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OBIITAA XAPAKTEPUCTUKA PABOTDBI

AkryanbaocTh mpobseMbl. B 60-x romax mpomunioro Beka ObLIX BIIEPBLIE IIOJIY-

YEHBI YCTOWIUBBIE KOJLIOWIHBIE CYCIIEH3UN YACTHUI] (DEPPUMATHUTHOTO MATEPUATIA
(MarseTuTa) B XKUJAKOH Marpuie. Takue cycneHsun nosyduin Haszsauue (eppo-
xujrocteit (P2K), deppokommonios (PK) mrn marautabix kuakocreii (M2K).
HucnepcHas dactuna (peppoKoJJIOn1a 0ObITHO UMeeT pa3Mep mopsijika 10 HM, 9To
obecrednBaeT ee OJHOJOMEHHOCTD U HAJUINe COOCTBEHHONO MArHUTHOTO MOMEHTA,
BEJIMIMHA KOTOPOI'O 3aBUCUT OT JIMAMETPA YaCTUIILI U UCIIOJIb3YEMOI'O MAIHUTHOI'O
MaTepuaJa.

['maBHO# 0COOEHHOCTHIO MATHUTHBIX YKUJIKOCTEl SIBJISIETCST UX CIIOCOOHOCTH 3Ha-
YUTEJLHO B3aUMOJEHCTBOBATD ¢ BHEIIHUM MAIHUTHBIM I0JIEM B COUYETAHUU C BbI-
cOKOi1 TekyuecTbio. DepporKuIKOCTH ABJSIOTCA ITapaMarHeTUKaMU, OJIHAKO, MX
MarHUTHAas BOCIPUUMYUBOCTH B COTHU Pa3 IPEBLIIIAIT TAKOBYIO Y JPYIUX KU/
KUX napamMaraiernkon. OObeMHbIe MATHUTHBIE CHJIBI MOTYT VIEPXKUBATH BECH 00b-
eM KUJIKOCTH B 00JIACTH CHJILHOIO I10JIsI, & IUJIPOJUHAMUYECCKUE, PEOJOInIEeCKIe
1 TeIIOMU3NIECKIE XapAKTEPUCTUKU (PePPOXKUJIKOCTEl MOI'YT KOHTPOJIUPYEMO
MEHSITHCS TIPU M3MEHEHUH T0JIsl. DTUM OOYCIOBIECHO MTUPOKOE MPUMEHEHHe Mar-
HUTHBIX YKUJKOCTEH B IPUOOPO- U MAIIMHOCTPOCHUN: MATHUTOXKIIKOCTHBIE BAKY-
yMHBIE VILIOTHUTEJN, YKUJKKE HMOJIIAIHIKIT U MarHUTHBIE CMa3bIBaloIIie MaTe-
pHUAJIbI, AMOPTU3ATOPHI U JIeMII(PEPDI, YePHUIA I CTPYRHON IedaTu U MHOIoe
npyroe. C HCIOMb30BaHNEM MarHUTHBIX YKUJIKOCTEH pa3spadaTbiBAIOTCS HOBBIE Me-
TOJbI MAIHUTHOI'O TPAHCIOPTA JIEKAPCTB, METO/bl MEJIUIUHCKON JUArHOCTUKU U
T.;1. PeppoxxunkocTu akTuBHO Hpon3Boaarca B Poccun, CLIA, dAnonun, I'epma-
HUW U JIPYTUX CTPaHax.

CBoiicTBa MAIHUTHBIX YKHUJIKOCTEH HAIIPSIMYIO 3aBUCSIT OT UX MUKPOCTPYKTYPbI:
BIJIA, ¥ [IapaMETPOB arperaTon, KOTOpble 00pa3yroTcs B cucreme. HeobxommMocThb
noJiyuaeHuss (peppoxKuIKocTeil ¢ boJsiee BbIparKEHHBIM OTKJIMKOM Ha BHEIIHee I10JIe
IPUBOJUT K YBEJNICHUIO MATHUTHOI'O MOMEHTA OTJIEJIbHBIX YACTHIL, CJIEJOBATE/b-
HO K YCHJIEHHIO MAarHUTO-JIUIOJIBHOIO B3aUMOJIeicTBUA 1 3(P(PEKTOB, CBI3aHHBIX
¢ auM. OJIHOI M3 IJIaBHBIX OCOOEHHOCTEH CTPYKTYPhI (DEPPOKMIKOCTEN ¢ HHTEH-
CUBHBIM MarHUTO-UIOJBLHBIM B3aUMOJEHCTBUEM SIBJISIETCST 0Dpa30BaHUe arpera-
ToB (beppouacruil, umermux Gopmy nemnodek. Vmenno ¢ obpa3oBaHueM TaKux
arperaToB CBSA3LIBAIOT BBICOKME 3HAUEHUS] MATHUTHBLIX U PEOJIOTMUECKAX XapaKTe-
pPUCTHK (PepPOKOJIIION IOB, HADJII0laeMble B 9KCIIepuMeHTaX. B mocienHee BpeMs
M3y YeHUIO TIeTIOUYEUHBIX CTPYKTYD B PEPPOKUIKOCTSX YIEIIATCsT 0COOEHHO DOJIb-
[I0€ BHUMAHKUE yUCHbIMU MHOI'UX CTPAH MHUPA.

Takum obOpa3oM, TeMaTuKa HaCTOAIIEH JuccepTalui — MarHUTHBIE CBOMCTBA
hEepPOKUIKOCTER € MEMOIETHBIMI ArPEraTaMy, sIBJISIETCS aKTyaJIbHOIA.

OcHoBHbIE 1IEJIM PADOTBI: PA3BUTH TEOPETUUECKYIO MOJEIb (PePPOKUIKOCTH,
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YUUTHIBAIONLY IO (POPMUPOBAHUE 'MOKUX HENOUYEUHbIX aI'PEraToB; UCC/Ie0BATH CTPYK-
TypHbIe U MaruuTHble cBoiicTBa P2K, moMernennbix BO BHeNTHee MarHUTHOE ITO-
Jie TTPOM3BOJILHOW HAIPSIXKEHHOCTH; OLIEHUTh BJIWSHUE IErnovyeK (heppovacTull Ha
craTuydeckue mMmaruuTHbie coiicTa O2K; 00bsSICHUTH BHICOKKME Mal'HUTHBIE XapaK-
TEPUCTUKN CJIAOOKOHTIEHTPUPOBAHHBIX DZ7K ¢ MHTEHCUBHBIM JTUTIOJIb-TUTTOJTHHBIM
B3aUMOJICHCTBUEM, OOHAPYKEHHbIE B YuceHHOM dKkcrepumente [1).

Hayunas HoBU3HA AuccepTalny 3aKjovaeTcs B caeayiomeM. [loctpoena ana-

JINTUYIECKAsT MOJIEIb MOHOJMCIIEPCHON MarHUTHON »KUJKOCTH, YIUThIBaoIas 00-
pa3oBaHue B Hel IENOYeUHbIX arperaroB MPOU3BOJILHON JInHBI. Mojenb 1mo3Bo-
JIIeT BbIYUCIIATH CTATUCTUYECKYIO CYMMY 1EIOYKU U3 IPOU3BOJBLHOI'O KOJIMYECTBA
YaCTUIL B OJHOPOIHOM MArHUTHOM II0JIe IPOU3BOJILHOM HAIIPSI?XKeHHOCTH. biraroja-
PsI 9TOMY, BO3MOYKHO BBIUHCJUTH CBODOJIHYIO SHEPIUIO CUCTEMbI, €€ CTATUIECKYIO
HaMarHUYEHHOCTh, MapaMeTpbl MUKPOCTPYKTYD W JIpyI'ue CBOMCTBaA 1PU TIPOU3-
BOJIbHOUM HallPsA?KEHHOCTU BHEIIHEI'O 110JI.

Ha 6a3e pazBuToit Mojiesiu UCCaeI0BaHa, MUKPOCTPYKTYPa HUBKOKOHIICHTPHUPO-
BaHHOI'O (DEPPOKOJLION/IA C KPYIIHbIMU YacTuiiaMu. Iloyuenbl aHajuTudeckue 3a-
BACUMOCTH CpeJHeil JTJINHDBI [eN0YeK OT HAIPAKEHHOCTU BHEITHEro MOJid, KOHIeH-
TpaIWK JUCIIePCHO (pa3hbl, THTEHCUBHOCTHU JIATIOJIb-UITOJHHOTO B3aNMO/IeCTBHSI.
ObnapyxeHo, 9To Harboee MHTEHCUBHBIA POCT JJIMHBI [IEOYeK HabJII0IaeTcsl B
MATHHUTHOM I10Jie CJ1a0o#t 1 cpe/iHell HAIPSXKEeHHOCTH.

[TonrBep:kjien 3pdekT 3HAUUTETLHOIO YBEJINUEHUs OTKJINKa (PepPOXKUJIKOCTH
Ha BHEIITHee MarHUTHOE ToJie OJ1aro/iapsi "HTEHCUBHOMY JIMITIOJTh-TUTIOJBHOMY B3a-
UMOJIECTBUIO MEXKTy YaCTUIIAMU U, KaK CJIeJICTBUE, 00Pa30BaHUIO TIEM0vYeK (hep-
pouacTuil. PocT MarHuTHBIX XapakKTepUcTuK (PepporKuKOCTH 00eCIeuInBaeTcs, B
3HAUYUTEJIHbHON CTEelleH!, KOPOTKUMU, HO OPUEHTAIIMOHHO XKECTKUMHU 11e110Y€IHbIMU
arperaTaMmu.

[Ipu uccienoBaHny KpUBbIX HAMAIHUYMBAHUS aIPEripoOBaHHOIO (DEPPOKOJLIO-
1J1a OOHAPYKEHO, UTO HAMAaIHUIEHHOCTb 3aBUCUT HE TOJIHKO OT BOCIPUUMYIUBOCTH
Jlan>xkeBeHa (KaK 9TO cJjiejiyeT U3 HaumboJiee PacIpOCTPAHEHHBIX Ha CErOJIHSIIITHUIA
J€Hb Mo,;:geﬂeﬁ), HO M OTJEJIbHO OT MHTEHCUBHOCTHU MAIrHUTO-JIAINIOJBHOIO B3aMMO-
JIeACTBUSA.

[Ipn omorm Mojie I KOJIMIeCTBEHHO TOYHO ONKUCAHBI YMCJAEHHBIE SKCIIEPUMEH-
Thl, 1IOKa3aBIIMEe HEOXKUJIAHHO BbICOKUE MAlHUTHBLIC XaPAKTEPUCTUKU al'Perupo-
BaHHBIX (beppoxkuIKocTeil. Kpome Toro, pe3ysibTarbl MOJEIH COTJIACYIOTCS C JlaH-
HBIMU U3MEpPEHUI MarHUTHBIX CBOMCTB peasibHbIX (DeppOoKUJIKOCTEil, B KOTOPBIX
HernovyevyHbie arperarbl HaOJI0JIaI0TCs HEIOCPE/ICTBEHHO METOJIOM HU3KOTEMIIepa-
TYPHO TPAHCMUCCUOHHON 3JTEKTPOHHON MUKPOCKOINA

J1ocTOBEPHOCTH TIOJIyUEHHBIX Pe3yJibTaToB. /JocTOBEpHOCTH pe3yJibTaToB pabdo-

Thl, HOATBEP2KAACTCA COIVIACUEM TCOPETUICCKUX JaHHbIX C PE3YyJibTaTaMMU YUCJICH-
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HbIX U HATYPHBIX IKCIEPUMEHTOB, UCIOJb30BAHUEM IIPOBEPEHHBIX TEOPETUICCKIX
I0JIXOJIOB U (PU3NUIECKOH 00yCIOBICHHOCTHIO HEOOXOAUMBbIX ITPUOIHMKEHHIA.
[IpakTraeckoe 3nadenne. [losyuennnie B JUCCEPTAIIT PE3YIHTATHI MOT'YT OBITH

UCIIOJIb30BAHbI JIJIsI CUHTE3a (PePPOKUJIKOCTEN C 33/ JaHHBIMU CBOMCTBaAMM, ITPOI'HO-

3UPOBAHUS BOSHUKHOBEHUSI PA3INIHBIX 3(P(PEKTOB B HUX, MOJYUCHUS CBEJICHUI O

crpykrype @2K n mapamerpax 9acTHIl 10 KPUBBIM HaMarHUUYeHHOCTH.
Anpobannst paborsi. OCHOBHBIE PE3yIbTATHI JUCCEPTAINH JIOKJIAIBIBAINCH 1

00CyK/JIaJIUCh Ha, 1PeJICTaBUTE/IbHbIX HAay4dHbIX popymax: 11-as Mex iyHapojiHast
KOH(bEpEeHTIHs 0 MaruuTHbIM kujgkoctsaMm (1. Komume, Crosaxus, 2007), 14-ast u
15-as SuMHue mKoJbl 10 Mexanuke cmiontabix cpef (Ilepmb, 2005, 2007), Kos-
JIOKBUYM 001ecTBa «EBpOMeEx» 110 MOC/IEHUM JIOCTUXKEHUSM B UCCJICJOBAHUSX
dbeppoxuskocreii (Apesnen, lepmanust, 2006), 12-as FO6uneiinas Mex 1yHapO/I-
wast [Liecckas koudepennus mo marautHbiM xujgkoctaM (ILmec, 2006), mex 1y Ha-
posiHas KoHdepeHims «Du3nKa >KUIKONO COCTOSIHNAS: COBPEMEHHbBIE MTPOOJIEMbI»
(Kues, Ykpauna, 2005), MocKoBCKuil MEK Ly HAPOHBIN CUMIIO3MYM 110 MAIHETH3-
My (Mocksa, 2005), 10-ag Mex ayHapogHast KOH(DEpPEHIHst 0 MATHUTHBIM YKU/T-
koctsim (I'yapyxa, Bpasunus, 2004), npyrue poccuiickue u MeXTyHAPOJHBIE Ha-
YUHBIE U HAyIHO-IIPAKTUIECKUE KOH(EPEHIIUN.

[Tybsnukanuu. ITo Teme juccepraiu onybsirkoano 18 nayunbix paboT: d cra-

Teil B pepepupyeMbIX XKypHaJax, 3 CTaTbu B COOPHUKAX U TPYJaX KOH(epeHInit
n 10 Te3ucon noksaoB. Crnrcok myOmKaIuii mpuBeier B KOHIEe aBTopedepara.
CrpykTypa u 0bbem padboTsl. Juccepralisi COCTONT U3 BBEJICHUST, Y€THIPEX IJIAB

OCHOBHOTO COJIEPYKAaHUS, 3aKJTI0UEHUS ¥ CITUCKA IUTUPYyeMoii tuTepaTypbl. Obmmit
o0beM JiuccepTanuu cocrapiiger 136 cTpaHul] MAIIMHOIKCHOIO TEKCTa, OHA COJIeP-
xut 29 pucynkon, 1 tabsmiy u 108 cchlIoK Ha JIMTEPATYypPHbIE UCTOYHUKHU.



OCHOBHOE COIAEP2KAHUE PABOTHI

Bo BBejieHun KpaTko 060CHOBaHA aKTyaJbHOCTb PAOOThI, CPOPMYJIUPOBAHBI €€
eI, YKa3aHbl HaydHas HOBU3HA, IPAKTUUECKOE 3HAUEHUE M alIpodalludsd IpoBe-
JICHHBIX WCCJIEIOBAHUA.

['naBa 1. CoBpeMeHHOE COCTOSTHUE MIPEJICTABICHUN O MUKPOCTPYKTYPe
deppOKUIKOCTER: SKCIIEPUMEHTBI U MOJIEJIN

B nepBoii ryiaBe JuccepTalu IPUBEJIeHbI 00IIe JJaHHbIe 0 (DEPPOXKIITKOCTSIX,
OIMMCAHbl OCHOBHBIE OCOOEHHOCTU WX MUKPOCTPYKTYPHI, cJiejiaH 0030p OCHOBHBIX
paspabOTaHHbIX Ha JIAHHBIA MOMEHT Teoperndeckux mojesieir O2K. Ocoboe BHU-
MaHHe yJIeJIEHO OCBEIeHUI0 MOJIeeil 1 TeOPeTUIeCKUX Pe3yIbTaTOB, CBSI3aHHBIX
¢ HaJIM4IMeM B (peppOXKUJIKOCTAX arperaToB B (popMe IEIoUeK.

DeppokuJIKOCTH IPEJICTABSIOT CODON MCKYCCTBEHHBIE YKUJIKUE CPEJibl, CO-
crodmue u3 JacTui] (heppo- man GeppuMarHuTHBIX MaTepHrasioB, B3BEIIeHHBIX
B YKUJIKOCTH-HOCHUTENIe (HApUMeEp: BOja, YIJeBOJOpObl). MaruuTHbe K IKOCTH
SIBJISTFOTCS TIapaMarHeTUKaMu, OJHAKO, 33, CUET IMPUCYTCTBUS MarHUTHBIX YaCTHI]
criocobrocth O2K B3anMojieiicTBOBATH ¢ BHEIIHUM MArHUTHbBIM I10JIEM IIPEBbIIIIa-
10T TAKOBYIO ¥ OOBIUHBIX »KUJIKOCTEH Ha HECKOJIBHKO OPSIIKOB.

HacTunbl GpepporKuJIKOCTH UMEIOT XapaKTepHblil pasmep ~ 10 HM u, 1o3TOMY
110JIBEPXKEHbI MHTEHCUBHOMY OPOYHOBCKOMY JIBUXKEHUIO, UTO 0DECIIeUnBACT CE/Iu-
MEHTAIMOHHYTIO yCTOMUYMBOCTD CUCTEMbI. BaH-/1ep-BaaJibCOBO PUTIKEHUE YACTUI]
U JIUIOJIb-IUIIOJIBHOE B3aUMO/JICHCTBIE UX MAIHUTHBIX MOMEHTOB JaCTHYHO SKpa-
HUPYIOTCST TP TIOMOIIH TOBEPXHOCTHO-aKTUBHBIX BerecTs (ITAB), inbo apoitHbix
snekrpudeckux cioes (JI9C) B nonunix OZK.

B deppokugkocTsax MOryT 0Opa3OBLIBATHCS KalleJIbHbIE arperarbl (Kak pe-
3yJbTaT ha30BOTO PACCIIOCHUS IEPBOTO POJIA ), PHIXJIbIE (DPAKTAJIbHBIE KJIACTEPHI,
arperathbl B (popme nenodex. ObpazoBaHme MOCAEIHUX XaPAKTEPHO JJIsT CUCTEM C
KPYIHbIMKM YaCTUIIAMU U HEBBICOKON KOHIleHTpalueit juctepcHoii ¢gpazbl. Popmu-
pPOBaHUE TEIIOYEUHBIX arperaToB ObLIO MOITBEPKIEHO MHOXKECTBOM SKCIIEPUMEH-
TAJbHBIX (aHAJIU3 peosiorudeckux, Muddy3nonHbx, ontudeckux coiicts O2K)
u ancaennbix (Monre-Kapiio mosiesinpoBatne; MeToJ| MOJIEKYJISIPHO JIMHAMUKHY )
UCCTEOBAHII CTPYKTYPbI (hepPOXKUIKOCTEA.

B pa6ote [I] 66110 poBeiero MojiesupoBanue ciaboKOHIEHTPUPOBAHHBIX (hep-
POXKMJIKOCTEH METOJIOM MOJIEKYJISTPHON JIMHAMUKN, KOTOPOE 10KA3aJ10 HEOXK U 1aH-
HO CHUJIBHBIN OTKJIMK CUCTEMbl ¢ UWHTEHCUBHBIM JIMIIOJIb-JIUIIOJILHBIM B3auMO/Ieii-
CTBHWEM Ha BHeITHee 1oJie. B oby1acTu c/1adbIX U CpeHUX MoJiell KpuBasd HaMarHu-
YUBaHMA JieXKaJ1a 3HAYUTEIbHO BBIIIE [IPEJICKa3aHnii MOIMMUIIMPOBAHHON Teopun
cpegnero nosisi (MTCII) [2] — oxnoit u3 Hambosiee MUPOKO HCIOIB3YEMbIX MO-
jeneit namarunauBannst @2K. AHajm3 MIHOBEHHBIX CHUMKOB CHCTEMBbI TTOKA3aJI



dpopmupoBaHure DOJILIIOIO KOJMYECTBA, IEIOYEK U3 MAIHUTHbBIX YACTHUIIL,

MTCII, kak u OOJIBITUHCTBO COBPEMEHHBIX TEOPETUUECKUX MOJIeJeil, YIUThI-
BalOT JlaJIbHUE KOppeJdAnuu B (PeppOoKUJKOCTH, XOTdA B CJIydae HHTEHCHBHOI'O
JIATIOJb-JIUTIOJIbHOTO B3aUMO/IEHCTBUST HEOOXOIMMO JIONOJTHUTE/ILHO IIPUHUMATH BO
BHUMaHue OJivxKHUE Koppessinuu. B pasnoe Bpemsi Mojiein (DEPPOKUJIKOCTER ¢
IenmovYeIHbIMU arperaraMu 0wl onybsmkoBanbl Jie 2Kenom u [Inakycom, Mo-
posoBbiM 1 [lnomucom, Llebepcom, [I>xopgaHom u ApyrumMu aBropamu. Bojib-
IIUHCTBO Mojiesieit Oblin paspaboTaHbl Jijis CJIydaeB BHEIIHEro 10Jis HYJIeBOW u
beckoneuHoi Hanpsikennoctu. st nccnenosanuii cpoiicts @2K ¢ nemnoukamu B
IIPOM3BOJILHOM I10J1e Haubojiee IPUMEHUMOM IIPECTABIISICTCSI MOJIE/b [PEJIJIOXKEH-
rasi 3ybapesbim [3]. B 91oit Mojiesin 1enouky noaraloTes MMEIO MU JIMHEHHY 10
crepkHeobpasHyio cTpykTypy. C ee moMOIIbIO ObLT TEOPETHIECKH OITUCAH MarHe-
TOBA3KNH 3PPEeKT B PePPorKUIKOCTIX, OJHAKO IPU OIeHKE MAarHUTHBIX CBOICTB
MOJIEJTb TBEPJIBIX CTpEXKHEN CHUILHO MepEeoleHnBaeT OTKJINK CHCTEMbI Ha BHEIIHee
1noJie.

U3 nipojiesiaHHOTO aHaJIM3a CJiejlyer, YTO COBPEMEHHOE TEOPETUYECKOe OlUCaHNe
MATHUTHBIX CBOMCTB ¥ MUKPOCTPYKTYPbI peppoxkuaKocTeil HernosHo. CylecTBy-
eT 1pobeJi, OTHOCAINIMNCI K 00JIacTH aHaJM3a MarHUTHBIX CBOHCTB CUCTEM, JIJIsd
KOTOPBIX XapaKTepHO 0Opa30BaHKE 1EN0YECYHbIX arPerarToB.

['naBa 2. Mojenb rubKux mnenodex

Bropasi riaBa 1ocBsileHa OnMCaHui0 MaTeMaTUIeCKOM MOJIeJIN, YIUThIBaOIIEei
dopmupoBaHne B MArHUTHOMN >KMJKOCTH IEMOYEK JaCTUIL TPOU3BOJIBHON JIJIMHBI
1 JIomycKaroIeil pJayKTyalnnn 1MeHTPOB YACTUIl, X MATHUTHBIX MOMEHTOB BHYTpH
nernouek (Mogesib TuoKux nemnodek — MI'LL).

Mojenbaast heppoKUIKOCTD MPEJIIIoJaracTcs cojep:kaiieil cpepruieckue da-
CTUIIbI MArHUTHOI'O MaTepuaJia OJIMHAKOBOI'O pasmepa. Bce dacTuilbl 0JHOPOHO
HAMarHUYeHbl U 00JIaJal0T OJUHAKOBBLIM II0 BEJUUYMHE MATCHUTHBIM MOMEHTOM.
YHacTunpl npejmnoaranTcs OJMHOUYHBIMEI, JTU0O 0O0bEMHEHHBIME B 1IEIIOYKU pa3-
JIMYHON JijimHbl. KOHIEHTpallusd MarHuTHON a3kl NpejirnoaraeTcss HU3KOoi, 9To
1I03BOJISIET CUUTATH PACCTOAHUE MEXK 1Y [EIIOUYKAMU JIOCTATOYHO OOJILIITNM, YTOObI
B3aMMOJICCTBIEM MEXKIy HUMU MOXKHO ObLIO IpeHeOpeUb.

IIpenmnonaraercs, YTo cucTeMa HaXOMUTCS B COCTOSHUU TEPMOJIMHAMUIECKOTO
paBHOBecusi. JIIsT HAXOXKJIEHWST ee MAarHUTHBIX W CTPYKTYPHBIX CBONCTB JOCTa-
TOYHO TOJIYYUTh BbIPpaKEHUE JIJIsi KAaKOro-JIn0O T€PMOMHAMUYECKOIO OTEHI[Ma~
J1a, KaK (DYHKIIMKA OT BHEHIHEr0 MArHUTHOrO 10Jisd. PUKcupyercss 00beM CUCTEeMbI
V', obiiee kKonmuecrBo gactull N u Temieparypa cpejibl I'. YauTbiBas 9TO, MMOJ-
XOJSAIINAM TEPMOAMHAMUIECKAM MOTEHITUAJIOM SIBJISIETCs (DYHKIIMOHAJ TJIOTHOCTH
cBODOJIHOM dHEpIrUn [,



HcnosubzoBajioch coejyioniee Bblpakenue jijid (pyHKIIMOHAJIA [IJIOTHOCTH CBO-
OOJTHOI SHEPIUH CHCTEMBI C YCJIOBHEM COXPAHeHHs MaccoBoro bamamca [3):

N

F=F,+kT ZgZ(H) ln@—ani(H) : (1)
z:lN qb
Zigi(H):;v (2)

1=1

e F, — cBobOOjiHAsT SHEPIUs HAeaJbHOIO IIapaMarHUTHOI'O rasa (heppovacTHil,
k — nmocrostnnast Boabnmana, g; — oObeMHasi KOHIEHTPAIUS IEMOYeK JJIUHDBI 1,
H — HanpspKeHHOCTh BHEIIHEIO0 MArHUTHOIO 110Jist, (); — CTaTHCTHYeCKasl CyMMa,
IEMOYKN U3 ¢ YACTUIL, ¢ — KOHIIEHTPAIUS JUCIEPCHON das3bl, v — 00beM JaCTHIILL.

[Ipumensisi MmeTo, HeoNpeIe/IeHHbIX MHOXKHUTe el JlarpaH:ka, mosyduM ciiery-
IOI[Ee BbIPAXKEHUE ISt

gZ(H) = —p(H)iv (3)

rje p — napameTp Jlarpan»ka, KOTOpbIil MOXKeT ObIThH HaliIeH YUCJIEeHHO U3 YCJIOBUA
COXPaHEHMsI MaCcCOBOIO DaJlaHCa B CUCTEME:

N

S i QUH(H) = 6. (4)

1=1

Crarucrtrdeckast cyMMa IEMOYKH YaCTUIl B MArHATHOM I0JIe TTPOU3BOJILHOM
HAIIPAXKEHHOCTU UMEET CJICJIYIONIUNA BUJIL:

1

Z' U, + Uy + U,
QZ(H> = / dI‘j dﬂj exp | — + et
j=2

KT ’ )

rje drj, d€2; — snementbl Ha30Boro 06bemMa B IPOCTPAHCTBE I1OJIOKEHUI U OpU-
eHTanuii j-it yacrunbl, Us — MOTEHIMAT CTEPHUUIECKOIO B3AUMOJIEHCTBUS MEXKTY
yacTuraMu B 1enodke, Uy — moTeHnHaJl JIAIIOJIb-IUAIIOJHHOIO B3aUMO/IeCTBHSI,
U,, — norenruaJj B3auMOJEACTBUS TaCTUI[ C MAIHUTHBIM IIOJIEM.

OcHoBHasI MaTeMaTHYeCKasl CJIOXKHOCTD yUeTa BIUsSHUs TeII0UeK 3aK/II0IaeTCs
B BBIUUCJICHUU WHTErpaJia (E) C y4eTOM I'MOKOCTH IIeNOYeK ITPOU3BOJILHOMN JIJIMH-
HbI ¥ IIPOM3BOJILHON HAIIPsIXKEHHOCTU BHEIIHEro 10Jisi. B juccepranmy mHTerpasibl
BUJIA (EI) BBLITUCJISIOTCS IIPU IIOMOIIN CIEINAJLHOTO BLIOOPA CHCTEMBI KOODIUHAT:
yCpeJHEeHUe 110 CTEIeHsIM CBOOOJIbI j-ii YaCTHIlbI IPOBOJIUTCA B CUCTEME, OCb Z
B KOTOpO# TapaJiieibHa BEKTOPY MarHMTHOTO MOMeHTa j — 1-ii 9acTwIlbl, 9TO
YIPOLIAET BbIPaxKeHUe JIJig JIMII0Jb-AUII0JIbHOI'O 1HOTEeHIAAJIA.
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Boipaxenue ([0l) craner npoie, ecin BHEIIHEE MATHUTHOE 110J€ OTCYTCTBYET,
60 uMeer GECKOHEUHYIO HATIPSKeHHOCTh. B 0bounx ciayuasx uarerpar B () pac-
MaJIAeTCs Ha, TPOM3BENICHNE HE3ABUCHMBIX JIDYT OT JIDYTa HHTErPAJIOB (eCJn orpa-
HUYUBATHCS B3AMMOJEHCTBUEM MEXK /Ty OJIVMKANIINMU COCEJISIME B TIENIOYKE):

Qi(H=0)=q'", Qi(H — o0) =q5"". (6)

TJIE o ¥ (oo XAPAKTEPU3YIOT MAPHYIO SHEPTUIO B3AUMOJICHCTBAS COCEHNX TACTHUIL
B HYJIEBOM M OEKOHEUHOM IOJISIX COOTBETCTBEHHO. IlpnbsinKeHHble BbIparKeHust
JJIs HUX UMetoT cieytornuii su [4]:

62)\ 62)\

o R —=, N — 7
o™ 332 M7 353 (7)

rie A = m?/d® kT — napaMerp MHTEHCUBHOCTU JIUIIOJb-/IUIOILHOIO B3aAUMOICHi-
CTBUSI, M — MArHATHBI MOMEHT YACTHUIILI, d — JUAMETD YACTHUIIDI.

B ciyuae mpon3Bo/IbHOM HAIIPSKEHHOCTH M0JIs1 (paKTOPU3AIUU HE TPOUCXOJINT.
B pabore noJiyuena peKyppeHnTHas (popmyJia JiJisd CTATHCTUYECKOR CyMMBbI I'HOKO
[EMOYKHU TPOU3BOJILHON JIJIMHBI, TTOMEIIEHHO! BO BHEIHEE MAarHUTHOE I0JIe MPO-
MN3BOJILHON HAIPSIKEHHOCTH:

Qz(a) qoolsnlh fl HC Bj — fjm7 (8)

sinh « a+ fio

a sinh (a + fja)
sinha a4+ fjo

Oj = exp [-CL(l + O[Bj)], fj+1 =1 + G,BJ' 7f1 =1

rie « = mH/kT — napamerp Jlamxkesena, a ~ \/2 — mapamerp, XapakTepu-
3YIOIHii OPUEHTAIMOHHYIO JKecTKoCTh Jybusiera vacrui. Kosbdwument f; B ()
YUIUTHIBACT MEXKIACTUIHBIE OPUEHTAIIMOHHBIE KOPPEJISINH, KOTOPhIE YCUINBAIOT
OTKJIMK TETIOYKHU Ha BHemHee mosie. Ha Kaxkaplif MArHUTHBI MOMEHT B arperarte
neiictByer nose fio > .

CpaBHeHHe Pe3yJIbTaToB, MOJIYUICHHBIX ¢ TOMOIBIO (hopmyssl (§) ¢ ducieHHbIM
pacuerom narerpason ([Bl) st nenovexk JIMHON JI0 [sITH YACTHUIL TTOKA3aJ10 BhICO-
Kyto Toanocrb ({8]).

[Tomumo dbopmyiibt (), B pabore Oblia HOJMyUdeHA CTATUCTHYECKAST CYyMMa, T1e-
IOYKHU B CJIydae ydeTa B3aWMOJCHCTBUI MEXKJIy «CJSAYIONUMI» COCEJTHUMU ta-
crunamu. AHaJn3 oKas3aJl, 9To B paMKax MTOCTPOEHHOTO pOPMAIM3Ma, TAKOW yIeT
SIBJISIETCSI TIPEBBITIIEHNEM TOTHOCTH.

[naBa 3. MukpoctpykTypa n MarauTHbie CBOHCTBaA (PepPOXKUIKOCTEN C
LEIOoYeYHbIMU arperaraMu
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Tperbst ryiaBa juccepraluy MOCBsAIIEHA UCCJIEJOBAHUIO MUKPOCTPYKTYPbl U
MArHUTHBIX CBOHCTB (heppPOKUIKOCTEN TPU MOMOIU MOJIEN THOKHUX IEToUeK
(MT'IT), a Takxke cpaBrenwio pesyiabraroB MI'LL ¢ qaHHBIME KOMTTBIOTEPHOTO 9KC-
HEPUMEHTA.

[Ipenebperkenne B3anMOJICHCTBIEM MEK/Ty IeOYKaMU TPUBOJIUT K CYIIECTBEH-
HOMY OI'PaHUYECHUIO JIaJIbHOACHCTRYIOIIErO XapaKTepa JIUI0JIb-TUIOJIHLHOTO B3au-
MojielicTBus. JIJisi BOCIIOJTHEHUS 9TOIO HEJIOUYETa MCIIOJIb3YeTCs MOJAUQUITUPOBAH-
Hasi Teopust cpenero nojist (MTCIT). B pamkax TepMoiHAMEIECKOi T€OPUT BO3-
mytenuii [2] mokazano, 9TO KOJVIEKTHBHOE JMIONb-JIUIIONBHOE B3aNMOJICHCTBIE
nposiBjsieT cedst B KadecTBe 3PPEKTUBHOIO MArHUTHOTO 1oJisi H,, jeiicrBytole-
I'0 Ha OTJIeJIbHBI MArHUTHbBIH MOMEHT. B HU3IIeM 1opsijiKe TeOpUur BO3MYIIEHUI,
JUIsT CJ1aD0 M YMEPEeHHO KOHIeHTpupoBaHHBIX P2K ¢ OTHOCHUTETHHO HEBBICOKO
MHTEHCUBHOCTDHIO JIUIOIb-TUIIOJBHOIO B3aUMOAEHCTBUs s 3(DPEKTUBHOTO TOJIS
MOJIYYE€HO YHUBEPCAJIbHOE BhIparkeHue:

H = H+ %”ML(H), My (H) = MoL(H). (9)
e H, — sdpdexrusnoe nose, My, — HaAMarHn4eHHOCTb HACHIIEHUS (DEPPOKUJI-
kocru, L(H) = coth(H) — 1/H — ¢yukuus Jlanxkesena. Mexuacruunoe mar-
HUTHOE B3aUMOJIECTBUE MPUBOJUT K TOSBJICHUIO JOMOJHUTETHLHOTO CJIaTaeMOro
ArMp /3 B 3ddeKTHBHOM 10JIe, UTO CONPOBOXKIAETCS HEKOTOPBIM YBEJINIEHUEM
HAYAJIHLHOW BOCHPUUMYNBOCTHA W HAMArHUIeHHOCTH (beppokoJtona. [IpuHiumm-
AJIbHBIM TPEJICTABISACTCA TOT (PAKT, UTO ITO JIOTOJHUTEJHHOE CIaracMoe UMeeT
YHUBEPCAJBHYIO (POPMY U HE 3aBUCHT OT (POPMbI U WHTEHCUBHOCTH TEHTPAJH-
HOTO MEXXJaCcTUIHOTO B3ammojeiicTBust U, DTO ciraraeMoe OMMCHhIBAET JabHO-
JIERCTBYIONIME KOPPEJISIIUA U HE 3aBUCUT OT OJiMKHUX KoppeJsinuii. [Tockosibky
obOpazoBaHue TEeMOYeIHbIX arperaToB, MO-BUIMMOMY, SIBJIAETCS PE3yJIbTaTOM Jeii-
CTBUS UMEHHO OJIVDKHUX KOPPEJIAINi, MPEJIoIaraeTcs, 9To JaJbHOIeCTBYIOIIIe
MarHATHBIE KOPPEJISIIUU MEXKIy BCeMr JacTuiiaMu B pacecmarpuBaeMbix O2K mpo-
SABJIAIOT ceOs TaKUM YKe 00pa30oM KaK M B OJTHOPOJHBIX cucrtemax. [loaTomy mpu
JlaJbHeRIeM aHaju3e UcHojab3yercs 3dpdexkTuBHoe 1oJjie H,, BMECTO BHEIIHEro
noJtst H .

Mcnonib3ys MOCTPOEHHYIO MOJIETb TUOKUX TIeTOYeK, ObLIa UCC/IeIOBaHa CTPYK-
Typa arperatoB (hpeppovacTHl] B MAarHuTHOM ToJjie. [loBbIleHne HapsIKeHHOCTH
BHEIITHErO TMOJIsi JIOJIXKHO MPUBOJIUTH K YBEJNUEHUIO KOJUIECTBA YaCTHUIl, 00be -
HEHHBIX B JIJIMHHBIE [ETOYKN. DTO MOJATBEPKIACTC 3aBUCUMOCTHIO 00bEMHO J10-
JIN 9aCTHUIL, OObEIMHEHHBIX B IEMOYKH, OT HATIPSXKEHHOCTH BHEIITHETO TIOJIs, TTPUBe-
nennoit Ha puc. [[[a). C yBenmudaenunem o Bce MEHbBIIE YACTUI HAXOIATCS B CHCTEME
MOOJIMHOYKE, a KOJIMYECTBO JIJIMHHBIX IENOYEK BO3PacTaeT. Y BeJUveHre Hallpsi-
PKEHHOCTHU BHEIIHETO 110J1s1 IIPUBOJUT K POCTY CPEJIHEH JIJIMHbBI [IeI1I0YeK 1IPU JII0OOM
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vng, <n>
ec=1| | | == -
m =5 _ — -
0.015 4 a=10 e
3t R
0/.
0.01 .7
Y
0.005 a -7 3]
0 1 1 1 1 1
1 3 5 7 n 0 2 4 6 8 «a

Puc. 1: a. O6bemMHbIe KOHIEHTPAMK VNG, Oernodek w3 1 dactun npu A = 4, ¢ = 0.05 u
Pa3IMIHBIX (. 0. 3aBUCUMOCTH CPeIHEl JJIWHBI HermovYek < n > OT « MPU 00bheMHOI KOHIIEH-
Tpanuy MarHUTHOrO Marepuana 5% u pasaumunbix A. CILomHpasg KpuBas COOTBETCTBYeT A = 3,
IMITPUXOBaHHAS — A = 4, MITPUXIYHKTUPHAT — A =

3HAYEHUN A 13 00JIACTH, B KOTOPOil 0Opa3oBanue 1enouek Bo3Moxkuo (puc. [I(0)).
Haubosiee MHTEHCHBHO y/JIMHEHHE arperaToB WJET B MOJAX ciaboil U cpejHeit
nanpsokennocrn (o < 4). Tlpu jganbHeiemM noBbIIEHNN HATPSPKEHHOCTH 1015
JUIMHA TIENIOYEK PACTET MEJJIEHHEee, OCTEIeHHO 1PpUub/inKasiCh K PaBHOBECHOMY
3HAYCHUIO B YCJIOBHSIX MATHUTHOTO HACHIIICHUSI.

Moyenp rubOKux IenovueKk ObLaa HCIOJIb30-

BaHa JJIA aHaJIM3a HaMalHUYCHHOCTHU U Ha- //
[y . /
4aJIbHOM MAr'HUTHOW BOCIHIPUUMUYUBOCTU al'- O A=3 ,/ o P
. 6 - O A=35 ,/ O R4
perupoBaHHbIX deppoxkuakocTeit. TeopeTnte- O a4 o b

CKWe JIaHHbIe CPABHUBAJUCH C PE3yJbTaTaMu
qucjeHHoro sKerepumenta 1.

Ha 6aze MI'LI (ru1. 2) mosyena craeyrormast
dbopmya IS BBIUUCICHUS HAYAJIBHON Mar-

HUTHOM BOCIPpUHUMYNBOCTH:

1+ poK 4

X = XL 1—_p K 1+?XL ) (10) Puc. 2: KonuenTpauuoHHbIE 3aBUCH-

0 MOCTH HAYaJIbHOW MarHuTHON BOCUpU-

rje XL = 2AQ/T — BOCHPUUMUYUBOCTD JlaHyKe- UMIHBOCTH MOJEIBHBIX (hePPOKH/IKO-
creii. Touku — skcuepument [I] mnpm
Pa3INYHLIX 3HAUeHHAX A. Kpupbie —
MT'IIL: cotontaast — npu A = 3, mrpux-
KOPPEJIANMK MArHUTHBIX MOMEHTOB JIBYX 98- pyukrupras — upu A = 3.5, HITPHXO-

0 0.02 0.04 0.06 0.08 @

BeHa MJICAJLHOTO MAapaMArHUTHOTO Ta3a Mar-
nutHbiX yacrul, K ~ L(a) — koadpduiment

cTull B jy0Jere, a Jijis Py CIPaBEJINBO CJiejly- BaHas — npu A = 4.
Io11ee:

14+ 2q00 — 1+ 4qp0 (11)
2q0¢ .

KOHHGHTpaHHOHHble 3aBUCUMOCTU Ha4YaJIbHOM BOCIIPUUMYINBOCTU CUCTEMbBI

po=p(H =0)=

npojieMoHcTpupoBatbl Ha, puc. 2. Tlpu Huskoi koHnenTpanuu GeppodacTur Mo-
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JleJib TMOKKMX 1IEII0YEK OLUCHIBACT KOMILIOTEPHbBIE JIAHHBIE OYEHb TOYHO, HO C PO-
CTOM KOHIEHTPAIMX TEOpPUsl JIaeT 3aBLIIICHHbIC 3HAYCHU:A. BO3MOXKHBIM 00ObsIC-
HEHUEM 3TOrO SIBJIAETCS COKPALIeHUe JUIMHBI IEI0YeK ¢ POCTOM KOHLIEHTPAIK
JIUCIIEPCHOM (basbl, BHIZBAHHOE MEXKIEIOYEUHbIMU B3aUMOACHCTBUSIMM, HEyITEeH-
HBIMU B MOJIesin. JlaHHbIe YHCIeHHOr0 MOJICJNPOBAHNS JIeXKAT 3HATUTEILHO BBIIIE
npeckasanunii Mogiesnu Jlamkesena u MTCII [I]. Cornacue mocrpoentoit B pabo-
T€ MOJEJIU C YNCICHHBIMU JIAHHBIME MOITBEPK IaeT HEOOXOIAMMOCTD yUeTa THOKNX
LENoYeK MpKU aHaJM3e BOCIHPUUMUYMBOCTU arperupoBanubix O 2K.
Hamarun4enHoCTh B MOJIEIN BLIUUCIISAETCS CIEAYIONUM 0OPa30M:

_oF My x~ 0 0Qn(ae)
M(H) = =55 = MsoL(ac) + 7;]9(%) T (12)
N
an(ae)”Qn(ae) =¢, ae = a+4rxrL(a)
n=1

11 HearperupoBaHHBIX €J1abO U YMEPEHHO KOHIEHTPUPOBAHHBIX MOHOJIMC-
nepcubix O2K 11o/1x0/1 MOIUMUIIMPOBAHHOIO CPEJIHErO TOJIS MTPECKa3bIBACT, UTO
HAMArHUIEHHOCTH OIPEJEsSieTCsl UCKIIUUTEIbHO HaMarHHIeHHOCThIO JIamKese-
Ha W 3aBUCHT TOJHKO OT HAYAJLHON BOCIPUMMYHUBOCTH JIamkeBeHa yp = 2A¢/:
Taxoe moBeileHre HAMAIHUYEHHOCTH IIOTBEPKICHO J1JIsT (DEPPOKUIKOCTEHR, B KO-
TOPBIX Tapamerp A He npesbiinaer 2. st A ~ 3 (1 Bblllie) MarHUTHBIE XapaKTe-
PUCTHKH 3aBUCSIT HE TOJBKO OT KOMOMHAIMKA AQ, HO U OT MUHTEHCUBHOCTHU JIMIIOJIb-
JIATIOJILHOIO B3aMMOJIEHCTBUsI B OTAeJbHOCTH. [lociesisisi 3aBUCUMOCTDL IIPO/Ie-
MoHcTpupoBata Ha puc. Ba). Yem BbIllle HHTEHCUBHOCTH JMIIOJb-IUTOJBEHOTO
B3aMMOJICHCTBHSI, T€M ObICTPee JIOCTUTAaeTCsl HachleHrne. KaiecrBeHHO 3T0 MOXK-
HO OObSICHUTH MHTEHCHUBHBIM OOPA30BAHUEM IEIOYUEK C YBEJUUIEHHEM A, KOTOPBIE
CKOpPPEJIMPOBAHO pearupyroT Ha moJe. Mojenb I'uOKUX IenodyeK COIJIacyeTcs C
KOMITBIOTEPHBIMK JAHHBIMHU It A = 3 U 4, 0JIHAKO TeOpusi HeJOOIeHUBAET 3Ha-
JeHne HaMarHMYeHHOCTH Juid ciaydas A = 5. [Ipu dbukcupoBanHOil KOHIIEHTDA-
1un (beppodacTHI] BJIUSHUE JIUIIO0Jb-TUIOJIHHOTO B3aUMOJICIHCTBUS Ha KPUBYIO Ha-
MarHUIeHHOCTH arperupoBaHHbIX (heppoKoJIIOnI0B okasano Ha puc. [3(6). Poct
JIATIOJIb-IATIOJBHONO B3aMMOJIECTBISI BHI3bIBAET YCUJIEHUE OTKJINKA Ha, 1moJie. Mo-
JIeJTb THOKHX MEIOYeK COBIIAIAeT ¢ JAHHBIMI KOMIILIOTEPHOTO MOJIETNPOBAHUST JJIsT
A = 3 u 3.5, HO HeJIoIeHNBaeT HaMarHUUeHHOCTh B ciaydae A = 4. Bce KpuBble
BECHMa TOYHO ONKMCHIBAIOT SKCIEPUMEHT B O0JACTH CUJILHBIX MMOJei, HaunHasl ¢
a = 3. Pacxoxiennst Ipuxo/siTest Ha 00J1acTh IPOMEXKYTOUYHBIX Hojieil o = 1, rie
HabJI0/1aeTcsd HanboJIbIlee OTKJIOHeHHe HaMarundennoctu M or HaMarHUIeHHO-
cru Jlamxesena M.

HecoorBercrBre o0sicHsIETCsT HEJIOOIEHKOW KOJIMYECTBA IeI0YeK MPHU BHICOKUX
A. IIpu BoiBogie (Bl) ucnosb3yercs orpaHudyeHne CBs3aHHOE ¢ TE€M, YTO B IIEIOYKH
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M M
M, M, 6
0.8 0.8
06 0.6
0.4 0.4
0.2 0.2
1 1 1
0 1 3 5 a a

Puc. 3: HamaramgennocTs arperupoBaHHbIX (DPPOKOJIONIOB 1pu pa3andHbix A. a. C oanna-
KOBBLIM 3HadeHuneM BocupuuMmunpocTu Jlanzxkesena 4wy, = 1.256. 6. C dukcupoBaHHOil KOHIIEH-
rpanueit MmarauTaoro Hocureas ¢ = 0.03. Toukamu mokasaHbl pe3yabTaThl YUCIEHHOI'O MO/Ie-
muposanust [I]. Kpusble — Mozieh TUOKHX IEMOYEK.

HE BKJIIOYAIOTCs KOH(MUIYPALUUKU YACTUI], MAIHUTHbBIE MOMEHTbI KOTOPbIX CUJIHHO
OTKJIOHSIFOTCSI JIPYT' OT JIPyTa. DTO CIPaBEJJIMBO IPU MaJbiX A ~ 3. OnHako npu
A ~ b U yrjie w MexJy MarHUTHBIMA MOMeHTaMu coceaaux dactui B 30 — 40°,
BO3MOKHbI PACIOJIOXKEHUS YaCTHI], SHEPIUs JUII0JIb-IUII0JIbHOTIO B3aUMOIEeHCTBHSI
KOTOPBIX TI0 a0COJIIOTHOMY 3HAUEHUI0 HAMHOTO IPEBLINIAET TEIJIOBYIO SHEPIHUIO.
Takne KoH(MUIYypaIuu MOTYT pacCMaTPUBATLCI Kak Tenoukn. VX yuer npusejer
K YBEJIMYEHUIO ODIIEro 4mca Mernovek W X cpejHeil JinHbl. B KoHeuHOM uTore,
9TO MOXKET HPUBECTU K HEDOJILIIOMY POCTY HaMalHUYEHHOCTH (PEPPOKOJLIONIA B
MTPOMEXKYTOTHBIX TOJAX (v ~ 1).

['nasa 4. Maruutusle cBoiicTBa Ja00PATOPHON (HEPPOKUIKOCTH U MOJIETD
IIOKUX IEeII0YeK

B derBepToii TyIaBe NMPOBOJUTCS CpaBHEHUE IMPeJICKa3aHnii MoJie/in THOKUX 1eI0-
YeK € pesyJibraraMyu U3MEPEeHUil MarHUTHBIX CBOMCTB peaJibHOM (heppoxKuIKOCTH,
rmapaMeTpbl KOTOPOl COOTBETCTBYIOT IIPEJIIION0KEHUAM 3aJI02KCHHBIM B MOJIEJIb.
st 9KCcnepuMeHTa UCTOJIb30BATUCH (DEPPOKUIKOCTH C Y3KUM PACIIPEJICTICHH-
eM YacTHI[ 10 pa3MepaM, TEXHOJIOTUs TOJydeHusT KOTOpbiX onucana B [5]. Boum

Tabuna 1: XapakTepucTuku uccjiegayeMbiX (heppoKuIKOCTENd.

Kon drpy (um) m (1072°Am?)  dyr (mm) A

A 21.0+ 24 162 18.6 4.4
B 16.1 %26 64.7 13.7 1.7
C 9.6 £ 1.2 18.6 9.0 0.5
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Puc. 4: ®ororpadun mI0CKuX CJI0EB UCCIeI0BaHHbIX KujgkocTeii (cryo-TEM) [5]

MCCJIEIOBAHBI KPUBBbIE HAMArHUUIMBaHus Tpex (eppoxkuakocreil (o 12 obpasnos
pa3IUIHON KOHIEHTpaImu i Kaxoii). [lapamerpor npusenennt B8 Tabsure (11
Uccnenosanucs konnenrpannu 110 6% s deppoxugkocreit B, C u go 12% s
deppoxukocT A.

Kujgkocru B n C anaau3upoBaiuch Jijist TPOBEPKUA KOPPEKTHOCTH MATHUTHBIX
U3MEepeHnit U MpoIeyphl CPABHEHUsT UX PE3yILTATOB C JAaHHBLIMEU Mojeseit Jlan-
JKeBeHa, MOIMMDUIIMPOBAHHON TEOPUN CPEIHEro MOJIsl U MOJETN THOKUX IEM0YeK.
Ncexoast u3 canmvkos (puc. E) miocknx ciioeB GheppoKugKOCTEH, ClIesaHHbIX Me-
TOJOM HU3KOTEMIIEPATYPHON! 3JIEKTPOHHOW MUKPOCKOIUHU, JUIA (DEPPOKMUIKOCTH
C xapakTepHa OJIHOpPO/IHAs CTPYKTYpa, (PePPoKUIKOCTL B copep:KuT HeOOIbIIoe
KOJIMIECTBO arperaToB, a B (DEPPOKUIKOCTA A MOYITH BCE YACTHUIILI O0bETMHEHb
B IEMTOYKH.

IIporeiypa anaJjin3a KPUBbIX HaMarHUICH-

HOCTHU 10JIpOOHO onucaHa B 4-# 1yiaBe Jiuc-
cepranuu. MarauTHble CBOiCTBaA (DEPPOKUI-
koct C IpeKpacHO OINKMCHIBAJIKCH MOJIEJIbIO
Jlanxkesena. Jlwamerp dacTwuil, MOJYUEHHBIH
U3 MarHuTHBIX U3MEPEHU OJIM30K K 110J1y YeH-
HOMY M3 JaHHBIX MUKpockonuu. Hamaramyaen-
HOCTb U BOCIPUMMYUBOCTH peppoxKujikocTu B

0.09 o ¢ A= 1.7 mosens Jlanxkesena Hej00LEHUBA-

0.06

jga, B 10 Bpems, kak MTCII jgaBaia Tounbie
Puc. 5: KonnenrpaiuonHasi 3aBuCH-

) . pesynbTarhl. B aTom ciyuae namabie MTCII
MOCTHb Ha4YaJIbHOUM Mal'HUTHOUW BOCIIPpHU-

uManBoctn deppoxkuakocta A. Kpn-
Bble — AHATTUTUIECKHE MOJETH (CILIONI-
Hag — MI'Ll, nyaktupunag — MTCII,

n MTI'Tl npakTnyecku MOJIHOCTHIO COBIIAIAJIN.
Ucnosnzosanue MI'L onpasiano st dpeppo-
JKUJKOCTEH ¢ A > 2.

HITPUXIIYHKTUPHAs — MoJesib Jlanxke-

H ncC. |l IpuB Ha KOHIEHT MOHHAaA
BeHa). TouKy — SKCIepUMEHT. a puc it pusclicta KOHNCHTPalMOHHA

3aBUCUMOCTDH HAYAJLHOW MArHuTHON BOCIPU-
UMYIUBOCTH (PEePPOKUIKOCTH A B cpaBHEHUH C JAHHBIMU TEOPETUICCKIX MO/IEJIeI,
Mogens Jlanxeserna u MTCII siBHO HEI00IEHUBAIOT BOCHPUUMIUBOCTL (DEPPO-
xuyikoctn A. Kpupasi, cOOTBETCTBYIONIAS MOJIE/IM MTHOKUX HEIMOYEeK JIEXKUT OJ1n3-
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[Te]

10

, 6.8% r 3.3%

| | | | | | | |
0 4 8 12 16 Hiaml 0 4 8 12 16 H pam

Puc. 6: Hamarawdennocrs GeppokuakocTd A B 3aBHCHMOCTH OT BHEINIHETO MOJIs TPH pas-
mudaHON KoHneHTpanun. Kpussle — anamurudeckue moaesan (cmiomntaas — MU, nyHkTupaas —
MTCII, mTpuxnyHKTUpHAsT — MOJIeb JlanzkeBeHa). TOUKH — 9KCIEPUMEHT.

KO K 3KCIEPUMEHTAJIBLHBIM 3HAYCHUSIM BIUIOTH 110 ¢ = 7%. Konnenrpanmuonnas
3aBUCHMOCTH BOCIIPUUMYINBOCTH arpPernpoOBAHHON CHCTEMbBI O9€Hb PAHO MTEPECTAeT
JIEMOHCTPUPOBATE JIUHEHHBI XapaKTep PoCTa: POCT CTAaHOBUTCs OoJiee OBLICTPLIM,
1 C OIIPEJIeJIEHHOIO MOMEHTa CHOBA OKAa3bIBACTCs JIMHEHHBIM 110 KOHIIEHTPAIUN C
YIJIOM HaKJIOHA 3HAYUTEbHO OosibiliuM, dyeM Jlanxkerenosckuit. [Ipu konieHrpa-
MK enepeHoit paspl Boime 7% Mojesb THOKUX HEIIOYeK 3HAUUTE/ILHO 3aBbIIa-
eT BOCIHPUMMYUBOCTHL CUCTEeMbBI. B riase 3 HabJ/roga/1ach OX0XKAsA CUTYallUsl IPU
cpaBHeHuu jganubix MI'LL ¢ pesyibraraMu 9ucjaeHHOro MojeupoBanus. [Ipubiim-
YKEHWE MIeaJbHOTO r'a3a MMernoveK, BUINMO, HECITPABEJIMBO 1TPH OOJIhITeH KOHIEH-
TpaIUN.

Ha puc. [0l mokasannr 3aBECHMOCTH HAMATHUIEHHOCTH (DEppORUIKOCTH A OT
HAIIPSAXKEHHOCTH BHEIIHEI'o II0Jid [PH Pa3JMYHBIX KOHIEHTPAIUIX JUCIEPCHOM
dazwl. PesysibraTbl Mojiesi THOKUX IIEM0YeK JieXKaT B YJOBJIECTBOPUTEIHHOM CO-
[JIACHH C JIAHHBIME SKCIHEPUMEHTa 1P KOHIEHTPAIMSIX JIMCIIEPCHON (ha3bl MeHee
7%. Bunno, 9To HamboIbIIee OTKJAOHEHNE HAMATHWYEHHOCTH OT 3HAYCeHUil mpeji-
ckazbiBaeMblx MTCII u mojienbio JlamkeBeHa HabJt01aeTCs B CJIaOOM U IIPOMEXKY-
TOYHOM MArHATHBLIX N0JsX. [Ipu konnenrpanmsx soire 7% MI'L nepeonenusaer
HAMArHUYeHHOCTh CUCTEeMbI. [IpuduHa JjIs TaKoro moBeJIeHMs MOJIEIN, Ha, HAIl
B3IJISI)I, BCE Ta K€: OTCYTCTBHE yueTa B3aUMOJICHCTBUS MEXK/1y IEIOTKAMU.

MaruuTtHble cBoiicTBa (PeppOXKUIKOCTH, 0Opa3oBaHue Ieneil gpeppodacTull B
KOTOPO# TMOATBEPKICHO JTAHHBIMHU SJEKTPOHHON MUKDPOCKOIMH, ONMUCAHBI MO~
JIbIO, YIUTbhIBAIOIIEH M'MOKNe MEeNnoYKM Kak OCHOBHON B/ OJIMXKHUX KOPPEJISIIuil B
CHCTEME.

OcHoBHbIE pe3yJIbTaThbl U BBIBO/IbI

[TocTrpoena crarucTrdeckasi MOJE/Ib MOHOJIUCIIEPCHON HU3KOKOHIEHTPHUPOBAHHOM
deppoxujikocTu. O2K 1pejcrasjieHa B BUJE HJIEAJbHOIO I'a3a MMOKKUX HEIOYeK
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deppouacTuil 1pousBOJIbHOMI JiyinHbL. Mojiesib 1103BoJIsieT UCCIIe/I0BATh PA3/InUHbIe
cBoiicTBa (PEPPOXKUIKOCTH B MArHUTHOM I10J1e. B paMKax Mojie/in BbIIrCIeHa CTa-
TUCTHYECKasl CyMMa I'MOKOi IenovYKn (peppodacTull, MOMEIeHHO# B 0JIHOPOHOe
BHEITHEE MarHUTHOE 110JI€ TPOM3BOJILHON HalpsizkeHHOCTH. CpaBHEeHWE ¢ JaHHBIMI
YUCJICHHOTO KCIIEPUMEHTa TOKA3aJ0 BBICOKYIO TOUYHOCTH TOJYICHHOTO BbIpasKe-
HU.

UccnepoBana MUKPOCTPYKTYPa HUZKOKOHIICHTPUPOBAHHOIO (DEPPOKOJIION/Ia C
KpylHbIMU dacTuiiaMmu. [losiyuenbl 3aBUCMMOCTY CPeJIHEN JIJIMHbBI [IEN0YeK OT Ha-
HPSI?XKEHHOCTH BHEIIIHErO 10JIsI, KOHIIEHTPAIMHU JIUCIIePCHON (ha3bl, UHTEHCUBHOCTH
JIAIIOJIb-IIIOJIbHOIO B3auMojieiicTBus. OOHAPY2KEHO, UYTO HauboJiee HHTCHCUBHbIM
POCT JJIMHBI I[EMOYEK MPOUCXOJIUT B MAarHUTHOM T10Jie CJIaboi M cpejiHeil Hallpsi-
>keHHOCTH. [loaTBep:KaeHO, ITO y4YeT OTKJIOHEHUS CTPYKTYPHI IHEMOYEeIHOrO ar-
perara oT (OpPMbI KECTKOI'O CTEPKHs SABJISIETCS COBEPIIEHHO HEOOXOIMMBIM IIPH
aHaJIM3e CBOWCTB M TOBeJIeHUsT (DePPOKUJIKOCTEH, CoJep KalluX TaKue arperarhbl.

[Tposejien anaJin3 MarHuTHBIX CBOWCTB MOJIEJbHBIX (PEPPOKOJIJIONJIOB [IPU 110~
MOIIM Mojean THOKux Ienodek. Crarmyeckas HaMarHMUEHHOCTH M HadaJibHasd
MaIrHUTHAas BOCIPUUMUYMBOCTD OKA3aJUCh 3HATUTE/ILHO OOJIBIITUMU, 110 CPABHEHUIO
C TnpejickazaHusiMu Mojiesieit Jlanxkesena u MojuUIIMPOBAHHON TeOpUU CpejHe-
1o 1oJisdi. B nauboJiblieil crenenu BJIMsiHUE 1IEII0YEYHbIX al'PeraToB IPOsiBJIsieT-
¢ B CJIaOBIX T0OJISIX, 3HAUUTEJIbHO YBEJIUUNBasi BOCIPUUMUYMBOCTD U HAMATrHUYCH-
HOCTh (DEPPOXKUJIKOCTH, 38 cUeT DoJiee KOPPEJIUPOBAHHOIO OTKJIMKA arperara Ha
BHEIIIHEEe 110Jie 110 CPABHEHUIO C OTKJIMKOM OTJIeJIbHOM 4dacTuiibl. B CHJIbHBIX 110-
JISIX BJIMsIHUAE arperupoBaHusl OCJIaDeBaeT B CBSI3U C TE€M, UTO KaxKJas YaCTHUIA I10
OTJIEIbHOCTHA MHTEHCUBHO B3aUMOJIECTBYET ¢ BHEITHUM MarHUTHBIM ITOJIEM.

Obnapy»keHo, 9TO B OTJIMIHE OT MpejcKa3aHuit MOanUITMPOBAHHON TEOPUH
CPEJIHErO 110J151, HAMAI'HUYEHHOCTh aIPerupoBaHHOIO (DEPPOKOJIIION 1 3aBUCUT HE
TOJIBKO OT BOCHPHHMYMBOCTH JIaH)KeBeHa, HO M OT MHTEHCUBHOCTH JIUAIIOJIb-JU-
IIOJILHOI'O B3aMMOJICHCTBHS U KOHIICHTPAIUU JUCIEPCHOM (Pas3bl 110 OT/IEIbHOCTH.

CpaBHenne pe3ysibTaToB MOJIEJU M'MOKUX IEeMoYeK ¢ JaHHBIMUA YUCJIEHHOIO MO-
JeJITPOBAHUST M HATYPHBIX MACHUTHBIX U3MEPEHUil ITPOJIEMOHCTPUPOBATIO Kade-
CTBEHHOE W KOJMYIECTBEHHOE COTJIACHE MEXKJIy TeOphueill W dKCIepUMeHTaMU, UTO
MOJITBEPYKJIACT aJIEKBATHOCTH MOJIE/IM C OJHOM CTOPOHBI U 3HAUYUTE/LHBIN BKJIAI
arperaroB B (hOpMe Iel0U€eK B CTaTUIEeCKUE MAIHUTHbIE CBOWCTBA UCCJIE0BAHHbIX
deppoxkuIKOCTE ¢ IPYTOii.
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