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IlpenuciaoBue

[Ipennaraemasi KHHUra SIBJASETCS H3JO0XKEHHEM Kypca JEKIHH, YUTAEMbIX
MO CIEelHMaJbHOCTH MarHeTU3M B XapbKOBCKOM YHHBEDPCHUTETE Ha MPOTSKe-
HHUU MHOTHX JIeT.

B usnatenbcTBe XapbKOBCKOI'O YHHBEPCUTETa KypC JEKIHUU M0 MarHe-
TU3MYy NyOJuKoBaJcst Tpuxkabl: B 1960 r. — «Jlekuuu no ¢dpeppomarHeTus-
My», B 1966 r. — «Jlekuuu no marHetusmy» U B 1972 r. — «Jlekuuu mno
MarHeTH3My» (JIOMOJIHUTENbHBIE Iy1aBhl). [Ipensaraemas KHura npeacTaBJs-
eT coboi HauboJsee MOJHBIU KypC JEKIUH.

CoBpemMeHHast (hU3MKa MArHUTHBIX SIBJEHUH pa3BHBaeTCs 4pe3Bblual-
HO HHTEHCUBHO, WU B OIHOH KHHIe OCBETUTb €€ COCTOSIHUE HEBO3MOXK-
HO. MOXHO JIUIlIb PEKOMEHI0BATh CPABHUTEJbHO HENAaBHO MOSIBUBIIHECS
KHUTU W 0030pbl, MOCBSIIEHHble HauboJee aKTyaJbHbIM aclekTaM Mar-
HeTu3Ma — (PU3UKe HeJHWHEHWHBIX SIBJEHUW W COJUTOHOB, MArHUTOOMNTH-
Ke M eé NMpPUMEHEHHSIM, MHOT'OCJOHMHBIM MAarHUTHHIM cHhcTemaMm. Lleab xe
Hallled KHUTH — TMpPeNJoXHUTh y4eOHUK, B KOTOPOM OblJM Obl COOpaHbI
TOJIbKO OCHOBHBIE TEOPETHYECKHE W 3KCIEpPHMEHTaJibHble CBENEHUS O Mar-
HEeTU3ME.

Marsetusm — CYUIeCTBEHHO KBAHTOBOE SIBJEHWE, MO3TOMY IPU €ro
U3y4eHHH HeJib3s1 000UTUCh Oe3 KBAHTOBBIX NpeacTaBjaeHuid. [Ipu nonb3oBa-
HUU KHUTOU MpeanoJaraeTcsi 3HaHWe OCHOB TEPMOAMHAMMUKH U 3HAKOMCTBO
C KBaHTOBOW Teopued B 00bEMe Kypca aToMHOU (pusuku. Heobxomumele
NOTIOJTHEHUST COMEPKATCS B KHMUTE.

[lepBble r1aBbl KHUTHU MOCBSIIIEHB MATHUTHBIM CBOHMCTBAM aTOMOB, Tep-
MOAWHAMHKe MarHUTHBIX $IBJ€HHH M CBOHCTBAM Mapa- U JHaMarHeTHKOB
B TOCTOSIHHBIX TMOJSIX. 3aTeM JaHbl OCHOBbl TEOPHH CaMOIMPOH3BOJbHOTO
YIOPSAAOUYEHNUSA B (Peppo- U aHTU(PEepPOMArHeTUKAX: PacCMaTPHUBAIOTCH Me-
TOJbl U3yYEHHs CTAllHOHAPHBIX MAarHUTOYIIOPSIAOYEHHBIX CTPYKTYp (pacces-
HUe HeHTpoHOB, 3(dekT MéEccbHayspa). Psn ryiaB nocBsiiéH pe3oHaHCHBIM
IBJIEHUSIM B MepPEeMEeHHBIX MOJIAX: AIePHOMY MAarHUTHOMY PE30HAHCY, 3JeK-
TPOHHOMY TapaMarHUTHOMY pe30HaHCY, (eppo- U aHTU(DEePPOMarHUTHOMY
PE30HAHCY.

KpaTko u3/0XKeHbl TeOpHsi CIHWHOBBIX BOJH U OCHOBHbIE CBelEeHHS
00 3KCIepUMEHTANbHBIX METOAAaX H3y4YeHHUsI CIHH—BOJHOBOIO CIEKTPa
(HeyTmpyrom paccessHHH HEHTPOHOB W CBeTa, MOTJIONIEHHH CBeTa).

He o0olineHbl BHUMaHHEM JOMEHHble CTPYKTYpPbl U AMHAMMUKA MarHUT-
HbIX JOMEHOB, MpeXje BCero HUAWHApUYecKHX. [yaBa 26 3aMMcTBOBaHa
M3 KHUTH «B Mupe marHuTHbeIX noMmeHoB». OnuH u3 Hac (B.B. Epémenko)
OsarogapuT aBTOpoB 3TOoM KHUTH — B.I. Bapesixrapa u b.A. MBaHosa,
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paspelIMBIIUX TaKOe 3aUMCTBOBaHHe, a Takxke H.H. AramkoBy 3a momoiib
B TMOATOTOBKE HACTOSAIIETO MU3IAHUS.

B nocsnenHux rjaBax OMUCHIBAIOTCSA (peppOMarHUTHbe MaTepuadbl. [Ipu
3TOM 3HAQUUTEJIbHOE€ BHHMaHHe yleJeHO (peppruTam.

KHura paccuurtaHa Ha CTYAEHTOB, CHNENHAJU3UPYIONIUXCS B 00JaCTH
MarHeTHsMa W M3y4armouux oOIUH Kypc (PU3MKU B 00BEME, COOTBETCTBY-
ollleM nporpamMme (usudecKux (PaxkyJbTeTOB yHUBepcUTeTOB. [Ipenmnona-
raeTcsi 3HAKOMCTBO C OCHOBAMU TEPMOIHMHAMUKHA W KBAHTOBOW TeOpHUeH
B 00bEMe Kypca aTOMHOU (DU3HKH.



[naBa 1

MATHUTHBIE CBOUCTBA 3JEKTPOHHOH
OBOJIOYKU ATOMA

§ 1.1. IlnanerapHass mogeab aToma

Emeé B 1820 r. AMnep mnpeamnosioxKuJ, 4TO MarHUTHbIe CBOHCTBa Bellle-
CTBa CBSI3aHbl C CYILIECTBOBAHUEM B HEM He3aTyXalOUIUX KPYTOBBIX 3J€K-
TpudecknxX ToKoB. OAHaKO MpHpoaa 3THX TOKOB A0 HadaJja JBajallaToro
BeKa OCTaBaJsach HesicHOU. B Hauasne XX-ro BeKa Ha OCHOBAHHWU H3yUeHHS
paccesiHUSl (--4yacTHIl B BelllecTBe Pe3epdopa NpHUIléN K BBIBOLY, YTO MOJO-
JKUTEJIbHBIM 3apsifi aTOMa CKOHIIEHTPUPOBAH B BeCbMa MaJjioM 00bEMe B €T0
IIEHTPE U B 3TOM IOJIOXKHTEJbHOM SIIpe COCPeNOTOYeHa MOYTH BCH Macca
aToMma.

Pesepdopn npensoxua niaHeTapHylo MOJAeJb aTOMa, B KOTOPOH BOKPYT
TSXKEJNOr0 TOJNOKUTENBHOIO siipa BpallalTcss 34eKTpoHbl. C 3TOU TOYKHU
3peHHs] KPyTroBble TOKH AMIlepa OTOXAECTBJSJIUCh C BPalllalOIIMMHUCS BO-
KPyT sipa 3JeKTpOHaMU. PaccMOTpUM MarHWTHbIE CBOMCTBA TaKOW MOJEJH
aTtoMma.

M3 yuenusi 06 asnekTpuyecTBe [74] U3BECTHO, YTO MArHUTHBIH MOMEHT
3aMKHYTOTr'O JINHEMHOTO TOKA COCTAaBJsiET

=29, (1.1)
&

rae BeJIMUMHA S B MpocTedlleM cjaydae MAOCKOTO KOHTYypa YHMCJAeHHO paBHA
MJOIIAAH BHYTPH KOHTypa C TOKOM %; C — CKOPOCTb CBETA.

PaccmoTpuM oaMH M3 3JeKTPOHOB, Bpaulaloluxcss BOKpyr sigpa. Cos-
JaBaeMblH UM MAarHUTHBIHA MOMEHT MOXKHO BBIUMCJHUTBL 1o (opmynae (1.1),
MOACTABUB BMECTO ¢ CPeNHIO BeJHYHMHY ToKa ¢ = e/T, rme e — 3apsn
3JIeKTpOoHa, a 1' — mepuon obpatieHus. g 0pocTOThl NPEANOJOKHUM, UYTO
ero opOuTa SBJSETCH KPYTOBOW C PAIUyCOM T

e S e 9 e 9
= - — = —7r°=—1mwr-=——n, 1.2
a cl I 2me 2me (1.2)
roe p — MOMEHT HMIYJbCa; M — Macca 3JeKTPOHA. AHaJOrH4YHLIH pe-

3yJbTaT MOJAYUYUTCS W AJS 3AJUNTHUEeCKOH opOuTh. ClenoBaTebHO, MEXTY
MArHUTHBIM MOMEHTOM /4, CO31aBAEMBIM 3JIEKTPOHOM IPH JIBUKEHHUU BOKPYT
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AApa, 1 €ero MOMEHTOM HUMITYJibCa P CYLIIECTBYET YHUBEPCAJIbHAA CBA3b!

e (1.3)
P 2mc

[TpoBepka cootHommeHust (1.3) MOXeT CJOYXHTb OOHHM H3 J0Kasa-
TeJIbCTB TPABUJIBHOCTH IJIaHeTapHOU Momesau. OmnHaAKO, XOTsl, KaK MbI yYBH-
UM HHKEe, 3TO COOTHOIIEHHE W BBIIIOJIHEHO, caMa KJaccHyecKas IJaHeTap-
Hasi MOJeJIb BHYTPEHHE NPOTHBOPEUYHBA.

JlelicTBUTENIBHO, HM3BECTHO, YTO 3apsifi, ABHUXKYIIMHCS C YCKOPEHHEM,
M3J1y4aeT 3JeKTPOMATHUTHBIE BOJIHBI; TIO3TOMY 3JIEKTPOH, ABHXKYIIHHCS TI0
3aMKHYTOH OpOUTe, HOJIKEH HEelpPEepPbIBHO TEPSITh SHEPTHIO, U CJeI0BaTeb-
HO, TJIaHeTapHasi MOJeJb HEeYyCTOHYMBA.

§ 1.2. Mogeab aroma bopa—3ommepdenbaa.
AtomMm Bomopoaa

bop paspelins ykazaHHOe Bblllle TPOTUBOPedHe, MPENINOJOXKHUB, UTO
CYIIECTBYIOT HEKOTOpPble OPOUTHI, HA KOTOPBIX 3JEKTPOH He H3JydaeT. DTH
OpOUTHl ONPEeNeNsloTCS U3 CJAEAYIONIero yCJAOBUSI: MOMEHT UMITyJlbca HOJ-
J)KeH OBbITb I1leJIbIM KPaTHbBIM HEKOTOPOW YHUBEPCAJbHOH MOCTOSIHHOH, TO
ecTb b
p=mwr’ =n—, (1.4)
27
rae h 26,6 - 10727 spr - ¢ — nocrosinnas [lnanka; n — uenoe yuciao. s
aToMa BOJAOPOAA, B KOTOPOM MMeEETCS JIMIb OAWH 3JEKTPOH, Bpallatoliuics
BOKDYT $1pa, JIETKO, MOJb3ysICh KJACCHUECKHMU COOTHOLIEHUSAMU U POPMY-
Jo (1.4), BBIYHCJHUTD SHEPTHIO 3JIEKTPOHA Ha 3TUX CTALMOHAPHBIX OPOHTAX:
orime’

n — T "5 , 1.5
© n’*h*(1 +m/M) (15)

rie M — macca sifpa atoma.

KaszaBiivecss nepBoHauasbHO TNPOU3BOJBHBIMU MpeanosoxeHusi bopa
MPUBEJH, ONHAKO, K OJecTsleMy ycrexXy B OObSICHEHHH JIMHEHHOTO CIeK-
Tpa BOJOPOAA MU 3aTeM MOJYy4uJH OOOCHOBaHHE C Pa3BUTHEM KBAHTOBOU
MeXaHHKH.

[lepBbiM 0006111Ma Teoprio bopa 3ommepdesnba, BKAUUBIIHKA B UUCJO
paspelIéHHbIX OPOUT FNNUNTHIECKHe U c(hOPMYJTUPOBABIIHH B 0OIIEM BUJE
MPaBUJIO KBAHTOBAHUS:

j£p¢ dq; = nih, (1.6)

rape q; — nepuogrud4eCKu MeHdruaacd KOOpAHHAaTA, p; — COOTBQTCTBYIOIHHI;’I
UMITYJIbC; T; — LEJ0E YHUCJIO.

B HAaCTHOCTH, MOJIS IIJIOCKOI'O ABH2KEHHA I10 3IJIJIHUIICY IMOJOKEHHUE 3IJIEK-
TPOHA oIpeneJdaeTCd AByMs KOOPDAHUHATAMHU — 7" U . Benuuuna Pyp = mwrQ
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[IPpH JABH2KEHHH B I10JI€ HEHTPAJbHBIX CHJ COXPAHAECTCA M MOXKET OBbITh
BbIHECEHA H3-I10[4 HMHTErpaJia:

2
jgp@ dp = py J dp = 2mp, = nyh,
0
rae n, = 1,2,3,... — uesoe yucjao. 3HaueHuwe n, = 0 ucKIOUaeTCH,

MOCKOJIbKY OHO OTBedaeT TPaeKTOPHH, Mpoxonasiied depes sapo. CooTBeT-
CTBEHHO, OJIS Py
jE prdr = ny.h,

roe n, = 1,2,3,...; n, = 0 oTBeuaeT KpyroBou opOuTe.

DHeprus 3JeKTPOHA aToMa BOJAOPOAA MO-MpPeXKHEMY OINpefessieTCs Bbi-
paxkeHueM (1.5), a BeJqHUMHA n, HOCsIAas Ha3BaHHWE IJIABHOTO KBAaHTOBOTO
4MCJIa, CBA33HA C N, M N, COOTHOLIEHHEM

n=mny + N,

Ilpy sagaHHOM 7 BeJIMYHMHA N, MOXKET MPUHUMATb 3HAYEHHUd N, =
=1,2,...,n. [IocKOJIbKY MOMEHT HUMITy/JIbCa MOXKET UMeTb TOJbKO OIpeje-
JIEHHbIE, 1leJible, KPaTHble HEKOTOPOU YHUBEPCAJIbHOU MOCTOSSHHOM 3Haye-
HUS, B CUJIY COOTHOLIeHHs (1.3) MAarHUTHBI MOMEHT aTOMa TaK»Ke MOXKET
UMETb TOJIbKO OIpee/IEHHbIe 3HAYEeHUS U KBAHTYETCS:

e eh
U= o oPe = 1 Teo = UBNyp. (1.7)
Taknm oOpasoM, MarHUTHbBIM MOMEHT aTOMa B 3TOW MOJAEJH JOJKeH ObITh
IIeJIBIM KPAaTHBIM (B = 47§fnc . Benuuuna up = 0,9273 - 10-20 5pr/d Hasbl-

BaeTcsl MarHeToHoMm bopa.

Kak BbIsICHWJIOCH TIpH JaJjbHelllleM pa3BUTHM KBAHTOBOW TEOPHH,
HECMOTpPSl Ha TO YTO HEKOTOpble OCHOBHbIE YepThl MJaHETAapHOH MOMAENH
aToMa W MPaBUJbHO OTPaxKalT AEUCTBUTEJbHOCTb, MpU OoJiee TJyOOKOM
pPacCMOTPEHUU TPUXOAUTCA OTKA3aTbCsl OT TMPEACTaBJEHHS O [BHXKEHHU
3JEeKTPOHa MO omnpefie/EHHbBIM TpaekTopusiM. OkasbiBaeTcsi, BO3MOXKHO BbI-
YUCJIUTb JIMLIb BEPOSITHOCTb HAXOXKIEHHSI 3JEeKTPOHA B TOM HJU HHOM
MmecTe. [Ipu 3TOM B KBAaHTOBOU TEOPHUU COXpaHSIETCSI KBAHTOBAHUE MOMEHTA
UMIYJIbCa, XOTSI COOTBETCTBYIOIIHE (DOPMYJIbl HECKOJNBKO U3MEHSIOTCS:

h

P = o= I+ 1) o= = VIUL+1) ps, (1.8)

rne | — uesoe uucao. bynem HaswpiBaThb ero opOWTaJibHbIM KBAaHTOBBIM
JUCJIOM.

[Ipu 3apaHHOM I'JTaBHOM KBAaHTOBOM UYMCJE N BeJHUHWHA [ MOXKET MPUHU-
MaTb 3Hadenus [ =0,1,2,3,...,(n — 1).

[TockosbKy B KBAaHTOBOH MeXaHHKE HeJib3s TOBOPHUTb 00 OrnpeieséHHOU
TPAaeKTOPHH, OTMNafaeT W HeOoOXOAUMOCTb HCKJoueHUs 3HadeHus [ = 0.
31ech OHO O3HauaeT JIMIIb C(hepuyecKHU-CHMMETPUUHOE paclipefie/ieHHe Be-
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POSITHOCTH HAXOXKIEHHUS 3JEeKTPOHA B PA3JIMYHBIX TOUKAX MPOCTPAHCTBA.
OnbIT MOKa3biBaeT, YTO COCTOSIHUSI C PABHBIM HYJIO OpOHUTAJNbHBIM MOMEH-
TOM JEWCTBUTEJbHO CYLIECTBYIOT.

§ 1.3. IIpocTpancTBeHHOE KBaHTOBaHME

[Tpu momeleHHyH aToMa B MarHUTHOE T0Jie BO3HHKAeT B3aHMOJEHCTBHE
€ero MarHUTHOTO MOMEHTa C 3THM IMOoJeM. JDHeprusi B3auMOAEHCTBHS pPaB-
Ha [74]

W =—Hpucosyp =—Hpup,

rone g — COCTaBJAAKOIIAA MATHUTHOIO MOMEHTA 4TOMd4 BIOOJIb MATHUTHOI'O
[oJisd; ¢ — YIroJ MexXNy BEKTOPAMH MATHUTHOIO IIOJIA U MATHHUTHOTO MO-
MEHTA.

OKaSbIBaeTCH, H9TO IMPOEKUHUSI MACHUTHOIO MOMEHTA Uy HE MOXKET IPH-
HUMATb I[IPOU3BOJIbHbIE 3HAYE€HHUA; OHA JOJ2KHA OBITh eJa0U KpaTHOﬁ OoT

mMarHeToHa bopa:
[LCOS = jig = —MUB. (1.9)

31ecb m; — 1eJoe YHUCJ0, Hocsilllee Ha3dBaHUe OpOHUTAJbHOTO MAarHUTHOTO
KBAHTOBOT'O YHCJIA; 1M; MOXKET IPUHUMATh CJeAyIollHe 3HAaYeHH !

my=—1, (=1+1), ..., =1, 0, +1, ..., (= 1), L

YKazaHHOe siBJieHWe HOCHUT Ha3BaHHWE MPOCTPAHCTBEHHOIO KBAHTOBAHHS.
OHo 6blJ10 3KcIepuMeHTanbHO 06Hapy:keHo [llTepHom v I'epiaxom (cm. §1.5).
PaccMOTpHM Ha KOHKPETHOM NpuMepe OoJsiee MOAPOOHO KAapTHHBI MPOCTPaH-
CTBEHHOI'0 KBAaHTOBaHHsI, COOTBETCTBYIOILHe Moaeau bopa-3ommepdenbaa
U COBPEMEHHOM KBAHTOBOU Te€O-
puu. B cayuae atoma Bomopona
C 3JIEKTPOHOM, HaXOASAIIUMCS B CO-
cTostHUM ¢ [ = 1, m; MOXeT UMeTh
TpHu 3HadeHus: m; = —1, 0, +1.

B momenn bopa—-3ommepdelib-
na cocTosiHHe ¢ [ = 1 cooTBeT-
CTBYeT N, = 1, a Tp¥ BO3MOXKHbIE
3HAYEHUsT 1M; OTBEYalT OpHeHTa-
IIMM MarHUTHOTO MOMEHTa MapaJ-
Puc. 1.1. TlpocTpaHcTBeHHOEe KBaHTOBa-  JI€JAbHO, MEPINEHIUKYJISIPHO U aHTH-

HHe OpPOMTAbHBIX MOMEHTOB napananesbHo modao (puc. 1.1, a).

B KBaHTOBOH Te€OpPUM MAarHUTHBIH

MOMEHT He MOXKeT ObITb HallpaBJieH napaJJiebHo noJio (puc. 1.1,6). dto
BHIHO KaK HeMoCPeACTBEHHO, TaK M M3 BbipaxkeHus (1.9):

Am,=1

m, =0

R

Ym=-1

a

lcos | = |22 _

iz VII+ 1)
Pucynoxk 1.1,6 TouHee oTpaxkaeT nelcTBUTeNbHOCTb. OH YHOBJETBOpPSIET
TpeOOBaHUAM KBAHTOBOW MeXaHUKH, COTJIACHO KOTOPHIM BCE TPHU COCTaBJIS-

i (1.10)




1.4. [lpocmas naanemapras moodesb CAOHHbLX AMOMOB 15

[OlllMe BEKTOpa MOMEHTa WMIMYJbCa HE MOTYT OJAHOBPEMEHHO HMETb TOYHO
onpeneJE€HHbIe 3HAYEHUS.

OnHoBpeMeHHO TOUHble 3HAUeHUs MOTYT HUMeTb abCOJIOTHAs BeJWYKWHA
MOMEHTa UMIyJ/bCa U OJHA M3 e€ro COCTaBJsOIIUX. BeencTsrue BO3HUKHO-
BEHUS MpeleccCud MarHUTHOIO MOMEHTa BOKPYT HampaBJieHHs MOJs More-
pedHble COCTaBJIAIIIME MaTHUTHOTO MOMEHTa H, CJel0BaTesNbHO, MOMEHTa
umnynabca Ha puc. 1.1, 6 ocratoTcs HeonpeneséHHBIMU, TOTA KaK COTJIACHO
puc. 1.1, a npu opueHTallM¥h MAarHWUTHOTO MOMeHTa TapaJJesibHO TMOJI0 OHH
pPaBHBI HYJIIO.

HecMoTpss Ha MeHbIIYIO TOYHOCTb KapTHHBI puc. 1.1,a, ™Mbl HHoOrma
Oynem el MoJb30BaTbCsl, TaK KaK OHA TpOlle, a BeJUUYUHA TMPOEKIHUH
MarHUTHOTO MOMEHTa B O0OMX CJy4dasiX OfMHAKOBA.

§ 1.4. Ilpocras nnaHeTapHass MOAeJb CJAOKHbBIX aTOMOB

[Ipu pacuéte Momenu CA0KHBIX aTOMOB CJENyEeT YUeCTb B3aUMOIEUCTBUE
3JIEKTPOHOB He TOJIbKO C SIAPOM, HO U APYT C APYTOM, T.€. PELIUTb MeXaHH-
4ecKyl 3a7ady cO MHOTHMMH B3aWMOAEHCTBYIOIMIUMH TejaMu. Mexny Tem
JaxKe 3a7a4a TPEX TeJl He MOXKeT OblTb pellleHa TOYHO.

Takum ob6pasom, Mpu pellleHWU 3aJadd O CTPYKType CJO0XKHOro atoma
MPUXOAUTCS TpUOeraTbh K NpuOIHKEHHBIM MeTonaM. OMHUH U3 MPOCTEUITUX
METOJOB 3akKJwyaeTcss B caenytwouleM. Ilpennosaraercsi, 4To BO3MOXKHBIE
KBAHTOBBIE COCTOSIHUSI 3JIEKTPOHA B CJIOXKHOM aTOMe TaKHe XKe, Kak B aTo-
M€ BOAOPOAA, a ero COCTOSIHUe OIpene/seTcsd TPOWKOW KBAHTOBBIX YH-
cesa (n,l,m;). B ocHOBHOM, HEBO3OYKIEHHOM COCTOSIHHH aTOMa 3JIEKTPOHBI
HaxoAsITCS HA HAWHU3IIUX BO3MOXKHbBIX KBAaHTOBbIX ypoBHSX. [Ipu aToM muis
MoJilydeHus pe3yJbTaTOB, OTBEYAIOUIHMX OMbITY, MPUILJAOCH MPEATIOJNOXKHUTD,
4TO B OAHOM KBAaHTOBOM COCTOSIHUH, ONpPeAessoueMcs: TPOUKOH KBAHTOBBIX
quces n, [, m;, MOXeT HaXOIUThCA He 6oJee ABYX 3JeKTpoHOB. [locnenHsis
3aKOHOMEPHOCTb Oblja yKaszaHa [laynu ¥ HOCHUT HasBaHWe MPUHIMUNA (HJIH
sanpera) [laysu. DHeprusi KBaHTOBBIX COCTOSIHUH TO-TIpEKHEMY B OCHOB-
HOM OTpefesisieTcsl TJIaBHBIM KBAHTOBBIM YHCJOM 7, HO, B OTJHYHE OT
aToMa BOLOPONA, COCTOSIHUS C PA3JUYHBIMU [ 00/1afal0T pasHOU 3Heprueu
M3-3a 3JIEKTPHUYECKOTO B3aUMOMEHUCTBHSI MEXAY 3JeKTpoHaMH. MUHHMAaJb-
HYIO 2HEPrui0 HUMEIOT COCTOSIHMSI ¢ MaJbiMH [. COCTOsSIHUS ¢ OOJBIIMMH [
oTBeualoT OoJgblield sHepruu. Ilpyu H = 0 cocTosiHUSI ¢ pasAUUHBIMH My
00J1aal0T OAMHAKOBOU 3Heprued. B Tabs. 1.1 npuBeneHo KOJIMYECTBO MeCT
0J1s1 3J€KTPOHOB B Pa3JMUHBIX KBAHTOBBIX COCTOSIHHSIX.

Tad6bauma 1.1

[=0 [=0 =1 [=0 [=1 [ =2
m; =0 m;=0m;=-1,0,+1|m; =0m; =—-1,0,+1|m; = -2,—1,0,+1, +2

2 37eKTpOHa| 2 |6 3JIeKTPOHOB 2 6 10 a/1eKTpOHOB
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[Ipy mocTpoeHWH cXeMbl CJIOKHBIX aTOMOB MbI 3alOJIHSIeM HH3IIHe
KBAHTOBblE COCTOSIHHUSI UMEIOIIMMHUCS B JaHHOM aToMe 3JeKTpoHamu. [lpu
3TOM B Hapy»KHOM CJIoe TIEPUOAMUYECKU MOSIBASIOTCS TPYIIbl 3JeKTPOHOB
C OIMHAKOBBIMH OPOHUTAJIbHBIMM KBAaHTOBBIMU UHCJAaMH. Hampumep, y nuTHA
My HAaTPHsl B HAPYKHOH 000JI0UKe UMeeTCsl IO OJHOMY 3JIEKTPOHY B COCTO-
sguun [ = 0. XyMHUUecKHe CBOHCTBA ONPENENSIOTCS MOBeleHHEM BHEIIHHUX
3JeKTpoHOB. [locsenHee 0OBSICHSAET MEPUOAUYHOCTD XHMHYECKHX CBOHCTB,
OTKpPBITYI0 MeHe/ieeBbIM ellé 3aJ0JT0 10 CO3MaHHUsS aTOMHOH TEOPHH.

Y Bcex anementoB nepsod rpynnbl (Li, Na, K u Txa.) kXpome 3amoJ-
HeHHbIX 000/I09eK HMeeTCsl OAWH BHEIIHWH BaJIeHTHBIH 3JIEKTPOH, HaXOMs-
uuiics B coctosinun [ = 0. ¥V snemenTos Bropo# rpynmnsl (Be, Mg, Zn, Cd
M T.N.) B cocTossHUHU [ = 0 HaXoAATCs ABa BaJEeHTHBIX 3JIEKTPOHA. DJIEMEHTHI
HYJIEBOH T'PYIbI HMEIOT TOJHOCTBIO 3aTMOJHEHHbIE 3/eKTPOHHBIE 000J0UKH
M 8 3JeKTPOHOB B Hapy:KHOU oboJsiouke. HecMoTps Ha ouyeBUAHBIH ycrex
MPOCTOH MJIAHETAPHOU MOJENH, YUUTHIBAIOIIEH JHUITb 3apsia U OpOUTANbHBIH
MarHUTHBIH MOMEHT 3JIEKTPOHA, OHA OKa3biBaeTCs HEIOCTATOYHOH A5l 06b-
SICHEHHSsI psiia CBOMCTB aTOMOB (B YaCTHOCTH, UX MAarHUTHBIX CBOHCTB).

§ 1.5. IkcnepumeHTaNbHBIE (DAKTBI, HE 00bSICHSIEMbIE
MPOCTOM TJIaHETAPHOM MOAEJbIO

Onoim [lImepra u l'eparaxa. Ulrepn u I'epnax, a 3atem W psig UX I0-
CJIef0BaTeJNeU IPOU3BEJH NIPSAMOE HU3MePEHHe MAarHUTHONO MOMEHTa aTOMOB
U OoOHapyKHUJKW NPOCTPAaHCTBEHHOEe KBaHTOBaHWe. Mpesi ombiTa 3akiiooua-
Jacb B cjenywoieM. Ha MarHUTHBIH MOMEHT, MOMENIEHHBIA B MarHUTHOE
noJie, B HaNpaBJeHHUU TPaJMeHTa MoJsA NeUCTBYeT CHUJa, MPOTOPIIUOHAJbHAS
BeJMUYMHE 3TOr0 TPaJiMeHTa W MapaJjijieJbHOU MOJI0 MPOEKIIMH MarHUTHOTO
MOMEHTA.

Iltepn u l'epnax nponycka/sy pacnpoCTPAHSAIOUIMKACS B BaKyyMe MY4OK
aTOMOB BJ0JIb IOJIIOCOB 3JIEKTPOMArHHUTA, CO3AAIOLIET0 CHUJIbHO HEOJHOPOM-
HOe T0JIe, U U3y4daJid BO3HUKAIOUIee B Pe3y/bTaTe OTKJIOHEHHEe 3TOrO My4Ka
OT MEPBOHAYAJbHOTO HAIPABJIEHHUS.

Ecau atoMbl He 06/1aflal0OT MAarHUTHBIM MOMEHTOM, TO MPU BKJIIOYEHUU
MAarHUTHOTO T0JI1 CMelleHHWsl MydKa He NMPOU30UAET, a ecau 00JafanT, TO
C KJIaCCHYECKOH TOUKHM 3peHUsl NOJKHO HabMI0AaTbCsi pa3MbITHE MYUKa,
TaK KaK BO3MOXKHBI JII0Oble OpUEHTAllMd MarHMuTHOTO MOMEHTA OTHOCHTEJIb-
Ho moJid. [lpn HanmWuMu NMPOCTPAHCTBEHHOTO KBAHTOBAHMSI MYYOK MOJXKEH
pa3dbUThCS HA HECKOJIbKO MYUYKOB, OTBEUAlOUIMX BO3MOXKHBIM 3HAYEHHUSAM
MPOEKIMK MarHuTHOro MmomeHTa. Hanpumep, nmpu [ = | Bo3HHUKaeT Tpu
Mmydka: HecMellléHHbIH (m; = 0) U nBa CMelléHHble B TMPOTHBOIOJOKHbIE
cTopoHbl (m; = £1).

CorjlacHO pacCMOTPEHHOH BbIlle TJIAHETAPHOH MOJAEJH y aTOMOB 3Je-
MEHTOB IepPBOM W BTOPOH Trpynn mnepuognyeckod cuctembl MeHneneeBa
MAarHUTHbIM MOMEHT PaBeH HVJIIO.
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st atomoB BTopo# rpynnsl (Zn, Cd u Hg) oTknoHeHUST 1eHCTBUTEBHO
He Ha0J1101aJ10Ch.

Onnako nas atomoB mnepBo#t rpynmbl (Li, Na, K, Cu, Ag, Au) pe-
3yJIbTaT OKas3aJcs HeOXHAAHHBbIM. [lydok pas3buJ/csi HA ABa CHMMETPHYHO
CMeIlEHHBIX Ty4YKa, MPUYEM U3 BEJHYUHBI CMeIlleHHs ObIJIO OINpejeseHo,
YTO MPOEKIHsSI MAaTHUTHOTO MOMEHTAa COCTAaBJISIET

WH = TUB.

DTOT pe3y/JbTaT COBEPIIEHHO He YKJaAbiBAeTCsI B PAMKH PAa3BUTHIX BHIIIIE
MpeacTaBJeHUH, TaK KakK Jaxe ecJHu MPeANoNoXUTb, YTO B IIEJOUYHBIX
MeTaJslJax BaJeHTHbIM 3JeKTPOH HAaXOAWTCS B COCTOSIHMH [ = 1, TO MBI
JOJ2KHBI OblJIM Obl HAOJIOAATh He [Ba, a TPH IMydKa, OTBevalollhe 3HaUeHH-
SIM MIPOEKIMH MarHUTHOTO MOMEHTa

UH = 0, :|:,LLB (ml = O, :|:1>.

Touxas cmpykmypa cnekmpaivrolx Aunuti. IIpy 1ocTaTo4HO TOYHOM
aHaJM3e JIMHEHYaThIX CIIEKTPOB BBISCHSIETCSI, YTO TOYTH BCE JIMHHH HMe-
IOT TOHKYIO CTPYKTYPy — COCTOSAT M3 psima OJu3KuUX JUHUH. [Ipu 3TOM
y menounbix MetaanoB (Li, Na, K u T. 1.) Bce JIUHUK ABOHHBIE (1yOJeTHI),
y ménognosemenbubix (Be, Mg, Ca, Zn u T.1.) — mpocTble U TPOW-
Hble (CHHIJIETHl U TPHILIEThI), Yy 3JeMeHTOB TpeTbed rpymnmnbl (B, Al, Ga
M T.1.) — AyOJeThl U KBapTeThl, Y 3JeMeHTOB YeTBeépTol (C, Si u T.1.) —
CHUHIJIETBI, TPUIJETbl U KBUHTETHl U T. .. [logoOHoe paciienyeHue JUHUH
COBEpIIIEHHO He MPeIyCMOTPEHO ONMMCAHHON BbIllle MOMAEJbIO.

Ihpexm Jeemarna. dpdekToM 3eeMaHa Ha3bIBAETCS pacllenueHue Jiu-
HUU MPH TMOMEIIeHHWH U3JyUalolllero BellecTBa B MarHuTHoe noJe. OHO BO3-
HUKaeT H3-3a U3MeHeHHs HepPreTHYeCcKOro COCTOSIHUS aTOMa BCJIEACTBUE
B3aMMOJIEHCTBHS €ro MarHUTHOT'O MOMEHTa C BHELIHHUM TI0JIEM.

JlelicTBUTE/bHO, 3HEpPrusi aToMa, MOMENIEHHOTO B MAarHUTHOe TIOJe,
paBHa

W:WQ—,LLHH, (111)
rie Wy — sHeprus atoma Ipud OTCYTCTBHHU moJist. Kak OblI0 yKa3aHO BhIlle
(em. (1.9)), ug = —myup; crenoBaTeNbHO,

W =Wy + upm; H. (1.12)

Takum o6pa3oM, B MPUCYTCTBHUH MAarHUTHOT'O TOJSI COCTOSIHUSI C pas-
JUYHBIMH M; HWMEIOT PasJMUHYI0 HEPruio, a eIHHbIH YPOBEHb SHEPTHH,
OTBEYAIOUIMHA NAHHOMY 3HA4YeHHI0 [ W PasJMUYHBIM My, PacUlenseTcs Ha
HeCKoJIbKO moaypoBHed. Ha puc. 1.2 mokasaHa cxema pacliensieHus IBYX
ypoBHel: [ =2 u [ = 3. ¥YpoBeHb ¢ [ = 3 pacnajgaeTrcsi Ha ceMb, a YPOBeHb
[ = 2 — Ha natb nonypoBHeH. Kak caenyer us ¢dopmynsl (1.12), pasHocTb
SHEPTUH COCENHHUX TOAYPOBHEH 3aBUCHUT TOJNBKO OT BeJUYUHBI MAaTHUTHOTO
MoJIsi U OMHAKOBA [JIs1 BCEX SHEPreTHYeCKHX COCTOSTHHUHU:

AW = upH. (1.13)
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Puc. 1.2. PacuiensneHre sHepreTUUeCKUX YPOBHEH B MAarHUTHOM TOJie

[ onpeneneHuss MU3MEHEHUM B CIIEKTpPe HYXKHO PAaCcCMOTPETb Mepe-
XOAbl MeXAY YPOBHsIMH. I3 onTHYecKUX 3KCIEPUMEHTOB CJeNyeT, 4UTO
He BCe MBICJINMbIE MePexobl MeXIYy KBAHTOBBIMH COCTOSIHUSIMH BO3MOXK-
HbI, HEKOTOpPble M3 HHUX <«3alpellleHbl». «3anpeuéHHble» Mepexoabl MOTYT
OCYUIIECTBAATLCA JUIIb B OCOOBIX CJydasiX, ONHAKO OOBIYHO OHH KpauhHe
MaJIOBEPOSITHBI. Pa3pelliéHHble Nepexobl ONPeNesioTCs TaK Ha3blBAeMbIMU
npaBuJaMy O0TOOpa U3MEHEHUs] KBAHTOBBIX UMCEJ MPU Mepexoje.

s Hawero cjayyasi npaBuJja oTOOpa UMeT BUJ

Al==x1; Am; =0,=£l1. (1.14)

3MeHeHUe TIJ1aBHOrO KBAHTOBOTO 4Hc/aa 7. He orpaHuhyeHo. Ilepexopsi,
oTBeuatoiue ycaopusiM (1.14), mokasaHel Ha puc. 1.2 BepTHKAJbHBIMH JIH-
HUSIMU.

Ecay MarHuTHOe TMoJie OTCYTCTBYET, TO TpPH Tepexojie H3JaydaroTcs
3JeKTPOMaTrHUTHbIE BOJIHBI C YaCTOTOH 1) U 3Heprueil kpaHrta hry = oWy,
paBHOW Pas3sHOCTH 3HEPrud COCTOSHHWH. B MpUCYTCTBHH MarHWTHOTO MOJS
BO3MOXKHO OOJIbIIIOE YUCJO PAa3JUYHBIX MEePEXOf0B, HO U3-3a OJHMHAKOBOTO
paclllenJieHus1 ypoBHed U TpeOOBaHUH MpaBuJ OTOOpa MOJIy4aeTcsl JHIllb
TPU pasJMYHblEe SHEPTUH KBAHTA:

th = 5W0 — AW = 5W0 — MBH,
hVQ = hV() = 5W0,
hvy = Wy + AW = Wy + ugH.
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Muaue roeopsi, BMECTO MepBOHAYAJIBHON JIMHUHK C YACTOTOU Vg MOJYy4YaAITCSA
TPU: OHA C TMpPeXKHEHW 4YacTOTOM W NIBe€ CABUHYTBIE MO YACTOTE HA PABHbIE
paccTossHUSA MO 00e CTOPOHBI OT Heé:

Ay — 4B el

h 4rme’

Takoe pacuiensieHue, Hocsililee Ha3BaHWE HOPMaJibHOTO 3(dekTa 3ee-
MaHa, JIMIb HHOTAa HabJrogaetcs akcnepuMeHTa bHo [33]. Topaspgo uarie
uMeeT MecTo OoJiee CJ0kKHasi KapTWHA. JIuHUM xkEéntoro naybJeTa HaTpus
pacuienasitorcsi Ha 4 U 6 KOMIOHeHT. B cmekTpe XpoMa ofHa U3 JUHUU
cernrteTa pacrnagaercs Ha 21 KOMIOHEHTY U T. I.

CyoxkHOe paclienyeHre JUHAR B MAarHUTHOM T10JIe HOCUT Ha3BaHUe aHO-
mMasbHOro agdekra 3eemana. Mccnenoanus B odeHb OOJbIIUX, B YaCTHO-
CTH UMIYJAbCHBIX [126], MATHUTHBIX TOJSIX, NTOKa3aJ/Hd, 9YTO B HUX KapTHHA
yIpolilaeTcsi U aHoOMaJibHbIH 3(PdekT 3eeMaHa MepexoadT B HOPMaJibHBIH.

[Ipoctasi nnaHeTapHasi MoJe/ib He MOXKET OOBSICHUTb HU CYIIIECTBOBAHUS
aHoOMaJibHOTO 3(pheKTa 3eeMaHa, HH 3aBUCHUMOCTH €0 OT BEJHYHHBI MOJIS.

§ 1.6. Cnun. CoOGcTBeHHBI MArHUTHBIM MOMEHT
3JIEKTPOHA

Kak y»ke roBopHuJ/ioCh, psifi 3KCIEPUMEHTANbHBIX (PAKTOB He OOBSICHSETCS
NPOCTOM MJaHeTapHOH Mofesblo. [ayncMuT u KOneH6ek npeanoaoxuau, 4To
3JeKTPOH 00JafaeT cOOCTBEHHBIM MeXaHHUYeCKHMM W MarHUTHBIM MOMeH-
TOM, OTBeYalolllUM B epBOHAaYaJbHOH TPAKTOBKE COOCTBEHHOMY BpallleHHIO
sfekTpoHa. OHM MOKasaJu, 4YTO BJHUSIHHEM COOCTBEHHOTO — CIIMHOBOTO
(OT aHr/I. spin — KPYTHUTbCS, BPAllaThCsi) — MOMEHTA MOXKHO OOBSICHHUTH
BCe DacCMOTpPeHHble Bhillle (haKThl. DBIIO MpemanookeHo, 4TO CIITHHOBBIH

MeXaHUYeCKHH MOMEHT 3JIeKTPOHa paBeH ps = 3 (2—) WUJU, TI0 TOYHOH
T
dhopmyue,

p VA = 3 (E) £ 115

rie s = 1/2 — crnuHOBOe KBAaHTOBOE 4HCJ0. B oT/iHuUMe OT OpOHUTABLHOTO
MOMEHTa, S He 1leJioe, a TaK HasblBaeMoe TMOJYIIeJ0e YUCJIO.

[Ipoekiysi cvHa Ha HEKOTOPOe BLIOPAHHOE HalpaBJeHHE ONpeaessieTCs
MAarHUTHBIM CITMHOBBIM YHCJIOM Mg, KOTOPOE MOXKET NMPUHUMATh AJS1 OJHOTO
3JIEKTPOHA JIMIIIb [BA 3HaYeHHUs: mg = +1/2.

HeTpynHo BuaeTb, YTO B3aUMOAEHCTBHEM CIIMHOBOTO MAarHHWTHOI'O MO-
MeHTa ¢ OpOHUTAJbHBIM MOXKHO OOBSCHUTH ITOSBJIEHHE TOHKOH CTPYKTYDHI
CIIEKTPAaJbHbBIX JUHHH.

Ha puc. 1.3 npogeMOHCTPHPOBAHBI CJI0XKEHHE CITHHOBBIX MOMEHTOB M MX
MPOCTPAHCTBEHHOE KBAaHTOBaHHWE B YMPOIUIEHHOH BeKTOpHOH cxeme. [lpwu
HaJIMUYUM OJHOTO BHEIIHEro 3/JeKTPOHA BO3MOXKHBI Ba 3HAYEHHUS MPOEKIUH
ero CIIMHOBOTO MOMeHTa Ha opOuTaJbHbIH. MX B3anMmomeHlcTBHe MPUBOIUT
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Puc. 1.3. TlpocTpaHcTBeHHOe KBaHTOBaHUE CIIMHOBBIX MOMEHTOB M TOHKAsl CTPYKTY-
pa CIeKTpPOB

K pacllenJeHH0 Ka)XJI0r0 YPOBHS C 3aJaHHbIM [ Ha JBa U MOSIBJEHUIO
nybaetoB B crnektpe. [Ipy Hanuuuu ABYyX 3J€KTPOHOB MOXKET UMETb MECTO
JBa cJydyasi: UX CIIHHOBBIE MOMEHTHI aHTHMapasieJbHbl (s =0 U mg =
= 0 — paclienJ/eHrie OTCYTCTBYeT); CTUHOBblE MOMEHTBI MapaJiiesbHbl (§ =
=1, mg =0, 1 — Kaxknbl#l ypoBeHb paclienJsercs Ha Tpu). B cnekTpe
3TOMY COOTBETCTBYIOT [B€ CHCTEMbl JIMHUH — OAWHOYHBIX W TPOWHBIX.
AHaJIOTHYHO TOJy4YaeTcss MYJbTUIJIETHOCTb AJSI caydass TPEX BaJIeHTHBIX
3JI€KTPOHOB U T. 1.

[To pesysnbTaTam pacuienieHHss MOXKHO BbISICHUTb BEJHYHUHY MPOEKIIHH
CIIMHOBOTO MaTrHUTHOTO MOMeHTa 3JeKTpoHa. HecmoTpsi Ha To, 4To My
MoJIylieJioe, OHAa BCeraa COCTaBJsieT 1leJioe KpaTHoe MarHeToHy bopa:

UsH = 2msuB. (1.16)

T0 O3HA44deT, 4TO AJid CIIHMHOBOI'O MOMEHTA OTHOILIEHHE MarHUTHOH CO-

CTaBJIAIOIIEH K MeXaHWUecKOHM BABoe OoJibllle, 4YeM [Js OpOUTaNbHOTO
(cm. (1.3)):

Ps  \/s(s+ 1)h/(2r) mC

BBenenue cnuHa oObsicHsieT pe3ynabTaThl onbiToB lllTepHa u l'epsaxa.
Jle#icTBUTENbHO, XOTSl BaJIEHTHBIM 3JIEKTPOH B aTOMax 3JEeMEHTOB MEPBOU
TPYMNIbl HAXOAUTCS B cOCTOAHUU [ = 0, oH 06JiaflaeT CIIMHOBBIM MarHUTHBIM
mMoMeHTOM. [Ipoexius mocieqHero MOXKeT HWMeTb 1Ba 3HaueHus (up =
= +pup), 4TO BBI3BIBAET paCIIEeNJeHHe aTOMHOrO MydKa Ha ABa (B MOJHOM
COOTBETCTBHHU C Pe3y/JbTaTaMHU OIbITA).

Heckonbko 6oJiee cnoxHoe oObsicHeHHe 3¢ deKkTa 3eeMaHa Mbl PacCMOT-
DUM HHXKe.

B 3akstoueHue 3aMeTUM, 4TO TepPBOHAYAJbHYIO HATJSAAHYIO TPAaKTOBKY
CIIMHOBOI'O MOMEHTA KaK pes3ysbTaTa COOCTBEHHOIO BpallleHHs 3JEeKTPOHa
B JajibHelIleM MPUILJIOCh OTOPOCHUTh. TakoMy 0ObsICHEHHIO MPOTHBOPEUMUT,

po _ 2Vs(s+Dps _ e (1.17)
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B YaCTHOCTH, TO, YTO CIIMH ONHOrO 3JEKTPOHA MOXKET HMETb TOJbKO JBeE
OpHEeHTallM¥ B MPOCTPAHCTBE, a TaK»Ke aHOMaJbHas BeJHUYHWHA OTHOLIe-
HUSI €ro MarHUTHOrO MOMeHTa K MexaHWdeckoMmy (cm. (1.17)). IlosHoe
00bsICHEHHE TMPOUCXOXKJIEHHUs CIUHA NaETCsl B PeJSITUBUCTCKOM KBaHTOBOM
MexaHuke. 3/1ech Mbl He OyleM ero paccMaTpuBath. Jl/s1 HAC CyllecTBEHHO,
4YTO BBEJIEHHE CIIMHA MO3BOJISET MOJYUYHUTh MOJHOCTbIO OTBEYAIOIlHe OIbITY
CBOMCTBA 3JIEKTPOHA U, CJIeOBaTeJbHO, OOJiee MOJHO U TMPABUJIbHO, YeM
B § 1.4, paccMOTpeTh CBOUCTBA CJI0XKHBIX aTOMOB.

§ 1.7. BekropHas moaeab atroma

B Mopmenu atoma, y9uThIBaIOIIeH CIHH 3JeKTPOHA, HEpreTHYecKoe Co-
CTOSIHHE TMOCJeNHero IO-NpeXXHeMY B OCHOBHOM OIpeessieTcsl IJIaBHbIM
KBAHTOBBIM uucJoM n. OnHako KpoMe OpOHTaJbHOTO MOMEHTA, ONpeaesiio-
I11erocsi KBAaHTOBBIM YHMCJIOM [:

pl=vVIl+1D)h (1=01,2,....,n—1), (1.18)

9JIEKTPOH 06ﬂanaeT ele U COOCTBEHHBIM CIIMHOBBIM MOMEHTOM HUMITYyJIbCAa,
onpeneasarmmruMCcad KBAHTOBbIM YHCJAOM S:

ps| = v/s(s+ 1) h (3:9. (1.19)

HpOGKLLI/II/I 9THUX MOMEHTOB Ha HAIlIpAaBJIE€HHE€ BHEIIHEr'O I10JIA H unu BHYT-
PHUATOMHOI'O TI0JId ONpPEAEJJIATCA Op6I/ITaJIbeIM U CIITMHOBBIM MATHUTHBIMH
YHUCJaMU:

PIlH = mlh (ml = —l,...,O,...,—I—l),

(1.20)
PsH = msh (ms = i%) .

MaruuTHele MOMEHTbl U WX TPOEKIHU, CBSI3aHHblE C OPOWUTAJbHBIM H
CIIMHOBBIM MOMEHTaMH HUMMYJbCa, AAKTCSA (POPMYJIaMHu

w| = VIL+ D) ps; |ug =2s(s+1) us;

WIH = MyUB;, HsH = 2MslUB.

(1.21)

Takum 06pasoM, COCTOSIHHE 3JIEKTPOHA B aTOMe OINpefessieTCs 4eTBEp-
KOH KBAHTOBBIX 4uucea — N, [, my, mg. KaxkgoMy rJaBHOMY KBaHTOBOMY
yucay oTBedaeT 2n’ pasJHMYHBIX KBAHTOBBIX COCTOSIHHH C PasjiH4HbIMH
BO3MOXHBIMH 3HAaUeHUSIMHU KBAHTOBBIX 4HceJ [, m;, ms. Momaesb CI0KHOTO
aToMa CTPOMTCS MO cxeMe, paccMoTpeHHOH B § 1.4. DneKTpoHBI HaxXo#ATCS
B TeX XK€ KBAaHTOBBIX COCTOSIHHUSAX, UTO M B aTOMe BOAOPOAA, U 3aHHMa-
IOT B HOPMaJIbHOM COCTOSIHMM aTOMa HH3IIHe dHepPreTHYeCKHe COCTOSHHS,
paspeléHHble MpuHIKNOM [laynu, KoTopwifi Temepb (OpMynHpyeTCs Tak:
B OIHOM KBaHTOBOM COCTOSIHHH, OTpeIeNsioleMcsl YeTBEPKOH KBaHTOBBIX
yucea n, [, my, mg, MOXET HaXOAUTbCS He OoJiee OMHOTO 3JEKTPOHA.
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CoCTOSHHSI ¢ Pa3JUYHBIMH 1M; U Mg B TEPBOM MNPHOJHKEHHHU 3IHEp-
reTU4ecKHd paBHOIEeHHBI. COCTOSIHHSI ¢ PasJuYHBIMH [ 00/amaloT pPa3HOH
SHEpPTrHeHd H3-3a Pa3JInuhs B 3JeKTPHIECKOM B3aHMOJIEHCTBUH 3JIEKTPOHOB.

Cxema HOpPMaJIbHOH MOCJ/Ie0BATETbHOCTH KBAHTOBBIX COCTOSIHUH MpPHBe-
neda B taboJa. 1.2.

Tabauma 1.2
5 P d / g
[ n 0 | 2 3 4
| 2
2 2 6
3 2 6 10
4 2 6 10 14
5 2 6 10 14 18

Bxonsuiue B Tabauily 6ykBwl S, p, d, f, g — oOllenpruHsiThie 0003Ha-
YyeHHsl COCTOSIHUU ¢ opOWTa/ibHBIMU KBaHTOBbIMH uucjaamu [ = 0, 1, 2, 3, 4.
B 3TuX 00603HaYeHHSX COCTOSIHUSI 3JIEKTPOHOB B aTOME HEOHa, IeCsiTOM
3JieMeHTe nepuoaudeckod cucteMbl Menpaeneesa (Z = 10), umeroniem moJ-
HOCTbIO 3aroJIHEHHble 000JIOUKH C IVIABHBIMM KBAaHTOBBIMHM YHCJIaMU N = |
M n = 2, 3anuceBaloTes Kak (1s% 2s% 2p5).

[Tpy paccMOTpEeHHH 3JIEKTPOHHOH CTPYKTYPbl aTOMOB, HaXOASIIHUXCS
B CepeliMHe M KOHIE MEePHOAMUECKOH CHCTEMbI 3JIEMEHTOB, CJEeIyeT YuH-
ThIBaTh, UTO H3-3a B3aHMOJEHCTBHS 3JIEKTPOHOB COCTOSIHHSI C MaJbIMH 7
¥ OOJBIIUMH | MOTYT OKa3aTbCsl MeHee BBhIIOIHBIMH, YEM COCTOSIHUS ¢ 60JIb-
KM 7, HO MeHbIOIUM [. DTO TMPUBOAMUT K HAPYIIEHHIO HOPMAaJbHOH I1O-
CJIeIOBATEJIbHOCTH 3aroJ/iHeHus1 ypoBHed. Hampuwmep, cocrosinne ¢ n = 3
U [ = 2 3HepreTHYeCKH MeHee BBIFOJHO, ueM cocTosiHue ¢ n =4 u [ = 0.
BeseacTBre 3TOTO y KaJus, CJAeAyIollero 3a aproiom (Z = 18), uMeromum
5JeKTpoHHYyI0 cTpyKTypy (152 252 2p8 3s2 3p%), Haumnaercs noctpoiika
He 3d-, a 45-COCTOSIHHUS, U 3JIEKTPOHHAs CTPYKTypa 19-ro anemeHTa, Kaaus,
umeer up (1s% 2s% 2p° 3s% 3p5 4s!). Jlumwp nocae xanbuus (Z = 20),
co ckaHaus (Z = 21) HauuHaeTcs NOCTPOHKA 3d-3JIEKTPOHHOIO COCTOSIHHS,
npojo/Kawlasics 10 HUKeJsd (£ = 28), 3JeKTPOHHAsE CTPYKTypa KOTOPO-
ro — (1s2 2s% 2p5 3s% 3p° 3d® 4s?). C npubas/ieHHeM el OLHOTO 3JeK-
TpoHa 3d-060/104Ka CKaUKOM J0CTpauBaeTcs, B 45-000/104Ke OCTaETCS OfHH
371ekTpoH. HaunHas ¢ menu (Z = 29), umernoleld 3JeKTPOHHYIO CTPYKTYPY
(152 252 295 352 3p° 3d'0 4s!), cHoBa B HOpMaJ/IbHOI OCEIOBATENBHOCTH
UIET nocTporka 4s- u 4p-o6osouex.

DneMeHThl, HMeollHe YACTHUHO 3aHSThle d-COCTOSIHUS, HOCSIT Ha3BaHHe
nepexonHbiX. K HHUM oTHOcsiTcss M TpU (DepPOMArHUTHHIX 3JeMeHTa: Fe,
Co, Ni.

Eué MeHee BHIFOOHBIM, 4eM d-COCTOSIHME, OKa3blBaeTcsl f-COCTOSIHHE.
Ero s3anosHeHue HauuHaeTcs C elllé OOJbIIMM 3aMo3faHueM. DJEeKTPOHHbIE
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CTPYKTYpPBl BCEX 3JEMEHTOB MEePUOJUYECKOH CUCTeMbl AaHbl B TaOJ. | mpu-
JIOXKEHHUS.

CrenyeT OTMETHTb, YTO YKa3aHWe COCTOSIHUSI KaXKJIOTO OTHAeJbHOTO
3JIEKTPOHA B CJIOKHOM aTOMe SIBJISIETCS YCJOBHBIM, TAK KAaK C TOUKH 3PEHHUS
COBPEMEHHOM KBAHTOBOU TEOPHUU B CUCTEME B3aUMOJAEUCTBYIOULIHUX 3JEKTPO-
HOB UMEIOT CMBICJ JIMIIb CYMMApHble KBAHTOBble XAPAKTEPHUCTHUKH BCEH HX
COBOKYITHOCTH.

B cjoxXHOM aTomMe BEKTOpPbl MeXaHWYeCKUX W MArHUTHBIX MOMEHTOB,
CBSI3aHHbIE C OTAEJbHBIMH 3JeKTPOHAMH, CKJa[blBAIOTCs, 00pasysi cymmap-
HbIH MeXaHHYeCKMH U MarHUTHbIM MOMeHT aTtoMma. CylllecTByeT iBa crnocoba
CJIO’KEHHS] MOMEHTOB: JIMOO CHadaJja CKJAAbIBAOTCS CIIMHOBBIM U OpOUTAb-
Hbli MOMEHTBHI KaXXJIOTO 3JEKTPOHA, a 3aTeM UX CyMMapHble MOMEHThI, 00-
pa3ysl oOlIUKA MOMEHT aToMa; JUOO OTAEJbHO CKJAAAbIBAIOTCS OpOUTAJNbHBIE
MOMEHTBI BCEX 3JIEKTPOHOB, 00pasys CyMMapHbId OpOWTaJbHbIH MOMEHT,
U UX CIIMHOBble MOMEHTbI, 00pa3ysi CyMMapHbId CIIHHOBBIH MOMEHT, U yiKe
B pe3yJibTaTe CJOXKEHUS TOJYUYEHHBbIX Pe3yJbTaTOB HAXOAUTCH OOLIUH MO-
MEHT aTOMa.

BeaenctBre Maniol BeJIMUMHBI CTUH—OPOUTANBHOTO B3aUMOAEHCTBUS MO-
4YTH BCErla OCYUIECTBJSETCS BTOPOH THIl CBSI3U MEXAY MOMeHTaMH. Bbl-
YUCJIEHHe CYMMapHbIX MOMEHTOB aTtoma ofJjerdaetrcsi TeM, 4TO KakK CyM-
MapHbIM CMHUHOBBIM, TaK U CyMMapHbIH OpOUTAJbHBIA MOMEHTBI MOJHOCTbIO
3aCTPOEHHBIX 000JI0YEK PaBHbI HYJIIO; IO3TOMY CJelyeT NPUHUMATb BO BHU-
MaHHe JIUIIb 3JEKTPOHBI, 3aHUMAIOILIHe YACTUYHO 3aMOJIHEHHbIE KBAHTOBbIE
COCTOSIHUA C 3afaHHBIMU [ U n. CyMMapHble CIMHHOBble W OpOUTAJbHbIE
MOMEHTBI U TMOJHBIU MOMEHT aTOMa KBAHTYIOTCHA TAK K€, KAK MOMEHTHI OT-
JeJbHBIX 3JIEKTPOHOB. byneM xapakTepu3oBaTh CyMMapHbIM OpOHUTaJbHBIM
MOMEHT KBAaHTOBBIM UMCJOM L, CyMMapHbI# CIHHOBBIH MOMEHT — UYHUCJOM S
U TIOJHBIH MOMEHT — KBAHTOBBIM uucyaoM J. COOTBETCTBYIOILIHE 3HAUEHHS
MOMEHTOB UMIYJIbCA UMEIOT BUJ

Pr|=+L(LA+1)k [Pgl=+SS+1) kK
Pyl =+J(J+1) h

MakcruMabHO BO3MOXKHOE 3HaueHHe 4yHcsa L paBHO CyMMe KBaHTOBBIX
yuces [ njsi OTHEJNbHBIX 3JEKTPOHOB, BXOASIIIMX B PACY€T; MHHUMAJbHOE
OTBeUYaeT MUHHMAaJbHOMY 3HAUeHHIO aJareOpandeckod CyMMbl OPOUTAJNbHBIX
yuces [; BO3MOXKHbI TaKKe BCE MPOMEKYTOUHbIe IeJOUHUCTIeHHble 3Hade-
nusg L. Hampumep, ecau nMeeTcss ABa 3JeKTPOHA ¢ KBAHTOBBIMH UHCJAMH
li=2wuls =1, To L MmoxxeT uMeTb 3Hauenusas L =1 +1lo, =3, L =11 —
— ly = 1 u npoMexxyToyHoe 3HadeHue L = 2.

[Tocko/bKy nJisT OTHEJBHOTO 3JeKTPOHAa CIIMHOBOE KBAHTOBOE UHCJIO
s = 1/2, makcumajibHOe 3HAueHHWE CyMMAapHOTO CIMHOBOTO YHCJa PaBHO
IPOCTO MOJIOBUHE KOJHYeCTBAa 3JEKTPOHOB, BXOASIIMX B PacuéT, a MHU-
HUMajibHOe — 1/2 [/ HEYETHOro KOJMYeCTBA 3JEKTPOHOB W HYJIO [Js
uérHoro. Hanmpumep, ecsiu uMmeeTcst 1Ba BHEIIHUX 3/JeKTpoHa, To S = 1/2 +

+1/2=1uS=1/2-1/2=0; ecu tpu, To S =3/2; 1/2.
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CyMMapHOe KBaHTOBOE YHUCJO OMNpelessieT MOMEHT, MoJydaroliuics npu
CJIO2K€HHU CIIMHOBOI'O U OpPOHUTAJbHOTO MOMEHTOB aToMa. Ero makcumasb-
HbIM 3HadeHueM siBasiercs J = L + S, a Munumanbieim — J = |L — S/;
BO3MOXHbBI BCe MPOMEXYTOUHblEe 3HAUYEHHWS, OTJIHUYAKOLIHECs OT KpaWHHUX
Ha 1eJJoe yucjgo. CyMMapHOe KBAHTOBOe YHUCJO J MOMXKeT OBbITh IIeJIbIM
UM TIOJYyUEeJabIM B 3aBUCUMOCTH OT 3HadeHus S. Hanpuwmep, ecau L = 2,
S =1/2, To Bo3MoxkHbI 1Ba 3Hauenusi: J =5/2; J =3/2, a ecnu L =2,
S=1,troJ=3,J=2uJ=1.

DHeprust 3JeKTPOHHOU 000JIOUYKU aTOMa NpPH 3aJaHHOM [JIaBHOM KBaH-
TOBOM 4MCJ/Ie OIpefe/sieTcsl B OCHOBHOM BeJUYMHOH CyMMapHOro opOu-
TaJIbHOT'O MOMEHTa, T.€. KBAHTOBbIM 4ucjoM L. OTBeuarwlide NaHHOMY
3HaueHHI0 L pasznnyHble J COOTBETCTBYIOT COCTOSIHHUAM C Pa3HbIMH OpHU-
EHTalUsIMU CIMHHA OTHOCUTEJNbHO OpOHUTabHOTO MOMeHTa. KX pasnuune
M0 3HEPTHU MaJo, TAK KaK OHO OOYCJIOBJEHO 3Heprued B3aWMOJEHCTBUSA
CIIMHOBBIX U OpPOUTAJIbHBIX MAarHUTHbIX MOMEHTOB, KOTOPAsi MHOTO MeHbLIe
SHEPruu 3JIEKTPUYECKOro B3aUMOJEHCTBHUS.

Taknm oOpasom, pasnuyHble 3HadeHus J Mpd 3anaHHOM L pawoT ce-
MeHCTBO OJIM3KO PACIOJIOKEHHbIX YPOBHEH — TOHKYIO CTPYKTYpPY YpOB-
Hell sHepruu. KosnuecTBO MOAYPOBHEH, BXOASIIIUX B CEMEUCTBO, OYEBU]-
HO, ONpeleJssieTcsl 3HaueHHeM CYMMAapHOro CIIMHOBOTO YHCJA U PaBHAETCS
25 4+ 1. KonuuecTBO MOAYPOBHEH, OTBEYAKIIMX MAaHHOMY L, Ha3bBamT
MYJbTHUIIJIETHOCTbIO YPOBHSI WJIM TepMa 3Hepruu. [locjienHuil TepMUH BO3-
HUK B CHEKTPOCKONHUH el A0 CO3JaHUS TEOpPUU aToMa W COXPAHUJICSH
B 0011eM ynoTpebJjeHUn A0 cux nop. s o003HAYeHHsI CyMMapHOro opou-
TaJIbHOTO KBAHTOBOT'O UHCJIA OOLIENPHUHSATH IPUBENEHHbIe HHXKe OyKBeHHbIe
0003HaYeHHS.

L 0 1 2 3 1 5
BbykBeHHble 0003HAYEHUS S P D F Q H

[IponemoHcTpHpyeM MoJHOe 0603HAUYeHHe YPOBHSA (MJIM TepMa) SHEPTHH
Ha CJedyoUlMX NpuMepax.

Y Harpusi HMeeTcsl ONHMH BaJleHTHbIH 3/eKTpoH. CJefoBaTesbHO, ero
cymMmapHbiit criud S = 1/2. Ecau nepeBecT# 3/71eKTPOH Ha ypoBeHb ¢ L = 1,
TO BO3MOXKHBI Ba 3HaueHus J: 3/2 u 1/2. DTH cOCTOSIHUS 3aMUCHIBAIOTCS
KaK

3°Pija;  3°Py,

T.e. clpaBa OT OYKBEHHOTO 0003HAaueHHsl BeJHWUYHMHBl L B BHJE HHUXKHETO
UHJeKCa TPUBOAMUTCS 3HaueHWe J, cjeBa BBepXy — BeJHYHHA MYJbTH-
nieTHocTH. [lepen o603HaueHHeM TepMma MUIIYT IJIaBHOE KBAHTOBOE YHCJIO
(B maHHOM cJiydae 3).

OcHOBHOe HeBO30OyXAEHHOE COCTOSIHME aToMa HaTpUsi 3aMUChiBAETCS
KaK 3251/2. XoTsl OHO He pacllenJieHo, MOCKOJAbKY OpOHUTaJbHbIH MOMEHT
paBeH HYJIO, OJ5 CHMMETPUU W 3[eCh MUIIYT 3HAYOK MYJbTHUIJIETHOCTH,
O3HAYaIoIIHUH JBE BO3MOXKHBIE OPUEHTAIUH CIHHA.
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§ 1.8. MarHuTHbi MOMeHT atoma. PakTop Jlanae

CnuHOBBIE U OpOUTANbHBIE MarHUTHbIE MOMEHTBHl He OJMHAKOBO
CBSI3aHbl C COOTBETCTBYIOIIUMH MeXaHHYeCKUMH MomeHTaMu (cm. (1.3)
u (1.17)). Ins cCIMHOBOrO MOMEHTA OTHOIIEHHE MAarHUTHOH COCTaBJSIONIEH
K MeXaHW4YeCcKOU BABOe OoJibllle, YeM MJis OpOU-
TasnbHOro. [loc/enHee NpUBOAUT K TOMY, UTO BeK-
TOPHOE CJIOXKEHUE Wg + Py AAET CYMMApPHBIH BEK-
TOp W, HaxoAsiuics nox yriaoMm K Py (puc. 1.4).
Hanuuue cymMMapHOro MexaHH4ecKOoro MOMEHTa
P ; ¢ knaccuueckoll TOUKM 3peHUs O3HA4YaeT Bpa-
llleHHe BCEero aToMa BOKPYT OCH, MapaJJebHOH
P ;. Ilpu sToM cpenHee 3HaueHUe MePIEHAUKY-
JIIPHOM COCTABJISIIOIIEN BCEX BEKTOPOB PABHO HY-
JIIO; HeHyJeBOe 3HaueHHe HMeeT JHIIb MPOoeK-
IIMs] BEKTOpa MarHUTHOTO MOMEHTa Ha Harpas-
ngenve P ;. Bennuuna p; npencrasasger coOod
MarHuTHbI# MOMeHT atoma. CrpaBefJiiBbl CJeny-
I0llMe PaBEHCTBA:

W; = [iL, COS (PLP,) + pscos (PsPy); (1.22)

pr = L(L+1) ps,
pus =2+/S(S+ 1) up;
Puc. 1.4. CJioKeHue
( — LIL+1)+JJ+1)=-S(S+1)

(1.23)

cos (P Py)= ,  CIHHOBBIX M OpOMTA/b-
) ( - J) 2V L(L+1)\/J(J+1) HBIX MOMEHTOB
- S(S+1)+J(J+1)—L(L+1)
cos (PgPj)= .
\ (PsPy) 20/S(5 + D V/I(J + 1)
(1.24)

Conocraissi popmyanl (1.22)—(1.24), nonyyaem

JJ+1)+8(S+1)— L(L+1)

27 (T + 1) T +1) s =

pg =1+

= g\/J(J + 1) up. (1.25)

Besnnunna J(J+1)+S(S+1)— L(L+1)

g=1+ 2J(J + 1)

(1.26)

Ha3biBaeTcs akTopoM JlaHfe.
B npeaenbHbIX caydasx A 4YHCTO OpPOMTabHOrO MoOMeHTa g = 1
(S =0, J=1L), apag uucro cnuHooro g =2 (L =0, J = S). [lockonbKy
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B O6LH€M ¢Jaydae g — He 1eJsgoe 4ucJo, MpoeKUHsAd MAHUTHOIO MOMEHTA
dTOMd Hd HAIIpaBJIEHHE BHEILIHEI'O I10JIfA, PdBHAA

pg =—gmyug, tme my=J,(J—1),....,(=J+1),(=J), (1.27)

HE ABJAETCA LEJbIM KPATHBIM URB.

§ 1.9. dbdekr 3eemana

HpI/I [TIOMEIIEHHUH aTOMAd B MATHUTHOE I10JIE 9HEPTHUA €TI0 B3aI/IMOIL€IjICTBI/IH

C IMOJIEM pPaBHA
Wh = —pnH = gmjusH, (1.28)

a ypoBeHb, OTBedalllMH 3agaHHoMmy J, pacuienssercs Ha 2J + 1 mop-
ypoBHel. Ecsiu BeIpakaTb 2HepreTHYeCcKoe CMellleHHe YPOBHEH B elUHHIIAX
upH, To oHO OynmeT onpenessiTbCsl BEIUUUHOU gm .

PaccmoTpuM 3¢ dekt 3eemaHa Ha JHUHHUAX XKEATOro AyOJeTa HaTpHS.
ITH JIMHUU CBSI3aHbl C TepeXofaMU H3 32P1/2— B 3251/2-C0CTOHHH6 (m-
Hust Dy), U U3 32P3/2— B TO XKe 3251/2-COCT0HHI/Ie (nunusi Dy). XapakTepu-
CTHKM YKa3aHHBIX COCTOSHHH HATPHs, a TaKxKe BO3MOXKHble 3HAYEHHUS M. j
U gmj npuBeneHsl B TadJ. 1.3.

Tabauma 1.3
Tepm | L S J g m.J amy
3°Sipe | O | 1/2]1/2] 2 1/2; —1/2 1; —1
3P| 1 | 1/2|1/2]2/3 1/2; —1/2 1/3; —1/3
3Py | L | 1/2|3/2|4/3 | 3/2;1/2;, —1/2; —=3/2 | 2;2/3; —2/3; -2

Ha puc. 1.5 npuBeseHa cxeMa pacroJio’KeHHsl YPOBHEH W UX pacliernie-
HHUSI B MarHuTHOM moJie. Kak paciiensieHre TOHKOH CTPYKTYpPhI (paccTosiHue
Mexay Pj/o- W P3/9-ypOBHAMM), TaK M paCUIeNJIeHHe B MarHUTHOM MOJe€
CUJIbHO TIpEyBeJIMUeHbl IO CPAaBHEHHIO C pacCTOsIHHEM MeXay S- U P-ypos-
HSIMH.

[Tepexonbl MpH OTCYTCTBUM TOJISI TTOAUHHAIOTCS TpaBusam otéopa AL =
=41 u AJ =0, £1. Jlns paccmatpuBaeMoro cjayudassi ob6a BO3MOXKHBIE
nmepexofa paspelleHbl. B NPUCYTCTBHM MarHUTHOTO TOJIS CYIIeCTBEHHB
JOMOJIHUTEJIbHBIE NTpaBusa oToopa: Amy = 0, £1; mo3ToMy He BCe BO3MOXK-
Hble TepeXofibl OKa3biBaloTCs pa3pewéHHbIMH. (Ha pucyHke paspelnéHHbie
nmepexofbl MOKa3aHbl BepPTUKAJbHBIMH JHUHUSMH.) [lepexomsl, oTBeuawlime
Amjy = 0, 1al0T JUHUU C TOJSIPU3allHeH, COOTBETCTBYIOIIEH T-KOMIIOHEH-
Te HopMaJbHOro 3¢dekra 3eemanHa aas Am; = 0. OgHako, B OTIHYHE
OT HOpMaJbHOTO 3({(heKTa, OHH OKa3bIBAKTCS MO-Pa3HOMY CMeEIIEHHBIMHU
IJIST pa3HbIX TePexofoB, MOCKOJBKY paclliellJieHHe Ha BEPXHUX W HUKHHX
YPOBHSIX He ofHMHaKoBO. [lo 3Tol e mpuUuUKHE Pa3/JUYHO U CMellleHHe MJis
0 -KOMITOHEHT, TMOJYUYaloluXcsl TPH Mepexonax, oTBedamwmux Amy = +1.
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Puc. 1.5. Pacuiensienve ypoBHed B MAarHWTHOM [OJie U paspelléHHBbIE TepPeXOMIbl
B D-nybserte HaTpUd

O611ass KapTUHA TOUYHO COOTBETCTBYET SKCIIEPUMEHTAJNbHBIM NAHHBIM KakK
n7st Hatpus [33], Tak W AJS APYTUX BellecTB.

Takum obpasom, npuduHa ycaoxkHeHUs apdekTa 3eeMaHa — pasauyue
B BeJJMUMHE paclllelieHUs] pa3HbiX YPOBHEH, BbI3BAHHOE pa3JjiMdHeM B 3Ha-
yeHusx (paxkropa Jlannue.

B cu/ibHBIX MarHUTHBIX MOJSIX KapTHHA pacllelneHuss JUHHH CHOBA
ynpouiaetcs. Tak, Hampumep, AJS KEJTOro aybseTa HaTPUS TIPH TOJSX
okosio 180000 D umeer MecTo HOpMaJbHBIH 3¢h(ekT 3eeMaHa ¢ HOpMaJib-
HbIM pacliengenveM hAv = ugH. Jlng auauu autus (A = 6708 A) nono6-
Hoe siBJeHHe Habmogaetcs yxke B noJe 30000 . dTo gBNeHHe Ha3bIBaeTCs
s¢pektom [lamena—baxa.

CormocTaBjieHHe MAHHBIX AJS1 Pa3JHYHBIX JHHHUH TOKAa3biBaeT, 4To 3(]-
ekt Ilamena-baka umeeT MecTO MPH TaKUX MOJSX, TMPH KOTOPBIX pac-
IerJieHHe, BbI3BAHHOE TOJIEM, CYIIeCTBEHHO GOJIbIlle paclllenyeHnus] TOHKOH
cTpyKTypbl. [l HaTpusi pacliienyieHHe TOHKOH CTPYKTYPbl COCTaBJSIET
ANy = 6A, a y ynomsaHyTol nunHuM JutHs AN =2 0,13 A. DHeprusi B3a-
UMOJIEHCTBHSI OPOUTAJNBHOTO M CIHHOBOI'O MOMEHTOB C BHEIIHMM I0JIEM
OKa3blBaeTCs OOJibllle, YeM IHEPTHs CTUH—OPOUTAJNbHOTO B3aHMOJEHCTBHS.
[ToaTOMy MOXKHO MNpPEANOJOXHUTh, YTO B CTOJb OOJBIIUX TMOJSX CIHH-
opbuTasnbHasl CBSI3b Pa3pbiBaeTCsl, a OPOUTANbHBIA U CIIMHOBBIH MarHUTHbIE
MOMEHTBl ODHEHTHPYIOTCS MOpPO3Hb. B pesynbraTe no6aBoYHAsh 3>HEPTHS
aToMa B T0Jie COCTOUT M3 JBYX dacTeH:

Wy =Wy + Wgre = (mL + QmS),uBH. (1.29)

Kaptuna paciiensnenusi npuBefeHa Ha puc. 1.6. BepxHuiél nBoHHON
P-ypoBeHb paclienssieTcsi Ha MSATb, OTCTOSIIMX APYT OT ApPyra Ha paBHble
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(m,m,) JHepreTUUeckue HWHTepBaabl upH.
7 (1172 Huxxuuit yposeHb pacnagaercss Ha
3Py, . (0,1/2)1 1y A CMell&éHHble BBEpPX M BHH3 OTHO-
3P, 'ci‘ 261_11/%( a CHTeJIbHO MepPBOHAYaJbHOTO MOJOXKe-
1,—-1/2 Husgs Ha pupH. B ckoOkax ykasaHbl

3HAQUEeHUS MArHUTHBIX KBAHTOBBLIX 4H-
cel m; U mg. BepTUKaNbHBIMH JH-
HUSIMU TI0Ka3aHbl paspelléHHble Ie-
pexofibl, TMOAUMUHSIONIHECS MpaBUIaAM

2 . ©.1/2 orbopa Amy = 0,£1 u Amg = 0.
cr e | I o

. 0172 K BUIHO M3 CXEMbl, LIECTb paspe-

IIEHHBIX TePEeXOf0B AAIT JHIIb TPH

5”7{5 JUHUW: HECMelIEHHYI0 T-KOMITOHEH-

Ty (Amj; = 0) U 1Be T-KOMIOHEHTHI

Puc. 1.6.  PacuienseHve ypoBHeH (Amy = +1), cMeléHHBIe HA BeJH-

D-ny6neta HaTpus B CUJBHOM Mar- unny hAv = +upH.

HUTHOM mosie. D ekt [Tamena—baka TakuM 06pa3oM, BBeLEHHE CIIHHO-

BOTO MOMEHTA 3JIEKTPOHA M YYET B3a-
MUMOJIEMCTBHS CIIMHOBOIO U OPOUTAJbHOTO MOMEHTOB IO3BOJISIOT MOJHOCTBIO
00BbACHUTb 3 PekT 3eemMaHa, pacllenneHue TOHKOU CTPYKTYpPbl U pe3yJb-
TaTel onbiToB lllTepHa u l'epaaxa.

§ 1.10. /InamarHeTusM 3JeKTPOHHOM 00OJOYKHU aToMa

Jlo cux mop Mbl TpeanoJgarajd, 4TO XapakKTep ABUXKEHUS 3JeKTPOHa
B aTOMe, MOMEIEHHOM B MArHHUTHOE II0JIe, He MEHSeTCsl, 4 BeJUYHHA Mar-
HUTHOTO MOMEHTa aTOMa He 3aBUCHT OT I0Js1. DHEPrus aToMa BO BHEIIHEM
MoJie CBOAMJIACh K 3SHEPTUU B3aUMOAEUCTBHS €r0 MArHUTHOTO MOMEHTA
KaK 11eJIOTO C T0JIeM WJH, B OOJbLIMX MOJSIX, K SHEPTrHH B3aUMOAEHUCTBHS
C MOJIeEM OTHEJNbHO CIIMHOBOTO U OPOHUTA/NbHOTO MAarHUTHBIX MOMEHTOB.

B nelcTBUTENbHOCTH U3MeHeHUe NBHUXKEHUS 3JEeKTPOHOB MPOUCXOJHT;
3TO NMPUBOAUT K M3MeHEHHI0 MaTHUTHOTO MoMeHTa aTtoma. CoOrjacHo Teo-
peme JlapMopa npu A0CTAaTOYHO MeJJIEHHOM BKJIIOUEHWHW MAarHUTHOTO TMOJIS
CUCTEMA NBHUXKYIIMXCH 3aPSA0B COXPAHSIET HEU3MEHHbIM XapakTep [IBHXKe-
HUS B CUCTEMe KOOPAMHAT, BPAllallenucs ¢ TaK Ha3biBAeMOHU JIAPMOPOBOU
CTOTOH, PaBHOU
_eH
=5,

WL (1.30)

UJM, IPYTHMU CJIOBAMH, BpPalllaeTCsl B MArHUTHOM [0Jie KaK LeJoe C yIJo-
BOH dacToTOH wy, [74]. PaccmoTpuMm 3TO siBJeHHe MomgpoOHee Ha KOHKPET-
HOM TIpUMepe 3JeKTPOHa, Bpalllalolllerocs o KPyroBoil opOMTe BOKPYT siipa
C 3apsiaoM —-e.
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[Ipy OTCYTCTBUM MarHWTHOTO TMOJISI CKOPOCTb JBHUXKEHUSI 3JIEKTPOHA
onpefessieTCss paBEHCTBOM

2 2
e mu
—2:—0:mw8fr. (1.31)
"
-
[Tosio’kKM Tenepb, 4TO 3JEKTPOH ABHUIKETCS 10 TOH Ke KPYroBOH opOHTe B
PUCYTCTBHH MarHUTHOTO nosist H, neprneHaukynsipHOTo MI0CKOCTH OPOUTHI.
Torna KpoMe CHUJIBI IpUTsKEHUs sapoM — e /r? Ha Hero GyeT neHcTBOBaTh
emé u cuna Jlopenua — f = (e/c)[vH], a ypaBuenue (1.31) npumer Bua
2
e e
— * -wrH = mwr. (1.32)
r C
3Hak mioc uiau MUHYC B (1.32) BblOHMpaeTcsi B 3aBUCHMOCTH OT HampabJie-
HUSI TI0JIST U CKOPOCTH 3JIEKTPOHA.

Mcnoabsys (1.31) u (1.30), moxkHo nepenucath (1.32) B Buze

mwgr T QuLWwmr = mwr,

WU
w? + 2w w — w(% = 0. (1.33)

B yc/oBUsix 1BHKEHHUS 3J€KTPOHA BHYTPH aTtoMa (wr, < wy) AeHCTBUTEIbHO
noaydaeM wr, = eH /(2mc).
13 (1.31) caenyert, 4To
e e 2em!/? e 2-3-1010-3-10_]4N e

— —_— ~ = '109-
YT SR TR T Yme 32 2me 10-1 ome

TakuM 06pasoM, wy, 6yAeT CPaBHUMO C wpy TOAbKO B moasx ~ 107 3. Craeno-
BATEJbHO, Wy, <K Wy BO BCEX MPAKTHYECKHU NOCTUKHUMBIX TOJSAX U ¢ OOJNbIIOH
TOYHOCTBIO pellleHHeM ypaBHeHus (1.33) sBasieTcs

W= wy F wrL. (1.34)

BrluncauM HU3MeHeHHe 9HEPIrHUH Bpallalollerocd 3J€KTPOHA MPH BKJAIOYEHHUH
MArHHuTHOTO IIOJIA:

AW = % r? (wo F wL)2 — w(ﬂ = Tmrlwwy, + mr2w%, (1.35)
a ecJiv BOCHOJb30BaThes hopmysol (1.2) (,u = 23 w0r2) U BBECTH 0003Ha-
yeHue A e . ¢ 36
M - 2_C WLT ) ( . )

TO
AW = FpH + ApH. (1.37)

[TepBoiii unen dopmyast (1.37) mpencraBasieT co60H HEPTHIO B3aUMO-
NelcTBUsT OPOUTABHOTO MAarHUTHOTO MOMEHTa C BHEIIHHWM T0JeM. B 3aBH-
CUMOCTH OT OPMEHTallMd MAarHUTHOI'O MOMEHTa OH OYJEeT MOJOMXKHTEJbHbIM
UM OTpUIlaTeNbHBIM. BTOpo# ujieH mpencrtaBiasieT coO0OH HEPTHIO B3aH-
MOJEUCTBUSI JNOTOJHUTENbHOTO MArHUTHOTO MOMEHTA, BO3HHUKIIEro W3-3a
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U3MEeHEHHs] YTJIOBOHM CKOPOCTH oOpallleHus 3JjekTpoHa. OH Bcerga IMoJio-
XUTeJeH. DTO 3HAUMT, UTO JAOMOJHHUTEJbHBIH MarHUTHBIH MOMEHT BCerja
HarpasJieH MPOTHUB MOJS.

K naHHOMY SIBJEHHIO MOXKHO MOMOHUTH M C APYrod TOUuKHW 3peHusi. Ilpu
BCSIKOM M3MEHEHHU BeJMUYUHbl MAarHUTHOIO I0JIs BOSHHKAeT BUXPEBOE 3JeK-
TpUUECKOe T0Jie (SIBJeHHe 3JIEKTPOMArHUTHOH HHAYKIHH). DTO 3JEeKTpPHYe-
CKOe T10Jle BbI3bIBAE€T U3MEHEHUe JBHKEeHHS 3JeKTpoHa. CorsiacHO MpaBUJY
JleH1la, BO3HUKAOIIHe H3MEeHEeHUSs IBHXKEHUST JOJKHbI ObITb TAKUMH, YTOODI
OHU CO3JlaBaJii MarHUTHOE I0Jie, MPOTHUBOMNOJOXHOE BHEIIHEMY TpPH €ro
BKJIIOUEHHH, T.€. MAarHUTHBIH MOMEHT, HalpaBJIeHHbIH MPOTHB BHEIIHEro
noJsisi. BoluuceHus, npoBeaéHHble TAKUM 00pa3oM, Jal0T TOT »Ke pe3yJibTarT,
yTo W Bbille. C 3TOH TOUYKH 3pEeHHS BO3HUKHOBEHHE MOIMOJHUTEJNbHOIO
HalpaBJIEHHOTO MPOTUB MOJS JHAMAarHUTHOTO MOMEHTA aTOMa OKa3blBAeTCS
MIPOCTO CJIECTBHEM SIBJIEHUS 3J€KTPOMArHUTHOW UHIAYKIIHHU.

[TonydyeHHBIH HaMHu OJi KPYTOBBIX OPOWUT pe3yJbTaT He IpeTeprieBaeT
CYLIECTBEHHbIX MU3MEHEHUH B CJiydae 3JJUNTHUECKUX OpPOHUT, a TakxKe MpU
KBAaHTOBOMEXaHHUYECKOM paccMoTpeHHH. B obiem cayuae B hopmyay (1.36)
cJeflyeT BMECTO KBajpaTa pajuyca MOACTaBHUTb CpeliHee 3HaueHUe KBajpa-
Ta 3¢G(QeKTUBHOU BeJHYHHBI pagnyca OpOUTbHI, TOUHee, ero MPOeKIHU Ha
MJOCKOCTb, MePIeHAUKYASIPHYIO MOJIO.

[Tockonbky wy, € w, AMAMarHUTHBIM MOMEHT aToMa Af, MHOTO MeHblile
OopOUTAJbHOrO; MO3TOMY B OOlIeM cJydae ero MpUCYyTCTBHE NA€T JIMIIb
Manyio nonpaBky. OnHaKo ecJu CyMMa BCeX OpOUTaJbHbIX U CIIMHOBBIX
MOMEHTOB 00O0JIOUKH paBHa HYJIO (Hampumep, y HHEPTHBIX Ta30B), OH
BbICTYIAeT Ha MepBbIH MJaH, TaK KaK JMaMarHUTHble MOMEHTblI BCceX OpOHUT
HarpaBJ/ieHbl OJMHAKOBO U CKJaJblBAIOTCS.

Takum o00pa3oM, Mbl YCTaHOBHUJIH, YTO MArHUTHBIH MOMEHT 3JIEKTPOH-
HOHW 000JIOUKH aTOMa COCTOUT U3 OPOUTANbHBIX W CIHUHOBBIX MarHUTHBIX
MOMEHTOB €ero 3JeKTpoHoB. O6a 3TH MOMeHTa UMEIT BeJHUUYHHY MOopsaka
marHetoHa bopa:

up = < — 0,927 10727 22X

" Amme D’

a UX TMPOEKIIMH Ha HalpaBJeHHe TOoJs 1eJOUYUCIEeHHO KpaTHbl up. M3-3a
TOrO 4TO AJsSI CIIMHOBOI'O MOMEHTa OTHOIIEHWEe MarHUTHOH COCTaBJSIOlIEH
K MeXaHHYeCKOH BJBOe OoJibllle, UeM JJisi OpOUTANbHOTO, MPOEKIHUS CYM-
MapHOT'0 MOMEHTa aTOMa Ha HarpaBJeHHe T0oJisg B 0011leM cJydae ecThb lieJoe
KpaTHOe TMpou3BeleHHI0 MarHeToHa bopa Ha dakrtop Jlanme. MarHuTHbie
MOMEHTbI 3aMOJHEHHBIX 000JI04eK aTOMa PaBHbI HYJ/I0, TO3TOMY MarHUTHBIH
MOMEHT aToMa OIpenessieTcss TOJAbKO He3arnoJHeHHbBIMH ero 000/J04KaMHU.

[Ipy momellleHUH aToMa B MarHHUTHOeE T0Jie BCJENCTBUE 3PdeKTa 3JeK-
TPOMArHUTHOW WMHIAYKIUH BO3HHUKaeT N00aBOUHBbIH NHaMarHUTHbIH MOMEHT,
HarpaBJ/IeHHbIH POTUB MOJIS.




[n1aBa 2

TEPMOIMHAMHUKA MATHUTHBIX ABJEHUHU

§ 2.1. O6mKe 3aKOHOMEPHOCTH

B NpOTUBOMONOXHOCTb MEpBOW [JaBe, 31eCb Mbl OyaeM NOAXOAHUTb
K H3y4YEeHHUI0O MAarHHUTHBIX $IBJEHUH C Cyry00 MaKpOCKOMHYECKOHW TOUKH
3pEeHHS U MPUBEAEM Te CBEIEeHHUS O HUX, KOTOPble MOXKHO MOJYUYUTb U3 Tep-
MOAMHAMHYECKUX cooTHoleHUH. [Ipennonaraercsi, 4To 4HhTaTes b 3HAKOM
C OCHOBHBIMH COOTHOILIEHHUSIMH TepMonuWHAaMUKH [44, 85]; BHHMaHUe ob6pa-
I1aeTCs JIULIb HA OCOOEHHOCTH 3TUX COOTHOULIEHWH, CBSI3aHHBIE C YUYETOM
MArHUTHBIX SBJIEHUHU.

M3 37ekTpoaMHAMHUKH H3BECTHO, YTO H3MeHeHHEe 3HepPruh eIHHUIbI
00bEMa TeJsia B MATHUTHOM T0Jie ONpeaesisieTCsl COOTHOLIEHUeM

|
AWy = o~ (H- dB), 2.1)
a nockosabky B = H + 471, 1o
AWy — ﬁ HJdH + H L (2.2)

rie I — MarHUTHbIA MOMEHT eqUHUIB 00bEéMa. OH MOXKeT ObITh TPOU3BOJIb-
HoW yHkuued H, omHako Mbl UCKJIOUHMM M3 PacCMOTPEHHs HeoOpaTHMble
npouecchl (rucrepesuc) u OymeM cuutaTh I omHosHauHoM (yHKuued H
npu 3agaHHbIX npouyux napametrpax (1,V’). Kpome Toro, 6e3 HapylieHHs
OOIIIHOCTH PACCYKAEHHH MOXHO cuuTaTh Teso usotpornHbiM (T.e. I || H).
YUéT aHHU30TPONHHU MPUBEAET JUIIL K YCJAOKHEHUIO psifa hopMyJi, He MeHss
UX CYIIHOCTH.

[TepBbiit uneH hopmysibl (2.2) mpencTaBysieT cOO0H SHEPTHIO MATHUTHOTO
MoJisg B BaKyyMe; MO3TOMY MPH PAacCMOTPEHHH PabOThl, 3aTpauMBaeMOH Ha
HaMarHU4YUBaHWE TeJsa, OH MOXKET ObITb OMYIIEH.

PaccMoTpuM HeKOTOpoe TeJio, uMewllee 00beéM V' U Haxopsuleecs: Mpu
TeMmnepatype 1 B omHoponHoM MarHuTHoM noJse H. Ero mMarHuTHBIE MO-

MeHT OyneT paBeH M = JIdV. CorsacHO MpeanosoXeHH0 00 H30TPOMHUHU

v
M || H. Pa6oty, coBepiliaeMyi TeJOM, YCJIOBHMCS CUHTATh MOJOXKHTEJb-

noi. Torma ona OymeT coctosithb u3 ABYX uacteit: dA' = pdV — pabGoThl,
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CBsI3aHHOM ¢ u3MeHeHueM o6béma, U dA” = —H dM — paboThl, CBsI3aHHOM
C U3MeHeHUeM HaMarHu4uuBaHHus. Takum oOpasoMm, MOJIHbIH 3JeMEeHT PaboThl
dA =pdV — HdM, (2.3)

a TIepBBIA 3aKOH TEPMOAMHAMUKH 3AMUINETCS B BUIIE
dQ = dU +dA = dU + pdV — H dM,

rne d() — KOJWYeCcTBO TemJja, coolOuiéHHoe Teay; dU — H3MeHeHHe ero
BHYTPEHHEH 3HEPruH.

3amada TeOpHUH TOJHOCTBIO pellieHa, eCJH OnpeaesieHbl TaK Ha3biBaeMble
ypaBHEHHSI COCTOSIHHSI TeJa:

U=U(T,V,H) — KaJopHueckoe ypaBHEHHE COCTOSIHHS;
p=p(T,V,H) — TepMHUecKoe ypaBHeHHe cocTosiHus,  (2.4)
M =M(T,V,H) — wmaruuatHoe ypaBHEHHWE COCTOSIHHS.

Kakue nMeHHO Tpu U3 1iecTH BeauuuH — U, p, M, T, V, H — cuurtaTb
He3aBUCHMbIMH TlepeMeHHbIMH, 3aBHUCHUT OT YCJOBHH pelllaeMOH 3adayH.
[IpuBen€HHbBIN Bbillle BBIOOP SBJSIETCS JHIIb 4YacTHBIM caydaeM. CJeayer
OrOBOPHUTb, YTO HEMOCPEACTBEHHO M3 3aKOHOB TePMOAMHAMHKH HeJb3s yCTa-
HOBUTb BUJl YPABHEHHUU COCTOSIHHUS; AJs1 3TOTO TPeOYIOTCSl AOMOJHHUTEbHbIE
MpeanoJJoXKeHHs.

§ 2.2. UpeanbHble MarHeTUKHU

[lepBoe mpuioXkeHUe TEPMOAHHAMUKH K PACCMOTPEHHUI0 MAarHUTHBIX $1B-
JIeHUH OblJI0 ocylllecTBJAeHO JlaHKeBeHOM.
Cor/jlacHO BTOPOMY 3aKOHY TePMOAHWHAMMKH TpHpalleHHe SHTPOIHUU

1S — dQ _ dU+dA _ dU+pdV O
— Cl] - Cl1 — ClY 17
ABJIIETCS MOJMHBIM NHU(depeHra oM. JIaHXKeBeH MPeAnosoXKUuJ/I, 4To Cylile-

CTBYIOT BEIleCTBa, Y KOTOPBIX He TOJbKO dS, HO M BXOAsIIHE B (HOpMY-
ay (2.5) caaraembie

dM (2.5)

_dU +pdV
B T
SBJSAIOTCSA MOJHBIMU AU depeHIIrasaMi.

Torna us onpeneneHus noaHoro nuddepeHnmana caeayet, uTo Koaphu-
1ueHT npu dM poskeH O6bITh (yHKIIMEH TOJMbKO M, TO ecThb

S (M), wn M= f(%) (2.6)

MHaye roBopsi, HAMarHMUYEHHOCTb OAHO3HAYHO OTpPEeNeJsieTCsl OTHOIIEHUeM
MarHuTHoro noJs kK temmnepatype. [Ipu maneix nonsx M ~ H; I = »H u,
cJIe0BaTebHO,

ds’ dS" = —

H
TdM

, (2.7)
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TO eCTb MarHHWTHasi BOCTIPHHMUYHMBOCTb OOPaTHO TMPOMOPIIHOHAJbHA TeMIle-
patype. [lomo6Hbie Tesa NeHCTBHUTENBHO CYIIECTBYIOT B TPHPOAE. 3aBH-
cuMoCTbh THma (2.7) Oblia BrepBble ycTaHoBJeHa Kiopu, mostomy dhopmy-
Ja (2.7) HocUT Ha3BaHHe 3aKOHa Kropw.

Tena, MarHuTHBIE CBOHCTBA KOTODPHIX ompexessitores dopmynaamu (2.6)
u (2.7), Ha3bIBAIOTCSl HOea/bHBIMM IapaMarHeTHkamu. Pasymeercs, 3TH
GopmyJibl IeHCTBUTENbHBI AaJieKO He Bcerga. [Ipu BHUMAaTesbHOM HcCeno-
BaHWH OKas3bIBaeTCs, UTO JaxKe JIJs1 TeJ, CBOUCTBA KOTOPHIX, MO-BUIHMOMY,
ONpeNeNII0TCS YKa3aHHBIMU COOTHOIIEHUSIMH, TMOCJeIHHE BbITOJHSAIOTCS
JIUIIb TPUOJU3UTENBHO, U CBOHCTBA MeaJJbHbIX MapaMarHeTHKOB IPUMEPHO
TaK K€ OTHOCSITCS K CBOHCTBAM peaJsibHbIX BellleCTB, KAK CBOHCTBA Healb-
HBIX Ta30B K CBOHCTBAM peasibHbIX. DTO OCOOEHHO SICHO MPOC/EKHBAETCS
MPH PacCMOTPEHMH CYUIHOCTH TMPHBEIEHHBIX BbILIE (POPMAJbHBIX MPEIIo-
SIOPECH L. ,  dU+pdV .

JedicTBuTenbHo, ecaun dS' = ———— MOJMIHBIA  IH(depeHIHall,
TO BHYTPEHHSIS 3HEPrusi W JaBJeHHe He 3aBHUCAT OT HaMarHHYeHHOCTH,
a ypaBHEHHS] COCTOSIHMSI HMEIOT BH]

U=UTV): p=pTV) M=f(7). (2.8)

[TockosbKy BHYTpPEHHsISI 9HepPrUsi He 3aBUCHUT OT HAMarHUYeHHOCTH, Hep-
rHedl B3aUMONEHCTBHS MeXKAy MAarHUTHBIMM MOMEHTAMH aTOMOB MOXKHO
npeHebpeyb.

§ 2.3. MarHeto-TepMHUYeCKMe U MarHeTO-KaJopudecKue
COOTHOLIEHUS

Kak y»xe roBopusioch, 6€3 HOMOJHUTEIbHBIX MPENNOJ0KEHUH TePMOIH-
HaMHMKa He MOXKET [IaTh BHJ ypaBHeHHH cocTosiHusg. OIHAKO OHA MOXKET
yKasaTb DsiJ| MOJE3HbIX CBSA3eH MeX1y BeJudnHaMu. [IpeMMyliecTBOM 3THX
COOTHOIIEHHUH SBJSETCS TO, YTO OHU HE CBSA3aHBI ¢ KAKUMH-JIHOO OTpaHu-
YHMBAIOUIMMHU [PEITIOJIO0KEHUSIMH.

[Ipu paccMOTpeHMH TePMOAMHAMMYECKHX SIBJEHHH LIMPOKO HCIIOJb3Y-
I0TCSI TaK Ha3bIBa€Mble TEPMOAMHAMHUYECKHE MOTeHHa b, HamoMuum omnpe-
JIeJIEHUS] HEKOTOPBIX U3 HUX IIPH OTCYTCTBUH MAarHHUTHOTO IOJIS.

Buytpennsis sueprus dU = T'dS — pdV; U = U(S,V). CpoboaHas
sueprusi F =U —TS; dF = —-Sdl' —pdV; F = F(T,V).

Tepmonnnamudeckuid noteHuuan ® = U — TS + pV; d® = —-SdT +
+ Vdp, ® = (T, p).

B npucyTcTBMM MArHMTHOTO TOJIS

dU = TdS — pdV + H dM. (2.9)

Awnanorom BesuuuHbl pV siBasietcs BenuudHa H M. B cooTBeTCTBHHY ¢ 3THM
OnpefesuM TePMOAMHAMHUYECKHH MOTEHUHAT B PUCYTCTBUH MOJS:

S=U_-TS+pV —HM; dd=—-SdT +Vdp— MdH. (2.10)

2 E.C. BopoBuk u ap.
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[lockoabky ® — ¢pyHkuus cocrosinus, a d® — noaHeldl nuddepeniuan, To

5P 5P 5P
5:—(—) ; V:(—) ; M:—<_> . 9211
T ) pr op)TH OH ) 1p @1h

[Tponuddepenumpoap cooTHoueHust (2.11), MOXKHO COCTaBHUTb ypaBHEHHUS,
CBSI3bIBaOIIME MPOU3BOAHbIE. Hanpumep,

<3_V) _i(a_‘b) (5_M> __2<‘9_‘D)
OH)p,r OH\0Op)’ op /Tty Op\oH)’

1),
0H /) pT op JTH
AHa/IOTHYHO MONYYaAIOTCS U APYTHe COOTHOLIEHHS:
()0,
0OH )pT Op JTH’
<%)TH B _(%)pﬂ; =12)

<8S) _(8M>

§ 2.4. Tenno€éMKOCTb

OTKYyJa

o\

Kak u3BecTHO, MPH OTCYTCTBHU MArHHUTHOTO TMOJSI Pa3HYalOTCs JBe
TEMJIOEMKOCTH: TEIJOEMKOCTb IPHU MOCTOSTHHOM 00béme (Cy) U Temso-
€MKOCTb IIpH nocTossHHOM AaBaeHuu (C)). Bennunna C) moutu Bcerna
6osbiie, yem Cy, MOCKOJBKY TPH HarpeBaHUH TMPH TOCTOSHHOM MABJEHHH
TEMJI0O TPAaTHUTCS He TOJbKO Ha HW3MeHeHHWe BHYTPeHHed 3Heprud Teja, HO
U Ha paboTy MPOTHUB BHEIIHUX CHUJI, AEHCTBYIOUIMX Ha TeJo. B mpucyTcTBUM
MarHMTHOTO TMOJIST BO3HHWKAeT JBa HOBBIX MapaMeTpa — MArHUTHBIH MOMEHT
Tena M u marHuTHoe noJse H. B pesynbraTe, ecyau ONbIT NPOHU3BOAUTCS,
Hanpumep, NpU TMOCTOSHHOM [AaBJEHUM, HANO Pa3/jddaTh ABa HOBBIX BHA
TEIJIOEMKOCTH.

Tenno€MKOCTh MPH MOCTOSIHHOM HAaMarHUUYMBaHHUK U TOCTOSIHHOM JaB-
JIEHUH NMaéTcs BbipakeHHeM

_ im (AQY (08
Comr = AI%IEO<AT)pM N T<8T>pM’ (2.13)

a TEIJOEMKOCTb [IpHU MMOCTOAHHOM IOJIE U IIOCTOAHHOM Od4BJIEHHHW — BbIpa-
2KEHHUEM
CHHUC . [AQ S
CpH — hm ~ — T = . (214)
AT—0\ A'l pH o1 pH

OueBupHO, uTo nepsas U3 HUX (Cppr) He OTIHMUYAeTCA OT TEMJIOEMKOCTH
MPH OTCYTCTBHH MOJIsI, MOCKOJbKY paboTa HaMarHUUMBAHHS

dA" = —H dM = 0.
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Bo BTOpOoM cJiydae yacTh TemJsa TPaTUTCS Ha pabOTy HaMarHUUHWBAHUS
(dA” # 0); coOTBETCTBEHHO COOTHOLIEHHe MexXIy TelnoéMKocTaMH Cpyy
u Cpp aHajoruuHo cooTHoweHHo Mexay Cp u Cy IpH OTCYTCTBHH
MarHUTHOTO MOJIs.

Boluncsnum pasHocth temsnoéMkoctedt Cpg U Cpps. bynem cunratsh, uto
HEe3aBUCUMbBIMU SIBJISAIOTCS NepeMeHHble p, T, H, a aHTpomnuio S npeacTaBuM
KakK caoxkuyw ¢pyukuuio: S = S|T,p, M (p,T, H)]. Torna

(57) = (57) 00 (r) 2 (57)

811 Hp N 811 pM (9]% pT 811 pH’

(8—S) = (8_5) (8—H> a coryacHo (2.12) (8—S> = (%)
Orcrona

oS aS OMN\? (0H
Cprr = Cpur = T(8T)Hp B T((?—T)pM N T(ﬁ—T>pH(8—M)pT' (2.15)

[TockosbKy (8_}1)

oM
orT

> 0, paa GospmmHeTBa Bemects Cpy — Chy > 0;

JUIIb B CJayyae ( ) = 0 umeet mecto paseHCTBO Cpy — Cppyr = 0.
pH

§ 2.5. OcoGeHHOCTU TepMOIMHAMUUYECKOTO TIOBeIeHUS
HEKOTOPbIX MarHeTUKOB

PaccMoTpuM cBOMCTBA TakK HAa3bIBAEMbIX KJACCHUECKUX AUAMAaTrHETHKOB,
y Kotopbix M = —aH, roe a = const U He 3aBUCHT OT TeMIlepaTypbl U 1aB-
JIEHHUS.

[IpupauieHvie BHyTpeHHeH 3HEPruu NMpU HAMATHUUYUBAHHUU TeJsa COCTaB-
JseT

dU'=HdM = Hd(—aH) = —aHdH = M dH = —dA". (2.16)
Orcwona, ecau dV =0 u dU = dU’, umeem
dQQ =dU +pdV — HdM = MdH — HdM = 0, (2.17)

T. €. TIPH HAMAarHHYMBAHUH KJIACCHYECKUX NHaMarHeTHKOB paboTa coBeplla-
eTCsl TEeJIOM 3a CYET BHYTPEHHEH 3Hepruu 0e3 ydacTHs BHEIIHUX HCTOUHH-
KoB TemnJa. [Ipollecc HamMarHWYUBAHUS OJHOBPEMEHHO sIBJIsleTCS W aauada-
THUECKUM, ¥ U30TEPMHUYECKUM.

B ob6iiem ciydae mocjenHee HeBepHo. Ecsin mpoliecc HaMarHUUUBaHUS
BECTHU IPU MOCTOSTHHOH TeMIlepaType, TO TMPOUCXONUT BbiAeJeHHe WJH TO-
IJIOLEHHE TeNJsa, T.e. H3MeHEHHe 3HTPOINHH, a eCJU BEeCTHU ero aauabartu-
yecKH (TPH MOCTOSTHHOH IHTPOMHH), TO U3MEHSIeTCsl TeMIepaTypa TeJa.

2*
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T
TaTb, UYTO HE3aBUCHMBIMHU SBJSIIOTCS TepeMeHHble 1, p u H, a S =

= S(p,T, H). llockosbky dS — moaHbl# anucdepeHinal, to

PaccmoTpuM annabaTHuecKUd Mpolece (dS _ 4@ _ O) . bynem cumu-

0S8 0S8 0S
s = (a—T>p dT+<ap)HTd +<8H) dH = 0. (2.18)
Hcnonbsys (2.12) u (2.14), noayuaem
oT oV oM
Con o — (WL dp + <aT) dH = 0. (2.19)
s mpoliecca npu nocTossHHOM naaBJieHuH (dp = 0)
or _ T(OM/OT)pu
(o)== o (220
Jlns KJIacCHYECKUX JHAMAarHeTHKOB (GM) =0wu (8_T) = 0. Has
oT OH Sp
nmapaMarHUTHBIX TeJI (3M> <0wm (81 ) > 0, T. e. y mnapaMarHeTHKOB
p 97 9H , T.€. y nap :

HaMarHUuuBaeMbiXx 0e3 MPUTOKA TerJa, ILOJI}KHO HaOJI01aTbCsl TIOBBILIIEHHE
TEeMIepaTypbl, a MPH pa3sMarHU4UBaHUU — €€ MOHHKEHHE.

[Tocnennuil spdheKT — NMOHUKEHUE TEMIEPATypbl NMpU anuadbaTHUECKOM
pa3MarHH4MBaHUM — HCIOJb3YyeTCsl [Jsl MOJy4YeHHUs] OueHb HU3KUX TeM-
mepatyp (1072 = 1073 K). drto sBleHHe O6ymeT MOLPOGHO pPACCMOTPEHO
B UETBEPTOU TIJiaBe.

§ 2.6. BpluncieHne MarHUTHOTO MOMEHTa TeJia

Ecau u3BecTeH TepMOAMHAMHUECKHH MoTeHUHas ® cHcTeMbl, TO Mar-
HUTHBIH MOMEHT MOXKHO BBIYHCJHUTBL 1o dopmyse (2.11). OnHako TepMoau-
HaMHKa HEeNoOCPeACTBEHHO He NAET CBeleHHH O BHIE TePMOIMHAMHUYECKOTO
noteHuuana. Iljisi ero BblUMCJAEeHUS HaAO0 MPUOETHYTb K CTAaTUCTHUYECKOH
¢busuke [44], ycraHaBauBalOlled CBSI3b MeXAY MaKPOCKONMMUECKHMH Be-
JUYMHAMH W CBOHCTBAMH OTAEJbHBIX YacTHIl, U HCIIOJb30BaTb CBOHCTBA
aTOMOB, HCCJIeJOBAHHblE HAMU B TIPENbIAYIIEH TJ1aBe.

JIJ1s1 BbISICHEHUS] YKa3aHHOM CBSI3W BOCIOJIb3yeMcsl MPHHIKMIIOM bosbll-
MaHa, COIJIaCHO KOTOPOMY BepPOSITHOCTb HAXOXKAEHUSI YaCTHILbl B COCTOSTHUH
¢ sueprueit e mpomnopunonansia e~/ (¥T) [Ipexmonoxum, 4To MPHUHIHI
bBosbliMaHa coxpaHseT CBOIO CHJIY U JJiS YaCTHIL, SHEPTHUS KOTOPbIX KBAHTY-
etcs. [IycTb uMeeTCsi COBOKYMHOCTb HEB3aUMOJIEHCTBYIOIIUX aTOMOB, 3J€K-
TPOHHbIE 000JOYKH KOTOPBIX MOT'YT HaXOAHUThCSl B COCTOSIHUSIX, XapaKTepH-
3yeMbIX KBAaHTOBBIMH UHCJIAMM j C 3Heprued £;. BepoATHOCTb cocTOAHUSA
C 3TOH 3HEprued nponoprHoHasbHa W ~ e~%/(KT) Ecnu nauHol €; OT-
BeYaeT HECKOJNbKO KBAHTOBBIX COCTOSHHMH (j, TO, OYEBHJHO, BEPOATHOCTb
COCTOSIHUSI C HEpPrued £; Takxke OymeT MPOIMOPIIMOHAJbHA U YHUCJY 3THX
coctoagHui: W; ~ gje 59/(’“T
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Ecan Mbl XOTUM oOmpenenuTb abCOMIOTHOE 3HAUYeHUEe BEPOSITHOCTH, TO
eé Hago HOPMHUPOBATH TaK, 4TOObBl CyMMa BEpPOSITHOCTEH BCeX 3HAYEHUHU
HEpPruu Obljla paBHA eqUHHIlE. DTOMY YCJOBHIO YAOBAETBOPsieT dhopMmyJa

w, — _we (2.21)
J= —e, /(KT " '
> qje™
J
Besuuuna
Z =Y ge =/ kD) (2.22)

J
Ha3bIBAETCH CTATUCTUYECKOW CYMMOU.
Bocnosbsyemcst hopmysoi (2.21) nJs BBIYHCIEHUS CPEIHEr0 3HAUEHHSI
COCTaBJISIIONIEH MarHUTHOIO MOMEHTA aTOMa, MapaJijieIbHOH MOJIO.
M3meHeHHe 3HEPrUM aToMa B MarHUTHOM I10Jie PaBHO

ey = O dH = — iy, (2.23)

rae [tjyg — COCTaBJAINAsd MAarHMTHOIO MOMEHTa aToMa B HalpaBJeHHH
MMOJISi B COCTOSIHUH C KBAHTOBBIM YHCJIOM j (j YCJOBHO €CTb COBOKYIHOCTD
KBAHTOBBIX UHCEJ, XapaKTEPHU3YIOUIUX COCTOSTHHE).

CpenHee 3HaYeHHe MAarHWUTHOTO MOMeHTa aTOMa B HalpaBJIeHWH I0Js

G,
it —ZMJHW = Z i Wi (2.24)
%qje—emm
—Z LW = 2 = kT 5 (0 Z).

J

OKoHYaTeJJbHO [10JyddeEM

0P _ 0
My = _<a_H)pT = Njig = NKT = (In Z). (2.25)
Dopmyna (2.25) siBAsieTCs OCHOBHOM B HAIlIMX MaJIbHEHIIMX BbIUHC/IE-
HUSIX TP PACCMOTPEHHWH MArHUTHBIX CBOHCTB BeEIleCTBa.
[Tonbsysice caenyromed w3 (2.25) cBszpio Mexny & u Z: & =
= —NET In Z, moxxHo 13 (2.11) mosy4yuTb 3HaYeHHE SHTPOIMMH:

orT

Hain BbiBO# He siBJsieTcsl cTporuM. B gacTHocTH, opmyna bosbiimaHna
JIMIIb B HEKOTOPBHIX MNpeAeJibHbIX CJaydasix MpPHMeHHMa K KBaHTOBaHHBIM
cuctemaM. OIHAKO OKOHYATeJbHBIH pe3yJabTaT — BbipaxkeHue (2.25) — He
MU3MeHsieTCsl TIPH TOYHOM BbIBOMe. B OOJBbIIMHCTBE HYXKHbIX HAM MPUJOXKe-
HUK dopmysna bosnbliMaHa cnpaBensivBa, U MOXKHO T0JIb30BAThCS BbIparke-
HueM (2.22) nJsi CTaTUCTHUECKOH CYMMBI.

_ (92 _ a0
S = ( )pH_NkaT(TInZ). (2.26)
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JKCIIEPUMEHTAJIBHBIE METO/bI
HCCJEJOBAHUA MATHUTHOH
BOCIIPUNMMYHNBOCTH

§ 3.1. McTOUYHMKM MAarHUTHOTO MOJIS

OILHI/IM M3 CAMbIX HIHUPOKO paCHpOCTpaHéHHbIX HCTOYHHUKOB MATHUTHOI'O
[10JId ABJAETCA COJIEHOHUL. B OﬂHOCﬂOﬁHOM H JOCTATOYHO AJIMHHOM COJIEHO-
nujae I1oJqie OJHOPOAHO M CBA3AHO C CHJIOH TOKa B 0OMOTKE COOTHOILIEHHEM

H = 0,474@', (3.1)

rie | — pauHa cojieHoMga B c¢M; N — YHMCJIO BHTKOB, ¢ — TOK B A.
bosee TouHas Qopmyna s MoJas Ha OCU COJIEHOMIA, YUYUTHIBAIOIIASl €ro
KOHEUHYIO JIMHY U TOJIIHUHY OOMOTKH, CYIIECTBEHHO CJIOXKHEE:

B N |l/24x , b+sy 1/2—x . b+
H—O,47Tl Z[Q(b—a) 1na+81 20— a) lna+r1]. (3.2)
31ecb T — pacCTOsIHHE TI0 OCH OT CepeluHbl coJeHouaa; 2a W 20 —

BHYTPEHHUH W HapYyXKHBbIH AUaMeTpPbl OOMOTKU COJIEHOWIA COOTBETCTBEHHO

(puc. 3.1);

9 9 l : 9 _ 9 l :
si=a +(§—I—x); rL=a +(§—x>;

2 2
s%:bQJr(éan) ; r§:b2+<é—az) :
[lone cosmeHounpa cnagaet K kKpasMm. B Tex caydasax, kKorma HeoOXOAUMO
YIJIMHUTb 00JIaCThb OMHOPOAHOTO TMOJIsi, Ha Kpas COJieHOWJIa HaMaTbIBAaIOT
IOTOJTHUTEIbHBIe 0OMOTKH (Ha puc. 3.1 OHH MOKa3aHbl MyHKTHPOM).
bes cnenuanbHbiXx Mep OXJa)KIeHHS B COJNEHOMOAX YHAETCS TMOJydaTh
nojsg 200 = 400 2. B cojeHougax C BOASHBIM OXJaxKAeHHeM OOBIYHO
MOJMy4alT TMOJS A0 HECKOJbKUX Thicad 3pcTen. [lpu masnbpHeliieMm yBe-
JUYEHHUH TIOJISI 3aTPaThl SHEPTHMH CTAHOBSITCS CTOJb BEJHKH, YTO IOJIS
BBIIIIE HECKOJbKHX THICSIU 3PCTE/ BHITOAHEE MOJNydaTh APYTHM CIOCOOOM —
B 3JIEKTPOMAarHuTax.
CxeMa OfHOU U3 KOHCTPYKIUMH 3JEKTpOMarHuTa MokKasaHa Ha puc. 3.2.
OCHOBOH 3JIEKTPOMAarHuTa SIBJASIOTCS JKeJe3HOe SIPMO M CepleuyHHKH, Ha
KOTOpble ONeThl KaTYyIIKH, co3natlire mnoJe. Posb xXKesne3HOTO cepledyHHuKa
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XA
I
et | I i
L :
Egi % y - /\ ; —
5
2b 3
[ r
Puc. 3.1. CoJsienoun Puc. 3.2. Cxema 3JileKTpOMarHu-

Ta: I — oOMOTKH; 2 — CepHeuHHU-
KH; 3 — SIpPMO

B 3JIEKTPOMArHUTE SCHA W3 CJAENYIOUUX PacCyXKJIeHUH: MarHUTHasi BOCIPH-
UMUHUBOCTD KeJie3a BeCbMa BeJIMKa, M03TOMY A0CTAaTOYHO OYeHb HeOOJIbILINX
noJsiedl AJis TOro, 4ToObl CO31aTh B HEM HHAYKIHIO Bpe 10 10* 3.

B cusy ycJoBUSI HeNpepbiBHOCTH HOPMaJibHOH COCTaBJsiIOLIEH HHIYK-
IIMW, B BO3IYIIIHOM 3a30pe OHa OyleT TaKOH ke, Kak U B xkeJse3e. B Bozayxe
By = H;. Takum o6pa3om, B BO3AYIIHOM 3a30pe AOCTHUTAEeTCsl MOJE B Thi-
csiud spcTen. McTOYHHUKOM MoJisS B 3J€KTPOMArHuTe, Kak U B COJIEHOHW]E,
SIBJISIETCSI MATHUTHOE T0JIe TOKA B KaTYIIKAX; BEJWUYHNHA M0J51 ONpefensieTcs
MHTErpaibHbIM cOOTHOlIeHHeM MakcBedana:

4 1 . 4 ..
§Mﬂ—?jhﬁ—?NL (3.3)

OpHako M3-3a HaJu4us KeJje3a ToJe Ha OoJblied 4YacTH [p. KOHTYypa
UHTETPUPOBAHUST CUJIbBHO OCJIabJIeHO U

%m&gﬂﬁ. (3.4)

Ecau [, menbiiie pazmepa katyiiek (2lx), TO Mbl MONydaeM yCHJAEHHE TOJIS
M0 CPaBHEHHIO C MoJjeM Hy, KOTOpoe MOXKHO CO3[aTh B TeX Ke KaTyLIKax
0e3 xkeJsesa.

Ecnu ¢ BblpaxkaTh B ammepax, TO MoJie, CO3JaHHOe KaTylIKaMH B BO3-
NYITHOM 3a30pe 3JIeKTPOMarHurta, naétcs hopmysnou

47 N .
HB ~/ m E 2. (35)
[Tosie B Tex ke KaTyliKax 0e3 xkeJje3a
47 . N .
<= 10 b (3.6)
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rne kK — Ko3pPUUHEHT, 3aBUCAILUN OT GopMmbl KaTyuiek. OH MOXeT ObITb
BeIYHC/IeH 1o (opmyse (3.2). B mpakTuyecku BaxHbIX caydasx 0,6 < k <
< 0,8. Takum 06pa3oM, MaKCHMaJbHO BO3MOXHbBIH BBIUTPBIII B BEJUUHHE
noJisi coctapasier Hy/Hy ~ 21, /(kly) .

dopmysa (3.5) crnpaBeasyMBa A0 TeX IOP, MOKa MOJie B KeJe3e HHU-
YTOXKHO MaJjio M0 CPaBHEHHIO C MOJieM B BO3AYIIHOM 3a3ope. MarHuTHas
BOCTIPUUMYHUBOCTD 2KeJjie3a OBICTPO YMEeHbIIaeTcsl MpU HHAYKUUSIX B >
> 10000 I'c. l1s moBbIIIeHHST MAaKCUMaJbHOTO TOJIs1 B 3230pe HAKOHEYHHKH
3JeKTPOMAarHuTa AejalT KOHUUecKHUMH. Biaronapsi Takodl dopmMe HakoHedY-
HUKOB HHAYKIMS B OO0JbIIeH YacTH ceplieuHUKa COXPaHseTCsl HAa ypPOBHe
B < 10000 I'c u ynaércsa mo4yTH B MOJHOH Mepe COXPAHUTb MOJyYEHHOE OT
HCTIO/Ib30BAHUA JKeJle3a IPeuMyIlecTBO BIJIOTh A0 nojei (15 + 20) - 10° 3.
[IpaBna, mpu 3ToM 06BEM Kese3a CyIIeCTBEHHO yBEJWYHUBAETCSl MO CPaB-
HEeHHIO ¢ 0OBbEMOM, B KOTOPOM CO3/IAETCS MOJe.

[lpu noasax suime 20 - 10° D MHAYKIMS B 3a30pe CTAHOBHTCS OOJbIIe
MHAYKIIUK HACBIIEHUS, 4TO MPUBOAUT K OBICTPOMY POCTYy MOTPebsieMoH
MOIIIHOCTH W CHHUIKEHHIO BBIMTPHIIIA, MMOJyUaeMoro 3a CYeT xkesesa. B pe-
3y/ibTaTe B OOJIbLIIMHCTBE MOIIHBIX MAarHUTOB, NMPHUMEHsSIEMbIX B JabopaTo-
pUSIX, MAKCHMaJbHble M0Js1 cocTaBgsiioT ~30000 2.

[Tono6GHble MarHUTBHl UMEIOT CJAEeAYIOLIHe THIHYHblE XapaKTEPUCTHKHU:
npu Bece apma 1 T u 3a3ope [, = 2 cM B 06béMe V = 50 cm® mosyuatores
noJisi 20000 D npu momiHocTH 1,5 KBt 1 28 000 2 npu momHocTH 8 KBT.

B maruute ®paHily3ckod akaaeMuu HayK B [lapuxke OblJio mosydeHo
nose B 70000 2. Bec sdpma 3Toro marHuta ~8 T, a MoJe yKa3aHHOU
BeJIMUMHbI CO3/aBajoch B 00béMe V = 15 em®

Jlns mone#t Boiie 40000 D npeumyliiecTBO, BO3HHKAOIlEe MPU UCITOMb-
30BaHHUH XKeJse3a, HE3HAUNTEJbHO W MPUXOAUTCS OMSITh BO3BPAIAThCS K CO-
JeHougaMm. MoIIHOCTb, KOTOPYIO HEOOXOAHMMO 3aTPaTHTb AJS MOJydeHHS
B COJIEHOHM/JE TIOJISl ONPENENEHHON BEJUUYUHBI, NAETCS (OPMYJIOH

2
W= AP (3.7)
n

3necs W — n1xoyJ/eBO Telo, BblAeJsolleecss B 0OMOTKe cosieHouzaa, Br;
p — yHeJbHOe comnpoTuBaeHHe, OM/cM; @ — BHYTPEHHHH DaiMyC COJIEHO-
uaa, cM; 7 — Ko3(puuUeHT 3amnosnHeHUs oO6MOTKH; A — Oe3pasMepHBIH
KO3(D(PHUIHMEHT, 3aBUCSIIMH OT KOHCTPYKLUMH KaTYLWKH (OTHOLIEHWH ([ =
=[(2a) u a = b/a; cm. puc. 3.1).

JlJ1s mpakTHYeCKU UHTEepPeCHbIX caydaeB =2+ 8, a =3 + 6, a BeJu-
yuHa A = 36 + 40.

Pacuét mo ¢opmyse (3.7) mokasbiBaeT, 4To Nnpu a = 1 ¢M AJ1s1 CO3MaHuUs
nmonss H = 10° 3 tpebyerca momuocts 10° kBr, a mpu H = 3-10° 3
W = 10" kBr.

B 1939 r. butrtepy ynanoch npeonoJieTb TPYAHOCTH, CBSI3aHHbIE C OXJa-
KJIeHHeM Katymek [175], u monyuutb nose B 10° D B 06béMe, HMeOIIEM
nuameTp 3 cM ¥ gauHy 10 cMm, npu 3atpate mouiHocTH B 1700 kBT, C Tex
Mop MOCTPOEHO HECKOJbKO TaKHMX ycTaHoBoK. Hampumep, MexnyHaponHas




3.1. Hcmounuxku maeHumm1o2o nois 41

JJaOOpaToOpHsl CHJIbHBIX MAarHUTHBIX noJied (r. I'peHoGJsib, PpaHLKs) HUMeeT
3JIEKTPOMAarHuT, B KotopoM pocturaetcs noJse B 200000 3. OnHako u3-3a
O0J/bIINX BeJUYHH HEOOXOAHMMbBIX MOILIHOCTEH MOA0OHbIE YCTAHOBKH 0 CHX
MOp MaJio pacrnpoCTPaHEHBHI.

JloCTaTOUHO MepCNeKTUBHBIM SIBJASIETCS MOJydeHHe OOJbIINX MarHuT-
HBIX TIOJIeH B KaTylLIKaxX, OXJa)KAEHHbIX N0 BecbMa HH3KHX TeMIepaTyp.
Tak, ynesnbHOoe CONPOTHBJEHHE UHWCTOM MeNU MNpU TeMmIlepaType KHUIEHHUS
xuakoro Bopopona (1" = 20,4 K) B 1000 pas meHblie, ueM IIpH KOMHATHOH;
coorBeTcTBeHHO B 1000 pas yMeHbIIaeTCsi U MOIIHOCTb, BbIAEJSIONIASCS
B Katyuike. [Togo6HbIM 06paszom B 1957 r. 6biiu nosyueHsl noJsi ~70000 D
C MPOLOJKHUTENbHOCTbIO CYIIECTBOBAaHHUS B HecKosabko MHHYT [209]. On-
HaKO NOCTHIHYTO€ Ha JAHHBIH MOMEHT MO 3TOMY NyTH IMPEUMYILECTBO B
3aTpaTe 3HEPruyh HeBeJUKO H3-3a MaJjoro KIIJ[ mamuH a8 oXuxKeHHS
BOJIOPOJA.

B mocsenHee Bpemsi MarHUTHbIe MOJSI BCE 4Yallle CTaparoTCs MOJAydaThb
C MOMOIUIbIO COJNIEHOWJIOB U3 CBEPXIPOBOJHUKOB.

[Ipu u3roToB/JEHUU COJIEHOWA M3 CBEPXIPOBOAHHKA 3aTpPaThl IHEPTHUU
Ha Mo Jiep:KaHue M0Jis PaBHbI HYJIO, TaK KaK JXKOYJeBbl IOTEPU OTCYTCTBY-
10T. OnHaKO CBEPXMPOBOAMMOCTb paspyliaeTcs MPU MPEBbIILIEHUU HEKOTOPO-
ro sHaueHus Hypyr MarHUTHOIO I0JIs1, Ha3bIBAEMOTO KPHUTHYECKHUM Hypyr.
[IpumeHeHUe CONEHOWIOB M3 CBEPXIPOBOJHUKOB [0 MOCJAENHETO BpPEeMeHH
OTPaHUYHMBAJIOCh MaJbIMH 3HAUEHHUSIMU KPUTHUYECKHX TOJIeH; HAIIpUMeD, TpH
4 Ky cBuHUA Hypyr =570 3, y HHOOUA Hypur ~ 2000 2.

Ha ceronHsiliHU# [eHb HaWleH psif CIJABOB W COENUHEHHH C Cy-
lIIeCTBEHHO OOJbIIMUMH KPUTHUECKHMHU MoJasiMH. Ha mnpakTuke Haubosee
LIUPOKO NpUuMeHstoTes cnjaB Nb—Zr u coennHenue NbsSn. M3 Hux wusro-
TaBJMBAIOTCSI COJIEHOMAbI, Aatiue noas o 120 kD [36]. [IpensrcTBueM
K IIHPOKOMY PaclpOCTPAHEHHIO 3TUX COJIEHOUJOB SIBJSIETCS BbICOKAs IeHa
MaTepuaJa.

Takum 006pa3om, NOCTHUTHYTBHIM B HacToslee BpeMsi Mpeaes BeJHYHHbI
CTallMOHAPHBIX MaTHUTHBIX TMoJel cocTasaseT ~ 100000 2.

B 1924 r. Kanuna [125] ykasasa, 4To ecJM cO3laBaTb MarHUTHbIE
MoJisi B TeueHUe KOPOTKOTO TMPOMeXYTKa BpPEMEHM, TO OaxKe MpPH OYeHb
O0JIbILION MOIIHOCTH o0Olllas BeJIMYKWHA 3HEPruM, BbiAessiollelcs B Ka-
TyUIKe B BHIE [2KOYJeBa TelJa, OKAaXKeTCsl HeBeJHKa W TeMJOEMKOCTH
KaTylKd OyleT AOCTAaTOUYHO MAJis TOro, 4yToObl €€ Temmepatypa 3a BpeMms
UMITy/1bCa He MPeBbICUJIA NOMYCTUMOro mnpefena. [Ipy TakoM WUMIyJbCHOM
peXXuMe OCHOBHAsl YacTb SHEPTHH UCTOUHHKA MEPEXOAUT HEeMoCPeACTBEHHO
B SHEPTUI0 MaTHUTHOTO T0JisI B 00béMe KaTyIlKU. [Ipy mpono/KuTebHOCTH
umnynbca 7 ~ 1072 ¢ Kamuue ypanoch moayuuTh mnosis go 3 - 10° 3.
OcHOBHBIMM TIpOOJIeMaMH TPH MOJYUYEHHH CTOJb MOIIHBIX HMITYJbCHBIX
MarHUTHBIX MOJIeH SIBJASIOTCS CO3[laHWe UCTOUHUKOB SHEPruH, 00Janaroliinx
NOCTAaTOYHBbIM 3aMacOM 3HEPrHU U CHOCOOHOCTBIO OTHABATb €€ B KOPOTKOE
BpeMsi, U KOHCTPYHUPOBaHHEe KaTYILIKH, CIMOCOOHOH BbIAEpkKaTb MexaHHYe-
CKHe HarmpsiKeHHsl, KOTOpble BO3HHKAIOT B HeH B CTOJIb MOIIHBIX TOJSX.
Kanuia npuMeHsis TPpU UCTOYHMKA HEPTHH: KOHJAEHCATOPBI, CIEelHaJbHO
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CKOHCTPYHPOBaHHbIE AKKYMYJSITOPbl M AWHaMoMaliMHy. Mwm 6biio ycra-
HOBJIEHO, UTO HauOoJiee YAAUHBIM HCTOYHHKOM 3HEPTHH MAJS MMITYJbCOB
MPOAO/IKHTeNbHOCTbI0 1072 ¢ ABAAITCA AMHAMOMAIUHMHBI CO CIelHaJb-
HO CKOHCTPYHPOBAaHHOH OOMOTKOH C MaJIbiM BHYTPEHHHUM COMPOTHBJIEHHEM
(Tak HasbiBaeMbl¥ yAapHbIH TeHepaTop). SIKOpb ymapHOro reHepaTtopa Mpu
Pa30MKHYTOH 1leMH PacKpPy4YHBaeTCsl MOTOPOM H IO JOCTHXKEHHH HYXKHOTO
gucsaa 060POTOB 3aMblKaeTcss Ha KaTywikKy. [IpH 3aMbIKaHHM LENH POTOP
pe3ko TOPMO3UT U ~ 10% ero KMHETHYECKOH HEPTHH HCIOJb3yeTcs AJs
CO3/1aHHS TOJIST B KaTYIIKE.

B nocnentee BpeMs B KauecTBe MCTOYHHKA SHEPrHH dallle BCETO TPH-
MeHSI0T KOHIEHCATOPHl. Y2Ke yAan0ch MoayuHTh nose ~ 10° D B ummysbce
IPOJOMAKHUTENBHOCTBIO T ~ 107° ¢ [196].

CJieflyeT OTMETHTb, UTO W IO OTHOILIEHHIO K HUMIYJbCHBIM TOJISIM OXJia-
XKJEHHEe IO HU3KHMX TeMIepaTyp HaéT CyllecTBeHHble npeumyliectna. [Ipu
HU3KHX TeMIlepaTypax BO3PaCTalOT MPOYHOCTb YMUCTBIX METAJIJIOB U OTHO-
lIIeHHe ¢/p UX TEeMNOEMKOCTH K YAeJbHOMY COMpOTHBJeHHIO. Poct Besu-
uunbl ¢/p (mas aucrot menu c¢/p npu 20 K B 30 pas Gosblie, yem mpu
300 K) mosBosisieT yBeJMUUTh AJUTENbHOCTh HUMITyJbca. TakuM 06pa3om
ObIIM TIOJNIyYeHBbl TIOJISI B HECKOJBKO COT KHJIOIPCTEN C AJUTEJbHOCTHIO
MUMIYJIbCa B HECKOJIBKO MECSTHIX CEKYHJbl B KaTYLIKaX H3 MPOCTOH MeIHOH
MpoBoJIOKH [99].

§ 3.2. MakpockonuyecKkue XapaKTepUCTUKU MAarHUTHbIX
CBOMCTB BellleCTBa M OCHOBHbI€ MeTOAbl UX U3MePEHUSs

HpI/I HU3YUE€HHH MATHHUTHBIX CBOMCTB TeJa B CTAOHMOHAPHbBIX MATHHUTHBIX
[NOJISAX 3add4a4 CBOOHUTCA K OIpeAeJIEHHIO €ro MArHUTHOIO MOMEHTA WU 34BU-
CHUMOCTH IIOCJIEAHETO OT BEJHUYHHbBI MATHUTHOTO I10Jid, TEMIIEPATYPbI U T. A.

HpI/I 3d0AdHHBIX BHEIIHHUX IdpaMETpax CJAeAyeT OIpeacJiuTb BHI

(DYHKIIHUH
rne I — MarHuTHBIE MOMEHT efMHMUB 0O0béMa. B H30TpomHOM ciyuae
I || H, mosToMy MOXKHO, OmycKasi 3HaKH BEKTOpa, 3aMHCaTh

I = »H. (3.9)

KoaduiimeHT s HasbiBaeTcsds 0OBEMHOM MarHUTHOH BOCHPUHUMUYUBOCTbIO
UJIM MPOCTO MATHUTHOM BOCHPUHMMUYHUBOCTBIO; B OOILEM CJydae i SIBJSETCS
¢byHKUMel noJsi. B kauecTBe npuMepa Ha puc. 3.3 MpUBeeHa 3aBUCHMOCTD
»x = f(H) nas deppomardeTnkoB. COOTHOIIEHHE MEXAY MAKPOCKOMHYe-
CKHUMH BeJIMYWHAMU, XAPAKTEPHUIYIOUIUMH COCTOSSHUE U30TPOMHOTO TeJa,

MMeeT B[
B=H+4rl = (1 +4nx)H = uH, (3.10)

rie B — WHAYKLMS, ONpeessiollasi CPeIHIO BeJUUYMHY CHJ, HeHCTBY-
IOLIMX Ha MBHXKYIIMHCA B HaMarHW4eHHOM Teje 3apsif;, u = 1+ 4mwx —
MarHuTHass npoHuiaeMoctb. (B anuszorponHom caydae dopmyay (3.10)
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Puc. 3.3. 3aBUCUMOCTb MarHUTHOH BOCIPUHMUYMBOCTH (DeppOMAarHeTHKa OT MOJIs

HaJ0 NMUCATb B BEKTOPHOM BHJE, a BEJHUYHHBI (4 U ¢ — TEH30pPbl BTOPOrO
paHra).
B abcosoTHOM cUcTeMe eluHHIl pasMepHOCTH B, H u I ONUHAKOBHI:

[B) = [H] =[] = [M'2L~%¢71), (3.11)

a » u 4 6e3pasmepHbl. ONHAKO €TUHUIBI U3MEPEHUST HOCAT pPa3JHlyHble Ha-
uMeHOBaHuUs: H usmepsietcs B apctenax, B u I — B rayccax. Kak usBecTHo,
CHUCTEMa eUHHIl, B KOTOpou B, H u I OblJu BbIpaXKeHbl BhIllI€, HA3bIBAETCS
cuctemor CGSM. Mul Kak npaBu/io OyneM MoJib30BaThCsl TaK Ha3biBaeMOU
CUMMETPUYHOW IayCCOBOU CHUCTEMOM €NWHHUIl, B KOTOPOW MArHUTHBLIE BEJIU-
yuHbl Bbipaxkatotceas B CGSM, a snektpudeckue — B CGSE. Otknonenus
(KaK B HayaJjie 3TOH TJIaBbl) OYAYT KaxKIblH pa3 OTAEJbHO OrOBAapPHUBAThCS.
Tenepb B ypaBHeHMSIX, CBSI3BIBAIOUINX 3JEKTPHUECKHE U MarHUTHbIE BeJH-
YUHBI, MOSIBUTCS 3JEKTPOAMHAMHYECKasi MOCTOsIHHAsA — CKOPOCTb € CBeTa
B BakyyMe. Hanpumep, 3aK0H 3/IeKTPOMArHUTHOM UHAYKIHWU TPUMET BUJL

1 dP

c dt’

B HacTosilee BpeMs MeXAYHapOAHbIM COIVIAllleHWeM MPHUHSITA elUHasi CH-
crema enuuun, CH. B He#t, Hapsiny ¢ maccoit M, navHo#t L W BpeMmeHeM ft,
B UMCJIO OCHOBHBIX BEJUUMH BXOAMT cusa Toka ¢. B CHU unaykuus B usme-
psieTcsl B eIMHMIIAX, HOCSIIMX HasBaHHWe Tecaa (1 T = 10% ['c), a MaruuTHOE
moJie ¥ HaMarHU4eHHOCTb — B ammnepax Ha metp (1 A/m = 1/79,5775 ).
Takum obOpazom, B 3TOM cUCTeMe eHHUI[ Pa3MEPHOCTH MArHUTHOW WUHIYK-
[IMM U MArHUTHOTO IOJISI HEe OJHUHAKOBHI:

[B] = [Mt~%~Y; [H] = [L~Y].
B pesysbTaTe NpPUXOAUTCS BBECTH He UMelollee (PU3UUYECKOr0 CMbIC/A MO-
HITUE MAarHUTHOM TPOHHUIIAEMOCTH BaKyyMa — (4. DeJuduHa [y UMeeT
pa3MepHOCTb

(o] = [LMt%i™7]
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U U3MEPAETCA B €MHMHHUIAX T€HPHU HA METP:
po = 4m - 1077 T/m = 1,256 637 - 107 T /m.

YpaBHeHUSs1, CBSA3bIBAIOIIME UHAYKIMIO U TI0Jie, B 3TOM CJydae npuobdpe-
TalT BUJ

B = popH = 1,256637 - 1074 H = 1,256 637 - 107°(H + 4rx1).

BenuuuHa i, = fio/4 HOCUT Ha3BaHHWe aOCOJIOTHOM MarHUTHOU MpoHUIlae-
MOCTH, a BeJHYHWHA [, coBmagawiuas ¢ u B Gopmysae (3.10), HasbiBaeTcs
OTHOCUTEJIbHOU MAarHUTHOM MPOHHUIIAEMOCTHIO.

B ypaBHeHHUSs, OMUCBHIBAWOIINE 3JeKTPUUECKHE BEJWYHHbBI, BOHAET AU-
3JIeKTpUUecKasi MPOHUIIAEMOCTb BaKyyMa £y. B pe3ysibTaTe U3 ypaBHEHUH
3JIEKTPOMArHUTHOTO TOJIS B HEKOTOPHIX CJydasiX BBIMAJET CKOPOCTb CBETa
C, OOHAKO B HUX BOUAYT JBe HOBble KOHCTAHTHI, Ly H £), HE HMeIOIIUe
(br3U4ECKOro CMBICJA.

Takum obpasom, cuctema CHU B mpuMeHEHUM K YUEHUIO O MarHeTU3Me
UMeeT psifl HENOCTATKOB MO CPABHEHUIO C CUMMETPHUYHOH rayCCOBOM CHCTe-
MOH, U Mbl OTPAHHUUMCS] YKa3aHHeM CBsi3H BeJuuuH B cucteMme CH ¢ rayce-
COBOH, KOTOPO#H MOJIb3YIOTCS B MOAABJSIONIEM OOJbIIHNHCTBE MOHOTPA(UH.

B nmnpakThke u3MepeHUH, KPOMe OCHOBHOIO TMOHSITUS Oe3pasMepHOU
BEJIMUMHbl MArHUTHOW BOCIPHUUMYHUBOCTH €NWHHUIbl 00BbEMA, MOJb3YHOTCS
U HECKOJIbKO HW3MEeHEHHBIMH MOHSTHSIMH.,

[TockosbKy omnpeneanTb ¢ OOJbLIOW TOUHOCTBIO Maccy TeJsa Jierye, yem
00BbEM, pe3ysbTaThl H3MEPEHHH 4acTO BbIPaXKaloT He B BHJe 0ObEMHOH (),
a B BHJe MaccoBOH (s,) BOCIPMHMYHBOCTH:

»”, = ;%, (3.12)

re p — IJIOTHOCTb BeleCTBaA.

[Ipy cpaBHeHMM MArHUTHBIX CBOHCTB PasHBIX TeJl 11e/1ec000pas3HO CpaB-
HHBaTb MAaTrHUTHblE MOMEHTBI, TMPUXOAsIlIHMecss Ha 1 r-MoJb BelllecTBa.
CoOTBETCTBEHHO BBOASIT MOJISIPHYIO BOCIIPUHMYHBOCTD:

My = My = %% = V., 7, (3.13)

TIe m — MOJIeKYAsipHbIH Bec; Vi, — MOJISIpHBIA 00BEM.
[lo 3HaueHUsM s BelllecTBA MOXKHO Pa3fie/MTh HA TPU TPYIIIbL:

I II II1
x <0 x>0 x>0
PSS! 2| < 1 3| > 1
(mMaMarHeTHKH ) (mapamMarHeTHKH) (beppoMarHeTHKH )

KoneuHo, mnopoOHasi XapaKTepUCTHKA TOJIBKO MO 3HAKy W abCOJNIOTHOU
BeJIMUMHE BOCIPUHMMUYMBOCTU Ipy0a; OHA He YKa3biBaeT Ha (PU3UUECKYIO
CYILILHOCTb SIBJIEHHH.
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C TOYKU 3peHHs U3MEpPUTEJbHOW TEXHHUKH BellleCTBAa MOXKHO elllé 6oJee
rpy6o pasiesdTbh Ha JBa KJjacca: cJaGOMarHUTHbIE, Yy KOTOPHIX |x| < 1,
M BelecTBa ¢ 00JbIIeH BOCIPUUMUIUBOCTbIO — 3¢ > 1.

[Ipu wnccnenmoBaHuM MepBOM TPYIIbl BEIIECTB OCHOBHOH TPYAHOCTbIO
SIBJIETCS U3MepeHHe MaJod BeJHYMHBl MAarHUTHOTO MoMeHTa. [louTu Bce
METO/lbl, IPUMeHsieMble IJisl U3ydeHHsl CBOUCTB ¢J1abOMarHUTHBIX TeJl, OCHO-
BaHBl Ha U3MEPEHUH CUJbI, TEHCTBYOIEH HA TeJI0 B HEOMHOPOIHOM MarHUT-
HoM moJie (cM. § 3.3). Ilpu GosblIol BOCTIPUHMYUBOCTH MarHUTHBIH MOMEHT
TeJla JO0CTATOYHO BEJIUK U €r0 MOXKHO H3Me-
puTh GoJiee TpyObIMU MeTomaMmu. Jlyis 3TOro + + + + +
UCMOJb3YIOT WU SIBJEHHE 3JEKTPOMArHUT-
HOH HWHAYKUMH (6aJJTUCTHUECKHH MeTofn),
UM B3aUMOJEHCTBHE MArHWUTHOrO MOMEHTa
TeJa ¢ MarHUTHOHM CTPEJIKOH (MarHUTOMeT- gy I H
pUYECKUH MeTOf).

[Ipu nccienoBaHuU CBOUCTB Tes ¢ O0Jb-
IIOW BOCIPUHMMYHUBOCTBIO OCHOBHOM TPYIHO-
CTbIO SIBJISIETCS ONpeJesieHue UCTHHHOH Be-
JIMYUHBI TOJsI, AeUCTBYIOILETO HA Teso. JTa
TPYAHOCTDb BBI3BAHA TeM, 4TO NMpH Gosbuiofi ~ DHC. 3.4, CXema BO3HHKHO-
HaMarHMY4eHHOCTH M OFPAHMUYEHHBIX pasme- ~ Doridf  PaSMarHMHUBAIOLIETO
pax TeJjia Ha Hero, KpoMme IMoJisi, CO3JaHHOTO ros
BHEIIHUM HCTOYHUKOM, OKA3blBaeT BJIMSIHHE T0JIe, CO3JaHHOE TOBEPXHOCT-
HbIMM MarHUTHBIMH 3apsilaMH Ha rpaHule Tesa (puc. 3.4).

O6o3HauuMm 4yepes H, moJsie, cO3MaHHOE BHEIIHUMH HCTOYHHUKAMH, a
yepes H_, — cO3IaHHOe MOBEPXHOCTHbBIMU MArHUTHBIMH 3apsilaMd Ha rpa-
Huile Tesa. JleficTBywllee HA TeJO CYMMapHOe T0Je PaBHO

H=H.,+H_. (3.14)

[Tone, co3naHHOe MOBEPXHOCTHBIMH 3apsilaMH, TeM OoJibllie, 4yeM OoJiblie
HaMarHUUYEeHHOCTb TeJia, U HalpaBJeHO MPOTHUB BEKTOpa €ro MarHUTHOTO
MomeHTa (puc. 3.4). [ToaToMy MOXKHO HamucaThb

H_ = NI (3.15)

dopmyna (3.15) cTporo crpaBensuBa JHIIL B CJaydae, KOTAA TeJO HMe-
eT (GopMy 3JJUICOMAA BpalleHus. Torma pasmarHuduBawoliee none H
OZLHOPOIHO MO BCceMy ero o0béMy, a BeanduHa N, HasbiBaeMasi pa3MarHu-
YUBAIOMIUM (PaKTOPOM, 3aBUCHUT TOJbKO OT OTHOLIEHHS OCEH 3JJIHUICOUAA.
[nst Ten, ¢opma KOTOPBIX OTJAHWYAETCS OT 3JJAUICOMIA BpallleHUs, pa3Mmar-
HUUMBAaIIllee nose H_, HEONHOPOAHO WU HEJUHEHHO 3aBUCHT OT BEJMUMHBI
HaMarHW4eHHOCTH; TIO3TOMY JJisl HUX, CTPOTO I'OBOPS, HEJIb3s M0Jb30BAThCS
dopmysont (3.15). HecmoTpss Ha 3TO, Ha TMpakTHKe €€ MOXKHO C J0CTa-
TOUYHOH TOYHOCTBIO MPUMEHSITh AJs pacyéra MoJjsi B LEHTPaJbHOU YacTH
UJIHHApHYecKoro obpasia. [Ipu aTom, oqHaKO, HEOOXOAUMO TTOMHHTD, YTO
BeqndynHa N [/ IWJIHHApPA 3aBHCHT HE TOJNbKO OT (POPMbl, HO U OT
MarHUTHOM BOCIIPUMMUYHMBOCTH ¢ 00paslia.
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B ta6s. 3.1 nmpuBeneHbl 3HaYeHHs pa3MarHW4MBalollero (axkrtopa mAJs
BBITSIHYTHIX 3JIJIUIICOUAOB W LIUJIHUHIPOB.

Tabnuua 3.1
N
?fiﬁiﬁ?fgyﬂ(%fl DJLITAIICOU]L Hauinp
[ = 00 ©w =100
0 47 =12,58 47 4T
1 4,19 3,39 3,39
2 2,18 1,76 1,76
5 0,701 0,503 0,5
10 0,255 0,216 0,2
20 0,0848 0,0755 0,05
50 0,0181 0,0162 0,006
100 0,0054 0,0045 —
500 0,00030 0,00018 —
1000 0,000 082 0,000 045 —

BivsiHve pasMarHUuMBalolllero mMoJs MpU UCCAeqOBaHUH CBOUCTB ¢ep-
POMAarHWTHBIX MaTepHaJoB ¢ 0O0JbIIOH BOCIPUMMUUBOCTBIO BECbMa BEJIHKO.
B camom neJe,

H=H,— NI=H,— NxH, (3.16)

OTKyJa |
H,. 3.17

Jaa xenesa » = 1000; takum obOpasom, naxe aas k = 100 BennunHa
xIN = 5 ¥ UCTHHHOE MoJie, AeHUCTBYIOIlee Ha (heppOMArHeTHK, B IIeCTh pas
OTJIMYAeTCsl OT BHEILIHETO.

Mertonbl Hcc/e0BaHHS CBOMCTB TeJ, 00JiaflaloliuX OOJbIION BOCIPH-
UMUYMBOCTBIO, & TaKXKe CIOCOObl MCKJIOUEeHHS] BJAUSHUS UX (PopMbl OyAyT
paccMmoTpeHbl B § 3.4.

H —

§ 3.3. MeToabl u3mMepeHUss BOCHIPUUMUYUBOCTH
cJIaDOMarHUTHBIX TeJ

Kak yxe roBopu/JiOCh, OOJBIIMHCTBO METOAOB HCCJAeNOBaHHS CBOHUCTB
c/1a0OMarHUTHBIX TeJ OCHOBAHO HA U3MEPEHUH CHJI, NeHCTBYIOIIUX HA HHUX
B HEONHOPOJHOM IoJie. DHEPrusi Teja B MarHUTHOM TI0Jie PaBHA

H
U = —JHdM - —AVJHdI N % J HyxdH = —%%HQAV, (3.18)
0
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OTKYy/a
A S R N )
fo = or 2 %8x< )_ & ox

Merton, HemocpeiCTBEHHO OCHOBAHHBIM HaA HCMOJAb30BAaHUM (POPMY-
Jbl (3.19), 6611 npensoxken PapaneeM, a 3aTeM MUPOKO npumensiics Kropu
U pSIIoOM  JIPYTHX  HCcJenoBaTe-
Jedl. Ero mpeumyliecTBOM siBJseET-
csl He0OJbllI0e KOJHYeCTBO HeoOXO-
IHUMOTO /I M3MEpPeHUs] BellecTBa,
a HeNOCTaTKOM — HeoOXOOUMOCTb
U3MepeHHs He TOJNbKO BEJTMUUHBI T10-
Ji, HO U IPOU3BOAHOM OT HeE IO
KOOpJAMHATE.

Ha puc. 3.5 cxemaruuecku Mmo- Xo
Ka3aHa 3aBUCHUMOCTb BeJUYUH H,
OH/0x v HOH /Ox 0T KOOpAHHATHI
IJI ONHOU K3 HCIOJIb3yeMbIX (POpM
noJilocoB. Kak BHIHO U3 PHCYHKA,
BeJIMUMHA mpousBenenuss HOH /Ox
UMeeT JIOBOJIbHO PE3KHW MAaKCUMYM
B TOYKE T = I, MO3TOMYy Haubo-
Jilee BBIFOJHBIM [IJ1s1 U3MEPEHUH $IB-
JisseTcs MOMelleHUe TeJjia B 3Ty TO4-
Ky. Ilasi Toro 4ToObl MOrPELIHOCTH
OT HETOYHOCTH OTpefiesiIeHHUs] MeCTo-
MOJIOXKEeHUST TeJia OblJIM HAUMEHbIIH-
MM, JKeJaTeJbHO UMEeTb IIMPOKHH
MakCUMyM npousBenenuss HOH /Ox.
OH pocTuraetcsi crneudaJbHbIM Bbl-
6opom ¢opmbl noJiocoB. OnHako 3a-
TPYAHEHUS] B TOYHOM OIpeaeJeHUH
npousBonHo#t OH /Ox cTo/b BesH-
KM, 4TO OOBIYHO paccMaTpUBaeMblid
MeTOol YNoTpebssieTcsi KaK OTHOCH-
TeqbHbIH. CpaBHUBAIOTCS BEJHUYUHbI
CHJI, NEHUCTBYIOIIMX HA TeJja C HU3-
BECTHOU U HCKOMOW BOCIPUHMMYHBO-
CTbIO, 4 U3 HUX OTHOILEHUS] BBIUHCJASETCS HEU3BECTHAsi BOCIPUUMUYUBOCTb.
Paznuunble Monudukaiuu metona Papanges nperMylllecTBEHHO OTJAWYAIOT-
csi crmocoOOM M3MepeHHsi CHJI, AeUCTBYIOUIMX Ha TeJjo. s u3mepeHus
CUJIbI MPUMEHSIOTCS OOBbIYHbIE MUKDPOAHAJNUTHUYECKHE BEChl, KPYTHUJbHbIE
BEChl U pas3juuHble MOAHU(PUKAIIUH TPYKUHHBIX BECOB.

OcTpoyMHBIH €crOcOO UCKJAIOUEHUS MOTPELIHOCTEH, CBSI3aHHBIX ¢ HETOY-
HbIM TOMellleHHeM TeJja B TOUKY g, Obll ucnogab3oBaH Kiopu u lllene-
Bo. OHM mepemellasu MarHuT OTHOCHTEJbHO 00pasiia, MOABELIEHHOrO Ha
KPYTHJbHBIX Becax, W ONPeNeNsijii MaKCHUMaJbHOe OTKJOHEHHE BECOB, T. €.

(3.19)

= Y

Puc. 3.5. Merton Papanes. Pacnpene-
JIeHUe ToJis
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MaKCHUMaJIbHYIO CHJy, IeHCTBYIOLLYI0 Ha obpasel (puc. 3.6). OueBUAHO, UTO
MaKCHMaJibHOe 3HAaYeHHe CHJIbI TOJYUUTCS B MOMEHT, Korjaa obpasel OyneT
MPOXOAUTb TOYKY MakcumyMma npousBenenus HOH /Ox.

- 1
ml
|| §
Puc. 3.6. Meton Kropu-Illeneso Puc. 3.7. Meton ['yu

['yu paspaboran mMeTon, B KOTOPOM NMPUMEHSIOTCS 00pasilbl 3HAYHUTEb-
HbIX Pa3MepoB, TaK UTO yKe Hesb3sl, Kak B Metone Papajesi, CUUTATh MOJe
Ha MPOTsIXKeHHWH oOpasila HeusMeHHbIM. CyMMapHasi cuJa, AedcTBylolas Ha
oOpasell, B 3TOM CJydae OINpejessieTcsl HHTerpajom u3 ¢opmyabl (3.19)
no o6béMy obOpasina. CxemMa omHOro W3 BapuaHTOB MeToma ['yu mokasaHa
Ha puc.3.7. O6pasel; 3aHUMAeT HHUKHIOK 4YacTb MPOOHUPKH, MOMeIIEHHON
MeXy TIoJIcaMu aJekTpomarHuta. [Ipobupka pacmnosoxeHa CHMMETPUYHO
OTHOCHTEJIbHO MOJIOCOB; TPH AOCTATOUYHO TOYHOM €€ M3TOTOBJIEHHUH MHeH-
CTBYIOIAsl HA HeEé cyMMapHasl chJa paBHa HYJ0. BepxHuil KoHel, obpasiia
HaXOIMTCS MeXJy TIoJilocaMHd B 006JlacTH OAHOpPOAHOro moJjsi. HampaBum
OCb T BAOJb ocH oOpasna. O603HaUMM KOOPAMHAThl BEPXHETO W HUXKHETO
KOHIIOB 00pasiia uepes x| ¥ Tg9, 3HAYEHHs IM0Js B 3TUX TOUKaxX — uepe3 H;
u Hy, a maomanp nmonepeyHoro ceueHusi obpasna — depes S. B pesynbrate
uHTerpupoBanus (3.19) nonygaem

T

o oOH - oH 1 2 172
Fm—J%H%dV—J%H%de—ixS(Hl H?). (3.20)

\%4 X9

Takum 06pa3oM, HaM HYKHO 3HaTb 3HAYEHWs MOJST TOJbKO B JBYX
TOUKaX, a ecJad obpasell UMeeT AOCTAaTOUHYIO MJIHHY U B (3.20) MOXKHO
mpeHeGpeub HZ2, TO Haxe B ONHOH TOYKe. B KadecTBe H3MepUTE/s CHJIHI
B MeTone ['yu OObIYHO HCIOJb3YIOTCS MHUKPOBECHI. DTOT MeTofd oOJagaer
XOpolllel UyBCTBUTEJbHOCTbIO. Pe3ysnbTaThl M3MepeHUH cab0 pearupyror
Ha HeOoJiblliMe CMellleHUs1 ob6pasiia. TOYHOCTb H3MepEeHHH B OCHOBHOM
onpenensieTcsi MPaBUJbHOCTBIO ero ¢opmbl. HenocTaTkoM naHHOro meTona
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SBJSIIOTCS CPaBHUTEJNbHO OoJiblliMe pas3Mepbl oOpasuoB. [Ipn obpaboTke
pe3y/JbTaTOB H3MepeHHH HeOOXOAMMO HMeTb B BHIY, YTO €CJH OHH IIpo-
M3BOASITCS He B BakyyMme, To B opMmyanl (3.19) u (3.20) cienyetT BMecTo
% TOACTAaBUTb ¢ — |, TIe | — MarHWTHas BOCIPHHUMYHBOCTb CpPeJbl,
B KOTOPOH NPOU3BOASATCS U3MepeHHsT (HarpuMep, BO3ayXa).

CyliecTBEHHbIM (PAKTOPOM, UCKAXKAIOUIKUM Pe3y/bTaThl U3MEPEHHUH, MO-
JKeT OKa3aTbCsl HaJiMude NaKe HeOOJbIIOro KoJuyecTBa (peppoOMarHUTHBIX
npumecei. JlokasaTeJqbCTBOM HX OTCYTCTBHS SIBJSIETCS HE3aBUCUMOCTb W3-
MEPEHHOT'0 3HAYeHHs] BOCIPUMUMYHBOCTH OT BeJUUMHbI noJs. [Ipu HeboJb-
IIOM M3MEHEHUHU H3MEepPEeHHbIX 3HAUYEHUH MOXKHO HCKJIOUWUTb BJUSHHUE TPH-
Mecel, 3KCTPanoJupyst pe3y/bTaThl U3MepeHUH K OeCKOHEeYHO OO0JbLIOMY
MoJIIO.

§ 3.4. MeTtoabl uccaegoBaHus TeJ C 00JbLIOU
BOCIIPUUMYHUBOCTHIO

[Tpu uccnenoBaHWU CBOHCTB Tesl ¢ OOJbLIOW BOCIPUUMUYUBOCTBIO Hau-
OoJiblllee pACIpPOCTPAHEHHWE MOJYYHJ TaK Ha3blBaeMbld OaJlJINCTHYECKHUU
MeTon. B 3ToM MeTone HJi U3MepPEeHUs] HCIOJb3yeTCsl SIBJEHHE 3JEKTPO-
MarHuTHo¥ wuHAYKUMU. Ha oOpasell HajmeBaeTcs KaTyllka, COeIUHEHHas
¢ rasbBaHoMeTpoM. [Ipyn M3MeHeHHU HaMarHW4eHHOCTH 00pa3lla MU3MeHSseT-
csi moTok P, MPOHU3bIBAWOIIMK KaTYIKy, H B Hell Bo3HHUKaeT DC 3jek-
TPOMarHuTHOM MHAYKIKMU E. Ecau BpeMs, B TeueHHe KOTOPOTO H3MeHsIeTCs
HaMarHU4eHHOCThb, MaJo IO CPaBHEHHIO C TMEePHUOIOM TajibBaHOMETpPa, TO
oTOpoc mnocJjeaHero OyaeT NpornopuroHaJeH

to
JEdt:kJ%—fdt:k(cpg—cbl). (3.21)
t

Takum ob6paszom, oTOpPOC rajsbBaHOMeTpa MPOMOPIIHOHAJEH H3MEHEHMIO MOo-
TOKa MarHUTHOH HHAYKIHUU B 0Opaslle.

bannucTuueckuid MeTOL MOXKHO MPUMEHSITb M AJIs1 UCCJeN0BaHHUS CJia-
60MarHHTHBIX TeJ ¢ BOCIPHHMYHBOCTBIO BIIOTH 10 s = 10™% Ilpu cTosb
MaJIblX 3HAYEHHSIX 7 TOYHOCTb M3MepPeHHH OrpefesiseTcss 4yBCTBUTENbHO-
CTbIO TaJlbBAaHOMETpA.

[Tpu uccnenoBaHuu (peppOMarHUTHBIX TeJ TJABHOH TPYAHOCTbHIO SIBJSI-
eTcsl, BJMSIHME pa3MarHuduBalouiero nojs (cm. § 3.2).

Haubonee coBepiiieHHble pe3y/abTaThl MOJYyYalOTCS MPU HCIOJb30BAHUH
00pas3loB B BHIE TOPOMJIOB (MJM KoJjell). B 3ToMm ciydae pasmarHU4uBao-
liee 1oJie paBHO HYJI0. PaccmaTpuBaeMblil MeTON OblJl TeOpeTHYeCKH 0b6oc-
HOBaH U MPUMEHEH /1 H3MepeHUH KpuBoi HamarHuuuBauus A.T'. Ctosero-
BbIM B 1872 r. TunuyHas cxema 6aJJUCTHYECKHX U3MEPEHUH Ha KOJIbLIEBbIX
obpasuax mokasaHa Ha puc.3.8. Ha KoJablo HamaTbBalOTCAd ABEe OOMOT-
ku. OOpasell HaMarHW4YWBaeTcsl MOJIeM, CO3[aBaeMbIM TEePBHYHOH 0OMOT-
KOH P, BUTKH KOTOPOH paBHOMEPHO paclpefeseHbl Mo ero ajuHe. Kiouu
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Puc. 3.8. Cxema 6anqucTuueckod ycTa-
HOBKH

M PeOoCcTaThl B cXeMe MUTAHUS M03-
BOJISIIOT yCTAHABJUBATb HYKHOE
3HaueHUe TOKa M CKauyKOM H3Me-
HITb €ro Ha 3aJaHHYyl0 BeJUYU-
Hy. BropuuHnas o6MoTKa S 00BIYHO
COCTOUT M3 OOJBLIOTO KOJUYECTBA
MJOTHO YJOXEHHBIX Ha obpasiie
BUTKOB TOHKOH TMpoBoJioku. OHa
COeIUHeHa C Ta/JbBaHOMETPOM MU
TpagyUpPOBOYHOU KATYIIKOH, HaJle-
TOM Ha UEHTPAJIbHYIO 4YacTb TakK
Ha3blBAEMOT0 HOPMaJIbHOTO CoJie-
Houpa. [locsnenHuit mpencra,JsieT
co00H NO0CTATOYHO AJHUHHYIO OHO-
CJIOMHYIO KaTyLIKYy, MOJe B KOTO-
pPOU MOXKHO C XOPOILIeHd TOYHOCTbIO
BHIUHCAATE 10 hopmyJe (3.1). Us-
MeHsIl TOK B «HOPMaJIbHOM CcoJie-
HOWJEe», Mbl MOXEM OMNpPeNesHUThb
MOCTOSAHHYIO B popmysie (3.21).
Jlsiig  MaccoBbIX HCHbITAHUH
KoJiblleBasi ¢opma obpasua He-
yno6Ha. [lostomy wcnonbayroTcs
npsiMble 00paslbl, a [Js yMEHb-

HI€HHUA BJAUAHHUA PA3SMATHHUYHUBAIOUIECTO I10JIA MX KOHILBI 3dMbIKAIOT APMOM
U3 MATKOI'O 2KeJe€3d, TaKoe yCTpOﬁCTBO HOCHUT HA43BdAHHUE II€EPpMEaAMETpPA.

[IpunuunuanbpHas cxema mnepMeamer-
pa mokasaHa Ha puc. 3.9. Konibl 06-
pasua O 3aMkHyThl spmom f. Mar-
HUTHOE M0JIe CO30aEéTCs OOMOTKOH w;.
Munykuuss B o06pasiie uaMepsieTcs
O0aJIIMCTUYECKHM METOAOM C TIOMO-
b0 OOMOTKH wy(B). B takoii mar-
HUTHOW 1€ HeJb35 BBIYHUCJAWUTH T10-
Jie, HaMarHu4uBawlllee obOpasel, H
ero MPUXOIUTCS ONpeNessiTb 3KCIe-
pruMeHTaabHO. OnpenesieHue MoJs oc-
HOBAHO Ha YCJIOBHH HeNpPepbIBHOCTH
€ro TAHIE€HUHUAJNbHOU COCTABJISIOLIEH.
CorJjiacHO 3TOMY YCJIOBUIO MoJie BOJIH-
31 TMOBEPXHOCTH 00Opasiia B BO3AyXe
paBHO MOJII0 BHYTPU 00pasila; pacro-

A
0,(B)
Ol TITTT ]
I IT
W, (/1)

Puc. 3.9. Cxema nepmeamertpa

JIOXKHUB TOHKYH KaTYWKY wo(H) BOJH3H MOBEPXHOCTH 00pasiia, MOXKHO
6a/IIMCTUUECKHM METOAOM H3MEPHTb BEJHUHMHY TOJS.

[Ipu Bcex usMepeHHsX ¢ (eppOMarHeTMKAaMM HYXKHO HMeTb B BHIY,
4YTO MHAYKIMS B o0Opasiie 3aBUCHT OT ero npeabicTopuu. [losatomy caenyer
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MPUHHUMATh Mepbl K TOMY, 4TOOBI HayaJbHOe COCTOSAHHe obpasiua OblJIo
TOYHO H3BecTHO. OOBIYHO B KayecTBe MocJeAHero Jubo BbIOUPAIOT MOJI-
HOCTBIO pa3MarHUUYeHHOe COCTOsIHWe, JUOO HaMarHUYuBalOT obpasel] 10
HaCbIILEeHHS.

BTopbiM 1IMPOKO MCMONb3yeMbIM METOMAOM SIBJsSETCS MarHeToMeTpuue-
ckuii. OH OCHOBaH Ha OTKJOHEHHH MaJeHbKOH MarHWTHOH CTDPeJKHU TOf
BJMSIHUEM MAaTHHTHOIO MOMeHTa obpasua. Jas HCKAIYeHUs BJMSHHS
BHEIIHHUX MOJed MPUMEeHSIOT acTaTHYeCKUH MarHeTOMeTp, cXeMa KOTOPOTO
nokazaHa Ha pwuc.3.10. B npubope, uzobpakénHom Ha puc.3.10, nBe
CTPeJKH C DPaBHbIMH MArHUTHBIMH MO-

MeHTaMH YKPEINJsioTcs OfHa MoA APy- T
rod Ha omHoM mnoaBece. CTpesNKMU Ha-

npaBJeHbl B IPOTHBOIOJOXKHbIE CTOPO-
Hbl. Obpasell, AJHHA KOTOPOTO MPUOIU-
3UTEJbHO paBHA PACCTOSTHUIO MEXIY
CTpesKaMH, pacroJaraetcsi napaJsJesb-
HO ocH moaBeca. Kaxapifi U3 MoJlOCOB
obpasila coobuiaeT MarHUTHOH CTPeJI-
Ke KPYTSIIMA MOMEHT, MPHYEM Harnpas-
JIeHWs MOMeHTOB coBmnajaiT. Obpaselr
HaMaTHUYUBaeTcs: cojeHouaom M.

JIis KoMIleHCallMM BJIHMSIHUSI Ha T10-
JNBUXKHYIO CUCTEMY TOJiA cojieHouaa M
C MPOTHBOTOJOXHOH CTOPOHBI yCTaHAB-
JuBaeTcsi cojeHoun My, pacmosioxkeHHe
KOTOpOTO noadupaeTcs Tak, 4ToObl MpH
OTCYTCTBHUH oOpa3ila BKJ/HUEHHE TOoKa
B cosieHoupax M; u M, He BHI3HIBa-
JIO OTKJIOHeHHsI cTpeJsok. HM3amepenus
OoJiblllell 4YacTblo BEAYTCA KOMIIEHCa-
IIMOHHBIM MeTonoM. JlJisi 3Toro BHYTpPb
coseHouza Mo TOMeIIAIOT KOMITEHCH-
PYIOIIYIO KaTYyIIKYy, pa3Mepbl KOTOPOH
MPUOJH3UTENBHO COBNAZAIOT C pasme-  PHC. 3.10. Cxema acTaTuueckoro
pamMu o6pasua. Komnencupyioliyio Ka- MarHeToMeTpa
TYLIKY pacroJiaraloT CHMMETPHUUYHO 00-
pasily OTHOCHTEJIbHO OCH ToJBeca MarHUTHOHM cucTeMbl. M3mepsieTcs TOK,
HeoOXOAUMBIH /I KOMIIEHCALlMK BJWSHHS 00pa3ila Ha MarHUTHYIO CHCTe-
my. [Ipy 3TOM MarHUTHBI MOMEHT KaTYIIKH OKasblBaeTcsl MPUOJIH3UTENbHO
pPaBHbIM MarHUTHOMY MOMeHTy oOpa3siia. UyBCTBHUTEJbHOCTb MarHeTOMeT-
pudeckoro metofa OoJblie, yeM Oannuctudeckoro. OH MO3BOJSIET U3Me-
pSITb MarHUTHble CBOMCTBA TOHKHUX TMPOBOJIOK U MAEHOK. OAHAKO TOYHOCTD
9TOr0 MeToJa HeBeJHKa, MOCKOJbKY H3MepeHHs MPUHUHUIHAJbHO BeayTCs
B OTKPBITOM MarHUTHOH LENU W MOJOXKEeHHe MOJICOB 0Opasila He BIOJHE
orpeJiesIeHo.

e ——
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B 3akjwodeHUe pacCMOTPHUM CYIIHOCTb METOAOB H3MEPEHUsI aHHU3OTPO-
MUM MAarHUTHOW BOCIPUHMMYUBOCTH. B aHHU30TPOMHOM cJyiydyae BOCIIPUUMYH-
BOCTb MpeacTaBJ/seT coOOOW TeH30p BTOPOTO paHra. Ecau moMecTuThb TeJo,
umerolee (Gopmy cdepbl, B OJHOPOJHOE MAarHHWTHOE MOJe, TO OHO OyAeT
CTPEMHTBCSl YCTAHOBUTHCS TaKHMM 00pa3oMm, 4ToObl MapaJjjesibHO MOJ OKa-
3aJ1ach pacroJiokeHa KpucTaJgaorpaduyeckasi oCb ¢ HauOOJMbIIUM 3HAYEHH-
€M BOCIPUHMMYHMBOCTHU. ECJM OTKJOHHUTb TeJO OT MOJOXKEHHS paBHOBECHS
U U3MEPUTb MOMEHT NEUCTBYIOIIEH HA HEro CHJbl, TO MOXHO OINPENEHUThb
Pa3HOCTb TJIaBHbIX 3HAYEHUH €ero BOCMPUUMYHBOCTEH. DTOT METOA OblJ
MCTI0Jb30BaH AKYJIOBBIM AJIS1 H3MEPEeHHsT SHEPTHHU aHHU30TPOINHU (peppomar-
HeTHKOB (cM. § 10.4). OH npumeHsieTcsl AJS UCCJIEIOBAHHST aHU3OTPOIHHU
KaK CHJbHO-, TaK U CJAaOOMAarHUTHBIX TeJ. B mocJjenHeM cjydae BJAUSTHHE
dbopMBbl TeJ MaJio, MO3TOMY HX He 00513aTeNbHO AeaaThb KPYIJIBIMH HJH
LIHJIUHAPUUECKHUMH.

B HacTosilled raaBe Mbl PAaCCMOTPEJH JIUIIb HEKOTOpble HauboJsee pac-
MPOCTPaHEHHBIE METOAbl M3MepeHHU. boJjee monpoOHblE CBeleHUS COIEP-
xkatcsl B KHUrax Kudepa [37] u UeuepHukona [84].



[naBa 4
ITAPAMATHHUTHBIE BEHIECTBA

§ 4.1. Knaccuyeckasa teopus JlaHkeBeHa

JlaHXXeBeH paccMaTpuBaJ MapaMarHUTHOE BELIeCTBO KaK COBOKYIMHOCTD
HeB3aHMMOAEHUCTBYIOLIUX APYT C APYTOM MarHUTHBIX CTPEJOK C MAarHUTHBIM
MOMEHTOM [4o. DHEPryusi B3aUMOJIEUCTBUSI MAarHUTHOTO MOMEHTA [4y C BHEIlI-

HHM I10JIeEM PaBHA
e = —uoH cosv. (4.1)

[lonxon JlaH»keBeHa K B3aHMOAEHMCTBHIO MArHUTHOTO MOMEHTa C IOJIEM
IBJIsIJICST KJaccuyeckuM (ero pabota nosiBusach B 1905 r.), mosTomy co-
[JIJACHO €T0 MOMAEJH MArHUTHBbIH MOMEHT MOXKET IPUHHMATb BCEe BO3MOXKHBIE
opHeHTaluu, a yroa ¥ — pasnuunble 3HadeHus oT O mo w. Torma BMecTO
CTATHUCTHYECKOH CYMMBbI B (popmysie (2.25) OyneT (pUrypHpOBaTh UHTerpaJ,
a TOCKOJIbKY 3HEpPrusl B3aHMOIEHCTBHS 3aBHUCHUT JIMIIb OT OPHEHTALMH
MarHMUTHOT'O MOMEHTA, MOXKHO Cpa3dy IPOU3BECTH MHTEIPUPOBAHHE IO BCEM
KoopauHaTaM, KpoMe v). O003HAYKMM OCTaBIIYIOCH 4YacTb CTATUCTHUYECKOTO
MHTEerpaJa, 3aBUCSIIYI0 OT OPUEHTAllMM MarHUTHOTO MOMEHTa, 4yepes

Uus

O(T, H) = J etoH cos 9/ (KT) 9 in 9 49, (4.2)
0
[Tocsie uHTErpuUpoOBaHHUS TOJydaeM
LT et/ (KT) _ o —poH/(KT) LT poH
O(T. H) =4n - - =dr o sh e (43)

B coorBetcTBUH ¢ opmysioi (2.25) MarHUTHBIH MOMEHT €HHHUIIBI 06bEMa
paBeH

Ny 0 N poll\ _ kI
I = kT o mO(T, H) = - o [cth ( = ) MOH] | (4.4)
DyHKIUSA
! L(M) — cth (M) _ kT (4.5)
ICT kT ,LLQH .

HOCUT Ha3BaHue PyHKIMU JlaHXKeBeHa.
B cuoenyrooumem naparpage Mbl pacCMOTPUM INOBeeHHE TAKOU MOIEJH
MapaMarHeTUKa B MaJblX IMOJSX.
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§ 4.2. CpoiicTBa napaMarHeTUKOB B MaJibIX TMOJSX

MaJibiM#, OYEeBHIHO, CJIEAYeT CUHUTATh MOJs, MPH KOTOPBIX IHEPTHS
B3aHMOJIEHCTBHUSI MATHUTHOTO MOMEHTA C MOJIEM MaJia 110 CPABHEHHIO C IHEp-
rMed TerJoBOrO NBHXKEHMS, WM, WHAYe TOBOPS, aprymMeHT QyHKiuu Jlau-
xeBeHa x = puoH/(KT) < 1.

B takom ciyuae dyHkuuio JlaHkeBeHa MOXKHO PasJioKUTh B P

1 > 1

~ T
L(:U)—cth(a:)—g———l———ﬁ%— - =3 (4.6)
[ToncraBasis 3To pasJoxenue B popmyay (4.4), noaydaem
_ N pH
L= bo e (4.7)
OTcioga MarHUTHAsl BOCIIPUUMUYHMBOCTD
_ LN
X = E AT (4.8)

®opmyaa (4.8) npencraBiaseT cOO0H LIHPOKO M3BECTHBIH 3KCIEPUMEH-
TaJIbHbIH 3aKoH, oTKPBITHIH Kropu B 1895 r. [lpu cpaBHeHHH ¢ 3KCTIEpHMEH-
TOM CJIeLYyeT, ONHAaKO, YYHUTHIBATh, YTO Mbl PACCMATPUBAJH JIHIIb MarHUT-
HYI0 BOCIPHUHUMYHMBOCTb, CO3JaHHYIO OpHEHTAllMed MOCTOSIHHBIX MarHHUTHBIX
MOMEHTOB aTOMOB, M He OCTAaHABJMBAJHCh HA MHAYIHPOBAHHBIX MarHUTHbIX
MOMEHTaX, KOTOpbie, BIIPOYeM, 3HAaUUTeNbHO MeHbile (cMm. § 1.10).

PaccmoTtpuM, Kak uaMmeHuTcss (opmyna (4.8) mpu yuéTe KBaHTOBBIX
sSIBJJIEHUH. B COOTBETCTBUM C BbIPaXKeHHSIMH IJI. | MArHUTHBIH MOMEHT aTOMa

po = gv/J(J + 1) s, rae

JJ+1)+8(S+1) - LL+1)
2J(J + 1) '

OueBHIHO, UTO KBaHTOBas (OpMysa MOJKHA HMMeTb BHJ, aHAaJOTHYHBIH
Kaaccudeckod ¢opmyne (4.8). KoHneuHo, Bxomsmud B Heé KOI(DPHUIHEHT
1/3 moxeT usmeHuThbcs. OMHAKO OKasbIBaeTCsl, U MPH TOYHOM KBaHTOBOMe-
XaHWYEeCKOM BbIBOZIe 3TOT Koa(pduiueHT coxpaHsercs. [loce nmomctaHOBKH
3HaueHUH gy B opmyay (4.8) mosydaem

N J(J+ D)@k
TV 3T

=1+

(4.9)

§ 4.3. CpaBHeHUE C IKCIIEPUMEHTOM.
Ilapbl menoyHbIX METAJNIOB.
Coau peagkosemMeIbHBIX 3J€MEHTOB

®opmyny (4.9) ecrtecTBeHHO ObIJIO Obl NMPUMEHHUTb [JS1 BBIUHCJEHUH
MarHUTHBIX XapakTepucTUK. OnHAKO 0Ka3biBAETCSl, YTO UHUCJO BO3MOXKHBIX
00BbEKTOB CPaBHEHUS] BeCbMa HEBEJHKO, TaK KaK OOJbIIMHCTBO ra30B UMeeT
MHOTOATOMHbIE MOJIEKYJIbl; OJHOATOMHBI JIMIIIb Tapbl METAJIJIOB U UHEPTHBIE
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rasbl. MarHuTHBIY MOMEHT aTOMOB HMHEPTHBIX I'a30B paBeH HYJI0, a yIpy-
FOCTb MapoB OOJIBIIMHCTBA METAJJIOB UMEEeT 3aMeTHYI0 BEJHYUHY TOJbKO
MPU BBICOKHUX TeMIlepaTypax. TakuM oOpas3oM, MOCTYNHBIMH IJist HaOJiofe-
HUH 00beKTaMU SIBJASIOTCS JIMILb Tapbl HEKOTOPbIX MeTaJsoB. Hampumep,
s kanusi B npenenax temmnepatyp 600 - 800 °C ynpyrocThb mapa cocrtas-
asiet 0,5 + 40 mm pT. ct. XOTS HU3MepeHUs] BOCTIPUUMYUBOCTU IMPU TAKHUX
HU3KHX [IaBJEHUSIX AOCTATOUHO TPYAHbI, OHU OblJIK MpOBeleHbl. B pe3yib-
TaTe 0Ka3aJocCh, UTO BOCIPHHUMYHBOCTb MoguuHsieTcsi 3akoHy Kiopu, a eé
YHCJIeHHOe 3HaueHHe s, = 0,38/T. TepM OCHOBHOrO COCTOSIHHUSI KaJusl —
2251/2; B COOTBETCTBHHU ¢ 3THM (opmyaa (4.9) npuHHUMaeT BHJ

o — Nuis _ 0,372

kT T
Takum oOpasoM, Mbl UMeeM XOpollee COrJiache PacuéTHBbIX 3HAUeHUH C pe-
syabTaTaMu usMmepeHus. [lomo6Hoe cornacue HabawonaeTcs W AJAS APYTHUX
UCCJeI0BAHHBIX METaJJIOB.

Hopdman (1924 r.), a 3atem Xyua (1925 r.) obpaTuau BHUMaHHEe Ha
TO, YTO B CHUJY OCOOEHHOCTH CTPOEHHSI 3JEKTPOHHOH OOOJNOUKU PENKO-
3eMeJIbHbIX 3JIEMEHTOB HEKOTOpble UX COJIM MPEeACTaBJISIT COOOH MOAXO-
OAIIME 00BEKT OJs1 CPAaBHEHHS C TeopHed MarHUTHOH BOCIPHHUMYHBOCTH
UIeaJbHOTO Ta3a MAarHUTHBIX MOMEHTOB. DTO OObBSICHSETCS CJeAYIOUINMU
o0cTOsITeIbCTBAMHU. ¥ peNKO3eMeJbHbIX 3JIEMEHTOB MPOUCXOAUT 3aCTPOHKa
4 f-o6oa0uku (cMm. Taba.11.1). ¥ TpéxBaJeHTHBIX HOHOB PEeAKO3eMeJbHbIX
3JeMEeHTOB MaTHUTHBIH MOMEHT OyIeT OmnpenessiThCcsi CBOHCTBAMH He3a-
CTPOEHHOH f-000JI0UKH; HaMpUMep, MAarHuTHbie CBOHMCTBA TAKOTO COeNUHe-
Hus, Kak Pry(SOy)s - 8H2O, OynyT omnpenensiTbCsi MarHUTHBIM MOMEHTOM
TPEXBaJEHTHBIX HOHOB Tpaseonrma. MarHUTHBIH MOMEHT, PUHAIJIeKAIIUH
f-060J10uKe, SKpaHUPOBAH OT BO3JAEHUCTBUSI COCENHUX aTOMOB 3alOJHEHHbI-
MH 95-, Op-060/109KaMH UOHOB MPa3eofinMa; ¢ APYrod CTOPOHbI, MATHUTHbIE
B3aUMOJIECTBHSI UOHOB TOCJEHEr0 HEBEJUKH, MOCKOJbKY OHU HaXOASTCS
Ha 3HAUUTEJbHOM PACCTOSIHUM APYT OT ApYTa.

Takum o6pa3om, MarHUTHBIE CBOWCTBA COJIEH PelKO3eMeJbHbIX 3JIeMeH-
TOB OYyAYyT NEHUCTBUTENbHO MOAOOHBI CBOMCTBAM ra3a MAarHUTHBIX CTPeJIOK;
pasyMeeTcsi, IPU CPAaBHEHUH TEOPHUU C IKCIIEPUMEHTOM HYKHO y4eCTh KBaH-
TOBYIO MPHUPOAY MAarHUTHOIO MOMEHTAa M CpPaBHUBATb Pe3y/bTaThbl OMNbITA
¢ ¢opmysoit (4.9). Ins onpenesieHus BXOASAIIUX B Gopmyny (4.9) BenuunH
HaJl0 3HaTb TEPM OCHOBHOTI'O COCTOSIHUS WOHOB. B Tabs. 4.1 npuBeneHbl naH-
Hble 0 KBAHTOBbIX XapaKTEPUCTHKAX OCHOBHOIO COCTOSIHUSI TPEXBAJIEHTHbIX
MOHOB PENKO3eMeJIbHbIX 3JIEMEHTOB U pe3y/bTaThl onpeneaeHus 3hPpeKTHB-
HOrO MOMEHTa MOHa B elMHHIIaX MarHetoHa bopa. [laHHble 06 OCHOBHOM
COCTOSIHUM TOJYUYeHbl H3 COOTBETCTBYIOIIUX CIEKTPOB peNKO3eMeJbHbIX
3JIEMEHTOB.

JKCcrepUMeHTaNbHble NaHHblE W Pe3yJabTaThl BBIYHCJAEHHH MO (opmy-
ae (4.9), npennoxenHoi XyHaoMm, rpadUyecKH NmpeacTaBieHbl Ha puc. 4.1.
Kak BumHo W3 Tabmauubl U pucyHKa, dopmyna (4.9) B obuieM Xopollo
OTpaxkaeT 3KCIepUMeHTaJbHble NaHHbIe, OAHAKO B JABYX cJaydasx (/s
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Ta6bauma 4.1
Yucerno Tepm to/ B |po/ B | Ho/ B
Won 4 f-anek- |ocHoBHoTO| S | L | J g 1o M0 | 3KCIepUM.
TPOHOB | COCTOSIHHS (4.9) | (4.10) | 3nHauenue
La’" 0 1So 00| O] —| O 0 0
Ce’" 1 *Fyo | 1/2] 3 |5/2|6/7| 2,54 | 2,56 2,4
Pr3t 2 SHy 1 |5] 4 |4/5] 3,58 | 3,62 3,5
Nd3** 3 YJop  |3/2] 6] 9/2 |8,11| 3,62 | 3,68 3,5
Pm?t 4 o J4 2 | 6] 4 |3/5] 2,68 | 2,83 —
Sm?* 5 ®Hs;o |5/2| 5 |5/2(2/7] 084 | 1,6 1,5
Eu’t 6 Ry 3013/ 0| —1] 0 3,45 3,6
Gd** 7 5S7e |7/210 | 7/2] 2 | 7,94 | 7,94 8,0
Th3+ 8 TFy 313 6 |3/2]972] 97 9,5
Dyt 9 “His;2 |5/2| 5 |15/2]|4/3 | 10,65 | 10,6 10,7
Ho* 10 5 Jg 2 | 6| 8 [5/4]1061 | 10,6 10,3
Er’t 11 *Tis;e |3/2] 6 [15/2]6/5| 9,58 | 9,6 9,5
Tut 12 3 He 1|5 6 |7/6]| 756 | 7.6 7,3
Yb*t 13 "Frp | 1/203|7/2]8/7| 454 | 4,5 4,5
Lut 14 1So 0|0| 0| —| O 0 0
Hoy
10 { .
- i
8 LN
6 / \
AN
2 ,/§ \‘\ /: .
LT
0 o
La| Pr | Sm| Gd| Dy| Er | Yb|
Ce Nd Eu Tb Ho Tu Lu

Puc. 4.1. D¢pdekTHBHbBIE MAarHUTHbIE MOMEHTBI UOHOB PEAKO3eMeJbHbIX 3/JeMEHTOB:

| — teopusi XyHna; 2 — Teopusi Ban dneka; 3 — IKCIEPUMEHT

Sm*t u Eu’t) umeer mecto Gosbiioe pacxoxnaeHue. [IpuunHa nogoOHOrO
pacxXoxkIeHHs BUAHA U3 pUC. 4.2, HA KOTOPOM IpeJcTaB/eHa cXeMa YPOBHeH
HOHOB Pr3+, Eu3+, Sm®t u Th*T.

[Tpu BbiBOmEe (opmysbl (4.9) mpenmosarasoch, 4TO BCE HOHBI JaHHO-
ro 3JeMeHTa HaxoAsTCsd B CBOEM HH3IIEM 3HEePreTHUYeCKOM COCTOSIHHH,
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M COTJIACHO 3TOMY BBbIUMC/ISJACh BeJUUMHA MarHUTHOTO MomeHTa. OmHako
nopo6HOe MPeAMNoNoKEHHE CTPOTO BEPHO JIHIIb TMPH a0OCONIOTHOM HYJIe.
[Ipu TemmepaTypax, OTJMUHBIX OT aOCONIOTHOTO HYJs, HEKOTOpasi 4acThb
aTOMOB OyIeT HaXOAUTbCS B BO30OYXK-
JNEHHBIX COCTOSIHUSIX. DBeposiTHOCTD 0—ro-
OCYIIECTBJEHUS] TAKOTO COCTOSIHUS

onpeneJssietcs: ¢popmynold bosabumaHa 5 20
u npornopumoHasbHa e %/ (T)  ppe 2
€j — Pa3HOCTb HEPIrUH BO30YXKAEH- 3——
HOT'O ¥ HOPMAaJIbHOTO COCTOSTHHH. Kak B3 66—
BUIHO W3 puc.4.2, nns HWOHOB mpa- 6— 2 R
3eonuMMa U TepOUsl Pa3HOCTb 3Hep-
THH MEXIy NMEPBLIM BO3OYKIEHHBIM H %m T
HOpPMaJibHbIM COCTOSIHUSIMH CTOJIb Be-
JIUKA, 4TO BEPOSITHOCTb OCYLIECTBJIE- 5 2 4 >
HUs BO30YXKIEHHBIX COCTOSIHUH TpPH - p—
KOMHATHOH TeMIlepaType HHUUYTOXKHO _%m )
mMasaa. [nas camapuss U 0COOEHHO eB- PP PR trumy 2P
pOMNHSI BEPOSITHOCTb CYIIECTBOBAHUS 2 B

Pr Sm Eu Tb

BO30OYKEHHBIX COCTOSIHUHM MPU KOM-
HAaTHOU TeMIlepaType yKe He CTOJib
MaJja.

BbiuncsieHue MarHUTHOH BOCIPH-
UMUYUBOCTH C YUETOM BepOSITHOCTEH
CYIleCTBOBaHHS BO30YXKIEHHBIX COCTOSIHUM OblJO MpousBeneHo Ban Pje-
koM. [lonyueHHass um gopmyna umMeeT BUI

Z{giﬂéj(g]—l— 1)/3KT + bj}(QJ_|_ 1>e—sj/(kT)

J
> (2J + e/ (KT) : (4.10)

J

Puc. 4.2, CxeMBl 3HEpreTHYeCKHUX
YPOBHEH HEKOTOpbIX HOHOB pefKo3e-
MeJIbHBIX 3JIeMeHTOB

Ip —

<=

Ecnu uckmiounts unen bj, 1o Qopmynsa Ban Paeka (4.10) Gyner
NPEeACTaB/IsATh cOO0H MPOCTO cyMMHpoBaHHe (Gopmys XyHaa (4.9) mo Bcem
COCTOSTHUSIM C YYETOM BEPOSITHOCTH OCYIIECTBJeHHUST BO3OYKIEHHBIX COCTO-
anud. Ilomyyennoe Ban ®uekom BblpaxkeHHe HJsi b; CJOXKHO, U Mbl €rO
3necb He npuBonuM. B Tab6ga.4.1 u Ha puc.4.1 comepxxarcsi pesynbTaThl
BeIYUCIeHHH 1o (opmyse (4.10). Kak BuAHO, OHHM MOCTAaTOYHO TOYHO OT-
paXkarmT 3KCIepPUMeHTaJbHble NaHHble. Takum obpasom, ¢opmynaa (4.10)
siBJsieTcs1 00001enueM (4.9) njs caydas caabbix MoJied; B o0lIeM cayuae
TeMIepaTypHasi 3aBUCHMOCTb MAarHUTHOH BOCIPUHMMYHBOCTH MapaMarHeTH-
KOB oTiu4daetcs oT 3akoHa Kiopu. K cuacTbio, B 00JbIIMHCTBE MPUJI0KEHUH
Pa3HOCTb 3SHEPTUH MeXAYy JBYMS HHU3IIUMH j-COCTOSHHUSAMH BeJHKa II0
cpaBHeHHUIO ¢ kI, TaK 4TO MOXKHO T0JIb30BaThCs GoJiee MPOCTOU PopMynoH
Xynna. TensnoBoe BO30yKJeHUE aTOMOB M MOJIEKYJ SBJASIETCS JHIIb OJHOU
U3 TPHUYMH, TPUBOASIIIMX K OTKJOHeHHIO OT 3akoHa Kiopu. Huxe wmbl
PacCMOTPHUM HEKOTOpPbie APYTHe MPUUYUHBI TOA0OHOTO OTKJIOHEHHMUS.
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§ 4.4. MarHuTHbIe CBOMCTBA MOHOB MEPEXOTHBIX
3JIEMEHTOB U BJIMSIHME MOJISI KPUCTATJINYECKON PelIETKH

Kpowme penkosemenbhbix (oT La (Z = 57) no Lu (Z = 71)) B neproauye-
CKOH CHCTeMe eCTb elll€ YeThbipe TPYIIIIbl 3J1€MEHTOB, Y KOTOPbIX MPOUCXOAUT
JNOCTPOHKA He3aMOJHEHHBIX BHYTPEHHHX CJIOEB:

1) rpynna xeneza — ot Sc (Z = 21) no Ni (Z = 28) — szanoJiHsercs
3d-060J104Ka;

2) rpynna namnagus — ot Y (Z = 39) no Pd (Z = 46) — sanonHsiercs
4d-060J04Ka;

3) rpynna njatuabel — oT Lu (Z = 71) mo Pt (Z = 78) — 3anoJHseTcs
5d-000J104Ka;

4) rpynna aktuHuaoB — oT Ra (Z = 88) mo Md (Z = 101); B 3ToM
rpymmne cHadaJsa 3anoJjHsercs 6d-obosouka, u y Thgy nBa 6d-3/1eKTpoHa;
¢ Pag; HauuHaercsi samosiHeHWe O f-000/0YKH H TMOJy4YaeTcs THUIHUYHAS
CTPYKTypa peaKo3eMeJbHbIX 3/eMeHTOB (cM. Tada. I1.1).

CoOCTBEHHO MEPEXOAHBIMU 3JIeMEHTaMH OObIYHO Ha3bIBAIOT TPYIIIbI 2Ke-
Jie3a, TaJJiaausl ¥ MJATHHB, ¥ KOTOPBIX MPOUCXOAUT AOCTPOHKa d-000J10-
yeK. MarHuTHble CBOWCTBA COENWHEHWH THMA COJEH, COAEPXKAUIUX HOHBI
MepexXOfHbIX 3JIEMEHTOB, MOJMKHBI ONPeNeNsiThbCs MarHUTHBIM MOMEHTOM
He3arnoJIHeHHOU d-000JI04KU W, Ka3aJoch Obl, MOTYT ObITb BbIYUCJEHbI MO
dopmynam Xynaa (4.9) unu Ban Paeka (4.10).

OkasaJjioch, OfiHaKO, 4YTO 00e 3TH (POPMYJbI AAIOT Pe3yJbTaT, COrJacy-
FOIIIMHCSA C OMBITOM JIMIIb B TeX CJy4asiX, KOTJa OCHOBHBIM COCTOSIHHEM
HOHA sIBJsIeTCS] S-COCTOSIHUE C HYJIEBbIM OpOHTaNbHBIM MOMeHTOM. CTOHep
yKasaJj, UTO MOXKHO COIJIaCOBATh BBIUHCJIEHHbIE 3HAYEHUS] C IKCIIEPUMEH-
TaJbHBIMH, €CJIM TPEAINONOXKHUTh, YTO B MarHHUTHOM II0JIe OPHEHTHPYeTCs
TOJMIbKO CIHUH 3JEKTPOHHOHU 000JIOUKH, a OpOUTANbHBI MarHUTHBIA MOMEHT
sakpernJéH. MM npensioxkena ¢opmy.a

L N4as(s+ Dk
v KT ’
COOTBETCTBEHHO 3(P(EKTUBHbIA MATHUTHBIK MOMEHT PaBeH

,u():2 S(S‘l‘l) UB-

B tabn. 4.2 npuBeneHbl XapakKTEPUCTHUKH 3JIEKTPOHHBIX COCTOSIHUN HEKO-
TOPbIX HOHOB TPYIIIbI XkKeJe3a, a TaKXKe IKCIepPUMEHTAJbHble U PACUETHBIE
3HaYeHHUS] BEJIUUHHBI [/ 4B -

Kak BumHo u3 tabauubl, Gopmyna (4.11) npaBuJibHO OTpa)kaeT 3KCIIe-
pHMeHTaJIbHble Pe3yJ/bTaThl [Ji MepeXOAHbIX 3JeMeHTOB U, CJe0BaTeJbHO,
OpOUTANBHBIA MOMEHT Y HUX JEUCTBUTENbHO 3aKPEJIEH.

3akpenyeHre opOUTAJbHOTO MOMEHTA BO3HUKAET MO BJHUSHUEM 3JieK-
TPUUECKOr0 MOJSI COCEAHHWX HOHOB KPUCTANJIUUECKOHW PEIETKH TBEPIOTO
tesia. [losie cHumaet BeipoxkaeHHe MO m;. HekoTopble HampaB/ieHUs «Tpa-
eKTOPHUU» 3JEKTPOHOB M, CJIefOBaTeJbHO, HEKOTOpble 3HAuYeHUs1 1m; OKa-
3bIBAlOTCSA HauboJiee BBITOAHBIMU. IDTO fIBJEHHE HAa3bBAIOT KPHUCTAJ/IHUe-

(4.11)
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ckuM 3¢pdextom Illrtapka. CnuH-opbUTaIbHOE B3aUMOIEHCTBHE Bbi3blBaeT
U HEKOTOpOe YMopsifouyeHHe CIHHOB, HO BCJENCTBHE MaJIOCTH MOMOOHOTO
B3aHMOAEUCTBUS 3(D(PeKT ynopsaoueHus OpHeHTalluh CIIMHOB CYIlleCTBEHEH

JIMIIb NpU TeMmiepaTypax Huxe 1 K.

Tabauma 4.2
Uucao Tepm o/ 1B
Hon 3d-3J1eK- | OCHOBHOI'O S L J g ITo ITo [To 3KC1’IepI/IM.
TPOHOB | COCTOAHMS (4.9)|(4.10)|(4.11)| 3Hauenue
Ti*t 2 SEYy 113 1]212/3|1,63| 3,36 2,83 2,8
Cr?t 3 ‘F30 |3/2] 3 |3/2|2/5|0,77| 2,97 | 3,87 | 3.8
Mn?t 4 Dy 21210 |—1000]| 380 | 4,90 4,80
Fe’t 5 S5 |5/2| 0 |5/2| 2 |5,92| 592|592 | 594
Fe?™ 6 "Dy 21 2|4 |3/2/6,70| 6,54 | 4,90 5,33

Y MOHOB MepexofHbIX 3JEMEHTOB He3amnoJHeHHas d-000J04UKa HAXOAUT-
Csl CHAPYKH, MIO3TOMY BJIMSIHUE MOJISI PELIETKU B UX CJy4dae O4YeHb BeJIHKO;

y HOHOB peNKO3eMeJbHBIX 3JEMEHTOB
He3anoJiHeHHass 000JI0UKa CHJIBHO 3a-
5KPAHUPOBAHA HAPYXKHBIMU 3JEKTPOHA-
MH, [03TOMY BJIUSIHUE TOJS PELIETKH
3leCb MEeHblLIe.

Ecnu BAusgHUE MoJisg PeléTKH HeBe-
JIUKO, TO B JIOBOJIbHO ILIUPOKOM TeMIIe-
paTypHOM HHTepBaJe BOCHPUHMUYHUBOCTD
KaK MPaBUJIO MOXKeT ObIThb MpeacTaBJeHa
SMIIUPHUUYECKOU (PopMyJIon

C

= —=. (4.12)

y

CoorHouieHue (4.12) 6b10 BHepBbie
nosyueHo Beficcom myTéM paccMOTpeHHUs
B3aWMOJEHCTBUSA 3JIeMEHTAPHBIX MarHu-
TOB W BBEJIEHUS TaK Ha3bIBAEMOT'0 MoJie-
KYJSIPHOTO MArHUTHOTO mMoJs (CM. TJI. 7).
[losToMy OHO HOCHUT Ha3BaHHWE 3aKO-
Ha Kiopu-Beficca. OnHako B Hacrosilee
BpeMsl 3TO BbipaKEHHe CJelyeT paccMart-
pHUBAaThb TOJbKO KaK 3IMIHUPUUECKYIO HH-
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,x‘“i’/
ﬂi‘ /:! /0’
i S/
S
/‘/ /
!f"‘f u‘f
/’ o
] Yy
— <
,'”/ /‘/
B Y \
/ /K ?
/S
4
f/f,/g
L ,w‘i‘/
7
/
/
' | ! |
0 100 200 T, K

Puc. 4.3. TemneparypHasd 3aBu-
CUMOCTb BOCIIPUMMUYHBOCTH CO-

Jeu

Nd2<SO4)38H20 (]) U
PI‘Q(SO4)38HQO (2)

TeprnoJasiuiMoHHy0 Gopmyny. Kak BugHo U3 puc. 4.3, nuHeldHasi 3aBUCHMOCTb
1/3¢ ot T coxpaHsieTcsi JIMIllb B HEKOTOPOM HHTepBase Temmeparyp. [lo-
cTosiHHast B 3akoHe Kiopu—Beilicca MoxeT ObITb KaK MOJOXHUTEJbHOH, Tak

U OTPULLATEJIbHOMU.
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MOXHO OTMETHTb YeTblpe OCHOBHbI€ TMPUUYHMHBI OTKJOHEHHS OT 3aKOHa
Kiopu.

1. B caydae MyJbTUIJIETHBIX HHTEPBAJIOB, CpaBHUMBbIX ¢ kI', MOCTOSIH-
Has Kiopu cama meHsieTcsi ¢ TeMnepaTypo, a BOCTIPUMMYHBOCTD OMpenesi-
etcst popmysost Ban ®@neka (Hanpumep, Eu).

2. BTopo#i UCTOUHUK OTKJOHEHHH — BHyTpUKpHcTa/indeckuid [lItapk-
3(pdekT. OH OB pacCMOTPEH B HacTosileM Maparpade.

3. TpeTbUM UCTOYHHUKOM OTKJIOHEHHS SIBJSETCS 3JeKTPOCTaTHIECKOe 00-
MeHHOe B3aHWMOJEeWCTBHE 3JIEKTPOHOB, MPUBOMSIIEE B HEKOTOPBIX CJydasix
K SBJEHHIO (peppomMarHeTusMa (cm. . 8).

4. YeTBEpTHIH HCTOYHUK — MaArHUTHOE B3aUMOAEHUCTBUE MATHUTHBIX
MOMEHTOB aToMma. JTOT 3((eKT CyllecTBeH JHIlb TPH HHU3KOH TeMIlepa-

Type.

§ 4.5. HekoTopble mapaMarHUTHbIE MOJIEK YJIbI

[Ipu oOpa3oBaHUM MOJIEKYJ B MOAABASIONIEM OOJNbIINHCTBE COEAUHEHUN
BaJIeHTHbIE 3JIEKTPOHBl 00Pa3ylOT 3aMKHYTYIO CTPYKTYpPy C HYJEBbIM Mar-
HUTHBIM MOMeHTOM. ONHAKO OYeBUIHO, UTO eCJH 00lllee YHUCJI0 BaJEHTHBIX
3JIEKTPOHOB HEYETHOE, TO CYMMAapHbIH MarHUTHBIH MOMEHT He MOXKeT ObITh
paBeH HyJ10. [leficTBUTEbHO, Y BCEX MOAOOHBIX MOJEKYJ OblJ 0OHApYyXKeH
MOCTOSIHHBIM MarHUTHBIA MoMeHT. Kpome Toro, cyliecTByeT HECKOJIbKO HC-
KJIOUeHUH 13 o0lIero nmpaBuJja JJisi MOJEKYJ ¢ YETHBIM YUCJOM 3JIEKTPOHOB,
B YACTHOCTH MOJIEKYJ KHCJOPOAA.

PaccMOTpUM MarHuTHble CBOHCTBA HEKOTOPBIX Ta30B, COCTOSIIIUX U3
JIBYyXaTOMHBIX MOJIEKYJl C TOMEOTOJISIPHOM CBSI3bl0. B Takux MoJekynax
OCbI0 CUMMETPHHU SIBJISIETCS JWHHUS, COeNUHSONAsA 1Apa aTOMOB, U MOMEHT
UMITyJbCa 3JEKTPOHOB OMNpeNesieTCss OTHOCUTENbHO 3TOH ocH. [locnenHui
KBAHTYyeTCs TakK ke, KaK U aTOMHbIH OpOHUTaJIbHBIH MOMEHT.

dopMasbHO HA MOJIEKYJIbl MOXKHO MEPEeHECTH BCe TpeACcTaBJeHHUs BeK-
TOPHOW MOJEJIM CJOXHBbIX aTOMOB, B YaCTHOCTHU croco® o003HaueHUs Tep-
mMoB (cM. §1.7). Jlng OTIMYMS M3MEHUM JIMIIb OYKBEHHble 0003HAYEHHS
MOCJEAHUX C JATHHCKHX Ha COOTBETCTBYIOLIHE I'pedyecKue, T.e. BMECTO S
Oymem nucatbh X; Bmecto P — II; BMecto D — A u 1. 1. O6o3HaueHHe
?II3,9 Gymet oTBeuarb coctosHuio L =1, J=3/2u S =1/2.

MouJiekysia KHCJIOPOAA UMEET BOCEMb BaJIEHTHBIX 3JEKTPOHOB. Mx cym-
MapHbId OpOWTaJbHbIM MOMEHT paBeH HYJ0O. CIUHBI IIECTH 3JeKTPOHOB
MOMapHO HampaBJeHbl B IMPOTHBOIMOJOMXKHbBIE CTOPOHBI, & Yy JBYX CIHHBI
napaJJjiesbHbl. TakuM 06pa3oM, MoJieKyJia KUCJA0poaa 00JanaeT MarHUTHBIM
MOMEHTOM, PaBHBIM IBYM MarHeToHaMm bopa, W BOCNPHUMYHBOCTb KHCJIO-
pojia paBHa

2 2
o = N pegS(x—1)  8Nup 0,993

KT kT T
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ITpu 20 °C TeopeTHdecKas BOCIPUHMYHBOCTb iz = 3,39 - 1073 Pesynbra-
Thl 3KCIMEPUMEHTAJbHBIX HCCJENOBAHUN MOATBEPKAAIOT 3TH BHIUHUCJEHHUS.
BocnpuuM4uBOCTb ra3006pa3HOr0 KUCJAOPOAA CTPOTO MOAUMHSIETCS 3aKOHY
Kiopu, xunkoro — 3akony Kiopu—Beiicca.

[Tono6HO KHcJOpOMY, MapaMarHUTHBL U mapbl cepbl. [loguepkHéM elné
pa3, uyto mapamarHetnaM Og W So sSBJSETCS peaKoH aHOMaJHeHd; Kpome
HUX, U3 MOJIEKYJ C YETHBIM YHCJOM 3JIEKTPOHOB aHaJOTMUHBIMH CBOM-
CTBAaMH 00/IaIal0T JIMIb HEMHOTHE MOJIEKYJbl OPTaHUUECKHX COeNHHEHHH.
Bce BemiecTBa, MOJEKY/bl KOTOPbIX HMEIOT HEU4ETHOE UYMCJO 3JEeKTPOHOB,
napamMarHuTHbl. TunuyHeiMu npumepamu sipasitotess NoO, NO, ClyO. Hucgo
Mof0OHBIX MOJIEKYJ HEBEJHKO, U KPOME TOr0, OHH OXOTHO COENHUHSIIOTCS
nonapHo. Hanpuwmep, us mosexkyn NO

oOpasyeTcsi NHaMarHUTHasi MOJIEKY- o W """ ~O—
Ja N202 (QNO — NQOQ). 1,5- P ™~

B kauecTBe mpuMepa pacCMOTPHUM P
cBofictBa okucH asota (NO). Eé oc- 107 / ™y
HOBHOE COCTOSTHHE — QHI/Q, ogHa-  (,5-
KO OHO OTIeJIeHO OT 2H3/2 JINLIb [ o
HeOOJbIIUM 3SHEPreTHYeCKUM HHTep- 0 100 200 300 7T, K

BaJioM €. PasHOCTb 3HEpruil £ paBHa

ET nmpu T = 175 K. Tlostomy mpu  Puc. 4.4. dddexruBHble uncna mar-
BBIYHMCJEHHH BOCIPHMMYMBOCTH cje- ~ HETOHOB Bopa nas okucw asora NO:
LlyeT NpUMeHATh (hopMyay Ban Die- I — pacuer; 2 — SKCIepHMEHT
Ka (cMm. (4.10)). DdbdekTUBHBIH Mar-

HUTHBIH MOMEHT MOJIEKYJibl OyleT 3aBUCETb OT TemrepaTyphl. PucyHok 4.4,
Ha KOTOPOM IIOKa3aHbl 3KCIIepUMeHTaJbHble W pACUYETHble AaHHBbIE [JIs1
Lo/ B , IEMOHCTPHPYET XOpOIilee COTacHe MeXIy HHUMH.

§ 4.6. CpoiicTBa mapaMarHeTMKOB B CHJIBHBIX TMOJISIX

Ilo cux mop Mbl paccmarpuBanu caabsie nons (uH /(kT) < 1). Orka-
YKeMCsl OT 3TOr0 OrpaHMUYEHMs] U OCTAHOBHMCSI Ha KBaHTOBOMEXaHHYECKOM
BbIBOZIEe (DOPMYJIbI JJiT BOCIIPUMMYHBOCTH BO BCEM HHTepBaJje MoJieH, OT
MaJblX 10 OOJIBIIUX.

JI1s1 IpOCTOTHI BBIBOAA PACCMOTPUM aTOMbI, HaXOASIIHeCS B S-COCTOS-
HUH, HO obJsiafialolliie CIIHMHOBBIM MAarHUTHBIM MoMeHTOM. [IpuMepom Takon
YaCTHIbl MOXKET CJYKUTb HOH ragoautus (cm. §4.3). Tepm ero ocHOBHOro
coctosiuusi — 291 S¢  a MaruuTHOe KBaHTOBOe uucao m = —S, —S + 1, ...

.9 — 1,5, DHepruss B MarHuTHOM TMoJe cocTaBiaseT —2mupkH, oTkyna
OpPHEHTAlMOHHAS YacTb CTATUCTHUECKOH CYMMBbI

m=S
OT, H)y= Y ¢must/(kTD) (4.13)

m=—=5
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CymMupoBaHHe NAET

e(2StDusH/(KT) _ —(@2S+1)upH/(KT) ~ sh{(2S+ VusH/(KT)}

O(T,H) = oHBH/(KT) _ —ppH/(KT) a sh{usH/(KT)} ’
(4.14)
OTKyza
i kT 9 _ 25+ DppH | o #eH
l@._MBaH[mCKTJﬂ]_(ZS+1)dh{ - cth 52

(4.15)
PaccMoTpuM nmocsienoBateibHO 06/1aCTh MasbiX M 00JbIIKX MoJied. B cayuae
majabix nosed (mpu upH /(kT) < 1), BOCMOJIb30BABIIKHCH PA3JIOKEHHEM
cth(x) = 1/x 4+ x/3..., noaydyaem yxe H3BECTHBIH HAM Pe3y/bTaT:
g (2S+ 1)’usH  pgH  4S(S+ Dup

us kT kT~ 3kT (4.16)

B 6onbiuux nonsix (npu ugH /(KT) > 1) ¢ nomoursio popmyasl cth () — 1

T— 00

HaXOIHM _
P~ 9. (4.17)
UB
Taknm oOpasoMm, B 6eCKOHeYHO OOJIbIIOM M0Je CpelHee 3HAUEHHE MPOo-
eKIIMH PaBHO MaKCHMaJbHO BO3MOXXHOMY, COTJIACHO KBaHTOBOH MeXaHHKe,
3HAUEHHIO MPOEKIIHH BEKTOpa MArHUTHOTO MOMeHTa 2S(p, OIHAKO MeHb-
e abCoMIOTHOH BesuduHbl MomeHTa — 24/5(S + 1) up. Ilpu nepexone
K KJIACCHYECKOMY CJydYal0 3TH BeJHMUMHBI AOJKHBI coBHanath. IIpoBepum
s10. O603HauuM 25upg = uo. Torna us (4.15) caenyer

T 25+1 {QS—I—IMOH}_L (LMOH)
o 25 M\ Tos %S 28 M les wr ) (4.18)

[Tpu S — 00, 4TO OTBeYaeT MePexoy K KJIACCHYECKOMY CJIYYalo, MoJydaeM
P poH KT (uoH )
P eth PO — [ (H2
o CNRT T oH KT )

TO eCcTh KJaaccHdeckyio (opmyny JlaHxkeBeHa.

PaccMOTpUM  3KCIepUMEHTA/bHbIE YCJOBHS, B KOTOPBIX BO3MOXKHO
nocTkeHue OGoabliux mogeit. [lockoabky pp = eh/(4mme) = 0,93 X
x 1072 3pr/Tc, npu KOMHATHOH TeMmepaType Nake BBIIOJHEHHE YCJOBHs

psH  093-107°H
KT 1,38-107'%. 300

TpebyeT KoJoccatbHbIX 3HadeHuid H, mpesbimamommx 10% 3. Takum o6pa-
30M, TNIPM KOMHATHOH TeMIlepaType OoJibliKe MOJs M0KA IKCIIePUMEHTANBbHO
HeOCTHKHMBI, TOUHee IOCTHXKHMBI JHIIb Ha KopoTKoe Bpema (~107° c).
Brixon 3aksiouaeTcsi B MOHHUXKEHUHM TeMmmepaTypbl. JlelicTBUTENbHO, TPH
T =1K yxe Bnone H~ 10*3 ugH/(kT) ~ 1.
OneiThl 10 W3YUYEHHIO TOBeNeHHsI MapaMarHETHKOB B OOJbLIMX MOJSX
¥ OblJIM TPOM3BeJleHbl MPHU HU3KUX TeMrepaTypax. Ha puc. 4.5 mokasaHbl
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pesynbraThl uccaenoBaHusi cBoHcTB Gdo(SOy)3 - 8HO mpu T'= 1,3 K u
H < 50000 3. Tam ke mpuBeIeHB KPHBbIE, pacCUHMTaHHbIE 10 (OpMyJie
(4.18) mpu pasJMUHBIX 3HAYEHHSX

CIIMHOBOTO 4HcJaa S. H/H o~ _eog 208
DKCIIepUMEHTa/NbHble  Pe3y/bTa- 075 S e 4

Thl XOPOLIO COBMNANAKT € KPHUBOH ‘ /’ '[ 5 3

ansg S = 7/2. Dto ke 3HaueHuHe 0,50“/ o

CTIMHOBOTO YHCJIA MOJydaeTcss JJIs 0*25«»;;

Gd®" u U3 CreKTpanbHBIX IAHHBIX e |

(cm. Taba. 4.1). 0 i 2 % 1 [5 I6HBI}I
Takum o6pa3omM, Teopusi Xopo- LT

110 OMHCHIBAET TMOBeJlleHHe Mapamar-

HETHKOB BO BCel 00JacTH MoJsied, Puc.4.5. Kpubble HaMarHHYMBaHHS
OT MaJblX A0 Ooubliux, mpaBuabHO  Gde(SO4)s: paccuntanHele mo (4.18)
yKasbiBaeT Ha CylllecTBoBaHHMe fB- npu S =1/2(1), S=7/2(2)un S =
MeHHUs] HACBILLIEHUS HAMArHUuMBaHusi  — OO (8); 9KCIEPHMEHTAIbHO MOJTyYeH-
B OOJIBLIMX I10JISX. nas npu 7' = 1.3 K (4)

§ 4.7. AqnabaTuueckoe pasMarHMuMBaHue U CBOMCTBA
rnapaMarHeTMKOB Mpu Temneparypax menbiie 1 K

HMcenenoBaHus Mpu HU3KHWX TeMIepaTypax UMeIT Psii MPeUMyIIecTB.
B 4acTHOCTH, TOJIBKO TMpPH HU3KUX TeMIlepaTtypax MOCTHXKHMbI OOJibline
HaMarHMYeHHOCTH NapaMarHeTHkoB (cm. § 4.8).

OnHuM K3 3(pheKTUBHBIX CTOCOOOB OXJaXKIEHHUS sIBJseTcs aguabaTuye-
CKOe paclIMpeHHe C COoBeplleHHeM BHellHed paboThl. Kak cjaenyet us op-
MyJbl (2.9),

as =99 _ L qu 4 pav — Ham) =o. (4.19)

T T

Pa6ora npu pacuupennu (pdV) B anuabaTu4eCcKUX YCJOBUSX COBEPIIAETCS
3a CUET BHYTPEHHEH SHEPruU TeJja U MPUBOAUT K €ro OXJaxXKIeHHI0. DTOT
croco® oxJaxKJIeHUsi NeHCcTBUTENEeH ToNbKO 10 Temnepatyp 3 + 4 K. Ilpu
6oJiee HU3KOH TeMIepaType Aake TeJiui CyIllecTByeT B ra3oo6pasHoM Co-
CTOSIHUM JIMIIb NPH OYeHb HU3KHUX NaBJEHUSAX U padoTa paclliUupeHUs MaJa.
JIJs1 )KUAKOCTH U TBEPAOTro TeJa paboTa pacliUpeHus MaJja u3-3a UX MaJiou
CKUMAeMOCTH.

OnHako kpome pabOThl pacLIMpPeHUsi CyllecTByeT paboTa, CBs3aHHas
C U3MEeHEeHWeM HaMarHW4eHHOCTU TeJsa. Ec/iu Teso pasmMarHudyuBaercs, T.e€.
dM < 0, To npu aguabaThyeckoM Tpolecce coBepllaeMasi UM paboTta Mpo-
U3BOAUTCS 3a CYET yMeHbllleHUsI BHYTPeHHeH 3Hepruu Teqa. Kak Oblio
MOKA3aHO BO BTOPOU TIJaBe, TOJAbKO HJs1 KJaCCHYECKHX JNHaMarHeTHUKOB
3Ta paboTa MPOU3BOAMTCS 32 CUYET BHYTPEHHEH 3HEPruM, He 3aBUCSIIEH
oT TeMmmnepatypbl. [l napamMarHeTHKOB pasMarHW4WBaHWe MPHUBOAMUT K TO-
HUXKEHHIO0 TeMmnepaTypbl. [Ipu OObIYHBIX KOMHATHBIX TeMIepaTypax padoTa
pa3MarHUuMBaHUs HeBeJIMKa, MOCKOJbKY HaMarHWYWBaHWe MaJo, HO MpH
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TeMrnepaTtypax okoJo 1 K jierko mocTuXKuMbl 3HAaUWTe/JbHble HaMarHUYeH-
HocTH (cM. § 4.6), U 31eCch 3TOT MeTOH HauOoJee MPHUTOEH.

MeTton mosyueHHs] HH3KHX TeMIepaTyp € IOMOIIbI0 aauadaTHIecKOro
pa3MarHUUMBaHHS MapaMarHeTUKOB HE3aBUCHMO Oblj mpeaoxkeH B 1926
u 1927 romax [xwuoxkom u Jlebaem. Yxke B 1933 r. Oblia JOCTHTHYyTA
temnepatypa ~ 0,1 K, a B 1936 r. — ~ 0,004 K.

Cxema npuOopa AJs MOJYUYEHHs] HU3KUX TeMIlepaTyp MeTOAOM pas3Mar-
HUYWBaAHHS TOKa3aHa Ha puc.4.6. [lapamarHutHas cosb, crpeccoBaHHas
B BHUAe LWUAUHApa [, TMoOABellle-
Ha Ha HETEIJIONPOBOAHBIX HUTSX
BHyTpu Tpyoku 2. Tpybka c¢ co-
Jbl0 ToMellleHa B cocyd Jlbio-
apa ¢ JKHJIKHM TeJiueM, 3alllH-
MEHHBIH OT TEeIJIONPHUTOKA JblO-
apoM C XKHUAKMM as3oToM. DBcé
YCTPOMCTBO IOMENIAeTCsd MEXIY
noJirocaMu 3JekTpomMaruura. CHa-
yaja B TPyOKy 2 BIyCKalOT ra-
3000pasHbIl TeJUH NPU NaBJeHHH
0,05 = 0,1 mm p1. c1. OH cosfa-
€T TEIMJOBOH KOHTAaKT MeXIy CO-
JIbI0 Y BAHHOW U3 XKUIKOTO TesUsl.
[lapbl »XuUAKOTO Tresus B Hbloape
OTKAuUBAIOT TaK, YTOObI OH KHIIEJ
NPy JaBJeHUH OKOJO 1 MM pT. CT.,
4TO OTBeUaeT TeMIlepaType OKOJIO
1 K, BKJIIOUAIOT B 3/7IeKTPOMAarHuTe

. 4
Puc. 4.6. Cxema MeToma oxJaxmge- HOJE (2+3)- 10" D u BERKHMAAIOT,
HUS anuabaTHYeCcKHM pasMarHuyuBaHu- — [OKa COJIb MNPHMET TEMIIEPATypy
eM: | — mapamMar€utHas coab, 2 —  KHJKOTO rejidsi. 3aTeM OTKayWBa-

TpyOKa 10T TPYOKy 2 1O BBICOKOTO BaKy-

yMa, TeM CaMbIM H30JIUPYs COJb.

[Tocsie 3TOro BBHIKJ/IOUAIOT MAarHUTHOE IOJie, U COJIb OXJaxKjaaeTcst g0 1 ~

~ 1072 K. Temmepatypy cosy MPHOIH3UTENbHO ONpPELesIioT [0 €8 BOCIIPH-

UMUMBOCTH 1O 3aKoHy Kiopu. CyliecTBYIOT METOMbI, MO3BOJSIONINE BBECTH

MOTIPABKHU HAa OTKJIOHEHWsI OT 3aKoHa Kiopu W ompenesuTb TOUHYIO TEPMO-
IUHAMHYECKYIO TeMIlepaTypy, HO Mbl He OyneM Ha HUX OCTAaHABJIMBATbHCS.

B kauecTBe paGoyero BelllecTBa 4allle BCEro ymnoTpebJsilOT COJNU THIIA
KBacClIOB, COAepKalllie HOHbI MepeXOMHbIX 3JeMeHTOB I'PYIIbl XKeJje3a, Ha-
npumep NH Fe(SOy)s - 12H20 nau KCr(SOy4)s - 12H50.

CyliecTBeHHOe yIpolleHHe MeToAa Obljo npenyioxkeHo B 1946 r. Asek-
ceeBckuM [87]. OH yKasaJ, 4To ec/iM 3anasiThb NapaMarHUTHYO COJIb B CTEK-
JSIHHYIO aMMyJKy ¢ TeJueM, TO MOXHO Moao0paTh AaBJjeHHe IMOCJeIHETO
Tak, utoObl npu 1T' =1 K oHO OblJIO AOCTAaTOYHBIM AJS OCYILECTBJIEHHS
TEMJOBOTO KOHTaKTa, a MPHU ObICTPOM pasMarHUYMBaHUM T'eJHU ancopOu-

Ty

T T T
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poBaJicd Obl HAa COJM W aBTOMATHUYECKH OCYUIECTBJsJAaCh Obl BaKyyMHasi
U30JISLUS.

B 1953 r. JlayHT u XuHp CO3[aJH XOJOAUJbHYIO MalllMHY MePUOIH-
4ecKOro neHlcTBHs, paboTalollylo Mo oOpaTHOMY MarHUTHOMY LMKy Kap-
Ho [166].

PaccmoTpuM mpouecc MarHUTHOrO OXJakjaeHus noapoOHee. B uHTepe-
cylouled Hac 00J1acTU TeMmepaTyp IHTPOMHI0 MOXKHO CYHUTATh COCTOSIIEN
M3 JBYX dYacTed: HTPONMHU S?¥, CBSI3aHHOM C TEMJOBBIMH KoJieGaHHUSIMHU
PEIIETKH, U SHTPONuU S CBSI3aHHOH C TEMJOBBIM JBHXKEHHEM CIIHHOB
(opOHTa/ibHble MOMEHTbl MOXHO CUMTaTh 3aMOpPOXKEeHHbIMH H3-3a LllTapk-
s dekTa). [lpn annabaTuyeckom mporuecce

S¥(T) 4+ S™(HT) = const . (4.20)

CraTtuctuyeckas CyMMa MOJisd HA€AJbHOI'O rd3d CIIHHOBBbIX MATHHUTHBIX

MOMEHTOB onpenensercs: dopmynon (4.14), a sutponus, corsacHo (2.11)
u (2.26), paBHa

sem = Nk [T O(T, H)). (4.21)
13 (4.14) u (4.21) caenyer, 4TO

5 _ 5 = In sh{(25 + D] _ (28 + 1)z cth (25 + 1) + z ctha,
NE R sh
(4.22)
rae
_ sl
T =

Takum o6pasom, B Masbix noisix (npu x — 0) Bxozsllee B ypaBHeHHe
(4.22) ortHolleHHe goms

—1n (25 + 1). (4.23)

DTOT pe3y/bTaT UMeeT MPOCTOH CMBICJ. DHTPOMHUS ONpeAeNsieTcs Jorapud-
MOM BEpPOSITHOCTH. BeposiTHOCTb COCTOSIHHSI € JAHHBIM S ompenenseTcs
4YUCJIOM CTMOcOOOB ero ocyliecTBjaeHUs. B paccmaTprBaeMoM ciydae OHO
paBHO 2S5 + | — uMcsy pasnuyHbIX 3HaUeHUH Mg AJsS JaHHOro S.

Ilast Gosbiiux moJeit (npu x — oo) us (4.22) umeem S /R, ., — 0.
ITO eCcTecTBeHHO: B OOJMBIINX MOJSAX CIHHBI MOJHOCTbIO YIOPSIAOUHBAIOTCS
M SHTPOIHUS CTPEMHUTCS K HYJIO.

YacTp 3HTpOMHUH, CBSI3aHHAsi C TENJOBBIMU KOJeOAHUSIMH PEIIETKH,
YMEHbLIAETCH C MOHUXKEHHeM Temnepatypbl U npu T' < 10 K

SaK T3
2 —g-, (4.24)
R @?ﬁ

rie © 1 — temneparypa Jebas.

Ha puc. 4.7 npencrasieHa temnepaTypHas 3aBUCHUMOCTb JHTPOIHHU XKe-
nesoamonueBbix kKBaciioB (NH,Fe(SOy)s - 12H50). Yacth sHTpONMH, CBs-
3aHHasi C TEMJOBBIMH KOJeOaHUSAMH pelléTKH, 3alTpuxoBaHa. CrJjoliHas
KpUBasi OTBeYaeT 3HAYEHHIO SHTPONUU B HYJNE€BOM MoJjie. ToO4KaMH OTMeUeHbl

3 E.C. BopoBuk u np.
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¢5
r 30 1.0
$10 ¢ 40 0 100 /
- 0.5
30 20 6 100
L ] 40| | I | 0
0| 2 4 6 10 4T K
O0mnactb ObnacTb Ob6macTn
TeJIus TBEPJIOTO KUIKOTO
BOJIOPO/IA BOJIOPO/IA

Puc. 4.7. durponus NHyFe(SO4)2 - 12H20. Toukamu oTMeueHO 3HaYeHHe IHTPO-
nuu B MarHutHoM mosie. Lludper y Touek — H [kI)]

3HaueHUs HTPoONUU B noJje. Lludpel okoso TOUEeK — HAMPSKEHHOCTD MOJS
B KuJospcTenax. Mbl BUAMM, 4TO MNpU Temmnepatype Huxke 6 K uactb
SHTPOINHWU, CBSI3aHHAsl C TEMJIOBBIMH KOJeOAHUSMH KPHUCTAJJHYECKOU pe-
IIETKH, HUUTOXKHO MaJsia U paBeHCTBO (4.20) MOXHO NMpUOJHKEHHO 3aMe-
HUTb ycgaoBueM S (H,T) = const, oTkyna, cornacHo (opmyne (4.22),
caenyer H/T = const. Muaue roBopsi, yMeHbllleHHEe T0JIsT B HECKOJBKO pa3
BbI3bIBaeT YyMeHbllIleHUe TeMMepaTypbl BO CTOJbKO Ke pas3. DTO YCJAOBHE
npubM3KUTEebHO cobJuofaetcsi B obsacTu Temmnepatyp 6 +— 1 K, 4to BUAHO
u Ha puc.4.7. durponua npu 4 K B none 4-10* 3 npubnusurennro
pasHa suTponuu npu 1 K B nose 10* 3. CaenosatesnbHO, MOHMAKEHHe MOJS
B UeThlpe pa3a BbI3OBeT MOHMKeHHe TemmepaTypbl ¢ 4 no 1 K. Mcxonsa us
CKa3aHHOTO, MOXHO OblLJIO Obl MOAYMaTbh, YTO C MOMOIIbIO anuabaTHYeCcKo-
r0 pasMarHW4MWBaHUsI BO3MOXKHO HENOCPENCTBEHHO MOJYUYUTb TEMIEPATypy
0 K. OnHako 3TOT BbIBOMA, a Takxke ¢dopmyabl (4.22) u (4.23), Ha KOTOPBIX
OH OCHOBAaH, NMPOTHBOPEUAT TPETbEeMY MPUHIUIY TEPMOJAUHAMHUKH.

B camom nesie, criiHOBast SHTPOMUS KeJe30-aMMOHHEBBIX KBACIIOB OTIpe-
[eisieTcs BeJHYMHOMN crnHa voHa Fe’ . OcHOBHOE COCTOSIHHE 9TOrO HOHA —
653/2, otkyna 25 + 1 = 6, caenoBatenbHo, S /R =1In (25 + 1) = 1,8.
Takum o0pa3om, 3HTPONUSI MOCTOSHHA U HE 3aBUCHUT OT TeMIepaTyphl.
Kak BugHo u3 puc.4.7, B uHTepBase Temiepatyp 6 - 1 K oHa melicTBu-
TeJIbHO TIOCTOSSHHA W paBHA BblUMCJeHHOMY 3HaueHHI0. ONHAKO, UTO HUXKe
1 K sHTpomnusi B Hy/JIeBOM M0Jie HauuHaeT yMeHblaTbhcsd. O4eBUAHO, YTO 3TO
SIBJISETCS CJIe[ICTBUEM HEYUYTEHHBIX HaMH B3aWMOJEUCTBUH, BbI3bIBAIOIIUX
OTKJIOHEHHE TOBeleHUsI CUCTEeMbl CIIMHOB OT IOBEIeHHs HOeasibHOTO rasa
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MarHUTHBIX CTPEJIOK. YMEHblIEHHe 3HTPOMHH BbI3BIBAIOT CJAEAYIOIIUE J[BE
OCHOBHbIE MPHUYHHBI.

ITO, BO-TIEPBBIX, BJAHUSHHE 3IJEKTPUUECKOTO MOJSI KPUCTAJNJIUYECKOH pe-
weéTtku. Kak ykaseiBanoch B § 4.4, ajekTpuueckoe noJsie peliéTKU yKe MpH
JIOBOJIbHO BBICOKUX TeMIepaTypaxX BbI3bIBAeT 3aKpelJeHue OpOUTaJbHbIX
MoMeHTOB. CIIHH-0pOUTA/NbHOE B3aUMOAEHCTBHE IPUBOJUT K YIIOPSJOYEHHIO
CMIMHOB. DHEPTUSI ITOTO B3aWMONEHCTBHS HEBEJIMKA U [IJiT HOHOB Mepexoj-
HBIX METaJJIOB, HAXOAAUIMXCS B 3(P(PEKTUBHOM S-COCTOSIHUU, pacllemneHne
ypoBHel A,/ ~ 0,1 K. YnopsizoueHue CIHHOB BbI3bIBAET YMEHbIIEHUE
sutponuu oT RIn(2S 4+ 1) g0 TeM MeHbIIero 3HayeHHs, 4eM MeHblile
CTeleHb CUMMETPUH KPUCTAJJIUUECKOH pelléTKH. MuHHMaJ/ bHOEe 3HAYeHHe
SHTPOIKH, KOTOPOE TPHU 3TOM MOXKET MOJNYUYHThCS, cocTaBisier S™H /R =
= In 2. TlocsnenHee cBsi3aHO C TeM, UTO IHEPTUsi B3aUMOAEUCTBUS C TOJIEM
KPUCTAJJIUUECKOH PelléTKH He U3MeHsieTCsl MPH U3MeHeHUH HampaBJeHHs
MarHUTHOrO MOMEHTa Ha OOpaTHoe.

BropeiM 3¢ dpeKkToM, NPUBOASAIIMM K YMEHbIIEHHIO CTHHOBOM SHTPOIUH,
IBJISIETCS MAarHUTHOE B3aHWMOJEWUCTBUE CIHHOB, KOTOpPOE MPHU NOCTATOYHO
HU3KOH TeMIlepaType BbI3bIBAeT MOJHOE UX YMOPSifOYeHHe U YMeHblleHHe
SHTPONUM A0 Hyas. B cossix, ynoTpeGasioliuxcss [Js MOJy4YeHUs HU3-
KUX TeMIlepaTyp, MarHUTHOe B3aUMOAEHCTBUE MaJio, MOCKOJbKY MAarHHT-
Hble WOHbl PacCMoJIOXKEeHbl Naneko APYr OT APyra U OTAeseHbl OO0JbLIHUM
YUCJOM HEMaTrHUTHBIX HOHOB. B HEKOTOpBIX caydasx AJs yMeHbLIeHHUs
B3aUMOJleHcTBUS MpuberalT K pas0aB/ieHHI0 MAarHUTHOH COJIM HeMarHuT-
HbIMU BelllecTBaMu. OOBIYHO TemmepaTypa YMOPSiAOYeHHsS] CIHHOB Oy ~
~ 1072 K. Hanpumep, ans NH4Fe(SOy)s - 12H20 Oy = 0,02 K. Onnako
/ISl HEKOTOPbIX BelllecTB OHa 3HauMTesbHO HuXe: 11 KCr(SOy)s - 12H20
On = (3+4)- 1073 K, a ana 2Ce(NO3)s - 3Mg(NO3)s - 24H50 oHa MeHb-
e 0,003 K.

BeicTpblfl crmap 3HTpoOnUM OO0 Hyas npu 1T < Oy NPUBOAUT K TOMY,
4TO Onf NMpPaKTUYECKH COBMAAAeT C HUXKHHUM MpefesioM TeMIepaTyp, Ko-
TOpble MOXKHO MOJYYHUTb C JAHHBIM BEIIECTBOM MpH afauabaTHUeCKOM pas-
MarHu4uBaHuu. [l JydliuxX 3/JeKTPOHHBIX MapaMarHeTUKOB 3TOT Mpeed
~107% K.

CyenymolMH 1War B HaNpaBJeHUU MOHUKEHUS TeMIepaTypbl MOXKHO
cllesaTb, MPUMEHHUB pasMaTHUUMBAHUE SIIEPHBIX MArHUTHBIX MOMEHTOB,
BEJMYHMHA KOTOPbIX B HECKOJNbKO ThICSY PAa3 MeHblle, YeM 3JeKTPOHHBIX
(cMm. ra. 17), mosTOMy MeHbIlle M HX MAarHMTHOe B3auMmopeicTBHe. Ecre-
CTBEHHO, MaJasi BeJUYMHA MOMEHTa MPUBOAUT K TOMY, 4YTO [Js CYylle-
CTBEHHOT'O HaMarHUYWBaHUS sifiep HeoOXOAMMa HayaJjbHas TeMIlepaTypa
10=2 + 1073 K. Ilpu pasMarHMYMBaHHU MeJH C TAaKOH HayaJbHOH TeMrepa-
TYpBl yAaJ0Ch MOAYy4YUTh TeMmmepatypy (3 +4)-107° K.

3*



[n1aBa 5
NUAMATHUTHBIE BEIHIECTBA

§ 5.1. InmamarauTHasi BOCIPUAMYUBOCTbh aTOMOB U MOHOB

B nepBo# riaBe 6blJ10 MOKa3aHO, UTO MPH MOMEIIEHHH aToOMa B MarHWT-
HOoe ToJie OPOUTANbHBIH MAarHUTHBIH MOMEHT €ro 3JIEKTPOHOB H3MeHsieTCs.
BosHuKaomui NpH 3TOM JAONOJHUTEJbHBIH MOMEHT HanpaBjeH IPOTHB
HanpaBJeHHus1 1noJs. JJisg KpyroBoi opOUTHI, MJIOCKOCTb KOTOPOH MepreHIu-
KyJISIpHA TOJIIO, BEJWYUHA JOMOJHHUTEJbHOTO MOMeHTa omnpejessercs ¢hop-
myJoi (1.36).

[Ipy pacuére nMaMarHUTHOTO MOMEHTa aToMa CJEAYeT yd4ecThb, 9TO
OpOUTHl €ro 3JEeKTPOHOB MOT'YT ObITh TPOU3BOJIBHO OPHEHTHPOBAaHBI B IMPO-
CTPaHCTBE U OTJHYAThCs MO popMe 0T KpyroBou. [10CKONbKY MOMONHUTENb-
HBIH MOMEHT €CThb CJeAcTBHe 3(P(eKTa 3JeKTPOMAarHUTHOH WHAYKIMH, OH,
O4YeBHIHO, OyleT MPOMOPIHOHAJEeH MPOEKUUH IJIOMAad OpOUTHI Ha IJIOC-
KOCTb, MEPINEHAUKYASIPHYIO MArHUTHOMY IMOJIIO, T.€. CPeIHEMY 3HaYeHHIO
KBajipaTa MPOeKIHH PaCCTOSTHUSI OT spa atoma a0 3jaekTpoHa. O603HAYUM
MPOEKIIHI0 3TOr0 PACCTOSIHUSI HA IMJIOCKOCTh, MEPINeHAHUKYJASIPHYIO TMOJIIO,
yepe3 r;. Torma ans obuiero caydast opmynaa (1.36) npumer Bux

Ay — ewLﬂQ B _eQF%H (5 1)
2 4me® .

[Ipy BBIUMCJIEHHU CYMMApHOr0 AHaMarHWUTHOTO MOMEHTA COBOKYIHOCTH U3
N aToMOB cJefyeT y4yecTb, YTO y KaXJOr0 aToOMa 2z 3JEKTPOHOB H 4YTO
BCE OpPUEHTAllMU OPOUT PaBHOBEPOSITHHI. FI3 mocjienqHero cjaenyer, 4To 7712 =

= 272 /3, rie r — panuyc op6UThl. Mcxons M3 3TOro, mnosydaem

ANy = —N

i (5.2)

6mc’ i1

OTCIOILa dTOMHAAd OHAMATHHUTHAA BOCIPHUHUMYHUBOCTbL PdBHA

AM 4 (=2
o =~ = z:: (5.3)

6mc
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Boiuncaum HpI/I6JII/I}KéHHO 3HaquHe BOCIPUUMUYHBOCTH. [Ipu 3TOM moJio-
KiM YT o~ 27 o 2 - 1071% em? Torna

1028 (4.8 107197 . 1071,
6-09-10727.9.10°

[Ipy TouHOM KBAHTOBOMEXaHHYECKOM pacuéTe MOHSATHE OPOUTHI HE HMe-
eT CMbICJIa, HO YHCJIEHHbIE Pe3y/IbTaThl OKA3bIBAIOTCS TAKHMH 2Ke, KaK MpH
KBa3HKJIaCCHYECKOM BHIBOJIE.

JnamarHvuTHasi BOCIPUMMYMBOCTb, BbIUHMCJeHHass Mo ¢opmynae (5.3),
HeBeJIMKa, U €CJH y aToMa CyMMapHbIH OpOMTANbHbBIH WM CIIHHOBBIH Mar-
HUTHBIH MOMEHT OTJIMUEH OT HYJIsl, TO €r0 AHaMarHUTHast BOCIPUUMYHBOCTD
MaJa 10 CPaBHEHHWIO ¢ mapaMarHUTHOH. JleHCTBUTENbHO, €ClK aTOM HMEeT
MarHUTHBIH MOMEHT, paBHBIH ONHOMY MarHeToHy bopa, To ero BocmpHHM-
YMBOCTb, BblUMCJeHHasi 1o ¢opmyae (4.8), mpu KOMHATHOH TemImepaType
COCTaBJISIET

~—-28-107%

M, = —0 -

o = Nt _ g g (09107 g g
3kT 3-1,38-107"°-300

Takum o6pasom, TuamMarHMTHas BOCIIPUMMUYMBOCTD Ha JBa TOPSIAKA MeHbIIe
napamMarHuTHOH. OTHOCUTEJIbHYIO MOJI0 JAHUAMArHWUTHOH BOCIPHHUMYHBOCTH
HEeCKOJIbKO yBeJMUYUBAeT TO 0OCTOSITEbCTBO, UTO CYyMMapHble opOUTa/IbHbIe
M CIHMHOBble MOMEHTBI 3aMOJHEHHBIX 000JI0UeK CJ0XKHBIX aTOMOB PaBHBI
HYJIIO U UX MaKCHMaJIbHbId MAarHUTHbIM MOMEHT He TPEeBbIlIAeT HECKONbKHUX
MarHeToHoB bopa, a auamMarHWTHbBIE MOMEHTBHI BCEX 3JEKTPOHHBIX OpPOUT
ckJanpiBaoTes. [loaTomy AJsl TSAXKEJIBIX aTOMOB JHaMarHWTHasi JI0Jsl BOC-
MIPUUMYUBOCTH MOXKeT HoxXoauTh 10 10%. Ilpu cpaBHeHHH pe3y/JbTaTOB
OIbITA C TEOPHEeH NJisl MapaMarHeTHKOB NMPHXOAMTCS BBOAMUTH IMOMPaBKH Ha
THAMaTHUTHYIO BOCTIPHUHMYHBOCTD.

Ec/au coOCcTBEHHBIM MarHMTHBIM MOMEHT aToMa paBeH HyJio, TO AHamar-
HETH3M 3JEKTPOHHOM 00OJIOUKH BBHICTYTaeT Ha repBbid MJjaH. [locaennee
OTHOCHUTCSI K aTOMaM HHEPTHbIX Ta30B, Y KOTOPbIX 000JI0YKAa COCTOUT H3
MOJIHOCTBIO 3aTOJIHEHHBIX CJIOEB, M K TapaM 3JeMeHTOB BTOPOH T'PYIIIbI
MepHOIHUYECKOH CHUCTEMbI, Y KOTOPHIX OCHOBHBLIM siBJsieTcsl | So-cOCTOSHUe.

CpaBHeHHe 3KCIIepPUMEHTAJbHBIX PEe3yJbTAaTOB [0 aTOMHOH BOCITPHHMYH-
BOCTH MHEPTHBIX ra3oB ¢ pacuétamu CuediTepa mpoBeneHo B TabJ. b.1.

Ta6auma 5.1
DJIeMEeHT He Ne Ar Kr Xe
— sz, - 10°, skcrepument 1,9 |6,7+75|18+19|28 29|42 =44
— 2, - 10°, pacuér 1,85 5,7 18,9 31,7 48,0

[IpocsiexxuBaeTcsi A0CTATOUHO XOpolllee COTrJiacHe 3KCIepHMEHTaJbHbIX
U PaCYETHBIX NaHHBIX.

OrpuiaTeJbHble HOHBI TaJOHAOB H TOJOXKHUTEJbHBIE HOHBI IEJOYHBIX
MeTaJ/lJIoB 00/1afal0T 3JEKTPOHHOU 000/I04KOH, MOAOOHOH 000JI0UKE UHEPT-
HbIX ra3oB. MoXKHO 0XHUAATh, UTO UX BOCIPUHMUYMBOCTH OYAYT OJHU3KH.
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B Tta6..5.2 cpaBHHBAIOTCA IpaMM-aTOMHble H I'PaMM-HOHHbIE BOCIIPH-
UMYHUBOCTH 3THX BeIllEeCTB.

Ta6auma 5.2
Hon — 2ty - 10° Atom — 3, - 10° Hon — 3y - 10°
— — He 1,9 Lit 1,0
F~ 91 Ne 7 Nat 6,8
Cl™ 23,4 Ar 19 KT 14,9
Br~ 35 Kr 28,5 Rb* 22,5
J” 50,6 Xe 43 Cst 35,0

BocrnpuuMYMBOCTH COOTBETCTBYIOIIMX HOHOB M aTOMOB NEHCTBUTEJNbHO
OJIU3KU, HO Yy HOHOB TaJIOWJOB BOCIPHHMYHUBOCTb OO0Jblle, a y HOHOB
1IeJIOUHBIX METAJJIOB MeHbllle, 4eM Y aTOMOB UHEPTHBIX ra3os. llesio B TOM,
4TO 3apsiji siipa y rajioMJ0B MeHble, a Y ILIEJ0YHbIX HOHOB OOJIbllle, UeM
Yy COOTBETCTBYIOIIMX aTOMOB HHEPTHBIX [A30B; CJEL0BATEJ]bHO, PaLUYChI
opOHUT GOJibllle Y TAJOUI0B U MeHbllle Y 11eJ0YHbIX HOHOB.

CkakeM HeCKOJIbKO CJIOB O HAXOXKJIE€HHWH BOCIPUUMYHBOCTH HOHOB. OHa
omnpenesisieTCsl U3 U3MepeHHs BOCTIPUHMYHBOCTH PACTBOPOB COJeH, HaMpH-
Mep NaCl. Pasywmeercs, npu 3ToM omnpepessieTcsi cyMMapHasi BOCIIPUUMUU-
socTh Na™ u Cl™. OnHako ecau MpeanoJokKHTh, 9TO BOCTPHHMYHBOCTE
COJIM paBHA CyMMe BOCIPUUMYMBOCTEH HOHOB, a MOCJEAHUE He 3aBUCSAT OT
TOT0, B KaKOe COeIMHeHHEe 3TH HOHBI BXOIST, TO JIETKO PACCUYHUTATh UCKOMbIE
BOCIIPUUMYHUBOCTH W3 pPe3y/JbTaTOB HECKOJbKUX H3MepeHud. Hampumep,
MOYKHO TIOJIyUHMTb HMOHHBIe BocnpuuMuusoctH aas Nat, KT, C17 u J~ us
usMmepennt BocnpuumunocTd NaCl, KCI, NaJ u KJ. fdcHo, uto nogoGHbIe
MPeANoJOXKEHNUST BIMOJHSAIOTCS JHIb MPUOJUSUTENbHO, OAHAKO TOUHOCTD
60JIbllIel YaCTbIO AOCTATOUHA JJsl BBEIEHUS THAMaTHUTHBIX TMOMPaBOK MpH
HCC/eI0OBAHUM TapaMarHeTHKOB.

[IpuBeném elé HECKOJNBKO NHAMATHHUTHBIX MOTMPABOYHBIX MOCTOSHHBIX,
paccYMTAHHBIX Ha rpamMM-HOH: 36,(NO;) = —18,9- 1075, 1,(S0;7) =
= —40,1-107%; 5¢,(NH;) = —13,3-107°

['pamm-aToMHasi BOCIPUMMUYHUBOCTb MHEPTHBIX TA30B W TPAMM-HOHHbIE
BOCIIPUUMYHUBOCTH HOHOB He 3aBUCAT OT TeMmImeparypbl. Pasymeercsi, 00b-
éMHbIe BOCIPUUMYUBOCTH OT TEMIEPaTypbl 3aBUCST, MOCKOJNbKY H3-3a Tell-
JIOBOTO pacClUIHMpeHHs] MEHSIETCS YHUCJ0 YacTHIL B eiUHHUIEe 06bEMA.

§ 5.2. CBoiicTBa XMMHUYECKHNX COEIMHEHUN

[Ipu o6pasoBaHUU XHMUUECKOTO COEJIUHEHUS BaJIEHTHbIE 3JEKTPOHBI
0ObIUHO 00pa3yloT CTPYKTYPY C HYJEBbBIM MarHUTHbBIM MOMeHTOM. [losTomy
XUMHUYECKHe COeNUHEHMS], B KOTOpPble He BXOLAT aTOMbI MEPEXOAHBIX 3Jie-
MEHTOB, OOJIbllIel YacThi0 IUAMATHUTHBI.

Knaccudeckasi Teopusi AMamMarHeTH3Ma He paclpocTpaHeHa Ha MHOrO-
silepHble MOJIEKYJIbl, TaK KaK TeopeMa JlapMopa cTpOro npuMeHUMa TOJbKO
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K ONHOsiIepHbIM cucTeMaM. KBaHTOBasi TeOpusi B MPHUHLUIE AAET MOJHOE
pellleHHe, HO KOJUYECTBEHHBIM pacyéT 3aTPyAHUTEJEH W JOCTATOYHO TOU-
Hble pe3yJbTaThl MOJYyYeHbl TOJBKO IJsi BOHopona. B cBsid3u ¢ 3TUM 31ech
UTPAIOT CYIIECTBEHHYIO POJib MOJY3IMIHUPUUECKHE 3aKOHOMEPHOCTH.

OnHuM K3 HauboJsee HCCIeIOBAHHBIX THAMAarHUTHBIX BEIIECTB SIBJSETCS
Bola. KpoMe Toro, Boma 4acTo mpUMeHsieTCsl AJs1 TPaAyUPOBKU U Kak pac-
TBOpUTeNb. [103TOMY OCcTaHOBUMCS Ha €€ CBOMCTBAX HECKOJbKO MOApOOHee.

HaubGosnee TouyHOe 3HaueHHe MaccoBOH BocmpuUMuUuBOCTH mpu 20 °C
Naér BesuuuHa », = —0,71992 - 106 r—1. Jlns ueseit rpamyHpoBKH 0ObIY-
no mpunumaior npu 20 °C —, - 10° = 0,72 r~!. OtnocutensHo Tem-
nepaTypHOH 3aBUCHUMOCTH BOCTIPUMMYHBOCTH BOJbl CBENEHUS HECKOJbKO
pa3HOpPEUMBbl, HO, BUAMUMO, OHAa BO3pPACTAeT C IMOBLILIEHHEM TeMIepaTy-
pbl, MpPUUYEM TeM MeJJieHHee, UyeM TeMIepaTypa Bbillle. TemmnepaTypHbIH
KO3((HUIHeHT BocnpuuMYuBOCcTH y6nBaeT oT 2,9 - 10~ rpag=! npu 5 °C
n0 0,62 -10~* rpan~! npu 70 °C. Bo3MOxkKHOI NPUYMHOH TeMIepaTypHOi
3aBUCUMOCTH SIBJSIIOTCS TOJHMEPHU3alMsl BOABl MPH HU3KUX TeMmIlepaTypax
c 00pasoBaHUEM KOMIIJIEKCOB H3 HECKOJbKUX MOJIEKYJ M pachaj 3TUX
KOMIIJIEKCOB TPH MOBBIIIIEHHH TEMIIEPATYyPhl; MOCJE TOTO KaK 60Jiblliasi 4acTh
KOMIIJIEKCOB pacnaJach, TeMMIEPATyPHbIM KO3((PUUHUEHT BOCIPUUMYHUBOCTH
yMeHbIIIaeTCs.

ATomHasi BOCTIDHHMYHBOCTD BCEX NHAMarHUTHBIX BElleCTB, HAXOMSIIUX-
cs B rasooOpa3HOM COCTOSIHWM, HE 3aBUCUT OT TeMmIepaTypbl. B xum-
KOM COCTOSIHUM B HETOJISIPHBIX KHUAKOCTAX TeMIepaTypHbIH Kod(dHuiiu-
€HT BOCIPUMMUYHUBOCTU OUYEHb MaJjl, 332 UCKJIUEHHEM, BO3MOXKHO, o0JacTel
BOJIM3M TOUeK TMpeBpalleHUss (pas. B MoAsgpHBIX XKHUAKOCTSX U TBEPIBIX
TeJaxX TeMIlepaTyPHbIU KO3 PUIUEHT MOJOKUTEJEH U KAK MPABUJIO MEHbIlIe
2.10~4 rpan_l.

HaubGonee 3ameTHble U3MeHEHUS] BOCIPUUMUMBOCTH HabOJMIONAIOTCA B
TouKax (pasoBoro nepexona. [Ipu naaBjeHUU U3MeHeHHE BOCIPUHMYHBOCTH
JIOCTHTraeT HeCKONbKHX mnpoueHToB. Hanpumep, npu 0 °C y Bombl ¢, =
= —0,716-1076r"1 a y Jabaa s, = —0,700 - 106 1,

BecbMa mnoJsiesHbiM 000011leHUEM pe3yJbTaTOB H3y4YeHUS NaHHBIX O
BOCIIPUMMUYHUBOCTU OOJIBILIOTO KOJMUYECTBA COENMHEHUH SBJASIETCS MPABHUJIO,
npenJoxeHHoe IlackaneMm B Bue

My =Y MiHai + A, (5.4)

TJie >, — MOJISIpHAsi BOCIIPUUMYHBOCTb COEIUHEHHS], COCTOSIILIETO U3 aTOMOB
copTa ¢, KOTOPbIM TIPHUITUCHIBAETCS ATOMHAsi BOCTIPUHUMUYHUBOCTD Jn;; A —
MOCTOSIHHAS, 3aBUCSIIAs OT MPUPOAbl CBA3eH MeXIy aToMaMu. BeJuduHbl
,;, HOCSIIME HasBaHWe MOCTOsiHHbIX [lackasnsi, He coBmajgarT CO 3Haye-
HUEM aTOMHBIX BOCIHPUMUMYMBOCTEH MPOCTBIX BEIIECTB, HO MOCTOSIHHBI JJIS
LIMpoKoro KJjacca BellecTB. [IpaBusio Ilackansi ocHOBaHO Ha TOM, 4TO MpH
00pa3oBaHUU XUMHUUECKUX COEIMHEHUH BHYTpPeHHHe 000JOYKHM aToMa He
MU3MEHSIIOTCS, U Ha TOM, YTO NAHHOMY XapaKTepy CBsI3W OTBedaeT HoJiee UJH
MeHee HeM3MeHHasl 3JIeKTPOHHash KoHpurypauus. B Taba. 5.3 npuboxsTes
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nocTosinHble [lackansi #Js1 HEKOTOPHIX 3JIEMEHTOB, a B TabJ. 5.4 — mompa-

BOUHBIE [TOCTOSIHHBIE .

Ta6auma 5.3 Ta6nuuna 5.4

DJIeMeHT #ai - 10° | | TTpupona cesasu mexay atomamu | A~ 10°
H —2,93 | |
C ~6,00 —C =C— +5,5
N (oTkpeiTas 11emnb) —5,b7 | |
N (xo0J1b110) —4,61 | | | |
O (cnupr, 3¢hup) —4.61 C=0—-0C=¢C 10,6
O (anpperun, KeTOH) +1,73 | | |
HOa) (kapOokcuabHAS TPym- | —3,36 ol +3.1
F —11,5 ||
Cl —20,1
Br 30,6 - (f — b o
J —44.6 |
S —15,0 —C—] +4,1
P ~26,3 |

PaccmoTpum npumep npuMeHeHus npaBuaa Ilackans. Jlns 6pomucToro

stuna (CoHsBr)

oy = 220 + Dxeg + xpr + A =
—{-[2-6,04+5-2,93+30,6]+4,1}-107° = —-53,1-107° moms"".

Ero 9KCIIEPHUMEHTAJIbHO H3MEPEHHASA MOJIAPHAA BOCIIPHHUMYHUBOCTDL Iy

= —53,3-107° mosp—1,

[IpaBuso [Tackana nogrBepkaaeTcss OOIIMPHBIM OMBITHBIM MaTepPHUAJIOM.
OHo BecbMa MOJIE3HO [JiSl OLIEHKH el He W3MEPEHHBbIX 3KCIEPUMEHTANbHO
3HaUeHHU BOCIIPUMMUYMBOCTH OPTAHUYECKHUX BElIeCTB.

Kpome paccMOTpeHHBIX B HACTOSIlIEW TJiaBe KJacCOB BellecTB, IHUa-
MArHUTHBI TaKXe U MHOrHe MeTaJjuibl. Ha hX cBoWcTBaxX MBI OCTAHOBUM-
csl B CJelywolled ryaBe. PaccMOTpeHHBble 3/1eCh BelleCcTBAa HWHOTAA Ha3bl-
BAIOT KJACCUYECKHMH NHaMarHeTUKaMu. BmecTe ¢ TeM CBOHCTBA peaJib-
HBIX BellleCTB OTAUYAIOTCH OT CBOMCTB KJACCUYECKUX NHAMATHETHKOB XOTS
U HeOOJMbLIOW, HO CYUIECTBYIOUIEH 3aBUCUMOCTBIO BOCIPHUUMYUBOCTH OT
TeMIIEPATYPHI.
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MATHUTHBIE CBOVMICTBA METAJLJIOB

§ 6.1. CBoiicTBa 3/J€KTPOHOB MPOBOAVUMOCTHA B MeTaJlje

Metanael OTAMYAIOTCS OT MPOYUX TeJsl OOJbIIOH BEJHYHHOH IJEKTPO-
npoBogHoCcTH. [lo coBpeMeHHBIM NpeACTaBJEHHSIM, OHa CBsI3aHa C TeEM,
4YTO BaJIeHTHbIe 3JIEKTPOHBl B MeTaJjJaX KOJJeKTHBH3HUPYIOTCS H MOTYT
cBOOOJHO TMepefBUTaTbCsl OT aToMa K aTOMy B pelléTke MmetaJqna. Craenyet
OFOBOPHUTb, UTO MO YTOUHEHHBIM CBEAEHUSIM KOJJEKTHUBU3AILHS 3JEKTPOHOB
OCYIIeCTBJsIETCS BO BceX TBEPALIX Tesax. OmHAaKoO BCJeACTBHE CBOeoOpas-
HbIX KBAHTOBBIX YCJOBUH BHellIHee I0Jie He MOXKeT H3MeHUTb XapaKTepa
JBHUKEHHUSI 3JIEKTPOHOB B IU3JEKTPUKaAX. B MeTannax BHelllHee MoJie BHOCHT
nono6Hoe H3MeHeHHe W BbI3bIBAET MOsIBJIEHHE IJEKTPUUECKOTO TOKa.

B nepBoMm mnpubaMKeHHH CBOHCTBA 3JIEKTPOHOB IPOBOAHMOCTH MOXK-
HO TIPeliCTaBUTh KaK CBOHCTBa HJeaJbHOTO Ta3a H3 HeB3aHMOJAEHCTBYIO-
IIUX 3JEKTPOHOB. DTOT ra3 CBOOOAHBLIX 3JEKTPOHOB YyIep:KHBaeTcsl BHYT-
pU MeTaJlJla 3JeKTPUUYECKHMM CHJaMH Ha ero rpaHuile. XOTs 3JIeKTPOHDI
U CBOOOAHBI B CBOEM MBHXKEHHH BHYTPH MeTaJjja, OHH He MOTYT BBIHTH
3a ero rpaHuilbl. JIBUKeHHe 3JIeKTPOHOB, TaKUM 00pa3oM, OrpaHHYEHO
B npocTpaHcTBe. CorsiacHO OOUIMM MPHHIKMIIAM KBAHTOBOM MeXaHMKH, BCS-
KOe JBHUXKeHHe B OTPAaHHYEHHOM IMPOCTPAHCTBE KBAHTYETCS, T.e€. YaCTHILHI,
COBepllIawllie TaKoe NBHXKEHHe, MOTYT HaXOAWTbCSl He B IPOH3BOJIbHBIX,
a JIMIlIb B OMNpeaeJEHHbIX KBAHTOBBIX COCTOSIHHMSIX, XapaKTepHU3yeMbIX MHC-
KPETHbIMH KBAHTOBLIMHU UHCJIAMH.

Ha cBoOonHble 3/1eKTPOHBI B MeTaJljle pacnpocTpaHseTcs npuHuun Ilay-
JIM, COTJIaCHO KOTOPOMY B OJIHOM KBAHTOBOM COCTOSIHMH, €CJIH B €ro Xapak-
TEPUCTHUKY He BKJIOUeHbl CIIMHOBble KBAHTOBbIE YHCJA, MOXKET HaXOAHUTbCS
He 0oJiee IBYX 3JEKTPOHOB C MPOTHUBOIMOJOXHO HaMpaBJeHHbIMH CIIMHAMH.
¢IcHO, 4TO XapakTepUCTHKA COCTOSIHUM O4YeHb OOJbIIOTO KOJHYECTBaA 3JieK-
TPOHOB C MOMOIILbIO KBAHTOBBIX UHCeJ MOTpedyeT BBeAeHHS] OueHb OOJbIINX
yucea. I[losTomy Mbl momoHaéM K JaHHOMY BOIPOCY HECKOJbKO HHAade.
[IpennosoXum, 4TO 3HEPTUsT U UMIYJbChl 3JIEKTPOHOB MOT'YT U3MEHSIThCS
HerpepblBHO, HO OMpeieJUM HHTepBaJ H3MeHEeHHS HMIYJbCOB, OTBeualo-
IIMA OJHOMY KBAHTOBOMY COCTOsSIHHIO. OYeBHAHO, YTO 3TOT MHTEpPBaJ,
TaK »Ke KaK H PacCTOsiHMe MeXXAy YPOBHSIMH 3HEPrHH B aToMe, J0JKeH
onpenensithes noctosgHHOH Ilnanka h. Uem Gosbize 00bE€M Tesa, TeM OJH-
YKe JOJKHO 0KasaTbCs MOBeJeHHEe 3JIEKTPOHOB B MeTaJjJje K IOBeIeHHIO
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3JIEKTPOHOB, CBOOOAHBIX B O€3rpaHUYHOM MPOCTPAHCTBE, T.€. TEM MeHbIIIe
IOOJI2KHO OBIThb PACCTOSIHME MeXKJy KBAaHTOBBIMU COCTOSIHUSAMH. [IpuBenén-
Hble pPacCyXKJeHHs MPHU3BAHbBl HECKOJbKO TMOSCHUTb PE3YyJbTaT, KOTOPBIH
naércs 6e3 BoiBona. MHTepBa/a M3MeHeHUS UMMYJAbCOB, MPUXOAANIMHACS Ha
OHO KBAaHTOBOE COCTOSIHHWE, omnpenenasercs (HopMyJou

h3
dpadpydp. = 7 (6.1)

rne V. — 00bEéM MeTasna.
O603Ha4MM depes p = \/p% + p2 + p2 abcooTHOE 3HAYEHHE MMITYJIbCa

3JIeKTpOoHA. HHCI0 KBAHTOBBIX COCTOSIHUH B 00JIaCTH U3MEHEHWH HMMIYJbCa
OT p 10 P + dp paBHO

V. 47Tp2dp
=3
Yucs0 KBAaHTOBBIX COCTOSSHHH g, JexXalllux B HHTepBaJe oT p; = 0 mo

P2 = P, ONIpeENEJAECTCA UHTErPAJIOM!
p

o= Vo ogmpdp= 4oy P (6.2)
h 3 I '
0

Ecau oTcuuTHBaTH QHEPTHUIO JEKTPOHOB B METAJJIE OT HYJI€EBOI'O KBAH-
TOBOT'O YpPOBHf, TO MOXKHO HEJHKOM IPEACTABHUTD e€ Kak KHHETHYECKYIO!:

E =p?/(2m); orciona p = vV2mE . Buipasus p yepes E, us Gopmyisl (6.2)

noJiygaem 3/2 132
4 em)YE
g= 3 TV 7 : (6.3)

OTKYJa YHCJO KBAHTOBBIX COCTOSIHUM, MPUXOAAILIUXCA HA €IUHULY HHTEp-
BaJla YHEPTUM, PaBHO

dg

dg 3/2m1/2V
e —om(2m)32EV2 2
DNIeKTPOHbI C MPOTHBOIMOJIOXKHO HAIMpPaBJEHHBIMU CITUMHAMH TOTAPHO 3a-
MOJIHSAIOT BCE HHU3IIME HEepPreTHUYeCKHe COCTOSIHUSI BIJIOTh 10 HEKOTOPOH
sHepruu Fy. BennuuHa 3TOH 3HEPrUH ONpeeNsieTcsl U3 YCJIOBHS PaBEHCTBA
MOJHOTO YHCJa KBAHTOBbIX cocTosiHWil 2g oT B =0 po E = Ey uyucay
BaJIEHTHBIX 3JIEKTPOHOB B MeTaJsie. M3 gopmysanl (6.3) nosydaem
3/2
N 8 (2m) 3/2
—=n=_-n—>2—F", 6.5
% 3 h’ 0 (6.5)
rje n — YHUCJIO 3JeKTPOHOB B elMHHUIlE 00bEMA.
Orciofa YHC/JIO 3JIEKTPOHOB, MPUXONSIIMXCA Ha ENHHHUIY HHTepBaJa
sHepruu, npu E < Fy cocTaBisieT
dn (2m)3/*

(6.4)

anE>on—g:o.
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[Tonyuennas 3aBucumocts dn/dFE ot E uzobpaxena Ha puc. 6.1 crJot-
HOU JiuHuel. CoBepllleHHO OYeBUAHO, YTO TaKOe paclipefieieHHe MO YypPoB-
HIM 3Heprud OymeT TOYHO OCYIUIECTBJATbCS TOJNBKO TPH abCOJIOTHOM
HyJe Temrepatypbl. [Ipy e€ mMOBBbILIEHWH YaCTb 3JEKTPOHOB TepelneT
Ha OoJiee BBICOKHE YPOBHH, HO eCJIH
Temnepatypa He Bhicoka (k1T < FEp), to <k
U3MeHeHHe pacrpefie/leHHs 3JEeKTPOHOB dE P
M0 3HepreTUYeCKHM YPOBHSIM MPOU3OUIET \
Julb BO/MKM3K [y B oJioce SHEPTUH 1LIUPHU-
HoW mopsinka k7. Ha pucyHke 3TO u3Me- '
HeHHWe TOoKa3aHo MyHKTUpoM. [Ipu oueHb ,
BBICOKUX TeMmrepatypax (k1T > FEj) pac-
npefeseHre 3JeKTPOHOB MO SHEPTHAM Iie-
PDEXOIHUT B KJaCCHYECKOe pacrpefesieHre
Maxkcenna—bosbiiMana.

CocTosiHue rasza, oTBeuatwlilee n3obpa-
XEHHOMY Ha puc. 6.1 pacnpeneneHuio, Ha-
3bIBAETCSl BHIPOXKIEHHBIM. DHepTrusi Fjy HOCUT Ha3BaHHWe TPAHUYHOU SHEPTHH
DepMU UK IHEPTUU BBIPOXKIEHHS. YCJIOBHE OCYLIECTBJAEHHS BbIPOXKAEHHO-
TO COCTOSIHHSI UMeEeT BH]L

Puc. 6.1. ®yHkuus pacnpenee-
HUSl 3JEKTPOHOB B MeTaJjJe II0
HEpPrUsaM

kT < Ey. (6.7)
M3 (6.5) umeem b2 a2/
EW:__Q_) . (6.8)
8m \

OueHHM BeJHUHHY Fj HJIsS OFHOrO M3 MeTaJsoB, HampuMep Memd. Megb
ONHOBaJIeHTHA; CJIeN0BATEJNbHO, YHCJO CBOGONHBIX 3JEKTPOHOB B €IHHMIIE
eé 06bEMa paBHO 4yMcay aToMoB n = 8 - 10%2 Torna

h? (3n)2/3 (6,02 107728 - 107)Y%
8-091-1077

[Ipy kKoMHATHOH TemmepaType 3HEPTUs TEIJOBOrO MABHXKeHHs, kT =

= 4-10~" spr, mMHoro Mmenble FEy, M JWlIL TIPH TeMrepaType OKOJO

8 - 10* K oHna cpaBHsieTcs ¢ rpaHMYHOH 3Heprued depmH.

Takum obOpasom, BO Bcel 00JIaCTU CYIIECTBOBAHUS TBEPIABIX TeJ 3JeK-
TPOHHBIM ra3 B MeTaJ/lJlaX HAaXOAWUTCS B BBIPOXKJIEHHOM COCTOSIHMM, a pac-
npeneseHue 3JeKTPOHOB MO IHEPTUAM MaJjo OTJAUYAETCsl OT pacrpeleseHus
npu 0 K, usob6pakénHoro Ha puc. 6.1.

JKclepUMeHTalbHOE H3yYeHHe CBOUCTB MeTaJJIOB, B YaCTHOCTH UX Tel-
JJOEMKOCTH MPU HU3KUX TeMIepaTypax U GopMbl JUHUHU MATKUX PEHTIE€HOB-
CKHX CIEKTPOB, MMOKA3bIBAET, UTO MOJENb CBOOOAHBIX 3JEKTPOHOB B MEPBOM
NPUOJIMKEHHUU TIPABUJIBHO OTPAKaeT CBOWCTBA 3JIEKTPOHOB MPOBOAUMOCTH.
Bauxe Bcero 3To Kacaercs 11eJOYHBIX MeTaJJIoB.

CBoeoOpasue (PYHKIHH paclpeneseHusi 3JeKTPOHOB MPOBOAUMOCTH
JIOJI2KHO TIPUBECTH K CYUIECTBEHHOMY OTJMUYHMI0 UX MaTHUTHBIX CBOUCTB OT
CBOUCTB KJAaCCHUYECKOT'0 ra3a MarHUTHBIX CTPeJoK. PaccMOTpUM MarHUTHbIE
CBOMCTBA BBIPOXKJEHHOT'O ra3da CBOOOJHBIX 3JIEKTPOHOB.

Ey =

~ 8m

1,110~ spr.

™
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§ 6.2. IlapamarHeT3sM CBOOOOHBIX JIEKTPOHOB

[Ipy OTCYyTCTBHM MarHUTHOTO I0JiS CYMMapHbIH MarHUTHBIH MOMEHT
BBIPOXKIEHHOT'0 3JIEKTPOHHOTO Ta3a paBeH HYJI0, TaK KaK B KaXJIOM KBaH-
TOBOM COCTOSIHHHM HAXOAMTCS JBa 3JEKTPOHA C IMPOTHBOIOJOXKHO Hampas-
JIEHHbIMH CITHHAMH.

M3MeHeHUs1, TPOUCXOASIIINE TPH BKJAYEHUH MArHUTHOTO MOJSsI, MPOIle
BCETO MPOUJJIIOCTPUPOBaTh rpadudeckd. Ha puc. 6.2, a npuseneHa ¢GyHK-
IUsI pacrmpefie/ieHHs] B ToJie, PABHOM HYJIO, MPHYEM OTAEJbHO MOKa3aHO

EA EA

- : it s
dn. dn_ dn. dn_
dE ) dE dE p dE

Puc. 6.2. ®yHKIUS pacrpefeseHus] CBOOOAHBIX 3JEKTPOHOB: @) B OTCYTCTBHE Mar-
HUTHOTO T0JIsI; 6) B MPUCYTCTBUYU MarHUTHOTO TI0JS

pacrpefie/ieHHe AJs1 3JeKTPOHOB C YCJOBHO TOJIOXKUTEJbHBIM U OTPHIIATE b~
HBIM HalpaBJEHUSIMU CITHHOB.

[Ipu BKJIIOUEHHH TI0JIST SHEPTUS 3JIEKTPOHOB CO CIIUHOM, MapaJsijieibHbIM
MOJII0, YMEHbIUIHTCS] HAa ugH, a ¢ MPOTHBOMOMOKHBIM HalpaBJeHHEM CITHHA
yBeJUUUTCS Ha upgH; B pesyiabTaTe KpHBble pacrpeiesieHusi CABHHYTCS
(puc.6.2,6). Ecau 6bl He TNPOM3OLIIO IepepaclpeiesieHHs 3JeKTPOHOB,
TO TpaHHYHble JHEPTrHH OKa3aJuCh Obl B MMOJOXKEHHSIX, MOKa3aHHBIX Ha
PUCYHKe MyHKTHpoM. OMHAKO Takoe pacrpelesieHHe SHepreTHUYeCKH HeBbI-
rOMHO, ¥ YaCTb 3JIEKTPOHOB, UMEIOIIMX CIIMH, HalpaBJeHHBIH MPOTHB MOJS,
M 3aHHUMAIOIUX COCTOSIHHSI BHYTPH 3alITPHXOBAHHOH 00/1aCTH, Mepeigér
B COCTOSIHHE CO CITMHOM, MapaJijie/ibHbIM TOJI0, U 3aUMET 00J1aCTh, 3alITPH-
XOBaHHY10 HakpecT. O603HAUUM NPUXOAsIIEecs Ha eIHHUILY 00bEMa YHCJIO
M3MEHHBIIHX HalpaBJeHHe CIMHA 3JeKTPOHOB depe3 An. DTO UHCJIO Ofpe-
JeJisieTCsl MJIOLIAAblo OfHOH U3 3allITPUXOBAHHBIX Ha puc. 6.2, 6 obaacTed.
[Ipu Bcex MpakTHUECKH MOCTHKUMBIX Mojsaix upH < Ejy; M03TOMYy MOXKHO

3anucaThb A dn., y
"= (d—E>E:E0 HB 2L

Pa3HoCTh KOJIMYeCTBA 3JIEKTPOHOB C MapajijielbHBIM U aHTUINApaJJe/b-
HBIM TOJII0 CIIMHAaMH paBHa 2An. MAarHUTHbIH MOMEHT e€IHHHIb 0ObEéMa
COCTaBJIIET

_ _ o (dny 9 7 _ (dn 2
I_QAn,uB_Q(dE>E:EOMBH_(dE)E:EOuBH. (6.9)
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CorsacHo (6.9) u (6.6) BOCIPHHMYHBOCTb

om)¥? 19
%Eg/ ey (6.10)

Hpap = 4T
Bocnosbsoasiiuck (6.5), moaydaem

3 nut
Hap = EEL;B. (6.11)

Dopmyna (6.11) otnuuaercs ot dopmyasl (4.9) ais BOCTIPUUMYHBOCTH
UJeaJbHbIX TapaMarHeTUKOB TeM, YTO B €€ 3HAaMeHaTeJie BMECTO TEIJOBOU
sHepruu kT ctout rpanuuHasi sHeprusi Pepmu Fy. [lockonbkry Fgy > kT,
BOCIIPUMMYHBOCTb METAJIJIOB J0JI?)KHA ObITb MeHblle BOCIPUMMUYHUBOCTH He-
aJIbHBIX MapaMarHeTHKOB.

Bropo#i BaxKHOHW OCOOEHHOCTBIO MEeTaJlJIOB SIBJSIETCS OTCYTCTBUE 3aBU-
CUMOCTH HMX BOCIMPUUMUYHUBOCTH OT TeMmmepaTyphl. [leso B ToM, 4To PyHKIHS
pacrpeneseHusi y BbIPOXKAEHHOrO rasa OoT Heé€ MmouTu He 3aBucHT. Cjeny-
€T OTMETHUTb, UTO NpPU Oo0Jiee TOYHOM BBIUYHUCJIEHHH, C YUETOM H3MEHeHHs
GYHKUMM pacrpefiesieHHs ¢ TeMmiepaTypoid, B (opmyse (6.11) Bo3HHKaeT
HeOOJbIIIOK MONPAaBOUYHBIN 4JieH, 3aBUCAIIAU OT T

MarHuTHble CBOHCTBAa CBOOOMHBIX 3JIEKTPOHOB HE UCYEPNBIBAIOTCS CITH-
HOBbIM NapaMarHeTusmoM. OKasbiBaeTcsi, OHU 00/aa0T U AUAMATHUTHBIMHU
CBOUCTBAMH.

§ 6.3. IlnamarseTusm CBOOOJHBIX 3JE€KTPOHOB

Ha nepBbiii B3r/si, Besikasi cHcTeMa CBOOOAHBIX 3JEKTPUUECKHX 3aps-
NIOB J0JXKHaA 00JaiaThb AHaMarHeTU3MOM, MOCKOJbKY B MarHHTHOM TOJie
6aaronapsi 3¢gp@deKkTy 3JeKTPOMarHUTHOW HWHAYKUMH B Hell BO3HHUKHYT 3a-
MKHYTble TOKH, CO3Jalolllie MarHUTHBIH MOMEHT, HalpaBJeHHBIH TMPOTHB
nosiss. OnHako GoJsiee BHHMaTeJbHbIH aHaJ M3 TMOKA3biBaeT, YTO 3ITH TOKH
OyAyT 3aTyXaTb U B PAaBHOBECHOM COCTOSIHHM MarHWTHBIH MOMEHT J000H
CHUCTEMBl 3apsiIOB, NBUTAMOIIUXCS 10 KJAACCHUYECKUM 3aKOHAM, PaBEH HYJIIO.
DTOT pe3yabTaT Obla nosaydeH Ban JIéBeHoMm W 3aTtem 00001IEH Ha caydal
MPOM3BOJIBHBIX CHUJ B3aumopeicTBUsa Tepseukum [160].

B 1930 r. JI. Jl. Jlanpay nokasaJj, 4TO AHMaMarHUTHbIH MOMEHT BO3HH-
KaeT JaxkKe B cJydae 3JeKTPOHHOTI'O rasa, MOAYHHSIOUIEr0Cs KJIaCcCHUUeCKOH
ctaThcTHKe. Jleno B TOM, YTO NPH JABUXKEHHHU 3JEKTPOHOB B MarHHUTHOM
noJie MMeeT MeCTO CBOoeoOpasHbld 3(P(eKT KBAHTOBAaHHS, NPU KOTOPOM
KBaHTYyeTCs IBUXKEHUE 3JIeKTPOHa, NMeprneHaAuKy/asgpHoe noJa. OcTaHoBUMCS
Ha 3ToM Borpoce noapobHee. OnpeneseHue BOCIPUUMUUBOCTH /51 BHIPOXK-
JEHHOTO 3JIEKTPOHHOTO ra3a MaTeMaTHYeCKU CJIOXKHO, TIO3TOMY PACCMOTPUM
CHayaJsa BOCIMPUHMUYHMBOCTb 3JEKTPOHHOI'O rasa ¢ pacmnpefesjeHreM bosbil-
MaHa, a 3aTeM MOMNbITaeMCs YyUeCTb BJAUSIHHE BbIPOXKIEHUS.

B paccmatpuBaemMoM cjydae CTaTUCTHUeCKass CyMMa UWMeeT BUJ
O(T,H) = Zgle_El/(kT) M MArHHTHBIH MOMEHT BBIYHUCJSETCS IO

l
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bopmyne (2.25): M = NdeiH O(T, H). DnekTpoHBl B MAarHUTHOM I0JIe

IBUXKYTCSI TI0 KPyry ¢ udactotoit vy = eH /(4mwmc). KpyroBoe nBuxeHuHe
MOXKHO pacCMaTpHBaTb KakK CYMMYy [ABYX JIHHEHHBIX TapMOHHYECKHX
KoJIeGaHHH 1O JBYM B3aHMHO [EPHeHAMKYJISPHbIM  HalpaBJEHHSIM.
[IpyHUMIB KBAHTOBAHMSI TAaPMOHHYECKOTO KOJIE6ATENbHOIO [ BHKEHHS
M3BECTHBI. DHeprusi ocuusasitopa pasua (I + 1/2)hvy, roe | — uesoe
uncsio. KaxkaoMy KBaHTOBOMY YHCJy | COOTBETCTBYET ABa KoJieOaHUst BIOJb
B3aMMHO MeprNeHIHKY/ISIPHbIX HampaB/aeHui. CienoBaTe/bHO, SHEPrHs

El_2<l+%>hug—2 ch H<l+%>—2uBH<l+%>. (6.12)

drme

TakuM 00pa3oM, 3HEPrus IBHUKEHHS 3JEKTPOHA NePHeHIUKYJISPHO I10-
JII0O KBAHTYeTCsl. DHEPrUsi ero JBHXKEHHSI BIOJb [0/ HU3MEHSEeTCs Helpe-
PBIBHO M, €CJIH T0Jle NapasjenbHo ocH Z, paBHa p>/(2m). TlonHas sHeprus
3JIEKTPOHA COCTABJISET

2
E— P +2uBH(l+%>. (6.13)

2m

Terepp 1/ BbIUMCJEHHSI CTATUCTHYECKOHW CYMMBI HYKHO OIpPeNesHUThb
YUCJI0 KBAHTOBBIX COCTOSIHHMH, OTBeYalONIMX NAHHOMY KBAaHTOBOMY UHCHY [
U WHTepBasy dp, u3MeHeHuUs1 p,. l[locty-
UM cJenyromumM oopasom. Beigenum B npo-
CTPaHCTBE UMIYJbCOB 0OBEM B BHJE KOJIbIA
C BHYTPEHHHUM paauycoMm p (puc. 6.3). [1noc-
KOCTb 3TOTO KOJbIla MapaJjJjesibHa IJI0C-
: KOCTH Pz, Py, TAK UYTO p2 — pi +p2, ero
dp, TOJUIMHA — dp, BbicoTa — dp,. 66BéM
' KoJblla paBeH 27wpdpdp,, a 4UCJIO KBAHTO-
BbIX COCTOSIHMH, OTBedYalolIUX 3TOMY 00b-

\‘_/ éMy B MPOCTPAHCTBE HMITYJbCOB, COTJIACHO
dopmyse (6.1) cocraBiser
Puc. 6.3. ®Popma ssemeHTa ngVM.

y 13
00béMa B IPOCTPAHCTBE UM-
MyJbCOB

BeibepeM ToOJIIIMHY KOJblla dp Tak, 4TO-
Obl OHA OTBeyaJsa U3MEHEeHUIO | HA eUHUILY.
Hy»kHaa Be/qMUYMHA MOJMy4YaeTCsl U3 CJAEAYIOUIMX NPOCThIX NpeoOpasoBaHUM:

2 2
ro_p_ P —QMBH<Z+%>;

2m 2m

ecaid Al =1, To pdp = 2ugH, 0TKyna 4HC/I0 KBAHTOBBIX COCTOSIHUH

H
g = QVEP dp. . (6.14)
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Y4uTheiBasi HeNpepbiBHOCTb HW3MEHEHUs p,, MPU COCTaBJEHHH CTATHCTHUUE-
CKOM CyMMbl CYMMHPOBAHHE MO P, CJAeAyeT 3aMeHHTb WUHTErPHUPOBAHHUEM.
B pesyabTaTe umeem

o0 —I_OO
or =Y J dp, 2V ¢~ HOLED [ (RT) 49/ (k)]
=0 _J_ h™c
_ eVH V2mmkl (6.15)
W 2sh (usH/(RT))
Orcroga MAarHUTHBIA MOMEHT €IUHHUILBI 00bEMA
. d _ ,UBH o kT
I= Nde—H InO(T,H) = —Nug [cth T ,UBH] : (6.16)

HetpynHo y6enuThbes, 4TO 3TOT pe3yJsbTaT, T.€. OTJIWYHAs OT HYJs Mar-
HUTHAs BOCIPUUMUYHBOCTD, MOJYYaeTCsl JIUIIb MPU KBAHTOBAaHHUH JBUKEHHUS
3JIEKTPOHOB B MarHUTHOM moJie. JleHCTBUTENIbHO, €CIM B Mpefiese MeperTH
K KJAaCcCHYeCKOMY caydalo, T.e. h — 0, To BennuuHa ug B opmyse (6.16)
OyleT CTPEMHUTbCS K HYJIO; TOTJla B COOTBETCTBUH ¢ TeopeMoi Ban JIépeH—
Tepnenkoro popmysa (6.16) nact I = 0.

H
MIST < 1. TloaToMy MOXHO PasioXKUTb BXOS-

myto B (6.16) Beauuuny cth M]f;[

passnoxeHus. B pesynbTate nosnyyaem

B 0ObIYHBIX YCJIOBUSAX

B pAd U OTPAHHUYHUTBLCA MMEPBBIMHU YJICHAMH

I W\
Hamas = T3

Takum o6pa3om, ras cBOOOAHBIX 3J€KTPOHOB 00J1alaeT Kak napaMarHuT-
HOHM, TaK U JUAMAarHUTHOHW BOCIPHUUMUYMUBOCTBIO. ONHAKO MOJNy4YEeHHAss HaMU
popmyna (6.17) oTHOCUTCSI K HEBBIPOKJEHHOMY Ta3y CBOGOIHBIX 3JIEKTPO-
HOB, HMeWlleMy KJacchuueckoe pacnpenesneHde Makcsesnna—boabiiMana.
[lonbiTaemcs ucnosnb3oBaTh €€ AJsl ONpeleseHUs] NHUaMarHUTHBIX CBOWCTB
BbIPOXKJEHHOTO ra3a. XoTsl B KJaccuueckou ¢opmyJse OJs CTaTUCTHUYECKOU
CYMMbl U YUUTBHIBAETCSI KBAHTOBAHHE 3HEPrHU, B Hel He MPUHHUMAETCS BO
BHUMaHue 3anpeT [laynu. DTo ecTecTBeHHO, MOCKOJbKY MPU AOCTATOUHO
BbICOKOW TeMIlepaType B JOOOM HHTepBaJje 3HEPTUU HMeeTcs OO0JibLIoe
4YHUCJIO CBOOOJAHBIX, HE 3aHATHIX 3J€KTPOHAMH KBAHTOBBIX COCTOSIHUH.

[Ipy Hu3KOH TeMmmepaType BCe KBAHTOBble COCTOSIHHUS TPAKTUUYECKHU
BIJIOTb 10 IPAaHHUYHOM 3Heprud FE( 3aHSThl; O3TOMY M MarHUTHOE MOJe He
MOXKET HU3MeHUTb (PYHKIIUM pacrpefesieHds 3JeKTPOHOB. TOJbKO B Y3KOH
(mopsinka kT') mosoce 3Heprud BOJM3H FEy 3/J€KTPOHBI 3aHUMAIOT JIMILb
4acTb KBAHTOBBIX COCTOAHHH. K 3TUM 3/1€KTpOHAM MOXKHO NPHMEHUTh (op-
Myay (6.17). x gucnao B enuHuile 00béMa, n’, COCTaBISET JHIIL MaJayiO
JOJII0 OT OOlllero 4ucjaa 3JEeKTPOHOB M W MO TOPSAKY BEJWYHHbl MOXKET
ObITh OlLIEHEHO KakK y nSkT/Q

— e

(6.17)
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Ecau MBI XOTHM Hcnosb30oBaTh opMmyny (6.17) /s BbIUMCJIEHHS] CBOHCTB
BbIPOXKIEHHOTO 3JIEKTPOHHOTO T'a3a, TO Mbl JOJIKHbBI CUATATh, YTO BXOAsIlEe
B Heé uncao N DPaBHO YHCJIY 3JEKTPOHOB 7/, HaXOAAIIMXCS B I0JOCE
SHEPTUH LIMPUHOU TMOpsiiKa 3HEepruu TemjoBoro ABHMxKeHHs. [logpcTaBus
noJiyueHHoe BhipaxkeHue ajsi n' B (6.17), Haxogum

1 nu
X nuam — _§ EL;B (618)

Pasymeetcsi, Hall rpyOblii BHIBOJ HE MOXKET rapaHTHPOBaTh MPABHJIbHOCTD
qyucaeHHbIX Koa(guunentoB B (6.18). OgHako u 6Gojee TOUHBIH BBIBO[,
clieJlaHHbIM BriepBble JlaHmay, NnpuBOAUT K 3TOH opMmy.e.

Takum o06pa3oM, BHIPOXKJAEHHBIH ra3 CBOOOAHBIX 3JEKTPOHOB, KPOME He
3aBUCSAILEH OT TeMIepaTypbl MapaMarHUTHOH BOCTIPHHUMYHBOCTH, OTIpeae/Isi-
eMod ¢opmyJsiol (6.11) U CBSA3aHHOH ¢ OpHUeHTallMeH CIHMHOB B MarHUTHOM
noJje, o6aanaer, B COOTBeTCTBUU ¢ (6.18), TakkKe U He 3aBUCSIIEH OT
TEMIepaTypbl THAMaTHUTHOH BOCIPHUUMUYHBOCTBIO, KOTOPAs TOSIBJISIETCS U3-
3a KBAHTOBaHUSI JBUKEHHUS 3JIEKTPOHOB B MAarHUTHOM TIOJI€.

CpaBHenne ¢opmya (6.11) u (6.18) nokasbiBaeT, 4TO AMaMarHUTHas
BOCTIPHHMYHBOCTb COCTaBJISIET POBHO OIHY TPETb OT MapaMarHUTHOH.

B cnenyroiem naparpade Mbl pacCMOTPHM, B KaKHX MpejesaxX CBOHUCTBa
MOJIe/IN CBOOOMHBIX 3JEKTPOHOB OTBEYAIOT CBOUCTBAM peaJsibHbIX METaJJOB.

§ 6.4. dKkcnepuMeHTaJbHbIE JaHHbIE 0 MATHUTHOM
BOCIIPUMMYMBOCTH MeTa/iioB. CpaBHeHMe ¢ Teopuen

MeTannbl WIHPOKO paclnpocTpaHeHbl B mpupone. bojee BocbMuumecsitu
MPOLEHTOB 3JIEMEHTOB MEePHUOAUYECKOM CHUCTeMbl 00JaJal0T MeTaJlJInYeCKH-
MU cBoHcTBaMUu. OnHako 6OJbllasi 4acTb MeTaJJOB OTHOCHUTCS K TaK Ha-
3bIBA€MbIM TEePEeXOAHbIM 3dJeMeHTaM (CM. TIJ1. 4), U UX MarHUTHbie CBOUCTBA
B OCHOBHOM CBSI3aHBl C MAarHUTHBIM MOMEHTOM He3amoJIHEHHOH BHYTpPeHHeH
d- unu f-060J0YKH.

Metanibl, UMewIIUe MTOJHOCTbIO 3aMOJHEHHble BHYTPEeHHHE 00O0JIOUKH,
HOCSIT Ha3BaHUe MPOCTHIX HEMepeXoAHbIX MeTansoB. K HUM OTHOCATCS BCe
metaibl 1 u Il rpynn nepuognueckoit cuctembl saemedToB, Al, Ga, In u Ti
us III rpynmnel, Sn (6enoe) u Pb uz IV rpynnel, As, Sb u Bi us V rpynms
u Te u Po u3 VI rpynnel — Bcero 29 sneMeHTOB. ¥ 3THX MeTaJ/JOB Mar-
HUTHblE CBOWCTBA OMNpPeNessioTCs BOCMPUUMMYHBOCTBIO, CBSI3AHHOU C 3J€eK-
TPOHAMH MPOBOAUMOCTH, U IUAMArHUTHOH BOCTIPUHMUYHWBOCTHIO MOHOB.

Ha puc. 6.4 nokazana temnepatypHasi 3aBUCUMOCTb BOCIIPUHMUYHBOCTH
HEKOTOPbIX MeTaJioB. Kak BHIHO M3 PUCYHKA, AJS OOJbIIMHCTBA M3 HHUX
XapaKTepHbl MaJjoe 3HaYyeHHe BOCIPUUMUYHUBOCTU M cjabasi 3aBUCUMOCTb eé
oT TeMmmepatypbl. Cnabasi 3aBUCUMOCTb BOCIHPUUMYHBOCTH OT TeMIepaTy-
pbl TOJIydaeTcs: W AJs MOJAeJH CBOOOAHBIX 3JeKTPOHOB. Takum o6pasom,
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KaueCTBEHHO [MOBeleHHe OOJbLIMH-  y - [(°

CTBa IMPOCTBIX, U Jaxe HEeKOTO- 10%

pPBIX MEepexOAHbIX METaJJIOB OTBeYaeT ’

CBOMCTBAM MOJEJU CBOOOIHBIX 3J€K- Al
TpoHOB. KosnuecTBeHHOE CpaBHeHHE 0,5t 74

C TIpUBENEHHOMU BbILIE TEOpHeH 3a- BSH

TPYAHSETCS TEM, 4YTO 3HAUYeHHe BOC- ol Cu
IPUUMUYUBOCTH 3JIEKTPOHOB MPOBOAU-

MOCTH MaJl " B 9KCIEPUMEHTAIb- 0.5 T

HO OIpene/sieMOH BOCIPUUMYHBOCTH

MeTaJjljla CYIIEeCTBEeHHYI0 dYacTh CO- ok

CTaBJseT JUAMAarHUTHAsT BOCIPUHM- ’ .

YUBOCTb HOHHOro octoBa. I[locmaen- V

Hsisl, KaK ObLJIO MOKa3aHO B IJI. 5, MO- 0 400 800 T.K

XKeT ObITh OIpee/eHa JUIIb KOCBEH-

HO ¢ HeOOJbIIOH TOYHOCTBIO. Puc. 6.4. TemneparypHas 3aBHCH-
B Ta6JI. 61 HpI/IBeLLeHbI Henocpeﬂ_ MOCTb BOCHpI/IHMLII/IBOCTH HeKOTOprX

CTBEHHbIE 3KCIIepHMEHTaJbHble IaH- METaJIJI0B

Hble 10 aTOMHOH BOCIPHHMYHMBOCTH
MEeTaJ/IJIOB MePBbIX ABYX CPYIIN, UX HOHHOH BOCIPUHUMYHMBOCTH M 3JEKTPOH-
HOH BOCIPHUMMUYMBOCTH, PAaCCUMTAHHOH Ha rpamMMm-aToM. JlJisi BbIUMCJ/IEHHS
MnocJieiHeH HCIOJb30BaJ0Ch MPEeANoJoKeHne 00 aflUTUBHOCTH BOCIIPHHM-
YUBOCTH:

My = My — My, (6.19)

Thoe s, — U3MepeHHas MOJiIpHasi BOCIPUHMUYHMBOCTb MeTaJjjia; », — BOC-
MPUUMUYUBOCTb 3JEKTPOHOB TMPOBOAUMOCTH; ¢; — BOCIPHHMUYMBOCTb HOH-
Horo ocToBa. BennunHa s, onpenessiiach Tak, Kak 3TO YKa3aHO B II. O.

CyliecTBEHHO MeHbIIIEH NOCTOBEPHOCTBIO 3TOT CIIOCOO BBeIEeHHS MOMpa-
BOK Ha JMaMarHeTH3M HOHHOTO OCTOBa oOJiaflaeT B NMPUMEHEHHH K 3JeMeH-
TaM ¢ OOJIbLIMM YHUCJOM BaJIeHTHBIX 3JeKTpPoHOB. Jleso B TOM, 4TO, IO-
BUJIUMOMY, He BCe BaJIeHTHbIE 3JIeKTPOHbl YUaCTBYIOT B MPOBOAUMOCTH H T0O-
HSITHE MOHHOTO OCTOBa OKa3blBaeTcsl HeomnpeneséHHbIM. [loaToMy nmpuBomu-
Mble B TabJs. 6.2 naHHble A/ 3JeKTPOHHOH BOCIPHUMYHBOCTHU 3JEMEHTOB
TPeTbed U YeTBEPTOM TPYIII HETOUHBI.

[IpocThie MeTansbl MATOH TPyMNmbl 00Jagal0T OOJMBIIOH JTHAMarHUTHOH
BOCTIPHUMYMBOCTBIO: y Bi oHa cocTaBaseT s, = —285- 1075 y Sb — s, =
— —107-1075, a y As — sy = —D5- 10-6, [To-BUaHMOMY, Y 3THX MeTaJIJIOB
JIMIIIb OYeHb He3HauMuTesbHasi 4YacTb BaJEHTHbIX 3JEKTPOHOB TMPHHHUMaeT
ydyacTHe B NpoBoAuMMOCTH. [losToMy BBeneHHe MOMpPaBKH Ha BOCIPUUMYH-
BOCTb MOHHOTO OCTOBA 3/1eCh HeBO3MOXKHO. Kak BunHO U3 Tabaui 6.1 u 6.2,
3JIEKTPOHHAs BOCIPUUMYHBOCTb Y BCeX MPOCThIX MeTaJsioB rpynn [-1V, 3a
HCKJI0deHneM Be, mosoxuTenbHa. TO Ka4eCTBEHHO COIJIaCyeTCs ¢ pesyJib-
TaTaMU TEOPHUH CBOOOJHBIX 3JIEKTPOHOB, COTJIACHO KOTOPOH AMaMarHUTHas
BOCTIPUUMYHBOCTb 3JEKTPOHOB COCTAaBJISIET OfHY TPEThb OT MapaMarHHUTHOM.
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Tab6numa 6.1
Metann 2y - 10° [Ipennonaraembiét MOH — 2 - 10° 2y - 108
Li 18 + 25 Lit 1 17-24
Na 15,6 Na™t 6,5 22
K 21,5 K+ 14 35
Rb 19,2 Rbt 23 42
Cs 29,9 Cst 36 66
Cu —-5,4 Cu™ 18 12,5
Ag —21,56 Ang 34 12,5
Au —29,59 Aut 40 10,5
Be -9 Be?t 0,4 —9,4
Mg 6 Mg ™ 2,9 9
Ca 44 Ca’™ 10,4 54,5
7n —10 Zn*t 13 3
Sr 92 Syt 20 112
Cd —20 Cd*t 27 7
Hg —33,3 Hg?t 40,6 7
Tabauma 6.2
Metann sy - 10° IpenmonaraeMslii HOH | — 2z, - 10° s - 10°
Al 16,7 APt 2,5 19
In —12,6 In®t 32 21
a'Tl —44.0 T3+ 48 4
Sn (6ei0e) 4.4 Sn*t 28 32
Pb —24.9 Pb*t 492 19

KosudecTBeHHOe CpaBHeHHE C TeOpued CBOOOAHBIX 3JEKTPOHOB UMEET
CMBICJI JIMLIb JJIST 3JIEMEHTOB MePBbIX ABYX rpynin (Ttabdu. 6.1), HO gaxke nJs
HUX 3KCIIepHMeHTaJsbHble NAHHble COTJIACYIOTCS C PACUETHBIMH TOJIBKO MO
MOPSIIKY BEJUUUHBI. DKCIEPUMEHTAJIbHble 3HAUeHHUs 3JeKTPOHHOH BOCIHpPH-
UMYHUBOCTH METAJIJIOB MEPBOM IPYMIbI CYIIECTBEHHO OOJIbIlle BBIYHUCIEHHBIX
IO TeOpUH CBOOOAHBIX 3JEKTPOHOB; HANpUMEpP, MJS KaJusi BbIYHCJEHHOE

3HauYeHHe s, = 17 - 1075 a sxcnepumenrambhoe s, = 35 - 107%; nyng menn

BbIYHMCAEHHOE 72, = b - 1070 a dKCIepUMeHTaIbHOe 72y = 12,5 - 106,

Y 37eMeHTOB BTOPOH I'PYyIMIIbl TAKOE CPaBHEHHE NAET BeCbMa Pa3JHUYHbIE
pe3yJIbTaThl AJIs1 Pa3HBIX METaJJI0B; BOCTIPUUMYHBOCTb Ca U St B HECKOJIBKO
pa3 OoJblie BoiuncaeHHoH, y Mg u Cd 3kcneprMeHTa bHOE 3HAYEHUE JIUIIb
Ha 30 =+ 40 % mnpeBbilIaeT pacyéTHoe, ¥ Zn — Ha 25 % MeHblile BBIUHCJ/IEH-
HOTO M, HaKOHell, y Be 3/eKTpoHHAasi BOCIPHUMUYHUBOCTb OTPHUIIATENbHAS.

Cy1iecTBeHHBIM neeKTOM MOJENH CBOOOAHBIX 3JEKTPOHOB SIBJSETCS
npeHeOpexkeHHe B3aHMOJIEHCTBHEM 3JEKTPOHOB ¢ KPHUCTAJJIMUECKOH PeléT-

KOH. B nmepBoM MpuO/IHKEHHUN CBSI3b 3J€KTPOHA C PEIIETKON MOXKHO YUecTh,
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3aMEHHB MCTHHHOE 3HAaYeHHEe ero Macchl M HEKOTOpoH 3((eKTHBHOH Mac-
coi m* Ilpu stom B ¢opmynax (6.11) u (6.18) usmeHuTcsi 3Hauenue F;

Tenepb

K /3n)\3/2

Ey=5— (—) :

2m” \ 87w
Benuuuna pup B Gopmyse (6.11) He U3MeHUTCS, MOCKOJbKY OHa BbIparkaeT
COOCTBEHHbIH CMIUHOBBIM MOMEHT 3JE€KTPOHA, KOTOPHIM HE 3aBUCUT OT €ro
B3aHMOMEHCTBHUS C OKpy:kawllleld cpenod. B MpoTHBOMONOXKHOCTb 3TOMY
BeqMYuHA up B dopmyne (6.18) mias nUaMarHWTHOH BOCIPUUMYUBOCTH
3JIEKTPOHOB, BbIpaXKarollasd MATHUTHBIM MOMEHT, BOSHHUKAIOUIMKA M3-3a JIBU-
JKEHHUS 3JIEKTPOHA B MATHUTHOM T0Jie, NOJXKHA OnpeneasTbcs 3PpPpeKTUBHON
Maccod U ObITb 3aMeHeHa Ha

« _eh
H 4rm”c’

Kom6unupys dopmyasl (6.11) u (6.18), ¢ yuéToM yKasaHHBIX H3MeHe-

HUH MoJydaeM MOJIHOe 3HaueHHe 3JEeKTPOHHOM BOCTIPHUHMYHBOCTH, PacCUH-

TaHHOH Ha 'paMM-aTOM:

2/3 2 1/3 .
2y = Hap + Hman = 4 (E) VAL [3””‘ - m] . (6.20)

3 h2 m m

Dopmyna (6.20) nmosBossier 3a cu4éT mnopbopa 3HaueHHs SDPEKTHB-
HOH MaccChl NMPHBECTH PacUETHbIE NaHHble B COOTBETCTBHE C 3IKCIIEPUMEH-
TaJbHBIMH. B 4acTHOCTH, OHA OOBSCHSIET CYIIeCTBOBAHHWE OTPHIATEJNbHOH
BOCTIPHUMUYHUBOCTH 3JIeKTPOHOB TMPOBOAMMOCTH, HaOJI0MaeMOH y OepHJIHs
u BucMyTa. OMHAKO TMPHU TAKOM YIPOIIEHHOM crocobe ydyéTa B3anMOAeH-
CTBUS 3JEKTPOHOB C KPHUCTAJIJIMYECKOH PElIETKOH TeopeTHYeCKHe pe3ysbTa-
Thl B 60Jiee HJIM MeHee TOJIHOH Mepe COIJIacylTCsl C 3KCIIePUMEHTaJJbHbIMH
JUIIb JAJS 111eJOYHBIX METasJoB. ¥ OCTalbHbIX METaJjJ0B HMeeT MeCTO
Pl SIBJEHUH, He YKJaAbIBAIONIUXCS B PaMKH TeOpUHU. ¥ OOJBIIMHCTBA
METaJIJIOB MUMeeTCsl XOTd W HeOOJIb-
1asg, HO CYUIEeCTBEHHO TpeBbIlIa- Oy — %) - 10°
0las TeOPeTUUECKYl0 3aBHUCHMOCTD
BOCIIPUMUMYUBOCTH OT TeMIepaTyphl.
[Tpy HM3KHX TeMIepaTypax HaOJr0-
NaeTcsi 3aBUCUMOCTb BOCITPUMMYHUBO-
cti oT mossd. [Ipy cambIX HHU3KHX
(1 K) y psima meranoB BO3HMKaeT — <
cBoeoOpasHasi mepuoaHuecKas 3aBH-

CHUMOCTD BOCHPUUMHUHUBOCTH OT MO  pue 65, [lepuognueckoe HM3MeHeHHe

(puc. 6.5). Brepsble ona Habsona- BOCMIPUMMUHBOCTH MOHOKpHCTaJja Be
jgach B 1930 r. ne XaacoMm U BaH Ausb- B MarHuTHOM moje mpu 1’ = 14 K

(heHOM Ha MOHOKPHCTaJJax BHCMYTA.

[Hupokue uccnenosanus, npennpunsteie b.W. Bepkunwim, B.T. Jlazape-
BoiM [106], 1. [lIéEnGeprom [80] u ap., mokasaau, 4TO 3TO sIBJIEHHE HMeeT
MecTo OoJiee UyeM y TOJIOBUHBI MPOCTHIX MeTasaoB. OHO He HabJwomaeTcs

2.4 :

10000 11000 H.D
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y MeTaJ/IJIOB TMepBOH TPYMIbl H y MeTaJJIOB BTOPOH TPYIHIbl ¢ OOJbIIUM
atoMHbIM 00béMoM (Ca, Sr) [106].

JI. Jl. Jlanpay moxkasaJi, YTO OCHUMJIJISIIIMM MAarHUTHOH BOCTIPMMMUYMUBOCTH
KaueCTBEHHO IPABUJIbHO OOBSCHSIIOTCS MOJEJbIO CBOOOAHBIX 3JIEKTPOHOB.
[lonbITKa KOJMMYECTBEHHOTO COTJIACOBAHUS PE3YJbTaTOB JKCIIEPUMEHTa KakK
C MOJEeJIbI0 CBOOOMHBIX 3JIEKTPOHOB, TaK H ¢ OoJiee CJIOXKHBIMHU ITPUBOIUT
K HeoOXONMMOCTH MpeAroJiaraTh CylleCcTBOBaHHE psiia TPYII 3JEeKTPOHOB
¢ oueHb MaJsoi KoHeHTpanuei (107% + 107°% ot o6urero gncna anexkTpoHOB
MPOBOAMMOCTH) U ¢ MaJioH 3(p(HEeKTHBHOH MacCOH.

§ 6.5. CpoiicTBa nmepexogHbIX METAJJIOB

MaruuTHble CBOHCTBA MepexOAHbIX MeTaJlJIOB B OCHOBHOM OIpeessi-
FOTCSI MAarHUTHBIM MOMEHTOM He3aNoJHeHHBIX d- U f-obosodek. Hannuue
MarHMTHOIO MOMEHTa He3amoJIHEHHBIX 000J04YeK MPUBOAUT K TOMY, UTO BCe
nepexoJHble MeTaJlJibl TapaMarHUTHbI, @ UX BOCIIPUUMYHUBOCTb OOJIbllle, YeM
y MPOCTBIX METAaJJOB, U CHJIbHO 3aBHCHUT OT TeMIlepPaTyphl.

MarHuTHble MOMEHTBI B MeTaJjiaX pacroJioKeHbl TaK OJU3KO APYT
K IPYTY, 4TO HeJsb3s NpeHeOperaTb Ux B3auMoneictaueM. [lostomy, B OT/1H-
4yye OT CBOMCTB MapaMarHUTHBIX COJIEM MePEXOIHbIX METAJJIOB, PACCMOTPEH-
HbIX B I'J1. 4, mpocTol 3akoH Kiopu 1751 mepexoqHbIX MeTaJsJoB He coOJona-
eTcsi. B 3TOM caydyae HY»>KHO yUWTBIBaThb MO KpalWHel Mepe TPH BHOA B3au-
MOIEHUCTBUS: 3JEKTPHUECKOe B3aUMOJEHCTBHE 3JIEKTPOHOB He3aroJHEHHBIX
oboJsioueKk Mexkay coOOH, MarHUTHOe B3aHWMOJAEHCTBHE M B3aUMOJeHCTBUE
C 3JIEKTPOHAMU MPOBOAUMOCTH.

[lepBbil BUI B3aUMOAEUCTBUS MHOTA MPUBOAUT K TOSBJEHHUIO YIIOPSIIO-
YeHHOT'0 PaCIOJOXKeHHsI MAarHUTHBIX MOMEHTOB IPH OTCYTCTBHHM BHEIIHETO
noJis — K MOSIBJEHUIO (peppoMarHeTHsMa WJM aHTU(deppOMarHeTusMa; 3TH
SIBJIEHUS] OYyT pacCMOTPEHbBI TO3Ke.

BsauMonelcTBHE C 3/7eKTPOHAMH MPOBOAUMOCTH, HAPSIAY C YCJOXKHEHHU-
eM TeMIlepaTypPHOH 3aBHCHMOCTH, BEHET K TOMY, UTO MarHHUTHBIH MOMEHT
He3arnoJIHeHHOHW 000JI0OUKH B MeTaJJje OTJUYaeTcss OT MAarHUTHOT'O MOMeEHTa
MU30JINPOBAHHOTO aTOMa.

Xopollo pa3pab0TaHHOH TEOPHU MarHHUTHBIX CBOMCTB IMepPeXOAHBbIX Me-
TaJlJIOB MOKa He cylilecTByeT. [l03ToMy Mbl OrpaHHYHMMCS PacCMOTPEHUEM
HEKOTOPBbIX 3KCIEePUMEHTAJbHbIX NaHHbIX. AOGCOJIIOTHBIE 3HAaUEHUS] BOCIPH-
UMYHUBOCTH TEPEXONHbIX MeTaJ/JOB MPU KOMHATHOH TeMmIilepaType OObIYHO
Ha TIOPSJ0K MJH JBa 6oJblle, 9eM y mpocThix. Tak, y Ti s, = 1,5- 1071,
y Vs, =23-107% y Mna s, = 5,3-107% ay Pd s, =58 1074
Y HeKOTOpbIX pelKO3eMeJIbHbIX 3JEMEHTOB BOCIPUHMYHUBOCTb OYE€Hb Be-
NUKa; HanpuMep, y Dy s, = 1151073 OpgHako y 4acTH NepexomHbIX

MeTaJJIoB OHA A0CTaToyHO HeGoubiuasg: y Os s, = 7,6 - 1075 a y It s, =

=25-107°
TemnepaTypHble 3aBUCHMOCTH BOCTIPHUMUYHBOCTH MEPEXOAHBIX METaJIJIOB
TaKxKe BecbMa pa3sHOOOpasHHI.
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JIMIIb MSITb M3 HUX B OI'PAHHUYEHHOM TEMIIEPATYPHOM HHTEPBAJE CJIE-

oyt 3akoHy Kiopu—Beiicca. Fx xapaktepHble napameTpbl NpPHUBEIEHBI
B Tabs1. 6.3 (3, = C/(T — 9)).

Tabauna 6.3
Merann 140 S WurepBan temmneparyp, °C
Pd 1,73 227 —180 + +1000
Pt 1,63 + 1,7 1300 — 30 + 4350
Ce 2,5 0 0+ +500
Pr 3,6 0 0+ +500
Nd 3,65 0 0+ +500

3HaueHHUsT MarHUTHBIX MOMEHTOB Yy penko3eMesbHbIX MeTaJsioB Ce, Pr,
Nd noBOJMIbHO XOPOILIO COTIACYIOTCS C COOTBETCTBYIOIIMMHU 3HAUEHHUSIMU [1J151
noros Ce’t, Pr®t u Nd** (cm. roi. 4). B caydae xe Pd u Pt nosyueHHble
3HauUeHHUsI MOMEHTOB OTJHYAITCH OT BO3MOXKHbBIX 3HAYEHUH M/ UOHOB, UTO
CJIelyeT, MOo-BUAMMOMY, MPUNHCATh B3aWMONEHCTBHIO C 3JEKTPOHAMU TMPO-
BOIHMOCTH.

Y BaHanusi, HHOOUS, TaHTaJA U HEKOTOPHIX APYTUX 3JeMeHTOB HabJio-
NaeTcsl najeHue BOCIPUHMMUYHUBOCTU C POCTOM TeMIEpPATyphl, HO MO 3aKOHY,
oTAM4YHOMY OT 3akoHa Kioopu—-Beiicca. TemnepaTypHasi 3aBUCHMOCTb BOC-
MPUAMUYKUBOCTH Ta mokazaHa Ha puc. 6.6.

2 10° s 10°

0,80 1,05+

0,75r 1,00}

0,70 0.95|

0,65 - l I 1 1 l | 1 1 ! 1 I

300 900 1500 ¢, °C 600 1200 t, °C

Puc. 6.6. TemnepaTypHas 3aBUCUMOCTD Puc. 6.7. TemnepaTtypHass 3aBUCUMOCTD

MAarHUTHOU BOCIPUUMUYUBOCTH la MAarHUTHOH BOCIPUHUMYHBOCTU Mo

[Tpubau3uTeIbHO Yy TMOJOBHHBI MEPEXOAHBIX 3JE€MEHTOB (He cuMTast
pelKo3eMe IbHbIX) HabJI0gaeTcss POCT BOCIPUUMUYHBOCTH C TeMIIEPaTypOH.
Ha puc. 6.7 npuBeneHa cooTBeTCTBYIOIIAs KpUBas AJs1 MosuOmeHa. Takou
XapaKTep 3aBUCHMOCTH MOXKHO ObLJIO Obl paccMaTpPHUBaThb KaK yKasaHHe Ha
HaJU4YMe aHTH(hEepPPOMAarHUTHOH YIOPSIIOUYEHHOCTH, OfHAKO aHTH(eppoMar-
HeTH3M OOHApYyXKeH MoKa TOJbKO y ABYX MepexogHbiX meTasnos: Mn u Cr
(cMm. 1. 9).
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PEPPOMATHETHU3M: OCHOBHBIE OIIBITHBIE
®PAKTBI U ®OPMAJIbHAA TEOPHUA BEUCCA

§ 7.1. KpuBass HaMmarHM4MBaHUs U 0COOEHHOCTU CBOMCTB
(eppoMarHeTUKOB

deppomarueTuku (keseso, MarHeTHT — Fe3O,4) OblIM M3BECTHBI €lIE
B TJy0OKOH apeBHOCTH. Ha Hcrmosb3oBaHHM OMHOTO M3 HX CBOHCTB (OcTa-
TOYHOTO HaMarHWYHBaHHs) OCHOBAHO JIEHUCTBHE TAKOr0 BaxKHOro npubopa,
Kak Kommac (mupoko usBecteH B Kutae ¢ X-ro B.). MccnenoBaHnve B3au-
MOJIEHCTBHS MOCTOSIHHBIX MAarHWTOB JIE[JIO B OCHOBY yUeHHSI O MarHEeTH3ME,

OcHOBHbIE XapaKTepHble CBOHUCTBA (peppoMarHeTHKOB (60JbllIast MArHUT-
Hasi BOCIIPHHUMUYHMBOCTDb, Ha 5—6 MOPSAKOB MpeBLIIIaloNias BOCIPUHMYHBOCTD
rmapaMarHeTHKOB; HeJHWHeHHasi 3aBUCHMOCTb HaMarHWYeHHOCTH OT I0J;
sIBJleHHe OCTAaTOUHOH HAaMaTHUUEHHOCTH) TaKKe NaBHO M3BECTHBHI.

OnHakKo MOMbITKH KOJHUUYECTBEHHOTO M3yueHHs] CBOWCTB (peppoMarHeTH-
KOB JIOJITO He JNaBaJjid HaféxXHOro pesysbTata. CBOHUCTBA ONHOTO W TOTO XK€
MaTepvaJia B OMbITaX PasHbIX MCCJAeq0oBaTeNell 0Ka3blBaJUCh Pa3JHUHbBIMH.

[IpyurHa nomoOHBIX 3aTPyAHEHUH M CIOCOO UX yCTpPaHeHUs OblIM yKa-
sanbl CtosnetoBuiM (1871 T.).

B ¢deppomarnetukax, BcjeACTBHE UX OOJbIIOW BOCIPUUMYHBOCTH, Be-
JIMYMHA HaMarHU4YeHHOCTH Ja)Ke B OTHOCHTEJbHO CJa0biX MOJSIX BEJHKA,;
MO3TOMY MoJie BHYTPH (peppoMarHeTHka ¥ BOJHM3U HETO MOXKET OTJIHYAThCS
OT MoJisi B Tpubope NpU OTCYTCTBUH (heppOMarHeTHKa v 3aBUCHUT OT CBOUCTB
1 opmMbl obpasua (cm. § 3.4).

CtoneToB pa3paboTaa MeTod 0aJJUCTHUECKUX U3MepeHHH HaMarHu4eH-
HOCTU (PeppOMArHUTHBIX KOJIell, UCKJYAUHU BAUsiHHE (PopMmbl 00paslia,
U TOJIYYHJl OfHO3HauHble pe3ysbTaThl. [Ipu xapakTepucTHKe CBOUCTB (ep-
pPOMarHeTHKOB, Hapsilly ¢ MarHUTHOU BOCIIPUUMUYHUBOCTBIO > U HaMarHUYeH-
HOCTbIO [, MOMb3YIOTCA MarHUTHOH MPOHUIAEMOCTBIO (4 U UHAYKUHeH B.
B orinuMe OT mapaMarHeTHKOB (4 B 3TOM CJiydyae 3HAYHUTEJNbHO OOJblile
eluHUIbl, a B cyliecTBeHHO OTJAWYHO OT H. CBfI3b YKa3aHHbIX BEJUYMH
onpenensieTcst (HOpMyaon

B =uH =H+4rl = (1 4+ 47x)H;

3necb I HeJWHEHWHO 3aBHUCHUT OT H W s, npuuéM OT H OHA 3aBHUCUT JaxKe
B CJa0bIX MOJIAX.
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Ha pucynkax 7.1 u 7.2 npruBeaeHbl TUIMYHbIE 3aBUCUMOCTH B ot H nJid
HEKOTOPbIX (heppOMarHeTHKOB MPH KOMHATHOM TemriepaType. M3 pHcyHKOB
BHUJHO, UTO MPH OOJbIINX KOJUUECTBEHHBIX PA3JUUUSIX ITUX 3aBUCHMOCTEH

B,xIc B, xI'c
14+
12 -
10 -

&k

6 L

4 L

2 -

07 08 1.6  HD 0 04 08  HD
Puc. 7.1. KpvBele HaMarHuuusa- Puc. 7.2. KpuBble HaMarHW4uBa-
nus xenesa: I —99,99% Fe; 2 — HUS HEKOTOPBIX (heppOMarHeTH-

99,90 % Fe (apmKko-xene30) KOB: I — xeJjes30;, 2 — radmep-

HUK; 3 — MepManaoH; 4 — apMKoO-
XeJjie3o; 4 — HUKeJb, 6 — CIJIaB
XKene30—Huke b (26 %)

IJiIsT pasHbIX (heppoMarHeTHKOB MX (opMa odeHb Mmoxoxka. CpaBHHUTEIbHO
MeNJIeHHbIA TOAbEM B HadajJie KPUBOU 3aTeM YCKOpSeTCcs M CHOBa 3a-
MeaJisieTcsl, nepexonsi B OOJbLIMX MOJSIX B MOYTH TOPU3OHTAJbHBIA yda-
cTok. MHAYKIIMS M HaMarHU4eHHOCThb, OTBEUalolllhe STUM [OPU30HTAJbHbIM
ydacTKaM, Ha3blBAalOTCA HHAYKIHEH U

HaMarHMYeHHOCTbIO TEXHUYECKOTO Ha- 7| (Fmax

ChlllleHUsl U oOos3HauawTcs I3 u B co- 600

OTBETCTBEHHO. 3aBHUCHMOCTb MAaTHHT-

HOH BOCIPHUMMYHBOCTH OT BEJHUMUHBI 400

MoJiT MMeeT XapaKTePHBIH MaKCHUMYM

(puc. 7.3). 200
M306pakéHHble Ha pucyHkax 7.1,

2 4 6 8 H.O

7.2 KpuBble, TOJyUeHHble TPHU TOCTe- 0
MEHHOM YBeJWYeHHUH MoJis (IPUIEM HUC-
XOIHBIM SIBJISIETCS] pa3MarHU4eHHOe CO-
cTosiHHe o00paslia), HasblBalTCs OC-
HOBHbIMU KPUBBIMH HaMarHWU4WBaHHUS.

Ecau B KakoH-auOO TOUYKE OCHOBHOM KPUBOM HaMarHW4MWBaHUs MpPU
HEeKOTOpOM ToJie H| HauaThb yMeHblUATb M0Je, TO KPUBas 3aBUCHUMOCTH [
u B or H mo#pét Bbillle ocHOBHOH u mpu H = 0 ocTaHeTcss HEKOTOpOe
HeHyJieBOe 3HaueHWe HaMarHudeHHOCTH [;. [y Toro uToObl pasMarHUTHTD

Puc. 7.3. 3aBUCHMOCTb BOCIIPUHUMYH-
BOCTH (peppOMAarHeTUKOB OT I0JISl
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TeJO, NPUAETCHA NMPUJIOKUTb K HEMY T10JIe TPOTHUBOIOJOXKHOTO HAMPABJEHHS.
Korna oHo nmocTurHeT 3HaueHusi —Hj|, Mbl MomagéM Ha HHUXKHIOI BETBb
OCHOBHOH KpHUBOW HamarHuuuBaHus. [Ipn usmeHenuu nosas ot —H; po +
+ H| nosyuuTcsi KpuBasi, Jiexkalllas HUKe OCHOBHOM, W Mpu moJe +FH| Mbl

OoNnagéM B UCXOAHYIO TOYKY OCHOBHOH KPHUBOH.
3aMKHyTasi KpUBasi, MoJyydarlilascs mpu ONMUCaHHOM Mpollecce U3MeHe-
HUS T0JIs, Ha3blBaeTCsl MeTAEN rucTepe3uca. TUMHUYHBIM BUJ NEeTe/b FUCTe-
pesuca TMokasaH Ha puc. 7.4. Kak BUJIHO U3 pUCYHKA, N0 Mepe yBeJUUeHHs
nonsg Hj meT/asi rUcTepe3uca PaCIIU-

4nl _ psieTCd, HO BepILIWHBI BCeX TMeTesb
1600+ OCTAalTCA Ha OCHOBHOM KPUBOMU Ha-
marHinurBanusi. [locse pocTHkKeHUst

800+ noJisi, JOCTATOYHOTO [Jisi HAMarHW4u-
BAHWS HACBILIEHHS, NaJibHeHlIee pac-

0l LIUPEeHNe TeTad npekpaiaetrcs. Hau-
OoJiblIas MeTssl THCTEpe3uca Ha3blBa-

2001 ercs npenesbHOM. O6bI‘-IH(U) IJisT TPY-
60l XapaKTEPUCTHUKU CBOHCTB Mare-

puaJsa yKa3blBalOT BeJIUUMUHY [. ocTa-

1600+ TOYHOTO HAMATrHUYMBAHUSA HA IIpe-

0 20 0 20 o NEeJbHOU TeTe W BeJUYMHYy H. moJs,

o0 * H3 HeoOXOAUMOro [Jisi pa3sMarHW4MBaHUs

Puc. 74. Tletan ructepesuca u  MaTepuasa. Ho.nue H. HaspIBaOT KO3P-
OCHOBHasi KpWBasg HamarHuuuBanus  UHTHUBHOW CHJIOW MaTepuaJia.

(i)eppOMaFHETI/IKOB CI)eppOMaI‘HI/ITHI:I(E) CBOHCTBA HMe-

I0TCS1 JIUIIb y HeOOJbIIOTO KOJHYe-

CTBa BCEX 3JIEMEHTOB M XHWMMWUECKHX coeluHeHuil. M3 3jneMeHTOB mpH

KOMHATHOW Temmnepatype geppoMarHuTHel ToJbKo deToipe: Fe, Co, Ni, Gd.

KpoMe TOro, HeCKOJIbKO 3JIEMEHTOB K3 UMCJa PelKOo3eMeJibHbIX (eppomar-

HUTHBI MPH HU3KUX TeMIepaTypax.

BellectBa, o6Jaanatolire eppoMarHeTU3MOM, COXPaHSIIOT 3Ty OCOOeH-
HOCTb JIMIIb B HEKOTOPOM HHTepBaJe TemmepaTyp. [Ipu HarpeBaHuu Bbillle
HeKOTOPOH TeMnepaTypel © p, HocslleH HasBaHMe TemnepaTypsl Kiopu dep-
poMarHeTHkKa, (eppoMarHeTH3M HCUe3aeT U BellleCTBO CTAHOBUTCS Mapamar-
HeTHKOM. C MOMOIIbI0 PEHTTEHOCTPYKTYPHOTO aHaJju3a OblJ0 YCTAHOBJIEHO,
4YTO TOAO0OHOE TpeBpallleHUe He COMPOBOXKAAETCS H3MEeHEHHEM CTPYKTYphI
KpUCTaJa.

McuesHoBeHue (heppOMarHUTHBIX CBOHMCTB MPOUCXOAUT B HEKOTOPOM OT-
HOIlIeHWH TmocTeneHHo. Ha puc. 7.5 mMokazaHa 3aBUCHMOCTb HaMarHHWYeH-
HOCTH HachelllleHUuss Fe or Temnepatypbl. OHa pe3ko yMeHbIIAeTcCs MpH
npubanxkenuu K Ttemnepatype Kiopu. IlocsenHioo NpUHATO ONpenessiTh
TOUKOU TMepecedyeHHs JUHEHHOr0 MPOAOJKEeHHUST HauboJee KPyTOro ydacTKa
craja KpUBOM HaMarHWUYMBaHHS C ocblo abcuucc. PeasbHo ke moJyda-
eTcsl HEKOTOpbIH «xBocT» KpuBoil [y = f(T). Xotss B 00JbIIOH CTeneHH
MnosiBJeHHe MOAOOHOr0 «XBOCTAa» MOXKHO OTHECTH 3a CUET HEONHOPOAHOCTHU
MaTepHaJsa U HECOBEPIIEHCTBA TEXHUKHU U3MEPEHHUS, HECOMHEHHO, UTO U MPU
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BO3MOXKHO 0oJiee TIIaTeJbHOM HCKJIOUYEHHH 3TUX MOOOUHBIX 0OCTOSITEbCTB
sSIBJIEHHE MOCTENEeHHOr0 epexona UMeeT MeCTO.

B o6sacTu cyulecTBOBaHUSl (DEPPOMATHHUTHOIO COCTOSIHUSI PSIIOM OCO-
OeHHOCTed 00Jafal0T W HeMarHWTHble CBOWCTBa MaTrepuaJjoB. Ha pucyH-
Kax 7.6, 7.7 TpuBeleHbl KpHBbIEe Tel-

NOEMKOCTH He (heppOMarHuUTHbIX MeTan- B—H, 10 Tc

JoB (cepebpa u ajioMHUHMS) H deppo-
MarHuTHOro (HUKeJs1). ¥ HHKeJs 10 Me-
pe npubauxkeHusi K Touke Kiopu HabJ10-
JAI0TCS POCT TEMNOEMKOCTH U MOCJENY-
IOUMH PEe3KUH crajg €€ B 3TOM TOUKe.
Beiiie Touku Kiopu TensoéMKoOCTb MO-
UTH He 3aBHUCHUT OT TeMmepaTyphl (Kak
U y cepebpa Mpu BBICOKUX TeMIepary-
pax). Ha puc. 7.8 nokasaHa kpuBasi Ko-
s(punMeHTa paclIUpeHNUs] HUKeJis, TaK-
Ke UMelolasi aHOMaJIni0 B TOUKe repe-
xona. KprBble TenoéMKocTH U KO3 Pu-
[IMeHTa pacClUMpPeHUs1 CHSITBl B pasmar-
HUYEHHOM COCTOSIHMH, HO TMPAKTHYECKU

He H3MEHSIIOTCH, €CJAU (PeppoMarHeTHUK -200 0 200

400 600 7,°C
HaMarHU4YeH 10 HaChIIIeHHUS.

TakoBbl OCHOBHBIE 3KCIIepUMeHTaJb-  Puc. 7.5. TemmepaTypHas 3aBHCH-
Hble (DaKThl, OMHCBHIBaWIIKMe OCOOeHHO- ~ MOCTE HAMATHHYEHHOCTH HACKHIIIE-
CTH CBOHCTB (eppomaruetukoB. Heko- nust Fe (H = 10" T'c)
TOpbIE U3 HUX HAOJIONAIOTCS Uy APYTHUX
BellecTB. Hampumep, camo mo cebe siBJieHHe HACHIIEHUsI W HeJHHEeH-
HOU 3aBUCHMOCTH HAMArHUYEHHOCTH OT MOJIS He KaxKeTCsl YAUBUTEJbHBIM.
To ke camoe HaOswgaeTcsd W Y MNapaMarHeTUKOB IPH HHU3KUX TeMIIe-
patypax (cMm. §4.6). OnHako 4T0oObl NPUOJH3UTHCS K HACBILIEHHIO TIPH
KOMHATHOH TeMIlepaType, B cjydae rmapaMarHeTHKa MOTpeOoBaMCh Obl MO-

C, xan/mMonb - rpaj ) C, xan/Mons - rpaja

i 10

or 1

41 2 d

3} o1

2} 4

1t 2t

0 100 200 300 400 7,K 0 400 800 1200 T.K
Puc. 7.6. TennoémkocTb Hedep- Puc. 7.7. Tensnoémkoctb ¢eppomar-
DOMarHWTHBIX MeTaJjoB: [ — HUTHOTO HHKEJIs

Ag; 2 — Al
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o 10°

Puc. 7.8. TemneparypHas 3aBUCUMOCTb KO3(PdureHTa paciuupenus Ni

a5 10% = 107 3. Mexny TeM y (heppOMarHeTHKOB HACBILEHHE NOCTHTAeTCs
B mosax 10" +— 103 3.

Takum 06pa3oM, BO3HUKAET MPUHIIMIHUAJNBHBIA BONPOC: KaK OOBSACHUTD
BO3MOXKHOCTb TMOSIBJEHHSI HACBIILEHUsS B CTOJb MaJbiX mojsx? OH Oyner
pacCMOTpEeH B CJeNYIOIIUX T/aBax.

B03M0XHO, MeHee MPUHUMNHANbHBIM, HO 00Jiee BaXKHbIM MPAKTHUYECKH
IBJISIETCS BOMPOC O (POpPMe OCHOBHOM KPHBOW HAMarHW4YHMBAHHUS W SIBJEHUSX
THCTepesnca. JTOMY BOIPOCY — TEOPHH TEXHHYECKOW KPHBOH HaMarHHUYH-
BaHUs — TocBslleHbl ryaBbl 10-14 HacTosiero Kypca.

§ 7.2. ®opmanbHas Teopus peppoMarHeTusma

[IyTu K 00BbsACHEHHIO sIBJeHHS (heppoMarHeTusmMa OblJM YKasaHbl Po3uH-
rom (1892 r.) u Beiiccom (1907 r.), pa3paboTaBIIMMH AOCTAaTOUHO MOCJEI0-
BaTeJIbHY0, XOTS U (popMaJibHy0 Teoputo. MIMu OblI0 NpennoJoKeHo, 4To
HaMarHW4YKMBaHUe peppoMarHeTka oOycJOBJEHO HaJHYHEM B HEM BHYTpPEH-
Hero MoJekyJsspHoro noJjsi. [IpoucxoxaeHue nocnenHero He YTOUHSINIOCH.
B cooTBeTCTBUM C 3TUM MPENNoJaranoch, 4TO (eppoMarHeTHK BCEraa,
NaxKe MpU OTCYTCTBHUU BHEIIHEr0 MAarHWUTHOTO TOJisl, HAMAarHuueH 0 TEeXHHU-
4yecKoro HacheiieHusi. OTCyTCTBHE CyMMapHOTO MAarHMUTHOTO MOMEHTa B pas-
MarHM4eHHOM COCTOSIHUM OOBSICHSIIOCh pa3bueHHeM Teja Ha OTHeJbHbIE
MUKPOCKOMHUUecKue 00JacTu — JIOMeHbl. BHYTpH Kaxnou Takod oOJacTH
MarHuTHble MOMEHTBl aTOMOB MapaJJe/ibHbl, HO MAarHWUTHble MOMEHTBl Pas-
HbIX 00J1acTell HAaMpaBJeHbl PAa3JUYHO, TAK UTO B CyMMe MarHUTHbIH MOMEHT
TeJla paBeH Hyq10. Torma B mpolecce HaMarHMUMBaHUS TeJja BHENIHee MoJie
JIMIIb OPUEHTUPYET MATCHUTHblE MOMEHTHI JOMEHOB.

[IpennosioxkeHue o CyllleCTBOBAaHUM JOMEHOB MEPBOHAYAJbHO OMUPAJOCh
Ha OmMbIThl bapkrayseHna, mokasabllive, 4YTO HaMarHudMBaHue (peppomarse-
TUKOB yBeJUYHUBAETCs He MJABHO, a CKauKaMH, Kak 3TO W JOJKHO MpPOHC-
XONUTb MPU MOBOPOTE BEKTOpPAa HAMAarHUUYMBAHUS B OTAEJbHBIX JOMEHAaX.

3aTeM MOSIBUJIMCh APYTHe HEMOCpPeACTBEHHble N0Ka3aTeJabCTBa CYlle-
CTBOBaHHS IOMEHOB U MeTOMAbl HaOJIOAeHUs 3a U3MEHEHHEM HX B Mpollecce
HaMarHuuuBaHusi. bosee monpo6GHO noMeHbl OyAyT pacCMOTPEeHbl B YacCTH,
MOCBSIIIEHHON TEOPHH TEXHHUECKOH KPUBOHM HaMarHW4uBaHus (cMm. T 12).

31ech »Ke Mbl OCTAHOBUMCS JMIIb Ha BOMPOCE O CMOHTAHHOM Hamar-
HUYMBAHUU (heppOMarHeTHKa BHYTPU JOMEHA MOJ BJIMSIHUEM BHYTPEHHETO
oJisl.
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PaccmoTpum TeJqio, coctosiiiee M3 [N atoMoB. [l IPOCTOTHI Mpeanoso-
»KHM, UTO MarHUTHble MOMEHTHl aTOMOB TaKOBBI, UTO BO3MOKHBI JIHIIb IBE
MX OpPHEeHTAllUM OTHOCHTEJbHO BBIOPAHHOH OCH, HalpuMep BIIPaBO H BJIEBO.
O603HaYUM YHCJIO MAaTHHUTHBIX MOMEHTOB, HallpaBJIEHHBIX BIIPaBO, Yepes r,
a BJIeBO — dYepes [; Torna

r+[=N. (7.1)
OTHOCHTe/IbHAST HAMATHUYEHHOCTh TeJsa
1
Y= ﬁ <7n - l)’ (72)
OTKYZa | | |
ro_ 1 A
N = 2(1—|—y), ~ 2(1 Y). (7.3)

HamaruunyeHHocTh siBJAsieTcss (DYHKIMEH TeMmmepaTypbl U MOJs: Y =
= f(H,T). E€ Benuuunna omnpepessieTcss U3 yCJAOBUsST MUHUMYyMa CBOOOAHOM
SHEPTUU

F=E-TS. (7.4)

PaccmoTtpum chHauana caydaid, korma npu H = O sHeprus Teja He
3aBUCHUT OT HaMarHuueHHOCTH. Torma Oes3 yilepOa ajsi oOUIHOCTH BbIBONA
MOKHO TMOJIOKHUTh

F=-TS. (7.5)

DHTPOMHUS CUCTeMbl S CBSi3aHa CO CTATUCTHYECKOH BEPOSTHOCTHIO CO-
ctossHusi W paBeHCTBOM

S=klnW.

B naHHOM cjiy4ae Hac WUHTepecyeT 4acTb SHTPOINUM, CBSI3aHHASl C OpH-
eHTallued MarHUTHbIX MOMEHTOB H, CJIe[]lOBAaTe/JbHO, CTaTUCTHYECKAasl Bepo-
SITHOCTb OCYILECTBJIEHHUS] COCTOSIHUS C JaHHOW HamarHudeHHocTbio y. [lo-
CJIeIHSISl TIPOMOPIIMOHANbHA YKCAY BO3MOXKHBIX CHOCOOOB OCYIIECTBJEHHUS

COCTOAHHA C 3aJdHHBIM Y N
-~ :

rii!’
C To4HOCTBIO 10 mocTosiHHoro caaraemoro S = kln [N!/(r!l!)]. Tlogcrasass

3TO 3HaueHue B (7.4) u Bocmosib3oBaBlIkch hopmysnod Ctupaunra (Inn! =
=n(lnn — 1)) u popmynamu (7.3), HaxXOOUM

w

F=-TS= NKT((1+y)ln(l+y)+(1-y)n(1-y).  (76)
Boiuucaus npousBonnyto OF /Oy u npupaBHSB €€ HYJIO0, MOJydYaeM
In(l+y)—1In(l—y)=0. (7.7)

EnuHCTBeHHOe pellieHHe 3TOTO ypaBHeHuss — y = O.

Takum 06pa3om, ecyiv BHYTPEHHSISI SHEPTUS TeJa He 3aBUCHUT OT Hamar-
HUYEHHOCTH, PABHOBECHOE COCTOSIHHWE B HYJEBOM MOJEe OTBEYaeT HYJNeBOMY
MarHuTHoMy MoMeHTy. [Ipu yuéTte B3aUMONEHCTBHUS C BHELIHHUM MOJEM MbI
MOJYUHJIU Obl (hOPMYJNy AJIST TapaMarHUTHOH BOCTIPHUMMYHBOCTH (CM. T 4).
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PaccMoTpuM Tenepb cjydail, Korga BHYTPEHHSISI HEPTUSl 3aBUCHUT OT
HamarHuueHHoctH: E = f(y). M3 coobpakeHu# CUMMETPUU CJEAYeT, YTO
f(y) — dyHkuus 4érHasi; pacCMOTPHUM MO3TOMY MPOCTEUIIHE BHA 3TOH

GyHKUMU:
E = —A Ny (7.8)

[Toctosinnasi A; mpencraBsseT cOO0H SHEPTHI0 B3aWMOIEHUCTBHS, MPUXOMIS-
HIyICS Ha OfHY YacTuily npu y = +1. B aTom cayyae

F=E-TS=-ANy+ 3 NET[(1+ )l (1 +y) + (1 - ) In(1 - )]

(7.9)
W3 ycnosust OF /0y = 0 nosydaem ypaBHeHHe
4A) o 1+y

k—Ty_ln—l—y' (7.10)

Ero pemenue npu y # 0 Bo3MoKHO Jikiib npu yeaosuu Ay > 0, T.e. Korna
HaMarHW4eHHOCTb OTBeYaeT BBIMIPHIIIY 110 SHEPTHUH.

Cuurasg A; > 0, pemium ypaBHeHue (7.10) rpadudecku. Breném Bcrmo-
MOTaTe/NbHYI0 TepeMeHHYI0 ¢ U PACCMOTPHM JBe (DYHKIIMH:

q9= 77 Y q_lnl—y' (7.11)
[lepBasg M3 HUX — mpsiMas C HAaKJOHOM, 3aBHCSAIIMM OT TeMIepaTypHl.

Bropass — kpuBasi, aCHMNTOTHYECKH NpubauKawuascs K y = =1 npu g —
— +00. Kak nokasaHo Ha puc. 7.9, npu HU3KHUX TeMmnepaTypax 1] npsimas
nepecekaet KpuBylo B Tpéx Toukax: y =0 u y = +y;. [lpu noseilieHHH

1Ay <6

Puc. 7.9. T'paduk 3aBucumoctd y = f(q)

TeMIIePaTyphl KpaHHHe TOUKH NepecedeHus: COMMKAIOTCS, ¥ IIPH HEKOTOPOH
TeMnepatype ©, npu KOTOPOH NpsiMasi COBMNajaeT ¢ KacaTeJbHOH K KPHUBOH
B Touke y = 0, cauBaroTcs co cpenHedt Toukod nepeceuenus (y = 0). Ipu
TeMIlepaType Bhillle © MMeeTCs JIMIIb OfHA ToYKa mepecedenus — y = 0.
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BesnunHa rpaHn4yHON TemmepaTypbl © moJydaeTcss U3 yCJOBUSI COBIMa-
JeHHusl YIJI0B HakJoHa GyHKuuH (7.11) B Touke y = 0, oTKyza

%k@ _ A, (7.12)

OnpenenuM, Kakde U3 TOYEK MepeceueHus OTBEUAIOT YCJAOBHIO MHHHUMYyMa
(0°F/0y? > 0). PaccmoTpum cHayana Touky y = 0. Mz (7.10) u (7.12)
cJAeLyeT, 4To (82F/8y2)y:0 = Nk(T — ©). Takum o6pasom, Touka y = 0
OTBeYaeT MOJIOKEHHUIO CTATHCTUUECKOTO paBHOBecHs Juib nipu 1T > O. [lpu
T < © Touka y = 0 oTBeuaeT MAaKCUMyMy CBOOOJHOU 3HEPTHHU, a TOCKOJBKY
JIBa MaKCUMyMa He MOTYT HaXOAMTbCS PSIIOM, TOUKU MepecedyeHus mpu y =
= 1y OTBEYAIOT MUHHUMYMY.

Takum o6pasom, Teso, B KOTOPOM BHYTPEHHSISI 3HEPrusi 3aBUCHUT OT
HaMarHW4eHHOCTH, TIPH TeMIlepaType HUXKe O OyneT HamMarHU4YeHO MPH OT-
CYTCTBUH BHelllHero mnoJjs. Fmeet
MEeCTO CaMOIpPOM3BOJbHAS HaMar-
HUUYeHHOCTb. OTHOCHTesNbHAs Ha-
MarHU4eHHOCTb JOCTHUIAeT MAaKCH-
myma ipu T =0 (y = 1). Ilpu no-
BBILLIEHWH TeMIlepaTyphbl OHA CHaua-
Jla MeJJIeHHO, a 3aTeM OBbICTPO cra-
naetr u npu 1T' > ©; y = 0. Kaue-
CTBEHHO Tepeyrc/eHHble CBOHUCTBA
OTBEYalT CBOMCTBaM (eppomarHe-
TUKOB; ©, OUEBUJHO, UMEET CMBICJI
tTeMmrepatypbl Kiopu. Ha puc. 7.10 L
MPOBEJIEHO CPaBHEHHe TeMIlepaTyp-
HOH 3aBHCHMOCTH CaMOIPOHU3BOJIb-
HOH HaMarHWYeHHOCTH, PacCUHUTaH-

0 02 04 06 08 1/0

Puc. 7.10. CpaBHeHUe 3KCIIepUMeHTAaJb-

Holt 13 (7.10), ¢ SKCTIEpHMEHTAD HOM 3aBHCHMOCTH HaMarHUYEHHOCTH Ha-
T p ChILI[eHUS ¢ paccunTaHHoH mo (7.10) mpu

HBIMH TaHHBIMH MO TEXHHIECKOMY  pasjyugpix cyMMapHBIX KBAHTOBBIX YHC-
HACBHIIIIEHHIO XKeJie3a, HUKeJs U KO- nax J

OaJibTa.

PaccMoTpuM MoBeneHHe OMUCbIBaeMON Mofed peppoMarHeTHka B MpU-
CYTCTBUM MarHHUTHOIO MoJsi. B 3ToM caydae Hago MCKaTb MUHHMYM TepMO-
MTUHAMHUYECKOTO MOTeHIIHaNa

O = F(y,T) — [H = %NkT[(l +y)n(l+y)+(1—y)ln(l —y) -
— NAy? — NuoyH, (7.13)

The [lp — MAarHuTHBIH MoMeHT atoMa. HemocpenctBenHo u3 (7.13) BHmHO,
4TO MpH aOCONIOTHOM HyJe Temmnepatypbl ® MUHHMAaJeH NpU YCJAOBHU Y =
= 1, 4TO OTBe4yaeT MarHUTHOMY MoMeHTy Tesna [ = Iy = N .
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[Tpu T > O ycnoBue skctpemyma, 0P /0y = 0, naér

(1+y) 44 2uoH
W=y~ Y
UJIU 94
_ Ho 1Y _ Mo /
ythkT( 0 —I—H) thkT (H'+ H). (7.14)

Ecmu Ay =0, 1o (7.13) nepexonut B opmyny JlaHxeBeHa, a npu H =
= 0 mbl moayuyaem dopmyay (7.10). Unen 2A,y/puo = H' B (7.14) moxHO
(opMasbHO paccMaTpUBaTh KAk HEKOTOPOE BHYTPeHHee MOJIEKY/IsipHOe Mar-
HUTHOE TIOJIE.
OmnpenesuM MOPSITOK KOHCTAHTHl B3aMMONEHCTBUS A| U BHYTPEHHErO
nons H'. Temnepatypa Kiopu 6onbiuiHcTBa (heppoMarseTHkos © ~ 103 K.
Orcrona

A = %k@ ~ 1016 10% = 10~13 5pr ~ 0,1 3B. (7.15)
Ec/id MoJIOXKHUTB, YTO [y = UB = yp— ay=1,To
A 107"
H~2L =" __ =10 2. 7.16
UB 10~ ( )

[IpoucxoxaeHue ¥ npupojaa noJsi, NPUBOASIIETO K CAMONPOU3BOJbHOMY
HaMarHU4YMBaHUIO, OyayT oOCcyxkaaTbcs HuxKe. [loka nyist Hac cyuiecTBEHHO
JIMIIb TO, YTO BCJEACTBHE OYeHb OOJbIION BEJUUHWHBI 3TOTO MOJS BHEIIHHE
MoJisi He MOTYT CYIIeCTBEHHO M3MeHUTb BEJWYHMHBl HaMarHH4eHHOCTH; X
pOJib CBOAMTCS JIMIIb K TOMY, UTO OAHO W3 HalpaBJeHUH HaMarHUYeHHO-
CTH CTAHOBUTCSI OOJiee BBITOAHBIM U MAarHUTHbIH MOMEHT TeJia, CO3JaHHBIH
BHYTPEHHHUM TOJIEM, OPUEHTUPYETCSI TapaJjie/lbHO BHEIIHEMY MOJIO.

PaccMoTpuM Temnepb BONMPOC O TEMJOEMKOCTH (heppoMarHeTukos. [lo-
6aBKa TEMJOEMKOCTH HAMAarHM4eHHOro TeJsa, Kak OblJI0 MOKa3aHO BO BTOPOU
rinaee (cM. (2.15)), cocTaBasier

oI\? /OH oI oOH
%H‘%M—AC—TGﬁLHQﬁLT—*ﬂéﬂﬂﬁﬁh-

MBI paccuMThIBaeM TEMJOEMKOCTb €IMHHIIBI 00bEMaA, 3aMeHsIs IPH 3ToM M
Ha .
N3 (7.14) cnenyer

1l d Ho ~ poH +2A,1/1 2A1 (i)
dlo = [th ()] [kT dH - dT + — d )| (7.17)

otkyaa npu H =0

oH 2A1 1
o), L
ol )1 + o 1o

(g (ol
o (nea)( @)
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Ecau yuectb, uto Iy = Npug, noaydaem

A dr

AC = —,
¢ Nyg dT’

(7.19)

Dopmyna (7.18) npaktudecku conanaet ¢ (7.19), Tak Kak Bbile ObIJIO TO-
Ka3aHo, 4To M 06bYHBIX 3HadeHHd H < 10° D u H < 24, /. Us (7.19)
u puc. 7.5 caenyer, uto AC =0 npu T = 0 u pocTUraeT MakCHUMyMa
B Touyke 1 = ©, a 3aTeM CKauykoM NafaeT A0 HyJs. DTH pe3yJbTaThl
TEOPHUH TaKXKe HaXOMSATCS B XOPOIIEM COTJIaCHH C OMNBITHBIMH MAHHBIMH,
XOTs 9KCTIEPHMEHTA/bHO U MOJNy4YaeTcsl He PEe3KHH CKayoK, a CPaBHHUTEJNbHO
OBICTPBIM CMaJ ¢ HEKOTOPHIM XBOCTOM TEIJIOEMKOCTH (CM. puc. 7.7).

Takum o6pasom, popMasibHOE MPENTIOIOKEHHE O 3aBUCUMOCTH BHYTPeH-
Hel HEepPruM OT HaAMarHUYEHHOCTH, U3 KOTOPOTO BBITEKAET CYIeCTBOBAaHUE
CaMOTPOU3BOJIbHOH HaMarHUYEHHOCTH, MPaBUJIbHO OIMHCBIBAET OCHOBHBIE
0coOeHHOCTH CBOHCTB (eppomarHeTHkoB. Crienyiolled 3amauedl siBasieTCs
yCTaHOBJIEHHE TPUPOABI B3aUMOAEHCTBHSI, TPUBONSIIIErO K 3aBUCUMOCTH
HEPruH OT moJisg. PacCMOTpUM CHauaja BOMPOC O MPHUPOJAE MArHHUTHOTO
MOMeHTa (PeppPOMarHeTHKOB.

§ 7.3. I'mpomarHuTHbBIE OMNbBITHI

[Tpupony marHuTHOrO MOMeHTa (heppOMAarHeTHKOB (0OYCJIOBJEH JIH OH
OpHeHTallHeld OpOUTAJNbHOTO, CIIMHOBOTO HJIM TIOJHOTO MOMEHTa aTOMOB)
MOXKHO YCTaHOBHTb, H3MEPUB OTHOIIEHWe MarHuTHoro mMmoMmeHta M K Mexa-
HU4yeckomy P.

OTHoIlIeHHe MarHWUTHOTO MOMEHTa aToMa K MeXaHHUYeCKOMY

g & 7.20
>~ Some (7.20)
Ecau p — uyucto crnuHOBbIM MoMeHT, To (aktop Jlanme g = 2, ecau

opbutanbubii, To g = 1 (cm. § 1.8).

CyMMapHbId MarHUTHbIH MOMEHT (peppOMarHeTHka Jerko CylleCTBEHHO
U3MEHHUTb C TOMOIIbI0 MaJoro MarHuTHoro noJs. [lycTe deppoMarHeTuk,
UMEIOLIUHU BUJ CTEPXKHS, MOABELIEH HA YNPYrOM HUTH BHYTPHU COJIEHOW[A,
KOTOPBIM CO3[AET TOJie, NOCTATOYHOE JAJS HAMATHWUYMBAHHUSA €ro A0 HAaChl-
LIeHHS.

[Ipy “3MeHeHHU HampaBJeHHS MOJST HA MPOTHBOINOJOXKHOE MAaTHUTHBIH
MOMEHT (peppoMarHeTHKa uaMeHUTcs Ha BequunHy AM = VI (tne V. —
00BbEM (peppoMarHeTHKA); TPH ITOM CYMMapHBIH MOMEHT HMITyJbCa 3JeK-
TPOHOB U3MEHHUTCSl HA BEJIMUHHY

2me 1

AP = 21C LA M. (7.21)
e g

Ecau HpeHe6pe% BJIUAHHUEM I[IOABECKH, TO B CHJY 3dKOHA COXPAHCHHA
MOMEHTA UMITYJIbCa TAKO€ H3MEHEHHE BbI3OBET BpPAll€HHUE BCEro TeEJd C MO-
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MEHTOM HMITYJIbCA

Pron = —AP. (7.22)

[lon BAMSIHMEM YNPYTUX CHJ TOABECKHU JABUXKEHHE IOCTelNeHHO 3aTOpPMO-
3UTCSI U TeJO, MOBEPHYBIIUCh Ha HEKOTOPBIH YTOJ, OCTAHOBUTCS, a 3aTeM
HauyHET KoJebaThCsl OKOJIO MOJOXKEHUS] PaBHOBECHUS C MOCTENEeHHO YMeHbllla-
oledcss aMnanTynod. OnpenesuB yroJ MakCHMaJbHOTO OTKJOHEHHS TeJa,
MOXKHO, 3Hasi yIpyrye MOCTOSSHHbIE HUTH, HAUTH Pre;. K coxxasieHuo, naxe
B HaWJyYIIHX YCJOBHUSAX TMOAOOHOE OTKJOHEHHe OoueHb MaJio. Ero MoxHO
3HAUUTEJbHO YBEJHWYHUTb, €CJU MPOHW3BOAUTb IOBTOPHbIE MepeMarHUYUBa-
HUs (peppoOMarHeTHKa, COrJiacOBaB YacTOTY MepeMarHu4MBaHusl ¢ COOCTBEH-
HOW 4aCTOTOU KPYTHJIbHBIX KOJieGaHUHM TeJia Ha TMOJIBece.

Takoli pe3oHaHCHBIH MeTOA TMPUMeHUJH DUHIITeHH W Oe [aa3. Onwu
MUTaJ 4 MepeMarHuuruBawIIui COJeHOU L TepeMeHHbIM TOKOM, 4acTOTa KOTO-
poro coBfajaJja ¢ 4acTOTOH COOCTBEHHBIX KoJeOGaHWH MOABECHOH CHCTEMBI.

BenuuuHa Toka, MUTAIOLIETO KaTYIIKY,

, dM Oblla BhIOpaHa Tak, YTO MaKCHMaJbHOe
I

dt mojie B KaTyIlIKe BO MHOTO pas Ipe-

M BBIILIAJ0 HEOOXOMUMOe IJisl HACHIIEHHUS.

BeaiencTere 3TOro nepeMarHu4MBaHUe

MPOUCXOAUJIO Ha MPOTSKEHUH HebOoJb-
> [IOW 4aCTH NMepHOAa U 3aBUCHMOCTb Mar-
HUTHOW HHAYKUHWK OT BpPeMeHH HMeJsa
BUJ, U300pakéHHbIK Ha puc. 7.11, a rpa-
GuK dM /dt BeITAsSIAEa KAK PSil OTAEIb-
HBbIX 3YOIL0B.

BiusgHue nepeMarHM4uBaHUs  Ha
MOABELIEHHOe TeJO MOXKHO paccCMaTpH-
BaTb KaK JielCTBHE HEKOTOPOrO BHELIHe-
rO MOMEHTA CHJI, BeJIMurnHa I KOTOPOTOo
nonobpaHa Tak, 4TOObI BbI3bIBATh TaKOe XK€ M3MEeHeHHe MOMEHTa UMIYJIbCa,
4TO W MepeMarHuuuBaHue:

Puc. 7.11. 3aBucumoctb ¢, M u
dM /dt ot BpeMeHU B YCTaHOBKe
OUHIITeHHa U ne [aasa

2me 1 dM

Takum o6pasom, M ~ dM /dt u rpaduk usmenenus I co BpeMeHeM TaKKe
npenctasasieT coboi psa 3yOuoB. Beanunny 991 MOXKHO pasJ/ioXKHUTb B P
Dypoe:

M =>" a,cos (nwt), (7.24)
1

Toe G =

| o

T
J M cos (nwt) dt. (7.25)
0

Ecau yacrtora HOILO6paHa TdK, YTO BBIIIOJHEHO YCJOBHE PE30HAHCA
(w = wo), TO BbICIIHME T'dPMOHHKH BbIHy}Kﬂa}OHlefI CHUJIbl HECYLIECTBEHHLI,
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B ypaBHeHHe KoJeOGaHHH MOXKHO IOJACTABHUTb JHIIb MEePBHIH YJeH psaaa

Dypbe U onpeneseHre I CBOAUTCS K BBIYUCIEHHIO KO3(D(HIIHEHTA Q.
MHurerpupoBanue o6Jjerdaetcss TeM, 4To B o6JacTH, B KoTopod M # O,

cos (wt) = +1. Takum 06pa3omM OHO CBOAUTCS K HHTEIPUPOBAHHIO B 00JACTH

oflHOTO 3y0l1a:

2

=

_ _ _demel aaro gme
a = QJimdt— T g AM =160 VI (7.26)

II

[ToncranoBka 9 = ay cos (wt) B ypaBHeHHe aBuxkeHus O + Rp + Dy =
= 90 naér peleHue B BUJE

o= bw cos (wt — ) (7.27)
\/(wQ — W)? + PP’
rue 0
gDy SmeVLo R gt
‘e meOg 0’ °7 2o

BenuuuHbl wy U p MOTYT OBITb HAUJEHBl U3 OMbITA CO CBOOOAHBIMHU KoJieOa-
HUAMHA U (DOPMBl PE30HAHCHOU KPUBOH; [ — M3 HE3aBUCHMOTI0O OTpeaeeHUs
MarHUTHbIX CBOUCTB. Takum oOpazom, u3Me-

peHue pe30HAHCHOW aMIJUTYIbl KoJebaHWH Tabnuua 7.1
By, = b/p naéT BO3MOXHOCTb ONpPENEJTHTh Marepuaibl g
paxrop Jlanze g. . . Keneso 1,94 = 1,98
OnHoBpeMeHHO ¢ JHHIITeHHOM U ne [aa-

5 Huxkenb 1,90 + 1,99
3oM, bapHer ycmemiHo HaxomuJ BEJWYHHY & ’ ’
C TOMOLIbIO APYrOro CMPOMArHMTHOrO ombita. | KoGainst 1,83 + 1,94
OH omnpepessii HaMarHW4MBaHWe, BO3HHKAIO- [TepmaJiiont 1,92
lee B (peppomMarHeTHke NpU OBICTPOM Bpa- (80 % Ni)
lmeHuu. XOTsl pe3yabTaThl MEPBBIX OIBITOB MarseTur 2.01

(1914-1918 rr.) obnamaau 60JbIIOH TOrpel-
HOCTbIO, YK€ M3 HUX OblJIO scHO, uTo g > l. OTMeTHUM, UTO B TO BpeMs
CTIMHOBBI MAarHUTHBIH MOMEHT He OblJl U3BECTEH WU OTJHYHE g OT €IUHUILBI
MPUITHACHIBAJIOCH MOTPELIHOCTH OTbITA.

B tabn. 7.1 npuBonsTcs HEKOTOPbIe Pe3yJIbTaThl THPOMATHUTHBIX OTBITOB
6osiee mo3nHero BpemeHu (1923-1935 rr.). OnpeneneHue g B HUX MPOU3-
BOJMJIOCh MeTONOM JDUHIITelHa—1e [aasa.

Kak cnenyer u3 TabJaulbl, MATHUTHBIA MOMEHT (DEPPOMATHETHKOB 0051-
3aH CBOMM CYIIIeCTBOBAaHHWEM IOUTH HUCKJIOUHUTEJSbHO OpPUEHTAlUU CIUHO-
BOr0 MarHUTHOTO MoMeHTa. HeGosbliias npumMech OpOMTAIbHOIO MOMEHTA,
CBSI3aHHAsl C OpUEHTAllMeH ero W3-3a MarHUTHOrO CMUH—OPOUTAJbHOIO B3a-
UMOJIeHCTBHUS, 0OBSICHSIET TOT (DaKT, UTO g HECKOJbKO MeHbllle NBYX.

Takum ob6pazom, Ternepb Mbl AOJKHBI OTHICKATh MPUUHHY, MO KOTOPOH
CIIUHBI 3J€KTPOHOB B (heppOMarHeThKe CaMONPOU3BOJbHO YCTAHABANBAIOTCS
napaJJeJsbHoO.

4 E.C. BopoBuk u ap.



[naBa &
ITPUPOJA PEPPOMATHUTHOIO COCTOdHUA

§ 8.1. OcHoBHbIE HaeU

B npenbiayiied raaBe OblLJIO MMOKa3aHO, YTO OCHOBHOHM OCOOEHHOCTBIO
(beppoMarHeTUKOB SIBJSIETCS HaJU4YUe CaMOIPOU3BOJbHOTO HaMarHW4YHBa-
HHUS U UTO UX MAarHHUTHBIH MOMEHT 00yCJIOBJIEH CaMOMPOHW3BOJNbHON OpHeHTa-
lIMed CMHUHOB 3JeKTpPoHOB. OCHOBHbIE CBOHCTBa (PeppPOMAarHeTUKOB yIOBJE-
TBOPUTEJbHO OOBSICHSIOTCS, €CJIM MPEATNOJOXKHUTh, YTO CYIIECTBYET HEKOTO-
poe B3aWMOJEHUCTBHE, MPUBOASIIEE K BBIUTPHIY 3HEPTUM TIPU MapaJJesib-
HOM OpHEHTALMH CIIHMHOB 3JEeKTPOHOB. DHEPrusi TaKOro B3aUMOJEHCTBHUS
B pacuéTe Ha onHy dacTuiy A; ~ 10713 spr = 0,1 3B.

HeTpynHo BuIeTb, UTO MpocCTelllee MPeNNoNoXKeHHe O MPUPOLE 3TO-
ro B3aUMOJEHCTBUSI — MAarHHWTHOE B3aUMOJEeHCTBUE aTOMHBIX MarHHUTHBIX
MOMEHTOB — He TMOAXOAUT MO KOJHYECTBEHHBIM cooOpaxeHusiMm. Jleil-
CTBUTEJIbHO, BHYTPUATOMHbIE MarHUTHbIE MOJSI UMEIT BEJWUHWHY MOpPsIAKa
10* = 10° 3. Jlas cosmaHus ke HEOOXOMMMOH 9HEPTrHH B3aUMOJEHCTBUS
Tpebytoress nossi nopsinka Ap/up ~ 10713/107%° = 107 3, 1.e. Ha 2-3
nopsiika GoJiblIe.

B 1927 r. 1.T. Jlopdpman [118] nmpousB&n NpsMOH OIBIT MO ONpeaeseHHIO
BEJIMUMHBl BHYTPEHHEr0 MarHUTHOrO MoJis B ¢heppomarHeTukax. OH ucce-
JI0BaJl OTKJOHEHHE My4Ka 3JIEKTPOHOB, MPOXOASIIHNX Yepe3 HaMarHU4eHHY 10
dbeppomMarHuTHyw Gonabry. B pesynbTate OblJIO YCTAHOBJEHO, UTO BHYTPEH-
HHe Tosist B (peppomarHetukax H < 10° 2.

Takum oOpasoM, MpennoJioKeHre O MATrHUTHOW MPHUPONe B3aHUMOIEH-
cTBUs, oOycJaB/HBawOIIEro (QeppoMarHeTusM, MPUXOAUTCSH OTOPOCHUTS.
MarHuTHoe B3aWMOAEHCTBUE MOXET HWMeTb 3HaueHHe TOJIbKO AJs
(eppomarueTHkos ¢ odeHb HM3KOH ToukoH Kiopu (O, ~ 1 K).

Hawm usBecTHBI JiMIlIb 1Ba BHIA CHUJ, UTPAIOIIUX CYLIECTBEHHYIO POJib
B aTOMHBIX SIBJ€HHSIX, — MarHUTHble U 3JjeKTpuueckue. [lockosabKy mar-
HUTHbBIE CHJIBI MPUXOAUTCS OTOPOCUTb, OCTAETCS TPEATON0XKUTh, UTO (hep-
DOMAarHeTH3M CBSI3aH C 3JEKTPUUECKHUMU CUJAMHU. DHEPrUsi 3JeKTPOCTATU-
YeCKOro B3aUMOJEHUCTBHSI BHEIIHUX 3JeKTpoHOB atoma ~ 10 3B, Tak uto
fnaxe HeOOJbIIOH e€ NO0JU NOCTAaTOYHO AJS JOCTHXKEHHUST HeoOXOIUMOTO
HepretThueckoro addekxra.

KaxeTcs cTpaHHBIM, UYTO 3JEKTPOCTATHUECKOE B3aUMOIEUCTBUE MOXKET
U3MEHHUTb MarHuTHble cBodcTBa. OnHAKO cJjeayeT BCIOMHHUTb, YTO MUHH-
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MYM 3HEPruH 3JeKTPOCTAaTHYECKOTO B3aUMOIEHUCTBUS 3JEKTPOHOB C SAPOM
aToma noJsydaeTcsi 0OBIYHO MPH MOMAPHOM pa3MellleHHUH 3JeKTPOHOB C Mpo-
THUBOIMOJIOXKHBIMH HAaIMpaBJeHUMH CIIMHOB Ha HU3IIUX KBAHTOBBIX YPOBHSX,
T.e. NMPU MUHUMAJbHOM CIIHUHOBOM MarHWTHOM MOMeHTe aTomoB. [IpaBna,
M3 3TOTO TPAaBUJIa UMEIOTCS M HEKOTOPBIE HCKJII0UeHUs (HarnpuMmep, B caydae
MOHOB PeKO3eMeJIbHBIX 3JIeMEHTOB U MePEeXOAHbIX 3JEeMEHTOB; CM. I 4).

JlpyruM npriMepoM SIBASIIOTCS CBOUCTBA rasa CBOOONHBIX 3JEKTPOHOB,
B CJlydyae KOTOPOTO KBAHTOBAaHWE KUHETHYECKOW 3HEPrUH B YCJOBUSIX Bbl-
pOXKJIeHUSs] MPUBOAUT K MOMAPHOMY 3aMOJHEHUIO KBAHTOBBIX YPOBHEH 3JIeK-
TPOHAMU C MPOTUBOMOJIOKHO HAaMpaBJeHHBIMU CTTUHAMU.

B 1927 r. ®penkens u [alizenbepr He3aBUCUMO M MOYTH OJHOBPEMEHHO
BbICKA3aJ/M MPETNOJIOKEHHE O TOM, UTO B HEKOTOPBIX cJydasx TpeOGoBaHUe
MUHHMYMa 3JeKTPOCTATUUECKON 3HEPruMu B3auMoAehcTBUS OyleT YIOBJe-
TBOPSITHCS MPH MapasijieibHOM PaCloJIOKEHUU CIHUHOB 3J1€KTPOHOB.

[TpennoxenHnasi uMu Teopusi peppomMarHeThsMa siBJjsijiach 06001IeHHEM
MPOCTeHIIer 3a0a4Yd KBAHTOBOM XMUMHHM — 3aJa4d O CBOMCTBAX MOJIEKYJIbI
Bomopona. l[lostomy B chaemytouimx naparpadax OyaeT paccMaTpHUBATbCS
UMEHHO 3Ta 3ajaua.

§ 8.2. HekoTopble cBeieHUs U3 KBAHTOBOM MeXaHUKH

s paccMOTpeHUsl 3a4a4d O JBUKEHUHU 3JeKTPOHOB B MOJEKYJe BO-
10pofa MmoTpedyloTCss HEKOTOpble TMOHATHS M3 KBAaHTOBOU MexaHuku. HeoO-
XOAWMBIA KPYT MOHATHUH NOCTATOYHO 3JEMEHTapeH U OObIUHO H3JaraeTcs
B Kypcax ¢usuku [82]. [Ipennosarasi Hy>kKHble HaM NpeACTaBJAeHUsS] H3BECT-
HbIMH, HATIOMHHUM HEKOTOpPblE U3 HUX.

OnbIT MOKAa3bIBA€T, UTO 3JEKTPOHBI, B OTJMYHE OT OOBIUHBIX MaKpO-
CKOMHUYECKHX YacTHll, 00/1a1al0T CylleCTBEHHBIMH BOJHOBBIMH CBOHMCTBAMHU.
Co cBOOONHO ABHKYIIMMCS 3JIEKTPOHOM CBSI3aHO BOJIHOBOE I0Jle€ C JIJIMHOU

BOJIHBI N ﬁ _ b
p V2mE '

Jns snekTpoHa, obsapatouiero sHeprued 1 3B, A = 12 A. BousHoBble
CBOHCTBA 3JEKTPOHOB OOHAPYKHBAIOTCS B 3KCIEPHUMEHTaX, aHaJOTHYHbIX
KJaCCUUECKUM SKCIepUMEHTaM 10 UHTep(epeHIlud U IHU(PPaKIHUH B ONTHKE.
OnHako mpaBUJbHblE HHTep(depeHIIMOHHbBIE MAKCHMYMBI MOJY4al0TCs JIMIIb
B OMbITax ¢ OOJBIINM YHUCJOM 3JIEKTPOHOB; MPeACKas3aTb XKe MYyTb KaxI0ro
OTHE/NIbHOTO 3JIEKTPOHA OKa3blBaeTCsl HeBO3MOXKHO. MOXHO yKasaTb JIHIb
BEPOSITHOCTb €ro MoMNajaHus B AaHHYIO 06J1acTh MPOCTPAHCTBA.

CorslacHO KJacCUUeCKOH MeXaHWKe, eCJH 3ajlaHbl MoJs, B KOTOPbIX
IBUXKETCSI 4acTHIla, a TaKxXKe e€ HadajJbHOoe COCTOSIHHe, TO OJHO3HAYHO
OTIpeNeISIIOTCS KOOPAWHATE U UMITYJIbC 3TOH YaCTHIIbl BO BCE MOCJAEAYIOIIHNE
MOMEHTHl BpeMeHH. B KBaHTOBOH MexaHHKe B OOIlIeM cJydae B pesysbTaTe
pellieHHs MOAOOHOM 3aa4yd MOJYYalTCsl JHUIIb BEPOSITHOCTH 3HAYEHUH (Pu-

4*
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3UUeCcKUX BeJuurH. Hanpumep, BepoSTHOCTh HAX0XKEHHS YaCTHIbl B HEKO-
TOPOM HHTepBaJie KOOPAUHAT OT ¢; A0 q; + dqq, ..., OT ¢n 1O ¢n + dq, paBHa

Wiq1,q0, -, qn,t)dqidqs ... dgy, (8.1)

rne W(q,t) — MJIOTHOCTb BEPOSITHOCTH.

OGBIYHO B pe3yJibTaTe PELICHHs 3a1a4H ONPEIEe/IsIOT He HelOCPeICTBeH-
HO TMJIOTHOCTb BEPOSITHOCTH, a HEKOTOPYI0 KOMILIEKCHYIO BOJHOBYIO (pyHK-
uuio 1(q,t), KoTopasi CBsizaaHa C MJIOTHOCTbIO BEPOSITHOCTH COOTHOLIEHHEM

W(g,t) = v* (¢, t)(g. t) = [v(q. 1) (8.2)

BosnHoBasi (hyHKIIMSI TeCHO CBSI3aHa C BOJIHOBBIMH CBOHCTBAMH 3JIEKTPOHA.
Tak, nssi cBOOOAHO ABUXKYIIETOCs 3JeKTpPoHa, 00Jafatouero NoCTOSHHbIM
MUMITyJIbCOM, BOJIHOBAsl (DyHKIIHS

Et—pr

Yp(x,y, 2,t) = Ae’™ TR (8.3)

npejcTaB/sieT co60# MAOCKYI0 BOJIHY ¢ AJUHOH A = h/p.

3anaBaemasi popmysoil (8.3) BeanunHa |¢,(x,y, 2, t)|° He 3aBUCHUT OT
KOODAMHAT M BPeMeHH, W 4acCTHIla, ONHChbIBaeMas BOJHOBOH (QyHKIHeH 1),
C PaBHOU BepOSITHOCTbIO JOKaJM30BaHA B JOOOHW TOUYKe MPOCTPAHCTBA.
PasymeeTcsi, Bcsikasi peajibHasi yacTHIA B ONpeNeiEHHOU CTeleHH B3auMO-
NEeHCTBYET C OKPYXKaIIUMH TeJJaMHd U BOJIHOBash (PYHKIMS B BHJE TJIOCKOH
BOJIHbI OTPakKaeT HEKOTOPOe HeaJU3UPOBAHHOE COCTOSIHHE.

CymMMa BepoOsSITHOCTEH BCeX BO3MOXKHBIX 3HAUEHWH KOOPAHMHAT IOJKHA
ObITb paBHA €IUHHUIIE, TI03TOMY

‘ 2

+o0

| v*(a.0a.t)dg=1. (8:4)

— 0o

Dyuruuu 1(q,t) K0MKHB ObITb OAHO3HAYHbI, KOHEUHBI ¥ Ha GeCKOHedY-
HOCTH CTPEMHUTBHCS K HYJIIO.

B HekoTopeix cayuasx uHterpan (8.4) pacxomutcs (Hampumep, AJs
dysxuuu Buga (8.3)). Toraa [1)|? He ompenesisier aBCOMIOTHOrO 3HAYEHHS
BEPOATHOCTH, HO OTHOIIeHHe 3HadeHHi |¢|2 B AByX pasHbIX TOUKax 3aaér
OTHOLLEHHEe COOTBETCTBYIOUIUX BEPOSATHOCTEH.

OnHUM K3 BaXKHEHLIMX 3aKOHOB, ONpeNessIOINX CBOHCTBA BOJIHOBBIX
(yHKUMH, ABJASGETCA NPUHLUMI CYNEepPrO3HIIMHU, KOTOPHIH MOXHO CHOpMyJH-
pOBAaTh CJAEAYIOUIMM 00pasoM: €CJIM CHCTeMa MOXKEeT HaXONHUTbCSl B COCTOSI-
HUH, OMHUCBIBAEMOM BOJIHOBOH (pyHKIIHeH 11 (q,t), U B COCTOSTHUH, OMHUCHIBa-
eMOM BOJIHOBO# (yHKIMeH Y9(q,t), To mobast JuHeiHas KOMOUHAIUS STUX
(PyHKIMH TaK»Xe ONHUCBIBAET COCTOSIHHE CHCTEMBI.

[lockonbKy omnpepnesneHbl JHIIb BePOSITHOCTH HAXOXKAEHHUS YaCTHILbI
B JAHHOM TOYKe MPOCTPAHCTBA, MOCTOJbKY B O0lleM CJydae B KBAHTOBOH
MeXaHHKe MOTYT OBITb ONpefeseHbl JHIIb CPpeJHHEe 3HAYeHUs (PU3UYeCKHUX
BeJMUMH. CpelHHe 3HAUYeHHs BEJUYHH, 3aBUCSILLHX TOJbKO OT KOOpPAHHAT,
OnpelNesuTh Jerko. JleHCTBUTENbHO, eCaM 3ajaHa HeKoTopas (yHKUHA
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koopauHat F'(q), To eé cpennee sHauenue F(q,t) B HEKOTOPBIH MOMEHT
BpeMeHU NaéTcs (popMyJou

F(q.t) = Jw*(q, t)F(q)y(q.t) dg, (8.5)

CJIeyIOled M3 OmnpeaeseHrus] BOTHOBOU (DYHKIIUH.

CJi0kHee OTpele/IUTh cpeaHee 3HaYeHWe UMIMYJbCa MW HEKOTOPOH €ro
¢yuruuu. OkasbiBaeTcsi, B 3TOM CJydae MOJydaeTcs BhIpaxkeHue hopMmaJib-
HO momo6Hoe (8.5), HO comepxkalllee BMECTO caMOH (PYHKIIMH HEKOTOPBIH
onepatop. Hanpumep, cpentee 3HaueHue COCTaBASOIIEH HMITY/IbCA

2mi Oqx

o= [ @000 0ds = [0 () (3 5o ) vla.t)da (B5)

dopmyaa (8.6) osHayaet, yTo onepaumio AH(GHEPEeHIIHPOBAHHUS % HYKHO
k

MpUMeHsATb K PYHKIHHU (q,t), cToslel crnpaBa oT onepaTtopa pi. Omnepa-
TOP MMIYJIbCa, TAKUM 00Pa3oM, ONpeessieTcss Kak

~ h 0

Pk = o3 (9_qk (8.7)

B obuiem cayuyae

Floa.d) = [0 (@) { (% 8%) ,q} U(g.tdg  (89)

Wrak, nis HaxoXAeHHsl CPeQHero 3HadeHHsi MPOU3BOJNBHOH (DYHKIIHHU
KOOPJIMHAT U MMIYJbCOB CJEAyeT B 3TOH (DYHKIHH BCE BEJUUHHBI UMITYJIb-
COB 3aMEHHUTb UX OfepaTopaMu mo popmyJe (8.7), «3axKaTb» MOJYIHUBIIHHCS
omeparop Mexay ¥*(q,t) u ¥ (q,t) ¥ TPOUHTErPUPOBATH MO BCEM BO3MOXK-
HbIM 3HAUEHHUSIM KOOPAHHAT (.

B kBaHTOBO MeXaHHKe ypaBHEHHs IBHUKEHUS KJIaCCHUECKOH MeXaHHUKH
sameHsiioTcst ypasHenuem Ipénunrepa:

N
ih—> = H. (8.9)

Bxonsiuuit B (8.9) onepatop H HOCHUT Ha3BaHHe omnepaTopa I'aMU/JIbTOHA U
UMeeT BH]L

~ hQ 82 82 82 hg
H = —Z <8xf - 02 + (9zf> +Vig) = _%;Ai +V(q), (8.10)

2m &
1
rie V(q) — nmoreHuuanvHas sHeprus, h = h/(2m).
Oneparop [amMu/bTOHA ToOJydaeTcss 3aMeHOM KBajapaTa HMMITY/bCa Ha
KBaJpaT Olepatopa MMIyJ/bca U3 KAACCHUeCKOH (yHKIMKU [aMu/ibToHA:

1
H = —Z(pii +pyi +p§¢) +V(q).

2m
1
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B aToMHBIX cHcTeMax B OOJIbIIMHCTBE CJlydaeB Mbl UMeeM JeJ0 C TakK
Ha3blBAEMbIMH CTAllHOHAPDHBIMHU COCTOSIHMSIMHM, B KOTOPBIX paclpejeseHHe
BEPOSITHOCTEH He 3aBUCHT oT BpeMeHH, T.e. W(q,t) — Wi(q). Ilocnen-

2
HeMy YCJIOBHIO yIOBJeTBOpsieT BoaHoBas (yHKIMs (g, t) = e~ n Elajy(q),
rne I — mocTosiHHas, cMbICJ KOTOPOH OyneT BoisicHeH HUxKe. [loncTaHoBKa

3To# (pyHKUMU B (8.9) naér H1p = E1), u nocse COKpalleHHs] SKCIOHEHIH-

K3
AJIbHOTO MHOXKHUTEJIA € h bt [IOJIy4aeM

~( h O
7 (5 270) ola) = Binfa) 8.11)
BrisscHum cMbica napamerpa E. Ilo obiemy npasuay (cm. (8.8))
H= |y Hpdg=E; H"= |y (H)"bdg = E",

otkyna (H)® = H™ = E™. OnHako Takoe pPaBeHCTBO BO3MOXHO JIMIIb B
cjydae, Korjna sHeprus H vMeeT TOUHO omnpefie/IEHHOE 3HaUeHUe, paBHoe F.

CaienoBaTesbHO, AJS1 KOHKPETHOH CHCTEMbl YacTHI[ MPU NaHHOM BHIE
onepaTtopa ['amu/bTOHA pelieHHe ypaBHeHHs (8.11) BO3MOXKHO JIMIIbL TPH
HEKOTOPbIX NUCKPETHhIX 3HaueHusix F = E, Ey... E, 3HePruu CHCTEMBI.
Paspeliénnble 3HaueHUusi [/, HasblBalOTCS COOCTBEHHBIMU 3HAYEHUSIMU OIle-
paTopa 3Hepruu. BosHOBble (YHKIIMH, SIBJASIONIHMECS pelleHUsMH CTallu-
oHapHoro ypaBHenusi lllpémunrepa (8.11), HocsT Ha3BaHHe COOCTBEHHBIX
(hYHKUHAH CHCTEMBI.

Takum o6pasoM, KBAaHTOBaHHE SHEPIHH, SBJSIOIIEECHd B KBa3HKJaaccHye-
CKOU Teopuu atoma bopa—3ommepdenbaa caencTBUEM TPOU3BONbHBIX MPE-
MOJIOXKeHUH, B KBAHTOBOM MeXaHHKe eCTeCTBEHHO MOJydaeTcss U3 OCHOBHBIX
YPABHEHHUH.

§ 8.3. MoJaekyna Bogopona u oOMeHHasl 9Heprus

3afadya 0 NBUKEHUH 3JEKTPOHOB B MOJEKyJe BOAopofa Oblja pellieHa
B 1927 r. laiitiepom u Jlonnonom [24]. @penkenb u 'elizeHOepr HUCIMOJb-
30BaJil UJIeU 3TOTO pellleHust AJsi 00bsc-
HeHUs sIBJeHHUs (peppoMarHeTH3Ma.

Mounekysa Bogopona COCTOMT M3 IBYX
MOJIOXKUTENbHO 3apsKeHHBIX simep (mpo-
TOHOB) U JABYX 3JeKTPoHOB. O603HAUMM
anpa OykBaMH a W b, pacCTOsSiHHE MeX-
oy HUMH — OyKBOH R, a 3/JeKTpOHb —
uudppamu 1 u 2. Ha puc. 8.1 mokasano
o003HaueHHe HYKHBIX HaM pPacCCTOSTHHUH.
Beuny 6Go0JbLLIOH Macchl siiep UX MOXKHO
paccMaTpuBaTh KaK Kjacchueckue oObek-
Tbl U B MEePBOM MPUOJUKEHUU CUHMTATh HEMOABHKHBIMU. 3ajadya 3akJ/da-
eTcs B OTpeJleIeHUH 3aBUCUMOCTH SHEPTUM CUCTeMBbI OT R.

Puc. 8.1. O603HaueHHe paccTosi-
HUM B MOJIEKYJIe BOLOPONA
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YpaBHenue lllpénvnrepa njst Bceld MoJieKyJ/ibl OylAeT UMETb BHUJ,

{Al —|—A2+— E-V(R,r, ral,raz,rbl,%)}}w_o; (8.12)
v & & 62 e e’ e’
—E—i_?_a_a_a_@’ ¢_¢($13y1’217m29y2322)a
Tne Ty, Y1, 21 — KOOPAHMHATHI MEPBOTO JIEKTPOHA, A& L9, Y2, 29 — KOOPIU-
HaTbl BTOPOTO;
& 9 b & 9 b
Al - 2 + 9 + 5 AZ = 5 + B) + 5 -
oxi Oy 0z oxrs Oy, 02

HenocpenctBeHHo peiiuTh ypaBHeHHe (8.12) HEBO3MOXKHO, MO3TOMY IpH-
NETcs TPUOETHYTh K METOAY IOCJeI0BaTebHbIX NPUOAHXKEHUH. B KauecTBe
HYJIeBOTO TMpUOJUXKEeHHS BhiOepeM cjaydail OeCKOHEUHO YAaJEéHHBIX sifep,
R = 0o. B 3TOoM cayuae 3anaua pacnagaeTrcs Ha ABe 3ajadyd o0 aToMe BOJO-
pona. O603HAaYKMM HU3IIWH YpOBEHb SHEPIHHU B aTOMe BoJoponaa yepes K.
Jlsisi mepBoro atoma ypaBHeHue llIpénuHrepa nmeeT BUL

[AI 4 2m (Eo - —)] Yaltr) = (8.13)
[Tpu Hanucanuu ypaBHeHus (8.13) OblLJIO IPEANOJIOXKEHO, UTO BOJH3H sapa
HaXOIUTCS MEPBbIH 3JEeKTPOH. B COOTBETCTBUM C 3THM BOJIHOBasi (DYHKIHS
3aBHUCHT JIMIIb OT KOODAMHAT MEPBOr0 3JekTpoHa (xy,yr, 21). O6o3HauMM
peiieHre ypaBHeHusi (8.13) depes 1,(q). YpoBHU >HEPrHUU U BOJHOBbIE
(YHKIIHH aToMa BOIOPOJA XOPOIIO U3BeCTHH [24], HO HaM celuac He BaXKeH
MX KOHKPETHBIH BHJ, HOCTATOUHO JIMILb 3HAaTh, 4YTO OHHU CYLIECTBYIOT.
B6a13u BTOPOro sigpa HaXOAWUTCS BTOPOH 3JIEKTPOH; HU3LIMM YPOBHEM
SHEpruu onsaTh sBasetrcs Fy. YpaBHeHue Lllpénunrepa npumer BUJ

2

20+ 22 (51— ) [ inla) =0 (8.14)
f T'b

O6o3HauuM ero peiierue uepes ¥p(qs).

Ec/u Tenepp paccMaTprBaTh COBOKYMHOCTb 3TUX JIBYX yAAJEHHBIX aTo-
MOB KaK €IHHYIO CUCTEMY, TO €€ BOJIHOBasi (yHKIHsS OyAeT paBHa MPOU3Be-
JEHHIO BOJHOBBIX (PYHKUHH OTAENbHBIX 3JIEKTPOHOB, MOCKOJbKY 3JE€KTPOHbI
JIBUXKYTCS HE3aBUCHMO, a BEPOSITHOCTb COBIaJeHUs] HE3aBUCHMBbIX COOBITHH
paBHa MPOU3BENEHHI0 BepOsATHOCTEH. TakuM 06pa3oM, COCTOSIHUE MOA0OHOU
CHCTEMBl OMpeJessieTcsl BOJHOBOH GyHKUMel o(q1,q2) = Ya(q1)¥s(gqe),
a eé sHeprusa B = 2F).

[Tpu cOaMXKeHUU siep MOXKET BO3HUKHYTh U TaKOe COCTOSHHE, MPH KO-
TOPOM BOJIM3M MEePBOro sifpa OyleT HaXOAUTbCS BTOPOU 3JIEKTPOH, a BOJU3U
BTOpPOro — TMepBbid. PelleHue, oueBUAHO, OKaXKeTCsl COBEPIIEHHO aHaJo-
TMYHBIM MPUBENEHHOMY BhIIlIe, U BOJHOBAs (PYHKIHSI CHCTEMBbI OyIeT orpe-
NeJSIThCS TPOU3BeneHueM U, (qo)p(q1), a €é sHeprusi mo-npexHeMy OyaeT
coctaBasitb F = 2F).



104 2. 8. Ipupoda geppomacHumuoeo coCmosHus

B cujy npuHIMNOA CyNeprnosulUU COCTOSIHHUS CHUCTEMbl TaKKe OIU-
CbIBAIOTCS TPOM3BOJIBHOW JIMHEHHOH KOMOWHAlKMel NPOW3BEeleHUH MepBOro
U BTOPOTO BUJIA:

Yo(q1, ¢2) = aa(q1)¥s(q2) + Bva(q2)s(qr). (8.19)

Bynem cuurtath Bxonsiue B (8.15) GyHKIIUH HOPMHUPOBAHHBIMH, T. €.

[ 1a(@) dg = | [9u(@) dg = 1,

" 11oJiaraTtb, 4To (pYHKU,I/II/I, OTHOCAIIHECA K PA3HbBIM AApPaM, OPTOrOHAJIbHEI,

o [vi(@va)da =0,

roe dq — 31eMeHT KOH(pHUIYypallMOHHOrO MPOCTPAHCTBA 3JEKTPOHA, a ¢ —
COBOKYMHOCTb TPEX ero koopauHat. [IpennosioxkeHre 06 OpTOrOHAJNbHOCTH
()YHKIIMHA OCHOBAHO HAa TOM, UYTO BOJIHOBblE (PYHKILMH JOCTATOYHO OBICTPO
yOBIBAIOT MpH yaaseHuu oT sinpa. [Ipu moctaTouHoM COJMXKEHUU siep

BOJIHOBbIE (DYHKIIMM YACTHYHO MEePEKPbIBa-

10Tcst (puc. 8.2) U ycJ0BHE OPTOrOHAJNbHO-
CTH COOJIIOaeTCSI HETOUHO, OJHAKO YYET

P b 9TOU HETOYHOCTH JAET IMOMNPABKY BTOPOTO

MOPAAKA MAJIOCTH.
Puc. 8.2. TlepekpbiThe BOJHOBBIX [lepeliném K paccMOTpeHHIO CJenylo-
GyHKIHH 1ero neporo npubavxkenus. [lpu comau-

KeHUU saep HeyuTéHHble B (8.13) w
(8.14) B3aMMOMEHCTBUS 3JEKTPOHOB M Siep MPHUBEAYT K M3MEHEHHIO c06-
CTBEHHBIX 3HAaYeHHH 3Hepruu cucrembl: FE = 2Fy + E'. [lpennosoxum,
4yTO BOJIHOBasi PyHKIMS (8.15) sBJseTCS pellleHHeM H MOJHOTO ypPaBHEHHSs
[Ipénunrepa (8.12). I[Toacranoska (8.15) u sueprun £ = 2E, + E’ B ypas-
Henre (8.12) ¢ yuérom (8.13), (8.14) U CUMMETPHYHBIX UM YypPaBHEHHH
C MepPeCTaBJIEHHbIMH 3JIEKTPOHAMU NAET

2 2 2 2
r_ € ¢ , ¢ ¢
o (E -+ o + )%(QII)%(%) +

a

i g <E A 6—) Yalgo)0n(a1) = 0. (8.16)

'ral /rbz

Takum o6pasoM, 3agaua CBOAUTCS K mombopy sHadeHud «, B u E’, ynosae-
TBOPSIIOIIUX ypaBHeHHIO (8.16).

Yto6bl cBecTH ypaBHeHHe (8.16) K anre6pandyeckKomy, MOMHOXKHM €ro
Ha 1} (q1)Y; (g2) 1 NPOUHTErpHPYEM 110 BCEM 3HAYEHHSIM KOOPAHHAT 0GOHUX
5JIEKTPOHOB, 3aTeM MOMHOXKHM Ha 1% (ge)1y(q1) M CHOBa MPOHHTETPHPYEM.
[Ipu vHTErpupoBaHUM BOCMIOJb3yeMCS HOPMUDPOBAHHOCTbIO U OPTOTOHAJb-
HOCTBIO Y, U V. B peaynbTaTe moJsyyarcsi BbipaxkeHusi 1ByX BUI0B. O6o0-
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3HauUUM mepBoe U3 HUX OykBou C':

0= 5+ [ (S5 = 2 ) Wula) Plinfa) Pndin. 817

Tbl /ra,2

Benuuuna C, oueBHIHO, BbipaXkaeT OOBIYHYIO 3JEKTPOCTATHUECKYIO IHEP-
M0 B3auMOJeHCTBHS, TaK Kak e|i(q)|?> ecTb mioTHOCTL 3apsifa 3/]1eKTPOHa
B aHHOH TOUKe MPOCTPaHCTBA. BesuduHy BTOPOTO THMA,

6\ 6\

A= (5= 2= ) vilarita) i@ vele) dode, @.15)

Ta, Tb,

MCTOJKOBATh HECKOJNbKO ciokHee. OUeBUIHO, 3TO TOXKE HEKOTOpas 3JeK-
TpUYeCKasi HepPrusi B3aUMONEHCTBUS, He HMelollas KJIacCHUYeCKOro aHa-
Jora. E€ mosiBjieHHe CBS3aHO C MPUHIMIHAJAbHOH HEpPasJUUUMMOCTbIO ua-
CTHIlL B KBaHTOBOHM MexaHHKe. BequunHy A HasbiBalOT 0OMEHHOH 3HEpruei
Wik oOMeHHbIM HHTerpasoMm. Ecn HasBathb 10 (q1)p(qe)e = pap 0OOMeHHOH
MJIOTHOCTBIO 3apsina, To A OyneT WMeTb BUI, (OpMajbHO AHAJOTHUHBIH
OOBIUHOH 3JIEKTPOCTATHUUECKON SHEPTHH.

[Tpu ymHoxenuu (8.16) Ha 17 (go)1; (¢1) ¥ HHTErPUPOBAHHH BOSHHKHYT
BbIpaXkeHus, aHajoruunbie (8.17) u (8.18), HO ¢ 3ameHON WHAeKcoB | Ha
2 1 2 Ha 1|, a TOCKOJIbKY CBOHCTBA MOJIEKYJIbI HE MOTYT 3aBHCETb OT TOTO,
KaKoH 3JIEKTPOH Mbl Ha30BEM MEPBbIM, a KaKOH — BTODHIM, OHH OYAIyT
ToxkaectBeHHO paBHbl C' U A us (8.17) u (8.18).

B saBucuMocTH OT pacnpefeseHus epostHocTed |1)]? kak C, Tak u A
MOTYT UMETb TOJIOXKHTEJbHBIH HJIH OTPUIIATEJNbHBIH 3HAK.

Hcnonb3ys ob6osnauenusi (8.17) u (8.18), mosydyum pesysbTaThl HHTe-
IPUPOBAHUS B BUJE ABYX ypPaBHEHHIH:

a(E' —C)—BA=0;, aA—B(E —C)=0. (8.19)

Peurenue cuctembl (8.19) Bo3MOXKHO, eciv €€ ONpeNeMTeNb PaBeH HYJIO
(o m B paccMaTpUBAIOTCS KaK HEU3BECTHBIE):

(E'—0), —A
A, —(E'-0)

s (8.19) u (8.20) naxonum E' = C £ A; a = £3. CaenoBaTesibHO, pelle-
Hue ypaBHenus lllpénunrepa (8.12) B mepBoM NpUOIHKEHHH HMEET BHJ

T (g1, q9) = a[toa(q)Us(q0) + Val@)tp(q1)], EWD = 2E +C + A;

U (g1, ¢2) = aftha(1)06(@2) — Yalg)n(q)], E® =2E,+C —(SAQ.I)

Takum 06pasom, BHIPOXKIEHHOE OCHOBHOE COCTOSIHHE HYJIEeBOro MpUOJIHIKe-
HUSl pacnafaeTcs Ha JBa ¢ Pa3JMYHOU 3Heprued. B 3aBUCHMOCTH OT 3HaKa
0OMEHHOro MHTerpaJsa 3HepreTUuecku OoJiee BBITOAHBIM MOXKET OKa3aThCs

COCTOSIHUE \I!(()l) WUJIU \1162).

[Ipy BbIBOJE MBI COBEpIIEHHO He YUMTBhIBAJM HaJHuHhe Yy 3JeKTPOHa
CMIMHA U MAarHWUTHOTO MOMEHTA; YUYHUTBHIBAJOCh TOJIBKO 3JEKTPOCTATHUYECKOE
B3aHMOJIEHCTBHE 3JeKTPOHOB. TeM He MeHee OKa3blBaeTcCs, UTO KaxKaas M3

= 0. (8.20)
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BOJHOBbIX (PyHKIHMU Wy cBA3aHa C ONpeNesJéHHbIM 3HAaUeHWEM CYMMapHOro
CIIMHA.

[lTonHasi Bo/HOBAsA (byHKIMSI CUCTEMBI JOJXKHA 3aBHUCETb HE TOJBKO OT
MPOCTPAHCTBEHHBIX KOOPAHHAT, HO U OT CIHWHOB 3JeKTpoHOB. O603HAUUM
yepes oy, 09 CIUHOBbIE KOOPAWHATHI 3JEKTPOHOB, MOKA3bIBAIOIIHE OpPHUEH-
TalMIO CIIMHOB B MpoCTpaHcTBe. Ecnu npeHeOpeub MArHUTHBIM B3aHMOJEH-
CTBUEM 3JIEKTPOHOB, TO BEPOSATHOCTb pachpefeseHus M0 KOOPAHHATAM He
OyZleT 3aBHCeTb OT HANpAaBJIEHUS] CIHWHOB W MOJHYI BOJHOBYIO (DYHKIIHIO
MOXKHO TMpeACTAaBUTh KAaK MPOHU3BeNeHUe (PYHKIUH, 3aBUCAUIAX OT MPO-
CTPAHCTBEHHBIX U OT CIHMHOBBIX KOOPJAHHAT:

U(q,0) = Yo(q1, @2) (01, 02). (8.22)

K mosHOH BOJIHOBOH (PYHKIIMH CHCTEMBI 3JEKTPOHOB MPEIbSIBASETCS
TpeGoBaHUe, YTOOBI OHa OblJa AaHTHCUMMETPHYHA OTHOCHUTEJbHO MepecTa-
HOBKH JBYX 3JIEKTPOHOB, T. €. MeHsiia Obl 3HaK TPH MepecTaHOBKe BCeX IMPo-
CTPAHCTBEHHBIX U CIIMHOBBIX UX KOOPAHHAT. DTO TpeOoBaHUe — 00001leHHe
npuHiuna [laynu — ecTb cjaefcTBHE HEPA3JUIUMOCTH YACTHIL B KBAHTOBOH
MexaHuke. JleHCTBHUTEJNbHO, MOCKOJNBbKY CBOHCTBA CHCTEMbI OJHMHAKOBBIX
YacTUIL TIPEACTABJSIOTCS €IWHBIM BOJHOBBIM [MOJIEM, HeJb3s Pa3/JHUHTH
oTaesbHBble YacTUllbl. O603HAUWM COBOKYITHOCTb TPEX MPOCTPAHCTBEHHBIX
U CTIMHOBOH KOOPAMHAT YacCTHIH (x, Yy, z,0) Uepe3 € U PACCMOTPUM CHCTEMY
U3 OByX 4acTull. TpeboBaHHe HePa3IHUUMOCTH OyIeT BbIONHEHO, ecan |V
He U3MEHHUTCS MPH TepecTaHOBKe KOOPAUHAT £1 U £9. Otciona ¥(ey,g9) =
= ¢'*W(eg,e1). Ecin nponssectu mepectaHosky ewé pas, 1o ¥(ej,gy) =

= W (g1, &9). CnenoBatesibHO, e2** = +1 unu e!* = £ 1, oTxyza

\11(61,82) = j:\If(a’:‘Q,El). (8.23)

OnbIT NMOKasblBaeT, UTO [JiSl JEKTPOHOB NOJXKeH ObiThb BbIOPAH 3HAK MH-
HYC, T.€. [OJIHAsl BOJIHOBAsl (PYHKIIUSI CHCTEMBbl JIEKTPOHOB NOJXKHA OBbITb
AHTUCUMMETPUYHOM OTHOCHTEJIbHO MepPeCTaHOBKHU KOOPAUHAT ABYX YACTHIL.
OTclona HemocpeacTBeHHO cJenyeT W npuHuun Ilaynn B oObIYHOH ero
(dopmynupoBke. [lelicTBUTEbHO, €CJAN [BA 3JEKTPOHA HAXONATCS B OfUHA-
KOBBIX COCTOSIHHSIX, TO MEPECTAHOBKA HX KOOPAMHAT HE U3MEHUT BOJIHOBYIO
(yHKUHIO; C OPYyrod CTOPOHBI, OHA [OJXKHa ObITb AHTHCHUMMETPUUYHOH,
T.€. U3MeHUTb 3HaK. OO6oUM TpeOGOBAHHUAM MOXKHO YAOBJETBOPUTH TOJBKO
B CJlydae, eCJId MOIYJb BOJHOBOH (DYHKLHH paBeH HYJO. DTO 3HAYUT, UTO
BEPOSATHOCTb CYUIECTBOBAHUS MOAOOHBIX COCTOSSHUH HUYTOXKHO MaJa.

Bepnémcsi k MoJsiekysie Bogopona. CorsacHo (8.22) eé mosHas BOJHOBasi
(pyHKIHUA ABJASETCA NMPOU3BeNeHHeM (PYHKUHUH MPOCTPAHCTBEHHBIX M CIIH-
HOBbIX KoopauHat. [loaToMy ecnu KoopauHaTHas (PyHKLUHUS CHMMeETPHUYHA,
TO CMIMHOBAsl NOJKHA ObITb AaHTUCUMMETPUUHOH, a NMPH aHTUCUMMETPHUYHOH
KOOPAWHATHOM CMHHOBAsl NOJKHA ObITb CHMMETPHYHOU (PYHKIHEH; TOJbKO
TOT/la TOJIHASI BOJIHOBAas (PyHKLHS OyfeT aHTUCUMMETPHUUHOH.

Ecsu cniuHBl pacnoJsioXkKeHbl MapaJjJesbHo, TO CIUHOBAs PyHKUHS Oynet

. 2
cuMMeTpudHOH. CJieoBaTeNbHO, pellieHHe \I/(()) OTBeUaeT NapaJ/ljielbHOMY
)

1
PacCIIOJNOKEHHIO CITMHOB B MOJIEKYJIE BOAOPO[A4d, 4 PELIECHHUE \Ifé — dHTHIIA-
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pajnenbHoMy. TakuMm 06pasom, 3HEpPrust MOJIEKYJbl BOAOPOAA OKAa3biBAETCS
CBSI3aHHOH C pPacoJIOXKeHHEM CIIMHOB. B 3aBUCHMOCTH OT 3HaKa 0OMEHHOTO
UHTerpasa OoJjiee BBITOAHBIM MOXET OKas3aThCsl KakK IapaJJesbHoe, Tak
M aHTHUIapaJeJbHOe HX PaCIOJIOXKEHHE.

Cuyenyer euié pas MONYEPKHYTb, UTO YKas3aHHAas PasHHIlA B SHEPrHH
CBsI3aHa He C MAarHUTHBIM, a C OOMEHHBIM 3JIEKTPOCTAaTHYECKHM B3aH-
MOJIEHUCTBHEM 3JIEKTPOHOB. MarHuTHOe B3aUMOAEHCTBHE B TEOPHH aToMa
MPUBOAUT K HEOOJBLIOMY PAaCUIENJIEHHI0 YPOBHEH — TOHKOH CTPYKType
(cM. 1. 1). O6MeHHOe B3aMMOJEHCTBHE 3JEKTPOHOB BEJUKO, HHOTAA JaXKe
6oJible KJjaaccuueckoro (Beauunnbl C' U3 dopmy.sl (8.17)).

Ha puc. 8.3 mnpuBeneHbl 3aBUCUMOCTH 3HEPrHH MOJIEKYJbl  BOJO-
polla OT pPacCTOSHUS MeXAY SApPaMM, BbIPAaXKEHHOr0 B eIWHHIAX
GOPOBCKOr0 pajuyca aToMa BOAOPOAA.

Ha pucyHKe Takxke OTAeJNbHO HaHecena B[

BeanuuHa C. OOMeHHBIH HHTerpan A 2r

IUIsI MOJIEKYJIBI BOAODPOAA INPH PACCTOsI- L E.

HHUSIX OOJIBLIUX OOPOBCKOTO pajuyca OT- M
pHIlaTeJIeH, U SHEPreTHYeCKH GoJjiee Bhi- Or

FOAHBIM OKa3biBAeTCsI COCTOSIHUE \IJ(()I) -1

C aHTHMapa/JeNbHBIM PACIONOKEHHEM

CMHMHOB. MBI BHIHUM, YTO KJaccude- —2r

CKasl 3JIEKTPOCTATHYECKasl SHEPrUs B3a- 3t

uMopedcTBus C' CYLIECTBEHHO MeEHbIIe ‘\**///BKCH.
OOMEHHOH. DHeprusi COCTOSHHUS \I!(()l) — s R, Gop. paz.
— E(R) orpuuartejbHa U HMEET MHU- 0 1 2 3 4 5 6

HumMyMm npu R/a = 1,6. Muuumym E’

onpeneJssieT paBHOBECHOE COCTOsIHHME M Puc. 8.3. DHeprus B3auMOJEHCTBUS
SHEPTrUI0 TUCCOUUAIIMU MOJIEKYJIbl BOIO- IBYX aTOMOB BOAOPOJIA
pona. Ilisi cpaBHeHUS 3[eChb XKe MYyHK-

THUPOM TI0KAa3aHA 3KCIEPUMEHTAJbHO HaWJeHHAas 3aBUCUMOCTb 3SHEpPTrUH.
[IpocsiexxuBaeTcsi OOCTATOYHO XOpOllee COrJacHe 3KCIepHMeHTaNbHOU U
PaCUETHOU KPUBLIX.

[Ipy oueHb ManNbIX PACCTOSAHUAX MEXAY SIAPAMU OOMEHHBIM HHTerpaJ
CTAHOBUTCS MOJIOXKHUTEJIbHBIM U 00Jiee BBITOIHBIMU OKA3bIBAIOTCS COCTOSIHHUS
C MapaJijieibHbIM pacroJiokeHneM crnuHoB. OnHAKO NOCTHXKeHHe MOA0OHOH
CUTyallud MPaKTUUYECKU HEBO3MOXKHO: HeOOXOAUMbIE NJisl 3TOTO JABJEHHUS
CJIMLIKOM BEJIUKH.

§ 8.4. OOMeHHOe B3aMMOIENCTBUE U KPUTEPU
¢eppomaruerusma

OcnoBHas unes Ppenkensi u [efisen6epra 3akadasach B TOM, UTO OHU
MPETOJNONKHUIN CYIECTBOBAaHHE 3aBUCHMOCTH HEPTUM (peppoMarHeTHKa OT
HaMarHMYeHHOCTH (TaKOH e, KakK B (opmaJibHOH Teopuu Beficca). dra
3aBUCUMOCTb TPOSIBUJIACh B BHJE HMHTerpaja oOMeHa, T.e. KaK 3JeKTpo-
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CcTaTHYeCcKoe B3auMolelcTBHe. Pe3ysbTaThl, U3JO0XKEeHHble B MpedblAYIleM
naparpade, MOKasblBAlOT, 4TO MOA0OHAsA CBSI3b NEUCTBUTEJNbHO MOXKET BO3-
HUKHYTh.

[lepBoHauanbHble pacuéThl [elizeHOepra ABASAUCH NPSIMBIM 0000IIEHU-
eM pellleHus1 3aJaud O CBOHCTBAX MoOJeKyJabl Bojopona. PaccmarpuBanach
cucTema, coctosuiasi u3 [N BOJOPOAONONOOHBIX aTOMOB, 3J€KTPOHbBI B KOTO-
pbIX HaxoasATcs B S-cocTosiHUH. Takum obpasom, umenochb N 3JEKTPOHOB,
MPUYEM y 7" U3 HHUX CIIUHBI ObIJIM OPUEHTUPOBAHBI B OAHY CTOPOHY, a ¥ | —
B Opyryio; r + [ = N; OTHOCHTe/bHAS HaMarHuueHHOCTb y = (r — [)/N.

OnepaTtop [aMuabTOHA AJ1sT TaKOW CHCTEMBI HMeeT BH]I

N B2 N
H=-1% Aa+Y gta) + Y Voallda —gorl)  (8.24)

a=1 a,t a<a
rie g;(qa) — 3Heprusi B3aUMOINEHCTBHUS (-TO 3JEKTPOHA C HOHOM 1,

a Voo (|9a — Qor|) — 2Heprus B3aumMonelcTBUs JEKTPOHOB (v U o MEXAY
co0oH.

Kak u B cjaydae mMosiekysbl BOAOPOAA, pellleHUe BeAETCs MeTOAOM IOo-
CJIeIOBATe/bHbIX NMPUOJHXKEHHUN. B Hy/neBoM NpUOJIHXKEHUU pacCMaTPUBAIOT
CUCTEMY M30JIMPOBAHHBIX aTOMOB. ¥YpaBHeHue llIpénuHrepa nns Kaxmaoro
M3 HUX UMeeT BU]

f2
_ﬁ Ao +8i(qa) | vi(da) = Eopi(qa)- (8.25)

3aTeM mpenmnoJaraetcsi, 4to perieHus ¢;(qo) ypaBHenus (8.25) saBasiorcs
TaK»Ke YaCTHbIMH pelleHHsIMH obliero ypaBHeHus (8.24). OObiee pelieHue
MpeacTaBJ/sieTCs] B BHUIE AHTHCHMMETPUUHOH KOMOWHAIIMK MPOU3BENEHHH
GyHKIHE ©;(q,). Ero nomcranoBka B (8.24) maét BO3MOXKHOCTh Ha#TH
caefytolee NpUOIUKEHUE /5 SHEPTUU C YUETOM B3aUMOAEHCTBUS 3J€K-
TPOHOB. TakuM 00pasoM, XOJA BBIUHCJAEHUH TAKOH »Ke, KaK MAJs MOJEKYJbI
Bogopoaa. OnHako u3-3a 00JbIIOTO YUCJA YACTUL BBIUUC/IEHHUST OKa3bIBAIOT-
Csl TOpPas3aO CJOXKHEee W JJS UX BBITOJHEHHS MPUXOAUTCS Mpuberatbh K f0-
MOJIHUTEJIbHBIM YTIPOIIEHUsAM 3agadd. Mbl pacCMOTPUM JIHIlb PE3YJbTaThl
BBIYHCJIEHUH.

CymMapHasi Heprusi CHCTeMbl OyJIeT OTJHYATbCsl OT SHEPTHH HYJIEBOTO
NPUOJIUKEHUST NOMONHUTENBHOH 3HEprueld OObIUHOTO 3JEeKTPOCTATUUECKOTO
B3aUMOIEHCTBUS 3JEKTPOHOB M HOHOB M 0OMeHHOH 3Heprued. OOMeHHbIH
MHTEerpaJ /s AByX aTOMOB ¢ U j OyIeT UMeTb BUJ

Ay = [ 1@95 @2i(a)es(@) | Viglla = a'D) + &i(a) + g;(0)| da g
(8.26)
CyMMapHyI0 3HEpPrui0 O0OMEHHOTO B3aUMOJEHCTBHS MOXKHO IPEICTaBUTh B
BUE
Wo6 = —22 A@'j (O'Z'O'j), (827)

ij
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rfie G6;, 6; — BEKTOPbl 3JEKTPOHHbIX CIIMHOB aTOMOB ! W j B €IHHHLAX 7.
[Ipu napasesbHOM pacnosioKeHUH CIHMHOB (0;6;) = 1/4, npu aHTHnIapal-
nenbHOM (076;) = —1/4. Kak u B MoJIeKyse Bonopona, 0OMeHHBIH HHTerpal
BXOJIHUT B CYMMapHYIO SHEPTHIO CO 3HAKOM MHHYC MpH MapaJjieJIbHOM pac-
TTOJIOXKEHUH CIIMHOB BO B3aMMOJEHCTBYIOLIMX aToMax. Bripaxkenue (8.27)
MOXKHO HECKOJIbKO YNPOCTHTb, €CJH ydecTb, 4To A;; OblcTpO yObIBaeT Mo
Mepe YBeJHUEHHs PacCTOSIHHUS MexXjay atomaMmu. [loaTomy MOXHO orpa-
HUYUTBCS JIMIIb YYETOM OOMEHHOTO B3aMMOIEHCTBHS MEXIY COCETHHMH
atroMaMu. Ec/iM KaxKabli aToM HMeeT z OJMXAHUIINX COCedeHd U CIIHHB BCeX
aToMoB mnapanjesbHel, T0 Wos = —NzA, tne A = A;; nna Oamxaimmx
cocened. Ecau He Bce CHHHBI MapasjjesibHbl, TO BEPOSTHOCTb TOTO, YTO
NAHHBIH aTOM HMeeT CIIHH BbIODAHHOI'O HaNpaBJeHHSs, MPUOJUIUTEbHO
paBHAa OTHOCHTEJbHOH HAaMarHMYEHHOCTH (Y), a BEPOSITHOCTb TOrO, 4YTO
IBA COCEJHHUX aTOMa MMEIOT MapaJiiesbHble CIIHHEL, NPONOPIMOHANBHA Y2.
OO6MeHHasi HepPrusl B 3TOM CJy4ae paBHA

Wy = —Ny?zA. (8.28)

Ecnu oOMeHHBIH HMHTerpas IJisi COCEIHHX aTOMOB A MOJOXUTEJEH, TO
MUHHMYM OOMEHHOH 3HEPTHM TMOJYUMUTCS TNMpH y = |, T.e. NpPH TOJHOH
HaMarHW4eHHOCTH TeJia.

dopmyna (8.28) coseplieHHO aHajsoruyHa Qopmyse (7.8) dopmasbHOH
Teopuu Belicca, To/bKO BMecTO BesiMuMHB A| 31ech urypupyet zA.

[IpuHuMnUa bHBIM MOMEHTOM $IBJSIETCS TO, YTO B Teopuu Beiicca 3a-
BUCHMOCTb SHEPTUU OT HAMArHUYEHHOCTH MOCTYJUPOBaNach, 3[€Ch Ke OHA
MoJiydyaeTcss M3 pacuéToB; KPOME TOro, H3BECTHO MPOUCXOXKJAEHHE 3TOU
3aBHCUMOCTH — OOMeHHasl 3JeKTPOoCTaTHUYeCKash SHEPTHS.

[lepBonauasnbHasi Teopusi ['eiizen6epra—PpeHkesis caAUIIKOM Tpyda AJs
TOro, 4ToObl OT He€ MOXKHO OblJ0 TpPeOOBaTh KOJHUYECTBEHHOIO COIJIACHS
¢ ombiToM. OnmHAaKO W3 Heé€ cJenyeT JABa BaxKHEHIIMX MPUHIMUIHAJIbHbBIX
BbiBoma: 1) ecau oOMeHHbIH uHTerpan (8.26) MOJOXKHTENEH, TO MOXKET
BO3HUKHYTb COCTOSIHHE CaMOINPOU3BOJbHOM HaMarHWYeHHOCTH — (eppo-
MarHeTHsM; 2) BeJMYHHA SHEPTUH OOMEHHOTO B3aMMOAEHCTBHS MOCTAaTOUYHA
IJI BO3HUKHOBEHUS (heppOMarHeTHKOB C TemmepaTypamu Kiopu mopsaka
10> K. CBsi3b MeKLy 3Heprueil OOGMEHHOTO B3aHMONEHCTBHS H TeMIle-
paTypoi Kioopu MOXKHO MOJYUYUTb U3 CpPaBHeHHs C (DopMajbHOU TeopueH
Beficca. BMecTo KOHCTaHTHl B3aUMOAEHCTBHSI A| MBI JOJKHbBI MOACTABHUTD
zA, u popmyna (7.12) npumeT BUJ

ék@ _ A (8.29)

OOmeHHasi sHeprusi AJs MOJEKYJbl BOAOPOAA MAOCTHraeT HeCKoNbKUX 3B
(cm. puc.8.3). Jas nonydenus Temneparyphl Kiopu 10° K Heobxonmma
BenuunHa mnopsinka 0,1 3B. Ilostomy naxe ecnu B (peppoMarHeTHkax
UHTerpajJ oOMeHa Ha MOPSIOK MeHblle, 4eM B MOJeKyJe BOLOPOAad, 3TOrO
OyneT NOCTATOUYHO AJsi MOJyUeHUs] HY>KHbIX 3HAUeHUH Temmepatypbl Kiopi.
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PaccMoTpuM, npu KakKuX yCJ0BHSIX OOMEHHBIM HUHTerpaJ OyIeT MOoJ0XKH-
TEJIbHBIM.

ODHeprust B3aHMOJEHCTBHSI 3JEKTPOHOB Mexay cobor, Vii(lg — ¢'|)
(cm. (8.26)), kak u Jr0bast sHePruss B3aUMOAEHCTBUSI OJHOMMEHHBLIX 3apsi-
JIOB, TOJIO?KUTENIbHA; SHEPrUsl B3aUMOJEHCTBUS 3J1eKTPOHOB U suep, g;(q’)
" gj(q), oTpunatesbHa. CjenoBaTesbHO, AJs1 TOTO YTOObl OOMEHHBIH HHTe-
rpaJj OblJ MOJOXKUTEJeH, HeOOXONUMO BbITIOJIHEHHE HepaBeHCTBA

[t arest et Wil — o dad | >
> J¢:<Q)W;<Q)¢i(q/>@j(q/>[gi(q/) +gj(q)]dqdq’ . (8.30)

3nece Vij, g; v g; — 3aiaHHble QYHKIHH PACCTOSIHUE MEXKAY 3/1EKTPOHAMH
M HOHAaMH, IO3TOMY BBINOJHeHUe ycjaoBUs1 (8.30) ompenpesseTcss BUAOM
BOJIHOBBIX (DYHKILUH 3JIEKTPOHOB.

Ecnyn BosHOBHIE (DYHKUMM ¢; M j BEJMKH BOJH3H sep, TO Npasas
qactb (8.30) Takke BesMKa, NOCKOJbKY g; M g; BOJIM3HM sIep MMET
OoJiblliMe 3HauyeHWsi. TakuMm o00pa3om, AJs TOro uToObl OOMEHHBIM HHTe-
rpaJj OblJ MOJIOXKHUTEJeH, BOJHOBble (DYHKIIMK BOJIM3U sifep MOJXKHbI UMETb
BO3MOXKHO MEHbIIYI BeJUUHHY. DTOMY YCJAOBHIO YIOBJETBOPSIIOT BOJIHO-
Bble (DYHKIIMHM KBAHTOBBIX COCTOSIHHH C OOJBLIMMU OpPOHUTAJbHBIMH UHCJIA-
MU [. PaszymeeTcs, 3/ieKTpoHHAsi 000J049Ka ¢ OOJBIIUM [ MOXKET COIepKaTb
HECKOJIbKO 3JIEKTPOHOB, OJHAKO OHA He JOJKHa ObITh 3aMoJHeHa, YTOObl eé
CYMMapHBIH CIHHOBBIH MOMEHT He OBl paBeH HYJI0. DTUM TpeGOBaHHUAM
YIOBJIETBOPSIIOT aTOMbI TEPEXOHBIX 3JEMEHTOB.

BosHoBBle pyHKIUM ((q) MOCTATOYHO OBICTPO H3MEHSIOTCS C PACCTO-
SIHHEeM, TMO3TOMY BeJHYMHA BXomsumux B (8.30) MHTerpajoB B OCHOBHOM
ornpesiesisieTCsl BEJUUUHON MOAbIHTErPAJbHOTO BbIPAXKEHHSI B TOUKE MAKCH-
Myma npousseneHus ¢7(q)¢5(q)0a(q’)ps(q). Mas toro 4tobbl o6MeHHbI
uHTerpan A OblJ MOJOXKHUTEJEH, 3TOT MaKCHUMYM JOJIXKEH HAaXOAUThCS JI0-
CTATOYHO JaJIeKO OT siep, T. €. aTOMbl (PEPPOMArHUTHOTO BEIIECTBA JOJXKHbI
pacroJiaraTbCsi 1OCTaTOYHO AaJeKo APYTr OT ApYyra.

[lepeunciieHHble yc/0OBHUSI AeUCTBUTENbHO COOJIONAIOTCS HA TPAKTHKE.
Bce deppomMarHuTHble 3/eMeHThl IPUHAAAEXKAT K UHCAy NepexonHbix. Pep-
pPOMarHUTHbIE CIIJIaBbl U COeNHMHEeHHsT 00si3aTesIbHO COAepKaT B cebe mnepe-
XOJIHbIE 3JIEMEHTHI.

JIUIIb HEMHOTHe TepeXOMHble 3JeMEeHTHl SIBJAAIOTCA (peppoMarHeTHKaMH.
JlaHHBIH PaKT OOBSICHSIETCS TEM, YTO TOJBKO MJisi HEOOJBIIOTO YUCJ/A 3Jie-
MEHTOB PACCTOSIHWE MEXAYy aTOMaMH AOCTaTO4YHO BeJiuko. OueBUAHO, MpPU
OlleHKe 3TOro pPacCTOsSIHUS cJefyeT NMPUHHMAaTb BO BHHMaHUe He abCoJIoT-
HOe ero 3HaueHue, a OTHolleHHe V' K nuaMeTpy He3aMKHYThIX BHYTPEHHUX
op6ut. COOTBETCTBYIOLIHE OTHOIIEHHS [Js psifia MePeXOAHbIX MeTaJlJioB
npuBeneHbl B Taba. 8.1.
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Tabauma 8.1
HeszanonHeHHas Temnepartypa
Meras 060J104Ka v K}OpI:I)/I, I}ép
Ti 3d 1,12
Cr 3d 1,13
Mn 3d 1,47
Fe 3d 1,63 1040
Co 3d 1,82 1400
Ni 3d 1,97 630
Mo 4d 0,92
Gd 4f 3,1 290
W 5d 0,79
Pt 5d 1,23

Y Bcex (eppOMarHMTHBIX 3Je€MeHTOB oTHouieHuHe V' Gosbuie 1,5. Ha
puc. 8.4 noxkaszaHa BbluHcJeHHass beTe 3aBUCUMOCTb 0OMEHHOTO MHTErpaJa
OT OTHOILUeHUs V TOCTOSSHHOU peLIETKH K

IMaMeTpy He3anoJHeHHOH 060JOUKH. A Co__ ;i
[TosioxkeHUe 2/1eMEHTOB HA KPUBOH HeJib- Fe/

35 CYMTaTh (DUKCHPOBAHHBIM, TaK Kak ¢ u3- 0 A B 5 v

MEHEeHHUEM 3JIEKTPOHHOI'O COCTOSIHHS aToMa y Mo =

UJM CHMMETPHH PelIETKH KpHBasi NOJKHA /Cr

HEeCKOJIbKO HU3MeHsiTbcsi. HecmoTpsi Ha 37O,

KpuBasi puc.8.4 mpaBUJbHO OTpa)kaeT xa-  Puc. 8.4. Buuucnennas bere
paKTep 3aBHCHMOCTH OOMEHHOro MHTerpajia  3asucumocts A(V) (nas d-
OT PacCTOSTHUS. COCTOSHHS)

Y rago/MHUS U HEKOTOPBIX IPYTUX pef-

KO3eMeJIbHbIX 3JIEMEHTOB V' yxKe OueHb BEJHKO; M03TOMY OOMEHHBIH UHTe-
rpas y HUX XOTSl U MOJOXKHUTEJNEH, HO MaJ, U TOUKH Kiopu HH3KHeE.

MapraHell UMeeT CJMIIKOM MaJieHbKOe PacCTOSTHHE MeXy aTOMaMH, HO
Ha rpaHulle ¢ MepeMeHOH 3HakKa OOMeHHOro MHTerpaJsa.

He6osb1110€e yBe/MyeHHe MOCTOSIHHOH PELIETKH MapraHiia J0J2KHO Ipe-
BpaTUTb e€ro B (peppomarHeTuk. [lelicTBUTENbHO, N00aBJAEHHE K MapraHily
HeOOJIbIIMX TIPHMeCceHd a30Ta, YBeJHYUBAIIIMX MOCTOSIHHYIO PEIETKH, MPH-
BOJAHUT K MOSIBJIEHHUIO (heppoMarHeTH3ma.

DeppoMarHUTHBIMU SIBJASIIOTCS TaKXKe HEKOTOpPble CIJIaBbl MepPeXOAHbIX
3JIEMEHTOB U MHTepMeTa/lnnueckre coefiuHeHus. Hanpumep, dheppomarHur-
Hel craBel Mn—-Cu-—Al (cnsaBbl [eficnepa), coenubenus MnSb, MnBi
1 T. 1. Bo Bcex 3THUX cm/aBax U COeIMHEHHSX aTOMBbl MapraHila HaXOIsTCS
NOCTAaTOYHO AAJEeKO APYr OT Apyra.

B crnenytouiel riaBe OyAyT paccMOTpeHbl OoJiee CJI0XKHBIE CJydau IMo-
siBJIeHUsI (peppoMarHeTH3Ma M3-3a Tak Ha3blBAEMOTO KOCBEHHOTO OOMEHHOTO
B3aUMOJIECTBHSI HECOCEIHHUX aTOMOB.

Bo Bcex cayuasx nosiBieHusi peppoMarHeTusMa y 3JeMeHTOB W COelu-
HEHUH OH CBSI3aH C MEePexXOAHBIMU 3djJeMeHTaMHu. TakuM oOpa3om, MepBOHa-



112 In. 8. IIpupoda geppomacrumrozo coCmosHus

yaJsibHas MofeJib [eliseHOepra, B KOTOPOU MpPeArnonarajoch, 4TO 3JeKTPOHBI
HaXOJSTCS B S-COCTOSIHHH, MPEeACTaBJseT cOO0H MOBOJBHO TpyOoe MpHUbJIH-
XKeHUe K JeHUCTBUTENbHOCTH, XOTSI OCHOBHAsl ujaesi 0OMEHHOTO B3aWMOeH-
CTBUS MPaBUJbHA.

[lepBbIM 11arom pajibHeHIllero yTOUHeHHWsi 0OMeHHOH Teopuu (eppo-
MarHeTusMma $IBUJIaCb TEOpHsl CMMHOBBIX BOJMH bJjoxa. B 3Tol yTouHEéHHOH
TeOpUHu (eppoMarHeTU3M MOCJAeN0BaTEbHO pacCCMaTPHUBAETCs KaK Koolepa-
THBHOE SIBJIEHHE, T. €. KaK Pe3y/bTaT CUJbHOTO 3JIEKTPOCTATUUYECKOI'O B3aU-
MOZIEHCTBUSI MEXAY 3JEKTPOHAMU U pelléTKoM MeTaJa. [locaenoBatenbHoe
paccMOTpeHHe BO3MOXKHO JIMIIb [IPU HU3KUX TeMIlepaTypax.

CyiefyolUUM 1IaroM B TEOPHH CTaJ Y4&€T TOro, 4TO Bce (peppOMarHmrt-
Hbl€ 3JIEMEHTHI, 1a U BOOOIIEe OOJNbIIUHCTBO MPAKTHUECKH TTPHUMEHSIOIINXCS
(eppoMarHeTUKOB, SIBASIIOTCS MeTannaMu. B pesynbrate BosHUKaeT HeoO-
XOAUMOCTh YUYETa B3aUMOJAEHCTBHUSA d- U $-3JIEKTPOHOB (Hampumep, 4s u 3d
nasi Fe, Ni u Co). PasBuTHe Teopud B 3TOM HaIpaBJeHHH OCYIIECTBJIEHO
C.B. Boucosckum u ero yuennkamu [108, 167]. Mel He MoXeM 31ech pac-
CMaTpPUBaTh 3TH TEOPHH, HO HEKOTOPbie BBITEKAWOIIHE W3 HUX Pe3yJbTaThl
OyAyT MPHUBENEHBI B CJAedyIOlleM naparpade.

§ 8.5. 3aBUCUMOCTb CBOUMCTB (heppOMArHETUKOB
OT TeMIepaTrypbl. ATOMHbIe MAarHUTHbI€ MOMEHTbI
(heppOMATrHUTHBIX 3JE€MEHTOB

TemnepaTypHast 3aBUCHMOCTb HAMarHMYEHHOCTH HaCHILEHHsT heppomar-
HEeTHUKOB B IepBOM MNpPUOJHXKEHHH Oblja ornpejeseHa yxke B (opMaJbHON
tTeopun Beticca (cm. § 7.2). B cooTBeTcTBHH ¢ 00MeHHOH Teopued (hopMy-
na (7.14) Heckoabko mpeobpasyercs (A; 3amensiercs Ha zA) U nIpuUHHUMA-

€T BHU
i y= L —tn( 222 4 ol (8.31)
Iy ET kKT )’ '

rne Io = Nugnpu I' < ©, H =0; [ = I; — HaMarHu4yeHHOCTH HAChIIIIEHHUS:

I (2AL\ . (O]

Cor/iacHO pesysbTaTaM TMPOMArHHUTHBIX OIMbITOB MAarHUTHbIH MOMEHT (ep-
POMAarHeTUKOB — MOYTH LEeJUKOM CIIHUHOBBIM, a BeJUYHHA i) PABHA MAKCHU-
MaJIbHOU BeJIMYMHE MPOEKIIMHA CIIMHOBOIO MOMEHTa aToMa:

fo = 258, (8.33)

rae S — cyMMapHOe CIHHOBOE YMUCJO 3JeKTPOHHOH 000JIOYKH aToMa.

[Ipu Temneparypax Bbillle Temmnepatypbl Kiopu v Ha HeKOTOpOM yraJe-
HUM OT Heé MOXKHO CUHMTAaThb HAMAarHWYEHHOCTb MaJiOH W Pa3JoXUTb B PSl
runepOosMUecKrui TaHreHe B npabod yactu (8.31). Torna

22A H
4 y_|_l~bo

y=thiz) =z ==7"+ 77




8.5. 3asucumocmo cgolicme geppomacHemukos om memnepamypol 113

OTKY/a |
IO,UE) _ N(Né)z (834)

I
THTRT-0) KT —-6)

rie kO = 2z A.

Kak 6vsi0 mokaszano B § 4.6, BenuunHa 3)PeKTHBHOIO MOMeHTa MJisi
caabbIX MoJied OTAWYaeTCs OT €€ 3HAueHWUs] B CHJIbHBIX MOJSIX; MO3TOMY
3ech OHa o6o3HaueHa fi,. VI3 dopmyisr (4.16) caexyer

wh =2/S(S+1) up. (8.35)

3aBUCHMOCTb CBOHCTB (peppoMarHeTHKa OT TeMIepaTypbl OMHUCHIBAETCS
dopmynamu (8.32) u (8.34). Brie Temnepartypsl Kiopu BocpHUMUYMBOCTD
usMeHsieTcs no 3akony Kiopu—Belicca,
HUXKE BO3HHUKAeT CaMOMNpOM3BosbHas I / A
HaMaTHUYeHHOCTh, SBJSIONIASCS YHU-
BepCaNbHOU /5 BCeX (peppoMarHeTH-
KOB (pyHKIIMEH OTHOIIEHHS TeMIlepa-
Typel K TeMmnepatype Kiopu.

Ha puc. 8.5 npuBeneHsl TeMmmepa-
TYpHbIE 3aBUCMMOCTH CaMONPOU3BOJIb- |
HOM HAMAarHWYEeHHOCTH W MArHUTHOH

BOCIIPMMMAHBOCTH BbILIE TEMIIEPATY- Puc. 8.5. 3aBUCHUMOCTb HaMarHU4yeH-

PhI KIQPH- 3asucnmoctb Is/Io o1 T/©  yocru mackmmenus (/) u mapamar-
st Ni u Fe v TeopeTHuecKue KPUBBIE  guTHOM BOCTIPHUMYHBOCTH (2) dep-
IJIs1 PA3JIMUHBIX CIHHOB OblJAM JaHbl DOMarHeTHKOB OT TeMIEepPaTyphbl

Ha puc. 7.10.

CJjienyeT OTMETHTb, YTO H3MepeHHe HAaMarHW4eHHOCTH HaChILEHHUs
BOJIM3U TOUKH KropH cOMpsizKeHO CO 3HAYHUTENbHBIMU KaK TE€XHUUYECKUMH,
TaK W TMPUHUUNHAJBHBIMH TPyAHOCTSAMH. Jlejo B TOM, 4YTO 3[1eChb OYE€Hb
CUJIbHA 3aBUCUMOCTb HaMAarHW4eHHOCTH OT moJis. [IpuuuHbl, NpUBOAsiLIHE
K 3TOMY, U MEeTOAbl U3MepeHusi BOJIM3KM TOUKU Kiopu OyayT paccMOTpPEHBI
HUKE.

Kak BunHo u3 puc. 7.10, XoTa TeopeTHyeckasi KpUBasi He CHJIbHO OTKJIO-
HSIeTCS OT 3KCIIePUMEHTAJbHOU, NeTaju TeMIepaTypHOH 3aBUCHUMOCTHU He
COBMAJAIOT.

B uyacTHOCTH, BaKHEHLIMM OTKJOHEHHEM SIBJSETCS BHJA 3aBUCUMOCTH
Mpu HU3KUX Temrepatypax. Popmyna (8.32) naét BO6MH3U abCOJIOTHOTO
HYJISI 3KCMOHEHIIMAJNbHYI0 3aBUCUMOCTb, SIBHO MPOTHBOPEYAllyld 3KCIEPU-
MeHTaJbHbIM JaHHBIM.

BaxHBIM IOCTHXKEHHEM TEOpPHH CIHHOBBIX BOJH bJjoxa siBiseTcs moJy-
yeHUe MPaBUJIbHOU TeMIepaTypHOU 3aBUCMMOCTH HAMATHUYEHHOCTH HACHI-
lleHUs1 IPU HHU3KUX TeMIepatypax. OHa umeeT BUJ

1
X

o

0,6 T

r

I, = Ip(1 — oT%?), (8.36)
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rne Ko3(p(UIMEHT 3aBUCHUT OT THIA PelIeTKH W uHTerpasa obmena. [lpu
BBICOKHX TeMIlepaTypax BOMU3H TeMrepaTypbl Kiopu us (8.32) noayuaercs

y:%:ﬁ\/l—T/@. (8.37)

OnbiTHBIE NAaHHBIE AEUCTBUTENBHO NAIOT TaKYl0 3aBUCHMOCTb, XOTSl UUCJEH-
HBIH KO3 (UIIHEHT MO KOPHEM y HHKeJIg COCTaBJsSeT OKOJIO O, a y ¥XKeJle-
3a — 4,3. Cjaenyer oTMeTHTb, UTO (opmysa BUaa (8.37) MoxkeT ObITb MOJY-
gyeHa MPH YUCTO TEPMOJHHAMHUECKOM PACCMOTPEHUH TpeBpallleHHs] B TOUKe
Kiopu kak ¢asoBoro nepexopa BTOPOTO poaa, T.e 3aKOHOMEPHOCTb BHUIA Y ~
~ +/1 —T/O noaydaercss HE3aBUCHMO OT MOJEJbHBIX MPEANOJOKEHUH.

M3 puc. 8.5 BUAHO, 9TO MpU MaJBIX HAMArHUUEHHOCTSIX HaO/0faeTcs
OTKJIOHEHHEe OT 3aBUCUMOCTH BHaa (8.37). KpuBasg camMonmpou3BOJbHOU Ha-
MarHH4eHHOCTH TPUOJUKAETCSI K OCH TeMIlepaTyp, MOocTeneHHO obpasys
TaK HasblBaeMbl XBOCT, NMPOCTHpawIluics 3a Temnepatypy Kiopu. B Heko-
TOPBIX CJydasix oOpa3oBaHHe TAKOI'O XBOCTA YACTHYHO MOXKHO OTHECTH 3a
CUYET HEOJHOPOMHOCTH MaTepHasa; OfHAKO MojoOHOe SiBJeHHEe HMeeT MeCTO
U IJI CaMbIX YHUCTBIX U OJHOPOAHBIX MaTepHaJOB.

B cBsI3W ¢ 3TUM TPHUHATO ONpenessaTb TOUYKYy Kiopu skcTpamossiuuen
SKCIEPUMEHTAIbHBIX JAHHBIX M0 3aKOHY Yy ~ /1 —T/© wu3 obmacrtu, rue
OH elllé coOJrofaeTcsi, N0 TepecedeHUs ¢ ocblo adcuucce (cMm. puc. 8.5).
OnpenenénHas TakuMm ob6pasoM Temnepatypa Kiopu HasbiBaeTcs peppomar-
HUTHOH TO4KOH Kiopu m o6osHauaercs O .

Touxky Kropu MOXKHO Tak:xke onpenesuThb, ucxonss u3 Qopmyssl (8.34),
KaK TOYKY, B KOTOPOH TMapaMarHWTHasi BOCIPHUUMUYUBOCTb oOOpaliaeTcs
B 0€CKOHEUHOCTb. DKCIepUMeHTanbHass KpuBasi BOJM3U TemnepaTypbl Kiopu
OTKJIOHSIETCSI OT 3aBHUCHMOCTH, 3afaBaeMod (opmysoi (8.34). Ilostomy
TeMmnepatypy Kiopu onpenessitoT, 3KCTPanoJupysi MPSMOJHHEHHYIO 3aBU-
cumocth 1/3¢ ot T, Habmomawllyocss TPU BHICOKMX TeMIepaTypax, M0
nepecedeHust ¢ ocbio adcuuce (cMm. puc. 8.5). [TonyueHHyo TakuM 00pa3oM
TeMIepaTypy HasblBalOT NMapaMarHUTHOH To4koH Kiopu m o6osHauyaoT O,.
3Hauenuss Oy u O, He COBNAAAIOT.

Hecosnanenue O u ©,, 6b110 06bsAcHeH0 C. B. Boncosckum, Ctuiab6aH-
COM U JIp. HAa OCHOBE MPEATNOJOKEeHHSI O CYIIeCTBOBAHUM B (peppoOMarHeTHKe
PY TeMIlepaTypax Bbillle O ; GJIHAKHErO NMOPAAKa B PACNOJNOXKEHHH CIHHOB.

[To Benuunne [ HaMmaruuueHHOCTH HacbileHus npu O K MoxHO ¢ momo-
b0 (hopMyabl (8.33) onpenesuTh CIMHOBOE YHc/I0 S. Benuunny S MoXHO
TakKe HalTH ¢ nomolibio GopmyJbl (8.35) us HakaoHa npsimoit 1/ = f(T)

IJI1 BOCIIPUMMYHBOCTH BBIIIIE TeMIIEpaTy-

Tabnuna 82 py Kiopu. O603HauMM BesMuuHy 2.5, ompe-

Py P, 29 NeJEHHYI0 TepBbIM crnocoboM, dYepes Pp,

P 999 | 49 | 40 a BTOpbIM — 4depes P,. B ta6.1. 8.2 npusese-

€ ) ) )

Co | 171 | 32 50 Hbl 3HaYeHus Py u P, 11 HEKOTOPLIX (hep-

. ’ ’ POMAarHeTHKOB U, [JisI CPAaBHEHUS], BeJUYHUHA

Ni 10601 16 20 2S5, noaydeHHast U3 CNEKTPaJbHbIX JaHHBIX
Gd | 7,10 ] 69 | 7.0 IJIS OTAEeJbHBIX aTOMOB.
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Benuuunbl Py u P, npeacTaBagioT cOo00H pacCUMTAaHHLIM Ha ONMH
aTOM MAarHWTHBIH MOMEHT, BbIpaKeHHbI B MarHetoHax bopa. Jluwe ngs
rafloJIMHUSI BCE TPU BeJIMUMHBI NMPUOJU3UTENbHO coBMaaaioT. Jlas xejesa
TOJIbKO P, NPHO/IM3UTENbHO COBMNALaeT C BEJAMYMHOH 2.5, onpeenéHHON U3
CMEKTPa/NbHbIX JAHHBIX: HAOJMIO1AaeMOe OTJANYHE U NIPOOHOCTh MOXKHO 00BsC-
HUTb, MPEATOJIOXKHUB HEKOTOPOE ydacTHe B HAMArHWYHWBAHHWU TMPU BBICOKUX
TeMrepaTypax opOHUTaJbHOTO MOMEHTA.

Topaspo cyuiecTBeHHee passnuuue 3Ha4eHUd Py u 25. 3nadenus Py He
TOJBKO NPOOHBI, HO U OTJAUYAIOTCS OT 25 MOYTH B JBa pasa.

BblJI0 MpennpuHATO MHOXKECTBO TMOMbITOK OOBSICHEHUSI MaJioTO U Apo6-
HOrO 3HaudeHus Py, ONHAKO, MO-BUIMMOMY, YAOBJETBOPHUTEJIbHOE 00DbACHE-
HUE CONEPXKHUTCS JIUILb B TEOPUH, OCHOBAHHOU Ha (S—d)-0OMEeHHOH MOomesH,
paspabdotanHou C.B. BoHcoBcKUM U ero yuyeHukamu. B 3Toé momenu mpej-
MoJlaraeTcst, 4YTO 3JEKTPOHbl POBOAUMOCTH — S-3JI€KTPOHbI — B3aHMOJEM-
CTBYIOT C d-3/IEKTPOHAMHU; B pe3yJ/ibTaTe TAKOr0 0OMEHHOTO B3aUMOEHCTBUS
CMIHUHbBI 3JIEKTPOHOB MPOBOAMMOCTH YACTUYHO yMOPSAOYHMBAIOTCS U yCTaHaB-
JUBAIOTCS TapaJjJ/esbHO UM aHTUNAPaJ/J/eJbHO CIHUHAM d-3J1eKTPOHOB.

CorsiacHo Teopuu BOHCOBCKOro cpefiHHH MarHUTHBIM MOMEHT abCoJIOT-
HOT'O HaChIIIEeHHS, IPUXOASILIANCS HAa OJHWH aTOM, PaBeH

po = (ng + ang)up, (8.38)
rae ng — 4YHUCJIO0 d-3JE€KTPOHOB Ha aTOM; Mg — 4YHCJIO S-3JEKTPOHOB Ha
aToM; o — KO3((HUIIMEHT, KOTOPBIH MOMKET OBITh IMOJOXKHUTENbHBIM HJIHU

OTPHIIATEJbHBIM U XapaKTepHU3yeT CTelleHb OPUEHTALUU S-3JEKTPOHOB IOJ
JEeHUCTBUEM d-3/IeKTPOHOB.

Yucna ng u ng — uenase. Ias xkenesa ng = 4 (cm. Tada. 1.2), a
ns = 2. KoappuuueHT « 3aBUCHUT OT BeJHUUYHHBI OOMEHHBIX HHTErpaJsioB
U JIMLIb CJAY4YalHO MOXKeT OKasdaTbes lesbiM. O 3Hake o MOXKHO CYIHThb
0 OMBITHBIM JAHHBIM O TEeMIepPaTypPHOH 3aBUCUMOCTH HaMarHUYEHHOCTH
HachlllleHHuss BO/aU3u TeMmnepaTypbl Kiopu. OkasbiBaeTcs, €CJH YHUCJAEHHBINA
ko3 dunueHT B (8.37) Goabine Tpéx, To @ < 0. [TockosbKy (cM. Bblile)
y XKeJjie3a U HUKeJig OH OoJibllle TPEX, y oboux MmeTtasyoB o < 0. Crenyet
OTMETHUTb, UTO TeopHs BOHCOBCKOTro KadecTBEHHO OOBSCHSIET U PsJl aHOMA-
JIUH 3JeKTPONPOBOANMOCTH, HaOMIOAA0IIUXCS Y (peppOMarHeTUKOB.

Y raponunus deppomMarHeTH3m 00yCJIOBJEH BHYTPeHHUMH 4 f-37eKTpo-
HaMH, KOTOpble CYIIeCTBEHHO MeHbIlle B3aUMOAEHUCTBYIOT C 3JEKTPOHa-
MU TIPOBOAMMOCTH, TMOCKOJbKY OHH 3a3KPaHUPOBAHBI 3aIMOJHEHHBIMH DS-
u Sp-o6os104kamu. [TosTomy Py y rafofvHHsa NOYTH He OT/HuYaercs oT 29.

B 3akJ/itoueHHe CKaxKeM HeCKOJIbKO CJIOB 00 M3MeHeHUHM HaMarHU4eHHO-
CTH (heppOMarHETHKOB MOJ BJMSIHWEM II0JI1 — O TaK Ha3biBaeMOM TMapa-
npoiecce WJAM HCTUHHOM HaMaTHUYMBAHUM (peppoMarHeTHKoOB. PasMarHu-
geHHOe COCTOsSIHWe (heppoMarHeTHKa, MPU KOTOPOM CYMMAapHbIH MarHUTHBIH
MOMEHT TeJla paBeH HYJII0, MOoJydaeTcs 3a CYET ero pa3bueHHs Ha JoMe-
Hbl TaKUM 00pa3oM, YTO CyMMa MAarHUTHBIX MOMEHTOB TOCJEIHHX paBHA
HyJ 0. Kaxkapli U3 1OMeHOB HaMaTHWUYEH [0 TeXHWYeCKOro HachlleHus [g,
3anaBaemoro gopmysoi (8.32). Bennuuna I; onpenensiercss 0OMeHHbIMU CH-
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JaMu U TeMmmepatypod Tesa. [Ipu BKJIOYEHUH MOJs OOMEHbI, HampaBJ/eHHe
HaMarHH4eHHOCTH KOTOPBIX OJIMXKEe K HaINpaBJIeHUIO MOJsl, YBeJUUYUBAIOTCS
B 00bEMe 3a CYET cOKpallleHHs 00bEéMa NOMEHOB C MeHee OJaronpUsiTHBIM
pacroJJioXKeHHeM MarHUTHOTO MOMeHTa. 3aTeM B OOJbIIHX MOJSX MPOUCXO-
JIUT MOBOPOT BEKTOPa HAMarHWYMBaHHsS B JOMEHAaX; OH YCTaHaBJUBAaeTCS
napaJieJlbHO MarHUTHOMY TOJIIO; IOCTUTaeTCsl COCTOSTHHE TEXHHUYECKOro Ha-
chitieHusi. [Ipu abGco/IIOTHOM HyJie TeMIepaTypbl TEXHHUECKOe HacChIllleHHe
coBmanaet ¢ abcomoTHbiM (I; = Iy) U HUKaKoe NaJjibHelilllee yBeJHUeHUE
MoJisi He NaéT yBeJMUeHHs HaMarHWuueHHOCTH. [Ipu TemmepaTypax, OTJIHY-
HeIX oT O K, Iy < Iy ¥ H3-3a BJHAHHSI TEIJIOBOTO IBHXKEHHS OCTaETCS
HEKOTOPO€e KOJIMYECTBO CITMHOB, HE OPUEHTUPOBAHHBLIX BIOJb TOJS.

JlanbHedilee yBeJHYeHHE TMOJIST MOXKET MPUBECTH K OPUEHTAIlMH OCTaB-
IIMXCS] HEYMOPSIIOYeHHBIMH CITHHOB, ¥ POCT HAMAarHUUEHHOCTH TPOJIOJIMKHT-
csi. [TockosbKy omucaHHBIM Tpolece Mogo0eH Mpolleccy HaMarHUUHWBaHHUS
MmapaMarHeTHKa, TPH KOTOPOM BJIMSIHHE TOJSl JOJIKHO MPEeOoaoJeBaTh BJIHs-
HHe TEeMJIOBOT'O NBUXKEHHS, ero Has3blBalT mapanpoiieccoM. MHorna roBopsTt
O TMpollecce HCTUHHOTO HaMarHWYHMBaHUsT GeppomarHeTruka. [Ipu saTom mom-
pasyMeBaeTcsi, YTO B TedeHHe Mpolecca TeXHUYECKOrO HaMaTHUYHBaHUS
He MPOUCXOMWUT U3MEHEHHs BeJMUHMHbl HAMarHWYeHHOCTU BHYTPHU IOMEHOB,
a U3MeHsieTCs JIUILb HalpaBJeHHe UX MaTHUTHBIX MOMEHTOB.

B neficTBHTENIbHOCTH Mapamnpolecc HayHHAETCS ¢ CaMbIX MaJbiX MOJIeH
(cM. (8.31)). OnmHako MOCKOJIBKY T0Je, HeoOXOAHMOe HJsl AOCTHXKEHHSsI
TEXHUUECKOI'0 HACHIIEHHsI, OOBIYHO HEBEJHKO, BJIHSHHE COMAEDPIKAIIETrO ero
B (8.31) useHa MaJso BIJIOTh A0 TEXHHUECKOTO HACHIIIEHHUS.

MoXXHO BBECTH MOHSITHE BOCTIPUUMYMBOCTH mMapamnpoliecca. [IpucBoum
3TOT TEPMHH OTHOIIEHMIO MpHpalleHus aOCOJIOTHOH BeJHYHHBl HaMarHH-
YeHHOCTH eIUHHIIBl 06bEMA K BEJUUYHHE MOJIS.

BocnpuumuuBoCcTh mapamnpoliecca, odeBHAHO, paBHa Hymao npu 0 K.
[Ipy noBbIlLIEHHH TeMIlepaTypPbl OHa BO3PACTAET, MIOCKOJIbKY yBEJIUUHBAETCS
YHUCJIO HEYTOPSiAOUeHHBIX CTHHOB. OCOOEHHO Pe3KHH POCT BOCIPHHUMYHBO-
CTH Tapamnpoliecca U e€ OTHOCHTEJbHOTO BJIHMSHHUSI HabJionaeTcss BOJH3H
teMmnepatypbl Kiopu. B camoiél touke Kiopu n/sa uaeasbHO OJHOPOALHOTO
(beppomMarHeTHka BOCIPHUHMUYHBOCTD Taparnpoliecca B cJAa0bIX TOJSIX CTpe-
MUTCSI K O€CKOHEYHOCTHU. DTOT Pe3ysbTaT MOXKHO TMOJYUYUTh CTPOTO TEPMO-
nuHaMudecku. CjienyeT oH W M3 ¢opMasbHOH Teopud Beificca (cm. §7.2).

O6patumes K puc. 7.9 u dopmynam (7.11). Ilpu T'= © npsimas q¢ =

1 +y
l—y
Al MQH

BaJIEHTHO CIABHUTY HpHMOﬁ q = A;J—Ty Ha BEJIUHHUHY 2A1

[Ipu GoJbllIOM 3HAYEHWW Yy TAKOW CABUT TMPUBENET K IOSIBJEHUIO Tepece-
YyeHHsl 3aBUCUMOCTEH faxke MPU MaJiod BeJHUYHHE 10Js, T.€. B Mpenese —
K 0eCKOHEYHOH BOCTIPUUMYHUBOCTH.

He caenyer myTtaTh MakcMMyM BOCIPHUMMYHMBOCTH Mapamnpoliecca IMpH
T = © ¢ MaKCUMyMOM BOCIPHUMYHBOCTH B MaJibiX MOJISAX, HAOMIOAAOIIHM-

1
T Y
. HaﬂO}KeHI/Ie I10JI9d KBH-

COBMAAeT ¢ KacaTeJbHOH K KpUBOH ¢ = In

o ocu abclucce.
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csd BOMM3KW TeMmnepaTypbl Kiopd B 00J1aCTH TEXHHUYECKOH KPHBOM HaMarHu-
yuBaHus (3ddexkrom ['onkuHCOHA).

Hapsiny ¢ yMmeHblleHMEM CaMONPOU3BOJBHOM HAMArHUYEHHOCTH YBe-
JIUYEeHUe BOCIPUUMYHMBOCTU Mapamnpouecca BOJIM3M TOYKHM Kiopu npuBogut
K TOMY, YTO 3J1eCb HEBO3MOXKHO OMNpeAesUTh CaAMOINPOHU3BOJbHYO HAaMarHU-
YEeHHOCTb HEeNOCPEeJCTBEHHO W3 BUAA KPUBOW HaMarHW4WBaHus. B pe3yiib-
TaTe B 3TOM 00JIACTH TeMmepaTyp NPUXOAUTCS ONpenensitb [, pasjaudHbIMU
KOCBEHHBIMU METOJaMH.

OnHUM U3 TaKHMX METOMOB sIBJsieTCsl HAOJMIOeHUe 32 U3MEHEHHEM TeMIle-
paTyphbl IpH aarabaTHIeCKOM HaMarHUUMBaHUM (TaK Ha3blBaeMbId MarHUTO-
Kanopuueckui a¢dekT). [loBbillieHNe TeMepaTyphl B 001aCTH TEXHUUECKOH
KPUBOU HAaMAarHW4YMWBaHHUS HEBEJHUKO, a B OOJIACTH Mapamnpoliecca OHO Mpo-
mopLHoHanbHO 12 JIsisl HaxoxaeHHs I, CTPOAT 3aBUCHMOCTb TeMIIepaTyphl
oT I? ¥ NMHEHHYI0 4acTh KPUBOH KCTPANOJHPYIOT A0 MepeceuyeHHs ¢ OChI0
abcuucc. 3HaueHue I, MoJyuuBIIeecss B TOUKe MepecedyeHusi, U MPUHUMAIOT
3a .



[mnaBa 9

AHTU®PEPPOMATHETHU3M
H PEPPUMATHETHU3M

§ 9.1. AutudeppomarHeTusm

B npenpinyuied raaBe ObIJIO MOKA3aHO, YTO 3JEeKTpPUUYecKoe OOMEHHOe
B3aUMOJIEHCTBHE 3JIEKTPOHOB MPUBOAMUT K YIOPSIIOUEHHOMY PACIOJOKEHHIO
UX CrnuHOB. [Ipy MoJNOXKUTENbHOM 3HAaKe OOMEHHOrO0 HMHTerpaJja HepreTH-
yecKH 0oJiee BBITOAHBIM SIBJSIETCS MapaJijieibHOe PacroJioxKeHWe CIHHOB —
(heppoOMarHUTHOE COCTOSIHUE.

[Tpu oTpunatesnbHoM 3HaKe OOMEHHOW HHEPTUH COCEHHE CIUHBI JOJXK-
Hbl yCTAHaBJMBATbCS aHTUIApaJJe/NbHO; TaKOe COCTOSIHHE HA3blBaeTCsl aH-
THU(EPPOMarHUTHBIM.

Cynsi mo KpuBOH pucyHka 8.4 v gaHHbIM TabJ. 8.1, aHTUdeppPOMarHuT-
HOe COCTOSIHHE NOJI)KHO BCTpeuaTbesl Aaxke yallle peppomarHutHoro. Kak
Mbl YBHUIHUM, 3TO AEHUCTBUTEJbHO TaK, XOTsl HEMOCPeACTBEHHble 3aKJioue-
HUSI, KOTOpble MOXKHO CJieJlaTh Ha OCHOBAHWU NaHHBIX TabJ. 8.1, He Bcerna
onpaBibiBaloTCsA. M3 yNoOMsSIHYThIX B HEH 3JIeMEeHTOB aHTU(eEPPOMarHeTU3M
ob6HapyxeH suiib y Cr © Mn (cM. HUXKe).

Ecnu siBieHve ¢peppomarHeTusma MPUBOAWUT K TMOBBIILIEHHI BOCTIPUHUM-
YUBOCTH MO CPAaBHEHHIO C MapaMarHeTHKaMH, TO, OYEBUAHO, B aHTH(ep-
DOMarHUTHOM COCTOSIHUM BOCIPUHMMUYHMBOCTb JOJKHA ObITb MEHbIIEe, UeM
B MapaMarHUTHOM.

DKCIepUMEHTAJbHO aHTH(peppoMarHeTusm Oblai OOHAPYXKEH paHblIe CO-
3laHHUST TeOpUH OOMEHHOI'0 B3aUMOJEHUCTBHUSI TMPH HU3YUYEHUH MarHHUTHBIX
CBOHCTB pasJHuHBIX coenuHeHnd (Hampumep, MnO). Ha puc. 9.1 nokasana
TUIIUUHAsA JJisT aHTU(deppOMarHeTHka 3aBHCHUMOCTb BOCIPHUMYHUBOCTH OT
TeMrepaTypbl. Touka O,f HM3J0Ma KPUBOW Ha3blBaeTcs aHTH(PEpPpPOMarHMT-
HOH TouKoH Kiopu (B mocjienHee BpeMs e€ yallle Ha3biBaloT Toukod HeeJs).

Brilile ©,¢ BelllecTBO HAXOAMTCS B MapaMarHWUTHOM COCTOSIHHM, a €ro
BOCIIPMHMYHBOCTb MOAUUHSIETCH 3aKOHY Kropu—Belicca:

L _ NeusS(S+1)
 3k(T - A)

Huxe ©,¢ BOCIPUHMUHUBOCTb C MOHHUXKEHUEM TeMIlepaTyphbl MajgaerT.

Kak y deppomaruetukoB B Touke Kiopu, y aHTH(eppoMarHeTHKOB
B Touke Heess HabsogaeTcss MAaKCUMYM TeMJOEMKOCTH, CKAUKOM yMeHb-
lIarollelcs Npy AajbHelllleM TMOBbIIIEHUU TeMmmepaTypbl. Ha puc. 9.2 npu-

(9.1)
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Puc. 9.1. TemnepatypHasi 3aBUCH- Puc. 9.2. Tennoémkoctu MnkFy
MOCTb BOCIIPUUMUMUBOCTH aHTHU(ep-
pPOMarHeTUKOB

BefleHa TemynoéMKocTh MnFy. Kpome Toro, umewT MecTO aHOMaJWH KO-
3 puUllMeHTa pacliUPeHHss W 3JeKTPOMPOBOAHOCTH, MOAOOHBIE AHOMAJUSIM
B (peppoMarHeTHKax.

C TepMomMHaAMHUUECKOH TOUKH 3peHUsT aHTH(eppoMarHuTHasi Touka Kio-
pY BO BCEM MofoOHA (heppOMArHUTHOM; 3TO TOXKe (DAa30BbIH Mepexo] BTOPOro
pOZla CO CKAUKOM TEIJIOEMKOCTH W JIPYTHUX MPOU3BOAHBIX OT TEPMOAUHAMMU-
YeCKHX TOTEHIMaJ0B, HO C HeNpepbhiBHBIM H3MEHEHUEeM CaMHUX MOTeHIHa-
JIOB, OTCYTCTBHEM CKaukKa 00bEMa M CKPBITOH TENJOThl Mepexoaa.

B 1933 r. JI. [I. JIannay BrnepBbie co3ma/ TeOpHIO aHTH(eppoMarHeTH3Ma
Ha TpUMepe CJOWUCTBIX CTPYKTYp THIA TaJOMAHBIX coJied »KeJjesa. [lpen-
noJjiarasi OTpuilaTejbHOe OOMeHHOe B3aWMOJAEHCTBUE MeXIy 3JeKTPOHaMH
B COCEIHUX CJIOSX, OH Ha OCHOBAHUH TEePMOJWHAMHUYECKOTO PACCMOTPEHUSs
MokasaJ, 4TO B 3TUX BeleCTBAX CIHHbI
3JIEKTPOHOB U3 COCENHUX CJIOEB yCTaHaB-
JIMBAIOTCSl aHTUMAPaJJIEesbHO.

[Toutu opHoBpemeHHO Heesem ObisO
BbICKA3aHO MPEANOJNOKEHUE O aHTUIapaJl-
JIeJIbHOM PACTOJIOKEHUU COCEIHUX CITU-
HOB B KyOHYeCKHX aHTU(eppOMarHUTHBIX
okucaax. Teopus Heens saBasiercsi 0606-
ieHueM ¢opmanbHOU Teopuu Belcca nuis
cJIoXKHOU peléTKU. OH MPeNioKUa pac-
CMaTpUBaTh peLIETKY aHTUdeppoMarHe-
THKa Kak JBe BCTaBJIeHHble IPYT B ApyTa
MOAPEIIETKH, BHYTPH KaXKI0H U3 KOTOPbIX
CMIHMHBI MapaJJesibHbl, HO MO OTHOIIEHHUIO
IPYT K APYTY HampaBJ/ieHHs CIIHHOB B MO/ -
pellléTKax aHTHIapaJaeabHbl. DTO MOJO-
YKeHHe HJIOCTPUPYeT puc. 9.3, Ha KOTOpPOM MOKa3aHa MarHUTHasi CTPYKTY-
pa MnO. Kak BUAHO M3 pPUCYHKa, HOHbl MapraHiia ¢ IPOTHBOIOJJOXHbBIMU

Puc. 9.3. MarHutHasi CTpyKTypa
MnO
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HanpaBJeHUsIMU CHHMHOB 00pAa3ylOT NBe BCTaBJeEHHble APYT B JIpyra KyoOu-
YeCKHUe PEeLIETKHU.

BrickazaHHoe Heejem mpennoJsioxkeHue 0 HaJWYHMU B aHTHU(eppoMarHe-
TUKaX YIOPSLOYEHHOTO COCTOAHHSA C aHTHUIAPaJJeJbHBIM PaCIOJOKEeHHEM
CIIMHOB OBbLIO TPYAHO IMOATBEPAUTb 3IKCIEPHMEHTAJNbHO [0 MPUJ0KEHHUS
K HMCCJIENOBAHHIO 3TOTO BONpOca AUPPAKIUU HEUTPOHOB.

Meton nudpakiiid HEUTPOHOB B CBOEH OCHOBe MOA0OEH PEeHTIeHOBCKO-
MYy MeTOHy OMNpeleJieHUs] CTPYKTYpPbl KpUcTaaoB. Judpakiuus HeATPOHOB
00yCJ/IOBJIeHA MX KOT€PEeHTHBIM PAacCesiHHeM Ha fiipaxX W 3JeKTPOHHOH 0060-
Jodke atoMma. [Ipn Maneix yriax paccesHus 3(p(heKTUBHOe CedeHHe pacce-
SIHUS1 3JIEKTPOHHOHW O0OOJIOYKH OKAa3blBaeTCs TOTO 2Ke MOpsiiKa BEeJHYHHBI,
4YTO M CeUYeHHe pacCesHHs Ha fApax aTOMOB, U, KpOMe TOrO, paccesHHe
Ha 000JI0YKe 3aBHCHUT OT B3aUMHOM OpPHUEHTALIMM €€ MAarHUTHOTO MOMEHTa
U MJIOCKOCTH pacCesiHUs.

B Tex cayuasx, Korna pa3Mep MarHUTHOW SiYeMKU He COBMANAeT C pas-
MEpPOM XHMHYECKOW, HAa HEHUTPOHOrpaMMe IOSIBJSKTCSA HOMNOJHUTEJIbHbIE
JIMHWH, OTBedalllle yNopsA04YeHHOMY COCTOSIHHIO CIHUHOB. Ecan pasmepsl
A4eeK COBIAAAIOT, JOMNOJHUTEJbHbIE JUHUM HEe MOSABJSIOTCH, HO MHTEHCHUB-
HOCTb JIMHHH, OTBEYAIOLIHUX PACCESAHUIO MOJ MaJbIMH yIVIAMH, 3aBUCHUT OT
XapakTepa yrnopsiioueHus CIUHOB. TakuMm 06pa3om ObIJIO JOKA3aHO HAJHU4YHe
AHTHIIAPaJJIEJIbHOTO PACIOJNOKEHUSI CMIUHOB B aHTH(eppoMarHeTuKax. dTOT
MeTo[, OOHApyKeHHSI aHTU(EePPOMArHUTHOTO COCTOSIHHUSI OKasaJ/Csl B psle
cjay4yaeB 0oJjiee YyBCTBUTEJbHBIM, YeM HENOCPEACTBEHHBIM MAarHUTHBIH.

Tabauma 9.1
sencran | 0w K | 4,k | Kcraamecsan | Tpemspuectvsic
Sm 15
Tu 50
Mn 100
Cr 420
MnO 1122 610 NaCl [100]
FeO 198 570 NaCl [100]
CoO 291 280 NaCl [100]
MnS 165 528 NaCl
CrSb 700 NiAs
MnOs, 92 Pytua c
aFes O3 950 2000 [ekcar
FeCO3 57 14 [ekcar c
MnFy 72 113 PyTtun a, 8
FeCly 24 —48
VCls 30 30
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Kakue xe BemrectBa 06aanaiT aHTHdeppoMarHetuamom? OH oOHapy-
’KeH Y MHOTHX pelKO3eMeJbHbIX 3JEeMEHTOB, HO y OOJIbIIMHCTBA H3 HHX
HabJonaeTcsl TakXke M (peppomarHeTu3Mm. B ductom Buae aHTH(]eppomar-
HUTHble cBodcTBa UMeloT Ce, Nd, Sm u Tu. M3 mepexomHbIX 3/eMEeHTOB
C HeIOCTPOeHHOH d-000JI0YKOH K HACTOsIlEMY BpeMeHU aHTH(eppoMarHe-
TH3M yCTaHOBJIEH JIMIIb y MapraHila U Xpoma, NMpu4éM y xpoma 3¢h(eKTHB-
HbIi MOMEHT, YUaCTBYIOIIUK B YIOPSIIOUEHHH, MaJ U TOUKA BO3HUKHOBEHHS
AHTH(EPPOMATrHUTHOTO YIMOPSA0YHBAHUSI OTMedaeTcsl TOJAbKO HEeHTpPOHOrpa-
(hrueckH.

3HauuTeNbHO 6o0Jiee OTUYETIMBBHIMH AHTH(EPPOMArHUTHBIMH CBOHCTBA-
MU o0JiafiaeT psifi MPOCTEUIINX COeNHHEHHWH MepeXOAHbIX 3JEMEHTOB THIa
OKMCJIOB, XJIOPUMIOB, CY/Ab(MHUA0B, KApOOHATOB U T. A. B Tabus. 9.1 npuBeaeHsl
JIaHHbIE O CBOMCTBAaX HEKOTOPHIX aHTH(eppOMarHeTHKOB.

Kak BuaHO m3 Tabauibl, Bxoasuas B (9.1) BesuunHa A CylLIeCTBEHHO
OTJINYHA 0T O,f; TakuM 06pasom, popmyaa (9.1) cnpaBenyvBa JHIIb BAAJIH
OT TeMIlepaTyphl Iepexosa.

Temnepatypsl nepexona B aHTH(ePPOMAarHuTHOE COCTOSIHUE — TOpPsiiKa
10? = 10° K. CnenoBaTesbHO, KaK U B caydae (peppOMarHeTHKOB, HEOOXO-
IUMasi SHeprust B3aUMOJEHUCTBUSI He MOXKET SIBJSITbCS CJEACTBHEM MarHUT-
HBbIX CHJI; OHAa NOJKHA ObIThb CBSI3aHA C 3JEKTPUUECKUM B3aUMOIEHCTBHEM.
EcTecTBEeHHO MPEANOJOXKHTb, YTO aHTH(PEPPOMArHUTHOE COCTOsSIHHE 00si3a-
HO CBOMM CYILEeCTBOBaHHEM OOMEHHOMY B3aHMOIEHCTBHIO, HO OOMEHHBIH
MHTErpaJsl B 3TOM cJydae oTpuuareseH. Kpucranaudueckasi cTpyKTypa 00Jb-
IIMHCTBA aHTU(EPPOMArHeTHKOB TAKOBA, UTO MOHBI MEePEXOAHBIX MeTaJJoB
He HaXOoAsITCsl B HermocpeAcTBeHHOM coceacTBe. [loaToMy oOMeHHOE B3auMO-
NeUCTBHUE OCYIIECTBJSAETCS KOCBEHHO, MOCPEACTBOM MPOMEKYTOUHOTO HOHA

(M. §9.2).

§ 9.2. ®eppumarHeTuku

BrniepBble peppoMarHuTHblE CBOUCTBA OblIM OOHAPYXKEHbl Y MarHeTHTa
(Fe3Oy4), 13 KOTOPOTO MEJAI0T MOCTOSIHHbIE MarHUTh. PeppoMarHuTeH Tak-
e psifl COeNUHEHWH, MOAOOHBIX MArHeTUTy U UMeIIHUX 001yl (hopMyay
MeOFesOg3, rne Me — WOH ABYXBaJeHTHOTO MeTaJjjia, HalpUMep Mg2+,
Ni**, Mn?" u 1. 1. (B cayuae maruetura 310 Fe?t). Takue coennHeHust Ho-
cAT Ha3BaHue (pepputoB. HekoTopnle us depputon, Hanpumep ZnOFesOs,
He (peppOMarHUTHBLI.

Pa3BrTHe BBICOKOUACTOTHOM TEXHHWKU TMPHUBJEKJIO BHUMaHUE K HeMme-
TaJJUuecKUM (eppoMarHeTHKaM, Y KOTOPBIX MPaKTUUYECKH OTCYTCTBYIOT
notepu Ha TokH Pyko. [lo CBOMM 3/eKTpHUYeCKHUM CBOHCTBAM (heppPHUTHI
OTHOCSITCS1 K KJlacCy MOJYTPOBOAHHKOB.

OTKpbITHE MeTONA MOCTHXKEHUSI OO0JbIION HadaJbHOHW MPOHHILAEMOCTH
(GbeppUTOB MyTEM MOJYYEHHS] CMEIIAHHBIX KPHCTaJNJ0B U3 (heppoOMarHuT-
HbIX U He()epPOMArHUTHOTO LMUHKOBOTO (PEPPUTOB MPHUBEJIO K HUX LIHPOKO-
MY MPaKTUYECKOMY MPUMEHEHUIO W PACUIMPEHUI0 HAyUHbIX HCCJEIOBAHUHU.
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B pesysbTaTe OblJ10 0OHAPY>KEHO MHOTO (DEPPOMATHHUTHBIX HOHHBIX COEIU-
HeHUH, TaK 4TO K HACTOSIEMY BPEMEHM UHCJIO U3BECTHBIX HeMeTaJJuue-
CKUX (peppPOMArHeTUKOB CYIIECTBEHHO TPEBBIIIAET YUCJI0 (hepPOMArHUTHBIX
MeTaJlJIoB.

MaruuTHble CBOMCTBAa BCeX HeMeTasJJHuecKUX (heppoMarHeTHKOB CBS-
3aHbl C TIPUCYTCTBHEM B MX COCTaBe HOHOB IEPEXOAHBIX 3JeMeHTOB. Ka-
3a/0cb Obl, U B WX CJy4yae He JMOJKHO CYIIeCTBOBATb OTJAHYHS OT CXEMBbI
o6pa3oBaHusi (HDepPOMATHUTHOTO COCTOSIHHS, paccMoTpeHHOH B 1. 8. On-
HAaKO U3ydeHHe KPUCTANJUUEeCKOH CTPYKTYPbl 3THX BEIIECTB U Pe3yJbTaThl
MCCJIeIOBAHHUSI MAarHUTHBIX CBOUCTB TOKAa3bIBAIOT, UTO (DEPPOMArHUTHOE CO-
CTOSIHUE Y HUX UMeeT 0oJiee CJAOXKHYIO CTPYKTYPY.

Ha puc. 9.4 npuBeneHa saBucuMoCTb I, OT TeMmmepaTypbl AJs ABYX TH-
MoB (DEPPUTOB U TUIHUHAS 3aBUCUMOCTh | /3¢ o1 T mpu TemmepaTypax Bbillie
Toukd Kiopu. BupHo, 4To 3aBuCH-
MOCTb BOCIIPHUMUYMBOCTH OT TeMIle-
paTypbl He oTBeuyaeT 3akoHy Kriopn-—
Beiicca. BmecTo npsiMod mnoJydaer-
csl KpuBasi, 0JiM3Kasi K runepbosinye-
CKOH.

Eumgé OoJee peskue OTKJOHEHHUS
| HabMONAIOTCT B TeMIepaTypHOH 3a-
>  BHCHMOCTM HaMarHU4YeHHOCTH HaChl-
7/0 1eHusi. B HEKOTOpBIX caydyasx umeer
MecTO pnaxe oOpaileHue [, B HYJb
MpU TeMIepaType HUXKe TeMIlepaTyphl
Kiopu (puc. 9.4). Takasa Touka, mo
MPUYHHAM, KOTOpble OYAYT pasbsicHe-
Hbl HHXKe, Ha3bIBaeTCs TOUKOH KOM-
neHcauuu. XoOTs TOUKM KOMIIEHCALMU HaOJIOIA0TCs [Jsi CPAaBHUTEJb-
HO HeOOJIBLIOTO YHCJA BelleCTB, HOpMaJjbHas 3aBucumoctb Ig = f(T)
(cM. puc. 8.5) BcTpedaeTcst OueHb PEIKO.

Kpome Toro, tpebyeT 00bsCHEHHs MaJoe 3HAaUeHUe HaMarHW4eHHOCTHU
HaChIllleHUs] Y BceX (peppOMarHUTHBIX coefnuHeHWH. Hampumep, 3kcTtparno-
aupoBaHHasi K 0 K HamarHuueHHOCTb HachilleHusi marHetuta Iy = 520 T'c,
4TO MAET MAarHUTHBI MOMEHT B pacuéTe Ha OfIMH aTOM XKeJqe3a iy = 1,36up.
C npyro#l CTOpOHbI, CIMHOBbIH MAarHUTHBI MOMEHT TPEXBAJIEHTHBIX HOHOB
Xene3a — dlup, a IBYXBaJeHTHHX — 4up (cMm. Taba. 4.2), Tak 4To cpenHee
3HaYeHHWe MarHUTHOTO MOMEHTa JOJIKHO ObITb GOJIblle YeThIPEX UR.

OO0ObsicHeHHe Tepeurc/IeHHbIX (akToB Obly0 npeasnoxeHo Heemem [149].
Teopuss Heensa siBnsercss peHomeHosorudeckod. OHa mpencTassieT coO0U
0000111eHHe TeOpHH MOJIeKYyasipHOTO mnoJssi Belicca Ha caydall cl0XKHOH cH-
CTeMbl U3 HECKOJIbKUX COPTOB aToMOB. PaccmoTpuM uaeu Teopuu Heens Ha
npruMepe (PEPPUTOB, KPUCTAJJIHUIYIOUIMXCA B KyOUUeCKolW cHcTeMe MOA0OHO
MarHeTuTy. HMoHbl Kucjopona, ropasno 0OoJsiee KpyrHble, 4eM HOHbI Me-
TaJIJIOB, 00PA3yIOT IPAHELEHTPUPOBAHHYIO PELIETKY C MJOTHOH YMAaKOBKOH.
OnHa suelka TakoH pelIeTKH ToKa3aHa Ha puc. 9.5,a. B mpomexyTkax

A 1
»

N [

Puc. 9.4. 3aBucuMOCTb HaMarHu4yeH-

HOCTH HACBII[EHHUS W TMapaMarHUTHOH

BOCTIPHUMYHUBOCTH (DEPPUTOB OT TEM-
nepaTyphl
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MeXJy MOHAMH KHCJOPOAAa — MeXJOY3JHUSIX — pacloJiaraloTcss UOHbI Me-
Tajaa. DTH MeXI0y3JUsl pa3bUBaIOTCS Ha ABa THUMA: TeTpadApHuecKHe, UiH
Tuna A, OKpy»XEHHble 4eThIpbMsI aTOMaMH KHCJOPOJAa, U OKTa3ApHYecKHe,
WM THNA B, OKpy:KEHHbIE 1IeCTbl0 aTOMaMH KHcJopoaa. PacrosoxeHue
MEXJIOY3JIMH MOoKa3aHo Ha puc. 9.9, 6.
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Puc. 9.5. Cxema KpUCTaIIUUECKOH STUEHKH (eppHUTa

Mexnoysnus Thna A oTMeuyeHbl Ha PUCYHKe KpecTHKOM. Bcero takux
MEXI0Y3JUH BOCEMb, M OHM pacroJaratrTcsi mo yrjam kyba ¢ pebpowm,
BIBOE MEHbIIIMM, 4eM y OCHOBHOro. HeTpynHO BHIETb, UTO OHU OKPY2KEHbI
4eThIPpbMSI aTOMaMM KHCJOPOAA; NEHUCTBUTEJbHO, OJMKAUIIMMU COCENSIMH
MeX10y3Jus1 3 BASIOTCS HOHBI KucJjaopona I, 2, 3, 4.

Mexnoysaus thna B oTMedeHbl TpeyroJbHHKamMu. OmHO M3 HHUX ()
pacrnoJsiokeHo B lLieHTpe KyOa, ocTajibHble — Ha cepeiuHax pébdep. Bcero
TaKUX MEeXIOY3JHH B KyOe deTbipe (CJAeIyeT YUMUTBIBATb, UYTO KaxKao0e
MeXJI0y3JiMe Ha cepelrHaxX pebep MPUHAAJEKHUT cpasy YeTbIpEM suelKam;
TakuM o0pa3oM, ABeHaAllaTb MeCT Ha pébpax MAalT JHIIb TPH MecTa
B pacuéTe Ha ONHY SIUEHKY).

CaenoBaTesibHO, UMeeTCsl [BeHaAllaTh MeCT AJis HOHOB MeTaJia. MoHoB
MeTaJ/lJla BCEro TPH, TaK UTO 3aHSTHI JHIIb HEKOTOPbIE MEXI0Y3JIHS.

Bce nByxBaseHTHble HOHbI xese3a (Fe?t) B pewérke FegO4 pacmoio-
»KeHbl OJJMHAKOBO B IO3HMLUMM THNA B, Hampumep B Touke « (puc. 9.5, 6).
TpéxBasnenTHsle HoHbl Fe’t pacrpegeseHbl MOPOBHY MeMKIy IOJIOKEHUSI-
mMu A u B, HanpuMmep pacroJiokeHbl B Toukax o U (3. [lonHasi anemeHTapHas
siyelKa MaTHeTHTa COCTOUT H3 BOCbMH Ky6oB (puc.9.5,8) M COAEPNKHUT
BoceMb MoJsieKyJa FezOy.

[To npenmnosioxenuto HeeJisi, HoHBI Fe’t B y3Jax A UMeT MOMeHT, Ha-
[IpaBJeHHBIH IPOTHB MOMeHTa HOHOB Fe’™ B yanax B, m03ToMy uX 06uil
MOMEHT paBeH Hysmo. [Ipuxomsuiuiicss Ha MOMeKy.1y onuH HoH Fe’' paér
YyeTbipe MarHeTOoHa bopa, Tak 4UTO B I1eJIOM Ha aTOM »KeJjie3a MPUXOAUTCS
fip = 4/3up; 9170 3HaueHHe GJIM3KO K 3KCIepuMeHTanbHoMY (o = 1,36).

C TOUKM 3peHUs] TeOpUH OOMEHHOTO B3aWMOJEHCTBHUSI aHTHIApaJJesb-
HOe HampaBJieHHe COCEIHUX CIHHOB O3HauaeT, 4TO OOMEHHBbIH HHTerpas
oTpulatesneH. BBeneHne o6OMEHHOTO B3aMMONEHUCTBUSI B TEOPHIO (DEPPUTOB
3aTPYAHSIETCS] TeM, YTO 3JEKTPOHBI MeTa/JIMdeCKHX MOHOB HE MOTYT HEIo-
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CpeNCTBEHHO B3aUMOJIEHCTBOBATD, MOCKOJAbKY OHH OTHAeJNeHbl APYT OT ApyTra
3JeKTPOHHBIMH 000JI0UKAMU MOHOB KHCJOPOAA.

B pesysbraTe npuilioch paspaboTaTh TEOPHUI0 KOCBEHHOrO OOMeHa,
MpU KOTOPOM OOMeHHOe B3aWMOJAEHCTBHE OCYIIECTBJSETCS MMOCPENCTBOM
3JIEKTPOHHOU 000JIOUKU aHUOHA, JIeXKallero MexX1y B3auMOJIeHCTBYOUIUMU
kaTuoHamu. [lpu 3ToMm, B CBSI3H C BBITSIHYTOH (POPMOH 3JIEKTPOHHOI'O 00-
JJaKa B P-COCTOSIHUM, KOCBEHHBIH OOMEH MOXKET MPOUCXOAUTH TOJbKO IPH
pacIoIOXKEHUH HOHOB Ha OfHOH mpsiMou (puc. 9.6).

Puc. 9.6. Cxema KOCBEeHHOr0 0OMEHHOr0 B3aUMOAEHCTBUSA

B cBSI3U C TeMm, 4TO KATHOHbI PACIOJIOXKEHbl B y3Jax JABYX COPTOB,
B3aMMOAEHCTBHE ONpeNeNsieTCsl TpeMs HHTerpasamMmu ooMeHa: Aqp, App, Aga.
[lepBBId M3 HHUX OTHOCHUTCSI K NBYM COCEIHHM HOHAM, OIWH U3 KOTOPBIX
pacroJioXkeH B y3Je A, a npyrod — B y3je B. Ecin oOMeHHBIH HHTerpaJg
Agp OTpHIIATENIEH M CYUIeCTBEHHO Ooublie Ag,q M App, TO, HE3aBHCHMO
OT 3HAKa MOCJeNHHUX, CIUHBI B y3Jax A u B ycTaHaBJIMBAIOTCS aHTH-
napaJjjenbHo. Takoe B3aWMOJEUCTBUE HA3bIBAIOT AHTHU(EPPOMATHUTHBIM.
Ecau mpu 3TOM MarHMTHble MOMEHTBI MJIM YHCJO aTOMOB B y3jax A u B
He OIUHAKOBBI, TO TeJO OyleT WMeTb HEKOTOPbIH CyMMapHbIH MarHHUTHBIU
MOMEHT, CYILIEeCTBEHHO MeHbIIHWH, YeM MATHHUTHbIM MOMEHT KaXJIO0W U3 TOJ-
pemétok. [lono6Haa cutyauusi, BUIUMO, CBOUCTBEHHA BCEM HeMeTaJssuye-
cKuUM (eppomarHeTukam. [[o3ToMy HMX Ha3bIBalOT HECKOMIIEHCUPOBAHHBIMU
aHTtudeppoMarHeTukamu. B mocsenHee BpeMsi 4acTo ynoTpeOJsiOT TEPMUH
«(peppHUMarHeTU3M» .

CnoxHasi KoHpUrypauusi 0OMEHHOro B3aWMOAEHCTBHS TPHUBOAUT K
CJIOXKHOW 3aBUCHMOCTH HAMAarHWYeHHOCTU HACBIIIEHHUS OT TEMIePaTyphl.

HelicTBUTEIbHO, 0OMEHHOE B3aUMOAEHUCTBHE IJis noapewéTok A u B
HEOJMHAKOBO, TMO3TOMY MX HaMarHWYeHHOCTb HACHIIIEHHS PasHbIM 00pa-
30M 3aBUCHUT OT TeMIepaTypbl. BcrencTBue 3TOro pPasHOCTb MAarHUTHBIX
MOMEHTOB MOXKeT KaK yMEHbIIATbCsl, TAK U YBEJUUYUBATHCH C POCTOM TeM-
nepaTypbl; B 4YaCTHOCTH, B HEKOTOPOM TOYKE MATHHUTHbIE MOMEHTBl MOTYT
CPaBHATbHCS M CYMMapHbId MOMEHT OOpaTUTCSi B HyJb. [akuM o06pa3om
O0OBSICHSIETCSI TOUKA KOMIIEHCAIlHH.

Heenb npoaHanusupoBas BO3MOXKHbBIE BUIbI 3aBUCUMOCTH [ OT Temie-
patypbl. OHU mpuBenaeHbl Ha puc. 9.7.

Bripouem, U3 TpeTbero 3aKoHa TEPMOAMHAMUKH CJENyeT, YTO KacaTeJb-
Hast K KpuBo# Is = f(T) npu O K mosxHa ObITh TOPH30HTAJbHOM.

CJ/I0’KHBIM XapaKTepOM B3aWMONEUCTBUSI OOBSCHSETCS W aHOMAaJbHBIH
XOfl KPUBBIX BOCIPHHMUYMBOCTU Bbillle ToukU Kropu. Teopusi mospoJisger
paccunTath (POPMY ITUX KPUBBIX.
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Puc. 9.7. BoaMoxXHble (hOpMBI TeMNepaTypHOH 3aBHUCUMOCTH HaMarHH4eHHOCTH Ha-
coileHust gepputos no Heeuro

[To Heesto, BOCIpUUMUYMBOCTD Bhillle TOYKH Kiopu onuceiBaeTcst popmy-
JIOH, natoliedl runepboMUIecKyo 3aBUCUMOCTb 1/ or T

| T 1 o
ot T (9-2)

N _ ) .
rne C = 3% (1) — nocrosinHas Kiopu (I — cpenHHH MarHUTHBIH MOMEHT

aTOMOB (heppHTa); 3y, 0 U A — MOCTOSIHHbIE, ONpeJeaseMble yepe3 Mar-
HUTHblE MOMEHTbI MOAPEIIETOK U UHTerpaJjbl 0OMeHa.

dopmyna (9.2) Xopolio onuchiBaeT 3KCIepUMeHTaNbHble faHHble. C eé
MOMOIILbIO U3 U3MEPEHHUH 3aBUCUMOCTH » OT I’ MOXKHO ONpPENeUTh BeJIUUU-
Hbl UHTETpaJoB oOMeHa. OTMETUM, UTO HEUTpOHOrpaduueckue HaOJOeHUS
MO3BOJIUJM B TMOCJeHEE BPeMS TOATBEPAHUTh Ha/luuue B (peppuUTax aHTHMA-
paJijieJibHOW OpUEHTallMK CIIHMHOB B MOJAPelIETKaX. TakuM oOpa3om, Teopus
Heensa xopoiiio oObsicHsieT 3KcnepuMeHTasbHble (PakThl. OQHAKO MOMBITKU
eé cTpororo 060CHOBAHHUS MOKA He JaJH OKOHYATEJbHOrO pe3yJibTaTa.

[IpocTeiilias Momenb aHTU(DEPPOMAaTHETHKOB H (eppUMarHeTUKOB C
NIBYMSI TOAPEIIETKAMH C TMPOTHUBONOJOXKHBIMHA HamMpaBJeHHUSIMH MOMEHTOB
NPUroHA JIUIIb AJS1 NPOCTEHIIHMX CTPYKTyp. B Oosee cloXKHBIX c/aydasx
MPUXOAUTCS BBOAUTH OO0JbIIOE YHUCJIO MOAPELIETOK, a UX MOMEHTHl WHOTAA
00pasyloT TPeyroJibHYI0 CTPYKTYPY.

B nocnenHee BpeMms HaiileHa Tak Ha3biBaeMasi CliMpaJibHas TeJIMKOU-
[aJbHasl CTPYKTypa aHTHU(PeppPOMArHUTHOrO yHopsiaio4yeHus. B aToMm cayuae
B KaxKJ0M COCeHEeH siueMKe MAarHUTHbIA MOMEHT MOBOPAYUBAETCS HA HEKO-
TOPbIH YTOJl MO CPaBHEHHIO C TMpeAbIAylled, TaK 4TO B 1€JI0M MarHUTHBIH
MOMEHT PaBeH HYJIO.

B HekoTOpBIX cjayudasgx KpucTajjaorpaduyeckass CUMMETPHS PELIETKU
NPUBOJHUT K 3alpeTy TOYHOW aHTUINApaJJ/eJbHOH OpUeHTAllMK CIIMHOB. B pe-
3yJibTaTe OHW YyCTAHABJAUBAIOTCS MOJ HEOOJbIIMM yIJOM APYT K APYTY.



126 2. 9. Aumugpeppomacremusm u geppumacHemusm

DTO MPUBOAMUT K MOSIBJEHHUIO TaK HasbiBaeMOro cJjaboro ¢peppoMarHeTH3Ma
¢ MarHuTHbeIM MoMmeHToM nopsinka 0,0lup Ha atom. IlogoGHoe sBAeHUHEe
OTYETIHBO MPOCJEKHUBAETCd Y HEKOTOPbIX KapboHaTtoB MeTasios (MnCOsg,
CoCO3). MOXHO NpPEeNNoJNOXKUTb, YTO UM OOYCJOBJEHBl cJjeabl (heppo-
MarHMTHBIX CBOWCTB B aHTU(EPPOMarHUTHOM COCTOSIHHM. TeopeTHueckoe
0ObsICHEHHE 3TOr0 JIOONBITHOTO sABJAeHUS OblIo npensoxeHo M. E. [13s0-
IKUHCKUM [115].

XOTS caMH aHTH(epPOMarHeTHKU He HMEIT MPaKTHYECKOro NMpUMeHe-
HHUS, SKCIIEPUMEHTaJ/JbHOE W TeOpeTHUeCKOe M3ydeHHe UX CBOWCTB CYlle-
CTBEHHO M C MPaKTHYECKOH TOUYKH 3PEHHS, MOCKOJbKY OOJbIIOE YHCJIO, ec-
JU NaxKe He OOJbIINHCTBO (hepPOMArHETHKOB, OKA3blBAETCS, MPUHAAJEKUT
K KJIaCcCy HECKOMIIEHCHPOBAHHBIX aHTH(EePPOMarHeTHKOB.

[Ipu paccMoTpeHHH BOMpOca O BOSHHUKHOBEHUH YIOPSIIOYEHHOI'O COCTOSI-
HUS B (peppoMarHeTHKax ¢ BbICOKOU TemIepaTypol Kiopu Mbl ipeHebperanu
MarHMTHbIM B3aWMOJAEHUCTBUEM KaK MaJblM [0 CPaBHEHHIO ¢ OOMEHHBIM
sJieKTpocTaTuyecKuM. OnHAKO MPU pacCMOTPEHUH BOIMPOCOB O JOMEHHOH
CTPYKTYpe peppoMarHeTUKOB, (hopMe KPUBOW TEXHUUYECKOI0 HaMarHu4HBa-
HHUSI, MATHUTOCTPUKUMU W T. . MAaTHUTHAsI HEPTrHsl B3aUMOAEHUCTBHUS HauH-
HaeT UTPaTh CYLIECTBEHHYIO POJb.

B cBSI3K ¢ 3TUM B CJAeAYIOIIMX TJlaBaX Kpome 0OMeHHOH OyneT paccMOT-
peH W psifi APYTHX BUAOB 3HePruu (heppoOMarHeTHKOB M aHTH(eppoMarHe-
THKOB.



[m1aBa 10
YHEPITUA PEPPOMATHUTHOIO COCTOdHUA

§ 10.1. XapakTepuCTUKU TEXHUUECKOU KPUBOU
HaMarHM4MBaHUA

[Ipexxne yeM nepedTH K pPACCMOTPEHHIO PA3JUYHBIX BHUJAOB 3HEPrHHU
(beppOMarHUTHOTO COCTOSIHUSI, PACCMOTPHUM MNoApoOHee MarHWTHbIE Xapak-
TEPUCTHKH.

KpyTu3Ha KpUBOH HaMarHWYMBaHUSI MpPH 3aJaHHOM I10JIe HOCUT Ha3Ba-
HUe auddepeHIInaJibHOH MarHUTHOH BOCIPUUMYHUBOCTH W HaXOAWUTCS IO
MPOU3BOAHON 3¢y = dI/dH. Tlpy MarHUTHOM MoJie, CTPEMSIIIEMCS K HYJIIO,
nuddepeHiinasbHass MarHUTHasE BOCIIPUUMYHBOCTh HA3blBAaeTCs HadaJbHOH
MarHUTHOU BOCIIPHUMYMBOCTHIO U 0003HAUYaeTCsl (. 1ak HasbiBaemasi Mak-
CHMaJibHasi MarHUTHAasE BOCIPUUMYHUBOCTb 0003HAUAETCS Mpax = (I/H)maX
(cM. puc. 7.3.)

HamaruuyeHHoCTh (peppoMarHeTHKa Mpu UHUKJIWUYECKOM HU3MeHeHWH Ha-
MarHU4YHMBaIIero noJst uaMeHsiercss Heoopatumo. Kpusas I = f(H) omnu-
ChIBaeT MeTyio ructepesrca (cm. puc. 7.4). Eciu B HeKOTOpOM He6GOJIbIIOM
UHTepBaJe mnosed or H; no Hy u3MeHSTb MoJjie B NPSIMOM M 0OOpPaTHOM
HalpaBJeHUSIX, IOJyYaeTCsl YaCTHBIM THcTepe3ucHbld uka (puc. 10.1). OT-
HOLLIEHHEe I[I0JIHOIO M3MeHeHMs] HamMarHudeHHocTH Io — Iy = Al Ha uyacrt-
HOM THCTEPE3HCHOM IIMKJEe K TMOJHOMY H3MEHEHHIO MAarHUTHOIO TOJs
Hy — H; = AH HasbiBaeTcs cpeHeld BOCIPUUMYHBOCTBIO Ha YaCTHOM ITHK-
Je U BBIPAXKAeTCsl KaK Mcpey = AI/AH. JupdepeHunanpHasi BOCIPHUM-
YUBOCTb OOBIYHO OO0Jbllle, YeM CpeAHsiss BOCIPUHMMUYMBOCTb Ha YaCTHOM
LIUKJIE.

Kak yxxe oTmeuasoch, B PU3HKe, U 0COOEHHO B TeXHHKE, BMECTO HaMar-
HUYEHHOCTH YacTO HCMOJb3yeTCsd Apyras XapaKTepUCTHKA — MarHUTHas
UHAYKLUs. COOTBETCTBEHHO BMECTO MAarHUTHOH BOCIPUHMUYHMBOCTH IpUMe-
HsIeTCSI MarHUTHas MPOHHUIIAeMOCTb. DTH XapPaKTEPUCTHKH CBSI3aHbl MEXY
c0O0H COOTHOIIEHUSIMHU

B=H+4rI, p=1+4nsn.

AHajorugHo ToMy, Kak Ha mnetrye rucTepesuca ([, H) BbAeJSIOTCS
OCTaTOYHasi HaMarHHYeHHOCTb [, M KO3pLUMTHBHasg cuaa H.;, Ha meTse
ructepesuca (B, H) ciemyeT OTMETHTb OCTATOYHYIO MAarHUTHYIO HHIYK-
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ApI| B, 10°T¢
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I{d ch’ -
J; H,10°3
a2 L 2 4
L9
: : - :
U8 H, H
Puc. 10.1. YacTHBIH THUCTe- Puc. 10.2. KpuBble HaMarHu4duBa-
PE3UCHBIH TIHKJI nust (4nl, H) u (B, H) niaTHHOKO-

0aJ/JbTOBOT0O CIlJiaBa

Mo B, ¥ Ko3puuTuBHylo cuiy H.p. Ilpu paBeHCcTBe HyJ/l0 HaMarHU4eH-
HOCTH M MarHUTHOW WHAYKIIMH COOTBETCTBYIOIUIHE KOIPIUTHBHBIE CUJBI He
paBHbl Mexay coOoi. [[o3ToMy KOIPUUTHBHYIO CUJY [Jis TEPBOro caydas
o6o3HauaoT Kak H.r, a nns Btoporo caydas — Kak H.p. Ilpu HesHa-
yuTeJbHOM pasauuyun H.r u H.p O6yneM 0603HauaTh KO3PIHUTUBHYIO CHJY
kKak H.. U3 cootHotienuss B = H + 4xl cnenyet, uto |H.;| > |H.p|. He#-
ctBUTesibHO, Tipu [ = 0 B = —H.7, T.e. MarHUTHAs HHAYKUUS yKe HMeeT
oTpullaTesbHoe 3HadeHHe. Ha puc. 10.2 npuBeneHa 4acTb TMCTEPE3UCHOTO
IIMKJa — KpUBas pa3MarHWUMUBaHHUS MJis BbICOKOKO3PUHWTUBHOIO MJIATHHO-
kKobasabToBOoro cmiasa (77 % Pt, 23% Co). Tounee, Ha HEM H300parKeHbI
nBe kpuBble — (B, H) u (4wl, H). Ilocnenusia B3sita Bmecto (I, H)
IJiS1 COXpaHEeHHsI ONMHAaKOBbIX MaciiTaboB. Kak BHOHO W3 pUCYHKA, TpH
noJsie, paBHoM H.;, HHAYKUHSI B WMeeT OTpHIlATe/ibHOE 3HAUeHHe, a MpH
noJje, paBHOM H.p, HaMarHUUYEHHOCTb ellE TMOJIOXKHTeNbHA. TepMHHOJO-
THsl, TIPUMeHsieMasi AJisT MarHUTHOH TPOHHIaeMOCTH (auddepeHna bHas
MarHUTHasi TIPOHHUIIAEMOCTb [i4;, HAauaJbHasi MAarHUTHAasl MMPOHUILAEMOCTD [ig,
T.e. nuddepeHiiHansbHasg MaTHUTHAs TPOHUIAEMOCTh TPH TOJie, PAaBHOM
HYJI10; MaKCHMaJbHasi MArHUTHAS] IPOHUIAEMOCTD [y, ; CPEIHSIST MarHUTHAs
IPOHHIIAEMOCTb HAa YACTHOM ILIHKJE [lcpes), COOTBETCTBYET MPUHSITOH /s
MarHUTHOH BOCTIPUMMYHBOCTH.

Heo6xonuMo mogqyepKHYTh, UTO BEJHYHHbBI OCTATOYHOH HaMaTHUUYEHHO-
cTh [y, KO3PUUTHUBHON cuJibl H. U MarHUTHOH BOCIPHHMUYMUBOCTH 3 CY-
IIECTBEHHO 3aBUCSIT OT XapakTepa 00pabOTKU (peppOMarHUTHBIX BelECTB.
Ciozna, B MepBYyI0 ouepellb, OTHOCATCS TepMHUeCKasi U MexaHuueckas obpa-
OOTKH. YKasaHHble MarHWTHbIE CBOMCTBA, 3aBUCSIIHE OT MPeNBapPUTEJbHOH
00pabOTKH, HOCAT HA3BaHHE CTPYKTYPHO-UYBCTBUTEJbHBIX XapaKTEPHUCTHK.
Hcnonb3ysd 3TH XapaKTepPUCTHKH TPU MArHUTHOM aHaJn3e, MOXKHO KOH-
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Puc. 10.3. KpuBble HamarHuuuBaHus o6pasioB nepmasios 70: I — XoJ0QHOMPO-
KaTaHHOTO (TP KOMHATHOH TeMmepaType); 2 — OTOXKEHHOTO U MEJIJEeHHO OXJa-
XKAEHHOTO; 3 — OTOXKEHHOTO U OBICTPO OXJAXKAEHHOTO

TPOJMPOBATh KauecTBO 00paboTKu MmaTepuaa. Ha puc. 10.3 npomemoHn-
CTPUPOBAHO BJIMSIHHE MeXaHWYeCKOW W TepMHUuyeckoil 00pabOTOK Ha BUI
KPUBOH HaMarHHYMBaHMs cIrJjaBa, cocrosinero U3 70% nukens u 30 %
X)ese3a (3TOT CMJaB HasbiBaeTcs Iepmal-
jgou 70). Kak BHUAHO M3 pHUCYHKa, XOJIOAHAs H, 3
MPOKATKa CUJbHO CHHKAET MAarHUTHYIO WHIYK-
1Mo, OCOOEHHO TMpH MaJblX MOJSIX, M0 CpPaB-
HEHHUIO C TaKHWM »Ke CIJaBOM, MPOLIeALNM OT-
x)ur. M3 puc. 10.4 BugHO, uTO mpH medopma-
IIMH yAJUHeHUs: 00pa3loB HUKeJs KO3IPLUHUTUB-
Has cu/ia cyulecTBeHHO pacTét. [lpu yanaune-
HUHU Ha 7 % oHa Bospactaet ¢ 1,8 mo 16 3.

3ajauell TeOpUH TEXHUUECKOTO HaMarHu-
YUBaHUSl sABJseTC OObSICHEHHE 3aBUCHUMOCTH
(OpMBI KDUBOW HAMArHUYUBAHUS U TUCTEPE3UC-
HOHW MeT/JH OT BHYTPEHHUX CBOHCTB (peppomar-
HeTHKa U BHELIHUX Bo3felcTBUU. [lsis eé pelie-
HUS HeoOXOAHMO PAacCMOTPETb OCHOBHbBIE THIIbI
SHEPruu B3aHMMOJLEUCTBHS, KOTOpPble B MEPBOM
NPpUOJNHKEHUU ONPENesIOT MAarHUTHOE COCTOSI-
HUe (peppoMarHeTHKa: , | '

1) s;mekTpocTaTUUECKYI0 HEPTHIO OOMEHHO- 0 2 4 6
rO B3aUMOJEHUCTBUS;

2) 3HEepPrHI0 eCTeCTBEHHOM, WM KpucTamao-  Puc. 104, Bausguue ne-
rpapuyeckKor, MarHUTHOW aHU3O0TPOIUH; (opManuu yATHHEHHS HH-

3) 3HEPruI0 MarHUTOYNPYroi aHu3oTponuu;  Ho/f Ha €r0 KOSPUHMTHUB-

4) sHepruio heppoMarHeTHKa B IOJIE. HyIo cuiy

VYV munenue, %

5 E.C. BopoBuk # ap.
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DNeKTPOCTaTHUECKAST SHEPTUsi OOMEHHOI'0 B3aUMOAEHCTBHS OMHCHIBAET-
csl ypaBHeHHeM (8.27):

Wo6 = —QZ A@'j(GZ'O'j), (10.1)
ij
UJTN
Wo6 = —22 Az'jO'Q COS ©sj, (102)
ij
rie A;; — oOMeHHBIH MHTerpas IJsl aTOMOB ¢ U j; ©;j — YLOJ Mexay

HalpaBJ/IeHHSIMM HX CIIMHOBBIX MOMEHTOB; ©;, G — BEKTOPbl 2JIeKTPOHHBIX
CIIMHOB aTOMOB ¢ U j B eAHHHUIIaX A.

O6MeHHBIH HMHTerpasn A;; 3aBUCHT OT OTHOLIEHHS MOCTOSHHOH peIléT-
KU a K 3pdektnBHOMYy nuametrpy D d-ypoBHsi. s caydasi MOJ0XKHUTENb-
Horo 3HaueHuss A u3 ypasHenus (10.2) cienyeT, 4T0O MUHUMYMY OOMEHHOH
sHeprud Wos COOTBETCTBYET MapaJJesbHOe PacloJioKeHHWe CIMHHOBBIX MO-
MEHTOB, UeM M 00ycJaBJHBaeTcCss (peppOMarHUTHOE COCTOSIHME BelllecTBa
(cm. 1. 8).

Bun TexHuueckod KPUBOH HAMarHWYUBAaHHUSI 3aBUCHUT He OT BeJUUUHbI
0OMEHHOH HEepPTruH, a OT APYTHX BUJIOB IHEPTUH, K PACCMOTPEHUIO KOTOPBIX
MBI ¥ TIEPEXOJIHM.

§ 10.2. JHeprus ecTeCTBEeHHOH,
WIN KPUCTAJJIOrpapuuecKon,
MarHMTHOA aHU3OTPOINUU

M3 onbiTa M3BeCTHO, YTO HaMaTHUYHMBaHHE BJOJb Pa3JHUIHBIX
KpPUCTAJJIOrpapUUeCKUX  HampaBJEeHUH  OCYIIECTBJSETCS  MO-Pa3HOMY.
Ha puc. 10.5 npuBeneHbl KpHBble HaMaTHUYMBAHHS BAOJb Pa3JHYHBIX
KpUCTaJ/IorpaUuecKUX HampaBJeHHUH /51 »KeJse3a, HUKeJsl U KobaJjbTa.
Kak BUIHO M3 pUCYHKa, y (DeppOMarHeTHKOB eCTb TaKHe HalpaBJ/eHwUs,
BJIOJIb KOTOPBIX HAMarHUUHMBaHHe HACHIIIIEHHUS TOCTHUTAETCS MPH CYIIECTBEH-
HO MEHBIIHX, 4YeM B JIPYTUX HamnpaBJeHusx, noasx. Kpucranmorpapuyeckue
HarpaBJeHHs], BIOJb KOTOPBIX HACBIIIEHUE NOCTUTAeTCs TPU CaMbIX MaJIbiX
MOJISIX, HAa3bIBAIOTCSI HATPABJEHUSIMH JIEFTKOTO HAMArHUYHUBaHMUS.

Y Kesesa, HMeWUIEro CTPYKTYPy OOBEMHO-IIEHTPUPOBAHHOI'O KyoOa
(puc. 10.5, @), HampaBJeHHs JETKOrO HaMarHUUYMBAHHS COBMANAIOT C TPEMS
TeTparoHaJbHbBIMK OCSIMM, T.e. ¢ Hanpasjienusimu [100], [010] u [001]
(pé6pa KybOa). ¥ HHUKess, UMEIOUIEro CTPYKTYPy TpPaHeleHTPHPOBAHHOTO
ky6a (puc.10.5,6), HampaB/jeHHs1 JETKOro HaMaTHUYHMBAaHHSI COBMAAalOT
C YeTbIpbMsl TPUTOHAJbHBIMHM OCSMH, T.€. ¢ HampaBJeHUsMH Tuma [111]
(MpocTpaHCTBEHHBIE AMaroHa u Kyba). ¥ KobajbTa, WMEIOIIEero rekcaro-
HaJbHYIO cTPYKTYypy (puc. 10.5, 8), HanpaBjeHHeM JIErKOro HaMarHH4YWBa-
HHSs1 CJTYKHUT OflHA MeKcaroHaJsibHasi ocb, T. e. HanpaJjeHue [0001]. KpucraJ-
JIbl, UMEIOIlIMe OJHO HaTlpaBJjieHHe JIETKOro HaMarHUYWUBaHWS, HA3bIBAIOTCS
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Puc. 10.5. KpuBble HamMarHuuuBaHUsi (PeppoOMarHUTHBIX MOHOKPHUCTAJIJIOB BLOJb
TJIABHBIX KPUCTAJJIOTpapuyeCcKUX HampaBJIeHUH

MarHHUTHO-OHOOCHBIMH (heppoMarHeTHKaMu. 2Keje30 OTHOCUTCS K MarHMT-
HO-TPEXOCHBIM (peppoMarHeTUKaM, HUKeJb — K MarHUTHO-YETbIPEXOCHBIM.
Ecau npuk/aanbiBaTh MmoJe Mnoi HEKOTOPHIM YIJIOM K HalpaBJIEHHIO JIET-
KOTO HaMarHW4MBaHHs, TO HACHILEHUE, T. €. YCTAHOBJIEHHE BEKTOpA Hamar-
HUYUBAHUSA BIOJb TOJs, AOCTUraeTcss Mpu OOJbLIMX 3HAUEHUSIX MOCJe]-
Hero, 4yeM ecCJM TMPHUKJAAbIBATh €ro BJOJb HaNpaBJeHHs JETKOrO Hamar-
HUuuBaHus. CaMbIM «TPYAHBIM» HalpaBJeHHeM Y xeje3a siBasercs [111]
¥ eMy nomoOHble, Y HUKesass — HanpasjaeHus tuna [100], a y kobanbra —
tuna [1010]. Benuuuna paGoThl HaMarHU4YWBaHHS 3aBHUCHUT OT KOJHYe-
CTBa HEKOTOPOM 3aMAaCE&HHOW HEPrHUU «KPHUCTAJJIOrpapuyecKol MAarHUTHOU
AHW3OTPONUU», a CJeOBaTeJbHO, WU OT yrIJa, 00pa3soBaHHOTO BEKTOPOM
HaMarHUYMWBaHUS C HaNpaBJeHHeM JIETKOTO HaMarHUYKWBaHUS.

N3 ckazaHHOro panbiie 06 OOMEHHOH 3HEPTUM CJelyeT, YTO He OHa
obecrneurBaeT aHU3OTPONUI0 MArHUTHBIX CBOWCTB (PEPPOMArHUTHOIO KpPHU-
cranna. O6MeHHasi SHEPTHUS] 3aBUCHUT TOJbKO OT 3JEKTPOCTATHUECKOTO B3a-
uMonencTBUsl 3JeKTPpoHOB (cM. (10.2)) M He 3aBHCHUT OT yIja MeXIy
CTIMHOBBIMM MOMEHTAMHU U KpHUCTaJJ0rpaduyecCKUMH HanpaBJeHUSIMH. DTO
3HAUWT, YTO €CJH BCIO CHCTEMY CIIMHOB OJHOBPEMEHHO MOBOPaYHMBATb Ha
JI10O0M yroJ OTHOCHUTEJIbHO KPUCTAJIIUUECKOH PellIETKH, 0OOMEHHAasi SHEepPrus
CUCTeMbl M3MeHsiTbcs He OyneT. [lo3ToMy ecTecTBEHHO CUMTATh, UTO AHU-
30TPOMHSI MAarHUTHBIX CBOUCTB O0YCJIOBJIEHA NPYTUM BUIOM CBSI3HU.

[TocKoabKy aHHU30TPOINHS MaTHUTHBIX CBOMCTB CBsI3aHA C KPUCTAJJIO-
rpauuecKUMH HampaBJ/eHUsIMH, YKa3aHHAsi SHEPrusl CBA3U IMOJydu/a Ha-
3BaHUe IHEPTUU MATHUTHOHU KpHcTaJjJorpaguyeckod aHusoTponuu. bynem
o6o3HauaTb e€ Wy.

Ecau oOMeHHass 3Heprusi sBJASETCS Pe3y/JbTaTOM 3JEKTPOCTATHUECKOTO
B3aUMOIEUCTBUSl 3JEKTPOHOB, TO JHEPTHUSi MATHUTHOH KpHUCTasaorpaduye-

5*
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CKOM aHHU30TPONHH OOYCJIOBJEHA UX MAarHWUTHbIM B3auMmoaelcTBueM. Jlei-
CTBUTEJIbHO, CIMHOBblE MATHUTHBIE MOMEHTHI 3JIeKTPOHOB, B3aUMONEUCTBYS
IPYyT ¢ IPYroM U ¢ OpOUTaJbHBIMH MAarHUTHBIMH MOMEHTAMH 3JIEKTPOHOB,
006J1Iaflal0oT HEKOTOPOU 3Heprueu. EcTecTBEHHO, MOMEHTHl YCTAHABJHMBAIOTCS
NOJ TAKMMH YIJIaMH K OCHOBHBIM KPHUCTAJJIOTPA(PHUYECKUM HAIpPaBJIEHUSM,
4TOObl SHEPTUsi KX MAarHUTHOTO B3aUMOAEHCTBUS OblJa MUHHMaJbHOU. CKa-
3aHHO€ MOXKHO MPOAEMOHCTPUPOBATbL HA CJAEAYIOLEH O4YeHb YIPOLLEHHOU
MOZIeJIM TJIOCKOM KPHUCTAMIUUECKOH pellléTKH. Bo3bMEM OOCKY ¢ HIJaMu,
BOTKHYTBIMU TaKHUM 00pa3oM, 4ToObl OHU pacnoJarajvch B y3JaxX KBajpa-
TOB, Ha UX OCTPHUSl HABECHUM MOCTOSIHHble MAarHUTHKH, MOAOOHbBIE CTpesNKaM
KoMIlaca, U OpHeHTHpyeM ux Oecnopsaouno (puc.10.6,a). Ilpu naérkom
MOCTYKUBAHUHU IO NOCKE MATHUTHKHU YCTAHOBATCH B CTPOTOM MOPSAKE BIOJb

L E PN 4446464848 <1 199980
WALQOePA H6AALLAL Sesssgd i
PP E S I ¢ S 464648464 S48 d
WRrneoNGO S 64644648 s a8 gd H
©Cébpegdta 44645464684 M4
bCeuapm 446446448 949999

a O 8

Puc. 10.6. Mogenb MarHUTHOH aHU3OTPOMUM: @) OecrlopsaouHas OpUeHTallUS;
0) ymopsiioueHHasi OpUeHTallusl B OTCYTCTBHE MOJIS; 8) YIOPSAOUEeHHAs OpUEHTAllUs
B TIPUCYTCTBUU TOJS

Kakoro-an6o pebpa keaapata (puc. 10.6,6). Koneuno, onu Moriu Obl ycTa-
HOBHUTBbCS W BJOJIb JIOOOTO Apyroro pebpa kBaaparta. [lag Toro 4ToOwI
nepeBecTH UX B MHOE MOJOXKEHUE, CJAelyeT MPOU3BECTH HEKOTOPYIO paboTy,
HarpuMep, MNPUJIOXKHUB BHEIIHee MoJe MOJ HEKOTOPbIM YIJIOM K CTOPOHE
kBaapata (puc. 10.6,8). fcHo, UTO B pacCMOTPEHHOM cCJlyuae HalpaBJjeHHe
JETKOr0 HaMarHW4MBaHUSl COBMAJaeT ¢ HampaBJeHHeM peOpa KBaapaTa.

B oTaiuune oT npuBeAEHHON BecbMa YINPOILEHHONW CXEMBbl, B CJydae pe-
aJIbHOTO (peppoMarHeTHKa cJjefyeT y4ecTb, UTO CIIHH—CIIMHOBOE U CIIUH—Op-
OWTa/sbHOE MAarHUTHOE B3aHMOJEUCTBUE UMeEeT KBAHTOBLIM XapakTep U SiB-
asetrcsd apdekTom penATUBUCTCKUM. [loaTOMy ero uHorma Tak U HasbiBa-
I0T — PeJIATUBUCTCKUM B3aWMOJEHCTBUEM.

Haliném sHepruio MarHuTHOH KpUCTAJJI0rpapUuecKord aHU30TPOIHH, UC-
XOMsl U3 3KCMEPUMEHTAJbHBIX AAHHBIX W HEKOTOPbIX (hOPMaJibHBIX MPeEATo-
CBIJIOK. Tak, U3 CKAa3aHHOIO paHbllie MOXKHO CHeJaTb BBIBOA O TOM, UYTO OHA
3aBUCHUT OT yTJia MeXJy HanpaBJeHWeM HaMarHUYeHHOCTH W HalpaBJeHU-
SIMU JIETKOTO HaMarHWuWBaHusl. EcTecTBEHHO MPEATONOXKUTh, UTO UCKOMAS
SHEPTUsl 3aBUCUT OT HAMPABJSAIIINX KOCUHYCOB YIJIOB MEXAY BEKTOPOM
CIIOHTAHHOW HAMArHWYeHHOCTH U OCHOBHBIMU KpHCTaJJIOTpapuUecKUMU Ha-
npaBJeHUsIMU pelléTKU. BoipaxkeHue ngs Wy Bcerma MOXKHO pasJfioXKHTb
B pSii MO HAMPaBJSIOIIUM KOCHHYCaM. YCJOBUMCS B AajbHeiileM 0003Ha-
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4aTh uyepes (v, (o, (r3 HANPABJSIONIME KOCHHYCHI MEXIY BeKTOpaMu Ig
M OCSIMH X, Y, Z, COBNANAIOLIMMHU C OCHOBHBIMH KDPHCTAJIOrpad)uIecKUMH
HalpaB/JIeHUSIMU PEIIETKH, HMelollel cTpyKTypy Kyba. Ilpu atom mpemrmo-
JOXXuM, uTo HampasseHnue [100] coBmagaer ¢ ocbio x, [010] — ¢ ochio y,
a [001] — ¢ ockio z. DHeprusi Wy, npuMeT BHUJI

Wk:Bo—l—Bl(a1+OéQ—|—()d3)+

+ By (ajag + agas + ajas) + B (oz% - oz% + a%) +
+ By (04101% + 103 + agad + azad + azad + ozgcv%) +
+ Bs (a? +aj + a%) + Bs (0/11 + oy + ag) + Bz (a%a% +ofal + oz%oz%) +
+ By (oqozg + oqozg + 04204? + agag + agoff + a3a3> + ... (10.3)

OnHako oOpaTUBIIMCh K IKCMEPHMEHTY, Mbl 3aMeTHM, YTO HEKOTOphbie
kos(uumentsl, Bxoasimue B (10.3), Bcerma paBHbl HyJ10. OKa3biBaeTcs,
HaMarHW4WBaHHWe OTHOCUTCS K TaK Ha3blBaeMbIM YETHBIM 3¢ dekTam. B pac-
CMaTpPUBaeMOM cJlydae 3TO O3HauaeT, 9YTO YCJOBHSI HAMarHUYHMBaHHUS (a cie-
JOBaTeJbHO, U SHEPrHsl HAMarHMYEHHOCTH) B JBYX B3aHMHO-00PaTHBIX
HalpaBJIeHHUSX Bcerga OAWHAKOBHI. (CJjenoBaTesbHO, HEPrUsi MarHHUTHOH
KpUCTaJorpauueckol aHU30TPOINUU HEe 3aBHCHUT OT 3HAKa HAMPaBJSIOUIUX
KOCHUHYCOB /], (g U 3. [locsenHee BO3MOXKHO, €CJIM 3TH KOCUHYChI BXOIST
B ypaBHeHHe (10.3) TObKO B YETHBIX CTENEHSX, T.e. KOI(DPHUIHUEHTHl NpH
HeUETHBIX CTeNeHsIX paBHbI Hy/0. YpaBHeHue (10.3) npuHUMAaeT BHU

Wy :BO—I—Bg(a%—l—ag—Fa%) + Bg (o/ll—l—ag—l—ozél) +
+ By (oz%oz% + adal + a%cv%) +... (104)
Bripaxkenue (10.4) Takxke MOXHO YIPOCTHTb, €CJHU YUYECThb, UTO

2
a%—i—a%—i—a%zlz(@%—i—a%—l-a%) :

(af + 03 + a§)2 = (af + a5+ a3) + 2(ajas + asa3 + aza)) = 1,

T.€. Ba CJlaraeMble MOXKHO 3aMEHHUTb OLHHMM M BMECTO TPEX UYJICHOB 4YeT-
BEPTOH CTEMeHH OCTAHEeTCs OIMH, HaNpUMep WieH alas + ajas + asal.

¢ 3 (5]
YyuteiBasg Takke, 4TO g@%—l—aé—i—@g) = |, Tpu csaraemble B I1€CTOH

CTENeHH — (off + ag + 043), (o/fa% + 0/1104% + 04%0/2l + oz%ag + 0/2104% + a%ag)
U a%a%a% — MOXKHO 3aMEHHUTL OJHHUM UYJIEHOM LLIEeCTOM CTEeleHH, HalpUumep
oz%oéoﬁ, U YK€ U3BECTHBIM 4JIEHOM YEeTBEPTOU CTEINeHU — oz%ozg + oz%oz% +

+ azaq.
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Takum 06pa3oM, OrpaHUYMBAsCh [JS1 BbIPAXKEHHUSI SHEPTUH KPHUCTAJJIO-
rpauecKo¥ MAarHUTHOM aHHU3O0TPOINUMU HAMPABJAAIIIMMU KOCUHYCAMU He
BbIIlIE [IECTOU CTEMEeHH, MoJydaeM

Wi = Ko + Ky (a3 + a505 + aza7) + Kyajasas, (10.5)

rne Ky, K1 u K9y — KOHCTaHTbl KpUCTaJ/0rpapuuecKod MarHUTHOU aHH30-
TPOTHH pa3MepHOCTH [sHeprus/cm®]. YpasHenue (10.5) 1 ecTb BhIpaxKeHHe
IJisi CBOOONHOM 3HEPrHM MAarHUTHOW aHH30TPONHUU HelehOpMHUPOBAHHOU
PElIETKH, UM SHEPTUM eCTECTBEHHOU KPUCTAJJIOTpadUieCcKOr MArHUTHOH
AHU30TPOIMHUU KPUCTAJNJIOB, UMEIOIINX CTPYKTYPYy Kyb6a. BrniepBbie oHO OblsO
BeiBefieHo H.C. AxkysnoBbim [2].

JlJis1 rekcaroHaJibHBIX KPHUCTAJJOB 3HEPrus KpUcTagjorpapuueckou
MAarHUTHOW aHHU30TPONUH UMeEEeT BU[

Wi, = Ky + K, sin? 9 + Ky sin* 9, (10.6)

roe ¥ — yroa Mexay BEKTOPaMH CaMOIIPOM3BOJIbBHOIO HAMATHHYHWBAHHWSA
U rekcaroHaJjibHod ocbio; K| U K9 — KOHCTAHTbl MarHUTHOH aHHU3OTPOIHH.
D10 XKe BbIpazKE€EHHE MO2KHO 34lIUCATb 4EPE3 HAIIPABJIAOIIHE KOCHUHYChI (Oz =
= cos ¥):

Wy = K} + K{a® + Kja'. (10.7)

§ 10.3. dHeprus MarHUTOCTPUKLIUOHHOU JecdopManum

OnbIT MOKa3biBaeT, 4YTO MPU HAMaTHUYMBAHWU Yy (PeppoOMarHeTHKOB Ha-
6/101aeTCsl MAarHUTOCTPUKIHUSA, T.e. H3MeHeHHe (opMbl U pa3mepos. [lpu
3TOM B (peppoMarHeTHKax BO3HHUKAIOT yNPYTHUe CUJIbl AedhOpMalUU, U MPU
OlleHKe HX OOIIero 3HepreTUUeCKOro COCTOSIHUS CJefyeT YYHUThIBATh H 3TY
MarHUTOynpyrytoo sHepruto. Mar-
HUTOCTPUKIIMA HabmawogaeTcs y
(beppOMarHeTHKOB TOJIbKO HHIKe
Touku Kiopu, mnostomy ecre-
CTBEHHO TMPENNOJOXKHUTh, YTO OHA
BO3HUKaeT OJsaronapsi OeHUCTBUIO
OOMEHHBIX M MATHUTHBIX CHJI
CBSI3H.

a 6 PaccMoTpuM ¢eppomMarHeTuk,

UMEIOIUU MPU TeMIepaType Bbi-

Puc. 10.7. CxeMa CIHOHTAHHOH MAarHUTO- me Touku Kiopu dopmy 1apa
CTPUKLHMH: yBeJuueHne (a) ¥ ymeHblle-  (gpyr / Ha puc. 10.7). ITycTb ero
Hue (6) 00pasia [pH Mepexofe Yepes TOY-  oELaM cTOMb Madl, YTO MpH OXJ1a-
Ky Kiopu KIEHHM [0 TeMIepaTyphl HHKe

Toukd Kiopu u3 Hero obpasyercs TOJNbKO oiuH aomeH. CroHTaHHasi Ha-
MarHW4eHHOCTb TMOsIBJAsieTCcs OJarofapsi TOMy, YTO HauyWHAeT MPOSBJASThCS
oOMeHHOe B3auMmonelcTBue. OHO He TOJBKO CO3MaET CIHHOBBIA MOPSAOK
3JIEKTPOHOB, HAXOMSIIMXCS B y3Jax peléTKu, HO U nedopmupyeT ¢eppo-
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MarHUTHBIA KPUCTAJIJ, YTO TPUBOAMUT K H3MEHEHHUIO pagdyca JOMeHa, T.e.
K 00bEMHOU MarHuTocTpUKLMHU. [logoOHOe siBeHHe O0ObsICHAETCS TEM, 4TO
BeJIMUMHA OOMEHHOT'0 MHTerpaJsa, BXOMASIIEro B BhipaxkKeHUe 1Jisg 0OMeHHOU
sHepruu (cm. (10.2)), mna manHoro eppomMarHeTHKa 3aBHUCHT OT OTHOIIIE-
Hua D/d, rne D — paccrosiHue MeXay aTomaMu, a d — puametp d-o06o-
Jodkd atoma. [lycTb B mapaMarHUTHOM COCTOSIHWH, T.€. IIPU TeMIlepaType
(eppomarHeTuka Bbillle TeMmnepaTtypbl Kiopu, paccTosHue Mexay aToOMaMu
paBHO Dji. Ecau Obl OHO COXpaHsJOCh TNPU Mepexoie B (peppoOMarHuTHOE
COCTOsIHME, 0OMEHHBbIM WHTEerpaJ ocTaBaJjicsl Obl HEU3MEHHBIM W XapaKTepH-
30BaJicsi Obl HEKOTOPOH TOYKOH (HampuMmep, ToukKo# /) Ha KpuBo# puc. 10.8.
OnHaKo MOCKOJIbKY CHCTEMA CTPEMHT-

cf K yMeHbIIeHHI0 o6MeHHOH sHepruu, A
OOMeHHBIH UHTerpaJ, COIJIaCHO ypaBHe-
nuto (10.2), pomxen yBeauuutbes. Ilo-
cjefiHee TIPUBOAHUT K U3MEHEHHI0 MeXK- >
aTOMHOTO paccTosinusi D B TOU Mepe, / Did
B KaKO# 3TO He yBeJUUHUBaeT upe3mep-
HO ApYyrHhe BUABI 3Hepruu. B paccmar-
pHBaeMOM cCJiyyae TMpPH H3MEHEeHUU 00-
MEHHOTO MHTerpaJja OT 3HaueHHs, COOT-
BETCTBYIOILIIETO TOUKe [/ Ha JIeBOW da-
cTH KpuBou pucyHka 10.8, mo 3HaueHHs], COOTBETCTBYIOIIEro TOUKe 2 Ha
TOH »Ke KPHUBOH, MeXaTOMHOe pacCTOsHHe yBeJuuuBaeTcsi (Kpyr 2 Ha
puc. 10.7, a).

s ¢deppomarHeTuka, OOMEHHBIM HHTerpasj KOTOPOTO XapaKTepUsy-
eTcs TOYKOM, Jiexallled Ha mpaBod yacTh KpuBoM pucyHka 10.8, oxna-
XKJeHue HUXKe TOYKHU Kilopu NMpUBOAUT K YMEHbLIEHUIO pa3MepoB oOpasua
(puc. 10.7, 6).

OnHoBpeMeHHO ¢ OOMEHHBIMH CHJIAMH CBSI3H MPOSIBJASETCS 3HEPrus
MarHUTHOW aHHU30TPONUH, KOTOpAas BbI3bIBAET HEOAHWHAKOBYIO nAedopma-
IIMI0 PelléTKH (heppoMarHeTHKa B Pa3/JIMUHBIX HampaBjeHHsX (oBaJa 3 Ha
puc. 10.7). OgHaKo MOCKOJbKY 3HEPrusi MAarHUTHOH aHU3OTPOIHH TTPUMEPHO
Ha JBa TMOpsiika MeHbllle 0OMEHHOH, H3MeHeHHe 00bEMa (heppoMarHeTHkKa
npyu nepexofe 4yepe3 TOUKy Kiopu B OCHOBHOM ompejeJsieTcss 0OMeHHOU

Hepruey, a BJIMSIHWE HEPTHH MArHUT-

A HOH aHH30TPONHMH CBOAUTCS K HM3MeHe-

HUIO (POPMBI TeJqa.
/‘* PaccmoTpenHas pedopmauusi aome-
HOB OCYUIECTBJSIETCS TMPU OTCYTCTBHH
BHEIIIHEI0 MarHUTHOrO noJsi. Takum 06-
pasom, MpH nepexofe depes TouKy Kiopu
MOsIBJSIETCS HaMarHUUeHHOCTb JOMEHOB,
v a BMeCTe C HEI0 U CIOHTaHHAsh MarHUTO-
CTPHKILHS.
Puc. 10.9. BexropHas cxema CrioH- PaccMOTpUM HM3MeHeHHe JIMHeHHbIX
TaHHOH MarHMTOCTPHKIIHH pa3MepoB Takoro goMeHa. O603HauUMM

[N

Puc. 10.8. 3aBUCUMOCTL OOMEHHO-
ro MHTerpasa OT MexKaTOMHOTO pac-
CTOSIHUSA
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IPOMU3BOJIbHBIA pafguyc-BeKTOP (DeppOMarHMTHOTO IUApPHKa (BbIIE TOYKH
Kiopu) uepes B (puc. 10.9). B pesynbraTe oxjaxkaeHusi (heppoMarHeTHKa
HiKe Touku Kropu M mpeBpallleHHs er0 B MarHUTHBIA [JOMEH KOHell pa-
IUyca-BeKTOpa B CMECTHUTCS Ha HEKOTOphIH BeKTOp u. Bekrtopsl u u B
CBsI3aHbl PABEHCTBOM U; = Gk, TAE G;; — TEH30D BTOPOrO paHra, B CBOIO
odepeib ABASIOMIMICA (QYHKIIMEeH HamnpaBJeHHs HaMarHH4eHHOCTH AOMEeHa:
a = p(Is), unu, B 0603HaYeHUSIX TPEABIAYIIEro naparpada,

a = flajasas). (10.8)

Takum o6pasom, ecau A0 MOSIBJAEHUSI CTPUKUHU KakKasi-HUOYAb TOYKA Llapa
onpezessisach BEKTOPOM B, TO mnocje AedpopMalluy OHA OyAeT OnpenensiTbCs
BekTopoM B’ = B + u. Tak Kak (GeppoMarHUTHBIH KPHUCTaJI aHU30TPOIIEH,
BekTOp B’ B 00llleM cJyyae He COBMAAaeT MO HAMPABJIEHHIO C BEKTOPOM P.
AGcosoTHOE yIIMHEHME

AB = |5 =18l

BenndyuHa OoTHOCHUTEJIBHOTO YAJIHUHEHHUA

_ 4B
A=

HA3bIBAETCSl CIIOHTAHHOM MArHUTOCTPUKUHUEH (DEPPOMATHHUTHOTO KPHUCTAJJIA
B JIAHHOM HampasJjeHuu. Ecan B — eQUHUUYHBIA BEKTOpP, BEJHUYHHY CIIOH-
TAHHOH MAarHUTOCTPUKIIMH A; MOXKHO 3aMucaTh Kak

A =16 = 18] =
= \/(51 +up)? + (B2 +u2)? + (B3 + u3)? — \/ﬁ% + 62+ 62, (10.9)

roe (31, P9 ¥ (33 — KOMIIOHEHTHI B; U, Ug U U3 — KOMIOHeHTHl u. Crenyer
3aMeTHTb, 4TO (31, B9 U 33 TaKKe SIBJASIOTCS 3HAUEHUSMH HaMpPaBJSIONIHX
KOCHHYCOB.

YpaBuenue (10.9) moxHo pasnoxuth B psan Teisopa. I[lpenebperas
BBICIIUMHU CTEMEHSIMH u; U (3;, TTOJYUUM

i = w181 + ugfy + usfs. (10.10)

KoMmnoHeHTBH 11 MOXKHO 3amucaTh Kak

up = a1 +agfe + ai3fs,
ug = a9 B1 + agefe + agsfs, (10.11)
us = as1fB1 + asgfBe + assfs .

PaccmartpuBast KpucTasa KyOMYeCKOH CUMMETDHH, YUHUTbIBAs 4ETHOCTh

s(pdexTa, NPUBOASAILYIO K PABEHCTBY @4 = Gj;, U TOJACTABJ/ASA B yPaBHEHHe
(10.10) snauenus uy, ug, uz u3 (10.11), monyyaem

At = a11 7 + age B3 + azsfs + 2a1981 B0 + 2a935233 + 2a31 0361, (10.12)



10.3. Iuepeus macHumMoOCmMpUKYUOHHOL degopmayui 137

B [2] nokasbiBaetcs, uto ¢ yyérom (10.8) koapduuMeHTH a;; U a;j MOTYT
OBbITb 3aMKUCaHBl CJETYIOUIUM 00Pa30OM:

_ 2 _
Ai; = ag + arc; , aij = @05,

rie ag, a; U ay — HEKOTOpble KOHCTaHTh. Torma BeipaxkeHue (10.12)
IPUMET BUJ

X = ag + ar(ai B + o505 + a333) +
+ 2a9 (oo 8152 + awo3 o B3 + azo B331).  (10.13)

@opmyna (10.13) omwucbiBaeT BeJHYMHY CHOHTAHHOH MArHHUTOCTPUKIIMH
B JI000M HalpaBJeHHWH JOMEHa TMPH OXJaXKAEHUH €ero OT TeMIepaTyphl
BhIllle TOUKH Kropu 10 TemmnepaTypsl HUxKe Heé. JledcTBUTEIbHO, KOMITOHEH-
Thl (i}, (9 U (r3 YKa3bIBAIOT HalpaBJieHHe CIMIOHTAaHHOI'0 HaMarHWYHMBaHHS,
a KOMIOHeHThl (31, o W (33 — BbIOpaHHOE HaMH HallpaBJeHHe B JOMeHe.
Kak Mbl yBUOHMM B HaJjibHeHIIeM, OQHOAOMEHHBIM MOXKHO CYHUTATh JHOOOH
KPHUCTAJIJI, HAMAarHHYeHHbIH BO BHEIIHEM I0Jie 10 HACBIIIEHHS.

PaccMoTpUM CMOHTAaHHYK MArHUTOCTPUKIIMIO MHOTOIOMEHHOTO KpH-
cranna. Jlas 3Toro BO3bMEM KpHUCTa/JJ B BHJe Ilapa, COCTOSIIEr0 U3
MHOTHX JIOMEHOB, C TPEMsI HaNpaBJeHHUSIMH JETKOTO HaMarHHYMBAHUS BJIOJb
ocedt [100], [010] u [001]. [Ipu oxsnaxkaeHHUH MOCJe Mepexoaa 4epes TOUKY
Kiopy pasjvuHble JOMEHbl CIIOHTAHHO HaMarHUYHMBAIOTCS BJOJb Pa3JHUHbIX
HampaBJeHUH JErKOTO HaMarHUYHMBAaHHS, a KPUCTAJJ H3MEHsSieT pa3Mephbl,
HO He MeHsieT (OPMbl. DTO MOXKHO TMPOAEMOHCTPUPOBATh Ha CJELyIOIleM
npumepe. B kpucrasie xesnesa obpasyercs 1IeCTb TPy JOMEHOB (LIECTb
MaTHUTHBIX (ha3), XapaKTepHU3YEMbIX CJAEAYIOUMMH HAMPaBJASIOIIUMU KOCH-
HyCaMHu:

dasel 1 u 2: o ==+1, oy =0, as = 0;
¢asbl 3 u 4: a; = 0, oy = +1, a3 =0;
¢asbl 5 U O: o) =0, a9 = 0, a3 = *1.

Bce HanpaBjieHHsi paBHOBEpOSITHBI U paBHOIeHHBI. YpaBHeHue (10.13)
IPUHUMAeT BUJI

s dasz 1 u 2: A\ = ao+ a1 5%
s das 3 u 4: Ao = ag + alﬁg;
nas das b u 6: A3 =ag + alﬂg.

Jlns nepBod (asbl, AJs KOTOPOH BEKTOP CIMOHTAHHOTO HaMarHUYUBaHHS
cobmnagaet ¢ HampabjeHueM [100], BeJMYHHY MArHUTOCTPUKLIHMHM AJS JIIO-
60ro HanpaBJ/ieHHS] MOXKHO PacCUMUTaTh, 3alIUCAB 3HAUeHHE HANPAaBJSIOLIETO
KOCUHYca (3 yraa MeXAy HHTepPecymlIUM Hac HampaBjeHHeM U ocbio [100].
AHanorMuHo 0OCTOUT €JI0 U AJs1 APYTrux has.
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CpeILHIOIO BE€JHUYHUHY CIIOHTAHHOH MArHUTOCTPUKI MK [OJid BCEro KpH-
CTaJJla CO MHOTMMH NOMEHAMH MOXHO PACCHHUTATb KAK CPEOHIOIO OT MAr-
HUTOCTPHUKIIMU BCeX (pas B JAHHOM HANpPaBJIEHUH:

v M t+tX+ A3 ai (22 2 2
A= AERED oo+ D (54 55+ 63),

a TIOCKOJIbKY 31, B9 ¥ (33 — HampaBJsSiolHe KOCHHYChl BBIOPAHHOTO OTHOCH-
resibHo [100], [010] u [001] nanpasaenus, To 57 + 33 + 3% = 1. Orcona

)\:ao—i—%al. (10.14)
B oxoHuaresbHy0 (OpPMYJy He BOILUJAU HaANpaBJSIOIIME KOCHHYCHI, T.e€.
B MHOTOJIOMEHHOM KpHUCTaJ/ljle CPelHsisi BeJUUMHA MArHUTOCTPUKLHUU YXKe
He 3aBHUCHUT OT HampaBJeHHH. Kpucrtann coxpaHser ¢opMmy 1iapa ¢ HU3-
MEHEHHBIM IHaMeTpoM. TOUHO TaK Ke MPH OXJaXKJEeHUH MHOTOIOMEHHOTO
(beppOMArHUTHOTO KpUCTaJ/Ja 000 POpMBl OT TeMIIEPATyphl Bbillle TOYKH
Kiopyu 1m0 TemnepaTypbl HUKe He€ coxpaHsieTcsi ¢opma, HO U3MEHSIOTCS
pasMepbl oOpasua. [Ipu 3ToM HaMarHUYEHHOCTb KpUCTaJljaa MpyU OTCYTCTBHHU
BHELIHEr0 HaMarHUYMBAIOUIErO TOJIS PaBHA HYJIIO.

M3 paccMOTpeHHON MOJie/Id BOSHUKHOBEHUSI CIOHTAHHOW MAarHUTOCTPHK-
MW CJelyeT, 4YTO B MHOTOAOMEHHOM KpHCTaJ/ljle MPU OXJaXKIeHUH depe3
Touky Kiopu, Osaromapsi mosiBJeHHWIO JOMEHOB C Pa3JUUYHBIMU HarpasJie-
HUSMH BEKTOPOB CIIOHTAHHOTO HAaMarHW4YMBaHUSl U, CJEel0BAaTeNbHO, C Pas-
JUYHBIMU HaMpaBJeHHUSIMH MarHUTOCTPUKIIMH, BO3HUKAIOT yNpPyTryUe Hamps-
KEHUS,

Kpome CIOHTAHHOH MAarHUTOCTPUKILIMH, BO3HUKAIOUIEH MIPU OXJIAXKIEeHUH
(eppomarHeTuka depe3 Touky Kiopu, Habm0naeTcssi MarHUTOCTPUKIUS TIPH
U3MEHEHUU HAMarHW4YMBaWIIEro MoJisg NpU MOCTOSIHHOW Temneparype. Eé
BEJMYHMHA CYIECTBEHHO 3aBHUCHUT OT HAMpaBJeHUs] HAMarHU4uBaHUs OTHO-
CHUTeJIbHO KpHcTaJiorpacdudyeckux ocedd. Mccnenyem ciayyail HamarHM4MBa-
HUsl (peppoMarHeTHKa 10 HachillleHHs. [/ 3TOro0 pacCMOTPUM CJEAYIONLY IO
CXeMy OXJlaXKJeHHUsl OT TeMmmepaTyphl Bbille To4kd Kiopu. Ha puc. 10.10, a
1U300paxEH (peppoMarHeTHK, UMeKIIUH GopMy 1lIapa U HAXOAAUIMUCS MpH
Temnepatype Bhillle Temnepatypbl Kiopu (7' > ©). BuyTpu Hero Bbije-

a o 8

Puc. 10.10. Cxema mnepexona (eppoMarHeTuka depe3 Touky Krwopu: a) 1" > O,
I=0 M=0;6)T<0©, H=0,1=1;,, M=0,8)1T<0©, H=H,, I =1,
M = M,
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JeHbl 00J1acTH, KOTOpble TMOocJe OXJaxKAeHUsi Huxe TemiepaTypbl Kiopu
nmpeBpaTsATCcs B AoMeHbl. HamMarHu4eHHOCTh KaXI0H 00JacTU paBHA HYJIO
(Is = 0), a caenoBaTesbHO, PaBeH HYJI0 W OOLIMA MarHUTHBIH MOMeHT M
deppomarnetuka (M = 0).

Ha puc. 10.10,6 uzobpaxkén TOT ke (eppoMarHeTHK, HO yxKe HUKe
tTemmnepatypsl Kiopu (T < ©); HamarHuuMBawlllee T0Je MO-TPeKHEMY OT-
cytetByeT (H = 0). X0Ts1 MpHU 3TOM CMOHTaHHAs HaMarHUYEHHOCTb KaK0-
ro noMeHa He paBHa HyJO (I; # 0), o6l MarHUTHBIA MomeHT M = O,
MOCKOJIbKY HampaBJeHWs HaMaTHUUEHHOCTH OTHAEJbHBIX IOMEHOB B OOBE-
Me BCEero KpHucTaJjJja pPaBHOBEPOSITHBI BAOJb BCeX HaIMpaBJeHUH JErKOro
HamaruuunBanus. CorsacHo ypasHenuto (10.14) mpu mepexome W3 cocTo-
SIHUSI @ B cocTosiHWe 6 obOpasell coxpaHsieT QopMmy cdepbl ¢ U3MEHEHHBIM
IHAMETPOM.

Ha puc. 10.10, 6 BHOBb MoKazaH TOT ke oOpasell, HaXOASAIUIMHUCSH MpPU
TOU Ke TeMIepaType, 4To ¥ B caydae 6 (1" < ©). OgHako Tenepb K HEMY
MPUJIOKEHO BHEIlIHee MarHuTHoe mnoJse H = Hg, HamarHuduBarlilee odpa-
senl no Hacbienusi. M3 (10.13) caemyet, uto Tenepb Bech 06pasel] U3MEHUT
cBoto opmy. [edicTBUuTenbHO, ypaBHeHHe (10.13) 3amaét oTHocHTe bHOE
U3MeHeHHe pa3MepoB (eppoMarHeTHKa C ONHOPOAHOH HAMarHWUYEHHOCTbIO
no BceMy 00béMy. OHO OMUCHIBAET H3MEHEHHE Pa3MepoB KaK OIHOTr0 JOMe-
Ha 6e3 BHEIIHEero MoJisi, TaK U MHOTOJOMEHHOT0 KPHCTaJJja TMpH Mepexoie
yepe3 TOUkKy Kiopu BO BHelllHEM HaMarHW4YHBAIOIIEM [0 HACHIIIEHHS TOJE.
Takum o6pasom, corsiacHo NpuBenEHHOU cxeMe ypaBHeHue (10.13) omuchi-
BaeT Mepexoj KPUCTaJJ/aa U3 COCTOSHUS a B cocTosiHHe 6 Ha puc. 10.10.

M3 ckazaHHOro cjeayeT, UTO OINpelesUTb BeJUYUHY MArHUTOCTPHK-
LMK TIPM MarHMTHOM HACBIILIEHHH MOXHO, BbluMTas W3 (10.13) ypasue-

Hue (10.14): Ay = \; — A, T.e.
As = ay (@%612 +a3fs +a3fs — %) +
+ 2a9 (109 B1 By + o BefB3 + azar B361) . (10.15)

B ypaBnenuu (10.15), B KoTOpOoM HampaBjieHHe HaMarHUUEHHOCTH 3a-
IAHO HaTpaBJSAIOIIUMA KOCUHYCAMH (¥], (i9 U (¥3, BEIMUMHA MarHUTOCTPHK-
LIMA Ay B HEKOTOPOM HampaBJeHUH OIpeaessieTcsl ero HampaBJsoUUMU
KocuHycamu 3y, Bo u 3.

[locTosiHHBIE @ U a9 MOXKHO BbIpa3uWTb B OoJee yaoOHOM BUME, pac-
CMOTPEB BEJUYHHY MPONOJbHON MarHUTOCTPUKIMHU AJs HanpasieHud [100]
u [111]. IlponosbHON MarHUTOCTPUKIIHEH Mbl OyIeM Ha3biBATh H3MEHEHHe
pasMepoB (peppoMarHeTHKa B HalpaBJeHUH MPUJOXKEHHOro mnoJs. B 3Tom
cJaydae HampasJsiiolllMe KOCUHYChbl HAMAaTHUYEHHOCTH U MArHUTOCTPHUKIIUH
paBHbI Mexay coboi: a; = [3;.

CorsiacHo ypaBHenuo (10.15) MarHUTOCTPHKLHUS Ajgo [IJIsI HANPaBJIEHHS
[100] paBHsieTcs 9

Ao = = ay,
100 = 3 @1

MOCKOJMBKY )y = 31 =1, a a9 = a3 = o = B3 = 0.



140 In. 10. 9nepeus eppomacHumro2o cOCMOSHUSA

Jns nanpasaenus [111]

2
)\ = —
111 30/2,

MOCKOJIBKY v = Qg = 3 = 31 = B9 = B3 = 1/4/3.

Takum obpaszom, a; = (3/2)Ajg0 u ag = (3/2)A\;11, mpuuém 3Haue-
HUST Ajgo U A{q1 ONpelessioTcsi sKcrnepuMmeHTaabHo (cM. § 11.2). Popwmy-
ay (10.15), BrIpaXkawllylo BeJHUMHY MArHUTOCTPHUKIMHM B MPOHU3BOJbHOM
HampaBJIeHUH, MOXKHO TMepenucaTh CJAeAYIOUIUM 00pa3oM:

3 1
A= 3 A100 (04%512 + 335 + 305 — g) +

+ 3111 (a1 B1 P + cvas B B3 + azon B361) . (10.16)

s npononbHoro adekTa B MPOU3BOJbHOM HalpaBJeHWH, YUUThIBaS,
yTo @y = [3; W a% —I—ag —|—oz§ = 1, uMeem

A = Ao + 3(A111 — Aioo) (@i + azaz + a3aq). (10.17)

[TocKoNbKYy MarHUTOCTPUKIIUS HE BBIXOAHUT 3a Mpelesbl YIPYTrux aedop-
Malu#, mpeamnosaras Moay/ib IOHra F W30TPOMHBIM, HEPTHI0 MArHUTO-
ynpyro# gedopManuy efMHHLB 06bEMa MOXKHO 3anucatb B Buie Wy yn =
= EX?/2, unu, yunthipag ypasHenue (10.17), B Buze

E ¢ ¢ ¢
Wiiyn = 35 [Moo +3(A1n1 — Aioo) (e + o503 + azai)

[IpubaBuB mnocjenHee BblpaKeHUE K IHEPTUH KpHCTaJaorpaduieckou
MarHutHoH anusorponuu Wi (cm. (10.5)), MBI mosyduM BBIpaXkKeHHe MAJIs
o0lel 3HEePrud MarHUTHOW aHU30TPOIUHU:

W, = Ko + K (a%a% +adal + a%a%) + Kyajadas +

2
+ K3 (a%a% + adal + oz%a%) , (10.18)

npuuém KoapduuneHtsl K|, K9 u K3 UMEOT 31eCb HOBble 3HAUEHHUS.

Ctporuii y4ét Toro o6CTOsAITENbCTBA, UYTO YIPYTHe CBOUCTBA KPHUCTAJJIOB
(eppoOMarHeTHKOB aHU3OTPOIHBI, a CcJeqoBaTebHO, Moayab KOHra mosxeH
ObITb 3aMEHEH TEH30pPOM YINPYTHX MOAYJEH, He MeHsSeT BUAA ypaBHEHHUS
(10.18).

Takum o6pasom, ypaBHeHue (10.18) BbIpakaeT 3HEPrHI0 MarHUT-
HOM aHU30TPONHUH (PeppOMArHETUKOB, HUMEWIIUX KyOUUeCKYI0 CTPYKTYpY.
B Hero BXOASIT Kak 3HEPTUs, 3aBUCAINIAs OT KpUCTaJJorpaguyeckKod mar-
HUTHOM AaHWU30TPONHU, TAK U SHEPTrUsi MArHUTOYINPYToWh nedopMalluu, KO-
TOpasi BO3HUKaeT Osarofapsi MarHUTOCTPUKIHU, BbI3BAHHOU HaJ0XKEHUEM
MarHWTHOT'O TOJIS.
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§ 10.4. dkcnepumMeHTaIbHOE OMNpeaeeHne KOHCTAHT
MarHMTHOY aHU3OTPONHUU U UX 3aBUCUMOCTD
OT TeMIepaTypbl U COCTaBa (peppoMarHeTukKa

PaccMoTpuM aBa crnocoba HaXoXKeHUsI KOHCTAHT MAaTHUTHOM aHU30TPO-
nuu. [lepBbli U3 HUX CBOAUTCS K TOMY, YTO 3TH KOHCTAHThl MOXKHO OTIpejie-
JIUTb 10 BeJMUMHEe PabOThl HAMArHUYKWBAHUSI MOHOKPHCTAJ/IA UCCJENYEMOTO
(heppoMarHeTHkKa Mo pasHbIM KpHUCTAJJOrpauiecKUM HamnpasjaeHusM. Pa-

60oTa HaMarHuuMBaHusi, A = JHdI, MIEPEXONUT B IHEPrHI0 AHU3OTPOIIHH,

T.e. A = W,. YkKazanHyio paboTy MOXKHO H3MEPHTb MO KPUBOH HaMarHU4H-
BaHusi. OrpaHUuUMBasIiCb MEPBLIMH TPeMs KOHCTAHTaMH aHHW3OTPOIMH, MJIS
KyOH4eCKOro MOHOKpHcTaJ1a o dopmyae (10.18) moayuaem paboTy Hamar-
HuuMBaHusl B HampajaeHuu [100] — A;g9 = Ky, B HanpaBaenuu [110] —
Ao = Ko+ K, /4, a B nanpassenuu [111] — Ay = Ko+ K1 /3 + Ky /27.
Torna

1
Ao — Ao = Wiio — Wi = 1 K,
H
K Ky
Ay — Ay = 5 K
11 o = = + o
OTKy,[La KOHCTAHTHI MaFHHTHOﬁ aHI/ISOTpOHI/II/I
Ky = Ajgo,

Ky =4(A110 — Aj0),
Ky =27(A11 — Aioo) — 36(A110 — Aloo)-

KoHeuHO, KpHBble HAMAarHUUHWBAHUS CJeYyeT U3MEPSTh ¢ YUETOM (HDOPMBI
o0Opasla, T.e. ero pasmMaruuunBawoiero gaxkropa. [loatomy namepenus npo-
U3BOASITCSl JIUOO HA MOHOKpHCTAJ/JaX, BbIpE3aHHBIX B (pOpMe 3JJUINCOUIA
BpallleHHs ¢ IJIJaBHOH OoCblo, uMetolleld HanpapaeHue [100], [110] uau [111],
Jn00 Ha MOHOKPHCTaJJaX, BbIPE3aHHBIX TaKUM 00pa3oM, 4TOOBl UX pas-
MarHHYUBaOMUK (akTop paBHsAJCS HYJMO. Buabsamc u Bosopt mnsa ompe-
NieJieHWs] KOHCTaHT MarHUTHOW aHHU30TPOIHU BbIpalllUBaJIH MOHOKDPHUCTAJIJIbI
XKeJie3a, HUKeJs U PasJUYHbIX UX CIJaBOB pa3MepaMu MO HECKOJbKO KyOHu-
geCKHX CAaHTHMEeTPOB. 3aTeM H3 3THX MOHOKDHUCTAJIJIOB BbIPe3ajHhch PaMKH
(puc. 10.11), pé6pa KOTOPBIX COBMNAaJaJH C BHIOPAHHBIMH HalpPaBJEHHUSIMH.

\

Puc. 10.11. MoHOKpHCTanIN4eCKHe pPaMKH U3 XKeJse3a
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[Tpu Takoiél chopme 0Opas3loB UX pa3MarHuduBaoliue (HakTOpPbl PAaBHSIUCDH
HYJIIO.

Ipyro#i cnoco6 omnpeneseHUss KOHCTAHT MAarHWTHOHM AaHU30TPOMHUH OC-
HOBaH Ha TPUMeHEeHUU MNPEeNJIOKEHHOrO AKYJOBBIM KPYTUJABHOTO METOMA,
OCyllecTBJEHHOTO Ha npudope anusomerpe [86]. M3 uccnenyemoro dep-
pOMarHeTHKa BBIPAlIMBAETCA MOHOKPHUCTAJJ, M €CJH OH HMeeT KyOuue-
CKYIO CTPYKTYPY, U3 Hero BbIpe3aloTcss AUCKU ¢ miuockoctsamu [100], [110]
uan [111]. Cxema aHHu3oMeTpa MoKasaHa
Ha puc. 10.12. PeppomMarHUTHBIA AUCK [
BMeCTe C 3epKaJiblieM 3 XKECTKO KPeIuT-
c Ha cTepxkHe 2. Bes cucrtema mnop-
BELIMBAeTCs HAa ABYX YNPYrUX HUTAX 4
u 5 u3 ¢ocdoprcToit 6poH3bl. BepxHss
HUTb 4 NpUKpeIJieHAa K HEeNoABUXKHOMY
KpenaeHuto 6, a HUXHAA HUTb O —
K BpaulawlieMycs AUCKY 7 ¢ OTCYerT-
HOM IKaJoH 8. DneKTpoMarHut 9 Moxert
N 7 BpalllaTbCsi BOKPYT BepTHKaﬂbHOﬁUOCH,

/0  YroJ moBopoTa uaMmepsieTcs wkamaou 10.

T~ MowmeHT KpyueHusi HUTel 4 U H omnpeje-
8 JSleTCs1 SKCTIePUMEHTANbHO.

[Ipy co3maHWKM MArHUTHOrO MOJA

MeXJy TMOJI0CAMU 3JEeKTPOMarHuTa Hc-

cjenyeMbld oOpasel NOBOPAaYUBAeTCs Ta-

7 KUM 06Pa3oM, 4TO OCb €ro JErKoro Ha-
MarHUYMBAaHHSl YCTAHABJIMBAETCH BILOJb
Puc. 10.12. Cxema aHusomerpa noJisi. Bpamias nuck 7 v 3akpyduBas npu

3TOM HUTH 4 W 5, MOXKHO BO3BPATHUTh
obpasell B MepBOoHada/JibHOe ToJiokeHHe. MomeHT M KpyTslled CHJbI pac-
CUMTBIBAETCS 10 yIay 3aKpyduBaHUs HUTeH. OH cBsi3aH co cBOOONHOH 3Hep-
rued (9Heprueidl MarHUTHOH aHU3OTPOINMH) CJEAYIOUIUM COOTHOILEHUEM:

aWa

M ==

rne W, — 3Heprusi aHu3oTPonuu (cBOGOAHAS IHEPTHA); © — YTOoJa MeXIy
HarmpaBJeHHeM JIETKOTO HaMarHWUMWBaHHS W TI0JeM, OTCYHMTBIBAEMBIH 10
[oKasaHuaM kasasl 0.

Eciu MarHuTHoe TmoJie MO HaMpaBJeHHIO COBMAagaeT ¢ JETKUM HaMmar-
HUYHBAHWEM HJIM PacIojiaraeTcss CHUMMETDPHUYHO MeXKIy ABYMS TaKMMH Ha-
MpaBJeHUSIMH, IUCK He MOBOPauUBaeTCs.

PaccmoTpuM caydai, Korma IJIOCKOCTb JIHMCKa COBIafaeT C IJIOCKO-
ctbio (100). YpaBHOBeCHMM HOMCK TakK, 4TOOBI YroJ MeXAY HarpaBJeHH-
eM JIETKOTO HaMarHW4UBaHWUS W TPHJOXKEHHBIM TmoseM H paBHsAJACS ¢
(puc. 10.13). [1pu 3TOM BEKTOp HAMarHUUHMBAHHS MOXKET MOBEPHYThCSI OTHO-
CUTEJIbHO HalpaBJeHHs JIEFKOrO HaAMarHWMUMBAHMS Ha YroJa ¢ — 0, rjae 0 —
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YIroJl MeXAy I[PUJIOKEHHBIM IOoJeM U A[100]
BEKTOPOM HaMarHU4UBaHHUs. YpaBHeHHE I
(10.18) npumer Bux

W, = Ko + K| cos?(¢ — ) sin®(p — 6).
(10.19)

Yrosn ¢ OTCUYUTHIBAETCS HENOCpen-
CTBEHHO IO IKaJje, a yroa 6 B 00-
lleM cJydae HeomnpenenéH. Bo usle-
’KaHHEe 3TOH HEeOoNpeneséHHOCTH CJedy-
eT MPHUKJIANbiBaTb HACTOJBKO OOJIbIIHeE
MarHUTHbIe MOJsi, YTOObl BEKTOP Hamar-
HuuuBaHus I coBmagan mo HampasJe-
nHuto ¢ BHemHUM nosiemM H. Torma 0 = 0

u ypasrenue (10.19) npumer Buz Puc. 10.13. Cxema BpallleHHsI Bek-

Wa — KO 4+ Kl COSQ © Sin2 0. (1020) TOPpAa HAMATHHWYE€HHOCTH

MowmeHT cua aas naockoct (100) umeer 3HayeHUe

OW. _  Kisindp
op 2 '

PaccMoTpuM Temepb caydail, Korjga MJ0oCKOCTb JHCKA MOHOKpHCTaJJa
coBnagaet ¢ maockocthio (110). YpaBHenue (10.18) npumer Bua (BbipaxKe-
HueM npu K3 mpeHebperaem M3-3a €ero MaJiIOCTH)

Moo = — (10.21)

W, =Ko+ K, (i sin? ¢ + i sin’ 290) + i Kosin*gcos® o, (10.22)
a MOMEHT cuJ OyJaeT paBeH

K (2sin 2908—|— 3 sin 4¢) n Ksy(sin2¢p — 486;2 4o — 38111690). (10.23)

KprBasi KpyTsilllero MOMEHTa [AJSl KeJe3HOTO NUCKA, BbIPE3aHHOTO B
nyockoctu Tuna (100), umeet Bua, npuBenéHHeiil Ha puc. 10.14. KoHcraury

Mo = —

[100] [110] [010]
MA

60 80 140 160
20 40 100 120

=\

Puc. 10.14. KpuBas KpyTsillero MoOMeHTa OJS AUCKA M3 MOHOKPHUCTAJJUYECKOTO
)KeJieza, Belpe3aHHoro B maockocty (100)
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K| ynoOHO HaUTH MO TAHTEHCY HAKJOHA 3aBUCUMOCTH M oT ¢:

(%)
dy o

= —2K(cosdp),=0 = —2K],

0

WJIM M0 MakcUMaJbHOMY 3HadeHuto M (npu ¢ = 22,5°; 67,5°).
Bua KpUBOU KpyTsAILEro MOMeHTa AJS1 AUCKA, BBIPE3AHHOTO U3 MOHOKPH-
cTaJljla KpEMHHCTOTO XeJjesa B maockocTH (110), nmpuBenén Ha puc. 10.15.

[001]
160-

80+

0

[111] [110] [111]

[00T]

M- 10°

—8( -

—-160

8 OO

120" 160°

Puc. 10.15. Kpuas kpyTsIiiero mo-

MeHTa IJIs1 TUCKa U3 MOHOKPUCTAJIJIH-

YeCKOr0 KPEMHUCTOTO »KeJje3a, BhIpe-
3aHHOro B mJjockoctH (110)

YpaBuenus (10.21) u (10.23) nmatot
BO3MOXKHOCTb BBIYHCJUTb KOHCTAHTHI
Kl u KQ.

3HaHHe  COOTHOILIEHHH  MeXmay
KoHcTaHTaMu K| u K9 W HUX 3Haue-
HHUH T03BOJISET ONpeNeJUTh HarpaBs-
JIEHHUS JIETKOT0, TPYAHOTO U HauboJee
TPYAHOTO HaMarHWYMBaHHUS AJS KY-
Onyeckux Kpucrauaos (tatda. 10.1).

KoHCTaHTBI aHHU3OTPOINMUM TeKca-
rOHaJbHBIX KpHucTaaaoB (cMm. (10.6))
MOYKHO BBIYMCJIUTbh MO KPUBBIM KpY-
TSIIIETO MOMeHTa (NPOBOAS H3Mepe-
HUSI Ha aHHU30METPEe) W 110 KPHUBHLIM
HaMarHu4yuBaHus. [lo cooTHOLIEHUAM
mexny Ky u Ko HeTpyaHO orlpeje-
JUTb HalpaBJieHWe JErKoro HaMarHu-
YUBAHHS, KOTOPbIM MOTYT ObITb T'€K-

caroHaJsbHasl OCb; Kaxkaas o0pasymollas KOHyCa, OCbl0 KOTOPOro fIBJSETCH
reKkcaroHaJsbHasi ocb; 0as3HWcCHasl MJOWAAb, MEPHeHAUKYJIsSpHAs 3TOH OCH

(taba. 10.2).
Ta6bnuuma 10.1
K, + + + — - -
9 9
e OT +00 o1 —2 Ki | or —9f, | OT —00 |or - |Ki[| ot 9K
2 9 9
g0 =5 Ki| no —9k | 20 =% |10 CIKi| | o 9k | | MO T
Hanpasnenne
nérxoro Hamar- | [100] [100] [111] [111] [110] [110]
HUUMBaHUS
Hanpasnenune
TPYAHOTO Ha- [110] [111] [100] [110] [111] [100]
MarHU4YUBAHHUS
Hanpasnenune
HauboJee
TpYHOMO Ha- [111] [110] [110] [100] [100] [111]
MarHU4YUBAHHUS
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Tab6auma 10.2

K + + — —
0T +00 or —Ki ot K1/2
K T —Ki/2
2 no —Ki 10 —00 10 —00 oT +00 110 —Ki/
Hanpasiexue Yo = 0% | 99 =90° | ¥ =90° |sin®dy = —K/(2K>).
JIErKoro Hamar-|['ekcaronasb-| Ilnockocts | IliockocTs Bce nanpassieHus
HUUHUBAHUS Has OChb 6asuca 6asuca o6pasyollei KoHyca

* Yo — yros Mexny HarpaBJeHHeM JIETKOTO HaMarHWYUBaHWS U reKcaroHaJbHOH
OCbIO

HanpaBneHnuss J€rkoro HamMarHW4uBaHHsS COOTBETCTBYIOT MHHUMYMY
sHepruu (10.6) u (10.18).

[Tpu KoMHaATHOU TemmepaType KOHCTAHThl MATHUTHOW aHHU30TPOIHUH HUMe-
0T NPUMEPHO CJefylollhe 3HaueHus (B spr/cm’): aas xenesa K| =
=4,2.10°, Ko = 1,5-10°; ans aukeas K; = —5,5- 104 Ky =5 10*: nas
Ko6anbTa K = 4,1-10% Ky = 1,0-10°% nna 6apuesoro deppura K| =
=5-10°% (cm. Taba. 11.2).

[TockonbKYy HEepruss MarHUTHOM aHHU3OTPOMHH 3aBUCHT OT MarHUTHOTO
B3aUMOJIEHCTBHS, AJS CIJIABOB, HAXOASIIHUXCS B yMOPSIIOUEHHOM H HEYIIO-
pSIIOYEHHOM COCTOSIHHH, CJeNyeT OXKUAAThb Pas3JUUHBIX BEJHYHH KOHCTAHT
aHusoTponuu. Hanmpumep, crjiaB »ejne30—HUKe b MPH COAEPKAHUU HUKEJIS
0K0J10 70 % MOXKeT HaXOOHUTbCSl B YIOPSAOUEHHOM COCTOsSIHMHM. OMBIT MOKa-
3bIBaeT, YTO eCJIM B pe3yJsbTaTe 00pabOTKU CIJaB CTAHOBUTCS YIOPsSiIOUYeH-
HbIM (3TO MOXET ObITb JOCTUTHYTO COOTBETCTBYIOIIEH TepMOOOpPabOTKOH
C MeIJIeHHBIM OXJaXKIeHHeM), HyJieBOe 3HadeHHe KOHCTAHTBhl aHHU30TPO-
nuu K| coorBercTByeT npumepHo 70 % comep:kaHusi HUKeJs. B cayudae xe
HeymopsinodeHHOro coctosiuusi K = 0 mpu-

OJIU3UTEJNBHO TNpU 795 % comepkaHusg Ni B K, 10” apr/em’
crase. Ha puc. 10.16 npusenena 3aBucu- L
MOCTb KOHCTAHTbl MArHUTHOM aHU30TPOMHUU 0 °
K, nns cnaaBa Fe—-Ni ¢ ynopsaoueHHOH
CTPYKTYPOH OT MPOLEHTHOrO COAepKaHusd B 20}
HEM Ni.
C nomomipto ypaBHenusi (10.18) u u3- 40
BECTHbIX KOHCTAHT MAarHUTHOH AaHHU30TPO-
MUA MOXHO Trpaduieckd H300pa3uTh 3aBU-  —60

o 5

CUMOCTb 3HEPrMM MAarHUTHOW aHU3O0TPOINUHU 30 50 70 9.00
o Conepxanune Ni, %

OT KpHUCTasnorpaduueckux HampasJgeHuii. Ha

puc. 10.17, a mpuBeneHa BEeKTOpHAsA AMATPAM-  Puc 10.16. KOHCTAHTL AHH-

Ma TOAOOHOH 3aBUCUMOCTHU [Jisl 2KeJje3a B 30TponuH cnasos Fe-Ni

naockocTH (100). AGcontoTHas AauHA paany-

Ca-BeKTOpa, MPOBEAEHHOT0 U3 Hauaja KOOPAUHAT, XapaKTepHU3yeT OTHOCH-

TeJbHYI0 BeJUUUHY SHEPTrHU aHU30TPOMHH B IAaHHOM HampaBJjeHUH. BumaHo,

4TO B YKa3aHHOHU MJOCKOCTH caMoM OoJbllION 3Hepruei xkeje3o obJana-
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[110]  )[100] >([110]

A [0001]

[1010]
-

i
i
A o
[V v

O

Puc. 10.17. BekTOpHble nHarpaMMbl MarHUTHOH aHU30TPONHUHU B (DeppPOMArHUTHBIX
moHokpHcTastax Fe (a), Ni (6) u Co (8)

eT TpU HaMaTHUYWBAaHUM B HampasjaeHud [110], a camoil MeHbIueH —
B HamnpasseHuu [100]. C momolbio 3TOH aAuarpaMMbl MOXKHO OIPENesUTh
U OTHOCHUTEJbHYIO BEJHYHUHY SHEPruh aHU30TPONHU MPU HAMAarHUYMBaHUU
)KeJje3a B MPOMEXYTOUHBIX HAMpPaBJEHHUSIX.

Ha puc. 10.17,6 npuBeneHa BeKTOpHas JaUarpaMmMa paclpeneseHus
SHEPrHMU MarHUTHOH aHu30Tponuu B maockocTH (100) mas Hukeass. OTuér-
JUBO TpocsekuBaeTcsi ymeHbiienne W, ot Hanpasaenusi [100] K Hampas-
Jgenuio [110].

AnasornyHas auarpamMmma Ajs KoOaJsibTa npuBefeHa Ha puc. 10.17, 6.

KOHCTaHTbl MarHWTHOW AaHU3OTPONHU TPHU PaA3JHUUYHBIX TeMIlepaTypax
MOXKHO H3MepsiTb C MoMollbio aHu3zoMeTrpa. Ha pucynkax 10.18-10.20

6 24
i > 2 2
“s 5 420 = 0 ;
o “ o - o -0
=4 116 = 3 |
o t 3 = oL
= 3 D EIE & 0
- ' @ .
oL 1 Sa i "4": ]
e 2 1 18 A : o
1 : _ 4 ’}4 _ 6 L
| L 1 1 :l ' ] ! i i i T' DC
=273 0 400 800 T,°C 273 -200 100 300

Puc. 10.18. TewmmneparypHass 3aBHUCH-
MocTb KoHcTaHT K (1) u Ky (2) mar-
HUTHOH aHU3O0TPOIMUU AJS XKeJe3a

Puc. 10.19. TemnepaTtypHasi 3aBHUCH-
MocTb KoHcTaHT K (1) u Ko (2) mar-
HUTHOH aHU3OTPOMUU AJS HUKEJS
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o0

3

spr/cm
N

I

K.,10°
[\

)

100 0 100 200 T.°C

Puc. 10.20. TemnepatypHas 3aBUcUMOCTb KOHCTaHT K| (/) u Ky (2) mMarHuTHOH
AHU30TPONUU IJig KoOaJsbTa

MPUBeleHbl COOTBETCTBYIOIIHE TeMIlepaTypHble 3aBUCHMOCTU AJS KeJjie3a,
HUKeJs1 U KoOaJsbTa. ¥ KoOasbTa no 245 °C HampaBJeHHe JIEFKOIO HaMar-
HUUYUBAHHUSI COBMAJaeT C I'eKCaroHaJbHOH OChbIO, B MHTEpBaJe TeMIEepaTyp
245° + 340 °C HanpaBJ/ieHHEM JIETKOTO HaMarHUYMBaHHUsI OKa3blBaeTCs KaxK-
nasi obpasyioiiasi KOHyca, OCbl0 KOTOPOH sIBJsieTCS TeKcaroHaJibHasi OCh
KpucTasna, a Beiie 340 °C — 6asucHas miaowanb [243] (cm. Tada. 10.2).
[Ipu Temneparype okosio 480 °C rekcaroHajbHasi CTPyKTypa KobajibTa U3-
MeHsIeTCsl Ha KyOUYeCKYIO.

§ 10.5. dHeprus ynpyro aeopMHUPOBAHHOTO
¢eppomarueTruka

Ecau ¢deppomMarHeTuk TMOABEPrHyTh JAedopMalvu, K ero cBOOOAHOU
SHEPTMH MArHUTHOH AHU3OTPONUHM MPUOABUTCA 3SHEPTHsl YNPYTUX Hamps-
keHud. PaccmoTpum oThnenbHbit nomeH. O603HAUMM 3HEPrHi0 yHPYyTrou
nedopmaiiuy deppomartetuka 4epe3d W, rme HWHAEKC T COOTBETCTBYET
ONHOPOMHOMY HarmpsikKeHHI0 (TPOCTOE pacTsKeHHe HWJIM CXKaThe), a Ha-
MpaBJsiOlHe KOCUHYChl YNPYTOro Hampsi2KeHHWsT OTHOCHUTEJbHO OCel KpHU-
cTajjga — 4depes 7y, Yo U 7y3. Popmynaa, Beipaxkaiwlinas 3aBUcUMOCTb Wi
OT BeJHUYHMHBl W HamnpaBJeHHs OeopMalMWU W HampaBJeHHs CIOHTAHHOU
HaMarHU4eHHOCTH, uMeeT BUI [123]

3 1
W, = 3 T[)\IQO (a%v% + a% + a%y% — —3—) +

+ 2A111 (0410427172 + apozyeys + 04304173’71)} . (10.24)

Jlna caydyasi cjaaGod aHHU3OTPONMHUM MATHHUTOCTPUKLMH Ajgg = Aj|] ~
~ As. O0603HAUMB yToJ MeX/1y BEKTOPOM CIIOHTAHHOTO HaMarHW4YMBaHHUS 4
M HampaBJeHUEeM OCH HamMpsKEHHOTO COCTOSIHUSI 4Yepe3 ¢ U YUYHUThIBas
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COOTHOIIEHHE COS (P = (17| + QiYs + 373, U3 (10.24) nosydaem

3 1
W, =-3 AST(COSQ o — g). (10.25)
®opmyabl (10.24) u (10.25) cnpaBenJuBb ¥ AJisT MHOIOOOMEHHBIX MO-
HOKDHMCTAJIJIOB, €CJM OHM HaMarHW4yeHbl A0 HachllleHus. Hamnpuwmep, ecau
HaMarHU4eHHOCTb »KeJje3a HarlpaB-

____________ JeHa BIOJb HaNpaBJeHHUs] JErKOTO
R HamarHuuuBanus, dopmyna (10.24)
12 ! [IPUHHUMAET BUJ
' ? 3 1
10F, W, = ——/\1007((:03290——).
0 . 2 3
—
T gl UB cayyae Q)%ppOMaFHeTHKa C Ma-
= JOU KOHCTaHTOH aHM30TpOnUH K,
& 6l MOIBEPTHYTOrO JeUCTBHIO 6GOJIbIIO-
) ro HampsiXKeHUs T Tak, 4TO YAOBJe-
: TBOPSIETCS HEPaBEHCTBO AT > K|,
4 npyu pacuéte oOlleld HEpPruu 3Hep-
: TUen MAarHAUTHOW  AHU3OTPOIHHU
1
2B (cM. (10.18)) moxHO mnpeHebpeyb
A M BCIO €ro SHEPTHIO BbIPA3UTb ¢op-
/AR ‘ myJaoi (10.24). B paccmarpuBaemom

0 1 2 3 4 H,D CJydae MOXHO peLIMTb IpeacTaB-
JISIOULY0 OOJIbIIOH HHTEepec 3aavy:
Puc. 10.21. KpuBble HamMarHM4MBaHUS  KaK YCTAHOBSATCHA BEKTOPbI CIIOHTAH-
MpPH OTCYTCTBUM HaTskKeHus (CTIO-  HOrO HaMarHUYHWBAHUSI OTHOCHTEJb-
HblE JH;IHHH) W NpH  HATSKEHHH  go HanpaBJ/JeHUs HalpsKEHHOCTH.
2 xr/mm” (MyHKTHD); [ — HHKeJb (OT- Ve nopuio pPaBHOBECHS BCerjga CooT-
pHllaTe/IbHAA MarHUTOCTPUKINA); 2 — BeTCTBYeT MHHHMMaJbHOe 3HaueHHe
nepMmaJjiod 68 (mosoXkuTesbHas Mar- o
HUTOCTPHKILHA) CBOOOMHOW 3HEPru™u. DTO 3HAUMUT,
4To 1Jig (PeppoOMarHeTHKOB C TIO-
JIOXKUTEJIbHOU MarHUTOCTPUKIIMEH YTOJl ¢ MeXJIYy BEKTOPOM CIOHTAaHHO-
ro HaMarHWYMBaHUSI W BEKTOPOM HaMpsi2KEeHUsS] NOJKEH PaBHSITbCS HYJIO,
T.€. BEKTOP CIIOHTAHHOTO HAaMarHW4YMBAaHUSI YCTAHABJUBAETCSl BIOJb Ha-
npsikeHusi. Tak, MPOBOJIOKY, CAEJAaHHYIO U3 (eppoOMarHeTHKa C MOJOXKH-
TeJIbHOW MarHUTOCTPUKIIHMEH, Jerye HaMarHH4uMBaTb B COCTOSIHUM pacTs-
KeHHs (KpuBasi HaMarHWHYMBaHHUs MOUIET Kpyue; MYHKTUPHAs KpUBasi 2 Ha
puc. 10.21), uem B Hene)OPMHPOBAHHOM COCTOSIHMH (CIJIOLIHAs KpuBasi 2
Ha puc. 10.21). Jl;ng nmpoBOJIOKH XKe, CAeJaHHOH W3 (peppoMarHeTHKa C OT-
pULlaTeJbHOM MAarHUTOCTPUKLUEH, YIroJ (¢ MeXIy BEKTOPOM CIIOHTaHHO-
ro HaMarHUYMBaHHUSI U BEKTOPOM HAMPSIKEHHOCTH JOJ/KEH PaBHSTbCS 7/2,
T.€. OHU yCTAHOBSITCS B3aUMHO MEPNEHAUKYSIPHO, HAMarHi4MBaHWe TaKoH
MPOBOJIOKH OKaXkKeTcsl 3aTPyAHeHO (KpuBasi HaMarHW4YHMBaHHs OymeT OoJee
MOJIOTOH; MyHKTHpHAasi kpuBas I Ha puc. 10.21), yem B HenedopMHpPOBaH-
HOM coCTOsHUH (crJyiomHas kpuas I Ha puc. 10.21).
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§ 10.6. dHeprus B3auMoaercTBus (peppoMarHeTuKa
C MarHUTHBIM MOJIeM

3HepI‘I/IH JOMEHA4 BO BHEUIHEM MATHHUTHOM IIOJIE ﬂaéTCH Bblpa}KeHI/IeM
Wi = —(TH). (10.26)

[Ipu OTCYyTCTBUM BHELUHETO MO0JIS 3HEPTUsl (heppOMarHeTHKa B COOCTBEH-
HOM pa3MarHU4YMBAIOLIEM T0JIe COCTABJSAET

We, =g NI (10.27)

Takum oOpasom, noJiHasi cBOOOAHAsS SHEPTUsi (heppOMarHeTHKA SIBJISETCS
CYMMOI SHeprHH MarHMTHOH aHH30TPOIMMH ), SHEpTHH YIIPYTOro HarmpszKe-
HUSI U SHEPTUU B3aUMOAEHUCTBUS C MAaTHUTHBIM TIOJIEM ) :

W = Wa + Wy + Wy, (10.28)

rae
Wy =Wy +W.

) Mbl GyzeM WHOTIA 3amMchiBaTh SHepruio axusortpormuu W, (cm. (10.18)
u (10.7)) 6e3 unena Ky, He 3aBUCSIIETO OT a;, MO3ITOMY He XapaKTepHOTO sl
MHOTHX PacCMaTpPUBAeMbIX SIBJEHUH.

?) O6MeHHast SHEPrUs, OTBETCTBEHHAS 33 CYIIeCTBOBaHHe (eppOMarHeTH3Ma, B
10° + 10° pas Goablle SHEPIMM MATHHUTHOH aHM30TPONMMH. ONHAKO SBJSSACH H30-
TPOMHOH MO CBOeH NMPUPOLE, OHA He OKA3bIBAET BJHUSHUS HA XapakTep TEXHUYECKOTro
HaMarHWYUBaHHUS, TIO3TOMY U He yuuTbiBaeTcs B ypaBHeHuu (10.28).



[naBa 11
MATHHUTOCTPUKILINA

§ 11.1. MarHUTOCTPUKLIHUSA MOJUKPUCTANINYECKUX
(beppOoMarHeTUKOB

Mbl yXe paccMaTpuBad SIBJeHUE MaTHUTOCTPUKIMU C TOYKH 3pe-
HUS BBISICHEHUS] SHEPreTHUeCcKOro COCTOSHHS (eppomarHeTHkoB. OmHaKo
3TO sIBJIEHHE TMPEeNCTaBJsieT W CaMOCTOSTesNbHbIH HHTepec. B HacTosuiel
rjlaBe Mbl OCTAHOBHUMCSI Ha HEM GoJiee MOAPOOHO.

Briliie 6bl/1d MpHUBeAeHbl (DOPMYJbI [/ ONpefeseHHuss MArHUTOCTPHUKIIUH
MOHOKpHCTaaudeckoro ¢eppomarHetuka (cm. (10.16)) u, B 9acTHOCTH,
pacuéTa npojaosbHoro adderra MaruuTocTpukiuu (cMm. (10.17)). Pacemor-
pUM Temepb MNPOAOJbHBIA 3(pPeKT AJd MOJUKPHUCTAIA, B KOTOPOM KpH-
cTaJjJjorpauueckde OCH pasJUUHBIX 3€peH pacIoJOKeHbl CTaTHCTHUYECKH
pPaBHOMEPHO IO BCEM HampaBJieHHUSM (MOJHOCTbIO OTCYTCTBYET TEKCTYpa).

[Ipu HacblllleHUH BEKTOpPbl HaMarHU-

[100] uiBaHus Ig BCeX KPUCTAJNJIMTOB IMa-

pajjenbHbl apyr apyry. CJenosa-
TeJIbHO, Y Pa3HbIX KPHUCTAJNIUTOB OHH

SW—\\ p 00pasylOT pPA3JHUHBIE YIVIBI C KpH-
50~/ ctanjorpaduyeckumu  ocsimu.  Kak
AWD caenyer u3 Qopmyan (10.17), Be-

[001]  yJiMyuMHA MArHUTOCTPUKUMH B PaA3JIHY-
HbIX 3€pHaxX IIpU 3TOM He OIHHa-

KoBa. Jlaig pacuérta BeJUMUYHMHBI Mar-
HUTOCTPUKIIMHK TaKOr0 HaMarHW4eH-

HOTO [0 HAachIlleHUs MOJUKPUCTAJ-

JIa TIPOU3BEAEM CJEAYIOIUH MBICJEH-

HbIH 3KcnepuMeHT. Pacrnosiokum Bce

Puc. 11.1. Cxema nns pacuéra mar- KPHCTAJJHTL B OILHOH TOUKe B IEH-
HUTOCTPHKLMH MOJIMKPHCTAMIMIECKO-  tne cdhepbl pagmyca R Tak, 4ToObI
ro (peppomarreTyka HX KpHCTaJnorpaduieckie OCH COB-

naJiv; Mpyu 3TOM BEKTOPbl HAMarHUYM-

BaHus Is OynyT mepecekaTh OKPYy2KalIlyl0 UX cPepy B pa3jHUUHbIX TOUKAX
(puc. 11.1). BoipexxeM Ha MOBEPXHOCTH C(epbl 3JEeMEHTAPHYIO MJIOLIAAKY
ABCD c nnomanpio R?sind dddiy, toe ¥ u i) — noasipHble yrabl. Jler-

[010]
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KO TIOAICUUTaTh, YTO KOJHYECTBO MepeceKkamwllnxX 3Ty TMJ0MIaAKy BEKTOPOB
HamMarHuuuBaHus coctaBuT (1/47)sinvdddy ot uucna Bcex 3épeH mo-
aukpuctana. CornacHo ypaBHenuio (10.17) BesMuMHA MArHUTOCTPHUKLMH
KaXKJ0ro 3epHa
2 2 2 2 2 2
A= Ao+ 3()\111 — )\100)(&1042 + a3 + 043041),

a TMOCKOJIbKY B pacCMaTpPUBaeMOM cCJydae o = cost, g = sin¥siny u
a3 = sin 1 cos ), B MOJSIPHBIX KOOPAMHATAX HMeEeM

A = Aigo + 3(Ai11 — Aigo)(cos? 9 sin® & + sin? ¥ sin? ¢ cos? ). (11.1)

Ha noso paccmaTprBaeMbiX 3€peH OT MarHUTOCTPHUKIIMH BCEro MOJUKPH-

1 .
CTa//1a NPUXOAUTCS OTHOCHTEJIbHO® YI/MHEHHE 7— A sin ¥ dvda).
0

YuuTbiBasi Bce 3épHa, MOXKHO HAaWUTHU CPENHIO MarHUTOCTPUKIIHIO BCETO
MOJIUKPHUCTANA:
v
~ 1
A:—J
47
0

[ToncraBasia B (11.2) sHauenue A u3 (11.1) ¥ uHTErpHUPyS, MOJYUUM

2w
Asind d dip. (11.2)
0

~ 2 3
A:5A100+5>\111. (11.3)

®opmyna (11.3) BblpaxkaeT BeJMUHHY MPOMOJbHOH MarHUTOCTPUKIIHH
He ne(OPMHPOBAHHOTO M He TEKCTYMPOBAHHOIO TMOJHKpHcTadna. Kauye-
CTBEHHO OHA COBMANAET C SKCIEPUMEHTANbHBIMH JIaHHBIMH.

Teopuss maét BO3MOXKHOCTb pacCyMTaThb ¢ MoMollbio ¢opmya (11.1)-
(11.3) MarHUTOCTPUKIIUIO HACBIIIEHUSI MOHOKPHUCTAMIUYECKUX W TMOJHKPHU-
CTAJIJIMUeCKUX (DeppOMarHeTUKOB.

§ 11.2. JkcnepuMeHTaNbHbIE METOAbI U3MEpPEHUS
MarHUTOCTPUKLIAU

Cy1iecTByeT HECKOJbKO METONOB H3MepeHHs MarHUTOCTpUKIHH. OcTa-
HOBHMCSI Ha HauOoJiee 4acTO BCTPEUANOUIUXCS M3 HHUX.

1. Onmuko-mexarnuueckuti memod (puc. 11.2). HUccnenyembiii obpaszelr
B B MMPOBOJIOKH HUJIU CTEPXKHS J MoMeliaeTcs B coneHoup 2. [Ipu Bratoge-
HUH MarHUTHOTO TO0JS1 B 3aBUCUMOCTH OT 3HaKa MarHUTOCTPUKIIUH obOpasell
VIJIMHSETCST UK YKopaudBaeTcs. M3aMeHeHMe nepenaércsl dyepes CTepKeHb
! na poiuar 4. Ilpy s3ToM HUTBH & BpallaeT OXBaTbiBaeMbl €l0 BaJHK I
(HUTBb HaTsiHyTa rpy3ukoM 7). K Bamuky npukjeeHo sepkasnblie 6. [lo yray
OTKJIOHEHHSI CBETOBOT'O MydYKa, Mafalollero Ha 3epkaJblle, MOXKHO U3MEPHTh
BEJIMYUHY MaTHUTOCTPUKIIHH.

2. Humepgpepomempuueckuti memod (puc.11.3). dtor Mertom Obin
npenjoxeH MockoBckuM npodeccopom Posunrom B 1894 r. Y3kuii mydok
cBeTa, MAYUIMH OT HCTOYHHKA 4, NEJUTCS MOJYNPO3PauyHbiM 3epKajoMm 2
Ha 1Ba paBHble moJsynydka. [lepBas gacTb myudka, pacmpocTpaHssiChb Tpsi-
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Puc. 11.2. Cxema ycTaHOB- Puc. 11.3. Cxema ycTaHOB-
KU [JIS U3MepeHUs] MarHu- KW AJS1 ©U3MeDPEeHHUs] MarHuTo-
TOCTPUKIIUU ONTUKO-MeXa- CTPUKIIUU HUHTEpP(PEepOMeTpPU-
HHUYEeCKHUM METOAOM HEeCKHMM MEeTOOOM

MOJIMHEHHO UM OTPasHBIIMCb OT 3epKaa 2 W J, HampaB/seTcss K OKYJs-
py 1; BTOpasi, OTPa3UBILUKCh OT 3epKaJ Z U 6, TaKxKe MOMajaeT B OKYJSP.
B okysspe, Osaronaps HaJU4YHI0 HEKOTOPOW PAa3HOCTH XOAa KOrepeHTHBIX
Jyued, OTpaKEHHBIX OT 3epKaJ 3 U 6, HAOJIOAATCS UHTeP(hEPEHIIHOHHbIE
JUHUHK. 3epKaJjiblie 6 MOCPEACTBOM MEIHOTO CTEPXKHS COEJIMHEHO C HCCJe-
nyeMbiM (DepPOMArHUTHBIM 00pa3lOM O, HAXOASIIIUMCS BHYTPU COJIEHOUA.
[Ipy BKJIOUEHHM MArHUTHOTO TOJS JIMHEHHble pasMepbl oOpasiia U3MeHs-
10Tcsl. biaropapsi BbisbiBaeMOMY 3THM CMEIEHUIO 3epKaJbllia 6 U3MeHsIeTC st
M ONTHYEeCKasi pa3HOCTb XOJIa NBYX MyYKOB CBeTa, a WHTep(epeHIHOHHbIE
MOJIOCHl cMellalTcsd. BeJUuMHy MarHUTOCTPUKIIMK MOXKHO PacCUUTAThb MO

(opmyze Al n A

T2
rae | — JAJIMHA HccaeayeMoro obpasua; A — AauHa BOJHB MOHOXpPOMaTHYe-
CKOT'O MCTOYHHKA cBeTa; Al — H3MeHeHHe AJUHBI 06pasiia; n — KOJHYeCTBO
MOJIOC CMellleHHUs.

3. Memo0 arexmpuueckoeo npososouHoz2o mernzomempa (puc. 11.4).
Arot Meton Obls paspaboran H.C. AkynoeiM 1 JI. M. Boakosbim B 1940 .
B HéM ucnosb3yeTcss 3aBUCUMOCTb 3JIEKTPUUECKOTO COMPOTHBJEHUS MeTaJ-
JIOB U WX CIIJIaBOB OT YIMPYroro HampsixkeHusi. ToHKas TeH3oMeTpHUecKas
MPoBOJIOKAa [ M3 KOHCTaHTAHAa HWJM HUXpOMa, HMelollas AJUHY [, nua-
MeTp 15+ 30 MKM M compoTuBaeHHe R, MPUKJEUBAETCS K HCCAELYEMOMY



11.2. Ikcnepumenmanvrole memoosl USMEPEHUST MACHUMOCMPUKLUL 153

obpasny 2 W TIPUCOEIHHSIETCS K MOCTHKOBOH

cxeme. OOpasell MoMelIEH

MEXAYy IIOJIOCAMH 3JIEKTPOMATHHUTA. HpI/I BKJIIOUEHHUHU MAT'HUTHOI'O I10JIA

pa3Mepbl 00paslia, U cJef0BaTeJbHO, TEH30MET-
pUUECKOH TIPOBOJIOYKH H3MEHSIIOTCS Ha HEKO-
TOPYI0 BeJHYHHY Al, UTO MeHSeT 3JeKTpuye-
CKOe CcOMpoTHBJeHUe nocaenHed Ha AR. Benu-
YUHY MarHUTOCTPUKIIMK A MOXKHO pPacCUHUTaThb
no ¢opmyne Al/l =X = CAR/R. Koadduriu-
eHT C TpefBapuUTe/bHO ONpeaessieTcsl Tpaayu-

POBKOH. DTOT METO[, MPHUTOfeH NJis U3MePeHHs
MarHMTOCTPUKILMU Ha oOpaslax MaJjblX pasme-
poB. CylleCcTBEHHO, YTO OH AAET BO3MOXKHOCTb
U3MEPUTb HE TOJbKO MPOJOJNbHYIO MarHUTO-
CTPUKIIUIO, HO U CTPUKIHUIO MOJ JOOBIM yIJOM
K TIPUJIOXKEHHOMY U3BHE MAarHWUTHOMY TIOJIIO.
MaruuTocTpukiiusi (peppoMarHUTHBIX Me-
TaJJIOB W HX CIJABOB H3Mepsijachb HEOAHO-
KpaTHO H TIpH pasJUUHBIX ycJoBusix. Ha
puc. 11.5 mnpuBeaeHb 3aBUCHMOCTH MAarHHTO-
CTPHUKIIMM MOHOKPHCTAJIJIOB KeJjie3a OT Hamar-

N

o

Puc. 11.4. Cxema ycTaHOB-
KA OJ5 U3MepPEHUs MarHu-
TOCTPUKLIUU METOIOM 3JIeK-
TPUUECKOTO TPOBOJOUYHOTO
TEH30MeTpa

HUYEHHOCTH JJIS OCHOBHBIX KpHCTaJJorpauuecKHUxX HampabjeHWH. Jlas
Hanpasjaenuss [100] BenuuuHa A\ Bcerga IMOJIOXKHTEJbHA, AJs HampabJe-

Hust [111] — Bcerma oTpuuaresbHa, a s [l

10] MeHsileT 3HaK IPHUMEPHO

npu [ = 1400 I'c. Ha puc. 11.6 nokasaHbsl 3aBUCUMOCTH MarHUTOCTPUKIIUU
MOHOKDPHCTAJIJIOB HUKeJsl OT HaNpsixKeHHUs MaTHUTHOTO MOJS [Ji TPEX ero

[JIABHBIX KPUCTAJJIOTPAPUUECKUX HalpPaBJEeHH
MArHUTOCTPUKIIUSA Yy HUKeJs OTPUllaTesbHA.

. Jlns Bcex HanpaBJeHHU

0 400

800 1600 I,Tc

Puc. 11.5. TlponosbHast maruutocTpuk-  Puc. 11.

100 300 500 H,3

6. IlpomosbHas MarHUTO-

OUss MOHOKpPHCTAaJlJd Fe B ocHOBHBIX CTPUKLOHA MOHOKPHCTAJJ1d Ni B ocHOB-
KpHCT&ﬂﬂOFp&@quCKHX HAllPAaBJEHHUAX HbIX KpHCT&ﬂﬂOFp&@quCKHX HalipaB-

JIEHHUAX
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Ec/u 13BeCTHBl BeJHMYUHBI MArHUTOCTPUKIIMM HACBILIEHUS NAJS [J1aB-
HBIX KpUCTalJorpauueckKux HanpasjaeHul, To mo dopmyse (10.17) mMoxHO
pacCYUTaTh MPOAOJBHYI MAarHUTOCTPHK-

[001] [011] [O10] [O11] [001] = puio HachleHHS AJS JMIOOBIX JAPYTHX

A-10° HanpaBaeHud. Ha puc. 11.7 npusenensl
=30+ 3HA4YEeHUST MATHUTOCTPUKIIUU HACHILIEHHUS
X MOHOKpPUCTAJIJIa HUKeJad [AJd9 pasauy-

~40 x /\" . HBIX HamnpabjeHWd B maockoctu (100).
. CrnJIOIIHOM JIMHWeH HaHeceHa TeOopeTH-

-50 X yeckasd KpuBas, a KpPeCTHKaMHU — 3KC-

nepuMeHTaJsbHble naHHble. CoBMNajgeHHe
BIIOJIHE YIOBJIETBOPUTEbHOE.
[Tonbsysicb ypaBHeHueM (11.3), mo
Puc. 11.7. Marturoctpukiug ma-  ORCTICPHMEHTAIBHLIM - SHEEHHAM  Mar-
Chimenns MOHOKpucTaia Ni gis  FMTOCTPHKIHH B HampaBieHusx [100]
DA3MMUHBIX HAMpaBJeHuil B mioc- M [111] MOXHO pacCuMTBIBaTb MAarHH-
koct (100) TOCTPUKIHIO TOJNUKpUCTaMIa. CpaBHUM
SKCMEPUMEHTa/bHble Pe3y/NbTaThl C Teo-
peThdeckKuUMH. Iy HUKeNs MU3MepeHHble 3HaueHUs] MarHUTOCTPHUKIHH CO-

_ 1 1 I I 1
600 30 60 90 120 150 ¢

CTaBJSIOT Ajgo = —46 - 107% u \j;; = —25- 1075, orxkyna mias noaukpu-
cramna A = —34 - 1075 TeopeTuueckoe ke 3HaueHHe, COMJIACHO ypaBHe-
nuio (11.3), paBHo \ = —33,4 - 1075, Jlaa xenesa 3KcrepuMeHTaslbHBIE
3HAYEHHs COCTaBJSIOT Ajgg = +19 - 1076 Xy = —18,8- 1079, OTKYIa =
= —4. 1075 Teoperuueckoe 3nauenue A = —3,6 - 10~ Cosnanenue Bnonne
YIOBJIETBOPUTEJbHOE.

B,

050 70 90 0 4 8 12 16 20
Conepwxanue Ni, % (B— H), 10’ Tc
Puc. 11.8.  MarautocTpuKIMsg MOHO- Puc. 11.9. 3aBUCHMOCTb MarHu-
Kpuctannos cnnaBoB Fe—Ni TOCTPUKIIUM OT HaMarHU4yeHHO-

ctu: I — mepmaJgoi 45; 2 —
Fe, 3 — Ni
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Ha puc. 11.8 npuBeneHbl KpuBble MAarHUTOCTPUKIMU MOHOKpHCTAJ-
JoB cmyaBoB Fe—Ni. Kak BHAHO M3 pHCYHKA, NpPH COAEPXKAHUM HHUKeJSs
80 + 85 % BesMUHMHA MAarHUTOCTPUKIIMHM BAOJb BCEX OCHOBHBIX KPHCTAJIJIO-
rpaueCcKrX HAIMpPaBJEHUM CTAHOBUTCS PABHOW HYJIO.

Ha puc. 11.9 naHbl 3aBUCHMOCTH BeJHUYHWHBI MarHUTOCTPUKIIMHW OT Ha-
MarHUYEHHOCTH MOJUKPHUCTANIHIECKUX 00pasiioB 4D-MPOLEHTHOrO repmaJ-
JIos1, KeJie3a U HUKeJIS.

Ha puc. 11.10 npeacraBieHa 3aBUCUMOCTb MAarHUTOCTPUKIIUU TTOJHKPH-
ctannoB cnjaBoB Fe—-Ni oT ux cocrasa.

- 10°
41
A 10° "
30+ 3t
20+ -
10 1 2
0 i
—10+ 1L
20+ i
0 20 40 60 80 100 "T5 5505 15
Copnepxanue Ni, % B, 10°T¢
Puc. 11.10.  3aBUCUMOCTb MarHuTO- Puc. 11.11. I'ucrepesnc maruuro-
cTpukunu cnaaBoB Fe—Ni ot nx cocrasa cTpukunu Fe

MaruurtocTpukiius o6HapyKUBAeT sIBJIEHUE THCTepPe3Uca, 3aKadalollle-
ecsl B TOM, UTO OHa He H3MeHseTcs oOpaTUMO C H3MeHEeHHeM MarHHUTHOTO
noss. Ha puc. 11.11 npuBenena net/isi ructepe3uca MarHUTOCTPUKIIUH XKe-
Je3a.

§ 11.3. ¥Ynpyrue HanpsixKeHUs U MAarHUTOCTPUKLUS

OnbIT MOKa3biBaeT, YTO BeJHMUYMHA MArHUTOCTPHUKIIMM 3aBUCHUT OT Me-
xaHudeckoro HanpsikeHuss. Kak BugHo u3 puc. 11.12, MarHuTOCTpUKIUS
HaCBIIIEHHUS] HUKeJis BO3pacTaeT MpH pacTskeHud. B HenedopMupoBaHHOM
cocTosiHuM oHa paBHa —40 - 107°% a mpu HampsKeHHH paCTAXKEHHS T =
= +12 kr/mm® gocturaer —60 - 107% Tlpu c:KaTMM MarHMTOCTPHKIHS
y HMKeJs yMeHbIIaeTcsl M MPH HaNpsKeHHH T = — 12 Kr/MM? CTaHOBUTCH
paBHOH HyJaw0. M3 puc. 11.13 BHAHO, UTO HampsiKeHHWe BJAUSET TaKXKe U
Ha BEJHWYWHY MarHUTOCTPHUKIUH (PEePPOMATHETUKOB C MOJOXKHUTENbHBIM €&
3HaueHueM. [Ipu yBesuueHUU HampsKeHUsT OT HYJA 10 T = +60 KF/MM2
MarHUTOCTPHKIIHS crjaBa, cocrosiiero us 47 % Ni u 53 % Fe, ymenblunaer-
cst o1 16 - 1076 moutu no HYJIS.

OnbIT MoKasblBaeT, UTO MPH PaACTSIKEHUU MarHUTOCTPUKUHUS y (eppo-
MarHeTUKOB C OTPUIATENbHBIM €€ 3HaueHUeM BO3pacTaeT Mo abCONIOTHOU
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(AL/D)- 10°
Cxarue Pactsokenue 15+
28 4 0 4§ 12 ol
T, KI/MM”
L 20 50
-_40 i | |
6 \\m& 0 20 40
10 T, KI'/ MM’
Puc. 11.12. MarHutocTpukLuS Puc. 11.13. MarHurtocTpuk-
HachllleHus Ni IpU pacTsaKeHHH IIMSl  HACBbILEHUS  IepMad-
U CxKaTuM (oTpHlLatesbHas Mar- Jost 47 npu pactsikeHUH (T10-
HUTOCTPUKILHS) JIOXKUTEJIbHA MaTrHHUTOCTPHK-
ITHST)

BenuurHe. PU3HIECKYIO0 MPHUUHUHY 3TOTO SIBJEHUS HETPYOHO IOHSITb, €CJH
BCIIOMHHTb, YTO BeJUUYMHA MAarHUTOCTPHKIMHA 3aBUCHUT OT MEePBOHAYAJIbHOTO
pacripefieJieHHsl BEKTOPOB HaMarHUYHBaHHS.

YrnpocTum ypaBHeHHe MarHUTOCTPUKIHH (10.16); mpeamnosokuB, 4YTO
A100 = Al11, TIepenHIIeM ero B BUIe

3 9 1
>\—§)\8 (cos Y §>, (11.4)
rie A\s — MarHUTOCTPHUKIMS HACBHIIIEHHS, a 1) — YTroJ MeXOy BEKTOPOM

CTIOHTAHHOTO0 HaMaTHWYMBAHHWSI W HaNpaBJeHHEM MAarHHTOCTPHUKIIMOHHOH
nedopmanuu A. C nomouibio ypaBHeHuH (10.16) u (11.4) MOXKHO OLlEHUBATD
BEJIMUMHY MAarHHTOCTPHUKIIUH (PeppPOMAarHEeTHKOB, Y KOTOPBIX B HCXOQHOM
COCTOSIHUH BEKTOpbl CIIOHTAHHOTO HaMarHWUYMBaHHS paclpefessiioTcsl paB-
HOMEPHO TI0 BCEeM HampaBJeHMsIM JErkoro Hamarauyubanus (cm. § 10.3);
3TU ypaBHEHUS] He TPHUMEHUMbI K cjaydaio aeOpMHUPOBAHHOTO W TEKCTYpPH-
POBAHHOTO MaTepHaJia, MOCKOJIbKY y Hero MosiBjasieTCs MpeuMylilecTBeHHOe
HamnpaBJieHhe HaMarHWYeHHOCTH.

[Ipu ynpyroii pedpopmanuu deppoMarHeTHka BO3HUKAET SHEPTHs, OIHU-
ceiBaemasi ypaBHeHHeM (10.25):

WT:—S)\T (cos%p—%). (11.5)

Y (peppoMarHeTHMKOB ¢ OTPHUIATEJbHOH MarHUTOCTPUKIHEH (A < 0) MH-
Humym sHepruu W, (ypaBuenue (11.5)) mpu pactsaxenuu (7 > 0) coot-
BeTcTBYyeT ¥ = 90° T.e. BEeKTOpP CIOHTAHHOTO HAMarHWYHMBAHWSI yCTaHaB-
JUBaeTCsl TMOMepéK HampabjeHUs paedopMmanuu; npu cxkatuu (7 < 0) oH
yCTaHABJIWBAETCS BIOJb 3TOTO HAaMpPaBJEHHSs, TOCKOMbKY 1) = 0.

Ha puc. 11.14, a u3obpakeHa yIpolI€HHass cXeMa paclpefeseHus J0-
MEHOB y (peppoOMarHeTHKa C OTPHUILATEJbHOM MArHUTOCTPHUKIHUEH B HCXOM-
HOM, Hele(DOPMHUPOBAHHOM COCTOSIHHH, KOTJa BEKTOPbl HAMAarHUUEHHOCTH [
OpPUEHTHPOBAHbl PABHOBEPOSTHO BAOJb TPEX HAIMpaBJeHUH JIETKOTO Hamar-
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HUuKMBaHHUs. [IpUa0XKKUM moJie BAOIb AJUHB HefleOpMUPOBAaHHOTO obOpasiia.
Torga, corsmacHo ypaBHeHuio (11.4), A = A;, Ttak Kak ¥ = 0 u cosy =
= 1. Cxema HOBOro pacrnpefeseHdss IOMeHOB MpuBeaeHa Ha puc. 11.14, s.
CpaBHuBas pucyHku 11.14,a v 6, Mbl BUAUM, YTO CTPHKIIMS BbI3BaHA
MOBOPOTOM BEKTOPOB HaMarHU4YUBaHHS y 2/3 BCEX NOMEHOB.

Ecnu noaBeprHyTh o6pasell pacTsiKeHHI0, TO BCe NOMEHbI MOBEPHYTCS
TaK, UTO UX BEKTOPbl HaMarHWUYMBAHHS PACIMOJIOXKATCS B HalpaBJeHHSIX,
MepneHAUKYASIPHbIX IJauHe obpasua (puc. 11.14,6). Ilocae npuioxeHus
K TaKOMYy pacTsiHyTOMY 00pasily MpOA0JbHOI0O MarHUTHOI'O MOJS BEKTOPHI
HaMarHUYMBaHHS TOBEPHYTCS He Yy JBYX TpeTeH, a y BceX JOMEHOB, T.e.
CTPUKIUSI YBEJUUUTCS B MOJTOPA pasa Mo CPaBHEHHIO ¢ Heae(OpMHUPOBaH-
HbIM (peppomarHeTHKoM: A\ = 3\4/2 (mepexon oT 6 K 8).

[Ipu cxatuu Toro e obpasina 6e3 MarHUTHOTO TOJISI OH TePexoauT
U3 COCTOSIHUSI @ B cocTosiHue e. [locnenytoliee HasoKeHHe MarHUTHOTO
nosst Hg BRoOJb HanpaBjeHus: nedhopMaluu MPUBOAUT (PeppOMarHeTHK B CO-
cTosiHHe 8. Kak BHAHO M3 PUCYHKA, MarHUTOCTPUKIHUS CKATOro (heppomar-
HeTHKa C OTPHIlAaTeJbHOH MarHUTOCTPUKIIMEH paBHA HYJI0. Bcé BhilieusJo-
»KeHHO€ HaXOIMTCS B COIVIACHH C 3KcIepuMeHTOM (cM. puc. 11.12).

a O 8 2 a O 6 2
{ ¥ { - -
- {
| + | - : -
¥ | ® ®
- - { }
| } ) @
¥ { -
o — ;
; } ) \ —
N - ‘ B
® - } SRR
A, —— -
3 3
_ A,
1
(e L
=0 1T At =0 I it
H=0 H=0 YH H=0 H=0 H=0 VH H=0
Puc. 11.14. Cxema opueHTauuu AoMe- Puc. 11.15. Cxema opHeHTalUH HOMe-
HOB y (beppOMArHeTUKOB C OTPHUIlA- HOB Yy (DeppOMarHeTHKOB C TOJOXKHU-
TeJbHOW MArHUTOCTPUKIUEH TeJIbHOM MAarHUTOCTPUKIIHMEH

Ilo cux mop paccMaTpuBaJiMCh CJay4ad, MPU KOTOPBIX Ag Oblja OTpH-
laTeJbHOH BeJUYHHOH. ¥ (PeppOMarHeTHKOB C TOJOXKHUTEJIbHOH MarHHUTO-
crpukuued (A > 0) muuumywm sneprun W, (dopmyna (11.5)) npu pacrs-
)eHuu (7 > 0) coorBercTByeT ¥ = 0, T.e. BEKTOP CIIOHTAHHOIO HaMarHH-
YMBAHUS YCTAaHABJMBAETCS BAOJDb HalpaBJeHHs aedOopMalluu; MpPU CKaTHH
(7 < 0) oH ycTaHaBJIHBaeTCs MOMEPEK ITOTO HAMPAaBJAEHHS, MOCKOJABKY 1) =
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= 90° Ha puc. 11.15, a npuBeneHa cxema pacrpejeseHHs JOMEHOB y dep-
POMAarHeTHKa C TMOJOXHUTEJbHOH MAarHUTOCTPUKIMEH B HCXOAHOM Hemedop-
MHPOBAHHOM COCTOSHHM. Ecau K TakoMy (QeppoMarHeTHKY IIPUJIOXKUTh
MarHuTHOe TMoJie BAOJb €ro JJIMHbI, TO €ro MarHUTOCTPHUKIIHS, COIJIACHO
ypaBHeHHo (11.4), 6ymetr paBHa A\ = A; (puc. 11.15,8). Kak BugHo u3
PDUCYHKOB 6 U 8, MarHUTOCTPHKIIHS MPeIBapUTEJbHO PacTIHYTOro oOpasiia
paBHsieTCs HYJ0. MarHuTOCTpPUKIIMS TpeaBapUTeNbHO CXKaTOro oOpasiia
(puc. 11.15,2) B 1,5 pasa 6oblile, ueM y HemnedOPMHPOBAHHOTO (peppomar-
HEeTHKa (Mepexol U3 COCTOSIHUSI & B COCTOSIHHE 8), T.e. A = 3)\s/2.

B kauecTBe npumepa M0xKHO 00paTUThbCs K pucyHKY 11.13, Ha KoTopom
MpUBeieHa JKCIepUMeHTaJ bHasi KPHBasi MarHUTOCTPUKIIMK (heppOMarHeTH-
Ka C IMOJIOXKUTEJbHBIM €€ 3HaueHHeM, MOABEPrHYTOrO PA3JIMUHBIM 10 BEJIU-
yuHe AeopMalUsaM PaCTIXKEeHHS.



[naBa 12
JOMEHHAY CTPYKTYPA ®EPPOMATHETHUKOB

§ 12.1. IIpuunna oOpa3oBaHUs JOMEHOB

O3HaKOMHUBIIMCh C OCHOBHBIMU THIIAMH 3HEPrUHM B3aUMOJEHCTBUS B
(heppoMarHeTukax, MOXKHO TMePEUTU K PEILIeHUI0 3aJadyd O paclpeneseHUU
BEKTOPOB CMIOHTAHHOTO HaMarHW4MBaHUs B HUX. BHadaJse paccMOTPUM UJie-
aJbHbIH (DEPPOMArHUTHBIH MOHOKPHCTAJJ, OXJaXKAEHHBIH OT TOUKH Kiopu
6e3 MarHutHoro noJs. Jlo6ble nedpopmaliiy U UCKaKEHUST PELIETKU NOJK-
Hbl B HEM OTCYTCTBOBATh.

Ecau Takod (heppOMarHUTHBIA MOHOKPHUCTAJ UMeeT popMy OeCKOHEUHO
JIJINHHOTO CTEpPXKHS, C OCbI0 KOTOPOTrO COBMAJAaeT HampaBJieHUe JIETKOTO
HaMarHW4MWBaHUS, TO OH, MO-BUAUMOMY, NOJIXKEH NPENCTaBJSATh COO0M ONUH
CIIJIOIIHOU JIOMEH, T.€. BCe BEKTOPbl CIIOHTAHHOTO HAMATHWYHWBAHHUS B HEM
JNOJI2KHBI OBITh PACMOJIOXKEHbI MapaJiieJlbHO APYT APYTY M OCH CTepKHS.
JIeHCTBUTENbHO, SHEPTUS Pa3sMarHUUMBAIOIIEro MoJs B 3TOM CJydae paBHA
Hysao (cMm. ypaBHeHue (10.27)), Tak Kak KO3(PGhUIHUEHT pa3MarHUYHBAHUS
paBeH HYJ0. DHEPrusi aHU30TPOINHUM TaKXKe MUHUMAaJbHA, MOCKOJbKY BeK-
TOPp HaMarHU4YUBaHUS TNapaJJesieH HarnpaBJeHHIO JEFKOTO HaMarHUYHBaHUS
(cMm. ypaBHenue (10.18)). MuHuManibHa ¥ OOMEHHasl SHEPTHS], TaK KaK BCe
CTIMHBI PACIOJIOXKEHbl TapaJJjiesbHO Apyr apyry (cm. ypaBHenue (10.2)).
Bcesikoe M3MeHeHHWe OfHOAOMEHHOCTH B
3TOM CJyd4ae BbI3BaJO Obl yBeJUYEHUE S
XOTs1 Obl ONHOTO BUAA 3HEPrHH, a cCJe- ;
J0BaTeNbHO, MpHBeNO Obl ¢eppoMarte- T Tw
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THK B HEpPaBHOBeCHOe cocTosiHHe. Peasib-
HO MOMOOHBIA CJydal MOXKeT ObITb, MO- e L]
BUJIUMOMY, OCYIIIECTBJIEH B O4eHb TOHKOH =
(heppOMarHUTHOH TJEHKE (TOJIIMHOU IO- a 6
pagka 107> = 107° cm).

Y  OOBbIYHBIX KPHCTAJJOB KOHEeY-
HBIX pa3MepoOB OAHONOMEHHAasi MarHUTHAas
cTpyktypa (puc. 12.1, a) sBasietcss sHep-
reTHYeCKH HeBbIrogHOW. bmaromaps cy-
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BBITONHO pasiesieHHe MOogoOHOro KpPHUCTaJs/da Ha HECKOJbKO JTOMEHOB TaKHM
oOpa3oM, 4TOObl coceqHHe NOMeHbl OblJM HaMarHW4yeHbl aHTHUIapaJljiesb-
HO, TMOCKOJIbKY TPU 3TOM YyMeHbIIaeTCsl pa3MarHuuyuBawinui ¢axtop N
(puc. 12.1,6,8). Uem Ha OGoJiblllee KOJHYECTBO aHTHIAPAJJIEJbHBIX JOME-
HOB DPa300bETCS KPHUCTAJJ, TEeM MeHbllle OyIeT ero MaTrHUTHAasi dHeprus.
MaruuTtHas 3Heprusi ell€ OoJibllle CHHXKAETCH, €eCJH aHTUMapaJseSbHO
HaMarHUYeHHble MOMeHbl TeprneHAUKYASIPHO 3aMbIKAIOTCsI HaMarHUUeHHBbIM
nomeHom (puc. 12.1, e,0). IlpaBna, Mexay AOMeHaMM CO3[al0TCSI TPAHHLbI
C aHTHUMapaJJeJbHbIMA CIIHHAMH, U 9eM OoJbllle TAKUX TPAHHIL, TeM O0Jb-
lle BeJIMUMHA HX oO0lled oOMeHHOH 3Heprud. Kak Mbl YBUAMM [aJibllle,
JeJleHWe Ha JOMeHbl OOBIUHO 3IHEPreTHYeCKH BBITOOHO B TeX CJaydasx,

Korna (heppOMarHeTHKH HMMEIOT He OdeHb MaJjble pa3Mephl (6oJblie ueMm
10~% = 107° cm).

§ 12.2. IlepexogHbie cJ0U MeXAYy AOMEeHAMH

[Ipexxne dyem BBISICHUTb, KaKas CTPYKTypa JAOMEHOB SiBJsieTCS HanOo-
Jlee BBIFOJHOW, MOCMOTPUM, 4YTO MPEACTaBJsSeT COO0H MepexoNHbId CJ0U
MeXAy HUMH. Jlnsi 3TOro paccMOTpPUM TNOAPOOHEee MarHUTHO-OJHOOCHBIH
KpUCTaJJ, T.e. (eppoOMarHeTUK C OJHUM HampaBJeHUeM JIEFKOTO Hamar-
HUYMBAHUS, Hanpumep KobaJsbT. Ha rpanuile Mexay MIOCKHMHU JOMEHAMHU
BEKTOPHl HaMarHUUMBAHHS HM3MEHSIOT CBOE HampabseHue Ha 180° (ot I
no —Is). Eciu Ttakoli mepexon coBepilaeTcss MeXIy
ATOMHBIMH TJIOCKOCTSIMM KPUCTaJJa, TO OH, He Hapy-
lasi ycJ0BHSI MUHHMyMa 3HEPrdd MarHWTHOH aHH30-
TPOIMHHU, TPHUBOAUT K TOSIBJAEHHUIO OOJbIIOH MOJNOXKH-
TeJbHOH 3Hepruu obmeHa. OOMeHHasi SHEPTHUS MexX-
. | | Ly [IBYMS COCEIHMMM CIHHAMH, COIVIACHO YypaBHe-
nuto (10.2), paBHsieTcs QAZ'jaQ. [TockosbKY y KpHCTaJ-
, y y Ja C TOCTOSIHHOM peléTKH @ Ha OIWH KBaJApaTHBHIU

CAHTHMETpP TPaHUIbl C KaXJI0H CTOPOHbI TMPUXOAUTCS
Puc. 12.2. Cxe- 1/a® cnuHoB, o6as o6MeHHAsh 3Heprus Ha rpaHMIe
Ma pe3Koil rpaHu-  IJIOIAAbIO | cm? coctaBastet (puc. 12.2)

bl MeXAYy OO0Me-

A 2
HaMH Yoo = a—‘;. (12.1)

Ecau xe rpaHuiia Mexuay AOMEHaMH MpPeACTaBJsieT COO0H He De3KHUH
MIOBOPOT COCeNHHX cnHHOB Ha 180°, a mjaBHBIH MX IIOBOPOT Ha IIPOTSI-
»KeHHH OO0JIbIIOr0 YHMCJ/JIa CHHHOBHIX €JOEB (puc. 12.3), TO B MJIOCKOCTSX,
napaJijieJIbHbIX MOBEPXHOCTU pasjiesia, BeJHUMHa OOMEHHOH HEpPruH, IMpH-
xonsme#icsa Ha 1 cM? TPaHHIBI, MOKeT OBITh CYIIECTBEHHO CHHIKEHa.

O603HaunM yepe3 ¥ yroa MexXJy HampaBJjeHHEM JETKOr0 HaMarHU4H-
BaHHUS U BEKTOPOM HaMarHW4eHHOCTH I; B HEKOTOPOH aTOMHOH MJOCKOCTH
MepexofHOTO CJIOSi HA PAcCTOSIHUM x OT noMeHa (puc. 12.3), a yepes ¢ —
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Puc. 12.3. Cxema nepexogHOro cJjosi

yroJa Mexay CIHHOBbBIMHM MOMEHTAMH COCENHHX ATOMHBIX CJIOEB. OquI/Iﬂ'
HO, 4TO wza@ (129
dx’ '
rlie ¢ — TMOCTOSHHAsl KPUCTAJIJIMYECKOH PeIléTKH.
Ecau yron ¢ man, ypaBHeHHe, Bhipakaiollee OOMEHHYIO SHEPrHio Co-
CEAHUX CIITMHOBbLIX MOMEHTOB, MOXKHO IIEPEIHUCATb B BHAE

2
2 _ 2 Y
—QAZ']'O' COS Pi5 — —QAZ']'O' (1 - 7) .
B nanbHefillleM MOXKHO YYHTBIBATb TOJIBKO IMEPEMEHHYI0 YacTb 3TOM
_2A2 22_A"22H ..
SHepruu ij0°(¢°/2) = A;jo°¢”. TlogcTaBUM B HeE€ BMeCTO ¢ €ro
sHaueHue u3 (12.2):

dx

Ecau tonmmuuba nepexomHoro cjaoss — ¢ (puc. 12.3), a moJiHBIE MOBOPOT
CTMIUHOBBIX MOMEHTOB B MEPEXOJHOM CJIO€ OT OJHOTO JOMeHa K APYyromy co-
CTaBJIIET YTOJ T, TO MOXKHO B Bhipaxkenue (12.3) BHectu sameny dv)/dx =
= m /). Torna oHO MpUMET BUJ

Ajo%a? (@)Q | (12.3)

¢

A¢j0'2a27(;—2. (124)

Uucsio cnUHOB B TOJIILE TMEPEXOAHOr0 cJjost coctapasier N = §/a, a Ha

1 cM? ero moBepxXHOCTH NpPHXOAUTCA 1/a’ CIMHOBBLIX MOMeHTOB. IloaTomy

0OMeHHasl SHeprus, npuxonsiascs Ha 1 cM? mepexomHoro cJ/osi, paBHa

9 27‘(’2 o 1 2772
Yog = Ao a” = = — = Ao”— (12.5)

52 a ¢ ad’

Takum o6pasoM, sHepPrUsi MepexomHOro ¢Jos MPH IMJaBHOM TOBOPOTE CIIH-

Aotr? 1

HOBBIX MOMEHTOB BAOJIb €I'O TOJILIHMHEBI B = 5 = pa3 MEHDbIIIE,
T a

a2 ad

6 E.C. bopoBuk u np.
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yeMm npu peskoM mnoopote (cm. (12.1)). U3 (12.5) BugHO, 4TO OOMeHHas
HEPTUsl TeM MeHblile, 9eM OO0JbIlle TOJIIHHA MePEXOAHOr0 CJIosi, B KOTOPOM
OCYILECTBJSIETCS TMJABHBIH MMOBOPOT CITHHOB.

Ecau pesku#l MOBOPOT Ha yroJ M HHKAK He OTPaXKaeTCs Ha BeJUUUHE
SHEPTMM MArHWTHOH aHW30TPONHH, IMOCKOJbKY B OOOMX COCEIHHX A0OMe-
HaxX BEKTOPbl HaMarHWYHMBAHHWS HalpaBJeHbl BIOJb HaMpaBJieHHS JETKOTO
HaMarHW4MBaHHs, TO TPH LIHPOKOM MEPEXOAHOM CJIO€ SHEPTHs MarHUTHOH
AHW3OTPOIMHUU BO3pacTaeT 3a CUET YCTAHOBJEHHS MArHUTHBIX MOMEHTOB
B Pa3JIMUHBIX aTOMHBIX CJIOSIX MOJ OTJHYHBIMH OT HYJS YIJIaMU ¥} K Hanpas-
JIEHHIO JIETKOI0 HaMarHUYMBaHUs. TakuM 00pasoM, 3HEPrusi MepexomHOTO
CJIOSl 7y CKJIaJbiBaeTcss U3 0OMeHHOH sHepruu (12.5) u 3HepruM MarHUTHOH
AHU3O0TPOTIHH.

[TpenmnosiokuM 171 TPOCTOTHI, YTO BEKTOPbl HAMAaTHUUMBAHHSI BO BCEM
MepexoNHOM CJI0e TMepHeHAUKYJSPHbl K HalpaBJeHHIO JETKOTO HaMarHW4u-
BaHusi. Torma mpuxopsmasicds Ha 1 cM? 3Heprusi MarHUTHOH aHH30TPONHH
nmepexofHoro cjosi ¥, = KiJ, rne K| — KOHCTaHTa MAarHMTHOH aHM30-
Tponuu. Ecau Tenepb ydecTb, YTO He BCe MaTrHUTHblE MOMEHTHI B 3TOM
cJioe TepNeHAUKYJSIPHbl K HalmpaBJeHHI0 JIETKOTO HAMarHWYHWBaAHHUS, a YTOJ
C HampaBJieHWeM JIErKOro HaMaTHUYKWBAHUS IMJABHO MeHsIeTCsi OT OIHOH
TPaHUIIBl K IPYTOH, CJeAyeT BBECTH HEKOTOPBIH KO3I(D(PHUIMEHT MPOMOPIHO-
HaJbHOCTH 3 < 1. Torga nJOTHOCTb SHEPrUHM MEPEXOJHOTO CJOSI OKAXKETCS
paBHOU v, = K0, T.e. HEPrUs MarHUTHOH aHU3OTPOIHH MPSIMO TPOIIOP-
IIMOHAJIbHA TOJIIIHMHE MepeXoaHoro cJjosi. [[ocKo/bKy cOoriiacHO ypaBHEHHIO
(12.5) obmMeHHasi Heprus B MEPEXOAHOM CJioe 0OPaTHO MPONOPIHOHANbHA
ero TOJILIHMHE, MPU y4éTe IHEPTHMH OOMEHHOHM W MarHUTHOH aHU30TPOIHH
MOJYUUM AJS MJOTHOCTH OOIIeH HEPTHH MePeXOqHOT0 CJI0sI BhIparKeHHe

Vo = AZ& + BK;0. (12.6)

TonmuHy nepexogHOro €Jios § MOXKHO HAaUTH M3 YCJOBUH MUHMMYMa 3Hep-

ruu (12.6):

W A; + BK; =0, (12.7)
OTKyJa
7’ Ac”

T. €. HCKOMasi TOJIIIMHA 00paTHO TMPOTOPIIMOHANbHA KOPHIO KBaJipaTHOMY H3
KOHCTAHThl aHU3OTPOIIHH.

YpaBuenue (12.6) MoxxHO mepenucaTth B 60Jiee YI0OHOH (opme, moacTa-
BHB B Hero sHauenue 0 u3 (12.8):

2
s = zm/%. (12.9)

MHTepecHO MpPOM3BECTH NPUOJUIUTEJbHYIO OLIEHKY TOJIIMHBI MePeXof-
HOTO CJIOSI M €T0 HEPTUM NI/l HEKOTOPBIX (peppomMarHeTUKoB. Jlig kobasbTa
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A=~ EkO/b, rne © = 1300 K, b — gucao Oarxkaliiiux coceneid atoma, k =
= 1,38 10~ %5pr - rpag~!; K| =5-10° spr/cam?, a =~ 1078 cm, B < 1; cie-
JOBaTeJbHO, TOJIIMHA TepexofHbIX cJ0€B B HEM cocTaaseT 10 + 100 A,
a 49uCJI0 aTOMHBIX ¢10€B N = d/a = 10 = 102 Ins xeneza © = 1043 K,
K, =5-10° SPP/CMS, a=2,6-10"8 cM; oTCIONA TOMIIMHA €ro nepexofHbIX
cyi0éB & ~ 1000 A, ux konuuectso N = 300, a MIOTHOCTH TOJMHOR SHEpruH,
cornacHo (12.9), paBHa s ~ 1 spr/cm?. s nmepmasiios, HOABEPrHYTOro
CHJILHOMY pacTskeHHI0, d ~ 5000 A, a N ~ 10% atomHbIX cJ/108B.

N3 ypaBHenusi (12.8) cjemyeT, 4TO TMOCKOJBKY TOJIIHMHA IE€PEXOIHO-
ro cjoss o6paTHO MPOIMOPIIHOHAJbHA KOPHIO KBAApPaTHOMY H3 KOHCTAHTHI
AHHU3OTPOIUH, a MOCJENHSIS TPH MOBBIIEHUH TeMIepaTypbl KakK TMPaBHJIO
yMeHbIaetcss 1o Hysas (cm. pucyHku 10.18-10.20), ToamnHa mepexogHoro
CJIOSI TIPY TIOBBIIIEHUH TeMIepaTypbl PACTET U NOCTUraeT MPH TeMIlepaType
Kiopu 3nauenus 6 — oo.

[Ipu paccMoTpeHHM PacCIoJIOXKeHHS CIIMHOBBIX MOMEHTOB B IePeXOLHOM
CJIO€ Mbl He YYHUTbIBAJH BO3MOXKHOCTH HMX IMOBOPOTA B IMJOCKOCTH PacIio-
JIOXKEHHsI BEKTOPOB HAaMarHW4YMBaHHS B COCEIHHUX JAOMeHax (T.e. B IJIOC-
KOCTH, MEPHEeHAUKY/ISIPHOH MOBEPXHOCTH IpaHull). [eso B TOM, 4TO Tako
Croco0 HM3MeHeHHs OPHEHTAllMW CIIHHOBBIX MOMEHTOB B IE€PEXOJHOM CJIOe
MeHee BBITOfIeH, 4eM PacCMOTPEHHBIH BBILIE, MPH KOTOPOM OHM H3MEHSIOT
CBOIO OPHMEHTAllMI0 B IJIOCKOCTSIX, MapaJjJjesbHbiX rpaHuuam. I[lpu usme-
HEeHHH OpPHEHTAllMU CIIHHOB B TJIOCKOCTH, TEPIEeHAUKYISIPHOH TI'paHHIlaM,
KpoMe OOMEHHOH 3Heprdd U 3HEePruM MarHUTHOH aHM30TPONMH, A0OaBJIs-
eTcsd 3Heprusi B OOJIBIIOM pa3MarHUYMBAWIIEM I0Jie TePeXOIHOTO CJIOS.
[locnenuust npenctaB/aseT cOO0W TOHKHH CJAOW ¢ pa3MarHWU4MBaOIIUM (hak-
TopoM N = 47, NeprneHAUKYJSIPHBIM 3TOMY cJoto. [Ipy HM3MeHeHUH OpH-
eHTAllMHd CIMHHOBBIX MOMEHTOB B IJIOCKOCTH, MEPHNEeHIHKYJISPHOH TPaHHUILE,
TMOSIBJISIETCS COCTaBJISAIONIAS] HAMAarHUUMBaHUsl [, B 3TOM HampaBJeHHH H,
cJiefloBaTe IbHO, pasMarHuuuBaoliee noJge. [Ipuxoasuiasicd Ha eMUHHUILY T10-
BEPXHOCTH TEPEXOAHOTO CJIOS AOMOJHUTENbHAS SHEPTHsI COCTABJSET Yo =
= 47r]2©5. M3 ckasaHHOro cJjenyeT, 4TO IHEPreTHUYECKH BBIFOJHO, UTOOLI
B paccMOTpeHHOM Bbille 180-rpagycHOM MepexoJHOM CJ0€ MarHUTHble MO-
MEHTHl OCTaBaJIUCh MapaJjielbHBIMM T'PaHUIlE pasfesna MeXAy JOMeHaMH.
Takas rpanuiia BnepBble OblJa HccJeoBaHa DI0OXOM M B JMTepaType 4acTo
Ha3bIBaeTcs1 OJIOXOBCKOH.

§ 12.3. JlomeHHasi CTPyKTypa B OHHOOCHOM
¢eppoMarHUTHOM KpuCTaJJie

B npenbigyuiem naparpage naHa OlleHKa pas3Mepa MepexofHOro CJosi
MexXx1y noMeHamu. Temepb BBISCHUM pa3Mepbl W (opMy caMHUX NOMEHOB
B (peppoMarHeTHKax € OJHUM HaIpaBJeHHEM JETKOro HaMarHUUMBAHUS.
BHyTpu ¢deppomarHeTvka NpH OTCYTCTBUHM BHEIIHETO0 MArHUTHOTO MOJs
div (Ho + 4nls) =0, wau div H-, = —4ndiv [, tne H-, — BHyTpeHHee
(pa3maruuuuBaoulee) nose. Jns mpocrteliiero caydasi, KOTia KOHCTAHTA

6*
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AHHU30TPOTIHH CTOJb MaJsa, 4To €€ BeJMYHHON MOXKHO npeHebpedb (K| ~ 0),
pacrpeneseHre BEKTOPOB CaMOINPOW3BOJBbHOTO HAMAarHMUUBaHUsl ONpeaeJsi-
eTcsi TOJbKO MHUHHMyMOM MarHuTHo# suepruu Wy, = (H-I,)/2, moctu-
raembiM npu Wy = 0, yto BO3MOxHO Julib npu H-— = 0. OnHako mnpwu
3TOM BHYTpH Bcero kpucranna div/Ig = 0, T.e. BeCb MarHUTHBIH MOTOK
J0JI2KeH ObITh 3aMKHYT BHYTPH (heppoMarHeTHKa, a CJeJ0BaTeNbHO, PaBHA
HYJI0 HOPMaJbHasi COCTAaBJIAOIAS HAMarHUYEHHOCTH [, K TOBEPXHOCTH
KpUCTaNNA:

I, = 0. (12.10)

PaccMoTpuM (peppOMArHUTHBIH KPHUCTAJA, HMEIOUHH (opMy MpsMo-
YroJIbHOTO MNapaJuiesenunena ¢ péopamu Iy, Iy, [, = L, rae z — HanpasJe-
HHe JIETKOTO HaMarHW4YWBaHWsl. BHYTpM KpucTasna BEKTOPbl CIIOHTAHHOTO

HaMarHUYMBaHUS HampaBJeHbl BJIOJb

Y OCH z, a y TMOBEPXHOCTH, B CHJy YCJO-
LT Bus (12.10), noJ/KHBI OBITH MapaJJeb-

b s - - R ? ) ’
/\/\/(\/\)(\ Hbl MOBEPXHOCTH oOpasia, T.e. Ig, =

45¢ 1 IV VI = +1,. B pesysnbrare mosyuaercst pac-
npefaeseHde JOMEHOB, IMOKa3aHHOe Ha
L T ? ¢ ¢ T ? 'L ¢ puc. 12.4. Ilpn KOHCTaHTe aHHU30TPO-
I I AV VII I[IuH, paBHOﬁ HYJI0, paCC€AHHUE MATHHUT-
HOrO TOTOKA BHE KpHCTaJjJja TOJHO-
CTbIO OTCYTCTBYeT. [Ipu Hanmuuuu sHep-
R TMU MaTHUTHOH aHU30Tponuu K| neso
Vz HeCKOJIbKO ocJioxkHseTcd. Jlasg Bhisic-
HEeHHUsI Pa3MepoOB JOMEHOB HeoOXOAUMO
Puc. 12.4. Cxema NOMEHHOH CTPYK-  yyyThBATH YCJOBHE MHHHMYMa CYMMBL
Typel. Hanpasiienne JIErKOro Hamar- o ..o BULOB SHeprvu. [10CKOMbKY pac-
HHUYHUBAHUA COBIIagd€eT C OChIO 2 o
CMaTPUBAETCs OMHOOCHBIM B MaTHUT-
HOM OTHOILEHUH KPUCTAJJ, MJAOTHOCTH
SHEPIrHU MArHUTHOM aHMU30TPOINMM B 3aMblKawiux obgaactax W, = K
(cm. (10.6)). O6bém Kaxnod mnpuamathyeckod ob6gactu (II, IV, VI,...)
paBeH d%ly/ll, rne dyp — ILIMPUHA JOMEHa; UX YHCJAO 1O 00euM MPOTH-
BOTOJIOXKHBIM CTOPOHAM KpucTajia coctaisier 21, /dy. Takum o6pasowm,
CYMMapHbIH 00BEM BCeX MPU3MATHUECKUX obJsacTel

doly 20, 1
T 4y 2lelydo
da I10JIHAadd SHQPFHH aHI/I3OTpOHI/II/I
W, = % lolydo- (12.11)

[T/10THOCTh TOBEPXHOCTHOH 3HEPrHH MEPEeXOAHBIX CJOEB BHYTPH KpH-
craana coctapaser 2my/AK Bo?/a (cm. (12.9)), nuomanb kaxao# mno-
BepXHOCTH — [y l, = [, L, ux 4uciao — l/dy. CnenoBaTesibHO, HX MOJIHAS
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2
W — ol l,L | AK o | (12.12)
d() a

[TockosbKY B BbIpaXKeHHSIX MJisi SHEPTHU MepeXofdHbIX cJoéB, (12.12),
¥ 3aMblKawlux obaactel, (12.11), sagaHbl Bce BeJIMUHHbI, KPOME ILIHPHHBI
noMeHa dgy, TOCAENHIO MOXKHO HaHTH M3 YCJAOBHS MHHUMYMa CYMMBbI
YKa3aHHbIX SHEPTrUi:

SHeprus paBHa

9 N\ 1/4
d02(7rL)1/2<;1;1§> . (12.13)

CyliecTBeHHBIM SIBJSIETCS TO, UTO MPU MPOUYMX PABHBIX YCJAOBHUSX IITH-
pHHa JOMeHa dgy TPONOPIIMOHANbHA KOPHIO KBaJpPaTHOMY U3 TOJIIIHUHBI
kpuctanna (L'/?). Dror BeBox 6bln1 Brepsble cheqad Jlanmay u JIuguiu-
uem [44].

PacuéTHas myprUHa IOMEHOB y KoOaJsbTa MPH TOJIIHMHE KpUcTanaa L =
— 1 cM coctaBasieT dy = 3 - 1073 cm, T.e. ~10° aToMHBIX PACCTOSTHUH, TpH
MIHpHHe nepexonHoi o6aacti § = 107°% = 1077 cm, uau 10 = 10° aTOMHBIX
paCCTOHHI/II/I Has pactsnyToro nepmajuios npu L = 1 CM umeeM dy =
—3-1077 cM npH WHpPHHE TepexoaHoro ciost d = 5- 107° cu.

[Tpu MoBBIIIEHHH TeMIlepaTyphl, corjacHo ypaBHeHHIo (12.13), mupuHa
JNOMEHOB TOJI2KHA PACTH, TaK KaK KOHCTAHTA aHU30TPOMHH MPH 3TOM YMeHb-
maercs. OfHAKO pocT MMPHHB AoMeHoB (dy ~ (1/K)/*) snaunremnho
MeJJIeHHee pOCTa IIMPHHEl MepexofHbx cioés (0 ~ (1/K()/?; cm. (12.8)).
[TosToMy B pesysbTaTe TMOBBIIIEHHS TeMIIEPaTyphl IHIHPUHA TePeXOaHOH
00JIaCTH YBEJUUMBAETCS, PACIPOCTPAHSIACh HA JOMeHbl W yMeHbIas MX
O00BEM.

Ilo cux mop paccmaTtpuBasach OJOMeHHasi CTPYKTypa 6e3 BHeEIIHEro Mmo-
Js1. PaccmoTpuM, KakoBo OyjeT oka3biBaeMoe UM BJHsHUe. Ecju B Hampas-
JIEHWUH, COBMAJAIIeM C HarpaBjeHHeM JETKOTO HaMarHWYHWBaHHUS, MPUJO-
’KEHO BHeIllHee MarHWTHOe ToJie, TO JJIs BbISICHEHHS pa3MepoB JIOMEHOB,
KpOMe MarHUTHOH 3HEpPruu BHYTPEHHEro MoJsi W aHWU30TPOIHH, CJeLyeT
y4eCTb IHEPTUI0 B3aHMOJEHUCTBHSI C BHEUIHHM MArHHUTHBIM TOJIEM, PABHYIO
—(Hls). B nomeHax, B KOTOPbIX BEKTOPbl HaMarHW4YMBaHHs COBMANAIOT
MO HaMpaBJEeHWI0 C BHEIIHWM IOJIeM, 3HEPrusi B3aUMOMEHCTBHUSI C ITHM
rMoJieM yMeHbIIIaeTcsl, a B IOMeHaX, B KOTOPbIX BEKTOPbl CaMOTIPOU3BOJILHOT'O
HaMarHW4MBaHWS aHTUMApPaJJe/bHbl BHEIIHEMY I0J10, OHA yBeJUUUBAETCS.
[TosToMy mepBble HOMeHBI PACTyT 3a CUET BTOPBIX, YTO COMPOBOXKIAETCS
CMellleHHeM TepeXxoAHbiX obJsacted (puc. 12.5). Takum obpasom, deppo-
MarHeTHK B I[€JIOM OKa3biBaeTCs HaMaTHUUeHHBIM. ETro HaMarHW4eHHOCThb
paBHa Pa3HOCTH MarHUTHBIX MOMEHTOB YyKa3aHHBIX Bblllle TOMEHOB, Je-
JIEHHOW Ha 0ObEM Bcero obpasia. B mpucyTCTBHM BHEIIHEro HaMarHU4u-
BAIOLIEr0 MOJSI yBEeJUUUBAETCS HOpPMaJbHasi COCTABJSAIONIAS HAaMarHU4eH-
HocTU [, K TIOBEPXHOCTH KpucTaJjjaa. CJjenoBaTesbHO, MOSBJASETCS MOJe
paccesHus H, = 4nl,.
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KoHeuHo, cJsieqyeT ydecTb, YTO Mbl pPacCMaTPUBAJH HAEANbHBIU KpH-
CTasJ, JUIIEHHBIH KaKUX-JAUOO BHYTPEHHUX HEONHOPOAHOCTEH, KOTOPHIE
B peasibHbIX KPUCTaJ//JaX MOTYT AOMOJHHUTEJNbHO CMellaTb MepexofHble 00-
JACTH B Ty WJH UHYIO CTOPOHY.

RSN
H
Puc. 12.5. Cxema noMeHHOH Puc. 12.6. Ctpykrypa nome-
CTPYKTYPbl TIpH HaJW4YUM Mar- HOB OKOJIO TOBEPXHOCTH TOJI-

HHUTHOTO I10J1d CTbIX KPHCTAJIJIOB

[Tpononxkasi paccMoTpeHHe HAeaNbHOTO KpUCTaJa, CJAeflyeT OTMETHTD,
4TO TMPH AOCTATOYHO OOJBIIOH ero ToJlMHe L O0OBbEM MOBEPXHOCTHBIX
MPU3MATHYECKHX JOMEHOB BO3pacTaeT, a BMeCTe C HHUMH yBeJUUYHBAETCS
U 3Heprust aHuzotponuu. E.M. Jlupuwuy nokasas, 4yTo 3HEPreTHUECKH
BBII'OJ{HEE OKA3bIBAETCSl TOT CJIyUal, KOrjia MOBEPXHOCTHbIE PU3MaTUUECKUE
JIOMeHBI pa3OUBaIOTCS Ha HECKOJbKO 6oJsiee Meakux (puc. 12.6). I1pu Takoi
CTPYKTYp€e 3Heprusi aHU30TPOMHUH yMEHbIIAeTCs, MOCKOJIbKY YMeHbIIaeTcs
00BEM MOBEPXHOCTHBIX NOMEHOB, HAMAarHWYeHHbIX MEePNeHANKYISPHO K Ha-
MpaBJeHHIO JIETKOTO HAMarHM4MBaHUsl, a 3aBUCUMOCTb LIUPHHbBI TOMEHOB d
OT TOJILIMHBI KpUCTa/Ia L H3MeHsieTcsl OT NMPONOPLHOHANbHOCTH do ~ L1/?
(em. 12.13) mo dy ~ L3/2 [128]. BoamoxHO, mpH el GOblueH TOJIIHHE
KPHCTaJJa BhITOAHOH OyleT He MJIoCKoNnapaJJebHasi, a UToJbdaTasi HJIH HU-
TOYHas CTPYKTypa aAoMeHOB. [locsenHee moaTBep:kaaeTcsi SKCIEPHUMEHTOM.

Pacuétel E. M. JIudiuriia nokaselBaroT, 4TO y KoOAJbTOBOTO KpHCTaJIa
UroJibdaTtasi CTPYKTypa CTAaHOBUTCS BBITOAHOH, HAuMWHasi C «KPUTHUECKOU»
TONMMIHHB! Lypyr ~ 5 - 1072 cm, T.e. yKe O6bIYHbIE MOHOKPHCTAJJIL H 3&p-
Ha Ko0Oa/sibTa MOJXKHBI MMeTb HTroJbuaTyld CTPYKTYpPY JdOoMeHOB. Bmecre
¢ TeM, Oaronapsi 60JbIION SHEPTUM aHU30TPOMHH Koba/ibTa, MO-BUAUMOMY,
HEPreTHUYECKU BbITOAHO, YTOObl YacTh MOTOKA 3aMblKaJach U uepe3 BHEI-
Hee MPOCTPAHCTBO; CJeN0BaTeJbHO, HA TOBEPXHOCTH KoOajbTa MOJXKHO
cyllecTBOBaTh OoJibllioe moJie paccesinusi. [locnenHee u OGblI0 0OHAPYKEHO
Ixepmepom B 1942 r. caenyrouium obpasom. [lon HeGoJbUIMM yryiom
K MOBEPXHOCTH KOOAJbTOBOTO KPHUCTAJIJIa HAIPABJSAJCH MYUYOK 3JEKTPOHOB
MotiHocThio 30 KB, KOTOpBIH OTKJOHSJCS Y MOBEPXHOCTU MArHUTHBIM I10-
JeMm paccesinus (puc. 12.7, a). Ilo yray OTKJIOHEHHS MOXKHO OBIJIO pacCyH-
TaThb T0OJIe paccesiHusi, KOTOpoe oKasaJjocb paBHeiM H = 10000 3. Ito
yKa3blBaeT Ha 3HAUHTEJbHOE paccessHhe MarHUTHOTO MOTOKa BHE KpUCTaJl-
Ja. Ecau Obl 3aMbIKaWIIUX TNPU3MaTHYECKUX JOMEHOB COBCEM He OblJIo,



12.3. Jlomernnas cmpysmypa 8 00HOOCHOM eppomacHumuom Kpucmanare 167

MoJie paccesiHusl y MOBEPXHOCTH NOJIXKHO Obljio Obl paBHSITbCst H = 4nl, =
= 4m - 1422 = 17870 3.

[Tpu maso# ToslMHEe oOpa3lia MU B He OueHb CUJbHBIX MATHUTHBIX
MoJIIX BBITOJHA TJOCKOMapaJnenbHas cTpykrypa momenos (JI. 1. Jlannay,
E. M. Jludbuun, Y. Kurrenn). Takue
CTPYKTYpPbl HaOJIOAAIOTCS B TOHKUX
MIACTHHKAX M IJA8HKax. VX npuHsa- NEKTPOHEI
TO Ha3biBaThb CTPaN-CTPYKTypaMHu ¢ \W/r/
(oT aHra. stripe — moJioca). 1

Hepenko BcTpeuawTcs U ApPYy-
rHe BUIbl TOMEHHBIX CTPYKTYyp. Ya-
CTO HaOJIONATCsl TaK Ha3biBaeMble
JJAOUPUHTHbIE JOMEHHbIe CTPYKTY-
pbl. VX BO3HHKHOBEHHE BO3MOXK-
Ho OJsaromapsi TOMY, 4YTO B OJHO-
OCHOM (pepPOMATrHHUTHOM TMJIACTUHKE
(mnéHKe) BO BHEIIHeM I[oJe, Ma-
paJlJIeJIbHOM OCH JIEFTKOTO HAMarHu-
YuMBaHMsI, HaMpaBJeHUs] MOMEHHBIX
CPAHMI B IIOCKOCTH IJacTHHKM  PHC. 12.7. CXema ycTaHOBKM IS Ompe-
(H.HéHKI/I) HUYeM He (bI/IKCI/IpOBaHbI. ACJEHUA TOJA PACCEeAHHUA Y TMOBEPXHO-
B 5TOM c/yyae BOSMOMKEH H3THO ctu Co (a): 1 — rekcaroHasjbHasi IO-

o BEPXHOCTb MOHOKpHUCTaJIa; 2 — (OTO-
JIOMeHOB, 0O0YCJOBJEHHbIH MaJbIMU
macTuHKa. PoTtomsacTUHKA CO cJjaena-
HegﬂHOpoﬂHOCTHMH obpasua, cJy- MM OT paccessHHBIX 3JeKTPOHOB (0)
YalHOCTbIO B MOMEHT 3apOXKJeHUs
JOMEHHOH CTPYKTYPbl UK 3QPeKTaMU TelJoBOH XaoTH3auUuu. B pesyJbra-
Te BO3HUKAET CJIOXKHAsl IOMEHHasi CTPYKTypa, HallOMUHAoIast JaOHUPHHT.

[Ipy HaAW4YKMU aHU3OTPOMHU, HAKJIOHA OCU AaHU3OTPOMNHH UJH BHEILIHETO
MaTHUTHOTO T0JIT K HOpPMaJM IJACTHHKH (TJEHKHW) HalpaBjeHHe JaoMe-
HOB (PUKCHpYyeTCS, YTO MPENsATCTBYET MOSBJAEHUIO JAOUPUHTHBIX NOMEHHBIX
CTPYKTYP.

Eué onHo siBjieHHe UMeeT MeCTO MPU MPUOJIHKEHWHU BHEIIHETO MarHUT-
Horo noJsi Hy K BeauwunHe 4wM,. B aTom caydae pasmep NOMEHOB C Ha-
MarHW4eHHOCTbIO, OPUEHTUPOBAHHOW MPOTUB HaNpaBJeHUs] BHEIIHEero mnoJsi,
CTAHOBUTCS HAMHOTO MeHbllle pa3Mepa JAOMEHOB, HAMAarHW4eHHOCTb KOTO-
pbIX OPUEHTHPOBaHA BAOJb MOJs. B pe3ysbTaTe BO3HHKAET HEYCTOUUUBOCTD
MOJIOCOBOIO JOMEeHA OTHOCHUTEJIbHO TMOSIBJEHUSl MePeTsKeK, U NJIUHHBbIH M0-
JIOCOBOM JIOMEH pacnajfaeTcsi Ha OTAeJbHble [UJUHAPUUYECKHE TOMEHbBI KpPY-
roBoro cedeHusi. bjaronapsi AUNOJbHOMY OTTAJKUBAHUIO LIUJAUHAPHUYECKHE
JIOMeHbl OTXOAAT APYT OT Apyra u OoJiee WU MeHee PAaBHOMEPHO pacripe-
NeJISIOTCS MO BCel MOBEPXHOCTU MJacTUHKHU. Kak mpaBujio oHH 00pasyloT
reKCcaroHaJ/JibHyl0 pelétky. Uucjao noMeHOB, MPUXOASIIMXCS Ha eIUHHUILY
MJIOUIAAN [JIACTHUHKH, 3aBUCUT OT BHEIIHEro MoJig W yMeHbLIAeTcsl MpU
YBEJUUYEHUU €ro HampsKEHHOCTHU. B oTauuMe OT MoJ0COBOr0, OTAEJbHbIH
IUJMHAPUUECKHH NOMEH MOXeT ObiTb ycToHMuuBbIM. Celuac UHUJUHAPHYE-
CKHe JOMeHbl HAauMHAIOT MPUMEHSATh B 3alIOMUHAIOIIUX YCTPOHCTBAX.
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[Ipu ymeHblLIEHUU HANPSAXKEHHOCTH BHELIHErO MACHUTHOIO MOJIS PELIET-
Ka LUJAWHAPUYECKUX JOMEHOB MOXKET COXPAaHHUTbCS U B CJAOBIX MOJSX,
BroTh 10 Hy = 0. Takum o6pasom, B O0JIbIIOM HHTEPBAJE HANPSIXKEHHOCTH
MoJiss MOTYT CYIIECTBOBAaTh HE3AaBUCUMO, W JlaXKe COCYIIECTBOBATb B OJHOM
oOpaslle, MPUHIMMHAJBHO pa3JHWYHble THIBI JOMEHOB (Hampumep, Jabu-
DHUHTHBIE W LMJUHIPHYECKHE). DTO ellé OAUH MPUMEp BJIMSHHS MPEAbICTO-
puu obpasia.

§ 12.4. JkcnepuMeHTaNbHOE N3yueHHe (eppOMarHUTHBIX
o0Jacren

B HacTosiee BpeMsl CyllleCTBYeT HECKOJbKO METON0B HaOJIOfeHHUs N0-
MeHOB. PaccMOTpHM HeKOTOpble W3 HHUX.

1. Memod Axyrosa-bummepa (memod nopowkosoix gueyp).
B 1931 r. AxkynoB u Durrep onHOBpeMeHHO HCIOJb30BaNU JIJis
oOHapyKeHHsI TOMeHOB TOT (haKT, YTO HaMarHUueHHble (DeppoOMarHUTHBIE
JacTHIbl (IUMOJMH) TPHUTATHBAIOTCS K TOJ0CaM MarHuToB. Eciu  jBa
MarHuTa pacrnoJiokeHbl TAaKUM 00pa3oM, YTO CEBEPHBIM TMOJIOC OLHOTO M3
HUX MPUMbIKAET K I02KHOMY TIOJIIOCY APYTroro, ykasaHHble 4YacTUIbl OCENAI0T
Ha TpaHUlEe MeXAY HHUMH.

Tak kak noMeHbl MpPeACTaBJAsIOT COOOHU Upe3BbIYAKHO MaJieHbKHe Mar-
HUTBI, AKYJIOB MPUMEHSIN /s UX OOHAPYKEHUSsI CYCTeH3UI0 U3 CIelHaNbHO
MPUTOTOBJEHHOIO OUeHb MeJKOro (DeppOMarHUTHOTO MOPOLIKA B CIUPTE
UM KepocuHe. HacTuubl, ocenasi Ha rpaHUlax MexXJy JOMEeHaMH, O4epuu-
BalOT WX (hOPMY U pacrnoJiokeHue. B HacTosililee BpeMsi TeXHUKA U3TOTOBJIE-
HUSI CYCTIEH3WH TAaKOBa, UTO MOJy4yaeMble YaCTHIlbl UMEIOT Pa3Mephl MopsifKa
200 = 1000 A, a cocTaB KUIKOCTH GoJiee CJIOKEH, UeM MPUMeHSIBIIMHCS
BHauaJge [188, 107].

[TockosbKy pasmepbl HOMEHOB MUHHATIOPHBI, HEKOTOpPbIE 1LIEPOXOBATO-
CTH Ha TMOBEPXHOCTH 00pas3loB MOTYT BeCTH cebsi, Kak AOMOJHUTEJbHbIE
MarHuTHbIE MOJI0CA, Ha KOTOpble OyAeT ocelaTb 3MYJbCHS, HCKaXKasi BUI
IOMeHHOU cTpyKTyphl. [loaToMy oOpasiubl nepen Hcc/elOBaHHEM CJleNyeT
TIIATeJbHO MONUPOBaTh. OKa3biBaeTcsi, UTO He BCsSKasi MOJUPOBKA BbISIB-
JSleT WCTUHHYIO CTPYKTYpPy HAOMEeHOB. Tak, ec/qii NpPOW3BECTH MeXaHHue-
CKYI0 TIOJIUPOBKY, TO B pe3yJbTaTe AedopMalliy MOBEPXHOCTHOTO CJOS Ha
MOBEPXHOCTU 00pasylTCsl NOMEHbl, OTJWYHbIE MO CTPYKTYpe OT JOMEHOB
BHYTpU oOpasiia. TunudHas cTpyKTypa JOMEHOB Ha MeXaHHWYeCKH MOJUPO-
BaHHOU MOBEPXHOCTH MOHOKPHCTaJJ/a KPEMHHCTOrO »KeJje3a MpUuBeleHa Ha
puc. 12.8. Jlsng Toro 4ToObl MONYUHUTh PeaNbHY0 KapTHHY NOMEHHOHU CTPYK-
TYpbl, HEOOXOAHWMO YAAJHUTb BEPXHUH AeopMUpPOBaHHBIK cjaod. ChenaTthb
3TO MOXKHO C TIOMOIILbI0 0COOOro BHIA 3JEKTPOJUTUUECKOTO TpPaBJeHHS,
MOJIYYMBIIETO Ha3BaHHE 3JIEKTPOJUTHUUECKOH TMOJUPOBKH. B pesysnbraTe
nono6Ho# 00pabOTKM Ha MOBEPXHOCTH KPUCTaJJ/a »KeJjesa, COBMNajarollel
¢ myaockocThio Tuna (100), HaGaomaeTcs AOMeHHasi CTPYKTypa, MpeacKa-
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sanHas Jlangay u Jlupmuuem (puc. 12.9). Ha puc. 12.10 npuBeneHs 1mo-
JydeHHbIe MOPOIIKOBBIM METOAOM JOMEHHbIE CTPYKTYPhl KOOaJbTa.

Puc. 12.8. Tlopomkosbie purypet Ha me-  Puc. 12.9. JlomeHHas cTpyKTypa Ha
XaHUUECKU TMOJUPOBAHHON TOBepXHOCTH  moBepxHocTH (100) mMoHOKpHcTa/Ia
MOHOKPHUCTaJ//1a KPeMHHUCTOTO KeJe3a XKeJesa

a 0

Puc. 12.10. TlopoukoBble (QUIypel Ha TOBEPXHOCTSX KpUCTajjaa kobajbTa: a) ma-
paJiiesbHO U O) MepreHIUKYJSPHO reKcaroHa bHOH OCH

BosopT u Busbsamc mokasasnu, 4To MOPOILIKOBBIM METOIOM MOXKHO OIlpe-
NeJIUTh HalpaBJjeHHe BeKTOpa HaMarHW4uMBaHUsS B JAoMeHax. [[asg 3ToOrO
cJellyeT HaHOCHTb Ha MOBEPXHOCTb OOpa3lla B Pa3JHUYHBIX HalpaBJEHHAX
MeJIKHe LapanuHbl. Ha Tex u3 HUX, KOTOpble MepreHAUKYJ/IsSpHbl HampaBJe-
HHUIO BEKTOpa HaMaTHUUMBAHUS, YaCTHUYKH OCENal0T KaK Ha IMOJICaX.

Ha puc. 12.11, a nokazaHa nomeHHasi CTPyKTypa Ha MOBEPXHOCTU KpPH-
cTaJjljla, COCTaBJISIOUIEH HeOOJbIIOH YroJ ¢ eCTeCTBEHHOHW KpHCTaJJ/orpa-
(bUYEeCKOM MJIOCKOCTbIO, B KOTOPOW PAaCMOJOXKEHO HaMNpaBJeHUE JIETKOTO
HaMmarHuuMBaHus. Ocaaky MexXIy AOMeHaMH HMEIT BHUJ OeJbiX JIUHUH.
Ha puc. 12.11,6 usobpakeHa KapTHHA Ocafka I0CJe HaHECEHUs Ha II0-
BEPXHOCTb 00pasila HemNpepbiBHBIX BepPTHKaJJbHBIX HapanuH. [lo JuHuAM
ocanka (KODOTKHe BepTHKaJbHble Oejible IITPUXU) BHUAHO, YTO TOJBKO Ha
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Puc. 12.11. [lopowkoBble (GUTypel Ha TOBEPXHOCTSAX MOHOKPHUCTAJIA U3 KPEMHUCTOH

CTaJu: @) UACTOH; 6) C BEePTHUKAJIbHBIMU Mapafe/bHbIMU [[apaluHAMH; 8) C IBYMS

B3aUMHO TMePNeHIUKYISIPHBIMU PSilaMU [[apariH; ¢) TPaHUIlbl JOMEHOB U HaIpaBJe-
HUS MX HAMArHUYEHHOCTEeH, BOCCTAHOBJIEHHbBIE 110 oTOorpaduu 8

JacTH JIOMEHOB [apalMHbl 0KAa3aJMCh MEPTEHANKYAIPHBIMUA K HATPaBJIEHHIO
UX HamarHudeHHocTu. Ha puc. 12.11, 8 nmokaszaHa kapThHa ocaaka mocJe
HaHeCeHUsl BYX B3aWMHO MEPNEeHAMUKYJSPHBIX PsSAoB llapanuH. Ha omHux
JIOMeHaX OCaJKH TMOSIBUJHMCh Ha BEPTHKAJNbHBIX I[apaliiMHaxX, a Ha JPYTHUX —
Ha TOPHU30HTAJbHbBIX.

Ha puc. 12.11, 2 npuBeneHa cxema, u3obpaxkaiomiasi rpaHUIbl JOMEHOB
M HalpaBJieHHs] UX HAMarHUYEeHHOCTH, BOCCTAHOBJIEHHbIE M0 (hOTOrpaduu 6.

[IpyunHy ocenaHus TOHKOro (heppPOMArHHUTHOTO TOPOIIKA Ha CThIKE
JIBYX MarHuTOB (MJH JIBYX JOMEHOB) MOXHO OOBSICHUTb NeHUCTBHEM TIpa-
JIHMeHTa MAaTHUTHOTO TI0Jis, TPUBOASIIETO K TOSBJAEHHUIO CHUJbI, PaBHOH
»H(dH /dx)v, tne » — MarHuTHasi MPOHUIAEMOCTb YacTHllbl; H — Hampsi-
XKEHHOCTb MArHUTHOTO MOJIsi B AaHHOM MecTe; dH /dx — rpagdeHT moJs
B HEKOTOPOM HalpaBJieHUH x; v — 00BbEM YacTHIlbl. ECcau pasmMepsl dacTHIL
madabl (MeHee 1000 A), cenyeT ydecTb, YTO OHH HaXOAATCS BO B3BELIEHHOM
COCTOSIHUU B KUAKOCTH. [losToMy pacnpeneseHrde HUX MJAOTHOCTH Jydllle
OMHCHIBaTh GOJbIIMAaHOBCKOH (QyHKIHeH pacnpenesnenus [129]. ITockoabky
MAarHMTHas SHepPrus uyacTHlbl B noje H pasHa —sH?v/2, mIOTHOCTH
yactull p(H) B ToUKe ¢ UX MAarHUTHBIM NosieM H CBsi3aHa ¢ UX MJOTHOCTbHIO
p(0) B Touke, B KOTOPO# MOJIE PABHO HYJIIO, COOTHOIIEHUEM

p(H) = p(0)e v/ kD) (12.14)

(T0J TIIOTHOCTBIO YACTHIL 37€Ch TOHHMAeTCs HX KOJH4YecTBO B 1 cM?).
13 ypaBHenus (12.14) caenmyer, 4To y dYacTull HaOJrOIaeTCsl TEeHIEHIIUSsI
KOHIIEHTPUPOBAThCS B T€X ydacTKax, rjae noJse H vMeer 6oJibliee 3HAYEHHUE.

B caygae pacrosioxkeHHsI IOMEHOB, MPU KOTOPOM BEKTOpP HX HaMarHu-
YUBAHUS JIEXKHUT TMapaJsijieJibHO UCCAeAyeMOH MOBEPXHOCTH 00pasiia, MOJXK-
HBl CYIIeCTBOBAaTh TOJIbKO JIOKAJbHbIe TMOJS B MEPEXOAHBIX CJOSAX MeXK-
1y HOMEHaMH;, €eCTeCTBEHHO, MOPOLIOK OCSeT HMEHHO B 3THX MecTax
(cm. puc. 12.3). Ecau Takoii o6pasell MOMeCTUTb B MarHUTHOE IOJe, Mep-
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MeHIUKYAsipHOe HAOJI01aeMOH TOBEPXHOCTH, (DYHKIIHUS paclpeneseHus npu-
MeT BUJL

B (H+AH v w(H® + 2HAH + AH*)v
p<H) - p(O) eXp ijv - p(O) eXp ijv ’
rie H — mnoJe, mpujoxeHHoe u3BHe, AH — JoKaJbHOE TMOJie Haj Iie-

pexonHbiMU caosiMu. [lockosbky mnose H mnpexnmnoJsaraetcsi OIHOPOAHBIM
MO BCEMY MPOCTPAHCTBY, YUYHUTBIBATb HYXKHO TOJBKO CJEAYIOUIYI YacThb
9KCITIOHEHIIUAJbHOU (PYHKIIHHU:

#(2HAH + AH*)v
2T

exp

Ecau B paccmaTtpuBaeMoM cJjiyyae BHelllHee rnosie H HampaB/seHo Tak
x)e, kak ¥ BekTop AH, TO NJOTHOCTH JIMHUU OCafiKa YBeJHUHBAETCS
MO CPaBHEHHUIO C UX MJOTHOCTbIO TMPHU OTCYTCTBHH BHEILIHErO MOJSs, T.e€.
repexofiHble CJIOM BBIAEJSIOTCS OT-
uyétauBee. Ec/u ke 3TH BEeKTOpHI aH-
TUIApaJJesabHbl, JUHUHA OCAAOJSIOT-
cs U BooOlle MOryT HMcuesHyTb. O0a
caydasi NeHCTBUTENbHO HAOJIOAAIOT-
cs1 Ha mpakTuke. Ha puc. 12.12 npu-
BeJleHbl TMOPOIIKOBblEe (DUTYPbl, BO3- W X
HUKAIOIIHe HA MOBEPXHOCTH KPEMHH- P 6
CTOTO »KeJjie3a B OTCYTCTBHE Hamar-

HUYUBAIOLIETO MMOJA U B ABYX Mpo-  Puc. 12.12. TlopowkoBble ¢Gurypel Ha
THUBOITIOJIOZKHO OPHEHTHPOBAHHBIX T10- [NOBEPXHOCTH KPEMHHUCTOTO 2KeJe3a:
nsx. JIMHUH, o6pasyeMblX MOPOLIKO- @) B MEPNEHIHKYISPHOM MOBEPXHOCTH
BBIMH OCaiKaMH Ha [OBEDPXHOCTH He  MATHHTHOM TOJe; 6) 6e3 HaMarHuuu-
HaMarHH4eHHOro ofpaslia, OKasbipa-  DaloHIero Mo, 6) B aHTHIApaJIe/Ib-
eTcsi B ABa pasa GOJblIe, YeM Ha HOM CJIyYalo @ MarHUTHOM MOJie
HaMarHuyeHHbix. [lopouikoBeie Jiu-

HUK Ha puc. 12.12, 6 HaxoasaTCs MeXJy MOPOIIKOBBIMU JIMHHUSMH PHUCYHKA
12.12, a (cM. ceTky).

2. Inexkmponro-onmuueckuti memod I'.B. Cnusaxka. [as obGHapyxe-
HUSI TOMEHHOH CTPYKTYpbl 3[€Ch MPUMEHSIETCS MeTOJ, SMHUCCHOHHOIO MUK-
pockona (puc.12.13). Hccnenyembiit obpasell HCIOAb3YeTCS B KadecTBe
X0JIOAHOro Katofa [I. DMHCCHS 3JeKTPOHOB ¢ ofpaslia AOCTHraeTcs my-
TéM ero OoMOapAHPOBKH TEPBUYHBIM MYUYKOM 3JEKTPOHOB U3 3JEKTPOH-
HOM MyLIKH 2. DMHUCCHUS He ONHOPOAHA MO BCEH MOBEPXHOCTH H3-3a BJIH-
SIHUSI MaTHUTHBIX <«MHKPOJIMH3» JOMEHOB, Pa3JMuHO HaMaTHUYEHHBbIX 10
OTHOLIEHHIO K MOBEPXHOCTH KaTona. M3obpaxkeHne 3THX HEOZHOPOLHOCTEH
MoJiy4yaeTcss NPH TMOMOIIM MArHUTHOH JIMH3Bl 3, KOTOpas OJHOBPEMEHHO
HaMarHU4MWBaeT HCCJaenyeMbld oOpasell. AHOIOM CJYXKHT OXBaTbiBaloIllee
BHYTPEHHIOIO CTeHKY TpyOKu TokpbiTue 4. Bumnmoe wnzobOpakeHue BO3-
HHKaeT Ha JIIOMHHecHUpywolleM 3KpaHe 5. B manbnedmem I'.B. Cnubak
C COTPYIHUKAMU 3aMEeHHUJIN SMUCCHUIO BTOPUUHbBIX 3JIEKTPOHOB 3MHUCCHUEH (o-
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Puc. 12.13. Cxema 3MHCCHOHHOTO

MUKpOCKomNa: | — XOJIONHbIH KaTo
(uccemyeMblt obpaserr); 2 — 3Jek-
TPOHHAs TMyIlIKa; 3 — MarHuTHas

JUH3a; 4 — aHOA; & — KaTOLO/NIOMH-
HeCIUHPYIOLIHUHK 3KpaH

Puc. 12.14. ®0oT03/1€KTPOHHBIH MUK-
pockor: I — CypbMsIHO-11e3UeBbIH Ka-
TOL C TOAJNOXKOH M3 HCCJeNyeMOro
(heppoMarHeTuka; 2 — KOPOTKO(O-
KyCHasl MaHUHWpHAs MarHUTHas JIMH-
3a; 3 — (IOOpPECUPYIOLIUH SKPaH;

4 — HCTOYHHK OCBeIleHHUSs

TO3JIEKTPOHOB, TOKPBIB UCCJEyEMYIO TIOBEPXHOCTD (peppoMarHeTHka OdeHb
TOHKHM CYpMsIHO-1le3ueBbIM cJyioeM (puc. 12.14). OnwucaHHbBIMH crocofa-
MU OBbIJM TIOJydeHbl BIOJHEe YETKHEe H300parKeHHsi NOMEHHOH CTPYKTYphI
KobasbTa (puc. 12.15). [lpeumMyIiecTBO 3JEKTPOHHO-ONTHUECKOIO MeTOfa
mepel TMOPOILIKOBBIM 3aKJIYaeTCsl B TOM, UTO OH JA€T MPHUHIMIIHAJNbHYIO

4 » A

Puc. 12.15. JloMeHHas CTPyKTypa Ha MOBEPXHOCTH, MEPHeHIUKYJASPHOH K Tekca-

TOHAJbHOM TIJIOCKOCTH MOHOKpHCTaJJIa KoOaJsbTa, MOJYy4YeHHAs C MOMOIIBK (hOTO-

3JIEKTPOHHOTO MUKpOCKona (a, 6) W MOPOIIKOBBIM MeTomoM (8). B cayuasx a u 6

MOBEPXHOCTb TMOAMAarHU4YeHa B MPOTHUBONOJOXKHBIX HAMpaBJEHHSAX, YTO MPUBOAUT K

pa3/IUUYHI0 3HAKA KOHTPACTHOCTH 3JEKTPOHHO-ONTHUECKOT0 H300paxkeHusi (CM. OT-
MeueHHbIe CTpeJKaMU yUacTKH)

BO3MOXKHOCTb H3y4eHHs] TOMEHHOH CTPYKTYPbI NIPH BBICOKHX TeMIlepaTypax;
TMPH UCTIOAb30BAHUH MOPOILIKOBOTO METOA 3TO 3aTPYAHEHO U3-3a UCTIAPEHHS
KUIKOCTH.

3. Maenumoonmuueckuti memod Habarodenus OOMEHHOL CMPYKmypaoL.
B MarHuTOONTHYECKOM MeTolle UcMoJb3yeTcsi siBjeHue Keppa. Ileso B ToM,
4TO €CJM MOJSIPU3OBAHHBIM Jyd CBeTa MajgaeT Ha HaMarHW4eHHBIH ¢ep-
POMAarHeTHK, TJOCKOCTh TMOJSPHU3ALUHN OTPAXKEHHOTO Jyda MOBOPAYHBAETCS
Ha HEKOTOPBIH yToJi, MPOMOPLUHOHANbHBIH HHTEHCHBHOCTH HaMarHUUUBaHHS
uccaenyemoro obpasua. HanpassieHre nmoBopoTa 3aBUCHT OT HalpaBJeHHS
BEKTOpa HaMarHW4YuWBaHHS. Tak, €CJH MOJSAPH30BaHHBIM Jyd CBeTa Hampa-
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BUTb Ha mnoBepxHocTb (0001) KoGasbTa, TO NPH OTPaKEHHH IJIOCKOCTb
noJjsipusaliid noepHétcss Ha (0,25° oT mepBOHAYaJbHOTO HAIpaBJeHHS,
MPUYEM KaxKIblH U3 COCEIHHUX NOMEHOB MOBOPAuUBAET €€ B CBOIO CTOPOHY.

Ha nytu oTpak€HHOro mydka cBeTa yCTaHaBJMBAaeTCsl aHAJIU3ATOP, MPH-
4éM TakuM 00pa3oM, 4TO MOJSIPU30BAHHBIM MYYOK, OTPAXKEHHBIM OT OJHOU
TPYMIbl JOMEHOB, MOJHOCTbIO TacUTCS, B TO BpeMs KakK CBeT OT Jpyrou
TPYMIbl NPOXOAWUT CKBO3b aHAAU3aTop. B pesynbTaTe Ha yCTAHOBJEHHOU
3a HUM QoTorpaguueckodl MJacTHHKE MOJydaeTcsi U300paKeHhe NOMeH-
HOM cTpyKTyphl. [lonoOHble HabJaONEHHS, BIepBbie NMPOBeAEHHble BHbiM-
com u DecTepom, MO3BOJUAU TOJYYUTb OTUETAUBYIO KAPTHHY IOMEHHOH
CTPYKTYpbl KoOaJjbTa. B HacTosllee BpeMsi 3TOT METOJ HCIOJb3yeTCsl IJis
U3y4eHHsI JOMEHHOH CTPYKTYpPbl MHOTHX (heppOMarHeTHKOB.

B deppomarHuTHbiXx 06pasiiax CTOJb TOHKHX, UTO OHH YacTHUYHO MPO-
3pauHbl /IS BUAHMOTO cBeTa (IIEHKH TOJIIMHON okoso 107° = 107° cm),
JTOMEHHYI0 CTPYKTYPY MOXKHO UCCJEN0BaTh, MOJb3ysich addekTom Papanes:
MJOCKOCTb MOJSIPHU3AlMK MOJNSPU30BAHHOTO MydKa CBeTa, MPOLIeIIero ye-
pe3 JIOMeHbl, BpalllaeTcsi, IPUUYEM yroJ BpallleHHs 3aBUCUT OT HalpaBJeHUs
BEKTOpa HaMarHu4uBaHusi nomeHa [197]. KapTuHa, Kak ¥ B IpeabIAYIEM
caydae, HabJOIaeTCs ¢ MOMOIIbIO aHaau3aTopa.

Kpome onucaHHBIX METONOB H3ydeHHs NOMEHHOHW CTPYKTYpbl, B HAcCTO-
silllee BpeMsi B HEKOTOPBIX CJydasiX CTPYKTypa MU TOJIIUHA CJOEB MEXMIY
JIOMeHaM{ H3ydaeTcsl M0 PacCesiHUIO MOJSIPU30BAHHBIX HEHTPOHOB MPH MPO-
XOXKJIEHUU UX MyuKa yepe3 (peppoMarHeTHK.

§ 12.5. lomeHHas CTpyKTypa B MarHUTHO-MHOTOOCHOM
KpUCTaJlie

B §12.3 6bi1a paccMoTpeHa AOMeHHasi CTPYKTypa MarHHTHO-OJHOOC-
HOro KpucTaJjja. TakuM ¢peppoMarHeTHKOM SIBJSETCS, HalpuMep, KoOaJbT.
Kese3o U HUKeJib, TaK e KaK ¥ MHOTHE CIJIaBbl U COENHHEHHUS, HMEelT
MO TPHU U MO YeThipe HalpaBJ/eHHs JIEFKOro HaMarHWYHMBaHHS. ¥ OIHOOC-
HbIX KPHCTAJIJIOB MeXAy JAOMeHaMH CYIIeCTBYIOT ToJbkKo 180-rpamycHble
COCeNCTBA. DTO 3HAYHT, YTO COCEAHHE JTOMEHBl B HUX MOTYT OBbIThb OpH-
eHTHPOBaHbI TOJIbKO aHTHIApaJaenbHO. B MarHUTHO-MHOTOOCHBIX KpHUCTAJI-
Jax, kpome 180-rpamycHbixX, BeTpedaoTcs U 90-rpagycHble cocencTBa, MpH
KOTOPbIX BEKTOPbl HAMarHUUYHMBAHHUS B COCENHHX MOMeHaX pacroJararoTcs
MepreHIuKyAsipHo Apyr aApyry (puc. 12.16). B To Bpemsi KaK y OQHOOCHBIX
KpucTtaanaoB 180-rpamycHbie TpaHHIBl UMEIOT TOJbKO ONHO-eIHHCTBEHHOE
MPOCTPAHCTBEHHOE HalpaBJieHWe, COBMAJAlolee C HalpaBJeHHEM JETKOTo
HaMarHU4YMBaHHUs, y TPEXocHbIX 180-rpamycHble TPaHMIBl MOTYT OBITH Ha-
npaBJieHbl BAOJb TPEX KpHucTaanorpadpuueckux ocei ([100], [010] u [001]),
T.€. Yy MOHOKpHCTaJJIa ¥eJje3a IPaHUIlbl MOTYT UMeTh TPH MPOCTPAHCTBEH-
Hble OpUEeHTAaLUH.

3 Bcex BO3MOXKHBIX KOMOWHAIIMH T'PaHHUIl MeXIy OOMeHaMH 3Hep-
reTUUeCKH HanOoJiee BBITOAHBI Te, Y KOTOPbIX MHHHMaJjbHa CyMMa Mar-
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Puc. 12.16. [leBSHOCTOrpagyCHbIE TPAHUILBI MEXIY AOMEHAMH

HUTOYIIPYTOH 3HEPTHMH H SHEPTHH JIOKAJbHBIX DPa3MarHHYMBAIOUIMX TOJEH.
M3 ypaBHenusi (10.16) caenyer, 4To 1/ XKeJje3a MPOAOJbHAST MArHHUTO-
CTPUKLHUS B HANPaBJEHUH JIETKOTO HaMarHUYMBaHUS A|| = Ajgg, @ Homnepeu-
Hast AL = —Ajg0/2. B caygae 180-rpanycHbix coceacTB, KOTa BCe BEKTOPbI
CTIOHTAHHOT'O HAaMarHUYMBAHUS HaNpaBJeHbl BAOJb ONHOH OCH, MAarHHUTO-
CTPUKIHS He CO3MaéT MOMOJHUTEJNbHBIX HATSKEHUH MeXAY COCEeIHHMHU
JIOMEHaMH, TaK Kak BCe OHU YIJHHSIOTCS BAOJb OJHOW OCH U CKUMAIOTCS
B TEpneHAUKYJASIpPHOM el HampaBjeHuUu. KMHaue nesno oOCTOMT B cJayyae
90-rpanycHbix coceacTB (puc. 12.16, a, 6). BeauunHy BO3HMKILEro Hamps-
XKEHHs MOXKHO rpy60 CUMTaTh PaBHOM

1
7= 5 Moo Lo, (12.15)

rne Fio9o — monynab IOHra.

[Tpuxoxsimyocs Ha 1 cM® peppoMarHeTHKa YIPyTYI0 HEPTHIO, BO3HH-
Katomryto 6Jgarogapsi 90-rpagycHbIM cocencTBaM, Jerko HauTu. [loxctaBus
BeJIMYMHY yrpyroro HampsikeHus w3 (12.15) B (10.25) u yuuThIBas, 4To
© =0 (rme ¢ — yroan MeXay BEKTOPOM CIOHTaHHOTO HaMaTHWUYHBaHHS
¥ BEKTOPOM HAIpPSIKEHHS ), MMOJydaeM

1
Wreo = 3 Moo E100- (12.16)

Tlns xene3a Ao ~ 5 - 107° Eyp ~ 1,3 - 10!2 apF/CM3. CJieoBaTeJibLHO,
W, 90 =~ 3 - 10% spr/em>. Kpome Toro, Hamo yuecTb OOMEHHYIO SHEPrHIO
¥ SHEPTHI0 aHHU30TPOIHHU; UX CYyMMa JAcT 3HEePruio rpaHuiibl Wy.

OO0BEMHYIO TJOTHOCTb 3Hepruu (eppomarHetTuka Wigg, BO3HUKAIOILEH
3a cuét 180-rpagycHBIX MepPexXOMHBIX CJOEB, MOXKHO HAaWTH, 3HAs H3 ypaB-
HeHus (12.9) npuxonsmyiocs Ha 1 cM? 3HEPTHIO TAKOTO MEPEXOIHOrO CJIOS
Y180, a U3 ypaBHeHus (12.13) — tonmmuy pomeHa dy. Torma

1
Wigo = Y180 -
0

Pacuét nokasbiBaet, uto oTHotnenue Wqo/Wigy =~ 1,4. Takum oGpasom,
180-rpapycHbie TpaHUILBl AJS XKeJjie3a NOJKHbBI ObITh IHEPTeTHUECKH OoJee
BoIrOAHbIMH, deM 90-rpanpycHble. [lomumo 3Toro, B cjydae TpaHHUIl THIIA
u300paKEHHOUW Ha puc. 12.16,6, Korma BeKTOp HaMarHUUMBAHUSI ONHOTO
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U3 JIOMEHOB TeprNeHAUKYASIPEH TpaHHIle, BO3HUKAIOT MAarHWTHbIE MOJIOCA,
a cJefoBaTe/IbHO, U JOMOJHUTEbHAS SHEPTHUS B Pa3MarHUUUBaoIlEeM I0JeE.

Bcé BbIlIEU3/I0KEHHOE TaKXKe OTHOCHUTCS K HHKeJNI0 U KO BCEM Jpy-
TMM MarHWUTHO-MHOIOOCHBIM KpHCTaJiaM ¢ OOJIbILIOH MAarHUTOCTPUKIHEH.
Y HUKeJs HamnpaBJeHUs JETKOTO HaMarHUUMBaHHs, KOTOpPble COBMAAAIOT
¢ KpHUcTaJaorpaguueckuMy Hanpasaenuamu [111], [111], [111] u [I11],
obpasyioT Mexay cobou yrael 71° u 109° CorsacHo mpHUBenEHHOH cXeMe
OylieM OTHOCUTb TPaHHIIbI MeXIy NOMEHaMH, B KOTOPbIX BEKTOPbl Hamar-
HUUUBAHUSL COCTABJSAIOT MexXIy coO0H yKasaHHble yribl, K 90-rpamycHbiM
cocefictTBaM. ToT (akT, uTo Gosiee BHIFOAHBIMU siBASOTCS 180-rpamycHble
COCeNICTBA, HE O3HAYaeT, YTO B KpUcTane peppomarHeTukos 90-rpanycHeie
COCe/iCTBAa COBCEM OTCYTCTBYIOT. B caydae, usobpaxkénHom Ha puc. 12.16, 8,
KOTJla BEKTOpPbl HaMarHUYeHHOCTH NOMEHOB 00pa3yloT C TpaHHlLeH yroJ
45° MarHUTOCTPUKLIMOHHOE HAIpsiKeHHe MeXIy NOMeHaMH He BO3HHKaeT.
Takue cocenctBa MOTYT MOSIBJAATBCS, HAIPUMED, B 00J1aCTAX, 3aMbIKAIOIIUX
OCHOBHble n0MeHbl (cTpykTypa tumna Jlanmay u Jluduivna), B peanbHbIX
KpUCTaJ/laX M3-3a PasHoro pojaa aedeKToB U T. [I.

OpueHTalusi CIUHOB B MEPEXOAHOM CJIO€ BCErna MOAUUHSIETCS YCJIOBUIO
MHHUMyMa 3Hepruu. B § 12.2 6bia paccMoTpeHa CTPYKTypa MepexopHOro
cjost anas caydas 180-rpagycHbIX IpaHHUI MeXAy NOMeHaMH. YCTaHOBJIEHO,
4YTO BBIFOJHBIM SIBJSIETCSI TAKOE PACMOJOXKEHUE CIMHHOBBIX MOMEHTOB B Ie-
PEXOMHOM CJioe, TIPH KOTOPOM OTCYTCTBYET JHEpPrus pasMarHUYUBAIONIEro
nonsi. Heenb mokasasn, duto B obmem caydae (mas 180° 90° u mpyrux
rpaHuIl) 3TO TpeGOBaHHE YIOBJETBOPSIETCS MPHU COOJIIONEHHUH YCJIOBHS I0-
CTOSIHCTBA MPOEKIIHH BCEX CIHHOBBIX MOMEHTOB BHYTPH MEPEXOAHOrO CJOs
Ha HOpMaJib K TOBEPXHOCTHU TpaHUIbl, T.e. paBeHcTBa [ cosy = const,
TIe (¢ — YroJ MeKAy BEKTOPOM HaMarHW4eHHOCTH U HOPMaJblO K I'DaHUIIE.
B cayyae 180-rpapycHol TpaHHUIbl BHYTPH MEPEXOJHOTO CJIOS YroJ (o
nocTosiHeH W paBeH Hynwo. Jlag caydas 90-rpagycHod rpaHullbl yroa
TaKxXKe TOCTOSIHEH, HO OTJWYeH OT HyJas. llocjenHee NMPUBOAUT K TOMY,
4YTO CMUHOBblE MOMEHTBHI BHYTPU TMEPEXOAHOr0 CJOsS OT OJHOH TPaHHILbI
K IPYTOH «II0BOPAUYMBAIOTCSA» MO 00pasyrolled KOHYca ¢ BHYTPEHHHUM YTJIOM
2¢. Ha puc. 12.17 npuseneHa cxema 90-rpafyCHOH IpaHHUIIBI ¢ MOCTOSHHBIM
yraom ¢ = 45° Ilpu cob6/ofeHHH 3TOr0 yCJOBUS Ha TPAHHUIE HeT Mar-
HUTHBIX MOJIOCOB, a CJEN0BAaTEJbHO, U PA3MarHU4YMBAIOIIErO MOJS; 3HAUUT,
SHEpPrus nocjaeqHero paBHa HyJ10. [logoOHble rpaHHUIlbl B JUTEpPAType 4acTo
Ha3blBAIOT HEEJIEBCKUMH.

['panunbl THma uzobpaxkéHHbIX Ha puc. 12.16,a u, pexe, 6 HHOrAa
MOTYT TIPUCYTCTBOBATb MEXJY LIeJbIMH OJOKaMH IOMeHOB (cM. puc. 13.1).
BHyTpu XKe 6JIOKOB IpaHUIIbl MEXAY AoMeHaMU siBJsitoTes 180-rpaaycHbIMU,
B uaeanbHoM HeleOpMHUPOBAHHOM MOHOKpHCTaJ/le Hanndre 90-rpafiyCcHbIX
rpaHull Mexay OJoKaMH, MO-BUAUMOMY, OOBSICHSITCS TeM, 4TO MPH OXJa-
XKJIeHUH TPy nepexofe dyepes TouKy Kropu He3aBUCUMO BO3HHKAET HECKOJb-
KO «I[EHTPOB» 00pa3oBaHUsI NOMEHOB. BOKPYT 3TUX «II€HTPOB» MOSBJSIOTCS
noMeHbl ¢ 180-rpagycHbBIMH TpaHHIIAMU, a 0Opa3oBaHHble UMH OJIOKH MOTYT
umeTb U 90-rpanycHble TPAHUILbIL.
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Puc. 12.17. Cxema pacnosioKeHWs CIHUHOBBIX MOMEHTOB B MEPeXOAHOM CJIO€ MPH
90-rpanycHOH rpaHulle MeXAy AOMEHaMU

E.M. Jlupmun (1945 r.) paccudran, 4To MOMEHHash CTPYKTypa KpH-
CTa/JOB CO MHOTHMH HalNpaBJeHHUSIMU JIETKOTO HAMAarHWYMBaHUS JOJKHA
ObITb TAaKOH »Ke, KaK W y KPHUCTAJJOB C OJHHUM HalpaBJieHHEeM JIETKOTO
HaMarHuyuBaHus (cMm. puc. 12.4). ¥ MarHuTHO-MHOTOOCHBIX KPHCTaJlJIOB
TOXKE UMEKTCSl 3aMBbIKAIOl[HMe NOMeHbl MPU3MATHUUECKOTO cedeHUs. ToJbKo,
B OTJHYHE OT OJHOOCHBIX KPUCTAJJOB, MOSIBJEHHE 3THUX MOBEPXHOCTHBIX —

Puc. 12.18. BnugHue Maruu- Puc. 12.19. IlopowkoBsle (UTrypsl
TOCTPUKIIMM Ha 3aMBIKAIOLIHe Ha nosepxHocTH Fe, cocrasasio-
00J1aCTH el HeGOJbLION YroJ C IJIOCKO-

cthio (100)

3aMbIKAWOIIUX — JOMEHOB yBeJHWYHWBAeT He IHEPrHi0 MAarHWUTHOW aHHW30TPO-
MU, a SHEPTHI0 MAaTHUTOCTPUKIIMOHHBIX HAIpPsiXKEHHUH, MOCKOJbKY 3aMbIKa-
IOLIIMEe IOMEeHbl HAaMarHW4YeHbl BAOJb HalpaBJIeHHs JETKOTO HaMarHHIuBaHHs
¢ OOJIBIION MOCTOSTHHOH MarHUTOCTPHKIMHU (puc. 12.18). ¥ kobanbra 3Ty
SHEPTUI0 MOXKHO ObIJIO HE YUHUTHIBATh, TaK KAK 3aMbIKaIOIIHMe JOMEHbI y HErO
HaMarHU4yeHbl B HalpaBJeHUH TPYNHOTO HaMarHW4YHMBaHHWS, B KOTOPOM IIO-
CTOSIHHasi MarHUTOCTPUKIMH A ~ 0. EcTecTBeHHO, UTO pa3Mepbl U ¢opma
JIOMEHOB BOJIM3H MOBEPXHOCTH YCJOXKHSIOTCS, €CJIH TPaHH KPUCTaJIa He SIB-
asiiotest maockoctsimu tuna (100) gasg Fe u tuna (110) gas Ni (puc. 12.19).

Ecau B Kpucrtaane umerotcss nedeKTbl B BHOE TPEUIMH WJAW HHOPOI-
HBIX BKJIOUYEHHH, TO B MeCTaxX WX PacloJIOKeHHUsI BO3HHUKAeT IoJe pacces-
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Puc. 12.20. [ToMmeHHasi CTPYKTypa OKOJO MYCTOT W BKJOUYEHHUH

HHUSI, CBSI3aHHOe C TOsiBJeHHeM OOJbIIOH MarHUTHOH 3Hepruu. [locsenHss
HeCKOJIbKO CHH2KaeTcsi Ojarogapsi MOSIBJEHUIO MaJbix «cybOobOJacteil», 3a-
MBIKAIOI[UX MaTHUTHBIE TOTOKH BOJH3H AedekToB (puc. 12.20).

§ 12.6. ToHkas cTpyKTypa JOMEHHOU rpaHULIbI

1 OsoxoBcKasi, U HeeJieBCKasi JOMEHHble T'DAHHUILbl SIBJASIOTCS OJHO-
MEPHBIMH B TOM CMBbICJE, UTO MX HaMarHH4eHHOCTb 3aBUCHT OT OJHOU
MPOCTPAHCTBEHHOH MepeMeHHOH. OMHAKO OMBIT MOKA3bIBAET, YTO JNOMEHHBIE
TPAHUIIBl YacTO OBIBAIOT HEOMHOMEDHBIMH, T.€. COIepKaT B CBOEH IJIOC-
KOCTH HEOJHOPOAHOCTH HaMarHW4eHHOCTH. B pesysbTaTe WX HamMarHudeH-
HOCTb 3aBUCHT OT HECKOJIbKHX MPOCTPAHCTBEHHBIX TePEMEHHBIX.

UToObl npenctaBuTh cebe CTPYKTYPy HEOQHOPOAHOCTEH NOMEHHOW rpa-
HHI[bl, PACCMOTPUM YaCTHBIU cJaydyail pomOUUecKkoro heppomartHeTuka. B ra-
KOM MarHeTHKe HallpaBJjieHUs] HAMarHUUEHHOCTH B TJIOCKOCTH, MePHeHIUKY-
JISPHOW OCH JIETKOTO HAaMaTHUUMBAHWS, He 3KBHBaJeHTHbl. B ciaydae mpo-
M3BOJIbHOTO Pa3BOpPOTa HAaMaTHUUYEHHOCTH e€ HallpaBjeHHe OlpeesseTcs
AByMs yraamu (¥ u ¢):

M, = Mycos?; M, = Mysin¥cosy; M, = Mysinsin p.

BHQPI‘I/IH dHHU3O0TPOIINH pOM6I/I‘—IeCKOI‘O MArHe€THKa B YIJIOBBIX II€PEMEH-
HbIX BbIPA2KAETCA KdK

W, = % M¢ (ﬁl sin ¥ 4 [y sin® ¥ cos® go)

M OTCUHUTHIBAETCSI OT CBOEro pPaBHOBeCHOro 3HaueHHsi. OCHOBHOMY COCTOS-
HUIO COOTBETCTBYET HalpaBJeHHe HAMAarHUUEeHHOCTH BIOJb OCH 2, T. €. YTOJ
¥ = 0,m. Jas 3Toro HeoOXONHMMO BbINOJIHEHHe HepaBeHCTB (31 > 0; [ +
+ B9 > 0.

JloMeHHOH rpaHHIle OTBeYaeT IMOBOPOT HaMarHudeHHocTH oT M = Myn
K M = —Muyn, 4T0 COOTBETCTBYeT U3MeHeHHIO yraa v oT 0 go w. 3Ha-
yeHHe yIJa (p OmnpejessieT Ty IJOCKOCTb, B KOTOPOH pas3BopadyuBaeTcs
HaMaTHHYeHHOCTb. B c/iydae HemoABHKHOU TPaHHUBI BO3MOMKHO TOJIBKO
TaKoe 3HaueHue ¢ = ¢y = const, KOTOPOMY OTBeYaeT 3KCTPEMYM SHEPTHHU
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anuszorpornuu W, (¥, ¢) no nepementodt ¢ mpu modom ). CienoBaresbHO,
3HAUEeHHE () ompefensercs (HopMyJ/oH

aWa(ﬁ, 90)

O =0

npu Jirobdom 1.
KonnuecTBO BO3MOXKHBIX 3HAYEHWHU yIJaa ) 3aBUCUT OT CUMMETPUHU
Kpuctasnaa. Ilag pomOuyeckoro peppomMarHeTHka

oW,
D

= —ﬁgﬂfg sin? ¥ sin ¢ cos ¢

U o MOXKET MPUHUMATb 4YeThipe 3Hadenus: 0; w/2; m; 37/2.

[lycte nnasi onpenenénHoctu B9 > 0. B 3ToM caydae sHepreTHuecku
BBIFOMHBI [1BA THMA T'PaHUIl, B KOTOPBIX ¢y = 7/2 u ¢y = 37/2. Ouu or-
JIMJAIOTCS TOJIbKO HallpaBJeHHeM BpallleHHs] BeKTopa HaMarHudeHHOCTH M.
MoXHO Tak»Ke CKasaTb, UTO 3TH ABa THIA T'PAHHUIl OTJIHYAIOTCS] 3HAUEHHEM
M B uentpe rpanuib (z = 0):

M(0) = Mol, npu ¢g=m/2,
M(0) = —Mpl, mpu ¢y = 3m/2.

[TpocTefilyto HEOMHOPOAHYIO MOMEHHYIO TPAHUILY MOXKHO TMPENCTABUTh
cebe KakK rpaHUIly, COIepxKallyl yYacTKH C Pa3JUYHbIMH 3HAYEHHUSMU @,
a UMeHHO: @y = 7/2 u o = 3w/2. [logoOHble TpaHHUIbl HAOMIOAANOTCS,
HaTpuMep, B MJAEHKAX MAaTEePHAJIOB, B KOTOPbIX BO3HHUKAIOT IUJIUHAPHUECKHE
MarHuTHele nomenbl (LIMJ).

PaccMoTpuM cTPyKTYpy MpocTeuied HeOMHOPOAHOH TPAHHUIbl. DHEPTHU
eIMHULBl TJIOLIAMH €€ YYacTKOB C o = 7/2 u 37/2 omunakoBel. OnHa-
KO TpH Mepexofie OT OAHOTO ydacTKa K JPYroMy (¢ HAOJXKEH MPOXOIWTb
yepe3 BCe MPOMEKYTOUHbIE 3HAUEHHS, UTO IHEPreTUYECKH HEBBITOJHO W3-

o 1 )
3a HaJU4Hsl AaHU30TPONMHUM B OA3HCHOH MJOCKOCTH 3 62]\45 sin? 9 cos? .
Kpome Toro, ¢ HeOMHOPOAHOCTBIO yIJa (p CBsI3aHa JOMOJHHUTENbHAsT 0OMeH-

Hasi SHeprus %@]V[OQ sin’ 19(V90)2. BosHuKaeT cuTyallys, MOX0xKasi Ha TY,
KOTOpasi HMeJia MeCcTO TPH MCCJEeOBAHUH NOMEHHBIX TPaHHI[ B OJHOOCHOM
¢deppomarHeTuke. B 060ux ciydasgx MOXKHO BBIIEJHUTb 1Ba 3KBHUBaJEHTHbIE
coctosiius (¥ = 0 U 7 [nJig HEOMHOPOAHOIO OJHOOCHOTO (PEpPOMATHETHKA;
wo = /2 v 37/2 pas HEOMHOPOAHOM TpaHullbl). [Ipy mepexome OT OTHOTO
U3 HUX K JIPYTOMY TOSIBJASETCS TPOUTPHII KaK B OOMEHHOH SHEPrHH, Tak
M B 9HEPTHUH aHHU3OTPOMHUHU. B pesysnbTaTe 0KasbiBaeTCs, 4YTO YYACTKU JIOMEH-
HOU T'PaHHUIlBl ¢ PA3JHIHBIMU (g OTIAEJNEHbl APYT OT APyra PacrosoKeHHOH
BHYTPH TPAHUIIBI TIEPEXOAHON 00J1aCThbI0 KOHEYHOH TOJIIHMHbL. DTy 006J1aCTh,
MPOXOASIIYIO BAOJb HEKOTOPOH JIMHHWH B TJOCKOCTH JOMEHHOH TI'DaHUILHI,
MPUHSTO Ha3biBaTb O/A0X06CKOU AuHUel, YTO TONYEPKUBAET €€ CXOICTBO
¢ 6JIOXOBCKOW NTOMEHHOH I'paHHUlleH.
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b/ioxoBckasi JIMHUA He MOXET 3aKOHUHUTbCS B KAKOW-JIMOO TOUKe J0-
MEHHOHU TpaHUIbl: OHa WUJM 3aMbIKAeTCsl B KOJbIO, WU BBIXOJUT BMECTE
C TPaHHUIEH Ha MOBEPXHOCTb KPHUCTAJJIA.

baoxoBckue JUHUM B PePPOMArHUTHBIX MAEHKAX M MJaCTHHAX pasjuda-
IOTCS TI0 XapaKTepy PacloJiOKeHUs OTHOCHUTE/bHO MoBepXHOCTH. M3BeCTHBHI
BepTHKaJibHble OJIOXOBCKHE JIMHUM, KOTOpble MeprneHAUKYASPHbl MOBEpX-
HOCTH MJacTUHKU. OHH HaOJMIOAAITCS MaTHUTOONTHYECKHMHU METONAMU
U MEeTOlaMH 3JeKTPOHHOHU MHUKPOCKOIUU B JOMEHHBbIX TpaHHIlaX (PeppUTOB-
rpaHaToB. YuC/A0 MX B JAOMEHHOU rpaHUlle LUHUAWHIPHYECKOrO MarHUTHOTO
JIOMeHa MOXeT JOCTUTaTb HECKOJbKHUX JAecsATKOB. llunuHapuueckue wmar-
HUTHblE JOMEHbl C BEPTHUKAJbHbIMH OJOXOBCKUMH JIMHHUSIMHU Ha3bIBAIOTCS
KECTKHMHU U 00J1aJaloT psAoM OCOOEHHOCTEH CTaTHUEeCKHX M, 0COOEHHO,
OIUHAMHUYECKHUX CBOHCTB.

K crneuuduueckoll HeONHOPOJHOCTU HAMArHUUEHHOCTH B MJOCKOCTH JI0-
MEHHOU TpaHUIbl I0JI)KHO MPUBOAUTL pasMarHu4yuBalollee mnoJe, CBsizaHHOe
C TMOBEPXHOCTbIO MMJACTHHbI. BOsaW3W BepxHed W HHUXKHEH MNOBEpPXHOCTEH
MJAaCTUHKKH OHO pa3BOpauMBaeT HAMarHWYeHHOCTb BMOJb OTPHIIATENbHOTO
U MOJIOKUTEJbHOTO HANpaBJeHHUH OCU & COOTBETCTBEHHO. Takasi JOMeHHas
rpaHulla HasbiBaeTcsi cKkpyuerHoli. CBOUMHU NHHAMHUYECKHUMHU CBOHCTBAMH
CKpy4YeHHasi TPaHHUIla CYLECTBEHHO OTJIMYAeTCs1 OT OOBIYHOM.

JloMeHHBIe TpaHHUIBI MOTYT COMEpPKaTb M ell€ OAWH TUI HEOAHOPOMI-
HocTed. Jleso B TOM, uTO OJIOXOBCKAs JIMHUS TOXKe MOXKET HaXOILUTbhCS
B JIBYX Pa3JIMUHbIX COCTOSIHUAX C OMMHAKOBOU 3Hepruei: HaMarHU4eHHOCTh
B €€ lLleHTpe MOXKeT NpuHHUMaTh 3HadeHue Mol, u —Mpl,, 9T0o oTBeuaet
¢ =0 u 7. Bsoxosckue suHHH ¢ ©(0) =0 U T MOXKHO COCTHIKOBATb
B HEKOTOPOH TOYKe, HasbiBaeMOH 6.40xo6ckoli. B oTinuue oT 6JI0XOBCKOH
JIMHUU, B KOTOPOW HAMarHUYEHHOCTb Be3Jle HelpepbiBHA, 0JI0XOBCKas TOUKA
00513aTe/IbHO CONEPIKUT Pa3pbiBbl MOJsI HAMarHudeHHOCTH M(T).

UTo6bl B 3TOM yOeoUTbCs, PACCMOTPUM MOBENEHHE HaMarHW4YeHHOCTH
BoaAd OT OJIOXOBCKOW TOouKH. [Ipu ymaneHuu oT He€ BHOJb PA3JUUHBIX
Hanpas/jeHui M (r) npuHuMaeT pasHble 3HadeHusi. Hanpumep, ecsiu B mijoc-
KOCTSIX JOMEHHOMH rpaHulibl U yOz (Tae 2 — oCh JErKOro HaMarHHYUBaHUS),
OJIOXOBCKHE JIMHUM PACMOJIOXKEHBl BAOJNb OCH Z, a OJIOXOBCKAasi TOUKa —
B HayaJie KoopauHart, To npu y, 2 =0, x — o0 M — +Mpl,; npu x, 2 =0,
y — oo M — £Mply; mpu z, y = 0, 2 — oo M — £Myl,. Otnanasce
0T OJOXOBCKOM TOUKU MO APYTUM HaIMpaBJeHHUSIM, MOXKHO OOHApyKUTb BCe
OCTaJibHble MPOMEXKYTOUYHblE 3HAUeHUsI HaMarHudyeHHocTH. MHbIMU cJji0Ba-
MU, €CJId OKPYXKHTb OJIOXOBCKYIO TOUKy cdepod paguyca R > xj, TO Ha
3TOM chepe HAMAaTHUUEHHOCTb OyIeT MPUHHUMATh BCE BO3MOXKHbIE 3HAUEHHSI.
Eciy moJsie HaMarHUYEHHOCTH HENpPepbiBHO Be3jle, KpOMe Hayaja KOOpAU-
HAT, TO YKa3aHHOe CBOWCTBO COXPAHUTCS MAJi OKpYyKawlled ero cgepsol
MPOU3BOJNIBHOTO Paauyca, B TOM 4ucJe NMpU 1 K X, T.e. BOJU3U HayaJsa
koopaunHat. CrenoBaTesibHO, BOJIM3U OJOXOBCKOM TOUKM HalpaBJeHHe Ha-
MarHU4eHHOCTHU B MPOCTPAHCTBE JOJIKHO MEHSIThCS OueHb ObicTpo. B aTOM
cJydae TJIaBHBIH BKJAaj B HEPTHIO MOJSI HAMArHUUeHHOCTH HAET oOMeHHas
SHEprusi, a 3HepPrus aHU3O0TPONUHM MNpeHebpexkumo Mmaga. Pacnpenenenue



180 I[n. 12. [lomennas cmpykmypa geppomacHemurKos

HAMarHM4eHHOCTH B HEMOCPENCTBEHHOH OKPECTHOCTH OJIOXOBCKOH TOUKH
MOXeT ObiTh HaliieHo B siBHOM Bujae. Ono paBHo M = +(r/r)M,. Taxoe
paspbIBHOE pacrpejie/ieHHe BEKTOPHOTO MOJIsl MOJYyUUI0 Ha3blBaHUE eXKa.

Takum o6pa3oM, HampaB/JeHHe HAMarHUUYEHHOCTH B CaMOH OJIOXOBCKOH
TOUKE He OINpeJiesIeHo.

Pewenne M = +(r/r)My cnpaBensuBo TONBKO NpH r > a (Tae a —
MexKaToOMHoe paccTosiHue). [lpu r < a MakpocKoNmuyecKoe OMUCaHHUe B Tep-
MHHAX HaMarHH4eHHOCTH TepsieT CMBICJI, U HAJ0 MOJIb30BaTbCs MPeACTaBJIe-
HUSIMU O TUCKPETHOM CMHUHOBOM cHcTeMe. TakuMm o6pa3om, pasmep OJOXOB-
CKOH TOYKM CJIeflyeT CUUTATh MO MOPSAKY BEeJHYUHBbl PABHBIM MOCTOSIHHOH
PELIETKH @, T.€. OH 3HAYUTEJbHO MeHbIlle TOJIIHHB JOMEHHOH TPaHHILHI.

CyuiecTBoBaHHEe OJIOXOBCKUX JIMHUK M TOYEK HAAEXKHO NOKA3aHO 3JKC-
MeprMeHTa/IbHO. DJIOXOBCKHe TOYKM WTPalOT BaXKHYIO POJb B 3apOXKJIEHUH
U YHUUTOXKEHUHU OJOXOBCKHUX JIMHHUK B NOMeHHbIX rpaHunax LM Jl-matepu-
aJioB (MaTepuaJsioB ¢ IUJWHIPHUECKUMHU MarHUTHBIMH TOMEHAMH).

§ 12.7. lunuHAPUYIECKUN MATHUTHBIU JOMEH

[HunuHaprueckue MarHuTHble NOMEHbI 00JafatoT PSiIoM OCOOEHHOCTEH
OTJHYAIIIHUX HX OT MOJOCOBBIX (stripe) momeHoB. OcHOBHAasi 0COGEHHOCTD
3aKJIl0UaeTcs B TOM, UTO JOMeHHas rpaHuiia, orpanuuuBatoiias [IM]I, He
aBaseTcsd nJockKod. [lomobHasi KpuBU3HA HMeeT OOJIbIIOE 3HAUYEHHE [J5
BO3MOXKHOCTH CYIIECTBOBAHUS U CTAOUNBHOCTH YEIHUHEHHOTO NOMEHA. YUET
KPHUBHU3Hbl OMEHHOU T'PAHUIbI IPUBOAUT K TOMY, UTO B MarHetuke ¢ [IM]]
BHYTpeHHee MarHuTHoe roje H' He paBHO HyJwo, T.e. [IM]] cyliecTByeT
TOJIBKO MPHU YCJOBUM OTJUUHUS OT HYJISI MATHUTHOTO AABJEHUS HA TOMEHHYIO
TpaHUILY.

PoJib MarHMTHOTO NaBJIEHMs, CBA3aHHOTO ¢ H', aHaJOrMYHa pOJIM Ka-
MUJIJISPHOTO JAaBJEeHHS MPH (POPMUPOBAHHUU KAMJAU KUIAKOCTH UJH MY3bIPb-
Ka rasa B nocjefHed. HamoMHUM, UTO KaNUJAJASPHbIE CUJIbI B KHIKOCTH
MPUBOAST K TOMY, YTO JAaBJeHHe MoJ e€ UCKPHUBJIEHHOH MOBEPXHOCTHIO He
PaBHO [aBJIEHUIO BHE XXUAKOCTH, a [Ji CyUIeCTBOBAHHS My3blpbKa rasa
UM Kamjau HeoOXoAuMo, 4uToObl JAaBjeHHe BHYTPU HHUX OTJHWYAJOCh OT
NAaBJIEHHUs] CHapYyKH. AHajoruuHo ajsi cyuiectBoBanus IIMJ]] Heo6xomumMo
BoimosiHenue yeioBusi HY # 0. CxoaHble YepThl IHJMUHAPHIECKHX JOMEHOB
U MYy3bIPbKOB ra3a OTPaXKeHbl B PacNpOCTPAHEHHOM AaHIVIMHCKOM TepMHHE
magnetic babble (MarHUTHBIH My3bIPEK) AJs o6o3HadeHuss LIM]I.

[lepeiinéM K KoJHYeCTBEHHOMY omnucaHuio yeauHéHHoro LIMJI B dep-
pOMarHuTHOU mnaacTuHke. I[lycTb oH HMeeT ¢GopMy NOPSIMOTO KPYTOBOTO
UJMHAPA AHaMeTpoM d, TPOXOASsIEro uepe3 Bechb oOpasel. BHelnHee
rnoJie OyleM CUMTATh MapaJiieJJbHbIM OCH JIETKOI0 HaMarHUu4uBaHus (ocH z),
a 0Cb 2z — TepPNeHAUKYJIIPHON TOBEPXHOCTH MAaCTUHKH. HamMarHuyeHHOCTD
BHYTpu LIM ]l HanpaB/jeHa MPOTHBOMNOJN0XKHO BHELIHEMY MOJIIO.

[Tyctp nuamerp LIMJI 3HauuTenbHO O0Jiblle TOJIIMHBI IOMEHHOH rpa-
HUlbl. Torna MOXKHO He yYUTHIBATb 3aBUCUMOCTb HEPrUH T'PAHHUIBI O OT
e€ KPUBU3HBI U, NpeHeOperasi KOHEYHOU TOJIIMHOU T'PAHHUIlbl, CUUTATh, UTO
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HaMarHM4eHHOCTb BO BCeX Toukax mjacTHHKU ¢ IIMJI napannenbHa WM
aHTunapasnenbHa BHemiHeMy nojwo: M = Myn uau M = —Myn. B cuay
CIeJJAHHOTO TIPENIOJIOKEHHS] IHEPTUI0 aHU30TPONHUU U HEONHOPOAHOro 00-
MeHa TaKKe MOXKHO He YUHWTbiBaTh, UX 3HAUe€HHUs BXOASIT B OTBET TOJIBKO
yepe3 BEJUUUHY IHEPTHH TPAHHILbI.

B paccmatpuBaemoit Mmonenu sHeprusi LIM 1 cknanpiBaeTcsi U3 HECKOJb-
KUX 4yacted. Bo-mepBbix, ¢ cyulectBoBanueM [IMJ[ cBsizaH mnpoUrpslil
B 9Heprur, oOyCJ/IOBJEHHBIH CYleCTBOBAHMEM HOMeHHOH rpanulbl (W ).
Ecan nuamerp LIM/JI paBeH d, a mJjouiaab MOBEPXHOCTH TpaHHUb — mdh,
10 Wyr = modh. Ucnonb3ys onpenesneHrde XapaKTepUCTHUECKOH MJIMHBI
(lo = o /(47 M})), sanuwem

War = (20 My)*dhly.

Bo-BTopeiX, nnasi cyuiectBoBaHus [LIMJ] HeoO6xomMmo Ha/duue BHel-
Hero MaruuTHoro mnoJiss H. [I710THOCTh COOTBETCTBYIOIIEH IHEPTHH paBHA
—MH. OtcunTbiBasi 3HEPTrHIO BHeIIHero noJs Wy oT 3Heprun OJIHOPOIHO-
HaMarHW4eHHOH MJACTUHKW W y4uTbiBasi, 4yTo 00béM [IM]] paBeH th2/4,
MoJiydaeM, 4YTO HaJiMude BHEIIHEro MoJsl Tak»Ke MPUBOAMUT K MPOUTPHIIIY
B HEPTHH:

2
Wy = 2MyH G 7rhd2) — (27 Mp)? ( H ) dh

47TMO 2

Kpome Toro, npu paccmorpenuun LIMJI HeoOXOouMMO y4UTBIBaTb 3IHEP-
rUi0 pasMmarHuuuBaiouiux noged W,,. Pacuér 3Toli 3Hepruu BKJIOUaeT
pacuét noJasi H,, u mpenctaB/seT cOOOH CJ0XKHYIO 3aAady, BBIXOASILYIO
3a paMKH HacTosiuled KHWUTH. BBuay ocoOoil BaxHocTu W, obcynum eé
KaueCTBEHHYI0 3aBUCUMOCTb OT auametrpa LIMJI.

DHepruo pasMarHU4uBamwIlLero noJs, paBHYIO

—%JMHm dr,

MOXKHO OIIEHWUTb MJIS1 NBYX BaXKHBIX MpPeNeJbHBIX CJydyaeB OOJbILIOTO U Ma-
aoro auamerpa UM d < h u d > h. llpu manom nuamerpe M u H,,
yA0OHO MPEeACTAaBHUTh B BUJE

M =M, +AM, H,, =HY + AH,,,

0
rne M = Myn u H&,J = —4n7Myn — 3HauyeHHUsT HAMAarHUYEHHOCTH H I0J,
oTBeyatolve nuaactuHke 6e3 LIMJI. Ilpu stom

1
-5 J MH,,, dr =
— —é MHOV — % [(AMH) + MoAH,,, + AMAH,,) dr.
[lepBoe cmaraemoe 3mech paBHo 27V M?Z: V. — o06béM 06pasua, OTBe-

YalolMK 3HepPruu OJHOPOJAHO-HaMarHW4YeHHOU mnaacTUHKU. DHeprusi [IM ]I
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OTCUMTBIBAETCS OT 3TOTO 3HAYEHHS W ONpeNesiseTcs BXOASIUM B GOpMysny
MHTETrPaJIoM.
OueBuaHo, uto npu d/h — O rnaBHBIH BKJIaL B SHEPrHi0 HAKOT cjarae-

(0)

. 0

mble, JuHelHble 1o AM u AH,,. ITockonbky H;,’ = —47Myn He 3aBUCHT
OT KOOPAMHAT U OTJHMYHO OT HYJs ToJAbKO BHYTpH LIM]I, umeem

rd°h odh

—lJAMH,Q) dr = — L (CoMyHOY TR (9rpgp)2d R
2 2 4 4

MoxHo nokasatb, yto cjaaraemoe ¢ MoAH,, 1aét B TOYHOCTH TaKOH
Ke BKJaHL. DTO cjaeayeT U3 popMyJibl

J M6H,, dr — J H,,6M dr,

rie 0M — npou3BoJbHOE M3MeHeHHe HaMarHudeHHocTH; 0H,,, — o6ycsoB-
JenHoe 0M usmenenue noas H,,. Onyckas mMaJjoe npu MaJbix d cjaaraemoe
¢ AMAH,,, npu d < h noayuaem

Win = — 5 (27Mo)%dh.

Takum o6pasom, npu d < h obpazoBanue [IM]] ymeHbllIaeT 3HEPTHIO
pasMarHUUMBaOIIKMX moJjed. Kak craenyeT M3 cpaBHEHHS BbIpaXKEHHH Jis
Wg u W, npu H < 4nM, Bennunna W,, + Wy <0, t.e. pu d < h
BBIMTPBIII B 3HEPTMH Pa3MaTrHUUMBAIOIIMX MoJeHd 6oJibllle, YeM IIPOUTPHILI
3a cuér noasi H.

Ecau xe d > h (1.e. HMJ] nmeer ¢dopMy UHJAHMHIApPA C BBICOTOH A,
3HAYUTEJbHO MeHbIleH AHaMeTpa), TO MOXHO CYHTaTh, UTO MOJie BHYTPH
[IM]JI omHOpomHO Be3fde, KpoMme MaJiod (rmopsiika h) OKPecTHOCTH BOJIH-
3u gomeHHOH rpanuubl. [Ipu stom Buytpn UM M = —Myn u H,, =
= 47 Myn. CnenoBaTenbHO, KakK BHYTpPH, TaK W BHe [IMJ] Besununna
—MH,,, pasHa 47M?, a 3HadeHue W, CBSI3aHO TOJMBKO C 06JACTBIO LIH-
puHOH h BO6M3M rpaHuib. O6BEM MocaenHell cocTap/iseT nopsiaka mhid.
[Tostomy caaraemoe ¢ d’> B W,, oTCyTCTBYeT, U sHeprus W, npu d > h
pacTér memseHHee, yeM Wpgy. To xke cnpasenanBo U pasg W, .o W, ~
~d, a Wy ~ d’ Takum o6pasoM, npu 6oJblIMX 3HaueHusX d/h sHeprus
[IMJI B ocHoBHOM ormpenensercs BeJquduHod Wy, OnHa Oosbie HYJS,
1 obpasoBaHue [IM ]l sHepreTHYeCcKH HEBBII'OJIHO.

PaccMoTpuM KayecTBEHHO 3aBHCUMOCTb 3Heprun W oT nuamerpa d
M. U3 popmyn nigs Wy, Wg u Wy, caenyer, uto npu d < h

_ _ 2 1o _H
W(d) = Wiy + Wi + Wi = (20 Mp) {dhlo 2dh(1 47TMO)}.

C npyro# cTopoHbl, npu d > h

W(d) = WH = (27TM()) —
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OO6cynum, Kak MOXKeT BBINIsAeTb Bcsi KpuBas W (d), a moTtoM cpaBHHUM
MoJIy4eHHblE HA OCHOBE aCUMIITOTUK KaueCTBEHHbIe Pe3yJibTaThl C TOUHBIMU
OTBETAMHU.

B nocrtatouno Gomblinx noasx (H — 4mxM;) kosdduireHT npu d° B
BolpaxkeHuu misi W (d) mas, M BKJag BTOPOTO CJIaraeMOT0 He TOJIKEeH
mposiBasiThes. [lepexon oT acuMnToTHKH W oc d K W o< d? mpoucxomuT
Oe3 HapyiueHusi MoHoTOHHOCTH (pyHKIHH W (d). Tlpu yMeHbIueHHH MO/
c/araemoe ¢ d’ nenaetcsi Bcé Gosiee CyIeCTBEHHBIM; IPH HEKOTOPOM 3Hade-
uuu H, paBHoMm Hy,, (mose kosnarnca), Ha 3aBucumoctd W (d) mpu HekoTo-
poM d = dy,; BO3HHKaeT Touka rneperubda. Pusudeckut cmoica Hyo,; Oynet
obcyxpnarbca HUxke. Ecnmu H < Hy,,;, TO TOYKa neperuda npesBpanlaeTcs
B JBa SKCTPeMyMa: MHHHUMYM IIpH d = dy ¥ MaKCUMyM IpH d = dypur,
npu4éM dg > dypur-

Touke sKcTpeMyMa COOTBETCTBYeT paBHOBeCHOe 3HaueHWe d, T.e. TpH
H < Hyo, BosHuKawT ABa coctosHug LIMJ. Onnako UM ¢ d = dxpur
SIBJIIETCS HEYCTOMUYMBBIM: NIPH MaJIOM OTKJOHEHHH d OT dypyr €O SHEPrus
ymeHbliaetcs. [Ipu atom au6o LIMJ] nepexonuT B yCTOUYHUBOE COCTOSTHHUE
¢ d = dyp, 1ub0 ero AuaMeTp yMeHbIIAeTcsl A0 HYJsl, B pe3yJbTaTe yero
[IM ]I ucuesaetr (kosyancupyet). Ternepb CTAHOBUTCS SCHBIM CMBICJ BEJH-
YHH dgpur U do: dyp oTBedaeT paBHoBecHoMy auamerpy LIMJI, a BesnunHa
dxpur ONPENEJsAeT ero KpUTH4ecKUi auametp. [Ipu ymenbienun d 10 dypur
[IM ]I HeMHHYeMO KOJJalCHPYET.

[lonuepkuém, uto npu H > Hy,,; LIMJI BoOOIlIEe He MOTYT CYIEeCTBO-
BaThb. Ecsiu yBesuuuBath nojse ot H < Hyoy, TOo Tpyu H = Hyp, Bce LIM ]
B MJACTUHKE CTAaHYT HEYCTOWUYHMBBIMM W KOJJIANCHPYIOT. BenuuuHa Hi.,
siBJsieTCs BaxKHOU xapakTtepucTHkod LIMJ[-o6pasua v HasbiBaeTcsi nosem
Koaaanca.

[Tpu nanbHelillieM yMeHbleHHH NOJs1 3Heprus yctodunsoro LIM ][ mo-
HOTOHHO yMeHbluaeTcs, a dy pactéT. [Ipu HekotopoM sHauennu H = HO)
Besqmunna W (dy) oGpamaercst B Hyab, u npu H < H® sueprus LIMJ]
CTAHOBUTCS OTpHUIlAaTeJbHOU. B 3TOM cJsiyyae B MacTHHKE BBIFOJHO 3a-
poxaenne IIMJ] Tak ke, kak npu H > H® BhironHo ero yHHuTOXeHHe.
Onnako u nns sapoxaenuss LIMJI, u ass ero yHUUTOXKeHHUsT HEOOXOZHUMO
npeojoJeTh NOBOJbHO 0O0JbILIOH MOTeHIHaNbHbIH Oapbep. [loaTomy cocTosi-
HUe TacTHHKH ¢ onHuM LIM]I siBnsieTcsd MeTacTaOWIbHBIM H CYLIECTBYET
IOCTAaTOYHO JOJr0. DTO CBOHUCTBO HCIOJNb3YeTCs AJS 3aMUCU WHPOPMALIUU
¢ nomoibo [IM]I.

Ananus touno# 3aBucumoctH W,, ot nuamerpa LIMJI v BHma KpuBoi
W (d) monTBepkaaeT BCe OTMeUYEHHbIE BbIllle Ka4eCTBEHHbIE 3aKOHOMEPHO-
CTHU: HAJUUMe TI0oJIeH KoJarica, MoJis H(O), nByx BunoB LIM ]I, BeiBoabI 00
UX CTAOUJBbHOCTH U T. 1.

Kak cBuneTenbCTBYeT TOUYHBIM aHAJM3, BO3MOXKHA U ellé OfHa MPUUHHA,
orpaHuyuBawias obnactb ycrohunsoctd LIM /1. Ecau ymensinats none H,
TO MpPH HEKOTOpOM 3HaueHuu H = Hy BO3HUKaeT Tak Ha3biBaemas 3JJHII-
THUYecKasi HeycToluuBocTb. [lesio B Tom, uTo Kpyrosas gopma [LIM]I cra-
HOBUTCS HEYCTOMUMBOU OTHOCHTEJIBHO PACTSKEHUs B HEKOTOPOM HarpanJie-
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uuu. [lose Hy Bcerna menbie, uem HO) T e, npu H = Hy sneprus LIM ]I
MeHblle Hynasi. B pesy/sbTaTe pasBUTUSL 3JJIUNTHYECKOH HEYCTOMYHBOCTH
[IM ]l mepexoquT B MOJIOCOBOM HJM, Yallle BCEro, B JAOUPHHTHBIM NOMEH,
npuuém u3 ofaHoro IIMJI MoxeT BO3HHKHYTb JAOWPHHTHasi CTPYKTYypa,
3aMOJIHAIOILAS BCIO MJAACTUHKY.

Kak yxke ormeuasnoceb, LIM]] npruMmeHAOTCS B YCTPOHUCTBAX MaMSATH
3JIEKTPOHHO-BBIUUCJUTEbHBIX MallnH. [Ipu 3TOoM BecbMma cCylIeCTBEHHO
yMeHbleHue pa3mepoB [IM]J] v cBsisaHHBIe C HUM yBeJIMUeHHE MJOTHOCTH
3anucy uHdopmauuu, ckopoctu auxenuss [LIMJI, a caenosaTtesibHO, U MO-
BbillIeHUE ObICTPOAEHUCTBUS MOAOOHBIX YCTPOUCTB. J[MHaMuUeckHe CBOUCTBA
[IM]I 6ynyT o6cyKaaTbCsl B CJAeYIOLIEH T/aBe.

OnucaHHasg HaMu Teopus cTaTHyecKux cBodcTB LIMJl naér Bo3MoOxK-
HOCTb ONTHMHU3UPOBATh YCTPOUCTBA 3aMKUCU UH(POPMALIUU — BbIOpaTh TakHe
napaMeTpbl MarHUTHOM MJEHKH, KOTOPbIE MO3BOJST YMEHbIIUTb AHAMETP
[IM ]I u MoBBICUTb €ro cTabUJIbHOCTb. TeopHsl XOpOIIO coryacyeTcsl ¢ dKC-
MepUMeHTaJbHBIMH UCCJEOBAHUSIMU.

OnHako B psiie MarHeTHKOB, TpeXJe BCero B IMJIEHKaX (heppHUTOB-
rpaHaToB, ObIIM OOHaApyXKeHbl OTKJOHEHHSI cBOHCTB HeKoTopeix LIMJI ot
oObluHbIX. HalineHbl Tak HasbiBaeMmble xécTkue LIMJI, nuameTrp KOTOPBIX
HecKoJbKO Oousiblile ctanHpaptHoro. Kéctkue IIMJL crabusbHbl B OoJiee
IIUPOKOM MHTepBaJie MoJied, B YAaCTHOCTH, KOJIJATICHPYIOT MpH OoJiblleM
3HauUeHUH MnoJsi, yeM 00bluHble. Kpome Toro, oOHapyxKeHbl TaHTeJIEeBUIHbBIE
noMensl, nogoOHble LIM [, HO UMeroLIMe HEPAaBUJIbHYIO POPMY THIA KAIJH
c nepeTskKkoi. CBOHCTBA TaKUX JOMEHOB YyIaJ0Chb OOBSICHUTDb, MPENTOJO-
JKUB, YTO OHHU COAEepPKAT 00JIbLIOE YHCJO BEPTUKAJNbHBIX OJOXOBCKHUX JTUHHUN
OJIMHAKOBOTO 3HaKa. Ec/iu 4yKc/Io 3TUX TUHUN HEBEJIMKO U PACCTOSTHHE MeXK-
1y HUMH MeHbllle, YeM TOJIIUHA OTAEeJbHONW JIMHUM, TO OHU He BJMSIIOT Ha
ctatudeckue corctBa LIM /1. Ecau ke O/10XOBCKUX JIMHUHU TaK MHOI'O, UTO
paccTosiHHE MeXAY HHUMH CPaBHUMO C UX TOJIIMHOH, TO HEOOXOAUMO YUU-
TBIBaTb MUX B3aHMOAeHCTBHe. AHa/M3 MOKa3biBaeT, 4TO OJOXOBCKHE JIMHUU
OJIHOTO 3HaKa «OTTaJKHBalOTCs». CjenoBaTe/ibHO, UX HaJUUMe «PaCTATrUBa-
eT» NOMEHHYIO rpaHuily U yBeaunuusaeT auametp LIMJI. [lpu yBenuuenuu
nosist LIM JI moJsiskeH cxKMMAaTbCsl, OMHAKO OTTAJKUBaHUE OJJOXOBCKUX JIMHUH
MPOTUBOAEHUCTBYET cXKaThlo; B pesyabtate LIM ]l kKonnancupyet B OoJblieM
rnoJie.

YKazaHHble MpeaCcTaBAeHUs XOPOIIO OMUCHIBAIOTCS 3KCIEPUMEHTAMU MO
aHannzy xéctkux LUMJI. Hanvune B HUX OGosblIOro yucsaa OGJOXOBCKUX
auHui (o 100) HemocpeacTBEHHO YCTAHOBJEHO METOAOM 3JIEKTPOHHOM
MHUKPOCKOIHH.

§ 12.8. OnHogoMeHHasi CTPYKTypa

Bo3moxkHO JiM cylllecTBOBaHME KPUCTAMJIHUKOB, COCTOSIIIUX TOJBKO H3
onHoro gomeHa? OTBETUTb Ha 3TOT BOMPOC MOXKHO, PELIWB 3a7ady O TOM,
KaKUM JO/I?KeH ObITb pasMep KPHUCTAJIJIMKA, 9TOObl SHEPTeTHUECKH BbITOMI-
HBIM 0Ka3aJI0Ch HaJMYHe B HEM JIMIIb OJHOTO JIOMEHA.
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PaccMoTpuM iBe BO3MOXKHbIE TOMEHHbIE CTPYKTYPbl OJIHOOCHOTO (heppo-
MarHeTHKa, UMellero gopmy Kyba co ctopoHamu L.

1. Ky6 cocTouT u3 OQHOTO JOMeHa, HaMarHW4eHHOTO B HarllpaBJie-
HUH JIETKOTO HamarHuuyubanusa (puc. 12.21,a). B stom caydae chaenyer
YUHUTBIBATb TOJBKO MAarHUTHYIO 3HEPTHIO

Wy =3 Ho LI = SNIPLP = 21218,

o
rie H-, — BHyTpeHHee mnoje (H-o = T { +
= NI;); N — pasMarHu4yuBawInui (hak- -
TOp, KOTOpBIK g Ky0a, KakK U A/ 11apa, |« >
npuHAT paBHbiM 47/3; I — WHTEHCHB- 5‘ 5

HOCTb CITOHTAHHOTO HAaMaTHUYMBAHHMSI.
2. Ky6 coCTOMT M3 4YeThIPEX pasHbBIX  Puc. 12.21. CTpYyKTypa OIHOOC-
nomeHoB (puc. 12.21,6). JIBa U3 HUX Ha- HOro (heppoMarHeTHKa, HMeo-
MarHu4yeHbl BJOJb HaMpaBJieHWs JErkoro  1iero gopmy Kyba, COCTOAIIETO
HaMarHUYMBaHMUS, a ABa (3aMblKawollide) — U3 OIHOrO JIOMeHa (a) W M3 ue-
BJ10JIb HaNpaBJieHUsl TPYAHOTO HaMarHU4U- TBIPEX JIOMEHOB (6)
BaHusl. B 3TOM caydyae MarHuTHasi SHePrus
paBHa Hya0 (W, = 0), mOCKO/NbKY MarHUTHBIH MOTOK 3aMKHYT U pa3mar-
HuunBatomui gaktop N = 0. I'panuunas sHeprusi (3HepPTUS] MEPEXOIHOTO
CJIOS1) COCTABISCT Yrpan ° 2v/2 L? rpe Yrpan — JHEPrHs, MPHUXOAAIIASACSA Ha
1 em? rpanuisl, a 2v/2 L? — miouianp rpaHuil. DHeprus MarHUTHOH aHH-
30TPONHH ABYX 3aMbIKAIOUKX A0MeHoB pasHa W,L>/2, rne W, — sueprus
AHM30TPONHUHM, Mpuxofsdmascs Ha 1 cm® a L3/2 — 06bEM 3aMbIKAIOUIMX
nomeHoB. CymmapHas sHeprua kpucrtamia Ws = vrpau - 22 L? + W,L3/2.
MoXHO HaWTu TakKOM pasMep KpHcTaJjaa, NMpU KOTOPOM 3Heprus o00-
pa3oBaHUs ONHOTO JOMeHa B MepPBOM CJAydae OKaXKeTCsl PAaBHOM 3HEPrUu
00pasoBaHHs YETbIPEX NOMEHOB BO BTOPOM:

WA J
Wu = Wé;
2T L’ 2
3 I§L3 — Yrpan ° 2\/§ L* + Way-
|
ITOT «KPUTHUECKUI» pasMep JIerKo pacCcuu- :
TaTh: !
|
2\/§ Yrpanu | L’* M
Lypur = 5 : (12.17) ‘ ar;
(2m/3)I; — Wa/2 2-10
Tak, nsst koOanbTa, y KOTOPOTO Yrpan =  Puc. 12.22. DHeprus KybOuue-
= 1 spr/em®, W, = Kjcos’a, Kj; ~ ckoro deppoMarHetvka, ume-

~ 107°% spr/em®, Iy ~ 10° Tc, BeqMuMHa  10Mero omHomoMeHHylo () H

Lypur ~ 10~ cMm. Ouesupano, uto npu 06b-  3AMKHYTYW JOMeHHyw (2)
éMax, MEHbIIMX KPUTHYECKOro, SHepretHue-  CTPYKTYPY (cM. puc. 12.21, a u
CKU 60Jiee BBITONHOU ABJSETCH OMHOLOMEH- 6 COOTBETCTBEHHO)

Has CTPYKTypa.
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Ha puc. 12.22 rpajpuyeckn u3obpaxkeHa 3aBUCUMOCTb 3Hepruu dep-
poMarHeTHka OT pa3MepoB pebpa Kyba L pnJsa caydaeB ONHOJOMEHHOU
CTPYKTYPbl MU 3aMKHYTOH CUCTeMbl TOMeHOB. TO4Ka UX IepecedyeHusl COOT-
BETCTBYeT KPUTHYECKHUM Pa3MepaM KPHUCTaJJA.

OnHONOMEHHBIM MOXeT ObITb M KpHUCTadJa H3 (eppoMarHeTHka ¢
HECKOJIbKMUMU HalpaBJIeHUsIMU JETKOTO HaMarHW4YMBaHWs, Hanpumep Fe.
TosbKO 3m€Ch 1Jig BTOPOro cayyasi caeqyeT YUUTbiBATh TPAHUUHYI0 MarHu-
TOYNPYTYIO 3HepPrui0. Pasmepsl OOHONOMEHHBIX YACTUI[ MPH 3TOM MEHbIIIE,
4eM /I OJHOOCHOTO KPHUCTAJJIA.

Kak ™Mbl yBUOHM, (pEPPOMArHeTHKH, COCTOSILLIHE U3 OJHONOMEHHBIX Ya-
cThll, 00JagarT BecbMa OOJIBIIMMH KO3PIUHUTUBHBIMU cujaMu. [losTomy
B HACTOsILIEe BPEMs OHH HCIIOJIb3YIOTCS U1 U3TOTOBJIEHUS MOIIHBIX ITOCTO-
SIHHBIX MaTHUTOB.

§ 12.9. CepxnapamMarHeTmusm

B §12.8 6bui0 ycTaHOBJNEHO, YTO MPH pa3Mepax MEHbLIUX «KPHUTH-
4eCcKOoro» (eppoMarHeTHK CTAHOBUTCS OAHOAOMeHHBIM. [lpu 3ToM, ecJu
KPUCTAJJIUKH He OYeHb BBITSIHYTbI, BEKTOP HamarHuuuBaHus Is HampaJjeH
BIOJIb OJHOTO M3 HaNpaBJIeHWH JIEFTKOTO HAMAarHWUYHWBAHUS.

PaccMOTpUM reTeporeHHbIH CIJIAB, COCTOSIIIMH M3 BbICOKOAMCIEPCHBIX
(beppOMarHUTHLIX 4YacTHl B AuaMarHeTuke. PeppoMarHeTHK HMeeT OIHO
HampaBJeHUe JIETKOr0O HaMarHUYMBAHUSI C KOHCTAHTOHM MarHUTHOM aHM30-
Tponun K. KoHueHTpauus 3Tod (a3bl HACTOJABKO MaJja, 4TO €€ YacCTHILbI
He B3aWMONEHCTBYIOT MexXay coOoi. UToObl MOBEpHYTb BEKTOP HAaMarHu-
UMBAHWS 4YacTHUbl B HaNpaBJeHWW TPYAHOTO HAMarHWUUMWBaHUS, CJAeNyeT
3aTpaTHUTh 3Hepruto Kv, rae v — oO0bEM YacTUllbl. PazMep 4acTHIlbl U eé
KOHCTAHTa aHHU30TPONHWMU MOTYT OKa3aThCsl TAKHMH, 4YTO TPH HEKOTOPOH
TeMIepatype 1 BeJUYMHA TEMNJOBOW IHEPTUM, NMPUXOASALIEHCH HA OOHY 4Ya-
cTHILy, OYIeT TOro XKe MopsiiKa, YTo ¥ Heprus anusotponuu (KT > Kv).
[Ipy sToM HauHéTcA ¢aAyKTyalusi MarHUTHOTO MOMeHTa dacTuubl M =
= [,v no HampaBJeHHsIM, NogoOHast (PJAYKTyallUsM MOJIEKYJ HJU aTOMOB
napamarHeTukoB. OT/avuMe 3aKJjioyaeTcss B TOM, YTO y TapaMarHETUKOB
(pAYKTYHPYIOT MarHUTHblE MOMEHTBl MOJIEKYJ, a B PAaCCMaTPHBAEMOM CJly-
yae — MArHUTHBIM MOMEHT BCEW 3aKpenJéHHOU YaCTHILHI.

MarHuTHbld MOMEHT (DEPPOMArHUTHOW YacTHIlbl ropas3fo OoJblie Mar-
HUTHOTO MOMEHTa MapaMarHuTHOW MoJiekyJbl. [lpu HanoxeHuu nosas O.ga-
rofapsi OIHOBPEMEHHOMY BO3AE€UCTBUIO MOJS U TeNJOBOH (hIYKTyalluH KOJI-
JIEKTUB YaCTHYeK HAYHET HAMArHUUYMUBATbCS BJOJb HANIPABJEHHUS MPUJIOXKEH-
HOTO MoJisl, MOAOOHO MapaMarHeTHUKY, T.e. corjacHo QpyHKuMu JlaHKeBeHa

(cm. (4.4)): / M -

I_OZCth(kT)_MH’

rne I — HaMarHU4eHHOCTb MPH JAAHHOW TemmepaTtype; [y — UCTHHHAas Ha-
MarHu4eHHOCTb.
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Jns cnydas MH < 1 nonyuaem

kT
I M H
(cm. §4.2), a qasa cayuas % > 1 (cm. §4.6) umeem
I kT
o= I_W' (12.19)

PaccmaTtpuBaemble yacTullbl, AJs1 KoTopbiX KT > Kjv, MOAy4WJIH MO
aHaJOTHU C NapaMarHeTHKaMH HasBaHUe cBepxnapaMarHeThkoB. M3 dop-
mya (12.18) u (12.19) caenyer, 4TOo Ha-

MarHHYeHHOCTb I cBepxmapaMarHeTHKa Of- J, en. CGSM

HO3HA4YHO oMnpejessercd oTHomenuem H/T. 127 ;
[TonoOHOe moBeneHHe OTAMYAETCS OT Hamar- ]

HUYKMBaHUSI (PeppOMarHeTHKOB, y KOTOPBIX 8t

HeJlb3s1 MOCTPOMTH KPUBYIO 3aBUCHMOCTH [
or H/T. U3 puc. 12.23 BuaHO, 4TO 3KCIe- 4+
PHMEHT CO CIIJIABOM Meau, comepKaiiuM 2 %
KoOaJibTa, MOATBEPKAAET CAeJAHHOe 3aKJII0- . . . .
deHLe. 001 0,1 1 10 HT

YCTaHOBJIEHHOE C TIOMOIIBI) ypPABHEHHH
(12.18) u (12.19) cBofictBo cBepxmapa-  PHC. 12.23. JxcnepumenTab-
MATHETHKOB JAéT BO3MOMKHOCTb BBIACHMTh oo SABMCHMOCTD -~ Hamarii:
YEeHHOCTH criaBa menu ¢ 2%

pasMepbl IHUCIEPCHOHHBIX (PePPOMArHMTHBIX

kKobasbta npu 77 (1) n 300 K
4yacTHll, 00pa3yoIUXcsd B AUCIEPCUOHHBIX (2), ot otHomenus H /T
CIlJIaBaXx.




[naBa 13
KPUBBIE HAMATHNUYUBAHUA

§ 13.1. /IBa TMna npoueccoB HAaMarHU4YUBAHUS

HamarnnuvBaHue QeppoMarHeTHka MOXKHO I€JHKOM OMNHCaTh ABYMS
npolieccamMu: l) HaMarHUYMBAHHWEM 32 CYET CMeEIIEHHS TPAHHUIbBI MEXIY
JOMeHaMH M 2) 3a CYET BpallleHHWs BeKTOopa HaMarHUUYMBaHUS JOMEHOB.
M3o6pasum cxemaTuuecku (6e3 3aMblKawolMX oOjacTel) dheppoMarHeTUK
C TpeMsi HampaBJeHUsIMH JETKOro HamarHuuumBaHusi (puc.13.1,a). Irtot
KpPUCTaJJ UMeeT TPU OJ0Ka noMeHOB. OH MOJHOCTbIO pasMarHU4eH.

a o 8
NS % N % e T
@//////Vﬁ @///////V// — — —
H=0 H H

Puc. 13.1. Cxema 1OMEHHOH CTPYKTYpbl (PeppOMarHeTHKa C TPeMs HampaBJEHHUSIMH
JETKOr0 HaMarHWUYWBAaHWS: @) HeHAMarHW4eHHOTO, ) HaMarHWUYEHHOro B MaJjoM
1oJie; 8) HaMarHUUeHHOTO [0 HaChIIleHUs

Kak OyneT BBISICHEHO B JaJjJibHeHIeM, BeCb XOH TMpollecca HaMarHu-
YMBaHHS MOXKHO MpPeACTaBHUTb cJaenylolUM oOpasoMm. Ecau K KpucTanay
IPUJIOKHUTL HeboJibllloe MarHuTHoe moJsie (puc. 13.1,6), marHuTHBIEe (ha3bl
(ToMeHBl), pacroJioXKeHHbIe IO/l MEHBIIIUM YIJIOM K HalpaBJEHHIO BHEIIHEro
noJisi, OYAyT pacTH 3a CUET CBOMX aHTUMapaJJenbHbXx cocened. [Ipu atom
MPOMCXOAMT CMellleHHe rpaHull Mexxay HuMH (cMm. § 12.3). [lpu yBesnuenuu
HAMarHW4MUBAIOLIETO MOJSA aHTHUMApaJJesbHble NOMeHbl MPAKTHYECKH «Che-
NAIOTCS» «IPSIMBIMH», & TPH ellé OOJbIIMX BHEIWIHUX MAaTrHUTHBIX MOJSAX
UX BEKTOPbl HAMarHW4YWBaHWSI HAUMHAIOT [MOBOPAUYUBAThCSl B HalpaBJIeHHHU
BHEIIHEro I0JiI W HaKoHell coBMellaioTess ¢ HuUM (puc. 13.1,8), T.e. dep-
pPOMarHeTHK OKa3blBaeTCsl HAMAarHUYEHHBIM [0 HachklllleHHs. B HekoTopom
UHTEepBaJie MOJEed HaMarHU4uMBaHUE MOXKET COBEpIIAThCsl OAHOBPEMEHHO
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IBYMSl yKaszaHHbIMH crioco6amu. [lepBblii M3 HHUX Ha3blBaeTCsl MPOLECCOM
CMellleHHs, a BTOPOU — MPOIEeCCOM BpallleHHS.
MarHuTHoe coCTOsIHWE pasMarHU4eHHOTO (heppoOMarHeTUKa MOXKHO OMH-

caTtb popmyson
> Lwicosv; =0,

rne v; — OOBbEM ¢-To JoMeHa; ¥ — yroa Mexnay BekTopoMm Ig H JoObIM
3a(DUKCHPOBAHHBIM HallpaBJIeHHUEM.

[Ipu BKJIOUEHHH TOJS BAOJAb 3aDUKCUPOBAHHOTO HarpaBJeHHs MOSBUT-
csl HaMarHu4uBaHue peppomarHetHka Aly, NMPUUYEM B 00IleM CJaydae

Al = I,)  cosv;0v; + I, ) v; d(cosv;).

[lepBoe caaraemoe B 3TOH (popMyJsie ONHCHIBAET 4acTb HAMAarHW4YHWBaHUS,
UAYIero 3a CUET TMpollecca CMellleHHs: JOMeHbl, BEKTOp HaMarHWU4uBa-
HUSI KOTOPBIX COCTaBJISIET OCTPBbIA YToJl C BHELUHUM IM0JEeM, YBEJUUYUBAIOT
CBOM 00BEM 3a CUET aHTUNapadnenbHbIX. BTOpoe csaraemoe BblpaXkaeT
HaMarHWu4MBaHue, MPOUCXOJsllee 3a CYET U3MEHEeHUs yIja ¢, T.e. 3a CUeT
npouecca BpauleHusi. MHorna yno6Ho nuddepeHHaNbHYI0 BOCTIPUUMYU-
BOCTb pa3OHWBaTh HAa JiBe€ YAaCTH — BOCIPUUMYMUBOCTb 32 CUET MPOLECCOB
cMmeleHus: U BpalleHusi. O603HaUUMM H3MeHeHHe HaMarHUU4eHHOCTH 3a CUET
nepsoro M3 HHUX 4epes Aloyem = I5 ) cos¥;0v;, a 3a C4é€T BTOPOro —

uepes Alypam = Is Y vi0(cosv;). [lockonbky nuddepennnanbHas BOCIPH-
MUMUYHBOCTb g = dI /dH, umeem

dl dl dI
dH (dH)CMem - (d_H)Bpam » ¥ = Hemem T Hepam- (13.1)

§ 13.2. HayaabHbIM y4acTOK KPUBOM HAMarHU4YMBaHUS

Hayném usyyeHHe KpHBOH HaMarHMYWMBaHHS C TaK Ha3bIBAEMOTO Ha-
YaJbHOro ydyactka. Jlig 3TOro paccMOTPUM TMPOIEeCChl, KOTOPble MOTYT
BbI3bIBATb HAMaTHUYHBaHHe B cJabbIX MO-

Jsx. JlomycTUM, 9TO OHO MAET 3a CUET 1[010]

BpallleHHsi. Bo3bMéM KyOUUeCKHH KpH- H

CTa/UI C TPeMs HaNpPaBJECHUAMU JIETKO-
ro HaMarHW4YMBaHUs (HampUMep, KeJjes30) I,

¥ OyfieM TPHKJIAAbIBaTh MArHHUTHOE IMoJie ®
napajsenbHo naockoctd (001) mom yriom [100]
0 < 45° K HampaBJ/IeHHIO JIETKOIO HaMar-
nuuuBanusi [100]. Ha puc. 13.2 (cpas-
Hute ¢ puc. 10.17) mpuBeneHa coOOTBeT-
CTBYIOIllAsi BEKTOpHAsi AMarpaMMa 3Hep-
MM MarHuTHOHM aHu3oTponuu. [lo mepe
yBeJWYeHUs] BHEIIHEro MArHHUTHOTO TI0-
as1 H BekTop HamarHuuuBaHus I; moBopa-
yuBaetcs oT HanpasJseHus [100] Ha yros ¢. Beauunna nocsenHero onpenue-
JISeTCST MUHUMYMOM CBOOOMHOHM HEPTMH KPHUCTAJJIA, T.€. CYMMbl HEPTHH

Puc. 13.2. uarpamma 3Hepruu
MarHUTHOW aHHU30TPOIHUH
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anuzotponud W, u sHepruu BHeliHero MarHutHoro mnoJss Wy. CoraacHo
ypaBHeHHto (10.18), orpanuunBasicb KoHcTaHTamMu K| U Koy, nMeem

W, + W, = Kl(a%ag + oz%a% + a%a%) + Kga%agag — (HI,).

[Tockonbky @) = cosp, as = siny, a3 = 0, mocnenHee ypaBHEHHE
MOXHO Tepernucatb B BUJIE

W, + W, = K cos® psin® ¢ — HI, cos (6 — ) =

_ iK‘ sin? 2 — HI, cos (6 — @), (13.2)

rape yroJi @ onpenesasaeTcd MUHUMYMOM 3TOHU 9HEPIrHH, T. €. YCJIOBUEM

O(W, + Wy)
Oy
Tak kak Halell 3ajmauedl ABJASETCS UCCJAeNOBaHUE Mpollecca HaMarHU-

YUBAHUSA NPU CJaObIX MArHUTHBIX MOJSIX, TMPH KOTOPBIX YroJ MOBOPOTa
BEKTOpPa HAMarHUUMBaHHUS ¢ MaJi, ypaBHeHHIO (13.3) MOXHO NMPHUAATH BHJ

:%Kl sin4yp — HIgsin (6 — ) = 0. (13.3)

2K 1o — HIzsind =0,

OTKYyJa

o = é{féj sin 6. (13.4)

OO6BIYHO HAMaTHUYEHHOCTb HM3MEPSIIOT BHOJb HalpaBJeHHs] TPUKJIAbl-
BAeMOro BHelllHero MarHuTHoro mnoJs. [lpy H = 0 HamarHuyMBaHHe BCETO
kpuctamia [ = 0, B To BpeMs Kak KaxKAbl NTOMeH B OTAEJbHOCTH Hamar-
HuueH 10 Haceienus (I). Kak BumHo u3 puc. 13.2, no Havyasia BpaileHus
coctaBjsitoniass Iy B HampaBJeHHM HamarHudupatomiero noJss H BekTopa
HamMarHudeHHOCTH aomeHa I paBHa Iy = I5 cosd, a mpy MOBOPOTE HA YTOJ ¢

Iy = Iscos (0 — );

TAKUM O6p830M, U3MEHEHHE HAdMATl'HHUYEHHOCTHU 3TOro JOMEHA (AI =
:IH_IO)

Al = I;(cos (d — @) — cosd) = Is(cosd cosp + sin d sin g — cosd).
[Tpu Masbix yrjiax moBopoTa  MMeeM
Al = I sindp. (13.5)

Tenepb HETPYAHO IOACYHUTATb HAYAJbHYIO MATHUTHYIO BOCIPHHUMYHUBOCTD
KpHUCTaJlja 34 CYET [nponecca BpallleHHU .

Aly
() Bpam; — 7
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_ 2Ky
CornacHo ypaBHenuto (13.4) none H = T sing’ Torna
I%sin® 6
X () Bpam; — oK, (136)
a aJs yraa 0 = 45°
I

%OBpaLLL: 4K1' (137)

[IpousBeném pacyét HauyaJbHOM BOCHPUHMMUMBOCTU [Ji KeJjie3a U HU-
KeJIs.

Jlns xenesa I = 1700 Tc, K| = 4 - 10° spr/cm®, oTKyna o ppam < 2.

Ins nukens I, = 500 Te, |K| ~ 510 apr/CM3, cJIe10BaTeb-
HO, 20 ppam < O.

3 onbiTa M3BECTHO, UYTO Yy »KeJje3a HadaJibHash BOCIPUUMUYHUBOCTD 27 ~
~ 10* = 10%, a y HuKens s ~ 10? + 10. Takum 06pas3om, mpolecc Bpa-
eHus He obecreduBaeT HAOJIOAaeMOU BeJWYHHBl UX HA4YaJbHOW BOCIPH-
UMYUBOCTH. OObIYHO Bce (peppOMarHUTHbie MaTepHaJbl AeJsITCS Ha Mar-
HUTHO-MSITKME W MarHuTHO-kKEcTKUe. K mepBeIM OoTHOCSITCA (heppoMarHe-
TUKHA C OOJIbILIOM MAarHUTHOM BOCIPUMMYHBOCTBIO M MaJOH KOIPUHUTUBHOH
CHJIOH, KO BTOPbIM — (DeppOMarHeTHKH ¢ OOJbIIOH KO3PIIMTUBHOH CHUJIOH;
MarHuTHas BOCIPHHMUYMBOCTb y HHUX HeBeJuKa. [IpuBenéHHble pacyéThl
U HEKOTOpble NOTOJHHUTeJbHble COOOpaXKeHUsI W 3KCMEPUMEHTBl TMOKa3bl-
BAIOT, 4YTO Yy XKeJje3a, HUKeass U JIPYTUX MarHUTHO-MSATKHX MaTepHhaJsioB
HayaJ/JibHasi BOCIPUHMYHUBOCTb B OCHOBHOM OIpENEJsieTCs MPOLEecCOM CMe-
IIEHHS, @ Y MAarHUTHO-KECTKUX — MPOLECCOM BPALIEHUS.

§ 13.3. O6paTumbie U HeoOpaTHUMbie MPOLECCHI
CMelleHUs] TPaHUILL

B rn. 12 ™Mbl paccmMaTpuBa/id AOMEHHYIO CTPYKTYPY HIeaJbHOrO KpH-
CTajJja, MO3TOMY HCXOAWJAHM TOJNbKO W3 MHUHHUMyMa CYMMbl SHEPTHH aHH-
30TPONHH, OOMEHHOM W MarHuTHOW. B neHCTBHUTENbHOCTH »Ke, OmNpeneJsisi
CTPYKTYPY JAOMEHOB M PACIIOJIOXKEHHE T'PaHUI] MeXIy HHMH, CJeayeT ydH-
THIBATh TaKKe VIIPYTYIO HEPryio, HEPTHi0 paccesHHUs MarHHUTHOTO IOJIS
y Pa3/JIM4HbIX Me(eKTOB, MUKPOHEONHOPOAHOCTH MaTepHasa U T. .

PaccmoTtpum 180-rpagycHyio rpanuny. IlycTe nmepexomHasi o6saacTb —
rpaHHuYHasi 30Ha — JeXHUT B maockoctH yOz (puc. 13.3, a). Ipuxonsury-
I0CSl Ha €IMHHILY TOBEPXHOCTH HEPrHIO MepexonHoi obsactu (cm. § 12.2)
C YYETOM BO3MOXKHBIX (DJAYKTyalUHH U Je(eKTOB MOMKHO TPEeICTaBUTh KakK
yunkuuo koopaunat: v = f(x) (puc. 13.3, 6). Kpusas na puc. 13.3, 6 u306-
paXkaeT IPafiveHT 3Hepruu dy/dx TPaHUYHOTO CJIOSI BAOJb OCH .

Eciy BIOMb OCH 2z TMPHJIOXKHTb MArHUTHOE T0Jie, IPaHUIA CMECTUTCS
TakK, 4TO 00bEM MarHUTHOM (hasbl, COBMaAAIOIIEH O HAMpaBJEHUIO C BHEI-
HUM I10JIeM, YBEJHUUNTCSI, a 00BEM aHTHIAPaANJIeJbHOH (Pa3bl YMEHbIIUTCS.
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HoBoe yc/sioBUe paBHOBecHsi ONpenessieTcs U3 CAeqyIOUIUX coodparke-
Hui. Ecau njockocTh rpanuiibl yOz Npu HaJOXKEeHUHU Noqst H cMecTHUTCS Ha
)x, TO MarHUTHast Heprus B 00bEMe yzdx, Oaarogaps nepeMarHH4UBaHHIO,

yMmeHbinuTcs Ha 2H [ yzdx. DTa 3Heprus

= y - d
Jlomen JloMen , TOHIET Ha paboTy %yzéx nepeMereHus
M B TPaHUIIbI, T. €.
O="7 x dy
0, 2HI0x = — dx. (13.8)
i dx
| 6 XoTsl NpPHU HAJIOXKEHHOM II0Jie HOBOE II0-
i 1 i
okt iA o _ JIOXKeHHWe TPaHUIIBl U HOBble pasMepbl J0-
‘g‘@; B+ C X MEHOB COOTBETCTBYIOT MHHHMYMY 3HEPIHH
1
Sy 4 o (3THM omnpefensieTcs BeJHYHHA CMELeHHS
O | AT dx), cama TpaHHlla — MEePeXOAHbIH CJ0H —
L A 6  Temepb obOsagaeT OOJbIIMM 3amMacoM CBO-
i i i %)
Y /o OONHOW 3HEpPruH, 4eM IPH OTCYTCTBHUU Mar-

O‘g’!D \_/BC x HuUTHOro nojs. Ecid HOBOMYy MHHUMyMYy
> CBOOOJHOU SHEPTUH COOTBETCTBYET CMellle-
Hue dx < OA (puc. 13.3, 8), To mocJje cHsi-

Puc. 13.3. IlnockocTb pacmo-
TUS BHEIIHEro MarHUTHOTO TMOJis TpaHulla

JIOXKEHUsI TPaHWYHOH 30HBI (a).

3aBUCHMOCTS SHeprHu (6) M CMeCOTI/IT§H Ha MpeXHee MecTo — B TOY-
rpaguenta sueprun () nepe- KY O. OTO TPUBENET K BOCCTaHOBJICHHIO
XOLHOTO CJI0St OT KOOPAMHAT IePBOHAYA/NbHOIO MArHUTHOIO COCTOSIHHMS,

HampuMep K pa3MarHUUHWBAHUIO.
CMmellleHHe TpPaHHUILBl MOMXKET OCYIIECTBJAATbCS O0OPaTHMO TOJBKO [0
HaJIOXKEHUS] <«KPUTHUECKOTO» T0Jis, KOTOpOe CMelllaeT €& Ha BeJWYHHY
OA K MeCTy MaKCHMaJIbHOTO TPajHeHTa SHEPrHH TPaHUUYHOro cjosi. Ecju
’Ke BHelllHee ToJie BbI3biBaeT cMmellleHne ox = OA, 1o 6e3 yBeaUUeHHSsI
MOCJIeTHETO TPOUCXOAUT NaJjbHeHlllee cMellleHHe TpPaHUIlbl 10 Touku C
B KOTOPOHM T'pafiMeHT SHEPrHd TaKoH »Ke, KakK M Ha pacctosHud OA or
rnepBOHauaJjbHOro mojoxkeHusi. [lepemenienne ot A no C, mpoucxoxsiiee
6e3 yBeJHYEHHS MAarHWTHOTO IIOJIsl, HasblBaeTCs CKaukoM bapkraysena.
Ecau nocse nomo6HOro HaMarHUUUBaHUS 10Je BHOBb YMEHbIIWTb A0 HYJS,
rpaHMIlA He CMOXKET caMa IepeMeCTHThCS B llepBOHauasbHOe mosoxkeHue O,
a OCTAHOBUTCH B HEKOTOPOM TOYKe B ¢ MHHUMYyMOM 3Hepruu. Pasmepsni
COCEeHHUX JOMeHOB ((pa3) Temepb oKaxyTcs pasHeiMu. Pasa, cocrosiiias U3
IOMEHOB, HAMAarHM4eHHbIX B HAMpaBJEHWH T0JIsl, YBEJUUUTCS 32 CUET (pasbl,
COCTOSIIIed U3 NOMEHOB, HAMaTHUUEHHbIX aHTHUMapannenbHo. Jad kaxmnon
Mmapbl COCEHUX JTOMEHOB M3MeHeHHe cOCTaBUT 20x. B pesysibTaTe mosiBUTCS
OCTaTOYHAsi HAMarHUYEeHHOCTh
[=21,% (13.9)
do
rae dgp — wupuHa aoMeHa. OnUCaHHBIM MPOLECC HA3bIBAETCS HEOOPATUMbBIM
CMellleHHEM U SBJSeTCs ONHOW M3 MPUUUH TUCTEpe3uca.
M3 npuBenéHHON cxeMbl HAMArHUUMBAHUS 32 CUET CMellleHUs] TPaHUIbl
MOXHO 3aKJ/IUHTh, UTO UeM MeHbllle TpajueHT 3Hepruu dvy/dx, TeM GOJb-
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liee CMellleHWe TPAHUIIBI MPOU3OUIET MPHU MAHHOM HAaMAarHUYMBAIOIIEM IMO-
Je. BeuunHa cMelieHUs IPaHUIlB ONpefiesisieT HaMarHHUeHHOCTh 06pasiia,
a cJieJ0BaTeJIbHO, U ero BOCTIPHUMYMBOCTh. B MaTepuasax ¢ MaJbiM rpaau-
eHTOM 3HEPrHHM MArHUTHAs BOCTIPUUMYMUBOCTH MOXKET MOCTUTaTh OOJbIIHX
3HayeHWH. B HayasbHOW dYacTH KPUBBLIX HaMarHHYMBAHHS HabJIOIA0TCS
oOpaTUMble HAMAaTHUYHMBAHHS, COOTBETCTBYIOIIME O0OPATUMOMY CMEIIEHHIO
rpanuiibl. O6paTuMoe cMellleHHe TPAaHWIlBl B HeHaMarHWUeHHOM (eppomar-
HeTuke npu H — O ompenesisgeT BeJWYHHY HadaJbHOH BOCTIPHHMYHBOCTH
TaK Has3blBaeMbIX MSTKMX MaTepHasioB (cMm. § 13.2).

HetictButenbHo, B Qopmyae (13.8) pasmepHocthio HIg saBasercd
spr/cM® WM aMH/CM? T.e. 3Ty BeJMUHHY MOMKHO MPENCTABHTh KaK AaBJe-
Hue P, npousBopumoe noseM H Ha cTeHKY gomeHa (puc. 13.3). Co cTOpoHbI
CTEHKH JIOMeHa eMy MPOTHBOAEHCTBYET KBasWyMpyras CHJa, MPOIMOPIHO-
HaJbHas BeJWYUHE CMeIlleHUsl TpPaHHlbl 0x, T.e. MOXHO 3amucath P =
= Ddx, rne D — kBasuynpyruil kosdpduuuent, wau HI, = Dox (D —
MponopiHoHaseH rpagueHty dv/dz). OTciona HAXOAUM BEJUYHMHY CMellle-
Husi rpaHuus: 6r = HI;/D. HamaruuuuBanue obGpasia naércs opmy-
jgou (13.9). Takum oOpasom, HayasbHasi BOCHPHUMMYHBOCTb Jfy 3a CUET
rmpoilecca CMellleHUsl paBHa

2
sy = L = Hsow 2L (13.10)

H Hd Dd
CpaBHHBasl €€ ¢ HauaJbHOH BOCIPUMMUHBOCTBIO 32 CUET Mpollecca Bpallle-
uus (13.7), Mbl BUIMM, UTO HAMAarHWYMBAHHE TIPH MaJbIX MOJISIX OMpee/isi-
etcsi cooTHoeHueM Ddgy u Benuuunon K. [lpu K| > Ddy oHo unér 3a
CUéT mpolecca cMmelleHus, a B caydae Ddy > K| — 3a cuéT BpallleHHs.
Koneuno, npu K| ~ Ddy HamarHu4uBaHue MOXKeT WATH OLHOBPEMEHHO 3a

cuéT oboux mpoieccoB [145].

HHuTepBany mosiell, NpH KOTOPBIX TPOUCXOASIT CKaukd bapkrayse-
Ha, COOTBETCTBYeT B OCHOBHOM KpyTasi 4acTb KPUBOH HaMarHUUHWBAHHUS
(cMm. puc.7.1). B Heé maroT BKsajg ob6paTHMble H HeoOpaTHMBble MPOIECCHI
HamarHuuuBaHus. COOTBETCTBEHHO nU(depeHIMalbHas BOCTIPUUMUHBOCTD
COCTOMUT M3 00paTUMOH M HeOOpPaTHUMOW BOCIHPUHUMYHBOCTH.

[Iporiecc cmemenuss 90-rpagycHOM TpaHUIBI OMUCBIBAETCS MPHHIIUITH-
albHO Tak ke, Kak W 180-rpamycHoél. OmHako MpU 3TOM MPUXOIUTCS
YUUTBIBATb BO3HUKAIOII[YI MAaTHUTOYIPYTYIO SHEPTHIO, KOTOpas fesaeT ero
6oJiee TPYOHBIM, ueM TMpu cMelleHuu 180-rpanycHod rpaHHUILbL.

O6paTumasi 4acTb KPUBOM HaMarHW4UBaHHUS MOCTATOUHO TOYHO OIMHCHI-
BaeTcsl IMNUPUUecKor Gopmynod Pejes:

» =y +VH,
Toe 2y — HayaJjbHad BOCIHPUHUMUYHUBOCTD, & V = d%/dH = const, HUJIHU
I = »yH + vH?

[TonyueHHble ¢ €€ MOMOIIBIO PE3YAbTATHl XOPOLIO COTJIACYIOTCS C KCIIe-
PUMEHTAJbHbIMH; MO3TOMY OHa yA0OHA MPU MPAKTHYECKHUX pacuéTax.

7 E.C. BopoBuk u np.
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Puc. 13.4. Ckauku bapkrayseHna: a) cxema HaOmoneHHs; 6) KpUBas HaMarHUYHBa-
HUS

Ckauku bapkrayseHa Xopolo 3KcrnepuMeHTa/lbHO HaOJMIOAATh TIPH MeJl-
JIEHHOM yBeJIMUeHWH HamMarHuuuBawilero noJs. Ha puc. 13.4, a npuBeneHa
npocTas cxeMa MopoOHOro skcrnepuMmeHTta. [Ipu menseHHOM MPUOIUKEHUU
MarHuTa K oOpasily mocJaeqHUH HaMarHuuyuBaeTcsi. [Ipu manbix mossx Ha-
MarHWu4MBaHUe OCYIIECTBJsETCS 0OpaTHMbIM U HEOOPATHMbBIM CMEIIEHUEM
rpanuiibl. O6paTHMoe MepeMellleHHe MPOUCXOAUT IMJIABHO, a HeoOpaTHUMOe
(ckauku bapkrayseHa) — ObICTPBIM CAMOTIPOHU3BOJIbBHBIM CKAYKOM TPAHHUILbI,
4TO MPHUBOJAHUT K Pe3KOMY yBeJHuYeHUt0 HamarHudeHHocTH Ha Al. O6pa-
3ell OKPYKEH HMHAYKIIMOHHOW KAaTYILIKOW, B KOTOPOM MPU Pe3KUX CKayKax
HaMarHuuMBaHus BosHuKaeT DJ[C, Bbi3biBatollasi caabblid TPECK («LIOPOX»)
B TesnedoHHOH TpyOke. Ha puc. 13.4,6 uzobpakeHa KpuBas HaMarHW4u-
BAHUS CO 3HAUUTEJNbHO YBEJHWYEHHBIM OTAeNbHBIM €€ ydacTKoM. CKayku
bapkrayseHa MoxHO HabJOAATh U MPU MOMOILIM KaTOAHOI'O OocCLuJIorpada.
Ha BesnunHy MarHMTHOHW BOCIPHUUMYHUBOCTH, OCOOEHHO Ha4yaJbHOH, Cylle-
CTBEHHO BJIMSIET MPEeNbICTOPHUS MaTepuasia, B YaCTHOCTH CIOCOO pasMarHu-
YUBaHHS.

B Tab6n. 13.1 npuBoasiTcs BeJMUMHBl HA4aJbHOH MAarHWTHOW TpPOHHIIae-
MOCTH HEKOTOPBIX (heppOMAarHeTHKOB.

Taobauma 13.1

deppomMarHeTuk 140 As
Crias Fe-Ni-Cu-Mo 50000 As <5-1077
Cenpnact (85% Fe; 9,62% Si; 5,38% Al) 35000
ApmKo-Kese30 20000
[Tepmangoit (78,5% Ni, 3,8 % Mo) 20000 As — O4eHb Mano
[Tepmasioit (45 % Ni) 2700
Kpemancroe xeneso (4% Si) 600
DJIEKTPONUTUUYECKOE XKeJe30 140
Huxkeab (4ucThIi) 26,1
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§ 13.4. O6parumbie npoLecchl BpauleHUs .
Teopusi AkyJsoBa

HavasnbHblf yuyacTOK KPHBOH HaMarHWYMBaHHUsS JJis TaK HasblBaeMbIX
MSITKUX MarHUTHBIX MaTepHaJiOB B OCHOBHOM OGYCJIOBJIEH IMPOIIECCOM CMe-
meHusi. Ero saBepiieHue Q0J/KHO TPHUBOAUTD K HACBILIEHUIO BIOJb OAHOU K3
OCel JIETrKOr0 HaMarHW4MBaHus, OJnKaulleld K HalpaBJeHHIO MPUJIOXKEHHO-
ro MarHUTHOTO ToJjsi. [losiHOe TeXHHUYecKoe HaCHIIlEHHEe 3a CUéT Tpollecca
CMellleHHsT MOXKeT ObITb AOCTHTHYTO TOJIBKO B TOM CJy4ae, KOTHA BHeEIIHee
1oJie TIPUJIOKEHO BJOJIb OJIHOTO M3 HalNpaBJeHHH JErKOro HaMarHUUHBaHMUS.
B mpoTuBHOM cJsiyyae maJbHekHlllee YBeJHUYEHHE BHEIHETO IOJIS BbI3bIBAET
BpallleHHe BeKTOPOB HaMarHWYHMBaHHS, 3aKaHYHBalOlleecs TOJbKO TOTMA,
KOTJIa OHU YCTAHOBSITCS TMapaJijiejibHO BHelllHeMy moJito. KoHeuHo, mpu Ha-
MarHHYHBaHHHU 3a CYET MpoIecca BpallleHHsI MOXKET YaCcTHYHO MPOIOJIXKATh-
csl U HaMarHUUMBaHHe 3a CUET Ipollecca CMellleHHs. B HeKOTOphIX ciydasix
ofa mpoiecca MOTYT COCYIIeCTBOBAThb BIJIOTh A0 HAChIIeHUS (HamMpUMep,
Mpy OOJBIIUX BHYTPEHHHX MEXaHHYECKHX HAMpPSIXKEHHUSIX, MPH OOJIbIIOM
KOJIMUeCTBe BKJIOUEHWH, IJis reTeporeHHoro cmiasa). Ha puc. 10.5 xopo-
IO TIPOCJ/IEXKUBAETCSl pa3rpaHUUYeHHe MPOIECCOB CMellleHUsl (KpPyThle YacTH
KPHUBbIX HAMAarHWYHMBaHHSsI) U BpalleHHs (MOJIOTHe YacTH) AJIs1 XKeJle3a B Ha-
npaByaeHusx [110] u [111] u nas Hukens B Hanpassaenusx [100] u [110].

Has Toro 4yTobbl paszoOpaTbCsi B Mpollecce HAMAarHWYMBAHUS 33 CUET
BpallleH’sl, PacCMOTPHUM HECKOJIbKO YaCTHBIX CJy4aeB HaMarHHYMBaHUS
MOHOKPHCTAJJIOB, UMEIOIIHX (hOPMY MPOBOJIOKH H JHIIEHHBIX KaKHX-JHOO
BHYTPEHHUX HamnpsikeHWH. Ecau mpoBoJIOKa MOCTATOYHO NJUHHAS, B HeH
OTCYTCTBYET pa3MarHW4yuBawllee MoJe U, CAel0BaTeNbHO, CBI3aHHAS C HUM
cBoOonHas sHeprus. [lo-BUAMMOMY, NMPH 3aJaHHBIX YCJOBHSIX CBSI3b HHTEH-
CUBHOCTH HaMarHWUMBAHHS C HaMaTHUYHBAWOIIUM moJseM H Oymer ompe-
NeJSIThC MUHHUMYMOM CYMMbl 3HEpruid MarHuTHOH anusotponuu (W,)
1 maruutHoro noJsi (Wy). PaccMoTpuM KpuBble HaMarHUYMBaHHUS MOHO-
KPUCTAJIJIHIECKUX XKeJIe3HBIX MPOBOJIOK, OCH KOTOPBIX COBMANAIOT C OCSIMH
[100], [110] u [111] kpucTtanios.

1. IlycTp 0Cb MOHOKPHUCTAJJIHUYECKOU MPOBOJIOKU COBMAAAET C TeTParo-
HaJbHBIM Hanpasienuem [100], a maruutHoe mose H HampaB/ieHO BHOJb
3TOM ocH. HampaBssiioniye KOCHHYCBI BHEIIHEro MoJisg paBHbl hy = 1; hy =
= h3 = 0 cooTBeTcTBeHHO. B MOHOKpUCTaJJ/e Keje3a HUMeeTcsl LIeCTb
MarHUTHBHIX (pas. O603HAYMM HX KOHLEHTpPallMH Yepe3 n,;, a KOHIEHTpa-
MK (a3 ¢ aHTUIApaJ/JIebHBIMU HalpPaBJeHUSIMH BEKTOPOB HHTEHCHBHOCTH
HaMarHU4YMBaHUS TOMETHM OJMHAKOBBIMH HHAEKCAMM ¢, HO ONHY M3 HHUX
Oymem oTMmeyaTb 4épPTOYKOH cBepxy (7;). Bmaromapsi GoJibilioMy pasmar-
HUuuBawieMy daktopy B HampaBieHusx [010] u [001] koHueHTpaunuu
MAarHuTHbBIX (pas B HUX PaBHbI HYJMIWO, T. €. Ny = Ng = N3 = n3g = 0. KoHueH-
TpallMd MarHUTHBIX (Pa3, BEKTOPbl HaMarHUUMBaHHs KOTOPHIX MapaJijiesbHbl
M aHTHIapaJjieibHbl OCH TPOBOJIOKH (T.e. KpHcTasaaudeckod ocu [100]),
paBHBI MeXIy coboit: n; = iy = 1/2. B atom cayuae mMbl ¥MeeM MarHurt-

7*
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HYI0 TeKcTypy OJaronapsi ¢opme obpasia. TepMHUH «MarHuTHasi TEKCTypa»
03HaYyaeT, 4YTO BEKTOPbl HaMarHWuuBaHus I; BceX MOMEHOB HarpaBJeHbI
BIOJIb OAHOM mpssiMOH. EcTecTBeHHO, 4TO BeChb MPOLECC HAaMarHUYMBAHUS
COBEpIIAeTCs] TOJIbKO 3a CYET CMEIIeHHs] U K MOMEHTY HachilleHuss ni = 1.
[Ipouecc BpallleHHsl MPH TAKOM HAMarHUYMBAHWH ITIOJHOCTBIO OTCYTCTBYET
(cm. puc. 10.5).

2. [lycTh 0Cb MOHOKPHCTAJIJIMYECKOH MPOBOJIOKH COBIAAAET C KPHUCTAJI-
jgorpaduueckuM HanpasjeHueMm [110] u B 3TOM 2Ke HampaB/JeHHH MPHKJA-
nabiBaeTcsl MarHuTHoe moJge (puc. 13.5). Torma Hampabssiiolide KOCHHYCHI
10oJIsI

M0 OTHOLIEHHIO K KPHCTaJJorpaduyecKuMM Ha-

H 4 [110] npasjenusimM [100], [010] u [001] paBub h| =

= hy = 1/\/§; hs = 0. OueBugHO, 4TO GMATO-

5 41 napsi 60JIbILIOMY Pa3MarHU4YHBalOILEMY (haKToO-

[010] 450 | 5o py B HampasseHuu [001], KoTopoe mepreHmH-

< 7\ [100]  KyJsipHO OCH NPOBOJIOKHM, KOHIIEHTpaluu (a3

C BEKTOPOM HaMaTrHUYHMBAHHSI, HMEIOIIUM 3TO

[001] U/ HampabJeHue, paBHbl Hym0: ng = i3 = 0. Ilo-

cJie 3aBepIleHHs TPollecca CMelleHHs] KOHIIeH-

TpallMd MarHUTHBIX (a3, y KOTOPHIX BEKTO-

- pbl HAMarHU4YHBaHHUs HampasJeHbl BAoJb [100]

u [010], Osarogmapss HX OJMHAKOBOMY pac-

Puc. 13.5. Cxema mpouecca  [0JIOKEHHIO OTHOCHUTEJNbHO HaMarHUYMBAIOLLLE-

BpallleHHsl B MOHOKPHUCTAl-  ro moJjsi (mom yrsioM 45°) OAMHAKOBB N =

MUECKOM LMJIHHIDPE = nyg = 1/2. JlajbHeiiliee HaMarHHYHBaHHe

MPH YBEJHYEHHH MaTHHUTHOIO MoJist OyAeT ocy-

IIECTBJSATbCSA 3a CUET Mpollecca BpallleHMs; MPU 3TOM CMellleHHe BeKTopa
HamaruuuuBanus I; mpoucxoaut B maockoctu (001).

[Tocko/IbKY BEKTOPbI MHTEHCHBHOCTeH HamarHuuubaHus I B oGoux da-
3aX C KOHILIEHTPALUSIMHU M| U Mo PACIOJNOKEHBI CUMMETPHYHO OTHOCHTEJIbHO
BHEIIHero HaMarHUYMBAIOIIEro IMoJisi, MOXKHO B JaJbHeHIIeM BeCb Pacuér
BECTH HJs1 OAHOM (asbl, YCJIOBHO IIOJIOXKHB €€ KOHLEeHTpauuio n; = 1,
d Ny = 0.

K KoHIly mpolecca cMmelleHHs YyroJ 0 MeXAy BEeKTOPOM HaMarHW4HBa-
Hus I, U BHeTHUM noJsieM okaxkeTcs paBHbIM 40° (puc. 13.5). Ilpu nanbhei-
lIeM HaMarHUYHMBAHHHU 3a CYET Mpoliecca BpalleHHs OH OyAeT YMeHbIIATbCs
M K MOMEHTY TEXHHYECKOrO HachllleHHsl AOCTHUrHeT 3Hadenuss 0 = 0. Jlas
J1000r0 3aJaHHOrO HaMarHUUYMBAIOLIETO MOJIs MOJHasi CBOOOAHAST SHEpPrusi
MPOBOJIOKH OIpeessieTcss CyMMOH

()
U

Wa + Wy = K|(afa3 + adai + a3a?) + Keajasal — HIgcosd, (13.11)
a TIOCKOJIbKY IJs paccMaTpuBaemoro caydas og = 0, umeem

Wa + Wy = Kjajas — HI, cosé, (13.12)
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rie i
) = cos (45° — 0) = 75 (cosd + sin d),
g = cos (45° +0) = % (cos§ — sin §).
Torna

Wa+ Wy = % (00825 — sin? 5)2 — HI,cosd =
= B (2c0s?6 — 1)~ HI,cos0. (13.13)

M HTeHCUBHOCTb HaMarHW4YMBaHus [ BHOJb MOJS ONPEAENSIeTCsS COOTHO-
menueM I = I, cosd. Beném mousgTHe OTHOCUTEJLHOIO HAMATHUYUBAHUSA:

Ii:cosazj. (13.14)

Torga BeIpaxkeHue /s TIOJHOH SHEPTHH MPUMET BH
Wa+ Wy = 21272 = 1) = HIj. (13.15)

HOCKOJIbe LJIsd Kd2KA0I'O0O 3HAYEHHUSA I10J14 H YCTAHABJIMBAETCA TaKdsd OTHO-
CHUTeJIbHAA HAMATHHUYEHHOCTDb j, [IPHU KOTOpOfI [1I0JIHAA 2HEPrud ya0BJETBO-

dWa+Wh) _
psIeT YCJIOBHIO MUHHUMYMa, T. €. 7 = 0, mosiy4aem
H =210 - 1)j (13.16)

3aBucumocTb (13.16) mpuBenena Ha puc. 13.6. E€ Bum obbsicHseTcs TeM,
uto ypaBHeHHe (13.16) orTpaxkaeT ToJbKO mpolecc BpaieHus. Ceiuac
Hac WHTepecyeT JHlIb 4acTb BeTBU C'B uW/d, NpH HaM0XKEHUH 0OpPaTHOro
nosst, HK.

AHaJIOTMYHO MOXKHO MOJIYYHTb 4acTb KPUBOH, 00yCJOBJIEHHYIO 0OpaTH-
MbIM TPOIIECCOM BpallleHHWs] NMPU HaMarHWYKWBaHUHK KeJje3a BAOJb KpUCTaJ-
Jorpacuyeckoro HanpapjeHus [111]. (Bosee nmogpo6HO BUA 3TOH 3aBUCH-
MOCTH OyIeT paccMaTpuUBaThCs B 1. 14.)

HMcxonst 3 pacCMOTPEHHOH cXeMbl, MOXXKHO OObSICHUTb HEKOTOpbIE 0CO-
OEHHOCTH KPUBbIX HaMAarHUUUBaHHS MOHOKPHUCTAJIJIOB KeJje3a B PA3JIUUHbIX
KpUCTaJIorpapuyecKux HampasaeHusx (puc. 13.7). B HanpaBseHuu J1€rko-
ro HamarunuuBanus tuna [100] Hacwienve (I = 1600 I'c) mocturaercs
MpyY MaJioM HaMarHuuuBawileMm mnoJe. [Ipy HamarHUYWBaHHUK BAOJb KpH-
ctajorpaduueckoit ocu tuna [110] MakcuMa/bHOE 3HaueHHe HaMarHU4eH-
HOCTH 3a CYET Mpollecca cMellleHusl (BepTHKaJbHash 4YacTb KPHUBOH) MOXKHO
HaWTH, B35B MPOEKIIMI0 HAMAarHUYEeHHOCTU HAChIlleHUs1 ¢ OJuXKaNIlIero Ha-
npaBJieHUs JIETKOro HamarHuuuMBaHusi Ha ock [110], T.e. I = I;cos45° =
= S/\ﬁ = 1140 T'c, yTo XOpollo corysacyercsi ¢ 3KCIepHMeHTaJbHbIMH
naHHbIMU (puc. 13.7). JlanbHelllass HakKJOHHAs 4acThb KPUBOHM OTpaXKkaeT
HaMarHUYEHHOCTb 3a CYET BpalleHUsl, NMPUUYEM K 3IeChb TeopeTHUYecKas
U KCMEPUMEHTaJIbHasl KPHBble OCTATOUHO TOYHO COBMAJAIOT.
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Puc. 13.6. KpuBasg nHamaruuuu- Puc. 13.7. KpuBble HaMarHuuMBaHHWS MOHOKPH-
BaHMs, oTBedawias ¢opmyne cranana Fe (1T'= 5 °C) no nanubim: | — XoHAa;
(13.16) 2 — Masymora; 3 — Kaiis; 4 — TeopeTHueckue

KPHUBBIE

AHaJIOrMYHO MOXKHO OMHCaTh HaMarHUYHMBaHHEe MOHOKPHCTAJIJIA XKeJie3a
Bnosib HampasseHus [111]. Kpyrtas gacTh KpuBOU HaMarHMUKMBaHUS (3a CUET
nmpoiecca CMeLIeHHs) AOCTHTraeT MaKCHMMaJIbHOrO 3HaueHus [ = IS/\/_ =
= 920 I'c, a mocsenyiomiasi HakJOHHAs YacTh XapaKTepH3yeT Mpoliece Bpa-
menus. [lepBasi U3 HUX XOPOILIO COTJIACYeTCsl ¢ IKCMEPUMEHTOM, a BTOpas
HECKOJIbKO PacXOIMTCS C HUM B BepxHed cBoel dacTtu (puc. 13.7).

XapakTep KpPHUBBIX HaMaTHHYHMBAHHS MOHOKpHUCTaJJga KobGajbTa B Ha-
MpaBJIeHUH JIETKOTO HAMarHWUYHWBaHHS U B MEPIEHAUKYASIPHOM K HEMY Ha-
MPaBJEHUH TaKxKe HEeTPYAHO OOBACHHUTb. JleHCTBHUTEJIbHO, MOCKOJbKY KO-
6aJibT HMEET JIMIIb OfHO HalpaBJeHHe JIETKOr0 HaMarHHYMBaHUS, TTPHJIOXKeE-
HHe TI0JIs1 B 9TOM HalpaBJieHHH BbI3bIBa€T HAMAaTHUUHWBAHHE TOJBKO 3a CUET
npoiecca cMmellleHus. [1o3ToMy HachillleHHe TOCTHUTAeTCs MPU CPAaBHUTENbHO
MaJblx ToJsx. [lpunoxkeHue ke mosss B HampaBJeHUH, MepPHeHAUKYAsSIp-
HOM K HaIlpaBJIEeHHIO JIETKOr0 HaMarHUUMBAHMUs, BbI3biBaeT HAMarHHYHBaHHe
TOJIbKO 3a CYET mpoliecca BpaileHus. [103ToMy cOOTBETCTBYIOIIAs KpPHBasi
y2Ke OT MaJblX MoJied UAET NOBOJBHO MOJIOTO U HAChIIlEHHe U3-3a OO0JbIIOH
KOHCTAHTbl AHHW30TPOMHH JOCTHTAeTCs MPHU BecbMa OOJBIIUX MOJAX —
okosio 10000 3 (cMm. puc. 10.5).

C MOMOIIIbI0 PACCMOTPEHHOM CXeMbl JIETKO MOHSITh U XapaKTep KPHBbIX
HaMarHUYMBaHUSl HUKEJS B Pa3JHUYHBIX KPHUCTAJJIOTpapUuecKuX HarpabJie-
HUSIX.

Mb1 paccMOTpesid KpUBble HaMarHWYMBaHUSI MOHOKPHCTAMJNYECKHX
(deppomarueTukoB. Jlis TOJUKPUCTANJOB TMOAOOHBIM pacyéT, KOHEUHO,
caoxHee. [IpuBenéHHyIO BBIIE CXEMY MOXKHO TPHMEHHTb OJs1 TaK Ha3bl-
BaeMbIX Ma