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HECKASI 1 KOMIIBIOTEPHASA MOJEJIU SAIBJIEHUS
BPAIIEHUSI HAMATHUYEHHOCTU IT'OPHBIX MMOPO/T
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Cratbs nocssimena npodaeme HU3MYECKOro MeXaHn3Ma caMoOOpaIeHHsl HAMATHHYEHHOCTH TOPHbBIX 110~
poa. CamooOpaieHnem Ha3bIBACTCS SABJICHHE HAMATHHYHBAHUS TOPHOI NMOPOJIbI AHTHIAPANIENbHO Ha-
MarH4nBatoemMy nouto. Ipuseenbl 3KCNepUMEHTANbLHBIE JaHHbIE 10 CAMOOOPAIIEHHIO TEPMOHAMAT-
HUYEHHOCTH H TEPMOOCTATOYHOH HAMATHUYEHHOCTH NPHPOAHbBIX AHATOIOB FrEMOWILMEHHTOB H CHHTE3H-
POBaHHBIX reMonIbMEHHTOB. [loKazaHo. 4To Hambonee BEPOATHBIM MEXaAHH3MOM CaMOOOpalLECHMs
siBisieTcs ofHodaskbii Mmexanusm N-tuna Heensi. Ipeacrasiaens: pazpaGoTannbie aBTopamu husHyeck il
MEXaHH3M CaMOOOPALIEHNST H KOMITbIOTEPHAS MOJIEN b IBACHNS CAMOOOPALLEHHUS HAMATHHUEHHOCTH 1O Me-
xauusmy N-tuna. [IpoBe€HO CpaBHEHHE PE3YJILTATOB YHCICHHOTO MOAETUPOBAHUS C IKCTEPHMEHTATb-

HbBIMH JTAHHBIMH.

Kaiouesbie caosa: CZIMOO()palLlCHHC HAMATHUYCHHOCTH: MArHETH3M IOPHbIX [OpOJ; HAMAarHH4YHBaHHE N-

Tuna Heens.

I. BBEAJEHHME

Hacrosinas cratest nocssiiiieHa HeOObIYHOMY (hU3H-
YECKOMY sIBJICHHIO — HAMAarHHYHBAHUIO (peppHMATHUT-
HbIX MHHEPAJIOB, KOTOPbIE B OCHOBHOM OINpPE/E/ISIOT
MarHeTH3M FOPHBIX MOPOJI, AHTHIIAPAIICIBLHO HaMar-
HUYHBAIOLIEMY MO0, DTO SIBIEHHE HA3bIBAETCs Ca-
MooOpaineHueM HamarandeHsoctn. CamooOpaiie-
HHUE MOXKET HaOMIOAAThCS TOJBKO B OTHOCHTEILHO
cnalbix MarHuTHLIX noasx [Tpyxun u ap., 1997: Tpy-
XHH H Jp.. 2004].

M3n0xuM KpaTKo neropuio Bonpoca. Ecrectsen-
Has ocraTovHas HamarHHueHHocTb NRM (ot aura.
“natural remanent magnetization”), HanpasieHue Ko-
TOPOH NPUOIH3UTENBHO AaHTHIAPAIIEIBHO HANIPaB-
JICHHIO COBPEMEHHOTO reoMarHuTHOro nosst (CMIT),
Obina Brepsbie OOHAPYXKE€HA B M3BEPXKEHHBIX rOp-
HbIX Mopojiax B Hauane XX Beka [David. 1904: Brun-
hes, 1906]. ITo3xe obparnas NRM MHOrokpaTHo Ha-
Omolanach Ha pa3sHbIX W3BEPKEHHBIX H OCAJOYHbIX
ropubix nopojax. CymecrsoBanue B pupoje oopar-
Hoit NRM nossonnno npeinonoxnrb, 4To B 1po-
uible reosorudeckne snoxu I'MIT muHOrokparthHo
MEHSI0 MOASPHOCTD: TPOHCXOINITH HHBEPCHH (TIepero-
mocosku) [MIT [Jacobs. 1994]. U, cornacho coBpeMen-
HbIM npejicTaBiaeHusM, oopatHas NRM ropubix nopos
paccmaTpuBaeTcs Kak odpasosasiuasics B ['MIT ¢ no-
JSIPHOCTBIO, MPOTHBONOIOKHOM COBPEMEHHOI.

B 1949 rogy K.B. I'paxam [Graham, 1949] Bnepsbie
NOCTaBH/ BONPOC O BO3MOXKHOM CYIIECTBOBAHMH B
npupojie anbrepHaTuBHbIX HHBepcusiM ['MIT usnuec-
KHX HJIH XHMHYECKUX MEXAHH3MOB IIPHOOPETEHHS rOp-
HbIMI niopofiamu o6patHoil NRM. On usyuun cion
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OCa/lOYHBIX TOPHBIX MOPOJ OJHOrO BO3pacTa H Ha-
1IeJT B HEM YYaCTKH KakK € IPSMOI, Tak ¥ ¢ 00paTHOI
NRM. OiuHakoBblil BO3pAcT BCEX H3YYEHHBIX HM
OCaJIKOB MO3BOJIMJI BBIJBUHYThH NPEANOIOKEHHE O
TOM, 4T0 oOpaTHass NRM ne morna obpazoBartbesi B
oOpatnom I'MII, T.e. B pesynbrate nusepcnu 'MIT.
Wnave, Bech CIOM JJOMKEH ObLA ObITh HAMATHHYCH
AHTUMAPANJEIBHO  HANPABICHUIO COBPEMEHHOTO
I'MIT.

XK.B. I'paxam oOpaTHICS K U3BECTHOMY TE€OPETH-
Ky, npocpeccopy JI. Heemto. B 'penodab ¢ Bonpocom o
TEOPETHUECKOH BO3MOXHOCTH CYIIECTBOBaHHUS MpO-
LIeCCOB, MPHBOASIINX K HAMATHUYMBAHUIO MarHeTH-
KOB aHTUNAPaIe/IbHO HAMATHHYHBAIOIIEMY MOJTIO.

Bnnore g0 1951 roga Bonpoc o cyuiecTBoBaHNH
AIBTEPHATUBHBIX HHBEPCHAM (DH3HUECKHX HIN XH-
MHYECKHX MEXAHH3MOB NMPUOOPETEHNS FTOPHBIMHU 110~
ponamu obparnoit NRM ocraBancst OTKpbITbIM. A B
1951 roay JI. Heenn [Néel. 1951] Bnepsbie npeasio-
KU1 YeThIpe (PH3HUYECKHX MEeXaHH3Ma 00pa3oBaHHs
B TFOPHBIX MOpojax OOpaTHOH HAMarHMYEHHOCTH.
[Tepsbie aBa MexaHU3Ma MOTYT JEHCTBOBATH B OJIHO-
thasubIX heppHMarHHTHBIX MHHEPAIaX U CBA3aHbI C
M3MCHEHHEM 3HAKa CIOHTAHHOH HAMarHHYEHHOCTH
I peppumarneTHka, KOTOpasi MOXKET MPOHCXOAHTD
JndO 3a CcYeT Pa3sHOro TEMNEPaTYpPHOro XOa CrOH-
TAHHBIX HAMArHUYEHHOCTEH MojpeleToK ¢heppH-
MarteTika, au6o 3a cuer audy3nn HOHOB MEKY
nojpenieTkaMu. A 1ocje/Hue 1Ba MEXaHH3Ma CBsi3a-
HbI C B3auMojielcTBHEM pa3 B ABYX- HIH MHOrocas-
HOM (hbeppHMarHUTHOM MHHEpale: B3aHMOJICHCTBHE
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MOXKET ObITb THOO MArHHTOCTATHYECKUM, JHOO 00-
MEHHBIM.

B Ttom ke 1951 rogy T. Harara [Nagata. 1951; Ha-
rata, 1965] noay4una skcnepuMeHTalIbHOE MOATBEPK-
nenune Teopun Heensi: npu n3yueHun JaMTOBBIX 1EM3
r. XapyHa OH OOHapy:Kuia caMooOpalieHHe TeEPMO-
ocratouyHoil HamaruuueHnocT TRM (ot anra. “ther-
moremanent magnetization”). CiieyeT NOI4YEPKHYTh.
4TO 1a0OPATOPHOE TEPMOHAMATHHYHBAHUE U3BEPKEH-
HbIX FOPHBIX MMOPOJI MOEINPYET NPHPOAHBIN MPOLECC
HAMarHHYMBaHHS MUHEPATOB, KPUCTATIH30BaBIINX-
Csl U3 MarMbl, IPH €€ OCThIBAHUH N1OCIE H3BEPKEHUS
Ha MOBEPXHOCTb.

['opHbie MOPOJibl HMEIOT OYEHb CIOKHbIA COCTAB
[Harara, 1965: Tpyxun, 1973]. ['opHas nopoaa npej-
craBasieT co0Oi MATPHILY U3 IHa- U MapaMarHUTHbIX
MHHEPaJIOB C BKPANJICHHbIMH B Hee (peppHMarHuT-
HbIMU MUHEpaJaMHi B BHJIE. KaK NPABHUJIO, MEJIKHX 3e-
peH. 3epHa MOryT ObITh OJIHOIOMEHHBIMH, NICEBAOO]-
HOJIOMEHHbIMH WJIH MHOTOJIOMEHHbIMH. 3epHa Takke
MOryT obsasaTh OJHOOCHON WIH TPEXOCHON MarHuT-
HOH aHu30Tponueil. PeppuMarHiTHbIE MUHEPAbI B
BHJIE OJHOOCHBIX (aHH30TpONUst (HOPMbI) OIHOIO-
MEHHbIX (PEPPUMArHATHBIX 3€PEH YaCTO BCTPEYAIOT-
Cst B FOPHBIX NOpPOJax. 3epHa TakkKe MOryT ObITh Of-
HO(a3HBIMU WM MHOTO(A3ZHBIMU, TO €CTh COCTOSTh
13 OJIHON WJIH HEeCKOIbKHX MIHepanbHbIX (a3. Tou-
ku Kropu pashbix a3, Kak NpaBuao, OTIHYAKOTCH.

Camn (beppuMarHuTHBIE 3¢pHA, BXOASAIIME B CO-
CTaB FOPHOMH MOPOJibl, TAKKE MOTYT HMEThH CIOXKHOE
CTPOEHHE M Pa3HbIil XMMHYECKHI cocTaB. Takum 00-
pa3oM, MarHeTH3M FOPHON MOPOJibl ONPEENsieTcs, B
OCHOBHOM, KOHIJIOMEPATOM HEOJHOPOAHBIX IO CO-
craBy (peppHMarHHTHBIX MHHEPAJIOB, IIPHYEM TOY-
HbIIl XUMUYECKHI COCTaB BCeX (peppHMarHUTHBIX 3e-
peH NMOpojbl PEIKO W3BECTEeH J0cTOBepHO. MMenHo
MO3TOMY €[IMHOrO MHEHHUS O (PU3HYECKOM MEXaHM3-
Me camooOpalieHus (lazke HCTOPHYECKHX jas r. Xa-
pyHa) HeT u no ceit aenb [Harara. 1965: Tpyxuu u
ap.. 1997; Prévot et al., 2001: Ozima. Funaki, 2003].
W BbisiBnenne MuHepana(oB), OTBETCTBEHHBIX 3a ca-
MOOOpalleHHE B KAXK/IOM KOHKPETHOM Ccay4ae, siBJis-
eTcs caMo 110 cede 0YeHb CIIOKHOM 3aayvei.

Bonpoc 0 camooOpaieHnn ecTeCTBEHHON OcTa-
TOuHOI HamarunyeHHocTH NRM ropubix nopos
nMeeT (pyHAaMEHTaIbHOE 3HAUCHHE 171 TeO(PU3UKH,
Tak Kak NRM ropubix nopoj siBasieTcsi OCHOBHBIM
HH(OPMATHBHBIM NAapaMETPOM O BEIHYMHE M Ha-
MPaBACHUU JIPEBHETO TE€OMArHHTHOTO MO, a TeM
caMbIM 00 3BOJIIOLHH FE€OMArHUTHOrO NOJIsA, KOTOpast
HEPA3pbIBHO CBA3aHA C 3BOJIIOLNCH HAIEH MarHuT-
Hoi muaneTsl [Merill et al., 1998].

B maruurocdepe Ha BbICOTax OT 2-X 10 6-TH 3eM-
HBIX PaJUYyCOB CYLIECTBYIOT paHallMOHHbIE MOsica,
yIEPKUBAIOLLIE 3apPsKEeHbIE YaCTHIbI BBICOKHX HEP-
rii. Biosine BO3MOXKHO, YTO OTCYTCTBHE 3THX CBOE-
00pa3HbIX MAarHHUTHbBIX JIOBYLIEK (BO BpeMs HHBEpP-
CHI, KOT/1a BEINUHHA HAIIPSIKEHHOCTH FeOMarHuTHO-
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ro noasi Hyyy = 0) npuseno Gbl K TOMY, UTO YacTHIbI
BBICOKHX SHEPrHil JOCTHraau Obl MOBEPXHOCTH 3eM-
JIM M OKaspIBalu Obl CYHIECTBEHHOE BIIMSIHHE Ha ee
onocepy [SAnosckuit, 1978]. A 3naunt, I'MIT umeer
r100albHOE IKONIOrHYECKOe 3HAUEHHE HE TOJBKO M0~
TOMY. YTO BO3JEHCTBYET Ha OHocepy u Hoochepy
3eMIH, HO ellie H MOTOMY. YTO sBJAsSeTCs OapbepoM
HA MyTH MPOHUKHOBEHUS KOCMHUYCCKHUX YACTHI] Bbl-
COKHMX 3HEPrHi K MOBEPXHOCTH 3eMIIH.

Takum 00pa3oM, BO3HHKAET BONPOC O BIHSHUH
MHBEPCHH Ha MpOLIEAYIO H OYAYHIYIO IBOJIOUHIO
['MII 1 3eman. OgHako BONpoC H O cCaMUX HHBEPCH-
sSIX He SIBIsieTCs 10 KOHNA pemieHHbiM. Kak otmeya-
JOCh BblIlIE, CYHIECTBYIOT (DU3HYECKHE MEXaHHU3MBbI
camooOpattenns (“unaBepcui’) camoit NRM ropubix
nopoa. M3ydare nanpamyio uusepcuu 'MIT mbt Hu-
KOTJ1a He CMOXKEM H3-3a HX OYEHb JUIHTEILHOTO NepH-
ofa (Teicstun net). [TosTomy ocodyio ponb npuodpe-
TaeT M3yYeHHE SIBICHUS CaMOOOPAIeHUs] HaMarHu-
YEHHOCTH, KakK aJbTepHaTHBHOro uHBepcusm ['MII
(husnueckoro Mexanusma o0pa3oBaHUsl B NMPHPOJE
obpatHoit NRM.

[TocTaBieHHbIM BO BBE/IEHHH OYEeHb BaXKHBIM BO-
Mpocam. KOTOpbie HMEIOT YHCTO (DH3HYECKHIl HHTe-
pec H HeCOMHeHHOe riaodanbHoe reogusznyeckoe
3HAYEHHUE, MOCBALICHA HACTOslas cTaThs. B pabGore
NPUBOJATCS PE3YIbTaThl 3KCMEPHMEHTANBLHOTO H3Y-
YeHHS] CaMOOOPALIEHNSI HAMATHHYEHHOCTH aJTMa30HOC-
HBIX TOPHBIX MOPOJA — KHMOEPIHTOB, COJIEPXKALIMX
(heppuMarHHTHbIE MHKPOMIBMEHHTbI, M CHHTE3HPO-
BAHHBIX FEMOHILMEHHTOB AHAJOMHYHOIO COCTaBa, a
Takxke npeanaraercd (pu3sHIecKnii MEXaHNU3M H KOM-
MbIOTEPHAsE MOJIETb CAMOOOPALLCHHSL.

2. MEXAHU3M CAMOOBPAIIEHUA
HAMATHUYEHHOCTHU N-TUITA HEEJIS:
PUBUKA ABIEHUA

Cuauana KpaTKO H3JI0KHM qJH3H‘{BCKYIO CYTh
H3YHaeMOro siBJICHUA. 3H€pl‘llﬂ MATrHUTHOI'O MOMCH-
Ta M BO BHeuiHeM MaranTHom nose H paBHa

rae @ — yron mexay sektopamu M u H. Ipu ¢ =0
aHeprus £y Oyaer HauMeHblieH, noatomy B noine H
MarHHTHbBIH MOMEeHT M opHeHTHpyeTCst B HanpasJe-
uun H.

OpiHako NpH TepMOHAMArHUYMBAHHHM HEKOTOPbIX
NPUPOJIHBIX (PeppHMArHeTHKOB OOHAPYKEHbI Cllyyan
anTHnapasienasHon nomo H opuenrannn cymmapHoii
tepmonamaruudentoctn Iy (unn TM ot aunra. “ther-
momagnetization”) H TEPMOOCTATOYHOW HaMarHu-
yennocTH TRM. D¢ppext camoobpareHnst Hamaruu-
YEHHOCTH 00YCI0B/IEH OCOOLIMH CBOHCTBAMHU CAMOTO
(peppumarneTHka.

[Tpu opHeHTaUMH HAMarHMYEHHOCTH MO MOJIO
(cM. (1)) BO3HHKaeT TepMOJAMHAMHYECKH paBHOBEC-
HOE MArHHTHOE COCTOsIHHE (DeppHMarHUTHOrO 00-

4%
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Puc. 1. Cxema pacrnonoKeHHst aTOMHbIX MArHHTHBIX MO-
MEHTOB B nojipenieTkax A u B ¢heppumarneTuka.

paszua. CooTBeTCTBEeHHO, 0oOpa3oBanue B 0Opasue
asTunapamienbion nomo H (oOpaTtHoi) Hamaruu-
HEHHOCTH CJIelyeT paccMaTpHUBaTh KaK BOSHHKHOBE-
HHE HEePaBHOBECHOTO MArHUTHOTO COCTOsHUS (73a-
mMopoxeHHast oopatnas TRM).

Takoe cocTOsIHHE MOXKET ObIThb JIOCTHIHYTO B
eppuMarHeTHKE HM3-3a €ro CJI0XKHOrO CTPOeHHs B
mpotiecce ero TepMoHaMarunynBanus. CrioHTaHHbIN
MArHUTHBIIH MOMEHT Mg KpHCTAIIHYECKOH PEUIETKH
ABVXNIONPEIETOYHOrO (peppuMarHeTuka H3Havalb-
HO. 10 CBOEH NPHpPOJIe, COCTONT U3 IBYX aHTHIapal-
JEALHO HANpPABJICHHBIX, HE PABHBIX 10 BEJIHYHHE MO-
seuToB Mg, 1 Mg MarHuTHbIX nofpemeTok A u B:

M; = Mg, + Mg. (2)

HosTtomy, ecnu Mg, > Mg, TO npH OpHUEHTALHUH
cvsmmapuoit Mg B nanpasnennn H 3nauntenbHas
MACTH ATOMHBIX MArHUTHBIX MOMEHTOB B KPUCTAIIH-
Secwon pemerke (puc. 1), cyMma KOTOpBIX paBHa
oy Mg, Gyniet HanpaBaeHa aHTHnapanieabHo H.

.

PaccMoTpuM KpaTKO (PHU3HUYECKHI MEXaHN3M ca-
sooopamenus N-tuna Heena. Kpusbie Temnepa-
THPHOH 3aBHCMMOCTH CIIOHTAHHOH HaMarHH4YeHHOC-
% N-Tuna, no Ha3BaHUIO KOTOPBIX Mbl Ha3bIBAEM H
MERAHN3M  caMOOOpallleHHs, MOJyYeHbl B TEOPHH
@eppuvarteTusma Heens [Néel, 1948].

Caeaver ormeTuth, uro B 1970 JI. Heean Obin
saocroct HoGenesckoit npemun no usuke [[Taype-
arse . 1992] “3a ¢pyHpameHTanbHy0 padboTy H OT-
EPEITIE. Kacarolmecst aumq)eppomaruemma u thep-
PEMSIHETH3MA, KOTOPbIE MOBICKIH 3a coboi BAKHDBIC
BpROEeHEs B 001aCTH (DU3HKH TBEPJIOTO Tesa™.

B patote [Néel, 1948] JI. Heesb u310Xn1 OCHOBbI
COERAEHON MM TEOPHH KOJUTHHEApHOro (eppuMarte-
TWaMa # BOEpBbIE BBE NOHATHS ~“(heppUMarHeTn3ma’
ESE OAHOTO M3 THIOB MarHHTHOTO YNOPSIOUEHHs B
me u “ceppumarteTHka’ Kak Beniectsa, oda-

AAKOIIETO ABYMS HIH HECKOJIBKHMHI HECKOMIIEHCHPO-
BAHHBIMH MarHHTHbIMH nojpemeTkamu. CoraacHo
3TON TEOPHH IS JIBYXNOApPEIIeTOYHOro (heppumar-
HETHKA, MO AHAJOTHH C TEOPHEH MOJEKYJISIPHOro
(cpeanero) monsi Beitca [Weiss. 1907] aasa cdeppo-
MarHeTHka, Ja1000€ B3aHMOJEHCTBHE MAarHuTHOTO
HoHa nofpemeTkn A eppumarseTnka ¢ OuKauIIm-
MH COCEJISIMH 13 MOAPEIIEeTOK A i B MOXKHO 3aMEHHTh
JENCTBHEM HAa 3TOT HOH HEKOTOPOro “‘cpeHero’
(MONEKYJSIPHOrO) Monst. AHAJOMHYHO s J11000ro
MarHHTHOIO HOHA N3 MOJIPEIETKH B.

[TonHbIe MONEKYISPHBIE MOs, ACHCTBYIOIIHE Ha
aTOMBI TOAPEIIETKH A U HA ATOMbI NMOJIPEIIETKH B,
3aMHCHIBAIOTCS B BUJIE

Hy = nodg, —nlg,
Hy, = nBlgy —nlg,.

rje n, no., nf} — KOHCTaHTbI MONEKYJISIPHOTO MOJIS, KO-
TOpbIE OMPEEesIOT B3aHMOJIENCTBHE MArHUTHbIX
MOMEHTOB BHYTPH MOJAPELIETOK H MEXK/Y MOJAPEIeT-
KaMi (nanee Mbl OyJieM HCHONb30BaTh KOHCTAHTbI
MONEKYJISIPHOTO MOJISt B €IMHULEAX 71, TO eCThb O, P3).

Cornacno [Néel, 1948] paccMoTpum KpHCTanim-
YEeCKYIO0 penieTKy (heppuMarHeTHKa, COCTOAUIYIO U3
JIBYX HEIKBHUBAJCHTHBIX MArHHTHBIX MOJPEIIETOK A
n B. TemnepaTypHble 3aBHCHMOCTH CIIOHTAHHBIX Ha-
marundeHHocrei [gy, gz nogperetok A u B cooTBeT-

3)

CTBEHHO TOJYHalOTCs IPH COBMECTHOM pELICHUH
CeAYIOLIel CHCTEMBI YPaBHEHHI:
Jgupn(o - Igy —1Igp)
Iss = }\lsij( e kT Lt )
4)
Jgpn(P - Iz —1Isy)
I = U[snBJ( T )

rjie A, UL — IO MAarHUTHBIX HOHOB B MoApenieTkax A
i B cootBeTcTBEHHO (A + W = 1), Al g, — CIOHTAH-
Hble HaMaraudeHHocTH noapemetok A, B npn 0° K,

2J+1 (2J+ 1)x 1 )
(0 - Lon(5) - e

unst Bprnmosna, J — BHyTpeHHee KBaHTOBOE YHCIO,
¢ —axrop Jlanpe. W, — mardeToH bopa, k — KOHCTaH-
Tta bonbumana, 7 — remneparypa.

Ypasuenusi (4) — 970 ypaBHeHHsl COCTOsIHUA (pep-
pUMarHeTHKa B TEOPHUH MOJIEKYISPHOrO MOJsl, MpH-
4eM B aprymenTe (pyHKUIuH Bpunntosna cTouT OTHO-
[IEHHE MAarHHTHON 3HEPruy K TEMJIOBOM.

Cymmapuasi crioHTanHast HamaranueHHocThb [(T)
€CTb BEKTOPHAsi CYMMa CIIOHTAHHbIX HAMArHUYEHHO-
CTeit OTAENbHBIX MOAPELIETOK:

Bapbupys B (4) KOHCTAHTbI MOJIEKYJIAPHOTO MOJIs
o, B npu PUKCHPOBAHHBIX 3HAYEHHSIX A, [ (MOJTOKHM
A= 1/3. 1w = 2/3) u ocranbHbIX napameTpos, JI. Heenb
MOAYYIJI LIECTh PA3HBIX THIIOB TEMNEPATYPHbIX 3aBH-

Byx) =

PU3UKA BEMIIM Ne 2 2006
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Puc. 2. (a) — TemneparypHbie 3aBUHCHMOCTH CITOHTAHHBIX
HamMaruuyeHnocrei Iy, Igp heppuMardiTHBIX noapere-
TOK A, B 1 CyMMapHOIt CIOHTAHHON HaMarHH4IeHHoCTH [
tpeppumarneriika tHna P no Heemo (o= 1: B=-0.6; A=
= 1/3;: u=2/3): (6) — TemnepaTypHbie 3aBHCHMOCTH CIOH-
TaHHBIX Hamaruuuenuocteit Iga. Igp heppHMarnnTHBIX
nofpeieTok A, B 4 CyMMapHO# CIOHTAHHON HaMarHu-
deHHocTH Ig cheppumarneTuka tuna N no Heemo (o =
=1.26; B=-0.39; A = 1/3; n = 2/3).

CUMOCTEN CIIOHTAHHBIX HaMarHHYeHHOCTE (puc. 2).
Cpeau Hux asa tHna (Q. R) cCOOTBETCTBYIOT aHANO-
FHYHBIM 3aBHCHMOCTSIM (hbeppoMarHeTHKa, aBa Apy-
rue Tuna (M, P) xapakTepu3yroTcst HeOOIbIIUM Cria-
110M /g ¢ MOHIKEHHEM TeMIEPaTypbl. 3aBHCHMOCTS /
(peppumarneTika ot 1. npuBOjAINAS K MOSIBICHHIO
TOYKH KoMmnencauun Ty, npu kotopoit /¢ = 0, Ha3biBa-
Ne 2
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Puc. 3. Cxema npotiecca TepMOHaMarHnunBaums: / — 3a-
BucHmocThb Ip(7) (heppumarieTinka 6€3 TOYKH KOMIEHca-
umn T B uurepBane remneparyp (Te. Ty): 2 — 3aBucu-
MocTh Ip(T) heppumarHeTHka ¢ TOYKON KOMIEHCALHN
Tk B unrepsaie temneparyp (T, Tk): 3 — 3aBucumocThb
I4(T) peppumarteTHka ¢ TOUKOH KoMnencauuu Ty B HH-
Tepsalie Temnepatyp (Tx. Ty) npn H > He. rae He - Ko-
spuMTHBHas cuna: 4 — 3asucumocts Ip(T) deppumarne-
THKa ¢ TOUKOH KomrneHcanuu T B HHTEpBaje TeMnepa-
TYp (Tk. Tyy) npu H < H.

ercst no Heento 3aBucnmoctbio N-tnna (cM. puc. 20).
[ToaTOMY CBSI3aHHBIN C TAKOH 3aBHCHMOCTBIO (PU3N-
YEeCKHI MEXaHH3M caMOOOpaIleHnsl MOXKHO Ha3BaTh
mexannsmoM N-tuma Heens. Caeayer OTMETHTD,
4TO 3aBUCUMOCTB [((T) THna V Takxke XapaKTepusy-
eTcst HanuuueM 7y ¥ IPUHUMITHAIBHO HE OTJINYAETCs
ot N-Tuna.

B patotre [Tpyxun, 1997] 6b110 nokazaso, 4To ca-
mMooOpanienne N-THNa OCyLIeCTBASETCs MPH BbINO-
HEHHUH CJICYIOLIETO YCIOBHS:

o+l u

Cwmena 31aka TRM, Kak yke ynmoMHHANIOCh BbIIIIE,
NPOUCXOINT B OTHOCHTEJIBHO C1a0bIX MArHUTHBIX M10-
JSIX B pe3yJbTaTe PasanyHOro TeMIepaTypHoOro xoia
CIMOHTAHHBIX HAMArHHYEHHOCTEH OTJEbHBIX NMOJIpe-
WeToK (heppHMarHeTHKa.

PaccmoTpim anee cxeMy npouecca TepMoHamar-
HUuHBaHus (puc. 3). Bo3uukas npu temneparype.,
onmskoi k Touke Kiopn 7 peppumarieTHKa OpueH-
TalMs MarHUTHBLIX JOMeHOB B Hanpasnenun H 3a-
KPEIuisieTCsi BHEIIHHUM MarHUTHBIM noneM H u Bo3Hu-
KAIOLUM B MPOLEcce OXJTAXKACHUS MOTEHIHAIBHBIM
peabedoM (peppuMarHeTHKa, CO3/1alOLUM  CIEKTP
JTOKAAbHbIX MUHUMYMOB MMOTEHUUAIbHON IHEPIHH, B
KOTOPbIX pacnonaraioTcs COOTBETCTBYIOUIMM 00pa-
30M OpHEeHTHpOBaHHble AoMeHbl. [Ipn KOMHATHON



vpe T, oOpa3syercs HaMarHUUeHHOCTb [7,
23 KOTOpOU OyJIET ONPEAesAThLC CTENEHbIO
MAarHUTHBIX MOMEHTOB JIOMEHOB, MO Ha-
130 H B 3aBHCHMOCTH OT BEJUYMHbBI HaNpsi-
H (puc. 3. kpusas /). [Ipu nonHon opHeH-
BCEX MATHUTHBIX MOMEHTOB JIOMEHOB 110 1OJIIO
serns Hg pennunna [ = [ [1pn oTKItoueHuN
OCTASTCA TEPMOOCTATOYHAs HAMarHH4YeHHOCTH
R CocraBisiongie ee JOMEHbI YACPKHBAIOTCA
BCTaTtoqHO rayOOKHMH MOTEHUHATbHBIMH sAMaMH.
B gpeanem ycroitunBocTh TRM MOXKHO OXapakTepu-
BEATH KOIPUNUTHBHOI cHoi H.

OpueHTanuy 1 BeJJHYUHBI MATHUTHBIX MOMEHTOB
M., M, B nogpewmieTkax A ¥ B onpejiensitorcs Benn-
smEavMi OOMEHHBIX B3aUMOJICHCTBUI BHYTPH NOJpe-
weToK (anepruu £y n Egp) 0 MeXy NojipetieTKaMu
(£ ;). CymiecTBeHHbIM SBAAETCS TO, YTO BCE ITH Be-
awannbl (Mg, Mg, Eqy. Egg. Eqp) MOTYT H3MEHSATHCS
¢ H3MEHEHHeM TemrnepaTypbl. M3MeHeHHs MOryT
ObITH HACTOJBKO CYIIECTBEHHBIMH, YTO MPH HEKOTO-
poii Temnepatype Komnencaiun Ty B jomeHax gep-
pHMarHeTHKa BO3HUKAeT cHTyanus, korna Mg = M,
1 M =0. 1o oGe croponbl OT T cyMMapHbIit MOMEHT
KakJa0ro jjomeHa Mg OyaeT uMeTh pasIniHylO0 OpPUCH-
TAUMIO B CBSI3U ¢ TeM, uto npu 1> Ty —= Mgz < Mgy,
anpu I'< Ty —= Mgz > M;,. ITO OTHOCUTCS H K CIIOH-
TAHHOW HaMarHU4YeHHOCTH /¢ Bcero (heppuMariuTHO-
ro obpasua (kpusbie /¢(7) N-tuna Heens).

Ipn TepMOHAMATHHUMBAHUM TAKOro (heppumar-
HeTuka B uaTepsane temneparyp Iy < T < T Oyner
BO3HHMKATh HAMarau4yeHHocTh Iy, opueHTHpOBaHHAS
no nanpasnennto H, cnauana no mMepe oxiaxjueHus
ot T yBeNMUUBAIOLIASCS, 3aTE€M NPH NPUOTIAKCHUN
k Ty yMEHbIIAIOLIAsCs, B CBS3M C yMeHbIIeHHeM /g
¢eppumarteruka. [Ipn 7 = Ty HaAMarHM4EeHHOCTD
I, = 0 (puc. 3, kpusas 2). [Ipn panbHeniemM oxXaax-
jennn Hike Ty MOTYT BCTPETHTBCH [Ba Cay4asi, 3a-
BHCAIIUX OT BEJMYHHBI /g JOMEHOB U OT COOTHOLIE-
HUS BEJIHYMH KOIPUUTHBHON CUibl H - 1 HANPsTKEH-
HOCTH BHELIHErO MarHUTHOrO noss H.

Ecau npu T < Ty none H > H¢, TO nipu fanbHen-
mieM oxXJaaxjieHnH Hike Ty HAaMarHHYEHHOCTD OyaeT
BHOBb yBeIMUHBaTLCs B Hanpasaeunu H (puc. 3. kpu-
Bast 3), TaK KaK MarHuTHON sueprun [Hv. rie v —
o0beM JIOMeHa, OyeT AOCTATOYHO /ISl pa3sBopoTa
nomenos 1o Hanpasaeuuio H. A B cayyvae, ecnn none
H < H, TO pa3sBopoOT JIOMEHOB BBHJIY MaJIOCTH 3HEP-
run [¢Hv Gyner HeBo3moxeH, u npu T < T 3a cuer
pocra /s, nanpasnentoit no lgp, GyaeT yBeauunBaTh-
csi I, B anTunapanaensiom no orHomennio k H na-
npasieHun (puc. 3. Kpusas 4).

PaccmoTpennblit npouecc (puc. 3, Kpusble 2+4)
SABJISIETCSE POLECCOM CaMOOOpaleHisi TepMOHamar-
HUYEHHOCTH (heppHMArHETHKA, HMEIOLIErO TeMIIe-
PaTYpPHYIO 3aBHCHMOCTb CIOHTAHHON HaMarHM4eH-
noctu I(7T) Tuna N no Heemnto.

OO6pa30BaBUIAsiCs TEPMOOCTATOUYHAs HAMarHu-
YEeHHOCTb Oy/IeT HAXOAUTbCS B HEPABHOBECHOM CO-

TPYXHWH wu np.

CTOSTHUH U OY/IET YAePXKUBATHCS TOKATbHBIMH JHEP-
reTHYecKuMH OapbepamMi heppruMarHeTHKa.

AnanornuHoe u3MeHenue Ha 180° HanpaBieHust
[ B JTOMEHAX MOXKET NMPOU30IITH 1 3a cueT Audy3un
MArHHTHBIX HOHOB MeXJ1y nojipeteTkamu. [Toatomy
BO3MOXKHO CaMOOOpallleHHe HaMardHu4eHHOCTH U B
pe3yabTaTe XHMHYECKHX MpoLeccoB B (heppumar-
HUTHBIX MuHepanax [Verhoogen. 1956].

3. CAMOOBPAIIEHUE
HAMATHUYEHHOCTHU
[MUKPOUIIBMEHUTOB (ITPUPOJTHBIX
AHAJIOIOB TEMOUWIIBMEHUTOB)

B 1984-1985 ropax B padorax [Tpyxus u jp.,
1984; Tpyxuu u ap.. 1984a] Bnepsbie Mojay4eHo ca-
mMooOpalieHue Ha odpasiax KUMOepInToB U3 anMa-
30HOCHBIX TPYOOK H Ha 0Opasuax Tpannos SAKyTu.
B KuMOepanTax CBOICTBOM camooOpatieHns oda-
AT THKPOUIBMEHNTBI — TBEPJIbIE PACTBOPbI CCPHH
MgTiO;-FeTiO;—Fe,0;. KoTOpbIE, ¢ MArHUTO-MHHEPA-
JIOTHYECKOil TOYKH 3PEHHS, SBAIOTCS MPUPOJAHBIMA
ananoramn remonnbMennToB xFeTiO; - (1 — x)Fe,0s,
rjie X — J0Ja8 MOJICKYISpHON (Ppakiui HIbMEHHTA.
[MoapoGHbIe SKCNepUMEHTAIbHbIE HCCIEIOBAHNS Ca-
MOOOpAIlieHHs] HAMarHWYEHHOCTH O0pa3loB KHUM-
GepIMTOB ANMa30HOCHOH TPYOKH “Mup™ onyGanKo-
Banbl B padore [Tpyxun, Kapaesckuit, 1996]. O6pa-
TUMCSl TeNepb K aHAIM3y HEKOTOPbIX Pe3yJibTaToB
9THUX HCCIEOBAHUIT C TOUKH 3peHHs Hanboiee Bepo-
SATHOrO (pU3HYECKOrO MEeXaHH3Ma camMooOpalleHus
HAMarHUYIEHHOCTH.

Ha puc. 4 npejIcTaBIeHO NOJHOE caMoodpaIieHue
repMonamaraindeHHocTH (TM) 1 TepMOOCTATOUHOM
#amarunuennoctn (TRM) obpasua kumOepanTa u3
TpyOkn “Mup”. Kpusas / nokasbiBaeT 3aBHCHMOCTD
OT TeMIepaTypbl HA4aIbHONH MArHHTHOH BOCIIPHHM-
YHBOCTH K, KOTOpast OOPaTHO MPONOPUHOHANbHA KO-
3puMTHBHOI cune (H-~ A/K, rie A — HeKOTOpasi KOH-
cranta). Cmena 3Haka TM (kpuBas 2) NpOHCXOAHT
npu T, npu KOTOPOIt K JOCTHraeT Makcumyma, a He,
COOTBETCTBEHHO, MuHIMYMa. Kpusas 3 oOpazoBanusi
TRM npu oxnaxjennn odpasua s none H= 0.5 I'c ne-
pexomuT vepes Hylb npu Oonee Bbicokon T (Ha
~100°), uem kpusast o0pazopanus TM. DT0 NOHATHO,
Tak Kak B cocrase TM ecTb ellie HHAYKTHBHAsE Hamar-
HUYeHHOCTB KH., Beerjia HanpasaerHasi no nonto H.

Y psjia o6pasuos TpyOkn “Mip” HabmonaeTcs
anomanbHoe noseaenne NRM. Ha puc. 5 nokasaHo
nuKanueckoe pasmaranunsanue NRM B orcyTerue
nonst (H = 0). Buano, uto npu Harpese (Kpusasi /)
NRM yBenn4uHBaeTcs, a He YMEHbIIAETCA, KaK 10K~
HO OBITH C TOYKH 3peHnst (PH3HKH MarHUTHBIX sBJIE-
uuit. Kpusble 3 14 BbIXOIAT B OTPHIATEIBHYIO MOy~
MI0CKOCTh. SlcHO. uTo Takoe noseaenne NRM cesiza-
HO CO CIIOKHBIM XapaKTepoM e HaMarHH4HBAaHUS B
NpHpOJie B TeYeHHE MHOTHX MIITHOHOB JICT.
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1.107°Ic

Puc. 4. CaMo0GpalleHHe MOJHON W OCTATOUHOI TEPMO-
HAMArHHYEeHHOCTH cojlepXkallero (eppuMarHuTHbIC MH-
KPOWIBMEHHTBI (MPHPOHbIE AHATOTH FEMONILMEHHTOB)
ofpasia KuMGepanTa n3 SIKYTCKOI alMa30HOCHON TPYO-
ki “Mup” npu ero oxaaxaennn or 350°C no 7 = 20°C s
none H = 0.5 I'c. ] — kpuBasi H3MEHEHHS HAYAJIBLHON Mar-
HHTHOM BOCIPHHMUYHBOCTH MIPK Harpese obpasua B nojie
H; 2 — kpupasi 0Opa30BaHHs TePMOHAMATHHYCHHOCTH
1pu oxJaxaeHnn odopasua s none H = 0.5 I'c; 3 — kpupas
TemnepatypHoit 3asucumoctu (T3) TepmoocraTouHON
namaruuueHHocTu [,4{7T), nonyyennas npu Harpese 00-
pasua; 4 (nyHkTHpHas JuHus) — Kpusas 13 Tepmoocra-
TOYHOM HamarHuueHHocTn [ {T). nonyyeHuas npu ox-
Jaxjennn obpasua.

Ha puic. 6 npejcrabaenbl 3aBHcHMOcTb %(T) (Kpi-
Basi /). 3aBHCHMOCTH NaplHAIbHbIX TEPMOOCTATOY-
Hbix HamarumvenHoctein PTRM (ot aura. “partial
thermoremanent magnetization™) OT TemMIepaTypbl pu
oxnaxaeHun oopasua B nosne H = 0 (kpusbie 2-13). a
Takke Bennuntbl 1 Hanpasnenus PTRM. nonyuyennbie
B pa3HbIX TEMMEPATYPHbIX HHTEPBAJIAX MPH OXJIAXK]IE-
unu B H = 0 (m3mepennst nposojiuuck npu 7= 20°C).

OO0GpaTiM BHIMAHHE HA TO, YTO NEPEXOJI OT OTPHILA-
TenbHbIX PTRM K NOIOXKHTEIbHBIM TPOHCXOIUT MPH
TeMIepaTrypax, MpH KOTOPbIX Ha0/IIOfaeTCs pe3Koe
yBeJIMUeHHE X (A CIeIoBaTEeNbHO, YMeHblIeHne ).

Ha puc. 7 npejicTaBieHbl KpHBbIE pa3MarHiuHBa-
HHsl MOJIOKUTENBHBIX H OTpHUaTeAbHbIX PTRM B ne-
peMeHHOM MarHuTHOM nosie H vacroron 50 ['u. Buano,

OUBUKA BEMIIM Ne 2 2006

n
N

I/I max
nen

1.0

600
L2C

Puc. 5. ukianueckoe TepMopasMariiuMBaHHe €cTecT-
BEHHOM OCTATOYHON HAMarHHYEHHOCTH [, coflepKallero
heppuMarduTHbie MMKPOMILMEHNTBI (IPUPOJIHbIE aHa-
JIOTH FeMOHIbMEHHTOB) oOpa3iia Kumbdepaura u3s JAkyr-
CKOM aIMa30HOCHOH TpyOKH “Mup” B none H = 0: / — na-
rpes obpasua go 100°C: 2 — oxnaxpenue jo 7= 20°C n
narpes 10 320°C; 3 — oxnaxaeuue 1o T u narpes po T' =
=420°C; 4 — oxnaxjenne 10 T n Harpes j1o0 490°C; 5 -
oxnaxjuenue 1o Iy n Harpes po 600°C: 6 — oOpasoBanne
TEPMOOCTATOHYHON HaMarHHyeHHOCTH [, NpH oxnaxje-
aun ot 600°C o T,

4TO OHH Bee OfiHO(a3Hbl. B ciyuae, ecin Obl HaMarHu-
4yHBanack ByX(azHasi MUHEepaaoruyeckasi CHcrema, To
kpuBbie PTRM(H) Tak:ke 10aKHBI ObIH ObITH ABYX-
dazubiMH.

YiKe npejicTaBleHHbIC KCNEPHMEHTAlbHbIE 3a-
BHCHMOCTH YKa3bIBalOT Ha TO, YTO camMooOpalieHue
HAMArHHYEHHOCTH OCYIIECTBJSAETCSA Ha OJHON MUHE-
panoruyeckoit (pase. Bbiille oTMeuanock, 4To Ha ce-
FOHSIUIHAI JIEHb MPEIOKEH €JMHCTBEHHbBIH OJIHO-
dasupiit (U3NUECKHI MEXaHU3M caMooOpalleHHs
HAMarHMYeHHOCTH FOPHbBIX NOPOA: MeXaHn3M N-THna
Heeuxnst, cBsi3anHbIi CO CMEHOM 3HAKA CHOHTAHHON Ha-
MarHH4eHHOCTH (peppuMarHeTuka /¢ ¢ H3MeHeHHeM
temnepatypbl [Néel. 1948]. 3naunT, camoodpaiie-
HHE B M3YYEHHbIX OoOpasuax NpOUCXOJHT MO Mexa-
Hu3my N-Tuna.

[TpuBejieHHbIE BbILIE JOBOJBI B MOAL3Y OHO(A3-
HOro Mmexaumsma camoooOpaiuenuss N-tuna Heens,
MONYYEHHbIE MPU 3KCMEPHUMEHTATbHOM HCCIe0Ba-
HUH caMOOOPaILeHHst HAMAarHHYEHHOCTH MTHUKPOUJIbME-
HUTOB, SIBJISIOTCS BCe Ke “KOCBeHHbIMH . [ToaTomy, ¢
LEJIBIO MOAYUEHHs] NPSAMBIX JI0OKA3aTENLCTB TOTO, YTO
caMoO0pallleHHe OCYIIECTBASETCS Ha OJHO(pA3HBIX
(heppumMarseTHkax, ObUIH CHHTE3UPOBaHbI OJIHO(A3-
Hble remomnbmeHnTbl B MHCTHTYTE DKCnepumen-
TanbHoi Mutepanorun (Yepnoronoska) [Tpyxun u
ap., 1995].



SoNI N

12
10
11

300 T.°C

Puc. 6. CnekTpbl MapuuaIbHbIX OCTATOUHBIX HAMArHH-
uennocreit /47, 00pasoBanHbiX B MHTepBanax AT = 10°C
u H =1 Tc, n ux reMnepaTypHbIi X0/ 1 oOpasia KHM-
Gepanta u3 SKyTCKOI alIMa30HOCHOI TpYOKH “*Mup™. co-
jlepXaniero (heppuMariuTHbIC MTHKPOHILMEHHTBI (ITPH-
POjiHbIe AHATIOTH reMOMILMEHHTOB). [TpH Kaxk1oM HinMe-
pennn (/—/3) none H BKIIOYAIOCH TOJNLKO B VKa3aHHOM
TeMIepaTypHoM HETepBaie AT, npejbiayiiee 1 nocaeny-
joliee oxJakjieHre oopasua Beaock npu H = 0 no gocru-
wenmo T = Ty n3mepsnack Bemmunna /p. OTaenbubie
kpusble [ A7{(T) 1 ynoOeTBa CMEIIEHbl M0 BEPTHKAIH
APYT OTHOCHTEIILHO JIPYra, OCh HYJIEBOI HAMArHHYEeHHOC-
TH OTMEYEHa YePTOH ClipaBa OT Havyala Kaxk/10#i KPHBOM.

4. CAMOOBPAIIEHUE HAMATHUYEHHOCTH
CUHTE3UPOBAHHBLIX TEMOMIIBMEHUTOB

B npupopsbix 00pasiax ropHbix nopoji Bcerja Mo-
YT CYLLECTBOBATH IBYX H MHOrO(ha3sHble MIHEPAIOri-
yeckue cucreMbl. [103ToMy ¢ MOMOIIBIO 3JICKTPOHHO-
30H0BOrO aHAIH3a ObLT ONMPEJICNEH COCTaB OCHOBHOM
¢pakumn camooOpamaronMxcsi 00pasioB MHKPONIb-
MEHHTOB, COiepKallmxcs B oOpasuax KHMOEpaHTOB
SIKyTCKOI aIMa30HOCHOH npoBuHimm. W b1t cren-
aNbHO CHHTE3MPOBaHbI CTPOro ofiHo(asHbie 0Opas-
bl FEMOHUJIBMEHHTOB aHAJOTHYHOIO COCTABA.

B muccnenoBannom remomnbMennte xFeTiO;
(1 = x)Fe,O; no panubiM MHCTHTYTA 3KCIEPUMEH-
TaJIBHON MuHepanorin (YepHoronoska), ¢ COTPYAHH-
KaM# KOTOPOro ObINI0 BbIMOJIHEHO COBMECTHOE HCCTIE-
JIOBaHHE COCTaBa H MArHHTHbBIX CBOHCTB CHHTE3HPOBAH-
HbIX reMonIbMEHUTOB, X = (.5-0.6. CuHTe3npoBaHHbIe
reMOUWJIbMEHHUTBI HMEJH PA3JHUYHbIE BENHYHHbBI X OT

TPYXUH u np.
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Puc. 7. PazmardnuuBanue B epeEMEHHOM MarHHTHOM N0~
ne 00pa3ioB KumOepauTa 13 SKyTCKON aJMa3soOHOCHOH
TpyOKH “Mup” (cofiepkKaiunx (heppUMarHuTHbIC MHKPO-
HIBMEHHTBI), HMCIOLHMX pasiiyHbIe BEJHUYMHBL MApLH-
ANLHBIX OCTATOYHBIX HAMArHuYeHHocTel [, 7 (0Opasen 1:
H=95I'c: obpasen 2: He = 280 Ic).

0.52 10 0.90 [Tpyxun u gp., 1997]. Hanbonee yeTKuM
a¢pexT camoodpaleHns nojyyeH Ha oopasiax ofi-
HO(a3HbIX CHHTE3UPOBAHHBIX FEMOHIBMEHHTOB C X =
=0.62 (puc. 8) n x = 0.55, a TaKXKe HAa HEKOTOPbIX
Apyrux oOpasiax aHaJorHyHoro cocrasa. Kak BHAHO
U3 pHC. 8 TOUKH KOMIEHCAIHH HAXOANJINCh B HHTEP-
sane 100-200°C. C peTansiMi 3KCHEPUMEHTATbHbBIX
nccaeaoanmii camoodpaiienuss TRM  cunTe3upo-
BAHHBIX FEMOWIBMEHHTOB MOKHO 0O3HAKOMUTBLCA 00-
nee noipodHo B padore [Tpyxun u ap.. 1997].

DTOT IKCMECPHMEHT, MO HALIeMy MHEHMIO, MOJ-
TBEPJINIT HALLIE MPEANONOKEHNE O TOM, YTO KaK B HC-
CNeJOBaHHBIX HAMI TIPUPOHBIX MHKPOUIBMEHHTAX.
TaK ¥ B CHTE3HPOBAHHBIX FeMOWILMEHHUTAX, CAMOOO-
pallieHHe NPOHCXOANT B pe3yabTaTe eicTBus (husn-
yeckoro Mexannsma N-tiuna Heens.

Jlns noayvyeHus JONOJHUTEIBHBIX MOATBEPIXKe-
HUI B MIOJ1B3Y MeXxann3ma N-Tuna u JaJbHEHIIETO Ue-
ceflOBaHus SIBICHHST CaMOOOpallleHUsl HaMarHu4eH-
HOCTH 10 MexaHu3My N-Tumna B lHpOKOM JHANa30He
MarHUTHBIX MApaMETPOB, XapaKTepH3ylommx ¢ep-
pHUMarHUTHBIE BKpaIuieHus 00pa3uoB rOPHbIX MO-
pos. 6e3 HeOOXOAUMOCTH POBE/ICHUS COOTBETCTBY-
FOIIMX IKCIEPHMEHTOB, aBTOpaMHu ObllT CMOJICIHPO-
BaH mnpouecc camooOpaiienus. bbuta nocrpoena
KOMIbIOTEPHASE MOJE]b SIBJIEHHS camMoOoOpallieHus,
ocHoBaHHas Ha opHoazHom mexann3me N-Tuna He-
eJ1si, B paMKax KOTOPOH MOJYYEHbl Pa3JHIHbIC THIIbI
KPHBBIX TEMIEPATYPHOH 3aBUCHMOCTH HAMArHHYCH-
Ne 2
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HOCTH ¢ camooOpatienuem. 3asucumoctn I(T), no-
JIYYEHHbIE B PAMKAX KOMIBIOTEPHOH MOJIENIH, KA4eCT-
BEHHO COBMAJAIOT C COOTBETCTBYOIIMME 3KCNEPH-
MEHTAJILHBIMI 3aBHCHMOCTsIMH. PacemoTpum Gosee
MOIPOOHO PE3yIbTAaThl YHCAEHHOTO MOJEIHPOBAHHUS.

5. YUCJIEHHOE MOJIEJIMPOBAHHWE
ABIEHUSA CAMOOBPAIIEHWA
HAMATHMYEHHOCTH

5.1. Komnblorepuasi MoJe b sSABJIeHUs
€caMooOpalIeHHsI HAMArHHYEHHOCTH

[Tpu 0O'bSICHEHHH CTYYaeB MOJYYEHHOrO B 1ado-
paTopusiXx caMooOpauieHHs JAEHCTBHEM MeXaHH3Ma
N-runa Heens, npeanonaraercs, 4To ropHasi nopo-
1a. NPOSIBJSIONIAsi CBOHCTBA CaMOOOpaLIEHUS, HMeeT
B CBOeM cocraBe heppHMarHuTHbie 3epHa N-Tuna
Heensi, TO ecTh Takue, Y KOTOPbIX CIOHTAHHAsi Ha-
MarHHYE€HHOCTb MEHSIeT 3HaK C H3MEHEHHEM TeMIIe-
patypsbl (cM. puc. 20). Bpie 0bu10 NOKa3aHO, 4TO
3TO BO3MOKHO TOJIBKO B Y3KOM JIHania30He MarHuT-
HBIX TTApaMeTpPOB, B YACTHOCTH KOHCTAHT MOJEKY-
JASIPHOTO NOJst O, B, onmpepensiionuX BH TeMmnepa-
TYPHOH 3aBHCHMOCTH CIIOHTAHHOH HaMarHH4YeHHOC-
i: THna N, Tuna P n p. (eM. puc. 2).

Pacemorpnm ancaMOsib OJHOOCHBIX OTHOIOMEH-
HbIX HEB3aMMOJEHCTBYIOLUX MeXay co0oi (eppu-
MarHuTHbIX 3epeH N-THna H npoecchl HaMarHH4H-
BAaHHSl TAKOro aHcamOzsl B MOCTOSHHOM BHEUIHEM
MarauTHOM none H. Takoe paccMOTpeHHE MOJICIIH-
pyeT craHfgapTHbIN Ja00PATOPHbIN 3KCNEPUMEHT 110
TEPMOHAMArHUYUBAHUIO (TEPMOpa3sMarHnyHBaHUIO)
oOpasua ropHoi nopojbl: 00pasel rOpHOI MOPOJibI
3aMEHSETCS BblllIEyKa3aHHbIM aHcamOmeM. a mpo-
[eCC TePMOHAMArHHYHBAHUS — PACUETOM COOTBETCT-
BYIOLLIEH KPUBOH TEMMNEPATYPHOH 3aBHCHMOCTH Ha-
maranyeHHoctn (T3H).

B ropnoit nopoje heppruMarHiuTHbIE 3€pHa 3aHU-
MalOT JIMIIb MPOLUEHTBI WIH JaXKe JOJH MPOUCHTOB
oT 00uIero odo’beMa, No3TOMy B3aumopencTsie gep-
PHMArHUTHBIX 3€pPeH MeXy co0O0i MpeHedPeKNMO
Malo MO CPaBHEHHIO C B3aUMOJEHCTBHEM KaXJOro
OT/IEILHOrO 3epHa ¢ HaMarHuuuBaronm nonem. Oj-
HOJJOMEHHbIMU 3€pHA B34ATbl MOTOMY, YTO FOpHbIE
MOpoJbl C TAKMMM 3€pPHAMH YacTO BCTPEUAlOTCs B
NpUPOJE M SABASIOTCS OCHOBHBIMH HOCHTEJISIMU Na-
JE€OMArHUTHON HH(OPMALIIH.

OCTaHOBHMCSI KPATKO Ha OCHOBHBIX NMPHHIMIAX
mojenupoBannsi. Ham yro0HO wucnonb3osBaTh BCe
ypaBHEeHHsI B Oe3pa3sMEPHOM BHJIE, MOITOMY HaMar-
HUYEHHOCTH aHCaMOMs 3epeH M OJHOrO 3epHa HOP-
MHPOBaHbl Ha [g, — CIIOHTAHHYIO HAMArHH4YE€HHOCTH
teppumarnetnka npu 0°K. [TockonbKy 3epHa cun-
TAKOTCS HEB3aUMOJCHCTBYIOUIMMH, TO CyMMapHas
HAMarHAYEeHHOCTh aHcaMOJ1s n 3epeH B TeMIlepaTyp-
Hom Touke T (rae T e [0, 1] - npusejeHHas Temnepa-
Typa, T = 1/T:) onpejenseTcs Kak BEKTOpHas Cymma
2006
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300 T.°C

Puc. 8. Kpusbie Temneparyphoit 3asucumoctn (T3) oc-
TATOYHON HaMarHuieHHocTH Hacbienus [,4(7). Tepmo-
HamarunyeHHoCTH [p(T) 1 TepMOOCTATOYHOH HAMarHu-
uennoct [ (T) oOpasua CHHTE3HPOBAHHOIO FEeMOMIIb-
mennta xFeTiO;z - (1 — x)Fe;O3 ¢ noneit MoJekyaspHon
thpakuun uabmenurta x = 0.62: / — kpusas [,.¢(7), narpes
B H =0 o 400°C; 2 — kpusas I1(7). oxnaxjcHne B noje
H =25 Tc: 3 — xpusas [(T), narpes 8 H = 0 no 300°C;
4 — kpusas I'p(T). oxnaxenne B none H =10 I'c; 5 — kpu-
Bast [,7{T). narpes B H = 0 10 300°C: 6 — kpusas I7{T), ox-
naxaenue B none H =25 I'c: 7 — xkpusasa [,7{T), narpes B
H =0 o 300°C.

COOTBETCTBYIOIINX HAMATHHYEHHOCTEN OT/EbHbIX
3epeH:

n

I (7
l(_”=2’() (7)
1

IS() IS()

HamaruuueHHocThb oTjienbHoro 3epua I(1) nony-
YaeTes Kak MPOEKINs CIIOHTAHHOM HAaMarHN4YeHHOC-
T I;(T) i-0ro 3epHa Ha HanpaBIeHHE BHELIHETO MOJIst
H (puc. 9):

n

I.(7) I(7)
P = Z%cos(ei(t)). (8)

i=1

rie 0,(1) — yron mexay Bekropamu I u H: /(1) on-
pe/iessieTcst COrJIacHO TEOPHH KOJTHHEapHoro (ep-
pumarneTnsma Heens (4)—(5). Ins nanpHennux pac-
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Puc. 9. OpHoocHOe OjiHOJOMEHHOE (DeppPHMArHUTHOE
3epHO B MATHUTHOM noje H. [g — cnonTaHHas HaMaruu-
YeHHOCTh (PEPPHMArHETHKA, COCTABJSIOLIETO 3€PHO:
OJTH — och 1IerKOro HaMarHHUuBanus: (¢ — Yroll Mexjy
OJIH 1 BeKTOPOM HANPSIKEHHOCTH BHEIIHETO MarHHTHO-
ro noss H, 6 — yron mexy sekropamu Ig u H, coorser-
CTBYIOLHIT MHHHMYMY 3HEPIHH CHCTEMBbI.

4yeTOB ypaBHeHHs (4)—(5) OyayT MCHOAB30BATLCS B
npuBejieHHOM BHjle. Beeiem 0003HaveHus:

Ly = lsB = I J+1
ey L Is = —; 8 = —/—, (9
Al gy . 11 Isu ' I 3J

rjae A, U — 107 MarHATHBIX HOHOB B (heppHMarHuT-
HbIX nofpemeTkax A u B cootBeTcTBeHHO (A + [ = 1),
J — BHYTpEHHEE KBAHTOBOE YHCIIO.

C y4eToM BBEJICHHBIX O0O3HA4YeHUN YPABHEHMHSI
(4)—~(5) nepenuiuyTcs B BHJIE:

Iy = B/(;(gﬁ'iu - éiw))

I = BJ(‘%(%iSB - g%in))

is = }»is.A + Ll.l.s‘u.

Isa =

(10)

(I

Ypasueuns (10)—(11) onpenensitoT Kak BeIH1N-
Hbl, Tak 1 3HaK# Ly, (1), L), Ii(T). B cnyyae ancam-
0151 OIMHAKOBBIX 3epeH [¢(T) = [{(T).

Yrona 0,1) — 210 yroa mexay I¢(t) u H (puc. 9), npu
OMpeAeIeHHOM 3HAYE€HHH KOTOPOTO MOJHAsH SHePrust
OIHOOCHOTO OJIHOJOMEHHOTO (peppHMArHHTHOTO 3¢p-
Ha BO BHEIIHEM MAarHUTHOM MOJI€ CTAHOBHTCS MIHH-
MmanpHOH. [lonHasi 3Heprust NpejacTaBiasieT COOOH
CYMMY 3HEPrHi OJIHOOCHOH AHH30TPONUH (POPMBbI.
HEPrHH MArHUTHON KpHcTasaorpauveckon aHu-
30TPOIMHHN H IHEPIHH MATHHTHOTO MOMEHTA BO BHELI-
HEM MarHuTHOM none. [110THOCTh NOMHOH SHEepPrun

TAKOI CHCTEMbI BbIpaXKaeTcsi CIeAYIoMmUM 00pa3om
(ypaBHeHHe B Oe3pa3sMepHOM BHJIE):

: E(t)  Ex(t) Ex(t)  Eu(v)
E(T)—_- = + -+ —
El) Eﬂ E() E()
ATADNE 5
—l“'( ‘S(T)) cos (@ —6(1)) -
Ho\ I
| (12)
Ky MY e (b — _
,WH“ +|(p(0)) ) cos’ (0 - 8(1))
i
——J 5(T)H—lﬂcos(6(‘t)).
ISO 0

@ K . 3
e E,. E.. Ej — NIIOTHOCTH 3HEPruii OJHOOCHOMH
aun30Tponui (popMbl, KpHCTanaorpaduueckon anu-
30TPONHH H MATHHTHOIO MOMEHTA B MarHUTHOM I10-
ne H coorsectsenno: E, = I Hy, Hy=1T¢c: ¢ —yron
mexy BekTtopoM H 11 ocbio 1erkoro HamMarHuIMBa-
uus (OJTH). K, — nepBasi KOHCTAHTa aHM30TPOIHUH
npu Temneparype adbcomoTHoro Hysi. Besne nanee
MJIOTHOCTH IHEPTHH AaHW30TPONUH (POPMBbI, IHEPTHH
MarHuTHON KpHCTAnaorpauyeckon aHu30TPOIIHH 1
CYMMAapPHOI1 3HEPrUH AaHH30TPONHUH (MArHUTHON KPH-
crannorpauyecKoil aHU30TPOIMU W AHW30TPOINUH
copmbi) OyayT obo3nadatbes E¥, EX u E, cooTBeT-
CTBEHHO.

¥Yroa 6,(1) onpefensieTcs Npu COBMECTHOM peliie-
uuu (12) 1 caeayroiei CHCTeMbl YPaBHEHHUIL:

JE(T)
=0
L) ’
e (13)
d E(“L‘)>O
00"

Kaxjoe KOHKpeTHOe 3HaveHue 6,(T) 3aBHCHT OT
cooTHOeHNst MeXKAy |E 5| u |Ey| nan, uto TO XKe ca-
MOE, MEXKJY HAMPSIPKEHHOCTHIO HAMAarHHYNBAIOILETro
nons H u KO3pUHTHBHONI CHIOM 3epHa H ., KoTOpas
ABJISIETCSl IHEPreTHUYECKNM GapbepoM, MPensiTCTBY-
oMM Hamaranunsannio. Hamarununsaune deppu-
MATHHTHOTO 3€pHa MOHMMAETCA KaK Pa3BOPOT BEK-
TOpa CHOHTAHHOI HAMATHHYEHHOCTH OT NOJOKEHHs
sroab OJIH B Hanpasiennn nons (puc. 9).

Teopernuyeckne T3H ancamOnsa deppumaruut-
HBbIX 3€peH PacCUHTHIBAJIMCH MNPH HCIONbL30BAHHN

ypasuenuit (7)—(13). TTpu pacyerax yrabl @, i = 1.7,
1€ 1 — YKCIIO 3epeH ancamOJIs, 3aJlaBajiuCh U3 inana-
30Ha 3Hauenun [0, w/2].

Pacuernbie T3H cOOTBETCTBYIOT 3KCIEPHMEH-
TanbHbIM 3aBucHMocTaM [(7). B cocTas ropHbix no-
POl BXOJISAT. KaK MpaBujio, (peppuMarHuTHbIE 3CpHA
Pa3HOrO XHMIYECKOTO COCTaBa, a 3HAYMT, XapaKTepu-

OU3UKA BEMIIM Ne 2 2006
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Puc. 10. TemnepaTypHbie 3aBHCHMOCTH HAMarHM4eHHOC-
TH THNa | (kpuBasi /) v THna 2 (kpusasi 2) ancamoJis 011~
HAKOBBIX OJIHOOCHBIX OJIHOJIOMEHHbBIX (hepPHMArHHTHLIX
3epeH B “ciatoM” i CHIBHOM MarHHTHBIX noasx (Hy u
Hg1 COOTBETCTBEHHO).

3yIOLIHECS Pa3sHbIMH KOHCTAHTAMH MOJEKYJISPHOrO
nosst o, B. 1o TakKe ObUIO YUTEHO NMPH pacyeTax.

5.2. Pe3yabTarhbl YHCIIEHHOTO MOJEIHPOBAHUSA
ABJIEHHS] CAMOOOPAIeHHs] HAMATHHYEHHOCTH

Tenepb oOpaTnMcest K pe3yabTaTaM KOMIbIOTEp-
HOTO MOJIETHPOBAHHS H PACCMOTPUM CIy4yai aHcaMm-
On1s1 OMHAKOBbIX (heppuUMarHUTHLIX 3epeH. Bee ma-
TEMAaTHYEeCKHE YPABHEHHSl, HCIONb30BAHHBIE TPH
MOJIE/IMPOBAHHH, NMPUBEJCHbI K Oe3pasMepHOMY BH-
1y, W HaNpsiKEeHHOCTh MAarHUTHOrO MOJSI TOXE HOP-
MHpOBaHa, a noromy Oe3pasmepna. [ToaTomy BBO-
JSTCS MOHSTHS ““c1adoro noast” n “CHALHOTO NnoJjsi .
CnabGeiM HazoBem none Hy (ot aura. “weak”. cna-
Oblil). HAMPSIKEHHOCTHL KOTOPOTO MEHbIlIe KOIPLUH-
THBHOW CHJbI aHCamMO1s1 3€pPEH BO BCEM paccMaTpuBa-
€MOM TEMIIEPATYPHOM iHaNa30He, HIH [P KOTOPOM
|EA| > |Ey| Takxke npu BeeX 3HaueHHsiX Temneparyp.
A CIUIBLHBIM Ha3biBaeTcs none Hg (0T aHra. “'strong” —
CHIBHbIN), U151 BEJIHYHHBI HAMPSKEHHOCTH KOTOPO-
rO BbINOJHSIOTCS 00OpaTHbIE COOTHOLIEHHS, TO €CTh
H>Hgn|E,| <|Ey)

B cnabom none Hy (eMm. puc. 10, kpuas /) nony-
yaercs T3H tuna 1, KoTopas xapakrepusyertcs
eIMHCTBeHHON Toukoi KomneHcauun (TK) n nanu-
uneM apdekra camoodpailenns. B cuabHoM none
Hgr 3thdekT camooOpanienus nponajaet, HO TK co-
xpansietcs (eM. puc. 10, kpusas 2). 3to T3H Tuna 2.

OU3UKA BEMIIM N 2 2006
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Puc. 11. Temneparyphble 3aBHCHMOCTH HAMAarHHYEHHOC-
TH THIA 3a aHcamOI18 OIHHAKOBBIX OIHOOCHBIX OIHONIO-
MEHHBIX (DEPPHUMATHHTHBIX 3€PEH, NOJIYUCHHbIE PH pas-
HbIX 3HAYEHUAX HANPSKEHHOCTH BHEIIHETO MAarHUTHOTO
nons (Hy < Hy < H, < Hy<Hgr. rite Hy—"“cnaboe™ none,
Hgp —“cunpnoe™ none).

kotopas Bmecte ¢ T3H tuna 1 o6pasyeT aBa Kinaccu-
4eCcKHX npejenbHbix cayyas. Ho, B pamkax mopuenu,
nony4ena eute u “nepexopnas” T3H wmn T3H Tina 3.
T3H Ttuna 3 nonyyaercs B nonsax Hy < H < Hgp n xa-
paKkTepHU3yeTCcs ABYMsl TOUKAMH KOMIIEHCAllUH U Ha-
auuneM 3¢ ekra camoodpauienns (puc. 11).

KonkpeTusiit suj T3H THna 3 3aBucut oT cOOT-
Howiennsi B (12) Mexjy BeJIHYMHAMH TMJIOTHOCTH
sueprun anusorpornn dopmsl |EY| n nnorHocti
HEPriH MarHUTHOH KpHCTAMI0rpauyeckon aHu-
30TPONHU |EK|. a 3TO COOTHOLIEHHE, B CBOIO OYepPeib,
3aBHCHT OT KOHKPETHbIX KOHCTAHT BELIECTBA, B YacT-
HOCTH, OT 3HAaY€HHH CIOHTAHHOH HaMArHHYEHHOCTH
ls, 1 nepBoil KOHCTaHTbl anusorponuu K, npu 0 K.
B cnyyae passbIX (peppUMArHeTHKOB BbILLEYOMSI-
HYTbI€ KOHCTAHTbI BEIECTBA MEHAIOTCS B JOCTATOY-
HO wwwmpokom auanasone: 10 e < Iy < 10° I
10* apr/em® < K £ 10° apr/em®. [Ipu onpejiesieHHbIX
3HAYCHUSAX KOHCTAHT BEIIECTBA BO3MOXKEH Clydai,
KOrJla 3HEpPrusi OJHOOCHOH AaHW30TPOMHN (POPMBI
npeodnajaeT Hajl SHEPruell MarHHTHOH KPHCTAJIIO-
rpacuueckoit anuzorponuu |E®| > |EX|. B atom cny-
gae nony4daercs T3H tuna 3a (em. puc. 11). B o6par-
HoMm ciyuae (|E®| < |EX|), nony4aercs T3H tnna 36
(cM. puc. 12), KOTOpasi XapaKTepu3yeTcst ABOHHbIM
caMOOOpallleHHEM.

Crnepyet 3ametutsb, uTo ase TK na xpuson T3H

THIA 3a UMEIOT NPUHUHIHATBHO Pa3HYIO NPHPOJY:
6onee BbicokoremnepatypHas TK cBsizana ¢ u3me-
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Puc. 12. Temneparyphasi 3aBUCHMOCTb HaMarHH4YeHHOCTH
THna 30 ancamOuis OIMHAKOBBLIX OJIHOOCHBIX OJHONOMCH-
HbIX (heppPHMArHITHBIX 3¢peH B MaruuTHOM none H (Hy <
< H < Hgr, rie Hy—"“cnaboe™ none, Hgp—"“cuibHoe™ nosue).

HenueM 3Haka [ ¢peppumarteTnka tuna N, a nanu-
gue Bropoit TK cBsi3aHO ¢ npoueccaMu HaMarHuyn-
Bauusi ancamOus 3eper. T3H Tuna 3a nassana “ne-
pexofHoil”, Tak Kak npu H > Hy ¢ ypennuennem H
donee nuskoremneparypuasi TK kpusoit T3H tuna
3a caBHraeTcs BIEBO MO TeMIepaTypPHOH OCH, 10 TeX
nop. noka H ne cranet paBHo¥ Hg u kpusas T3H
MOJHOCTBIO HE MEpelieT B MOJOKUTENbHYIO MOy-
MJI0CKOCTh, TO ecTh T3H THna 3a ne npeBpaTHTCS B
T3H Tuna 2.

PaccmoTpum jjaniee aHcaMO/b (peppHUMarHuTHBIX
3epeH N-Tuna, KOTopble XapakTepU3yIOTCs pa3HbIMH
BEJIMYMHAMM KOHCTAHT MOJEKYJISPHOro noas o, f.
T3H tuna | HHUEeM He OTANYAETCA OT ClyUast aHCaM-
6551 oauHaKoBbIX 3epeH, Tonbko TK He asasercs TK
KOHKPETHOTO 3epHa aHcaMOuis, a sBJSICTCS HEKOH
cpeaneit TK. A Bor T3H Tuna 2 mensie BHI: npona-
[laeT TOYKA KOMIIEHCALHH. YTO CBsi3aHO ¢ 3hekToM
ycpensennsi (cM. puc. 13). B HekoTopbix paborax
NPOBOJSIT TECT Ha BbisiBAeHHE 3epeH N-THIA, OXKnjlas
NoAy4YuTH Ha OOpa3slie FOPHO¥ MOpOAbI, Odn1ajalo-
meii cpoiictBamu camooopatenusi, T3H tuna 2 B un-
crom Bujie. U B cayuae, korjga TK He pocTuraercs
(kak Ha puc. 13), nenaercs BbIBOJ O TOM, 4TO 3¢pHa
N-Tuna B oGpa3siie OTCYTCTBYIOT U OIHO(a3HbIN Me-
xanusm N-tuna Heensi, Kak OTBETCTBEHHbIH 3a Ha-
omopaemoe camooOpamenne TRM, nckmrovaercs,
4yTO MOXeT ObITh OIMOKON. Bakno oOpaTuTh BHU-
manue Ha popmy T3H Tina 2 nas ancamOs pasHbIx
3epeH: KpUBas HMEET BOIHYThIH BH]L.

g ~
o ——-1(D)/l,
N —— I,(T/l g,
0.25 —-=1(T)/lg
7 H W [4(7')/15(,
0.20 - — I5(T/I
—— IX(T)/IS()
0.15
0.10
0.05
S e T : )
0.5 0.6 0.7 0.8 0.9 T/T,

Puc. 13. Bepxusst KpuBasi COOTBETCTBYET TeMIepaTyp-
Holi 3aBucHMocTH Hamarupvennocru (T3H) tuna 2 an-

} :5
cambna n = i=1 Ili OJIHOOCHBIX OJJHOJOMEHHBIX (t)ep-

PHMArHHTHBIX 3¢PEH Pa3HOTO XMMHYECKOr0 cocTaBa (Xa-
PaKTEPH3YIOLIHXCS pasHbIMH KOHCTaHTaMH
MOJEKYJISPHOTO 1o ¢, P, Toukoi Kiopu 7¢; u Toukoi
KoMMeHcanuei ;) 1 gBAAeTCA CyNepro3uiiei Beex Hi-
SKHHUX KPHBBIX, Kaxkas n3 KoTopbix coorsercrayer T3H
ancam0/15t n; OJIMHAKOBBIX (DepPUMATHHTHBIX 3epeH. T —
MakcuManbHas u3 Beex Ty Touka Kiopu.

B patore [Tpyxun u ap.. 1997] ormevanock, 4To
Bce Ge3 HCKJIIOYeHHs KpUBble TepMOpa3MarininBa-
uust NRM., cHsaTble ¢ 00pa31i0B CHHTE3HPOBAHHBIX I'e-
MOHJIBMEHHTOB, KOTOPbIE BIMOCIEICTBHH IEMOHCTPH-
posasn camooOpatiene TRM npu TepMoHamMaruu -
BAHMH, TAKXKE HMEIH BOTHYTbIN Bui. Db cuenan
BbIBOJI O TOM. YTO HMEHHO BOTHYTbIN BUJI KDHBOH Tep-
mopasmarauunBabns NRM., a ne namnune TK, ceupe-
TETBLCTBYET O TOM, 4TO 0Opa3ibl O0Maal0T CBOICTBA-
MH camMooOpallieHHs. DTOT BbIBOJI MOATBEPKAACTCS
pe3yabTaTaMi MOJETHPOBAHUSL.

T3H tuna 3 (3a u 30) heppUMarHiTHLIX 3€PeH ¢
pa3HbIMH O 3 MOKeT 001aaTh KaK JABYMsi, TaK H. B
pesyabraTe 3(heKTa YCpeaHEHHs, €INHCTBEHHOM
TK (cMm. puc. 14).

6. COITOCTABIIEHUE PE3YIJIbTATOB
YUCIEHHOTI'O MOJEIIMPOBAHWA
C TAHHBIMU SKCITEPUMEHTA

[TpoBesieM HEKOTOPOE COMOCTABIEHHE MOJYYCH-
HbIX PE3yJIbTATOB MOJCIHPOBAHHS C IKCHEPHMEH-
TaabHbIMH JaHHbIMI. Ha puc. 15 npusejieHb! KpuBble
tepmopasMaranuusanns TRM oGpasua u3 knmoep-
ANTOB SIKYTCKOIT alMa30HOCHOM TPYyOKH “Mup™, co-
IEPAKALIEro NPHPOHbIE AHAJOTH FeMONIBMEHHTOB
[Tpyxun, Kapaesckuit, 1996]. Kak caeayeT u3 pucyH-
Ka. C yBeIHYEHHEM BETHYHHbI HATIPSKECHHOCTH MO
TK caBuraeTcst BIeBo MO TeMHepaTypHOH OCH MOKa
T3H (8 nosie H =4 ') NOMHOCTBIO HE MEPEXOUT B 110-
JIOKHTETBHYIO ONYIIOCKOCTh. Takue Xe pe3ynbTarbl
2006
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Puc. 14. / — TemnepatypHas 3aBHCHMOCTb HaMarHu4eH-
nocti (T3H) tina 3a ancamOG:s ny OIMHAKOBBIX OJIHOOC-
HBIX OJJHOTOMEHHbIX (DePPHMATHHTHBIX 3epeH (XapaKTe-
PH3VIOIMXCS KOHCTAHTAMH MOJICKYJISPHOTO noss oy, )
B none H (Hy < H < Hgy. rae Hy —“cnadoe” none, Hyy -
“cunbioe” none): 2 — T3H tnna 3a ancam6as ny oHo-
OCHbIX OJIHOOMEHHBIX (PePPHMATHHTHBIX 3¢PEH B M0J1¢
H (xapakTepusyiomuxes o). B,); 3 — cynepnosuuus
kpuBbIX / ¥ 2: T3H Tuna 3a aucamons n = ny + n; pas-
HOCOPTHBIX OHOOCHBIX OJHOIOMEHHBIX (hepPHMATrHUT-
HBIX 3epeH B nose H (n) 13 KOTOPLIX XapaKTepH3ylOTCs
KOHCTQHTaMH MOJEKYJISPHOrO moast oy, By. a apyrue n,
3epeH — O, Bs).

nosyyeHbl Npu Mosiennposannn. Hanbonee sprkoBbi-
paxxennast T3H tuna 3a nony4nnack Ha TOM Xe 00-
pasue [Tpyxnn, Kapaesckuii, 1996] npu ero tepmo-
namarupuuBannn B nose 0.5 I'c (em. puc. 4). Bropas
TK crporo He pocTuraeTcsi, HO HaOMIOAAeTCs: COOT-
BETCTBYIOIIIAs TeHIeHIMs. B paMKax npeanoxeHHon
MOJIETN 3TO MOKHO OO'BACHATH 3(hheKTOM ycpeHe-
HUSl N3-3a HaZnuns B oOpasie pasHOCOPTHBIX (hep-
PUMArHUTHBIX BKPAraeHHIl.

Bce npuBejieHHble Ha pHC. 8 KpHBbIE TepMOpas-
MarHMYMBAHHS M TEPMOHAMArHHUHBaHHA 00pa3LoB
CHHTE3UPOBAHHBIX FEMOHJILMEHHTOB (KpOME NEepBO)
coorBetcTBytoT T3H THna 1.

T3H Bcex Tpex THNOB ObLIN MONYYEHbI B 3KCIE-
pUMEHTE pa3HbIMU aBTOpaMu, B ToM uncie T3H Ti-
na 30 Oblaa noayveHa, Hanpumep, B padote [Bacuib-
e, Tpyxun, 2004] na MopnuHpOBaHHONH OepaHH-
ckoi rnasypH (Nig»»Mng g0Fe 15); 5[Cr(CN)y] - 7.6H,0.

WTak, B paMKax BBIIICONHCAHHON KOMIIBIOTEP-
HOH MOJICJIH SIBJCHHS CaMOOOpALIEHHs MOJYYEHbI
kpuBblie T3H, KoTopble KaueCTBEHHO COOTBETCTBY-
0T MHOTHM HaOMI01aeMbIM B 1a0OpATOPHSIX H ONyO-
JUKOBaHHBIM B IuTepatype Buaam Kpusbix T3H ¢
2006
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Puc. 15. [Innamuka nojasiaeHus camooOpatiieHusi Hamar-
HHYEHHOCTH cojlepXKauiero (eppuMardiMTHbIC HMHKPO-
WILMEHHTBI (IPUPOJIHBbIE AHAJIOTH FeMOHJIBMEHHTOB) 00-
pasia KuMOepanTa u3 SKyTCKON aaMa30HOCHOH TPYOKH
“Mup” npu yBeJaHUCHHH HANPSKEHHOCTH MArHUTHOIO
nons Hor 0.2 04 I'c.

camooOpauienieM. [Ins ux nonydenusi ogHocaszHas
Mojenn camooOpatenus no mexanusmy N-runa He-
eJisl OKa3anach JocTaTouHON. [ToaTOMY BIONIHE BO3-
MOZKHO, 4TO OfAHO(A3HBII MEeXaHH3M caMooOpaillie-
st Heens siBasieTest IMPOKO pacnpoCTpaHEHHBIM B
npupojie. Bo3MOXKHO Takxke. 4TO B OOJBIINHCTBE
BCEX 3apErUCTPHPOBAHHBIX cay4dasX J1adopaTOpHO-
HH/IYLHPOBAaHHOIrO caMooOpalleHus, 1axe B TeX, rje
ABTOPBI NPHJICPKUBAIOTC MHOTO(DA3HbIX MEXaHU3-
MOB caMOOoOpalleHus 171 00 bsACHEHNS HAOMI0JaeMO-
ro sIBJIEHHs, IMEHHO OiHO(pa3HbINH Mexann3m N-THna
MOTI" ChIFpaTh PELIAIOIIYIO POJb U CTATh NPUUYHHOH
camooOpalleHus.

CaeayeT NoOAYEpKHYTh, YTO HAJIH4YHE JBYX pa3-
JUYHBIX 110 COCTaBy MUHEPAJTOrHyecKux (a3 BHYTpH
peppuMarHUTHBIX 3€peH FOPHOH MOPOJbI HEIOCTA-
TOYHO, YTOObI YTBEPXKAAaThb, YTO B3aUMOJICHCTBHE
(a3 orBeTCTBEHHO 32 camooOpaiiieHue. 3epHa MOTyT
ObITh Mﬂorocba'sﬂbmu. HO 3a camooOpalieHHe MoO-
KET OTBEYaTh TOJbLKO €IMHCTBEHHas (pa3a u caMo-
o0pauieHHue BMOJHE MOXKET MPOHCXOAHTH B Pe3yilb-
TaTe AeHCTBHS OIHO(A3HOrO MEXaHU3Ma.



62 TPYXHUH n ap.

Cnop o “HacrosiieM”’ MeXaHHu3Mme camooOpariie-
HHSI HAMATHHYEHHOCTH TOPHBIX NOPOJI MPOJOIKAET-
s BOT yke Oozee nonayseka. HacTHUHO ITO CBA3AHO
C OYEHb CJIOXHBIM COCTABOM TOPHBIX MOPO/: BbISIB-
JIEHHE MHHEPAJIBHOI (pa3bl, OTBETCTBEHHOI 3 CAMO-
oOpaiieHne — 3T0 3ajlava, He BCer/ia MMeIoL1as OJIHO-
3HayHOe pelueHne. Ha cerogusiunmii AeHb, 110 Hale-
My MHEHHIO, JOCTaTOYHO OOOCHOBAHHBIM ABISCTCA
TONBKO BbIIIEOMUCAHHBIA (PU3NYECCKHI MEXaHH3M
camooOpatuenns N-tuna Heens.

7. BAKIIIOYEHUE

B craTbe NpeACTaBAECHbI JeTalbHbIC IKCHEPH-
MEHTAbHbIE H TEOPETHUYECKHE HCCIENOBAHMs SBJIC-
HUS CaMOOOPAIIeHNs HAMarHMYeHHOCTH, KOTOpoE,
NOMHMO (PH3HYECKOT0, IMEET 1 raodanbHoe reou-
3MYECKOE 3HAUEHNE, TAK KaK SBISIETCA albTePHATHBON
uHBepcHsiM reomaruiTHoro nons (FMIT). Tlaneomar-
HUTHAS! [IKAJ1a HHBEPCHIl HCHIONb3YeTCsl B reousmke n
reONOrHH JINISi COBPEMEHHbIX TFeOTEKTOHMYECKHX U
reoMHaMHYECKHX ITOCTPOCHHI, KOTOpPbIE OTpaxKa-
FOT 9BOJIONMIO BHYTPEHHNX Heap n anka 3emmn. Cy-
IIECTBOBAHNE HMHBEPCHIT JOIKHO OKa3bIBaTh OYCHb
Gonblloe BAHsSHEE Ha 3eMHYI0 aKonoruio. [Tocrpoe-
uune Teopun revepaunn 'MIT Takke CyLIeCTBEHHBIM
00pa3oM 3aBHCHT OT TOTO, HACKOIBLKO HAIEKHO OY-
JIET YCTAHOBJIEHO CYIECTBOBAHUE M KOJHUECTBO MH-
sepenit [MIIL.

B macrosiiiee BpeMsi B reousike OOLIEenpHHs-
TOl SIBASETCH KOHIEMIHS, COrNIacHO KOTOPOH CaMo-
oOpailleHie HaMarHMYEHHOCTH TOPHBIX MOPOA HE
OKa3bIBAET CKOJIbKO-HUOYL CYLIECTBEHHOIO BIIHSI-
HHSI HA KOJTHUYECTBO HHBEPCHIL, KOTOPbIE 3a(hUKCHPO-
BaHbl B MHPOBOIT MArHHTOXPOHOJIOTHUECKOM IIKaJe.
OnHako yke OblIH clydau, KOrja panee onpejeieH-
Hble HHBEPCHH, OKa3bIBAJINCh PE3yJbTaTOM CaMO00-
pallieHHs HAMArHHYEHHOCTH FOpHbIX nopop [Jacobs,
1994]. Mbl cudTaeM, 4TO B CBA3H C TEM, UTO MOJSAP-
Hocts 1 uaBepcun 'MIT onpenensitoTes no Hanpas-
aenuto NRM nopojt, npodaema caMooOpalleHist ume-
€T BaXHOE HayuHOe 3HauenHe. Kak H3BeCTHO, NpUpo-
J1a YCTPOEHa TaK, YTO Ha MOBEPXHOCTH 3eMIli BMeCTe
¢ MarMoii u3BepraioTrcs (peppuMarHiTHbIC MHHEpa-
71, a heppHUMarHeTHKH ONPEEIeHHOro coCcTaBa 00-
NafaloT CBOMCTBOM camMooOpatieHist. 1o Oblno 00-
HApYXXEHO M HCCIEJIOBAHO BO MHOTHX J1a00PaTOPHsiX
mupa. [103TOMy eCTeCTBEHHO, YTO He BCe 00OpaTHO
HAMArHHYEHHbIE MOPOJibI OY1yT HECTH HH(POPMALHIO
00 odpatnoit nonsipuocTn MIT. B TO ke BpeMsi Mbl
HU pa3y He HMeNH H He OyJeM HMETh BO3MOKHOCTH
nceneoBath HenocpeicTBenno nupepenu 'MII, Tak
KaK CpejiHsisi NPOJOIKHTENBHOCTL HHBEPCHH — OKO-
10 5000 ner.

Onunako. H3y4das camMooOpallieHHe HaMarHuyeH-
HOCTH M (PH3MYECKMIT MEXaHHW3M 3TOro mpouecca.
MOKHO CfIeJ1aTh BbIBOJ O PACPOCTPAHEHHOCTH 3TOrO
npouecca B MPUPOJIE. @ TEM CAMBIM O PAaCTIPOCTPAHCH-
HOCTH aNbTEPHATHBHOTO MY NPOLECcca HHBEPCHIL.

[TpoBejieHHbIC HAMI HCCIEIOBaHHS (PH3HYECKOTO
MeXaHH3Ma caMoOoOpallieHHsi Ha PUPOHBIX (heppH-
MarHeTHKax TOPHbIX MNOPOA H CHHTE3HPOBAHHbIX
(beppuMarHe THKAX MOKa3bIBalOT, YTO Hanbonee Be-
POSITHBIM 1 Hanbonee “(OH3HIHBIM™ (PH3HIECKUM Me-
XaHU3MOM  CaMOOOpallleHHss  SABIAETCS  MeXaHH3M
N-tuna Heensi. cBsi3aHHbIA CO CMEHOI 3HaKa [ IBYX-
nojpeieTouHoro (eppumarnetuka. OdMeHHbIe B3a-
UMOJIENICTBUSE BHYTPH OTAEJBHBIX MOJAPEIIETOK H
MeXKJly MOJpeIIeTKAaMi XapaKTepPHU3YIOTCsi OOJbIIH-
MH BeJHYMHAMH 3HCPrHH, U TPYAHO MpPEACTaBUTL B
MUHEpaJie IPYroi MeXaHu3M B3aHMOJICHICTBHS, KOTO-
pbIit MOT Obl ObITH HEPreTHUECKH OoNee KOHKYPEH-
TocnocoOeH, yeM Mexaunsm N-Tumna.

JIns Toro 4roObl PaclIMPHTbL BO3MOXKHOCTH HC-
CleloBaHMsl KPHBBIX TEMIEpPaTYpPHOH 3aBHCHMOCTH
HAMArHUYEHHOCTH camMoo0palaronuxcs o0pasuos
FOPHBIX TOPOJI, KOIHYECTBO KOTOPBIX BCErjla Orpa-
HUYEHO, HaMH OblJIa MOCTPOEHa KOMIIbIOTEPHAst MO-
nens camooOpaiiennst N-tuna [besaesa u 1p.. 2005].

STa MOJIeJb 1aeT BO3MOKHOCTb, 3ajiaBas pasany-
HbIe BEJIMYMHbI OOMEHHbIX B3aUMOJENCTBHI BHYTPH
M MEXJY mnojpenieTkaMu (eppruMarHeTHKa, Hanps-
JKEHHOCTH BHEIIHHX MAarHNTHBIX [OJICH U Pa3JIMYHbIC
JIOJIH MArHUTHBIX HOHOB B MOJIpenieTKax (heppuMarte-
THKA, OJIY4aTh CaMble Pa3HOOOpa3Hble KPUBbLIC TEM-
nepatypHoii 3aBucnmocTi HamMaruudenHoctr (T3H).

C noMOLIBIO MOJIENH HaMm yAaloch MNOJAYYHTH
MPaKTHYECKN BCE MPEACTaBJICHHbIC B JUTEpaType
kpusbie [(T). B ToM uncie u Kpusbie I1(T) Tex aBTo-
POB, KOTOPbIE OObACHSAIOT MOJMYYECHHBIC HMHU CITy4an
camooOpatieHns APYruMu (PU3HUCCKUMHI MEXaHH3-
MaMmil. a He MexaHu3zMom N-THna. DTo yKa3blBaeT Ha
HEKOTOPYIO YHHBEPCATbHOCTb HallIeH MOJICNH, OCHO-
BaHHOI Ha MexaHusme N-THna. A TeEM caMbIM M Ha
OOMBIIYIO PACIPOCTPAHEHHOCTD JICHCTBHS MEXaHU3-
ma N-tuna.

OOpaTtnM BHUMAHHE Ha MEPCNEKTHBbI H3yUCHHs
s¢ppekTa camMooOpalleHus U ero (hH3MIecKoro Me-
XaHHU3Ma.

Ouenb Mano padoT MOCBALIEHO HCCIEOBAHUIO
appexTa cMeHbl 3HaKa [ 3a cueT audpysnn mar-
HHTHBIX HOHOB M JIPYTHX 2JIEMEHTOB KPHCTALITHYEC-
kon pemetku [Verhoogen, 1956]. Itu uccaeposanus
OueHb BaXKHbI, TaK Kak camooOpauienue /¢ MOXKeT
NPOM30MTH HA KAKOM-TO 3Tane MHOTOMHIHOHHOM
3BOMIONNH (hepPUMATHHTHBIX MHHEPaNOB. B pe3yiib-
TaTe fanbHEHNIHX XMMAUECKHX NMpeBpallieHui CBOM-
CTBO caMOOOpallieHIst MOXKET ObITh YTPAYEHO H, H3Y-
yas uepe3 MHIHOHbI JIeT B 1a00opaTopui ropHbIC
MOPOJIbl ¢ TAKMMH MHHEPAJaMH, Mbl MOXEM HE Bbl-
ABHTH 3(hpekTa camooGpaleHus.

JIONOMHUTENBHOTO H3yueHus TpedyeT ek
camooOpaliieHisi HAMarHH4eHHOCTH OCAJI0YHbIX rop-
HBIX MOPOJ. ITO MOKET ObITh CONPSIKEHO € ONpe/e-
AEHHBbIMH TEXHHYECKHM TPYAHOCTAMH H3-3a TOTO,
YTO OCA/IKN CHJILHO MOJBEPKEHbI XHMHYECKHM Npe-
BpallleHUsIM TIPH HATPEBAHHH, HO, TEM HE MEHee. 10~
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NbITKA H3YYEHNST caMOoOpalleHlss HAMarHH4eHHOC-
TH OCAJKOB CIEAYET PErylIsipHO MPOBOAHTHL. ITO B
YACTHOCTH, MOJE3HO I MOCAEYIONIErO CPABHEHHS
acppekTa camooOpallleHHsl Ha U3BEPXKEHHBIX M OCa-
JOYHBIX FTOPHBIX MMOPOJAX H BbISBIEHHA BO3MOXKHbIX
OTIUYHIL.

Takxke abCONIOTHO HE U3YHUEHbI CBONCTBA CaMoO-
oOpalleHnsi BHE3EMHBIX MOPOJI, B YaCTHOCTH METeO-
puToB. Bo Bpemsi majieHust METEOPUTbI CHIBHO Ha-
rpeBaroTCs 3a CHYET TPEHHs, a Mocje NajeHns Ha no-
BepXHOCTH 3emian oHu octhiBatoT B 'MII, nopo6Ho
H3BEPKEHHBIM TOPHBIM NMOPOJaM B MPOLECCE TEPMO-
HamaruuuuBanns. BozamoxHo, yactb cBoeit NRM me-
TEOPHUTHI MPHOOPETAIOT HMEHHO B MPOIECCe UX Tep-
moHamarununBanuss B [MIL. [Tostomy, 0ru4HO
NPEANONOKUTD, YTO NOAOOHO H3BEPKEHHBIM FTOPHbIM
NOpOJIaM, METEOPHTHI TaKXKe MOryT 00J1aj1aTh CBOM-
CTBaMH caMoo0pallieHus pu 1adopaTOpPHOM TEPMO-
HAMATHHYMBAHUH WK Tepmopa3maraununsanun. [To-
MHMO 3TOTO. METEOPUTBI. NPH CONPHUKOCHOBEHUHN C
MOBEPXHOCTBIO 3eMJIH, HCMbITBIBAIOT BO3/ICHCTBHE
OONBIIMX HUMIYJIbCHbIX [ABICHHH M HX MArHHTHbIC
XapaKTEPUCTHKH B CPABHEHHU C TeMM, YTO ObLIHM in
situ u3MeHsI0TCs. B 9TOT MOMEHT TakKe BO3MOXKHO
npuoOpeTeHne CBOACTB caMOOOpaIleHuUs.

[ToabITOXNBasE MOXKHO CKa3aTh, YTO U3YUYEHUE Ca-
MooOpalieHns caMo no cedbe UMeeT OUYeHb DOoNbIIOe
Hay4yHoe 3HauyeHue. Kpome TOro, Takoe usyucHue
OyaeTr cnocobeTBOBaThL Oojiece rayObOKOMY MOHHMA-
HIIO MeXaHn3Ma cMeHbl noasipgoctn 'MIT u apyrux
[IM pe3ynbTaTos.
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