOTOpas (YHKUMS NepelaHHOTO HMMMY./AbCA, HA3bIBaeMas MarHur-
HHIM $opmbakTopoM. Ecmm ag<€ 1, Tt0, oueBuizHo, F—=1.
Hnrepecysice npanee cayuaeM aq<€ 1, Mbl He 6yleM BBIMHCHI-
Batb MHOMMTeas |F(aq)? B BBpaweHHAX IJS CeYeHHs pac-
CesiHUsl. ‘

Tpexnae yeM aHAAMBHPOBATHL 3aBHCHMOCTD AH(deperIHaibHOTO
CeYeHHs - pPaccesHUA HEHTPOHOB OT [OepefaHHbIX HMMyJbca H
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SHePrHH, BLIACHMM CIUHOBYIO CTPYKTYPY CeueHHs paccesHHud.
Mub paccMOTpUM TpHM clyuas: paccesHHe HeMmOJISIPH30BaHHBIX Helt-
TPOHOB, paccesiHhe NONAPUIOBAHHEHIX HEHTPOHOB Ge3 M3MeHEHUS
OpHEHTAlLMK HX CAHHA H paccesiHue MNOJAPH3OBAHHBIX HEHTPOHOB
C H3MeHeHWeM OpHEHTAUMH UX CNHUHA (HeUTPOHBI MPeENnoJaaraioTcs
NOJNSIPH3OBaHHHIMH BLOJb BekTopa Bj). CooTBercTBylouMe ceve-

HUA paccesiHuss Mbl Oynem o06o03HauaTh 4eped do, dOjx U dOAy-

Jnq nonyyeHus nepBOrO M3 3THX ceyeHUH BupaxeHue (24.2.5)
LOMKHO OBITb NMPOCYMMHPOBAHO 1O OPHEHTALHAM CHHHA HeHATpOHA
B KOHEYHOM COCTOAHMH MW YCpeIHeHO MO OPHeHTALMAM CIHHA
B HayalbHOM COCTOSHHH. 3aMeuasi, uYTO

1
7 Z Ujjr (Se 82) =00,

p
S252

Oy YHM
4
W dp

Tox — 2
40 = 4z~ (%) s omiye

(24.2.6)

YuurteBag, 4To
. 1 1

Yjp (?’5) =t
rie B — eIMHHYHBIH BeKTOp BHOJb By, HallieM ceueHue paccesi-
Hud dGM:

2 ’
Wy 2 ap
dop =g (AN PER (24.2.7)
HakoHel,- Tak Kakx
1 1 '
Uji (?' “‘2‘) =0, —ny,

TO
’

2
L 2 o dp
doyy = g {07 o — ODgo) gy~ 24:2.8)
3ameTHM, 4TO .
d0=d0M—+—dGN_

Hcnosbdys ¢opmyay (24.1.11) nas koppenstopa ¢aykrya-
URK MaTHUTHOY MHAYKUMH, NMOJYYHM CJelylollee BhlpaxeHHe 1Jf
ceyeHHd paccesiHusd HenoJsIpU30BaHHBLIX HeHTpoHoB [20]:

— 2, \? (gMo)? HEY
i (32 (1128
><(1+c052ﬁ4)+4nsin21‘}q}6((02——ms(q))dp’, (24.2.9)
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rie O, —yroa Mexay BexkTOpaMu q=—;1—(p-—p’) H B, u

pz__ pl2
2m
He Y4HTHIBATHL cjaraeMoro 2u,s,Bj).
Ceuenre paccesHUsl NOJSIPH30BAHHHX HEHTPOHOB omnpenens-
ercq, coraacHo (24.1.11), dopmynamu [21]
2 HY
doy, =[N, +1|(2“")( o) (a¢12+6+~——)

X sin? ¥ cos’ & b (0 — ol (@)dp’.  (24.2.10)

2 M) HP
sy =INo +11( “") (,lo,j’) {(aq2+ﬁ+m";)><
X (1 = cos*®, ) - 4msin? ﬁq}a(gﬂ —o,(g) dp’.

ho = (B BbIpaXEHMM 1M IHEPLHM HEHTPOHA MONHO

STH BHIpaXeHMs, TaK e KaK BuipameHue (24.2.9), cnpasBenausn
npu a¢<€.1 u vy,(g)—0. Ilag ydera B3aTyXaHHS CHHUHOBHIX
BOJAH HYMHO B 3TUX (GOpMyAax NpoudsecTd 3amery (24.1.5).

Tlonyuennsle BhipameHus nas do, dUM, dGH NOKa3k1BaloT,
YTQ CeUEeHUst pacCesiHHd HEHTPOHOB HMEIOT pe3KHe MaKCHMYMBI,
€C/IH M3MeHeHWs 3HePrHH M HMNyabca HEHTPOHA CBSIBAHBI MEWLy

COOOH COOTHOILIEHHAMH
e—e' =ho==1 ho,(q), p—p =bhq. (24.2.11)

IDTH COOTHOLUEHHs HMEIOT NpocToH ¢usuueckut cmuica. Ecau
ho = hoy(g), TO MaKCUMYM COOTBETCTBYET H3JAYYEHHI0 HEHTpO-
HOM MarHoHa ¢ HMIyJbcOM hg u 3Heprued ho,(g). Ecan xe
ho = — hw,(q), TO MaKCHMyM B C€YCHUH PAaCCessHH COOTBETCT-
ByeT NOTJOLIEHHI0 MAarHoHa ¢ TOR e 3Hepruen.

Mbl BHIHM, YTO, H3yyad HEYNpyroe paccesHHe MeIJeHHBIX
HEHTPOHOB B (heppOMATHETHKAX, MOXHO 3KCHePUMEHTAAbHO OMNpe-
JeMATb 3aBHCHMOCTb YaCTOTBl CMHMHOBONW BOJHBI OT €€ BOJHOBOTQ
BEKTOpA, a TaKye JHeKPEMEHT 3aTYXaHHS CIHHOBBIX BOJH.

OcraHoBUMCS Temepb Ha (U3HUECKOM CMBICJAE MHOXKHTEAS
N, ~+ 1, Bxojsuero B BbolpaX(eHus A4 cedeHHs paccesHus. Eciu

® > _Q H Y, (g@)—> 0, To sTOT MHOXHTEJbL OyleT paBeH ng)+1,

rae n(g)— CpelHee YHCJIO MATHOHOB HaCTOTH (g (q) NPH TeM-
neparype T,
o . 1
n(q)— ﬁms (q) °
e T —1
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Ecmt xe © < 0 (u no-npesuemy ¥, (g) — 0), To 970T MHOKHTENL

O6yner paseH n(q).
Taxkum oOpasoM, ceyeHme paccesaHHA HeHTPOHa ¢ HcnycKa-

HHEM MarHoHa INpoONOpUHOHa/JbHO n(q)-+ 1, a cedeHde norJo-
UieHHS MAarHOHA MPOMOPUMOHANLHO 7 (g). AHANOrWUHbE 3aKOHO-
MepDHOCTH, KaK H3BECTHO, HMMEIOT MeCTO TaKke NpPH HUCMYCKaHHH
M TIOTJIOLIEHUH CBeTa, TOJbKO B 3ToM cayyae N, o6osHauaer
cpeiHee uyuca0 GOTOHOB 4YacTOTHL ® TNpu Temneparype T.

[ToaToMy caaraemoe B do npn o > (0, He comepxauee n(q),
MOXHO HHTePNpeTHPOBaTb KaK CedyeHHe CNOHTAHHOTO U3JIYyHeHHd
HeTPOHOM MArHOH4, a cJaaraeMoe, MNpPONOPUMOHAbHOE n(q)—
KaK CeueHHe BLIHYXIEHHOrO HM3ayueHus MmarHoHa. Tax xax n(q)
obpawaercs npu T —0 B Hyab, TO CeuyeHHe BEIHYXIECHHOIO M3-
JAYUeHUs MarHoHa, TaK JXe Kak W CeYeHUe MOIJIOLIeHUs MarHoHa
HefitpoHoM, oOpawaercs npu T — 0 B Hyas. Orciona caenyer,
YyTO NpU OUYeHh HUSKMX TeMmmneparypax, koraa T <€ Ae, rae
Ag =|¢—¢'|— usMeHenHe >HeprHHM HeHTPOHA, NOYTH BCe pac-
cesiHHLle HeWTPOHH HMMeloT 3Hepruo g’ =¢— Ag; npu T > Ae
4HCAO pACCesHHBIX HEHTPOHOB ¢ 9Hepruamu &-+Ae H £—Ae
ONMHAKOBO MO TOPSIKY BeJHYUHEL.

3aMeTHM B 3aKJjioyeHue 3TOr0 pasjiesa, 4YTO 3aKOHBI COXpaHe-
HuAd (24.2.11) mno3BOJSIOT ONpeNeNMTh 3HEPruUi0 pPacCesHHBIX
HeHTPOHOB, ABHXYLIMXCA B 3aJaHHOM HampasJeHMH. B wacTHoO-

CTH, ecau p > hq, 1O
H((][) 2p 0\
]A8l=u0Mo{ﬁ—{——m+a(—ﬁ—sin7) } X
HP (cos P — cos )2 )

(217 . 9)2
>< B—*——NTO——*—G TS]H—Q' —*—43’[—3’{——'2—"6—“ s
{ sin "2—

roe 0 -—yron paccesHus W P U P’ — yrabl MexILy BeKTOpaMH
P v p’ M OCbi0 AHU3OTPOMMHU *).

3. Kom6uHamuoHHOE paccesiHHe CBE€Ta Ha COHHOBBIX
BOJHAaX. [lepeiiieM K W3YUeHHIO paccesiHus CBeTa Ha QUIyKTya-
IMAX TJIOTHOCTH MAarHUTHOTO MOMEHTa B (eppOMarHeTHKax

*) Hapany ¢ paccMOTpeHHHM HaMu HeyNDYTUM paccesHHEM HEHTpo-
HOB Ha CIHHOBHIX BOJHaX B (eppOMarHeTHKax BO3MOMHBI H ApYrue
ApOLECCH PacCcesHHA HEHTPOHOB: YIPYroe siepHOE paccesHue, ylupyroe
MarHUTHOE pAacCEfHHE W HEYNpYroe paccesHHe HEHTPOHOB Ha KoJe6a-
Husx pemeTkH. Bompochl, xacalomuecs paccesHus MeiateHHHX HeHTpo-
HOB B KPHCTaJlJax, H3JOMeHHW Gojee mozpo6HO B MOHOrpaguax {22}

¢ 245



[23—25]. 3ro paccesHne o6YCaOBINBaETCA BaauMogeHcTBHEM
CBETOBHIX H CINHHOBLIX BOJIH, OMNHCLIBAEMBIM HEJUHEHHBLIM 4JeHOM

g(m>X H) B ypaBHeHHH JBHXKeHHS TJOTHOCTH MAarHUTHOIO
MOMEHTa

m =g (My X H)+ g (m X H), (24.3.1)

rae f — sddexTHBHOE MarHHTHOE MNoOJIe:

HY
H=H (m, h):aAm+(B+ >m+h

Tak xax |m|<€ M, TO HeluHeHHHI# uleH B YpaBHEHHH [BH-
wenns (24.3.1) man. IlosToMy MOXKHO NpPHOJNHMKEHHO BHLIEIMTH
noas napaiouiefl cBeTosol BoaHu €%, AP, yIOBJIETBOpAWOIUME
«cBOGONHLIM» ypaBHeHHaM Makcpenna

roted =— L0 (w0 4mmd),  roth =29
“div (B9 4nm0) =0,  dive® =0, (24.3.2)
d’” L-=g(MyX HY,  H'=H (m°, ho),
U TO0JA CNHHOBOH BOJHB, YAOBJAETBODPSAIOLME YPABHEHUAM
rot e’ = ——~C——(hs—{— 4nm®), roth’ =0,

div(h° 4 4am®) =0, dive® =0, (24.3.3)

I — g My X B). B =H (', B,

Biaronaps B3anMONEHCTBHIO MeXLY BOJIHAMH 1ioJe B (eppo-
MaTHeTHKe OydeT OT/aUuyaThCcs OT CYMMbl noJe#t, CBA3aHHLIX
C napgawiuefl CBeTOBOH U CINUHOBOH BOJHAMH:

h=h 4+ +hr 44 ...,
m=m'+m+m+m"4 ..., (24.3.49)
=t e04e' +e'+ ...,

rne GeckoHeuHbie psuibl A A"+ ..., e+ e’ ... o6o3-
Ha4Ya0T TNOJH, CBSA3aHHBIE C DACCESHHLIMH BOJIHAMHU, BO3HHKAI-
IUUMH B pe3yJbTaTe B3AUMOJNEHCTBUA nNajalolie#t CBETOBOHW H
cnunoBo#t BoaH. llpu stom h', e’ oGo3HauaT moas paccesH-
HLX BOJH, GujuHefible OTHOCHTENLHO [10Jefl Najpawiue#h csero-
BOM W CIMHOBOH BOJH, T. €. MMEIOIUHe CTPYKTYpy Tanma A'm”,
Ecau uactota manamoiued BOJHH PaBHa ©, W yacTOTa CNHUHOBOH
BOJHBL — O, TO mnoie A’, e/ COOTBETCTByeT paccesHHLIM BOJ-
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HaM ¢ uvactoTaMH © = o T ®,. AHajsoruuHsiM o6pasom %’, e”
0003HayalT MOJs paccesiHHBLIX BOJH, JHHeHHble no A° U Gujau-
‘HeftHble N0 m°, T. e. UMeKIIMe CTPYKTYpy THia Am’m®. Drum
BO/JIHAM COOTBETCTBYIOT 4acToTH 0 =0 T o (R) £ o, (k") n

T. 1.
IToneraBasa BulpaxeHus (24.3.4) B He/lHHeHHOe ypaBHeHHe
IBWXeHHs NJIOTHOCTH MarHATHOro MomeHTa (24.3.1), Jerko yGe-

LHTLCA, 4TO

O =g (m* X HY) + g (m? X AP,

om” (24.3.5)

=& (m* X H) 4 g (m’ X ),

Mul orpaHHuMMCA pACCMOTPeHHeM pPAacCessHHBIX BOJH, COOT-
BeTCTBYWOIMX noasM A’, €. DTH 1noaa yLOBAETBOPAIOT, OYEBHIHO,
CJAeLyIOIUM YDABHEHUSM:

. 1on . e e
rote ————?7—#1(, roth =3
div(h' 4~ 4am’)y=0, dive’ =0,
rue

K=—2& ((m* x )+ (m® X FF)).

Mu GyneM npeianoJaraTh, 4TO Nafamlas BOJHA ABAAETCH
NJOCKOH MOHOXPOMAaTH4YeCKOH BOJIHOH, yacToTa KOTOPOH ® 3HA-
yuTebHO 00Jblle YACTOT CHHHOBEIX BOJH, ® >0, (k). Ilpu
3TOM, OYEBHIHO, TEH30pP BHICOKOYACTOTHOM MAarHUTHOM BOCTIPHHM-
4MBOCTH ¥;;(R, ©) OyneT OUeHb Mal H Mbl MOXEM B BHIPAXEHHH
pas K npeHeOpeub BTODBHIM CJaraeMbiM, a B TNEpPBOM CJaraeMoMm
sameHuTb H Ha AO:

K:_-—ig—g—(mSXho).

Taxum o06pa3oM, MoJs pacCesHHbIX BOJH YIOBJETBODPAIOT
ypaBHeHHAM

1k 0e
roth’ = T o’
rot e’:——i—da—’;—— 4Tctg (m® X h9), (24.3.6)

divk’=0, dive =0,



oTKyIa ‘
Ao/ — & 0% _ 4“5’ rot (m* X hY). (24.3.7)

D10 ypaBHeHHe HMeeT TaKylo Xe CTPYKTYPY, Kak H ypaBHe-
HHe IS SJIEKTPUYeCKOro Hoasd B Cpelle, CO3LaBAEMOTO TOKOM j':

e 0%’ dn of
Ae, — 3 —_—— = -—-——j— .
¢ o2 ¢ ot
ITo3TOMYy MOMHO CKa3aTbh, YTO HPH B3auMolefiCTBHM CBeTOBOH H
CNIMHOBOH BOJH 10Je PAcCesHHOM BO/HBI CO313eTCs TOKOM j',

onpeneasseMbiM COOTHOIUEHHEM

U — cg rot (m* X ). (24.3.8)

[Tepexons B (24.3.7) x xoMnoHentaMm Pypbe, NOJyunMm

(2 — el b, o) =L wj (k. @), (203.9)
rae
J ', o) = g S (K X ) (ko (. Ao))+ (B X ) (e (g, A
(24.3.10)
H

g=k—F, Ao—0—0.

Ornpeneaus 31eKTpHYeCKoe [OJe DPACCESTHHOH BOJHBL, MOXHO
HallTH MHTEHCHBHOCTb PACCESHHOTO H3JYYEHHS, T. €. YBeJH4YeHHe
(B eIMHHLY BpeMeHH) 3HEPrHM paccessHHbHX Boan U’:

U = f e’ (r. )j (r, t)dr. (24.3.11)

[lepexons 3zmech K kKomnoHeHTaM ®Pypbe H Hcroabays (24.3.9),

nonyun )

U' = Re f dr f dk' do’ dk’ do'e!(® —k") r—i@ ot x¢
% Aniw’ J (R, 0)J (k” (0”)

C2
) 2’ —s——-——l—iO

(Qﬂ)"

YureM Tenmepb, 4YTO paccedHHe CBeTd MNPOUCXOIUT HA «CAy-
Ya{HBIX» CIMHOBHIX BOJAHaX. JTO 3HAYHT, YTO NOC/elHee BHIpa-
JKeHHe JOMKHO ObITh yCpelHeHO MO QUIYKTYaUMsAM HIOTHOCTH
MAarHHTHOrO MoMenTta m’. 3aMeuast, 4TO

G ) J7 (R, o)) =@ (B — B8 — ") ()
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noAyuyuM B pedyabTate ycpelHeHus

+ dk’ do’ 4niw’ G Ve
U'=VRe @2n)t T, o =
B — e —— 410
dk’ d 4 @2
—v| (’;n()f) P (g (k” S ) (24.3.12)

rie, COrJacHo (24.3.10),
;12 — 22 [ 2 §,0,0 0y2 .
(G’ >k,m' _ g28‘71 sin Geiej -+ ((e ) o e
(FX e (R X k)
_ ) (kle(}—+-kje2)}<mimj>q’ ., (24.3.13)
v 0 —yronm paccesHus, T. e. Yyroj Mexiy BekTopamu R u k',

Ycrpanug B (24.3.12) O-QyHKUMIO HHTETDHPOBAHHEM 110
MOLYJIO BOJMHOBOTO BekTOpa R’, NOJyuMM

(k’e°)2) kik;

U’ ——8‘; Ve J(]’z oo @ *do’ do’, (24.3.14)

(ol —
rae k’:—c— Ve u do’ — 3/MeMeHT TeJIeCHOro yria, B KOTOPOM

JEXHT BeKTOD B'.
310 COOTHOUIEHHE NMOKA3bIBAET, UYTO BEJHYMHA

J — VV?

w0
Gy do” do’
npeacTasiser COGOH HHTEHCHBHOCTb PACCEAHHOTO  M3JAyHeHUs
B MHTEpBajle 4acTOT d®’ M MHTepBaJe TeJeCHBX yraos do’.
o c
Pasneans dU’ na VIIO, rae I19 = ;—[e® X A°| — naorHocts

NOTOKA 3HEpruu B najawouled BoJHe, NOJYYMM IHpPepeHUHAb-
HOe CeYeHHe paccesHHs, OTHeceHHOe K edHHULEe oObema (MJau
auddepeHUHaAbHEH KO3 (UUMeHT 3KCTHHKUHN) dX

o au’ o VE w2 (j'Q)k'm/
VIIO 77 2¢ ¢ |e® X Ao

do’do’.  (24.3.15)

Kak 6bl10 nokasano B pasigene 1 aroro naparpada, xop-
peaaTop ¢IyKTyauuh nJOTHOCTH MATHUTHOTO MOMEHTA (mimj)qm

vMeeT pe3KHe MaKCHMYMBl TNpH | @ |~ @,(g). [losTomy ceuenue
paccesHHs CBeTa Ha CMMHOBBIX BOJHaX TaKke HMeerT pesKue
MaKCHMYMbl NPH BHINOJHEHUH YCJO0BHH

0—0 =T uwlg), g=Fk—Fk.  (24.3.16)
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Sty ycAOBUA MOMKHO, OUEBHUIHO, MHTEPIPETHPOBATH KaK 3aKOHbL
COXPaHEHHA 3HEDPrHH H HMIYJAbCA NMPH HCMYyCKAHHH H TOTJIOLIEHHH
MarHoHa (oTOHOM.

Mb1 BHIHM, 49TO B CHeKTpe paccesHHOro nsnyueuuﬂ BO3HH-
KalT [BAa CareN/IMTa, OTCTOAUWMX OT OCHOBHOM JIHHHM Ha pac-
crosuun Aw = + @, (g). Bunoansiounecs npu paccesHuu 3aKoHb
coxpaHenus (24.3.16) no3Bo/AOT OJHO3HAYHO OfipeseIUTh U3Me-
HEHUe UYACTOTHL fIpM paccesiHuM, ecJM W3BeCTHH HaNpaBAeHus
pacnpocTpaleHus najawiiefl M paccenHHOR BoJH. 3aMeuvas, 4To

npn 0> Ae | q:kaing, TTOJTY Y1M

A M( Hm ,")'/" 7y |,
[Ao|=g sin’ iﬁ~+To_{_ T—

] 1
— msin~2 = (cos P — cos P')? }lz

fie P —yroa Mexiy BexTopaMH R, n u Y —yroam Meway
sexkTopamu R, n

YuuTHIBAA, YTO B BhIPaXeHHe A]d Koppeasropa (aykTyauui
MAOTHOCTH MarHHTHOTO MOMEHTAa BXOIUT MHOXKUTEAb Na,—+1, nerko
y6eautbesi, uTo NpH OYeHb HU3KHX Temnepatypax (T <€ h|Aw])
NPOHCXOLUT paccesiHue TOJbKO € YMeHbIUIeHHeM YacTOTH; fpH
T> h)Aw| MHTEHCHBHOCTM OOOHMX CaTeNMTOB B CHeKTpe pac-
CeSHHOIO HM3/yYeHHst OJLMHAKOBH 110 MOPSHAKY BENHUHHBI.

Ecau naiamoijas BOJHA SBASETCA HENOJSAPU3OBAHHON, TO BHI-
paxenue (24.3.15) 10/MKHO OHITh enie yCpPeiHEHO NO ABYM BO3-
MOXHBIM [O/APU3ALNAM Najalouell BOAHB. ITO ycpeHeHHe O3HA-

4aer, 41O BeEJHYHHA e(i’e(} no/mkHa OLITh 3aMeHeHa BeJHYHHOM

—_— 1 kik;
— 0 : it
e?e(}———g‘(e )2 (61/—7)

B pzsyabraTe Mpl NOAYUMM CleNylOLlee Bhipamenue Aas iudde-
peHuMaIbHOTO CedeHus pacceans HenoAApu3OBAHHOro ceera [25):

gk )2 in2 0 (m?
di={""| g}sin®0(m?) .
' do’ do’
i

-+ 2cos 9 L Re (mimj)q’ A | (24.3.1 T)

kR

rie Ap=0 — & n g=k—Fk.
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[Toncrasass B 3Ty ¢opMmyny BoipaxeHue (24.1.4) nas xap--
peasTopa (GAyKTyauu#t NAOTHOCTH MarHHTHOTO MOMEHTA, MOJYYHM

d2=|Nap—+1| (%’i)2 eh (g My v(k, k) G(A(o?——mf(q)) do’ dw’,

(24.3.18)
riue

H(l)
vk, k)= (B

sin? )(1 —cos B cosp cos p’) 4

+2n{1 —-(2 sin%) (cosp — cosxp’)Q} X
X{sin2 6+%cose(sin %)-2 (n (-kk—X —g—) )2}

Ecau aubo paccesynas, jaubo naipamoulas BOJHA PacnpocTpa-
HSleTCs BAOJbL OCH 3HM3OTPONMH, TO 3Ta OPMYNa 3HAUHTEJIBLHO
ynpouiaeTtcs

(

i)
45 —| N1 |(gck) sb(gMO)251n20(B—l- 79 1 garrsin? g +
| —+ 271 cos? )6(Am2_m2 () do’ do’.  (24.3.19)

3ameTuM, uro, corgacHo (24.1.5), mns yuera 3aTyXaHHs CIIHHO-
BEIX BOJH B dopmynax (24.3.18), (24.3.19) nocTaToyHo mpous-
BECTH 3aMeHy

d(Ae? —@Z(g))—>
2y, (@) Ao (A0l — o (@) + (2, (@) o, @)}

Hapsizy ¢ paccesunem cBeTa Ha (AYKTYaUMSX MarHWTHOTO
MOMEHTa B (eppOMATHETHKE NMPOUCXOINT TaKKe paccesHue CBeTa
Ha yNpyrux GayKTyauusx, B YACTHOCTH Ha QAYKTyauHsx M/I0T-
HocTH. PaccesHne Ha ynpyrux GJAYKTyauusix NPUBOIMT mpexie
BCero K BO3HUKHOBEHHIO B CNEKTpe PAacCessHHOTO U3JIyueHHs 3BY-
KOBHX careaantoB (Ao ==t sq, §— CKOPOCTb 3BYyKa), HHueM
NPUHUMIHAILHO HE OT/IHYAIOLIHXCSH OT BBYKOBHIX CaTeJJIHTOB
B cayyae oObIYHBIX (He (epPOMarHHUTHBIX) KpHcTawiop. Kpome
TOro, 0aaronaps CBA3M MeXIYy YNPYFMMH M CIMHOBHIMH BOJIHAMH
paccesHHe 3JEeKTPOMArHUTHBIX BOJH Ha Ynpyrux GaykTyaumsx
BHOCHT BKJal B MHTEHCHBHOCTb PacCMOTPEHHBLIX B 3TOM pasjeJe
CNHHOBO-BOJIHOBBIX CATE/JIUTOR.
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FTABA VI

KUHETHUYECKHE $ABJIEHHS
B ®EPPOMATHETHKAX

§ 25. MNpoueccs B3aUMONERCTBHA MEXAY MATHOHAMH

1. FamAAbTOHHAH B3aUMONEHCTBHA MAaTHOHOB APYT C ApY-
rom. Jlo cux mop MH H3yuamH, TAaBHHIM 0OpPa3aoM CBOGOJHEIE
CNHHOBEIE BOJHH. B vacTHOCTH, NMpH H3YYeHHM TepMOLHHAMU-
YecKHX CBOHCTB (heppOMarHeTHKOB Mbl HCXOAHJAH M3 MPERNoJo-
XeHUst 06 WAeaNbHOCTH Tra3a CNUHOBHIX BOJH — MArHOHOB, TaK
KaK Hed1ealbHOCTb 3TOr0 rasa npuBoiut npu 7 <& 7T, nuwb
K MajbiM MONPaBKAM K TEPMOJMHAMHYECKOMY MOTeHUMany dep-
poMarHeTuka. Tenepb MBl 1nepefieM K H3YyYeHHIO IIPOLECCOB
B3auMOzeHcTBUH CIMMHOBLIX BOJH, KOTODBIE SIBJISIOTCSA ONpELesio-
LIMMH B KHHETHYECKUX SIBIEHHSX, MPOTEeKelOUMX B MarHHUTOYmNo-
pAIOYEHHBIX KpHCTaLIax *).

[lpu wu3yyenuM 3THX mnpoueccoB Mb OylieM paccMaTpusaThb
MarHATOYNOPSLOYEHHBI KPUCTALJI KAaK COBOKYIMHOCTb TasoB
4acTHL — B CJy4Yae MarHUTOYNOpPAINOYEHHOTO IHU3JEeKTPHKA Kak
COBOKYIHOCTb Ta30B MarHOHOB H (POHOHOB — H OIHCHIBATH TPO-
ecchl B3aMMOIEHCTBHS B TepMHHAX ONEPAaTOPOB POXIEHHS H
yHuuTOXeHuA uactHL. C 3ToH uejblo HeoOXOIHMO BHIPA3HWThH
raMHIbTOHHAH (heppoOMarHeTHKA, MOCTPOeHHBIH ¢ NMOMOIUBIO One-
paToOpOB CHHHOB AaTOMOB, Yepe3 ONEPAaTOPH POXAECHUS W YHH-
yTOXKEHHUS] vacTul. ITy npobaemy Ml yxe H3yyain B § 18 n
BHIEJH, YTO OHA TeCHO CBfA3aHa ¢ NpobJjeMoit pealH3aLuu one-
paropoB chuMHa ¢ momouplo 6Go3eBckux oneparopoB. Kak 6ruto
nokasaHo B paszene 1 § 18, raMuabToHHAaH ¢eppoMarHeTHka
(ToyHee roBOpS, €ro CNHHOBYIO YaCTb) &FF, MOXKHO TpeICTABHTDH

*) Mpoueccyl B3aMMONEHCTBHA CAHMHOBBIX BOJAH IPYT C JPYroM H
¢ KoJebGaHusIMH pelleTKH BrepBbie OblaM HecaenoBahbl A. Axnesepom [1].
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B BHIE 0HeCKOHEeYHON CYMMEI YJEHOB, COJLepXKallluX TIPOM3BELEHHS
pasanyHOro wucaa GoseBckHX omeparopos a(k) u a* (k)

SHo=HD+ HD+ KD+ ...,
rze P (n=2, 3, 4, ...)— dopma, coxepxamas NpousBe-

nenusa n oneparopos at (k), a (k). Ilponssons yHuTapHoe mpe-

o6pasoBanne (18.2.1), nmaronanmayiomee Qopmy 9, 1. e
NpHBOIAllee ee K BHAY

P Zs (k) c* (k) ¢ (k) == 5,
Mbr BupasuM HD, S ¢ yepes omeparopsi POXIEeHUS] H YHH~
yTOMXKeHHss MarHoHos ¢t (R) u c(R):

S — % W (12.3) cfcfeA (b + ky— k) +3. c,
' (25.1.1)
8P = Z W (12,34) cf cfe,c A (R, + Ry — B, — R)+5. c,

rre ¥_(12,3), ¥,(12,34) — HexoTOpEle (YHKLUUM BOJHOBEIX
BEKTOPOB MarHoHoB R, Ry, ... (MBl moJb3yeMcsi 0603HaueHHeM
=k, 2=k,)).

Tak Kkak coO6CTBeHHHe 3HAueHHst A/, pPaBHBEI CyMMe 3Heprufl
OTIeJbHBIX MATHOHOB, TO, KaK yKa3blBajochk B § 18, oneparop &%,
ClefyeT HHTEPIPETHPOBATh KAK TaMWJIbTOHMAH ra3a cBOGOAHBIX

MarHOHOB, a CYMMy OIepaTOpOB O, 6P, ... —xak obwntt
raMHJIbTOHHAH X B3aHMOLeHCTBHS
4
SHss = HD + P+ ... (25.1.2)
Sicno, uto oneparop KW (n=13, 4, ...) onucupaer npo-

11eCCH, B KOTOPHIX YYacTBYIOT 7 MarHOHOB. B uacTHocTH, omne-
3
partop P onnceBaer npouecch CJMSHUS IBYX MAarHOHOB H

pacmaza MarHoHa Ha JBAa MarHOHa, a ONepaTop &’“g)—-npoueccu
paccesiins AByx MarHoHos. ITo sTo#t npuumne sequunna W, (12,3)
HA3BIBAEeTCS aMIVIUTYAON CJHSHMA (pacnana) MarHOHOB, 4 BeJHM-
upuna W, (12,34) — aMnanTynoft paccesiHMs MarHoHa MarHOHOM.

n
Hanuuue B BHpaxeHUsx nis B A ¢yHK1MH A (Z ki) O3Ha-
\{=1

yaeT, 4TO B MPOLECCAX B3aMMOILEHCTBHS C TOYHOCTbIO IO BEKTOPA
06paTHOR pelleTKH (YMHOXEHHOTO Ha 27) COXPaHSeTCsl CyMMap-
HBIf BOJHOBOH BEKTOP CIHHOBEIX BOJH.
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(3)
3aMeTHM, YTO B FaMHJbTOHHAHe s MBl He BBLINHCAJIH YJe-

HOB THMa cfcfcf, a B ramuabToHHane G — unenos THnos

‘etetot +cot+ot +otct +otctet
crefefef moclefefe, Tak kak unenw cfcfef mocfeyctcy
6naronapﬂ 3aKOHY COXPaHeHHSl SHePrHW He BHOCSAT BKJala B Be-
POSITHOCTH MNpPOLECCOB B MNepBOM OGOPHOBCKOM NPHOIHKEHMH;

YJIeH WKe C 6‘2 (,‘3 C, ONHUCBIBAET Mpouecc pacnala OLHOroO MarHoHa

HA TpH, CPelHssl BEPOSTHOCTH KOTOPOFC 3HAYMTENbHO MeHblle
CpelHeli BEePOSITHOCTH paciala OAHOTO MarHoHa Ha JBa.

M He 6yleM MNPHUBOIHTb 31eCh MONHOCTbIO BLIPAXEHHH 1Js
ammntyr W (12,3) u W, (12.34), Tak Kak OHM HMEIT TPOMO3I-
KA BHI, a YK@XeM TOJbKO MOPALOK HX BeJHYHH.

 YuurbiBas, 4YTO Up ~ Up~ 1, umeeM, coraacHo (18.1.12),

¥ (12,3) = ';y,_ @, (12,3), (25.1.3)
rie @, (12,3) ~ 1.
Paccesnne MarHoHa MarHoHoM OO6YyCJOBJAHBaeTCA Kak OOMeH-
HBEIM, TaK M PeJATUBUCTCKUM B3aUMOJeHCTBHEM; HO3TOMY

W, (12,34) = W (12,34) + ¥ (12,34),

rie ‘Fge)(12,34) u W (12,34) — aunantyisl 06MeHHOTO H pe-
JSTHBUCTCKOTC PACCEAHHUS:

W (12,34) = ¢, (12.34), WO (12,34 =" (12,39),
(25.1.4)

rae @, (12,34) ~ 1. Ecan (“0 ) < ak< 1,
@, (12,34) = "T (Ryky - R3k,) (25.1.5)

(OTMETHM, YTO ¢, M @, — CHMMETPHYHble (YHKUMH KaK NO mep-
BHIM, TaK M MO BTOPHM [IBYM apryMeHTam).

3uas seqnunabl W (1, 2, ..., 1), MOXHO ONpelejHTb Be-
POATHOCTH COOTBETCTBYIOMIHX NPOLECCOB B3aHMOIEHCTBUS CITHHO-
BEiX BOJH. B o6aactu muskux rtemneparyp, T <€ T, cpentue
BePOSITHOCTH 3THX [1POLECCOB YMEHbINAIOTCA C YBeJHYEHHEM YHCAA
YUYacTBYIOLIMX B HUX MarHOHOB Y HanboJee BEPOATHLIMU" ABJIAIOTCA
npouecch pacrnaja MarHOHa Ha B2 MarHoHa ¥ OOGMEHHOrO pac-
CeslHUSl MarHOHa MarHOHOM.

2. BeposaTHOCTH pacnaja H CAHAHKS MAarHOHOB. Bhluucianm
CHauana BepOATHOCTb CJMSHHS JBYX MarHoHoB, MarpuuHbi#t
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9JIeMEHT 3TOro mpouecca HWMeer, OUYEeBHAHO, BUL
3
(ﬂl-—' 1, ng— 1 n3+'1I%7\($)|n1’ n?’ n3)=

2“];_ 9 (12.3) Vi, (1, + 1)A (b, + &, — k),

rie n,, Ny, W n;-- Y4CAA MarHOHOB B HAYaJIbHOM COCTOSIHHH.
(Mu He yuuTbiBaeM B 3TOM naparpage mnpoueccos nepebpoca,
NpY KOTOPHIX CYMMapHOe H3MCHEHHe BOJHOBOTO BEKTOpa Mar-
HOHOB PaBHO BEKTOPY OOPaTHOH pellieTKH T, YMHOMEHHOMY Ha 27T).
[TosTomMy BepOATHOCTb (OTHeCeHHas K eNMHHIe BPeMeHH) CAUSIHUA
IBYX MAarHOHOB ¢ BOJIHOBLIMH BeKTOpamM R, U Ry, B MAarHoH
C BOJIHOBBLIM BEKTOpOM Rj, pasHa
2
wpee =8 G (12,3) By (g4 1) X

n,——l ny—1, ny3+1 h
XA Ry + ky — k)0 (e) + € —€3),  (25.2.1)

rie g;=¢,(R)).

BepostHocTs 06paTHOrO mpollecca — pacnaid MarHoHa ¢ BOJI-
HOBBIM BEKTOPOM R; Ha IBa MarHOHa C BOJIHOBHIMH BEKTOPaMH
k, u ky, pasna

" =5 Wl 1o (12.3) Pny 4 D(my+ DX

n+1, nat 1, ng—l h
X nA (kl+ ky — k) O(e, + &y —8y).  (25.2.2)

MBI BUIMM, 4TO B 3THX TNPOLECCAX BLIMOJHAKTCA 3aKOHhEL CO-
XpaHeHHS
€+ eg==¢35, R+ Ry=R,. (25.2.3)

liameHenne 4YHCa MAarHOHOB C BOJIHOBBIM BEKTOpOM R,
B eIMHHIYy BpeMeHH B pesy/bTaTe MPOLECCOB CAMSHHA M oOpaT-
HBIX MM MPOLECCOB pacnala MOXHO NPEeICTaBHTb B BHIE

(m)e =L, {n}, (25.2.4)

L, (n) =22 WMol N1 o (12,3) P (04 1) (my+ 1) my—
23

—mny(ny—+ 1)} A (B + ky — R3) 0 (€, + &, —&y).

Sra BeJHUYMHA HA3bIBACTCH HHTErpajoMm CTOJNKHOBEHUH, OMHCHIBAIO-
IHM TIPOUECCHhl CAMAHHUA W pacnajla MarHoHOB,
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Jlerko y6enuTbCs, 4To HHTErpan CTO/MKHOBeHMH# obpaliaercs
B HYJb A1 MJaHKOBCKOro pacnpeinc/icHuss MAarH{oHOB
1
e (k)
e—_T——l

n(k) =

JleHcTBHTENbHO, B CHJIY 3dKOHA COXPAHEHHs IHEPTHH €5 =€; -+ &y,
(ny+ D(ng+ D ny==nyny(ny+ 1),

L.{n)=0.

Ecau uyucaa MarHoHoB n(R) Majao OT/JIMYalOTCd OT CBOHUX
PaBHOBECHBIX 3HaueHUR n(R),

n(ky=n(k)+ dn(k), |on(k)|<& n(k),

TO MHTErpaa CTOJKHOBeHu#t L,{n] MOXHO pasnoxutb B paL
no creneHaM On(R) ¥ COXpAHUTb TOMbKO JHHeHHBle UJeHBl Da3-
aoxeHud. Koadpduunent npu — én (k) B 3TOM pasJoweHun npen-
crasaser COBOH peauunHy, OOGPAaTHYIO BPEMEHM XU3HM MarHoHa
C BOJIHOBbIM BEKTODOM R MO OTHOIIEHHIO K NMPOLECCAM CJAUSHHA.
Mpi Gyaem 0603HaYaTh 3TO BpeMsl KU3HM ueped T,(R). Jlerko
BUIETb, 4TO
1 8L, {n 81 (uyMy)? - -

T (R) :_Gnﬂ(é‘)}: (.131 = Zl Pr (12,3) (1 (Ry) =1 (ky)) X

23
XA (ky+ ky— k3) (e, + €, —e3).  (25.2.5)
[Ipeanoaaras AAS NPOCTOTH, YTO SHEPIHs CIMHOBOR BOHBI

e,(R) He 3aBMCHT OT HanpaBJIEHMsi BOJHOBOIO BEKTOpa, & (R)=
=gyt 0,(ak)?, u cunras ¢,(12,3) ~ 1, noayunm [2]

1

H N03TOMY

(R
¢ MOMO 2 T 9,_‘ .
(2:19”) ??o‘ak’ Ias(k)—30'<<30<<r,
~b () Farin S e e, ) — e T,
MM 2 T 1 £ 1 £
() el =R o)) T<w
(25.2.6)

OnpegeanM tenepb BpeMsl KHM3HM MarHoHa MO OTHOLIEHHIO
K lipolieccaM ero pacnaza. MaTpHuHBIA 3/eMEHT 3TOro npouecca
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UMeeT BUA
(”1“ » o1, ﬂ3+1|@%7(3)1ﬂ1”2”%)=
= o2 DV ny (g 1) (n= DA (by+ By — k).

[TosToMy BeposiTHOCTH (OTHeCeHHas K elMHHLlE BPEMEHHM) pacrana
MarHoHa ¢ BOJIHOBBIM BEKTOPOM R; Ha jBa MarioHa ¢ BOJHO-
BBIMYM BeKTOpamu R, U Ry pasHa

8 M
W i, mer = LMD 1 93,1) Py (my 4 1) (g 4 1) X
><A(k2+k3—~k1)6(82+83—81). (25.2.7)
BepostHocTh 00parHOro mpoliecca paBHa
n 8
wﬁfffa ny—1, ny—-1=— ;-: (“OMO) |(p, (23 1)|2(ﬂ] 1)n2n3><
XA(k2+k3—k1)6(82+83—81)- (25.2.8)

3aKoHBI COXpaHeHWSl B 9THX MNPOLECCaX HMMEIOT BUL
gt e3=¢,, Ry+k;=R,. (25.2.9)
MaMeHeHue 4HCHa MarHOHOB ¢ BOJHOBLIM BEKTOpOM R; B elu-

HULY BpeMEeHU B Deay/braTe MpOLECCOB pacnaia u OGpaTHHIX
MM TIPOLECCOB CMAMSIHUSI OnpenesieTcs, OYeBHIHO, GOpMyaoi

(;ll)d =L, {n}),

rae

8
Ly{n) =S5 Werl L|cp,<231>42

X l(n + 1) ﬂ2”3— n ("2+ D(n;+ DX
XA Ry — ky— ky) d(e; — &y — €3).
Orciona ferko HaTH BpeMs KM3HU T,{(R) MAarHoHa C BOJHOBBIM
BEKTOPOM R 110 OTHOLICHHIO K IIpoueccaM pacrana

1 San) _ 8:rt (o Mo)?
G ) B N E""’(Qs DPX

><<712+n3+1>A<k1—k2—k3>6<el— gy —ey). (25.2.10)
Cuuras, uyro &,(k)=¢,—+ 0,(ak)?, MNOJNyuuM M3 3aKOHOB
COXPaHEHHA SHePTHH H HMIy/dbca

20,(aky)? — 20,0%k kg cos & + £ =10,

rie & — yroa mexiy sektopamu kB, U R,. U3 sroro paseHcTBa
clelyer, YTO NpOLecC pacnaia MarHOHA ¢ BOJNHOBLIM BEKTODOM R,
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HA J1Ba MArHOH4 BO3MOXEH TOAbKO B TOM Cayude, el
0,(ak,)? > 2¢,, T. e. e, (k) > 3¢,

TlpuBenem BHIpaXeHUs ANA —
P T4 (B)

1 1

L (e () (0 o)

6nh \ 0, € £
les (k) —3gy | K g T,

B HEKOTODHIX IHpejeb-

HBIX caydasx [2]:

1

) () () e, a<am<T.

4k \~ 0, &s (B) £,
roM, ‘)2 V (&5 (R) — eo) (e (R) — 3ey)
( 0, 8nhak '
T &V (e, (k) — &) (e, (k) — 3¢,).

(25.2.11)

Cnoxus uurerpans cronxropenut L, {n} w L, {n}, nahzem
[ONHOe u3MeHeHHe YHC/a MATHOHOB C 3a13aHHBLIM BOJHOBEIM BEK-
TOPOM R, (B €IMHHLY BpeMeHu), OOyCNOBJEHHOE TMPOUECCaMH HX

pacnaza w CJAUAHUSAL
() =Ly (n) + Ly {n}=LP {n}.  (25.2.12)

dopuyant (25.2.6) u (25.2.11) onpeaeasior obpaTHbie Bpe-
MEHAa JKM3HKH CIHHOBHX BOJAH C 3aLaHHBIM BOJHOBHIM BEKTODOM
N0 OTHOWIEHHID K NpoLeccaM CIHAHMA M pacnaga. [as ouenxu
POJH pa3/HYHBIX NPOUECCOB B YCTAHOBJCHHH TENJIOBOrO PABHO-
BeCHs] B CHCTeME& MArHOHOB HeOOXOAMMO 3HATh CPEAHIOK Bepodar-
HOCTb TPOLECCOB CJHSHUA H pacNaja MarHOHOB, KOTOPYIO MBI
GyieM o6osnauats uepes @), Ona, oueBnAHO, omnperensercs

dopmy ok
1 - 1 1
C PN S S S T S
= S w ;”(’”{ Ol
k

[MoxctaBasd crona BeipaxeHus (25.2.5), (25.2.10) u rinonuss
WHTer pupoOBaHue 10 %, moayuum [1, 3]

Y (£)
[ MoMo_ oMy (__T__) ’ 1n2 2o i wHE < T,
w@)z! h 6, \96, T
§
My [ oM,y \" W HP ,
l P-Obo (P«uﬂco) exp(- “0T0 ), ”OH(()I)>>T.
(25.2.13)
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3. BeposTHOCTh paccessHHs MATHOHOB MarHOHaMH. DBui-
YHCJHUM BEPOATHOCTb paccesiHus MarHOHa MarHOHOM. MarpuuHbIH
3JIEMEHT 3TOTO MPONECCa MOXKHO NMPeicTaBuTb, cOracHo (25.1.1),
B BHIE

(m—1, ng—1, ny41, ”4‘!‘1'(567(54)]”1’ Ny, Mg, mg)=
=W (12,34) V ning(ny—+ 1) (n, 4+ 1) A (ky 4 kg — by — k).

[TosToMy BepOATHOCTb paccesHHS MAarHOH4 MATHOHOM B ENUHHILY
BpeMeHH paBHa

16n

wu 1y Ny Ny

T L t, meal | U5 (12,34) P myng(ng+-1) (n4-1) X
><A(k1+k2-k3—k4)6(el—-|—62—83—84); (25.3.1)

C/Tell0BaTe/IbHO, M3MEHEeHHe YMC/Ia MATHOHOB C BOJHOBLIM BEKTO-
poM k, B eIMHHLY BpEMEHHM B Pe3yJbTaTe NPOLECCOB paccesHud
onpeneasercs Gopmyoit

(m), = L {n}, (25.3.2)
rie

L () = 252 N W, (12,34) F (1,4 1) (4 1) gy —
234

— g (ng—+ 1) (ny 1)} A (By 4y — k3 — R,) X
X O ey —e3—¢y.

Bemumnna L (n), Tax ke xak w semmumma LY (n}, wmocur ma-
3BdHME WHTErpana CTOJKHOBEHMH MO OTHOLUIEHMIO K TPOLEeccam
paccesiHUs MarHOHa MarHOHOM.

Jlerko Buzerb, UTO IUIAHKOBCKOE PAaCNpeneseHHe MAarHOHOB
ofpaluaeT MHTerpal CTOJKHOBEHHH L(;‘){n} B Hyab. JeficTBu-
TEJAbHO, M3 3aKOHA COXPAHEHWS IHEPTHH & - Ey=g; -}, cle-
LyeT:

(= V) (ny—+ 1) ngny = nyny (ny =+ 1) (n, + 1),
U TIO3TOMY
LY (n) =o.

IToctynasi Tak e, Kax W B NpeiblAYLIEM pasiele, MOMKHO
OnpelesiTb BpeMA IKM3HM MarHOHa ¢ B3aJdHHBIM BOJHOBbIM
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BEKTOPOM MO OTHOWICHWIO K npoueccaM paccesnus e (k):

1 LY {n} 160 \
Ty = ey %Z4|‘I’ (12,39 F (4 1) X

X Mgy — ny (15 + 1>(ﬁ4+ D} A (B —+ ky— by — k) X
X O(e,+ e —e3—e,). (25.3.3)

Onycxaﬂ BbIKJIAJKH, IIpHBEJEeM OKOHYATe/JbHO BBIPAXKEHUS IJs

1
B HEKOTOPBIX Npele/bHEX cayyaax [4,5]:

o ()
(0 ( T )a,/z(ak)S, T, uoM, << ¢, (k),

r(4> (k) ! (Mo My)? 2 ) (25.3.4)
ll %60 (E—)' |Es(k)—ﬁo|<<€0<<T_

Msbi BuauM, uro npu T -—>0 peanunna (¥ (R) crpeMurcs

K GEeCKOHEeYHOCTH. IJTO OOCTOATENbCTBO COOTBETCTBYET TOMY, YTO
npu 7 =0 B ¢eppoMarHeTHKe OTCYTCTBYIOT «TE€IIOBHE» CIIH-
nHosbie BOJAHBL. IloxyepkueM, 4ro npu GOJBLIHX BOJHOBHIX BeEK-
Topax, Koraa e,(R) 3> uyM, paccesHue MPOUCXOAUT TJIaBHBIM
obpasom Oaaromaps oOMenHomy B3auMonreficteuio. Ecanm xe
j e, (B) — € | <€ €y, 10 OCHOBHYIO pOJb MIDaeT DEJSTHBHCTCKOE
B3auMOJEHCTBHE.

dopmyaa (25.3.3) onpenesseT BpeMs XKH3HH CIIMHOBOH BOJIHBI
¢ BOJIHOBBIM BEKTOPOM R 1O OTHOIIEHHIO K TpoleccaM pacces-

HUA. YCpeIHHB BeJHYUHY C paBHOBeCHOH (yHKuMelt pac-

1
4
oY (k)
nperenenus n(R), HaitieM CPelHIOI0 BEPOATHOCTbL PacCeAHHA CIH-
HOBBIX BOJIH!

1 1 -
(4) — )
RS ST Z,, @ P

k

Beanuuna, obpartHas w!Y, mpeactaBaseT COGOH cpelHee BpeMs
KHSHM T(¥ MarHoHa NO OTHOWIEHHIO K QpPOUEcCcaM paccesHHus.

B oGaactu rtemneparyp u,My <€ T <€ 0, OCHOBHyW pOJb
UIrpalT npouecch OO6MeHHOro paccedHus M [3,5]

4 6 T \4
w§?)~—§(6—0). | (25.3.5)
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§ 26. Ilpoueccw B3aumopeiicTBHA MarHoOHOB H (OHOHOB

1. FaMHAbTOHNHAH B3aHMONEHCTBHA MarsHoHos ¢ ¢oHo-
Hamu. IlepefileM k HCCTenOBaHHIO B3aHMOLEHCTBHS MeXIY CIH-
HOBLIMH BOJHAMY M KOJNeGaHUAMH pelueTKH. 3aMeTHM, YTO aTOMbI
(eppOMarHeTHKa He #BJAIOTCS HEMOABHXHBLIMHM, Kak Mbl Npeano-
Jarajgy¥ MNpH yCTaHOBJEHHH BHIA FaMHALTOHMAHAa (eppoMarHeTHka,
a cOBepIIAIOT Majble KOJeGaHMA OKOJO MOJOXKEHHE paBHOBECHS—
y3A0B Kpucraaauyecko# pemrerku. IlosTomy B kKo3dduuueHrax,
CTOALUIMX Nepel NPOU3BELEHHUSIMM ONepaTOPOB POXKAEHHA H YHH-
YTOXKEHHS MaTHOHOB B BBIDAXEHMH I/ TFaMUJIbTOHMaHa ¢deppo-
MarHeTHKa M ABAAOWMXCH (QYHKUMAMM paiuyC-BeKTOPOB ero
‘aTOMOB, MBI JIOJDKHEI, CTPOTO TOBODHA, NOA Ry NMOHHUMAaThb

0
Ry = Rlz’ + y—uayp,

rie RY: — pABHOBECHOE 3HAYCHHE DAIMyC-BEKTOPA, COEAMHSAIO
wero [-# u [’-# atoMbl, W ; — CMelueHHe [-TO aTOMa M3 €ro
MOJIOXKEHUA PABHOBECHUA. Iro cMelieHHe MOXHO, B CBOIO O4Yepelb,
Pas3JOXKHUTL HA NJOCKHE BOJIHBLL

B\l e; (f) 17RO iR
BRI NAE)

Vmp](f)
(26.1.1)

rae f w copj(f)——BonHOBoH BEKTOD M 4acToTa KoJebaHuit
¢ moJsipuaauuedt J, ej(f)—eILHHHlleIﬂ BEKTOp MNOJsSpH3aLUH,

b3 (f). b;(f)— onepaTophl pOXIEHHS M YHHUTOXeHHs (HOHOHa
C BOJHOBBIM BektropoMm Jf n noaspusaunefi j, ©— IUNIOTHOCTD
BelleCTBa.

Takum o06pa3oM, k03P PUIUEHTE! Mepel MPOU3BEICHHAMH Ole-
pPaTopoOB pOMNIEHUS M YHHYTOKEHUS MarHOHOB B T'dMUJIbTOHHAHE
theppoMarueTuka ABafIOTCA (GYHKIHAMH ONEPATOPOB POXKIEHHT U
yHHuTOXeHHs ¢oHoHoB. Tak kakK |@,|<€ @, TO MH MOXEM pa3-
JOXHTb 3TH KO3(EQHUUHEHTL! B PAL MO CTeNeHAM KOMMOHEHT
w — u;, B pe3yabTaTeé 4Yero TaMHJIbTOHHAH (eppoMarHeTHKa
NnpUMeT BHUI

=g+ X @ —ma(giﬁ) +
i’ w

1 R 02585 \
+”‘l ’Z '(lll—‘ ul')a(um_um’)ﬁ (_OR—;;@REW) + ..
L', mm
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e MHAEKC HyJb O3HAauaeT SHaueHHe OYHKUMH npH Ry = RV
H O, B caymar Ajas o0o3HauyeHHs HHEeKCOB koopauHar. Ilepsoe
cjaraeMoe B 9TOM BhIP@XEHUM MNpencTaBiaseT COGOH [AMHILTO-
HUAH COOCTBEHHO CIIHHOBOH CHCTeMH, a4 OCTa/NbHEE ClaraeMee
noc/e MOLCTAHOBKH B HUX BhpaxeHuht (26.1.1) — ramuibTonnan
B3aHMOJEHCTBHA MarHoHOB ¢ (OHOHaMH. MBul coxpaHum B aTOM
raMuabTOHHaHe, KOTOpH# Oynem 0603Ha4YaTh yepe3d &#y, TOJBKO
AMHEHHBIE [0 CMEIIEHHSIM ATOMOB HYJEHBI: ’

058 s
= u— uyp . 26.1.2
Hy ;( ! z)a(aR?l,)o (26.1.2)

3aMeTHM, YTO B TO BBIpaXKeHHEe CMeuleHHs aTOMOB BXOIAT He
nopo3Hb, a B BHIe pasHocteli #;— uyr. Ilostomy S ofpa-
aetcss B HYJdb, eCJH K HYJNIO CTPeMATCA BOJIHOBLE BEKTOPH
$hoHOHOB.

Mgul He 6yleM paccMaTpuBaTh 3JieCh NMPOLECCH HpeBpatlieHus
MarHoHa B (JOHOH, KOTOpBIE NPHBOLAT K CYIECTBOBAHHIO CBf-
3dHHHIX MarHUTOYNPYTHX BOJH M OKa3blBAIOT JMIb MalOe Biusl-
HHE Ha CIeKTPhH MarHoHoB M (POHOHOB ((eHOMeHOJOrMuecKas
TEOpHsl CBS3aHHBIX MarHUTOYNPYTHX BOJH JaHa B raase IV),
a OrpaHWYUMCsl TOJBKO DAacCMOTpPeHHeM MPOLECCOB ¢ YHacTHeM
JBYX MArHOHOB M OJHOro ()OHOHa (NpoueccH ¢ yuacTueM 60.b-
Iero 4yHc/Ja 4acTHI MpH HU3KMX TeMIeparyPax MeHee BepPOSATHEI).
[aMuAbTOHMAH, ONUCHIBAILIKK NpoOueccH € yuacTueM IBYX Mar-
HOHOB M OAHOTO (POHOHA, HMeeT BHJ,

G =2 (W (1,23) i caboA (Ry — Ry — By) +

%

W (12.3) e eF b (B + By — By)+9. ¢} (26.1.3)
(31ecb, Kak M paHee, MCNOAL3YIOTCA oO6o3HaueHus c¢;= c(k,),
b;==b,(f;); B ramMuibTOHMaHe He BHINUCAHbI ciaraemple ¢*cth*
W cch, Tak Kak B nepBOM OODHOBCKOM NpPUOJIHKEHHUH OHH He
BHOCAT BKJaja B BEPOATHOCTH NePeXOioB).

Bxogsmme B &€ semmunmnn W, (1,23) u W, (12,3) npexn-
cTaBasieT CoOOH aMIUTYLE! MPOLECCOB MCMyCKaHus (TOTJole-
Hud) ¢OHOHA MATHOHOM M pacnana ¢oHOHAa Ha IBa MarHoHa.
DT aMIUTUTYAB MOMHO, cornacHo (26.1.2), (26.1.1), mpexcra-
BUTL B BHJE

0 h \'%
W (129) = () ka0, (1:29)
F™3

M h \%
Va2 = ()" 0l (12.9),
F¥3

(26.1.4)
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rie mp=opa%, ¢, (1,23) u @5, (12,3) — nekoTopuie  GyHKUUHA
OT BOJIHOBBHIX BEKTOPOB MarHoHa H ()OHOHA, PaBHBIE [0 MOPSIKY
BeJHUYHHB eiuHuue, ecid Ra <€ 1l u fa <& 1.

OTMeTuM, 4TO NPOUECCH HCMYCKAaHHsA W MoriolteHus (oHOHa
MarHOHOM OGYCJIOBJEHH B OCHOBHOM OGMEHHBIM B3aUMOneHcTBHeM,
a TPOUECCH CJIUAHHA [IBYX MarHOHOB B (OHOH M pacnana ¢hoHOHA
Ha Ba MArHOHa —- PeJATHBUCTCKUM B3aHMOLEHCTBUEM.

ITpuGasus k cymme (#,), u S, raMuiabToHuMaH S, ONH-
CHIBAOWUME KONeOaHNA peuteTKH, Mbl NMOJAYYHM [OJHBIN TaMHb-
TOHHAH deppoMarHeTuka F:

S = Ko+ Fys+ S+ Sy (26.1.5)

3nech ¥, no-npexneMy oO03nayaeT raMWILTOHMAH rasa CBO-
GOLHBIX MAarHOHOB, a J#,, — FaMHJIbTOHHAH B3aHMOLCHCTBHUA
Mexc1y MarHOHaMM (STOT raMHJbTOHMAH onpelenseTcs (opMmyiaMH
(25.1.1), (25.1.2)).

2. BepofATHOCTH HENMycKaHAs MArHOHOM (oHOHA H mpe-
BpaWleHus JBYX MarHoHoB B (oHoH. Paccmorpum npesuae
BCETO MPOUECCH HCIYCKaHWS M MOTJOLIeHHd (OHOHA MATrHOHOM.
DTH NpoUeCCH MOMHO TPAKTOBATh KAaK YEPEHKOBCKOE H3JAyueHHe
(nornouenne) 3ByKOBHX BOAH. Manyuawome#t uyactiued npm sTom
aBiasfeTcs MarHod. Tak Kak 3aKOH AMCNePCHH CNHHOBLIX BOJIH
copnanaer (B rmnpeneGpexeHHH peJATHBUCTCKUMH 3(dextamu)
C 3dKOHOM [HCMEepCUH OOLIYHLIX HEPeNATHBUCTCKHUX CBOOOIHLIX
YacTHL, TO YCJIOBHe H3AyusH#d (OHOHA 3aK./I0YaeTCs B TOM, UTO

CKOPOCTh MarHoOHa v 10J/2KHA MPEBOCXOIUTL CKOPOCThL 3BYKaA S.
2

3aMeuass, 4TO «Macca» MarHoHa paBHa m,, = gz, M. Cne10-
hk 2a
BaTe/LHO, U= = VG €,(R), MOXHO NpeiCcTaBUTb YCJIO-
BHE HW3JyUeHHs B nuﬂe
92
B) > 26.2.1
85( )/ 0 ( vl )

rie 0, = % — remneparypa [leGas.

3anuweM Teneph MATPWUHBIR 3JIEMEHT, COOTBETCTBYIOUIMH
_ polleccy HCNyCKaHust (POHOHA MarHOHOM:

(ny+ 1, ng—1, Ng+ 1|\ ny ny Ny)=

=Y,(13.2) Y (0, + Day(Ny + DA (k) +F; — ko). (26.2.2)
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Orciona caenyer, uro BepOﬂTHOCTb 4epeHKOBCKOTO H3/ayuYeHus
¢onoHa paBHa

wi e Ny =Tl‘psz (13.2) P (ny + D ng (N34 1) X
XAy 13— ko) 0 (e, + hog —&y).  (26.2.3)

M3MeHeHHe uMCIa MarHOHOB, OOYCJOBJeHHOe NPOLECCaMi
MCIYCKAHUsl H MOIIOLIEeHAS MarHOHOM (POHOHA, MOXHO MpexcTa-
BUTb B BHIE

(n)y =Ly (n, N}, (26.2.4)
ruie
2n
Ly{n, N}= -

23
Xllny + DNy —ny (ng+ DNy + DA (B — by — f3) X
X8 (e, — ey — hog) + | Wy (13.2) Pl(n; + D (N3 + D) ny —

— N3+ DIA (R + s — RO (54 -f- Aoy — e5)].

Jlerxo BHjerb, YTO WHTerpan croikxosenufi L oGpalnaerca
B Hy/ab JJ51 PaBHOBECHBIX pacnpele/eHdfi MardHoHoB W (OHOHOB

- 1 — 1
n (k)= e, (B o Ny(H= R, (1) .

e T —1 e T —1

(1P @3.DFX

ﬂ.eﬂCTBHTeJIbHO, B CHJIy 3aK0Ha COXpaHeHHH SHepl‘HH
(my~+ D noNy =1,y (ny + 1) (N3 + 1),
(714 1) (Ng+ 1) ny = n,Ny (ny + 1),
A MO3TOMY o
Ly(n, Ny=0.

[Tocrynas Ttak ®e, kak B npelblayuieM naparpade, MOKHO
onpelequTh BpeMs XH3HM MAarHOHa C JaHHLIM BOJIHOBHIM BEKTO-
pOM 10 OTHOWEHHIO K NpONeccaM HCMNYCKAHHA H MOTJIOLIEHHA
tdoHoHa, KOTOpOe MBI OyiaeM oGosHawarh uepe3d T, (R). Obpar-
Haf BeJMYHHA 3TOTO BPEMEHH KH3HU onpelenasercd GopMyaoh

Tsl(lkl)z— aiL(gl)" 5 _J{llysl(QS D + 1y + Ny X
X A (y — By — £ 8 (6 — &g — hoy) -+

+ | ¥, (135 2) ]2(N3—n2)A(k1 + 3 — ko) 0(e; 4 hoy —ey)).
(26.2.5)
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1
Ycpennus TRy MO PaBHOBECHOMY paCHpele/eHHI0 MATHOHOB,
sl 1
HafineM CPeIHIOI0 BEPOATHOCTb WCMYCKAHHA W MOrJOLeHHS ¢o-
HOHa MAaTHOHOM
o @
w — n (k).
=S @ @

k

2 2

0
B npeieabHHX chly4asx, Koria T<<—60— H T>>TD-, 3Ta Be-
. c c

anuuHa umeer BHA [}

(o, T [T\~ ( 0% ) e'g

— — | —] exp|— , T —

h mpgs® (6‘,) P 40,7 < Oc
Wy = (26.2.6)

sl e‘- T ( T )5/z ; 2D

l ? mFE2 0, ’ >>—c—

rne §— HEKOTOpad CpeaHdas CKOPOCTb 3BYKa. 3aMeTuM, 4TO

9KCMOHEeHUHA/JAbHAl 3aBHCUMOCTD Cpem—xeﬂ BEPOATHOCTH HCNYCKA-
2 ’

0
D
nus QonoHa npu T <7 —— OT TeMIllepaTypbl CBS3aHa C TeM, uTO
[+

B lipoiieccax H3JdydyeHud MOryT NPpUHNMATH Yy4YaCTHE TOJbLKO Te
2

D

MATHOHBI, SHEPTUsi KOTOPHIX OOJblle 7T
4

[TocTynas aHaJOrMYHBIM OGPa3OM, MOXHO OMNpelNeNHTb Cpell-
HIOI0 BEPOATHOCTb INpeBpauleHHs JIBYX MarHOHOB B OLMH ()OHOH
(u obpaTHOrO npouecca npeppalleHHss (OHOHA B 1Ba MarHOHA).
OTa BepOATHOCTh, KOTOPYI0 Mbl OyieM 0603Hauarh uepes .,

onpeneadercd (opMyaaMu

2 2
woMo oM, [ T %
[ S () Tl

, mes? \ 0p 0,

W, & , 1 (26.2.7)

b (wMy N[ T\ 7 0%,
| 7\ e, J\5 )~ T=>

c c c
CpasHenue 3THX ¢opMya ¢ ¢dopmynamu (26.2.6) nokasbi-
BaeT, 4YTO W, >> W), BIIOTh [0 TEeMNepaTyp MOPALKA OLHOTO

rpaugyca.

3. BeposTHOCTH npoueccoB B3aNMOAEHCTBHA (OHOHOR
¢ mMardoHamu. Mcnosaesays Boipaenue (26.1.3) nad raMuabTo-

HHaHA B3aWMORERCTBUS MArHOHOB ¢ (POHOHAMH, MOXHO Onpeje-
JATh W3MeHeHHe YucAa (POHOHOB C 3aLaHHBIM BOJHOBEIM BEKTOPOM
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B eAHHHUY BpEMeHH, BBIFLIBAEMOE MOIJOIICHHEM M HCHYCKaHUEM
doHOHA MarHOHOM:

(N)g==L;;{N. n}, (26.3.1)
rae

L,(N. n)=2% Ems,(zl 3) 12 %

X (N + 1)(”2+1)”3 1”2(”3‘|"1)]6(ﬁﬂ)1 +-g5 —g3) X
XA+ ky — k).
Jlerko BuzeThb, 4TO
Lls (-1\—/, ;’:} == 0.

ITocrynas Tak Ke, Kaxk M B NPeAHAYWEM pasfene, MOXHO
ONpene/UTL BpPeMS KH3HH (DOHOHA C 3alaHHbIM BOJMHOBHIM BeK-
TOpOM M nodspusauuedt T, (f, f) Mo OTHOIEHHIO K Hpoueccam
MOT/IOIEHHS ¥ HCNyCKaHuy (OHOHA MATHOHOM:

| 0Ly
Us (fl' ) éfo (fl)
Mbl npuBeneM 3iech OKOHUYaTeNbHOE BLIPAKEHHE TOABKO JJd

cpelHeld BepOATHOCTH HPOUECCOB INOTJMOLIEHHA M HCNYyCKaHud
(poHOHA MArHOHOM:

=a=lw) 7>
wlS:"C—:ie— ——e: » >>—e—c- (263.2)

®oHOHB B3aUMONEHCTBYIOT He TOJBKO C MArHOHAMM, HO W
mexny coboff. TlpocrefiiuuMu npoueccamud B3auMOaeHCTBUst (O-
HOHOB ADYT C APYroM sBJSAIOTCH pacnal (oHOHa Ha ABa ¢oHOHa
1 CAudHue ABYX (oHOHOB. Mbl OrpaHMYMMCH 31eCh paccMoTpe-
HHeM TOJIBKO 3TUX NpoleccoB M He OyleM paccMaTpuBath Ciay-
yaeB, Koria TpeX(OHOHHHE Ipoluecchl HeBO3MOMHBI [13].

TaMnibTOHMaH, oOnuchBapUMA TpeX(OHOHHBIE NPOLECCH,
AMEET BHA ‘

S0, = % W, (12,3) b1 65 b A (fy, 4+ Fo — o) +9. ¢, (26.3.3)

rae
ho ho,hw,

WV, (12,3)= “m—(l?z

(12,3)

H @;(12,3) — HexoTOpas (QYHKUUA OT HANPABACHUR BOMHOBHIX
BEKTOPOB H MOJAPH3aUU# (POHOHOB, MO MOPAAKY BeNUYHHBl PaB-
nad exurnue. OTCiOZa AerKo MOAYUHTH BHIPANMEHHS LA BepoOAT-
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HocTel mpoueccoB pacnana ¢oHOHAa Ha xBAa (POHOHA U CHSHUA
IByX (OHOHOB

wlpe Ny =2 W (12 3) P (N, + 1) X
X (Ny4 D)NA (fi 4 fo— 1) d(ho, 4 ho, — hay),
Wiy N e = g‘ | W, (32, 1) B (N, 4+ 1) X

X NoNA (fy — fo — f3) 8 (ho, — hog — hay)

H HaflTH H3MeHeHHe YMcaa (POHOHOB C 3aJaHHEIM BOJHOBEIM BEK-
TOPOM M noJfApu3auuelt (B enUHHUY BpeMeHH), 0OYCIOBJICHHOE
NpOLECCAMH pacnaia M CAUAHUA (QOHOHOB:

N =L (V] =25 30 (2 W, (12,3) PIN, 1) Ny b D) Ny —
23
— N Ny (Ny -+ DA (F 4+ fo— F3) 8 (ho, -+ hoy — ko)
+ W, @3 D PN+ D) NNy — Ny (Ny+ 1) (N3 D] X
XA (fy — fo— f5) 8 (ho, — hoy — hay)). (26.3.5)
Jlerko BueTh, UYTO HMHTerpasl CTOJKHOBEHHH (OHOHOB ApyT

C IpyroM Lfs){ﬁ} obpaiuaercss B HYJb A MJAZHKOBCKOTO pac-
npeje/aeHus (OHOHOB:

(26.3.4)

LP (N} =o0.

[Mocrynasl Tak e, KaKk W B NPeIBIAYIUEM pasiele, MOXKHO
onpeienuTh BpeMeHa XU3HH ()OHOHA C 3aLAHHBIM BOJNHOBEHIM BeK-
TOpPOM M TOJsIph3aiMeft 110 OTHOLIEHHIO K TpoileccaM pacraza
¥ cansHud GOHOHOB. Mbl npuBelem 31ech OKOHYaTeNbHOE Bhipa-
HeHHe TOJBKO IJA cpelHefl BePOATHOCTH 3THX NPOLECCOB:

3 6, (T
Cpasnenue sToft CI)Op‘Vl}’JIbI ¢ QopmysoRt a8 W, NOKA3LIBAET,
yro ecau 0 >>T>>
'w53>>>fwls,

T. e. U3MeHeHHe (YHKIMH pacnpejeneHus (GOHOHOB NPOUCXOIHUT
rnaBHEIM  o6pasom OJaarofaps CTOJKHOBEHHSM (OHOHOB Apyr
€ Apyrou.
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CpasnuM B 3akaioueHue 3T0To pasiena seposTHocTH @
@, XapaKkTepu3ylolmHe HHTEHCHBHOCTb B3aMMOLEHCTBHA MarHo-
HOB ZPYT C IPYTOM, € BePOATHOCTAMH W M W, XapaKTepHsy-
IOLIMMH HHTEHCHBHOCTb B3aHMOLEHCTBHS MAarHOHOB ¢ (OHOHAMM.
Jlerko BHMIETH, UTO

wgl) >> wg3)’ wsl’ eciu T >> ec (_HPG/:II_O)Vv ,
(26.3.7)

oMy \r
WO >wg, g, eem My LT L6, (Edec : ) '

Takum oO6pasom, B3auMOlefcTBUe MarHOHOB IPYr C JAPYIOM,
BIIOTh 1O TeMieparyp nopsaka p,M,, cu/ibHee B3auUMOLeHCTBHS
MarHoHoB ¢ ¢oHOHaMH. OTCI0Ia MOXHO 3aKJIOUHTb, YTO DPABHO-
BeCHe B CHCTeMe MarHoHOB JOJKHO HacTyNuTb GbICTpee, uem
paBHoBecHe Mexly MarHoHamu W ¢oHoHamu [l]. TTosTomy Tem-
nepaTypbl CHHHOBOR CUCTEMBl H pelleTKH MOTYT, BOOOIe roBops,
OTJHYaTbCA OPYr OT Apyra.

§ 27. Penakcanua MariHTHOTO MOMEHTA
B (peppoMarHeTHrax

1. KasupasHosecHble GO3eBCKHE pacnpeaeseHusa marto-
HOB U (poHOHOB. Mayuan TepMolnMHaMuyeckHe cBoRcTBa ¢eppo--
MarHeTHKOB, Mbl ONpeleJUTH PaBHOBECHOe 3HAYEHHE MarHUTHOTO
MOMeHTa ¢eppoMarHeTHka, HO He BHIRCHHJH, KaK NPOUCXOIHT
npouecc peaaxkcaldd ero MarHUTHOTO MoMeHTa. Temepb MBH
nepefizeM K M3Yy4eHHIO 3TOTO MpoLecca, TeCHO CBA3aHHOTO ¢ Mpo-
UECCOM YCTAHOBJIEHUS TEPMOAWHAMUYECKOTO pAaBHOBecHs B (eppo-
MarHeTukax. 3JTOT TNPOLECC, KaK W BCE KHHETHUeCKHe SB/IEHHS,
npoTeKkamline B (eppOMarHeTHKaxX, CyLIeCTBEHHO ONpelefsercs
pa3JHUYHBIMH TIPOLECCAMH B3aUMOLEHCTBHA MATHOHOB, GQOHOHOB H
3/JIeKTPOHOB MpOBOJMMOCTH. MBI GyzeM 31ecb paccMarpuBaTh
TOJNbKO (EpPPOIHINEKTPUKH M He OyleM I[03TOMY YUHTLIBATb
ApOUECCOB B3aMMOLEHCTBUS C y4acTHeM 3JEKTPOHOB MNPOBOIH-
mocTH. Kpome Toro, Mbl OyzneM cUHTaTb KPHUCTAld AOCTATOYHO
YUCTBIM W JIMIIEHHBIM 1€(QEeKTOB, TaK YTO MOXHO He YYHTbIBATbL
MPOLLECCOB paccesHHsi MATHOHOB M (POHOHOB MPUMECHBLIMH aTOMaMH
U JeeKTaMn pelleTkH *).

*) YueTy BausHus npHMeceii Ha pa3Auuibe KHHETHYECKHE TIPOnECCH
B deppoMarseTHkax HOCBsALieHb paboTwl [6, 7]; poJb 3/MeKTPOHOB MpoO-
BOJMMOCTH B KHHETHYeCKHX IpolLeccax paccMorpeHa B pa6orax [8].
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B npenmiayielt rnaBe MB OLEHWIH CPEIHIOI0 BEPOSTHOCTDL
0BMEHHOTO pPAaCCefiHUs MATHOHA MAarHOHOM:
4
w® ~ 8 (_T_)
s~ e,
H CPEIHIO BEpPOSTHOCTL pacfala MarHoHa:
1
w(3) z-(_”olw—oy i) /2 11'12 T R
s ho, 0, uoM,
BeposTHOCTH OCTa/bHBIX TPOUECCOB B CHCTEME MAarHOHOB 3HAUM-
- TeabHo Menbume @w® u w®.

Ecau GC(”"M ) LTk, 1 w¥>w® Iosromy

B 3TOM WUHTEpBaje TeMnepaTyp HauboJee CHJbHBIM HBJSIETCS
0OMEHHOE paccesiHHe MarHoHOB. JTO paccesHWe NPHBOIUT, Kax
O6yaeT 1NOKa3aHO lajnee, K YCTAHOBJEHHIO G03eBCKOTO pacrpe-
JeNeHNs] MarHOHOB, KOTOpOe SIBAfETCH, OJHAKO, HE DABHOBECHbIM,
a KBa3UPAaBHOBECHBIM, TaK KaK ero TeMmepaTrypa, T. €. Temne-
patypa CIHMHOB, MOXeT OT/JHYaTbCA OT TeMIepaTypel (OHOHOB,
T. €. TeMNepaTyphl KPHUCTANIHUeCKOH pEIIeTKH, H COOTBETCTBY-
IOUMA 3TOMY pacfpene/eHHI0 MarHHTHBIE MOMEHT MOXET OTJH-
YaThCcf OT PaBHOBECHOTO 3HAYEHWs MArHUTHOTO MOMeHTa ¢eppo-
MarHeTHKa. Tak Kak raMHUJbTOHHAH OOMEHHOrO B3aMMOJLeHCTBUS
KOMMYTHDYET C IMOJHBIM MAarHUTHHIM MOMeHTOM Teaa IR u ero
npoeKlMei Ha ocb Jerkoro Hamaruumdenus IM,, 10 mocaennue
BEJHYUHBI MOTYT HMeTb NPOH3BOJbHbIE 3HAYEHHS.

[lepexoxl K paBHOBECHbIM 3HAYEeHUAM 3THX BEJWYMH, a TaKkKe
BHIDABHHBAHHE TEMIIEPATYp CIHUHOB M pelIeTKH, 00yCI0BAHBAETCH
B3aUMOICHCTBUAMY, MOTYIIMMH H3MEHSTb MATHUTHBI MOMEHT CH-
CTeMBl, T. €. MAarHUTHBIM [JHIOJbHBLIM B3aHMOIEHCTBHEM H CIHH-
0pOUTANTbHBIM BBaHMO,ﬂeHCTBHeM. St B3aumoleHcTBHA B 06aacTH

M
temneparyp T >0, ”" ¢ ABJAIOTCH CAAOLIMH 110 CPABHEHUIO
patyp 0, p

¢ oOMeHHbIM B3aumoleicTBueM. [losToMy penakcauusi MarHuT-
HOTO MOMEHTa U BHIDaBHMBAaHHE TEMIEPATYD CNUHOB M PELIeTKH
MPOUCXOLAT MEIJEeHHO MO CPaBHEHUIO € MpPOLeCCOM YCTaHOBJe-
HHSl KBAa3HPAaBHOBECHOr0 003eBCKOr0 pacmpellelieHus 15 MarHOHOB
C 3aJaHHBIM 3HAYeHUEM MATHMUTHOrO MOMEHTa.

Yr0o6bl HCCAenOBATH NPOLECC PedaKCALMH MArHHTHOTO MOMeHTa
B (eppoiusNeKTPUKaX U BLIDABHMBAHHWE TEMIeEpaTyp CIUHOB H
peweTkH, OyleM HCXOLUTb H3 KHHETHYECKMX YpaBHeHuR 1Js
¢yuKiui pacnpene/ieHHs MarHOHOB M (DOHOHOB:

on(k oN
rla(t) =Ls[n’ N}, +t(f)_=[,l {N, n}‘ (2711)
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rue n(k) u N;(f)—uncaa wmarnoHoB u ¢oHOHOB (copra j)

¢ BoaHOBbMH BekTopamu kB u fu L {n, N} u L, {N, n})—un-
TEerpanbl CTOJKHOBEHHH MAarHOHOB M (POHOHOB.

HMurerpan cronkHoseHu#t MarHonos L {n, N} npencrasager
CO00H CyMMY MHTErpajioB CTOJKHOBEHHH MarHOHOB APYT C IPYTOM
(¥ {n} n LY {n}) n unterpaa cTonkHOBEHMH MarHOHOB C ¢ouo-
Hamu (Lg {n, N}):

Li{n, Ny=LP (n) + LD (n) + Ly {n, N} (27.1.2)

(nurerpann croaxnosenntt LS, L'®, Ly, onpeneasiores dopumy-
damu (25.3.2), (25.2.12), (26.2.4)).

Hurerpan croakHopenntt ¢ononos L, {N, n} mnpencrasaser
co0OM CyMMy HHTerpaga CTOJKHOBEHMH (OHOHOB ADYT C APYroM
(LES) [N]) W unterpaza cromkuoBeHn# (OHOHOB € MarHOHaMH
(L {N, n}):

Li (N, n) =LY (N} 4 L [N, n) (27.1.3)
(unrerpaner croaxuosenntt L{¥ (N} w Ly [N, n) onpeneasiorcs
dopmynamu (26.3.5), (26.3.1)).

MBI paccMOTPHM CHAuaja TeMMepaTyphl, YIOBJAETBOPAIOUIHE

YCJIOBHAM

MOMO h 62D ‘
0, B, LT, —e—c—<<T<<GD.

Tlpn 3TOM HanboJee BepOSATHHIMH OyIyT CJEIyIOUIME NPOLECCH:
INSl MAarHOHOB — OOMEHHOE paccesiine M 1A (OHOHOB —- pacrai
M cansHue oHoHoB. COOTBETCTBEHHO 3TOMY Mbl BHLIEIHM U3
WHTerpaja CTOMKHOBEHHMH MaTHOHOB CJaraeMoe L {n}EgsL(f) {n},
ompeleasiollee HM3MeHeHWe (YHKIMM DacnperencHus MarHoHOB,
06yCI0BAEHHOE HX OOMEHHBIM paccesHHeM, W 3alulieM KHHEeTH-
YecKOe ypaBHEHME Il MArHOHOB B BHIeE

on(k Fe 4
PE) ¢ IO (1) 4 LS (. N, (27.1.4)

4
rie Lg{n, N} Bkmoyaer B ce6a BCe OCTalbHble C/araeMbe
B MHTErpaje CTOJKHOBEHHW MAarHOHOB:

Li{n, Ny =L® () 4+ L (0} 4+ La {n. N} (27.1.5)

(L {n) onmchiBaeT penATHBHCTCKOe paccesHHE MArHOHOB) H
£, ~— ¢opMaaLHO BBOAMMBIA GOMbIIOKH TNAapaMeTp, XapakTepusy-
10Ul - KHTEHCHBHOCTb OOMEHHOTO paccesHud. B paccmarpusaemoi
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06MaCTH TeMIepaTyp HHTErpan CTOAKHOBeHWH L. {n. N} moxuo
pACCMATPUBATL KaK Majnoe BO3MYyLIEHHe.

AnanornyHeM o6pa3oM KHHETHYECKOE ypaBHeHue AMs GOHO-
HOB B PACCMATPHBAEMOH OGJACTH TEMIEpPAaTyp Mbl 3alMIleM B BUie

ON F /
(j)t(f) — E.lLl(p) [N} 4L/ (N, n), (27.1.6)

rie LI (N)=L" (N}, Li(N. n} =1L (N. n) u &—dop-
ManbLHO BBOAMMBIA 6OJbLIOA napaMeTp, XapakTepH3yIolMi HHTeH-
CHBHOCTb TpPOLECCOB B3AHMOJEHCTBUA (QOHOHOB IAPYr C IPYrOM.
B paccmarpuBaemoli 06JacTH TeMnepaTyp MHTErpajl CTOJKHO-
BeHul L; {N, n} MoxHO paccMaTpuBaTb KaK Majoe BO3MYUIEHHe.
Tak kak KuHeTHYeCKHE ypaBHeHHS 11d (yHKUME pacripe-
IeJeHHst MArHOHOB M (POHOHOB COAeP:KAT GOJbIUME MAPAMETPHI
E, v &, TO Mb OyleM MCKaTb pelieHHA STHX ypaBHeHWH B BHIe
pasnoxeHu#l N0 OOpaTHBIM CTEMeHSM TapamMeTpos &, W §;:

n(k)=nO @) +nV &)+ ...,
N;(H=NPH+ NP+ ...

[Moxcrasaas sTH pasnoweHus B (27.1.4), (27.1.6), noJay4um cie-
Lyoue ypasHeust 1as onpeaedenus n(®, N©O  p®  nQ);
Z(Se) {ﬂ(m} =0 Lgp) {N(O)} =0
— (]
B L¢ () =L — L {n", NO) e7.17)
aN(O)

BIP (NY) = (N, 40),

PaccMoTpMM cHavana TepBbie IBa YPaBHEHHs 1A ONpejese-
una dynkuui 2@, NO My 6yxem npexsnonaratb, 4TO CTOPOM-
Hee MarHMTHOe mOJAe (WA KOHCTAHTA AaHW3OTPOMUM) NOCTATOYHO
BEJHKO, TaK 4TO SHEPTHI0 MATHOHA MOMHO CUATATH PaBHOR

H&i)
e, (R) ==0,(ak? 4, e;==2p,M, (5 +_W) .

Jlerko mnokasaT, uTO mnpH 3TOM obliee peluenHe ypaBHEHHs
L(Se){n‘o)} =0 umeer Bua [5]

1
[~ ®+0.
n(‘”(k)=i e Ts _1 (27.1.8)
l no, k=0,
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rae &, T, ny—HeKOTOpLie MOKA NPOH3BOJAbHEE (PYHKIUHH
BPeMEHH.

OGparnM BHMManHe Ha 10, uto 7Y (0) sBAfETCA MPOU3BONL -
HOH BeJHUYMHOH, DTO CBA3AHO CO CTPYKTYPOH HMHTerpaila CTOJK-

HOBEHHH Z(f){n}, colepaulero (MOL 3HAKOM HHTerpana), co-
raacHo (25.1.5), Beipamenue (RiRy+Raky) A (R\—+-ky—ks—Ek,) X
X 6(e; 4 &,—e;—¢,), koTopoe oOpauiaeTcs B HyaAb, ecJd
OIMH M3 MMMNY/MbCOB MAarHOHOB PaBeH HYJ10. 3aMETHM, uTO OTCIOAA
BbITEKAET TaKXe COOTHOLUCHHE

7@ —

LY (n}],_,=0, (27.1.9)
CTpaBeNIMROE MPU NPOU3BOJLHOM (YHKUMM pacupencieHus Ma-
THOHOB 7 (R).

O6wee pewenne ypasuenns LY (N} =0 umeer sun

Oy 1
Ny (= o (27.1.10)
T

e —1

rae T,—HekoTopas, moka NpPOU3BOJIbHAA (YHKIHA BPEMEHH.

Beamunner T,, C n T, umewr npocro#t ¢usuyeckuht cMBICT:
T, n T, npeicraBasioT coO0H TeMlepaTypbl CHCTEMBI MarHOHOB
M cHcTeMbl (OHOHOB, a { —- XHMHUECKHH MOTEHUHA CHCTEMLI Ma-
THOHOB.

Mbl BHIAM, YTO €CAM YYUTHIBATb TOMbKO HauGoJee CUAbHEIE
B3aUMOLEHCTBHA B CHCTeME MAarHOHOB H cucTeMe (OHOHOB, T. €.
oOMeHHOe paccesHMe MarHOHOB M pacnmaj M CausiHie (DOHOHOB,
TO TeMnepaTyphl MAarHoHOB M (POHOHOB MOTYT pas3/nyarhbcs U
XUMHUYECKUH MOTEHLHa] MATHOHOB MOXeT OblTb OTJHYEH OT HYyJf.

Mbl GyneM NO3TOMY Ha3bIBaTb paclpele/ieHus n(o)(k), N(}”(f)
KBa3UPABHOBECHEIMH.

Ilns Toro urofbl pacnpeneseHds MArHOHOB U GOHOHOB CTAJH
paBHOBeCHEIMHM (T. €. 4ToObl Temneparypbl 7' u T, BbIPaBHSJIUCD,
a4 XdUMHMYecKMH noTeHuua1 { obpatHiacs B HYJb), HeOOXOIUMO
Hapsny € pacCMOTPEHHbIMH CUJMbHBIMH B3aHMOLEHCTBHMAMHM MarHo-
HOB M (JOHOHOB Y4YMTHIBATb TaKKe HX cJjabbie B3auMoncHcrsus,
T. €. PeJATHBUCTCKOE paccesHHe MarHOHOB M NPOILeCCHl HCNyCKa-
HUS M TOTJOLIEHHS MAarHOHOM (OHOHA.

TakuM 06pa3oM, Mb NPHUXOLHM K KapTHHe ILBYXCTyIeH4YaTOH
peiakcauuu B ¢eppOMarHeTHKax, NepBas CTyNeHb KOTOPOH oOy-
C/IOBJEHA CHJbHEIMH, a BTOpas — CJAa0bIMH B3aUMOLEHCTBUAMH
B CHCTeMe€ MArHOHOB M ()OHOHOB, NDUYEM IePBas CTyNeHb 3aBep-
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L1aeTCA YCTaHOBJEHHEM KBA3HPABHOBECHLIX, @ BTOPAs—IMOJHOCTLIO
PaBHOBECHHIX pacnpenejeHHH.
flcHO, 4TO BpPEMs YCTaHOBJEHWS KBa3HPAaBHOBECHOTO 603eB-
CKOTO pacrnpeleseHHs MarHOHOB OMNpelneaseTcd BEPOSATHOCTLIO
OGMEHHOro paccesHHss MarHOHOB W TO TOPSAKY BEJHYHHBI PaBHO
T = — 1 ~ _h_ (&)4 .
s (4) ec T

Bpems e ycTaHOBJeHMS KBasMpaBHOBeCHOM yHKuUMI pacnpe-

JeneHusda (‘II)OHOHOB OlipeLessieTCs BEPOATHOCTBIO MPOLECCOB CaAUfA-
Hus (pacnana) GOHOHOB M MO TOPALKY BEJIUYUHB DAaBHO

1 h 0.\
Tl:——(B—) ~ —— (——D—) .
w; O\ T
2. YpaBHeHHA 1Jd ONpejesIeHHs NapamMeTpoB KBa3HpaBHO~-
BECHBLIX pacnpenefeHMii. YCTaHOBHM Tenepb YpAaBHEHUS a5
onpele/eHus NMapaMeTpoB KBa3HPaBHOBeCHHIX pacmpeleneHudt [5].

3ameTuM ¢ 9TOH LeMbI0, YTO WHTerpanbi croaxsosenut LY {n},
L{” [N} y10BAeTBOPAIOT COOTHOMICHHAM

LOn}],_o=0 XL {n)=0,
1= B,
_ _ 27.2.1
Se.®I® () =0, X b, HIP(N)=0 D
k I7

npu TPOU3BOJbHHX (YHKUHAX pacnpenejeHuss A GOHOHOB H
MmarHoHoB. [lepBoe M3 3TUX COOTHOLIEHUH OBIIO AOKA3aHO BHILleE,
BTOpPOe $IB/ASIETCA CJAENCTBUEM COXPAHEHUS YMCJIA MATHOHOB NpHu
06MEHHOM pacCesHUH, a4 TPETbe W YeTBepTOe —CJEACTBHEM 3aKOHA
COXpaHeHUs IHepTHH.

M3 3Tux cooTHoweHu# W ypasHeHu# (27.1.7) ana dyHkuuh
nM u NU caepyer, 4TO NOMKHBL BHINOJHATBCS YCJAOBHS

a
=L (1 NO}Y],

onf{? _EL (n©, N(O’},

=0’

ky

(0)
2 dn £ == 2‘ e (0) (0)}’

By

oN<°>
— 1 he, = 2 bo L, (N©, n©},
St fd
18 A. Y. Axuesep 27'3

(27.2.9)




OTH YC/OBHS, SABAAIOWMECT YCAOBHAMH pa3pelINMOCTH ypaBHe-

uu (27.1.7) aaa ¢yuxkump a, N, ppencrasasior cobo#t
OIHOBPEMEHHO YPAaBHEHHS IS ONpeieNeHHs NMAaPAMETPOB KBA3H-
PAaBHOBECHOrO pacrpene/ieHns.

3aMeTHM, 4YTO BMECTO NOC/JEIHETO YPABHEHHA MOXNHO IOJb30-
BATbCA ypaBHEHHEM

oY ,anﬁo’ - OND
Yoo+ Y, oy —— =0, (27.2.3)
LA Sy

KOTOpO€ BEITEKAET H3 TOro, 4TO

Nele{n N} 4+ X koL (N, n} =0.
kl fljl

Mu 6yzem cunrare Beawundel §, 8T =T ,—T, un v:—_eo%,

rie N —noaHOe UYHCAO 4TOMOB B Tese, MAaJabIMH (BeJHYHHA ng/N
cuuTaeTcs MajoH, HO KOHeuHOR mnpH N —>00) M pa3aoWKHUM
NO3TOMY BeJHYHHbI, BXOIALIMe B ypaBHeHHs (27.2.2), no creneHaM
g, 0T n v. Coxpanss B pa3/OXKeHHH TOJAbKO JHHEHHBIE UJAeHHI,
TOJy UM

, . 1 -

oT + G]C — —; v= Bg;@—}— B[;V’V + BCT GT,
. . 1 -

oT + G2€+_c? v=Bp& + Br,v + Brr 0T,

v=B_,
. . 1 - .
’;—jTS+T, + v+ Gt =0, (27.2.4)

rie ¢, U €, — CNIHHOBas H CpOHOHHaﬂ TeNJOEMKOCTH, OTHECEHHBIE
K OIHOMY 4TOMYy, H

@
de

G‘=_ci1 %§$+(65+cl)—k—}'
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o’

(0 L} {n®, N“”
(5 £

927 (2@, NO) )
0

911 {n®, N9
ov 0

(
By, —Stls Ner( g Lo, N, @128
(

v il v

By = Ccs jz—Gczl T 2 ?%T— Ly {n®, N(O)})o '
&

BTT::C_IC_I{;_sCS_E & (OZT L { “ N(O)})o'

Bt (L L1 ®, MO, )

(unnexc 0 osHavyaer, 4TO 3HAYEHUA TPOUIBOLHHIX OT MHTErpajioB
CTOJIKHOBeHHH OepyTcs npu = v==0T = 0).
OO6paruM BHHMaHWe Ha TO, 4YTO

By = Brg.

310 COOTHOWeHHE BBHIPAXdeT NPUHUUT CUMMETPHH KHUHETHYECKHX
ko3d¢duunenrop OHsarepa.
TlepBrie Tpu ypaBHenus (27.2.4) onpeneiqioT, OYeBWIHO,
Bequunnbl 07, §, v, a uerBeproe — Beqnuunn T u T
[pennosaras, 4ro BeauwuuHet OT, §, v M3MeHaOTCA IO
3aKOHY e~*, Mbl NOJYYHM TpPH BO3MOXHEIX 3HaxeHus A. OnHo
M3 HUX PaBHO

16m =
hsz*BVV:—h—n(eT—-l)El‘F,(O, 149;1, 2)pPX
12

X ity (14 1149) 0 (8, € — €10 — &), (27.2.6)

a 182 APYTuX A, M Ay ABAAIOTCA KOPHAMH KBALPaTHOTO ypaBHEHHS
M (Go—~G) A (GeByp + Brg— Gy Brr—By) +

BBy — BBy =0. (27.2.7)
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4,
B o6nactu TemmepaTyp 9c>>T>>6c(”°éw°) BHIPAKEHNHS
(4
nas Ay, Ao, Ay CHIBHO yHpOWIAIOTCH:

A A BoMo MM, T Ao A h (l‘_)“/ﬁ
! h Ve, 9 T m a2 '

F

R A My UM, (__7;)2
3 h 6, \9,

(4

(27.2.8)

3. Penakcanusi MarHuTHOTO MOMEHTA H BLIDABHUBAHME
TEMOepaTyp COMHOB M pemeTku. [lokawmeM, uro § u v onpe-
HeNsiOT BeNMYMHY MArHUTHOTO MOMeHTa ¢eppomarHetika M w
NPOEKUHI0 MOJHOTO MArHUTHOrO Momenta IR Ha nMIOCKOCTb, Mep-
NEeHAMKYASpHYI0 ocu aHu3otponun M :

W — ([ Mar)', M=+ 9= ([ Mear)+( [ Myar].

HetcTBUTEAbHO, HCHOMb3YS ¢opmyasl (18.3.6), umeem

M2 = (MV ) — 4V D) n(k),
R0
(27.3.1)

M = 4p, MV (0), My— 2535 .

[Toacrasaas BMecTo 72(R) Bripaxenue (27.1.8), noayunm B nuHeti -
HoM mo § u OT npuGanxeHun

. _ _ 0_
M=M(T)+6T50TM(T)+2“,OC__ —0‘:-,
k (27.3 2)
M, = M .
€
m m - -
rie M= e s M, = —Vi— M= M(T) — paBHOBecHOe 3Haye -

HuUe nnon—xocm MarHUTHOrO MOMeHTA NpH TeMneparype 7', KoTopas
YCTaHOBUTCA B Tede NPH moJaHoM pasHoBecud u 0T =T, —T.
Mer BHAMM, YTO npoekuus noaHoro Momenta I, nonHocThIO
onpenejsieTCA BEMMYMHOH WV, KOTOpas M3MEHsSeTcs €O BpeMeHeM
M0 3aKOHY
B
v (£) = v (0) e "vv’,
IMosromy
¢
M (H)=M (0)e "L, (27.3.3)
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| Ihe

1 1 1
T:g?\/s:—-g va.
Bennunna v | npexncraiser co60#t BpeMs pesakCalHH NoNepeyHoH
cocTaBasfOLE! MarHuTHOro MoMmeHnra. IToguepkHeM, 4to pesakca-
ISl MOTepeyHon CocCTaBasIe MArHHTHOIO MOMEHTA NMPOUCXOMUT
He3aBUCUMO OT peJlaKCalluH BeJWYHHBI MOJHOr0 MarHUTHOrO MoO-
MeHTa M OT TMpollecca BLIPABHHUBAHHA TeMINEPATYP CHHMHOB H
pelIeTKH,

Penaxcauust BeJHYMHB NOJHOTO MATHUTHOrO MOMEHTAa U Npo-
1lecc BbIPaBHHBAHMS TeMIepaTyp CIHHOB W DEUIeTKH NMPOUCXOINT

no 6oJee CMAOMHLIM 3aKOHAaM:
3 3
M@t)— M= X ae™™", 8T (t)y= X be™ ",
i=1 i=1

roe Ko3(hOHUMEHTH @; M O; ONPeleJAITC HaYaJbHbHIMM 3Haye-
HASIMM MarHUTHOTO MOMEHTa M DPAa3HOCTH TeMNeparyp CHHHOB H
peLteTKy.

Mut He GyneM TNMPUBOLMTH 34eCh OOLIMX BHIpAXEHHH IJs 9TUX
K03 DUUKEHTOB, a OTPaHHUYMMCH TOJbBKO PaCCMOTPEHHEM HEKOTO-
phHIX HauboJ/ee MHTEPeCHbIX CJY4YaeB.

Ecin M| (0)=0oT (0)=0, 10

M(t)— M= (M(0)— M)e~7v,

T @ M(O)_——/W (.ﬂ)&)lh —(ic—(e"klt-—e-lrt)_ (27.3.9)
T M T2 T ‘

1
Hs stux (OpMyJ BHIHO, UYTO BeNHUHHA T = -— NPeICTABJISET
1

coGOl BpeMs peNaKCalMM BeJHYHHB MAarHATHOTO MOMEHTa.
Ecmm M, (0)==0 u M(0) — M=0, To

— ot - Mt
ST (£) = oT (0) £+

l+g
(27.3.5)
— T & (M \2f T \%
0= B S0 (B () e oo

rie
A \2( &g\
=2(z) (#)"
q %, ) \ T
OrtMeTuM, 4YTO BeJHUHHB A, Ag, Ay YIOBAETBODSIOT Hepa-

M\ B2
BEHCTBY Ag SSA >>A4 (Hal'lOMHPIM, 4TQ T>>6£('Hoec ") ) _GD_)
(4
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Tax Kak ¢<€71 (M <@ hy 4 ;<€ T), TO B HayabHOH cTa-

IWH BHIDABHHBAHHS TEMNEepaTyp OCHOBHYIO POJMbL WIpaeT Nepsas

9KCHOHeHTa e~Mf, a Ha KOHEYHOH CTamuum — BTOpPAs SKCIOHEH-
Ta e~Mt,

Hs ¢opmyn (27.3.3), (27.3.4) u HepaBeHCTB Ay A SSA,
ClENyeT, YTO YCTAHOBJEHHE PABHOBECHOTO BHAYEHHS BeJHYMHBHI
MA4THUTHOTO MOMEHTa MNPONCXOINT GHCTpee, YeM H3MeHeHHe Mep-
NeHAUKYNSPHOR COCTaB/sOWeR IMOMHOTO MATHHTHOTO MOMEHTA.
HubiMH c/I0BaMH, BHauajle YCTAHABJIMBAETCS DPABHOBECHOE 3Haye-
HHE BENMYMHBH MarHHTHOTO MOMeHTA, 4 3aTeM YXKe HNPOUCXOIUT
NOBOPOT MAarHHTHOTO MOMEHTA K OCH JIErKOro HamaruudeHus [51.
[Tocnennu#t sTanm pesjakcauuu (EHOMEHOJOTHUECKH MOMXeT OhTh
ONNCaH ¢ TMOMOILBIO PeNaKCAUMOHHOIO YJEHAd THMa

1 ~
i (M X (M X ).

Mpu T ==100°K nas A,, Ay Ag HMeeM CJIEILYIOLL[H@ OLlEHKH:
Ao =~ 109 cetrl Ay =~ 107 cex—1, ks 105 cer~1.

CpaBuuBsas (popMynbl (6.3.8) I peJlaKCauMH  MarHuTHOTO
MOMEHTd, KOTODBle Mbl TOJYUYUJIH, HUCXORA H3 (DEeHOMEHOJOTH-
yeckoro ypasHeHus (6.3.1), ¢ dopmyaamu (27.3.3), (27.3.4),
BUINM,

Ay == QYL’ A=Y,

rl€ BeJHYMHLI Y| H Y, .onpeﬂenmoTcsi dopmyaamu (6.3.9)
1 1 4 1 B+H<g>

’\) T ———, ’\) = — — ]

z Tzkgz L (Tl T2> ( My >

Orcioaa /erko BLIPA3UThb NOCTOSHHLIE Ty, Ty, BXOAdlHE B deHo-
MeHOJIOTHYeckoe ypapHenue (6.3.1), yepea mnocrosnHbie A, Ag

1 Y
— =0 +_=,( ) . (27.3.6)
Ty

4, Pejakcanus MarHMTHOTO MOMEHTa B 00JacTH OYeHb
HU3KHX TemuepaTtyp. ITepeitieM K HCC/eLOBAHHIO peJaKcalyH
MaTHHTHOTO MOMEHTa B HuHTepBajJe TeMnepaTyp g,<& T <&

<8, (“"M")h, npelnoJjaras no-npexHeMy, 4TO CTOPOHHEE Mar-

HATHOE TOJe (MJIH KOHCTAHTA aHW3OTPONUM) LOCTATOYHO BEJHKO.
Tlpu 3TOM, OueBHIHO (B CHJIy B3aKOHOB COXDaHEHHs SHepTHH
M UMIyJbCa), HEBO3MOXHH MNPOLECCH CJAUAHHS [IBYX MardoHOB
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M pacnajza MarHOHd, ecJH BOJHOBOH BEKTOpP OAHOTO #3 MarHo-
HOB, YU4aCTBYIOLIMX B TPOLECCE, PaBeH HYJIO.

B sTo#i obnacTH TeMmepaTyp OCHOBHYIO pOJb B YCTAHOBJE-
HHM TEIJIOBOTO PABHOBECHSI HUTPAIOT MPOLECCH CJMSHMS M pac-
naia MarHOHOB, a He HX oOMeHHoe paccesHue. Tak kak 3TH
MPOLECCH He MEHAIT YHCJIa MAarHOHOB C BOJHOBHIM BEKTODOM
k=0, HO uaMeHAOT oOllee YUCJO MAarHOHOB, TO OHH NPHBOAAT

1
K YCTaHOBJEHHIO (sa Bpema 19 == W) KBa3MPaBHOBECHOTO pac-

npenenenus Buaa (27.1.8), HO ¢ XuMHMUECKHM TIOTEHUMANOM,
PaBHBIM HYJIO:
( 1

I 3 (k) > k # 01
n©® (k) = { —1 (27.4.1)
no, k=0
BpeMs ycraHoBjeHMs 3TOTO paclpeieseHdsl COCTaBJAseT IO IO-
SAKY BEeJHUMHBI 17( A (6—”)‘/2
P (Mofwo)2 )

O6nacts Temneparyp 70, (“"MO) " NMpaKTHUYECKH COBMA-
C

2
1aeT ¢ o0JacTbio TeMINepaTyp T<<-6Q~, B KOTOPOH T/IaBHYyIO
c

POJb UrpalOT pPENSITHBUCTCKHE B3aMMONEHCTBHS MAaTHOHOB APyT
C IpyroM, B3auMOJeHCTBHe e MAaTrHOHOB C (OHOHAMH HECy-
wecTBeHHO. [103TOMY MOMKHO paccMaTrpuBaTh CHCTEMY MarHOHOB
caMy mo ce6e H MUCXOLUTb U3 CMENYIOLIETO KHHETHYECKOTO YypaB-
HEHHS 11 ONpellefeHUs (YHKUUM paclpelelieHds MaTrHOHOB:

=tLY {n} 4+ LP {n}, (27.4.2)

~

rie dopmasbHo BBelleH Boabmoft mapamerp &, XapakTepH3ylowui
MHTEHCUBHOCTb HauboJiee BEPOATHHIX MPOLECCOB CJAHSHUA H pac-
76 3 4

nana maruonos, ELY {n} =LY (n} u L {n} — unrerpan cronx-
HOBEHH}, OMUCBHIBAIOIIMA MeHee BepOSTHLIE IPOLECCH PpeJATH-
BHUCTCKOTO W OGMEHHOTO pacCesHHs MarHOHOB.

Paanaras ¢yHkumio pacrnpelejeHds MarHoHOB B PpfAl MO
Oo6paTHHIM CTeleHsM mapaMerpa &:

nk) =n9%& +nO®&R)+ ...
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H MOACTaBJAsAs STO pasnoxeHHe B (27.4.2), NOAYyUHM CJeLyIOLLYIO
cucTeMy ypasHeHHR nas onperenenus n(®, (v,

LO{n®) =0, (") =20 19(n0). (27.4.3)

Peurenne nepBoro M3 3THX ypasHeHHH HMeeT BHI (27.4.1).
3aMeuas, janee, uTO NPH MNPOU3BOJBHOM 1 CIpAaBeLIUBH

COOTHOIIEHHS
LD}y =0,
E es(k)L(sa) {n(l)] =0,

k

NOJMYYHM CJEIYIOUlve YC/IOBHS Pa3pellUMOCTH BTOPOTO M3 ypaB-
HeHUlt cucTeMbl (27.4.3):

0 o (&
GE=L M im0 Yoo T =0 @r.49)
k

(bl yuau, uto X & (k) L(54){n}=0). [Toacrasasis B 3TH  ypas-
P

HeHHSl KBa3MPaBHOBeCHOe pacmpenelenue n,(k), MOJyuuM ypas-
HeHHsl Las onpenenenus ny u T

ve=—hy, v+, =0, (27.4.5)
n
rpe v— SO—A—;’* N Cs — TellIOEMKOCTb CIUHOBHIX BOJH, OTHeCeHHas

K OJHOMYy aroMy, H

€ [0 ;4 0
Py — 52 (2 L (1) | k1m0) - (27.4.6)
PemeHue 3THX ypaBHeHuH HMeeT BHIO:
V() =v(0)et, T(t)— T (0)==— ic@ (6™t — 1),
8

Hcnoab3ys (27.3.2), mMowHO mepenucaTb 3TU ¢OPMYJB B BHle

—-l—hat . oMo,y
M ty=M, @ T TO—TO)=—"( 1).

(27.4.7)
Mul BuIMM, uTO —;—M onpejlejseT BpeMs peJaKCauuH Mmomne-

peuHOR cocTaBasiouieli MarnutHoro Momenrta. Cornacho (27.4.6)
OHO DPaBHO MO MOPSIKY BeJHYMHEI

2 ____(ec)z
‘L__MNP«OMO WMo \ T/ °

Aro BhipameHMe CoBnazaer ¢ BhpaxeHHem (27.2.8) ans 1/A,
280
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OGparum BHEMaHHe HA TO, 4TO PaBHOBECHAs TeMmepaTypa
T =T (c0) cBazaHa ¢ HauaisHo#t Temmeparypod T (0) coorho-
IeHHEM

T=T(0)+E°-;\’;—C(s°—’, (27.4.9)

T. e. T > T(0). ¥YBeauueHue teMnepaTyphl 00BACHAeTca mepe-
XOIOM B TEMJAO 3HepruM, CBA3aHHOH C OTKJIOHEHHEM MATHHTHOrO
MOMEHTa OT PaBHOBECHOI'O 3HAYeHHS.

[lonyyeHHble pe3ybTaTbl OTHOCATCHA, CTPOrO roBOpsd, K TOMY

C/YYalo, KOrAa KOHCTAHTA aHU30TPOMUM HJH MATHHTHOE Molle HEY
1ocTaTouHo Beaukd. Kax ywxe oTmeyanoch Bblle, NpH 3TOM
HeBO3MOXHbI TIPOLECCH CAUFHUS M pacfiaja MarHoHoB ¢ BOJIHO-
BEIM BekTopoM kB=0. B kpucraniax c Mano#i sneprueit annso-
TPONUYN (TAKUMH KPMCTANJNAMH SIBJSIOTCS KPUCTANIbl KyGuueCKOH
CHMMETPHY) H B CJyyae JOCTATOYHO cJabblx NoJefl CTaHOBHTCH
BO3MOM(HBIM PAcnai MarHoHa ¢ BOJHOBLIM BekTopoM k=0 na
IBa MarHoHa. DTO NPHBOIHT K TOMY, YTO BpEMEHa peJaKCauHH
NPOLOJLHOH W HONepeyHOH COCTABJAIOUIMX MATHHTHOTO MOMEHTA
UMEIOT OIHHAKOBHH MOpAIOK Beauyuubl [9]. B 3atoM 3akiaoua-
eTcs OTAMYHe peJaKCauHH B Cayyae Majodl aHWU30TPOMMH M CJa-
OBIX MOJedt OT pesakcamuu B Ciaydae GOJbLIOH AHH3OTPONHH HJIH
CHAbHBIX TMOJeH, KOIZa YCTAHOBJEHHE pPABHOBECHOTO 3HAUEHHA
MarHUTHOTO MOMEHTa MPOUCXOAUT 3HAUHTEJbHO OLICTpee MNOBO-
pOTa MOMEHTa K PAaBHOBECHOMY HarlpaBJeHHIO.

§ 28. TenJonpoBoaHOCTL (ePpOMATHETHKOB

1. MloTox 3HepPTUH CNUHOBBLIX BOJH. B § 20 wmu Buzeaw,
YTO TeMI0eMKOCTb (eppOMAaTrHETUKOB CKJAAlbIBAeTCA U3 CNIHHOBOH
1 (DOHOHHOW TenIOeMKOCTeH, TNpHyYeM CNUHOBAA TeMJ0eMKOCTb
NIPEBOCXOAHT (OHOHHYIO TEMJIOSeMKOCTb B HHTepBane TeMnepaTyp
%
T < 0% [T03TOMy MOXMHO OXHMAATh, YTO M TEMJAONPOBOAHOCTDL
tdheppoMarseTukoB (TodHee roBops, HeppoaN3IeKTPUKOB, O KOTO-
pbIX Ianee TOAbKO M OYyIeT UATH p2aub) B ONpP2AeNeHHBIX YCJI0-
BUAX TaKxe OyieT oOyC/AOBJIMBATLCA PAaBHBEIM OOpPa3oM Marto-
Hamu, a He doHoHamu [10].

Mepl mepefizeM Temepb K M3YYeHMIO TeNJAONPOBOIHOCTH dep-
POMArHETHKOB U OMNpele/]eHUI0 BKJIAAOB B TelJOBOW NMOTOK, BHO-
CUMBIX MarHOHaMM M ¢oHonamu. OmnpegequM cHaya/ia MJIOTHOCTb
HOTOKA 3HePrUM MATHOHOB.
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Cornacto (5.2.5) KkoMnoHeHTH BeKTOpa MAOTHOCTH MOTOKA
SHeprHM B (heppOMalHETHKE HMeIOT BHI
(9 __ € om Jm
I} = In (EXH) + oy ox, of

rae noad E n H B npubGanmkedud MarHUTOCTATMKH YIOBJETBO-
pAIOT ypaBHEHHAM

rot H =0, divB =0,
1 0B ,
roiE:—C——(F. diveE =0.

Mcnonb3ys 9TH ypaBHeHHS|, JErKO BLPasHTL BEKTOD ne uepes
KOMNOHEeHTb Pypbe OTKJIOHEHHS MIOTHOCTH MArHUTHOTO MOMeHTa
OT pABHOBECHOro 3HaveHus m (k):

s 45 . ‘m(k’ p ,
nf' = 3 etersorf CEBCD (k' m, )y, (' R+
kB

e g5k (m (k) m (R )}. (28.1.1)

210 BHIpaMEHHe A% NJOTHOCTH NOTOKA SHEPTMH CNPaBeL/UBO
M B KBaHTOBOM cJaydae, ecau noi m (k) NMoHNMarh onepaTopl,
onpenensemule ¢opmyaamu (18.3.6)

m, (k)=1/2u0Moa+(——k)+ cey
m_ (k)= 1/2qu0 a(k) ...,
my(k)=——2 Y at (K)a(R)A(k+ & —k").
' - Z
Hcnonwayn st dopuyas v dopmyas (18.2.1), MmoxHO Bh-

pasuthb ONEPATOP MNOTOKAa 3SHEPrUM Uepe3 onepatopbl PoXKACHUA
A YHUUTOXKEHNS MarHOHOB:

M= ¥ {0k &) e (&) ey e! =" 4
k&'
+ @i (k, RN c(R)c (k) el k+EDT | o, c.},

rae @,(k, k) w @j(k, k') —HexoTopre GYHKUMH BOJHOBLIX
BekTOpoB Rk u k’. TIpon3BoLs CTaTHCTHYECKOE yCpPEeAHEHHE 3TOTO
oneparopd, HaffleM NJAOTHOCTL NOTOKa SHEPrMH B (eppoMar-
HEeTHKe!

e, H= 2 (o, E)<ct (B ety >4 *7 k. c}.

kE
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rze

(¢t (&) c(R))=Sppc* (k') c(k)
M p-— MaTpHua TIOTHOCTH (eppoMarHeTHKa (MBI YUIH MpH STOM,
YTO AN COCTOSHMA, GJIMKHMX K paBHOBeCHOMY, | (¢ (R) ¢ (k")) | <<
L Lt (R) c(RD) ).

BBoas nanee ¢yHkuMIO

n(k, r; t)y=2{c* (k) c(k))elE—#)r  (28.1.2)
=

u npeanosaras kL >>> 1, rie L — xapakTepHble NPOCTPAHCTBEH -
Hble PasMephl, HA KOTOPHIX 3aMeTHO MeHdeTcs dyHkuus n (R, r; f),
MOy YHUM

0P (r. )= Y (s (k. —B)n (ko 73 k. ¢,

k

rie, corjiacho (28.1.1), (18.3.6),
2

kR
L2 (Ae—| By |)—

— 4o My (Ap —| Be )

@; (R, — R) = 2y Mok; Ap - 4rip M,
k
—k;- d;5-
3aMeyad, uTO

e, (k
&, (B) 510 = 2o Myah, A+

Rk ky
—+ 4o My —— (A —| B |) — 4o My (Ap — | By, ‘)F 0z

npenctasuy pemmunny I B Buge

19 =2 Y e, Bo@nk ri 1), (28.1.3)
B
rae 9 (k) — rpynnoBas CKOPOCTb CNHHOBHLIX BOJH:
1 oeg(k
JORFES

dr
Benwunna n (%, r; t)—V— npelicrapaser co0OH YHCIO MarHo-

HOB C BOJHOBBIM BeKTOpPOM R B sjeMeHTe o6beMa dr. [Tostomy
nonyyenHas ¢opMyna, Kak H CJAeNOBAJO OXHAATb, NOMYCKaeT
npoCTYIO KOPNYCKYJAPHYI0 HMHTepNpeTaluio; NOTOK SHePruH, cBf-
BaHHHIR CO CNHHOBEIMH BOJHAMHM, TpPEICTaBAdeT COOOH MOTOK
SHepru#t MarHoHOB. AHamoruuHo#i ¢oOpMyJoO#, Kak H3BECTHO,
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onpejensercd IVIOTHOCTb NMOTOKA 3Heprud OHOHOB |

00 =2 ¥ b0, (Hs;(HIN;(f. ri ), (@8.1.4)
I

dar
rie N;(f, r; ) —j7~ " YACJO (OHOHOB C BOJIHOBEIM BEKTOPOM £
noJjspusauueft j u 4acToToM o)pj(f), B 3JemeHTe ob6bema dr W
§;(f)— rpynnosass ckopoctb (oHoHa,

0wp; (f)
Sj(f)::—péf .

[TA0THOCTL NOJHOTO MNOTOKA 3HEPTHM B deppoMarteTuke paBHA
O=1® 4+ n®. (28.1.5)
B orcyrcTBHe rpaiMeHTa TemnepaTyphl MarHOHBL H (DOHOHBHI

HAX04ATCd B PABHOBECHH:

— 1 = 1
nR) = — > NP = Fop; () :

e T —1 e T —1

TensoBOH NOTOK B 3TOM cJaydyae obpatiaeTcs B HyMb. Ecan xe
MMeeTCl I'DAJMEHT TeMIepaTyphl, TO YMC/Ia MArHOHOB W (HOHOHOB
OTJIMYAIOTCA OT PABHOBECHBIX 3HAYEeHMH M BO3HHKACT TENNOBOH
NOTOK.

Yro6bl BEIYUCAUTB €ro, MBI ROJDKHBI HaWTH (PYHKUMH pac-
npeleseHUss MarHOHOB M (POHOHOB TpPHM HAaJHYMM TPALMEHTA TeM-
nepatyphl.

2. KuneTuyeckue ypapHeuus aJs onpeneneHus GpyHxuui
pacnpejeseHHs MarHoHoB M ¢oHOHOB. KuHeTuuyeckue ypasue-
HHSl 1S onpeneneHus dydkuu#t pacnpeneseHus (POHOHOB M Mar-
HOHOB B CTALIMOHADHOM CJyuyae HMEIOT BHI

dan . de

V55 = Lodn N}, s, ==L, (N, n}, (282.1)

rie Lg{n, N} u L, {N, n} — unrerpansl CTOJKHOBEHMH NJA Mar-
HOHOB M (hOHOHOB, onpejeneHHble B NPeIbIAYIIMX Naparpadax.
dynkuny pacupenenenus n (k) u Nj(f) NOJIXKHBL, OYEBHIHO,
NPHBOIMTL K TAKMM JKEe 3HAYEHUSM SHEPTUM MATHOHOB ¥ $OHO-
HOB, KaK W paBHOBecHble GYHKUMH #(R) n Nj(f). TTosaTomy
OHM [IOJIKHBI yJAOBJAETBOPATH, NMOMUMO KHMHETHYECKHX YPaBHERHH,
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JOOGABOYHEIM YCJIOBUAM:
f e, (k) n (k) dk = f e, (k) n (k)dE,

E j nmp,(f)Nj(f)df=E f to,, (HN;(Hdf. (28.2.2)
] j

Ecan rpanueHT TeMmepaTypel JLOCTaTOYHO Mal, TO (YHKUHH
pacnpenenerus n (k) u Nj (f) 6yayT Mano OTIMYATHLCH OT PaBHO-

BeCHLIX GyHKUMA #(k) H -(f) T. €.
”(k)—ﬂ(k)+6”(k) N; (f)——N )+ N ; (f),
rae | on (k) |<<n(k) i |ON; (f)|<<N (f). Tostomy mpu Bui-

YHCICHUH dn/dr n ON,/0r moxHo samenuts n(k) Ha n(k) u
N;(f) wa N, (f):

o = n(k) (k) + 1))

(@VT),

.17] (f) (s,V7).

oN

8320 N, () () + n )
[ToacraHoBKAa 3THX BbIPaXKeHHMH B KHHEeTHYECKUE YPaBHEHUS
(28.2.1) npuBOAMT K ABYM HEOLHOPOIHBLIM MHTErPAJbHBIM YpaB-
HeHUAM nisi onpeneneHus dyHKuu# n (k) u Nj(f). Otu ypas-
HeHHA dABJAIOTCA HeJHHeHHBLIMH, HO HX MOXHO JHHEeapusoBaTb,
TaK Kak QyHKUMM pacnipeseneHus n(k) u N; (f) mano otau-

4alTCA OT PaBHOBECHHX (YHKLHH n(k) H N (f)

C 3710H uenbw ynoGHO BBECTH BMECTO én(k) ON ; f) dyux-
uun @ (R), (Dj(f) cBs3aHHble ¢ On (k) u ON (f) COOTHOLUCHHHMH

o (k) = 1 (k) (m (k) 1) LB “"’”

;(f) (28.2.3)

N; (F) =N, (NN () +1)

YuuTbiBas, YTO paBHOBeCHBle (YHKUUU n(k), l_\_/j(f) obpawawor

HHTErpaabl CTOJKHOBEHHH B HYJb, NOJYYHM CJAeLYIOLLYIO CHCTEMY
JUHEHHBIX WHTErpajbHBLIX YpaBHEHHH A8 onpenefeHds (yHKURH

(k) u Q;(f):
L |, D} =n, (”1+ l) (0,VT).

L(®, ¢} = Ny (N, + 1) 220 5,77),



rie
16

Ly{e. B} =—=35 Y|, (12:30) P(r + 1) (4 Dngny X

234¢

X AP+ @y — @3 — @) 0 (&) €, — €3 —84) X
><A(k1+k2—Ies—-rq—?nr)—%;i ¥ (21,23 px

23t
X (= 1) (- 1) g (@) + @y — @3) 8 (8 + £ — £5) X
X A (Ry Ry — by — 20%) | W (23,1) [2 (1, - 1) ngny X

X APy — @ — @3)5(31“—32_83)A(k1—k2~—k3——2:rn')}—-—
— 2 N W (1,28) P (- 1) Rl (g — 9 — D) X

23¢
X_b (8 — &2 — 770)3)_A (By—ky— 3 —2m0) | W (2,13) P X
X (ny =4 1) (Ng—= 1) ng (@ 4 Dy — @,) 8(&; - hirg — &9) X
X A (k- f3— By — 271)}, (28.2.5)
LD, ¢} =—22 Y (2] ¥, (123 PV, 4 1) (N + 1) X
23¢
><Ns(CDl+®2—®3)6(bm1—{-hm2—hm3)><
XA({lj—fg—fs“QﬂT)—f—l\Pz(23’1)!2(1—\/1+1)><
X NoN3 (@ — Oy — @3) & (her, — hodg — havy) X
XAfi—fo—fi—2m) — 22 N W, 3.2 PN, + 1) X

23t
X (g =+ 1) 15 (@) + @y — 93) & (hoy + 85— £3) X |
Y A(f,+ ky— ky—27T)  (28.2.6) |

(MB yuuTHIBaeM 3JeCb Npolecch nepe6poca U CyMMUpyeM Mo-
3TOMY N0 BeKTOpaM OOpaTHOH pelneTkd T; UUPPH B aprymeH-
TaX W HHIeKcax cJay®ar Aas o603HaueHUd HHAMBULYATbHBLIX
COCTOAHMHA MarHOHOB M (POHOHOB).

TTomuMo wnTerpanmbhinix ypasuenuft (28.2.4), dyuxuun ¢ (k)
@, (f) romxuul, cornacHo (28.2.2), yIOBJETBOPATb YCJAOBHAM

De,(Rynk)(n(k)+1)p(k)=0,

b - (28.2.7) :
310, (HN;ON;(H+ 1D, (f)=0. |
fj ‘
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3. TenaonpoBoiHOCTs GEPPOMATHETHKOB NPH HHIKHX TEM-
neparypax. [lepenumem KkuHeTHueckue ypaBHeHus (28.2.1)
B BUJe

210 (g O} + LY (g, D} =@+ 1) % @VT),
0,0 w o ho (28.3.1)
&L {D, ¢ + L, {®, ¢} =N (N + I)T(SVT)»

rae 8L e, @), £ LD, ¢} u LY (¢, @), LY (D, ¢} — uactu
WHTErpaioB CTOJKHOBEHHH, ONMMCHIBAIOIIHE COOTBETCTBEHHO I1PO-
uecchl B3aMMOZeHCTBUS MAarHOHOB W (POHOHOB ¢ COXpaHeHHeM H
6e3 COXpaHeHWd KBasuuMnyJabca. Tak Kak npu HecOXPaHEHHH
KBa3WUMIy/NbCa He MOTyT OLITb OXHOBPEMEHHO MajAbLIMH BCE KOM-
IIOHEHTHl BOJIHOBHIX BEKTOPOB CTAAKHBAOWINXCA (OHOHOB M MAr-
HOHOB, TO NpH Hu3kux TeMneparypax (7 <€ 0, 0p) wurerpans
A {g. D} u LS"){(I), ¢} OyiyTr, O4YeBMIHO, 3KC-
noHeHUManabho Mansl, Jlia yno6cTBa AadbHeHIINX paccymieHu
MBl YYUTHIBaeM 3TO OOCTOATEJALCTBO BBeIcHUeM OOJbIUMX Mapa-

MeTpOB g‘; U g(,’, CTOALIMX Ilepel HHTErpajnaMu L(SO){(p, (O

LD, ¢}.
Pemenue ypasHenuft (28.3.1) 6yaeMm uckaTb B BUAe pasjo-
’KeHu# 1o OOpaTHBIM CTeleHsAM [1apaMeTpoB g‘;, g?:

=00+ g0+ ...,
Q=00+ oV 4 ...
IMoacraeasaa 3TH pasnbmeﬂuﬂ B (28.3.1), noayuuMm ypasHeHHS
Lg()) {(P(O)' (I)(O)} — O' L}O) {(I)(O)’ (P(O)} =0, (28.32)
colepialyue TOJbKO (YHKUHH ¢, o9 y ypaBHeHHUs
gg L\(SO) {(P(l), O} _+_ g(s) Lgo) {0, (I)U)} + Lgu) {(P(O), (I)(O)} —
=n(n+ 1) (@VT),
82700, 0f + §7{0, o) + L1 {27, ¢7) =
=N N4+ 12 svT),  (283.3)

colep:Kauue Kak (pyHKUUH cp(l), @Y, tak n (yHKUMH (p(o), @O,
PaccMorpuM cHadana ypasHeHHs (28.3.2).
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O6iuee peiieHHe 3TOH CHCTeMbl ypaBHeHHH UMEeT, OYEBHIHO,

BHI
@O (k) = uk + Be, (k),
O (f) = uf + Bho,,; (f),

rie, 4; U B — npou3BO/bHbLIE MOCTOSHHBIE. YUYHTHIBas, OIHAaKO,
no6aBoyHoe ycaosue (28.2.7), Jerko 3aKJgIOUHTb, YTO KOH-
craHta B nomkHa paBHsTbCA Hymo: B =—0.

[TokaxeM Tenmepb, Kak HalTH NOCTOSIHHble ;. PaccMoTpum
1aa 3toro ypasHeHHs (28.3.3). Tak kak NpH NpPOH3BOJNbHBIX

3HAYeHHAX cp“) n @Y uMeloT Mecto cOOTHOWIEHHUS
D@L o+ L0 O+ B f (L7 {0%, 0]+
+& L0, ¢}) =0,
e () (g L{0", 0} 48 L7{0, OV)) +
+Zhw,,,<f) (5 L@, of +5/ L0, o)) =0,

(28.3.4)

TO ypasHeHHs (28.3.3) OyayT HMeTb peleHHe TOJAbKO B TOM
c/ayuae, ecJaH BBITIOJHAIOTCA COOTHOLIEHHUS

E kL u) 0) cD(O) + Ef[‘ u) 0 (0)}

=Y kn<k><n<k>+ 1)3#)—<v<k>vr>+
]

](f)

+ E N, AN+ =D (v,

Zk es (k) Lg-u) {(P(O), CD(O)} + fz hc')pj (f) Lgu) {CD(O)’ (P(O)} =0.
J

Bropoe M3 3THX COOTHOLIGHWH, B CHJYy 3aKOHa COXPaHeHHs
9HEpTHH YILOBJAETBOPSAETCS TOXKIECTBEHHO NPH JIOOLIX U;, MePBOE Ke
COOTHOLIEHHE OlipeleseT HeH3BECTHHIH BeKTOp M.

YuurniBas (28.3.4), nmepenuizeM 3TO COOTHOIIEHWe B BHIE

Ay = W an (4 1) 202 @VT) +
k
pl(f)

+ ¥ N4 =2
Ii

(s V7).
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rae

A= Dk (L (ki 0) + L8 (0, fi))+
o s

+ Zfz (L {frr, 0) + L {0, ki)).  (28.3.5)

Cunras ¢eppoMarHeTHK 1Js NPOCTOTH M3OTPOINHEIM, nony!mM
oTciona

Cl+2‘:s T
w2l VT, (28.3.6)

rae Cl " CS—— CpOHOHHaﬂ U CNHUHOBaA TENJOEMKOCTH H
A= As+Asl+ Al’
A= N W, (12,34) P (n, 4 1) (1 + D)X

1234
X Nty & (8 ey — &5 — £9) A (k) - by — by — by — 277) +
+ BN 1w, (12,3) P+ D D 501 85— ) X

123

X A (R, + Iy — By — 2711),
Ay =20 N W (1.23) P (o A 1) N3 8 &y — & — Bog) X
= X ARy —ky— f3—27a1), (28.3.7)
A4, =22 Vw123 PN, 4+ 1) (N, + DX

123

X Nyd (o, -+ hoy — hog) A (f, + fo — f, — 2a%)

(MbI YUYNThHIBAE€M 31eCb TOJbKO (JaraeMble € HaWMEHbLIHWMH T,

OT/JMYHBIMH OT HYyaf).
Hcnoabays dopmyan (28.2.3), (28.3.4) nast n(k) u N; ),

MOJYUYHM cCJlelylollee BhIpakKeHue A/ TENJOBOro NOTOKA:

H=Zkes(k)n(k)'0-{— %ﬁwp,-(f)N,-(f)S,-—:

=2 (F (3 et5a) 5T (28.3.8)

C xpyro#t cropousl,
H=— VuVvT,

rne % — Ko3¢¢UUMeHT TenJaonpoBoiHocTH. [loaTomy
T\2(2 I \2 1
M_—-‘(—i_)—) (3 CS+§CI) BA (28.39)

19 A H. Axuesep 289



Ouenum Benuunny A. Tak Kak Tnpu HecOXpaHeHMH KBasu-
HMIYyJIbCA He MOryT OLITb OJHOBPEMEHHO Ma/JbIMH BCE KOMIO-
HEeHTbl KBA3WMMMNYJbCOB CTAJIKHBAIOIIMXCSA YaCTHL, TO BeJHYHHbI

Ay, A; LOMKHH COZepXKaTh SKCTNOHEHUUAILHO Majbie MHO-
wurean. JleHcTBUTENLHO, PacCMOTPHM,  HANpuUMep, NepBoe CJaa-
raemoe B BhipameHud aas A, IlycTh A4as onpenefeHHOCTH
He MaJibl KOMMOHeHTH BekTopa #;. Toria He Mamol Oyler
gHeprud MarHoHa ¢&,. Ho Oaarogaps Haduuuw O-GYyHKLHH
d(e, + 8y —8&3—¢g;) OTCI0OAA MOXHO 3aKJIOYHTb, YTO He Majoi
6y;1eT W SHEPrUs MarHoua &g (unu &,). Tlo3TOMy B BBEIPAKEHHU
(n —+—1)(112«{-1)r13n4 IKCNOHEHUMAMbHO MaJbiMd OyLyT Beau-
YHHBL f; WU #4. [lOKasaTeln 3KCHOHEeHUMAJIbHO MAJbIX MHOMXKUTE-
Jeft onpenensioTCs, OYEBUAHO, HAUMEHbIIMMH 3HAYEHHAMH BeJMYHH
e, €, ho;-4-e n ho, 4 ho, B COOTBETCTBYILHUX 061aCTAX
MHTerprpoBaHHd. Halith B oflueM BHIe 3TH HaUMeHbIUME 3HAYe-
HHsl Helb3fl, TaK KAaK 1449 3STOT0 HeoOXOLMMO 3HATh TOYHBIE
3aKOHH JUCHEepCHH MArHOHOB W (OHOHOB B 06JacTH GOJbLINX
BOJIHOBHIX BeKTOPOB. MoxHO, onHako, yTBepM.IaTb, YTO 110 HO-
PSULKY BeJHYUHB HAMMeHbIIHe 3HAYEHHUS €, — €9 U A, ~ fid, PABHbI
0, u 0,. TlosroMy A, u A, MOKHO 3anucaTb B BHIe

0 T\® %
f s — Vo
Aszasﬁg(w) 14 ST,
8p
Ny —y, =
A,:a,%(—g—) Le~ViT, (28.3.10)
F D

rie o, 0, My My U Y Y; MO NOPAIKY BeJIHYHHBI PaBHB e1H-
HHLE.
Ecan nmpeanofarare, 4TO 3dKOHbLI JHCTePCHH

ey (k) =0,(aky, w,;(f)=s;f

crnpaselJMBH He TOAbKO MPH Majibix ak ¥ af, Ho U pu ak ~ 1,
af ~ 1, TO MOXHO TNOKas3aTb, 4YTO BEeJHYHHLEL Mg Ty H Y, ¥
OyLyT paBHBHI

nZ
=4, n=2 y,==5, V="

Benuunny Aj; nerko OUeHUTb B ABYX NpelelbHBIX Cayyasx:
xoria 8,36, u korza 0,<€ 0, :
B mepsoM ciyuyae M3 3aKOHOB COXPaHeHHS

32—{‘17(03:31, k2+f3=k1 (——T[T kl’ f( JT‘C)
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1
clenyer: k1~k2~71¢. [TosToMy &, -+ fiw; ~ 0, n nokasarenb
IKCNOHEHTH B BHIpAXeHHM 118 Ay OyneT paBéH mo NOPALKY
Beauunnbl 0,/T. Takum obpasom, ecau 0,>>0,, 1o A, nmeer
BUJL

. ‘
n n oy L
A,—a -—”—(i) (1—) e ' T, (28.3.11)

sl 7
mea BD ‘60

TZe BeJHUHHBl Gy, M, 1, Y — NMOpAAKa eZHHHUB. 3aMeTuM, 4to
ec/qM CYMTaTh KBAJPATHYHLIK 3aKOH LMCIEPCHH 117 MATHOHOB H
JVHEeHHBIH 3aKOH JUCNEPCHH 1S (POHOHOB CIPABEelJIMBBLIMH BIIOTDH

no k, f~mt, TO BeqMuuHBl 1), 1/, y 6yLyT paBHb
n2

=2 1=1 y=.

Bo BropoM npeaemsHoM ciryuae 0, <€ 0, uanyuenne poHOHa
MATHOHOM HEBO3MOXHO W NO3ITOMY BeJHuHHA Ay paBHa HYJIO.

CpaBHeHne TNOJyYeHHHX ¢OpPMyJ TNOKAa3bIBaeT, 4YTO B IIpe-
LenbHHX caydasx 0,730, u 0,<€ 0, ocHoBHOl BKian B Be-
JHYHHY A BHOCAT COOTBeTCTBeHHO A, m A

_ {Az: 6,> 0,
Tl 4, 6,0,
[ostomy
2
[ @2 (5 et e o 0.2>6,

u=i
L T2 (Feteloap . 0.<0.
Us stux ¢opmya caexyer, uro npu 0,<€ 0, ocnosnyi poab
B TENJONPOBOJHOCTH deppoMarHetika OyZyT Hrpatb MarHOHBI
NpH TIPOM3BOJBHHX TeMIeparypax (y.IOBJeTBODAIOUIMX, KOHEUHO,
yeaosuam T <& 0,, 0,). Ecain xe 6,°>>0p,, T0 BKIag Mario-
HOB GyJler rJaBHEIM B 00JACTH TeMreparyp T < 03/6.,.

[Ipn KkBalipaTMYHOM 3aKOHE LHCHEPCHH [/ MarHOHOB W JH-
He#lHOM 3aKOHe 15 (POHOHOB 3TH GOPMY/b NpHOOpeTaoT BHL*)

20
T|ha exp(nQT”\). 0,0,

(28.3.12)

]
N =
{i mps*/ha (T]0,)3 exp (if‘g) . 0,>0,.

*) Ilpu oueHKke PoJH MarHoHOB B TeMJAONPOBROJHOCTH deppoMar-
HETHKOB MBI YUHTHIBAaJ# TOJbKO paccesiHHe MarHoHa marnonom. OmHaxo
Hapsiy C 9THM NPOIECCOM MOTYT TaKXe Hrparh poJb NMpOLECCH € yYa-
CTHEM He YeThipeX, a GoJpluero uuciaa MarHonos [11].
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4. Bropo#i 3BYk B ¢eppomarHeTHkax. B mpenninyuiem
pasiene MEl paccMOTpeld noBeleHHe QeppoMarHeTHKa, T. e.
rasa MarHoHOB M (POHOHOB B IOCTOSHHOM TEMNEPATYPHOM MOJe
C ManbiM TpaineHTOM. PaccMoTpuM Tenepb TOT caydal, xoria
TEMIIEPATYPHOE [0JIE HENOCTOAHHO H HEOIHOPOAHO:

T )=To(1+ 0. 8),

rie U (r, t)— oTHOCHTeJbHAs 100aBKAa K TeMIepaTrype, KOTO-
pylo Mbl OyzmeM cuuTatb Manolt, | O | <& 1.

B 3ToM caydae MbL He MOXEM NpM OnpelesieHuM ¢yHKuub
pacnpeieneHuss MarHOHOB M (OHOHOB CYHTATb, YTO HMCXOAHLIMH
GYHKUMAMH SBJSIOTCSA IUIAHKOBCKHE paBHOBecHble (yHKuMU. Je-
CTBHTEJbHO, OOPaTHMCA K KHMHETHYECKMM YPaBHEHHAM ILasl onpe-
IeJeHHsl (DYHKUHH pacnpejeseHns MarHOHOB H (DOHOHOB:

0 0
G v =L {0, N} LY (n, N},

oN (28.4.1)

. ON ;
w85 = 8L N, nj+ L [N, n),

0 7 (ar

rie g‘s‘” Lgo) {n, N} u g, Lf (N, n} — uHTErpajsl CTOJKHOBEHHH

MArHOHOB H (hOHOHOB Ges npoueccos nepe6poca, L% (n, N} u

L (N, n} — HHTErpa/sl CTOJIKHOBEHHH C YYETOM STHX TPOLECCOB
0 0

u &, §,— dopmaibHO BBOLMMbiE 0OJibIlIME NapaMeTphl, onpene-

JAsIOUIHE OTHOLIGHNE BepOSTHOCTEN CTONKHOBEHHH MarnoHOB H §o-
HOHOB C COXpaHeHueM W 0e3 cOXpaHeHMs KBasuumnyanca. Pe-
LleHHe 3THX YypaBHeHHH GylIeM HCKaTh B BHAE Pa3NOKCHUS 1O

0
O0paTHHIM CTeNeHAM GOAbIIMX 1aPaMeTpoB § . H E(z):

n=nO 4 a0 4 .,
N;j=NP NP ..

Tloacrasasia 1M pasiomenus B (28.4.1), noayusym ypasHesus

2L? (n9, N9} =0,
EoL(O) {N(O) n(O)} —0 (28.4.2)
11 ’ *
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onpexrensiowue dyukuun n'® u N©O, y ypasnenus

07O () AfD @ (O Af0) on® on®
gsLs {”’\ . N } + Ls ) {n ’ N } = ot K4 _5;— ’
oD o (284.3)

0 7(0) (1 (1 () (0, (©
(9L (N, oY) L (N )=

onpejeJsioline QyHKLHUM " u N(l)
Jlerko BUAETH, UTO oémee peleHue ypaBHeHnn (28.4.2)
HMeeT BHI

1 1

©) — © __

= —ur » Ny = T, (Hmer (28.4.4)
e T —1 e T —1

rae #; 1 T — HeKoTOphle, NOKa NPOU3BOJbHbIC, QYHKLHU KOOP-
avHat u BpeMenn (B dyukuuio pacnpedenenus n® ne BxoaUT
XMMMYECKUA MOTeHUMAJ, TaK KaK HMHTerpal CTOJKHOBEHUM

0
LO(n®, N} onucripaer xak npoumecch ¢ coxpameneM, Tax
¥ Ge3 COXpaHeHWs YHC/Ia MarHOHOB). 3aMeuyasi, 4YTO HMEIOT Me-
CTO COOTHOLIEHHUS

13.2 :f_; kL(sO) (nV, N} 4 E?%flﬁm (N®, ) =0,
E(s) ; €, (k) L(SO) {ﬂ(l), N(l)} + g? ; bij (f) LgO) {N(l) (1)}

1 1 -
IIpY  [POU3BOJIbHBIX ﬂ() H N(j), JIETKO 1NOKa3dTb, HUCMO/Ib3yH

(28.4.3), 4TO NO/KHBH BBIMOJHATHCA COOTHOUIEHHA

—a—{EkrﬂO)(k)-f—E FN, (f)}+ e {Zkv (k) n©) (k) +
+ N F )N, (f)}——Ekb") %, NO) +

fi
n 2 FL®(NO, ®) —o,
s L (28.4.5)
7{{2 e, (&) n® (B)+ ¥, ho,; (PN, (f)}+
] fi

+o { 20,0 0 )+

k
+ ¥ 10, (f) (5, NY (f)} =0
1 v
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STH COOTHOUIEHHUS, SBJSIOIMECS YCIOBHAMH Pa3peIlHMOCTH ypas-
Hennit (28.4.3), ABAAIOTCA ONHOBPEMEHHO YDaBHEHHAMH, onpe-
IelSIOILHMH  M3MeHeHHe mnapamerpoB @ u . 3amevas, uro

[¢]<€1 u I%L.‘—I<<l MOXHO TNpPeICTABHTb 3TH ypaBHeHHUs
B BHJe

(Cy— € B 45 (2c, + ¢ diva =0,
o  (28.4.6)
Bu —{—3 @2c,~+ ¢,) VO = — Au,

Tie €, ® ¢, — CIMHOBAd ¥ (OHOHHAS TEN/IOEMKOCTH, OTHECEHHHIE
K OIHOMY aroMy,

1 1 on 1 ON;
—_ 2 _ 2 U
B_"_T{VZk des_*—VZ.f dhmpj}
k fi

u A onpeneasercad ¢opmynoft (28.3.7) (npu noAyYeHHH ITHUX
ypaBHenuH Mbl cuutann, wto &, (k) =10, (ak)’ u 0,; (f)=s;f).
Tonaras u, O ~ ¢!@ =), ponyunm clexyiouwee AUCTiepCH-
OHHOE YypaBHeHHe, CBA3HIBAIOIlee YACTOTY  H BOJHOBOH Bek-
TOp q°
. . A (2cs +¢))%q?
(Bw+zA)?{w?+¢§m—ﬁ—(j:—+W}=o. (28.4.7)

KOpHH 9TOI'0 YpaBHEHHUS HMEIOT BHI

LA
o) =—1i5>
) (28.4.8)
0y (@) =gqv—i5g,
rie
o= 2cs ¢ .
3V Blcs e

Ilepsoie aBa W3 3THX KOpHEH ONHMCHLIBAIOT NPOLECC PelaKCaUHH
nonepeyHLIX (OTHOCHTEJLHO ¢) COCTaBJAIOILUX BEKTOpa &, a Tpe-
THH KOpeHb Onpele/sfieT 4YacTOTy H 3aTyXaHHe BOJHbBL, CBA3aH-
HOM C KOJeOaHWAMH TeMNEpaTypsnl H NPOLOJLHONR cocTas/soelt
BEKTOpPa #. JTW BOJHBl HA3HIBAIOTCA BTOPHIM 3BYKOM. 3aMeTuM,
YTO TdK KaK BEKTOD & onpexeiseT QYHKUMIO pacnpelesieHus
MarHOHOB, TO BMeCTe ¢ KoOJeOaHMAMH Temneparypbl OyayT
NPOUCXOIUTh KOJNeOaHU MarHUTHOTO MOMEHTA M MarHHTHOTO
noJs.
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[TpuBeneM BLIpaweHHe IS CKOPOCTH BTOPOrO 3BYyKa U B
2 2

ABYX TpelebHBIX CAyyanx, Korua T<<e—D

(4
B nepeoM cayuyae OCHOBHOW BK.al B TeMl0eMKOCTb (peppo-
MarHeTHKa H B BeJMuyMHy B BHOCAT MarHoHu u [12]

20 ()2 a e
o= é(f,s/?)’ . 2YT0, (28.4.9)

Bo BrOopoM Ciyuae OCHOBHOH BKJlal B TelOeMKOCThb (peppo-
MarHeTMKa W B BeJHYHHY B BHOCAT (OHOHBL H

1+l St
v=3t T:;E%—E;S (28.4.10)



TABA VI

KBAHTOBASl TEOPUS CIIMHOBBLIX BOJIH,
UCNOJIb3YIOIAA UHAE®PUHUTHYIO METPUKY

§ 29. KBanToBaHHe CNHHOBLIX BOJIH

1. Onepatopnl HAcaJH3HPOBAHHBIX CnHHOB. B § 18 npw
YCTAHOBJICEHHUH CBA3U MEXKAY oONepaTopaMu CIHHOB aTOMOB M oOle-
paropaMy HCNYyCKAaHUA H MOrJaOLEHUA MArHOHOB Mbl CYLIECTBEHHO
1

T

a, a

1 4
MCMOJIb30BAMH Pa3JOoKeHHe paiUKaia l/l ——5;~ B pan mo

CTEMNeHsIM a;“al/Qs, KOTOpPOEe, CTPOro roBOpS, CNPABeLINBO TOJBKO
B cayyae OoJablinx cnuHoB, S§_3>1. Kpome Toro, Mul BHIeaw,
+

ay a
YTO PaLHKAJBbI l 1 — ;sl, Cojlepxalliie Omepatopsl a},

@; MOXHO DAacCMaTpHBATL KaK ONMepPaTOpPhl MPOCKLHHA CIHHOB
4TOMOB TOJIBKO B [MOLNPOCTPAHCTBE COOCTBEHHEIX BEKTOPOB Ole-
paropa al+al/2$, NpHHALJIEKANX COGCTBEHHBIM 3HAUCHHIM 3TOrO
oneparopa, MeHbLIMM WJIH PaBHHM enuHHle. lcnoasaya ussect-
HOe COOTHOLUCHHE

Sata,~Sata,
k l

OTCI0Ad MOXHO 34aKJIOYHUTb, YTO pa3BUTAd TECOPHA KBAHTOBAHHA
CMUHOBLIX BOJIH CnpasBeiuBad IPH BHIOJHEHHUH HEPABECHCTBA

Dl ne < 25N,
k

rjie Mg -— YUCIO MarHOHOB C BOJHOBLIM BekTOpoM B W N — 00-
miee yucao artoMoB teda. Ho upu rtakoM orpaHMdYeHuM, HakJa-
IbIBaCMOM HAa YHCJa 3aNoJHESHWA MAarHoilos, cpelHee 3HaYeHUe
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YHC/a MAarHOHOB C BOJHOBLIM BEKTOpPOM R, CTpOro roBops, He
onpeleadercs ¢opmyaoh IlnaHka:

Takum o06pa3oM, BOOOLLE CTABHTCH 1101 COMHEHHE BO3MOXKHOCTb
NnpHMeHeHHs TeOpUH K caydarw s~ 1. B sToHl cesAsM BaxHOe
3HayeHHe npuoGperaeT BHIACHEHHe BONPOCA O TOM, KaKOBa B
LeHCTBUTENLHOCTH O6JacTh MPHMEHUMOCTH pasBuTod B § 18
TEOPUH KBAHTOBAHMA CNMHHOBHIX BOJH.

MEbl nokaxeM, UTO eIMHCTBEHHBIM KPHTEPHEM ee NpHMEHH-
MOCTH SIBAfIETCS YC/JAOBHE MaJOCTH TeMOnepaTyph ¢eppoMarHe-
taka T no cpasHeHno ¢ ero rtemneparypo# Kwopu 7, uro xe
KacaeTcsl BeJHUMHBl CIIHHA 4TOMOB (ePPOMATHETHKA, TO OHA MO-
#eT ObITh NPOU3BOJALHOMH.

Y1066 yOeiuTbcd B CNPAaBeLAHUBOCTH 3THX YTBEDPXKIEHUH,
Mbl TIOMLITAEMCA CB3aTh OMNEPATODH POXIEHHS M YHHUTOKEHHUS
MArHOHOB C OMNepaTOPaMu NpPOeKLuH cruHa, He mpuberas K ¢op-
MmyiaaM (18.1.2), coaepxamuM painkans *).

HanoMuuM npexne Bcero, 4To MNpPOEKLHH OMNepaToOpOB CIH-
HOB Y/LOBJETBOPSIIOT NEPeCcTaHOBOYHBIM COOTHOWIeHUsM (1.3.2)

[s,, s+]= x5, [s,, s_]1=2s, (29.1.1)

(uHILeKC [, HyMepYWOLIHH y31bl KPUCTANIHUECKOH pElIeTKH, B31eCh
M B JajbHefilieM, rne 5TO BO3MOXHO, MBI OMyCKaeM).
Benem omeparopul 4, a;", YAOBJETBOPSIOLUHE NEPECTAHO-

BOYHBLIM COOTHOIUCHUAM
lap af]=9%,. [a, a,]=0. (29.1.2)

Jlerko yGeIuTscd, 4TO €C/M € NMOMOLULIO ONepaTopoB g; = a,
a;f =a* (314 oneparopn Mbi OyneM LI COKpalUleHHs Hasbl-

BaTb GO3EBCKHUMHM ONeparopaMH) HOCTPOUTE ONepaToph [2]

s, =V 2sa",
5_=V§(a_2%a+aa), (29.1.3)
S,=—s—+a’a,

*) WanaraeMbifi nuxe popmannam mpunanaexur daicouny [1].

297



rle §— 3HaueHHe . CNUHA aTOMa, TO OHH OYLYT YIOBJIETBOPATH
TEM K€ MEepPeCTaHOBOYHBLIM COOTHOIUEHHAM, YTO H OMNEPATOPHI
NPOEKIHH CnHHA S, S,

(s, s,]=V2s[a*a, a*] =V 2sat =s,,

2s
:—Vﬂ(a—%a*aa>=—s
N

[Ez, ;"_] = VQ_S [a*a, a ——l—a4‘aa] =

~ o~ 1 ~
{s,, s_})==2s [a*, a—3 a+aa}=—-r 25 +2ata=2s,.

OnHako oneparTophl § HeJb3s OTOXAECTBUTb C OIEPATOpAMH S.
Heiictutencno, cobcTBeHHble 3HAaYeHHs omeparopa ata ucyep-
NHBAIOTCA HEOTPHUATE/BHBLIMH LEABIMH wucaamu. [losToMy co6-

CTBEHHBlE 3HAYEHHA Oneparopa §,, paBHHe —§, —s-+1, ...,
He OrpaHuyeHB CBepXy, B TO Bpema Kak COOCTBeHHblE 3HAue-
HHA omeparopa §,, paBHHe —s, —s—+1,...,s—1, s, ar-

paHWYEeHBl CBEpXY.
XoTS OTOXIECTBJEHHE ONEPAaTOpPOB § U § HEBO3MOXHO, TeM
He MeHee MaTpPHuHBIe 3jeMeHTH oneparopoB § (OyneMm jjis co-
KpalleHHs Ha3blBATb ONepaTOphl § ONepaTopaMH HAeanH3UpOBaH-
HEIX CNHHOB) MOTYT OBITb CBA3aHBI C MAaTPUYHBIMH 3JeMeHTAMU
onepatopoB cnuHa §. YroOH YCTAHOBUTb 3TY CBA3L, HCCJIELYEM
nonpoOHee CcBOfcTBA ONMEpaTopoB §.
Beezem B paccMoTpenne cobcrBennble BexTophl @, onepa-
Topa a‘ta:
ata®,=nd,, (29.1.4)

rie n MOXer npuuuMarb 3HayeHHe n==0, 1, 2, ... Mu Gyzem
rosoputb, 4ro D, onmuchBaeT COCTOSHHE, B KOTOPOM INPHCYT-
CTBYeT n BO36GYyxIACHUH.

Cocrosune ¢ n=0 O6yleM Ha3blBaTb COCTOAHHEM BaKyyma.
Bextop artoro cocrosnus (D, onperensercs ypasHeHHeM

a®,=0. (29.1.5)
C nomoulblo BexTOpa cocrosnua Bakyyma @) MOkHO nocT-
pouts BekTOpH cocTosuuf D, ¢ NPOM3BOJLHHM UHCAOM BO3-

O6yxaenut. eHcTBUTEIBHO, HCNO/AB3YS TNepeCTAHOBOYHHBIE COOT-
Houenua (29.1.2), Jjerko yéenmbcsl 4TO

@, = V” (a+) @, 20.1.6)

n
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Cocrostnna ¢ n<2s Mbl GygeM Ha3biBaTb (PH3HYECKUMH, a
¢ n > 28 — NONOJHUTENbHBIMHU.

2. UnpepunntHas Metpuka. o cux mop MH He IeJajH
HUK3aKHX TPEAnoJOXEeHHH O CBS3M MexIy onepatopaMu ¢ H at
W CYWTAJH TOJNBKO, UTO OHM YIOBJETBOPAT NepeCTaHOBOYHBIM
cooTHomennam (29.1.2), B OCTadbHOM e ABJAAIOTCA HE3aBUCH-
MBIMH. TIpeamnooNUM Temepb, uTO omepatophl & W &t aBasdoTCs
9PMHUTOBCKH COMPSIHEHHBIMH.

OmnpezneneHne 9PMUTOBCKOTO coOMpshxeHnss TpeGyeT, Kak u3-
BECTHO, BBeIeHHS METPHKH B MPOCTPAHCTBE BEKTOPOB COCTOSHUH,
T. €. ONpeje/eHHs CKaJAPHOTO IPOHM3BELEHHS BSTUX BEKTOPOB.

Jlerko y6emurbCsl, YTO ecnu oOmeparopsl @ M a't apadoTCA
SPMHTOBCKH COMNPSKEHHBEIMY, TO CKaJdApHOe MPOM3BElNEeHHEe BeK-
topos cocroauut @, u @,., oGosnauaemoe nanee uvepea (D,, Dy),

6yleT paBHO
(CDm ch’):(Snn'- (29.2.1)

IlelicTBUTENLHO, PACCMOTPHM, HANpUMED, CKalgpHOE MPOWU3Bese-
ure (@,, @,). Cornacno (29.1.6)

— (at
(@), D)) = (a* Dy, a+Dy).
Ho, mno omnpelesenyio 3pMHTOBCKOTO COMpPMXEHHA ONepaTopoB

Lwu L+,
(@, L) = (L+D, V), (29.2.2)

rae @ n ¥ — npoussosbHeie BeKTOPH cocTosHuH. [ToaTomy
Dy, D)) =(D,, aa+Dy).

YuyreiBad, 4ro

aat®, = @,
¥ TpeinoJaras

(Do, Pp)=1,
N0y UM

(@, D)=1.

AnanornuHbiM 06pa3oM MO¥HO yOeANThCsl, UTO PaBeHCTBO (29.2.1)
MMeeT MeCTo 4 mpu #=n"> 1.

Yro6bl yOeauThC B OPTOrOHAIBHOCTH BEeKTOPOB COCTOSHHH
@, u O, npn n+n’, ymMHoxnM ypasuenue (29.1.4) ckaaspuo
Ha @,

(q)n’v tZ+tZ(D,1) =n ((I)n'n q)n)c
Tak kax
Dy, a*ta®,) == ((a*ta)yt O, @,
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n (ata)t =ata, TO MH NPHXOIMM K COOTHOWEHUIO
n' (©,, O©,)=n(D,, O,

OTKyla M cJelyeT OpPTOrOHAJBHOCTh BEKTODOB COCTOSIHWUH TNpH
n+#n'. '

Mbubl BuzuM, Takum o6pasoM, uro, ecaH NoTpeGoOBaTh, YTOOH
onepartophl @ ¥ @t GBHJIH 3IPMHTOBCKH CONpPSIKEHHBIMH B NPO-
CTpancTBe BeKTOPOB coctosnuit D,, TO MBI TpuUIeM K MeTpuke
(29.2.1).

Jlerko BMIETH, uTO B 3TOH METpUKE OMEpPaTOpH §+ ws_,
onpeneasieMble cooTHowenuaMu (29.1.3), He OyayT IPMHTOBCKH
conpskennbMu. [lokakeM, OIHaKO, 4YTO MOMXHO OIPeIENHTH
METPUKY B TpOCTpaHcTBe BekTOpoB cocrosunit @D, rtakum obpa-
30M, YTOOBl ONEPATOPH §, H S_ Gbln B Helt IPMHUTOBCKH COM-
psKeHHBIMH, a oleparop ;Z—CaMOCOHpﬂH(eHHbIM. 310 3HaywHr,
YyTO MOXeT OHThH OlpeleJeHO CKaMspHOe NPOU3BElNeHHE BEKTO-
pos coctosnu#t @,, kKoTopoe MH OyzeM Temepb 0603HauaThb ue-
pes (@, Op) rtaxum 06pasoM, UTOOHl BBHIIOJIHSIHCL COOTHO-
IWeHHs

((Dn’r ;i(Dn):(;x(Dn’: (Dn),
(D, 5.D,) = (5:D,, D).

Mb 6yzeM Hnpennonararb, 4YTO CKaJdpHble NPOU3BeIeHHUSA
(D, Dp) u (D, D) cBaAzaHE MexkAy co6OK COOTHOLICHHEM

(D, D) = (Dyr, FDy), (29.2.4)

(29.2.3)

rie F — HekOoTOpHI#l omeparop, KOTOPHIH HA3bIBAeTCa MeTpHue-
ckuM omeparopoM. Tak Kak ckanspHoe npousserenue (¥, @)
JOMKHO 064a1aTh CBOHCTBOM

(¥, DY =(, ¥),
T0 oneparop F nomxeH 6bITb abMHTOBLIM B MeTpuke (29.2.1):
FT=F. (29.2.5)
Haltnem Bua Merpuueckoro omeparopa F. Ws pasencrs
(29.2.3) caenyior, coraacHo (29.2.4), cooTHoweHHUs
(¥, Fs, @)= (¥, StFD),
ES x
(¥, Fs,®)= (¥, 55 FO),
OTKyna N 5 N _
Fs =stF, Fs,=s}F. (29.2.6)
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[MoxcraBass B 9TH cOOTHOLIeHHS BhIpaxeHus (29.1.3) 114 s, s,,
Hallnem

a+(1 _-%)le-‘at AF—Fn,  (29.2.7)

rie n=a*a. Mn BuIuM, 4T0 F NPHBOIUTCA K IMArOHANLHOMY
BULY BMecTe ¢ n. [losToMy nepsas dopmynaa (29.2.7) naer

n
(1 -_—2;) Fa*®,=F, a*®,,

rie
F,=(®,. FO,).
Taxum o6pasom,
Fn+1:(1 _Qn_s)Fn’
oTKY1a
1 n—1
Fo=1-(1—5). (1 =251).  @9.2.8)

dTo BLIpaxeHUe MokaswBaeT, yro F, =0 npu n > 2s} 1.
Bosspauiasicb k BhipaxeHHio (29.2.4), noayuum

((D,,, q)n'):Fnénn’- (29.2.9)

dra ¢opMy/la MNOKasHBAaeT, YTO MeTPUKA, 3alaBaeMas CKa/aAp-
oM npoussefenueM (¥, @), sBagercs MHIedMHHTHOH, Tak Kak
ckanspHoe npoussesenue (@,, @) npu n > 2s, 1. e. nas no-
NOJIHHTEbHHX COCTOSHMH o6pamaercd B Hyab, xord @, == 0.

3. CBsA3b MATPHYHBIX 3JIEMEHTOB CNHHOB H HI€aJIH3H-
poBaHHBIX cnHHOB., Hawa 3anaua 3akniouaeTcs B YCTaHOBJEHHH
CBSI3H MaTPUYHBLIX 3J1eMEHTOB ONlepPaTOPOB §,, S € MATPUUYHLIMH
3/IeMEHTaMH OMNeparopoB Ez, Sy

BeeneM ¢ 3TOH Leabi0 COOCTBEHHBle BEKTOPHI ONMepaTopa s,
KoTopble Mbl Oylem o6o3HauaTb 4epes |n):

S| n)=(n—s)|n), (29.3.1)

rie n=0, 1, 2, ..., 25 (BeAUYHHA m==n-—S MpPeICTABASET
co00H NpoexIMI0 CMMHA aTOMa Ha OCb 2).

BexTop cocrosuust | n) Moxer GHTb MOCTPOEH C MOMOLIBIO
BeKTOpa cocTosHMs | 0), ompelenfieMOrO ypaBHEHHSMH

$,]0)=—5]0), s_|0)=0 (29.3.2)

(BTOpOE M3 3THX YpaBHEHHH YUYMTHIBAeT TOT (haKT, YTO HET BeK-
TOPOB COCTOSIHMA ¢ mpoekuueid cnHHA, MeHblueH yem —— ). as
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storo HeoOxoxauMo nonefictsoBath Ha |0) omepatopom (s )™

[ n)==(25)""2 ()" (s,)" | 0). (29.3.3)
HeficrBurenbrno, coraacHo (29.3.4),
s2(s4)" =(s,)" (n—+s,), (29.3.4)

oTKyZa u u3 cdopmya (29.3.3), (29.3.2) HenocpeACTBEHHO CJe-
ayer (29.3.1).

[ToxaxeM, YTO COCTOAHMA |n) YLOBJETBOPSIOT CJEAYIOLIAM
YCJIOBUAM OPTOTOHA/MLHOCTH M HOPMMPOBKH:

(n|n"y==F %

n nn’’

(29.3.5)

rae F, onpenenserca copmyaoft (29.2.8). 3ametum ¢ 3sToH

LieJIbl0, YTO BEKTOPbl cocTOoAHHA (29.3.3), Kak coGCTBEHHBIE BeK-
TOPHl 3PMHUTOBCKOTO OMNepaTopa §,, fABJAAIOTCH OPTOTOHANLHBIMH,
T. €.

(29.3.6)

nn’?

(' |n)y= A, 28" 18
rie
A,, = <0 IS’LS’L l0>
Hatnem Beanunny A,. Sameuas, uyto s(s— 1)=s24
-+ %(s+s_ ~+$§_§,), U HCNOJb3y COOTHOLleHwe [s,, S_}=
:252, NOJYYuM
s_8, = (s —S8,)(s+s,+ 1). (29.3.7)
Sra dopmyna u dopmyna (29.3.4) no3BoAOT NPEACTABUTL Ole-
patop s-s B Buze
snsh =stols_s shTl=slsnl (s —s,—n+1)(s +s, -+ n).

Yepennaa 9To paseHctBo no coctoaHuio |0) U ucnoassys
(29.3.2), natzem

n—1
AII:A11~1(1— 93 )QSn’

a rak Kak Ay==1, 10
A, =n1(2s)"F,,

yto ¥ TpebGOBAJIOCH N0KAa3aTh.

Takum 06pa3oM, BeKTOPB COCTOAHHUA V—;_—]n) ABJAIOTCA
OPTOHOPMHPOBAHHBIMH. *
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YcraHoBuM Teneph CBSI3b MEMAY MAaTPHYHBIMH 3/EeMEHTAMH
ONepaTopoB § U S.

Hoxawxem, uro ecau G (s) npeacrasaser co6oH NpPoOU3BOJb-
HY10 (YHKUHIO OMepaTopoB NPOEKUHMH CMUHA §;, TO UMeeT MeCTO
caenyolee obuiee COOTHOLIEHHE:

(n|G () |0y =(D,, G(PSP)Dy)=(D,, FG (PsP)D,),
(29.3.8)

rie P — oneparop NPOEKTHPOBAHHA HA MOLNPOCTPAHCTBO (HU3H-
YeCKUX BEKTOPOB COCTOSHHS:

@, n<2s,

0 n> 9s. (29.3.9)

o=

dopmyna (29.3.8), ecau oTBieYLCA OT ONEpPaTOPOB MPOEK-

THUPOBAHHUSA CBOJAUT 3alaiy O HAXOXICHHUH MaTPUUHBIX 3/JEMEHTOB

oneparopa G (S) K 3alaye O HAXOXICHUM MATPHUYHEIX SJEMEHTOB

npousBeieHus 6o3e-onepaTopoB &, at Meway cocrosuHusmu @,

D, , ABITOIWUMUCA COBCTBEHHEIMU COCTORHUSAMM omeparopa YMc/ia
BO30YWIeHHH n=a%a.

Has nokasarenbctBa dopmyant (29.3.8) npennonoxuM cHa-
yana, uyro 3ra d¢opmyna cnpaseinuBa aaA G (§)==s§; U MNOKa-
KeM, 4TO oHa Oyzer cnpasennusa maa G (8) =s;s,.

-1, .

3aMeuas, 4TO COCTOSHHA £ /Zln) ABJAIOTCA  OPTOHOPMUPO-

BaHHBIMH, HMeeM

(nls;sp|n'y = D{n|s;|n"y F' (n" | s |n').  (29.3.10)
ro

CornacHo Hamemy npeanonoxeuuio ¢opmyna (29.3.8) cnpasen-
auBa g G(§)=s; T. e.

(n)s;|n"y = (@,, Fs;Dyr) (29.3.11)
(B 3TO#t dopMyie Mbl ONYCTH/IM ONEPATOP NPOCKTHPOBAHMS, TaK
kak cocrosuus @D,, @, apiasorcs ¢usuveckumu). I[loacrasins
(29.3.11) B (29.3.10) u sameuyas, uTO
((D,,", ngq)n'): Fn” (('Dn”: SNk(Dn')»
TOJIy YUM
(n]ssp |0’y = 2" @y, Fs;®p) (Ppr, 5pDyr),  (29.3.12)
o

rie CyMMUpOBaHUE MPOU3BOAUTCA TOJNLKO MO CUCTEME ¢)H3H'-leCKl/lX
BEKTODOB COCTOAHUM.
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Bamenaa B mociaeineR gopmyne @, na PD,., MoxHO pac-
NPOCTPaHUTL cyMMupoBaHie mo n” B (29.3.12) Ha noanyw cH-
creMy BeKTopoB cocroaHufi @,». B pesyabTate Mu noayyum

(r|s;s,|n"y= (D, FsPs,D.).
Bra dopmyna cosnanaer ¢ Gopmyoh (29.3.8) npu G (s) = s;s,,.
[TocTynast anasorH4HEIM OGPAa3OM, JETKO A0KA3aTh, YTO (GOp-
mMyna (29.3.8) 6yner cnpasednnBa 18 gpyukuud G (§), uMeloLIuX
BHI MpoH3BencHH# MoGOro Yucl1a OneparopoB §;, €CAH TOJbKO
oHa cnpasenauBa 1 G (s)=s,.
Ocraercs yGenutbcs B CnpaBeLauBOCTH (opMmyant (29.3.8)

g G(s§)==s;, ur0 MOXeT OblTb CHETAHO HEMOCPEICTBEHHBIM
BrIyHcaeHdeM. JlelicTBuTesibHO, U3 dopmyinl (29.1.3) crexnyer:

(D,, Fs, Dy )=F,(n— )8y, (29.3.13)

K ToMy e pesyanTaTy TNDUBOIMT H JeBas 4acTb PaBeHCTBA
(29.3.8):

(n]s,iny=@m—9){(nin"y=(1n— ) Fudp,

rak kak, cornacto (29.3.4), {(n|n’y = F,0u, .
Ecau G(§)==s,, T0o u3 (29.1.3) umeeM

(Dp, Fs, @)=V 25 Fo(@p, a*®p) =V 25F, V1, nar.

C n1pyroft CTOPOHH, U3 KBAHTOBOMEXaHWYECKOrO OMpele/eHus
MATPHYHBIX 3/EMEHTOB ONEPaTOpPa MOMEHTa CleldyeT:

FihFt(n)s Iny=V(s+m(s—m+ Dom m 1.

rae m=n—s, m'=n’—s. [losromy, ucnoneays (29.2.8),
OV YHM

(ns, |ny=VnVFiFaci@s+1—1) 8y n' 1=
=V 2 Fa V1 nis1
TakuM oOpasoM,

<n|s+ ]n/)z((D,z, F5~'+(Dn')- (29.3.14)
Cornacro (29.2.4) orciona ciaenyer:
(nisy |n")y=(Dy, ;+ch’ ).

l'lepexolm K KOMIJIEKCHO COTIPpAXKCHHBLIM BeJHWUYUHAM U 3aMmeuas,
4TO

(@p, §,Dp) = (5,Dpr, ©p) = (Dyr, 5_Dy).
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NoAy4uM
(n)s_|n")y= (@, Fs_@,). (29.3.15)

PaBencrBa (29.3.13), (29.3.14), (29.3.11) noxa3uBaloT cnpa-
BeAnuBOCTh opmyanl (29.3.8) aaa G(S) ==s;. Takum oGpasom,
¢dopmyaa (29.3.8) nokasana B obuieM chayuae.

4, Teopema o caegax. [Ipu BHUYHC/IEHHH CTaTHCTHYECKOH
CYMMBI, a TaK@e Pas/JHuUHBIX KHHETHYECKHX KO3(QPUUMEHTOB fpH-
XOAMTCA HaxoIWTb clenbl onepatopa G (s). Mbl nokaxeM, 4To
BoiyHc/aeHHe Sp G () CBOAMTCA K BHIYMC/JEHHMIO C/lela HEKOTOPOro
OmepaTopa, IMOCTPOEHHOTO C MOMOLIBI0 Gose-onepaTopos a, a™*.

Cornacno cpopmyne (29.3.8)

SpG(s)-S Y 1G@) ) =Y @, GPPYD,,

rie IITPUX Y CYMMBl O3HAa4aer, YTO CYMMHPOBaHHE MPOHU3BOAHTCH
TOJBKO 10 (¢u3uYeCKOR cucreMe BeKTOpoB cocTosiHMR @,
(n < 2s). 3ameuan, utro P®, =0 npu n > 2s, HMeeM

(@, G(PSPYD,)= (D, PG(PsP)®,)=Sp PG (PsP).
n n
Takum o6pasom,
Sp G (s) = Sp PG (PsP), (29.4.1)

rae s7 cBoA3aHbl ¢ Gose-omepaTtopamu @, at dopmynamu (29.1.3).

5. CpaA3b MeXny pa3JHYHbBIMH peasu3auuaMH onepato-
poB cnuHa. B § 8 (paszen 1) MB MOCTPOWIH C MOMOLLbIO
6o3eBckuX onepatopos at, a oneparophl

s =V 2sa* ]/1 a+a
v =yVuyY 152

LA +
s, =—s-+a%a,

(29.5.1) -

KOTOpHIEe (OPManbHO YAOBJETBOPSIOT NMEPECTAHOBOYHBIM COOTHO-
IIeHUAM AJS ofleparopoB cnuHOB. C apyro# CTOPOHBI, Mbl BBEJH

orneparopsl
s, =V 2sat,
~ — ata
s.=V2s (1 — =5 )a,
s,=—s-+4ava,
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KOTOpLIE TaKKe YIOBJETBOPSAIOT NEPEeCTAHOBOYHHIM COOTHOLIE-
HUAM [IAs ONepaToOpoOB CnHHA. Bo3aHMKaeT nmo3TOMy Bompoc, Kak
CBA3aHbl MeXIy C000H 00e 3TH CHCTEMBl OMepaTopoB, O KOTO-

_PBIX MOXHO FOBOPHTb KAaK O Pa3JHYHBIX peaNH3alHsax onepaToposn

cnuHa ¢ noMolinplo 603eBCKHX oNepaTopos ¥, a.
Bocnonbsyemcs 1as storo gopmynamn (29.2.8), (29.1.4)
(29.1.6). Cuuras, uto n, n’ < 2s, nOAyuuM

((D!Zv F‘/za+F_l/zq)n'):V Fffl ((Dm (Z+CD,1'):
:]//1 _— Yy, a+(D,,r),
o a2 0, )
—— -
=(1 =%V 72 @n @)=}/ 1 — 5= @, a®y).
(29.5.2)

3aMeyas jpajee, 4YTO

]/1 ”’1 (D,, a CD,l)—( - aﬂ/l—‘““ )
]/1 ——_2”?@”, a(D,,r)=<(I)n, ]/1 — “;S" acp)

nepenuuieM (29.5.2) B Buae

(q)"’ Fl/2a+F—1/2q)n')=<(I)n’ a+ ]/1 _ _a_QEE q)ﬂ,) ,
e ataa = o 4 ata
(@ P (0 —2522) P cp,,,)_(qan, V- aCD,,).

MBI BHIMM, YTO ONMepaTopHl S,, S_, S, CBfA3aHH C oOmepa-
TopaMu s’ , S_, s, COOTHOMIEHHSMH

se=Fls F " g =5, =F,F"  (29.5.3)

StH GOpMyJIBl CHpaBeLJHMBHL B MNOLNPOCTPAHCTBE (HH3HYECKHX
BEKTOPOB COCTOSIHHMH, T. e. mpH n < 2s.
Bblue Mbl noayuHin ¢opmyiy

(n|G(8)|n"y = (D FG(PSP)®y),
rie G (s) — npousBojbHas ¢yHKiMA oneparopoB §. Hcnoawsays

COOTHOUIEHHUA (29 5.3), mbl Bpipasum Tenepb (n|G(S)|n’) yepes
oneparopsl §’.
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Samernm nas 3toro, uro npu n, n’ < 2s i
(®y, FG(PSP)®, )=V F,Fp (@, F"G (PsP)F"®,).

Tak kak oneparop G (PsP) nelfictByer B (pU3HuecKoM TNoANpO-
CTPAHCTBE BEKTOPOB COCTOSIHHsS, TO, corjacHo (29.5.3),

F"G(PsP)F~"" = G(PF"sF~""P) = G (Ps'P).

ITosTomy

VF
- -
Tak kax cocroauus Fj h}n} ABAAIOTCS  OPTOHOPMUPOBAHHEIMHU,
TO U3 ToclenHeH GOpMYJab CleLyeT COOTHOLIEHHe

Sp G (s) = Sp PG (Ps’P). (29.5.5)

dopmysna (29.5.4) nokaselBaeT, UYTO MAaTPHYHBIH aneMeHT

onepatopa G (8) Mex1ly HOPMUPOBAHHBIMH COCTOSHUAMH Fj
BOOGIIEe TOBOpPS, He paseH MaTpuuHomy 3aeMenty (@,, G (s’ ) n )
M TOMbKO B mpeHeOpeeHHH MPOMEeKYTOUHBIMH I1OTIOJHHUTENBHEIMH
COCTOSIHUAIMH VKa3aHHBIE MATPUYHBlE 3JeMeHTH OyAyT COBMALAaTh.

6. IlpencraBaeHue CTaTHCTHYECKOH CyMMBI (peppoMarHe-
THKa ¢ nomouibi0 Go3eBCKHX onepatopoB. TeopeMa O cienax
MOxeT OblThb NpHMeHeHa K BBIUMCJICHHIO CTATHCTHYECKOH CYMMHI
¢dbeppomarueTnxa

= (]G (8)|n") = (Qp, G (PS'P)Qp). (29.5.4)

Z=SpeB¥ (D), ﬁ:%, (29.6.1)

rie &€ (8;) — raMHAbTOHNHAH ¢eppOMarHeTHKa (34eCh BBITHCAHLI

ABHO apryMeHTHl §;, YTOGB! MOLYEPKHYTb, YTO FAMHJILTOHHAH BbI-

paxeH uepe3 ONEpaTophbl MPOEKUHH CIMMHOB OTAEJBHBIX aTOMOB).
CornacHo 3TOH Teopeme

Sp e~ B (51) — 5p pePI (PSP, (29.6.2)

rie §, — ONlepaTOPH MIeaJH3NPOBAHHOTrO- CNMHA [-ro  aroma,
onpeneidemsie ¢opmyaamu (29.1.3), u P — onepatop npoexkTu-
pOBaHHA HAa MOLNPOCTPAHCTBO BEKTOPOB (H3HUYECKHX COCTOSHHH.
Ilpn 3TOM mOL ¢PU3HUECKHMU COCTOSHHAMH MBI MOHHMAaeM TaKHe
COCTOSIHHS, L5 KOTOPBIX COOCTBeHHbIe 3HAYEHHS ONePaTopoB 4; a,
MeHbllle WM PaBHH 2§ IJd KawAOro yaia pewerkd. Bsons oie-
paTop TpPOeKTHPOBaHus P; Aad [-ro ysna peueTKH:

P, —0 (1 ai a )
1= T A
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raoe
1, x>0,

e(x)z{o, x <0,

MOXHO NpeicTaBHTb oneparop P B BHIe NPOH3BeleHHs orepa-
Topos P
P= ]:[ P,

Mbl mokaeM, uTO npaeas uyacTb paseHcTBa (29.6.2) moxer
8
[4

GLITh C 3KCHOHEHLHATbHOR TOUHOCTBbIO nopsika e 7 npeoGpa-
3oBaHa K Takoff ¢opme, KoTOpas He OyleT CcoiepKaTb orepa-
topa npoextupoBanus P. Takum o6pa3oM, Mbl cBeleM 3ajgauy
O BLIYHCIEHMH CJelOB MAaTDHU, CONEPXKAIUMX OMepaToph Sy,
K BBIUAC/EHHIO CJIel0B MAaTPHL, COLePHKalMX ONepaTopH a;, a,,

anre6pa KOTOPHIX 3HAUMTEJbLHO Tpolle aire6phl OnepaTopoB §.

BripasuM npexie Bcero oneparop & (Ps,P) uepes 6o3eBckue
oneparophl a;, @, Npeiano.naras, uTO raMMAbTOHHaH ¢eppomar-

HeTHKa S (S;) MMeer npocrefmylo dopmy:

@%r(sl):_..l; I(R,) 8 +2u0H(e)Esl, (29.6.3)

YYHTBHIBAKOUYIO TOJBKO oOMeHHOe B3aUMOLEHCTBHE CIIHHOB H HX
B3aHUMOJLEHCTBHE CO CTOPOHHHMM MAarHMTHBLIM NOJIEM. B stom cJaydae

HPsPY=—= ¥, J(R {PszPszP+
l£m
+ L P[P 4 5-p5+ P}—{—Q He Y pszp
2 [l m 14 m] !J‘O 0 Ld
!
ruoe

st=-—s—+afa, S5 =1V2s (1 — )al, sf=V2sa;

N oneparopel a+, (Zl YAOBJECTBOPAIOT NMEepeCTaHOBOUYHBIM COOTHO-
LIeHHU M

[2p at]=0,. [8, a,]=]a} af]=0.

Tak KaKk oneparop §; SBJSETCA ONEPATOPOM YHHUTOXEHHS,

a §;” ~— OnMepaTopoM pOKIEeHHs 3JeMEHTAapHOro BOSOYXIEHHs, TO,
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HUEBHAHO, ~ ~p
PsmP =s2P,

P;;IP = s~;lP.
Ps;PstP=Ps;stP, [+m.

[Tosromy Bhipamenne Aaa & (PsP) Moxer ObiTb NpencTaBaeHo
B BHIE

# (P5,P) =P{—% Y IR 55+
lsm
g (5757 5753) |+ 2ngHE) 2 5 } P

Hcnoanays aBHbIff BHA ONEpaTopoB s7, Sl"', sl . TIOJYYHM

5 (PS,P)=P {Eo+ 2u,HE Y e a,—
l

ata,
—s N IR e (1 =2 @, a,)}P, (29.6.4)
l#£=m
— (e) 1 2
Ey=—2nsHEN — 5" ¥, J(R,,).
ls=m
Jlerko yGeduTbCs, YTO NMOCAEIHION GUPMYNY MOXKHO npel-
CTaBHUTb TAKX€ B BHIE

$¢ (Ps,P)=P {Eo+ 2u,HY 2 afa,—
!

rie

ata
—s Y J(le)a;r(l — ”;s”‘)Pm(am_a,)} P. (29.6.5)
lsm
Bpesem B paccMOTpeHMe ONEPATOPHI:

]
Hp=E,+2u,H; ara,—
l

+

5 ata
—s5 ¥ J(R,) a;(1 ——%s—m)(am——al),
ls=m
é%" =E,+2u,H; H® afa,—
[4

—s Y, J(le)a;r(l — “’E )p (U — ).

l#£=m

(29.6.6)
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Torna N .
S (PsP) = PGP =P, P. (29.6.7)

Jlerko BULETB, UTO OmepaTop ¥ p (a Takke omeparop S p),
2efCTBYq Ha NOTOJHHTEJbHOE COCTOAHHE, MEepPEeBOLHT ero B JO-
NOJHUTEIbHOE Ke cocTosiHue. IlostoMy

PSE P =P,
PSP =PI,

M, CJelNOoBaTelbHO, 1/ TPOHM3BOJbHOH GYHKUUH f (FE) HMeloT

MeCTO (OPMYJbI
(Pt pP)y=Pf(SCp)s
F (P pP) = Pf ().

B wuacrwoctu, coraacHo 3TuM ¢opmynaM H ¢opmysre (29.6.7),
CTATHCTHUECKYIO CYMMY MOMXHO NPEICTABMTb B CJAEIVOWUX ABYX
SKBHBAJEHTHHIX BHAAX:

Z =Sp Pe~ %D,
Z =Sp Pe ™ #¥p, (29.6.8)

Iru hopMyJIbl ABAAIOTCA abCOMIOTHO TOUHBIMH, HO HUMH HeyLOGHO
MOJb30BATLCSA NMPM KOHKPETHBIX BBIYUCAGHHAX, TAK KaK OHH CO-
AepKAT OMNeparop NpPOeKTHPOBaHHA P, HCK/IIOUAOUIMK NONOJHH-
TeJIbHEIE COCTOSIHHS.

5

TTokaxeM, UTO C TOYHOCTbIO 1O UJCHOB MOpaika e T  BO
BTOpOM u3 dopmyn (29.6.8) MoxkerT OHTb ONYLEH ONEpPaTop
npoeKkTHpOBanus P,

paCCMOTpHM, HanpuMep, JAONOJHUTENbHOE COCTOSIHHE!

1 n;
()] n, = at) 'O n,>2s

J an! ( /) 7

Jlerko BuAeTb, YTO 3STO COCTOfHHE SBJAAESTCA COOCTBEHHLIM CO-
CTOsIHHEM Omepatopa & p:

SFpD ... n,...=

={EO—{— QuH ' ; + sn,l;&] J(Rem)}CD cee e

[MesTomy Braai cocrosuna D ... ny...(n;>2s)8 Sp e~ B¥p
paseH no NopsAky seauuuHbl e~Po, TIpu Huskmx TeMmeparypax
3TOT BKJal SKCMOHEHUHANLHO Mal.
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AHAaNOrHYHO MOXHO TNOKa3aThb, YTO BKJ4l JWO6GLIX AOMOJHH-
TeJAbHbBIX COCTOHHHH NpH HU3KUX TEMIEpATypax 3KCNOHEHUHANAbHO

1
MaJ M COCTaBJAET MO MOPSAKY BeJuuuubl e—BA rpe A > Z‘IOSV
(y — uncao Gamxaltiinx coceleht).
TakuM 0o06pasoM, ¢ TOYHOCTBIO [0 YJIEHOB Mopsika e—BA |
Z=Spe P¥p, (29.6.9)

Yro kacaercs nepeod u3 dopmya (29.6.8), To B HeHt Heabss
ONyCKaTb OMepaTop mnpoekTHpoBaHua P. leltcTBuTenbHO, A9
NONOJHUTEILHHX COCTOAHHHR

1

: n
O...n,...n, ---=—————(a*:)"’(at) I,
J J J J
‘/nj!nj,!
n;>2s, np>28
UMEEM
@...n;...onp o, FpD..ony o0y )=

=E, ———QMOHg")(nj‘{— ni) 4 sS(Rjj) X
ol )

Sro BBIpakKEHHe, a CJAelOBaTeNLHO, W CHEKTp oOmeparopa &
HeOrpaHHueH CHH3Y, TaK Kak NpH f;, 7, —> 00

((D... Rypes By N n;... nj,)—>oo.

INosTomy, omyckas orepaTop NpOCKTHPORAHHS B TNepBoO# Qop-
Myise (29.6.8), Mbl nOayyMM pacxolsileecs BbipaKeHHe
Spe P¥D — o,

Bepremcs k dopmyne (29.6.9). Bxoaswu#t B Hee omnepa-

Top & (B oTauune oT omepaTopa ) COAEPKHUT OMNepaTop
NpoeKTHPOBAaHUA P,,, 4TO 3arpy.IHAeT HeNoCpeICTBEHHOE HCMOJb-
3oBaHHe 3TOM QopMy.abl. MBI nokaxeM, OIHAKO, YTO 3TOT Ofe-
parop MOxeT OHITH 3aMeHeH 3KBHBA/JEHTHLIM €MY ONEpaTopoM,
He COMepKalliM OMepaTopoB npoekThposaunus P,. IlpexcraBum

¢ 3To#t weavlo oneparop &P, B BHIe

%02@%’0'{—@%’,&

rae

N
FHp=—s X J(Rzm)af(l — a’"gf’")(l—Pm>(a,—am>.
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Oneparop &#, obnanaeT OYeBHIHBIM CBOHCTBOM: eClH MO-
peicTBOBaTh KM Ha BeKTOp ¢H3Hyeckoro coctosiius Dy, .
(n; < 25), TO Mbl NOJYYHM HYb:

7 —_
56’0(1)”1”2—0, n; < 2s.
Jlerko yBenuThcs, YTO €CAM ONHO H3 YHMCea n, paBHO 25 4 1,

a ocTaibHble pPaBHBI HYJIO, TO B peaylbrare LeHCTBHR onepa-
Topa JSH[ Ha BEKTOP TaKOTO COCTOAHHS MBI TaKie NOJYYHM

HY b
Q?ng(DO...nl...O...=0v nl=23+l.

HOSTOMy CHpaBeAJHBO COOTHOLIEHHE

96}170(1)",112 ...=G%70(Dn1n2 Lot IZ n, <25+ 1.

HakoHew, ecan obuiee ukGiIO BO30YkIeHHH paBHO 2§ —+ 2,
TO TOJbKO NDH NeHCTBHM HA BEKTOPH COCTOSIHHH BHIa

- 1 25+ 2 _ (
(I)Onpo——-‘V-(_Q-‘—S—‘W_)—'(a;) (DO' np—QS + 2,
— 1 2541
Doin, im0 = Voot (a3) " ar @,

n,=25+1, n,=1
o0’
oneparop S, NaeT OTJHMUHBIA OT HyJs Pe3y/bTaT.

o~
Jlerko BuieTb, uro ILeficTBHe omeparopa JSp Ha 3TU Bek-
TOpLl COCTOSIHHH SKBHBAJEHTHO NeHCTBHIO OmnepaTopa

2) 1 25 +1 25 +1 |
HE TES E J(Rief (@) (@a) " (a,— a,).
I+
B caMoM 1eJe, "
D . 0. n 0. =

1 —_—
-'2_V23+2 E J(Rlp)(I) ..O...np...nr...O...y
5= p
n,=2s+2, n,=1I,

=

] ——
——Q—VQS—}—Q E J(R;,,)‘D..,‘o...np.,.nr...o...-
lsp
n,=2s+2, n=I,

Il
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, 4
HbD...0..n, 0. =D 0. a 0.

AHajaoruuHoe PaBEHCTBO CIIPABCAJHBO AJA BEKTOpaA COCTOAHUA
cD...O...np...n RO (np=23‘+‘1, Il,=1):

r

0.,

/ 2542
&Z’D(D...o...np...n 0. =D 0.0 .

e 2 ree

AcHo, uro ecau an <2s4+2, 10
1

G I, .. =0.

Takum ofpasom, nelcTBHE ONeparopa &/, Ha BEKTOPH COCTOA~
HUH, OMHCHIBAIOWHX He Oojee yeM 25— 2 BO30YMKIEHHS, SKBH~

2
BaJeHTHO IeHCTBHIO Ha HHX OmMeparopa @?&D+5g‘l§‘+ b,

%Dq)...nl...=(5€D+@9{6)gs+2))®...n[..n gnl<23+ 2.

Mul paccmoTpend cOCTOSIHUA ¢ OOLUUM YMCAOM BO30OYXIACHHUH,
He npesocxonsmuM 2s—+-2. Ho aHanoruyHelM 0OpasoM MOXHO
paccMOTpeTb COCTOSIHUSL C MPOU3BOJBHLIM YHCAOM BO30YKAeHHH.

25+3

Tlps 3TOM HYXHO NOCAE10BATEALHO BBOLUTHL OmepaTophi SE5H° ),
4

SPBY, ..., aHanornunbe oneparopy SEEY u comepmamme

COOTBETCTBEHHO (25 +-3), (25 4-4), ... omeparopos Tuna a;

M TaKOe e YUCAO ONeparopoB THNA a,.
BeckoHeunas cyMMa 9TuX oOnepaTopoB u omneparopa F£,

6yneT SKBHBAJEHTHA onepaTopy & p:

FoD... s =<e%70+ ;2%%‘*”)@...”,....

G, =FHp+ X . (29.6.10)
r=2

3To0 CcoOTHOlLleHUE MNOKaszbiBaeT, 4To dopmyay (29.6.9) moxHo
NpeiCcTaBHTb B BHIE

[s ]
gep+ ﬂcg”'))

_B(
Z=Spe r=2 (29.6.11)
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Onepatop & MH GyleM HasbiBaTb 3OGEKTHBHLIM [AMUABTO-
HHAaHOM (eppoMarHeTHKa. 3aMeTuM, 4TO BXOAAUIAA B Hero Gec-

[se)
)
KOHeuHasi cymMma omeparopos 2y FE5°T" umeer omamunbie oOT
=2

HYJAsl MaTpPHYHble 3JEMEHTH TOJbKO MEXLY LOTOJHHTEAbHBIMH
COCTOSIHUSAIMH.

.®opmyaa . (29.6.11) nNpHHUMNHAILHO pellaeT MOCTABJIEHHYIO
B Hayaje 3TOTO pasjena 3anauy, a UMEHHO, OHa CBOIMT BhIUM-
ClIeHHe CJiejla MaTpHIl, COAepPKalIHX ONepaTophl CTUHOB ATOMOB S,
K BLIYHC/IEHHIO CJela MaTpul, coiep:xawux Oogee mpocrtble 60-
3eBCKHE OMepaTopul a;, a,.

Ias naapHefimero mnpumeHenust dopmya (29.6.6) yuno6uo
BBECTH ONEPATOPbI- HCNYCKAHUA W NOTJIOUEHUA MAarHoHoB a' (k)
u a(R), koTopble Mbl OmpeieJuM kak npeobpasosanus ®ypse

+ .
OTepaTopoB 4} U a4
1 - iR, +
a;r::———Ee la™ (k),

k
1 ikR
al——ﬁ—;e la(k).,

M3 nepecTaHOBOUHBIX cooTHoWweHHH (29.1.2) nas oneparo-
poB @/, @, BHITEKAIOT MepeCTaHOBOYHbE COOTHOLIEHHS

A
{a(R), at (R)] =g,
{a(k), a(R)]=a’ (k), a* (k)] =0

(29.6.12)

(29.6.13)

ais oneparopos a (&), a* (k).
Hcnonbays pasnoxenue (29.6.12), MOXKHO BBHIPA3UTL 3¢idex-

THBHbIH TaMHJbTOHHAH &K’D yepes onepartopbl HCNYCKAaHKA M
norJIoueHnsA MAarHOHOB: ‘

£D=E0+5g0+é‘:ﬁ71v %[3%1+22@%g3+r>x (29614)

rae

o= §6s<k)a+<k)a<k>'

1
%)IZTV_ 2 D (k,, ky; kav k) X

Rkt ,
X AR ARy —k3—ky)at (k) at (Ry)a(k)a(ky) (29.6.15)
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u Beauunusl €,(k) u @ (R, Ry ks, k,) onpenensiorcs dopmy-
- e, (B) = 2 HiP) -+ s (J(0) — J (B)),
D(ky, ko by k) =

= o () I (k) —J (ky — k) — T (ky— k). (29.6.16)

J(k)y= D J(R,,) e"*Rim.

3Ty BLIpAXKEHHS BMeCTe C MepecTaHOBOYHEIMH COOTHOUIEHHSMH
(29.6.13) 10KasbIBAOT, 4YTO OMEpPaToOp S, MNpeicTaBiaseT coGoi
raMUJbTOHHAH CBOGOINHBIX MarHoHoB, a a (k) u a* (k) — ouepa-
TOpHl MOTJIOLIEHHs] U MCMYCKAaHUS MarHoHa € BOJHOBBIM BEKTO-
poM k u suepruett e (k).

Oneparop ¥, cosepxaluuft NpousBeleHUs YETHIPEX omepa-
TopoB a (k), a* (k), nmpeicrasiser co60# raMHIbTOHHAH OOGMeH-~
HOrO B3aMMOJEHCTBUSI MAarHOHOB.

p
SlBHEIX BLpawenn# 1as oneparopa SHo " MH NPHBOLMTH

slech He OyleM, a 3aMeTHM JHIIb, 4ro FE3°+" comepkur npo-
u3BelneHusa 28 —+-r onepaTopoB Tuna & (k) M CTOJBKO Xe Ore-

paropos tuna a* (k). Tostomy oneparop &% onmucrisaer
MpoLeccs B3aMMOILEHCTBUSA, B KOTOPHIX yuacrByeT 2(2s—r)
MarHOHOB.
3aMeTHM, 4TO BHIpaX(eHHe LJs & (k) NepexOIHT B U3BeCTHOe
ye HaMm BbIPaXceHHe IJA SHePrMH MarHoHa (B npeHeOpexeHHH
9Heprue# MarHMTHOX aHWU3OTPONHU W 3HEpPrued MArHUTHOrO NH-
noJbHOro B3aumorehctBus). Ilpu ak <€ 1 sHeprus MarHoHa
paBHa
e, (k) =2pHP -+ s/, (ak), (29.6.17)

rie J, — 3HaueHMe OOMEHHOTO HHTerpaza Mexay OJHmKaKIINMH
cocensiMu.

Jlerko Bugers, uro BeanuuHa D (R, k. ks, k;) (oHa Hasbl-
Baercsl aMIIMTYAO0R OOMEHHOro paccesiHHs MarHoHOB) ofpaluaercs
B Hyab, ecid Ry==0 gubo k,==0. Iro BsHAUUT, UYTO B3AHMO-
Je#cTBHE MEXAY IJMHHOBOJHOBBIMHM BO30YMIEHHAMH SIBJsieTCS
cnabbiM. OTMETHM, ONHaKo, uro Npu ka ~ 1 B3auMoleRcrsye
MeXJY MAarHoHaMM OTHIONb He siBAsercsl cjabuiM. ToJbKO B mpe-
LeJbHOM cayyae GOJbIUIMX CUMHOB § 3> 1, Kax BHIHO U3 ¢op-
mya (30.6.16), sto BsaumomettctBHe Oyner caaGbIM IIpU BceX
3HaueHusX &. E
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Ormernm, uro D (R, ky; R, R,) + D (kg Ry Ry, ky). Baaro-
Iaps 9ToMy oneparop &%, (Tak ke Kak M oneparop S€p) He
sABJIseTCs pMuUTOBbM. HeapmuroBoctb G 011HaKO He NposBasieTcs,
€CaH He YYUTHIBATH LONOJHHUTENbHHX COCTOSHHH, BKJAl KOTOPHIX
B CTaTHCTHYECKYIO CYMMY SKCIOHeHUManbHO Man npu T <& T,.

§ 30. Tepmopunamuueckuit norevuunan deppomarHeTuxa

1. Pa3joxeHHe TepMOIHHAMMYECKOrO0 MOTEHIIHaJAa no
creneHsam Temnepatypel. IlonyueHHas B § 20 ¢opmyaa nas
NONPaBKH K TEePMOXMHAMHYECKOMY NOTeHUMaly Q, crnpaBeliusa,
CTPOro TroBoOps, npu s >>1, TaKk Kak TOJbKO B 9TOM clydae
OfepaTop ', MOWHO pacCMaTpPHBATL KaK MAaJoe BO3MYILEHHE.
[MokaxeM Tenepb, Y4TO ecdH OTOPOCHTHL MNPENNOJNONKEHHE O BesH-
YHHE §, HO CudTaTh [O-tpewHeMy, uTo T <€ T, TO MBI NOAy4MM
175 TIOTIPAaBKM K TEePMOIMHAMHUYECKOMY TMOTEHUMAdy BbIpaXeHHe,
oTanyaolieecs OT Buipawenud (20.4.3) TONBKO UYHUCAGHHBLIM MHO-
WHUTeJeM MOPALKA eLHHHUILB (3aBUCAILUM OT BeJUYMHBI chuHa) [1].

C srto#t ueanio Mb obparumca k¥ dopmyne (29.6.9), shpa-
WalouleH CTATUCTUYECKYI0 CYMMYy deppoMarHeTHKa uepes olepa-
TOPHl MCMYCKaHUA W IOrJAOWIEHHA MArHOHOB M, WHTEPeCydCh
00/1aCcTbI0 HU3KUX TeMIepaTyp, MOCTaBUM BOMPOC O DPa3JOKeHHH
TEPMOJMHAMUUECKOrO NoTeHnuana €,

Qz_%mz, (30.1.1)
B pax no crenensM T/0,.

3ameyas, uTO @%’D=5€0+§767,, rie S, u 5—6—’, omnpeje-
asorea gopmyaamu (29.6.14), (29.6.15), nepenuueM oneparop

e B¥D 5 pue

B —
¢ BHD _ , B, _ f dp'e® PIHeZp T
0

B _
=e—536‘°_ f dﬁle_ﬁ 36056’,8(6 -B g,
0

Tlon suakoM cJefa MOXHO UHKJIHYECKH NePecTaBaaTb crepa-
TOPbHI; TMOITOMY

Sp (8‘13'3—6‘[) . 8—536‘0) —

B T e——
— — pSpe P03g, -sp [ ap’ [ ap’e® P Fo5,e 0 F0 57,
[ 0 .
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[Mpoussons B mOCieiHeM u/JeHe HHTErPHPOBaHHe MO YacTAM, MO-
AYYEM
Sp (e”ﬁg_cl’ — ¢ —
[ ¢ N a5 = o pze)
=—pSp 1%19—&%0—‘[ dﬁl<1 -—%) 5 ,1e7P ¥ 5 o® _B)g%i'
b

CrenoBaTesbHO, TEPMOIMHAMUYECKHH mNoTeHUHAN {2 MOxeT GbITb
npeicTaB/leH B BHIE

Q:QO——%In(I——Bn), (30.1.2)
rie

Qoz—%ln Sp e 836

B
= <&‘_’é’,{{1 -Ofds'(l —%)e‘ﬁ'fbgé,eﬁ'“ow() (30.1.3)

(ckoOKH {...), O3HAyYalT ycpelHeHWUe C PABHOBECHOH MaTpuueH
NJOTHOCTH HeB3aUMOLeHCTBYIOLMX YacTHL, {(A),==Sp A (Q""%“)).

ITepoe caaraemoe B (30.1.2) omnpeleaser TepMOIUHAMHYE-
Ckufi TOTEHUHaJ] HIeaJbHOr0 ra3a MarHOHOB, & BTOpOe —-HO-
NpaBKH K TepMOJIUMHAMUYECKOMY TOTeHUHany, OOYC/OB/eHHbIe
o6MeHHbIM B3auMole#cTBueM. MHTepecysch B padbHeHIIeM TOJbKO
NONPABKAMH, NMPONOPUHOHANBHbIMH 15, MOXKHO 3aMeHHTb In (1 —fn)

Ha —fn,
Q=2,-+AQ, AQ==n. (30.1.4)

IMTokaxeM, uto B o6aactu Huskux Ttemneparyp, [ <& T,
CNpaBel/UBO Clenyioilee COOTHOUIEHHE:

(5?71‘41@0_'51 . t%IAm%I)oz
1 -
z_z—Z((I)l?’ %IAIQ%;I IO %)IAMQ%’I(DIQ) ﬂlﬂg, (3015)
12

rle A, A, ... — HEKOTOpbl€ ONEPATOPbl, NPUBOAAUIUECH K JHa-
TOHaJbHOMY BHLY BMECTe C 4YHCJAaMH 3anoJjHeHus np U Oy —
BEKTOD COCTOAHMA, COJEpKallero TOJbKO JBa MalHOHA C BOJHO-
BHIMH BEKTOPaMH R; H Ry

®,= a;‘a,_;“(DO, a,=a (kl.).
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Yro6bl 10Ka3aTh 3TO COOTHOLICHHE 3aMCTUM, 4TO A8 BblYMHCJIE-

HHA BbIPpaxeHHud, CTosulero B JeBoft uvactu pasencrBa (30.1.5),

HeoOXOAHMO HalTH IMaroHa/ibHble MATPHUYHbIE 3JEMEHTHL:
— EEG—— .
({n,—} I %)IAI%I “ee G?glAmegl, {n,})=§m{,,i},
rae | {n;}) caykut Aag o603HaueHHa Bektopa cocrosuus Dp,

MarpuyHbfl 3/1eMeHT EDZ{,,i} B CBOIO OYepellb CBOLUTCH K CyMMe
npou3BeieHHH MATPUUHBIX JIEMEHTOB THIA

i) ’
({ri} [, [ {mi}):

Tle n}— YAC/a 3aMOJNHEHUS B MPOMEXKYTOYHBIX COCTOSHHSAX.

[lpexnonoxum cHavana, uro G¢,=7Z%, Torma B cury
CTPYKTYpPHl OMNeparopa &/, MaTpuuHble 3JeMeHTH JiF, Tpo-
MOPLHOHAIbHEL anng (ny+ 1) (ny,+ 1) (Mbl CUMTAEM, 4TO
! - / I LA /. R
n=n—1, ny=n,—1, ny=n, +1, n4__n4+1). Ecan,
HanpuMep, EDZ{,,i} COlepXUT OflepaTop &#, ABa pasa, TO OH
OylLeT comepwaTb YHC/Ia 3alOJHEHUs B BHIE :

({n:}| S6,A5, | (n)) ~ mng(ny + 1) (n,+ 1).
[Ipu ycpemenHH MaTPHUHBIX 3/1EMEHTOB YHCIA 3aNIOMHEHHS 7,

3AMEHSIIOTCH MX CPEIHWMU 3HAUEHHAMU 7;, Ollpelle/leHHBIMH pac-
npenencHueM Ilnanka

n;= g=¢,(R).

1
P

Tak kak 1o rnepeMeHHbIM XR; NPOUCXOLHT HHTErpUpPOBaHUE, TO
B 00MacTH HM3KMX TeMIepaTyp Bce MHOXHTeau tuma (n; + 1)
B MATPUYHBIX 3JIEMEHTAaX MOTryT OBITb 3aMeHeHH eluHHMUeH (3TO
3HAUMUT, UYTO B [JPOMEXYTOYHHX COCTOSHUAX OCHOBHYIO pOJb
UrpaloT MarHOHH, BOJHOBOM BeKTOP KOTOPHIX paBeH IO TNMOPSIAKY
BEeJIUYUHBl 1/a, a sHeprus e ~Jp). Orciona caenyer, uTo B 00-
J4CTH HHU3KHUX TeMIlepaTyp HeoOXOZMMO BbIGMpaTb TakHe TNpOMe-
’KYTOUHBIE COCTOSIHUA, KOTOpbie INPHBOAAT K MHOXUTEAM TUNa
n+ 1, a He n. VHbIMU c/IOBaMH, CXeMa BHPTYaJbHBIX MEPEXOLOB,
cyulecTBeHHBX npu T <€ 0, 1o/mKkHAa HMeTh CJlelylOWHH BHIL:

{m, ny my g ng ng L)
—{n,—1, ng—1, ng+1, n,+1, ng ng ...} >
—>{n, —1, ng—1, ng ny ng4+1, ng—+1, ...)—> ...
R TR T " P i
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Takum 06pasoM, NP BHIYHCAEHHH MATPHYHOTO 3JdeMeHTa fm{,,i}'
MOMXHO CUWTaTh, YTO HAYAALHOE ¥ KOHEUHOE COCTOSHHS MMEIOT B

1
o V nn,l

otkyna u caenyer ¢opmyaa (30.1.5) (MHOWuTe b !/, BO3HHKAeT
B 3TOH opMyJde NOTOMY, YTO B CYMMe YYUTHBAOTCA 0o6a TO-
WAeCTBEHHBIX cocTosiHUS Dy u Dy)).

dopmyaa(30.1.5) BbIBelleHaBl'lpeI[I'IOHO)KeHHH YTO & ’,_%’
[ToaToMy HaM HYXHO BLISICHHTL, KakoH BkJan BHOCHT OeckoHey-

D0y 0 (@)™ (o) Do

oo
2
Has cymma X 5 B nesyio uwacth pasencrsa (30.1.5). Tlo-
r=2
KaXeM, YTO 3THUM BKJAaA0M MOXHO NpeHefpeyb B 0GJACTH HU3KMX
temneparyp. Iedcrsureasno, 2 (2s -4 2) — MarHoHHBIM mpollec-

25 +2
CaM, OIUCBLIBAeMbIM TaMUJbTOHUAHOM @%’(DH ), COOTBETCTBYET

3[2(25+2)—1
cratnctusecknt Bec AP TYN Orciona clIefyeT, 4TO IMpH

T <79, 11 npouecch hHe MoryT NPUBOLUTL K TOTpaBkaM GoJee

S (4s+3) l
HH3KOTO mnopAaKa, uesm 72 (anomuns, w0 &~ T"). To-

9TOMY Jaxe ILafl CMHHA § =7 9T NONPABKH HE MOTYT 6bITh

fojiee HHU3KOTO INOPAIKA YeM T, 5 10 BpeMsi Kak MONpaBKH,
CBSI3aHHbIE C J¥,;, NMPOMOPUHOHAbHE 17,

Takum oOpasom, coraacHo (30.1.5), (30.1.3), suipakenue
1as AL Moxer 6wiTh NpencTaBJAeHO B BHIE

AQ= 2 1n2<®12, gé’,{l—-—
: ' )
f ) e~ P'¥150 68 %o i(pm . (30.1.6)
0

Kak ywxe yxka3blBanochb, OCHOBHOHM BKJIal B NPOMEXYTOYHBIE
COCTOSIHMS BHOCAT MarHOHbl ¢ Heprueit nopsaka J,. [ToaTomy
B uHTerpasi no p’ B nocrenHelt ¢opmyie raaBHHIA BKAQL BHOCST

1
Takue 3HayeHHs P/, LA KOTOPHIX B'\éj—. Tak kak [3>>-J—
[

T0 B ¢opmyre (30.1.6) moxuno npeneGpeur Benuuuno#t B’/ mo
CpadBHEHHIO ¢ | W 3aMeHMTb BEpPXHMH Ipeles] HHTETDUPOBAHHA P
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Ha co. B pesyabTare ME nosyuud

AQ= % E nny ((Du: H, [1 —(Hp—&—8+ ig)-l @%71} ch2)'
12 (380.1.7)
rre £— 4 0. (IIpaBuao ob6xoxa B omeparope Fp— & — &
B ¢opmyne (30.1.7) sBasercs HecylieCTBeHHHIM, TaK Kak
Jo=> 8+ e ~T).
Bpoxs BeKTOp COCTOSIHHSA
Vo= {1— (5, —e, —e,+it) "'} Dy, (30.1.8)
nepenuweM ¢opmyny (30.1.7) B Buze

A =2 N\ ngas, (30.1.9)
12

a1y =(Dyy, H,¥1p) (30.1.10) .

npeactapageT coGOH aMnauTyly paccesHusd [ABYX MAarHoHOB Ha
HyJ1eBoH yroua.

Takum oO6pa3zom, BBIYMCIEHHE MOMpPAaBKM K TepPMOIUHAMHYe-
CKOMY TIOTEHUHAJNy, OOYCJOBJEHHOH OOMeHHBIM B3aHMOJEHCTBUEM
MarHOHOB, CBOJHUTCS K 4YUCTO AMHAMHYeCKOM 3anaue omnpenesneHud
aMILIMTYAbl PDACCeiHUS MATHOHOB.

2. YpapHeHMs, onpejessiollHe aMIJHTYLy paccesHus
ABYX MartoHon. [lepexons k pellleHuio 3TOH 3anaud, 3aMeTuM
npeABapuTeNbHO, 4TO BeKTOp cocrosiuus Wi, onpenesasioiu#t
aMnINTYNy @1 paccesaHus [ByX MAarHOHOB, YIOBJETBODSET, CO-
ranacio (30.1.8), ypaBHeHMIO

(Fp--&1— &g+ iE) Wy =iFDy,. (30.2.1)
Taxum obpasoM, npu E—0 W, yrosrerBopseT YypaBHEHHIO
lpeannrepa ¢ yueToM OOGMEHHOIO B3aHMOIEHCTBHA MEWAy Mar-

HOHaMH.
FamuabToHnan §%p, umeer, cornacHo (29.6.15), caenyiouiutt

BHL:
&WD:==&W0‘+'éWp

rie BEJAWYUHA

rue

FHo= e, (R)a* (R)a (),
== 3, D(2; 34)aaFaa(k + by —k,—k,)
1284 30.2.2
e, (B) = 2u P +s O —J@y), 0P
D12, 34) = o [J () J (k) — J (kg — Bg) — J (ks — Ry)).
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Tak kak ®,=waFat®; u ramuneronnan S, coxpauser
YHCJO YacTHl, TO

v, = 1% b, (1, 29 aat @, (30.2.3)

rae o (17, 27) == P19 (2", 1) — uckomas BoJHOBas GyHKUHA ABYX

MarHoOHOB.
nOJIb3y91Cb 1epeCTaHOBOYHBIMH COOTHOLUEHHUAMH 14 olepa-

TOPOB a¥, a, Jlerko y6eiuTbcd, uro
F Yo=Y, atai®, {(81, +e,) by, (1, 2) 4
1’2’
2 {514 A7 14 4 4 4 ’ 4
o RO IAAQ 42 =8 —4) b3, 4)}
3’4’

(HATIOMHUM, 4TO MH TIOJb3yeMcsi 0603HadeHUuAMH 1==£&;, 2=k,

1 4+2=F& +ky ut I)
[Moncrapass sto Buipaxenue B (30.2.1), HafizeM

(& ey —e — ey F B P (1, 2)+ % B D (172 34) X

310
SOA( 42— 37— 47, (37, 4) =20, (1, 29, (30.2.4).
roe
/ 4 1 r r r
0,17, 2') = 5 (A, — £ A (ky — )+ D (I, — R A (k,— ).

Bynem B nanbHefilleM yuuThIBaTh OOMEHHOE B3aUMOJEHCTBHE
TOJNBKO MexILy OammaliiuMu cocelsiMu. B stom ciyuae

J(k)=J, ) eike
[

(CyMMUpOBaHHe 31eCb TIPOM3BOIMTCA NO BekTOpaM OJHmaRuInX
cocenelt) u ¢pyuxuus D (12, 34) npuobperaer Bus

@ (12; 34):%"-2(6”‘1”—{—#’32”)(1 —e-itw), (30.2.5)
1]
Bsoxs o6o3snauenne
—ik'p
Pz U2y =—L (™) g, o )+ e — R,
-
(30.2.6)
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npeictaBuM ypasHenue (30.2.4) B Buae
(er + ey — & — e+ iB) (1, 2) —
_S}\—‘ll—ozuik]p—{—eik?ﬁ)f’p(w; V427 =igp%, (17, 27). (30.2.7)

[

PasgenuB 3TO ypaBHeHWe Ha € -+ &y — €&, — €9+ I, J€rko
noKasarb, 4TO

25F,(12; 1/ +2)) — 3, A Fyr (125 1/ 4 2) =
-

— _é_(e—ik,o +e-tP_—92)  (30.2.8)

(1 _ eik;p>(giklp/ +ei(kl+k2-lz;)p>

& A& yon _r— & — & i

rae

A (12 17 427 =50 Y
-

Buipasum uepes BenuunHbl [y aMIUIATYLY PACCEAHHS .
U3 ypasHenus (30.2.1) caenyer:

(D1, HW1g) =15 —iE (Drp, ¥yy). (30.2.9)
Ho, coraacno (30.2.3),
D1y, ¥io) = 25 (1, 2).
3ameuas, urto O, (1, 2) =1/,, Haltzem ua (30.2.7)

1 12 ; ]
bl 2= 54 5 ¢ X (€0t e%9) Fo(12; 142).
[

Haxonen, noxcrasass 310 Buipaxenue B (30.2.9), moayuum

G = (Qpy, G, W 1g) = — 5DV (et |- eiba) Fo(12; 1 4-9)

0

(30.2.10)

Takum o0pasoM, Ads HAXOWAEHMSA aMIAMTYALI pacCedHHs He-
06X0INMO 3HATh TOJbKO BeanunHy [p==/F,(12; 14 2), koropas
yaoBaersopser, coraacHo (30.2.8), ypasHenuio

2sF, “Z App For = %(e_ik‘p—f‘e'ik"’“ 2), (30.2.11)
o

322




Lo -1_1_ ~p’) )
A =e'T" T LB, 4 B, (30.2.12)
B,—B_,—
_2s102 elke
- 1 1 T
NSty a)tes(b—ga)—es e —e e 22
qg=1Fk k.

Cucrema ajreGpanyeckux ypasuenuft (30.2.11) Moxer GuiTb
ynpolueHa, ecnn BBeCTH BMecTO Fy BeJAMUYHHLI

1{ %lqo —-;—iqo }
0927 e Fote F_of, (30.2.13)

yzoBaeTBOpsIOIHME, Kak ciaeayer u3 (30.2.11), (30.2.12), ypas-
HEeHUAM

1 1
2sG, — 5 E (Bo- o'+ By 1) G - cos 540 E By Gy =
o’ o’

== CO0S$ %—(k] — ky)p —cos % qo. (30.2.14)

Onpenrenus G,, aerxo, coraacho (30.2.10), (30.2.13), naitu
AMIVINTYLY @59

ay=—20 Y G cos 4 (b — o, (30.2.15)
[

3. AMNJIATYAa paccesiHHs MarHoHoB B OGJAcCTH MaJbiX
umny abcoB. Jlna naxownenns sesuumnsl AQ mpu T <€ 6,, kak
BUIHO u3 ¢dopmyan (30.1.9), HYmHO 3HAaTb MOBElLCHHE d,y NPH
kia <1, kya <€ 1. B aroM cayuae cucrema ypasuennfl (30.2.14)
ynpouaercs:

1
25Gy+ ¥, (BY — Bi_') Gor = 5 (i) (Ryp). (30.3.1)
s

Tie
7 ikp

BY = sNo Es(z)*so . £ ==8,(0). (30.3.2)

3ameuasn, uto €, (k) — gy == — Jy X, (¢#* — 1), uMeeM, OUEBUIHO,
P

2 (By—Bop) =0, p+0. (30.3.3)

r
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Hantuefiuve BEHUYKC/AeHUS Mbl IPOH3BELEM LA NPOCTOR KyGH-
deckoit peleTku. M3 BeauuuH B;, R;, @ B 3TOM CJyyae MOMHO
NOCTPOUTL TOJLKO J1Ba HHBApPHUAHTA:

(Riks) a2, 2 (0) = (kp) (kyp) — 5 6% (i) (30.3.4)

(Mp1 yuay, uto p? = a?). [Toatomy pemieHne ypasHenus (30.3.1)
LO/KHBL HMETb BHI

G, = Az (0)+ A’a? (kyky), (30.3.5)

rie A, A’ — HEKOTOpble MOCTOSHHBIE,
3ameuad, uto D, 2(p)==0 u ucnoasays (30.3.5), moayuum
]

nocje cymMmupoBsanus ypasHeHus (30.3.1) no p

1

,—
A 12

(30.3.6)

(MBl yuau, 49TO B mpOCTOH KyOHueckod peumleTke y Kaxuoro
aTOMa MMeeTCHi wecTh Onmxaiinx coceneh).

Hattnem tenmeps semmunsty A. Coraacwo (30.3.3) mas npo-
CTOH KyOuuecKol peleTKH

2 (By _B,,,,)— ) (B —B)=0.  (30.3.7)

Ta< KaK 14 BCeX GammalnX coceled BedWuHHBl By OLUHAKOBHI.
[Toncrabasas (30.3.5) B (30.3.1) u yuntsiBas (30.3.7), noayyuu

> B,z (o)) =Tz (0), (30.3.8)
(4
rue

1
'=2s— 51 (30.3.9)

Tax xax 2(p)— M3BecTHas BeauuyuHa, TO YypasHeHue (30.3.8)
onpenensier I' u Tem cambiM nckoMylo BequyuHy A.
Jast npoctodt kyGuueckoit pelweTku

T

p “—‘Bh/z/a —_— f dxl f dx2 ‘[ dx Q—I l(/1x1+]2x2+/axa)
-1 —n —a
rue (30.3.10)
Q= 1673(3 — c0s x; ~— COS Xy — COS X3), _/,—~p7’.
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Moaaras B ¢opuyne (30.3.8) p =(a, 0, 0), noayunm
'z (1,0, 0) =Bz (1, 0, 0) + Baoz (1, 0, 0)+
+2Bh0[2(0, 1,00+ 2(0,0, D), 2(jy, Jor J)=2(p).
3ameuad, uro 2(1,0,0)—4 2(0, 1, 0)4-2(0, 0, 1)=0, wuaitnem
T = By + Bioo — 28%. (30.3.11)

0 0 0
CoraacHo onpeneieHuo B, Bennundn Bsy u By MOXHO BbI-
0 0
pasuth uepes Bip u By

1
B == 5B% — 48—

5’
1
B = Bl - 5

IToncraBass stv Bupaxenns B (30.3.11), noayunm

I =6 (B% — Bho). (30.3.12)
HJIH

1 I T
=56 J dx, J dx,g J dxgcosx;(1 ———cosx2)Q"1.
— -1 -1
ITpuBeneM 3HaueHMs BeAHYMH I' u B?oo:
'~0,2, B ~0,086. (30.3.13)

Taxkum o6pasoM, B 06JacTH Maabix 3HaveHu#f &, u R,, pelue-
Hue cucTeMbl ypasueHu#t (30.3.1) umeer BuUn

Gy = 135 @* (k) + 5 (25— )" {(klw (Rop) — 5 02 (R, ) }‘
(30.3.14)

[Tepefinzem Temepb K HAXOMXACHHIO ACHMNTOTHYECKOrO [MOBe-
LEeHUSl aMIVIUTYAb paccesHusl @,y Npu ka <& 1, ko <& 1.
[Tocnennsa cBsizaHa ¢ Beanuynoft G, COOTHOlIEHHEM

4sJ 1
By — 7 2 Gy cos = (k, — k).
P
IToncrasadas ciona (30.3.14), nattnem
tiy = —200 a2 (k). (30.3.15)

Kak Mbl BuIeau BHIE, 3HAHHE Gy MO3BOJSET ONPELLJUTD MO~
MpaBKy K TepMOLMHAMHYeCKOMY MoTeHuuany AQ, o6ycioB/enHyio
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0o6MeHHBIM B3auMoneficTBueM MarHouos. Oxunaxo ¢opmyna (30.3.15)
IJSl @9, CHPABENIHMBAA C TOYHOCTbIO 10O UYNEHOB mopsnka k2,
obpawaer AQ B Hyab. ITostomy Ias Haxomaenus AQ Heo6xonumo
3HaTh @9 C TOYHOCTHIO A0 k4. C 3TOHl Le/bl0 mpeIcTaBuM AMIIIU-
TYAy paccesHus Qo B BHIe

45/, ) 1 1
L ¥, Go{cos (b — ky)p — cosg (b + k) p } —
4
45/,
N

012=‘—

N\ Gy cos -k, + ko (30.3.16)
0

[Tpu BLIYUC/IEHUM NMEPBOTO UJAE€HA B 3TOM BLIPAXEHUH MOMHO, Oue-
BHIHO, BOCNOJBL30BATLCH ACHMIITOTHYECKUM BHIpaxcenuem (30.3.14)
nas G,. Hcnoanays (30.3.14), jserko noayuuts

4s/ EG {cosz(kl—kQ)P“COS (k1+k2)9}

2 { e at (k4 A Y 2(9)(/310)(’320)}

¢ TOYHOCTbIO IO YJTeHOB, NPONOPUMOHAJBHBLIX R* BKAIOUMTE/BHO.
YuuteBasi, 4TO 3Ta BeJMyMHa OyneTr B JajbHellleM, COrJIacHo
(30.1.9), unTerpupopaTbCs NO HANPABJEHWUAM BEKTODOB R, U R,
MH MOXKEM 3aMEHHTb €e C/eLYIOLIHM BLIPAXKEHUEM:

4s/,
— ZG {cos—(k ——kg)p-—cos (R kg)p}

4

4sJ D

ARk (2A+4 ) (30.3.17)

Ilns HaxoxJeHUs BTOPOro ujeHa B <pop1wyne (30.3.16) ne-
06X0/IMMO BOCHOJb30BATHCS TOUYHBIMH ypaBHeHHﬂMH aas Belu-

uuH G,. YMHoxas ypasenus (30.2.14) na cos4 (k1+k2)p H
CyMMUPYSl MO O, TOJYYHM

1 v
2s EG" cos-2—(k1—{—k2)p=
[
1 1 1
= E{C0$§(k1*k2)0—"305§(k1+ kg)p}COS—Q— (ky+ k) p+
[
1
+ Ycos (B + ko) p Y BovpTor-
] 0’
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Jlerko mpoBeputb, Mcnoab3ya onpesenenus (30.2.12), (30.2.2)
peanunH B, & (k), uto

Y, By cos o (R p =
4
1 1
= By Y cos (b — y) pcos 5 (ki + &) .
P

[TosTomy

QSEG cos & (kl—{—k)p_
= {E [cos 7(k1—k2)9—cos%(kl—{—k2)p] cos%(kl—]—kg) p}x
><{1 +23900}.

Tax kax nepsas Qurypuas cko6Ka B STOM BHPAKeHHH PONOP-
\ 1
HUOHAALHA k%, TO A8 BHIYHCAEHHA QS}JGp cos i—(kl—l—kQ)p

]
C TOUYHOCTHIO A0 U/JEHOB, NPONOPHMOHANBHHX k%, pocTaToyHO
pocnoab3opartecs Gopmyaolt (30.3.14) ansa G,. YuuthBas, uTO
BeMUMHA &, TIpW Bhiuncaenun AQ unTerpupyercs mo yraam,
onpeneAIOIMM HANpaB/eHHe BeKTOPOB R, U R, MOMHO TNpOH3-
BECTH 3aMeHY

2920 cos— (k1+k2)p—>—akk2( 4+Bl°°) (30.3.18)

IMoacrasass, HakoHen, (30.3.17), (30.3.18) B (30.3.16), moay-
YHM OKOHYATeJIbHO

g —> — 55 a*3R3Q (). (30.3.19)
rage
8 1, 2B
Q(S)Z_S_.Qs_if__g_{_—%&. (30.3.20)

3aMmeruM, uTO

Q(c0)=1.

[Toacranoska (30.3.19) B (30.1.9) npusoauT K cleayiwolieMy
BLIDAXEHHIO AJf NMONpaBKH K TEPMOJIMHAMHUYeCKOMY NOTeHLHany,
00ycaOBNeHHOR OOMEHHHIM B3aUMOIEHCTBUEM MAarCHOHOB:

AQ = Q(s)Q,, (30.3.21)
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rie Q, onpenensercs (bopmynon (21.4.3),

Q=— NT( =) 2 (3):

dra dopMyaa ompeLenseT NMONPABKY K TePMOLHHAMUYECKOMY
noreHuUany, o6yCJOBIEHHYI0 OOMEHHLIM B3aHMOLEHCTBHEM MArHo-
HOB B mpeanofoweddd, uro I <€ T, UYro KacaeTcs BeJHUYHHEI
CMHHA aToMa §, TO, KAaK Yke YKa3blBaJdOCh, OH MOXeT GEHTb
NIPOHU3BOABHEIM.

Mb BMIWM, 4YTO TeMmIepaTypHas 3aBUCHMOCTb BeJHUMH £,
n AQ onMHaKoBa: B OTCYTCTBHE CTOPOHHEr0 MArHHTHOTO IOJIS
o6e BeJMYMHBI MponopuxoHanbus 75, Pasgnnune Mexay @, n AQ
onpenelsieTcsl TOJLKO YUCAEHHBIM MHOXHTedeM Q (S), 3aBUCAILUM
oT cnuua §. Beanuuna Q(s) mocTuraeT MakCUMaAbHOrQ 3HaYeHHS,
npubanKeHHO pasHoro 1,6 mpu s=1/2.

B orcyrcTBHe CTOPOHHEro MArHMTHOrO mOJAd BeanunHa AQ
NPUBOAHT K CJEAYIOLIMM IONPABKaM K CINHHOBOH TENMI0EMKOCTH
¥ [JOTHOCTH MATHUTHOTO MOMEHTA:

Ac, = 151 28 (s) c2(5/2)(4m] )“,

M= 320 ko g(5/2)g(3/2)( (30.3.22)

45!)

ITH BeAMUMHBI TONLKO MHOXUTeneM Q(S) oTaAMYAOTC: OT COOT-
BeTCTBYIOLUMX BeJH4HH, Hafienunx B § 20.

§ 31. Teopus BBICOKOYACTOTHOH MATHHUTHOM
BOCNPHHMYHBOCTH (PeppOMarHeTHKOB

I. CBs3p TeH30pa BBICOKOYACTOTHOH MarHuTHolt BOC-
NpHHUMYHBOCTH ¢eppomarHeTnka ¢ ¢yHkuusamu puna mar-
HonoB. B § 22 Mu CBf3asuM TeH30D BLICOKOYACTOTHOH MarHuT-
HOH BOCIPHUMYHBOCTH X;/ C IByXBpeMeHHOM 3amaszbiBaloiel

¢dyuxuuett T'puna cnunos:
apl
Xy (b @) = — <5 G (k. ),
rne GY)(k, ) onpenensercs dopmyramu (22.1.9)

e, )= | dte“‘"Ze‘ilel'G<-”(l—l' )

-0

o —1, t)—_-_xe @& {[si ). st ]).
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Kak 6m110 nokaszano B paszene 2 § 22, yueT 0fHOro TOJMBKO
OOMeHHOr0 B3aMMOLCHCTBUS He MNPUBOANT K YIIHDEHHI) JHHHH
OLHOPOLHOTrO (eppOMAarHUTHOrO pesonanca. ITosroMy B 3TOM
naparpage MH OyleM YYMTHIBATD Hapanly C OOMeHHBIM TaKxe
penaTHBHCTCKHe B3auMone#cTBusi. UroObl He yCHONKHATH 3a1aun
Mbl OyleM MOJNb30BATLCS CJAELYIOIUM NPOCTEHLUIMM BHPaXKEHHEM
L/ FaMMJIbTOHMAHA 3TUX B3aNMOLeHCTBHI:

Ho=— ‘E— MM E (37)2’
!

rie B — KOHCTaHTa MarHUTHOH aHusoTponuu. [amuibToHMaH dep-
POMAarHeTHKa B 3TOM CJyyae HMeeT BH[

o 1
H=—g ¥ I Rir) ;57 +
l#m
+ou e s — Luom, ¥ s 2.1
1}

!

Ilng Takoro raMuiIbTOHMAHA, KAK JIETKO BHAETb, OTJHYHBIMH OT
14 4 I4 I4 /

Hyas GYLYT TOMLKO KOMMOHEHTHl ¥,.» Xyp Xy Xpy Xyy TEH-

aopa y;; (R, ®), npuiem

Yex(Re )= (B, @)=

2
=20 (" (k. &)+ O (— k. — ),

: 31.1.2
Aoy (B @) =— ¥/, (B, ©)= ( )
S (A" (k G (—k )
=—uh , 0) — , — @)
rie G\ (R, o) onperensercs ¢opmyiolt (23.1.5):
GO (k, 0)= J dt Eel @ -BRUNGO ([, §), .

-0 L

GO, )= —10 @ ([s7 @). s5: (0)]).

Hasq ompenenenns Tenaopa X;j C TOMOLIBIO 3THX (OPMY.
Heo0X0IMMO BOCMO/Jb30BATHCS OMNpeleleHHON pealusauued omne-
pAaTOPOB CMHHA C MOMOLIbIO ONEPATOPOB POXKLEHHS M YHHUTO-
»KeHHsd MarHoHoB. [Ipu 3TOM B NpHHUMNE MOXKHO HCXOAMTH A¥60
H3 METONAa KBAHTOBAHWA CIMHHOBLIX BOJH, pasBuToro B § 18,
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au60 W3 METOAa KBAHTOBAHMSA CITHHOBHIX BOJH, Pa3BHTOr0O B 3TOH
raase. B nepBoM MeTole KBAaHTOBAHHS ONEPaTOPHl CIIUHOB Bhi-
paxaioTcd, kak Mbl BHiead B § 18, B Buie GeCKOHEYHHIX PSAIOB
+
(ll (ll
O CTeMeHIM —5——. HUcnoabsoBanue sTHXx OeCKOHeUYHBIX PsSLOB

CUILHO 3aTPYIHSET HCClelOBaHHe HHTepecylollefl Hac MpoGieMH,
Tem GoJjiee, YTO CTaHIAPTHAass TeOpUS BO3MYLIEHHH He TO3BoOJdeT,
KaK H3BECTHO, ONpele uTh (JOPMY JHHHH TOFJIOLIEHHS; [TOITOMY
3apaHee HeH3BeCTHO, MOXHO JIM OTDaHMYMBATBCA B DAa3JIOXeHHSX
OMeparopoB CIHHOB MO CTeNeHAM al*al/Qs HeCKOJbKHMH NepBLIMH
yjeHaMH. Y4YHTBIBag 3TO OOGCTOATENLCTBO, MBI OyleM TNO0Jb30-
BAThCA BTOPHIM MeTOLOM KBAHTOBAHMUf, B KOTOPOM OINepaToOphl
CTNHHOB 3aMeHAIOTCH OllepaToOpaMH H,Z[eaJIHSHpOBaHHblx CTHHOB,
CBA3AHHBIMH C GO3€BCKMMHM ONeEpaTopaMu a;7, @&, COOTHOLIEHHAMH

(29.1.3):
~ 5= ~ 5= 1,
sf = V2s af, sy = Vs (al — %afalal),
?:—-s—}—a;ral.

3ameHsst B raMuJbTOHMaHe ¥ OMeparoOpel CIHHA ONepaTo-
paMH HIeaJH3UDORAHHHIX CIHHOB H TePeXolsl K KOMMOHeHTaM
dypbe (03eBCKHX ONepaTopoB a;, @, Mbl MOJYYHM ONeEpaTop

SHp= e () at (Rya k)t 3D (ks by By, k) a™ () X
& 1234
X at(ky)a(k)a(k)A(Ry+ky—R;— k), (31.1.4)
rie

e, (k) = 24, (H( 4 M) 45 (J (0) — J (k)

D(ky, ky; ks, 4)*”‘ {J (k) 1 J (RBy) —
— J (ks — ko) — J (ks — k)| — 1M, ors (31.1.5)

AToT omepaTop OTJHYAeTCS OT FAMHJBTOHMAHAa (eppOMarHeTHKa,
HO, KaK Mbl BUAeJU B MpelblAyliuX naparpadax TPH BHYHUCIE-
HUM TepPMOAMHAMHYECKOIO TOTeHLUHaJNd H [JIPYrUX BeJHUYMH TUMa
Spe~BF€ f (s;), rae f(s;) -—NpoH3BOIbHAS (YHKUMA CTHHOB, pa3-
JHYHe MEXLY oneparopaMH S M Fp (a Takke Mexiy §, H .571)
HeCylIeCcTBeHHO, ecau Toabko T <€ 0, IloaToMy npH BHUYMCIIe-
HMH KOMIIOHEHT TeH30pa BHICOKOYACTOTHOH MarHHTHOR BOCTpUUM-
YyHBOCTH Mbl OylIeM CUHTAaTh ONeparop %, TaMHALTOHHAHOM
¢deppOMarHeTHKa, H 3aMeHMM B BhIpaXKeHWH AR dyHKuum ['puna
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G") (R, ®) onepaTophi CNHHOB §; ONEPATOPAMH HAEANUBUPOBAH-
HBIX COHHOB §;. B pesy/bTaTe Mbl NpUIEM K CAELYIOWEMY BbL-
paxenuo aas dynkunn GO (R, o) [3]:

G (k, @) =2sC,(k, ®)— Gy(k, ©), = (31.1.6)

rie G, (k, ®)— xoMnoHenTa Pypbe OLHOYACTHUHOHA 3amnasnmipaio-
we# ¢yuxkuun I'puna,

Gy (L —m, )=—10(t)([a,(t). a5, (0)]) (31.1.7)

u G, (k, ©)— komnonenta Pypbe IBYXuacTHYHOH 3amasibiBa-
we# ¢yHkuuu I'puna:

Gy (L — m, )y=—10(t)([a} (" a,(H) 2,(D), a;,(0)]) (31.1.8)

(kommnonenT Pypre onpenensiorca corjacHo gopmyie (31.1.3)).

2. Haxowaenue ¢yHkuuit I'puna marnonoB. [is Haxo-
wnehus ¢yukuut G, (R, ®) u Gy (R, ©®) yroGHO NOJbL30BAThCA
MeTOnOM TrpaduyecKoro npeiacraBiedus ¢yHxkuu#d [puna [4].
Beenem ¢ 31Ot 1eabi0 OJHOYACTHYHYIO TEMNEPATYPHYIO (YHKLHIO
I'puna MarnoHoB

Gy (k, 1) = (T.a(k, 1)a* (& O)),
rie (31.2.1)
a(k, 1)=e¥H"a(k)e-H
W T_— CHMBOJ yNOPSLOYEHHS ONEParopoB MO nepeMeHHOH T1:
Tt{Al(Tl) An('rn)} :Ajl (le) e Afn(Tfn)'
1j1> >-r].n.

Ecaiu Beectu komnosenty Pypve ¢yukunun Gy (R, 1) no
nepeMeHHol T,

B
Gy (R, w,) = H f dve™n" Gy, (k. 7).
; .

(31.2.2)
Gy (k. 1) = 2 e™ "Gy (R, ),
rie v,,:—ghEnT, n==0,1, 2 ..., TO MOXHO NOKa3aTb, YTO
Gy (B, v,) =G, (k. iv,). (31.2.3)

Cnpasennusa w oGparnas teopema: no dyskunu Gy (R, v,)
MOXHO BOCCTaHOBHTb ¢yukuuio G, (R, ®), aHAAMTHYECKH
NPOJO/KUB COOTHOWeHWe (31.2.3) B KOMNJEKCHYI0 MIOCKOCTh
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nepeMenHolt v, tak, yTo6wm U, (k, ®) He uMena 0coGeHHOCTeH
B BEPXHeH TMOJYNIOCKOCTH .

Ecan ramuabToHuan onpegensiercas dopmyaoii (31.1.4), To
dynxuua Ipuna Gy (R, v,) MOXeT GHITL NpPeICTaBAEHA COBOKYII-
HOCTBLIO Juarpamm, uzoGpaxenunix Ha puc. 13. TIpu sToM kaxio#
JIMHUH AHArpaMMbl CONOCTaBAsseTCs (YHKIHS

a° (k' ’V,,) = (ms (k) - ivn)—l’

a KaXI0H BeplliMHe iuarpamMmbl — amnautyna paccesaus @ (12, 34)

~0 g 1/ a LU g
+5E 1 L + 26,

@»: o
Puc. 13.

(pynkuus GO(k, v,) cosnanaer ¢ dynkuueft G, (R, v,) B npe-
HeOpexeHHH B3aMMOJeHCTBUEM MeWIY CIHHOBBIMH BOJIHAMH).
dynkumo Ipuna G;y (B, v,) MOXHO, OUEBHIHO, NPEICTABUTH

B BUIe
1

os () — ivp— Z (B, va) ’

G(l) (k, V,l) = (31 .2.4)

rie (R, v,)— Tak HasblBaeMBIl MaccoBHIfl OnepaTop, KOTOPHH

== 0, =

Puc. 14.

onpeneasieTcs COBOKYNMHOCTbIO KOMNAKTHHIX AHAarpaMM, H3006pakeH-
HbIX Ha puc. 14, DTuM JuarpaMMaM COOTBETCTBYET Caelyiollee
BLIpAXKEeHHe [JA MacCOBOTO oleparopa:

S (k. v,,)-_—_%fdk'm(k', —0)D(k, k'; k, &)+

8722

(—25)6—,-‘;7 f dk’ dk’ E Dk k' B, B+ b —E)X

X DE, E+k —E'; k E)GOE, vy) GOk, vpr) X
X Gk —EF, VvotVo —Vp) 4 ov.y (31.2.5)
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rae GOk, — 0)=GO(k, ©)|,, _o (MBl COXpauuiu B sTOM pany
no crenevsM @ TOJBKO MepBHIE B4 CJ4araeMbix).
3ameuas, uTo

Gk, —0)=n (k)= (e®s®_ 1)
T X0k v) = k) + 5,

Jerko BemoaHuTh B (31.2.5) cymmuposauue no n’ u n”:
4u,

b W=

f A @ (k. ky; b, k) +

w?
+ (Qn)fhz | dRiar® (R, ks Ry, o) D (kg Ry ke By)X

) Ut m) —mng (L 4m) 5y g 6

0y -+ @3 — ) -~ v, ’

Tae
k3:k+k1'—k2, (DiE(OS(ki), [=1. 2, 3.

Hcnonbsys gopmyay (31.2.3) n ananuruunocts pyukunn G, (k, ©)
B BepxHeH TOJYMIOCKOCTH TepeMeHHOR ®, MOJYUYMM, COracuo

(31.2.4),
g

o (k) —o—2(k, @)’

G, (k. 0)= (31.2.7)

rie C TOYHOCTHIO IO BTOPOro GOPHOBCKOrO MNPHGAHMKEHUS
(Bksmountesibio) no @D pennunna X (B, ©) onpenensiercss popmy o

4v,
(27)2 h

+ s re (2:1)6 hs f Ak, dk,D (R, ky; ky, k) D (ko Ry R, k)X

% m (1) (L4 1g) — nghtg (L 1) (31.2.8)

Wy + 03— @ —@— 0

S(k, 0)=— fdklﬁlcb(k, ki ko R)+

[TepefinemM Temepe K HaXOXIEHHIO IBYX4YacTHYHOM (YHKUHMH
Tpuna Gy (R, ®). BBenem 149 3TOro ABYXYacTHUHYIO TeMmepa-
TypHy10 ¢yHxuuio I'puna

Gy (k1 Ros ki Ty, Ty, Ty) ==
=(T.a* (R, 1))a(ky to)a (ks t5)at (R o) (31.2.9)
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u ee xoMmnoHedty Pypbe MepeMeHHHM T, Ty T;

G o) (BiRoks; v Vov3) =
B B B
— h3j' dr, J‘ dng‘ drget Wi+ Vs T=ViT)(, (R koks; T1ToT3)s
0 0 0

2n
rae v; == - n,T. $lcno, uro

Gy (R, Ry, Ry T, 1T, T) =
T\3 1 .
:(7) 2-‘ e~ iT OV WG o) (Ry, Ry, kg vy, g, V3).

AY
1 ngn,
Komnonenta ®ypve dyuxuun Gy (R;, Ry ks T, T, T) 1O nepe-
MeHHOH T paBHa

. T\2
G (R Ry B3 Vn):(?) 26(2) (By. Ry, Ry v, — v — V).
i,
(31.2.10)
Beenem d¢yHKUMIO

Gy (k. v,)= ka Gy (), Ry R~y — Ry v,).

Cornacuo (31.2.10) umeem
0(2) (k. v))=

T\2
=(5) N G ko ket by — ki v, o v, ¥— ),
nkik,y

(31.2.11)

Tak xak coornomenne (31.2.3) cnpaBenauBo AAA MPOU3BOJbHBIX
IBYyXBpeMeHHbIX ¢yHkuuit I puna, To

Gy (R, v,)=Gy(k, Iv,). (31.2.12)

Boccranosnenue ¢ynxuun Gy (R, ©) no dynkunn Gy (B, v,)
NMPOUSBOIHTCA TaKuM ke 06Pa3oOM, KaK M BOCCTAHOBJEHHE (YHK-
unn G, (R, ©) no oyukuuu G (k, v,).

bynxuns Gy (B, Ry, Ry ¥y, Vo, V3) MOMET OBITh Tpencra-
BJIEHA COBOKYNHOCTbIO IMarpavm, H300pameHHHX Ha puc. 15.
Tax kax amnuuryna paccesius D (R,Ry; Rik,) Mana, TO M3 BCeit
COBOKYMHOCTH IHMarpamMM pHc. 15 JOCTaTOYHO COXPaHHUTB TOJbLKO
Te NMarpaMMbl, KOTOpble MPUBOLAT K . AHarpamMmam, H3oGpaxeH-
HBM Ha puc. 16 (:KHUPHOH JIMHHM COOTBETCTBYET COBOKYMHOCTD
nuarpaMM puc. 13).
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U3z atux auarpamm u dopmyan (31.2.11) crenyer, uro ¢pyHk-
unio Goy (B, v,) MOXKHO MNpEICTAaBUTb B BUIE

G (R, v))==A (% v,)Grp(k,v,),  (31.2.13)

rie G (k, v,) — TeMneparypnas ¢ynxuus ['puna, onpereasemas
pasetcrBoM (31.2.4) u
2.2

20, 402T .
Ak, v,)= En—)3—f00(k —0) dk — gapw EJ dk, dky X
X D (ky, B+ ky— ky; Ry, k) GOk, v,) GO(Ry, v9) X
GOkt by — By v, v — o). (31.2.14)

3ameTuM, YTO Yuer IMAarpamM, H300pameHHHX Ha pHC. 17,
KOTODble He yYHTHIBAJMHCH NpH BhiBoLe dopmyan (31.2.13), npu-
BOLMT JuWb K nonpaskam nopsaaka D2 p suipawennn ang A (R, v,).

A,

55“" g’ ,, co 6"

6’” 6’”
g7 GO 57 67 o

Puc. 15.

kv, kv,
, - t——-
by = + ><+

Puc. 16.

kv, kv,
X+ X

Puc. 17.

Bumoanus B (31.2.14) cyMMHpOBaHHE 0O 7;, My, TNOAYUUM
Ak, v)=

2u,

— 402
= Gy fn(k) dk‘“Tn)%T f dk, dk,D (ky, ky; k, k)X

”1(1+”)(1+”)—””(1+”) —
X , (.022—|—(,03—3(.01-——21V1 l ky=k-+ 8 —k,
(31.2.15)
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dynkunn G, (B, ), cornacko (31.2.12), (31.2.13), umeer sun

Gy (k, ) =A (R, )G (ky, ), (31.2.16)
rune
Ak, m):%fﬁ(k)dk———

fdk dkyD (ky, Ry B By X
s¢ P 7) (A 4715) — gy (L 7))

0 + o3 — o, —o— 0

(2 )ﬁfl

dra ¢popMyna crpaBelaupa ¢ TOYHOCTbIO 10 4jaeHOB nopsizka (2,
Hcnoan3ys mnocilelHee COOTHOLIEHHe, a Takxke QopMyay
(31.1.6), moJyYyHMM OKOHYATEJbHO Clelylolllee BHIPAMEHHE 1Jd

dyuxunn Tpura GO (&, o);
2511 (B, ©) . 2sR (k, o)

os (k) —o—Z(k 0)  |os(k)—o—Z(k 07’
(31.2.17)

G (k, 0) =

rae

Mk 0)=1—o Ak o),
R (k, ®)=(0,k) — o)k o)—Z*k o).

(31.2.18)

Yyurmpas (31.1.2), noayyum orciona ciaelylouiue BHpaxceHHs
I KOMIIOHEHT TeH30pa xlfj(k, ®):

Xy (B @) =1, (k. @)=

2su‘5{ R (%, )
T Tueh | Jos (B)—o— 2 (&, m)12+
R (—k, — )
o o=t b =T | G12.19)
Xpy (R @) =—, (R )= o
23110{ R (R, w)
vh | Tos(R)—0—Z(k @)[F
. R*(—k,—"(‘))
lms(k)+w—2(—-k,——w|2}

Takum oO6pa3oM, HaxOXIeHHe TeH30pa xgj(k, ®) CBOJHTCA
K BHYHCIEHHMIO Bequuyud 2 (R, ©®) u R (R, ©), onpelerseMuix
dopmyaamu (31.2.8), (31.2.16).
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Mpexte YeM NOAY4ATb KOHKPETHBIE BHIPAXEHHA IJA KOM-
MOHeHT TeH30pa x;j(k, ®), OOKaxeM, 4YTo BeanuuHa R (R, o)

YAOBNETBOPSET HepaBeHCTBY
olmR (&, o) >0. (31.2.20)

HetictBurenvHo, us (31.2.16), (31.2.8) umeem
4¢? o ' bil : -
Im R (&, m):ms"?(ef —l)fdkl dkg(ﬂ((os(k)-co)ﬁ—
O, b by k) D Ry, B B ) X
X g (1 4 15) 8 (0, + 0y — 0y — ), ky=Fk, + ky— k.

Hcnonvsya nanee Bmpawenne (31.1.5) nas D(k, &y Ry, k).

MOJy4uM
2

Yo
(2m)5 h?
X g (14138 (0 + 0, — 03— ), (31.2.21)

oTKyza u caenyer (31.2.20).
YuurniBaa (31.2.17), Mbl BHILHM, 4TO

oIm G (&, ©)> 0.

ImR (B, ®)= (e_T_— l)fdk1 dRy| D (R, ko k. k) P X

STo HepaBeHCTBO ABJAETCA O6uIMM cBokcTBOM dynkunn G (&, ),
onpeneiseMot pasenctsom (31.1.3), M craenyeT w3 dopmyanl
(22.1.11) ¥ NONOKMUTENLHOCTH CHEKTpadbHO# dyHkuun J(R, ©).

Hepagencrso (31.2.20) o6ecneunBaeT NOJOKHTENLHOCTb BHEP-
rau, norsollaeMoid ¢eppoMarHetukoM. elcTBUTENbHO, Clek-
TpanbHad TUIOTHOCTb TlocaenHe Q, onpenensercd, COrMacHO
(22.3.4), dopmyo#t

Q=73 f"k[l”-(k' o) PImy. , (—k — o) —

— |k, (b O Imy, (b, ©)), (31.2.22)
rae .
v, (R @)=y, (k o))}, (R, 0)—i{x], (B @)=y, (k 0)}.

Ho, coraacno (31.1.2),

, 2)?
ALy (o ) =— L GOk, o) =

) 25R (k. o)
- voh log(B) —o0—Z2(k o) °

29 A. U. Axseaep ‘ 337
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[Tosromy

Que)? 2s0 Im R (k, @)
voﬁo |os (B) —o0—Z (R, @))? <0.

olmy” (B ©)=—

3. KomnoHeHTHl TeH30pa BBLICOKOYACTOTHOH MArHHTHOH
BOCIDHHMYHBOCTH. [lepefinem Temepb K BBHICHEHMIO XapakTepa
byHK1MH }g;j (k, w). PaccMoTpuM npexne Bcero 0o6aCTh pe3oHaHca,

koraa |o — o, (k)| <€ w,(k). Hcnoaesya ¢opmyan (31.2.19),
(31.2.18), jnerxo yGenuthbcsd, uTo B 3TOH 00JacTH

Koer (B> (‘)):X;y(k’ 0) =

_1 &M,

T2 0o—oag (B) —Aog (B) +ivs (B) '
Loy B ) =—11, (R, @)=

(31.3.1)

£ &M,
2 0—a, (k) — dog (k) + ivs (k)

rune

Mozﬂ, v, () =ImZ(k, o,(k)).

Yo

Ao, (k)= —ReZ(k, o,(k))

(eciu <0 n |o+ o,k <€ o,(kR), TO KOMIOHEHTH TeH-
sopa y;; (k, ®) onpeneqsOTCA STHMH Ke GOPMYJaMH, B KOTOPLIX
HYXKHO JIHMIIb 3aMeHHTb © Ha — @ W NMepedTH K KOMILIEKCHO
CONpseHHLIM BEeJUYHHAM).

B pasngene 2 § 22 Mul BHIeaH, YTO MOMIOCH TEH30pa )Z’ (k, ®)
onpefesqdI0T YaCTOTHl M JeKPEeMeHTH 3aTyXaHHd CNMHOBBLIX BOJH,
nosToMy Y,(R) ecTb IeKpeMeHT 3aTyXaHHusd CIIMHOBOH BOJIHBI,
a o,(k)-+ Ao, (k) —ee uacTora. ME BAINM, 4TO 3TH BeJMYHHHI
TeCHO CBH3aHBl C MaccoBLM omepaTopoM 2 (R, ®), a HMMeHHO:
JAeKPEeMeHT 3aTyXaHus Y, (k) mpeincrasiseT co80O# MHHMYIO 4acTb
MaccOBOTO OIeparopa B pe3oHaHce, a BeqanudHa Awm (k) — ero
BelllecTBeHHYI0 yacTb. OOpaTuM BHHMAaHHe Ha TO OBCTOATENAbCTBO,
Yro yacTOTa CIHHOBON BOAHE OTaMuaercss Ha Aw, (k) oT Beju-
yHHB ©,(k), KOTOPYIO MHl IO CHX 1IOD CYMTaIH YacTOTOH cmu-
HOBOH BOJIHEI, DTO OTJHYME MOXKHO MHTEPIPETHPOBATL B KOPMYC-
KyJApHOM KapTHHe KAdK H3MeHeHHe 3HepTHM wMarHoHa Ae, (k) =
= hAw,(k), BH3BaHHOE B3auMolLeHCTBHEM  MArHOHOB  Apyr
c IpYyToM.
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Ucnonvdys dopmyry (31.2.8), moxHo npeicraButh Y, (R)
1 Ao, (k) B Brie

Vs (k) =1m Z(k, o3(R))==

41)(2) (:_D.S(_k) )
e T 1) [ ak kg @k, R R RDP X

X g (1 -+ n) 8 (0, 4 0y — 05— 0, (k)), (31.3.2)
ky—=Fk, -k, —k,

Bo, () ~ et fdkz(k)cp(k, ki ko B)

OTMmeTuM, uTO

ImE(k, o,(k))=ImR %, o,(k)).

Mpusenem BhipakeHns 1as Y,(R) n Aw, (R) B HeKOTOPHX
npeleabHbX cayudasx [d, 6]:

!

| 2 neM, (T \2

{ 2 Mo L2 ()

| v, (k) = |0y (B) — 0,(0) | << 0,(0) <+, (31.3.3)

T
sty

3 5/2
A(‘OS (k) =~ 55 CJ(_L:V/2 )

(@, () — @, (0) ( )5“ +

P T \*
+4psg My =0 ()" T by (0)
42 \ 5T,

Mul BuUAMM, YTO B OINHOPONHOM cJay4ae, korina R =0, Beau-
ynHb Y, (B) 1 Ao (k) onpeneasiorcs TOAbKO SHepruefl MarHur-
HOH aHW30TPONMH, MHBEIMH CJOBaMH, B OLHOPOJHOM cjlydae oOMeH-
HOe B3auMoIeHCTBUe MeX1y MarHOHAMM He MPUBOIMT K YIIHDPeHUIO
JAUHUM  (eppOMAarHNTHOTO Ppe30HAaHCca M He BJAHSeT Ha YacroTy
($eppOMarHuTHOrO0 pesoHaHcCa.

{ Ecin B=0 1 p=20, 1o us dopmya (31.2.8), (31.2.16),
(31.2.18) caenyer, uTo MaccOBHH oneparop obpaliaeTcs B HyJb M

R (0, m):(mo—m){1~3%ﬁfﬁ(k)dk}, @y = a, (0).
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Mo3TOMY BeNHYHHBI %Xi; (0. ®) npu p =0 MoryT GuTb npencra-
BJEHB B BH[e
Xop 00 @)=, 0, 0)=

2u2 vy [ - 1 1
=~ = @ | "0 ) g + == )
Xy 0. @)=~ 3., (0, 0)=

T v, f v k) 1 1
=“‘W( Ty | "0 {m0+m+io_mo_—-m—to}'

3ameuasi, uTO 2ty (s (2n)3 fn(k) dk)——M(T) Mbl BHIUM,

Vo
UTO 3TH ¢OpMy/aBl coBnanaloT ¢ dopMmynamu (22.2.21).
PaccMoTpuM noBeneHue KOMIOHEHT TeH3opa X;j(k, ®) B OXHO-
POIHOM ciyuae BIaiu OT PesoHaHca, Koria | ® — g | 3> v, (0),
Aw,(0). B srom cayuae, coraacuo (31.2.19).

Yer (0, @)=y (0, 0)=

—_—l—gM [ 20 ImR(O 03) ImR(O — @)
m2—'m§ (m—mo) (m+m0) ]
x;y(O. m):—x;x(o, ®) = (31.3.4)
____ing' 020)2 ImR(Ow) ImR(O —m)]‘
0" — @) (m——mo) (m+m0)

roe
M —— —
Im R (0, m)-._i%g)_( -1) fdkldk2n1n2(1+n3)><
SO (0 4 0 — 05— @), By =k by (31.3.5)

Brimo/HHB MHTerpupoBaHHe 1O YIJIOBbLIM TEPeMeHHEIM H
ycrpauuB O-pyHKuMio, Jerko npusectH Im R (0, ®) x Buny

Im R (0, m)_f—(“"—M")«( — 1)( ! )2><

(2n)3hsJ, /o
1
f et )
x+E — e n—x-E ,
J (e D(l—e ) l_eXleﬁg——TL—(g—n)"‘}

340



rie §=-ﬁ%, n:ﬁ—;)-. Hcnoansysa 31y ¢opMyay, MOXKHO NO-
Ka3aTh, 4TO ecin hwy, << T n 0 >0, To {3)

ImR (0, 0)=

62(uM52 o (T \2 7
el £ IR g

3By ( A )2, Wy <€ w® <<-,Z;—

16 YAEREYA

= — 31.3.
Val(3/2) B2 (moMy) ( T )/( ho )*/z G130
(2m)3 hsJ, s/, sty
T
wo((?<<w,
rie
2 Y 1
) {Vsn(2+1/) 3n} 4
ecan xe 0 < 0w ho, <€ T, TO
ImR (0, )=
n BT (ueMo)? o (T \? T
e w5+ el e < g
B2 (moMy)? (T \2 T
— T, () - ool
= —ﬁz(quo)z ex (_ill(ﬂ]) ( 1.3 )
hsJ, p T )’
T
oy L 4 Lo .

OnpenenuM cnekTpaAsHYO MJIOTHOCTb 3SHEPTHH, MOTJOLIAE-
MOH (eppOMarHeTMKOM B OJHODOIHOM MepEeMEeHHOM MAarHUTHOM
noje. B srom cayuae

h(k, ©)=(2m)3d(k) h(0),
rae :

B (@)= o f R (£) elo! dt.

3amensis B ¢opmyae (31.2.22) ans Q, xBaipar S-pyHKuMH,
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Y

02 (k), Ha P

O (R), noayuum

Q, o

7_—_—2-[—'Iz+ (@ [PImy” (0, ©) 4
+|2_(@fImy (0. —0)}, (31.3.8)

rie

A, M, Im R (0, o)

Imy” , 0, 0)=—— o —a,—2 (0, @)]2

M3 sTux ¢opmyn BHIHO, YTO PE30HAHCHOE MOT/OIIEHHE SHEPTHH
¥MeeT MECTO TOJIbKO ISl TIOJSl C «NPaBOU» KPYroBoH Nosspusa-
uuedt (h_(w)==0). B stom cayuae

Q
ViR, @F =
AP? (e Mp)? [ o \2 T \?
o &M e (o ) ()
T
|m}<<mu<<?,
_lem ogys (0) | — | <€ g, (31.3.9)

0 T+ Aw (0) — o —iys (0) 2

Do (S () (24

mo<<%<<m.

B canyuae moas ¢ «jaeBol» Kpyroeo#t mosspusanueft
Qy .
VIk (o)
e €M oo (o) (57
lw|<<m,<<7r» (31.3.10)
g, ol (T )¢

16 0" pos/,

sdy
M,)? ho T
B2g M, (;;Z)SJ‘; exp (_T)’ 0y L 5 Ko

0y 0 1
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CpaBuum Temepb HafileHHBlE BBIDAXEHHA [/ KOMMOHEHT
TeH30pa x;j(O, @) ¢ Boipawennamu (6.3.3) naa y;, (R ©), xo-
TOpbie OLIJIM TOJYYEHH, HCXO0XS M3 (heHOMEHOJIOrHYeCKOTo ypaB-
HeHus IBHKEHUS MJIOTHOCTM MarHHTHOTO MOMEHTA.

Jlerko yGeantbcs, uro dopmyan (6.3.3) npaBHAbLHO Ompe-
AeJSIT KOMIIOHEHTH TeH30pa y;; (R, ®) B 06/acT MajbiX 4acTOT
M MajJbBIX BOJHOBHX BeKTOPOB, Koraia o <€ o, u ak?<€ 1.
B stoM cayuae pas onucanus nosefeHus (QeppOMarHeTHKA
B CTODOHHEM NepeMeHHOM MAarHUTHOM MOJe MOMHO MOJb30BAThCA
YPaBHEHWEM IBMXKEHHA [/ MJOTHOCTH MAarHuTHOTO MOMeEHTa
C peJaKCaUUOHHHIM 4YjeHOM THia (5.2.8), ecau BuOpaTh T B BHIE

LIS IR S (A )
T T To (2m)® hsd,

nOILllepKHeM, OJIHAaKO, 4YTO 3Ta BeJHYHHA, KaK BHIHO H3

HE
dopmyn (27.2.6), (27.2.8), oTInuaerca OT BeAnyuHbl B, ([5+M—00> ,

KOTODPYIO HYXHO BBECTHM B yDaBHeHUe [BHIKEHHs] 1] MIOTHOCTH

MarHuTHOTO MOMeHTa BMECTO T+T Il ONHUCaHHs Ipolecca
1 2

peslaKCalu¥ MarHHUTHOTO MOMEHTA.

Eciu 0> @, n ak? <1, 1o onucanne nosexenus deppo-
MaTHETHMKA B CTODOHHEM NepeMEeHHOM MarHHTHOM IOJe C NOMOLLbIO
nmpocrefiiero penakcauMoHHoro caaraeMoro (5.2.8) craHOBHTCA
HeBO3MOKHBIM, H HEOGXOLUMO MOJb30BaThLCA dopmynamu (31.2.19)
st y;; (R, o).

3ameTuM B 3aKJIOueHHe STOrO pasjena, YTO IEKPEMeHT 3a-
TYXaHUsi CIHHOBOW BOAHM ¢ R ==0 npeincraBageT coOofi, oue-
BUIHO, oOpaTHOe BpeMs peJakcalMu TMonepeqyHOR cocTasasiouled
MarHUTHOTO MOMEHTa:

1
i

C 1npyro#t cTOpoHH, 3Ta BeaMYMHA pasHa, corJacHo (27.3.3),
1
—7BW. [To3TOMy HOMKHO HMETb MECTO PaBeHCTBO

B,,—=— 2Ys (O)!

v

B CNPaBelJHBOCTH KOTOPOrO MOXHO HEeMOCPelCTBEHHO yOemuTbed,
cpasHuBas ¢opmyas (31.3.2) u (27.2.6).



JOMNOJHEHMHE

CIIMHOBBLIE BOJHbI B HEGEPPOMAT'HHUTHBIX
METAJUJIAX .

B. II. Cuanu

CnuHoBble BOMHBI B (hepPOMArHeTHKAX H3YUAIOTCA YKEe MHO-
rue TOAbl, O HHUX H3AMCAHO Goablioe uucao paboT, CBA3AHHBIE
C HUMH TNpeiCTaBjeyud UIHMPOKO U3BECTHB, a HMeloliuiica Ha
CEroIHAWHUA NeHy TeopeTHUeCKHH H IKCNEPHUMEHTAJbHBIH Ma-
Tepuaa HeoObugfHo OGorar. B uacTHOCTH, B 9TOM MOXHO YGe-
nutbes, untag/ Hacroswylo MoHorpadpmio A. M. Axwuesepa,
B. . Bapwayfapa u C. B. Ilexrermunckoro. Hanporus, o cnu-
HOBBIX BOJIH TePEPPOMArHUTHEIX MeTa/JJlaX 3HAaeT O4YeHb
y3Kku# Kp mone#t. Jleno 3nech, Mnpexie BCero, B TOM, UYTO
CTMHHOBBIE OJIHbI B HedeppOMATHHTHBIX MeTaanax, HaxoIsUIHXCA
B MarHUTHQW TnoJe, ObM OOHApy:KEHH HAa ONbITE COBCEM He-
nasHo [1, XOTA COOTBETCTBYIOlIEg JEOPEeTHYECKOe MpeicKa-
3aHHe BO3MQXKMOCTH cylecTBOBAHMY TAKMX BOJH ObLIO CHENAHO

py)i?eHHﬂ CNHUHOBBIX BOJIH B He-
graLre;” HAXOAWEMCA B MATHUTHOM [MOJe,
obyc/oBaeHa TeN, YTo oHM mpeicTaB/siorT cO60H MepBoe (M moka
) BAYeTCA Ka-
T raga. Cie-
JyeT HalesThCA, uTO HBYHEHUE TAKMX CRY] BOJIH {IpUBeneT
K BHGLDEHHIO B CO :HaHuegmpexu’ Macc\fH3HKOB 3HAYUTEIBLHO
GoJee aneKBATHBIX MNPEACTABACHHH O MeTRIAX, uYeM HMeliue
(1 He 6€3 OCHOBAHHM) MOMyAAPHOCTb B HacXosuwee spems. Oue-
BHIHO, 4r0o B Oumxadiee Bpema Oyier oBelleHo 00JblIOe
YMC/IO 9KCHEpUMEHTAMbHBIX paGoT MO H3yHeH\I0 CNMHOBLIX BOJH
B HeheppOMATHMTHHIX MeTaJaax. ABTOp HandeTcd, 4YTO HACTOR-
mas CTaTbd MNOMOXeT O6/YMBIBAHHIO TOCTAHO TaKUX 9KChe-
pPUMEHTOB M OGCYX[IeHHIO HX pe3y/bTATOB.

1. DnexTpPOHH MNpPOBOILMMOCTH MOXHO M3yual\s Ha OCHOBe
TeopuH epMu-kuakocTd Jlannay [4], pacnpoc\paHeHHOH Ha
3/MEKTPOHHYI0 KHUIKOCTh Meranna [B]. TlosTomy HMTodllee u3-
JO)XXeHMe Mbl HayHeM C KpaTkoro o630pa TEOpHH BHIPOXIEHHOH
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(epMH-HULKOCTH, KOTOPAas INO3BOAAET NPOBECTH YueT B3AMMO-
Ie#cTBUS 2JEKTPOHOB (H B TOM 4YHCJEe OOMEHHOTO B3aMMOLEHCT-
BHf), NDHBOLSILErO, B YaCTHOCTH, K TNOSIBJAEHHI0 CHMHOBLIX BOJH.

XoTss 9HEpPTruUa B3aMMOLEHCTBHA 3JEKTPOHOB MPOBOLUMOCTU
MeTalna Jpyr € APYroM OTHIOLb He Mana, OAHAKO, KaK u3Be-
CTHO, 3JEKTDOHHAS TeOPHA METaAJOB YCMewHO UCNOAb3yeT mpef-
crapieHne 00 3JeKTPOHAX KAaK O He3aBHCHMBIX YAaCTHILAX.
[Tpexne Bcero, 3TO CBA3aHO . C TEM, YTO MEXILY3/JIEKTPOHHBIE
CTOJIKHOBEHMs, TNpeicTaBdlolMe CcoOO# OJHO M3 NpOsBAEHHH
KOppeaAlMA JIBUKEHHs 3JIEKTPOHOB, B CJyYyae BEIPOMIEHHON
MUIKOCTH OKa3bIBAIOTCH MaJbiM 3(P(PEeKTOM, MOCKOJbKY BepOAT-
HOCTb CTOJKHOBEHHSl 3/IEKTPOHA NPOMOPUHOHAAbHA KBAJAPATy TeM-
nepaTyphl, 4T0 OOYC/IOBJIEHO Ma/bIM YHCJOM 3JIEKTPOHOB B 30HE
pasmbiTus Pepmu. C 1pyro#t cTOPOHBI, KOppeNsLUOHHEIE 3PdeK-
THl CYIIECTBEHHH AJA LEJOr0 psja He 3aBUCALIUX OT TemIe-
paTypnl HeJIMCCHNATHBHEIX CBOMCTB 3JIeKTPOHHBIX BO30YMIeHUMH
Meradna. 370, B HAaCTHOCTH, TMOKa3aad pasJHYHLIE MNOINBITKH
yueta KOppeJsiuM¥ 3JeKTpoHOB (cM., HanpuMep, [6, 7]). Onnaxo
B OOJBLIMHCTBE CAyYaeB yuUeT BJMAHMUA MEKIYIJNEKTPOHHOH KOP-
peJsilMM MPUBOJHMT JHIIL K KOJH4YecTBeHHBIM addextam. Onnum
U3 UCKJAIOUYeHMR, KaK 3TO cjaenyeT U3 TeOPHH (PepMU-KHIKOCTH,
IBJSIIOTCA CHUHOBBIE BOJHBL.

B Teopun ¢epMu-HHUIKOCTH JlaHaay yueT BAMSIHHSI MeXly-
9JEeKTPOHHOrO0 B3aUMOJeHCTBHA HAa NUHAMHYECKHE XaPaKTepUCTHUKH
BO30YXJeHuil HOCTHraeTcs C MOMOUIBI0 NPEeICTaBAEHUS O TOM,
YTO IHEPrUs ABASAETCS HEKOTOPHIM OOWHM (PYHKUUCHAIOM QYHK-
LUHM pacrpeieseHus vacTvy. B orauuMe oT HmeanbHOro ¢epMu-
rasa HeB3aMMOLeHCTBYIOUIMX HACTHI, B caydae epMH-KHIKOCTH,
6J1aronaps 3HAYNTEILHOMY CaAMOCOTIACOBAHHOMY B3aHMOIENCTBHIO,
9Heprus OTIENbHbIX UYACTHIL 3aBUCHT OT COCTOAHHA OKPYIKAIOUWIUX
yactuu. [To3TOMY 3Heprus CHCTeMbl yacTuu, 00pa3yiowux gepMu-
MUIKOCTb, CTAHOBUTCS He paBHOR cyMMe 3Hepruit OTAeAbHBIX
YacTHI, a OKAa3biBaeTcs HEKOTOpHIM (BooOlle roBOps, BecbMa
CTOXHBIM) GYHKUHOHAIOM (PYHKUMH pACApeleNeHHs.

HaMeHeHHe TMNJIOTHOCTH 3HEPrMHM CUCTeMbl NpH OecKOHeuHOo
Ma/J10M H3MEHEeHHH (YHKUHM pacrnpelefeHdst 7 MOXKHO 3amucartb
B BUIe [4]

(SE:SpsfdpE(p, r)(‘)ﬁ(p, r), (1.1

rie € M n  SBJAAIOTCA MATPHLAMH B NPOCTPAHCTBE CIMUHOBHIX
nepeMeHHHX 3JEKTPOHAa M Sp,— WMNYp MO CHHHOBHIM C€O-
croannaM. Popmyna (1.1) npencrasaser coGo#t onpeneieHune
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sneprad (GYHKUMH TaMHALTOHA) KBA3HYACTHUBI (SMEKTPOHA Me-
Tanna), OTJAHYAIOUIEHCA OT IHEPrHH CBOOOLHOrO 3JeKTpoHa Oaa-
rojaps CaMOCOT/JaCOBAHHOMY B3aUMOJEHCTBHIO C OKDYKaIOUIUMH
yactTiuaMi. B Teopun ¢epMH-KHUIKOCTH BAXKHYIO DOJb HIpaeT
COOTHOWIEHHE, OMNpenensiollee H3MEHEHHE SHEPTHU KBA3HYACTHLE!
e(p r), BHI3LIBAEMOE H3MeHeHHeM pachpeleaeHus n. Ecm
OTCYTCTBYeT MarHUTHOE ToJe, TO B o6LleM Cayuae MOMHO 3aMUCaTh:

o€ (p, r)=Spy f dp’ dr'F(p, p's r. ¥hon(p’, r). (1.2)

MHbiMu ca0BaMu, BTOpas BapMALMOHHAs NMPOM3BOLHAA TJIOTHOCTH
9HepPrUU KHUIKOCTH 10 GYHKUMM pacnpeleseHHs 3aBHCHT OT
CMHHOB §, §', UMMyAbcoB p, p’ W KoopauHat r, r'.
B cucreme 3sapsikennbix uyactul 3¢dekTsl, o6yc/aBauBaeMble
2

e
KYJOHOBCKHM B33aUMOJENCTBUEM U:T, 4Y4aCTO OIUCBIBAOTCA

B TIPUOJMIKEHMH caMOCOT/IacoBaHHOTO Toas XapTpu. B Ttakom
npub/amKeHHH GYHKuMa F uMeeT CleLyIOWMH BHA:

F‘x(p, pir, r)=308sU(r—r|).. (1.3)

IMockonbky B mnpubaxeHun XapTpu (YHKUHA pacnpeipeneHus
CHCTEMBl MHOTMX 4YacTHL, NMPHHUMAETCs B BUIE TPOU3BElLEHHUA
GYHKUMH pacnpeleseHHs OTAEMbHHIX UACTHL, TO TEM CAMBIM
npeHe6peraeTc'ﬂ BJMAHHEM KODPEJALUU 3JICKTPOHOB HA BHIL ¢$yHK-
wun F. ITosToMy pasHOCTb F— F LeJuKoM ofycaoBieHa 3¢-
(eKTOM KOppeasilud 3JeKTPOHOB.

[TpakTuyeckuit nHTepec MpPeACTaBAAIOT MHOTHE 3a1aul, B KOTO-
PHX paluyc KOpPpessUUd YacTHL, MOXKHO CYUTATh MpeHeOpeKUMO
MajbiM NO CPaBHEHHIO C XapaKTeDHbIM DPAacCTOAHHEM H3MeHEHHUd
¢yukuun pacnpeneaenus. Torza

Fp, p's r. r)—Fx=~d(r—r)f(p. p). (1.4

CootBeTcTBeHHO sToMy ¢opmyay (1.2) MOXHO 3amucaTh
B Buie [3] ’

8 (p, 1) = f dp’ dr'U (|r *r’|)6’ﬁ p.r+
+Sps [ ap'F(p. pHORP. 1. (1.5)

[Tepoe cnaraeMoe B NpaBoH 4acTH 3TOH QOPMYMBl YUMTHIBAET
JaJbHOJEUCTBYIOLUUMNA XapaKTep KYJOHOBCKMX CHJI. 3aMETHM, UYTO
eCM 9TO CJAaraeMoe MOHUMAaTb OYKBAaJIbHO, TO - OHO HPHBOLUT
I1J9 OLHODOAHBIX pacmpeneNeHMit K pacxonduleMycs HHTerpagy.
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dakTHyeCKH TaKas PACXOAHMOCTb KOMNEHCHpYeTcs 3JeKTpOcTa-
THyeckOH sHepruefl monos. [losTOMy B mepBOM cararaeMoM Mmpa-
BOH uactH ¢opmyasl (1.53) moa On ciaenyeT NMOHHMATh OTKJOHe-
HHe pacnpeiefeHHs OT NPOCTPAHCTBEHHO OLHODOLHOTO.

3aMeTHM, UTO I/ peajbHbIX MeTanl1oB 9(dekTUBHLIH paimnyc
ME¥1Y3/JEKTPOHHON KOpDPeasilMd MO NOpPSIKY BeJHYHHBl OJH30K
K MexIyaToMHbiM paccrosausiM. IToatomy ¢opmyna (1.4) moxer
ObITh HCTOJAb30OBAHA 1A LWIMPOrOro KJjacca fABJeHUH B MeTallfax.
OTMeTHM TakxKe, YTO (PYHKUuA f(p, p’), Bo3HuKwas B ¢op-
myae (1.4), nad peaibHBHX MeTatn08 HeuspectHa, OgHo#t H3
HepellleHHbIX NOKAa 3a4a4 (U3HKU MeTaNI0B sp/ifeTcd IKCHNepu-
MEHTA/JbHOE onpejleseHue 3TOH QYyHKUUM *),

Jlng uvHTepecywouelt Hac npo6JaeMbl CIHMHOBBIX BOJH CYlie-
CTBEHHAa KHHETHYeckas Teopus ¢epMU-KHIKOCTH. BoJjHbl B 3a-
PAMEHHOM KHMAKOCTH YACTHL, CO CTIHHOM MOTYT COTPOBOKIAATHLCA
3/1eKTPOMArHUTHHIMH NoJAaAMU. [lo3TOMY g HMX TeOopeTHyeCKOro
M3yueHUd caelyeT MNOJb30BAThCA YDPABHEHUAMH 3JEKTPOMATHMT-
HOTr'O moJs:

rot5+%% =0, divE= 4neSp, f dp on,

(1.7)

o 1 0E __ 4me 9, =
div B ==0, rotB—?Ft__C_spsfdp%.n_{r

~+ 8mpgtot Sp, f dpg*r?.

*) IlpuBenem 3jnech BbipaxeHHe, moJyuyawouleecs ¢ NMOMOINbIO BbI-
qHcJeHHH, TPAKTYWOUIMX B3aHMOJIeHCTBHE 3JeKTPOHOB KaKk MaJoe BO3-
mymenHe. COOTBETCTBYIOIHH pe3yabTaT HMeeT BHA (5]

- —p 1 ~—
Fo p=—of| B )5 a+489). (16)
rie S— OmepaTop ChHHa:
. l(O 1) 10 —i _1qn 0
Sy =301 00) SyTol 0)’ =30 _1)’
a O (k) — dpypre-o6pa3 noreHnHasa 3Hepruu B3anMoueiicTBHA JBYX

3neKTpoHOB. Ecau nas mociejHero npUHATH 3KPAHHPOBAHHBIA KYJOHOB-
CKHH NOTEeHIHuaJbd, TO

O (k) =

4ne?h?
h2k? - p? (4e?/nhv)
Fie p U U-— HMIYJbC M CKOPOCTb 3JEKTPOHAa HAa moBepxHocTH Pepmu.
[Mockoapky nans GOJBIIMHCTBA METAMIOB e2/HU ~ 2, TO HCIOJAb3O-
BaHHE TEOPHH BO3MYINEHHH He siBAAeTcd 060cHOBaHHBIM. OJHAaKO HENb3s
Takie OTPHUATHL SBPHCTHUECKYIO NEHHOCTh MNOAOGHBIX DPEe3yabTaTOB,
NO3BOJAIOUIMX KAUECTBEHHO MOHAThH IeNbld PAA ABJICHHI.
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3nech 2;10?9—— OnepaTop MAarHHTHOTO MOMEHTa 3JeKTPOHa, a
860 (p. 1) =—211 5B)+Sps' [ dp’ (9 (p. P+
+4GEsHb . PO on ' 1. (1.8)

B nocnrenuel ¢opmyne, B oTauune oT ¢popmyaer (1.5), mbi ony-
CTUIH JaNbHOLEHCTBYWOUleE ClaraeMoe, VWJIH BJHAHHE MArHHUT-
HOFO MOJifA, a TaK)Ke KOHKDETU3HPOBAJIH CNHHOBYH) 3aBUCHMOCTD
¢dyHKUUK (IPH STOM npeHebpexeH0 MaNbIMH  CNHH-OPGHTAND-
HBIMH B3aHMOJEeHCTBUSIMHU).

Jinis MaTpHubl IJOTHOCTH MOXHO 3alUcaTh Clelymoulee ypa-
BHeHHEe JABHXeHHa [3]:

on i~ o~ 1

e, 0 on  dg,
S — 1o A+ 5 (% )

op 0r+0r op ~,\
SIS E e
([ o)2 Ss]) oo

3nech [EO, r;]Q— KOMMYTAaTOpP MAaTpPHU B NPOCTPAHCTBE CIHHA,
al— OnepaTop CTOJKHOBEHHH,

V106HO BMeCTO 7 BOCIIOJb3OBATHCS ¢dyukuuelt pacnpenesne-
Hud f:Spsﬁ yacTdy B (¢a3oBOM NpOCTPaHCTBE KOOPIHHAT W

HMIYJbCOR W BeKTOpHOR d¢yukumelt o =2Sp sn cnuHoROH
IVIOTHOCTH B ()a30BOM MpoOcTpaHcTBe. Toraa, yurs, dTO

Eodmn = Oy 2 () g E2- (1.10)
D = Omgls 2 () I, (1.11)
3 (1 9) nonyun:
dsl Og; 082 do de, 0o

o o opj or;  ory dp;
af e [ Og of 0Oy 00
teE g5 | < B e [ Bl =1

9o (3*37;2;) —(%E;.L"%)U+2] 32><U]+(gf 5;)32“
— (55 or) et e(Egp) o+ ([ 55 < B])55)e —
-—%([—(‘;%)(B]%)e?:@. (1.13)
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AHaNOrHYHO YpaBHEHMS NONS 3aNMILYTCH B BHIE
divE=4nefdp6f(p, . o (1.14)

1o tB_%i€+4nu0rotfdpo(p, r)—{—izﬁfdpx

1 052]
X{—Wf(l’v r)+W0j(p' f)}- (1.15)

Ypasnenus (1.12) — (1.15) cocCTaBASIOT OCHOBY KHHeTHYeCKOH
TEOPUM BOJMH B BHIPOXKIEGHHOM 3JeKTPOHHOR (epPMH-KUIKOCTH.
Yxaxem, HakoHeu, uto coraacHo (1.8) u (1.10)

se,(p. = [ dp'g(p. PISF (P, . (L16)

Bey(p. 1) =—wB+ [ dp"b(p. P (p'. 1. (1.17)

2. CnuHoBble BOJHB MpPELCTaBAAIOT COOOR BO3OYAMIAeHHS Hal
OCHOBHBIM COCTOSIHHEM 9JeKTDOHHOH MKHIKOCTH, Haxolsuiefcs
B MOCTOSHHOM M OJHOPOJHOM MarHMTHOM noge. IlosToMy cHa-
yaja HAM ClelyeT pacCMOTpeTh pPaBHOBECHOe COCTOSIHME, IAs

KOTODOTO HYXHO 3HaTb MaTDHLY IUIOTHOCTH 72, YYHTBLIBAIOLLYIO
NapaMarHeTH3M 3JeKTPOHHOH KHAKOCTH.

[ockonbky wu3MeHeHHe XUMHYECKOrO MOTeHUMana sBafeTcs
BeJUYHHOH BTOPOTO mopsaka no B, a sHeprus sjekTpona mnpe-
TepreBaeT /JAUHeHHOE HW3MeHeHHe, TO, OTPAHMYHBAACH JMHHEHHBIMH
no B uneHamHd, MOXHO HanucaTb [4]:

~ 19 ‘
An =5 ZolD pg, 2.1)

rae fo(e) — dyuxuua pacnpeneqeHns Pepmr. CoOOTBETCTBEHHO
9TOMYy MOXHO CYMTaTb, 4TO ¢YHKUUA pachapeledeyus 4HacTHL
B ()a30BOM HPOCTPAHCTBE He OTJIHYaeTcq® OT f,;, a BEKTOpHas
QyHKUHA CMHHOBON MJOTHOCTH B Ja30BOM HPOCTPAHCTBE UMeeT BUIL

o (p) =23 pe, (p). (2.2)

INoacrasue 3TO BhIpaxeHue B dopMmyay (1.17), nHafizem ypashe-
HHe, onpejeasiomwee Ago:

dea(0) = — 1B + [ dp't (0. ) 52 Bes (0. (29
ITockombky

9 9 '
G == e b e, 2.4
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rae €, — sHeprus Pepmu, TO ypasHenue (2.3) MOMHO 3amucaTb
B BHIE

2 ds’ ’ ’
AE? p)=— “OB - @nh)? J‘ Ve (p) | b(p, p )ASQ (p), (25)

rae dS’ — aneMeHT noBepxHOCTH PepMu.
OueBHIHO, YTO MOXHO TNpEICTaBUTb pelieHHe YpPaBHEHHs
(2.5) B BUIe ‘
AS?,! (p)= —Yi; (p) Bj- (2.6)

HpH 3TOM Yij yxKe He 3aBUCHT OT MArHUTHOrO IoJad U onpele-
JAETCHd YPaBHECHHUEM

2 as’ ’ ’
Yz,(l’)‘f‘ (th)a J‘ Ve (P/)J ll)(p, p )Yij (P ): uoéij' (27)

YpaBuenue (2.7) Jserxo MoxeT ObITh pelleHO B TOM CJyuae,
Korza mosepxHocTs Pepmu sBasercs chepoit. OTcyTcTBHE BbIAe-
JeHHBIX HaNpPasIeHUH MO3BOJsSET TOraa CUUTaTh GyHKUMIO P (p, p’)
quib  (PYHKUMeH yria O Memiy BeKTOpaMH p M p’, JMeXaluMu
Ha cdepe Pepmu. ITosTomy okasmBaercs yAOOHBIM HUCNOJb30BATH
pasnoxenue (yHKUMU P 1o moauHoMaM Jlexawipa:

[en)]

b (p. p) = N @A DBP (c0sO),  (28)

(=0

rlle U -— CKOPOCTb Ha moBepxHocTH PepmH, [ — nocTosHHAA
Ilnanka, B; — NOCTOAHHBIE KOIDPHUHEHTH H

1 4

P 2 1y
ol a2 (2 b

Py (2) =
IIpu 3TOM pelueHue ypaBHeHMd (2.7) MOXHO 3amucaTh CJAeLyIO-
mumM 06pasom:

Vij (P) = ¥0;;, (2.9)

roe [4]
MoxHO HallTM pelleHHe YpaBHeHHs (2.7) M LIS NPOU3BOJALHOM
nosepxuocty Pepmu, ecmu P(p, p’)=1y,==const. Torua Yij
cxoBa uMeer Bua (2.9), rue

U
%, s 2.11)
Y Gan | T @]

Y=
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dopmyant (2.9), (2.2) u (2.6) nossoasmioT 3anHcaTh Aas
PaBHOBECHOTO COCTOAHUA:

Aey=—1yB, o=—yZop (2.12)

DT BHIPAMEHHA MbI HCHOJb3YEM HHXKEe B TEOPHH CIHHOBHIX
BOJIH.

3ameruM, uto ¢opMyabt (2.12) MoOryt ObITh HCNOAL3OBAHLI
s OTpeje/eHds CTAaTHYeCKO# mapaMarHMTHO# BOCIPUHMYH-
BOCTH 7 9JEKTPOHHOR KHAKOCTH, KOTOpasg ONpejensercs COOT-
HOILeHHEM *)

B = 24, Sp f dpr?s‘:pof dp e (p). (2.13)

OueBusHo,
Wﬂf Vel (an)a‘ (2.14)
B wactaoctd, nas cayuas cdepuyeckodt mnosepxuocTH Pepyu [4]
S—C - 2.15
LT TR, (2.19)

rie Yo — MapaMarHWTHAass BOCMPHUMYUBOCTb 3JEKTPOHHOTO rasa.
3. Haa paccMoTpeHHs BO30YKIEHMH HAaL OCHOBHBIM COCTOf-
HUEM B3JEKTPOHHON MKHIKOCTH, Haxoiasuie#cd B NOCTOAHHOM H
ONIHOPOLHOM MAarHUTHOM TI104€, HM3y4YMM Majble KoJaebaHua pac-
npeiencHu#t. ByreM cumTaTh, uTO GYHKLUMA pacnpeleneHUdss Mano
orauyaeTcs OT epMueBcKoM fi (), a BexTOpHas (QYHKLMS CIH-
HOBO# IIOTHOCTH B ()a30BOM MNPOCTPAHCTBE MMeeT BUA (Cp.
dopmyay (2.12))
o=— 1y H, 1o, (3.1)
rie OC — Manasi HepaBHOBecHast 1006aBka, a Hy— NMOCTOSIHHOE M
OLHOPDOLHOE MarHHTHOE MoJe **),
OrpanuuuM ce0q paccMOTpeHHeM Maablx KoJaeOaHu#, 244

KoToprix 00 mnepnenauxyaspuo H, B srom caydae.KuHeTHue-
CKoe ypaBHeHHe (1.13) npusoauT K caedyiomeMy YpaBHEHHIO:

o S o )
% (60 _ %682) 2 [HO % (60 - 682)] —8l, (3.2)

*} CraTuyeckasl [apaMarHuTHas BOCIPHHMIHBOCTL Maaa MO
CpaBHEHHIO C elHHHIeH.

**) Manocrb cTaTHYeCKOd MarHUTHOH BOCHPHUMHYHBOCTH Hedeppo-
MAarHMTHOTO MeTaila MHO3BOJASET BMECTO MArHuTHOH MHAYKUHH B,
nucatb H,.
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rae .
682—_—u0b+fdp bip. P80 (. )

H b—HEPEMeHHaﬂ MarHuTHasg UHRAYKUHA.

s ¢yHKunmn ¢ Huke MBI 6yleM HCNOAB30BaTb BLIpaXeHHe
(2.8), cuydTas COOTBETCTBEHHO TOBepXHOCTb PepMu cdepoht.
B kauecTBe uHTErpaia CTONKHOBEHHH MBI HCHO/b3YyeM CAelylo-
ee MOLEJbHOE BHpaxeHde *):

612:-(%‘_}“‘?12')(60—“9!—0-682) L 9fh o

T 0Ot
><Udp df°] fdp(w--»- ddf; 632). (3.3)

3pech T — XapakTepHOE BpeMs PeNaKkcalMH MMIYJbca 3JCKTPOHa,
a T, — BpeMsa mnepebpoca cnuHa. [lockoabky nepe6poc cnuna
06ycn03neH CHHH-OpéHTﬂ.ﬂbe}MH WM MarHuTHBIMM B3auMoxel-
CTBHAIMH, TO B pealbHOH CHTYauuH Ty 3>T. Huke riaaBubim obpa-
30M Hac OyleT MHTepecoBaThb CJAyyaH, KOTAAa CTONKHOBEHHS, MPH-
BOAfAIINE K DpeJaKCauvuu uUMNyJibCa, CPaBHUTEAbHO PpPELKH. HpH
9TOM HCHOJb30BAHHE MOAENLHOTO HMHTerpana CTOJAKHOBeHHH (3.3)
He MOXET J1aTh 3HAYHTENbHOTO OTIMYMS OT HCTHHEL

JIIMHHOBOJKOBEE CHHHOBbIE BOJMHB B OKPECTHOCTH YaCTOTHI
OOLIYHOIO NMapaMarHUTHOrO pe3OHaHCa 3JAeKTPOHOB NMPOBOJIUMOCTH
MOXHO ONHUCEHIBATH C MOMOLIBIO MAKPOCKONMYECKOTO Yy PAaBHEHHUS 115
HepABHOBECHON MJAOTHOCTH HaMarHMYEHUS:

m(r. t)= pofdpoa(p, r. b (3.4)

HeTpynno BuzaeTb, 4YTO NOcCAe YMHOXE€HHs YpaBHeHus (3.2) Ha
Wy ¥ MHTECPHPOBAHUA MO HMMNY/IbCAM MOIydaeTCs

(%5 4 5 1tm — 1) X Hol) 4 (1 4B o By =

=— b m—yp),  35)

rue
Zi]._—:poj.dp'viéﬂj. (3.6)
B ycnoBuSiX, KOrAa MNpPOCTPAHCTBEHHasds HEOAXHOPOJIHOCTb Hecy-

WEeCTBeHHA (MOXHO NpeHeOpeub MOCHAELHMM ClaraeMelM JeBOH
yacTu ypaBHeHus (3.5), cojepmamM NPOU3BOLHYID MO KOODAM-

*) OTHOCHTEAbHO m-nerpana CTOAKHOBEHH{l B TEOpHHM Bupomneu-
HOH (epMH-MHAKOCTH cM. [8].
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HaTe), ypasHeHHe (3.5) COOTBETCTBYeT ypaBHeHHi0 Baoxa, Co-
CTaB/AIOLIEMY OCHOBY TEODUM 3JIEKTPOHHOTO MNapaMarHUTHOTO
pe3onanca [9]. [as onncaHus CNUHOBBIX BOJIH HEO6X0AHMO y4ecThb
PO RPOCTPAHCTBEHHON HEONHOPOLHOCTH HaMarhnuesus. Ecau
JAJMHHA BOJHbBI 7 CIHHOBHIX BOJIH BeJWKA MO CPaBHEHHIO C Jap-
MOpOBCKHM painyCOM 3JeKTpoHa R B MarHuTHOM noae fH,, ToO
IS TIONYYeHHs ABHOrO BHIPAXEHHs CJaraeMoro ypasHeHus (3.5),
COEpKAlllero NPOCTPAHCTBEHHBIA T'PalHeHT, YA0OHO BOCIONb3O-
BaThC MeroioM MoMeHToB [10]. OrpaHnunBasch nepabiM ApH-
6ankenueM 10 CTeneHsM R/X, MOXHO NPHUHATh

dfs ) d0fe ]! 1 J )
Torna ¢ noMomblo ypaBHeHHs (3.2) nojayyaeM caepywouee ypaB-
Henne ans X,
1 0%y

TTF, —dtl— - Qeitlnlztj + 08 ;1 2y +

148, v? _ {1 l_) N_l_
+ 1+ﬁ1 3 dl‘ (m' ij)‘— '<?+ Ty Zij‘\" 1 1/’ (3 8)
rie n = Ho/Hy, Qy= 2yHy/h == [2u0Ho/h (1 4 Bl =0,/(1 4-By).
Q= eHvlcp. ‘

Cuutan b, m n X;; 3aBACAILUMA OT BpeMeHH ~ e—t0t  Mo-
#HO 3alMcaTh pemiesde ypasdenus (3.8) B ciaenyiouiem Bume:

2 14-P, . 0
s R (L b
— 0,1 92 [m —y0) X nl, |, (3.9)

0 m_ —yb”
2T, — (1 +by) & 3 <0x —d—y)[mjl_)-{—

mt — b+
+ v_l(ﬁ)—_ﬁ)il,])], G109

) m_ —yb~
nyilz ~—-L(1 +ﬂ0) < i 0y> [;:m_

+ _wht ‘
S iy LA ] (3.11)
V—L(ﬁ)—ﬁ)il,l)

31ech MPUHATO, YTO OCh OPHEHTHPOBaHA BAOAL H, UM yuTeHo,
YTO HepaBHOBeCHaf NJIOTHOCTb HAMATHHYEHHA M NepReHiHKyAapHa
MOCTOSHHOMY MarHuTHoMy nomio. Kpome rtoro, v=(l 4-p)/1,
m*=m,tim, b*=0,tib, n

0y, g == (8 Q) (1 +8,). 3.12)
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$opmyasl (3.9) — (3.11) no3poasOT 3anucaTh Clelyiollee ypas-
HeHHe J1Jisl HePaBHOBECHOTO HAMarHWUYeHHS:

— iom + 2 [(m ~ 318) X Hol — (m 5| (D’ (m — 1b) +

+ D (1 X (m —30)) —{A—(n 5=} H{DY m— o)+

+ DP [n X (m—yb)]} = 1+‘3° —R (m —yb), (3.13)

Fﬂ(i | v? 1 1
Pr=-+k(l _{»ﬁl)?["_i(@“f‘@o,1),+V“‘i(m—mo,1)]’
2):i(1+ﬁ°)(1+ﬁ‘)v‘[v—i<ml—mo,x)“v—i(wlﬂo,l)]'

DY = +b0) 0+ 53 [s oy T

1 1 1
+ie e timie—a Ty =re=as )
, 2 1
=il ‘}—ﬁo)(l—l—ﬁl)%[m—i—

1 1 1
+ v—i(o—o_, )  v—i(Fo,) v—i(efo_) ]
(3.14)

B npenene v33> 0 U @ , ypasHenue (3.13) npeacrasiser
COO0OH ypaeHeHHe AM(@Y3HMH HAMATHUYEHHs, KJAadylieecd B OC-
HOBY TEOPHH NAPAMArHUTHOTO pe30HAHCA 3JCKTPOHOB MpPOBOILH-
moctH [11, 10]. dopmy.sl (3.14) onucHBAIOT YACTOTHYIO LUCHep-
CHI0 aHUBOTPONHOIO Ko3PpduuHeHTa AUdDY3UH HaMArHUUEHHS,
KOTOpasg CTaHOBUTCA OCOGEHHO BaXHOH B YC/AOBUAX, KOria
v < ® ~ O, 5. [locaenHee HepaBeHCTBO BBINOJHAETCH MNpPH 10-
CTATOYHO HH3KUX TeMNepatypax M JJId YHCTBIX 00pasuoB Me-
Tasl1a.

C nomowpio ypasHenHs (3.13) merpyano 3amucaTh Bblpaxe-
HHE AJS KOMITOHEHT BLICOKOYAaCTOTHOH MarHMTHOH BOCHpHUMYH-
BOCTH Y+, YYHTBIBAOLIEH YacTOTHYI0 H TNPOCTPAaHCTBEHHYIO JH-
CHIEPCHIO (M ~ g~ i0ttikryxy:

%y (@, B)

b= +
W!) :Xj—_(ﬂ), k)h s (3.15)

fn:t el

*) BHUMaTeJbHbIH 4YHTaTeJb MOXET 3aMeTHTb, YTO OIlpejeleHHe
(3.15) orauuaetcs OT Hcmoab30BaHHOTO panee (2.13). 310 06yca0B-
JEHO TEM, YTO, B OTJHYHE OT CTaTHUCCKOH BOCIPUHMMYHMBOCTH 7, Ma-
JOH MO CPaBHEHHIO C eJHHHUEeH, BHICOKOYACTOTHAasd BONMPUAMYHBOCTH
B OKDECTHOCTH DE30HaHCa MOXeT OBITH OTHIOAb He MaJoOH.
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rae h*=h,kih, v h— nepemeHHOe MarkuTHOE nOJE BHYTpH
Metaiana. [Ipu stom

1
x[—:;—ﬁo:l:ims—}-k? D (k, m)]

A (0, B) = ., (3.16)

—i (mims)—{—l—i;—ﬁ‘)——{—kz D_ (ko) —C
C —4my [11‘_2‘3"¢ims+k2 D, (& m)],

0, == 2l /h — yacTOTa CMMHOBOTO pe30HaHCa 3JEKTPOHA MpPO-
BoguMocTH, Up — yroa Mewiy BexTopaMu R u n, a

D. (k. ©) :‘%2-(1 4 Bo) (1 4-B,) (0 £ g, 1 4 iv) X
cos? U, sin? 9,
{ (@ % @y, - iv)? (0 £ 0, Fiv) (0 0_y, V) } G.17)

[Mocnennee Buipawenue aas Dy (R, ®) 6610 mnodayueno I[liatu-
MaHoM u Boadom [2].

KoMmiexcHag MaruuTHas BOCHPMHMUYHBOCTB (3.16) MOXer
ObITb HCMOMBb30BaHA LA ONpeleJeHus] CHeKTpa TeX CHHHOBBIX
BOJIH, KOTOPhle MOTYT BO36Ywaarbcsl MarHWTHBIM moseM. Orpa-
HUYUMCS CIydYaeM He CJAMIIKOM BHICOKHX 4acTOT, KOria o <& ck.
Torna a8 uWHTepecylOuiero Hac cJayvas ypaBHEHHA NOJS CBO-
AATCA K

rot (b — 4mm) =0, divb=0. (3.18)

WMea B Buny coorHomenne (3.15), moiyuaem ciaeiyiouee ypas-
HeHHe, Ompelesioliee CHEKTP CHUHOBBIX BOJH:

1+ 4ay, (0, B)=20. 3.19)

[ToactaBup ciona BeIpaxenue (3.16), nmOayuuM AMcnepCHOHHOE
ypaBHeHHe IJIHHHOBOMHOBLIX KosneOanuih (Rv <€ ®) B OKPecTHO-
CTH | @} =0,

0= 0, — il—_:ﬁ’——ikZ D. (k, o). (3.20)

B ycaoeusax, xoria <& v, MOXHO npeHefpeu» 3aBUCUMO-
crbio Dy ot dacrorel. Ilpu arom D, oKaswiBaeTcs BeJHYMHOH
JecTBUTeibHOH, a MO3TOMY corjaacHo ¢opmyae (3.20) rpymno--
Basi CKOPOCTb BOJH OyneT MHUMOH. IDTO O3HAYAET, YTO B TAKUX
YC/IOBUAX CIMHOBHIE BOJHBI HE CYLIECTBYIOT M BO3MYLUeHUA Ha-
MAarHH4eHUs pAacI/LIBAIOTCA MO 3akoHaM Auddysuu. Hanporus,
B npejlene v<& o Ko3pduunenT 1uddy3nu D. CTAHOBHTCS MHH-
MBIM, @ TPYNNOBasd CKODOCTb BOJH — AeHCTBHTeAbHOH. DTO 03-
HayaeT, 4TO0 BMeCTO AMPGPY3HOro pacnablBaHUS BO3MYINEHHR cTa-
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HOBHTCS BO3MOXHHIM pPACHPOCTPAHEHHE BOJNH HAMATHHYEHHA —
CIMHOBBIX BOJIH.

O6HapyienHsle Ha omblTe [1, 2] CNHHOBHE BOJHBI COOTBET-
CTBYIOT YacTOTaM, ONM3KMM 4acTOTe CINHHOBOTO PEe30HAHCA 3JeK-
TPOHOB MNpOBOAUMOCTH. [IpH 3TOM, B COOTRETCTBMM C TOJAbKO
YTO CKa3aHHBIM, CNHHOBBIE BOJHBI MpPOSBAAIOTCH JHIIL B YCJIO-
BUAX, Koraa ® _>>v. B atom cayuae us ¢opmyant (3.20) umeem:

o=, [l — k2a (k)] (3.21)
rie
. v2 (1 4-Po) (1 +B)) 1—140052&,,
a(k)= 307 - T , (3.22)
4= d+B)? (1+4+p,)* Q2 (3.23)

(50”51)2 ‘”E
Kak ™Mbl YBUIHUM HUKE, 3aBUCHUMOCTb & OT yria U MexILy Bek-
TopaMd k W H, no3BosseT 3KCMepUMEHTANbHO OMNpELEeNUTh Be-
auyuHy A. OpHako, npexie YeM MNepeXOdUTb K HU3JI0KeHHIo
3KCNepHUMeHTaMbHBIX Pe3yJLbTATOB, PACCMOTPUM HEKOTOpHE Cael-
CTBHUs, BBITEKAIOUIME W3 TEOPUM MJ KOPOTKHX CNHHOBBIX BOJH.
4. nga npou3BOMbHBIX JJHH BOJH KoJeGaHuH Teopus cy-
IECTBEHHO YCJIOMHAETCS, B OCOOCHHOCTH 06aarojapst CJIOXHOMY
uny Gyukuun P (p, p’) (cM. ¢opmyry (2.8)). Crasa nepen
cob6oit 3amadyy NpPOLEeMOHCTPHPOBATb Teé BO3MOXHOCTH, KOTOpHE
OTKpDHIBA€T TEOPUS BBIPOXAEHHOH SJEKTPOHHOH KULIKOCTH A4
M3yYeHWA KOPOTKOBOJHOBBIX CNUHOBHIX BOJH, [Jf HPOCTOTHI
NpUMeM, 4TO (YHKUMA P He 3aBUCHT OT Yrja Mexaiy p u p’,
T. €. IPUMEM
_ n2hdv
=
[TpencraBuM HepaBHOBECHYH CIHHOBYK IUIOTHOCTH B (Pa3oBOM
NpOCTPAHCTBE B BUIeE

86 = o go-iotvibr (4.2)

Bg = const. “.1

¥ OyleM CuMTaTh, YTO HEPABHOBECHOE MATHUTHOE NOJE TAKUM XKe
o6pa3oM 3aBUCUT OT BpeMeHH MW Koopiaunatr. Toraa MoOxHO
3anMcaTh KMHETHYeCKOe ypaBHeHue (3.2) crenyoium obOpasom:

—ing . — l—t—m(gi)—k(ik“v cos 0 ik | vsin cos g
1 1 0 .
+?+—T:—QW:FLQO)(g:t+ﬁO(gi>):
=—_—i(k”v cosO—{—iklsinGcoscp—{—% F iQO) uebx.  (4.3)

A
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) 27 n
3nech bt=0b,L b, g.=g,* g, (g1>=215fd(pfx
& 0

Xsin0d0 g ., nonapuas ocb naa cepuyeckux KOODIKHAT B Npo-
CTPaHCTBE HMNYJbca OpHeHTHpoBaHa Bpoas M, Hmes B Buay
€CTeCTBEHHOE YCJIOBHE TEPHOAMYHOCTH 1O ¢, NMOAY4YdeM H3 KH-
HeTHY4eCKOro ypaBHeHHsa (4.3):

g+ Bolg )+ o= = — 5 [(— topp - EP ) () —

¢
. 1 —q
-(1@—7) uobi] fdcp'exp{l L Qq> [k“vcosew
+oo

i i
—0FQ———

kv
]+i —é-—sine[sincp—sin(p’]}. (4.4)

T, )
[Tockoabky coraacuo (4.2) u (2.15) wepaBHOBecHass IUIOTHOCTbL
HaMarHMYeHHs CBfi3aHd C £ COOTHOlleHHeM m = — (%/y){g),
TO C noMowplo (4.4) moayuyaeM A4 BbICOKOYACTOTHOH MarHUTHOH

BOCNIDHHMYHMBOCTH, oOnpeleneHHOR cootnouenneM (3.15), cae-

Ayiollee BblpaixkeHue:
; »
(o 5)())

Y+ (@, R)y=1 . . ‘
t— 10—)£°ﬁo+i—)<f>*4ﬂx[1-(m+g)(f>}
3xech ¥, — cTaTMyYecKas BOCTPUUMYMBOCTb W (4.9)
( Jﬂ > - ’;‘sz sin § 46 ”:Ei;fi(%} sin 6) e
X 1 . (4.6)

i i
© = Q) —nQ— kv cos 0—-{—?——{——5

IMoacraBasa (4.5) B ypasnenne (3.19), MoxeM onpefequTb CHEKTp
CTMMHOBBIX BOJH A11 npousBoabHbIX RR. Tlpu 3TOM noayuyaem
cjelyioliiee YpaBHeHHe, Ofpelelsiollee CleKTp «CAMHOBBHIX BOJH:

+oo

Ji(
N—= -0

X

v

k

S“EL sme)x

[Bow/1 + Bo] +i/T _ _ @7
ﬁ):tQO—nQ—k“vcose—-{—;_—i—{-_

n
1 :—;—fsinede
: 5

357



PaccMOTpuM YacTHBIR caydalt nPOALOJBHOTO pacnpocTpane-
HHf COMHOBOM BOJHH, Koria k| =0. Toraa dopmyna (4.7)
NpHHAMAET BHL

o Bo i ®+ Q+kvtift+ i/t
- QTv(H—BT‘"E)I" miﬁo—kv—{—i/r—{—i/rz - (4.8)

[TpocTele caepcTBUA, BHITEKAlOLIHe W3 3TOTO YPABHEHHs, HETPYILHO
MOJMYyuHTb B MOpejlete [JIHH BOJIH, MEHbIUHX JJHHBL CBOGONHOTO

npobera [3], xorza MOXHO mnpeHe6peub % " —Tl— Torza B 06-
2

JACTH CPABHUTEJBHO AJMHHBIX - BOJH, Korja kv<€ , ¢opmyna
(4.8) naet

o= 3 Q1 +po) {1 + £°0*/3,Q5}. (4.9)

[IpH oTpuUATeNbHBEIX By C YMeHblleHHeM MJIMHBI BOJHBI 4a-
crora ymenusuraercsi. Ilpu 3tom B cayuae 1+ 1/B, < 0 wuacrora
CIMHOBOM BOJHBI OOpamaercss B Hyab NpdH &= Qy/v coraacuo
cirenywoweh gopmysne:

0= ${Qo~kv[l+26xp(l—%—f—°%}—)]}, (4.10)

npuroiHo# B oxpectHocTH ® =0,

[1p1 MOMOXKUTEbHBIX f C YMeHbIIEHHeM JIJHMHBl BOJHBLI ua-
CTOTa BO3pacTaeT, M B 0O6JACTH KOPOTKHX [IJHH BOJH, KOT1a
kv >, AncnepcHOHHOe ypaBHeHHe (4.8) mpHHHMaeT Bun

1__0)1 m+kv_l @

B N = (E) (4.11)

JTO ypaBHeHHe OMNMCHIBAET CHHHOBBIE BOJHB B (epMH-KHIKO-
CTM B OTCYTCTBME MATHUTHOTO MOJS, KOTOpble, KAk MOKasan
JI. 1. Jlanzay [12], MOTYT CyllecTBOBATH JIMIIb HPH NOJIOWKH-
TEeJbHOM f.

[IpocToe cleicTBHe BhHITEKaeT M3 LHCIOEPCHOHHOIO YpaBHe-
uus (4.7) ans KOPOTKHX BOMH RR™>>1 W B npeinoaoxeHuum
MOMePEYHOro pacnpocTpaHeus. [IpH 3TOM CIMHOBBIE BOJHB OKa-
3bIBAIOTCA BO3MOXHBIMM BGJH3H DPE30HAHCHBIX YacTOT, KOTAA

0o=0,+0 (o< o,, 4.12)
rie ) '
w,,:¢90+n9~—%—%2, (4.13)

N i
6w;mlﬁo[+go+ﬂg]+?}. (4.14)

358



Cnenyer 3aMeTHTh, UTO DE30OHAHCHAN 4HacTOTA (), HE 3aBU-
CUT OT CLeNaHHOIO B Hauale 3TOr0 paszela MpeillOfokeHUs O
Bule GYHKUMM | H OCTaeTcs TakoW ke B oOueM cayuae (2.8).

Ecan P, Mal0 nO CPaBHEHHMI0 C €XMHHUEH, TO M Iasa He
OYeHb KOPOTKHMX BOJIH MOXHO MOJY4YHTh KOMIAKTHYIO ¢opmyay,
ONMCHIBAIOUIYIO CIEKTD CHHHOBHIX BOJH BOJH3M pe3onanca:

! ) 7 2
‘°:l¢90+n9—%——% 1—--0f dBsin X
x 73 (5% sino) HH—I% mdesmeﬁ’,l. (4.15)
) 1)1 Ty J

Hakouel, cHOBa BepHEMCSl K ¢/Ay4al0 AJdH BOJH, OOMbLIAX
JapMOPOBCKOI'O palnyca 3/eKTPOHOB. JluCnepchonHoe ypasHe-
nie (4.7) B 3TOM cayudae npunuMaer BuA (3.20), B KoTOpOM
sMecro D, (R, @) crour Boipaxenue (3.17), yMHOMEHHOE Ha

i i 1
(1+ﬁo+?)mi90+i/r‘ (4.16)

[locneinuft pe3ynbTaT MOyuYaeTcs W B ciydae |, NpeLcTaB/eH-
HoM psinoM (2.8). 3aMeTuM, 4To NPH O -> F ©, Bblpaxenue (4.16)
obpaiiaercs B eNMHHLY, YTO MOATBEPKAAET MNPUTOLHOCTbL pe-
3yJbTaTOR pasiesa 3 IJis H3yueHHss OKPECTHOCTH CIHHOBOTO pe-
30HaHCA 3JEKTPOHOB TMPOBOLHMOCTH.

Hcnonbays Boipamenue (4.16), Mbl MOXeM 3anucartb CJAeLyl0-
IHe COOTHOLICHHS MJIst COBCTBEHHBIX YaCTOT CIHMHOBLIX BOJIH,
6/AMSKHX K TpeletbHbIM 3HaueHHaM (3.12) (o = v):

o R By LB (148D
m_+m0,1{1 o p R cos ﬁk}, (4.17)
W= T 0,1 { 1 +
+ k22 Bo (1 + 50)2 (1 + |31) sin2 ¢, }
602 [By+ (14Bo) (1+8y) @/ [B, — Bo+(14B) (14-8;) /0] |
‘ (4.18)
=T 0-1,] { 1 +
L Bo (14 Bo? (1 +Py) sin2 8, }
605 |8y — (14-Bo) (1-+By) Qo] [B1— By — (14 Bg) (1+8,) @/w,]f
(4.19)
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Jlns moJyueHHs BbipakeHHH B OKPeCTHOCTH mpenefdbHBIX YacToT
(3.1 2) ¢ GOJbWHMH 7 C/lelyeT B Pas/OXeHHH NO R YIepKHBaTh
6oJlee BHICOKHe CTelleHH.

3aMeTHM, uTO IS pe3y]bTATOB 3TOTO pasiena, MOCBSILIEH-
HBIX KOHKDETHBIM CNEKTDaM CIHHOBHIX BOJH, CYLIECTBEHHO Mpei-
noJoxeHHe 0 GObLIOH BeJWYHHE BPDEMEHH DEeJAKCALHUM MMMYJbCa.
MoxHO AyMaTh, YTO 3TO mMpeanoJoxeHHe Kaxe Oosee cyuiect-
BEHHO, Y4eM 1Ji De3yJbTaTOB BTOPOro pasiela, Tle BpeMs pe-
JAKCALMH MMNYJAbCa BO3HUKANO B OTHOCHTEJNbHO MalbX UJje-
Hax ~ k2.

5. Oxcnepument, npuseiwni K OGHAPYKEHMIO CIHHHOBBLIX
BOJH B HedepDOMarHMHTHOM MeTajne, BHIMOJAHeHHBIH Illyaruem u
Hanudepom [1], no mnocranoBke cBoe#l noroGeH MHOTUM paGo-
TaM, NOCBALIEHHBIM H3MEpPEHUI0 MAarHUTHOTO MOMEHTA 3JEeKTPOHA
C MOMOIUBI0 HabmMoJeHHs NpeicKaabiBaeMoro B pa6ore [13] sasae-
HUS CeNeKTHBHOH NpO3payHOCTH METANIHYECKHUX IJICHOK [pH ChH-
HOBOM pe3OHaHCe 3MeKTpOHOB npoBoiuMocTH. OGBIUHO B 3KCme-
pUMEHTaxX, CBA3aHHBIX C M3yueHHeM CIIHHOBOTO PE30HaHCa 3JeK-
TPOHOB MPOBOLMMOCTH, BO3HHKAET Cjelylollee MoJoxeHue [11].
DNeKTPOMarHUTHOE MoJe pe3Ko yOnBaeT B ManOH 06JacTH CKHH-
€109 (HOpMaJLHOTO HJM aHoMaJbHOro). ViMeHHO B ckuH-caoe
CITMHOBHIH MOMEHT 93JIEKTPOHOB OKAa3hIBAETCS OPHEHTHPOBAHHLIM
noA ZefiCTBMEM BEICOKOYACTOTHOTO TOJA. OJNEKTPOHBLI C OpHeH-
THPOBAHHBIM TaKMM 00pasoM CHHHOBHIM MOMEHTOM AMpdYyHIU-
pPYIOT M3 CKHMH-cl10s B Toawy Meraana. Ilockoabky BpeMa nepe-
6poca cnuHa T, BecbhMa BeaMKO (B 3kcnepumente [1] ono co-

crasaser ~ 107° cex), To HaMaruuueHue, OGYCIOBAEHHOE OpU-
eHTUPOBAHHBLIMU CIHHOBEIMM MOMEHTaMH 3JEKTPOHOB, AHPDYyH-
aupyer B ray6b MeTa/sa Ha PacCTOAHHUSA, MHOTO OOJblIHe TAYOUHBI
ckuH-cnos. Has rasa 3nexTpOHOB k03¢ HLMEHT LHddYy3HH pa-

1
BeH 3‘0217. ITosToMy npu TOJUIMHAX METALIHYECKOH IIEHKH,

MEHbIINX 69¢¢~v]/112/3 (rne O,4p — paccTosHue, MNPOXOIHU-
MOe 3JIeKTPOHOM npH 1uddysHn 3a Bpems nepebpoca cnuHa),
nosfe mpomwenmed BOMHHI HE B3ABHCHT OT TOJLIUHEL. [lonoGHas
CeJEeKTHBHAA NpPO3PAaYHOCTb META/VIMYECKOH MJIEHKH BO3HUKaET
B Manod OKDEeCTHOCTH ® ==, llJupuna TakOH OKPeCTHOCTH on-
pelenseTcss BpemeHeM mepeGpoca cnura [11, 13].

Takas oObluHAs KapTHHA CEeAeKTHBHOH MpO3PaYHOCTH MeTai-
JHYECKHX MNJEHOK HMeeT MECTO IIPDH CPABHUTENbHO BHICOKHX TEM-
neparypax, KOria BpeMs peJaKCallud HMIyJAbca T Majo M CIH-
HOBblE BOJHBI He CyuectsywT. C yMeHbIleHHEM TeMNepaTyphl H
yMeHbUIEHHeM V.~ 1/T BO3HHKA2eT BO3MOXHOCTbL pacHpoCTpaHe-
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HHsl CIIMHOBBLIX BOJH: [IpH 3TOM 43 O6GNACTH CKHH-CIOA HAMAT-
HHYeHHe DPACIPOCTPAHAETCA B TOMMY MeTaila B BUAE CIHHOBBIX
BoaH. I103TOMY BO3HHKAeT yBeHdYeHHEe NpPO3PavHOCTH METaJlTH-
YeCKHX MJIEHOK Ha 4acToTax CIMHHOBBLIX BOJIH. ﬂ,eHCTBHTeIleO A
tons, npoxozmmero yepe3 IJIEHKY, comacx—xo pabote [2] uMmeem

H; ~ [1,I?W sin ow| ! (5.1)
3xecsb
_ a4
4W2‘_‘ T F2 + (5.2)
a= (0 — ®;) Ty (5.3)
L2 =qa(k), (5.4)

rie L — TomuuHa MeTaanuueckol MAEHKH, a o (R) onpeneneHo
dopmyaolt (3.22). Popmyna (5.1) noayueHa B NpellNONOKeHHH,
YTQ YaCTOTA BHeUiHEero mojasd 6JM3KAa K YacTOTE CINHHOBOTO pe-
30HAHCA B3JeKTpOHOB mnposoiumoctd. CornacHo sTol dopwmyie
B [JONOJHEHHE K OOBIYHOM JHHHH CeJeKTHBHOH IMPO3PAYHOCTH
Npu CNMHOBOM pesoHaHce, cooTBercTBywolel W =0, umeer Me-
cto cepua i aas We=nn(n= £ 1, £2, ...), orseuai-
IIMX CIHHOBLIM BOJHAM ¢ yacToTol (3.21). Pucynok 1]l (B3aThi#
u3 paboth [1]) orpaxkaer ¢akT BO3HHKHOBEHMA TaKUX JLONOJ-
HATEJbHLIX JHHHH MpO3PaYHOCTH.

KpaTko onuiieM 3kcnepumeHT, BuinoJjHeHHblt lllyaruem u
Hanudepom [1]. Tlaenka MeTadqH4eCKOro HAaTpHs MOMeEILAJIach
Mexcly [IBYyMsl pe30HaTOPaMH, HAaCTPOEHHBIMH Ha OLHY U TY ke
YaCTOTY M HAaXONALIMMHCS B TNOCTOSHHOM W OLHOPOLHOM Mar-
HuTHOM noae. O6a pesoHaTOpa 3amoOJHEeHbl IH3JEKTPHKOM, 4TO,
B YAaCTHOCTH, ofecrneyHBaeT MapaJjejH3M IOBEPXHOCTelt MATKOro
HaTpHeBOro o006pasua W npeloXpaHAeT NOBEPXHOCTb HATPHA OT
M3MEHEeHHHt noa JefcTBMEM BO3LYXa. B THNHYHEIX YCJIOBHAX OMBITA
VDOBeHb YTeUKH OT OJHOrO pe3oHaTopa K IpPYroMy cocTasiseT
165 neunben. B To xe BpeMs MOLHOCTb W3IYYeHHs, MPOXOLS-
Lias Ha TIJaBHOH JIHHHM CIIHHOBOIO Pe30HAHCA, COCTaBJgeT CO-
raacno puc. 1J1, @ npumepro 20 neuuben Hal ypOBHEM YTEYKH.
ITpusenennrie Ha pHc. 1]l pe3yabTaThl ABAAIOTCA THMHYHBIMH I
C/yuyas MATHHTHOTO MOJs, NapasleJbHOrO MOBEPXHOCTH 06pasia
(0, = 90°), paBroro = 3250 raycc. Ilpu 3TOM ChnHH-BOJHOBHIE
JMHHH TIPO3PAYHOCTH TPOSABIAIOTCH CJAeBa OT JHHHH OCHOBHOTO
CMHHOBOTO pPE30HAHCA, T. ‘€. CO CTOPOHBI MEHBIIMX BHaYyeHHR
NOCTOSHHOTO MarHUTHOTO moas. I1pn noBOpoTe NMOCTOAHHOrG Mar-
HUTHOTO TOJR B HAMpaBJIeHHH K HOPMand K MOBEPXHOCTH 06-
pasiua CNMH-BOJNHOBbIE JMHHHU TNPO3PAYHOCTH COMMNKAIOTCA C JH-
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HHell OCHOBHOTrO* CTMHOBOFO PE30OHAHCa, 4 MPH HEKOTOpoM yrie &,
BCce MOJBI CXOnATCA BMecTe. [Ipu naibHeHuieM YMeHbIUEHHM yr-
Aa O, MeXIy HampaBJeHHeM MOCTOAHHOTO MArHHTHOrO MOJAS H
HOPMa/Zbl0 K TMOBEPXHOCTH MeTanla B COOTBETCTBHH C TEOpeTH-
yeckuM 3aKOHOM (3.21) nomojHWTe/bHBIE JHHHH CIHH-BOJHOBOM
n=1 n=0
I !
4=390°
L=00236 ow

— e (=

ponte i . It 1 i

Humencusrocme

7

HumencusHocmes

Puc. 1.

NPO3PayHOCTH MOABIAKTCS CO CTOPOHB GoabMIMX moJaeft OT oc-
HOBHO#l JIMHHH. JKCINEPUMEHTAJbHO ONpeleseHHas BeJIHYMHA pa3-
JeNleHHsl CIHMHOBBIX BOJH OT JMHUM OCHOBHOTO pe3oHaHca Oanaka
K NpeicKa3biBaeMOMy Teopuel sakony n?/L?, rie L —- ToswMHa
MJIEHKH, a 72 — HOMEeP rapMOHHKH.

B paGore [1] yTBepikaaercss, uro NpH AAaHHOH ToaIHHe 06-
paslia UHTEHCHBHOCTb CIHH-BOJHOBOH JIHHHH U €€ LIMPUHA Taas-
HBIM 00pa3oM oOnpenensiioTcs BpemeHeM CBoGoaHOro npoGera
saexTpoHa T. [Ipu yBesuueHHn TemmnepaTypsl (41 HATPHUSA BIIOThb
0o 11°K) U yMeHblleHHM BpemeHH CBOOOLHOro npolera JUHHH
CIIHHOBBIX BOJH YIUHPAIOTCA, d HX HHTEHCHBHOCTb nanaer. Ha
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puc. 1]Jl, 6 HapsLy ¢ SKCMepPMMEHTAIbHBIMH TOYKAMM NpHBeleHa
TeOpeTHYeCKas KDHBas, mocrpoeHHad no ¢opmyne (5.1) npu no-
nO0GpaHHBIX 3HAYEHHAX T H fy.

CornacHO OueHKaM, NpuBeneHHHIM B pabore [1], pennunna ot
cocraBaser npuMepHo 20. B 3THX YCJaOBHAX NPH KOJHUYECTBEH-
HOM aHa/Ju3e SKCMEPUMEHTd MOXKHO UCMOMBL30BaTh GopMyay (5.1),
B KOTOPOH Tol? siBasieTca meHcTrUTenbHON BesnunHOH. TIpH 3TOM
NOJIOKEHHe JHHHH CNHHOBOR BOJHBI MpU laHHOM yrie U, om-
penensieTcsi COOTHOLIEHHEM

a (Op) == — 19 (anl)2. (5.5)
B wactHoCTH,
a (ﬁk)/a (900) =1— Acos? ﬁ‘k, (56)

rie A onpeleseHo ¢opmyaod (3.23). Beanunna A, Takum 06-
pasoM, omnpelesnsieTcs nO YriaoBoi 3aBucumocTH (5.6) mam mo
yray &, TpH KOTOPOM JIMHMW CITHH-BOJHOBOM MPO3PauHOCTU
COBMeLIAITCSl ¢ OCHOBHOH JWHHeHl 3JEKTPOHHOTO CNUHOBOTO pe-
aonanca (A==sec?®,. B pabore [1] naftzeno, uro ¥,=69.5°

IMocko/bKY OTHOLIEHHE JapMOPOBCKOH YacTOTHI 3jeKkTpoHa £
K 4acCTOTe CMMHOBOTO pe3OHaHca o, PABHO OTHOIIEHHIO MAacChl
cBOGONHOTO 9JeKTPoHa M K 3heKTHBHOR Macce m* 3MeKTpOHa
NPOBOAMMOCTH, TO, MCMOJb3YSl U3BeCTHOE M3 JAPYTHX H3MepeHHH
3HaueHHe m*/m (KoTopoe 1ist HaTpHs, coriacHo [1], MOXKHO CuH-
TaTh paBHHIM 1,24), uMeeM COOTHOLIEHHe, CBA3bIBalOLIEE KOH-
CTanTH fi, U B;. Bropoe HeobxonumMoe COOTHOLIEHHE MOKeT OHIThH
MOJYyYeHO TOYHBHIM OMNpeleeHHeM TOJNOKeHHs JUHHM CMHHOBLIX
BoJH. B skcmepuMente [2] mocneliHee H3MepeHHe ellle Heldo-
cTaTouyHo ToyHo. [lo3ToMy 06 omnpejeleHHH KOHCTaHT By H f,
NOKa ellie TOBOPHTL HeJb3s. MOXHO AyMaTb, uTo B OJnafiuem
OynyweM pesyabTaThl paboThl [l] OyAyT 3HAYHUTEJBHO YTOYHEHHI
U TOCTOSHHBIE, XapaKTepuaylouiue oOMeHHOe B3aUMOJAeHCTBHE
3JEKTPOHOB, OyAyT ompefneneHbl. CienyeT Taxwe HajesTbCs, UTO
OyAyT TNpPHIOWEHbl ONpeleNeHHble YCUIMSA 1O U3YUYEHHI0 BO3-
MOXHOCTH HaOmoLeHus KOPOTKOBOJHOBBIX CIIMHOBBIX BOJH, /A
KOTOpBHIX TeOpHSl NpelcKa3biBaeT psl cheunduyecKux ocobeH-
HocTedl. XoTa B 3KCllepMMEHTaJbHOM OTHOWeHHH paborw LlyaTua
u Hanudepa [1] u [lnarumana u Boada [2] cnensanu qumb nep-
B 11dr, HeAb3sl COMHEBATbCS B TOM, YTO 33 HUMH MOCJAEIYIOT
ApYrHe, KOTODHE B KOHEYHOM HTOTe He TOJBKO CAeJaloT HeoOl-
XOIMMBIMHM TIDEACTaBJeHHs 00 3JeKTPOHAX NPOBOJAHMOCTH MeTad-
JOB KaK O BHPOKIeHHOH (epMH-KHIKOCTH, HO H oOmnpeLesaT
061aCTb UX MPHUMEHHUMOCTH.
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