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AKTyaJlbHIiCTh TeMH. PoO0OTa npucBsiyeHa AOCTIIHKEHHIO TOHKOIUTIBKOBUX CHUCTEM
(hepoMarHeTUK—/I1eIeKTPUK—(PEPOMarHeTuK, $Ki BIJHOCATHCS JIO KJacy MAarHiTHUX
TyHEeJbHUX TiepexoaiB (magnetic tunnel junctions — MTJ). Ha choronni Taki CTpyKTypu
3HAXOMATh MPAKTUYHE 3aCTOCYBAHHS SIK €JIEMEHTH Ui 30epekeHHs iHopmarllii B HOBOMY
MOKOJIIHHI €HEProHEe3aJIe)KHOI MAarHITOPE3UCTUBHOI MaM'siTi 3 JOBUIBHHM JIOCTYIIOM
(magnetoresistive random access memory — MRAM). J{1n1s1 mokpamieHHs iX XapakTepUuCTUK
HEOOXITHUM € 3a0e3MeYeHHs] BHCOKOI0 MOKAa3HHWKAa TYHEJIbHOI0 MarHitoonopy (tunnel
magnetoresistance — TMR) B MTJ-ctpykTypi. Y cydacHiil CHIHTPOHIII L€, SIK MPaBHIIO,
JOCSITAEThCA IUISIXOM CTBOPEHHSI 1 3aCTOCYBaHHS MArHITHUX MarepialliB 3 BUCOKUMU
kKoedimieHTamMu CIiHOBOI MoJisipu3aiiii. KibKiCTh Takux MarepiaiiB JIOCUTh OOMEXeHa,
ane, sik BusiBuiIoch, TMR MTJ-nipuctpoiB MOKHA MONIMIIATA KOPUTYBAHHSIM iX BOJBT-
amriepHoi xapaktepuctuku (BAX). Ile pocsramu migkmtoueHHsm o MTJ-cuctemu
JI0OIATKOBOTO €JIEMEHTAa, Ha KINTAlIT TYHEJbHOro aioda, sikuii Mae BAX 3 Big’eMHUM
nudepentiiinum onopom (BJ1O). TIpote, HasBHICTh JOAATKOBUX E€JIEMEHTIB MPU3BOIUTH
710 3MEHILEHHS HAJIMHOCTI €JIEKTPOHHUX CUCTEM 1 3aliBUX Olepaunii y iX BUTOTOBIJICHHI.
BuxmounTy BUKOPUCTaHHS OJATKOBUX €JIEMEHTIB MOkHa (popmyBanHaM ninsHka BJIO



Ha BAX camoi MTJ-cuctemun, 4oMy 1 NpUCBSYEHI 3yCHUIUIS HAYKOBIIB MPOBIIHUX
nabopaTopiii CBITY.

BpaxoByroun akTyalbHICTb, 3pO3yMiJI0O METY JOCHIIKEHb IUCEpTaliiiHOT poOOoTH
bypnakoBa Biktopa OnekcanapoBuua, a came: orpumatu AuUisHKy 3 BJIO nHa BAX,
BCTAHOBUTH 3aKOHOMIPHOCTI 3MIHM XapakTepy 1 TUITy MPOBIIHOCTI B TOHKOILJIIBKOBHUX
[apyBaTUX TETEPOCTPYKTYypax (HepoMarHeTHK—IieIeKTPUK—(pepoMarHeTuk 1 3’sCyBaTu
¢b13uuHl  3acagu O[O0 OTPUMAaHHA HEMOHOTOHHOTO XapakTepy TMPOBIAHOCTI B
TOHKOILTIBKOBHX CTPYKTypax Ha OCHOBI 3aJ1i3a.

Y pamkax poOOTH MpoOBEACHO JOcCHipkeHHs Takux cucteM sk Fe/MgO/Fe,
Fe/MgO/(Fe+C), Fe/MgO/Ni Tta Fe/MgO/Co. PoGora B mepury dYepry Mae
dbyHIaMEHTAIBHUN XapakTep 1 MOB’si3aHa 3 JOCHIKEHHAM HoBoro misa MTJ-cuctem
epexty BJIO na BAX, Tomy BuOip KJIACHYHOI TPUIIAPOBOI CUCTEMHU 3 BHUKOPUCTAHHSIM
TUTIOBUX (PEPOMATHETUKIB € BIAJIMM, OCKIIBKH 3HAYHO CIPOIIY€E aHaji3 30HHOI OYyI0BU
OTpUMaHUX CTPYKTYp TUISt BCTAHOBJICHHS Gb13UIHIX 3aKOHOMIPHOCTEHN
eNeKTpoTpancnopty. JlochipKeHHsT BIUTMBY JOMIIIKKA Ha €JIEKTPO(]i3WyHI BIACTUBOCTI
cucremu Fe/MgO/Fe, xonu JeroBaHMM € OJWH 13 IIapiB MeTaly, IMOKa3ylTh, IO
orpuMatu epexkt BJIO na BAX MOXIHMBO 1 MPU BUKOPUCTAHHI OJHOTHUIHUX METAJIB B
SIKOCT1 BEpPXHBOI'O Ta HIKHBOTO 11apy MTJ-cuctemu. e mpuHIIMIIOBO HOBUM MiAX1JI, IO
BIIKDUBAE WIMPOKUN CIEKTP TMOMAIBIIMX JOCHIPKEHb IS TIOIIYKY ONTUMAaTbHUX
xapaktepuctuk obmacti 3 BJIO ma BAX cucremn (depomarHeTHK—mieNIeKTPUK—
(hepoMarHeTukK.

IIpakTuyHa WiHHICTL pE3yJbTATIB TMOJSATAaE B TOMY, IO OTPUMAHHMA
HEMOHOTOHHUW THWIl TPOBIJHOCTI BBAXKABCS XapaKTEpPHUM [Jisi HaIiBIOPOBIIHUKOBUX
MarepiayiiB. A OT HOro peaiizaiisi B CUCTeMi1 MeTal—I1eJICKTPUK—METaJl MOXE HaJaTu
CYTT€BHUI MOIITOBX PO3BUTKY HOBUX MIAXOAIB y Cy4acHIM (PyHKIIOHANbHIN €1EKTPOHILII.
3aMiHa HaMIBOPOBIJHUKOBUX €JIEMEHTIB HAHOCUCTEMaMH, IO CKJIAJA€ThCS 3 THUIIOBHUX
(hepoMarHeTuKiB, TaKUX SIK 3aJ1130, KOOAIBT YU HIKEJIb, MOXKE CYyTTEBO 3MEHIIUTH BapTICTh
MIPWIIAJIIB, IO TPYHTYIOTHCS HA JTAHOMY €(eKTi.

Crpyktypa auceptaiii bypinakosa B.O. cranmapTHa 1 CKIIaIa€eThCs 3 BCTYIY, OTIISATY
JiTepaTypH, po3Jlly PO BUTOTOBJICHHS MaTepialiiB Ta METOAUKU JOCIIIKEHHS, a TaKOX
JBOX  PO3IUIIB, TPUCBAYCHUX EKCIEPUMEHTATBbHUM  pe3yibTaraM  JJIOCHIIKEHHS
eNeKTpOo(I3UYHUX  BJIACTUBOCTEH CHUCTEMHU METaI—TICEKTPUK—METal Ta MeTall—
HaIIBOPOBIIHUK. TpaguuiiiHo NpUCYTHI PO3AUIH 3 3arajJbHUMU BUCHOBKAaMU Ta MEPETIKOM
MOCHUJIaHb.

CrpykTypa Ta BUKJIAJ MaTepialliB B JUCEpTallli € JIOTIYHUM Ta TMOCTIAOBHUM. Y
JITEpaTypHOMY OTJISZII PO3TIISIHYTO CydYacHl TexXHojorii 30epekeHHs 1Hdopmarii 1
HaBeleHO nepeBark MRAM Haj IHIIMMHM E€HEpProHe3aJieKHAMU THUMAMHU  [1aM STi.
[Ipoanaiii3oBaHO ME€XaH13MU MOJMIMNIIEHHS BIACTUBOCTEN 0a30BUX XapaKTEPUCTUK KOMIPOK
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nam’siTi 3aBISKM BUKOPHUCTAHHIO JOJATKOBOTO HAMiBIIPOBIIHUKOBOTO eneMeHty, BAX
aKoro wmictuth ob6xacte 3 BJIO. PosrasHyTo BiiomMi Ha ChOTOAHIIIHIA JIEHb
eKCIIEPUMEHTAJIbHI pe3ysbTaT oTpuMaHHs 06siacti BJIO B pi3HOMaHITHUX HAaHOCHUCTEMAaX
Ta MPOAHAIII30BAHO MOKJIMBI MEXaHI3MH, II0 € MPUYUHOK YTBOPEHHS HEMOHOTOHHOI
BAX. Po3rasHyTo TeOpeTHuUHI MEpPEeAyMOBH Ta pPE3yJIbTaTH MEPUIONPUHIIMITHUX
pO3paxyHKiB, SKi BKa3ylOTh Ha MOXIJIUBICTh BUHUKHEHHS BJIO B TOHKOIUTIBKOBUX
cuctemMax  (pepoMarHeTUK—IIENEKTPUK—(pEpOMarHeTuk  3a  yMOBH  OCOOJUBOTO
pO3TallyBaHHS €HEPreTUYHHUX PIBHIB B (pepoMarHetuky. JleranbHo OOIpYHTOBaHO BUOIp
MatepialiB, SKAA 0a3yeTbcsl Ha 1X XapaKTePUCTUKAX Ta BIACTHUBOCTSAX, 110 HEOOX1IHI JJIs
OTpUMaHHsSI HEMOHOTOHHUX BAX B TOHKOIUTIBKOBUX cHcTemax. OnucaHO METOJIUKH, SIKI
BUKOPHCTOBYBAJIUCh B paMKax JgUCEPTAIlIMHOI poOOTH 1Ji1 MIATOTOBKH 1 OTPHUMAaHHS
3pa3KiB, BU3HAUEHHS CTPYKTYpU Ta XIMIYHOTO CKJIATy, TOCIHIKEHHS €JEeKTPO(PIZUIHUX
BJIACTUBOCTEMN.

VY TperboMy pO31iJii HAaBEJEHO EKCIEPUMEHTAIBbHI Pe3yIbTaTH OTPUMAHHS JUTSTHKA
3 BJIO ma BAX cucremu MeTan-AieIeKTPUK-METal 3 BHKOPHCTAHHIM PI3HUX
(hepoMarHeTUKiB y SIKOCTI BEPXHbOI'O Ta HM)XKHBOTO METaJeBUX IapiB. Jjisi oTpumaHHs
HEMOHOTOHHOI AUITHKM BAX y cucrtemi 3 OJHOTHUITHUMHU MeETajaMH 3alpOIOHOBAHO 1
peanizoBaHO MOXJIMBICTh 3a0€3ME4eHHs] BIJIMIHHOCTEW 30HHOI CTPYKTYpH CHUCTEMH 3a
YMOBHU JIETYBaHHS OJHOTO 13 IapiB 3aii3a Byryienem. [IpoananizoBaHo 3MiHY OMOPY TaKoOi
CHUCTEMHU 3a TIOCTIMHOI HAMpYTH, SIK Pe3yJbTaT EJICKTPOMIrparlii JIETyIouoro eJIeMEHTY.
[IponemMoHCTpOBaHO, MO BUMPSMIISIOUl BIACTHBOCTI, XapaKTEpPHI JJIsl MPOBITHOCTI J10y
[IoTTKi, MOXIHBO OTpPUMATH ISl CHCTEMH Fe/MgO/Fe micnst mpoXopKeHHs
OKHMCJIIOBAJIbHUX MPOLECIB B aTMOC(epi 3a KIMHATHOI TEMIIEpaTypH.

UeTBepTuii po3aiJi IPUCBIYCHO JTOCTIHKEHHIO BIUIUBY JOMIIIKUA BYTJIEIIO, BHECEHOT
JI0 HAHOIUTIBKY 3aj1i3a, Ha €JEKTPUUYHI BIACTUBOCTI CUCTEMH METall — HAMiBIPOBIIHUK JIJIsI
EKCIIEPUMEHTAJIbHOTO BCTAHOBJICHHS OCOOJMBOCTEM 3MiHM eHeprii depmi 3amiza 3a
BIJINOBI/IHUX YMOB JIETYBaHHS.

OcHOBHI pe3y/bTaTH Ta IX HAYKOBA HOBH3HA:

1. Brepiie oTpumano BiJ’eMHUN qudepeHIIHHUNA OMmip B TOHKOIUIIBKOBUX TE€TEPO
CTPYKTypax (epoMarHeTUK—IieeKTPUK—(pEepoOMarHeTuk 3a yMOBH BUKOPHUCTaHHS
METaJlIB, 1110 BIAPI3HAIOTHCS 3a CBOIMH 30HHUMHM BJIACTHUBOCTSIMHU.

2. BusBIEHO B3a€MO3B’S30K MK JAU(PEPEHIINHOI MPOBIJHICTIO HAa MOYATKOBIN
ainstHl BAX Ta Hampyrotro, 3a sikoi crioctepiraerbest oonacts 3 BJ1O. Takuii xapakrep
MPOBIAHOCTI TMOB'sI3aHUN 3 TapaMeTpaMH, M0 BIAMOBIJAIOTH 32 TYHEJbHI BJIACTHBOCTI
CUCTEMH, 30KpeMa, 3 €PEKTUBHOIO MaCOI0 €JIEeKTPOHA.

3. Bunuknenns o6mnacti 3 BJIO na BAX y cucremi ¢gpepoMarHeTuk—maieaeKTpruK—
(hepoMarHeTuK MOSCHEHO MPUCYTHICTIO JIOKAJBbHUX OOJacTel MpOBIAHOCTI MOl TUIOINT,



3a KOl cucteMy MoxHa BBaxkatu 1D um OD crtpykTyporo, Ta BuUOOpOM MaTepiaiiB 3
PI3HOIO €JIEKTPOHHOIO TYCTUHOIO CTaHIB B SIKOCTI BEPXHBOI'O Ta HUKHBOTO IIAPIB.

4. Ha cucremax 3ali30—HaIiBOPOBIAHUK p- Ta #- TUIY MPOBIIHOCTI
€KCIIEpMMEHTAJIbHO BCTAHOBJICHO, 110 JOJAaBaHHS BYIJICLIO B 3ali30 30UIbLIyE POOOTY
BUXOJly €JEKTPOHIB. Y pe3yibTari, e MPU3BOAUTH 0 3MIHM MPOBIIHOCTI 3 OMIYHOI Ha
BUIIPSMIISIIOUY TPY KOHTAKTI 3aj1i3a, JIESTOBAHOT'O BYTJICIIEM, 3 HAIlIBIPOBIAHUKOM A-THUITY.

JlocTOBIpHiCTL Ta OOIPYHTOBAHICTH Pe3yJabTATIB € 33J0BUIbHOI0. Y pOOOTI
NpeICTaBiIeHl MNPUHLUMIIOBO HOBI  pe3ynbTaTd, $AKI B TIPaHUYHUX  BHUIMAJKax
HOIATBEP/KYIOTbCS  HU3KOIO  €KCIIEPUMEHTAIbHUX JaHUX JUIsl  PI3HUX CHUCTEM 1
BIJIMOBIAAIOTH JITEPATYPHUM JaHUM I1HIIMX aBTOPIB, TOMY iX JIOCTOBIPHICTh HE IMiJJIATae
CyMHIBY. BUsBIEHI 3aKOHOMIPHOCTI BaXKJIUB1 ISl BCTAHOBJICHHS (PI3MYHOTO MEXaHI13MY
BuHHKHEHHs oOjacti 3 BJIO na BAX cucremu Meran—nieneKTpuKk—MeTal, a HaBeACH] B
po0oTi Pi3uyHI OOIPYHTYBAaHHS PE3YJIbTATIB € I[IKABUMH 1 Y3TOJIKYIOThCS 3 Pe3yJIbTaTaMH,
OTPUMaHMMH 1HIIIUMH aBTOPaAMU 3a TOCHIKeHb [D- ta 0D-CTpyKTYyD.

PesynpraTu nucepraiiitnoi poboTu anpoOoBaHi B JOCTATHIA MIpl HA BITYUZHIHHUX
Ta MDKHAapOJHUX HAyKOBUX KOH(MEpeHIIIX, a TakoX Ha ceMiHapax B [HCTUTYTI
metanodpizuku iM. [.B. KyparomoBa HAH Vxkpainu. OCHOBHI MOJIOKEHHS AUCEpTaIliil
OmyOJIKOBaHO B TPbOX CTATTIX SKI 1HIAEKCYIOTbCS HAayKOMETPUYHOI 0a3010 JaHMX
SCOPUS 1 BiTHOCATHCSA T0O HAYKOBHX BHUJIaHb JPYTOT0 Ta TPETHOTO KBAPTHUITIO.

VY misnomy, poboTta crpaiisie TO3UTUBHE BPAKEHHS, NUCEpTaIlisd 100pe HamucaHa 1
opopMiieHa, CTPYKTypa Ta BHUKJIAJ MaTepiayiB € JOTIYHUM Ta TMOCTIJOBHUM, XO4a
TPAIUIIOTHCS IMYyHKTYyallliiHI TOMHJIKH Ta pycusmu. Cepen 3ayBa:keHb 0 poOOTH
B1JI3HA4y HACTYIHI:

1. Ilepwuit ma Opyuii po30in 4acmKo8O NEPeCAHMANCEHUIl He0008’A3K06010
ingpopmauicro ma pucynkamu. Yacmuna npunadie, 6UKOPUCMAHUX 8 pPOOOMI,
3acmapina 011 00CHI0HCEeHHA MOHKUX N1i6OK ma npouecieé ¢ Hux. Ak npuknao:
npunao 01a penmzenocmpykmyprozo ananizy /[POH-3M.

2. Ilpu euodopi mamepianie nHazoarouiycmvca Ha nepesazax Kpucmaniunozo Mg0O y
nopieHanHi 3 amoppnum Al>O3 ma naeooamuvcsa 6i0N0GIOHI HimepamypHi Oaui.
Oonak, ye cnpaeeodnueo auuie 01 eniMaKcilino20 eUPOULY6AHHA NII6KU, W0 HE
8ionoeioac memoouyi HanoOPoOwieHns, ukopucmatiil ¢ pooomi. Taxoxc giocymmni
CMPYKmMYpPHI 0aui, AKi MOMCYMb 6Kazamu, 8 akomy cmani nepeoysac MgO.

3. Bonom-amnepna xapakmepucmuka, npeocmaeinena na puc. 3.12 (a), mac
omiynuini xapakmep, a He myHeavHuul. Ile makoxc cmocyemovca i
xXapakmepucmuk, nokazanux na puc. 3.19 (a) ma na puc. 3.20.

4.Y pooomi HeoOHOpPA3080 HAONOWYEMLCA NPO me, W0 CUCHEMU, W0
00CNIONHCYIOMbCA, € MAZHIMHUMU MYHEIbHUUM NEPEX00amu ma MONCYHb
BUKOPUCHO8YBAMUCA AK 0A3086I eJleMeHmU MAZHIMOpe3ucCmueHoi nam’ami



MRAM, 00nak oocriodcenns came Ma2iinmuux e1aCmUeOCmelt WX cucmen y
podoni giocy .

S. 3anpononosany izuuny vooets nosciuenust gunurienns ooaacmi 3 BAO na
BAX  oocuioocysanux  cucmesm oadicano  niOmeepoumu - CPYRAYPHUMIL
O0CAOMCEeNNAMIL.

BiIIMi‘—leHi 3ayBaXXC€HHS HE BIIJIMBAIOThL Ha O6l'pyHTOBaHiCTl> rOJIJOBHUX BUCHOBKIB Ta

[10JI0’KeHb JIMCepTallil, @ TOMY MOXYTh pO3MsilaTUCh ab0 sk He3HayHl 3ayBaKCHHS 3
odopmitetits poboTH (1. 1-3), abo sik noda)kaHHs /10 NoAalLLUION0 PO3BUTKY JI0CII/IKCHb
(rin. 4-5).

3a KiIbKICTIO OTPUMAHWX eKCMIePUMEHTAJIbHUX JIAaHWX Ta CTyNeHenm ¢i3ndioro
061pymy3amm OTpUMaHUX pe3yJibTaTiB, (].)yHlIaMCHTaﬂl)HOIO Ta NPaKTHYHOIO HIHHICTIO,
aKTYasbHICTIO Ta HAYKOBOIO HOBH3HOIO, IIUJIICHICTIO 1X BHUKJAJCHHS Ta CTYICHCM
anpoOaiiit, adcepraiiiina pobora B.O. bypnakosa «EnekTpodizuuni B 1acFUBOCTI
TOHKOIUTIBKOBHUX CTPYKTYp (hepomMarHeTHk — JUeNIeKTpUK — (epoMarHeTHK 3a Mirpattii
CJICKTPOIIPOBIIHUX  J10 1ilIDK» €  3aBCPILCHOI0  HAYKOBO-/IOC:H/IHOIO pobOTOl0, siKa
Riinosiziac ranysi 3Hanb 10 «[lpupoanndi Hayku» 3a cneuianbiictio 105 «llpukiiaana
¢di13uka Ta HaHomaTepianu», BUMoram llopsiiky niiroToBkH 3/100yBayiB BHIILOI OCBITH
CTyrMneHsi JIoKTopa (ijocodii Ta JOKTOpa HayK Yy 3akjajax BULIOT OCBITH (HayKOBHMX
ycraHoBax), 3aTBep/ukcHoro Iloctanoroto KadineTty MinicTpiB Ykpaitu Bin 23 Oepesiis
2016 poky o 281 (3i 3minamu i gonosenismu Bia 03 ksitas 2019 poky o 2¥3). n.10
llopsiniky npoBejeHHst eKCepUMeHTY 3 MNPUCYIDKCHHS CTynehst J10KkTopa dinocodil,
3aTBepKeHoro nocraHoroto Kabinety Miunictpin Ykpaitu Bijg 6 6epestst 2019 p. No 167,
a 11 aBTop — bypnakos Biktop OnckcanjipoBHy, 3acilyroBy€ Ha NpUCYIKEHHS HayKOBOI'O

CTylicHs  JlokTOopa  (ijocodii  3a creuianbHicTio 105 «llpuknanna  ¢i3zuka Ta
HaHoMatrcplainy.

Odiniiinnii onoveutr:
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