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OBLIAA XAPAKTEPUCTUKA PABOTDI
AKTYaNIbHOCTb pPaboTbl
MarHuTHble CBOWCTBa CBEPXMPOBOAHUKOB (S) U deppomarHeTMkos (F) aHTaroHMcTUYHbI. Ecnn B
dbeppomarHeTmke MarHMTHbIE MOMEHTbI aTOMOB BbICTPAWBAOTCA KOJJIMHEAPHO HamnpaBAEHWUIO BHELIHEro

MarHMTHOro Nons, TO CBEPXNPOBOAHMK MNOJIHOCTbIO BbITECHAET MarHUTHOE NoJse, TaK Kak CBepXNpoBoAasALLme
3/IEKTPOHHbIE Mapbl MMET aHTMMapasienbHoe ynopagodyeHue cnuHoB. MOCKObKY 0bMeHHan 3Heprua
nponopumMoHanbHa TemnepaType $a3oBOro nepexoaa, MoXHO 3aKAYNTb ANA BONbLIMHCTBA BELLECTB, YTO
dbeppoMarHuTHbIM NapameTp MNopAfika MNPEeBOCXOAUT CBEPXNPOBOAALIMIA B HECKO/IbKO pa3, NosTomy B
cBepxnpoBogswem GpeppomarHeTUKe 0XunaaeTcs nogas/eHme CBepxnpoBOANMOCTH, YTO NpeacKasaHo eLwé
fMH3byprom B 1956 r. Tem He MeHee M3BECTHO, YTO COCYLLECTBOBAaHME CBEPXMPOBOAMMOCTM M
deppomarHeTMama BO3MOXKHO B HEKOTOPbIX COEAMHEHMAX YpaHa, a TaKXe peaKo3emesbHbIX 3/1eMEHTOB.
Ho gaHHble maTepuanbl MMEIOT C/I0XKHYIO XMMUUYECKYHO U 3/IEKTPOHHYIO CTPYKTYPbI, a A8 UCCAeA0BaHUA
MarHuTHbIX 3¢ eKTOB NpeanoyTUTeNbHee bosiee NPOCTbie CUCTEMDbI.

C apyroii cTopoHbl, B PpU3MKe CBEPXMNPOBOAMMOCTU M3BECTHbI 3ddeKTbl 6an3ocTu. Knaccmyeckni
apdpekTt 6amsoctm [1], nposABAseTcA B C/Ay4ae KOHTAKTa Me)KAy HOPMaJibHbIM MeTaslioMm W
cBepxnpoBogHMKOM. KynepoBcKune napbl MOTyT NPOHUKATb U3 CBEPXNPOBOAHMKA B HOPMa/bHbIA MeTana u
HEKOTOpPOEe BpPeMsi TaM KUTb. ITO MPUBOAMT K TOMY, YTO KaKOM-TO C/ION HOPMAJIbHOrO meTasnna B6au3smn
rpaHWUbl CTAHOBMTCA CBepxnpoBogAwMm. [pM 3TOM NPOHMKHOBEHME Map W3 CBEPXNPOBOAHMKA B
HOpMaﬂbeIl‘/JI meTann npmBoauUT K yMeHbleHU KX NJNOTHOCTU B CBeEPXMNPOBOAHWKeE, T.e. NapamMeTp
nopsaKa B CBEPXNPOBOAHUKE BOHAU3K rpaHMUbl ByAeT MeHblle eauHULbI AaXKe B OTCYTCTBME MarHMTHOrO
nosdA. B HopmanbHOM HEMarHUTHOM MeTasJie pacnapuBaHne NPOUCXOAMT 3a CYET TenioBbIX GAyKTyaunii. B
C/lyYae KOHTaKTa CBEPXNpPOBOAHWK/PeppomMarHeTMk nosBAseTcA ewé oauH pacrnapusalowmii ¢akrop —
o0bmeHHoe B3aMMOAENCTBME, KOTOPOE MbITAETCA BbICTPOUTb CMUHbI 3/IEKTPOHOB B OAHOM HanpaB/ieHuu, T.€.
paspywuTb napy, KoTopas obpa3oBaHa M3 3/1EKTPOHOB C NPOTMBOMOJIONKHO HaMNpPaB/eHHbIMU CMIMHAMM.
Ecnu Temnepatypa Kiopu deppomarHeTnka MHOro 60/blue KpUTUYECKOW TeMMepaTypbl CBEPXNPOBOAHMKA,
TO cpenHas obMmeHHas sHeprus B dpeppomarHeTuke E,, > kg T, n obMmeHHOe B3aMMOAENCTBUE MOXKHO
CYMUTaTb EANHCTBEHHbIM pacnapuBaowmm GakTopom. B Takom ciyyae HaBeAeHHbI NapameTp Nopsaka He
TONIbKO 3aTyXaeT, HO U OCUMANPYET.

Cuctemamn, B KOTOpbiXx peanusylorca  3ddeKTbl  6/M30CTU  ABAAKOTCA  UCKYCCTBEHHbIE
HU3KOpa3MepHble TreTePOCTPYKTYpbl € yepeaylowmmuca ¢GeppomMarHUTHbIMU U CBEPXNPOBOAALLUMM
cnosimu. MoCKONbKY TONLMHBI CI0EB NOAOOHbIX CTPYKTYP COpPasmMepHbl C PasNMYHbIMU KOPPENALMOHHbIMU
O/MIHaMK, W3BECTHbIMWM B ¢GU3MKe TBEPAOro Tena, TO B TeTepPOCTPYKTypax BO3MOXKHO HabaogeHue
dU3NYECKUX ABJIEHMI, KOTOpble He HabnwgatTca B obbeMHOM BellecTBe. Beuay pasHoobpasua
npeackasaHHbiXx  3pdektoB 6amM3ocTM  [2] B reTepocTpyKTypax deppomarHeTuk/cBepxnpoBOaHMK,
06YyCNOBNEHHbIX B3aMmogencTBueM (GeppoMarHUTHOTO W CBEPXMPOBOAALLErO MNapameTpoB MOpPAAKa,
nogobHble CTPYKTYpbl npeacTaBastoT 6onblioi MHTepec. Ho ana 6onblunHcTBa S/F reTepocTpyKTyp,
COCTOALUMX U3 3/1IEMEHTAPHbIX METa/N/I0B AW CinaBoB, TemnepaTypa Kiopu Trp 3HauMTeNbHO MpeBbilaeT
TemnepaTypy csepxnposogsawero nepexoga T., a cnefosatenbHO, GeppoOMarHUTHbIA NapameTp NopaaKa
6onbwe ceepxnposogsuwero. Mostomy ana nogobHbIX CTPYKTYpP OOMbLWMHCTBO MNpeacKasaHHbIX W
HabnogaembIXx 3KCNepuUmeHTanbHO 3¢GGEKTOB CBA3AaHO C M3MEHEHWEM CBEPXMPOBOAALLIMX CBOWCTB MO,
BMAHMEM deppomarHeTMsma. IddeKTbl 6AM30CTM, CBA3AHHbIE C BAUAHMEM CBEPXMNPOBOAMMOCTM Ha
deppomarHeTnasm meHee u3ydyeHbl. OAUH M3 BO3MOMKHbIX MyTeM CO34aHMA CUCTEM C BO3MOXKHOCTbIO
ynpaB/ieHUA MarHUTHbIMW CBOMCTBAMM CMUCTEMbI C MOMOLLIO CBEPXMPOBOAALLEro NapameTpa nopagKka —
3TO WCMNO/Ib30BaHWE CBEPXMPOBOAHUKOB W GEeppoOMarHeTMKOB CO CPaBHUMbIMU  TemnepaTypamu
cBepxnpoBoAsllero nepexoga W TemnepaTypoit Kiopu. Kak BO3MOMKHble KaHAuAaTbl — 3TO
BbICOKOTEMMEPATyPHble KynpaTHble CBEPXMPOBOAHWKM U PeppoMarHUTHble MaHraHuTbl. Ho, Bo-nepBbIX,
OaHHble maTepuanbl 061a4al0T CNOXKHOW 3NEKTPOHHON N XMMUUYECKON CTPYKTYPOI, BO-BTOPbIX, MOCKObKY
OaHHble MmaTepuanbl MHOFOKOMMOHEHTHbIE, W3rOTOBJIEHWE OAHOPOAHbIX TOHKMX MJIEHOK fBAsETCH
HEeTPMBUAbHOM 3aayell, YTO OC/IOKHAET BO3MOXKHOCTb MOJIyYeHUS NOAOOHbLIX reTepoCcTpyKTyp. Tem He
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meHee B S/F cuctemax Mo-MpesKHeMy OXKMAAITCA 3HaYMTe/IbHble MarHUTHble 3$deKTbl 6A130CTH, ecnm
apdekTnBHan obmeHHan sHeprua Ep~Trdp/ds cpasHuma ¢ Eg~T,, roe dg(ds) - TonwmHbl F(S) cnoés [2].
Takmum obpasom 3ddekTMBHaa 0OMEHHaA 3Heprua onpeaenseTca U COOTHOWEHMEM  TOLWMH
beppoMarHUTHOrO U CBEPXMPOBOAALLErO CNOEB. YBE/MYUTb KOHKypeHuuio AByx ¢a3 B MNosb3y
CBEPXMPOBOAMMOCTM MOMHO 33 CYET Manoil TOAMWMHbI peppomarHuTHoro cnoda (~1+10 HM) U 3a cuet
[0CTaToO4YHO 60/bLIOK TONWMHBI cBepxnposoasawero cioa (~10+100 HMm), NpyM KOTOPbIX CBEPXMNPOBOAHMK
NpoABASET CBOMCTBA 0ObEMHOIO BELLLECTBA, B YaCTHOCTU, KPUTUYECKOM TemMNepaTypbl, KOTOpas 3aBUCUT OT
TONWMHBI cnos. Takum obpasom Ans peanusauum AaHHbIX 3ddeKToB To/WwMHA PeppoMarHMTHOro csos
[OMKHa bObITb NOpAAKa KOPPENsLMOHHOW A/IMHbI cBepXnpoBoaumocTu B deppomarHeTuke &x. B pabote
MOKasaHO, 4YTO B C/ly4yae TaKMX ManbiXx TOAWMH EPPOMArHUTHLIX CNOEB, CAOW NOAy4YaroTcA
HEeOAHOPOAHbIMM, YTO MpPOABAAETCA B 0Opa3soBaHMM K/IacTEPOB OAHOMO 3/IeMeHTa B cpege W3 Apyroro
3aNeMeHTa.

PaHee He wuccnegoBanncb 0COBEHHOCTM 3PPeKToB 6AM30CTU, O0OYCNOBNEHHbIX BAUSHUEM
CBEPXNPOBOAMMOCTM HA MArHUTHoe yropagoYyeHUe CUCTeMbl, B HEOAHOPOAHbIX TeTePOCTPYKTYypax.
HeogHOPOAHOCTb CTPYKTYpbl 3aKAO4aeTCsd B Ha/IMUMM  KNacTepoB, 4TO MPUBOAUT K 06pasoBaHUIo
HEepaBHOBECHOIO COCTOSIHUA cyrnepnapamarHeTnsma. Takum obpasom B paboTte nccnegoBannch 3pdeKTsl,
0bycnoBNEHHbIE U3MEHEHMEM HEPaBHOBECHOrO CyrneprnapamarHUTHOrO COCTOAHUA B6AM3M TemnepaTypbl
CBEPXMNPOBOAALLErO Nepexona CTPYKTYpbl.

Uenbto pabortbl ABAANOCL WUcciedoBaHWe BAMAHMA 30PeKToB 6M30CTM Ha MarHUTHble U
CBEpXNpoBOAALIME  CBOMCTBA  HEOAHOPOAHbIX  MHOFOCAOWMHbBIX  CTPYKTYP C  4epeayolmuca
beppoOMarHUTHbBIMKU N CBEPXMNPOBOAALLMMM CAOAMM.

[na [OCTUMKEHMA NOCTABAEHHON Lienn Bbln pelleHbl cneaytolime 3agauu:

1. WccnepoBaHwe TeMNepaTypHOro M BPEMEHHOIo NOBEAEHMNA MAarHUTHbIX U CBEPXMPOBOAALLNX CBOMCTB
cTpyKTyp V/FeV/V(Cr)/FeV/Nb, Nb/CuNi, Nb/Gd/Nb n [Nb/Gd]x12.

2. Hosble pa3paboTkn meToaoB perucTpaumm Ha pednektometrpe PEMYP Ha peaktope UEBEP-2, BKAtoYas
pedeKTOMEeTPUIO B peasibHOM BPeMEHM.

OCHOBHbIE MON0XEHWUSA, BLIHOCUMbIE Ha 3aLUUTY:

1. YcraHoB/eHo, yTto MarHuTHble n cBepxnposoasiimne cBOWCTBa reTepoCcTpyKTyp
V/Feo7Vos/V/FeosVos/Nb,  Nb(70  HMm)/CuossNioes(4 Hm), Nb(70  Hm)/Cuo19Nios1(2,3,4HM),
Nb(25Hm)/Gd(0.8+7.5 HM)/Nb(25Hm) u [Nb(25HMm)/Gd(1.2,3,5HM)]12  0BycnoBieHbl HanAnunem
cynepnapamarHUTHbIX K1acTepos.

2. YcTaHOB/EHa CBA3b MarHUTHOrO MOMEHTa GEePPOMArHMTHOrO C/I0S U KPUTUYECKOW CBEPXMNPOBOAALLEN
TemnepaTypbl cTpyKTyp Nb(70 Hm)/Cuo.19Niosi(2,3,44m) 1 Nb(25HMm)/Gd(0.8+7.5 Hm)/Nb(25HMm),
NPOABAAIOWANACA B YMEHbLUEHUWN KPUTUYECKOM TemnepaTypbl NpU YBEIMYEHNN MarHUTHOFO MOMEHTA.

3. Habnwoganca avamarHetusm cTpyktyp V/Feo;Vos/V/FeosVos/Nb, Nb(70 Hm)/Cuo3sNioes(4 Hm) 1 Nb(70
HM)/Cuo.19Nio.51(2,3,4HM) npu T>T, M NepeopueHTaLmsa MarHUTHbIX MOMEHTOB CUCTEM CTPYKTYPbI Npu
CBEPXNPOBOAALLEM Mepexoae.

4. O6HapyxeH AnamarHetmsm nepuoguueckmx cTpyktyp [Nb(254m)/Gd(1.2,3,5Hm)]12 npu TemnepaType
HU}KEe CBEPXNPOBOAALLEN KPUTUUECKOMN.

5. YcTaHoOB/eHa KOppenaumna noBeaeHna MarHUTHbIX CTPYKTYP C KOPPENALMOHHOW ANMHON OT aHrcTpem
[0 MUKPOH B MHOroc/ioMHbIx cuctemax Nb(70 Hm)/CuossNioes(4 HM) 1 Nb(70 Hm)/Cuo.1oNio.s1(4HM),
NPoABAAIOWANACA B YMEHbLIEHUM HamarHM4eHHoCcTM npu TemnepaTypax 4K u 2.5K Huke
CBEPXNPOBOAALLEN KPUTUYECKON.

6. Habnwoaanocb HamarHMYMBaHME AOMEHHOM CTPYKTYPbl U Pa3marHMuMBaHWe CUCTEMbI KNacTepos npu
YMEHbLIEHUN  TemnepaTypbl HUKe cBepXnpoBoasALLei KPUTUYECKOM B CTPYKTYype
V/Feo7Vo3/V/Feo7Vo3/Nb, npu 3TOM NOAHBIA MarHUTHbBIA MOMEHT CTPYKTYPbl CTPEMMACA K HYAIO.
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7. Habnoganacb penakcauma MarHUTHOrO COCTOSAIHMA  CTPYKTYpbl  V/Feo7Vos/V/Feo7Vos/Nb npu
TemnepaType HUXKEe CBEPXMNPOBOAALLEN KPUTUYECKON, 0OYCNOBAEHHAA B3aMMOLENCTBMEM KNACTEPOB
W AOMEHOB, YTO MPOABAANOCH B ABYXCTYNEHYAaTOM WM3MEHEHWUM MNOTHOCTU AOMEHHbIX CTEHOK U
KOTrePEHTHbIX OCUMANALUMAX HAaNPaBAEHUA MAarHUTHbIX MOMEHTOB K/J1acTepoB.

8. BbINO/IHEHO pa3BUTUE MeToda HeMTPOHHON pedAeKTOMETPUM, YTO 3aKAoYasocb B perucrpauum
COMYTCTBYIOWLEIO BTOPWUYHOIO W3/yY4EHUA B BWUAE 3apPAXKEHHbIX 4YacTUL, WM ramMma-KBaHTOB,
Bbl/IETAIOLWMX NOC/Ie 3axBaTa HEUTPOHOB AAPAMM BELLECTBA U B BUAE HEMTPOHOB C MEpPeBOPOTOM
CMWHA NPU OTPAXKEHUN OT MArHUTHO-HEKON/IMHEAPHOM cpesbl. YCTaHOBAEHO, YTO NPOCTPAHCTBEHHOE
paspelleHre Npu onpeaeneHnm NONOKEHNA U3NYYAIOLWLENO C/10A MOXKET COCTaBAATb 1 HM.

HayyHasa HoBu3Ha paboTbl. B paboTte Bnepsble:
1. O6Hapy»KeHa ynopaaoyeHHasa pewéTKka A4ePHO-MArHUTHbIX K1acTepoB B FeTEPOCTPYKTYpPE.
MoAaTBEPKAEHO BbLICOKOE 3HAYEHWE KOPPENAUMOHHON A/IMHbI CBEPXMNPOBOAUMOCTM B a0/ IMHUM

&r=4 HMm.
3. O6HapyeHO nepemarHuymMBaHWe MarHUTHOrO Cn0A NpU  CBEPXNPOBOAALLEM Nepexoje B
reTepoCTpyKType.

4. YcTaHOB/IEHA MEpPecTpoiika MarHUTHOIO COCTOSIHUA CTPYKTYPbl MPW TeEMMepaType Huxe T. B y3KOM
Auana3oHe Temnepatypbl AT<2 K.

5. O6Hapy)eHO M3MeHeHMEe MarHWUTHbIX CBOMCTB CTPYKTYpPbl NoZ BAWAHMEM CBEPXMNPOBOAUMOCTM U
penakcauma MarHUTHOroO COCTOAHMA CTPYKTYpPbl B YacTOTHOM ananasoHe 0.06-0.3 mlu.

6. [MpumeHeHa HeNTpPOHHaA pedaeKToOMeTpusa B peasibHOM BpeMeHU ANA UCCNe0BaHUA penakcauuun
MarHMUTHOrO COCTOAAHUA reTePOCTPYKTYPbI.

HayyHas 1 npakTuyeckaa 3HaYMMOCTb PaboThbl:

YcTaHOB/IEHHbIE B pe3y/ibTaTe BbIMNO/IHEHUA AaHHOM paboTbl 3dPeKTbl 6AM30CTU B HEOAHOPOAHbIX
beppoMarHUTHO-CBEPXMNPOBOAALLMX TETEPOCTPYKTYPax BHOCAT 3HAYMUTENbHbIN BKNa4 B COBPEMEHHblE
NpeAcTaBNeHNs O COCYLEeCTBOBAaHUU CBEPXMPOBOAMMOCTM W deppomMarHeTMama B HM3KOPA3MEpPHbIX
cuctemax. [lonyyeHHble 3KCNEpUMMEHTaNbHble pe3ynbTaTbl MOryT 6biTb BOCTpeboBaHbl B  HayYHbIX
nabopartopuax, 3aHMMaLWMXCA Npobiemammn CBEPXNPOBOAMMOCTU, MarHeTM3ma, GU3NKM HAHOCTPYKTYP, U
B 6yaywem MoryT 6biTb Mosie3Hbl NPW Pa3sBUTUM TaKMX HaMpaBiEHUIM TEXHOJIOTUIA, KaK CMUHTPOHMKA,
KBAHTOBbI U HEMPOMOPDHbIA KOMMBIOTUHT.

Anpobauua paboTbl. Pe3ynbTaThl, NpeacTaBAeHHbIe B ANcCepPTaLMOHHON paboTe, AOKNaAbIBaANCD Ha
MEeXAYHAPOAHbIX U POCCUMCKUX KOHDEPEHLMAX, HA NPUTNALLEHHbIX CEMUHapax U Ha CEMWHapax B oTaene
HeNTPOHHbIX MCCNeaoBaHU KOHAEHCMPOBaHHbIX cpes JlabopaTopun HeWTpoHHON ¢usnkn mm. U.M.
®paHKa, 3acefaHMAX NPOrPaMMHO — KOHCY/IbTaTUBHOIO KOMUTETa MO ¢U3MKe KOHAEHCUMPOBAHHBIX cpen,
onAaun:

1. XXIV HayuHasa KoHdepeHuna monoabix y4éHoix n cneumannctos OUAN B8 2020 r., r. y6Ha, Poccus.

2. MexayHapoaHaa KoHdepeHuMa No nccnefoBaHUI0O KOHAEHCMPOBAHHbIX cpes Ha peakTope UMBP-2 B
2015, 2017, 2020 rr., r. iy6Ha, Poccus.

3. 42, 47, 49, 51 ceccum NPOrpammHO-KOHCY/NbTaTUBHOTO KOMMUTETA MO (M3MKe KOHAEHCMPOBAHHbIX
cpen ONAU B 2015, 2018, 2019 1 2020 rr., r. Aiy6Ha, Poccus.

4. EBponeicKkas KoHbepeHUMa No paccesaHUo HeWTpoHoB, r. CaHkT-MeTepbypr, Poccus, 30 uioHa — 5
nona, 2019 .

5. MMpurnaweHHbI AoKkNaa Ha cemuHape B UPM YpO PAH, r. EkaTepuHbypr, Poccus, 2019.
18-a mexayHapoaHasa bankaHckaa KoHdepeHUMA NO NpUKAAZHOW ¢u3mnKe, r. KoHcTaHTa, PymblHKS,
2018.

7. Monspu3oBaHHble HEUTPOHbI A/A UCCNeA0BaHUS KOHAEHCUMPOBAHHbLIX cpes, . ABUHITOH, AHrAus,
2018.



8. VI wKona no ¢$13nKe Nonspmn3oBaHHbIX HEMTPOHOB, I. [aTuMHa, Poccusa, 2017.

9. Falling Walls Lab Dubna 2017.

10. PagnoaneKkTpoHMKa, INEKTPOTEXHMKA U SHepreTnKa: 22 n 23 MexagyHapogHaa Hay4yHO-TEXHUYECKasA
KOHpepeHUMa cTyaeHToB 1 acnmupaHTos B 2016 1 2017 rr., HUY «M3W», r. Mocksa, Poccus.

11. NMpurnawéHHbI goKknag Ha cemunHape B UPTT PAH, r. YepHoronoBKa, Poccus, 2016.

12. XX MeKayHapoaHbin cumnosnym «HaHopU3anKa n HaHO3NEKTPOHMKaAY, I. HuxHKUIA Hosropoga, Poccus,
2016.

13. VI Bcepoccuitckan monogérHasa KoHdepeHuma no ¢yHAaMeHTaNbHbIM U MHHOBALMOHHbIM BOMPOCam
coBpemeHHon pusmkn, PUAH, r. Mocksa, Poccusa, 2015.

14. TpeTbe coBelLaHWE NO MaNOYrI0BOMY PACCEAHUIO HENTPOHOB «Mypomew-2015», r. FaTtumHa, Poccus,
2015.

Ny6ankaumnm no Teme guccepraumnm

Mo maTepuanam auccepTaumm onybAMKOBAHO 8 cTaTeil B HAYYHbIX PELEH3MPYEMbIX KYPHanax,
3apernctpuposaH 1 nateHT. CMCOK OCHOBHbIX Ny6AMKaLMIA NPUBOAUTCA B KOHLE aBTopedepaTa. OCHOBHbIE
pes3ynbTaTbl NO Teme AuccepTauum onybankoBaHbl B paboTax B U3AaHUAX, peKoMeHA0BaHHbIX BAK (8 u3
KOTOPbIX MHAEKCUPYIOTCS MEXKAYHAPOAHbIMKU cucTeMamm uuTnposBaHusa Web of Science n Scopus [A1-A8] u
6 MHAOEKCMPYIOTCA HauMOHanbHOM bubanorpadmyeckon 6a3ol gaHHbIX HayYHOro uMTupoBaHua PUHLL [Al-
A6]).

JInuHblA BKNAg, aBTOpa. ABTOP Yy4yacTBOBas B pa3paboTKe HEMTPOHHbIX METOAO0B UCC/AeA0BaHWM,
dbopmynnpoBKe  3agay  mMccnedoBaHWiA,  NpoBeAeHUM  M3MepeHui, obpaboTKe U aHanuse
KCNepMMeHTaIbHbIX AaHHbIX.

[ocToBepHOCTb  pe3ynbTaToB  obecneynBaeTcd  MCMO/Ib30BaHWEM  COBPEMEHHbIX  MeTOAMK
3KCNEePUMEHTa/IbHbIX NUCCAe0BaHWI U MeTog0B 06paboTKM IKCNEPUMEHTabHbLIX AaHHbIX. MpoBeaeHMeEM
9KCMEePUMEHTOB C COB0AEHMEM UAEHTUYHOCTM SKCMEPUMEHTANbHBIX YCNoBUiA. CornacMem noaydYeHHbIX
[AaHHbIX C AaHHbIMK APYruX aBTopoB. MybanKaumeit pesynbTaTtoB paboTbl B pedepupyembix KypHanax.

O6béMm 1 cTpYKTYpa pabotbl. uccepTaumns coCTOMT U3 BBEAEHMUA, NATU [1aB, 3aKatodeHuA. ToaHbIN
06bEM auccepTaumm coctaBaset 162 cTpaHuubl ¢ 76 pucyHKamm u 4 Tabaumuamu. CNUCOK nuTepaTypbl

cofepuT 160 HaMMmeHOBaHMIA.

OCHOBHOE COAEPXAHUE PABOTDI

Bo BBeAeHUU 060OCHOBaHa aKTya/lbHOCTb TeMbl AuccepTauuu, cGOpMyanpoBaHbl Lelb M 33434
WUCCNefoBaHMA, apPryMeHTUPOBAHA HAay4yHasa HOBM3HA M MOKa3aHa NpaKTUYecKasa 3HAaYMMOCTb MOJIYYEHHbIX
pe3ynbTaToB, U3/10XKEHbI BbIHOCMMbIE Ha 3aLLUTY NONOMKEHUA.

B nepBoi rnaBe paccMaTpuMBalOTCA HOBble Pa3paboTKM B MeToLe HEeMTPOHHOM pednekTomeTpuu,
BbINOJIHEHHbIE B pPaMKax AuccepTaluMOHHOM paboTbl. PednektomeTpua nNONApuM30BaHHbIX HENTPOHOB
ABNSAETCS O4HMM U3 Hanbonee MHGOPMATMBHbBIX METOLOB UCCEA0BAHMA HU3KOPA3MEPHbIX FreTepPOCTPYKTYP
C HaHomeTpoBbIM paspeweHvem [3,4]. Ha puc.1l npeacrtaBneHa cxema pedaeKTOMETPUYECKOrO
aKcnepumeHTa. HeMTPOHHbLIM Ny4yoK MNagaeT nog, YrioM CKosibKeHust 8 Ha obpaseu,. OTpaxkeHHble U
paccesHHble OT o06pasua HEeWTPOHbI PErucTPUpPYOTCA  ABYMEPHBIM  MO3ULMOHHO-YYBCTBUTEbHbLIM
[EeTeKTOPOM. 3epKasibHO OTPArKEHHbIE HEMTPOHbLI U NpoLleAlIMe CTPYKTYPY HEUTPOHbI AatoT MHPOopMaLmio
O CpefHuX B NJIOCKOCTM 06pa3ua ALEPHOM U MArHUTHOM KOMMJIEKCHbIX MOTEHLUManax B3aumoLencTeuma
HEWTPOHa CO CTPYKTypol [5]. MeToa nNo3BosAeT TaKKe MccienoBaTb HEOAHOPOAHOCTM CTPYKTYPbl, B TOM
yncne MarHutHble. [na aToro HeobxoAMMa perucTpaumsa KapTuH masoyrnosoro pacceaHus (GISANS) u
andpakumm (GIND) B CKONb3ALLEN FEOMETPUN.




GISANS
Qy

> HesefikaneHoe
/_ obpasey paduodacmomkbiii S A
- P n4ya ompapkeHue
cynep3epKancHoil 5 cnux-chnunnep e
peakmop, nonspusamop paduoyacmomHblii pusay
3amednumens cnuH-chaunnep

Puc. 1. Cxema pepIeKTOMETPUYECKOTO SKCNEPUMEHTA.

Mpu BbINOJIHEHUM AAHHOW PabOTbl UCNONb30BANCL pedIeKTOMETPbI NONAPU30BAHHbIX HEMTPOHOB
PEMYP n NREX. BpemsanponéTHbiii cnekTpometrp PEMYP [6], pacnonoxeH Ha KaHane N28 MmMMy/nbCHOro
peaktopa WBP-2 B [AybHe (Poccusa). Peaktop WBEP-2 paboTaer ¢ 4acTtoToli MOBTOPEHMA WMMYJIbCOB
MoLWHOCTM 5TU, ANUTENbHOCTb MMMYAbCA HEWTPOHOB MpPU BOAAHOM 3ameanutene TOAWMHON 5 cm
coctaBnsaeT 340 mkc. CnektpomeTp NREX — HEUTPOHHbLIN pedieKTOMETP, Pacho/IOKEHHbIA Ha peakTope
FRM-II (FapxuHr, FTepmaHua) molHocTbio 20 MBT. Pabouas AsvHa BoHbI pediekTomeTpa - 4.28 A.

PaccesaHne HEMTPOHOB M3y4Yasochb NYTEM HEMNOCPEACTBEHHOM PErncTpaLmm paccesHHbIX HEMTPOHOB,
TaK M NYTEM M3MEPEHUA KOTEPEHTHO OTPaXKEHHbIX M Mpoweawmnx CTPYKTypy HEeMTpoHoB. B nocnegHem
cnyyae metof Obll Pa3BUT ANA CAy4aa CKOMIb3ALLEro NageHus MNoaapu3oBaHHbIX HenTpoHoB. CyTb ero
COCTOMUT B cnegytoltem. Mpoueccbl NPOXoXAEHUA HEMTPOHOB Yepes CTPYKTYPY OMUCbIBAKOTCA 3aBUCALLMMMU
OT CMMHOBbLIX COCTOAHMIA HeWUTpoHa “+” n “-“
MarHMTHOro nons) koadduumentamm otpaxkenma (R*, R™), nponyckanua (Trt, Tr~), pacceanua (S, S7)
n nornoweHna (M*, M™) HeliTpoHOB. lMpy 3TOM KOrepeHTHbI MPOLLECC PacnpoCTpaHeHWs HeWTPOHOB

(c npoekumeit cnuMHa BAO/Ab WU MPOTUB HanpaB/ieHUA

onucbiBaeTcss Ko3adPUUMEHTaMM OTPAXKEHMA M MNPOMYCKAHWUA, HEKOTEPEHTHbIN — Ko3apdMUMEeHTaMMU
pacceaHma. KoadpoduumeHTbl pacceAHUa M MNOMIOWEHMUA HEMTPOHOB OTBEYAKOT 33 YTeYKY HEMTPOHOB U3
KaHafla KOrepeHTHOro PacnpoCTPaHeHMA W ONpPeaensAtTCA MO3TOMY MHMMbIMM YacTAMM MOTeHUMana
B3aMMOAENCTBUA HEWTPOHOB CO CTPYKTypoih. KoadpduumeHTbl pacceaHMA HEUTPOHOB S+(‘)(QZ)
onpeaensnvcb U3 AaHHbIX KaHa/la KOrepeHTHOro PacnNPoOCTPaHEHNA HEMTPOHOB U3 COOTHOLLEHMA:
ST =1—-R+Tr+ M)+ (1)
KoadpdUUMEHT nornoweHna HeWTpoHoB M 3nemeHTamu  CTPYKTyp He npesblwaer 1073
KO3pPUUMEHT pacceaHMs MPUMECHbIMM aTOMaMy BOJOPOJAa TakKe He npesbiwaetr 107, nostomy
COOTHOLLEHWE MOXHO MCNONb30BaThb A/A ONpedeneHus ¢ TodHocTbio Ao 1073 Besmumubl S(Q,) w3
N3MEPAEMbIX 3KCMEPUMEHTANbHO KO3hPUUMEHTOB oTparkeHusa R(Q,) n nponyckaHua Tr(Q,) HelTpoHoB. B
33aBMCMMOCTM OT MJIOCKOCTM PacceAaHMA NMy4YoK HEWTPOHOB A3ET MHPOPMALMIO O LIEPOXOBATOCTAX FPaHUL,
pasfena WM HeOAHOPOLHOCTAX C KOPPenAuMOHHOW OAMHOW B AuMana3oHe 3HavyeHui  1+100 mKm
(He3epKanbHOe pacceaHWe HEUTPOHOB) UM O HEOAHOPOLAHOCTAX C KOPPENALMOHHON ANNHON B ANana3oHe
1+100 Hm (Mmanoyrnosoe unn AndpakLMoOHHOE paccesHne B CKOb3ALLEen reoMeTpum).
B paboTe mncnonb3soBanacb pednekTomeTpma NOAAPU30BAHHbIX HEUTPOHOB B PeasibHOM BPEMEHM
ONA UccnefoBaHMA NMPOLLECCOB penakcalumMm MarHUTHOTO COCTOAHWA FeTepOCTPYKTYPbl. IKCMEPUMEHTbI C
HEeMTpOHaMM B peasibHOM BpPEMEHW, Koraa B TeuyeHWe BpemeHu t B n=t/At wnHTepBanax BpemeHu
OANTEeNbHOCTbIO At pPerncTpupytoTca 3epKasibHO OTPaXKEHHblE W pPacCeAHHble HEWTPOHbI, MO3BOAOT
N3MepATb HeCTaLMOHapHble NPOLLeCChbl, Nepuos UsmeHeHuns KoTopbix T npesbiwaeT At (T>At). OyeBuaHO,
4yTto At B AaHHOM C/ny4Yae onpefensieT BpeMeHHOe paspelleHne uamepeHnin. MmHMmanbHoe 3HayeHue At
onpeaenseTcs UHTEHCUBHOCTbIO HEUTPOHOB J U BEAUYMHOW U3MEHEHUA WMHTEHCUBHOCTU HEWTPOHOB AJ,
0bYCNOBNEHHOW WCCNeayeMbIM BPEMEHHBIM NPoLEeccoM. s yMeHblueHus At HYKHO YBE/IMYMBATL
WHTEHCUBHOCTb CYETa HEWTPOHOB J, UTO COOTBETCTBYET YBE/IMYEHUIO CBETOCU/IbI CNEKTPOMETPA HEMTPOHOB.
PebnektomeTpma HEMTPOHOB M3-3a MasIoro TENIECHOrO Yr/ia BUAMMOCTM UCTOYHUKA HEWTPOHOB (Mopsaaka
10 cp) ¥ Manoro cedeHWa Mydka HEWTPOHOB Ha uccredyeMom obpasue (nopasaka 0.1 cm?) He asnsetca
CBETOCU/NIbHBIM METOA0M M3MepeHuit. B paboTe noKasaHo, YTO Ha ycTaHoBKe PEMYP muHMManbHoe
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OOCTUXMMOE 3HAYEHME Nepnuoaa BPEMEHHOTO U3MEHEHUA Tmin COCTABAAET 5 MUMH (MaKCMManbHaA YactoTa
U3MEHEHWUN frax=3.3 mlu). laHHOEe 3HaYeHMe OAMHAKOBO, KaK A/1A KaHana 3epKa/ibHOro OTPaXKeHWA, TaK U
ON5 KaHana pacceAHns HEMTPOHOB.

B paHHOM rnaBe onucaHbl CO34aHHbIE HA CMEKTPOMETPE MOJIAPU30BaHHbIX HelTpoHoB PEMYP
peaktopa NBP-2 KaHasbl perucrpaumMm HEMTPOHOB C NMEPEBOPOTOM CMNUHA, 3aPAMKEHHbIX YacTUL, U ramma-
KBaHTOB. lMpuBeAeHbl pe3ynbTaTbl TECTOBbIX U3MEPEHWUI, AeMOHCTPUPYOLWME BOSMOXKHOCTM MeToha. ITO
aKTyanbHO, HANPUMep, NPU U3YYEHUN ABNEHUI BAM30CTUN, BOSHUKAIOWMX Ha FPaHULLE pa3aena AByX Cpea.
9T0, B YaCTHOCTU, OTHOCUTCA K rpaHuLe pasgena CBepXMpoOBOAHMKA U deppomMarHeTMKa. N3-3a B3aMmHoro
BNMAHMA deppoMarHeTMsma M CBEPXMNPOBOAMMOCTU, OOYCNOBAEHHOFO KOHEYHbIMM 3HAYEeHUAMMU AOJIMH
KOrePEeHTHOCTU, MPOUCXOAMUT CYLLECTBEHHAA MOAMOUKALMA MAFHUTHBIX U CBEPXMPOBOAALLMX CBOMCTB.
MpoasnaeTcA 370, B YAaCTHOCTU, B U3MEHEHUU MNPOCTPAHCTBEHHOrO pacnpeaeneHns HamMarHMYeHHOCTU.
Ba)XHO YCTaHOBWUTb COOTBETCTBME MArHWUTHOIO MPOCTPAHCTBEHHOrO nNpoduaa (NPOCTPaHCTBEHHOM
3aBUCMMOCTM HaMarHWYeHHOCTU) ALEPHBIM NPOCTPAHCTBEHHbIM NPODUNAM SNEMEHTOB KOHTAKTUPYHOLLLMUX
cpen. [na onpepeneHns NPOCTPAHCTBEHHOrO MArHUTHOFO NPOPUNA UCNOAb3YeTCA CTaHAAPTHLIA MeTos,
pedneKToMeTp1M NONAPU30BAHHBIX HEMTPOHOB, MO3BONAOWMNI ONpeaeInTb NOTEHLMaN B3aMMOAENCTBUA
HelTpoHa co cpeaon. Ha rpaHuue pasgena AByX cped MOTEeHUWan B3auMOAEWNCTBUA ABNAETCA CYMMOM
NOTEeHLMaN0B B3aUMOLENCTBUA NPOHMKAOWMX APYr B Apyra asemeHToB. CTaHAapTHaA pednektomeTpus
HENTPOHOB He MO3BO/IAET YCTAaHOBWUTb, C KaKMMMU I3SNeMEeHTaMM CBA3aHbl WM3MEHEHMA NoTeHuuana
B3aMMOLENCTBMA M, B YACTHOCTW, MarHutHoro npoduna. [na onpepeneHua NPOCTPAHCTBEHHOrO
pacnpefeneHns MAOTHOCTM W30TOMOB HeOobXOo4MMO  PerncTpupoBaTb BTOPUYHOE M3nyyeHue [7].
NCTOYHMKOM BTOPUYHOIO U3/y4eHUA ABNAIOTCA 3apAXKEHHbIE YacTULbl, FTaMMa-KBaHTbl U OCKOJIKW AefieHuA
agep. MNpu 6onee WMPOKON TPAKTOBKE K BTOPUYHOMY M3NYYEHUIO CnegyeT OTHECTU MOTOKU HEUTPOHOB,
HEKOrepeHTHO pacCefAHHbIX Ha AApax aTOMOB, HEYNpyro pacCefHHbIX aToOMamMuM M Cpedon, a TaKkKe
AMbOY3HO paccesHHbIX Ha rpaHMuUax pasgena M HeogHOPOAHOCTAX B CAOAX CTPYKTypbl. K ocobomy
BTOPUYHOMY W3/IyYEHUIO OTHOCATCA HEWTPOHbI, WCNbITaBLUME KOrepeHTHbI MNepeBopoT ChAMHA B

HEKO/IZIMHEApPHOW MArHUTHOW CTpyKType. B atom

R cnyyae Npu pPacnpocTPaHeHUM CrKHOPA HeWTpPOoHa
npoucxoauMt  “nornouieHue” HEeUTPOHOB B
HaYaZIbHOM CMWUHOBOM COCTOSIHUM, U MNOABAAKOTCA
HEWTPOHbI, UCMbITaBWKE NEPEBOPOT CNUHA. TaKxKe
BO3MOXHO GOPMMPOBATL B CTPYKTYPE HEMTPOHHbLIE
cToaune BosHbl [3, 4]. HeoaHopoaHas NAOTHOCTb
HEWTPOHHbBIX CTOAYUX BOJIH, Pa3INYHAA A1A PasHbIX
OJVH BOJIH HENTPOHOB, nossonset n3
O/MHHOBOJ/IHOBbIX 33aBUCMMOCTEN MHTEHCUBHOCTU

0.6

0.4

~
)

0.2

NepBUYHOrO (HEUTPOHbLI) U BTOPUYHOTO M3/TYYEHUS
] ~
2.0 onpeaensaTb NPOCTPAHCTBEHHbIV Npoduab M30TONa.

13
B, A/Mpan B rnase npuseaeHbl pesynbTaTbl

0.0 .
0.5 10

TeCTUpoBaHNA KaHana perncrpaunn HeVITpOHOB c

Puc. 2. KoadpduumeHT oTparkeHMAa HEWTPOHOB OT CTPYKTyp V(20 NepeBOPOTOM CMMHA C MOMOLLBIO  CAOMUCTBIX
HM)/CoFe(4 Hm)/5LIF(5 Hm)/V(5 Hm)/cTekno (1) n V(20 Hm)/CoFe(4

HM)/SLIF(5 HMm)/V(15 Hm)/cTekno (2) B COCTOSHUM  CMUH-
GAMnnepos “BKA-BbIKN". CoFe (5 HM) [A5]. MarHuTHbIN CNOM PacnoNoMKeH Ha

HekoTopom pacctosHum (10, 20 HM) oT pednekTopa
HEWTPOHOB B BWUAE MNOAJNOXKKA M3 CTeKNa TOAWMHOM 5 mm. Ha puc.2 npuBeaeHbl 3aBUCMMOCTU
MHTEHCUBHOCTU OTPaKeHWA HeMTPOHOB C NepeBOpPOTOM ChNMHa Ana cTpyKTyp V(20 Hm)/CoFe(4 Hm)/SLiF(5
HM)/V(5 Hm)/cTekno (Kkpusas 1) u V(20 Hm)/CoFe(4 HMm)/CLIF(5 HM)/V(15 Hm)/cTekno (Kpusaa 2) npu yrne
CKO/Ib¥KEeHUA Ny4YyKa HeNTpoHOB H=3 mMmpad, HanpAXKEHHOCTM MarHUTHoro nosa 2953 M yrie Hak/AOHa
MarHMTHOrO MoAA K MAIOCKOCTM CTPYKTypbl 70°. U3 pucyHKa BMAHO, YTO C yBeANYEHWEM PacCTOAHUA OT
MarHWTHOro C/Nos [0 OTparkatens HelTpoHoB oT 10 (L1) mo 20 Hm (L2) napameTp Bmaxr = A/0 npu

CTPYKTYp,  COZepKaliux  MarHWTHbIA  C/lok
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MaKCMManbHOM KO3bOdMLMEHTE OTPaKeHMA, KOTOPbIA onpeaenseT NPOCTPAHCTBEHHOE MOJOMKEHME CoA,
yBeanumncas Ha 10%. DKcnepMmeHTanbHas HeonpegesneHHocTb f npu A = 2 A cocrasnser 1%.
MuHuMmanbHoe 3HayeHne 6L = L2 — L1, onpeaensemoe HeonpeaeneHHocTbio A, coctasnaeT 0.5 Hm.

B rnaBe npuBogATCcA pe3ynbTaTbl MO peanns3aummn KaHaia perncrpauum 3apaxKeHHbIX 4acTul, Ha
pednektomeTpe NonApu3oBaHHbIX HEMTPOHOB PEMYP [A6]. OCHOBHbIM 3/1lEMEHTOM KaHaja permcrpaumm
3aPAMKEHHbIX YacTuL, ABAAETCA MOHM3ALMOHHAA Kamepa, pasMelLeHHas B roHMomeTpe y3na obpasua
(puc. 3). HeWTpOHHbIA My4OK BXOAUT B KamMepy 4Yepe3 BXOLHOE OKHO W nonagaeT Ha ucciegyemyto

CTPYKTYPY, YCTAQHOB/IEHHYIO Ha KaToAe Kamepbl.
U J— OTpaKeHHbIM U NPEeNOMIEHHbIN NYYKU HENTPOHOB
BbIXOAAT M3 KamMepbl 4yepe3 BbIXOAHOE OKHO W

_n,  F ) I T _M,  PerucTpupyiotca  MO3ULMOHHO-4YBCTBUTE/IbHBIM
o L (3 N s [eTeKTopom He-3, pPacnooXeHHbIM Ha
| : . 1.\2., Y, - I : ‘ | B ' pacctoAHMn 5m oOT Kamepbl. UHTEHCUBHOCTb

A5 : L pacceAHNA HEWTPOHOB NPWU MPOXOXKAEHUM OKOH

_ = _ Kamepbl He npesblwaeT 0.5%. [nA ycTaHOBKM
— 4 YINa CKOJIbXEHUA My4YyKa HEeMTPOHOB K MJIOCKOCTU

. . nccnegyemom CTPYKTYpbI MOHM3ALNOHHYIO
Puc. 3. Cxema MOHM3aUMOHHOM Kamepbl: 1- Ny4OK HEUTPOHOB; 2 —

BXOAHOE M BbIXOAHOE OKHa; 3 — Katofd; 4 — ceTKa; 5 — pamka KamMepy OpMEHTMPYIOT, MOBOPadnBaa  BOKPYT
CETKM; 6 - KONNEKTOP (aHoa). BEpTUKa/NbHON ocn B gmanasoHe 1.5+10 mpag c

ToyHocTbio 0.1 mpaa.

[na TecTMpoBaHMA KaHana 6biNM M3roToBAEHbI METOAOM MArHeTPOHHOTO PachblIeHUA YeTbipe
cTpyKTypbl: V(10 HMm)/CoFe(5 HMm)/CLIF(5 Hm)/ V(5 Hm)/cTekno(cTpykTypa Nel), V(10 Hm)/CoFe(5 Hm)/CLiF(5
HM)/V(15  Hm)/ctekno(cTpyktypa  No2), Cu(10  Hm)V(65  Hm)/CoFe(5  HM)/CLIF(5  um)/V(5
Hm)/ctekno(ctpykTypa Ne3), Cu(10 Hm)V(55 Hm)/CoFe(5 Hm)/CLiF(5 Hm)/V(15 Hm)/cTekno(cTpykTypa Ned). B
CBOEM cocTaBe CTPYKTypbl codepanu cnom °LiF(5Hm) n CoFe(5HMm), KOoTopble BblM PacnooKeHbl PAAOM,
HO NOMeLLeHbl Ha PasHOM PacCToAHMM (5 M 15 HM) OT MOANONKKM M3 CTEeKNa, CAYMKALLeN oTparkatenem
HeMTPOHOB. 3axBaT HEMTPOHOB AApamMM °Li NpMBOAMT K pacnafy BO3BYKAEHHbLIX Adep ¢ obpasoBaHMem
3apAXKEHHbIX anbda-yacTul, W TPUTOHOB. [1POCTPAHCTBEHHbIE MNPOPUAM 3/EMEHTOB, MOJyYeHHble
HEWTPaNbHOMN MacC-CMeKTPOMETPUEN, MOKasanu, 4YTO rpaHuLbl pasgena C/A0EB MMEIT MPOTAXEHHOCTb
nopsaaka 5 HM B HanpaBAEHMM B FYBUHY CTPYKTYpbI.

MHTEHCMBHOCTU HENTPOHOB U 3apAXKEHHbIX
YyacTul, pPerucTpupoBanncb B 3aBUCUMOCTU OT

L, BpeMeHW NponéTa HeWTPOHaMM PacCTOAHUA OT
0.15 3amelnTeNa HEWTPOHOB peakTopa A0 AeTeKTopa
HENTPOHOB t, WM WMOHM3ALMOHHOW Kamepbl t,

COOTBETCTBEHHO. Ha puc.4  npeacTaBieHbi

0.10 SKCMEepPUMEHTaNbHbIE 3aBUCMMOCTM 3apAMKEHHDIX
yactuy, /h(B) mna crpyktyp Ne3(1) w  Ne4(2).

0.05 MHTEHCUBHOCTb HOPMMPOBaNach Ha
’ MaKCBENNOBCKMI CMEKTP TEennoBbIX HEMTPOHOB,
no ocu abcuucc - AAMHA BONHbI HEMTPOHA,

0.00 : : npuBeAeHHaa K YrAy CKOAbeHua. [na 3Tux
1.0 1‘5& A/l%dgaa CTPYKTYP pPeanunsyeTca PeXKMM YCUIEHHbIX CTOAYMX

Hel\;lTpOHHbIX BOJIH, MNpPWU KOTOPOM nMNOJ0KeHUe
Puc. 4. HOpMUPOBaHHas MHTEHCHBHOCTb 3apskeHHbIx yacTy gna  C/10A1 C AAPAMU IUTUA ONpeseNnseTca BeNNYMHON
cTpykTyp Ne3(1) n Ned(2). WHTEHCUBHOCTU  3apAXEeHHbIX  YacTuuy,  npwm

PE30HAHCHbIX 3Ha4YeHUAX BOJIHOBOIro BEKTOpPa. B
cnyyae cTpyKTypbl No3, AnA KOTOPON paccToAHWe OT CNoA AUTUA A0 OTpaXkaTens HeWTPOHOB MeHblue,
nepsbIi MUK 6o/bLIE NO BEIMUYMHE, @ BTOPOMN MEHbLLE, YeM A8 CTPYKTYpbl No4.
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MNoaroHKka aKcnepuMeHTaNbHbIX AaHHbIX K TeopeTM4yecKomy pacyeTy, NOKasana, 4to TOJLWMHbI
CTPYKTYp Ha 5+25% npeBblwatoT 3HAYeHMA, MNONYYEHHble METOAOM BTOPWUYHOM HEWTPanbHOM Macc-
cnekTpomeTpum. Mpu 3TOM NOAyYeHHas Pa3HOCTb B MONOXEHUU cnosa °Li OTHOCMTENbHO NOA/IONKKM Ans
cTpykTyp Ne2 u Nel coctaensier 5.5 HM, a gns cTpyktyp Ne3 u Ne4 — 4 Hm. Takum obpasom M B TOM, U B
LpPYrom cny4yae, Nofiy4eHHOe 3HaYeHUe MeHblle HOMUHAAbHOTO 3HavyeHMa 10 HM, KOTOpoe 3aKkNaabiBanoCh
nNpu U3roToBAEHUM CTPYKTYp. [TOKa3aHO, YTO NPOCTPAHCTBEHHOE pa3peLleHne He xyxKe 5.0 Hm.

MOXHO 3aKNOYUTb, YTO Ha cnekTpomeTpe PEMYP co3gaH KaHan perncrpaumnm 3apaxeHHbIX 4YacTuL,.
lMoKasaHo, YTO NpPU U3MEPEeHUAX B TeYeHUe HECKOIbKMX YacoB YYyBCTBUTE/NIbHOCTb W NPOCTPAHCTBEHHOE
paspelleHne HaXo4ATCA B HAHOMETPOBOM Anana3oHe. NonyYeHHble XapaKTEPUCTUKM KaHana perncrpauum
3apAXEHHbIX  YacTUL, NO3BOJIAT MNpPOBOAUTbL  3PPeKTMBHble  MUCCNefOoBaHMA  MPOCTPAHCTBEHHOTO
pacnpeaeneHa N30TonoB B CIOUCTbIX HAHOCTPYKTYpax.

Takxke Ha cnekTpomeTpe PEMYP 6bin peanvMsoBaH M NPOTECTUPOBAH KaHan perncrpauumM ramma-
KBaHTOB. [1n1A perncTpaumm raMma-KBaHTOB MCMNO/1b30BAJICA NOAYNPOBOAHUKOBBIN repMaHUEBbIN AETEKTOP,
paboTatowmin B8 amnanasoHe 3 KaB-10 MaB [A5].

R, M lepmaHMeBbI KpUCTann nmeet gnametp 61.2 mm un
AnvHy 87.3 mm. s raMma-usnydeHus ¢ sHepruen
1.33 M3B 3¢ peKTUBHOCTb perncTpaumnmn coctaBaaet
45 %, a paspeweHue no 3Heprum 2 KaB. [Onsa

1.0F

TECTMPOBaHMA KaHana WCMNONb30BaAu CTPYKTYPbI,
cofepalime CA0M eCTeCTBEeHHOro rafo/VHUA.
PernctpupoBanu cUnbHENWMI nepexos, B usotone
1"Gd npu sHeprMm ramma-ksaHTOB 181.94 K3B,
fona KOTOpOro B NoONHOM ceyeHUU
0.0 . B3aMMOJENCTBMA  HEMTPOHOB C  M30TOMOM

0 2 o 6

0.5

8 10 COCTaBAAET Ogy-£0=0.1833. PacnpocTpaHEHHOCTb e

A, A nsotona *’Gd B ecTecTBeHHON cCMecu cocTaBaseT
Puc. 5. /[IAVHHOBO/MHOBbIE 33aBUCMMOCTM  KO3QPUUMEHTa Ogd-nat=0.1568. C yd4etom 3TOro napunanbHbiv
OTpaXeHUA HeWTPOHOB (1, 2) M HOPMMPOBaHHLIX NapunanbHbix KO3IGPULMEHT nsoTtona 157Gd B cmecum

KO3pPULMEHTOB NOTNOLLEHNA HEUTPOHOB (3, 4) ana cTpyKTyp Ne eCTecTBEHHOro rafoNHus, COOTBETCTBYIOLLMIA
> (1,3 uNe6(2,4). ramma-usayyeHnio ¢ sHeprmnein 181.94 ksB, paseH
0p=0lGd-en0Ga-ngt=0.029. COOTBETCTBEHHO, MapLMa/ibHOE CeYyeHue 3axBaTa HEWTPOHOB MPU AJIMHE BOJHbI
HeliTpoHoB 1.8 A coctasnaeT 0p=7.3 K6apH. [NA TECTUPOBAHMA KaHana GblM MCMNONb30BaHbI CTPYKTYPbI,
n3HavanbHo onucbiBaemble popmynamm V(20 Hm)/Gd(5 HM)/V(5 HM)/Cu(100 Hm)/cTekno (cTpykTypa Ne 5),
V(10 HMm)/V(55 HM)/Gd(5 HM)/V(15 HM)/Cu(100 Hm)/cTekno (cTpyktypa No 6), Cu(10 Hm)/V(65 HMm)/Gd(5
HM)/V(5 HMm)/Cu(100 Hm)/cTekno (ctpyktypa N2 7) u Cu(10 Hm)/V(55 HMm)/Gd(5 HM)/V(15 Hm)/Cu(100
HMm)/cTekno (cTpykTypa Ne 8). M3 3aBmcmMmocTeit puc. 5 cneayer, YTo PasHOCTb MEXAY MUHMMyMaMK Ha
3aBUCUMMOCTAX  KO3PODMLMEHTA OTPAKEHUA HEUTPOHOB WUAM  MAKCMMYyMaMW Ha  3aBUCMMOCTAX
WHTEHCUMBHOCTU raMMa-u3/yYeHuns s AByX CTPYKTyp coctasnseT Al =14, —1; = 0.18 A (A1 =3.24 A), 7
3TO COOTBETCTBYET M3MEHEHMIO PACCTOAHUA MEKAY CI0EM raf0/IMHUA U OTparkatenem us megn Az = 4 HM.

YuuTbiBasA, 4TO paspelleHne Mo AAuHe BOAHbl cocTasnseT 264 = 0.04 A, nonyuum cnegylouiee w3

28AAz

paspeleHna MMHUMabHOe 3HaveHne Az, i, = 7 0.9 M.

TakmMm obpasom B pesysibTaTe paboTbl B HacTosLLee BPeMsA Ha cnekTpomeTpe PEMYP ana nsmepeHui
JOCTYNHO [A0CTaTOYHO 60/blIOE KO/NMYECTBO M30TOMOB 3/1eMeHTOB. [pu BpemeHu mamepeHus t=1 cyr,

Sk 2
paspelleHnm no BOSHOBOMY BEKTOPY —~ = 0.1, 2 = 1.5 A, ceyeHnn nyyka Ha obpasue 0.1 cm?, TonwmHe

CNnos 5 HM 1 NNOTHOCTU NOTOKa HEMTPOHOB Ha obpa3ue 2-10% cm™2-c napameTpbl creaytowme: AN KaHana
perncTpaLumn ramma-KBaHToB 0y, = 0.3 6apH 6onee 100 n3otonos umetoT ceyeHne 0>0.3 BapH; B KaHane
NOJIAPU30BaHHbIX HEMTPOHOB MMHMMAa/IbHAA NEPNEHANKYNAPHAA BEKTOPY NosApm3aLmmn HeiTtpoHos 1 lc.

B [faHHOVM rfaBe TaKXe OMMCaHA MEeTOAMKA KanubpoBKM pedneKkTomeTpa NoAAPU30BAHHbBIX

HemTpOHOB B Cny4Yyae manoro, npunoXeHHoro nepneHaAnMKynapHo NJAOCKOCTU o6pa3u,a, MarHnMTHoro nonAa
10



[A9]. Mpn ABUKEHUM HEUTPOHA B MAZOM MarHUTHOM MOJEe, KOTAA CKOPOCTb U3MEHEHWA HanpaBieHusA
MarHuTHoro nons do/dt cpaBHMMAa C 4acTOTOW MpeLeccuy ; MarHUTHOFO MOMEHTa HeMTPOHA BOKpYr
BEKTOpPA HaNpPAXEHHOCTM MAFHWUTHOTO MOANA, AMMNAUTYAQ MPOXOXKAEHUA HEWTpPoHa 4epes 06nacTb
MarHMTHOro nonsA ABAAETCA MaTpuuein 2x2. dNeMeHTbl MATpUubl ABAAIOTCA aMNAMTyAamuM nepexoaa

“e
I

HeNTpoHa ty M3 ABYX HAaYaNbHbIX CMMHOBbLIX COCTOAHUI HEMTPOHa Ha HanpaB/ieHMe MAarHWTHOro Mo.A B
[Ba KOHeuYHble CMMHOBble cOCTOAHMA “f’. B pe3synbTaTe, 3KCNEPUMEHTANIbHO ONPEeAEenAnTCA YeTbipe
KoadpduumeHTa npoxoxaeHus B cnyyae 6es crpyktypol T1;r = kaltatblzk;1 M yeTbipe KoapduumeHTa
NPOXOXAEHUA NPU HaNNUMK CTPYKTYpbI T2 ¢ = kylt roty|2k,t, roe tov to - aMNAUTYABI NPOXOXASHNA B
MarHMTHOM nosfe A0 M NOC/Ae CTPYKTypbl, COOTBETCTBEHHO, Fstr - MCKOMAA aMnAuTyZa OTPaXeHua oT
CTPYKTYpbl, k» M ks — BONHOBOM BEKTOpP B cpefAe 40 W NOC/Ae y4vacTKa C HEOAHOPOAHbIM MNosem
COOTBETCTBEHHO. A onpeneneHus t, n t; U3MepAeTcA BEKTOP HAMPAXKEHHOCTU MAarHUTHOrO Noaa (puc. 6a),
onpeaensiowmii MarHUTHbIA BEKTOPHbIMA NOTEHUMan B3aMMOAENCTBMA HEUTPOHA C MarHUTHbIM nonem. C
YYETOM HE3HAYUTENbHOrO0 OTPAXKEHWSA HEMTPOHOB OT MAFHWUTHOrO MOAS aMnAnTyapl t, U t, GaKTUYECKM
ABNAIOTCA NPOM3BEAEHUAMM AMNAUTYL, OTAENbHbIX NOCAeA0BaTE/IbHbIX YY4ACTKOB MArHUTHOFO NOASA, HA
KOTOPbIX MarHUTHOE NnoJie ABNAETCA NOCTOAHHbIM.

H D T,
100
0.8+
0.6 :
50 ol
0.4+ ’
0 0.2+t
L 3 L OO | h | |
-100 0 100 0 2 4 6 8
X, cMm A A

(a) (6)
Puc. 6. (a) dKcnepMMeHTaNbHO M3MEpPEHHOE pacnpefeneHve MarHuTHoro nons H(x), roe x — KoopamHaTta BAO/Ab MNyyKa, Ha
ycTaHoBke PEMYP B cnyyae, Korga nepneHauKynsapHoO NA0CKOCTU obpasua npunoxeHo none H,=1.5 3, rae 1 — 3aBucumoctsb Hy(x), 2
— 3aBucumocTb Hy(x), 3 — 3aBucUMOCTb Hy(x); (6) PacuétHble 3aBuMcMMOCTM Ko3dduuMeHTa npoxoxaeHua Tly anAa OaHHOWM
MarHuUTHOW cucTembl B ciydae 6e3 CTpyKTypbl: 1 — KO3OUUMEHT MPOXOXKAEHUS A/1A HEWTPOHOB 6e3 nepeBopoTa CNWHA; 2 —
K03pPULMEHT NPOXOKAEHUA ANA HEUTPOHOB C MEPEeBOPOTOM CNUHA.

Ha puc.66 npuBeageHa 3KcNepuMMeHTanbHas 3aBUCMMOCTb T1ly Ans  MarHMTHoro nosns
aneKkTpomarHuta yctaHoBkm PEMYP. Ha pwuc.7a npuBeseHa pacyéTHaa 3aBucumoctb Ry =
ko|rser|?kyt.ona  cTpykTypbl  Fe(100 Hm)//Si, rae Fe — HamarHWueHHbId CAOi CO  3HAYeHMAMM
HamarHmyeHHoctT M,=7 K3 n M,=7 K3, npu 3ToM 06pa3eL, HaxoaUTCA BO BHELLHEM AEeNONAPU3YIOLLEM Noe
(cm. puc. 6). Ha pwuc. 76 npveeneHa 3aBUCMMOCTb T2y ONA AAHHOMW CTPYKTypbl. BugHo, yto T2, u3-3a
HeagmabaTMyeckoro ABUMKEHWA MarHUTHOrO MOMEHTA HEWTPOHAa B MArHUTHOM MOJe, CYLLEeCTBEHHO
oTnMyaetca oT Rsr. Takmm o6pa3om, B AaHHOM crnocobe amnauTyga rsr ONpefenserca B pesy/braTe
CPaBHEHUA 3KCNEPUMEHTANbHbIX 3HAYeHUI T2 ¢ pacyETHbIMM NPU M3BECTHOM pacrnpefeneHun BeKTopa
MarHMTHOro nons.
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0.0 :
8y A

8
A A
(a) (6)

Puc.7. (a) PacuétHaa 3aBucumocTb Ry AnA cTpykTypbl Fe(100 Hm)//Si, roe Fe — HamarHuYeHHbI CNoW CO 3HaYeHMAMMU
HamarHuyeHHoctn M,=7 K3 u M,=7 K3, npu 3Tom 06paseL, HaXOANTCA BO BHELLHEM AEMNONAPU3YIOLLLEM NoJie (CM. puc. 6); coCTOAHMUA
cnektpomerpa: (off,off) - 1, (on,on) — 2, (off,on) - 3, (on,off) — 4. Yron ckonbxeHna paseH 0=5 mpag. (6) 3asucumoctb T2 ana
OAHHOW CTPYKTYpbI.

Ona 6onee NONHON KapTUHbI MUCCNeOOBaHMI MOMMMO HEMTPOHHbLIX METOAO0B WMCMO/b30Ba/UCh
TaKKe KOMM/JeMeHTapHble. B pgaHHOM paboTe WMCNO/b30Ba/MCb TakKMe MEeTOoAbl KaK: MasioyrioBoe
paccesHMe PEHTreHOBCKMX Jlyyeit B cKonb3Awel reometpun, CKBUL-marHMTOMETpUA, pPesUCTUBHbIE
MU3MepeHUa CAOUCTOM CTPYKTYpbl, BTOPUYHAA HenTpasbHas Macc-cnekTpomeTpus. B rnase npusoautca
KpaTKoe MX onucaHue.

Bo BTOpOI rnaBe onucaHbl CTPYKTYpbl, UCCNeAOBaHHble B AaHHOW paboTe, pas/iMyHOro Tuna:
V/FeV/V(Cr)/FeV/Nb, Nb/CuNi, Nb/Gd/Nb n [Nb/Gd]x12. Mpwn npurotosneHnn obpasuos 6blan caenaHbi
TEOPETUYECKME OLEHKM A8 OOHOPOAHbIX PeppOoMarHMTHO-CBEPXNPoBOAALWMX CTPYKTYp [Al]. Tak, gns
YMeHbLIEHNA 06MEHHOro B3aMMOAENCTBMA MCNONb30BasICA pa3baBneHHbI peppomarHeTuk FesVy B Buae
CMecH Kenesa c BaHaamem, rae 6binm BbibpaHbl 3HaYeHns x=0, 0.3 n 0.6. B paboTax [8, 9] ykasbiBaeTcs Ha
aHTUdEepPPOMarHUTHOE YMNOPAAOYEHUA MarHUTHbIX MOMEHTOB aTOMOB *Kefe3a MO OTHOLWEHMIO K

WHAYUMPOBAHHBIM MMM MarHMTHbIM MOMEHTaM aToOMOB. M3BECTHO, YTO MArHWTHblE MOMEHTbI ABYX
beppomMarHUTHbIX CN0EB Kefle3a MAN KNacTepoB, PasAefiéHHbIX MPOMEXKYTOYHbIM CNoem BaHagua (Mam
Xpoma) onpeaenéHHol  TONWMHBI  bnarogapa  KOCBEHHOMY  OBMEHHOMY  B3auMMOAENCTBUIO,
ynopsaaounBaloTCs aHTUGEPPOMArHUTHO, YTO “obneryaeT” NPoxorKAeHMe CBepPXMpoBOAALLEN Nnapbl yepes
dbeppomarHuTHble cion. B 3TolM CBA3M, NPUrOTOB/IEHHbIE CTPYKTYPbl COAep:Kann no aga cnoa Fei,Vx ¢
3KBUBAJIEHTHOM TO/ILLMHON OOBEMHOro MaTepuana B C/N0e paBHOM 1 HM, KoTopble Oblnn pasgeneHsbl
NPOMEKYTOYHbIM C/IOEM M3 BaHAAUA UM XPOMa.

Ctpyktypbl  Ta(20HM)/V(150HM)/Fe1xVx(1HM)/V(Cr)(1.2HM)/Fe1.,Vi(1Hm)/Nb(150Hm)//Si 6binn
nsrotosneHol B UeHTpe [lenbmronbua (bepnanH, NepmaHusa). OcHoBHble pe3ynabTaTbl B pabote 6blan
nonyyeHbl Ana  cTpyktypbl  Ta(20HM)/V(150HM)/Feo7Vo3(1Hm)/V(1.2HM)/ Feo7Vos(1Hm)/Nb(150Hm)//Si
(manee cokpauieHHo V/FeV/V/FeV/Nb). Uccneayembie CTPyKTypbl M3rotasamsanacb nocnenosBaTe/bHbIM
MarHeTPOHHbIM pacrnblieHNeM 3/1eMeHTOB Ha NoanoxKy Si(0.5 mm) B Kamepe MAGSSY B HayyHOM LieHTpe
lfenbmronbua (bepnuH, Frepmanus).

Ha puc. 8 nokasaHa 3aBUCMMOCTb MarHUTHOrO MOMEHTA OT HaMNPAXEHHOCTM MarHUTHOro NoJsA AnA
cTpykTypbl V/Fe/Cr/Fe/Nb. Habniogaetca xapakTepHasa Aaa cyneprnapamarHUTHbIX KNacTepoB MosieBas
3aBMCMMOCTb HaMarHM4eHHOCTM 4S9 AaHHOTO TUNa CTPYKTYP.
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Ha puc. 9 npueaeHa 3aBUCMMOCTb MarHUTHOTO MOMEHTa NPWU OX/1a’KAEHWUM B HY/IEBOM MarHUTHOM
none (ZFC) wn B MmariutHom none (FC)

M -10°, e0.CTCM HanpAXeéHHocTbio H=20 3. BugHo, 4To cyuLecTeyeT
TemnepaTtypa CANAHUS (Temnepatypa

40 610KMpoBKKM)  3aBucumocterr FC  un  ZFC,
coctasnsaowan Tp(20 3)=150 K. [Janee 3HayeHue

20 Ty ncnosib3yercs npwm onpeaeneHuu
0 HaMarHWYEeHHOCTU MarHUTHbIX KnactepoB. Huxke

Temnepartypbl 6/10KMPOBKM Habntogaetca

-20 rMCTepesnc,  CBA3AHHbIM  C  YMEHbLUEHMEM
-40 TEnJ0BON 3HEPrMn Mo CPaBHEHWMIO C MarHUTHOM
s3Hepruelt UH, rae | - MArHUTHbIA MOMEHT

'60_3 1 2 H,x? Kknacrepa. Hanuune Ttemnepatypbl 6/I0KMPOBKHM
YKa3blBaeT Ha HaauuMe cyneprnapamarHUTHbIX

Puc. 8. 3aBMCMMOCTb MArHUTHOTO MOMEHTA OT HaNPAXEHHOCTU
MarHUTHoro nona Ana  cTpyktypol  V/Fe/Cr/Fe/Nb, npu
Temnepatype 300 K (1) n 12 K (2). OnAa  oueHkM  BeAMYMHbI  MArHUTHOrO

MOMEHTAa M HAMAarHWYEHHOCTU  KNacTepos
MCNONb30BaNoCh NpuBeaeHHoe B pabotax [10, 11] cooTHoLleHMe ana TemnepaTypbl 610KMpoBKK TH(H) B
3aBUCUMOCTU OT BEIMYMHbBI MAarHUTHOTO NONA:

Ty(H) = T, (0)(1 — H/H)™ 2)
roe T, (0) = kV/25kg, H, = 2k /], k = H:J;;/2 — KOHCTaHTa KpUcTanamyeckoi aHmsotponum, V — o6bém
knactepa, kg =1.38-10"1° spr/rpag -
KoHcTaHTa bosbumaHa, J;; — HamMarHW4eHHoCTb

KNacCTepos.

M -10°, e0.CTCM

0 HacbllLeHNA  Knactepa, m =2 B caydae

Hebonbworo nonda. [Mpu 3TOM Mcnonb3lyeTca
3HayeHWe AuMameTpa KnacTepa, NOJy4YeHHoe U3
CUHXPOTPOHHbIX U3MEPEHUIA.

PacceaHne HE'I‘;iTpOHOB, KaK U pacceAaHune

M -10%, ¢0.C1'CM
CUHXPOTPOHHOIO n3ny4vyeHusa, no3BoaAeT

onpeaenaTtb napametpbi paccenBaroLmx
06bEKTOB MO  33aBUCMMOCTM  MHTEHCUMBHOCTM
ST paccesHMa OT nepeAaHHOro MomeHTa. OfHaKo
‘ ‘ ‘ ‘ , LK MCNo/ib30BaHME HENTPOHOB OrpaHUYeHO M3-3a
50 100 150 200 250 300 HeBONbLWONW NO CPAaBHEHUIO C CUMHXPOTPOHHbLIM

T, K U3NyYEHNEM MHTEHCUBHOCTY HEWTPOHHbIX My4YKOB.

1

Puc. 9. 3aBMCcMMOCTb MarHMTHoro MOMEHTa CTPYKTYpbI C Apyron  CTOpPOHSI, 6/'|ar0ﬂ|a PA  MarHuTHomy

V/FeV/V/FeV/Nb oT TemnepaTypbl B pexumax OxnamieHus B MOMEHTY, HEeNTPOHbI He3ameHuMbl npu
Hyniesom nose (1) u marHuTHoM none H=20 3 (2). NCCNefoBaHUM  MarHUTHbIX  (peppomarHuTHble
CTEHKM) W aAepHO-marHMTHbIX (Knactepbl) o06bekToB. KnacTepbl, ABAAACL AAEPHO-MarHUTHbIMM

06pa3OBaHVI’r'IMI/I, paccenBaroT IZIEKTPOMATHUTHOE U HeﬁTpOHHOG n3ny4yeHunA.
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HelTpoOHHble [aHHble MOKa3blBaaAW, 4TO
Knactepbl obpasyloT pewéTtky. Ha pwuc. 10
npeacTaBNeHa KapTUHA OTPAXKeHUs HEUTPOHOB OT

,

180
NNOCKOCTel peléTKM KnacTepos npu A=3.8+0.2 A
ana T=10 K u H=1 k3. 3aecb ecTb pag pednekcos
npu (N,=135 n N,=135), (N,=90 n N,=90) n (N,=25
n N,=40). PedneKkcbl 06pa3oBaHbl HAKMAOHHbIMMU
nog yrnom nopagka 45% B nnockoctm YZ
NAOCKOCTAMWU C MENKMJOCKOCTHbIM PACCTOAHUEM
12.0 6.5, 3.5 1 1.8 HM 1 NHTepdepeHUUEn OTParKeHUN
OT BEPTMKa/bHbIX U FOPU3OHTANbHbIX MJOCKOCTEN

160
140

80

- C ME}NNOCKOCTHbIM pacctoaHnem 20, 50 n 70 Hm.
40 MarH1MTHbIE MOMEHTbI KNacTepoB A/1A NJA0CKOCTeMN
(M=135 wn N=130) u (Ny,=25 wu N,=40)
OpPUEHTUPOBaHblI NO HanpasaeHWwo nona (u3

AaHHbIX NOoNy4YeHOo, YTO MHTEHCUBHOCTb pacceAHunA

40 60 80 100 120 140 160 180
N,
Puc. 10. MHTEHCMBHOCTb paccesaHUa HEeMTPOHOB B caydae T=10 K
n H=1 K3 Ha nnockoctu [Ny, Nz] gna Po=+1 npu A=3.8 A, rae Ny n
Nz- HOMep KaHana AeTeKTopa HEeWTpoHOB mo ocam Y u Z, MHTEHCMBHOCTb pacceAHus npu Po=-1), a pana

COOTBETCTBEHHO. nnockoctent (N,=90 n N,=90) 1 nepneHANKYNAPHbIX
um nnockocren (Ny,=110, N,=55 n N,=60, N,=120) —

NPOTMB HaNpPaB/AeHMA MAarHUTHOro NonA. B pesynbtate MOMEHTbI YaCTUYHO KOMMEHCUPYIOT APYT Apyra.
HeonHopogHble dbeppomarHUTHO-CcBEPXNPOBOAALLME cnoucTble reTepoCTPyKTYpbI
Nb/Nio.6s(0.81)ClU0.35(0.19), COOEPKANU MArHUTHbIE Knactepbl U deppomarHutHble gomeHsl [Al, A2]. Cnnas
CuxNi;x MmeeT HM3KOe 3HauveHue Tn,. Tak ana
cnnaBa CugoNiso TemnepaTtypa Kiopu coctaBnsaer

npu nonapusaunm Po=+1 npesblWwaet

1) C-l Bcero T,~120 K, 4TO CooTBETCTBYET A0BONLHO
BbICOKOMY 3HAY€HUID KOPPEeNALMOHHON ANUHbI
CBEPXNPOBOANMOCTHU B deppomarHeTmke
10°%¢ &~10 HM. [laHHble CTPYKTYpbl W3roTOB/EHbI

MEeTOOM MarHeTpoHHOro pacnbineHna B NOM
PAH (HwkHuiA Hosropoga). MogpobHo meToamka
]0‘1 3 W3roToBNEHUs onucaHa B pabote [12]. Odanee
byoem 0003HauYaTb CTPYKTYpbl KpaTKO Kak
Nb/Nio.esCuo.35(4) n Nb/Nios1Cuo.1s(h), roe h=2, 3,
5 : 3 ! 5 4 — tonwwmHa cnos Nipgi1Cuo.19 B HAHOMETpPAX.
10 10 10 HM_I JKCnepMmeHTaibHasA 33BUCUMOCTb
Y24
) WHTEHCUBHOCTU  PacCceAHMA  CUHXPOTPOHHOrO
Puc. 11. SkcnepuMmeHTanbHaa (4YepHbI UBET) M pacyeTHas N3NyyeHusn [(Q) OT nepefaHHOro BOJIHOBOTO
(KpaCHbIﬁ LI,BET) 3aBUCMMOCTHU NWHTEHCUBHOCTU pacceAaHnA BEKTODA Q MDY CKOMb3ALWEM MadeHWM no
CUHXPOTPOHHOIO M3aydeHus ana cTpykTypbl Nb/Nigs1Cuo.19(2) P 2L - A A
npu 9=10 mpag, yrnom ¢ annpoKcMMMpPOBanacb 3aBUCUMMOCTLIO,
npeacrasneHHolr B pabotax [13—15]. Ha puc. 11
npeacTaBieHbl 3KCMepMMeHTabHas (YepHOro uBeTa) M pacyeTHas (KpacHOro LuBeTa) 3aBMCMMOCTU

-2

MHTEHCUBHOCTM PACCeAHUA CUMHXPOTPOHHOTO W3/yYeHUAs C AAWHOM BoAHbI 1.4 A, nmonyyeHHble Ana
cTpykTypbl Nb/Niogi1Cuo1s(2), 4N yrna ckonbskeHua 9=10 mpag OT nepesaHHOro BO/SIHOBOrO BekTopa Qy,
HanpaBAEHHOrO B MJIOCKOCTU CTPYKTYPbl MNEPneHAUKYNAAPHO nagatowemy nydky. lpu AaHHOM yrae
CKOJIb)KEHWA  U3/lyYeHWe [OCTUraeT MarHUTHOTO C/l0A M PacCeMBaeTCd Ha ero  CTPYKTYPHbIX
Heo4HoOpoAHOCTAX. B paboTe nokasaHo, uto eciv npu =5 mpag NpoucxoauT MOJIHOE 3epKasibHoe
oTpakeHue OT NpeALIecTBYIOWEro MarHUTHOMY C/0H0 C10S HMO6MA (r1ybuHa NPOHUKHOBEHMA U3yYeHUn
coctasnset 1 HM), To npu 10 mpag paccesaHue B 6o/ible CTeNeHU ONpPenensieTcas MarHUTHbIM C/loem
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(rnybuHa NpoHWMKHOBEHWA M3nyvyeHus npesbiwaer 100 HM). B pesynbTate 3aBMCMMOCTb Npu U=5 mpap,
[OCTAaTOYHO FNajKasn, B TO Bpemsa Kak npu U=10 mpag, oHa ABAAETCA KBa3UMepuoaudeckoin. M3 aaHHbIX
CUHXPOTPOHHOTO M3/ydeHua cnedyeT, 4yto CTpyKTypbl  Nb/NigsiCuois(h) xapaktepusyiotca Tpémsa
pasmepHbIMK NapameTpamm R, Rz U Rs. dnemeHTapHble KiacTepbl UMetoT pasmep R3=3+4 HM. HabntoaeHsl
TaKXe CTPYKTYpbl M3 KNAacTepoB C XapaKTepHbIM pasmepom R,=5+11 Hm. 3HayeHMe napameTpa
2R;=130+200 HM 3HAuYWUTENbHO MpeBblllaeT 3HayeHuAa 2R, Ona  cTpyktyp Nb/NiosiCuois(4) w
Nb/NigsiCuo19(2) ©OH sBAAETCA  AUHENHbIM
pasmepom ¢paktana, a ana Nb/NipgiCuo19(3) —
NINHENHBbIM pasmepom CTPYKTYpbI
HeynopAago4YeHHO PacnoONOXEHHbIX KNacTepos.
MoKasaHo, uTo cTpyKTypbl V/FeV/V/FeV/Nb
XapaKTepuaytoTca ABymA pasmepHbIMU
napameTpamu, MOJy4eHO 3HayeHMe pasmepa
3/1eMeHTapPHOro Knacrtepa R=4.7 Hm, ana
JIMHEMHOTO  pa3mepa  CUCTEMbl  K/1acTepos
noayyeHo 3HayeHue 11 Hm.

B Tabn. 3, Ha OCHOoBe
MArHUTOMETPUYECKUX AAHHbIX NPeACTaB/IeHHbIX B

rnase 4, npueeaeHbl 3Ha4eHNA HaMarHM4eHHOCTH
KNacTepoB Jg, paccyuTaHHble no ¢opmyne (2.3)
ncxoaa U3 3HaYeHU TemnepaTypbl 6J10KMPOBKU

npun AByx 3Ha4eHUNAX MarHUTHOro NosA U AaHHbIX
Puc. 12. Kapta paccefiHMsa peHTreHOBCKMX Jiydyeil. Ha BepxHew
BCTaBKe MOKa3aHa CTPYKTypa obpasua, rae CMHUM M KpacHbIM
uBeTamm nokasaHbl cnon Nb 1 Gd cooTBeTcTBEHHO. npuBeAeHbl TaKXe 3Ha4eHMA HaMarHU4eHHoOCTH

HacblWweHna Jigy, ANA CNOA PACYETHON TO/LLMHDI,

O MarHMTHOM pasmepe Knactepos dm. B Tabauue

pPacCyYMTaHHblE UCXOAA W3 3HAYEHUM MaArHUTHOro MOMEHTa B 6ONbWIOM MarHUTHOmM none npu T2T..
OtmeTtum, uto ana pacteopa NigesCuoss HAMArHMYEHHOCTb HaCbIWeEHUA paBHa Js=2 KI'C, a ona pacreopa
Nio.g1CUo.19 — 3.75 Kl'c [16]. BnaHO, 4TO BbINOAHAKOTCA COOTHOLWEHUA Jo2Jigy. ITO YKA3bIBAET Ha TO, 4TO
COLEpPKAHNE HUMKeNs Mo OTHOLWEHWUIO K Meau B KnacTepax 6o0nblle, YemM B CNO€ PACYeTHOM TO/LMHBI.
HamarHnyeHHocTb €n0Aa Jigy OKa3blBAeTCA MeHblUe HaMarHMYeHHOCTU pacTBopa Jso U Tem 6osblle, Yem
MEHbLLE TOJILLMHA CNOA.

Tabnunua 3. MapameTpbl KNACTEPOB B MAarHUTHOM CNOe CTPYKTYP

CTpyKTypa dci, HM T»(0), K Hc, K3 Jiay, Kl'C Ja, KIC
Nb/Nio.esCuo.35(4) 6.6 44.1 0.422 0.75+0.1 3.5%1.0
Nb/Nio.s1Cuo.19(2) 6 35 0.983 1.6 0.2 1.4 £0.5
Nb/Nio.s1Cuo.19(3) 8 90 0.451 2.2+0.2 49+15
Nb/Nio.s1Cuo.19(4) 8 142 0.403 3.0+0.3 10.54.0
V/FeV/V/FeV/Nb 9.4 183.5 0.9 2.2510.2 2.35+0.2

B paboTe Takse uccnegoBanucb cTpyktypbl Tvna Nb(25 Hm)/Gd(dy)/Nb(25 Hm) [A8]. B paboTtax
[17,18] noka3aHo, 4To cuctembl Nb/Gd, MMetoT BbICOKYIO CTeneHb NPO3PadYHOCTM rpaHunLL. TaKKe ragonnHuii
ABNAETCA JIOKA/NM30BaHHbLIM GEeppPOMarHeTMKOM C AOCTaTOMHO HWM3KOW (no cpaBHeHuto ¢ Fe, Co u Ni)
Temnepatypon Kiopu T,=293 K (gna o6bEMHOro Beuwectsa) [19]. B paboTe nokasaHo, u4To
BbICOKOKayecTBeHHble Nb/Gd/Nb  TpexcioiHble CTPYKTypbl MOryT 6biTb  BbIpalleHbl METoAO0M
MarHeTPOHHOrO  pacnblieHNa B LUMPOKOM  AManasoHe  TOAWMH. [nybuMHa  NPOHMKHOBEHWA
CBEPXNPOBOAALMX KOppensauuii B covi Gd B HECKONIbKO pa3 6o/blue, Yem Yy CUIbHBIX GeppPOMarHeTUKOB,
Takux Kak Fe, Co, Ni, u coctagnsaet &y = 4 HM. 310 ynpowaeT noarotosky S/F cTpykTyp ¢ df~¢p, 4TO
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aKTyaNbHO A/NA WUCCNefoBaHWM B 06/1acTU CBEPXMPOBOAALLEN CAMHTPOHWMKKU. Takke B pabote 6biau
npoBeAeHbl  UCCAEAOBaHMA  MArHUTHbIX W CBEPXMPOBOAALIMX  CBOWCTB  CBEPXPELUETOK  TMNA
[Gd(df)/Nb(25 HMm)]1, [A9]. Mpu 3TOM 3HaYeHUn df Bbinn BbibpaHbl cnegytowme: 0.5&;, 0.75& n 1.25&,. Ha
puc. 12 nokasaHa KapTa paccesHUA PeHTTeHOBCKWX yyer ansa obpasua c dy = 0.758F, nonyd4eHHas Ha
yctaHoBke NREX. B KaHane oTtpareHusa 6, = 0; Habntogaetca 15 6parroBCKMX MMKOB, CBA3AHHbLIX C
Andpakumen Ha csepxpewetke ¢ nepuogom D = dr + dg, NOKasbiBalOLWen BbICOKYIO MNOBTOPAEMOCTb
Gd/Nb 6ucnoes B z-HanpaeneHun. Takke BUAHO auddysHoe pacceaHue 6, # 61 B BUAE HAKNOHHbIX IUHUIA
OKOJIO OTpaXeHHoro nuka bparra. 3To yKa3biBaeT Ha BbICOKYHD CTAaTUCTUYECKYID KOpPpPenauuio
LLIepOX0BaTOCTEN B MNOCKOCTU Ha rpaHuuax pasgena Nb/Gd B8 nepuoanyeckoit ctpykType [20].

B TpeTtbeil rnaBe npeactaBneHbl pe3ysibTaTbl ONUCbIBAlOWME BAUAHWUE MArHUTHOIMO COCTOAHMA Ha

CBEpXNpoBOAALIME CBOWMCTBA CTPYKTYpbl. B cBepxnpoBoAAWMX-peppoOMarHUTHbIX reTepoCTPYKTypax
CBEpPXNPOBOAALMA MapaMeTp MNopAfAKa U3MeHsAeTca noj BAusHWeM marHetusama. OAHO M3 NpoABAEHUA
0AaHHOTO BAWAHUA CBA3AHO C HeTPUBMANbHOW 3aBUCMMOCTblO Tc(df). B paboTe npeacTasieHbl
3KCNepMMEHTa/IbHble AaHHble HU3KOTEMMEPATYPHbIX PE3UCTUBHBIX M3MEPEHUNM, NOYYEHHbIe A5 CTPYKTYP
Nb/Niog1Cuo.10 [A1]. Ha puc. 13 nokasaHbl 3aBUCMMOCTU COMPOTUBIEHUA AR CTPYKTYP C Pa3HOW TOLLMHOMN
MarHUMTHOro csiod. BMAHO, YTO AO/1A CBEXENPUIroTOB/IEHHbIX CTPYKTYp (3aBMcumoctn 1-3) TemnepaTypa
nepexoga YMeHblUaeTcA C  YBeJAUYeHuem
TONWMHbI MarHUTHOTO cnoA. TaK, ANA CTPYKTYpPbI
Nb/Nio.s1Cuo.19(4) TeMnepaTypa nepexoaa meHblue

R
5 .
Ha 0.3 K, yem ana ctpyktyp Nb/Nios1Cuo.1s(3) u
4+ y%""';'ﬂf""‘n';’*"“ Casal Nb/Nios1Cuo1s(2), 4NA KOTOPbIX OHa CcOCTaBMAa
I{ 8.52 K. Cnycta mecAL, nocne MU3rotoBaeHuUA
3 Y yy TemnepaTtypa nepexoaa npu H=0 ans
2 ‘ Nb/Niosi1Cuo.19(2) ymeHblumnacb Ha 0.64 K. 370

CBA3aHO C TeEM, 4YTO C Te4dYeHnem BpemeHU

J NPOUCXOAUT pa3fefieHne HUKens u megnm u
] J obpasyeTcs dpakuymn yucroro HUKens,
4

6 ’7 8 9 ]O HamMarHM4eHHOCTb HacCbIWEeHMA KOTOPOro Bblile
T, K HaMarHMYeHHOCTU PacTBOPa HUKENs C Meaplo, U
KaK cneacrteune, yBe/n4ynBaeTca
Puc. 13. 3aBMCMMOCTb COMPOTMBAEHUA: CNYCTA ABe HeAenu ANA
ctpyktyp  Nb/NigsiCuois(4) (1), Nb/NipsiCuois(3) (2) u HAMArHUYEHHOCTD, a Kpntn4yeckan
Nb/Nios1Cuo.1s(2) (3); cnycta mecau, nocne M3rotoBAeHUA AAA

cBepxnposogALllan Temnepa a CTPYKTYpPbI
cTpyKTypbl Nb/Nio.g1Cuo.19(2) npn H=0 (4) n H=100 3 (5). pxnp AdL patyp PYKTYP

yMeHblaetca. B marHutHom none 1003
Temnepatypa nepexoaa ana Nb/NipsiCuo1s(2) cnycta mecau, nocne msrotosneHusa 6bina ewe Ha 0.96 K
MeHble, yem npu H=0. MNoaMarHUYEHHbIN MarHUTHbIM nonem (GeppoMarHUTHbLIN CAOM ymMmeHbllaeT T
CTPYKTYPbl MO CPaBHEHWUIO C pa3marHuyeHHbiM. Takmm 06pa3om, 3HayeHUe TemnepaTypbl nepexona
OKa3a/10Cb 3aBUCALLMM OT TOJILLMHBI MAarHUTHOTO CJ/1I0A, BE/IMYMHbBI MAarHUTHOIO MOJIA U BPEMEHU C MOMEHTA
W3roTOBNEHUA CTPYKTYypbl, a Mu3MeHeHWe T. O0OYyCNOBNAEHO BE/IMYMHOM HaMArHUYeHHOCTU. MOXKHO
3aK/I0YNTb, YTO BEIMYMHA MArHUTHOIO MOJIA ONpeAenAeT TEMMEpPaATypy CBEPXNPOBOAALLENO nepexosa B
CTPYKTYpPE U AeincTBue CBEPXNPOBOAMMOCTM Ha MAarHUTHOE COCTOSIHME.
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Ha pwuc. 14 nokasaHa 3asucumoctb T(dj),
nonyvyeHHaa w3 daHHbix SQUID-marHntometpum
ana  ctpyktyp Nb(25HM)/Gd(dy)/Nb(25Hm) [AS].

' R OHa  uMMeeT  3aTyxawlee-oCLMANMpytoLLee

7.0 1

noBeseHne C MWHUMYMOM Npu d=3 HM U
MaKcMmymom npu  d=4 HM. bBbiio npoBegeHo
() ] CpaBHEHMEe 3KCMepuMEHTaNIbHOW  3aBUCMMOCTM

'a 6 9 Tc(df) ¢ mofenbHbIMU KPUBBIMUW, BbIYMMCAEHHBIMM C

Model (O-phase)
—— Model (z-phase)

- NOMOLLBbIO ypaBHeHUA Y3agena. [Ona pacyeTos

6b1710 NpMHATO 3HayeHue &=10 HM M obmeHHOWM
@ This work °
@ liang et al.

aHeprun E.=280 K. Bblno nony4yeHo xopoliee

w
W

; T cornacue Mexay 9KCMepumMeHTOM W Teopuen.
dy w MokasaHa BblCOKaA NpO3payHOCTb S/F

uHTepdelica. Takmm  obpasom,  cornacHo
Puc. 14. SkcnepumeHTasbHaA 3aBUCUMOCTb T(dy), nonyyeHHan B
haHHOW paboTe (KpacHble TOYKM), M paHHble paboTbl [18]
(4EpHbIE TOUKM) C KOPPEKTMPOBKOW 8d=1.5HM. YépHas u TMPOHMKAOT B cnonm Gd Ha raybuHy §=4 Hm. Ti-
KpacHas 3aBUCMMOCTM MOKa3bIBAIOT PacyérT C  MOMOWBIO  ~ocTonHUE 3HEpPreTUYECKM BbIrOAHO A1 AMana3oHa
ypaBHeHUI Y3agens ans coctoaHuii 0 m 1 ¢dasbl. Ha BcTaBke
noKasaHbl TeMnepaTypHble 3aBUCUMOCTY U3MEHeHUA MarHuTHoro  TOJILLLMH d=[3+6] Hm.  [na  6onbwmx  TONWMH

momeHTa dm(T)=m(T)-m(T>T.) ANA NOMeYeHHbIX ToYeK. nponyckaHue Koppenauuii yepes F-crnot

pacyéTam,  CcBepxnpoBoAAlme Koppenaunm

CTAHOBMWTCA HEBO3MOXKHbIM, @ SFS CTPYKTypa Npu 3TOM pasaesieHa Ha ABa HesaBucumsbix S/F bucnos.

B _yetBépTOoit _rnaBe paccmaTpuBatoTca  3ddekTbl  6aM30cTM, 0BYCNOBAEHHbIE  BAUAHWEM
CBEPXMPOBOAMMOCTM Ha MArHUTHOE YMNopsAOYEeHME CUCTEMbI, B HEOAHOPOAHbIX FeTepPOCTPYKTYpPax.
HeoAHOPOAHOCTb CTPYKTYP, 3aKAOYUAIOWAACA B HA/NMYMKM KAAcTepoB, YTO MNPMBOAMT K 06pasoBaHMIO
HEepPaBHOBECHOrO COCTOAHMA cynepnapamarHeTMsma / cynepcnmHOBOro CTekna. B Takom ciyyae sapdeKTbl
6nu3oct, 06ycnoOBAEHbI W3MEHEHWEM HepaBHOBECHOrO CynepnapamMarHUTHOTO COCTOAHMA B6AM3K
TemMnepaTypbl CBEPXMNPOBOAALLEIO Nepexoaa CTPYKTypbl. B paboTe Habnoganoch yetbipe Takux addekTa
6/11M30CTU:  nNepemMarHMuYMBaHWME MArHUTHOFO C/loA  NpU  cBepxnpoBogdawem nepexoge [Al, Ad],
AMNaMarHeTusm nepuoanyeckon  ¢GeppomMarHMTHO-CBEPXMNPOBOAALLEN CTPYKTypbl [A7], nepecTpoiika
MarHUTHOM CTPYKTypbl npu T<T. [Al, A2], B3aMMHaA KOMMEHCAUMA HaMarHMYeHHoOCTeN [OMEHHOM
CTPYKTYpbI U KnacTepoBs [Al, Ad4]. PaccmoTpum AaHHble 3ddeKTbl noapobHee.

Ha puc. 9 npuBeaeHbl 3aBUCUMOCTM MAarHUTHOrO MOMEHTa NPU OXNaXKAEHMUM B HYJIEBOM MarHUTHOM
none (ZFC) u B mariutHom nose (FC) HanpaxeéHHocTbio H=20 3 ana cTpyktypbl V/FeV/V/FeV/Nb. BugHo,
4YTO CBEPXMPOBOAALLMIA Nepexos B cnoe HMobua, B OTAMYME OT Nepexona B C/loe BaHAAMA, CYyLLECTBEHHO

N3MEHSET MarHUTHbIA MOMEHT CTPYKTypbl. Mpu T=8 K, 6onblieit T, MarHUTHbIN MOMEHT CO343ETCA TOJIbKO
MarHUTHbIM cnoem, B pexume ZFC MarHuTHbli MomeHT pasBeH Mn(ZFC, 8 K)=—7.2:10° epn. CICM.
MarHutHbIi MOomeHT 7.2-:107° ean. CFCM coOTBETCTBYET MarHUTHOM MHAyKuun Bn(8 K)=180 lc ans
MarHMTHOro cn10a peasnbHOM TonwmMHbl 20 HM 1 1.8 KI'c ana AByX cnoes Kenesa obuwen HOMUHANbHOM
TONWMHOM 2 HM. B pexknme ZFC npu T=6 K, meHbLlen T,, MarHUTHbIN MOMEHT CTPYKTypbl paBeH M«(ZFC, 6
K)=0. Mpu T<T: MarHUTHbI MOMEHT CTPYKTypbl Ms: ABNAETCA CYMMOW MarHUTHONO MOMEHTA MArHMTHOro
cnoa My, n momeHTa cBepxnposogauiero cnoa Ms. U3-3a guamarHeTMsma CBepXMNpoOBOAALMX C/OEB K
BHELWIHEMY MArHUTHOMY MNOAKD M AMaMarHeTMama K MOMEHTY ¢GeppoMarHMTHOTO C/AOA  LOMKHO
BbINO/HATLCA YCNOBUE:

M (ZFC,6 K) = M,,(ZFC,6 K) + M(ZFC,6 K) = M,,(ZFC,8 K)(1 — op€) — HV;0y (3)
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3pecb Ops) =0+ 1 — creneHb AMamarHeTM3ma MarHUTHOrO (CBEPXNPOBOAALLErO) C0A, € — A0/A
MarHMTHOro Ccnos, KoTopas W3-3a 3¢pdeKkTa 6AM30CTM CTaHOBUTCA cBepxnposogawein, V, — obbem
cBepxnpoBogALLero coa. OTMETUM, YTO MaKCMMa/IbHbIN AMAaMarHUTHbI MOMEHT CBEPXMNPOBOAALLErO CNOA
K marHuTHomy nonto H=20 3 paseH 2.8-107° eg. CTCM. Hanbonee sepoaTHbiM B paboTe npeanonaraerca
CNy4al, KOrga MW3MEHAITCA MarHWTHble MOMEHTbI CBEPXMPOBOAALLENO M MarHUTHOrO  CNOEB.
Mpeanonaraetcs, YTo GepPOMarHUTHBIN C/I0M He CBEPXMPOBOAALLNNA U 0 = 1, Torga umeem Mny(ZFC, 6 K)=-
M;s(ZFC, 6 K)=2.8-10% e. CTCM 1 AM,,=10-10"° en. CTCM. [laHHble n3mepeHus B pexkmume FC nossonaioT
MOHATb, YTO NpoucxoauT. B pexnme FC umeem My (FC, 6 K)=6.2-10"% egq. CTCM=-M(FC, 8 K). Ecan nonaratb,
4yto B pemme FC MarHWTHbIA MOTOK B CBEPXMPOBOAALLEM C/10€ 3aMOPOXKEH WM3-33 MUHHWHIA U He
BbITa/IKMUBAETCA MPU CBEPXMPOBOAALLEM NEPEXOAE, TOrAA NOAYYAETCA, YTO MAarHUTHbLIA MOMEHT MarHUTHOTO
CN10A PEBEPCUPYETCA NPU KPUTUUECKOM TEMMNEPATYPE, HE U3MEHAACL NO abcontoTHOM BeanymHe. Kak byaet
BWAHO Aasiblle U3 JAHHbIX UCCNef0BaHUM C HEMTPOHAMM, PEBEPCUPYETCA HE TOJIbKO MOHbLIA MOMEHT, HO U
HaNpaB/IEHHbIN MPOTMBOMOIOKHO €My MOMEHT AOMEHHOM CTPYKTypbl. OOBACHUTL Takoe noBeAeHUe
MAarHMTHOrO MOMEHTA MOMKHO, €CAN Y4YecCTb, YTO MOMEHT MArHMTHOTO C/10A B OCHOBHOM ofnpenenseTca
Knactepamu. B pesysbTaTe MarHUTHOTO BO3MYLLEHWUA MPU Nepexone MOMEHTbl KAacTepoB nepexomaT u3
COCTOSIHMA NPOTMB NOAA B COCTOAHWE NO MO0, M3BECTHO, YTO CUCTEMA MArHUTHbIX MOMEHTOB K/lacTepOB
MMeeT ABa MUMHUMYMa B SHEPTMM B3aMMOLENCTBMA KNAaCTEPOB C MAarHUTHbIM nosem [21], onpeaensembix
3HAYEHMAMM Yyra Mexay HanpaBAeHUAMNU MAarHUTHbIX MOMEHTOB M MAarHUTHOTO NOAS, OT/INYAOLWMXCA APYT
OT ApYyra yrnom .

Takum 0b6pasom, sKCnepuMeHTasbHble AaHHble B OOOMX PEKMMAxX YKasblBAOT Ha TO, YTO Npwu
CBEPXMPOBOAALLEM MEPEXOAE MArHUTHbIN MOMEHT MArHUTHOIO C/I0A W3MEHAETCS MO HamnpaBieHUIO U
abcontoTHOM BeNNUUNHE.

Ba)KHbIM ABAAETCA BOMPOC HAMMYMA  OMAMArHETM3Ma MarHMTHOTO CN0si B OCTaTOYHOM
nsmeputesbHom none H=13 B6AM3M TemnepaTypbl cBepxnpoBogsallero nepexoga npu T>T.. MOXHO
npPeanonoXuTb, YTO 3TO CBA3AHO C HA/IMYMEM B3aUMOLENCTBUA CUCTEMbI KNAcTePOB C GeppoOMarHUTHbIMMU
AOMEHAMM, CO3LaIOWMMMN Ha KnacTepax /SIoKasibHOE MarHMTHOe noJie, HamnpaBAeHHOE MPOTUBOMOONKHO
BHELWHeMYy MarHUTHomy nont. CyliecTBOBaHWE B3aMMOLEWCTBMA MNOATBEPKAAETCA TaKkKe Tem, 4To
MOMEHTbI K/lacTepoB U MOMEHT LOMEHHOM CTPYKTypbl, Byayyn HanpasaeHHbIMM NPOTUBOMNONOXKHO ApYr
ApYry, O4HOBPEMEHHO M3MEHAIOT HanpaBiaeHWe NPU CBEPXMNPOBOAALLEM Nepexose. TakKe 3To creayeTt u3
[AHHbIX HEMTPOHHbIX PenaKCauMOHHbIX U3MEPEHUI, B KOTOPbIX Habatoganace Koppensums B NoBeseHUn
MarHMTHbIX MOMEHTOB KNACcTEPOB U MNNOTHOCTU AOMEHHbIX CTEHOK.

AHanornyHoe nosefeHMe MarHUTHOFO MOMEHTA MOJIYYEHO U A5 APYIUX CTPYKTYP. Taknm obpasom
npwv CBEPXMNPOBOAALLEM MEPEXOLe B CTPYKTYpax Habno[anochb ABAeHME NepeMarHM4ymMBaHUA MarHUTHOTO
CNos U peBepc MarHUTHOrO MOMeHTa B HEGO/IbLLOM MarHUTHOM NOJie, @ TaKKe NPU ero oTCYTCTBUM.

B rnaBe npuBoAATCA pe3ynbTatbl N0 HabAWOAEHUIO  AMAMaArHeTMsma nepuoaMYecKol
beppomMarHMTHO-CBEPXNpPOoBOAALLEN CTPYKTYpbl. Mpu MccneaosaHUm MHOrocnonHbix ctpyktyp [Nb/Gdli
obHapyeHo nogasBneHWe HamarHudeHHoctn cnoés Gd Huxe T(Nb). Habniogaembii adpdekT nmeert
3NEKTPOMArHUTHOE NPOUCXOKAEHME.

Ha puc. 15a nokasaHa TemnepaTypHas 3aBUCMMOCTb CMMHOBON aCMMMETPUM ANA NEPBOro NUKa
Bparra S$i1(T), U3amepeHHas no cnegytowemy anroputmy. Boiwe T. o6pasel, 6bi1 HAMarHUYeH A0 HacbILLEHUSA
B TEYEHME KOPOTKOrO BPEMEHM, a 3aTem MoJsie YMEHbLUANOCh A0 HYAA, a obpasel, oxnaxganca o 3.3K B
Hy/1eBOM noJie. 3aTem MpUKAagpiBanock none H=6613 1 nsmepsnacb 3aBucMmocTb Si(T) Npu HarpesaHun
obpasua fo T=7 K (yepHas KpuBas Ha puc. 15a), 3aTem obpasel, oxnaxaancs obpaTHO B TOM e noJse 4o
T=3.3 K. Mo»XHO BUAETb, YTO aMnanTyaa S1 nogasneHa Huxe T, ecnv obpasel, oxnaxaeH B Hy/SieBOM nose.
Tak Kak 3GOdEeKT MMeeT MecTo B MPOMENKYTOYHOM MHTEpBajse MarHUTHbIX MNOJEA Mexay 3HaYeHUAMMU
OCTATOYHOM HAaMArHMYEHHOCTM U MOJIEM HaCbIWEHWA, NPUBEAEHbI AaHHble 418 MAarHUTHOro nosa H=661 3,
NMOCKO/IbKY NPWU AaHHOM 3HAYeHUM Habaoganocb Hanbosbliee NogaBieHNe HamarHMYeHHocTu (puc. 156).
AHanornyHble MamepeHuUn GbIIN NPOBEAEHbI A41A BCEX 06Pa3L0B € Pas3/IMYHbIMKU TOLWMHAMK CNoéB Gd K
Habnto4anoch, 4TO BEIMUMHA NOAABAEHUA 06paTHO NponopLMoHaabHa dr (BCTaBKa Ha puc. 15a).
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Puc. 15. (a) TemnepaTypHasa 3aBUCMMOCTb S; U3MEPEHHasA B MarHUTHOM nosne H=661 3, Nnpu KOTOpom HabA[aNCa MaKCMMyM 8S;.
YépHan KpuBan bblna M3mepeHa Npu Bo3pacTaHMKM TeMMepaTypbl MOC/e OXNaXKAeHUn B Hynesom nose (ZFC), panee KpacHaa Kpueas
6blna M3MepeHa MpW yMeHblUeHUW TemnepaTypbl. Ha BCcTaBke nokasaHa 3asucumoctb 657'**(dp); (6) nonesas 3aBMCMMOCTb
CMMHOBOM acMMMeTpUM AR NepBoro nNuka bparra S; M3mepeHHoro Bbiwe T, (4€pHaa KpuBaa) U HuKe T (KpacHaa u 3enéHas
KpvBble). YEpHasA 1 KpacHas Kpusble HBblIM U3MepPeHbl NPY BO3pacTaloLemM MarHUTHOM MNose oT Hyns Ao H=4.5 k3. 3enéHas Kpwsasn
6bl71a U3MepeHa NPU YMeHbLUEHMUW NOAA OT NOAA HacblWeHNA Ao HynAa. Obpasel, 6bin oxnaxAaeH B HyneBoM nose Huke T.=5.5 K.
He3akpalueHHbIMM TOYKaMK NoKa3aHa 3aBucMMocTb 8651=51(7 K)-51(3 K);

[na Toro, 4Tobbl KAYECTBEHHO ONMCATb NOLABEHUE CMMHOBOM aCUMMETPUM HUXKe Tc ANs 3a4aHHOTO
3HayeHuA rny6uHbI NPOHUKHOBEHUA MAarHUTHOMO NOASA A BbIYMCAANOCH 3HAUYEHWE IOKANIbHOTO MarHUTHOIO
nona H(z) pna kaxkgoro cnoa Gd ¢ MCNoO/Ib30BaHMEM M3BECTHOTO BblparkeHus ans sdpdekta MeiccHepa B

v o z
CBEPXMNPOBOAALLEN NIEHKE TONWMHON Ds U C NPUIONKEHHBIM MarHUTHbIM nonem Ho: H(z) = H, cosh (/—1)/

cosh (Z—i). [na obpasua ¢ d=2 HM npm H=0.8 K3 Hauny4lwee cornacue noaydeHo npm A=180+10 HM. JaHHan

BE/IMYMHA 3HauMTeNbHO b6osblie, yem A~100 HmM ana ynctoit nneHkn Nb Takoi e ToawmHbl. Ha puc. 16
MoKa3aHbl PaCCYMTaHHbIA MarHWUTHbIA NPOdUIb CTPYKTYPbl, COOTBETCTBYIOWMIA HAUYYLLIEMY 3HAYEHUIO X2,
Bbile N Huxke T(Nb). Takum obpasom, nokasaHo, 4To n3-3a adpdekrta 6ansocTn cTpyktypa Gd/Nb Beget
cebss KaK OAWH TOACTbIA MarHUTHbLIA CBEPXMPOBOAHMK. TaKOM TO/CTbI CBEpPXNPOBOAHWMK crnocobeH
3KPaHWPOBATb MPUNOKEHHOE MArHUTHOe noJsie, TakMM 06pasom noaasass HamMarHUYEeHHOCTb Cnoés Gd,
pacnofioXeHHbIX BnKe K LEeHTPY CTPYKTYypbl. 3Ta
MoAeNb  TaKXe  O0ObACHAET  CylLecTBOBaHMe
adpdekTa B NPOMEKYTOYHOM  AMaNasoHe
MarHuUTHbIX nosie, rae npoussogHas dM/dH=0.

B [22] onncaHo sBneHWe TemnepaTypHOW
BO3BPATHOCTM  HEOAHOPOAHOIO  MArHWUTHOrO
COCTOAHMUA B CTPYKTYpe
Cu(32HM)/V(40Hm)/Fe(1um)//MgO. B  paHHOWM
paboTe aHanorMyHoe saBneHWe Habaoganocb ans
ctpykTyp Nb(70HMm)/CuxNi1«/Si, x=0.21, 0.35. Ons

: . o ali cTpyKTypbl Nb(70 HM)/NigesCuo3s(6.5 HM)//Si npu

z HM Temnepatype T=9 K, KOTOpaA HECKO/NbKO Bblle

Puc. 16. PaccunTaHHbIl MarHUTHbIM NPodUab, COOTBETCTBYIOLLEN CBEPXMPOBOAALLEN  KPUTUHECKOW  TEMNEPATY B!

HaWAyULLeMy 3HAYEHMUIO X2 CTpyKTypbl T=8.5 K, Habnoganacb Koppenauma

COCTOSIHMIA  MarHUTHbIX  HAHOCTPYKTyp.  [Mpu

Temnepatype T=4 K, KoTopas Huke T, Habno[anocb ABAeHWE BO3BPATHOCTM MAFHUTHbLIX COCTOSHUM,
cywiecTeytowmx npu 7=9 K.

Ha puc.17 pana  crpyktypbl  NigesCuoss(4HM) npuBeaeHa 3aBucumocTb  (1-3) cymmapHoi

WHTEHCUMBHOCTM NPOLIEALNX CTPYKTYPY W OTPAXKEHHbIX OT CTPYKTYpbl HEUTPOHOB /rir(T) OT TemnepaTypbl
HauuHas ¢ 10K 1 go 1.5 K ana Tpéx akcnepumeHToB (0603HauyeHbl Kak 31-33). B nepBom 3KCNepumeHTe
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(3aBucumocTtb 1) npu 10K ycraHaBAMBanocb MarHMTHoe nosie 253. Bo BTOPOM 3KCMEpUMEHTe
(3aBmMcmMmocTb 2) npm 10 K cTpyKTypa HamarHmumsanacb B nose 500 3, nocne Yero yctaHaBAMBaNOCh nose
25 3 n npoBOoANNOCE n3mepeHune ¢ nsmeHeHnem Temnepatypol ot 10 go 1.5 K. 3aBucmmocTtb 3 nony4veHa B

3KCNEPUMEHTE C MarHUTHbIM nonem 200 3 aHaNOrMYHO TOMY KaK bblna nosydeHa 3aBUCMMOCTb 1.
BnagHo, 4To B TemnepaTypHOM gmanasoHe 5+8 K 3aBMCMMOCTb 2 NPOXOAUT Bbille 3aBUCMMOCTM 1, a
3aBUCMMOCTb 3 BbIle 3aBUCMMOCTM 2. ITO OOBACHAETCA TeM, YTO B 3SKCNepuMMmeHTax 2 U 3 CTpyKTypa
HamarHuyeHa. Mpwn Temneparype 9K B

1, C_] 3KcnepumeHTax 1 M 2 Habnogatotcs npoBanbl,
CBAA3aHHbIe o paccefaHuem HENTPOHOB.
152} 3 Temnepatypa 9K HaxoauTcaA B OKPECTHOCTU
T=8.5K. Ona 33 pacceaHna HeT. OO6BACHUTL
148 ¢ BO3HMKHOBEHME pacceaHna ana 31-22 MOXKHO Tem,

YTO 4acTb MarHUMTHOrO CNOA  MepexoauT B
144+ 2 cBepxnposojdulee cocroaHuwe. [na 33 3Toro He
NMPOMCXOAUT M3-3a TOrO, YTO CAOW HaMarHuW4eH M

140+ 1 MHAOYKUMA B HEM O0CTaTOYHO BbicoKas (3 KIc). Mpwu

. ) ) . . Temnepatype 4 K paccesHue yxe Habniogaerca u

0 2 4 6 8 10 Ana 33. 370 CBA3@HO C MEHbLWWUM 3HAYeHMem

I, K HaMarHM4YeHHOCTU W3-3a pPasmarHWYMBaHUSA NoA

Puc. 17. 3asncumocts I(T) ana cTpykTypbi NiossCuoas(4) npu A=2 AENCTBMEM CBEPXMPOBOAMMOCTH, a Takke ‘Gonee
An Po=+1831(1), 32(2) n 33(3). CUNbHOM  cBepxnpoBoAMMOCTbid’ npu 4K no

cpasHeHuto ¢ 9 K. OueBugHO, 4TO pacceaHue

HENTPOHOB NPOUCXOAMT Ha AOMEHHON cTPyKType C1l, a UMEHHO, Ha AJOMEHAX U HA AOMEHHbIX CTEHKAX.
B paboTe NOKasaHO, YTO MarHUTHbIN C/ON COCTOMT M3 TPEX MArHUTHbIX CTPYKTYp. Kak nokasaHo
Bbllle, BO-MepBbiX, 3TO AOMeHHaA CcTpyKTtypa Cl. TonwmHa AOMEHHbIX CTEHOK He npeBbiwaer 1.6 Hm.
Bropas cTpykTypa C2 — 370 peppoMarHMTHaa CTPYKTypa KPMUCTaNIMYECKOrO HUKeNA, KOTopaa NpoABAAETCA B
onbiTax 2 u 3. Mepuog aaHHOM GeppOMarHUTHOM CTPYKTYpPbl paBeH uan meHbwe 0.2 Hm. CTpykTypa C3 —
pelleTka MarHUTHbIX KAacTepoB, COCTOALLMX, MO
KpalHen mepe 4acTMYyHO, U3 aTOMOB HUKens.
B, kl'c MeXnIOCKOCTHOe  pacCToAHMe B pelueTKe

Knactepos coctasnaetr 7 HM. Mpn T=4 K n T=9 K

Of /° NPOUCXOAUT KOPPENALMA COCTOAHUIN MarHUTHbIX

1l e /° CTPYKTYpP;, nNpuv 3TOM pasmepbl OOMeEHOB

a 9 YMEHbLUATCA, @ NAOTHOCTb AOMEHHbIX CTEHOK

2t Bo3pactaeT. MarHuUTHble MOMEHTbl KaacTepos

3] 0\0\ /0 pasynopAaoYMBaloTCA NO HAaNpPaBAEHMUIO B ONbiTe

- b 1 u” opueHTMpYyIOTCA NPOTUB HaNpasieHUA
4t \ MarHuTHOro NoAA B onbITax 2 u 3.

8 Ha pwuc.18 npuBegeHa 3aBUCMMOCTb

'50 2 4 6 8 ]IO WHAYKUMW B MArHUTHOM CNOe TO/LWMHON 6.5 HMm,

T, K nosydyeHHaa B pesysabTate GUTUPOBAHUA AAHHbIX

3epKasibHOro OTpa*keHuns HEeNTPOHOB.

Puc. 18. 3aBUCMMOCTb OCTAaTOYHOM MHAYKLUMM MarHUTHOrO nons Habnopaetca TEHAEHUMA YMEHbLWEHUA

npu H=25 3 ana npeagapuTesibHO HamarHuyeHHol B none 500 3 MHAYKUMW  MarHUTHOTO MoAsA MNpU  yYMeHblUeHUU
cTpykTypbl  Nb/NigesCuo3s(4); TonwMHa MarHUTHOro  c/os,

33/10KeHHaA B PacUETax — 9.9 HM. TeMnNepaTypbl. 3KCTpaI'IOJ'IFlLI,VI’r'I 3TON TeHAEeHUUHn

OA6T  HyNeBoe  3HauyeHWe  MHAYKUMM  npu
TemnepaType, CTPeMALLENCA K Hyto. BUAHO, YTO pe30HAHCHO BblAe/eHbl 3HaYeHus TemnepaTtypbl 8 u 4 K.
Mpu Temnepatype 8+0.5 K, KoTopasa COBNagaeT C KPUTUYECKOM TemnepaTypoi, MarHUTHas MHAYKUMA
ymeHbLaetcs Ha 30 %. 3TO cOOTBETCTBYET TOMY, YTO CTAaHOBWUTCA PABHOMW HY/t0 MHAYKLMS B 4acTu C/OS
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TONWMHOM 2 HM. [Mo-BMAMMOMY, 3TO GEepPPOMArHUTHbIA MOACAON, NPUAEralOWMUN K CBEPXNPOBOAALLEMY
cnoto. Mpu Temnepatype 4 K MarHMTHaa UHAYKUMSA BennuYMHOW 2 KIc ymeHbluaeTcs Ha 100 %, pgocturas
HYNeBOro 3HayeHus. PacceAHMe Ha AOMEHHOW CTPyKType npu 4 K MakcMmanbHO, YTO COOTBETCTBYET
pa3ynopaaoYeHUIO HanNpaBieHUIA (M30TPONM3aLMM) MOMEHTOB AOMEHOB W PABHOM HYAO MarHUTHOWM
WHAYKLMN LOMEHHOW CTPYKTYPbl. PaBeH HYO0 U MarHUTHbIN MOMEHT CUCTEMbI KNaCTEPOB.

Takum obpasom, npu 4 K peanunsyerca MarHUTHOE COCTOAHWE OTAENbHO B KaXAoOM MarHWUTHOWM
CUCTEME - K/TAaCTEPHOM U AOMEHHOW, KOTOPOE NPOABAAETCA B YMEHbLIEHUN HaMarHMY4eHHOCTU CUCTEMBI.
JaHHoe cocToAHMe fABnAeTcA aHanorom KpuntodeppomarHeTMama B MAKPOCKOMMYECKOM MPOABAEHUM
YMEHbLUEHUA cpegHein HaMarHMYeHHOCTM CUCTEMbI NO4, BAUAHUEM CBEPXNPOBOANMMOCTU. OTMETUM TaKIKe,
yto ans cTpyKTypbl Nb/Nigs1Cuo.19(4), B KOTOpOI cogepkaHue HUKens 6osblie Ha 16 %, ckoppenmpoBaHHoe
noBefeHMEe MarHUTHbIX CUCTEM MpoucxoguT npu H6onee HM3Koi Temnepatype 2.5 K. Tak gnsa cTpyKtyp
Nb/Nioes(0.81)ClUo.3500.19) NPWU  TEMNEpPATYpe HUXKE TemnepaTypbl MNepexona B CBEPXMPOBOAALLEM C/l0oe
NPOUCXOANT CBEPXMNPOBOSALLNIN NEepPexos B MarHUTHOM C/Oe.

B paboTte Habnoganocb HamarHMYMBaHME AOMEHHOWM CTPYKTYPbl U pasmarHMyinmBaHME CUCTEMDI
KNacTeEPOB MPU YMEHbLIEHUM TemnepaTypbl HUXKE CBEPXMPOBOAALLEN KPUTUYECKOM B dHeppomarHuUTHO-
CBEPXMPOBOAALLEN CTPYKTYPE, NPU 3TOM MOAHbIA MArHUTHbIA MOMEHT CTPYKTYPbl CTPEMMACA K HYALO.
PaccmoTpum AaHHbIV pe3ynbTarT.

Bblin NpoBeaeHbl HU3KOTEMNEPATypPHble HEUTPOHHble M3MepeHUs. [laHHble 3TUX M3MepPeHuit
npueeaeHbl Ha puc. 19a. Ha HEM npuBeseHa TemnepaTypHasa 3aBUMCMMOCTb KoadpduumeHTa pacceaHuA
S(TY=1—(R(T) + Tr(T))/(R(150K) + Tr(150 K)) nonsapr3oBaHHbIX HEWTPOHOB C AJIMHON BOJHbI
A=1.28+0.015 A (paccesHue npu T=150K paBHO Hynio), rae R U Tr KOIGPULMEHTbI OTPaKeHUA W
NPONyCKaHUA HENTPOHOB.

Mpu T=8 K pacceaHne HEWTPOHOB MAKCMMaANbHO M cocTaBaseT 55+59 %, npu aTom nonApusayma
paccesaHHbIX HEMTPOHOB OTpULATesIbHaAa U paBHa -0.035. HeHyneBoe 3HauyeHMe NONAPU3ALNN PaCCEAHHDBIX
HEWTPOHOB onpenenAeTcA HaMarHMYEeHHOCTbIO KAcTePOB OTHOCUTE/IbHO HAaMarHUYeHHOCTU OKpYyXKatoLein
Knacrepbl cpeapbl.

S
S
0.61L PO:-l 0.6
0.4
0.2
17 00 :
04l 024(,8#]1(2
0.2+
0.0 : 02—
1 10 100 1000 02 1 2 3 4 5 6 7
T.K A A

(a) (6)
Puc. 19. 3aBucumocTb KoapduumeHTa paccesaHua HentpoHos S(T) ana ctpyktypbl V/FeV/V/FeV/Nb ana H=17 3 n H=9.5 k3; (6)
cnmHoBas acummeTpus otpaxkenna Sg(T) = (RY — R7)/(R™ + R™) pna sHaueHuii Temnepatypbl 8 K (1) n 3 K (2).

B aTOM cBA3M, OTPULATENIbHOE 3HAYeHNe nonApusaumm Npu T=8 K yKasbIBaeT Ha TO, YTO MArHUTHbIE
MOMEHTbI K/IAaCTEPOB OPUEHTMPOBAHbLI MPOTUB MArHUTHOro nosnsa. OQHOBPEMEHHO C MnepeopueHTaLmen
MOMEHTOB K/IaCTEpPOB MNpPW CBEPXNPOBOAALLEM MNEpexone NPOUCXOANT MNepPeopUeHTALMA MArHUTHOTO
MOMEHTA OKpy}Kalollel cpedbl, Ha YTO YyKasana CNMHOBAA aCMMMETPUA 3epKasIbHOro OTpaXKeHus
HeitpoHos Sg(T) = (Rt — R7)/(R* + R™), npuseaeHHas Ha puc. 196 ana 3HayeHnit Temnepatypbl 8 K (1)
1 3 K(2). Taknm obpasom npu T=8 K MarHUTHble MOMEHTbI KNacTepoB OPUEHTUPOBAHbI MPOTUB MarHUTHOTO
nond. MNMpu 3TOM MOMEHTbI KNacTePOB M OKpy:Kalollel cpeabl HanpasaeHbl BCTpeyHo. OAHOBPEMEHHO C
nepeopueHTaLMen MOMEHTOB K1acTepoB Npu CBEPXNPOBOAALLEM NEPeEXoLe NPOUCXOAUT NepeopueHTaLma
MarHMTHOrO MOMEHTA OKPYHKatoLLeln cpeabl, COXPAHAETCA BCTPEYHOE HanpaBieHne HamMarHMYeHHOCTeN.
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BuaHo 13 puc. 19a, 4TO MHTEHCMBHOCTb PAcCesHMA NOHUKAETCA C YMEHbLUEHWEM TeMnepaTypbl, To-
€CTb, YMEHbLIaeTcA MNAOTHOCTb JOMEHHbIX CTEHOK, a COOTBETCTBEHHO MArHUTHbIA ~ MOMEHT
HamarHuymsatowerica ¢eppomarHMTHOM cpedbl Bo3pacTaeT MNo abcosoTHOM BenuuuHe. [pu 3TOM,
oTpuLaTeNbHaA CyMMApHasa HaMarHMYeHHOCTb KNacTepoB M3-3a YaCTUYHOMN M30TPONM3aLMKN HanpaBAEeHWUI
MOMEHTOB YMeHbLIaeTcA no abcontoTHon BennumHe Ha 30 %. MarHUTHbIN MOMEHT CTPYKTYpbl ABAAETCA
CYMMOM MArHUTHbIX MOMEHTOB MArHUTHbIX U CBEPXNPOBOAAWMX CNOEB. MNpn TemnepaType B AManasoHe
4+7 K MarHUTHbIA MOMEHT CTPYKTYPbl U3MEHAETCA Nog, AeNCTBMEM CBEPXMPOBOAMMOCTM B CI0E HMOOUA, a

HuxKe 4 K — nop, AeincTBMeM CBEPXMPOBOAUMOCTH B

_2 Ma ‘Uemu cnoe BaHaguAa. B gmanasoHe 3.5+5 K mMameHeHume
MarHMTHOrO MOMEHTA onpeaenAeTcd MarHUTHbIM

FC cnoem (puc. 20). Mpy 3TOM, MarHUTHaA WHAYKUMA

+— MArHUTHOro cnoAa ymedblaetca ¢ 150 go 100 3.

-4 - Mockonbky HaMarHW4YeHHOCTb OKpyKatoLen

Knacrepbl cpenbl BO3pacTaeT, a no/sIHaA
HamMarHM4eHHOCTb MAarHMTHOro Cs10A yMeHbLIAETCA,

-6 I TO0 MPOTUBOMONOMHO Hanpas/ieHHble
HaMarHM4eHHOCTU JOMEHOB M KNacTepoB YaCTUYHO

ZFC KOMMEeHCUpyoT apyr apyra. JaHHoe

’ CBEpPXMPOBOJALLEE  HEOAHOPOJHOE  MarHUTHoe

-8 ‘ ' : COCTOAHME CTPYKTYPbl M3 KNacTepos M [JOMEHOB
2 4 6 8 10 aHaNoOrMYyHO KpuntodeppomarHeTnsmy, B CBA3M C

T, K yYMeHblleHnem MaKpPOCKOMMn4YeCKoro marHnTHoro

Puc. 20. 3aBUCMMOCTU MArHUTHOrO MOMEHTA NPU OXNAXKAEHUM B MOMEHTA CTPYKTYpbI.
HY/IEBOM MarHutHom none (ZFC) v B marHutHom none (FC)

B Bu MeHbLUEHNA MAaKPOCKONNU4YeCKoro
HanpaXkéHHocTbio H=20 3. AYY P

MarHMTHOrO  MOMEHTa  CTPYKTypbl, AaHHOe
ABJIEHME aHANOMMYHO KpMnTodeppPOMarHMTHOMY COCTOAHMUIO. B NpoCTpaHCTBE MeX Ay KNacTepoB MarHUTHasn
WHAYKUMA CO343ETCA MPOTMBOMOJ/IONKHO HamnpaBieHHbIMWU HaMarHMYeHHOCTbIO AOMEHHOM CTPYKTYpbl U
paccesHHbIM nonem KnactepoB. [MOCKOJIbKY, HaNpAKEHHOCTb PACCEAHHOrO0 MNOAA MEeHblle WHAYKLUK
MArHMTHOro MoAnA B KaacTepax, MarHUTHaa MHAYKUMA B MPOCTPAHCTBE Mexay Knactepos B <100 c npwu
T <3 K. OueBMAHO, YTO TaK KaK MArHWUTHbIA MOMEHT K/acTePOB AOCTAaTOYHO 60/bWON (HAMarHMYeHHOCTb
paBHa 2.35 KIc), AMameTp KNacTepoB NPeBOCXOAUT KOrepPeHTHYIO AJIMHY CBEPXNPOBOANUMOCTU Ha NOPAAOK,
CBEPXMPOBOAMMOCTb MOXKET CYLLLECTBOBATb B PeppOMarHUTHOM cpese B MPOCTPAHCTBE MEXAY KNacTepos.

OCHOBHble  BbIBOAbl ~ MPOBEAEHHbIX  WUCCAeAOBaHUMA  HEOAHOPOAHbIX  peppomMarHUTHO-
CBEPXMNPOBOAALLMX CTPYKTYP COCTOAT B cnegyowem. MarHuMTHble CAOM CTPYKTYPHO HEOAHOPOAHbI.
MarHuTHble CBOMCTBA CTPYKTYpP ONPEAensAtoTcd MarHMTHbIMM KnacTepaMM HaHOMETPOBOrO pasmepa M
beppoMarHMTHBIMM  JOMEHaMM, a TaKKe TOJIWMHOM MArHUTHOro cnofA. Knactepbl M AOMEHbI
B3aumoaencTeytoT. [eiicTBue CBEpPXNPOBOAMMOCTM Ha MarHMTHOE COCTOAHME K/acTepOB CBOAMTCA K
W3MEHEHUIO OPMEHTALMM MX MAFHUTHBIX MOMEHTOB. [leicTBne CBEPXMPOBOAMMOCTM HA [AOMEHHYIO
CTPYKTYPYy NPMBOAUT K U3MEHEHMIO HAMNpaB/ieHUA MArHUTHbIX MOMEHTOB AOMEHOB W U3MEHEHMUI0 MX
pasmepa. BesnnumMHa marHuTHOrO nona onpegendeTr TemnepaTypy CBepxXnpoBOAALLEro nepexoga B
CTPYKTYpe U AeiCTBME CBEPXMNPOBOAMMOCTM Ha MarHUTHoe coctoaHue. Oaa ctpykTyp Nb/Nio.es(0.81)ClUo.35(0.19)
npu Temnepatype HWXKe TemnepaTypbl Mepexoga B CBEPXMPOBOAALLEM  C/I0€  MPOUCXOAMUT
CBEPXNPOBOAALLMI Nepexos B MarHUTHOM c/iioe. TemnepaTypa CBEPXMNPOBOAALLErO Nepexosa MarHMTHOro
CNOA TaKXKe 3aBUCUT OT BEJINYMHBI MArHUTHOro nona. Mpu ceepxnpoBogAWEem nepexode B CTPYKTYpax
Habnoganocb fABMEHME NepemMarHMymMBaHMA MArHMTHOFO C/I0S M PEBEPC MArHUTHOTO MOMEHTa B
HebO0/IbLLOM MAarHUTHOM MOJIE, @ TaK¥XKe NPU ero oTCYTCTBUM.
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B nAToM rnaBe npuBOAATCA pe3y/bTaTbl MCCNAELOBAHWI penakcaumMM MarHUTHOTO COCTOAHMA
beppoMarHUTHOM-CBEPXNPOBOAALLEN CTPYKTYpbl. [1A CAOMHbLIX CUCTEM XapaKTEPHOM 4vepToin ABAAeTcA
penakcaunoHHoe nosegeHune dun3nyecknx

BE€NINHUH. Tak, 3TO nmeet MecCTo B

S

- ' CBEPXMPOBOAHMKAX U B CUCTEMAX M3 MArHUTHbIX
HaHo4actuu. B pabote [23] 6blnO OTMEYEHO, YTO
cyuiecteyeT 61M3Kas  aHanorMa B NOBeAEHUU
beppomarHuUTHbIX aHcambnei Yyactuy, n
ceBepxnposogHuKkoB. CyllecTsylolwlaas B 3TUX
i cucTemax norapuédmmnyeckas 3aBMCMMOCTb

BpEMEHHOMN penaKkcaumm Habnoaanacb TakKe M

ONA TOHKMX MArHUTHbIX NJIEHOK.
B pabote npuBoAATCA OaHHblEe

0.0

M3MEPEHUA  AMHAMMYECKOro nosefeHus, a

0 10600 20000 30000

t.c MMEHHO, penakcaunun MarHnMTtHoro CcoCtoAHuUA
s

cnoucton cTpyktypbl V/FeV/V/FeV/Nb [A3]. Ha
Puc. 21. 3asucumocts S(t) ansa H=1 k3: Po=-1(2), 0 (3), +1 (1). puc. 21 npuBeaeHa 3aBucumocTb S(t) npy A=1.8 A
nocne  CTYyMeHYaToro  M3MEHEeHWA MnoJia MU
Temnepatypbl. CTPyKTypa HamarHuymeanacb B MarHMTHom nosne 2 K3 npu temnepartype 10 K. MocKonbky
MArHUTHOE MNOJe /IEXUT B MJIOCKOCTU CN0A, AOMEHbI, OPUEHTUPOBAHHbIE MNEpPneHAUKYAPHO CNoto,
OPMEHTUPOBAINCL B NIOCKOCTU CNOA. 3aTem noae ymeHblwanocb Ao 17 3, yctaHaBAMBanacb TemnepaTypa
2 K n nposogunocb mamepeHue. BuagHo, 4TO C TeYEeHMEM BPEMEHU paccesHMe HeNTPOHOB pPacTéT, a

nonApmsauma uaMeHAeT 3HaK. POCT pacceAaHMA CBA3aH C POCTOM MJOTHOCTM [AOMEHHbIX CTEHOK, a

M3MEHEeHWe nojiApM3auMM — C  MOBOPOTOM

MOMEHTOB KnactepoB. [lepern6 B 3aBUCUMOCTU
e 03Ha4aeT NposAB/JeHNE HOBOW AOMEHHOW CTPYKTYpbI,
0.20 7 ‘ ] a UMeHHO, 0bpasytoTcs elle 6osee MenKne LOMEHbI.

B pesynbTate NAOTHOCTb AOMEHHbIX CTEHOK elle
6onee BO3pacTaeT WU, COOTBETCTBEHHO, BO3pacTaeT
WHTEHCUBHOCTb pPacceaHUA HEeWTpoHOB. [pu 3TOMm
0.15 CTOMT OTMETUTb, 4YTO MPOLECC penakcauuum npwm
CBEpXNpOoBOAAWMX CNosAx CTpyKTypbl (T=2, 3, 6 K)

CyweCTBeHHO OT/1In4ancAa OT npouecca pesiakcauuun c

0.10 i HecBepxnposoaawmmmn cnoamu (T=10 K). B nepsom
CNhy4yae OH npoTeKan B ABe Ctaguun, BO BTOPOM - B
: ‘ OAHY. encTBne cBepxnpoBOAMMOCTM MPUBOAUT K
0 10000 20000 any- A PXnIpoBoA PUBOA

t’ C 06pa3OBaHM|'O AOMeHOB MeHbllero, 4yem O6b|‘-|HO,

Puc. 22. 3asucumoctb S(t) B marHutHom nosne 17 3 B caydae pasmepa.
npeABapuUTENbHO HaMarHMYeHHOro 0bpasla B MarHUTHOM none Ha pwuc.22 npuseaeHa 3aBucumocTtb S(t)
2 K3 npn T=2 K ana A=1.8 A. Ans Po=+1, -1, 0 B MarHmTHOM nosie 1 K3 npu T=2 K.

BugHo, uTO 3aBucumoctn  Po=+1 un  Py=-1
OCUMNAUPYIOT U NepeceKarnTcA. ITO COOTBETCTBYET TOMY, UTO MOMEHTbI KNacTepoB HanpasieHbl AW Mo
nonto (3aBMCMMOCTb Po=+1 Bblle 3aBUCUMOCTU Po=-1) uam npotuB nonsa (3aBUCUMOCTb Po=+1 HWKe
3aBUCUMOCTU Po=-1). Touykn nepecedyeHUn 3aBUcUmoOcCTEN Po=+1 U Po=-1 COOTBETCTBYIOT PaBHOM HYyHO
cpegHelt HaMarHMYeHHOCTU KacTepos, KOrga BCe MOMEHTbI NepneHANKYIAPHbI BEKTOPY MarHUTHOMO NoaA
WAW KOrga HanpasieHUA MOMEHTOB pacnpefefieHbl CUMMETPUYHO OTHOCUTE/NIbHO MeprneHAuKynsapa K
BEKTOPY MArHUTHOro nons. M3 3aBUCMMOCTM caeayeT, YTO HaMarHMYeHHOCTb M3MeHseTca bosee, Yem Ha
40 %. Takmm o06pasom pasBUTME AOMEHHOM CTPYKTYpbl cO BpemeHem npu T=2 K conpoBoxagaeTcs

yBe€/IMHEHNEM aMNNNTYObl KonebaHM MarHUTHbIX MOMEHTOB KNnactepos. HOCKOﬂbe C POCTOM NJIOTHOCTU
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JOMEHHbIX CTEHOK YMEHbLUAETCA paccesHHOe MArHMTHOe noJsie OT AOMEHHOW CTPYKTYpbl, TO U MarHUTHoOe
BO34ENCTBME [AOMEHHOW CTPYKTYpbl Ha CUCTEMY K/acTepOB yMeHbllaeTcA. B 3Tom cnyyae cuctema
KNAcTePOB HAXoAMTCA B HEYCTOMYMBOM KonebaTeNlbHOM COCTOSIHWM, Nepexois U3 O4HOro COCTOAHMA B
MarHMTHOM noJsie BO BTOopoe WM o6paTHO. BospacTtatouiee no amnautyae KonebaTeNbHoOe ABUNKEHME
MOMEHTOB K/1IaCcTEPOB NPU HANMYUM ABYX MATHUTHbLIX CUCTEM ABNAETCA MPU3HAKOM MOABAEHMUA AOMEHHOWN
$asbl U3 MEeNKMX JOMEHOB.
Ha puc. 23 npuBeaeHbl 3aBucumoctu S(t) npu T=3 K B AnanasoHe U3MeHEeHWA MarHUTHOro noss
H=17 2+8 K3. 3HayeHMe MarHMTHOro noAaa ycrtaHaBauMBanocb npu T=12 K, nocne 4yero TemnepaTypa
noHMXanacb Ao 3 K n nposogmnocb namepeHme. 3aBucMMoctn 4+8 npn H=4+8 K3 Ha HayanbHOM OTpe3Ke
BPEMEHM XapaKTepPM3YIOTCA YMEHbLUEHMEM paccesHUA HENTPOHOB, YTO OODBACHAETCA YMeHbLUEHUEM
NAOTHOCTU UEHTPOB MMHHMHIA B CBepxnposoaawmx cnoax. loarsep)aeHMem [AHHOMO MeXaHM3ma
ABnseTca Habnogaemas 3aBUCMMOCTb 3aKOHA pPacCesHUsAs HEWTPOHOB, KOTOpas COOTBETCTBYET Teopwuu
penakcauuu HaMarHM4eHHoCTU B
HMU3KOTEMMepaTypHbIX CBEPXNPOBOAHUKAX,
S ; ; 06DBACHAIOWEN penlakcaLMio CPbIBOM BUXpen ¢

0.24¢

LLeHTPOB MUHHMHTA.
BbiNno/NHEHHblIE B peasibHOM BpemeHu
OMHAaMUWYECKMEe  HEWTPOHHble  UCC/Ie0BaHUSA
0.20} NOATBEPAMAN WX BAXKHOCTb A/1A YCTaHOB/EHUA
npupoabl  mMarHetTMsma B peppomMarHUTHO-
1 CBEPXNPOBOAALMX C/AOUCTBIX CTPYKTypax. bbino
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012
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Puc. 23. 3asucumoctb S(t) npu Po=+1 n H=17 3 (1), 1 k3 (2), 2 K3 deppoOMarHUTHbIX AOMEHOB OAHOIO pasmepa co
(3), 4K3 (4), 6 k3 (6), 7 K3 (7), 8 K (8); Po=-1 1 H=4 K3 (5).

BPEMEHEM NOJ4 [AeNCTBMEM CBEPXMPOBOAMMOCTM
CMeHseTcA npoLueccom 06pa3oBaHMA AOMEHOB MeHblero pasmepa. Mpu aTom CKOpoCTb 0b6pasoBaHUA
HOBOW AOMEHHOW ¢asbl BO3pacTaeT NpW MOHUKEHUM TEMNEPATYPbl HUKE KPUTUYECKOM B Cloe Huobus.
OfHoBpeMeHHO ¢ GOPMMPOBAHMEM CTPYKTYPbI C ManbiMU AOMEHAMWU B MarHUTHOM nosae 1 KD BnN/iOTb A0
MOMEHTa BpPEeMEeHW PaBHOrO 64 B CMCTEME KNacTepoB BO3pacTasa amnauTyda KonebaHMin MarHUTHbIX
MOMEHTOB OT HanpaB/ieHMs BAO/Ib MarHUTHOrO MOAA K Hanpas/ieHWo NPoTMB nonas. MocnegHee ABUAOCH
pe3ynbTaToM 0cNabaeHUs MarHMTHOTO B3aMMOAENCTBUA KNAacTepoB CO CTPYKTYPOM U3 MasibiX AOMEHOB, U,
KaK cneacreue, MOSABJAEHUA HEYCTOMYMBOrO COCTOSHMA KonebaHWA CUCTeMbl KJAacTepoB MeXAy ABYMA
MWHUMYMaMW ee SHepPruM B MarHMTHoOMm nose [21].

B 3aKAOYEHUM CYyMMMPOBaHbl OCHOBHble pe3y/bTaTbl pa6OTbI, KOTOpble 3aK/1HO4YaloTCA B

cnepyloLem:

1. B paboTe BnepBble [AeTafbHO WCCAEA0BaNUCb MarHUTHblE UM CBEPXMPOBOAALLME CBOWCTBA
HEOZHOPOAHbIX  MHOTOCNOMHBIX  CTPYKTYp € 4yepegylowmmuca  GeppoMarHUTHbIMU - U
CBEPXNPOBOAALMMK CloAMKU. Habnwoganncb HoBble M He NpeAcKas’aHHble paHee 3hdeKTbl,
0bycnoBneHHble M3MEHEHMEM HEepPaBHOBECHOIo  CyrneprnapamMarHUTHOrO  COCTOAHMA  B6/M3K
TemnepaTypbl CBEPXNPOBOAALLErO NEPEXoaa CTPYKTYpbI.

2. MNpepnoKeHbl MeToAbl HEUTPOHHOM pedIEKTOMETPUN B PEAIbHOM BPEMEHU U PETUCTPALMN PACCeAHMUSA
HEWTPOHOB B CKOJIb3AILLEN TeOMETPUM Ha BPEMAMPOSIETHOM pedneKkTomeTpe A/1A UCCef0BaHuUs
HEOAHOPOAHbIX  MHOTOCNOMHBIX  CTPYKTYp € 4yepedyowmmuca  GeppomarHUTHbIMU - U
CBEPXNPOBOAALLMMMU CIOSMM.
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B 3aKNOYEHUM TaKKe pPaccmaTpuBaloTCA MNepcnekTUBbl UccneposBaHnin adpdekToB 6aAM30CTM B
AKTUHUAHbIX FeTEePOCTPYKTYPax. AKTUHUAHbIE COeAMHEHUA NPOSABAAIOT boratoe pasHOobpasne MarHUTHbIX
M CBEPXNPOBOAALLMX CBOMCTB, CBA3AHHbIX C HaAMYMEeM He3anosiHeHHoin 5f-060104KK. B reTepocTpyKTypax
NoAo6HbIX 31€MEHTOB BO3MOMKHO HabnwaeHue HoBbix 3ddekToB, He Habaogarowmxca B 06beMHOM
Bellectse. MoOMMMO npoyero uccnefoBaHMe aKTUHUAHbIX TFeTePOCTPYKTYpP NpeAcTaBAseT WHTepec Mo
CpPaBHEHUIO C UCCNeaoBaHUEM OOBEMHbIX MaTepPUasoB, NOCKObKY NO3BOASET MNPOBOAUTL SKCMEPUMEHTbI
Ha HeBONbLINX KOANYeCcTBaxX PaAM0aKTUBHOrO BelllecTsa.

bnaropgapHoctTu

ABTOp Bblpa*KaeT UCKPEHHIOW 61aroAapHoOCTb CBOeMYy Hay4YHoMy pyKkoBoauTento KOpuio Bacunbesuyy
HWKUTEHKO 3a BbIGOP BaXKHbIX M MHTEPECHDBIX 33JaY, 33 NOAAEPKKY U NoMoLb B paboTe. ABTop Brarogaput
Konner AnekcaHgpa BuKrtoposumua MeTpeHko, HOpua HuKonaesmua XangykoBa u Ceprea BacunbeBuua
KorKeBHMKOBa 3a nepefaHHble 3HAaHMA U OMbIT, @ TAKXe NOMOLLb, OKa3aHHYI B MpoLecce BbINOJIHEHUA
paboTbl. ABTOp H6narogapuT BukTopa JlasapeBmya AKCEHOBaA 3a NosiesHble obcyaeHUs B pabote. Cuntato
CBOMM [ONTOM BbICKA3aTb rAybokyo 61arofapHOCTb CBOMM poautenam, 6anskum, gpysbam. UckpeHHe
6narofapeH cBoel cynpyre 3a NOALEPHKKY.
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