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IMposeneno obobmenue ypasuHenuid Jlangay—JIudmuna Ha ciydail yuera cnMHOBOH aKKyMYJISIIUU M IHMHA-
MHKH JIOKaJM30BaHHBIX CIHHOB B TPOBOAAIIEM MAarHeTHKE B YCIOBHAX JCHCTBUS MeXaHHM3Ma CIIHH-
opburansHOoro paccesuus PamoObl. Ha ocHoBe MomudumupoBanHbix ypaBHenui Jlanmay—JIndmuna B Makpo-
CIHMHOBOM MPHOMMKEHHN MPOJETaH TEOPETHUECKUH aHAIM3 BIMSHHS CIMH-OPOUTAIBHON INepenaud Mpoaoib-
HBIM TOKOM IIPOTEKaHHs BPAIIATEIFHOI0 MOMEHTA B IIPOBOJISIIEH IFeTePOCTPYKTYpe C TOHKUM MarHUTHBIM CJIO-
€M Ha ero crrHoBoe cocTosiHue. [Toka3aHo, 4To B 3aBUCUMOCTH OT T'€OMETPUH HAMarHW4MBaHUs TaK ke, KaKk U B
cllydae MOINepeyHOH Iepefaddl CIIMHOBOIO MOMEHTA B CIIMH-BEeHTHJIBHBIX CTPYKTYpax, 3/1eCh BO3MOXKHA pealv-
3aIMsl PeXHMMOB CIIMHOBOTO MEPEKII0UEHNs] B MATHUTHOM CJIO€ TeTepOCTPYKTYPBI C JETKOMIOCKOCTHBIM Mar-
HUTHBIM cioeM. [ocTpoeHsI mpuMepsl auarpaMM CIIMHOBBEIX COCTOSIHHM Ha INIOCKOCTH TOK—TIOJIE, OKa3bIBAIO-
IIKE yIOBIETBOPUTENBHOE COTACHE C PE3yIbTaTaMM SKCIEPHMEHTAIBHOIO M3MEPEHUs] KPUTHUECKUX TIONeH U
TOKOB TIEPEKTIOUEHHS CIMHOB B MAarHWTHBIX CIOSX aCHMMETPHYHEIX TerepocTpykTyp Al,04/Co/Pt u
MgO/CoFeB/Ta ¢ xommencaimeii mosis pasMarHMYMBaHUs B MEPICHANKYISIPHOM HAIPaBICHUH, HUCCIICIOBAB-
muecst B padorax |.M. Miron u L. Liu ¢ cotpynankamu.

IpoBeneno y3aranpHeHHs piBHAHb Jlangay—Jlipumis Ha BHMAIOK BpaxXyBaHHsS CITIHOBOI akymyJisimii Ta
JMHAMIK{ JIOKaJIi30BaHMX CIIIHIB B IPOBIJHOMY MAarHeTHKy B yMOBaX [il MeXaHi3My CHiH-OpOITILHOTO
po3cisiuast Pam6u. Ha ocroBi mogudikoBanux piBHsHb Jlangay—Jlimmis B MakpoCiHOBOMY HaOJIMIKeHHI BH-
KOHAHO TEOPETHYHUH aHaJli3 BILIUBY CITiH-OpOiTaIbHOI Iepeaadi MOA0BXKHIM CTPYMOM IIPOTIKAaHHS 00epTaIbHO-
ro MOMEHTY B IIPOBIiJHIH T€TEPOCTPYKTYPi 3 TOHKUM MarHiTHUM LIapoM Ha iforo cminoBuii cran. [TokaszaHo, 1o
3aJIe)KHO BiJ] TeOMETpii HaMarHi4eHHs TaK caMo, K 1 y pa3i ImonepeyHoi nepeadi CiHOBOrO MOMEHTY B CIIiH-
BEHTHJIBHUX CTPYKTYpax, TyT MOXKJIMBA peaiizallis pe)XUMIB CIIIHOBOTO IEPEMHUKAHHS B MarHITHOMY IIapi rere-
POCTPYKTYPH 3 JICTKOIUIOIIMHHMM MarHiTHUM InapoM. I100yqoBaHO NpUKIaAW jaiarpaM CHiHOBHX CTaHIB Ha
IUIOLIMHI CTPYM—TIOJE, SIKi NMOKa3yIOTh 3aJ0BiJIbHY 3roJy 3 Pe3y/lbTaTaMd CKCIEPUMEHTAIBHOIO BUMIPY KpH-
THYHUX T[IOJIB Ta CTPYMIiB MNEPEMUKAHHS CIIHIB B MAarHiTHUX LIapaX aCHMETPHYHUX TeTEPOCTPYKTYp
Al,0,/Co/Pt Ta MgO/CoFeB/Ta 3 xomreHcai€eto moJisi po3MarHidyBaHHs B MEPICHIUKYIIPHOMY HAmpsMi, sKi
nociipkeHo B poborax |.M. Miron rta L. Liu 3 ciBpoGiTHHKaMH.

PACS: 75.76.+] CnuH-TpaHcropTHbIC 3(EKTHI;
75.70.Tj Cnun-opburanbHbie 3G deKTsI;
75.75.—C MarHuTHbIE CBOMCTBA HAHOCTPYKTYD.

KiroueBsbie ciioBa: CITHOBBIC BOJIHBI, HECOU3MEPHUMBIC CTPYKTYPHI, MyJ'H)TI/I(i)eppOI/IKI/I, MAarHOHHBIC KpUCTaJLIbL.
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1. Beenenne

B Hacrosee BpeMs TokoBasl epefiada CIIMHOBOIO MO-
MEHTa B MarHUTHBIX T'€TEPOCTPYKTYpax SIBIAETCS OAHUM
W3 TIEPCIEKTUBHBIX YPPEKTOB IS MPOABMKCHUS TEXHOJIO-
THHM SHEPrOHE3aBUCUMBIX 3JICMEHTOB BBICOKOIUIOTHOM ma-
MATH B 00J1aCTh TEXHOJIOTHYECKHX pa3MepoB 45 HM H Me-
Hee [1,2]. Wmerommecs npoOIeMbl HCIOIB30BAHMS
TYHHENBHBIX CTPYKTYp ISl YHEPrOHE3aBHCHMOM BBICOKO-
IUIOTHOM MaMsTH CBSI3aHBI C JOCTAaTOYHO OOJBLION IUIOT-
HOCTBIO KPUTHYECKUX TOKOB IEPEKIIIOUCHMS, OTPAHUYU-
Ba€MbIX  MUHUMAJIbHO  JOCTIXKUMBIMU  3HAYCHUSIMHU
SHEPrUX aHM30TPONHNH U OOMEHHOTO CMEIICHUS IPU TeM-
nepatype 3amucu. ILTOTHOCTE TOKOB IEPEKIIIOYCHHSA, B
CBOIO OUYepellb, OTPAaHUYCHA CBEPXY HAIPSHKCHHUEM MPo0Oos
TYHHENBHOU cTpyKTYpHl. [lociennee orpannyeHre cHUMAa-
eTcsl, KOTJa MEpeKNII0YeHUE CIMHOB OCYIIECTBISIETCS 3a
CYET CNUH-OPOWTAJIBHOW IepeAavyd BpallaTeIbHOIo Mo-
MEHTa NpU HOPOJOJIBHOM IPOTEKaHHM Toka. IloaTomy
CIMH-OpOMTANbHBIM MEXaHW3M BO3HHKHOBEHHUS Bpalla-
TEJIBHOTO MOMEHTa B TETEPOCTPYKTYpE C HapylmIeHHEM
IIPOCTPAHCTBEHHON MHBEPCHOW CUMMETPUHM paccMaTpuBa-
€TCsl NIEPCIEKTUBHON aJIbTEPHATUBON MEXaHU3My Iepena-
YU CIIMHOBOTO MOMEHTA ITOTIEPEYHBIM TOKOM B TYHHENb-
HOM CITMH-BEHTWJILHOHM CTpYKTYype [3], a ero uccienoBanue
HpPEeJCTaBISIeTCs ceiyac BeChbMa aKTyallbHbBIM.

TokoBbIi 3 ekt neperayn CIMHOBOTO BpAIaTEIbHO-
O MOMEHTA B CIIMH-BCHTWJIBHBIX TE€TEPOCTPYKTYPax (CITH-
HOBBIX KJIaIlaHAX) CBS3aH C HAJIWYHEM CIHMHOBOW MOJSAPHU-
3alliy TOKAa B OMOPHOM (3aKpETJICHHOM) MarHUTHOM CIIOE,
OTBETCTBEHHOM 3a 00pa30BaHHE CIIMHOBOTO ITOTOKA B CBO-
6omaOM cnoe. TyHHeIbHAS mepeaada BpaImaTeIbHOTO MO-
MEHTa ONpeAelsieT pa3HOoOOpa3ue MOBEACHUS CBOOOTHOTO
CJIOS ¢ HE3aKPEIUICHHOW HAMATHHYCHHOCTHIO B 3aBHCHUMO-
CTH OT BEIMYWHBI TPAHCIIOPTHOTO TOKA W MPHIAracMOro
MarHutHoro moJst [4,5].

B ornuyume ot momepedyHOW nepenavyy BpamlaTelbHOTO
MOMEHTa B TYHHENBHBIX CTPYKTYpax, CIIMH-OPOUTAIBHBIN
(CO) sddexT pomoapHON Hepeaayr BpamaTeIbHOro MO-
MeHTa OOyCJIOBJICH BO3HHKHOBEHHEM HEPaBHOBECHOI
CIIMHOBOY IJIOTHOCTH C MPEUMYIIECTBCHHOW OpHEHTAINEH
CIIHOB BJONb 3()(PEKTHBHOTO MArHUTHOTO TOJIS Pam0sl,
KOTOPOE MPONOPLIOHATEHO BETHIMHAM MPOTEKAIOMIETO
TOKa M TPaJHeHTa 3JEeKTpUdecKkoro moreHmuana [6,7].
31ech BO3MOKHBI JIBa MEXaHW3Ma CIUH-OPOUTAIBHON ITe-
penayn BpamaTeIbHOrO0 MOMEHTa — OOBEMHOTO W IIO-
BEPXHOCTHOTO mpoucxoxacHus [9]. Jmst ormcanus 3Toro

addexTa paccMOTpUM CHCTEMY CBSI3aHHBIX YpaBHEHHUI
JUHAMUKY CIIMHOBOW aKKyMYIIIIUH M W HaAMarHUYCHHO-
ctu eppomarnuTHoro cios My, mpencraBneHHyro, Ha-
npumep, B [10], koTopyto MOXHO O0OOLINTH C yd4eTOM
KOMOMHHUPOBAaHHOTO NeiicTBus 3¢ dexra Pamosl n oOMeH-
HOro ToJis. [ToBepXHOCTHBIN 3 (HEKT CIHMH-OPOUTATEHOTO
paccesHUS TIPU 3TOM MOKET OBITh YYTCH BBEICHHEM CIIC-
[IUATBHBIX TPAHIMYHBIX YCIOBHH.

Ha ocHoBaHuM moOJydeHHOW peAyLMPOBAHHON CHUCTEMBI
YpaBHCHUI MarHUTOIUHAMUKH JUTS JIOKATN30BAHHBIX CITHHOB
npoBesieM On(ypKAIMOHHBIN aHaIu3 000OIICHHOW JUHAMU-
YECKOW CHCTEMBI JUIS PA3IMYHON I'eOMETPUHM HaMAarHUYHBa-
HUS CTPYKTYpPBI NPU BapUallid MAarHUTHBIX TapaMETPOB U
BEJIMYMHBI B3aUMOJIeHCTBUS PamOpr B 00beMHOM MaTepuaie
1 KpaTko KocHeMcs d(eKTa IMOBEPXHOCTHOTO PACCESIHUS Ha
uHTepdericax reTepocTpyKTypbl. M3 cpaBHEHHS! pacueTHBIX
JAHHBIX C JOKCIICPUMCHTAJIbHBIMU PE3YJIbTaTaMH HUCCIICA0BA-
HHUH CIIUH-OPOUTATIHEHOTO 3P QEeKTa MePEKIFOYCHIUS CITMHOBBIX
COCTOSIHHH, TpOBeAeHHBIX B [11,12] anst reoMerpuu mpo-
JIOJIGHOTO HAMArHWYMBAHUS ACCUMETPHYHBIX MAarHUTHBIX
TeTEePOCTPYKTYP, Ho0epeM XapaKTepHble MapaMeTpsbl, Olpe-
JICTISIIOIIME B HUX CIIMHOBBIA TPAHCTIOPT HA OCHOBaHWH 00-
CYXK/IaeMOil MOJIeJIH, a 3aTeM TOCTPOMM JIMarpaMMbl CITHHO-
BBIX COCTOSSHUM Ha IUIOCKOCTH TOK—IIOJIE U pasiIMIHbIX
HAaIpaBJIeHU MarHUTHOTO TIOJIs1, TO3BOJISIFOLIME MPEJICKA3aTh
BCE BO3MOXKHBIE S((PEKTHl WHIYIUPOBAHHOW B HUX TOKOM
CIIMHOBOH JWHAMUKH.

2. UcxoaHble ypaBHeHUs

PaccmotpyM  3p(heKT BO3HHKHOBEHHSI HEPaBHOBECHOM
CIIUHOBOI aKKyMYJISIIIMM W €€ BO3JEHCTBHE Ha MarHWTHOE
COCTOSIHHE CBEPXTOHKOU (heppOMAarHUTHOMN IUICHKU TPH MPO-
TEKaHWUH TOKa J B €€ IUIOCKOCTH B FE€TEPOCTPYKTYPE C HApy-
LIEHUEM HHBEPCHOM CHMMETpUM B IIONEPEYHOM HAIpaB-
nennn (BHOMB ocH Z). B Takoll CTpyKType uMeercs
HEOZHOPOJHOE IMONEPEUHOE KPUCTAIIMYECKOE I10JIEe, KOTOPOE
JIEHCTBYET Ha AJIEKTPOHBI IPOBOJAMMOCTH OJ1arojapsi B3auMo-
JeficTBurO PariObl B COOTBETCTBUM C TaMUIIBTOHUAHOM [6]

I-A|=ocR6-[lA(xz] @

rjie OR — MapaMeTp CIMH-OpOUTAIBbHOIO B3aUMOJEHCT-
Bust PamGel, 6 — COMHOBBIN OmepaTop, kK — BomHOBOiA
BEKTOP JBIKYIIErocs JJIEKTPOHA, Z — EIMHUYHBIA BEK-
TOpP B MONEPEYHOM K CIIOSIM HaIlpaBJIEHHH. DTO B3aWMO-
JelicTBHEe OTBevaeT 3a a(dekTuBHOE nose (moje Pamosr),

Nmetornyecst TEOpETUUECKHE UCCIIEOBAHHS B3aUMOASHCTBHS PamObl B MPOBOASIIMX MarHUTHBIX TETEPOCTPYKTYpAX C HAPYIICHUUEM

MHBEPCHO# cuMMeTpHu (cM., Harpumep, [8]) mokaspIBaroT, YTO BO3MOXKHOE 00BSICHEHHE YCUIICHHS! B3aUMOICHCTBYs PamOb! B criun-

HOBBIX [I0/I30HAX I'€TEPOCTPYKTYPbI C HEMATHUTHBIMH TSDKEJIBIMH METaJIAMH 110 CPaBHEHUIO ¢ 00bEMHBIM 3(Q()EKTOM B MArHUTHOM

CJIOC ITPCAIIoIaract, YTo HapsAay ¢ HapylICHUEM I/IHBCPCI/IOHHOﬁ CHUMMECTPUHU CYHICCTBEHHYIO POJIb MOXKET UT'PAaTh CMEIIINBAHUC 0p6I/I-

TaJbHBIX COCTOSTHUI MAarHUTHBIX M HEMarHUTHBIX aTOMOB Ha TPaHUIAX Pa3/iena reTepocTpyKTyphl. OfHAKO JETaIbHO MHKPOCKOIH-

YECKUI MEXaHW3M BO3HUKHOBEHUS CHJILHOTO B3aUMOJICHCTBUS Pambpl B MArHUTHOM CJTO€ aCHMMeTpH‘IHOﬁ TETCPOCTPYKTYPHI 10

KOHIIa HC COBCEM SCCH.
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Vpaenenus Jlanoay—Jlugpwuya u ounamuxa cnunos 6 2emepocmpyKmype ¢ HapyuleHHOU UHBEPCHOU CUMMempuetll

JeHCTBYIOIIee Ha HEPABHOBECHBIE 3JICKTPOHBI IIPOBOAUMO-
CTH, KOTOpPOE€ B pe3yJibTaTe yCPEAHEHUs 1O HepaBHOBEC-
HOMY paclpeieJICHHIO B MPOCTPAHCTBE BOJIHOBBIX BEKTO-
POB MOKHO 3amlKcaTh B BUIE

Hg :C[sz]:cJ [sz],

m .
rae C=og——, j=J/J, m — macca anekrpona, € —

1

enHBh

3apsj OJE€KTPOHa, g — MarHeToH bopa, N — KOHLEH-
Tpanusa Hocutened. DddexTHBHOE Mojie B3aUMOJICHCTBUS
PammOb1 oTBeyaeT 3a HEpPaBHOBECHOE PACIpeJIeNICHNE dIIeK-
TPOHOB B (pa30BOM IIPOCTPAHCTBE, BO3HUKAIOLIEE IPH MPO-
TeKaHUM Toka. braromaps mapamarnetusmy Ilaymu s
CHCTEMBI HOCHUTEJIEH 3TO MOJE OTBETCTBEHHO 32 BO3ZHUKHO-
BEHUE HEpaBHOBECHOM CIIMHOBOM AKKYMYJISILIUH

Mp = pHR. KBa3upaBHOBeCHAs CIMHOBAs aKKyMYJLILIHS

mo(Hgff ), CBA3aHHAS C MOJMAarHUYHBAaHUEM CITHHOB KOI-
JIeKTHBH3UPOBAHHBIX 3JIEKTPOHOB B 3((hEKTUBHOM IONIe

HY% =H+AM,, rae A — mapamerp oGMeHHOTO B3an-
MOJIEIiCTBYSI, HE MOJBEPKEHA B JUHAMUKE BIMSHHIO [OJIS
Pambbr Hy u He okasbiBaeT BIMSHHS HAa MHAYLHPOBAH-

HYI0 TOKOM JWHAMHKY HamaramdenHoct Mg (t) marnut-

HBIX HOHOB. Ilo3TOMYy ee MOXHO HE paccMaTpHBaTh B
YpaBHEHHSX CIIMHOBOW AMHAMUKH, ITOJIarasi, 9TO €€ BIIHS-
HHE YK€ y4TeHO B 3()(peKTHBHBIX TTapaMeTpax pelaKcarnuu
JIOKAJM30BaHHBIX CIIMHOB M CIIMHOBOHM akKyMyismuu. B
HECTAI[MOHAPHOM CJIydae HEPABHOBECHBIM MAaKpOCIIHH

KOJUIEKTUBHM3UPOBAHHBIX 3jekTpoHoB M(t) pemakcupyer k
WHIYIIMPOBaHHOMY TMoieM PamObl cTarioHapHOMY 3Haue-
HUIO HEPABHOBECHOW CIIHHOBOM akkymysmsimmud Mg = pHR,

npereccupys npu 3ToM B 3(PGEKTUBHOM IIOJIe Hsﬁ =
=H+AMg +Hpg, BrmouaromeM oOMEHHOE MOJIE, KOTO-
po€e JIEHCTBYET CO CTOPOHBI JIOKAIM30BAHHBIX 3JEKTPOHOB
AMg, u none Pambsr Hy. Dot addext moxkHO ydecTs B
JMHAMUKE HEPAaBHOBECHOW  CIIMHOBOM
MR (t), 106aBMB B KHHETHYECKOE YPABHEHHE, 3AMMCAHHOE

AKKYMYJISIIIT

B 1 dHy3nOHHOM NPHOTIDKEHUH aHAIOTHYHO pabote [13],
JIBa JIOTIOJTHUTENILHBIX wieHa. OanH, oTBevyaronuii 3a 6110-
XOBCKYIO PEJIaKCAllMI0 HEPAaBHOBECHBIX CIIMHOB KOJUIEKTH-
BU3UPOBAHHBIX HOCUTEJNECH, K BEKTOPY HEPaBHOBECHOM

CIIMHOBOW aKKyMyJIAIUU MR, ¥ BTOPOW, OTBEYAIOLIMM 3a
BpaIllCHUE CIIMHOBOW aKKyMYJISIUU B 3QPEKTHBHOM IOJIE
Hg +AMg,

H <<AMj. Torzma o6o0iueHHas cucteMa ypaBHEHHIT 1U-

npeamnojaras Mpu  3TOM, UYTO 00BIYHO

HaMHKH JJIA CIIMHOBOM AKKYMYJSIOUU M U JJOKaJIM30BaH-
HOM HaMarHWYE€HHOCTHU MO MOJKET OBITh 3aIucaHa B BUIC

%—DoAm-i-m_—p'_'R-l-me(HR +7\.M0)=
T

__y 9 (Bre
= %m[Me JqMo], @

a|v|_0:_y|\/|o>< Heﬁ+;hm_iaM_0
ot YM ot

rie p=yp :ungF — TmapaMarHUTHas BOCIPHUHMYH-
BocTh Ilaynu, Y — rupomarHuTHoe oTHomrenue, Dy —
ko3 durneHT cnuHoBoU muddy3un, T — BpeMs CIHUHO-
BOI penakcaluyu, A — mapameTp OOMEHHOTO B3aUMOJEH-
CTBHSI KOJUICKTHBH3HPOBAHHBIX W JIOKAJIW30BAHHBIX CIIH-

HOB, (=X,Y,Z, (g — O>Hepreruyecckas ILIOTHOCTh
cocrosiHull Ha ypoBHe depmu, O — mapaMeTp MarHUTHOMN
penakcaruu ['mnebepra, B — Oe3pasMepHbIil mapamerp

HeanuabaTUYHOCTH TepeHoca cnuHOB. [IpaBas dacTh
ypaBHEHHS (2) OTBEYAaeT 3a MPOIECCHl HeaInadaTHIeCKOTo
JIBIDKCHUSI CIMHOB TIPU MPOCTPAaHCTBEHHOW HEOHOPOIHO-
CTH TOKa W Pacrpe/elieHns JJOKATU30BaHHBIX CIIUHOB. J{i1s
MaKpOCIHHOBOH TE€OMETPHH OJHOPOAHOIO IPOTEKAHHS
TOKA MOJTy4YaeM CICAYIONIYIO CHCTEMY YPaBHCHUI:

%+m+ymeMo+ycjmst :0, (3)
T

(04 6M0

oM
—O0 — Mg x| Hegp +am———9 |, (4)
YM

ot ot

rne Sg =Hp/HR. Tlonyuennas munamuueckas cucrema
YpaBHEHHH OIHUCHIBAET MAaKPOCIIMHOBEIE COCTOSIHUS TOH-
KOTO IIPOBOJISAIIET0 MarHUTHOTO CIIOS TIPH MPOTEKAHHUHU TI0
HEMY TOKa W TIpH Hanuauu B HeM obbemHoro CO addekra
PamOs1. B npoBojsied rerepocTpyKType ¢ MarHUTHBIMH
Y HEMarHUTHBIMH CJIOSIMH CYIIECTBEHHBIH BKIaa B 3¢ pek-
THl CIIMHOBOM AWHAMUKU OyAyT JaBaTh MEXaHH3MBI IO-
BepxHocTHOTO CO paccessHUs 371€KTPOHOB IPOBOJIMMOCTH,
KOTOpPBIE OTBEYAIOT, B YACTHOCTH, 32 BOSHUKHOBCHHE CIIH-
HoBOrO 3(derra Xomra [11,12,14]. KBaHTOBO-MEXaHHYE-
ckmii aHaym3 3¢ dekroB CO paccesHust ¢ yaerom s dexra
Pam6sl Ha wHTEp(elice MarHUTHOW TeTEPOCTPYKTYpPHI B
paMKax ynpouieHHoH Monen (cM. [IpunoxeHne) nokasbiBa-
eT, 4TO 3TH 3(QQEKThl MPUBOAIT K BOSHUKHOBEHHUIO CITHHO-
BBIX TOTOKOB, CO3/IAIOIINX JIOHOJHUTEJIBHBINA BpaliaTeib-
HBI MOMEHT JUIsl JIOKQJIM30BAHHBIX CIIMHOB, aHAJIOTMYHBIHA
JeWcTBUI0 Toyisl PamiOpl, KOTOPBIA MEPeHOPMUPOBHIBAET
BpaIllaTeJIbHbIE MOMEHTHI JUHAMHUYECKOH cucTeMsl (4) 00b-
€MHOI'0 IPOUCXOKIACHHUA. B »stom cmeicne JAUHAMHUYCCKYIO
cucreMy (4) ciemyer paccMaTpuBaTh Kak (DEHOMEHOJIOTHYE-
CKYIO MOJIellb, B KOTOPOIl XapaKTepHbIE IapamMeTphl TaKHe,
Kak, Harpumep, BoclpuuMumuBOCTh Ilaynm w mocTostHHAsS
Pam0p1, sBistorcst moxronouHsiMu. Hmke Ha mpumepax
CIIMHOBOW TMHAMUKH JUIsl CIIydaeB, OJM3KUX K SKCIIEPHMEH-
Tam, MbI 00CY/IUM 3Ty TIpoOiieMy 6oJiee eTanbHO.

3. PexynupoBaHHasi MAKPOCIIMHOBasi MO/IeJb

PaCCMOTpI/IM BO3MOXHBIC HWHAYIHUPOBAHHBIC TOKOM
MOMCHTBI BpallCHUA JIOKaJIN30BaHHOM HAaMarom4c¢HHOCTH,
nepeaaBacMbIC CIIMHOBOM aKKyMyJ'IS[IIHGﬁ. I[J'IH 9TOTrO0 CIAec-
JlacM ynpoujaromniee npeanojiokeHue, 4To ClinHOBas aKKy-
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MYJISILIMS TIePECTPauBacTCsl BO BPEMEHH 3HAYUTEIILHO ObI-
CTpee JIOKaJIbHONH HaMarHW4E€HHOCTH, TaK YTO MOYKHO CUH-
tath OM/0t =0. OcHOBaHHEM 3TOrO MOXET CIIYKHTb
OouipIas pa3HHUIA BPEMEH pellakcalliy Uil IBYX paccMmar-
puBaeMsIx moxcucteM T <<l/ayMg.. B atom mpuGmmke-
HHMU JUHAMHUYECKas CHcTeMa IpeodpasyeTcs K BULY

m — pcjsg +yAtmMx Mg +ycjtmxsg =0, (5)
6M0 o 6M0

——=—Mg x| Hgef + M ————|. 6
ot TVl eff M ot (6)

Iocne HecmoxHBIX MpeobpazoBanuii cuctema (5), (6) cBo-
JTUTCS K MOIU(DHUIIMPOBAHHOMY YPaBHEHUIO MAarHUTOIMHA-
mukn Jlannay-JIndpmmma—T unsdepra cieayromero Buaa:
o 8M0

oM, . .
R0 _ My x| Heg + Ag jsg + Br jMg x5 ———70 |
o My eff + ARJSR + BrJMq xSg M ot

U]

rae koo duueHTs! cnHoBoit addexTuBHocTH AR M BR
IUIs COOTBETCTBYIOIIMX KOMIIOHEHT IE€PENaBAEMOT0 Bpa-
IATEIEHOTO MOMEHTA UMEIOT BHI

Ag =Apcx

x (1+ ()% + i%spen ) AL+ (%)% + (jB)% + 2 [A%ep sp

Bg =ypr2er/{l+ (%) + (j5)% + 2jiktey sp

eM = MolMo.

e ] = jc/M, T=1yM, c=oag——.
enMBh

TlonyyeHHoe ypaBHEHHME MarHMUTOJAMHAMUKH TIO CBOEH
dbopme aHamormgHO OOOOIIEHHOMY YpPaBHEHHIO MarHHTO-
muHamukn Jlannay—JIugmuma uis TOKaIU30BaHHBIX CITH-
HOB CBOOOJHOTO CIIOS CIIMH-BEHTHJIBHOW T€TEPOCTPYKTYPHI
B MOJICTIH TIepe/Iadud CIIMHOBOTO MoMeHTa CIIOHYEBCKOTO U
Bepxe [15]. OHO comepkuT JBa BpalIaTeIbHBIX MOMEHTA,
obycioBieHHBIX d(hdexTom Pamobbl, KOTOphle NEHCTBYIOT
AQHAJIOTUYHO TMPOJOJIBHON U TIONEPEYHON KOMIIOHEHTaM
IepeaaBaeMoro BPAlIaTeIbHOTO MOMEHTa B TYHHEIBHON
CIMH-BEHTHIBHOH CTpyKType. OTIH4Yne Ipu 3TOM COCTOUT
B TOM, YTO TOKOBas 3aBHCHMOCTBH KO3((PHUIIMESHTOB CITHHO-
BOH 3 (PEKTUBHOCTH COXpAHIET CHMMETPHUIO NPH CMCHE
3HAaKa TOKa, B MPOTHBOIOJOXHOCTh CIIYYal0 TYHHEIbHOW
TeTePOCTPYKTYPHI, TIC HMEETCS aCUMMETPHs BEITHYUHBI
TepeaBaeMoro  BpaImaTeIbHOTO MOMEHTa OTHOCHTEIIHHO
CMCHBI HAIlpaBJICHUA TOKa. KpOMe TOro, KaxKk IOKa3bIBACT
CPaBHUTEJIbHBIN aHAJIN3 UCXOJHON U pEeAYLIMPOBAHHOM CHC-
TeM, B 00JacT 00pa30BaHuUs IIUKIOB BO3MOXHO BO3HUKHO-
BEHHE HYTalllil B UCXOJHOW NHMHAMHYECKOW CHCTEME, T.C.
repexo/l K TOPY B PacIIUpeHHOM (Ha30BOM IMPOCTPAHCTBE
HCXOJHON NTUHAMUYECKON CHCTEMBL. DTO OOCTOSITEIBCTBO,
OJTHAKO, HC MCHSET NMPHUHIMITHATIBHO CICHAPUU CMCHBI CTa-

LIMOHAPHBIX COCTOSHUNA JMHAMUYECKOW CHCTEMBbl B pac-
CMOTPEHHBIX HIKE CIIydasX.

4. CtanuoOHapHbIE COCTOSHUS PABHOBECHS H
Oudypkanum B JMHAMUYECKOH cMcTeMe IPU BapUALMHU
MArHUTHOTIO NOJISI U TOKA

TloBenenne AMHAMHYECKOM CHUCTEMBI, OIMCHIBAEMOU
000OIICHHBIM ypaBHEHHEM MarHutoauHamuku Jlanmay—
JIupmmna (7), cymecTBeHHO 3aBUCUT OT d(h(HEKTHBHBIX
rapameTpoB, ONPEEISIIONMX T'€OMETPHI0O HaMarHU4KBa-
HUSI U BEJIMYHMHY BpAINATEIbHBIX MOMEHTOB (CM., HaIpH-
mep, [10,16]). MbI mpoaenaeM JeTalbHBIA aHAIHA3 ATOTO
ypaBHEHHSI Uil T€TEPOCTPYKTYP, HUCCICIOBAHHBIX JKCIIe-
puMeHTaNBEHO B pabotax [11,12], B KOTOpPHIX HaBeICHHAS
AQHM30TPONHS MPAKTHYECKA KOMIICHCHPYET SHEPruio pas-
MarHM4YMBaHMs TUICHKH, CBSI3aHHYIO C BBIXOJIOM HaMarHu-
YEHHOCTH B TEPHEHIUKYJIIPHOM HAlpaBJICHUH. 3aTeMm
KPaTKO KOCHEMCS Cily4as HEKOMIIEHCHPOBAHHOTO JIErKO-
IUIOCKOCTHOTO peppOMarHeTuka.

Crauuonapuele Toukn Mg InHAMHYECKO CHCTEMbI
(7) ompenensroTcs U3 YCIOBUS €€ Pa3spelIMMOCTH IMpHU
OMg /ot =0. Tun cTauMOHAPHBIX TOYEK MCCIEAYETCS Me-
TOJIOM pELICHUsI JINHEAPU30BAHHBIX UCXO/IHBIX AWHAMUYC-
ckux ypaBHeHHU (7) TIO MalloMy OTKJIOHCHHIO HaMarHu-
4eHHOCTH OT ocoboil Toukn OM /My ~exp(At) <<l wu
MOCJIEIYIONIETO aHalu3a KOpPHEH XapaKTepHCTHYECKOTO
yPaBHEHHSI Aj, KOTOpbIE ONpEIEISAIOT Xapakrep HpubIu-
JKCHUs] HAMAarHMYEHHOCTH K CTallMOHApHOMY COCTOSIHHIO
BJIOJIb TPACKTOPHH JBIKCHHUS HAMATHMYCHHOCTH Ha (a3o-
BO# cdepe |MO|=const. BudypkannoHHOe W3MEHCHHE
THTIa 0CO00OM TOYKH C YCTOWYHMBOTO Ha HEYCTONYMBBIN
IPOMCXOJUT MpPH KPUTHYECKOM 3HaueHnn Toka j.(H),
KOTOPOE 3aBHCHUT OT MPHUII0KEHHOTO MATHUTHOTO MOJIS.

4.1. Dpghexmul cnun-opbumanbHo20 nepexnoyerus
CHUHOB 8 MAZHUMHOLL 2eMepOCmpPYKmype ¢
NepneHOUKyISAPHOU AHU30mponuet

PaccMoTpuM BIMSHUE TOKa CIHWH-TIOJISPHU30BAHHBIX
3JIEKTPOHOB HAa MAarHUTHBIE COCTOSIHHSI TOHKOM deppo-
MarHuTHOM TuIeHKW Ui 3P QEeKTUBHBIX MapaMeTpoB, CO-
OTBETCTBYIOIINX T€OMETPUH HabMoAeHus 2 deKTa nepe-
KJIIOYEHUs] CIMHOB B MAarHUTHOW TETEPOCTPYKType C
HapyIIEHHON MHBEPCHOM CUMMETpHEN, HCCIEeJOBaHHOU B
pabore [12]. B aroii paboTe ommcaHbl Pe3yibTaThl KCIIE-
PUMEHTAILHOTO HAOIIOIEHUS UMITYJIBCHBIX 3()(HEKTOB TO-
KOBOTO TIEPEKIIIOYCHHS CIIMHOB, OOYCIIOBICHHOTO CITHH-
OpOHUTAIEHEIM TIEPEHOCOM BpaIlaTeIbHOTO MOMEHTa M3-3a
Hanmuuus d¢dexra PamoOpl, B reoMeTpuu NpOAOJIEHOTO
HaMarHWYUBaHUS B MarHuTHo# mieHke CoFeB ¢ mepnen-
JUKYJSIPHOW aHU30TPONHEH B MarHUTHOHW TI'eTEpPOCTPYK-
Type mnoanoxka—Ta(4)/Co40Fe40B20(1)/MgO(1,6)/Ta(l).
Ha puc. 1 cxemarnyecku moka3aHbl TEOMETPUS MAarHUTHON
TeTepOCTPYKTYpHl, OPHUEHTAMS MAarHUTHOTO TOJII M Ha-
MpaBJICHUE MPOTEKaHUs TOKA. B OTCYTCTBHE TOKa 3JIEKTPO-
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Puc. 1. PaCCManI/IBaeMaSI MoA€CJIbHasA reoMEeTpust TUHAMHUKU Ha-

MarHM4eHHOCTH B Te€TepPOCTPyKType ¢ 3ddexrom B3anmopeicT-
Bust PamiOksr.

HOB, korma J =0, a marautHoe mote H mepneHaukysipHo
IJIOCKOCTH TUIEHKH, T.¢. 3 =7/2, o =0, B uccnenoBaHHOMN
OpoBOISLICH CTPYyKType HaOJro[anach MpsSMOYTOJbHAs
HemIs THCTepe3uca crnuHoBoro »ddekra Xomma ¢ monem
kosprmruBHOCTH H =70 D. VunreiBast, 40 HaMarHu4eH-
HocTh mueHku coctasnger M =1100 I'c, nerko onpenenuts
BEJIMYMHY DHEPTHU NEPIICHINKYIAPHOH OXHOOCHOH aHM30-
tpormn juist mienkn CoFeB K =6,32~1O6 apr/cm. Tok
nepekioyenuss B ropusontansHom mone H =100 D3,
B=0 cocrapmsan J =1 mMkA. Jlnsa momepednoro pasmepa
MCCIICIOBAHHOM TETEPOCTPYKTYPH! S = 1 HM X 2,5 MKM 3TOT
TOK COOTBETCTBYET IUIOTHOCTH TOKa j:4-107 Alem?. C
HENTBIO TIOCTIEMYIOIEH MOATOHKN HAaOII0MaeMOi B dKCIIEpH-
MeHTE [2] TOKOBOW IETIH THCTEPE3nca H3MEPSIEMOro CO-
MIPOTHUBIICHUS CITMHOBOTO 3¢ ¢ekra Xoya B TOPU3OHTAIb-
HOM II0JI¢ Ha OCHOBE MHTETPUPOBAHHUS, OIyYEHHOTO HAMH
MoaupunmpoBanHoro ypasHenust Jlannay-JIngpmmuna (7),
HEOOXOAMMO OBUIO TMPEIMOJIOKHTh HATHYHE Oa3HCHOM
aguzoTponnun K, = —2,25-10° 3pr/CM3 B IUIOCKOCTH
wieHKd. TakuMm 00pa3oM, AJs pacCMaTPUBAEMOro ciydas
HEO0O0XOINMO ITOJIOXKHTH

2K
Hets = —MZXMX+H ey +

K
MZZ —4m|M,e,, (8)

rac €,, €y — COMHUYHBIC BEKTOPHI, ONPCACIIAIOINE T0JIC

[[ByXOCHOﬁ AHU30TPOIINH, a TAKIKE MPUHATH CIICAYIOIINE 3HA-
YCHHA BXOJAIUX B YpaBHCHUE MArHUTOAWHAMUKH (1)1/131/1‘-16-

nmapamerpoB: T=71/yM =2 1078 ¢, p= 1075,
A=10* ag=18-10"0 5B, K, =0,035M? +27M?,

CKHX

Ky =-0,225M 2 BriOpanHOe HaMU 3HAYECHHE TIapaMeTpa

Pamosr OlR OKaszajoChb OJIM3KHM K OLCHOYHBIM BCJIMYUHAM

R = (1—2)-10_10 3B'M, mony4yeHHbiM B padorax [11,17]
[PU UCIIOJb30BAaHUH MHKPOCKOMUYECKOr0 MOJX0Aa K MO-
JeMUpoBaHu0 dPQekTa B3aumojeicTsus PamObsl B mmo-
JOOHOW TeTepoCTPYKTYpE.

[puBeaeM Tereps AJsS yKa3aHHBIX MAPaMETPOB PE3Yiib-
TaThl YUCICHHOTO aHAJIHM3a JHHAMUYECKOW CHCTEMBI, OTIHU-

0,6

0,4

027 B

6 4 2 0 2 4 6
J, 10" Aem

Puc. 2. ]lnarpamma COCTOSIHUI paBHOBECHUS AJI1 TEOMETPHHU C Iep-
MEHIUKYJISIPHOI aHU30TPOIHEl B INIOCKOCTHOM MOJIe HaMarHI4H-
Bausa B =0, a =0, xorma TOK NPOTEKaHUS COBIAJACT C HAMpPaB-
JIeHWeM MarHutHoro noms. Ilapamerps! pacuera: t=7T/yM =
=2.108¢, =107 Icev¥A, p=10"°, 2=10% og=
=1,8:101%5B.n, K, =0,035M?+27M?, K, =-0,225M?2,
M =1000 Ic.

ChIBacMOM ypaBHeHHeM MaruutonuHamuku (7). Ha puc. 2
NpUBEJICHa JUarpaMMma PaBHOBECHBIX COCTOSHHW Hamar-
unauBannss Mg(H,J), nmocrpoennas mst ciaysas =0,
o =0, korma MarHMTHOE MOJI€ NEPIECHAUKYISPHO OCH
JIETKOTO HaAMarHMYMBaHUsI, a HALIPABJICHUE TOKA COBIAIAET
C HANpaBJIICHUEM MAaTrHUTHOTO IOJIA B IUIOCKOCTH IDICHKH.
B paccmarpuBaeMoii o0iacTh 3HaYEHHI TOKOB M IOJEH,
MOKA3aHHBIX HA PUCYHKE, UMCIOTCS JIBa THIIA YCTONYMBBIX
CTAllMOHAPHBIX COCTOSHUM, Pa3IHYAIOIIUXCS MPOCKIUEH
M, na nampaeienue jerkoi ocu (oce OZ), a nMeHHO,
dazalc M, <0 u dasa ll ¢ M, >0, xoropsie pazzuene-
HBI TPAHUYHBIMH JHHUSIMU. Ha 3TUX JUHHUAX MPOUCXOAUT
CMEHa PaBHOBECHBIX TOYEK W COOTBETCTBYIOIIAs OUMYp-
Kanus B (pa30BOM MPOCTPAHCTBE TUHAMUYECCKON CHCTEMBI
(7). Ha puc. 3 moka3aHa rECTEpe3nCHas 3aBUCIMOCTb TPO-
ek M, OT TOka HpH 3aJaHHOM MAarHUTHOM IIOJIe
H, =100 3 mns ciydas u3MeHEHHsS] TOKa BIOJb JIHHHH
A-B, mokazaHHOW Ha AwarpamMme puc. 2. AHaJIOTHIHBIH
THCTEpPE3nC HAOIIOAeTCsl MPH TIOCTOSIHHOM TOKE, KOrja
MEHsIeTCsl MarHuTHoe Touie. [loje KOIPUUTHBHOCTU IpH
9TOM MEHSETCSI C TOKOM B COOTBETCTBUHU C OM(ypKaIMOH-
HBIMU JIMHUSMY, YKa3aHHBIMU Ha JHarpaMMe.

IIpu MOBOPOTE MArHUTHOTO IOJIS IO OCH, MEPICHIUKY-
JSIpHOM aHm3oTpomnuw, T.e. Koraa B =90° o =0, uucnen-
HBIA aHaU3 ypaBHCHHU MuHAMUKH (7) MOKa3bIBacT, 4TO
OudypkanroHHas aWarpaMMa Takxke OyIeT WMETh BHUJ
pom0a, JEMOHCTPUPYIOLIETO YMEHbIICHHE OIS KO3PIIU-
THUBHOCTH TIOJIEBOT'O MEPEMAarHUYMUBAHHUS C POCTOM TOKa Ha
MeTJie MarHUTHOTO THUcTepesnca. OmHAKO MpU (PUKCHPO-
BaHHOM MAarHUTHOM IIOJIC MPEAMOYTHTEIBHBIM OYIET CO-
CTOSHUC C TMPOCKIMEeH HAMArHUYCHHOCTH BIOJb MarHHT-
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Puc. 3. I'nctepe3nucHas 3aBUCUMOCTh HOPMUPOBAHHOW MPOEKIMU
HAMAarHMYeHHOCTH M, Ha NEpHEHIUKYIAPHYIO JErkyl och
n_LHgR, H orroxa nporekanus J mpu HUKCHPOBAHHOM Mar-
muTHOM mosie H = 100D mns cimydas M3MEHEHHS TOKa BJIOJHb
nuHud AB nuarpammsl puc. 2. Ha BcTaBke — paccMarpuBaeMast
TeOMETpHsI NPOTEKAaHHsI TOKa U JEWCTBUS CHHH-OPOUTAIBEHOTO

mosist PariOsr.

HOTO TIOJIS U JICHCTBHE TOKA HE MOXKET B DTOM CJIydae W3-
MEHUTh yCTOMuYHMBOe cocTosiHue. IIpu 3ToM TOKOBas He-
CTaOUIBHOCTE MOYKET HAGIIONATHCSA TONBKO B CIHHOBOM
COCTOSHHUH, KOTJ[a Ha4aubHasd HAMATHMIEHHOCTh IPOTHBO-
II0JI0KHa MArHUTHOMY TIOJIIO.

O6cynuM Temepb pe3yibTaThl YHMCICHHOTO aHAJIU3a
II8 paccMaTPHBAEMON CHCTEMBI, KOIJa mojie Pamibwl
COBIIAZAET C HANPABJICHHEM MATHUTHOTO IIOJIS B ILIOCKO-
CTH TIEeHKH. A uMeHHo, Oynem nonarate H ||OY (B =0,
o =90°), J||OX, Tak uTo 3(peKTHBHOE MOJIE OMUCHIBA-
€TCS BHIPAKEHUEM

2K,
M2

2K, 2K,
ey+ — >
M2 M

Het =| — My +H —4r |M,e,,

©)

a nose PawiGbr neiictayer Baois ocu OY, T.e. eg = (0, 1, 0).
Ha puc. 4 npuBenena nuarpamma o0nactei ycToium-
BBIX CTaI[MOHAPHBIX COCTOSHUH HAa IUIOCKOCTH TOK—Mar-
HHUTHOE TI0JIe, KOTOpBIE MOTYT CYLIECTBOBAaTh B PacCMaTpH-
BaeMOW JUHaMUYeckoi cucteme (7) Tpu BBIOpaHHBIX
napamerpax. B OTCyTCTBHE MarHMTHOTO TOJSI U TOKa Ha-
MarHMYeHHOCTh HAIpaBJieHa BJIOJb JIETKOW OCH, TIepIICH/N-
KYJSIDHOW TIOCKOCTH IUICHKH, TaK YTO B CHCTEME CYIIECT-
BYIOT TOJBKO J[Ba YCTOMYMBBIX COCTOSHHS C IPOEKIHSIMH
M, =My (daza V). [Ipunoskerne MarHUTHOTO MOJIS IPU
HYJICBOM TOKE JHMOO BKJIIOYEHHE TOKAa B OTCYTCTBHE IOJIS
NPUBOJIUT K OTKJIOHCHWIO HAaMarHMYEHHOCTH BJIOJb OCH
OY BWIOTH M0 TOJNHON MEPEOPUEHTALMH B COCTOSHHSA
My =+Mq (¢azsr | m Il) mpu kpuTHIECKOM 3HAYCHHUN Mar-
autsoro nons Hg =2K,/M —47M =£70 3 mbo Toka
Je. =15, 43-107 Alem?. HeranpHoe ommcanme Ongypka-

1,0
I
0,5
I i
2 op e —
o Y i1
a0 MM o I
0,5 L B2
» /x. , MVI{H|
:.J_J ,/R\ )i}
QoS i

12 -8 4 o 4 8 12
J, 10 Aem

Puc. 4. lnarpamma o0acTeil yCTOMYMBOCTH CTAIlIMOHAPHBIX CIIH-
HOBBIX COCTOSIHUM Ha rutockoctu Tok—noine. ®assl I, Il cooTBet-
CTBYIOT COCTOSIHUSIM C IPOEKIHEH l\/ly =*Mg, mapamiensHOR
nu00 aHTUMapaUIeNbHOH MarHuTHoMy momo, |lI — yrmoas
¢aza, NOpoXkKIaroMIasl CIIMHOBYIO HPELECCHIO BOIM3M COCTOSHHS
My =Mg, IV — odasa cnunosoil mpeueccuu, V — yriosas
¢aza, koTopast 00pa3yeTcs OTKIOHCHHEM HAaMAarHUUEHHOCTHU IIPH
BKJIIOYEHHH MarHUTHOI'O HOJIS M TOKa OT coctosinud M, =M.
CIUToIHbIC U IIYHKTUPHBIC JIMHAU SBISIOTCS OU(YpKaMOHHBI-
MH JIMHUSIMH, OTPaHUYHBAIOMIUMH 001aCTH yCTOWYMBOCTH CTa-
[UOHApHBIX CIIMHOBBEIX cocTosHMH. Ha BcraBke — reomerpus
HaMarHW4MBaHUA U MpoTeKaHHs Toka. [lapameTpsl pacuera:
t=3yM =2.10"18¢, ¢=10"3rc-cm?/A, p=10"°, 1 =104
ar=1810"105B.v, K, =0,26M2+27M?, Ky =0,225M?,
M =1000 Tc.

[UOHHBIX OCOOCHHOCTEH CHCTEMBI TIPU BapbUPOBAHHUU TO-
Ka ¥ MarHUTHOTO TOJIS JJIsI PaccMaTpuBaeMOro Cirydast
JIOCTATOYHO CJIOKHO, MO3TOMY OIPAaHUYUMCS OIMHCAHHUEM
OCHOBHBIX CTAl[HOHAPHBIX COCTOSHUNA. CHMMETpHUs THHA-
MHYECKOH CHCTeMbI TaKOBa, YTO CHMMETPHYHAs CMEHa
COCTOSIHUH BO3HUKACT IIPH OJHOBPEMCHHOW CMCHE 3HAaKa
HANPaBJICHUS] MAarHUTHOTO MOJI ¥ TOKa. OCHOBHBIMH OT-
JUYUTEITHFHBIMU OCOOCHHOCTSMHU pPacCMaTPUBACMOM Teo-
METPUN HAMATHWYWBAHUS MPH OJHOBPEMEHHOM BKIIIOYC-
HHUH TOKA ¥ MarHATHOTO TIOJISI SIBJISIETCS] HAIMYKE 00JacTei
crimHOBOH mpenieccun (dasa IV Ha auarpamme), yTrIoBBIX
da3 Il u cocrosHWii HaMarHWYWBaHUSA TapauIeTHLHO H
aHTHNApAJIeNbHO MarHUTHOMY nomo My =FMg (dazsr |
u Il). CocTosiHuEe CIMHOBOH MPEIeCCU MPUMBIKACT K 00-
JAcTAM JBYX DPA3HUYAIONIMXCS YIJIOBBIX COCTOSHUI Ha-
MarHUYHBaHUs, KOTOPBIC TEPSIOT YCTOMYUBOCTH HAa TPAHU-
e BO3HUKHOBEHHUs mperneccud. [Ipu 3ToM creHapuit
POXKIEHUS TPEIIECCHOHHOTO IHKJIa 13 yrioBoi ¢assr 1, B
KOTOpOW HaMarHM4EeHHOCTh HAa TPaHHWIlE Mepexoja K Ipe-
eccun Onuska k cocrosinuio My = Mg, sBisieTcst Markum
(oudypkamus Aanponoa—Xorda), a ¢ IPOTHBOTIOIOKHON
CTOPOHBI, TA¢ yTioBast paza oOpaszyeTrcs mepeopueHTaIUeH
HaMarHW4eHHOCTH 3 coctosiHmst M, =+Mg — xectkum.
[Tpu Brumouennn toka ¢assl | u |l Moryr cymecrBoBaTh
KaK TP MOJIOKUTEIHFHOM, TaK W MPU OTPHUIIATSIIFHOM 3Ha-
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Puc. 5. UsMeHenue npoekunn HamarandenHoctn My Ha marnmt-
Hoe riote H || OY  BoJib JIMHUK TIOCTOSIHHOTO TOKa J =10' A/CMZ,
COOTBETCTBYIOIIEEe CMEHE (Da30BBIX COCTOSIHMI, MOKA3aHHBIX HA
Iuarpamme puc. 4.

YCHHU TOJIS, €CJIM MATHUTHOE TOJIC HE TPEBBIIIACT KPUTH-
YECKYIO BEJIMYHHY, 3aBHCSIIYIO OT TOKa. [ paHuIa mepexo-
nma Mexnay dazamu | u |l mokazana nByms OJHM3KO pacro-
JIO)KEHHBIMH TYHKTHPHOW W CIDIONTHOW JMHUSAMHU Ha
nmuarpamme. [Ipu 5ToM B 00JTacTH CyIIEeCTBOBaHMS Hamar-
HUYHMBaHUS MPOTHB MAarHUTHOTO TOJS NPH BKIFOYEHHOM
TOKE «IPOTUBO(]a3a» SBIsAETCA TI00aTBHO YCTOHYMBOM. B
¢aze |ll HaMarHMYEHHOCT C POCTOM BEIUYMHBI MAarHWT-
HOTO MOJIS IepeopHeHTHpYyeTCst oT coctostHust My, =M B
c1aboM T0JIe K COCTOSIHHIO, OJM3KOMY K COCTOSIHHIO CO-
ceactByromeit ¢aser | 6o |1, B xoTOpOIt My =FMg.
HNMeroTcs Takke 3HAYMTETbHBIE OOJACTH TEPEKPBITHS
3TuX (ha3, Kak MOKa3aHO Ha JHarpaMmme.

Iepexon MeXIy ONMUCAHHBIMU COCTOSIHHSIME TPHBOJIHT K
0COOCHHOCTSIM MarHWTHOTO THCTEpPE3Wca IPU BKIFOYSHHOM
Toke. Ha puc. 5 npuBezieH nmpuMep MarHuTHOTO THCTEpE3uca,

pacCYUTAaHHOI'O BJOJIb JIMHUM MNOCTOAHHOI'O TOKa J 2107

A/CMZ, KOTOPBIH IIOKa3bIBAET II0CJIEIOBATENBHYIO CMEHY
CTAallMOHAPHBIX COCTOSIHMI IIPH BapbUPOBAHMM MArHUTHOIO
1011 BJOJIb 3TOH JIMHUK. B OTCYTCTBHE TOKa MAarHUTHOE CO-
CTosHHEe MeHsAeTcs TnaBHoO oT My =—-Mg 10 My =+Mg

NPY U3MEHEHHUH TOJISI OT OTPULATENIBHOTO K MOJIOKUTEIBHO-
My 3HAYEHHIO B HHTEpBaje |H|< 2K,/M —41tM =70 O

(dbaza V). Ilpu Toke J =107 AJem’® mocrenioBatenbHO npo-
XOJIATCS BCE TUIBI cTanoHapHbix coctostaui I, 11, 11, 1V, V,
Il. TIIpu >ToM Hammuue o PamoObl cTabUIM3UpyeT COCTOS-
HHC HAMAarHUYMBaHHS MPOTUB BHEIIHEr0 MArHUTHOTO MOJIS
(¢paza 1l B o6mactu H <0), uro mpuBOAMT K HEOOBMHOMY

BUY KpI/IBOﬁ HaMarHu4ivBaHWsL.

4.2. Dpppexmuvl cnun-opoumManrbHo20 nepekioyeHus
CRUHO8 6 MACHUMHOU 2eMepOCMPYKMYpe € NIOCKOCHHbIM
HAMAZHUYUBAHUEM

PaccmoTpuM Teneps ciydait MarHUTHOH IUIEHKU C He-
MOJHOW KOMIEHcalMed Moyisd pa3MarHU4MBaHus s

acUMMeTpH4HO# retepocTpykrypsl Tuma Pt/Co/Al,Os,
MCCIIeIOBaHHON KCIepuMeHTaIbHO B pabore [11]. Bynem
CYHTATh, YTO JICTKAs OCh HAMAarHWYHMBAHUSA U IOJIC HaMar-
HuuuBaHus Hanpasiensl Bpoab ocu OX (=0, a=0),
a JHEeprus pa3MarHUYUBAHHS KOMIICHCHPYETCS HABCACH-
HOW TEepNEHANKYIApHONH aHu3oTpomnueil Baoias ocu OZ,
TEePICHANKYSIPHON TIOCKOCTH TUICHKH. TOK j cunTaem
napamtensHeiM ocu OX  (puc. 3). BymeM ucxomuts u3
ypaBaeHus (7) C 3¢ GeKTUBHBIM moeM (8).

IIpu pacderax Mbl HCIOJB3yEeM 3HAUCHUS MAPaMETPOB
M ~10° e, K, = 2,2:10° spr/en’, K, =6,98-10° spr/ead,
y~210" 1ot @ ~0,01, ag ~1095BM, p=107",

A~ 2-104, 1~5.107% ¢c, C= 1072 Fc~CM2/A, KOTOpEIE
HAWITYYIIUM 00pa3oM COOTBETCTBYIOT pe3yibTaTam pado-
61 [11]. UncrneHHbIN aHANN3 ypaBHEHHH MarHUTOTHHAMU-
ku (7) mpu BHIOpAHHBIX 3HAYCHHUSX MMApaMETPOB IOKAa3all,
YTO NpPU HE TOIHOCTHI0O KOMIIEHCHPOBAaHHOW MarHHUTOCTA-

TH4YecKod sHepruu, xorma K, <2nM?, B BBIOpaHHOM
TEOMETPUHN UMEIOTCS TPHU (hasbl, COOTBETCTBYIONINE TPEM
THTIaM PaBHOBECHBIX Touek B cucteme. Daswl | u |l pazmm-
YaroTCsl 3HAKOM IPOCKUWM HamarHudeHHocth M, Ha
MPWIOKEHHOE MarHUTHOE TIOoJIe W Hambosee ONHM3KH TI0
COCTOSIHMIO HaMarHWYMBaHUS K Jerkoi ocu. @aza Il sB-
JSeTCS TPOMEXYTOYHOW YTIoBOH (pa3oi, BO3HMKAIOMIEH

U3-32 IeWCTBHS TOKOBBIX BpAallaTENbHBIX MOMEHTOB. I'J10-
OanbHas CMEHa COCTOSIHUH, COOTBETCTBYIOIIAS MEPEKIIIO-

4eHuIo cnuHoB Mexay daszamu l u Il My =-Mg = +Mg,

OCYHIECTBIIACTCA MPOAOJIBHBIM MAarHUTHBIM I1I0JIEM 110 JOC-
2K,

THXKEHMHM KDUTHUYECKOM BenMuMHBI Hy = =30

TOJIBKO IPH OTCYTCTBHH TOKa. Bimouenme Toka j#0

IPUBOJHT K CHIDKCHHIO KputHueckoro sHavenus Hq(j),
KOTOpOE Temeph ONHUCHIBACT JMHUIO On(ypKAIMOHHON
CMEHBI THIIAa TOYKH PABHOBECHS C YCTOIuMBOro (okyca
Ha y3eJl, a 3aTeM, IPaKTUYECKU Cpa3y 3a 3TOH JIMHUEH,
Ha OJIM3KO PACIONOKEHHOE YIJIOBOE COCTOSIHME Hamar-
upuuBanus My =-Mg = M, =My, roe k<1 (dasa
I11). CpsIB ¢ 3TOTO COCTOSTHUS Ha TII00ATBHO YCTOHYHNBOE
HamnpaBJEHHUE C IOJIOKUTEJIBHOM COCTABIISIIOLIENH Hamar-
HUYMBaHUA Ha Jerkylo ock OX, t.e. My = +Mg,,
IPOMCXOAUT TpH BTOpoM KputmdeckoM mone Heo(]).
TI'upockonuyeckne 0cOOEHHOCTH JEHCTBHS TOKOBBIX Bpa-
[IaTeJIbHBIX MOMEHTOB, KaK U B CIIMH-BEHTUIILHON CTPYK-
Type C TMOMEPEYHbIM MPOTEKAHUEM TOKA, OTBETCTBEHHEI
3JIeCh 32 HEOOBIYHBIC OCOOCHHOCTH IOJICBOTO WU3MEHCHUS
CTAIMOHAPHBIX COCTOSIHUI PaBHOBECHS HAMATHHYCHHOCTH
[PU U3MEHEHUHM MarHUTHOTO MOJIS.

Ha puc. 6 mpuBeseH npuMmep HalJAEHHBIX 3aBUCHMO-
creit Hep(j) u Heo(J). Tam e npuBeneHs! sKcriepuMeH-
TalbHbIe 3HAYEHUS ToNei nepekaoucHus (A) u3 paboTe
[1]. Buaso, uto BbiOpaHHAs MOA00pKa MAaTEPHATBHBIX T1a-
paMeTpoB TMO3BOJIMJIA JOCTATOYHO XOPOIIO ITOJOTHATH
TEOPETHYESCKUE 3HAUCHHS KPUTHYECKUX TOJIeH MO dKCIie-
pHMEHTaNIbHbIC 3HAUYCHHSI.
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Puc. 6. Kpurndeckue mosst HEPeKIIOYEHHS CIIMHOB TOKOM UL T€0-
METpHHM HAMATHHYMBAHWSI, WCCIICIOBAHHOM OKCIIEPUMEHTAIBHO B
pabore [11] (A). | — ¢a3za, Gimskas x cocrosamo M||OX ¢
My <0, Il — ¢aza, 6mskas k cocrosHuio M ||[OX ¢ My >0,
I1l — mpomexyTounas yriosas (asza. [lo muamu CD paccunTan
rucrepesuc Ha puc. 8. [Io[roHKa MO SKCIEPUMEHT CHENaHa TpH
M ~10° Te, Ky =2,2-10% spriem®, K, =6,98-108 oprven’,
y~210" ¢t 0~001 ag~10"2 sBm, p=107°
~210% 1~5.107% ¢

Crnemyer 3aMETUTh, YTO €CJIM 3HAYCHUS OOMEHHOHN KOH-
cranter A ~10% u BPEMCHU CIIMHOBOM peJaKcaluu
1~05-10% ¢ JIOCTATOYHO XOPOILIO COOTBETCTBYIOT JIMTE-
paTypHBIM JaHHBIM, TO Hapamerp PamOer og ~ 10_9 3B'M
HaxOJIMUTCS Ha BEpXHEW TpaHWIle Juana3oHa 3HAYCHHH
OR ~ 105107t 5B-M, HalineHHbIX B pabore [8,9,18-20].
DTO 03HAYACT, YTO JAHHEIM MapamMeTp CIEAYET pacCMaTpH-
BaTh KaK ()eHOMCHOJIOTHUCCKHUU MapaMeTp PacCMOTPEHHON
MOJICNY CITUH-OPOUTAIEHOTO MEXaHNU3Ma TIepeavu CIIHHOBO-
TO MOMEHTa, KOTOPBI MOXET BKIIFOYATH IOTIONHUTCIHHBII
BKJIaJl HHTEPPEHCHOTO MPOUCXoKaeHUA. OTHUM W3 JOTIOJ-
HHUTENHHBIX MEXaHW3MOB CIIMH-OpPOWTAJBLHOHN Tepesadd Bpa-
MIATEeTFHOTO MOMEHTA SIBIISICTCSI BOSHUKHOBEHHE CITMHOBOTO
MOTOKa TPH CIUH-OPOHTAJIBHOM PACCeSHUM HOCHTENeH
Ha uHTep(deiicax CTPYKTYphl U BO3HUKHOBCHHH CITMHOBOTO
a¢pdekra Xomma [11,12,14]. 31oT 3PPEKT MOKET U3MCHATH
COOTHOIIICHUE W BEJMYMHY BKJIAZIOB B CITHHOBYIO 3(h(CKTUB-
HOCTh K2)KJIOTO BpaIliaTelbHOr0 MOMeHTa. OIICHKH MOKa3bl-
BaroT (cM. I[IpuioskeHune), 9To0 OTHONICHHUE TIOBEPXHOCTHOTO K
00bEMHOMY BKJIQJly BO BpallaTeIbHBI MOMEHT IMOJIsi Parmobt
paBHO szurf /RBUIk ~ald\p, Tme a — TONMMMHA TPAHHUIEI
MEXTy MarHUTHBIM W HEMAarHUTHBIM TPOBOIAIINMH CIIOSMH,
d — tommuaa MarauTHOTO CJost. OTCIO1a BUIHO, YTO BKJIAJT
MOBEPXHOCTHOTO PACCESIHUSI B TIOJICBOM WICH BPAICHHUS MO-
JKET OBITh CYIIECTBEHHBIM JJIsi MAHUTHBIX IUICHOK TOJIIIU-
HOH B HECKOJIBKO aTOMHBIX CJIOCB.

IIpu ncnonbp30BaHUM MTAPaMETPOB ITOM 3a7a4U HAMH pac-
CMOTpPEHBI Takke OCOOEHHOCTH CTalMOHAPHBIX COCTOSHIN
CIIMHOB U I APYTUX TeOMETpHiA HaMarHnauBanusa. Crenyer
OTMETHTbh, 9TO KOTJ]a MArHUTHOE TT0JIe B TIOCKOCTH IUICHKU
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Puc. 7. Tucrepesuc nepeMarHiYMBaHKis B MarHUTHOM II0JIE JUIS
IUIOCKOCTHOM TEOMETPHH HaMarHMYMBAHUS, MOKA3aHHOM Ha

o 2
BCTaBKe, NMPU (PUKCHPOBAHHOW BEIMYMHE TOKa J =10% Aleu

MIPOAOJILHOTO MTPOTEKAHMUSL.

COBIIAZIa€T C HAIPABJICHUSAMU JIETKOM OCU U JNEHUCTBHS IOJIS
Pamop! (TOK MepHeHAUKYISIPEH TOJII0), TO CYHIECTBYET KPH-
THYECKOE 3HadeHHe TOKa J;, HIKE KOTOPOro MOXKeT Ha-
OJIOaThCST TOJILKO TIOJIEBOM THCTEPE3NC COCTOSHHWHA Hamar-
HUYUBAHUS BJIOJb U MIPOTUB MATHUTHOTO MOJIA. A TIPH TOKaXx,
MPEBBIIAIINX KPUTHICCKYIO BEIMYMHY, BOSHUKACT 00JIaCTh
MoJIe ¥ TOKOB, BHYTPH KOTOPOI PaBHOBECHBIC (PUKCHPOBAH-
HBI€ COCTOSIHUSI HAMarHUYUBaHHS OTCYTCTBYIOT U BO3MO>KHO
HaOJTIOICHNE TOJBKO CITMHOBOW IPEIECCHH, KaK B TYHHEIb-
HBIX CITMH-BEHTUIIBHBIX CTPYKTYpaXx.

5. 3akiaioueHne

TlokazaHo, 4TO NMpHU yueTe HepaBHOBECHOMN CITMHOBOMW aK-
KYMYJSIUM, CO37aBaéMOM TOKOM B TOHKOH MarHuTHON
IUICHKE TIpu Hannauu d(¢dexTuBHOoro nois Pamoer, o0y-
CJIOBJICHHOTO CIIUH-OPOUTAIBHBIM 3 (PEKTOM paccesHus
HOCUTeNe! TOKa Ha HEOJHOPOJHOM JIEKTPUUECKOM MOTEH-
[faje B aCHMMETPHYHOH TeTepOCTPYKType, W OOMEHHOTO
B3aMMO/ICHCTBUS CIIMHOBOM aKKYMYJIALIUH C JIOKAJHU30BaH-
HBIMH CHHHAaMH, OTBETCTBEHHBIMH 33 HaMarHUYEHHOCTH
TUICHKH, BO3HUKAET CIUH-OpOUTANBHBIN d(h(PeKT mepenadn
BpalllaTeIbHOIO0 MOMEHTA OT HOCUTENEH TOKa K JIOKAaJIU30-
BaHHbIM cHMHaM. [Ipu 3TOM OCHOBHBIE 3aKOHOMEPHOCTHU
JIEUCTBHS CIIMH-OPONUTAILHOTO MEXaHM3Ma TOKOBOIi repe-
Jlauu BPaIlaTeJIbHOTO MOMEHTA HA MAKPOCIIMH MarHUTHOTO
CJI0s1 CTPYKTYphl C HAPYLIEHHOW MHBEPCHOH CUMMETpUEH
ONMM3KM K 3aKOHOMEPHOCTSIM MaKpOCIIMHOBOM JTUHAMUKH B
YCIIOBHAX TONEPEYHON Mepesadn BpamareIbHOTO MOMEH-
Ta CIOHYEBCKOTO B CHHH-BEHTHJIHHOH TETEPOCTPYKTYpE
TYHHEJIHOTO THIIa OT 3aKpPEIJIEHHOTO OTIOPHOTO K CBOOO.I-
HOMY MAarHATHOMY CJIOK0. 3/eCh B OOIIEM Cllydae TaKkKe
BO3MOXHO HaOmoneHne 3(p(eKToB MepeKIIoueHNs] CIIMHOB
1 BO30Y)KIEHHS MHMKPOBOJIHOBBIX KOJEOaHMH MpPH IOIXO-
JUIIeH TeOMETPUH HAMarHMYMBAHUS M MIPH ONPEICIICHHOM
noabdope MarHUTHOM aHm3oTporuy. lIpemmoxkennas Teopus
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CNMH-OPONTANBHON IepeAadn BpallaTeIbHOTO MOMEHTa B
NPOBOJISIIEH MarHUTHOH CTPYKType ¢ addexrom Parmosr
TIO3BOJISIET TIPECKa3aTh U3MEHEHHE ITOPOTOBBIX 3HAYCHUH
TOKOB MEPEKIIIOYEHHS B 3aBUCHMOCTH OT MHKPOCKOIIMYE-
CKUX TapaMeTpoB Marepualla ¥ OLEHUTh UX MHHUMAaJIbHO
JOCTHXHMYIO BEIMUYMHY IPH BapHallUH 3TUX I1apaMeTpOB.
[Ipu BBIOpaHHBIX Il pACCMOTPEHHMS CIydasX MPOAOJIBHO-
ro HAMarHW4MBaHMA C KOMIICHCAINEHl BEPTHKAIbHONW aHU-
30TPOIIMH B MAarHUTHOW TICHKE TE€TEPOCTPYKTYPHI, HCCIIe-
JOBaHHBIX  O9KCIIEPUMEHTaNbHO B  paborax [11,12]
MPOJIETIaHHBI aHaIN3 IOKa3bIBaeT, YTO HaOoneHue 3¢-
(heKTOB CIMHOBOTO ne‘})eméoqeﬁng BO3MOXKHO B 0OiacTu
mwiotHocTe TokoB 10 -10" A/cMm™. DQdekTsl CHHHOBOU
TeHEepaIuy MOTYT HaOIIOAaThCs TOJNBKO B TEOMETPHH, KO-
r7la HampaBlieHHE 1o PamoOsl coBmagaeT ¢ HalpaBlcHU-
eM MarauTHoro mnomsa. Criemyer 3aMeTuTh, YTO PaccMOT-
peHHBIE B MaKpPOCIHMHOBOM MNPHUOMMKEHUH 3PGHEKTHI
CIIMHOBOTO TIEPEKJIIOYCHUS] W TCHEpalMd HE YYHUTHIBAIOT
OOJIBIION TpagMeHT MarHUTHOTO moia (mons Awmrmepa),
BO3HHUKAIOILETO TPH NPOTEKaHWW TOKa OOJBIION IIIOTHO-
ctu. IlosroMy mpu pasmepax 00pasloB, CYIIECTBEHHO
MPEBBIIATONIAX OOMEHHYI0 ATHHY oy =/A/M ~5Hm,
HeoOxoauM ydeT 3(P@eKTOB HEOMTHOPOIHOTO CITMHOBOTO
MEPEKII0UYEHN M MHOTOMOJIOBOTO XapakTepa KoJeOaHuH
HaMarHu4eHHOCTH. Kpome Toro, cpaBHEHHUE € HKCIIEPHMEH-
TaJbHO HAOJIOJAEMBIMU 3HAYCHUSIMHU KPUTHYECKHX 3Hade-
HUH TIOJICH M TOKOB IIEPEKIIIOYCHHUS! CIIMHOB ITOKA3bIBACT,
YTO IS TIOATOHKHM YIIPOILICHHOM TEOPHH IO SKCIEPUMEHT
TpeOyIOTCsl TOBBIIICHHBIE 3HAYEHUs MOCTOSHHOW PamoObl 1
HapaMarHUTHOM BocnpuuMmunBocTH Ilaymu. OTo ykas3biBaer
Ha TO, YTO HCIIOJIL3yeMble B O0OOIEHHOM YpaBHEHHH JIH-
HAMUKH [TapaMeTpbl CTOMT PaccMaTpuBaTh Kak ()eHOMEHO-
JIOTUYECKUE KOHCTAaHTHI, KOTOPBHIE CIEHYET CBA3BIBATH HE
TOJIBKO C PacCMOTPEHHBIM 00BeMHBIM 3ddexrom PamlOwl,
HO U ¢ 3(pexTamMy cMH-OpOMTAIBHOTO pPaccesiHUsI HOCUTe-
neit Ha uHTEepdeiicax CTPYKTYpBI, Kak 3TO CAENaHO, HAIpH-
mep, B [11,12,14].

IIpuioxkenune

PaccuntaeM KOX(QQPHUIMEHTH OTPAKCHHUS U TIPOXOXKJIC-
HUSL ISl [IPEANHICPOBCKON aMIUIMTY/IbI BOJIHBI 3JIEKTPOH-
HOH IUIOTHOCTH B CIIMHOPHOM TpejcTaBiennn Wy | (r) c
YYETOM CITMH-OPOUTAIILHOTO PACcCesTHUS Ha TPaHHLE pasfe-
na X=0. FaMUIbTOHMAH KBAHTOBO-MEXAHMYECKOU 3a/auu
3amnMIIeM B BUJIE

cos(0/2)
isin(6/2)

‘PT+A‘PT+B‘P¢=

cos(6/2)
isin(6/2)

K Wp — ki A¥p k| BY | =

cos(6/2)
isin(6/2)

isin(0/2) ) 2maag
cos(0/2) | 42

2
A = 2t 2R 6. 5x]500 +U (),

rie a — XapakTepHas TOoNIIUHA UHTepdeiica, ap — ma-
pameTp Pamosr,

U (x<0
Ux)=1"" (x<0) |
U n (X > 0)
01 0 —i 1 0
Ox = » Oy =| . , 07 = — MaTpHUILBI
X 1 0 y i o0 z 0 -1 TPHUIL
Maymu s BonHOBBIX (QYHKIMI B OMHApHOM CIMHOPHOM
1 0
npeacrasiaeHun Wy = o) Y, = 1

bynem wuckate pemenne ypaHenus Illpeaunrepa
H¥(r) = E¥(r) B Buze

¥ (r) =¥y exp(ikr) + A¥4 exp (-ikr) +

+BY exp (-ikjr), npu X <0,
e 0/2) isin(0/2)
r)= X
I isin(0/2) cos(0/2)

x(C‘I’T exp(ikyr)+ DY exp(ik”r)), mpu X >0,

rne 0 — yrom moBOpOTa OCH KBaHTOBaHWS BO BTODOM
cpene BOKpYr ocu x. IIoBOpOT OCH KBaHTOBaHHS MOXKET
OBITH CBSI3aH, B YaCTHOCTH, C IIOBOPOTOM HaMarHWYEeHHO-
CTH B MAarHUTHOM cpeJie OTHOCUTEJILHO 110JIst Paniobr.
Pemenune ypaBHenus lllpenunrepa gaeTcss BOJHOBBIMU
(yHKIMSIMU CBOOOTHBIX JIEKTPOHOB, JJISI KOTOPBIX

2m

Kiirx = h—z(E—U|,||)—k32/—kz2-

IIpu >TOM JOKHBI BBIMOJNHATHCS T'PaHUYHBIC YCJIOBUS B
touke X =0, KOTOpBIE COCTOAT M3 YCJIOBHS HEIPEPHIBHO-
CTH BOJIHOBOH (DYHKIIUHM M yCJOBHUS CKauyka MpPOM3BOTHOM,
MOJYy4aeMOro B pPEe3yNIbTaTe WHTCTPUPOBAHHS YPaBHECHUS
[peaunarepa BOIM3U TPaHUIBI pasliena CIOeB. DTH YCIIO-
BUSI MOYKHO 3aITUCATh B BUJIE

isin (6/2) (¥, +D¥,)
cos(0/2) )\ T ERLD
isin(6/2)

ki CPr +k; D¥ )+
cos(6/2)(”X t+kuxD¥ )

(6, -iky =3y -ik, )(C¥y + D¥ ).
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W3 peuienust cucteMbl YpaBHEHUM MPOXOKIAEHUS U OT-
pakeHHs CIeIyeT, 9TO

C:k|XX

2[(kllx +Kix —iBRrK)1y) c0s (6/2) —iBRrk), sin (9/2)]
det ’

D =k x

2i[ (ki + ki +iBrKyry)sin (6/2) ~ By, cos (6/2) |
det '

det = (kyy +k)? + (Br)? |:(klly)2 + (kuz)z]

rie Pr = 2aaRm/h2
paccestHus.
PemeHue 3a1aun MO3BOJISIET PACCUUTATH TOK JJIEKTPOHOB

— ©Oe3pasmepnsbiii  mapametp CO

(r)_'zh—ez(\r VY - V) =

=Im X y; G(r)
I (o

V\v. oM

CIHOBYIO aKKyMYJISIIHIO

(1) = z‘v (8% (= T v o85¥; ()
IGG

M CITMHOBBIH TTIOTOK

h
Qs(r) Im Z \VI G(I’)SGG V\Ili’c/(r).

|GG

Tok 3JIEKTPOHOB B MONEPEYHOM HAMPABIECHUU C OJHOU
CTOpPOHBI HMHTepdelica B paBHOBECHH KOMIICHCHPYETCS
MOMEPEYHBIM TOKOM C Apyroil cropoHsl. CHUHOBBIE MO-

. 2h(k
Q! —iglh - M(k..w..xu

TOKM B ITOTIEPEYHOM HAINPABICHHUH CO3/AI0T BPaIaTellb-
HbIE MOMEHTHI, KOTOpPBIE IEHCTBYIOT B pa3HBIX Cpelax.
TepMoarHaMHUYECKOE YCPEOHEHHE CIIMHOBBIX IIOTOKOB
cieayeT IpOBOIUThH C YUETOM CABUTa MoBepxHOCTH Dep-
MH B MPOCTPAHCTBE BOJHOBBIX YHMCEJ MO HANPABICHUIO
TOKa, HAIpUMEp, €clIu ToK TeueT Bromb ocu OY, To
BIOIb Ky Ha Ok ~ . Cnenyer yuuThIBaTh IpH STOM, YTO
moBepxHOCTh DepMH B MarHWUTHOM MeETajUle pa3iMdHa
JUTST MHHOPHBIX M Ma)KOPHBIX CIIMHOB H3-32 OOMEHHOTO
pacHieTuICHIS CBOOOIHBIX
31eKTpoHOB. O4YEBHIHO, YTO HEPABHOBECHBIC IIEPEHOCH-
MBIC CIIMHOBBIE MOMEHTHI OYAYT HPOIOPIHUOHATBHEI TPO-
TeKaIleMy TOKy. Toraa BO3HUKHOBEHHE CIIMHOBOW aKKy-
MYJSIUH, PAa3MUYaAloONICiCs 3HAKOM IO 00€ CTOPOHBI
uHTepQeiica, OTBETCTBEHHO 3a CIUHOBEIN 3¢ dekt Xomra.
IlepeHocuMblii CIMHOBBIM MOTOK OTBEYAET 3a BO3HUKHO-

SHEPTreTUYECKUX YpOBHEH

BEHHE BpAIIAaTEIFHOTO MOMEHTa B MOIU(PHINPOBAHHOM
YpaBHEHHH MaKpOCIMHOBOH JTWHAMHKH IS JIOKAJIN30BAH-
HbIX CHUHOB. Tak, CIIHMHOBBIA MOTOK M3 MEPBOW CpeIbl BO
BTOPYIO U3-3a PACCESIHUS BIPABO ONpeaersieTcs GopMynoit

e N

T +k||x¢)C; Ds fi(ky).

@dyHKUMA pacrpenencHus uMeeT Bu QyHkuun OepMu
¢ no6GaBKoii u3-3a Toka mporekanus = E/G| Bmons rpa-
HUILBI B TIEPBOIi cpesie, a UMEHHO:

f(ky) = fo(k))+a(k)),
e
ofg eEr _ dfg et

k = ——=
g( I) ékj mh 6k] th|

H03TOMy nojsy4yacm

((kllx+klx) ~(Brkiy)? +(BrKi,) +2'(k||x+k|x)(BRk||y))5m9 2iBRKy 7 (Kyx +kjx)cosb— 2I3Rk||z(l3Rk||y)6059

{(k||x+k|) +(Br) |:(klly) +(Kjiz) }}

Tlocne YCpCAHCHU IO BOJTHOBBIM YHCJIaM IIPU TOKC BAOJIb OCHU oy HCYCTHBIC YJICHBI I10 kZ BBIINIAAI0T, U IIOTOK B Ha-
MpaBJICHUU OCH OX co31acT JIMHEHHBIN 10 TOKY BpaHlaTeHLHLIﬁ YWICH, TaK KaK COACPIKUT HHHeﬁHy}O 3aBUCUMOCTB OT ky

(monieBo¥t BpamaTenbHbIi MOMEHT PamiOnr)

(knx +ki)BrKiy)

4h(kyy)?
<Qélx>:_ %(kuﬂ*kuxi)

BI/I,I[HO, YTO 3TOT IMOTOK ITO MOPAAKY BEJIMYUHBI PABCH

sin@.

{(k,,x +k)? + (Br)? |:(klly)2 + (kuz)z}}2
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Br

I\ _a nse «ing PR
<Q5x> BanSkysme .

BpamaTensHblii MOMEHT B MOAM(PHUIIMPOBAHOM ypaBHEHUH
Jlanmay-JIugmmuima, cBsS3aHHBIA C STUM BpamlaTeIbHBIM
MOMEHTOM, OyaeT paBeH

oM
ot

jsin®.

- _HB Al _
Rgr = 7 st"‘J[SRXMO]’
rae d — TOoJIMHA MATHUTHOTO CIIOS.
OTHOCHUTENBHBIA BKJIAJ MO CPAaBHEHHIO C OOBEMHBIM
3¢ dexToM MpUOIMKEHHO COCTABISIET

R /REUK ~ a/dp.

IMotok Baons ocu OY B IHMHEHHOM NPUOIMKXEHUH T10
8ky COZIEP>KUT TOJIBKO PAaBHOBECHBIN TEIIOBOM CIIMHOBBIN
MOTOK CJIeBa HAMpPaBO (TEIIOBOW CIIMHOBEIHM MOTOK), KOTO-
PBIii HE 3aBHCUT B 3TOM IPUOIIKCHUH OT TOKA.

2n(Kyy)?
<ng> - %(klle +i )%

((kllx+k|x)2_(BRkIIy)2+(BRkIIz)2) _
X 5 |sin 0.

{(kux +kp)% +(Br)° |:(klly)2 +(kllz)2}}

HepaBHOBeCHBIN BpamareabHbli MOMEHT IOJ00HOTO
THUIA BO3HUKHET TOJBKO HPHU y4eTe OOMEHHOTO B3aUMO-
JICUCTBUSL CIMHOBOM aKKyMYJISIIMU, CO3JaHHOW HEPaBHO-
BECHBIM TI0J1eM PamiOpl, ¢ JIOKAJIW30BAHHLIMHM CIIMHAMH,
KaK ¥ B ClIy4ae 00BEMHOI0 pacCEsHHU.
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Landau-Lifschitz equations and spin dynamics in the
heterostructure with broken inversion symmetry
under spin-orbit torque transfer of spin moment

V.l. Korneev, N.E. Kulagin, A.F. Popkov,
and K.S. Sukmanova

The Landau-Lifschitz equations are generalized
with due account for spin accumulations and localized
spin dynamics in a conductive magnet in terms of the
Rashba of spin-orbit scattering mechanism. The influ-
ence of spin-orbit torque transfer induced by longitudi-
nal current flowing in a conductive heterostructure on
its spin state is analyzed in the macrospin approximation
on the basis of the modified Landau-Lifshitz equations.
It is shown that depending on the geometry of structure
magnetization it is possible as in the case of spin trans-
fer torque transverse to the spin-valve structures, to real-
ize switching modes of the spin in the easy-plane mag-
netic layer of the heterostructure. We construct
examples of diagrams of spin states in the current-field
plane, showing a satisfactory agreement with the results
of experimental measurements of critical fields and
switching currents in magnetic layers of asymmetric
heterostructures  Al,O5/Co/Pt and MgO/CoFeB/Ta,
studied in M. Miron, L. Liu and co-workers.

PACS: 75.76.+
75.70.Tj
75.75-¢

Spin transport effects;
Spin-orbit effects;
Magnetic properties of nanostructures.

Keywords: spin waves, incommensurate structures,
multiferroics, magnonic crystals.
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