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06ll.lAR XAPAKTEPl-1CTIAKA PA60Tbl 

AKrya11bHOCTb pa6oTbl 

MarHIHHble CBOHCTBa CBepxnpoBOAH"1KOB (S) "1 cj>eppoMarHernKOB (F) aHTaroH"1Crn'lHbl. EC/1"1 B 

cj>eppoMarHernKe MarH"1THble MOMeHTbl aTOM06 6blCTpa"16alOTCA K0/1/1"1HeapHO Hanpa011eH"1IO 6HewHero 

MarH"1THOro 110/lA, TO ceepxnp060AH"1K 110/lHOCTblO 6blTeCHAeT MarH"1THOe none, TaK KaK c0epxnpo60AAU\"1e 

3/leKTpOHHble napbl "1MelOT aHrnnapa1111ellbHOe ynopAAO'leH"1e Cll"1H06. nocKO/lbKy o6MeHHaA 3HeprnA 

nponOpl\"10Ha/lbHa TeMnepaTYpe cj>a3060ro nepeXOAa, MO>KHO 3aK/llO'l"1Tb AJ1A 60J1bW"1HCTBa 6ell.\eCTB, 'lTO 

cj>eppoMarH"1THblH napaMeTp llOPAAKa npeBOCXOA"1T ceepxnpoBOAAU\"1H 6 HeCKOJlbKO pa3, 1103TOMY 6 

c0epxnpo00AAU\eM cj>eppoMarnernKe O>K"1AaeTcA noAa0neH"1e ceepxnpo00A"1MOCrn, <iTo npeACKa3aHo ell.\e 

r"1H36yproM 6 1956 r. TeM He MeHee "136eCTHO, 'lTO COCYU\eCTBOBaH"1e c0epxnpo60A"1MOCrn "1 

cj>eppoMarHern3Ma 603MO>KHO 6 HeKOTOpblX COeA"1HeH"1AX ypaHa, a TaK>Ke peAK03eMellbHblX 3JleMeHT06. 

Ho AaHHble MaTep"1allbl "1MelOT CllO>KHYIO X"1M"1<ieCKyio "1 3!1eKTPOHHYIO CTPYKTYPbl, a AJ1A "1CC11eA06aH"1A 

MarH"1THblX 3cj>cj>eKTOB npeAnO<irnTellbHee 6onee npOCTble rncreMbl. 

C APYroH cTOpOHbl, B cj>"13"1Ke ceepxnpo6oA"1MOcrn "13BeCTHbl 3cj>cj>eKTbl 6!1"13ocrn. Knacrn<ieCK"1H 

3cj>cj>eKT 6J1"130Crn [1] , npOA6J1AeTCA 6 Clly<iae KOHTaKTa Me>KAY HOpMaJlbHblM MeTaJlJlOM "1 

C6epxnp060AH"1KOM. Kynepo6CK"1e napbl MOryT npOH"1KaTb "13 ceepxnpOBOAH"1Ka 6 HOpMallbHbl'1 MeTa/1!1 "1 

HeKOTOpoe 6peMA TaM >K"1Tb. 3TO np"1BOA"1T K TOMy, 'lTO KaKOH-TO CJlOH HOpMaJlbHOro MeTanna 66!1"13"1 

rpaH"1l\bl CTaH06"1TCA c0epxnpo60AAU\"1M. np"1 3TOM npOH"1KH06eH"1e nap "13 ceepxnp060AH"1Ka 6 

HOpMallbHblH MeTaJlJl np"160A"1T K yMeHbWeH"1IO "1X llJ10THOCT"1 6 C6epxnp060AH"1Ke, T.e . napaMeTp 

nopAAKa 6 C6epxnpo60AH"1Ke 66!1"13"1 rpaH"1l\bl 6yAeT MeHbWe eA"1H"1l\bl Aa>Ke B OTCyYCTB"1e MarH"1THOro 

nonA . B HOpMallbHOM HeMarH"1THOM MeTanne pacnap"16aH"1e npo"1CXOA"1T 3a c<ieT Tenno0b1x cj>nyKTYal.l"1H . B 

cny<iae KOHTaKTa c0epxnpo00AH"1K/cj>eppoMarHernK noA6!1AeTcA ell.\e OA"1H pacnap"10a10U\"1H cj>aKTOp -

06MeHHOe 63a"1MOAeHCT6"1e, KOTOpoe llblTaeTCA 6blCTp0"1Tb Cll"1Hbl 3JleKTpOH06 B OAHOM Hanpa6JleH"1"1, T.e. 

pa3pyW"1Tb napy, KOTOpaA o6pa306aHa "13 3JleKTPOH06 c nporn0onOllO>KHO Hanpa0neHHblM"1 Cll"1HaM"1. 

EC/1"1 TeMnepaTYpa Kiop"1 cj>eppoMarnernKa MHOro 6onbwe Kp"1rn<ieCKOH TeMnepaTypbl c0epxnpo00AH"1Ka, 

TO cpeAHAA o6MeHHaA 3HeprnA 0 cj>eppoMarnernKe Eex » k 8 · T, "1 o6MeHHoe 63a"1MOAe'1cTB"1e MO>KHO 

C'l"1TaTb eA"1HCTBeHHblM pacnap"1BalOU\"1M cj>aKTOpOM. B TaKOM cny<iae Ha6eAeHHblH napaMeTp llOPAAKa He 

TOJlbKO 3aTyxaeT, HO "1 OCL\"1f1!1"1pyeT. 

("1CTeMaM"1 , B KOTOpblX peaJ1"13YIOTCA 3cj>cj>eKTbl 6J1"130CT"1 A6J1AIOTCA "1CKyCCTBeHHble 

H"13KOpa3MepHble reTepoCTPYKTYPbl c <iepeAYIOU\"1M"1CA cj>eppoMarH"1THblM"1 "1 c0epxnpo60AAU\"1M"1 

cnoAM"1 . nocKOllbKY TOllll.\"1Hbl cnoe0 noA06HblX CTPYKTYP copa3MepHbl c pa3!1"1'lHblM"1 KOppel1Al\"10HHblM"1 

AJ1"1HaM"1, "13BeCTHblM"1 B cj>"13"1Ke TBePAOro Tena , TO 6 reTepOCTPYKTYpax 603MO>KHO Ha6!1IOAeH"1e 

cj>"13"1'leCK"1X A6JleH"1'1, KOTOpb1e He Ha6!1IOAalOTCA 6 o6beMHOM 6ell.\eCTBe. BB"1AY pa3H006pa3"1A 

npeACKa3aHHblX 3cj>cj>eKTOB 6!1"130CT"1 [2] 6 reTepOCTPYKTYpax cj>eppoMarHernK/c0epxnpo00AH"1K, 

o6yCJ106JleHHblX 63a"1MOAeHCT6"1eM cj>eppoMarH"1THOro "1 c0epxnpoBOAAU\erO napaMeTp06 llOPAAKa, 

HOA06Hble CTPYKTYPbl npeACTa6J1AIOT 60llbWOH "1HTepec. Ho AJ1A 60J1bW"1HCT6a 5/F reTepOCTPYKTYP. 

cocrOAU\"1X "13 3!1eMeHTapHblX MeTanno0 "111"1 cn11a000, TeMnepaTypa Kiop"1 Tp 3Ha<i"1TellbHO npe0b1waeT 

TeMnepaTypy c0epxnpo00AAU\ero nepexoAa Teo a cneAOBaTellbHO, cj>eppoMarH"1THblH napaMeTp nopAAKa 

6011bwe c0epxnpo00AAU\ero. no3TOMY AJ1A noA06Hb1x CTPYKTYP 6011bW"1HCTBO npeAcKa3aHHblX '" 

Ha61110AaeMblX 3Kcnep"1MeHTallbHO 3cj>cj>eKT06 C6A3aHo c "13MeHeH"1eM c0epxnpoBOAAU\"1X c00'1cTB noA 

6/1"1AH"1eM cj>eppoMarnern3Ma . 3cj>cj>eKTbl 6J1"130CT"1, CBA3aHHble c 6/1"1AH"1eM ceepxnpo60A"1MOCT"1 Ha 

cj>eppoMarHern3M MeHee "13y<ieHbl. 0A"1H "13 603MO>f<Hb1X nyTeH C03AaH"1A C"1CTeM c 603MO>KHOCTblO 

ynpa011eH"1A MarH"1THblM"1 CBOHCTBaM"1 rncreMbl c noMOU\blO ceepxnpoeoAAU\ero napaMeTpa nopAAKa -

3TO "1CllO/lb306aH"1e ceepxnpoBOAH"1KOB "1 cj>eppoMarHernK06 co cpaBH"1MblM"1 TeMnepaTypaM"1 

ceepxnpo00AAU\erO nepexoAa '" TeMnepaTYPOH Kiop"1. KaK B03MO>KHble KaHA"1AaTbl - 3TO 

6blCOKOTeMnepaTYpHb1e Kynparnb1e c0epxnpo00AH"1K"1 "1 cj>eppoMarH"1THb1e MaHraH"1Tbl. Ho, 00-nep0b1x, 

AaHHb1e MaTep"1a11b1 0611aAa10T c11o>KHOH 311eKTpOHHOH '" X"1M"1<iecKOH CTPYKTYPOH, 00-0TOpb1x, nocKO/lbKY 

AaHHb1e MaTep"1anb1 MHOroKOMnOHeHTHb1e, "13roT0011eH"1e OAHOPOAHbJX TOHK"1X n11eHoK A6/1AeTcA 

HeTp"1B"1allbHOH 3aAa<ieH, 'lTO oc11o>KHAeT 603MO>KHOCTb no11y<ieH"1A noA06HblX reTepocrpyKTYP· TeM He 
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MeHee B S/F C11CTeMax no-npe>KHeMy O>KHAalOTCR 3Ha41-1TenbHb1e MarHHTHble 3Q>Q>eKTbl 6n1-13ocrn, ecn1-1 

3Q>Q>eKrnBHaR o6MeHHaR 3HeprnR Ep-Tpdp/d5 cpaBHHMa c £5 -Tc, rAe dp(d5 ) - TOnU\HHbl F(S) cnoes [2]. 

TaKHM o6pa30M 3Q>Q>eKTl1BHaR o6MeHHaR 3HeprnR onpeAenReTCR l'1 COOTHOWeHHeM TOnU\1'1H 

Q>eppoMarHHTHOro l'1 CBepxnpOBOAAU\erD cnoes. Ysenl'141'1Tb KOHKypeH41'110 ABYX Q>a3 B nonb3V 

csepxnpoBOA1'1MOCTl1 MO>KHO 3a C4eT ManoH TOnU\1'1Hbl Q>eppoMarHHTHOro cnoR (-1+10 HM) l'1 3a C4eT 

AOCTaT04HO 6onbWOH TOnU\1'1Hbl CBepxnpOBOAAU\erD cnoR (-10+100 HM), npH KOTOpblX CBepxnpoBOAHHK 

npoRBnReT CBOHCTBa o6beMHOro BeU\eCTBa, B 4aCTHOCTl1, Kp1'1Tl14eCKOH TeMnepaTYpbl, KOTOpaR 3aB11Cl1T OT 

TOnU\11Hbl cnoR. TaK11M o6pa30M AnR pean113a41-11-1 AaHHblX 3Q>Q>eKTOB TDnU\HHa Q>eppoMarHHTHOro cnoR 

AOn>KHa 6b1Tb nopRAKa KOppenR41'10HHOH An1'1Hbl csepxnpOBOA1'1MOCTl1 B Q>eppoMarHernKe fr. B pa6oTe 

noKa3aHo, 4TO B cny4ae TaKHX Manb1x TDnU\HH Q>eppoMarHHTHblX cnoee, cno1-1 nony4alOTCR 

HeOAHOPOAHblMH, 4TO npoRBnReTCA B 06pa3osaH111-1 KnaCTepos OAHOro 3neMeHTa B cpeAe 1'13 APvroro 

3neMeHTa. 

PaHee He 11ccneAOBan11cb oco6eHHOCrn 3Q>Q>eKTOB 6n1-13ocrn, o6ycnosneHHblX Bn11RHHeM 

CBepxnpOBOA1'1MOCTl1 Ha MarHl1THOe ynopRA04eHHe CHCTeMbl, B HeOAHOPOAHblX reTepOCTPYKTYpax. 

HeOAHOPOAHOCTb CTPYKTYPbl 3aKnio4aeTCA B HanH41'11'1 KnaCTepos, 4TO npHBOAHT K 06pa3osaH1110 

HepaBHOBeCHOro COCTORHHR cynepnapaMarHeTl13Ma. TaKHM o6pa30M B pa6oTe 1-1ccneAOBan1-1Cb 3Q>Q>eKTbl, 

06ycnosneHHb1e 1'13MeHeHHeM HepaBHOBeCHoro cynepnapaMarH11THoro COCTOAHHA s6n1-131-1 TeMnepaTYPbl 

csepxnpoBOAAU\erD nepeXOAa CTPYKTYPbl. 

UenblO pa60Tbl RBnRnOCb 11ccneAOBaH1-1e sn11RHHR 3Q>Q>eKTOB 6n1-1 3ocrn Ha MarHHTHble 1-1 

csepxnpoBOAAU\He CBOHcrna HeOAHOPOAHblX MHorocnoHHblX CTPYKTYP c 4epeAYIOU\1'1MHCR 

Q>eppoMarHl1THblMl'1 l'1 CBepxnpOBOAAU\1'1Ml1 cnORMl'1. 

,ll,nR AOCT11>KeH11R noCTasneHHOH 4en1-1 6b1n1-1 peweHbl cneAYIOU\He 3aAa411: 

1. v1ccneAOBaHHe TeMnepaTYpHOrD l'1 BpeMeHHOrD noBeAeHHA MarHHTHblX l'1 CBepxnpOBOAAU\1'1X CBOHCTB 

CTPYKTYP V/FeV/V(Cr)/FeV/Nb, Nb/CuNi, Nb/Gd/Nb l'1 [Nb/Gd]xl2. 

2. HOBble pa3pa60TKl1 MeTOAOB pernCTpa4111-1 Ha peQ>neKTOMeTpe PEMYP Ha peaKTOpe V15P-2, BKnl04aR 

peQ>neKTOMeTp1110 B peanbHOM BpeMeHH . 

OcHOBHble nono>KeH11A, BblHOCl1Mb1e Ha 3au.i11ry: 

1. YCTaHoeneHo, 4TO MarHHTHble l'1 csepxnpoBOAAU\He CBOHCTBa reTepoCTPYKTYP 

V/Feo.7Vo3fV/Feo.N o.3/Nb, Nb(70 HM)/Cuo3sNioos (4 HM), Nb(70 HM)/Cuo19Nio.a1 (2,3,4HM), 

Nb(25HM)/Gd(0.8+7.5 HM)/Nb(25HM) l'1 [Nb(25HM)/Gd(l.2,3,5HM)] 12 o6ycnoeneHbl Hanl'1411eM 

cynepnapaMarHHTHblX KnaCTepoe. 

2. YCTaHoeneHa CBR3b MarHl1THOro MOMeHTa Q>eppoMarHHTHOro cnoR l'1 Kpl'1rn4eCKOH ceepxnpoBOAAU\eH 

TeMnepaTYpbl CTPYKTYP Nb(70 HM)/Cuo.19Nioa1(2,3,4HM) 11 Nb(25HM)/Gd(0.8+7.5 HM)/Nb(25HM), 

npORBnAIOU\aACR B yMeHbWeHl'111 KP1'1Tl14eCKOH TeMnepaTYpbl npH ysenH4eHl'11'1 MarHHTHOfO MOMeHTa . 

3. Ha6nlOAanCA A11aMarHeTl13M CTPYKTYP V/Feo,Vo3fV/Feo.N o.3/Nb, Nb(70 HM)/Cuo35Ni0Gs(4 HM) l'1 Nb(70 

HM)/Cuo19Nio.a1(2,3,4HM) npH T>T, l'1 nepeop1-1eHTa41-1R MarHHTHblX MOMeHTOB Cl1CTeM CTPYKTYPbl np11 

csepxnpoBOAAU\eM nepexoAe. 

4. 06Hapy>KeH AHaMarHeTl13M nepHOAH4eCKHX CTPYKTYP [Nb(25HM)/Gd(l.2,3,5HM)] 12 np1-1 TeMnepaTYpe 

Hl1>Ke CBepxnpOBOAAU\eH Kpl'1Tl14eCKOH. 

5. YcTaHosneHa KoppenR4HR noBeAeHHR MarHHTHblX CTPYKTYP c KoppenR4HOHHOH MHHOH OT aHrcTpeM 

AO M11KpOH B MHOrocnoHHblX Cl1CTeMax Nb(70 HM)/Cuo.3sNio.os(4 HM) l'1 Nb(70 HM)/Cuo19Nios1 (4HM), 

npoRBnAIOU\aACR B yMeHbweH111-1 HaMarHH4 eHHOCrn np1-1 TeMnepaTYpax 4 K 1-1 2.5 K H11 >Ke 

csepxnpoBOAAU\eH Kp11rn4eCKOH . 

5. Ha6nioAanocb HaMarH11411BaH11e AOMeHHOH CTPYKTYPbl 1-1 pa3MarHH 4HBa H1-1 e c11 creMb1 KnacTCpoe np11 

yMeHbWeHHH TeMnepaTYpb1 Hl1>Ke csepxnpOBOAAU\eH KpHTl14CCKOH B CTPYKType 

V/Feo.N o,3/V/Feo.N o,3/Nb, np1-1 3TOM nonHblH MarHHTHblH MOMeHT CTPY KTYPbl CTpCMHnCA K 11ynio. 
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7. Ha6n10AanaCb penaKca4HR MarHHTHOrD COCTORHHR CTPYKTypbl V/Feo.N o.3/V/Feo.N o.3/Nb npH 

TeMnepaTYpe Hl1>Ke csepxnpoBOAAU\eH Kp11rn4eCKOH, o6ycnosneHHaR B3a11MoAeHCTe11eM KnaCTepoe 

11 AOMeHoe, 4TO npoABnAnocb B ABYXCTYneH4aTOM 113MeHeH1-111 nnornocrn AOMeHHblX CTeHOK 1-1 

KOrepeHTHblX oc411nnR4HAX HanpaeneHl1A MarHl1THblX MOMeHTOB KnacTepoe. 

8. BbinonHeHo pa3e11rne MeTOAa HeHTPOHHOH peQ>neKTOMeTp111-1, 4TO 3aKnio4anocb B pernCTpa4111-1 

conyTCTBYIOU\erO BTOp114HOro 113ny4eHl'1R B BHAe 3apA>KeHHblX 4acrn4 l'1 raMMa-KBaHTOB, 

BblneTalOU\1'1X nocne 3aXBaTa HeHTpOHOB RApaM11 BeU\eCTBa l'1 B BHAe HeHTpOHOB c nepeeopoTOM 

cn11Ha np1-1 0Tpa>KeH1-111 OT MarHHTHO-HeKonn1-1HeapHOH cpeAbl. YcTaHosneHo, 4TO npocTpaHCTBeHHoe 

pa3peweH1-1e np1-1 onpeAeneHHH nono>KeHHA 1-13ny4a10U\ero cnoA MO>KeT cocTaBnATb 1 HM. 

Hay4HaA HOBM3Ha pa6oTbl . B pa6oTe enepeb1e: 

1. 06Hapy>KeHa ynopAA04eHHaR peweTKa AAePHO-MarHl1THblX KnacTepoe B reTepOCTPYKTYpe. 

2. noATBep>KAeHO BblCOKOe 3Ha4eHHe Koppen114110HHOH M11Hbl CBepxnpoBOA1'1MOCT11 B raAOn1'1Hl'11'1 

~,=4 HM. 
3. 06Hapy>KeHO nepeMarHl'141'1BaHHe MarHHTHOrD cnoR np11 csepxnpOBOAAU\eM nepeXOAe B 

reTepOCTPYKTYpe. 
4. YcTaHoeneHa nepeCTpOHKa MarHHTHoro cocTORHl1A CTPYKTYPbl np1-1 TeMnepaTYpe HH>Ke T, e V3KOM 

AHana3oHe TeMnepaTYPbl llT<2 K. 

5. 06Hapy>KeHo 1'13MeHeH1-1e MarHHTHblX ceoHcTB CTPYKTYPbl noA Bn11AHHeM csepxnpoBOA11MOCTl1 1-1 

penaKca411A Marn11rnoro cocTORHHR CTPYKTYPbl e 4aCTOTHOM AHana3oHe 0.06-0.3 Mr4. 

6. np11MeHeHa HeHTpOHHaA peQ>neKTOMeTpHR B peanbHOM epeMeHH MA 1-1ccneAOBaH1'1A penaKca41-111 

MarHMTHOro COCTOAHMA reTepOCTPYKTYPbl. 

Hay4HaR M npaKTM4eCKaA 3Ha4MMOCTb pa6orbr: 

YcTaH0BneHHb1e e pe3ynbTaTe BbinonHeHHR AaHHOH pa6oTbl 3Q>Q>eKTbl 6n1-130CTl'1 B HeOAHOPOAHblX 

Q>eppoMarHl'1THO-CBepxnpoeoAAU\1'1X reTepOCTPYKTYpax BHOCAT 3Ha411TenbHblH BKnaA B cospeMeHHble 

npeAcTaeneHHR o cocyU\ecrnoeaHHM csepxnpoBOAHMocrn 11 Q>eppoMarnen13Ma B Hl'13Kopa3MepHblX 

CHCTeMaX. nony4eHHble 3KCnepMMeHTanbHble pe3ynbTaTbl MOryT 6b1Tb BOCTpe6oBaHbl B Hay4HblX 

na6opaTOp1'1AX, 3aH11MalOU\l1XCR npo6neMaMl1 ceepxnpoBOA11MOCTl'1, MarHeTl13Ma, Q>1'1311KM HaHOCTpyKTyp, l'1 

B 6vAvU\eM MOryT 6b1Tb none3Hbl npH pa3Bl1Tl11'1 TaKMX HanpaeneHHH TeXHonornH, KaK cnHHTpOHl1Ka, 

KBaHTOBblH 11 HeHpoMopQ>HblH KOMnblOTl1HL 

Anpo6au11R pa6orb1. Pe3ynbTaTbl, npeACTaeneHHble e A"1CcepTa4110HHOH pa6oTe, AOKnaAb1ean11cb Ha 

Me>KAYHapOAHblX "' pOCC"1HCK11X KOHQ>epeH4"1RX, Ha np1-1rnaweHHblX ceM11Hapax 11 Ha ceM11Hapax B OTAene 

HeHTpOHHblX 11ccneAOBaH"1H KOHAeHC11poeaHHblX cpeA /la6opaTOp111'1 HeHTpOHHOH Q>113"1Kl1 11M. V1.M. 

<l>paHKa, 3aCeAaH"1AX nporpaMMHO - KOHcynbTaTl1BHOrD KOMl1TeTa no Q>"1311Ke KOHAeHC11pOBaHHblX cpeA 

OV1l'lV1 : 
1. XXIV Hay4HaA KOHQ>epeH4"1R MOnOAblX y4eHblX 11 cne41-1an"1CTOB OV1AV1 B 2020 r ., r. ,ll,y6Ha, PocrnA . 

2. Me>KAYHaPOAHaA KOHQ>epeH41'1A no 11ccneAOBaHl1IO KOHAeHrnpoeaHHblX cpeA Ha peaKTOpe V15P-2 B 

2015, 2017, 2020 rr .. r. ,ll,y6Ha, POCCl1R. 

3. 42, 47, 49, 51 cece111-1 nporpaMMHO-KOHcynbTarneHoro KOM"1TeTa no Q>1131'1Ke KOHAeHc11poBaHHblX 

cpeA OV1AV1 B 2015, 2018, 2019 11 2020 rr., r . ,ll,y6Ha, POCCl1R. 

4. EeponeHcKaR KOHQ>epeH41-1R no pacceAH"1IO HeHTpoHoB, r . CaHKT-neTep6ypr, PocrnR, 30 1110HR - 5 

1-110nR, 2019 r. 

5. np1-1rnaweHHblH AOKnaA Ha ceM"1Hape B V1<l>M YpO PAH, r. EKarep1-1H6ypr, PoCCl1R, 2019. 

6. 18-A Me>KAyHapOAHaR 5anKaHCKaA KOHQ>epeH4"1A no np11KnaAHOH Q>"1311Ke, r. KOHCTaHTa, PyMblH"1R, 

2018. 

7. nonRp1'130BaHHble HeHTPOHbl AnA 11ccneAOBaH11R KOHAeHC11pOBaHHblX cpeA. r. A6"1HrTOH, AHrn"1A, 

2018. 
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8. VI WK011a no cj>1-t31-tKe no11Ap1-t30BaHHblX HeihpoHos, r. raT41'1Ha, PocrnA, 2017. 

9. Falling Walls Lab Dubna 2017. 

10. PaA1-t03/1eKTPOH1-tKa, 3/1eKTpoTeXHl'1Ka "' 3HeprernKa: 22 "' 23 Me»<AYHapOAHaA Hay4HO-TeXHl'14eCKaA 

KOHcj>epeH41-tA CTYAeHTOB"' acn1-tpaHTOB B 2016"' 2017 rr., HVIY «M3VI», r. MoCKBa, PocrnA. 

11. np1-trnaweHHbli1 AOKllaA Ha ceMl-tHape B Vl<l>TI PAH, r. 4epHOra/10BKa, POCCl'1A, 2016. 

12. XX Me»<AyHapOAHbli1 rnMn031'1YM «HaHocj>1-t31-tKa"' HaH03/1eKTpOHl'1Ka», r. H1-t>1<H1-ti1 HosropoA, PocrnA, 
2016. 

13. VI Bcepocrni1cKaA MOl10Ae»<HaA KOHcj>epeH41'1A no <l>YHAaMeHTa/lbHblM "' 1'1HHOBa41-tOHHblM BOnpocaM 

COBpeMeHHOi1 cj>l'131'1Kl'1, <l>VIAH, r. MOCKBa, PocrnA, 2015. 

14. TpeTbe coBeU\aH1-te no Ma11oyrnos0My pacceAHl1ta Hei1TpOHOB «Myp0Me4-2015», r. raT41'1Ha, PocrnA, 
2015. 

ny6111-tKaU1-tl'1 no TeMe A1'1CcepTaUl'111 

no MaTep1-ta/1aM Al'1CCepTa41-tl'1 ony6111-tKOBaHO 8 CTaTei1 B Hay4HblX pe4eH31-tpyeMblX >1<ypHa11ax, 

3aperncTpi-tpOBaH 1 naTeHT. Cn1-tCOK OCHOBHblX ny6111-tKa41-ti1 np1-tBOAl'1TCA B KOH4e asrnpecj>epaTa. OCHOBHble 

pe3y11bTaTb1 no TeMe A1-tccepTa41-t1-t ony6111-tKOBaHb1 B pa6oTax s 1'13AaH1-tAX, peK0MeHAOBaHHb1x BAK (8 1'13 

KOT0pb1x l'1HAeKc1-tpyt0TCA Me»<AyHapOAHblMl'1 rncreMaM1-t 41-trnposaH1-tA Web of Science "' Scopus [Al-AS] "' 

6 1'1HAeKrnpytaTCA Ha41-toHa/1bHOi1 61-t6111-torpacj>1-t4ecKoi1 6a3oi1 AaHHblX Hay4HOra 41-trnposaH1-tA PVIHL.I, [Al­
A6]). 

n1-t4Hbli1 BK/laA aBTopa. Asrnp y4aCTBOBa/1 B pa3pa60TKe Hei1TpOHHblX MeTOAOB 1'1CCJ1eAOBaH1-ti1, 

cj>opMy111-tposKe 3aAa4 1-tcC11eAOBaH1-ti1, nposeAeH1-t1-t 1'13MepeH1-ti1, o6pa6orne "' aHa111-t3e 
3Kcnep1-tMeHTallbHb1x AaHHblX. 

AocrosepHoCTb pe3y11bTaTOB o6ecne41-tBaeTCR 1-tcno11b30BaH1-teM cospeMeHHblX MeTOAl'1K 

3Kcnepl'1MeHTa/1bHblX 1'1CC/1eAOBaH1-ti1 "' MeTOAOB o6pa60TKl'1 3Kcnep1-tMeHTa/1bHblX AaHHblX. npoBeAeHl-teM 

3Kcnep1-tMeHrnB c co611t0AeH1-teM 1'1AeHrn4Hocrn 3Kcnep1-tMeHTallbHblX yc11os1-ti1 . CornarneM no11y4eHHblX 

AaHHb1x c AaHHblMl'1 APvrnx asrnpos. ny6111-tKa41-tei1 pe3y11bTaTOB pa6oTbl B pecj>ep1-tpyeMb1x >1<ypHa11ax. 

06beM "' CTpyKrypa pa6oTbl. /J,1-tccepTa41-tA COCTOl'1T 1'13 BBeAeHl'1A, nArn mas, 3aK/ll04eHl'1A. no/1Hbli1 

o6beM Al'1CCepTa41-tl'1 COCTaB/lAeT 162 crpaHl'14bl c 76 p1-tCYHKaM1'1 "' 4 Ta6111-t4aM1-t. Cn1-tCOK /11'1TepaTYPbl 
COAep>1<1-tT 160 Ha1-tMeHOBaH1-ti1. 

OCHOBHOE COAEP>KAH"1E PA60Tbl 

Bo eeeAeHHH o6ocHoBaHa aKTYallbHOCTb TeMbl A1-tccepTa41-t1-t, ccj>opMy111-tpoBaHbl 4e11b l'1 3aAa41'1 

1'1CC/1eAOBaHl'1A, apryMeHrnpoBaHa Hay4HaA HOBl'13Ha "' noKa3aHa npaKrn4eCKaA 3Ha41'1MOCTb no11y4eHHblX 

pe3y/1bTaTOB, 1'13/lO>l<eHbl BblHOCl'1Mble Ha 3aU\1'1TY no110>1<eH1'1A. 

B nepeoi1 rnaee paccMaTp1-tBat0TCA HOBble pa3pa60TKl'1 B MeTOAe Hei1TpOHHOi1 pecj>11eKTOMeTp1-t1-t, 

Bbln011HeHHb1e B paMKax A1-tccepTa41-tOHHOi1 pa60Tb1. Pecj>11eKrnMeTp1-tA no11Ap1-t30BaHHblX Hei1TpOHOB 

AB/lAeTCA 0AH1'1M 1'13 Ha1-t6011ee 1'1Hcj>OpMarnBHblX MeTOAOB 1'1CCJ1eAOBaHl'1A Hl'13KOpa3MepHblX reTepOCTPYKTYP 

c HaHOMeTpOBblM pa3peweH1-teM [3, 4] . Ha p1-tc. 1 npeACTas11eHa cxeMa pecj>11eKrnMeTp1-t4ecKora 

3Kcnep1-tMeHTa. Hei1TpOHHbli1 ny40K naAaeT nOA yrnoM CKO/lb>l<eHl-tA e Ha 06pa3e4. OTpa»<eHHble "' 

pacceAHHble OT 06pa34a Hei1TpOHbl per1-tcTp1-tpyt0TCA ABYMepHblM no31'141'10HH0-4YBCTB1-tTe11bHblM 

AeTeKrnpoM. 3epKa/1bHO OTpa>1<eHHble Hei1TpOHbl "' npoweAWl'1e CTPYKTYPY Hei1TpOHbl AataT 11Hcj>opMa41-t10 

0 cpeAHl'1X B nllOCKOCrn 06pa34a AAePHOM "' MarHl'1THOM KOMnlleKCHblX noTeH41-ta11ax B3al'1MOAei1CTBl'1A 

Hei1TpOHa co CTPYKTYPOi1 [SJ. MeTOA n03B0/1AeT TaK»<e 1'1CCl1eAOBaTb He0AH0POAHOCTl'1 CTPYKTYPbl, 0 TOM 

41'1C/1e MarHl'1THble. /J,llA 3TOrO Heo6XOA1'1Ma perncTpa41-tA KaprnH Ma11oyrnosora pacceAHl'1A (GISANS) "' 

Al'1cj>paK41'11-t (GINO) B CK0/1b3AU\ei1 reoMeTp1'11'1 . 
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P11c. 1. CxeMa pecj>neKTOMeTpHYeCKoro 3Kcnep11MeHTa. 

np1-t Bbln0/1HeHl'11'1 AaHHOi1 pa60Tbl 1'1Cn0/1b30Ba/11'1Cb pecj>11eKTOMeTpbl no11Ap1'130BaHHblX Hei1Tp0HOB 

PEMYP "' NREX. BpeMAnpo11eTHbli1 cneKTpOMeTp PEMYP [6]. pacno110>1<eH Ha KaHa11e N28 1'1MnyllbCHOra 

peaKrnpa Vl6P-2 B /],y6He (PocrnA). PeaKrnp Vl6P-2 pa6oTaeT c 4acrnrni1 nosrnpeH1-tA 1-tMny11bCOB 

MOlJ.\HOCrn 5 r4, Af11'1Te/1bHOCTb 1'1MnyllbCa Hei1Tp0HOB npi-t BOAAHOM 3aMeAf11'1Te/1e T0/1U\1'1HOi1 5 CM 

cocras11AeT 340 MKC. CneKTpOMeTp NREX - Hei1TpOHHbli1 pecj>11eKTOMeTp, pacno110>1<eHHb1i1 Ha peaKrnpe 

FRM-11 (rapXl'1Hr, repMaH1'1A) MOlJ.\HOCTblO 20 MBT. Pa6o4aA Af11'1Ha B0/1Hbl pecj>11eKTOMeTpa - 4.28 A. 
PacceAH1-te Hei1TpoHoB 1-t3y4a11ocb nYTeM HenocpeACTBeHHOi1 perncrpa41-t1-t pacceAHHblX Hei1TpOHOB, 

TaK "' nYTeM 1'13MepeH1-tA KorepeHTHO 0Tpa>1<eHHblX "' npoweAWl'1X CTPYKTYPY Hei1TpOHOB. B noc11eAHeM 

c11y4ae MeTOA 6b111 pa3Bl'1T Af1A c11y4aA CK0/1b3AlJ.\era naAeH1-tA no11Ap1-t30BaHHblX Hei1TpOHOB. CYTb era 

COCTOl'1T B C/leAYIOU\eM. npo4eCCbl npOXO»<AeHl-tA Hei1Tp0HOB 4epe3 CTPYKTYPY Onl'1CblBalOTCA 3aBl'1CAU\1'1Ml'1 

OT cnl-tHOBblX COCTOAHl'1i1 Hei1TpOHa "+" "' "-" (c npoeK41-tei1 cn1-tHa BAO/lb "' npornB HanpaB/1eHl'1A 

MarHl'1THOra nO/lA) K03cj>cj>1-t41-teHTaMl'1 OTpa>1<eH1'1A (R+, R- ). nponycKaHl'1A (Tr+, Tr - ). pacceAHl'1A (5 +, 5 - ) 

"' norllOU\eHl-tA (M+, M - ) Hei1Tp0HOB. np1-t 3TOM KorepeHTHbli1 npo4ecc pacnpocrpaHeHl-tA Hei1Tp0HOB 

onl'1CblBaeTCA K03cj>cj>1-t41-teHTaMl'1 OTpa>1<eH1-tA "' nponycKaHl'1A, HeKorepeHTHbli1 - K03cj>cj>1-t411eHTaM1'1 

pacceAHl'1A. Ko3cj>cj>1-t41-teHTb1 pacceAHl'1A "' nornoU\eH1-tA Hei1TpOHOB orne4ataT 3a YTe4KY Hei1TpOHOB 1'13 

KaHa11a KOrepeHTHOra pacnpocrpaHeHl-tA "' onpeAe/lAIOTCA no3TOMY MHl'1MblMl'1 4aCTAMl'1 noTeH41-ta11a 

B3al'1MOAei1CTBl'1A Hei1Tp0HOB co CTPYKTypoi1 . Ko3cj>cj>1-t41-teHTbl pacceAHl'1A Hei1Tp0HOB 5+(- ) (Qz) 

onpeAe/1A/11'1Cb 1'13 AaHHblX Ka Ha/la KOrepeHTHOra pacnpocTpaHeHl'1A Hei1Tp0HOB 1'13 COOTHOWeH1-tA : 

5+(-) = 1 - (R +Tr+ M)+(-) (1) 

Ko3cj>cj>1-t41-teHT nornoU\eH1-tA Hei1TpOHOB M 311eMeHTaM1-t CTPYKTYP He npesb1waeT 10-3, 

K03cj>cj>1-t41-teHT pacceAH1'1A np1-tMeCHblM1-t arnMaM1-t BOAOPOAa TaK»<e He npeBblWaeT 10-3, no3rnMy 

COOTHOWeH1-te MO>l<HO 1-tcn0/1b30BaTb Af1 A onpeAe/l eHl-tA c T04HOCTblO AO 10-3 Be/11'141'1Hbl S(Q,) 1'13 

1'13MepAeMblX 3Kcnep1-tMeHTa/1bHO K03cj>cj>1-t41-t eHTOB 0Tpa>1<eH1-tA R(Q, ) l'1 nponyCKaH1-tA Tr(Q, ) Hei1TpOHOB. B 

3as1-trnMocrn OT n11ocKocrn pacceAH1'1A ny4oK Hei1TpOHOB AaeT 1-tHcj>opMa41-tt0 o wepoxosaTocrnx rpaH1-t4 

pa3Ae/1a "' HeOAHOPOAHOCTAX c KOppe11A41-tOHHOi1 Af11'1HOi1 B Al'1ana30He 3Ha4eHl'1i1 1+100 MKM 

(He3epKa/1bHOe pacceAHl-te Hei1Tp0HOB) 1'1/11'1 0 HeOAHOPOAHOCTAX c KOppe11A41-tOHHOi1 Af11'1HOi1 B Al'1ana30He 

1+100 HM (Ma11oyrnosoe 1'1111'1 A1-tcj>paK41-tOHHOe pacceAH1-te B CK0/1b3AU\ei1 reoMeTp1-t1-t) . 

B pa6oTe 1-tcno11b30Ba11acb pecj>11eKTOMeTp1-tA no11Ap1-t30BaHHblX Hei1TpOHOB B pea11bHOM speMeH1-t 

Af1A 1'1CC/1eAOBaHl'1A npo4eccoB pe11aKca41-tl'1 MarHl'1THOra COCTOAHl'1A reTepOCTPYKTYPbl. 3Kcnep1-tMeHTbl c 

Hei1TpOHaMl'1 B peallbHOM speMeHl'1 , KOrAa B Te4eH1-te speMeHl-t t B n=t/f1t 1'1HTepsa11ax BpeMeHl-t 

Af11'1Te/1bHOCTblO tit per1-tcrp1-tpyt0TCA 3epKa/1bHO OTpa»<eHHble "' pacceAHHble Hei1Tp0Hbl, no3B0/1AIOT 

1'13MepATb Hecra41-toHapHb1e npo4eccb1, nep1-tOA 1'1 3MeHeHl'1A KOTOpb1x T npesb1waeT tit (T>f1t). 04eB1-tAHO, 

4TO tit B AaHHOM c11y4ae onpeAe/lAeT speMeHHOe pa3peweH1-te 1'13MepeH1-ti1. M1-tH1-tMa/1bHOe 3Ha4eH1-te tit 

onpeAe/lAeTCA 1'1HTeHCl'1BHOCTblO Hei1Tp0HOB j "' Be/11'141'1HOi1 1'13MeHeHl'1A 1'1HTeHCl'1BHOCTl'1 Hei1Tp0HOB tiJ, 

06yc11os11eHHoi1 1-tcc11eAyeMblM speMeHHblM npo4eccoM. /J,llA yMeHbWeH1-tA tit HY»<HO yse111-t41-tBaTb 

1'1HTeHCl'1BHOCTb C4eTa Hei1Tp0HOB J, 4TO COOTBeTCTByeT yse111-t4eH1-tlO CBeTOCl'1/1bl cneKTpOMeTpa Hei1Tp0HOB. 

Pecj>11eKTOMeTp1-tA Hei1TpOHOB 1'13-3a Manora Te11 ecHoro yrna B1'1Al'1Mocrn 1'1CT04Hl'1Ka Hei1TpOHOB (nopAAKa 

10·5 cp) "' Manora Ce4eHl'1A ny4Ka Hei1Tp0HOB Ha 1'1CC/1eAyeMOM 06pa34e (nopAAKa 0.1 CM2
) He AB/lAeTCA 

csernrn11bHblM MeTOAOM 1'13MepeH1-ti1. B pa6oTe noKa3aHo, 4TO Ha ycraHOBKe PEMYP M1-tH1-tMallbHOe 
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AOCrnlfH1MOe 3Ha4eHHe nepHOAa speMeHHoro H3MeHeHHA Tm;n cocras11AeT 5 MHH (MaKmMa/lbHaA 4acr0Ta 

H3MeHeHHH fmax=3.3 Mrl.\). ,[\aHHOe 3Ha4eHHe OAHHaKOBO, KaK AJlA KaHa/la 3epKa/lbHOro OTpa>t<eHHA, TaK H 

AJlA KaHa/la pacceAHHA HeHTpOHOB. 

B AaHHOH rnase on1-1caHbl C03AaHHble Ha cneKTpoMeTpe no11Ap1-13osaHHblX HeHTpOHOB PEMYP 

peaKropa lt16P-2 KaHa11b1 perHcTpal.\HH HeHTPOHOB c nepesoporoM cnHHa , 3apA>t<eHHblX 4acrnl.\ H raMMa­

KBaHTOB. np1-1BeAeHbl pe3yllbTaTbl TeCTOBblX H3MepeHHH, AeMOHCTpHpylOlJ.IHe B03MO>f<HOCTH MeTOAa . 3TO 

aKryallbHO, Hanp1-1Mep, npH H3y4eHHH AB/leHHH 6111-13ocrn, B03HHKalOlJ.IHX Ha rpaHHL\e pa3Ae11a ABYX cpeA. 

3ro, s 4acrnocrn, ornomTCA K rpaHHL\e pa3Ae11a csepxnposOAHHKa 1-1 <j>eppoMarHernKa . lt13-3a B3aHMHoro 

B/lHAHHA <j>eppoMarHen13Ma H csepxnpOBOAHMOCrn, 06yc11os11eHHOro KOHe4HblMH 3Ha4eHHAMH AJlHH 

KorepeHrnocrn , npo1-1cxoAHT cylJ.lecrneHHaA MOAH<!>HKal.\HA MarHHTHblX H csepxnposoAAlJ.IHX cso'lcrn . 

npOAB/lAeTCA 3TO, B 4aCTHOCrn, B H3MeHeHHH npOCTpaHCTBeHHOrO pacnpeAe/leHHA HaMarHH4eHHOCn1 . 

Ba>t<HO ycTaHOBHTb coorneTCTBHe MarHHTHoro npocrpaHCTBeHHoro npo<j>1-111A (npocTpaHcTBeHHOH 

3aBHmMOCTH HaMarHH4eHHOcrn) AAepHblM npocTpaHCTBeHHblM npo<j>HJlAM 3/leMeHTOB KOHTaKrnpylOlJ.IHX 

cpeA. ,[\llA onpeAelleHHA npOCTpaHCTBeHHOro MarHHTHOro npo<j>HJlA HcnO/lb3yeTCA CTaHAapTHblH MeTOA 

pe<j>11eKTOMeTpHH n011ApH30BaHHblX HeHTpOHOB, n03B0/1AIOlJ.IHH onpeAe/lHTb noTeHL\Ha/1 B3aHMOAeHCTBHA 

HeHTpOHa co cpeAOH. Ha rpaHHL\e pa3Aella ABYX cpeA noTeHL\Ha/1 B3aHMOAeHCTBHA AB/lAeTCA cyMMOH 

noTeHL1Ha11os B3aHMOAeHcTBHA npoHHKalOlJ.IHX APYr s APvra 311eMeHTOB. CTaHAaprnaA pe<j>11eKTOMeTpHA 

HeHTpOHOB He n03B0/1AeT ycTaHOBHTb, c KaKHMH 3/leMeHTaMH CBA3aHbl H3MeHeHHA noTeHL\Ha/la 

B3aHMOAeHCTBHA H, B 4aCTHOCrn, MarHHTHOro npo<j>HJlA . ,l\llA onpeAe/leHHA npocTpaHCTBeHHOro 

pacnpeAe/leHHA n11ornocrn H3oronos Heo6XOAHMO perncTpHposaTb BTOpH4HOe H311y4eHHe (7] . 

il1CT04HHKOM BTOPH4HOro H3/ly4eHHA AB/lAIOTCA 3apA>t<eHHble 4aCTHL\bl, raMMa-KBaHTbl H OCKO/lKH AelleHHA 

AAep . np1-1 6011ee WHpOKOH TpaKTOBKe K BTOpH4HOMy H3/ly4eHHIO C/leAyeT OTHecrn nOTOKH HeHTPOHOB, 

HeKorepeHTHO pacceAHHblX Ha AApax aTOMOB, Heynpyro pacceAHHblX aTOMaMH H cpeAOH, a TaK>t<e 

AH<l><l>Y3HO pacceAHHblX Ha rpaHHL\aX pa3Ae/la H HeOAHOPOAHOCTAX B C/lOAX CTPYKTYPbl. K oco6oMy 

BTOPH4HOMY H3/ly4eHHIO OTHOCATCA HeHTpOHbl, HcnblTaBWHe KorepeHTH blH nepesopoT cnHHa B 

R 

0.6 

0.4 

0.2 

... 
0.0 I ...... ,.- , I I I 

0.5 1.0 1.5 2.0 
p, AAtpaJl 

HeK0/1/lHHeapHOH MarHHTHOH CTpyKrype . B 3TOM 

c11y4ae npH pacnpocTpaHe HHH cn1-1Hopa HeHTpOHa 

npOHCXOAHT " nor11olJ.le H1-1e" He HTpOHOB B 

Ha4a/lbHOM cnHHOBOM COCTOAHHH, H noAB/lAIOTCA 

HeHTPOHbl, 1-1cnb1Tasw1-1e ne pesopoT cn1-1Ha. TaK>t<e 

B03MO>f<HO <j>opMHPOBaTb B CTpyKrype HeHTpOHHble 

CTOA4He BO/lHbl (3, 4] . HeOAHOPOAHaA n/lOTHOCTb 

HeHTpOHHblX CTOR4HX BOllH, pa3/1H4HaA AJlA pa3HblX 

AJlHH BO/lH HeHTpOHOB, n03B0/1ReT H3 

AJlHHHOBO/lHOBblX 3aBHmMOCTeH HHTeHmBHOCnl 

nepBH4HOro (HeHTpOHbl) H BTOpH4HOro H3/ly4eHHA 

onpeAellATb npocTpaHCTBeHHblH npo<j>1-111b H30Tona. 

B rnase np1-1BeAeHbl pe3y11bTaTbl 

TecrnposaHHA KaHa11a perHcTpal.\HH HeHTpOHOB c 

PMc. 2. Km ¢¢ML1MeHT oTpa>+<eHMA HeihpoHoe oT CTPY•TYP V(20 nepesopOTOM cnHHa c noMOlJ.lblO C/lOHCTblX 
HM)/ CoFe(4 HM)/ 6LiF(5 HM)/V(S HM)/CTeKM (1) M V(20 HM)/ CoFe(4 • • 
HM)/'liF(S HM)/V(15 HM)/CTeKM (2) B COCTOAHMM <n MH - CTpyKryp, COAep>KalJ.IHX MarHHTHblH C/lOH 

¢nMnnepoe "eKn- Bb1•n". CoFe (5 HM) [AS] . MarHHTHblH c110'1 pacno110>1<eH Ha 

HeKOTOpOM pacCTORHHH {10, 20 HM) OT pe<j>11eKropa 

HeHTpOHOB B BHAe nOAJ10lf<KH H3 CTeK/la TOlllJ.IHHOH 5 MM. Ha pHC. 2 npHBeAeHbl 3aBHmMocrn 

HHTeHmBHOCrn OTpa>t<eHHR HeHTpOHOB c nepesopOTOM cnHHa AJlR CTPYKTYP V(20 HM)/CoFe(4 HM)/6Li F(S 

HM)/V(S HM)/cTeK/10 (KpHBaR 1) H V(20 HM)/CoFe(4 HM)/6LiF(S HM)/V{lS HM)/cTeK/10 (KpHBaR 2) npH yrne 

CKO/lb>KeHHR ny4Ka HeHTpOHOB 9 =3 MpaA, HanpR>t<eHHOCrn MarHHTHOro no1111 295 3 H yrn e HaKllOHa 

MarHHTHOro no11R K nllOCKOCrn crpyKrypbl 70". 1113 pHCYHKa BHAHO, 4TO c yse/1H4e HHeM pacCTOR HHR OT 

MarHHTHOro C/lOR AO OTpa>t<aTe/lR HeHTpOHOB OT 10 (Ll) AO 20 HM (L2) na paMeTp /Jmax = J../(:) npH 
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MaKmMa/lbHOM K03<j><l>Hl.\HeHTe OTpa>t<eHHR, KOTOpblH onpeAellReT npocrpaHCTBeHHOe no110>1<eHHe C/lOR, 

yse111-141-111c11 Ha 10%. 3Kcnep1-1MeHTa11bHaA HeonpeAe11eHHOCTb fJ npH A. = 2 A cocras11AeT 1 %. 

MHHHMallbHOe 3Ha4eHHe ol = L2 - Ll, onpeAellReMOe HeonpeAe/leHHOCTblO A, COCTaB/lReT 0 .5 HM. 

B rnase npHBOARTCR pe3yllbTaTbl no pea111-13a l.\HH KaHa11a per1-1crpal.\HH 3ap11>1<eHHblX 4acrnL1 Ha 

pe<j>11eKroMeTpe no1111p1-13osaHHblX HeihpoHoB PEMYP [AG]. OcHOBHblM 3/leMeHTOM KaHa11a perncrpal.\HH 

3ap11>1<eHHblX 4aCTHL\ RB/lReTCA HOHH3al.\HOHHaR KaMe pa, pa3MelJ.leHHaR B rDHHOMeTpe y311a o6pa3l.\a 

(pHC. 3). HeHTpOHHblH ny40K BXOAHT B KaMe py 4epe3 BXOAHOe OKHO H nonaAaeT Ha HCC/leAyeMylO 

II - .. ·'-

J 

CTpyKrypy, ycTaHOB/leHHYIO Ha KaTOAe KaMepbl. 

OTpa>t<eHHblH H npe110M11eHHblH ny4KH HeHTpOHOB 

BblXOART H3 KaMepbl 4epe3 BblXOAHOe OKHO H 

....!.!..... p e rncTpHpylOTCR no3Hl.\HOHH0-4YBCTBHTe/lbHblM 

AeTeKropoM He-3, pacno110>1<eHHblM Ha 

pacCTORHHH 5 M OT KaMepbl. 111HTeHCHBHOCTb 

pacceRHHR He HTpOHOB npH npoXO>f<AeHHH OKOH 

Ka Me pb1 He npesb1waeT 0.5 % . ,[\1111 ycTaHOBKH 

yrn a CKO/lb>Ke HHR ny4Ka HeHTpOHOB K nllOCKOCrn 

PHC. 3. CxeMa HOHH3a UiH OH HOi'.1 KaMepb1: 1 - ny"40K Hei'.1Tp0HOB; 2 -
BXOAHOe H Bbl XOAH Oe OKH a; 3 - KaTOA; 4 - ceTKa; 5 - paMKa 

ceTKH; 6 - K0/1/l e KTOP (aHOA) . 

HCC/leAyeMOH crpyKrypbl HOHH3al.\HOHHYIO 

KaMe py op1-1eHrnpy10T, nosopa4HBaR BOKpyr 

se prnKallbHOH om s AHana3oHe 1.5+ 10 MpaA c 

T04 HOCTblO 0 .1 MpaA. 

,[\llR TecrnposaHHR KaHa/la 6bl/1H H3rDTOB/le Hbl M eTOAOM MarneTpOHHOro pacnbl/leHHR 4eTblpe 

CTPYKTYPbl: V(10 HM)/CoFe(S HM)/6LiF(S HM)/ V(S HM)/cTe K11o (cTpyKrypa NQl), V(lO HM)/CoFe{S HM)/
6
LiF(S 

HM)/V{lS HM)/creK11o(crpyKrypa NQ2), Cu(lO HM)V{65 HM)/CoFe(S HM)/
6
LiF(S HM)/V(S 

HM)/CTeK11o(cTpyKTypa NQ3), Cu(lO HM)V(SS HM)/CoFe (S HM)/6LiF(S HM)/V(lS HM)/cTeK11o(cTpyKrypa NQ4) . B 

CBOeM COCTase crpyKrypbl COAep>1<a111-1 C/lOH 6LiF(5HM) H CoFe(SHM), KOTOpb1e 6bl/1H pacno110>1<eHbl PRAOM, 

HO noMelJ.leHbl Ha pa3HOM paCCTORHHH (5 H 15 HM) OT nOAJlO>f<KH H3 CTe Klla, C/ly>t<alJ.leH OTpa>t<aTe/leM 

HeHTpOHOB. 3axsaT HeHTpOHOB RApaMH 6Li npHBOAHT K pacn aAv B036Y>t<AeHHblX RAep c o6pa30BaHHeM 

3apR>t<eHHblX a11b<j>a-4aCTHL\ H TpHTOHOB. npocrpaHCTBeH Hble npo<j>HllH 3/leMeHTOB, no11y4eHHble 

HeHTpallbHOH Macc-cneKTpOMeTpHeH, noKa3allH , 4TO rpa HHL\bl pa 3Ae11a C/lOeB HMelOT npOTR>KeHHOCTb 

nopRAKa 5 HM B Hanpas11e HHH B r11y61-1Hy CTPYKTYPbl. 

I,, 

0.15 I 

2 

0.05 

1.0 1.5 2.0 
p, AIMpa.n 

PMC. 4. H opMHpoeaHHafl HHTeHCHBHOCTb 3apA>KeHHblX ~acnrn, AflA 

CTPYKTYP NQ3(1) M N24( 2). 

il1HTe HmBHOCn1 HeHTpOHOB H 3ap11>1<eHHblX 

4aCTHL\ p e rHCTpHpOBa/lHCb B 3aBHmMOCn1 OT 

s peMeHH npo11eTa HeHTpOHaM11 paCCTORHHR OT 

3aMeAJ11<1Te1111 HeHTpoHos peaKropa AO AeTeKropa 

HeHTpOHOB tn H HOHH3al.\HOHHOH KaMepbl t,, 
cooTBeTcTBe HHO. Ha p1-1c . 4 npeACTas11eHbl 

3Kcne pHMe HTallbHble 3aBHmMOCTH 3apR>t<eHHblX 

4aCTHL\ ln(J3) AJlR crpyKryp NQ3(1) H NQ4(2). 

lt1HTe HmBHOCTb HOpM1-1posa11acb Ha 

Ma KCBe/1/lOBCKHH cneKTP Ten/lOBblX HeHTpOHOB, 

n o o m a6Cl.\HCC - AJlHHa BO/lHbl HeHTpoHa, 

npHBeAe HHaR K yrny CKO/lb>KeHHR. ,[\llR 3THX 

CTpyKryp pea111-13yeTCA pe>t<HM ym11eHHblX CTOR4HX 

He HTpOHHblX BOllH, npH KOTOPOM no110>1<eHHe 

C/lOR c RApaMH /1Hn1R onpeAe1111eTCR Be/1H4HHOH 

HHTeHmBHOCnl 3apR>t<eHHblX 4aCTHL\ npH 

pe3oHaHCHblX 3Ha4eHHRX so11Hosoro seKropa. B 

c11y4ae cTpyKrypb1 NQ3, AJlR KOTopo'l pacCTORHHe OT rnoR 111-1rn11 AO OTpa>1<aTe1111 He'lTpOHOB MeHbwe, 

nepBblH nHK 60/lbWe no Be/1H4HHe, a BTOpOH MeHbWe, 4eM AJlR crpyKrypbl NQ4. 
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noAroHKa 3Kcnep1-1MeHTanbHblX AaHHblX K Teopern4eCKOMY pacYeTY, noKa3ana, 4TO TOnLI.\"1Hbl 

CTPYKTYP Ha 5+25 % npeab1wa10T 3Ha4eH"1R, nonyYeHHb1e MeTOAOM arnp1-14HOH HeHTpanbHOH Macc­

cneKTpoMeTp1-11-1. np1-1 3TOM nonyYeHHaR pa3HOCTb 8 nono>KeH"1"1 cnoR 6 Li OTHOC"1TenbHO nOAf10>KK"1 Af1R 

CTPYKTYP NQ2 "1 NQl COCTaBnReT 5.5 HM, a Af1R CTPYKTYP NQ3 "1 NQ4 - 4 HM. TaK"1M o6pa30M "1 8 TOM, "1 8 

APYroM rnyYae, nonyYeHHoe 3Ha4eH1-1e MeHbwe HOM"1HanbHOro 3Ha4eH"1R 10 HM, KOTopoe 3aKnaAb1Banocb 

np1-1 "13rQTOBneH"1"1 CTPYKTYP· noKa3aHO, 4TO npoCTpaHCTBeHHOe pa3peweH1-1e He xy>Ke 5.0 HM. 

Mo>KHO 3aKnl04"1Tb, 4TO Ha cneKTpoMeTpe PEMYP C03AaH KaHan pernCTpau,1-11-1 3apR>KeHHblX Yacrnu,. 

noKa3aHO, 4TO np"1 "13MepeH"1RX 8 Te4eH"1e HeCKOnbK"1X 4aCOB 4VBCT8"1TenbHOCTb "1 npoCTpaHCTBeHHOe 

pa3peweH1-1e HaXOARTCR 8 HaHOMeTpOBOM A"1ana30He. nonyYeHHble xapaKTep"1CT"1K"1 KaHana per1-1cTpau,1-11-1 

3apR>KeHHblX 4aCT"1U, no3BOnRT npOBOA"1Tb 3<j><j>eKrnBHble 1-1ccneAOBaH"1R npoCTpaHCTBeHHOro 

pacnpeAeneH"1R "130TOnOB 8 C/10"1CTblX HaHOCTPYKTYpax. 

TaK>Ke Ha cneKTpoMeTpe PEMYP 6b1n pean1-13oaaH 1-1 npoTecrnpoaaH KaHan pernCTpau,1-11-1 raMMa­

KBaHTOB. ,[\nR per1-1cTpau,1-11-1 raMMa-KBaHTOB 1-1cnonb3oaanrn nonynpoBOAH"1KOBblH repMaH1-1eab1H AeTeKTOp, 

R, M 

1.0 ~ - - - -

0.5 

0.0 I . ... I ~ I I I .., 

0 2 6 8 AIO A., 
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pa6oTalOLI.\"1H a A"1ana3oHe 3 K3B-10 M3B [AS]. 

repMaH"1eBblH Kp"1CTann "1MeeT A"1aMeTp 61.2 MM "1 

Af1"1HY 87.3 MM. ,[\llR raMMa-1-13nyYeH"1R c 3Heprnei1 

1.33 M3B 3<j><j>eKrnBHOCTb pernCTpau,1-11-1 COCTaBnReT 

45 %, a pa3peweH1-1e no 3Hepr1-11-1 2 K3B. ,[\nR 

TecrnpoaaH1-1R KaHana 1-1cnonb3oaan1-1 CTPYKTYPbl, 

COAep>KaLI.\"1e cno1-1 eCTecrneHHOro raAOn"1H"1R. 

PernCTp1-1poaan1-1 rnnbHei1w1-1i1 nepeXOA a "130Tone 
157Gd np1-1 3Heprn"1 raMMa-KBaHTOB 181.94 K3B, 

AOnR KOTOporo 8 non HOM 

B3a"1MOAeHCT8"1R HeHTpOHOB 

ceYeH1-11-1 

"130TOnOM 

COCTaanReT UGd-fo=0.1833 . PacnpoCTpaHeHHOCTb >Ke 

"130TOna 157Gd 8 eCTeCTBeHHOH CMern COCTaBnReT 

UGd-Nor=0.1568. 

K03<j><j>"1U,"1eHT 

( yYeTOM 

1-13ornna 

3TOro 
157Gd 

napu,1-1anbHblH 

a CM em 
PHc. 5 . AnHHHOB0 11HOB b1 e 3aBMO tMOCTH Ko3Q>¢111u,1-1 e Hra 

orpa>KeHHR Hei:1TpOHOB (1, 2) H HOpMMpoeaHH blX napu,HallbHblX 

K03$4>Hu,MeHTOB nornoU1ieH1-1R He~hpoHoe (3, 4) AJIR crpyKryp N2 
S (1, 3)" NQ 6 (2, 4) . 

eCTeCTBeHHOro raAOn"1H"1R, COOTBeTCTBYIOLI.\"1H 

raMMa-1-13nyYeH1-110 c 3Heprnei1 181.94 K3B, paaeH 

Up=UGuoUGd-Nor=0.029. CoorneTcTBeHHO, napu,1-1anbHOe ceYeH1-1e 3axaaTa Hei1TpOHOB np1-1 Af1"1He aonHbl 

HeHTpoHoa 1.8 A coCTaanReT Op=7.3 K6apH. ,[\nR TecrnpoaaH"1R KaHana 6b1n1-1 1-1cnonb30BaHbl CTPYKTYPbl, 

"13Ha4anbHO On"1CblBaeMble <j>opMynaM\.1 V{20 HM)/Gd{S HM)/V(S HM)/Cu{lOO HM)/cTeKno (CTPYKTYpa NQ 5), 

V(lO HM)/V(SS HM}/Gd{S HM}/V{lS HM)/Cu(lOO HM)/CTeKno (CTPYKTYPa NQ 6} , Cu{lO HM}/V{65 HM}/Gd{S 

HM}/V(S HM}/Cu{lOO HM}/CTeKno (CTPYKTYpa NQ 7) "1 Cu{lO HM}/V(SS HM}/Gd(S HM}/V{lS HM)/Cu{lOO 

HM)/cTeKno (CTPYKTYpa NQ 8) . ~3 3aB"1C"1MOCTeH p1-1c. 5 cneAyeT, 4TO pa3HOCTb Me>KAY M"1H"1MyMaM"1 Ha 

3aB"1C"1MOCrnx K03<j><j>1-1u,1-1eHTa OTpa>KeH"1R HeHTPOHOB "1n"1 MaKC"1MyMaM"1 Ha 3aB"1C"1MOCrnx 

"1HTeHrnaHocrn raMMa-1-13nyYeH"1R Af1R ABYX CTPYKTYP cocTaBnReT L'IA. = A. 2 - A.1 = 0.18 A (A.= 3.24 A), 1-1 

3TO COOTBeTCTayeT "13MeHeH"1IO pacCTORH"1R Me>KAY cnoeM raAOn"1H"1R "1 OTpa>KaTeneM "13 MeA"1 L'lz = 4 HM. 

Y4"1TblBaR, 4TO pa3peweH1-1e no Af1"1He aonHbl cocTaanReT 28A. = 0.04 A, nony4"1M rneAYIOLI.\ee 1-13 

pa3peweH"1R M"1H"1ManbHOe 3Ha4eH"1e L'lz m in = zoJ.llz "' 0.9 HM. 
a;. 

TaK"1M o6pa30M a pe3ynbTaTe pa60Tbl a HaCTORLI.\ee apeMR Ha cneKTpoMeTpe PEMYP Af1R "13MepeH"1H 

AOCTYnHO AOCTaT04HO 6onbwoe KOn"14eCTBO "130TOnOB 3neMeHTOB. np1-1 apeMeH\.1 "13MepeH"1R t=l CYT, 

ok A pa3peweH1-11-1 no aonHoaoMy aeKrnpy--;;- = 0.1, A.= 1.5 , ceYeH1-11-1 nyYKa Ha 06pa3u,e 0.1 cM'. TOnLI.\"1He 

cnoR 5 HM "1 nnornocrn nOTOKa HeHTpOHOB Ha 06pa3u,e 2·104 CM-2.c-• napaMeTpbl cneAYIOLI.\"1e: Af1R KaHana 

pernCTpau,1-11-1 raMMa-KaaHTOB CTmi n = 0.3 6apH 6onee 100 "13ornnoa 1-1Me10T ceYeH1-1e a>0.3 6apH; a KaHane 

nonRp"130BaHHblX HeHTPOHOB M"1H"1ManbHaR nepneHA"1KynRpHaR aeKTOpy nonRp"13aU,"1"1 Hei1TpOHOB 1 re. 

B AaHHOH rnaae TaK>Ke on1-1caHa MeTOA"1Ka Kan1-16poaK1-1 pe<j>neKTOMeTpa nonRp"130BaHHblX 

HeHTpOHOB 8 cnyyae Manora, np1-1no>KeHHOro nepneHA"1KynRpHO nnOCKOCT"1 o6pa3u,a, MarH"1THOro nonR 
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(A9) . np1-1 AB"1>KeH"1"1 HeHTpOHa 8 ManOM MarH"1THOM none, KOrAa CKOpOCTb "13MeHeH"1R HanpaaneH"1R 

MarH"1THOrO nonR d'{J/dt cpaBH"1Ma c 4aCTOTOH npeu,ecrn1-1 Ult MarH"1THOro MOMeHTa HeHTpoHa BOKpyr 

aeKTOpa HanpR>KeHHOCrn MarH"1THOro nonR, aMnn"1TYAa npOXO>KAeH"1R HeHTpoHa 4epe3 o6naCTb 

MarH"1THOro nonR RBnReTCR MaTp1-1u,ei1 2x 2. 3neMeHTbl MaTp"1U,bl RBnRIOTCR aMnn"1TYAaM"1 nepeXOAa 

HeHTpoHa t 11 "13 ABYX HaYanbHblX cn"1HOBblX COCTORH"1H HeihpoHa " i" Ha HanpaaneH"1e MarH"1THOro nonR 8 

ABa KOHe4Hble cn"1H08ble COCTORH"1R "f'. B pe3ynbTaTe, 3Kcnep1-1MeHTanbHO onpeAenRIOTCR 4eTblpe 

Ko3<j><j>1-1u,1-1eHTa npoxo>KAeH"1R a cnyyae 6e3 CTPYKTYPbl Tl if = k a ltatbl
2
ki;

1 
1-1 YeTb1pe Ko3<j><j>1-1u,1-1eHTa 

npoxO>KAeH"1R np1-1 Hanl-14"1"1 CTPYKTYPbl TZif = k a I t ar str tb \2 k i; 1, rAe t b "1 t a - aMnn"1TVAb1 npoxo>KAeH"1R a 

MarH"1THOM none AO 1-1 nocne CTPYKTYPbl, coorneTCTBeHHO, ' "' - "1CKOMaR aMnn"1TYAa 0Tpa>1<eH"1R OT 

CTPYKTYPbl , kb 1-1 ko - aonHoaoi1 aeKTop a cpeAe AO 1-1 nocne yYaCTKa c HeOAHOPOAHblM noneM 

COOTBeTCTBeHHO. ,[\llR onpeAeneH"1R t b "1 to "13MepReTrn aeKTOP HanpR>KeHHOCT"1 MarH"1THOro nonR (p1-1c. Ga), 

onpeAenRIOLI.\"1H MarH"1THblH aeKTOpHblH noTeHu,1-1an B3a"1MOAeHCT8"1R Hei1TpoHa c MarH"1THblM noneM. c 
y4eTOM He3Ha4"1TenbHOro OTpa>KeH"1R HeHTPOHOB OT MarH"1THOro nonR aMnn"1TYAb1 t b "1 to <j>aKrn4eCK"1 

RBnRIOTCR np0"13BeAeH"1RM"1 aMnn"1TYA OTAenbHblX nocneAOBaTenbHblX y4aCTKOB MarH"1THOro nonR, Ha 

KOTOpblX MarH"1THOe none RBnReTCR nOCTORHHblM. 

H,3 

50 
ff(l 

01 =<.n.~ 

-100 

(a} 

0 100 
X, cM 

r, 
0.8 

0.6 

0.4 

0 . 2 ~ 

0.00 2 4 6 sA., A 
(6) 

PMC. 6. (a) 3KcnepHMeHTa/lbHO H3MepeHHOe pacnpeAelleH He MarHlllTHOro no11A H(x), rAe x - KOOPAHHaTa BAOflb ny4Ka, Ha 

ycraHoeKe PEMYP e c11y4ae, KDrAa nepneHA"1KYJH~pHO n110CKOCTH 06pa3u,a npH11o>+<eHo none H1=1.5 3, rAe 1 - 3a a1i1 c1i1MOCTb Hz{x ), 2 
- 3aB"101MOCTb Hy(x) , 3 - 3aB"1C"1MOCTb Hx(x); (6) Pac'-l eTH ble 3aB "1C"1MOCT"1 K03Q>Q>1i1u,1i1 eHTa npOXO>t<AeH"1R n i/ AJlR AaHHOM 

MarH"1THOM c1i1creMb1 a c11y1..1ae 6e3 CTPYKTYPbl : 1 - K03¢¢1i11.41i1 eHT npoxm+<AeH "1 R AJlR HeMrpOHOB 6e3 nepeaopora cn1i1Ha ; 2 -

K03Q>¢1i1u,1i1 eHT npOXO>KAeH"1R AJIR HeMrpOHOB c nepeaopOTOM cn1i1Ha. 

Ha p1-1c. 66 np1-1BeAeHa 3Kcnep1-1MeHTanbHaR 3aB"1C"1MOCTb n 11 Af1R MarH"1THOro nonR 

3neKTpoMarH1-1Ta yCTaHOBK"1 PEMYP . Ha p1-1c. 7a np1-1aeAeHa pacYeTHaR 3aa1-1c1-1MOCTb Rstr = 

ka\Tstrl 2 k i;1 .Af1R CTPYKTYPbl Fe{lOO HM)//Si, rAe Fe - HaMarH"14eHHblH cnoH co 3Ha4eH"1RM"1 

HaMarH1-1YeHHocrn M,=7 K3 1-1 M ,=7 K3, np1-1 3TOM o6pa3eu, HaXOA"1Trn so aHewHeM AenonRp"13YIOLI.\eM none 

(CM. p1-1c. 6) . Ha p1-1c. 76 np1-1BeAeHa 3aB"1C"1MOCTb n 11 Af1R AaHHOH CTPYKTYPbl. B"1AHO, 4TO n , "13-3a 

HeaA1-1a6arnYeCKOro AB"1>KeH"1R MarH"1THOro MOMeHTa HeHTPOHa 8 MarH"1THOM none, CYLI.\eCTBeHHO 

orn1-14aeTcR OT R,,,. TaK"1M o6pa30M, a AaHHOM cnoco6e aMnn"1TYAa ' "' onpeAenReTrn a pe3ynbTaTe 

cpaBHeH"1R 3KCnep1-1MeHTanbHblX 3Ha4eH"1H n 1f C paC4eTHblM"1 np1-1 "13BeCTHOM pacnpeAeneH\.1"1 aeKTOpa 

MarH"1THOrO nonR. 

• 
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Ti R,,r -l 0.8 0.8 

0.6 0.6 
i 

0.4 0.4 

0.2 0.2 

0.00 2 4 6 8A., A 
-

8A., A 
0.00 

(a) (6) 
PHc. 7. (a) Pac4erHa.R 3ae1-101MOCTb Rstr AJl.R crpy1<rypb1 Fe(lOO HM)// Si, rAe Fe - HaMarH111Y e HHb1H c110H co 3 Ha4e H111RMM 

HaMarHM'-le HHOCTH M,;7 K3 H Mr 7 K3, npM 3TOM o 6pa3eU, HaXOA1o1TCR BO BHe wHeM AenOllflp~13yt0w,eM no n e (CM . pM C. 6); COCTOFIHHFI 

cneKTPOMerpa: (off.off) - 1, (on.on) - 2, (off.on) - 3, (on,off) - 4. Yron CKOnb>+<eH•R paeeH 8=5 MP• A· (6) 3aB•C.MOCTb n,, A'" 

AaHHOiil crpy1nypb1 . 

,[\llR 6011ee nOllHOH KaprnHbl "1CC11ep,oBaH"1H nOM"1MO He~hpOHHblX MeTOP,OB "1cnOllb30Ba11"1Cb 

TaK>Ke KOMn11eMeHTapHb1e . B p,aHHOH pa6oTe "1cnOllb30Ba11"1Cb TaK"1e MeTOP,bl KaK: Ma11oyrnoaoe 

pacceRH"1e peHTreHOBCK"1X 11y4eH a CKOllb3Rll.\eH reoMeTp"1"1, CKBV1,[\-MarH"1TOMeTp"1R, pe3"1Cn1BHble 

"13MepeH"1R c110"1CTOH CTPYKTYPbl, BTOP"14HaR HeHTpallbHaR Macc-cneKTpoMeTp"1R . B rnaae np"1BOA"1Trn 

KpaTKOe "1X On"1CaH"1e. 

Bo BTo p o H rnase on"1CaHbl CTPYKTYPbl , "1CC11ep,oaaHHb1e B p,aHHOH pa6oTe, pa311"14HOro rnna: 

V/FeV/V(Cr)/FeV/Nb, Nb/CuNi, Nb/Gd/Nb "' [Nb/Gd]xl2 . np ... np"1roTOBlleH"1"1 06pa34oa 6bl11"1 cp,ellaHbl 

Teopern4eCK"1e 04eHK"1 AJlR op,Hopop,HblX <j>eppoMarH"1THo-caepxnpoaop,Rll.\"1X CTPYKTYP [Al]. TaK, AJlR 

yMeHbWeH"1R o6MeHHOro B3a"1Mop,eHCTB"1R "1cno11b3oaa11rn pa36aa11eHHblH ¢eppoMarHernK Fe 1.,V, a B"1p,e 

cMern >1<e11e3a c BaHap,"1eM, rp,e 6bl11"1 Bb16paHbl 3Ha4eH"1R x=O, 0 .3 "' 0 .6 . B pa6oTax [8, 9] yKa3blBaeTrn Ha 

aHrn¢eppoMarH"1THOe ynopRP,04eH"1R MarH"1THblX MOMeHTOB aTOMOB >Ke11e3a no OTHOWeH"1IO K 

"1HAY4"1POBaHHblM "1M"1 MarH"1THblM MOMeHTaM aTOMOB. V13BeCTHO, 4TO MarH"1THble MOMeHTbl ABYX 

¢eppoMarH"1THblX c11oea >1<e11e3a "111"1 KllaCTepoa, pa3p,e11eHHb1x npoMe>Kyro4HblM cnoeM aaHap,"1R ("'11"' 

xpoMa) onpep,e11eHHOH T011ll.\"1Hbl 611arop,apR KOCBeHHOMY 06MeHH0MY B3a"1MOP,eHCTB"1IO, 

ynopRP,04"1BaioTrn aHrn<j>eppoMarH"1THO, 4TO " 0611er4aeT" npoxo>Kp,eH"1e caepxnpoaop,Rll.\eH napb1 4epe3 

Q>eppoMarH"1THb1e c110"1. B 3TOH cBR3"1 , np"1rorna11eHHb1e CTPYKTYPbl cop,ep>Ka11"' no p,aa c110R Fe,.,V, c 

3KB"1BalleHTHOH T011ll.\"1HOH o6beMHOro MaTep"1a11a B c11oe paBHOH 1 HM, KOTOpble 6bl11"1 pa3p,e11eHbl 

npoMe>KyT04HblM CllOeM "13 BaHaP,"1R "111"1 xpoMa. 

CTpyKrypb1 Ta(20HM)/V(150HM)/Fe 1.,V, (1HM)/V(Cr)(l.2HM)/Fe1.,V,(1HM)/Nb(150HM)//Si 6b111"' 

"13roTOBlleHbl B 4eHTpe re11bMrollb4a (5epl1"1H, repMaH"1R). 0CHOBHble pe3yllbTaTbl B pa6oTe 6bl11"1 

no11y4eHbl AJlR CTPYKTYPbl Ta(20HM)/V(150HM)/Fe0 , V03 (1HM)/V(l.2HM)/ Fe0 ,V0_3(1HM)/Nb(150HM)//Si 

(p,a11ee COKpall.\eHHO V/FeV/V/FeV/Nb). V1cc11ep,yeMb1e CTPYKTYPbl "13roTaB11"1Ba11acb noc11ep,0BaTellbHblM 

MarHeTpOHHblM pacnb111eH"1eM 311eMeHTOB Ha nop,no>KKY Si(0.5 MM) B KaMepe MAGSSY B Hay4HOM 4eHTpe 

re11bMro11b4a (5ep11"1H, repMaH"1R) . 

Ha p"1C. 8 noKa3aHa 3aB"1C"1MOCTb MarH"1THOro MOMeHTa OT HanpR>KeHHOCT"1 MarH"1THOrO nOllR AJlR 

CTpyKrypb1 V/Fe/Cr/Fe/Nb. Ha61110p,aeTCR xapaKTepHaR AJlR cynepnapaMarH"1THblX KllacTepoa no11eaaR 

3aB"1C"1MOCTb HaMarH"14eHHOCrn AJlR p,aHHorO T"1na CTPYKTYP· 
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Ha p"1C. 9 np"1Bep,eHa 3aB"1C"1MOCTb MarH"1THOro MOMeHTa np"1 ox11a>1<p,eH"1"1 B Hy11eaoM MarH"1THOM 

no11e (ZFC) "' B MarH"1THOM no11e (FC) 

M .10•. crJ.C/'CM HanpR>KeHHOCTblO H=20 3 . B"1P,HO, 4TO CYLL\eCTayeT 

40 

20 

0 

-20 

-40 

-6~3 -2 -1 0 2 //. K 

PHC. 8. 3aBMCHMOCTb MarHlo1THOrD M OM e HTa OT Ha npA>+<e HH OCTlll 

MarH•THOro non. An" crpyKrypb1 V/ Fe/Cr/ Fe/Nb, np• 

reMneparype 300 K (1)" 12 K (2). 

TeMneparypa C11"1RH"1R (TeMneparypa 

6110K"1POBK"1) 3aB"1C"1MOCTeH FC "' ZFC, 

COCTaBllRIOLL\aR h(20 3)=150 K. ,[\a11ee 3Ha4eH"1e 

Tb "1cnOllb3yeTrn np"1 onpep,eneH"1"1 

HaMarH"14eHHOCrn MarH"1THblX KllaCTepoa. H"1>Ke 

TeMneparypbl 6110K"1pOBK"1 Ha61110p,aeTrn 

r"1 CTepe3"1C, CBR3aHHblH yMeHbWeH"1eM 

Ten110BOH 3Hepr"1"1 no cpaBHeH"1IO c MarH"1THOH 

3Hepr"1eH µH, rp,e µ - MarH"1THblH MOMeHT 

KllaCTepa . Ha11"14"1e TeMneparypb1 6110K"1pOBK"1 

yKa3blBaeT Ha Ha11"14"1e cynepnapaMarH"1THblX 

KllacTepoa. 

,[\llR 04eHK"1 Be11"14"1Hbl MarH"1THOro 

MOMeHTa "' HaMarH"14eHHOCT"1 KllaCTepoB 

"1cnOllb30Ba11ocb np"1Bep,eHHOe B pa6oTax [10, 11] COOTHOWeH"1e p,nR TeMneparypbl 6110K"1pOBK"1 Tb(H) B 

3aB"1C"1MOCT"1 OT Be11"14"1Hbl MarH"1THOro no11R : 

Tb(H) = Tb(O) ( l - H/ H,)"' (2) 

rp,e Tb(O) =kV / 25k8 , H, = Zk/j, 1, k = H,}, i/2 - KOHCTaHTa Kp"1CTa1111..,4ecKoH aH"130Tpon..,.., , V - o6beM 

KllaCTepa, k 8 = 1.38 · 10- 1 6 3pr/rpap, -

M · 106
, ec>.CrCM 
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i'~ ,~·~··-'tll.11 
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· IOU ~ 4 6 ~ 10 
I.' 
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PHc. 9 . 3aeHClo1MOCTb MarHMTHOro MOMeHTa crpyKT)lpb1 

v / FeV /V / FeV / Nb OT TeMneparypbl B pe>+<•MaX OXll •>+<A•" "" B 
HyneeoM none (1) M MafHMTHOM none H== 20 3 (2) . 

KOHCTaHTa 5011b4MaHa, let - HaMarH"14eHHOCTb 

HaCblll.\eH"1R KllaCTepa, m = 2 B c11y4ae 

He60llbWOro nOllR . np"1 3TOM "1cnOllb3yeTCR 

3Ha4e H"1 e p,"1 aMeTpa KllacTepa , no11y4eHHOe "13 

C"1HXPOTPOHHblX "13MepeH"1H. 

PacceRH"1 e HeHTpOHOB, KaK "' pacceRH"1e 

C"1HXPOTp0HHOro "1311y4eH"1R, n03B011ReT 

onpep,ellRTb napaMeTpbl pacce"1Bal0ll.\"1X 

o6beKTOB no 3aB"1C"1MOCT"1 "1HTeHC"1BHOCT"1 

pacceRH"1R OT n epep,aHHOro MOMeHTa. Op,HaKo 

"1 CnOllb30 Ba H"1e HeHTPOHOB orpaH"14eHO "13-3a 

He6 011bWOH no cpaBHeH"1IO c C"1HXPOTpOHHblM 

"1 311y4e H"1 eM "1HTeHC"1BHOCT"1 HeHTpOHHblX ny4KOB. 

c p,pyroH CTOpOHbl, 611arop,apR MarH"1THOMY 

MOMeHTY, HeHTPOHbl He3aMeH"1Mbl np"1 

"1CC11ep,oaaH"1"1 MarH"1THblX (Q>eppoMarH"1THble 

cTeHK"1) "' Rp,epHo-MarH"1THblX (K11aCTepb1) o6beKTOB. KllaCTepb1, RB11RRCb Rp,epHo-MarH"1THblM"1 

o6pa30BaH"1RM"1, pacce"1BalOT 311eKTpoMarH"1THOe"' HeHTpOHHOe "1311y4eH"1R. 
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PHc. 10. "1HTe Hci.1BHOCTb paccef!HlllR HeMrpoHOB e c11y4ae T=10 K 
"H=l K3 Ha nnocKOCT" [Nv, Nz) AJ!" Po=+l np" A=3.8 A, rAe Nv " 
Nz- HOMep KaHa/la AeTeKTOpa HeMrpOHOB no OCRM y H Z, 
COOTB eTCTBe HHO. 

HeHTPOHHble AaHHble noKa3blBan11, YTO 

KnacTepb1 o6pa3ylOT peweTKy. Ha p11c . 10 

npeACTaBneHa KaprnHa OTpa>t<eHHR HeHTPOHOB OT 

nnocKocTeH peweTK11 KnacTepos np11 ;\=3.8±0.2 A 
AnR T=10 K 11 H=l K3. 3AeCb ecTb PRA pecj>neKCOB 

np11 (N,=135 11 N,=135). (N,=90 11 N,=90) 11 (N, =25 

11 N,=40). Pecj>neKcb1 o6pa3oBaHbl HaKnOHHblMH 

noA yrnoM nopRAKa 45% a nnoCKocrn YZ 

nnocKOCTllMl1 c Me>t<nnOCKOCTHblM pacCTORHl1eM 

6.5, 3.5 11 1.8 HM 11 11HTepcj>epeHL\11eH OTpa>t<eHHH 

OT BeprnKanbHblX 11 rop1130HTanbHblX nnoCKOCTeH 

c Me>t<nnoCKOCTHblM paCCTORH11eM 20, so 11 70 HM. 

MarHl1THb1e MOMeHTbl KnacTepos AnR nnocKOCTeH 

(N,=135 11 N,=130) 11 (N, =25 11 N,=40) 

op11eHrnpoBaHb1 no HanpasneH1110 nonR (113 

AaHHblX nonyYeHo, YTO HHTeHCHBHOCTb pacceRHHR 

np11 nonRp113aL11111 Po=+l npeBb1waeT 

11HTeHC11BHOCTb pacceRHHR np11 Po=-1), a AnR 

nnoCKocTeH (N, =90 11 N,=90) 11 nepneHA11KynRpHblX 

HM nnOCKOCTeH (N,=110, N,=55 11 N, =60, N,=120) -
nporns HanpasneH11R Marn11rnoro nonR. B pe3ynbTaTe MOMeHTbl YacrnYHO KOMneHrnpyioT APYr APvra. 

HeOAHOPOAHble cj>eppoMarH11rno-csepxnposoARll\l1e cno11CTb1e reTepocTpyKrypbl 

Nb/Nio.6S(0.8 l jCUo.3S(O.l9), COAep>t<an11 MarHHTHble KnacTepbl 11 cj>eppoMarHHTHble AOMeHbl [Al, A2] . CnnaB 

I -l . c 

10° 

w-1 

10-120-2 10-1 100 ~1~ mf1 

PMc. 11. 3KcnepMMeHra/lbH3R (4epHblM u,eer} 111 pac4erHall 

(KpaCHblM u,eer) 33BVI CMMOCTlo1 HHTe HCHBHOCT"1 pacceRHlllR 

01HxporpoHHOro 1113.n~ eHHR AJlR crpyKTypbt Nb/ Nio.s1 Cuo.19(2) 
"P" 11=10 MP•A-

Cu, Ni ,_, 11MeeT H113Koe 3HaYeH11e Tm. TaK MR 

cnnasa cu.oNi60 TeMneparypa Kiop11 cocTaBnReT 

scero Tm-120 K, YTO cooTBeTcTByeT AOBOnbHO 

BblCOKOMY 3Ha4eHl110 KOppenRL\HOHHOH An11Hbl 

csepxnpoBOA11Mocrn B cj>eppoMarnernKe 

~,-10 HM. ,ll,aHHble CTpyKrypbl 113fOTOBneHbl 

MeTOAOM MarHeTpOHHOro pacnb1neHl1R B ~<!JM 

PAH (H11>t<Hl1H HosropoA). noAp06Ho MeTOAl1Ka 

113roTosneH11R on11caHa B pa6oTe [12]. ,ll,anee 

6yAeM o603Ha4aTb crpyKrypbl KpaTKo KaK 

Nb/Nio.6sCU03s(4) 11 Nb/Nio.s1Cuo.i9(h). rAe h=2, 3, 

4 - TOnllj11Ha cnoR Nio.s1Cuo.i• B HaHOMeTpax. 

3Kcnep11MeHTanbHaR 3aBl1CHMOCTb 

11HTeHrnBHocrn pacceRHl1R rnHxpoTpOHHoro 

113nyYeH11R l(Q) OT nepeAaHHOro BOnHOBoro 

BeKTOpa Q, np11 CKOnb3RlljeM naAeHl111 nOA 

yrnoM {) annpOKCHM11pOBanacb 3aBl1CHMOCTblO, 

npeACTaBneHHOH B pa6oTax [13-15] . Ha p11c. 11 

npeACTaBneHbl 3Kcnep11MeHTanbHaR (YepHoro l\BeTa) 11 pacYernaR (KpacHoro l\BeTa) 3as11rnMocrn 

11HTeHc110Hocrn pacceRHHR rnHxpoTpOHHoro 113nyYeH11R c M11HOH sonHbl 1.4 A, nonyYeHHble MR 

CTpyKrypbl Nb/Nio.s1CU0.19 (2). MR yrna CKOnb>t<eHHR i'J=10 MpaA OT nepeAaHHOrO BOnHOBoro BeKTOpa Q,, 

HanpasneHHoro B nnoCKocrn cTpyKrypb1 nepneHAHKynRpHo naAa10lljeMy nyYKy. np11 AaHHOM yrne 

CKOnb>t<eHHR 113nyYeH11e AOCrnraeT MarH11rnoro cnoR 11 pacce11saeTCR Ha ero CTpyKrypHblX 

HeOAHOPOAHOcrnx. B pa6oTe noKa3aHo, 4TO ecn11 np11 i'J=S MpaA npo11cXOAl1T nonHoe 3epKanbHoe 

OTpa>t<eH11e OT npeAWeCTBYIOlljero MarHHTHOMY cnoio cnoR H110611R (rny611Ha npOH11KHOBeHl1R 113ny4eHl1R 

COCTaBnReT 1 HM), TO np11 10 MpaA pacceRHHe B 6onbWeH CTeneHH onpeAenReTCR MarHHTHblM cnoeM 
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(rny611Ha npoH11KHOBeH11R 113nyYeH11R npesb1waeT 100 HM). B pe3ynbTaTe 3as11rnMOCTb np11 i'J=S MPaA 

AOCTaT04HO rnaAKaR, B TO BpeMR KaK np11 i'J=lO MpaA OHa RBnReTCR KBa311nep110A114eCKOH. ~3 AaHHblX 

CHHXPOTPOHHOro 113ny4eHl1R cneAyeT, 4TO CTPYKTYPbl Nb/Nio.s1CU0.i9(h) xapaKTep113ylOTCR TpeMR 

pa3MepHblMl1 napaMeTpaM11 R1, R, 11 R,. 3neMeHTapHble KnacTepbl 11Me10T pa3Mep R,=3+4 HM. Ha6n10AeHbl 

TaK>t<e crpyKrypb1 113 KnacTepoB c xapaKTepHblM pa3MepoM R,=5+11 HM. 3HaYeH11e napaMeTpa 

2R1=130+200 HM 3Ha411TenbHO npeBblWaeT 3Ha4eHl1R 2R,, ,ll,nR crpyKTYP Nb/Nio.s1Cuo.19(4) 11 

~2 .15 -• -4~ o o~ •,-•, () 
PMc. 12. Kapra pacceRHHR peHrreHoecKHX ny .... eM . Ha eepxHeM 
BCT3BKe nOK333H3 crpyKrypa o6pa3u,a, rAe C"1H"1M "1 KpaCHblM 

u,eeTaMa.1 not<a3aHbl C/10"1 Nb "1 Gd COOTBeTCTBeHHO. 

Nb/Nio.s1Cuo.19(2) OH RBnReTCR n11HeHHblM 

pa3MepoM cj>paKTana, a AnR Nb/Nios1Cuo19(3) -

n11HeHHblM pa3MepOM CTpyKrypb1 

HeynopRAOYeHHO pacnonomeHHblX KnacTepos. 

noKa3aHo, 4TO crpyKrypbl V/FeV/V/FeV/Nb 

xapaKTep113y10TCR ABYMR pa3MepHblMl1 

napaMeTpaM11, nonyYeHo 3Ha4eH11e pa3Mepa 

3neMeHTapHoro KnacTepa R=4. 7 HM, AnR 

n11HeHHoro pa3Mepa rncTeMbl Knacrepos 

nonyYeHo 3HaYeH11e 11 HM. 

B Ta6n . 3, Ha OCHOBe 

Marn11TOMeTp114ecK11x AaHHblX npeACTaBneHHblX B 

rnase 4, np11BeAeHbl 3HaYeH11R HaMarn11YeHHocrn 

KnacTepos Jc1, paccY11TaHHb1e no cj>opMyne (2.3) 

11CXOAR 113 3Ha4eHl1H TeMneparypbl 6nOK11pOBKl1 

np11 ABYX 3HaYeH11Rx MarHHTHoro nonR 11 AaHHblX 

o MarH11THOM pa3Mepe KnacTepos dm. B Ta6n11L1e 

np11BeAeHbl TaK>t<e 3Ha4eHl1R HaMarHl14eHHOCrn 

HaCbllljeHHR l toy AnR cnoR pacYeTHOH TOnlljl1Hbl, 

paCC411TaHHble 11CXOAR 113 3Ha4eHl1H MarHHTHOro MOMeHTa B 6onbWOM MarHHTHOM none np11 ~T,. 

0TMernM, YTO AnR pacrsopa Nio.GsCuo.3s HaMarn11YeHHOCTb HaCb1lljeH11R paBHa J,.,=2 Krc, a AnR pacrnopa 

Nio.s1CU0. 19 - 3.75 Krc [16] . B11AHO, 4TO BblnOnHRIOTCR COOTHOWeHHR Jd~loy · 3TO yKa3blBaeT Ha TO, 4TO 

COAep>t<aH11e HHKenR no OTHOWeHHIO K MeAH B KnacTepax 6onbwe, YeM B cnoe pacYeTHOH TOnlljl1Hbl. 

HaMarH11YeHHOCTb cnoR J,0 , oKa3blBaeTCR MeHbWe HaMarH11YeHHOCTl1 pacrsopa J,0 , 11 TeM 6onbwe, YeM 

MeHbwe TOnllj11Ha cnoR . 

Ta611HL1a 3 . napaMeTpbl KnacTepos s Marn11rnoM cnoe CTPYKTYP 

CTpyKrypa dc1, HM h(O). K H" K3 J1ay, Krc Jc1, Krc 

N b/N io.GsCuo.3s( 4) 6.6 44.1 0.422 0.75 ±0.1 3.5 ±1.0 

Nb/N io.a1Cuo.19(2) 6 35 0.983 1.6 ±0.2 1.4 ±0.5 

Nb/N io.a1 Cuo.19(3) 8 90 0.451 2.2 ±0.2 4 .9 ±1.5 

Nb/Nio.a1Cuo.19(4) 8 142 0.403 3.0 ±0.3 10.5 ±4.0 

V/FeV/V/FeV/Nb 9.4 183.S 0.9 2.25 ±0.2 2.35 ±0.2 

B pa6oTe TaK>t<e 11ccneAOBan11cb cTpyKrypbl rnna Nb(25 HM)/Gd(d1)/Nb(25 HM) [AS]. B pa6oTax 

[17,18] noKa3aHO, 4TO CHCTeMbl Nb/Gd, 11MelOT BblCOKYIO creneHb npo3pa4HOCrn rpaHHL\. TaK>t<e raAOnl1Hl1H 

RBnReTCR noKan113osaHHblM cj>eppoMarHernKOM c AOCTaTOYHO Hl13KOH (no cpaBHeH1110 c Fe, Co 11 Ni) 

TeMneparypoH Kiop11 Tm=293 K (MR o6beMHoro Belljecrna) [19]. B pa6oTe noKa3aHo, YTO 

BblCOKOKaYeCTBeHHble Nb/Gd/Nb TpexcnOHHble crpyKrypbl Moryr 6b1Tb Bb1palljeHbl MeTOAOM 

MarHeTpOHHOro pacnb1neHl1R B W11pOKOM A11ana30He TOnlljHH. rny611Ha npOHl1KHOBeHl1R 

CBepxnpOBOARW,11X KOppenRL\HH B cnoH Gd B HeCKOnbKO pa3 6onbwe, YeM y CHnbHblX cj>eppoMarHernKOB, 

TaKHX KaK Fe, Co, Ni, 11 COCTaBnReT ( F = 4 HM. 3TO ynpolljaeT nOAfOTOBKY S/F crpyKryp c dr - (F, 4TO 
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aKryanbHO AflR 1-1ccneAOBaH1-1H B o6nacrn c0epxnpo00AR1.4eH cn'1HTPOH'1K'1. TaK>t<e B pa6oTe 6b1n1-1 

npoBeAeHbl 1-1ccneA0BaH'1R MarH'1THblX 1-1 caepxnpoaoARl.l.\'1X CBOHCTB caepxpeweTOK rnna 

[Gd(dr)/Nb(25 HM)]12 [A9] . np1-1 3TOM 3Ha4eH'1R dr 6blnH Bbl6paHbl cneAYIOl.l.\'1e: 0.5(,, 0.75(, '1 1.25(,. Ha 

p1-1c. 12 noKa3aHa KapTa pacceRH'1R peHrreHOBCK'1X ny4eH AnR o6pa3L\a c d1 = 0.75(,, nony4eHHaR Ha 

ycraHOBKe NREX. B KaHane oTpameH'1R 82 = 81 Ha6n10AaeTrn 15 6p3rroBcK'1X n'1KOB, CBR3aHHblX c 

A'1<1>paKL\'1ei:1 Ha caepxpeweTKe c nep'10AOM D = d1 + d5 , noKa3blBa101.4ei:1 BblCOKYIO noBTOpReMOCTb 

Gd/Nb 61-1cnoe0 B z-Hanpa0neH1-11-1. TaK>t<e B'1AHO A'1<l><l>Y3Hoe pacceRHHe 82 * 81 B BHAe HaKnOHHblX m1H1-1i:1 

OKono oTpameHHoro n'1Ka 6p3rra. 3ro yKa3b10aeT Ha BblCOKYIO cTarncrn4eCKy10 KOppenRL\'1IO 

wepoxoaarocTeH B nnoCKocrn Ha rpaH'1L\aX pa3Aena Nb/Gd B nepHOA'14eCKoi:1 CTPYKT'fpe (20]. 

B TpeTbeH rnaee npeACTaBneHbl pe3ynbTaTbl on'1CblBa101.41-1e Bn'1RH'1e MarHHTHOro COCTORH'1R Ha 

caepxnpoBOARl.l.\'1e CBOHCTBa CTPYKT'fpbl. B CBepxnpoBOARl.l.\"1X-<l>eppoMarH'1THblX reTepOCTPYKT'{pax 

CBepxnpoBOARl.4'1i:1 napaMeTp nopRAKa '13MeHReTrn nOA Bn'1RH'1eM Marnern3Ma. 0AHO '13 npORBneH'1H 

AaHHOro Bn'1RH'1R CBR3aHo c HeTp1-101-1anbHOH 3a01-1rnMOCTb10 T,(d,). B pa6oTe npeACTaaneHbl 

3Kcnep1-1MeHranbHb1e AaHHble HH3KOTeMnepaTypHblX pe31-1crnBHblX '13MepeH1-1i:1, nony4eHHble AnR CTPYKTYP 

Nb/Nio.a1Cuo.19 [Al]. Ha p1-1c. 13 noKa3aHbl 3a01-1rnMocrn conporneneH'1R AnR CTPYKTYP c pa3HOH ron1.4'1HOH 

MarH'1THOro cnoR. B1'1AHO, 4TO AflR CBe>t<enp1-1roro0neHHblX CTPYKTYP (3aB'1C'1MOCT'1 1-3) TeMneparypa 

R,OM 
s .--~~~~~~~~ 

r--····-···· 
4 w~:'J'./-"C,.·*~ . ~ 

3 5. 4 I 3· 2 

2 

o~·-·~..L., .i_ 
6 7 8 9 10 

T.K 
PMc. 13. 3aei.trnMOCTb conponrn11eHi.tA : cnycrn ABe HeAelli.t AJ1R 
crpyKryp Nb/Nio.81Cuo.19(4) (1), Nb/Nio.81Cuo.19(3) (2) 
Nb/Nios1Cuo.19(2) (3); cnycrn MeCRu, nocne i.nroro011eHHA AJlA 
crpyKrypbl Nb/Nio81Cuo.19(2) np" H=O (4) "H=lOO 3 (5). 

nepexoAa yMeHbWaeTCR c y0en1-14eH1-1eM 

ron1.41'1Hbl MarHl'1THOro cnoR. TaK, AnR CTPYKTYPbl 

Nb/Nio.a1Cu0.19(4) TeMneparypa nepexoAa MeHbwe 

Ha 0.3 K, 4eM AnR CTPYKTYP Nb/Nio.a1CU0.19(3) "1 

Nb/Nio.a1CU0.19(2), AflR KOTOpblX OHa COCTaBl'1na 

8.52 K. Cnycrn MeCRL\ nocne 1-13roro0neH1-1R 

TeMneparypa nepexoAa np1-1 H=O AnR 

Nb/Nioa1Cuo.19(2) yMeHbWl'1nacb Ha 0.64 K. 3ro 

CBR3aHO c TeM, 4TO c Te4eHl'1eM BpeMeHH 

npo'1CXOA'1T pa3AeneHl'1e H'1KenR '1 MeA'1 '1 

06pa3yeTCR cj>paKL\'1R 41'1CTOro H'1KenR, 

HaMarHl'14eHHOCTb HaCbl1.4eH'1R KOTOporo BblWe 

HaMarHH4eHHocrn pacrnopa H'1KenR c MeAblO, H 

KaK cneACTB'1e, y0en1-141-10aeTcR 

HaMarHl'14eHHOCTb, a Kpl'1rn4eCKaR 

caepxnpoBOARl.l.\aR TeMneparypa CTPYKTYPbl 

yMeHbwaeTrn. B MarH'1THOM none 100 3 

TeMneparypa nepexoAa AnR Nb/Nio.a1Cuo.19(2) cnycrR MeCRL\ nocne 1'13roroaneH'1R 6b1na e1.4e Ha 0.96 K 

MeHbwe, 4eM np1-1 H=O. noAMarHl'14eHHbli:1 MarHl'1THblM noneM cj>eppoMarHl'1THb1i:1 cnoi:i yMeHbwaeT T, 

crpyKT'fPbl no cpaBHeH1-110 c pa3MarHl'14eHHblM. TaKHM o6pa30M, 3Ha4eH1-1e TeMneparypbl nepexoAa 

OKa3anocb 3a01-1rn 1.41-1M OT Ton1.41-1Hbl MarH1-1rnoro cnoR, aenl'141'1Hbl MarH'1THoro nonR 1-1 0peMeH1-1 c MOMeHTa 

1-13roro0neH'1R CTPYKT'fpb1, a 1-13MeHeH1-1e T, o6ycnoaneHo eenl'14'1HOH HaMarn1-14eHHOCT1-1. MomHo 

3aKnl04HTb, 4TO aen'141'1Ha MarHl'1THOro nonR onpeAenReT TeMneparypy caepxnpoBoARl.l.\erO nepexoAa B 

crpyKrype l'1 Aei:icrn1-1e CBepxnpoBOA'1MOCT'1 Ha MarH'1THOe COCTORHl'1e. 
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PMc. 14. 3Kcnep1-1MeHTallbHaA 3aeHC1<1MOCTb Tdd1), no11y1.1eHHaA e 
AaHHOM pa6ore (KpacHbte T04Ki.t), 1-1 AaHHb1e pa60Tb1 [18] 
(4epHb1e roYKH) c KoppeKr\llpoeKoM OdFl.5 HM. YepHaA i.t 

KpacHaA 3aBMCHMOCTM nOl<a3blBatOT pac4er c nOMO~blO 

ypaBHeH"1M Y3aAe/1A AJIA COCTORHHM Q "1 n cf>a3bL Ha BCTaBKe 

noKa3aHbl TeMneparypHble 3aBHCJ.1MOCTM M3MeHeHMA MarHi.1THOro 

MOMeHTa dm(n:m(n-m(T>Tc) AJlA noMe4eHHblX T04eK. 

Ha p1-1c. 14 noKa3aHa 3aBl'1rnMOCTb Tc(dr), 

nony4eHHaR '13 AaHHblX SQUID-MarH'1TOMerp1-11-1 

AnR CTPYKTYP Nb{25HM)/Gd(dr)/Nb{25HM) (A8). 

OH a 1-1MeeT 

noBeAeH1-1e 

3aTyxa101.4ee-OCL\l'1nn1-1py101.4ee 

M'1H'1MYMOM np1'1 dF3 HM l'1 

MaKrnMyMOM np1-1 dF4 HM. 6b1no npoBeAeHO 

cpaBHeHl'1e 3KCnep1'1MeHTanbHOi:1 3aBl'1C'1MOCT'1 

Tc(d1) c MOAenbHblM'1 Kp'1Bb!M'1, Bbl4'1cneHHblM'1 c 

noMOl.l.\blO ypaaHeHHR Y3aAenR. AflR pac4eTOB 

6b1no np'1HRTO 3Ha4eH'1e ~=10 HM '1 o6MeHHOH 

3Heprn1-1 E.,=280 K. 6b1no nony4eHo xopowee 

cornarne Me>KAY 3Kcnep1-1MeHTOM 1-1 Teop1-1eH. 

noKa3aHa BblCOKaR 

1'1HTepcj>ei:ica. TaKl'1M 

npo3pa4HOCTb S/F 

o6pa30M, cornacHo 

pac4eraM, CBepxnpOBOARl.l.\'1e KOppenRL\'1"1 

npOH'1KalOT B cnoH Gd Ha rny61-1Hy ~4 HM. n­

COCTORH'1e 3Heprern4eCKl'1 BblrDAHO AnR A1'1ana30Ha 

ron1.41-1H dF[3+6] HM. AnR 
nponyCKaH1-1e KOppenRL\1'1H 

6onbWl'1X 

4epe3 

ron1.41-1H 

F-cnoH 

cTaHOB'1TCR HeB03MO>t<HblM, a SFS cTpyKrypa np1-1 3TOM pa3AeneHa Ha ABa He3aB'1Cl'1MblX 5/F 61-1cnoR. 

B 4eTaepToi1 rnaae paccMaTp1-10a10Trn 3cj>cj>eKTbl 6n1-13ocrn, 06ycno0neHHb1e Bnl'1RH'1eM 

CBepxnpOBOA'1MOCrn Ha MarHHTHOe ynopRA04eH'1e rnCTeMbl, B HeOAHOPOAHblX reTepocTpyKrypax. 

HeOAHOPOAHOCTb CTPYKTYP, 3aKnl04a101.4aRrn B Han'14'1H Knacrepoa, 4TO npHBOA1'1T K 06pa300aHHIO 

HepaBHOBeCHoro cocTORH'1R cynepnapaMarnern3Ma I cynepcn1-1Ho0oro creKna. B TaKOM cny4ae 3cj>cj>eKTbl 

6n1-13ocrn, o6ycnoaneHbl '13MeHeH1-1eM HepaBHOBeCHoro cynepnapaMarHl'1THoro cocTORHl'1R 06n1-13H 

TeMnepaTypbl caepxnpoBoARl.l.\erO nepexoAa CTPYKT'fpbl. B pa6oTe Ha6n10Aanocb 4eTb1pe TaK1-1x 3cj>cj>eKTa 

6n1-13ocrn: nepeMarHH4'1BaHl'1e MarHl'1THOro cnoR np1-1 caepxnpoaoARl.l.\eM nepexoAe [Al, A4], 

A'1aMarHern3M nep1'10AH4ecKoH cj>eppoMarH1-1rno-c0epxnpo00ARl.4ei:1 CTPYKT'fpb1 [A7], nepecTpoi:iKa 

MarHl'1THOi:1 CTPYKTYPbl np'1 T<T, [Al, A2], B3a'1MHaR KOMneHCalj'1R HaMarH'14eHHOCTeH AOMeHHOH 

CTPYKTYPbl 1-1 KnacTepoa [Al, A4]. PaccMOTp1-1M AaHHb1e 3cj>cj>eKTbl noApo6Hee. 

Ha p1-1c. 9 np'1BeAeHbl 3aBHC'1MOCT'1 MarH'1THOro MOMeHTa np'1 oxna>KAeHl'1'1 B HyneBOM MarH'1THOM 

none (ZFC) "1 B MarHl'1THOM none {FC) HanpmKeHHOCTblO H=20 3 AflR CTPYKTYPbl V/FeV/V/FeV/Nb. B'1AHO, 

4TO CBepxnpoBOARl.l.\'1H nepeXOA B cnoe Hl'106'1R, B OTn'141'1e OT nepeXOAa B cnoe BaHaA1'1R, cy1.4ecTBeHHO 

1'13MeHReT MarHHTHblH MOMeHT CTPYKT'fpbl. np1-1 T=8 K, 6onbwei:1 T,, MarHl'1THblH MOMeHT C03AaeTrn TOnbKO 

MarH'1THblM cnoeM, B pe>t<'1Me ZFC MarHHTHblH MOMeHT paBeH M m{ZFC, 8 K)=-7.2·10-6 eA. crCM. 

MarH'1THbli:1 MOMeHT 7.2·10-6 eA. crCM COOTBeTCTByeT MarHl'1THOH '1HAYKL\'11'1 Bm(8 K)=l80 re AnR 

MarHl'1THoro cnoR peanbHoi:i ron1.41'1Hb1 20 HM 1-1 1.8 Krc AflR ABYX cnoea >1<ene3a 061.4ei:1 HOMl'1HanbHoi:1 

Ton1.41-1Hoi:1 2 HM. B pe>t<'1Me ZFC np'1 T=6 K, MeHbWeH T,, MarH'1THblH MOMeHT CTPYKTYPbl paBeH M sr(ZFC, 6 

K)"O. np1-1 T<T, MarH'1THblH MOMeHT CTPYKTYPbl M sr RBnReTCR cyMMOi:i MarHl'1THOro MOMeHTa MarH'1THOro 

cnoR Mm l'1 MOMeHTa caepxnpoaoARl.l.\ero cnoR M,. "13-3a A1'1aMarHern3Ma caepxnpoBOARl.l.\'1X cnoea K 

BHewHeMy MarH'1THOMY non10 l'1 A1'1aMarHern3Ma 

BblnOnHRTbCR ycno01-1e: 

MOMeHTY cj>eppoMarH'1THoro cnoR AOn>t<Ho 

Mst(ZFC, 6 K) = Mm(ZFC, 6 K) + M5 (ZFC, 6 K) = Mm(ZFC, 8 K)(l - <ImE) - HV,a5 (3) 
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3AeCb O"m(s) = 0 + 1 - creneHb A11aMarHeTl13Ma MafHl1THOro (ceepxnpOBOARLL\ero) cnoR, E - AOnR 

MafHVITHOfO CJlOR, KOTOpaR 113-3a 3cj>cj>eKTa 6nl130CTl1 CTaHOBl1TCR ceepxnpoBOARLL\ei1, l1s - 06beM 

ceepxnpOBOARLL\ero cnoR. 0TMeTl1M, 4TO MaKrnManbHblH A11aMarHl1THbli1 MOMeHT ceepxnpOBOARLL\ero cnoR 

K Marn11THOMY nonio H=20 3 paeeH 2.8·10-6 eA. crcM. Ha116onee eepoRTHblM e pa6oTe npeAnonaraeTcR 

cny4ai:\, KOfAa 113MeHRIOTCR MafHl1THble MOMeHTbl CBepxnpOBOARLL\efO 11 MafHl1THOfO cnoeB. 

npeAnonaraeTCR, 4TO cj>eppoMafHl1THblH cnoi1 He ceepxnpoBOARLL\11H 11 O"s = 1, TOfAa 11MeeM Mm(ZFC, 6 K)=­

M ,(ZFC, 6 K)=2.8·10-6 eA. CrCM 11 6Mm=10·10-6 eA. CrCM. ,ll,aHHble 113MepeHl1R e pe>KvtMe FC n03BOnRIOT 

noHRTb, 4TO npovtCXOAVIT. B pe>KvtMe FC vtMeeM M,,(FC, 6 K)=G.2·10-6 eA. crCM=-Mm(FC, 8 K). Ecnvt nonaraTb, 

4TO e pe>KvtMe FC MarHvtTHblH noTOK e ceepxnpoBoARLL\eM cnoe 3aMopo>KeH vt3-3a nvtHHvtHra vi He 

BblTanKvtBaeTCR npvt ceepxnpoBOARLL\eM nepeXOAe. TOfAa nony4aeTCR, 4TO MarHvtTHblH MOMeHT MarHvtTHOfO 

cnoR peeeprnpyeTCR npvt Kpl1Tl14eCKOi1 TeMnepaType, He 113MeHRRCb no a6conlOTHOi1 eenvt4vtHe. KaK 6yAeT 

BVIAHO Aanbwe 1-13 AaHHblX viccneAOBaHvti1 c Hei1TpOHaMvt, peeeprnpyeTCR He TOnbKO nonHblH MOMeHT, HO 11 

HanpaeneHHbli1 nporneonono>KHO eMy MOMeHT AOMeHHoi1 CTPYKTypbl. 06bRCHvtTb TaKoe noeeAeHvie 

MarHvtTHOro MOMeHTa MO>KHO, ecnvi y4eCTb, 4TO MOMeHT MarHvtTHOro cnOR B OCHOBHOM onpeAenReTCR 

KnacrepaMvt. B pe3ynbTaTe MarHvtTHOro B03MYLL\eHvtR npvi nepeXOAe MOMeHTbl KnacTepoe nepeXOART 1-13 

COCTORHVIR nporne nonR B COCTORHvte no nonio. lt13eecTHO, 4TO CVICTeMa MarHvtTHblX MOMeHTOB KJlaCTepoe 

vtMeeT ABa MvtHvtMyMa e 3Heprnvt B3avtMOAei1cTBvtR Knacrepoe c MarHvtTHblM noneM (21], onpeAenReMblX 

3Ha4eHvtRMvt yrna Me>KAY HanpaeneHvtRMvt MarHIHHblX MOMeHTOB 11 MarHl1THoro nonR, ornvt4alOLL\vtXCR APYr 

OT APvra yrnoM Tl. 

TaKvtM o6pa30M, 3KcnepvtMeHTanbHb1e AaHHble e 06011x pe>K11Max yKa3blBalOT Ha TO, 4TO np11 

ceepxnpoBOARLL\eM nepeXOAe MarHvtTHblH MOMeHT MarHvtTHOro cnoR Vl3MeHReTCR no HanpaeneHvtlO " 

a6conlOTHOH eenvt4vtHe. 

Ba>KHblM RBnReTCR eonpoc Hanvt4vtR A11aMarHeTvt3Ma MarHvtTHoro cnoR e ocraT04HOM 

vt3MepvtTenbHOM none H=l 3 e6n113vi TeMnepaTypbl ceepxnpoeOARLL\ero nepexoAa np11 T>T,. Mo>KHO 

npeAnOnO>KV!Tb, 4TO 3TO CBR3aHO c Hanvt4vteM B3avtMOAei1CTBVIR CVICTeMbl Knacrepoe c cj>eppoMarHvtTHblMVI 

AOMeHaMvt, C03AalOLL\vtMvt Ha K11acrepax noKanbHOe MarHl1THoe none, HanpaeneHHoe nporneonono>KHO 

BHewHeMy MarHl1THOMY nonio. Cyl.L\ecrnoeaHvte B3avtMOAei1crnviR nOATBep>KAaeTCR TaK>Ke TeM, 4TO 

MOMeHTbl K11acrepoe vi MOMeHT AOMeHHoi1 CTPYKTypbl, 6YAY411 HanpaeneHHblMl1 nporneonono>KHO APYr 

APvry, OAHOepeMeHHO 113MeHRIOT HanpaeneHvie npvi ceepxnpoeOARLL\eM nepexoAe. TaK>Ke 3TO cneAyeT vt3 

AaHHblX Hei1TpOHHblX penaKCal.\VIOHHblX 113MepeHvti1, B KOTOpblX Ha6n10Aanacb KOppenRL\11R B noBeAeHl1VI 

MarHvtTHblX MOMeHTOB Knacrepoe 11 nnornocrn AOMeHHblX CTeHOK. 

AHanorn4HOe noeeAeHvie MarHvtTHoro MOMeHTa nony4eHo vi AJlR APYrvtx CTPYKTyp. TaK11M o6pa30M 

npvt ceepxnpOBOARLL\eM nepeXOAe B CTpyKTypax Ha6nl0Aanocb RBneHvte nepeMarHvt4vtBaHvtR MarHl1THOro 

cnOR " peeepc MarHvtTHOro MOMeHTa B He6onbWOM MarHvtTHOM none, a TaK>Ke npvi ero OTCYTCTBVIVI. 

B rnaee np11BOARTCR pe3ynbTaTbl no Ha6nioAeHvtlO AvtaMarHeTl13Ma nepvtOAvt4eCKoi1 

cj>eppoMarHvtTHO-ceepxnpOBOARLL\eH CTPYKTypbl. np11 vtccneAOBaHvtvt MHOrocnoi1HblX crpyKTyp (Nb/Gd]n 

o6Hapy>KeHo noAaeneHvie HaMarHvt4eHHOCTvt cnoee Gd Hvt>Ke T,(Nb). Ha6n10AaeMb1i1 3cj>cj>eKT 11MeeT 

3neKTPOMarHl1THOe npOl1CXO>KAeHvte. 

Ha pvic. 15a noKa3aHa TeMnepaTypHaR 3ae11rnMOCTb cnviHoeoi1 ac11MMeTpvt11 AJlR nepeoro nviKa 

6p3rra S1(D. vt3MepeHHaR no cneAYIOLL\eMy anropvtTMy. 8b1we T, o6pa3el.\ 6b1n HaMarHvtYeH AO HaCbll.L\eH11R 

e Te4eHvie KopoTKoro epeMeHvt, a 3aTeM none yMeHbwanocb AO HynR, a o6pa3el.\ oxna>KAancR AO 3.3 K e 

HyneeoM none. 3aTeM npvtKnaAblBanocb none H=661 3 vi vt3MepRnacb 3ae11rnMOCTb 51(71 np11 HarpeeaH11vt 

o6pa3L\a AO T=7 K (4epHaR Kp11eaR Ha pvic. 15a), 3aTeM o6pa3el.\ oxna>+<Aanrn o6parno e TOM >Ke none AO 

T=3.3 K. Mo>+<HO BvtAeTb, 4TO aMnnviTyAa 51 noAaeneHa Hvt>+<e Tc. ecnvi o6pa3el.\ oxna>+<AeH e HyneeoM none. 

TaK KaK 3cj>cj>eKT vtMeeT MeCTO B npoMe>KYT04HOM 11HTepeane MarHvtTHblX nonei1 Me>KAY 3Ha4eHl1RMl1 

ocTaT04HOi1 HaMarHvt4eHHOCTl1 vi noneM HaCbll.L\eHvtR, npvieeAeHbl AaHHble AJlR MarHl1THoro nonR H=661 3, 

nocKOnbKY npvt AaHHOM 3Ha4eHl1VI Ha6n10AanOCb Havt60nbwee noAaBneHvte HaMarHvt4eHHOCTVI (p11c. 156). 

AHanorvt4Hble vt3MepeH11R 6b1n11 npoeeAeHbl AJlR ecex o6pa3L\OB c pa3nvt4Hb1Mvt TOnl.L\vtHaMvi cnoee Gd vi 

Ha6nioAanocb, 4TO een114vtHa noAaeneHvtR o6parno nponopl.\110HanbHa d, (ecraeKa Ha pvic. 15a). 
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PHc. 15. (a) TeMneparypHaA 3aBHCHMOCTb 51 1"3MepeHHaJl B MarH"1THOM no11e H=661 3, npH KOTOPOM Ha6JJIOAa/lCA MaKC"1MVM 651. 

YepHaA KpHBaR 6btna 1"3MepeHa npH B03pacraH~H1 TeMneparypbl nocne OXJla>t<AeHlo1A B Hy/leBOM none (ZFC), A3/lee KpacHaJl KpMBaR 

6bl/l3 M3MepeHa npM yMeHbWeHHVI TeMneparypbl. Ha BCT3BKe nOt<a3aHa 3aBHCHMOCTb 85flax (dF); (6) no.neeaR 3aBMC"1MOCTb 

cn1o1HoeoM ac1o1MMeTp1o11o1 AJIR nepeoro n1o1Ka 6p3rra 51 "13MepeHHOro eb1we T, (4epHaR Kp1o1eaR) 1o1 H1o1>+<e T, (KpacHaR 1o1 3e.neHaR 

Kp1o1Bb1e). YepHaR 1o1 KpaCHaR Kp1o1eb1e 6b1.n1o1 "13MepeHbl np1o1 eo3paCTa10U\eM MarH"1THOM no.ne OT HynR AD H=4.5 K3. 3eneHaR Kp111eaR 

6b1.na "13MepeHa np1o1 yMeHbWeH1o11o1 no.nR OT no.nR HaCblU,\eH"1R AD Hy11R. 06pa3eu, 6b1.n oxna>+<AeH e HyneeoM none H1o1>+<e T,=5.5 K. 
He3aKpaweHHblM"1 T04KaM1o1 noKa3aHa 3ae1o1c1o1MOCTb 651=51(7 K)-51(3 K); 

,ll,nR rnro, 4T06b1 Ka4ecrneHHO onvicaTb noAaBneHvie cnvtHoeoi1 arnMMeTpvtvi Hvt>Ke T, AJlR 3aAaHHoro 

3Ha4eHvtR rny611Hb1 npoHl1KHOBeH11R MarHl1THoro nonR "A Bbl4vtCnRnocb 3Ha4eHvte noKanbHoro MarHvtTHoro 

nonR H(z) AJlR Ka>KAOro cnoR Gd c vicnonb30BaH11eM vt3Becrnoro Bblpa>KeHvtR AJ1R 3cj>cj>eKTa Mei1cCHepa e 

ceepxnpoeOARLL\ei1 nneHKe TOnl.L\vtHoi1 D, vi c npvino>KeHHblM MarHvtTHblM noneM Ho: H(z) = H0 cash (D / 
cash (~). ,ll,llR o6pa3L\a c dF2 HM npvi H=0.8 K3 Ha11ny4wee cornarne nonyYeHo np11 "A.=180±10 HM. ,[\aHHaR 2A 

een11YvtHa 3Ha411TenbHO 6onbwe, 4eM "J,.-100 HM AJlR 4vtcToi< nneHKl1 Nb TaKoi1 me TOnl.L\vtHbl. Ha pvic. 16 

noKa3aHbl paCC4vtTaHHblH MarHvtTHblH npocj>vtnb CTpyKTypbl, COOTBeTCTBYIOLL\VIH Havtny4WeMy 3Ha4eHvtlO X' , 
BblWe 11 Hvt>Ke TdNb). TaKvtM o6pa30M, noKa3aHO, 4TO 113-3a 3cj>cj>eKTa 6nl130CTVI crpyKTypa Gd/Nb BeAeT 

ce6R KaK OA11H TOnCTblH MarHvtTHbli1 ceepxnpoeOAHvtK. TaKoi1 rnncTb1i1 ceepxnpoeoAHvtK cnoco6eH 

3KpaHvipoeaTb npvino>KeHHoe MarHvirnoe none, TaKvtM o6pa3oM noAaenRR HaMarH11YeHHOCTb cnoee Gd, 
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P1o1c. 16. PaCC4"1TaHHblM MarH"1THblM npo¢1o1.nb, COOTBeTCTBVIOU,\eM 
Ha1o1.ny4weMy 3Ha4eH"1IO X2. 

pacnono>KeHHblX 6n11>Ke K L\eHTPY CTpyKTypbl. 3Ta 

MOAenb TaK>Ke o6bRCHReT cyl.L\ecrnoeaHvie 

3cj>cj>eKTa B npoMe>KYT04HOM Avtana3oHe 

MarHvtTHblX nonei1, fAe npOvt3BOAHaR dM/dH1'0. 

B (22] onvicaHo RBneHvie TeMnepaTypHoi1 

B03BpaTHOCTl1 HeOAHOPOAHOro MarHl1THOro 

COCTORHVIR B CTPYKType 

Cu(32HM)/V(40HM)/Fe(1HM)//Mg0. B AaHHOi1 

pa6oTe aHanor11YHoe ReneHvie Ha6nioAanocb AJlR 

CTpyKTyp Nb(70HM)/Cu,Ni,.,/Si, x=0.21, 0.35. ,ll,nR 

CTPYKTypbl Nb(70 HM)/Nio6sCU0 35(6.5 HM)//Si npvi 

TeMnepaType T=9 K, KOTopaR HeCKOnbKO Bb1we 

ceepxnpoeoARLL\ei1 Kpvtrn4ecKoi1 TeMnepaTypbl 

CTPYKTypbl T,=8.5 K, Ha6n10Aanacb KOppenRL\11R 

COCTORHVIH MarHvtTHblX HaHOCTpyKTyp. npvi 

TeMnepaType T=4 K, KOTOpaR Hvt>Ke Tc, Ha6n10AanOCb RBneHvie B03Bparnocrn MarHvtTHblX COCTORHl1i1, 

cyl.L\eCTBYIOLL\vtX npvi T=9 K. 

Ha p11c. 17 AJlR CTPYKTypb1 Nio.6sCuo.3s(4HM) npviBeAeHa 3aevicvtMOCTb (1-3) cyMMapHoi1 

11HTeHCl1BHOCTl1 npoweAWVIX crpyKTypy " OTpa>KeHHblX OT CTpyKTypbl Hei1TpOHOB '•n(71 OT TeMnepaTypbl 

Ha4vtHaR c 10 K vi AO 1.5 K AJlR Tpex 3Kcnep11MeHTOB (o6o3Ha4eHbl KaK 31-33). B nepeoM 3KCnep11MeHTe 
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(3aBl101MOCTb 1) np11 10 K ycraHaBn11aanocb MarHl1THOe none 25 3. Bo BTOPOM 3KCnep11MeHTe 

(3aa1101MOCTb 2) np11 10 K crpyKrypa HaMarH11411aanacb a none 500 3, nocne 4ero ycraHaan11aanocb none 
25 3 11 npoBOA11nOCb 113MepeH11e c 113MeHeH11eM TeMneparypbl OT 10 AO 1.5 K. 3aBl101MOCTb 3 nony4eHa B 

3Kcnep11MeHre c MarH11THblM noneM 200 3 aHanorn4HO TOMY KaK 6b1na nony4eHa 3aa1101MOCTb 1. 

B11AHO, 4TO a reMneparypHOM A11ana3oHe 578 K 3aa1101MOCTb 2 npoXOA11T BblWe 3as11c11MOCT11 1, a 

3aBl101MOCTb 3 BblWe 3aBl101MOCTl1 2. 3TO o6bRCHReTCR TeM, 4TO B 

HaMarH114eHa. 

3Kcnep11MeHrax 2 11 3 crpyKrypa 

np11 TeMneparype 9 K B 

1 11 2 Ha6n10Aa10TCR npoaanb1, /, c·' 
.----~~~~~~~~-

~ 

152 

148 

144 

140 

0 2 4 

____..-. 3 

6 8 

2 

10 
T. K 

PHc.17. 3ae•rnMOCTb l(D AJlA CTPY•TYP•' Nio . .,Cuo.3Sl4) np• '-=2 
AH Po=+l B 3111), 3212) H 3313). 

3Kcnep11MeHrax 

CBR3aHHble 

TeMneparypa 

Tc=8.5 K. AfJR 

pacceRH11eM HeihpOHOB. 

9 K HaXOA11TCR a oKpecrnocrn 

33 pacceRHl1R HeT. 06bRCHl1Tb 

B03Hl1KHOBeH11e pacceRHl1R AflA 31-32 MO>KHO TeM, 

4TO 4aCTb MarHl1THOro cnoR nepeXOA11T B 

caepxnpOBOAALl.\ee COCTORHl1e. Af1R 33 3TOro He 

npo11CXOA11T 113-3a roro, 4TO C/10'1 HaMarHl14eH 11 

11HAYKU,11A B HeM AOCTaT04HO BblCOKaR (3 Krc). np11 

reMneparype 4 K pacceRH11e y»<e Ha6n10AaercR 11 

AflA 33. 3TO CBR3aHO c MeHbWl1M 3Ha4eH11eM 

HaMarH114eHHOCTl1 113-3a pa3MarHl1411BaHl1A nOA 

Aeiicra11eM caepxnpoBoA11Mocrn, a raK»<e '6onee 
c11nbHOii csepxnpoBOA11MOCTblO' np11 4 K no 

cpaaHeH1110 c 9 K. 04eB11AHO, 4TO pacceRH11e 

HeiirpoHOB npo11cxoA11T Ha AOMeHHoii crpyKrype Cl, a 11MeHHO, Ha AOMeHax 11 Ha AOMeHHblX creHKax. 

B pa6ore noKa3aHo, 4TO MarH11THb1ii C11oii cocro11r 113 rpex MarH11THblX crpyKryp. KaK noKa3aHo 

Bb1we, ao-nepab1X, 3TO AOMeHHaR crpyKrypa Cl. Tonll.\11Ha AOMeHHblX creHoK He npeab1waer 1.6 HM. 

BropaR crpyKrypa C2 - 3TO <j>eppoMarHl1THaR crpyKrypa Kp11cranm14eCKoro Hl'1KenR, KoropaR npoRBnRercR B 

onb1rax 2 11 3. nep110A AaHHOii Q>eppoMarHl1THOii crpyKrypb1 paaeH 11n11 MeHbWe 0.2 HM. CrpyKrypa C3 -

B,Kfc 

0 v\ -1 

-2 

-3 a'a-a/ e\ 

-4 e- e 
-5 

0 2 4 6 8 10 
T,K 

pewerKa MarHl1THblX Knacrepoa, cocTOALl.\11X, no 

KpaiiHeii Mepe 4aCTl14HO, 113 aTOMOB Hl1KenR. 

Me»<nnocKOCTHoe paccTORH11e a pewerKe 

Knacrepoa COCTaBnReT 7 HM. np11 T=4 K l'1 T=9 K 

npo11CXOA11T KOppenRU,1'1R COCTORHl1ii MarHl1THblX 

crpyKryp; np11 3TOM pa3Mepb1 AOMeHoB 

yMeHbWalOTCR, a nnoTHOCTb ADMeHHblX creHoK 

B03pacraer. MarH11THb1e MOMeHTbl Knacrepoa 

pa3ynopRA041'1BalOTCR no HanpaaneH1110 B onb1Te 

1 11 op11eHr11py10TCR npOTl1B HanpasneHl1R 

MarHl1THoro nonR a onb1rax 2 11 3. 

Ha p11c. 18 np11BeAeHa 3aa11c11MOCTb 

11HAYKU,1111 a MarHl1THOM C110e TOnll.\1'1HOii 6.5 HM, 

nony4eHHaR a pe3ynbrare Q>11rnpoBaH11R AaHHblX 

3epKanbHoro 

Ha6n10AaercR 

orpa»<eH11R 

TeHAeHU,11R 

HeiiTpOHOB. 

yMeHbWeHl1R 

11HAYKU,111'1 MarHl'1THoro nonR np11 yMeHbWeH1111 
PHC. 18. 3aBHG1MOCTb OCTaT04HOi1 HHAYKUiHH MarHHTHOro no/lR 

np1o1 H=25 3 AflR npeAeap1.ne11bHO HaMarH1o11..1eHHOi1 e none 500 3 
crpyKT'{Pbl Nb/Nio.6sCU03s(4); TOllll.l,HHa MarHi.tTHOrO CllOFI, 

TeMneparypbl. 3KCTpanonRU,11R 3TOii TeHAeHU,111'1 

Aaer Hynesoe 3Ha4eH11e 11HAYKU,1111 np11 

reMneparype, crpeMALl.\eiicR K Hyn10. B11AHO, 4TO pe3oHaHCHO BblAeneHbl 3Ha4eHl1R TeMneparypbl 8 11 4 K. 

np11 reMneparype 8±0.5 K, KoropaR coanaAaer c Kp11rn4eCKoii TeMneparypoii, MarH11THaR 11HAYKU,1'1R 

yMeHbWaeTCR Ha 30 %. 3TO COOTBeTCTByeT TOMy, 4TO CTaHOBl1TCR paBHOii HynlO 11HAYKU,1'1R B 4acrn cnoR 

3ano>KeHHa11 e pac4erax - 9.9 HM. 
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TOnll.\1'1HOii 2 HM. no-B1'1A11MOMy, 3TO <j>eppOMarHl1THblii nDACnoii, np11nera10Ll.\l'1ii K CBepxnpOBOARLl.\eMy 

C/lOIO. np11 TeMneparype 4 K MarHl'1THaR 11HAYKU,1'1R senl'141'1HOii 2 Krc yMeHbWaeTCR Ha 100 %, AOCrnraR 

Hynesoro 3Ha4eHl1R. PacceRH11e Ha AOMeHHoii crpyKrype np11 4 K MaKrnManbHO, 4TO cooTBeTcTByer 

pa3ynopRA04eHl1IO HanpasneH11ii (1130Tpon113au,1111) MOMeHTOB AOMeHOB l'1 paBHOii HynlO MarHl1THOii 

11HAYKU,1111 AOMeHHoii crpyKrypbl. PaseH HynlO 11 MarHl1THblii MOMeHT rncreMbl Knacrepos. 

TaKl'1M o6pa30M, np11 4 K pean113yeTCR MarHl1THOe COCTORHl1e OTAenbHO B Ka>f<AOii MarHl'1THOii 

01CTeMe • KnacrepHoii 11 AOMeHHOii, KOTOpoe npORBnReTCR B yMeHbWeHl111 HaMarH114eHHOCTl1 01CTeMbl. 

AaHHoe cocTORHl'1e RBnReTCR aHanoroM Kp11mo<j>eppoMarHern3Ma a MaKpocKon114ecKOM npoRsneH1111 

yMeHbWeHl1R cpeAHeii HaMarHl14eHHOCTl1 01CTeMbl nDA Bnl'1RHl1eM csepxnpOBOA11MOCTl1. 0TMernM TaK>Ke, 

4TO Af1A CTPYKTYPbl Nb/Nio.s1CU0.19(4), B KOTOpoi-1 COAep>KaH11e Hl1KenR 6onbwe Ha 16 %, CKOppen11posaHHOe 

noseAeH11e MarHl1THblX rncreM npo11cXOAl1T np11 6onee Hl'13Koii reMneparype 2.5 K. TaK AflA crpyKryp 

Nb/Nio.65(0.s11Cuo.35(0.1•1 np11 TeMneparype H11»<e TeMneparypbl nepexoAa B csepxnposoAALl.\eM cnoe 
np011CXOA11T csepxnpoBOAALl.\1'1i-1 nepeXOA B MarHl'1THOM C/lOe. 

B pa6ore Ha6n10Aanocb HaMarH11411BaH11e AOMeHHOii crpyKrypbl 11 pa3MarHl'141'1BaH11e rncreMbl 

Knacrepos np11 yMeHbWeH1111 TeMneparypbl H11»<e caepxnpoBoAALl.\ei-1 Kp11rn4eCKoi-1 a Q>eppoMarH11THO· 

caepxnpoBoAALl.\eii crpyKrype, np11 3TOM nonHbli-1 MarH11THb1ii MOMeHT crpyKrypbl crpeM11ncR K HynlO. 

PaccMorp11M AaHHb1ii pe3ynbrar. 

6b1n11 npoBeAeHbl Hl13KOTeMneparypHble HeiirpoHHble 113MepeH11R. AaHHble 3rnx 1'13MepeH11ii 

np11BeAeHbl Ha p11c. 19a. Ha HeM np11BeAeHa TeMneparypHaR 3aBl101MOCTb K03<j><j>11u,11eHTa pacceRHl1R 

S(T) = 1 - (R(T) + Tr(T))/(R(150 K) + Tr(150 K)) nonRp1'130BaHHblX Hei-irpoHOB c Af111Hoii aonHbl 

A=l.28±0.015 A (pacceRH11e np11 T=150 K paBHO Hyn10), rAe R 11 Tr K03<j><j>11u,11eHTbl orpa»<eH11R 11 

nponycKaHl1R Hei-iTpOHOB. 

np11 T=8 K pacceRHl1e HeiiTpOHOB MaK01ManbHO 11 COCTaBnReT 55759 %, np11 3TOM nonRp113au,11R 

pacceRHHblX Hei-irpoHOB orp11u,arenbHaR 11 pasHa -0.035. HeHynesoe 3Ha4eH11e nonRp113au,1111 pacceRHHblX 

Hei-iTpOHOB onpeAenReTCR HaMarHl14eHHOCTblO Knacrepos OTH001TenbHO HaMarHl14eHHOCTl1 OKpy>KalOLl.\ei-1 

Knacrepb1 cpeAbl. 

SR .., s ,--
I 

-1 .. 
I 0.1 

0.6 t 
IH f • r. ~ ,,. 

l 1n 
fll\1 1 .. b l'I }\.! 
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-0 .~I 1 I 
6 7 -0.- 1 1 3 4 5 
/,,A 
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(a) (6) 
PHC. 19. 3aBHrnMOCTb Koo¢¢H~HeHTa pacceAHHA He'1TpOHOB S(D AJlA CTPYKT\fpbl V/feV/V/feV/Nb AJlA H=l7 3 H H=9.5 K3; 16) 

cnHHOBaA arnMMerpHA orpa>KeHHA s.cn = (R+ - n-)/(R+ + R-) AJlA 3Ha4eHH'1TeMnepal)lpbl8K11) "3K12) . 

B 3TOii CBR311, orp11u,arenbHOe 3Ha4eH11e nonRp113au,1111 np11 T=8 K yKa3blBaer Ha TO, 4TO MarHl1THble 

MOMeHTbl Knacrepos op11eHrnposaHbl nporna Marn11rnoro nonR. 0AHOBpeMeHHO c nepeop11eHrau,11eii 

MOMeHTOB Knacrepos np11 csepxnposoAALl.\eM nepexoAe npo11cXOAl1T nepeop11eHTau,11R MarH11rnoro 

MOMeHTa OKpy»<alOLl.\ei-1 cpeAbl, Ha 4TO yKa3ana cn11HOBaR a01MMeTp1'1R 3epKanbHOro OTpa>KeHl1R 

HeiirpOHOB SR(T) = (R+ - R- )/(R+ + R-), np11BeAeHHaR Ha p11c. 196 Af1A 3Ha4eH11ii TeMneparypb1 8 K (1) 

11 3 K (2). TaK11M o6pa30M np11 T=8 K MarHl1THble MOMeHTbl Knacrepos op11eHrnposaHbl nporns Marn11rnoro 

nOnR. np11 3TOM MOMeHTbl KnacrepoB 11 OKpy>KalOLl.\eii cpeAbl HanpasneHbl BCTpe4HO. 0AHOBpeMeHHO C 

nepeop11eHTau,11eii MOMeHTOB Knacrepos np11 csepxnposoAALl.\eM nepexoAe npo11cxOAl1T nepeop11eHTau,11R 

MarHl1THOro MOMeHTa OKpy»<alOLl.\eii cpeAbl, coxpaHReTCR BCTpe4HOe HanpasneH11e HaMarHl'14eHHOCTeii. 
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BHAHO H3 p1-1c. 19a, 4TO HHTeHCHBHOCTb pacceRHHR nOHH>Kaerrn c yMeHbWeHHeM reMneparypbl , TO­

ecrb, yMeHbWaeTCR nllOTHOCTb AOMeHHblX CTeHOK, a COOTBeTCTBeHHO MarHHTHblH MOMeHT 

HaMarHH4HBalOU\eHCR <j>eppOMarHHTHOH cpeAbl B03pacraeT no a6CO/llOTHOH BellH4HHe. npH 3TOM, 

OTPHU,aTe/lbHaR cyMMapHaR HaMarHH4eHHOCTb K/lacrepoB H3-3a 4aCTH4HOH H30TpOnH3aU,HH Hanpas11eHHH 

MOMeHros yMeHbwaercR no a6co1110THOH se11HYHHe Ha 30 %. MarnHTHblH MOMeHT crpyKrypb1 RB/lRercR 

CyMMOH MarHHTHblX MOMeHTOB MarHHTHblX H CBepxnpOBOARU\HX CllOeB. npH TeMneparype B AHana30He 

4+7 K MarHHTHblH MOMeHT crpyKrypbl H3MeHReTCR noA AeHCTBHeM csepxnpoBOAHMocrn B C/loe HH06HR, a 

_
2 

M,µemu 

-4 

-6 

-82 4 6 8 10 
T,K 

HH>Ke 4 K - noA AeHCTBHeM csepxnpoBOAHMOCrn B 

c11oe saHaAHR. B AHana3oHe 3.5+5 K H3MeHeHHe 

MarHHTHOro MOMeHTa onpeAe/lReTCR MarHHTHblM 

C11oeM (p1-1c. 20) . np1-1 3TOM, Marn1-1rnaR HHAYKU.HR 

MarHHTHOro C/lOR yMeHbWaeTCR c 150 AO 100 3. 

nocKO/lbKY 

K11acrepb1 

HaMarHH4eHHOCTb 

cpeAbl B03pacraer, 

OKpy>KalOU\eH 

a no11HaR 

HaMarHH4eHHOCTb MarHHTHorO C/lOR yMeHbwaerCR, 

TO npornsono11o>KHO Hanpas11eHHb1e 

HaMarHH4eHHOCTH AOMeHOB H KllacrepoB 4aCTH4HO 

KOMneHcHpy10r APvr APvra. AaHHoe 

CBepxnpoBOARU\ee HeOAHOPOAHOe MarHHTHOe 

COCTORHHe crpyKrypbl H3 K/lacrepoB H AOMeHOB 

aHa/lOrH4HO KpHnro<j>eppoMarnern3My, B CBR3H c 

yMeHbWeHHeM MaKpOCKOnHYeCKoro MarHHTHOro 

PMC. 20. 3 a BH01MOCTH MarHIHHOrQ MOMe HTa npH OX/la>t<,AeHHH 8 

Hy/le BOM MarHHTHOM none (ZFC) H B MarHHTHOM none (FC) 
Ha npR>+<e HHOCTb/O H=20 3. 

MOMeHTa crpyKrypbl. 

B BHAY yMeHbWeHHR MaKpocKonV1YecKoro 

MarHHTHoro MOMeHra crpyKrypb1, AaHHoe 

RB/leHV1e aHa/lOrH4HO KpVlnro<j>eppoMarHHTHOMY COCTORHHIO. B npocrpaHCTBe Me>KAY K/lacrepoB MarHVITHaR 

VIHAYKLJ,VIR C03AaercR npornsono11o>KHO Hanpas11eHHblMV1 HaMarHVIYeHHOCTblO AOMeHHOH crpyKrypb1 VI 

pacceRHHblM no11eM K11acrepos. nocKOllbKY, HanpR>KeHHOCTb pacceRHHoro no11R MeHbwe VIHAYKU,VIVI 

MarHVITHOro nO/lR B K/lacrepax, MarHVITHaR VIHAYKU,HR B npocrpaHCTBe Me>KAY K/laCTepOB 8 !> 100 re npH 

T < 3 K. 04eBHAHO, 4TO TaK KaK MarHHTHblH MOMeHT K/lacrepOB AOCTaTOYHO 60/lbWOH (HaMarHV14eHHOCTb 

paBHa 2.35 Krc), AVlaMeTp K/lacrepoB npeBOCXOAHT KorepeHTHYIO AJlHHY csepxnpoBOAHMOCrn Ha nopRAOK, 

CBepxnpoBOAVIMOCTb MO>KeT CYU\eCTBOBaTb B <j>eppoMarHl'1THOH cpeAe B npocrpaHCTBe Me>KAY K/lacrepoB. 

0CHOBHble BblBOAbl npoBeAeHHblX VICC/leAOBaHHH HeOAHOPOAHblX <j>eppoMarHHTHO-

csepxnpoBOARU\VIX crpyKryp cocTORT B c11eAY10U\eM. MarHVITHble c110V1 crpyKrypHo HeOAHOPOAHbl. 

MarHVITHble csoi1crsa crpyKryp onpeAellRIOTCR MarHVITHblMVI K11acrepaMV1 HaHOMerposoro pa3Mepa H 

<j>eppoMarHHTHblMH AOMeHaMVI, a raK>Ke TOllU\HHOH MarHVITHoro c110R. K11acrepb1 VI AOMeHbl 

B3aHMOAei1cTBylOr. Aei1crs1-1e csepxnpoBOAHMocrn Ha MarHHTHoe cocTORHHe K11acrepos CBOAHTCR K 

H3MeHeHVllO op1-1eHTaU,V1H Hx MarHHTHblX MOMeHTOB. Aei1cTBHe csepxnpoBOAHMocrn Ha AOMeHHYIO 

crpyKrypy npHBOAHT K H3MeHeHHIO HanpaB/leHHR MarHHTHblX MOMeHTOB AOMeHOB H H3MeHeHHIO HX 

pa3Mepa . Be111-1Y1-1Ha MarHHTHoro no11R onpeAe/lReT reMneparypy csepxnpoBOARU\ero nepexoAa s 

crpyKrype H AeHCTBHe CBepxnpoBOAHMOCTH Ha MarHHTHOe COCTORHHe. A/lR crpyKryp Nb/Nio.65(0.SlJCUo.35(0.19) 

npH reMneparype HH>Ke reMneparypb1 nepexoAa B csepxnpoBOARU\eM c11oe npo1-1cxOAHT 

CBepxnpoBOARU\HH nepeXOA B MarHHTHOM C/lOe. TeMneparypa CBepxnpoBOARU\ero nepeXOAa MarHHTHOro 

C/lOR TaK>Ke 3aBHCHT OT Be/lH4HHbl MarH~1THOro no/lR. npVI csepxnpoBOARU\eM nepeXOAe B crpyKTypax 

Ha61110AallOCb RB/leHVle nepeMarHVl4VIBaHVIR MarHVITHOro C/lOR H pesepc MarHVITHOro MOMeHTa B 

He60/lbWOM MarHVITHOM no11e, a TaK>Ke npH ero OTCYTCTBHVI . 
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B nRTOH rnase npHBOARTCR pe3yllbTaTbl HCC/leAOBaHVIH pe11aKCaU,HH MarHHTHOro COCTORHHR 

<j>eppoMarHVITHOH-csepxnposoARU\eH crpyKrypb1. A11R C/lO>KHblX rncreM xapaKrepHOH Yeproi1 RBllReTCR 
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0.1 

0.00 10000 20000 30000 
I , c 

PHc. 21. 3aBHCMMOCTb S(t) AJlR H=l K3 : Po=-1 (2). 0 (3), +1 (1) . 

pe11aKCaU,V10HHOe noBeAeHHe <j>V13H4eCKHX 

se11HYHH. TaK, 3TO VI Meer Mecro B 

csepxnpoBOAHHKax H B CHCTeMax H3 MarHHTHblX 

HaHOYacrnu,. B pa6ore [23) 6bl/10 OTMeYeHO, 4TO 

CYU\eCTByer 611H3KaR 

<j>eppoMarHHTHblX 

csepxnpoBOAHHKOB. 

aHa/lOrHR B noBeAeHHH 

aHcaM611ei1 Yacrnu, H 

CyU\eCTBYIOU\aR s 3rnx 

CHCTeMax 11orapH<j>MH4eCKaR 3aBHCHMOCTb 

BpeMeHHOH pe11aKCaU,HH Ha61110Aa11aCb TaK>Ke H 

AJlR TOHKHX MarHHTHblX n11eHOK. 

B pa6ore npHBOARTCR AaHHb1e 

H3MepeHHH AHHaMH4eCKoro noBeAeHHR, a 

HMeHHO, pe11aKCaU,HH MarHHTHOro COCTORHHR 

CllOHCTOH crpyKrypbl V/FeV/V/FeV/Nb [A3) . Ha 

p1-1c. 21 np1-1BeAeHa 3aBHCHMOCTb S(t) npH A=l.8 A 
noC/le cryneHYaroro H3MeHeHHR nO/lR H 

TeMneparypbl. CrpyKrypa HaMarHH4HBa11aCb B MarHHTHOM no11e 2 K3 npH TeMneparype 10 K. nocKO/lbKY 

MarHHTHoe no11e 11e>KHT B n11ocKocrn c110R, AOMeHbl, op1-1eHrnposaHHb1e nepneHAHKYllRPHO c11010, 

opHeHrnposa111-1cb B n11ocKocrn C/lOR. 3areM no11e yMeHbWa11ocb AO 17 3, ycraHas111-1sa11acb reMneparypa 

2 K H npoBOAHllOCb H3MepeHHe. BVIAHO, YTO c reYeHHeM speMeHH pacceRHHe He~1TpoHOB pacrer, a 

no11RpH3aU,HR H3MeHReT 3HaK. Poer pacceRHHR CBR3aH c pocTOM n11ornocrn AOMeHHblX creHOK, a 
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PMc. 22. 3 a eHCHMOCTb S(t) a MarHHTHOM none 17 3 e c11 y4ae 
npe ABapHTe /lbHO HaMarHH4e HHOrO 0 6pa3u,a B MarHHTHOM none 

2 K3 npH T=2 K AJlR ~=l.8 A. 

H3MeHeHHe no11RpH3aU,HH nosoporoM 

MOMeHTOB K/laCTepOB. neperH6 B 3aBVICHMOCTH 

03HaYaer npoRBlleHHe HOBOH AOMeHHOH crpyKrypbl, 

a HMeHHO, o6pa3ylOTCR eU\e 6011ee Me/lKVle AOMeHbl. 

B pe3y11brare n110THOCTb AOMeHHblX creHOK eU\e 

6011ee B03pacraer H, cooTBeTcTBeHHO, B03pacraer 

HHTeHCHBHOCTb paCCeRHVIR HeHTpOHOB. npH 3TOM 

CTOHT OTMeTHTb, 4TO npou,ecc pe11aKCaU,HH npH 

CBepxnpOBOARU\HX C/lORX CTPYKTYPbl (T=2, 3, 6 K) 

cyU\eCTBeHHO OT/1V1Ya11rn or npou,ecca pe11aKcau,1-11-1 c 

HecsepxnpoBOARU\HMH C/lORMH (T=lO K). B nepBOM 

c11y4ae OH nporeKa/l B ABe CTaAHH, BO BTOpOM - B 

OAHY. Aei1cTBHe csepxnpoBOAHMOCrn npHBOAHT K 

o6pa3oBaHHIO AOMeHOB MeHbwero, YeM o6bl4HO, 

pa3Mepa. 

Ha p1-1c. 22 npHBeAeHa 3aBHCHMOCTb 5(t) 

AJlR P0=+1, -1, 0 B MarHHTHOM no11e 1 K3 npH T=2 K. 

BHAHO, 4TO 3aBHCHMOCrn Po=+l H Po=-1 

OCU,H/lllHPYIOT H nepeceKalOTCR. 3TO COOTBeTCTByer TOMy, 4TO MOMeHTbl K/lacrepoB Hanpas11eHbl H/lH no 

no1110 (3aBHCHMOCTb Po=+l BblWe 3aBHCHMocrn Po=-1) 1-1111-1 nporns no11R (3aBHCHMOCTb Po=+l HH>Ke 

3aBHCHMocrn P0=-l). ToYKH nepeceYeHHR 3aBHCHMocrei1 Po=+l VI Po=-1 cooTBercrsy10r paBHOH Hy1110 

cpeAHeH HaMarHH4eHHOCTH K/lacrepoB, KOrAa see MOMeHTbl nepneHAVIKYllRPHbl BeKTOPY MarHHTHOro no/lR 

H/lH KOrAa HanpaB/leHHR MOMeHTOB pacnpeAe/leHbl CHMMeTpV14HO OTHOCHTe/lbHO nepneHAHKYllRpa K 

BeKTOpy MarHVITHOro no/lR. "13 3aBHCVIMOCrn C/leAyer, 4TO HaMarHH4eHHOCTb H3MeHReTCR 6011ee, YeM Ha 

40 %. TaKHM o6pa30M pa3BHTHe AOMeHHOH CTPYKTYPbl co BpeMeHeM npH T=2 K conpOBO>KAaeTCR 

yBe/lH4eHVleM aMnllVITYAbl K011e6aHHH MarHHTHblX MOMeHTOB KllacrepOB. nocKO/lbKY C pOCTOM nllOTHOCTH 
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AOMeHHblX CTeHOK yMeHbwaeTCR pacceAHHOe MarHl'1THOe no11e OT AOMeHHOi:1 CTpyKTYPbl, TO 11 MarHl1THOe 

B03Aei:1cTB11e AOMeHHoi:1 CTPYKTYPbl Ha c11cTeMy K11aCTepoB yMeHbwaeTCA. B 3TOM c11y4ae C11CTeMa 

K/laCTepoB HaXOA11TCA B Heycrni:1411BOM K011e6aTe/lbHOM COCTOAH1111, nepeXOAA 113 OAHOro COCTOAHl1A B 

MarHl1THOM no11e BO Brnpoe 11 o6parno. Bo3pacTa10lJ.jee no aMnl111TYAe K011e6aTe11bHoe ABl1>+<eH11e 

MOMeHTOB K11acTepoB np11 Ha111141111 ABYX MarHl1THblX c11cTeM AB/lAeTcA np113HaKOM noAB/leH11A AOMeHHoi:1 

<j>a3bl 113 Me11K11x AOMeHOB. 

Ha p11c. 23 np11BeAeHbl 3aB11C11MoCT11 5(t) np11 T=3 K B A11ana30He 113MeHeHl1A MarH11rnoro no11A 

H=17 3+8 K3. 3Ha4eH11e MarH11rnoro no11A yCTaHaB1111Ba11ocb np11 T=12 K, norne Yero TeMnepaTYpa 

noH11>1<a11acb AO 3 K 11 npoBOA11110Cb 113MepeH11e. 3aB11C11Mocrn 4+8 np11 H=4+8 K3 Ha HaYallbHOM oTpe3Ke 

BpeMeH11 xapaKTep113ylOTCR yMeHbWeH11eM pacceAHl1A Hei:1Tp0HOB, 4TO o6bACHAeTCR yMeHbWeHl1eM 

nllOTHOCTl1 4eHTPOB nl1HHl1Hra B caepxnpOBOAAlJ.111X C/lOAX. noATBep>+<AeH11eM AaHHOro MexaHl13Ma 

AB/lAeTCR Ha61110AaeMaA 3aBl1Cl1MOCTb 3aKOHa pacceAHl1A Hei:1Tp0HOB, KOTOpaA COOTBeTcTByeT Teop1111 

s 
0.24 

0.20 

01J l 
2 

0.12 L I 
0 10000 20000 

t, c 

PMc. 23. 3aaMrnMOCTb S(t) npM Po=+l "H=17 3 (1), 1 K3 (2), 2 K3 

(3), 4 K3 (4), 6 K3 (6), 7 K3 (7), 8 K3 (8); Po=-1 M H=4 K3 (5) . 

pe11aKca41111 HaMarH114eHHOCTl1 B 

H113KOTeMnepaTypHblX caepxnpoBOAHl1Kax, 

o6bACHAIOLI.jei:1 pe11aKca41110 CpblBOM B11Xpei:1 c 

4eHTpOB nl1HHl1Hra. 

Bb1n011HeHHb1e pea11bHOM BpeMeH11 

A11HaM11YecK11e Hei:1TpOHHble 11CC/leAOBaHl1A 

nOATBepA111111 11X Ba>+<HOCTb AJ1A yCTaHOB/leHl1A 

np11pOAbl MarHeTl13Ma B <j>eppoMarHl1THO­

caepxnpOBOAAlJ.111X c11011cTblX CTPYKTYpax. ob1110 

noKa3aHO, 4TO Cl1CTeMbl MarHl1THblX KllaCTepoB 11 

<j>eppoMarHl1THblX AOMeHOB B3al1MOAei:1cTBylOT 11 

11x noBeAeH11e onpeAe11AeTCA 

caepxnpoBOAAlJ.111Ml1 c110AM11 CTPYKTYPbl. TaK, 

6b1110 ycTaHOB11eHo, 4TO npo4ecc <j>opM11poBaH11A 

<j>eppoMarHl1THblX AOMeHOB OAHOro pa3Mepa co 

BpeMeHeM nOA Aei:1cTB11eM caepxnpoBOA11MOCTl1 

CMeHAeTCR npo4eCCOM o6pa30BaHl1A AOMeHOB MeHbWerO pa3Mepa . np11 3TOM CKOpOCTb o6pa30BaHl1A 

HOBOi:1 AOMeHHOi:1 <j>a3bl B03paCTaeT np11 nOHl1>+<eHl111 TeMnepaTYPbl Hl1>+<e Kp11Tl14eCKoi:1 B rnoe H110611A. 

0AHOBpeMeHHO c <j>opM11poBaH11eM CTPYKTYPbl c Ma11b1M11 AOMeHaM11 B MarHl1THOM no11e 1 K3 BnllOTb AO 

MOMeHTa BpeMeH11 paBHOro 6 4 B Cl1CTeMe K/laCTepoB B03paCTa11a aMn/111TYAa K011e6aH11i:1 MarHl1THblX 

MOMeHTOB OT HanpaB11eH11A BAO/lb Marn11rnoro no11A K HanpaB11eH1110 npornB no11A. noc11eAHee AB1111ocb 

pe3yllbTarnM oc11a611eH11A MarH11rnoro B3al1MOAei:1cTB11A K/laCTepoB co CTPYKTYPOi:1 113 Ma/lblX AOMeHOB, 11, 

KaK C/leACTBl1e, nOAB/leHl1A Heycrni:1411BOro COCTOAH11A K011e6aHl1A Cl1CTeMbl K/laCTepoB Me>+<AY ABYMA 

Ml1Hl1MyMaMl1 ee 3Hepr1111 B MarHl1THOM no11e [21]. 

B 3aK/ll04eHl1H cyMM11pOBaHbl OCHOBHble pe3yllbTaTbl pa60Tbl, KOTOpb1e 3aK/ll04alOTCR 

ClleAYIOlJ.1eM: 

1. B pa6oTe BnepBble AeTallbHO 11crneAOBa1111cb MarHl1THb1e 11 caepxnpoBOAAlJ.111e csoi:1cTBa 

HeOAHOPOAHblX MHorornoi:1HblX CTPYKTYP c 4epeAYIOlJ.111Ml1CA <j>epp0Marn11rnb1M11 11 

caepxnpOBOAAlJ.111Ml1 C/10AMl1. Ha61110Aalll1Cb HOBble 11 He npeACKa3aHHble paHee 3<j><j>eKTbl, 

06yrnoB11eHHb1e 113MeHeH11eM HepaBHOBeCHoro cynepnapaMarH11rnoro coCTOAHl1A B61111311 

TeMnepaTypbl caepxnpoBOAAlJ.1erO nepeXOAa CTPYKTYPbl. 

2. npeAJ10>+<eHbl MeTOAbl Hei:1TpOHHOi:1 pe<j>11eKTOMeTp1111 B pea/lbHOM BpeMeHl1 11 perl1CTpa41111 pacceAH11A 

Hei:1TpOHOB B CKO/lb3All.jei:1 reoMeTp1111 Ha BpeMAnpo11eTHOM pe<j>11eKTOMeTpe AJlA 11CCJ1eAOBaHl1A 

HeOAHOPOAHblX MHOrornoi:1HblX CTpyKTyp c 4epeAYIOlJ.111Ml1CR <j>eppoMarHl1THblMl1 11 

caepxnpOBOAAlJ.111Ml1 C/10AMl1. 
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B 3aK/ll04eH1111 TaK>+<e paccMaTp11sa10TCR nepcneKrnBbl 11cc11eAOBaH11i:1 3<j><j>eKTOB 611113ocrn B 

aKTl1H11AHblX reTepoCTPYKTYpax. AKT11Hl1AHb1e coeA11HeH11A npoABllAIOT 6orarne pa3Hoo6pa311e MarHl1THblX 

11 caepxnpoBOAAlJ.111X caoi:1cTB, CBA3aHHblX c Ha1111411eM He3ano11HeHHoi:1 5f-060110YK11 . B reTepocTpYKTYpax 

nOA06HblX 3/leMeHTOB B03MO>+<HO Ha61110AeH11e HOBblX 3<j><j>eKTOB, He Ha61110AalOLI.jl1XCA B 06beMHOM 

Be lJ.jeCTBe. noMl1MO npo4ero l1CC11eAOBaH11e aKTl1H11AHblX reTepOCTPYKTYP npeACTaB/lAeT 11HTepec no 

cpaBHeHl1IO c 11CC/leAOBaHl1eM o6beMHblX MaTep11a110B, noCKO/lbKY no3B0/1AeT npoBOA11Tb 3Kcnep11MeHTbl 

Ha He60J1bW11X K0/1114eCTBax paA110aKTl1BHOro BelJ.jeCTBa . 

611arOAapHOCTH 

ABrnp Bb1pa>1<aeT 11CKpeHHIOIO 611aroAapHOCTb caoeMy HayYHOMY pyKOBOA11Te1110 10p1110 Bae1111beB11Yy 

H11K11TeHKO 3a Bb16op sa>+<HblX 11 11HTepeCHblX 3aAa4, 3a noAAep>+<KY 11 noMOlJ.1b B pa6oTe. ABrnp 611aroAap11T 

KO/lller A11eKCaHApa Bl1KTOpOBl14a neTpeHKO, IOpl1A H11KO/laeBl14a Xai:1AYKOBa 11 CepreA BaCl111beBl14a 

Ko>+<eBHl1KOBa 3a nepeAaHHble 3HaH11A 11 onblT, a TaK>+<e noMOlJ.1b, OKa3aHHYIO B npo4ecce Bb1no11HeH11A 

pa60Tbl. ABrnp 611aroAap11T B11KTOpa na3apeBl14a AKCeHOBa 3a no11e3Hble o6cy>+<AeHl1A B pa6oTe. (411Tal0 

cso11M AOllfOM BblCKa3aTb rny60Ky10 611aroAapHOCTb cao11M poA11Te11AM, 611113Kl1M, APY3bAM. ~CKpeHHe 

611aroAapeH cBoei:1 cynpyre 3a noAAep>+<Ky. 
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