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M3yyeHa cTpyKTypa Tuna Tsikenbiii Mmetaini/peppomarieTuk MgO/CoFeB/Ta ¢ 1m10CKOCTHOM HaMarHu-
YEeHHOCTBIO Y BBICOKOW CITMHOBOM TMoJiapu3anneii. MeTon annabaTmyecKoro rapMOHNYECKOTO HaIpsKe-
HUSI XoJUla MCIIOJIb30BaH IJISI McclienoBaHus 3 deKTuBHOro KoadhduirmeHTa 3aTyXxaHusl, a TakKe s
OLIEHKY 3HaYE€HWM BeJTMYUH 3((HEKTUBHBIX MOJIeil, KOTOphIe BOSHUKAIOT B ITOAOOHBIX CTPYKTYpaX IO Teii-

CTBHUEM CIIMH-ITIOJIAPU30BAaHHOI'O TOKA.

DOI: 10.31857/S0367676522700193, EDN: JTZHOL

YnpasneHue HaMarHM4eHHOCTBIO HaHo-
YCTPOWCTB 0€3 MCHOJIb30BaHUSI BHEIIHUX MarHuT-
HBIX MOJIeii, MpPEACTaBjsieT OOJIbIION MHTEepecC, I0o-
CKOJIbKY TaKO¥ TIOAXOH OTKPBIBAeT ILIMPOKUE BO3-
MOXHOCTH UIsI pa3pabOTKM HOBBIX CIIMHTPOHHBIX U
JIOTUYECKMX YCTPOMCTB, KOTOPBIE MOXKHO MIPOCTO U 3¢h-
(EKTUBHO MHTETPUPOBATH B KIIACCUYECKUE JIEKTPOH-
Hble CXeMbl. YIIpaBJieHue HAMarHW4YeHHOCThIO B TAKUX
CTPYKTYypaX BO3MOXHO 3a CUYET MPOTEKAHUS CIIMH-TIO-
JIIPU30BAaHHOTO TOKA MEPIEHANKYJISIPHO TIOBEPXHOCTH
IrpaHULIbI pa3aesa CI0eB CTPYKTYpHI [1].

Taxke BO3MOXHO ITepeKIJIIoUeHne HaMarHU4eH-
HOCTH 3a cdeT 3(P@eKTOB, KOTOpPHIC CBSI3aHBI CO
COUH-OpOUTANBHBIM B3aumopeiictBueMm. Cioga oT-
HOCST Takue 3 deKThl KaK CIMHOBLII 3(hdeKT X0II-
na [2] m adpdexT Pamosi—Dnenpireiina [3, 4]. Crm-
HOBBIN 3 PekT XoTa 3aKIoJaeTcss B TOM, YTO P
IIPONYCKAHWHU TOKA Yepe3 CUCTEMY C OOJIBIINM CITMH-
OpOUTAILHOM B3aUMOIEIICTBEM, HA TPAaHULIE MEXIY
MarHUTHBIM MaTeprajoM M HEMarHUTHBIM MaTepua-
JIOM C OOJIBIIUM CHUH-OPOUTATbHBIM MOMEHTOM aK-
KyMYJIUPYIOTCSI CHUH-TTIOJISIPU30BaHHbBIC 9JICKTPOHEL.
Jlamee 3TH >JIEKTPOHBI TUGOYHIMPYIOT B MarHUT-
HBIA CJIOI, YTO MPUBOJAMUT K MEPEKIIOUYEHUIO HaMar-
HUYeHHOCTU. DddekT Pambbi—DaenplireiiHa cBsI-
3aH C HapyIIeHUEM CUMMETPUY ITOBEPXHOCTHBIX CO-
CTOSIHMM Ha TpaHUIIE pasfeia OBYX CJIOEB U C
BO3HMKHOBEHUEM HECKOMIEHCUPOBAHHOTO 3JIeK-
TPUYECKOTO MOJIsI, YTO IIPUBOIUT K ITOSIBJIEHUIO (-
(beKTMBHOTO MarHUTHOIO MOJisI, HEMOCPEACTBEHHO
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HCfICTByIOH.ICI‘O Ha HaMarom4€eHHOCTb MAar"HuMTHOIO
CJ104.

B o0oux cinyyasx coszmaetrcss 3¢p@dEKT, CXOXKUMN ¢
BO3HUKHOBEHUEM HOIMOJHUTEIBLHOIO “23(pheKTUB-
HOT'O0 MAarHUTHOTO MOJIs1”, KOTOpOe BIIMsIET Ha HaMar-
HUYEHHOCTb. [JIs1 olieHKM 3Toro “agdeKTuBHOIO
MarHUTHOTO T0JIs1” HaMUW ObLI UCITOJIb30BaH METOI
annadaTU4IECKOro (HM3KOYACTOTHOTO) TapMOHMWYE-
cKoro HarpspkeHus: Xojuia. Takoif mmomxon BIIEpBbIE
ObLI IpedIoXeH B padoTe [5], a mogoOHasi Teopus
6bl1a pazpaboTaHa B IIEpBYIO ouepenb B cTaThe [6].

Hamu 6bu1a ucciienoBaHa CTpyKTypa ¢ HaMarHu-
YEHHOCTbIO, OPUEHTUPOBAHHOI B INIOCKOCTH 00pasiia.
tst onicaHust AMHAMUKW HAaMarHUY€HHOCTU UCTIOJTb-
3yercs ypaBHeHue Jlanmay—JIndmma—I nisoepra:

M - Om
N
ot ot
rne M — HaMarHM4eHHOCTh 00paslia, Y — rupoMar-
HUTHOE OTHOIIEHUE, O KOHCTAHTa 3aTyXaHUs

=—yM - H (1)

lunebepta, H,; — 2bdekTMBHOE MATHUTHOE MoJIe. B
3¢ deKTUBHOE I10JIe¢ BXOIASIT BHEIIHEE MOCTOSIHHOE
oJie, IoJie pa3MarHuYMBaHWsI, aHU30TPOIINM, a TAaK-
K€ JONOJIHUTENIbHOE I10JIEe, KOTOPOE CBSA3aHO C IIPO-
TEeKawIlMM B 00pa3slie CITMH-MOJSIPU30BaHHBIM TO-

KOM. ﬂaHHaH COCTaBJIAOIIAd NUMECT BUIL.
AHSL’ =aq (mﬁ)+bjl3’ (2)

rae a, — Koa(pduuueHT 3aTyxaHusi, b, — IMOJEBOI
WIEH, /M — €OAWHWYHBII BEKTOP HAMAarHUWYE€HHOCTH,
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a 0

Lock-in

CuHXpOHU3ALMS

fereeeeeemeeesen SMU

Puc. 1. Muxkpodotorpadust o6pasiia (a) u cxema 3KCrepuMeHTa (0).

P — €IMHUYHBIN BEKTOP HaMpaBJIeHUs MOJSIpU3aIiu
HEMarHUTHOTO CJI0s1 CTPYKTYphbI. I[1py GoJbIIMX 3Ha-

YeHUsIX TOKA Kak pa3 wieH AH,. UrpaeT KIIOYeByio
poJib B MEPEKIIOUYEHNY HaMarHUYeHHOCTH. [apMo-
HUYECKUIT MeTo IT03BOJIsIeT 3 (PEKTUBHO U3MEPSIThH

KOMIIOHEHTHl nosist AH .. JIns BekTopa p, Hampas-
JICHHOTO TI0 OCH J, Tie 3a OCh X IPUHUMAETCs Ha-

MpasJjieHue NPpOTeKaHus Toka. AH . uMeeT BUL:

AHSC = (AHx,AHy,AHz) =

= (—aJ c0s0,,b;,a; sin 6, cosq)H),

3

rae 90 — BTO MOJISIPHBIN YTOJl pPABHOBECHOTO MOJIOXKE-

HUS HAMarHW4YeHHOCTH o0paslia, a ¢, a3uMyTallb-
HBII1 YTOJI HaIlpaBJIeHUsI BHEILIHEro Tois. i obpas-
a, ¢ HAMAarHMYEHHOCTBIO B TUIOCKOCTHU, BEPHO, UTO

0, = g JlanpHelilee TeOpeTUIEeCKOe paCCMOTPEHME

moJjiaraeTcs Ha BapbUPOBaHME MATHUTHOM DHEPTUU
oOpasua Mo yrjiaM OTKJIOHEHUS HaMarHM4eHHOCTHU
OT COCTOSTHUSI PaBHOBECHUSI, B MPEATOIOXKCHUN Ma-
JIOCTH 3TOro yria [6]. DTo 006CTOSATEIHLCTBO HAKIA bl -
BaeT eCTeCTBEHHBIE OTPaHUYEHUSI Ha HAIIpaBJICHUE U
BEJIMYMHY BHEIIHEro II0JIsI, KOTOpOE JOJDKHO OBITh
HaIpaBJIEHO MPUOIU3UTEIBHO MO HOpMaJu K 00pas-
1y ¥, B KOHKPETHO JaHHOM METOJI¢, HEe BEIBOIUTH Ha-
MarHM4eHHOCTh U3 INIOCKOCTH.

dopmyna it oS, MOPOXKICHHOTO KO3(hGhUIIH-
€HTOM 3aTyXaHUsl, UMeeT BUI:

(o Jow

, 4

a IJId I10JIs1, MMOPOXKICHHOTO ITOJIEBBIM YJICHOM!

- R
e
K

AR
e E = —2 _ OTHOIlIEHUE U3MEHEHHNS COIMPOTUBJIC-

A
HMSsI, BBI3BAHHOTIO IUIaHApHBIM 3¢ @dexkToM Xoaa u

BBI3BAHHOTO aHOMalbHBIM 3¢dekToM  XoJuia.
K
Hy = —eﬂ, rne K, — addexTruBHAsS SHEPrUs BHE-
N
IUIOCKOCTHOM aHu3arponuu, M, — HaMarHu4yeH-
HOCTb HaChIIIEHUS.

Hamu Ob11 m3ydyeH oOpasell, IIpencTaBIISIOLINIA
c0060if HaHOpa3MEPHYIO MAarHUTHYIO TETEPOCTPYKTY-
py, Ctpykrypa cioes: MgO (2)|CoFeB (2)[Ta (5)Ru (5)
(B cKOOKax yKa3aHbI TOJIIIMHEI CJIOEB B HM). B KauecTse
MOIJIOKKM McIojib3oBasicst okcuaa MarHusi(1I). Ha-
MarHM4eHHOCTb OPUEHTUPOBAHA B IJIOCKOCTU 00Opas-
na. Obpasel; UMeeT KpecTooopa3Hyio (hopMy IIMHOMN
1.2 MM m mmpuHoi 20 MKM (cM. puc. la).

CxeMa 3KCIlepMMeEHTa IToKa3aHa Ha puc. 16. s
reHepalnuy ToKa ObUI UCIOIb30BaJICSI NCTOUHUK-M3-
meputenb SMU NI-PXle-4137. JlanHasg Momenb
MMeeT BCTPOSHHYIO (PYHKIIMIO FeHepaTopa CUTHAJIOB
IPOMU3BOJIBHOIT (DOPMBI, UYTO ITO3BOJISIET (hOPMUPO-
BaTh B TOM 4YMCJIE CUHYCOMOAJIbHBIA CUTHAI TOKa C
YyacToTaMM BIUIOTh 10 ~5 kI. Takass BO3MOXHOCTb
MO3BOJISIET UCHOJIb30BaTh JAHHBII IIPUOOP COBMECT-
HO C CHHXPOHHBIM IETEKTOPOM, YTOOBI IeIaTh U3ME-
PEHUS IPOOOJIBHOTO 1 XOJIJIOBCKOTO HAIIPSIKEHMST Ha
nepBoii M Ha BTOpoii rapMoHukax. Cpa3sy mociie
SMU normoaHUTeIbHO OBIT YCTaHOBJIEH (DUIIBLTP BBI-
COKMX YaCTOT, yOMpaIOLINii JIMIITHNI BLICOKOYACTOT-
HBII1 IITyM, YTO BaXKHO 111 9 PEKTUBHOIO JETEKTH-
pOBaHUS CUTHAJIa Ha BTOPOM rapMoHuKe. CUTHaI C

MN3BECTUA PAH. CEPUS ®PUBUYECKAA tom 87 Nel 2023
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Puc. 2. [NepBas rapMOHMKA OTKJIMKA W allIPOKCUMAIINS TTIPY TIPOIOJILHOM TTONKJTIOYeHUH (a); BTOpasi TapMOHUKA OTKJIMKA U
armpoKCUMaLUs [IPU MPOA0ILHOM MOAKIIOUEHUH (0); IepBasi rapMOHMKA OTKJIMKA U alllpOKCUMAIIWs TP IMONEePEeYHOM IO -
KJIoueHn U (8); oOpaTHasi BTOPOi rapMOHMKE OTKJIMKA BEJIMYMHA Y alllPOKCUMALIMsI IIPU MOTIEPEUHOM MOAKITIOUESHUH (2).

SMU nonaBajicsg Ha obOpa3zell, a TakKKe CUHXPOHU3HU -
poBajicsl ¢ CUHXpPOHHBIM ycunuteiaem Stanford Re-
search 830. Uepes obpaszel mpoIycKaucs TOK ¢ MaK-
cuMasibHO# miotHocTho 0.5 - 107 A - eM~2. [Monkimo-
yeHue MNpuoOopoB K 00paslly IIPOU3BOIMIIOCH NPU
TTOMOIIY KOHTAaKTHBIX 30HA0B. CaM oOpa3sell ObLI Io-
MeEIIEH B IIOCTOSIHHOE MarHUTHOE MoJIe, HallpaBJIeH-
HOE NEPIICHIUKYISIPHO IJIOCKOCTH €ro MOBEPXHO-
ctu. Ilone BapbupoBaioch B Ipeaeiax or —1500 mo
1500 B. B skcnepuMeHTe U3MEPSIIIOCH KaK IIPOI0Ib-
HOE HaIlpsDKeHHWE, TaK W IOINEPEeYHOe, XOJIOBCKOE
HarnpsoKeHue. Pe3ynbraThl MCCieIoBaHMS CpaBHUBA-
JIMCh C pe3yJibTaTaMu, TTOTy4eHHBIMU B padoTe [7], a
TaKXKe ¢ JaHHBIMU pabor [6, 8—10], Tie MopsiaoK ciro-
eB 0bu1 mHBepTUpOBaH (Tal|CoFeB[MgO).

PesynbraTthl B3KCIiepMMeHTa TIpelcTaBlieHbl Ha
puc. 2: puc. 2a v 26 — IpoaoJIbHOE HAaMPsSIKEHUE, U3-
MEpeHHOe Ha TIepBOM M Ha BTOPOIl TapMOHUKE,
puc. 26 1 22 — nonepedHoe (XOJJIOBCKOE) HaIIpsKe-
HYE W BeJIMYMHA, oOpaTHas aMIUIUTYIe BTOPOit rap-
MmoHmKU. [locitienHee TIpencTaBIeHO B TaKOM BHUIE
11 ynoOcTBa amIpoOKCUMALlMUM W MOACTAHOBKMU B

MN3BECTUA PAH. CEPUA ®USNYECKAA  tom 87

Ne 1

dopmyy (5). 3HaueHUEe CUTHaJIa Ha TIEPBOM rapmMo-
HHUKE IIpA HPOIOJbHOM MONKIIOYEHUM amIpOKCH-
MupyeTcsl Tapabosoii. OcTajabHble BEJIUMYWHBI arl-
NPOKCUMUPYETCS JTUHEHHBIMU  3aBUCUMOCTSIMMU.
B pesynbrate uamMepeHuii 1ist Hallleid CTpYKTYpbI ObI-
JIO TIOJIyYEHO 3HaUY€HUE OCIa0ISIIOIIeii KOMITOHEHTHI
nonss H,, =17 D, 4To comiacyercs cO 3HAYEHUEM,
MOJy4YEHHBIM B padoTe [8], rie mist cXxoxXux napamer-
poB ObL10 oayyeHo H,, =15 .

Huist mojiyueHus 3HauyeHUsl MOJIeBOTO ieHa Mmar-
HUTHOE MoJie HEOOXOIUMO JTOTIOJTHUTEbHO HEMHOTO
OTKJIOHSITh OT BepTUKaIU. JJis1 9TUX Liesieil ObLT uc-
MOJIb30BaH MOCTOSIHHBIN MarHUT, KOTOPbIi co3maBal
MpPOJO0JbHOE MOJIe BEIUYMHOMN ~5 D. B CBSI3U C 3TUM,
Py MaJIbIX BeJIMUYMHAX MEPIEHAUKYISIPHON KOMITO-
HeHThl mojis (MeHee 100 D) HapylIanoch yCIOBHUE
0, <1, ucnonb3zyemoe B BbIBOAE (POPMYJ, UTO HNPU-
BOIMJIO K TIOBBILIEHHON MOTPEIIHOCTU Pe3yIbTaTOB
U3MEpEHUN. DTH 00J1aCTH OBLJIM UCKITIOYSHBI U3 UTO-
roBuix rpadukoB. [ToMumo 3TOr0, B CHITY IpUOIIIKE -

Hus Hy > H, tne Hy oleHuBaercs NPUMEPHO B

2023
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2000 D [3], pa3BepTKa MO IIOIIO IJIST TIEPBOM rapMoO-
HUKU orpaHuyeHa 1o Moayiao 300 O. TTonoxurenb-
Has 00JacTh rpaduka He pacCMaTpUBAeTCsS B CHIIY
HaJIM4IUS B 9TOM 00JIaCTH MUKOB, CXOXKMX I10 (hopMe ¢
MMKaMu, KOTOpbI€ IIOJYyYaroTcsl IIpU H3MEpEHUU
IIEpBOII TApMOHUKU IIPW MNPOIOJHHOM ITOOKITIOYE-
ann. O6a 3Tux rpaduka armIpOKCUMHUPOBAHBI JIN-
HEeUHBIMU 3aBUCUMOCTSIMU. OTHOILIEHUE TJIaHAPHO-
ro acdekra Xosia K aHoMaabHOMY coctabisier 0.1. B
pe3yabTaTe MCCISOOBAHMM IIOIYyYeHO 3HA4YCHUE B

Hy;, =440 D, yTO HECKOJIBKO MEHBIIE YEM B paboTe

[8], toe Hp; coctaBisiio 500 O. [ToayyeHHBIE B 9KC-
MEepMMEHTe 3HAYEHUS HECKOJIbKO OTJIWYalOTCS OT
3HAYE€HU I, KOTOpbIE OBIJIM MOJTYyYeHBI B padbote [7] u
OOJIbIlIe CXOXM CO 3HAYCHUSIMU U3 padoThI [4], Tae
CJION CTPYKTYPHI OBLIM BBIpPAIIIEHBI B OOPATHOM II0-
psake. YuciaeHHbIe pe3yabTaThl B 3TUX paboTax Co-
nmoctaBuMbl. OTKJIOHEHVE PE3YIbTaTOB B MEHbIIYIO
CTOPOHY MBI CBSI3bIBAEM C OCOOEHHOCTSIMU TEXHOJIO-

MU TIPOM3BOACTBA U TOYHOCTBIO omnpeneneHuss H g,
KOTOpOE cliefyeT U3MEPSITh OTAEJbHO, HallpUMep, C
IMOMOIILIO BUOPALIMOHHOTO MATHUTOMETPA.

ITonyyaemble B pe3ysbTaTe dKCIIEpMMEHTa BeJIU-
YUHBI HaNpsSIMyIO CBsI3aHBI ¢ (hyHIaMeHTaITbHBIMU
busnyeckuMmu apamMeTpaMm MaTepUalioB, TTO3TOMY
cpa3y BO3HHUKAaET KejJaHWe BbIYMCIUTh Yrojl CHWH-
xoiuta. OmHako, Kak I0Ka3bIBaeT padora [8], crout
paccMarpuBaTh MOJIyYeHHBIC 3HAYEHUS TIOJIei, CO-
3MaBaeMbIX CTMHOBBIM TOKOM, JIUIIIb KaK 3((EKTUB-
HBIE IUTST TaHHOI KOHKPETHOM CTPYKTYPHI B IIEJIOM, a
HE IS BXOISIINUX B HEe OTHEIbHBIX HEMarHWUTHBIX
MaTepuanoB. Tak xKe CTOUT OTMETUTh, YTO UMEET Me-
CTO 3aBUCUMOCTb NapaMeTpoB H y; U H ,; OT TOMIIUH
cnoeB MgO u Ta, BXOASIIUX B CTPYKTYPY, & TAKXKe OT
TeMITepaTyphl U TT0JaBaeMoi TIJIOTHOCTH ToKa. [lep-
BO€ 0OCTOSITEJILCTBO CBSI3AHO C TEM, YTO TePEXOAHbII
CJIOIT MEXITy CIIOSIMHM CTPYKTYpPHI He WIeaJTbHO POB-
HBII ¥ TTO3TOMY CHJIBHO BJIMSIET Ha co3naBaeMoe 3¢d-
dexTuBHOE 110J1e. [1J1s1 U3BJACUEHUSI KOPPEKTHBIX 3HA-

YEeHWI, OTHOCSIINXCS He KO BCEil CTPYKTYpPE B LIEJIOM,
a K OTIEJbHBIM €€ CJIOSIM, HeOOXOIMMO IIPOBOIUTH
JOMOJTHUTEIbHBIE UCCICAOBAHMSI.

Takum o6pa3zoM, HaMu OBLIO MTPOJAEMOHCTPUPO-
BaHO MCNOJIb30BaHWE TapMOHUYECKOTO MeTOo1a XOJI-
Jia IJ11 U3BMEPEHUS U OLIeHKU 3(PhEeKTUBHBIX MAarHUT-
HBIX TIOJIei, KOTOPbIE CO3JAaI0TCSI CITMHOBBIM TOKOM.
ITonyyeHHbIE pe3ysibTaTbl XOPOIIO COIJIACYIOTCS C
OoNnucaHHBIMU B JuTepatype. MccieqgoBanue CTpyk-
TYpbl TIOKa3ajao, YTO B HayaJlbHOM TPUOIVKEHUU
npsIMOiT M 0OpaTHEIN MOPSIIOK CIIEAOBAHUS CJIOEB B
CTPYKTYpP€ HE3HAUUTEJIBHO BIMSET HA 3HaYeHUE H p;
nu Hp;. Merton nokazan cBow 3(P(EKTUBHOCTb U
yI0OCTBO MCIIOJIb30BaHMUSI.

PaboTa BeIMTOTHEHA Mpu nomaepxke Poccuiicko-
ro HaydHoro ¢oHaa (mpoekt Ne 19-12-00432).
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Study of magnetic heterostructure MgO/CoFeB/Ta using the harmonic method

A. S. Trushin?, G. A. Kichin*> *, K. A. Zvezdin**
4 New Spintronics Technologies LLC, Russian Quantum Center, Skolkovo, 143026 Russia
b Prokhorov Institute of General Physics of the Russian Academy of Sciences, Moscow, 119333 Russia

*e-mail: g.kichin@nst.tech

The heavy metal/ferromagnet type MgO/CoFeB/Ta structure with in-plane magnetization and high spin po-
larization was studied. We use the adiabatic harmonic Hall voltage method to study the effective damping co-
efficient and to estimate the values of the effective fields that arise in such structures under the action of a

spin-polarized current.
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