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KOJIJTANC MAIOW NETAN MATHUTHOIO FMMCTEPE3UNCA
FPAHVISIPHOIO BbICOKOTEMMEPATYPHOIO
CBEPXMPOBOAHUKA YBa,Cuz0r_g

JI. A. Baaaes”™, C. B. Ceménos, /I. M. T'oxpeavd, M. H. Iempos

Hremumym gusuxu um. JI. B. Kupenckozo
Kpacrosapcrozo naywnozo yenmpa Cubupckozo omdenenusn Poccutickoti axademuu Hayx
660036, Kpacrosapck, Poccus

TTocrymuna B pemakmuo 12 centsiopst 2023 r.,
nocyie nepepaborku 13 okTs0psa 2023 1.
IIpunaara x mybmukamuu 16 okTsops 2023 r.

PaboTta nocesiweHa 3KCNEpUMEHTaIbHOMY W3y4eHUnto 3Bosounn hopMbl NeTelb MarHUTHOrO rucrepesuca
rpaHy/IsipHOrO BbICOKOTEMMEepaTypHoro ceepxnposoaHnka YBasCusO7_s5 npu BapbUpoBaHNN MaKCMMasbHOMO
BHELLHErO NPUIOXKEHHOTrO NoAst Hyas. B gnanasore cnaboix noneii (ao ~ 103 npu temnepatype 78 K) Habnto-
JaeTcs ructepesnc (fanee — manblii rMCTEPE3NC), CBA3aHHbIN C ANaMArHETU3MOM 1 MPOHUKHOBEHUEM MOJIS B
BUAE A>K03ePCOHOBCKNX BUXPEli B NOACUCTEMY MEXIPaHY/bHbIX FPaHuL, ABAAtOLLERCA Ax03ed)COHOBCKOI Cpe-
poii. C gansHeliwnm pocToM H g, NOSABASETCA MUCTEPEINC HAMArHUYEHHOCTU, CBA3AHHBIA C MPOHUKHOBEHWEM
BUXPEN B cBepxnpoBogsaLme rpaHynbl. [pn aHannse skcnepuMeHTaNbHBIX AaHHbIX OBHAPY>XXeH HeTpUBMabHbIN
haKT — MarHUTHbLIA OTK/NK OT MOACUCTEMbI MEXIPaHY/bHBIX FPaHUL, CTAHOBUTCS MeHee 3aMeTHbIM Npu yBe-
andennn Hoa, @ Npu onpefeneHHOM 3HaYeHUM MaKCUMaAbHOMO MOASA 3TOT OTKAWK BOODOLE Mcye3aeT, xoTs
no abcostoTHOM BeMYMHE HaMarHMYeHHOCTH (NPU Masbix 3HAYeHUAX Himaz) Madnblil FUCTEPE3NC CONOCTABUM C
OTKJIKOM OT CBepxnpoBogswmux rpaHyn. OnucaHHasi 3Bo/tOLNS MAarHUTHOrO rUcTepesnca obbsiCHeHa B pamkax
KoHLenuuu 3¢pheKTUBHOIO NONS B MEXIPaHYAbHOW Cpefie, B KOTOPOA CYMMapHOE NoJie B NOACUCTEME MEXIpPa-
HYJIbHBIX FPaHUL, ONPEAENSIETCS HE TONBKO BHELUHUM MOJIEM, HO U MONSIMU PAaCCESIHUSI OT MarHUTHLIX MOMEHTOB
CBEPXNPOBOASALLUX rpaHy. VHbiMu cioBaMu, B3auMogeiicTBme Mexxay CBEPXMPOBOAALLMMUN NOLCMCTEMAMU Fpa-
HYJl 1 MEXIPaHy/bHbIX FPaHUL, NPUBOAMUT K CYLLECTBOBAHUIO MaJoro rMcTepesnca B 4OCTaTOMHO MasiblX MOAsIX
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1. BBEAEHUE

ITapameTpsl IETIH MATHUTHOTO THCTEPE3NUCA SIBJISA-
FOTCSI OJJHON M3 OCHOBHBIX XaPAKTEPHCTHK CBEPXIIPO-
BOJIHUKOB KaK ISl NPAKTUIECKUX I[PUMEHEHuil, Tak
U s HOHUMaHUs DYHIAMEHTAIbLHBIX IPOIECCOB IIPO-
HUKHOBEHHUSI, PACIIPE/ICJICHIS W 3aKPEIUICHNs (ITMHHIH-
ra) suxpeit A6pukocosa. MHOroo6pasue THIOB CBEPX-
[IPOBOJAIINX MaTepHaJoB [1-6] u HeOGXOAUMOCTH KOH-
TPOJIMPYEMOrO YIPABJEHHs INHHUHIOM Buxpeil [7, §]
TpebyeT moHMMaHUsT (PU3NIECKUX MEXAHU3MOB (hOpMU-
pOBaHUSI [eTeslb IMCTEPE3NUCa HAMATHUIEHHOCTH, UTO
00y CITaB/IMBaET MHOIOUNCICHHBIE HCCIe10BaHus [9-24].
3a mouru 60 JeT, TPOIIeAIINX IIOCIE MOSBJICHUS MO-
JIeJI KPUTUIECKOTO cocTosiHusl Buna [25], nosismioch

* E-mail: dabalaev@iph.krasn.ru
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HEMaJIO ee JAJIbHEHINX MOJIUuMUKAIN, yCOBEPIIEH-
CTBOBaHUIT M W3MeHeHuil, cM., Hampumep, [26], B ToM
9UCJI€ YUIUTHIBAIONINX T'PAHYJISIPHOCTH CBEPXIIPOBOJIS-
mero mMarepuada [27-31].

I'panynsipras CTPyKTypa BBICOKOTEMIIEPATYPHBIX
ceepxupoBogarkos (BTCII) u ux masas njmHa Kore-
PEHTHOCTH OOYCJIABIUBAIOT TO, YTO MEPEHOC CBEPXIIPO-
BOJIAIIETO TOKA Yepe3 MeKIPaHYJIbHbIE TPAHUIIBI IPO-
ucxoaut bJarogapst apderry Jxkozedcona. Cama mos-
cHCTeMa MEXKTPaHYJILHBIX TPAHUIL IIPEJCTABIIAECT CO0O0iT
CeTh MEPEXOJIOB J2K03e(DCOHOBCKOTO THUIA W SIBJISETCS
OT/IEJIBHOI «CJIab0il» CBEPXIIPOBOJISIIEN ITOICUCTEMOI,
CBA3AHHON ¢ APYIoil y2Ke «CUJIbHOIY» CBEPXIIPOBOAAIIEH
mogacucremoit — BTCII-rpanymamu. B urore B rpany-
sgsipabix BTCII-marepuanax dopMupyercs AByXypOB-
HEBOE CBEPXIIPOBOAsiiIee cocTodnue [27], 4o mposs-
JISIETCS. B UX MATrHAUTOTPAHCIOPTHBIX CBOMCTBAX, TAKAX
KaK JBYXCTYIIEHIATHIN IEPEXO0]] B CBEPXIIPOBOJISAIIEE CO-
cTosinue, HaOJTIOMAEMbIil Ha 3aBUCUMOCTSIX COITPOTUBJIE-
HUSI OT TEMIIEPATYPhl BO BHEIIHEM IIOJIe, JINOO IBYX-
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Puc. 1. Metan marnutHoro ructepesuca M (H) wccnego-

BaHHOro obpasua YBazxCuszOr_s B pasnnyHbix guanasoHax

BHeLHero nossi. JlereHja COOTBETCTBYET N OCHOBHOMY PUCYH-

Ky, n BcTaBkaM. Ha Hu>xHeli BCTaBKe nokasaH BKJIag OT MOACU-

cTeMbl MexXrpaHybHbix rpannl, Mgp(H), nonyyeHHsili nocne

BblY€Ta JINHEHOro No noto ANaMarHUTHOro BkNaga OT CBEpX-
NPOBOASALLNX FPaHyN

CTYIIEHYATBIA XapakTep MArHUTOCONPOTHBJIEHUS (1pu
nocrosauuoii TeMueparype). [logcucremMbl MeKIpanysib-
HBIX T'DAHUI] U TPAHYJ XapaKTEePU3yIOTCS TaKyKe Ha-
JIMIUEM THUCTEepe3NnCa B PA3JINIHBIX JIMAMNA30HAX Mar-
HUTHBIX nosteii [32-35]. Cremyer oTMeTHTD, 9TO B ITO-
JIABJISTIONIEM OOJIBINIMHCTBE UCCJIEIOBAHMI PACCMATPU-
BAETCSl TUCTEPE3NC HAMATHUYEHHOCTH B YMEPEHHBIX W
CUJIbHBIX MATHUTHBIX TIOJIAX, [/l MATHUTHBIA OTKJIMK B
OCHOBHOM OIIPEJIEJISIETCSI CBEPXIIPOBO/ISIIAMU I'PAHYyIa-
Mu. B To 2Ke BpeMsi TuCTEepEe3nCHOMY [TOBEIEHUIO HAMAr-
HUYEHHOCTH, CBA3AHHOMY C MOJICUCTEMON MEKTPAHYIb-
HBIX I'DaHUI] (J1ajiee — MaJIblil MECTEPE3NUC), YIeIAI0Ch
MAaJI0 BHUMAHUS, ¥ YIOMSHYTBIE BBIIIE CTATHH [32-35]
SIBJISIIOTCSI BECHbMa PEIPE3€HTATUBHBIM CIINCKOM pPaboT
o 3Toit TeMe. B janHoil paboTe MBI 3a/IAJHCH IEJIHIO
MOIPOOHO MCCIIEIOBATH IBOJIONUIO (DOPMBI MATHUTHO-
ro rucrepesuca rpanysispaoro BTCII cucremsr Y-Ba—
Cu-O npu yBeIUYEHUU BHEINIHEIO IOJIs U BBISBUTH
O0COOEHHOCTH B3aMMOJIEHCTBUS M B3AWMOBJIUSTHUS 10/
CHCTEM MEXKTPAHYJILHBIX IPAHUI] U CBEPXIIPOBO/ISIIINAX
rpanyJI.

2. 9Q9KCIIEPNUMEHT
Oo6pazen;, BTCII YBayCu3zO7_s ObL1 mpuroros-

JIEH METOJIOM TBepI0(MA3HOTO CHHTE33a B BO3JIYIITHON
aTMocepe W3 COOTBETCTBYIOIIMX OKCHIOB C TPeMs
MIPOMEXKYTOUYHBIMEA TIOMOJaMu. Ha KomedHOI craauun
[IPUTOTOBJIEHUSI TPUHUMAJIUCEH CIEIUAIbHBIE MEPBI IO
ontumuzanuu orkura (50 1 npu remmneparyp 940 °C ¢
nocsieyromieil Boiiepxkkoit mpu 350 °C B Teyenue 10 q).
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Ha udpaxrorpamme UpuCyTCTBOBAJIM TOJBKO pe-
diekcor, coorBercTBytomue crpykrype 1-2-3. Cpen-
HUIl pa3Mep I'PaHys 10 JIAHHBIM CKAHUPYIOIIEH JIeK-
TPOHHON MHKPOCKOIINU COCTABJISIIT IpUMEpPHO 10 MKM.
TemmepaTypa 1mepexo/ia B CBEPXIIPOBOJISIIEE COCTOSTHUE
IO JTaHHBIM Mal'HUTHBIX U TPaHCIIOPTHBIX (Haqaﬂo 11e-
pexona) usmepenuit cocrasmwia 93 K, Benuuuna kpu-
THUYECKOTO TOKA IIPU TEMIIEPATyPe KUJKOTO a30Ta —
150 A /em?.

MarauTHble U3MepeHus TPOBOIMINCH HA BHOpAIN-
onroMm marautomerpe LakeShore VSM 8604. st us-
MepeHnit 0b6paser; ObLT H3TOTOBJIEH B (hOPME IIapa Jua-
MerpoM OKoJI0 3MM. lleTsim MarmmTHOrO THCTEpE3U-
ca u3Mmepensl nipu temieparype 78 K. Ckopocts n3me-
HeHust 110Jis1 cocTabisia 0.1-109 /¢ (s nuanasoHoB
MaJIbIX ¥ OOJIBIIUX I10JIefl COOTBETCTBEHHO). JKCIEpH-
MEHTaJIbHbIE JaHHble (BeJMYUHA BHEIIHEro H0JsA) Obl-
JII CKOPPEKTHPOBAHBI C yYETOM Pa3MarHUYNBAIONIETO
daxTopa obpasra.

3. PE3VJIBTATHI 1 OBCY2KJEHUE

O6mwmit By 3asucumocteit M (H) B nuanasone 1o-
sreit o £15 k9, a Takxke 10 +1 KD MoKa3aH HA BEpXHEN
BcraBke puc. 1. Acummerpudnas hopMa 3aBUCUMOCTEH
M (H) 0OTHOCUTENHLHO OCU abCIUCC TUIIMIHA JIJIST TPAHY-
ssipabix BTCII npr mocTaToqHO BBICOKHX TEMIEPATY-
pax. Takast acuMMeTpust OObSICHIETCS HAJIUIUEM TIO-
BEPXHOCTHOT'O CJIOSI B IPAHy/aX, B KOTOPOM HHUHHUHT
abpukocoBekux Buxpei ocaabiaen [30,31,36-38]. Bza-
umHOe pacnosiozkenue 3apucumocreir M (H), usmepen-
HBIX JI0 PA3JUYIHBIX BEJMYUH MAKCHMAJILHOTO HPHIIO-
JKEHHOI0 TOoJIdA, BKIo4Yasa H ., = £509 , mokaszaHno Ha
puc. 1 (ocHoBHOIt pucynok). OTMeTum, 4TO BCe 3aBUCU-
MOCTH, TIPUBEJIEHHBIE Ha PHUC. 1, M3MEPEHBI MOCJIe OXJIa-
JKJICHUs B HYJIEBOM BHeEIIHeM 110J1e. [loBenenne 3aBucu-
moctun M (H), n3MepeHHO! B Inana3oHe MaJjbIxX HoJIei
(£509 ), B OKpecTHOCTH HadYaIa KOOPAUHAT IIOKA3AHO
Ha HIDKHel BcTaBke puc. 1. VI3 sTux JaHHBIX Clleayer,
9TO B JMalla30He II0JIell pUMEpHO 70 12 Ha 3aBuU-
cumoctu M (H) npucyrcrByeT rUCTEPe3uc, B TO BPEMs
KaK JlaJiee, IIpy yBEJINIeHNN BHEIIHErO T0JIsl, HAMATHU-
YEeHHOCTH BeJIeT ceOsi MPaKTUIECKH 00paTuMbiM 0Opa-
3oM u 3aBucuMocTh M (H) nuHelHa 10 TOJIHO.

OrnurcanHblii MaJbIlii TECTEPE3UC, OTUYETJIMBO BUJIM-
MBIl Ha HUZKHEU BCTaBKe puC. 1, 1 eCTh OTKJINK OT MOJI-
CUCTEMbI MEXKI'PAHYJILHBIX TPAHUI], O YeM TOBOPUJIOCH
BOo Beesennn n HabIIIOAI0CHh B IIUTHPOBAHHBIX BBIIIE
paborax [32-35]. 3uech Takxke HEOOXOIUMO OTMETHTD,
YTO HA IepeTepPThIX (U3 TabJIeTOK ) B IIOPOIIOK 06pa3nax
BTCII maubrii rucrepesuc ne nabsomaercs. Jluamar-
HUTHBIA OTKJINK OT CBEPXIIPOBOIAIIUX I'PAHYJ HAOJIIO-
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JlaeTcsl Kak JIMHEeHHOoe 110 II0JII0 M IPaKTUIecKu obpa-
TuMoe noBejenne 3asucumoct M (H) B nossx 6osee
npumepro 109. IIpu BblYeTe n3 SKCIEPUMEHTATIHHOM
sasucumoctu M (H ) nanubiii muneiinsii sraas y H (rae
X < 0) MOKHO MOJIyYUTH IETIII0 THCTEPE3NCa HAMAIHI-
gennoctn Mgp(H) oT mojcucreMbl MeKIPaHYIbHBIX
[PAHMUIT;
Megp(H) = M(H) — xH.

ITosy4yennast TakuM 0Opa3oM T'UCTEPE3UCHAsS 3aBHCH-
moctb M p(H) npuBejieHa Ha HUXKHEH BCTaBKe pUC. 1.
Omna momobHa TeT/IAM THUCTEPE3NCa HAMATHHICHHOCTH
CBEPXIIPOBOJIHUKOB BTOPOTO poja (IOJCUCTEMa MEXK-
IpaHyJILHBIX TPAHUII, T. €. 17K03ePCOHOBCKAs CpeJia, SB-
JIETCsl CBEPXIPOBOIHUKOM BTOPOro poja [39,40]).

Mogiesb KpuTHIECKOTO cocTosiHus [25] ycraHaBIm-
BaeT CBS3b HAMArHWYEHHOCTH W IJIOTHOCTH KPUTHYe-
CKOT0 TOKa J¢, 9T0 TMO3BOJIAET OIpEeIeNaTh Jo U3 Mar-
HUTHBIX n3Mepenuii. /s GeCKOHEYHO JJIMHHOIO ITHU-
JuHApa ¢ guamerpoM d [31]

Jo(A/em®) = 30 AM[en. CTCM /em?®] /d[en], (1)

3necb AM — BbICOTA METJIN TUCTEPE3NCa HAMATHIUIEH-
Hoctu, AM (H) Mgee(H) — Mine(H), Min.(H) u
Mgec(H) — BeTBU ruCTepesnca i BO3PaCTAIOIIETO

7 yOBIBAIOIIErO BHEIIHETO IMOJis COOTBeTCTBEHHO. Jljis
obpasma B dopme mrapa Takoe MPOCTOE AHAJIUTHUYIE-
ckoe Beipazkenue (dopmyna Buna) maer suims npumep-
Hoe 3HadeHume. bojee ToUHOE TPUOINKEHNE JIJTsT OIEH-
ku Jo B 00paste mapoodpa3noit GopMbl MOXKET OBITH
nosiydeno mpu 3amenHe d Ha 3hPEKTUBHOE 3HAUCHUE
deff = Tdeircle/4, T8¢ deircle — AuaMeTp mapa. 3Ha-
genne AM npu H ~ 0 cocrasaser 0.24 en. CCM /em?
u deg = 0.131cm, uro maer Jogp = 55A/CM2. Kaxk
n3BecTHO, popmysia BuHa jaeT 3aHNKEHHBIE 3HAYEHUSI
KpUTHYeCKOro Toka BOm3n H = 0 [41-44]. Heiicrsu-
TeJIbHO, BEJIMYNHA KPUTUIECKOI'O TOKA, OlpeJeleHHAas
U3 TPAHCIOPTHBIX M3MEPEHUIl YeThIPEX30HIOBBIM Me-
TOJIOM, HECKOJIBKO Bhimme (~ 150 A /cm?).

JlJisi meTii MarHUTHOTO I'MCTEpPEe3Uca, M3MePEeHHON
Jo moJieit Gosbmux 1k, B BRIpazkenue (1) HEOOXOMH-
MO TIOJICTABJIATH He pa3Mep 00pasIia, a CPeIHHIT pazMep
rpaHyJ [45], TaK KaK MeKI'DaHyJIbHbIE TOKH MOJIABJIS-
0TCd B OOMBITUX TOMAX. [y GOJBINOH TeTIn MmoJTy-
qaeM BEJUYIUHY BHYTPUTPAHYIBHOTO KDUTHIECKOTO TO-
ka Jog ~ 2-10° A/cm? mpu d ~ 10 Mxm. Onucannas
pa3HMIA B HECKOJIBKO IOPSIIKOB B Beu4yuHax Jogp U
J oG ABISIeTCS XapAKTEPHBIM TPU3HAKOM I'PAHYIISPHBIX
BTCII. B cBere cka3aHHOTO BBIIIIE, I TOJTHON METIN
MATrHUTHOTO rucTepesnca Miotq(H) (Huke Oynem uc-
nosibzosars obosuadenue M (H), Mo (H) = M(H))
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Puc. 2. lMetan rucrepesmca HaMarHUYEHHOCTU, MOJYYEHHbIE
NPy PasinYHbIX BENNYMHAX MAKCMMAJIbHOTO MPUIOXKEHHOMO
nonst +Hap C MOCNEAOBATENBHBIM YBEJUYEHNEM BEUYNHBI
H 4. Ha BepxHeli BcTaBke NokasaHbl Te XKe NETAN B OKPeCT-
HOCTM Hayvasa KOOpAWHAT B YBEJMYEHHOM MacluTabe; cTpenku
YKa3bIBaloOT Ha obcyxxaaemyto apkoobpasHyto ocobenHocTs. Ha
HUXXHEN BCTaBKe — 3aBUCMMOCTb OCTaTOYHOU HaMarHW4YeHHO-
™ Mpgem (Hgee = 0) 0T Hpaz B ABOWHOM SIOrapucbMmyecKom
MaclTabe

PaHYJISAPHOrO CBEPXIIPOBOIHUKA MOXKHO 3AIIUCATD CJIe-
JIYIOIIee BbIPazKeHNe:

M(H) = M (H) + Mg(H), @)
3neck Ma(H) — OTKIMK OT CBEPXIIPOBOJISIIIUX TPAHYIIL.
AjuTuBHBIA BKJIaJL OT ABYX BKJIAJOB B OOIILYIO HAMAI-
HUYEHHOCTH IPAHYIISIPHOTO 06pa3Iia MoIpa3yMeBaJICsl B
psjie MUTUPOBAHHDBIX BbIile pabor. OIHAKO B BhIpasKe-
HuK (2) OTCYTCTBYET B3aUMOCBA3b MEKJLy IIOJCUCTEMA~
MU MEXKIPaHYJIbHBIX TPAHUI, U TpaHysl. JJis BbIgcHe-
HUS TAKON B3aMMOCBA3H ObLIY U3MEPEHBI ACTHBIE [IET-
JII THCTEPE3UCa HAMAIHUYIEHHOCTU C HOCJIEI0BATEI b
HBIM yBEJUYEHUEM MAKCUMAJILHOIO IIPUJIOKEHHOIO 110~
ng +Hpop. DT nannbie npusegennl Ha puc. 2. [lar mo
YBEJUUUBAIOIIEMYCsl MAKCUMAJILHOMY 3HAYEHUIO IOJIs
cocTaiisil (C y4eTOM pasMarHuUuBaOIIerocs hbaxTopa
obpasma) 10-139 .

OcraHOBUMCSI CHAUAJA HA TOBEJEHUH OCTATOUHOM
HaMarHunIeHHOCTH MRe, Kak GyHRmun H,q., T0-
Ka3aHHOM Ha HUXKHEH BcTaBke puc.2 (HCHOJb30BaHA
JBOitHAsT JjorapudMuIeckas mMKaja). JTa 3aBUCHMOCTb
UMeeT JBYXCTYIIEHUATHIHl XapaKTep, B KOTOPOM €CTb
[IPOMEXKYTOYHOE HACHIIIEHHE (B HOJISIX, IPEBBINAIOIIAX
npumepo 109) u apyroe (OCHOBHOE) HACHINIEHHE B
Gosibimux 10JisIX. OTXOJ OT NPUMEPHO MOCTOSHHOTO
3HAYEHUS [PU [IPOMEKYTOYHOM HACHIIIEHUN [IPOUCXO-
JAT B 11051€ 0K0J10 35—409 | Kak yka3aHo (cTpeskoii) Ha
HIZKHell BcTaBke puc. 2. O4YeBH/IHO, YTO B 9TOM HHTEP-
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BaJle BHEIITHUX T10JIefl HAUNHAETCS IPOHNKHOBEHNE BHX-
peit AbpukocoBa BHYTPbH I'DaHy/I, U 9TO TMOJe HA3bIBA-
FOT T10JIeM TI€PBOTO IpoHnKHOBeHust H ;p [34,35,46,47].
CaenoBarenbHo, npu Hp,.. > H;p MBI nMeeM Iejo
C CYTEpHO3UIHe IBYX THCTEPE3UCHBIX HAMATHUIEHHO-
crell 0T AByX HojcucTeM (MeXKIPaHyJIbHbIE IPAHUIBI 1
IPaHyJIbl), COIVIACHO BBIPAKEHUIO (2).

B dopme gacTHBIX meTesb rucTepesnca B 00JaCTH
HavaJjIa KOOPJIMHAT ITPUBJIEKAIOT K cebe BHUMAHNE apKO-
06pasuble 0cOOEHHOCTHU (U3JI0MBI), OTUYETIINBO BUUMbIE
B YBEJIMYEHHOM MacIITabe Ha BepxXHeil BCTaBKe PHC. 2
(OTI\/queHO TOPU30HTAJIbHBIMU CTpeﬂKal\lI/I). yKaBaHHbIe
uzJsiombl 3asucuMocreil M (H ) u M (H 4e.) nabioma-
IOTCH B OKPECTHOCTH TIOJIsI OKOJIO 5 D, U OHM CBSI3aHBI
€ BKJIQJIOM OT MAJIOTO THCTepe3nca (HAIMINEM SKCTPe-
mymoB 3aucuMoctu Magp(H), ¢M. HUXKHIOIO BCTABKY
puc. 1). B To ke BpeMs uM3 JaHHBIX, IPUBEJCHHLIX HA
BepxXHEl BCTaBKe PHUC. 2, MOXKHO 3aKJIFOUUTh, UYTO IPHU
JIOCTATOYHO OOJIBININX 3HAYEHUAX H g, OIMCHIBAEMASI
OCODEHHOCTDb CTAHOBUTCS JIUOO CJ1ab0 BHIPAXKEHHOI, JIU-
60 orcyrcrByer. VIHBIMEU CJiOBaMU, B HEKOTOPOM JIHa-
ra3oHe 3HaYeHuil H,p, ., COXPAHSIETCs BIUSHUE MAJIOTO
TUCTEPe3Uca, a MPHU JIOCTATOYHO OOJIBIMNX 3HAUEHUSIX
H,p 4z BKJIAJ OT MATHUTHOTO THCTEPE3UCA CTAHOBUTCS
HEeCYIIeCTBEHHBIM. BoJjiee MMojpobHO OIUCHIBAEMOE II0-
BeJIeHIE MPOUJLIIOCTPUPOBAHO HA PHUC. 3@, HA KOTOPOM
upuBesieHbl yaactku 3asucumocreit M (H) upu usme-
HEHUU BHEIHETO MOJIst OT +H gy 10 —Hpgy JUIST 3HA-
wennit H,,q,; B quanasone or 13 mo 1849 . @opma 06-
cyxKaemoii ocobennocru ua 3apucumoctu M (H) B Bu-
Jle apKHU I0J[PA3yMEBAET JIBE [MO0YEPEIHbIE CMEHBI 3HA-
K& KPUBU3HBI [IPU U3MEHEHWH II0JIsI; [10JIe, IIPU KOTO-
POM U3MEHSIeTCSl 3HAK KPUBU3HBI, YKA3aHO Ha PUC. 3a
crpesnkamu. [Ipu orcyTcrBUn apKooOpa3Hoil 0coOeHHO-
CTH CM€Ha 3HaKa KPHUBU3HbLI HE IIPONUCXO/UT U 3aBUCH-
moctb M (H) aBiisiercs B IePBOM IPUGJIMZKEHUN JINHE-
Hoil dbynkimeil (Ha puc. 3a JJsi COIOCTABIEHUA C IKC-
IepUMEHTAJIBHBIMU JAaHHBIMEA TpU H e, = 162, 173 1
1849 mposenensl upsaMble jguaun). Pucynku 3b,c wi-
soctpupyior npoussogubie dM(H)/dH. Tlpu mocra-
TOYHO MAJIBIX 3HAUEHUSAX H g, npoussonubie dM/dH
JIEMOHCTPUPYIOT JIBa OTYETJIMBBIX IKCTPEMyMa, KOTO-
pbleé CTAHOBATCS CJAA0OBBIPAYKEHHBIMH IIPU yBeJIMde-
aun H,,,,. I3 ananusa gaHHBIX Ha puc.3b,c MOXKHO
BaKJIFOYUTh, YTO IPU Hppgr = 173D Ha IPOU3BOIHBIX
dM/dH wuer sxcrpemymoB, a 3asucumoctu M(H) B
muanazone +20 10 —20 D sABAAOTCH MTPAKTUIECKU JIM-
HefiHbIME TI0 TI0J1E0 dyHKIusAME (cM. puc. 3a). Takum
00pa30oM, IpU 3HAYEHUAX MAKCHMAJHHOTO MPUJIOXKEH-
HOrO II0JIsE OKOJIO 1739 m 66sbmux 3HadeHusIX H.,q.
MaJIblil THCTEPe3nC HaMarHN4eHHOCTH He IIPOsIBJISIETCSI
B 00JIACTU MAJIBIX ITOJIEH.
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Puc. 3. a — yyactku 3aBucumocteii M (H) (13 paHHbIx puc. 2)

B AgnanasoHe +203 npu m3MeHeHun BHewHero nons H ot

+Hpaz B0 —Hmaz (CvMBONBI); NpsiMble NUHWM — annpok-

cumaums anHeliHon yHkuymeii, b,c — nponssopHsie dM /dH
A5 AaHHbIX, NOKa3aHHbIX HA PUC. @

uanason usMeHeHus HamaraudeHHoctu AMgp
Mmajsioro rucrepesuca (3asucumoctu Mgp(H)) B aua-
nasoHe 109 cocrasiser okosno 2Tc (cM. HIKHIOO
BCTaBKy puc.l), B TO BpeMs KaK BeJUYUHA IOJTHON
HAMATHUYEHHOCTU 1pU H,npgp = 1733 B OKpecTHOCTH
+109 sapsupyercs B npegenaax 5—-15T¢ (puc. 3a). Ta-
kM obpazoM, AMgp u M(H = £109) — 310 comocra-
BUMBIE BeJMIUHBL. OTCYyTCTBHE IPOSIBICHUS SKCTPEMY-
Ma OT MaJIOro rucTepesuca Ha sasucumoctu M (H) npu
JIOCTATOYHO OOJIBIINX BeJUIUHAX H gy O3HAYAET, UTO
BKJIaJ[ OT MaJIOI'O TUCTEPE3UCca He BCErJa sIBJISIETCS a/l-
JIATUBHBIM BKJIAJLy OT CBEPXIPOBOIAIMX rparyir. O6-
Hapy2KeHHBIN (hakT, PaKTUIeCKn KOJIJIAIC MAJION IeT-
JIN MarHUTHOTO I'HCTEPE3HCa, HACKOJIHKO HAM H3BECT-
HO, He OBLI BbISIBJIEH B PAHHUX MCCIIe0BaHUAX [32-35].
Jutst 0O bsICHEHUST TIOBEJIEHNST MAJION TTeTIN HEOOXO0IMMO
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YUYUTBIBATH B3aUMOJENCTBYE IIOJACUCTEM I'PAHYJI U MEXK-
IpaHyJIbHBIX rpaHul. Bmecro Bbipaxkenus (2) MOXKHO
dhopMaJIbHO 3aIncaTh

M(H) = Mgp(H, Mg(H)) + Mg(H), (3)

rojipa3ymMeBasi, 9uro M Gp YMEHbIIaeTcs KaK ¢ POCTOM
H, tax v npu yBesuuenun Mq. Unbimu cioBaMu, Mex-
rpaHy/IbHAs CpeJia HaXOJWTCS He TOJBKO BO BHEITHEM
1ojie, HO W B II0JIe, WHYIUPOBAHHOM MATHUTHBIMU
MOMEHTAMH CBEPXIIPOBOIANIMX TI'panys. B3anMocBs3b
MeXK/Iy HAMAIHUIEHHOCTHIO CBEPXIIPOBOJIAIINX IPAHYJI
U BeJIMYMHON CyMMapHOIO IT0JIsl B MEXKI'PaHYJILHON cpe-
Jie ObLIa BBISIBJIEHA B CEPUU PAOOT 110 M3y I€HUIO MATHI-
TOTPAHCIOPTHBIX 3DHEKTOB B I'PAHYJISAPHBIX CBEPXIIPO-
BojiHUKax [48-58]. lasee IpUMEHUM KOHIEMIHIO (b~
(bEeKTUBHOIO T0JIsT B MEXKTPAHYJIBHON CPeJie TPAHYJIsID-
HOTO CBEPXITPOBO/IHUKA.

[Tpu Bo3pacTaHuu BHENIHETO TI0JIsi MEHCCHEPOBCKUE
TOKU IUPKYJIUPYIOT KAK Ye€pPe3 MeXKIpaHyJ/IbHbIE I'DAHU-
upl (Toku Jygp) 10 BceMy 00beMy I'DAHYIISIPHOIO 06~
pasiia, Tak 1 BHYTPH KazK 0¥ CBEPXIIPOBOJISIIEN IPAHY-
abl (Toru Jprg). OHE CO3MAIOT JUMaMATHUTHBIE OTKJIN-
KW, COOTBETCTBEHHO, OT ITOJICUCTEMbI MEXKIDAHYIbHBIX
TPAHUIl ¥ OT MOACHCTEMBI TPAHYJ, CM. CXEMATHIHOE
rpejicraBjaeHue Ha puc. 4. B mojcucremy MexKrpaHyiib-
HBIX TPAHUI] BHEITHEE [T0JI€ IPOHUKAET IIPU JOCTATOIHO
MAaJIbIX BEJIMYMHAX BHEIIHErO HOJId (J10J1U 9PCTe) B BU-
Jie jro3edconoBeKux Buxpeit [39]. s Hatero ciryas
B 1oJ1e H6oJiee IPUMEpPHO 12 D BBICOTA HETIA THCTEPE3U-
ca AM gp cTaHOBUTCS MAJIOH, TUAMATHUTHOTO OTKJIMKA
OT TOJCUCTEMBI MEXKI'PAHYJIBHBIX I'PAHUIL Y2Ke [TPAKTU-
JecKHu HeT, U JjIsl jauana3oHa mnojeit H > 1039 ciexyer,
BHUIUMO, TOBOPHUTD JINOO O TEUYEHUU J12K03e(PCOHOBCKIX
BHUXpeii, OO MPOCTO O MArHUTHOM IIOTOKe. B MeHb-
[IUX TIOJISIX MOXKHO OIEPUPOBATH MATHUTHBIM MOMEH-
TOM OT IOJCHUCTEMbI MEXKI'DAHYJIbHBIX I'panui; Mgp,
JIMHAM MArHUTHON MHAyKOuu (IITPUXOBbIE JIMHUKA Ha
puc.4) OT KOTOPOro 3aMBIKQIOTCS CHAPYKH 00pasia.
MarauTtable MOMEHTHI TpanyT M gr B monax H < Hyp
OTPEIEIIAIOTCH TOJTBKO MEHCCHEPOBCKAMU TOKAMU J /¢ -
IIpu H > H;p Buxpu AGPUKOCOBA MOTYT IIPOHU3BIBATH
MHOXKECTBO TPaHyJ/I, PACIIOJIArasiCh IIPEUMYIIECTBEHHO
BIOJIb HampasseHus H; BUXpHU JAI0T TOJIOKUTEIbHBIN
BKJIaJI B OOIIYI0 HAMArHMYEHHOCTH CBEPXIIPOBOIHUKA.
IIpu 3TOM MOXKHO CYMATATH, YTO MOJLYJIb BEKTOPOB M R
YMEHBITaeTCs n3-3a BKIa1a Buxpeit. JIunnn marauTHoi
UHAYKOUA OT MAUHUTHBIX MOMEHTOB Mg (mrpuxo-
BbI€ JIMHUU Ha PUC. 4) JOJKHBI 3aMbIKATHCSI HE TOJIBKO
CHApPYXKU 00pa3Ia, a TAKXKE U 9epe3 MEXKIDAHYIbHbBIE
TPAHUIIBI, KAK IOKA3aHO Ha PHC. 4.

Wcxons 3 onucaHHON KApTUHBI, B MEXKI'PAHYJIBHOM
cpejie peaJin3yercs Cynepro3ulius BHentHero mojist H u

262

flux

et TTTTTTTTTTT

Puc. 4. CxemaTundeckoe npefcTaBneHne B3avMHOro pacnosno-
XKeHUsi BeKTOpoB BHelwHero nonst H (BospacTtatowyero), meiic-
cHepoBckux TokoB Jygr, Jma, MarHuTHbix momentoB Mep,
Mcgr OT NOACMCTEMBI MEXrpaHysbHbIX rpaHuL, (MHAEKCH
«MGB>» n «GB>») u rpanyn (nHgekcel « MG» n «GR>»).
MokasaHbl (LUTPMXOBBIMU JIMHUSIMUA 1 BbIGENEHbI LBETOM) N~
HUK MariuTHol nHaykumn oT Map n M. Takxe cxemaTny-
HO NpencTaBieHo pacnosoxerune suxpeli Abpukocosa (AV)

ot By, g, MHIYIINPOBAHHOIO MATHUTHBIMU MOMEHTA~
vy M gg. [lpuMeHnTENIBHO K TIOJACHCTEME MEXKI'DAHYIb-
HBIX TPAHUI] MOXKHO OIIEPUPOBATDH C YCPEIHEHHBIM WU
s dbexTuBHBIM TToTeM B g, mpudem, By = H + Byjpg.
fAcno, uro B,,q 3aBucutr or Mgpr, a OCKOJIbKY Ha-
MarHM9YeHHOCTH IIOJICUCTEMbI CBEPXIIPOBOJIANIUX I'Da-
uyn Mg saBiasercs cymmoit Ml ggr OT Bcex rpanyi, 9Ta
CBSI3b MOXKET OBITH 3aIlUCaHa KaK

Bina = aMg

njim

Bind(H) = aMg(H).

31ech yCcpeaHeHHbIH KO3M@UIMEHT TPOIOPINOHAIBHO-
CTM (v BKJIIOUaeT B cebsi KaK BJIMSHNME pa3MarHUYU-
Baroux (HakTOPOB IpaHysi, Tak U dPDEKT CHUILHOTO
CXKaTUsI MArHATHOTO TOTOKA B MEXKTDAHYJILHON cpe-
ze [51,53-58]. IIpu B3auMHOM PACIIOJIOXKEHNH BEKTOPOB
H(H = H;,.) u MR, IpuBeieHHOM Ha puC. 4, MOKHO
3AIUCATH BBIPAYKEHUE JJIsi CKAJISIPHON BEJTUIUHBI 3D~
(EKTUBHOIO TI0JIsI B BUIIE

Beﬁ =H— OzMG,

u B UTOr'e, y2Ke oliepupys ¢ HaAMarHn4€HHOCTBIO I'DaHyJI
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Konnanc manoii netan. . .

Mc(H), MOXKHO 3anucaThb CIeLyIONlee BHPaXKeHue:

Bg(H) = H — aMg(H). (4)

Bripakerue (4) 6bIJI0 HCHOIB30BAHO JIJIA AHAJIN3a, 110~
JIEBOI'O THCTEPE3NCa MarHUTOCOIPOTUBJIEHUsI W KpU-
THUYECKOTO TOKa, M HA OCHOBAHUU MHOTOYHCJIEHHBIX
9KCIIEPUMEHTOB OBLJIO IOKA3aHO, UTO Oe3pasMepHbIi
napamMeTrp (¢ WMEET JIOCTATOYHO OGOJIBIILYIO BEJUIUHY,
a ~ 10-20 (upu srom Mg usmepsiercst BI'¢) [51,53-58],
9TO SIBJISETCS MPU3HAKOM CTYIIEHUs] MATHUTHOTO [TOTO-
Ka B MEXKI'PaHYJIbHON CpeJie.

[TpumeHUTEIBHO K MAJIOMy T'MCTEPE3UCY HaMarHU-
YEeHHOCTH (HIDKHsIS BCTABKa pHC. 1) OnMCaHHAsl KOH-
nerius 3phEKTUBHOTO TOJIsT B MEXKIDAHYIBLHOM Cpefie
nozxpasymMeBaet, 9to 3aBucuMoctb Map(H) siBisiercst
dyuxuneit Beg, T.e. Mgp(Bey) = f(H — aMg(H)).
W3 sroro ciiegyer, 9TO HE TOJBKO BHEIIHEE TOJie, HO
U MarHATHBIE MOMEHTBI I'DAHYJl ABJISIOTCHA MPUIMHOMN
YMeHBIIIEHUs] BBICOTHI TeTin rucrepesuca Meap(H).
U3 nanmbix puc. 1 (HukH#As BCTaBKa) U puc. 2 (Bepx-
Hesl BCTABKA) MOXKHO 3aKJIOYUTH, YTO BO BHEIIHEM
none Hip, (12 £ 1) sesuunna AMgp (upn
H;,. = Hgee) craHoBuTCs OvYeHb MaJjoil. Besumuuna
sddbexkTusHOrO TMONA By mpu Hipe ~ 123 pasmHa
Beg = 129 — a - (—8TI¢). C mpyroii cTOpOHbI, BbIIIE
OBLIO YCTAHOBJIEHO, YTO 1pu H o = 1739 Masibiii ru-

CTEpe3uc He MPOsIBJIAETCs B CIaObIX NOJAX (Juana3on
+59). dnst oneHKH 3D HEKTUBHOTO TOJIST IO BBIPAZKE-
Huio (4) B yKasaHHOM JHAIA30HE IIOJI BO3SHMEM BeJIH-
auny M = Mpem(Himaz = 173) paBHyio npuMeHo
9T'c m Torma momyunm Beg ~ 0 — a - 9IT'c. Cpasnn-
Bas Moy 3dEKTUBHOIO TOJIs JJIsi PACCMOTPEHHDBIX
CJLydaeB, MOJIydaeM

129 —a-(—8I¢)|~ |09 —a-9T¢|.

U3 sroro Beipazkenus mnojgydaeM o &~ 12. OgHaKO 37€Ch
BaskKeH He caM (DAKT IIOATBEPKIeHUsI OOJIBIION BEJINIHU-
HBI IMapaMerpa (v, a TO, 9TO B IIOJIyI€HHOM DABEHCTBE
BHEIITHEE II0JIe UIPAeT BeCbMa CJIaldyio poJib. VHBIMEI
CJIOBAMHU, HE BHEIIHEE I10JIe, IPOHUKIIEE B IOJICUCTEMY
MEXKI'DAaHYJIbHBIX TPAHUII, & [10JIe, HABEJICHHOe MAarHUT-
HBIMA MOMEHTAMU CBEPXITPOBOJIAIINX TPAHYJI, B OCHOB-
HOM CIIOCOOCTBYET YMEHBIIEHUIO MarHUTHOTO OTKJINKA
OT IOJICUCTEMBI MEXKI'DAaHYJIbHBIX IDAHUIIL.

Takum obpa3oM, ¢ y9eTOM TOTO, UTO IOACUCTE-
Ma MeKI'DaHyJIbHBIX I'DAHUI] HAXOJUTCSA B IoJie B.g,
JIIL TIOJIHONT HAMarHMYEHHOCTU TPaHYJISIPHOIO CBEPX-
[IPOBO/IHUKA BMECTO BbIpaskeHuil (2) u (3) MOXKHO 3a-
[IACATH

M(H) = Mgp(H — aMg(H)) + Ma(H), (5)

rje Imapamerp < Jjocrarodno Gossmoi (o > 10).
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HcuesHoBeHne apkoOOPasHON OCOGEHHOCTH 3aBHCUMO-
cru M(H) B numama3oHe MaJsbIX IOJIell IIPH OLpeje-
JIECHHOM 3HAYEHMU MAKCUMAJIBLHOTO TPUJIOKEHHOTO T10-
ast (puc. 3a) ¥ KOJUIAIC MAaJIOH NeTIM MArHUTHOTO THU-
CTEPe3NCa AJEKBATHO OObACHAIOTCS B PAMKAX BBIPAZKE-

Hud (5).

4. BAKJIFOYEHUE

IerajbHOE HCCJIEI0OBAHIE MATHUTHOIO TI'HCTEPE3H-
ca rpanyssipuoro BTCII urrpueBoil cucreMbl B pas-
JINYHBIX JUAITA30HAX BHEIHUX IOJIel MTO3BOJIMJIO BbI-
SIBUTHb OCOOEHHOCTH MCIYE3HOBEHUS MAJION [ETJIN TUCTe-
pesuca. ApkoobpasHasi 0COGEHHOCTh B 00JIACTH CJIA0BIX
noJieil, ABIAIOIAaCd XapaKTEepHOI 4epToil 3aBUCHMO-
cru M (H) rpanynsapubix BTCII, no mepe yBenuuenust
MaKCHMAaJIbHOI'O BHEIIHErO IIPUJIOKEHHOTO TOJIsA H gy
CTAHOBHUTCS MEHEe BBIPAsKEeHHOM, a mpu H,,., ~ 1709
(T 78 K) uncuesaer. IIpu 9TOM MOXKHO TOBODHTH
0 KOJLIaIlCe MAaJIOr0 MarHuTHOro rucrepesuca. OOHa-
PY2KEeHHOE IOBeJIeHe O0bsICHSIETCS B3aUMOJIeCTBUEM

MEXK/Iy CBEPXIIPOBOISAIIMME HOICUCTEMAMHI T'DAHYJISID-
woro BTCII: rpamysiamMu u MeKIpaHyJIbHBIMA I'DAHU-
namu. MarsuTHbI rucTepesuc B caabbix (10 123
upu T = 78 K) mossix sBjiseTcs OTKJINKOM OT HOJI-
CHCTEMBI MEXKI'DAHYJIbHBIX I'DAHUIL, U ITa MOACUCTEMA
HAXOUTCA B 3D MEKTUBHOM I10JI€, SIBJISIIOIIEMCS CyTIep-

~
~

[O3UIKEH BHEIIHErO 110JI4, U I10JId, HaBeJeHHOI'O CBEepX-
IIPOBOJSAIIUMIE I'paHyjaMu. TakuM o6pa3oM, IoBeJIeHue
MaJIoil IIeTJIN TUCTepe3uca OObICHSIETCS B PAMKax MO-
JIeJI C2KaTHs IIOTOKA B MeKIrpaHy/bHOU cpene. Iloxcn-
cTeMa MeXKI'DaHyJIbHBIX TDAHUI, ABJIAIOMAACH JKo3ed-
COHOBCKOI cpefioit (M OTBETCTBEHHA 33 HAOJIIOACMBIIT
MaJIblii I'HCTepesnc), 06pa30BaHa CBEPXIPOBOISIIIMU
rpaHysaMi. B To ke BpeMs BIHAHHE MarHUTHBIX MO-
MEHTOB CBEPXIIPOBOAAIINX IPAaHy/I Ha MEXKI'PaHyJIbHYIO
Cpely IPUBOJUT K JIOCTATOYHO CKOPOMY ([IPH yBeJIITe-
HHUM BHEIIHErO I0JIs) NCYE3HOBEHUIO MAJIONO0 MArHUT-
HOI'O THCTEPE3HCa B ONpeeIeHHBIX ycIoBHAX. Moxno
CKa3aThb, YTO IIOACUCTEMAa I'PAHYJI KaK IIOPOXKIAET, TaK
n ybuBaeT MArHUTHBIA OTKJ/IMK OT IIOJICUCTEMBI MEIK-
rpaHyJIbHBIX T'PDAHMULIL.

dunancupoBaHue. lccienoBanne BBINOIHEHO B
pamkax rocaajanus 1@ CO PAH. MaruurHble u3me-
peHusi IIpoBejieHbl Ha obopyoBanuu lleHTpa KoJLIEK-

tusHOrO nosbzoBanusa OUIL KHIT CO PAH.
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