OT3bIB
o(puuMabLHOro onnmoHeHTa Ha AuccepTauuio llanaesoii Tatbsinbl BopucoBHbI
«/lHHAMHKA TOMEHHBIX FPAHML H MATHUTHBIX BUXPEH B 10MEHHBIX FPAHHIAX
NPO3pauHbIX (PEPPOMATHETHKOB», MPEACTABICHHYI0O HA COMCKAHHUE YUEHOI]
CTerneHu 0KTOpa (pU3MKA-MaTeMaTHUYeCKHX HAyK no cneuuaiabHocTu 1.3.12.

®Ou3uKa MArHUTHBIX SIBJIeHUIT

HucceprauuonHas paboTa T.b. [1lanaeBoti MoCBsilEHa
SKCMEPUMEHTANBHOMY HCCIIEIOBAHMIO AMHAMUKH JOMeHHbIX rpanutl (JII7) n
MarHUTHBIX BUXPEH, KOTOPbIE TMPH OMNpeje/ieHHBIX YCIOBHUSIX MOTYT BO3HMKAThH
BHYTPH JBH)KYLUMXCS JOMEHHBIX FPAHMI MPO3PAYHBIX (eppOMarHeTHKoB. JLis
NpoBeJeHUsT HcclenoBaHuii  aBTop paboTel BbIOpalia CcoACpIKAIIUE BHCMYT
([)éppl-IT'bl—rpaiiaTLi, oprodepput urrpus u GdFeCo. Ilpuumnoii Takoro BiGopa
ABJIACTCS BBICOKAS MATHUTOONTUYECKASA I0OPOTHOCTh ITUX MATEPHATIOB B BUANMO]
o0nacTh  CrmeKTpa, KOTOpas JaeT BO3MOKHOCTb [0JydaTh  H300paKeHius
JAMHAMHYECKON JOMEHHOMH CTPYKTYpBl, Hcrnob3ys sdgdext Dapanes.

TpexoBasi mamare (racetrack memory) unu namaTh Ha OCHOBE JOMEHHbIX
cTeHOK (domain-wall memory) — onHa M3 TEXHOJNOrHH MArHUTHON 3anucH
HH(OpMALIMK, KOTOpas cTalla akTHMBHO pa3BUBATLCA B TMOCAENHHE HECKOJIbKO
aecstunetid. OueBUIHO, YTO ObICTPOACHCTBHE YCTPOMCTB, CO3MaHHLIX HAa OCHOBE
3TOIl TEXHOJIOTMH, OMpeenseTcs CKOpPOCThIO ABMKeHHst [T B MCroNb3yeMbIX
matepuanax. CoriacHo onyO/NMKOBaHHBIM [aHHBIM, B T[POBOAAX, KOTOpbIE
TPaAMLIMOHHO UCTIOIB3YIOTCS [U1s CO3aHUs TPEKOBOI MaMsITH, CKOPOCTH JIBHIKEHHSI
JAI' He mpeBbINAIOT HECKOJNbKUX COT METPOB B cekyHay. Mccienosamus,
MPeJCTaBICHHbIe B IWCCEPTALMOHHONH paboTe, ObIIH MpPOBe/eHbl Ha MaTepuasax,
KOTOpbIe 00JIaIal0T BBICOKUMH JAHHAMMYECKUMH XapaKTepPUCTHKAMH: CKOPOCTh
asuwkenust JII' B GdFeCo pocturaer 1 km/c, B (eppuTax-rpaHatax MOKeT

[IPEBLIIATE HECKOJLKO KT\_’]?C., aB OpTO(l)eppP[TE HMMECT MaKCHMMallbHOEC 3HaA4YCHHE —



20 km/c. CrnemoBaTenbHo, M3ydeHnue ocobenHocted amHamuku I, a Takoke
yccieoBanie W3MeHeHusi BHyTpeHHell ctpykrypbl JIT npu jpoctiskenun cii
ONPEAENIEHHON CKOPOCTH SIBJISIETCA AKTYyaJibHbIM W' C OpUKIaJIHON, M ¢
(pyHpamMeHTaTbHOW  TOYKM  3pEeHMs,  [OCKOJbKY  JeTalbHOE  MMOHUMAHHC
ocoOeHHOCTel AMHAMUKK TMepeMarHuu4MBaHus BayKHO U1 pasBUTHS TEopun 1
CO3/IaHKs MPOTOTUIIOB PeaIbHBIX YCTPOHCTB.

Jlucceprarmsi COCTOUT W3 BBEICHHUS, CEMHM [J1aB, 3aKJIIOYEHHsI M CIHICKA
nUTepaTyphl, KOTOpbIii Bkmouaer 245 HaumeHosanuil. OOwuii o0bem padoThl.
coneprKaiieil 78 pUCYHKOB 1 3 TaGMULIBI, COCTABISET 269 CTPAHHLL

Bo  BBeAEHMM  pacCMOTpeHa  aKTyalbHOCTb  paboThl,  CTENCHb
pa3paboTaHHOCTH BbIOPaHHON Tembl, C(OpPMYJIHPOBAHBl LEdb W - 3a4adil
vceieloBalns, obcyKaaeTcsi HayyHas HOBH3HA TOJIYYEHHBIX PE3yNbTaToB, MX
HayuHass M TpaKTHueckas — 3HAYUMOCTh,  OOOCHOBAaHAa  JIOCTOBEPHOCTDL
[PEACTABIEHHBIX JAHHBIX, PACCMOTPEH JIMUHbIH BKJaj asTopa u anpodatius
paboThl, MPUBEIEHBI MONOKEHHS, BBIHOCHMbIC Ha 3aLIUTY.

[leppasi TyaBa COJNEPKHT JHTEPATYpHbIi 0030p, B Heil PACCMOTPEH!
0COOEHHOCTH TMPOBEJEHHBIX KCMEPUMEHTOB M METO/bl HCCIEN0BAHUA TUHAMHKH
repeMarHYUBaHMs, OCHOBaHHbIE HA MarHUTOONTHYECKOM d(derTe Dapazes.

Bropasi rmaBa mocBsillieHa [JMHAMHKE JI' B nmenkax Bi-coaepikaiinx
(beppuTOB-rpaHATOB B MPUCYTCTBUM  TMOCTOSHHOIO ~ MAardMTHOrO  TOJIA.
HAIPaBJIEHHOTO MePNeHUKYIAPHO rockoeTH I

B TpeTheil riaBe aBTOp paccMaTpHBacT ONTHYECKOE MEpeMarHu4HBaHHC
(epputa-rpaHaTta B CyOHaHOCEKYHIHOM BPEMEHHOM JHarasoHe, KOTOPOE
BO3HHMKAET B MPHUCYTCTBUU MJIOCKOCTHOTO MAarHUTHOTO MOJIS.

B ueTBepTOii raBe rnpeacTaBieHbl HechaeaoBaHus TopmokeHus [T (peppuTa-
rpaHara ¢ MOMOLIBIO KOPOTKMX OMNTHYECKHX HMITYJIbCOB. DKCIEPUMEHTbI Oblilll
BBIMOJHEHbBI C TOMOLIBIO METO/IA, KOTOPBIH 00beAMHII ABYKPATHYIO (oTorpadiuto

U METOI HAKauUKH-30HAUPOBaHM1A.
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B naroii rnaee onmcanbl uccienoBanus quHamukin I B deppumarteTiike
GdFeCo. DkenepumeHThl, NpeACTaBieHHbIE B 9TOM pasjielie, ObliM MPOoBEaCHbI ¢
MOMOLLBIO MeToja JABYKpaTHOil oTorpadun, a Takke ¢ MOMOLLLI KOMOUHALHI
ABYKPaTHOM (oTorpadun 1 MeToa HaKauK1-30HIAMPOBAHUS.

[llecTas rnapa nocasileHa HCCIEOBAHMIO AMHAMUKH aHTH(EPPOMATHUTHbIX
BUXpeH, BosHuKatomux B JI[" oprodeppura nrrpus.

B cenbMoii riiaBe paccMOTpeHbl BO3MOKHOCTH HCIOJb30BaHUS AM(paKL]
CBETAa Ha MEPHOANYECKOH NOMEHHOM CTPYKTYpe M Ha JOMEHHOH rpaHuie Juis
MOBBILLEHNSA MPOCTPAHCTBEHHOTO Pa3pelleH st MAarHUTOONTUYECKUX METO/I0B.

B 3akmiouennu copMynnpoBaHbl OCHOBHBIE PE3YAbTATbL 1 BHIBOJIBL.

Hay4nasi HOBM3HA pe3ylbTaTOB, MPENCTABIEHHLIX B JUCCEPTALMOHHOI]
paboTe, COCTOMT B OOHApY/KEHHHM M KCCIIEIOBAHUM PsjJa HOBHIX (JM3HUECKHX
3((eKToB, Cpean KOTOPBIX HEOOXOAMMO BBIIAEIUTD CleYIOLIHE:

1. B deppute-rpanate B NpUCYTCTBMH MOCTOSHHOIO MArHHTHOTO MOJIsI.
OPUEHTHPOBAHHOTO MEPIEeHANKYISIPHO MI0CKOCTH JAOMEHHON rpaHuilbl.
HabJIo1aIk IBMIKEHHE TPaHMLbl CO CKOPOCTBIO CBhIIE 10 KM/4, uTO B
HECKOJIBKO pa3 MpeBbIlIaeT paHee HaO/IOJaeMble 3HAYEHHS B ITHX

MaTepuanax.

(3]

Henuneiinas 3aBucumoctsb noasmikHocT JIIT 0T BEAMUHHBI MOCTOSHHOTO
MarHMTHOrO  MOJis, HANpPaBJEHHOTO MEPHNEHAMKYISAPHO  MJIOCKOCTH

JIOMEHHOM rpaHuLbl, Oblfia oGHapyskeHa B heppuTe-rpaHare.

(8]

OnTuueckoe rnepemarHuyuBaHue B (eppuTe-rpaHaTe B MPUCYTCTBUN
MOCTOSIHHOTO MAarHUTHOTO [10Jis, HAMpPaBJIEHHOTO B MIOCKOCTH 0Opasiia.
HaOJIo1anu B CyOHaHOCEKYHIHOM JHana3oHe.

4. C momoupo MeToJa, KOTOPEIH 00beanHII ABYKpPaTHYIO (hoTorpaduio i
METOA HaKauyKHW-30HIMPOBAHUS, BMEPBble HaOMOJAIN  TOPMOKEHHE
JAMHAMHUYECKOH JIOMEHHON rpaHuLbl (peppuTa-rpaHara noj AeicTBHEM

3036y>1<ﬂa}ome O ©NTHHYECKOIo UMITy1bCa.
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5. Huuamuka JII' 8 GdFeCo Briepsbie Obl1a HCCI@A0BaHA ¢ MOMOLIBIO METO14
ABYKpaTHOI (oTorpaduu. HackilieHue ckopocT Ha yposHe 1.2 KM/C B
3TOM COEIMHEHHUH paHee He HabJIoJalu.

6. Ilpn wccnenoBaHnn JIMHAMUKKH aHTU(QEpPOMArHUTHLIX Buxpeil B JII7
opropeppuTa WTTPUs ObLIO TIOKA3aHO, YTO OSTH BUXPH  MOTYT
CyuiecTBOBaTh BHYTpH JII' TOSBKO MpH YCIIOBHM, YTO CKOPOCTE JBHIKCHS
FPaHMLbI MPEBbILLIACT CKOPOCTh 3BYKa (4 KM/C) MPH 3TOM MaKCHMAallbHbIE
CKOPOCTH [IBUKEHHs BUXpel M [JOMEHHBIX TpaHWLl COBNAAAIOT |
cocTaBasaoT 20 Km/c.

7. C noMOWbIO METOAa, KOTOpbIH OOBEAMHW MarHUTOONTHUECKYIO
An(PaKUMIo Ha MTaOMPHHTHON JOMEHHOH CTPYKTYpEe M METOJ HaKauKi-
30HAMpOBaHMs, uccnenoBanue amHamuku T Obiio  nposeseHo ¢
CyONHUKOCEKYHIHBIM ~ BPEMEHHBIM  paspelieHHeM,  TpH TOM
NPOCTPAHCTBEHHOE pa3pelleHne cOocTaBWiIo 6 HM, 4TO Oojiee ueM Ha
NOPSAJOK YAYULIUIIO NPOCTPAHCTBEHHOE pa3pellieHHe MarHMTOOOIITHKH.

OKCIEePUMEHTANbHBIE Pe3yIIbTaThl, MPeACTABIEeHHbIE B pa60i“e, MOIYT ObITh
NOJIE3HbI JUI CO3AaHMsI YCTPOUCTB, paboTa KOTOPLIX OCHOBaHa Ha ABHKeHun J1I°
(nanpumep, racetrack memory) u Ha nepeMarHMYMBAHUK C TEMNOBOI MOIEPIKKOIT
(nanpumep, Head Assisted Magnetic Recording). Kpome Toro, nonnmarue dusiki
AUHAMHUKH JIOMEHHBIX [paHWIl ¥ MarHUTHBIX BUXpel BaXKHO JUISl pa3sBUTHs
(GyHIaMEHTaJIbHBIX MNpeAcTaBIeHUIt 0 JHHAMUKE nepeMarHuyuBaHus. Takum
00pa3om, npakTHuYecKasi W HAay4YyHasi 3HAYUMOCTBL PaboThl HE BbI3bIBAIOT
COMHEHMH.

Juccepraunonnas pabora BhIMOIHEHA HA BBHICOKOM HAYUHOM YpOBHE.
JlocToBepHOCTL  MOMy4YEHHBIX — Pe3y/bTATOB  MOATBEPIKAEHA HE  TOJLKO
MHOTOKPAaTHBIM TNMOBTOPEHHEM 3KCIEPUMEHTOB, BBIMOJHEHHBIX Ha COBPEMEHHbIX
YCTaHOBKAX, HO M CPaBHEHHEM TOJIYUEHHBIX Pe3YyNbTATOB C JAHHBIMH, KOTOpbIE
Obl OMyOJIMKOBaHbI APYrHMK HaydHBIMKM Tpynnamu. Kpome Toro, mosyueHHble

IKCMMEpUMEHTAJIbHbIE JaHHbIE ObLTH COITOCTABJIEHLI C pe3yiibTataMmn
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TCOPETHUYCCKOrO MOJETMpPOBaHus. ABTopedepar AuccepTauud W nyoauKatnii
aBTOpa 10 TeME JICCepTaLiU MMOJHOCTBIO OTPaXkaloT coAepKaHue paboThl.

[llanaesa T.b. HeomHOKpaTHO BBICTYmana ¢ JOKIAgaMM Ha POCCHIICKHX I
MEXK/YHAPOAHBIX KOH(MEPEHLMSX 10 (PU3MKE MATHUTHBIX SIBMEHUN M AMHAMUKE
nepemarHuunBaHus. JlokasarenbcTBOM HaleKHONW anpobaumu padboThbl SBISETCS
TOT (aKT, YTO B CHMCKe MyGANKALKIT [TO TeMe ANCCepTalHH, PUCYTCTBYIOT CTATbH
B M3BECTHBLIX OTEUECTBEHHBIX M 3apyOeKHBIX JKypHanaX, Cpean KOTOPbIX MOKHO
BbIACINTE JKOT®D, OTT, Journal of Magnetism and Magnetic Materials, Journal of
Physics: Condensed Matter, Physics Letters A u apyrue.

Obmas ouenka pa6oTel. Bee ucerenosanns, npuBeieHHbIE B JUccepratmnm,
HarjsiIHO  MPOMJUTIOCTPUPOBAHbBL, TEKCT HANKMCAaH JOTMYHO M MOCIe/I0BATENbHO.
Huccepraunonnas pabora cooTBeTCTBYeT MyHKTaM | M 3 nacropra crielanbHoCTH

1.3.12. ®uznka MarHUTHBIX siBieHKI ((PU3HKO-MaTeMaTHYECKHE HAYKH).

Hecmotpst Ha o61iee no10/KuTeNbHOE BHIEUATIIEHHE OT PaboThl B LIENOM €CTh

Pl 3amMeyaHuii:

I. B mepBoii rnase paccMoTperbl 0COGEHHOCTH MPOBEACHUs YKCIIEPUMEHTOB M0
HCCIeI0BaHUIO JUHAMHKH JIOMEHHBIX rpaHuLL, OCHOBaHHbIE Ha
MarHuToonTuueckom spdekre dapanes. Memay TeM, OUeHb KPATKO OCBSALICHDI
(usuueckue 3 QexTrl, OTBETCTBEHHbIE 3a HabmoaaeMble 3 dekTsl. He npuseaeHbi
OCHOBHbIE (DU3MYECKHE MOJIENM, Ha OCHOBAHHH KOTOPHIX MOJYYeHBI YpaBHEHIHS
ckopocti [II" u BuxpeBbix o6paszosanuii. B nansuelimem takue o6cyskaeH s JaHbl
W TIPUBE/IEHBI HEKOTOpPble ypaBHeHHUs ABMKeHMs. Ho ux paxe npubnusurensHoe
MoHMMaHue Oe3 obpalleHnsl K HCTOYHMKAM TIPaKTHYECKH HEBO3MOMKHO. [Ipumep-
ypaBHeHue (33). CopmepKUT OueHb MHOTO MapameTpoB, He BCE M3 KOTOPLIX aike
oObsicHeHbl. Ilpu 3TOM TeopeTiueckue Kpusble Ha pic. 6.12 (momyueHHbie 3

(pu3HYECKH MOHATHOrO YpaBHEHHs!) TOMONOTMUECKH COOTBETCTBYIOT KPHBbLIM Ha
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puc. 6.13b, KoTopble nosyyeHbl Ha OCHOBe ypasHeHus (33). Ha puc.6.13 nambi
KPUBBIC ISl Pa3jIMYHbIX 3HaueHui napamMerpoB A u &, npu 3ToM A BXOJUT B

yYpaBHEHHE KaK KOQPUILIMEHT 1 HE BJIMAET Ha XapaKTep 3aBUCUMOCTH U(V).

2. B skcnepuMeHTax BaKHYHK pOJib UIpaeT IpajMeHTHOE MarHuTHOE Moje JUis
CTabuIM3alMy HA4yalbHOTO MOJIOKEHHUs IOMEHHOM IpaHuLbl. DTO 10Je CO3AaeTCs
MOCTOSIHHBIMU MarHutamiu. KoHdurypauus MarHutoB He 006CYKIAETCsl, MEJK/LY TeM
rpajgveHT Mo 3aBUCUT OT PAcCTOSIHUSA, W 3Ta 3aBUCHMOCTb OIpe/esisieTcs
pacrojioykeHuemM noaocoB. Hackonbko B JaHHBIX IKCMepUMeHTax Oblo BaikHO
co0J1101aTh MOCTOSHCTBO IPaMEHTA MOJs, UITH HCMOIb30BATIACH OTPE/ICIICHHAs €ro
3aBUCHUMOCTL  OT IPOCTPAHCTBEHHBIX koopauHat? Harnpumep, smHelinas
3aBUCHUMOCTb IpajieHTa peaiusyeTcs B KOH(UTypaluu, KOrga rnapa MarHuToB

HamMariu4eHa B MpOTUBOIMNOJIOIKHBLIE CTOPOHBI.

2. Ucenenyertes BausHUe MOMEpPeUHbIX MAarHUTHBIX nosiell B niaockocTH nienku. B
CTaLlMOHAPHOMN IPaHULE €€ IHEPrUsl YMEHbIIACTCS B MPUCYTCTBMH TAKHUX MoJieil, a
CHHMH-penaKcalMoHHbI napameTp 00paTHO MPOMOPLIMOHAIEH IHEPTUHU JOMEHHOIT
rpaHuiie (BO BCAKOM cjydae [Uisl CTalMOHApPHOro aBMkKeHus). [lomyuenHble

Pe3yJIbTaThl HE OGC)OKL[&FOTCQ B JaHHOM KOHTCKCTE.

3. Onruyeckoe nepemMarHUuMBaHWe OCHOBAHO Ha PA3NMUHON TemmepaTypHoil
3aBUCHMOCTH OJHOOCHOH @HM30TPONMM M HAMarHU4eHHOCTH. MOKHO [
COIMOCTABUTb YMEHBIICHHE @HU30TPONMMUKM C TEMMEpPaTypoil B COOTBETCTBUU C
KJIACCHYECKOW MOJENbl0, B pamMKax KOTOpOW aHHU30TPONMUs B  LIKPOKOM
TemnepatypHom auamasode wusmensercs kak M PY/2 e | —mopsok

C[bepl/l‘-lECKOﬁ FrapMOHHKH, KOTOpb]I}‘I JJ1A OMHOOCHBIX MATHETHKOB PaBHACTC? 2



4. Ha pucynke 3.10¢ sHepreTuyeckue ypoBHH COBMAAAIOT AUTS CHIHUHA BBEPX M BHH3.

He o3nauaer s 570, yTO NEPEKIIFOYCHHE CTAHOBUTCS CITyHaiHBIM MPOLEcCOM?

5. TexHuyeckue 3ameuanus

- YpaBHeHue 2 — 3HaueHue napameTpa V He oOBICHAETCS. Ckopee Bcero, 510
CKOpOCTb TPAHULBI M €€ CIe0BaI0 Obl MPEACTABUThL KaK Mpou3BoaHylo dy/dt. B
9TOM YpaBHCHHM TaKiKe 3anucaHa amIuIuTyda HMIYJIbCHOTro mons Ho. Ho B
MOCJIEACTBIN PAaCCMAaTPUBACTCsl 3aBUCUMOCTD TOJISt OT BPEMEHH, MO3TOMY BMECTO
Hy myuwe ucnonszosats H(t).

- BBOAHTCSI MOHATHE «MIIOCKOCTHOrO MArHUTHOTO MO, DTOT TEPMHUH HEyAauHblii
H BBOAMT B 3a0iyxkaenue. Tak kak reoMeTpus onpenessercs Kak [TOBEPXHOCThHIO
MUTEHKH, TaK W IJIOCKOCTHIO rpaHuipl. ITpu 3TOM B IJI0CKOCTH MAEHKH MOJKET ObITh
HOJIE, MEPNeHUKYIAPHOE rpaHuLe U BOJIb Hee. McenonbaytoTes grad, B kauecTse
rpaauenTa nons (n3mepsercs D/cm) u grady B KauecTse 110J1sl (13mepsieTcs B 9).
-YpaBuenus (4), (14), (16) u (29) oxusakosbie. MOKHO 6bLI0 Gbi MPOCTO CChIIATHCS
Ha ypaBHeHHe (4).

- B rnase 6 ummynscHoe marHuTHOe Moje 0GO3HAUACTCS KAk H, a pausbine
HCTONB30Baoch 0603HaveHne hy.

- BeiBoanl u3 ITyHKT 6.6 ¢ ucrmonb3oBaHueM annpoKCUMHUPYIOLINX (DYHKIIMIT He
O4€Hb ACHBL.  Onucanue npouesypsl M0a60pa ToH GyHKLUK MpeacTaBisitoTes
H3JTULLIHUMH,

YKazaHHbIC 3aMevaHusi HOCAT PeKOMEHIATe bHbIi XapakTep U HE yMAansioT

3HAYUMOCTH Pe3yJIbTaTOB, MpeacTaBJ/ICHHbIX B pa60Te.

Takum obpasom, muccepranus «/lHHaMUKa TOMEHHBIX FPaHULL U MArHUTHBLIX
BUXpeii B IOMEHHBIX IpaHHLAX MPO3PayHbIX (eppOMAarHeTHKOB» OTBEUACT BCEM

TpeboBanusM myHKToB -9-14 Tlomoxenus «O MOPSIIAKE TPUCYIKACHUS YUEHbBIX
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