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BBeneunue

Hauyanom Tteopuu MHMKpOMarHeTu3ma SIBISICTCS OIyOJMKOBaHHAs
B 1935 1. pabota JI. JI. Jlannay u E. M. JIupmuna «K teopuu nqucnepcun
MarHuTHOW TmpoHHUIaeMocT (eppomarautHbix Ttem» [1.1]. HecmoTps
Ha BeChbMa aKaJIeMUYHOE M CKPOMHOE Ha3BaHME, pad0Ta SBJISIETCS OCHOBOM
COBPEMEHHOU Teopuu (PeppOMarHUTHBIX siBiIeHUU. B Hell BrepBbie ObLia
JlaHa CTPOrasi TEPMOJUHAMUAYECKAS TEOPUSA JOMEHHOM CTPYKTYPbI, JOMEH-
HOM rpaHullbl HEepPpOMArHETUKOB.

KauecTtBeHHOE MOHSTHE 00 00JaCTAX CIIOHTAHHOTO HaMarHWYMBaHUS
— noMeHax — ObIT0 BBeneHo emie [1. Beiicom. TepMoanHamuyeckas Teo-
pus Jlanpmay u Jlupmmna mo3Bosimiia JAETAIBHO PAacCMOTPETh BOMPOC
o ¢opMe JIOMEHOB M MEXKJOMEHHBIX TpaHMIax, UX padMepax. B pabote
ObT0 CchOPMYITHPOBAHO OOIEe YypaBHEHHE, OIHCHIBAIONICE JIUHAMUKY
MarHUTHOTO MOMEHTa B (peppomarteTukax, — «ypaBHeHue Jlangay —
JIupmmnay. PemuB ero, aBTopbl MOJYYWIM BBIPAKEHUE JJII MAarHUTHOMU
BOCIIPUUMYHMBOCTH KaK (DYHKIIUU YaCTOTHI, IOCTPOUB TEM CAMBIM TEOPHIO
BAXKHOTO (DU3UUECKOTO SIBICHUSI — «(PEPPOMArHUTHOT'O PE30HAHCAY.

C Tex mop MHUKPOMArHUTHBIM MMOJXOJ MOJYYWI IIUPOKOE PaCIpo-
CTpaHEHHUE Kak /i MoJiydeHus (yHAaMEHTaIbHbIX MPEACTaBICHUN O 3a-
KOHOMEPHOCTSIX (OPMUPOBAHMUS M DBOJIOIHUU MArHUTHBIX CTPYKTYpP
B (peppoMartHeTukax, Tak M JJig OLICHKU MOTEHIHAIbHBIX BO3MOXKHOCTEHN
UX MPAKTUYECKOTO MCIOIb30BaHUS B PA3IMYHBIX 00JACTAX TEXHUKU. Pac-
CMAaTpUBAaEMbl€ B TEOPUM MHUKPOMATHETH3MA MArHUTHBIE MAaTEpUAJIbI
OOBIYHO HA3BIBAIOT (heppOMArHETUKAMH, XOTSI MUKPOMATHUTHBIN MOIXO]]
OPUMEHUM U I JPYTHMX MarHeTUKOB, MarHUTHBIE MOMEHTBI KOTOPBIX
YIOPSAIOYEHBI, & YCPEIHCHHBI MAarHWTHBII MOMEHT HE PaBEH HYJIIO
1 HE 3aBUCHUT (MJIu ¢J1abo 3aBUCUT) OT BHEIIHEro moss [1.2].

MukpoMaraeTusMm — 3T0, HECMOTPS Ha Ha3BaHHE, Kilaccuyeckas Qe-
HOMEHoJiorn4eckasi Teopusi. OHa HE OOBICHSAET MPUPOABl CIIOHTAHHOMN
HAMarHM4€HHOCTH, MATHUTHOW aHU30TPOINHUHU, MArHUTOCTPUKIUHA U JIPY-
rux 3(p¢eKToB, MPUCYLIUX MArHUTOYIMOPSIOUYCHHBIM BellecTBaM. B3au-
MOJIEHCTBUS, KOTOPBIMU OMPEACIAIOTCS 3TH 3P (PEKTHI, HAXOAAT CBOE 00b-
SACHCHUE TOJBKO HAa MHUKPOCKONMYECKOM KBAaHTOBO-MEXAHUYECKOM
ypoBHE. B Teopun MHUKpoOMarHeTu3Ma OHU MOCTYJIMPYFOTCS U YUYUTBIBAOT-
Csl BBIPOKECHUSIMH JJIs1 CBOOOHON SHEPTrUU WIHM APYTUX TEPMOJIUHAMUYE-
ckux ¢yakuuii. C Apyroil CTOPOHBI, MHUKPOMArHETH3M HMEET JIeJO0
HE C MaKpoIapaMeTpaMH BEIeCTBa, YCPEAHEHHBIMHU MO OOJBIIUM O00be-



MaM, HalmpuMep COAEpkKallhUM MHOTO JIOMEHOB, M Ja)k€ HE C JIOMEHAMU
Y IOMEHHBIMM T'paHuliaMi [1.2]. Dta Teopusi CTaBUT CBOEH 3aJ1a4€il, UCXO-
11 TOJIBKO U3 BBIPAKEHUS JJIsI CBOOOJIHOM SHEPIUU U OOILEer0 ypaBHEHUS
JBW)KCHUS HAMarHWYE€HHOCTH, HAWTH 3aBUCUMOCTh HaMarHUYEHHOCTHU
M(r, t) OT KOOpJAMHAT U BpeMeHHU. BO3MOKHOCTh Takol ()EHOMEHOJIOTUYE-
CKOW TEOPUH OCHOBBIBAECTCS HA TOM, UTO HAIIPABIICHUS CIIMHOB B COCEAHUX
y3JIaX PEIIETKH MOTYT U3MEHSATHCA Ha MAJIBIA YTOJ, B 3TOM CJIy4ae yTJIbI,
XapaKkTePU3YIONIUE HAMPABJICHUS CIIMHOB, MOYKHO AlMPOKCUMHUPOBATH HE-
npepbIBHBIMU (QYHKIUSAMU. Takol Moaxo/1 aHaJIOrM4eH 3aMEHE WHIUBUIY-
aJbHBIX ATOMHBIX MAacC HENPEPHIBHOM IUIOTHOCTHIO MAacChl B MEXaHUKE:
CYMMBI TI0 y3JIaM PEIICTKH 3aMEHSAIOTCS MHTErpaiamu 1o oobemy. Mcko-
MO BEJIMYMHON CTAaHOBUTCS BEKTOpP HaMarHM4eHHOCTH M(Tr, t), KOMIIO-
HEHTBHI KOTOPOTO HEMPEPHIBHO MEHSIOTCA B MIPOCTPAHCTBE U BpeMeHu. Co-
IJIACHO (PEHOMEHOJIOTHYECKONW TEOPHH, UCIIOIH3YEMON B MUKPOMAarHETH3-
Me, CBOOOHAs SHEPrus B OOJBIITMHCTBE CIydyaeB MOXKET OBITh 3alucaHa
KaK CyMMa SHeprum (eppoMarHeTdka BO BHEIIHEM MarHUTHOM IIOJIE,
SHEPTUM OOMEHHOT'0 B3aUMOJICUCTBUS, IHEPTUM PA3MarHUUYMBAIOIIETO T10-
A (MM MarHUTOCTATUYECKOM SHEPruM), a TaKKe SHEPrud MarHUTHOM
aHU30TPONKUU. MUHMMU3AIUS 3TOM CBOOOHON SHEPrUU OMNpeesseT pac-
npenenenue M(r).

C pa3BUTHEM HAHOTEXHOJOTHI MOABWIACH MOTPEOHOCTH JACTAIBHOTO
aHaJIN3a MATHUTHBIX CHCTEM MAaJoro pa3Mepa, UCHOJIb3YEMBIX B YCTPOM-
CTBaX MUKPOSJEKTPOHUKH U BBIUUCIUTEIBHON TEXHUKH. MUKpOMarHur-
HOE MOJIeIupoBaHue sBisieTca 3 (PEKTUBHBIM METOJIOM UCCIICIOBAHUS Ta-
KUX CHUCTEM, IMO3TOMY Pa3BUTUE U MPUMEHEHHE METOJOB MOJICIIUPOBAHUS
MO3BOJISIET €CTECTBEHHBIM O0pa3oM JIOMOJHATH SKCIEPUMEHTAIbHbBIE HC-
CJIEZJOBaHHUSI, KOTOPBIE B PSAJIE CIyYaEB BECbMa 3aTPYIHCHBL.

B nepBoii rinaBe gaércs mpeacTaBieHHE O BellecTBaX, 00J1aJarolnX
MAarHUTHbIM yIOPSIJOYEHUEM, pPACCMATPUBAIOTCS OCHOBHBIE MOHSATHS
U TI0JIOKEHUA Teopuu peppomMarHeTrusma. Bo BTopolt riiaBe npeacTaBieHbl
OCHOBOMOJIATAIOIIME MPUHIMUIIBI MUKPOMAarHUTHOM TEOPUU U €€ COBpE-
MEHHOE COCTOSIHHE.



I'maBa 1. ®u3uka
MATHUTOYIIOPAJOYEHHOI'0 COCTOAHU S

MarauTtHoe ynopsiiod4eHue — 3TO SBJIICHHE B3aHMMHOIO CaMOITPOU3-
BOJILHOTO BBICTPAMBAaHMWSI MArHUTHBIX MOMEHTOB aTOMOB B BEIIECTBE
0€3 BHEITHEr0 MarHUTHOTO ToJis. [Ipu 3TOM JIOKaJIbHBIE aTOMHBIE MAarHUT-
HbIE MOMEHTBI MOTYT CMOTPETh B OJIHY CTOPOHY, PETYJISIPHO YEPEIOBATHCA,
MEPUOJANYECKA MEHSATh HampaBjieHUE. B MarHMTHO-HEYNOPSAIOYEHHOM CO-
CTOSTHUWH JIOKAJbHBIE MAarHUTHBIE MOMEHTBI CIIYYalhHO HU3MEHSIOT CBOE
HaIpaBJICHUE T0J1 JIEHCTBUEM TEIUIOBBIX WJIM KBAHTOBBIX (uiykryaruid. Ile-
PEXO0T MEXy MArHUTHO-YIOPSIIOUYEHHBIM U HEYNOPSAIOYEHHBIM COCTOSHU-
SIMU SIBJISIETCS] B OOJIBIITMHCTBE CiTy4yaeB (ha30BbIM MEPEX0JIOM BTOPOTO POJIA.

1.1. MaznumoynopsaoouerHbvie seurecmaea

M3BeCTHBI YETHIPE OCHOBHBIX THUIIA MAarHUTHOI'O YHOPSAIOYEHHUS: ep-
pOMarHeTusM, aHTU(deppoMarHeTusM, QpeppuMarHeTusm, ciiadbiii deppo-
MaraeTusm [ 1.3].

a M(J:N}L

] Mo=My-Mg=0

¢ 1410 ] Memmemeno

Puc. 1.1. Cxematnueckoe n300pakeHrue ynops104eHUs MArHUTHBIX MOMEHTOB
B peppomarneTuke (a), antudeppomaraetuke (0) u peppumarnetuke (B).
3aech M, Mg — MarHuTHbIE MOMEHTBI NOAPEIIETOK A U B,

My — pe3yIabTUPYIOLIUI MarHUTHBIA MOMEHT

[Ipu peppomMarHuTHOM yHOPSIIOYEHUH MarHUTHBIE MOMEHTHI aTOMOB
OPHUEHTUPOBAHBI MAPAJUIEIIBHO IPYT APYrY, B pe3yJibTaTe Marepuas ooiia-
JmaeT HamOoJiee BBICOKOW CaMOIPOM3BOJbHOW HAMAarHMYEHHOCTHIO, UTO
CXEMaTHYHO TO0Ka3aHO Ha pwc.l.l a. DT0 ynopsmoyeHWe Hapylmaercs
npu Temnepatype Kiopu (T,), Bblllie KOTOpoW HAOI0aeTCsl MapaMarHuT-



HOe (HeymopsigoueHHoe) cocTosiHue. Cpel XUMUYECKUX dJIEMEHTOB (hep-
pOMarHuTHBIMU SBIAOTCS nepexoubie 3-d mertamel Co, Fe, Ni u penko-
semenbHbie 4-f metamnel Gd, Tb, Dy, Ho, Er. Cpenu peakozeMenbHBIX
tonbko y Gd deppomarnuthas temneparypa Kropu mnpesbimaer 0 °C
(T(Gd) = 289 °K). ®eppoMarHUTHBIMU CBOMCTBAMH O0JaJal0T U HEKOTO-
phi€ CIUIaBbl ¢ HEHEPPOMATHUTHBIMU KOMIIOHEHTaMH (HAmpUMeEp, CIUIABbI
Maprasiia ¢ BACMYTOM, CYpbMOi#i, CEpoii u 1p.).

KpoMe omHOmOApemEéToOYHbIX MArHUTHBIX CHUCTEM C (peppomMarHuT-
HBIM YIIOPSIOYCHHEM, B KPUCTAJJIaX KOTOPBIX MarHUTHbIE MOMEHTBI BCEX
aTOMOB HaIpaBJIECHbI B OJHY CTOPOHY, CYIIECTBYE€T MHOTO KJIACCOB Mar-
HUTHBIX MHOTOIMOJPEIIETOYHBIX KPUCTAILIOB, B KOTOPBIX TOJIBKO MAarHUT-
HbIE MOMEHTBI aTOMOB, OTHOCSIIMXCSl K OJIHOM MOJpenIeTKe, mapaieb-
HbI, CYMMAapHbI€ K€ MOMEHTHI Pa3JIMUHBIX MOJPEHICTOK HE SIBJISAIOTCS Ta-
pamienbHbIMUA. K OIHOM MOApPENIeTKE OTHOCSATCS aTOMbI, MarHUTHBIE MO-
MEHTBI KOTOPBIX MOTYT OBITh COBMEIIEHBI TPAHCISALUSIMU Ha BEKTOP pe-
meTku. [IpocTeluM KiaccoM MHOTOIOIPENIETOYHBIX MAarHETUKOB SIBJISI-
I0TCSl aHTU(EPPOMATHETUKH.

AHTH(pEppOMAarHETUKAMH HA3bIBAIOT KPUCTAIIbI, 00JaJA0IINE CTIOH-
TaHHBIM YMOPSJIOUYCHUEM MAarHUTHBIX MOMEHTOB, HO MMEIOIINE HYJIEBOU
MAKpPOCKOIIMYECKUN MArHUTHbIA MOMEHT. MarHuTHyro CTPYKTypy aHTH-
dbeppomarueTrika B HauboJiee MpOCThIX CIydasiX MOKHO MPEACTaBIsATh Ce-
0€ KaK CyNepro3ulMI0 JIBYX WK 00Jiee BCTABJICHHBIX APYT B JApyra IMo-
PELIETOK, B KAXKI0W U3 KOTOPBIX MArHUTHHIE MOMEHTHI MOHOB HAIIPaBJICHbI
napajuieqbHO. B IBYyXINOApemeToyHbIX aHTU(eppoOMarHeTuKax MarHUT-
HbIe MOMEHTHI IOJIPEIICTOK HaIlpaBjI€Hbl aHTUIapaieabHo (puc. 1.1 0).
AHTU(pEPPOMArHUTHOE YHOPSAIOYEHUE HAOIIOJAeTCA MpU TeMIlepaTypax
Hwke Ttemmeparypel Heens (Ty). Cpeau XUMHUYECKHX  3JIEMEHTOB
npu T > 300 K antudeppomMarHuTHbIMU SIBIsIIOTCA, Hanpumep, Cr, Mn,
v-Fe. Penkozemenpabie metaminl, Takue kak Dy, Ho, Er, Tm, Tb u ap.,
B uHTepBaje T, < T < Ty sBasgroTcs antugeppoMarauTHeIMH, a ipu T < T
CTAHOBSATCA (eppoMarHUTHBIMH. Y HUX, B yacTtHocTH, Tn(Tb) = 219 K|
Tn(Dy) = 85 K, Tn(Tm) = 22 K. Haubosnee u3BecTHbIMU aHUTHEppOMAr-
HETUKaAMM cpeau xumuueckux coeaunenuit spisitorcst NiO (Ty = 650 K),
CoO (Ty =290 K), FeO (Ty = 190 K), MnO (Ty = 120 K).

B ciyuyae, xorqa MarHUTHbIE MOMEHTBI MOAPEIIETOK Pa3IMYAOTCH,
HaOJI0aeTCd HECKOMIIEHCUPOBAHHBIN aHTHU(eppoMarueTusM (puc. 1.1 B)
— (eppumarnerusMm. I[lo xapakTepy B3aUMOJICUCTBUS, HNPUBOJSIIETO
K MATHUTHOMY YTIOPSIOYEHHUIO, (PEppUMArHETUKU aHaJOTHYHbI aHTU]Ep-



pomarteTukam. [1o BeudrMHE BO3HUKIIETO CIOHTAHHOTO MarHUTHOTO MO-
MEHTa OHHM aHAJIOTHYHBI (heppoMarHeTHKaM, T.K. HAMarHWYE€HHOCTH TIOJI-
PENIETOK HACTOJBKO OTIMWYAIOTCS APYT OT ApYyra, 4yTo, BOOOIE rOBOps, pe-
3YJABTUPYIONNNA MAarHUTHBI MOMEHT COTIOCTaBHM 10 BEJIMYMHE C MarHUT-
HBIM MOMEHTOM KaXKJIoh M3 mojpemeTok. [loaTtoMy Hambonee EMKUM
onpeneneHueM (eppuMarHeTuka sSBISIETCS TEPMUH «HECKOMIICHCUPOBaH-
HBIN aHTU(EPPOMATrHETHK.

Tepmun «deppumarnerusm» 01 npeasioxken JI. Heenem. deppumar-
HETUKUA TMPUOOPETH CBOE Ha3BaHWE OT (PEPPUTOB — TEPBOU TPYIIIIHI
HECKOMIICHCUPOBAHHBIX aHTH(EPPOMArHETUKOB, TMOJYYHMBIIUX OOJIBIIOE
U BC€ yBeIMUMBarolieecss npuMeHeHue B Texuuke. [log gpeppuramu nmoxu-
MaloT coeAnHeHus okcupa xeneza Fe,O; ¢ okcumamMu Ipyrux MeTallioB,
HATIPUMEP COSAMHEHMUS CO CTPYKTYpHOH hopmytoit MeO-Fe,05, rae Me*"
— JIBYXBAJICHTHBI MeTaJll (3KeJie30, HUKENIb, MapraHell, IIMHK, KOOAJIbT,
MeJb, KaAMUW, Marauit u ap.). OaHu u3 3Tux GeppuToB (Takue, Kak HUKE-
neBbii N1O-Fe,O; unu mapranueBsii MnO-Fe,0O;) obGnamator Becbma
CWIbHBIMM  MAarHuTHbIMU  cBoiicTBamu, Jpyrue (kak ZnO-Fe,0;
u CdO-Fe,03) nemarautHbl. CymiecTByIOT (EppUTHI U C UHBIMU CTPYK-
TYpPHBIMH (POPMYJIAMHU.

Haubonee pacnpocTpaH€HHBIMU cpefu (heppUMarHETUKOB SIBISIOTCS
beppuThI-INIUHENN U (QeppUThI-TpaHaThl. M3yueHrne HEKOMIEHCHUPOBaH-
HBIX aHTU(EPPOMATHETUKOB OBLIO HAYATO MOCJE YCIEIIHOTO CHUHTE3UPO-
BaHMs (HEpPUTOB-IIMUHEIEH pa3IuyHbIX cocTaBoB. K depputam-mmu-
HEJISIM OTHOCHUTCS, B YACTHOCTH, HanboJjee pacrpoCTpaHEHHBIN Ha 3emiie
MarHeTuk — mMarHeTut (Fe;Oy).

K kiaccy antudeppomMarHeTHKOB MHOTJAa OTHOCAT MaTepuasbl, MaK-
POCKONMUYECKUI MArHUTHBIM MOMEHT KOTOPBIX OTJIMYEH OT HYJIA, HO €ro
CYILLIECTBOBaHHE OOYCIOBIMBACTCS B3aUMOJICHCTBUSMU, OTHOCHUTEIBHO
CIa0bIMU TI0 CPABHEHUIO C OCHOBHBIM YIOPSIIOYMBAIOIIUM B3aUMOJICH-
cTBUEM. AHTU(QEPPOMArHETUKU CO CJIa0bIM (DeppOMarHeTU3MOM Ha3bIBa-
10TCsl ciabbiMu (peppomarHeTukamu. Cnadbie peppoMarHeTUKU — aHTHU-
dbeppoMarHeTUKy ¢ HEOOIBIIUM CHOHTAHHBIM (PEPPOMArHUTHBIM MOMEH-
TOM, BO3HHKIITUM H3-32 HAKJIOHA MarHUTHBIX MOMEHTOB TojpemieTok. Mx
TEOPHIO, OCHOBAHHYIO Ha TEPMOJIMHAMHYECKON TEOpHUH (ha30BBIX MEPEXO0-
noB BTOporo poxaa Jlannay u Jludmmuna, moctpowt B 1957 r. U. E. [I3sm10-
IMMUHCKUN. JJOCTOMHCTBOM 3TOTr0 MOAXO/1a SIBISIETCS TO, YTO OH Oa3upyeTcs
Ha OOIIUX TEPMOJIWHAMHYECKHUX COOTHOIICHUSX M CYIICCTBEHHBIM 00pa-
30M HCIIOJIb3YET CBOMCTBA CUMMETPUM KpucTayia. biaromapst Tomy, 4to



B cJ1a0bIX (heppoOMarHeTMKax MarHUTHbIE MOMEHTBI aTOMOB HE CTPOTO aH-
TUNapaJIeabHbI, 3TH MaTepHalibl 00J1aal0T MajJoll CyMMapHOM caMompo-
U3BOJIBHOM HAaMarHMYEHHOCTHIO, BEKTOP KOTOPOM OTKIJIOHAETCS OT Ha-
IIPABJICHUS JIETKOW OCU KPUCTAILIIA.

Takum CcBOMCTBOM 00JadatOT HEKOTOPbIE AHTU(PEPPOMATHUTHBIC KPU-
cTaJuibl, Hampumep rematut (o-Fe,Os;) u xapOoHaThl Maprasia, KoOajbTa
u Hukenss (MnCQO;, CoCOs;, NiCOs), 00HapyXUBaIOIIME CIIOHTAaHHYIO
HaMarHMYeHHOCTh. BenmnunHa X MarHUTHOTO MOMEHTa O4Y€Hb Maja U KO-
ne6iercs B npeaenax 10°—10" 0T HOMHHAIBHOTO, PABHOTO CyMME MOYJICH
MarHMTHBIX MOMEHTOB TOJIpemieToK. [loMruMo aHOMabHON MajoCTH CIIOH-
TaHHOTO (PEPPOMArHUTHOTO MOMEHTA CIa0bIi (peppOMarHeTHU3M XapaKTepH-
3y€eTCsl Upe3BbIYAHON UyBCTBUTEIBHOCTHIO K CHMMETPHUH KPUCTAILIA.

1.2. Teopusa mosieKyiaApHO20 NOJLA

PaccmoTrpuMm (peppomarauTHoe ynopsiaouenue. JJist onpeneneHus oc-
HOBHBIX 3aKOHOMEPHOCTEW BOCIIOJIL3YEMCS KIIACCUYECKOM TECOPUEH MOJIE-
KyJisipHoro nosist Beiica [1.4].

CBoOO1Hast PHEPTHUS:

F=U-TS, (1.2.1)
rae U — BHyTpeHHsIs dHeprus, T — TeMiieparypa, S — SHTPOIHS.
S =k InW, (1.2.2)

rne k — moctosiHHas bonermana, W — TepMoauHaMUYecKas BEPOSTHOCTD
(KOTMYECTBO CIOCOOOB, KOTOPHIMH PEAIU3YETCS COCTOSIHUE CUCTEMBI).

[lycth MarHuTHBIE MOMEHTHI N, aTOMOB pEIICTKH HaIpaBJICHBI
«BBEpX», N_ aTOMOB — «BHM3», a obiiee ux koiaudectBo N = (N, + N_).
Torma

__ NI
W - (N+)!(N_)! . (1.2.3)
[ToCKOJIBKY OTHOCUTEIIbHAsI HAMAarHHYCHHOCTh
N —N
=—— 1.2.4
y N (1.2.4)
TO:
1-y)N
N, =@’ N =%, (1.2.5)

IToncrabmss (1.2.2)—(1.2.5) B (1.2.1), momyuum:



F=U +kTTN (1+y)In(1+ y)+(1—y)ln(1—y)]. (1.2.6)

Paznoxxum U(y) B crenenHo psan (y < 1). Ilockonbky BHYTpEeHHsIS
sHeprus U(y) AomkHa ObITh YETHOM (PYyHKIIMEN HaMarHWYeHHOCTH, TO, OTpa-
HUYMBASICh MEPBbIM, OTJIMYHBIM OT HYJIS, YWICHOM Pa3JI0KEHUs, TOTYYHUM:

U(y)=-NAy’, (1.2.7)
rae  A; HUMEEeT CMbICI »JHEpPruu, mnpuxojsmeics Ha 1 arowm,

2
A = ! [(6 Uj :l% B pesynbrare nosiyunm:
0

P
211 oy’ v
kTN
F=—A Ny’ + — (1+y)In(+y)+(1-y)In(l-y)]. (1.2.8)
HamarHm4eHHOCTh HaXOJAUTCS U3 yClIoBUsS MUHUMYMa F(y):
OF 0°F
— = 0, > () L.
B utore:
I+y) 4Ay
In =1 1.2.10
El— y] kT > ( :
_2A,, | >0 1.2.11

VYpasuenue (1.2.10) onpenensier Temneparypuyro 3aBucuMocts y(T),
a n3 (1.2.11) moxHO HaiiTu Temneparypy T., BbIIIE KOTOPOW MAarHUTHOE
ynopsigoueHue orcyrcTByet (y = 0):
2A,

T, =
k

(1.2.12)

Temneparypa sToro nepexoja Ha3bIBaeTcsl (peppOMArHUTHON TEMIIE-
patypoii Kiopu. Iloacrasnss (1.2.12) B (1.2.10), nomyuum:

1+ 2T
h{ y}: Y (1.2.13)
l-y T

TemneparypHas 3aBUCUMOCTh HaMarHn4eHHOCTH (1.2.13) cxemaTtndHO
nmoKaszaHa Ha puc. 1.2.



Bo BHelIHEM MarHUTHOM I10Jie ¢ HapsKEHHOCTBIO H cucrema N
aTOMOB, MAarHUTHBIK MOMEHT KOTOpPOM my, OOJIaJiaeT JIOMOJHUTEIbHOMN
snepruen Fy. B cucreme CI'C

FH:—mNH. (1214)

y

1

a j O

a

treereeeest At AW
freeeeeetet Wi W imt 172
trtreeeeert A, VAl

7=0 0<T<T; rT>T,

g

Puc. 1.2. CxemaTuueckoe U300paKeHUE:
a) Xo/1a TeMIepaTypHOM 3aBUCUMOCTH CIIOHTAHHOW HaMarHW4e€HHOCTH;
0) BIUSHUS TEMIIEPATYPhl HA YIOPSI0YEHUE MAarHUTHBIX MOMEHTOB

[Tomarasi, 4T0 MarHUTHBIN MOMEHT OJHOIO aTOMa PABEH MAarHETOHY
bopa p,, HallAEM MarHUTHBIM MOMEHT My = yu, N. B aTOM ciyyae:

[Toncrapnsst mononuutenbHoe ciaraemoe (1.2.14°) B (1.2.8) u wuc-
OF
IOJIB3YyS YCIOBUE a_y =0 , IOJIYYNM:
1+ Ok 2
| Y |=| 225 g |2Hs (1.2.15)
I-y M, kT

IlepBoe ciaraemoe B mpaBoil yacTu BhipakeHus (1.2.15), umeroiee
pasmMepHOCTh H, Ha3bIBalOT HANIPSXKEHHOCTHIO MOJIEKYJISIpHOTO moJist Hy,.
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_Oky

. 1.2.16
" ( )
[Toncrasnsist Hy B (1.2.15), nomyuum:
l+y 21
In| — |=(H,, +H > 1.2.15°
WIn
2p
=th| (H,, + H)— ”
y (( v+ )ij. (1.2.157)

Bripaxxenue (1.2.15) ompenenseT nmapamMarHUTHOE HaMarHWYHWBAHHUE.
DTO TaK Ha3bIBAEMOE «MCTHHHOC HAMarHUYUBAHUE.

s onenku Hy ucmonas3yem To 00CTOATENBCTBO, YTO Y MEPEXOTHBIX
«3-d» dpeppomarnutheix metaiioB Co, Fe, Ni temnepatypsl Kropu siBisi-
rorcst BenmmumHaMu ~ 1 000 K, a mmenno: g kodamsta T, = 1423 K,
s sxene3a — 1041 K, nng nukens — 641 K.

Moncrasus B (1.2.16) ®=10°K; y~1, k=13810" »sprK',
up=0.927-10" sprI'c ', momyanm Hy ~ 10’ 3. B 1927 r. 5. T. Topbmar
IIPOMU3BEIT TIPSMOM OMBIT IO OIPECICHUIO BEJIMUUHBI BHYTPEHHETO MarHUT-
HOrO Mojis B (peppomarHerukax. OH HCCle0Bal OTKIOHEHHE ITydKa DJICK-
TPOHOB, TMPOXOSIIMX Yepe3 HaAMarHWYEHHYIO (HeppPOMArHUTHYIO (OJIBLY.
B pesynbpTaTe OBIIO YCTAHOBJICHO, YTO BHYTPEHHHUE IO B (peppoOMarHeTH-
Kax ABJSOTCA BemurHamu ~ 10° 3, uro CYIIECTBEHHO MEHBIIIE TTOJTY4YEHHO-
ro BelIe 3HaueHus Hy; ~ 107 9. Takoe GONBIIOE 3HAYECHHE Hy;, noyuennoe
BBIIIE, CBUJICTEILCTBYET O HEMArHUTHOW MPUPOAEC MOJICKYJISIPHOTO MOJIA.
B xBaHTOBO# Teopuu (peppomarHeTusmMa IMOKa3aHO, YTO MPHUPOTY MOJICKY-
JISIPHOTO TOJIS ONIPECIISIET TaK Ha3bIBAEMOE OOMEHHOE B3aUMO/ICHCTBHE.

1.3. OomernnHoe e3aumooeticmaue

JI1st onpenieNieHnsl BAUSHUS CIMHA HA SHEPTUIO aTOMa B KPUCTAJIINYE-
CKOM pPELIETKE OLEHHM BEJIMYHWHY 3HEPTHH MAarHUTHOI'O JAUIOJIb-IUIIONb-
HOTO B3aMMOJEHCTBUS IBYX JJEKTpOHOB [1.5]. [lima atoro cpaBHHM eé
C DHEPIrUEM AIEKTPOCTATUYECKOTO B3auMozeiucTBusa. CornacHo Kiaccude-
CKUM IPEICTABIICHUSM:

Ema ~ (W1 12)/(2°), B ~ q*/a, (1.3.1)
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rae E,q — DHEprusi MarHUTHOTO JIUMOJIb-AUIIOJBHOTO B3aUMOICHCTBUS
MAarHUTHBIX MOMEHTOB L1 U ; E; — 3HEprus 3JaeKTpoCTaTUYECKOro B3a-

UMOJICHCTBHSI 3JISKTPOHOB, a — MEKAaTOMHOE PacCTOSHUE;,  — 3aps
AIIEKTPOHA.
JI1st a1eKTpoHOB [y = W, = u,= (q-h)/(2m.c). B pe3ynbrare:
End/ Ee ~ (Vic)’, (1.3.2)

rie h — nocrosnnas Ilnanka, m, — Macca 3J€KTpOHA, V. — CKOPOCTh
ANEKTPOHA, C — CKOPOCTH CBETA.

[TockoNbKY CKOPOCTh OpPOMTAIBHOIO JBUXKEHHUSA AJIEKTpOHA V << c,
TO U By << E.. [loaTOMYy B paMKax KJIaCCMYECKOW TEOPUHM M BHYTPHATOM-
HbIM M MEXAaTOMHBIM MarHMUTOAUIOJIBHBIMUA B3aWMOAECHCTBUSMH MOKHO
IpeHeOpeYh 10 CPABHEHUIO C AJIEKTPOCTATHYCCKUM. B KBAHTOBOI MEXaHHMKE
JIOKA3bIBACTCS, YTO MArHUTHBI MOMEHT aTOMa OIPEIEISETCS HE TOJIBKO Op-
OUTaIbHBIM, HO W TaK HA3bIBAEMbIM CIMHOBBIM MAarHUTHBIM MOMEHTOM.
CnrHOM 00J1aJIat0T U 3JIEMEHTAPHBIE YACTUIIbI, B YACTHOCTH JIEKTPOHBL. bo-
Jie€ TOr0, MAarHUTHBI MOMEHT aTOMOB TiepexoaHbIX «3-d» metamoB Co, Fe,
Ni onpezensercs B OCHOBHOM UMEHHO CIIMHOM, TOT/Ia Kak B OOIIEM Ciyyae
MAarHATHBIA MOMEHT 3aBUCHT OT COOTHOUICHHUS «CIIUH-CIIMHOBOEY,
«CTIMH-OPOUTANILHOE» B3auMozeicTBue. [loaTomy B JalibHeHIieM, roBOps
O MarHUTHOM MOMEHTE aTOMa, MOYKHO TOApa3yMeBaTh €ro CIUH (CIIMHOBBIN
MarHUTHBI MOMEHT). DTOT MAarHUTHBII MOMEHT 3aBUCHUT OT KOJIMYECTBA HE-
CHapeHHBIX AJEKTPOHOB. [lo mMepe yObIBaHHS MarHUTHOTO MOMEHTa STH
AJIEMEHTHI BBICTPAMBAIOTCS B TAKOW IMOCIEA0BATEILHOCTH: *Kene30 — 4 He-
CIApEHHBIX JIEKTPOHA, KOOATILT — 3, HUKEIb — 2.

CocTrosiHue KBaHTOBOM CHUCTEMBI OIpeeseTcs € BOTHOBOM (DyHKITHU-
eil. PaccMoTpuM BOJIHOBYIO (DYHKIIMIO JIBYX 3JIEKTpOHOB. OHa MpecTaB-
asieT co0oil mpou3BeAeHUE OpOUTAIBLHOM M CIUHOBOUW (QyHKIui. [lepBas
3aBUCUT OT MPOCTPAHCTBEHHBIX KOOPAUHAT, BTOPasi — OT B3aUMHOU OpH-
€HTAIMA CIHUHOB. [Ipr 3TOM BO3MOKHBI TOJBKO JIB€ B3aUMHBIX OpPHUEHTA-
IIMUA 3JIEKTPOHHBIX CIHMHOB: MapalijieibHasl (HampaBJICHUS CIIMHOB COBIIA-
Ja0T) AUO0 aHTHUIAapasuiesibHas (MPOTUBOIOJIOKHBIE HAIpaBJICHUS CIIH-
HOB). B mepBoM ciyyae cCymMMapHbIN CIIUH, a CJIEJAOBATEIbHO, U MarHUT-
HbIA MOMEHT, OTJIMYHBI OT HYJSI, BO BTOPOM — paBHbI HYI10. CIIMHOBBIE
BOJIHOBBIE (DYHKIIMH, OTBEYAIOIIME ASTUM OPHUEHTALMAM, Pa3IMyarOTCs.
B nepBoM ciydae crimHoBas ()yHKIUSI CHMMETPUYHAs,, BO BTOPOM — aH-
TUCUMMeETpUYHasi. BoHOBass ()yHKIMS, OMMUCHIBAIONIAS COCTOSIHUE JJICK-
TPOHHON CHCTEMBI, JOKHA OBITh aHTHCUMMETPUYHOW. B cooTBeTCTBUU
C 3TUM TpeboBaHUEM opOuTabHAas (DYHKIUS ISl CUCTEMbI C HYJIEBBIM

12



CIIMHOM JIOJKHA OBITh aHTUCUMMETPUYHOM, a JIsl CUCTEMbBI C HEHYJIEBBIM
CIIMHOM — CUMMETpUYHOM. B o01iem ciydae, koraa 3T QyHKIIUM pa3iiu-
YarOTCsl, ONMCHIBAEMbIC UMM COCTOSTHUS 00JIaJIal0T Pa3HbIMU YHEPTUSMMU:

E=E,— (Es—E,) (5152), (1.3.3)

rae E, — ycpeanéHHoe o BO3MOXKHBIM CIIMHOBBIM COCTOSIHUSIM 3HAUYCHUE
sHepruu; Eg — sHeprus cocTosiHUS 3JIEKTPOHHOM CUCTEMBI, COOTBETCTBY-
I0Illasi CUMMETPUYHOM OpOUTaNbHON (DYHKUMU (aHTHUHApaJUieIbHas OpHU-
eHTalus CIUHOB); E, — sHeprus npu aHTUCUMMETPUYHONU OpOUTATIHLHOMN
dbyHKIMM (TapajuiesibHasi OPUEHTALIMS CIIMHOB); §1, S, — BEKTOPHI CIIMHOB
AJIEKTPOHOB (MX MOJIYJIM PaBHbI CIMHOBBIM KBAHTOBBIM YHCJIAM).

Bropoe ciaraemoe B (1.3.3)

Eex =— (Es - Ea)'(slsZ) (134)
Ha3bIBaeTCsi OOMEHHOU JHEpruei W ompeaesseTcss OOMEHHBIM HHTErpa-
JIOM, @ UMEHHO:
ES—EaZZle, (135)
rae J;, — OOMEeHHBIN uHTEerpal.
B pe3ynbTare, 1715 1BYX 3JIEKTPOHOB
Eex(laz) :_2J12'(51°S2)7 (136)
a B 00111eM clTyJae:
Eex =— zzJik'(sksi)o (1 37)
r7e CyMMHUPOBaHUE MPOU3BOJIUTCS IO BceM 1> k.

Kaxk npaBuio, J;; oueHb OBICTPO YOBIBACT C YBEIMYCHUEM PACCTOSHUS
MEXy CIHUHAMH, MO3TOMY YacTO OIPAHUYMBAIOTCS PACCMOTPEHUEM 00-
MEHHOT'O B3aUMOJICCTBHS TOJIBKO MEXKIY OIUKAUIIIUMU COCEISIMHU.

O6wenunsa (1.3.3) u (1.3.7), Ay MOTHON SHEPTUHU MOIYyYUM BBIpa-
KEHUE:

E= Eo + Eex = Eo - 22Jik°(sksi)- (138)

N3 (1.3.8) BugHO, uto st MuHuMu3anuu E HeoO6xoaumMo, 4To0sl 00-
MeHHas 3Heprusi E., Obuia orpunarensHoil. CienoBaTenbHO, B COOTBET-
cteuu ¢ (1.3.5), (1.3.7) npu olHOHANPaBIECHHOW OPUEHTAIMUA CIUHOB 00-
MEHHBIA UHTETPaJl TOJDKEH OBITh MOJIOKUTENbHBIM (J1, > 0), a mpu IpoTHU-
BOIOJIO’KHOM OpueHTaluuu — otpuuareibusM (Ji; < 0). B mepBoMm cityuae
peanuzyeTcs peppoMarHuTHOE YIOPsI0YEHHE, a BO BTOPOM — aHTU]ep-
POMAarHuTHOE.

[ToguepkHEM HECKOIBKO BaXKHBIX JIJISI TAJIbHEHIIIETO 0OCTOSITELCTB.
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A. IHTEHCUBHOCTh OOMEHHOTO B3aUMOJICHCTBUS OMPEACIISICTCS BEIU-
YAHOM DJJIEKTPOCTATUYECKON DHEPrUM DIIEKTPOHOB U CpPaBHHMA C HEWU
10 BEJIMYMHE, XOTs, KaK MPABUJIO, U HE MIPEBBIIIAET €€.

b. OOMenHOe B3auMojielicTBUE H30TpomnHO. [IOBOpPOT BCEX CIHMHOB
Ha OJIMH U TOT € YroJi HE U3MEHSIET BETUYMHY OOMEHHOU SHEPIrUu.

B. 3Hak 0OMEHHOro MHTErpaja, Kak y>Ke€ OTMEYaJoCh BBIIIE, MOXKET
OBITh U TOJOKUTEIBHBIM U OTpHUIATENbHBIM. [Ipy BHYTpHAaTOMHOM 00-
MEHHOM B3aWMOJIEMCTBUM 4Yalle BCEro OH orpuuarencH. Ilpm mexarom-
HOM B3aMMOJICHCTBUU TIOJOXUTEIBHBIA OOMEHHBIN HWHTETpall CIYXUT
oObscHeHUEM (eppomMarHeTusma, MpU OTPULIATEIIBHOM — aHTU(EPPO-
MAarHeTu3Ma.

deppoMarHeTu3sM M aHTHU(PEPPOMATHETU3M BCTPEYAIOTCS HE TOJIBKO
B YUCTBIX MEPEXOHBIX 3JIeMEeHTax (mepexonble 3-d MeTamibl U peaKo3e-
MenbHbIe 4-f MeTalbl), HO Tak’Ke BO MHOTHX CaMbIX Pa3HOOOpPAa3HBIX CO-
€IMHEHUSX U CIUJIaBaxX C YYaCTHUEM ATHUX DJIEMEHTOB. [Ipr 3TOM M KOHKpET-
HBII MEXaHU3Mbl OOMEHHOT'O B3aWMOJICUCTBUS, IPUBOISIIETO K YIOPSIAO-
YEHHOMY PACHOJIOKEHUK) B KPUCTAJUIE MArHUTHBIX MOMEHTOB aTOMOB,
MOXET OBITh TaKXK€ CaMbIMHU Pa3JIMYHBIMHU. 371€Ch MOXET HUMETh MECTO
Y HEMOCPEJACTBEHHOE OOMEHHOE B3aMMOJICHCTBUE MEXKIY JJIEKTPOHAMU
BHYTPEHHUX HE3AIMOJHEHHBIX OOO0JIOYEK COCEAHUX MArHUTHBIX aTOMOB,
U Pa3JIUYHbIC TUIIBI KOCBEHHOTO OOMEHHOTO B3aUMOJICHCTBUS C aKTUBHBIM
YYaCTHUEM 3JIEKTPOHOB BAJIECHTHBIX O0O0OJIOYEK HEMAarHUTHBIX AaTOMOB,
a TAaK)K€ U CaMUX MarHUTHBIX atoMoB. Hakoner, oOMeHHOE B3auMOJEH-
CTBUE MEX]y MarHUTHBIMA aTOMaMH B METAJUIaX M CIJIaBaX MOYKET OCY-
HIECTBILITBCA Y€pPE3 KOJUICKTUBU3UPOBAHHBIE 3JIEKTPOHBI IPOBOJIUMOCTH.
OnHako HE3aBUCUMO OT CBOEW MPUPOJ]IbI OOMEHHbIE CHUJIbI BCEr/a UMEIOT
HEKOTOPBIE CYIIECTBEHHBIE JJIsl TEOPUU 00IIMe YepThl. Bhillie yke yrnomMu-
HaJICS UX MU30TPONHBIA Xapakrep. [[pyruM BakHBIM OOCTOSITEILCTBOM SIB-
JSIETCSL TO, 4YTO OOMEHHbBIE B3aUMOJCHCTBUS MOYTH BCEra OYeHb OBICTPO
yOBIBAIOT C PACCTOSIHUEM (OJTM3KOACHCTBYIOIINUE CHUITBI).

1.4. Kpucmasnniozpadguuecrkas
MAZHUMHAA AHU30MPONUA

MaruutHasi aHM30TPONUS MPEJICTABISACT COOOM SIBJICHUE MPEUMYIIIE-
CTBEHHOW OpHEHTAllUM CHOHTAaHHOW HaMarHWYE€HHOCTH (peppoMarHeTuka
BJIOJIb OCOOBIX, XapaKTEePHBIX JJIsi JIAaHHOTO MarHetuka oceur [1.3—1.6].
Jpyrumu cioBamu, 3TO SIBJICHUE W3MEHEHUSI BHYTpPEHHEW sHepruu ¢ep-
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POMAarHeTUKa B 3aBUCUMOCTH OT OPHEHTAIMA CIIOHTAHHOW HAMAarHWYCH-
HOCTH B KpucTtaie. CylecTBYeT psijJi IPUYKH, BBI3BIBAIOIIMX MATHUTHYIO
aHU30TPONUIO. DTO MOXET ObITh, HANPHUMEP, MATHUTOAUIONBbHOE (IU-
MOJIb-AUIIOILHOE) B3auMOJIecTBUE, (popMa oOpasiia, MexaHUUYecKas Jie-
dbopMmars win TepmMoodpadoTka. B uncToM ke BUIE, KOrja HU OJIHOTO
U3 3TUX 0COOBIX (PaKTOPOB HET, BHYTPEHHSSI SHEPTUSI MAarHETUKA OTpaKaeT
CUMMETPHUIO KpPUCTAUIA. TaKyl0 MAarHUTHYK) aHHU30TPOIHMIO HA3bIBAIOT
MarHUTOKPUCTAJUTMYECKOM, UIIM MAarHUTHOM KpucTaiorpaduuecKkoi.

B 0o0JIbIIMHCTBE MAarHUTOYMOPSTOYCHHBIX BEIIECTB OCHOBHOW IMpH-
YUHON KPUCTAUIOPAPUUYECKOW MArHUTHONM aHU3O0TPONHH  ABIISIETCS
CIIUH-OpOUTAIEHOE B3aUMO/ICHCTBHE.

KosnuecTBEHHbIE OLIEHKH, BBIMIOJIHEHHBIE B paMKaX KBAaHTOBOM TEO-
puu peppomMarHeTrusma, MmoKa3blBaloT, YTO BEJIUUYUHA AUIOJb-AUIIOIBHOTO
B3aNMOJECHUCTBHS HEBEIIMKA U COCTABIISICT HE3HAYUTEIBHYIO YaCTh JHEPTUU
aHM30TpoNMH. boiee TOro, B KyOMYECKMX KpHCTaaiaax 3TO B3aUMOJCH-
CTBUE HM30TPOIHO, MOATOMY BKJIad E,q B SHEPrut0 aHU30TPOIUH OTCYT-
CTBYET. VMICKIItOUeHME COCTABIAOT HEKOTOPBIE PEAKO3EMETBHBIE METAILIBI,
rae goist Eq MoxeT ObITh Beauka Onarojaps OOJbIIMM MarHUTHBIM MO-
MEHTaM aTOMOB M MX OJIU3KOMY PACIOJIOKEHUIO B PEIIETKE.

[Ipocrenmum ciiydaeM MAarHUTHOW aHU3O0TPOIHMH SIBISIETCS OJTHOOC-
Hasg. B kadecTBe mprmMepa MOXKHO B3SITh KOOAIbT — (DeppOMarHUTHBIN
METAUT C TEKCArOHAIBLHOM TJIOTHOYIIAKOBAHHOW KPHUCTAJUIMYECKOM pe-
meTkoi. B koOanbTe nmpu KOMHATHOM TeMIepaType OpUeHTalUsl HaMarHu-
4eHHOCTH 110 ocu C (0Ch CUMMETPHUU TPETHETO MOPSIIKA) YCTONYMBA, a CO-
OTBETCTBYIOIIIEE STOM OPUEHTALMU COCTOSIHUE XAPAKTEPU3YETCI MUHUMY -
MOM BHYTPEHHEN SHEPTUU. AHU3OTPOIHS B IUIOCKOCTH, MEPIEHIUKYIISP-
HOl ocu C, oOyCJOBJI€HA CUMMETpPUEH TI'€KCArOHaJbHOM PEIIETKU KpH-
cTajuia KoOaJbTa.

B manHOM cilydyae BHYTPEHHIOIO SHEPTUIO aHu3oTponuu F,, mpuxoas-
IIYIOCS HAa €IMHUILY 00BEMa, MOKHO MPEACTABUTh B BUJIE PAJIa 110 YETHBIM
CTEIICHSM SIng:

F,=K,+ Kul-sinch + Kuzsin4(p + Ku3-sin6(p + Ku4'sin6(p-sin6[3..., (1.4.1)

IJ€ @ — YTroJl MEeXAY BEKTOPOM CIIOHTAHHOWM HAMAarHMYEHHOCTH M OChIO
C; B — yroa mMexJy BEKTOPOM CHOHTAaHHONW HaMarHUY€HHOCTH M OChIO,
nepnenaukyasipuon ocu C; Ky, Ky, Ky, ... — KOHCTaHTBI OJHOOCHOM
aHU30TPOITHH.
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Konctantsl Ky, Ky, Ky, ... MOTYT OBITh U MOJOKUTEIBHBIMU U OTPHU-
nareabHbiMU. HecymiectBeHHyto koHcTaHTy K(yacTo 1j1s y100cTBa moJja-
raloT paBHod HyJro. [locnegnHuil wieH pas3noKeHUs (Ku4-sin6(p-sin6[3)
B (1.4.1) omnpenensiercss CUMMETpUEN KpUCTAIIMYECKOW pemérku. Kak
npaBuio, |Ky| > [Kyp| > K| > [Kyl..., moatomy, ordpaceiBas Ky u orpa-
HUYMBAsICh IByMS IEPBBIMU OCTABIIMMHUCS CIAra€MbIMH, MOJTYUHM:

F, =K, sin’p + Ky-sin‘p. (14.1°)

Jlns kobanbTa nipu 15 °C xoHcTaHThl aHuzotponuu B (1.4.1°) umerot
caenyromue 3HaueHus: K, =4.53- 10° I[)K/M3 JKp=1.44-10° I[)K/M3 :

Boipaxxenue (1.4.1°) 1ocTaTO4HO MOJHO OMHUCHIBAET OAHOOCHYIO aHH-
30TPOINUIO TIPU PEUICHUH OOJIBIIMHCTBA TECOPETUYECKUX M TPHUKIIAJIHBIX
3aga4. OpUEHTAIIUIO0 CIIMHOB aTOMOB PEIIETKA OTHOCUTEIBHO OCU KpH-
cTajjia MOXXHO HaWTH U3 ycioBus MUHUMyMa F,(@):

OF O°F
%:09 a(pz >O. (1.4.2)

B pe3ynbpTare, B 3aBUCUMOCTH OT 3HAKOB M COOTHOUIEHUSI BEJIMYHH
koHcTaHT K, u K, 0OIHOOCHas aHU30TPOMUSI MOXKET ObITh HECKOJBKUX
TUIIOB, OCHOBHBIE U3 HHX: «JIErKas OCh» (CHOMHBI OPUEHTUPOBAHBI BIIOJb
OCH), «IETKasi MJIOCKOCTh» (CIHMHBI MEPHNEHIUKYJISAPHBI OCH) U <JIETKUH
KOHYC» (CIHUHBI OTKJIOHEHBI OT OCH Ha (DMKCUPOBAHHBIN YTroJI, Onpeiensie-
MbIH yciioBueM (1.4.2).

[Ipr MopenupoBaHHM MPOLECCOB MEPEMArHUYUBAHUS B TOHKUX Mar-
HUTHBIX TUIEHKAX 4acTO MCIHOJIB3YIOT ellé 0ojiee YKOPOUCHHBI BapHUaHT,
octaBiisis B (1.4.1) Tonbko mepBoe ciaraeMoe:

F, = K,sin’g, (1.4.2)
rae K, = K,;.

IIpu K, > 0 nsnHeprus anumzotpomnuu, corjacHo (1.4.2), Bo3pactaer
c ygemmueHueM . [loaTtomMy B OTCYyTCTBHME BHEIIHETO MAarHWUTHOTO IIOJIS
B YCTOMYMBOM COCTOSTHUA BEKTOP CIIOHTAHHOM HAMAarHMYEHHOCTH HaIlpaB-
JIEH BIIOJIb OTOM OCH. Takue HampaBJEHUs YCTOWYMBOM OPHEHTALIMM CIIOH-
TaHHOW HAMArHWYECHHOCTH HA3BIBAIOTCS «OCAMU JIETKOTO HAMAarHUYUBaHUS)
WIH K€ TIPOCTO «JIErkuMu ocsimuy». [Ipu K, < 0 sHeprust aHuzotponuu yobi-
BacT C YBEJIIMYEHUEM (. B 3TOM cityyae BEKTOp CIIOHTAaHHON HaMarHUYEHHO-
CTH B OTCYTCTBHE BHEIIHEIO MAarHUTHOIO MOJISL PACIIOJIaracTCs B INIOCKOCTH,
MEPIECHIVKYJIAPHOU OCH. Takue IUIOCKOCTHM Ha3bIBAKOTCA «IUIOCKOCTSIMU
JETKOr0 HAMarHMYMBAHUSD, WM «JIETKUMU TIOCKOCTSIMI).
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JInst KyOMYeCcKUX KPUCTAIOB, TAKUX KakK JKeJie30 U HUKEIb, YHEPTHIO
AHU30TPOTNIMU MOXKHO TPEACTaBUTh KaK (DYHKIIMIO HAMPABISIONIUX KOCH-
HYCOB 01, 0y, @3 BEKTOpa CIIOHTAHHOW HAMarHWYE€HHOCTHU OTHOCUTEIHHO
ocelt x, y, z Kkyba. B aToM citydae, oTrOpachiBasi HECYIIECTBEHHOE cllarae-
Moe Ky, monyuum:

F=Ki(a oo a5 +a5"ar” ) Ko onastKs(an oo + oo o +as ") +...,  (1.4)3
rae K, K,, K3 — koHCcTaHTBI KyOM4YECKOW aHU30TPOITHH.
Kak u qms omHoocHoi anm3otponuu, K| > |K,| > [Kj| ..., moatomy

B (1.4.3) MOXHO OrpaHUYUTHCS ABYMsI IEPBBIMU ciiaraeMbIMu. [[7s skernesa
mpu 20 °C K; = 4.72:10* /v, Ky = —0.075-10" /v, s Hukens
mpu 23 °C K;=-0.57-10" /v, Ky =—0.23-10" /v’

CootHomenue BennuuH K, K, 1 UX 3HaKd onpeaenasatoT KpUCTaI0-
rpadUUecCKUe HAIpPaBIICHHS, KOTOPHIE B JAHHOM KpHUCTAIUIE OYIyT <JIET-
KUMK», T. €. OCSIMHM JIETKOIO HaMarHU4YMBaHUS.

Ecnu K; > 0, To nepBoe cinaraemoe B (1.4.3) muaumansHo (Jiist K; > 0
ATOT MUHUMYM paBeH () Mpu OpUEHTAIMM HAMAarHMYEHHOCTH BJOJIb OCEH
[100], [010], [001], kOTOpBIE B A3TOM ClIydae SBISAIOTCS OCSIMH JIETKOTO
HaMarHU4YWBaHUS.

Korma K; < 0, ocsiMu 1€rkoro HaMarHu4uBaHus siBJisitorcst ocu [111],
[111], [111], [111]. Eciu y4ecTb u BTOpoe ciiaraemoe B (1.4.3), To npu |K;|
< |K,| nanpasnenus [110], [101], [011] Takke MOTryT OBITh HampaBJICHUS-
MH JIETKOT'O HaMarHWYUBaHMS.

1.5. Macrnumocmpurxuus. Mazhnumoynpyzasa Inepaus

MarnuToCTpUKIUS TPEACTaBIsA€T COOOM SIBJCHUE U3MEHEHUS pa3me-
POB MarHeTHKa MpHY €ro HaMarHnuuBaHuW. CBsS3aHHAsI C TAKUM U3MEHCHH-
emM oTHocuTenbHas nedopmanus Al / [ (3nech | — ucxonubiit pasmep, Al
— YJUIMHEHUE) OOBIYHO OYE€Hb Maja — MO MOPSAKY BEIUYMHBI OHA CO-
craBmser 10°—10°, mosToMy 0GHAPYKUTH €& MOXKHO JIHIIb TOUHBIMH U3-
MepeHusaMu. OJHaKo, HECMOTPSI Ha CTOJIb HE3HAYUTEIIHbHOE W3MEHEHHUE
pPa3MepoB, 3TO SIBJICHUE OKA3bIBAETCS CYIIECTBEHHBIM MPU PACCMOTPEHUU
JTIOMEHHON CTPYKTYpPhl U ME€XaHM3Ma HaMarHWUYWBaHUS; KPOME TOTO, OHO
MMEET MHOXKECTBO MPAKTUYECKUX TPUMEHECHHUIA.

B . 1.4 6p110 1MOKa3aHO, YTO Oyarogaps CIUH-OpPOUTATIFHOMY B3aUMO-
JICUCTBUIO CIUHBI «YYBCTBYIOT» KPHUCTAUIMYECKOE TOJI€ U KPUCTAILTUYE-
CKyI0 pem€TKy. EcTecTBeHHO 0KUIaTh, YTO OJHOPOIHOE BPAILIEHUE CITMHOB
BBI30BET M3MEHEHHE MapaMETPOB KPUCTALTUYECKOW PEIIETKH, a CIIE0-
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BaTEJIbHO, U XapaKTepa aHU30TPONUH, T. €. OyJeT HAOII0AaThCA JTOBOJIBHO
CWJIBHOE€ MarHUTOYIPYyroe B3aumoJielicTBre. PaboTa, coBepiiaemas mmpu Jie-
dbopMaluu Kpucramia, paBHa U3MEHEHHUIO SYHEPTUU KPUCTAILTUYECKOTO OIS
Y DHEPI'UM B3aUMOJICUCTBUS «CIUH-OPOUTATBHBI MOMEHT — KPUCTAJLIINYE-
ckoe noJie». Ecnu sHeprus aHuzotponuu npu Jaedopmainuu yObIBaeT ObICT-
pee, YEM YBEJIIMYMBAETCS YIIPYrasi JHEPrusi, TO IPU U3MEHEHUN OPUEHTAlUN
HAMarHU4eHHOCTU TMPOUCXOAUT CaMOIPOU3BOJIbHAS AchopMalivs KpUCTa-
na. D10 sBieHUEe ObLIO OTKpHITO JIX. JDKoynem B 1842 r. m momydusio
Ha3BaHWE MArHUTOCTPUKIMHU. TakuM 00pa3oM, MArHUTOCTPUKIHUS — 3TO
U3MEHEHHE (POPMBI U pa3MepoB Tella MPU U3MEHEHUHM €ro MarHUTHOTO CO-
CTOSIHUSI. JTO MOXET MPOUCXOJIUTh BO BHEIIHEM MArHUTHOM TOJIE
WIH TIpU niepexoze peppoMarHUTHOTO BellecTBa uyepe3 Touky Kropu (Ha3bi-
BaETCS «CaMOMPOU3BOJIbHAS MAaTHUTOCTPUKITUS ).

JIns KONMM4YeCcTBEHHOW OIeHKH AedopMallid HMCIOJIb3YyIOT OTHOCH-
TETbHOE YIJIUHCHHE A:

A= (1.5.1)

[Ipy TEexHWYECKOM HAMarHMYMBaHUM (B OTJIMYUE OT HCTUHHOIO
HAMarHMYMBaHUSI) HAMAarHWYEHHOCTHIO HA3BIBAETCSI MPOCKIIUS CPEIHETO
3HAYEHUsS] MAarHUTHOI'O MOMEHTA €MHUIIBI 00bEMA Ha HAINPABJICHUE U3ME-
penus. [TockoabKy OJHO3HAYHO BOCIPOM3BOJUMBIM MOXKET OBITH TOJBKO
pe3yJibTaT, TOJYUYCHHBIM B OJHOPOJHO HaMarHWUY€HHOM o0Opa3slie,
TO IIPU UBMEPEHUN MATHUTOCTPUKIMHN (PEPPOMATrHETUK HAMATHUYUBAIOT
JI0 HACBIICHUS, @ TOBOPS O HAMArHMYEHHOCTH, UMEIOT B BHJY HAMarHHU-
YEHHOCTbh HachIeHus M. B aTtom ciryyae:

Al
=, =[7j , (15.1°)

r7ie A; — KOHCTaHTa MarHUTOCTPUKIIUH.

Crnenyer mOAYEepKHYTh, UTO, SIBISSACH YETHBIM 3(PEKTOM, MArHUTO-
CTPUKIIMSI HE 3aBUCUT OT 3HAKa HAMAarHWYE€HHOCTH, TTO3TOMY H3MEHEHHE
pa3MepoB MPOUCXOAUT TOJBKO MPU U3MEHEHUN OPUEHTAIIMM HaMarHU4eH-
HOCTHU. B ciydae, korjja nepeMarHi4MBaHue MPOUCXOJIUT 0€3 OTKIIOHECHUS
HAMArHUMYEHHOCTU OT MEPBOHAYAIBHOI'O HANPABJICHUS], MATHUTOCTPUKIIMS
OTCYTCTBYET.

Benuuuna A onpenensieTcss CAMMETPUEN KpUCTalllla U 3aBUCUT OT yT-
na ©® Mexay BekTopoM M M HampaBICHHEM HW3MEPEHHUS YIIMHECHUS.
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IIpu oTcyTCTBUM OOBEMHONW MArHUTOCTPUKIIMU JJIsI KYOMYECKUX KPUCTAJI-
JIOB B CiIy4ae, Korjaa Ag = Ajgg = Aq11 (M30TpOIHAS MAarHUTOCTPUKIIIS):

3 1
Ao ==X\ | cos’®@—=
0= ( ?J, (15.2)

r7¢ Ag — OTHOCHUTEIIbHOE yNIMHECHNE B HampaBiaeHUH O; Aoy, Aj1; — KOH-
CTaHTBI MPOJOJILHON JTUHEHHON MAarHUTOCTPUKIIMU MPU HAMarHUYUBAHUU
MoHOKkpucTaiia BaoJib ocerd [100] u [111] COOTBETCTBEHHO. Y pa3HBIX
BEIIECTB 3TH KOHCTAHTHI OTJINYAIOTCS HE TOJIBKO BEJIMYMHOM, HO M 3HAKOM
[1.6]. Tak, y xxene3a Ajgo> 0, A1 <0, a y HUKEJSE OHU 00€ OTPUIATEIIbHBI.

Kpome npsimoro a¢dexra, pacCMOTPEHHOTO BHIIIE, CYIIECTBYET U 00-
paTHBIM, 3aKIIOYAIOIIUNCA B W3MEHEHUHW OpPHUEHTAIMA BEKTOpa Mq
MO/ BO3/ICMCTBUEM MEXaHWYECKOTO HANpsDKEHUs 6. B M30TpONMHOM Clly-
yae, Koraa As = Ajgo = Aq11, BIpOKEHHUE IS TNIOTHOCTH CBOOOJHOM 3HEp-
ruu Fg; uMeer npocTon BU:

(¢

F :—%Gks coszq):constJr%GXSsinz(p’ (1.5.3)

IJIe @ — yroJl MeXay Bekropamu M, U 6.
®opmyna (1.5.3) coBmaaaer nmo gopme ¢ (1.4.2), Ho posb d3PpdheKTUB-
HON KOHCTaHTBHI OJJHOOCHOM aHW30TPOIIMH B JAHHOM CJIydae UrpacT

Fer =%Gx , (1.5.4)

s

OTtcroma cieayer, 4To, pacTsaruBas WIM CKuMas (QeppoMarHeTuk
C KyOUUYeCcKOl CUMMETpPHE, MOKHO CO3/1aTh B HEM OJIHOOCHYIO aHU30TPO-
MU0, €CJIU BBIMOJIHUTD ycioBue (3/2)ch, > K. Ilpu o)A > 0 310 Oyner aHu-
30TPONUS TUIA «JIErKast OCh», a MPHU GA; < 0 — «JIE€rKas MIOCKOCThY. JTa
uJies UCMOJIb3YETCS MPU CO3JaHUU MATEPHUATIOB C MPSIMOYTOJbHOUN MeTiei
ructepesuca. Takas meTsst ObIBaeT Y OJIHOOCHBIX MAarHETUKOB C aHU30TPO-
nuen Tuma «J€rkast ocby». B 3ToM cityyae HE0OXOUMO BBITIOJIHUTH YCIIO-
BUE GAy > 0. OIHaKO 3/1eCh G — 3TO HE BHEIIHEE HAIPSKEHHUE, a OCTATOU-
HOE BHYTpPCHHEE.

Jlns omucaHWsT MarHUTOCTPUKIMM TOJHMKPUCTAIIOB HCMOJIb3YETCS
ycpenHéHHas (3¢ @exkTuBHAs) KOHCTaHTa MarHutocTpukiuuv. Hampumep,
y kenesa A~ 20 <107, y HuKemst Ao~ —30 « 10°°. ITosToMy y mOTHKpH-
CTAJUIMYECKOr0 *eje3a B HAlPaBJICHUH 6 BO3HUKAET OCh JIETKOTO Hamar-
HUYMBAHUS NPU PACTSKEHUH, a Y HUKEJISI OHa 00pa3yeTcs MpU CKATUH.
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1.6. Macrnumocmamuueckasa SHep2us

[Ipu nHamaranuvBaHuu (HEPPOMArHUTHOTO TeNla OrPaHUYEHHBIX pa3-
MEPOB BO3HUKAET TaK HA3bIBAEMOE «PA3MarHUYMBAIOLIECE» IOJE, JUHUU
WHIYKIHU KOTOPOTO, 3aMBIKASICh YE€PE3 OKPYKAIOIIEE 3TO TEJIa NPOCTPAH-
CTBO, YMEHBIIAKOT BHYTPEHHEE MOJIE, ABJSIOLIECECS CYIIEPIIO3ULIMEN BHELI-
HETO U pa3MarHuuuBaromiero. [UIOTHOCTh AHEPTUU pa3MarHUYMBAOLIETO
IIOJIS1 paBHA

1
F) :—E(HPM), (1.6.1)
rae Hp — BekTop HanpspKEHHOCTH pasMarHUYMBaronero nons, M — Bek-
TOP HAMAarHU4YEHHOCTH.

Mg ogHopogHoro symncouza nojge Hy, sABisgercs OXHOPOIHBIM.
B aToM ciydae MOXHO BBECTH MOCTOSIHHBIM KO3(duiimeHT N, Ha3bIBae-
MBI pa3MarHuYMBarOUM (PaKTOpPOM, TaKo, 4TO

H,=-NM. (1.6.2)

3Hak «—» B (1.6.1) otmedaer To obcToATENBCTBO, YTO H), MpoTuBOIIO-
noxxao M. Crienyer oTMETUTh, 4TO 371ecb M — 3TO He HaMarHWYeHHOCTh
HACBIIICHUSA, a €€ 3HA4YEHUE, YCPEAHEHHOE II0 BCEMY JSJUIUIICOUNY.
JI1s1 HaMarHU4YEeHHOT0 JI0 HacklmeHus: oopasna u3 (1.6.1) ¢ yaérom (1.6.2)
TOJTYYUM:

1
FP=ENM§, (1.6.3)

VY snnuricousia ¢ MONyoOCsIMU a, b, ¢ TIpyu MPOU3BOJIBHOM OpUEHTAIIUU
M, OTHOCHUTEJIBHO ATHUX OCEH:

1
Fp=§M§ (NacoszoﬁNbcoszBJrNccoszy) , (1.6.4)

rae o, B, Y — yrael Mexay BekTopoM Mg u ocsimu a, b, c; N,, Ny, N, —
pa3zMarHu4MBaroue GakTopsl BAOJIb ocel a, b, c.
[Tpu aTtoM N, + Ny + N.=mn, rae =1 B cucreme CH u 4w B CI'C.
®opmyna (1.6.4) na€r BbIpakeHUE AJIsI SHEPTUU aHU30Tponuu (pop-
Mbl. PaccMoTpuM aiuncouns BpaiieHusi, koraa Ny = N, (0JHOOCHas aHU-
3otpornust hopmbl). B aToM ciydae:

FPZ%MS (N,cos’p + N,sin%p) = const +%M§ (N,-N,)sin’p,  (1.6.5)
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IJIe (0 — YTOJl MEXIy OChIO @ U BEKTOPOM HaMarHU4eHHOCTH M.
N3 (1.6.5) caeqyeT, 4TO OpU HAIMYUKU OJJTHOOCHOW aHU30Tponuu ¢Gop-
MbI 3(hPeKTUBHAsT KOHCTAHTAa aHU30TPOITMU PaBHA

Fe :%Mf(Nb N,). (1.6.6)

[Ipu Ny > N, (BBITAHYTHIH chepona) OCh a SBISIETCS OChIO JIETKOTO
HamaranuuBanus. [Ipu Ny, < N, (crumrocHyThIN chepoun1) I0CKOCTh, Tep-
MEHAUKYJISIPHAS. OCH @, SIBJISIETCS TIOCKOCTBEO JIETKOTO HAMATHUYMBAHUSL.

1.7. Jlomennas cmpykmypa. /lomerHnbie 2panulbe

B oTcyTCcTBHE BHEIIHETO MOJISI MO ACMCTBUEM OOMEHHBIX Cul (peppo-
MAarHeTVK HaMarHW4YMBaeTCs O HACBIIICHUS, COOTBETCTBYIOIIETO JAHHOMN
temrneparype. [Ipu 3ToM cymMmMa MarHUTOCTaTUYECKOW SHEPTUU U SHEPTUU
MarHUTHOW aHU30TPONUU JOJKHA ObITh MUHUMAJIbHOW. MUHUMYMY 3HEp-
TMU MAarHUTHOW aHWU30TPONUU COOTBETCTBYET HAIIPABIICHHE HAMATHUYECH-
HOCTH BJIOJIb Oceil ierkoro HamarunurBanus (OJIH). Maraurocratnueckas
SHEPrUs paBHA HYJIO MPU HYJIEBOM KOod(PPuUIlMEHTE pa3MarHUuMBaHUsl, YTO
UMEET MECTO JJIsl 00pa3oB 3aMKHYTON (DOpMBI, HAIPUMEDP JIs1 KOJIbLIEBBIX
CEP/ICUHUKOB, HAMATHUYCHHBIX 0 OKPY>XKHOCTH, WJIM JJI1 OYEHb JIJTMHHBIX
CTepKHEN, HAMarHUYeHHBIX BJIOJIb MPOOJILHOM ocu. Tem He MeHee U B 00-
paslle KOHEYHBIX Pa3MEPOB MArHUTOCTATUYECKAS SHEPIUsl CYLIECTBEHHO
YMEHBIIAETCS, €CIIM BeCh 00beM (heppOMarHeTuka pa3o0bETCsl Ha TOMEHBI,
MaKpOCKOMMYECKHUE O0JacTH, HaMarHUYEHHbIC JI0 HACBIINICHHUS, TaK 4YTO
MPAKTUYECKHU BECh MarHUTHBIN MOTOK OYJIET 3aMbIKAThCsl BHYTPU 0Opaslia.
OnHako B 3TOM Ciy4yae, KpOME JIOIOJHUTEIBHON DHEPTUU aHWU3O0TPOINH,
MOSIBUTCS SHEPTUsl TOMEHHBIX Tpanui] (I).

Pa3Ouenue Ha JOMEHBI MPOUCXOAMT JI0 TEX IMOP, MOKa BO3pACTAHUE
SHEPrUy aHU30TPOIMH, A TaK K€ YBEINYEHUE TUIOMIAN JOMEHHBIX TPAHUIL
U, KaK CJIEICTBHUE, YBEIUYEHUE WX IHEPIUU, KOMIEHCUPYETCS YMEHBIIIE-
HUEM MarHUTOCTATUYECKOW SHEPTHUH.

Cpenu mMHorooOpaszus JII' OCHOBHBIMH SIBJISIFOTCSI CTPYKTYpPbI JIBYX
TunoB: rpanuna Jlangay — Jludmmia u rpanuna Heens (Neel). McTopu-
YECKH TaK CIIOKHUIOCh, YTO JIOMEHHYI rpanuny Jlanmay — Jludmmumna
yarie Ha3piBaroT rpanuiied bioxa (Bloch). 9Tu nomeHHbIE TpaHUITBI CXe-
MATUYHO IPEICTABIIEHBI HA puc. 1.3.
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Bloch

Puc. 1.3. Cxematnunoe npeacrasnenue 180-rpaayCHbIX JOMEHHBIX TPAHUIL
B (peppOMarHeTuKe, OCh JIETKOr0 HaMarHMYMBAHUS KOTOPOTO JIEXKHUT B IJIOCKO-
CTH TUTACTHHBI. JIOMEHHBIE TPaHUIBI 0003HAYEHBI OCTTBIM I[BETOM.
BepxHuii pucyHok — nmoMeHHas rpanuna bioxa, HuxkHud — Heenst

B 010X0BCKOWM JOMEHHON IpaHHUIIE MOBOPOT CIIMHOB IIPU IEPEXO/Ie
OT OJIHOTO JJOMEHA K JIPyTrOMY MPOMCXOJUT BOKPYT OCH, MEPIEHIAUKYJIIAP-
Hoit mockoctu JII' (puc. 1.3 BBepxy). Ecnu pasmepsl oOpasiia MHOTO
OOJIbIIIe MTUPHUHBI JOMEHHOW T'PAHUIIBI, TO Takas OnoxoBckas /I He o6:a-
JA€T MArHUTOCTATUYECKON SHEPTUEH.

B HeeneBCKOW TOMEHHOW T'PAHUIIE MOBOPOT CIIMHOB IIPHU IEPEXOME
OT OJTHOTO JOMEHAa K JPYroMy IMPOUCXOJUT B IUIOCKOCTH, KOTOpas Ma-
pajuielibHa MAarHUTHBIM MOMEHTaM B JIOMEHAaX M MNEPHEHIUKYIIpHA
ninockoctu I (puc. 1.3 BHU3Y). JloMeHHas rpaHMIla TaKOTO THIIA BCe-
raa obOsiafaeT CyIIECTBEHHOM MarHUTOCTaTUYECKOW SHEPTrUed U MOXKET
OBITh DHEPTreTUYECKU BBITOJIHA IO CPABHEHUIO C OJOXOBCKOW TOJBKO
B TOHKUX IUIEHKAX, KOTJa UX TOJIIIMHA CTAHOBUTCS MEHbIIIE MUpUHBI (17
U B pe3yjbTaTe€ MAarHUTOCTATUYECKash >HEprusi OJIOXOBCKOW T'PaHMIIbI
MPEBBIIACT SHEPTUIO HECIIEBCKOM.

3agaya onpeneseHusl CTPYKTYPbI, IIUPUHBI, SHEPTUU U JUHAMUKHU J0-
MEHHOM TpaHHMIIBI BIEpBBIC OblTa pemieHa B padore [1.1]. Paccmorpum
180-rpagycHyto 6;710X0BCKY0 JII' B OTHOOCHOM KPHUCTAIIE C OCBIO JIETKOTO
HamMarHuuuBaHus [1.6].

B 6eckoHeuyHOM KpHCTaJIe SHEPTHUs TPAHULIBI CKJIabIBACTCS U3 dHEP-
ruu anuzotponuu E, u oOmenHo# sneprun E,:

E=E,+E.,. (1.7.1)

B npubnmkeHnn CIUIONTHON Cpeibl
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E, = SJ- K cos® pdx , (1.7.2)

rae S — momaar nosepxnoctu I, K, — KOHCTaHTa OJHOOCHOW aHU30-
TPOIIUH, X — KOOPAWHATA B HAIIPABJICHUH, IIEPIIEHIAUKYISPHOM IIJIOCKOCTH
JAI'. B otnuuue ot (1.4.2), rae ¢ — yroj Mexay HaMarHMYEHHOCTHIO
u OJIH, 31€ech (¢ — 3TO yroa MexJy HAMarHM4€HHOCTBIO U OCBIO, PacIio-
noxxeHHou B 1ockoctu JI' mepnenaukynsipuo OJIH. B manHoMm ciyuae
Takass OChb SBJSETCS OCbIO TPYAHOTO HaMmarHuunBaHusA. llosTomy
sin¢@ — cos’ Q.
[ToBepxHOCTHAs IUNIOTHOCTh SHEPTUU aHU30TPOIIUU PaBHA

W = ia = _[ K, cos” pdx (1.7.3)

J{nst Toro 4TOoOBI B ATOM K€ MPUOIMKEHUH 3alMCaTh OOMEHHYIO YHEP-
THI0, ceayeT nmpeodpa3zoBaTh Beipaxkenue (1.3.7):

Eex = — 22 Jic (sksi). (1.7.4)

[Tockonpky OOMEHHBI MHTETpajn yObIBaeT O4YeHb OBICTPO, PACCMOT-
PUM B3aUMOJICHCTBHUE TOJBKO MEXITY ONFKANIIIMMU COCEISIMU:

Ex(1,2) ==2J15(518y) =— 2J12s200sq)12. (1.7.5)
[[lupuna cambix TOHKMX JII' mpeBbimaer 10 HM, mO3TOMY

Cos Py, zl—%é Y [I03TOMY
E_(1,2)=-2J,s*+J,s’¢;, =const+E_ (¢,,) . (1.7.6)

[TockonbKy @1, << 1, TO, 3aME€HSIsI TUCKPETHBIA YTOJ (1, HEPEPHIBHOM
3aBUCUMOCTBIO ((X), /IS IETIOYKH aTOMOB B HAIPABJICHUU OX MOJYUYUM:

¢, = aa—q) (1.7.7)
ox’
I7I€ a — MEXKATOMHOE PaCCTOSHUE.

Omnyckas B (1.7.6) KOHCTaHTy, ONPEACIISIIONYI0 OOMEHHYIO DHEPTHUIO
OJIHOPOJIHOTO COCTOSIHUA, HaWJIEM IUIOTHOCTb OOMEHHOH 3Hepruu, oly-
CJIOBJICHHYIO HENapaJUIeIbHOCTHIO COCEIHUX CIUHOB. [l 3TOrO0, Mojcra-
BuB B (1.7.6) 3nHauenue ¢, u3z (1.7.7), paszgenum BTOpOE ciaraeMoe

B (1.7.6) Ha a’. B pe3yibTaTe Moqyqnm:
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2 2
p = (a_@j | (1.7.8)

(1.7.9)

rie A — oOMeHHbIN nmapaMmeTp (mapamerp o0OMEHHOTO B3aUMOICHCTBUSA).
Ucnonp3yss (1.7.9) awmamormuyno (1.7.3), HaiiaéM MOBEPXHOCTHYIO
MJIOTHOCTh OOMEHHOW SHEPIUU:

© 2
W, = j A(é—(pj dx (1.7.10)

Ox

O6benunsis (1.7.3) u (1.7.10), mony4yum BbIpayK€HUE ISl TTOBEPXHOCT-
HOM IJTOTHOCTU CBOOOTHOM SHEPTUH OJIOXOBCKOM TOMEHHOM TPaHUIIbI:

W= J(K CcoS (p+A(ng Jd —IF(@,Z jdx (1.7.11)

_ _ ¢
rae F=E +F_ _F((Paaaxj — 00BEMHAsS TIJIOTHOCTH CBOOOIHOM PHEPTUHU

OJIOXOBCKOM JOMEHHOM I'PaHMIIBI.
3aBUCUMOCTD ((X) MOKHO HaTH U3 yciaoBust Munumyma W B (1.7.11).
Munumym W onipeaensercs u3 ypaBHEHUs Dujepa:

af o) o, i
dx 8([). a(P 9 o

rae ¢ = 8_
Pemas (1.7.12) ¢ rpaHUYHBIMU YCIIOBUSIMU
0
x

cosQ =+ KC;;P (1.7.13)

Nurerpupys (1.7.13), Haiiaém:
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xzarcth(sin(p) % (1.7.14)
WNnu nnaye:
: X
sing =th| — (1.7. 14")
o, )’
rae 0p — MnapamMeTp MMUPUHBI JOMEHHOM I'PaHMIIbI,
A 29

O, = - (1.7.14°7)

N3 (1.7.14°) BuaHO, 4TO AHEPrusi OOMEeHa CTPEMHTCS PACIIUPUTH JO-
MEHHYIO TpaHUIly, a YHEPTUs aHU30TPOITHH — CKaTh.

OOBIYHO TOJ IIUPUHON JOMEHHON TPAaHUIBI TMOHUMAIOT BEIUYUHY
O = 10, KOTOpas MOIyUYaeTCs MPH JUHEHHOM anmpoKCUMaIu Q(X):

T LT
§=x,—xj, I X,; =X(* 5) — 3HaYeHMsI x, IpH KOTOpbIx P(X;) = 3.

s onipenenenust sueprun I moacrasum (1.7.13) B (1.7.11), oTkyna:
W =4+ AK (1.7.15)

biioxoBcKkre JOMEHHbIC TPAHUIIbI, IOKa3aHHbIE Ha puC. 1.3, ABIAIOTCS
IIPaBOBUHTOBBIMH, OJHAaKO 3Hak * B (1.7.13) o3mauaer, 4TO pPa3BOPOT
cnvHa B JII' MOKET mMpOUCXOIUTh Kak MO MPaBOMY BUHTY, TaK U IO JIEBO-
My, YTO CXE€MaTU4YHO Moka3zaHo Ha puc. 1.4. [lepexognbie obmacTu, pasjie-
JIAIOIIAE MPABOBUHTOBOM M JIECBOBUHTOBOM y4dacTKu [II', Ha3bIBarOTCS JIM-
HusmMu broxa (6moxoBckumu nuHusmMu — bJI). Tonosorudyecku JTUHUU
broxa npeacrasisitor coboit ¢hparmenTsl I HeeneBckoro tuma, pa3aens-
IolKe 00JacTh OJOXOBCKOW KOH(UTypallud C MOPOTHUBOIMOJIOKHBIMU
HaIpPaBJICHUAMU BPAILICHUS CIIMHA.

W3 puc. 1.4 BUAHO, 4TO MPOEKIIMU MAarHUTHBIX MOMEHTOB OJIOXOBCKUX
JMHUN HA OCh X MOTYT OBITb M TOJOXHUTEJIbHBIMA U OTPHUIATEIbHBIMH,
T. €. BpallIleHUE CIIMHOB B HUX MPOUCXOJUT B MPOTUBOMOJIOKHBIX HAIPABIIE-
Husix. [lepexoanpie 00sacTy, pa3Aeisionue pa3HonosipHbie yyacTku bJI,
Ha3bIBatOTCsl OJ10X0BCkUMU Toukamu (BT). B otnuuue ot JII' u nunuit bio-
xa, Touka biioxa HOCUT CHHTYJISIpHBIN XapakTep. ITO CBSI3aHO C TEM, YTO IO-
BOPOT ciuHa Ha 180° MPOMCXOIUT B HEM HA PACCTOSHUH OIHON IOCTOSHHOM
petietku. [loaromy B BT OosbIas maoTHOCTE OOMEHHOM SHEPTHHU.
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2

Puc. 1.4. Cxematnunoe npeacrasnenue 180-rpagyCHON TOMEHHOW TPAHUILBI,
oOnazgaromeit muHueH bioxa ¢ 6;10X0BCKOM TOUKOH, B heppOMarHeTuke, 0Ch
JErKOoro HaMarHM4YMBaHWs KOTOPOro HampaBiieHa BAOJb ocH y. CTpenku
Ha cepoM (poHe, HalpaBIIEHHBIE BJOJIb OCH Z, TOKa3bIBAIOT HAIIpaBJICHUE
MarHuTHOTro MomeHTa B cpeanem ceuenuu JI'. Ctpenku Ha TEMHOM (oHE,
HaIpaBJICHHBIE BJIOJIb OCH X, IOKA3bIBAIOT HAIPABJIECHUE MAarHUTHOTO MOMEHTA
B CpEJIHEM CEUYeHUHU 0J10XOBCKOM JuHUM. O0JIaCTh, TJI€ MPOUCXOAUT CMEHA
HaIIpaBJICHUS MarHUTHOTO MOMeHTa bJI, siBisieTcst 6;10X0OBCKOM TOUKOM

JIvanu broxa, MIOCKOCTh KOTOPBIX OPUEHTUPOBAHA MEPIICHANKYJISP-
HO HAIpaBJICHUI0O MarHUTHOTO MOMEHTa B cpeaHem cedeHuu JII' (cwm.
puc. 1.4), Ha3bIBAIOTCS BEPTUKAIBHBIMU 0J10X0BCKUMU JuHUsIMU (BBJI).

Ha puc. 1.5 cxematnuHo noka3ana JuHUs bioxa, miI0CKOCTh KOTOPOU
napasuiejibHa HalpaBJICHUI0O MAarHUTHOIO MOMEHTa B CPEIHEM CEUCHUU
NI'. Takue bJI Ha3piBaroTca ropuzonTanbHbiMU (I'BJT).

7
/1
I

Puc. 1.5. CxematnuHoe npeAcTaBiIeHUe TOPU3OHTATBHON OJI0XOBCKOMW JIMHUH
(cepas 0b6s1acTh, pa3aenistonias pa3HOMOJSIPHbIE YYACTKU TOMEHHOM TPaHUIb)

N

|
/

——)
R

['opuzonTtansubie BJI Bo3HuKaroT mpu aBukeHuu JI' ¢ OOIBITUMHU
CKOpPOCTSIMU. B COCTOSAHMM MOKOSI OHU TPYIINUPYIOTCS B CPEIHEH 4YacTh
JIOMEHHOM T'PaHUIIBI.
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I'mapa 2. MukpoMarHuTHasa TE€OPU.
CoBpeMeHHOE COCTOSIHUE

2.1. Ba3osvie omKkpvimusa 6 HAaHOMAZHEeMuU3me

HoGeneBckas mpemus mno ¢usuke 3a 2016 1. Oblia mpucyxjacHa
HE 32 OJJHO KOHKPETHOE OTKPBITHE, a 32 LIeJIbIH CIIMCOK MUOHEPCKUX padoT,
koTopeie B 1970—-1980-¢ rT. cTUMYyIMpOBaad pa3BUTHE HOBOT'O HaIlpaBJic-
HUSL B (QU3HKE KOHACHCUPOBAaHHBIX cpell. OIHUM U3 caMbIX OOrartbix
Ha pa3juyHbIC SIBJICHUA pa3/iesioB (PU3MKU SABIAETCS (PU3MKA KOHACHCUPO-
BaHHbIX cpea. KonaeHcupoBaHHas cpega — 3T0, 00pa3HO TOBOps, Cpena,
B KOTOPOM MHOT'O OJHOTHIIHBIX YaCTHUL] HAXOAWUTCSA B CBSI3aHHOM COCTOSI-
HUW U CHJIBHO BO3JEHCTBYIOT APYT Ha Apyra. [loutn kaxmoe cioBO 371€Ch
KiroueBoe. CaMM 4acTUIBI M 3aKOH B3aWUMOJEUCTBUS MEXKJYy HUMH HOJIK-
Hbl OBITh OJHOTUIIHBIMU. MOKHO B35iIThb HECKOJBKO pPa3HBIX aTOMOB, HO
IJIABHOE, YTO Jajbllle 3TOT (PUKCUPOBAHHBIA HAOOP MOBTOPSETCS CHOBA U
cHOBa. YacTull JOJKHO OBITh OYEHb MHOTIO; IECITOK-APYroll — 3TO eue
HE KOHJICHCUPOBaHHAas cpena. HakoHnen, BIMATH OHU APYT HA ApYyTa JOJIK-
Hbl CHJIBHO: TPUTATUBATHCS JIPYr K APYry Ha OTHOCHUTENIBHO OOJIBIIHUX,
aTOMapHbIX MaciuTadax, OTTAIKUBATHCS JAPYT OT Apyra Mpu CONMKEHUH
Apyr C IpYroM U Jaxke oOMEHMBATBLCS JIPYT C APYroM pasziudyHbIM oOpa-
30M. Pa3pekeHHbIl ra3 KOHACHCUPOBAHHOW CPEION HE CUUTAETCH.

@dyHIaMeHTalbHasi OCHOBa (PU3WKUM KOHJACHCUPOBAHHBIX CPEN:
IPU TaKUX JOCTATOYHO MPOCTHIX «IPABUIIAX UTPbI» B HEW OOHAPYKUIOCH
HECKOHYaeMoe 00raTcTBoO siBeHUN U 3PdekToB. Takoe MHOrooOpa3ue sB-
JIEHAW BO3HUKAET BOBCE HE H3-3a IIECTPOr0 COCTaBa — BCE YaCTHUIIBI
B KOHJACHCHUPOBAHHBIX  CUCT€Max  SBIAKOTCS  OJAHOTUNHBIMH,  —
a CaMONPOU3BOJIBHO, JUHAMHYECKH, KaK pEe3yJbTaT KOJUIEKTUBHBIX 3(-
dekToB. B camom gnene, pa3 B3aMMOJAEHCTBHE CHIIBHOE, TO HET CMBICIA
CMOTPEThH Ha JIBUKEHHE KaXJOTO OTAEIIBHOTO aTOMa WM 3JIEKTPOHA, BEMIb
OHO TYT € CKa3bIBAETCA HA MOBEJACHUHU BCEX ONMXKAUIIMX COCENIEH, a MO-
XKEeT ObITh, JaXe W JaleKkux vactul. Hanpumep, KHHUra «roBOPUT
C UMTATEJIEM HE POCCHINBIO OTACIBbHBIX OYKB, a HAOOPOM CBSA3AHHBIX JIPYT
C JpYroMm CJOB, TaKUM 00pa3oM OHA MEPENAET MBICIb B (DOPME «KOJIIEK-
TUBHOTO 3¢ dexTa» OykB. Tak ke U KOHJICHCUPOBAHHAS CPela «TOBOPUT
Ha SI3bIK€ CHHXPOHHBIX KOJUIEKTUBHBIX JBUKCHHUH, a BOBCE HE OTIEIbHBIX
yacTull. [10100HBIX KOJIJIEKTHBHBIX JBH)KEHHUH, OKa3bIBAETCS, OIPOMHOE
pazHooOpasue.
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HoOeneBckas npemuss 3a 2016 r. orMeudaer pabOThl TEOPETUKOB
o paciu@pPOBKE €IIE OJIHOTO «S3bIKa», HA KOTOPOM MOTYT «pa3roBapu-
BaTh» KOHJEHCHPOBAHHBIE CPEbI, — SI3bIKA TOMOJIOTUYECKNA HETPUBHUAIIb-
HBIX BO30YyxkaeHU. KOHKpeTHBIX (DU3NUECKUX CHUCTEM, B KOTOPHIX BO3HU-
KalOT MOJ00HBIE BO30YXKIEHUS, HANJEHO YK€ HEMajo, U BO MHOTHUX HC-
CIENOBaHMAX y4acTBOBAIM Jiaypearsl. Ho camoe cymecTBeHHOE 31eCh —
HE KOHKPETHBIE TPUMEPHI, a caM (aKT TOro, 4YTO OOHAPYKEHHBIEC SIBJICHUS
B IIPUPOJIE UMEIOT MECTO.

MHorue TonojornyecKkue siBJICHUsI B KOHJIEHCUPOBAHHBIX Cpeflax Obl-
JY BHavaje pa3paboTaHbl B BUAE TEOPUN M Ka3aJUCh YUCTO MaTeMaTHye-
CKMMHU 3aKOHOMEPHOCTSIMU, HE OTHOCSIIMMUCS K Hamemy mupy. Ho mo-
TOM 3KCIIEPUMEHTATOPHI OOHAPYKUBAIHM PEAIbHBIE CPEIbl, B KOTOPBIX 3TU
ABJICHUSI HAONIOJAIOTCS, — M MaTEeMaTUYECKUE 3aKOHOMEPHOCTHU BIPYT
MOPOKIAJIM HOBBIM KJIACC PEAIbHO CYHIECTBYIOIUX MaTEPUAIIOB C AK30TH-
YECKMMH CBOMCTBaMU. DKCIIEPUMEHTAIbHAS COCTABIISIONIAS 3TOrO pa3aesa
$u3uKH ceiyac Ha MOAbEME, U 3TO OypHOE pa3BUTHE OYyJET MPOAOIKATh-
csi, oOerias HaM HOBBbIE MaTEpHUaibl C 3alIPOrPaMMHUPOBAHHBIMU CBOMCTBA-
MU U TEXHUYECKHE YCTPOMCTBA HA UX OCHOBE.

HoOeneBckasa mpemust no ¢usuke 3a 2016 r. nmpucyxnena Maiikiny Ko-
crepnuiy, JpiBuny Tayneccy m Jlankany Xanneiny ¢ (opMyiaHpOBKOM
«3a meopemuyeckue OMKpPbIMUsl MONOJO2UYECKUX (Da308blX Nepexo0os
U monoaocudeckux gaz mamepuuy. 3a 3TON HECKOJIBKO Pa3MbITOM U MaJIO-
MOHSTHON IIMPOKON TyOsiuke (pazoil CTOUT LENbIA MUP HETPUBHAIBHBIX
U YJIMBUTEIIbHBIX AaKe M1 camuX (U3uKOB 3(PGHEKTOB, B TEOPETUUECKOM
OTKPBITUM KOTOPBIX JIaypeaThl ChITPali KIFOYEBYIO posib B 1970—-1980-¢ rT.
Onu ObUTHM HE €AMHCTBEHHBIMH, KTO OCO3HAJ BaKHOCTH TOIOJIOTUU B (PU3H-
ke. Tak, coBerckuii ¢u3uk Baaum bepesunckuii 3a rog mo Koctepauia
u Taynecca cienan, Mo CyTd, NEPBBIM BaXKHBINA 1IAT K TOMOJIOTHYECKUM (ha-
30BBIM Iepexonam. Psaaom ¢ umeHem XaliehHa TOXKE MOYKHO MHOCTABUTH
MHOTO Jpyrux uMeH. Ho kak Obl TO HM OBLJIO, BCE TPH JaypeaTa O€3yCIOBHO
SIBJISIFOTCSI 3HAKOBBIMU (PUTYpaMU B 3TOM pazjieiie (PU3HKH.

2.2. XapaxmepHbvie nopaoKku
MAZHUMHBLX NPOUECCCO8 U A6JICHUILL

Peun HNACT, IIPCIKAC BCCTO, O MArHUTHLIX SABJICHUAX, CBA3dHHbLIX C HAJIHU-
YUCM MAI'HUTHOI'O MOMCHTA Y PA3JIMYHbIX CHUCTCM. B cBs3u ¢ 3TMM BecbMa
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MOJIE3HO MPUBECTU CPABHUTEIBHYIO TaOJMIy MAaciiTadOB XapaKTEPHBIX
JUIMH ¥ BPEMEH I Pa3HOr0 poJia MPOLECCOB B MATHUTHBIX CPEAAX.

| /1 superparamagnetism
o ¥ il
J - _W.

§— ey

? ¢

single molecule i :
magnet “gl{;:ﬁfk--.,r.f;.i_..
I 1

RKKY domain wall spin diffusion
10% 107 10% length [m]
] ]

. ‘IIO'12 10° ‘IEJ*g time [s]
I'\\l' yl @ : : - -
N spin-orbit d?@?:?%}

exchange interaction ' spin-waves

between spins i
— 5‘1 :
- > - macroscopic

wall motion

I

magneti-c writing

H
S
spin-transfer —
torque i

optomagnetism

RS S

correlation precession, relaxation Fig. I.1: Time and length scales in magnetism.

Puc. 2.1. MacitaOpl xapakTepHBIX JUTHH (BEpXHSS IIKaJIa B METPax) U BPEMEH
(HMOKHSAS 1IKaja B CEKYH/IaxX) JJIsi MArHUTHBIX SIBJICHHUI B Pa3JIMYHbIX CUCTEMAX.
Pa3nuuHble MarHUTHBIC SIBJICHUS PACIIOJIOKEHBI HAMPOTUB XapaKTEPHBIX MPO-
CTPAHCTBEHHBIX U BPEMEHHBIX MaCIITA0OB, CBOMCTBEHHBIX 3TUM MPOIECCaM

Tabmnura 1
HIkana xapakmepHsix MAZHUMHBIX PA3MEPOS
Paccrosaue, Ha KoTopoM U PyHAUPYIO- 10x (cpenHss 1IuHa
IUH 2JIEKTPOH COXPAHSAET CBOKO CIIMHOBYIO | CBOOOJHOIO Ipooera)
MIOJIIPU3ALIUIO ~10 pm
[IInpuHa 0J10XOBCKOW JOMEHHOW CTEHKH ~ (J/K)l/ 2

~20 nm (1 nm = 10" m)

MuHUManbHbIA pa3Mep MarHUTHOU 4acTu- | ~ 10 nm
1bl, HAUMHAS C KOTOPOro (PIIyKTyaruu pas-
pyLIalT peppoOMarHuTHOE COCTOSIHUE

OOMeHHas JIMHA, ONIPESTISIoNIas TUaMeTp | ~ (J/2TCM32)1/2
AApa BUXps ~1 nm
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IIpooonscenue mabauyol

B npeaAciiCc OYCHb TOHKHUX IIJICHOK BCIIMYHWHA

2(2A/peMs?)"?

s7ipa BUXPs U3 YUCIICHHBIX OLIEHOK ~ 6.4 nm
DKCNEPUMEHTAIBHO U3MEPEHHAs BEIMYMHA | ~9 + 1 nm
aJpa BUXPs

Hmuua BonHbel ocuwusinnt RKKY cnimuo- | ~ m/ky

BOW IJIOTHOCTH JIEKTPOHOB MIPOBOJAUMOCTH | ~ (.2 nm

BOJIM3M MarHUTHOI'O MOHA (OCIUJUISALIMHI
Dpugens)

Tabauma 2

IIkana xapakxmepuvlx MaZHUMHBLX 6PEMEH

BpewMms niepeBopoTa MarHUTHOTO MOMEHTA
BCJICJICTBHE MOJIEBOT'O MJIM TOKOBOT'O MHY-
IIUPOBAHUS JIBMXKCHUS JOMEHHON CTEHKH
co ckopocThio ~ 100 m/s

dwall/Vwall ~ 200 ps (1 ps =
=10"5s)

ITpeneccyss HaMarHNYMBAHKA U 3aTyXaHUA, | ~ 50 ps

coryacHo ypaBHeHuto Jlangay — JIudmmuna

—I'unpbepra

Cnun-opoutanbHoe B3aumojaeiicteue Mmex- | 1 — 100 meV

Iy CIIMHOM DJIEKTPOHA U €r0 OPOUTAIBHBIM | — T ~ 50 — 5000 fs (1 fs =
MOMCHTOM =107" S)
BzaumoneiictBue flna — Temnepa, kotopoe | 50 meV
cTadbuuzupyer ynpyrue aedopmaiuu, CHU- | — 1 ~ 100 fs

Masi BBIPOKIECHUE OCHOBHOI'O COCTOSTHUS

DHEpPrusi CIMHOBOU BOJHBI IPU CPEAHEM 1 — 1000 meV
3HAYECHUU BOJIHOBOT'O BEKTOpa — 1~ 5-5000 fs
Bennunna B3anMOIEHCTBYS TTIOCPEICTBOM eV
KPHUCTAJUIMYECKOTO TOJISI HAITPABJICHHBIX —>t~51s
3d-31eKTPOHHBIX OpOUTaIeh ¢ OIUKAUIIN-

MU HOHAMU

Koppensunonnas 3Heprus, OTBETCTBEHHas | S eV

3a BBINIOJIHEHUE paBWiia XyH1a BHYTPU —>1t~1f1s

arToMa

MarHuTHbIN BUXPb SIBISETCA OYEHb CTAOMIBLHOM, 0Opa30BaHHOM ecTe-
CTBEHHBIM OOpa3oM CTPYKTYpOH, CPOPMHPOBAHHON B MarHUTO-MSTKOH
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HAHOCTPYKType. BclieACTBME MarHMTHOM aHU30TPONHUU MAarHUTHBIE MO-
MEHTBI B TAKOT'O POJIa TOHKOIUIEHOYHOM 3JIEMEHTE PACIIOJIOXKEHBI B ITJIOC-
KOCTH IUICHKH. BUXpeBbIE CTPYKTYpbl XapaKTEpPU3YIOTCS LUPKYISALHEH
B IUJIOCKOCTH MATrHUTHBIX MOMEHTOB BOKPYI OYE€Hb CTaOWJIBHOIO sijpa
JAAMETPOM BCETO OT HECKOJBKO JECSAThIX HAHOMETPA A0 HAHOMETPA,
T. €. mopsJiIka 0OMeHHON JIUHBL. OCOOCHHOCTBIO 3TOM CTPYKTYPHI SIBIISECT-
CsA PO BUXPSA, KOTOPOEC MMEET HAMATHUYECHHOCTb, MEPIECHIUKYISPHYIO
MJIOCKOCTH 00pasia. ITO BhIPAXKAETCS B JBYX XapaKTEPHBIX MOJISIPU3ALIN-
ax: «BBepx» («up») U  «BHU3» («downy). Manble pa3Mmepsl
Y Ype3BbIUaiiHAsg CTAOUJILHOCTh JIeJIaeT SPO BUXPSI MHOTOOOEIIaroIIeH
CTPYKTYpOM ISl MCIIOJIb30BaHUS B MarHUTHOW mamsatu. B pabGorte [2.1],
OCHOBAaHHOM Ha MUKPOMArHUTHOM MOJEIUPOBAHHUU IMOCPEICTBOM YpaABHE-
Hus Jlangay — Jludmmuna — I'unbbepra, CTpOro npoieMOHCTPUPOBAHO,
YTO SAPO MOXKET JUHAMUAYECKH MEPEKIIFOYATHCSA B TEUEHUE AECATHIX JOJIEU
MUKOCEKYHJIbI U3 COCTOSIHUSI «BBEPX» B COCTOSIHUE «BHHU3» IMOCPEICTBOM
MPWIIOKEHUS BHEIIHEro notisg. Jluck u3 mepmamios auamerpom 200 HM
NEPEMATHUYMBACTCSL B MPOTUBOIOJIOKHOE IMOJOKEHUE «SIpay» BUXPS IMO-
CJI€ MPUJIOKEHUS UMITYJIbCa MAarHUTHOrO 1oyt BenmunHou 80 mT u nym-
TeJIbHOCTHIO 60 MUKOCEeKyH . Mcnob3ys moJisi JJIMTEIbHOCTRIO B 5 pS aB-
TOPBI MOKA3AJIM, YTO PO BHAYAIE NEPEXOAUT B MPOMEKYTOUHOE COCTOSA-
HUE, KOTOopoe (POpMUPYETCS HAYAIbHBIM BUXPEM, aHTUBUXPEM U BUXPEM
C MPOTHUBOIIOJIOKHO OPUECHTUPOBAHHBIM SIIPOM.

"‘"' - "' ""
“lj"
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Puc. 2.2. Tlonspusanus siapa BUXpsl IOCPEACTBOM (POPMHUPOBAHUS TIPOMEKY-
TOYHOI'O COCTOSIHUS «HAYAJIbHBIA BUXPb — QHTUBUXPb — «IIE€PEIOIAPU30BaAH-
HBIID» BUXPb» C ITOCIEAYIOIIEN aHHUTWIIALMEN IBYX NIEPBBIX COCTOSIHUU

3aTeM SIpO HAYAIBHOTO BUXPS aHHUTWJIIUPYET C SIAPOM AHTHUBUXPA,
Y OCTAETCA BUXPh C MPOTUBOMOJIOKHO MOJISIPU30BAHHBIM si/ipoM. K HacTo-
AIIEMY BPEMEHH MOKA HE JOCTUTHYThI SKCIEPUMEHTAIBLHO 3HAYCHUS B HE-
CKOJIBKO JECAThIX IHKOCEKYHJ M B HECKOJbKO JIECATHIX HAHOMETpa
JJ1S1 IPOBEPKU CYLIECTBOBAHUS 3TOTO MPOMEKYTOUYHOTO COCTOSIHUS.

OTMeTHM, 4TO COBPEMEHHAsI MATHUTHAS MaMSTh OIPAHUYEHA TIJIOTHO-
ctsmu B 400 TI'wrabutr Ha KBajgpaTHbIA oMM (T.€. OAUH OUT
Ha 40x40 HM2) U BpPEMEHEM 3aIlUCH/CUUTHIBAHUS TOPSIKA 2 HAHOCEKYH],
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BTO BpeMsl KaK MArHETPOHHBIE MPOIIECCHl OTPAHUYECHBI HMMITYJIbCAMU
B 100 ps. OyHHaMEHTaIbHbIE MAarHUTHBIC MPOLECCHl OTPAHUYECHBI HAHO-
METPOBBIMU pa3MepaMU U CyO-TTMKOCEKYHAHON MPOJOJKUTEIbHOCTHIO.

Oco0ble HaZEkKIbl BO3JIaraloT Ha MCIOJIb30BAHUE CKUPMHUOHOB (TpeX-
MEPHBIX «BHXPEMOJIO0HBIX» CTPYKTYp) B CIHMHOBOW 3iekTpoHuke. OpHa
U3 NOMYJISIPHBIX B HACTOSIIEE BpPEMs KOHUEIIIMM, Ha3blBaeMmasi TPEKOBOM
naMsThIO (race-track memory, TOCIOBHO «IaMsTh Ha OETOBOM JIOPOXKKE»),
OCHOBaHa Ha JBWKCHUU JIOMEHHBIX TPAHUIl BAOJIb HAHOMPOBOJOKH [2.2].
OpnHako yrpaBiieHUE JOMEHHBIMHM TPAHULIAMU C TTOMOIIBIO CIIMHOBOIO TO-
Ka MPEeAnojaracT BHICOKAE 3HAYCHUS €ro MIOTHOCTU (106—107 A/CMZ), 4TO
MPUBOJIUT K U3HOCY BJIEMEHTOB MaMATH. B TO ke BpeMsl IJIOTHOCTH TOKOB,
HEOOXOJUMBbIE /Ji MPUBEACHUS B JIBUKEHHE CKUPMHUOHOB (KpUTHYECKas
MJIOTHOCTH TOKA JICMMHHUHTA), B ACCATKHU THICAY Pa3 MEHBIIIE.
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Puc. 2.3. Cxema QyHKIIMOHUPOBAHUS «IIaMSTH HA OETOBON JOPOKKE
(race-track memory) — 3T0 peppoOMarHuTHasE HAHOIIPOBOJIOKA C JaHHBIMU,
3amu@pPOBaHHBIMY B BHJIE 00J1aCTEelf MAarHUTHBIX JOMEHOB BJI0OJIb Y4acTKa
HAHOIIPOBOJIA
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JlpyruM uX JOCTOMHCTBOM SIBJISIETCSI TO, YTO PACCTOSIHUS MEXITY
CKMPMHOHAMM MO>KHO CJi€laTh IPEAeIbHO MaJbIMM — E€IMHMIIBI HAHO-
METPOB, B TO BpE€MsI KaK PACCTOSHUE MEXIY JOMEHHBIMU TpaHHUIIAMHU
ONpeaesIEeTCS MUHUMAJIbHBIM Pa3MEpPOM JIOMEHOB, COCTAaBJIAIOUIMM 3Ha-
YEHMS JeCATKH HaHOMETPOB. BhICOKas MIOTHOCTh YHAKOBKH CKUPMHOHOB
MO3BOJIUT CYIIECTBEHHO MOBBICUTH CKOPOCTh 3aMUCH/CUMTHIBAHUS UHPOP-
Mallu JaXke TPU MaJbIX CKOPOCTSX JBMXKEHHUSI CAMUX CKUPMHOHOB (J1€J10
B TOM, 4YTO, HECMOTpPS Ha Pa3IM4ue KPUTHUYECKUX IJIOTHOCTEH TOKOB Jie-
MAHHUHTA 111 CKHPMHUOHOB U JOMEHHBIX CTEHOK, CKHPMHUOHBI HE OTJINYa-
I0TCS1 OOJIBINIEH TTOJBUKHOCTBIO IO CPABHEHUIO CO CTEHKAMHU ).

2.3. Teopemurxo-nosiesasn pernopm-2pynna.
Hu3rxopa3mepHbie cucmemot

OnuieM Noaxoa K PeHOPMHUPOBKE, OCHOBAHHBIM Ha MPEICTABICHUU
MoJisi B BUJIE JIMHEHHOW KOMOWHAIIMKM TapMOHUK C Pa3IUYHbIMU JJIMHAMU
BOJIH, IIPA 3TOM MO HOJISIM C KOPOTKUMHU JITTMHAMU BOJIH MPOU3BOJUTCS CyM-
mupoBanue. O61ias npobiema, pemaemasi peHopM-rpynmnoBoit (PI7) Teopu-
eil, — MOHATH BIUSHUE (PIYKTyaluii B CUCTEME C JATBHUM TopsiakoM. Tep-
MOJAMHAMHUYECKHE (IYKTyallud MOTYT OBbITh OOJIBIIMMU MO0 BOJIM3M KpHU-
TUYECKON TOYKH, T€ MU3MEHSAETCS MOPSIOK, JIMOO B HU3KOTEMIEPAaTypHOU
daze, B coydae, KOr/ia ynopsiIoYeHHOE COCTOSIHUE OMMCHIBAETCS] HETIPEPHIB-
HOM Tpynmoil cuMMmeTrpud. B 00oux ciydasx pa3MepHOCTb MPOCTpaHCTBA
HEOOXOMMO MOHU3UTh, YTOOBI CAENATh BIUSHUE (IIYKTyalluid CYIIECTBEH-
HbiM. Oxapaktepusyem oOuue pamku PI, a 3aTremM nmpuiiokuM uX BHaJalie
K OTHOCHTEIIbHO  NPOCTOMY  CIy4Yald  HHM3KOPa3MEpPHBIX  CTPYKTYp
C HEnpephIBHON cummMmeTpueil. OcoOblii MHTEpeC BBI3BIBACT HEIMHEIHAs
curma-mMoJiesib 1 XY -MOJeb.

2.4. Penopm-2pynna 6 npocmpancmaee uMnyJibcos

BooO1ie roBopsi, Hac HHTEpecyeT mpoljieMa OMHCAHHUS CHCTEMBI
¢ hyHKIHEH pactpeaceHus:

Z =Tre @ (2.4.1)

9

rae H — raMuJIbTOHUaH HEKOTOPOTO MOJIS (), ONMMCHIBAIOIIETO YIOPSI0OUYECH-
HOCTb, CKQXXEM, CIIMHOBOW CUCTEMBI B MAarHUTHBIX CTPYKTYpax, aMIUTUTYdY
BOJIHOBOM (DYHKIIMM KOHJIEHCATa B CBEPXIIPOBOIAIICH KUAKOCTH U T. 1.
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PenopmanuzamnuonHas rpymnmna mpeoOpa3oBaHui BKIIIOYAET TPH CTaH-
JTapTHBIX I1ara: orpyOJjieHue perieTkH, MePeHOPMUPOBKY, MEPEHOPMHUPO-
BaHHbBIA FraMUJIbTOHHAH.

1. OrpyOnenue pemeTkd TOCTUTASTCS PA3JIOKEHUEM TOJII Ha «OBICT-
pBIe» U «MeJUIeHHBIe» YacTh, ¢ = ¢’ + 0¢. bricTphle U MeaJIeHHbIE MO
OMPENIEISAIOTCS ¢ UCIOoJIb30BaHueM Dypbe-npeoOdpazoBaHUil CIEAYIONINM
o0pazom:

. ikox ikx

d(x) kg‘e O +A'§<Ae Ox (2.4.2)
3aech A ynbpTpaduoneToBoe oope3aHue, KOTOpOoe MPUCYIIE JIF0OOMY pas-
Ty CTaTUCTHYECKONW MEXaHWKH: oOpaTHas BEJIMYMHA TOCTOSTHHOM pe-
meTku, A = 2m/a, mubo paccrosiHue Mexnay vyactuuamu, A = 2n/d. Ilpo-
MEXYyTOUYHBbIN MaciTad obpesanust A" = A/b. Onpenensiercs 0OpaTHBIM
pasMepoM 0OJioKa pa3z0ueHus B peallbHOM IpocTpaHcTBe PI' KapTHUHBI.
MennenHoe noJie ¢’ OTHOCUTCS K «OTpyOJIEHHOMY» TOJIIO.

2. [lepeHopMUpOBKa MPOCTPAHCTBA B «OTPYOJICHHOM» pEIIETKE,
x' = x/b, COOTBETCTBYET IEPEHOPMUPOBKE BOJHOBOTO BekTopa k' = bk.
[Ipu npeHOpMHpOBKE MapameTp «obpe3anusi» A’ ciBuraercs oOpaTHO B A.

3. [lepeHOpMUpPOBaHHBI TaMHJIBTOHHAH KOHCTPYHUPYETCS TaK, YTO
GyHKIMS pacnpeiesieHHs] OCTaeTCsl MHBAPUAHTHOM

Z =TryTrsy e HP+oD = Tr¢,e_H’(¢’) , (2.4.3)
4TO O3HAYAET, 4TO H' onpejensercs Kak:
exp{~H'(¢')} =(exp{~H (¢'+80)})_. (2.4.4)
3€Ch <....... >5¢ O3HA4ACT T1 s

B 310l popMynrpoBKe mpolielypa peHOPMUPOBKH CII0KHA B YACTH BbI-
yucienuss H' u3 H. O6brynHO cneq B ypaBHeHUU (2.4.4) MOXKET ObITh BBIYKC-
JIeH, KOrja CTaTHCTHUKa «ObICTpOro» moJjs sBisieTcss rayccoBoil. [lostomy
MOJIE3HO HATIOMHUTH OCHOBHBIE 3aKOHOMEPHOCTH rayCCOBOM CTaTUCTUKU.

2.5. 'ayccosa cmamucmukxa

Jlas TayccoBa pacopenenerus exp{(—1/2)-Ad°} uMeer MecTo cremy-
IOIasl XapakTepucTuueckasi PyHKIUS:
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<e”¢>=exp{—§A"J2}. (2.5.1)
Jl71s1 paboThI ¢ TAyCCOBBIMH pACTIPEICTICHUSIMH TOJIE3HO 3HATH CIEAY-
o1y hopMmyy:
K T AC-B’
J.exp{—sziZBx—C}dx=\/;exp{— y } (2.5.2)

—00

Tak, B TeoprH BEpOSATHOCTEN XapaKTEpPUCTUUECKON (PyHKIMEW Ha3bl-
BaCTCsL:

g(1)=M|exp{itx}], (2.5.3)
rane M[X] — MareMaruyeckoe OXHUAAHWUE CIy4YalHOW BEJIUYMHBI X.
JI711 HOpMaIbHOTO pacnpeAcICHUs BUAA:

1

f(x)= N exp{—x%} (2.5.4)

XapaKTepUCTUUECKON (DYHKIIMEH SIBISIETCS] BRIPAXKEHUE BUJIA!
g(t) = exp{—t'/2}. (2.5.5)
®opmyna (2.5.1) MoxkeT ObITh 0000II€HA JJISI pacupeacieHus ¢ He-
1
CKOJIbKUMU KOMIIOHEHTaMHU ¢, B CIIEIyIOLIEld opme: €Xp {_EZA”'d)’d)’}'

rr'

XapakTepucTUuecKo (hyHKIMEHN sABIIIETCS cieayromas GopmyJa:

<exp{iZ,ﬂ J,¢r}> = exp{—éZJ,/L,Jr} , (2.5.6)
e Zr., Ay Ay, =8(r—7"). JUns HenpepbIBHBIX MOJEBBIX IEPEMEHHBIX O(T)
C pacmpeesicHUEM CXP(—éﬂA(nr NO(r)d(rYd rd’r 'j , 9TO O3HAYAET:

<exp{iIJ(r)¢(r)d3r}> = exp{—éﬂ.g[(r,r')J(r)J(r')d3rd3r'} (2.5.7)

~

C oOpaTHOM BEJIMYMHOU A OIPEICIIEHHON IIOCPEACTBOM
I A(r,r"A(r",rYd’r" =8 (r -7 ') .
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IMapuas koppemsiontas Gpyskuus (¢(71)0(r2)) Moxer GbITh moNyde-

Ha guddepeHIMpoBaHUEeM XapakTepucTudeckon Qynkmuu (2.5.7) coot-
BeTcTBeHHO 10 J(r) u J(rp), a 3aTtem, nonaras J(r) = 0. D10 nmpuUBOAUT

K KOPpEJIATOPY B TepMUHAX A :

(O(r)(2)) = A(n,72). (2.5.8)
OTcroa MOXHO TTOJIYYHTh TONIE3HYIO (DOpMyITy:
(exp i Jr)or)a’r|) = exp{—é [[{ooGn) 1) ')dfrdfr'} , (2.5.9)

CBSI3BIBAIOIIYIO HEMOCPEJACTBEHHO pachpejeieHue ¢ (PyHKIMer MapHoi
KOPPEJALUH.
Bo MHorux uHTEpecHbIX ciay4dasx A(r, r’) 3aBUCUT TOJIBKO OT pa3HO-

cTh KoopauHaT (r — r’). B momoOHBIX ciydasix oOpaTHas BeIUYMHA A
uMeeT IpocTyio hopmy Dypre-npeicTaBICHUS:

Y [ ik(r-r" d3k
A(I/‘—]"):jek( )A(k)(2n)3 .

(2.5.10)

KoHeuHO, MOCKOIbKy MMeeT Mecto cootHomenue A(k)=1/A(k), to
MO>KHO 3aIHCaTh:

~ . [ ] djk
r r'VW=A(r—r")=|e*" " ——
(O()o(r) = Ar=ry=Jet as

(2.5.11)

MoO>KHO 0000ITUTE 3TU PE3YJIBTATHI 151 KOPPEIAIHMOHHBIX (QYHKITUN
BBICIIUX TOPSIKOB <¢(7” JO(r)d(r")emennns >, KpPOME TOTO, HCIOJIb30BATh

TeopeMy Buka N1 BBICHIMX KOPPEISITOPOB B TEPMUHAX MApHBIX KOppe-
JASTOPOB.

B kauecTBe mpuMepa ucnonb3oBaHus paBeHcTBa (2.5.11) paccMorpum
KOppeNAUMOHHYI0 (PyHKUMIO Ui (uykryauuit B Teopuu Jlanmay. OTu
bIyKTyaluyu OMHMCBHIBAIOTCS KBaJIpPaTUYHBIM TaMHJIBTOHMAHOM, IOJTY4YeH-
HBIM pa3jiokeHreM (yHKIIMOHAIa BOJIU3U MUHUMYMA':

H(om) = j %K((V&m)z +§25m2)d”’x, (2.5.12)

rae K&‘Z = H;'"(my). BepoaTHOCTh pactipefeieHus] BETUYMHBI O M MO IH-
Hsercs ['ayccoBoMy 3akoHy pacnpeneneHusi, exp{—pfH(o m)}. CpaBHuBas
ATO BBIPAXKEHUE C MPEABIAYIIMM, 3aME€UYaeM, 4TO B ATOM ciiyyae audde-
pEHUUANIbHBIN oniepaTop A BbIpaXKaeTCs:
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A(r, r’) = BK(=V* + £7). (2.5.13)

~

UtoObl HaliTU A, HY)KHO HalTH oOpaTHBIM omepartop K A. DTo He-
CJIOKHO caienath st Oypbe-npeacTaBICHUS

2 ) ~ ksT
AGR)=PR (K 7). Ak) =5 sy, (2.5.14)
4TO JAaCT BBIPAKCHHUC!
~ ' kBT ik(r—r') ddk
A(r,rt)= L
(r.r) IK(k2+§_2)e TR (2.5.15)

Ota Gpopmysia MOXKET ObITh MOTYUYEHA TaKKE U3 BHIPAKEHUS JI COOT-
BETCTBYIOIIEH TAPMOHUKU O My,

2.6. Dnykmyauuu 6 HU3KOPA3MEPHbLX CUCMeMax
C Henpepwvi8HOIl cummempueti

B HU3KOpa3MepHBIX CUCTEMAX TEIIOBbIEC (DIIYKTyallud HApyHIAIOT MO-
PAIOK WA CYHIECTBEHHO M3MEHSIOT €ro. OQHUM W3 MPUMEPOB SIBIISIETCS
orcyTcTBUe (azoBoro nepexona B 1D-monenu M3unra. XoTs Mbl ykazanu
Juilb ocoOyro 1D-momenb, BbIBOJ 00 OTCYTCTBUHM JaJIbHETO IOPSJIKA
B OJJHOMEPHBIX MOJENSAX SBIAETCS AOCTaTOYHO OOmMM. OH NPUMEHUM
K CUCTEMaM C Pa3IMyHOrO pPOJa CUMMETPUEU: NHCKPETHOW WM HEMpe-
PBIBHOW, KOJIb CKOPO B3aUMOJECHUCTBUE SIBIISIETCA KOPOTKOACHUCTBYIOIIMM.
OpHako B JBYMEpPHOM cllydae, Kak JIeMOHCTpupyeT mpobiema On3zarepa,
KpUTHYECKasi TOUKa B Mojeiu M3uHra He pazpyiaercs: QIyKTyalusaMu.

Cutyanust 1jisi CUCTEM C HENPEPBIBHOM CHUMMETPUEH OTINYACTCS
B YIIOPSIOYEHHOM cOCTOSTHUH. CyIllecTByeT U3BECTHAsI TeopeMa MepMuHa
— Barnepa u XoenOepra [2.3; 2.4], ycTaHaBIMBaroIas, 4ro B MOJ00HBIX
CHUCTEMax NaJbHUM TOPSAOK paspyriaeTcs (IyKTyalusiMH TP OTHOCH-
TEJIIbHO HU3KUX Temneparypax. LleHTpanbHbIM mpuUMEpP C HENPEPBIBHOU
CUMMETpPHUEN, Ha KOTOPOM MbI HIKE C(HOKYCUPYEM BHHUMaHHUE, — ATO He-
JMHEHHAass CUTMa-MOJICIb, OMHUCHIBAIOMAs (DIyKTyallu K-KOMIOHEHTHOTO
€IUHUYHOTO BEKTOPA IOJIA:

L[ % (@n) @ [

= (1} (x) et ni () =1, 261
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3/1eCh € — KOHCTaHTa CBSI3M. XOTS TaMUJIbTOHUAH SIBJISCTCS KBaJpaTHY-
HBIM, PaBEHCTBO |n| =1 nenaer npoOaeMy HeTpuBuaiabHOU. [Ipobiema
(2.6.1) otHocutca k HenpepbiBHOM SO(k)-cummeTpun, €€ OCHOBHOE CO-
CTOSIHHE€ TIPEJICTaBIsA€T CO0OM MPOCTPAHCTBEHHO-OJHOPOIHOE TIOJIE
c KoHpuUrypamuedr n(x) = n, rIe B — HEKOTOPBIM EIUHUYHBIA BEKTOP
Ha cepe pazmepHocTH (k — 1).

IIpu k = 2 sta npobiema u3BecTHa Kak XY -MOJEIb, ONUCHIBAIOIIAs
2D cBepxTekydecTb U (heppOMarHeTU3M CO CIMHAMM, JICKAIIUMHU B IJI0C-
koctu. s k = 3 — »1o Mozens ['eiizenOepra qisi peppoMarHeTusma.
Jlnst mpoGnemel ['eii3eHOepra Ha pelIeTKe Mbl MOTYy4YaeM KOHTHUHYaIbHYIO
nojeByro 3amady (2.5.1) paznoxkeHuem rpaaueHta. KoHcTaHTa CBs3U
B 3TOM CJIy4yae PaBHSIETCS:

g = kgT/J, (2.6.2)
rjie J — oOMEeHHBIN CIMHOBBIN MapaMeTp.

UtobObl yBHAETH, Kak cucTeMa (2.5.1) TepseT AaIbHUNA MOPSIOK
BCieICTBUE (DIIyKTyalluid, pacCMOTpUM €€ TMPU HU3KUX TEMIIepaTypax,
g = kgT/J << 1, m BBeZieM BO3MYIIICHNE BOJIM3HU COCTOSHUS C HYJIE€BOU TEM-
IepaTypou:

n(x)=n'\/I-u’(x)+u(x), wu-n'=0, (2.6.3)

rie n' — KOHCTAaHTa, BEKTOP # ONHUCHIBAET MONEpeyHble (IIyKTyaluu,
u | n'. llpeanonarasi, BO-NEPBbIX, UYTO (IYKTyallud MaJibl, Pa3ioXuM
(2.5.1) B psig 0 # ;10 BTOPOTO TOPSIKA:

1 /-
H(u) =5 [ X (0u) dx = [ 3 (0un) d'x. i=lok=Lp=1 (264)

rae u; — KodhPUIMEeHTHI pa3oKeHUs] BEKTOPa U 10 OPTOTOHAIBLHOMY 0a-
3ucy e; L n'.

Paccmotpum daykryanuu u. Tak kak pacnpenenenue exp{—H(u)} sB-
nsieTcs ['ayccoBbIM, MBI MOXEM MCTOJB30BaTh MPECTABICHHBIC PE3YJIbTa-
Thl, YTOOBI MOAYUYUTHh POpMYIY Jis1 (PIYKTyalnii BETUUUHBI U:

, 1 d’k 2nfa dk
(0 () =& Gy =3 =3 (1), 2.65)

3nech Mbl OOpe3alid MpeAeibl JIOrapu(PMUUECKH PACXOASIIErocs UH-
Terpaja Mnpu BeJWYuHax k, OONbIIMX, 4eM oOpaTHas BeJIMYMHA MOCTOSH-
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HOM pemeTku (a), u 1 k, MEHbIIINX, YeM oOpaTHasl BEJIMYMHA Pa3MEPOB
cuctemsl (L).

PesynbTaT pacxoaurcs A OECKOHEUHOM CUCTEMBI, Korja L. — oo, CBU-
JETENBbCTBYSI, 4YTO Halle TMPEANOJ0XKEHHE O MaJOCTH (QIIyKTyanui
HE COOTBETCTBYET ACUCTBUTENBHOCTU. TakuM 00pa3oM, B OECKOHEUHBIX CHU-
cTeMax JajbHUI MOPSAIOK MPU KOHEUYHBIX TEMIEPATypax, HE BAXKHO KaKUX
M0 BEJIMUMHE, paspyiiaetcs quykryauusimu. M3 norapudmudeckoit 3aBucu-
MOCTH (2.6.5) MOXXHO 3aKJIFOUUTh, YTO XapaKTepHas JJIMHa, 00Jiee KOTOpOM
KOPpEJSIUY pa3pyaroTcs QiayKTyalusMy, 1aeTCs BEIPaXKEHUEM:

§ = aexp{2n/g}. (2.6.6)

Koppensiiimonnast 1yjimHa & ocTaeTcsl KOHEUHOUM MU JIF000# Temriepa-
Type€, CTAaHOBSICh PKCIOHCHIIMAIBHO OOJIBIION MPHU MajbIX TEMIIepaTypax
g =kpT/J<<1.

Kpome Toro, MoxHO paccMOTpeTh (QUIYKTyallud B KOHEYHOU CHCTEME

2
NPy HAJWYMU MarHuTHOro mojig. JloOaBinss craraemoe —Ih-n(x)d X

B TaMUJIBTOHUAH U UCTIONB3Ys dhopmyiy (2.5.3) mist paznoxeHus QIykTy-
anuid BOJIM3H OJHOPOJHOIO COCTOSIHUS n(x)| | h, MOJYYUM TaMHWJIbTOHUAH
C MacCOBBIM YWJICHOM:

H (u) =i | Z[(auu)2 + gl3|h|u2}d2x_ (2.6.7)

OTOT KBaJpaTUYHBIM TaMWIHTOHHAH OMpPEACNISIET T'ayCCOBCKOE pac-
npeneneHue u(x). Ha ocHoBanuu (2.5.11) mogy4um BeIpakeHUE:

2 2

0= ] g o 22 269
k +gB|h|(2n) 4 a |h| ’
rme w= k> + gfs |h|. MoxHO 3aMeTnTb, 4TO KOHEUHbIE TI0JIS /I TIOJABIISIOT
nomnepeyHslie PIyKTyaluu U npu Manbix napamerpax kgT = gJ nenaror co-
CTOSIHUE XOpOIIIo ynopsiioueHHbIM. OHako B npenene 7 — 0 guykryaruu
pacxonsTcs, CBUJIETENbCTBYSI 00 OTCYTCTBUU NAJBHETO MOPSIAKA MPHU JIEO-
0011 KOHEYHOM TeMIlepaType.

2.7. CKUpMuUOHbL — HOBLLI MUN MAZHUMHBLX 006eKMO08

Tonmonornueckue CTpyKTyphl, HA3BaHHBIE B YECTh aHTJIMICKOTO (hU3H-
ka Touu Cxupme, paccMaTpUBaBIIErO0 OCOOBIM TUM BUXPEH M1 00BsICHE-
HUS CBOMCTB MU-ME30HOB, CTAJIM aKTyaJIbHBIMU B TEOPUH KOHJEHCUPOBAH-
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HOT'O COCTOSIHMS BEIIECTBA U MarHUTOyNopsnoYeHHbIx cped. A. H. borna-
HOBBIM M JIp. [2.5-2.7] ObLIO IpeJiCKa3aHO CYIIECTBOBAHUE MOJ00OHBIX TO-
MOJIOTUYECKUX CTPYKTYp (puc. 2.4) B kpucTamuiax 0e3 IeHTpa CHMMETPHHU.
HNHTepec K CKUPMUOHAM MOIACPKUBAIOT COOOIIEHHUSI 00 MX HEOOBIYHBIX
ANEKTPOJANHAMUYECKUX CBOMCTBAX, B YACTHOCTU MEPEMEIICHUU TOJ JIEH-
CTBHUEM AJICKTPUUYECKOrO TOKA, YTO MOKET HAUTU MPAKTUUECKHUE TTPUIIOKE-
HUS B CIIUHTPOHHUKE.

i

R LT
\ " > F 2 I

- ; )" y i i
WSS A Y

hhu.-..__ - f'(j,*

bAoA
a

Puc. 2.4. Pa3nu4uHble TUIIBI MATHUTHBIX CKUPMHUOHOB:
a) C pa3BOPOTOM HAMAarHM4EHHOCTH B KAaCaTEIbHOM MIOCKOCTH,
0) ¢ pa3BOPOTOM B paJAHaIbHOMN MIOCKOCTH

HarnsgHoe mpeacTtaBieHHWE O CKUPMHUOHE JAaeT puc. 2.5, rae npea-
CTaBJICH TPEXMEPHBIA CKUPMHUOH U €r0 peain3alus B ABYMEPHBIX MarHuT-
HBIX CTPYKTypax.

~ a v".‘_:f&:"\ 2
dodeboi p-4-44-4 e
44‘.?.t~ s & Wz = T4 t b t}. 54 ;.l
o ‘-_.;" R ¢ Cae \1\1:'..‘ t \ e, 3} Rl 7 "? t
f;' 2 !";?f‘}} L b ¥, ‘:,'Q.; SSPNRE - Y ,#
L R fg"i"‘t'f'f
6 6

Puc. 2.5. CkupMuoH — J0OKaIbHOE, CTA0UILHOE COTUTOHO-TIOAO0HOE pellie-
HUE HEJIMHEWHOH mojeBoi Teopun (a). CKUPMHUOH B MAarHUTHBIX
cTpykrypax (0). Tonmosioruueckast Tpancopmalys CKUpMHUOHA (B)
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CKHUPMUOH SBISETCS TOMOTOIMMYECKU HETPUBUAIBHBIM KJIACCHYECKUM
pPELIEHUEM HEJIMHENHON CUTMA-MOJIENIN C HETPUBUAIILHOU TOMOJIOTHEN Lie-
JIEBOW CKJIAJKH — YACTHBIM CIYy4aeM TOMOJIOTUYECKOTO coauToHa. Ckup-
MHOH SIBJISIETCS] TOITOJIOTUYECKHA YCTOMYUBBIM.

Bcenencreue nepruoanyeckon 3aBUCUMOCTH dHEPTUU B3aUMOJCHUCTBUSA
OT YIJIOB, KpOME JIJTMHHOBOJIHOBBIX (PIIyKTyaluii, Ha 1ByMepHoit (2D) pe-
IIETKE BO3HUKAIOT BO30YXKJECHUS C HETPUBUAIILHOM TOIMOJIOTUEH — BUXPHU
u antuBuxpu. [Ipu 06xoxe BIOIL MH000T0 3aMKHYTOTO KOHTYpa, COJEp-
YKaIEro BUXPh WA aHTUBHUXPb, CIIUH MTOBOpauuBaeTca Ha +27. [Ipu nBu-
KEHUM B HAMNpaBJECHUM Bo3pacTaHusi (azbl (T. €. €CIU CIHUH BpalllaeTcs
IIPOTHUB YACOBOM CTPETIKK) BUXPh 00XOIUTCA MO KOHTYPY MPOTUB YaCOBOM
CTPEJIKU, & AHTUBUXPb — I10 YACOBOM.

a 0

Puc. 2.6: a — xoHdurypanus, cocTosIas u3 IByX BUXpei (Ha puc. mpaBee)
¥ OJTHOTO aHTUBUXPS (Ha pHC. JIeBee), 0 — BEpPXHHE KOH(PUTYpALIMK — BUXPH,
HIDKHHE KOHPUTYpal — aHTUBUXPHU

[Tockonpky u3MeHeHue ¢a3bl 3aBUCUT OT PA3HOCTU HAMpaBICHUUN
CIIMHOB, TO OHO HE W3MEHUTCS, €CIIM MBI IIOBEPHEM BCE CIIMHBI OJHOBpE-
MEHHO Ha MPOU3BOJIbHBIN yToJ. [I03TOMYy BCE Tpu BepxXHUE KOH(PUTYpaLIU
Ha pucC. 2.6 — BUXpH, a HIX)KHUE — AHTUBUXPH.

2.8. Mazrummnbie suxpu u AHMUBUXPU
6 0éymeproti XY-moo0esiu

B nBymepnoit (2D) XY-Monenu ciiHbl MOTYT BpallaThCs B MIIOCKO-
CTH. DHEPrusi B3auMOJECHCTBUS ABYX ONMKANIINX CIIMHOB §:

Eij = _Jij §iS; = _']ij COS(&,' - 0]), (281)

rae ¢asza i-ro cnuHa 6 OTCUUTHIBAETCS OT FOPU3OHTAIBHON OCHU MPOTUB
YaCOBOW CTPENIKU. DHEPrus CHUCTEMbl MUHHMMAJbHA B YIPSAIOYEHHOM CO-
CTOSHUH, KOrJa BCE€ cnuHbl napaienbHbl. [loaTomy Ha 3D-pemerke
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MpU HU3KUX TEMIIepaTypax MPOUCXOAUT (DA30BbI MEPEX0]l B YMHOPSI0-
YEHHOE COCTOSIHME C OTJIWYHOM OT HYyJS HaMarHW4eHHOCThIO. OJHAKO
Ha 2D-pemerke yrnopsii04YeHHOE COCTOSIHUE HEYCTOMYMBO OTHOCHUTEIBHO
JUTMHHOBOJIHOBBIX (DJIYKTyaluid, T. €. IJIaBHOE M3MEHCHHME HaIlpaBJICHUS
CIIMHOB Ha OECKOHEUHOW PEIIETKE HAKaIlJIMBAECTCSA, pa3pylias JaJlbHUI
MOPSIOK TMpU JIFOOOM KOHEUHOM Temreparype (Teopema MepmuHa —
Barnepa [2.3; 2.4]). [lomuepkHeM, 4TO Ha JaHHBIH MOMEHT HET TOYHOTO
pelIeHrs JaHHOU MoJenu B 2D-citydae, B OTIIM4YMe OT IBYMEPHOU MOJIEIIH
N3unra [2.8].

[Ipenmnonaraercsi, 4TO CHHUH MOPEACTABISIET COOOM N-KOMIOHEHTHBIM
BEKTODP S; = (Si1, Sizy «----. Sin) (S,-Z = 1), KOTOPBIM HAXOIUTCS B i-M Y3JI€
pELIEeTKH, KOTOpasi B3aUMO/JIEUCTBYET (peppOMarHuTHBIM 00pa3oM CO CBO-
VMU COCEISIMH.

K
_BH :K;%sisj :—Z;[(& -5,)"-2]. (2.8.2)

[Ipu HyneBo# Temmneparype KOHGUTYpaIisi OCHOBHOT'O COCTOSIHUS SIB-
nsieTcs GeppOMarHUTHOM CO BCEMU CIIMHAMU, COPUEHTUPOBAHHBIMU B/IOJIb
HEKOTOporo HampasieHus (ckaxeMm, Sx) = e, = (0,0,.......... 1)).
[Ipy HU3KUX TeMreparypax CTaTUCTUYECKHE (IYyKTyallud OXBaThIBAIOT
TOJIBKO HU3KOAHEPTeTUYHbIC JIJTMHHOBOJIHOBBIE MOJBI, KOTOPBHIE MOTYT
OBITH OLICHEHBI B paMKaX KOHTHHYaJILHOTO MpUOImKeHus. B aTom ciyuae
raMWIbTOHHUAH 3aMEHSIETCS CIEIYIOIUM 00pa3oM:

BH[S]=-BE, _§ [a'x(vsY, (2.8.3)

IJIe TUCKPETHBIN UHACKC PEIIETKH [ 3aMEHEH Ha HEMPEPBIBHBINA BEKTOP X €
d ¥

R". CootBercTBYyIOMIAs (PYHKIIMS PACTIPEICIICHUS PEICTABIAECT COOOM Tak

Ha3bIBAEMYIO HEJIMHEUHYIO G-MOJEIb:

Z :jz)s(x)és(s2 —I)exp{-BH[S]}. (2.8.4)

3necs obosHauenme O(S° — 1) mpemcraBiseT (YHKIHOHAIBHYIO
8-QYHKIIMIO, T. €. IPH BCEX MPOCTPAHCTBEHHBIX KOOpAMHATAX S(x)° = 1.

OnyKkTyanuu, NONEPEYHbIE K OCHOBHOM CIIMHOBOM OPHUEHTALUU €,
ONKUCBHIBAIOTCS 7 — | TOJNICTOYHOBCKOW MOJIoU. [IprHuMMas mapamerpusa-
o S(x) = (m(x), ....... T1(x), (1 — nz)l/z) U pacKJIaabiBas J0 BTOPOro
NOPSJIKA, MOJTYYaeM CIEIYIOIIEE BBIPAKCHUE [IJISI CPEAHUX IONEPEUHBIX
GayKTyanui:
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2\ ¢ diq A\ ¢diq n-1 _n-1 S; a-L"" . .
() >_I(2n)d (= (o) >_I(2n)d K¢ K (2n) d-2 '
(n—])Kd a’ o T,d>2 (2-8-5)
K I 5> o0,d<2

DTOT pe3ysbTaT MPEINoaraet, 4To B 0oJjiee 4eM TpeX H3MEPEHUSIX
MBI BCET/Ia MOKEM HAWTH TeMIepaTypy, Opu KOTOPOH aMIUIUTyAa QIyKTy-
alui Majia, B TO BpeMs Kak B JIByX U MEHEE U3MEPEHUAX (PIyKTyaluu pas-
pyIIaoT JadbHUN MOPSAOK. ITOT (haKT HAXOAUTCS B COOTBETCTBUU C TEO-
pemoit Mepmuna — Barnepa [2.3; 2.4].

B MukpomMoaenupoBaHUM HCIOJIb3YETCS KOHTHHYAJIbHOE MPUOTHKE-
HUE, TTO3TOMY JUCKPETHBIC CIIMHOBBIE MOMEHTBHI 3aMEHSAIOTCS Ha YCpE.l-
HEHHBIE MO 3JIEMEHTAPHOMY 00beMy (IUJIOIIAJM) MArHUTHBIE MOMEHTHI,
JUISl JAHHOTO ~ pa3OMeHusi MPOCTpPaHCTBA O00JIalaloNIMe HAWUMEHBIIUM
IpU JAHHOM pa30HMEeHUH MPOCTPAHCTBA 00BEMOM JIMOO IUIOIIA/IbIO, B 3aBH-
CUMOCTH OT CBOMCTB HcCCIIelyeMOi cuctembl. TakuM oOpa3zoM, HAUMEHb-
[IEMY AJIEMEHTY pa3OUeHUS MPUITHUCHIBAETCS YCPEAHEHHBIN 10 3TOMY 00b-
€My BpallaronIiii MOMEHT .

B  paMkax  KOHTHUHYQJIbHOTO  NPUOJMAKEHUS  TraMWIbTOHUAH
2D-cucTemMbl BpAIIAKOIIAX MOMEHTOB S €IMHUYHOW JUIMHBI JJIsI KBAJIpaT-
HOW PEUIETKU UMEET BUJ:

H=-J) 88;=-J) cos(6;—6,) (2.8.6)

<i,j> <i,j>

rae <i, > Oo3HayaeT CyYMMHUPOBAHUE MO OJIMAKAUIIUM COCEAsIM KBaJpaTHOU
peneTk, 6 — yrojl Bpalalollero MOMEHTA, HAaXOJMIIEerocs B i-M Y3Jie
M0 OTHOIIICHUIO K MPOHW3BOJILHOMY TOJIIPHOMY HAMpPaBJICHUIO B TIIIOCKO-
ctd, S = (cosO, sinB), koapduieHT J TponopIMoHaIeH 0OMEHHOMY HH-
Terpainy. [Ipenmnonoxum, 4To MOBOPOTHI B IIOCKOCTH MajiO0 U3MEHSIOTCS
OT y3J1a K y3/1y. DTO MPOUCXOJUT NPHU MaJbIX 3HAYCHHSIX TEMIEpaTypsl 7.
Torga MOXHO Pa3yIOKUTh KOCUHYC B psx TAHIIOpa, OTPaHUYUBAsACH IEp-
BBIMH JIByMs caaraeMbiMu: cos(6; — ) = 1 — 2( 6. — HJ-)Z. CyMmMmupoBaHue
1o OJMKAUIIIMM COCEISIM COOTBETCTBYET MCKpEeTHOMY orepaTtopy Jlaruia-
ca, KOTOPBI MOYXHO BBIPa3UTh B TEPMHUHAX YACTHBIX MPOWU3BOIHBIX II0-
cpeacTBoMm: (6, — @) = 050 s 1BYX y3IJI0B i U j, KOTOPBIC PAa3IMYarOTCs
Ha OJTHY TO3WIINIO B X-HAMPABICHUU. JTO MO3BOJIAET 3aMKMCATh TaMUJIBTO-
HUAH JIJI HEMIPEPHIBHOTO CIIy4as B CIEAYIOIIEM BUIE:
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H=E,+(J/2)[dr(Ve), (2.8.7)

rae Eg = 2JN — sHeprus oCHOBHOTO cOCTOSTHHS N BpallarolnX MOMEHTOB
B pSy.

TepMoguHAMUYECKUE CBOMCTBA CUCTEMBI OIMCBHIBAKOTCS CICHYIOLICH
GyHKLIMEN pacTipeiesICHHUS:

7 = e‘BE"ID[e] exp{—B%J.dr(Ve)z} , (2.8.8)

KOTOpas onpenensercss GQyHKIMOHAIbHBIM MHTEIPAJIOM MO BCEM BO3MOXK-
HbIM KOoHbuUrypamusMm noisg 0(r). Materpan mo 6(r) Moxer ObITH pa3OuT
Ha JiBa CJIaraéMbIX: CYMMY BOJIM3U JIOKAJIBHOTO MUHMMYyMa 0 BEIUYMHBI
H[O] u pnaykTyanuu Ogy OTHOCUTENIHBHO MUHUMYMA:

~BE 1 8’H
Z=e" eZy:jD[OSW]eXp{—B(H[ey]+EJ.dV1J.dl’zesW [VI]WGSW (”2 )j} . (289)

Konduryparys mossi, COOTBETCTBYIOIIAs JTOKAIbHOMY MUHUMYMY H,
TOTYMHSCTCS YCIOBUSAM CYIIECTBOBAHUS SKCTPEMyMa:
OH
o0(r)

=0 = VO(r)=0, (2.8.10)

HNwmeroTes nBa Buaa pemieHui 3Toro ypasaenus. [lepBoe pemenue co-
CTOUT B HAJIMUUK OCHOBHOTO COCTOSIHUS BUAA: € = constant. Bropoil Tvun
pEIIeHN COCTOUT B HAJTUYUU CHUHTYJISIPHOCTH (KOTOPYIO HA3bIBAIOT «BUX-
pEM» — aHIJ. vortex) B 10Jie BEKTOPOB O(r) U MOaydaeTcs Mpy BIOJIHE-
HUU CIEAYIOUIUX YCIOBUM JUIsl IUPKYJISILUU TTOJIs1 BEKTOPOB O(r).

1. {5 BceX 3aMKHYTBIX KPUBBIX, OKPYKAIOIIUX IIEHTP BUXPS Iy, UME-
€T MECTO COOTHOLIEHUE:

ﬁ;veumr:mm (2.8.11)

rae n — uesoe yuciio (n =0, 1, £2 ...). [ntoc u MUHYC 03HAYarOT Bpallie-
HUE HAIPABJICHHUS CTPEIKH «II0» U «IIPOTHUB» 00X0Ja IIEHTPa 3aMKHYTOTO
KOHTYypa. 3aMETUM, YTO BEJIMYMHA # KPaTHA TOMOJOTUYECKOMY 3apsiy.

2. JI1s BceX 3aMKHYTBIX KPUBBIX, KOTOPBIE HE OKPYKAIOT LICHTP BUXPS
Iy, IMEET MECTO COOTHOIIICHHE:

pve(r}.:ﬂ =0. (2.8.12)
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VYcnoBue 1) o3HayaeT HaJIMUME CUHTYJISIPHOCTH B IOJIE BEKTOPOB. OT-
METHUM, YTO LHUPKYJISALUS, KpaTHas 27T, 03HAYAET, UTO B pe3yjbTaTe 00xo/a
3aMKHYTOI'O KOHTypa CTpEJIKa, YKa3bIBAOIIAsl HAIIPABICHUE BEKTOPA, BO3-
BpAIllaeTCsl B UCXOJHOE COCTOSIHHUE. 3aMETHUM, YTO pe3yibTaT 00Xxoaa 3a-
MKHYTOI'O KOHTypa HE€ MEHSETCS IPU HEOONbIIONW AepopMaliuu KOHTYpa,
YTO JAET BMECTE C MCIOJIb30BaHUEM TeopeMbl CTokca (MCKIItoYas U30J1M-
POBaHHBIE TOYKH) CIEAYIOIIEE COOTHOLICHUE:!

VxVO(r) = 0. (2.8.13)

B »TOM KOHTEKCTE HEHyneBoW pe3yabTaT (2.811) o3Haywaer Hanuuue
BHYTPH 3aMKHYTOI'O KOHTYpa CUHTYJISIPHOM TOUYKH, KOTOpasi MOJIy4Yuia CIie-
IUAJIbHOE HA3BAHMUE «AJPO TOMOJOTUYECKOro Ae(eKTay — «BUXPhY (AHIIL
the “core” of topological defect — vortex). Takum 00pazoM, Mbl MOXKEM
00001TUTh BhIpakeHue (2.8.11), BKIIFOYUB CHUHTYJISIPHOCTb «MOIIHOCTH 71,
PacroJIOKEHHYIO B TOUKE F;, TAK YTO MOKHO 3aITUCaTh BbIPAKEHUE:

VxVO(r)=2ne. Y nd (r-n)=2nn(r). (2.8.14)

31ech BBEICHO 0003HAUCHUE MIIOTHOCTH PACIOJIOKEHUsI BUXpeil n(r)
9 v 2
¥ eMHHYHEI BEKTOP €,, OPTOTOHAIBHEI K BEKTOPY F, O (F—F), — nenb-

Ta-pynkuus Jlupaka.

MoXHO ompeAeuTh SHEPrUI0 BUXPs claeayromum odpazom. [Ipobiie-
Ma CTAHOBUTCS C(hepUUECKA CUMMETPUYHOM, €CIIH TI0JIE€ BUXPSI UMEET Clie-
nytomuii Bua: O(r) = O(r). 3aBUCUMOCTb OT BEJIIMYMHBI 7 MOXKET OBITh
HaliieHa u3 BbIpaxkeHus (2.8.11). BeluncauM vHTErpan mno 3aMKHYTOMY
KOHTYpPY B ¢dopmyiie (2.8.11), mpeacrasistonieMy co00i OKpPYKHOCTh pa-
JIUYCOM T C LICHTPOM B Fy — «SAJIPE» BUXPS:

znnzf;ve(r)ﬂzzwwm. (2.8.15)

OTKyma Jerko TOJYYHTh BBIPAKCHHE [JIS ABYMEPHOTO CIIydas
(XY-Momenb) ‘VQ(V)‘ =%. BooOr1ie roBops, 11 M3MeHeHus (pasbl Mot

BCKTOPOB 11OJIY4a€M COOTHOLICHHUC!

vo=("/)e xe., (2.8.16)
rAe e, €, — CIUHUYHBIE BEKTOPhl B IUIOCKOCTH (X, y). OTMeTuM, 4TO

BOJIM3HU sijpa BUXPS ATO MPUOJIMKEHUE HE UMEET MECTa, II€ CYIIECTBEHHbI
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pa3Mepbl NOCTOSTHHOM pereTku. [loacTaBiisist 3TO BhIpaK€HUE B TaMUJIb-
TOHHUaH (2.8.7), NPUXOJUM K BBIPAKEHUIO;

2 an 2n

<m—&=§jwﬁm@ﬂ >,

© , L
Irdr—zznn Jln(—j, (2.8.17)
Y r a
rae L — XapakTepHBI pa3Mep CUCTEMBI, @ — IMOCTOSIHHAs pemeTku. Ot-
METHM, YTO IKCIEPUMEHTAJIbHbIE U3MEPCHHS SApa BUXPS JAIOT BEIIMUHUHY
nopsizika 9 = 1 um [2.9].

Ycnosue nupkysimu (2.8.7) mopoxkaaeT UCKaxeHus! B (pa30BOM ToJie
O(r), KOTOpbIE MIPOCTUPAIOTCS OECKOHEUHO AAJIEKO OT IEHTpa BUXps. Benu-
urHa |VO| criagaet Jviib Kak 1/, mpUBOIS K JIOrapudMUYECcKOM pacxo/u-

MocTu 3Hepruu. Takum oOpa3zoMm, HEOOXOAUMO MPUHATH BO BHUMAHUE, YTO
uHTerpai (2.8.17) odpesaercst Ha OOJIBIIUX 3HAYEHUSX Pa3MEPOB CUCTEMBI L,
a TaKKe JUISl MAJIBIX 3HAYEHUN PACCTOSIHUM T MIOPSAJIKA MOCTOSSHHOW PELIETKU
a. HamoMHuM, 4TO Halll HEIPEPHIBHBIN FaMUJIBTOHUAH SIBISICTCS TPUOIIHKE-
HUEM K PEIIETOYHOMY raMujibTOHHaHy (2.8.7). Buxpu ¢ TOMoJOru4ecKkum
3aps0M 1 OOJIbIE €IMHHUIIBI 00JIaIat0T KPaTHBIM 3apsaoM (aHTiI. multiple
charge). DHeprusi BUXpsl KBaJpaTUyHa 1O 3apsAay n. B mMakpockomuyecku
OOJIBIION CUCTEME JIaXKe SHEPTHSI OJITMHOYHOTO BUXPS BETUKA.

PaccmMoTpuM Temnepb mapy €QUHUYHO 3apsbKEHHBIX BUXpS (n = +1)
u anTuBUxps (n =—1). Korma mbl 00xoauM BUXPB (TIOJIOKUTEIBHBIN 00X0/1
— MPOTUB YaCOBOW CTPEJIKU), MOJYYAaEM B PE3yJIbTATE _ﬁ?df?ﬂ:i*:rt: Korjga

MBI 00XOJMM aHTHUBUXPb, MOJyYaeM B pe3ybTaTe _bﬂ’f" Ve=—2m. Takum 00-

pazoM, e€ciii Mbl BBIOEpPEM JOCTATOYHO OOJIBIION 3aMKHYTBHINH KOHTYp, KO-
TOPBI OXBATHIBAECT BUXPh U AHTUBUXPH, MBI MTOJTYYUM IUPKYJSIUIO (a3bl,
paBHy0 HymO (21t (—27) = 0). Takum 006pa3oM, Bo3MyIIeHUS (Pa3oBOro
noJist O(r) ypaBHOBEIIMBAIOTCS Ha OOJIBIIUX PACCTOSHUSIX IO CPABHEHUIO C
PAcCTOSIHUEM MEXK]y BUXpPEM W aHTUBHUXpeEM (R). DHeprusi mapbl «BUXPb
— aHTUBUXPHY» BRIPAKAETCS OCPEICTBOM (POPMYJIBI:

EZV(R) = 2EC + Elln(R/a), (2818)

rie Ec — aneprus sapa Buxps, E; nponopuroHaibHa BeTUYUHE OOMEH-
HOT'O UHTErpasia J.

O1neHuM Tenepb SHEPIU0 CBOOOTHOTO BUXPS MPHU BBHICOKUX TeMIIEepa-
Typax. CBoOoaHas 3Heprus ['enpMrobma onpeaesieTcs: pa3HOCTHI0 MEK-
1y SHEpPrueu U Mpou3BeleHUEM 3HTponuu (S) Ha aOCONIOTHYIO TeMIlepa-

Typy (7):
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F=E-TS. (2.8.19)

Oueprus E 3agaercs BeipaxenueM (2.7.7). Onpenenum 3HTPONUIO Kak
KOJIMYECTBO MECT, B KOTOPBIX MBI MOXEM PACHOJOXHUTh SIAPO BUXPA,
KBaJIpaTHON 00JacTH pa3zMepoM L’ pa3douTOM Ha MaJyble KBaJipaTHBIC
AYEUKU Pa3sMEPOM a*:

S = kgln(L*/a®), (2.8.20)
rae kp — noctosiHHas boneimana. Torga cBoOOHASI SHEPTUST ONIPEIETIs-
€TCS CHEAYIOIIUM COOTHOIIEHUEM:

F = Ey+ (1] — 2k D)In(L/a). (2.8.21)

[Ipu Temneparypax T < mJ/2kz cBOOOIHASI PHEPTHS CTPEMUTCS K TLIIOC
oeckoHeuHocTH (pacxoautcs) npu L — oo. [Ipu Temneparypax T > nJ/2kp
CUCTEMa MOXET YMEHBIIUTH CBOIO DHEPIUIO, NMOpPOXKAasd BUXpb F — —oo
npu L — c0. DTOT mpocToit apryMeHT, OCHOBAHHBIN Ha Jiorapupmuyeckoit
3aBUCUMOCTH OT Pa3MEpPOB CUCTEMBI KaK YHEPTUU, TAK U SHTPOIINH, CBU/IC-
TEJIbCTBYET O BO3MOYKHOCTU CHUCTEMBI MEPEUTHU B COCTOSIHUE CO CBOOOI-
HBIMU, HECBSI3aHHBIMU BUXPAMH. JTO CBONCTBO OMpeaenseTcs Jorapud-
MHYECKOM 3aBUCUMOCTBIO SHEPrMU OT pa3MepoB cuUcTeMbI B 2D ciyyae,
KOTOPOE MPUBOJUT K KOHKYPEHIIUM MEK]ly SHEPTrUeil U SHTPOINUEHN U K Ka-
YECTBEHHBIM HM3MEHEHHUSIM B CUCTEME IPU ONPEACIICHHOW TEeMIEpaType
Txr (Txkr — temneparypa Koctepnuna — Tayneca, onpenenstomnias Taxk
Ha3bIBAEMBIN «TOMOJOTMYECKUH (Da30BBIN MEPEXOT»).

B neicTBUTENBbHOCTU peub UJIET HE 00 OTIEIBHBIX BUXPSIX, KOTOPHIE
JOMUHUPYIOT TIPU OMNPENENICHHbIX TemiepaTypax. [Ipoucxoaut To, 4to
OT/ICJIbHBIE Maphl CBSI3AHHBIX BUXPEW — aHTUBUXPEU MPHU TeMIIepaTypax
HUKE Tyr CTAHOBSTCA HE CBS3aHHBIMH JIPYT C IPYTOM IPHU TEMIIEpATYpax
BbIe Tyr. DTOT 3P DeKT sBaseTca KOUIEKTUBHBIM. [lapel BUXpel, rexe-
pUpyeMbIe NpU JOCTHKEHUU TeMIepatypsl Ty, U3MEHSIOT (Ha30BOE MOJIE
CTOJIb CWJIBHO, YTO DHEPTHS CBSI3U BUXPEN CTPEMUTCS K HYJIIO IPU UX 3HA-
YUTEIBHOM MPOCTPAHCTBEHHOM PA3ACICHUU. JTO U SIBISETCA CYThIO TO-
MOJIOTUYECKOro (pa3oBOro nepexoa.

[Ipn HM3KMX TeMmIiepaTypax BKJaJI Maibix (QuyKTyanuii BOJW3M OC-
HOBHOT'O COCTOSIHHSI MOJIyYaeTCsl IPU y4ETe KBAAPATUYHOTO YJIEHA Pa3Jio-
KEHUU JJIs1 TAMUJIbTOHUAHA!

—ﬂHz%jdx(VQ)z (2.8.22)
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B KOHTHHYaJbHOM NOpUOJIMKEHUU. B COOTBETCTBUM CO CTaHAAPTHBIMHU
MpaBUJIaMU UHTETPUPOBAHUSA ['ayCCOBBIX 3aBUCUMOCTEHN MOJIYyYaeM:

(S8() =Re(exp i(6(0) - 0(r))}) = Re| exp{(0(0)-0(r))) 2| |. (2.823)

B nBymMepHOM ciydae rayccoBckue (IyKTyaluu pacTyT JorapupMu-
yecku (cp. (2.8.22) u (2.8.17)):

(6.-6.))/2=Mn(|r|/a) /22K (2.8.24)

3/1eCh @ O3HAYAeT HAMMEHBIIIEE PACCTOSIHUE 00pe3aHus Mpeseaa HHTErpU-
poBaHMS (TO €CTh MOCTOSIHHYIO pelieTkd). Takum oOpa3oM, pu HUZKUX
TEeMIIepaTypax CIWH-CIIMHOBAas KOPPEIAIUOHHAS (YHKIUS H3MEHSIETCS
CTENIEHHBIM 00pa30M (a HE SKCITOHEHIIUAIILHO)

a

1/27K
(S(0)-S(r)) z[m} . (2.8.25)

CreneHHON 3aKOH M3MEHEHHUs KOpPpEesUi MoJpa3yMeBaeT CaMoIlo-
no6ue (To €CTh OTCYTCTBUE KOPPEISIMOHHON JJIMHBI), YTO OOBIYHO aCCO-
[IUUPYETCSl C KPUTUUYECKOM TOYKOM (Toukoil (pazoBoro mepexona). 3AeCh
ATO CBSI3aHO C JOTrapu(PMUUYECKON 3aBUCUMOCTBIO YIJIOBBIX (DIIyKTyallUid,
YTO MPUCYILE ABYMEPHOMY CIIyYaro.

Jl1st cimyyasi BBICOKMX TeMIepaTyp JUlsl OnpeiefieHrus] CIUH-CITMHOBOM
KOPPETSIUU UMEET MECTO COOTHOIICHHE:!

I
<So~s,>=@ ~expi-rl/z}, (2.8.26)

rae &' = In(2/K). DTOT pe3yIbTaT OMHCHIBACT SKCIOHSHIIHAIBHOE 3aTyXa-
HUE KOpPEJSIIUI B HEYOPs,AOUECHHOH (aze.

Paznuune B 3aBUCHUMOCTSX KOPPEJSIIIUOHHBIX (PYHKIMH JJISI HUZKUX
temnepatyp (2.8.25) u Bbricokux Temmeparyp (2.8.26) CBUIETEIbCTBYET
0 TOM, YTO CYIIECTBYET TeMIleparypa Nepexoja OT OJHOW 3aBUCUMOCTH
K JPYTOM, T. €. UMeeT MecTO (a30BbIN NEPEXO/ B CUCTEME.
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IIpakTuuyeckoe 3aganue

Hwxe npuBeieHo 3a1aHue U1 BBITIOJHEHUS B cpesie MuMax3.

Crnenyer mOBTOPUTH NPUBEACHHBIE PE3YIbTATHI, JECTAIBHO O3HAKO-
MUBIIHUCH C pabOTOM B cCpele MapauieIbHOrO MPOrpaMMHUPOBAHUS
MuMax3.

dotorpaduu cTpyktyp, noayueHusix M. 1. AmupoBsim B D OTU-
AH PAH, npuenens! Ha puc. I11.

PesynbTarhl, mnpenctaBieHHble Ha puc. [I2 (sABISIETCS TECTOBBIM
JUIsl OTPAaOOTKU KOPPEKTHOCTH (DYHKIIMOHMPOBaHUSA mporpammbl [2.10;
2.11]) wm I3, mnonydeHsl B KAaueCTBE HCCIEIOBATEIbCKON pPabOThI
C. O. IlupymoBa 110 HOpMHUPOBAHUIO U U3YUECHHUIO CBOMCTB BUXPEW Ha HC-
KPUBJICHHBIX TOBEPXHOCTSX.

Puc. I11. O6mmit Bua chopMUpOBaHHON CTPYKTYPHI:
(2) — mo HambpuIeHUS K0OanmbTa, (b, C) — IOCje HANBLICHNUS KOOanbTa

st 6onee netabHOTO UccaeaoBanus Ppuzndeckux 3pPexkToB, COmyT-
CTBYIOIIMX (POPMHUPOBAHUIO BUXPEU B HAHOCHUCTEMAaX, MPOBEIACHO KOMIIb-
IOTEPHOE MOJEIMPOBAHUE [JISI [UIMHIPUYECKON CTPYKTYPBI, B KOTOPOH
GOpMUPYIOTCSL TOMOJOTMYECKUE BUXPU. MOJEIUpPOBAHUE OCYIIECCTBIIS-
JOCh B ynoMsiHyTOM cpene MuMax3, pe3ynbraTbl KOTOPOTO IPEICTaBIIe-
HBI Ha puc. [12.

[TonydeHHbIE pe3ybTaThl COTJACYIOTCS C TCOPETUUYECKUMU U DKCIIe-
pPUMEHTAJIbHBIMU AaHHBIMU padoT [2.10; 2.11]. Hanuuue BuXpeBoii CTpyK-
Typbl CBSI3aHO C XapakTEPHBIMU pa3MepaMu MAarHUTHOM CHUCTEMBI, YTO
MOATBEPKJCHO pacueTaMyd U H3MEPEHUSIMH, IPOBEJICHHBIMU B paboTax
[2.10; 2.11]. IIpeacTaBiaeHHbIe pe3yabTaThl CBUIACTEILCTBYIOT 00 OTCYT-
CTBUM SIBHBIX CBUJICTEJILCTB HAJIWYWS BUXPEBBIX CTPYKTYpP B HAIIUX JKC-
NEPUMEHTAX, YTO, OJHAKO, HE UCKJIIOUAET UX MOSIBICHUE MPU IPYTUX (Pu-
3UYECKHUX YCIOBHSIX IPOBEJACHUS UCCIETOBAHUM.
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Puc. I12. T'ucrepesuc ¢ popMuUpoOBaHUEM BUXPEBOU CTPYKTYpbl. HuKHsS mikaia
— HaNPSHKEHHOCTh MATHUTHOTO TMOJIS B Tecinax — (a). Moaudukanms Buxpe-
BOM CTPYKTYphI IPHU COOTBETCTBYIOIIEM JIBHXKEHUH BIOJIb BEpXHEH YacTH MeET-

JIU TUCTepe3uca, HaurHas oT LeHTpa ructepesuca, — (b). Moaudukarms

BUXPEBOI CTPYKTYPHI PU COOTBETCTBYIONIEM JIBIKCHUH BJIOJIb HUKHEH JaCTH

METIIM TUCTEepPEe3Uca, HaYMHas OT IIEHTpa rucrepesuca, — (C)

MerogoM KOMIBIOTEPHOTO MOJIECTUPOBAHUA Ha MoOIycHepruuecKoi
MOBEPXHOCTH (OpPMHUPOBAJIACH BHUXpEBas CTPYKTypa, H300paKeHHAs
Ha puc. [13. MarauTHbele KOHCTaHThl COOTBETCTBOBAJIM IUJIEHKE KOOAJIbTA.
[ToMUMO MCKPUBIEHHOW MOBEPXHOCTHU MPU MOAECIUPOBAHUU 0OECIIEUMBa-
JOCh HAJIMYME B3auMoAeucTBUs J[3sutommHckoro — Mopus. U3BecTHO,
4YTO B3aUMOJEHCTBUE [[3sutommHCKOro — Mopus cTaOMIM3upyeT BUXpe-
BbIe CTPYKTypbl [2.12]. IIpoBeneHHBIE KOMIIBIOTEPHBIE HCCIEAOBAHMS
IPOJEMOHCTPUPOBAIIH, YTO B LIEHTPE (POPMUPOBATIOCH SIAPO BUXPS U3 Mar-
HUTHBIX MOMEHTOB, HAIIPABJICHHBIX MEPIEHAUKYIAPHO K IOBEPXHOCTH.
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Jlajiee B MIOCKOCTH MOJyc(epbl pacrnoiarajuch MarHUTHbIE MOMEHTHI,
oOpa3yrolue BUXpEBYIO CTPYyKTypy. Ha HEKOTOpOM pacCTOSIHUM OT 3TOU
BUXPEBOM KOH(pUrypauuu (popmMupoBagach AOMNOJHHUTENbHAs BHXpEBas
CTPYKTypa, KOTOpasi ABJISAIACh OTpaKeHUEM nepBHUYHOM Ha 180 rpamgycoB
OTHOCUTENBHO SiApa BUXPS, SBIJIACH CO(POKYCHOM MEepBOHAYAIHHOMY
BUXPIO, T.€. YaCTUYHO KOMIIEHCHPOBAJIA CHUHbI MEPBHUYHOM, OJIMKHEN
K SIpy CTPYKTYpBI, T. K. €€ CIUHBI ObLIM HampaBJ€HbI MPOTHUBOIOIOKHO
COOTBETCTBYIOIIUM CIIMHAM HayalbHOW KOHPUTYpaLIH.

Puc. I13. Beimykiast 1 BOTHYTasi CTOPOHBI ITosTycepsl U chOpMUPOBAHHOTO
MAarHUTHBIM TOJIEM BUXPS (CTPYKTYPHI ClIETKA TOBEPHYTHI OTHOCUTEILHO 1[E€H-
TpasibHOU OcH). UepHBIM IIBETOM 0003HAUEHO PO BUXPS. BIMKHUN 1IBETHOU
OpeO0JT COOTBETCTBYET ONIKailieMy BUXPIO. BTOpHUYHBINM IBETHOM OpEoJT COOT-

BETCTBYET BUXPIO, KOMIIEHCUPYIOIIEMY CIIMHBI OJIMKAUIIIET0 BUXPS

MarauTHblii BUXph SIBJISIETCS OYE€Hb CTaOMIIBLHOM, 00pa30BaHHON ecTe-
CTBEHHBIM 00pa3oM CTPYKTYpoOul, c(pOpMUPOBAHHOW B MArHUTHON HaHO-
CTpyKType. BcnenacrBue MarHUTHOW aHWU3O0TPOIIMM MArHUTHBIE MOMEHTHI
B TAKOI'0 pOJa TOHKOIUIEHOYHOM D3JIEMEHTE PACIIOIOKEHBI B IIJIOCKOCTH
IJIEHKU. BUXpeBbIe CTPYKTYphI XapaKTepU3YIOTCA HUPKYJISLHUEN B IIOCKO-
CTH MarHUTHBIX MOMEHTOB BOKPYI' OY€Hb CTAaOWUJILHOTO siipa JAUaMETPOM
BCEr0 OT HECKOJIBKO JIECAThIX HAHOMETpPA IO HAaHOMETpa, T. €. MopsiaKa 00-
MEHHOHN JuIMHBbL. OCOOEHHOCTBIO 3TOM CTPYKTYpHI SBIAETCA SIAPO BUXPA,
KOTOPOE UMEET HAMarHM4YE€HHOCTh, NEPIICHIUKYJIISIPHYIO TUIOCKOCTH 00pa3-
a. OTO BBIPAXKAETCS B JBYX XAPAKTEPHBIX MOJSAPU3ALMIX «BBEpX» (up)
U «BHUB» (down). Maiible pa3Mepsl U Upe3BbluaiiHas CTaOMIIBHOCTD JIeTIaeT
AIpO  BUXPSI ~ MHOTOOOCHIAIOMIEH  CTPYKTYpOH  JJisl UCIOJIb30BaHUs
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B MarHuTHOW mamsAtu. B pabote [2.1], ocHOBaHHON Ha MHUKPOMAarHUTHOM
MOJCJIMPOBAHUU  TMOCPEACTBOM  ypaBHeHusi Jlanmay — Jludumia —
['unbbepTta, cTporo NpoAEMOHCTPUPOBAHO, YTO AJIPO MOKET AUHAMUYECKU
MEPEKII0YaThC B TEUCHUE JACCATHIX JOJIEWM MUKOCEKYH[bl M3 COCTOSHUS
«BBEPX» B COCTOSIHUE «BHU3» MOCPEACTBOM MPUIOKEHUS BHEIIHETO MOJIS.
Juck n3 nepMaiuios auameTpoMm 200 HM mepemMarHuYUBaeTCsl B MPOTHUBO-
MOJIO’KHOE TOJIOKEHHE SIAPA BUXPS MOCJE NPUIOKEHUS UMITYJIbCA MAarHUT-
Horo noJjist BenuuuHor 80 mT u nmurenbHOCTHIO 60 MUKOCEKYHA. Kcmob-
3ys TOJISL UTUTEIBbHOCTHIO B 5 PS, aBTOPHI MTOKA3aJIM, YTO AP0 BHAYAJIE I1e-
PEXOJIUT B MPOMEKYTOUHOE COCTOSTHUE, MPEJCTaBIIAIONIEe COO0M Havyailb-
HbI BUXPb, AaHTUBUXPb M BUXPb C MPOTHUBOIIOJIOKHO OPUEHTUPOBAHHBIM
AIpOM. 3aTeM SIAPO HAYAIBHOTO BUXPSI AaHHUTHUJIMPYET C SIAPOM aHTUBUXDS,
Y OCTaeTCsl BUXPh C MPOTUBOMOJIOKHO MOJIPU3OBAHHBIM SIJIPOM.
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