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Kwuis, 2023.

HuceprariitHa poO0OTa TPUCBIUYETHCS JOCHIIKEHHIO MAarHITOCTATUYHUX Ta
PE30HAHCHUX BJIACTHUBOCTEW OararomapoBUX CTPYKTYp 3 CHHTETUYHMMH Ta
OPUPOAHIMU aHTU(HEPOMATHITHUMHU KOMIIOHEHTAMU 32 YMOB, KOJIM iX XapaKTepHi
JMHIAHI PO3MIPH TEPEXOAATh N0 HAHOMACIMITA0y — KPUTHYHOI BHUMOTH, IIIO
BUCYBA€THCSA JO CY4YacCHUX IMEPCHEKTUBHUX HAIPSMKIB CIIHOBOI EJIEKTPOHIKH. 3
BUKOPUCTAHHSIM  CYYaCHUX  EKCHEPUMETAIbHUX  METOAMK  (MarHiTOMeTpis,
CHEKTPOCKOMIs ()EPOMATrHITHOTO PE3OHAHCY 1 T.II.), @ TAKOXK IM1JIX0/1y MIKPOMarHiTHUX
MOJICIOBaHb, MPOBOAUTHCA CHCTEMAaTHUYHUN aHali3 3aKOHOMIPHOCTEH 3MIHU
KJIFOYOBUX MAarHITHUX BJIacTUBOCTEH miBKOBUX retepocTpykTyp Fe/[Cr/FeCr/Cr],/Fe,
Py/FeMn/[Cu/Py] Ta HaHopo3MmipHux TpumapoBux eneMeHTiB Py/NiCu/Py B
3aJIKHOCTI BIJ] TEMIIEpaTypH, iX IHTErpajbHMX KOMIIOHEHT Ta TI'€OMETPUYHHUX
napameTpiB. BusBieni HoB1I (i3uyHi epekTH MOXKyTb OyTH BHKOPUCTaHI s
HaJAIITyBaHHA Ta onTuMmizamii (QYHKIIOHAIBHUX XapaKTEPUCTUK  KIHIIEBHUX
CJIEKTPOHHUX  MPUCTPOIB, JU3alH  AKUX T[ependadyae  3allyuyeHHS  TaKUX
aHTU(EPOMArHITHUX KOMIIOHEHT.

Y Bcmyni (Po3oin 1) mpoBOAUTBCS OOIPYHTYBaHHS aKTyaJlbHOCTI BHOpaHOI
TEMHU UCEPTALITHOrO JOCTIIXKEHHSI Ta HATA€ThCA 3arajibHa XapaKTEPUCTUKA POOOTH.
@opMyIIOI0TECA TOJIOBHA METa Ta 3aBIaHHs, BU3HAYAIOThCS OO €KT Ta MPEAMET
nocnimkeHHs. [IpeacTaBiasioTbcsi OCHOBHI HAayKOB1 TOJIOKEHHS, IO 3aCBIAYYIOThH
HOBU3HY OTPUMAHHMX PE3YyJIbTATIB. 3a3HA4aeTbcd OCOOMCTHUH BHECOK 3700yBava y

po0OoTH, BUHECEHI Ha 3axuCT aucepraiii. Hamaerbes iHbopmariis mono amnpoodairii



pe3yNbTaTIB IOCHIKEHb HA HAYKOBUX KOH(EPEHIIISIX Ta 3B 53Ky pOOOTH 3 HAyKOBO-
JOCIIITHUMU TEMaMHU.

pyeuti po3oin poOOTH MNOKJIMKAHUN O3HAHOMHUTH YMUTaya 3 3arajbHOI0
MpoOJeMaTUKOI0 O0paHOi TEeMH JHCEPTAIlIHHOTO JOCHIDKEHHS, ICHYIOUUMU
HAyKOBUMHU 37100yTKamMu B cdepi cuntetuyHux antudepomartetukis (CAD) Ta
MOJAJbIIUX TEPCIEeKTUBAX iX 3aCTOCYBAHHA Y SKOCTI KOMIIOHEHT MAarHOHHHX
MeTamaTepiaiiB, HEHpOMOp(GHUX KOHTAKTIB Ta IHIIMX CYyYaCHHUX pPO3POOOK
HaHOEJIeKTpOHIKH. (Crno4yaTky MpOMOHYETbCS  KOPOTKUM  ICTOPUYHHM  OTJISA[
JOCIIKEHB, IO MPUBEIU 0 BIAKPUTTS HEmpsiMoi oOMiHHOI B3aeMoxii Pynepmana-
Kitrena-Kacyi-lociqzm 'y GararomapoBux  CTpyKTypax Ta  HaarpaTkax —
OCHOBOTIOJIOXHOTO SIBHINA, AKE 3p0o0mio MoxJuBuM cTBOpeHHs CA®D. HaBoguThcs
MOPIBHSHHA TaKWX MarepiasiB 3 MNpUPOAHIMH aHTU(epoMarHiTHUMU (ADM)
KpUCTalaMH, aKIIEHTYIOUH yBary Ha BUZHAYHHUX XapaKTEPUCTHKAX 000X CHUCTEM Ta ix
1HAMBITyaJIbHIN BayKJIUBINA poJal y ciHTpoHIUl. [IpeacTaBnseThes 3aralbHONPUITHATUI
dopmaniaM JUISI  QHAJITUYHOTO OMHCY HENpsAMOi MIKIIAPOBOi B3aeMOAll Y
OararomrapoBux CTpykTypax. Jlam oOroBoprorOThCS HU3KA MPUKIATHUX 3aCTOCYBaHb
CTPYKTYP 3 aHTU(EpOMarHiTHUMU KOMIIOHEHTAMH, BIJ LIMPOKO BIJOMHUX KOMIPOK
Mar”iTHOI am’siTi, B SIKUX MOEeNHYI0Thes niepeBaru sik CA®D, tak 1 npupoaHix ADOM,
710 MEPEAOBUX CAMO3MIIIEHUX HAHOMATHITIB, PO3pO0Ka SKUX BAXKJIMBA JJIsl CTBOPEHHS
MEXaH13MIB PETYIIOBaHHS JUCIEPCIi CIITHOBUX XBUJIb.

Y mpemvomy po30ini npencTaBisiOThCs (HI3UUHI 3aCaii OCHOBHUX METO/IIB, 10
BUKOPUCTOBYBAJINCH JJIi BHUTOTOBJICHHS 3pa3KiB, BUMIPIOBAHHS iX MarHITHHX
napamMeTpiB Ta aHaji3zy pe3yibTaTiB: METOJ] MarHeTPOHHOTO HAMOPOIICHHS
0araTtomrapoBUX CTPYKTYp, CHEKTPOCKOMis ¢epoMarHiTHOTO pe3onancy (OPMP) Ta
MIJIX1J] MIKPOMarHiTHUX MOJEIIOBaHb YacOBOI €BOJIIOIII MPOCTOPOBOrO PO3MOILITY
MarHiTHUX MOMEHTIB. Takok HaJar0ThCs TEXHIYHI crienudikarii ycix JOCTIKSHUX Y
JaH1i poOOTI 3pa3KiB.

YV uemeepmomy  po30ini  HOCHUKYIOTbCS  3MIHM  MarHiTOCTaTUYHUX
BJIACTUBOCTEN Ta XapaKTepy TeMIlepaTypHO-PEryJbOBAaHOTO MNEPEMHUKAHHS CTaHy
«pepomarnetuk-antudepomarnetuk» CA®D marepianiB y KOHTEKCTI MEPEXOIY BIJ

JIBOBUMIPHUX TOHKOIUTIBKOBUX CTPYKTYP J10 JIAT€paTIbHO 0OMEKEHUX HAHOEJIEMEHTIB.



[IpoBomuThCS sIKICHA Ta KUIBKICHA OIlIHKA KIFOYOBHX MATrHITHUX TMapaMeTpiB:
HaMarHi4e€HOCT1, KOEPIUTUBHOI CUJIH, €()EKTUBHOIO TOJISI MIKIIIAPOBOI B3aEMOJIT, SIK
B 3QJIKHOCTI BiJ OyJOBM Ta T€OMETpii HAHOCTPYKTYp, Tak 1 BiJl TeMiepaTypu. Y
Mepurii  9acTWUHI  pO3MITy OOTOBOPEHHS  30CEPEKYEThCS HAa  IUIIBKOBHX
oararomapoBux cTpyktypax CA®D Fe/[Cr/FeCr/Cr],/Fe, ana gxux KiacuU4Ha i1es
BTIJICHHS TEMIIEPATypHOTO KEPYBAHHSI IPYHTYETHCS Ha 3aJIy4€HHI JISTOBAHOTO CIIa0KO-
¢epomarnitHoro crutasy FeCr 3 TepMoMmMarHiTHUM — (a3oBUM  MEPEXOJA0M
«pepoMarHeTuK-rnapaMarHeTuK». 3aBAsSKd I[bOMY y CUCTEMI BUHUKAE YYTIUBUU /10
TeMIIEpaTypd  MeEXaHi3M TEePeMHUKaHHS THUIy OOMIHHOI  B3aeMOMdIl  MiX
depomarnitHumu (OM) mapamu Fe. Illnsxom BiATBOpEHHS €KCHEPUMEHTAIBHHUX
KpUBUX TI€peMarHiuyBaHHS 3a (DEHOMEHOJOTIYHOIO MOJEIUII0 JIOCTIIKY€ETHCS
KOHKYPEHIliI MIXK TMPSIMOI0 Ta HEMPSMOIO OOMIHHOIO B3a€EMOJIEI0, a TaKOX MIXK
Henpsimoro B3aemojiiero ADOM ta M tumis, siki peanizytorbess y CAD 3 pi3zHOIO
OynoBoto cmeticepa. [loka3aHo, 10 BHUKOPUCTaHHA KOMIIO3UTHOTO cCrieiicepa
[Ct/FeCr/Cr], 3Byxye TemmepaTypHuii iHTepBan mnepemukanHs ctany CA® Bix
>100 K, TunoBoro 1ij1st KJIaCUYHUX CTPYKTYP 3 opHopiaaum criericepom FeCr, no 15 K.
[TokpamieHHs: ePEeKTUBHOCTI NEPEMHUKAHHSA TAKOX MPOSBISETHCS HA aHI30TPOIHHX
BiacTUBOCTIX CAD — TeMIiepaTypHa 3aJIeKHICTh KOSPIIUTUBHOT CHJIM HaOyBae OUIbIII
MOHOTOHHOTO Xapakrtepy. ¥ Ipyriid 4aCTHHI PO3ALLY pPO3IIISIIAI0THCS MACUBU KPYIIIMX
miaHapaux HaHoauckiB CA® Py/NiCu/Py, y SKUX JE€MOHCTPYEThCS peati3aiis
no/1I0HOTO MEXaHI3My TeMmIepaTypHO-KepoBaHoro nepeMarHidyBanHs CA®d, oxnax
0e3 3amydeHHsT HenmpsiMoi OOMIHHOI B3aeMoli. Takum JaTepaibHO OOMEKEHUM
HAHOEJIEMEHTAM MpPUTaMaHHA MAarHiTOCTaTUYHA JUIOJbHA B3a€MOJIsS, KA J€ MK
mapamu Py Ta cnipusie aHTHmapaneabHOMy PO3TAllyBaHHIO 1X MAarHITHUX MOMEHTIB,
100T0 AD®M crany CA®. [lepemukanHs X CTaHy BiIOYBa€ThCS BHACIHIJIOK MOSBU
npsimoro obminy uyepe3 cmeiicep NiCu, konmu BiH HaOyBae (HepoMarHiTHOrO
BIIOPSIIKYBAaHHS 32 HU3BKUX TeMIleparyp. 3a JOMOMOTOK MAarHiTOMETPUYHHX
BUMIpPIOBAaHb BHSBJICHO XapakTepHi s HaHoeneMeHTiB CA® ocobmuBOCTI
TEMIIEPAaTYpHUX 3MIH HaMarHi4eHOCTI Ta TICTEepe3ucy MacuBiB. AHaIi3 Ta
IHTepHpeTaLisi €KCIEPUMEHTAIbHO CIIOCTEPEXKYBAHUX €(EKTIB 3A1MCHIOBAIMCA B

paMKax 3amporioHOBAHOTO BHpa3y eHepreTHYHoro Oanancy. [IpogeMoHcTpoBaHo, 110



KyHOJIOBHIHA (pOpMa HAHOEIEMEHTIB MPU3BOJUTH /10 MOSIBU CYTTEBOTO 3aJIUIIIKOBOTO
MOMEHTY Ta JOJIaTKOBOi TMETJ1 MepeMarHiyyBaHHS MMOONH3y HYJS 30BHILIHBOTO
marHiTHoro nosst, ko CA®D nepedyBae y ADOM crani. Y 0051aCTi TEMIIEpaTyp HUKYIEC
TOUYKH (ha30BOTO MEpPEXoAy creiicepa, o Bianosigae ®M craHy e1eMeHTIB, BUSBICHO
pi3Ke 3pOCTaHHS KOCPUUTHUBHOI CHJIM, 3yMOBJIEHE TTOCUJICHHSAM MAarHITHOTO MOPSAKY
Ta MarHiTOKPUCTANIIYHOI aH130Tporii JieroBaHoro crericepa NiCu.

JlocmimkeHHs, IPEICTaBIeHl V 1 ’smom)y po30ini poOOTH, 30CEPEIKYIOThCS Ha
BUBYECHHI 0COOJIMBOCTEH MarHiTHOTO CTaHy JBOIIAPOBOI MIIBKOBOI cuctemu Py/FeMn
konu ToBmmHA ADPM mapy FeMn crtae MEHIIO Bij TUMOBUX 3HAY€HH OOMIHHOI
noxunu craBy Py ~5 um. [Ipu ubomy edextuBHa Temnepatypa Heensi, To6To TOUuKa
¢dazoBoro mepexony mapy FeMn «aHTH(epoMarHeTHK-apaMarHeTuk», € 3HAYHO
HIDKYOIO BIJI Takoi i1 00’ €MHOro Kpucrtaiy, 1 AOM map nepedyBae Ha MEXKi CBOTO
Mar”iTHOTO BIOPSIIKYBaHHS y BEJIMKOMY J1ala3oHi TeMmmeparyp. 3a TaKuX YMOB
NPUPOIHBO OYIKYBATH TOSBY HETPHUBIAIBHUX €(QEKTIB, IO W JEMOHCTPYETHCSA Y
naHoMmy po3zum. s xapaktepusallii MarHiTHOrO CTaHy OlmiapiB y mepiiniid 4yacTHHI
PO3AUTY JOCHIIKYIOTBCS TEMIIEPATypPHO- Ta TOBIIMHHO-3aJIEXKH] MPOILIECH JUCHUTIALIL
CTpyMY CIIIHOBO1 HakaukH y cTpykrypax Py/FeMn(3—7 um)/Cu/Py, noaiOHIX 3a CBOEIO
OynoBoro 10 croiHOBUX KiamaHiB. OKpiM TpaAuIifHOTO BHECKY MOTJIMHAHHS
aHTHU(PEPOMArHETUKOM TIOTIEPEYHOT KOMIIOHEHTH CIIIHOBOTO CTPyMY, BHSBJICHO
JOJIATKOBHI HEOJHOPIAHUIM BHECOK, SIKUM HAMSCKpaBILIE MPOSBISETHCS ISl BUMAJIKY
ToHkoro FeMn Ta 3a HU3bKUX TemmnepaTyp. PeHOMEHOIOT14HI PO3paxyHKH, BUKOHAH1
B pamKax cta"napTHoro gopmanizmy ®MP, 1o3Boiamim noB’s13aTu JOJATKOBHI KaHaI
aucunarnii 3 GopMyBaHHIM OOMIHHOI MPY>KUHU B o0nacti iHTepdeiicy Py/FeMn, sika
BUHUKAE 32 PAXyHOK KOHKypeHIli edekTy Onm3bkocTi (epoMarHeTuka Ta
antudepomarniTHoro ooMiHny y FeMn. BcraHoBiieHO, 110 aHI30TpONHA MOBEAIHKA
IIbOTO BHECKY BH3HAYAEThCS BiAXWIeHHSAM Bektopa Heens y ADM mapi, 1o
JOJIaTKOBO 30UIBIIYE CTYIIHb HEOAHOPITHOCTI PO3MOALILY CIiHIB Ha iHTepdeiici. Y
ApYTil YacTHHI PO3JAUTY TPEICTABISETHCA OKpEeMEe JIOCHIDKEHHS PEe30HaHCHOT
JUHAMIKM HaMarHi4eHOCTI JIBOLIAPOBHMX IUTIBKOBUX CTPYKTYp Py/FeMn(3-7 um).
[Ipo1IeMOHCTPOBAHO MOKJIMBICTh Maike JAECATUKPATHOTO 130TPOMHOrO 30UIbIIEHHS

gactotd ®MP 3a KIMHATHOI TeMIEpAaTypH HUIIXOM 3aly4yeHHs TOHKOTO ADM miapy



FeMn(3 um) y npssimomy koHTakTi 3 ®M mapom. Ha BigMiny Bif 3pa3kiB 3 OLIBIIO0
TOBIIMHOI FeMn, 1)1 IKUX 4iTKO CIIOCTEPITaeThCs SIBUILE OOMIHHOTO 3aKpITUICHHS Ta
OB’ s13aHOT 3 HUM OJIHOHAIMPABJICHOI aHI130TpoIIii, y BUnaaky Toukoro A®M mapy 3a
MPUCKOPEHHS MHAMIKH BIAMOBiIa€ 0OOPOTHA aHI30TPOIIiS, IO JOMIHY€E Ha BChOMY
TEMIIEpaTypHOMY 1HTEpBaji BUMIipioBaHb. [IpoBOIUTHCS OlLliHKA €(PEKTUBHOTO MOJIS
00OpOTHOI aHI30TpoMii, fKa MPU KIMHATHIN Temriepatypi nae 3HaueHHs y 60 mTm.
Po3paxyHnok TemneparypHaux 3anexxnocren yactotu ®MP, BukoHaHUM 119 TpPAaHUYHUX
BUIAJKIB TOHKOro 1 ToBcToro FeMn 3a momomororw Mojn]ikoBaHOTO pIBHSHHS
Kirrens, n103Bosisi€ MOPIBHATH adbTepPHATUBHI MEXaHI3MH MPUCKOPEHHS PE30HAHCHOT
TuHaMiKH cyciqaporo @M mapy Py.

Hlocmuti po3oin pucepTallli MPUCBSIYYETHCS CUCTEMATUYHOMY BUBUYEHHIO
cnenu(ikd CHiH-XBHJIBOBOI JWHAMIKH TPOCTOPOBO OOMEKEHHX HAHOPO3MIPHUX
enemeHTiB CAD, y gkuxX He JMIlEe TOBIIMHA IIapiB, ajie W JaTepalibHI pPO3MIpU
HaOMIMKAIOTBCS 70 TOPSAKY OOMIHHOI JOBXKHHH. PO3TISIalOThCS SIK TTOOTWHOKI
TpuiiapoBi HaHoenemeHTH CA® kpyrioi Ta emincomnomioHoi dopmu, Tak 1 iX
BIIOPSIIKOBAH1 TEPIOJUYHI MAcCUBU 3 PI3HUMH T€OMETPUYHUMHU TapameTpamu. Y
MEepIIii YaCTHHI HA MPUKJIIAJIl MOOJUHOKOIO MEPIEeHIUKYIIpHO Hamardiuenoro CA®
JIEMOHCTPYIOTBCA MOTYXKHOCTI MiJAXOAY MIKPOMArHiTHUX MOJETIOBaHb SIK 3pYyYHOTO
IHCTPYMEHTY Uil CHEKTPAJIbHOTO aHajizy 0araToMOJOBOTO CHiH-XBUJIBOBOIO
PE30HAHCY TAKUX CUCTEM. Y paMKaxX MIKPOMArHITHOI MOJEJl BIATBOPEHO YMOBH, 3a
SAKUX OJTHOYACHO BCTAaHOBIIIOIOTHCSI KOJIMBAHHS OJTHOPIHOT MOJM Ta JBOX BUOpaHUX
MOJI BHIIMX TOPSIKIB, TOJBOBI JUCHEpPCii SKUX J0Ope Y3rOKYHOThCS 3
EKCIIEPUMEHTAJIbHUMU  JIAHUMH  JUJIS  PEajbHOTO0  CIIHTPOHHOTO  OCHUJISTOPA,
30yKkeHoro edeKToM mepeadi MOMEHTY CHJIM CIIH-TIOJSIPU30BAaHUM CTPYMOM.
Takoxk MoKa3zaHo SIK MOPYLIEHHS CUMETPIl CTATUYHOTO PO3MOALITY HAMATrHIYEHOCT1 Y
emnTuaHoMy HaHoesneMeHTi CA® mpu3BOAUTH 10 CYTTEBOI SIKICHOI TpaHchopmariii
MIPOCTOPOBOI CTPYKTYPHU CTOSIUMX CHIHOBUX XBWJIb. Y JAPYTid YaCTUHI JOCIIIKYETHCA
pe30HaHCHA TMIOBEJIHKA MACHBIB IUJAHAPHO HaMar"iueHux HaHojauckiB CAD
Py/NiCu/Py 3 HominansHuM giamerpom 150 am. Excnepumentanbhi cnektpu OMP
BUSIBJISIIOTh  PO3IICIUICHHS TPaHUYHOI CIIH-XBWJIBOBOI MOJIM HAa KOJWUBAHHS

AKyCTUYHOTO Ta ONTHUYHOTO THUIIIB 32 KIMHATHOI TEMIEPATYpPH, IO TaKOX YCIHIIIHO



BIITBOPIOETHCS HAa MIKPOMATrHITHUX MOJCIIOBAHHSAX. 3’SCOBAHO NPHYMUHY TOSBU
JI0IATKOBOT BUCOKOYACTOTHOT IPAaHUYHOT MO/IH, sIKA TIOJISITA€ y aCUMETPii BHYTPIITHBOT
JTUTIOIBHOT B3a€MO/I11 KYTIOJOBUIHUX HaHOeIeMeHTiB, Je 18a ®M mapu CAD maroth
cyrreBo  BiaminHi  miamerpu  (~15 %).  IIpoaeMOHCTpOBaHO  MOXJIHMBICTH
0€3I0CePEeIHbOr0 TEMIEPATYPHOrO KOHTPOJIIO HAJ CIIH-XBWJIBOBOIO JHUHAMIKOIO
HaHoeneMeHTIB CA® — 3a Temmneparyp HIK4Ye TOUKM (a30BOTO MEpEeXody creiicepa
NiCu 7 < 220 K BoHU nIepeTBOPIOIOTHCS y KBa3i-oqHomapoBi ®M AuCKH, IpU LBOMY
JIBI TPaHW4YHI MOJIM 3JIUBAIOTHCA B OJMH IIMPOKHUNA mMiK. TpeTss yacThHa PpO3ILITY
posrisigae MacuBu HaHoeneMeHTIB CAD aHanoriyHoi O0y/10BH, OJHAK €INCONOIOHOT
¢dbopmu Ta BJIBIUl MEHIIIOTO PO3MIPY, TOBXKUHA BEIUKOT OCI IKMX CTAaHOBUTH 75 HM. Ha
BIIMIHY BiJ MONEPEAHBOTO BHUIIAJKY, y TAaKUX HAHOEJIEMEHTaX CIIOCTEPIraeThCs
30y/OKEHHSI €UHOI BHPOJKEHOI MOJM 3 CYTTEBO TIOPUAM30BAHUM PO3MOIIIOM
KOJMBaHb. MIKpOMarHiTHI pO3paxyHKH BIITBOPIOIOTH aHI30TPOIHY MOBEIIHKY IlI€l
MOJM Ta BKa3ylTh Ha Te, WO ii NpoQuIl € pe3yJabTaTOM CYNEpIO3Hllii KOJIUBaHb
[EHTPAJIbHOI Ta TPAaHUYHOI CTOSYMX CIHIHOBUX XBHIIb. OOTOBOPIOIOTHCS (hi3MUHI
MEXaHI3MH, BIJMOBIMAIBHI 3a TaKy TIOpHAM3aIi0 IPOCTOPOBOI  CTPYKTYpHU

BUPOKEHOI MOJIH.

KurouoBi caoBa: 6araromapoBi CTPYKTypU, CHHTETUYHI aHTU(EPOMAarHeTHUKH,
PKKI B3aeMogisi, MarHITHUM TiCTEpE3NC, MAarHiTHUI (Pa30BUil mepexia, TEPMOMArHITHI
edeKTH, TMHaMiKa HaMarH14eHOCT1, (PepOMAarHiTHUNA PE30HAHC, CTOSY1 CIIHOBI XBUJII,

CHIHTPOHHI HAHOOCIWIATOPH, CIIIHTPOHIKA, MarHOHIKa.



ABSTRACT

Borynskyi  V.Yu. Magnetic and resonant properties of multilayered
nanostructures with antiferromagnetic components. — Qualifying scientific work on the
manuscript rights.

Dissertation for the Doctor of Philosophy scientific degree in the Specialty 105
"Applied physics and nanomaterials”. — Institute of Magnetism of the National
Academy of Sciences of Ukraine and the Ministry of Education and Science of

Ukraine, Kyiv, 2023.

The dissertation is devoted to the study of magnetostatic and resonant properties
of multilayered structures with synthetic and natural antiferromagnetic components
when their characteristic linear sizes reach nanoscale — the critical requirement for
promising modern avenues of spin electronics. A systematic analysis of temperature-
and geometry-dependent changes in key magnetic parameters is carried out for the
continuous-film heterostructures Fe/[Cr/FeCr/Cr]./Fe, Py/FeMn/[Cu/Py], as well as
the three-layer nanoelements Py/NiCu/Py, using experimental magnetometric
methods, ferromagnetic resonance spectroscopy and micromagnetic simulation
technique. New reported physical effects can be utilized to adjust and optimize the final
functional characteristics of electronic devices, the design of which implies the
involvement of such antiferromagnetic components.

In the Introduction (Chapeter 1), the relevance of the chosen topic of the doctoral
research is substantiated and a general description of this work is provided. The
primary goal and tasks are formulated, the object and subject of the study are described.
The main scientific provisions are presented, proving the novelty of the obtained
results. Personal PhD candidate’s contribution to the works, submitted for the defense
of the dissertation, is noted. Information on public approval of research findings at
scientific conferences, as well as on the association of this work with R&D topics is
provided.

The Second chapter of the work is designed to acquaint the reader with general

problems of the doctoral research topic, existing scientific achievements in the field of



synthetic antiferromagnets (SAF) and further prospects for their use as integral
components for magnon metamaterials, neuromorphic junctions and other modern
nanoelectronic devices. The discussion begins with a brief historical overview of the
studies that led to the discovery of Ruderman-Kittel-Kasuya-Yosida indirect exchange
interaction acting in multilayered structures and superlattices — a fundamental
phenomenon underlying SAF. A comparison of such materials with natural
antiferromagnetic (AFM) crystals is presented, emphasizing both their common
remarkable features and individual roles in spintronics. The conventional formalism
for analytical treatment of indirect interlayer interaction in multilayered structures is
introduced. Next, a number of antiferromagnetic components applications are
mentioned, from the well-known magnetic memory cells, which combine the
advantages of both SAF and natural AFM, to advanced self-biased nanomagnets, the
development of which should enrich the available mechanisms for spin-wave
dispersion control.

The Third chapter presents physical principles of the main methods used for the
samples fabrication, magnetic parameters measurements and analysis of the results,
namely magnetron sputtering of multilayered structures, ferromagnetic resonance
spectroscopy (FMR), and micromagnetic approach for simulating time evolution of
spatial magnetization distribution in complex magnetic systems. Technical
specifications of all the samples studied in this work are also provided.

The Fourth chapter provides the results of the studies of the changes in
magnetostatic properties and the nature of the temperature-controlled switching
between ferromagnetic and antiferromagnetic states of SAF materials in the context of
the transition from two-dimensional thin-film structures to laterally confined
nanoelements. The qualitative and quantitative estimation is carried out in accordance
with the composition, geometry and temperature of the samples, for the following key
magnetic parameters: magnetization, coercive force and effective field of interlayer
interaction. In the first part of the chapter, the discussion focuses on the continuous
multilayered films Fe/[Cr/FeCr/Cr],/Fe, the classical idea of temperature control for
which is based on the use of a diluted weakly ferromagnetic FeCr alloy, possessing

thermomagnetic phase transition "ferromagnet-paramagnet”. As such, it introduces



temperature-sensitive mechanism for the switching of the type of exchange interaction,
acting between the ferromagnetic (FM) Fe layers in the system. Reproducing the
experimental magnetization reversal curves according to the proposed
phenomenological model, the competition between direct and indirect exchange
interaction, as well as between the indirect interaction of AFM and FM types, which
act in the SAFs with different spacer designs, are investigated. It is shown that the use
of the composite spacer [Cr/FeCr/Cr], narrows the temperature range of the SAF state
switching from >100 K, inherent to classical structures with a homogeneous FeCr
spacer, to 15 K. The enhancement of the switching performance also manifests itself
in the anisotropic properties of the SAF — the temperature dependence of the coercive
force acquires notably monotonous character. The second part of the chapter considers
the arrays of round planar SAF nanodisks Py/NiCu/Py, in which the implementation of
a similar mechanism of temperature-controlled SAF magnetization reversal is
demonstrated, without, however, the involvement of indirect exchange interaction.
Such laterally confined nanoelements have inherent magnetostatic dipole interaction,
occuring between the Py layers via stray fields and favoring the antiparallel alignment
of their respective magnetic moments, i.e. the AFM state of the SAF. Whereas the
switching to FM state occurs due to transmission of direct exchange through the NiCu
spacer, when it acquires magnetic ordering at low temperatures. Using magnetometric
measurements, the features of the temperature-induced changes in magnetization and
hysteresis of the SAF nanodisk arrays were determined. The analysis and interpretation
of the experimentally observed effects were treated within the framework of the
proposed energy balance expression. It was demonstrated that the dome-like shape of
the nanoelements leads to a significant remnant magnetic moment and the appearance
of an additional hysteresis loop near the zero-field region at room temperature, when
the SAF is in the AFM state. In the temperature range below the phase transition point,
which corresponds to the FM state of the elements, they revealed a sharp increase in
the coercive force, caused by the enhancement of the magnetic ordering, as well as
magnetocrystalline anisotropy, of the doped NiCu spacer.

The study presented in the Fifth chapter of the dissertation focuses on

investigating the peculiar magnetic state of the bilayer film system Py/FeMn when the



thickness of the AFM FeMn layer becomes smaller than the value of the characteristic
exchange length of Py alloy ~5 nm. At the same time, the effective Néel temperature,
1.e., the actual point of the FeMn layer phase transition "antiferromagnet-paramagnet”,
also reduces well below such of a bulk crystal, so the AFM layer retains weak
antiferromagnetic ordering in a wide temperature range. Under such conditions, it is
natural to expect the emergence of non-trivial effects, which are demonstrated in this
chapter. In order to characterize the magnetic state of the bilayers, the first part of the
chapter examines the temperature- and thickness-dependent dissipation processes of
spin-pumping current in Py/FeMn(3—7 nm)/Cu/Py structures, akin to spin valves.
Apart from the traditional contribution of the transverse spin current component
absorption, taking place in the volume of the antiferromagnetic layer, a second
inhomogeneous contribution was revealed, which is most clearly manifested in the case
of thin FeMn and at low temperatures. Phenomenological calculations performed
within the framework of the standard FMR formalism made it possible to associate this
additional dissipation channel with the formation of an exchange spring in the Py/FeMn
interface region, which arises due to the competition between ferromagnetic proximity
effect and antiferromagnetic exchange in FeMn. It was shown that the anisotropic
behavior of this contribution is determined by the deviation of the Néel vector in the
AFM layer, what additionally increases the degree of inhomogeneity of the spatial spin
distribution at the interface. In the second part of the chapter, a separate study of the
resonant magnetization dynamics of the bilayer Py/FeMn (3—7 nm) film structures is
presented. The possibility of an almost tenfold isotropic increase in the FMR frequency
at room temperature has been demonstrated by the use of a thin AFM layer
FeMn(3 nm) in direct contact with the FM layer. In contrast to the samples with larger
FeMn thickness values, which clearly exhibit the exchange pinning and related
unidirectional anisotropy, in the case of the thin AFM layer, the acceleration of the
dynamics is due to the appearance of rotatable anisotropy, which dominates in the
entire temperature measurements range. The value of the effective field of the rotatable
anisotropy is estimated, and yields about 60 mT at room temperature. Calculations of
the FMR frequency temperature dependences, performed for the limiting cases of thin

and thick FeMn using the modified Kittel equation, quantitatively compare these two



alternative mechanisms for the acceleration of the adjacent FM Py layer resonant
dynamics.

The Sixth chapter of the dissertation is devoted to the systematic study of the
features of spin-wave dynamics in spatially confined nanoscale SAF elements, where
not only the thickness of the layers, but also the lateral sizes approach the order of the
characteristic exchange length. Both single three-layer SAF nanoelements of round and
elliptical shape, as well as their periodic arrays with different geometric parameters,
are considered. In the first part, using the example of a single perpendicularly
magnetized SAF, the capabilities of micromagnetic modeling approach are
demonstrated as a convenient tool for the spectral analysis of the multimode spin-wave
resonance of such systems. Within the framework of the micromagnetic model, the
conditions under which the oscillations of a homogeneous mode and two selected
higher order modes are simultaneously established. The field-resolved dispersions of
these modes are in good agreement with the experimental data of a real spintronic
oscillator excited by the spin-transfer-torque effect. It is also shown how a violation of
the symmetry of the static magnetization distribution in elliptical SAF nanoelements
leads to a significant qualitative transformation of the spatial structure of standing spin
waves. The second part of the chapter investigates the resonant behavior of in-plane
magnetized arrays of the Py/NiCu/Py SAF nanodisk with the nominal diameter of
150 nm. Experimental FMR spectra reveal the splitting of the edge spin-wave mode
into oscillations of acoustic and optical types at room temperature, which is also
successfully reproduced by micromagnetic simulations. The reason behind the arrival
of an additional high-frequency edge mode is the asymmetry of the intrinsic dipole
interaction inherent to the dome-shaped nanoelements, which creates the notable
difference in the FM layers diameters (~15%). The possibility for direct temperature
control over the SAF spin-wave dynamics has been demonstrated — at temperatures
below the phase transition point of the NiCu spacer (7 < 220 K), the nanoelements
transform into quasi-single-layer FM disks, and the two edge modes merge into a single
broad peak. The third part of the chapter considers arrays of SAF nanoelements with
analogous multilayered structure, but elliptical shape and twice the smaller size, the

length of the major axis of which is 75 nm. In contrast to the previous case, such



nanoelements exhibit the excitation of a single degenerate mode with a strongly
hybridized oscillations distribution. Micromagnetic calculations reproduce the
anisotropic behavior of this mode and indicate that its spatial profiles result from the
superposition of a central and an edge standing spin waves. The physical mechanisms,
responsible for such hybridization of the degenerate mode spatial structure, are also

discussed.

Keywords: multilayers, synthetic antiferromagnets, RKKY interaction,
magnetic hysteresis, magnetic phase transition, thermomagnetic effects, magnetization
dynamics, ferromagnetic resonance, standing spin waves, spintronic nanooscillators,

spintronics, magnonics.
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