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MarHnTHble asbl KybuHecknx xmpanbHbix heppoMarHeTnkos ¢ B3aumogeiictanem Jzsnowmnckoro—Mopus
(MnSi, Cuz0Se03) uccneayroTcsi B paMKax MUKPOCKOMUYECKOTO 1 (PeHOMEHONOrMHeckoro noaxopos. Mokasa-
HO, YTO B3aMMOAENCTBME MArHUTHbIX MOMEHTOB aTOMOB C JIOKaJbHbIM KPUCTANIMYECKNM MOJIEM MPUBOAUT K
BO3HUKHOBEHMIO KyGUYECKOro aHM30TPOMHOro YaeHa B sHeprun Jlangay — Jlucbwmua suga M;‘—&—M;H—Mf (M —
nosie HaMarHN4eHHOCTU). ITOT HYMeH OTBEYAET 3a CyLUECTBOBAHME reNIMKOMAANLHON hasbl Npu BAUZKOM K HyIHO
MarHuTHOM nofe, a B 6onee BbICOKUX MOJSIX MOXET BHOCWUTb BKJaj B YCTOMYMBOCTb MarHuTHoii ¢asel A. Mpo-
BeAeHO mogennpoBaHue asbl A npy pasHbix MarHUTHbIX nossix. [lokasaHo, YTO Npu BKAKOYEHUU MArHUTHOMO
nosisi CNUpann B renkonganbsHoli dase NprmobpeTatoT /INNTUHECKYIO N KOHUHECKYIO COCTaBJSIHOLLNE.
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1. BBEAEHUE

CrupaJsbHBI TOPSIJIOK B IPUPOJE BO3HUKAET B
OY€Hb HEIIOXOXKUX JIPYT HA JPyra CACTeMax, OT (PU3UKH
KOHJICHCHPOBAHHOI'O COCTOSTHUS J10 GroJiornw [1], u ciy-
JKUT BayKHBIM IIPUMEPOM IIPUMUTHUBHON CAMOOPraHU3a-
U, DTa cCaMOOPTAHU3AIMST MOYKET CO3/IaBATh JIOBOJIb-
HO CJIOJKHBIE CTPYKTYPBI, TaKue KakK roJjiyobie (a3bl B
XOJIECTEPUYIECKUX JKUJIKUX KpUcTaax [2,3] wiu ckup-
MUOHHBIE TEKCTYPbI B XUPAJBbHBIX KyOUIECKHX MarHe-
tukax (MnSi, MnGe, Fe;_,Co,Si, Cuz0SeOs u ap.)
[4-9]. TIpu sTOoM B u3MKE CTOIb PA3JIUUHBIX CHCTEM
HabIIOIaeTCs 3aMedaTesbHoe ¢xoneTio [10-12]. Tem He
MeHee B KarXKJIOM OTJIETLHOM CJIydae 38 BOSHUKHOBEHUE
MAKPOCKOIIUIECKON CIIMPAJId OTBETCTBEHHBI CBOU COO-
CTBEHHBIE MUKPOCKOIINIECKUE MEXaHU3MbI, U TPeOyeT-
Cs1 MPUJIOYKUTH HEMAJIble YCUJIMsI JIJIsi UX OTBICKAHUSL.
B uacrHOCTH, HEOOXOJMMO YCTAHOBHUTH B3aUMOCBSI3b
MEXK/ly HapaMeTpaMu JIOKAJbHBIX B3aMMOJEHCTBUN B
cucTeMe W ee KOHedHO# cTpyKTypoit. Hampumep, mep-
BbIl BOIIPOC — YTO OIIpEJIeJisieT [IEPUOJL U HAIIPABJICHUE
crimpadieii? C 1pyroit CTOPOHBI, ONMCAHNE MUKPOCKOIIU-
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YeCKOII CIIMHOBOI CTPYKTPBI BazKHO KaK JIJIs IIPUJIOZKE-
Huil (cmHTpOHUKA, MysbTudepponkn [13-15]), Tak u
anst pyHIAMEHTAIbHBIX IPO0JeM, TAKUX KaK TOIOJIO-
ruvecknii addexr Xosna [16].

Hayunasg ¢ OTKpBITHS XHMPAJbHBIX MATHHTHBIX
cpoiicte MnSi B 1976 r. [17, 18] mo cerogmsiHuMit
JIeHb HauboJiee YacTO MCIIOJNb3YEMbIM METOJIOM OIIH-
CaHMs U NPEJCKA3aHUs 3aKPYYeHHLIX MATHUTHDLIX
CTPYKTYp oOcTaercs (beHOMEHOJOTHIECKAsT TeOpHs,
OCHOBaHHas Ha cBOboxHON sueprun Jlannay — JIudmru-
na ¢ J00ABOYHBLIM HJIEHOM, BIEPBBIE IIPEIJIOKEHHBIM
Hzstmonmackum [19, 20]. OfiHAKO JAHHBIA IOJXOJ, B
KOTOPOM HCHOJIb3yIOTCS HAIIM 3HAHUA O CHMMETDPHUH
dUzMIeCKOil CHCTEMBI, HUYEro HEe MOXKET CKa3aTb O
3HAMEHUAX BXOJAININX B CBOOOJHYIO SHEPIHIO KOI(D-
(PUIMEHTOB U 0 TOM, KaK OHU CBA3AHDBI C PEATHHBIME
MEXKATOMHBIME B3aMMOJICHCTBUSAMU.

MukpocKonuaeckne TeOpUH, TaKhe KaK MOJIEeNb
KJIACCUIECKOTO Teit3eHOeproBCKOTO (heppoOMarHeTuKa
CO CHMH-OPOUTAJIBHBIM JIEHOM, M3HAYAJILHO pa3pado-
rannasg Mopus [21,22], B cBoio 04epeb 06/1a1a10T TeM
HEJIOCTATKOM, YTO KOJMIECTBO MEPEMEHHBIX, BKJIIOYA-
FOIlee CIUHBI BCEX MATHUTHBIX ATOMOB, OECKOHEYHO, U
[TO3TOMY 3TU MOJIEJIA CJIOXKHO KCIIOJIB30BATH B JIOOBIX
AHAJIMTUIECKUX pacderax. 1eM He MeHee, HECMOTPsI Ha
HEKOTOPBIE COMHEHUsI B CIIPABEIMBOCTU Mojen | eii-
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3eHbepra Jjis 30HHBIX MATHETUKOB, OHA YACTO MCIIOJIb-
3yercsl Il YHCJAEHHOrO MojesnupoBanus [12, 23-25].
Jutst aTO# MOIe I HEOOXOIUMO 3HATH ITapaMeTPhl MEXK-
CIIMHOBBIX B3aMMOJIEHCTBUl: KOHCTAHTHI J;; M30TPOII-
HOrO OOMEHa MEeXKIy i-M U j-M aroMamu u (mces-
Jio)BekTopsl D;; anTucuMmerpuyanoro obmena JI3siro-
muHCKOro — Mopust. 9T napaMerpbl MOXKHO MTOJIY YUTh
JIByMsI CIIOCODAMU: U3 CPABHEHUS TEOPETUIECKUX pe-
3yJIBTATOB C YKCIIEPUMEHTAJIbHBIMI JTAHHBIMUI U [TOCPE/I-
CTBOM BBIUHCJIEHUH ab initio [26,27].

JBa 3Tux moxo/a, MUKPOCKOTTHIECKuit n heHome-
HOJIOTUYIECKUIT, HA MPOTAXKEHUU MHOTHUX JIET HCIIOJIhb-
30BAJIACH JIJIsi OIUCAHUS OJHUX U TEX YK€ MATHUTHBIX
CTPYKTYP, XOPOIIO JONOJIHSS ApYyT Japyra. Tem He Mme-
Hee OCYLICCTBUTL KOPPEKTHLIR IlepexoJ OT OJHOU MO-
JIeJId K JPYroit JI0JIFO He YAaBAJIOCh JIaXKe JJIsl TAaKOI'o
pocroro ciydast, Kak MnSi. 3ech nepexos, B 9acTHO-
CTH, T0JIPA3yMeBAET BbIpaKeHWe KOHCTAHT, BXOJISIIINX
B sHepruto Jlannay — JIudmuna KoHTHHYAJIBHON! MOIE-
Jm, depe3 napaMeTpsl J;j, Dj; refizen6eprosckoii Mojie-
sin. O6paTHBII IepPeX0/1, 09€BUIHO, HEOIHO3HAYEH B CHU-
Jiy OOJIBITIOTO YUCIa MUKPOCKOIMYECKUX ITaPAMETPOB.
B pa6orax [28,29] Takoii nepexos ObLI BIEpBBIE OCY-
IIECTBJIEH JIJIs KpUCTaJLUIoB MnSi B ipubJinzkeHun B3a-
UMOJEHCTBHSA OIMKafmmx coceneil. BaxKuabiM mo6od-
HBIM PE3YJIbTATOM 3TONH pabOTHI CTAJIO MpeICKa3aHUe
U ONHCaHue aHTHU(OEPPOMATHUTHBIX CITHOBBIX CKOCOB,
KOTOPBIE SIBJISIFOTCST HEOTbEMJIEMOIT 0COOEHHOCTHIO Mar-
HATHOU CTPYKTYPhI 3aKPYYEHHBIX (PEPPOMATHETUKOB,
BJIMSIIONIEH Ha BOJHOBOE YUUCJIO k CIIMHOBBIX CITHPAJIEH.
Hamee momaxod OB CHAYAJA PACIIAPEH 3a CUeT yte-
Ta B3auMOJIEHCTBUI CO cieayromumu coceassymu B MnSi
[30] u, mHakoHen, 0Go0mIEeH Ha cayvail pyrux KyOwde-
CKHUX resuMaraernkos, riodas Cup0SeOs [31]. dua
mynbTrdepponka CuyOSeOs cCIMHOBBIE CKOCHI UTPAIOT
JIOMIOJTHUTEIbHYO0 BayKHYIO POJIb, OCYIIECTBIIsisI CBSI3b
MAaTrHATHOM CTPYKTYPBI C 3JIEKTPUIECKON TTOITPU3AIA-
eit [32].

Opnnako mporpamMma OObeIMHEHNsT MUKPOCKOIIIIe-
CKOTO 1 (DEHOMEHOJIOTTIECKOTO OMMUCAHNI KyOMIeCKUX
XUPAJbHBIX (PEepPPOMATHETHKOB TIOKA OCTAaeTCsl He
BIIOJIHE 3aBEpIIEHHOW. XOTsS BBICOKAsSI CHMMETPHUS
KPUCTAJIJINIECKOI PEIIEeTKN U MMO3BOJISIET B OTIEIbHBIX
CJIydasix [MoJjiaraTh MarHUTHBIE CBOMICTBA CUCTEMBI U30-
TPOIHBIMHU, cjabas KyOumdeckas aHU30TPOIHUS MOYKET
[IPOSABJISATH ce0sl, HATIPUMED, B OPUEHTAIINNA MATHUTHOMN
CTPYKTYPBl OTHOCHTEJIbHO KPHUCTAJTMIECKHX —OCeid.
AHuzorponHble WJEHBI BHOCST MEHBIIUH BKJIAJ B
suepruto Jlangay — Jludimmia, dem B3anMomeiicTBue
Jzsmomuuckoro — Mopus, TeM He MeHee WMEHHO
OHH OTBEYAIOT 34 CYIIECTBOBAHUE TIeJIMKOUIATBHOM
da3pl B ca1aboM MarHUTHOM ToJie. B mamHoil pabore
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OyJeT MOKa3aHO, KaK MHUKPOCKOIHMYECKNEe ITPUINHBI,
B YaCTHOCTH B3aMMOJEHCTBUE CIMHOB C JIOKAJbHBIM
KPHUCTAJIJINYECKUM I10JIeM, MOT'YT BBI3bIBATD IIOSBJICHUE
AHU30TPONHBIX YJIEHOB B 3HEpruu. Takxke OyIyT
PacCMOTpPEHBI HEKOTOPBIE CJIEJACTBUSI aHU30TPOIINH, B
TOM 4YHCJIe OPUEHTAIUS CIUpaJeidl B IeJIUKOUJAJIbHOU
daze, NpenMyIIeCTBEHHbIE HAIPABICHUS HAMATHU-
YUBAHUs KOHMYECKOW (Dasbl U BKJIAJ[ aHU30TPOIUU B

YCTOIU/I‘II/IBOCTI) (l)a3131 A Ky6I/I‘IeCKI/IX reJIMMaroeTuKOB.

2. KYBUYECKWE XMNPAJIbBHBIE
PEPPOMATHETUKN

leuMarneTuky IpeaCcTaBIISIOT COOOM OCOOBIN TOI-
BHUJ MarHUTHBIX KPHUCTAJJIOB, B KOTOPBIX JIOKAJIb-
HOe ynopsioverne cnuHOB (deppo-, deppu- winm aH-
TudEPPOMATHUTHOE) COMPOBOXKIAETCST 3aKPYTKOH Ha
Macrradax, MHOTO OOGJIBIUX JIEMEHTAPHOU sTIeiKu.
IIpuaunoit cTOb HEOOBITHOTO TOBEIEHUST MOXKET CJIy-
JKATh, HAIIPUMED, KOHKYPEHIII MeX 1y (hbeppo- U aHTU-
dbeppoMarHuTHBIM OOMEHHBIMU B3aMMOIEHCTBUSIMU Ha,
dpycTpUpOBaHHOI perieTke CIUHOB. B jraHHON pabo-
T€ MBI COCPEJOTOYMMCA Ha JAPYroil BO3MOXKHOU IIpU-
qUHE MOSIBJICHUS 3aKPYYeHHBIX MATHUTHBIX CTPYKTYD,
a UMEHHO, Ha, aHTUCUMMETPUIHOM oOMeHe [[3sitommHc-
Koro—Mopus. Paccmorpum psif ycoBumit, criocobcTBy-
IONUX BO3HUKHOBEHUIO T€JIMMArHETU3Ma TAKOI'O POJIA.

1) Huskas cummerpus MEKATOMHBIX CBs3eil 00y-
CJIOBJINBAET BO3HUKHOBEHUE B3ammogehcTeus JI3sio-
MUHCKOT0 — Mopust MeKTy MArHUTHBIMU aTOMAaMA. 3a-
METHM, YTO BHYTPHU OJHOIO KPUCTAJIIMIECKOTO KJIAcca
6oJtee HU3KOI cMMMeTpUeil ATOMHBIX TIO3UIIAN U CBA3€i
00JIaAI0T KPUCTAJLIBI HECUMMOP(MHBIX I'DYIIIL.

2) OrcyTcTBHE 3€pKAIBHON M MHBEPCUOHHON CHM-
METPHH IIPUBOAUT K BOSHUKHOBEHUIO MATHUTHBIX CIIU-
paJjieii ¢ ompejesleHHBIM HaIpaBJIeHUEM 3aKPyTKA —
[IpaBbIX WJIU JIEBBIX TeJIMKOWJ. B IpuHIMIe, 3aKpyT-
K& MOXKET BO3HHKATH U B KPHUCTAJIAX C IEHTPOM HH-
BepCHM KaK CJIEJICTBUE CIIOHTAHHOTO HAPYIIEHUS] CHUM-
verpun. OHAKO B IIEPBOM CJjIydae IOMOJTHUTEIBHOIO
HapyIIeHns CHUMMETPHH He TPeOyeTcss W CIUpajbHbBIE
CTPYKTYDPBI BOBHUKAIOT 3aKOHOMEPHO.

3) Tlockonbky B3amMmoeiicrBue JI3sAI0IIUHCKO-
ro—Mopusi  sBJIsieTcss  CJIa0bIM  CIIMH-OPOUTAJIBHBIM
acddekToM, OHO TposiBigercs Jjy4ire Ha (GoHe ocmabd-
JIEHHOTO  M30TPOITHOTO Kak cioencrsue,
reJIMMArHeTHKN OOBIYHO MMET HU3KYIO TEMIEPATYPY
repexo/ia OT IapaMarHUTHOTO HOPSIIKA K MArHUTHOMY.

obMeHa.

Paccmorpennble B jmaHHO paboTe KPHUCTAJLIBI,
MnSi u Cua0SeOs, yHoBIEeTBOPSIOT BHIIIEIEPEINCICH-
HbIM yestoBusaM. O6a 00/1a/1a10T KyOndecKoi XupaJsibHOM
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Puc. 1. ®azoBas guarpamMma Kybrnyeckoro xmpanbHoro dep-

pomarHeTnka. Huxe kputnyeckoii Temnepatypsl T cyluecT-

BYET psif dhas, 3aBNCALLMX OT MarHuTHoro nossi. Kputnyeckue

nonsi Hei n Heo paspensitoT rennkonpanbHyto, KOHUYECKyto

U NONSIPU30BaHHYO heppomarHnTHyto asbl. Bbansu Toukn

Kropu HaxoanTcs 0bnacTb CyLecTBOBaHNS 3aragoyHon gasbl
A c [BOIiHOl 3aKpyTKOI

HecUMMOPQHONH TPOCTPAHCTBEHHON Tpymnmoit P2:3 u
HU3KOH TeMIlepaTypoil Iepexojla U3 IlapaMarHATHON
B yuopsymouennyo deppo- (MnSi, To = 29 K) wim
deppu- (Cuz0Se0s, T = 58 K) marautHyo dasy.

Jlpyroe 3aMedaTesbHOE CBOHCTBO 3THX KPHUCTAJI-
JIOB 3aKJII0YAeTCS B TOM, YTO, OJIarofaps BBLICOKOI TO-
YEUHOI CHUMMETPHHU, CIIUHOBBIE CIIUPAJA MOTYT HOYTH
CBODOJIHO OPUEHTUPOBATHCS MAIHUTHBIM II0JIEM BJOJIb
IPOM3BOJILHOIO HAIPABJIEHUA. BCIeICTBIE 3TOTO B Ky-
OMYIECKUX TeJUMATHETUKAX HaOIOAeTCsl MHTEPECHOe
dasoBoe pazHoobpasue [8,9].

2.1. ®azoBasg auarpaMmma

B xpucrammax tuma MnSi u CuyOSeOs temmepa-
Typy $a30BOro mnepexojia U3 apaMarHUTHOTO COCTOsI-
HOAs B MarHMTHOE YacTO Ha3bIBalOT Toukoil Hees,
mofipa3yMeBasi IIPU 9TOM, 9TO, OJIarofaps IPOCTPAHCT-
BEHHBIM OCITWJIIAIMASAM II0JId HaMarHUYEeHHOCTH, CYM-
MapHBI MATrHUTHBIH MOMEHT TeJTUKOUIAJIHHON (a3
paBen mysao. OaHako npaBuiibHee OBLIO OBI OIpejie-
JINTh MATHUTHOE COCTOsSIHUE He KaK aHTudeppoMarte-
THK, a KaK <«3aKPy4eHHBbIH (eppoMarHeTuk» u, COOT-
BETCTBEHHO, TEMIIEPATYPY Ilepexoja Kak Touky Kiopm,
IIOCKOJIBKY 3TO COCTOSHHUE XapaKTepU3yeTcs HeHyJIeBOl
JIOKQJIbHONT HAMarHMIeHHOCTbHIO, & IIePHUOJIbI OCITUJIIIS-
OUil BO MHOTO Pa3 IPEBBIMIAIOT IIapaMeTp dJIeMeHTap-
HOM f9efKM KPUCTAJIA. DTO, B YACTHOCTH, O3BOJISIET
OTJIMYUATH JIAHHBIA CJIydail OT ciaydas «3aKpydeHHOI'O
anTugeppOMarneTuKa», KOTOPhIl TaK»Ke BCTPEYAETCs
B npupoyie [33].
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Ha puc. 1 cxemarnano m3obpazkeHa haszoBasi Jua-
rpaMMa XUPaJbHOTO KyOHMUIecKoro eppomMarHeTHKa.
IIpu Temmeparypax HaMHOTO HUXKe TOUYKH Kiopw BbI-
JeITIoT Tpu Bas3bl — TeJTUKOWIAIBHYI0, KOHUIECKYTO
U MOJISTPU30BaHHYI0 (DEPPOMArHUTHYIO — C (DAa30BBIMU
epPexXoaMU TI0 MATHUTHOMY TIOJIIO MEXKJTy HUMH. DTH
das3bl, pas3TMIAONIIecs TJIABHBIM 00pa30M IO MOBEIe-
HUIO MArHUTHON BOCIPUUMYHMBOCTH, CTPYKTYPHO BECh-
Ma TOXOXKHU. J[efCTBUTE/IBHO, TeJTMKOUIAJIBHYIO U II0-
JISPU30BAHHYIO CTPYKTYPBI MOYKHO CUUTATH TACTHBIMA
CJIydasiMi KOHUYECKO: B IIepBOii M3 HUX PaBHA HYJIIO
BBICOTA KOHYCA, BO BTOPOH — paJinyC ero OCHOBAHUSI.
DaKTUIECKN MeJINKOU 1A TPUOOPeTaeT KOHMIECKYIO CO-
CTABJIAIONIYIO YK€ IMPU MPUJIOKEHUH MUHUMAJIHLHOTO
MarHUTHOT'O II0JIs, & KPUTUIECKOe 3HadeHue 1oJist Heq
OIIpeJIesIseTCs, KaK Oy/1eT 00CyKIaThCs 03/IHee, Tepe-
OpHEeHTAINEel OCU CITUPAJIN BJIOJIb HAIIPABJIEHUS TIOJISI.

Hawubostee unrpuryiomeit ¢azoit 6€3ycI0BHO sIBJIsI-
ercsi Tak HasbiBaeMasi a3za A, BOZHHKaOIas BOJIMA3U
touku Kropu npu nmpomMezKyTOIHBIX 3HATEHUSIX MATHIT-
Horo nousisi [34-41]. Pacnosoxkenune Ha dasopoii aua-
rpaMMe IM03BOJISET IIPEION0KUTh, YTO 33 MOsIBJIEHUE
dazbl A 0TBEYAIOT MEXAHW3MBI, CXOXKHE C TEeMHU, UTO
[IPUBOJAT K IOSIBJIEHUIO TOIyObIx a3 B Xojecrepu-
YeCKHUX JKUJKUX KpHUCTAIax. B HacTOAmUil MOMEHT
CUYUTAETCS YCTAHOBJIEHHBIM, 9TO (a3a A mpemncrapiser
€000t TPEYTOIBHYIO PEIIETKY CTAOUIM3NPOBAHHBIX 10~
JIEM JIMHEHHBIX TOMOJIOIUYECKNX 1e(DEeKTOB — CKUPMU-
ouos (puc. 2a) [4-7,35,42,43]. Hamarauuennocts B da-
3e A 3aKkpydeHa BOKPYT OPUEHTUPOBAHHBIX BJIOJIb Mar-
HUTHOTO TIOJIsI /1P CKUPMHUOHOB, 8 Ha CAMUX SIPaX —
OTPOKWHYTa TPOTUB T0Jist. OUeBHIHAS SHEPTeTHIeCKAsT
HEBBITOJIHOCTH 9TOTO OIPOKHILIBAHNST KOMIIEHCUPYETCS
BBITOJION OT JIBOWHOI 3aKPyTKHU TOJIsI HAMATHUIEHHO-
CTH, 9TO YTUIyOJIsieT aHaJOTHIO C TOJYOBIMU (ha3aMu.
Ha puc. 26 mokazana s;reMeHTapHass SUeiika MarHUTHON
cTpyKTypbl paser A ¢ aemenramu cummerpun. Komio-
HEHTa HAMATHUYIEHHOCTH BJIOJIb II0JIs ODO3HAYEHA I[BE-
TOBBIM T'DAJIMEHTOM, ITPOEKITHUS [TOJIsT HAMAIHUIEHHOCTH
Ha IJIOCKOCTh — CTpesiKaMu. BeeM ocsiM cuMmmMerpun co-
OTBETCTBYIOT CHUHI'YJISPHOCTH, B KOTOPBIX HAMArHUJEH-
HOCTH CTPOrO TApAJIeTbHA MATHUTHOMY TOJIO: OCSIM
6 — BUXpU-CKUPMHUOHBI, OCSIM 3 — BUXPH, OCSIM 2 — aH-
TuBuxpu (27-muckauranmmn). Kpome toro, cummerpust
BKJIIOYAET MATHUTHBIE NICEBIOOCH 2', MEpPIeHIUKYIIAp-
Hble 110J10. MarauTtHas rpymma p62'2" [44].

2.2. MuKpocKonu4iecKuii u
deHoOMEeHOTOTUYEeCKUl TOAX0IbI

SakpydueHHbIe MATHUTHBIE CTPYKTYPbI XUPAJIbHBIX
KyOmdeckux eppoMarHeTukoB, Takmx Kak MnSi u
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Puc. 2. (B ugete oHnaiin) ®Pasa A xupanbHoro kybnueckoro ceppomartHetnka (a) 1 ee 3jeMeHTapHasi siyeiika C 3/eMeHTaMm
cummetpun (6). LigeToBoii rpagueHT obo3HayaeT NpoekLyMio HaMarHUHEHHOCTM Ha HaMpPaB/iEHWE MAarHNTHOTO MO KPacHbI —
no nonto, cuHuii — npotue nons. CTpenkn — NpoekLnn Nosst HAMarHUHEHHOCTN Ha MJIOCKOCTb, NEPREHANKYNSAPHYIO MO0

Cuz0SeO3, MOTYT OIHUCHIBATHCS B PAMKAX MHUKPOCKO-
[IIYIECKOTO I0JIX0/1a, OCHOBAHHOTO Ha 3Heprun [eitzen-
Gepra [23], 6o deHoMeHOIOrmYecKH ¢ dHeprueil JIaH-
nay — JIudbmmna [45, 46]. Dueprus reitzeH6eproBcKoro
MarHeTHKa MMeeT BUJ

1
E= 522(—Jia‘si'sj+Dij “[si xs5]) =
i
—gus Y H-s;, (1)

rJie CyMMHUPOBAHHE BEJIETCs 110 MAIHUTHBIM aroMaM (7)
u ux cocenam (j), s — Kmaccuvyeckue crmusl ([s| = 1),
Jij — KOHCTaHTBLI H30TPOIHOTo obmena, D;; — mcesmo-
BeKTOpH! [3sommHckoro — Mopusi. B pa6orax [28-31]
GBI OCYIIECTBIIEH [IePeXos OT cooTHommeHus (1) K BbI-
paXKeHuto [jisi II0THOCTH dHeprun Jlannay — Jludmm-
a:

1 _ou ow

=395 o

+Dp- [V xp]—MH-pn,  (2)
rae p = M /M — HanpasjieHre BEKTOPa HAMAIHUYIEH-
HOCTH; 3/I€Ch IIPEJIIT0JIAraeTCsi, YTO INIOTHOCTh MATHHT-
HOTO MOMEHTa, MMEET IOCTOsTHHOE abCOJIIOTHOE 3HAYe-
Hre |M(r)| = My, 9T0 IpaKTHIECKN BEPHO IPU TEMIIe-
paTypax mocrarouHo Huxke Toukn Kiopu. Koadbdumm-
enThl J u D Bhramcssitores corsacHo dopmynam [31]

\72% E E JijTes (3)
v g

D:—% g g Dyj - Ty, (4)
g

rJe CyMMHPOBaHHE IO ¢ TElePb BEJETCs 110 aToMaM
BHYTPH 3JIEMEHTAapPHOH sf4eilku. 3Jech Tj; = Ij — Ty —
PACCTOSTHUS MKy HEKUMU WA TbHBIMU TOJIOKEHUSI-
MH JIBYX @TOMOB, TAKXK€ HA3bIBAEMBIMH «OOMEHHBIMU»
[30,31], KOTOpBIE HAXOJATCST U3 CUCTEMBI ypABHEHMIT

> Jijti; = 0. (5)
J

3ameTuM, 4TO KOHCTAHTHI J u D He MOI'yT 3aBHCETD
OT peaJIbHBIX KOOP/IMHAT aTOMOB, IIOCKOJIBKY peasbHbIe
KOODJIMHATHI HE BXOJAT B BbhIpazkeHue jjig suepruu (1).
IIpu BeIBOsIE bopMys (2)—(4) 3a eaUHUILY JUIMHBL IPU-
HUMAJICST TIEPUO/T KPUCTAJLITHIeCKOi penterku. [Tpemo-
JIATAeTCsI, YTO M3MEHEHHs] MArHUTHON CTPYKTYPBI TIPO-
HCXOJIAT Ha MacHITadax, MHOTO OOJIBINNAX JIeMEHTap-
HOI siIefiKM KpHUCTasia. [[TOTHOCTH dHEPTHH B IIPO-
U3BOJILHBIX €IUHUIAX u3MepeHus ymHbl ectb €/ Vy, .,
riae V... — 00beM gdeiiku.

Dopmyist (3) 1 (4) HO3BOJIAIOT BEIMUCIHUTD U3 IIED-
BBIX NPUHIIAIIOB BOJHOBOE YHCJIO MATHUTHBIX CIIHPa-
aeit, k = D/J. B zakpydenunix QeppoMaraeTukax
J > 0 u 3HaK k, OIpeeIsIONnyii HalIpaBIeHne 3aKPyT-
KU TeJIMKOW/I, COBIIA/IAeT CO 3HAKOM IIceBJIocKamsipa D.
Takum 06paszom, BoipaxKkenue (4) ycTaHABIUBAECT CBSI3b
MEKJy CTPYKTYDPHON XWPAJIbHOCTBIO KPUCTAJLIA W XU-
PAJIBHOCTHIO €10 MAIHUTHBIX CBOICTB. DTa CBA3D UCCIIE-
JIOBAJIACH KCIEPUMEHTAJILHO U TEOPETHIECKH B I1€JIOM
psaze pabor [47-52].

Ecrb o118 0c06€HHOCTD MUKPOCKOIIUYECKON CIITHO-
BOIl CTPYKTYPBbI, KOTOpasl He OIHCHIBAETCH (heHOMEHO-
Jjorudeckoit teopueii. OHa 3aK/II0OYAE€TCS B TOM, 9UTO
KaXKJIbIil CIOMH S; OTKJIOHSIETCSI OT HAIPABJICHUS TIO-

6*
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JIsi HAMAHHYIEeHHOCTH f4(r;) B TOUKe, IJIe OH HAXO/MUT-
s [29]:

s; =p+ As;y + ASiHa (6)
rae As;| — IepHIeHIuKyJIsIpHbIA K L MaJiblii CKOC, a
As;| = —(As;1)?{1/2 — BBI3BAHHOE CKOCOM yMEHBIIIC-
HUE IIPOEKIUK CIIUHA HA HAIPABJIECHUE HAMAIHUIEHHO-
ctu. B niepBoM mpub/IMKeHINn nMeeM

(7)

rJie IIepBoOe CjaraeMoe CBS3aHO C Pa3HUIEH peaJIbHBIX

As;i = (T —1i) - V) + [pi x pl,

1 OOMEHHBIX KOOpAuHaT aTOMOB, a BTOPO€ OIIMChbIBaeT
CKOCBI CIIMHOB H3-3a BSaHI\fIO,ZLefICTBI/IH ,H3HJ'IOIHI/IHCKO—
I‘O*MOpI/IH; YIJIbI CKOCOB O BBIYUCIAIOTCA U3 YpPaBHE-

Huit [31]
Z Jij(pi — pj) = Z D;;.

CKOCBI TAIOT BKJIAJ| B 9HEPTHIO (2), YITEHHBIH B KOHC-
Tanrax J u D.

(8)

3. PEHOMEHOJIOTTYECKOE OIINCAHUE
MATHUTHBIX ®A3

Beipaxkenue (2) 1y1st IUIOTHOCTH SHEPTUU COJEPIKUT
HECKOJILKO (PUBNIECKUX KOHCTAHT, YTO CO3/aeT BIIedaT-
JIEHIE MHOTOIIAPAMETPUYIHOCTH 331891, MOXKHO, O1HA-
KO, IepeiiTh K 6e3pa3MepHBIM BeJUdrHaM, UCHOJIL3Ys
3aMEHbBI

J
Tnew = ?rolda gnew = ﬁgold
U BBOJS IIapaMeTp
J My H
h= H=—
D2 H02 ’

rae Hqo — KpUTHYIECKOE OJIe, BBIIIE KOTOPOTO MArHHUT-
Has CTPYKTypPa BBIPOKJIAETCH J0 oaHopoaHoit. Torma
dopmyia (2) upeobpasyercs K By

3 Orq Org 9)

7 3a/la4a CTAHOBUTCHA OJHOIIApAMETPUYECKON, IIpuyeM
BCe HETPUBUAJbHBIE MATHUTHBIE (Da3bl, BKIIOUAS TeJIU-

+u- [Vxp]—h-p,

KOWJIAJIbHYI0, KOHUYECKYIO0 (a3bl u ¢dazy A, momera-
orcd B auamnasone 0 < h < 1.

[IpupaBHUBas HYJIIO BAPUAIIUIO SHEPT U MArHUTHOM
CTPYKTYPBI, IOy daeM

/55 v = /(heff Sp)dv =0,  (10)

e
hepr(p) = Ap—2[Vxpl+h (11)

— neficTByIomiee Ha U 3hdEKTUBHOE JIOKAJIBHOE TIO0JIE.
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Tockonbky |pu| = 1, To 0 L p u pasencrso (10) BBI-
nosasiercs, ecan heyr || p, un

= hegp/hegy, (12)
IJIe 3HAaK BBIOPAH TAKUM 00pa3oM, YTOOBI COOTBETCTBO-
BaTh U3BECTHOMY PEIEHUIO JIJIsi KOHMIECKO! CIMpaJin,
Korja p = heyy.

Oueprus (9) ABJSETCH «U30TPOIHON» B TOM CMBIC-
Jie, 9TO OHA HE 3aBUCUT OT OPHUEHTAIMM MATHUTHOM
CTPYKTYPBI OTHOCHTEJILHO KPUCTAITHIeCKIX oceit. Tem
He MeHee u3BecTHble pemtenns (11), (12), takme Kak
reJuKouIa, Koumueckas ¢aza un dasa A, umeror 60-
Jlee HU3KYI0 CHMMETPHIO, 9eM caMu ypaBHeHus. 301-
porust yKe ypaBHEHU TPUBOJIUAT K TOMY, 9TO 3TH HU3-
KOCHMMETPHUYHBIE PEIIEHNsT MOTYT OBITH OPUEHTHPOBA-
HBI TPOU3BOJILHBIM 00Pa30M OTHOCUTEJIHHO KPUCTAJLIA.
Kax 6ymer mokazamo B pa3ia. 5, jmobaBjeHne K BbIpa-
Kernio (9) aHU30TPOIHBIX WIEHOB MOXKET HPUBECTU
K BBIOOPY MPEUMYIIECTBEHHON OPWEHTAIIUN PEITeHMUI .
B nannom pasjiesie MbI OTPAHUYUMCS PACCMOTDPEHHEM
M30TPOITHOTO CITydast, He CINTasT HECKOJIbKUX ODINX 3a-
MeJaHWH, KOTOPbIe HEOOXOIUMO CJIe/IaTh, TOBOPSI O Te-
JIMKOUTAJIbHOM (ha3e.

3.1. Kounueckas ¢aza

C TOYHOCTBIO JI0 KOHCTAHT W JIMBEPI€HTHBIX WIEHOB
IUTOTHOCTD SHeprun (9) MOXKHO IIEPENNCATh B BH/IE

= SuH [V xu -~ b7+ (Vo (1)

OueBuIHO, YTO HEPIHUS UMesa ObI MUHUMYM JIJIsI COB-
MECTHOT'O peIlleHus ypaBHEHU
p+[Vxpl=h V- pu=0. (14)

Taxkoe perrienne CyIecTByeT U IpeJCTaBIsgeT coboit 3a-
KPYYEHHYIO BJOJIb [TOJI KOHUIECKYIO CIUPAJIb:

p =sinf(e; cosz + exsinz) + ez cos b, (15)
rue {e1,ez,e3} — OPTOHOPMUPOBaHHBI Gazuc, z =
= r - e3 — KOODJWHATA BJOJb ocu cuupasu, es || h

u cos @ = h. 3ameTum, 4TO JBOHAS 3aKPYTKa BEKTOPA
[t MOYKET OKa3aThCsl JIOKAJIBLHO 00Jiee BBITOJHOM, OIHA-
KO, Gy1aroaps IPOCTPAHCTBEHHBIM (bPYCTPAIUSIM, TJI0-
6asIbHBIIl MUHUMYM SHEPIUE JOCTUTAETCSA Ha CTPYKTY-
pe, 3aKpyYeHHOH BJI0JIb OIHOrO Hanpaserus. CpeiHee
3HAYEHUE MAIHUTHOIO MOMEHTa HAIIPABJIEHO BIOJIb 110~
g, () = h, u, Takum o6pa3om, KoHudecKas dha3a uMe-
€T CKAJSPHYI0 MarHUTHYIO BOCIPUUMYUBOCTD X. = 1
(Xe = Mo/ H.2 B pa3MepHBIX BEJIHIMHAX).
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IMoxncrapistst Boipaxkenue (15) B (9), HOIyduM mWIOT-
HOCTb SHEPI'MU KOHMYECKON CIMpaJn:

Eo=—5——.

5~ 3 (16)

ITpu h > 1 konyc cxyonbiBaercs (cos @ = 1) u KoHn-
geckasg ¢daza IepexoJuT B nojigpu3oBannyio. IIpu srom
MarHUTHAas BOCIPHUMYUBOCTL Pe3KO yObIBaer, Y — 0,
U ee OTJINYHE OT HyJIsI Terepb 0OYCIIOBJIEHO COXPAHSIIO-
IIAMECST CKOCAMI MAarHUTHBIX MOMEHTOB, KOTOPbIE MeJI-
JICHHO YMEHBINAIOTCS IIPU YBEIHYCHUN T10JI4.

3.2. T'enmukounanbpHast paza

B obsactu MasibIx MArHUTHBIX TOJeit, h < he

c1/He < 1, BesencrBue KyGudeckoil aHU30TpPO-
UM KPUCTAJIIA OCh MATCHUTHOHN TeJIMKOUILI BHICTPAU-
BAETCsI BIOJb KPUCTAIOTPAMUIECKOTO HAIPABJICHUIS

(100) mm (111) B 3aBECHMOCTH OT 3HaKa KO dunu-
eHTa npu anumzorponHom uiene [45,46]. Kak mnpasu-
JIO, CTPYKTYPa Paca aeTcsl Ha JJOMEHb, XapaKTepH3y-
IOIIHecs BBIOOPOM OJIHOIO U3 SKBUBAJIEHTHBIX HAILIPAB-
Jennii ocu. HanpapiieHne MarHuTHOIO [0JIsS MOXKET He
COBIIQJIATH C HAIPABJIEHHEM BOJIHOBOTO BEKTODA, YTO
JIOJKHO IIPUBOJIUTH K MCKAYKEHUIO reJInKouIbl. Tak, ec-
JI MATHUTHOE 110JI€ IIEPIIEeHIUKYJIIPHO OCU, TO I€JIMKO-
WJIa TIEPEXOUT B JLIMITHIECKYIO CIIUPAJIb, HOJ0OHYIO
TOM, YTO BO3HUKAET B XOJECTEPUIECKUX U XUPAJbHBIX
CMEKTHYECKHUX KUJIKUX KPUCTAJIAX IPU CXOKUX YCII0-
Busx [53]. B ciayuae, Korga mojie HAIPaBJIEHO BIOJD Ie-
JIMKOW/IBI, TIOSIBJISIETCST KOHMYECKasl CIIUPAJIb C BBICOTOI
konyca () = h. Jlerko upeanosoKuTh, 94T0 UpU Ipo-
M3BOJILHON B3AMMHO OPUEHTAINY TI0JIsI K OCH CIIUPAJIH
B obJyrlacTu MaJjblx h Oy/leT BO3HHKATH KOHHIECKO-3JI-
JIIIITUYIECKAS] CIIUPAJIb, OIUCHIBAEMAs! BHIPAZKEHUEM

= sinf(eq cosp + easin ) + e3 cosb, (17)

IJle OChb CIIMPAJIU HAIPABJEHA 10 €3 = N U Ipu h =
= (h1,0,h)) B Gasuce {e;, ey, €3} TpUrOHOMETpPHYEC-
kue (QYHKIMA (© BBIPAYKAIOTCA 9€pe3 3JUIMIITHIECKHIE
byukinn dxobu:
cos o = 2sn*(\z;m) — 1, (18)
sin p = —2sn(Az; m)en(Az;m),
IJie 2 — KOOpJAWHATA BJOJb OCH CIMpaJu. MuHuMu3n-
Py SHEPIHio, B IEPBOM HPUOIMIKEHUN 110 MAJIOMY Iia-
pamerpy h mosyaum

COSG%h”, m =~ 4h_, )\%1/24-]7,1_/2 (19)

(cm. Tpunoxkennme). Cpemnuit 1Mo CTpYKType Mar-
HUTHBI MOMEHT HMeeT KOHHYECKYIO COCTABJISIONLYIO
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COS& BJOJIb OCH 11 W JJINIUOTUYIECCKYIO COCTaBJIAIOIYTO
(cos @) ~ m/8 Boab €1:

(1) = ((cos ), 0,cos0) = (h1/2,0,hy), (20)
WM, B IIPOU3BOJILHOI yCTAHOBKE,
h (h-n)n
= -4+ —. 21
(W) =5+ (21)

CpejHsisi 110 KOHHYIECKO-JUIUITUYIECKON CIIUPAJIN
IJIOTHOCTDb 9HEPI'Uuu paBHa

1 3h? 2
I R

rae 7y — yroJj MexJ/Jay MalHUTHBIM IIOJIEM W HallpaBJie-
HHUEeM OCH CIIPAJIH.

<5ce> = (22)

B mmuOromomenwoit crpykrype npu h — 0 u omau-
HAKOBOH BCTPEYAEMOCTH JOMEHOB C Pa3HBIMU N YCPE/I-
HeHVe BbIparkeHusi (21) mo ToueuHoit rpynme 23 maer
(p) = 2h/3 (ucnonbzoBano (neng)es = (1/3)dap), T.€.
MarHUTHAs BOCIPUUMYUBOCTH DeJTUKOUIAJIBHON (hasbl
COCTABJISIET JIBe TPETH OT BOCHPUUMYMBOCTU KOHUIEC-
KoM dazbl. DTOT pe3ysIbTAT ObLI MOy UeH IKCIIEPUMEH-
TasbHO [54-56]. Ilpu yBesudenun h g0MeHBI OCTEIICH-
HO TI€PEOPUEHTHPYIOTCS B HAIPABICHUN MATHUTHOTO
[I0JIsl, © MArHUTHAs BOCHIPUUMYMBOCTD JIOJI?KHA HCITHI-
TaTh CKAYOK BOMM3U h = A1, JJIsT TOTO YTOOBI HaMAr-
HUYEHHOCTH MOTJIa BBIATH Ha pexxuMm (p) = h s xo-
HUYecKoil crimpasu. U3 Beipaxkenust (21) TeHzop mar-
HUTHO} BOCHPHUUMYUBOCTHU CIHUPAJIH B OJIU3KOM K HYJIIO
MAarHATHOM II0JIe MOXKeT OBITh 3aliCcaH Kak

Xop = X[ s + XL(0ap — nangp),

X = Xer XL = Xe/2

B pa6orax [56,57] 9TOT pe3yabTaT GbLI IIOJIyIeH B IPU-
OJINKEHUH CPETHEro MOJIs.

4. PABA A

Hawubousbmuit nnrepec y uccieiosaresieil BbI3bIBAET
daza A, ycroiiunBas B orpaHudeHHON obactu dhazo-
Boit uarpammer T—H [35,36,38-40]. ITo mkase Temre-
pPaTyp OHa IIPEJICTABJIEHA B Y3KOI 00JIACTH HUXKE TOUKH
Kropu, aro pogaut ee ¢ rosydsimu dazamu xosecrepu-
YeCKUX KUJIKUX KpUCTasuioB. O4UeBUIHO, KAK U B CJIy-
Jae XOJIECTEPHKOB, is ycroifunBocTn as3er A BaxkHa
BO3MOXKHOCTb M3MEHEHUsI abCOJIIOTHOI BeJIMYMHBI I1a-
pamerpa Hopsika (31ech — HaMarHU4eHHOCTH) BOJIU-
3U KPUTHYIECKOI TeMueparypsl. 11o MarHuTHOMY OO
daza A pacnosnoxena B6su3u Heo/2 1 cHu3y u cBepxy
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orpaHmYeHa KoHUYecKoi ¢aszoit. Heitrpomnorpadute-
CKUe UCCJIeJIOBaHNS TIOKA3bIBaIOT, uTo (daza A packa-
JIBIBAETCs HA TPU TIEPIEHIUKYJISIPHBIE TIOJTIO CITIPAJIH C
yroamu 27 /3 mexxny Huvu [35-37,40,41]. CtpykTypHO
€e YaCTO OIUCHIBAIOT KaK TPEYTOJBHYIO PEIIeTKY JId-
HEWHBIX TOTIOJIOTHIECKUX /1e(DeKTOB — CKHPMUOHOB, 00-
JIAJTAIOTIY IO TEKCATOHAJIBHON cumMerpueit [7,35,42,43].
Ocu CKUPMUOHOB TAPAJIIE/IbHBI TIOJII0, & HaMATHUIeH-
HOCTb MEHSIETCsl B IJIOCKOCTH, ITE€PIIEHIUKY/ISIPHON 110~
JIIO.

Pacnpenenenne namarandennoctTs B pase A MOXKHO
pa3noxuth B psa Pypbe:

pu(r) = meexp(ik - r), (23)
k

rae BekTOphl k packiiagsBaroTcs mo 6asucy oopaTHON
peIeTKH:

1 V3
2> 27

kl = k0(17070)7 k2 - ko O )
ko — BOJIHOBOE WHCJIO TJIABHBIX CHUPAJIEH, BUIUMBIX B
HEHTPOHOTPADUIECKOM IKCIIEPUMEHTE. YCJIOBHE JIEHCT-
BUTEILHOCTH HOJIs f4(T) CBOAUTCS K fh_ik = [Af.
Vepeass maoTHOCTb dHepruu (9) 1Mo MpoCTPAHCTBY,
HAXOJIUM BBIPAYKEHHE
1 20, 12 4 s
(€)= 5 3 (Rl + k- [ x pi]) b pio, (24)
k#£0

KOTOpPO€ B OTCYTCTBUE JOIIOJTHUTEJIbHBIX yCJ'IOBI/Iﬁ JIETKO
MUHUMU3UPYETCHA CIINPpaJIAMN BUIA

Repy L Impy Lk, |Repx|=|Im py].

OHAKO JIOTIOJTHUTENIbHOE YCJIOKHEHHWE BBITEKAET W3
YCJIOBUS YHUMOYJISIPHOCTH TI0JIst f4(T), KOTOpOe 3alu-
CBIBaeTCH B BUJIE CBEPTKMU:

1, k=0,

0, k#0. (25)

Z Hx—k’ - Bk =
K

B wacraOCTH, ipu k = 0 9TO IPpUBOAUT K YCIOBUIO HOP-

(W) = > = 1.
k

MUPOBKHA

(26)

C yuerom yesosust (25) MUHIMU3AIUS BhIpaykeHus (24)
CTAHOBUTC HEIIPOCTOH 3a/1a4eil, KOTOPYIO IIPUXOIUTCA
peIIaTh YUCACHHBIM MOJIEJIMPOBAHUEM.

CkaxkeM HECKOJIBKO CJIOB O BOJHOBOM dHCHE kg
IaBHBIX crupadseil. JacTo yTeepxaaor, uro |kol
= |D|/J (B upuHATHIX 31€Ch GE3Pa3MEPHLIX €IUHU-
nax kg = 1), T.e. cuupasu da3pl A UMEOT TOT Ke Ie-

puoj, uTo m KoHuUeckas dasza. JleficTBUTENbHO, KaXkK-
JI0€ ciiaraeMoe B KpyIJIbIX CKOOKax B (24) MUHUMAJILHO
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upu k = 1. OjHaKko, BeaeAcTBHE TOro 94ro cymMMa (24)
BKJIIOUAET CIUPAJH C BOJHOBBIMU UHCJIAME, KPATHBI-
MH kg, «9HEPTETUIECKOE JABJICHIE» BBICOKHX FAPMOHUK
JIOJIZKHO HPUBOAUTH K YMEHBIIEHUIO BEJUIUHLL ko, KO-
Topasi, TAKIM 00pa30M, JOJI?KHa ObITh MEHbIIE €JINHA-
npt. OTMerny, 410 HefirpoHOrpaduIecKne nccie 0Ba-
HUsI, KaK IPABUJIO, He IOKA3bIBAIOT BLICOKIX FAPMOHIK,
9TO OObSICHSETCSH MAJIBIM Y/ICJBHBIM BECOM IIOCJIE/IHUX.

4.1. IIpocTasi Mozesib C TPpeMs IeJIMKOUJaMu

Paccmorpum B KadecTBe mpuMepa MPUMHUTHBHYIO
Mojienib (a3el A, nMerorell HEHYIEBYIO CPETHIOn Ha-
MATHUYEHHOCTH [io || h 1 1recTs T1aBHBIX rapMOHUK C
ko = 1, o6pa3syromux Tpy CIUpaJIn ¢ yriamu 27 /3 Mex-
gy aumu. [Ipumem, 9T0 BBITOJIHSIETCS yCJIOBHE HOPMU-
poBKH (26), mpu 3TOM HapyImaeTcs 6osee obIIee yeao-
Bue yHUMOAYyJIsApHOCTH (25). MunnMmsamust BeIpazke-
uus (24) naer po = h U CPEIHIOIO IIOTHOCTH SHEPIUH,
B TOYHOCTH PABHYIO IUIOTHOCTH 3Heprun (16) KoHmwe-
ckoit dasbr. [logaepkaeM, UTO JAHHBIN PE3yIHTAT BO3-
MOXKEH TOJIbKO OJIaromapsi OTKa3y OT YCJIOBUS yHHMO-
JYISPHOCTH.

[Toste HAMATHUYIEHHOCTH MMeEeT BUJL

3
p(r) = hes + Z{“S exp(iks - r) + c.c.},

s=1

(27)

rie es = h/h, unnekc «$» HyMmepyer CoupaJiu, BOJHO-
BBIE€ BEKTOPDI

kl = (17070)7 k2,3 =

a aMITUTYIbI 3a1aX0TCA BbIPDAZKECHUEM

1—h?

5 exp(igo)(—es + ilks X e3]),

Hs = (28)
YZIOBJIETBOPSIIONIAM YCJIOBUIO HOPMHUPOBKH. UTO Kaca-
€TCsl YCJIOBUS YHUMOJLYIIPHOCTH, TO OHO XOPOIIIO Y/I0B-
JIETBOPSIETCST B HEKOTOPOil obsactn BOm3u h = 1/2.
Perum, HampuMmep, 3a/ady MHHUMU3AIUA BEJMIHHBI
{(u? —1)2) = (u*) — 1, xapaxTepusyiomeit OTKJIOHEHIe
noJist 4 oT yHUMOyIspHocTH. VI3 (27), (28) moxydaem
BBIDasKEHIEe

(')~ 1= (1-h?) x

w [(19h% 4 5)/12 — h/3(1 — h2) cos 3¢0} . (29)

uMerolee MUHUMYM Ipu ¢ = (0, 9TO COOTBETCTBY-
€T I'eKCaroHaJbHOI CUMMETPHUU U PACIIOJIOXKEHUIO 1P
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CKUPMUOHA B BEpINUHE 3JIEMEHTAPHON sdeliku (perme-
HUd ¢ = £27/3 UPUBOAAT K CMEINEHUIO HAYAJIA KO-
opauHar). Takum 06pa3oM, U3 JAHHON MOJEIH CIIEy-
€T rekcaroHajibHasl CUMMETDPHsI CKUPMHOHHON pereT-
kn. Muanvywm () — 1, npubmsurensno pasabrit 0.029,
nocturaercs npu h = 0.409, 94TO XOPOIIO COTJIACYeTCs
¢ pacnosioxkernneMm ¢asbel A Ha (Has0BbIX JUarpaMMmax,
[TOJIy9aeMbIX B 9KCIIEPUMEHTAX.

4.2. Yucineunoe momeanpoBanmne pasbr A

ITockonbky sHeprusi (9) jocruraer MUHEMyMa Ha
KOHMYeCKol dase, Jyist MojienpoBanust (pasbl A Heob-
XOJUMO MUHUMU3UPOBATH SHEPIUIO MTPU JOMOJTHUATE b
HBIX YCJIOBUSIX, 38 IAI0NNX TOUETHYIO CHMMETPHIO U TIe-
puOINIHOCTE. V3 9KCIIEPUMEHTOB 110 AU PAKIUN Hell-
TPOHOB U3BECTHO, 4TO (paza A numeer och 6-ro uim, Bo3-
MOYKHO, 3-TO MOPSIJIKA, MAPAJIIETbHYIO MPIIOKEHHOMY
MarauTHOMY nosmio [35-37,40,41]. B nepnenaukyssp-
HOM TI0JIIO TJIOCKOCTH CTPYKTYPa IePUOAMYECKast ¢ Oa-
3ucoM OOpaTHOI perreTkn

1V3
2> 27

k1 = ko(1,0,0), ko = ko 0

Yaursisasg (12), ycroiiunBoe cOCTOSIHAE MOKHO UCKATh
METOJIOM MEJIJIEHHOTO Jipeiiha yHUMOLYJISIPHOIO TIOJIs
p B HanpasieHnu >ddexTusHOro mosd hepr(p). B xa-
YeCTBE CTAPTOBOTO COCTOSIHUS MOYKHO B3sITh, HAIPHU-
Mep, MoJie TPOCTON MOJIEN U3 MPEILIIYINEro pasiesa,
NPUBEJIS €r0 K YHUMOJIYJISPHOMY: [ — 4/ [t
BapuarnuonHubIii MeTO/T 1M03BOJISIET OTHICKATD JIAIIH
JIOKQJILHO YCTOWYIUBYIO MAarHUTHYIO CTPYKTYDPY, HO He
MUHAMHU3HUPYET I[OJIHYIO0 SHEPrui0 CUCTEMbl. IJTO, B
YACTHOCTH, O3HAYAET, YTO HEBO3MOXKHO OIIPEIEJIUTh I1e-
pPHO/JT CTPYKTYPHI U 00paTHyIo eMy Besndauny ko. OjHa-
KO, TIPU 3aJIAHHBIX aMILUTUTY/IAX [k, PABHOBECHBII ITe-
PHOJT MOXKET OBITh BBIYUCJIEH MUHUMU3AIUEH SHEPIHH
(24), upexncraBasiomei coboil KBaIpaTUIHYIO (ByHK-
nuio kg. 3aMeTnM, 9TO U3MeHeHne kg He IPUBEIET K Ha-
PYLIEHHIO YCJIOBHs yHUMOIysisipHocTH (25). Jiist oTbic-
KaHUsl TI06aJIbHONO MUHUMYMa, SHEPIUH HEOOXOIUMO
gepesioBaTh mporecc apefiba um Boraucienne kg. Og-
HAKO HeJIb3sl YTBEPXKJATh, 9TO HaOJIOaeMast B 9KC-
nepuMenTe ¢asza A JOCTUTAET MUHUMYMa SHEPIHH.
eticTBUTEIHHO, TIOCKOJBKY (ha3a A MpecTaBiIseT co-
00i1 pereTKy CKUPMUOHOB, JTIOOOE M3MEHEHHUe TePUo-
JUYHOCTH [PHUBOJUT K POXKIEHHIO/ yHUITOXKEHUIO TO-
[IOJIOTTYECKUX JIe(DEKTOB — IIPOIIECCY, KOTOPHIi 6e3 Ha-
pyIIEHUsI HEIPEPHIBHOCTU MOYKET IIPOUCXOIUTH TOJIb-
KO Ha rpaxure Kpucrauia. ClI0XKHOCTE 06pa3oBa-
HUs / yHUITOXKEHUS CKUDMUOHOB MOYKET IIPUBECTHU K TO-
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Puc. 3. (B ugete onnaiin) Pasnocts (£4) — & cpegHux nnot-

HocTeil aHepruii hasbl A (MogenmpoBaHue) 1 KoHU4ecKoii da-

3bl KaK (DYHKLMS BEANYMHBI MarHUTHOTO NoAs h 1 BOJHOBOrO

4Mcna rnaBHbIX cnupaneii ko. JHeprusi KOHUHeCKol hasbl Bbi-

uncnera ans k = 1. XKenTble To4KM COOTBETCTBYIOT rnobanb-

HOMY MUHUMYMY 3Heprumn basbl A npu 3afaHHOM 3HaueHWN
nons

MY, 9TO TIEPUOIBI PEIIETKH He Oy/IyT MEHAThCS [IPU U3~
MEHEHUH II0JIsI, HO OYIyT COXPaHATH CBOM 3HAYEHUS,
[TOJIy9YeHHbIE B MOMEHT BO3HUKHOBeHHu ¢asbl A. Ilo-
9TOMY HMMEET CMBICJI IIPOBOJIUTH MOJIEJINPOBAHUE B 3a-
BHCHMOCTH HE OT OJ[HOT'O, & CPa3y OT JBYX IIapaMeTPOB:
h n ko.

Ha puc. 3 moka3aHbl pe3y/IbTaThl BHIYUCIEHUS CPEl-
Hell IJIOTHOCTHU dHeprun (a3l A B 3aBUCHUMOCTH OT h
u ko. DHEPrus OTCUNTHIBACTCS OT SHEPIUU KOHUIECKOMN
dazpr (16) mpu TOM Ke 3HAYEHHH MAIHUTHOI'O IOJIs
u k = 1. 2Kenras kpuBas oTMedaeT IJI00AJTHHBIN MU-
HAMYM SHEPIUU [IPU 3aIaHHOM 3HAYEHUU IMOJisd. Bui-
HO, 4YTO pa3HHUIA dHEPruii MUHUMAJbHA B HEKOTOPON
okpectHOCTH h = 1/2, 9TO COOTBETCTBYET 06JIACTH CY-
mecrBoBanus ¢gasnel A, HAOII0IAEMON B IKCIIEPUMEHTE.
B sTo0it obmactn onrumanbHOe 3HaUeHme kg JOCTHra-
eT MakKCUMyMa, NpubsmsuTesbHo paBaoro 0.978. Orme-
THM, YTO COOTBETCTBYIOIEE MUHUMYMY SHEPIUU 3HA-
qenne ko BCerja MEHbBINE €IWHUIBI, YTO O0bICHIETCH
JIaBJIEHUEM CO CTOPOHBI BBICOKUX I'APMOHUK.

Ha puc. 4 nzobpazkenbl qudpakIunOHHbIE KaPTHHBI
daszbr A 110 pesybTaTaM MOJICTMPOBAHUS JIJIsI HECKOJIb-
KuX map mapamerpoB h, k. Ilmomann nzobpaxarommx
MUKW KPYIOB ITPOMOPIMOHANBHBI KBAJIPATAM AMILIA-
Ty/ |px|?. TlenTpaabHblii MK COOTBETCTBYeT KBa/Ipa-
Ty cpesmeit namarmmaentoctu 3 daser A. Tapamer-
pot kg = 0.978, h = 0.41 coOTBETCTBYIOT MUHUMAJIBHOMI
pasnuiie suepruit (€4)—E.. st cpaBHEHNS IPUBEIEHBI
JiBe @ PAKIMOHHDBIE KAPTUHBI JIJIsl CTPYKTYP C TeM Ke
MIEPUOIOM, BBIYUCJIEHHBIE IPU JIPYTUX 3HAYEHUSIX TTOJIS
(h =0, h = 0.8). Buzmo, uro 66Jblnas yCToiIuBOCT
da3er A cBsi3aHa ¢ MEHBIIUM BECOM BBICOKHX TapMO-
HuK. OTMETHM, 9TO ONTUMAJIbHAS JJIS CYIIEeCTBOBAHUS
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Puc. 4. (B ugete onnaiin) JudpakunoHHble KapTuHbl ha-
3bl A no pesynbtatam mogenuposanus. lnowanm Kpy>xkos
NPONOPLMOHaNbHLI KBagpaTam amnauTyg |pi|®. MapameTpei
ko = 0.978, h = 0.41 oTBeYalOT HaMMeHbLUEl Pa3HOCTU SHep-
ruii mexxgy casoii A n koHndeckoli chazoin npu k = 1

Puc. 5. (B uygete onnaiin) Pacnpegenesune nnoTHoCTH aHeprum

casbl A no snemeHTapHol siyeiike No pesynbTaTaM MOAENMPO-

BaHus ¢ napametpammu h = 0.41, ko = 0.978. Jna cpaBHeHUs

nokasaHbl cpefHsisi naoTHocTb sHepruu (E4) (xenTbii ypo-

BEHb) M SHEPrusi KOHUYECKON hbasbl £ NPU TOM >Ke 3HA4EHUM
nons (cuHWUii ypoBeHb)

daszpl A BesmumMHa MAarHuTHOro noJjd h ~ 0.41 6sms-
Ka K 3HAYEHWIO, TOJIYIeHHOMY B IIPOCTOI MOJIENIN TPEeX
TEJTUKOUT.

B ornmmame ot korMYeckoit has3bl ¢ ee BCIOAY OIMHA-
KOBOIi IJIOTHOCTBIO 3Hepruu, 3Heprusi ¢pa3bl A Hepas-
HOMEPHO pacIipejiesieHa 1o djieMeHTapHoi swueiike. Ha
puc. 5 mMoKa3aHa IJIOTHOCTH SHEPIUU 110 PE3Y/IbTaTaM
MogsiesmpoBanus Gasel A s HauboJiee yCTORIUBOrO
ciaydas ¢ napamerpamu h = 0.41, kg = 0.978. Kaxk un
OXKWJIAJIOCH, IJIOTHOCTDh YHEPIUUA MAKCHMaJIbHA BOJMA3U
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CKUPMHOHOB, IJile HaMarHMYeHHOCTb HAIlPaBJIeHa IIPO-
THBOIIOJIO’KHO MarHUTHOMY moJio. [Ipu sTom B 1ieHTpe
sAnpa HabIIOMAeTCs HeOOJIBITION MPOrnd KaK CJIe/ICTBHE
JIBOMHON 3aKpyTKU. YCpeIHEHHAas 1O svueifke dHEepTHs
(€4) 0bo3HAYEHA HA PUCYHKE YKeJIThIM yposHeM. CuHuil
YPOBEHBb COOTBETCTBYET 3Heprun &, KOHMIECKOH (hasbl
[IPU TOM K€ 3HAYEHUW TOJIs. BUIHO, 9TO, HECMOTDSI
Ha CHJIbHYIO HEOIHOPO/IHOCTD PACIIPE/IE/IEHUST SHEPT UM,
pasuuna (E4) — &, ouennb maga. Kax ciencrsue, 10600
HEYUYTeHHBI husndecknii GakToOp MOYKET MMOBJIUATDH HA
YCTOWINBOCTD (ha3bl A, clle/IaB ee SHEPTeTUIECKH HoJtee
BBITOJIHOI, deM KoHmdecKast dpas3a. Cpean Takux daxk-
TOPOB CJIEJTyOTINE:

1) daykryanun HaMArHUYEHHOCTH BOJU3U TOYKU
Kiopu (kak yzxe 6bUIO 3aMEYEHO, STHM MOXKeT 00bsiC-
HSTHCSI TEMIIEPATYPHBII TUAITA30H CYIEeCTBOBaHUs (ha-
3bl A);

2) BJIMsTHUE TIOBEPXHOCTH (IO BCEl BUIUMOCTH, ITO
OJIVH U3 IJIABHBIX (PAKTOPOB yCcTOWYMBOCTH (Pasbl A B
TOHKUX IUIeHKax [38,39, 58]);

3) JMCKPETHOCTh PACIPEJIEIEHNsT MATHUTHBIX ATO-
MOB;

4) HeydTeHHble B SHEPIUM UJIeHBbI GoJiee BBICOKHX
[TOPSIJIKOB MAJIOCTH, B TOM YHUCJIE YIEHBI ¢ KyOMIecKoit
aHu30TpoIuei.

[oceusist M3 EPEIUCITIEHHBIX BBIIE BO3MOYKHOC-
Tell, a WMEHHO BJIUsTHUE AHU3OTPOIHBIX YJEHOB Ha
YCTOMYHMBOCTEL (Da3 XMPAJBLHOIO KyOHM4eckoro eppo-
MarHeTuka, OyJIeT pacCMOTPeHa B CJIEYIOIIEM pa3Jie-
Jte.

5. KYBUYECKAfA AHU30TPOIINA

MoKHO TPEUIOKUTDL J[Ba PA3IUIHBIX MEXAHU3MA
[TOSIBJIEHUST AHM3O0TPOIHBIX YIEHOB B 3Heprum JlaH-
nay —JIudmura. IlepBwiit cBsA3aH ¢ B3anMOIEHCTBU-
€M KaXKJIOr0 MArHUTHOT'O MOMEHTA IO OTJEJbHOCTH C
HEKUM JIOKAJbHBIM KPUCTAJIMIECKUM IIOJIEM Ha, ATO-
Me, K KOTOPpOMY OH mpuBsi3aH. JIpyroit MexaHU3M —
KOJJIEKTUBHBIIT — He Tpebyer IMpUBJIEUEHUS JIOTOJIHU-
TeJIbHBIX B3aMMO/IEHCTBUI KPOME y2Ke PaCCMOTPEHHBIX
M30TPOITHOTO OOMEHa M AHTHUCUMMETPUIHOTO OOMEHA
Jzsutomunckoro — Mopusi. 31eCh aHH30TPOIUsT BO3HU-
KaeT KaK CJIeJICTBUAE TOIOJOIUIECKUX CBOWCTB peIeT-
KU B3aUMO/JIEHICTBYIOINX MArHUTHBIX MOMEHTOB, 00JIa-
Jaroreit Kyondeckoit cummerpueii. B peanbHBIX Kpu-
cTaJuIaX OJHOBPEMEHHO MOTYT JIefiCTBOBATH 00a ITUX
MEXaHU3Ma, OJTHAKO 37eCh MBI OIPDAHUYUMCS PACCMOT-
peHHeM JIAITh HoJiee TPOCTOro MEPBOTO CAyYast. 3aMe-
THUM, 9TO B 9TOM CJIyIae AaHU30TPOIIHbBIE UJIEHbI SHEPIUU
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AHn30Tponus MarHnTHbIX a3 KyBUYeCcKnx resiMMarHeTuKkos

Jlannay — JIudmmuna He comepKaT TpPOCTPAHCTBEHHBIX
[IPOU3BO/IHBIX OT HAMATHUYEHHOCTH.

Ha mumkpockonmieckoM ypOBHE SHEPIHIO B3aUMO-
JefiCTBUS CIUHA S C JJOKAJTbHBIM KPUCTAJLIMIECKIM IO~
JIEeM MOKHO 33/1aTh BBIpayKECHUEM

1 (30)

El.c.f. = %Aaﬁsasﬁ + Baﬁ'yésasﬁs'yséa
rie TeH30pbl A 1 B 06J/1a1a10T CJIe/IyIoIUMU CBOWCTBA-
Mu: 1) OHM CUMMETPUYHBI [0 [EPECTAHOBKAM HMHIIEK-
COB; 2) OHM OBJIAJIAIOT CUMMETPUEH aTOMHON MO3UIIHT;
3) cinex A u smobasi cBeprka B 10 JIBYM HHIEKCAM
paBubl HyTO (Aga = Baays = 0). Tensopsr, oTHocs-
Iuecs K aTOMAaM B 9KBUBAJIEHTHBIX IO3UIUSX, CBA3a-
HBI IPe0OpPa30BAHUAMU CUMMETPHUH TOYEYHON TPYIIIBI
Kpucrajia. B obimewm ciydyae Ttenzopbl A u B umeror
COOTBETCTBEHHO TSATh U JEBITh HE3aBUCUMBIX KOMIIO-
HEHT; JIJIsT aTOMOB, JIEXKAIINX HA OCU 3, COOTBETCTBEHHO
OJHY (Awy) u Tpu (waww; wa;ﬂya memz)

Jns Toro 9robbl MOIYYUTH KyOMYecKylo aHu30-
TPOIHYIO TIONPABKy K sHeprun Jlaunay — Jludumra (2),
HeoOxoauMo mpocyMMupoBaTh (30) Mo BCeM MarHuUT-
HBIM MOMEHTAM BHYTDPU 3JIEMEHTAPHON STI€HKH.

N3 coobpakenuit CMMMETPUN BUJIHO, UTO TEPBBIi
AHM30TPOIHbINA YjIeH B IUIOTHOCTU HEPIUU MMEET BU]L

Ea = alpy + py + 12). (31)
MokeT 1moKa3aThCs, ITO TeH30p A He JOJKEH JaBaThb
BKJIa/1a B 9TO BhIPaKeHNe, OJTHAKO ITO He TaK. Bkiag oT
A BO3HHMKaeT Gjarofapsi CKOCaM, BO3HUKAIOIIUM U3-32
B3aMMOJIEHCTBUS CIIMHOB C JIOKAJHHBIM KPUCTAJLIAYIE-
CKUM TIOJIEM. DTU CKOCBHI MOT'YT OBITH BBIYHCJIEHBI 110
anasornu co ckocamu (7), (8), BOSHUKAIOIUMU N3-32
B3aumogeiicTeus JI3snomuackoro — Mopusi. Onun nme-
10T BU/T

Asit =0; p—p(p-0; p), (32)

e ©; — TEH30pbI, BBIUUC/IsIEMbIE U3 YPaBHEHUH

> (0 - 0;) = — A, (33)

e cymMMa 1o j Gepercs Mo aroMaM, COCEIHUM C i-M.
Tenzopbl ©; obJyiaga0T TEMU K€ CBOMCTBAMU CHMMET-
pun, ato u A;. Cxrocsl (32) BHOCAT B IJIOTHOCTH SHEP-
TUU BKJIAJT

_i ZZ Ji{p 0% p—(n-0y - p)*},  (34)

rJe CymMMa 1o § OepeTcs 1Mo BCeM MATHUTHBIM aTOMaM
B 3JIEMEHTApPHON siveiike, a ©,; = ©; — ©; — cuMMeT-
pUYHBIN Gecc/IeIOBBIl TEH30D, UMEIONH CUMMETPUIO
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MeKaTOMHOI cBsisn. Bropoe ciaraemoe B (UIYPHBIX
CKOOKAX, MMEIOIIEe I€TBEPTHIN MOPSIOK 110 HAMAIH-
YeHHOCTH, JaeT BKiax B (31).

Jutst caydast XupaJbHbIX GeppPOMArHETHKOB CTPYK-
rypuoro tuna B20 (MnSi u np.) xosdduienr B Bbl-
pakenuu (31) umeer BuJ

_ 34
> Jij

rJie B 3HaMeHaTese CyMMa 1o j Gepercst mo BceM coce-
JISIM IIPOU3BOJIHOTO MATHUTHOTO MOMEHTa (7).

5

5 (35)

a = Bzzzzv

ITpu mepexome K GespazmepHOMY BbIpaxkeHHIO (9)
JUIsE TUTIOTHOCTHU SHEPIuu KO3MMUIMEHT v mpeobpasy-
ercst KakK Qpew = (J /D?) ot

Ho6asnenue k mioraoctu suepruu (9) aHU30TPOI-
Horo wiena (31) BbI3bIBaeT JiBa BUJA U3MEHEHUI Mar-
HUTHOHM CTPYKTYDPBI. BO-TIEPBBIX, dHEPTUsT HIU3KOCHM-
METPUYHBLIX (a3 Temepb 3aBUCUT OT UX OPUEHTAIH.
DT0 MOYXKET IPUBOJUTH K MOBOPOTY MATHUTHON CTPYK-
TYPBI KaK IeJIOT0, a IIPU MAJIBIX [TOJISIX — K BBICTPANBA-
HUIO €€ BJIOJIb BBIJEJIEHHOTO KPUCTAIIONPAadUIeCKOTO
HanpasjeHusi. Bo-BTOPBIX, 3TO MOXKET BbI3bIBATH MCKAa-
JKeHWe MArHUTHOM CTPYKTYpbl. OCTAHOBUMCS Ha TOM
nogpobuee.

Beeznenue anuzorponnoro wiena (31) uzmenur a¢-
deKTUBHOE JIOKAJIBHOE TI0JIe HA BEJIMINHY

1)

heff

3,3 3
(H’) = _404([1‘13 ,uyv ,uz)a (36)
9TO UCKA3WUT MCXOJIHYIO MArHUTHYIO CTPYKTYPY. Bymem
HNCKaThb II0JIe HAaMal'HUW4YEeHHOCTH B BU/JIC
2
K1

; (37)

B = po + p1 — — Mo,
rae po — ucxomHoe pemenne cucremsl (11), (12), py —
cJraboe ucKaXkKenue Mmopsaka o, 1 | po. Bermurmem mo-
MPaBKM K IJIOTHOCTH JHEPIUM IIEPBOrO U BTOPOTO TIO-

PAKOB II0O O

glll = O‘(Méz + ugy + Mgz)7 (38)
1 Opy Opy (0) 5
Epp = — 1 21 v 1% (o)=L
2= 3 o o +p1 - [V x pal+h g (po) 5 +

+Aa(pip i + Hoytry + popz)- (39)

Buano, uTo mcKaXkeHusi CTPYKTYPBI CKa3bIBAIOTCS Ha
SHEPruu, HauuHas C 4JE€HOB BTOPOI'O IOpsAKa 10 Ma-
JION BeJImumHe v B OCHOBHOM »Ke aHU30TPOIHS ITPOSIB-
JIsIeTCS B 3aBUCHUMOCTH SHEPIUH MArHUTHON a3kl OT ee
OPUEHTAIINN OTHOCUTEJIBHO KPUCTAJIINIECKUX OCeil.
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A
(111)
(100)
0 0.2 0.4 0.6 0.8 1.0
h

Puc. 6. CpegHsisi N1OTHOCTb SHEPIrMM aHU3OTPONUN KOHUYEC-

Koii chasbl, OPNEHTNPOBAHHONR BROAL Hanpassenuii (111) n

(100) (cnywari a > 0). Ocb nerkoro HamarHW4MBaHWs Ko-

HNYecKoi hasbl MEHSIeT HanpaBfieHne Npu 3HAYeHUsIX NoAs
0.340H:2 n 0.861H .2

5.1. Konunyeckas ¢daza

VYuer masoit arnzorpornHoil monpasku (31) K mwIor-
HOCTH SHEPIMH HE NMPUBEJET K CAILHOMY HCKAKEHHIO
KOHUYECKON CHUPAJN, HO CPEJHsIsl SHeprusi Oyuer Te-
Iepb 3aBUCETH OT OPUEHTAIMA OCH CIIMPAJU OTHOCH-
TeJBHO oceli kpucTasia. JeficTBuTesbHO, yepeaass E,
[I0 MArHUTHOMN cTpyKType (15) npu npomsBoJbHOM Ha-
[paBJeHNN OCH crmpaan n = ez = h/h, moayunm

(€a) =

[3¢+ (8 = 5¢)(ny +ny +n2)] (40)

®|e

e

¢ =1+6h%—T7h% (41)

Bumno, yro HampaBjieHHEe N, COOTBETCTBYIONIEE MU-
HAMYMY SHEPIUH, 3aBUCAT OT 3HaKa KO3 duimenra
a(8 — 5¢). Muoxurespb (8 — 5§) ABaKIbl MEHsIET 3HAK
Ha orpeske 0 < h < 1, a umenno B Toukax 0.340 u
0.861, m BMecTe C HUM MeHsIETCSI BBIT'OJHOE HalIpaBJle-
uue Hamaraudenus (puc. 6). MaruuTHbli SKcIIepuMenT
C TOPCHOHHBIMU BeCAMH, IIPOBEJIEHHBII IIPU TeMIepa-
Type HIKe 0bJiacTu cyinecTBoBaHus ¢as3bl A, Mor 6bl
[IOATBEP/IUTH WA ONPOBEPTHYTH STOT PE3YJIbTAT.

5.2. 'enukounmanbHass daza

IIpu mysneBom mosie £ = 1 U B 3aBUCUMOCTH OT 3HAKA,
(v TEJTMKOMJIAM BBITOHO YIIOPSI0UUBATHCS JTHOO BIOJIb
rpex Hanpasjenuit (100) (o < 0), gubo BIOIL YETHI-
pex Hanpassenuii (111) (o > 0). Ilepssiit cayvait coor-
BercrByer CuzOSeOs, Bropoit — MnSi. IIpu sTom, kak
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yKe TOBOPUJIOCH, MArHUTHAsI CTPYKTypa pa30uBaeTcs
Ha OTJEeJbHbIE JOMEHDI, PA3JIMJaIoyecs BEIOOPOM O/I-
HOTI'O U3 HECKOJIbKUX 3KBUBAJIEHTHBIX HAIIPABJIEHUI OCH
rejukouIbl. [Ipy OCTHKEHM MArHUTHBIM I10JI€EM KPU-
TUYECKOTO 3HadYeHusi H. JIOMEHHAsT CTPYKTYpa pa3py-
[IAEeTC U CIUPAJINA [IEPEOPUEHTUPYIOTCS BJOJIb ITIOJISI.
IlepeopuenTartus cimpasieit mpeacTasiisieT coboit CI0K-
HBIL IIPOLECC, 3aBUCAIIUN OT HAIIPABJICHUS IIPUJIOXKEH-
HOIO MATHUTHOTO TOJIsSI U MPEILILYIIEH UCTOPUH JOMe-
HOB [56,59].

SBuass H.i, MOXXHO OILIEHUTH BeJIUYUHY KO3DuIm-
enta «. U3 (22) BUIHO, UTO B 3aBUCHMOCTH OT yTJIa
~ MEXK/JIy HAIpaBJEeHUEM MATHUTHOIO MOJIS U OChIO KO-
HAYECKO-3JUIMIITUIECKON CIIMPaJId SHEPIUsS MOMKET Me-
HATbCs B muanazone A&, = h?/4. C apyroit cTOPOH®I,
sueprug anuzoTponuu (40) KOHUYeCKO CriupaJiun MeHs-
ercs B quanasone AE, = |a|/4 (h < 1) B 3aBucumocTn
OT OPUEHTAIMY OCU CIIMPAJIU OTHOCUTETBHO KPUCTAJLIU-
ugeckoil pemerku. [IpupaBuuBas A€ u AE,, oneHuM
BEJINYUHY KPUTUIECKOTO MOJIS KaK N A2 \/W , IIN

o~ +(He /Heo)?, (42)
rJe 3HaK BbIOMpaeTcs B 3aBUCHMOCTH OT OPHUEHTAIlUU
PeJIMKOUJT TPU HYJIEBOM TMoJie. Tak, Jiisi KPUCTAJLIA
MnSi H.; =~ 0.1 Tn, Heo =~ 0.6 Tt u, ciemoBaTebHO,
a =~ 1/36.

5.3. @aza A

Kaxk u B npefpiiymux ciaydasx, BEIYUCICHHE CPEI-
Hell IIoTHOCTH SHepruu anuzorpornun ¢gassr A cBoIUT-
¢l K BBIYHCIIEHNIO Besmannbl (py, + jy + p12). C oroit
[EJIBIO BBEJEM CUMMETPUIHBIN TEH30p YEeTBEPTOrO PaH-
ra ¢ KOMIOHEHTaAMU

Magys = (Bakphyts) (43)
B CHCTeMe KOOPJMHAT, CBA3aHHON ¢ dazoit A. Obo3Ha-
9UM OCH ITOH CHCTEMBI KOODIMHAT KaK €1, €3, €3 =
= n = h/h; g onpenesIeHHOCTH BEKTOD €1 HAIIPABJICH
BJIOJTb BOJTHOBOTO BekTOpa kj. 3a 1eKapTOBBIME OCSIMH,
CBSI3AHHBIMU C KPUCTAJJINIECKON PEIIETKON, COXPAHIM
00O3HAYEHNS €5, €y U €.

Tenzop M 110601t MArHUTHON CTPYKTYPBI 00/1a71a€T
TOYEYHON CHUMMeETPpHUEill 9TOH CTPYKTYpPLI U, B 4aCTHO-
CTH, JUIsI TeKCArOHAJBHON da3bl A ¢ ocbio 6, HAaIpaB-
JIEHHOH BJIOJIb €3, COXPAHATCS TPU HE3ABUCUMBIX KOM-
[TOHEHTHI:

Miir = Magaa = 3 M2z, Miizz = Maasz, Mssss.
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Puc. 7. (B ugete onnaiit) PasHocTb (€4,4) — (Ea,c) 2Hep-
ruii annsoTponum dasbl A ¢ ko = 0.978 n KoHn4eckoii dasbl
c k = 1 B 3aBMCMMOCTV OT HanpaBieHUs N U BeAN4YUHbI h
marHuTHoro nonsi. Koadpduument o = +1. B obnactu cyue-
cTBOBaHus pasbl A (npaBas 4acTb fuarpaMmbl) aHU30OTpo-
nus genaet pasy A 6onee ycroiiuusoii npu n || [111] n meHee
ycToliuuneoli npu n || [100] (HaobopoT npw oTpuuaTenbHOM
3HaYeHNN «)

W3 ycioBusi YHUMOIYJISIPHOCTH CJIeJyeT PpPaBeHCTBO
(u*) = 1, naromiee JOMOJHATETLHYIO CBA3b MEYKLY 9TH-
MI KOMIIOHEHTAaMH:

8Mi111/3 + 4M 133 + M3szz = 1. (44)
Cpennsis BeIMYuHA 9eTBEPTOH CTeeHn IPOEKINH [t Ha,
npousBosbHoe Hanpassienue d (d = 1) Bopazkaercs de-
pes Ten3op M cienyomum 06pasoM:
((p-d)") = Magpsdadsd., ds. (45)
B ciaydae rekcaroHaJbHON CUMMETPHHU 3T BEJINIMHA

3aBUCHUT TOJIBKO OT IIPOEKITNH Hanpasyenus d Ha ock 6

(d-n=ds):

((p-d)") =M (1l —d3)* +

+ 6M1133d§(1 — dg) + M3333d§. (46)
TToncrapnss B kagectBe d HAIPABJICHUS KPACTAJLITAIE-
CKHUX OCEll €, €y, €, U CyMMHUPYs, HOJIy9UM CPEJHIO0
IJIOTHOCTD 3Heprun anuzorporun dasel A Buga (40) ¢
§a = 8Mi111/3 + 16 M133.

B orimame or cirydas KoHUUIeCKoit das3br, KoMOMHA-
st (8 — 5&4) He MeHsIeT 3HaKa BO Beeil obJsacTu cylre-
crBOBaHUA as3bl A, I03TOMY IHEPreTUIECKU HanboJiee
BBITOJIHBIM BCETJIa SBJISIETCS OJIHO HAIPABJICHUE OCH N:
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(111) upu « > 0, (100) mpu o < 0. OHAKO JyIst yCTOM-
qnBocTH (ha3el A BajKHEE Pa3HUIA MEXKIY €€ SHEpIrH-
eil aHu30TPOIINU 1 dHEePrueil aHN30TPOIINYU KOHUYECKOM
da3pl Ipu OHOM U TOM K€ HAIPABJIECHHH MArHUTHOI'O
IOJIA:

(€a.a) = (Eac) = 2 (Ea—E)B—D(ng +my+n2)]. (47)

@
8
Ha puc. 7 sra pasumna mnokasana st da3el A c
ko = 0.978 u konmueckoii daspl ¢ k = 1 (koadbury-
eHT « TIoJIOzKeH paBHBIM +1). Buaro, uro Kybudeckas
AHM30TPOIIMS CIIOCOOCTBYET ycToWunBocTH (pasbl A ¢
OCBIO N, HANpaBJIeHHOl B1oJb (111) pu nosoxkuTe H-
HOM 3HadeHMN « 1 Baoab (100) mpu oTpHIATENILHOM.
Heobxo/mMo 0TMETHTD, 9TO BEJTUIHMHBI SHEPIUU AHU30-
TPOIUU HEJOCTATOYHO JjIs TOTO, YTOOBI cieiaTh a3y
A 3HEpPreTUYeCKU BBINOJ(HEE KOHUYECKOH (has3bl.

SamMeTnM, 9TO paCCMOTPEHHBIN AHU30TPOIIHBIN -
deKT OrpaHMINBAETCS 3aBUCUMOCTHIO dHEPTHH (Ha3bl
A or HampaBJieHHsI NI MAIHUTHOTO TOJIsI U ITapaJsiieib-
HBIX €My sijlep CKUPDMHUOHOB U HE 3aTParuBaeT a3uMy-
TaJIbHOIl OPMEHTAINN TPEYTOJIBHON PEIeTKA CKUPMUO-
HOB [60]. st ommcaHUst a3MMyTAJBHOTO YIOPSIOYe-
HUsI, BBIXOJAIIETO 32 PaMKHU JIAHHOW CTAThU, HYYKHO
yY€eCTh aHU30TPOIHbIE Nonpasku (39) K sHepruu, ume-
OIHe CJIEAYIONHMI MOPSIJIOK MAJIOCTH 10 (. 37eCh, B
YACTHOCTH, CYIIECTBEHHYIO POJib OyJlyT UIpaTh HUCKa-
JKEHUsI CKUPMUOHHOW PEIeTKY.

6. BBIBO/IbI

Jlns onucaHust MArHUTHON CTPYKTYPBI KYOUIECKUX
XUPAJbHBIX PEePPOMATHETUKOB B pPaMKax (heHOMEHOJIO-
TUYECKOTO TI0/IX0/1a OBITIO UCIIOJIB30BAHO TPUO/IMKEHNEe
|IM(r)| = const, XOpoIIo IPpUMEHNMOE IPU TeMIIepaTy-
pax 3HAYUTEIHLHO HIXKE TOUKU MEpPeXojla U3 Iapamar-
HUTHOIl B ymopsiaodenuymo ¢daly. B mannom mpubd/u-
xennn sHeprus Jlammay—Jludmuna comepxur B Ka-
9eCcTBe €IMHCTBEHHOIO ITapaMeTpa BeJINUNHY BHEITHETO
marautHOro mosist h = H/H,.o, npuueM Bce HeTpUBU-
AJIbHBIE MATHUTHBIE (Da3bl — TeJIMKOUIATbHAS, KOHU-
geckas, dpaza A — zakiouens! B guanazone 0 < h < 1.

B pamkax maHHON# MOJEIM ITOKA3aHO, YTO TeJIH-
KomJadbHast ¢a3a B CIa0OM MATHUTHOM IIOJIE XOpO-
10 ONUCHIBAETCS KOHUYIECKO-3JUIMIITHIECKIMH CIUPa-
sgsivu. [Ipu 3TOM BHIT TeH30pa MArHUTHOI BOCIPUUM-
YUBOCTH COTJIACYETCH KaK C YKCIIEPUMEHTAIbHBIMU JAH-
HBIME [54-56], Tak u ¢ pe3ysbTaTaMu, MOy YeHHBIME C
MOMOIIBIO JPYTUX TEOPETHIECKUX TOIXOMI0B [56,57].

ITpoBeeno MozemmpoBanue ¢pa3bl A B 3aBUCHMOCTHI
OT BEJIMYUHBI MATHUTHOI'O TI0JIsi ¥ BOJTHOBOTO dmcia ko
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IJIABHBIX crmpaJieii. Pesyabrarsl Beraucienuil nokasa-
s, aro (aza A sHeprerrdecku HanbOJIEEe BHINOTHA TTPU
H =~ 0.41H_5; npu srom uncio kg cocrasiuser 97.8 % ot
BOJIHOBOT'O YHCJIa CIUpaJeit KOHMIECKOH (a3bl.

Tem He MeHee B paMKax 3aJJAHHOTO TTPUOJIMIKEHUS
SHeprusi Gpa3bl A He OMyCKAETCS HUXKE SHEPIHH KOHU-
qeckoil ha3wl pu TOM ke 3HadeHun moJsa. Hambosee
BEPOSITHOE OObsICHEHNE TOrO, modeMy dasza A OKa3bl-
BaeTCs BCE K€ BBLII'OJ[Hee KOHUIECKON HPU HEKOTOPBIX
YCJIOBUSIX, 3aKJIIOYAETCS B TOM, YTO B ODJIACTU CyIIie-
crBoBaHus ¢asel A — BOm3u Touku Kropu To — yeio-
Bue |M(r)| = const BBINOJHSIETCS JINNTb TPUOINKEH-
HO M3-3a TEIUIOBBIX (DIIYKTYaIuii MArHUTHOTO MOPSIIKA,
CUJIbHBIX BOJIM3H TEMIIEpaTyphl epexojia. B sTom ciry-
yae BMeCTO yHUMOy ispHoro nojs pu(r) (i = 1) neob-
XOJIIMO HCIIOJIB30BATH I10JI€, OJIM3KOE K yHIMO/LYJIsIPHO-
My (@ < 1), u BBecTn B 3Hepruo Jlangay — JIudmmma
JononHrTesbHbI wieH f(u). B pabore [30] npuBomst-
CsI aPI'YMEHTBI B II0JIb3Y TOT'O, YTO TOT WJIEH JIOJIKEH
umers Bugt f(p) ~ /1 — p.

BszaumosieiicTBie CIHHHOB € JIOKAJIBHBIM KPHUCTAJ-
JIMYECKUM TIOJIEM PACCMOTPEHO B KAYECTBE MPUIMHBI
BO3BHHKHOBEHUsI KYOMIECKON aHM30TPOITNN MATHUTHBIX
CBOMCTB WCCJIEyeMbIX KPHUCTAJIOB. B sTOM ciydae
sueprus Jlanmay — Jludmmna gomkaa OBITH IOMOJIHE-
Ha AHM30TPOIHBIM dienoM o(piy + iy + pi). BHak a
OTIPEJIEIISETCS KPUCTAJLUIOTPAMDUIECKUMI HAIIPABJICHU-
SIMU, BJIOJTb KOTOPBIX BLICTPAUBAIOTCS CIIUPAJIU B DEJIU-
KonJasIbHOM aze: a > 0 cOOTBETCTBYeT HAllPABJIEHU-
aum (111), o < 0 — manpasiernam (100). A6comorHyio
BEJIMYUHY (v MOYKHO OTEHUTH 0 KPUTHIECKOMY ITOJIIO
H.1, pasrpaHUIUBAIONIEMY PeJIMKOUJAILHYIO U KOHU-
geckyto daswl: |a| ~ (D?/J)(He/He)?.

s koumdecko#t pa3bl, Tak Ke KakK U I TeJIH-
KOUJIAJIBHOM, CYIIECTBYIOT KpUCTaIorpaduieckue Ha-
MIPaBJICHNUs], BJIOJIb KOTOPBIX SHEPreTHIeCKN 6oJiee BbI-
TOJTHO BBICTpAWBAHUE CIHUpAJeil. ITU HAIPABICHUS He
[TOCTOSTHHBI ¥ 3aBUCAT OT BEJUYIUHBI MATHUTHOTO TIO-
ss. JleficTBUTEILHO, SHEPIUsl aHU30TPOINN KOHHUYE-
ckoil crmpami mveer Bug, oF (h)[nd 4+ ny + nl], toe
n — HampasJieHue ocu cnupasy, a Gyakuus F'(h) nsa-
Kb MeHsieT 3HaK Ha orpeske 0 < h < 1. D10 mpu-
BOJWUT K TOMY, 4YTO, Hanpumep, npu « > 0 ocu Jer-
KOO HAMArHUYMBAaHUS MEHLIOTCs cHadasa or (111)
(100) mpu H = 0.340H .2, a 3arem obpaTso K (111) mpu
H = 0.861H 2. /laHHBII BBIBOJ, MOXKHO TPOBEPUTD, Ha-
puMep, MPOBeJIs MATHUTHBIA 9KCIEPUMEHT ¢ TOPCUOH-
HBIMU BECAMH.

[Tokazamo, 4To KyOUUYECKas aHU30TPOINUS] BJIUAET
Ha ycToiumBOoCTh a3kl A B 3aBHCHUMOCTH OT Ha-
[IpaBJIEHUs] MATHUTHOTO IOJIsl, OJTHAKO OJIHOTO 3ITOTO
addekTa HEeIOCTATOUIHO st OObICHEHUS CYIIEeCTBO-
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pannug dasel. Tak, npu o > 0 dasa A cra"HoBuTcs
yCcToumBee, eCjid IoJjie IIPUJIOXKEHO BJIOJIb HAIPABJIE-
muit (111), npu o < 0 — ecsm Boss (100). Hekoropere
9KCIIEPUMEHTAJIbHbIE HADJIOJEHNsT TTOKA3BbIBAIOT IIPsi-
MO IPOTUBOIOJIOXKHYIO KapTuHy. Tak, B KpuUCTaJLIe
MnSi daza A cymectByer B Gojiee MIMPOKOi 0bIacTH
TEMIIEPATYD, €CJIU I0JIe TPUJIOKEHO BJIOJIh HAIPaB-
aenuit (100) [61, 62], a B Cuzy0SeO3 — ecim mouie
napasutesnsHo (111) [40]. DTo HecooTBETCTBHE MOXKET
CIIYKUTH JIOBOJIOM B TOJIb3y MHON MUKDPOCKOIIMYIECKOH
[IPUYUHBI BO3HUKHOBEHUsI KyOWYeCKOW aHU30TPOIUU
B 9TUX KpUCTaJIax. Takoil NpUIUHON, HAIpUMeEp,
MOXKeT OBITH B3ammojieiicTue J[3smomunckoro—Mo-
pHUsl MEXKJIy CIIMHAMM, YIOPSJOYEHHBIMU B PENIETKY C
Kybmdeckoii cummerpueit. B aTom ciydae B sHeprum
Jlannay — JIudamna [T0/KHBI HOSBUTHCS AHU30TPOII-
HbIE YJIEHBI ¢ [IPOCTPAHCTBEHHBIMU TPOU3BOIHBIME OT
HAMArHAI€HHOCTH.

BaarogaprocTtu. Asrop BbIpaxkaer OJiaromap-
voctb B. E. JIMurpuenko 3a mioq0oTBOpHBIE 00CY XK 1€~
HUsI U BBICKA3aHHBIE KPUTUIECKNE 3aMEUAHMUSI.

PunaHcupoBauue. PaboTa BBITOMHEHA TIPHU TO-
Jepkke MUHHCTEPCTBA HAYKU U BBICIIIETO 00PA30BAHUS
PO B pamkax [ocynapcrsennoro 3aganus Denepasib-
HOTO HAay4YHO-HCCJIEIOBATEIHCKOrO IeHTpa «Kpucras-
sgorpacdusa u poronmkay Poccniickoit akageMun HayK.

IMPMNJIO2KEHUE

OrnpesiesiuM tapameTpsl 6, A 1 m KOHUYeCKO-3JUINII-
TUYECKO COMPAJI U3 pasj. 3.2, HeoOXOJUMbIE JIJIs Bbl-
YUCJIEHUs] SHEPIUHA U MATHUTHON BOCIPUMMYUBOCTH T'e-
JIMKOUTAJIHHOM (has3bl.

IMoncrapass (17) B Beipaxkenue (9) mIs MIOTHOCTH
9HEepruy MnojyuuM npu 6 = const

. de (1dp
2
€ =sin 95 <§E — > — hjcosf —
— hysinfcosp. (48)
VpaBuenune Ditiepa — Jlarpamxa
d?p hi
422 " sme ¥ (49)

COBIIaJa€T C YpaBHEHUEM JIBU2KCHUA MaTeMaTUICCKOI'O
MadTHHKa C II€PBBIM HHTErpaJIioM

dp\*> 2h.
<£> = w(a—cosg&). (50)
Toxcrasisisa B (50) pernenne (18), Haxomum
2 hi
== -1, 2=—. 51
T m sin 0 (51)
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Toncrasnsis (50), (51) B (48) u ycpenuss 1o z, moJy-
qaeM

(€) = —ksin® 0 — hy cosf —

—hysinf(2/m—1—2(cosyp)), (52)

e BBeseHo obosHauenue k = (dyp/dz) = 27 /p, p — me-
puo/ cripasu. YaursiBast, 4to p = 2K (m) /A (K(m) —
nosynepuos pyuknuii Ldxobu), moayaum u3z (51) ypas-
HEHHe JyIsl TapaMeTpa M JUIMITHIeCKNX (DyHKIIii:

7T2hL

K*(m) = ———.
mE=(m) k2sin 6

(53)

IIpu MabIx mosisix m ~ h| U C yIeTOM pa3/IOXKEeHUsI

m m  9m?
Km)~ (142042
(m) ~ 3 ( YT >
perrerne (53) npuHEMAaeT BUJ
w?  bw? 4h
RwW——+ —— = . o4
mACS T g YT g Y
. 2K
(cosp) = e /an(x;m) dr — 1 = % (55)
0

Toncrasnsisa (54), (55) B (52) u coxpaHsis WiIeHBI JI0
BTOPOI'O HOPS/IKA MAJIOCTH HO A BKIIOYHTEIBHO, HME-
eM

k> h?
(€) =sin®0 ( = —k | — hjcosf — —=. (56)
2 4
Munnmvusupys 1o k u 6, onygaem k = 1 u cost) = h
U OKOHYATEIBHO UMeeM

1 hi R
<5>——5—7”—f (57)
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