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1. BBeµ;eaHe 

BhlcoKoTeMrrepaTypHble cnepxrrponoµ;HIIKn: (BTCII) JIBll.lIIOTC.lI 
rpanynHpnon cn:cTeMon, cocToHw;eii 11n rpanym,noii o6nacTn: (rO), 

ncTpoenHoii B Me)Krpanym,nyro o6nacTL (MrO). 06e 0Tn: o6nacTn: 
B3aJIMOCB.lI3aHLI JI .lIBll.lIIOTC.lI B oTµ;enLHOCTJI CBepxrrponoµ;Hn:KOM BTO

poro poµ;a. 
Oco6ennocTi,ro, rrpn:cyw;eii BTCII KaK c11cTeMe B n;enoM, JIBnJieTcJI 

HlI3KOe 3Ha~eHJie IIllOTHOCTJI Kpn:T~ecKoro TOKa Jc JI ee cn:nLHaJI na
BlIClIMOCTL OT MarHHTHoro IIOll.lI. Oµ;Hn:M lI3 Ha1I6onee ~eTKJIX cneµ;

CTBlIH 0Ton oco6eHHOCTH .lIBll.lleTC.lI rn:cTepenn:cnLiii a<p<peKT,' TO ecTL 
cHnLHaJI naBHCJIMOCTL <pn:nn:~ecKHX CBO~CTB BTCII-o6pann;oB, Ha

rrpIIMep, TpancrropTHhlH Kpn:TH~ecKRH TOK (1, 2], MarHRTocorrpoTH

BneHIIe [3], MarHJITHaJI p;lIHaMH~eCKaJI BOCIIpIIn:M~BOCTL (ac-BOCIIplI

lIM~lIBOCTL) (4] OT rrpep;bICTOpim BHeurnero MarHJITHoro llOll.lI. 

,Il;n.ll 11ccneµ;oBaHII.lI p;RHaMIIKlI MarHlITHblX IIOTOKOB, IIpOHlIKaIOI.U;IIX 

B rpanyll.llpnyro cn:cTeMy BTCII, MOI.U;HhlM RHCTpYMeHTOM JIBnJieTc.lI 

lI3Mepemre ac-BOCIIplIIIM~BOCTlI. Ona, no cyTn: µ;ena, B?3HIIKaeT 
Bcneµ;cTBRe r11cTepenIIca BTCII-o6pann;a noµ; Bonµ;eiicTBn:eM n:nMe

pn:TenLHoro nepeMennoro MarHn:THoro noll.ll Hae• M1,1 o6onna~n:M 

ero KaK ac-rn:cTepen11c. 

,Il;ll.ll BTCII-o6pann;on ac-nocnpHn:M~n:BocTL, n:nMep.lleMaJI np11 n;n:

Knn:p0Ban11n: IIOCTO.lIHHOro BHeurnero MarHlITHoro IIOll.lI Hdc, npn:o6pe

TaeT BTopn:~LIH r11cTepen11cHblH a<p<peKT, KOTOphl:rr o6onna~aeTcJI 

~epeo dc-rHCTepeOlIC aC-BOCIIplI1IM~BOCTlI (B p;anLHellrneM 6yp;eM Ha-
3hIBaTL ero dc-r11cTepen11c). · 

Ac-BOCIIplilIM~lIBOCTL lI ee TeMrrepaTypHLie OaBlICJIMOCTJI B 
BTCII-o6pann;ax rronBoll.lleT HaM 11ccneµ;oBaTL CBOHCTBa n;enTpoB IIIIH

nn:nra (5], cTeKnonoµ;o6noe rroBeµ;enn:e o6paon;a (6], nn:HHIO neo6paTn:

MOCTn: (7], paonn:~Hble pe)KlIMbl pacnpocTpaHeHlI.ll MarHlITHL~ IIOTO
KOB B MrQ JI rO o6pann;a (8]. C ee IIOMOI.U;LIO MO)KHO KOlln:~eCTBeHHO 

on;eHJITL napaMeTphI n;eHTpOB IllIHHJIHra n: HeKOTOpbie xapaKTepII

CTJIKlI o6paon;a, TaKlie KaK 061>eMHble µ;onn: Mro n: ro, cpep;HlIH 
paoMep rpanyn [5]. 
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Dc-r1IcTepe::mc ;a;aeT Ha:M ;a;orrorrH1ITem,Hy10 1rncpopMa:u;n10 o ;a;1rna
MIIKe MarHIITHhlX IIOTOKOB B rrpncyTCTBIIlI Hdc II B3aIIMo;a;eiicTBIIII 
p;ByX o6rracTeII MfQ II fQ, KOTOpOe B03HIIKaeT noµ; Bon;a;eIICTBIIeM 

Hdc·· 
K11M II coaBTop1,1 B pa6oTe [4] rroKanarrn dc-r11cTepen11c B Kepa-

MIIKe Y Ba2Cu3O1_ 6 (YBCO), o;a;HaKO B cBoe11 TeopnII aBTopbI He 
;a;arrII o6'bJICHeHIIJI aTOMY acpcpeKTy. Taiirrop II ;a;p. [9] rrpe;a;cTaBIIITII 
aKcrrep11MeHTallbHhle ;a;aHHhle dc-r11cTepennca B KepaMIIKe YBCO 11 
Ka'ICCTBCHHO OIIIICalIII ero B paMKax Mo;a;em1 KpIITlI'ICCKoro COCTOJI
HIIJI (MKC) c rrpe;a;rrorro2KeH1IeM o TOM, 'ITO rrrroTHOCTb KplITII'lecKoro 
TOKa Jc ocTaeTcJI rrocTOJIHHOII rro;a; Bon;a;e11cTBIIeM_ Hae, HO namicIIT 
OT Hae, KaK Jc ~ 1/ Hffc• 8Toro TeopeTII'IecKoro n:o;a;xo;a;a rrpn;a;ep-
2KIIBam1ch BaHr II ;a;p. [10] rrplI 11ccrreµ;oBaHim ucxo;a;Hoii BeTBII dc
r1IcTepen1Ica ( TO eCTb naBIICIIMOCTh aC-BOCIIpIIIIM'IIIDOCTII rrepnoHa
'IallbHO oxrra2K;a;aeMoro B HyrreBoM rrorre o6pan:u;a (ZFC-o6pane:u;) rrpn 
BonpacTaHIIII Hdc OT HYITJI ;a;o cnoero MaKCIIMallbHOro 3Ha'leHirn) KOM
II031ITa 50%½BaCuO5 - 50%YBCO. TaKoii 2Ke rro;a;xo;a; rrpIIMem1m1 
illaH n ;a;p. [11], npe;a;cTaBIIB ;a;eTarrbHbie ;a;aHHbie dc-rucTepen11ca B 
YBCO-KepaMIIKax c panrrll'IHhlM co;a;ep2KaH11eM Kncrropo;a;a. IlplI'IIIHbI 
dc-r1IcTepen1Ica aBTOphl [9,10,11,12] rrp1In11carrII naxnaTy MarHIITHbIX 
IIOTOKOB B rpaHyrrax II BJIIIJIHIIIO p;IIaMarHIITHOrO COCTOJIHiiJI fQ Ha 
npocp11m1 lIOKallbHOro IIOlIJI BHYTPII Mro. 

OTMe'IeHO 60llblllOe ycIIrreHlle dc-rIICTepem1ca npn II3MeHemm KOH
cp11rypa:u;IIII norreii Hdc II Hae Ha Hdc.l..Hac lI np11 rrer11ponamm 
YBCO-o6pan:u;a cepe6poM [12] 11 BIICMYTOM [13]. 

. TeopIIJI, OIIIICbIBaIOrn;aJI aC-BOCIIpIIIIM'llIBOCTb II ee TeMnepaTyp
Hbie naBIICIIMOCTII, II3MepeHHhle IIpII panmI'IHhlX aMIIlIIITy;a;ax Ho ne
peMeHHoro noITJI II panITII'lHbIX nHa'IeHIIJ.lx Hdc ;a;rrJI rpaHyrrJipHoii CII
CTeMhl BTCII, a;a;eKBaTHO rrocTpoeHa MrotmepoM [14] B paMKax MKC 
c Bhlpa2Kem1eM Jc~ l/(Hdc+Hac)- O6o6w;enne TaKoii TeopnII B paM
Kax pacurnpeHHoii Mo;a;err11 KpIITII'Iecx:oro cocTOJIHIIJI (PMKC) rrpone
;a;eHo B [5] c 6orree o6o6rn;eHHhlM Bb1pa2KeHIIeM ;a;rrJI .le: 
Jc = O:o(l - T/Tc)q/(Bo+ I B l)fJ, r;a;e <pyHKD;lIJI O:o(l -T/'[.'c)q Bbh 
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pa2KaeT TeMnepaTypeyIO naBIICIIMOCTb Cllllhl IIIIHHIIHra IIIIHHIIHrYIO
rn;nx :u;eHTpoB, a rrorreBaJI naBIICIIMOCTb Cllllbl IIIIHHIIHra Bhlpa)KaeTCJI 
'lepen cpyHKD;IIIO ( Bo+ I B 1)-fJ. B aTon pa6oTe rrpoBe;a;eHhl TaK2Ke 
pac'leThl ucxo;a;Hoii BeTBII dc-rIIcTepennca. 

IJ;errbIO HaCTOJirn;e11 pa60Thl JIBITJIIOTCJI aHarrnn co6cTBeHHhlX aKcrre
pIIMeHTallhHhlX ;a;aHHhlX dc-rncTepennca B YBCO-KepaMIIKax, KOTO
phle ;a;onorrHJIIOT nMe10rn;necJI B rrnTepaT)rpe ;a;aHHhle aToro acpcpeKTa 
II orrncam1e dc-r11cTepen11ca B BTCII-o6pan:u;ax. 

_ 2. 8KcrrepHMeHT 

O'leBn;a;Ho, 'lTO rpaHyrr!JpHaJI cTpyKTypa ;a;orr2KHa CIIITbHO nonmrnTb 
Ha rlICTepenlICHOe IIOBe;a;eHIIe ac-BocrrpIIIIM'IIIBOCTII. IloaToi-1y ;a;rrJI 
IIOlIHOro IIOHIIMaHIIJI dc-n1cTepen1Ica ero II3MepeHIIJI ;a;orr2KHbl rrpoBO
;a;11TbCJI Ha o6pan:u;ax o;a;Horo Krracca BTCII-MaTepnarra, n KOTopbIX 
oTJIII'IaIOTCJI ocHOBHhle rrapaMeTphl rpaHyrrJipH011 cTpyKTYPhl, TaKne 
KaK o6'beMHhle ;a;orrn Mro, ro n cpe;a;HIIIl pam.iep rpaHyrr. 

,Il;rrJI aToii :u;errlI Kepa:MII'IeCKIIe 06pan:u;1,1 YBCO 61,1m1 CIIHTem1po
BaHhl II3 ½03, CuO II BaCO3 no CTaH;a;apTHoii nopornKoB011 Te
xHorronm. Jifo ::lTIIX IICXOp;HhlX o6pan:u;on (IS) fihllIII DhlpenaHhl K)'CKII; 
'IaCTh 1rn KOTOphlx (MS) no;a;neprarracb 'laCTII'lHOMY rrrranrrem110 npII 
1000°C B Te'IeHIIe ;a;ecJITKon MIIHYT, ocTarrbHaJI 'laCTb (RS) rro;a;nep
rarrach rrpo:u;e;a;ype IIOBTOpHoro cneKaHIIJI n anTeTII'IeCKOM pacnrraBe 
3BaCuO2 + 2CuO TaK2Ke rrpn 1000°C. O6pan:u;1,1 MS II RS Me;a;rreHHO 
oxrra)K;a;arr1Ich (v ~ 0.5°C/M1rn) oT 1000 ;a;o 920°C II n1,1;a;ep2K11narr1Icb 
npn 920°C B Te'IeHIIe 3 'laCOB. Ilpo:u;ecc ;a;ncpcpymm aTOMOD KIIClIOpo;a;a 
B HIIX 61,1rr o6ecrre'leH c rroMorn;bro Me;a;rreHHoro oxrra)K;a;eHIIJI o6pan:u;on 
C 920 ;a;o 400°C ( V ~ 0.5°C/Jl.,1HH) C IIX IIOCJiep;yIOrn;IIM p;lIIITCllbHhlM OT
)KIIrOM ( ~ 20'1) rrpn 400°C D aTMoccpepe Po2 = 1 a TM. TaKaJI TeXH0-
rrorIIJI panpa6oTaHa n [15] II rrp1IMeHeHa ;a;rrJI peryrruponaHIIJI cnoiicTn 
MfO n YBCO. 

OcHOBHhle xapaKTepIICTIIKII IICCITe;a;yeMhlX o6pan:u;on rrpe;a;
CTaBrreHhl B Ta6rrII:u;e 1. Om1 norry'leHhl C IIOMOII.l;bIO o6pa6oTKII D paM
Kax PMKC [5] TeMrrepaTypHhlX nanncuMocTeii ac-nocrrpIIIIM'IIIBOCTII 
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0 6pannoB, II3MepeHHbIX B gnananoHe 77 -95 K C panmI"'!HbIMII aMillIII

TY)];a:l\UI Ha ll3MCpIITCllbH0ro nepeMCHH0ro Il0lIH. 

IfoMepemrn: dc-rucTepennca np0Bog1rn11c1> Ha cTaHgapTHOII ycTa

H0BKe ac-MaI'HIIT0MCTpa [16]. Hae IIMeeT "'laCT0TY 68 rn, era aMillIII

TY)];bl Bap1>11pyIOTCH n IIHTepnarre 0, 066 - 70 3. Hde MCH.lICTC.lI n gna

nanoHe O - 380 3. O6panen Il0Mell.l,aeTC.lI BO BHCUIHIIC K0aKCIIallbHl>IC, 

Harro)KCHHhle gpyr Ha gpyra Hde II Hae norr.lI, HanpanrreHHI>Ie naparr

rren1>H0 gmrnH011 ocn nnmrngpa. Ilepeg Ka)Kg1>1M nnMepeHIIeM o 6pa

nen Harpenann go~ 100K II oxna)Kgann B HyrreBoM norre go 77K. Ilpu 

77!( BKnIO"'!alI0Cb Hde II II3MepHlIIICb MHIIMaH (x") II peanI>HaH (x') "9:a

CTII q>yHgaMeHTalII>HOII ac-nocnpIIIIM"'llIB0CTII npu BonpacTamm Hde c 

Hyn.lI )];0 nagaHH0ro MaKCHMan1>Horo 3Ha"'!emrn Hdem (ncXO)];HaH BCTDb 

Xvir) c nocnegyIOll.l,IIM YMCHbUICHIICM Hde c +Hdem )];0 -Haem (y61>rna

IOll.l,aH BCTBb Xdes) II CH0Da C B03pacTaHI:ICM Hde C -Hdcm )];0 +Haem 
(BonpacTaIOll.l,aH BCTDb Xase)- M1:1m1Man1>HaH CK0p0CTb ImMeHeHirn: 

Hae, vae ~ 0, 43 3 /0, 5 c,61>ma ncnon1>noBaHa BO ncex 1mMepeH1rnx. He

K0Top1>1e II3Mepemrn np0D0)];IllIIICb npII panmI"'!HbIX TCMnepaTypax, 

Il0)];)];Cp)KIIBaCMbIX Il0CT0HHHhlMII npn IllIKl11Iponamu1 Hde C T0"'IH0-

CTbIO 0, 1 I(. 

3. PeoyJibTaTbl H o6cy)Kµ;eHHe 

'I'rmII"'!HhlC KpIIDhlC x' II x" IICCnegyeMhlX o6pannon, ImMepeHHl>Ie 

B naBIICIIM0CTII OT IlIIKnIIpoBaHIIH Hde npn 77 K II Ha = 0.33 3 c pan

llll"'!HbIMII 3Ha"9:CHIIHMII Hdem, npe;a;cTaBneHbl Ha pnc. 1, 2 II 3. OTMe

TIIM cnegyIOll.l,lIC 06ll.l,IIC I1p113HaKII, K0T0p1>1e Ha6rr10;a;arr11c1> ;a;pyrIIMII 

anTopaMII [4, 11, 12]: 

- Ilpll CIIMMCTpII"'IH0M IlIIKllllp0BaHIIII Hae MC)Kp;y ±Hdem IIMCCT 

MCCTO CIIMMCTpirn X~es' X~es(Hde) = X~sc, X~se(-Hae); 
- cyll.l,eCTD0DaHIIe IlllK0D Ha Tpex BCTBHX rucTepen11ca npu D;IIKnII

ponaHIIII C )];0CTaT0"'IH0 6on1>UIIIM noneM Hdem; 
- cyll.l,eCTD0DaHIIe MIIHIIMYM0D Ha KpIIDhlX y61>1BaIOll.l,CII u B03pac

TaIOll.l,CII DeTBe11. IIpu"'!eM np11 77K 11 ;a;rr.lI gocTaT0"'IH0 6orr1>Uioro 3Ha

"'ICHIIH Hdem MIIHIIMYM HaX0)];IITC.lI np11 Hde > 0 gnn: KpIIDOH X~es II npu 

Hde < 0 ;a;nH·KplIBOII X~se· 
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TaKIIC o6ll.l,IIC naK0H0MepH0CTII, Ha6n10gaeMhle B MH0r0"'IIICneHHhlX 

o6pan:u;ax, He3aBIICIIM0 OT TCXH0lI0I'IIII IIX II3r0T0BneHil.lI CBll)];CTenI>

CTDYIOT 0 TOM, "'ITO 0HII )];0n)KHhl 6hlTb CB.lI3aHhl C rpaHyJI.lipH0CTbIO 

BTCII-o6pam:i;oB, KoTopan: .lIBn.lieTC.lI 11x o6ll.l,IIM CBOHCTBOM. OgHaxo 

Kp0MC 3TIIX o6ll.l,IIX CBOIICTB cyll.l,CCTByeT II gpyran: oco6eHHOCTb, KO

T0paH gon)KHa 6hlTb, KaK 6yµ;eT Il0Ka3aH0 HII)Ke, TaK)Ke o6ll.l,eli oaK0-:

H0MCpH0CTbIO dc-r11cTepennca BTCII-o6pam:i;a. 

Pnc. 3 Il0Ka3hlBaeT 3B0nIOIJ;IIIO dc-rIIcTepe::mca x" (a) II x' (6) 

RS-o6pan:u;a, ImMepeHHoro npn 77K c B0npacTaHIIeM Hdem B gna

nanoHe OT 9, 9 go 128, 7 3. B RS-o6pan:u;e c noM0ll.l,I>IO TeXHonornII 

Il0BT0pHoro cneKaHII.lI B pacnrraBe [15] o6'beMHaH gon.lI Mro. CHll

)KCHa )];0 5% no cpaBHCHIIIO c 50% y IICX0)];H0I'0 o6pan:u;a IS. BMeCTC c 

3TIIM cpegHIIH panMep rpirnyn Rg B RS-o6pan:u;e Bp;Boe 6on1>Uie,"'!eM B 

IS-o 6pan:u;e ( CM. Ta6n. 1). TaKan: rpaHyJI.lipHan: cTpyKTypa RS-o 6pan:u;a 

Il03B0n.lieT rrer-cie cnep;IITb na B03)];CIICTBIICM Hae Ha Mro II ro B HeM, 

-cieM B IS-o6pan:u;e. Ifo. puc. 3a BII)];H0, -ciTo np11 Haem < 85 3 Hde B 

0CH0BH0M BongeiicTByeT Torr1>Ko Ha MfO o6pan:u;a. B TaKoM ;a;na-

d I/ 

nanoHe Il0CT0.lIHHoro Il0JI.lI IICX0)];HaH BCTb c-rIICTepen11ca Xvir npo-

X0)];IIT IlIIK, COOTBCTCTBYIOll.l,IIH )];0CTII)KCHIIIO q>pOHTa nepeMeHH0ro 

non.lI aMnnIITY)];I>I Ha cepep;IIHhl o 6pan:u;a. TaKoe gocTII)KCHIIe n11Ka 

rro;a;;a;ep)KIIBaeTC.lI Il0CT0.lIHHhlM noneM Hdep, K0T0poe Y)];0BnCTB0p.lieT 

ycn0BIIIO [5]: 

(Haep + Ha)(P+l) - (Hdcp - Ha)P+l) = 2Ht+l), (1) 

rge Hp eCTb none nonHoro npoHIIKH0BCHII.lI MrO. 

Ilpn y61>1BaHIIII Hde BCTBb X~es CMell.l,aeTc.lI B cTopoHy 6onee HII3-

Koro non.lI Hde ITO cpaBHCHIIIO C BCTBbIO x:ir ( o603Ha-ciIIM 3T0 CMell.l,e

HIIe KaK OTpn:u;aTen1>Hoe). AHaHOI'II"CJHhlM o6pa30M BCTBb X~sc CMell.l,a

CTC.lI B CTopoHy 6onee BhlC0Koro II0JI.lI Hde no cpaBHCHIIIO c BCTBbIO 

X~es. II pn ManeHI>K0M H dem ( H dem = 9, 9 3), Korga BHeUIHee MaI'HIIT

Hoe none Hext = Hdc + Hae crra6o Ilp0HIIKaeT n Mro o6pan:u;a, TaKoe 

CMell.l,eHne oKa31>1BaeTc.lI ManeHI>KIIM. C yBenn-cieHIIeM Hdcm (Hanpn-
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Mep, npII Haem = 42, 9 8) CMCI.ll,eIDie CTaHOBIITC.ll 6orrb11Ie. 0,n;HaKO c 

;a;arrbHe:HllIIIM yBerrn-.:ieHIIeM Haem OHO yMeHblllaeTC.ll II npn Haem ~ 
85 8 ,n;rr.ll ,n;aHHoro RS-o6pa::n:i;a TeprrIIT Ka-.:iecTBeHHoe 1mMeHeHue, TO 

" H CCTb DCTb Xaes CMCIIJ;aCTC.ll n CTOpoHy 6orree DhlCOKOro de IIO OT-
,, II H HOllieHIIID K Xvir• a Xasi;, - D cTopoHy 6orree HIInKoro de rro OTHO-

llICHIIIO K X~es ( 0 6onHa"IHM TaKOC CMCI.ll,CHIIC KaK IIOJIO)KIITCllbHOC). 

TaKoe Ka"ICCTDCHHOC IInMCHCHIIe OTHOCIITellbHOro CMelll,CHII.ll DCTDeII 

dc-rucTepem1ca ;a;om1rno 6b1Tb cn.llnaHo c npoHIIKHOBCHIICM Hext D 

rO, KOTOpoe B ,n;aHHOM o6pam:i;e Ha"IIIHaeTC.ll IIpII Hae ~ 808 (cM. 

Ha pIIc. 3a BTopo:ii yMepeHHhlll noµ;'beM KpIIno:ii X~ir' IInMepeHHOII 

npII Haem= 128, 78). 
Mn Bcero cKanaHHoro crre;a;yeT, "ITO dc-rIIcTepenIIc rpaHyrr.llpHbIX 

BTCII-o6pann;oB MO)KeT IIMeTb noneµ;em1e 0Tp11n;aTellbHoro II rrorro

)KIITCllbHoro cMern.eHn:ii. TaKoe cnoiicTDO .llDlI.llCTC.ll 06rn.11M ,D;ll.ll <lc

rncTepenIIca B BTCII-o6pann;ax. 8To yTBep)K;a;em1e no;a;µ;ep2K1rna

eTc.ll TCM cpaKTOM, "ITO noµ;o6Ha.ll KapTIIHa Ha6moµ;arracb )];ll.ll Tpex IIC

crre,n;yeMbIX o6pa3IJ;OD. Ha pnc. 4a BII)];Hhl OTpIIIJ;aTCllbHblC CMCI.ll,CHillI 

neTne:i'I nx dc-rIIcTepem1ca rrpII MarreHbKIIX nHa"leHII.llX Haem, npn-.:ieM 

TaKoe CMCI.ll,eHIIC OKanarrocb B o6pann;e IS MCHbllle, "IeM B o6pam:i;ax 

MS II RS. 
IloBC,D;CHIIC OTpIIIJ;aTCllbHOrO CMCI.ll,CHII.ll Ha6moµ;aeTC.ll TaK)KC ;D;ll.ll 

rpaHyllbHOil o6rracTII. PIIc. 5a rrpeµ;cTaDlI.llCT penyrrbTaTbl II3MepeHII.ll 

dc-rIIcTepenIIca B o6pann;e RS c 6orrbllIOII aMIIlIIITyp;o:ii Ho = 4,628 

B p;IIarranoHe TeMrrepaTyp T= 77 - 89, 2 K. IlpII naµ;aHHOil H0 11 c rro

BhlllleHIIeM TeMrrepaTyphl MrO B o6pann;e RS 6blcTpo nepexo,n;IIT n 

H·opMallbHOC COCTO.llHIIC, B CMelll,aHHOM COCTO.llHIIII CBepxrrpODO,D;IIMO

CTII OCTaCTC.ll TOllbKO rO o6panIJ;a. Ilo0TOMY Ha6mop;aeMblC IIpII 0TOM 

OTpIIIJ;aTCllbHble CMCI.ll,CHII.ll BCTBe:ii: dc-rIICTCpC3IICa ;D;OlI)KHbI rrpIIHa

,D;lIC)KaTb rpaHyrrbHo:ii o6rracTII o6pann;a. 

AHarrorII"IHbIC o6cy)K,D;eHII.ll MO)KHO npoBO)J;IITb ,D;ll.ll peallbHOli "Ia

CTII. Dc-rIICTepe3IIC peallbHOli -.:iaCTII IIMeeT OTpIIIJ;aTCllbHOC CMCI.ll,e

HIIC ,D;ll.ll o6pa3IJ;OB IIpII IIX II3MepeHIIII npII 77K C Ho = 0.338 II 

Haem < 85 8 (pIIc. 36, 46), a npII 89, 2 K c H0 = 4,628 ,n;a)Ke p;ll.ll 

6 '· 

I 

Haem = 377, 5 8 (pnc. 56). IIorro)KIITCllbHoe cMern.em1e Ha6moµ;arrocb 

npu 77K c Ho= 0.338 11 µ;m1 Haem~ 858. Ilonm:i;nu MIIHIIMYMOB Ha 
I I u 

KpIIDbIX Xdes II Xasc HaXO)J;.llTC.ll B TeCHOII CB.ll3II C OTHOCIITellbHbIM C1IC-

I.ll,eHIIeM neTne11 dc-rucTepenIIca. To rr0Beµ;em1e rronuu1111 MIIHIIMyMon, 

KOTopoe yrroMIIHalIOCb D Ha-.:iarre 0TOII '-IaCTII II C"IIITalIOCb µ;pyrm,m 

aBTopaMII [4, 11, 12] 06rn.m,1 npIInHaKO!\I dc-rIIcTepenuca BTCII

o6pann;a, Ha6moµ;aeTC.ll TOllbKO n crry-.:iae IIOlIO)KIITellbHOro CMelll,eHII.ll. 

B rrpoTIIDOIIOlIO)KHOCTb, ecrrII CMelll,CHIIC OTpIIIJ;aTCllbHOe, TO MIIHII

MYM HaXO,D;IITC.ll rrpII Hae< 0 ;D;ll.ll BCTBII X~es n npn Hae> 0 )];ll.ll DCTDII 
I 

Xase· 

HTaK, 1m aHamma 0Kcrrep11MeHTallbHbIX µ;aHHbIX dc-r11cTepenIIca 

D IIccrre;a;yeMbIX KepaMIIKax YBCO BbITeKaeT crrep;yIOI.ll,IIII ocHoBHOII 

Dbrno;a;, KOTOpbIII 6yµ;eT IIcnorrbnonaH rrpII onucamm acpcpe.KTa dc

r1:1cTepenuca n rpaHyrr.llpHbIX BTCII-o6panuax. 

,Il;rr.ll dc-rncTepenuca BTCII-o6pann;on xapaKTepHo cyrn.ecTnona

HI:Ie p;Byx TIIIIOD OTHOCIITCllbHOro CMCI.ll,CHII.ll DCTDCII rIIcTepemICa -

IIOlIO)KIITCllbHOro II OTpIIIJ;aTCllbHOro. Ham1-.:ine Toro IIlIII IIHoro C!\IC

I.ll,CHII.ll p;Oll)KHO 6bITb TCCHO CB5I3aHO C HalIII"IIICM rpaHyrr.llpHOII 

CTPYKTYPhl BTCII-o6pann;on. Ilpn IJ;IIKlIIIponamm Hdc 

BTCII-o6panIJ;bI D nam1c11MocT11 OT ux rpaHyrr.llpHOII CTPYKTypbI II 

OT BClIII"IIIHbI Hext nepexoµ;s:T, rrpII"ICM Heo6paTIIMblM 06panm,1. 113 

rpaHyrr.llpHOII CIICTCMhl µ;nyx BCTpOCHHbIX ;a;pyr B µ;pyra cnepxnpono

p;HIIKOB BToporo po;a;a D cncTeMy oµ;Horo cnepxnponoµ;m1Ka DToporo 

po;a;a II o6paTHO. Dc-rIIcTepenuc BTCII-o6pann;on µ;orr)KeH IIl\ICTb 

y-.:iacTKII, rµ;e ac-nocnpmIM"IIIDOCTb o6pann;a COOTDCTCTBYCT rrn6o ac

DOCIIpIIIIM"IIIBOCTII MrQ (IIlIII rQ) D OT)J;CllbHOCTII, lIII60 ClIO)KHOl\1_\' 

ClIO)KeHIIID aC-DOCIIpIIIIM"IIIDOCTCII p;nyx IIO)];CIICTCM iv1r0 II rQ. 

,Il;rr.ll 11rrrr10cTpan;1m cKanaHHoro puc. 5a noKanbmaeT dc-rucTepe::mc 

MHIIMOII -.:iacTu ac-nocrrprrnM-.:iunocTn o6pann;a RS, IImrepeHHhlii rrpn 

panmI"IHhlX TeMnep,nypax c Ho = 4.62 8 II Haem = 377, 5 8. Ilpn 

77 K x:ir B µ;uarranoHe Hae = 0 - 40 8 COOTDCTCTBYCT \
11 

l\IrO ZFC-
6 II 

u /I 

0 pann;a. IIK Ha KpIIDOII Xvir B ;a;aHHOM ClIY'-IaC HC Ha6lIIOp;aeTC.ll, 

11ocKOllhKY rrpn 77K noµ; Bon;a;ei'1cTDIIeM nepeMeHHoro 11orr.ll c ar.mrru-
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T)')];OII Ho = 4.62 8 Mro RS-o6pa::m;a y:a-;:e IIOlIHOCTbIO Haxoµ;IITCH 

D KpIITIPICCKOM COCTOHHIIII. B µ;narranoHe Hdc = 40 - 378 8 X~ir co-
" r oTneTcTnyeT x O o6pa::n:i;a. Ilpu 77K rrorre rrorrHoro rrpoHIIKHone-

mrn fQ OKa31>1DaeTCH l];OCTaTO'IHO 60llblliIIM, 'ITO µ;a:a-;:e C IIOMOIUbIO 

Hdc ~ 378 8 Hae He MO:..KeT rrpomIKaTb µ;o cepeµ;IIHl>I rpaHyrr. C rron1>1-

wem1eM Te:r..rnepaTyp1,1 Hp ro yMeH1>maeTCH II Ha KplIDOII X~ir D03-

HIIKaeT mIK, HarrpnMep, rrpn T 2'. 86, 7 K. BeTn1> X~es rrpu 77 K II rrpu 

y61,rnamrn Hde c 378 8 HDlIHeTCH ClIO:..KeHIIeM ac-nocrrpmnWIIIBOCTei:'r 

ro u Mro c y'leTOM nnauMoµ;efrcTBIIll Me:a-;:µ;y HIIMII. Crra6hlH rroµ;'beM 

X~es IIpII Hde ~ 0 CBH3aH C ycurremieM OTHOCIITellbHOro BKrraµ;a Mro D 

o6muii c1IrHarr ac-nocrrp1mM'IIIBOCTII. ,II:rrH ocTarr1>HhlX nHa'!em1ii: Hdc 
KapTIIHa IIODTOplleTCH aHarrorII'!HbIM o6pa30M. C IIODhlWeHIIeM TeM

rrepaTyp1>1 xo;n; neTnc11 dc-rncTepemrca rrocTerreHHO MeHHeTcH 1m-na 

y11eH1>memrn DKrraµ;a Mr O D CDH3II C ee rrepexoµ;oM D HOpMallbHOe 

COCTOllHIIe. 

,II:rrH orrucamrn rucTepcm1cHoro rroneµ;emrn ac-nocrrp1nIM'IIIDOCTII 

noµ; non;n;exICTBIIeM IICIIOllb3JeMbIX B BhlWecKanaHHbIX 3KCIICpIIMCH

TaX MarHIITHhlX rrorreII Mbl rrpanoMepHO [14] MO:..KeM rrpIIMeHIITb pac

wnpeHHYIO Moµ;err1> KpIITII'!ecKoro cocTOHHIIH. B paMKax TaKoii: Mo

µ;err1I MO:..KHO IICTOlIKOBaTb rrpouecc HaMaI'HWUIBamrn D rpaHyrrHpHbIX 

BTCII-o6panuax crreµ;yIOIUIIM o6panoM: 

1). Iloµ; nonµ;ei'1cTm1eM rrepeMeHHoro rrorrn Hae MarmITH1>1e rro

TOKII BXO)l;HT n o6paneu II BblXOl];HT Im Hero. HamI'llle n o6pam:i;e 

ueHTpon IIIIHHIIHra, rrpoTJIBOCTOHIUIIX nxoµ;y II DhlXoµ;y MarHIITHbIX 

IIOTOKOB, ;n;erraeT TaKIIe BXO)l;Hble II BbIXOl];Hbie rrpouecCbI Heo6paTII

MblMII, B penyrr1>TaTe '!ero D03HIIKaeT rreTrrH HaMarHII'leHHOCTH II, 

crreµ;onaTcrr1>Ho, ac-nocrrpnnM'IIIBocT1> o6panua. 

2). 3anIICIIMOCTb CIIOC06HOCTII IIIIHHIIHra IllIHHIIHry10mnx I:J;eH
TpOB OT MarHHTHOro nom1 (TO eCTh 3aBHCHMOCTh KpHTH 1IeCKOfO 

TOKa OT MarHHTHoro nom1 npHBOJl;HT K 3aBHCHMOCTHM ac-Bocnpn

lIM'IIIBOCTII OT aMIIlIIITYl];bI rrepeMeHHoro IIOlIH Ho II OT nemJ'llIHhl 

nHeWHCI'O IIOCTOllHHOI'O IIOllll Hdc, Harro:..KeHHOI'O Ha H3MepHeMoe 

rrorre Hae• Hde ycIIrrnnacT nxoµ; rrepeMeHHoro rrorrH n o6paneu II ocrra-

6JrneT ero BhIXOJ:J; H3 o6pa3ua. 
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3). B oµ;Hopoµ;HhlX cnepxrrponoµ;HIIKax BToporo poµ;a Hdc MeIDieT 

TOJibKO rpaHll'IHOe ycrron11e [5] IIOIIH Ha nonepXHOCTll o6panI:J;a, 'ITO 

rrplIBO)l;IIT K naBIIClIMOCTII ac-nocnplllIM'llIBOCTll OT Hdc, HO He npIIBO

;a;nT K rncTepen1Icy ac-nocnp11IIM'IIIBOCTII npn I:J;HKrrnponamrn Hdc, TO 

eCTb K dc-rncTepem1cy, ecm1 npll TaKOM Il;IIKllllpOBaHllll napaMeTpbl 

ueHTpOB IllIHHHHra ( q>aKTOpbl q lI /3) He MeHHIOTC.H. 

4). B rpaHym1pHhlX BTCII-o6pam:i;ax B03HIIKaeT aq>q>eKT dc

rncTepen1Ica. Ilpll'IIIHOH TaKOI'O 0q>q>eKTa .HBIIHeTC.H. rpaHyIIHpHan: 

cTpJKTypa o6pam:i;a, To ecTI, M03aII'9:HaH cTpyKTypa ;a;nyx o6rracTei 

Mro TI ro. KaK Dhlllie IIOKa3aHO 0KcnepnMeHTaJII,HO, ac-nocnpmIM-

11HBOCTh o6pa3ua CKJiaJ:J;bIBaeTCH H3 ac-nocnpHHM'IHBOCTeft 3THX 

J:J;BYX o6rracTeft. C yqeTOM HX ::icpcpeKTHBHhlX npOHHI:J;aeMOCTeH 

µMro II µro (µMro + µro = 1) MO)KeM HaIIHCaTI, 

I I I 

X = XMroµMro + Xroµro, 

II II II 

X = XMroµMro 7" Xroµro• 

(2) 

(3) 

PMKC noKanhlnaeT, '<ITO npn q>nKcnpoBaHHhlX TeMnepaType T lI 

aMIIJIIITy;a;e Ho, ecrrn q>aKTOpbl q lI /3 OCTaIOTCH IIOCTOHHHhlMII, Ha 

ac-nocnpIIHM'<IIIBOCTI, o6panI:J;a npn Il;IIKlIIIpOBaHllll Hdc MoryT IIOBJill

.HTI, TOJII,KO ;a;na napaMeTpa: a) aq>q>eKTIIBHhle IIpOHIII:J;aeMOCTll µMro 

n µro n 6) Gq>q>eKTIIBHOe IIOCTO.HHHOe norre Ir:i<f<P, KOTopoe npncyT

CTByeT Ha rpaHIII:J;e MC)K)l;Y Mro II ro. Hdfif.! no;a;;a;ep)KlIBaeT npo

Il;CCC HaMarHIPIIIBaHIUI B MrQ lI rO o6panI:J;a, IIpOHCXOJ:J;HIUHH IIOJ:J; 

non;a;eicTnneM nepeMeHHoro noIIH. lfa-na rpaHyIIHpHoi cTpyKTyp1,1 

BTCII-o6panI:J;a Hdfif.! MO)KCT OTJIH'<!aT1,c.H OT Hdc, HO nan11cnT OT 

npe;a;hlcTopim Hdc npII ero Il;lIKJIHponaHIIH Me)K;a;y ±Hdcm (TO. ecTI, 

rncTepennc ntif.!(Hdc)). 
B crry'<lae npeHe6pe)KeHHH q>aKTopa panMarHII'<IHBaHHH rpaHyrr 

µMro BblI'lI.H)l;lIT crreµ;yIOIUIIM o6panoM [14]: 

211 
µMro = fn + (l - fn) (Rg/ Ag)Io' 
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rµ;e Ag-rroHµ;oHOBCKaJI rrry6:Irna npoHIIKHoBeHirn rpaHyrr, a Io II f 1-

Moµ;mpnn;IIpoBaHHhle <pyHKD;IIII Becem1 c nepeMeHHOII ( Rg /Ag). µMro 

oaBIICIIT OTT II BHeurnero nom1 Hez 'Iepeo Te1mepaTypHy10 II norre

BYIO naBIICIIMOCTII Bel'III'IIIHhl Ag [14,17): 

Ag(T, Hez) = Ag(0, 0)(1 - (T /Tcg)4)-112(1 - Hez/ Hc2g)-lf2, (5) 

rµ;e Tcg ecTb Te1mepaTypa nepexoµ;a rpaHyrrM, a Hc2g - ee BTopoe 

KpIITII'IeCKoe norre. B crra6oM BHemHeM norre, Hezt ~ Hc2g, M02KHO 

npeµ;norro)KIITb, 'ITO Ag II, crreµ;oBaTerrbHO, µMro O'IeHb crra6o oann

CJIT OT Hezt· TaKoe npeµ;norro)KeHIIe MO)KHO cµ;erraTb II µ;rrJI pearrb

HhlX _KepaMII'IeCKIIX O 6pann;on, y KOTOpbIX q>aKTOp panMarHIPIIIDaHIIJI 

rpaHyrr Dg < 1. 8To onHa'IaeT, 'ITO rrranHon: npII'IIrnon:, Dhl0brnaro

m;en: 3<p<peKT dc-rucTepenuca, JIDl'IJieTcJI rIIcTepem1c 0<p<peKTI:1BHoro 

norrJI Hd~{J,) npII D;IIKllIIponaHIIII Hdc· 
IlpII naµ;aHHoi'1 reoMeTpIIII o6pann;a, KaK y IIccrreµ;yeMhlX o6panu;on 

IS, MS II RS, MO)KHO paccMoTpeTb Me)KrpaHyrrbHYIO o6rracTb 06-

paou;a KaK cnepxnponoµ;HIIK BToporo poµ;a c o6'beMHOH µ;orrei'1 fn, IIMe

IOID;IIH napaMeTphl: norre norrbHoro npoHIIKHoneHIIJI Hpj, <paKTop1,1 /3j 
II qj u;eHTpOD IIIIHHIIBra, TeMnepaTypa nepexoµ;a Tcj, KpIITII'IeCKIIe 

rrol'IJI Hc1j 11 Hc2j II q>aKTop panMarHII'IIIBaHIIJI Di = 0. I'paHyrrbHaJI 

o6rraCTb o6panu;a COCTOIIT Im MHO)KeCTBa rpaHyrr, oaxnaTbIBaIOm;IIX 

n cyMMe o6'beMHYIO µ;orrro (1 - f n)- ,Il;rrJI Hee xapaKTepIIoyroTcJI ycpe

µ;HeHHhle napaMeTphl: Hpg,{3g,qg,Tcg,Hc1g,Hc2g II OTl'III'IHhlll OT HYITJI 

<paKTop paoMarHII'IIIDaHIIJI Dg. 
. IlycTb o6paoeu; rroMem;eH B II3MepIITel1bHOe nepeMeHHoe rrorre Hae, 

Ha KOTopoe HaITO)KeHo nocTOJIHHoe norre Hdc· IlocKOllbKY aMIIl'IIITyµ;a 

nepeMeHHoro nom1 H0 oKaohlnaeTcJI HaMHoro MeHbme, 'IeM Hc1g, TO 

MO)KHO C'IIITaTb, 'ITO nrrIIJIHIIe rpaHyrrHpHOII CTPYKTYPhl o6panu;a Ha 

IICKa2KeHire TeKym;IIX OHa'IeHIIii DHemHero MarHIITHoro IIOl'IJI KacaeTCJI 

'TOllbKO nOCTOJIHHOro norrJI Hdc-
,Il;l'IJI rpaHyllbHOll CTPYKTYPM, npu KoTopoii rpaHyrrbI IIMeIOT 

cpopMy µ;rrIIHHhlX IJ;Ill'IIIHµ;pon, HaupanrreHHhlX no DHemHeMy norrro, 

<paKTOp Dg = 0. B µ;aHHOM crry'Iae HJ~<P = Hdc II dc-r11cTepen11c 
OTcyTcTnyeT. 
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B rpaHyrrHpHOII cTpyKType o6hl'IHhlX Kepa1m1IecK11x o6panu;on, 

1mroT0BrreHHhlX no nopomKonoii TeXHorror1111, n K0Topo11 napaMeTp 

fn ~ 50 - 80%, Dg > 0, CBJl3b MC)Kµ;y rpaHyrra1111 crra6aJI,COOTHOWe

HIIe Me)Kµ;y Hd~ 11 Hdc nhlrrrJIµ;IIT crreµ;y10m;m1 o6paooM: 

Hd~ = Hdc - Dg X l\fg(Hdc + Afeqg)- (6) 

"9:rreH Ji.Jg( Hdc + Meqg) eCTb HaMarHII'ICHHOCTb rpaHyrrhl nop;· Booµ;eii

CTBIIeM Hdc c y'IeToM ee panHoBeCHOII HaMarHII'ICHHOCTII Afeqg, KO

TOpaJI np116mmIITCl1bHO panHa: 

l\feqg = -Hdc, ecrru IHacl ~ Hc1g, 

lvleqg = ·-Hc1g, ecrrn Hdc > Hc1g, (7) 

lvleqg = +Hc1g, ecrru -Hdc > Hclg· 

Ha puc.6 npeµ;cTanrreHhl peoyrrbTaThl Dhl'IIIcrremrn rncTepeouca 

0q><peKTIIDHoro norrJI Hd~(Hdc) no q>opMyrre (6) (n curry cm111eTp1111 

y6MBarom;eii II noopacTa10m;ei'1 neTnei'1 dc-rucTepenuca Mhl paccMo

TpIIM TOllbKO IICXOµ;HyIO 11 y6bIBaIOm;yIO DCTDII). Ilpn 3TOM ucnorrb30-

naHhl 6enpan11epHbie nol'IJI (n eµ;IIHIID;e norrJI Hpj ), 3HR'ICHIIJI /3j = 2, 
{3g = 0.5 6hll111 D3J1Thl B COOTDCTCTBIIII TOMY, 'ITO KpIITII'leCKIIII TOK 

Jcj y MrO naDIICIIT OT norrJI Ha:MHoro CIIllbHCe, "IeM Jcg y ro' a 

ng = 0.3 µ;rrJI rpaHyrr cq>ep11"1ecK011 q>opMhl. 
Ilpu IJ;IIKmiponamrn Hdc 1m-na Ha1rnrH11"1eHHOCTII rpaHyrr norry•rn

eTCJI yc1meH11e HJ~<P p;rrH 11cxoµ;Hoi'1 II ocrra6rrem1e HJ~<P µ;rrH y6brna10-

m;eii neTBII ( CM. pIIC. 6). 
Pnc. 7 npeµ;cTanl'IJieT penyrrbTaThl Dhl'IIIcrreHIIJI ac-nocnpum,l'III

BocTII o6paou;a no q>opMyrraM (2) 11 (3), rµ;e cocTanm110m;ne ac-noc-
, II I If 

npHHMlJHBOCTH XMro• AMrol Xro, :\ro onprµ;errJIIOTC.ll D pal\II,a:X: 

PMKC c naMeHon norrJI H,1c Ha H~, Dhl'IIICl'ICHHOt' no q,opMym' (6) 
C y'IeTOM paDHODCCHhlX HaMarHII'ICHHOCTCII )];ll.ll MrQ II rO IIO q>op

Myrre (7). O'Ienuµ;Ho, dc-rncTepenuc n µ;aHHOM crrrrne o6rrap;aeT no

l'IO)KIITe_rrbHhlM CMem;eHIICM, KOTOpoe ynemI'IIIDaCTC.ll C noDbIWCHIICM 

IIOl'IJI Hdcm· 
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PaccMoTpIIM µ;pyry10 rpaHyIDipHy10 CTPYKTYPY, KOTOpaH peamI

nyeTc.a y MaCCIIBHhlX KepaMU'1eCKUX o6pami;oB. ,II)rn Hee xapaKTepHa 

rpaHyrrbHaJI o6rracTb c 6orrbwoii o6'bel\IHOII µ;orrei'r (in~ 0) lI c c1rnb

HOII CBH3bIO Me;.Kµ;y rpaHyrraMII. B TaKOII cTpyKType l\IO;.KeT peamr

noBaTbCH KoH<purypaumr o6eux 06rracTd1 MfO u ro, rrpn K0Topo11 

rpaHyrrhl IIlIOTHO rrpurreraIOT µ;pyr K µ;pyry, conµ;aBM KOllbIJ;O rpaHyrr, 

oKpy;.KaIO!l.\ee MfO. Ilpu aToM µ;naMarHHTHbie cBepxrrpoBoµ;.all.\IIe 

TOKU, TeKyll.\IIe I-Ia IIOBepXHOCTHX rpaHyrr, KOMIIeHCIIpyIOT µ;pyr µ;pyra 

B paµ;nallbHOM HarrpamieHIIII, ·B penyrrbTaTe ~1ero OCTaIOTCH TOKII, 

rrpoTeKaIO!l.\IIe no BHeWHeMy II BHyTpeHHeMy rrepnqiepirnM. B TaKOM 

crry'1ae rrorre Hd~cJ.i 6yµ;eT l\IeI-Ibllle, '1eM Hae, Ha BeITII'1III-IY ycpeµ;HeHHOII 

HaMarHII'1eHHOCTII fefg rpaHyrrbI [18]. OHO IIMeeT BIIµ; 

HJ~'P = 
0

Hae + D9 x Mg(Hde + Meqg)- (8) 

O'1eBIIµ;Ho, B µ;aHHOM crry'1ae rrpn n;nKrrnpoBamm Hde rrorre Hd~cJ.i 
µ;rr.a ncxoµ;HoII BeTBII 6yµ;eT MeHbWe, '1eM µ;rr.a y6hlBaIOlll,eII BeTBII ( cM. 

pnc. 6). TaKoe rroBeµ;eHIIe HJ~1i(Hde) rrpIIB0µ;11T K dc-rucTepenIIcy c 

OTpIID;aTellbHblM CMell.\eHIIeM (cM. pnc. 8). 
TaKoe crro;.KHoe rroneµ;em1e ~1.i B naBIICIIMOCTII OT rpaHyrr.apHoii 

cTpyKTYPbI BTCII-o6pann;a 6brno TeopeTII'1eCKII rrpeµ;cKanaHo B pa-

6oTe Xoµ;xµ;oHa n µ;p. [19]. Ilorrbny.acb TeOpIIHMII KrracTepoB KOHe'1-

HbIX panMepoB II aqi<peKTIIBHOH cpeµ;bI, aBTOpbI Dhl'11IClIIIlIII aqi<peK

TIIBHOe rrorre, p;ei'1cTBYIO!l.\ee B MfO o6pann;a, noKpyr KOTopoII co

cpep;oT0~1eHbI rpaHyllbI, HaXO/];Hll.\IIeCJI B IIOlIHOM p;naMarHIITHOM co

CTOHHIIII. PenyrrbTaTbI Dbl'11ICITeHirn IIOKa3bIBaIOT, 'ITO B naBIICIIMO

CTII OT KOHKpeTHOH KOH<pnrypan;nn rpaHyrr ( oµ;HoMepHOII, p;nyXMep

HOH IIITII TpexMepHoII) aqi<peKTIIBHoe rrorre Mo2KeT rrn6o ycIIrrIInaTbc.a, 

rrn6o ocrra6rrHTbCH. 

BorrpeKII MHOr0'1IICITeHHhlM 3KCrrepIIMeHTallbHbIM p;aHHbIM, IIOKa-

3hlBaIO!l.\IIM aqi<peKT KOHD;eHTpan;n11 (ycnrreHIIH) rrorrH B BTCII-o6pa

nn;ax na C'1eT OTTaITKIIBaHIIH IIOlIH p;IIaMarHIITHhlMII rpaHyrraMII, IIO

rry'1eHHhle 3TIIMII aBTopaMII penyrrbTaTbl rrpep;cKa3hlDaIOT o6paTHbIH 

aqi<peKT - aqi<peKT panpe;.KeHHH ( ocrra6rremrn) rrorrH B BTCII-o6pann;ax 
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na c'1eT KoMrreHcauuu rrop;o6HhlX Bonp;eiicTBIIH rpaHyrr rrpn cryll.\eH

HOII yrraKonKe GTIIX rpaHyrr. TaKoii: aqi<peKT panpe2KeH1IH BrrepBbie Ha-

6rr10µ;aeTCH n uaweM 11ccrrep;0Bamrn dc-rncTepennca KepaMn'1eCKIIX 

o6pann;oB Y Ba2Cu301-6• 

4. 3aKJIIO"'Iemrn 

Ha ocHone aHarrnna penyrrbTaToB IInMepeHIIH r11cTepem1ca <pyHµ;a

MeHTallbHoii /];IIHaMII'1eCKOII BOCIIpIIIIM'11IDOCTII B KepaMIIKe 

Y Ba2Cu307_6 II penyrrbTaTon Bhl'1IIcrreHIIH TaKoro aqi<peKTa B paM

Kax pacwnpeHHOH MOp;emI KpIITII'1ecKoro COCTOHHIIH Mbl cp;erraeM crre

p;yIO!l.\IIe OCHOBHhle BbIBOp;hl: 

1). PacurnpeHHaJI MOAeITb KpIITII'1ecKoro cocTOHHII.lI, patin1mae

MaJI HaMII n [5], ap;eKBaTHO OIIIIChlBaeT rrpon;ecchl HaMarHII'1IIBaHIIH 

Me2KrpaHyllbHOH II rpaHyllbHOII 06rracTei'1 B OTµ;errbHOCTII. 

2). Ilpn IIny'1eHIIII rIIcTepem1cHoro rroneµ;eHII.lI <pyHp;aMeHTarrbHOII 

/];IIHaMII'1eCKOII nocrrpIIIIM'1IIBOCTII' KepaMII'1eCKIIX O 6pann;on 

Y Ba2Cu307_ 6, IIMeIO!l.\IIX panrrII'1Hhle rpaHyrrHpHbie CTPYKTYPhl, 

nrrepBbie rroKanaHo cyll.\eCTBOBaHIIe aqi<peKTa ocrra6rremrn MarHIITHoro 

rroIDI DHYTPII BTCII-o6pann;a, oxrra2K;a;aeMoro BHa'1arre B HyrrenoM rrorre 

11 rroMelll,eHHoro no nHewHee MarHIITHoe rrorre. Ilpe;a;cKanaHIIe TaKoro 

aqi<peKTa 6hlrro cp;errauo n pa6oTe [19] rrpu TeopeTII'1eCKOM nccrre

p;onaHIIII nmurnHH rpaHyrrHpHoii cTpyKTYPhl Ha rrorre, p;eiicTny10lll,ee 

BHYTPII BTCII-o6pann;a. 

3). IloKanaHo, 'ITO pearrbHa.8: rpaHyIDipHa.H CTPYKTypa IIccrrep;ye

MbIX o6pann;on rrplIHD;IIIIIIallbHO BlIII.lieT Ha /];OCTOBepHOCTb penyrrb

TaTOB aHarrnna MarHIITHbIX cnoiicTn BTCII-o6pann;on. lfo-na _rrpo

cTpaHCTBeHHoii HeOp;Hopop;HOCTII rpaHyrrHpHOH CTpyKTYPbI (pan-

6pOCbI TIO panMepaM rpaHyrr, no CTerreHII ITOKaITbHOH TeKcTypbI, no 

npocTpaHCTBeHHoii cTpyKType Me2KrpaHyrrbHoii o6rracTII II T. n.) 

O"<JeHb Tpyµ;Ho TO"'IHO OIIIICbIBaT:E, npon;eccbl HaMarHII"'IIIDaHIIH B 

BTCII-o 6pann;ax. ,II;IDI nonHaHII.lI IICTIIHHbIX cnepxrrponoµ;Hll.\IIX 

cnoiicTB cnepxrrponoµ;Hlll,eii <panbl Heo6xoµ;nMo panpa6oTaTb TeXHorro

rIIII 11nroTonrreHII.lI BTCII MaccnBHbIX o6pann;on, y KOTOphlx rpaHy-
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mrpHOCTh CBO;D;IITC.H K MIIHHMYMY (To eCTh fn -+ 0), oµ;HIIM ml Ba

pIIaHTOB TaKoro po;a;a TeXHOITOrIIII .HBIT.HeTC.H panpa6oTaHHa.H HaMII 

npon;e;a;ypa nepecIIHTena KepaMII''IeCKIIX o6pann;oB B pacnrraBe (15]. 

0.4 

X 

0.2 

Hdcm(Oe)=377.5, X"+0.3 

Hdcm( Oe)¥-X" +O. 15 

Hdcm(Oe)=21.5 

0.0 -J--,--.--.--,-~-r--r--+-r-T---r--.--.--.-,---1 

-400 -200 
a) 

0 
Hdc(Oe) 

200 400 

0.00 • 'Hdcm(0e)-21.5, 
X"+0.75 

-0.25 

x -0.50 

-0.75 

-1 .00 -1---.-~~~~~--+~-,--.--r--,--,-.--i 

-400 -200 0 200 400 

Hdc(Oe) 

6) 

P11c.l. Kp11m,ie MHlIMOII (a) 11 pearr1>Hoii (6) -qacTeii ac-Bocrrpu

IIM"'IIIBOCTII o6pann;a IS, unMepeHHhle rrpn 1111Krr11poBaHIIII Hdc c 

H0 = 0.33 8 npII panrrII"'IHhlX nHa"'leHII.HX Hdcm, T = 77 J( 

14 

X 

x 

0.3 

0.2 

0.1 

0.0 
-400 -200 

a) 

Hdcm(0e)=377.5, 
X"+0.2 

Hdcm(Oe)=85.8, 
• X"+0.1 

Hdcm(Oe)=21.5 

0 200 400 
Hdc(0e) 

0.5 -,-------------~ 

-0 0 

-0.5 

\I Hdcm(Oe)=21.5, 
~ X"+1 

~r 
Hdcm(0e)=85.8 

X"+0.5 

Hdcm(0e)=377 5 

- 1. 0 -;----,-,--,--.--,--,--,--t-.---,--.--,----.---,--,---l 

-400 -200 

6) 

0 
Hdc(Oe) 

200 400 

P11c.2. KpIIBhle MHIIM011 (a) II pearr1>Hoi'1 (6) •rncTe11 ac-nocrrpu

IIM"'IIIBOCTII 06pan11a MS, IInMepeHHhIC rrpu IIIIKrr11ponamm Hdc c 

H0 = 0.33 8 rrpu panm1•rn1>1x nHa'lCHIIBX Hdcm• T = 77 K 
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I 
I 

x 

0.2 

X 

0.1 

128.70e, 
X"+0.16 

85.80e, 
X"+0.12-

~ -=----
- fl\, 64.40e, 
_J' ' "'--x"+0.08 

~ 42.90e, fl, ~X"+0.04 

V Hdcm=9.90e 
0.0 I , , , , , , , , , , , , 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 

-1 50 -1 00 -50 0 50 1 00 150 
Hdc(Oe) 

a) 

-0.25 ~------------~ 

-0.50 

-0.75 

85.80e 
~x·+o.3· 

64.40e 
X'+0.2' 

42.90e, 
X'+0.1 

-1.00 I I I I I 11 I I I 11 I I 1'f I I I I 11 I I I 11 I I I I 
-150 -100 -50 0 50 100 

Hdc(Oe) 
6) 

Pnc.3. Kpnm,1e MHHMoii (a) n peam,HoiI (6) ~acTeH ac-Bocnpn
IIM~IIBOCTII o6pann;a RS, 1mMepeHHble npn D;IIK1IIIpoBaHIIII Hdc c 

Ho = 0.33 8 npn pamrn~HbIX oHa~emrax Hdcm, T = 77 K 

16 

0.2 

X 

0.1 

0.0 

-0.4 

_ -0.6 
X 

-0.8 

~ ff RS,8.60e, 
~ X"+0.2 

-30 -20 -10 0 10 20 
Hdc(Oe) 

a) 

30 

-1.0 I I I I I I I I I I I I V7' I rfr I I I I I I I I I I I I 
-30 -20 -10 0 10 20 30 

Hdc(Oe) 
6) 

Pnc.4. DC-rncTepeonchl nccrreµ;yeMblX o6paon;oB, IIOMepeHHbIX npn 
MarreHI,KIIX OHa~eHIIHX Hdcm· Ho = 0.33 8, T = 77 K. a)-KpIIBble 
MHIIMo:ii ~acTn, 6)-KpIIBble peam,Ho:ii ~acTn. 
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0.15 -.--------------~ 

89.2K,X"+0.06 

0.10 

X 

0.05 

0.00 -

-400 -200 0 200 400 
Hdc(Oe) 

a) 

0.0 -.-------------

-0.2 

x -0.4 

-0.6 

-0.8 • 
-400 -200 0 200 400 

Hdc(Oe) 

6) 

PHc.5. DC-rHcTepe::mchl o6patm;a RS, lI3MepeHHhle c Ho = 4,628 n 
Hdcm = 377, 5 8 npu pamrn'IHbIX TeMnepaTypax. a )-KplIBhle MHlIMOH 
'IaCTH, 6)-KplIBhle pearrbHo:ii 'IaCTII. 
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.\1 

·a: 
I 
'---.... 

4~------~----~-, 

2 

~.g o I ~ I ~ I 
-1 

-2 

-3 

-4 I I I I I I I I I I I I I 
-3 -2 -1 0 1 2 3 

Hdc/Hpj 

Puc.6. Iloneµ;eHIIe aqiq>eKTIIDHoro rrorr.ll H;;t1i p;rr.ll ucxoµ;Hoi'1 u y6b1-

na10me:ii DeTnei'1 :u;uKrrnponamrn DHernHero rrorr.ll Hdc· Kp1mb1e Dhl

'IIIcrreHhl no qiopMyrre (6) (-) II (8) (o) c napa11eTpa1m H0 /Hpj = 
0.2, Hc1i = 0, Hc1g/ Hpi = 0.4, Hpg/ Hpi = 3, ng = 0.3, /3g = 0.5, 

Hdcmf Hpj = 3 

0.12 -

-
X 0.06 

X 

0. 00 -·f----~~---___j 

-0.6 -

-0.8 

-1.0 I I I I I 1~·1 I I I I 
-3 -2 .:_1 0 1 2 3 

Hdc /Hpj 

Puc.7. DC-rucTepe3IIC c IIOJIO)KIITellbHhlM Cl\H'l.l.l,CHIIeM. Kp1rnhle Dbl

'-IIICJICHhl no (2), (3) II (6) c napaMeTpaMu: Ho/ Hpj = 0.2, Hc1j = 0, 
Hc1g/ Hpi = 0.4, Hvgf Hvi = 3, ng = 0.3, /3i = 2, /39 = 0.5, 
Hdcmf Hpj = 1 (-)II= 3 (o) 19 



0. 1 

-
X 

0.0 

x -0.8 

-1.0 I 1 1 1 l~I 1 1 1 1 I 
-3 -2 -1 0 1 2 3 

Hdc/Hpj 

Pnc.8. DC-rHcTepe::mc c oTpIIn;aTellhHhIM cMern,emieM. Kp1rnh1e Bhl
'IIIClleHhI no (2), (3) II (8) c rrapaMeTpaMII, KaK Ha p1Ic.7 

Ta6rrm:1;a 1. HeKoTophie xapaKTepncTIIKII nccrre;a;yeMhlX o6pa3l.(OB 

06pa3el.( TTJIOTHOCTh, Tcg, Tei, /j, Rg, 
r/cM3 J( J( % JLKM 

IS 5,2 91 89 50 15 
MS 5,3 92 90,5 20 15 
RS 6,2 94 91 5 30 
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