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Yuebno-memoouueckue mamepuailvl 1n0020mMoeJiervl 6 pamkKax

UHHOBAYUOHHOTU 0Opazosamenvrol npoepammel HHI'Y: ObpazosamenvHo-
HayyHvld yenmp <«HHGOopMayuoHHo-menekoMMyHUKAYUOHHbIe

cucmemvl: uzuyecKue 0CHOBbL U Mamemamuyeckoe obecneyenue»

HemunoB E.C., Exesckuii A.A., Kap3anoB B.B. MarnutHsle pe3oHaHChl B TBEpJIBIX TeJax.
Y4ebHO-MeToAMYeCKre MaTepHalibl IO MPOTPaMMe TOBBIIIEHUS KB (DUKAITIH

«HoBble  Marepuanbl  JJEKTPOHMKH M ONTOIEKTPOHUKK i WHGOPMAIMOHHO-
TEJICKOMMYHUKAIMOHHBIX cuctem». Hmkuuit Hoeropon, 2007, 127 c.

[Ipenyaraempie  yueOHO-METOAMYECKHE MaTepHalibl  MpeIHA3HAYEHBl Ui HAy4YHBIX
COTPYIIHUKOB, aCIMPAHTOB U CTYACHTOB (U3UYECKUX CIEIHUATBLHOCTEH, KOTOPhIE MHTEPECYIOTCS
NpUHOWUIIAMU MAr"dMTHBIX PE30HAHCOB W BO3MOXHOCTAMH WX MNPUMCHCHHUSA B HAYYHBIX
HUCCICIOBAHUAX.

JlanHoe TmocoOuWe COCTOMT ™3 JByX TIyaB. IlepBas TOCBAIIEHA AIIEKTPOHHOMY
napamarautHoMy pesonancy (OIIP) ¢ BriroueHHeM pasjiena O JBOWHOM 3JIEKTPOHHO-SICPHOM
pesonance ([DSP). Bropas conepxuT omnmcanue QeppoMarHuTHOro pesonanca (OMP).
N3noxeHnne WUIIOCTpUPYETCA KaK NPUMEPAMHM U3MEPEHHUM W3 JUTEPaTypbl, TAK U HEKOTOPBIMHU

pe3ynbTaTaMy U3 3KCIEPUMEHTAIBHON ITPAKTUKU aBTOPOB.

© E.C.Hemunos, A.A.Exesckuii, B.B.Kap3zanos. 2007



IIpenucaosue

Hacrosimme  yueOHO-METOAMYECKHE MaTepuaibl  TMOCBSIIEHBl  PaJdOCIEKTPOCKOTNN
tBEéproro Tena. Kak momuépkuBan akanemuk C. B. BoncoBckuii emé B Havane 60-x ronos
MPOILJIOTO BEKa, PaAJUOCIEKTPOCKONHS B IIMPOKOM CMBICIE A3TOTO CJOBa OOBETUHSET COOOMH
OO0JIBIIION KPYT TPOIIECCOB B3aUMOJCHCTBUS MEKIY AJIEKTPOMArHUTHBIM TOJIEM M BEIIECTBOM B
BUJIC OTJICNIBHBIX N30JUPOBAHHBIX aTOMOB HJIM MOJIEKYI (Ta30B), B popMe KOHJCHCHPOBAHHBIX (ha3
— JKUIKOCTEH M KPHUCTAJIOB U JIaXKe OMOJIOTMYECKHX OOBEKTOB. XapaKTEPHBIM NMPHU3HAKOM ITHX
MPOIIECCOB SIBJISICTCS MPUHAIUIC)KHOCTh MX K ONMpPEAeIEHHOMY MHTepBany JunH BoiH (~1 mm — 10
cm) mimn gacrot (~ 10° — 10™ ¢, nesxammx Mexry 1anékoi HHOPAKPACHON 0GIACTHIO W OOBIYHBIM
PaaMoOYaCTOTHBIM JUaa3oHoM (YIbTpakopoTkuxX BoJH - YKB), T.e. B 00nacTu Tak Ha3bIBaeMBIX
cBepxBbicokrXx 4acToT (CBY). B pammocneKTpOCKOMUYECKHX SIBJICHUSX MEXIY BEIISCTBOM H
ANEKTPOMArHUTHBIM TIOJIEM TPOUCXOJUT OOMEH JOCTaTOYHO MallbIMH KBaHTaMHu dSHepruu hv,
MEHBIIUMH, YeM KBaHTHI HH(PPAKPACHOTO M3TydeHus. IMEeHHO BClIeCTBHE TOTO, YTO MIPUMEHSETCS
Majoe BO3MYIIEHHE HCCIEIyeMOro OO0beKTa, pPaJHOCHEKTPOCKOMUYECKHE HUCCIETOBaHHS
MO3BOJISIIOT BBISIBUTH TOHKWE JIETAIM Pa3HOOOpa3HBIX aTOMHBIX O0Opa30BaHWil, HauyuHas OT
CTPYKTYpPBI OJIEKTPOHHOH OO0OJOYKH OTAENBHBIX aTOMOB M KOHYas CTPYKTYPOH CIIOKHBIX
AIIEKTPOHHO-MOHHBIX CUCTEM, B YACTHOCTH — KpUCTAIOB. Oco00€ MeCTO MO YyBCTBUTEIBHOCTH U
BO3MOKHOCTSIM  TOJy4eHUs  uHpopMmammu 00  ucciegyeMoM  OOBEKTe  3aHMMAIOT
PaTMOCTIEKTPOCKOTIMUECKIE METOBl HCCIEAOBAHUS B YCIOBUSAX PE30HAHCHOTO TMOTJIOIIEHUS
AIIEKTPOMArHUTHOTO  BO3ICWUCTBUS HA BENIECTBO B MNPUCYTCTBHH BHEIIHETO MEUICHHO
MEHSIOIIErOCsT MAarHUTHOTO TIOJNsl — TaK Ha3bIBaeéMble MAarHWTHBIE PE30HAaHCH. B oriomume ot
ONITUYECKON CIEKTPOCKOTHH, B KOTOPOH pacCMaTpUBAIOTCS TEPEXOJbl MEXAY aTOMHBIMHU HIIN
MOJIEKYJISIPHBIMH MYJIBTHUIUIETAMH B MarHUTHO-PE30HAHCHBIX M3MEPEHHUSX M3YYaloTCs MEPEeXOIbl
BHYTPH JaHHOTO MyJbTUIUIeTa. Ha BO3MOXKHOCTH MCIOJB30BAHUS 3TUX IEPEXOJIOB KaK CPEICTBA
u3yueHus BemiecTBa BriepBble oOpatiin BHUMaHue f1. I'. Jlopdman B 1923 r. Ilpu sToM OH nan
KayeCTBEHHOE KBaHTOBOE OOBsICHEHHME pe3oHaHCHOro mormomenuss CBY  wusnmydenus
dbeppomaruernkamu, kotopoe Obuto OTKpbITO emé B 1911 r. B. K. ApkamseBeim. B 1931 r.
amepukaHckuii usuk M. A. Pabu ucrosib30Baz arTOMHBIE U MOJICKYJISIpHBIC TTyYKH (HalpaBJiCHHbIC
MOTOKM AaTOMOB HJIM MOJICKYJ, JBHUTAlOIIUXCS B BaKyyMe) B MarHUTHO-PE30HAHCHBIX
HKCTIEPUMEHTaX BHayalle Uil W3MEPEHHS MarHUTHBIX MOMEHTOB sJiep, a 3aTeM Uil W3MEpEHUs
pPa3IMYHBIX XapaKTePUCTHK MOJEKyJ, aroMoB U sjep. Ilpemnmoxxkennoe WM. A. Pabu
KBaHTOBOMEXaHHUYECKOE OMUCAHME CBEPXTOHKOW CTPYKTYpHI CIEKTPOB B ATHUX JKCIIEPUMEHTaX B

TanbHEeWIeM ObIJI0 TMPUMEHEHO MPH HHTEPIPETALUU CIEKTPOB DJIEKTPOHHOTO IMapaMarHUTHOTO
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pe3onanca, otkpbiToro E. K. 3aBoiickum B 1944 r. B nanpHeimemM noay4nin pa3BUTHE PAa3TUYHbIE
MOJM(UKAIIIN MarHUTHO-PE30HAHCHBIX METO/JOB. B HacTosiee Bpemsi CYIIECTBYET HECKOJIBKO
TUIIOB MarHUTHBIX PE30HAHCOB, CBSI3aHHBIX C HAJIMYUEM Y 3JIEKTPOHOB U S,I€p CHMHOBOI'O MOMEHTA
KOJIMYECTBA JIBWKEHHSI: SIICPHBbIA MarHUTHBIA pe3oHaHc (SIMP); snekTpoHHBIH mapamarHUTHBIH
pesonanc (DI1P); aBoiiHON 3eKTpOHHO-sAAepHBIN pe3oHaHc (JIDSIP); onTuyeckn AETEKTHPYyEeMbIii
OITP (OJDIIP); sinepHblit kBagpynonbHeiid pezonanc (SIKP); ¢eppomaruuthbii pezonanc (PMP
wim OP); cnun - BonHoBoW pe3oHanc (CBP); antudeppomarautHbiii pezonanc (ADP). B
npe/UlaraéMoOM BHHMMAHHUIO CTYJIEHTOB W HAyYHBIX COTPYAHUKOB Yy4eOHOM TIOCOOMHM KpaTKo
M3JI0KEHBl OCHOBBI HaWOoJee IIUPOKO MPHUMEHSIEMBIX B PaTUOCIEKTPOCKONUU TBEPIBIX Tell
MarHuTOpe30HaHCHbIe MeTo bl uccnenoanus DIIP (Bmecre ¢ JI95P) u ®MP. ABtopsl mocobwus,
HaunHas ¢ cepeauHbl /0-X roJoB mpomnwioro Beka. mpuMeHsuin JIIP - crmekrpockomnuio B
naboparopusix Kadeap OIEKTpOHHKH TBEpAOro tena W DU3HKK  TOJYIIPOBOJHUKOB U
ONTOAIEKTPOHUKHN (u3udeckoro ¢akymprera HHIY nmns wccnepoBaHus MPUMECHBIX aTOMOB
TPYIIIBI XKele3a B KpEeMHNH 1 coemuuennsax A°B°, panarmonubix nedextoB B kpeMuun. OIHH 13
aBTOopoB (A. A. EsxeBckuit) ¢ mpumenennem JIIP u JIDSP ucciemoBan B 1abopaTtopud UMEHU
3eemana B Hunepnannax cioxHble Ae(eKThl KpeMHUS - KOMITJIEKCHI U3 aTOMOB WJIM HOHOB TPYIIITBI
xKeneza U COOCTBEHHBIX Ne(PEeKTOB B KPeMHMH. B HacTosnee BpeMsi OKa3aloCh IUIOJOTBOPHBIM
npumenenne DIIP st m3ydenus nehekToB B MOHOM30TOITHOM KpeMHuu. Oxoso 10 mocnenHux et
OIIP nmpumeHsieTcss HaMU A1 U3YYEHUS CBOICTB Ie€TEPOCTPYKTYpP C HAHOYACTULAMHU KPEMHHS.
Hakonen, B mnocneaHee BpeMs, B CBS3M C pa3BUTHEM HOBOTO HAyYHOTO HAIpaBJICHUS —
CIIMHTPOHUKM M CBSI3aHHBIM C ATUM OOJIBIIMM HHTEPECOM K TaK Ha3bIBa€MbIM DPa30aBICHHBIM
MarHUTHBIM noaynpoBoanukam Hamu (E. C. Jlemumos, B. B. Kap3anoB), ycnemrHo npumeHsieTcs
MarHUTHOpe30HaHCHBIN MeTo 1 DMP /17151 ncciie[oBaHUs CBOMCTB ATHX HOBBIX ()eppOMarHeTHKOB.

JlarHoe y4ueOHOoe mocoOue cocTouT u3 AByX TiaB. [lepBas mocssimena DI1P ¢ BriroueHneM
pasnena JIDSDP. Bropas comepxutr B ocHOBHOM omucanue ®MP. B o0enx dacTsax H3II0KEHHE
WUTIOCTPUPYETCS KaK IpUMepaMu U3MEPEHUN U3 IUTEpaTyphl, TaK 1 HEKOTOPBIMU pe3yJIbTaTaMU U3
AKCIEPUMEHTAJIbHON NMPAKTUKH aBTOPOB.

B mHacrosimee Bpemsi wuMeercss oOmmupHas ydeOHas U Hay4yHas JHTEparypa 110
MarHUTOPE30HAHCHBIM MeToJiaM, ocobeHHo, mo JIIP-crekrpockomuu. OOmupHBIE MOHOTpaduu
u3BecTHBIX yuéHbiX C. A. Anpriryiuiepa u b. M. Koseipea [1], A. AGparama u b. briuau [2] natot
OCHOBATEJIbHOE U3JIOKEHUE TEOPUM METOJa M €ro MHOTOYHMCIEHHBIX TNPUMEHEHUH B
AKCHEPUMEHTAJIbHOM HCCIIEJOBAHUM HOHOB IE€PEXOJHBIX 3JEMEHTOB B TBEPIBIX Tenax. llepsbie
WCCIICIOBAaHUS TIEPEXOAHBIX JJIEMEHTOB U pPaJUallMOHHBIX Je(EKTOB B TMOJIYIMPOBOTHHKAX
cymmupoBaHbl B MoHorpaduu [Ix. Jlrogeura u I'. Bynoepu [3]. OcHOBBI MeTo1a H3JI0KEHBI B PsIC

KHUT y4eOHO# HampaBineHHocTH, Hampmep, [4,5]. Lens HacTosmero mnocoOHss HOMOYb
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COpUEHTHPOBATHCS B MHOTOYMCIEHHOW JuTepaType. IlocnenoBarenbHoe U3I0KEHUE AaKe TOJIBKO
OI1P He BO3MOXXHO B oaHOM mocoOuu. IlosTomy B mepBoil yacTu cHauvana B pazzmenax 1.1 m 1.2
NepevucstoTces: Bo3MoxHoctu Merofa JOIIP u naérest kpaTkoe NpenBapUTEIbHOE PACCMOTPEHHE.
[IpencraBnsiercss CNMHOBBIM TaMUJIBTOHHAH, COCTABISIONIMKA OCHOBY KBAaHTOBOMEXaHHYECKOTO
onucanus. [Toka3aHa ero cBsi3b ¢ TOHKOH U cBepxToHKOH cTpykTypoit (TC u CTC) cniekrpos DITP.
Omnmcana xapakTepHasi (hopMa JTHHHUNA crieKTpoB. [IpencraBinensl, BaxKHbIE U1l TOHUMAHUS CBOWCTB
aTOMOB TEPEXOJHBIX 3JEMEHTOB B  alMa30MoJO0OHBIX MOJYMPOBOAHMKAX W ux OIIP—
CTIIEKTPOCKONUH, TEOPHUS KPHCTALIMYECKOTo 1oyt U monenb Jlioasura-Bynabepu. B crnemyromem
pazznene 1.3 mepBoii YacTH JAlOTCS TEOPETUUYECKHE OCHOBBI METO/Ia OT KJIIACCHUYECKOM JTApMPOBCKOM
MPELECCHH JI0 IPUMEHEHHs] MaTPUYHOTO amnmapara KBaHTOBO# MexaHuku npu ormucanuu TC, CTC
u cynepcBepxtoHkoit cTpykrypbl (CCTC) cmektpoB DJIIP. [loka3aHbl JOTOJIHUTEIBHBIC
BO3MOYHOCTH JBOMHOTO 3JIEKTPOHHO-4JIEPHOTO PE30HAHCA.

Bo Bropoit wactm mocoOusi omuceiBaercs Mmeronq OMP. Jlureparypa, mnocBsAmEHHAs
MarHUTHOMY PE30HAHCY B (heppoMarHeTukKax, He CTOJb o0mupHa Kak B ciaydae JI1P. Uznoxenue B
3HAUMTENbHON Mepe Oasupyercs Ha MoHorpaduu [6] mox penmakmmein C. B. Boncosckoro,
yueOHuKax [5,7] u HemaBHel 0030pHO# cTaThe [8]. B KOHIIE BTOpO#t YacT MpUBECHBI J1BA pa3/iela,
B KOTOPBIX KpaTKo wu3iaraercs (u3MKa MarHUTHBIX pE30HAHCOB B (peppuMarHeTHKax u

aHTH(EpPOMArHEeTUKAX, TPOBOJUTCS CPAaBHEHUE C MAarHUTHBIM PE30HAHCOM B (DeppOMarHeTHKax.



I'maBa 1. DyieKTpPOHHBI NapaMarHUTHbIN pe30HaHC

1.1. Bo3MOKHOCTH METOAA

DJeKTPOHHBIA MapamMarHUTHBIN pezonaHc (DIIP) — pe3oHaHCHOE TNOTJIOIIEHHE SHEPTUU
CUCTEMOM MapaMarHUTHBIX aTOMOB, MOJIEKYJ] MJIM JJIEKTPOHOB IPOBOJMMOCTH, IMOMEIIECHHBIX B
MOCTOSTHHOE MarHUTHOE mosie. [10cKobKy mapamMarHeTH3M aTOMOB M MOJIEKYJ TJIaBHBIM 00pa3oM
0OyCJIOBJIEH HEHYJEBBIM CYMMapHBIM CIIMHOM 3JIEKTPOHHBIX O000JI0YEK, a Yy JJIEKTPOHOB
MIPOBOJIMMOCTH - TIPOCTO HAJMYUEM ChHHA, TO BMecTo OIIP mHOTma ymoTpeOnsioT TepMUH
ANIEKTPOHHBIN CIMHOBBIN pe3onaHc (DCP).

[TapamarHUTHBIN pe30HAHC OBLT OTKPHIT, KaK yxe oTMedanoch Beime, E. K. 3aBoiickum B
1944 r. npu ucciaen0BaHUM MOTJIONIEHUS 3JIEKTPOMAarHUTHOTO M3JTydeHus Ha dactore 133 Ml B
BOJHOM pactBope MmemHoro kymopoca (CuSOs%H20), 3atem B Habmoaenusx DIIP npu Oonee
BBICOKHX 4aCTOTax B ITIAPAMarHUTHBIX KpUCTAIIaX. B TedeHue nepBoro JeCATUIIETHS ITOCIE 3TOrO B
X0JIe M3y4YECHUs SBJIICHUS U YCOBEPIICHCTBOBAHUS TEXHHUKH BBICHWINCH IIMPOKHUE BO3MOYKHOCTH
mertona DIIP.

Cnextpbl JI1P 1mo3BOJIAIOT MONYYHTh BaKHYIO HH(POPMALMIO O MArHUTHBIX CBOMCTBAx
BEILIECTBA, O XUMHUUYECKOW CBSI3M M BAJICHTHBIX COCTOSHUAX B TBEPABIX TENaX, O AMHAMUYECKUX
B3aMMOJICHCTBUSX MEX1y CIMHAMH U PEHIETKOM, O MarHUTHBIX MOMEHTax sifiep U T.14. D[P moxer
MPUMEHSTBCS ISl MCCIIEIOBAHUS JIIOOBIX arperaTHBIX COCTOSHHUM BelecTBa U OHOJOTHYECKHX
00BeKTOB. B manpHeiinem mosBuimch Oosiee crokHabie Moaudukanuu DIIP - 1BOWHOM 31eKTpOHHO-
snaepublii pesoHanc ([ADAP), ontmueckum nperekrupyembiii OIIP — (OJIDIIP), akyctudeckuii
napamarHuTHelii  pe3onaHc (AIIP). PoxctBennbiMu DIIP  sSIBICHUSMH CUHMTAIOTCS  SIICPHBIN
MarHuTHBIN pe3oHaHc (IMP), beppomaruuthslit pezonanc (OPMP).

JUis MOHOKPHUCTAJUIOB, COJEpXkAalllMX HapaMarHUTHbIE HOHBI, ¢ nomomipio OIIP moxHO
MOJIYYHTD CIEAYIONIYI0 HHPOPMAIIHUIO:

a) YMCJI0 HEDKBUBAJICHTHBIX MATHUTHBIX IIEHTPOB B 3JIEMEHTAPHOM sSUeiKe MOHOKPUCTAIIIA;

0) OpHUEHTAIMIO MATHUTHBIX LIEHTPOB 110 OTHOLICHUIO K KPUCTAILIOTPAQUISCKUM OCSIM;

B) CUMMETPHIO OJIMKANUIIEro OKPY)KEHHs TapaMarHUTHOTO MOHA,

T') MapaMeTpbl OCHOBHOTO ¥ BO30YXIEHHBIX COCTOSIHUHM TapaMarHUTHOTO HOHA;

1) DHEPreTUYECKOE PACCTOSIHUE MEXKTy OCHOBHBIM U BO30Y)KIEHHBIM YPOBHSIMH;

€) HEKOTOPbIC JJAHHBIC O SIIPe: CIIUH, MArHUTHBII MOMEHT, KBaJIPYIIOJIbHBI MOMEHT;

) BBISICHUTh MEXaHH3MbI CIIUH-CITMHOBOTO U CIIUH-PEIIETOYHOTO B3aUMOICHCTBHSI.
[TpuHIMTIHATIEHO AIIEKTPOHHBIM ITapaMarHeTU3MOM 00J1a/1atoT:

a) BCE aTOMbI, HOHBI ¥ MOJICKYJIbI C HEYETHBIM YHCIIOM 3JIeKTpOoHOB, Hanpumep, H, Na, NO, NO; ;
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0) aToMmbl, MOJICKYJbl C YETHBIM YHUCIOM OJJIEKTPOHOB, OOJAJAalOUIMX OTIMYHBIM OT HYJIS
pPE3YJILTHUPYIOINIMM MOMEHTOM KOJHMYECTBA JBHXKCHUS JIMOO B OCHOBHOM COCTOSIHUH
(mampumep, Op), MO0 B BO30YXIEHHOM COCTOSIHUH (HAIIPUMED, ApOMATHUYECKUE COCTUHEHHS);
B) HOHbI, HMEIOIIHE YACTHYHO 3aII0IHEHHBIE BHYTPEHHIE 0607104KH, Hanpumep, Cu?* |, Fe® u T.1.;
r) CcBOOOJHBIC paIvKalbl, SBISIONIMECS XUMHYCCKUMHU COCJAMHCHUSMH C HECIApECHHBIMH
AIIEKTPOHAMH Ha MOJIEKYIISIpHOU opoute, Hanpumep, CH3z u 1p.;
1) LEHTPBI OKPACKU - 3aXBAYCHHBIC DJICKTPOHBI WU JBIPKH, Hanpumep, F- HEeHTphl B MENOYHO-
rajutonaabix kpuctrawiax (NaCl u np.);
€) CBOOOIHBIC DJICKTPOHBI B BAKYYME, METaJLIaxX, MOJIYIPOBOIHUKAX;
K) paauaoHHbIe 1e()EKThl B KPHCTAIUIAX MOJIYIPOBOJIHUKOB, TUJICKTPHKOB.

B audnekTpukax ¥ HE CIMIIKOM CHJIBHO MPOBOASAIIMX IMOJYHPOBOJHHKAX MeTogom DITP
UCCIICYIOTCS  CBOOOJHBIC DJCKTPOHBI M JIBIPKH, COOCTBEHHBIC JE(PEKThI, JUCIOKAIINH,
MOBEPXHOCTh, NpHMecHble aedekThl. [IpuMecn W nedeKkTbl MOXKHO HCCIIEIOBaTh B CHIIBHO
MPOBOSAIINX TOJYIIPOBOJTHUKAX M METaIaX, €CIU MCIOJIb30BaTh 00Pa3Ibl C TONIIMHOW MEHBIIE

TOJIIHUHBI CKMH-CJIOA

d=,2r /wm, , (211

II€ p — YACIBHOE CONIPOTHUBIICHHE, () — KPYroBasi 4aCTOTa, [l; — MarHUTHas IPOHUIIAEMOCTb.

[To xpaitaeir mepe, TeopeTndecku Mmeroa DIIP obnamaer OGONBIIMME BO3MOXKHOCTSMH, BO
BCEX BBIIIE TEPEUMCICHHBIX CIy4yassx MokeT HaOmromathest OIIP. XoTs mnpakTHyecku 53TH
BO3MOKHOCTU yNa€Tcs peaau3oBaTh JAJIEKO HE BCErJd. YCIEeX 3aBUCUT OT BO3MOXKHOCTEHU
U3MEpEHUsl B IIMPOKOM MHTEpBaJIe TEMIEPATyp, HAuWHas OT IEJIMEBBIX TEMIIEPATyp B €IUHUIIbI
rpagycoB KenbpBuHa, npuMeHeHHs: Ha00pa 00pa3lioB ¢ KOHTPOJIUPYEMBIM COAEPIKaHUEM Pa3IUIHBIX
ne(heKTOB, MPUMEHEHHS Pa3JIMYHBIX BO3JACHCTBHI HA BEIIECTBO (JaBJIEHHE, ONITHYECKOE 00TyUeHHE
U T.71.). U, KOHEYHO *ke, yCIeX 3aBUCUT OT UCKYCCTBA paciIM(pOBKH CIOKHBIX criekTpoB DI1P.

B nanpHelineM HUKe, B TEX CIIydasX, KOTJIa JIEKTPOHBI, OTBETCTBEHHBIE 34 ITapaMarHUTHOE
MOTJIONIEHHE, JIOKAIIM30BAaHbI B BEIIECTBE Ha Je(eKTax WM MpUMECSX, Mbl Oy/IeM HCIOIb30BaTh

OJTMH TePMHH - apamarauTHeli 1entp (I1LT).

1.2. lIpeaBapuTebHOE pacCMOTPeHHE

1.2.1. Cyrs siBaenust JIIP

B ocnoe OJIIP nexut »ddexkr 3eemana - sBICHHWE paCUICTUICHUS DSJICKTPOHHBIX
sHepreTuyeckux ypoBHed IIL[ B marHutHOM moJie. PacCMOTpUM BEHIECTBO, COJEPHKAILEE ATOMBI

WM MOJICKYJIbI, HMCHOHNIMEC 110 OJHOMY HCCIIApCHHOMY OJJICKTPOHY. HJ’ISI MMPOCTOThI BHAYAJIC
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CUUTAEM, YTO KaXK[bIH 3JEKTPOH He o0nagaeT opoutanbHbiM MoMeHTOM (L=0), T.e. HaxoauTCs B S
cOCTOSIHUU. HeT ciMH-CIMHOBOTO B3aMMOIEHCTBHA. B MarHUTHOM M0JIE€ TIPOUCXOANUT PACIICTIIICHHE
BBIPOXJICHHOTO IO CIIUHY dHEpreTudeckoro ypoBHs (puc.1l.2.1). DneKTpoHBI ¢ MpOEKIHel CruHa

1 o 1
S=-§ (MarHUTHBIA MOMEHT BJIOJIb MOJIS) IMEIOT SHEPTUI0 MEHBIIIE, YeM Y JIEKTPOHOB ¢ S= +5

(MarHUTHBI MOMEHT MPOTHB MOJIsT). Pa3HOCTB SHEPruit MEXy STHMHU YPOBHIMHU

DE =gm,H Y, (1.2.2)
riae OespasMepHbIil (akTop crekTpockonudeckoro pacmierwieHuss g=2,0023 mis cBoOOIHOTO
snekTpoHa, My =eh / 2mc - markeron Bopa (iu B cucreme CU N = eh /2m =9,274140%* Jix< ™
= 5,788440° >BA™), H - HanmpsykeHHOCTh MArHATHOTO Tojis. Uepes HEKOTOpoe BPeMs MOCie
BKIIFOYCHUSA MArHuMTHOIO IIOJId B CHCTEME CIIMHOB HACTYNUT TCIIJIOBOC PABHOBECHUC. B »sTomMm
COCTOSTHMM 3€EMaHOBCKHE YPOBHH 3aceleHbl B COOTBETCTBHUHM C pacrpenelieHueM bolibiMaHa,

OTHOIIICHHUE 3aCEIEHHOCTH N1 HUXKHETO YPOBHS K N2 BEPXHETO OIPEACIISACTCS BBIPAKCHHUEM

gm xH

Moo kT (12.2)

n;

rie K - mocrosianas bonbivana, T - abcosroTHas Temmeparypa.
E 11a
Puc.1.2.1 3eeMaHOBCKOE pacIuierieHue
hv = gugH OSHEPreTHYECKUX YPOBHEU JIEKTPOHOB B MarHUTHOM
i NoJie W PE30HAHCHOE TOTJIoeHHe MouHoctH P
TF : 1 KBAaHTOB paano4aCTOTHOTO HU3JTyUCHUSA
U —’“ﬂ;*— B hn=DE=gmgH.

[Tpu o6br4HO Mcnonb3yeMbix B DIIP momsx H mpumepno ~ 10000 Dpcrexn (B cucreme CU
3TO COOTBETCTBYeT MarHWTHOW muaykimu B=1 Tecma), gmgH /(kT )<<1. ITosTOMYy MOXHO,
paznoxuB (1.2.2) B CTCIEHHOW PSIT ¥ OTPAHUYMBIIKCH TIEPBBIM MOPSIKOM MaJOCTH MO BEIUYHHE

gmgH , 3anucats

= ITpumeuanue: B cucreme enunun CU DE = gmg B, rae B — unaykuus marautaoro noist. OxHaxo B
sutepatype mo JIIP (u ®MP) 1o cux mop 00bIuHO HcTonb3yercs He cuctema enunun CH, a CGSM, B
xoropoii 3amuceBator DE = amy H . B sroit cucteme enuuuI B BaKyyMe HaIPSHKEHHOCTh MATHHUTHOTO
nonst H yucieHHo coBnagaer ¢ MHAyKIueiH MaruutHoro nosst B (H=poB, pne=1).
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1 =q+ZB (1.2.3)

HeOomb110ii n30bITOK N1-N2 TPUBOJMT K IOSBJICHHUIO MAKPOCKOIMMYECCKOI0O MarHuTHOTO MOMEHTAa M

CAMHHUIIBI 00BEMa BCIICCTBA MJIM K HAMAarHM4Y€HHOCTH BCIICCTBA

M =cyH :coE (1.2.4),
My

rae H — mampsokeHHOCTB, B - MHAyknms marHutHoro mons, My, =4p X0’ T'm/M — MarHuTHas

MOCTOsIHHAA, CTaTUYCCKas MmapaMariuTHas: BOCIPUUMUYNBOCTDb

_ Nog’ng =S(S+1) (125)

Co KT

rie No — konrentpanus I111, B paccmarpuBaemom ciyuae S=1/2.

JIOTIOTHUTENBHO MPUIIOKHUM K CHCTEME ParodacTOTHOE MarHuTHoe noste Hy,= H1cos(2pnt)
NEPNCHAUKYIAPHO HAIPABJICHUIO ITOCTOSAHHOTO ITOJIA H . Korz[a OHEPTHUA KBAHTOB HpI/I6JII/I)KaeTC$I K
PE30HaHCHOMU

hn = DE = gxnmp>H, (1.2.6)

C OJMHAKOBOW BEPOSITHOCTBIO CTHUMYIUpPYIOTCS mepexonsl kak 1-2 ma pmc. 1.2.1 BBepx c
MOTJIONICHHEM KBaHTOB hn |, Tak u 2-1 - cBepxXy BHH3 C M3JIyYCHHEM TaKUX e KBaHTOB. Tak Kak
N;>Ny , mpeBanupyer noriomierne. [lpu 3ToM pasHOCTH Ni-Ny YOBIBAET U PE30HAHCHOE MOTJIOIICHHUE
ymenbmiaercs. OJHaKO BCerAa €CTh pENIaKCallMOHHBIE IPOLECCH, KOTOpPBhIE CHOCOOCTBYIOT
BOCCTaHOBJICHHIO TEIUIOBOr0 paBHOBecHs (1.2.2) uepe3 B3aMMOJCHCTBUE CIHMHOBOIM CHUCTEMBI C
KoJe0aHuAMHU pemeETKH. B3anMoaelicTBIEe CIMHOBOM MOJACUCTEMBI C PEIIETOYHON XapaKTepHU3yIOT
BpPEMEHEM CITUH-PEemETOYHOM penakcanuu t1 . Pe3oHanca He OyzeT U MpH CIUIIKOM MalbIX, U MPH
cnuikoM Oonbmux ti. HuwkHss rpaHuia omnpenensercs yciaoBueMm ti >>1/w . Ecim tp »1l/w
LIMPHUHA JIMHUM PE30HAHCHOro norjouieHuss DH oka3biBaeTCsi CpaBHUMOW C pPE30HAHCHBIM I0OJIEM
Ho, pesonanc HepaznuuuMm Ha (OHE TOYTH HE 3aBUCSIIET0 OT YacCTOTHl MOTJIOIIECHUS
paguoyacToTHOro Bosneiictus. [Ipu t1 ® ¥ (cmaboe cnuH- peniéTouHOE B3aUMOJICHCTBHE) JaxKe
Majiasi MOIIHOCTh MPUBOAUT K HachlleHUuto crektpa DIIP u3-3a ymensmenus Dn = n-np . B
yiumpenue juaun D[P mMoryr naBate Briaa japyrue (aktopsl (HEOJHOPOJAHOE MAarHUTHOE TOJIE,
SZICPHBIC CITUHBI, CIIMH- CIMHOBOE B3auMojieiicTBue). CIUH-pEHIETOYHAS PelaKcalys OTpeelseT
HIDKHUIA TIpe/ieN NIMPHUHBI JIMHUH, paBHblil t1/2 . [Ipu oTcyrcTBrm opouTansaoro BeipoxaeHus (I=0)
o0bryHO t1 Benmuko u criekTpbl DI1P MoXxHO HabMIONATH Aa)ke MPU KOMHATHBIX TeMIieparypax. [Ipu
[t 0t; pe3ko magaer ¢ pocTOM Temreparypsl, U HaoOroaeHne DI1P BO3MOKHO JIUIIb MPH FeJINEBBIX

TeMIlepaTypax.
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Ecnu HecmapeHHBIE 3JEKTPOHBI 00JIJAI0T OTJIIMYHBIM OT HYJSI OpOUTATIBHBIM MOMEHTOM
KOJIN4eCTBa JBIOKeHHS (P-, d-, f- 2JIeKTPOHBI), TO MArHUTHBIA MOMEHT, CBSI3aHHBIN C OPOUTATIBHBIM
JBIKCHUEM, CKIIAJIBIBACTCS CO CHHHOBBIM. B pesymbrare g-haktop ompenensiercs (opmyioi

Jlanne

Ja+1)+S(s+1)- L(L+1)
2J(J+1) !

g=1+ (12.7)

rae J - BeMMYMHA MOJIHOTO MOMEHTA KOJHMYECTBA JBWXKEHHs, L - opOHTaIbHOTO, S - CHMHOBOTO
momenToB. Ilpu L=0, J=S Oyner g=2, a ¢ yuérom penstuBuctckux 3¢pdexroB g=2,0023, kak
YKa3bIBaJIOCh BBIIIIE.

B kpucramne oOBIYHO MMEET MECTO CHJIBHOE B3aMMOJECWCTBUE DJJIEKTPHUECKUX TOJEeH ¢
HECTIAPEHHBIMH  dJeKTpoHaMu.  OpOHWTaNbHBIA ~ MOMEHT  MOXET  OBITh  “3aMOpOXKeH”
KPUCTATHIECKUM TI0JIEM, U Torza g-paktop MpUOIMIKAETCs K YUCTO CIIMHOBOMY 3HAUYEHUIO » 2.
3TO B3aMMOJIEHCTBHE OOBIYHO AHWU3OTPOITHOE, YTO MPUBOJUT K TOMY, UYTO {-(hakTop CTaHOBHTCS
TEH30POM.

Ecnu Ha mapamMarHUTHOM LIEHTpPE JIOKAJIM30BaHO HECKOJIBKO HE CIIAPEHHBIX AIEKTPOHOB, TO
UX B3aMMOJICHCTBUE C BHYTPUKPUCTAIUIMIECKUM I10JIEM OOBIYHO MPUBOIUT K PACIHICTUICHUIO JTMHHUNA
OIIP Ha psn oTHENbHBIX JIUHUM, YaCTO HE PABHBIX 110 aMIUIUTY/E, MTOJI0KEHHE KOTOPHIX 3aBUCUT OT
B3aMMHOM OpPHEHTAllMM MarHuTHOIO MOJIsI U KpucTaiga. B 3ToM ciydae TroBOpSAT O TOHKOM
crpykrype (TC) cmekrpa DIIP. Ywucno nuuuit TC paBHo 2S, rae S - 3hGeKTHBHBINA CIUH
IIapaMarHUTHOTO LIEHTpA.

W3-3a B3auMOAEWCTBUS HE CIAPEHHBIX JJIEKTPOHOB C SAPOM IApaMarHUTHOTO HOHA
BO3HMKAET JOIOJIHUTENIbHOE paciierienre JuHuil OIIP, HazbpiBaeMoe CBEPXTOHKOW CTPYKTYpOM
(CTC). Hnst simpa co cnuHoM | mosrygaercst 21+1 kommonent CTC. Ecnm BenuumHa 3TOTO
paciieruieHus MHOTo MeHblne g  (CHMH-CIIMHOBOE W 3JIEKTPOHHO-SICPHOE B3aMMOJICHCTBHS
MHOTO MeHbIle 3eeMaHoBckoro), Juauu CTC skBuaucTantHel, ammuryaa auauidi CTC mourn
onnHakoBa. [lonoxxenue nuuuit CTC npakTH4ecKH HE 3aBUCUT OT OPUEHTALlMU KpHUCTaJlIa.

Awnanoruyto (1.2.4) mi1st pagro4acTOTHOTO TOJISI UMEET MECTO COOTHOIIICHHE

Mps = CHpy . (12.2.8)
To ecThb, KpOMe MOCTOSIHHOTO MarHUTHOTO MOMeHTa (1.2.4) MosBisieTCs] ePEMEHHBIH MAarHUTHBIH
MOMEHT M3MEHSIOIINICS ¢ yacToToM N. Tak kak yactota N O6Jau3ka K pesoHaHcHO# yactore (1.2.6),
KpOME TIOTJIOIIEHUS DHEPruu PaMOYacTOTHOTO TOJii OyAeT WMETh MECTO JHCIepCus
(cootHomenne Kponura- Kpamepca), u 3aBucsIIas OT 4acTOThI BOCIIPHUMYHUBOCTH, Ha3bIBacMasi
JUHAMHAYECKOU BOCIIPUUMYHUBOCTBIO, ABJISIETCS KOMIUIEKCHON BETMYMHOU

c=c(-icC. (2.2.9)
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HelicTBuTenpHas 9acTh C( OTBETCTBEHHA 3a JUCIIEPCHUIO - HecoBIaaeHUE (a3bl KojaebaHuid My ¢

Hpq , a MHHUMas 4acThb C €-3a MOrJIOMECHNUE MOIIHOCTH 3JICKTPOMATrHUTHBIX KoJIeOaHMit

P:%wc@tzpq , (1.2.10)

rae W=2pn.

Cornacuo (1.2.6) mis nHabmogenuss DIIP MoxHO 100 MeHSTh MarHuUTHOe mosie H mpu
(dbukcupoBaHHOHN YacTtoTe N, MO0 W3MEHATH N TpH (PUKCUPOBAHHOM MarHUTHOM TioJie. Tak kKak Juist
obecrieueHns JOCTaTOYHO OOJBIINX Mi-MNp coracHO (1.2.2) sxenaTenbHbl OOJIBIINE MATHUTHBIC TIOJIS
W, ClIeJIoBaTeNbHO, Oonbimue dYacToThl, TO m3Mmepenue OIIP mpoumsomst B CBU-mumanazone
CAaHTHUMETPOBBIX WJIM MHUIMMETPOBBIX JUIMH BOJH N » 10° - 10" I'm. B CBY ngwmamazone
TEXHUYECKU TPYAHO MU3MEHSTh YacCTOTY B IIMPOKHX mpesenax. [[o3ToMy mpuMeHseTcs BapHaHT C

(UKCHPOBAHHON YaCTOTOW M M3MEHSIOIMMCSI MATHUTHBIM T0JIeM, Kak Ha puc.1.2.1.
1.2.2. CuvHOBBII raMIJILTOHUAH

B oOmem cityqae TeopeTHuecKoe ONUCAHUE MapaMarHeTH3Ma SIBJISeTCS CII0KHON 3amadeil.
OOBIYHO TIPU KBAaHTOBO-MEXaHMYECKOM paccMoTpeHun OIIP orpaHnymBaroTCsS PAIOM HHU3IIMX
SHEPTeTUYECKUX YpPOBHEH, MarHMTHBIE CBOHCTBa KOTOPHIX OTHCHIBAIOT OIEPATOPOM SHEPTHH,
HA3bIBAEMbIM CIIMHOBBIM TaMWJIBTOHMAHOM Hg;, TO e€cTh, TOJHBI TaMWIBTOHHAH CHUCTEMBI
pa3zesIoT Ha JIBE YacTH

H=Ho+ H,, , (2.2.11)
rae Ho BritOWaeT KMHETHUYECKYI0 M TOTEHIMAJIbHYIO SHepruro 3iekTpoHoB Il B oTcyrcTBum
BHEIIHETO TIOJISl M CIUH- OpOMTaJIbHOTO B3ammopaencTBus. B H., mpousBoauTcs ycpeaHeHue 1mo
BCEM IMPOCTPAaHCTBEHHBIM KoopAWHaTaMm. I[lo3ToMy CHMHOBBIA TaMWIBTOHHMAH SIBISIETCS
OTIePaTOPHBIM MOJIMHOMOM IOJTHOTO MOMEHTA KOJIM4YecTBa ABMKEHUs J, rae 2H1 - uncio ypoBHEH,
CBOWCTBA KOTOPBIX JOJDKHBI ObITH omucanbl [3]. MHOrma BMecto J MCHOJIB3YIOT KBHBAJICHTHYIO
BEIMYUHY - “3¢dexTuBHbIN ciuH” S. MomenT J=L+S, rae L - opOuTanpHbIi MOMEHT KOJMYECTBA
JBYOKEHUS, S - MOJHBINA crivH AnekTpoHoB T1L1.

B orcyrctBumn opouransHoro BeipoxaeHus (L=0) J=S. [Ipu L#0 B 3aBUCHMOCTH OT 3HaKa
CIIMH- OPOUTAIIFHOTO B3aUMOJICHCTBHS OJTHBII MOMEHT KoJIn4ecTBa aBMxkeHus J=L-S nmm L+S.

CnuHOBBI TaMWIBTOHHAH COJCP)KHUT TAaKKE€ WIEHBI, ONMKCHIBAIONINE B3aUMOJICHCTBUE
SIIEKTPOHA C SACPHBIMH CIIMHAMU | j, T7ie | - HOMep si1pa C JaHHBIM CIIMHOM.

OOBIYHO caMBIMH OOJBIIUMH U, CJIEJOBATENBbHO, CAMBIMH BaXXHBIMH SIBJISIIOTCS WJICHBI
raMIWIbTOHMAHA, COJEpIKalllie Maible CTeNeHH HanpshkéHHocTH BHemHero noist H, J u ;. Kpome

TOTO, B TAMHJIBTOHHAHE HE JIOJDKHBI YYUTHIBATHCS WieHBI ¢ J (WiH |}), MOPsIIOK BEIMYUHBI KOTOPBIX
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npessimaer 2J (w 2lj), Tak Kak Takue WICHbl MOKHO BBIPa3HTh Yepe3 ciiaraeMble 00Jiee HHU3KOTo
MopsiaKa.

CHUHOBBIN raMIIBTOHHAH MOYHO TIPEJICTAaBUTH B (popme
Hen = Hz +Hyp + Hins ¥ Higon + Hoy =

=m,JgH +IDJ + JAI +101 - gny HI - My HRI (1.2.12)

c wieHaMu ¢ J u | 1o BTOpoi crenenu u ¢ H - mepBoii creneHu. IlepBblii wieH omuchIBaeT
36EMAaHOBCKOE€ pAaCILECIUICHUE DJICKTPOHHBIX YPOBHEH, BTOPOM - PpAaCUICIUIEHUE JIIEKTPOHHBIX
COCTOSIHUM KpHcTamueckuM mosieMm npu H=0, Tpetuil - B3amMOJAEHCTBHE 3JIEKTPOHHOTO U

AACPHOIO0 MAr"HuTHBIX MOMCHTOB, I-IeTBépTI)II\/JI - JOIOJIHUTCIBHOC K HKp QJICKTPUYCCKOC

B3aUMO/JICHCTBHE, OOYCIOBICHHOE KBAAPYIOJIBHBIM MOMEHTOM SIJIep C I>%, AT,

COOTBETCTBYIOLIMI JIBYyM CJIara€MbIM C SIAEPHBIM MarHeToHoM bopa NN - 3€€MaHOBCKOE

pacIIeIUIeH e SIePHBIX ypoBHeil. B 06miem ciydae kosduuments pastoxenns B (1.2.12) §, D :

A ) 6 u é SABJISIFOTCA TCH30PHBIMU BCIIMUMHAMMU.

@dopMa CIMHOBOI'O raMUJIbTOHMAHA 3aBUCHUT OT KJlacca CUMMeTpuu Kpucraiuia. Hanpumep, B
KyOM4eCKOM KpUCTAJUIe C TETPadAPHUUECKON CUMMETpHei ocu Kyba X, Y, Z SBISIOTCSA TJIaBHBIMU

OCSIMH é]-TeH30pa, O=0yy=09,~=9 , H;=gusJ'H, rae g - ckamap. AHaIOrM4HBIE YTBEPKICHHUS
CIPaBEUIMBBI U JJISl YIEHOB C If), A : (5 u R. Uro6s YYECTh aHU30TPOIHUIO KpPUCTAJIa B 3TOM

cllydae, HY)KHO BKJIFOUUTH 0oJiee BBICOKHE cTerneHu 1mo J wim |. B kpucramiax terpa’dapudeckoit
CUMMETPHH YICH, Cojaepkaimidi J B YCTBEPTON CTEMEHHU, SBIACTCS HAMMEHBIIMM (MCKIIHOYast
CBEPXTOHKOE B3aMMOJICHCTBHE), KOTOpBIH Maér BKiag B H,, mpum H=0. DroT BKIam oObIYHO

3aIIUCBIBAKOT B BUJIC Z[O6aBKI/I
Hupaos. =2 (08 +38 +34), (12.13)

r7ie a- mapaMeTp paculeruieHusi B KyOU4ecKoM ToJe.

CrnuHOBBIN raMHJIBTOHUAH, COOTBETCTBYIOILIUI HYJIEBOMY MarHUTHOMY TIOJIIO, IOJDKEH OBITh
WHBapUaHTEH OTHOCUTEIBHO OOpaIeHnss BpeMeHH. B CBS3M € 3TUM U3 BCEX WICHOB, HE 3aBUCSIINX
ot H, paspemens! Toapko unensl Buga J'|I™, mpuuém N+m - uéTHOE uMClOo, TaK Kak J U | MeHsIoT
3HAK TIPH OOPAIICHHH BPEMEHH. 3ampeleHsl, HAPHMED, WICHBI, MPOTOPIHOHAIBHBIE J HiH J .
Ho mpu H#0 paspemiensl, HarpuMep, WieHBI BUIA J3Hy .

B ciygae CBOOODHBIX DSIEKTPOHOB WIIM JABIPOK WM MEJIKHX TPUMECHBIX IIEHTPOB
UCTIOJNB3yeTcs MOAM(UKALNS CHMHOBOTO TaMWJIBTOHMAHA B MpUOMKeHUH 3>(pdekTuBHON Macchl
[3].

bonee monpobHas pacmmdposka ciaraemsix B (1.2.12) (kpome H,, ) nmeercs B kuure [4] .
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ITo mopsinky Benmuumnsl B (1.2.11), (1.2.12) H,»105B, H, » 10 5B, H,q,,»lO'5 5B, H,,, »10°-
10° 5B, H,, »107 3B. Tlosromy 3azaua pacuéra yposreii ITL{ 0GbIMHO PeIacTCsi METOLOM TEOPHH

BO3MYIIEHUN coCTOSTHUM H,,.
1.2.3 CBepXTOHKAasi M TOHKast CTPYKTYpHI [1,3]

PaccMoTpuM mpuUMECHBIN MOH B KpHUCTAJIE C SACPHBIM CHHHOM |, siIEpHBIM MarHUTHBIM
mMoMeHTOM gu J £ 2. C TOYHOCTBIO JI0 WieHOB BToporo nopsaka o J, | u B B (1.2.2.1) ocratorcs
claraeMble

H,., = gmyJH + AJl + (g + Rym,HI . (1.2.14)

Bo BTOpOM mopsiike TeOpHM BO3MYIICHUH, ToJiarasi, uto HanbosbmmM B (1.2.3.1) sBisercs nepBoe

cjlaracMo€, MOXHO TII0Ka3aTb, 4YTO OHCPIrCeTUYCCKUC YPOBHU HOHA [HOAKOTCA BBIPAXKCHUCM

IMII(1+2) - m?]- m{JJ+1)- M2}A?
Wy m =gngM +AM ;- (g+R)m; B, +- o

, (1.2.15)

rae M - npoekuuu Bektopa J,-J£ M £J, m- Bekropa |, -l EmE .
Ha puc.2 mokaszana cxema SHEpreTH4IeCKuX ypoBHei s ciyyas J=1/2, [=3/2. B mpoctom,
paccmarpuBaeMoM Hamu DIIP, umeror Mecto numib nepexoas ¢ DM =41 u Dm=0.

M
" Puc. 1.2.2 DuepreTudeckre ypOBHH U MEPEXOBI  MEXKITY

*1% sueprernyeckumu ypoBHsaMu ¢ J=1/2 u 1=3/2. Tlepexomsl
OIIP cBsi3aHBI ¢ ”3BMEHEHUEM JIEKTPOHHOTO KBAHTOBOTO
MAarHuTHOTO 4yuciia M, a nepexoasl JBOMHOTO PE30HAHCA -

C UIBMCHCHHEM SAJICPHOI0 KBAHTOBOTO MAarHuTHOTO YHCJia

M IIpY TOCTOSIHHOM uucie M.
- 142

OHeprus nepexoja u3 cocrosuus (M-1,m) B (M,m) naércs BeIpakeHueM

[1(1 +1)- m* +m(2M - 1)]A?
2hn '

hn = gmBH + Am+ (1.2.16)

N3 (1.2.16) u puc.1.2.2 moxHO BuIeTh, uTo uMmeercst Bcero 2|+1 muauii CTC. [Mpuuém kaxaas u3

THX JIMHUW pachieruisiercs Ha 2J JHMHWA TOHKOW CTPYKTYphI, CBSI3aHHOW C YJICHOM
m(2M - 1)A?/2hn. Ha puc. 1.2.2 sHepreTHdeckne ypOBHH TOHKOH CTPYKTYPBI OTCYTCTBYIOT, TAK

kak J=1/2 u 2J=1. BaxxHo OTMETHUTb, 4TO corjiacHO (1.2.16), yacTOThI MEPEeX0J0B HE 3aBUCSAT OT
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opueHTaluu Kpucramia, To ectb, CTC He u3MeHsieTcs mpu MoBOpoTe Kpucramia. Kpome Toro,

uHTepBanbl Mexay ypoHamu CTC DE_,. =D(hn) MHOTO MeHbIe hNp - 9acToThl OCHOBHOTO

pe3onanca DIIP, koTtopasi, B CBOIO o4epe/ib, MHOTO MeHbIne KT. [ToaToMy pa3HOCTH 3acenéHHOCTEH
mexy ypoasiMu CTC mpakTHdecku 0JTMHAKOBBI, 1o aHayoruu ¢ (1.2.2, 1.2.3)
PEcrc — PEcrc

kT kT

rJie MPH JIOCTATOYHO BBICOKOH TemmepaType (T>>1K) Bce BeluunHBI Ny ONM3KH K KOHIEHTPALUH

DNere =Ny - Mg =Ny N (L2.17)

napaMarHuTHBIX LEHTPOB Ny, OTO 00CTOSTENBCTBO MPUBOJUT K MPAKTUYECKH OJWHAKOBON
ammumutyae muauid CTC. Yka3aHHbIe 0COOCHHOCTH TO3BOJISIOT SKCIIEPUMEHTAIBHO JIETKO OTIMYUTh
muanu OI1P, ces3annbie ¢ CTC. CornacHo (1.2.16), MOKHO M3 OIBITA BBIYHCIHTH KOHCTAaHTYy A
CBEPXTOHKOTO B3aMMOJEWCTBHS MapaMarHUTHBIX 3JEKTPOHOB C IOJIEM siipa U MO 3TOH BEIUYMHE
CyIUTh 00 aMIUTMTYAE BOJHOBOW (YHKIIMU OSTHUX JJIeKTpoHOB Ha sjpe. Ecmm ymaum OI1P
nocrato4no y3ku u paspemaercs CTC u TC, moxno onpeaenuts Benuuunsl J (mpu >1/2) u |, a no
MIOJIOKEHHIO [IEHTPa BCETro CIEKTpa Ha MarHUTHOW IIIKajie, 3Hask 4YacToTy N, BEIYUCIUTE - BakTop,
KOTOPBIH B JAaHHOM MPUOIMKEHIH N30 TPOTIEH.

Cnabas annzotpornusi CTC moxer ObITh nosyueHa npu yuére B (1.2.14) cinaraemsix Ooee
BBICOKOTO mopsiaka no mapamerpy siapa |. Kpome CTC, oT sigpa camoro mapamarHMTHOIO HMOHA B
KpHCTaJUIe BOBMOXHO cBepxToHKOoe B3aumoeincteue (JAI) B (1.2.11) ¢ simpamu coceTHUX aTOMOB
WJIM MOHOB KPHCTAJUIa, KOTOPOE HA3bIBAIOT cynepcBepXxToHKUM B3aumoeiicteiem (CCTB). CCTB
MOJKET TPOSIBIIATHCSA B HACTOJIBKO CIOKHOM crekTpe, uro JuHuu CTC cnuBaroTcst. 9TO NPUBOJIUT K
TaK Ha3bIBACMOMY HEOJHOPOAHOMY yiupenuto iunuii (JI1P) (mo aHamoruu ¢ ymmMpeHueMm B
HEOJHOPOJJHOM MarHuTHOM Tojie). VIMeHHO OTHM OOBSCHSETCS MHHUMAJbHAS IIHUPUHA
cuekTpainpHblX JuHUM OIIP mopsaxka 1 O B KpeMHUM H3-3a TOrO, 4YTO 4YacTb KpPEMHHUS B
€CTeCTBEHHON cMecHu coaepkut 4 % S® ¢ HeHyJeBbIM |=1/2 cniHOM siipa M MIMPOKUE JIMHUH,
nabronaroumecst B Ge n coemmuenmsix A’B°. B ecTeCTBEHHOM H30TOIMHOM COCTABE TEPMAHHS 1 B
HanOOoJIee YacTO HUCIOJIb3YeMbIX KOMIIOHEHTX COEIUHEHUN A%B® (Al, P, Ga, In, As) 3HaunTeabHas
J0JIS Sep MMeeT HeHyneBoil u Oonpmoi crmH (cM. Tadnm. 1.2.1). DTuM 0OBSACHIETCS CHIBHOE
HEOJHOPOJHOE YIIHUPE.

Ecnu monHBIE MOMEHT KOJMYecTBa ABMKEHUS J>2 , TO K CIIMHOBOMY T'aMHJIbTOHUAHY

(1.2.14) Hano n06GaBUTH cilaraeMoe BUIA
la@, +35 +37), (1.2.18)
rJIe a - TapaMeTp paciieIUICHHs B KyOUYeCcKOM ToJie, X, Y, Z - KyOHUeCKHUe OCH KpUCTAJLIA.
Ha npaxTuke BaxkeH ciydait J=S=5/2 (nampumep, HOHBI M2 u Fe3+). B sTom ciydae mpu

ycnoBuH, uto Ya/<<hn yuér (1.2.18) npuBOIUT K ypPOBHSM, JOTOJHHUTEIBHBIM K YPOBHSM B

(1.2.15)
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. _ . 2
W rmm#wung am-h_

s hn
. . 2
W, - %pai [(5/64) +(5/64)] (22- 75 )]a N (1.2.19)
e hn
. . 2
W, Z+%pai [(5/64) + (5/192: (50- 113 )]a .

uue muamit DI1P B Ge u coemmuennsx A°B® (102-10° T mim 100-1000 D).

Tabmuma 1.2.1 SlnepHbie CIUHBI CTAOMILHBIX U30TOMOB C HEHYJIEBBIM MAarHUTHBIM MOMEHTOM SIIpa

DyeMeHT Si® Al Ga> Ga't Ge”
CnuH siapa 1/2 5/2 3/2 3/2 9/2
Uzoronueiii | 4,71 100 60,2 39,8 7,67
cocras , %

DiieMeHT Pt As™ N* N™ In'™
CnuH siapa 1/2 3/2 1 1/2 9/2
Nzortonueriii | 100 100 99,635 0,365 4,23
cocras, %

Mapamerp p=1-5 , rme j =m’m+n’ng®+ngm? , M, My U Mg - HANPABISIOLINE KOCHHYCHI
MarHUTHOTO TIOJIsI OTHOCHUTENILHO Ocel X, Y, Z kpuctamuia. Toraa k nmepexoaam (1.2.16), B KOTOphIX

QJICKTPOHHOC KBAHTOBOC YUCJIO MCHACTCA HA CAUHUILY, Z[O621BJI$IIOTC$I MepexXoabl

(10/3)j (7- 25) )a?

M=+1® - 1 -
. . 2\.2
5/48)(3+17§ - 625 “)a
M=23@ +1:25pa+ 2 4N 3o . (1.2.20)
. . 2
M=+3® +3:+2pa+ /3 (-7 )a

hn

CymiectBoBanue nepexoioB (1.2.20) oOycnaBnuBaet 2J (uau 2S), To ecTh, nath aunuit TC.

[lenTpanpHas JTUHUS (%@ - %) C TOYHOCTBIO JIO TIEPBOTO TIOpsAKAa IO & HE 3aBHUCUT OT

opueHTau Kpuctamia. Jlpyrue mepexonpl, kak cieayer u3 (1.2.20), mpereprieBaioT YrioBoe

U3MEHEHHE, MPOTNOPIMOHaTIbHOE Pa , KoTopoe Mensiercs ot auist H || [100] no -2a/3 mnst H || [111]
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[Mpu Hemanbix 8, korma DErc=Dhnpc - sHeprermyeckue HMHTEPBAIBI MEXKIY YPOBHSIMHU

<<hn<<kT, KaK MOXHO TIOKa3aTh, WHTEHCHMBHOCTH JinHUM TC omnpenensioTcss KBaapaTom
MaTpu4yHOTo AMeMenTa L=J+iJ, mexxay cocrosausimu M-1u M

[J(FH1)-M(M-1)]. (2.2.21)

Hampumep, mis J5/2 (FS=5/2) orHomenus wunTeHcuBHOCcTed mmuuii TC B (1.2.20)

XapakTepu3yroTca kak 8 :5:9:5: 8.
1.2.4. ®opma nunnii IIP. OqHOpPOIHOE U HEOTHOPOAHOE YIIUPEHHE

Kak roBopuioces Beime B pazzaene 1.2.1, mpum pacCMOTpEHHMHM MarHMTHOTO pE30HAHCA B
BEIIECTBE BBOJUTCS MarHUTHBIM MOMEHT BCEH CHUCTEMbl WM HaMarHM4eHHocTb M, kortopas,
HanpuMep, B cllyyae apaMarHUTHOTO BEIlEeCTBa MOAYMHsAETCS 3akoHy Kropu

21,2
Y= Ng“h“J(J+1) H

M=¢o 3KT

(1.2.22)

Ha ocHOBe KHMHETMYECKMX YpaBHEHHUW IBHKEHUS [JII BEKTOpa HaMarHM4eHHocTH M —
ypaBHeHHsT bioxa (cM. HHXe TOAPOOHOE pEIIeHHE ATOr0 YpaBHEHHs) MOXHO IOKa3aTh, 4TO
3aBUCSIIAs OT YacTOThl MAarHUTHas BOCHPHUUMYUBOCTh TapaMarHeTWKa j MOXET ObITh
MIPEJICTaBJICHA B KOMIUIEKCHOH Gopme

cHot o{(w - wo)t, +i} (1.2.23)

c=c, .
1+ (W' Wo)ztg + 92H12t1t2

B (1.2.23) BxomsT &Ba BaXHBIX MapamMeTpa CUCTEMBI. YKe yrmoMmMuHaBiieecs B 1m.1.2 Bpems
MPOJOJIBHOM  CIMH-PEHMIETOUYHON — penakcaruu g XapaKkTepU3yeT TMPOLECC YCTAHOBICHHS
MPOJIOSILHOM (B/I0JIb HAIIPABJICHHSI BHEITHETO MAarHUTHOTO T10JIs) Z-KOMIIOHEHTHl HAMarHMYeHHOCTH
M. [pyroil mapamerp to- BpeMs MONEPEYHOM perakcaluu, TO €cTh, kKoMHNoHEHT My u My . On
ompenenser BpeMs (a3oBOH KOTEPEHTHOCTH B MPEIECCHH MAarHUTHBIX MOMEHTOB B IOCTOSTHHOM
MarHUTHOM Tiosie. CleoBaTeNbHO, MO TOPSAKY BenuuuHbl To=1/Dwy , rae Dwp - pasznuume B
YacTOTax MPELHEeCCHH B CUCTEME CIMHOB. MOXKHO BBIPA3UTh ACUCTBUTEIBHYI0O M MHUMYIO 4acTH
BOCIIPUUMYUBOCTH C=C&iC?

Wo(W- W)t ,”

C'=Cy—F 1
° 2|_1+t22(W' Wo)2 +92H12t1t2J

(1.2.24)

. Wot » .
° 2|_1+(W- w, ) + gZHftltZJ'

c'=c (2.2.25)
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Ot QopMysBl BKIIOYAIOT HECKOJBKO BAXKHBIX pe3yibTaToB. [Ipekje Bcero, OHM IMOKa3bIBAIOT
BO3MOKHOCTh TPOU3BOJUTH HU3MEPEHUs JMOO CUTHala JUCIEPCHH, MPOMOPIMOHAIBEHOTO
JIEeWCTBUTENFHOW YacTH BOCIPHUUMYHUBOCTH, JHOO CHTHaJa IOTJIOUICHHUS, MPOMOPIHOHAIBHOTO,
COOTBETCTBEHHO, MHMUMOU €€ 4acTu. POpMBI JIUHUM 3TUX CUTHAJIOB CYLIECTBEHHO pa3/IMYaroTCs:
CHTHAJI TIOTJIOIICHHUS MMEET MAKCHMyM TIPH PE30HAHCE, a CHTHAI JUCIEPCHH PaBeH HYIO (CM.
puc.1.2.3). Emie ogHO OTNIMYME 3aKIIOYaeTCs B TOM, YTO CHTHAJI MOTJIONICHUS B OTJIUYHE OT
aucriepcuu  Oojiee  OBICTPO  HACBHIACTCS TPH  YBEIMYEHHH MHKPOBOJIHOBOW  MOIIHOCTH,
MIPONOPLIUOHAIBHOU Hq?. [losTOMY npH HU3KHMX TEMIIepaTypax, KOrja BpEMEHa CIUH-PEIIETOYHON
penakcalyi y MHOTHX ITapaMarHUTHBIX [IEHTPOB BEJMKH, JIydIlle HaOJF0aeTCsl CUTHAT JUCIIEPCHH.

[To HachllIEHWIO JIMHUM TOTJIOUIEHUS MOKHO OIPEIEIUTh BPEMEHA pejakcaluu. XOpoIllo

BHIPAKEHHOE HACKIIEHHE HabIIoaeTcs, Korma g2 H2t t,>>1.

[Ipu pe3oHaHce U HAMPSLDKEHHOCTX Hi, Mamekux oT HACBIIEHUs, KOTAa gZHft 1,<<1,
c'=cCcWyt,,
CIeI0BATEIIBHO,
c'>>cg
[Tpu sTom M; HEe3HaunTEIBLHO OTANYaeTCs OT Mg 1a’ke B MOMEHT PE30HaHCa.
HecnoxHo mokasark, 4T0 BRIPAKEHUE JUII MAKCUMYyMa MOTJIOMIEHUS C2nax UMEET BUJ!

_ Wot »
=Co 2112 '
1+ g Hit,t,]

max

(1.2.26)

a IOJIYIIMpPHHA HA IIOJYBBICOTE:

J1+gPH t ot
Dw, =+ 3= 9 1 tate (1.2.27)

Lo
IIpu pe3oHaHce M HampsHKEHHOCTAX Hip, Janekux OT HachILICHMS, ngft1t2<<l, MaKCUMyM

HorjoueHus 1 mupuHa auaui D1IP onpenensercs BpeMeHeM CIMH-CIMHOBOM pelakcaluu
" w 1
C"» Co—2, Dy, »+—, (1.2.28)
Lo Lo

Cornacuo (1.2.9), npu 3amucu crektpoB noroineHust 1P BaxkHa mauMmas gacts CC. U3

BeipakeHni (1.2.10) u (1.2.25) MOXKHO BHJETH, YTO

P ;Xz | (1.2.29)

rae x=(H-Ho) , a=4p*t,’g’m?/(1+¢fH:%tit2). 3aBucumocts P(H) cootBercrByer dopme IMHHH
JlopeHiia, XapakTepHO#W JUIsi TaK Ha3bIBAEMOTO OJHOPOJHOTO YIIUPEHHUS CITHH-PEHIETOYHBIM

B3aUMOIEHCTBUEM.
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OpHOpOHOE YIIMpEHHWE MMEeT MecTO Bceryja. Ho, ecnmu oHO He BenmKo, Gopma JTHHHMA
CIIEKTPOB OIPENEISAETCS TaK HA3bIBAEMBbIM HEOJHOPOIHBIM yiIMpeHueM. HeotHoponHoe yimmpeHue
JUHUHA CIEKTPOB MOJKET OBITh BBI3BAHO HEOJHOPOJHBIM BHEIIHHUM MAarHUTHBIM TIOJIEM,
HEOJTHOPOJHOCThI0 HAMarHMYEHHOCTH B 00bEMEe o0paslia, B YaCTHOCTH, HAJMYHMEM AaTOMOB C
HEHYJIEBBIM MAarHUTHBIM MOMEHTOM sJIep KpUCTalljla — CYNEpCBEPXTOHKUM B3aumo/eiictBuem. B
cllyyae HEOHOPOJIHOTO YIIMPEHHS XapaKTepHa rayccoBa (popma JIMHUH MOTIOMICHHUS

P~ exp(-az x%) . (1.2.30)

Awnanoruunbie BeipakeHusM (1.2.29) u (1.2.30) MOXHO MOIy4uTh (HOPMYIIBI ISl CUTHAIOB
JTUCIIEPCUH,  MPOTOPIUOHANBHBIX  JIEHCTBUTENbHOM  uYacTh  BocnmpummuuBocty CC B
MarHUTOPE30HAHCHOM CIEKTPOCKOMMH OOBIYHO TPUMEHSIETCSI MOTYJISIIAS MEJUIEHHO MEHSIOIIEToCs
nosist H ManbIM nepeMeHHBIM MarHUTHBIM IOJIEM U 3alMCHIBAETCs MepBasi MPOU3BOJIHAS CUTHAJIA
MOTJIOMICHUST Wi Jictiepcun (00 3TOM B ciienyromux paszaenax). Ha pucynke 1.2.3 moka3an Buj
CTIIEKTPOB TIOTJIOUICHUS W JHUCIIEPCUU JIMHUH CIEKTPOB JIOPEHIIEBOM M TrayccoBod (opM M HX
MEPBBIX MPOU3BOIHBIX U3 KHUTH [9].

PeanbHble CHEKTphl OOBIYHO HUMEIOT CMEIIaHHYI0 (OpMYy - TPOMEKYTOUHYIO MEXTY
rayccoBoii u siopenieBoii. i rayccoBoit popmer (1.2.30) xapakTepHa OoJbllasi MIMPHHA JIMHUH B
IEHTpe W pe3kud cmaa Ha kpasx juHuM. [ns sopenueBoit dopmbr (1.2.29) xapakrtepHa
oOocTpéHHAsi KpuBas B IEHTPE W IUIABHBIM, 3aTSHDKHOM chaj Ha Kpasx JTUHUH. Hem3sMeHHOCTb
mpuHel TuHU OIIP ¢ TeMniepaTypoii CBUIETENBCTBYET O HEOAHOPOIHOM XapaKTepe YILIUPEHUS.

B wmeramiax WM CHIBHO TPOBOJSIIMX IOJYIIPOBOJAHMKAX, KOTJa TOJIIIMHA oOpasia
MIPEBHIIIACT TIIYOMHY CKHH- CJosl, TMHUU DIIP CTaHOBATCS aCHMMETPUYHBIMHU U TIPHOOPETAIOT TaK
Ha3piBaeMyto Gopmy Jlaiicona [9]. Xapakrep acHMMETPUHU 3aBUCUT OT CKOPOCTH OOMEHA SHEPTHUeH
MEX]ly CHMHAMU - ciuHOBOU auddy3uu. B arom cinydae DI1P mo3BosisieT TOMOTHUTENBHO K BRIy
CIUH-CIIMHOBOTO B3aUMOJICHCTBUS T2 ONPEACIUTh BEIUUYUHY U MPUPOJY B3aUMOJCHCTBUS MEXAY

criudamu [111.
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1 2 3 4
— 02 2=T, [ty~w)
—— ::_‘?f{ X(_“_Z_ ﬂxszf%yzd
X Foge g6 — gt TYR® L B
Jloperueba opma layccobz popma

10

dfz7 g% % ,
dr! frzel T d7 = 7 ax
dI[ ?’+:€f/ dx a% /;7% e xr '[? ‘«’J’?eyzary e

-4 -3 -1 ~4 -2 [
1 [ Joofi ]
-\_2_// 3
-02 \/ -02
04 a‘[ 1 7_ax’ -0k
. dz -ﬁ'—i’? T dr =08 qd [ -2 _'CLZ_”'
4 - ’ dz [8 x/jf/'dx
JSlopetyeba popma [ayccoba popma

Puc.1.2.3 Buj ciekTpoB TMOTJIONMICHUS W JUCIIEPCHH JIMHUN CIEKTPOB JIOPEHIICBOW M TayCCOBOM
dopm. Bepxuuii psii pUCyHKa - KpuBbIe aucriepcud CCu moryomieHuss C2 Ui JIOPEHIEBOW |
rayccoBoit uauu. HiokHuil psi - nepsoie npousBoabie aucrnepcun dcddx u morsomenus dc2/dx

ISl TIOPSHIIEBOM U TayCCOBOM JMHUH. PrCyHOK mpuBeaéH u3 kauru [9).

1.2.5. Teopusi KpUCTALINYECKOTO 031, Moaenb JIraBura-Bynoepu nis d-nonos B

aJIMAa30MoA00HbIX KpucraJjajaax

JInsl MOHOB TEPEXOJHBIX AIEMEHTOB (C HEMOJHOCTHIO 3amnoyiHeHHbIMU O-, f-00os0ukaMu
000JI0YKaM¥) B MOJYIPOBOJHUKAX M JUAJICKTPHKAX XapaKTePHO Majioe OTJIMYHME B BOJHOBBIX
¢bynkimax d- wiu f- coCTOSIHUME B KpUCTauie OT TAaKOBBIX Ui CBOOOJHBIX MOHOB. [Ipu 3TOM
sHepreTudeckue ypoBHu O- wiam f- cocTOsIHUI OKa3bIBAIOTCS TIIYOOKO BHYTPH 3alpEIIEHHONW 30HBI
KPHCTAJUIa, a BOJIHOBBIC (DYHKIIMM OKa3bIBAIOTCS CIa00 BO3MYIIEHHBIMHU JICHCTBYIOIIMM Ha HUX
KPUCTANTHYECKUM OKPY)KEHHEM. OTO OOBACHSAETCS CHUJIBHOW JIOKATM3alMeld dJIeKTPOHHOU

wioTHoctH O- u f-cocTOsHMIA, WacTo B mpejenax MEepBOW M BTOPOH KOOPAMHALMOHHBIX cdep.
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Hawubosiee npocroit Bapuant teopuu kpuctaumdeckoro nojst (TKIT) mist onucanus BO3MYIICHUS
TAKUX COCTOSIHUM KPHUCTAJUIOB CBOJMTCS K JCUCTBUIO Ha 3IEKTpoHbI Takoro III] crarmueckoro
ANEKTPUYECKOTO TOJIsI TOYSUHBIX 3apsJ0B HOHOB KpUCTaslIa

2
Ze
— 8 |
Vé6 —a———, (1.2.31)
- Rl
rne Zi u R - 3apsag ¥ KoopauHAaTa i-TO, COCEIHET0 HMOHOB KpucTamia. IIpuuéM Xxapakrep
pACIIEIUICHUs. OINPENESETCS pACCTOSHMEM U CHMMETPHEN PAaCIIONOXKEHHUS, B OCHOBHOM,

OMIKaWIIMX COCEIHMX AaTOMOB W3 TIEpBOHM, BTOPOH KOOpPAMHAIMOHHBIX cdep. MarpuuHbie

anemMeHThl Bo3MyreHus (1.2.31) Ha BOJHOBBIX QYHKIUSX | m O- (f-) - cocTosHmiA

H. =H

© =Hmme= vap‘m¢> (12.32)

OTIPEIEISIFOT BKJIAJI KPHCTAJUIMYECKOTO TI0JIsI B CHMHOBBIM ramuibTonna (1.2.12) wmu ero Gosee
CIOXKHYIO (OopMYy € y4€TOM cllaraeMbIX Oosiee BbICOKOTo mopsiaka, Hampumep (1.2.13). Bmecrte ¢
TE€M, pPACYET pacIlEIIEHHBIX KpPUCTANIMYECKUM II0JIEM DSHEPreTUYEeCKHX YpPOBHEH IO3BOJISET
IIpEACKa3aTb BO3MOXKHBIE 3HAaueHHUs MarHuTHoro MoMeHrta III[. B mepBom mnopsake Tteopuu
BO3MYILEHU SHEPreTUUECKUE YPOBHU OINPEAEISAIOTCS AMArOHATU3aleld MaTPULIbI

H (1.2.33)

E, .. =, .. +
defosu dgfe “mmé mme

rae - Eqr - sHeprus HeBo3MymmeHHbIX O- min f-cocTostHmMit noHa.

Pacuérer o dopmyne (1.2.33) He clioxkKHBI, HO TPOMO3KH. [IprMepbl TaKUX pacyEéToB €CTh,
HanpuMep, B kHure [7]. Ho wacTo Xapakrep pacuIeIUIeHUs] MOKHO KaueCTBEHHO IPEIBUICTb,
ucxons u3 cummerpuu O- wim f- BOJTHOBBIX (PYHKIMH M CHMMETPUM KPHCTAJUIMYECKOTO IOJIS.
PaccMoTpuM, Kak 3TO IpoUCX0oAuT Ha ipuMepe 3d- COCTOSIHUIT HOHOB JIEMEHTOB T'PYIIIIBI JKele3a B
noJie ¢ KyOu4eckoi cuMMeTpuei.

be3 y4éra cniuH-opOUTATILHOTO B3aMMOACHCTBHS cocTosiHuE oHoro d-3ektpona (21+1)=5-
KPaTHO BBIPOXKJIEHO, Tae |=2 - MakcumainbHas MpoeKius opOuTaipHOro MoMeHTa d-3mekTpoHa (B
eMHUIaX MaraetoHa bopa).

BousiHOBBIC yHKIMK O-COCTOSHUI MOKHO TPE/ICTABHUTH B ICHCTBUTEILHON GopMe

2 2 2 2
i = |15 37-r7. - |5 X -y . 1.2.34
o [1B2y..  _ 152z, _[15 2
Vdxy “Viep 2 " dyz "Viep 2 ' T dxe T\iep 2 (1239

d®opma Bcex mATH opOuTaneil mokaszaHa Ha puc.l.2.4. Ou pazOMBarOTCS Ha JBE TPYIIIHI,

KOTOPBIC 4aCTO 0003HAYAIOT €- U t2-COCTOSHMUSL.
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JIBa BepXHHX X2-y2 W 7%, e-COCTOSHHMS Ha puc.1.2.4 UMeT MaKCUMyMBbI 3JIEKTPOHHON
IJIOTHOCTH BJOJb OCEH AEKapTOBOM cHCTeMBbI KoopauHaT. Tpu npyrux to-cocrosiHus, BHU3Y, Ha
puc.1.2.4, UMEIOT MaKCUMYMBI 3JIEKTPOHHOM TUIOTHOCTH B HAIIPABJICHUSX B IJIOCKOCTH (X,Y) MEXIy
OCSIMH X M1 Y JUIAL | dxy , B TWIOCKOCTH (X,Z) MEXKIY OCSIMU X ¥ Z IS | dxz ¥ B TWIOCKOCTH (Y,Z) MEXITY
OCSIMH Y U Z T4 | dyz -

B npoctom Bapuante TKII cocennue HMOHBI 3aMEHSIOTCS OTPUUATEIBbHBIMH TOYEUHBIMH
3apsgaMu. JTO CBSI3aHO C TeM, 4TO Ha O-COCTOSIHMSI OOJIbIIee BIMSHUE OKA3bIBAIOT JJICKTPOHHBIC
000JIOYKH COCEHUX aTOMOB, a HE X si/ipa. B KyOMueckoMm KpucTauie Wi MOJIEKYle ¢ KyOn4ecKon
cuMMeTpHel Onmkaiiue cocenu 3d-MOHA MOTYT pacnojiaratbCsi B BEpIIMHAX OKTadIpa, Kyba Win

TeTpa’Ipa, Kak Ha puc. 1.2.5.

7 z Puc.1.2.4. ®opma yrioBeix uacted d-

opOuTaneit cBOOOTHOTO HOHA.

Comocrasiisiss popmy d-opoutanieit Ha puc.1.2.4 ¢ TMOJ0KEHUEM OTPUIIATEIbHBIX TOYCUHBIX
3apsiioB coceneit 3d- nona Ha puc.1.2.5, MOXKHO BHIETh, YTO HanOOJIEE CUIIBHO B OKTAdIPUICCKOM
I10JIC 6YZ[YT OTTAJIKUBATHBCSI OT JTUX 3ap51z[013, Hu, CJICAOBATCIbHO, IIOBHIIIIATH CBOIO 3H€pFI/IIO,
SNIEKTPOHBI Ha 1tp-OpOMTANAX, y KOTOPBIX MAaKCHUMYyMbI DJEKTPOHHOH IUIOTHOCTH Kak pas3
HaHpaBJIeHI)I Ha 3TH TOYCYHLIC 3ap51z[1)1. COCTOSIHI/ISI c C MaKCI/IMYMaMI/I Mexcz[y OCsIMHU X, y uZz

MOBBIIIAIOT CBOIO SHEPTHIO B MEHBIIEH cTerneHu. [[03ToMy MSTHKPATHO BBIPOXKICHHBIH O-ypOBEHb
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Puc. 1.2.5. Pacmennenue d-
COCTOSHHHM B MOJIE TOUEUHBIX
3apsA0B:

a)-  OKTadIpUyecKoM, 0)-

a) KyOndeckoM " B)-
TETPadAPHUIECKOM.
— t2 — t2 t
" 3HauKOM * [MOKa3aHO
DOKT I:]1<y6 . DTeTp MECTOMOJIOXKEeHME 3d- MOoHA.

pacuieruisieTcss Ha to-Tpurier u e-myoner, kak Ha puc.1l.2.5, ¢ mapameTrpoM KpUCTaTHYECKOTO
okTayapuieckoro nojst Dy . B ciaydae kyOMdeckoro M TeTpaspHuecKOro IMoJied aHaJOrMYHbIC
paccyXJeHus Jar0T 0O0paTHBIN MOPSAAOK clieoBaHus ypoBHel. [Tpuuém

Dierp»0,5Dy52- 0,5Dr - (1.2.36)

JInst 3d-MOHOB B ainMa3omoOJO0OHBIX IMOYIPOBOJHUKAX ISl KIACCU(PHUKAIUK BO3MOKHBIX
coctosiHui 3THX MOHOB JltogBurom u BynOepu [3] Oblia mpemiokeHa 3MIUpUYEcKas MOJCIb,
OCHOBaHHAas Ha aHaJM3¢ MHOKecTBa uccienoBaHuii D[P 30-MOHOB B KpEeMHUHM M COCAMHCHHUSX
A’B>, A%B®. CyTb €€ B cienyromem.

B cnydae MOHOB 3aMeleHuUs MEKTPOHBI 4S- 000J0YKH M HEIOCTAIONIAsl YacTh JIEKTPOHOB
u3 3d-000s10ukK HIYT HA 00Opa30BaHUE KOBAICHTHBIX CBsi3eil. OCTaBIIMECS 3JICKTPOHBI 3AMOJHSIOT
3d-cocTosiHusI, paciIeIIEHHBIE TETPAdIPUICCKUM KPHCTAIUIMIECKUM IOJIEM, TI0 MPaBHIy XyH/A.

B cnydyae noHOB BHEIpEHUs JIEKTPOHBI 4S- 000JI0YKH JOOABIISIOTCS K TeM, 4To Obutn B 30-
o6osouke. CocrosiHus 3d-000JI0YKHM PACHICIUISIOTCS KaK B OKTadIPUYECKOM MOJIC U 3arOJIHSIIOTCS
TAKXeE IO MpaBUITy XyH/JA.

Terpasnpudeckoe paciieruieHue Jjisi MOHOB 3aMeEIleHHs, TaK KaK B aJMa3ornoJI00HOM
MOJIYIIPOBOIHUKE B JIFOOOM y3ie ONIMKalInue COCeM MOHA HAXOJITCS B BEPIIMHAX TETPadapa.
Heckonbko cnoxHee Nielio B ciiydyac MOHOB BHeApeHus. s HHUX Takke Omkaiimme cocean
HaXOJITCS B BEpILIMHAX TeTpadapa. Ho miecth aTOMOB clieyroliell KOOpANHAIIMOHHON cdepbl He
HAMHOTO, BCero Jimmb B +/4/3= 1.15 pa3 nanbie. Tak kak, corjacHo (1.2.36), okrasapuueckoe
Mojie B JiBa pa3a CWIbHEE TETPAdAPHUCCKOTO, pEe3yIbTUPYIOLIMIA XapaKTep pacIIeTUICHHs
OTIPEJIeIISICTCSl BTOPOH KOOPAWHAIIMOHHOW Cepoi, T.e. SIBISETCS OKTadAPHUCCKUM.

PaccMoTpuM 1Ba mpumepa Ui MPUMECHOTO aToMma JKele3a, y KOTOPOTO B CBOOOJHOM

COCTOSAAHHUH, KaK HU3BCCTHO, HMCET MECCTO CJICAYIOIICC OSJICKTPOHHOC 3aIll0JIHCHUC 000JI0YEK:
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15°25°2p°3s°3p®3d°4s” . Baxmpl jBe mociemHne BaneHTHbIe oGonmoukn 3d°4S” | 3amonHeHHe
KOTOPBIX MOYKET MEHSTHCS.

TlepBBIii IpUMep - HOH 3aMemieHns B coenuuennsax A’B° (GaAs , GaP , InP u t.1.). U3
ombiTa u3BecTHO [3,6,9], uro 3d- 37€MEHTHI MPEUMYIIIECTBEHHO PACTBOPSIOTCS B KPUCTALIC B BUJIC
HMOHOB 3aMeIeHNs] KOMIIOHEHTH A ¢ BanieHTHOCThI0 +3. Torma 2 smektpoHa u3 4S- 000JI0YKH U
omH u3 3d uayt Ha 00pa3oBaHHE KOBAJICHTHBIX CBsizedl. OcTaBmIvecs S AIIEKTPOHOB COTJIACHO
npaBwity XyHJa 3amoJHSIOT MATh 30-COCTOSIHUI C OJMHAKOBBIM HAIPABJICHUEM CIHMHA. Tak Kak

TUM TISITH COCTOSIHUSIM COOTBETCTBYIOT IATH MPOEKIHH OpOMTATBbHOTO MOMEHTa OT -2 10 +2,

CYMMapHBI OpOUTAIBHBI MOMEHT II_ paBeH Hymto. Cymmaphsiii ciuH S=5/2. Takum o0Opasowm,
MPUMECHBI HOH 3aMEIICHUS Fe®* ma MecTe Tamiusg, TO ecTh, Fes3+(Ga), AMeeT 3arnojHeHue d-
oGosoukn 3d® i Tepm °S,

Bropoii mpumep - HmpUMECHBI MEXKI0Y3€NbHBII aToM Xxene3a B KpemMHuu Fe . OmnbIT
MOKa3bIBaeT, yTo 30- mpuMecH B KPEMHHMHU 3aHMMAIOT MPEUMYIIECTBEHHO MOJI0KEHHE BHEIPCHUS.
Jlns xenesa, coryiacHo mojenu Jloasura-Bynbepu, aBa 4S-3iekTpona okaxyrcst B 3d-000s0uke ¢
saronmuennem 3 . TTss AIIEKTPOHOB OYAYT MMETh CIIMH “BBEpX’, TPU APYIHX - “BHU3”, TO €CTb,
S=1 . Ilpuuém, coriacHo cxeme paciieIuieHust ypoBHel Ha puc. 1.2.5a, Tpu syekTpoHa HE MOTYT
W3MEHHTH CBOE OPOUTAIBLHOE COCTOSIHUE, TO €CTh, B OTIIMYHE OT CBOOOJIHOTO 3d®- nona ¢ DL1O y
voHa B kprctauie DL=0. Takum 06pa3om, uMeeM TepM cHHrIeTa 3A BMecTo “F CBOGOIHOTO HOHA.
B Takux ciy4asx roBOpAT, YTO OpPOMTAIBHBIA MOMEHT “3aMOPOKEH’ KPHCTALTMYECKUM TOJIEM.
ECIIi HOH Xele3a oTepsieT OIiH IEKTPOH, To ecTh, Oyaer 3d’ , To cormacHo puc. 1.2.5a 6yzer 3-x
KpaTHOe opburansHoe BhIpoxkaeHne DL10, S=3/2 u Bmecro “F cBoGomHOro moHa Gymer Tepm

TpUILIETA T.

1.3. TeopeTnueckue ocHoBbl TP

1.3.1. Kinaccuueckoe paccMOTpeHHe MATHUTHOTO Pe30HaHCca

JInsi MarHUTHOTO pe30HaHCca Hanbojiee BaXKEH KJIACC BEIIECTB, aTOMBI WJIM MOHBI KOTOPBIX
UMEIOT TIOCTOSIHHBIC MarHUTHBIE MOMEHTBI (ATOMHOTO WM siiepHOTO TpoucxoxkaeHus). [Ipu H=0
OHM OpPUEHTHUPOBAHBI CIydailHBIM o0Opa3oM. OjHaKo BHEIIHEE TIOJIe MepepacrpeeisieT
OpUEHTAIIMI0 MAarHUTHBIX JWIIOJIEH TakK, YTO BEIIECTBO INMPHOOPETaeT CYMMAapHBIH MarHUTHBIN
MOMEHT.

ATOM 005ala€T MarHUTHBIM MOMEHTOM M) €CJIM OH 00JIaaeT pe3yabTHPYIOIIUM YIIIOBBIM

momeHToM G:
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3/1€Ch (J - THPOMAarHUTHOE OTHOLIECHHUE.
Bo BHenrHeM MarHWTHOM I0JIE HA MarHUTHBI MOMEHT aroMa Oy/eT JIeHCTBOBAaTh MOMEHT

CHIJIBI, KOTOpBIfI BBI3OBCT U3BMCHCHHUE YITIOBOTO MOMCHTA.

' r
d—? = H,, (13.1)
HUJIN C UCITIOJIB30BAHUEM g
' ror
%—? =gG" H,, (L3.2)
dnr . [
E =gm HO. (1.3.3)

DTO ypaBHEHHE OMHUCHIBAET MPELECCUI0 MATHUTHOTO MOMEHTA B MarHuTHOM 1oJie Ho.
Ckansiprasi popma pemieHuit Oy1eT IMeTh BHI:

G, =GSina Cog(w,t +e),

G, =GSina Sin (w,t +€),

GZ =GCosa ,

rne W =- .
o g_l o

YpaBHeHue (1.3.3), 3aIMCaHHOE OTHOCHUTEIHHO CTOPOHHETO HAOIIOJIATelsl B HEMOABMKHON

CHUCTEME OTCYETa, MOKHO CBSI3aTh C BPALIAIOIIEHCS CUCTEMOM, KOTOpask Bpallaercs ¢ 4acToToM W B

TOM K€ HAIIpaBJICHUH, YTO U MarauTHBINA Hamel MOMEHT YaCTHULIBI:

ar_dm, o5 (133)
dt  d't

I7Ie WTPUX y MPOU3BOJAHOM O3HAUaeT, YTO OHAa HAXOJUTCS BO Bpalawouieics cucreme. Tornaa

YpaBHCHUEC ABHUKCHUA MAarHUTHOI'O MOMCHTA BO Bpamalomeﬁm CUCTEMEC MOKHO 3aIlMCaTh KakKk

h
am_ CH, +22 (1.34)
L e Jdg

row r
rie H, +—=H_ - adpdexTuBHOE mose. OHO OyneT paBHO HYIIO, KOTJa HAOIIOIaTeNh BpaIaeTcs
g

C YaCTOTOW MPELECCUA MAarHUTHOTO MOMEHTA, T.e. W=Wp . B 3TOM ciydyae MarHuTHbIA MOMEHT

OCTACTCA HCIIOABHUXXHBIM JIJIsA Ha6JIIO[IaTCJI$I.
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Ecnu nomumo nonst H=H, npunoxuts ocumiimpyroee mnosue Hy ¢ 4acToToit Wy ¢ KpyroBoi

MOJIIpU3aLiel B MIIOCKOCTH, MIEPIEHIUKYISIPHON K Ho, TO 3 peKTHBHOE MOIe BHIPA3UTCS KaK:
I
r aﬁ wo F
H,=¢H, +—++H, (1.3.5)
e

Koudurypamum 3tux mosneii mokaszansl Ha puc. 1.3.1.

ITycts W, =- gH,, Torga

E>ae i u
T I 4RS00 =- e (1.3.6)
ET e T T

1/2
] - 4aCTOTa JJAPMOPOBCKOM MPELECCUN MarHUTHOTO MOMEHTa BOKPYT

e W, = - (W, - W) +w;?
sapdexTuBHOTO TOJNST He BO Bpamaromeiicss cucreme orcuera. [Ipu paBeHCTBE 4acTOT Wo=W=W;
Oyner He=H1, Hamm MarHUTHBI MOMEHT MCTaHET y)Ke MpereccupoBaTh BOKPYT BekTopa Hi, T.e. B
OTIpe/ielIeHHbIE MOMEHTHI BPEMEHHU BEKTOp M OyAeT «ONMPOKHHYTHIM» OTHOCHUTENIHHO BekTopa Ho.
Takum oOpa3oM YCIIOBHEM <«ONPOKUIBIBaHUS» (MM pe30HaHca) OyIeT COBMAJCHUE YaCTOTHI
JAPMOPOBOM MPELEcCH Wy C YaCTOTOM NMEPEMEHHOTO MOJIS W.

DTy CUTyaIlMI0 MOKHO OTNHUCaTh cienyrmuM obpa3zom. Beenem yron q mexay Hew Ho

MOKHO YBUJIETH, 4TO OH m3MeHsieTcs ot O 10 p:

tgq = H, i it (1.3.7)
HO + WO -W
g
sing="1; cogy=2o "W (1.3.8)
w w

e e

Hecnoxxo TIOKa3aTh, 4TO YIJibl ( 1 @ CBSA3aHbl COOTHOIICHUEM:

Cosa = Cos?q + Sin?qCos(gH t) =1- ZSianSindei g—|et§ (1.3.9)
5

£2

OTO BBIpaXEHHE W3BECTHO Kak Qopmyna Pabu. OHO QakTHYEeCKH BBIpaXAECT BEPOSTHOCTH
HAX0XJICHUSI MAarHUTHOTO MOMEHTAa B ONPECIIEHHOM COCTOSIHUM M COBIIAJIA€T C BEPOSTHOCTHIO,

KOTOpas onpeacIsa€TCda IMPpU KBAHTOBOMCXaHNYCCKOM IMOJAXOAC.
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Puc. 1.3.1 Kondurypaium MarHuTHBIX MOJIEH, IEHCTBYIOIIMX HA MATHUTHBII MOMEHT MB MeETO/Ie

MaromuTHOI'O p€30HaHCa.

1.3.2 KBaHTOBO-MeXaHHYECKO0e PAaCCMOTPEHUE AABJICHUS MAI'HUTHOI'O p€30HaHCa

B npencrasnenun ['eiizenOepra ypaBHEHHE IBHKEHHS ONEpPaTOpa MEXaHMYECKOTO MOMEHTA

G= h(ll_ + é)Z h :]3aHI/ICBIBa€TC$I KakK:
: r rer
£E=[H,J]=[- chHJ,J|, (1.3.10)
i dt
rae

i
H = - ghHJ - raMmuiibTOHHAH B3aMMO/ICHCTBUS C BHELITHUM IOJICM.

Jlns Z- KOMIIOHEHTHI:

?d;tz =- g1{HX[JX,JZ]+Hy[Jy,JZ]}:
:-@{JXHy- JyHX}:gTh[\r]ﬁz, (1.311)

HJIN

rr
E dJ, = g__h[JH ;- (1.3.12)
i dt i
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OT0 ypaBHEHHE UMEET Ty ke (JopMy, UTO U KJIIACCUYECKOE, U, CIE0BATEIbHO, <J z> , BBIUUCIIEHHOE

C IIOMOIIIBIO BOJITHOBBIX q)YHKHHfI CIIMHa J, TAKXKC NOAYUHACTCA KIIACCUUCCKOMY YPABHCHUIO.

Jns J=1/2 B marautHOM nosie Ho 1 Hy <JZ> =%(p+ -p. ), rae P, M P_ - BEPOSATHOCTH

HAaxOJICHUs CIIMHA B COCTOSIHUM +% u - % Hockomeky p, + p_ =1, 10 <JZ>=%(1- 2p )

Ecmu mpu t=0 P, =1, a P.=0, To B MOMeHT t (JZ> Z%Cosa. CrnenoBaTenbHO, BEPOSITHOCTb

1 1

Tepexo/ia CIMHA U3 COCTOAHUA - - B COCTOAHHE t 35 ONPENENeTCs bopmymnoii Pabu:
P, ,=p =+i(i- Cosa)=Sin2qSin’&g:.¢=Sin%qSin? La, (1.3.13)
- §’+§ = 2 e2 2 2
rjae
. H
Sing= Rl gia

H, CIICA0BATECIIBHO.

— (gH,)? Si 2€1 ( 2 2|1/ 2
= ~—\(gHo+w)? + t
14 ot ol B O

N3 s3rOoro BbIpa)k€HHs BUIHO, 4YTO BEPOSTHOCTH BEJHMKA TOJBKO, KOTrJa gHO +w=0, uro

(1.3.14)

CE-\ c

COOTBETCTBYET YCIIOBHIO PE30HAHCA.
1.3.3. Knnaccuueckue ypaBHenus bioxa

Jo cux mop, paccMarpuBasi SIBJICHHE MAarHUTHOTO PE30HAHCA, Mbl H3y4yajd MOBEJICHHE
WHIUBUAYAIBHBIX CIIMHOB, HE CBS3aHHBIX MEXAYy co00#. Takylo CHUTyaluio peaKo MOXKHO
peam3oBath, TeM 00Jiee B TBEPBIX TENAX, e CIIMHBI CBA3aHBI MHOXXECTBOM B3aUMOICHCTBUI. MBI
ceifuac He Oy/ieM YTOYHSAThH, B KAKMX UMEHHO B3aMMO/ICHCTBUSX YYaCTBYIOT CIIMHBI, CCIIaeM 3TO B
paszferne, TMOCBSIEHHOM CIUHOBOMY TaMHJIbTOHHAHY, TJIe OCHOBHBIC B3aWMOJICHCTBUS OyayT
YYTEHBI JOCTATOYHO TOYHO.

PaccmarpuBasi MarHUTHBIN pPE30HAHC B BEIIECTBE, HY’)KHO BBECTH MarHUTHBII MOMEHT BCEU
CHCTEMbI WJIM HaMarHmdeHHoctb M. Torma ans HamarHudeHHOCTH BMecto ypaBHenus (1.3.12)

MOKHO 3aIlucaTh.
ror
MgV A, (1.3.15)

Kak u paHee, peUICHU 3TOTO YPABHCHUA 3aIIMIIYTCSA B BUJC.



28
M, =Msina coswt
My =Msina sinwt (1.3.16)
M, =M cosa
Ecmu BBectn xommoneHTsl My = My+iMy 1 M= My-iMy, To BmMecto (151.2.3.2 311 perenus
IPHUMYT BUJ
M, =Msina exp(iwt)
M_ =Msina exp (- iwt) (1.3.17)
M, =M cosa
Kak u B mpensIiymux pasjenax, MarHutHoe nojie H umeer xommoneHTs! Ho (Booms ocu z)
u Hy=Hycoswit m Hy=Hisinwit (B mmockoctn «xy»). Pemenms (1.3.16) u (1.3.17) mosxHO
paccMaTpuBaTh KAaK COOTBETCTBYIOIIME BBIHYKACHHOH IIPEHECCHH C YIIOBOH CKOPOCTBIO

MIPWJIOKEHHOTO OCHUJuMpyrouero mnoias Hi. OTo CcTaHOBUTCS OYEBHIHBIM, €CIM YpaBHEHHE

npmwkenns (1.3.15) 3anucarh B KOMIIOHEHTAX:
I\ﬁ+ + ig_IOIVI+ =- IgVI zHl eXp(let)
M_-igH M. =-igM H, exp(- iw,t) (1.3.18)

M, =2igM. exl- iwt)- M. elwg}H,

OTH ypaBHEHHs 0€3 MPaBbIX YacTel OMUCHIBAIOT CBOOOIHYIO MPEIECCHIO, a C MPABBIMU YaCTSAMHU —
BBIHYXKJIEHHYI0. OUYeBUJIHO, UTO Takasi CUCTEMa MMeEET pe3oHaHc. [IpoxoskieHune uepe3 pe30HaHC
MOKHO OCYHICCTBJIATH 100 U3MEHEHHEM HaCTOTHI, 1100 BHEIIHETO ITOJIA Ho. Ha IMPAKTUKEC JICTYC
HU3MCHATH ITOJIC AaKC B CIIy4acC MCIOJIb30BaHHA CBCPXIIPOBOAAININX MArHUTOB. N3mMmeHeHne mojs He
AOJDKHO IMPOUCXOAWUTH CIIMIIKOM 6I)ICTpO — CIIMHOBAag CHUCTEMaA HOJDKHA YCIICBATh 3a U3MCHCHUCM
I10JId, W, UHBIMHU CJIOBAMH, UBMCHCHUEC I1OJISI HE JOJIPKHO BBI3BATH NICPEXOABI MCKAY PA3JIMYHBIMUA
KBaHTOBBIMU COCTOSTHUSIMH CHUCTEMBL. JTO YCJIOBHE Ha3biBaeTcs amuabarmdeckum. C apyroi
CTOPOHBI MBI IIOKa Hp€H€6p€FJII/I nponeccaMm peilakCallv, KOTOPBIC IIPU OYCHb MCIAJICHHOM
MPOXOXKJCHAHM HE TMO3BONMIM Obl HamarawdeHHocTH M oTkimoHuThCS oT Ho. Takum obpaszowm,
yCJIOBHE NPH KOTOPOM 3ammcaHa cucrtema ypaBHeHui (1.3.18) cooTBeTCTByeT aauabaTuvyecKoMy
OBICTPOMY MPOXOXKICHUIO. Perienne 3Toi CUCTeMBI TPaIUIIMOHHO HIIETCS B (hopme
M, = Aexp(iw,t), mpu M,=const.

IToncraBnsis €ro B CUCTEMY MOXKHO HAWTH:

M , = gi_llM z
S Hotw

exp(£ iw,t)
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B peanbHOM ciydae mporieccaMu peflakcaluy npenedpeus Henb3s. [loatomy B ypaBHenus (1.3.18)
HY)XXHO BKJIIOUWUTH CJlaracMbIC, OarOlIue 3KCHOH€HIII/I&JIBHBIﬁ Clial HaMarHn4€HHOCTH K €€

PaBHOBECHOMY 3HAYEHUIO:

t1
M
M, =- —X
to
M
My =-
to

371eck BBEJIEHBI pa3IM4HbIE BPEMEHA PEJIaKCALUU Ul MTPOI0JIbHON KOMIIOHEHThl HAMarHU4€HHOCTH
U nonepevHo. BpeMs mpononbsHOM penakcanuu t1 XapakTepusyeT IepeHOC SYHEPTUUA OT CIIMHOBOM
CUCTEMBI K OKpYXarollen cpene. B ciaydae TBepAoro tema 310 BpeMs €lI€ HA3bIBAIOT BPEMEHEM
CIIMH-PELIETOYHOM peNaKCaluu. Bpemsi monepeunoii penakcauuu t, XapakTepu3yeT NEpPEHOC
SHEPIrUM BHYTPU CIIMHOBOM CHUCTEMBI.

Teneps 3anuinem ypaBuenus (1.3.18) i HAMarHUYEHHOCTH C YYE€TOM pPeJIaKCalllu:

I\ﬁ+ +igI_|0M+ + Il/l+ :igIVIzHl eXp(let)

2

M_-igH M. +'1"_-:-igv|ZHlexp(- iw,t) (1.3.19)

2

M+ M :%ig{M+ exp(- iwyt)- M. exp(iwlt)}Hl+¥.

z
t, 1

OTta cucTeMa ypaBHEHMI U3BECTHA Kak cucteMa ypaBHeHuit bioxa [10]. Ee pemenue nerko HanTu

Tereph YK€ NP YCIOBHHM OYCHb MEIUICHHOTO IPOXO’KACHHS Yepe3 Pe30HAHC, KOTJa MpoleccaMu
peaKcaluy MpeHeGpeub Helb3s,  HAMArHHYeHHOCTh M, He 3aBucut oT Bpemenn (M ,=0).B

pe3ylibTare MpoCcToro HHTerpupoBanus ypasHenuit (1.3.19) noayuum:

M+_ g_|le

SOoH,twmilt,

exp(ziw,t)

[MoncranoBka 3tux pemenuii B (1.3.19) naer:

1+ (Wl B Wo)zt 22

M 2, 2 2
1+(W1'W0)t2 +g letltz

;=
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" :{(wl -WO)Zii}q41t2exp(iiwlt)M
T k(- wo )t I +gH L,

g_|lt 2
tga =
{

1+ (w, - w, )t 2

Jlydiiie BBIpa3uTh OCIMUTUPYIOIIYI0 KOMIIOHEHTY HAMarHWYeHHOCTH Y€pe3 BOCIIPUUMYHUBOCTD C
M, =cH, exp(iwlt) , mpugeM, My =cyH .
Torpa:

g"ot 2{(W1 B Wo): 2 +i}
T+ (W, W)t +gtHA L,

c=c¢C

MOHO BBIPa3UTh JACHCTBUTEIBHYIO U MHUMYIO YaCTH BOCIIPUUMYUBOCTH C=C&iC?:

c'=c.—+ WO(Wl B Wo)t 22 .
’ 2|_1+t 22(W1 - Wo)2 +92H12t it ZJ’

(1.3.20)

" Wotz -
’ 2|,1+(W1 - Wo)2 +92H12t it ZJI

c"=c (2.3.21)

1.3.4 Ananu3 saBiaenusi JIIP Ha ocHOBe CIHHOBOI0 raMIWJILTOHHAHA

Kiaccuueckoe paccMOTpeHME SBICHHS MAarHUTHOTO PE30HAHca MOpOH yJOOHO B cirydae
sJIepHOTO MarHUTHOTO pe3oHanca (IMP). Onnako B ciayuae DIIP 3neKTpOHHBIN CIIMH y4acTBYET B
OOJIBIIIOM YHUCIIE B3aUMOACWUCTBUH. C KPUCTAUIMYECKUM TIIOJIEM, B CIIMH-OPOUTAILHOM,
CBEPXTOHKOM, M T.A. Bce 53TM B3aMMOAECUCTBUS MOXKHO Y4e€CThb C IIOMOIIBIO CIIMHOBOIO
raMuiabTOHHaHa. [103TOMY CIMHOBBIA TaMHJIBTOHHAH COJCPKUT OOJIBIIOE YHCIO CIaraeMblX |,
ONMUCBIBAIOIIMX TaKUE B3aMMOJICHCTBHS. 3E€EMAHOBCKOE B3aMMOJCHCTBHE C BHEIIHUM IIOJIEM,
paciieruieHusl YPOBHEH BCIEICTBHE KOCBEHHOTO BIIMSIHHS KPHCTAJUIMYECKOTO TOJs (TOHKAs
CTPYKTYpa), CBEPXTOHKYIO CTPYKTYpPY, OOYCIOBJICHHYIO HAJIIMYMEM Y LIEHTPAIHHOTO HOHA WU Y
aTOMOB JIMTaHJOB SJCPHBIX MAarHUTHBIX JUIIOJIBHBIX WM DJIEKTPUYECKUX KBAJIPYIOJIbHBIX

MOMCHTOB, 3€€EMaHOBCKOC B3211/IMOZ[€I>1CTBI/I€ AACPHOTO MOMCHTA C BHCITHUM I1OJIEM.
He=Hy +Hc +Hy +... (1.3.22)
CrieKkTp 3HEpPreTUYEeCKUX COCTOSIHUH M MEePEeX0/bl MEXAy HUMHU 0] JeiicTBuEM Hi MOXHO HaiiTy,

M10JICTaBUB Hs B ypaBHeHnue lllpeauHrepa W pemmB 3aqady Ha HAXOXJIECHUE COOCTBEHHBIX

3HAYEeHMii U COOCTBEHHBIX cocTosinuit E, 1 ‘ Y n> raMUJIbTOHUAHA,
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HsYn) =En Yh) (1.3.23)

M > - OasucHbIe (PYHKIIMH, COOTBETCTBYIOIINE PA3TMUYHBIM MTPOESKIHSIM

rz[e‘Yn>:é_ani‘|\/|i>,
I

M=S(S1),... -S nanpumep, mist S=5/2 0azucHbiMu QyHKIMAMU sBistores |5/2>, |3/2>, |U/2>, |-
1/2>, |-3/2>, |-5/2>.

CrnunoBbii TamuiabToHMaH (CII) moipkeH BKIIOYATh JIMINBL CllaraeéMble, COJCpIKaIlne
CIIMHOBBIC OINEPATOPbl MM WX TPOU3BEICHUS, JIMOO TPOU3BEICHUS CIUHOBBIX OIEPATOPOB Ha
KOMITOHEHTBI MAarHUTHBIX WJIH JJICKTPUUECKHUX MOJICH.

Hauynem paccmorpenue c¢ mpocteiero CII, coaepxamiero TOJBKO 3JIEKTPOHHBIN
36€MaHOBCKH 4JIEH

I-AIH = mBI-IIéé= my (g9, H,S, + gWHySy +g,H,S, + ngHXSy + (13.24)
9,,H,S,+9,H,S,+9,H,S +9,H,S, +9,.H,S,)
Ecnu BBIOpaTh Takyro CHCTEMY KOODPJHMHAT, B KOTOPOH OCH X,Y,Z SIBJSIFOTCS TJIABHBIMU OCSIMH, TO
9TO BBIPAXKEHHE CBENIETCS K CIEIYIOIIEMY
H, =mHgS=m, (g, H,S, +a,H,S, +9,H,S,) (1.3.25)
WIIH:
Hy =my(g,H,S, +9,H,S, +g,H,S,) (1.3.26)
Ecin 6b1 g—bakrtop OBUI H30TPOIHBIM, TO {y = gy=0,=0 #u I-A|H =gmyHS,. Torna

SHEPreTHYECKU CHEKTP TMpeACTaBlsl Obl co0oif Habop 2S+1 SKBUIUCTAHTHBIX YPOBHEH C
uHTepBanaMu gy H . [ox mefictBreM ocnmumpyromero nois Hi mpoucXoasT mepexo sl MKy

ATUMU YPOBHIMH, IIPUYEM Pa3pelICHbI EPEX0Ibl, U KOTOPbIX M, MeHsieTcst Ha eauHuIy. s ux
HaOroIeHUs TpeOyeTCs BBIOJIHEHUE YCIOBHS
hn = gm,H
3amady Ha HAXOXKJIEHHE COOCTBEHHBIX 3HAYEHUH U COOCTBEHHBIX (DYHKIMH raMHIIbTOHHAHA
yI0OHEeH! pelaTh B MATPHYHOM IPE/ICTABICHHH.
ITycTh | 1, | 2 ¥ ] 3 — Ga3ucHbIe PYHKIMH U Y 1, Y 2, Y 3 — COOCTBEHHbIE (DYHKIIMH, KOTOPbHIE

HYXXHO HAiTH U KOTOPBIE MOXHO TPEJICTAaBUTh B BUJC JTMHEHHOW KOMOUHAIINH | p:
. . . o .
Yn)=anj 1) thylj 2)+Chlj 3)= A Al k) (kn=123)  (1328)
Vpasuenue (1.3.23) B matpuuHOl (hOopMe 3arUIIeTCs B BHJIE:
o . o] .
a anHj k) =Ena anl ) (1.329)
B wmatpuuHOl (GOopMyIHpOBKE TPOOJIEMBI MBI JIOJDKHBI BBIOpPAThH YHAOOHBIM HAOOp Oa3WCHBIX

BEKTOPOB:
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RIRN
(;O—, (;l—, (;O— (1.3.30)
&0 &0 &15
Torna maTpuunslit s5kBuBaNieHT ypaBHeHus (1.3.23) MokHO 3amnucaTh Kak:
Ao a®0 8@6 San 0
a, (;O++ by, (;l++ Ch (;O+: (}bn - (1.3.31)
&0y &y &g &y
[TpenmonaoxKum, 9T0 MbI BEIYACITHIA MAaTPUIHBIE SIIEMEHTHI

Hamnpumep,
(0 1 0)851“'11 Hip, His80
H,, = QH s Hyp Hoyg f;o; (1.3.33)
&Hy Hz Hayp0g
Y TIOJTYYMIIU CIEAYIONIYI0 MaTpuiry Hik:

j1 J2 s

i*| A BJ|]O

i#| B A|O

i#[0 ofcC

[Moncrasnss ee B ypaBHenue (1.3.29) u yMHOXKas ero Ha | *, MOJIy4uM

[]

a akn(H Ik ~ Endlk) =0, (1.3.34)
OTKY/a IT0JIy9aeM CEeKYJSIpHOE YpaBHCHHUE!

det‘H”( - End“(‘ :O, WIIH.

A-E, B 0
B A-E, 0 =0 (1.3.35)
0 0 C-E
Pemrtag ero, HaxoauM:
Ei=A+B
E,=A-B (1.3.36)
Es=C

JInst HaxoKIeHus] COOCTBEHHBIX BEKTOPOB, nepenuiieM ypaBHenue (1.3.29) B Bune:
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A B 06@,0 @ 0
‘B A 0.b -=Ench, -
(; _(; n+= ngbn+ (1337)
& 0 CggcC,y &np

OTKYy/la TI0JTy4aeM:

¢ B A-E, 0 +cb,+=0 (1.3.38)
8 0 0 C- En écn B
Torna, 3uas E, MOXHO ompenenuTh KOAPHUITUSHTHI PA3JI0KCHUS
‘Yn>:an“ 1>+bn“ 2>+Cn“ 3> (1-3-39)

a,, bn , Cry - Tax, HanpuMep, MOKHO 3aIKCaTh.
Hj 3 =E4 3=Cj 3, (1.3.40)
CJIeI0BATENIbHO
Y;=] 3, a3=b3=0,¢c53=1 (1.3.41)
Teneps MOXHO HaiTi Y 4

TMockomsky E;=A+B, Tor/a n3 (1.3.38) MOKHO TONy4HTS:
- Ba; + Bb; =0,
Ba, - Bb, =0, (1.3.42)
(C- A- B)C, =0
Crenosatensio, C3 =0, @ =b; =1, artaxxax a2 +b? =1, 10 a; =by :%ﬁ’

Io aHanoruy MoxHo Hait Y 5:

ITockoneky E>=A-B, Torma: a, = - b2 = }{/E’

Torna okoH4aTenbHO COOCTBEHHBbIE (DYHKINN

1 . )
leﬁ(l 1+ 2)
1
J2
Y3=] 3,

Yo=-"=(1-]2) (1.3.43)

Ecnu cocraButh Matpuity u3 kodddurmentos (1.3.43), To mosyduM YHUTAPHYIO MaTpPUILy, KOTOpast

+
muaronammsyer ramuistornan H ® UHU ™



e, Yy 00

U:gyﬁ 'Y@ 0 (1.3.44)
¢ o0 0

Bo3Bpaiaschk K cirydaro H30TpOIHOro g-daxropa
H,, =mHgs, (1.3.45)

s cnydass S=1/2 (nyOseTHOe 1O CHHHY OCHOBHOE COCTOSIHME) MOYKHO PacCUMTaTh MaTPUYHBIC

1
+=
(3

cienoBarenpHo: E, =+ > gm,H , unu B Mmatpu4HOii hopme:

3JIECMEHTBI TaMUJIbTOHUAHA.

|4H2

s E> - % gm,H (1.3.46)

gl 0
¢z 0=
Hg=H, =gmH¢? = (1.3.47)
go -2
25
TOFZ[a CO6CTB€HHI)I€ BCKTOPBI, COOTBCTCTBYIOIIIHUC Ei , paBHbIL COOTBETCTBCHHO.

22X a®0
S5 " &g

Tenepp paccMOTpUM aKCHAIBHYIO aHH30TpONHI0 ( s ciaydas S=1/2 (akcuambHOE
KpUCTalUIM4ecKkoe moje). B srom ciydae 0yx=0y' Q... OOBIYHO BBIOMPAIOT TPHTOHAIBHYIO HIIH
TETParoHaJIbHYI0 OChb B KauecTBe Z ocH, Toraa g,=gj, 0x=0gy=0~. Ecnu H cocrasiser yroa g ¢ oceto
Z, TO

Hs =mH(g,Cosg S, +9.9nq S, ), (1.3.49)
TOT/a, C YI€TOM MaTpHI]
s, =12 00 o 18 10 (1350
28 -1 281 05

MOHO ITOJIyYUTh MaTPUILy CEKYJISIPHOTO YPAaBHECHUS:

|1/2> [-1/2>
12> 1 1
| Eg”mBHCoan - E, EgAmBHan
-1/2> 1 1
| EgAmDHSinq - Eg”n])HCos;q- E.

PemreHnem 3TOro CeKyasIpHOTO ypaBHEHHUS OyZET CIEAYIOIIee BEIPaKEeHHE:
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E, i%mBH(g”ZCoszq +g29n7q )}/2 (1.3.51)
[Monarasi, 4T0 pe30HAHCHBIC YCIOBHS OYIyT BBIMOJIHATHCS npu E-E =hn=gugH, noxyuum:

g® = g{Cos’q + gZSin*y (1.3.52)
B ciydae pomOuueckoro kpucramanueckoro nons gyt gyt gz.. BeibepeM X, Y, Z B kauecTBe INIaBHBIX

oCell U MPHUJIOKUM MarHuTHOE mnojie Hp B HampaBiieHUH, COCTABJISIONIEM KOCUHYCHI YTJIOB C X, Y, Z,

paBubie |, mu n. Toraa noxyuum:
Hs =myH(g,IS, + g,mS, +g,nS,) (1.353)
I 2

g% =gsl° +gym® +g7n? (1.354)

Ecnu crnimH Gousbiie '2, MOXKET MOSBUTHCA JONOJIHUTEIBHOE PpACIICIICHHE YPOBHEH SHEprum,

00yCIIOBJICHHOE KOCBEHHBIM BJIUSHHEM KPUCTAIUIMYECKOTO IOJISI, OMUCHIBAEMOTO ClIaraéMbIMH B
CIIMHOBOM T'aMHJIbTOHHAHE, TIPOTIOPIIMOHATHFHOM CITMHOBBIM OIlepaTopam OE, rje creneHs g>1:
q bl A BINM
H,=m;(HgS)+Qq B/O, (1.3.55)
k.q
PaccmorpuMm ciyuait S=5/2 B kyOuueckoMm Tmoie. DICKTPOCTATHUSCKUI TOTEHIMAT B MeECTe

pacHoJIOKECHUSI MOHA B KyOW4eckoMm (OKTa’ApHuecKoM) TOJie, YAOBICTBOPSIOIINN ypPaBHEHHIO

Jlariaca uMmeeT BUI:

60 ,350é 4, 4,_4 3 aU
V(X,y,2)=—+ Xy +zZ7 - T (1.3.56)
d 458§ 5
WJIN.
V (X, Y, z):Bch4 +y*+z%- g’r‘lé (1.3.57)

MOHO MOCTPOUTH CIIMHOBBIN ONIEPATOP, SKBUBAJIIEHTHBIN ATOMY:

H, :% 3554 - 30S(S+1)S? + 2552 - 6S(S +1) +382(S+1)2]+%(Sf + 54

(1.3.58)
1501051
H. = 2 gs;l +S8+2- és(s +1)(3S? +3S- 1)§ (1.359)

Jnst H || zmarpuna ciiHOBOTO TaMHIIBTOHMAHA C UCIIOJIB30BAaHUEM MaTpull S, S, S u S s S=5/2

IIPpUMET BU.
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|5/2> [3/2> |1/2> -|ly2> -|3/2> -|5/2>
52> | a N §gn15H 0 0 0 /5 0
2 2 Py a
|3/2> 0 3 0 0 0
- 2(a- g 5,
2
|/2> 0 0 1 0 0 0
a+-gmH
2
-|y2> 0 0 0 1 0 0
a-—gnH
2
-|3/2> 0 0 0 0
| @ a "3 (a+ gréH)
2
-|5/2> 0 £5 0 0 0 a. §gmBH
2 2 2

JlnaroHanusanus 3TOW MaTpULbl 1aCT CIEAYIOLME YPOBHHU SHEPIUU:
E, 1y = atgmH
_1 ) 1 200 2142 PRV
E == (gm,H - a)+ = (16g°m,"H* +16gm,H + 9a*) (1.3.60)
%% 2 2

__E 1 2 2 2 _ 2 }é
E%]_%— 2(gmBH +a)12(169 m,“H “ - 16gm,H +9a°)

Jlnarpamma ypoBHEH SHEPrHH M TEPEX0/Ibl, COOTBETCTBYONIME TpaBuiaM ot6opa Dm=1 mokazansl
Ha puc.1.3.2. Ha puc.1.3.2 Taxke moka3aHo MoJIOKESHUE JIMHUH I pacCMOTpeHHOTo citydas Ho || z
HHTEpecHO OTMETHTH, YTO MHTEHCHUBHOCTH IIEPEXOJIOB, ONpeAesieMble KBaJpaTaMU MaTPUYHBIX

AJIEMEHTOB OoTiepaTropa SX cooTHocsTes Kak 8:5:9:5:8. Yrinosele 3aBUCHMOCTH TIOJIOKEHUH JIMHUN B

CIIEKTpPE TPU M3MEHEHHH MOJIOKESHUSI BEKTOPa BHEIIHET0 MarHuTHOTO 1oJjisi Ho B mutockoctu (110) B

npexaenax 90° ot Hanpasienus [100] no [011] moka3ansr Ha puc.1.3.3.
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15/2>
312>
172>

172>

312>

_| 52>

-
™

Puc. 1.3.2 Jluarpamma ypoBHEH SHEPIHH U MEPEX0Ibl, COOTBETCTBYIOIIHME MpaBmiiaMm otoopa Dm=1

st cucteMbl S=5/2 B kyOrueckoM (OKTadApHYeCcKOM) KPHCTAIUIMIECKOM TI0JIE.

VYron, rpan.

Pric.1.3.3 VrioBast 3aBHCHMOCTD mooskeHuit uamii DIIP crektpa nona Fe®* B GaAs S=5/2: 1 -

32®5/2,2- 1/2® 3/2,3--1/2® 12,4 - -3/2® -1/2, 5- -5/2 ® -3/2



38

1.3.5Ipupoaa anuzorponun cnekTpoB TP napamMarHUTHBIX IEHTPOB

Jia TBepAbIx Ten paccMoTpeHue crnekrtpa OIIP cymiecTBEHHO 3aBUCHUT OT OpUEHTAIUHU
KPHUCTAJUINYECKOTo oOpa3na B MarHUTHOM mnosie. OpHako Juig KyOM4YecKoro KpHcTaa c
OKTa’APUYECKUM HIIM TETPAdIPUUYECKUM OKpYKeHHEeM (-(hakTop MpeacTaBisieT coO0i CKapPHYIO

HOCTOHHHy}O U raMUJIbTOHHUAH UMECT BU/
Hy =gmy(H,S, +H,S, +H.,S)), (1.3.61)

nmodtoMy crektp DOIIP m000ro mapamMarHUTHOTO IEHTPA, WUMEIOMIETO KyOMYeCKYl0 CUMMETPHIO,
Oy/IeT H30TPOITHBIM.

CuMMETpHUIO MOXHO MOHU3HUTH UCKYCCTBEHHO, €CIIM MPUMEHHUTh BHEIIHEE HANpsHKEHUE I10
OJTHOMY W3 HarpaBlIeHH# Kpuctaiuia. Ho wacto camMu mapaMarHuTHBIE HEHTPBI — JIEPEeKThl WIH
IpUMECHBIE IIEHTPHl B KPUCTAJUIAX UMEIOT CHUMMETpPHUIO HIDKe KyOmueckoil. IIpumepom moxer
CIYXKHTh JIe(PEKT, UMEIOLIHI TPOTSHKEHHOCTh BJIOJb OJTHOM U3 Ocell (MJIM HECKOJIBKHX) KpUCTALIA,
HarnpuMep, BaKaHCHsI Ha MEeCTe MOHa MarHus B Kyoudeckom kpucramie MO, unm npumecHas napa
(unmm xoMmIutlekc) mepexoHoM Meram—akuentop B Si. Ha puc.1.3.4 mpencraBieHa Mojielb
MOHOKIMHHOTO KoMmIuiekca FEBFe B Si, B koTopom noH Oopa 3amemiaeT aToM KPEMHUsI, a HOHBI

’KeJe3a pacrojI0KeHbI B OJIMKANIITNX MEKI0Y3ITHSIX.

=== - - -@= === -

Puc.1.3.4 T'eomeTpruueckass aTOMHasE MOJENIb KOMIUIEKCOB JK€JI€30-aKIeTOP B KPUCTALTUICCKOM

PEIICTKEC KPECMHUA

Or CUMMCTPUHU LHCHTPA GYZ[GT 3aBHCCTH YIJ1I0BasA 3aBUCHUMOCTD ITOJIOKCHUA JIMHU B CIICKTPC.

Tak 11 MOHOKJIMHHOTO KOMILIEKCA, IPEACTaBIeHHOro Ha puc.l.3.4, mus KOTOpPOro TodedHas
rpynmna onpenensiercs kak 2(C,),m(C,,Cy;,),2/ m(C,,), onna rnasnas och neprenauKynspHa

3epKaJIbHOM IIJIOCKOCTH, a JIB€ JAPYTHE OCH JIeXKaT B 3€pKAIBHOM IUIOCKOCTH. IIpumep yriosoii
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3aBucuMoctu crekrpa JI1P monoxnmmHHON-I cumMmerpun, mokaszan Ha pucl.3.5. KommoHeHThl O-

TEH30pa B 3TOM CJIy4ae, CBA3aHbI MEXKTy COOO0 CIEIYIONMM COOTHOMECHUEM: Oyy=0zz, Oxy=0zx-

1200

1000
800

l_

€ 600

m
400

200

0
0 30 60 90

VYrom, rpan.
Puc.1.3.5 Tlpumep yrmosoii 3aBucumoctu crekrpa I1IP moHOKIMHHOK-| cumMmeTpun.

AnmzoTponus g-pakropa BO3HUKAET BCIIEACTBHUE B3aWMOJICHCTBHS CIIMHOBOTO MOMEHTA
AIIEKTPOHA C HEOOJBIIUM IOJIEM, WHIYLHUPOBAaHHBIM HM3MEHEHHEM OpOMTAIBHOTO MOMEHTA.
JIokanpHBIE JJIEKTPUYECKHE TIO0JIA, IIOHWKAKOIME CUMMETPHUIO ILIEHTPA, HEMOCPEIACTBEHHO HeE
B3aMMOJICHCTBYIOT CO CIIMHOM, HO BO3JCHCTBYIOT Ha CIHH 4Yepe3 CIHH-OpOUTAIbHOE

B3aUMO/IENCTBUE:

., =1 CS=1 (LS, + 1,8, +L,8,) (13.62)

A A " r r K A A
H=H,, +H,=mH(L+g.S)+ILS (1.3.63)
[Tyctb ocHOBHOE coctosinue |G,Ms>opouransao HeBbipoxaeHo (L=0), Toraa B |-om npubmmkeHun

TEOPUU BO3MYILICHUI:

WG(l) :<G’ MS |gernBH zéZ|G’ M S> +<G’ MS|(rnBH Z+I éZ)I:Z|G’ MS>

=W,,, +(Mg|mH, +1 S,|M)GIL,|G). (1.3.64)

3eem
Bropoe cnaraemoe B 3TOM BBIpQXEHHH OOpaIIaeTcsi B HOJb, ITOCKOJBKY OCHOBHOE COCTOSIHHUE
ABIISICTCS OPOMTAIFHO HEBBIPOXKIACHHBIM. TOraa HaiijieM MOMpaBKy BO BTOPOM MOPSAKE TEOPUHU

BO3MYILICHUNA:

rr . 2
- ‘(G,MS|(mBH +1S)xL + gemBHS|n,M'S>
, (1.3.65)

[]
W2 =g
(0) (0)

n WO - W

rue <G,Ms|gemBHé| n, M'S> =0, T.x. <G‘ n> =0.
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Torna,
4 r F - U6 - r F U
- g(MS|(mBH +1 S)|M S><G|L|n>g§<n|L|G><M s|(MH +1 S M)y
W = U (1366)
G an WO - Wéo) AT
rae
g (Glulninlje)
n WO wo !
- DJICMCHT TCH30pa
t _?— XX L Xy L xz.EQ
L=cly Ly L yz ™
Lo Ly Lag
TOTrJa
T TF FTF
WS =<|\/|S|mBZH'r|_ﬁr +2| mBI-rILS+I 2SLYM’s). (1.3.67)

3H€CI) MEPBOC CIara€Mo€ HECYIICCTBECHHO, ITOCKOJIbKY IMMPHUBOAUT JIMIIb K IOCTOAHHOMY CMCIICHUIO

rFr
ypoBHel. KomOunupyst oneparop B (1.3.67) ¢ omeparopom ¢ My HS, MoxHO 3ammcarh CIMHOBBIN

raMHJIbTOHUAH.
A r T T K FTF
He=mH(g,1+2I L)S+I*SLS
ref  FUF
=m,HgS + DS (1.3.68)
rjie,

G=gel+2 L

D=2
FTFK > > >
SDS =D, SZ + Dy, S2 + D, S

u

4+ E(SE - S +5 (D +D,y +DL)S(S+)

:Dgszz - %S(S+1)

rac B CBOIO O4YCPEAb
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PaccMOTpPHM KBapTeTHOE OCHOBHOe cocrosime S=3/2 (Cr** B oxrasmpuueckom rmone). B
KyOM4YecKOoM IojJie TaMIJIBTOHHAH ympomraercs 10 M,HQS, u naer derslpe SKBUIMCTaHTHBIX
ypoBHs ¢ M=3/2, 1/2, -1/2, -3/2; PacuiemieHrie B HyJEBOM I0Jie OTCYTCTBYeT. OHAKO B TMOJISIX
TPUTOHAILHOM WJIM TETPAaroHaJbHOW CHMMETPHU TPOMCXOJHUT paCIISIUICHHe Ha JBa IyOnera
M=£1/2 u M=%3/2. B 31OM ciiyyae B raMHJIbTOHHAH HEOOXOJIUMO BKJIIOYHTH JIOTIOJHHTEIbHBIC

YJICHBI.

. A 1 )
Hs=myH(g,cosq S, +4g.s€ing S,) + D§SZ2 - §S(S+1)§ (1.3.69)
Mar"guTtHoe II0JIE€ JEKUT B IIJIOCKOCTU «XZ» U COCTaBJAET yroJia q Cc ochl0 «Z». Tak kak éZZ -

JMaroHaJeH, To B HyineBoMm mosie H=0

E =D’ (1.3.70)
£3) 7
TorIa paciieruienue coctaBut 2D.
IMpu H*O0wu ||Z
L1
E:yz =t gmH-D
(1.3.71)

3
Ei% :iEg”mBH +D

YpoBHH 3Hepruu s akcuaiabHoro mois D<O mokaszansl Ha puc.1.3.6. B ciyuae D>0 monoxenus
ayoneroB +1/2 u +3/2 MeHsOTCA Ha NPOTUBOMNOJOXKHBIE. 3HAaK D MOXHO ompenenuTh u3
COOTHOIIIEHUS] MHTEHCUBHOCTEH JIMHUIM NpH HU3KUX TemmnepaTypax. Ilpu npyrux HampaBiieHHX
MarHWTHOTO TOJIA MaTpuia OyaeT He AWAaroHAIbHOW M yPOBHM JHEPrUM HEe OYAyT JHMHEHHO
3aBHCETh OT MarHUTHOTO TOJIsl. DTH Cilydyad MBI He OyneM paccMaTpuBath 31ech. Korga D>>gugH
AyoneTsl OyAyT OTCTOATH APYr OT JApyra Ha 3HAYUTEIBHOM pPACCTOSHUH. TOTrJaa BO3MOKHBI

MIEPEXO0bl TOJIBKO BHYTPHU JAyOJIETOB.



13/2>

11/2>

11/2>

312>

Puc.1.3.6 YpoBuu sueprun s cucteMbl S=3/2 B akcnansHOM miosie D<O mpu H||Z.

B cnygae pomMOUUuecKoTo Mo raMUIbTOHUAH 3aMUIIETCS B CIICIYIONIEM BH/IE:

=m,Hg S+ D3S? - :—1%8(8+1)§+ E[SX2 - Sj]

2

Jns H||Z matpuiia raMmusibronrana OyaeT BBITISACTh Kak:

[3/2> [-1/2> |1/2> [-3/2>
[3/2> ggzngH +D \/_BE 0 0
[-1/2> \/_BE ] —;gzngH- D 0 0
|1/2> 0 0 ingzn%H_ 5 JE
[-3/2> 0 0 \/_BE ) ggzngH +D

Ee JraroHajiu3ainuda 1act CJICZIYIOIIII/IC ypOBHI/I 3HepFI/H/I:
; g,mH £[(D +g,mH)>? +3E2]%
En=i

I—‘I\J|I—‘

I+ >g,mH +[(D +g,mH)? +3E2]%'

W3 3Tux BeIpaXKeHUit BUIHO, 4T0 E, HenmmHeitHo 3aBucut ot H yxe npu H||Z.

42

(1.3.72)

(1.3.73)
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1.3.6. AHa/Iu3 CBEPXTOHKOM CTPYKTYPbI ciekTpoB JIIP

KpoMe B3auMOACHCTBUI, ONMCAHHBIX BBIIIE, JAIOUIUX TOHKYIO CTPYKTYPY CIEKTpa,
CYILIECTBYIOT B3aUMOJICHCTBHSI MATHUTHOTO MOMEHTA JIECKTPOHA C MAarHUTHBIMA MOMEHTAMH sIJIEP
(cBepXTOHKHE B3aMMOJCHUCTBHSI), Oarogaps KOTOPbIM MOTYT HaOJIFOJAThCS CIIEKTPBI C TOpa3o
OOJIBIIIMM YHCIIOM KOMIIOHEHT. B HHMX MOXET y4acTBOBaTh SIIPO aTomMa, KOTOPOMY MPHUHAICKHUT
HECIIAPEHHBIN AJIEKTPOH, OO0 SIpa aTOMOB OJIM3IEKAIINX KOOPAMHALMOHHBIX c(hep B TBEPIOM
Tene (Takoe B3aMMOJICHCTBUE HA3bIBAIOT €IIE CYNMEPCBEPXTOHKMM B TBEPIBIX TelaxX WM
CBEPXTOHKMM Ha JIMraHAaX, MPUBOJLIIMM K HEOJHOPOAHOMY ymupenuto nuaui OIIP), mubo
OnM3NIeKaIIue sIpa aTOMOB B MOJIeKyse (IIEpeHOC IEKTPOHA HA COCEIHHUE SIIpa B COMPSIKCHHBIX
CHCTEMaX B OPraHMYECKUX COCAMHEHHUSX).

CnuHOBOE KBAHTOBOE YHMCIIO HW3BECTHBIX sjep, 00JamaromuXx COOCTBEHHBIM CIHHOBBIM
MOMEHTOM, MPUHUMAaET OJHO W3 cieayromux 3Hauenwii: 1/2, 1, 3/2, 5/2, 3, 7/2, 9/12, 5, 6, 7.
MybTHIIONEHOCTh COCTOSIHUI SICPHBIX CIIMHOB jJaeTcs BhipakeHueMm 2l+1. M3BecTHO, 4TO st
s7ep, y KOTOPBIX aTOMHas Macca W MOPSAKOBBbIA HOMep ueTHble, |=0. Ecnu mopsiikoBblid HOMEp
HEYeTHBIH, a aTOMHAasl Macca YeTHas, To | — 1enoe 4nciio; ecim e aTOMHas Macca HeyeTHas, To | —
nojyienoe uucio. VM3oronnyeckuit cnuH sapa (M30CIHH) OMPENENsSeTCs € MOMOIIBI0 MPOCTOrO
BeipakeHus (N-Z)/2, rne N — uucno HEWTpOHOB, Z — YHCIIO MPOTOHOB, PaBHOE MOPSAKOBOMY
HOMEpY aroma.

CBEpXTOHKOE B3aMMOJICHCTBUEC MEX]Y 3JICKTPOHAMHU M SIPAMH MOXET OBITh YYTEHO B
CIIMHOBOM TaMWJIBTOHHAHE C TIOMOIIBIO JIOMIOJIHUTENBHOTO ciaraemoro SAX . B o0o3nauenun
BOJIHOBOW (PYHKIIMM KBAHTOBOTO COCTOSIHHS, YYHMTBIBAIOIIETO B3aMMOJICUCTBHE C SIPAMH, MBI
BBEJICM SJICPHOEC MAarHMUTHOE KBAaHTOBOE YMCIIO W 3amuiiem ee kak |M,mi rme m=1,I-1,...-1.
Bocrmonp30BaBIIMCH CBOMCTBAME CITMHOBBIX ONIEPATOPOB:

SMAES(S+1) |MF

SIMEM [MA
SiMfE (S(S+1) — M(M+1))Y2 [M+1i
S|MfE (S(S+1) —M(M-1))? [M-1#i (1.3.74)

rie Si=S+iS u S=SIS,, xoTopble crpaBeUMBEI KaK Ul 3JIEKTPOHHBIX, TaK M JUIS SIIEPHBIX
CIIMHOB, MO>KHO HAalTH MaTpUYHbIE 3JIEMEHTHI, KaK, HallpuMmep,
a,m|S 1M, mi =M m
M, m+1|S,1,|M,mEM (1/2) [1(1+2)-m(m+1)] 2 (1.3.75)
U TIOJTy9NUTh MATPHUILy SHEPTUH, TUAarOHAIN3UPYS KOTOPYIO MOXKHO HAWTH SHEPreTHYECKHE YPOBHH.

JInsg  wUTioCTpalM - paccMOTpuUM  mipoctoir mpumep S=1/2, 1=3/2 u mnpeamonoxuM, dTO
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KPUCTAITMYECKOE TIOJie MMEeT KyOWYEeCKyr CHUMMETpHIo, TodToMy g u A um3orpomHbie. Torma

CIIMHOBBIN TaMUJIBTOHUAH CBOJUTCS K (hopMme:

Fs= gmeHSA A[SI+Sdy+SS) (1.3.76)
Torna matpuia 3HEPTUU MOXKET OBITH 3allMCaHa B CIEAYIOIEH Gpopme:
1 3
1,G+3/
M | 3060 | [Yatoh | FYaen | Yot | Yol | fatheit | | Y-S
A
12,2 | Y%,G+%,
fi A
2,12 1,6+,
) R (V3/2)A
n
|' 1lzG+3/2
L oa (V3/2)A
/2, /2n A
2, Y,G+3,
. A
/2n A
|_ A 1lzG+3/2
Yo, o A
|1/2,' 1lzG+3/2
3 = (V3/2)A
/2n A
|'l/2,' 1lzG+3/2
1 (V3/2)A
/2n A
|'l/2,' 1lzG+3/2
3,f A
3necy G=gngH. /lnaronanu3amnus GJIOKOB 3TOW MaTPHIIBI Ta€T BOCEMb YPOBHEH:
Ega= 3/4A + 1/26
E71=-"A £ 'o(G+2AG+4A%)?
Ess = -"A £ '/o(G*2AG+4A%)"
Es2 = -14A + Yo(G*+4A%)Y2 (1.3.77)

Ha Puc.1.3.7 Iloka3aHa nuarpaMmma 3THX YPOBHEH B 3aBUCUMOCTH OT BETMYUHBI MAarHUTHOTO TIOJIS.
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3/2
V2 12

/ B

A\

(3/4)A

v

-(5/4)A

312

V2
2
32

=~

Puc.1.3.7 [lnarpaMmma SHEPreTHUECKUX YPOBHEW B 3aBHCHMOCTH OT BEJIMYMHBI MarHUTHOTO

noJist uisi cucteMbl S=1/2, 1=3/2 ¢ yueToM CBEpXTOHKOTO B3aUMOICHCTBHSL.

Jlnst Toro 9ToObI OOJiee TMOJTHO OMKCATh B3aMMOJCHCTBHSI, CBSI3aHHBIE CO CIIMHOM s/pa, B
CIIMHOBOM TaMWJIbTOHHAHE KpoMme wieHa SAX HYKHO ydecTh 36eMaHOBCKOE B3aWMOJIEHCTBHE

SIZ[GPHOFO CIIMHA C MarHUTHBIM IIOJIEM, A TAKXKEC KBaZ[pyr[OJII)HOC B3aHMOH€fICTBH€:
1 1 11 1 L1 I LI
H=m,SiB- gym,Bl +SAl +1QI (1379

3necy On- sanepHbli g (akrop, Ny- saepHbIi MarHeToH, A u Q - TEH30pbI, ONHUCHIBAIOLINE
CBEPXTOHKOE M KBaJPYyMOJIbHOE B3aUMOJICHCTBHS, COOTBETCTBEHHO.

Ecnu 251eKTpOHHOE 3€eMaHOBCKOE B3aUMOJAEHCTBHE B 3TOM TaMUJIBTOHHAHE 3HAYMTEIBHO
OoJbllle JPYrUX B3aUMOJEHCTBHIA, TO, MPUMEHSS METOJbl TEOPUM BO3MYILIEHHS, MOKHO HAWTH
NpUOIKeHHbIE COOCTBEHHBbIC 3HaueHUs TammibToHMaHa (1.3.78). IlepBwlit TOPSIOK TEOopUH

BO3MYIICHUS TACT.

E=gmBm; - gymBm + Ammy +Qny (13.79)

[Tomy4yeHHasi cucTeMa SHEPreTUYeCKUX YPOBHEH COOTBETCTBYET CIIMHOBBIM BOJHOBBIM (DYHKIIHSM,

ONpeCACIIICMbIM  OJICKTPOHHBIMU W AJACPHBIMU MAriMTHBIMHM KBAHTOBBIMHU YHCJIIAMU, 0OBIYHO
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npejCTaBIsieMbIM B BHIEC |MsMfl B kauectBe mpumepa Ha puc.1.3.7 mokazana nuarpamma
IHEPreTUYEeCKUX YPOBHEH IS MapaMarHuTHOTO 1eHTpa ¢ S=1/2 u |=3/2.

[Mox nelicTBMEM MHKPOBOJIHOBOTO AJIEKTPOMATHUTHOTO MOJISI MOKHO BBI3BATh MEPEXOJIBI,
(ma puc.1.3.8 onm oOo3HaueHsl muppamu 1,2,3,4) peructpupyembie B DIIP skcnepumente,

COOTBETCTBYIOIIHE MPpaBHiiaM 0TOOpa:
Dmg =+1, Dm =0. (1.3.80)

B pesynbrare, cmekrp Oynmer coctosite 3 2l+1 nMHMI CBEPXTOHKOM CTPYKTYpHI, MOJOXKCHHS

KOTOPBIX 3aJ1at0TCs CICAYIOIINUM YPAaBHCHUCM.

,m57m1>

|+3.+3)
a

[+3,+3)
b

[+3,— 1)
¢ 1 3

H‘;,—;)

11213 [4

-5 -9
d

-5~
€

-1, +1)
f

[—1,+3)

Puc.1.3.8 Jlnarpamma sHepreTHUecKUX YpOBHEH Jisl mapaMarHuTHOro meHtpa ¢ SS1/2 u 1=3/2 ¢

YUCTOM CBECPXTOHKOI'O, AACPHOTO 3€EMAHOBCKOT'O U KBAZAPYIIOJIBHOT'O B3aI/IMOZ[€I\/JICTBI/II\/JI.

T hn - Am,
m (1.341.381)

gm,
rae my npoOeraet 3HaveHus ot -l 1o |. Paccrosiane Mexay TUHHSMH CBEPXTOHKOW CTPYKTYpPHI B
cuektpe OIIP B mepBoM mopsiKke TEOpUU BO3MYILIEHUS, IPUMEHEHHOW 3/1€Ch, PAaBHO HapaMeTpy
CBEPXTOHKOTro B3aumozencTus 4. Kak BUIHO, B EpPBOM MOPSAJIKE TEOPUU BO3MYILEHUHN sJIEPHOE
36eMaHOBCKOE U KBAJPYIOJHbHOE B3aUMOJICUCTBUSI HE BIUSIOT Ha moJioxkeHus Junuii DIIP. Ecnu
BEJIMYMHA CBEPXTOHKOTO B3aMMOAEUCTBHUS OyneT MeHblne mmpuHbl JuHuu JOIIP, To cBepXxToHKas

cTpykrypa B DI1P skcriepumenTe OyaeT Hepa3peleHHOH.
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[Tpupoay HU30TPOITHOTO CBEPXTOHKOTO B3aUMOJICHCTBUS, JTAIOMIETO OOBIYHO HAWOOJBIIHN
BKJIaJ], HEJIb3Sl OMMCATh KIACCHUYECKOH TEOpHEll, MOCKOIbKY JAUIONb-TUIIOJbHbBIE B3aUMOAECHCTBUS
MEXAY CIIMHAMM 3JIEKTPOHOB U SI€p, MOPOXKIAIOIINE JOKAJIbHbIE TOJIs, YCPEAHSIIOTCS K HYIIIO U3-32
cepryecku CHMMETPHYHOTO pachpeaeneHusi S-HaeKTpoHOB. (TOJIBKO S-3JIEKTPOHBI JAIOT BKIIAI B
U30TPOITHOE CBEPXTOHKOE B3amMoJieiicTBUe). OObSICHEHHE OCHOBBIBACTCS HA TaK Ha3bIBACMOM
®epMH KOHTAaKTHOM B3aWMOJICHCTBHHU, CYTh KOTOPOTO CBOJHMTCS K TOMY, YTO JIEKTPOHHI 1S, 2S n
3s opOuTaneit UMEIOT, KaKk mokazaHo Ha puc.1l.3.9, HeHyneByIO IOTHOCTH B Touke siapa (p, d, f-
OpOUTAIH UMEIOT Y3JIOBYIO TOYKY). DHEPrusi H30TPOITHOTO B3aMMO/ICHCTBUSI MAarHUTHOTO MOMEHTA

OJICKTPOHA C AJACPHBIM CITMHOM B 3TOM CJIy4a€ HAXOAUTCA C MTOMOIINBIO BBIPAKCHUSA

8p 2
W, =- 3 Y (0)"m,m, (13.82)
Hamnpumep, 1s-BostHOBas (hyHKIHS BOJOPOJIa PaBHA!
1/ 2 "
&1 0 B ro
Yis = gsi expg—— I, (1.3.83)
Ply @ v @
o N 2 &1 0
rae r — paguyc nepoit 6oposckoit opouts (0.0529um). [1pu r=0 3nauenue |y (0)|” paBHO g I
Plo o

Hcrnonb3ys 3TO 3HAYEHUE MOXKHO paccuuTarh dHEpruro W, 1o ypaBHenuto (1.3.83).

Puc.1.3.9 3aBucumocTtu paauanbHbix uvactedd 1S, 2p u 3d —BoJHOBBIX (YHKIHH BOIOpPOJA OT

paccrosiaust ot siyipa (fo — OOpOBCKHIA paanyc).
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AHI/I3OTpOHHa$I 4aCTb CBCPXTOHKOTI'O B3aI/IMOZ[€I\/JICTBI/I$I ONpCACIIACTCA AUITOJIb-AUIIOJIbHBIM

B3aUMO/IEHCTBUEM:

3(SH)(Ix) SH
(5 ) i % Y> (1.3.84)

t i
stxlzZ;)gnggan%

L

rae B — TeH30p BTOpOro paHra ¢ HyJEBBIM CIEAOM. JTa YacTh CBEPXTOHKOI'O B3aWMOJECHCTBHS
MO3BOJISIET OoJiee JETANbHO U3y4aTh JIOKAIBHYIO CHMMETPHUIO IIapaMarHUTHBIX IEHTPOB,
OTIPENIeNATh TOJI0KEeHHE Ne(eKTa UM MPUMECHOTO aTOMA B pEIIeTKe.

CrnuHoBbll ramuibToHuMad (1.3.76) Ui CBEpXTOHKOTO B3aWMOJICUCTBHS MOJIYy4aeTcss W3
BeipakeHus (1.3.83), eciu 3aMeHUTH B HEM MarHUTHBIE MOMEHTBI COOTBETCTBYIOIIUMH

oIepaTopaMu:

rhezz - gm, éz

(1.3.85)
r‘h N z = g N m N I,z
Torma B oneparopHOM BUAE:
) 8
H uso = ?p g mB gN r-n\l |Y (O)|2 %z Pz ) (1386)

KOTOPOC MHAYC 3aIMChIBACTCS B BUJIC:

H wo = N A ézI’z , (1.3.87)

riue Ao — koHcTaHTa u3otporHoro CTB, koTopas u3MepsieTcs B equHUIAX yacToThl (B [').
['aMuUIbTOHMAH CBEPXTOHKOTO B3aMMOJCHUCTBHS MOXET OBITh IIOJIydeH Ha OCHOBE
KJIACCUYECKOM DJJIEKTPOMAarHuTHOM Teopuu. lloBeneHue onekTpoHa B MarHMUTHOM 1nojie
OIHCBIBAETCS MyTeM 3aMeHbI P Ha P+ (€/C)A, rae 4 —BEeKTOPHBIN MOTEHIMAN, ONpEACIIeMbIN Kak,
divA=0, rotA=H.
MarHuTHbIN TUII0JIb P CO3JAET B TOUKE HAa PACCTOSIHUM I MAarHUTHOE T10J1€
A=[nr]/r3*=rot(mr)

Torma

n 1 r el ) r r

H :m(p+€A) +2m; Srot A . (1.3.88)

B niepBoM npuOIMKeHHH TEOPUH BO3MYIIIEHUH OCTaBJISIOT TOJIBKO JIMHEHHBIC TT0 A YJICHBI:
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1 I Iy r r
= P (pA+ Ap) +2m, SrotA (1.3.89)
H = 2rr]3 m, 2m, Srotrotg—— (1.3.90)
elrg
! rr
rne hl = [r p] . 3aBUCSIIYIO OT CIIMHA YaCTh MOYKHO 3aITUCaTh Kak

sgvgﬂ—"—m[(sw)(m) @ (1391

HIJIN

2 =m0 - SeRIEE T (i 392

Jlnst rt O Bropoe ciiaraeMoe paBHO HYJIO Ha OCHOBaHHMHM ypaBHeHUs Jlaruiaca, a mepBoe ONUCHIBACT

JUITO0JIb- AUIIOJIbHOC B3aHMOH€fICTBH€:

2m[ASH () /r° - (FE)/r°] (1392)
[Tpu r® O BTOpoOi#i wieH B (1.3.92) paBen

-
o m&had) (1399)

Takum 06pa30M, raMuJIbTOHUAaH CBCPXTOHKOI'O B3aI/IMOZ[€I\/JICTBI/I$I OJICKTPOHA C dApOM C Y4YETOM

(1.3.92) u (1.3.93) MOKHO 3amKcaTh Kak:

él S r(Sr) 8
=om,gHIS - 2 +3 SA(r
Hye =2m9 & 7 5 3P ( )H (1.3.94)
DHeprusi CBEpXTOHKOTO B3aUMOICHCTBHUS
. 16 2
WG = (Y[HEY) = Y H Y )aw=="pmyfv (0] (1395
Takum oOpa3am CBEpXTOHKOE B3aMMOJCHCTBUE JICHCTBUTEIILHO BBIPAKAETCS TaMIJIbTOHHAHOM
1 L |
H = (1.3.96)
L L L 16 2 t 1 |(| +1)
A=al+B a=— Y (O B=2m.ogh(Y |=|Y )—
rae a , 3 pﬁbg’]| ( )| ) nhg < |r3| >J(J+1)

I/ITaK, IJIE BOBHHUKHOBCHHA H30TPOIMHOTO CBCPXTOHKOTO B3aI/IMOZ[€I\/JICTBI/I$I HGOGXOZ{I/IM&

HCHYJICBasA IIJIOTHOCTb HCECIIAPCHHOI'0 JJICKTPOHA Ha AApC, TEM HE MCEHEC, OKas3ajloCh, UYTO
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M30TPOITHOE CBEPXTOHKOE paciieryieHne Habmomaercs u B crmekrpax OIIP  snekrpoHoB
He3anoJHeHHbIX 0- 000JI0YeK, MMEIONIMX HYJIEBYIO IUIOTHOCTh Ha sjpe. Jns oObscHeHus ObLia
paccMoTpeHa BO3MOXKHOCTh CIIMHOBOW mossipu3anuu 1S, 2S, 3Su 4S 000JI09€K aTOMOB B Pe3yJIbTaTe
sd B3aumopeiictBus. M3 3TOro e paccMOTpEHHs CTaJl0 OYEBUIHBIM BJIHSHUE 3(PEKTOB
KOBAJIGHTHOCTH CBsi3eil B kKpuctauiax Ha koHcTanTel CTB. Ha puc.1.3.10 moka3aHo kKak u3MeHseTCs
KOHCTAHTa CBEPXTOHKOTO PACIIEIUICHMs A JUIsi IPHMECHOr0 HOHa Mapranna Mn?* mpn msMeHeHuu
CTETIEHN KOBAJECHTHOCTU CBSI3M MapraHell - JIMTaH, ONPEAeIsieMOl C MOMOIIBIO CIETYIOUIETO

BBIPAKECHUS:

C=[1- 0.16(X o - Xpy) - 0.035(X o< - Xpi)?] (1.3.97)

|Al (WHz)

Covalency (X

Puc.1.3.10 N3MmeHeHne KOHCTAHThI CBEPXTOHKOIO pacHICIUICHUsT A i MPUMECHOTO HOHA

2+
Mapratia Mn IMprU UBMCHCHUH CTCIICHU KOBAJICHTHOCTU CBA3W MApPraHel — JIUTraH/Id.

Takum 0Opazom, ompenessisi U3 SKCIEPUMEHTa KOHCTAHThI CBEPXTOHKOTO B3aMMOJICHCTBUS
napamMarHUTHOTO MOHA B KPUCTAJLJIC, MOKHO HAWTH CTENEHb JOKAIN3AIMU JIEKTPOHHOW BOJHOBOM
GyHKIMU HAa WOHE W eciau OHa okaxercs oTmuHoi oT 100%, To MBI OyaeM 3HATh JOJIO

JJIEKTPOHHON IJIOTHOCTH, JENOKAJIN30BaHHOM MO pemieTrke. Oka3bIBaeTcs, Kak paclpeseneHa
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JIEKTPOHHAS IUIOTHOCTH IO JIMTAHJAM, MOXHO TAaKXKe Yy3HaTh, €CJIM OIPEIEIUTh KOHCTAHTHI
CBEPXTOHKOTO B3aMMOJICHCTBUS (CYIIEPCBEPXTOHKOTO) C si[paMH aTOMOB JIMTaHJI0B. B aToM ciydae
HEHYJICBYIO IUIOTHOCTh Ha Spax MOTYT CO3/1aBaTh HE TOJBKO S COCTOSIHUS, HO U P- , d- u f- Tuma.
[To3TOMY OCHOBHYIO JIOJIIO CYIEPCBEPXTOHKOTO B3aMMOJICHCTBHUS OyAE€T COCTABIATh B 9TOM CIydae
M30TPOITHOE KOHTaKTHOE B3ammoseiicteue (1.3.87), B kotopom Bmecto |y (O) paccmarpusaror
ly (r)f?, rtme ri ykassBaeT MOJNOXKEHHE spa IMraHa B pEIICTKE. AHH30TPOIHBIC HacTH
CBEPXTOHKOTO B3aMMOJICHCTBUS HA JIMTAH/AAX, OTPENENieMble C TIOMOIIbIO BhIpaKeHUs (), Takke
Jal0T BKJIAJ, MpUYEM, UX aHU30TpONHUs OyJdeT ONMpeAensTbCs TOUYEYHOH CHMMETpHEl JMTaHIoB
OTHOCHUTEIIbHO TapaMarHUTHOTO HWOHA © OyAeT MEHATbCS TpU Tepexoae OT OTHOU
KOOPJIMHAIMOHHOM cdepbl k caenyromeil. Takum o0pazom, ompenelnss KOMIOHEHTH TeH3opa Bjj,
MOKHO ONPEAETHUTh C SIIPaMU KaKOH KOOPAWHAIMOHHOM cdephl MPOoucXoauT B3auMmojeiicteue. K
COYKAJIEHUIO, 0OBIYHO, B TBEPBIX TeJIaX CBEPXTOHKOE paCIEIUIEHUE Ha JITaH1aX He pa3periaercs B
cnektpax JIIP. [ToaToMy NpUMEHSIOTCS APYrue METO/Ibl MAarHUTHOW PE30HAHCHOM CIIEKTPOCKOIIHH,

OJTMH U3 KOTOPBIX, METOJ] IBOMHOTO AJIEKTPOH-si/iepHOTO pe3oHanca (JID5P) Oyxner onucan Huxke.
1.3.7. MeTo ABOITHOI0 JIEKTPOH-SIEPHOT0 Pe30HAHCA

Ecnm paccrosiHue Mexay JIMHASIMHU CBEPXTOHKOW CTPYKTYpPBI HE MPEBOCXOAUT UX IIUPHUHBI,
To B cnekTpax DIIP He ymaercss oOHapyKUTh 3TO pacUICIICHHE, 32 UCKIIOUYEHHUEM, MOXKET OBITh,
rpy0oii omeHkn ero u3 ymupenus. [lo 3Toif mpuumHe B TBEpABIX TelaxX peaKo Halmomaercs
pacuiernieHre, OOYCIOBIEHHOE B3aWMOJICHCTBUEM JJIEKTPOHHOTO CIHHA C SIIPAMHU COCEIHUX
atomMoB. Takoe B3aMMOJCHCTBHE B OTJIMYME OT CBEPXTOHKOTO B3aMMOJCHCTBHS HECHAPEHHOIO
SNIEKTPOHA C COOCTBEHHBIM aTOMHBIM SIPOM HOCHT Ha3BaHHWE CYNEPCBEPXTOHKOTO WM
CBEPXTOHKOTO B3auMojieicTBus Ha juranjaax. [lupuna nunuit SI1P npu HU3KUX Temmeparypax st
cllyyasl CHJIBHO pa30aBlIEHHBIX IMapaMarHETUKOB B TBEPIBIX TENaxX B OCHOBHOM OTpEAessieTcs
CYIEPCBEPXTOHKUM B3aumojieiictBueM. OHa 3aBHCHUT OT IPOLIEHTHOIO COJEP’KaHUS H30TOIOB C
HEHYJIEBBIM SIICPHBIM MOMEHTOM M, COOTBETCTBEHHO, BO3PAcTacT B psAJly TaKMX BELIECTB, KaK,
HanpuMmep, anmas, KpEMHUM, apCeHH]] Tajulusl B UX MPUPOJHON H30TONMHOM KOMMO3WLMH. Takum
oOpa3oMm, wuH(pOpMAIMs O CYIIEPCBEpXTOHKOM pacuieriennn B Metone OIIP  okasbiBaercs
HenoctynmHoi. Omnako @aep B 1956 1. BHepBble NPEATIONKWI M TPUMEHHI METOJ IBOWHOTO
ANIEKTPOH-siiepHOTO  pe3oHanca (JID5P), OTKpbIBIIMI BO3MOKHOCTH HAONIOJACHHUS — JTHHHMA
CYNEepCBEPXTOHKOH  CTPYKTyphl, HepaspemenHo B DOIIP. OcoGernnoctn wMetoma Daep
MPOJEMOHCTPUPOBATl HA MpPHUMEpPE OUYEHb BAXKHOTO B (PU3UKE TMOIYIPOBOJHUKOB IMPHUMECHOTO

[IEHTpa — MEJIKOTO JIOHOPHOTO IIEHTpa B KpeMHHHU — (hocdopa.
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PaccmotpuM cyrh merosna. CorjacHO CXeMe JHEPreTHdYecKUX YpOBHEH, IMOKa3aHHOI Ha
puc.1.3.8, B nmomosiHEeHHE K TEpexoJaM B CHCTEME JJIEKTPOHHBIX CIIMHOB, MOXKHO BO30YXIaTb
Mepexoabl MEXAYy YPOBHSIMH B SACPHOM IOACHUCTEME CIHMHOB. JIJIi TaKMX IMEPEXOJ0B IOJDKHBI

BBITIOJTHATKCS CJICYIOIUE TIPaBmiia 0TOOpa
Dmg =0,Dm, =+1 (1.3.98)
B atom cityyae ycinoBus pe3oHaHca OyAayT BBITIOJIHEHBI, KOT/Ia!

hn . :|Ams- gyMyB+Q(2m, +1)| (1.3.99)

YacToTa sAIE€pHOr0O MAarHUTHOIO pE30HAHCA JIEKUT B MErareploBOM JHaIla30HE U  JIETKO
CKaHUPYETCS Uil MOJIy4eHUs] pe30HaHCHbIX ycuoBui. [Ilupuna xe nunum AMP cocraBusier
HECKOJIBKO KHJIOTepIl. DTO 00ecIeunBaeT BICOKOE pa3penieHle B CIEKTpe.

Cam mo cebe meron SIMP Ha HECKONBKO MOPSAKOB MEHEEe YYBCTBUTEIECH 10 CPABHEHHIO C
metogoM OIIP. Tlo 3Toii mpuymHE MpHU HCCIETOBAHUU JEPEKTOB B TBEPHBIX TENIaX MPUMEHSIETCS
METO/I ABOMHOTO JIEKTPOH-SIEPHOTO PE3OHAHCA.

B merone AD2AP OIIP u SIMP pe3oHaHCHbIE YCIOBUS BBINOJHSIOTCS OJHOBPEMEHHO.
OkcnepumenT no 9P cocrout B crnenyroniem:

1. OOpa3zer; momemniaercsi B ClEIHaIbHBIH pe3oHaTOp (HampuMmep, Takoi, Kak MOKa3aH Ha
puc.1.3.11);

2. K mapaMarHMTHOW CHCTEME NPUKIAAbIBACTCS MAarHUTHOE TIOJI€, COOTBETCTBYIOIIEE
nepexoxay 1, B coorBercTBue ¢ puc. 1.3.8, u cieKTpoMeTp HacTpauBaeTCs Ha PETUCTPAIMIO CUTHATIA
OIIP npu Huzkoit momuHoctu CBY;

3. Yposens CBY MONTHOCTH yBEIMYUBAIOT B HECKOJIBKO pa3, Ui TOCTHKEHUSI HACBHIIICHHS
nepexoja

4. K o0pasiy NpuKIaasBalOT PadodacTOTHOE IIEKTPOMArHUTHOE TI0JI€, YaCTOTY KOTOPOTO
CKaHUPYIOT 15l HaxokAeHus1 SIMP pe3oHaHCHBIX yCI0BUH, COOTBETCTBYIOLIHX mepexoay f.

B pesynbrare Oymer m3MeHeHa HaceleHHOCTh ypoBHS |-1/2,+3/2ff uro mosneuer 3a coboii
n3Menenne curHamna OIIP. Takum oOpasom, peructpupys wusMmeHeHusi curHama OIIIP mpu

CKaHUPOBAHWU PAAMOYACTOTHOrO MOJIs, 3anuckiBaercs curHan JOP. U3 storo crnenyer, uro
merogoM JIDSIP Bemnmumuer My B, A m Q wMoryr 6biTh ompeneneHsl ¢ TOYHOCTBIO

HeckonbkuX KI'11. Takas Tounocts npubmusutenbHo B 1000 pa3 BeIIE TOYHOCTH, KOTOPAST MOXKET

OBbITH MoJTydeHa ToJbko u3 DIIP sxciepumenTa.
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Puc.1.3.11 OxHa U3 BO3MOXKHBIX KOHCTPYKIIUN pe30HAaTOpOB st uccaenoBanus [I35P. Pezonarop
BBITIOJTHEH M3 MUPEKca ¢ HAIbUIEHHBIM TOHKUM CJIOeM cepeOpa Ha BHYTPEHHEH MOBEPXHOCTH. JTO
oOecrieunBaeT MPOHUKHOBEHME If-TI0JIsI, CO3/]aBaeMOr0 BHEIIHEH KaTyIIKOW, BHYTPb PE30HATOpA.
Takoii pe3oHaTop ucnonb3oBaics B padore [11] mpu uccinenoBanuu JIDSP mMenkux TOHOPHBIX

LHECHTPOB B KPCMHHHU.

Kak yxe oTMedanoch BbIIlIe, OJJHUM W3 MEPBBIX MpuMeHeHni MeTona ISP Obuio mccrnenoBanue
OCHOBHOTO COCTOSIHUSI MEJIKMX IOHOPHBIX IIeHTpoB B Kpemuuu [11]. Uccnenopancs AP Ha sapax
KpEMHHUS, OKPY)KAIOIIMX y3€]1 B PELIETKE KPEMHHs, B KOTOPOM HAaxOJUTCs aTOM JoHopa. Snpa
M30TOMA KPeMHHS 2°Si MMeroT el |=1/2, 1 uX Colep)aHne B IPHPOIHOM KPEMHHH COCTAaBIISET
4.7%. TupoMarHMuTHOC OTHOIIEHWE JUISI OTUX SJAep M3BECTHO M COCTaBIsET Oh=-
8.458(MT'i/cex)/(10xIc). Bee ocranbHbIe siapa, BCTPEUAOIIMECs B IPHPOLHON KOMIIO3UIME 2SI 1
g, umeror 1=0.

Kak wusBecTHO, BonHOBas ¢yHkuus meiakoro noHopa (P, As, Sb) cuibHO [enmokann3oBaHa B
pelieTke, MOITOMy OSNEKTPOH Ha JIOHOPE B3aMMOJIEHCTBYET CO MHOTHMH SIPAMH 2 Si.

I'amMuIbTOHHAH ATOrO B3aI/IMOHeI\/JICTBI/I$I MOJKET OBITh IpEACTABJICH B CICAYIOIICM BUJIC:

ﬁ =a 1. (AS- gymH,), (1.3.100)

rac
A =3l +B,
8, © V(Ao +(A), +(A).]

a, =(8/3pgg,mmyy (r.)’,



b/ (ra)|2 =-1523° 102%aEl A

1
rae Eaa BBIpakKeHa B Merarepliax,

(B.)y = 99ummy (Y [[(3xx, - r°d,)/r®]Y )
Kaxnoe s1po KpeMHUSI MOXKET OBITh OTHECEHO K OINPEEeTIeHHON KOOPIMHAMOHHOI cdepe, Kakaas
U3 KOTOPBIX, B CBOI OY€pE/b, MOXET IMPUHAIEKATh OJHOMY U3 YETBIPEX BO3MOXKHBIX KJIACCOB.
JUId KaxJI0To Kilacca CMMMETPUU BO3MOMKEH CTPOrO OIPEIENICHHBIM BUJ YIJIOBOM 3aBUCHMOCTH
nonoxenuit muauit JIDSP. Tpu kimacca ciMMETpHUM U3 YeThIpeX, KoTopbie HaOmoaamch despom []

I MCJIKUX TOHOPOB B KPEMHUH, ITOKa3aHbl HA PUC. ...

CLASS 2- 110 PLANE SHELL
A/2= 566 kiSmeC
fB,72= -3 & ko/sec | LINE WIOTH
(B, A= 3.7 korsec
[ "a pa7T.0°

CLASS 3-[IN] AXIS SHELL

AsR= T3m KC/SEC

B,/2=0.0 kifsec

Bas2=1T7.9 Kofsac
E=yHag T

BLINE WIDTH

FREQUENGE ™ 0 KoSES PER DrvEaw

CLASS 4- [001) AXIS SHELL

Ajz=THE Wofsec
B;/2=2.58 WCfsac | YsLINE WIDTH

Ba/2=5.5%
D=0 O
(———

LI S A

|
|
— . ]

{ooup [ILL IL-F
AMGLE 1N (110) PLANE

Puc.1.3.12. Tpu kinacca cummeTprn, HabmonaeMbie ®eapom [12] aiist MeKuX JOHOPOB B KPEMHUH.
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XapaKTepI/ICTI/IKI/I BCCX YCTBIPEX BO3MOXHBIX KJIACCOB CHUMMCTPHUH PACIOJOXKCHUA AACP B

KOOPIUHAITMOHHBIX chepax BOKPYT JTOHOPHOTO aToMa B KpeMHUU TpuBe/ieHbI B Tadmuie 1.3.1.

Tabmuuma 1.3.1. XapakTepuCTUKH BO3MOXHBIX KJIaCCOB CHMMETPHM pPACIIOJIOKEHUS sAep B

KOOPAMHAIIMOHHBIX c(hepax BOKPYT TOHOPHOTO aTOMa B KPEMHUH

- -
-

Class 1:unique Class 2: {110}-  Class 3: (111)- Clags 4: (001}-
class plane class axis class axis class

Site location® (1, #a,0;) Hi Al Hy=Ha 7y i =iy=H 20 Hy=Hy=0%n;
Number of sites in the ghell i L 12 4
Number of lines at general angle in (110) plane 12 7 3 4
Number of § values 3 2 1 2
Number of T values 4 3 2 2
Number of U values fi 4 2 3
Number of independent tensor components il 4 2 3

e i = o =1
B —— —

DJNEeKTPOHHBIE MJIOTHOCTH, ToydeHHbIe u3 JIDSP criekTpoB ObLTH CpaBHEHBI C TEOPETHUYECKHMH,
MOJIydeHHBIMH B TpUOMIKeHUH 3QdexTnBHON Macchl KonoMm u JIaTTHHIKEpOM sl MEIKHX
IOHOPOB B KpemHuH [13]. OHM mMoKa3aiy, YTO BOJHOBas (PYHKIUS JOHOPHOTO 3JIEKTPOHA MOMKET
OBITh TIPEJCTABICHA KaK JIMHEHHAass KOMOWHAIMS IIECTH BOJHOBBIX (DYHKIIMIA, COOTBETCTBYIOLIMX
IIECTH MUHAMYMaM 30HBI IPOBOMMOCTH B HanpasieHusx [100] B kpemHuu:

.1/2

6 _ _
Y (r) = éaél_g a FO ru (ryexp(ikdr) (1.3.101)
e6ﬂ j=1

3nech | Hymepyer MuHMMyMbI 30HB mnpoBommmoctr, UP(r)exp(ikd'r)- Guoxosckas (ymkiws,
COOTBETCTBYIOIIAs |-My MUHUMYMY. F(j)— orubatorast Bogopoaono100Hast GyHKIHS, TOTyIeHHAsS
u3 pemieHus ypaBHeHus lllpenuHrepa mpu MoJCTaHOBKE B HErO SHEPTUM CBSI3U JUIsi OHOpa. M3
BeipakeHus (1.3.101) moxer ObiTh Jierko oneHeHa BenuuuHa Y (0), omHako mist oueHku Y (r)
JOJDKHBI OBITH YYTEHBI COCTOSIHUSI IIECTH MUHHUMYMOB, KOTOPBIE HHTEP(GEPUPYIOT IPYT C IPYTrOM 3a
cuer muoxutens exp(ikyr). TTockombky HHTEPdEPCHIMOHHBI SGPEKT 3aBUCHT OT IOIOKCHHUS
MUHHMYMOB 30HBI MPOBOJUMOCTH, TO W3 CPAaBHEHUS SKCIEPHUMEHTAJBHBIX TaHHBIX U3 CIEKTPOB

JIDSIP u TeopeTHUECKUX KOHCTAHT CBEPXTOHKOTO paciierieH s Obljia OlleHeHa BenruanHa Ko.
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o . . 29¢
Puc.1.3.13. JloHopHsiit atom (ocdopa, B3aMMOACHCTBYIOIIMHA C JIMTAHIHBEIME SZPAMH 2°Si B

3JIEMEHTApHOM suelike KpucTamuueckoil pemerku kpeMuus B OIIP u ISP skcniepumente.

CpaBHEHHE TEOPUU C SKCIICPHUMEHTOM OCIOXKHSJIOCH TEM, YTO PACIpE/ICIICHHE AIICKTPOHHOU
IUIOTHOCTH TIO SIIPaM OKa3aJoCh HEMOHOTOHHBIM. Tak, HampuMep, MIOTHOCTh Ha sipe 220 (cMm.
Puc.1.3.13.) oka3zayach MeHbIie yeM Ha sape 440, He cMOTpsi Ha TO, YTO paccTosiHue 10 sapa 220
MeHble. Hawmydmmid pe3ynbTar MpH CpaBHEHHHM TEOPHH C AKCIIEPUMEHTOM OBbLI TIONYYEH JUIs
Ko/kmax=0.85. Tlpum omeHkax ObUT HMCIIOJNB30BaH €IIe OJWH BaXHBIH mnapamerp h, KoTopsIit

XapaKTepU3yeT 00 TUIOTHOCTH GI0XOBCKHMX cocTosHmil Ha simpe ud(r):
. 2 . 2
=D 6))
h=[ud (n) / (w0’ (1.3.102)

VYepenuenue B (1.3.102) penanock mo aneMeHTapHoM siueiike. 3HaueHre h=186+18 Obu10 oneHeHO
Ha OCHOBE U3MEPECHUI BPEMEHH SIICPHOM perakcalliy B KpeMHUU. B Gonee mo3aaux padorax [15]
NPU UCIOJB30BAHUM JUISI TEOPETHYECCKUX OIICHOK KOHCTAHT CBEPXTOHKOTO B3aMMOJCHCTBUS IS
MEJIKHX JOHOPOB B KPEMHHMH METOJIa MICEBJOTIOTEHIINAIAa BMECTO MeTo1a d(PPEKTUBHONW Macchl 00a

napametpa OblTH yrouHeHbI: Ko/Kmax=0.854; h=178+18.

1.3.8. CnuH-cnMHOBBIE B3aUMO/IEiiCTBUS U UX BIUsiHMe HA popmy aunmii IITP

K cnuH-CIMHOBBEIM B33HMOH€§ICTBI/I$IM OTHOCATCA MAar"duTHBIC AUIIOJIb-AUIIOJIBHBIC U

0OMEHHBIE BSaHMOHeﬁCTBHH MCXKY CIIMHAaMMU 3SJICKTPOHOB, JIOKAJIWM30BaHHBIX Ha PAa3JIMYHBIX
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napaMarHuTHBIX ~ [EHTpax. Takke Kak, B OOJBIIMHCTBE CBOEM, CYINEpCBEPXTOHKHE
B3aUMOJICICTBHUS, pACCMOTPEHHBIE BBIIIE, OHU HE MPUBOJAT K MOSBICHUIO JONOJIHUTEIBHBIX JIMHUN
B criektpax OIIP, a BIUSIOT CylIecTBEHHO Ha MMPHUHY M GopMy JuHUK. PaccMoTpum cHauana

JUITI0JIb-JUIIOJIBHBIC B3aI/IMOZ[€I\/JICTBI/I$I. Mx MO>KHO omHcaTh ¢ MMOMOIIIBIO TaMHUJIbTOHUAHA.

o o 1S5S 3ASr)Sr)H
My | —5 - 5 )

H,=a H,=ag (1.3.103)
Mk ik
WK B cpepruiIecKrX KOOpIuHATAX:
18 9'm ) jok Lo 2 ok 4 ciaky .
Hy=a ~—5—(@- 3cos’q)S;S; - =(1- 3cos’q)(S!S* +S’Sy)
r 4 (1.3.104)

- gsinq cosge’ (S/S¥- S!Sk - gsian e? sisk)
CHrHOBBIN raMWIBTOHUAH C YYETOM JUIOJIb-AUIIOJIBHOTO B3aUMOAECHCTBHS 3alIMILIETCS KakK:
Hs=H, +H, (1.3.105)
Ecmu H>>Hy, To MOHO OBLTO OBI BOCIIONB30BAThCS TEOPHEH BOMYIICHUH TSI aHAIH3a CTIICKTpa U
dopmbl  criekTpanbHbIX JUHUNA. [lox gedictBuem Bo3mymieHust Hg N- KpaTHO BBIPOMKIAECHHBIN
ypoBeHb Eym, rone M=my+my+...+my, paciiemisercss Ha OONbIIOe YHUCIO MOAYPOBHEH, oOpa3ys
KBa3MHETIPEPBIBHBIN crekTp. OpaHaKko, W3-3a OTPOMHOTO YHCIA CTETEeHEH CBOOOJBI CHUCTEMBI
MapaMarHUTHBIX YaCTHUL, PELIUTh ATy 3aJadyy METOJAaMM TEOPHUU BO3MYILEHUN He ynaercs. Ban
®rnex [16] pa3paboTtan apyroit MeTOJ, Ha3BaHHBI METOJJOM MOMEHTOB, HE TPEOYIONIUI peIIeHUs
ypaBHeHuss  Illpenunrepa. HM3-3a MajnocTd  BO3MYUIEHHM  CUCTEMBI  CIIMH-CIMHOBBIMH
B3aUMO/JICHICTBUSIMU, OHU HE H3MEHSIOT CYIIECTBEHHO SHEPreTUYECKUIl CIEKTp, a OKa3bIBAIOT

CHJIBHOE BJIHsAHHE Ha (OPMY ¥ IIUPUHY JIHHUHA M CKOPOCTH CIHHOBOM penakcanuu. [ycrs T (N) -

¢byHKIUS GOPMBI CHEKTPAITLHOM JIMHUHU, KOTOPAsi YIOBJIETBOPSET YCIOBHIO HOPMUPOBKU

¥
of ()dn =1. (1.3.106)
0

Torna k-M MOMEHTOM CIieKTpaIbHOM JTUHUK Ha3bIBaeTCs BeauunHa My, paBHast

M, :&n -ng)* f()dn (1.3.107)
0
Ecnun Havano oTcyera Ha OCH 4acCTOT ITIOMECTUTH B LICHTP JIMHUH, BBE/S HOBYIO IIEPEMEHHYIO U=N-
Np, TOT 1A
¥
M = u* f (u)du (1.3.108)
Ng

WA JJId Y3KUX JIMHUH
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¥
M = ou* f(u)du (1.3.109)
-¥

Ecmu a1y hyHKIMIO pa3inoxuTh B UHTErpain Oypbe

¥ .
f(u) -1 g (e “dt, (1.3.110)
20 _y
T0 06patHOe npeobpazopanue aact Gynxmuio | ()
¥ .
j (t)= of (u)e'du, (13.111)
¥

KOTOpasi TIOKa3bIBAaeT 3aTyXaHWE CHUTHajla CBOOOJHOM Hpeueccpml, BO3HHUKAIOIIEH B pe3ylbTaTe
MPUIIOKEHUST KOPOTKOTO HMMITYJbCa OCHWLIHpYomero moisi Hi, 3a BpeMs mopsiaka oOpaTHOH
IIUPUHBI JIMHUU.

Ecnmu n3BectHsl Bce MOMEHTHI My, TO MOXeT ObITh BOCCTaHOBIIEHA (QYHKIUS (POPMBI JTHHUU

f(n). D10 He TPYAHO BHIETH, €CIIN Pa3IOKUTh QYHKIHIO B psin Teitnopa:

o di (t) t2d? (t)
j(®)=j (0 +t m li=0 o e l=o +--r (13.112)
d"j (®

otkyma, ¢ yderom (1.3.109), BumnO, dYTO |t=0:ikMk' OuYeBHUIHO, BBIYKMCIHTL BCE

dtk
MOMCHTBI HEC HpeZ[CTaBJISIeTCSI BO3MOXKHBIM, HOBTOMy Ha HpaKTI/IKe CpaBHI/IBaIOT 3HA4YCHUA
BBIYUCJIICHHBIX HCCKOJIBKHUX HepBBIX MOMCHTOB (BTOpOFO Hu quBepToro) C MOMCHTaMH, U3BCCTHBIMU
U TUOUYHBIX (GopM JHMHUH. B KkadecTBe TUMMYHBIX (OPM JIMHUM BBIOMPAIOT TayCCOBY W

JIOpEHIIEBY (hOPMBI:

f (n)‘—exp‘? 0 -no)” '”0)25 (13.113)
L) = i 3
(2p<Dn2>)% i 2<Dn2> b
fL)= On , (13.114)

? 2 (En) +0-no)?

rae mupuHa JuHUM Dn, ompexensiemas Ha IMOJIOBMHE BBICOTHI, JUISI TayCCOBOM (POPMBI JTUHHUU

MOTrJIOIICHHA paBHA

Dn = 2<Dn 2>%m = 2.35<Dn 2>y2. (1.3.115)

Ee ueTHBIC MOMEHTEHI PaBHBEIL:

! B COBPCMCHHBIX UMITYJIbCHBIX CIIEKTPOMETPAX PETUCTPUPYCTCA CUTHAJ CIIMHOBOI'O 3Xa.
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M, :<Dn 2>, M, :3<Dn 2>2 (1.3.116)

Jlnst nopeHtieBoit popmbl mHTErpaibl s K>1 pacxoasrcs. [1oaTomy JIOpeHIIEBY JIMHHIO 00pe3aroT

Ha 4acToTe N=a>>nNp. Torga BTOpoi U 4eTBEPTHIA MOMEHTBI

3
I\/lz_aDn1 M4:a Dn.
p 3P

Jnst ananmza GOpMbI UCCIIEAYEMOM JTMHUN YacTO TOJIB3YIOTCS OTHOIIEHHEM YE€TBEPTOTO M BTOPOTO

(1.3.117)

MOMEHTOB. J[J1s1 rayccoBOM JIMHUU

Ms s, (13119
M3
JUISL TOPEHUEBOW JIMHUU
Ms_ap 4 (1.3.119)
M2Z 3Dn

Ecmu CIICKTpaJibHas JIMHUA YIIUPACTCA B PE3YJIbTAaTC OJHOBPCMCHHOTO W HE3aBHUCHUMOTO
HeﬁCTBHH rayccoBa M JIOPCHLICBA MCXAHU3MOB, TO aMIUIMTyda JIMHUH TIOTJIOIICHUA BBIPAXKACTCA
creayromuM odpaszom [9, 16]:

y b’ e¥dx
vb T 2 2
p b+ (v- %)

o~ L o~
rae b ecTb Mepa OTHOIICHHS IIMPHHBI JIOPEHIIEBOW JIMHUK ~AHy2 K IIMPUHE TaycCOBOM JTHMHUU

SAHy

(1.3.120)

L
DH
b:(|n2)1/2 R 1/2
12 (1.3.121)
a V-paccrosiHue oT uenTpa JmHun Ho B exuamnax CAHy,/21n2
H-H,
v=2(In2)¥? o2
vz (1.3.122)

Beipaxenne (1.3.120) npencrasiser co0oil CBepTKY JIMHHI TayCCOBOW W JIOpEHIEBOW (Gopmbl. Y

. N L
KOHKPETHOW PE30HAHCHOW JIMHUHU LIUPUHBI GAHl/z u AHy, sSBAAIOTCA KOHCTaHTaMH, Tak 4To Y
sBisieTcst pyHKuuMer Toapko pasHoctu (H-Ho):
1/2 L ¥ _ %2
DH,,, - e dx
G
DH,,, yee DH

G

N

Y(H - Hy) =12
p

- V2% In2+92(ln2)1’27|_| H X

1/2 ﬂ 1/2

o] ey end

(1.3.123)
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Jlns BBIAETICHUS BKJIaJa OJHOTO W3 MEXAaHHW3MOB YIIUPEHHUS JUHUH HEoOXoIuMma oOTeparus
JICKOHBOJIIOLIMM CBEPTKU. 3ajJada YIpoOIaeTcs B TOM CiIydae, KOTJa HM3BECTEH BKJIAJ OJHOTO U3
MEXaHU3MOB ymupenus. Toraa ¢ momomsio BbipakeHus (1.3.123) MOXKHO TOCTPOUTH Tpaduk
3aBHCHMOCTH TayccoBa BKIaga CAHyp B IMPHHY JMHHH OT IIMPHHBEI PE3YIbTHPYIOMIEH ITHHAM
YAHl/z, MpyU YCIOBUM, 4YTO JIOpEHLIEB BKJaL LAHl/z-KOHCTaHTa. Ha pucynke 1.3.14 npusenen

110106Hb1 rpaduk mpu "AHy= 13 ("ABy,=1 mTh).

Gauss contribution, mT
o
[EY
1

0.014+—— . . —_——
0.1 1

FWHM, mT

Puc. 1.3.14. 3aBucumMocCTh TayccoBa BKJIa/1a ®AHy, B WHAPUHY JUHUH OT IIUPUHBI PE3YIBTUPYIOLIEH

maann Y AHy. "AH1,=1 9 (FABy;= 0.1 MT1).

C momouipi0 JaHHOTO Tpaduka MOXKHO OMPEIETUTh T'aycCOB BKJIAJA, M TaKMM 00pa3oM pelaercs
3aJ1a4ya JJEKOHBOJIIOLIMH CBEPTKHU.

Tenepr paccMOTpUM, KaK MOXKHO BBIYMCIUTH MOMEHTBHI CHEKTPAJIbHBIX JIMHUM, 3Has
raMuabToHHAaH cucTeMbl. [lycth E, coOctBennble 3HaueHus ramuibToHuana (1.3.105). Ilepexon

MEXAY YPOBHIMHU N U N’ XapaKTepU3yeTCsl 4aCTOTOU

n,=—n_—n (1.3.124)

¥ HHTEHCHBHOCTBIO, IPOTOpIHOHaNEHO# |<n|S|n’>[%. Torxaa, mockomsky
M, :<(n- n0)2> :<n2>- n3,
TO CPEIHUI KBaJpaT YaCTOTHI NAETCS BHIPAKCHUEM
&, s

alns )

n2

[}
a
n,n’

HIJIN
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<n2> = M (1.3.125)

h2Sps?

X
Oty ¢opMyly MOXHO 0000MUTH, Ha BCE YETHbIE MOMEHTHI. HeueTHple MOMEHTHI He
paccMaTpuBaKOTCs, TaK KaK OHM PaBHBI HYIIO JJISI CHMMETPUYHBIX JHHHUA. Tornaa Jjisi 4eTBEpTOro

MOMCHTA HOJ'Iy‘II/IM:
o T
Sp%[H,[H,SX]] y
i b

M
h#spS2

(1.3.126)

4="

Takum 00pa3oM, BBIYUCIICHHE MOMEHTOB CBOJMTCS K BBIYHCICHUIO IIITYPOB MATPHUI[ CITMHOBOTO
raMmibToHraHa. KOHKPETHO ISl TUTIOJNLHOTO CIHWH-CITMHOBOTO B3aWMOJICHCTBHUS, OMHUCHIBAEMOTO
ramuabToHHaHOM (1.3.104) ObuTH MOJTyYEeHBI BBIPAKEHHUS 1T MOMEHTOB W BBIYMCIICHBI 3HAYCHUS
UX OTHOINEHHUH. 3/1eCh B&XKHO OTMETHUTh, uTO B ramuibToHHane (1.3.104) comepkaTcst Kak 4ICHBI,
KOMMYTHPYIOIIAE C 3€eMAaHOBCKUM TaMUJIBbTOHHAHOM, TaK M HE KOMMYTHUPYIONIUE C HUM. DTO
O3HAYaeT, 4To HapsIy C MepexoaMu Ha yacToTe No, TpH BerauciieHnn Mmomentos (1.3.125, 1.3.126)
OyIyT YYUTHIBAThCS M TOTyiomeHus Ha gactotax 0, 2ng, 3no, paromue 0O0JIbIITNE BKIIABI B BBICIIHE

MoMeHTHI. [losTromy B rammibToHHaHe (1.3.104) ocTaBISIOT TOJBKO HYJICHBI, KOMMYTHPYIOIIUE C

HZ:
Hy=& ° r;} ((@- 3cos q)S’Sk 1(1- 3c0s2q)(s! sk +s)sk) (13.127)
T
Hy = j kojk%AiAlz( - %(gjgk)g (1.3.128)
rae
Fi = gg (1 3cos’q,,)

B pE3YyIbTATC BBIUHCJICHUN JJI BTOPOro ¥ 4€TBEPTOr0 MOMCHTOB MOXXHO ITOJIYYHUTh.

M, =§9“m;‘h'28(s+1)é ri (- 3cos’q,,)? (1.3.129)
k
i1 il 6 1
M4:h'4%§S(S+1)[v) j3ca Fﬁ(; -3\ E°ik Fi (Fy - o)+
f J (1.3.130)
1, 4é& 3,2 ~-1W
+CAFS- (P9
5ak Jkg 2( ) %
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N3 31X BBIpaXEHUI BUIHO, YTO OTHOIIEHHE MOMEHTOB ObUTO OBl paBHBIM 3, eclii OBl B

2
M 2
MPaBOU YacCTHU CTOSUI TOJIBKO MEPBBIA wieH. Ha camoM ke fene, OTHOLIEHUE OKa3bIBAETCs, B CIydae
YUCTO JUIOJIGHOTO YIMUPEHHS, MEHBIIE TPEX, YTO CBUACTEILCTBYET O TOM, 4YTO (opMa JIHHHUH
OTKJIOHSIETCS OT TayCCOBOM K IPSMOYTOJIbHOM.

B mpoTHBOMONOXHYIO CTOpPOHY HU3MEHseTcs QopMa JHMHHH TPU ydeTe OOMEHHOTO
B3aUMOJICHCTBUSA. PaccMOTpUM  HM30TpOmHOE€ OOMEHHOE  B3aMMOJICHWCTBHE, OTHMCHIBAEMOE
OIIepaTopoM

n o F F
He = & J kS Sk (1.3.131)
i<k

Breraucnenus IIOKa3bIBAKOT, YTO OOMEHHBIE CHJIBl BBI3LIBAIOT 3HAYUTEIIHLHOE BO3pacTaHueC

2 HC OKa3bIBas BIUAHKEC HA BTOpOfI MOMCHT.

M3

OTHOIIICHUA

2
M J 0

(oS
» T 1.3.132
m:” S2g'mda 5 R

CrnenoBarenbHO, OTCIOZIa MOXHO 3aKIIOYHTh, YTO MPH BO3pACTaHWU OOMEHHOTO BKJIANA, JIMHUS
npuobperaeT nopeHieBy Gopmy. [Ipu 3TOM ee KpbUIbS CTAaHOBSTCS 0OJiee OTJIIOTUMH, a B IICHTpPE
oHa 3aocTpsiercs. Takoe nmoBeneHue (GOpMbI TMHUN HOCUT HA3BaHHWE OOMEHHOTO CY)KCHUS
2
n

Dn =2-F, (1.3.133)
n e

rac np M Ne YaCTOTHI, COOTBETCTBYIOIIME DHCPTHIM hnp n hne JUIIOJIBHOTO H 0OMEHHOT0

B3aUMO A€ CTBUI
m2 0 S(S+1
ngzlogg L (hz ) (1.3.134)
7]
®e .2 O}/Z
n, =628829 g5+~ . (1.3.135)
& ¢ehg P

BaxnpIM cnencTBueM Teopun MoMeHTOB Ban dreka siBisiercst moBeeHue (HOPMBI JIMHUH C
U3MEHCHUEM KOHIICHTPAIMKM MapaMarHUTHBIX HEHTPOB (MarHUTHBIX aunosed). [Ipu HeOobIom
COJICpKAaHUU TApPaMarHUTHOW MPHUMECH KPHCTAIUT SIBJISIETCS MAarHWTHO pa30aBieHHBIM. [loaTomy
MOXHO YYUTBIBATH TOJIBKO JUIIOJIBHBIE B3aMMOJEHCTBHSA. B 3TOM ciydae INpu BBIYMCICHHUH
MOMEHTOB MO’KHO IPOBOJIUTH CYMMHPOBAHHME IO-TIPEKHEMY IO BCEM Y3JIaM, HO CyMMY HYXHO

YMHOXHUTH HAa KOHICHTPALMIO IapaMarHUTHBIX LICHTPOB.:
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i1 )
M, =h"2c8 F3 [ =S(S+1)y. (1.3.136)
k 13 [v)
HHH quBepTOFO MOMEHTA UMEECM.
411 0t € 6 1.1 o ,U
I3 P gex @ 3 g (13.137)

+%cé F - 3(52 +9)
k

IIpy ManeIX C WIEHOM, IPONOPLUOHAIBHBIM % MOXKHO npeHedpeys U Toraa:

" & F
4y K >>1, (1.3.138)
M 2 c .2
2 &2 20
ca Fic=
€k @

Kaxk BHUJIHO M3 3TOI'0 BBIPAKCHUA, C YMCHBIICHUEM KOHICHTPAIIUU ITapaMarHuTHBIX HCHTPOB JIMHUA

proOpeTaeT JIOPeHIeBy Gopmy.
1.3.9. Bkaaa CCTB B mupuny junuu I1IP

C momompl0 MeToJa MOMEHTOB pemanach W JApyras 3ajada - ObUT BBIYHCIEH BKJIAX
nzorportHoro CCTB siiepHBIX CIIMHOB € MapaMarHUTHBIM LIEHTPOM B IMUPUHY JuHUH [17]. 3agaqa
HECKOJIBKO OTJMYajach OT TOM, YTO IpPHUBEACHA BBILIE, MOCKOJBKY paccMaTpHUBaeTcCs CHCTEMa
HEB3aMMO/ICHCTBYIOUIUX AJIEKTPOHHBIX CIIMHOB, KOTJa IMPU HMU3KUX IUIOTHOCTSIX 3JEKTPOHHBIX
CIIMHOB JTUTIOJBHBIMM U OOMEHHBIMH B3aWMOJICHCTBUSMU MOXXHO TIpeHeOpeub. OnHako, eciu
JIUTaHJIHBIE aTOMbl MMEIOT SIIEPHBIM CIUH OTJIMYHBIA OT HYJs, CBEPXTOHKOE B3aMMOJEICTBHE
AJIEKTPOHHBIX CIUHOB C SJEPHBIMM, NPUYEM, B OCHOBHOM, H30TpomHOE PepMH-KOHTAKTHOE,
COCTaBJISIET OCHOBHOW BKJIQJ B MIMPUHY M (opMy JHHHU. PacdeT MOKHO TPOBOJUTH TOJIBKO IS
OJTHOTO TIAPAMAarHUTHOTO IEHTPA, HAXOISIIErOCs B OKPY)KEHWHM MAarHUTHBIX siZiep, MpeHeOperas
B3aUMOJICCTBUSAMH B SIZICPHOM IIOJICHCTEME.

OrmepaTop PHEPriuM CUCTEMBI CITHHOB BO BHEIIIHEM MAarHUTHOM MOJie (3eeMaHOBCKasi SHEPTHsl)

HMeeT BUJI.

ﬁz = gebeHOSz + gnanOé. rzk
k

(1.3.139)
'aMUIILTOHMAH U30TPOIHOTO CYIIEPCBEPXTOHKOTO B3aMMOIEHCTBHS PABEH:
(o] (o] (o]
H = Sxa Al + Sya. A(ryk + Sza. Al
K k k (1.3.140)

JlauHbiit ramuiabTornan kommytupyer ¢ (1.3.139), uro HeoOX0aMMO JUIS MPAaBMIIBHOTO pacyueTa

MOMCHTOB. OZ[HaKO INEpBOC M BTOPOC cCJIaraCMbIC, OIIMCBIBAIOIINEC «Z[HH&MH‘-IGCKHﬁ» MECXaHHU3M
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VIIMPEHUS] B HAIIEM Clly4ae HECYIICCTBEHHBI, TaK KaK PE30HAHCHBIC YaCTOTHI AJICKTPOHOB H SJEP
CHJIbHO OTJIMYAKOTCS, TOITOMY MMHU MOXHO TpeHeOpeub. B pesynbrate rammnbronuan (1.3.140)
NPUHUMAET BUI:
o
H=Sa Al
k : (1.3.141)
r7ie S,-TIPOEKINs HIEKTPOHHOTO CIIMHA HA HANPABIEHHE BHENTHETO MATHUTHOTO MO, | 4-TpoeKius
crnirHa K-ro sijipa Ha HampaBJieHHE BHEITHETO MarHUTHOTO MOJIsI, Ag- KOHCTAHTa CYIIEPCBEPXTOHKOTO
B3aUMOJICHCTBUS.
Beruncnennsie o gpopmynam (1.3.125) u (1.3.126) MOMEHTBI UMEIOT:
M, =11(1 +Dcq A’
273 a A
k (1.3.142)
M, =L 1(1+D@I(1 +1)-Dcq A'+11%(1 +)°c2§ A°A°
4715 a 9 aA'A
K K] : (1.3.143)
3neck C - KOHLEGHTpamusi siiep C OTIMYHBIM OT HYJIS MarHUTHBIM MOMEHTOM. PaccMoTpum
orromenne Ma/M,?, nosBosiomee onpenennts Gopmy turnn. Ucrnomssys Beipaxenns (1.3.142) u
(1.3.143), mosryuaem
o 4 o 2 2
aAy a A A
k

M, _ Lk
M3 c(é;Akz)z (é;Akz)z'

(1.3.144)

W3 Beipaxkenus (1.3.144) criemyer, YTO NpPU YMEHBUICHWM KOHIIGHTPAIIMA MarHUTHBIX SJIEp,
orromenne Ma/M,® cranosutest Gombmum (Ma/M2?>>1), 4To XapakTepHO TS TOPEHIEBOH (OPMBI
nuanu. Torma B BbIpakeHHH Juisi 4erBeproro MomeHTa (1.3.143) uieHOM KBaJIpaTHYHBIM IO
KOHIICHTPAIIMU MOKHO TIPEHEOpeyb, U IIUPUHA JIMHUH A IPONOPIUOHAIFHA KOHIIEHTPAIIUH:

_p M,
D="_ "2 _ucC
\/§M41/2

2 .
[Tpu GosbinX KOHIEHTpanUsX oTHoieHue Ma/M>” cTpeMUTCs K MOCTOSHHOM BEIMYHHE MOPSIKa

(1.3.145)

CIMHMIBI ONPENeNsIeMOil BTOpHIM claraeMbiM B BbIpaxeHuu (1.3.144). Manas Benu4uHA
2 o
otHoteHus: Ma/M>® cBUpETENBCTBYET O mepexoje K (GopMe JMHHUU TOTJIONCHHs OJNU3KOH K

rayccoBoil. B Takom ciyuae mupuHa JIMHUU A IponopHyoHaibHa KOPHIO U3 KOHIEHTPALUK:

D =M ,"?p Jc. (1.3.146)

K mnomyuyeHHOMYy pe3ynpTaTy MOKHO TakKe IPUMTH, MCIOJB3YS CIEAYIOLUE IPOCThIC
paccyxxaenus. [lpu OONBIIMX KOHIEHTPALMSAX MArHUTHBIX SI€p HPOUCXOTUT 3(hdeKTuBHOE

yCpeHEHHEe MarHUTHBIX TOJeH sifep, Onarofaps uemy, pachlpesiefieHHe pPEe30HAHCHBIX MOJei
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MapaMarHUTHBIX IEHTPOB XOPOIIO OMKCHIBACTCS HOPMAJIbHBIM 3aKOHOM, YTO TMPHBOJUT K
rayccoBoii popme TUHUH.
[Tpu yMeHbIIIEHHH KOHIIEHTPALMU MAarHUTHBIX siep, Onarojaps UX CIyd4aifHOMY paclpeieieHuIo,
OOJIBIIMHCTBO MMApaMarHUTHBIX IIEHTPOB YK€ CI1a00 B3aMMOACHCTBYIOT C MArHUTHBIMHU SIZIPAMH, YTO
MPUBOANT K YMEHBIICHUIO CBUTOB MX MAarHUTHBIX TMOJEW M CY)KaeT HEHTPAIbHYIO YacTh JMHHUU
noryomenusi. B To ke Bpems, HEOOJBIIOE YHCIO MApaMarHUTHBIX LEHTPOB CHIIBHO
B3aMMO/ICHCTBYIOT C OJIM3JIEKAIIMMHA MAarHUTHBIMHU SIIPaMH, B pe3yJbTaTe 4ero, X pe30HaHCHOE
0JIe CUJIBHO CMEIICHO OT LIEHTPA, YTO MOJHUMAET KPbUIbsl JTMHUU TornomeHus. Jlanusiii adpdexr
NPUBOAUT K TEPEXOAYy TayccoBOW (OpMBI JTMHHMU K JIOPEHLEBOW, MOCKOJIbKY M3BECTHO, YTO
JIOPEHIIEBA JIMHUS 110 CPAaBHEHHUIO C raycCOBOM MMeeT Ooiiee y3KyI0 IIEHTPalIbHYIO 4acTb, U Ooiiee
BBICOKO TTO/THSATBIE «KPBLIBSI».

[TomydeHHBI pe3ynbTaT HE SBISETCS HEOXKUJAHHBIM, IOCKOJIBKY MOJO0OHOE TIOBEIeHHE
(GOpMBI M IIUPHUHBI JIMHUM MMEET MECTO B CHCTEME HWACHTHYHBIX IMIIOJEH, MpPU OTCYTCTBUHU
O0OMEHHBIX ¥ CBEPXTOHKHX B3aUMOJICHCTBUH, B KAKON-TO CTENIEHH OXO0XKEH Ha 3Ty CHCTEMY.

Hcnonp3ys skcriepuMeHTanbHble qannbie 1 koHcTanT CCTB u3mepennsix s dochopa u
’KeJe3a, MOXKHO BBIUMCIHTH CyMMbl B BbipakeHusx (1.3.142), (1.3.143), u HallTHU OTHOIICHHS
BTOPOTO M YETBEPTOTO MOMEHTOB. 3aBUCHMOCTh OTHOIICHHS MOMEHTOB OT KOHIIEHTpAIHH

MarHUTHBIX sJIep JUIs JKene3a u Gocdopa npencrasiena Ha puc. 1.3.15.

100
v = P
. v Fe+
N 10_5 v
E 3
(9] v
q‘ m
= v
1_: - v
] - v
v
" v
i "y Yvom
0.01 0.1 1 10 100

Concentration of 298i, %

Puc. 1.3.15. 3aBucumocTtb mapamerpa ¢popmbl JuHIHE M4/3M 22 oT KOHIICHTPAllM! MarHUTHBIX sIIep

Ui eHTpoB (pocdopa u xene3a B KPeMHHH.
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BuaHo, 4TO mpM ManbIX KOHLEHTpPAIUsAX MapaMeTp (OpMBI JIMHUM PE3KO BO3PACTAaeT, YTO
CBHUJIETEIILCTBYET O Tepexojie K JOopeHueBoi (opme muuHuu. [Ipu yBeNWYeHWH KOHIICHTpALUU
MarHATHBIX s7iep popMa JTUHUK CTAaHOBUTCS rayccoBoi. JlJist jxenesa nmepexo/ K JOpeHeBoi gpopme
JUHUY TPOUCXOJIUT MPU OONBITUX KOHIIEHTPAIUSIX MarHUTHBIX s7ep, 4YeM B cirydae (ocdopa, u4ro

COTJIaCyeTCsl C pe3y/IbTaTaMU YMCIICHHOTO pacyera [18].
1.3.10. CinH-¢oHOHHBbIE B3aMMO/IeiCTBUS U CIIMH-PENIETOYHAS PeJIaKCaAlHs

[TocpencTBoM cnHMH-()OHOHHBIX B3aUMOJCHCTBUN TMPOUCXOAUT OOMEH JHEprueil MexmIy
napamMarHUTHBIMH HOHaMU (CIIMHOBOW CHCTEMO¥) U TEIUIOBBIMU TEPMOCTATaMH, TAKUMH, KaK IMOJIe
M3ITYYEHUS ¥ KoJieOaHMsI PEIIeTKH MapaMarHUTHOTO KpHCTaIa.

PaccMoTpuM mpoCTEHIIyIO CUCTEMY C IBYMsI YPOBHSIMHU DHEPTUH, 0003HAYNM & — HIKHUH
ypOBeHb, b — BepxHuii. Pa3HOCTB 3HEPrUil MKy HUMHU:

E, - E, =hw

a
3aceNeHHOCTH ATUX YPOBHEW MOTUMHSIOTCS MU PEepeHIINaTFHOMY YPaBHEHHIO:

-2 ="bown - wn, (1.3.147)

rie W u W- - BEpOSATHOCTH NEpexo/ia MOHOB M3 HIWKHETO B BEPXHEE COCTOSIHME M HA00OpOT.
BeposiTHOCTH 1Tepex010B BhIpakaroTcs yepe3 Kod(UIHEeHTH DUHIITeHHA:
w_ =Brg,

w- =A+Br,, =Br,, exp— (1.3.148)

30ech [ gy~ CHEKTpanbHas IUIOTHOCTh OJIEKTPOMArHHTHOTO wu3IydeHms, A - kosdduumeHT

CIIOHTaHHOTO U3NydeHHs, B - ko3 (QHUIMeHT BbIHYXJEHHOTO U3TY4EHHs WIIH HOTJIOICHHS.
Jli1st paBHOBECHBIX 3HaueHu HaceneHHOCcTeN N Np

w_N,-w-N, =0. (1.3.149)
Torna oTHoOILIEHHE

—— T —exp—. (1.3.150)
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B ciny4yae HepaBHOBECHBIX 3aCEIEHHOCTEN MOKHO MOJIyYHUTh CIEIYIOLIEE YPABHEHUE AT UX

pa3HOCTEN:
dna-Ny) __ 2(w_n,-w-n,)=
dt (1.3.151)
=(w-+w_}{(Ng- Np)- (n, - ny)}
Pemennem storo ypaBHeHuUs Oyner:
i @ t ol
Ny- Ny = (Na - Nb) +1 (na - nb)O - (Na - Nb)expg t_L, (1-3-152)
| 1
rJie BpeMs pellakcaryu t 1 CBSI3aHO C BEPOSTHOCTSIMHU:
ti =(w-+w_). (1.3.153)

1
y‘-II/ITBIBaSI, YTO IMOJIHOC YHUCIIO CIIMHOB INOCTOSAHHO, 3HAA COOTHOIICHHA MCKAY AuBu

BOCIIOJIb30BABIIUCH BBIPAKCHUEM JIA TNIOTHOCTH 3JICKTPOMATrHUTHOT'O U3JIYYCHUSA

hw? dw

S VERLL (1.3.154)
C eX hW -
pe® e
MO>XXHO HOJIqu/ITB:
1_hw A Bcth W _ A cth W (1.3.155)
t, p%c® 2KT, 2KT,

N3-3a HU3KON CHEKTPAJIBHOM IUIOTHOCTH JJIEKTPOMAarHUTHOTO H3JIY4EHHs, CKOPOCTH CIUHOBOM
pellakcalyi, onpeensieMble B3aUMO/ICHCTBUEM CIIMHOB C II0JIEM 3JIEKTPOMAarHUTHOTO U3ITy4EHUs B
KpucTajuie ¢ noMousio BeipaxkeHus (1.3.155) okas3bIBaroTCs OYCHb HH3KHMMHU M HE CIOCOOHBIMH
o0ecreynTh He0OXOAMMBIA OOMEH FHEPTUSAMHU MEXKIY HUMHU.

B cBs3u c 3TuM, 3HAUUTENBHO OOJiee KOHKYPEHTHBIMH IIPOLECCAMHU CIUH-PEIICTOYHOM
penakcaly SBISIOTCS MPOLECCH, OTpeAessieMble B3aMMOACHCTBUEM CIHUHOB C IM0JIeM (POHOHOB,
00TaarouM CYIIECTBEHHO OOJIbIIEH CHEKTPAIbHOM IIIOTHOCTBIO, TIOCKOJIBKY B BBIPQKECHUU IS

IJIOTHOCTH BMECTO CKOPOCTH CBE€TA CTOUT CKOPOCTH 3BYKOBBIX BOJIH B KPUCTAJIIIC.

hw
PV’ ep /(Tph

Tenepp HE0OXOAMMO TMOHATH KakUM 00pa3oM (POHOHBI MOTYT MHIYIUPOBAThH SJIEKTPOMArHUTHOE

N (1.3.156)

moJie, crocoOHOE BBI3BIBATH PEJAKCALMOHHBIE MEPEXOJbl MEXIy 36eMaHOBCKHMMH YpOBHsSMHU. B
TeopuH, npeanokenHol Bamnepom [19], Takum MexaHM3MOM ObLIa MOJYJISIIUSL CIHHH-CITMHOBOTO
B3aMMO/ICHCTBHS KOJICOAHUSIMHU PEIIeTKH. MarHuTHOE 1oJie, KOTOPOE CO3/IAeT JAUTOJIbHBIA MOMEHT
Ha COCE/IHEM HOHE, 32 CYET MOMYJISIIHMUA PACCTOSIHUS MEXIy HUMH KOJEOAHUSIMH PEIIETKH MOXKET

OBITH BBIPAKEHO KaK:
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HE =T (1.3.157)

2 _ o -6 _ 2
rne H i = 2n12 alp 6= an m2 - CpellHee 3HaYeHME KBaJpaTa CTaTHYECKOr O JIOKAIBHOTO MOJIA.

Mexanusm Bamtepa s¢d¢exTuBHel, ueM penakcanus uepe3 3JIEKTPOMarHUTHOE IO

nznyuenus (19) B KonndecTBo pa3, paBHOE

H? 3c®
LA (13.158)
16prv< 2v
" TCIICPb JId CKOPOCTH pClIakCallui MOKHO 3a1ucaTh.
2.2
1 _9Higw® . hw (1.3.159)

t,  16prv°® 2kT,
OnHako M3-3a MaJOCTH JIOKAJBHBIX MOJEH, OCOOEHHO B CHIJIBHO pa30aBIEHHBIX KpHCTAILIAX,
MexaHu3M Bamnepa oxaseiBaeTcss Takke Mano dddextuBHbIM. K TOMy ke He Obuia
SKCHEPUMEHTAJIbHO IMOATBEP)K/IEHA KOHIIEHTPAlMOHHAs 3aBUCHMOCTb CKOPOCTH pellaKCalluu
(3aBHCUMOCTB OT KOHIICHTpPAIIMA MarHUTHBIX JAUTIONEH N), TIpe/icKa3biBaeMast 3TOH TEOpHUEH.

Tem He MeHee, Bamnep mepBeIM yka3ajl Ha BO3MOXKHOCTb «PaMaHOBCKHX» IIPOILIECCOB B
CTIMH-PENIETOYHON pellaKCaIliy, KOTa IMOTJIOMIAeTCs He PEe30HAHCHBIN ()OHOH, a MOTJIOMIAIOTCS U
UCIyCKaloTcsl JBa ()OHOHA, C PA3HOCTHOM 4YACTOTOW, paBHOW OHHEPIUU 3E€EMaHOBCKOTO
pacuierieHusi. Takue Tporecchl CTaHOBATCS Oosiee 3(pPEKTUBHBIMU 1O CPAaBHEHHIO C MPSIMBIMHU
IpolrieccaMy MPH TMOBBIIICHUH TEMIEepaTyphl, KOTJa YHCiI0 (POHOHOB, CIIOCOOHBIX y4acTBOBATh B
paMaHOBCKHUX IMPOIIeccaXx Pe3KO YBEIMUYMBACTCS, MIPUBOJIS K OOJIBIIUM CTETICHSIM (T5, T wm Tg)B
3aBHCHMOCTH CKOPOCTHU pellaKkcalliy OT TemrnepaTypsl. Tak Bamnepom Obuia mosrydeHa cieayromas

3aBHUCHUMOCTb CKOPOCTH PEJIaKCAllUU OT TEMIEPATYPHI:

1_g@2a 65g°h?n2nf aekT, ¢

t, &32p°p P & h g

(1.3.160)

Omsath ke Manast 3pPEeKTHBHOCTh BaaepoBCKUX MPOIECCOB U B CITydae y4acTHUs MHOTHX ()OHOHOB
00yCIIOBJICHBI CJIA00CTHIO TUTIONBHBIX B3aUMOICHCTBHIA.

Boinee 3 heKTUBHBIME MTPOIIECCAMH CITMH-PEIIETOYHON pellaKCallii OKa3aiCh MPOIECCHI,
00yCIIOBJICHHBIE MOMAY/SIIUCH KOJICOAHUSIMHA PEIICTKH 3JIEKTPHYECKOTO MOJSI KPHCTAia. JTOT
MexaHu3M ObuI nipeioxker ["alitiepom u Temtepom [20], a Teopus pazpaborana Ban ®aexkom [21]
u Opbaxom [22].

KpI/ICTaJ'IJII/I‘IeCKI/H\/JI MNOTCHIOHAJI KpHUCTAallIa MOXHO PpPas3jioXKUTb B pAaAd IO CTCIOCHAM
nedopmaruii:

V=vO4+ev© 4e2y@ 4 (1.3.161)

rje e - puykryupyromas aeopmaiusi, 00ycIoBIeHHAs KOJICOAaHUSIMHU PEIISTKH.
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C yderoM 3TOro MexaHuW3Ma OBUTH PAaCCMOTPEHBI BCE OCHOBHBIE MPOIECCHI PETaKCaIlHH:
OpsIMOW TIpOIecC, KOTJa YYacTBYIOT TOJBKO pe3oHaHCHble (oHOHBI, mporecc Opbaxa, Koria
YYacTBYIOT JBa (POHOHA, HO BO30YKJIEHHOE COCTOSIHHE JISKHUT B Tpeaerax (OHOHHOTO CIIEKTpa
KpHCTaJUIa U TBYX(OHOHHBIC PAMAHOBCKHE MPOIECCHI, KOTJa BO30YKJICHHOE COCTOSIHUE CITMHOBOM
CUCTEMBI JICKUT BHIIIE I'PaHUIlbl POHOHHOTO criekTpa. CymiecTByer erle mnpoiecc biaroma-Opbaxa
[23], xorga BO30YyXJIEHHBIC COCTOSHHS HE PacCMAaTPHBAIOTCS, MOCKOJIBKY BO3MOYKHBI MEPEXOIbI

BHYTpHU MynbTHIUIETa (prc.1.3.16).

|&=
R cx —— o=
DENAcTh CONOIIHOTS 10 HOHHOT ¢ CIEETRA
fag=
=
_
= e e e —— I
ez ——— ey ———— gy ———— g ——— 7
(1) (2) (3) (4) ()

Puc.1.3.16 JnarpaMMa ypoBHEH, Yy4YaCTBYIOIIMX B IIPOLECCAX CIHUH-PELIETOYHOU
penakcarmu. 1 - mpsimoii mpomecc; 2 - mporecc Opbaxa; 3 - IBYX(OHOHHBIE PaMaHOBCKHE
nporecchl, (MOH C YETHBIM YHCIIOM JJICKTPOHOB); 4 - MOH C HEYETHBIM YHUCIIOM DIIEKTPOHOB; 5 -

nporecc biaroma-Opbaxa.

HJ’ISI NpsAMBIX TPOHECCOB BEPOATHOCTHL MEPECXoJa MCEKAY ABYMSA COCTOAHUAMHU MOXKHO

3aUCaTh.
2 2
W, = h—E’ez|<a|v<1>| )| (). (13.162)

Beipazus & gyepe3 CIEeKTPATbHYIO TNIOTHOCTH (DOHOHOB

2 _ 3hw?

¢ = — (1.3.163)
I V ex
p?v® exp /(Tph
JJISL CKOpOCTI/I CHHH'peIHeTOqHOﬁ peHaKcaHHI/I, MO>XHO HOJIqu/ITB:
=3 (1.3.164)
t1 2phr v 2kT

JInst 1ByX()OHOHHOTO PaMaHOBCKOTO Tpollecca Uil Pa3HOCTH 3acelICHHOCTEH 3eeMaHOBCKUX

ypoBHel au b MoKHO 3ammcars cieayomiee ypapHeHHe:
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d(n, - n
g =-w_ (ng - ny). (1.3.165)
dt
31ech W. =Wx=Wpe. Toraa s cCKopoCcTH pejakcallii MOYHO 3aIlicaTh:
2
Low = %|v<1>| D’ L . (1.3.166)
t, 2ph”rv exp(D/kTy)- 1

Bupno, uro npu D>>KTy ckopocTh CIIMH-PEIIETOUHON pEeNIAaKCAlUU U3MEHSETCS KCIIOHEHIIMATLHO
C TEMIIEPaTypOH.

B cnydae nByX(OHOHHBIX PaMaHOBCKUX IIPOLECCOB pa3JIMYalOT IPOLECCH IEPBOTO U
BTOpOro nopsiaka. IIpomeccsl nepBoro nopsaka mposBISIOTCS TOrAa, KOTrJa MaTPUYHBIE 3JIEMEHTHI
KPHUCTAJUIMYECKOTO MOTEHIMAAa MEXy YPOBHSAMHU |8> u |D> oTiamyHbl OT Hyns. B atom ciydae

BEPOSITHOCTH MEPEX0/ia paBHa:
w = —'2 |e1e2V(2)| F(w) . (1.3.167)

B ciywyae pamMaHOBCKOTO mpoliecca BTOPOTO TOpSIKa OJWH (DOHOH BBI3BIBACT BUPTYAJIbHBIN
nepexo]| U3 coctosiHus |0> B cocTosiHKE |C>, a BTOPO#l ()OHOH BBI3BIBACT BUPTYAIBHBIN MEPEXOJT U3
BO30YXK/ICHHOTO COCTOSIHUSI |[C> B HW)KHEE OCHOBHOE COCTOsSiHME |[8>. BepostHocTb

penakcanMoHHOro nepexoa [p>® |a> B aToM ciyuae paBHa
2p? 2
w =h—§’ eV Ve,V f (). (1.3.168)

C yueToMm mpo1ieccoB BTOPOro MOPsiIKa CKOPOCTh PeaKCallii MOKHO TENEph 3alucarh:

9 Hep. V0T e wheptw Ty |

=2w =
C 4p° 20 D i;c?{exp(hWMkT) ]}2 (1.3.169)
9 1ok, VO kT, 6 :
_ \Y e o |
4p3 2 10 ( ) D2 i;g 7] °

[Mpu HU3KMX TemrepaTypax (3HAYMTENIBHO HIDKE Temmeparypsl Jlebas), Koraa BEpXHHH Mpeaent
MOXXHO CUUTaTh OECKOHEYHOCTHIO, MHTErpal lg sSBISETCS KOHEYHBIM YHCIOM, paBHBIM 6!. Ilpu
BBICOKHX TEMIIEpATypax CTEIEHb B 3aBUCUMOCTH OT TEMIIEpATyphl IOHUKAETCS 10 ABYX.

B ciiydae 1meHTpOB C HEYETHBIM YHCIIOM 3JIEKTPOHOB BO30YXKIEHHOE COCTOSTHUE MOXKET
OKa3aTbCd KpaMepcoBBIM jaybOineroM. B osToM ciiyuae MaTpuU4HBIE JIIEMEHTHI ONEPaTOPOB
KPUCTAJUTHIECKOTO TIOJISI MEXJLy KpaMepCOBBIMH IyOJI€TaMU PaBHBI HyJNIO. BHelrHee MarHUTHOE
MoJie HapyliaeT CHMMETPHIO KPaMEpCOBBIX ayOJEeTOB OTHOCHUTENILHO OOpamieHUs BpEMEHH H

IIPUMEILINBAET APYTUE COCTOSIHUS C BECOM

Zh[\JN' 6/(;) )2 . (1.3.170)
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B pesynbTare, CKOPOCTh peakcaliy B 3TOM CIIydae paBHa

1= 7 ii'(v)“i;Jer wi exp(hw, /KTo)

t p’r 2% of f)(?{exp(hwI 1KTp) - 1}2 -

(1.3.171)

_on? }(v(l))4ﬁaé<T099|
p3I’2V10+ o )t/)g h g °

bmom um Opbax paccMoTpenu eme OJUH BaXKHBIM CIydaid, KOTJa OCHOBHOE COCTOSIHHE
siBIsieTcsl MynbTHILIETOM. CocTostHUS |[C> U |0> OMM3KO pacioioKeHbl K COCTOsSHUSIM |8 u [b>, T.e.

D mama. Torma

1_ 9 (V)'"m wexp(hw,/kT,) _
t, 4pr v pz {exp(hw, /KT,) - 12 =
\ p (1.3.172)
_ 9 (V) aKTy 0 |
4p3r 2y10 h2 & g 4

Takue mpoliecchl HAGMIOAANKCH s TIpuMecHBIX HoHoB Cr' B Si [24].

1.4 Texnuka IIIP-ciekTpockonuu

1.4.1 Cxema JIIP cnekTpomerpa

Hwxe nano ommcanue tunuyaoro JDIIP-ciiekrpomerpa, paboTatomiero Ha (pUKCUPOBAHHON
gactore okojo N=9300 Mru, T. €. B 3-X- CaHTHMETPOBOM JHara3oHe [UIMH BOJH OOIydeHUs
00pa3IoB AEKTPOMArHUTHBIM TI0JIEM, BBI3BIBAIOILINM TIEPEX0JIbI MEXKITY 3€eMaHOBCKUMHU YPOBHSAMU
I[ML. [pumenenue cBepxBbicokoit yactotel (CBY) oxoino 10" T’ HeoGXomUMO IS [OJIy4EHUS
BO3MOJKHO OOJIbIIEH YYyBCTBUTENBHOCTH CHEeKTpomerpa. [[nsg 3Toro HeoOXoauma JOCTaTOYHO
Oouibiras yactota u3MepeHud hn=gngH u Bo3MOXXHO OoJibIIas pa3HUIA Ni- Ny 3aCENEHHOCTH
36eMaHOBCKHUX YpPOBHEH, KOTOpOil OyneT ompenenarhcsi IMorjolaeMass Npu IapaMarHUTHOM
pe3onance MoinHOCTh (cM. paszen 1.2). Bmecre ¢ TeM, cooTBeTcTBYMOMIEE, coriacHo (1.2.6), atoit
gacToTe MarauTHoe moje B»0,3 Ti emé He CIMIIIKOM BEJIMKO, YTOOBI €0 MOKHO OBIJIO MOJIYYUTH C
IIOMOIIIBIO JJIEKTPOMArHUTA C JKEJIE3HBIM CEPACYHMKOM U BBICOKOW €ro OJHOPOJHOCTBIO (dB<1O'4
Tn).

brok-cxema criekrpomerpa mokazana Ha puc.l.4.1. Mcrounnkom CBY konebanmit sBhsieTcst
KIIMCTPOHHBIN reHepatop uiu reHepatop Ha auoje 'anna I'CBY, ¢ koToporo 1o npsiMoyrojibHOMY

BOJIHOBOAY MolHOCcTh CBY ckBO3b BeHTUIIb B nocTynaer Ha HanpaBineHHbIN oTBeTBUTENL HO.
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Puc.1.4.1 brok - cxema JIIP - cmekrpomerpa. I'CBY - renepatrop CBY, B - nanpasneHHbie
¢deppurossie Bentrnu CBY, HO- HanpaBieHHBI OTBETBUTEND, A - PErylMpyeMblil aTTEHI0ATOP -
ocnabutens momHoctd CBY, | - perymupyemsiii dasoBpammarens, I - mupkymstop, BC -
OanmaHcHbBIN cmecuTenb, Tp - CBY - Tpanchopmarop, N, S - moIroCk! 21eKTpoMarauTa ¢ KaTyIKaMu
K, NYBU - uzbuparensusiii ycrwmrenb BU, CJ - cuaxponnsiit gerekrop BY, @ - punstp BY, CII
— CcaMOITMCell WJIM CHUCTeMa 3alliCh B MaMsATh KommbioTepa, I'BU - renmepatop BY, BII - 610k

nutanusi, AIIY - cucrema aBronoactporiku yactotel CBY, OP -oTpaxkaTenbHbIN pe30HaTOP.

Oxoso 10% wmomHOCTH Mojmaéres Ha (asoBpamiatenab | W jajee Ha OaJaHCHBIM CMECHTENb -
(dazouyBCTBUTENBHBIA CHHXpOHHBIH JeTekTop CBUY. bonpmas sxe yacte CBY mMontHOCTH OgaéTcst
Ha TpExmoJitocHbI 1upkyasTop LI, xotopsiii Hampasisser CBY BOJIHY CKBO3b pPEryiIHpyeMbId
cornacyromuii Tpanchopmarop Tp Ha oTpakarenbHbiit pezoHaTop OP ¢ 00pa3ioM u moMeniEHHbIH
MeX]ly ToJirocamu anekrpomarauta NS.

B otcyrctBum peszonancHoro noriomenust CBY o0pas3oM pe3oHaTop HACTPOEH Tak, YTO
Bcst sHeprus CBY B HéM mnornomaercs. [lapamMarHUTHBIA pPE30HAHC TPH COOTBETCTBYIOIIEM
MarHWTHOM TIOJIE BBI3BIBAET PACCOTJIACOBAHME pE30HATOpa H OT HEro oOpaTHO uyepes
Tparncopmatop Oymer oTpaxarbcsi CBUY MomHOCTh, mpomopimoHanbHas BenuuuHe OIIP -
MOTJIOMICHUIO. JTOT CUTHAN IMPKYJAATOPOM HANpaBiseTcs CKBO3b BEHTHIb Ha OajlaHCHBIN
cmecurens bC.

Kpome MemieHHO U3MEHSOLIErocs MO JMHEWHOMY 3aKOHY MAarHUTHOTO — IOJIS

QJICTPOMArH1uTa, Ha 3TO IMOJIC HAKJIaJAbIBACTCSA BBICOKOYACTOTHOC MArHUTHOC IIOJIC BY ¢ momorpsio
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KaTyIIKd BHYTPH PE30HATOPA, KOHIBI KOTOPOH MOAKIIOYEHHI K reHeparopy BU c uactoroit 910
k['1. TTosromy CBY curnan, nocrynatoniuit Ha bC, mogynuposan BY. Ilocne nerexrtupoBanus bC
BoIiensiercsi BU curnan, KOTOpbIN uepe3 M30MpaTeNbHBIA y3KOIMOIOCHBIH, HacTpoeHHbIH Ha 910
k[, ycunurens Beicokor yactoTel MYBY nomaércs Ha cuaxpoHHBIN AeTekrop BY, ynpasisiemslii
redepatopoMm BbicokoW dactorel ['BU. C CJI ckBo3p ¢unstp BU MemieHHO MeHsIomeecs
HanpspkeHue nojaércst Ha camonucery CII.

B cnextpomeTrpe uMmeeTcs cucteMa aBTOMaTH4ecKoi noAcTpoiiku yactotsl CBY kinuctpona
AITY, xotopas “npuBsA3bIBaCT’ YaCTOTYy T€HEpaTopa K COOCTBEHHOM YacTOTE pe30HATOPA.

B OIIP — cnexkTpockonuu NPUMEHSIOTCS pa3iIddHble BBl pe3oHaropoB. Yaiie Bcero
YCTaHABIMBAIOTCA LMUIMHAPUYECKUM WM TNPSIMOYrOJbHBIM pe3oHaropsl. OIMH U3 TPHUMEPOB
pe3oHaropa, CXeMaTW4YyHO TMoKazaHHoro Ha puc.l.4.2, mnpexacraBmser co0oil  OTpe30K
MPSIMOYTOJIBHOTO BOJIHOBOJIA ¢ Mojoi kosiebanwii TEip3 , TO €cTh, B HEM YKIAJBIBAIOTCS TPHU
crosiune CBY mosyBOJIHBI Tak, YTO MMEIOTCS JIBE MYYHOCTH MAarHUTHOroO mousis. B onHy u3 Hux
MOMeEIIAeTCsl UCCIEyeMbIi 00pasell, B Ipyryio - 3TalloHHbIi oOpasen (puc. 1.4.2). D10 mo3BoJseT

B OJIMHAKOBBIX YCIIOBHUSAX OJHOBPEMEHHO 3amuchiBaTh crekTpbl DIIP oOpasia u stanoHa.

I I I |
AN © 0 :

Puc. 1.4.2 Koncrpykiust TE103 — pe3oHaTopa. B mydHOCTSX MarHUTHOTO TOJISI PACTION0KEHBI WIIH

«0» — o0Opazeny Wi «» - 3TaNoH. [I[yHKTUPOM CXEMaTH4YHO MMOKa3aHbl CHJIOBBIE JIMHUHM CTOSYEH

BoJTHBEI CBY MarHuTHOTO TI0JIS.

HpI/IMeHeHI/IG BY MOZ[YJISIIII/II/I MAardymuTHOT' O ITIOJIA HpI/IBOZ[I/IT K TOMy, YTO 3aIlIMChIBACTCSA HC
P(H), To ecth, HEe 3aBHCHMMOCTb MOIIHOCTH, IOTJIOIIAEMOM 00pa3loM, OT MAarHMTHOTO TOJS, a
MEPBYIO MPOU3BOJAHYIO 3TOH 3aBHCUMOCTH. [103TOMY BMECTO KOJIOKOJIOOOpA3HBIX KPHUBBIX BHJIA

(1.2.29) uim (1.2.30) Oyner 3ammcaHa mepBas MPOM3BOJHAS OT TAKOTO THIA 3aBUCHMOCTEH, TO

€CTh,
dPH) _, d & 1 9
Y¢H) =K, i =K, _Hé TPWTTRC (1.4.1)
NN
Y ¢H) =K deﬂH) 2 GH & eexp( a,(H- Hy) )u (1.4.2)
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rae Ki u Ky xoaduimenTsl, 3aBucsimye OT MapaMeTpoB 00pasiia U HACTPOUKU CHEKTPOMETpa.

KadecTBeHHO TH 3aBHCUMOCTH ITOXO0KH M BBITIISIAT Kak Ha puc. 1.4.3.

Y!

Puc. 1.4.3. XapaxTepHsblii BU IEPBOI MPON3BOAHOM MrHUH criektpa DIIP mornomenus
1.4.2. Onpenenenne g-paxkropa

Cornacuo (1.2.6) mpu m3BectHoil wacrore N=9,330* 'y HYKHO 3HATH HANPKEHHOCTH
MarHUTHOTO TOJISl, COOTBETCTBYIOIIETO MUKY pe3oHaHcHOro noriouieHust Ho. ITapamerpsl cnextpa
I1L] u3yyaemoro oOpasiia OnpeaenstoTCs U3 COTIOCTABICHHS CIIEKTPOB 3TAlOHA U 00pasla Mpu MX
onHOBpeMeHHOH 3amucu. B OIIP-cnexktpoMerpe nMeercs AaTyuk XoJula, C IMOMOIIBIO KOTOPOTO
oTIpenieNnseTcsl HampsHKEHHOCTD 1mouis. i mosrydeHus OoJbIIel TOYHOCTH HEOOXOJMMO 3aIHcaTh
CIIEKTp o0Opasiia ¢ 3TAIOHOM C M3BECTHBIMH ( — (hakTopoM M MHTEepBasiaMu Mex ity JuHusMu CTC,
HampuMep Mopomok okcuaa Marauss MO ¢ npuMecHBIMH HMOHaMH Maprasia Mn?* s

KaTuOpOBKH IIKaisl H.
1.4.3 Onpenenenue kounenrpamuu I1]

Konnenrtpauus I1L] Beraucnsercst nocne onpeaeneHus g-Gpaxkropa, KaauOpOBKH HIKAIBI IO
MarHUTHOMY TIOJIIO M JIOTIOJIHUTENFHOW KalMOpOBKOW IO aMIUIUTYAE CHUTHala C 3TaJOHOM
MHTEHCUBHOCTU. Eciii HEeT KammOpOBaHHOTO 3TAlOHA WHTEHCUBHOCTH, TAaKOW ASTaJIOH MOXKET OBITH
cienad u3 kpucramia meaHoro kyrmopoca CuSO,5H20. Jlns ompeneneHus KOJUYeCTBa CIIMHOB B
ATAJJOHHOM KpHUCTaJUIe HEOOXOJMMO TMPENHU3MOHHOE B3BEIIMBAHWE KpHUCTAIIa, MOCKOIbKy OIIP
CIIEKTpOMETp 00JalaeT BBICOKOH UYyBCTBUTEIBHOCTBIO M TOTPEOyeTcs KpHUCTAI C Maccoil B
€IMHUIIBI WK J0JIA MIIDTATrpaMMa. UHCII0 CIIMHOB OTPEeNsieTCsl UCXOAS U3 TOTO, YTO KaXKIbIi MOH
memn Cu?* umeer crmu S=1/2. CrieKTp MEIHOTO KyIopoca CHIBHO aHH30TporeH. I1osToMy mpu

OJTHOBPEMEHHOMN 3alliCH CIIEKTPOB 00paslia U 3TaJOHA HEOOXOAMMO ITyTEM BpAIIEHUS KpUOCTaTa
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JTOOUTHCS TAKOTO TOJIOKEHUs JInHUKM DIIP, yTOOBI OJIMHOYHAS JTUHKSI 3TAJIOHA HE HAKJIAbIBAIACh
Ha CIIeKTp 00pasIa.

C yuérom Beipaxenuii (4), (9), (25) moxxHO TOKa3aTh, 4to KoHieHTparws 111 B oopasie N,

MOJKET OBbITh BBIp@)KEHA Yepe3 TAKOBYIO B 3TANIOHE IO cieayromieit popmyie [9]

2
:3@_39 53(53 +1)><TOIO
0] = !
89021 So(‘Q"o”Ll)xTala °

(1.4.3)

KOTOpasi CIpaBeUIMBa MPU OJHOBPEMEHHOW 3alMCH CIIEKTpOoB oOpasua u stanona. B (1.4.3) T —
Temmeparypa, | — aMmiIuTyaa cnekTpa, Bce BEJIMYMHBI CO 3HAKOM “0” OTHOCSTCS K 00pasily, a co
3HAKOM 3" - K 3TaJIOHY.

[Ipu 3anucu nepBoil MPOU3BOJIHON CIIEKTpa MOIJIOIIEHUS HHTEHCUBHOCTD JIMHUU CHEKTpa |

MO>KHO OTIPE/ICIUTH N0 (hopMyIie

_ 2 ¢
| =D(DH L , 144
(DH ) LGy, (14.9
rjae q)aKTop MYJIbTUIIIIETHOCTH
_ 1 . (
ym

( . o ( -
Ym - ammumtyaa (puc.1.4.3) caMoif HHTEHCHBHOM JIMHUH, Ymj - aMIumMTyna |- i nuand. Ecoiu Bee

( (
JIJMHUU OJWHAKOBBI IO aMIUNIUTYAC, TO ym :yml ) Dpr - IIHUpUHA JIMHAW MCXKAY MIKaJIaMH

(puc.1.4.3), BenuuuHa L ¢ - pakrop GOpMbI TUHUH:
L (=1,03 mys nuamMi rayccoBoit popmsl, L (=3,63 st muHMI TOPEHIIOBON (OPMBI.
Ecnu Hew3BecTHa Gopma JIMHUH, TO

¥
1= 6 (H-H_)y&H)dH, (1.4.6)
- ¥

TO €CTh, BBIYMCIISICTCSl KaK MepBbIii MOMeHT [9] mepBoil MpOM3BOAHON CIIEKTpa MOTJIOMCHUS. B
HACTOSIIEE BpEMsI YHCIEHHOE MHTETPUPOBAHKE JIETKO IPOU3BOJUTCSA IPU KOMIBIOTEPHON 3alUCH
CIIEKTpa.

[Ipu 3anucu y3kux JTMHUN (<5>§.O'4 T) OIIP cnenyer oOpaTuTh BHUMaHHE HA UCKAKCHUS UX
(dOopMBI U3-3a CIHMINTKOM OO0JBINON amMrumTyasl BU momymsuuu. Jljis 3TOro Hamo clenarh JBe
3anucu ipu BY MakcuManbHOM ¥ pu MeHbIel B ABa pa3a. Ecinu B 000uX citydasx ¢GopMBbl JTHHHMA
HE COBHNAJAIOT, TO CIEAYET YMEHBIINTH aMIuiuTyny BY Moxynsauuu 10 ypoOBHs, IIPU KOTOPOM

MepecTaHeT MEHATHCS (hopMa JTHHUH.
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I'naBa 2. ®eppoMarHuTHBINH pe30HAHC

2.1 Beenenune

B atom pazgene cHawana msnaraercs 0azoBoe paccmoTpenue @MP, koTopoe HE0OX0IUMO
JUIsL TIOHUMAaHHMs IIPOLIETypbl COBPEMEHHOIO aHAINW3a JKCIEPUMEHTAIBHBIX JAHHBIX H3MEPEHUM
napamMeTpoB eppoMarHeTHKoOB. B yacTHOCTH, MBI HajieeMcs, 3TO OyIeT MOJIe3HBIM ISl TOHUMaHHS
MpOIelyphl aHAIHM3a JaHHBIX Ul TOHKUAX CIIOEB (DepPOMArHUTHBIX MOJYIPOBOJIHUKOB, KOTOPHIM B
HacTosIIee BpeMsl yAemsieTcss 0OJbIIoe BHUMAHUE B HAYYHBIX CTaThsIX B CBSI3U C MEPCHEKTHBAMH
IIPUMEHEHUsI UX B CHUHTpPOHHKE. [I0ATOMY BHadajle pacCMOTpPEHBI OCHOBHBIE IIPEICTABICHUS O
CIIMHOBOM yMOPSAAOYEHUH, 00 OCOOEHHOCTSX HMHTEHCHBHO HCCJIEIyeMBIX B HACTOSIIEE BpeMs
pa30aBJIEHHBIX MarHUTHBIX MOTYPoBOgHUKOB (PMIT). 3aTtem maércs onmucanue CIIMHOBBIX BOJIH B
dbeppomarueruke, nockoiabky B ODMP peanusyercst 4acTHBIN cyqail OJHOPOHAS MOJIa TAKUX BOJIH.
Kparko oTmeuaercss oTaMuMe 3aKOHA TUCIIEPCHM Ul COMHOBBIX BOJIH B aHTH(eppomarHeTuke. B
cienyomeM mnaparpadge orMmedaroTcs: ¢xoactBo U otimuus OMP u OIIP, BosmoxkHOCcTH DMP.
Jlasiee Ha OCHOBE CaMOTO IPOCTOrO YPaBHEHHMsI JABUKEHHUS NIl HAMATHUYEHHOCTH aHAIU3HUPYETCs
ann3oTponus crekrpoB ®MP, cBs3anHas ¢ popmoit oOpasua (anuzorpornus popmsbl). [IpuBoasTes
KJIaCCUYECKHE JINTEpaTypHBIE MaHHbIe sl cheprieckoro odpasia (GeppuT-rpanaTa u JaHHbBIE IS
HaHOPa3MEpHBIX CIOEB CHHTE3MPOBAHHBIX U M3ydaeMbIX B sabopatopun HUDTU u dusmueckoro
daxynsrera HHI'Y pexopnubix Ha cerognsmamii neds PMII. B cremyromem pasnene paccMOTpeH
aKTyaJbHBIM /IS TUIEHOYHBIX M CHJIBHO MPOBOJSAIIMX OOpa3IOB CIUHBOJIHOBOW PpE30HAHC W
BIMSIHHE CKUH-3((eKTa ¢ WILTIOCTpAIel KIaCCHYECKUMHU JIUTEPATyPHBIMHU JTAaHHBIMU JUTSI TIEHOK
IepMauiosl W HENaBHUMHU JaHHbIMU uid cioéB PMII — apcenupa ramums JIerMpOBaHHOTO
MmapranneM. Jlanee npooautcst ananu3z @MP Oosee BEICOKOTO YPOBHS CBSI3M M@Ky YpaBHEHHUEM
JBWDKEHUS JUISI HAMAarHMYEHHOCTH W CBOOOJHOW SHeprued, BKIAAbl B CBOOOTHYIO DHEPTHIO.
PaccMoTpeHsl 0COOCHHOCTM BIMSIHUS KpHcTawiorpadgudeckoir anmsorponnun Ha OMP s
MaTepHAJIOB C OJHOOCHOW M KyOMYeCKOH MAarHUTHBIX CHMMETpHEH. AHaNM3HpyeTcs BIHMSHHE
KPUCTAJUIMYECKOM aHWU30TPOIIMHM, BKJIIOYAs HCKAKEHUS KPUCTAUIMYECKOW PEHIETKH, BBI3BAHHBIC
HECOOTBETCTBUEM PEIIETOK 3MHUTAKCUAIBHOM MAarHUTHOM IIEHKM M IOJJIOKKH, Ha KOTOPOHM 3Ta

IUIEHKA BBIPAILICHA.
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2.2 Onucanyue CNUHOBOIO yNOPsiIoueHHs B (peppoMarHeTMKax Ha OCHOBe reiizeH0eproBcKoOro

00MEHHOI'0 TAaMHJILTOHHAHA

B deppomarneTrkax uMeeTcsi cucTeMa CIMHOB 30HHBIX 3JIEKTPOHOB U CITMHOBBIX MOMEHTOB
aTOMOB (MJIM MOHOB). DTH CIMHBI YIOPSIOYCHBI CHJIAMH, KOTOPBIC 3HAYUTEIBHO OOJBIIE CHII
MarHUTHOTO JMIIOJBHOIO B3aUMOJICHCTBUSA. DHEpPrusl JWUIIOIBHOIO B3aMMOJEHCTBUS NpU camMou

OaronpuATHOM (U1 MaKCUMyMa B3aUMOJICHCTBHUS) OPUEHTAIIMHU JUTIOJCH HMEET BUJI

O A
oms)* @’ 0amg e’ 1 @, (2.2.1)

»—-> T — » —

Der ﬁagr 2 a (137)23r o
rae 8=0.0529 um — GopoBckuii paauyc. Eciii B kadecTBe BEJTMYUHEI I B3SITh CpeHEE MEKATOMHOE
paccrostare 0.2 HM, TO TIOJTy4aeM UdZ1.35-1O'5 3B, 4uro MHOrO MeHble KT ga)xe mpu reaueBbIX
TeMIieparypax. B To BpeMs Kak, HampuMmep, B keje3e (eppoOMarHuTHOE CIIMHOBOE YIOPSIOUYECHUE
coxpansiercs g0 Ttemreparypel 1043K, B kobamere mo 1388 K. B Hacrosimee BpeMs yxe
OOIENPUHATO, YTO MPUYUHON YIOPSIOUEHUS CIUHOB SIBJISIFOTCSI KYJIOHOBCKHE CHIIBI, KOTOPBIC
MPOSIBIIIIOTCS. B OOMEHHOM B3aUMOJICHCTBUU 3JICKTPOHOB. DTO B3aWMOJICHCTBUE OIMUCHIBACTCS
reii3eH0eproBCKUM 0OMEHHBIM TaMHIIBTOHHAHOM

H.. =-&J.S S, (2.2.2)
i =)

il

rie ko3¢hunneHTs! Jj Ha3bpIBAlOTCS OOMEHHBIMU MHTETPATaMU, S — BEKTOPHBIE OTIEPAaTOPHI CIMHA,

KOTOpBIE AEHCTBYIOT Ha CIIMHOBBIE YaCTH S, (Si ) BOJIHOBOU (DYHKIIMH DJIEKTPOHOB
J j(Xi):y j(ri)Sa(Si)’
n00aBisieMO B KadyeCTBE MHOXHTENSI K BOJHOBOH (YHKIUHU SIIEKTPOHOB Y j(ri) B OOBIYHOM

KOOPAWHATHOM mpocTpancTBe. OOMEHHbBIC HHTETPAIIBI PEICTABIISIOT CO00H MATPHUYHBIC JIEMEHTHI
KYJIOHOBCKOTO B3aHMOIEHCTBHUS JJIEKTPOHOB
gl e ()1 ()d
Jj =<ij|V]ij >= ¢y ; (ri)yj i —yj(ri)yi r;dridr;.
I'I - r
i
CruHOBBIE 4YacTHS, (Si) BOJIHOBBIX ()YHKIMH YacTO MPEACTABISIOT KEeT-BEKTOpaMH

a0 2o , 0
-~ = - O3HA4YacT CIIMH BBCPX Yy I-TO OJICKTPOHA, gli - CIIMH BHU3 Yy TOI'0 K€ JJICKTPOHA.
a

|i>=§b3’ Og

: a0
[TonHas BomHOBast PyHKIHSA | j(ri ) =Y (ri )gb; :
2
BekTopHbie orepaTtophl CIIMHA UMEIOT MPOEKIIMH HA OCH JIEKapTOBOW CHCTEMBI KOOPIUHAT,

KOTODBIE BBIpaKaroTCs yepe3 marpuusl [laymu s, ,S y 1S,



78

1a8-i6 ,_1_ _1a80 ¢

, (2.2.3)
277 280 13’

HeﬁCTBHG BCKTOPHBIX OIICPATOPOB CIIMHA HAa BOJIHOBBLIC (1)YHKIII/II/I MMPOU3BOJUTCA I10 OOBIYHEBIM

IpaBHuJIaM MaTpUIHOI'O YMHOXKCHUA

80 _1300 a0 _laéo
Sgoa a’sg ) goa

[TocnenoBarenbHOE JEWCTBUE BEKTOPHBIX OIEPATOPOB CIMHA OCYHIECTBISAECTCA [0 IPaBHILY

OOBIYHOTO CKAJISIPHOTO MPOU3BEACHHS
SiS; =S,XS}( +SinJy +SiZSJ-Z.
KommoHeHTbl S a1l pa3HBIX NIEKTPOHOB KOMMYTHPYIOT. A JUIS OZHOTO M TOTO K€ 3JIEKTPOHA

JNEUCTBYET MPABUIIO
S'SY - §YSf =ist; §YS7 - S'SY =iS); SIS’ - §'SF =iS).
OG03HaYMB MaKCUMAIbHOE COOCTBEHHOE 3HaueHWe oreparopa S’ uepe3 S U3 mpeabIAyIIHX
(hopMyIT MOKHO TIOKa3aTh, U4TO
S, S |i,i) =S(S+1)i,i),

rie S sBisieTcs Iubo 1ebiM, U600 monyneabiM YucioM. CoOCTBEHHbIE 3HAYEHHUS S) OTCTOST APYT
OT JIpyra Ha I€JI0€ YUCII0 MeX Ty +1.

Ecnu | ¥ | 21eKTpOHBI HAXOAATCS HAa OJJHOM aTOME, TO COTJIACHO MPaBHIY XYHJa AIEKTPOHBI
CTpEMSATCS OBITh aHTHUITAPAIIICIIEHEIMU M OOBIYHO Jjj >0. B cinydae 31€KTpOHOB Ha pa3HBIX aTOMax

3HaK Jjj MOXKeT ObITh J100bIM. MCrosnb3ys mnpaBuia [IEHCTBHSA CIMHOBBIX ONEPATOPOB JIETKO

BBIYUCIIUTh OSHCPreTUUYCCKHUEC BKJIIAAbl 0OMEHHOT0 B3aI/IMOZ[€I\/JICTBI/I$I JJIA HapaJIHeHBHOﬁ n

aHTHHapanneanoﬁ OpHUCHTAlIX CIIMHOB

aéoaég B |aéoaéo _ 1.
b o7, By /T e

oaéo aéoaé) 1

glqgoa mélg glra, ST

B npubmmwkennn Xaptpu-doka 0OMEHHBINH MHTETpan < ij|V|ij >paBeH pPa3HOCTH ATUX MATPHYHBIX

—
~—
'
'

I

(2.2.4)

—
~—
'
'

I

anemMeHToB. U3 (2.2.4) BuaHO, 4TO, €CIin Jij >0, TO BBITOTHOU SIBJIIETCS TapajlieIbHasl OPUEHTAIHS
CIIMHOB U WUMeEET MecTo (eppOMArHUTHOE COCTOsiHHME. Ecim Jij <0, TO PHEPreTUYECKU BBHITOIHO

anTudeppomarauTHoe coctosiume. Ha puc.2.2.1 cxemaTHUecKHd TOKa3aHbl TpPHU BapUaHTa

YIIOPSITIOYEHUS CIIMHOB MAarHUTHBIX HOHOB B (peppOMarHeTHKax Mpy pa3InYHbIX 3HaKaX OOMEHHOTO



79
B3aMMOJICHCTBUSA. BuaHO, YTO B OTIMYMM OT (eppoMarHeTdka B aHTHU(EeppOMarHeTHKe C
OTPHILIATENIbHBIM OOMEHHBIM B3aWMOJIEHCTBHEM CyMMapHas HaMarHMYEHHOCTh paBHa Hym0. Ho
€CJM B BEIIECTBE MMEIOTCS MAarHUTHBIC MOHBI C Pa3HOI BENMYMHON cnuHA, 4To Ha puc. 2.2.1(B)
MOKa3aHO CHUMBOJIMYECKH Pa3HBIM JAMAMETPOM KPYXKOB, TO M TMpPH OTPHUIATEIHHOM OOMEHHOM

B3aI/IMOZ[€I\/JICTBI/II/I BO3MOXHa HC HYyJICBasd HAMAaroHm4€HHOCTb KaK B q)eppI/IMaFHeTI/IKaX.

DOOOPDLODDOD D
01O OXMIOIOICRORCRO
91010101 03010]6| ORCRORC

a) I,=0 6) 1,<0 B) I, <0
(l} CPPOMATHETHE dHTI -I{l} CPPOMATHETIHE {l} CPPHMATHETHE

Puc. 2.2.1. Tpu BapuanTa ClIMHOBOTO YHOPSAAOYECHHUS B peppoMarHeTHKaX.

Ha camom nene, kpoMe TpEX BapHaHTOB (eppOMAarHETHKOB, COOCTBEHHO (heppOMarHeTHKOB,
aHTU(EepPPOMArHETUKOB, CYIIECTBYET MHOXXECTBO JAPYIMX BAapHAHTOB CIIMHOBOTO YHMOPSIOYCHHS.
OnHH OTIMYAIOTCS OT (PEPPOMATHETHKOB C MPSMBIM DJIEKTPOHHBIM OOMEHOM IPYTUMHU MEXaHU3MaMU
B3aUMO/ICHCTBHSIMU MAarHUTHBIX aTOMOB WJIM HOHOB (cM. Hampumep, [25, 7, 26]). B gactHoCTH, B
nocieiHee BpeMsi OCOOCHHO BO3pOC HMHTEpeC K TaK Ha3bIBaeMbIM DPa30aBJICHHBIM MarHUTHBIM
nonynpoBognukam (PMII), momydaemMbiM IMyTéM JIETHPOBAHHS alMa30TOJA00HBIX KPUCTAJIIOB
npuMecsMu rpymisl kese3a [27-30]. Pa3baBieHHBIMU Takie MarHUTHBIC MaT€pPHUasIbl HAa3bIBAOTCA,
MOTOMY, YTO KOHIIEHTpAIMs MarHUTHBIX aTOMOB B HUX Ha OJHMH — JIBa MOPSJIKAa MEHBIIE, YeM B
TPaIUIMOHHBIX (heppOMarHeTUKax, MOJOOHBIX Kee3y. XOTS C TOYKM 3PEHHUs] TBEPABIX paCTBOPOB
3TH MaTepHalibl SBISIFOTCS CHJIBHO TIEPECHIIIEHHBIMHU, MOJYYalOTCsS B CHUJIBHO HEPABHOBECHBIX
ycnoBusix. KOHIEHTpanuss MarHMTHBIX TIpUMeceld B HUX Ha TMOPSIKM TPEBBIIIAET Mpesel
pacTBOPUMOCTH TpU OOBIYHOM, OJM3KOM K paBHOBECHOMY pEXKHME pOCTa KpHUCTaJIa.
Pa36aBnennble MarHuTHbIC MOaynpoBoaHuKH (PMII) Ha ocHOBe aiaMa3omoJ00HBIX KPUCTAIIOB
coenuHeHnit A3Bs , nerupoBanHbIX 3d-IpUMECSIMHU TPYIIIBI JKEIe3a SBISIOTCS MEPCICKTUBHBIMU
MaTepuallaMd  JUIi  CO3JAaHUS HOBBIX TNPHUOOPOB CHUHTPOHUKU. OKHMIaeMbI  CIEYIOIINe
BO3MOKHOCTH:

1) Ha mopsAKM MPEBOCXOAANIAs [UIMHA CIMHOBOW M dy3uH, BeieacTBUE OOJIBINEH TOABUKHOCTH

HOCHTeNEH ToKa B 00Jiee COBEPIICHHOW KPUCTATUIMIECKOH pEeIETKE C KOBAJIEHTHOH CBS3BIO,

2) BO3MOXHOCTh BJIMSITH HAa CBOWCTBA (peppOMarHeTHKa U3MEHEHUEM COJICP)KAHUS MAarHUTHBIX U

HE MarHuTHBIX HpHMGCGfI,
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3) npUHIMIHATBHAS BO3MOXKHOCTb TIOJIHOW CIIMHOBOW TOJISIPH3allMU HOCUTENICH TOKa,

4) coemectumocth PMII Ha OcCHOBe aiMa3ono00HBIX MOJIYIPOBOJIHMKOB, OCOOCHHO Ha OCHOBE
Gewu Si, ¢ HanboJee pacpoCTpaHEHHONH KPEMHUEBON TEXHOJIOTHEH,

5) BO3MOXKHOCTH HCIIOJIb30BaHUSI TEXHOJIOTHH SIHMTAKCHAIBHOTO HApallUBaHUS TOHKUX TUIEHOK
IUISL TIOJTyYeHUsT MUHUMAIIbHO JepeKTHOW rpaHunbl PMII — He MarHUTHBIN TOJIYIPOBOIHHUK
(HIT) n mocTmkeHuss MaKCUMaITbHOM A QEeKTUBHOCTH CIIMHOBO# nHkekiu u3 PMIT B HIT,

6) HOBBIC BO3MOXKHOCTH HMCIOJIb30BAHHS YIIPABISEMOTO C TIOMOIIBIO BHEITHETO JIEKTPUIECKOTO U
MarHUTHOTO TIOJIEH AJIEKTPOHHOTO TPAHCIOPTa M MarHUTOONTUYECKUX YPPEKTOB B CTPYKTYpax
CHUHTPOHUKHU U ONTO3IEKTPOHUKHU.

B kaudecTBe 0JHOTO U3 BO3MOKHBIX MEXaHU3MOB ynopsaodeHus cruHoB B PMIT Bo3MoxHO

tak HaseiBaemoe PKKWM — B3aumopeiictBue, npennoxeHHoe Pynemanom, Kurenem, Kacyelr u

HNocupnoii. B sToM MexaHU3Me CUMTAaeTCs, YTO B3aMMOJEHCTBHE MEXIY MAarHUTHBIMH HOHAMHU

MPOUCXOTUT TYTEM KOCBEHHOTO OOMEHa uYepe3 CIUH-CIIMHOBOE B3aUMOJCHCTBHE MEXITY

MarHUTHBIMH HOHaMH U TOJBW)KHBIMHU HOCHTENISIMH TOKAa DJJIEKTPOHAMM WM JIBIPKaMH.

[TonTBepkaaeTcst 3TO TeM, 4TO (eppoMarHETH3M BO3HUKAET TOJBKO KOTJAa PACCTOSHUE MEXIY

MarHUTHBIMH MOHAaMH MEHBIIE JUTMHBI CBOOOJHOTO Ipobera Hocurenel Toka. T.e. KOHIEHTpaIus

MarHUTHBIX HOHOB JOJDKHa OBITH JOCTaTOYHO BEJHMKAa. BTOphIM  ONaronpusTCTBYIOMIMM

dbeppomMaraeTusMy GaKTOpoM SBJISETCS BBICOKAsT KOHIICHTPAITUS HOCUTENICH TOKa.

2.3 CniuHOBBIE BOJIHBI B )eppoMarHeTuKe

Kaprtuna, mokazannas Ha puc.2.2.1 MeeT MecTo mpu abCOIOTHOM HyJe TemrepaTypsl. [Ipu
KOHEYHBIX TEMIIEpaTypax WM BHEIIHUX BO3JEHUCTBUSAX CHUCTEMA CIIMHOB OTKIJIOHSETCS OT CTPOro
KOJUIMHEAapHOW opueHTanmuu. [losIBISIOTCS BO30YKIEHHBIC COCTOSHUS CIIHHOBOW CHCTEMBI.
B3aumopelicTBie MeXIy COCEIHMMHU CIIMHAMH TOJOOHO YIPYrol MeXaTOMHOW CHJie B TEOPHH
KoJIe0aHUH PEemETKH. DTO MPUBOJUT K TOMY, YTO OTKJIIOHHMBIIHUICS CIIUH HE MOXKET OCTaBaTbCs
JIOKQJIM30BAHHBIM Ha aTOME M CTPEMUTCS IEPEMEINATHCS M0 KpUCTALTY. J[BHMKEHHE OTKIIOHEHUU
CIIMHA UMEET BOJIHOBOU Xapakrep. Takue BOJHBI HA3BIBAIOTCS CNUHOBLIMU 60JIHAMU, & UX KBAHTBI —
MazHonamu. B mpenene JIMHHBIX BOJH MAarHOHbI MOKHO IIPEJICTAaBUTh KAK KJIIACCHYECKHE BOJIHBI
HAMarHU4eHHOCTH B KpucTayuie. YacTOThl TUIMMYHBIX MarHOHOB JIEKaT B MUKPOBOJHOBOH 00JacTH
~10" ¢?, rak, uro mx smeprums mopszka 5-10° 5B. Ha pnc.2.3.1 cXeMaTHHHO MMOKA3aHO
pacrpocTpaHeHHe BOJHBI MpeneccH crnuHOB. Kaaplil cruH mpereccupyeT U ¢asza Ipereccuu
OIIPENENACTCS BOJHOBBIM BEKTOPOM (] CIIMHOBOM BOJIHBI B KpuUcTaule. B pamkax Mojnenu

I'efizenOepra pacrpocTpaHeHHE CITMHOBBIX BOJH MOYKHO MCCIIEIOBATh KJIACCUYECKH.
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NAYATAYAY

JJIHHA BOJIHBI

Puc.2.3.1 PacnipocTpaHeHnne BOJHBI MPEIIECCUH CITMHOB B (heppOMarHeTuke.

PaccmoTpuMm mmst 3Toro arom B Touke R M B3aMMOJEHCTBYIONUI C ONMKAWIIUMH COCEISIMH,
pacroyiokeHHBIMU B To4ukax R+Ng mpoctoii kyOnmdeckoit pemérku. Takoe mpuOIMmKeHNe CUITBHOM
CBSI3M OIPaBJIaHO, IIOCKOJbKY OOMEHHOE B3aUMOJEHCTBHE OBICTPO CHANAeT C YBEIUYECHHEM
paccTosTHUS MEX/Ty MarHUTHBIMH aTOMaMU WJIM HOHaMHu. [lpeactaBuM OOMEHHBIN TaMMWIBTOHUAH
B BUJIC

Hi =-2J& SgSging (2.3.1)

1a1
no
rJic TMPOU3BOJMUTCS CYMMHUPOBAaHHE [0 Ommkaimmm cocefsM R+ng. YpaBHeHUE IBMKCHUS

I'eif3en0Oepra am1s BeKTOpa Sp €CTh

i 2 . e 27, ,
éFe =" H[SR Hig ]:FJSR ? SR+n0 :F? (SR SR+n0) (23.2)
0 0
WK B JICKAPTOBBIX MTPOEKIIHAX
2\] % o o Q
& = E5R & Skun, - SR S, =
0 0 4]
2\] x o o O
& = €S2 8 Skun, - SkA8 Shun, T (2.3.3)
h No No 7]
2\] % o o Q
éZR -0 S)I; a S)ém - S)Ié a )I;+n0 =
h 0
No No 7]

VpaBuenust (2.3.3) HenWHEHHbIE OTHOCHUTEILHO TPOCKIMHA crnuHA. WX  MOXHO

JIMHEApHU30BaTh, MPEAIOJIOKHUB, YTO MPH HE CIIMIIKOM BBICOKMX TEMIIEPATYPaX OTKIOHEHHE CITMHA
OT HAIpaBJIEHUs HAMArHMYEHHOCTH (heppoMarHeTHKa HeBeIuKo, Torma Sg » S u Sy ,S% <<O0.

Torna st mpocToit KyOMUECKOW PeIETKH MOJydaeM CUCTeMY JIMHEWHBIX ypaBHeHMi (2.3.4).

« _2JS& o 0
ER = TgGS}é - a S)é_'_no :
No %]

2)5& o ox 9

No %]

& =o.
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OTU ypaBHEHMsSI B KPHUCTAUIMYECKOM pEHIETKE € TPAHCIALMOHHOW CHUMMETPUEH HUMEIOT BHJ

OeryIeil BOJHBI
Sk =uxexpli(gR - wt)],, S% =vxexpli(gR - wt)]. (2.3.5)

[Mpu noacranoBke (2.3.5) B (2.3.4) mony4aem CUCTEMY OJTHOPOIHBIX lITeOpanyecKuX YpaBHEHUI
. 2JSé | : u
- iwu=S=g6- & exp(ign, v,

€ M u (2.3.6)

7

. 2 o :
)
e No

C>% c

) PaBCHCTBA HYJIIO OIIPEACTUTCIIA 3TOHN CUCTEMBI morydyacM JUCIIEPCUOHHOC COOTHOIICHHUE

(nv 3aKOH UCTIEPCUH) JJIT MAarHOHOB

e :
hw, =2JS&6- a exp(lqno)
e Mo

€. .
=2J58- § coslan,) (2.3.7)
e No

oo\
C)C-\ c

HHTGpGCHO OTMECTHUTD, YTO IPH MAJIBIX 3HAYCHHUAX BOJITHOBOTO BEKTOpA (], YTO COOTBECTCTBYCT

npeneny OONBIIMX JJIMH BOJH, 3aKOH JUCIIEPCHU KaK Y AJIEKTPOHOB ONU30K K KBaJIPATUIHOMY
2 . N
w, » 2JS(qa) , TIIe a — TIOCTOSTHHAs KyOnueckoil pemérku. Kak 1ist aneKkTpoHa MOXKHO 3amucarhb

w, »h?q?/2m’, rae >pdextuBHas macca marnoma m =h?/4JSa’. T. e. KaKk M dIEKTPOHbI

MarHoHsl 00yanaroT 3P GEeKTUBHON Maccoil mokosi. Ho B OTIMYMM OT AJIEKTPOHOB MAarHOHBI KakK W
(OHOHBI ABISAIOTCS 0030HAMH — YaCTUIIAMHU C LIEJIBIM CIIMHOM, T.K. BO30YXKAEHHE KaXKI0OTO MarHoHa
COIPOBOKJAETCS B COOTBETCTBHM C pa3peIIEHHBIMU TEPEeX0oJaMU W3MEHEHHEM MAarHUTHOTO
KBaHTOBOro umcia Ha *1. Jlng tunmuHeix ¢eppomarHeTukoB ¢ Toukoil Kropm oxomo 300K
s PeKTHBHAS Macca MarHOHa COCTaBJISIET OKOJIO JIECSITH MAacC CBOOOIHOTO JJIEKTPOHA.

Ha pwuc.2.3.2 npuBeneHsl TUCTIEPCHOHHBIE KPUBBIC U ABYX (DepPOMAarHETUKOB — CIUIaBa
KoOanbTa ¢ jxene3oM u3 KHuru [31] u okcuna xenesa u3 [6], modydeHHBIC 1O JaHHBIM HEYIPYroro
paccessHUS HEMTpOHOB. Kak BUIAHO NPU MaJIbIX 3HAYEHUSX BOJHOBOTO YMCIIA JEWCTBUTEILHO UMEET
MECTO TIOUYTH KBaJIPAaTHUHBIA 3aKOH qucrnepcud. Kak u B ciiydae OHOHOB B pemiérke ¢ 0a3ucom
MOSIBIIIIOTCSL  ONTHYECKWE BETBH JUII MAarHOHOB, COOTBETCTBYIOIIME IPOTHUBOIIOJIOKHBIM

HaIpaBJICHUAM MPEUCCCUU Y COCCTHUX CIIMHOB.
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Puc. 2.3.2 JlucriepcuoHHbIe KPUBBIE MAarHOHOB B ()ePPOMArHUTHOM CIUIaBE KOOAlIbTa C JKEIe30M

(cneBa) u maruerute — okcuje xenesa FesO, (cripasa).

Kak wn s

(dbeppoMarHeTuka MOXHO BBIBECTH

3aKOH JUCHEPCHH MAarHOHOB B
anTupeppomarueTrke. OTIMYHE COCTOMT B TOM, YTO ypaBHEHHs JBIKeHHs NOA00HBIC (2.3.4)

HYXHO OyJIeT COBMECTHO peliaTh /Ui KaKIOH U3 MOJPEHIETOK aHTHITapaJUIEIbHBIX CIMHOB. B TOM

Ke MPUOJIMKEHUH CUIbHOM CBSI3H IMCIIEPCHOHHOE COOTHOIIEHUE UMEET BUA W, = (4{J|S/ h)sinqal :

Kak u ans (HOHOHOB, B OTIMYMU OT MAarHOHOB B (heppOMarHeTHuKe, B Tpejeie JUTMHHBIX BOJIH

3aBMCMMOCTb  YaCTOTBl OT BOJHOBOIO 4YWcna Onmska K JIMHEHHOH W, =(41J|S/ h)(qal.

DKcrepuMEHTalbHbIE JTaHHBIE, HAmpuMmep, UId aHTh(eppoMarHUTHOro (Topuaa MapraHia Ha

puc.2.3.3 u3 kuuru [31]cornacyrorcs ¢ ITUM.

Puc.2.3.3. JlucriepcuoHHbIE IE

MnF,,

KPUBBIC
04 P

1
= anpasierie prenpacipLweHia 007}

aHTH(EeppOMarHUTHOTO
e Harpasnesne pacnpocmpanenis <100}

dTopuga  Maprasia

IMOJYYCHHBIC U3 JaHHBIX PACCCAHUA HGfITpOHOB.

JHepeud CruHIGHIT 80MH, I
3

et
g 03
Bonrosols 8exzIop 8/ Gz

L0



2.4. CyTb 1 0co0eHHOCTH (DePPOMATHUTHOTO PE30HAHCA

Pe3zonaHcHO€ MOTIIOIIEHHE AIEKTPOMAarHUTHOTO U3IydeHUs! peppoMarHeTHKaMH B 00JacTh
CBEPXBBICOKMX YacTOT AaHAJOTUYHO AIEKTPOHHOMY TapaMarHUTHOMY PE30HAHCY WU SICPHOMY
MarHuTHOMY pe3oHancy [1,2]. ®eppomarnutHbiii pe3zonanc (DOMP) BmepBbie QakTHUECKH
HaOmoaan B. K. Apkanees B 1911 r [32]. KauectBeHHOE KBaHTOBOE 00BsicHeHre PMP ObL10 1aHO
B 1923 4. I'. lopdmanom [33]. OxHako, TOJBKO B HaYajae COPOKOBBIX TOJIOB MPOIIOTO CTOJCTHUS
GU3MKKH BEPHYIHCh K OKCHEPUMEHTAIBHOMY H3YYEHHIO (EeppPOMArHUTHOTO PE30HAHCHOTO
MOTJIONICHUS, KOTOpoe B HamboJsiee OTYETIMBOM (opme OBbLIO 3aperHCTPHPOBAHO B HUKENE WU
xene3o-kpemuueBoM ciuiaBe E. K. 3aBoiickum [34] B CCCP u I'puddurcom [35] B AHrnmm.
Teopernueckoe onucanne ®MP Bnepesie Obi10 nano JI. /1. Jlannay u E. M. JIudmumem [36].

@deppoMarHeTHK B OTJIMYME OT MapaMarHeTUKOB HMEIOT CIOHTaHHYIO COOCTBEHHYIO
HAMarHU4eHHOCTh. [IpM STOM CHOUMHBI MarHUTHBIX HMOHOB, B TpeJeNie HU3KUX TEeMIIEpaTyp
OpUEHTHUPOBAHHBI MMapauIeIbHO B OJHOM HampaBieHUH. B ciydae gpeppoMarHUTHBIX KPUCTAJIOB
MBI IMEEM JIEJI0 B OCHOBHOM C IPOSIBIIEHUEM CITMHOBOTO MarHeTu3ma. [lostomy g- pakrop momkeH
paBHsAThCs 2 (Tounee 2.0023). OnHako pakTudecku g- haktop B heppoMarHeTUKax, ONpeIeieMblit
U3 PE30HAHCHBIX OIBITOB 3aMETHO OTIMYaeTcs ot 2 (kak mpaBuio, 6osbiie 2). C Apyroit CTOPOHEI
MarHUTOMEXaHHUYECKOEe OTHOIICHHE §' OKa3bIBACTCS HECKOJIbKO MeHbIne 2 (~5%). DTH OTKIIOHEHHS
g- u g dakTopoB OoT 2 ObLIM TeopeTHdecku oOocHoBaHBI Kutenmem, Ilommepom u ap. Onu
00yciIOBNIeHB HEOOJBIIUMH T00aBKaMu OpOUTaIbHOro MarHeTn3ma. OOBIYHO B KpHCTaIax
AIIEKTPUYECKOE TI0JIe PEMIETKH IOYTH TIOJHOCTBIO 3aMOPaXUBAET OpOHWTANIbHBIE MAarHUTHBIC
MOMEHTBI, KOTOpBIE JIMIIb YaCTUYHO IIOJMAarHMYMBAIOTCS CHMHOBBIM MOMEHTOM 4epe3 CIIHH-
opbutanbHOoe B3amMojeiictBue. Ilpu ompenenernn g W ¢'- (PaKTOpOB B PE3OHAHCHBIX U
THPOMAarHUTHBIX OMBITaX 3Ta MPUMECh OPOUTAIHHOTO MarHeTU3Ma CKa3bIBaeTCsl Pa3IMUHO.

Otnuuurenshoit ot DIIP yeptoit ®MP siBisiercst TOT GakT, 4To B peppoMarHeTHKe MMOJTHBIH,
CYMMapHBIi Il BCEX MAarHUTHBIX MOHOB MAarHUTHBIH MOMEHT IPELECCHPYeT BOKPYT BHEIIHETO
MarHuTHOTO ToJsi. M SHEprus BHEIIHETO TEPEMEHHOTO MAarHWTHOTO TOJs, MPUIOKEHHOTO B
MIOTIEPEYHOM HAIpaBIeHUH, OyJEeT CHIBHO TOTJIONIAThCS, KOTJIA €ro 4acToTa OKaKeTCs PaBHOM
94acTOTE MPELECCHH. JTO SIBIIEHUE MOXKHO OMHUCHIBATH MPH TOMOIIH MPEICTABICHUS O KBAHTOBAHUU
MaKpOCKOITMYECKOTO BEKTOPA MOJIHOTO CIIMHA S heppOMarHeTika B MOCTOSTHHOM MarHUTHOM TIOJIE,
CUMTasl, YTO PACCTOSIHUS MEXY SHEPreTUYECKUMH YPOBHSIMH TaKOW CHCTEMBI OTBEYAET OOBIYHBIM
3eeMaHOBCKMM 4vactotam. Kak m B DOIIP neiictByroT Te ke mpaBuia OTOOpa A MarHUTHOTO
KBaHTOBOTO umcia AMs = *1, KOTOpble pa3pemaroT Nepexoibl TOJBKO MEXAYy COCEIHUMHU
YPOBHSMH. 3aMeyaTelbHBIM SBJISIETCS 3/IeCh IPOMaJHAast M0 aTOMHBIM MEpKaM BEJMYMHA IMOJIHOTO

22 2 -
cnmuHa S<S51°N, rae S- cnuH oTaensHOro moHa, N — wmciio aromoB ob6pasmna ~ 10 — 10 3 em,
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W3MeHeHn0 KBaHTOBOTO 4mciaa AMs = *1 COOTBETCTBYET aCTPOHOMHYECKH Majloe M3MEHEHHE
POEKINH HA HANPABJICHHE HAMATHWYEHHOCTH MOJHOrO crmHa S mopsuka 25/ (1072 — 10%). U
MEXJy CTOJb MallbIMA W3MEHEHHMSMH TMOJHOTO CIIMHA JaK€ TPU KOMHATHBIX TeMIepaTypax
HAOJIOIAI0TCS PE30HAHCHBIE TEPeXObl MpH moryomeHun kBaHTOB CBY siekTpoMarHMTHOTO
nu3nydyeHus. T.e. momoOHO cBepxmpoBogHukaM B DPMP mposBisioTcs KBaHTOBBIE S((GEKTH B
MaKpOCKOMMMYECKOM MaciuTade, HO MPH OOJBIINX TeMIIepaTypax.

Tunmansie GeppOMATHETHKH 06IafafoT GOIBIIOH CIOHTAHHON HamarHmdeHHocThio (~10°
I'c), mo3TOMYy MarHUTHOE pE30HAHCHOE TMOIJIONICHHE B HUX 0coOeHHO Benmuko. OHO
MPONOPIIMOHATIFHO MAarHUTHOW BOCIIPHMMYHMBOCTH M IO3TOMY Ha TPU TOpsiAKa OOJbIIe, YeM B
MapaMarHUTHBIX BelecTBax. BaxHoit ocooeHHOCThI0O DMP pe3oHanca sIBIsIeTCS TaKKe U TO, YTO B
(deppoMarHeTuKkax CyImECTBYIOT CHJIbHbIE BHYTPEHHHE TIOJsl MarHUTHOM  aHH30TPOIIHH,
o0ycOBIIeHHbIE OOMEHHBIM B3aWMOJICHCTBHEM MEXAY OJJIEKTPOHAMH, YYacTBYIOIIUMH B
CIIOHTAaHHOM MAarHMTHOM MOMEHTE M KpPHCTAITMUECKUM mosieM. Hapsany ¢ kpucramiorpaduyeckoi
aam3otponueit ®MP cymecTByeT emé M aHM30TpONHA, CBsi3aHHAs Cc Qopmoil obpasma, T.K.
coOCTBEHHOE MarHUTHOE TIOJie oOpa3iia peppoMarHeTnka OKa3bIBaeTCSI CPABHUMBIM IO BEJIHMYUHE C
BHEIIHUM ToJieM. B cinydae mapamarnetukoB npu HaOmoneHnn DIIP coGcTBeHHOE Mmosie o0pasima
HUYTOKHO MaJIo M UM YacTo MpeHeOperaroT.

[ToaBO I UTOT MOKHO PE3FOMUPOBATH ciienyromue ocobennoctu GMP:
A) TlomepeyHble KOMIIOHEHTHI MAarHUTHON BOCIPHUMYHUBOCTH ¥ U ' OYCHb BEJIUKH, MMOCKOJBKY
HAMarHU4eHHOCTh (peppoMarHeTvka B JAaHHOM CTaTWUYECKOM MAarHUTHOM TIOJie BO MHOTO pa3
Ooybllle HAMAarHMYEHHOCTH  DJIEKTPOHHBIX  IMApaMarHETMKOB M, TeM OoJiee, sIEPHBIX
napaMarHeTUKOB B TOM K€ TOJIE;
Bb) Orpomuyto poab urpaetr ¢opma o0pasiia, cCOOCTBEHHOE TOJI€, KOTOPOE€ CPAaBHUMO C BHEITHHM
nosneM, crnekrp ®OMP cunbHO 3aBHCUT OT pa3MarHMYMBAIKOUIUMX IIOJIEH, TaK Ha3bIBAEMBIX
pa3MarHUYMBAIOUINX (PaKTOPOB;
B) CwibHas oOMeHHas CBs3b MEXIY (EppOMAarHUTHBIMH 3JIEKTPOHAMH MOXET TMOJaBIsTh
B3aUMOJICUCTBHE CIIMHOB C KOJICOAHMSIMM KPHCTAJUIMYECKOW pemérku (CUH-peréToyHoe
B3aUMOJICHICTBHE), YTO CIIOCOOCTBYET CYKEHHIO JMHHH (DeppoOMarHUTHOrO pe3oHaHca. [lpu
OJarompuUATHBIX YCIOBHSIX, KaK, HampuMmep, B ¢peppurax-rpanarax, 1uHud @MP mMoryt ObITh 04eHB
octpbiMu (<1 Ic);
I') o Toii e mpUYUHE 0CTA0ICHHOTO CIIMH-PEIIETOYHOTO B3aUMOACHCTBUS A(PPEKThI HACBIIICHHS
OMP o00HapYXHMBAIOTCS TpPH OTHOCHUTENBHO HHU3KHX YPOBHAX BHEIIHEr0 BO30YXKIAIOIIErO

3JICKTPOMArHUTHOI'O I10JIA,
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JI) Cucrema cnuHOB (eppoMarHeTvka BeCbMa YCTOMYMBA, €10 HEBO3MOXKHO YIPABIATH Kak B
napamarsetuke. HaMmaramueHHOCT M; HENb3s TOBECTH 0 HYJIS, U3MEHUTHh HA IIPOTHUBOIIOJIOKHOE
HallpaBJICHUE;
E) ®eppomarnutHOoe pe3oHaHCHOE BO30YXIEHHE pacHagaeTcs Ha OTACNbHBIC CIIHH-BOJHOBBIC
MO/IBI JIO TOIO KaK BEKTOP HAMAarHUYEHHOCTH CMOKET 3aMETHO OTKJIOHUTHCS OT CBOEr0 MCXOJHOTO
HaIlpaBJICHUS.
CHagana Mbl pacCMOTPUM BBIBOJI BBIpXKEHUS AJIs1 pe3oHaHCHOM yacTtoTel ®MP Ha ocHoBe
IIPOCTOTO ypaBHEHUS [BUXKEHUS BEKTOpa HamMarHuuyeHHoctd M ¢ yd4éToM CBSI3U MEXIYy
BHYTPEHHUM WM BHEUTHHM MAarHUTHBIMU TIOJISIMHU JIJISL T€T MpocToi opmbl. bonee oOmmii BEIBOJ C

Y4ETOM Pa3JIMYHBIX BKJIAJIOB B CBOOOIHYIO SJHEPTHIO peppoMarHeTrka OyaeT AaH B pasjene 2.7.
2.5 3¢ dexTnl, cBA3aHHBIE ¢ (opMOii 00pa3na

PaccmoTtpum addextsr, 00ycioBieHHble GopMoii 00pasiia Ha pe3oHaHCHOH vacToTe [5, 6].
[Tycth oOpazern ¢ KyOMUecKoi CTPYKTypoil mMeeT (OpMy DILTUIICOM]IA C TJIABHBIMU OCSIMHU BJIOJIb
oceil X, Y, Z nekapToBoii cucremsl koopanHat. O603HaunM pasmarHnuuBatomue Gaxkrops Ny, Ny,
N. BbiBot X 17151 T€N MPOCTO# (OPMBI — SIUTUIICOU, chepa, MIMHAP MOXKHO HATH, HATIPUMED, B
3agaynuke [37]. PazmaranunBaromniye pakTopsl CBSI3aHbI COOTHOIIICHUEM
Nx+Ny+N,=4n (2.5.1a)
B cucreme eannun CI'C
"
Nx+Ny+N=1 (2.5.10)
B cucreme ennnun CH.
KoMIIOHEHTbI BHYTpeHHero Tonisi B' cesizanel ¢ BHenamM nonem B ceyromim o6pasom
Bi)( = Bg -N X'vI X
B} =B - NyM; (25.2)
BIZ = Bg - NZM Z;
[Tone Jlopenna (4n/3)M  (wmm M/3u0 B cucreme eaunui; CU) u ooMenHoe mosie AM He
Jal0T BKJIaJa B M3MEHEHHE BPAIIAIONIEr0 MOMEHTA, IMOCKOJIBKY IS KaKIOro M3 HHUX BEKTOPHOE
MIPOU3BEJICHNE C BEKTOPOM HAMAarHUYEHHOCTH TOXKJIECTBEHHO PABHO HYJIIO B CHIIY KOJIMHEAPHOCTH
ATHX TOJIEH C HAMAarHHYEHHOCTBIO.
MexaHn4eckuii MOMEHT, JACWCTBYIOIIMM Ha MAarHUTHbIM MOMEHT M CcO CTOpOHBI
MAarHuTHOTO IOJIS ¢ MHAYKIUEN B paBeH BekTOpHOMY npousBeneHuro M  B. Torma ypaBHeHHE

JABYDKCHUA AJI1 MOMCHTA (((FI/IpOCKOHI/I‘-IGCKOG ypaBHeHHe») MOZKHO 3aItucaTb B BUJC
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di ;i
h—=M" B, (25.3)
dt
rae | — MGX&HI/I‘-IGCKI/Iﬁ MOMCHT KOJIMYECTBa IAIBUKCHMHI, CBSI321HHBII>1 C MAarHUTHBIM MOMCHTOM

COOTHOILIEHUEM M = chl , THpPOMarHuTHOE OTHOUIeHHe g=-gmg /h. C y4€TOM CBSI3U MEXaHHUECKOTO

¥ MarHUTHOTO MOMEHTOB ypaBHeHUe (2.5.3) npeacrasisercs B BUIE
M -
d— =M~ B'. (25.9)
dt

B xoMIioHEHTax 1o 0CsIM KOOPpJAMHAT, mojiaras, 4YTO BHCIIHEC I10JIC HAITPABJICHO BJIOJIb OCH Z,

T.e. BO = Bo%, e 2= z |z nMeeM CleyIoIly 0 CUCTEMY ypaBHEHUH

dm - -
X =g(M,B), - M,Bl)=dM, (By- N,M)+MN, M) =dBg+(N, - N,)MIM,,

dt
K (2.5.5)
?y:' qu(BO - N;M)+MN,M )] :qBO "'(Ny - NZ)M]MYv

B nepBoM npubnmmxenun MoxHo mosioxuts dM,/dt=0 u M,=M.
Ecnu uckath peirieHue B BUjAE rapMOHUYECKHX Kosiebanuit M ~ exp(-iot), To cucrema
ypaBHeHUi (2.5.5) cTaHOBUTCS CHCTEMOW OJHOPOJHBIX alreOpandeckux ypaBHeHHid. HenyneBoe

PEIICHNUE BO3MOXKHO JIMIIb IIPXU PABECHCTBC HYJIIO OIMMPCACIIUTEIIA 3TOM CHUCTEMBI

iw dBo +(N, - N, )M]
-0. (2.5.6)
- gBo +(Ny - N, )M] iw

U3 pemenus (2.5.6) monyyaem pe3oHaHcHyr 4actoty B cucteme emunui; CICM u CH,
COOTBETCTBEHHO
w5 =g%[Bo +(Ny - N)M][Bo + (N, - N,)M], 257
wj =g?[Bo +(Ny - NJmpM][Bo +(N, - N)mpM] B
YacToTy o Ha3bIBAIOT YaCTOTOH OJHOPOJHON MOJBI B OTJIMYHE OT YaCTOT MarHOHOB H
apyrux MoJ. Bee cnimHbl mpeneccupyroT B (aze U ¢ 0JHOH U Toi ke amruutynoi. Ilo cyrn nema
OJTHOPOJIHASE MOJIa €CTh OECKOHEYHO OOJIbIIast 1O UIMHE CIIMHOBASI BOJIHA.
B ciyqae cdeprr Nx=Ny=N; (= 4n/3 B cucreme equnann CI'C n =1/3 B cucreme exunnn CH)
H, CIIEIOBATEIBHO,
Obo:’yBo. (258)
Ha puc.2.5.1 nokazan cnekrp ®MP cdepuueckoro oOpas3ma MOHOKPUCTAIUIMYECKOTO
utTpueBoro ¢eppur-rpanara YsFesOio. Kak BUIHO, KpHBas pe30HAHCHOTO TOTJIOMICHHUS SBIISIETCS

OY€Hb OCTPOH, MUPUHA ITHKA HA TIOJTYBBICOTE cocTaBisieT Beero jwmb 0.2 'c.
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3
v JW? IR RS | Puc. 25.1 Kpusas ®MP (3aBUCHMOCTH MHUMOH uacTH
s | MarHUTHOW BOCHPUUMYHMBOCTH OT MarHUTHOrO Touis By),
- 41 ToJiydeHHas Ui MOJHPOBAaHHOTO cepuueckoro odOpasma
g 1  MoHOKpuCTauIM4YecKoro (eppuT-rpaHara Ha yacrtore 3.33
t*g I g {2 | TITu npu temmeparype 300 K. Ilone By mapamensuo
T : : kpucrayuiorpaduueckoii ocu (111). lanusie R.C. LeCraw,
5 L X\ 1 E. Spenser (e omyOimkoBaHo) 13 KHUTH [5].
L LY :
17 | I ! I [

1 ! 1
#7786 7290 11294 77298
Breeunee 1asH. none,/c

Jlnst oOpasua B BUJIE TOHKOH IUIACTHUHBI NMPH MarHUTHOM moiie Bo mepnenaukynspHom eé
wiockoct Ny=N,=0, N,=4n (=1 B CH) pe3onancHas yactoTa coriacHo (2.5.7) ompexnensercs
BbIpa)KeHUEM cooTBeTCTBEHHO B cucteMax CI'C u CU

W, =g(B, - 4pM), W, =g(B, - mM). (25.9)

Ecmu BekTop Bp T€KUT B MIIOCKOCTH TUTACTHHBI, & OCH X U Z JIe)KaT B TOH K€ TUIOCKOCTH, TO

N,=Nz=0, Ny=4r u coorBerctBeHHO B CI'C 1 CU nomyuaem popmyIisl
wo = gB,o(Bo +4pM)[ %, wy =dBy (B, + mM )" 2. (25.10)
®opmyner (2.5.7), (2.5.9) u (2.5.10) nokaspiBarT, 4TO B Ciiydae HecepHueCKOro odpasia
deppomaraeruka criektp @MP nMeeT aHU30TPONHIO CBSA3aHHYIO ¢ (hopMoii oOpas3na. Beipaxkenus
(25.9) u (2510) sBustorcs yAOOHBIM CHOCOOOM  OMpEACHCHHMsS HaMarHMYCHHOCTH M
dbeppoMarseTika, 3Has KOTOPYI0 M CHOHUH MAarHMUTHOTO aTOMa HJIM HMOHA MOKHO OTPEACIHTH
KOHIICHTPAIIMIO TAKUX aTOMOB MJIM HOHOB. DTO 0COOEHHO Ba)KHO JUIsi COBEPIIICHCTBOBAHUS CHHTE3a
HAaHOpPa3MEpPHBIX TOHKUX IUIEHOK BBIIIE  YINOMHHABIIUXCS  pa30aBIEHHBIX  MarHUTHBIX
IIOJYIPOBOAHUKOB. it 3TOro mpousBopiaTcs usMmepeHus OMP npu neprneHIuKyimsipHOW H
napajyiellbHOM K MarHUTHOMY TIOJIO OPUEHTALMU IJIOCKOCTH  (PeppOMAarHUTHOTO  CIIOSL.
Omnpenenstorces 3HaueHUS Bonep ¥ Bonap, COOTBETCTBYIOIINE TOJI0KEHUIO0 MAKCUMYMa PE30HAHCHOTO
MOTJIONICHUS] TIPU ATHUX JIBYX OpHEHTauusX oOpasma. [IoCKONIbKY M3MEpeHHs MPOU3BOMAATCS TpPHU
OJTHO¥ M TOM K€ YacTOTe Mg, MBI MOKEM TPHPABHATH TpaBble 4acTh BbipaxkeHwuit (2.5.9) u (2.5.10).
[TonygaeM OJHO ypaBHEHHME OTHOCHUTENIBHO OJHOW HEU3BECTHOM, pELIEHHE KOTOPOrO B CHUCTEME

equnaur, CU nmeer Bun

\

Bnap + 2Bnep * \/Bnap (5Bnap + 4Bnep)
2m, '

M = (2.5.11)



89

HeomnpeneneHHOCTs B 3HaKEe OOBIYHO JIETKO pa3pelraeTcsi HCXOs U3 peabHON 0XKHUIaeMOn

KOHIICHTpAIIMM MarHWTHBIX MOHOB. Kak mokaspiBaeT Haimra npaktuka [8,9], 3HaKk mioc 0ObIYHO

COOTBCTCTBYCT KOHUCHTpPALUUHW MArHUTHBIX MOHOB, KOTOpasd MPCBBIIIACT TAKOBYIO BCIIMYUHY A

BCEX aTOMOB BeIlleCTBa IIEHOUHOTO 00pasma. Ha puc. 2.5.2 mokazauns! cnekrpst @MP 06pasnos

20
15
10

g’f 5

.0

I

6 50 0,2

S 1- GaSb:Mn Il B
-10 - 2-GaSb:Mn _I_
15 3-InSb:Mn Il B
20 | 4- InSbMn _|_B
25 -

pa30aBIeHHBIX MOJYIMPOBOIHUKOB,

Puc. 2.5.2 Cnektper ®MP mpu 293 K
oOpa3ioB co crmosimu: 1, 2 — aHTUMOHH]IA
raJIjIns, JICTUPOBAHHOTO Mapraiem
GaSbh:Mn; 3, 4 — aHTUMOHMIA WHIWS,
JerupoanHoro Mapraniem [nSh:Mn [29].
MaruutHoe moJie OpPUEHTHUPOBAHO

napauienbio  (1,3) W TmepneHAuKyIsIpHO

(2,4) mnockoctu 0OPA3IOB.

MOJIYYCHHBIX OCaXJICHUCM U3 Ha3epHOﬁ IJIa3Mbl  Ha

MOHOKPHUCTAILTMYECKUE MOJUIOKKHU MOTyr3oJupytomiero apcenuna raums (GaAs) [29]. Kak u npu

peructparuu DIIP mpu wabmromenun PMP 0O0BIYHO 3ammchIBaeTCs TepBasi MPOM3BOJHAS IO

MarHUTHOMY TOJIO BeduuuHbl moriomienns CBY- momuoctd o0o3HaueHHas Ha puc. 2.5.2

napamerpom Y'. Iloatomy makcumymy moromieHuss CBY MOIIHOCTH COOTBETCTBYET MarHUTHOE

noJie, mpu kotopom JuHust Y’ (B) mepecekaer och aberucc.

Ge:Mn/GaAs

M% 423 Puc.2.5.3 Cnektpet OMP miéHOK

Si:Mn/GaAs

:NM

394 Si:Mn tomumuoi 50 M m GeMn

361
330 TommumHOM 75 HM [30]. Ludpsr y

303
296

90 B Ipagycax MexAy IUIOCKOCTBIO
NN e 203
e

KPHBBIX B CCPCANHE ITOKA3bIBAIOT YI'OJI

obOpa3iia u monem, nUdpsl crpaBa —

293 Temmeparypa B rpagycax KenbBuHa.

Bepxuue miecth KpHBBIX Ul 00Opasma

N3MCHCHUECM

0,2

B, T

0,4

Ge:Mn, OPUEHTUPOBAHHOTO

MEPIEHUKYIISIPHO TIOJIIO.

N3mepenuss ®MP npu pasHbIX TeMIlepaTypax IMO3BOJIIIOT IPOCIEAUTh 334 TEPMUYECKUM

(beppoMarHuTHOTO

COCTOSHMS M OIpenesuTh Temneparypy Kropu, kornaa

dbeppomarueTuk npespamaercs B mapamaraetuk u ®MP nepexomut B OI1P. Ha puc.2.5.3 u 2.5.4
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MOKa3aHbl MPUMEPHI TAKOTO POJa HU3MEPEHHUH, Pe3y/bTaThl, KOTOPHIX OMyOJWKOBAaHBI B HAIIHX
paboTtax [29, 30, 38]. OOpa3ipl repMaHuss ¥ KPEMHHS C MPUMECHIO MapraHila TakKe MOJyYeHBI

OCaAXJICHHUEM U3 JIEl?;CpHOﬁ IJI1a3Mbl MAaTCPHUAJIOB HA NOAJIOXKKY apCCHU/IA TaJlJINAA.

Ge:Mn/GaAs

Si:Mn/GaAs
P e, 423 I
493 M—M“ otmn o
480 394 - 463

A e e /18

453 M.V—M 361 390

431 ’N_W\-"” 330 _'__,_,..-—\,,/\“" 373

392 “'-'_""'-\_ﬂ W 31

351

37 303 -—_’_,_...--"'\,_/' 338

326 """‘—‘-_'\d 296 e N~ 331

=y - — 0 =
.—/-\/.275 _—— _j\' 275 __—'_‘.—/\’v 293
WZSG - \ ‘-_—.-/\f 275
NZN s ol 256 _/ 256
’.—-N/ 108 - e I 217
P ‘M 108 eeerr 170

e 108

GaSh:Mn/GaAs

0 o1 02 03 04 05 06 07 0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
BT BT B, T

Puc. 254 Cnekrppt OMP o0pasumo GaSh:Mn/GaAs, SiMnW/GaAs u GeMn/GaAs
OPHEHTUPOBAHHBIX MEPICHANKYISIPHO K MarHUTHOMY IOJIFO TP Pa3IMYHBIX Temieparypax [38].

[{udps! y KpUBBIX ClIpaBa MOKa3bIBAIOT TEMIIEpaTypy B rpaaycax KenbpuHa.

Ha puc. 2.5.3 1 2.5.4 BuHO KaK B ciydae MIEHOK HA OCHOBE TepMaHUs M KPEMHUS CIIEKTP
®MP nepexomut B JIIP mpu temneparypax okosno 420 K u 520 K, cooTrBercTBeHHO. B cityuasie
GaSh:Mn/GaAs temmeparypa Kropu oka3siBaeTcst He Hrke BenuunHbl okos10 500 K.

B pesynbraTe BBIIICONMCAHHBIX HW3MEPEHUN MapaMeTpoB pa30aBIIEHHBIX MarHUTHBIX
MOJTyITPOBOIHUKOB ¢ puMeHeHneM @MP u Ipyrux MeTo0B U3y4eHHs CBOMCTB (peppOMarHETHKOB
— marHuToontuaeckuit apdexr Keppa, anomanbuseiii a3 et Xoa ObUTH ONpeieseHbl apaMeTphl
HE/IaBHO CHMHTE3UPOBAHHBIX MaTEPHAJIOB B BUJIE HAHOpa3MepHBIX MIEHOK TommuHoN 30-50 HM. OTH
nmapameTpel mpuBeAeHbl B Tabmuie 2.5.1. BumgHo, YTO HOBBIE MaTepHaibl Ha OCHOBE
aJIMa30MOJ00HBIX MMOJYPOBOAHUKOB MPEBOCXOJAT HA OJUH — JBa TOPSAKAa IO BEIWYHHE
NPOBOJMMOCTH M TIOABIDKHOCTM  HOCHTENEW  TOKa  paHee  M3BECTHble  HamOolee
BBICOKOTEMITEPATypHbIE MarHUTHBIE MOJIYITPOBOJAHUKH, MAapaMeTpbl KOTOPHIX MPHUBEICHBI B KHUTE
[26]. JanHble B TaOiMIle TaKKe MOKA3BIBAIOT, YTO MPUMECH MapraHIla U jKejie3a MPOsIBIISIOT 0YCHb

BBICOKYIO WIEKTPUYECKYI0 U MarHUTHYIO aKTUBHOCTH.
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Tabmuna 2.5.1 Ilapamerpsl pa30aBiICHHBIX MarHUTHBIX MOJYIPOBOJHUKOB, CHHTE3MPOBAHHBIX
OCaXJCHUEM U3 Jia3epHoU 1a3Mbl [38] B cpaBHEHHMH ¢ HanOoJsiee BHICOKOTEMIIEPATYPHBIMU paHee
M3BECTHBIMU HaunboJiee BBICOKOTEMIEPATYpPHBIMH MAarHUTHBIMU MOJYIPOBOJHUKAMHU Ha OCHOBE

XaJIbKOTEHUJIOB XpoMa 1 MelH [26] 1 MeTauin4eckuM (heppoMarHeTUKOM — JKEJIC30M.

Nun Fe, 10%° r (293K),
Cocras MnFe Te, K ( ) p, 10%m>| m em?/B-c
cM-3 10* Om-cm
GaSh:6%
Mn 20 >500 7 7,7 12
/GaAs
InSh:Mn
3 >500 40 1,3 12
/GaAs
Ge13%Mn
12 420 40 0.66 23
/GaAs
Si:15% Mn
46 >500 25 7.5 33
/GaAs
Si:Fe >50
250 =1 - -
[Al,03 (77K)
6 0.15
CuCr2S3Se - 310 400
(100K) (100K)
20 0.2
CuCr2S2Se2 - 369 100
(100K) (100K)
Fe 843 1043 0.097 - -

2.6 ®MP npu Hamnyum cKkMH-3¢PexTa U CIMH-BOJTHOBOH pe30HaHC
HpI/I KBAHTOBO-MCXaHNYCCKOM OITMCAaHHWHU CIITMHOBBIX BOJIH B q)eppOMaFHeTI/IKaX MOMECPCUYHBIC

KOMIIOHEHTbI HaMAarHn4€HHOCTH BO3My1HéHHOFO KpucTajjia MX n My 3aMCHAIOTCA HX

)

/
onepaTopHbIMH aHanoramu M, u M, BMecTO KOTOPBIX, B CBOIO OYepelb, pACCMATPUBAIOTCS MX

X A

KOMILJICKCHbIC KOMOMHAIIMN X1 =K - X1 y - DTH OTIEPATOPBI IPENICTABIISIOTCS psinamu Dypbe
vo) . oy,
()= BIMo Gy ) gor (1) =BIMo g )i (261)
e V gq e V gq

rne Mo — oTHOpOIHAsE MaKCHMallbHAsi HAMarHMUYEeHHOCTh He BO30yXIEHHOTO eppomarHeTuka, V —

06BEM 00pasiia. PaccMOTpUM TMOBe/IeHHE CHCTEMBI MarHOHOB B IepemenHom mone h, =h,e™,
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MEPIECHINKYIIIPHOM BHEIIHEMY 10J1i0 Bo. DHEprus B3aumMoaeiicTBust moJist hy ¢ HAMarHHYEHHOCTHIO
o0pa3ia uMeeT CIeAYIOIUN BU

W=-n M, dr. (2.6.2)

JInst HeOONBIIMX aAMIUTUTY MepeMeHHOTo 1oJisi Ng<<Bg 3Ty sHEpruro MOXHO paccMaTpUBATh Kak

Mayioe BO3MYIIEHHUE, BBI3BIBAIOIICE MEPEXO/Ibl MEXAY KBAHTOBHIMH YPOBHSIMH (eppMarHUTHOTO

oOpa3sia.
Ecmu hy He 3aBHCHT OT KOOpJIMHAT M TOCTOSIHHA BO BCEM 00BEMEe 00pasiia, TO COIIACHO

(2.6.1) Bmecto (2.6.2) monmydaem
\k,:_g@gﬂog hxé(z) 0t b, (263)
e q

OTCIOZ[a CJICayeT, 4TO OAHOPOAHOC BBICOKOYACTOTHOC MArHHUTHOC IIOJIC MOXKET BO36y>KZ[aTI) (I/IJII/I
YHI/I‘-ITO)KaTI)) TOJIBKO MAarHoHbl ¢ BOJIHOBBIM BCKTOPOM q:O, T.C. IIpaBUJIa 0T60pa JJI1 KBAHTOBBIX
Nnepexoa0B UMCIOT BU/T

Dng-o =1 u Dngi, =0.

B pe3ynbraTe MokeT BO30YyKIaThCsl TOJBKO OAHOPOIHAS MoJia 00sraHOT0 @MP ¢ wacTtoTol me=yBo
Kak Juis cepruieckoro oopasia.

Cornacuo ¢opmyie (2.6.2) uMeroTCst 0 KpaiiHe Mepe JBE BO3MOXKHOCTH ISl BO3OYKICHHS
HEOJTHOPOJHBIX THUIIOB KoJiebaHWil — crnmHOBBIX BOJH ¢ (' 0. IlepBasg BO3MOKHOCTH IpPOCTA.
HeomHoponubie kojeOaHWsT MOXHO BO30OyIuTh HeoaHoponHbiM CBY  MarHUTHBIM MOJIEM,
pasiokeHue KoToporo B psii @ypbe mact B popmysie — ananore (2.6.3) HeHyeBbIe cliaraeMbie Mpu
g* 0. Bropas BO3MOXXHOCTH MOSIBJISETCS MPU KOHEYHBIX pa3Mepax oOpasia (eppomarHeTuka u
BJIMSHUM TPAHUYHBIX YCIOBHUH. 3aJaHUE TPAHUYHBIX YCIOBUH TMpPHUBEAET K pa3MEPHOMY
KBAaHTOBAHMIO CIIMHOBBIX BOJIH. [lepBasi BO3MOXXHOCTh peau3yeTcsi B JOCTATOYHO OOBEMHBIX
MeTaJUIMYEeCKUX (peppoMarHeTHKax, B KOTOPBIX BRICOKOYACTOTHOE T10JIE HEOAHOPOIHO M3-332 CKUH-

addekra. Paznaras ho(r) B psg @ypse
ho(r)=4& h,e™,

r/1e KOd((OUIIUEHTHI Pa3I0KEHHS

L1/2
\X/:?j%g an (b, + 0., (26.4)
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W3 srToil QopMynsl BHAHO, YTO MOTYT BO30yXkaaTbcsi MarHoHsl ¢ (! Oc BepOSATHOCTIMHU
2
MIPONOPIIMOHAIEHBIMU BEJIMYMHAM |hq| . IycTh
- - y(1+i)/ d
ho(r)=hge Ve 4, (2.6.5)

YTO COOTBETCTBYET KJIACCHUECKOMY CKMH-3()(EKTy ¢ TIyOMHON MPOHUKHOBEHHS O B HAIIPAaBIICHUU

OCH Y B IMOJTYOECKOHEUHBIH PeppOMarHeTHK ¢ rpaHnIHON T10ckocThio Y=0. Torma

1
h =h,d, . d ,—mMM
q 00™qy,0™q,,0 1 aa 10
—_ = |(;, y - —=
d e dg
Hu, CJIEA0BATCIIbHO,
2 2
‘hq = h°°2 . (2.6.6)

¢ e 1l 1

€q, - SF +—

e dg d?

Ora ¢Gopmylia 03HAYaeT, YTO MAKCHUMyM BEPOSTHOCTH BO3OYXKICHHSI CIIMHOBBIX BOJIH OyIeT
MPUXOUTHCS HA MarHoHsl ¢ 0~1/9.

Bo3MoXHOCTH BO30YKIEHHsI CIIMHOBBIX BOJH B IUIOCKHX OOpa3max Oblla paccMOTpeHa
Kurrenem. Cormacho Kwurtemo [5] B TOBepXHOCTHOM ciioe oOpaslla Ha HaMarHHYCHHOCTb
JEUCTBYIOT CTOJb OOJBIIME CUJIBI TIOBEPXHOCTHON AHM3OTPOINHH, YTO HA MOBEPXHOCTH HMEIOT
MECTO Y376l CIIMHOBBIX BOJH, T.€. aMIUIUTyJa KOJIeOAaHWH HaMarHMYEHHOCTH paBHA HYIIIO.
OnHopoIHOE TIEpEeMEHHOE MAarHUTHOE TI0JIe B TOHKOHM (peppOMarHUTHOH IIIEHKE MOYKET BO30YK/IaTh
CIIMHOBBIE BOJIHBI OOJBIION JUIMHBI BOJHBI, €CIM JEWCTBYIOIlEE HAa MarHUTHBIE HOHBI TIOJIE
AHM30TPOIHUH Y TIOBEPXHOCTH MHOE, YeM B 00bEMe TUIEHKU. CITUHBI B TOBEPXHOCTHOM CJIO€ MOTYT
OBbITh HANpaBJIEHBI TEPIEHIUKYISIPHO TMOBEPXHOCTH, KakK MokazaHo Ha puc. 2.6.1. OmHopomHOe
NepeMEeHHOe MarHUTHOE TOJIe MOXKET BO30Y)KJaTh BOJIHBI TaK, YTO MO TOJIIHHE TUIEHKH Oyder
YKJIQJBIBATBCSl HEUETHOE YHCIO TMOJNYBONH. Ilpw dYETHOM dHCiIe TOJMYBOJH OTCYTCTBYET
pe3yIbTUPYIOLIAst SHEPTUS B3aUMOICHCTBHS C 1mosieM. Takoe sSBJIeHNEe Ha3bIBAETCS CIIMH-BOJIHOBBIM
pe3onancom (CBP).

To xe Beipaxenue (2.5.9) mis yacroret ®MP B HOpMaJILHOM K OO TUIOCKOM 00pasiie
MOKeT ObITh Mcmojb3oBaHo st CBP, ecnm B ero mpaByio 4acTh A00aBHTH BKJAJI B YacTOTY,
BBI3BAHHBI OGMEHOM. DTOT BKIAJ MOXKHO TPEICTaBUTH B BHae DO, rae D- mocTosHHAs paBHAs
2Jsa’, riie a- meprox peméTkh. B Hamewm ciydae GonbIMX UMMH BOMH (a<<l. B pesymbrare BO

BHCITHEM MAarHuTHOM IIOJIC Bo NMEEM

2
w, =g(B, - 4pM)+Dg? =g(B, - 4pM) + DEELQ : (2.6.7)
epL g
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o

OTpaHUYCHHOM B OJHOM HU3MCPCHUN
(beppoMareHTrKe; a- 0JHOPOIHAS TIPEIIECCHSI
(=0, A=¥); 6- crnmuoBas BosHa ¢ (' O

(ctyuait 3M/2=L, g=3n/L).

5

!
5 Puc. 2.6.1 CHOuHOBBIE BOJIHEI B
7k
)

rac BOJIHOBOM BCKTOP OTHOCHUTCA K MOJC, IJIA KOTOpOfI Ha TOJIIAHE MJIEHKU L yKIaapIBacTCsa N

o NSNS0~ -0-0-0-0~0~0~0

MOJYBOJIH, 4YTO COOTBETCTBYET BOJHOBOMY Bekropy O=nm/L. Ha puc. 2.6.2 mnpuBeneHs
IKCIIEPUMEHTAIbHBIC Pe3ylbTaThl JUIs ABYX IUI€HOK mnepmawios (82% Ni, 18% Fe). Buano
Xopoliee MOATBEpKJICHHE JHHEHHOro coriacHo (2.6.7) cmaga pe3oHaHCHOTO TOJIS IpH

(UKCUPOBAHHOMN YaCTOTE U3MEPEHUH.

Puc. 2.6.2 CnuH-BIOHOBOW pE30HAaHC B

15
2 Tomyuser mwiénke u3 nepmaios (82% Ni, 18% Fe)
- l.o
Wy 74 2200 .
% + A Ha uactore 1233 ITu. I'padux maér
R +
. _
% 75 Tanguse \+ 3aBUCUMOCTh  BEJIMYMHBI  PE30HAHCHOTO
:'Q 2
§ 71004 \ MAarHUTHOTO TOJISI OT KBajJpaTa HoMmeEpa
= 72 - *
® \ Mojibl N. W3 paboTel JInkkena (CM. CCBUIKY
.
77 1 ! I 1 1
. ' : B [2]).
0 20 “ &, 8 [2])
[Tooackoberi wore oouysdol Janyer
7o B 8T F Puc. 2.6.3 Criextp CITUH-BOJHOBBIX
T T

T T T T

13584 /%

4  PE30HAHCOB B IUIEHKE IEepMalIos Ha yacTtore 9
I'Tu. IlopsaxkoBbIi HOMEP CIMHOBOW BOJIHBI
paBEH 4YUCILy MOJIYBOJIH, YKIAJbIBAIOIIUXCSA HA
4 Tomumue twiéHku. W3 pabotel Bebepa (cwm.

CCBUIKY B KHUTE [2]).

DIHOBUIERERGE TOSAOUCHULE

77226/ ¢

Maerurmioe rone, /¢
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Knaccuueckas xaptuHa Ha puc.2.6.3 nemMoHCTpupyer sipko BbIpakeHHBIH CBP ¢ psgom
MUKOB PE30HAHCHOTO TMOTJIOLICHUS, OTIATh TaKU B coryiacuu ¢ Gopmyroii (2.6.7).

CBP naOmonancss ¥ B YIIOMUHABIIHXCS BBIIIE HOBBIX (peppOMarHeTHKax — paz0aBIEHHBIX

MarHWTHBIX TOJynpoBoAHuKax. Ha puc. 2.6.4 moxazan cnekrp CBP, Tounee ero mepsas

MIPOM3BOIHAS, JUISl SMUTAKCUAILHOM IJIEHKU apCceHu A TaJlIns, JISTHPOBAHHON Maprasiem [28].

of = 200 nm

d =150 nm

g = 100 rem

- ; . : d =150 nm
4 § B 10 2 4 ] 4 10
de magnetc Seld (kDe) do magnedic field (kle)

Derivative of microwave absorpiion

P

Puc. 2.6.4 CiH-BOTHOBOU PE30HAHC B TOHKHUX AMUTaKCHAIBHBIX TUIEHKaX GayxMNAS. a — mpu
temmneparype 4K s miénok ¢ x=0.076 ¢ Tpems paznuunbiMu ToNMHAmMu 0, b — ans Takoit ke
wiéHku toamuuon 150 um npu 4 u 40K. U3 pabotsr Sasaki Y., Liu X., Furduna J. (cm ccbuiky [82]
B cTathe [28]).

2.7. BiusiHue KPUCTAJIMYECKOH MATHUTHOI aHM30TPONUM HA PE3OHAHCHYIO YaCTOTY
2.7.1 3¢ dexTBHOE BHYTPEHHEE N0J1€ B (peppoMarHeTuke, oomas gpopmyJia 1Jisi pe30HAHCHOI

YacToThI

Paccmotpenue nposenem, cinenys I'. B. Ckporukomy u JI. B. Kyp6aroBy B kuure [1]. Kak
Briepble ObiIo otMmeueHo JI. JI. Jlammay m E. M. Jludmmuem, pa3nuyHble B3aUMOJCHCTBHS B
(beppoMarHeTuke MOXKHO Y4ecTh ()EHOMEHOJIOTUYECKH, IIoJjlaras, 4YTO OTBETCTBEHHBIE 32
(dbeppoMarHeTU3M CHHMHBI MPEIEeCCUPYIOT ¢ YacTOTOM o HE BO BHEIIHEM Toje Bo, a B HEKOTOpOM
BHYTpPEHHEM AP PEKTHBHOM IOJIE Ba(b(b:Bi , DKBHBAJEHTHOM II0 CBOEMY JAEHCTBHUIO BHEIIHEMY
MIOJII0. YpaBHEHUE JBUKEHUS JUIsl HAMAarHUYEHHOCTH NPUHUMAET BU/]T

M =-gMm,B' | (2.7.1)

Otnuune 3¢h(eKTUBHOTO TOJIS OT BHEIIHETO TOJIsi 00yCIaBIUBAET CMEINIEHHE Pe30HAHCHOM
YacTOTHI JJAPCMOPOBCKOM Tpereccuu mo. BennmunHa M HampaBieHWE BHYTPEHHETro 3((eKTUBHOTO
nouist, cneayst JI. 1. Jlaumay m E. M. Jlugmuiry, Moryr OBITH OTpeAeTeHbl M3 BapHALMOHHOTO
MIPUHIIAIA JUTsl cBOOOIHOM 3Hepruu F dheppomarnernka. B Hauaie ynoOHO mepeitu k chepruieckoit

CUCTCMC KOOpJAWHAT, I'J€ OpPUCHTALIHUU BCKTOpPa M 10 OTHONICHHIO K Z[GKapTOBOfI CUCTEMC
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KOOpIUHAT (X1, X2, X3) ONPEEISICTCS COOTBETCTBEHHO MOJSIPHBIM M a3MMYTAJIbHBIM yrilaMu J | @

(puc. 2.7.1):

M, =M sinJcosj ;
M, =MsnJsinj; (2.7.2)
M, =Mcosj .

B »stom ciywae paauanbHas B/, nossgpHas By m asumyranbHas B, cocrasisomue
3P PEKTHBHOTO TOJISI CBSI3aHBI ¢ AEKAPTOBBIMH COCTABIISIOIIUMHI COOTHOIICHUSIMHI
B' =B, sinJcosj +B, sinJsinj +B, cosJ,
B, =By, cosJcosj +B, cosJsinj - B, sinJ, (2.7.3)
B; =B, sinj +B,, cos]

Y ypaBHEHUS IBWKeHUs (2.7.1) IpUHUMAIOT BHT
ﬁ:ggj ;j&:-g?)q, (274)

rjae yureHo, uro M=const.

2 Puc. 271  Cocrapmsromue  3ddekTuBHOTO
BHYTPEHHETO I0JIs — paguanbHas By, ossipHas By u

asuMyTanpHass B, B cdepuueckoil  cucreme

KOOPJIMHAT.
B COCTOSTHUU TEPMOAMHAMUYECKOTO
paBHOBECHS HallpaBJICHUE BEKTOpa

HamMarHu4eHHocTH M (eppomMarHeTnka COBIAIAET C
HaIIpaBJIeHNEM BHYTPEHHETO dQPeKTHBHOrO moJisi B'

) BCJIIMYHUHA KOTOpOro OMpCACIIACTCA qgecpes3

CBOOOIHYIO SHEPTHUI0 €TMHUIIBI o0BEMa
deppomarneruka F
B =. I (2.7.5)
™

B srom cmydae cocraBnstomue sddexkrtuBHoro moias By m B, orcyrcrByror. PaBHOBecHas
opueHTanus Bekropa M, onpezensdemas yrinamu J ; ¥ o, HAXOAUTCSA U3 ypaBHEHUI

OE— -FOE
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U3 PEIIeHUH KOTOPBIX BBIOMPAIOTCS T€, JUI KOTOPBIX CBOOOIHAS SHEPTHSI UMEET MUHHUMYM.
Cnemyer OTMETUTB, YTO TMpOIEaypa MHUHUMHU3AIMKA CBOOOJHON DJHEPrHHM IO yriiaM
MO3BOJISIET OJIHO3HAYHO OINPEICIUTh HANpaBJICHUE HAMAarHMYCHHOCTH JIMIIb B CiIydae, €ClIH OHa
OJIHOPOJIHA TIO BCeMy O00BEMY (eppoMarHeTwika WM €Cid OH pa3OMT Ha KOHEYHOE YHCIIO
OJIHOPOJTHO HAMAarHUYCHHBIX 00JIACTEH.
PaCCMOTpI/IM HCPAaBHOBCCHOC COCTOAHUC C MAJIBIMHU OTKJIIOHCHHAMHU HAMArHM4C€HHOCTU OT
PaBHOBECHOTO TOJIOKEHUA. B aToM citydae (2.7.6) yke He UMeeT MecTa u OpHeHTaIlis Bektopa M

6YZ[€T HU3MCHSATHCA 110/, Z[GﬁCTBI/IGM OTJIMYHBIX OT HYJII COCTABJIAIOIINUX IMOJIA

F F
BJ:-—J;B-— !

S — 2.7.7
M M sinJ ( )

HpI/I MaJIbIX OTKJIOHCHHUAX OT paBHOBeCI/ISI
dI(t)=3(t)- Jo: di (1)=j (1)- o (2.7.8)
MaJibl I10 CpaBHeHI/IIO C paBHOBeCHLIMH 3HAYCHUAMU J 0 Hu (PO, TO MOXXHO OFpaHI/I“H/ITCSI HHHeﬁHBIMH

4jieHaMH passioxkenns F; u F,

Fy =Fpdag+Fyd,; K =FK,d+F;d,, (2.7.9)

IJie BTOPbIe POU3BOAHBIC 110 yriaM Fy;, Foo M F; BBIYHCIAIOTCS [UIs MOJIOKEHAN PABHOBECHSL.

U3 (2.7.4) ¢ yuérom (2.7.7) u (2.7.9) mosyqaeM cUCTEMY JIMHEHHBIX ypaBHEHHH, OTIMCBHIBAIOIINX
cBOOOTHBIE KOJIe0aHHs BEKTOpa HAMarHMYEHHOCTH OKOJIO TIOJIOKEHUS PaBHOBECHUS
-1 . _ .
-g'™Msinddd =F ,dI +F, dj ,

(2.7.10)
g ‘M sind, xdk =F;,dd +F; dj .

Cucrema omgHOpoaHBIX  ypaBHeHud (2.7.10) wMeeT TeEpHOAMYECKUE  PELICHUS
npornopiroHanbHbie eXp(iot) ¢ yacToToil ®, ompenesieMoil PaBEeHCTBOM HYIIO OIpPEICTHTEINs
CHCTeMBI anre0panyeckux ypaBHeHHH, noiydaemoil u3 (2.7.10) mocne mozactaHoBku &0, d¢~
exp(iot)

2 2202 Gn2 1 —

OTKy/a I0JTy4aeM PE30HAHCHYIO YaCTOTY
W, =GB, :ﬁnqo{ﬁj F,o- R (2.7.12)
HHH HaXO0XJICHUA pe3OHaHCHOI71 YaCTOTHI HGOGXO[{I/IMO pacmnojiaratTb IaHHBIMU O BKJIaJaX
pa3IUYHBIX (PAaKTOPOB B YACIBHYIO CBOOOIHYIO SHEPTHIO F, KOTOpPBIE MOKHO TPE/ICTABUTH B BUJIE
F=Fot+FytFatFyy+tFosutFy, (2.7.13)
rac

Fo —DHCPrusd B3aI/IMOZ[€I\/JICTBI/I$I C BHCIIHHUM II0JIEM,
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Fo — pHeprus pa3sMarHMYMBAIOLIETO MOJS MOBEPXHOCTHBIX «MAarHUTHBIX 3apsAJOB» WM DHEPrUs
VUUTBHIBAIOIIAs KOHEYHBIC pa3Mepbl 00pasiia v 3aBHCSINAs OT ero (GopMEr,
Fa — sHeprus kpucramuMuecKoi MarHUTHOM aHU30TPOIINH;
Fuy — MarHuTHOympyras 3SHeprusi, ABistomasica (yHKIUEH HamnpaBlIeHHUs HAMarHUWYEHHOCTH U
MEXaHHYECKUX HANPSKEHUN;
Fosn — 0OMeHHast PHEpPrus, CBsI3aHHAs C MPOCTPAHCTBEHHON HEOJHOPOTHOCTHI0 HAMATHUYEHHOCTH;
F, —»Heprust rpaHUYHBIX CIOEB MEXK]TY TOMEHAMH.
B Boipaxkenue (2.7.13) He BXOJUT IUIOTHOCTh OOMEHHON SHEPTHHU, CBA3AHHOW C «MOJICKYJISIPHBIM
MOJIEM», OTBETCTBEHHBIM 3a CYIIIECTBOBAHHE CaMOIPOM3BOJBHOM HaMarHM4eHHOCTH Mg, Tak Kak
OHAa HE 3aBUCUT OT OpUEHTAIlUU BeKTopa Ms.

DHeprusi B3auMOJACHCTBUS ¢ BHEITHUM ToJieM o npeacrasisieTcst B Bujie

F=-MB,. (2.7.19)

Bkian, cBsi3aHHBIM C pa3sMarHUYMBAIOUIMMHU THOJSIMHU 0Opaslia KOHEYHBIX pa3MepoB Fp B

CBOOOJHYIO DHEPTHIO BBIPAXKAETCS Yepe3 pa3MarHU4IMBaroniue (GpakTopel, yKe YIIOMHHABIIUECS B

paznene 2.4

1
FpZE(NXM§(+NyM§(+NZM§Z), (2.7.15)

rne Ms— HaMarHMYeHHOCTh HACHIICHHSI.

YpaBHeHUs Ui pe3oHaHCHOW wacToThl (2.5.7) co BKJIagoM TOJNBKO OT (hopMbl 0Opasia
noxy4atores u3 (2.7.12) moncranoBkoit F=Fg+F, ¢ Bepaxenwsmn (2.7.14) u (2.7.15) mus
ClIaraeMbIX CBOOOHOM SHEPTHH.

Ecnu BHemHee mosie BEIMKO, YTOObI HAMAarHUTHTH 00pa3el 10 COCTOSHHUS HACBIIICHHUS, TO
noBejieHrne (heppoMarHeTuka mog00H0 00JaCTH OJHOPOTHO CAMOIIPOU3BOJILHON HAMATHUYEHHOCTH.
B stom cityuae B (2.7.13) MOKHO HE YYUTBHIBATH SHEPTHUIO TPAHUI] MEX Iy JoMeHamu F,. B ciabbix
MOJMAarHMYMBAIONIMX TIOJSAX JOMEHHas CTPYKTypa CaMONPOHM3BOJBHONH HAMarHHYEHHOCTH,
Ype3BbIYafHO UYBCTBHUTENbHAs K pa3IMYHBIM JedeKTaMm, MpuMecsM, OyAeT CyYIIEeCTBEHHO
yCIOKHATH crieKTp ®MP.

Hapsiny ¢ pasmaranumBaroniuM wieHoM B (2.7.13) HanOoubInuil BKIaL MOKET TPUBHOCHTH

SHEPrus KPUCTAUIMYECKOW MAarHUTHOM aHU30TPOIIHH.
2.7.2 Biusinue KPUCTALTHYECKOI MATHUTHOW aHU30TPONUH
Ha pe3onanchyro yactory ®MP Haubonee CUIbHO KpUCTALTUYECKAsi aHU30TPOIUS BIUSET

B MOHOKpHCTaTMUeCKuX (eppomarnerukax. I[lpu ¢ukcupoBanHoit uwactore CBY 3HaueHue

BHEIIHETO IOJIsl, TPU KOTOpOM OyzaeT HabOmromaThesi pe3oHaHC, OyaeT HauMEHBIIUM BOIH3H
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HalpasJIeHUI HanboJiee TErKoro HaMarHUIMBaHKs, TaK Kak B 9TOM cJIydae BHYTpEeHHee oJie Oyaer
HauOonbmuM. HampaBneHus oceil J€rkoro W TPYJHOTO HaMarHUYMBAHUS —CBS3aHO C
KPUCTAJIJIMYECKOH MarHUTHOM CHUMMETpUEH KpUCTajula. DHEpPrus KPUCTAIUIMUECKON MarHWTHOM
AHU30TPOITUH MOKET OBITh MPECTAaBIICHA B BHJIE CTEIIEHHOTO psijia IO HAMPAaBISIOIUM KOCHHYCAM
BEKTOpPa HAMarHM4eHHOCTH [0 OTHOIIEHUIO K TJIaBHBIM OCSAM KpucTtamia. [ KpucTaioB
KyOW4ecKoi CHMMETpHHU
F, =K, + Kl(afa§ +asaj +a§af)+ K,aZajas +... (2.7.16)
r7e 01 , O , O3 — HampaBJsiomue KocuHycel Ms oTHOcuTensHO pédep kyba, K1 m Ko — nepBast u
BTOpasi KOHCTAHTBHl AaHU30TPONUM. 3aBUCSIAs OT HOPMHUPOBKUM DJHEPIHU «HYJIEBAs» KOHCTaHTA
aHu3oTponun Ko MMeeT CMBICH 3HEPruM MOHOKPHCTAJJIa HAMarHU4E€HHOIO BJOJIb OCU JIETKOTO

HaMarHU4YMBaHUS.
JU1 KpUCTAJIJIOB OJJHOOCHON CUMMETPUU
F =K, +Kia +Kyas +..=Ky + K b3 +K b3 +..., (27.17)
rae Pz — CHHYC yrila MeXAy HaMarHH4eHHOCTHIO U OChI0 CHMMETpHH. B HampaBiieHUsX BIOJIb U
MEPIEHIUKYIIIPHO OCH cCUMMeTpun F, nMeeT skcTpemanbHble 3HaueHus. KoHCTaHThl aHU30TpONIUU
OueHb MaJibl BOMM3H TemnepaTypbl Kiopu, HO OBICTPO BO3pAcTalOT ¢ MOHWKEHHEM TEMIIEPaTypHl.
3Ha4yeHHs TEepPBOM KOHCTAHTHI AHU3OTPONMU B PA3NIUYHBIX (PeppoMarHeTHKax KOJICOMIOTCS B
npenenax 10° — 10° spr/cm® i B GoIBIIHHCTBE CITydaeB CYIIECTBEHHO MPEBBIIIACT 3HAYCHHS BTOPOIl
Y TOCIEAYIOIINX KOHCTAaHT aHU30TPOIIUH.
B kawyecTtBe mepBOro mpuMepa paccCMOTPHUM MAarHMTHO OJHOOCHBIH Kpuctamn ¢ Ki>0

AIUTMIICOMIATBHON  (DOPMBIL. B kayecTBe MOJAPHOM OCH CHCTEMBI KOOPAMHAT BO3BMEM
IeKCaroHaJIbHYI0 OCh JIEFKOIO HAMArHWYMBAHMS KpHCTAILIA |_1010J. Torna ynenpHast cBoOOaHAs
SHEPTUs MOXKET OBITh MpeACTaBIeHa B opMe

F=K,sin?q- M Hy{sinqsinJ cos(F - j )+ cosqcosJ} +

1

2m2{N, sin?Jcos?j +N, sin? Jsin?j +N, cos? J} (2.7.18)
2 SV J y J , COS

rne 0 m @, COOTBETCTBEHHO TMOJISIPHBIA W a3UMYTAIBHBIN YTIIbI, OMPEIEISIFONINE OPHEHTAIIUIO
BHerrHero noiisi Bo. [Ipy He CIUIIKOM HU3KHMX TeMIieparypax 4wieHamu 0oJiee BEICOKOTO TIOPsIKa U
AHMU30TPOITHEH B 6A3UCHOM TUIOCKOCTH MOKHO TIPEHEOPEYb.

3aaya HAaXOXJIEHHWS DPAaBHOBECHOW OpHEHTAllMM BEKTOpa HaMarHuueHHOCTH M 1pu
HpOI/I3BOJIBHOﬁ OpUCHTAIUU MArHuTHOTO IIOJIsI OTHOCUTCIIBHO rekcaroHajabHON OCH OYEHb CJIOKHA.
Ecmu BO nexwur B 6azucHoi mutockoctd 0=m/2 u oOpasyer mpsmoit yroi ¢ oceio X (®=n/4), To
pE30HAHCHAS YacTOTa BBIYHCISETCS CIEAYIONMM oOpa3oM. Eciu BenwuuHa MOJS OrpaHHYeHa

YCIIOBUEM
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(N, - NX)MS<BO<%+(Ny- N, M., (2.7.19)
S
TO
p. _ Bo
] o= 8nd,
2 2K
Msl+(|\|y- N, M,
n
. 5
a, O _lé2K1+ N N M u BZP 2K1+(Nx' Nz)M§
Wo 0 _1€2K ] ] (2.7.20)
ggﬂ %éMs ( g Z) SH 03{) 2K1+(Ny' Nz)M§

:BS - _BO - (Ny - NXXBOMS' 2K1)' Ms(Ny - NZXBO- (Ny - Nx)Ms]'

B ciydae, eciiu onie Bg HampaBieHo BIOIH OCH [101 OJ, korga @=0, ciemyer Be3ne 3aMeHUTH Ny
Ha Ny 1 Hao6opot. st mpoussosibHOro utunconna Ny # Ny , pe3oHaHCHas 4acTOTa BCIIEACTBHUE
aHM30TPONUH (HOPMBI OYIET 3aBUCETh OT OPUEHTAI[MM MAarHUTHOTO IOJII B 0a3MCHOM IMJIOCKOCTH
Jla’Ke B OTCYTCTBUE KPUCTAIUIOTPA(QUUIECKON aHU30TPOITUH.

Jns snmunconna Bpamenus Ny = Ny=Ni, N; = N|| = 4n-2 N1 , anusorponus GopmbI B

0a3MCHOI IIJIOCKOCTH OTCYTCTBYCT U PC30HAHCHAA 4aCTOTa OMMPECACIACTCA BhIPAKCHUEM

N .2
P00 12K (40 3N MY - B2, com By £250 . (ap- 3NL M, (2720)
Jdo TMs [\; Ms
2 N ..
: 2K
B0 g i, - 204 (ap- 3N MY, com By 2L (4p- 3N M, (2.7.22)
Jdo T Ms [\; Ms

B xoopaunarax W, / g, Borpadux ¢pynxuuu (2.7.21) npencraBisieT co00i OKpyKHOCTb, a (2.7.22)

— runepOoy.

st cheper No =N, =4p/ 3, popMyiisl CYIIIECTBEHHO YIIPOLIAIOTCS
Il

2 L2
57 a9K, 2K
Mo g2 g2 oy gy £ (2.7.23)
9g Ms 7] Ms
2 .
0 x 0 2K
20 _g T K2, s 2 (2.7.24)
Jo Ms %] Ms

U3 31X GOPMYIT CIIEYET, YTO BIUSHUE aHU30TPOITMU MOKHO CBECTH K SKBUBAJIEHTHOMY TIOJIIO
_ 2Ky
A - .

M

S

(2.7.25)
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Ecnu BHemrHee mmojie HampaBJICHO BJOJIb TekcaroHanbHOW ocu, 0=0, mis chepuueckoro
oOpasiia HampaBlieHHs BEKTOpOB Ms Bceraa COBNQAAlOT W BHYTPEHHEE TIOJE€ PaBHO CyMMe
BHCIITHCI'O I10JId Bo N DKBUBAJICHTHOI'O IIOJIA aHI/I3OTpOHI/II/I BA, a pe30HaHCHa§I qacTtoTa
oTpeniensercs: u3BeCTHOM popmymnoit Kurens

Wq 2K,

0 =B, + 1. 2.7.26
g > mL (2.7.26)

tal
g

Puc. 2.7.2 3aBucumocts wo/lwa oT Bo/Ba mpu

PAa3JINIHBIX OpUCHTaAHUAX BHCIIHETO 1014

OTHOCHUTEJIBHO T'€KCaroHaJbHON OCH JJI1 OJHOOCHBIX

MoHoKpuctaiioB. Kpusas 1 — s 0=0, 2- 0=n/2, 3 —

0=n/2 — 0.01 u 4 — nns 6=n/2. Kpussie 1-3 oTHOCSTCS

K KpHUCTaulaM C IOJIO)KUTEIbHOM KOHcTaHTOM Kj

aam3oTponu, 4 — s kpuctauioB ¢ Ki<0. U3

pa6otel Weiss M. T. (cM. cebuiky [58] B kuure [6]).

f BEHKE'A‘E

Ha puc.2.7.2 moka3aHa 3aBUCHMOCTh PE30HAHCHOM YacTOTHI OT BHEIIIHETO ToJist Bo 1t 1BYyX
opueHTanMii mapaienbHoi, 0=0, W mnepneHaAMKyIApHOH, 0=m/2, TeKcaroHaJIbHOW OCH,
opueHTauuu. BuaHo, 4To ipu 0>wa = YBa , ”MeeT MeCcTO pe30HaHC KakK MpU NapaliesIbHOM, Tak U

IpH NepIEeHAUKYIApHON opueHTanusx nois. Ilpu w<ma B nossx By A B, OyayT HaOmogaThes 1Ba

pe3onanca. OMH W3 HUX HAXOJWUTCSA B oOmactu cinabwix moseid B<Ba , rioe Bexktopel Ms u B He
napajieNibHbl, U BTOpOW — B oOnacTé HackimeHuss B>Ba, rie mmeer MecTo mapajuieinbHOCTD
BeKTOpoB Ms u Bo. JIBoliHBIE pe30HAHCHBIE MUKW 3TOTO THIMa Habmoganu Belicc u AHaepcoH B
rekcadeppute Oapusi BaFe 2019 (cMm. ccviiky B [6]), oOmamaromeM OOJIBIION OJIHOOCHOM
KpHucTaiorpadguueckoid MarHuTHOM aHm3otponueid Ba=1.8 Tn, cooTBeTcTByMOMmIEH YacToTe va=50
ITm.

Crnenyer y4uThIBaTh, YTO JJIsl MCKITIOUEHHS HYIEBOW TOYKH o =0, nMeromenl MecTo mpu
Bo=Ba , 10cTaTOYHO CKOJIb YTOJHO MAJIOTO OTKJIOHCHHSI MArHUTHOTO TIOJIS OT HampasjieHus 0=m/2.
Jlnst mpumepa Ha puc.2.7.2 npuBeieHa paccunTanHas Beliccom kpuBas s 0=m/2-0.01.

®eppomarnutheie coeaunerns NiIMNOs; u CoMnOs , uMeromue CTpyKTypy WIBMEHHTA,
oOmagaroT ogHOOCHOW MarHuTHOW cummerpueit ¢ Ki<O. B ornmume ot rekcadeppura Oapus,

pPE30HAHC MpHU IOJIe HAINPaBICHHOM BJOJIb TI'€KCArOHAJIBHON OCH, SIBJISIOLIEHCS OChbIO JIETKOTO
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MOJIMAarHWYMBaHUs, HEBO3MOKeH. Jlnsg moss, HampaBieHHoro moja yriaom 0<O<n/2 «
TeKCaroHaJbHONH OCH, BO3MOXKEH TOJBKO OJHMH pPE30HAHCHBIM muk. Ecim mpeneOpeusr crnaboi
AHU30TPOTIMEH B 0A3UCHON TUIOCKOCTH, TO BBIPOKEHHUE TSI PE30HAHCHON YaCTOTHI OTPEEIIIeTCS

(2.7.24) c 3ameHoii 3HaKa y Ki

2
20 _g §B +qK |2 2.7.27)
Jg s [4]

CooTBeTcTBYIOMIas KpUBas OKa3aHa Ha puc. @.7.2 MyHKTUPHO THHUEH ©o/mA.

OTrmeruM, 4YTO BBIIENPUBEAEHHBIE (OPMYIBI MOTYT OKa3aThCs MOJE3HBIMH KOTZa
(beppoOMarHuTHBIE YaCTHIIBI C OJHON OChI0 MAarHWUTHOW aHM30TPONHMH BHEAPEHBI B HEMAarHUTHYIO
MaTPUILy ¥ OCH BCEX YaCTHUI] UIMEIOT OJIMHAKOBOE HAIIPABIIEHUE BCIIEICTBUE THO0 KPUCTAIITHUECKOM
AHM30TPOITUH MATPHUIIBI, JINOO €€ aHM30TPOIUH, CBA3aHHOW C YIIPYTUMH HAIPSDKECHUSIMH.

B kauectBe npyroro mpuMepa OCOOCHHO HMHTEpECEH Cllydail KpHucTaia ¢ KyOHMdeckoi
CUMMETpPHEH, T.K. CHMMETpHsI OOJBIIMHCTBA (PeppOMArHETHKOB sABIseTCs KyOnueckoil. OOBIYHO B
MOHOKpHCTAJIaX C OTPHUIATEILHBIMU KOHCTaHTamu aHu3oTponuu K; u Ky péOpa snmemenTapHOi
KyOW4ecKOi SYeUKH SBIISIOTCS HANpaBJICHUSMH TPYIHOTO HAMarHMYMBaHUS, a IPOCTPAHCTBEHHBIE
JIMaroHaidn Kyba — Jn€rkoro. B MOHOKpHCTaIaX C MOJOKHUTEIbHBIMA KOHCTAaHTAMH UMEET MECTO
oOpatHast curyanusi. B o0oux choydasx pAvaroHanu Ky0Oa SBISIFOTCS — HANpaBICHUSIMHU
«IIPOMEKYTOYHOTO» HAMAarHMYUBaHUA. J{JIs1 TPOCTOTHI MBI OTPaHUYMMCSI 00pa3aMu chepudeckon
¢dopmblL. 3amgaya pemraema, €Ciid BHEITHEE MOJIE JIKHUT B OJTHOW U3 TUNIOCKOCTEH CUMMETPHH.

B kauecTtBe ocell JekapTOBO# cHUCTEMBbI KoOpAHMHAT X, Y, Z BbiOepeM ocu [010], [001] u
[100]. OrcumthiBast mossipubie yruibl oT [100], a asumyranenbie ot [010], mis mioTHOCTH
cBOOOTHOW PHEPTUU TTOTYIHM

F=F,- M_B, =K,f(J,j )- MB,{sind sinqcos(F - j )+ cosqcosJ}, (2.7.28)
rne

£3] ):%(sinZZJ +sn*Jsn?2 ). (2.7.29)

31ech MpeanoiaraeTcs, YTo Mbl OTpaHUYMBAEMCS TOJIBKO OJTHOM KOHCTaHTOM aHu3oTpornuu Ki.
[Mycte ®=n/4, T.e. BHemHee mose Jexur B miockoctd (011). Torma w3 ypaBHEHUS
paBHOBecusi (2.7.6) u BbIpaxkeHus: (2.7.28) HaxoquM CJCOYIOIIUE YPaBHEHHs, OTPEICIISIONIUC

PAaBHOBECHYIO OPUEHTAIIMIO BEKTOpa HAMarHU4€HHOCTH

h%:sinqcos\l sing'j3 +%9 cosqsind,
i € e (2.7.30)
2 po
h— =- snqcosJ singj - ==
1 q QJ 4

ﬂ
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rae h=K,; /M B,. Cornacuo (®.7.27) u (P.7.30) u3 obmeit hopMys! U1 pe30HAHCHOH 4aCTOTHI

(2.7.12) nonyuaem

..1/2
la 3y 2¢ o U
. po 1f u,
I ecosqcosd +sinqsinJ singf +—=+h 0|
jlg:o ! ’ i 17075 i
| |
Mg _ 1 4. €. @ po , MU i
=— esmqst sngj +=++h——- Y (2.7.31)
gk, sndj g & 40 470 1
: asingcosJ sing'j3 - Eg+h 1 —U :
i é e 4o Wlg b

Jlnst ompenenieHUs] SIBHOM 3aBHCHMOCTH PE30HAHCHOW YacTOTBI Mo OT yriia 0, Ompenesnsioniero

OpHMEHTalUI0 BHemHero mouisi B tiockoctu (011), mHeoOxomumo mojctaButh B (2.7.31) 3HaueHUs
0“f/932%, 1% /1 2 0% /9 ] , maiinennsie u3 (2.7.29). 3aTeM B NOJyYEHHBIC BBIPAKCHUS
Hago BMECTO J M | TMOJCTaBUTh MX PABHOBECHBIC 3HAUCHU J, U | o, OIpEIeNseMble Kak

pemiennst ypaBHeHudd (2.7.30). Ilpy mNpoM3BOJBHOW OpUEHTAIlMM TOJS B paccMaTpUBaeMOM
TUTOCKOCTH TIOJY4YalOTCsl TPAHCUEHACHTHBIE YPAaBHEHHUS, KOTOPhIE MOTYT OBITH PEmIEeHBI TOJIBKO
YHUCICHHO. Pe3ynbTaThl YHCICHHOTO aHanmM3a mpeacTaBieHbl Ha puc.2.7.3. OHM TMOKa3bIBAIOT,
npuBeAEHHBIE B Oe3pa3MEpHBIX KOOPAWHATAX IOJIEBBIE 3aBUCHMMOCTH PE30HAHCHOM YacTOTHI LIS
KPUCTAJUIOB C OTPULIATEILHOM U MOJIOKUTENBHOW aHU30TPOIIUEH IIPU PA3IMYHON OPUEHTALMH TOJIS
B tiockoctd (011). YuTeH TOJNBKO OAWMH BKJIAJ aHM30TPOIMH TepBoro mopsaka Ki. M3 atmx
KpUBBIX CIEAyeT, 4YTO /I HalpaBJICHUS JIETKOT0 HaMarHW4MBAaHUSA , COOTBETCTBYIOLIETO
MUHUMYMY CBOOOIHOH sHepruu, Bekropsl Ms m Bg Bcerma coBmagaror mo HampaBieHHIO, a

PE30HAHCHAs YacTOTa SBISETCS JIMHEHHOM 0/THO3HA4YHOH (yHKImel nons. [Ipu HampaBieHNH OIS

BJIOJIb OCEHl TPYAHOTO HaMarHUYMBaHUS MS" Bo mpu B, >2|K1|/ M, s ocu [100] n mpwm

By >4K,|/3M uis ocn [111]. B otux AByX Ciydasx PE3OHAHCHAs 4YacTOTA ONpPEIENICTCs

IIPOCTBEIMH COOTHOIICHUSMMU.

s 6=0° (ocw [100])

0 =g, m2-1, (2.7.32)
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Puc.2.7.3. 3aBUCHUMOCTb PpPE30HAHCHOM YacTOThl OT BHEIIHET0 MAarHUTHOTO TMOJS  JUId

MOHOKPUCTAZIOB TIPU  Pa3IMYHbIX opueHTanusx moyisi B 1wiockoctn (011). Crea s
MOHOKPUCTAJIOB ¢ OTpulaTeNbHON aHm3orpormedt Ki<O, cmpaBa — ¢ TOJIOKHUTEITHHOM

annsotponueit K1>0. U3 padotsr Artman J.O. (cM. cebuiky 61 B kHure [6]).

s 0=54°44" (ocw [111])
— =By x———. (2.7.33)

[Mpu npowmsBosibHOM opueHTaluu mojisi B miockoctd (011) B obmem ciyuae Ms He
napauieabHo Bo, HO ¢ pocTOM OIS HAMarHMYEHHOCTh BCE Ooutee MpUOIMKAeTCs 0 HAPaBICHUIO
K BHEIITHEMY TIOJIIO.

B HampaBneHnu npoMexxyrouHoro HamaranuuBanus 0=mn/2 (oce [011])

% K| 1/2
_0: gBom_léB +21°1
g M

(2.7.34)

-8-&'<'%

[Mpu yuére BTOpO#l KOHCTaHTBI aHu3orpormu (2.7.33) u (2.7.34) mnpuHUMAIOT,

COOTBECTCTBCHHO BH /[
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K K
Wo _g, L AlK 4]k (2.7.35)
g 3M, 9 M,
nu
.‘.% |K| |K tee K ___1/2
M:}_ Bom_lmi_2|i£8012u%y;I ) (2.7.36)
g T MS 2 S . 554)

B BeimenpuBeaéHHBIX (HOpMYITax BepXHUE 3HAKH COOTBETCTBYIOT K1<0, a HUKHHE COOTBETCTBYIOT
K.>0.

OTMeTHM, YTO €CiIM BHEIIHEe MOJIe MPHIOKEHO B HAMPABICHUH OJM3KOM K OCH TPYIHOTO
HAMArHUYMBaHUsS, TO, KaK ClieayeT U3 puc.2.7.3, MpU HU3KHX YacTOTaX MOTYT MMETh MECTO JBa
[IMKA TOTJIOMICHHUSL.

MO’KHO TOKa3aTh aHATMTHUYCCKU, YTO €CITH SHEPrHs KPUCTAUINICCKON aHU30TPOIHH Maa
h=K,/ M B, <<1, 1o B7MecTO (2.7.31) moyqaem

woM 1, a8, 5 . . 0
—0 S =1+ -h¢- +—cos4q - 5sin* gsin® 2F <. (2.7.37)
QK1| 2 e2 2 g

Ecnu nosie Bg nexxut B muockoctu (001), mis kotopoit =0, To

w K
—L =B, +1u{3+5cos4q}. (2.7.39)
g 4 My
Ecnu oo nexxur B ockoctu (011), To
w Kyl (]
—°:Bo+|—1%2- Sgn2- Lgn2 2q8. (2.7.39)
g Mgt 2 8 b

G®opmyner  (2.7.38) u (2.7.39) BnepBeie Obun mosydeHbl Kwurenem wu  bukdopmom B

MPCAIIOJIOKCHUHN, YTO B CHJIBHBIX IMOJIAX BEKTOPbI M sH Bo KOJIJIMHCApPHBIC.

2.7.3 ®MP B TOHKHX 105X eppOMArHeTHKA, KPUCTALIOTpaduyecKasi aHU30TPONUS U
aHu30TpONHUA (POPMbI
[Ipenpiaymee paccMOTpeHHE SBISETCS OCHOBOM uisi aHanu3a PMP B coBpeMEHHBIX
CTaThsIX, INOCBALIEHHBIX MCCIICIOBAHUI0 TOHKMX MMKPOHHBIX HWJIM HAHOMETPOBBIX CJIOEB YKe
YIIOMHHABIIUXCS BBIIIE Pa30aBICHHBIX MArHUTHBIX IONypoBoaHuKoB (PMII), nHTEpec K KOTOpPHIM
ceifyac BEJIHK B CBS3M C Pa3BUTHEM CHUHTPOHUKHU. B Takux ciiosix B 00IIEM ciydae MpOSBISIOTCS
Cpa3y [IB€ pPacCMOTPEHHBIC BBIIIE TPUYMHBI AHU3O0TPONUHU CIIEKTPOB — AHU3OTPONHUS (HOPMBI

TOHKOro o0pa3na M KpucTaulorpaduyeckas aHU30Tponus. B 3Tom pasgene Mbl paccMOTpUM
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OCHOBHBIE (QOpMynbl, TpuMeHsemble npu aHaimze OMP B Tonkux ciosx PMIL. Beime bl
CTapaJiuCh TPUACPKUBATHCS MEXAyHapoaHoU cuctembl eauHuil CU. Tem He MeHee, naxe B
COBPEMEHHBIX CTaThAX IPOJOJDKAET HCIONb30Barbes cuctema eauHul CI'C mian B MarHUTHOM
BapuaHTte rayccoa cucrema CI'CM, B KOTOpoil BMECTO MHAYKIMM MarHuTHoro mnoiss B
nojcTaBisieTcss Hanpsok€HHocTh MarHutHoro mnonst H. CopepxaHue 3TOro pasjena cienyer

0030pHOI1 cTaThe [28], B KOTOPOU MPUMEHSIETCS TayCcCoBa CUCTEMA.

Puc.2.7.4. TlpumeHsiemass cUCTeMa KOOpAMHAT.
[001] 4
OpueHTanus MOCTOSHHOTO BHEIIHETO MarHUTHOTO
noins H ompemensercs yrmamu q, u | 4[28].
PesynpTupyromas paBHOBeCHasi HAMarHUYEHHOCTD

M omnpenensiercst yrnamu U | .

[Tpu ananm3e skcriepuMeHTANBHBIX TaHHBIX DMP ToHKHX croéB PMII 00b9HO UCXOIAT U3
MIPEIITOJIOKESHHSI OJTHOJIOMEHHON CTPYKTYpHI (heppoMartHeTrka. B 3Tom cirydae cBoOOIHAS SHEPTUS
F B mpucyTCTBHMM BHEITHETO MAarHUTHOTO TOJI BKIIOYAeT B ce0s TpW BKIAJa: 3€€MAHOBCKYIO
SHEPrul0, DHEPrUI0 pPa3MarHWYMBAHUS, W DHEPrHUI0 KPUCTAUIOrpaPUUecKOil aHU30TPOTIHH.
3eeMaHOBCKas SHEPTHUS JaTCs BEIPAKEHUEM

F, =- H>M =- HM[cosqcosq,, +singsing,, cos(j - j )]
r7ie TPUMEHSIOTCS 0003HAueHHs YIJIOB TOKa3aHHble Ha puc.2.7.4. DHeprus pa3MarHHYMBaHUS,
oOycroBIeHHAsI aHU30TporHel Gopmbl 00pasia, MIOCKOCTh KOTOPOTO MBI Oy/IeM, Kak MOKa3aHo Ha
puc.2.7.4, cuutaTh cCoBIaaaroliel ¢ kpucramiorpadpudeckoi miockoctoio (001) dheppomarueruka c
KyOndeckoii cummMerpueit, koeit oomanaror PMII Ha ocHOBe anMa3zomnog00HbBIX MOTYIPOBOJIHIKOB.
Bynem cuutath 3Ty 3Hepruto ¢popmbl (Shape) B nprOIMKEHUH TIIOCKOTO OECKOHEYHOTO 00pasiia Mo
bopmyne
F. =2pM?cos®q.

Brutan ot kpuctamnorpaduueckoil aHH30Tporuu 0003HaYHM Fapn.

JIJiss TOHKHX TUIEHOK TETParoHATbHONW CHMMETPHH, KOTOPOH 00JIAaf0T CJION KPUCTAILIIOB CO

CTPYKTYpO# IIMHKOBOW oOMaHku (Harpumep, cion Gay-xMnNAS) 3TO IPUBOIUT K BBIPAKECHUIO IS
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cBOOOJTHOW HSHepruv F B MPHUCYTCTBUU MPHJIOKEHHOTO MAarHUTHOTO moist H, K BBIpakeHHIO,

[IapaMeTPU30BAHHOMY YETBIPbMS MOJIAIMU aHU30TPOIINH - Hon ,Hyn ,Hpy M Hy B cIenyromeM Bunie

F==Mj-2H[cosqcosq, +sinqsing,, cos(j - j )| +4pM cos? q -

N
—_ ——

H,. cos®q- %HM cos” q- %H4|%(3+cos4j )sin*q (2.7.40)
- H, sin? qsin?F - P&
2| q gl 4%

3nech TEpBBIM WIEH ONMCHIBAET 3€EMAHOBCKYIO SHEPrui0, BTOPOM SIBISETCS DHEpPrueu
pa3MarHu4yuBaHus (Tak Ha3biBaeMasi aHU30TPOTHS (GOPMBI) U OCTABIIHUECS MPEACTABIISIOT SHEPTHIO

MarHuTHOM aHusoTponuy, rae H,, u H, OpeacTaBiasioT NEpHeHIUKYISIPHOE HE aKCHAIbHOE U
NEPIEHAMKYIAPHOE KyOMYEeCKOE TI0JI aHW30TPOIMM, COOTBETCTBEHHO, Hyu Hy sBisroTes

napajyieIbHBIM He aKCHAJBHBIM U TapajuIeIbHbIM KyOUYeCKUM MOJISIMU, COOTBETCTBEHHO, U YTIIBI
qu )] u gy u |, ompenereHsl Ha puc.2.7.4. Ilons anmsorpornmm H; , nosBisrommecs B
ypaBaenun (2.7.40) ompenensitorcss sHeprusmu anmzotponuu K; kak Hi= Ki/M (manpumep,
Hy =2K 4 / M).

BenmnunHa SHEpPruM MEPHEHAMKYISPHOW  HEaKCHAIbHOW  (HEOCEBO#)  aHU30TPOIHHU
K ,» BBI3BaHHOM JIByXOCEBBIMH HAIPSKEHUSIMH PEIIETOYHOTO HECOOTBETCTBUS B (peppoMarHUTHON
MOJTyITPOBOAHUKOBOM TUIEHKE Gay.xMNAS, Kak clielyeT 0XKHIaTh U3 TETPAroHaJIbHOTO MCKAKCHHS
pemétkn GayxMNAS Mo JaHHBIM peHTreHOBCKOW mudpakmuu. T. k. smurakcus GagxMNnAS
NPOM3BOIMTCS TpHU HU3KOM Temmepatype (oObruHO Hmke 300°C), Takue HampsbKEHHS MOTYT
MPUCYTCTBOBATh JaK€ HIKE KPUTHYECKOW TOJIIMHBI TUIEHKA WU3-32 OTHOCHUTEIBHO BBICOKOTO
TepMHUYECKOro Oapbepa A (OPMHUPOBAHUS TUCIOKAIMI HECOOTBETCTBHsS. OTMETHUM, YTO 3HAK

K, OyzmeT pa3nu4HbIM JUIs HANPSDKEHUH COKAaTHS U CIIBUTA TAKKE ONPENEISIomX 3HaK H,. s
OTUX JBYX Clly4aeB. JHepruum KyOuueckoi anmsorpormmu K, u Ky, KOTOpBIE ONMpenensior

pasHuily B dHeprum Mexay coctosHusMd M || [100] u M || [110] sBasiroTcs pe3ysibTaTom
XapakTepHOW 1151 OCHOBHOMW permétkn GaASs nedopmariui BaJeHTHON 30HBI. B OTCYTCTBHM KaKuX-

b0 TETparoHaNbHbIX UCKaKeHUH Bemnmuubbl K, o Ky Oyayr, KOHeuHO, paBHbIMH. OpHAKO

OXKHMJIAETCs, TETparoHaJbHOE WCKaXeHUe (Takoe Kak WHAYIUPOBAHHOE B HAIeM Clydae
PEHIETOYHBIM HECOOTBETCTBUEM OMAKCHAIBHOC HAINPSHKCHUE HM3-3a PEIIETOYHOTO HECOOTBETCTBHS)

Oyzner BbI3bIBaTH HEOOMIBINOE pasmnune Mexay K, u Ky . Takoe pasnmune HabIIOAN0CH KaK 1uist

wiéHok PMIT Ga;xMN,AS, Tak 1 TOHKOTIEHOYHBIX METAITMYECKUX (DepPOMArHETUKOB.
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Cremyer OTMETHTB, 4TO HeHyseBas BenuunHa Ky, KOTOpas ONpENENseT TMOCIeHee
cnaraemoe B (2.7.40), He 00BsCHEHA B HACTOSIIEE BpEeMs. JTOT 4WIEH ITOKA3bIBAET, YTO UMECTCS
Heboubmoe puznyeckoe pazmuune B cucreme GagxMNAS Mex Ty citydasiMi, KOTJja BHEITHEe TI0JIe
IIPUJIO’KEHO B HAIIPABIICHUSAX [110] u |_1I OJ . OT0 OBLIO MOATBEPKICHO B HAOIIOJCHHUAX Pa3INuus B
JBYX T€OMETPHSX NP U3MEPEHHUSIX HAMarHMYCHHOCTH, MarHetoTpancnopra u ®MP s aTux nByx
OpHMEHTAlUil. ITO yMBHUTENLHO, T.K. B KyOM4YecKoil cucreme e cutyaruu, H || [110] uH | |_1I OJ
OXKHMJAFOTCS (DU3UYECKH SKBHBAJICHTHBIMH JUIS IUIEHKA CO CTPYKTYpOH IIMHKOBON OOMAaHKH B
miockoctu (001). Tem He MeHee, 9TO dKCepUMEHTANBHBIA (GakT u BKIan oT aHu30Tporuu K
HEOOXO/IMMO YYUTHIBATH B BEIPAXKEHHHU JIJIsl CBOOOHOM SHEPTHUH.
BpeMeHnHas 3BOJIONMS HAMAarHUYEHHOCTH OKOJIO PABHOBECHOTO 3HAYEHHSI MOXET OBITh
OIICHEHAa UCTHONB3ys QopmynupoBky Jlannay-Jlupmmma-I'wibe0epra, KoTopas  Y4UTHIBAET
neMrndupoBanue (3aTyxaHue KoJicOaHWI) HAMAarHMYCHHOCTH B YPaBHCHUU JBWKCHUS IS

HaMaroHn4€HHOCTHU

19M . e JF o] G LY u
+ 2.7.41
gvl ) ( )

rie g=g % KaKk M BBIIIE — FHPOMarHUTHOE oTHomieHue, G- koapduuuent I'mnpbeora, Mg —

HAMarHWYEHHOCTh HachllleHUs, M — BekTop HamMarHudeHHOCTH, h — Bektop mepemennoro CBY
MarHuTHOTO ToNs. YpaBHeHue (2.7.41) ¢ yuérom BeipakeHus (2.7.40) mis cBOOOIHOW SHEPrUH
SIBJISIETCS ITUPOKKUM 000011IeHneM ypaBHeHus (2.5.4).

JInsi HaxOXKICHUS PE30HAHCHBIX YaCTOT (g HET HYKAbl B JAEMI(PHUPYIOMIMX BKIaJaX B
(2.7.41) n MOXHO BOCIIONIB30BaThCsl paHee BHIBEJICHHBIM ypaBHeHUEeM (2.7.12) ¢ 00o3HaYeHUSIMU
3TOTO pasjerna

2 ¢l 12F 'nzF T°F U
Wy = — i —Y
EM . snap 1102 1 2 Tatl |

(2.7.42)

Pemasi ypaBuenus (2.7.40)-(2.7.42), BenWuYWHY TMOJIA, COOTBETCTBYIOIIETO YCIOBHUIO

PE30HAHCA, MOKHO MMOJTYUYNUTH U3 BbIPAKCHUA

—[ (He, " a, +b,)Hg a, +b,)- bg]. (2.7.43)

QIIO

BV,
Eg
31ech

a, =cosqcosq, +sngsingy, COS(] - H)’



C0s2q + cos4q +
2

blz-g4p|\/| = HZ/\ +H2” COSZ(;';aja +Ed:|0082q+ H4/\
€ &  4al

cos4q - c0s2q 3+ cos4q

+H ,
Al 2 4

b, =-(4pM - H,, Joos? q+H , sin? gacos4j - cos? qm9+
2 2 4 g ! o

N

f Lo é i
+H, cos*q- Hy[sin2] +écosqcos€]:'j3 E% 2
i & é

b, :lcosq8§H4” sin4j sin® g+ H,, cos2j 9
2 e2 7}

OcobeHHO BaxxHO B Ipoliecce aHanu3a JaHHbIXx @MP onpenenuTs pe3oHaHCHbBIE YCIOBUS

IUISL ONIpeIeNIEHHBIX coTNacHO (2.7.43) BEICOKO CUMMETPUYHBIX OPHEHTAIINI, TOKa3aHHBIX Ha
puc.2.7.5. Cneundugnoe BeipaxkeHne s opuentanuii H u M B mockoctn (1 10)

(cootBetcTByMOMIICE P=(QH=45°), Ha30BEM 3TO reomMeTprei 1, uMeeT BU/I

N
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L2 & H,, H aH 4.
?ﬂg }.HR cos(q, - Q)+§' 4pM +H  +—2 - A—CO82q+ g -Cos4qp
9g f 2 45 § 2 4 b
1 e Hy 0
i Hg cos(ay, - Q)+§- 4PM +H, +—T2c0s? g+ (2.7.44)
1 2
5
g + - z00s" g Hy - Hz“%
(%]
Jlnst opuenrarmii H 1 M B mockoctu (010) (pp=0°), Ha3oBEM 3TO reomerpueit 2, Mbl HIMEEM
I 2 H, Hy H g, Hyo_ §
?ﬁg :I S(qH - q)+§- 4pM +H2/\ +_4 4 2” _0052q+ +A:Cos4qy,
9dg 1t 2 4 2 5 2 4 K
i H
T cos(q,, - é 4pM +H - 2H, - %—cos q+ (2.7.45)
t 2
a'lzu 0
+(H4A +H4“)cos q+H4”} é—z cos® q.

Jns opuenTtaruii H u M B tutockoctu (001), T.e. mapaniensHo miockoctu wiénku (0=¢=90°),

HA30BEM 3TO TeoOMeTpHel 3, MBI HIMEEM

_1 3+ cos4j .
|

J>I'c

ol
T

" [Hgcos{j - j )+ Hy cOS4] +Hy cos?;%] : —% (2.7.46)
|
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OTH ypaBHEHUS MMO3BOJISIIOT HaM MOJYYUTH MOJISI MATHUTHOW aHU30TPOTIHU U S PEKTHBHBIN

0- dakrop kommekca noH Mn — meipka B l11xMNV cucremax nampsmyro u3 ganaeix OMP.
Crnemyer OTMETUTB, UTO YTIoBast 3aBUCHMOCTD 1oyt DMP Hg HanpsiMyto 0ToOpaxaeT CHMMETPHUIO
cBoOOTHOM »Hepruu. B wacTtHOCTH, opueHTanus npu KoTopoi moie OMP uMeeT HaMMEHBIIYIO

BCJIIMYNHY, COOTBETCTBYCT OpHUCHTAllUN JIErKOM OCH HaMarHWYMBaHUS.

Puc.2.7.5. Tpu skcnepuMeHTaNbHbIE
KOH(UTypallMy, HCIOJIb30BAHHBIC B
0030pe [28]. OpueHTalus BHEUIHETO
MOCTOSIHHOTO MarHuTHOTOo mosiss H,
TaHHas yriaamMd Oy U Qn, MOXET
HETPEPHIBHO MEHSTHCS B IUIOCKOCTH

Gaeometry 1 Geometry 2 Gaometry 3

[T10]

(11 O) (nnm B mnockoctu (110) koraa
Hanpasinenne [110] BepTHUKaIBHO)
(reomerpus 1,  @u=%45°); B
wiockoctu  (010) (reomerpus 2,
onu=0°) wm B miockoctu (00L)
(reomerpus 3, on=90°).
P =45" CooTBeTcTBYIOLINE PaBHOBECHBIE
OpPHEHTAllMM HaMarHu4eHHOCTH M
nanbl yriaamu 0 u ¢. 13 0630pa [28].

OtmeruM, uto korma ¢p=0° (reomeTpusi 2), paBHOBECHOE 3HAYCHUE yIiia @ JUIs
HAMarHM4YeHHOCTH TP pPE30HAHCE HE BCerJa pPaBHO @y H3-32 MAJOT0 HO KOHEYHOTO IOJIS
napajuleNbHON IJIOCKOCTH oOpasia aHusorporuu Hpp OpHako, 4TOOBI YMPOCTUTH aHAIU3 IO
ypaBHeHUI0 (2.7.43), MbI B IEPBOM MPUOIMKEHHN OY/IeM UTHOPUPOBATH PA3HUILY MEKAY @ U Qy.
T.x. HrR>> Hy, 3T0 npubnmkeHne BIIOJHE ONMPaBIaHO U IIOJITBEPIKAACTCS NMPOBEAEHHBIM HIDKE

a”anu3oM. Taxke otMetuMm, uro wieHsl 4pM - H,, Beerna BXonasat B BelpakeHust BMecte. 1o aToi
IPUYMHE B BHIYUCICHUAX yI00HO 00beanHUTh 4pM - H,\ B e fuHUYHBIN WwieH, KOTOPBIH MBI OyaeM

obo3Hayath 4pM g . Hakonen, otmerum, uro riaybuHa ckuH-cinos it GapxMMnAS, paBHas

-1 o .
d= 2(nhrrb\NS) ~ 2 MKM BEJIMYHHE MHOTO OOJbIIEH TOJIIKWHBI BCCX HCCICIOBAHHBIX IIJICHOK.

Ot10 no3BoJsieT cuntarh, uTo CBY nosie o1HOPOIHO Ha BCel TOJIITUHE TUIEHKH.

B kauectBe WUIIOCTpallMd MBI Temepb OOCYAMM YIJIOBYIO 3aBHcUMOCT DMP s
npezacTaButesibHoro oopasua GayxMnAs (x=01002) padotsr [39]. Ha puc. 2.7.3.3 u 2.7.34
noka3ansl HaOmronasmmecs OMP cnextpel u no3unuu nmukoB ®MP npu 10 K B kak ¢yHkuuun
OpPHUEHTAIIMN MarHUTHOTO TIOJISI OTHOCUTEIHHO KpUCTAITMUECKUX oceil. Kak mokasano Ha puc.2.7.6,
nuku @MP, 0603HaYeHHBIE CIUTOIIHBIMU KPYXXKaMH, HaOII01aub Ui Bcex opueHranmii. [lo mepe
BpamieHus moyiss H ot mosummu BHe miockoctr ( H || [001], 6=0°) k opueHTanuu B TIOCKOCTH

obpasma (H || [100], 6=90°) mozurus nuka ®MP Hg
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'HF\/_ —— Puc.2.7.6. Cniektpst ®MP st 06pasia Gay-
El - xMnAs ¢ x=0.02 mpu 10 K npu pa3nuqsbIx
g | OpHEHTAlUsIX (y BHemHero moyisi H mexmy
z E 6o nanpasienusmu [100] [001] B miockocTH
5 5 |57 (010) (reomerpus 2, qy MeHsnochk ot 0° 10
EZ T 90° wuepes 10°). CmiomHble KPYXKKH
;g 2P 0003HAYAIOT  MOJIOKEHUE  MAKCUMyMa
£5 noryomenuss  OMP  npum  pasnuuHbIX
E .‘9:' 5 opueHTaluAX. HU3KOMONEBbIE BapUalUK
=} H||[001] curHana mnpu gy <30° mnpouwcxomar oOT

N g=210 n3MeHeHnii CBY marHeToconpoTHBIIEHUS B

3 : P : r L . obpasue. U3 0630pa [28].

do magnetic field (kOe)
otuémTimBo cauraercs oT 1 k 5 k3, 3atem ObIcTpo ciyckaercst k 3.6 kD. YrioBas 3aBUCHMOCTh

ATOTO THKa JUIi JAaHHOW TEOMETpPHH 2, TOJy4YeHHas M3 OSKCIEPUMEHTAIBHBIX MaHHBIX IIOCIE
otnenenus (hoHa rpadUUecKu Moka3aHa Ha puc.2.7.7 Ha npaBoil nojoBuHe. CHIbHAS 3aBUCHMOCTh
cnektpa ®MP oT reomeTpum KpucTajula Ha puc.2.7.7 ycTaHaBIMBaeT OJHO3HAYHYIO POJIb
MarHUTHOM aHU30TPOIHHU B ONIPEJEIIEHNUH TOJIEH, TPU KOTOPBIX UMEET MECTO PE30HAHC.

Ha puc. Puc.2.7.7 umerorcst tpu nanenu (1, 2 u 3) nokaspiBaromre pe3oHaHcHoe moje Hr
Kak (YHKIMIO OpUEHTAlMU TIOJIA, KakJgash TMaHellb COOTBETCTBYET HOMEpPY T€OMETPHH,
onpenenénHoi B popmynax (2.7.44)-(2.7.46). Kak nmokazano Ha naHenu (1), yriioBas 3aBUCHMOCTD
Hg 115 reomerpun 1 onpenensiercs B OCHOBHOM YETBIPEXKPATHOM CUMMETpUEN MPOUCXOAAIIEH OT
BKJIaJla KyOW4eckoW aHu3oTpormuu. Iloxokne CHUMMETpHilHbIE XapaKTEPUCTHKH  TaKkKe
NPUCYTCTBYIOT, XOTsI MEHee SBHO, Ha maHenu (2), COOTBETCTBYIOILICH BTOPOIl BHEIIOCKOCTHOM
koHurypammu (reomerpus 2). HaOmomaemass cummerpus PMP Moxker OBITH OTHeceHa K
KOHKYpEHIIMH MeXAy KyOouueckoir H, u HeakcuanbHol H,. aHmszorponusimu. M3  Ttakoro
noBeieHuss @MP MOXKHO 3aKJIIOUUTh, UTO MPU HU3KUX TEMIEpaTypax B YrJIOoBOM 3aBUCHUMOCTH HRg

JOMHHHUpYET Iose Kyoudeckoil anmsorpormu H, >H,. . B Toxe BpeMs MOXHO 3aMEeTUTh, 4TO

HaWMEHbIIIee PE30HAHCHOE IoJie HaOmronaercs, korja BekTop H JIeXUT B IIIOCKOCTH TUIEHKH M
napauiesnied  Hanpasineruio [100]  (05=90°, ¢=0°). Drto moOKa3bIBaeT, YTO OCH JIErKOTO
HaMarHu4MBaHus Ui naHHOW Mi€Hku Gay.xMNnAS ¢ x=0.02 pacronaraercsi BIOJIb HaNpaBICHUS
[100] mnm [010] npu nanHou Temmepatype. [lanens (3) Ha puc. @.7.3.4, mokaspIBaromias yrioBYO
3aBucuMocTh Hg st H B tutockoctr (001) ocoOeHHO MHTEpEcHA MO ABYM MpPHYUHAM. Bo-NepBhIX,
OHa BBISBJISIET, YTO MAarHUTHAasi aHU30TPOIUS B TUIOCKOCTH, KOTOPYIO MBI OTHOCUM K Mapamerpy
KyOnueckoit anmsotponuu Ky, siBisercsa BechbMa cuibHOW. Ilpuponma Takoro moBeieHHs MOXKET
OBITh OTHECeHa K (hu3nueckoMy pazinndnto Mmexay opuentarusymu [100] u [110] B mmockoctu (001).

Bo-BTOpBIX, 0YEBUIHO, YTO CUMMETPHs MOJ0KEeHHUs NMUKOB PMP He TOYHO 4YeThIpEéXkpaTHas B
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wiockoctu (001), umeercss manoe otiamure Mexay Hg s H Brone nanpaenennit [110] u [110],
KOTOPOE MOXKET OBITh OTHECEHO K MapaMeTpy HeaKCHaIbHOW MarHUTHOM aHu3oTponuu Ky
Tenepsr mMbl ucnonbp3dyeMm ganaeie ®MP Ha puc.2.7.7 4T0OBI NOTYYUTH MOJIE AHU30TPOITUU

crneayromumM oopasom. CHavasia aHaTU3upyeM JaHHble nmaHenu (3) ¢ ypaBHEHHEM

[@ad] [RRL)| [on4] [06] [ood]
T

Puc.2.7.7. Yrnosas 3aBucumMocts nosieii Hr ®MP na
Tpéx nanensx. [Tanens (1) COOTBETCTBYET BHEITHEMY
NOCTOSIHHOMY ~ MarHutTHomy  noiio  H u

HaMarginyeHHocty M B IDIOCKOCTH (110), T.C.
reomerpun 1, j 4=45°, mawenp (2) H u M B
wiockoctu (010), reomerpus 2, j y=0° u nmanens (3)
— reomerpun 3, qy=90°. CrulommHbIE KpUBBIC

Resonancs field (kDe)

COOTBETCTBYIOT TEOPETHYECKOW IMOJATOHKE MO3MIUI
Hr k skcriepuMeHTanbHbBIM JaHHBIM. OTMETHUM, UTO
! HEAKBUBAJICHTHOCTh Hampasicuuit [110] wu [ﬂo]
[110] [100] (1101 [040] [o001) [100] (o]
Magnelic field orientation SICHO BHMIHA Ha ITaHCJIN (3)

(2.7.46) monaras g=2. Oto naér mpubamusuTensHble BenmuuHbl 4nMess , Hgy 1 Haj, KoTOpBIE MBI
UCTIOJb3yeM KaK CTapTOBBIC IMapaMeTphl, YTOObI BBHIBECTH B3BEIICHHYIO MO METOAY HAaUMEHBIINX
KBaJ[paTOB HEJIMHEWHYIO0 MOJTrOHKY 3aBucUMOCTed (2.7.44) u (2.7.45) Kk 3KCIEpUMEHTALHBIM
3aBUCHMOCTSIM Ha maHelsix (1) u (2) Ha puc.2.7.7, Bupupys mapamerpsl 4nMet , Hyn, Hay, Hopu 0.
Hcnonb3ys BeTUUUHBI, TIOTYYSHHBIE B 3TOM IpolLieaype KaKk BXOJHbIC apaMeTphl JJIsl Cleayromen
UTEpaIMi, MBI BO3BpaTuMcsi K JaHHbIM nanened (1) u (2), uroOsr momyuuts 4nMeir , Hay 1t Hyp
UCIIONIB3YsS HOBYIO BEMMUMHY §. MBI IPOM3BOAMM 3Ty IBYXCTYNEHUATYI0 HTEPALUIO TOKa He
JOCTUTHEM BO3MOXXHOW HAmIIydllled MOATOHKH K AKCIIEPUMEHTAIBHBIM YIIIOBBIM 3aBUCHMOCTSM
noka nath napamerpoB 4nMes , Hyo, Hg , Hzp m g He mepecranyr MeHsTbes u OynyT
COTJIACOBBIBATHCSA APYT C IPYTOM.

JInst KOHKpeTHOro ciydas Ha puc. 2.7.3.4 OKOHUaTelbHbIE MSATh MapaMETPOB HMEIOT
cnenyromue BennuuHbel 4nMes = 2083164 O , H,. = 1826178 3, Hy = 1985+71 O, Hy = - 608+80
O u g = 1.87+0.02. MoXHO BHJIETh OTIUYHOE COTJIACHE TOJYYEHHBIX TAKUM CIIOCOOOM YTIIOBBIX
3aBHCUMOCTEH pe3oHaHCHOro moJyii Hg, TMOKa3aHHBIX Ha pHC.2.7.7 CIUIOIIHBIMH KPHBBIMH, C

IKCIIEPUMEHTAIILHBIMU TOYKaMH. 3aMETHM, YTO Ioje KyOumueckod aHuzoTporuu H,. sBisercs
3HA4YUTENbHBIM. JTO MposiBIeHHE H, 1 MOKHO OTHECTH K Majol BEIMYMHE HANpPSDKEHUH CKaThs B

IUIOCKOCTH TUIEHKH BCIICACTBHE Maliol KoHIeHTparuu Mapranna (x=0.02) B KoHKpeTHOM
oOcyxnaemoM oOpasie. CienyeT OTMETUTh, YTO MOJy4eHHbIH 3(dexTuBHbIN ¢- hakTop MeHbIe

— 2+
TAaKOBOro =2 Ui cBOOOAHOrO MOHa Mapranma Mn®. DTo MoxkeT OBITh CBSI3aHO C BKIJIAJIOM
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MAarHUTHOTO MOMEHTA CBSA3aHHOM JIBIPKU B KOJUIEKTUBHYIO Ipeneccuto @®MP criapeHHON cucTeMbl
Mn®*/xpipKa.

Urak, nanasie ®MP s npencrasiennoit Ha puc.2.7.7 mnénku GapxMnAs ¢ x=0.02 u ux
aHaliM3 WUIIOCTPUPYIOT BAXKHOCTH TMOJIEM MAarHUTHOM aHU30TPONMM KaK HEAKCUAIIBHOW, TaK WU
KyOW4ecKkoil. YMEHBIIEHHE KOJJIGKTMBHOTO (- (QakTopa, MOJY4eHHOTO B aHalu3e, TaKKe
HILTIOCTPUPYET TOT (KT, YTO JOKATH30BaHHBIE HOHBI MM’ 1 CBOGOIHBIC IBIPKH OGBEIMHEHO
COCTaBJISIIOT CHAPEHHYI0 CUCTEMY NPELUECCUPYIOT BMECTe B YHUCOH Ha yactore ®MP, xoropas
OTJTMYAETCS OT YACTOTHI TAPMOPOBCKOIA Tperieccu nonos Mn?".

[TpuBenéunplil 3nech yactnyHo aHanu3 cnektpoB @MP mnénox GayxMnAs ¢ x=0.02 u3
0030pa [28] 3ameuaresbHO WIUTIOCTPUPYET, B KAKOM HAMPABICHUU M KaKUMHU CPEJICTBAMH CIICAYET
MOJIb30BAThCA B TIOJYYEHUHU JAHHBIX O (heppOMarHeTHKe W3 pe3yabTaToB dKcnepuMeHTa. OmHaKo
CIIEIyeT OTMETHTH, YTO HE BCE B IPOBEAEHHOM PACCMOTPEHUH Oe3ynpeuHo. [lonmyueHHas BenmuunHa

daMes = 4pM - H,n= 2083 3, dYro COOTBETCTBYeT HAaMarHMYCHHOCTH HachlmeHus Ms,

MpeBhIIIAONIe BeTMUrHy ~ 166 D, KoTopas CIMIIKOM Benuka Jutst noiau mapranna X=0.02, naxe

€CIIA CUWTATh, YTO KAXKABIM MOH MN2+ nmmeer MakCUMAIBLHO BO3MOXHBIM cniuH S=5/2. CormacHo

onpenenennio Ms=g g S Nmnz+, KoHIIeHTpatus noHoB Maprania Nyna+ ipu Ms=166 3 nonyuaercs
. 102 -3

paBHoit 3.7°1 cM°. YuuThiBas, YTO B apCEHUJ]C TaJUIMs KOHIIEHTpAIMsS aTOMOB TaJlUTUs

cocrapnger 2.21:10% cm™

, momydaem 3HadeHue X=0.16, 4TO MOYTH Ha MOPSAJOK IMPEBHIIIAET
3asBIICHHYIO 110 JaHHBIM He3aBUCHMBIX M3MepeHuil BenumunHy X=0.02. IlpeBbimenue Oyner emé
OoJbIIIe, €CNIM y4eCTh BKJIAQJ OO0CYXKJaeMOW B 0030pe JOKATM30BAHHOW OKOJIO HMOHA Maprasia
JBIPKH, KOTOpasi, BEPOSITHO, OyAeT yMeHbIIaTh OOMmMi cnuH. Majo BEpOsITHO, YTO 3TO CBSI3aHO C

OombIION BENMYMHON oTpHuarenbHoro mapamerpa H,. =K, / M c Oonpmoii orpurareiasHOM
HeakcualpHOU aHm3orponueil pactsokeHus Ko, miéku GaxMnAS. K coxanenuto, BelndnHa

K,. He Obula HU oOmpeneleHa, HU OICHEHAa. BeposTHO, Hamo ¢ Oonbliel OCTOPOKHOCTBHIO

MNOAXOJUTH K aHAJIN3Y IMOJIOKCHHUA IMUKa PE30HAHCHOI'O IMOTJIOMICHUS JJIS ITUPOKUX JIMHUM CIIOKHOM

¢dbopmel Ha puc.2.7.6.
2.7.4 lInpuna aununiit ®MP u perakcanusi HAMArHHYEHHOCTH

B oOmem crmyyae B mmpuny iguaun ®MP, kak u B cnekrpax DIIP, mpuBHOCAT BKiIaj
MEXaHHU3MBbl KaK OJHOPOJHOIO, TaK M HEOJHOPOAHOro ymupeHus. OIHOPOAHOE YIIUpPEHUE
00yCJIOBIICHO peNlaKCallHOHHBIM IPOIECCOM 3aTyXaHWsl TMPEHeCCUH CIHHA, HEKUM BSI3KUM
nporieccoMm TpeHus B (heppomarneruke. [Ipu stom, B otimuue ot DIIP, coorBercTByromas OMP

OoJHOpOoJHad MOAa MPEHECCUH CIMHOB pacnagacTCsa Ha OTACIBbHBIC CIIMHOBBIC BOJIHEI. HpI/I‘-II/IH
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HEO/JHOPOJHOTO YIIMPEHUS MOXKeT ObITh Ooubmiee, yeM B OIIP MHOXkecTBO. B ciiaOpix momsx
HEOJTHOPOJHOCTh MOXET OBITh CBs3aHa C JAedeKkTaMd MOHOKPHUCTAUTMYECKUX OO0pasioB, ¢
JOMEHHOH CTPYKTypo#l (QeppomMarHeTnka, ¢ TOPHUCTOCTBIO 00pa3loB, C HEOIHOPOIHBIM
pacripesielieHHeM MarHUTHBIX HOHOB B pa30aBlIeHHBIX (eppoMarHeTHkax, C BKIIOUYCHHSIMH
HEMarHuTHHIX (pa3. B MOJIAX TpEeBBIIAIOMINX KOAIPIHUTUBHYIO CHIY (eppoMarHeTuka TIIaBHON
NPUYMHON HEOJAHOPOJHOTO YIIUPEHUS SBISIOTCS XapakTepHbIe sl (heppoMarHeTHKa CHIIbHBIC
pasMarHWYMBAIONINE TOJS aHU30Tponuu (Gopmbl. AHamu3 ¢opmbl cnektpa PMP  sBusercs
3HAYUTENBHO OoJiee CiIoXKHOM 3amadeit, yeM B OIIP. OcHOBOIl I TAakKoro aHaanu3a sBIISIETCS
uHpopmanus o0 cBoOomHOW »HHeprun F deppomarHeTnka u ypaBHEHHE JBW)KCHHUS JUIS
HAMarHWYeHHOCTH, Hanpumep, ypaBHenue Jlannmay-Jludmmna-I'unsoepra (2.7.41). MoxHo
nokaszate (cM. cratbio Ckpoukoro u KypbaroBa B kHure [6], 4To Hpu HE CIMIIKOM CHIBHOM
3aTyXaHUHM TIPEIleCCMM HAMarHUYEeHHOCTH pe3oHaHcHas dvactota OMP, Bmecto (2.7.12)

MNpeaACTaBIACTCA B BUAC

/2 dira?f?iF P g2
WO:g(1+a2)1 Het = Ly (2.7.47)
Mssing 199”75 © o
a mmpuHa muan ®MP onpenensercs: hopmymnoit
DW= agIﬂZFJZF(Sian )-11'; 27.48)
1 Va2 T g 2 , A
Ms T ﬂqz 1-“ 2 0 %

rJIe ITapaMeTp o YYUTHIBACT 3aTyXaHHEe MPEIeCCUH HaMarHUUeHHOCTH. B ciyuae Manoro 3aTyxaHus
MUMEET MECTO He3HAYUTEIIbHBIN CIIBUT PE30OHAHCHOM YaCTOTHI.

Ucxons u3 obmieir hopmyinsl (2.7.48) MOKHO TMOKa3aTh, 4TO Kak s u3oTporHoro (0Oe3
yuéTa KPUCTAJUTUYECKOW aHW30TPOIUM) SJUTUIICOUAA AaHU3OTPOIUS IMPHHBI JIMHUHM TOTJIONICHUS
oTCyTCTBYET. [IJis 37utuIiconia OKa3pIBaeTCsl, YTO

DH =2aH . (2.7.49)
B gactaom ciryqae chepst (Nx=Ny=N,=4n/3) u 6e3rpannunoii cpeasr (Nx=N,=N,=0)
2
DH=2aH, = E : (2.7.50)
rne Hp — HanmpsHkKEHHOCTh BHENIHETO0 MAarHUTHOTO IOJIsi, T — IMOCTOSIHHAs BPEMEHH 3aTyXaHWs
NpeIecCur HAMarHMYeHHOCTH.
[TockosbKy 3¢ ¢GEeKTHBHOE BHYTpPEHHEE I10JIe B MOHOKPUCTALUIMUECKHX O0pasnax B

COCTOSAAHUM pPaBHOBECHA, BOO6HI€ roBOps, HEC COBIIAAACT IO HAIIPABJICHUIO C BHCIIHHUM IIOJIEM, TO B
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HUX MOXET UMETh MECTO 3aBUCHMOCTbH LIMPHHBI JIMHUH TIOTJIOIICHHS OT OPUCHTAIMU BHEIIHETO
HOJIsl TI0 OTHOUICHWIO K KpucTaiuiorpaduyeckum ocsm. Ecnm BHemnee mosie Ho mocrarouHo
BEJIMKO, TO KaK yKa3plBaioch B maparpade 2.7.2, mis wHanpasiaenui [111], [011], [100],
npuHapiexaux mwiockoctu (011), B cocrosinum paBHoBecuss M napamiensho Ho (nim Bg). B atom

ciyuyae u3 (2.7.48) u (2.7.28) MOKHO HAlTH SIBHbIC BHIPKEHUS JJIS ITUPUHBI JIMHUH TTOTJIOIICHUS:

st ocu [100]
DH = 2aH g (Lm|hy|), (2.7.51)

st ocu [011]

DH = 2aH, & 1|h, |2 (2.7.52)
e 2 g
u uis ocu [111]
DH = 2aH o, &m S| 2. (2.7.53)
e 4 7o

3neck |hy| =|Ky|/M¢Hg, a Hg- 3HaueHHe pesoHAHCHOro MOIsS I COOTBETCTBYIOLIEH OCH,

BepxHHue 3Haku ciuenyer Oparb s Ki<O, mmwkame — mis Ki>0. Tlomydennsie ¢GopMysbl
Ka4eCTBEHHO IepelaloT HaOII0JaeMyI0 3aBUCUMOCTh IIMPUHBI JIMHUH TIOTJIOLICHUS OT OPUEHTAIUN
BHerrHero mouisi B tiockoctu (011), manmpumep, ajist UTTpHeBOro Qeppura-rpanara Ha puc.2.7.8.

Bbruncienus mokaspIBalOT, YTO IMapaMeTp 3aTyXaHHs SBIseTCS yObIBaromed (yHKIMeH BHEIIHETo

OJISI.
T
- fi ) 3ﬁ:"‘e\ ﬂ » Puc.2.7.8. VYT10BBIE BapUaluu
i R N 7 N4 = pe3oHaHcHOro moJisi (KpuBasi 1) ¥ IIMPUHBI
‘Y\ [ fi\ _ AuMHUU  norjomeHus  (kpuBas  2) B
i . ¥ IIOCKOCTH (011) MOHOKpHCTAIIA
| } ) uTTpueBoro ¢eppura-rpanara Y sFesOr npu
00— ———f—— 55 .
5 | KOMHaTHOW Temmneparype [6]. VYrom 6
& ~ OTCUMTHIBAETCS  OT  OCH  TPYIHOTO
+ i i{ = HaMarHUYMBAHMSL.
3360 fﬂx 52
TR
A% T
| 50

S @ w w0 200 A0

&,epad
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[Mpu ananmuse ymmpenus suauii ®MP B 0030pe [28] cumranock, YTO IIUPUHA JIMHUU
PE30HAHCHOTO TIOTJIONIEHHS, OTpenenseMas Kak HHTEpPBaJl MAarHUTHOTO TIOJII MEXIY NHUKaMU

IepBOM IMPOU3BOJHON crekTpa noryomenus DH , paBHa cymme BKIaJ0B OT HEOAHOPOJHOTO

pp’

DH u oxHopoaHoro DH MEXaHU3MOB YIIMPEHUS

iafai ofHop

2 G
wini T DHoguop = DHpgr + ﬁgz—MW’

r7ie cjaraeMoe OJHOPOJHOTO YIIMPEHHs TPEACTaBICHO C IMOCTOSHHOM 3aryxaHus [ unbbepra B

DH,, = DH (2.7.54)

ypaBuenun (2.7.41). Ha camoM jene 3TO TMpeNCTaBICHHWE B BHIC CYMMBI BKJIAJIOB

DH + DH HE KOPPEKTHO, TaK KaK pEe3yJbTUPYIOUIUN CIIEKTP OIPENEIAETCS CBEPTKOM

iafai ofHop

KPUBBIX TIOTJIOIIEHUS, KaXJas M3 KOTOPHIX OTHOCHTCS K KakoMy JMOO OJHOMY MEXaHH3MY
ymupeHus. M aHanM3 MEXaHHW3MOB YIIMPEHHs B TaKOM NPUOIMKEHUH SBISETCS CKOpee
OpPUEHTUPOBOYHBIM. [leno ocnoxHseTcs TeM, uto B omiinuue ot IIIP cniekrpet ®MP penko ynaércs
MPEJCTaBUTh B BHUJE CYMEPIO3UIIUU JHHUN JIOPEHIIEBOH (DOPMBI A1 OJHOPOJHOTO YIIHPEHHS U
rayccoBoil (opMbl — I HEOJHOPOIHOTO YIIMPEHHUS HM3-3a TOrO, YTO YacTO IIMPHHA JIUHHUNA
MOTJIONIEHUS] CPaBHUMA C BEJIMYMHOW PE30OHAHCHOTO TOJs Kak Ha puc.2.7.6. Ilpu sTOoM nuHHMH

MOrJIOCHUA ABJIAOTCA CYIICCTBECHHO ACUMMCTPUYHBIMH OTHOCHUTCIBHO PE30HAHCHOTO IIOJIA Ho

(nnm By).

2.7.5 Bausinue 10MeHHOi cTPYKTYpbl Ha ®MP

Jlo cux mop Mbl paccmarpuBanu PMP B oqHOMOMEHHBIX OOpasmax. Takas cUTyanus
OOBIYHO peaNn3yeTcs JaXe B HCXOMHBIX (B OTCYTCTBHE BHEIIHETO TIOJI1) MHOTOJOMEHHBIX
oOpa3iax GpeppoMarHeTHKOB. DT0 00YCIOBIEHO TeM, uTo u3MepeHus ®MP 00BIYHO MPOU3BOIATCS
Ha BBICOKHMX YacTOTaX, NPU KOTOPBIX pe3oHaHCHOe noromenne CBY — MomHOCTH IPOUCXOUT B
CHJIBHBIX BHEIIHUX IOJISAX, KOrja (peppoMarHeTUK CTAaHOBHTCS OJHOJIOMEHHBIM. B cialbIx moJsix
MHOTOJIOMEHHAsI CTPYKTypa COOTBETCTBYET Oojiee HHM3KOW CBOOOIHON »HEepruu. B stom ciydae
HEOOXOMMO TPUHUMATh BO BHUMAaHWE HAJIMYUE MEPEXOJHBIX o0iacTeidl MeXAy IOMEHaMH —
CTEHOK bioxa KOHEYHOHl TOJIIMHBI, B KOTOPBIX HANpaBICHHE BEKTOpa CaMOIPOU3BOJIBHON
HAMarHUYeHHOCTH MEHSETCS HENpephIBHBIM 00pa3oM. B MarHMTHBIX TMOJSIX, TPU KOTOPBIX
COXpaHseTCs JOMEHHasl CTPYKTYpa, BO3MOJXKHBI /IBa BHJA INPOSIBICHUS TOMEHHOM CTPYKTYphl B
MAarHUTHBIX pe30oHaHcax. Bo-nepBsIx, 310 npossisgercss B @MP B ¢Bs3M ¢ pa3iIuyHBIMU YCIOBUIMHU
PE30HAHCHOTO TIOTJIONICHHSI B IOMEHAX C Pa3HOW OpUEHTAlMel BEKTOpa HaMarHuueHHocTH [6]. Bo-
BTOPBIX, BO3MOKHbBI PE30HAHC U pejlakcalusl JOMEHHBIX IPaHMI], CBSA3aHHbIEC C HAJIMUYHUEM YIPYTHX

CHUll HpOTHBOHefICTBYIOIHHX CMCHICHUIO I'paHUIBI 1O HGfICTBI/IGM BHCIOHETO IMOJIA U CHITI TPCHUA
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IPU CMEUICHUH 3THX rpaHull [ 7]. Pe30HaHC TOMEHHBIX TPaHUI] HAOIIOIACTCS TIPU CPABHUTEIILHO HE
BHICOKHX wactoTax mopsyka 10% Iy m s;ech MBI ero He OyeM paccMaTpiBaTh, OTCHLIas 3a
neransmu K kuure [7]. Kparko paccmorpum ocobeHHoctn PMP mpu Hamuuuu JOMEHHOM
CTPYKTYPHI.

TouHoe pemieHue 3aaun O CBA3aHHBIX MaJbIX KOJICOAHUSX HAMArHUUYEHHOCTH JIBYX TPYII
JOMEHOB OBLIO TpPOBENEHO ApTMaHoM [uisi cdepuueckux ¢epputoBbix [40] w  1UIOCKHX
MeTaunyeckux ooOpasioB [41].Meton pacuéra Bceleno aHAJIOTHYEH TOMY, YTO ObUI M3JI0XKCH B
pazmene 2.7.1 ¢ TOW AW pa3HUIEH, YTO TOMHMO YIEHOB, MPEICTABISIOMINX
MarHUTOCTATHUYECKYI0 DSHEPrHI0, JHEPTrUI0 aHU30TPONMHHM M DHEPTrui0 pa3MarHU4YMBAaHUS JUIS
CpeaHell HaMarHMYeHHOCTH Ha MOBEPXHOCTH 00pasiia, B BBIPAXKEHHE ISl IUIOTHOCTH CBOOOTHOMN
SHEPTUU BKIIIOYAIOTCS WICHBI, XapaKTEPU3YIOIIME SHEPTUI0 pa3MarHUYMBAaHHSA, OOYCIOBIICHHYIO
HAJIMYHEM TOJIFOCOB Ha TPAHUIAX JTOMEHOB.

Anamu3 pemennit [40,41] mokaspIBaeT, YTo €CIIM BHEIIHee ToJie mapauiensHo ocu [011], a

HEpPEMEHHOE M0JIe h(t)" H,, T.e. mapamienpHO rpaHMIaM, TO IPH BO3pacTaHuu mois Ho moryr

MOCIIeIOBATEIbHO HAOMIOAAThCs 1Ba MuKa noriomenus it Ki<O u Tpu muKa MOTJIOIMEeHHs s
K1>0. B 060ux ciiy4asx MUK MOTJIOMIEHHS, COOTBETCTBYIONIUI HANOOIBIIEMY TIOJIIO, IPEICTABISET
co0Ol OOBIUHBIA PE30HAHCHBIM MK, XapaKTEePHbIM s OJHOJOMEHHON CTpyKTyphl. I[lpm
NEPNEeHIUKYIIPHON OpHUEHTAllMU IEPEMEHHOIO MOJs 10 OTHOLIEHUIO K TrpaHulaM, T.€ IpH

h(t)||H,, ¢ Bo3pacranuemM mojig MOTYyT HAOIIOAATHCA OMAUH 3a OJHHUM JBa PE30HAHCHBLIX IHKA,
0

00yCIIOBJICHHBIE MHOTOJOMEHHOUW CTPYKTypoil. Eciin BHemIHee mojie mapajuielbHO OCH JIETKOTO
HaMarHWYMBaHUS M €CJIH YaCTOTa TIEPEMEHHOTO TOJISI BEJIMKA, TO MOKET HAOIIOIaThCS U OJUH
MUK PE30HAHCHOTO MOTJIOLIEHUSI.

JUis  KpHCTaNIOB ¢ KYOMYECKOW MAarHUTHOW CHMMETpPUEH JOTIONTHUTEIbHBIC ITHKHU

MOTJIOMIEHUST  OBUIM  DKCIIEPUMEHTAIILHO  OOHAPYXKEHBI  IpH h(t)" Hy,B auckooOpa3HBIX

MOHOKPUCTAUTMYECKMX O00pa3max kejie3a W HUKENs, a Takke B cdepuueckux obpasiax
MapraHIeBbIX, KOOAJbTOBBIX M HHKEJIEBBIX (EPpUTOB U HTTepOMEeBOro (eppur-rpaHara (cm.
cceutku B crathe [.B.Ckpotukoro u JI. B. Kypbarosa B [6]). B mosHOM cornacum ¢ BBIBOJIaMHU
TEOPHH KCIEPUMEHTAILHO HAOIIOaeMbIe MUKH MOTJIONMICHUS, 00YCIOBICHHBIE MHOTOJIOMEHHOM
CTPYKTYpO# 00pasiia MMEIOT MEHBIIYI0 BBICOTY W HAONIOMAIOTCS TpH Oojiee CIadbIX IMOJSIX, YeM

OCHOBHOH p€3OHaHCHBIfI 11K, HOHBHHMMHﬁCH JIMIIb B YCJIOBUAX HACBINICHHUA HAMArHUYCHHOCTH.
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2.8 ®MP B peppuMarseTukax uiu (peppuMarHMTHhINH pe3o0HaHC

OCoOeHHOCTH MarHMTHOTO pe30HaHca B (eppUMarHeTHKax W aHTH(EeppOMarHeTHKax
oOyCJIOBIICHBI ~ CYIIECTBOBAaHMEM JIBYX M 0OoJiee THUNOB MAarHuTHBIX mojapemérok. K
(beppuMarHeTukaM OTHOCHTCS OOIIMPHBIN KJIacC Tak Ha3bIBAEMBIX (PEPPUTOB, MPEICTABIISIONINX
COOOW CIIOKHBIE OKCHJbI HEMEPEeXOIHBIX, TEePEXOJHBIX M PEAKO3EMEIbHBIX JIIEMEHTOB.
[TpakTuyeckuii HHTEpEC K (peppuTaM CBSA3aH C COYETAHHEM Y HUX CIIa0O0N 3JIEKTPOIPOBOIHOCTH H,
CJIEZIOBATENILHO, MAJIBIX MIOTEPh Ha BUXPEBbIE TOKHU, C TAKOTO e TOPsIKa KaK y (heppOMarHeTHKOB
HaMarHU4eHHOCThI0. OTMETHM, YTO K (eppuMarHeTHKaM MOXKHO OTHECTH M pa30aBJICHHBIC
MarHWTHBIE TIOJYNIPOBOJHHUKH, B KOTOPBIX HWMEIOTCS JBE€ MArHUTHBIE TIIOJICUCTEMBI C
OTPHILIATENILHBIM OOMEHHBIM B3aWMOJICHCTBUEM MEXIYy HUMH — MOJICUCTEMA CITUH-TIOJIIPU30BAHBIX
HOCHUTEJIEH TOKAa W TOJCHCTEMa MAarHUTHBIX HMOHOB, ()epPOMArHUTHOE YHOPSAOYEHHE KOTOPBIX
obecrieunBaeTcs 3a c4€T 0OMeHa Yepe3 ITH HOCUTeNu Toka [6]. B ciyyae ¢peppumarneTnka nMeercs
00JIBIII0E CXOJICTBO B MarHUTHOM pe3oHaHce ¢ ®MP B deppomarnernkax. B oOmem cinydae, kak u
B OMP nns deppomarHeTrika, B MarHUTHOM pe30HAaHCE (eppUMarHeTHKa CJeIyeT YYUTHIBATb
pa3MarHU4MBAIOIINAE TIOJIsA, 3aBHCANME OT (OPMBI 00pasma, T. K. COOCTBEHHOE IIOJIE TaKOTO
MaTepuaia TakKe MOKET ObITh CPABHUMBIM C BHEIIHUM moJieM. Ciemys [7], paccMOTpUM citydait
beppuMarHeTuka ¢ JIByMs TMOJPEHIETKAMH KaK CXeMaTHYHO MoKa3aHo Ha puc. 2.2.1(B). Dt0
CTIpaBeIMBO, KaK TPABHIIO, s moieit o ~10° D, Jlns AByXIoapemsTodHoro heppuMarHeTHKa
npu yué€re OOMEHHOTO B3aUMOJICWCTBUS M BHEIIHETO MAarHUTHOTO TOJSI CBOOOIHYIO HEPTHUIO

MOKHO IMPEACTABUTL B BU/IC

F=-H(M, +M,)+J,M,M, +J,;M? +J,,M 2, (2.8.1)
rae Mi — HamarHuueHHOCTH 1o IpemméToK, Jj<O0 — mapameTpsl 0OMEHHOTO B3aUMOJICHCTBUS MEXKIY U
BHYTpH moapeméTok. BBoms yrmer 61 w02 Mexay BHEIMIHMM TIOJIEM H  HallpaBleHHEM
HAMarHMYEHHOCTH MOJPEIIETOK U MUHUMK3UPYA (2.8.1) mo yriiam, MOJKHO MOKa3aTh, YTO B CIa0BIX
MOJISIX YCTOMYMBOM SIBJISIETCSl KOJUIMHEApHas aHTUIIApaJlIeIbHas CTPYKTYpa, B MHTEPBAJE MOJIEH

Hi =3 (My - M) EHEHE =0,(M; +M,) (28.2)
BO3HUKACT HEKOJUTMHEApHask CTPYKTypa. B 0osiee CHUITBHBIX MOJISX BHOBH 00pa3yeTcsl KOJUTMHeapHas
CTPYKTypa, HO C TapajuleIbHOM OpUEHTalMENd CHUHOB. byneM moJjiaratb, 4TO BHEIIHEE MOJIE
OTHOCUTCIIbHO MaJio, LITO6I)I HOZ[peIHéTKI/I HaxXOJWJIMCh B aHTUITAPAJIJICIIbHOM COCTOSHHU. He 6YZ[€M
YUUTBIBATH SHEPTUIO KPUCTAIOrPahUIeCcKON aHU30TPOIMU U SHEPTHIO pa3MarHUYMBAIOIIUX TOJIEH
(sHepruro dopmel obpasiia). Toraa 3hdhekTHBHOE MAarHUTHOE TI0JIE, ICHCTBYIOIIEE HA MOAPCIIETKH

1 u 2, MO>HO 3amKcaTh B BUIE

H;é :H+J12M2, Hyga :H+J21M1- (283)
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[Tpu npenebpexenuu 3aryxanueM ypaBHeHus Jlangay-Jludmunna npuHIMaoT BUA

dl(\j/'ltlz'gl[MliHly'a]’ dl(\j/![zz'gz[MZ’Hygé]' (284)

BBeném o0o3nauenus Jo=J1=-A (A>0), xommoHeHThl mepeMeHHOro moust hy=hyoexp(iot)

hy=hyeexp(iot), H=Ho. Cunraem nepemennoe mnoine crnabeim |hyo| , |hyo|<<Ho. Benmencreue sroro
M1~M10, M2~M2o; [M1x|, M1y, [M2y|, [M2y|<< M10, M20. Kak 1 B paznene (2.5), atu mpubmmxeHus
MO3BOJISIOT JINHEAPH30BaTh ypaBHEeHUs ABIKeHUs (2.8.4), ocTaBIIsAs I TUHEHHBIC ClIaraeMbIe TI0
MaJbIM KOMIIOHEHTaM T[€PEeMEHHOTO MArHUTHOTO TOJsi M TOMEPEUYHBIM  KOMIIOHEHTaM
HaMarHW4eHHOCTH. [lomyunM deTsipe ypaBHEHUsI OTHOCUTENBHO Mix, M1y, Moy u May. Y106HO

HepeﬁTH K DUPKYIIAPHBIM IIEPEMCHHBIM JIA IIOJIA 1 HAMAarHM4€HHOCTH
— H + + _
he =hy ihy, 1f =l 2y, 15 =1y 21y, (2.85)

T'JIe TUTIOC COOTBETCTBYET MPABOI KPyroBoil MOJSIPU3aIK, MUHYC — JIEBOH. B pe3ynbrare momydaem
ypaBHEHUS BHJA
[w- gy(Ho +1 My )M - gl MygM3 =- g, Myoh,, (2.8.6)
Ool MM - [£w- g, (Ho +1 Myg)M3 =g,Mh, . B
JInst onpeneneHusi COOCTBEHHBIX YaCTOT HEOOXOIMMO HAaWTH HeTpuBHalbHOE perieHue (2.8.6) B

OTCYTCTBHUEC BHCUIHCTO BO36Y)KZ[€HI/I$I, T.C. IPU HYJICBBIX IIPAaBBIX YaCTAX. HpI/IpaBHSIB HYJIIO

orpenenuTeb ieBoi yactu (2.8.6) Haxo1uM cOOCTBEHHBIE YaCTOTHI

WS iWo[I (gleo - gM 20)' (91 +92)Ho]' 9192[' (Mlo - Mzo)' |"o]Ho- (2.8.7)
PaCCMOTpI/IM peHIeHI/Ie ypaBHeHI/ISI IJIsI HE CIIMIIKOM CHJIBHBIX HOHCI\/JI, HpI/I KOTOpI)IX HC

HapylIaeTcss B3aMMOACHCTBHE Mexay noapemérkamu, T. e. Hy <<|I M,;,l M,,. C TouHOCTBIO

YJICHOB, JIMHEWMHBIX OTHOCHUTEIIBHO Ho noJjyry4yacm

Wy = dysHo . (2.8.8)
rie
+ M- M
5 M0 M 155 (&89
3pPEeKTHBHBIHN Y-(haKTOp U
Wo =We - GyHo, (2.8.10)
rie
We =1 (g;M10 - GM 5), (2.8.11)

- - gngo - 912M20 .
9:M o - 1M 5

(2.8.12)

)
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[TpaBononsipuzoBaHHbIE KOJEOAHHsI TPH MaJbIX IOJIIX HMMEIOT COOCTBEHHYIO YacToOTYy,
BBIpaXKEHUE NI KOTOpOoM coBnagaer ¢ yacroroi ®MP ¢ 3ameHol mapamerpagHa mapamerp g;fé.

Ota yactoTa 00b1uHO HaxoauTcs B CBY nnamazone [uimH BoJH. JIeBOMOJISIpU30BaHHbBIE KOJICOaHMs
— 3TO MNPHHIUIHAIGHO HOBBIA THI KOJICOAHW, COOTBETCTBYIOIIUX OOMEHHOMY pE30HAHCY,
COOCTBEHHAsi 4acTOTa KOTOPOTO OMNpeessieTcsi OOMEHHBIM B3aMMOJICHCTBUEM U JICKHT JIAJICKO B
uH(ppakpacHoit obnactu criekTpa. [loacTaBisis BRIpaKeHUs Ui COOCTBEHHBIX YaCTOT B YPaBHEHHUSI
(2.8.6) u mpeneOperas wieHaMH COJCPXKAIIMMHU BHEIIHEE I0JIC 1O CPABHEHHIO C OOMEHHBIMU

BKJIaJaMH, MOXXHO  TIOJNY9UThb JUIS  HIPBOIOJSPH30BAHHBIX  KOJNEOAaHHH  COOTHOLICHHE
+ + _ o - -
M; /M3 =-M,,/M,, nu ana neBonoxsapu3oBaHHbIX Konebanuit M; / M, =-g,/0,. Ilepsoe

COOTHOILIEHHE 03HAYAET, YTO B TEYECHUE BCETO MEpPHO/a KojeOaHnii HaMarHHYeHHOCTH TOIPEIIETKN
aHTHUIIAPAJUICNIbHBI, @ BTOPOE MOKA3bIBAET, YTO I OOMEHHOTO PEe30HAaHCa XapaKTepHO HapylIeHHe

a"THUnapamiensHoctn noapemérok 1 m 2. Tloppemérka 1 mperneccupyer B OOMEHHOM IoJie
noJpemeTky 2 U HaooopoT. Ilo 7Toi NpHuKMHE YacToTa W, opeieseT 0OMEHHOE MoJIe.

[MoBenenue ¢eppomarautHoii Monbl (2.8.8) mmeer B (eppuMarHeTHkax 0COOESHHOCTH,
CBSI3aHHBIE C pa3HbIM HW3MEHEHHEM CpeJHeH HaMarHW4eHHOCTH TOJPEHIETOK C POCTOM
temnepatypsl. [Ipu remnepatype Tey, pu koTopoit M10=M 2o 3 dexTuBHBIN Y-pakTop obpamaeTcs
B HYJIb, U PE30HAHCHAs YacTOTa B JaHHOM ToJje coriacHo (2.8.8) crpemurcs k Hymo. Bo3moxkHa
TaKKe KOMIICHCAIM MEXaHWYECKHX MOMEHTOB, TEMIIeparypa KOTOPOU Tg MOXKET OTINYAThCS OT
T B TOUKE KOMIIEHCAIMHA MEXaHUYECKUX MOMEHTOB OOparaercs B 0eCKOHEUHOCTh () (HeKTUBHBIN
g — daxTop W TPUHATOE HAMH TNPHUOIIKEHHE MepecTaéT OBITh CHpPaBEIJIUBBIM. YKa3aHHBIC
0COOEHHOCTH TP TOX0/1e K TOUYKaM KoMneHcaun Tey 1 Tg HAOMIOJANCH SKCTIEPUMEHTAIBHO TI0
U3MEHECHUIO PE30HAHCHOW 4YacTOThl (eppoMarHuTHoit Monsl [42]. Tlonmkenne oE mpu
NpUOIMKEHUN K MAarHUTHON TOYKE KOMIleHCAuu T, MCHOIB30BAIOCH SKCIEPUMEHTATOPAMH IS
MEePEMEIIEHUsT YaCTOTHl OOMEHHOTO pe30HaHca W3 JNanékoi mHppakpacHOW obmacth B o0macTh
CBU.

Pemenne cuctembr (2.8.6) ¢ yu€TOM BHEIIHEro MEPEMEHHOTO TOJISI MO3BOJSCT HAWTH

BOCIPUMMYHUBOCTH (peppUMarHeTuka

(M- M
ot = gyo( jo 2) | (28.13)
WO = W

2
- M oM
c = (91 - 95)*M M 5 _ (2.8.14)
(We - W)(9:M10 - G:M )
dopmyna (2.8.13) wummeer Takoil ke BUA, UYTO W aHAJIOTWYHAs Qopmyna JuIs

BOCIPUMMYUBOCTU (eppomarHeTuka € =gM, /(W0 - W). Beipaxxenune (2.8.14) mokasbiBaeT, 4TO
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OOMEHHBI PE30HAHC MOXHO BO30YAHTH TOJBKO B TaKOM (QeppUMarHeTuke, y KOTOpPOro g —

(akTOPBI HOHOB TOIPEMIETOK CHIILHO PA3TUYAIOTCA.

2.9 AutudeppoMarHuTHbIN pe3oHaHC

B o0miem cinyyae MarHUTHBIA pe3oHaHC B aHTH(eppomarHeTuke nin ADP nposBisercs B
IIMPOKOM pa3zHOOOpa3uM THUMOB KOJEOaHUH, MOAbI KOTOPHIX CHJIBHO 3aBUCIT KaK OT KOJIMYECTBA
MarHUTHBIX TMOJPEMIETOK, TaK U OT SHEPTUM aHU30Tponuu. Ho B oTimunu oT GpeppoMarHeTuKoB U
(beppuMarHeTHKOB COOCTBEHHOE T0Jie aHTU(EeppOMarHeTuka sisiercs cnadbim. Eciu He Tpedyercst
CIIMIIKOM OoJbIIasi TOYHOCTh, KaK M B Cllydae NapaMarHeTHKa, HeT HaJ0OHOCTH YUUTHIBATH
coOcTBeHHOE ToJie 00pasna. PaccMoTpum nmpocTedmii JBYXIoApemETOYHBIN aHTH(EepPOMAarHeTHK
Ha puc. 2.21(6) c anmsorponmend Tuma Ji€rkas ocb. Baemuee mnone Hpo mnapamiensHO
HAMarHMYEHHOCTH TMOAPEIIETOK (MPOIONIBbHBIA aHTU(EPPOMATHUTHBIH PE30HAHC), BO30YKIAIOIIee
T10JIE HAMPABJICHO MEPICHNKYISIPHO OCH JIETKOro HaMarHM4uMBaHus. byneM cuutaTh, 4TO BHEIIHEE
nosie Ho<Hf — mosist, mpu KOTOpOM Ipeo10ieBaeTCs aHTUTIApAJIeNIbHAS OPUEHTAIUSI CIIMHOB U 00e

MOJPEIIETKH MMEIOT COBIIAJAIONICe C BHEIIHUM IOJIEM HAIpaBJICHUE HaMarHMYeHHOCTH (Ioje
«crmH-¢uomra», Hy » JHgH, , Toe mepBelii COMHOXHUTENb IMOJ KOPHEM — MOJIEKYISPHOE HIIH

0OMEHHOE T0Jie, EUCTBYIOIIEE CO CTOPOHBI OJHOW MOApPemETKH Ha Apyryo = AMo, Hx=2K/Mg —
3¢ dekTUBHOE M0JIe KPUCTAILTHYECKOI aHH30TPOIIUH).

PaccmarpuBaemasi cutyanusi 3a HEOOJBIIMM HCKIIOYEHHUEM SIBJISIETCS YaCTHBIM CIIydaeM
MPOJI0JIBHOTO (hePPUMArHUTHOTO PE30HAHCA, PACCMOTPEHHOTO B MpenbIaymieM pasnene. Curyanus
Ipouie, T.K. MbI UMEEM JIETIO C JBYMs 3KBUBAJEHTHBIMU MOJAPEIIETKaMHU Y1= Y2 =Y, M10=M20=Mo.
Ho HyXHO ydYecTb BIHUSHHE OJHOOCHOW KpucTautmueckor anm3oTporun Hyx=2K/Mo. He
YUUTBIBaEM 3aryxaHue kojeOanuit. Torma BMecto ypaBHeHus (2.8.7) s COOCTBEHHBIX YacTOT

HOJTyIUM
[+w- o(H, +Hg +H, )[=w- oH, - He - H, )]+ g?H2 =0, (2.9.1)
rie He= AMo, a 3Haku IUIIOC M MHHYC OTHOCATCS COOTBETCTBEHHO K MpaBo- M

JICBOTIOJIIPH30BaHHBIM MOJIaM. [losioxkuTeNbHbIe penieHus ypaBHeHus (2.9.1) uMeoT BHT

wi = gl/Hy (He + H ) £ Ho). (2.9.2)

ITpu Ho =0 wacToTs! 00enx MO/ COBIAIAIOT

Wo =gyHy (2Hg +Hy ). (2.9.3)
Takum 00pa3oM, MpH JOCTATOYHO MAJBIX BHEITHUX IOJSX YaCTOTY COOCTBEHHBIX KOJeOaHUM
ompenenser d3(dexkTuBHOE BHYTpEHHEe I0Jie aHTU(PEppPOMAarHeTHKa, paBHOE CpEeTHEMY
rCOMETPUUICCKOMY O6M€HHOFO noJji1 MW IOJIA aHU3O0TPOIIHH. C POCTOM 1OJA YaCTOThI JIBYX

UPKYJSIPHBIX TOJIIPU3ALUIA Pa3InYaloTCsl, pa3HuIia B cooTBeTCTBUU ¢ (2.9.2) pacTéTr nuHeiHo ¢
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nosieM. Hampumep, skciepuMeHTanbHble pe3yinbTathl st MoHOKpucTamia CroOs marot mpu mosie 6

k2 wactoty ADP '=150 I'Tn, a st =185 I'Tw.

Uro6bl HAHTH BUI COOCTBEHHBIX KOTEOAHUH I 4acTOT W', HY)KHO BBIPKEHHS I STUX
gacToT (2.9.2) noacrasutk B ypaBHeHue (2.8.6) npu h=0 (¢ y4éToM BIUsIHUS MO aHU30TPOITHH H
AKBUBAJICHTHOCTH NOJpeméTokl u 2). Toraa MOXKHO MOJTY4UTh

M@ JH . TH )

MP & He 5’

(2.9.4)

CortacHo 3TOMY BhipaskeHHIO TIpU Ho|[M 10 TOJ0KUTENBHOM - TIPaBOH MUPKYISIPHON MOJIIPU3AIHN

COOTBETCTBYET OoJibIasi aMIUIMTY/a mpeteccun MoMenTa M1 u manast amruryaa uist M2 BOKpyr

BHEIIHErO TOJs , a JIEBOW MOJSPHU3ALUU COOTBETCTBYET OOpAaTHOE COOTHOUICHHE AMIUTUTY/I.
AHaNornyHbpIM 00pa3oM U3 ypaBHeHUit (2.8.6) npu HeHylIeBOM MEepeMEHHOM MoJie N MOKHO

MOJIyYUTh BHICOKOYACTOTHYIO BOCIIPHMMYHUBOCTH aHTU(EPPOMarHeTuKa

2
. 20HM,
+ + )

(2.9.5)

BuaHo, 4TO MarHuTHast BOCIIPUMMYHBOCTH MPOTIOPLIHUOHATIBHA MO0 aHU30Tporuu. Heo6xotumMbiM
YCIIOBHEM TaKOTO THUITa PE30HAHCA ABJSETCS HAIWYKE TIOJISI aHU30TPOTINH.

C pocToM TemnepaTypbl POUCXOJUT TEPMUUYECKOE HAPYIICHHE MAarHUTHOTO YIIOPSIIOYEHUS
cniuHOB aHTH(]eppomarHeTnka u dvactora A®P mamaer. Ha pucynke 2.9.1 mnpusenena
TeMmIepaTypHasi 3aBUCUMOCTh 4acToThl ADP s kpucramma MnF2. Bunen cnan pesoHaHCHOM
YacTOTHI C TEMIIEPATypOid, IpH TeMIepaType BOIM3U Touku Hens pe3oHaHCHAast 4acToTa CTPEMUTCS
kK Hymo. B Tabmune 2.9.1 npuBeneHsr yactotel AP mnms psima aHTH(GEPPOMArHETHUKOB C

HKCTPANOJISAIMEN ITON BETUYUHBI K A0COIFOTHOMY HYJTIO.

r 1 | | } Puc.29.1 Yacrota  aHTH(EPpPOMarHUTHOTO

s ome. pe3oHaHca Kak (yHKIUS Temreparypbl (10
250 - oo, -

Jlxxoncony u Herepkoty u3 kauru [5]).

200 .

Lcmoma; Ty
=\
Q
i
1

700 | A o

50k —
] | | ] 1 |

g 20 40 s 4

TH
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Ta6muma 2.9.1 Yacroter AP s psina antudeppomardetukoB (cMm. cevuiku [25] B [7] u [32] B

[SD).

Kpucramnn

C.03

CoF»

NiF

MnF,

Fel,

MnO

NiO

oo, [T

166

855

933

260

1580

828

1090
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