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BBEJAEHUE

TepMHH «MarHeTOXMMUSD BO3HUK CPAaBHUTEIBHO HEAaBHO, mpumepHo ¢ 20-+30
rogoB XX BeKa, ¥ MCIOJIB3yeTCsl KaK aHAJIOT BBIPAKCHHS «HCCIICIOBAHUS XUMHUECKUX
COCJIMHEHUH MarHUTHBIMH METOJaMH», B TIEPBYIO O4YepEllb, METOJAMH CTaTHYECKOU
MarHUTHON BOCTIPUUMYHMBOCTUA. MarHeTOXHMHS - PA3BUBAIOIIASICS 00JIACTh (PU3HUECKOMN
XUMHH HM3Y4aeT MAarHUTHBIE CBOWCTBA MOJICKYIISIPHBIX CHCTEM, BKIIIOYAIOIINX
OpraHWYECKHUe, HEOPraHWYeCKHe, IONHIICpHbIe, KOOPIWHAIMOHHBIE COCIUHEHUS,
KHUJIKOCTH, PACTBOPBI, Ta3bl U T.1I.

Pa3BuTHE MarHeToXMMHHM TECHO CBs3aHO ¢ wuMmeHamu JlamxkeBeHa, Kropw,
Beiicca, Ilackans, [lonuara uw ap. bonbliod BkiIag B pa3BUTHE MarHETOXMMHUHU B €€
COBpeMeHHOM Bujie BHec Ban-diek, onyonukoasimii B 1932 r. padoty «The Theory of
Electric and Magnetic Susceptibilities», B koTopoii HCMOIB3YIOTCS MPEACTABICHHS
KBaHTOBOW TEOPHUH.

CymiecTByomuye B HacTosIiee BpeMms pas3aenbl «pu3uka MarHeTusma» Hu
«MarHeTOXMMHMSD» TECHO B3aMMOCBsi3aHbl. K (u3mKe MarHeTusMa, B NEPBYIO OUYEpPEb,
OTHOCSTCSl SIBJICHUS MAaKPOCKOIMYECKOTO MAarHUTHOTO YHOPSJIOYCHUS, HCCIICAOBAHUS
TEXHUYECKUX KPUBBIX HAMarHUYWBAHWS, MarHUTHBIC ()a30BBIC TEPEXOJbI, SBICHUS
AHU30TPONHUH, TaTbBAHOMArHUTHBIE SIBJICHUS, UCCIIEIOBAHUE CBEPXIIPOBOIUMOCTH U JP.
K mpo6iemam, pemaeMpIXx MAarHETOXUMHUEH, YCIIOBHO MOKHO OTHECTH CIICYIOIITHE:

® yCTaHOBJEHHE CBs3M H(P(HEKTUBHOTO MArHUTHOTO MOMEHTa CO CTPOSHUEM

KOMIUIEKCAa U CHMMETPHEH OJMKAWIIEro OKpyXeHUs (MarHUTHO-CTPYKTYPHBIC

KOPPEJISIHH);

e BhIJclieHHe  (DAKTOPOB,  OMPEIEISIIONIMX  TEMIIEPATYPHYIO  3aBHCUMOCTH
3¢ (HeKTUBHOTO MArHUTHOTO MOMEHTA MOHOSZICPHBIX COSTMHEHUH;

® HCCICIOBAaHWE MArHUTHBIX CBOWCTB KOOPJWHAIMOHHBIX COCIUHCHHH C
napaMarHUTHBIMH JIMTaH/IaMH;

® H3yYCHHE TUAMArHUTHBIX COCTUHEHUH M KOMILJICKCOB, XapaKTePU3YIONTHXCS
TEeMIEPaTypHO-HE3aBUCHMbBIM MTapaMarHeTU3MOM;

® MAarHeTOXUMHUS KJIACTEPHBIX U IMOHSICPHBIX COCAMHCHHIA;

® MAarHeTOXMMHS KaTalIu3aTOPOB,



® DOKCICPUMCHTAJIIBHOC U TCOPECTUUCCKOC MCCICAOBAHHSA MArHUTHBIX, (bEBOBBIX n
CIIMHOBBIX NICPEXOJ0B, CITMHOBOM H30MCPUH,
® MAarHeTOXMMHs PaCTBOPOB,

® TEOPETUYECKOE UCCIICIOBAaHIE MEXaHIN3MOB OOMEHHBIX B3aUMOJICHCTBUHN U JP..
OCHOBHBIE ITOHATUA MATTHETOXMMHNUN

MarauTHbIE CBOMCTBA OMNPEACIISIOTCS CBOMCTBAMU AJIEKTPOHOB M YaCTHIL SIAEP
aTOMOB, COCTaBJISIFOIIUX BEHIECTBO. MarHuTHbie 3¢ (EKThl, BO3HUKAIONIUE 3a CUET
COCTaBIISIONTUX YacTHIl sijpa, 6onee yem B 1000 pa3 cnadbee 3pPeKToB 00YCIOBICHHBIX
anekTpoHamu. [loaToMy OHM OOBIYHO HE CKa3bIBAIOTCS 3aMETHBIM O00pa3oM Ha
CTaTUYECKUX MAarHUTHBIX CBOMCTBAX, CYIIECTBEHHBIX C XUMUUECKOU TOUKH 3PEHUS.

MarnutHble CBOWCTBA, OOYCIOBICHHBIE JJIGKTPOHAMH, HMEIOT JBOSIKOE
MPOUCXOXKACHUE. Bo-TepBhIX, KaXAbIA JJIEKTPOH HUMEET CHUHOBbIU MACHUMHBIU
MOMeHm s, MOAYJb KOTOPOTO CBSI3aH C COOCTBEHHBIM MEXaHUYECKUM MOMEHTOM

KOJIN4YECTBaA ABUXXCHUSA - CIIMHOM S BBIPAXKCHUCM ! _

Hs= g [S(S + Dy 1)

eh
rae ﬂB:ﬁ:% - MarHeToH bopa (KBaHT MarHUTHOIO MOMEHTa), S =Zs,» -

1

MOJIHBIM CIIMHOBBIN YIJIOBOM MOMEHT Habopa 3JEKTPOHOB B aToMe, s -Ha3bIBaeTcs Q-
Gaxmopom wma  muoxcumenem Jlanoe, xotopenii paBeH 2,0023 mnus cBOOOJHOTO
ANIeKTpoHA. BO-BTOPBIX, MPH JBMKEHHUH AJIEKTPOHA KaK 3apsHKEHHOM YacTHIIBI BOKPYT
Spa BO3HHUKAET OpOUMANbHbIU MACHUMHbIL MOMeHm i, CBSI3aHHBIH C MOMEHTOM

KOJIMYCCTBA ABHKCHUA L cooTHOIIEHHEM:

Hr= g L(L+1)B, (2)

e L= Z [; - MONHBIN OpOUTATBHBIN YTIOBOM MOMEHT, J-pakTop g =1.
i

[TonHBIE MOMEHT KONMMYECTBa JBM)KEHUS J O00OJOYKM MHOTO3JIEKTPOHHOTO
aToMa SIBIIIETCSI BEKTOPHOH CyMMOW OpOWTambHOrO L W CIHMHOBOTO S YIIIOBBIX
MOMEHTOB!

J=L+S.



CoOTBETCTBYIONIUH MarHUTHBI MOMEHT BBIpaxaeTcsi (hOPMYIIOH:

uy=gnJ(J+1)B, 3)

JUJ+D)-LIL+1)+S(S+1)
2J(J +1)

rae g,=1+

ATOMBI WJIM MOJICKYJIbI, UMEIOIIME CIIMHOBBIC U OpOHMTAIbHBIC MAarHUTHBIC MOMEHTHI,
00yCIIOBIMBAIOT SIBIICHHE napamacrHemusma. OtMeruM, uro Takue noHbl kak Mn(ll),
Fe(lll), Gd(II) u HekoTOpBIE ApyrHUE, IS KOTOPHIX OCHOBHBIM COCTOSHHUEM SIBJISIETCS S-

cocrosiaue (L=0), uX MarHUTHBIH MOMEHT LIETUKOM SIBJISICTCS YHCTO CIIMHOBBIM.

BEII[ECTBO BO BHEIIHEM MATHUTHOM IIOJIE
MI/IKpOCKOHI/I‘ICCKI/Ie MAarduMTHbIC MOMCHTBI BCHICCTBA, COOTBCTCTBYIOIIUC
Op6I/ITaJII)HI)IM " CIIMHOBBIM YI'JIOBBIM MOMCHTAM:
A=(L+25)p
IIpyu NTOMCIICHUN UX BO BHCHIHCC MAarHuTHOC Fi OPHUCHTHUPYIOTCA B HAIIPABJICHUU I10JIA U
CO31aK0T, TaKHMM 06pa30M, AOMNOJHUTCIIBHO MArHUTHBIC TII0OJIA BHYTPU o6pa3ua. B
pe3ysbTaTe MarHUTHOE TI0JIe BHYTPH 00pa3iia ONpe/IesieTCs BEIPAKCHUECM
B=H+4d ,

rae B -BeKTOp MHAYKIMM IOJII BHYTPH BellecTBa, H - BEKTOp HamnpsKEeHHOCTH

BHEIIIHEI0 MarHUTHOTO MoJis, | - HAMAarHWYEeHHOCTb €AMHUIBI 00beMa BellecTBa (MU
MarHuTHBIH MOMEHT). Hapsimy ¢ 00beMHOW HaMarHWYeHHOCTHIO | , HAMarHMYEHHOCTh
eMHULBI Macchl oy=l/p (p - ynenbHBIil Bec) Ha3bIBACTCS YOECIbHOU HAMACHUYEHHOCMbIO,
a MOJSIPHOW Macchl 0,=0y'M — monapuot namacnuuennocmoio. Jns 1ONABIISIONIETO
OOJIBPIIMHCTBA BEUIECTB NMPH OOBIYHBIX JKCIIEPHUMEHTAIBHBIX YCIOBUSAX M HEOONBIINX
nossix (<10% D) uMeer MecTo MHEHHAs 3aBHCHMOCTD:
I =,H.

KoaduureHT nponopunoHaIbHOCTH J HA3bIBAETCS MarHUTHON BOCIPUUMYHMBOCTBIO,
ABJISIFOLIENCS KOJIMYECTBEHHOM «MAarHUTHOW» XapaKTEpUCTHUKOW BeniecTBa. MarHuTHas
BOCIIPUMMYHMBOCTh ¥  HE  3aBUCUT OT  pa3MepoB  Tela, a  OIpeneseTcs
(byHIaMEHTaTbHBIMU CBOMCTBAMH BEIIECTB M, B HEKOTOPBIX CIyYasx, HAMPSKEHHOCTHIO

MAargauTHOTO IIOJIA H TeMHCpaTYPOﬁ. IIo anmamoruu ¢ HaMarHU4YEHHOCTBIO pas3jindaroT



00beMHYVIO ., VOEIbHVIO U MOJIAAPHYVIO MAarduTHBIE BOCIIPUUMYHUBOCTU. B
v g M

tabnuie 1 TpUBENCHBI OCHOBHBIE «MAarHUTHBIC» BEIUYMHBI M UX PasMEPHOCTH B
cucrteme CI'CM, KoTopasi B HAaCTOAILIEE BpeMsi UMEET HauOOJIbLIEE PACIPOCTPAHEHUE B

COBPEMEHHOM Hay4yHOU TUTepaType Mpu ONMUCAHUN MAarHUTHBIX XapaKTePUCTHK.

Ta6n1z1ua 1. OcHOBHBIC BCJIIMYMHBI, MCIIOJB3YEMBIC IJId XAPaKTCPHUCTUKH MArHUTHBIX

CBOWCTB BEIIIECTB.

BEJIMYNHA OBO3HAYEHUE PASMEPHOCTb
HamnpsxkeHHOCTh MarHUTHOTO OIS H Opcren (3), Oe
MarautHas UHIYKIHS B l'aycc (I'c), G
Marsueron bopa s, 5, M.b., M.B. 9,27 10 spr/d
OO0bemMHast BOCIPUUMYHBOCTh Ay -
VY nenbpHast BOCIPUUMYUBOCTh Xg =Xy /p cM°/r, emulg
ModsipHasi BOCHPUUMYHBOCTb Xy=ZXg’ M cM>/Moitb, emu/mol
HamarHnueHHOCTh €IMHHIIBI 00beMa | I'c, G
VY nenpHass HAMarHHYEHHOCTh o I'c em’/r, emulg
ModnsipHasi HAMarHUYEHHOCTh Om I'c em*/monb, emu/mol

TUIIBI MATHETU3MA

JAnamaraerusm

[To peakiuu Ha BHENIHEC MAarHWUTHOE IIOJIC BCE BEIIECTBA JICIATCS Ha JIBE
rpynmbl. K mepBoii rpymnme OTHOCATCS BEIIECTBA, COAEPXKAIUE JJIEMEHTHI C
BHYTPEHHUMH  TIOJIHOCTHIO  3aIllOJHCHHBIMH  JJICKTPOHHBIMH  OOOJIOUKAMH,  HE
obnanarome CcOOCTBEHHBIMH MarHUTHBIMH MoMeHTamu tuma (1), (2), (3). Onm
XapakTEpU3yIOTCS  OTPUIATEIbHONH  (IHaMarHUTHOH)  BOCHPHUMYHUBOCTBIO  Xg.
HamMaranueHHOCTh TaKWX BEIECTB HAMpaBJICHA MPOTUB BHEIIHETO MAarHUTHOTO MOJIS, B
pe3yapTaTe dYero BENISCTBO BBITAIKWUBACTCS M3 MAarHUTHOTO TIOJIA. 3HAYCHUS
JUAaMarHUTHOM BOCIIPUMMYMBOCTA Majibl M COCTaBJSIOT (-1+100)-1O'6 cMe/MoTh.

I[HaMaFHHTHBIfI B(b(i)CKT BO BHCIIIHEM MArHvMTHOM II0JIC IMPUCYIIL BCEM 0€3 MCKIIOUCHHS



BEIIIECTBAM BHE 3aBUCHUMOCTH OT TOT'O MMEIOT OHU COOCTBEHHbIE MarHUTHbIE MOMEHTBI
win Her. dusnueckas npupojga AUaMarHeTU3Ma MOXKET OBbIThb IIOHATa HAa OCHOBE
KJIACCUYECKHUX TMPEJCTaBIeHU 00 aTromMe Kak CHCTEME JJIEKTPOHOB, JBHKYIIUXCS
BOKPYI' f1pa IO OIpPENeICHHBIM 3aMKHYTHIM TpPaeKTOpusiM - opbutam. CoriacHo
TeopeMme Jlapmopa, BO BHEITHEM MarHUTHOM I10JI€ IPOUCXOIUT U3MEHEHUE Ha OJHY U Ty
K€ BEJIIMYMHY YIVIOBBIX CKOPOCTEH BCEX DSJIEKTPOHOB, BBI3BIBAIOLIEE IIOSBIICHUE
JIOTIOJIHUTEIBHOIO TOKA, MarHUTHBI MOMEHT KOTOPOT'O HAIPABJIEH NPOTUB BHEIIHETO
MarHuTHOrO mojs. JlnamarHUTHBIA 3(QeKT He cymiecTByeT BHE MarHUTHOTO IOJI.
Bo3Hukaromue B MarHMTHOM I10JIE MHUKPOCKOIMYECKHE JIMAMAarHUTHBIE MOMEHTHI
OTJICNIbHBIX aTOMOB CKJIaJbIBAlOTCS, 00pa3ys MaKpOCKONHMYECKYI0 HaMarHW4eHHOCTb.
MaruutHas BOCIPUMMYMBOCTH JMAMATHETHKA OTpULATEIbHA M HE 3aBUCUT OT
TeMIieparypel. HaMarHM4eHHOCTh C YBEIMYEHMEM MATrHUTHOIO IIOJISI HM3MEHSETCA

auHelHo (puc. 1).

Xd Gy
+ +

Puc. 1.

B HekoTophIX ciydasx IMAMarHeTU3M MOXKET OBbITh MPEHEOPEeKUMO MabIM
(0coOeHHO MpH HU3KUX TEMIEpaTypax) MO CPaBHEHUIO C IPYTMMH BUJAaMH MarHeTusma
U YacTO HCHOJb3yeTcss Kak HeOoJbllas IMONpaBKa NpU ONpPEIeNeHUM 3HAueHUMH
napaMarHUTHOW BOCIIPUUMYHUBOCTH.

Brepsoie JlamxkeBenom (1905 r.) B paMKkax KJIACCMUYECKMX MpEACTaBIECHUH O
3aMKHYTBIX MOJIEKYJISIPHBIX TOKax (OpOHMTax 3JIEKTPOHOB) ObLIO MOJYYEHO BBIPAKEHHE
JUIST AMaMarHUTHOW BOCIPUUMYMBOCTH aToMoB. 3atem [lackame (1910 r.) cosman
aJlIUTUBHYIO AMIUPUYECKYIO CUCTEMY TUIs aHaJn3a JMaMarHUTHBIX
BOCIIPUMMYHMBOCTEH, TJIaBHBIM 0Opa3oM, OPraHUYECKUX COEAMHEHUH C y4eToM
MONPABOK Ha pa3IMuHble TUIBI XUMUYecKux cBszei. [lozxe Ban ®dnex (1932 r.) Ha
OCHOBE KBAHTOBOMEXAaHMUYECKMX NpEACTaBICHUN nan obocHoBaHue Teopuu Ilackans,
MOJyYUB IS TEMIEpaTypHO-HE3aBHUCHUMOM YaCTH MAarHUTHOM BOCIHPUUMYHUBOCTH

BBIPpAKCHUE!
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IlepBblii, OTpHULIATENBHBIA YJIEH JSTOTO BBIPAXKEHUS NPONOPLHUOHAIBHBIA YHUCITY
AJIEKTPOHOB aToMa N M CyMME CpPEIHMX KBaJIpaToB PAIUYCOB OPOUT AIIEKTPOHOB [
ONpeAcseT YHUCTBIA JIAH)KEBEHOBCKMM JHMaMarHeTH3M, BTOPOM, IIOJOKUTENIbHbIN,
TEeMIIEpaTypHO-HE3aBUCHMBI - BaH-(biekoBckuii mnapamarnetusm. Dopmymna (4)
IIOKAa3bIBAa€T, 4TO BEJIMYMHA HABEJEHHOIO JMAMATHUTHOTO MOMEHTA OIPEAEIAETCS
quCIIoM, ()OPMOM M OpPHUEHTAIUEH DIIGKTPOHHBIX OPOUT. ATOMBI C OOJBIIMM YHCIOM
JIEKTPOHOB W OOJIBLIEr0 pa3Mepa OpOUT DBJIEKTPOHOB 00JaAal0T U OOIBIIUM
OMaMarHUTHBIM ¢ ¢dekroM. JlmaMarHeTu3Mm HMEEeT MaKCHUMAaJbHYIO BEIWYHHY JUIS
3aMKHYTBIX 000JI0Y€EK € IIapOBOM CUMMETPHEH.

Bropoii, Tak Ha3zpiBaeMblli BaH-(JIEKOBCKHUI MapaMarHUTHBIA YJI€H BBIPAXKEHUS
(4), cBsi3aH C [OPUMEIIMBAHUEM HH3KOJICKAIIMX BO30YKICHHBIX COCTOSIHUH K
OCHOBHOMY IIOJl BJIMSHHUEM BHEIIHErO0 MAarHUTHOrO mojs. MOXHO BHJAETh, 4TO
MarHuTHas BOCIPHUHMMYHMBOCTb JUAaMarHeTMKa YMEHBIIACTCSA 3a CYET IOJIO)KUTEIBHOTO
BKJIaJla BaH-()JIEKOBCKOTO WieHa. AHAIMU3 Pa3iIMYHbIX BapUaHTOB CUMMETPUU U THUIIOB
XUMHMYECKUX CBsI3€H, MX BIUSHHE HAa BEIUYMHY BaH-(IJIEKOBCKOTO BKJa/ja MOJPOOHO
uccienoBansl B MoHorpadbum [opdmana (1961 r.). B oOmem, BenuunHa BaH-
(1eKOBCKOTO IIapaMarHUTHOTO BKJIaJJa  MEHBIIE, 4eM  JMaMarHUTHOTO
JIAHKEBEHOBCKOT0. YTIOMSHYTas TEOpUs BMECTE€ C PaHHEHW KJIACCHYECKOM TeopHueu
[Tackans, OCHOBaHHOW Ha BBEACHHM IIONPABOK HA pa3IM4YHBIE THUIBI XUMHUYECKUX
CBSI3€H, NCIOJIB3YETCsl TJIaBHBIM 00pa30M Ui aHAJIW3a MarHUTHBIX BOCIPHUMMYUBOCTEN
OpraHMYeCKHUX COeJUHEeHHH. B ciygyae mnapamMarHUTHBIX COEIMHEHMHA TaOJIUIIbI
JMaMarHUTHBIX HMHKPEMEHTOB, COCTaBieHHble IlackameMm, cmyxkar Uil OLICHKH
JUaMarHUTHOTO BKJIAJa MPU BBIYUCIEHUHM TEMIEPAaTypHO-3aBUCHUMBIX IapaMarHUTHBIX
BocrnpuuMumnBocTeld. Hanborsee cyiecTBEeHHBIM 3TOT BKJIAJ MOXET OBbITh MPU BBICOKUX
Temreparypax W JOCTHraTb  BeIW4YMHBl 10 5+20% OT mnapaMarHUTHOMN

BOCITPUUMYUBOCTH.



ITapamarneTn3M cB0OOIHBIX HOHOB

Ko BTOpO# Tpymnme OTHOCATCS BEIIECTBA, KOTOPBIE COIAEPKAT B CBOEM COCTaBE
aTOMBI HJIM MOHBI C HE3AIOJIHEHHBIMHU AJICKTPOHHBIMU 00ooukamu. B [epuonndeckoit
TaOJUIIC UMECTCS NSATh TPYII, B KOTOPHIX aTOMbI UMEIOT HE MOJIHOCTHIO 3allOJHCHHBIC
9JIEKTPOHHBIE 000M0uKH: rpymma sxenesa (3d-obomouka), rpymma mnamtagus (4d-
obosiouka), rpymnma JjgaHTaHuaoB (4f-o0osouka), rpymma tiatudbl (50-00050uKa),
rpynmna aktuHuaoB (5d-o60mouka). Kpome 3T0Oro - HEKOTOpBIE COSAUHEHUS C YETHBIM
YHCIIOM 3JICKTPOHOB (Hampumep, moiekyna O, okuck azora NO u 1p.), craOuibHBIE
OpraHuvecKue pagukaibl u mnp. Hioke OymyT paccMOTpEeHbI MAarHUTHBIC CBOWCTBA 3THX
YaCTHI[ B YCJIOBHSX, IPH KOTOPBIX KMEET MECTO CJIa0bIC B3aMMOICHCTBHUS MEXK /Ty HUMH.

[lpy HaNOXKEHWM BHEUIHETO MArHUTHOTO TOJSl Ha TaKykd CHUCTEMy B HeEH
MOSIBIISICTCS ~ HaMarHWYeHHOCTh  (MAarHUTHBIK ~ MOMEHT), OpPHUEHTHPOBAaHHAs B
HaIpPaBJICHUU TTOJIS:

o=x-H.

Ecnu BHemiHee mosie HEOJHOPOAHO, TO TapaMarHETHK OyJIeT BTATHMBAThCS B 00JIAcTh
CHIIbHOTO TmoJisA. IlapamMarHUTHas BOCIPUHUMYUBOCTH Jp BCErJa IOJIOKHUTEIbHA.
DKCIIEpUMEHTAIILHO U3MepsieMasi MarHUTHAsE BOCIIPUMMYUBOCTh TaKOW TapaMarHUTHOMN

CHCTCMBI BCCrja ABJISACTCS CYMMOfII

IE)KC}’! = XP + //Kd ’

e ¥, U Y4 €CTh COOTBETCTBEHHO MapaMarHUTHBIA ¥ HABEAEHHBIA JUAMarHUTHBIN

BKJIaZIbl B MArHUTHYIO BOCITIPUUMYNUBOCTD. B OTCYTCTBUC MArHUTHOTO I10JISI B PE3YJIbTATC
TCIIJIOBOI'0 pasynopsAA0UYCHUA MArHUTHBIC MOMCHTBI BCCX YaCTUL] OPUCHTUPYIOTCA B
MMPOCTPAHCTBEC XAO0TUYCCKHU. MaKpOCKOHI/I‘{eCKaH HaAaMaron4€HHOCTb IMapaMariC€TrukKa 1mpu

9TOM OTCYTCTBYCT.

X
Npp-===--- [

uH>kT
1

Puc. 2.



XapakTepHble 3aBUCHMOCTH HAMarHMYEHHOCTH OT HAIpPsDKEHHOCTH BHELIHETO
MarHUTHOTO TIOJII W MAarHUTHOW BOCIHPHUUMYMBOCTH OT Temmepatypsl T s
napaMarHUTHBIX BEILECTB MOKa3aHbl Ha puc.2. KpuBas m3aMeHeHUsT HaMarHWYEHHOCTH
napamarietuka o(H) umeet ase oOsactu. [lepsas (l), nmuHeiiHas 00gacTh U3MEHEHHUS,
xapaktepusyercsi 00JIbIIeH TeIIoBON 3Hepruei pasynopsaodeHus KT 1o cpaBHEHHIO ¢
SHEpPrueil B3auMOJICHCTBUS MAarHUTHBIX MOMEHTOB C BHEITHMM MAarHUTHBIM TOJeM LH.
[Tpu 3TOM MarHuTHas BOCIPUHUMYHUBOCTh } HE 3aBUCUT OT HANPSIKEHHOCTU BHEIIHETO
MarHuTHoro moss. Bropast o6nacte (II) — oOmacTh HachIeHUs,, B KOTOPO# TEILIOBast
SHEPrusl pa3ymnopsiI0UeHUs MEHbIlIE MarHUTHOW SHEpruu. Bce MarHUTHbBIE MOMEHTHI B
9TOW 00JacTH HAYMHAIOT BBICTPAWBATHCS BJIOJIb HAIMPABJICHUS MArHUTHOTO TIOJIS.
MarautHas BOCHPHUMUMYMBOCTL B OJTOH 0OJAacCTH yMEHbLIAETCS M 3aBHCUT OT
HANPSDKEHHOCTH MArHUTHOTO ToNisA. IIpW  JOCTMKEHWM O4YeHb OOJBINHMX —TOJeH

(u#H >>KT)  BemiecTBO  MOJHOCTHIO ~ HAMArHWYMBACTCS M CTPEMUTCS K
dbeppomarautHomy npeneny o = Ny . Ilockonbky mpu OOBIYHBIX SKCIEPUMEHTATBHBIX

4
yenousix (p~lug m H~10" D) Bemmumna uH cocraBiser meHee 1 K, sddexts
HACBIIICHMS, KaK TIPABHIIO, MIPOSBIISIOTCS JUIIb MMPU HU3KUX TEMIICPATypax U BBICOKUX
MarHUTHBIX MOJISIX JUISE HOHOB C OOJIBITUMH MarHUTHBIMH MOMEHTaMHU.

Bennyuvna mapaMarHMTHONW BOCHPHUMMYHMBOCTU 7y, ONPENENAETCA JIBYMs

HE3aBUCUMbBIMHU (I)aKTOpaMI/II HpHpOI[OfI MArgouTHbIX MOMCHTOB H TeMnepaTypoﬁ.
Bnsaue TEMIICPATYpPbl KAQYCCTBECHHO  MOXKHO HOPCACTaBUTL U3  CICAYIOUICTO
pacCy’KaACHUA: C TIOHMKCHUCM TEMIICPATYPhl YMCHBIIACTCA CTCIICHD BJIIMAHUS TCIIJIOBOI'O
pasynopsaa0uCcHuA, qTo JOJIXKHO IIpHUBOAUT K BO3paCTaHUIO MarHUTHOM
BOCIIPUUMYUBOCTU U, COOTBCTCTBCHHO, HAMAIrHUYCHHOCTU G. SIBnenue TEMIICPAaTypHO-
3aBUCHMOI'0 ImapaMarHeTu3dmMa mnpucyne BCEM BEIICCTBAM, HMCIOIIUM B CBOCM COCTAaBC
AdTOMBI, MOJICKYJIbI, ¥ KOTOPBIX YHUCIIO 3JICKTPOHOB HCUCTHOC U MOJHBIA CIIMH CHCTEMBI
HEC PABCH HYIIIO. K HEM OTHOCATCS XHMMHYECKHE COCAUMHCHUA, COACPKAIIME B CBOEM
COCTaBC NCPCXOAHBIC DJJICMCHTBI C HEC3AINIOJHCHHBIC d- wmm f-OGOJ’IO‘-IKaMI/I, HOHBI
HU303JICKTPOHHEIC C MEPECXOAHBIMU 3JICMCHTAMH, aKTUHHUABI, HCKOTOPBIC COCANHCHUA C
YCTHBIM YHUCJIOM JJICKTPOHOB, TAKUC KAK MOJICKYJIa 02, OKHCBH a30Ta NO, OpTraHHU4YCCKUC

paavKaisl U JIp.
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PaccMoTpuMm 11Ba ciydasi mapaMarHUTHBIX HOHOB JBYX MEPEXOIHBIX TPYII C
HE3aIO0JHCHHBIMUA BHYTpeHHHMH oOojoukamu 3d u 4f, KoTOpble BXOIIT B COCTaB
MHOTHUX XUMHYECKUX coenuHeHuil. 3BecTHO, uTo it 3d-3J1eMEHTOB XOPOIIOo paboTaeT
cxema Paccena-Caynaepca, mpu KOTOpPOW OpOUTAIBHBIE W CHUHOBBIE MOMEHTHI

KOJINYECTBA JIBMKEHUS B3aMMOJICHCTBYIOT Cl1abo0 (CIMH-opOMTaNbHasA CBs3b Si°l; Mama) u

UX MOXHO CUUTaThb CYMMHpYIOIIMMHCS He3aBUCUMO (S =Zs,» 1 L:Zl,»).
1 i

1

COOTBETCTBEHHO CIIMHOBBIE W OpOMTAlbHbIE MAarHUTHbIE MOMEHTBHI 000JI0YEK
BeIpakatorcsi ¢opmynamu (1) u (2). B mpakrtuke, Ui OIEHKH YUCTO CIIMHOBBIX
3HAYEHUH MarHUTHBIX MOMEHTOB Y€pe3 YHCIIO HECIIAPEHHBIX 3JIEKTPOHOB N MOJIb3YIOTCS

bopMyIoii:

1 =2/S(S+1)B=,/25(25+2)f=/n(n+2)3 (5)
Tak, nanpumep, aus nN(=2S)=1, 2, 3 u T.1. UMeeM cooTBeTcTBeHHO 15 =1,734 (Cu(ll)),
2,834 (Ni(ll)), 3,874 (Co(ll)) m T.m. Ilpum yuere OpOUTAIBHBIX COCTABIISIOIINX

MAarauTHbIX MOMCHTOB, PACUCT PE3YJIbTUPYIOMICTO MArHUTHOI'O MOMCHTA 000JIOUKH B

IEJIOM JUIsI CBOOOTHBIX HOHOB BhIpaXkaeTcst (PopMyIioi:

Mo s=-JAS(S+D)+ L(L+1)S (6)
B ciyuae 4f-uonoB (snmementl P3M) Hanmumume CHIBHON CHHUH-OPOMTANILHOW CBSI3U
NPUBOAUT K TOMY, UYTO «XOpOIIMM)» KBAHTOBBIM YHUCJIOM SIBJISETCSI TOJHBII MOMEHT
KoJinuecTBa JBMKEHUA J =L+ S W COOTBETCTBYIOUIMA MAarHUTHBIA MOMEHT HOHa

Oyzaet onpenenatbes Gopmynoit (3).

Biausinne KpUCTANIMYECKOTO MOJIst

[TapamMarHUTHBI MOH B TBEPJOM TeJI€ HaXOJIUTCS B KPY)KEHUH JIPYIMX aTOMOB
(JTMraHzoB), CO3AIOIUX BOKPYT HETrO JIEKTPUUYECKUE OISl ONpe/ieIeHHOW CHMMETPHH.
DTH DIEKTPOCTaTUYECKHE IIOJsl CHHMAIOT BBIpOXKaeHHe Habopa d-opbut. Iloie
OKTa’IpU4eCKOil CUMMETPUH pacuieruisieT d-opOuThl Ha HIDKHHW TPUILICTHBIA HaOOp
OpOuT tyg, OPUEHTUPOBAHHBIX MEXKIY JIMTAHIAMH, U BEPXHUHU IBaXIbl BBIPOKICHHBIN
Ha0Op OpOUT €y, HANPABIICHHBIX K JIUTaHAaM. DHEPrHsl 3TOr0 PACIICIUICHHUs COCTaBIIsAET
nopsiaka 20 000 em™. [Ipn Terpa’ApHUYECKOM pACIOIOKEHUH JIMTAHJIOB MOPSI0K

pacICTiyICHUA U3MCHACTCS Ha HpOTI/IBOHOJ]O)KHHﬁ C MEHbIIIEH 3HCpPHCﬁ pacuCIJICHU A
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Mexay — HaOopamu.  JIOMOJMHUTENbHBIE  MCKAXEHHS  CUMMETPUU  OKPYXKCHHS
NapaMarHUTHOTO HOHa WPUBOJAT K JalbHEWIIeMy pacuiervienuto d-opour. B
3aBUCUMOCTH OT HHEPreTUYECKHX XapaKTEPUCTHK CWJIbl IOJS JIMTAHAOB M CIIHH-
OpOUTaNBHOTO B3aUMOJCHCTBUS Si‘li MarHWTHBIC CBOICTBA NapaMarHUTHBIX HOHOB
MOTYT B 3HAYMTEIbHON CTENEHH M3MEHSATHCS 10 CPAaBHEHUIO C MOHAMU B CBOOOIHOM
cocTosHMM. EcnM Ha CHMH MOHA 3JIEKTPOCTATUYECKOE OKPYKEHHE HE BIUSAET, TO
OpOUTAILHOE JIBUJKEHUE DJIEKTPOHOB KaK 3apsSKEHHON YacTHULIBI CHIBHO MOJBEPKEHO
BIIMSHUIO 3JIEKTPOCTATHYECKOTO OKpYyXeHus. B wactHocTH, B coeauHeHusx 3d-
DIIEMEHTOB HaOmomaercs HPQPEeKT 3aMOpaXHBaHUS OPOUTAIBHON COCTaBIISFOIICH
MarHUTHOTO MOMEHTa KPUCTAUIMYECKUM TOJIEM U SKCIEPUMEHTAIbHO HAOII0JaeMbIe
3HAQYEHMsI MarHUTHBIX MOMCHTOB 30-MOHOB MMEIOT HEOOJIBIION BKJIAJ OpOMTAIBLHON
cocraBisitolied. [[ns peaxo3eMenbHbIX MOHOB CUTYyallds WHas: M3-3a CUJIBHOM CIIMH-
OpOUTANIbHOM CBS3M M 3HAYUTEIBHOW CTEIICHH SKpaHUPOBaHUs f-000I0UKM BHEITHUMHU
AJIEKTPOHAMH OT BJIMSIHHS TOJISI IUTAHJIOB COXPAHSETCS MOJHBIA MarHUTHBIM MOMEHT J
(3), uTo MOATBEPKAACTCS MHOTOUHCIICHHBIMU SKCTIEPUMEHTAMH.

B Tabnmuue 2 mpencraBieHbl OJKCHEPUMEHTANIbHBIE M pAcCUMTAaHHBIE TIO
dopmynam (5),(6) u (3) 3HaUYeHUS MArHUTHBIX MOMEHTOB HOHOB it 3d- u 4f-
sneMeHToB. Ilox mapameTrpoM f444, TPHUBEIEHHBIM B Talnuie, IOHMMAETCA
3¢ (eKTUBHBI MarHUTHBIM MOMEHT MOHA, KOTOPBIH MOXET COJEpKaTh HAPSALY C YHCTO
CIMHOBBIM TaKXX€ YaCTUYHO OpOMTanbHBIA BkiIad. [[ng s¢ddekTnBHOro MarHUTHOrO

MOMEHTa YHCTO ciMHOBas (opmyia (1) 3anuceiBaeTcs Kak
Hogp = Gopa S(S+1) B (7)
rae 0,5 - 2GdexTuBHBIA §-dakTop.

Ta6muna.2. OCHOBHBIC COCTOSIHUSI MOHOB mepexoanbix 3d- 4f-ajneMeHTOB M 3HaYCHUS

SKCHCPUMCHTAJIBHBIX U PACCYUTAHHBIX MAIrHUTHBIX MOMCHTOB B MAIrHCTOHAX Eopa.

KBanToBBIE YMC- L= L. = - L
Von Ja  OCHOBHOTO * Hy bP
COCTOAHMA 2./S(S +1) | WsE)sLLey | 9WIE D (oxenep.)
S L J
Ti*, v 1/2 |2 3/2 1,73 3.00 1.55 1,68-1,78
v 1 |3 |2 2,83 4.47 2.83 2,75-2,85
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vZF e mn® |32 |3 |32 3,88 5.20 0.77 3,7-4,0
cr®* Mn** 2 |2 |4 4,9 5.48 6.7 4,75-5,0
Mn?* Fe** 52 |0 |5/2 5,92 5.92 5.92 5,65-6,1
Fe** Co** 2 |2 |4 4,9 5.48 6.7 5,1-5,7
Co™ Ni** 32 |3 |92 3,88 5.20 0.77 4,3-5,2
Ni%* 1 [3 |4 2,83 4.47 6.63 2,8-3,5
cu® 12 |2 |52 1,73 3.00 3.55 1,7-2,2
La®" Ce** 0
ce* prt 12 |3 |5/2 1.73 3.87 2.54 2.5
Pre* 1 |5 |4 2.83 6.16 3.58 3.6
Nd** 32 |6 |92 3.87 7.55 3.62 3.6
Pm** 2 |6 |4 4.90 8.12 2.68 2.8
Sm** 5/2 |5 | 5/2 5.92 8.66 0.84 1.5
Eu®,Sm?* 3 |3 |0 6.92 7.75 0 3.4
Gd** Eu?* 72 10 |72 7.94 7.94 7.94 7.9
Tb* 3 |3 |6 6.92 7.94 9.72 9.7
Dy** 5/2 |5 |15/2 5.92 8.66 10.63 10.5
Ho®* 2 |6 |8 4.90 8.12 10.60 10.5
Er¥* 312 |6 |15/2 3.87 7.55 9.59 9.5
Tm** 1 |5 |6 2.83 6.16 7.57 7.3
Yb** 12 |3 |72 1.73 3.87 4,54 45
Lu®*,Yb?* 0 |0 |0 0

AHanu3 TabnuIiel 2 MOKa3bIBAET, YTO IKCIIEPUMEHTAIbHBIE MATHUTHBIE MOMEHTHI
coennHEHUN 3d-3JIEMEHTOB OJIMKE K YWCTO CIIMHOBBIM 3HAYEHHUSM C HEOOIBIINM
OpOUTANILHBIM BKJIAJIOM, YacTh KOTOPOTO «3aMOPaKMBAETCS» KPUCTAITMUECKUM TIOJIEM.
Hanportus, ma1s noHoB P3M MarHuTHBIE MOMEHTHI XOPOIIIO OMHUCHIBAIOTCS (hopmystoit (3)
JUTsE CBOOO/THBIX MOHOB C MOJIHBIM MOMEHTOM J. M3BeCTHO, YJHEPreTUUECKHUEe YPOBHH IS
COCTMHEHUH STHUX DSJIEMEHTOB MPEACTABISAIOT COOOM MajgeKko CTOSIIUE APYr OT Apyra

MYJIbTUTIJICTBL c1abo PACIICIUICHHBIC KPUCTANIMYCCKUM I10JICM. HckaroueHue u3 3Toro
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paBulIa COCTABISIOT TONbKO aBa snementa SM° (4F°) u Eu*'(4f°), mis xoropsbix
pacuieIICHHe MEXIy COCCAHMMU OCHOBHBIM U BO30YXKIACHHBIM MYJIbTHUILICTAMHU
HEBEIIMKO, TaK YTO BIIMSHHUE TOCICIHETO 3aMETHO CKa3bIBaeTCS Ha WX MarHUTHBIX
CBOMCTBAX.

Hanmuune ompeneneHHOW CUMMETPHH B PACIOJOKEHHH JIMTAHIOB BOKPYT
HeHTpaibHOro J-MOHA OTpakaeTcsi Ha CTPYKType pacuiervieHus: d-opOurtaneii. Kpome
TOT0, HA MATHUTHBIC CBOMCTBA MOXKET TAK)KE BJIUATH CHJIA KPHCTALTHYECKOTO MOJIS WIIH,
TOYHEE, COOTHOILICHUE MEX/Iy SHEPTUAMHU MEXKIJICKTPOHHOTO OTTAIKMBAHUS, JICIKAIIIETO
B OCHOBe mpaBwia XyHaa, u Kpuctaumdeckoro mojis 10Dg. CunbHoe wim cimaboe
KPUCTAUTUYECKOE T0JIe MPHHSITO ONPEIC/IATh Ha OCHOBAHHUU «MArHUTHOTO0» KPHUTEPHSL.
Tak, B 3aBHCHUMOCTH OT CHJIBI KPHCTALIMYECKOTO TIOJSI MOXET HapyIIaThCsl
MOCJICIOBATEIPHOCTh  3aTIOJHEHHUS JJICKTPOHAMH OpPOWT, OIPEISISIEMBIX IPABHIOM

XYHI[a, M COOTBETCTBEHHO H3MEHATHCA MAarHUTHBIH MOMEHT HOHA. B 4YaCTHOCTH,

3+ 4
Hanpumep, 1t Mn™" (kondurypaius d°) B c1aboM OKTa3ApHYECKOM KPUCTATLITHYECKOM

noie 00pa3yroTCsl CHUH-CBOOOJHBIE KOMIUIEKCHI € S=2 (tt3Zg g;). B cunbHOM
KPUCTAULTAYECKOM II0JIE — CIHH-CIapEHHbIE KOMIUIEKCHI C KOH(Uryparuen tfzg u

crimioM moHa Mn®* S=1. DMmmpudeckn HaiileH psiji yMEHBIIAIMUXCS 110 pa3sMepam

JIOHOPHBIX aTOMOB JIMTaHJI0B, BJI0JIb KOToporo Bo3pactaet 10Dq:
I<Br<ClI<F<O<N<C.

Jna terparapuueckux komruiekcoB mapameTrp 10Dq ropaszmo mensiue. [lostomy atu

KOMILJIEKChl OIMCBHIBAIOTCA cXeMOW ciaboro mons. B Tabmuue 3 mnokasaHbl CIHH-

CBO6OI[HBI€ " CIIMH-CIIAPECHHBIC KOMITJICKCHBI JIA 3d-1oHOB.

Tabmuma 3. BrausiHUe CHUIBI KPUCTAUIMYECKOTO TIOJISI HAa 3HAYEHHS MAarHUTHBIX

MOMEHTOB 30-HOHOB.

Crus-cBoOogubIe KC Crnuncnapennsie KC
Yucno Yucno
Koudury | nHecmapeHHBIX HECIIapEHHBIX
Hon pauuus d-amekTpoHOB 2\ S(S + 1) ,Ltmbqb(i)KCH.) d-amekTpoHOB :u3lﬁl])(3KCH')

@)

Ti**, v 1 1 1,73 1,68-1,78
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V3 2 2 2.83 2,75-2,85

v cr¥t, Mn* | 3 3 3,88 3,7-4,0

Cr?* Mn* 4 4 49 4,75-5,0 2 3,2-3,3
Mn?* Fe3* 5 5 5,92 5,65-6,1 1 1,8-2,5
Fe?* Co® 6 4 49 5,1-5,7 0

Co** Ni** 7 3 3,88 4,3-52 1 1,8-2,0
NiZ* 8 2 2.83 2.8-3,5 0

cu® 9 1 1,73 1,7-2,2

Bausinne TeMneparypsbl.

Kak ormeuasioch paHee, ¢ MOHMKEHMEM TEMIIEpaTypbl BO3pacTaeT MarHUTHas
BOCIPUMMYHMBOCTh IapaMarHeTvka. 3aKOH M3MEHEHHs] MarHUTHOM BOCHPUMMYUBOCTH
OT TeMIepaTypbl IapaMarHeTHMKa MOXHO KaueCTBEHHO IOJIYYHUTh U3 CIEAYIOLIEro
JIEMEHTAPHOIO KJIACCHMYECKOro paccMoTpeHus. IlycTh BemecTBO COAEPKHUT aTOMBI,
KOTOpbIE 00J1aJaloT COOCTBEHHBIMH MAarHUTHBIMH MOMEHTaMM £/ (MOHBI IEPEXOJHBIX
JJIEMEHTOB) M  KOTOpbIE HE B3aUMOJEHUCTBYIOT MEXIy co00il  (MaeasibHbII
napamMarHeTvk). B oTcyTcTBMe€ MarHUTHOIO I0JII HAaIpaBJIeHHUsS MAarHUTHBIX MOMEHTOB
XAOTHUYECKHU HAINpaBJeHbl B TPEX MPOCTPAHCTBEHHBIX HANPABICHUIX 3a CUET TEIIOBOIO
pasynopsitoueHus. [Ipy BKIIOUEHMM MarHUTHOTO 10N [ OTHOCUTEIBHOE YHUCIIO
OpUEHTUPOBAHHBIX BJOJb IOJS MAarHUTHBIX MOMEHTOB B II€PBOM MPHOIMKEHUH

MMpoONnoOpuruoOHaJIbHO OTHOUICHUIO SHEPTHUU B3aUMOACUCTBUS MAarHUTHBIX MOMEHTOB C

o L uH
MarHuTHBIM nonieM (H (B pacdere Ha 1 atom) Kk TemioBoi sHeprun KT: % YMHO)as
T

3TO OTHOIICHHE HAa MAarHUTHHEIM MOMEHT aToma M W Ha YUCIIO MAarHMTHOAKTHBHBIX
aTOMOB N, MOJIYYUM BCIMYNHY HAMAIrHUYCHHOCTHU C YYCTOM DPACIPCACIICHHUA MOMCHTOB

B 00bEME PaBHYIO

s 1 N uH  Nu?
=—-Nu-—=—-—"-
3 kT 3kT
13 TOro COOTHOILIEHH IS MapaMarHUTHOH BOCIPHUMYHBOCTH MOJNYYaeM BhIPAKEHUE

N3BCCTHOC KaK 3aKOH KIOpI/I

1
Z(T)=E=i=*,
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NS?

roe C =
8 3K

2 2
% [em®-K/momb] - koHcTanTa Kiopu. T10ckosbKy 3HaUeHHE APOOH

1 . o
0JIM3KO K 3’ TO 3¢(HEeKTHUBHBIA MarHUTHBIA MOMEHT JIETKO BBIYHCISIETCS 1O GopMyie

— o
ey, =8C . B dKCIEpUMEHTE JI0CTATOYHO M3MEPUTh 3HAYEHHE y 00Opasia Npu OJHOM

TEMIIepaType, 3aTeM BBIYUCIUTH €ro A(PQGEKTUBHBIA MArHUTHBI MOMEHT W YHCIO
HECIIApPEHHBIX JJICKTPOHOB N, NPUXOAAIIMXCS HAa MArHUTHO-AKTUBHBIM ILICHTP IO

dopmyme: p22,, =n(n+2). K coxanenuio, 3TOT TNPOCTOM Ciydali HI€aTbLHOTO

nmapamMaro€Tuka BCTPEHACTCA KpaﬁHe PE€AKO — B OCHOBHOM B CHJIBHO p336aBHeHHBIX
COCAUMHECHUAX CO cl1abbIMHU B3aUMOACHCTBUSIMH MCXKAY IMapaMarHMuTHBIMKW LCHTpPaMH.
Kax [MpaBUJIO, TEMIICpaTypHass 3aBUCUMOCTb MarHuTHOM BOCIIPUUMYHUBOCTU CJICAYCT

MoaupuurpoBanHoMy 3akoHy Kropu-Beiicca:

C
Z(T)Zm,

riae 6 - koncranTa Beiicca nnm mapamarautHas Temreparypa Kropu (cxema 3).

1/
3akoH
Kropu
LY 3akoH
,* .~ KopuBeiicca T
OT,
0

Puc. 3.
[MosiBieHMIO TOCTOSTHHOM Beiicca @ cmocoOCTBYIOT HECKOJIBKO MPHUYHH, K KOTOPHIM, B
HEPBYIO OYEPEb, OTHOCATCS OOMEHHBIE B3aMMOJCHCTBHS MEKIAY MarHUTHBIMHU
MOMEHTAMH MAarHMTOAKTHBHBIX IIEHTPOB, BIHSHHUE KPUCTALUTHYECKOTO IOJIs, CIHMH-

OpOUTaTBFHOE B3aMMOJICHCTBHE U JIP.

YpaBHenue Ban ®uieka
Jns monmydeHHs JAOCTOBEPHOW OOBEKTUBHOM WHGOPMAIMM O MAarHUTHBIX
CBOMCTBAX Ba)XHOE 3HAYCHUE HWMEIOT HU3MEPEHHsI TEMIEPATYpPHOW 3aBHUCHUMOCTH

MarHUTHOM BOCIIPUUMYUNBOCTH. B HavanbHBIN nepuoa pa3BUTHUA MAarH€TOXUMUH
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U3MEPSIIM MarHUTHYIO BOCHIPUUMYHMBOCTbD TJIaBHBIM 00pa3oM IpU OJHOW TemIeparype u
3aTeM MpeBpallaid HaiiIeHHOE 3HaYeHHe ¢ Momolblo ¢opmynsl Kiopu B uumcio
MarHeToHOB bopa. Takol «MarHUTHBIN» aHAIM3 MOXET OBITh TOJBKO B CIIydae €Cid
M3BECTHO, YTO MAarHMWTHas BOCHPUUMYMBOCTH cieayeT 3akoHy Kropu, uto ObIBaer
KpaiiHe penko. IlosToMy B COBpPEMEHHBIX YCIOBUSIX IPOBOAIT HU3MEPEHMS
TEMIIEPATYPHOU 3aBUCHUMOCTHM MAarHUTHOM BOCIPUMMYHBOCTH B IIMPOKOM HHTEpBaJe
temneparyp. llonyueHHble KpHUBBIE AaHAIM3UPYIOT C IPHUBJICYEHUEM Ppa3IMUHBIX
TEOPETUYECKUX METOJI0OB, OCHOBAaHHBIX Ha MHCIIOJIb30BAaHMM KBaHTOBOW Teopuu. llo
CYILIECTBY, COBPEMEHHBII 3Tall B aHaJIM3€ MarHeTOXMMMYECKUX JAaHHBIX B NOJY4YEHUU
uH(popMaluyu 00 3JIEKTPOHHBIX OCHOBHBIX COCTOSHUSIX KOMIUIEKCOB Oaszupyercsi Ha
co3naHHoi Ban-®nexom Teopun KpucTajuipyeckoro moisiss. MM ObulM  MOJTyYeHbI
OCHOBOITONIAraronme (GopMynasl JUIsi  ONMUCAaHHMA TEMIEPAaTYPHBIX 3aBHCHMOCTEH
MarHUTHOM  BOCHPHUUMYMBOCTM C  MCIOJb30BAaHMEM SHEPreTMYECKOro  CIIEKTpa
apaMarHUTHBIX HOHOB.

OcHoBHast wunes Ban-@ueka cocTosna B TOM, 4YTO OH PAa3JIOKWI YPOBHH

MOJIEKYJIBbI B PsAJT ITO CTEIEHAM IIPUIIOKEHHOTo ntoust H:
E,=E, +HEY +H’E? +...
rie EY - oHeprus B HynmeBoMm mone. BTOpoil m TpeTmii uieHBI SBIAIOTCS SHEPTHAMU

3eemaHa MepBOro U BTOPOro mopsiika. B pesynbrare pemieHus BOJTHOBOTO YpaBHEHUS
METOJIOM T€OPHH BO3MYIIICHUI U ONpeIeNieHus HEOOXOIUMBIX 3HaUYE€HUN dHEPruil ES um

OBLIO MOJIYYCHO o6mee BBIPAKCHUC A MarHUTHOM BOCIIPUUMYUBOCTU CJIICAYIOIICTO

BHUIA.
Ngzﬁzzs:S(S +1)(2s +Dexp(-Es ;) o
l =
3KT ZS:(ZS +1)exp (— E%T)
CHI/IH'CHI/IHOBBIe B3aI/IMOI[ei/'ICTBI/Iﬂ
Hapﬂ}:[y C yHOMﬂHyTBIMH BBIIIC BHyTpI/H/IOHHBIMI/I CHI/IH'Op6I/ITaJ'H)HBIMI/I
B3aI/IMOI[eI‘;ICTBI/IHMI/I TUIIA Sj ‘Ii CYH_ICCTByIOT TaK Ha3bIBACMBIC CIIMH-CIITMHOBBIC

B3aUMOJCUCTBUS — B3aMMOJCHCTBUSA MCKAY CIHHOBBIMHM MArHUTHBIMU MOMCHTAMHU

HECITAPCHHEBIX J3JICKTPOHOB PA3JIMYHBIX MOHOB S|S] OtH BSaHMOHeﬁCTBHﬂ B pCajIbHBIX
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cUCTeMax CKJIAJbIBAIOTCS U3 MArHUTHBIX OUNONbHBLIX U OOMEHHbIX B3aUMOJEHCTBUN M
UIPAIOT BAXKHEWIIYID pOJIb B CTAHOBJICHUM MATrHUTHBIX CBOMCTB. MarnurtHsele
OUnobHble B3aUMOJIEHCTBHSI, OTBETCTBEHHBIE 32 B3aUMOJIEHCTBUE MEXy MarHUTHBIMU
MOMEHTaMM Ha PaccTOSHUAX Hopsaaka SA u Gonee Majbl, YTOOBI OOBACHUTH BEIHYUHbI
JIOCTaTOYHO BBICOKMX TEMIIEpaTyp pa3jiMYHbIX MarHUTHbIX npespameHui. C
BO3HMKHOBCHHEM KBAHTOBOW MexaHUKW Obuto mokaszaHo ([aiitmep u  JlowmoH,
I'eiizen6epr u ap.), 4To Hauboyiee 3HAYMMBIMU SIBJIIIOTCS TaK Ha3bIBAEMbIE 0OMEHHblE
B3aUMOJICUCTBUS, KOTOPBIE MOSABIISIOTCS BCIEICTBUE OTPAaHUYCHUM, HAKIIAIBIBAEMBIX Ha
BOJIHOBbIE (QYyHKUMU npuHUMIIOM Ilaynu: BoJHOBbIE (YHKIMM JIOJKHBI  OBITH
AQHTUCUMMETPUYHBl OTHOCHUTENIBHO II€PECTAHOBKH IPOCTPAHCTBEHHBIX U CIUHOBBIX
KOOpAMHAT 3JIEKTPOHOB. JTO JIEKTPOCTATUYECKOE IO CBOEH MPUPOAE B3aUMOJECHCTBUE
OpUEHTUPYET CIUHOBBIE MarHUTHbIE MOMEHTHI B3aUMOJIEHCTBYIOIIMX aToMmoB. Cremys
Kiaccuueckoit padore [laiitnepa u Jlongona (1927), kpaTKO paccCMOTpUM HpUMED
IPOSIBJIEHUS] OOMEHHBIX B3aUMOJIEHCTBUN IIPU KBAaHTOBO-MEXAHUYECKOM PAacCMOTPEHUU

MOJICKYJIbI BOAOPOAA, coCToOsIIeH U3 ABYX aTOMOB C OJHUM 3JICKTPOHOB HAa ATOM.

A B

-e
Puc. 4.
[TycTs mMeroTcs cucTeMa U3 JIBYX HE3aBHCHMBIX aTOMOB Bojopoaa A u B,
KK M3 KOTOPBIX UMEET MO OJTHOMY JJICKTPOHY Ha S-000JI0UKE HA PACCTOSHUSAX [1 U
I, oT kaxaoro u3 siaep. COCTOSHHE CHCTEMBI ONMUCHIBACTCS BOJHOBBIMU (DYHKIIMSIMHU

oa(r1) s mepBoro syektpoHa U @s(rz2) - TSI BTOPOTO 3JIEKTPOHA. DHEPreTHYECKHe
YPOBHH KaXIOTO M3 3JIEKTPOHOB OIMPEAEISIOTCS PEIICHUE BOJHOBOTO YPaBHEHHS:
Haga(r1) = Eaga(r)
Hega(r2) = Eaga(r2),
rie ramunbTonnansl Ha u He OTHOCSTCS K M301MpoBaHHBIM aToMaM. OGLas BOJTHOBAs

(I)YHKI_II/ISI B TaKOM HE3aBHCUMOM CHCTEME MMpEaACTaBJIACT coboit IPpOU3BCACHUC BOJTHOBBIX

byskuuit  w, = @(r1)@s(r2). CoOOTBETCTBYIOLIAs SHEPIHsl CHCTEMbI MOJIy4YaeTcs U3
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pCIICHUsT BOJHOBOTO  ypaBHEHHS (I:|A+ |:|B)l//1 =(Ea+Ep)y1=Egw;. HUcxons wu3

INpuHIOuIIa HEPA3IUIUMOCTU YacCTHIl, B KBAaHTOBOM MEXaHUKE CYIIECTBYCT U Jpyras

BOJIHOBast GYHKIUS W2 = @u(72)@s(r1), ISl KOTOPOI pelleHre BOJHOBOTO ypaBHEHUS

oymer teM ke cambiM (Ha+ Hg)w2 = (Ea+ Es)w2 = Eqy2. ClieoBaTeIbHO, COCTOSHHE
CHCTEMBI, COCTOSIIEH M3 JABYX HE3aBHCHUMBIX aTOMOB BOAOPOJIA, OYIET BBIPOXKICHHBIM.
DTO BBIPOXKJICHUE CBA3aHO C KBAHTOBO-MEXaHHMUYCCKUM 3(P(EKTOM HEepas3IMUYUMOCTH
yacTuil. Termepb COMM3MM aTroOMbl TaKMM O0pa3oM, 4YTO MEXAy HHMH BO3MOXHO

KYJIOHOBCKO€ B3aUMOJECHCTBHE!

Toraa ¢ yueToM CIIMHOB JIEKTPOHOB JUIsl ONMCAHUS CUCTEMBI MBI JOJKHBI BBECTU IBE
BOJIHOBbIE (DYHKIIMM CUMMETPHUYHYIO U AHTUCUMMETPUYHYIO, COJEPKALUE CIHMHOBHIE
nepeMeHHble. IlepBas M3 HMX CUMMETpHUYHas IO OTHOIIEHHIO K IIEPECTAHOBKE
AIIEKTPOHOB HMMEET aHTHCUMMETPUYHYIO (YHKIUIO IO B3aUMHOMY pAacIOJIOXKEHHUIO
CIMHOB TakuM o0Opa3oM, 4YTO TOJHBIH CHMH cucTeMbl S=S1-Sp=0, BTOpas
AHTUCUMMETPUYHAS IO OTHOIICHUIO NMEPECTAaHOBKU KOOPJIWHAT MUMEET CUMMETPUUYHYIO
[0 OTHOIIEHHUIO K CIIMHOBBIM NEepeMEeHHbIM S=S;+S;=1. YpaBHenue Ulpenunrepa amns

TaKOW CHCTEMbI UMEET JBa pemieHus (cxema 1):
S=s,+s,=1
+K+
ErEcE, 7§ o
—i2
Ey,+K-J
S=s,+s,=0
Cxema 1.

Trac

J= <‘//1‘V‘ ‘//2> = <‘//2‘V‘ ‘//1> = <€0A(”1)(PB(7’2)‘V‘¢A(’”2)¢B(’”l)>

SIBJISETCS OOMEHHBIM HHTErpaaioMm, a
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K = (@a(r)es(r2)V |oa(r)es(r2)) = (@a(r2) g (r)V [ea(r2)os(ry))
KYJIOHOBCKUM HHTeTpasioM. [lapamerp J Ha3bIBalOT mapamMeTpoM (SHEprueii) 0OMEHHOTO
B3aMMOJICHCTBYS, (U3MUecKas MPHUPOAa KOTOPOTO SIBISETCS OSICKTPOCTATHUECKOH.
(DOpMaJ'IBHO BHGKTpOCTaTI/I‘leCKoe BSaPIMO,I[efICTBHe MC)KI[y aTOMaMMU HE 3aBHUCHUT OT
SHCKTpOHHBIX CHI/IHOB, TEM HE MCHCEC, 3HepFI/IH CHUCTCMBI 3aBHCHUT OT IIOJIHOI'O CIIMHA
CUCTECMBI. HepBoe cliaracMoe€ B BHGpFI/II/I BCEraa IIOJOXHUTCIBHO MW CBSI3aHO C
OpPTOTOHAILHOCTHIO OpOuTasiell. Bropoe ciaraemoe B HEPTHH OTPUIATEIHLHO U CBSA3aHO
C KOBAJICHTHOCTBIO, TO €CTh CO CTCIICHBIO HeperBIBaHI/IH MaAaIrdiuTHBIX 0p6I/ITaJ'IeI7[.

Takum o00pa3om, OOMEHHBIE B3aWMOJCHCTBUS HSTO KBAaHTOBOMEXaHUYECKUU
a3 dexT, He MMEIIIMI aHajgora B KJIACCHYECKOW (hU3UKE, CBA3aH C OINPEACICHHBIMH
CBOf/'ICTBaMI/I CI/IMMeTpI/II/I BOJIHOBBIX Q)yHKHHfI CHUCTCMBI qacTun OTHOCHUTCIIBHO
HepeCTaHOBKI/I ux KOOp,Z[I/IHaT. BeHI/I‘lI/IHa O6MeHHLIX B3aI/IMO,£[eI>'ICTBI/II>'I OHpeI[eJ'ISIeTCSI B
OCHOBHOM CTETIEHBIO MEPEKPBITUS BOJIHOBBIX (DYHKIMI YacTWI, T.€. JOJIEH BpPEMEHH,

MMpOBOANMOI'O UMHU B O6H.[€I>i 4aCTU IPOCTPaHCTBA.

Il'amuabTonunan I'eiizendepra-/{upaxa-Ban ®@aeka (I'IBD)
MarsuTtHbie JUMepbI

BennunHa pacuieruieHuss SHEPreTUYECKUX YpPOBHEH B MOJIEKYJE BOJOpOJa B
3aBUCHUMOCTH OT BEJIMYUHBI MIOJHOTO CIHMHA MOJIEKYJbl TaKKE€ MOKET OBbITh IMOJIyuyeHa
BBCJICHUEM B IaMUJIbTOHUAH B3aMMOJEUCTBUS YJI€HA IIPOINOPLUOHAIBHOIO CKAIIPHOMY
IIPOMU3BEJICHUIO CIIMHOB B3aMMOJCHCTBYIOIIUX 3JIEKTPOHOB. BriepBble Takou 4ieH A
ydeTa NapHBIX B3aMMOAEUCTBUM ObLI MpeluiokeH sMmupuuyecku ['eisenOeprom B
CJIEIYIOLIEM BHJIE:

H =-23;88, (9)

B nanpneitmem [lupak oOocHOBan BBelIEHUE €ro TeopeTudeckw, a Ban ek
WCIIONIB30BaJl NMPAKTHYECKW JUIsI ONMCAHUS MArHUTHBIX CBOMCTB  KOMIUIEKCOB
MIEPEXOJHBIX METAUIOB. B nureparype BUA 3TOr0 raMWIBTOHHAHA IOJIY4YWJI Ha3BaHUE
U30TPONHOrO  TraMuibTOHMaHa  [eiizenOepra-/{upaka-Ban  ®neka  (I'IBD).
I'amunbronnan I'JIB® ecte omeparop, YYHUTHIBAIOIIMNA B3aUMOACHCTBUA MEXKIY
HECITAPEHHBIMH JIeKTpoHaMHU. POopMa raMHIIbTOHMAHA MPEAIOJIAracT B3auMOJCHCTBUE

onepaTropoB YIJIOBBIX MOMCHTOB. Bennunna B3aHMMOJCHCTBUS OMIpCACIIACTCA
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napaMeTpoM Jjj , TaKk Ha3bIBAEMBIM OOMEHHBIM IapaMETPOM, KOTOPBIN SBISETCS
dyHKIMEH paccTOSIHUI MEXIy NmapaMarHUTHBIMH LeHTpaMu. COOCTBEHHbIE 3HAYCHHS
9TOr0 omeparopa OTPHULATENbHbI €CIM B3aUMOJECHCTBHUA aHTU(EpPPOMarHUTHbIE
(HampaBiIeHMsI CIMOB B3aUMOJICHCTBYIOIIMX LIEHTPOB HAIPAaBJIEHBI APYT MPOTUB JPYra),
7100 MOJIOKUTENIBHBI - B3aUMOACHCTBUS (heppOMarHUTHBIC (HAIPABJICHBI TapAJLIEIBHO).

B mnpuHnune, Takod NpocTOM BHJ TaMUIBTOHHAHA OTHOCUTCS HE TOJBKO K
MOJIEKYJIe BOJOPOA, HO U JUIs JIIOOBIX APYIHX JUMEPHBIX CHUCTEM, B KOTOPBIX UMEIOTCS
B3aUMOJCUCTBUS MEXKJy [apaMarHUTHBIMA LEHTpaMH. MOXKHO IIOKas3aTh, 4YTO
pe3ynapTaT, IMOJIYYEHHBIM  BbIIE JUId  JBYX  B3aUMOJCHCTBYIOIIUMX  CIIMHOB,

BOCITPOMU3BOJUTCA IMPU PCHICHUHN JaHHOI'O raMuJIbTOHUAHA.
H=-2J85, (10)
CoOcTBeHHBIE 3HAYEHHUsI ONepaTopa YIJIOBOrO MOMEHTa B raMmuibToHHaHe (7)
MOTYT OBITh BBIPa)KE€HBI Y€pe3 KOMIIOHEHT OOILEro CluHa:
S?2=(8,+5,)2 =52 +62 + 25,5,

A

§1§2=%(SA2_512 -$7)

[TockonbKky COOCTBEHHBIE 3HAYEHHUS  OIepaTopa §? paBubl S(S+1), To »Heprus
BSaHMOHeﬁCTBHH I[ByX CIIMHOB €CTh

E=-J[S(S+1)-s(s;+1) —sx(s,+D)]  (11)
B cnyqae aHTI/I(l)eppOMaFHI/ITHOFO B3aHMOﬂeﬁCTBHH 3HepFI/ISI CHUHIJICTHOI'O COCTOAHUA

Oyner:

Es=-J O(O+1)—1 l+l 1 l+1 =-J O—E—§ :2
2\ 2 2\ 2 4 4

DHeprus TPUILIETHOTO COCTOSIHUN OyAeT:

Er=—d|1a+n) -2 Loa)-L(Liq)|og]2-323 |2
22 22 4 4| 2

OOGmias HEprus paclIeIUICHUs] paBHA

3 (-1
AEgt=Eg—Et=">—| == |=2J
st=Es—Et=" (2)

B TOYHOCTH COBIAAacT C HOJ’Iy‘I@HHOﬁ BBIIIC JIA MOJICKYJIBI BOJOpOJA. I[I/Ial"paMMBI

HHEPreTUUECKUX YPOBHEH AJIs ABYX COCTOSHUM OyayT
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S=0
S=1 i
s=1/2=" oy == s=l2 s=1/2 = 21 e s=2
\\\\ I,” ‘~\‘:‘ s
S=0 S=1
Cxewma 2.

3nanue Es u E; mo3BosseT J1erko moiayduT GopMyiy sl TEMIIEpaTypHOU 3aBUCHMOCTH
MarHUTHOMN BOCIIPUMMYHUBOCTH auMepa (YypaBHEHME baunnu-bayspca),

BOCITOJI30BABIIKCH 00IIMM BeIpaxkeHueM Ban-dreka (8):

3J J
L Ng? 3 | O(O+1)(20+1)exp(—ﬁ) +1(1+1)(2 +1)exp(ﬁ) _

3J J
KT (@0+Dep(~ ) ++Dew( )
J
gzt 0Gr)  angr 1
3kT 3J J kT 2J
- 3 3 _cY
exp ( 2kT)+ e><p(2kT) +exp( kT)

OOmiee BbIpaKEHHUE JJII COOCTBEHHBIX 3HaueHWM ramwibToHuWana (10) ngms
POM3BOJILHOTO CMHHA S1, $2>1/2 umeet Bup (9). OTMETHM BasKHOE CBOMCTBO OOMEHHBIX
B3aUMOJICCTBUI: SHEPTUsi OOMEHHBIX B3aUMOJICHCTBUN OBICTPO IMaaI0T C PACCTOSTHUEM
MEXIy IIEHTpaMH, IO03TOMY, Kak MpaBuio, ramuibToHHaH (9) COMEPKHUT YJIEHHI,

YUUTHIBAIOIINE B3aUMOJIEHCTBUE TOJHKO MEXKTY OMMKAUIITUMU COCEISIMHU.

KocBennble 00MeHHbIE B3anMO/AeiicTBUS

B  OonpmMHCTBE  COEAMHEHUH  NEPEeXOAHBIX  METAJIOB  CHUTYaIus
HEINOCPEJICTBEHHOTO (MPSIMOr0) MEepeKpbIBaHUs OpOUTaNell «MarHUTHBIX» HOHOB,
COJIEpKalINX HECIApPEHHbIE AIEKTPOHBI, APYr ¢ APYroM AOCTAaTOYHO peaka. PeanbHo B
COCIMHEHUSX AT HOHBI pa3/ieleHbl Ha JIOCTATOYHO OOJBIINE  PACCTOSIHHS
JUaMarHUTHBIMM ~ aHMOHaMHU. BriepBble  BO3MOYKHOCTb  B3aUMOJEHCTBHSA  4Yepe3
HEMarHUTHbIE aHUOHBI ObLIa paccMoTpeHa KpamepcoM U Ha3BaHa KOCGEHHBIM 0OMEHOM.
[To ero MHeHHIO, BO B3aUMOJICHCTBUM YYaCTBYIOT BO30YXKIECHHBIE IapaMarHUTHbIE

COCTOSHUSI aHMOHAa. B KkauecTBe mHpPOCTOro mpuMepa pPacCMOTPUM OJWH U3 IyTei
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KOCBEHHOI'O B3aMMOJICHCTBUS B KpucTtalie KN|F3, B KOTOpOM IIapaMarHUTHBIC
-2+ -
OKTa3APpUYCCKUC KATHOHBI NI pa3acICHbl HCMArHUTHBIMU aHUOHAMU F , JCKAIIIMMH Ha

oanoii npamoii (180° kocBeHHas 0OMeHHAs CBA3b).

Ni2+ F- Ni2+
CHEO OO CFRO +
@ | M ¥
M A Y
(6) \ ) by
(B) Ay Ay
Cxema 3.

B 00OMeHHO# CBSI3M Y4acTBYIOT YETHIPE AJIEKTPOHA U TPU OpOUTAIIU: JBE
HOJTy3aroJHeHHbIE opouTanu 0, IBYX HOHOB Ni%*, u oxna opGuTans p,, 3aHsTas TIBYMS
anekTpoHaMu. OCHOBHBIM OpOHMTAIBHBIM COCTOSIHUEM AITOH TPHUAIbl SBISETCS CUHTIIET
(a). JlBe npuMernnBaembie BosOyxaeHusie kondurypaumu NitFNi%* u NiZFNi* (6),
CBSI3aHHBIC C YAaCTUYHBIM IMEPEHOCOM 3JIEKTPOHA JIMTAaHIa HAa METAJI CTaOMIU3UPYIOT
9TO CHHIJIETHOE COCTOsiHME. Bo3MOXKeH Takke JBOMHON MEpPeHOC JIIEKTPOHOB C
obpasoanueM Kondurypanuu Tthma Ni'F'Ni*(B), HO oH MeHee BeposTEH.
MHoOrounciIeHHbIE IKCIEPUMEHTAIbHbIE JaHHBIE HCCIEIOBAaHUS MAarHUTHBIX CBOMCTB
pa3IMYHBIX KOMILJIEKCOB ITOKA3bIBAIOT, YTO WHTETpall TMEPEeHO0Ca, COMYTCTBYIOIIUI
KOCBEHHOMY OOMEHHOMY B3aUMOJICHCTBHIO, yBEIMYUBACTCI C  yMEHbIIEHUEM
AIIEKTPOOTPHIIATEIILHOCTH aHHOHA B PSIIY:

Jr- < Joz- < Js2- < Jser’

B peanbHBIX cOeMHEHUSX, KaK MPABUIIO, CUTYaIMs ObIBaeT OoJiee CIIOKHAsI M3-3a CBSI3U
KOCBEHHOT'0 OOMEHa C 3aCelIeHHOCThI0, CUMMETpUel opOuTaneil KaTHOHOB M aHUOHOB, a
TaKXKe M3-3a CYIIECTBOBAHMS MHOMKECTBA JIOKAIBHBIX ITyTeHi KOCBEHHOTO OOMEHa C
yIilaMM KAaTHOH-aHUOH-KaTUOH OTJIMYHBIMU OT 90° u 180°. Bce 3TH JOKAIbHBIC
napamMeTpsl 0OMEeHa MOTYT pa3IHyaThcs Kak 3HAKAMU, TaK U BEINIHHAMHU.

[TonpoOHBIi aHATN3 Pa3IMYHBIX MEXaHU3MOB OOMEHHBIX B3aMMOJICHCTBHUI ObLI
npoBeneH ArgepcoHoM (1959-1963). 13 Hux Hanbosiee CymeCTBeHHBIMU SIBIISIFOTCS:

1. Ecnn opOuTanyu HecrapeHHBIX 3JIEKTPOHOB NEPEKPBIBAIOTCS HEMTOCPEICTBEHHO

WM 4Y€pe€3 JIMra"ibl, TO HECIap €HHBIM DI CKTPOH OJHOI0 OEHTpa MOXKET
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JEIOKAIM30BbIBATECA K JPYrOMYy U IPUTATMBATBCA K €TI0 IOJIOXKUTEIBHOMY OCTOBY.
OTOT MexaHu3M OJIM30K K MeXaHu3My OOpa30BaHUS XHUMHYECKOW CBS3H - €My
COOTBETCTBYET aHTU(EeppPOMarHuTHOE B3aUMOACHCTBHE.

2. Jlpyroii BKJIag CBs3aH C KYJIOHOBCKMM OTTQJKMBAHWEM HECHApEHHBIX
JJIEKTPOHOB JBYX ILICHTPOB. OTOT 3HAYMUTEIbHO MEHBIUMM BKJAJ IO OTHOLIEHUIO K
NepBOMY NPUBOAUT K (EPpOMAarHUTHOMY B3aUMOJCHCTBUIO U MOXET CTaThb
npeo01aaroIiyM, €CIM B3aUMOIEHCTBYIOIINE OPOUTAIN OPTOrOHAJIBHBI.

OOBIYHO aHAIN3 SKCHEPUMEHTAIBHBIX JaHHBIX MAarHUTHBIX HM3MEpPEHHMH
HOPOBOJAT cleaylomuM o0pa3oM. BHauane BbIOMparOT MoJelb, HCIOJIB3YS JlaHHbIE
Opyrux (PU3HKO-XMMHUYECKUX METOJIOB, YCTAHABJIMBAIOT ()PAarMEHTHI CTPYKTYpHI, TIe
JOKaJM3YyIOTCs Haubojiee 3HauMMble IMyTH OOMeHa, sl KOTOPBIX BBIMHMCHIBAETCS
CIMHOBBIM raMWJIbTOHMAH, B KOTOPOM IapaMeTpbl oOMmeHa Ji  SBISIIOTCS
¢deHomeHonornyeckuM. Eciau 4Mcao B3aUMOAEHCTBYIOLIMX YacTHULl B BbIJIEJIEHHOM
(¢parMeHTe TaKOBO, YTO IO3BOJISIET DPELIUTh JAaHHBIM TraMWIBTOHHMAH U MOJYyYUTh
COOCTBEHHBIE 3HAUEHHs FAMUIBTOHHAHA — ONPEACIUTh SHEPreTHUECKUE apaMeTphl, TO
II0CJIE ITIOCTAaHOBKM MX B ypaBHEHHE Ban-Diieka NoJydaroT aHAIMTUYECKOE BBIPAKEHUE
JUIsl MAarHUTHOM BOCIIPUMMYUBOCTH JAHHOIO coequHeHus. JlapHelniee conocTaBlIeHNue
TEOPETHUYECKOTO BBIPAKEHUSI C HKCIIEPUMEHTAIBHBIMU JTAHHBIMU I103BOJIIET OIIPEACIIUTD
YUCJICHHBIE 3HAYEHUs MapaMeTpa oOMEHa W YCTaHOBMTbH aJIeKBaTHOCTh BBIOPaHHOM
Mozenu. [lomydeHHble TakuM 00pa3oM 3Ha4yeHHs] OOMEHHBIX MapaMeTpoB CIyXaT B
JaIbHEHIIEM OCHOBOM U1 TEOPETUYECKOT0 UCCIIEJOBaHUS OOMEHHBIX B3aUMOJCHCTBU.
Bo MHOruX citydasx, B OTCyTCTBHE JAHHBIX O CTPYKTYPE COCIMHEHUN MOKET PEIaThCs
oOpaTHas 3a/1laya: Ha OCHOBAHUH PE3yJIbTATOB HM3YYEHHs] MAarHUTHBIX CBOMCTB MOKHO

CACIaTh 3aKJIIOYCHUC O CTPOCHUU JAHHOI'O XUMHUYCCKOIro COCAUHCHHA.

MarsuuTHoe ynopsiioueHue
MarnutHOe COCTOSHME TBEpPABIX Te€JI, MMEKIUX B CBOEM COCTaBE
IIapaMarHUTHBIE UEHTPBI, SBJISETCA pPe3ylIbTaTOM JEHUCTBHSA pPsla KOHKYPHUPYIOIIUX
¢dakTopoB. OpueHTaMU OTAECTBHOIO MAarHUTHOIO MOMEHTa, C OJHOM CTOPOHBI,
IPENATCTBYET TEIUIOBOE [BHXKEHHME, C JPYrod, - CHOCOOCTBYET YIOPSI0YMBAIOIIEE

JIelcTBHe BHYTPCHHUX CHJI, CBA3aHHBIX C 0OMEHHBIMH B3aUMOJCUCTBUAMHU. MOXKHO
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BBIICTIUTH JIBA TUIIA MArHETU3Ma: HEKOOIIEPATUBHBIN, B KOTOPOM MArHUTHBIE MOMEHTBI
OTJCNBHBIX MOHOB BEAyT ce0s HE3aBUCUMO, M KOONEPAaTHBHBIH, B KOTOPOM
ONPEACIAONLYIO POJIb UI'PAeT B3aWMOACHCTBHE MEXIy MAarHUTHBIMH MOMEHTamu. B
HEKOOIIEPAaTUBHOM MAarHUTHOM COCTOSHMM YIOPSJAOYEHHE CO3JAETC BHELIHUM
MarHUTHBIM TI0J€M, a B KOONEPAaTUBHOM - SIBJIAETCS CIEICTBUEM OOMEHHBIX
B3aUMOJICVCTBUN MEKJIy MAarHMUTHBIMA MOMEHTAaMM. BHelIHee mose sBIAEeTCS TOJIBKO
CPEACTBOM OOHApY)KEHUSI MHUKPOCKOINYECKOTO YINOPSJOYEHHsS Ha MaKpOCKOIMYECKOM
YPOBHE.

PaznuuaroTcst AT OCHOBHBIX THIIOB (MarHETMKOB) C Pa3HbIMHM MarHUTHBIMHU
CBOMCTBAMM, KOTOPBIE ACCOLUMUPYIOTCS € MOHATUAMM AMaMarHeTU3Ma, llapaMarieTu3mMa,
beppomarueTusma, aHTH(eppoMarHeTu3Ma U (beppumarHeTusma. Kpome
JaMarHeTU3Ma 3aroJIHEHHBIX IEKTPOHHBIX 000J0YEK U MapaMarHeTu3Ma, BCe Ipyrue
TUIIBl TPOSIBJISIIOT CBOMCTBA KOOINEPATUBHOIO YIOPSAIOYEHUS C CYLIECTBOBAHUEM
JAJIbHETO0 MAarHUTHOTO IIOpPs/IKA HHJKE OIPEACIICHHBIX KPUTHYECKUX TeMIeparyp -
TEMIIEPATyp MAarHUTHOIO YHOPSAOYEHMs. Bbllle KpUTHYECKMX TEMIEpaTyp OHU
SBIISIIOTCSL OOBIYHBIMH TapaMarHeTUKkamMu. Mcropudeckn mepBbIM OBLIO OOHApPYKEHO
sBJICHUE (eppoMarHeTus3Ma, 3aTeM aHTH(eppomarHeTusma, eppumarseTusma u T...
[To3aHee uncao0 MarHeTUKOB 3HAYUTEIBHO YBEIUYUIIOCH C UCCIIEI0BAaHUSAIMU aMOP(PHBIX
U HEYNOpPSJOYCHHBIX TBEPIBIX TeJ, B KOTOPBIX pa3jIMyHbIE aTOMbl OECHOPSI0YHO
3aHMMAIOT y3Jbl MPAaBWJIBHON KpHUCTAJUIMYECKOM pemieTku. bbuio o0OHapyxeHO
MHOECTBO HOBBIX THUIIOB JIOKQJIBHOTO CIENU(PUYECKOr0 MAarHUTHOTO YHOPSI0YEHUs,
IIpU OTCYTCTBHH JajbHEro mnopsjaka. B tabnuue 4 npuBeneHbl CpaBHUTEIbHBIE JAHHbBIE

JJIA HanOoJIee YacTo BCTPCHAOIHNXCA TUIIOB MAIrHCTHUKOB.

Ta6n1/1ua 4. HeKOTOpHe TUIIbI MArHETU3Ma U UX XAPAKTCPHLIC ITapaMETPhI.

Tumn MmaraetTuzma 3HaK yyq X Kputnueckas 3aBUCUMOCTh
TeMIeparypa XgOoT H
JunamaraeTusm - <-1.10° HET HET
[TapamaraeTusm + 10°-100-10° HET HET
deppoMarHeTu3m + 102-10* Tewmn. Kropu T¢ na

AHTH(pEppOMarHeTu3m + 10°-100-10°  Temmn. Hens Ty it}
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Cnalw1ii peppoMarHeTu3m + 10°-100-10°  Temm. Hens Ty na

MeramMarserusm + 10°-100-10°® Temm. Hens Ty na

Ha pwuc.5 cxemaTMyHO MOKa3aHO B3aMMHOE pACIOJOKEHUE MAarHUTHBIX

MOMCHTOB B TBE€PAOM TECJIC IJI1 HEKOTOPBIX MAarH€TUKOB.

allllll Illlll6
Titrtt ITItld

heppomarHMTHoe TC T N aHTUdeppoMarH1THoe

//‘:'
™ e o
Iy © 101
W AVAW, ittt

cnabo ceppomarHuTHoe

MMarHUTHoe
COCTORHVE tepp

COCTORHME

Puc. 5

®eppoMarHeTusm.

OTOT THI YNOPSAIOYEHUSI XapaKTEPU3yeTCsl CUIIBHON 3aBUCUMOCTBIO MarHUTHON
BOCIIPDUMMYMBOCTH OT MAarHUTHOTO TMOJS M CYUIECTBOBAHHMEM  CIIOHTAaHHOU
HAMarHWYEHHOCTU HWKE KPUTHYECKOM Temneparypel — Touku Kropu.. Ilpuuem
KpUCTAJIIMYECKU oOpa3er] pa3OuBaeTcss Ha OT/AEIbHBIE JTOMEHBI, KOTOPHIE CIIOHTAHHO
HaMarHu4eHsl 10  IIOJIHOTO  HACbIEHUA. MAarHuTHblE  MOMEHTHI  JIOMEHOB
KOMIIEHCUPYIOT JIpYT Apyra Tak, 4YTO HMKEe KPUTHUECKON TeMIlepaTypbl 00pa3ell MOKeT
ObITh He HamarHuueH. Ilpy BKIIIOUEHHM BHEIIHETO MAarHUTHOTO TMOJS H3MEHSIOTCS
pa3Mepbl JIOMEHOB. VYBEIMYMBAKOTCA TE€ M3 HUX, KOTOpPbIE OPUEHTUPOBAHBI IIO
OTHOIIEHHIO K TIOJIO0 DHEpPreTHYeckd Ooyiee BBITOAHO — HayajbHAas KpUBas
HaMarHuyuBaHusi Ha puc.6. OOmas kpuBas HaMarHU4YMBaHHUS (QeppoMarHeTHKa
XapakTepusyercs Ieriaen rucrepesuca. [lonoBUHY BeIMYMHBI IETJIH HA3bIBAIOT

KoopueTuBHOM cwioii Hce. B obGmactu OGONbIIMX MarHUTHBIX TOJIEH  BEIIECTBO
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HaMarHU4IuBaeTcs 10 HachleHUs Gsi=NU=NgBS. [Ipu yMeHbIIICHUN MarHUTHOTO TIOJIS

JI0 HYJIA, B BELIECTBE OCTAETCSA OCTATOYHBIN MAarHUTHBIA MOMEHT OR.

Osat
H
|
a
Og 1/y
0
Tc T
0
Puc. 6

MarsnuTHo-TBep/ible MaTepualibl XapaKTepPU3yIOIIHUecs: OONbIION KO3PLETUBHOM CHUIION U
OCTAaTOYHON HaMarHWYEeHHOCTBHIO CJIy)KaT MarepuajioMm A IMOCTOAHHBIX MAarHuTOB.
HanpotuB, BemiectBa ¢ Manoil KOApLUETUBHON CHIION (OTCYTCTBHE HETIM T'MCTEpE3nca,
or~0) HCTIONB3YIOTCS /IJIST TIPOU3BOJICTBA AIEKTPOMArHUTOB. XapaKTEePHbIE 3aBUCUMOCTH
CIIOHTaHHOM HaMarHM4YeHHOCTH Gs, Hcuesaroumedl B Touke Kropu, M MarHuTHOR
BOCIIPUMMYHMBOCTH (eppoMarHeTuka Bbllle Toukd Kropu moka3zaHel Ha puc.60.
MarautHasg BOCHPHUMMYMBOCTL cienyeT 3akoHy Kropu-Belicca ¢ MOI0KUTENbHON
koHcTaHTOM Beiicca. Camplif mpocToil cnoco® 3KCHEPUMEHTAIbHOIO OIpeAeTIeHUs
3HaueHus Temmeparypsl Kropu ¢eppomarHeTuka — U3 U3MEPEHUH 3aBUCUMOCTH

HAMarHW4YeHHOCTH OT TeMIepaTypbl B HyJeBOM (MajoM) MarHUTHOM IOJe€.



27

DeppOMarHeTUKU KPOME TOTO XapaKTEPU3YIOTCS HAJIMYMEM MAarHUTHOM aHU3O0TPOIMU
CBOWCTB HIDKE TeMmmepaTypbl Kiopu 1o pa3nuyHbIM  KpUCTAJUIOTpapUUECKUM

HaIIpaBJICHUSM.

AHTH(EppOMArHeTU3M.

AnTH(EppOMarHeTu3sM - KOOINEPATUBHOE SBJICHUE, XapaKTepHU3ylouleecs
HaJIMYMEM JalIbHero aHTU(eppoMarHUTHOro nopsaka. [Ipoctolt aHTH(eppomMarHeTuk
MOKHO TNPEJCTaBUTh KaK COBOKYINHOCTb JBYX B3aMMOIIPOHUKAIOIIMX IOJIPELIETOK C
IPOTUBOIOJOXKHBIMU ~ HANpaBJIEHUSIMH  CIIMHOB  puc.506.  AHTH(eppoOMarHuTHOE
COCTOSTHUE BO3HMKAeT HWXKe KpuTuueckoi TtemmepaTypsl Heens Tn. MarnutHas
BOCIIPUMMYHMBOCTh aHTU(EeppOMAarHeTUKa MPOXOJUT Yepe3 MakcuMyM (puc.7a).
Temneparype Heenst coorBercTByeT TOuka Ha kpuBoil y(T), B KOTOpOil MpoM3BOIHAS
dy/dT makcumanpna. Yacto 3a Temmeparypy Heenss npuHHMArT Temieparypy, Mmpu
KOTOPOM JIOCTHraercsi MaKCHUMyM MAarHUTHOW BOCHPUMMYUBOCTH. 3aBHCHUMOCTh
HaMarHMYEHHOCTH aHTU(EeppOMarHeTuka OT HANpPsHKEHHOCTH MAarHUTHOTO MOJs
nokasaHa Ha puc.0c. Ha kpuBoii cymecTByroT Tpu ydacTtka: | - TMHEHHbIN y4yacTOK Mpu
MaJbIX  3HAYEHMSX  HANPSHDKGHHOCTM  MAarHUTHOTO — IOJSA, IZIE€  COXpaHAETCs
aHTU(EPPOMArHUTHBIA MOPSA0K; ydacTok |l, rae BHelIHee MarHUTHOE MOJ€ HauWHAeT
paspyiaeT aHTU(eppOMarHUTHBIA MOpsok U ydactok |ll, B xoTOopomM MarHuTHbBIE
MOMEHTBI BBICTPAUBAIOTCS BJIOJIb MarHUTHOTO MOJs ((PEeppOMarHUTHOE COCTOSIHUE).
MaruutHas BOCHPMMMYMBOCTH Bbllle TOYKM Heend onuceiBaercs 3akoHoM Kropu-
Beiicca otpunarenbHoi koHctaHTOM Beiicca (puc.70). Takxke kak U aus
(beppoMarHeTUKoB B ciydae aHTU(EPPOMArHETUKOB XapaKTEPHO SBIEHHE MarHUTHON
aHuzoTponuu. IIpu u3MepeHHsX BIOJIb aHTU(EPPOMArHUTHOM OCH MPU HEKOTOPOM
KpuTHdecKkoM none Hy, BO3MOXKHO NpOosIBIEHUE TaK HAa3bIBAEMOTO SBJIECHUS CIIUH-(I0Na
(puc.7d), mpu KOTOPOM OCh aHTH(EPPOMArHETH3Ma TOBOPAYNBACTCS TIEPIICHAUKYISPHO
HaIpaBJIEHUI0O MarHUTHOro mnois. B 3ToM ciydae wusMmepsieTcs NEpIeHIUKYJIspHas

COoCTaBJIArOIIasa MarHUTHOM BOCITPUUMYUBOCTH.



28

X
A
L 1/y
e
I T g
N A T
0 = —
T 0 Ty T
G,
T<TN ! '
0 L :
C
Puc. 7
Cna0biii peppomarneTnsm anTu(peppoMaraieTuKa
SABnenus ciaboro (dbeppomarueTuzma MpHCYILe BElIeCTBaM c

aHTU(EeppPOMArHUTHBIM  yropsgoueHueM. /[l psaa KpUCTAUIMYECKUX CTPYKTYP,
Onarojgapsi HQJIWYHUIO OIPENEICHHOIO CIEeUU(PUUECKOTO B3aUMOJEHCTBUS MEXKIY
MarHUTHBIMH MOMEHTaMHU (aHTUCUMMETPUYHBIH OOMEH), HIbke Temreparypsl Heemst
BO3MO)KHO HapyllIeHUE KOJJTMHEAPHOCTH MEXKIY Pa3InYHbIMU MOAPEIIETKAMHU, €CIIU OHU
pacrioylaratoTcsi BJOJIb OJHOIO M3 KpHUCTAIOrpadUuecKuX HampaBiIeHUH. YToi
OTKJIOHEHUS MEXJy MarHUTHbIMH MOMEHTAMU TMOJPEIIETOK MOXET COCTaBISATh
HECKOJIBKO I'paJycoB. B pe3ynbraTe B monepeyHoM HalpaBiIeHUH BO3HUKAET HEOOIbIIas
CIIOHTAHHAasT HaMarHMYeHHOCTh os (puc.8). 3aBUCUMOCTh HaMarHMYEHHOCTH OT

BHCITHECIO MAarHuTHOI'O oJisd MOAYHUHACTCA COOTHOIICHUIO!



29

oc=oc+,H,
¢ MarHuTHas BOCHpI/II/IM‘-II/IBOCTB )( HE 3aBHCUT OT MArHUTHOI'O IIOJIA, 4 CIHOHTAHHAaA
HAMAaroHn4yeHHOCTb Os HCYEC3a€T B TOYKE Heenda. Ecinu wmarHuTHBIE MOMEHTHI
pacronaralotcsi BIOJb JAPYIHX KpHUCTALIOrpauYecKuX HampaBiICHUH, HapyIIeHUE
KOJUIMHCAPHOCTH MOKET OTCYTCTBOBATD. AHTI/I(beppOMaFHeTI/IKI/I co CJ'Ia6I>IM

(beppoMarHeTU3MOM TAKKE XapaKTEPU3YIOTCS CHIIbHON MarHUTHOW aHU30TPOITUCH.

o / o=c, +xH

i

Puc.8.

Meramaruerusm.
MeramarueTusm — siBieHUE HaOJI0JaeMO€e B CIOUCTHIX aHTU(EeppOMarHeTukKax,
B KOTOPBIX MAarHUTHbIE MOMEHTBI KaXIOrO CJIOS YHOpsSA04eHbl (eppOMarHuTHO, HO
COCETHUE CJIOM MeXIy coboi — aHTudgeppomarHuTHO. [IpuuemMm oOMeHHbIE
B3aMMOJICHCTBUS BHYTPHM CJOEB 3HAUYUTENBHO OOJIblIe OOMEHHBIX B3aUMOICHCTBUI
KTy

Hogpop

MEX]y CIIOAMH. B pe3ynbrare B HEKOTOPOM KPUTHYECKOM MarHuTHoMm mone H,, ~

IPOUCXOJUT  paspylleHHe aHTU(PEPPOMATHUTHOW CTPYKTYpbl C  IE€PEBOPOTOM
MarHUTHBIX MOMEHTOB TIOJIOBUHBI CJIO€B U3 HAIIPABJICHUS MPOTUB B HAIIPABJICHHUE B0
MarHUTHOTO TOJsi ¢ 00pa3oBaHHEM (eppOMArHUTHON CTPYKTYphbl. DPaKTUUECKH BBILIE
KPUTHYECKOTO TMOJISi 3TH BEIeCTBa SBIAIOTCS GeppomarHeTukamu. Ha puc.9 mokazana
XapaKTepHas 3aBUCUMOCTh HAMarHWYEHHOCTH MeTaMarHeTuka oT / Huke TemMrepaTypbl

Heens.
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A

Ty

®eppuMarHeTusm

@OeppuUMarHeTu3M OTIMYAETCS OT aHTU(deppoMarHeTu3mMa TEeM, 4YTO B €ro
CO3JaHMM YYacTBYIOT HOCHUTEIM MAarHMTHOIO MOMEHTa JBYX BHAOB (uiau Ooiiee),
pa3IMyaroIrecs M0 XUMUYECKUM CBOMCTBAaM (pHUC.51). DTO MOTYT OBITH HOHBI OJTHOTO U
TOTO JK€ BEIECTBA, HO Pa3HOM BAJIEHTHOCTH, JINOO MOHBI JIBYX pPa3HBIX 3JIEMEHTOB.
MarHuTHble MOHBI B KPUCTAUIMYECKOW pElIeTKE MOTYT 3aHMMaTh JBa TUIA MO3ULUN
(mompemeTok) A m B ¢ pasnuuHbIM KpHcTaimorpaduyeckuM OKpyxkeHuem. llpudyem
MarHUTHbIE MOMEHTBHl MOHOB BHYTPH MOJPEIIETOK YIMOPAI0YEHBbI (heppOMarHuTHO, a
MEXIy ToApenieTkaMu - antTudgeppomarauTHo. [TockombKy KoaudecTBO mo3uiuii A u B,
B IPHUHLHUIIE, MOXET OBbITh pa3jIMYHbIM U, KPOME TOrO, Pa3IN4aThCs MO BETUYMHE
MarHUTHBIX MOMEHTOB A U B, To B KpHcTasuie BOZHUKAET pe3yJbTUpPYIOoLIasi ClIOHTaHHAast
HaMarHu4eHHocTh. [1o cBoMM cBolicTBaM epprMarHeTHKy OJIU3KH peppoMarHeTHKaM.

Habop paccMOTpeHHBIX THIOB MarHUTHOTO YHOPSAOYEHHS HE OrpaHUYeH
paccMOTpeHHbIMHU BbIe. CyIIeCTBYeT psJl IPYTMX THIIOB YIOPSIOYEHHs, TJIaBHBIM
00pa3oM B HEYNOPSAJOUYEHHBIX KpHCTallaXx, CIIMHOBBIE cTekia U Jp. Crofa OTHOCSTCS
cyleprapamMarHeTusM, CIIEPOMAarHeTusm, acriepoOMarHeTu3M, reJIMMarHeTusm,

CIICpUMArHe€TusM u ap.

OKCIIEPUMEHTAJIBHBIE METO/IbI

[[Inpoknii CIEKTp M3MEHEHUs MATHUTHBIX XapaKTEPUCTHK Pa3IUYHBIX BEIIECTB
KaK I10 BEIWYMHE MAarHUTHOM BOCIPUMMYHUBOCTH, TEMIIEpaType, 3aBUCUMOCTH OT

MAarafuTHOIO IoJjist U JAp. NPEAbABIIAIOT ONPEACICHHBIC Tpe6OBaHI/I${ K I/I3MepI/ITe.]'H)HOI71
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anmaparype. OJHM BellecTBa OTHOCATCS K CIA0OMAarHUTHBIM  (JAMAaMarHeTHKH,
napaMarHeTHKH,  aHTH(QEppPOMAarHeTWKH)  JApyrHe K  CHJIbHOMAarHUTHBIM -
beppomarneTnku, peppuMarieTuku. Kak npaBuiio, NpoBOAUTE U3MEPEHHUS KeIATEIbHO
Ha MaJIbIX KOJIMYECTBaX 0Opa3loB. DTO CBS3aHO B MHOTHX CIy4asX C OrpaHHYCHHUSIMU
CHUHTETUYECKUX METOJI0B, CTOMMOCTBIO 00pa3LoB, a TaKXke ¢ 0osee JIErKUMH YCIOBUSIMU
TEPMOCTATUPOBAHHUS B IIMPOKOM MHTEPBAJIE TEMIIEPATYDP.

OcHOBHBIE METOIBI U3MEPEHMSI MAarHUTHBIX CBOMCTB, KOTOpBIE B HacTosLIce
BpeMsl LIMPOKO HCIIOJIB3YIOTCS, MOKHO PAas3felIuTh Ha JBa Kiacca. IlepBble mMeTonbl,
OCHOBAHHbIE Ha M3MEPEHMM CHJI, JEHCTBYIOIIMX Ha o0pa3zell B HEOAHOPOIHOM
MarHuTHoM mosie (Meton Papanes, meron ['ym). Bropsle, - MHAYKIMOHHBIE METO/bI

(BuOpanmonnsie MaraeTomeTpbl, SQUID-marueromeTpsr).

Meton ®@apanest
OcHoBa MeTOo/1a 3aKJII0YAaeTCsl B U3MEPEHUH cuiibl F,, AeiicTByromieit Ha oOpasen
B HEOJIHOPOJHOM MAarHUTHOM I0Jie (cxema ):
F.=y-m-HdH/dz,
r7e y - u3MepsieMas MarHuTHasi BOCIPUMMYUBOCTb, M - Macca oOpa3ua, H - BHemHee

marautHoe noiie, dH/dz - rpaguenT mosns B HanpaBiIeHUH Z.

: [ A

N S

Cxewma 4.

Haubosee BakHBIM (PAKTOPOM, OMPEACISAIONIMM TOYHOCTH M BOCIPOM3BOIMMOCTH
U3MEPEHUH, SBIAETCS MMOCTOSHCTBO mpousBencuus HAH/dz B mpemenmax o6pasia,
KOTOpOE€ JOOMBAIOTCS 3@ CUET PACCUMTHIBAEMOTO MPOMUIIS MOMFOCHBIX HAKOHEYHUKOB.
JpyruM BaXHBIM 3JEMEHTOM THpubopa SBISIOTCS MHUKpPOBECHl C TpeOyeMoil
4yBCTBHTENBHOCTBIO He Xyke 10 =107 1. B HacTosiiee BpeMs B GOJIBIINHCTBE CIIy4acB

UCIIONIb3YIOTCS. MHUKPOBECHI C  (POTOZJIEKTPOHHON KOMIEHCaluel, MO3BOJISIOLIEH
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aBTOMATHUYECKH MOAJEPKHUBATh 00pa3ell B OJJHOM IOJIOKEHUHU B paboueil Touke MeXIy
MOJIIOCAMH  3JICKTPOMAarHuTa. TeMmreparypHble H3MepeHHs O0O0pas3loB MPOBOJST,
noMeras oodpaszell ¥ MUKPOBECHl B BAKYYMHUPYEMBI KPHOCTAT, BHYTPb KOTOPOIO NpHU
HEOOJIBIIIOM JIaBJICHUM HAIyCKaeTcs ra3000pa3Hblil Tenuidi uid TeriooOMmeHa. Bokpyr
o0pa3ua uMeeTcs peryaupyemMas eub ¢ TepMONapoi Win JpyruM TEPMOAIEMEHTOM IS
HarpeBaHusi oOpasna ¥ OTpPbIBA OT TEMIEPATYpPbI KUIKOTO a30Ta WM KUJIKOTO Telus,
KOTOpBIE 3aJIMBAIOTCS BO BHEIHUN JbIOAP.

Meton @apazness sBisieTcs OTHOCUTENIBHBIM MeToAoM. llpu um3MepeHusx
HEU3BECTHON MarHUTHOW BOCIIPUMMUYHUBOCTH }x COTJIACHO (pOpMysie HET HEOOXOIUMOCTH
a0COJIOTHBIX M3MepeHuit BennuuH F,, H, dH/dz. Becsl rpagyupyroTcs npu pasin4HbIX
MarHUTHBIX TMOJSIX MO HW3BECTHOMY OJTaloHy (),). B 3TOM ciyuae HeusBecTHas
MarHuTHas BOCIPUUMYHUBOCTSD (¥x) ONPEENISIETCS COOTHOLLEHUEM:

m, F.

szﬂémx'Fa

B kauecTBe rpajiyipOBOYHBIX BEIICCTB C M3BECTHOM MAarHUTHOW BOCIPUHUMYHUBOCTHIO
ucnone3ytoress H,O, Pt, FeSO,; (NH,4).SO; 6H,0, HgCo(SCN); u map. Haumbosee
yIno0HO# 11 TpaayrpoBku BecoB siBisieTcs coib HYJCO(SCN),, sterko cuHTE3upyemas,
SBIIIONIASACS yCTOMYMBOH K arMocdepe B TEUCHHE [UIMTEIHLHOTO BpPEMEHH.
UyBCTBUTEIBHOCTD PHGOPA [0 MATHHTHOMN BOCIpUMMUKBOCTH coctaBisier ~ 10° ev’/r

1u1st oOpasioB Maccoi ~ 100 mr.

Meton I'yn
B otnuune ot meroma ®apanes B merone ['yu u3mepsiercs cuna, AeWCTBYIOIIAS
Ha JUIMHHBIA IHJIMHIPHYECKUH oOpasenr B MarHUTHOM moje. OOpasen HaxomuTcs B
3a30pe 2JIEKTPOMArHuTa TakKuM 00pa3oM, YTO OJIMH €ro KOHEI PACHOJIOXKEH B 00JIacTh
CHJIFHOTO OJHOPOJHOTO TIOJS, IPYrod - BHE IIONIOCHBIX HAaKOHEYHHKOB C MAJIOH
HANPSDKEHHOCTHEO MArHUTHOTO TOJIsT OIM3K0# K Hymio (cxema ). Cuna, IeicTByromas Ha
TOPU3OHTAIIBHBIN AIEeMEHT o0beMa A) oOpasiia B amimyse, onpeaesnsercs no Gopmyse:

Ny Lch
AF=y-AV-H%T.

ITocae HHTCTPUPUPOBAHUA TI0 BCEM TOPHU3OHTAJIIBHBIM CJIOAM, IIO0JIy4acM OCHOBHYIO

Gopmyy:
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1 2
F==- 'Hmax'S’
5 X

rae S - IUIom@ab TOMEPEYHOro cedeHus oOpasia., Hpymax - MaKCHUMAJbHOE 3HAYCHHUE
MarHMTHOTO IIOJISI Ha HIDKHEM KOHIle oOpasma. Macca oOpas3ioB B Metone ['yu

3HAYUTEIIHHO MPEBBIIIAET Maccy 00pa3noB B Metose Papases u coctasiser 1 r u 6oiee.

Cxema 5.

Xots ,I[aHHHﬁ METOA HE Tpe6yeT BECOB BBICOKOM YYBCTBUTCIIBHOCTHU, HEAOCTATKOM €TI0
ABIIACTCA HCO6XOIII/IMOCTI) PaBHOMCPHOI'0 3aIllOJIHCHUA BCCH JIJIMHBI aMITyJibl, 4YTO
CKa3bIBACTCA HA TOYHOCTH HSMCpCHHﬁ. HOBTOMy 9TOT MCTOL y,[[O6€H JJIA I/ISMCPCHI/Iﬁ

MAarHUTHBIX BOCIPUUMYHMBOCTEMN KUIKOCTEM, paCTBOPOB H T.II.

NHAYKIOWOHHBIE METO/IbI

Metoa BuOpupymomero oopasua
Meton BubGpupyromero obpasma (Vibrating Sample Magnetometer (VSM))
3aKJIF0YAETCs B ONPEAEICHUN HaNpsHKeHUs, HHAYLIMPOBAHHOE BUOPUPYIOIIUM 00pa3ioM
CO 3BYKOBOM 4aCTOTOM B PErMCTpHUpYIOLIEH NpueMHOM Karywmike. [IpuHIun aeicreus
npubopa 3aKIOYaeTcss B CIEAYIOIIEM: paJAUONPUEMHHMK TeHEepHpyeT KoseOaHus
3BYKOBOM 4aCTOTHI IITOKA, HA KOHIIE KOTOPOTO 3aKkperuieH oopaserl. Konebanus oOpasiia
UHAYLUPYIOT B MPHUEMHBIX KaTyIIKaX MEpeMEeHHbI TOK, MPONOPIHOHAIbHBINA
MarHUTHON BOCIPUUMYUBOCTH 00pa3ina. YyBCTBUTENBHOCTH MpPUOOpa XyKe, YeM B
metone dapanesd, u cocraBisier ~ 10°+107 em/r. MarseromMeTpsl NpeAHAa3HAUYEHB] B

OoJbIIel CTENEeHH JUIsl U3MEPEHUs napa- (eppoOMarHuTHEIX 00pa3IoB.
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N||={]S

KaTywikn

Cxema 6.

Cxua-maraeromerpbl (SQUID)

CKBH-MarHeToMeTpsl  SIBJISIOTCS  MpuOOpaMH  IOCJIETHEro  IOKOJIEHUS,
OCHOBAaHHBIE Ha WUCHONb30BaHUU d(pdexra Jlxo3edcoHa B CBEpXNPOBOAHUKAX. B
Ka4yecTBE M3MEPUTEIbHON YacTH Mpubopa CONEpKUTCS MHTEP(HEPEHIMOHHBIA JaTUUK —
CKBUJ], TMPEJCTABISAIOMUN COOOM 3aMKHYTYIO TETJIO CBEPXIIPOBOJHHUKA, B KOTOPOH
umeercsi ciaaboe 3BEHO, I/I€ CBEPXIPOBOAMMOCTh CYILIECTBYET, HO MOXET OBbITbh
paspyuieHa oueHb cnabbiM TokoM. CkBuJ mnpeoOpasyeT ciaOble H3MEHEHHUS B
MarHUTHOM TI0JI€ B CHJIbHBIE JJIEKTPUYECKHE CHUTHAIbl B IPUCYTCTBUU CUJIBHBIX
MarHUTHBIX ~ TIOJIeH, KOTOpPBIE  CO3JAIOTCSA  CBEPXIPOBOJSIIAM  COJICHOUIOM.
HamarHuueHHOCTh BeleCTBAa OMNpeAesseTcss NpU NPOXOXKICHMHM ofpasla uepes
NPUEMHYIO KaTYIIKy, BO3HHKAOIIEE MPH 3TOM W3MEHEHHE CYMMAapHOTO MarHUTHOTO
MOTOKA (PUKCHPYETCs CKBHAOM. MakciMaibHas ayBcTBHTENbHOCTE ~ 1072 ame. Moryr
U3MEpPATHCS Kak c€1abo-, TaK M CHJIBHOMAarHWTHBIE BEIIECTBA B BHJE MOPOIIKOB,

MOHOKPpHCTAJIJIOB, )KH)IKOCTGfI, PacTBOpPOB U T.H.

IMPEACTABJIEHUE SKCIIEPUMEHTAJIBHBIX TAHHBIX

MaruuTHas BOCIPUUMYHMBOCTh JMAMAarHUTHBIX BELIECTB, KaK ObLIO OTMEYEHO
BBIILIE, HE 3aBUCUT OT TeMmmeparypel. [lo 3Toi npuumHEe H3MEpeHMs] IUaMarHUTHON
BOCIPUMMYHMBOCTHA B OOJBIIMHCTBE CIY4aeB JOCTAaTOYHO MPOBOJAUTH IMPHU KOMHATHOM
temneparype. IlomydyeHHOe 3Hau€HHE MOXHO CPaBHUTb C  TEOPETHUECKUM,
paccuuTaHHBIM C HCTOIb30BaHueM cucteM [lackans nnm Jopdmana.

OKCHEpUMEHTAJILHBIE JAHHBIE NTAPaMarHUTHBIX COCAVMHEHUN MPEICTABIISAIOTCS B
Buzie rpadukos temneparypHbix 3aBucumoctenn y(T), 1/(T), yI(T) nmn tu,p4(T) . B

MOCJICAHEM ClIydyac 3(1)(1)6KTHBHLII>'I MarHUTHBIA MOMEHT BBIYHCIISETCS U3 3aKOHA KIOpI/I
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_C_Np°
T 3T

1%y 1o dopmyne gy, (T)= - xT~84T, acUMNOTOTHYECKOE

N3?
IMMOBEACHUE KOTOPOI'O IMPH BBICOKHX TEMIIEpATypaxX YUCICHHO COBIAAACT CO 3HAUCHHUEM,

[IOJIy4YEHHBIM JKCTpaIOISILUEN TEeMIIepaTypHOU 3aBUCUMOCTHU MarHuTHOMN

BOCIIPUUMYHUBOCTH 3akoHOM Kropu-Beiicca  ( ,%4)24, = [\?—’ZZ -7(T-60)~~/8C). Ha

CJICAYIOMHUX puUC. a, 0 mokaszansl rpaduku 1/y(T) ans 3nauenuit 6>0, 0 u <0, a Takke

COOTBETCTBYIOIIME UM KPHBBIE B KOOPAMHATAX [L,4,(T) .

Mo A
/% 1
A 3
0=0
0<0 5 2
P 0>0
P ‘ ‘ ? 0 3 -
0 T
a 3]

Puc. 10.

B ciydae ecnu B pe3yibTaTe TEMIEPATYPHBIX HM3MEPEHHH MArHUTHOM
BOCIIPUUMYHBOCTH BEIIECTBO HHXKE OIPEIEIEHHOW TEMIEpaTypsl IIEPEXOAUT B
MarHUTHO-YIOPSI0YEHHOE COCTOSIHHE, TO B 9TOH O0JACTH MO CpPaBHEHHIO C
HapaMarHUTHOM 00JacThI0 TEMITEPATyp HEOOXOIMMBI JIOMOJHHUTEIBHBIE H3MEPEHUS

BCJIIMYMH, KOTOPBIC MOT'YT XapPaAKTCPU30BATh JAaHHOC YIIOPAAOUCHUC.

IIpumecHbIN M NapasUTHLIN GeppoMarHeTusM
YacTo npu U3MEpPEHUH MMapaMarHUTHBIX WM JUAMAarHUTHBIX BEIIECTB BO3ZHUKAET
CUTYyaIusi, Korja o0paser] 3arpsi3HeH (eppOMarHUTHBIMU MPUMECSIMH, KOTOPBIE MOTYT
3aMETHO UCKa)KaTh pe3yJabTarhl. KOHIIEHTpalus mpuMeceit MOXeT JOCTUTaTh jojei %0,
4TO, KaK MpaBuiio, He (PUKCUpyeTcs XMMHUYECKUM aHalu3oM. B kadecTBe mpumeceit

MOTYT CIYXHUTb, TJaBHBIM 00pa3oM, (eppoMarHeTUKH, HalpUMEp, XKEJIe30 WU €ro
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(GeppoMarHuTHBIE OKUCIBI. J{JIi TPOBEPKH BO3MOXHOTO HAIHYHSA (heppOMArHUTHBIX
npuMeceii B oOpasiie W IOJyYeHHs HMCTHHHOTO 3HAYEHHs IapaMarHUTHOM WK
JMAMarHUTHOW ~ BOCIPHMMYHBOCTH  HEOOXOJMMBI M3MEPEHHMsS MPH  HECKOJIBKUX
3HAYEHHSX HANPSHKEHHOCTH MAarHUTHOTO IMOJs. ECIM NpH JaHHBIX HM3MEPEHHSX HE
OOHapy»keHO 3aBUCHMOCTH MArHWTHOW BOCIPUHUMYHMBOCTH OT T[OJsI, TO 3TO
CBHJICTEIBCTBYET O TOM, 4YTO H3MEpsSeMblii o0Opa3el] YWCT B  OTHOIICHHH
(GeppoMarHUTHBIX TpuMeced. IIpy OOHApY)KEHHH 3aBHCHMOCTH MPUMECh MOKHO
IOMBITATHCS UCKITIOYUTH TTocTpoeHuneM rpapukoB y(1/H) (puc. 11, a) wm o(H) (puc.
11, 6). TlockonbKy TIpM HACHILECHAM B OOJBIIAX TIOJSAX BOCIPHUAMYHMBOCTE
(eppomarteTrka crpemutcs K Hymo, To dkcrpamomsiuus y (1/H —0) mosBosser
HOJIyYUTh WCTHHHOE 3HAYCHHWE MArHUTHOM BOCIIPUHUMYHMBOCTH oOpasia. Bo Bropom
ciryqae (0) ompenensercs HAMAarHUYEHHOCTh  IPUMECH  Oyp. @  MCTHHHAS

BOCIPUMMYHBOCTE BBIYMCHIAETCA 1o dopmyne. %,.,=(o(H)-o,)/H. Ha puc. 11

MOKa3aHbl THUIHMYHbIE KpHUBBIE, OTHOCAUIMECS K yucToMy (1) u 3arpsi3HEeHHOMY
(deppoMarHuTHBIMU IpumecsiMu  (2) oOpasuam. 3HaHUE Oy, MO3BOJIAET TaKKe
Ka4eCTBEHHO OLIEHUTH MPOLEHT COJepKaHus ()epPOMAarHUTHOW KOMITOHEHTHI.

Hanuune mapamMarHUTHBIX NpUMeceil B U3MepseMoM o0paslie U UX KOJIMYECTBO
MO’KHO 3a(DMKCUPOBAThH TOJIBKO JJIsi TUAMArHUTHBIX BEIIECTB, U3MEPUB TEMIIEPATYPHYIO
3aBUCUMOCTb BOCIIPUMMYHUBOCTH, KOTOpas OJHO3HAYHO YKAXKET HAIM4YUe CICN0B
IapamMarHeTuka. B mapaMarHuTHOM JK€ BELIECTBE OIPEACIUTh Majoe€ KOJIUYECTBO
JpYyroro napamMarHeTHKa IPaKTUYECKH HEBO3MOXKHO. VICKItOYeHHMEe MOIyT COCTaBIIATH
CiIy4au, B KOTOPBIX BEIIECTBO-IIPUMECH IIPU OIIPEAEIICHHBIX TEMIIEpaTypax UMEET PE3KO

BBIPAKCHHYIO aHOMAJIMIO, CBA3AHHYIO C HAJIMYUEM MAIrHUTHBIX (I)a30BLIX epexoa0B Uiin

Ap.

Q

XVICT"'"’ """" _— .
an -

1/H H
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Puc. 11.

®A30BBIE TMAT'PAMMEBI

MarneToXMMHU4EeCKU METOJ ITO3BOJISECT PEIlaTh U YUCTO XMMHUYECKHE 3a]adH,
KOTOpPbIE€ BO3HUKAIOT B MIPOLIECCE CUHTE3a HOBBIX COCAUHEHUM, UCCIETOBAHUM TBEPBIX
pactBopoB 1 np. Hammpumep, ha3oBbie quarpaMmbl THIIA MAarHUTHAS BOCOIPUUMYHUBOCTD -
COCTaB JAKT BO3MOXHOCTb YCTAaHOBUTbH CYIIECTBOBAaHHE WJIM OTCYTCTBHE HOBBIX
UHIUBUIYIbHBIX (a3 (puc. 12 @,0) He TONBKO B MapaMarHUTHBIX COCTUHEHUSX, HO
TaK)kKe B JUaMarHUTHbIX. VccnenoBaHue pa3iUYHBIX MArHUTHBIX (Da30BBIX JUarpamm
II03BOJISIET I10JIy4YaTh KAPTUHY XapaKTepa MarHUTHOTO YIOPSAOYEHUS B 3aBUCUMOCTH OT
TeMIepaTrypsl 1 MarHuTHOro noisi. Ha puc. 12 ¢ mpencraBiens! ¢pa3oBbie JUarpamMmbl
(Tn(x)) anTH(hEppOMarHETHKA TPH 3aMEIICHHH «MAarHUTHBIX» HOHOB HA «HEMAarHUTHBIC)
B TBEpJIOM pacTBope 3ameimieHus. Ha nuarpamme n — marnuTHas ¢aszoBas H(T)
auarpamMma A MeTramarHetuka. PasHooOpasHble jaMarpaMMbl  HCHOJB3YIOTCS B

KaTaJIu3¢, IIpu UCCIICJOBAHUU PpaCTBOPOB U Jp.

X X

napa

Puc. 12.
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IMPUJIOXXEHU A
JAnamMarseTuxku
B  Hacrosmee  BpeMs ~ HcCIeNOBaHUS ~— JUAMAarHUTHBIX  COEAMHEHUH
OTPAHWYMBAIOTCS, TIABHBIM 00pa3oM, OPraHUYECKHUMH COCIWHEHUSMHU, PACTBOPAMHU.
JnamarneTusM, Kak ObLJIO OTMEYEHO, YYBCTBUTENEH K M3MEHEHUI0 XMMHYECKON CBSA3HU
Mexay aromamu. Jlns npumepa Ha puc.13 mokazaHa 3aBUCHMOCTh MAarHUTHOM
BOCIIPDUMMYMBOCTH BOJbl IIpU NIEPEXOAE YEpe3 TOUKY 3aMep3aHus, B KOTOpPOH
MPOUCXOAUT U3MEHEHUE PACCTOSHHUI MEXIy aTOMAMH U, COOTBETCTBEHHO. XUMHUYECKOU
CBSI3U.

%g(+10° cM’Ir)

H,O
-0,700 |
-0,705 -
-0,710 |
N
T(K)
Puc.13.
Tab6muna 5. ITocrossuusie I[Tackaist a1 2IEMEHTOB.
OnemeHT y-10°® DneMeHT -x-10°
H 2.93 Cl 20
C 6.0 Br 30.6
N (oTKpbITas LEMb) 5.55 J 44.6
N (ko1b110) 4.61 S 15
N (MoHOamMmT) 1.54 Se 23
N (muamu, ©MuU) 2.11 B 7
O (cmpT, 2¢up) 4.61 Si 13
O (ampaeruma, KETOH) -1.73 P 10
O (xkapOOKCHIIbHAS TPYIIa 3.36 As 21
F 6.3
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ITackanem Oblia co3aaHa agJuTHUBHaA CHUCTCMaAa OLCHKH JHMaMarHUMTHBIX

BOCIIPUMMYHUBOCTEN C Y4ETOM CTPOCHMS COCIUHECHUMN:

Xd :zni)(i +Zﬂvi :

re N - YUCJIO aTOMOB, UMEIOIIUX BOCIPHUUMYHBOCTD i , Ai — TONPABKH, YUUTHIBAIOIINE

0COOEHHOCTH CTPOEHHs, XMMHYECKHE CBA3M WU mp. HekoTopble 3HaueHHs y; U A

MIpUBEJICHBI B TabauIax S u 6.

Tabnuua 6. CTpyKTypHBIE TIOMPABKH (A) ISl HEKOTOPBIX XMMHUYCSCKHX CBSI3CH.

A-10° A-10°
Cc=C +5.5 N=N +1.85
C=C +0.8 C=N-- +8.15
C=C-C=C +10.6 -C=N +0.8

B kadecTBe mpumepa pacuera JAMAMAarHUTHOM BOCHPHUMMYHMBOCTH PAaCCMOTPHM
CTPYKTYPHYIO (GOpMyITy TU(PHHUITICHTaAUEHOHA
%) H H H H

N
Qc—c=c—c=c©
1 2 3 4 5 6 7 ]

CymMa aTOMHBIX HHKPEMEHTOB Zni % paBHa:

17 aromoB C (-6) - 17 =-102
14 aTtomoB H (-2,93) -14 =-41
1 atrom O (keToH) +1,73

Cymma  -1417 (10°)

ITonpaBku Z/li paBHbI.

2 cBs3u C=C 55:2=11
12 aTomoB B apomaruueckux mukiax (-0,24) -12 =-2,9

Cymma 8,1 (10°)

CymMma rnonpaBoK Ha TpeTUYHbIE U YeTBepTHUUHbIe aToMbl C cocTaBisieT -7,5 (10‘6).
Taxum 06pa3oM, 1uaMarHuTHas BOCIPUMMUYUBOCTD yg= -141.3+8.1-7.5= -140.7 (10°®).

DKcrepuMeHTaIbHasl BEIMYNHA COCTABIISIET -140,2-10°.
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I[I/IaMaFHI/ITHLIC IMOIIpaBKHU I IapaMarHUTHBIX COC,I[I/IHGHI/Iﬁ COCTaBJIAIOT
H€6OJIBH_IyIO 4aCTb OT HapaMaFHI/ITHOﬁ BOCIIPUUMYHUBOCTH. HOE)TOMy HNX HaxogsdaT, KakK
IMpaBUjioO, IIOJb3YsCh Ta6J'II/II_[aMI/I HOHHBIX HWHKPEMCHTOB. HaHpHMep, JuaMarouTHas

HOMpaBKa K BOCIPUUMYHUBOCTH mapamarautHoro coenuHenus HJCo(CNS), pasHa:

Hg*? -37
Co* -12
CNS (-35) 4=-140

Cymma -189 (10

ITapaMarHuTHbBIE COeTMHEHHS
Ha puc.1l4 npuBeneH mnpumMep 3aBUCUMOCTH MarHUTHOH BOCIPUHUMYUBOCTH
MOJICKYJIIPHOTO KOMIUIEKCa, B KOTOPOM OOMEHHBIC B3aUMOJICHCTBUS  MEXKIY
napamarauTHeIME 1HeHTpaMu Ni(ll) co cnmrom S=1 manel. MOKHO BHIETH, YTO BO BCeit

. C 1.18
oOnacTu TeMIeparyp Xopouio BblnoJsHsieTcsi 3akoH Kropu-Beiicca y=——=

T-0 T-2

3nayeHue napamerpa C JaHHOrO YpaBHEHMs MO3BOJIAET OINpPENENUTh IPPEKTUBHBIN
o 3k o
MarHUTHBIA MOMEHT [, = FC ~+/8-C =3.0714, KOTOpBI COOTBETCTBYET
Hp

oktayapudeckomy HoHy Ni co CTEneHbI0 OKHCICHUS paBHOM ABYM. [TpuunHON HamU4IUs
HeOOoJNbIION BeIMYUHBI MocTossHHOM Belicca 6=2 K MoxxeT ObIThb HpUCYTCTBHE OO
OueHb cnabbIXx OOMEHHBIX B3aUMOJIECHCTBUN  (PEPPOMAarHUTHOIO THUIIA  MEXKAY
napaMarHUHBIMHU IIEHTpaMu, JIMOO OHa mposiBieHue 3¢ddexra paciienieHus B HyJIeBOM
noste, kotopsiit 1t nona Ni(ll) Moxer cocraisits +10 cM™. Pa3nennTs 1aHHbIC BKIAb!

N3 JaHHOT'O SKCIICPUMECHTA IMMPAKTUUICCKH HCBO3MOKHO.
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1y

250 .
Ni(ettrz),Cl,
200
150

100

50

0 50 100 150 200 250 300
T,K

Puc.14.

KJIACTEPHI

OnHoil M3 BaXXHBIX 00JIacTe XUMHUHU, B KOTOPOW IUIOJIOTBOPHO HCIOJIB3YIOTCS
METOJIbl MarHETOXUMUHU, SBISIETCS OOJIACTh KIACTEPHBIX coelnHeHUH. OrpaHu4YeHHOe
YHUCJIO MapaMarHUTHBIX IIEHTPOB B KJIAaCTEPax MO3BOJISIET B PAJIE CIIyYaeB PEIIUTh 3a70a9y
ONMUCaHUsl MAarHUTHOM BOCIPUUMYHUBOCTH TEOPETHMUYECKHM B AHAJTUTUYECKOM BHJIE H
BMECTE C DKCIIEPUMEHTATBHBIMHU JaHHBIMH MOJTYYUTh 3HAYCHUS] OOMEHHBIX MTapaMeTPOB.
Ecnu cBeneHuss 0 KpUCTAUIMYECKOM CTPYKTYype OTCYTCTBYIOT, MOXKET pelaTbCid U
oOpaTHas 3ajada: U3 W3MEPEHUM MArHUTHOW BOCHPHUUMYHBOCTH MOXKHO CYIUTH O
pa3Mepe U CTPYKType KiiacTepa.

Haubosee 4acTo B TEOPETHMYECKUX pacyeTax HCIOIb3YeTCsl H30TPOIHBIN

oOMeHHBII crnuH-rammibToHHan [JIB®: Ho=-22J;$5. B MarautHOM moie

raMuiabTOHMaH kiacrepa ectb H =Ho+gpHS, rne S - oOmmii cnun kimacrepa uz N

N
HacCTHI] S= Zsi . HOJ’Iy‘II/ITB AHAIIUTUYCCKUEC BBIPAKCHUA JIA OIIMCAHUA MarguTHOH
i

BOCIPUHUMYHMBOCTHU yAaeTcs AJisi HeOONbIINX M0 pa3Mepy KiacTtepoB. Pa3zMep MaTpuiibl

d, KOTOPYIO HCOGXO,Z[I/IMO AUaroHaJIu3upoBaTh IIPpU PCHICHUN TaMUJIbTOHHWAHA, 6BICTpO

BO3pacTaeT C YBEIMUYCHHEM pa3Mepa kiactepa N W CIOHHOB S, COCTaBIISIOLIMX
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N
napaMarHUTHBIX 3JIEMEHTOB Kiactepa: d = H(Zsi +1). dua N>4 u s>1 d craHoBUTCS
i=1

OYCHb OOJIBIIMM U JHATOHAIM3AIMS CTAHOBHUTCS 3aTpyAHUTENbHOW. Hampumep, mais
tetpasaepHbix komiuiekcoB Mn(ll) (s=5/2, N=4) d=1296. B stom ciiy4ae UCOIb3yIOTCS
KOMITBIOTEPHBIC PACUETHI.

B HacToACEC BpPCMA MOOCTYIHBI I AHAJIUTUYCCKOrO OIMCAaHUA MarauTHOU
BOCIIPUUMYHUBOCTH TJIABHBIM O00pa3oM JIBYX-, TPEX H HYEThIPEX-SACpPHbIC KIACTEPHI.
IIpuBeneM HECKOIBKO IMPUMEPOB KIACTEPHBIX MOJIEKYJ U TUIIMYHBIE 3aBUCUMOCTH MX

MAariuTHBIX XapaKTCPUCTUK.

JAumepsi
MaruutHble  CBOMCTBA  JUMEPHBIX MOJIEKY1 C  aHTU(EppOMarHUTHHIM
B3aUMO/JICHICTBUEM MEX]ly COCTABJISIOIMMYU AUMEDP MapaMarHUTHBIMU LIEHTPAaMH UMEIOT
XapaKTEepHOE TMOBEJIEHUE: 3aBUCUMOCTh MATHUTHOW BOCIIPUMMYKBOCTH OT TEMIIEPATYpPhI
UMeeT MakCUMyM, 3((EKTUBHBI MarHUTHBIH MOMEHT pacTeT C IOBBIILIEHUEM
temneparypsl (puc. 15). IIpakTuuecku Bcerga npu UCCIEJOBAHUM JTUMEPHBIX MOJIEKYII
HaOmroaeTcst HeOobIas mpuMech MoHoMepoB. Ha rpaduke e€ nposiBieHue BUAHO NPU
HU3KUX TEMIlepaTypax — pPOCT MarHUTHOM BOCIPUUMYMBOCTH, a 3(PQPEKTUBHBII
MarHUTHBI MOMEHT He CTPEMUTHCS K HyJt0. OOBIYHO, SKCIIEPUMEHTATIbHBIE PE3YIbTATHI
s gumepa  Cu(ll)  omumchiBaroT W3BECTHBIM — ypaBHeHWeM bimuHH-Bayspca ¢

no0aBlIeHUEM YieHa JJIsi MOHOMEPHOU PUMECH:

2NB2g2[, 1 (—23) -1 Np2g2
= 3a |0 P g P

rJe IEepBbIM 4YieH - ypaBHeHHE bnuHu-bayspca, P - 1011 MOHOMEpPHOM NPHUMECH.
[TapameTps! TeopeTHueckoi KpUBOH, IpUBEAEHHON Ha puc. 15 cnenyronme: gc,=2.10, -
2 = -68 cm, p = 0.0056 (0.56%). Jlnsi AMMEPOB SIEMEHTOB ¢ GOJBIINM UHCIOM
HECITIapEHHBIX JIEKTPOHOB BBIPAKEHUS AT y OoJiee CI0XKHbIe, HO UMEETCs BCeraa OHO
o0miee CBOHCTBO — MAaKCHMyM MAarHUTHOW BOCIPHUMMYWBOCTH Ha TEMIIEPaTypHOIH

3aBHUCHUMOCTH.



43

Hocpp(M.B.) X.103(CM3/MOJ'II:)
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Puc.15
Tpumepsl.

Ha puc.15 nokazana Tunu4dHas 3aBUCUMOCTD f4p4(T), BeUKMCIeHHas Ha 1 aTom
Menu, TpexsjepHoro komiuiekca. OOpamiaer Ha ce0si BHUMaHHE acCHUMIITOTHYECKOE
nosesneHrne 3()(PEeKTUBHOrO MarHUTHOTO MOMEHTa. Eciiv mpu BBICOKMX TeMIeparypax

MarHUTHBII MOMEHT B TOYHOCTH COOTBCTCTBYCT OJHOMY HECIIAPCHHOMY 3JICKTPOHY, TO

[112
IIPU HHU3KUX TEMIlepaTypax CTPEMHUTBCA K ’uj% =1 npu Q=2 TemmeparypHas
3aBUCUMOCTb MarHUTHOM BOCIIPUMMYHMBOCTHA HE UMEET 3aMETHBIX aHOMAJIUH.
Hacpep

[CuLCls .
1.6

1.4

1.2

1.0 97750 100 150 200 250 T.K



44

Puc.16.

Terpamepsl u Ap. KIacTepbl

Terpamepbl U KJIacTephl C YETHBIM YHUCJIOM IAapaMarHUTHBIX MOHOB, a TaKXe
KJacTepbl B BHJE OECKOHEUHBIX LIEMIOYEeK C aHTHU(PEPPOMArHUTHBIM OOMEHHBIX
B3aUMOJICCTBUEM, HMEIOT 3aBUCUMOCTh  MAarHUTHOM  BOCIPUHUMYHUBOCTH  OT
TEMIEpaTyphl MOXOMASIIYI0 dYepe3 MakcuMyM. llpudyem «ylmupeHue» MaKCHUMyMa

IIPOMCXOJIUT 10 MEPE YBEIUUEHHs pa3Mepa KiacTepa.

CnuHoOBbBIE MEPeXO/IbI

Ob6nacth, rme Haubonee SPKO TMPOSBISIETCS METOA MArHETOXHMHUH, -
UCCJIC/IOBAaHUE CIUHOBBIX MEPEXOJ0B M3 HHU3KOCIUHOBOro coctosiHus (LS) B
BoicokociuHOBOe  (HS), mpuM  KOTOpBIX  MHPOUCXOAUT H3MEHEHHE  CIIMHOBOIA
MysbTHIIETHOCTH. Ha puc.16 mokasana 3aBUCHMMOCTB fhpg(T) st oxTasapuyeckoro
komruiekca Fe(ll) (amexrponnas xoudurypaums d° ¢ amunorpuasomom (atrz). Ilpu
HU3KUX TeMIlepaTypax OCHOBHbIM coctosiuueM uoHa Fe(ll) siBnsiercs cocrosiHue co
crimrom S=0 (t°), a npu BbicOKHX — co crmuHoM S=2(t*e?). JlaHHBIH mepexoy cunTaeTes
[IePEX0/I0M TIEPBOTO POJia, IPH KOTOPOM OCHOBHOM CTPYKTYPHBIH MOTHB COXPaHSETCH,
HO M3MEHSIOTCSA PACCTOSHHS METAUT-IMTaH] BHYTPU KOOPAMHAIMOHHOTO MOJH3pa

Mmetaia. Ilepexon compoBOkKIaeTCsl THCTEPE3UCOM Ha 3aBUCUMOCTH Lh¢pg(T).

Hadbd

°|  Fe(atrz)s SO4 H:0

af ]
| AGRE AL

3[ "W \4 v \Zf\a )/ I \4 )/ )

|

1

n 1 n 1 n 1 n 1 n 1 n 1 n 1
50 100 150 200 250 300 350 400
T(K)

Puc. 17.
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Ha cnenyromem puc.18 nmokasana 3aBUCHUMOCTB fh¢¢(T) A1 BOgHOTO pacTtBopa
OpoMuIa MeIM ¢ aMUHOTPHUA30JI0M C KOHLIeHTpaIuei 1+3 Bec.%, B KOTOpOM B pacTBOpe
Tak)ke HaOJo/Iacs CIIMHOBBIN mepexo/l. B pacTBope coxpaHsieTcs CTpyKTypa MOJEKYJ
(puc.17), a caM CIMHOBBIM TEpPEXOJa PacTBOpE CTUMYIHpOBaICA 3(P(HEKToM CKaTHUA

MOJIMMEPHBIX MOJIEKYJT IPU TeMIIepaTypax 3aMep3aHusi U pa3MOPaKMBaHUS PacTBOpA.

Hacbdp

5.0t Fe(atrz)s Bro+H,O :

4.5

4.0

35

3.0

—
—

2.5

1 1 1 1 1 1
200 220 240 260 280 300 T,K

Puc. 18.

SIBieHMe cxoKee C BBIIIECYIIOMSHYTHIM BHYTPUATOMHBIM CIIMHOBBIM MEPEXO010M
HaOJF0/1aeTCsl B TETEPOCIUHOBBIX MouieKynax KomiuiekcoB meau(ll) co crabunbHbIMU
HUTPOKCUJIIBHBIMU paJMKalaMU MPU U3MEHEHUHU XapaKkTepa OOMEHHBIX B3aUMOJCHCTBUI
meb(I1)-HUTpOKCHI BHYTPH OTIEIBHBIX MOJIEKYN (CIIMHOBBIA MEPEeXoa B MOJEKYJIax)

(puc.19).
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(eppOMAarHUTHBIM YIOPSIIOYEHUEM HUXKE TEMIIEPATYphI
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MarsnuTtHoe yYunopsiaioueHue

THUIIMYHBIC

3aBUCUMOCTH HaMarHM4€¢HHOCTH

CJIOUCTO-TIOIMMEPHOTO KoMIutekca Meau (puc.20).
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Ha puc.

HAMaroum4€HHOCTH JIA MOHOKPHCTAJJIa KOMIIJICKCA,

KOMILJIICKCOB

Kropu npusenensl
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Cc

JUIA

21 wm 22 mnoka3zaHbl KPHUBBIE MAarHUTHOM BOCHPHUMMYHMBOCTH U

O6J'I3.I[aIOIJ_Iel“O MaroHuTHBIM

VIOpSIIOYEHHEM cO clladbiM (peppomarHeTusMoM. llomydeHHble KpUBBIE MO3BOJISIOT

OIHO3HAYHO YCTAHOBUTL OCHb JICTKOTO HAMAaroHuinuBaHUA B KpHCTB.JIJIH‘-ICCKOﬁ CTPYKTYpPC

KOMIIJICKCA.
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