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BDKcrnepruMeHTaIbHO UCCIIeIOBAaHO BIWSIHUE HEMAarHUTHOM 3JIEKTPOMPOBOISIIEH TTpocioiiku Mo Tonu-
HOI1 5 HM, pa3MeLeHHOM MeXly MarHUTHBIMU c10siMU Fe u Fe;O4 CTpyKTYyphl CIMH-MHXKEKLIMOHHOIO U3-
JygaTesisi TUma “crep>keHb—IUIeHKa” , Ha 9(p(peKTUBHOCTH ero paboThl. YCTaHOBJIEHA BO3MOXXHOCTh YBEJIU-
YeHMsI MOIIIHOCTHY U3Jy4yeHus OoJiee yeM B ABa pa3za. OOHapyXeHo, 4To Ipociioiika Mo BiIuseT TakKe Ha
COIMPOTHUBJIEHUE CTPYKTYp, yBeauuuBas ero. KauectBeHHO 000CHOBaHO BJIMSIHUE TIpociioiiku Mo Ha co-
MPOTUBJIEHUE 32 CUET BOBHUKHOBEHMUST MEXY CIOSIMU CTPYKTYPbI KOHTAKTHO# pa3HOCTH MOTEHIIMAIOB OT-
JIMYHOI OT KOHTAaKTHOM Pa3HOCTH MOTEHIIMAJIOB JIByX METaJIJIOB.
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BBEAJEHUWE

OcBoeHue TeparepleBoro auanasoHa 4actotr (1—
30 TT1), B TOM 4mclie 1 TIOUCK €TO0 ellle He M3BECTHBIX
MOTEHIMAJIbHBIX BO3MOXKHOCTEl, TpebyeT paciiupe-
HUS Kpyra UCCliefOBaHUI B pa3JIMUHBIX 00JIaCTIX Hay-
KU Y TEXHUKU. 7151 5TOro He0o0XoaumMo HaJlnuue ooI1ie-
JIOCTYITHBIX, KOMIIAKTHBIX, YCTOHYMBO pabOoTaIOIINX B
IIMPOKOM TeMIIEPATYpHOM JMaria3oHe, HaAeXKHBbIX U
MPOCTBIX B IKCIUTyaTallii UICTOYHUKOB U TPUEMHUKOB
curHajioB. CyiecTBytolue uctouHuku TTin uzmyye-
HUSI, TOCTPOEHHBbIE KaK Ha OCHOBE KJIACCMYECKUX
MIPUHIUMOB, pa3BUThIX B CBY ajeKTpoHMKE, TaK U UC-
MOJIB3YIOIIe HOBbIE MPUHIIUIIBI, TIPAKTUYECKHU TT0JI-
HOCTbIO IEPEKPHIBAIOT YKAa3aHHbBII 1Mana3oH 4acToT.
OnHako BCe OHM HE OTBEYAIOT BbILIENEPEUUCIICH-
HbIM TpeboBaHUsIM. [1oaTOMY CoOXpaHsieTcsl aKTyaslb-
HOCTb MPOJIOJIKEH WS TTOUCKA HOBBIX TIPUHIIMIIOB MO-
crtpoeHus TT11 ycTpoiicTs.

MHoroo6e1arlme BO3MOXHOCTU B 9TOM HarpaB-
JICHUM JaeT CIIMHTPOHUKA [1—8], OmMHO M3 HOBBIX Ha-
MpaBJIeHUH 2JIEKTPOHUKHU, B KOTOPOM paccMaTpuBaeT-
cs  BJIEKTPOHHO-BOJIHOBOE B3auUMOJACICTBUE TIpU
TPaHCIIOPTe CIMHOB B MHOTOCJIOMHBIX TOHKOTLIEHOY -
HBIX MAarHUTHBIX CTPYKTYpaxX, KaK C JIeKTPUUECKUMMU,
TaK 1 MarHUTHBIMU HOJISIMU. DhheKThI, HaOTI0gaeMble
MPU 3TOM, WCHOJIB3YIOTCS MPU CO3MaHUM 3JI€MEHTOB
BBIYMCIMTEILHON TEXHUKH, ceHCcopoB [9, 10], mcrou-

HUKOB 1 IPUEMHUKOB 3JICKTPOMAarHUTHOIO U3JIy4ye-
HUs, B ToM yuciie TI muanaszoHa [11]. OgHuM u3
MIEPCIIEKTUBHBIX CIIOCOOOB TpaHCIOpTa CIIMHA IS
CO3IaHMUs MCTOYHUKOB M IpUeMHMUKOB TTi1 curHa-
JIOB SIBJISICTCSI CHMHOBAsI MHXKEKIIMS TOKOM C IVIOTHO-
cThio j > 10° A/cM? B MATHUTHBIX T€TEPOCTPYKTYpAXx,
00pa3oBaHHBIX (hePPOMATHUTHBIMU IUIECHKAMM Ha-
HOpa3MepHOM TOIMINHEI [12].

CIMH-VMHXEKIIMOHHBI MEeXaHN3M BO30YXKICHUS
2JIEKTPOMATrHUTHBIX KoJjiebaHwmii [13, 14] MoxxHO pac-
cMaTpuBaTh KakK OIWH W3 MNPUHIUIIOB CO3AaHUS
KBaHTOBBIX TeHEPATOPOB C TOKOBOM Hakaukoil. K Ha-
CTosIlLIeMY BpeMeHU pa3paboTaH U 9KCIIepUMEHTab-
HO anpoOupoBaH psig UCTOYHUKOB Tl usmyyeHus,
MOCTPOEHHBIX C UCTIOJIB30BAHMEM 3TOTO0 MEXaHU3Ma
[15—18]. DkcrieprMeHThbI MOKa3aJIu eTo NePCIeKTUB-
HOCTb. OJJHAKO Ha CETOAHSI OCTAETCSl OTKPBHITHIM BO-
MPOC MOBBINIICHUS €r0 3(PPEKTUBHOCTH.

B [19, 20] paccmoTpeHa paboTa CIUH-UHKEKIIU -
OHHBIX U3JTydaTeseid ¢ ABYXCIOWHBIMU MarHUTHBIMU
MnepexojamMyd U YCTaHOBJIEHA CBSI3b MarHUTOCOMPO-
TUBJIEHUSI U 3(HEKTUBHOCTU paObOThI U3TydyaTeJIeH.
IToMuMoO 3TOTO, MHOTOC/IOIHBIE CTPYKTYPhI TTO3BO-
JISIIOT UCCEN0BaTh BIUSIHUE 3JIEKTPONPOBOASIIMX
VJILTPATOHKUX IUJIEHOK (CIelicepoB) TOMIIMHON MeHee
5 HM, pa3nesisIolIUX MarHUTHBIE CJIOM CTPYKTYpPHI, Ha
3 deKTUBHOCTh padOTHI M3mydareieit. MHTepec cBsI-

1499



1500

6

Puc. 1. CrinH-MHXEKIIMOHHBII U3TydaTelb CO CTPYKTY-
poii “crepxkeHb—IuieHKa”. | — MdeppOMarHUTHEIIA CTEP-
xeHb (Fe) ¢ nmamerpom octpust 10—50 MM, 2 — oGpa3selr
C TOM VI MHOI MHOTOCIOMHOM CTPYKTYpOI1, 3 — mepxKa-
TeJIb MOIJIOKKY, 4 — MUaJIeKTpriecKast 6a30Bast ruIoia-
Ka u3ayyaTensi, 5 — MeHUCKoBas (hOKycUpyrolasi JIMH3a,
6 — nepxartenb JIMH3bl. CTpejikaMy NoKa3aH MOTOK U3J1y-
YeHUSI.

3aH C TEM, YTO IIPU KOHTAKTE MATHUTHBIX CJIIOEB MEXITY
HYMHJ BO3HUKAeT 0OOMEHHOE B3aMOIECTBUE, IIPUBO-
JIsiiiee K INIaBHOMY IepexoAy HaMarHM4eHHOCTH OTHO-
TO CJI0$T, MH3KEKTOpa, B HAMarHMIYEHHOCTh APYToro, pa-
oouero, ciog [21]. TTosBnsieTcst TiepexoqHast 001acTh C
IUIAaBHO M3MEHSIIONIEIiCS OpreHTallMeil HAMarHU4eH-
HOCTH, B KOTOPOM 3JIEKTPOHBI CIIOCOOHBI PEIaKCH-
poBaTh 063 U3JIy4YeHUsI, TO eCTh, CHIXKaeTcs 3P deKk-
TUBHOCTH IIpoliecca (POPMUPOBAHUS MHBEPCHOII 3a-
CEJIECHHOCTH CIIMHOBBIX 3HEPreTUYECKMX ITOA30H B
paboueii obyiactu, HeobxonguMoii niug TTi uznyde-
HUSI B CIIMH-UHXEKIIMOHHBIX uanyyatessx [13, 14].
DKCIIepUMEHTAJIbHbIC PE3YJIbTaThl, IPEACTaBICHHEIC
B [19, 20], roBopsT 0 pabOTOCIIOCOOHOCTU ABYXCIOK -
HBIX CTPYKTYp 1 0e3 crielicepa. Tem He MeHee, TIpe-
CTaBJISIET MHTEPEC OLIEHUTb, HACKOJIBKO OOMEHHOE
B3aMMOJICMCTBUE, BOZHUKAIOIIIEE MEXIY ABYyMS Mar-
HUTHBIMU CJIOSIMH, CHMKaeT 3((PEeKTUBHOCTL pado-
TBI U3JIy4YaTesIeii ¢ TAKUMU CTPYKTYPaMHU.

HN3JIYYATEJb

HccnenoBanue pexxrnmoB Bo30yxkaeHus T uziy-
YeHUsI B MATHUTHBIX TIepexoaax MPOBOAMIM B U3JTyJa-
TeJie CO CTPYKTYpoil “crep:keHb—IIIeHKa” [15], cxema
KOTOPOTIO MpeacTapneHa Ha puc. 1. HumuHaopuyeckuia
crepxkeHb 1 ¢ 3aocTpeHyeM auaMeTpoM ~30 MKM ObUT
BBITMIOJIHEH M3 MEIU, BTOPBIM 3JIEKTPOIOM BBICTYMAIa
MaccuBHasl MenHasl ruiactuHa 3. McciaenoBanuch pe-
KUMBI pabOTHI C UCIIOIb30BaHUEM OOPA3LIOB C MHOIO-
CIIOMHBIMM  CcTpyKTypamu 2. OmHa  CTpyKTypa
Si/Fe(30)/Mo(5)/Fe;0,/(120) umena cneiicep, npyras
oe3 crieiicepa Si/Fe(30)/Fe;0,/(120). B ckobkax ykaza-
Ha TOJIILHA cJIoeB B HM. O6pasLibl ObIIT N3TOTOBJICHbI
B UIITM PAH (r. YepHoronoBka) B paMKaxX COBMECT-
HOI1 pa®oThI. B TakMx CTpyKTypax 4acTh TOKa IPOXOIM -
JIa TIO TIPOBOSIIIUM CJIOSIM OT CTEPXKHSI K MACCUBHOM
ruiacTiHe (TOK YTeYKW ), MUHYs pabouyro 00JIaCTh Mar-

N3BECTHUA PAH. CEPUA OUBNYECKAA

YUTAPEB, BbIIIEBCKUM-KOHOIIKO

HMTHOTO IIepexona, a Apyrasi 4acTb IIpPOHMU3bIBaJIA €TI0 1
CTeKaJla yepe3 HYDKHUI TIPOBOASILMI CJI0M, HAHECEH-
HBIII Ha KPEMHMEBYIO MOMJIOXKY, B MAaCCHUBHYIO Me-
HYIO IUIaCTUHY. DTa YaCcTh TOKAa y4aCTBOBAJIa B M3JTyJa-
TEJIbHOM ITpoLecce.

KauecTBeHHasT olieHKa MPOLEHTHOTO pacmpeae-
JICHUSI TOKOB TIO CJIOSIM JIJISI CTPYKTYPHI C MOJIUOIE-
HOBBIM CIIEMCEPOM MOKA3BIBAET, YTO TOK YTEUKU 10
cioro Fe;0, cocrapmsier mopsiaka 4% OT 06IIero To-
Ka, 110 ¢cJiolo Mo — 29%, a io cioto Fe mpoxoaut 68%
TOKa. DTa 4YacTh y4acTBYeT B M3JIydaTeJIbHOM IIPO-
Hecce. JIJ1st MarHUTHOTO Tepexona 6e3 creiicepa TOK
yreuku 110 cioio Fe;O, cocraBnser 6%, a o cioio Fe
npotekaeT 94%. Takoe pacnpenejieHre TOKOB ITO
CJIOSIM HAKJIaObIBAE€T YCIIOBHE HAa HaHECEHUE CIIOEB
Ha KpeMHUEBYIO NOMITOXKY. [IepBbIM, HUDKHUM CJIO-
€M Ha IUIJIEKTPUYECKON MOMIOXKE HOJIKEH OBITh
MATrHUTHBINA CJTOM C MEHBIIUM CONPOTUBIIEHUEM, TO
ecTh cioii Fe. Torma B cTpyKType cO cIieiicepom I10-
psinka 70% ToKa MpOHU3BIBAeT MATHUTHBIN TTePEXO],
T.€. Y4aCTBYeT B U3/Iy4aTeIbHOM IPOIIECC, a B CTPYK-
Type 0€e3 crieiicepa padoraet 6oiiee 90% Toka.

PE3VJIBTATDBI .
SKCITEPUMEHTAJIbHbBIX NCCIIEJJOBAHNU

B paGorte ncrnoiib3oBaan UCTOYHUK MUTaHUS I10-
CTOSTHHOTO TokKa. M3mMepeHus mpoBoAWIN C IOIIa-
TrOBBIM M3MeHeHMeM HanpstkeHus U. OguH 1mar Ha
XOJIOCTOM XOJy COOTBETCTBOBAJI M3MEHEHUIO Ha-
npsckenne Ha 10 B. 'eHepupyeMoe B TOUKe KOHTaK-
Ta CTepKeHb—IUICHKA U3TydeHre (OKYCUPOBAIN Me-
HUCKOBOI1 JIMH30M 13 BBICOKOOMHOIO KpeMHMUS 5.
CurHai peructpupoBaim stueiikoit Iomest pupmer “Tu-
JIeKC” . AHAJIOTOBbIE€ BeJIMYMHBI IJIs1 JaJIbHEIIe oopa-
00TKM oL POBBLIBAIINCH C IIOMOIIBIO 3aITOMUHAIOIIIE-
ro ocummiorpadga AKTAKOM ACK-3117. ¥YpoBeHB
IIIyMa B ITPOBOAMMBIX U3MEPEHMSIX He MPeBLIIIa 5% OT
n3MepsieMoi BeJIMIrHLIL. 1lenbio aKcrieprMeHTOB OBLIO
ompenesieHre pa3anyusl PeKrMOB pabOTHl M3TydaTe-
JIell ¢ pa3IMYHBIMU CTPYKTYpaMU.

I1pexne Bcero, ObUIO OIIPENEICHO BAUSHUE TIPO-
clioiiku Mo MeXX1y MarHUTHBIMM CI0SIMU Ha 3¢ deK-
TUBHOCTb pabOThl u3syyaTeneii. Pe3yabTarhl 3THX
ucclieIOBaHUM TpeacTaBjieHbl Ha puC. 2, TI€ BUIHO
CYLIIECTBEHHOE, HE MEHEe YeM B 2 pa3a, yBeJIMUCHUE
3 deKTUBHOCTY pabOThI U3JIydaTesss ¢ MPOCTONKOM
Mo. B 3TtoM, ipexne Bcero, IMposBIIseTcs yCTpaHe-
HUEe HEMarHUTHOM, TMpOBOAsIIEH Mpociaoiikoil Mo
OOMEeHHO CBs3U Mexay ciosiMu. OmHakKo ciemayeT
00paTUTh BHUMaHUE Ha CBSI3b COMIPOTUBJIEHUS U3TTy-
yaTesss ¢ MOIIHOCTbIO CUTHaJIa, PACCMOTPEHHON B
[19, 20]. B HuX moka3aHo, YTO JaxKe B OMHOM U3JTyda-
TeJie TocJie TIoAMarHnuMBaHus CTPYKTYpPbI HaOI01a-
€TCsl yBEJIMYCHUE COMTPOTUBJICHUS U3JTydaTesisl U yBe-
JIMYeHre MOIIHOCTYM curHana. s ompeneneHust
MpOSIBJIEHUSI TAaKOW CBSI3UM B Pa3jIMUHBIX UCCIEaye-
Ne 10
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BIVUAHUE OBMEHHOI'O B3AUMOJIEMCTBUSA MEXY MATHUTHBIMU CJIOSIMU
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Puc. 2. 3aBUCUMOCTb MOLTHOCTY CUTHAJa OT MOTpebJIsie-
Moii MmomHocTH. I — CTpyKTypa ¢ MOJMOACHOBOI IIPOo-
cJIoiikoi, 2 — 6e3 Hee.

MBIX B TaHHOM paboTe CTPYKTypax OBLIA M3MEpEHBI
WX COIMMPOTUBJICHUSI.

Taxk, Ha puc. 3 n3o6pakeHa 3aBUCUMOCTb COIIPO-
TUBJIEHUST R ucciaenyeMbIX usjydareseii oT mogaBae-
MOT0 Ha HUX HampsckeHust U. DTr pe3ybTaThl IOKa-
3BIBAIOT CYIISCTBEHHOE BIMSIHUE MOJINOACHOBOM
MPOCJIONKU Ha CONIPOTUBJIEHUE oOpa3ua. Mcronb3o-
BaHME HEMArHUTHOI IIPOCIOMKM yBEJIWYMBAET CO-
TIPOTHBJICHWE IIPAKTUYECKH B IBa pa3a. XOTs U3 IIpU-
BEJICHHBIX BHIIIIE OLIEHOK 3Ta MPOCJoiiKa, LIIyHTUPYs
OCHOBHOI1 TOKOIIPOBOISIINIA ctoii Fe, nomkHa ObL1a
OBl YMEHBIIIUTH COTIPOTUBIICHHUE.

Takoe HecOOTBETCTBHE KAYECTBEHHO OOBICHUMO
Ha OCHOBE Pe3yJIbTaTOB, MpeAcTaBIeHHBIX B [22]. Co-
DIacHO MM Ha TpaHWUlIe pas3lejla MAarHUTHEIX CJIOEB
BO3HHMKAET pa3HOCTh MOTEHIMAJIOB, OTJIWYHAS OT
KOHTaKTHOﬁ Pa3HOCTHU IMTOTCHIIMAJIOB JIBYX METAJIJIOB,
onpenensieMast popmyJIoi

(C.uT + gw)x:—o - (QzT + ng,)x=+0 =
= 2¢[¢(+0) — (-0)],

TII€ e — 3apsjl 3JIEKTPOHA, Gy — KBa3uypoBHU Pepmu
B ITOI30HAX C COOTBETCTBYIOIIEH OprUeHTAIIME CITH-
HOB OTHOCHUTEIbHO HAIIpaBJICHWST HAMarHUMIeHHOCTHU
B TOM WJIM MHOM cJioe (0003HavaroTcsi HarpaBieHU-
€M CTPEJIOK), () — NMEKTPOCTATUUECKUI TTOTEHITNA,
OIIpeNeIIEMBId MCTOYHUKOM TIUTAaHUS B KaXXKIOM
cioe. B cBoto ouepenp kBazuypoBHu @epmu, BO3HU-
KaloT MPpU pacllelVIeHUU CIIMHIHEPTeTUUECKUX MO/~
30H TIPM TIepexojie CITMHITOISIPU30BAHHOTO TTOTOKA
rpaHUIbl pasjesia cjioeB. Bo3Hukallas pa3sHOCTh
MOTEHIIMAJIOB Ha TpaHUlIe pa3jea Mpu MpoTeKaHUU
CKBO3b HETO CITMHIIOISIPU30BAaHHOTO TOKa TOBOPUT O
HaJIM4YMUN KOHTAaKTHOTO COIIPOTUBJICHUS

(Qicosy, — Q)
7z, + Z20052x '

1)

R=27, ()

MN3BECTUA PAH. CEPUSA ®USNYECKAA  tom 87

1501
1600 &> OM
1400 |
1200 -
1000
800 |
600 |
400 -
200 |

0 20 40 60 80
U, B

Puc. 3. 3aBUCUMOCTb COTIPOTUBJICHUS U3IydaTesnss R oT
HanpsikeHust U. 1 — CTpykTypa ¢ MOJUOIEHOBOM MPO-
CJIOIKOM, 2 — Oe3 Hee.

3necw Z;, Z, — CIIMHOBOE COIPOTUBJIEHUE TOTO WU
T \ T l
WHOTO cliost, Q), = (612 - (5]2)/((512 + (512) — rapameTp

HOJISIpU3allui  IIPOBOIVMOCTH, Gszi — mapuuMaabHast
MPOBOAUMOCTb, %, — YTOJI MEXY HAMAarHUYEHHOCTSIMU
KOHTAKTHUPYIOLINX cJioeB. MoaubneHoBasI MmjeHKa,
yCTpaHsisI OOMEHHYIO CBSI3b MEXIY MarHUTHBLIMU
clIoIMH, obecneuyrmBaeT MaKCHMaJlbHOE pa3indue
HalpaBJjeHUsI HAMarHMY€HHOCTU CJIOEB BILUIOTh IO
3HauyeHus ¥ = T. BosHukawolnasg oOMeHHas CBS3b
IpU HEMOCPEICTBEHHOM KOHTAaKTe MEXIY MarHWT-
HBIMU CJIOSIMU “CIaxkMBacT” pas3indre MeXXIy OpHeH-
Talyeil HaMarHM4eHHOCTSIMU CJIOEB, YTO YMEHBIIIAeT
KOHTAaKTHOE COIIPOTHUBIICHUE, OMHOBPEMEHHO CHIKAsI
3(PEeKTUBHOCTH PAOOTHI M3TyJdaTeIs.

3AKJIFTOYEHHME

IMonyyeHHBIe pe3yabTaThl OOKA3bIBAIOT CYIIE-
CTBEHHOE BJIWSIHUE HEMArHUTHOTO CJIOS, Pa3aesiio-
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ITokazaHa poyib KOHTAKTHOIO COIIPOTUBJICHUSI Ha
rpaHuIle pa3aeiia MarHUTHBIX CJIOEB B OOIIEM COIIPO-
TUBJICHUU U3JTydaTeIsl.

Pabora BbIIIOTHEHa B paMKax TEMBI Trocyaap-
ctBeHHOTrO 3amaHug MUPD uMm. B.A. KoreasHukoBa
PAH na 2023 ron, (mpoexkT Ne 075-01110-23-01).
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Influence of the exchange interaction between the magnetic layers
of a THz spin-injection emitter on its operation efficiency
S. G. Chigarev* *, O. A. Byshevski-Konopko*

¢ Kotel’nikov Institute of Radio Engineering and Electronics of the Russian Academy of Sciences, Fryazino Branch,
Fryazino, 141190 Russia

*e-mail: chig50@mail.ru

The effect of a 5 nm thick non-magnetic electrically conductive Mo layer placed between the magnetic layers
Fe and Fe;0, of the “rod—film” type spin emitter structure on the efficiency of its operation was investigated
experimentally. The possibility of increasing the radiation power by more than 2 times was established. It is
found that the Mo layer also affects the resistance of the structures, increasing it. The influence of the Mo
layer on resistance is qualitatively substantiated due to the appearance of a contact potential difference be-
tween the layers of the structure different from the contact potential difference between the two metals.
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