
fJIABA 1 

PA3.IlEfl 1 

OBII{HE CBO:ACTBA MArHETHKOB 

MAfHIITOYllOPH,UOliEHHbiE ,UH3JIEKTPHJ<H 

3Ta rnasa BBO,[U{aH. B HeH WlH KpaTKHH 0630p He06XO)lHMbiX CBe)leHHH H3 

cpH3HKH MarHHTOynOpHJlO'IeHHbiX )lH3neKTpHKOB , ll0Jlpo6HO OCBelUeHHbiX B 

MHOfO'IHcneHHbiX MOHorpacpHHX no MarHeTH3MY [ 1- 31 J . 

§ 1. THIILI Mai'HHTHoro ynopH)loqeJDUJ 

B HacTonmee BpeMn H3BeCTHO orpoMHoe KonH'IeCTBO semecTB (iiH3neKTpH­

KOB, llOnynpOBO)lHHKOB H MeTannOB - KaK KpHCTannH'IeCKHX, TaK H aMopcp­

HblX), o6nauaromHx MarHHTHOH CTPYKTYPOH [2, 11, 21, 37] . 3TO oJHatiaeT, 

'ITO B HX COCTaB BXO)lHT napaMarHHTHble aTOMbl (HOHbl) C HeCKOMTieHCHpO­

BaHHbiMH CIIHHOBbiMH MarHHTHbiMH MOMeHTaMH 3neKTpOHOB , KOTOpbie OpHeH­

THpoBaHbl onpeueneHHbiM o6pa30M upyr OTHOCHTenLHo upyra. CpeiiH TaKHX 

BelUeCTB cpcppoMarHeTHKH BCTpe'laiOTCH HaH6onee peJlKO H TO, 'ITO 3TOT THll 

MarHHTHOfO ynopHJlO'IeHHH 6bill 06Hap}')KeH nepBbiM, 06;I>HCHHeTCH HpKHMH 

BHeWHHMH npoxsneHHHMH HX BHyTpeHHero MarHHTHOro nopn)lKa. OnHWeM 

pa3nH'IHbie THllbl MarHHTHOfO ynopHJlO'IeHHH . 

1.1. Cl)eppoM8111emK- CI)M. ITo coBpeMeHHOH KnaccHcpHKamm 3TO semecT­

sa , y KOTOpbiX MarHHTHbie MOMeHTbl scex aTOMOB OpHeHTHpOBaHbl napannenb­

HO. B pe3ynbTaTe B03HHKaeT MaKpOCKOllH'IeCKHH MarHHTHbiH MOMeHT, paBHbiH 

CYMMe MafHHTHbiX MbMeHTOB Bee X a TO MOB. B OTCYTCTBHe BHemHero MarHHTHO­

ro llOnH TaKOe llOnHOCTbiO ynOpHJlO'IeHHOe COCTOHHHe 'laCTO OKa3bmaeTCH Tep­

MO)lHHaMH'IeCKH HeBblfO,[U{biM H <liM pa36HBaeTCH Ha )lOMeHbl - MaKpDCKOTIH­

'IeCKHe o6nacrn, BHYTPH KOTOpbiX MarHHTI:lbie MoMeHTbi 3neKTpoHoB napan­

nenbHbi. CYMMapHbiH )f(e MOMeHT o6pa3ua npH 3TOM 6nH30K K I:ynro. Torua 

rosopn , 'ITO cpeppoMarHernK (HanpHMep, )f(eneJo) He HaMarHH'IeH HnH, upyrn­

MH cnoBaMH, HaXO)lHTCH B MHOfO)lOMeHHOM COCTOHHHH. ,llnH C03,[laHHH' O)lHO)lO­

MeHHOf0 COCTOHHHH HY)f(HO llpHnO)f(HTb BHelUHee MarHHTHOe none. \IT06bl .3TO 

COCTOHHHe He pa3pymHn0Cb B OTCYTCTBHe nonH, rrpHHHMaiOTCH CIICUHanbHble 

Mepbl, nperrHTCTBYIOlUHe )lBH)f(eHHIO )lOMeHHbiX CTeHOK H IIOBOpOTY MarHHT­

HbiX MOMeHTOB BHYTPH JlOMeHOB . Iloupo6Hee o JlOMeHHOH CTPYKType MO)f(HO 

npotieCTb B [6, 15, 35] . B o6meM cnyqae npH MarHHTHOM ynopHJlO'IeHHH B03HH­

KaeT HeCKOnbKO MarHHTHbiX llO)lpemeTOK, Ka)l(nan H3 KOTOpbiX 06'be)lHHHeT 

HOHbl C O)lHHaKOBb!MH MarHHTHbiMH MOMeHTaMH. To'IHee fOBOpH , MarHHTHbiC 
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HOHbl O.[IHOH UOLJ;peweTKH rpaHCJI.RI.I,HOHHO HHB3pH3HTHbl, T .e . nepeBO.[I.IITC.II 

LJ;pyr B LJ;pyra UeJlblM 'IHCJIOM :meMeHrapHblX rpaHCJI.IIUHH KpHCT3JIJIH'IeCKOH 

pewerKH. llpH 3TOM 'IHCJ10 MarHHTHblX llOLJ;peweTOK onpeLJ;eJI.ReTC.II 'IHCJIOM 

MarHHTHbiX aroMoB (HOHOB) B JJleMeHrapHOH .R'IeHKe, y'IHTbiBa!Oweii MarHHT­

HbiH nop.RLJ;OK. TaKa.R M3fHHTH3.11 .R'IeHK3 MO)f{eT COCTO.I!Tb H3 OLJ;HOH HJlH He ­

CKOJibKHX JJieMeHrapHbiX .RtJeeK KpHcranna. B JTHX repMHHax <l>M - JTO Be­

wecrBa C OLJ;HOH MarHHTHOH UOLJ;pewerKOH. 

1.2. Cl»epp:HMarHeTHKH. 3TO Bewecrna C HeCKOJibKHMH M3fHHTHb!MH ITOLI­

peWeTK3MH ( c HaMarHH'IeHHOCT.RMH M i), npH'IeM o6MeHHoe BJa:HMoAeiicr­

BHe Me)l(.[ly noLJ;pewerKaMH OpHeHmpyer HX TaK, 'ITO cyMMapHbiH M3fHHTHbrH 

MOMeHr M = "LM i He paBeH Hynro. B npocreiiweM cnyqae ecrh I.lBe KonnHHeap­

Hbie noLJ;pewerKH c pa3JIH'IHbiMH MarHHTHbiMH MOMeHraM:H M 1 =I= M 2 , opHeH­

mpoBaHHbie aHrHnappannenbHo, raK 'ITO M = M 1 - M 2 =I= 0. Ll,nx rpex If 6onee 

llOLipeWeTOK KOJIJI:HHeapHaH OpHeHT3UHH BOBce He 06H33TeJibH3. KnaCCH'IeCKHM 

np:HMepoM <Pepp:HMarHernKa HBnHercH )f{eneJo-Hrrp:HeBbrH rpaHar ()KI1r) 

Y 3Fe5 0 12 c 1lB3ll!laTbro MarHHTHbiMH noApew~rKaMH. 

1.3. AHTH<l>eppoMarneTHKH- AcDM. B omH'IHe or <Pepp:HMarHeTHKOB, y A<l>M 

cyMMa MarHHTHbiX MOMeHroB noApeweroK paBHa eynw. B npocreiiweM cnyqae 

y A <l>M LJ;Be JKB:HBaneHTHbre aHrHna pannenbHbre noApeweTKH: M 1 = - M 2 . 

AHTH<l>eppoMarHHTHOe ynopHLIO'IeHHe BCTpe'laeTCH, H3llpHMep, y OKHCJIOB 

MnO, FeO, CoO H <PropHLIOB MnF2 , CoF2 , FeF2 . 

1.4. AHTH<PeppoMarneTHKH co Clla6brM $eppoMarneTH3MoM. B ormt'!He OT 

'lHCTbiX A<l>M, oHM xapaKTepH3YIOTCH Manoii HeKonnHHeapHoCTb!O noApeweToK, 

Bbl3B3HHOH ClleUH<l>H'leCKl\M pe!IHTHBHCTCKHM B33HMOLJ;eHCTBHeM ,U3HJIOWHHC­

KOf0 - MopHa. TiocKonii<y JTO B33HMOAeiicrBHe cywecTBeHHo cna6ee o6MeH­

Horo, pe3yJibTHPY!OlUHH M3fHHTHbiH MOMeHT M OK33bmaeTCH cyrueCTBeHHO 

MeHbWHM, 'le.M HaMarHH'IeHHOCTb K3)f(LJ;OH noApemeTKH. TaKHMH cTpyKTypaMH 

o6na.[I310T, HanpijMep, a-Fe2 0 3 , NiF2 , MnC03 , CoC03 . 

15. fe11HKOHLI3JILHI.Ie crpyK'I)'pLI H11H rermMarHe111KH xapaKTepH3YIOTCH 

6onee CJlO)f(HbiMH THU3MH ynopHLIO'leHHH, KOTOpbie HeJib3H OllHC3Tb B repMH­

H3X M3fHHTHbiX llOLJ;pelUeTOK. Ecn:H HMeeTCH OLIHH M3fHHTHbiH aTOM Ha JJie­

MeHTapey!O H'leHKY KpHCTaJIJI3 (B napaMarHHTHOH <Pa3e), TO T3KYIO CTpyKTypy 

MO)f{HO npeLJ;CTaBHTb, HanpHMep, K3K "CT3UHOH3pHy!O BOJIHY M3fHHTHOfO 

MOMeHTa" 

f.J.;z=Jlz, Jl;x=JllcosqR;, Jl;y=JllSinqR;. (1.1) 

3LJ;ecb !J.; - HaMarHH'IeHHocrb HoHa B yJne R i• q- B'oJIHOBOH BeKrop ~Irnpan:H, 
HecoHJMepHMbiH c nepHOLIOM o6parHoii pewerKH. B raK H33bmaeMOH npocToii 

S - S -cnHpaJIH UOJIHbiH M3fHHTHb!H MOMeHT KpHCT3JIJI3 paBeH HYJIIO (Jl z = 0). 
TaKoe ynopHLIO'IeHHe 6yLJ;er aHrH<PeppoMarHHTHbiM. EcnH Jlz =I= 0, ro cnHpanb 

H33bmaeTCH KOHH'IeCKOH HJIH <PeppoM3fHHTHOH. I13BeCTHbl T3K)f{e 6onee CJIO)f(­

Hbl CUHpaJIH, B KOTOpblX Jlz nepHOLI:H'IeCKH 33BHCHT OT HOMepa HOH3. CnHpanb­

HOH MarHMTHoH crpyKTypoii o6na.[I310T npH HM3KHX reMneparypax MHorne 

pe,llK03eMeJibHbJe MeTaJIJibl. 3TH CTpyKrypbl 6billH 06Hapy)f{eHbl T3K)f{e B CUJiaBe 

MnAu2 , B coeAHHe.HHHX Mnl2 H r .L\. 

Hy)f{HO CK333Tb, 'ITO llpHBeLJ;eHH3H KJI3CCH<l>HK3UHH HBJIHeTCH LIO HeKOTOpoH 

creneHH YCJlOBHOH T3K )f{e, K3K H BCHK3H UOllbiTK3 BTHCHyrb peanbHbiH MHp B 

<PopMaJibHYIO cxe/"fY· TaK, HanpHMep, Her pe3Koii rpaHHUhi Me)f{LIY A<l>M co l:Jia-

6biM <PeppoM3rHeTH3MOM H <t>eppHMarHeTHKOM, Me)f(.[ly reJIHM3fHeTHKOM, 
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y KOTOporo nepHOU CnHpariH COH3MepHM C KpHCTaJIJIOXHMH4eCKHM nepHOUOM 

H MHoronoupelllero4HbiM A<DM . Eorree noupo6Ho o6o scex 3THX npo6rreMax­

o THnax MarHHTHOrO nopHLJ:Ka, ero CBH3H C CHMMeTpHeH KpHCTaJIJia H T.n . 

MO)!(HO npo4eCTb B MOHOrpa<t>HHX (23, 30], pa6orax n .n . naHLJ;ay (38] H 

l1.E. ll3HJIOlliHHCKOrO (78] . 

§ 2. Ot>MeiDfoe B33HMOLJ:eHCTBHe H MouenL fe83eH6epra 

2.1. 06Me1Dfoe B33HMOLJ:eHCTBHe B MOJieKyJie BOLJ:OpOLJ;a. KaK XOpOlliO 

H3BeCTHO, 06MeHHOe B3aHMOUeHCTBHe HMeeT 3JieKrpocraTH4eCKYIO npHpOUY 

H CBH3aHo c npHHUHnOM ITaynH, 3anpemaJOlliHM llBYM 3JieKrpoHaM Haxo):uiTb· 

Cfl B OUHOM KBaHTOBOMeXaHH4eCKOM COCTOHHHH . flpome BCero npOHCXO:lKUe­

HHe 06MeHHOrO B3aHMOUeHCTBHfl MO:lKHO npOUeMOHCTpHpOBaTb Ha npHMepe 

MOJieKyJibl BOUOpoua. faMHJibTOHHaH J{ raKOH CHCTeMb! COCTOHT H3 raMHJlb· 

roHHaHOB X a H J{ b LlBYX aroMOB H raMHJibTOHHaHa Va b HX B3aHMoueiicrBHH 

Me:lKLJ:Y co6oii: 

Vab = e2(1 /Rab + l/R12 ~ 1/Ra2 - 1/RhJ] , (2.1) 

rue Ra b - paccroHHHe Me)l(lly HUpaMH, R 1 2 - Me:lKLJ:Y :meKrpoHaMH, Ra 2 · H 

Rb 1 - Me)l(lly 3JieKrpoHOM H "4Y:lKHM" nporoHoM. ITocKOJibKY J{ He 3aBHCHT 

OT CnHHOBb!X nepeMeHHb!X S 1 , S 2 , BOJIHOBYIO <l>YHKUHIO MOJieKyJibl crreuyer 

HCKaTb B MYJibTHnJIHKaTHBHOM BHUe. B coorsercrBHH c npHHUHnOM ITaynH 

"IJI-<l>YHKUHH UOJI:lKHa 6b!Tb aHTHCHMMeTpH4HOH OTHOCHTeJibHO nepecraHOBKH 

3JieKTpOHOB. fiOCKOJibKY B COCTOHHHH C nOJIHb!M CnHHOM' CHCTeMbl S = 1, 
CnHHbl 3JieKTpOHOB naparrneJibHbl, cnHHOBafl 4aCTb "IJI-<l>YHKUHH 6y~eT CHM· 

MeTpH4HOH. fiOJTOMY ee KOOpiJ.HHaTHaH 4aCTb '{) 6yuer aHTHCHMMeTpH4HOH. 

COOTBeTCTBeHHO B COCTOHHHH C aHTHnaparrJieJibHb!MH CnHHaMH, KOrua 

S = 0, <l>YHKIJ;HH <P 6yuer CHMMerpH4HOH. OrpaHH4HBaHCb nepBbiM nopHLJ:KOM 

reopHH B03MymeHHii no 3HeprHH B3aHMoueiicTBHH V, nocrpOHM <l>YHKUHH 

HyJieBoro npH6JIH:lKeHHfl '{)+ (R 1 , R 2 ) H3 BOJIHOBbiX <l>YHKUJiH aTOMOB BOUO· 

poua '{)(Raj), COCTOflll{HX H3 i-ro 3JieKTpOHa (i = 1, 2) H 0:-HLJ:pa (o: =a, b); 

'<P± (RI, R2) = ~·2[<P(Rad<P(Rb2) ± <P(Ra2)<P(RbJ)]/y1 ± 'Y2, (2.2) 

rue r - HHTerparr nepeKpbiTHH. B noM npH6JIH:lKeHHH 3HeprHH CBH3H E ± H 

MOJieKyJibl BOUOpOLJ:a B COCTOHHHH C S = 0 H S = 1 COOTBeTCTBeHHO HMeJOT 

BHU 

E± = f<P~(R1.R2)VdR 1 dR2 = [A(Rab)±B(Rab)]/(1 ±-y2
), 

A(Rab) = f V<P 2(Rad<P 2(Rb2 )dR1dR2, 

B(Rab) = f V<P(Rai)<P(Rbl )<P(Ra2N(Rb2)dRidR2. 

(2.3) 

(2.4) 

C nOMOll{biO 4HCJieHHOrO paC4eTa no 3THM <t>opMyJiaM MO)I(HO y6e1J.HTbCH, '!TO 

<l>YHKIJ;Hfl E_ (Ra b) > 0 H MOHOTOHHO y6bmaer C yBeJIH'!eHHeM paCCTOHHHH 

Me:lKLJ:Y HLJ:paMH Ra b, a <l>YHKUHH E + (Ra b) HMeer pe3KHH MHHHMYM npH He­

KoropoM Ra b = R 0 , npH'!eM E + (R 0 ) < 0. 3ro 03Ha'!aer, 4TO llBa aroMa BOLJ:O· 

poua MOryr 06pa30BbiBaTb MOJieKyJiy TOJibKO B COCTOHHHH C aHTHnaparrJieJib· 

Hb!MH CnHHaMH. flpHBeLJ:eHHOe 3LJ:eCb KBaHTOBOMeXaHH4eCKOe 06'hHCHeHHe 

rOMeOnOJIHpHOH XHMH'!eCKOH CBH3H npHHallJie:lKHT feHTJiepy H noHLJ:OHY 

[67]. KaK HerpyuHo yBHUeTb H3 (2.4), seJIH'!HHa A (R) onpeuenHer KYJIOHOB· 
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cKyro JHepntro BJaHMO~J;eH:crsHH ABYX aroMOB s npeiJ.llOJIO)I(eHHH, 'ITO nepBbiH 

:meKrpoH "npHHaAJie)I(HI" TOJibKO HAPY a, a sropoi% - HAPY b. flpH yserrH'Ie­

HHH paccroHHHH Me)I(IJ;Y aroMaMH JTa JHeprHH y6brsaer KaK R;t . BerrHtJHHa 

B (R) npep,crasrrner co6oi% He~J;Harouarr&Hblli MarpH'IHbiH JJieMeHT JJieKrpocra­

TH'IeCKOH JHeprHH V Me)I(IJ;y COCTOHHHeM ( a1, b21, B KOIOpOM nepBbiH JJieKT· 

pOH npHHaiJ;Jle)I(HT aTOMY a, BIOpOH - aTOMY b, H COCTOHHHeM la2, b1 ), B 

KoropoM JJieKrpoH&r o6MeHHITHCb MecraMH. TaK KaK B(R) orrrH'IeH or uyrrn 

TOJibKO HJ-3a nepeKpbiiHH JJieKrpoHHbiX o6orrotJeK , ro B(R) y6brsaer c pac­

CTOHHHeM JKCllOHeHUHaJibHO . 

PaccMorpeHHbiH HaMH npocroi% npHMep noKaJ&rsaer, i<aK 'IHCTO KBaHro­

BbiH 3cpcpeKT 06MeHa JJieKipOHOB npHBOIJ;HT K B3aHMOIJ;eHCTBHIO Me)I(P.y aTOMa­

MH, 3aBHCHllleMy OT CYMMapHOTO CllHHa aTOMa S, HeCMOipH Ha TO, 'ITO raMHJib· 

TOHHaH B3aHMOP,eHCTBHH He 3aBHCHT OT CllHHOBbiX nepeMeHHbiX. llsa Bblpa)l(e­

HHH (2.3) IJ;JIH JHeprHH B3aHMOIJ;eHCTBHH £± B COCTOHHHHX C llOJIHbiM CllHHOM 

S = 0 H S = 1 MO)I(HO 3allHCaTb eiJ;HHbiM o6pa30M, HCllOJib3YH CllHHOBble nepe­

MeHHbie S J , S 2 : 

E± = E - JS1 · S2, 

(2.5) 

M&r y'IJIH Jp,ec& , 'ITO co6crseHHbie JHa'leHHH oneparopa S1S2 = 3/4 B CHHrrrer­

HOM COCTOHHHH (npH S = 1) H S 1S 2 = 1/4 B IpHIUreTHOM (npH S = 0). 3aBHCH· 

lliYIO OT CllHHa tJaCTb (2 .5) Ha3biBaJOT raMHJibTOHHaHOM 06MeHHOTO B3aHMO· 

p,eifCTBHH H 0603HatJaJOT 

(2.6) 

BerrH'IHHa J Ha3biBaercn o6MeHHblM uHrezpa.ao.M. EcrrH J < 0 (KaK a HaUieM 

npHMepe), TO Bb!TOtJ,Ha aHTHllaparrrreJibHaH OpHeHTaUHH CllHHOB , TOrp,a rOBOpHI, 

'ITO 06MeHHOe B3aHMOP,eHCTBHe aHTUrjjeppo.MaZHUTHO. flpH J > 0 ycTaHaBJIH· 

saeTCH naparrrreJibHaH OpHeHTaUHH CllHHOB H 06MeH Ha3b!BaeTCH rjjeppOMaz­

HUTHblM. 

Oneparop (2 .6} UIHpOKO H3BecreH KaK zeu3eH6ep208CKUU 2flMWlbTOHUaH, 

xorH a raKOH cpopMe ou 6&m sneps&re norrytJeH IT . LI,HpaKoM, a ero snepBbie 

Hcnorr&Josarr B reopHH MarHeTH3Ma Bau-<l>rreK. OP.HaKo HMeHHo fei%3eu6epr 

llOCJie B03HHKHOBeHHH KBaHTOBOH .MeXaHHKH llOKa3arr , 'ITO B3aHMOP,eHCTBHH, 

npHBOIJ;HlliHe K MarHHTHOMY ynopHIJ;O'IeHHJO, HMeJOT KBaHTOBOMexaHH'IeCKYJO 

npHpOAY , o6ycrrosrreuuyro npHHUHllOM ITayrrH. ITepsoHatJarr&HaH )l(e HP.eH o 

TOM , 'ITO CllOHTaHHaH HaMarHH'IeHHOCTb B03HHKaeT H3-3a ClleUHcpH'IeCKOTO 

BJaHMOIJ;eifcrsHH Me)I(AY MarHHTHbiMH aroMaMH, BbJABHHyTa snepsbre ITbepoM 

BeifccoM B 1907 rop,y . flpasp,a , ero oueHKa reMnepaTyp&r nepexop,a Tc no 

MarHHTHOMY P.HllOJibHOMY B3aHMOP.eiicTBHJO p,arra Tc ""' 0,25 K , Koropoe Ha 

qer&rpe nopnP.Ka MeH&Uie cpaKTHtJecKoro JHatJeHHH. Ho nepep, JIHUOM raKoif 

Heyp,alJH OH npOHBHJI HeHCCHKaeMbiH OllTHMH3M, 3aHBHB, 'ITO " ll;aHHaH Tpyp,­

HOCTb IJ;OJI)I(Ha paCCMaTpHBaTbCH He KaK B03pa)l(eHHe llpOIHB TeOpHH (MOJie­

KYJIHpHoro norrH) , a KaK CTHMYJI IJ;JIH llOHCKa HOBbiX HIJ;eH B TeOpHH CTpOeHHH 

aroMa". l1JTH HP.eH 6&IJIH ccpopMyrrHposaHbi qepe3 ~J;Ba~J;uaTb .rrer! 

2.2. BuyrpHaToMHb!A o6MeH. KaK npasHJio , MarHHTH&re aroMbi HMeJOT 

HeCKOJibKO BarreHTHbiX JJieKipOHOB , llOJTOMY B03HHKaeT BOllpOC 06 06MeH­

HOM B3aHMOlleH CTBHH Me)I(IJ;y HHMH. 0TJIH'IHe JTOrO CJiytJaH OT paCCMOipeH­

HOro BbiWe JaKJIJOlJaeTCH, BO·llepBbiX, B TOM , 'ITO JHeprHH B3aHMOP,eHCTBHH 
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BKlliO'IaeT TOllbKO B3aHMO.D;eHCTBHe Me)l(,!zy :meKTpOHaMH 

V= e2/R12• (2.7) 

H, BO·BTOpbiX, B TOM, 'ITO KOOp.D;HHaTHbie l!aCTH BOnHOBbiX <l>YHKIJ,HH '{Ja (R) 
H '{Jp (R) ·pa3nH'IHbiX KBaHTOBOMexaHH'IeCKHX COCTOHHHH JneKTpOHOB Ha O.D;HOM 

aTOMe a H {3 OpTOfOHanbHbi. IIOJTOMY HX HHTerpan nepeKpbiTHH "{ paBeH Hynro 

H B&Ipa)l(eHHe (2.3) ynpomaeTcH: 

E± =A± B. 

Tor.D;a H3 (2.4) H (2.5) cne.D;yeT npocToe Bbipa)l(eHHe .D;nH J: 

J = 2B = f p"(Rd (e2 /R 12 )p(R 2 )dR 1dR 2 , 

p(R) = '{Ja(R)'{J~(R). 

IlpHMeHHB npeo6pa3oBaHHH <I>yp&e , MO)I(HO nonyqHTb 

e2 lp(k)l 2 

J = -2 fdk 2 . 
21T k 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

TaKHM o6pa30M, aHyTpHaTOMHbiH o6MeH HBnHeTcH <t>eppoMarHHTHbiM H cTpe­

MHTCH BbiCTpOHTb CllHHbi BaneHTHbiX 3neKTpOHOB O.D;HOrO aTOMa napannen&HO 

.D;pyr .D;pyry. 0Tcro.D;a cne,D;yeT H3BeCTHoe npaaHno XyH.D;a: u3 ecex cocTOJ!HUU 
aroMa c oouou u rou xe Kou¢uzypaijueu (IIUCAOM ea.neHTHbZX 3/leKrpouoe) 
HaUMeHbWee 3Ha'leHUe 3Hepzuu UMeer COCTOJ!HUe C MaKCUMQ.flbHO 803MOJICHblM 
cnUHOM. 06MeHHbiH HHTerpan (2.10) He HMeeT ManOCTH nepeKpbiTHH BOllHO· 

BbiX <l>yHKIJ,Hii . ITo nopH.D;KY aenH'IHHbi OH coana,D;aer c KynoHOBCKOH :3Hep­

rneii .D;BYX :meKTpOHOB Ha O.D;HOM ~eHTpe , T.e. HMeer aTOMHbiH MacWTa6 1 JB. 

3ror BKna.D; B JHeprnro o6&l'IHO 3Hai!Hren&Ho 6on&llle acex ocran&HbiX, H no:no­

MY MO)I(HO C'IHTaTb, 'ITO MarHHTHbie MOMeHTbi aaneHTHbiX JneKTpDHOB )l(eCTKO 

cBH3aH&I Me)I(JJ;Y co6oii H s Me)l(aroMHbiX B3aHMO.D;eiicrBHHX OHH npoHBnHrorcH 

KaK e,D;HHbiH 60nblll0H MarlUfTHbiH MOMeHT C COOTBeTCTBYIOlllHM CllHHOM aroMa 

s > 1/2. 
2.3. Me)l(llTOMHLIA o6MeH ".D;11HHHLIX cnHHoa" : Sa, S b > 1/2. PaccMorpHM 

o 6MeHHOe B3aHMO.D;eHCTBHe .D;BYX aTOMOB, HaXO.D;HlllHXCH B COCTOHHHH C nonHbiM 

CllHHOM aroMa Sa H sb . BonHOBbie <l>YHKIJ,HH aTOMOB aHTHCHMMeTpHI!Hbi OTHO­

CHTenbHO nepecTaHOBKH Na JneKTpDHOB Ha aroMe a H Nb JneKTpOHOB Ha 

aroMe b. 11J HHX Hy)I(HO COCTaBHTb nonHOCTbiO aHTHCHMMeTpHIIHYIO BOnHOBYIO 

<l>YHKIJ,HIO, BKniO'IaiOlllYIO nepecraHOBKY JneKTpOHOB Me)l(,!zy aTOMaMH. JipH 

JTOM Ka)I()J;OMY H3 .D;OllYCTHMbiX THllOB nepecraHOBO'IHOH CHMMeTpHH npo­

CTpaHCTBeHHOH BOnHOBOH <l>YHK~ COOTBeTCTByer onpe,D;eneHHOe 3Ha'leHHe 

cyMMapHoro cnHHa S (no.D;po6Hee o6 JTOM eM., HanpHMep, B J1.10Horpa<l>HH 

(30)). Cne.D;oaaren&Ho, Ka)I()J;OMY S cooraercrayer caoe JHa'leHHe JHeprnH 

CHCTeMbi .D;BYX a TO MOB E (S). JionHbiH CllHH CHCTeMbi npo6eraer 2S b + 1 3Ha­

'leHHH (.D;nH Ollpe.D;eneHHOCTH Mbl CI!HTaeM, 'ITO Sa > S b) OT Sa - S b .D;O 

Sa + S b, H COOTBeTCTBeHHO JHeprHH .D;BYX aTOMOB MO)I(eT npHHHMaTb 2S b -+ 1 
3Ha'leHHH. l1x MO)I(HO OllHcaTb C llOMOUlbiO J<l><l>eKTHBHOrO CllHHOBOrO raMHnb­

TOHHaHa HMeromero 2S b + 1 KOHCTaHT : 

E (S) = E - ~~1 )SaSb- J~;>(SaSb)2 --'- ..• - Jd;sb)(SaSb)28b. (2.12) 
3 TO 03Ha'!aeT, 'ITO raMHnbTOHHaH ObMeHHOfO B3aHMO.D;eHCTBHH .D;BYX MHOrO­

JneKTpOHHbiX aroMoB He HMeer, aoo6me roaopH, npocroro reiiJeH6eproacKo-
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ro aap;a (2.6). CymeeTBeHHo, op;HaKo, qTQ a nepaoM npa6JIH)I(eHHH no nepe­

KpbiTHIO BOJlHOBbiX <I>YHKUHH 3TOMOB a H b, KOr)l;a Y~TbiB3eTeH 06MeH JlHillb 

O)l;HOH napoli JJieKTpOHOB Me)l()l;y 3TOM3MH, Bee J!~, KpOMe J!~), paBHbl 

HYJIID (f.M. HeAIIHH, [187]) . IloJToMy, KaK npaaano, MO')I(HO aenomJoBaTb 

reii3eH6eproBeKOe npH6JIH)I(eHHe (2.6) H AJlH 06MeHHOfO B33HMO)l;eHeTBHH 

Me)l()l;y MHOfOJJieKTpDHHbiMH 3TOM3MH. JlHilib B pe)l;KHX cnyqaHX yqHTbiB310T 

cnaraeMoe, nponopUHOHaJibHOe I!!>, H33bmaH ero 6uKeaopaTHblM o6MeHoM. 

2.4. KoCBeiDII>Ie o6MeiDII>Ie B33HMOAeACTBHJI. Hy)I(Ho eKaJaTb, qTQ B Mar­

HHTHbiX )l;HJJieKTpHK3X napaM3fHHTHbie HOHbl, K3K npaBHJIO, He HBJlHIOTeH 

6JIH)I(3HI1IHMH eoee)l;HMH H pa3)l;eJieHbl )l;H3M3fHHTHblM HOHOM {KHCJIOpOAOM, 

<I>TOpOM) . IlOJTOMY HX BOJlHOBbie <I>YHKUHH He nepeKpbiB310TeH H HX npHMOe 

o6MeHHOe B33HMO)l;eHeTBHe , 0 KOTOpOM IliJla peqb Bblille, OTeyTeTByeT. 

Op;HaKo o6MeHHoe B33HMOAeiieTBHe B03HHKaeT npH yqeTe qneHOB 6onee 

BbieOKHX nopH)l;KOB TeOpHH B03Myll.{eHHH no HHTerpanaM nepeKpbiTHH BOJIHO­

Bb!X <I>YHKUHH napaMarHHTHOrO H )l;HaMarHHTHOfO HOHOB. 0)l;HH H3 MeXaHH3MOB 

TaKoro o6MeHa, npeAJlO)I(eHHbiH A . KpaMepeoM H II. AHp;epceHOM {39] ,eBH3aH 

CO eMelliHB3HHeM COeTOHHHH MarHHTHOrO H HeMarHHTHOfO HOHOB . .UeiieTBH­

TeJibHO, )l;3)1(e B HOHHbiX KpHeT3JIJI3X JJieKTpOHbl He JIOK3JIH30B3Hbl noJIHOeTbiO 

H3 HOH3X, H eyllieeTByeT OTJIHqHaH OT HYJIH BepOHTHOeTb TOfO, qTQ O)l;HH H3 

JJieKTpoHoB )l;HaMarHHTHoro aoHa c (o6o3HaqaM ero lc) nepeiip;eT Ha eocep;­

HHH napaMarHHTHbiH HOH a. TaK KaK aexop;HbiH raMHJibTOHHaH eHeTeMbi He 

JaaaeHT OT enHHOB, JTOT nepexop; npoaJoiip;eT 6e3 nepeaopon enHHa. B pe-

3YJibTaTe enHH 3JleKTpOH3 lc OeTaeTeH 3HTHnapanneJibHbiM enHHY BTOporo, 

Tenepb y)l(e HeenapeHHOfO JJieKTpOHa Ha HOHe (:meKTpOHa 2c). IlOJTOMY 

)l;B3 06MeHHbiX B33HMO)l;eHeTBHH - OfiMeH HeenapeHHOrO JJieKTpOHa HOH3 a 
e npHilleJibl~eM lc H o6MeH JJieKTpoHa p;pyroro napaMarHHTHoro HOHa b e 

HeenapeHHbiM JJieKTpOHOM 2c Ha HOHe C - npaaep;yT K TOMy, qTO nOJIH3H 

JHeprHH TpDHKH HOHOB a - C - b 6yp;eT 33BHceTb OT B33HMHOH OpHeHT3UHH 

enHHOB Sa H S b. 3TO H 03HaqaeT B03HHKHOBeHHe 06MeHHOfO B33HMO)l;eHeTBHH 

napaMarHHTHbiX HOHOB a H b, pa3)l;eJieHHbiX )l;H3M3fHHTHblM HOHOM C. TaKOe 

B33HMO)l;eHeTBHe nony~o H33B3HHe cynepo6MeHa HJIH KOC8eHHOZO 06MeHa. 
CymeeTByeT H pHA p;pyrHX MeXaHH3MOB HenpHMOfO 06MeHa, eOOTBeTeTBYIO­

IliHX pa3JIHqHbiM cnaraeMbiM TeOpHH B03MYI1IeHHH AIIH JHeprHH TpOHKH HOHOB 

a- C- b. (CM., HanpHMep, 0630pbl (39, 40), MOHOrpa<PHIO [30) H Ap.) . 

IlOHHTHO, qTo Bb~CJleHHe 06MeHHb!X HHTerpanOB AJlH KOHKpeTHbiX KpH­

eTaJIJIOB - qpe3Bblq3HHO rpoM03)l;K3H 3ap;aqa, Tpe6yi011.{3H npHMeHeHHH Bbi­

~CJIHTeJibHbiX M311IHH, npHBJieqeHHH )l;3HHbiX no eneKTpOeKOnHH HOHOB, He-

06XO)l;HMbiX AJlH pa3yMHOrO Bbi6opa HeXO)l;HbiX BOJIHOBbiX <I>YHKUHH H T.)l;. 

H T.n. Bee JTO, paJyMeeTeH, He HBJIHeTeH HallieH Jap;aqeii. Bnpep;b Mbi 6yp;eM 

e~T3Tb 06MeHHbiH HHTerpan Jab Me)l()l;y HOH3MH KpHeT3JIJl3 a H b <PeHOMe­

HOJIOfHqeeKOH KOHeTaHTOH, BeJIH~HY KOTOpOH MO)I(HO onpep;eJIHTb 3KenepH­

MeHT3JlbHO. IlpH HJyqeHHH HeJIHHeHHbiX eBOHeTB enHHOBbiX BOJIH B 3TOH KHHre 

Mbl 6yp;eM HeXO)l;HTb H3 reH3eH6eproBeKOrO npHfiJIH)I(eHHH AJlH 06MeHHOf0 

f3MHJlbTOHH3H3 M3rHeTHK3: 

Xex = -~ labSaSb. 
a,b 

(2.13) 

Beeb JTOT naparpaq, He cnep;yeT paeeMaTpaaaTb KaK BbiBOA q,opMyJibi AIIH 

Xex · Mbi xoTena JIHillb npop;eMoHeTpHpoBaTb )l;Ba o6eTOHTeJibeTaa: ao-nepBbiX, 
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TO, 'ITO npHpoAa 06MeHHOrO B33HMOAeHCTBH.II npocTa: JTO '!3CTb KynoHOBCKOrO 

B3aHMOAeHCTBH.II ·3neKTpoHoB, CB.II3aHHa.ll c npHHUHnOM IlaynH. Bo-BTOpbiX, 

TO, 'ITO KOHKpeTHOe Bbi'!HCneHHe 06MeHHb!X HHTerpanOB B pean&Hb!X KpHCTan­

nax He TOnhKO 33TPYAHHTenLHO, HO H He 06.113aTenbHO npH H3y'!eHHH HenHHeH­

HhiX CBOHCTB CnHHOBbiX BOnH. 

§ 3. PeJUITHBHCTCKHe B38HMOAeACTBHJI 

06MeHHOe B33HMOAeHCTBHe .IIBn.lleTC.II C3Mb!M CHnbHbiM , HO He eAHHCTBeH­

HbiM B33HMOAeHCTBHeM Me)!(Ay MarHHTHbiMH HOH3MH MarHeTHKa. Hap.IIAY C 

HHM B3)1(HYIO ponb Hrpa!OT pen.IITHBHCTCKHe B33HMOAeHCTBH.II : AHnOnh-AHnOnb· 

HOe Me)I(AY MarHHTHbiMH MOMeHT3MH l1!eKTpOHOB H CnHH·Op6HTanbHOe Me~ 

CnHHOBbiMH H op6HTanbHb!M MOMeHT3MH JneKTp<>Ha. Bo-nepBbiX, OHH npH· 

BOA.IIT K nO.IIBneHHIO J<l><l>eKTHBHOH 3Hepzuu QHU30TpOnUU, ycTaHaBnHBaJOI.UeH 

BhiAeneHHbie HanpaBneHH.II HaMarHH'!eHHOCTH OTHOCHTenbHO KpHCTannorpa<PH· 

'leCKHX OceH. BO-BTOpbiX, OHH npHBOA.IIT K B03HHKHOBeHHIO npoueCCOB, B KO· 

TopbiX He coxpaH.IIeTc.ll '!Hcno cnHHOBhiX BOnH. B pe3ynhTaTe ycTaHaBnHBaeTC.II 

nonHOe TepMOAHH3MH'IeCKOe paBHOBeCHe B CHCTeMe. Eonee nOAp06HO 3TH 

BonpOCbl 6YAYT 06Cy)!(A3TbC.II HH)I(e. 3ACCb )l(e Mbl TOnhKO BhlllHIIIeM H 06· 

CYAHM Bbipa)l(eHHe An.ll JHeprHH JTHX B33HMOAeHcTBHH. Ha'!HeM c MarHHTHO· 

ro AHnon&-AHnon&Horo 

Jfdd = 2J.J. 2 1: Ra-b[(SaSb)R~b - 3(SaRab) (SbRab)]. (3.1) 
a, b 

3AeC& TaK )l(e, Ka·K H paH&IIIe, Rab = Ra - Rb - paccTO.IIHHe Me:a<Ay aTOMaMH. 

3HeprH.II AHUOnb·AHflOnbHOrO B33HMOAeHCTBH.II B paC'!eTe Ha OAHH aTOM eCTb 

4S2 J.J.2 fa 3 , rAe a - nocTO.IIHHa.ll peiiieTKH. CooTBeTCTByromee eH: JHa'!eHHe TeMne­

paTyp&I MarHHTHoro ynopHAO'!eHH.II nop.HAKa 0,25 K. 3TO JHa'!HTen&Ho MeH&IIIe, 

'!eM JKcnepHMeHTan&Ho Ha6nroAaeMa.ll TeMnepaTypa KropH Tc, ne)l(ama.ll B 

npeAenax oT 10 AO 1000 K, o6ycnoBneHHa.ll o6MeHHhiM BJaHMOAeHCTBHeM. 

,llpyrHM pen.IITHBHCTCKHM B33HMOAeHCTBHeM .IIBn.lleTC.II CnHH·Op6HTanbHOe, 

onepaTOp KOTOporo HMeeT BHA 

X so = A(LS). (3.2) 

3AeCb L H S - onepaTOpbl MeX3HH'!eCKOrO H CnHHOBOrO MOMeHTOB 3TOMa, 

A - napaMeTp cB.IIJH . ITo nop.IIAKY BenHIHI'Hbi A ~ (v/c) 2£ 3 , rAe v - xapaK· 

TepHa.ll CKOpOCTb JneKTpOHa B aTOMe, C- CKOpOCTb CBeTa, £ 3 - atOMHa.ll JHep· 

rH.II nop.IIAKa 1 PHA6epra, T.e . 10 JB. 06&NHO A ~ 10-2 
JB. 3HeprH.II (3.2) Ja· 

BHCHT OT OpHeHT3UHH S OTHOCHTen&HO L . C Apyroij CTOpoHbi, JHeprH.II HOHa 

B "KpHCTannH'!eCKOM" JneKTpH'!eCKOM none 33BHCHT OT OpHeHTaUHH L OTHOCH· 

Ten&HO peiiieTKH, H60 paJnH'!HbiM L z COOTBeTCTBYIOT pa3Hble BOnHOBbie 

<I>YHKI.(HH. IlOJTOMy BO BTOpOM nop.IIAKe TeOpHH B03MY1UeHHH no raMHnbTO· 

HHaHy (3 .2) B03HHKaeT JaBHCHMOCTb '3HeprHH HOHa OT OpHeHT3UHH ero cnHHa 

OTHOCHTenbHO KpHCTannorpa<I>H'IeCKHX OCeH . Ee MO)I(HO OnHC3Tb J<l><l>eKTHBHbiM 

cnHHOBbiM raMHnbTOHHaHOM 

a, {3 = x, y, z, (3.3) 

B KOTOpOM A (2
) ~ A2 I .t., rAe .<!l - pacmenneHHe ypoBHeH HOHa c paJnH'!Hhi· 

MH L KpHcTannH'!eCKHM noneM. TaK KaK .<!l ~ 1 JB, TO A (2 ) ~ 10-4 JB ~ 1 K. 
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ECJIH )l(e OCHOBHOe COCTOHHHe HOHa CHHrneTHOe (L = 0), TO X (2 ) eme MeHb· 

we, H60 TOr,ll;a aHH30TpGIIHH B03HHKaeT H3·3a npHMeceH COCTOHHHH C L =/= 0 
B OCHOBHOM COCTOHHHH. B pe3yJibTaTe B pa31IH'lHbiX KpHCTaJIJlaX X (2 ) :::::< 

"" 0,01 71 K, 'ITO cOOTBeTCTByeT 3cpcpeKTHBHOMY nomo KpHcTrumorpacpu­

qecKoH aHHJOTponHH Ha "" 0,1710 K3 . B O,ll;HOOCHbiX KpHCTaJmax X~~) = 

= ~Oa(J + 'i 10zz. IlpH 'i 1 < 0 none aHH30Tp0nHH CTpeMHTCH OpHeHTHp0BaTb 

CIIHHbl no OCH Z . Torna fOBOpHT, 'ITO "KpHCTaJin HMeeT aHH30Tp01IHIO THna 

llei!KaJl OCb". IlpH X 1 > 0 aHH30Tp01IHH OpHeHTHpyeT CIIHHbl nepneH,Il;HKynHpHO 

OCH Z. 3TO aHHJOTpOIIHH THna l!ei!KaJl Tl/lOCKOCTb. 

ECJIH )l(e MH)I(aHUiee OKpy)l(eHHe HOHa HMeeT Ky6H'leCKYIO CHMMeTpHIO, 

TO 'i 1 = 0 H JCH) = const. Torna BO BTOpOM nOpH,Il;Ke TeOpHH B03Myll.{eHHH no 

CIIHH·Op6HTaJibHOMY BJaHMO,Il;eHCTBHIO (3.2) KpHCTaJinOrpacpH'leCKaH aHHJO· 

TpOIIHH OTCYTCTByeT. Oua BOJHHKaeT TOnbKO B 'leTBepTOM nopll,ll;Ke.llpu noM 

(3.4) 

rne X <4 > ""X4 /A3 ~ X <2 > ~ X. CooTBeTcTBYIOmee none Ky6H'leCKOH aHHJO· 

TpOnHH 6yneT eme MeHbllle, '!eM none O.D:HOHOHHOH aHHJOTponHH Ha, -
nopH.D:Ka e,ll;HHHll, - necHTKOB 3pcTen. B JaBHCHMOCTH OT JHaKa onpeneneHHOH 

KOM6HHal.Ufii KOHCTaHT B (3.4) nerKOH OCbiO 6y,ll;eT HanpaBneHHe (111) 
HJIH (100) . 

B JaKJIJO'leHHe HY)I(HO cKaJaTb, 'ITO yqeT nepeKpbiTHH BOnHOBbiX <l>YHKUHH 

HOHOB BMecTe CO CIIHH·Op~HTaJibHbiM BJaHMO,Il;eHCTBHeM npHBO,Il;HT K 3cpcpeKTHB· 

HOMY raMHJibTOHHaHy B BH,Il;e (3.3) , B KOTOpOM CIIHHbl npHHanJie)l(aT COCe,ll;HHM 

aTOMaM i, j ' HMeHHO J(D"' Saj s(Jj. KaK ~e OTMe'laJIOCb, 3TO BJaHMO,Il;eHCT· 

BHe MO)I(eT npHBeCTH K CJia6oH HeKOJIJIHHeapHOCTH nonpellleTOK (39, 23). 

§ 4. CTpyKrypa KOHKpeTHI>IX KpHCTaJIJIOB 

Mbi He co6upaeMcH cKonbKO·HH6Y.Il:h nonpo6uo otrncbmaTb H KJiaccHcpHUH· 

pOBaTb THnbi MarHHTHbiX KpHCTaJinOB • .IJ.n:H 3T0f0 cymecmyJOT cneUHaJibHbie 

MOHOrpacpHH (4, 11, 23 , 31), 0630pb1 (14), rnaBbl B KHHrax (2, 5, 6, 16, 21 ). 
3necb Mbi npHBeneM cTpYKTYPbi nHlllb Tex MarneTHKOB , KOTOpbie uau6onee 

'!aCTO HCnOnbJYIOTCH B 3KCnepHMeHTaX. 

4.1. KpHCT31IJILI co CTpyKT}'poA llliiHHeJIH. OHH HHTepeCHbi TeM, 'ITO Ha HHX 

6biJia BnepBbie npoBepeua TeOpHH cpeppHMarHeTHJMa HeenH [2] , npencTasnmo­

maH o6o61.1.1eHHe TeopHH MOneKynHpHoro nonH Beiicca Ha CJiyqaii uecKonbKHX 

MarHHTHbiX nonpeweTOK. CTpyKrypy UinHHenu HMeeT 6onhiiiHHCTBO -,ll;BOHHbiX 

OKHCnOB nepexO,Il;HblX MeTannoB c cpopMynoii A 
2 

+ sr 04. 3necb A 
2 

+ H B
3 

+ 

0603Ha'laiOT .ll:BYX· H TpeX3apH,Il;Hbie HOHbl MeTannOB. lllnHHenH -o6pa30B8Hbl 

nO'lTH nJIOTHOH ynaKOBKOH KHCnopona. J10Hbl MeTanna pacnonO)I(eHbl 

B OKTa3,1l;pH'leCKHX H TeTpa3,1l;pH'leCKHX nyCTOTaX, OKpy)l(eHHbiX llleCTblO H 

'leTblpbMll HOHaMH KHCJIOpo,ll;a COOTBeTCTBeHHO. 3neMeHTapHaH H'leHKa lllnHHenH 

COCTOHT H3 BOCbMH cpOpMyJibHblX e,ll;HHHU (AB2 0 4 ) H CO,Il;ep)I(HT 32 aTOMa KHC· 

nopona, o6paJyiOmHx 16 OKTa3.D:pH'IeCKHX H 8 TeTpa3npuqecKHX yJnos . 

J1x 06oJHa'laiOT 6YKBaMH d H a COOTBeTCTBeHHO. JlqeHKa o6paJyeT Ky6 C pe6-

poM a :::::< 8,5 A., COCTOHU{HH H3 BOCbMH OKTaHTOB (Ky6HKOB C pe6poM a/2) 
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ll.BYX THIIOB, Ka)I():U>IH H3 KOTOpbiX xapaKTepH3yeTCJI O)J;HHaKOBbiM pacnOJIOlKe­

HHeM HOHOB. 0KTaHTbl pa3JIH'IHbiX THDOB HMeiOT 06IIIyiO rpaHb (pHC. 4.1). 
B TaK HaJbiBaeMbiX HOpMaJibHbiX IIInHHennx KaTHOHbi A HaxonnTcn 

B TeTpa:mpHllecKHX yJnax, B - a OKTa31J:pHl!ecKHX. 3TO, HanpHMep, <j>eppHTbi 

ZnFe 2 0 4 , CdFe 2 0 4 • 

B "o6pameHHbiX" IIInHHennx KaTHOHbi A H nonoBHHa KaTHoHoB B HaxonnTcn 

B OKTa3)J;pax, BTOpan DOJJOBHHa KaTHOHOB B - B TeTpa3npax. 3TO, HanpHMep, 

<j>eppHTbi MapraHUa, JJHTHn, HHKenn. <I>eppHT Mg F e 2 0 4 JaHHMaeT npoMelKYTO'I-

HOe DOJIOlKeHHe. 

EcnH o6a MeTanna A H B napaMarHHTHbi, TO mnHHeJib, KaK npaaHJio, nanneT­
cn <j>eppHMarHeTHKOM C npeo6JJa)J;aiOIIIHM MelKUO)J;peiiieTO'IHbiM 06MeHOM 

PH C. 4.1. .lJ.Ba H3 BOChMH OKTaHTOB 3fle­

MeHTapHOit R'leltKH IliOHHenH : J - KHCflO­

po.U.; 2 - MeTann B OKTa3,U.pH'IeCKHX 

y3nax d; 3 - MeTann B TeTpa3.U.pH'IeCKHX 

y3naxa 

01 oZ eJ 

I JAB I ~ I J AA I, I J B B I aHTH<j>eppoMarHHTHOro 3HaKa. HaMarHHl!eHHOCTH 

nonpeweTOK A H B npH 3TOM aHTHIIapannenbHbi. 

HopMaJibHbie wnHHenH Z nF e 2 0 4 H C d Fe 2 0 4 , a KOTOpbiX MarHHTHbie 

HOHbl 3aHHMaiOT TOJibKO 3KBHBaJieHTHbie (OKTa3)J;pH'IeCKHe) D03HIJ,HH, JIBJJJIIOT­

CJI aHTH<j>eppoMarHeTHKaMH. 3To CB.II3aHo c aHTH<j>eppoMarHHTHbiM 3HaKOM B -

B-o6MeHa, pa36HBaiOmero coaoKynHOCTb yJJIOB B Ha )].Be MarHHTHbie non­

peweTKH. 

4.2. KpaCTilJDI'LI co crpyKzypoA rpaaan. )l{eneJO-HTTpHeBbiH r~aHaT ()I{Mr) -
YIJ:HBHTeJJbHOe JIBJJeHHe npHponbl! B <j>HJHKe MarHeTHKOB OH cbrrpan TaKyiO :>Ke 

ponb, KaK repMaHHH B <j>H3HKe nonynpoBO)J;HHKOB, KBapu B aKyCTHKe KpHCTaJI­

JIOB. 3TO npoH3omno no p.11ny npHliHH. Bo-nepBbiX, y Hero BbiCOKa.ll TeMnepuy­

pa K10pH Tc = 560 K, noJBOJI.IIIOIUan npoao)J;HTb 3KcnepHMeHT npH KOMHaTHOH 

TeMnepazype. BO-BTOpbiX, HeCMOTp.ll Ha TO, 'ITO 3JieMeHTapHa.R Jl'leHKa COCTOHT 

H3 80 aTOMOB, Ka)I():U>IH H3 KOTOpbiX )J;OJJlKeH HaHTH CBOe e)J;HHCTBeHHOe npaBHJib­

HOe nOJIO:>KeHHe, i<:pHCTaJIJlbl )I{J1f Hay'IHJIHCb BbipaiUHBaTb TaK XOpolliO, 'ITO 

3aTYXaHHe 3BfKa B HeM MeHbllie , '!eM B KBapue. B-TpeTbHX, OH 06JJanaeT CaMOH 

Y3KOH H3 H3BecTHbiX B HaCTO.IIIUee apeM.II JIHHHeH <j>eppoMarHHTHoro pe3oHauca 

H caMbiM MaJibiM 3azyxauHeM CnHHOBbiX BOJIH. Bee 3TO nenaeT ero He3aMeHH­

MbiM He TOJJbKO B TeXHHKe CBq,HOHB 3KcnepHMeHTaJibHOH<j>H3HKe MarHenn<OB 

npH H3y'leHHH HOBbiX J<j><j>eKTOB H JIBJJeHHH. 

3JJeMeHTapHa.ll .ll'leHKa )1{11f - 3TO nonoaHHa Ky6a c pe6poM a = 12,38 A, 
COCTOJIIUHM H3 4 O)J;HHaKOBbiX OKTaHTOB - Ky6HKOB C pe6poM a/2, BMeiUaiO­

IUHX no OIJ:HOH <j>opMYJibHOH e)J;HHHUe (pHc. 4.2). PacnonolKeHHe aTOMOB 

B OKTaHTe He o6JJanaeT Ky6HlleCKOH CHMMeTpHeH. 0)J;HaKO B 3JieMeHTapHOH 

Jl'leHKe OKTaHTbl OpHeHTHpoBaHbl TaK, 'ITO B UeJIOM OHa Ky6HlleCKaJI - rpynna 

CHMMeTpHH oh. BeplliHHbl H ueHTpbi KalK)J;Oro OKTaHTa 3aHJITbl KaTHOHaMH Fe 3
+ 
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pH C. 4. 2. 3neMeHTapH3.ll Hliet!Ka CTpyKTYpbl rpaHaTa : 1 - 1103HI.(HH a ; 2 - 110 3HI.(HH c ; 
3 - d ; 4 - HOHbl KHC110pOAa 

PH c . 4 .3. HH>KHHH n o n o BHHa :meM eHr apHoA HlieRKH C sMnF 3 (A H B - HOHbi MapraHua) 

(a) ; :meM eHTapHaJI HlieRKa Fe0 3 , C r 2 0 3 :1, 2, 3, 4 - HOHbi M eTanna (6) 

B OKT33)J,pH'IeCK OM OKpy)f(eHHH ( raK H33bJB3eM3H IT03HUHH a) . J1 x K00 p )J,HH3Tbl 

B ITepBOM OKT3Hte MO)f(HO 33ITHC3Tb B BH)J,e : 0,0,0; 0,1/2,1/2 ; 1/2,0,1/2; 
1/2,1/2,0; 1/2 ,1 /2,1/2; i /4, 1/4,1/4. Bcero B JneMeHr apHOH H'leHKe 8 IT03H· 

UHH a. J1MeiOrCH raK)f(e 12 rerpaJ)J.pH'IeCKHX ITOJHUHH ( 12 d) , J aHHTbiX aHHOHa­

MH Fe 3 +, H 12 noneKaJ)J.pH'IeCKHX ITOJHUHH ( 12 c) , JliHHTbiX aHHOHaMH Y. 
J1x KOOp)J.HHaTbl B ITepBOM OKT3HTe : IT03HUHH (1 2d) 3/8,0,1/4; 1/4,3/8,0; 
0,1/4,3/8; IT03HUHH (12c) 1/8,0,1/4; 1/4,1/8,0; 0,1/4,1/8. 

AHHOHbl KHcnOpO)J.a 33HHM310T 06IUHe ITOnO)f(eHHH. IlOJHUHH B CeX 80 aTOMOB 

B JneMeHrapHOH H'leHKe ( Y 3 Fe~+ Fe~+ 0 1 2 ) 4 yKaJaHbi, HarrpHMep, B MOHorpa­

<f>HH [31) . J1raK, B )l{lff eCTb )J,Be HeJKBHBaiTeHTHble IT03HUHH ITa paM3fHHTHbiX 

HOHOB )f(eneJa - a H d. IlOJTOMy B rpy 6oM ITpHMH)f(eHHH HHOr)J,a C'IHT3IOT 

)l{lff ,IJ,Byxrronpewero'!HbiM <f>eppHMarHerHKOM. O n HaKo no ITpH6nH)f(eHHe 

He HMeer o6nacm ITpHMeHHMocrH (J1.B .KonoKonoB, B.C.JlbBOB , B .E . 4epeiTa­

HOB [122, 123]) . IlpH T < 150 K BOJ6y)I(JleHa ronbKO O,!J,Ha BeTBb ciTeKrpa 

CITHHOBbiX BOnH, H )I{J1f MO)f(HO C'IHT3Tb <f>eppoMarHeTHKOM. IlpH 6onbWHX T 
He06XO)J,HMO Y'IHTbiB3Tb B036y)f()J,eHHH ITO KpaHHeH Mepe ewe 'leTblpex BeTBeH 

ciTeKrpa. 

KpoMe HrrpHeBoro HJBecrHbi penKoJeMenbHbie <f>epporpaHarbi R3 Fe 5 0 12 , 

rne R = Sm, Dy, Yb, Lu, Tm. Y HHX pe,!J,KOJeMenbHan ITonpewerKa raK)f(e 

MarHHrHa, H '!Hcno MarHHTHbiX ITonpeweroK eme 6onbwe, '!eM B >KJ1f . 

4.3. Kpacraruu.I c reKcaroHaJJLHoA crpyK'rypoA. 0HH xapaKrepHJyiOrcn ITpo· 

crpaHcrBeHHOH rpyiTITOH D~ 1, . 0ITHWeM BHa'!ane aHrH<f>eppoMarHeTHK (A<I>M) 

CsMnF 3 , Ha KoropoM JI .A . IlpoJopoBoH, EJI.KoriO)f(aHcKHM H Hx KonneraMH 

6binH ITpOBe)J,eHbl O'leHb HHiepeCHbie JKCITepHMeHTbl ITO ITapaMeipH'IeCKOMY 

B036y)I(JleHHIO CITHHOBbiX BOnH. Ero JneMeHrapHaH H'leHKa CO)J,ep)f(HT 6 <f>op· 

MynhHbiX e)J.HHHU, HOHbi M n JaHHMaiOr )J,Ba HeJKBHBarreHTHbiX ITono)f(eHHH A 

(2 HOHa) H 8 ( 4 HOHa) B UeHrpax OKT331J;pOB , 06pa30B3HHbiX HOH3MH <f>ropa 
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(pHc. 4.3). flo3HUHH A: 0,0,1/2. flo3HUHH B: l/3,2/3,u; l/3, 2/3, --u; 
2/3,1/3,1/2+u; 2/3,1/3, - u. TaKHM o6pa30M, B peruerKe '!epe~zyrorcH 
crroH Mn A H B B nocne,!J,oBaremHOCTH ABBABBA. B Ka)f(,!J,OH IUIOCKOCTH 

ynopH,!I,O'!eHHe <f>eppOMarHHTHOe, MOMeHTbl Jie)f(aT B IUIOCKOCTH, MOMeHTbl Bcex 
coce,!J,HHX IUIOCKocreii aHrHnapanneJibHbi. TaKHM o6pa30M, CsMnF 3 HBJIHercH 
'!HCTbiM ACl>M . B OTnH'!He or Hero, coe,[I,HHeHHH RbNiF 3 , T!NiF 3 , CsFeF 3 
KpHCTaflJIH3YIOW.HeCH B TOH )f(e CTpyKrype, HBJIHIOTCH <f>eppHMarHeTHKa­
MH . B 3THX KpHCTannax Ha6nro,!J,aercH CHnbHbiH aHrH<f>eppoMarHHTHbrH A -
B-o6MeH 11. crra6biH <f>eppoMarHHTHbiH B - B-o6MeH. flo3TOMY 3TH KpHcrannbi 

MO)f(HO paCMaTpHBaTb KaK KBa3H,!J,ByMepHbie, 06pa30BaHHbie TpOHKaMH CliflbHO 
CBH3aHHbiX BAB-IUiocKocreii: (BAB) (BAB) .. . Bee MOMeHTbi ne)f(aT B 6a3HCHOH 
IUIOCKOCTH, MarHHTHOe ynopH,!I,O'!eHHe IUIOCKOCTeH mna ( +- + )( +- +) ( +- +) .. . 

B paccMorpeHHOH 3,!J,eCb crpyKrype KpHcrannorpa<f>H'!ecKoe OKpy)f(eHHe 
Ka)f(,!J,Oro MarHHTHOro Hofia xapaKrepH3yercH OCbiO CHMMerpHH ruecroro nopH,!I,­
Ka . AHH30TpOnH.H B 6a3H.CHOH IUIOCKOCTH B03HHKaer TOJlbKO B rueCTOM nopH,!I,Ke 
reopHH B03Myw.eHHH no CflHH-Op6HTaflbHOMy B3aHMO,[I,eHCTBHIO H IT03TOMY 
oKa3biBaercH O'!eHb Manoii: H :::::: l 3 . B ro )f(e B peMH O,!J,HOOCHaH aHH3orponHH 

(mna nerKOH nnOCKOCTH) , B03HHKaiOW.aH BO BTOpOM nopH,!I,Ke reoplili B03MY­
W.eHHH, ,!J,OBOJibHO BCJIHKa - none aHH.30TpOnHH. nopH,!I,Ka 10 K3 . 

4.4. Kpucramn>I c poM60l,!I,pll'leCKoA crpyKcypoA. HaH6onee npHMe'!arem­
HbiMH npe,!I,craBHrenH:MH HBJIHIOTCH d-F e 2 0 3 H C r 2 0 3. Ha HHX 6blna npoBepe­
Ha TeOpHH .II.3H:JIOIUHHCKOrO, CBH3biBaiOIUaH B03HHKHOBeHHe cna6oro <f>eppo­
MarHeTH3Ma B ACl>M c CHMMerpHeii MarHHTHoro ynopH,!I,O'leHHH [39, 23]. 
flpocrpaHCTBeHHaH rpynna 3THX KpHcrannoB - o;d . B 3JieMeHrapHyiO H'!eHKY 

BXO,!J,HT ,!J,Be <f>opMyJibHbie C,[l,liHiiUbi, T.C. 'lCTblpe MarHHTHbiX HOHa, pacnOJIO)f(eH­
HbiC Ha OCH rpeTbero ITOpH,!I,Ka. 0HH ynopH,!I,O'!CHbl aHTH<f>eppoMarHHTHO. 
fi pH Onpe,!I,eJieHHOH noCJie,!J,OBaTeJibHOCTH. '!epe,!I,OBaHHH: 3HaKOB cnHHOB B 

3JICMCHTapHOH H'!CHKe B03MO)f(CH crra6biH <f>eppoMarHCTH3M, npH4CM TOJlbKO 
TOr,[l,a KOr,!J,a MOMCHTbl JIC)f(aT B 6a3HCHOH nnOCKOCTH [39]. 3m ycJIOBHH peanH-

3YIOTCH B MnC0 3 npH 950 > T> 250 K. l1 ,!J,eHCTBHremHo, JKcnepHMeHraflbHO 
06Hapy)f(eHO , 'ITO 3TO BCW.eCTBO 06Jia,[l,aer CJia6biM <f>eppOMarHHTHbiM MOMeHTOM 
B yKa3aHHOM HHTepBane TeMneparyp. qTO KacaeTCH C r 2 0 3 , TO B HCM '!epe,!I,OBa­

HHe cnHHOB ,!I,pyroro THna H B nOJIHOM COOTBeTCTBHH C reOpHeH MarHHTHbiH 
MOMeHr B HeM orcyrcrayer. K poM603ApH4CCKHM KpHcrannaM OTHOCH:TCH 
raK)f(C a-Fe 20 3 - ACl>M C aHH30rponHeH THna nerKOH IUIOCKOCTH CO cna6biM 

<f>eppoMarHeTH3MOM . Ero reMneparypa HeenH: - 32 K. 3ro Bew.ecrBo Hcnonb-
3yercH B 3KCnepHMeHTaX no napaMCTpll'leCKOMy B036y)f(,!J,eHHIO CnHHOBbiX BOJIH. 

B OTJIH'llie or C sMn F 3, OHO o6na,!J,aer cna6biM <f>eppoMarHeTH3MOM. 

4.5. Jlpyme MarHHTIIhle CTpYK'I}'phl. J.1x Mbl no,!I,po6HO OnHCbiBaTb He 6y,!J,eM. 
flepe'!HCJIHM TOJibKO HeKOTOpble KpHCTaflJlbl CO CTpyKrypOH nepoBCKHra 

(CaT i 0 3) , HMerow.He <f>opMyny ABX3 , me X - KHcnopo,!I, HnH <Prop, A H B -

MeranJibi [46, 47], 3TO YFe0 3 , KMnF 3 , RbCoF 3. l1HrepecHbi MarHHTHbre 

KpHcranJibi co crpyKrypoii KaMeHHOH conH : ACl>M, MnO, FeO, CoO, NiO, 

<f>eppoMarHerHKH: EuO, EuS, EuSe (npH T < 2,8 K). flo,!J,'lepKHeM, 'ITO 

B OOJiblUOM cnHCKe ynoMHHYTbiX KpHCTaflJIOB TOJlbKO 3TH TpH COe,[I,HHeHHH 
eBpOnHH HBJIHIOTCH npoCTbiMH Cl>M- C O,!J,HOH MarHHTHOH peruerKOH. 
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