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Hepiinyn

H mopovca dwdaktopikn épevva eotldleton oTNV UEAETN TOV WOOTHTOV UETAPOPAS TOV VTEPAYMYLLOV
vpeviov  o1g  tpotpopotikés  vavodoués  (TN)  Xidnpopayving/ Ymepaywyds/Zidnpopoyving
(EM/YA/EM) mapovcia mapdiiniov e&mtepikod payvntikod mediov. Ta Pacikd @oawvopevo mwov
TopoTNPOVVTOL 68 aTEG TIg TNG givar T0 PavopeVo Tov LVIEPAY®YLoL drakdmn-orty (Superconducting
spin-valve effect (SSVE)) kot to @awvopevo g vaepaydyung payvnroaviiotoong (superconducting
magnetoresistance effect (SMRE)). Ta SSVE xot SMRE, mapdého mov givar Sopopetikng @vong,
aVaPEPOVTAL GTNV TPOTOTOINGT] TV W0THTOV UETAPOPdS Tov YA vueviov kot vrokwvodvior amd v
TOPAAINAN-0TO-ETITEDO KOl KAOETH-0TO-EMITENO GVVIGTMGO TNG LAYVIATIONG TOV EEMTEPIKOV M vUEVI®V,
avtioTore. AVOALTIKEG HETPNOELS TNG UAYVITIONG KoL TNG LOYVITOOVTIIGTAGNG TPAYLOTOTOWOnNKaV o€
TNg Co(dco)/Nb(dnp)/Co(deo) me méyn deo=10-200 nm ka1 dyp=13-50 nm. H avicotpomio oyfuotog (mov
elvar e€yevig W10 TO TV M LUEVIOV) KOl O pUNYOVIGUOC TOA®ONG avioAlayng (mov emPaiieton
péom evog emumAéov  avtiodnpopayvntikod vpeviov CoO mov mpootébnke oe emheypéveg TNC)
YPNOYOTOONKAY Y10 TNV KOTAVOTOT| TOV QLUGIKAOV UNYOVIGUDV TOV GYETILOVTOL UE TO POIVOUEVO QUTAL.
Boowlopevol 6e melpopatikd dES0UEVE AVOKUADWALE TIG TOPAUETPOVS TOV ENXNPEALOVY TNV £VIOGT TOL
SMRE, avtéc etvat: o) n doun TV HoyvnTIKOV Topénv Tov M vueviov, B) 1 dlQopl TOV GUVEKTIKMV
nediov Tov eEntepik@v XM vueviov, Y) N ardctact tov M vueviov Kot d) 1 TotdTtnTo Tov Y A LUEVIoV.
EmmAéov, oe TNg Co/Nb/Co mov amotehodvrar amd mayid vuévie Co, 6mov Kvplapyel n kdbetn-oto-
EMITENO PLOYVNTIKT] OVIGOTPOTILO, TOPATNPNCAUE LU0 CNUOVTIKY emaveicodo (reentrance) otnyv ypapun tov
avo kpioyov mediov Tov YA, He(T), oty mepioyf] tov pkpmv tediov kot o Ogppokpaciec kovid otv
kpiown Bepuokpocic. Avagopikd pe v Peltictomoinon tov SMRE, mpotetvovpue: o) éva Bempntikd
povtélo mov Paciletor oe OemPNTIKEG TPOGOUOIDGEIS TOV EYKAPGIOV SLOPELYOVI®V OUTOAK®DY TESIMV,
H_ dip, OV gpavifovtat 6to KEVTIPO TV Kdbetwv-oro-eminedo poyvnukodv topénv (MT) yio opoyevn ko
GVOUOLOYEVT] UIKPOUOLYVITIKG XOPOKTNPLOTIKG (HoyviTion kOpov, Mgy kot TAdtog MT, Dyr) kot B) éva
(QAVOPEVOAOYIKO HOVTEAO OV PacileTal 68 TEPOUATIKE dEOOUEVE KOl EVOOUATMOVEL TIC LOKPOGKOTIKEG
TOPOUETPOVS KOL TO HIKPOOKOTIKA YOPOKINPIOTIKE peyédn tov YA (kpiown Oeppoxpacia YA, T,
TAdTOC VITEpoydyung petdPfoong, AT, puikog cvoyétiong oe undév Beppokpacia, £0)) kal tov XM
(mhdtog tov MT, Dyt kot mhdtog tov toryyopdtov tov MT, Dryr) ovotatikodv. Eriong, Pprxape tig
Kkpioleg TapapéTpoug yia Tov dtaympiopud tov SSVE amd 1o SMRE. Téhog, epevvioape ¢ ot 1010tnteg
petapopds tov TN EM/YA/EM pumopoldv vo paproctody yio To GYedOoUd dlaTAEE®mY TOV EX0VV MG
Baon tov YA kou Aettovpyovv og Kpvoyevikd mepidiiov. Ta amotedéopato g mapovoag datpiPng
amodekvoouy Eekdbapa v eleyyOuevn LeTAfoAN TV 110TTOV peTaPopdg evog YA ue ) ypnon =M
CULOTATIK®V KOl OVOIEIKVOOUY TOVG PUOIKODS UNYOVIGHODG OV DTOKIVOUV TNV gueavion tav SSVE kot
SMRE otig TNg ZM/Y A/EM.






Abstract

The present PhD research focuses on the investigation of the transport properties of the superconducting
interlayer in Ferromagnetic/Superconducting/Ferromagnetic (FM/SC/FM) trilayers (TLs) subjected in
parallel external magnetic field. The basic phenomena that appear in these TLs are the superconducting
spin-valve effect (SSVE) and the superconducting magnetoresistance effect (SMRE). The sSVE and the
SMRE, though different in nature, refer to the modification of the SC interlayer’s transport properties and
are motivated by the in-plane and the out-of-plane magnetization components of the outer FM layers,
respectively. Detailed magnetic and magnetoresistance measurements were conducted in numerous series
of Co(dco)/Nb(dny)/Co(de,) TLs with thicknesses dc,=10-200 nm and dy,=13-50 nm. The shape
anisotropy (extrinsic property of FM layers) and exchange bias mechanism (imposed through an
antiferromagnetic CoO layer that was added in selected TLs) assisted in the understanding of the
underlying physics that dominate these two phenomena. Based on comparative experimental evidences
we uncovered the parameters that influence the SMRE magnitude, these are: the magnetic domain
structure of the FM outer layers, the difference between the coercive fields of the FM outer layers, the
distance between the outer FM layers, and the quality of the SC interlayer. Moreover, a noticeable
reentrance of the upper-critical field line, H,(T), in the regime of low fields and temperatures close to the
critical temperature was evidenced in Co/Nb/Co TLs consisting of relatively thick Co layers in which out-
of-plane magnetic domains (MDs) appear. Towards the optimization of the SMRE we propose: a) a
theoretical model based on simulations of the transverse stray dipolar fields, H, g, that stem from the
center of the out-of-plane MDs for homogeneous and inhomogeneous micromagnetic characteristics
(saturation magnetization, Mg, and width, Dyps) and b) a phenomenological model based on experimental
data that incorporates relevant macroscopic parameters and microscopic length scales of the SC (e.g. the
zero-field critical temperature, T, the width of the superconducting transition, AT, and the zero-
temperature coherence length, £(0)) and FM (e.g. the width of MDs, Dpys and the width of the MDWs
(Dmpws)) structural units. In addition, we found the crucial parameters to distinguish the SMRE from
SSVE. Finally, we investigated the transport properties of the Co/Nb/Co TLs under the aspect of their
implementation as cryogenic devices utilizing either the SSVE or the SMRE. The results of the present
dissertation clearly establish the modulation of the transport properties of a SC by means of FM templates
and provide a thorough understanding of the physical mechanisms that motivate the observation of the
SSVE and the SMRE in the FM/SC/FM TLs.
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Yxkomog kon Iepiypoppa

Kotd ™ odpkela tov terentainv OeKoeTIdV ol LPPOKEG vavodoués Zidnpouayvitng Ymepaywyog
(EM/YA) £€yovv mpocelkdoel TO €VOLOPEPOV TG ETIGTNUOVIKNG KOWOTNTaS Tov peAetd T Duoik|
YOUNAGV OepUOKPUCIOV, AOY®D TOV TOAVAPIOU®Y QAIVOUEVOV TOV TOPATNPOVVTUL OTIG OLAPOPES EKDOYES
tovg [1-4]. TTo cvykekpuéva, 1 EVOEAEXNG MEAETN TOV TPIOTPOUOTIKOV vavodoudv (TN) EM/YA/EM
Kol TV J10TPOUATIK®OV vavodoudv (AN) EM/YA éyxet avadeiEel moAvaplfpuovg euotkohs unyovicovg
onwg N vrepaywyodTTa omwv-tpuAétag (Spin-triplet superconductivity), n odnpopayvntiky ovlevén
avapeoo oto. XM kor YA vpévie (ferromagnetic coupling between FM and SC layers), n
VIEPUYOYILOTNTA OTO HaryvnTIKA-Toydpote (domain-wall superconductivity), 1 taAdvtoon g kpioung
vIEPUYOYIUNG Bepuokpacioc pe v petapoin tov mayovg tov XM (oscillatory behavior of SC critical
temperature on the FM thickness) kT [5-10].

[Swaitepo evdlopépov mapovotalel N HeAETN TG HoyvnToavTtiotaong Tov vpwiov EIM/YA mov
vroPdAlovtal oe TapdAANAO, ©G TPOG TNV EMEAVEL Tovg, payvnTkd medio. [T ovykexpipéva,
peAETHONKE 1| TPOTOTOINGON TOV WO0THT®V HETAPOPAS Tov YA vpeviov Adym tng cvvBetng dpdong tov
e€mTEPIKOD UAYVNTIKOD TESIOV Kol TOV 7EGIOV avTOAAOYNG KOUN TV OlapenydvToy Tediov mTov
TapAyovtal €0OTEPKA amd to XM vuévia, 1 omoia €xel pelemnBel ot Piprloypario Kot avaeépeton
YEVIKG, pE TOV Opo eovouevo g poyvnroavtiotaong [11-31,42-44]. Tho cvykekpluéva, avoaeoptkd ue
TNV HOYVNTIKY] OVICOTPOTO TV e&mTeptkdv XM LUEVIOV, TO (OIVOUEVO TNG HOYyVNTOOVTIGTOGNG
dlaKpiveTOl 6TO POLVOUEVO TOV LTTEPAYMYLOL dtakdmn-omty (Superconducting spin-valve effect (SSVE))
KOl GTO QOIVOUEVO TNG LIepay®yung payvnroavtiotaong (superconducting magnetoresistance effect
(SMRE)).

To sSVE exdniavetar o¢ €vo apvntikd Bodicua g payvntoavtiotaong wov wapatnpeitoar o TN
SM/Y A/EM moapovcio TopdAAnAov eE@TepKoD HOyVNTIKOD TEGIOV KOl 0rodideTol 0TO TESIO OVTOAANYNC
(exchange fields) mov mnyalovv amd ta e€wtepikd M vuéVia e Tapdiinin-oto-eminedo PoyvnTIKN
avicotpomio [9,12-17]. To SSVE dnidvel tnv evicyuon ¢ LREPOYOYIUOTNTOS Kot eU@ovileTal TavTo
oV TEPOYN HoyvnTikdv mediov omov to e€mtepikd EM vpévia €govv ‘avtmapdAinin’ didrtaén
payvitione. H cuvOnin avt e€acparileton nepartépm pe tov unyovioud [olwong Avtaiiayng (ITA)
(Exchange Bias) mov emiPdrdetor péom evdc aviioidnpouayvntikod (AXM) vueviov 610 kGt XM
vuévio, wote va eEac@arileTar 1 ‘mOPAAANAN’ Kot ‘ovTumapdAAnAn’ ddtaln Tov poyvntice®v tov
eEotepikdv IM avaroya pe v évtaon/kotevbuven tov e&mteptkod poyvntikod mediov. Ta media
avTOAAOYNG ‘OtelcdVovY’ 610 €voldpeco YA vuévio katd évo [KpO UNKOG KOVIQ OTNV EMPAVELD
EM/YA. Zovendg 1 vIEPAYOYILOTNTO KATUGTPEPETOL CNUOVTIKA 0TV ‘TopdAAnAn’ dwitaén (péyloto
oLVOMKO Tedio avToAAaync) evad dwnpeital oty ‘aviumapdAinin’ didtaén (eAdyloto GLVOAMKO TEdiO
avtoAlayng). Emopéveg, m oyxetikn owtaén, ‘mopdAdnin’ 1N ‘aviuwmopdAAnAn’, tov 000 medimv
avtodlhayne umopei va gEléyEet Tov minbuoud tev (evydv niektpovimv Cooper oto ecmtepikd tov YA.

To sSMRE exdnAdvetal o¢ po Oetikn kopuen g poyvntoovtiotaong mov mapatnpeitor oe TN
EM/YA/EM mapovcio. mopdAAnAoy €£@TEPIKOD HOYVNTIKOD TESIOV Kol omodideTol GTO JloPEDYOVTa
nedio, (Stray fields) mov mnydalovv amd ta e€mtepikd M vpévia ue xabety-oto-eminedo HOYVNTIKY
avicotpomio [11,18-31,42-44]. To SMRE dnAdver tnv vrofafuion/Katactpoen e VIEPOYOYILOTNTOG
Kot epeaviletal ThvTto TNV TEPLOYN LAYVNTIKOV TESIMV KOVTH 0TO GUVEKTIKA TTedia TV eEmtepikdv M
vuevimv. 10 ouvektikd medio o TM vuévia gpeoviovv payvntikovg toueic (MT) pe kabetn-oro-eminedo
HOYVATION, 7TOL cuvvodevovtal omd Kabeto Swopevyovio medion T omoio. €VVOOLV TNV EYKAPCIO

i



payvnrootatiky ovlevén. Otav wavomotgitor avt) 1 cuvOnkn, T dapevyovia media ‘dlamepvodv’ To
YA vUEVIO KOL 1] VTEPOYDYIUOTITO KATUOTPEPETAL UEPIKDOG (EEMEPVOVV TO KATM Kpioyo edio Tov YA,
Hci(T)) 1 ohkdg (Eemepvodv to Gve kpioyo medio tov YA). T'a to Adyo avtd, o Opog ‘stray fields
scenario’ ypnowonomOnke oty epunveio tov SMRE mov napatnpeitan otig TN TM/YA/EM [19-21].

O1 600 €KdOYEC TNG LOYVNTOOVTIOTOOTG €IVl TOAAG VTOGYOUEVES Y10, EPUPHOYEG MG SLUTAEELG TTOV
&xovv @¢ Paon tov YA kot Agttovpyodv og kpvoyevikég cuvinkeg [9-31,42,43,44]. Ot dratdéelg avtég
€Yovv vAvo/UiKpo-UeTpikég SL0GTAGELS, AELTOVPYOVV GE YaUNAES DEPLOKPACIEC e OYETIKA UKPA TTedia
TOADOMNG, £0VV eEAPETIKA PIKPOVG YPOVOLS ATOKPIONG KOL OVAAOYO LLE TNV YEMUETPIO TOVG (KLALVOPIKT
oLUUETPla, emimedn CLUUETPIO KTA) TOPOLGLALOVLV EVOLOPEPOVGES 1010TNTEG, Ol OTOoieg UTOPOLV Vv
YPNOWOTOINOOVV GE SLAPOPES EPAPUOYESG (T.Y. TUPUYDYN VIEP-LYNADV LOYVNTIKOV TEdimV, aviyvevon
eEAPETIKA PIKPOV LOyVNTIKGOV TEdimV, amobnkevon dedopévav KTA). Qg ek ToHToV, 01 doTdéelg pe faon
oV YA €00V avOVEDGEL TO EMGTNHOVIKO EVOLUPEPOV TO, TEAELTALN XPOVIAL.

H mapovoa perétn eotialetoar oty pehét tov TN EM/YA/EM pe Pacikd okomd v evoereyn
perétn tov SSVE kot SMRE. Ynd avtd to mpiopa, peretnoope TN Co(dco,)/Nb(dny)/Co(dcy) e méym
dco=10-200 nm kot dnp=13-50 nNm, ot omoieg mapackevAoTNKOY He TNV HEBOSO TNG UOYyVNTIKA
vroPonBodpevng kabodkng 1ovtofoins. g cdnpopayvNnTIKO GVoTOTIKO YpnoomomOnke to KoBdAtio
(Co) mov eivar évag tumkdg IM pe kpiown Beppokpacio Tc=1388 K. Ta vuévia Co épovv pehetndei
de€odkd ot Pipioypagio kat yapoaktnpiloviol omd HaKpo/UIKPO-GKOTIKES LOYVNTIKEG TAPUUETPOVGS, M
LETAPOAN TV OMOI®V EMPEPEL GNUAVTIKY] aAloy] oTig 1010tTég Tovg. [ ta vpévia Co 1 payvition
k6pov (M) KupaiveTon oto dtdotpa 1300-1450 emu/ecm?, 1 otadepd avrodhayfic (A) AopPaver TIEG
15-30x10™2 J/m, 1 payvnrokpuotodiky avicotpomio. (K) eivar tg taéng 0.45-0.52x10°8 J/m® (evdoyeveig
TOPAUETPOL) Kat M ovicotporio. oyfuatog (Shape anisotropy) oAAGler v payviTion Tov vpeviov amd
KdBetn-oto-eminedo o€ mopdAinin-oro-eninedo KaBMOG 10 TAYOC dco HEIOVETOL KAT® amd €va Kpiciuo
Téyog deZM nov kopaivetar petagd 40-60 nm [23-26,32-37]. Emmdéov, tpocbétovtog éva AXM vuévio
UTOPOUUE HECH TNG EMPOANG TOL unyaviouov 1A va evieydcovue v Tapdiinin-oro-exinedo poyvition
00 M vueviov [38-41]. T 10 Aoyo avtd mpochicape oe emheypéveg TN éva tomikd AEXM Aentd
vpévio o CoO mov €yl yopoaxtnpotiky Beppokpacio Neel Ty=291 K. Q¢ vrepaydypto cvotoTiko
ypnotporoOnke to Nidpio (Nb) mov eivar évag YA yapnAng kpioung Oepuokpaciog kot £xet peretndei
de&odka ot PiPAoypagio [19-26,42]. H mordtnta tov vueviov Nb pmopei va eheyybel petofdilovrog
TIG ovvOnkeg evamdbeong kot kvpaivetor amd efopetikd kabopd vUEvia Tov £xovv LYNMAN Kpiolun
Bepuokpaocio (T.=8.5 K) ka1 otevi vepaymywun petdfaocn (AT.=20 mK) woc oyetikd Ppduiko vuévio
7oL £xovv yaunAn kpiown Oeppoxpacio (T.=2.0 K) kot @apdid vrepaydyun petafoon (AT=500 mK).
Méco g eheyyOuevng petaforng ¢ mowdtnTog TV YA vueviov pmopovdue vo, eAéyovue ta
UIKPOGKOTIKA YOPOKTNPLOTIKA TOV, .Y TO UNKOG cuoyétiong (&), Tig Ypappés ava/kdte Kpicipov mediov
(Heo/Her) xan ) Svvapn xapedpatog (Fp).

Meyain Bapvtnto 600nKe otV €0pECT TOV TUPAUETP®V TOV EXNPEALOVV TIG 1O10TNTEG UETAPOPAS
tov TN Co/Nb/Co. Emutiéov, Pacilopevol o€ GUYKPITIKA TEPAUATIKE Oedopéva PprKope Tig
TPoUmoDEGELG TOV TTPEMEL VO, IKAVOTOLOVVTOL OGTE Vo peytotomoteital  tiun tov SMRE. Emvypappoticd
avTéG glval: o) N kabetn-oto-emimedo dopn payvnuikedv Topémv (AMT) tov IM vpeviov (eEacpaiileton
Yo Thym ch>deZM=40-60 nm), B) n cvvomapén TOV GLVEKTIKGOV TEdiV Tov eémtepikadv XM vueviov
(Sh H = H ™% 4 AH=0), v) 1 oyetcd pwkpl amdotacn tov IM vueviov (tov opiletar amd to
Tayog Tov YA vpeviov 1o onoio mpémel vo, ivor oty meploy] oy 17 nm<dy,<21 nm) kot 8) 1 vynAf
ToTNTO TOV YA vueviov (vmodnAdvetol o¢ péyiotn tiun T ko eddyotn tun ATe). O tpeig mpdteg



napapetpol eEacpaiifovv oyvpn poyvnrootatikny ovlevén avapeca ota XM vuévia péocw kdbetwv
dpevyovTeV Tedinv Tov ‘dtamepvody’ To evoldueco YA vuévio. H tétaptn mapdpetpog vmodeikviet 6Tt
0. YA vpévio vyning modtntog givol meplocdtepo emppent| og dwudikacieg didyvong (dissipation
processes) mov ogeihoviat ota KaBeTa drapevyovta Tedio Kot VTOdNAGVOVTaL PEC® TNG VIToPadong tov
vIepay@yIHoV Wit tev. Eniong, pueietioope ™ onuovtikn enidpacn e AMT tov eotepikov M
vpeviov oty ypapur tov dve kpiciov mediov tov YA, He(T) v TNg Co(de,)/Nb(17nm)/Co(dc,) pe
whym deo=10, 30, 60 ko 100 nm. Etig TN pe wyvpn xabetn-oro-eminedo AMT (dc,=100 nm>>de2M)
TOPATNPACOLE [0, oNUAVTIKY emaveicodo (reentrance) tg koumvAng He(T) oty meployn tov pikpmv
nediov ko og Ogppokpacieg kovtd oty kpiown Oeppokpoocio. H enaveicodog g kopmding He(T)
vroPaduiletar kabmg to mayog deo perdveran kar e&apaviletar tekeiog yro. TN mov amotelodvtol amd
Aemtd vpévia Co (deo=10 nm<<d,,") cto omoia vepioyder N wapdiiniy-oro-erinedo AMT [23,25,31].
e Oheg TIC TEPTOOELS, 1) dtodidotarn cvumepreopd (two-dimensional behavior) tng ypauung tov dveo
kpiotpov mediov Tov YA, Heo(T) anokabictotor yio peydreg Tipég mediov kot pkpég Oepuokpociss, 6mmg
avopévetor OewpnTikd yio vpévia mhyovg dyy=17 nm.

To onuoviikd evpniuato mov e€Nybnkav oyetwkd pe v  Pedtiotonoinon tov SMRE
emPeforddnkav mepartépw PESH TNG GLOTNHATIKNG HEAETNG peydAwv oepadv TN. [T cvykekpuéva
peretioape N=14 TN Co(60nm)/Nb(15nm)/Co(60nm) ko1 N=12 TN Co(100nm)/Nb(17nm)/Co(100nm)
kot emPePfaidoape v woyvpn e&dptnon tov SMRE and v modmra tov YA kail v dapopd Temv
CULVEKTIKOV Tediov tov eEntepikdv EM vueviov, AH.. EmmAéov, n cuvolikn ektiunon tov dedopévav
tov SMRE 7y 6Aec 1ic TN Co/Nb/Co mov peretibnkoav ota mAaiow NG S8AKTOPIKNG EPEVLVOG
emPePainoe v enidpacn g AMT oty Ty tov SMRE. Emiong, peletioapue tnv cuoyétion avapesa
oTn YPapun Tov ave kpiocwov mediov, He(T), ™ poayvntoovtictacn, R(H) kot ™ poyvition, m(H) v
avTIpocOTELTIKEG TNC.

Ymv cuvéyeo sotidoape otig TN Co(deo)/Nb/Co(deo) pe oxetid moyd vpévia Co (deo>dy,™) pe
OKOTO VO TPOTEIVOLUE KATOLEG TOPAUETPOVS YEVIKOD YopakTipa yio TV Pertictomoinon tov SMRE. INa
10 AdYy0 awtd, avalntioape T PEATIOT GYECT OVALESH GTO TAATOG TV HayvnTik®dv Topéwnv (MT) kat to
néyoc Tov YA vpeviov. Ilpaypatomromoope Bewpntikég TPOGOUOIDCELS TOV EYKAPCI®OV SLOPELYOVIDV
oy medimv, Hgp mov epgaviCovior 6to kévipo tov kdabetwv-oro-eminedo MT yu opoyevr| Ko
OLVOLOLOYEVT]  IKPOUAYVNTIKG yapakTnploTikd (poyvition ko6pov, Mg kot mhdtog MT, Dur). Ta
OepnrTikd amoteléopata GLUYKPIONKOY ETITLYMG UE TEPAUOTIKG dedouéva. Méom avtig ¢ HEAETNG
TPOEKLYOV  GMUOVTIKG, CLUTEPAoUATE, TO OToio, cvumepliauPfdvovue o€ éva HOVTEAO Yl TN
BeAtiotomoinon tov SMRE. AkolovBwc, Pacilopevol o TEPAUATIKE dEGOUEVE TOV AVAIEIKVOOVY TNV
ypapuikn ovumepipopd (scaling) tov sMRE, mpoteivoue pio COUTOYT QOWVOUEVOAOYIKT] GYECT| TOL
EUMEPIEXEL TIC LOKPOOKOTIKES TOPOUETPOVS KOL TO LKPOOKOTIKG YOPOKTNPIOTIKG Heyédn tov YA
(xpiown Beppoxpacio YA, T, midtog vrepaydyyme uetdfacne, AT, unkog cvoyétiong ce undév
Oepuokpaocia, &O0)) kau EM (mhdtoc tov MT, Dyr kot mAdto¢ tov toryoudtov tov MT, Diyr)
ocvotatikov twv TN EM/YA/EZM. H ¢awoupevoloywkn oyéon e&ooporiler tov oyedwoopd TN pe
KOTOAANAQ YOpOKTNPLOTIKG dote va emtuyyaveror péyioto SMRE 100%. Téhog, epevvroape TIC
TopapéTpovg mov puduilovv v emhektikn euedvion tov SSVE évavtt tov SMRE otig TNg (CoO-
)Co/Nb/Co o Bprikape 01t KabBoploTikny dpAcn €YOVV 1 UOYVITIKY OVIGOTPOTIO Kot 1) S10popd TV
OUVEKTIKOV medinv Tov eotepikmv XM vueviov, AHq. Yd avtd 1o mpicua, mpoteivovpe éva povtéro
v o daympopd twv SSVE kot tov SMRE mov Baciletor oty avtifetn e£dptnon mov £govv avtd and
7o AH..



Téhog, pekemnoape g ot 1010tNTeS petapopds v TN XM/YA/EM pumopodv va poprocTodV Yo
T0 oYedlacpHd dtdéemv mov €yovv ®g Pacon Tov YA kol AEITOLPYOLV GE KPLOYEVIKO TePIAAAov
[23,26,31]. AwmiotdOnke 0tL o1 dvo ekdOYEG TG poyvnroavtiotacng, 10 SSVE ka1 to SMRE, mov
napatnpovvtal otig TN EM/YA/EM pmopodv va  wavomomoovy T Pacikés apyés Aettovpyiog
awcOnmpov  poyvnrikov-nediov  (cryogenic magnetic-field sensors), vmepaymdyuov  SroxomTdOV
noyvntikov-nediov (magnetic-field-controlled supercurrent switches) kot vepaydypov drokontdvV-omty
(superconducting spin-valves) mov Aettovpyodv 6e KpLoyevikd TePIPAALov.

Ta amoteléopata e mopodoog datpiPng amodetkvoouy Eexabopa TNV eleyyOuevn HETOPOAN TV
W0TNTOV UETAPOPAS £VOG VIEPAYMYOL LE TN YPNON CONPOUAYVNTIKAOV GLGTATIK®OV. Ta mEPOpATIKA
dedopéva, mov Topovctalovtal TapEyovy o €K PobEV KOTOVONoN TOV QLOIKAV UNYOVICU®DV TOL
vrokvouv v gupdvion t@v SSVE kot SMRE otig TN EM/YA/EM, ev®d LROSEKVOOLV TG PBOCIKEG
TOPOUETPOVG TTOL TPETEL VO, TANPOVVTOL Y10 TN PeATioTonoinet| toug. Aedopévov 6Tl 1 Pertiotonoinon
tov SSVE kot SMRE givar o ucav kon avaykaio covOnkn yio v epapuoyn tov TN EM/YA/EM og
Kpvoyevikég OSwotdelg, motevovue OTL 1 mapovod peAET Oo dieyeipel mEPUITEP® TO EMGTNUOVIKO
EVOLUPEPOV TIPOG TYETIKEG OEUATIKEG EVOTNTEG.

Y10 Kepdhoo 1 mapovoidlovrar ot Bacikég apyés g Bempiog g YmepaywyldTnTosg Kot Tov
Siompopayvntiopov. Xto KepdAaio 2 yivetow g oOVIOUN OVOCKOTNGN TOV  GNUOVIIKOTEP®OV
BepNTIK®OV KOl TEWPAUATIKAOV UELETMV TOL £X0VV YIVEL TIG TEAEVTOIEG JEKOETIEG OYETIKA LE TIG VPPLOUKES
vavodouéc EM/YZ. 1o KepdAaio 3 mapovstdlovTol oL TEWPAUATIKES TEYVIKES TOV YPTNCIUOTOmONKaY Yo
TNV TOPAGKELT Kol TOV YOPOKTNPGUO TtV derypdtov. To Kepdhoto 4 eotidletor otov dopikd Kot
popporoykd yapoktnpwopd tov TN EM/YA/ZM kot tov ‘dopukdv povadmv’ tovg (dnA. twv
povootpouatikedv vovodopudv (MN) Co xar Nb kow tov AN Co/Nb kor Nb/Co). Emumhéov,
napovctdfovtor dedopévo PETOPOPAS Kol poyvATiong Yo emAeypéveg TN AXM/EM/YA/EM kot
avaAbovtol ot guoikol unyoavicpol tov eawvouévov SSVE kair SMRE. Xvveyilovtag, oto Kepdhato 5
gpevuvovpe Bewpntikd TV poyvntikn avicotpomnio kot Ty AMT MN Co pe 1o glevfepo Aoyiopikd Object
Oriented MicroMagnetic Framework. Eniong, HEAETNGOUE TEWPAUATIKG TNV HOYVITIKY OVICOTPOTIO TMV
TN Co/Nb/Co pe poyvnTikég LETPNOEIC GTO LOYVNTOUETPO VIEPOUYDYIUNG KPovTikng cvuforng 5,5 T ko
mv AMT tov méve vpeviov Co twv TN Co/Nb/Co pe v teyxvikn g Mikpookomiog Mayvntikig
Avvaune. Emmléov, epguvioape v enidpaot tov unyoviopuov ITA ot payvntikn courepipopd twv TN
Co0O-Co/Nb/Co. To Kepdhato 6 gotidleton omnv Aemtouepr] HEAETN TV O£SOUEVOV UOYVATIONG KOl
payvnroavtiotaons twv TN (CoO-)Co(dc,)/Nb(dny)/Co(deo) pe mpooektikd emheypuéva miyn Co, deo Kot
Nb, dnp. TTio cVYKEKPLUEVE, EPEVVAGUUE TIC TOPAUETPOVE TTOV EXNPEALOVV TIC 1BIOTNTEC UETAPOPAS TMV
avtdv tov TN. Ta onuoviikd ovumepdopato mov eEnydnkov oto Kepdiaio 6 emiPeformdvovat
nepatépm oto Kepdhowo 7 péow g uehémme upeydlov oespodv TN Co/Nb/Co (N=14 TN
Co(60nm)/Nb(15nm)/Co(60nm) kot N=15 TN Co(100nm)/Nb(17nm)/Co(100nm)). Emmiéov, eotidooue
mv perétn pog oe TN Co(de,)/Nb/Co(de,) mov amotelovvral amd mayid vuévia Co (ch>dKPZM) Kot
napovotdlovpe 600 poviéda yio Ty PeAtiotomoinon tov SMRE, éva Osmpntikd Kot €vo TEPAPATIKO.
Téhog, mpoteivovpe Eva LOVTEAO Yo TNV EMAEKTIKT upavior tov SMRE évavtt tov SSVE. Zto Kepdiaio
8 mpoteivoupe mbavég epoppoyéc twv TN Co/Nb/Co wg xpvoyevikéc datdéelg a&lomoimdviog T
eoawvopeve SSVE kot SMRE. Xto téhog g dtotpifnc mopovctalovpe AETTOUEPDC TO, CLUTEPACIOTA TOV

e&nyOnray.
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AloTto ZovTopoypogiov

CONPOUAYVITNG *M
VIEPAYMYOG YA
OVTIGIONPOUAYVITNG AXM
TPIGTPOUOTIKT VOVOSOUN TN
OIGTPOOTIKY VOVOSOU AN
LOVOGTPMUATIKT VOVOdOuUN MA
TOAWOONG AVTOAAAYNG 1A
neplOraocipetpio aktivov/X-Ray Diffraction XRD
HKpookomiag otopkng dvvaung/atomic force microscopy AFM
wKkpookomiog poyvntikng dbvaung/magnetic force microscopy MFM
paocpoatookomniag omcbookédaong/rutherford backscattering spectroscopy RBS
LoyvnTOUETPO VITEPOYDYIUNG KPavTiKhg cupfoinc/superconducting quantum interference device SQUID
object oriented micromagnetic framework OOMMF
TonoyYpaPKn TpoydTnTa/magnetic roughness MRa
poyvnTikn tpayvtnta/magnetic roughness TRa
LOyVNTIKOL TOUEIG MT
TOLYDOUOTO LOYVI TIKOV TOUEDV TMT
S0 TOV HAYVNTIKOV TOPEDV AMT
QoVOUEVO VTIEPOYDYIOL dtoKOTTNn-omv/superconducting spin-valve effect SSVE
eawvopevo BeTikng poyvnroovtictacng/superconducting magnetoresistance effect SMRE
QavOpEVO YryovTiaiog poyvntoovtiotacng/giant magnetoresistance effect GMT
eowvouevo payvnroavtiotacng onpayyog/tunneling magnetoresistance effect TMR
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Kepaiawo 1
Ozopio ™g YepayoylpoTnNToS KoL TOV X101 PONAYVITIGROV

210 Ke@AAowo ovTd yiverol U TOAD TEPIANMTIKY E100Y®OYN TOV POCIKOV TOPOUETP®OV NG
Yrepayoylndmmrog Kot Tov  XIOMPOpayvNTIGHoD  mov  agopovv  tnv  peAém  tov TN
Zidmpouayvitng Yrepaywyog/ Zidnpouayving (EM/YA/EM) nov givar o Baotkdg 6komdg TG Topohoag
Swrpifnc. Ileprocotepec mAnpopopies yio T Bewpia g YEPAY®YHOTNTOS KOL TOV 1O POUAYVITIGUOD
KaBdG Kot TG cLVOTTOPENG aVTOV otV dlempdvels, ZM/Y A propodv va Bpebodv oto Chapter 1 kot otig
avapopEG oL PpiokovTol eKel.

1.1 Ewoayoyn otny Yepoyoyipotnto

H vrepayoydtra ival n 1810TNTo 0pIoUEVEOY VUKDV va. eueovilovy undeviky avtiotoon KOTo omnd
po kpiown Oeppokpacio mov cvpPorileton pe To (WBovikds aywyds). Mo dedtepn 1dOTTOL TNG
VIEPUYOYIULOTNTAS Eivorl To Gotvouevo Meissner. TTo cvykekpiéva, 6tav évag vaepaywyog (YA) yoydei
oe Bgpuokpocieg pkpodtepe amd v Kpiown Oeppokpacio mopovsios poyvnTikov mediov TOTE M
LOYVNTIKY ETOYOYN 0TO E6MTEPIKO TOV unodeviletan (10avikdg dtopayving). ToviCovpe 6Tt TO @avouevo
Meissner dev oyetiletal pe T0 UNSEVIGUOD TNG NAEKTPIKNG AVTIGTACTG GTIV VAEPAYDYUN KOTACTOOT).

Ot YA yopiCovtor oe dvo peydreg xkotnyopies (YA tomov I kar YA tomov II) dcov agopd ™
CLUTEPLPOPA TOVE UEGA € HayvnTiko medio. Xtig Ewovee 1.1 (o) kan (B) mapovsialovpe 10 d1dypopipo
@aong v éva YA tomov I kou éva YA tomov II, avtictoyyo. Ze avtd to daypaupata xovpe AdPet
oy 0TL 0 YA €yt tomoBetnOel péoa oe e£mTePKd PayvnTikd Tedio TOPAAANAO TNV EMPAVELL TOV.

Eotialovtag otovg YA tomov I, Ewova 1.1 (o), mapatnpodpe d00 meploy€g 6To SL0ypopo pAcTG.
Mo Beppokpacieg kot poyvnicd nedio (T,Hg:) méve and mv kpiowun ypaup He(T), o YA Bpioketa
OTNV KOVOVIKT] Kotdotaon Omov 10 e£mTepkd UayvnTikO medio E10(MPEL OTO ECMTEPIKO TOL OTMG
eaivetar oto évbeto oynuo. Avtifeta, yu Ogpuokpooieg kot payvntikd medio (T,Heq) kbt amd v
kpiown ypopun Hc(T), o YA ocvumepiopépetal cav €vag TELE0G dopayviTnG amwddvioag TANp®e To
e€mtepikd payvntiko nedio amd 10 eomTePKo Tov. H Kotdotaon avty Aéyetar Kotdotaon Meissner kot
¢@aiverol oto avtioToryo £vOeTo oy,

Eotialovtag otovg YA tomov II, Ewdva 1.1 (B), mapatnpodue Tpelg TEPLOYES OTO LY PO
@aong. ITo cuykekpluéva TopatnpodUe 600 KPIGUIES YPAUUES, TNV YPapun Kate kpioywov nediov, Hey(T)
Kat v ypappn dave kpicyov mediov, He(T). T Beppokpacieg kot payvntikd nedio (T,He) kbto and
™mv ypouun Kato xpicwov mediov, Hy(T), o YA ovumepipépetar cov €vag TEAE10¢ SlopayviTng
am®OmVTag TANP®G T0 EEDMTEPIKO PayVNTIKO TTEFI0 0O TO0 E0(TEPIKO TOL (Kotdotacn Meissner), evd yio
Oepuokpaociec kot media Taveo omd TV ypoupny ave kpiotpov mediov, He(T), ), o YA Bpioketon oty
Kavovikn kotaotaon (avtiotorya évleta g Ewovag 1.1 (B)). [No Oepuokpacieg kot poyvntikd media
(T,Hg) petold tov ypoupdv kéto kpiocov mediov, Hea(T) kot dve kpioipwov mediov, He(T), o YA
BpiokeTon oTNV PEIKTN KATAGTAGT. XTNV UEIKTH KOTAGTOGT TO LOyVNTIKO TTESI0 EIGEPYETOL OTO ECMTEPIKO
00 YA v1t6 popor cornvev poyvntikng pong (magnetic flux) ot onoior ovopdlovtor pragovia (vortex)
(évBeto g Ewovag 1.1 (B) kau Ewdva 1.1 (y)). Ta pro&dvia dnpovpyodviol omd 5iveg vep-pedIaTog
kot Osmpovvror aveEdptnreg poyvntikég oviotnteg pe oauetpo 2& To unkog & ovopdletol pnkog



ovoyétione (coherence length). To kdfe pra&dvio @épel éva kPavto payvnrikig porc, e=hcle”. O
TupNVAG ToL PAagoviov opiletal MG 1 TEPLOYN OOV 1) TOTIKN TUKVOTNTO TOV VTEPAYDYILMDY NAEKTPOVI®V
Ns undevifetar 1 10oddvapa 1 TEPLOYN GTNV ONOio 1 WOPAUETPOS TAENG TNG VIEPAYDYLOTNTOC P2
undeviCetar (P = ny/2). To payvnd medio, h ivon péyloto 610 KEVIpo Tov GAAEOVIOV Kot PEIVETAL
ekBeTikd péypt v omodctacn A. To ufkog A ovoudletanr unkoc dieiodvong (penetration depth). Ta
eAacovia og Wavikd YA tomov Il dwatdocovior oe e€aymywd mAEyHo e TAEYHOTIKY otafepd o
(xotdotoon Abrikosov). Oco avéavovpe 1o e&mtepiko nedio, Hee, 1 mukvomta tov prafoviov avdveton
pe omotéhecpo. TNV avénorm g mAeypotikng otabepdg o. Ilepiocodtepeg mAnpogopiec yioo TNV
Ynepayoypotnta propodv va Ppebodv oto Chapter 1.1 kot 6Tig ovapopég TOv avapEPOVTaL EKEL.

Normal State, B=H,, (@) [ H_(0)
c2
H (T
H,(0) D) o T =
g Meissner et g
X |State, B=0 T
T
Hoq| f H,©)
| Meissner State, B=0
0 T(K) T. 0 T(K)

Ewova 1.1: Auypappo odong yw vrepaymyo (o) tomov [ xai (B) tomov II. Ot évBeteg oynuotucég
avamapooTacel; Ogiyvouv Tov YA oV KOVOVIKY] KOTOOTOOT, OTNV UEIKTH KATAOTOON KOl GTNV
Kotdotacn Meissner kot Topovctalovial 6TIG aVTIoTOLES TEPLOYXES TOL dLOYPAUUATOG PAoNG Yo, KAOE
TEPImTOON. 70 TavEA (7) TapovctdleTol oyMNUOTIKG 1 dopn Tov PAagoviov.

Aemta vepoy@yiuo. vUEVIOL

H pedém tov Aentdv vaepay@yumv vueviov mapovoldlel ueydrlo evolopépov AOY0 TOV GNUAVTIKA
SLPOPOTONUEVOV 1O10THTMV OV €YOVV GE GUYKPLON UE TOVg KAaokovg YA tpumv daotdoewv (bulk).
Av vmobécovue évov YA mapolAnAeminedov oynUaTog pe KOG X, TAATOC Y Kol Tay0G dya, TOTE O OPOC
AEMTO LUEVIO LTOONAMVEL OTL 1 P O140TACN, YO TOPAOELYHO TO TAYXOG, £YEL TOGO WIKPN T OV
Bewpeiton apeintéo oe oOyKplon pe Tig GAleg 6Vo dootdoelg (X Kot Y). Otav 1o Thyog Tov LUEVIOV Uy
YIVEL GUYKPIGLUO UE TO YOPAKTNPLOTIKG UK THG vaepay@yudmTog (€ kat A) o1 VIeEpay®YUES 110TNTES
TPOTOTOOVVTOL oNUOVTIKG. TIépo omd T YOPAKTNPIOTIKG pNKN TG vaepayoyotntag (§ kot A)
onuovTikny oAloyn veiototor ko n péon erevBepn dadpoun v niektpoviov, | (electron-mean free
path). H péon elevBepn Swadpoun | eivar ovolootikd n péon amdotoon oty onoia to&ldedel TO
niextpovio péoo. otov YA 1 omoio kaBopileton amd Tic otéheleg tov mAéypatog (lattice
imperfections/dislocations) aild kot amd Tomikég Tpoouielc (point/correlated-like impurities).

Mo v pedém tov YA vpeviov opilovpe d0o meployég pe Bdomn tn oy€om mov £X0VV TO EVOOYEVEG
UNKog ovoyétiong &, koi 1 péon eredbepn dradpoun, I. T 1>>& opifovue 10 vepaymdyo ‘kabapd’ 6pto
(‘clean’ limit) kot yio | << &, opilovpe 10 vgpoaydypo ‘Bpoduko’ opro (‘dirty’ limit). Xtnv meproyn
‘Bpopkcov’ opiov o E(T) kot MT)=hes(T) €apradvton amd to |. Ot exppdoeig tov E(T) kot MT)=Ekes(T)
Kovtd oto T, givan [1,2]



~ 3 ~ [ £ /1.33¢
£(T)=0.855 D kot A (T)=2(0) LY (1.1)

omov o1 otabepég £yovv kabopiotel amd v Bewpio BCS omv mpocéyyion T=T.. O oyéoeig (1.1)
deiyvouv mwg 1 avénon tov | av&avel To A petdver to .

2D-3D 2vumepipopa

Mia GAAn katnyoplomoinon tov YA yivetonr 6tav 1o miyog dya sivar idtag tééng peyéboug pe to &(T). To
YA vpévio ovumeprpépetor og tprodidotatos YA (three-dimensional (3D)) otav dya>&(T) ot og
dodidotatoc (two-dimensional (2D)) 6tav dya<€(T). H petdfaocn amd 3D og 2D yivetar dtav 1o, Ay Kot
§(T) yivovton ica. H ypopun tov dveo kpicwov mediov, He(T) avtikatomtpiler v dopopetikn
ovpmeprpopd yuo v 3D kot 2D mepintmon Onm¢g paivetal amd TIG EKPPAGELG TG YPOUUNAG TOV (V©
Kkpiopov mediov, Heo(T) ya éva opoyevég YA vuévio ato ‘Ppapiko’ opto cdoueava, ue tov Ketterson [4]

givon
o 1 Vizo, 1
H,’(T)= xar H,*(T) = : (1.2)

2mp, §(T) 2y, d,,s(T)
H tpomonoinon tov He?®(T) Pasileton omv avrikatdotaon tov EXT) pe o ywvopevo E(T)-EL(T), 6mov
10 E1(T) avrikadiotaton and tov mapdyovia, dya/N12 yia v 2D cvpmepipopd tov YA (10 eEotepicd
nedio He: epoppoletor mapdAinia 6Tny TPAEVELD TOL VUEVIOL).

1.2 Excaymyi otov X1onpopuayvnTicno

ZidmpopayvnTikd ovopdalovtor to bAKE mov poyvntilovior £viova mTopovcio eEMTEPUKOD HAyVNTIKOD
7edlov ka1 OlTnpovV Un UNOEVIKN WOYVATION WMETA TNV amoudkpuven tov mediov. H payvrtion
undeviletar andtopo oe pia cvykekpuévn Oeppokpacio  omoio ovoudleton kpiowun Oepuokpacio Curie,
T.. '@ Oeppokpoocieg peyorvtepeg T>T., m owBopuntn poyvition eapavifetar Kot 0 VAKO
GUUTEPLPEPETAL MG TAPOUAYVITIKO.

Ta odnpopoyvnTikd VALK YopaktnpilovTol yio Tn U OVTIGTPERT KOt U1 YPOUUKT AOKPIoT| TG
poyvitiong toug, m otav Bpebovv péoa oe Eva eEmteptkd payvntikd medio, H. O Bpodyog votépnong evog
M Teptypd@el TNV GUVOMKN HOYVATION TOL GOV GLVAPTNON TOv €EMTEPIKOD poyvnTikov 7medio, H.
Inuewdvoovpe OtL 1 payvition dev e€aptdror povo amd 1o H aAdd ko amd v poyvnTiky 1otopio Tov
vAwov. EmmAéov, n poyvntikn enoyoyn B tov vikov divetar amd v oxéon B=H-4mm. H péyiot
poyvition tov XM ovoudletol payvition kopov (saturation magnetization, mgy) kot omoktdtor dtov
epappocovpe eEmteptkd poyvnTikd medio peyolutepo and éva kpicipo nedio mov Kaheiton medio KOPOL
(saturation field, Hgy). Otov 10 e€mtepikd medio puewdverar 6to undsy omd o peydin T mve omd 1o
Hy, 0 M amoktd péviun poyvition tnv omoio. ovopdlovpe mopapévovco payvhtiorn (remanent
magnetization, Mey). Av cvveyicovue va ueidvovps v T tov ewtepikod mediov 1 uayvhtion Ha
pewdverar péypt vo, undeviotel (M=0). Tvvektikd nedio, H, ovopdletor 1o medio mov amatteitat yio 1o
UNdeVIGUO TNG LoyviTIoNG ToL M.

Ymv Ewodva 1.2 (0)-(y) mapovoidlovue tovg Ppoyxovg votépnong, m(H), yia (o) éva oxinpod
ownpopayvitn kot (B) éva poiokd ocwnpopayvitn. Ta oxinpd =M vikd (Ewova 1.2 (a))
yopoktnpilovtal omd peydieg Twég €vioong Tov ouvekTikoy mediov H kot vymAn vmolewmduevn
poyvition omdte ot Bpdyor votépnong éxovv peydro edpog (uepicd kOe) kor vyog avtiotorya. Ta
oKANpd XM vikd eivar ToAd dHoKOAO Vo amopayvntioBobv epodcov £xovv 1N payvnticbei yu’ ovtd Kot
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yapoxmmpilovior w¢ povipor poyviteg. Tovmikd okAnpd XM vk eivar to kpdpoto Al-Ni-Co, to
KpGpoto omaviov youmv, 1o kpapoto Nd-Fe-B kot to kpdpote Fe-Cr-Co. Ta polakd M vikd (Ewkova
1.2 (B)) poyvnrifovron ko amopayvnrifovior e0Kola, evd mapovctdlovy ‘ctevong’ Ppdyovs votépnong
(nepucd Oe) ko pkpég TES EVTaoTg TOV GLVEKTIKOV TTESIov He. Ot evepyelakés andAELEG GE Eva LOAAKO
XM vVAKO 0QEIAOVTOL GTNV EVEPYELX TTOV SOTOVATOL Y10, TNV UETOTOTICT TMV GLOTPOUOYVITIKOV TEPLOYDV
KT TN LOYVITIO KO ATOLLOY VI TIOT] TOV.

Io v gpunveio. Tov PavOPEVOL TOL GLdNpouayvnTiIopod, 10 1906 o Weiss [3] mpoteve mog
amovcio poyvntikov ediov To IM vAKS daipeitol o€ poayvntikovg topeic (MT). Méoa og kabs MT ot
OTOMIKEG LOYVNTIKEG OUTOMKEG POTEG €ivarl PeTa&d TOVG TPOGAVATOMGHEVEG (AOY® aAANAEmOPGoEDY OE
poplokd  eminedo petald TV  UAyVNTIKOV SumoAwv) omdte o kdBe MT Oewpeiton awbopunto
LOYVNTIGUEVOG TTPOG Ui KatevBuvon. Q61060, 0 TPOocavaToAIGHOS Tov dapopav MT eivar tuyaiog,
00T®MG MOTE 1 GLVOAIKN MoyviTion tov M va givor pndév. Otav epapuolovpe Eva pikpd e£mteptkd
poyvnTikd medio, 10te ot MT pe payvition idwg katevBovong pe 1o medio peyaidvoovv, evd ot MT pe
payvition avtifetng koatebBovvong and avtn tov mediov pewdvovral. Kabmg 1o medio avEdvetor £xovpe
avénon tov MT pe poayvition oty Katevboven tov emteptkod mediov uéypt to medio képov, Hey N
TIEG Tov payvntkov wediov H>Hgy 1 payvition 6Awv tov MT mpocavatoiilovior oxeddv mopdiinia
og avto. [Iep1ocoTepE; TANPOPOPIES Yo TOV Z1dNPORyVNTIoUO popovv va. Bpebovv oto Chapter 1.2 ko
GTIG AVAPOPES TTOV OVOLPEPOVTOL EKEL.

() m @ m

mrem
HC /
i
Ewova 1.2: Bpoyot votépnong yia (o) £va okAnpd odnpopayvitn, (B) éva paiakd cidnpopayvitn ko (y)

éva mopopayvnTiko VAKO. O KOKKIVOG KOKAOG dElYVEL TV TAPOUEVOVGA LOYVITION, Miem, EVO O TPACIVOG
KOKAOG delyvel To cuvekTikd medio, He.

2I10NPOUCYVHTIKG DUEVIO, LUE KOOETH-GTO-ETITENO LUAYVHTIKN OVIGOTPOTIO

Tn dexkoetia Tov 1960 o1 Kooy ot Enz [4] mnpdtewvav éva povtélo yia vo e€nynoovv toug MT mov
TOPOTNPOVVTOL GTO GLONPOUAYVNTIKA VUEVIO UE KabeTh-oTo-eminmedo poryvnTiky avicotpomio. To povtéAo
vt VoBétel TNV epedvion MT pe ) LopeN AETTOV AOPId®V OV £X0VV KAbeTH-aT0-EMiNEdO PAyVITION
Ue 01000Y1IKO TPOCAVATOAMGUO ‘Tave’ kol ‘Katm’. H dnuovpyla tétolag popeng MT cuvemdyeton tnv
EAO(LOTOTOINGON TNG EVEPYEWNG TMV SLOPEVYOVI®MV TTESIMV KOl TNG EVEPYEWG TV TOYMUATOV Tv MT
(reprocotepeg mAnpogopicg oto Chapter 1.2). Idwaitepn onuoocio oto povtélo tov Kooy kat Enz éxovv ot
adldotateg TopdpueTpol. mapdyovtag modtntag Q Kol YOpPaKINPIOTIKO UNKOG A oL divovtol amd Tig

oY£0Elg
K
_ 1.3
2mM? (39
o
= Zmows (1.4)
¢ 2Kkd,,



O mapdyovtag mowdtntag Q meprypdpel v evdoyevn taon tov TM vueviov vo €yel gite kdbety-oto-
eminedo €lte mapallnin-oro-emimedo pnayvition. Otav Q<<1 n poyvAtion eival mapdlinin-oro-exinedo
Kol 6TV €mpaveld Tov M vueviov vapyovv peydior MT axavoviotov oynuatog, eved otav Q>>1 n
poayvintion yiveton xabfety-oro-emizedo omdTe otV emeAveln tov XM vpeviov gueoavifovior otevég
Aopideg pe kabetn-oro-eninedo payvition. o v mepintoon mov o mopdyovrog Q 1odton pe povada, o
M eppavilel acBeveic Awpideg axpifdg mhveo omd €va Kpiowo miyog dew (MOyo avicotpomiog
OYNUOTOG). TNV TEpinTon avT, Top’ OAO TOV 1| GUVOAIKY LOYVITION TOV LUEVIOV gival mapdlinin-oto-
emimedo epoviCovrar Awpideg pe kabety-oto-eminedo payvition [5-8].

H ¢vow| mapduerpog mov kabopilel o T doun TV HoyvnTiKOV Topémv ota XM vuévia etvan ta
toyopote tov MT (TMT). To mhdtog kot n evépyela tov TMT pmopovv va VToA0YIeTOOV amd TIG
oyéoelg (PAéne Tig epyacieg [7,8] kot Tig avapopég mov Bpickovtal 68 oVTES)

1/2
DTMT - T[|: v A / KJ Kt Orpur = ZT[[A K]l/z (1'5)

omov omur M evépyeww tov TMT, A n otobBepd oviodloyng (magnetic stiffness) kar K 1
poyvnrokpuotodlikn avicotpornio (magnetocrystalline anisotropy).

Mo v mepintoon Aopidov pe woyvpn kabety-oto-eminedo poyvition, émov Q>1, 1o mAGTOC TV
MT, Dy, divetor amo ) oyéon [4,5,9-11]

1 1/2
D, =5[2“20Tm(1+\/ﬁ) /(16M2, e)} /2 (1.6)
omov p=1+2n1Mg/K=1+Q™, Mg 1 payviTion KOpov Kot € givon évag apldpmTikds Tapdyovtag moAd
Kovtd otn povada. Av 1 oxéon (1.6) ekppacteil cov cuvdptnon tov mAGtovg twv TMT, Doyt kot pe
OVTIKOTAGTACT] TOV [L TaipVovpE

1 1/2 y
D,, =5[(n3 /2)D,, (1+ (Q+1)/Q)(Q/e)} -dY2, (1.8)
To kpiowyo mhyog mov kabopilel v vmapén tov MT pe kdbety-oro-sninedo pnoyviTion otvetal amd T
oyéon [9]
d™ ~68 6, (M,, /K) (L9)
[No v nepintoon tov aclevov Aopidwv pe kabetn-oto-eminedo payvition, 6mov Q<1, 1o Kpiciuo
mhyog diveton and ) oyéon [10]
dg' # (Dypy /WA /QR7+37Q(1-Q) /2)"*. (1.10)
Télog, 0 €0pog Kat TNV £vtacT TV SPeLYOVI®V SIMOMK®OV Ttedinv, Hyp mave and kdbetovg-oto-

enminedo MT SlaTeTOyEVOVE TEPLOOIKA, Ol OTTOI0l EKTEIVOVTOL GTO GMEPO KATH UAKOG Tov GEova Y Kot
&xouvv poyvition kopov, Mg Kotd unkog tov dEova z vmoroyiletol péom g oxéong [12]

N (_1)n dZM
H (x,2)=> M 1-exp(—(2n+1)27—=
z,dlp( ) nz:o sat (2n+1)[ p( ( ) ZDMT ]
(1.11)
xexp(—(2n+1)2x z Ycos((2n+1)27 X ).
2D, 2D,

H ocuvictdoo X dtopopomorteitat povo g mpog tov terevtaio 6po cos((2n+1)mx/Dyr) mov avtikabictaton
ue sin((2n+1)nx/Dyy), eved 1 cvvictdoa Y givar undév yia Adyovg cvpuetpiag [12]. H e€icwon (1.11)
Olvel onuovTIKEG TANPOPOPIEG Y0 TNV KOTOVOUN TNG CLVICTAOONG Z, 1] OOl €IvVaL 1) EYKAPGLO CLVIGTMGA,
H,dip TV S10peuydviov dimoiikav nediov méve and po teptodikny doun xabetwv-oro-emiredo MT ot
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omoiot eival opo10YeVELG KABMG £XO0VV LOVOSTILOVTO OPIGHEVT LOLYVITIOT] KOPOo, Mgy Kot 6tafepd mAdTog
Dur ko €yt ypnoponombei yio t1¢ OempnTikéc TPOGOHOIOGELS TToV Ttopovotdloviol ato Kepdiaio 7.4.1.
Avagepopevol oto Co, mov pekemnOnke oto mhaiclo g Adaxtopikng Atatpipig, 1 payvition
KOPOV, My kupaiveran 1300-1450 emu/ecm?, 1 otadepd avroihoyng, A moipvet Tipég oto Sidotpa 15-30
102 J/m, n payvnrokpuotaddiky avicotpomia, K eivar tng taéng 0.45- 0.52 10° J/m®, 1 evépyeto tov
TMT, opvr eivon 20-25 erg/em? kat 1) avicoTpomio GYAHATog el Kpioio mhyog de,~'=30-50 nm [4,10].



Kepaiaro 2

Avaokomnon  TOV VBpok@V vavodopav Xiwdnpopayvitng/Ymepaymyoc-
IM/YA

O vPBp1dkég vavodopég EM/Y A €yovv peretn0el dreEodikd Tig Tedevtaieg dekaetieg eite Becpntikd gite
nepapotikd [13-16]. Meléteg mov mparypatomomOnkay v dekaetioo Tov 1969 [17-21] eiyav avodei&et
OTL 6TIG TPIOTPOUATIKES Vavodopé (TN) EM/Y A/EM 1 ddtaén g mapdiininc-oro-erinedo poryviTiong
TV eEOTEPIKOV XM vuEVIOY EMOPE ONUAVTIKA OTIG 1O10TNTES peTagopds Tov YA vueviov. Yo avtd to
npiopa, To 1999 ov Buzdin et al [22] kou Tagirov [23] perétnoav Oswpntikd tig TN TM/YA/EM Kot
TPOTEWVOY EVOL UNYXOVIGUO Yol TNV E€PUNVEIR TNG AEITOLPYIOG TOL VAEPAYDYOV OIOKOTTN-GTLY 7OV
Baciletar omnv ddtaén g wapdilning-oro-eminedo poryviTIong TV eEMTEPIKOV ZM vueviov. Ze ovTég
TIG ueAétec mpotdOnke Ott Too media aviolhoayng (exchange fields) mov mmydlovv amd v
‘avTumapdAAnAn’ evbuypappion tov eEntepikdv XM e16€pxoviatl 6o YA DUEVIO Kot 0AANAO0VOIpOUVTOL
ELVOVTOG TIC LTEPAYMYHES 1010TNTEG, KaBDG Ta VO mAekTtpovia Tov Levyovg Cooper é&yovv
‘avTumapdrAAnAa’ omy. Avtifeta, otav ta medio avtaAloyng Tyalovy omd TV TapdAANAn gvbuypdupion
TV eEotepikdv IM mpootifevion petald Tovg 610 eomTEPIKO TOL YA vueviov kot vrofabuilovv Tig
VIEPAYDYIUEG 1O10TNTEC, KAODC ocuvieloOv oto omdowo tov (svyov Cooper. To @awvouevo Tov
VIEPUYDYILOV SLOKOTTN-GRY TapatnpHOnKe TEpapaTIKd Aiya ypovio apyotepa amd tovg Gu et al. [24]
péom mewpapdtov mov kavay og TN [NigFeig-Cug 47Nios3]/Nb/[Cug 47Nig s3-NigoFess]. Avtd ta meipdporta
éoeigav OtL M kpiown vrepaydyun Bepuoxpacio T, amoktd peyardtepn Tiun otav to eotepikd TM
vpévio, govv ‘avtumapdrinies’ payvnrioels. Emiong, ou Potenza et al. [25] ko 1. C. Moraru et al [26]
puerémoav éva onuovtikd aptBpd TN CuNi/Nb/CuNi kot TN Ni/Nb/Ni, avtictoyyo kot mopotipnoay
axouo peyaddtepn avénon g Kpiowung vrepayoyyng Oeppokpaciog, Te yo ‘avTmopdAAnAn’ didtaén
TOV pHoyvnticeov tTov eEmteptkdv XM vueviov 6e GUYKPIoN Pe TNV Kpioiun vrepaydyun Beppoxpacio
omv ‘mapdAAnAn’ dwdtaén. H enidpaon g mapdiininc-oro-eminedo payvitiong tov XM vueviov otnv
payvnroavtiotaon twv TN EM/YA/ZM mov omotedovvtar amd YA vyning kpiocwung Beppoxpaciog
YBa,Cuz0; xor M vyning moiwkotntog-ony Lag7CagsMnO; peletnOnke d1e&odikd kot omd tov J.
Santamaria kot OV ovvepydreg Tov [27,28]. Xe avtéc TG epyaocieg mapatnpinke Ot 1
poayvnroavtiotaon tapovsiole avénon o6tav ta eEmtepikd XM vpévia elyav ‘avtimapdAAnin’ poyviTion.
To evpiuota avtd ONAdVOLY OTL 1 avTIGWNpouayVNTIK O1dtaln ¢ mopdiining-oro-sninedo
poyvitiong v XM vueviov icodvvapel pe peimon g kpiocung vrepaymyung Oeppokpaciog [29] kot
gtvar avtifeta oo to anotedéopota tmv [22-26].

Ytc epyooieg avtég [17-28] dev eiye Oiepeuvnbel mn ocvvels@opd ™G kdbeTng-0TO-ETINEIO
poyviTions tov eEoteptkav M vueviov mov, 0nmg anodeiydnke amod tovg Steiner et al. [30] to 2006 ot
tovg Sdrgers et al. [31,32] ka1 Stamopoulos et al. [33] to 2007, emdpd onuoviikd oTig 1810TNTEG
petaeopds tov YA vueviov otig TN EM/YA/IM. Atya ypoévia vopitepa, to 2000 ot Thomas et al. [34]
perétnoav TN EM/Mn-Mayvimg/ZM kot avaeépbniay oTn LoyvnTootatiky] c0LEVEn mov dnpovpyeitan
petald tov eEotepikdv IM vueviov Ady® g mopovciog Eviovov dlapevydviov mESIOV oL
epopavifovrol ota TMT katd v avtiotpoen g payvitiong. Ouoimg ot [30-33] £d6ei&av OtL Ta eykdpoio
dtapevyovra media wov wnyalovy amd v AMT, mov sugoaviletoar ota M vpévia, oe poyvnTikd medio
KOVTO ©TO GLVEKTIKO 7Eedl0, VTOKIVOOV TIG ONUOVTIKEG METAPOAEC NG UAYVNTOOVTIOTOGN TOL
napatnpeitn ot TN EM/YA/EM. TTho ovykekpyéva, ov Steiner xor Ziemann [30] upeiémnoav
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nelpoapatikd TN EM/YA/EM kouw AN TM/YA anotehodueveg omd Co, Fe and Nb kat mpaypatonoincav
UIKPOUOYVTTIKEC TPOGOUOLMGELS OTOOEIKVIOVTAG OTL Ol KOPLOES TNG LOYVNTOOVTIoTOONG GYETICOVTaL e
ta drapevyovta medio mov eppavifovtal KOvid 6To GLUVEKTIKO medio Tmv/Tou XM vueviov/vpeviov. Xtnv
oo katevbovon, ot A. Sirgers et al. [31,32] pelétnoav TN IM/YA/EM oamotehodpeves omd TM vuévia
UE KaOeTn-0TO-ETIMEDO KOl TOPCAIANAN-0TO-ETIMEIO  POYVIATION KOU OVEQPEPAY OKEDUCEIG-OTY  OTIG
demoaveleg TM/YA kot YA/IM (spin-dependent scattering). Tnv idwa mepiodo, or Stamopoulos et al.
[33,35,36] mpayupatonoinocav nepdauate o TN NiFe/Nb/NiFe mov Bpickovtav o omhf Katdotoorn Kot
o€ Katdotoomn 0mov giye emPAndei o unyoviopog torwong aviorriayng. Ot TN NiFe/Nb/NiFe édeiéov pia
onuavtikn avénon g payvnroavtiotoons (AR/Ry,~50%) mov 0modddnke oty KAOETN HoyvnTOGTOTIKY
ovlevén tov cfotepikdv XM vpeviov NiFe, m omoio yiveton péow TtV rabetwv-oro-eminedo
SlpevyovTemV medlomv Kovid 610 cuvektikd medio. ITo ocvykekpiéva, TpaypoTonoincoy mTEPALATO
UETPNONG NG KABETNG KOl TOPAAANANG GLUVIOTAOCAG TNG HOYVATIONG, Yo eE0TEPKO Tedio TopdAANLo
TPOG OTNV EMUPAVELL TOV OELYHOTOG, TO 0ol 08150V OTL £VOL OTUOVTIKO HEPOC TNG HOYVATIONG oTPiPet
Kabeta-oto-emimedo KOVTa 610 GLVEKTIKO Tedio He. Q¢ ek T00TOL 0 YA cupmeptoEpetot StapoyvnTika mg
TPOG TO VEO medio mov dnovpyeitar omd o dtapedyovta media Tov IM Kot Oyl ¢ TPog T0 eEMTEPIKO
nedio mov etvan mapdAinio [33]. Ta mepapatikd dedopéva tov [33,35,36] e&nynoav v mocoocTioio
avénon ¢ payvnroavtiotaong kol gwonyayav to ‘stray fields scenario’ og tov vmokeipevo @uokod
unyoviopud. Avéioyo TEPAUOTO HETPNONG TS KADETNG Kol TUPAAANANG GUVICTOGOS TG HOYVATIONG OE
TN NiFe/Nb/NiFe mpaypotoromnkov and tovg S. Oh [37-40] ta omoia emPefaimoav to ‘stray fields
scenario’. TTho ovykekpéva, perémoov yépupeg (bridges) NiFe/Nb/NiFe xotr mopotipnoav 611, 1o
QOVOUEVO, HayvnTOOVTIoTOoNG €EAPTIOVIOV om0 TOV OYETIKO TPOCHVOTOAIGHO TNG olevBuvong tov
npoTuntéon afova tng payvitiong (magnetization easy axis) kot tng katehbvvong tov epapuolopevon
pevpatog (to omoio e&aptidTay amd ToV TPOGOVATOAIoUO TG Yépupag). H onuavtikn cuvelc@opd tov
apeVYOVTIOV TEdIMV 6TV poryvntoavTtioTaon £xel Toviotel kot oo tovg M. van Zalk [41] ko J. Zhu et
al [42] péow mepapdtov oe diotpopotikéc (ANG) kot TNg Lagg7Sr33MnOz/YBa,Cus0;-5 kot NiFe/Nb,
avtictoya.



Kepararo 3
Hewpapotikég Teyvikég

Oleg o1 vavodopés (tpotpopatikés voavodoués, TNg, dwtpopotikés vavodopés, AN kot
LOvVooTpOUATIKEG vovodoués, MNg) mov pehetinkav oto miaiclo g mopovsos  SatpiPrg
TOPACKEVAGTNKAV UE TNV TEXVIKN NG Hoyvntikd vrofonboduevng kabodikig tovtofoing (magnetron
sputtering). Ov evanoBéoeg &ywav og vrootpopota Si [001] [Montco Silicon Technologies, WRS
Materials, CA, USA] kot [Siegert Wafer GmbH, Aachen, Germany] uéco ce mepipdiiov agpiov Ar
(xaBapdmroc 99.999%) pe yprion ¢ ovokevng Edwards 306A [Edwards, Sanborn, NY, USA]. Ztig
evamobiaelg ypnoyonomnkay otdyor Nb kot Co vyming kabopotrag (99.90-99.98%) [Materion, OH,
USA] «ou [Yixing Kexing Alloy Material Co., LTD, Jiangsu, China]. Ot evanoféceic tov YA vueviov
Nb mpaypatomombnkav pe woviofoin cuvveyovg taong (dc-sputtering) vo woyd 46 W kon mieon Ar 3
mTorr, evd ot evanobécelg tov IM vueviov Co mpaypatomomOnkay Pe 10vioPod| EVOALOGCOUEVNG
téong (rf-sputtering) vd 16y 30 W kar micon agpiov Ar 3 mTorr. Xe emhektikd delypoto evanobécape
eniong avtiodnpopoyvntikd vpévia CoO pe wovtofoAn evailacoouevng taong (rf-sputtering) vrd woyd
30 W og mepifddrov o&uyovou (re-active sputtering) ypnoiuonoidviog évav cuykekpiuévo otoyo Co.
Exuetaiievopevor v gbkoin oEeidmon tov NioPiov TpoylaTomomoope EKTETAUEVEG TPO-EVATODETELG
TPOKEWEVOL VO PEATIOGOVLE TO KV Tov Bokdpon (otnv Khipaka tov 107 Torr) dote va sEacparicovpe
™mv VynAn mowotnta Tev vueviov Nb. EmmAéov, or mapatetapéveg npo-gvanobicelc pe tov otoxo Nb
cuvodebovtay amd Wo&n tov BoAdpov pe yxpnon UG YXEWPONOiNTNG Kpvo-mayidag vypov aldtov,
dwadtkacio Tov Bertiove 1o kKeVO Tov BaAduov emmAéoy Kot Ui TN peyéboug, pTavovtag TV KAinaKo
twv 10 Torr. Toviovpe mwg dAeg o1 evamodéoeic TpaypatomomOnkav og Oeppokpacio dopatiov yopig
™V gQapuoyn eEOTEPUKOD LAyVNTIKOD eSOV, EVD deV £Y1VE KATO0 TPMOTOKOAAO Oeppukng avomTnong
€lT€ OTO VTOCTPMOUATA EITE GTO TEAKA dElypLOTAL.

O poyvmukds yapaxknpopnds tov TN mpaypatonomdnke og HoyVITOUETPO VREPOUYDYLNG
kBavtikng ocopPorng 5,5 T (Superconducting Quantum Interference Device-SQUID) [Quantum Design,
San Diego, CA, USA]. Ot payvntikéc petprioeig £ywvav o Begpuokpacieg 2 K<T<300 K. To payvntikd
nedlo 0TI LOYVNTIKEG LETPNOELS EQPAPUOCTNKE GALOTE TAPAAANAL Kot GALOTE KABETO GTNV EMPAVELL TOV
vavodoumv. Ot petpioelg poyvnroavtiotaong npoyuatorombnkay péoa oto SQUID gpapudlovtag éva,
ovvexés pevpa petaeopds (1¢=0.5-1.0 mA) péow g mnyng pevpotog Keithley 224 Source [Keithley,
Cleveland, Ohio, USA] kot petpdvrog v téon pe t Pondeia evog morlvpuetpov Hewlett-Packard 3457A
[Hewlett Packard, Palo Alto, CA, USA]. Tovilovpe 01t 0t MAEKTPIKEG UETPNOELS £YIVOV UE TNV TUTIKN
pébodo tecodpwv evfhypapp®y onueiov evd To pedua, lg, frav Tavta kabeto oto payvntikod nedio. To
UoyvnTIKO 7edi0 OTIC MAEKTPIKEG UETPNOEIC EQPAPUOGTNKE TOVIOTE TOAPGAANAQ GTNV ETMIPAVELD TOV
VOVOSOUMV.

Mo ™ pedétn g doung tov MT tov XM vueviov mpoyloTorot0nKoy Telpd ot e Ty TEXVIKN
™ Mikpookomiog Mayvntiknig Avvoung (Magnetic Force Microscopy-MFM). Ta zepduata MFM
TpaypoToromOnKoy pe o pikpookomio chpwong axidag Solver PRO [NT-MDT Co, Moscow, Russia]
ypnopomoldvrog akideg moprtion MULTI75M-G [Budget Sensors, Sofia, Bulgaria] pe enictpmon Co
OV ElyOV TUTIKEG TAPAUETPOVS, aKTive akidoc katw omd 60 nm, otabepd emovagopdc =3 Nm * ko
ovyvotta cvviovicpod =75 kHz. Ot akideg poyvnriloviav mpv omd kdbe péTpnon HE €QOpHOYN
poyvntikod mediov 3 KOe mov eiye katevbuvon katd pnkog tov a&ova g axidag. H puébodog durhng-



OLEAEVOTG OV YPNCILOTOMONKE EXETPETE TNV KATAYPUPT] TOV TOTOYPOPIKOD VYOG (TPpMdTN dtéAevoN LE
T uéBodo NG NUI-ETaENG HETAED TOL JEIYLOTOC KOl TNG OKIONG) Kot TNG MoyvnTIKNG @dong (devtepn
otékevon pe m pébodo g pn-emaeng peta&d tov detyportog kot tng axidag). OAa ta mepdpota MFM
npoypatoromdnkay e Bepuokpacio dwpotiov gite amovcio emTepKoD payvnTiKoL TEdiov, Yy va
gpevvn el N kotdotaon avbopuntng payvitiong (as-prepared state) ite oty KATAGTAGT ATOUOYVITIONG
(demagnetized state), yu vo gpeovnfei 1 AMT o610 cuvektikd medio (Coercive state), site mapovcio
eEmtepikon payvntikol mediov yio vo epguvnbel ) katdotacn kopov (Saturation state). Ta aneikovioTiKd
amoteléopata giyav tn PEATIOT akpifela OTav o1 TapdpeTpol capwong kabopiloviav petald: cuyvotnta
capoong ypauudv = 1.5-2.5 Hz, meproxf = 0.5 x 0.5-30 x 30 pm? kot aptBpdg ypappdy avé sidvo =
256-512.

H popeoroyin perémn tov emoeoveidv tov ddpopov MNwov, ANwv kot TNov éywve pe v
TeYVIKY TG Mikpookomiog Atopkng Abvauncg (Atomic Force Microscopy-AFM). To weipapata AFM
gywav eniong pe 10 KPookoOTo clpwong akidag Solver PRO pe ) pébodo aminc-diéievong kot mut-
enapng peta&d tov deiypatog Kot g akidac. Xpnowomomdnkav akideg muprtiov NCHR [Nano and
More GmbH, Wetzlar, Germany] pe tomikég mapopétpovs, aktivo akidag ket ornd 12 nm, ctabepd
emavapopds = 42 Nm™ kat cuyvétta suvtoviepod = 320 kHz. Ot mapduetpot sépoong kabopiloviay
péca ota Opla Tov avapépdnikay vopitepa yia Tig petpnosls MFM mpokeyévou va mépovpe PEATIoTO
OTEIKOVIOTIKG OTOTEAEGLLOTA.

O dopikdg tovg yopaknpopdc mpaypotonomdnke pe IlepBhaciperpio axtivov-X (X-Ray
Diffraction-XRD). ITepoitépm peAETn TS LOPPOAOYIOG TOV EMLPAVEIDY KOl SETUPOVEIDY TV dAPOpmV
vovodoudv éywve emiong pe v teyvikn g Pacpatookoniog Omcbookédaocng (Rutherford
Backscattering Spectrometry-RBS). EmumAéov, emkovpikég mAnpogopieg yio v AMT twv IM vueviov
koBaitiov Co e&fybnkov amd Bempnrikég mpocopoidosl; o€ MN¢g Co(dc,) mov £ywvav pe to gAedbepo
Loywopkd Object Oriented MicroMagnetic Framework (OOMMEF), to onoio BaciCetar otny e€icwon Twv
Landau-Lifshitz-Gilbert yio Tovg o1dnpopayvites.

Oha ta mepapata delnybnkoav oto INN tov EKE®E ‘Anupokpitog’ ektdg tov nepapdrov PO
7oV &ywvav amd tov Ap. A. Aoyoylidvvn 6to gpyactiplo emtayvvty Tandem 5.5 MV tov Ivotitovtov
Mupnvikng ®vcikng Kot Ztoyetmdny Zopatidiov tov EKEOE ‘Anudkpttoc’. AVoAvTIK TEPLYpaOn TOV
TEPAPATIKOV TEYVIKOV KAODG Kol T®V TEPAPATIKOV TPOTOKOAA®Y TOL YXPNoLLonomdnkav yo v
TOPOCKELT KO TOV YOPOKTNPIGUO TOV VAVOSOU®DY TToL UeAeThOnKkay oty mapodoa dlatpipn Umopel vo
Bpebei oto Chapter 3 kot o11g avagopéc Tov divovtol eKel.

Téhog, onueudvoovpe 0Tt 6TV TAPoHSa HEAETN 1 Kpioun Beppokpacio vTepaydYUNG LETAPAONG,
TCSC kot 1o ebpog, AT opilovror pe to Kpumplo TCSCZT[R=9O%Rn0r] kot AT=T[R=80%Ro]-
T[R=20%Ryor] 0100 Rpor M TN TG avTicTaong oty kavovikh kotdotacn (normal state), avtictoya ko
éyovv vroloylotel omd v koumbAn R(T) vy pundevikd emtepikd payvntikd medio. Emiong, to
draypdupate tov ave kpicipov mediov, He(T), éxovv vroloyiotel and Aemtouepeic kaumdreg R(T) yio
Sibpopa payvnuiké media, H, opiloviag v kpiowun Oeppokpacio, T™® yio 10 kébe nedio and 1o
kprfpro T¥P=T[R=50%Ro].
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Kepdaiao 4
Y Bprowkég vavoooués Co/Nb

To moapdv Kepdhato eotialeton apyikd otov KpuoTtaArloypakd yopaxtnpiopd twv TN EM/YA/EM kot
TOV JOUIK®OV GLOTATIKOV TOVS (dNA. TV povooTpopatikdv vavodoudv (MN) Co kot Nb kot tov AN
Co/Nb ko Nb/Co) mov mpaypatomombnke pe mepdpota XRD. Xt ocuvvéyelo mpaypoatonomdnke o
HLOPPOAOYIKOG YapoKTNPIoUOG TV TN aAAd kot TV dopik®dv Tovg cvotatik®v (MN Co kot Nb kot AN
Co/Nb kou Nb/Co)) péoo mepapdtov pe tig texvikés AFM kor RBS. Téhog, mapovcialovral dedopéva
HOYVATIONG Ko poyvnroavtictaong ywo emheyuéveg TN AZM/EM/Y A/EM. v mapodco Tapdypapo 1
ov{fmon eoTtdleTal 6TO CLUTEPACHATA TTOV TTpodkuyay omtd ta mepdpote AFM kor RBS. Avolvtikd
TEPOpOTIKG dedopéva and to mepdpato AFM kot RBS mapoveialovion oto Chapter 4.2.1 ko 4.2.1i,
avticTotya.

4.1 Aopikdg yopoKTNPLopog TV vEpok®@v vavedoudv Co/Nb

I T0 dopkd apakTPopd TV detypdtov mpaypatoromdnkay teipdpata XRD ce MNg Co kot Nb, og
AN¢ Co/Nb kar o TNg Co/Nb/Co ta omoion avédel&av mog ta EM kot YA vuévia givar vyming
KpLOTOAMKNG TTototnToG. To cupnépacua avTd AvTOVAKAGTOL OO TNV TOPOLGIN EVOAKPLITOY KOPLPDV
ot pdopo mepiBraong aktivov-X ot onoieg TovtTomolovvtal Ue To cLGTATIKA CO KPLOTOAMKNG SoUNg
hcp xar Nb kpvotarikng doung bee. Téhog 1 amovoio eTUEPOVE KOPLE®Y OITd TO. PAcuTe TEPIBLIOTG
aKTivov-X DTOSNAMVEL TNV OTOLGI0 OEVTEPOYEVAV YNUWK®OV evdoemv amd Tt XM kot YA vpévia.
Agmtouépeieg oyetikd pe tig petpnoeig XRD umopovv va Bpebodv oto Chapter 4.1.

4.2 Mop@oroyikog YopaKTNPIoNOS TOV VEPLOK®V vavosoumv Co/Nb

Ta mepapata AFM avidel&av younAéc TIEG EMPAVEINKAG/TOTOYPpaPIKiG TpaydTag (topographic
roughness-TRa) vy 11 emedveleg tov  vavodoum®v mov peretnOnkav. Il ocvykekpyéva
npaypatoromoape petpnoels AFM e MN¢ Co(dco) kot Nb(17nm), oe ANg Co(dco)/Nb(17nm) ko
Nb(17nm)/Co(dc,) kot oe TNg Co(dc,)/Nb(17nm)/Co(dc,) pe mhyn Co deo=10, 60, 80 ko 100 M ko
TOPOTNPNOOUE OTL 68 OAEC TIG MEPIMTAOGELG 1 avénom Tov mhyovg tv vueviov CO cuvendyetol mOAD
pikpn avénon ¢ péong tung <TRa>. To cvumépacupa ovtd vITOSNAGVEL LYNAN TOWOTNTA OTN
LOpPPOAOYiD. T®V VUEVI®V TOV TOPUCKEVAGTNKOV HE TNV TEYVIKY TNG HayvnTikd vrofonboduevng
ovtopoing. EmmAéov, cuykpivovrag tig tipég <TRa> yio. MNg Co(dc,), ANg Co(dc,)/Nb(17nm) xan TNg
Co(dco)/Nb(17nm)/Co(dco) Tov id1ov mhyovg deo kKotoAREape 6T0 GLUTEPAGHO OTL KOTA TO ‘KTIGIHO’ TG
TN éyovpe moAd pikpn avénon g <TRa> yeyovdg mov amodeikviel mTOAD KOAN mTOOTNTA OTIG
dempavereg Co/Nb kou Nb/Co.

AvaAlvTtikd mepdpoto Tpoypotorombnkay pe v texvikni g RBS oe ANg Co/Nb kor Nb/Co kat
oe TN¢ Co/Nb/Co. Ta meipapotikd dedopévo RBS avédei&ov npaxtikd apeintéa didyvon Co 1 Nb otig
demipaveleg Co/Nb kar Nb/Co yeyovog mov emPefordvel tnv vymAn HOPEOAOYIKY TOLOTNTA TOV
EMPAVEIDV Kol dtemipavelmv. Emiong, péow tav petpnoemv RBS ektyunoape to myog twv vpeviov Co
kot Nb. To mpoktikd opueintéo caipo 6Tov VIOAOYIGHO TOL YoV emPefoaidvel TNV akpifelo TV
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TPOTOKOAA®V TOPACKELTG TOV eEacPdAlay KoL eEAeYYOIEVES GLVOTKEG EvamOBeonc Kot otabepd pvOud
evamodeonc.

Ta @owopeva mov mapatnpovvtor otig TNg Co/Nb/Co kot peletovpe oty mapovco epyocio
opeilovtal ®¢ enil T0 TAgioTOV oV payvnTootatiky cvlevén tov eEmtepikav vueviov Co. H vymin
LOPPOLOYIKT TTOOTNTO TOV em@aveldy kot diempovelidv Co/Nb kot Nb/Co (mepdpoata AFM ko RBS)
Kot ot yapnAég tég mg <TRa> (mepdpata AFM) amokieier v €Edptnon g HOyVNTOGTATIKNG
ovlevéng tov eEntepik@v vueviov Co amd UNyoviopovs OTMS T.Y. TO PAVOUEVO *PAO100 TOPTOKOALOD’
(‘orange peel’ effect). Q¢ ex tovtov, N poyvnrootaTiky oVlevén Tov eéwtepikdv vueviov CO mov
emtvyyavetoar ot TAg Co/Nb/Co mov efetdlovpe €6®, amOSIdETOl OTOKAEIGTIKA GTY HOYVNTIKN
avicotpomio Twv vueviov Co.

2mv mapovoa mopdypamo cuintiinkay To GLUTEPACUATO TOV TPOEKLYAY OO TO TEPALOTO
AFM xor RBS. Avolvtikd meipopatikd dedopéva amd to mepdpoata AFM kol RBS mapovcialovtor 6to
Chapter 4.2.1 kot 4.2.1i, avtictoyyo.

4.3 MoyvnTikog Kol MAEKTPLKOS YOPOKTNPIOUOS TOV VPPLOIKOV VAVOION®V
Co/Nb

H dudaktopikn datpiPr £yl oG KOPLO 6TOYX0 TNV HEAETT TOV PACIKOV QUIVOUEV®Y TOV EUPAVICOVTOAL OTIG
TN¢g EM/YA/EM, mov &ivor 10 Qavopevo vrepaydylon dakomtn-omy (superconducting spin-valve
effect-sSVE) kot 10 @awvdpevo g vmepaydywung  poyvnroavtiotaong  (superconducting
magnetoresistance effect-sMRE). Evéeleyeic uehéteg tov TNwv NiggFeso/Nb/NiggFeyn xar Co/Nb/Co
[33,35,36,43-51] éyovv vmodei&el mmwg ta SSVE ko SMRE, av kot 510popeTikd ©g mpog T ¢Ucn Tovg,
oyetiCovtor pe v UeTOforn TV O10TATOV HETOPOPAS TOV YA VUEVIOV OV EMTLYYAVETAL LEC® TNG
TOPAIINANG-GTO-EMITEOD KOl KAOETNG-0TO-EMITEND GLUVIOTACAG TNG UAYVATIONG TV XM e£mtepikdv
vueviov, avtiotora [44,45]. Enueidvovpe Ot kor To 600 Qawvopeva opilovior ®g M TocooTiaio
petaporn g poayvnroovtiotoons (Rmax-Rmin)/RnorX100%, 6mov Rner M TN NG MOYVATIONG OTHV
KOVOVIKY] KOTAGTOON. TNV GUVEXELD B0 TUPOVGIACOVLE AVTITPOCSMTEVTIKA TEPAUATIKA OEOOUEVO TNG
TN CoO(2nm)-Co(10nm)/Nb(25nm)/Co(10nm) ue otdy0 TNV perétn tov eawvousveov SSVE kot SMRE.

Y1 Ewoveg 4.1 mapovoidlovtor dedopéva poyvntoavtiotaonsg Kot poyvitong yw tmyv TN
CoO(2nm)/Co(10nm)/Nb(25nm)/Co(10nm), yia. Tnv omoia 1 kpicwun Oepuokpacio sivar Tc=4.0 K kot to
€0poc NG vrepoydyung petdPfoong €xel tiun AT=112.7 mK. H mpocstnikn tov AXM vueviov CoO
S1EVKOAVVEL TNV gvepyomoinom tov pnyavicpov moAwong avioirayng (ITA) oto katm vpévio Co. Otav
emPalovue tov pnyavioud moOAmong avtaAlayng (ITA) (exchange bias mechanism) oty Siemoen
CoO/Co, 1018 M poyviTion tov KOT® vpeviov Co ‘kapedvetor o€ o GLYKEKPIUEVN devbuvon pe
OTOTELECLLOL OVTO VO CUUTEPLPEPETAL OAV £VOG OKANPOG M. Avtifeta, 1 HLOyVATION TOL TAV® LUEVIOL
Co givon ‘ehevbepn’ o€ mEPIGTPOPT VIO TNV EMIOPUCT EVOC EEMTEPIKOD UAYVNTIKOD TEGIOV, 0MOTE QVTO
CLUTEPIPEPETOL OV €vag HoAakog M. Xtnv ovlimon mov axolovbel, otav €xel evepyomombei o
unyaviopog TTA Ba Aéue 6tL 1 TN Bpioketal oty Kotdotaon nolwong avioiiayng (KITA), eved oty
avtifetn mepintoon to deiyua Bpiocketon oy kavovikh katdotacn (KK). Iepiocdtepeg nAnpopopieg
v tov unyoviopd EB mapovoidlovror oto Chapter 5.3 kot oto Appendix C.

Apywcd eotnialovue oto mepapotikd dedopéva g KK. Emv Ewodve 4.1 (o) wor (B)
TaPOLGIALOVTOL Ol KOUTOAES HOYVNTOOVTIOTAONS Ylo. OAO TO €0POg TOV TESIMV Kl EGTINCUEVES OTNV
TEPOYN TOV WIKPpOV 7ediov, avtiototya. Ot KOUmTOAEG poyvnroavtictacng mov &xovv petpnbel og
Oepuokpacieg kot unkog ™M YA petapaong, OnAaadn yio Ogppokpaocieg T<T=4.0 K, napovoidlovv dvo
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Kopuéc mov amodidovtar oto SMRE, evd m kaumdAn poyvnrooviictoong mov €xel petpndel o€
Beppoxpacio T=5 K>T=4.0 K mopovoidler pia kopven 0.6% (Préne emiong Figure 4.9 (b) tov Chapter
4.3) n omoia dev oyetiletar pe To SMRE. v Ewdva 4.1 (B) £xovpe amopovdceL TNV KOUTOAN 7oV £XEL
petpnBei oe Oeppokpocio T=3.8 K o161t avty mopovoidler v péyiotn iy SMRE.=9.5%.
YvveyiCovrag, oty Ewkdva 4.1 (v) mapovotdletor n KopmOAN LoyVTIGNG GE GUVAPTIOT UE TO LOYVITIKO
nedlo yw Ogpuokpocic T=10>T. eotwoopévn oty 10w mepoyn medlov pe TNV KOpmOAN
payvnroavtiotaong e Euwovag 4.1 (B). Zvykpivovtag tig Ewoveg 4.1 (B) ko (Y) cvumepaivovpe 0Tt ot
00 KOPLOEG TNG UayvnToOVTIoTOOoNG EUPavifovtal ota cuVeKTIKA Ttedio TV e&mtepikav vueviov Co
Om®g delyvouv o1 KABeTES OLOKEKOUUEVES-LLOVPES YPOULES IOV GLVIEOLV TIG dVo Eucovec.

1.0¢ 1.0¢

0.0
H (kOe)

(o1)

AH!*=1.1 kOe

m (10 emu)

L T=10 K>T*°=4 K]
15 1.0 05 00 05 10 15
H (kOe)

Ewova 4.1: Tlewpapoaticd dedopéva yio tnv TN CoO(2nm)/Co(10nm)/Nb(25nm)/Co(10nm) (o)-(y) otnv
KK xat (8)-(ot) omv KITA. (a)-(B),(8)-(¢) Kaumoreg poyvnroavriotaong yio Oepuokpaciec Kot UiKog
g YA petdfoong (a),(d) o 6’0 10 €0pog TV mediov Kot (B),(€) E0TIOCUEVEG GTNV TEPIOYN TOV UIKPOV
nediov yia (a),(B) mv KK kot (8),(¢) v KIIA. (y),(ot) Kopmdreg poyvitiong peTtpnuéves o€
Bepuokpacio T=10>T; yia (v) v KK xot (ot) v KIIA.

Ta mepapotikd 6edopéva tov Ewovov 4.1 (a)-(y) elvan yopaxktnpiotikd yioo TNg EM/YA/ZM
omov avartvcoetor 10 SMRE [33,35,36,43-51] kot amodetkvdouy Tmg avtd oyetileton pe v oTpoen g
poyviTiong tov eEmtepikmv XM vueviov kdbeta-oro-eminedo g vavodoung. Onwg €xel cul{ntOel otig
epyooieg [33,35,36,43-49], to SMRE esupaviletoan og emteptkd poyvntikd medio, Kovtd 610 GUVEKTIKO
nedio, He~Hc, tov XM vpeviov. IN'a nedia He~H; ta XM vpévia stoxwpiCovtar e MT (multidomain
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magnetic state) kot évtova dopevyovta dtmolkd medio (stray dipolar fields), Hgip, epeaviCovrar e 6An
TNV EMPAVEL TOVG TO. OTOiCL GLVERAYOVTOL TNV KAOETN poayvntoototiky tovg ovlevén. Ta Hgp stvon
kéOeta omv emedveln g TN kot ‘damepvovy’ (‘pierce’) to evdldpeco YA vuévio ennpedlovtag
duvapukn tov Cevydv-niektpoviwv Cooper (orbital effect [13,14,54,55,58]). Katd cuvéneia, dedopévon
OTL 01 TEPLOYEG TOL YA 1OV TANTTOVTOL ATO TO SLOPEVYOVTO TESIO CUUUETEXOVV GE SLOSIKAGIES O1AYVOTG
(dissipation processes) [30,33,35-52], n vrepaymyudTnTo KATAGTPEPETAL EiTE 68 HIKPO (T doPEVYOVTaL
nedio vepPaivovy 10 kdto kpiocwo medio tov YA, Hq(T)) eite o peydro (to dapevyovia media
vrepPaivovy 1o dve kpiowo wedio tov YA, He(T)) Babud. Emnv nepintmon mov ta Sopedyovio media
vrepPaivovy 1o kdto kpicyo medio Tov YA, He(T), dnuovpyodvrar vaepaydya era&ovia (vortices)
OV GUUUETEYOVV GE Ia EXAYOUEVT Kiviion vmd v emidpacn g dOvaung Lorentz, Fi=Jex®, (6mov
®,=hc/2e givor 1o kBévto Tov PAagoviov Kot Jex T0 eEOTEPIKE EQPOPUOLOUEVO PEVLO. LETAPOPES). XNV
nepintmon mov 1o, Soeedyovta Tedia vaepPaivovy To ave Kpiciuo wedio tov YA, Heo(T), dnuovpyodvran
TomiKG péco 6to0 YA vuévio TEPLoyEg Kavovikng koatdotaonc. O Stamopoulos [33,35] eionyaye tov 6po
‘stray fields scenario’ ywn v gpunveio tov SMRE mov mopatmpeiton otig TN EM/YA/EM petd and
O1e€0d1Kn UEAETN TNG HOYVNTOOVTIOTOONG KOl TNG KADETHG-0TO-EMIMEND KOL TOPOAANANG-0TO-ETITEDO
owviot®oog ¢ payvitiong TN NiggFeo/Nb/NigoFe.

2m ovvéyewr eotialovpe ot mepapotikd dedopéva g KITA. Zmmv Ewova 4.1 (8) ko (g)
ToPoLGIALoVTOL Ol KOUTOAES UOYVNTOOVTIOTAONS YIo. OAO TO €VPOG TOV TESIMV KOl ECTINCUEVEC OTNV
TEPLOYN TOV WKPOV mediowv, avtiototya. Ot Koumdleg poyvnroavtiotacng mov €yovv petpnbdeil oe
Oepuokpacieg katd unkog g YA petafaong mopovstdlovv Eva ektetapévo fubdicua mov anodidetal 6To
SSVE. Zmv Ewoéva 4.1 (g) éyovue amopovacel Ty kKapmoAn mov €xetl petpndel oe Beppokpacio T=3.85
K 316t avt) mapovsialetl tnv péyiom tipr SSVELx=1.5% nov vroloyiletatl 6to péso tov Pubicuparoc.
YvveyiCovtag, otnv Ewdva 4.1 (o1) mopovcstaletal 1 KOUTOAT LOyVATIONG OE GUVAPTNGT UE TO LOyVTIKO
nedlo yw Ogpuokpocic T=10>T, eotwowopuévn oty 0w mepoyn mediov pe v Kopmdin
payvnroavtiotaong e Ewovag 4.1 (g). Avtimapafdiloviog v KoumoAn poyvitiong g TNG yo v
kotdotaocn KK (Ewdva 4.1 (7)) kot tnv KoumdAn poyvitiong v thy katdotaocn KITA (Ewova 4.1 (o1))
BAémovpe mwg M emPoin g [IA cuvtelel 0TV HETATOTION TOV GLVEKTIKOV TEGIOV TOL KT vueviov Co
O€ LEYOADTEPT TIUN GE GUYKPLON Ue TV T mov £xel avtd oty KK. Zuvenmg, otnv KITA enituyydvetot
N ‘QvVTWapIAANAN’ d1dToén Tov payvnticeov tav eEonteptkdv vueviov Co mov 1codvvapel pe undevikn
GUVOMIKY] HoyviTIon Kot AapPdvel ydpo o€ évo apketd evpd gdoua mediov, to oroio opiletal amd ™)
S10popd TV cvvekTikdv mediov, AH *=1.1 kOe. Znueidvovpe TOc, OmmG avVOpUEVOTOV, TO GUVEKTIKO
1edio Tov v vpeviov Co dev adralet pe v emPoin g ITA. Tvykpivovtog tig Eikoveg 4.1 (g) ko (ot)
ocvumepaivovpe 01t 10 POOope SSVE gppaviCovtar oty neployn nediov petad tov cUVEKTIKGOV TEdinv
v eEotepkdv vueviov Co.

Ta wewpopatikd dedouéva tov Ewovov 4.1 (8)-(o1) eivan yopoktmpiotikd yio TNg TM/YA/EM
o6mov avantvooetatl 1o SSVE [13,14,22-29,54-57] ka1 amodetkviovy Tmg ovtd oyetiletal pe tnv oTpoen
g payviTiong TV eEmteptkav XM vueviov rapdlinla-oro-enizedo g vavodoungs. [To cuykekpiuéva,
1N GLVICTMOGO TNG UAYVATIONG TV XM vueviov mov gival TopdAANAN oto eminedo g TN moapéyel Eva
oyvpd medio avrorrayng (exchange field), Hey., T0 omoio d1€1660e1 6t0 YA vpévio o€ €va Pikpd pNKog
ot dempdvein EM/YA kot emdpd ota onwv tov (evymv-niektpoviov Cooper (paramagnetic effect
[13,14,58-62]). To medio avtaArayne, Hexe, TV ‘mapdAinia’ dwtetaypévov poyvnticeov tov M
vueviov teivel va mpocavatoAicel ta omv v (gvydv Cooper mpog tnv idta dtevbuven amoTpEnoviag 1o
eowvouevo Cevyapopoatog (pairing effect). Idwitepn onuacia ot Peltictonoinon tov SSVE nailel o
unyoviopog ITA mov emPdidietarl oto kdtw XM vpévio, pécw tov AXM vpeviov, kabhg ‘Kapemvel T
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HOYVATION TOL KAT® XM TopAAANAO TPOG LU0 CUYKEKPIUEVT] KOTEVBUVOT KADIGTAOVTAG TOV LAYV TIKA
oKANPO, evd 0 v IM 7mov Jdpa ®G €vag paAakog XM otpépetar akoAovddviag To eEmTEPKO
poyvntikd medio. Avaioya pe v Kotevbovon tov eEmteptkod payvntikov mediov (mov givor mhvta
napdrAinho omv TN) 1o dvo efwtepikd XM vuévia €yovv eite 'mapdAinin’ eite ‘avtimapdAinin’
dTaén g mopdiining-oro-eninedo NayvATIONG. ATO TO TOPATAVEO TPOKVTTEL OTL, TO GLVOMKO TEGIO
avVTOAAOYNG 6TO0 €0TEPKO YA vuévio etvar péytoto dtav ta XM vpévia eivar ot didtaén ‘mtapdAining’
HOYVATIONG KOl EAGYIGTO oTn SITOEN “avVTI-MApAAANANG HOYVATIONG. XUVETMG, OTNV ‘TopdAAnAn’
SlTaén HoyvATIONG Ol LIEPAYMYIUES 1010TNTEG LIoPabuilovtol evd oty ‘avil-tapdAinin’ didtaén
LOYVATIONG Ol VIEPAYDYLUES 1010TNTEG dtatnpovvtal. Me dAla Adyla m dwdtaén g mopdiining-oto-
eMTENO LOYVATIONG TOV EE0TEPIKOV XM vpeviov eAéyyel Tov TANBued Tov {evymv-niektpoviov Cooper
670 £0MTEPIKO TOV YA vpeviov.
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Kepaiaro 5

Moayvntikn] Avicotpornio tov vpeviov Co-H avicotpormiog oynpotog kot o
pnyoeviopog IMoimong Avrariayng

Onog éxel ov{nmBel oto Kepdhaio 1 (ka1 oto Chapter 1), 1 poyvnukn avicotpomio evog M vueviov
kaBopiletar amd evdoyeveig (Hayvition k6pov, My, otabepd avraiioyng (magnetic stiffness), A kot
LoyvnTokpuoTaAlk avicotpontion K) kot and emyeveig (avicotpomiog oynuatog tov XM vueviov)
poyvntikég  mapopétpovg [5-11,63-67]. Xto  kepdhowo ovtd peletnooue  Osopntikd  (Uécw
LIKPOUOYVITIKGOV Tpocopoldcemy pe 10 Aoywopikd OOMMF ce MN Co) kou mepopotikd (HEcm
poyvntikov petproenv oto SQUID ka1 mepoudtov MFM oe TN Co/Nb/Co) v emidpaocn tng
OVICOTPOTIOG GYNUOTOG OTN HOyVNTIK avicotpormio tov XM vpeviov Co. Emiong eiéyCope mog o
unxavicpog IA pmopei va kabopicel TNy poyvntikn copnepupopd evog XM vueviov [68-72].

5.1 H emidpaon TS OVIGOTPOTIOS CYNUATOS OTNV HOYVITIKN GVIGOTPOTTLN TMV
vpeviov Co

Y10 TAAIGLO TG TTOPOVGAG LEAETNG HEAETHOOUE BEMPNTIKG TNV LOYVITIKY OVIGOTPOTIO KOl TNV dOUN TV
poyvntikev topémv (AMT) MN Co pécm [KpoUayvNTIKGOV TPOGOUOIDGE®Y UE TO Aoyicpukd OOMMEF
[73]. T to okomd avtd ypnoyonoOnKay TVTIKEG poyvnTikés mapauetpot yio évo MN Co pe doun hep
(Snh. K=0.52x106 J/m?, M,,,=1400x10° A/m and A=30x10™"* J/m) ka1 eni\éyOnke otobepn povoaEovikn
OVIGOTpOTio. Katd pfKog tov dEova z. Ot MN Co(dg,) pe draotdosic x=2x10° m xar y=1.5x10° m ot
HeTaBoALOEVO Thy0¢ doo=5-100x10"° m. e HAeg TIC TPOGOHOIOGELS TO EEMTEPIKO POyVNTIKO TEdi0 HToy
TOPOAANAO GTNV EMPAVELD TOV LUEVIOL Kol giye v kotevOuven tov dEova Y. AETTOUEPEIEG Y10 TO
Loylopiké OOMMEF pmopovv va. Bpebovv oto Chapter 3.5. Ttic Ewoveg 5.1 (a)-(y) mapovoidlovpe
eikéveg OOMMEF yia 1o eminedo x-y pog MN Co(dco) yo mwéym (o) 40 nm, (B) 50 nm ko (y) 100 nm. Ot
€IKOVEG aVTEG dgiyvouv TN HopeY| TV poyvnTiKOv touémv (AMT) oto eminedo Xy KOTA UNKOG €vOg
Bpoyov votépnong oty Katdotoon TapaUévoucog poyvitiong (remanent state). T tnv koddtepn
KaTOvONoT TOV EIKOVOV ToViLovue OTL TO ¥PDOUNTO KOKKIVO KOl UITAE OVTITPOCOTEVOVY TNV KdAbeTH-010-
emimedo PayvnTion (T0 KOKKIVO YPMUO OVTITPOCMOTEVEL TN LayVITIoN oV Pyaivel £ amd TV emipavelo
TOV LUEVIOV EVD TO UTAE YPOMO TN UOYVATION TOV UTOIVEL UEGO GTNV ETLPAVELL TOV VUEVIOV), EVAD T
YPOUATO GOTPO Kol HodPO ONAGDVOVY TNV Omovcio kdbetnc-oto-emimedo poyvhitions. o ToAd Aemtd
vpévia dgo<40 nm (Ewdva 5.1 (a) yo tnv MN Co(40nm)), Topatnpodpe LoyvnTikovg Topeis mov givat
ropdiinior-oro-eminedo ™¢ NM. T, moAd moyid vpévia dee>60 nm (Ewédva 5.1 (y) yio v MN
Co(100nm)), mapatnpodue o AMT pe popen Aemtdv Ampidwmv (stripe magnetic domains) ot
UOYVITION KAOeTn-0TO-ETINEIO TOV VIOONADVETOL ATT0 TO POTEWVO-KOKKIVO KOl POTEWVO-UTAE Ypdpa. [
To vpévian e evoldueco mhyn 40 NnM<dc,<60 nm (Ewova 5.1 (B) yio tqnv MN Co(50nm), mapatnpodus
TG 0l 600 GLVICTACES TNG HOYVATIONG, KAOETH-0TO-ETITEDD KO TOPAIANAN-OTO-ETITEDO, CUVVTLAPYOVY
kot n vgpbeon tovg divel o vaepdoun. o cvykekpiéve oty Ewodva 5.1 (B) vadpyovv xabsteg-oro-
EMTENO NEMTEG ADPIOEG Ol OTOTEG EYOVV GKOVPES OMOYPMGELS KOKKIVOL Kol UTAe. Ot GKOVPEG AMOYPDCELG
VTOONA®VOLV TNV VTOPEN EVPVTEP®V HOYVNTIKOV TOHEDV UE HOYVATION ZTOPAALNAN-oTo-emimedo Kol
oprofetovviol yYwpikd amd meprypdupota pe Evrovo ypopo (vrevbopilovpe O0TL To EOTEWE ¥POUOTO
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OLVIGTOOV HOYVITION KdBetn-oto-emimedo). Ta svpuata avtd ivar avapevoueva yio, Co pe KpuoTaAlikn
doun hep kot poptupodv ToV PETAGYNUOTICUO TN UOYVATIONG OO Tapdlinin-oto-eninedo o€ kaletn-oto-
emiredo KabBmG 10 mhyog tov XM vueviov av&dvetan mhveo and éva Kpiciuo mayog deOOMMF=40—50 nm
AOY® TG EMidpoong TG avicoTpomtiog oyfuatog [5-11,63-67]. O petaoynuaticpds TG HoyviTiong Kobmg
av&avetal To Tayog Tov vueviov Co pavep®VeETAL Kol GTOVE BPdYOVG VGTEPTONG TOV TOPOLGLALOVTOL GTO
Chapter 5.1.i

Co(100nm)
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Ewova 5.1: Ewcovec OOMMF g eméveiag MN Co(dg,) (2x1.5 pm?) oty Kotdotoon mopapévonsag
payvitiong ywo wéyn (o) dee=40 nm, (B) dce=50 nm xot (y) dce=100 nm omov @aivetor 1 AMT. Ta
YPOUOTO KOKKIVO KOl UTAE OVTITPOGMTEVOVV TNV KABetn-oto-emimedo PoyVIATIoN (TO KOKKIVO PO
QVTITPOCHONEVEL T1 LOyVITION oL Pyaivel £ amd TV emMEPAVELD. TOV DUEVIOV €V TO UTAE PO TN
LLOYVATION] IOV UTOIVEL HECO OTIV EMPAVELN TOV DUEVIOV), EV TO YPDOHOTO GOTPO Kol Ladpo dNAdVOLV
NV TOPGAINAN-0TO-ETITESO POYVITION).

Emmiéov peretioope mepopotikd v poyvntik] avicotpomio tov TN Co/Nb/Co péom
poyvnTikav petpnoenv pe 1o poayvnropetpo SQUID 5.5 T, kabag eniong kot tv AMT tov méve vpeviov
Co tov TN Co/Nb/Co pe perprioelg MFM. Xtig Ewoveg 5.2 (a)-(y) mapovoialoviol dedopéva MFM
(5.5%5.5 pm®) y1o. TN Co(de,)/Nb(17nm/Co(dco) pe mém deo (o)) 30 nm, (B) 60 nm «on (y) 100 nm oty
katdotaon avdopunc noyvitiong (as-prepared state). Olec o1 petprioeic MFM zmpayuatomombnkay og
Oepuokpacioa dopatiov. Xtig TN pe peydho moyn deo=100 nm (Ewova 5.2 (y) yw v TN
Co(100nm)/Nb(17nm)/Co(100nm)) mapatmpodue rdbetn-oro-cminedo AMT pe v HOpEON AEMTOV
Aopidov (stripe magnetic domains) tToyaiov tpocavatoiicuov. I'a mayog deo=60 nm (Ewova 5.2 () ya
v TN Co(60nm)/Nb(17nm)/Co(60nm)), mapatnpovue LeyGAovs poyvntikovg topeic dStapétpov 1-2 um
UE TOPGAIANAN-0TO-ETIMEDO PUAYVITION, OTO ECMTEPIKO T®V Omoiv @rlofevolvtol Aemtéc Ampidec e
kabetn-oto-eminedo poyvation. Lo pikpotepo mwiyn deoe<30 nm (Ewova 5.2 () yuo v TN
Co(30nm)/Nb(17nm)/Co(30nm)), mapatnpodpe Uoévo mapdlinin-oro-eminedo poyvition. Ot payvntikol
TOUEIG UE mapdAinin-oto-emimedo pPoyvATION OgV €XOLV ELOLAKPITAL GOLVOPN OESOUEVNG TNG LIKPNG
KApokog odpwong. Ta evprpato ovtd emPefordvovy TEPOUATIKG TOV HETOCYNUOTICUO TNG LOYVITIONG
OnO TOPAAANAN-0TO-ETTiNEdO OE KGOETH-0TO-EMITENO KODDG TO TAYOG TOL VUEVIOL OWEAVETOL TAV® amTd Eval
Kpio1Oo TAYO0G deMFM=40-50 nm AOY® ™G EXIOPACTC TNG OVICOTPOTIOG GYLOTOC KO EIVOL OVOUEVOUEVO,
yw Co hep [5-11,63-67].

Téhog, a&lomomoape to Oempntikd dedouéva tov OOMMF kot to TEPAUOTIKG dEdOUEVE TOV
MFM vmoioyilovtag to mAdtoc v MT, Dyt pe xabetn-oto-emimedo poryvition kabdg Kot To TAATOG TV
TMT, Diyr. H dwdikoacio vroloyiopod twv Dyr kot Doyr meptypdeetol ovaAvTikd 610 KEPAANLO
Chapter 5.1.iii. Xtnv Ewodva 5.3 mopovcidlovue to mAdtn Dyr kot Dryr mov vroloyiomnkov ond Tig
nelpapatikég petpnioelg MFM og cuvaptmon pe to ndyog tov vpeviov Co, de, (Ta avtictorya dedopéva
amd 11¢ Tpocopoincel; OOMMEF mapovoialovtar oto Chapter 5.1.iii). ITapatnpodue o6t dtav peidverot
10 mhyog Tov vpeviov Co, peidvovror Kot to TAGT Dyr kot Doyr. T tpég tov mdyovg de,<60 nm
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TOPATNPOVUE o amOToUN petdfaon oe pundevikég Tinég tv Dyt kot Drvr. ToviCovpe 611 ot Tipég
Dumr=0 nm ka1 D=0 nm apopodv ta Aemtd vuévie, Co ta omoia dev eppavilovv kabetovg-oro-enimedo
poayvntkovg topeic. To mepapatikd dedopéva g Ewovag 5.3 emkvpdvovv v emidpacn g
avicotpomiog oyfuotog oty AMA tov vueviov Co kot cvppovouv pe v Piploypaeio [5-11,44-
46,50,63-67].

Ewova 5.2: Aedopéva MFM (5.5x5.5 pum®) yioe TN Co(dgo)/Nb(17nm/Co(dc,) pe méym deo (@) 30 nm, (B)
60 nm «oi (y) 100 nm otV katdotacn avdopuntmg poyviTiong petpnuévae o Beppokpoocio dopotiov.
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Ewova 5.3: EEEMEN Tov TAATOVG TV HOyvNTIKOV Topéwv, Dyr Kol ToV TOyOHITOV TOV HOYVNTIKOV

Topé@v, Dryr, OV VTOAOYIGTNKOV 070 TIG TTEWPANTIKEG peTpioel; MFM cg cuvaptnon pe to mhyog Tov

vueviov Co, dco. H ovumoyng-pmie ypouun Tpokimtel omd TV TPOGOPUOYT TG YPUUUKNG GUVAPTNONG

OTO TEPAUOTIKE OESOUEVE, EVD T OLOKEKOUUEVT-UTAE YPOUUT OlEVKOADVEL TOV OVAYVMOTH OTNV

TOPATHPNON.

52 H emidpaon 10V uNYOVIGHOV TOAMONG OVIOALAYNG OTIV HOYVITIKI)
ocvpumePLPopa TV vpeviomv Co

Mo vo peletnoovpe v emidpacrn tov unyovicpov molmong avtoiiayng (ITA) ommv payvnrtikng
ovumeprpopd twv TN Co/Nb/Co npocbécaue éva Aentd vuévio CoO oto katm vuévio Co. To CoO eivat
évac Tumikoc AXM pe yapaktnpiotikn Bepuokpacio Neel Ty=291 K evéd 1o Co eivor évog Tomikdg M pe
kpiowun Oeppoxpacio Curie Teyie=1388 K. Otav to deiypo yoyetar and Oeppoxpocio T, Tn<T<Tcyre,
omoTE KOl evepyomoteitar o unyoaviopuog A, to kdto vuévio Co amoktd GKANPO HOYVNTIKO YapOKTHPO
AOY® g emagng Tov pe o CoO oty demapry CoO/Co (Appendix C). H dwdwkacio ovt) omokaisiton
oLyva TPOTOKOALO TTA Kol €xel MG OMOTEAEGUO, TO ‘KAPQ®UA™ TNG HOyVNTIONG TOL KAT® vueviov Co
rwapalinia-oro-eninedo ™G NA mpog o cuykekpiuévn olevbuven pe omotéleoua v avénoemn Ttov
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GUVEKTIKOV TtEdiov Tov Kdtw vuéviov Co. Avtifeta, n payvition tov whve vueviov Co eivon ‘eledbepn’
0€ TEPLGTPOPT VIO TNV EMOPOOT] EVOG EEDMTEPIKOD UAYVNTIKOD TTEGIOL OTOTE QVTO GUUTEPLPEPETOL GOV
évag porokds XM. Avtd oaivetonr otig Ewoveg 4.1 (y) xor (§) mov moapovctalovv TiG KOUTOAEG
poyvitiong, m(H), g TN  CoO(2nm)/Co(10nm)/Nb(25nm)/Co(10nm) yw v KK kot v KIIA,
avtiotorya Omov PAémovue OtTi, pe v emPorn g I[MA 10 cuvektikd medio tov Kdtw vpeviov Co
petotomileTon TPog LEYAADTEPN TN EVD TO GUVEKTIKO Tedio Tov Tave vueviov CO pével mg €xet. v
ov(Rmon mov akolovbel TAPOLGIALOVTOL EMLYPOLUUOTIKG TO, GUAVTIKOTEPO GUUTEPACUATO CYETIKA |E
mv emidpaocn Tov unyavicpuod A oty payvntikh cvprepipopd twv TN CoO/Co/Nb/Co.

Eivat yvooto [68] tmg ota modd Aemtd vpévia AXZM o punyaviepog ITA pmopet va evepyomombei pe
yoén tov deiypotog mapovsio poyvntikod mediov. H yoén yivetar amd Oeppoxpacio T ndve omd tnv
Beppoxpaoio ppaypov, Tg (blocking temperature) n omoio givan pikpdtepn omd v Oeppokpaocio Neel,
Tg<Tn. Me cxomd v peAétn tng Beppoxpaciog epayuov, Ty, mapackevdoape po oepd TN CoO-
Co(10nm)/Nb(dnp)/Co(10nm) pe petaParropevo mayxog Nb dy,=17, 19, 21, 23, 25, 50 and 100 nm kot
LETPNOOLE TNV HAYVATION 6€ cuvaptnon pe T Beppokpacio, M(T), vro otabepd eEmtepicd poyvnTikd
nedio évtaong H,:=100 Oe. Ta mewpapatikd dedopéva poyvitiong m(T) mapovsidloviat avolvTiké 6To
Chapter 5.2 (Figures 5.10 (a) kot (b) oto Chapter 5.2) kot €de1&av 611 ot TN 1 Ogppokpocio @poypod dev
egaptararl and 1o mayog Tov gvdiauesov vueviov Nb. Eriong n Ogppokpacio poypod yu 1i¢ TN CoO-
Co(10nm)/Nb(dnp)/Co(10nm) xvpaiveton oty meploy twmv 90<Tp<150 K. Emnv cuvéysiwn, £yvov
LETPNOELS TNG UAYyVATIONG O©€ ovvhptnon pe 10  poyvnikd medio ywo v TN CoO-
Co(10nm)/Nb(19nm)/Co(10nm) otnv KK xatr otnv KITA (Figure 5.11 oto Chapter 5.2). e avtég Tig
petpnoelg ahddlope cvotnuotikd ™ Beppoxpacio ITA, Tha, Kol TOPATNPHCALE TOG 1] LEYOADTEPT TN
GUVEKTIKOD 7ediov Tov kdt® vpeviov Co oty KIIA, HSM, emrvyydveton ya Oeppokpaciec
Tra>Te=108 K. Q¢ ek tovT0V T0 TPp@TOKOALO [TA €QOppOcTNKE TAVTA e YOHEN amd Oepuokpacio T=300
K péoo oce e&mtepikd medio H,:=10 kOe mpokepévov va Soceaiotel n péyom dpdon. Télog,
UEAETNOOUE EMTUYDS TO POVOUEVO SLadoYIKMOV HayvnTikdv kokiav (training effect) ue petprioeig tov
Bpoyov vatépnong yio tnv TN CoO-Co(10nm)/Nb(19nm)/Co(10nm) (Figure 5.12 oto Chapter 5.2).
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Kepdroro 6

Yraepayoyyun Mayvnroavtictaon mov mapatnpeitor otic TNg XM/YA/EM-
Evpeon Tov epmlekOpevov nopapiTpov

210 mopdv KEPAANO TOPOLGLALOVTOL TEWPAUATIKA OEGOUEVO LOYVATIONG KOl LOyVNTOOVTIGTOGNG e
OKOTO TNV €VPECT TMOV TAPAUETP®V OV XNPeAlovy Tig 1010t TeG petapopds tov TN XM/YA/EM. TTo
CUYKEKPIUEVO, LEAETALE TNV EMLOPACT] TOV £YOVV TO PLGIKE YOPAKTNPIOTIKA TV EEOTEPIKGOV XM vUEViIV
KaOAdG Kat Tov gvAaESOV YA DUEVIOL GTN LOYVNTOOVTIGTAGN.

6.1 H emidpacn TOV QUOIKAV YOPUKTINPIOTIKAOV TOV £0Teptkov XM
vpeviov ot poyvnroavrtiotacst tov TN XM/YA/XM

I. H emidpaon ™S payvnTIKIG 0vVIcoTPoTiog TOV XM vueviov

a. O polrog TG GVIGOTPOTINS CYNNATOS

e autn TV Tapdypago Ba deifovpe TOG N AVIGOTPOTIOG GYNUATOG EMOPE OTIG WOOTNTEG LETAPOPAS TMV
TN EM/YA/ZM. Xt Ewoveg 6.1 (a)-(8) moapovoidlovtal ol KOUTOAEG HOYVNTOOVTIOTOONG Kot
poyvationg  ywo 1 INg  (a),(B)  Co(10nm)/Nb(17nm)/Co(10nm)  war  (y),(8) Nols
Co(100nm)/Nb(17nm)/Co(100nm), ot omoieg Ba amokorovvtar wg TN Co(10nm) kot TN-Co(100nm),
avtiotoya. Avagopikd pe tv TN-Co(10nm), otig kaumdreg poyvnroavtiotacng g Ewovag 6.1 (o)
TOPOTNPOVUE TIC KOPLEES Tov amodidoviar oto SMRE. H péyiom ty SMRE,=19% petpnbnke oe
Oeppokpacio T=7.65 K<T,0"M=7 665 K. Tty kapmodn poyvitiong g Ewovag 6.1 (B) mov £xet
netpnOei oe Oeppokpacio T=10 K>T,NCUMM=7 665 K avadeikvoetal pia apketd SUOVIIKY Slapopd
6T0 GLVEKTIKG Tedior Twv M vpeviov, AH, ™0z miveCo_py xiteCo370 e, Avagoptkd pe tv TN-
Co(100nm), otig kapmdreg poyvnroavtiotaong g Ewova 6.1 (y) mapoatmpodue exiong kopveéc SMRE.
H péyiom tpfi SMREq,=86% petpndnke oe Oeppoxpacio T=6.86 K<T /M= 6910 K.
Yvveyifovtag, oty KOUTOAN poyvitiong g Ewova 6.1 (8) mov €xel petpnbei oe Bgpuokpoacio T=10
K>T, N0 g sotmpovpe 61t 1 TN-Co(100nm) cvpmepipépetar poyvntiké ooav MN, kobodg Ta
GUVeEKTIKG Tedio Tmv EM vpeviov tavtilovton divovtog AH M C0MM = ( xireCo_py miveCorg g

Onwg &gl 101 culnmobei oto Kepdhao 4, to SMRE oyetiletol pe v otpon| g xdbstng-oro-
emimedo poyvitiong tov e€mtepikav M vueviov kot epeavifetol og eEmTEPIKA PayvnTikd Tedio Kovia
oto cvvektikd medio, He=Hc, tov XM vueviov. Emmiéov, petpiceig MFM mov mapovoidotkay 6to
Kepdiato 5 (kar oto Chapter 5.1) £6e1i&av nmg, AOy® ¢ ovicoTpomiog oyuotog, ta vuévia, Co pe mhyog
dc,=10 nm<dez'vI &xovv €€ oloxhpov mapalinin-oro-emizedo payviTion eved tao vuévia Co pe mhayog
dc,=100 nm>d,<pZM £€xouv €€ 0AOKANPOL KAOeTH-0TO-EITENO LOYVITION, YEYOVOC TTOV EPUNVEDEL TIV TOAD
peyaAn dagopd otnv Tt tov SMRE mov avarticoetan otig Vo TN. I'a v emPePainon avtod tov
GYLPICUOV, PHEAETHCOLE TNV GTPOQPT TNG LOYVATIONG OTNV TEPLOYN TEdI®MV KOVTH GTO GUVEKTIKO Tedio
TOV XM VUEVIOV LETPOVTOC TAVTOYPOVE TN OOUNKT] KOl TV €YKAPCIO GLUVIGTOCH TNG UAYVIATIONG TOV
TN-Co(10nm) kot TN-Co(100nm) yo e€mtepid nedio epappoopévo toparinia (Figures 6.2 (a)-(d) oto
Chapter 6.1) xou kaOeta (Figures 6.3 (a)-(d) oto Chapter 6.1) oto eninedo. Ot PeETPGELS OVTES £YVOV GE
Oepuokpacieg T=4.5 K<T, ka1 oe Ogppokpacieg T=10 K>T, ko emiPefordvovy Tm¢ N oTpoen g
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LOYVATIONG TPAYUOTOTOLEITAL Tapdiinia-aro-erinedo yio. v TN-Co(10nm) xon xabeta-oro-emimedo yio,
v TN-Co(100nm). Xto Chapter 6.1.i.a £xgt yivel Aemtopepng oulNTnon aVTOV TV dE60UEVQV.

0.20 e

148 (0) Co(lOnm)/!\‘b(l?nm)/Co(lOnm) () No15 Co{100)Nb(i7nm)/Co(100nm)
1.2 ) T=7.660 K<T® _7 665 K]
9000000 -y 2% X

R (Ohms)

0.00 -
-20 -15 -10 -5 0 = 10 15 20

= 1r (6) ’f
e

H AH =0 Oe r

‘\.‘o 0

E -1

T=10 K>T:=7.665 K] i T=(10 K>T =6.910 K ]

15 -10 -05 00 05 10 15 15 10 05 00 05 1.0 15
H (kOe) H (kOe)

Ewova 6.1: Tepoapatikd dedopéva yia tig TNg (a),(B) Co(10nm)/Nb(17nm)/Co(10nm) ko (y),(8) Nol5
Co(100nm)/Nb(17nm)/Co(100nm).  (a),(y) Koumdieg payvnmoavtictoaong oTnv — TEPWOYN NG
vrepay@yyung petafaone, (B),(6) kaumdieg poyvhtiong petpnuéveg oe OBeppokpacio T=10>T, yia Tig
TNc (a),(B) Co(10nm)/Nb(17nm)/Co(10nm) kot (v),(8) No15 Co(100nm)/Nb(17nm)/Co(100nm).

m (10° emu)

(o) [ stray (B)
fields
<€
sM YA M '\Y/’/
1 2
d):M1>deZM d2M2>deZM dZM1<de d2M2<d
poyvntikoi Topeig poyvntikoi topeig
Kabfetoi-oro-enimedo TopaAinior-ato-eninedo

Ewoédvo 6.2: Zynuotkr avamapdotacn dvo TN EM;(devi )/ YA/EM,(dsy) mov amotelodvrar and =M
vuévia, whyovg (o) dZMl,dZM2>de2M kot (B) dZMl,dZM2<deZM v wedia HemHay. () T dZMl,dZM2>deZM n
OTPOPN NG HayviTIoNng TV XM; kot XM, vpévia Tpaypatonoteitoan kabsto-oro-eninedo g TN omdte
EMTLYYAVETAL oYLPT poyvntootatikny ovlevén petald tovg pe cvvémela éva oyvpd SMRE. (B) Tia
dZMl,dZM2<de2M N oTPOEN T HayvATIoNGS TV XM Ko XM, mpaypotonoleital mopdiinlo-oto-eninedo
g TN omote €yovue acbevr payvnrootatikn oblevén peta&d tovg pe amotéAespo Eva vrofaduicpévo
SMRE. To pnkoc¢ tov kOkKivov Kot umAe OmA@v-Berldv vrodnimvel 1o uéyebog g mopdiinin-oro-
EMITEDO KO KAOeTNG-0T0-EMITEAO LOYVITIONG TOV XM vpevimv.
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Tty Ewova 6.2 (a),(B) eaivetar n oynuoatikny avarapdotacn 600 TN ZMi(dsyi)/ Y A/ZM,(dsymo)
oV amotelovviol and XM vuévio mhyovg (a) dZMl,d2M2>dezM kot (B) dZMl,dZMZ<dKPZM oTNV TEPLOYN
nediov HemHe. T dgvy,dsvz>dy,™ (Etkovar 6.2 () M otpoi g payviTiong tov eoteptkdv M
vpévimv mpaypotonoteiton kdbeta-oro-eminedo g TN. ITo cvykekpyéva, v H=H; to0 XM vpévio pe
whym dZMl,dZM2>deZM yopilovion o€ xaberovg-oro-eminedo MT omdte dnpovpyeitar éva, TUKVO SiKTLO
EYKAPSIOV JaPeVYOVTIOV TEdiV mov ‘Tpumovv’ Tov YA divovtag éva oyvpd SMRE. Avrtifeta, ya
d;Ml,dzM2<de2M (Ewova 6.2 (B)) n otpoen TG LayVATIONG TOV EOTEPIKOV M DUEVIC TPOYLLOTOTOLEITOL
rwapallnio-oro-eninedo g TN. Tty empdvela tov M vueviov speaviloviol zapdalinlor-oto-exinedo
MT ot onoiot cuvodevovtar amd piKpd TANBvoUd £YKAPCLOV SOPELYOVIMV TESIWOV TOV TPOEPYXOVTUL OO
o TMT ka1 0dnyovv o€ acbevi payvnrootatikr culevén dpa o€ vroPaduicuévo SMRE.

b. O péiog ToV pYEVIGHOD TOLMONG AVTUALAYAS

Ev ovvexelo peretioope mog o unyoviopdg ITA emdpd otig 10w0mteg petagopds tov TN
AXM/EM/YA/ZEM. Zmmv Ewova 6.3 mapovoidlovrol petpnoelg poyvntoovtiotaong ywoo tmv TN
Co0O(2nm)-Co(60nm)/Nb(23nm)/Co(60nm) No2 otv KK (umie-cvumayeig koxkiotr) kot otmv KITA
(koxkivor-avorytol kbkAol) petpnuéveg ot Bepuokpacio T=7.220 K<T.=7.255 K, 6mov mapatnpodviot
ot péyoteg Tipéc SMRE=65.8% xar SMRE*"=36.0%. Zta vpévie Co(60nm) cvvumdpyovv MT pe
LOYVATION TopdAinin-aro-eninedo pe MT vrd ) poper| Aentdv Ampidmv Tov &ovv HayvhTion kabety-
oto-enineoo (mewpapata MFM (Ewova 5.2 (B)). H onpovtikr vrofdaduion g tyung tov SMRE, 1o onoio
oyetiletoan pe ™V kabetn-oTo-emimedo UAYVITION, OQEIAETOL GTO YeYovdg OTL OTOV EVEPYOTMOlEiTAL O
unyoviopuog A avédvetoar 10 m0606TO TG MayVATIONG T@v XM vueviov mov eivol wapallnin-oto-
EMMEAD KO OVTIOTOUYO. UEWDVETOL TO TOCOGTO TNG WOYVATIONG 7Tov  &ivol  kdbety-oro-eminedo.
Hopatmpovpe eniong, 61t 1 kapumoAn payvnroavtiotaons g KITA eival kdto amd v kopmdin g KK
otav 1o e£mTepcd mEdio eivar pkpdTEPO 0md T0 Gve kpioio medio Tov YA (SnA. oyvet R <Rgs -
0tav Hg<H(T)), yeyovdg mov Snhdver 0Tt M avénom G mapdiindng-oto-eminmedo  poyVnTIKNG
OLVIOTAOCNG PEATIDVEL TIG LVIEPAYMYIUES WOOTNTEG GE YEVIKO €MIMedo (Yo MEPIGCOTEPEG AEMTOUEPEIEG
Bréne Chapter 6.1.ii).

M mo Aemtopepng perétn yivetan otig Ewdveg 6.3 (B)-(8) omov mapovoialovpe tig kapmoreg (B),(5)
poyvnroovtiotaong kot (y),(€) poyvitiong e TN CoO(2nm)-Co(60nm)/Nb(23nm)/Co(60nm) No2 otnv
(B),(y) KK xot otV (8),(e) KIIA eotioopéveg ota pukpd media. Eotidlovtag oty KK (Ewoveg 6.3 (B)
Kot (y)), mapatnpovpe 61t N kopvery SMRE® éyet o doitepn popporoyio petold Tov cuVEKTIKGOV
nediov Tov eotepikadv M vueviov, OnO¢ QaiveTol kol amd TIC UOOPEC-Ol00TIKTEG gubeiec  mov
ocvoyetilouv ta mhvek (B) kot (y). H péyrotn tiun Riyax Kotaypdeetar og medio 160 e T0 GuveKTIiKO edio
TOV TOv® vueviov Co (koxkivn-dtaxekopupévn ypouun). Eotialoviag otnv KITA (Ewoveg 6.3 (8) kot (€)),
nopatnpodue OtL 1 kopuel) SMREX™ éyer petwbel onpavikd kot avorntdooetor oty dtevpopévn mia,
Moyw TIA, meployn T@V GUVEKTIKOV Tediov Tav e&mtepikdv IM vueviov, OT®Mg GAiveETOl Kol 0o TIG
pavpec-dtbotikteg evbeiec mov cvoyetilovv o whvel () ko (€). EmmAéov, 610 k€vipo TG KOPLONG TG
poyvnroavtiotaong mopatnpovpe éva PoOicpa 1o omoio mapovoidlel gldyioto Rpi, oto medio mov
napatnpeitoan undevikn T ¢ poyvhAtiong (koxkwvn-draxekoppévn  ypapun). To Pobiopoa avtd
oxetiletar gite o) oty ovvomapén tov Pubicpotog SSVEN™ (avénon e mapdiininc-oro-emimedo
payviTiong) pe ™y vroPadopévy kopveri SMRE®® (peimon g kabetnc-oro-enimedo poyviitiong) oty
neployn medimv mov 1o e€mteptkd XM vuévia £Xouv ‘avTImapdAANAN’ poyviTion, gite f) pe v veépbeon
dvo ave&aptnrov kopupmdv SMRE, mov avtiotolyobv 61o cLVEKTIKA TEdia TV dvo M, o1 omoieg AGY®
g ITA éyxovv amopokpuvlel apkeTd ®OTE v 6ivouv aVTO TO TEPIEPYO UOPPOAOYIK(, OTOTELECUO
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(AH"=320 Oe>AH*=220 Oe), ite y) pe v cvvdvaouévn dpdon tov a) kat ). Exteviic culfmnon
Yo TNV gpUNVEiD QVTOV TOV gupnuatov kabmg kal cuykpion pe T Pifloypaeio uropel va Ppedel oto
Chapter 6.1.i.b.

Ymv Ewodva 6.4 (a) ko (B) avamapiotodpe oynuotikd 660 TN AZM-IM;(dsvi)/ Y A/EM(dsaz)
7oV omoteAovVTOL omd M vpévia mhyovg drmi=dsmz=60 Nm oty meproyn nedia He~H; 6tov 10 XM,
Bpioketar otnv (o) KK kot (B) oty KITA. Onwg avaeépbnke oto Kepdlawo 5.1 kot oo Chapter 5.1 ko
5.2 1o vuévio Co(60nm) @rio&evodv TI¢ kdBetn-0T0-6MiTEAO KO TOPGAANAN-OTO-ETITEIO GUVIGTMGEG TNG
payvitiong €& artiag g avicotpomiog oynuatog. Otav to TM; Bpioketar oty KK (Ztnv Ewova 6.4
(a)), emrvyybvetar wwyvpn payvnrootatikn cblevén tov XM; kaw XM, Ady® G kabetng-oto-emimedo
poayvitiong omodte evvoeitan 1 avarntvén évtovov SMRE. Avtifeta otav to IM; Ppioketon otnv KITA
(Zmv Ewoéva 6.4 (B)), N mapalinin-oro-ermizedo payvition tov XM; evioyvetal, AOY®m NG emapns avTol
pe tov AXM, omote M poryvnrootatikn ovlevén tov XM; kol EM; eivan acBevéotepn kot o SMRE
vroPabuiletor. To ufKog TV KOKKIVOV Kol UTAE SIMAGV-BEADY VTOINAGVEL TOLOTIKA TO péyebog g
TOPaIINAN-0TO-ETITEIO KA KAOETHG-0TO-EITESO POyVATIONG TV XM LUEVIAL.

KA
SMRE"™=36.0%
0.4} SR ]

I
g - \22? 3
T=7.220K<T]  0.2f f qﬁ
M .

: Loy T=7220K<T

SMRE"“=65.8% 1

1
00 L . o 1 20))3)) NaVrraeRva ac
-1.0 -05 - 00 0.5 1.0 10 _ '-0-5'1 ' '|'0.0' _ '0.5' _ '1.0
s1.0Hy) R ; o £10F(E) S —0—0—0—
S KK N o £ KITA - !
E 0.5 fAH =220 Oe-_ ! 1g 0.5} AH™=320-Oe ]
1 § 0.0 . I § 0.0 -
£.05 J 1 E-05f ]
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H (kOe) H (kOe)
Ewoévo  6.3: (o) Io6Beppec woumdreg poyvnroavtictaone vy v TN CoO(2nm)-
Co(60nm)/Nb(23nm)/Co(60nm) No2 otnv KK (umke-cvumayeic xokior) ko oty KITA (kodxkvor-
avorytol kvklot) petpnuéveg ot Bepuoxpacio T=7.220 K<T=7.255 K o6mov mapatnpeiton n péyiot
Ty SMRE. (B)-(8) Metpnioeig (a),(8) payvnroavtictoong kot (y),(€) payvitiong yu tqv TN petpnuévec
omv (B),(y) KK ka1 oty (3),(¢) KITA gotiacuéveg oTnv Teployn TV UIKPOV TEdimV.
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Ewova 6.4: Tynuatikt avaropdotacn 600 TN AXM-EM;(dsyi)/ Y A/EMy(dsvz) mOv omotehodvTan oo
=M vpévia mdxovg dymi=dsmz=60 NM ya nedia He~H, 6tav 10 XM; Bpioketon oty (o) KK xon (B) otnv
KITA. Toviovpe mmwg ota vuévie Co(60nm) cuvvurdpyovv M kabetn-oto-eminedo Kol moapalinin-oro-
EMIMEOD GLVIOTMOEC NG MHayvhATiong (avicotpomion oyfuotog). (o) Xtnv KK emtvyydvetar oyvpn
payvnrootoatikn ovlevén Tov IM; ko EMp Ay TG kabetyc-oTo-emimedo LayVITIONG OTOTE ELVOEITAL T
avémtuén évtovov SMRE. (B) Xty KIIA 1 mopddinin-cro-eminedo poyvition tov XM; gvioyOetol, AOym
g EmaENS Tov e Tov AZM, ondte N payvnrootatikny ovlevén tov IM; kot XM, sivor acBevéatepn kot
10 SMRE vrofoafpiletar. To purxog tov kdkKivev kot prie SImAd-BeAdv vTOdNA®VEL TOOTIKA TO péyedog
NG TOPOAANANG-0TO-ETITENO KO TNG KAOETHG-0TO-EMITEDO LOYVITIONG TOV M.

ii. H emidpaocn TS O0QPOPES TOV GUVEKTIKOV 7ediov TV efotepik@v XM
VUEVIMV

Ymv mapovoa Topdypapo Oa eEETAGOVUE TNV EMIOPACT] TTOV £XEL 1 OLLPOPE, T®V GUVEKTIKMV TESI®V TOV
eEwtepikdv XM vpeviov otig 1810tteg petapopds twv TN IM/YA/EM. Emyv Ewove 6.4 (a)-(ot)
napovotalovue mepapotika dedopéva yia tig TN (o)-(y) Nol Co(60nm)/Nb(19nm)/Co(60nm) (TN-Nol)
kot (8),(ot) No2 Co(60nm)/Nb(19nm)/Co(60nm) (TN-No2) (6io. to dedopéva €xovv petpndei yio tnv
KK).

Apywcd eatidlovpe oto dedopévo payvnroovtiotaonc. v Ewova 6.4 (o) eoivovtal ot Koumoieg
payvnroavtiotaong yioo v TN-Nol petpnuévec oe Oeppokpocieg katéd UNKOG TNG LIEPOUYDYUNG
petdpaong, eved oy Ewova 6.4 (B) mapovstaletot 1 KOUTOAN UAYVNTOOVTIGTAGNC UE TN MEYIOTN TN
SMRE™™M°'=86% sotiacuévn ota pwikpd media. Avtictoryo, oty Ewodva 6.4 (8) @aivovtol ot Kaumileg
payvnroavtiotaong yioo v TN-No2 petpnuévec oe Oeppokpocieg Katéd UNKOG TNG LIEPUYDYUNG
uetdpoong, evd oty Ewdva 6.4 (g) mapovctdletor 11 KOUTOAN LOyVITOOVTIOTAONG UE TN UEYIGTN TN
SMRE™™!=60% eotiaopévn oto puepd medio. Metpfioelg g ovtiotaong oe cuvaption pe
Oepuokpaocio, R(T) oe undév payvntikd medio £6ei&av 611 ot 0o TN amotelovvial and YA vuévia
cvykpioung mowvtntag (T =7.42 K xar AT, "N'=25.6 mK/T,""N°=7.56 K kon AT,""**=41.8 mK).
Ta dedopéva avtd £xovv mopovotactel oto Chapter 6.1.ii. Mg dedopévn v cuykpiciun mtoldtTo 1OV
AY vpeviov kot Ayom tov 61t o, XM £ouv TapOpola LoyvnTiKY avicotpomio (1610 whyog de,) aALG Kot
mv id1o amdotoon peta&d Toug (idto mayog dyp), N onuavtiky dtagopd oty Tiun Tov SMRE tov 600 TN
ogeiletal ot S1PoPd TV GVVEKTIKGY Tediov Tov M vpeviov AH, =130 Oe kot AH, " V?=325
Oe (Ewkdveg 6.4 () kar (o1) yio Tnv TN-No1 kot tov TN-No2, avtictouyo).
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Ztnv Ewova 6.5 (o) kat (B) mapovsialetal n oynuotiky avarapdotacn 660 TN TM1/YA/ZM, nov
amoteAobVTOL and XM vuévio kdbetng-oro-eminedo PoyvinTiong i61ov wéyovg, dsmi=dsme, mOL givor (o)
LoyvnTikd isoduvapa, dni HIM~HM2, 1 (B) o EM; eivon poyvnTikd ‘podokd’ Kot 1o M, poyvnrikd
‘okpd’, ik HEM'<HM2. Otav ta eEotepkd IM vpévia eivar payvntikd ioodvvapa (Ewova 6.5 (o)),
dnh HM=HM2, epgavitovy tavtdypova (dni. oto idto evpoc mediov) xabetovc-oro-emimedo MT mov
@uogevouy éva TLKVO diKTLO  EYKAPCLOV  dopevyovieov medimv, omdte  emTLYYXAVETOL 1GYVPN
poayvntoototiky ovlevén mov toodvvauei pe évtovo SMRE. Av amd v dAAn vmobBécovpe OtTL T
eoteptcd M vpévia dev eivan poyvntued 1odvvapa, éoto ott H'<H M, (Ewova 6.5 (B)) tote 0
vpévio XM; glvan poyvnTikd ‘podakd’ kot To vpévio LM, etvar poyvntikd ‘okAnpo’. Tote ya eEmtepikd
nedio kovtd oto HM' 10 IM; yopiletar oe kdberovg-oro-sminedo MT dpa ihofevel eykdpota
dwpevyovto medla eved 10 XM, [Ppiloketol okouo o€ KATAGTAGN KOPOL. oV OmOTEAEGUA, 1)
payvntoototiky ovleuén tov entepikdv XM vueviov eivar acBevig kot mapotnpovue vofaduiopuévo
SMRE, 71 dev emttuyydveton kaBolov, ondte N TN copnepipépetar oav 600 payvntikd acvevkteg AN.

0-25 T T T T T T T 025 T T T T T T T T
No1 Co(60nm)/ib(19nm)/Co(60nm)] 6N02 Co(60nm)/Nib(19nm)/Co(60nm)
0.20 0.20F
©0.15 {1 @015
IS £
N =
20.10 1 Qo010
x x
0.05 0.05
0.00 U —— = ! 0.00
-10 -8 6 4 -2 0 2 4 6 8 10 -10 -
0.20 T T T T 0.20
) Sl
__0.as}
[%2)
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S 0.10}
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o
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Oo 1 b CRNCEITETE DRPCEPR I s
-1.5 -1.0 -05 0.0 0.5
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= 0.5} ¢ : K B ’g 05+ . - E
g o 5] ;
~ 0.0 - - %S 0.0
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= : T=10K>T, ] & : T=10 K>T_
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-1.0 ! ! & 1 -1.0 1 1 ! !
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Ewoéva 6.4: Tlepapotikd dedouéva yio tig TN (a)-(y) Nol Co(60nm)/Nb(19nm)/Co(60nm) (TN-Nol) kai
(0),(c1) No2 Co(60nm)/Nb(19nm)/Co(60nm) (TN-No2). (a),(8) Koumdieg poyvnroavtictoong yuo
Oepuokpaocieg Kotd punkog g vepoydyung petdfaong yuo (o) v TN-Nol kot (y) tnv TN-No2. (B),(¢)
Ot kopmoreg payvnroavtiotoong mov epeavifeton péytotn Ty SMRE eotioopévec ota pukpd medio yuo
(B) ™v TN-Nol xot (¢) v TN-No2. (y),(ot) Koumdreg poyvationg petpnuéveg oe Bepuokpocion
T=10>T,y1a (y) Tqv TN-No01 ko (ot) v TN-NO2.
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Ewova 6.5: Zynuoatikn avamopdotacn 600 TN EM/YA/EZM, mov amotehodvior amd TM vuévio id1ov
ToovG dsvi=dsmz. Ta EM; kot M, vuévia £xovv kabetn-oto-minedo poyviTion kot givon (o) poryvinTikd
wwodvvapa, dnd HEM'=H™2, 7 (B) to IM; eivon payvntikd ‘poiakd’ kat o M, payvntikd ‘oxinpd’,
S HEMI<HIM2. v mpdn mepintoon (o) £govpe oyvph] Hayvntoototiky ovlevén ondte o SMRE
elvar évtovo evd ot devtepn mepintwon (B) dev emrvyydveton poyvnrootatikny ovlevén kot to SMRE
vroPabuiletol onuovTIKA.

li. H emidpaocn ™G omdcTaoNnS TOV E£OTEPIKAOV XM vueviomv

H mopdypoapoc avtn emkevIp@veTal oty €nidpacn TG andotacns Tov eotepik@v M vueviov oTig
Wwotnteg petagopds tov TN EM/YA/EM. T 10 AOyo autd mapackevdoape tpelg oepég TN
Co(dco)/Nb(dnp)/Co(dc,) 6mov dratnpovcape otabepd mhyog vueviov Co kot petafdlope cLGTNUATIKG
10 mhyog tov vueviov Nb. Ou oeipég avtéc ympilovtar oe 600 katnyopieg pe Pdon 1o mhyog Twv M
vpeviov. Xty Tpdtn katnyopia aviikovy ot TN pe Aemtd M vpévia, deo=10 kot 30 nm<de2M:40—50 nm
(rapddinin-oro-eminedo poyvhition) 6mov 1o mwhyog Tov YA vueviov ekteivetar og peydreg tuég 13
NM<dnp,<200 nm. Xtmv devtepn katnyopio. avikovv ot TN pe oyetikd moyd XM vuévia, 0c,=60
nm>de2M=4O-50 nm (kcOetn-oto-emimedo poyvhtion), Omov TO TAXOG Tov YA vUeViov €0TIOGTNKE OF
ukpéc Tipég 15 nm<dyp<27 nm.

Avagpopwd pe v mpatn katnyopic TN, omv Ewdva 6.6 mapovcidlovpe v e&dptnon g
uéyiotng tung MREn omd 1o mhyxog tov YA vpeviov Nb, dw,, v T ogipég TN
Co(10nm)/Nb(dsc 1)/Co(10nm) ko Co(30nm)/Nb(ds: »)/Co(30nm), 6mov dg;=17-100 nm «ou ds; ,=13-200
nm. Ot ovuroyeic-koaumoleg elvol OMOTEAECUO TNG TPOCOPHOYNS TNG €KOBETIKNG GLVAPTNONG
MRE=MREe “/"+MRE; ota nepopoticé dedopéva. Mapotnpodpe tac 1 T MRE sy pkpoivel kabbe
peyaAdmvel to Tayoc Tov YA vueviov Nb. H peioon tov MRE s« glvat amdtoun péypt va amoKTioEL o
otaBepn Ty yro wéyn Nb peyoddtepa and éva v kpictpo méxog Nb, dyp.™. To vo Kkpictuo méxog
vy 1 TN  Co(10nm)/Nb(ds1)/Co(10nm) givar onuoaviikd pkpdétepo amd ovtd v TN
Co(30nm)/Nb(ds. 2)/Co(30nm) (dyp ™ °[TN-Co(10nm)]=30 nm<dyp ., °[TN-Co(30nm)]~60 nm). Exiong,
N peimon tov MREn.x givan mepioodtepo andtopun yio tig TN Co(10nm)/Nb(ds:1)/Co(10nm) an’ ot yo
1ig TN Co(30nm)/Nb(dsc 2)/Co(30nm).

Ta mepapoticd dedopéva g Ewkovag 6.6 emkvpdvovy 1o ‘stray fields scenario’ yio mv gpunveia
tov SMRE, soupwva pe to omoio ta kabera-oro-emimedo dopevyovia medio mov gupaviovior oto XM
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VUEVIOL Y10 TTESTIOL KOVTA GTO GUVEKTIKO TTEDI0 ELVOOLV TV HOYVIITOGTATIKY] TOLG 6V ELEN Kot “TpLTOvV’ TO
Y A vuévio. Baoilopevol o antd 10 GEVAPLO aVOUEVOVUE TG OGO PEYOAMDVEL TO TAXOG TOL Y A vueviov,
o XM vpévio amopokpOvovtal TPOoodeLTIKd pe amotélecpo v e€acBévnomn Tng HoyvNTOGTOTIKNG
oVCevéng petald tovc. H pepikn dieicdvon tev dtopevyoviov tediov péoa oto YA vpévio €xet o AUeGo
OTOTELECLO TNV TPOOSEVTIKY| pUeimor ¢ Tiung Tov SMRE. 1o cuykekpipéva to TEPAUOTIKG dEdOUEVL
VIOSNADVOLY TG Y10 TAYOG dNb,Kp‘iV‘” eppavifetar oto ecmTePKd T0L YA vueviov pio meployn oty
omnoia, 6gv &yovv dieledvoetl dapedyovta media kot 1 TN Co/Nb/Co apyilel va coumepipépetarl oav dvo
poyvntikd acvlevkteg AN Co/Nb kar Nb/Co. Ondte yo whyn dszdNb,Kpm 10 SMRE peidvetar oe o,
otafepn T n onoia wwovtan pe v T SMRE mov petpape o ANg Co/Nb. O punyoviopdg avtdg
avamoplotdtal oynuatikd oty Eucova 6.7.

30 T T T T T T T T //II/
. ® Co(30)/Nb(d,,)/Co(30)]
250 ° @ Co(10)/Nb(d,,)/Co(10)]
; MRE=MRE *e""+MRE, _
R 20F MRE =24.68+3.24 ]
g I t=15.17+0.15 ]
w 15¢ MRE =4.84+2.46 .
[0 S MRE =1176.46%300.71 ]
= 100 ]
: t=4.12+0.26 ]
r MRE12%3010.19 1
5F —

O0 1IO 2|O 3|0 40 5.0 60 70 80 901001/60 200
d, (nm)

Ewova 6.6: E&aptnon tov MREn« and 1o mhxog tov YA vueviov Nb, dyp, v 11 oepéc TN

Co(10nm)/Nb(dsc 1)/Co(10nm) ko Co(30nm)/Nb(dsc 2)/Co(30nm), émov ds1=17-100 nm ko dsc ,=13-200

nm.

B) (v)
2 +>
=\ M- =
PN |
A '
IM YA M IM YA M ™M YA T YA =M
1 2

TEPLOYN OTIV 0Toi0, OEV £XOVV JEGIVCEL
Spevyovta medio
Ewova 6.7: Zynuatiky avanapdotaon pag TN TMy/YA/EM,. (a) Otav 10 ayog Tov YA vueviov givar
OPKOOVTOG WKPO EMTVYYAVETOL CMUAVTIKY poyvntootatikny ovleuén peta&d tov XM vueviov, pHécwo
Kafetwv-oto-emimedo ANAPELYOVTOV TEdiV, Tov 0dnyei g onuoviikd SMRE. () Oco 1o mdyog tov YA
vueviov avédvetar n poyynrootatikny ovlevén petald tov XM vueviov egacbevei kol 1o SMRE amnoktd
pupotepeg Téc. (v) IHavo and éva kpioyo wéyoc YA epgavi(etol pio meployn oto e6mTEPIKO Tov YA
VUEVIOL GTNV 0Toio dEV EXOVV O1EIGOVGEL dlapevyovTa Ttedio. Xtny mepintmon (Y) ta eotepikd XM sival
poyvntikd acvlevkta kot TN copnepipépetal oav dvo ave&aptnteg AN IM/YA ko YA/EM; ondte 0

SMRE omoktd o otabepn Tyua. 57



Avagopikd pe v devtepn katnyopio TN, peretnoape TNg Co(60nm)/Nb(dys3)/Co(60nm) émov
T0 ToX0¢ Tov YA petaforlotav maipvoviog Tuég dyps=15-27 nm. I ovykexpyéva, oty Ewdva 6.8
napovctdlovpe v e&dpmmon g péong g MREna xou g péong tywng g kpioywng YA
Beppokpaoiog Te amd 10 mhyog To0v YA vueviov, dyp. Ot péoeg Tuég MRE ko T, éxovv vroloyiotei yio
oepéc TN  mov  opbpody  N=14  TNg  Co(60nm)/Nb(15nm)/Co(60nm), N=5  TNg
Co(60nm)/Nb(17nm)/Co(60nm), N=2 TN¢  Co(60nm)/Nb(19nm)/Co(60nm), N=2 TNg
Co(60nm)/Nb(21nm)/Co(60nm) TLs xar N=2 TN¢ Co(60nm)/Nb(23nm)/Co(60nm). Xto évbeto 1TNg
Ewovag 6.7 mopovoidletar n kapmdin avapopds Te(dn) yio MN Nb(dn,) mov avadeikviel g kpiciuo
700G 670 0moio xaveTor N YA 10 dypr=1-2 NM, 70V 00dEIKVOEL TNV TOAD VYNAT VTEPAYDYIUN TOLOTHTA
tov vueviov. Ta wayog dyp=17 nm 1o SMRE yiveton péyioro, SMRE=100%. H tuég tov SMRE
peiovovtat andtopo kabmg o mhyog Tov vueviov Nb peyoddver mive amd to 21 nM. Avtd to gvpnua
OLUPOVEL pE To dedopéva g Ewovag 6.5 mov avaeépovtal otny tpdt katnyopio TN mov peietnOnkov
v petaPantd ndyxog Nb. Emotpépovtag oty Ewova 6.8 mapoatnpodpe 0tt ot Tipuég MREmay kot Ty,
peiovovtat amdtopo yio Ty Kat® amd dyp=17 nm kot yivovtar pndév oty mepoyn 13-14 nm, démwg
OelyvOUV Ol OLOKEKOUMEVEG YPOUUES IOV £xovV €lc0ay0el TPOKEWEVOL VA SIEVKOADVOLV TOV OVOyVAGTN

GTNV TOPATHPNOT).
100
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Ewova 6.8: EEaptmon tov SMRE (kdkkivot-avoytoi kdkAot) kot tng kpioiung YA Oeppoxpaociog T,
(umhe-cvumayeic kOKAol) amd to whyog Tov YA vueviov dyp yia TNg Co(60nm)/Nb(dn,)/Co(60nm). Ta
O€d0UEVE AVTA TIGTOTOLOVV OTL KOl 01 VO TOPAUETPOL PEUDVOVTOL SPACTIKA KAT® and £va, KPIGIHLo Thyog
Onb,p=13-14 nm (ta sdApata avtikaronTpilovy Tig Stakvpdveels avapesa ota didpopa TN). 10 £vBeto
napovotalovue to avrtiotorya dedopéva avoaeopds yioo MA Nb(dyp) mov mapovoidlovy kpictuo mwéyog
Anpp=1-2 NM, deiypo g VYMANG TOVG TOOTNTOG. Ot SIUKEKOUUEVES YPAUUES FIEVKOADVEL TOV OVALYVAOT
GTNV TOPOTHPNON.

H omotoun peimon g tung tov SMRE mov mopommpeitor yio dyp<17 nm amodidetor 61oug
TEPLOPIOUOVG TTOL oyeTilovTal YeviKa ue v dtatnpnon e YA o711 dv0-0106TAcElS Kol e01KOTEPO, LE
mv dnovpyio. tov eragoviov [74]. Tho ovykekpyiéva, 1 peiwon tov daotdoemv Tov YA vpeviov
emdpé ot peiwon mg Ty, koBOG AOY® TOL avAoTPOPOL Povopevoy yertviaong (inverse proximity
effect), mov anydlel and v emagn tov YA vueviov pe 1o eEwtepikd XM vuévia, cuvigleital omdoiuo
tov (evyov Cooper (pair-breaking). Yzdpyovv apketol punyavicuoi mov evepyomolobviol pe T Ueimon
oV dys Ko cLVIEAODY 01N peimon g T [75,76]. ITio cuykekpiuéva, av eKATEPOOEY TOV ETLPAVEILDY TOL
Y A vueviov dnpovpynBovv dvo Aentd otpmpata Tov Ppickoviol o Kavovikn Katdotaon (Adyw mbavig
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o&eidmwong tov Nb kotd v evandbeon) 10te, HEG® TOV GVUPBATIKOD UVAGTPOPOL PAVOLEVOL YELTVIOGNG
n kpiown Oeppokpacio YEIOVETOL UEC® TNG YEVIKNG OYECONG Tc(dYA)=TKpb”'keXp(-C/dYA), omov 1M
nopapetpog C egivar otabepn [77]. Emiong, to acbevn tomkd ¢oawvopevo (weak localizations) mov
myalovv and Tig alniemdpdoelg Coulomb avapeca oto nAekTpdvio, yivoviar oD onuavtikd 6o
pewdverat to mhyog, Wiaitepa oto ‘Ppodpko’ opro (dirty-limit), kou divovv wia mapduote. oyéon yio v
T(dya) [78]. Téhog, N TpOmOTOINGT TV OPLAKOY GLVONKOV TG TAPOUETPOL TAENG AOY® TG HEl®ONG TG
uéong erevBepng dradpoung Tov niektpoviov (electronic mean-free path) kovn n odkoyn Tov dvvoutkon
oMnenidpaong tov Cevydv niextpoviov Cooper éxet o¢ oamotéheopa ™V oxéon To(dya)=T (-
2CE(0)4dy,) 6mov C otadepd [79]. Te dAeg TIG TEPITTOGELS 1 PeiOT TOL YOG Uy EXEL OC ATOTEAEG AL
) peioon g T.. Onwg givar avapevopuevo, 1 vtoPaduion g VIEPAY®YILOTNTOS GLVOOEVETOL OO TNV
palikn vrofdaduion g tiung Tov SMRE 6mmg amodekvoeton melpapatikd and ta dedopéva g Etkovag
6.7. Ta (nmuata ovtd Egovv culnndei avolvtikd otig Tpoceates epyacieg [49,50].

6.2 H emidopaon poyvnTikig avicoTponiog Tov XM vueviov 6to dve Kpicipo
neoio, Heo(T)

Meletnoape peyoro apBud TN Co(dc,)/Nb(17nm)/Co(dco) pe deoe=10, 30, 60 wor 100 nm ot
ocvounepdvape 60t 1 AMT tv M vueviov mailel moAd onuovTikd poOLo TNV YPOUUY TOV GVEO-KPIGILOL
nediov, He(T). Ta Sedopéva avtd £3e1éav 6Tt yior oyeTikd ot XM vuévia (deo>dy, ™), mov vrepioybdet n
KGBeTn-0TO-EMIMEOO NOYVATION, N YPOUUN TOV Gve-Kpiciwov mediov, He(T) aAllowdveral oty meployn
WIKpOV Tedimv Kot o€ Oeppokpacieg kovtd oty kpicun Oeppokpoacia.

Ymv Ewoéva 6.9 (a) mapovoidlovpe ) ypapun tov avo-kpicyov mediov, He(T) y o
avtimpooconevtikn TN, v TN Nol2 Co(100 nm)/Nb(17nm)/Co(100nm), ectiaouévn otV mTEPLOYN
wkpov mediov kot oe Ogpuokpacicg kovid oty kpiown Oepuokpacio, T 6mov ekdnidveror n
emaveicodog (reentrance) g He(T). AnAadn, m mepouatiky Tuy ¢ kpioung Oepuokpaciog oe
umdevikd medio, TP, eivar yaunhotepn amd avthi mov avapévetar, T, Adyom ¢ mapovsiog tov
SpeLYOVTOV TEdIV 0TOVG Kabetovg-oto-emimedo MT tov EM vuévimv oty KoTdoTaon avdopuntng
poyvitiong (as-prepared state). H mpoodevtikr] avénon g tiung tov eEmTeptkod poyvntikod mediov,
pewwver v euPéleld Kor TNV €viaon Tov Slopeuyoviov medimv Kol odnyel GTNV TPOOSEVTIKN
katactpoen tv MT, ot omoiot e€apavilovtal TeAeimg HOAC EMTLYYAVETOL O HoyvNTIKOC kopecudc. H
emoveicodog g Hea(T) axorovBeitan péypt éva kpioo onueio (T*,H*). INo wedia ko Oepuoxpocieg
névo ond to (T*,H*) amoxobiotator 1 avopevopevn 0160140TATH GUUTEPLPOPA TNG YPOUUN TOV GVE®-
kpiotpov mediov, He(T) dnwg PAémovue oto £vBeto g Ewodvag 6.9 (a).

Y1 Ewoveg 6.9 (B) xar (y) mapovoidlovpe ovimmpoocwnevtikés eikoveg MFM g TN Nol2
Co(100)/Nb(17nm)/Co(100nm) (B) otV Kotdotacn avfopuntng poyvitions, 6mov eaivetar 1 AMT tov
nave vueviov Co(100nm) mov amoteleitan amd xdbetovg-oto-eminedo MT kai (y) HETE TV €POPUOYN
TopGAANAOL poyvntikod mediov éviaong 4.5 kOe, 6mov ov kdbetoi-oro-eminedo MT €xovv oyeddv
e€apaviotel kobmg t0 TM vpévio Ppioketar kovid otov kOpo. Tovilovpe 6TL T0 TOPTOKAAL (TPAGIVO)
xpopa e Ewdvog 6.9 (B) avtictoyel o kabetn-oro-enimedo nayvition pe @opd €0 omd TO €MImEdO
(néoa oT0 eminedo) Tov vueviov, evd To pumie ypopa ¢ Ewovag 6.9 (y) Inlovel rapdlinin-oto-exiredo
poyvition. Ipocoyn mpénet va. 600ei oty TaEn peyébovg deg g KABETNG UTAPOC/YPOUATIKAG-KATLOKOG
mov Ppioketon de€d and ke euwcdva MFM. H kpiowun Oeppokpacio, T™, vmoloyileton omd v
KopmoAn avtiotaong pndevikod mediov, R(T) oto 50%R,.. H Oeppokpacio T extydrar omd v
npoéktacn g ypauuns, He(T) oe undevikd medio mov yivetal e TPOCOPUOYH TOV TEIPOUATIKOV
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onueiov Tov ave Tppatog ™S YPorpns, He(T) pe v Bsopntikn oxéon Hea(T)=5.53®¢/2rndscE(T), 6mov
E(T)=E(0)/(1-T/Te)"? xar ®o=hc/2e eivon 10 KPavro porc (2.07x107 Gem?). Me v i oxéon
npoekteivovpe v He(T) o Beppokpocio undév kar PBpiokovpe v 1y He(0) amd v omoia
vrohoyilovpe 10 PfKog cuoyétiong oto pundév &(0).

Eivon mpoavéc 6t tav N kabety-oto-eminedo poyvition tov EM vueviov eivar ioyvpn (acbevic)
to1E M Ypappn tov dve-Kpiotpov mediov, He(T) eppaviCer Evrovn (mepropiopévn) emaveicodo. H évtoon
g emavelsodov yopoktnpiletal and o) to kpiowo onueio (T*,H*), B) and ™ dapopd aviueso oty
TEWPALATIKG VIOAOYIGEVT Kpiotm Beppokpacio, TP kot v Oeopntikd vroloyopévn T, T-T P
Kot ) amd T S0Qopd AVAUESH GTNV TEWPOUATIKE vTohoyiopévn kpiown Oeppokpacio, T2 kot v
kpiown Ogppoxpacia, T*, T*P-T*. Eivonr Aowmdv mpogavég 611 N enoversddog tg Hep(T) etvon vrovn
o11g TN Co/Nb/Co pe peydha méyn Co (deo>dy,™) mov éxovv kdety-oro-eminedo AMT, eéacBevel kabag
TO TAYOG HUEWDVETOL YIOTL UEWDVETOL 1M KAOeTh-oT0-eminedo kol o0EAvETOL M mopdAlnin-oro-enimedo
ocuviotooa g poyvitiong kot e&apaviletal otig TN Co/Nb/Co pe mohd Aemtd vuévia, Co (dC0<<de2M)
omov gppavifovion Tapdiintor-oro-erinedo MT.
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Ewéva 6.9: (a) H ypauuy 7100  Gvo-kpicwov mediov, Hgp(T) 7y v TN Nol2
Co(100)/Nb(17nm)/Co(100nm) ectiacpévn oty TEPLO) WIKPOV mediov kat Yo, Oeppokpacieg Kovd
otV kpiocwn Oeppokpacia, T 6mov epgovileton  emaveicodog. 1o vOeTo mopoLGIALeTon 1| Yoy,
Heo(T) oe mnpn khipake. H xpicyn Ogppokpacia, T, vroloyiletor amd v kaumdAn aviictaong
imdevikod mediov, R(T) ot0 50%Rne. To yapaxmpiotikd onpeio (T,H) dnidver 1o téhog g
EMOVELGO80V, EVO T0 onueio T exTidTon amd TV TPOEKTAcT ToV dve TuApaTtoc TG YPapuuis, He(T)
oto undév. (B),(y) Ewodvec MFM ¢ TN Nol2 Co(100)/Nb(17nm)/Co(100nm) (B) otv katdotoon
éx(l))eépunrng HoyvinTiong Ko (y) Hetd v epappoyn mapdiiniov payvntikov nediov évraong 4.5 kOe.



6.3 H emidopacn TOV QUOIKAV YOPUKTIPLOTIKAV TOV EVOLGNEGOV YA vpueviov
ot poyvnroovtictaon tov TN XM/YA/EM

IIpokewévou va ehéyéovpe av m mowdtnta 0V YA vpeviov emmpedler v évtaon tov SMRE mov
mapotnpeitan otig TN EM/YA/EM 7ov amotelobvton amd IM vuévio pe kabety-oTo-eminedo PoyvNTIKN

0. 'No5 Co(60nm)/Nb(17nm)/Co(60nm) 030 mie3 CoO(2nm)/Co(60nm)/Nb(17nm)/Co(60nm
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Ewova 6.10: (o)-(n) Mepaparticd dedopéva yio i TN (a)-(8) No5 Co(60nm)/Nb(17nm)/Co(60nm) (TN-
No5) «at (8)-(m) No3 CoO(2nm)-Co(60nm)/Nb(17nm)/Co(60nm) (TN-No3). (a),(¢) Kapmdreg
avtiotaong oe cuvaptmon pe v Beppokpacia, R(T), oe pndév payvntikod medio yio Tov TPOGSIOPIGHO
g kpioyng vrepaymyyng eppoxpaciog, T, kot Tov €bpovg tng vepaydyung petapaong, AT, ya (o)
v TN-N05 kat (¢) Tqv TN-N03. (B),(o1) Kaumdreg payvnroovtictaong ywo. Oeppokpacies kotd uikog
g vrepayoyung petaPaong vy (B) v TN-No5 xor (ot) v TN-No03. (v),({) Ot xoumdreg
payvnroovtiotacng mov gpeoviletar péyiotn tun SMRE eotioouéveg ota pukpd medio yio (y) v TN-
No5 a1 () v TN-No03. (3),(n) Koumoreg payvitiong petpnuéveg oe Oepupokpacio T=10>T; kou
eotwaopéveg ota pikpd media yia (8) Tnv TN-N05 ko () v TN-No3.
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avicotpomio, cvykpivovps 11 TN No5 Co(60nm)/Nb(17nm)/Co(60nm) (TN-No5) kot No3 CoO(2nm)-
Co(60nm)/Nb(17nm)/Co(60nm) (TN-No3). Ztig Ewodveg 6.10 (a)-(n) mopovcidlovpe TEPOUATIKG
dedopéva yia v (a)-(8) TN-No5 kot v (g)-(n) TN-No3. Onwg @aivetal 6Tig KOUTOAEG OVTIOTAONG OF
ocuvaptmnon pe v Bepuokpacic, R(T), mov égovv petpnbei oe undév poyvntikd medio, or TN-NoS ko
TN-No3 éyovv onpovtiki Stapopd oty motdtnTo Tov vueviov Nb, agod T, V*°=7.016 K>T,N*=6,07
K xat AT,™NN=23 mK<AT,"N%3=103 mK (Eucoveg 6.10 (a)) kau (€) yro v TN-No5 kot mv TN-No3,
avtiotoya). Xvveyilovtog, otig Ewoveg 6.10 (B) ko (01) Selyvoupe TIC KOUTOAES LAYV TOOVTIGTAGNG
petpnuéveg o€ Bepuokpacieg KOTA UKOG TG VIEPUYDYIUNG petdfaong yio v TN-NoS kot tnv TN-No3,
avtiotoya, eved otig Ewoveg 6.10 (y) kot (§) £xovpe 0mopovaoet TIG KAUTOAES LLOyVNTOOVTIGTAOTG OOV
epnpaviCetor n péyotn T sSMRE. H TN-No5 eupoaviler péyioto sMRE,—=84% og Beppoxpacia
T=6.995 K<T,™N% a1 1 TN-No3 eppavitet péyioto SMRE ., =72% ot Ogppokpacio T=5.99 K<T N3,
Téhog, ot TN-No5 kot TN-No3 &yovv mepimov v idie d0popd cLVEKTIKGOV TediwV Tov EM vueviov
AH,N®=410 Oe kot AH, V=430 Oe 6mog paiveton oTic KApmOAES poyViTIoNG, Tov £XOLV HETpOE
oe Begppokpacio T=10>T, kot Tapovoidlovral otig Eucoveg 6.10 (8) ko (1)), avtictorya.

A&oroymvtag 1o yeyovog Ott ot TN-No5 kot TN-No3 éxovv mepimov v oo Sapopd tov
GUVEKTIKOY TEedinv Tov EM vueviov, AH V=410 Oe kar AH, ™ M*=430 Oe, ka1 dedopévov 611 To. M
éyovv mapopole poyvntikn avicotpomia (1010 mayog deo) GAAG Kot TNV 1010 amdoToon HETOED Tovg (id10
whyog dnp), umopovpe va cvupmepdvovue 0Tt 1 oNUAVTIKY dlapopd otng TWEG SMREn., opeiieton
OTOKAEIGTIKA GTNV S0popd Tng mototntog tov YA vpeviov. [T ocvykekppéva ot TN ZM/YA/EM pe
KkaAOTEPN ToLdTNTO YA vpeviov (uéyiotn T/eldyiom AT.) mapovsialovv peyorivtepec Tynég SMRE. Ta
dgdopéva autd onAdvovy 0Tt T YA vpévia mov €yovv vynmin mowdtnto givol MO EMOEKTIKA OE
dadikooieg didyvong (dissipation processes) mov VIOKIVOVVTaL amd To EYKAPOLo SopeDyoVTa TESio Ko
exdnAdvovtol pHéEcw e vroPaduone tov wiothtov petapopdc. H emidpaon g mowdmtag tov YA
vpeviov oto SMRE mov mapatnpeite otic TN EM/YA/EM peletdre emiong oto Kepdiaio 7 (0nmg Kot
oto Chapter 7)
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Kepaiaro 7

Bektiotomoinon g Yaspaydyyung Mayvnroavrtictaong

210 Ke@arlawo avtd eotialovpe ) pueAétn pog oto SMRE mov mapartnpeital otig TN EM/YA/EM. TMa to
MOyo ovtd peretaue 600 oepég TN Co/Nb/Co, v oepd mov amoteheiton amd N=14 TNg
Co(60nm)/Nb(15nm)/Co(60nm)  xor ™V  ogpd 7mov  amoteieiton  amd  N=15  TNg
Co(100nm)/Nb(17nm)/Co(100nm). YrevOvuilovue 611, Aoyo g avicotpomiag oyfuatog (de,'=40-50
nm), oto vuévia Co(60nmM) cuvumdpyel 1 kaBetn-oro-eminedo Kol M| TOPAIANAN-0TO ERITEOO LOYVITION
eved oto vuévia Co(100nm) vrdpyel AmOKAEIGTIKG 1 KAOETH-0TO-EMITEIO GUVIGTMON TG LOYVITIONG. XN
ouvéyeln BEhovtag va eEdyoupie Kamolo yevikd cuumepacpota, peretnoape v e&aptnon tov SMRE ano
T0 TTAY0G TOV Ueo Y1ot TNG Co(dco)/Nb(dny,)/Co(dc,) mhxovg deo=10, 30, 60, 100 nm kot dny=15 kot 17 nm.
Eniong peletioape v ovoyETION GVAPESOH OTN YPouun Ttov Gve Kkpiotwov mediov, He(T), ot
poayvnroovtiotoon R(H) kot ot payvition m(H) yuo avtimpoconevtikég TNg. Katdémy eotidlovpe
uelémn pog otigc TN Co/Nb/Co mov amotehovviar amd oyetikd moyid M vpévia, dee>de,™ kot
napovotdlovpe 600 poviéla yio v PeAtictomoinon tov SMRE, éva Bswpntikd mov Paocileror oe
TPOCOLOINCELS TMV KAOET®V SapenyovTV dumoMkmv mediov Hi, ta omoia eppavifovrol oto ecmteptkd
TV kabetwv-oro-emiredo MT kan éva melpapaticd mov Paciletol 6ToV GLVOVAGHUO TOV LUKPOGKOTIKMV
KOl LKPOOKOTIK®OV TapopéTpmv Tov YA kot IM vueviov. Inueidvovue nog 1 Pertiotonoinon g
évtoong tov SMRE egivar o avaykaio cuvBnkn yuo v €pappoyn tov vppdtkov vovodoudy cov
Kpvoyevikég dtatdéels. Télog, mpoteivovpe €va povtédo yuo TV emdekTikn gpedvion tov SMRE évavtt
tov SSVE.

7.1 Avolvtikn oepa N=14 TN Co(60nm)/Nb(15nm)/Co(60nm)

Mo v peiém tov SMRE mopackevdoope P GuGTNUATIKY GEPA derypudtov mov amoteleital and 14
TN Co(60nm)/Nb(15nm)/Co(60nm) tig omoiec YapaKTNPICAUE MG TPOG TIG HOYVNTIKEC KOl NAEKTPIKEG
Tovg 1010tnTeg. Xto Chapter 7.1 éyel yiver Aemtopepfc mopovsiocn TV dedOUEVOV HOYVITIONS KoL
poyvnroovtiotoong yoo pa avtimpooonevtiky TN, v TN No5 Co(60nm)/Nb(15nm)/Co(60nm). X¢
VT TV TopAypaeo Oa cu{NTAGOVUE TO, GNUAVTIKA OTOTEAEGLLOTO TTOV TPOEKVYOV OO TN UEAETN GVTN
oyetika pe v e&aptnon tov SMRE and v mowdtnta tov YA vueviov (dnA. amd tig mopapétpovg Te kot
AT,) xai amd TV Slepopd TOV GUVEKTIKAOV TEdIOV TV eE0TEPIKOV M vueviov (nA. amd TNV TOPAUETPO
AHg). Ouv payvnuikég petpnioelg €ywav oe Ogpuokpacio T=10 K>T; evd o1 perpnoeg g
LoyvnToavTioTaong £yvav og dapopes Bepprokpacies Katd pnkog g vrepayoyyng petdfaong T<T..

Y1¢ Ewoveg 7.1 (a) wxor (B) mopovsialovpe v e&aptnon tov SMRE amd v xpioyn
Bepuokpacia, T kot To g0pog TG vaepaydyung petdfaong AT, avtictorya, eved omv Ewova 7.1 (y)
TapoLoldleTon Eva TPIEdLIoTOTO YPAaenua, 61ov eaivetar 1 e€dptnomn tov SMRE amod tic mapoapétpoug T,
kol AT.. Ot kOKKIveEC-CUUTAYEIC YPOUUES OVTIOTOLYOVV GTNV YPOULUIKT TPOCAPHLOYT TOV TEPAUATIKOV
onueiov (ot TOPAUETPOL TG YPUUUIKNG TPOGOPLOYNG Tapovctdlovtar péco ota mhvel (a) ko (B)). Ta
dedopéva tov Ewovav 7.1 (a)-(y) deiyvouv o1t to SMRE e€aptdtor Evtova and tnv motdtnta ov YA
vpeviov. [To ovykekpuéva, n tiun tov SMRE avédvetan pe v Peitioon g modtntog tov YA vpeviov
(ueyiotonoinon T/ ehayrotomoinon AT).

33



2 ovvéyela, oty Ewova 7.2 (a) mapovoidlovpe v e€dptnon tov SMRE a6 v dtapopd tov
OULVEKTIKOV Tediov Tov eotepikav IM vueviov, AH,. Zmv Ewova 7.2 (B) ko (y) mapovsiaovot
TpLeddoTaT Ypapruota 6mov peietdtor | eEdptnon tov SMRE and tic mapapétpovg (B) AH, ot AT,
kot (y) AH xon AT.. ToviCovpe 611, AOYy® NG aVIGOTPOTIOG GYNLATOS (deZM=4O—50 nm), ota VREVIO
Co(60nm) cuvumdpyovV 1 KAOeTh-0T0-ETITEIO KOL M TOPCGAANAN-GTO EMITEAO GUVIGTOGCEG TNG LOYVITIONG
(Kepahowo 5.1 kot Chapter 5.1). Yno avtd to mpiopo, akOpo Kot pie pkpn HETOBOAN 6TIS cLVONKEG
evamofeonc Tov Taveo XM kot Tov kaTt® XM Bo £yel GNUAVTIKN EMOPAOT OTNV VIEPIGYVON TNG UING
OULVIGTAOOCNG TNG HOYVATIONG EVOVTL TNG GAANG, YEYOVOG TTOL 00MYEl GE UETPNCIUES OLOUPOPOTOINCELS GTAL

KOTOXIM TAVOEIM

LOYVITIKO YOPOKTNPLOTIKA () oto cvvekTikd media H Kot He ) twv XM vpeviov tov TN
OVTAG TNG OLLASOC.
70""I""I'"'I""I""I'"'I""I"" 70 LA BELENL AL BN LA BELELEL N EELENLEL N L
MRE _=A+B*T (o) MRE _=A+B*AT (B)
60 a max c : 60 max c ]
A=-62.2+/-19.5 (%) A=65.5+/-3.6 (%)
< 50 FB=+18.00+/-3.51 (%/K) %o ;\350 - @  B=-0.56+/-0.06 (%/mK)]
\U-J/ 40 t R-Square=0.68 ] 540 b @ R-Square: 0.85
o 0
= 30F 1 s 30 .
] [%)]
20F i 20t ]
10F 7 10F E

0...|...|...|...|...|...|...
%.0 35 40 45 50 55 6.0 65 7.0 0 20 40 60 80 100 120 140
T_(K) AT_(MK)

T:.f’ﬁ;j-: sz 10
Ewova 7.1: EEgptnon tov SMRE and (o) v kpioun Beppoxpacio tov YA, T, kou (B) to gdpog tng
vrEpay@YIUNG petafaong AT, yia ti¢ N=14 TN Co(60nm)/Nb(15nm)/Co(60nm). O kokKIvec-cupmayeic
YPOUUES OVTIOTOLYOUV OTNV YPOUUIKY] TPOCOPUOY ] TOV TEPIUATIKOV onpeiov. (y) Tpiodidotato
yphonua 6mov eaiveton 1 e&dptnon tov SMRE amd 1ig mapapétpovg T kot AT; yio 1ig N=14 TN
Co(60nm)/Nb(15nm)/Co(60nm).

Eotialovtag omnv Ewova 7.2 (o) cvpmepaivovpe 61t 1o SMRE g&aptdrorl évrova and v dtopopd
TOV CLVEKTIKOV Tediov tov efmtepikadv IM vpeviov, AH.. Il ovykekpipévo, cOpeovo pe To
nepapatikd dedopévo ¢ Ewdvog 7.2 (a) ot TN ouodomolovvtal Ge TPEIS KATYOPIiES, Ol 0moieg
ovppoArilovtol pe podpeg-, UIAE- Ko KOKKIVEG-opaipeg. Ot podpes-cpaipeg aviiotoryovy otig TN tng
KOplag opddog kat avadetkvoovy 61t To SMRE vrofabuileton fabaio kabhg n dtapopd AH ovéavetor.
O1 pmhe-opaipeg avtiotoryovv otic TN No9 Co(60nm)/Nb(15nm)/Co(60nm) (TN-No9) kot Nol2
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Co(60nm)/Nb(15nm)/Co(60nm) (TN-No12), ywa tng omoieg mapoatnpridnkov ot uéyioteg inég SMRE. Ot
TN-No9 kot TN-Nol2 é&yovv mepimov tnv 0 dtopopd oto cvvekTikd nedia Tov eéotepikav M
vpeviov, AH, (AH,N°=20 Oe and AH,""N"?=22 Oe) odhd Adym g kaAdTepng mowdtntag tov YA
vpeviov tovg (T N9=6.28 K/AT, =20 mK and T.,""N'2=6.13 K/AT,"N"?=285 mK) ond Tic
vroroweg TN Egyopilovy amd v KOplog opddag. ATd TV GAAY, 01 KOKKIVEG-GOAIPEG OVTIGTOLYOVV OTIG
TN No2 Co(60nm)/Nb(15nm)/Co(60nm) (TN-No2) kat No6 Co(60nm)/Nb(15nm)/Co(60nm) (TN-No6),
Yo T1g omoieg mapatnpOnkay ot eddyioteg Twég SMRE. Ot TN-No2 kot TN-Nob Egympilovv and tig TN
™me KOplog opddag ywri amotehovvrol amd yapnMic mowdvtnrag YA vpévia (T NV2=5.07 K/AT™N
N2=88.75 mK and T."N®=453 K/AT."N*®=101.0 mK). H pop-cvbeia ko n mpdown-svbeia
OVTIOTOL(OVV GE YPOUUWIKT TPOGOPUOYT| TOV TEPANOTIKOV dedopévev, otav ot TN vyming (umie-
o@aipeg) Kot xounAng (kéxkkwveg-cpaipec) modtTos YA €xovv eEoupebei kot cvumeptAngbel, avrictoyya.
Yvumepacpotikd, n T tov SMRE avédvetan pe v peioon g S1opopic T@V CUVEKTIKMY TESIOV TMV
eEotepikdv IM vueviov, AH., kabmng n tyum AH, xaBopilel v évtacn g poyvntootatikng ovlevéng
OV EMTLYYAVETOL HETAED TV eEmTEPIKOY EM vUEVI®V.

70 T T T T T T T T J
(o)
60 F @~ No 9: BestT_and AT_ J
@ -— No 12: Second best T_and AT_
_.50 SMRE=A+BAH’ 3
S A=+48.9+/-3.0 ]
~ 40 B=-0.41+/-0.08 excluded]
L A=+48.2+/-6.0 ]
DE: 30F B=-0.41+/-0.18 included_:

[%2]
20 F Q-0 2: Second worst AT, E
@-—No 6: Worst T_and AT ]
10 [ c c .

0

010 20 30 40 50 60 70 80 90
AH_ (Oe)

=t 40 20
an - }Iﬁ-lpa"]

Tiky
Ewova 7.2: (a) EEaptnon tov SMRE amd v dopopd Tov cuvektikdv mediov tov eEmotepikadv TM
vueviov, AHg, yu i N=14 TN Co(60nm)/Nb(15nm)/Co(60nm). Ot umke- kot KOKKIVEC-GLUTOYEIS-
ocaipeg avamapiotovy Tic TN pe modd vynAn kot ToAd yaunAn mtotdtnta YA vpeviov, avtictorya. Ot
pop-evbeion kor mpdovn-gevbeio. TPOKVTTOVY UETO OO YPOUWIKT TPOGOPUOYH TOV TEPUUATIKMV
dedopévav otav ot TN vyming (urhe-coaipeg) kot youning (koékkwvec-opaipecc) modtrag YA €yovv
eEapebel kot ocvpmepiinebei, avtiotowya. (B) ko (v) Tprodidotato ypdonua 6mov eaivetal n e&aptnon
tov SMRE and tic mopoapétpovg (B) AH, wow AT, wor (y) AH, xar T, ywa 1¢ N=14 TN
Co(60nm)/Nb(15nm)/Co(60nm).
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Eotidlovtag oty Ewéva 7.2 (B) PAémovpe 6t Tiun tov SMRE avédvetor pe ™ peimon g
dpopdc TV CLVEKTIK®OV Ttedinv tav eEntepikdv XM vueviov, AH; kot ™ peiwon tov gupovg g
vrepay®yng petdpaonc, AT.. Avtiotoyya, eotidlovtag oty Ewova 7.2 (y) PAémovpe OTL TY TOL
SMRE av&dvetar pe tn peimon g dapopds Tmv cuvekTIK®V Tedinv tov eEntepikav XM vueviov, AH,
Ko Ty ovénon g kpioung Oepuokpoaciog tov YA T..

A&oroydvtag o mepapatikd dedopéva twv N=14 TN Co(60nm)/Nb(15nm)/Co(60nm) mov
mapovctdomkay otig Ewoveg 7.1 (a)-(y) ko 7.2 (a)-(y) xotahyovpe 610 cvumépacpo 60tt 0 SMRE
e€aptaton évrova omd TV moldTNTa Tov YA DUEVIOL Kol Ao TNV S10Q0pd TV GUVEKTIK®V TESIOV TMV
eEotepikdv EM vpeviov, AH.,. Ta svpipata sivor coe coppovie pe to ‘stray fields scenario’ mov
gpunvevel v gueavion tov SMRE otic TN EM/YA/EM mov €yel mpotabel amd tov A. Etopudmovio Kot
T0VG cuvepydteg [33,35,36] kot éxet emPefarwbel otig O TPOGYATEG EpYacieg [43-51].

7.2 Avodvtiki eepd N=15 TN Co(100nm)/Nb(17nm)/Co(100nm)

Mo v perétn tov SMRE nopackevdoape o avoAvTiky] oelpd detypndtmv mov amoteieital and 15 TN
Co(100nm)/Nb(17nm)/Co(100nm), Ti¢ 0moieg XOPAKTNPICUUE MG TPOG TIG LOYVITIKEG KO NAEKTPIKEG TOVG
Wotteg. Xto Chapter 7.2 mapovoidlovior avoivtikd mepapatikd dedouévo, (Figures 7.9-7.13 o
OYeTIK ovlnmnorn) T|ov  OVAdEIKVOOLV TNV, Kotd yevikn Kpion, opotoyéveln Tov TN
Co(100nm)/Nb(17nm)/Co(100nm) ®¢ mpog To UKPOGKOTIKA (LoyviTIoN KOPOL, Mgy, TAGTOC Tdv MT,
D, mAatog tov TMT, Dyt kTA.) Kot pokpookomikd (cuvektiko medio, He, poyvntiky tpoydtnta, MRa)
HOyVNTIKG YopokTnploTikd tov vpéviov Co(100nm). v mopovca mopdypago 0o avoaeEépovue
ETUYPOULLOTUCEL o KLPLOTEPQL amoteAécpaTa OV 0QopovLV oTIC N=15 TN
Co(100nm)/Nb(17nm)/Co(100nm). Ot payvntikég petpioelg Eywvov og Oeppokpacio T=10 K>T,, evd ot
UETPNOELS TNG HOyvNTOOVTIoTOONG €ytvay € O1Gpopeg Oeprokpacieg Katd UNKOG NG LIEPOYDYIUNG
petdPoong T<T..

100 g TL = 100
*]

80k ° . ]
S 60f 1R
[ 40} SMRE=A+B*AT & 40fMRE__ =A+B*AT, ]
= | A=34.83+/-41.46 % 2 | A=107.56+/-2.90 %

201 B=8.62+/-6.22 %/K 1 20[B=-0.29+/-0.05 %/mK )

R-Square=0.06 @ R-Square=072 (D)
5 6.0 65 7.0 75 0077207720 60 80 100 120 140
T (K) AT_(mK)

Ewova 7.3: E&aptmon tov SMRE amd (o) v kpioyn Ogpupokpacia, T xkor (B) 10 €Opoc g
vrepaydyyng petapaong AT yia tig N=15 TN Co(100nm)/Nb(17nm)/Co(100nm). Ot kéKkKves-gvbeieg
OVTIOTOLYOVV GTNV YPOULUKT] TPOGUPHOYT] TOV TELPAUOTIK®OV CTUEI®V.

Y1c Ewoveg 7.3 (a) xor (B) mopovsialovpe v e€aptnon tov SMRE amd v xpioyn
Oepuokpacia, T, kot to gdpog TG vrepaywyyng petafaocng AT. avtiotoyyo. Ot koOkKiveg-gvbeieg
OVTIGTOLYOVV GTNV YPOLLUKY TPOGOPLOYN TOV TEPAUATIKOV onueiov (o1 TopaueTpol TG YPOUUIKNAS
Tpocapuoyns mopovstaloviar péca ota whvek (o) kot (B)). Ta dedopéva tov Ewdévev 7.1 (a) ko (B)
detyvouv 611 10 SMRE e€aptdton évtova amd v modtnta tov YA vpueviov. ITio ouykexpipéva, n tiun
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tov SMRE ov&dveton pe v Peltimon tng mowdtnrag tov YA vpeviov (peyiotomoinon T
erayrotomoinom AT).

2mv ocvvéyxela gpgvvnoape v e&dptnon tov SMRE omd v 610¢popd TV GUVEKTIKOV TSIV TV
eEotepikdv XM vpeviov, AH.. Oieg ot TNg éyovv 1oyvpn kot cuykpiown petald tovg kdabety-oro-
emiredo AMT, evd otig mepiocdtepeg TN mopatnpeitar 1 cuvdmapén TOV GUVEKTIKOV TEdiov Tav XM
vueviov, AH=0 Oe. Ao ™ yevikny cvumepipopd e&eiyav ot TN-No2, TN-No3 wkor TN-Nol13 ya 1ig
omoleg 1 SlaPopd OTIC TIEC TOV GULVEKTIKOV Tediov frav AH V=123 Oe, AH,"N%=217 Oe xau
AHNNB=142 Oe addé mopdro avtd mapovsiosov SMRE peyding évtaong, SMRE™MN?=97.6 %,
SMRE™™M®=90 5 9% ko SMRE™™*=96.4%. Q¢ ek 0010V, 1| payvirootatiky 60(evEN TV EEOTEPIKOY
vueviov Co frav oe 6heg Tic TN moADd 1oyvpn, YeYOVOg TOL amOOEIKVIETOL OO TIG TOAD VYNAEC TIUES
SMRE. Enuewwvoope 6t n péom ) SMRE yio 1ig N=15 TN givoan <SMRE>=92.1+7.6%.

o
L uy
EXY N
1
ARG
o

By SHY QT)‘ 2 ..g\\.m S K ’ZH 3

BT i
4| B 4 . :

|
R R |

10 pm

N
‘Mr _-.,_ ..\ Nk
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Ewoéva 7.4: Avumpoconevtikég eikoveg (on.i),(B.i) ko (y.i) AFM o (o.ii),(B.ii) kot (y.ii)) MFM g TN
Nol0 Co(100nm)/Nb(17nm/Co(100nm) pe Swootéoetg (i), (onii) 12x12um?, (B.i),(B.ii) 5.5x5.5um’® xat
(v.0),(y.ii) 3.7x3.7pm?, avtictoryo.

[Mpokeywévov va upeAethoovpe mepoltépm TNy  emidpacn tov XM vuéviov oto sMRE
npaypotoromoape petpnoelc MFM otig TN Co(100nm)/Nb(17nm)/Co(100nm). Ewnv Ewdve 7.4
napovctdlovue ovImpos®neLTIKY dedouéva, (o.i), (B.i) xar (y.i) AFM kau (a.ii), (B.ii) ko (y.ii) MFM 1ng
TN Nol0 Co(100nm)/Nb(17nm/Co(100nm) (T,"N=635 K, AT/"NY=77 mK kot MREpe ™
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NoW0-8704) e Swotdoerg (oui),(ouii) 12x12pum? (B.i),(B.ii) 5.5%x5.5um? war (y.i),(y.ii) 3.7x3.7um?
avtiototya. ToviCovpe 6tL o1 petpnoelg MFM mpaypotonomOnkav oe Beppokpacio dopatiov amovcio
eEotepkon payvntkov mediov dote va katoypapsl 1 AMT tov ndve vpeviov Co oty Katdotaon
avBopuntng poyvntiong (as-prepared state). Ot gicoveg AFM kot MFM avadeikvdouy Ty tomoypapio
kot v AMT 7ov avapéverat yio. tny TN Co(100nm)/Nb(17nm)/Co(100nm), avtictorya. Eotidlovrog
otig ewoveg MFM, BAénovpe xd@etovg-oro-eminedo MT pe popen Aemtdv Ampidwv (Stripe magnetic
domains) ot omoieg éxovv Tvyoio TPocOvATOMGOUS OTtmg avauévetor o vuévie Co pe oyeTikd peydio
morxog (deo=100 nm>>de2M=4O-50 nm) kabdg o avtd, OTmg £xel oM cvinmoOel, vaepioyvel N kdbetn-
OTO-ETIMENO GLVIGTAOCH TG LAYV TIGNC.

Ao T1¢ eikdveg MFM emeavetag 5.5x5.5 pm’ (TOVAG(IGTOV TEVTE SI0QOPETIKES TTEPLOYES Omd KGOE
detypa) vmoloyicope péow tov Aoyiopkod NOVA [74] v poyvmtikn tpayvmro, MRa (Magnetic
Roughness). Toviovpe 0o 6Tt 1 MRa mocotikonotei ) didtaén e poyvitiong tov tave vueviov Co,
gpdcov vroloyiletarl amd ™ @aomn Tov onpatoc, omdte peTpiétar oe poipec (°) kon e€aptdTon omd Ta
YopakTnpotiKd peyédn g AMT (dnA. to wéyog twv MT, Dyt kot 1o wéyog twv TMT, Dryr), and v
évtoon TV Spenyoviov Ttediov kal yio Ty epintwon tov TN TM/YA/EM and v HoyvnTOGTUTIKY
oVlevén avapeca oto M vpévia. Xvvendc 1 MRa gival pio onpovtiKn TopaUeTPOS Yo TNV LEAETN LG,

100- T " J L T T

MRE,__=A+B*MRa]
A=71.76+/-8.17 |
B=174.52+/-77.15 ]

(o]
o
——

ol #

Pearson correlation

Y confidence interval:95%
stat. significance:p<0.05{
r=0.49 and p=0.10 ]

[@ N=12 Co(100nm)/Nb(17nm)/Co(100nm) TL§
*J mean value+SD

SMRE (%)
(o]
o

~
O
T

60
0.00 0.05 0.10 0.15 020 0.25
MRa (°)

Ewova 7.5: EEdpmon tov MRE and v MRa yio ti¢ N=12 TN Co(100nm)/Nb(17nm/Co(100nm). Ot
tuéc MRa vrohoyiotnkav amd ewkdveg MFM empbvetag 5.5x5.5um?. H kokkvn-gvbeio aviiotolyet oty

TPOGOPLOYN TNG YPAUIUKNG GUVEAPTNOTG OTA TEWPOULATIKE oTueia.

Ymv Ewoéva 7.5 moapovoidletor 1 e&dpmmon tov SMRE ond v MRa ywe tigc N=12 TN
Co(100nm)/Nb(17nm/Co(100nm). H «oxKkivn-gvubeio. ovTiotoel TNV TPOCAPUOYH TNG YPOUUIKNAG
OUVAPTNONG OTO TEPAUATIKG ONLEln, oV £yve pe dtbotnpa eumietoovvng (confidence interval) 95% ko
OTOTIOTIKN onpoavtikoTnTo (statistical significance) p<0.05 kai amoxaAvrtel 611 T0 SMRE cuoyetileton pe
v MRa. To emyeipnuo avtd eVioyvETAL 0V GUYKPIVOLUE TIC TOPAUETPOVS OV TPOKVTTOLV Omd TNV
EQOPUOYN TOL VOUOL ovcyétiong Pearson, r kor p, MOV WPOEKLYAV ONO TNV TPOGOPUOYN 1TNG
SMRE=f(MRa) (BAéne mAnpopopieg 010 gcwtepikd g Ewdvav 7.5). T'vapilovtag 61t 600 mAnbvouoi
ocvoyetilovtal evtovotepo OTAV Ol TOPAUETPOL T Kot p mAnowdlovv Tig Tipég 1 o 0.05, avtiotouyo,
001 yoOLOOTE 6TO GuUTEPacua 0Tl 1 €viaon Tov MRE éyel tnv tdon va efaptdtorl omd v £viacn Tov
MRa. T'o peyodvtepeg Tyéc MRa tov XM vpeviov emitoyydvetol evtovotepn HLoyvntootoTiky cOlevén
omote av&averal to SMRE.

Avoeépovpe téhog OtL and Tig petpnoelg MFM vroloyiotnkov To ¥opoaKTnploTikd peyén tng
AMT, dnA. to wéyog twv MT, Dyt kon to méyog tv TMT, Dy, Yia Tig dtdpopeg TN dote va edéyEovpe
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mhoavny cvoyétiong avtdv pe to SMRE. O vrohoyiopodg t@v Dyt kot twv Doyt amd dedopéva MFM éxet
neplypaget avaivtikd oto Chapter 5.2.b.iii. ko1 otig epyaoieg [46-51]. Enueidvovpe 4Tt Yo vo éxovue
a&10mIoTO GTATIOTIKA amoTEAEGHATO pHeTpioape ToVAdylotov dakocta otoyeio (MT 1 TMT) og kabe
nepintwon. H ovykpion tov Dyr kot tov Diyr pe tig tipnég SMRE dev €6e1&e kamowa cvoyétion. Ta
TEWPAUOTIKA dedopéve antd Tapovotdlovior oto Chapter 7.2. A&ilel va onueiwbel 0Tt o1 uKpég TIéC TG
TUTIKNG OTOKAIONG OTIG HEGEG THEG TV Dyt kot Tov Dy, <Dyr>=121.9£5.8 nm xou <Dmyr>=18.6£1.6
nm, amodetkvoel TNy opotopopdio ™mc AMT tev vueviov Co(100nm).

A&oroymvtag ta melpapotikd dedopéva, tov N=15 TN Co(100nm)/Nb(17nm)/Co(100nm) mwov
napovoidotnkav ot Ewoveg 7.3 (a) kot (B) kataAirnyovpe oto cvunépacpa 6t to SMRE e&aptaron
évtova amd v mowdtnta tov YA vpeviov. Emmdéov, otig TNg Co(100nm)/Nb(17nm)/Co(100nm)
EMTLYYAVETAL 1GYLPN LAYVNTOGTATIKY] 6VLEVEN petald tev eEntepikdv vueviov Co mov wwodvvapel pe
oAb vynhég Tipég SMRE. Ta gvpiuata gival o cupemvia pe to ‘stray fields scenario’ mov gpunvevet
mv gupdavion tov SMRE otic TN EM/YA/EM mov €xel mpotabel omd tov A. ETapdmovio Kol TOvG
ovvepyareg [33,35,36] kat £yl emPefarmbei otic To Tpdoates epyooieg [43-49,50,51].

7.3 Xvoykprtiki] peEALT TOV  0gdopuévav  poyvinroovrtictaons Ttov TN
Co/Nb/Co

Ymv mopdypapo avt Oo TopoLcLOoTOVV GLYKEVTIPOTIKG dedopéva yia Oleg tig TN Co/Nb/Co mov
pueketnOnkav oto mhaiclo ¢ dwatpprg. Mo ocvykekpuéva oty Ewova 7.6 (o) mopovoidlovue v
e&aptnon g péong Tung <SMRE> a6 1o mdyog tov Co, de, i oetpég TN Co(dc,)/Nb(17nm)/Co(de,)
(navpot-kvkAot) kar Co(de,)/Nb(15nm)/Co(dc,) (umhe-kOKAog). Ot péoeg Tyéc <SMRE> mpoékuyay and
mAnfoc N=2 TN Co(10nm)/Nb(17nm)/Co(10nm), N=5 TN Co(30nm)/Nb(17nm)/Co(30nm), N=5 TN
Co(60nm)/Nb(17nm)/Co(60nm), N=15 TN Co(100nm)/Nb(17nm)/Co(100nm) «or N=14 TN
Co(60nm)/Nb(15nm)/Co(60nm). H pavpn-didotiktn ypaupr] aeopd otic TN Co(deo)/Nb(17nm)/Co(dc,)
Kot dtevkoAvvel v wapatnpnon. Ta dedopéva g Ewodvag 7.6 (o) emPefoidvovv mwg M €viootn Tov
SMRE mov moapatnpeiton otigc TN EM/YA/EM oyetileton pe v xaletn-oto-emimedo POyVNTIKN
ocuviothoa Tov XM vueviov. Onmg gival yvootd katd PURKog Tov Ppdyov voTéEPNONG EVOG DUEVIOL
Co(dco) o€ media KoVt 6T0 cVVEKTIKO medio eppoavilovion MT pe poyvition mepdlinln-oto-eninedo
6tav dee<dy "=40-50 nm kat MT pe poyvition kdfety-oto-eminedo 6tav dee>de "=40-50 nm Adym ¢
AVIGOTPOTIOG OYAUOTOS, OTMC GOIVETOL OTIS OXNUOTIKEG avomapaotdoel Twv Ewovov 7.6 (B) kot (y)
avtiototya. ToviCovpe 6Tt o1 oYNUOTIKEG avamapacTacels v Ewkovav 7.6 (B) kot (y) éxovv PBaciotel og
mpaypatikés etkdveg MFM (5x5 um?) mov £xouvv kataypagei yia pae TN Co(30nm)/Nb(17nm)/Co(30nm)
kot e TN Co(100nm)/Nb(17nm)/Co(100nm). Tapoatnpdvrag tig Ewoveg 7.6 (a)-(y) PAémovpe 6t1 660
peyoAmver to mayog tov vpeviov Co av&avetar M kdbety-oro-eminedo NAYVNTIKY GLVICTOGCO OTOTE
EVIOYVETAL 1] HLOYVNTOGTOTIKY oV(evén kot cov amotéreoua avsavetor n tun tov SMRE. Zvvenmg, v
dco=100 nm xotaypdeetor péyiotn Tun SMRE g t4éng tov 91.6% 1 omoia peidveton Pabpuaio emg to
o dco=60 NM Kol peidvetal apkeTd andToun KAT® 0o oVTO ATOKTOVIOG U oXedOV oTafepn Tiun
™¢ taENG Tov 13.5% yio whym deo<30 nm.

I v wepintoon tov TN Co(60nm)/Nb(dy,)/Co(60nm), n péon tiunq <SMRE> givar 73.0+£23.8%
v dyp=17 nm (povpoc-kokiog) kot 36.7+£13.9% yia dyp=15 nm (undhe-kdxhog). H onpoviikn dragopd
Tov oV <SMRE> yuo dyp=17 kou 15 nm avtavokAid v éviovn emidpoor mov €xel 10 mdyog tov YA
vueviov oto SMRE. Onwc avapépdnke oto Kepdhowo 6.1.dii  (Ewdve 6.7) ot TNg
Co(60nm)/Nb(dn,)/Co(60nm) mapovoialovy péytoto SMRE yia dyy=17 nm, gvéd yio méyn dnp<l7 nm
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Tiun tov SMRE peidveron omdtopa. Enpaviikn) eivarl eniong n mototnta Tov YA vpeviov oy Ty
SMRE. Emypoppoatikd ovoaeépoope 0tt ot péoeg Tég <T> war <AT> vy 1ig TNg
Co(60nm)/Nb(17nm)/Co(60nm) TLs givaw <T>=6.73%£0.39 K kot <AT:>=54.4+37.9 mK ev®d yio ig TN
Co(60nm)/Nb(15nm)/Co(60nm) eivan <T.>=5.45+0.65 K xor <T>=51.6+£23.3 mK. Xvumepaivovue
Aomdv g 1 modtta Tov YA emnpedlel onuoavtikd v Tiun tov SMRE (BAérne Kepdiato 6.3 kabmg kot
TG TPONYOVUEVES TTAPAYPAPOLS TOL TapdvTog Keparaiov 7.1 kat 7.2).

(@) 120F @ Co(d_ )Nb{x7nm)/Cod_) TLs ' ]
100 @ Co(60nm)/Nb(15nm)/Co(60nm) TLs]
80 F N .

60 | B ]

<sMRE> (%)

40 | ]

100

(B)

—
—

YA M

Ewoéva 7.6: (o) E&apmmon ¢ péong tyung <SMRE> amd 10 mhyog tov CO, dc, ywo oepéc TN
Co(dco)/Nb(dnp)/Co(dco) pe maxog Nb, dnp=15 1 17nm. H pavpn-didotiktn ypauun aeopd otig TN
Co(dco)/Nb(17nm)/Co(dco) xar drevkordvel v mapatipnon. (B) kot (y) Zynuotikn avarnapdotacn dvo
TN EM/YA/EM mov amotelodviol omd M vuévio, méyoug dZM<<deEM Kot dZM>>de2M Baciwopévn oe
Tpaypatikég eucovec MFM (5X5 pm?) mov £yovv kataypogei yio o TN Co(30nm)/Nb(17nm)/Co(30nm)
kot o TN Co(100nm)/Nb(17nm)/Co(100nm), avtictorya. Ta BéAn dnidvovy (B) v mapdiinin-oto-
emimedo Kol (Y) TV KGOetn-010-€MTENO POYVITIKY AVIGOTpOTiat TOv PrAogeveital oto XM vpévia Tayovg
dZM<<de2M Ko dzM>>de2M, avtiototya (AvVIcOTPOTio, GYLOTOG).

YvveyiCovpe ™ HEAETN UOG GUYKPIVOVTOG TO, TEPOLOTIKG SEGOUEVE, TPLOV OVTITPOCOTEVTIKGOV TN
Co(dco)/Nb(17nm)/Co(dc,) pe maym Co de,=30, 60 and 100 nm. Xtmv Ewova 7.7 (o) mapovcialovpe to
dbypappa tov v kpicwov  mediov, He(T), yw tg TN  Co(30nm)/Nb(17nm)/Co(30nm),
Co(60nm)/Nb(17nm)/Co(60nm) ot Co(100nm)/Nb(17nm)/Co(100nm), eoctwacpévo otV mEPLOYXN
Oepuokpaciav kovia oty kpicyun Oepuokpocia, T., 0mov evtomileTor N €TAVEIcOO0C TG KOUTOANG
Hc(T) (reentrance behavior). T'io Adyovg mapovoiaong 1 epuokpacio gival KOVOVIKOTOUUEVT] OC TPOC
mv T T, mov opiletar and v kaprdin R(T) oe undév medio, eved oto £vBeto (g) deiyvovpe to TANPEG
Suypoppa edong yuo tic tpelg TN, H peyddn emidpaon g xabetyc-oro-eninedo AMT twv eEntepikdv
M vpeviov 611G 1010tTeg pETOEopas v TN XM/YA/EM avtikatontpileton otnv emaveicodo g
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Ewéva 7.7: () Adypoppo tov Gve Kkpicipwov mediov, He(T), ywo tig aviumrpocowmevtikée TN
Co(30nm)/Nb(17nm)/Co(30nm), Co(60nm)/Nb(17nm)/Co(60nm) ko Co(100nm)/Nb(17nm)/Co(100nm)
E0TIOOUEVO OTNV TEPLoYn Oepuokpacidv kovtd oty kpiciun Oepupokpaocia, T, 6mov evtomiletal 1
gmavelo6oov g kapmding He(T) (reentrance behavior). T Adyovg mapovsiaong n Bepuokpacio ivan
KOVOVIKOTOUUEVT] ®G Tpog TNV T Te mov opiletor omd v kaumoAn R(T) oe undév medio. To
yopoktplotikd onueio (T*,H*) opiler to téhog ¢ emaveicddov ¢ kapmding He(T). (B) Kapmdreg
poyvnroavtiotaong, Rnpo(H), Tov TN tov mavel (o) otn Ogpuokpacio mov eupaviletar n péylotn Tun
SMRE «kavovikomomuéveg yio Aoyovg mapovoioons. (v) Kaundleg avriotaong, R(T) oe didpopeg Tipég
napdAiniov eEmtepikod mediov yi tnv TN Co(100nm)/Nb(17nm)/Co(100nm). Méxpt to nedio Hy=3.5
kOe ot kopmdleg petatomiCovran avtikavovikd mpog ta. de&id (cvpmayés oplovtio PBélog/cuumayeic
KOUTOAEG KOl GUUTOYN-UKPG cOUBOAR), EVO Yo Tedio LEYOADTEPO KOTAYPAPETAL 1] KOVOVIKY UETATOTION
pog 10, aplotepd (Stokekoppuévo opllovtio PEAOC SLOKEKOUUEVEC KOUTOAES KOl OvolyTA-peydlo
ovppora). (6) Kapmdreg payvitiong, Mye(H) oe Beppoxpacio T=10 K yia tig TN tov mével (o) kot (B)
KOVOVIKOTOUNIEVES Y10, AOYOLG TTapovaiaonc. Ot kaOeTe SIUOTIKTEG-OIUKEKOUUEVEC KO Ol OLOKEKOMUEVEG
YPOUUES ONADVOLV TO LEYIOTO KOl EAGYIOTH TOV KOUTOA®V LAYV TOOVTIGTAONG TOL TaveL () ta omoia
GUUTITTOVY UE T GLVEKTIKG Ttedia, H, kot ta medio kOpov Hgy, avtictoyo tov mavel (8) yia tic TN. (g)
To évBeto delyvel 1o TANPEG drdypappa edong Yo Tig Tpels TN tov mavel (o). Xe OAEG TIC TEPMTMCELS Ol
YPOUUESG EELVTNPETOVY TNV TAPOTHPNON.
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KopoAng Hea(T) mov givan évrovn yua tv TN Co(100nm)/Nb(17nm)/Co(100nm), opnvet Bobruiaio kabng
10 TOX0G deo pikpaivel kot pndevifeton 0tav 10 mayog deo yiveTon HIKPOTEPO TOL KPIGILOV TAYOVLG
d.,"M'=40-50 nm. To yapakmpiotikd onueio (T*,H*) opilet 10 Téhog TG EMOVEIGOHSOL TG KAUTOANG
He(T). H emaveicodog g kapmding He(T) ekdniodvetol otig 1010TTeG peTapopds Omov mapatnpeitot
SMRE avéloyng évtaong. Znv Ewova 7.7 (B) mapovoidlovtor ot KOUTOAES LOyVNTOOVTIGTAGNG,
Ruor(H), tov TN tov wmlvel (o) ot Bepuokpacio mov sueovifeton 1 uéylotn tu SMRE
Kovovikomompévee  ywoo  Adyovg mapovoiaong. H  péyiom tywuq SMRE  yie mg TN
Co(100nm)/Nb(17nm)/Co(100nm), Co(60nm)/Nb(17nm)/Co(60nm) kot Co(30nm)/Nb(17nm)/Co(30nm)
eivon 87.3, 81.4 xar 12.9%, avtiotoyo. H enaveicodoc g koumving He(T) mapatnpeiton eniong otig
KopmOAES avtiotaong oe cuvdptnon pe ) Bepuokpocia yio otabepd eEmtepkd medio. Xy Ewdva 7.7
(y) mapovoidlovpe Tig kKoumvAes avtiotaons, R(T) yia didpopec Tipég mapdAiniov emtepikod Tediov yio
mv TN Co(100nm)/Nb(17nm)/Co(100nm). Méxpt to medio H.=3.5 kOe ot kopmvreg petatomiCovron
OVTIKOVOVIKA Tpog To 0e&ld (cvpmayég optloviio PEAOC/CLUTAYEl KOUTUAEG KOl GUUITOYT|-HKPA
oOuPoAa), evd Yoo mEdioL UEYOADTEPO KOTAYPAPETAL 1 KOVOVIKY WETATOMION TPOG TO OPLoTEP
(draxexoppévo oplovTtio PEAOS/ SlOKEKOUUEVES KOUTOAEG KOl AvOLYTA-IeYOAo cOLBOAR).

Amd o payvntikd dedopéva g Ewdvog 7.7 (8) eEdyovton onuaviikég mAnpoeopies. H obykpion
TV dypoupdtov edaong ™g Euovag 7.7 (o) pe tig koumoreg payvnroavtictaonc g Ewovag 7.7 (B)
KoL TIG KOUTOAES payvitiong tng Ewovag 7.7 (8) avadewvhovv 0Tt To medio mov mapotnpeitar 1 Héyom
LYV TOOVTIOTOGT, GUUTITEL LE TO GVVEKTIKO TEGI0 OOV 1) GLVOMKT poyvhtion yivetan eldyiot (M=0)
KoBhg toTe gneavileTal N poyvnTIKY Katdotaon kddetwv-oto-eminedo morlov-touswv (multi-domain
magnetic state). Exiong, to yopaktnpiotikd medio H* oto omoio teleidvet 1 enaveicodog e KapmOAng
He(T) ovpmintel pe to medio mov epeovifetal to e i 1GTO TG KOUTOANG HOYVNTOOVTIOTAGNG KAl LE TO
nedio kKOpov, Hg, OOV M poyvition givon péyotn (M=Mgy) kabbg tote e€apavifeton n poyvnTikn
KOTAOTOOT KAOETWV-0TO-EMINEDO TOAADV-TOUE®Y TIOV VIAPYEL GTO GUVEKTIKO Tedio kol ovtikadioTdton
and payvation mapdAinin-oto-eminedo evog-touéo, (Mono-domain magnetic state), agod ¢@tével og
Katdotoon kopov. BéPaia, onwg deiéape mpodcpata otig epyaciec [46] 1o yopakmplotikd medio H*
toovtal pe to irreversibility field, Hi, kdto and 10 0moio 1oy0ovv o1 aviloTpentés poyvnTikég d1001Kacieg
(irreversible magnetic processes), av kot 6Tig TEPIEGOTEPES TEPUTTMOGELS 16YVEL Hin~Haat.

Emotpépovioc ota dedouéva tov Ewdvav 7.7 (a)-(g), toviCovpe o611 ot tperig TN mov
Tapovotdlovrol gival avIITPOCHOTEVTIKES Kat Exovv emdeyDel amd molvmAnOeig opuddec mov appody 5-
15 TNw (6nwg cvintioape kot vopitepa). ATd ta dedopéva avtd PAETOVUE WG TO YOPOKTNPIOTIKO
onueio (T*,H*) petaxwveitan og peyaddtepeg Tipég kabmg To mhyog Tov vueviov Co avéavetal. Emmiéov
1 S1opopd petald g yopakTpioTkig Beppokpacioc, T Kol TG TEPUUATIKAG Kpioung Oeppokpociog
Te, T-Te, avEdveton emiong pe v ovénon Tov méyove tov vueviov Co. Amé v Ewdva 7.7 (o)
Bpiokovue o611 (T*,H*)=(1.001,0.6 kOe), (T*,H*)=(1.005,2.0 kOe), ko (T*,H*)=(1.026,3.0 kOe) yio T1g
TN  Co(30nm)/Nb(17nm)/Co(30nm), Co(60nm)/Nb(17nm)/Co(60nm) «or Co(100nm)/Nb(17nm)/
Co(100nm), avtiotoya. Emiong ot péoeg mpée (T*-TSPH*) eivon (KT*-T P> <H*>)=(4.4+£3.6
mK,0.540+0.433 kOe) yio. 1i¢ TNg Co(30nm)/Nb(17nm)/Co(30nm), (<T*-T 7> <H*>)=(60.6+44.4
mK,2.273+0.479 kOe) yi0. i¢ TNg Co(60nm)/Nb(17nm)/Co(60nm), kon (<T*-T 7> <H*>)=(136.9+19.6
mK,3.772+0.344 kOe) yia 11i¢ TNg Co(100nm)/Nb(17nm)/Co(100nm) (ta dedopéva antd mapovctaloviol
otov Table 7.1). Ot onpavtikég drapopéc otig Tipég (KT*-T 7> <H*>) mov vroloyiotnroy yio Tig TpELC
o€lpég delyudTmv dev Umopovv vo, omodoBodv ce dlapopég oty moldtnta, Tov YA vueviov, ot omoieg
emnpedlovv éviova 1o SMRE 6mwc €xel avoaeepbel vopitepa oto mapoév Kepdroto alid kot oTig
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[43,46,47] xaBdc ot mapdyovieg motdtnrag T, kot AT, €yovv vroloyotel <T>=6.97+0.35 K kot
<AT>=56.2+32.4 mK vy tig Co(30nm)/Nb(17nm)/Co(30nm), <T.>=6.73+0.39 K kot <AT >=54.5+37.9
mK ywo 1ig¢ Co(60nm)/Nb(17nm)/Co(60nm), kot <T>=6.68+0.32 K kot <AT:>=51.1+24.1 mK ya t1g
Co(100nm)/Nb(17nm)/Co(100nm). ToviCovpe emiong 0Tt ot TPEIS OpAdES Exovv To 1010 hyxog Nb dy,=17
nm. And o TOPATAVD GLUTEPGIVOLUE OTL | onuovTiky dtapopd otig (KT*-T P> <H*>) amodideton
OTTOKAEIGTIKA OTIS WO10TNTEG TV eE@TEPIK®V XM vpeviwv. Ipdypatt avtd amodekvieTol ov GuYKPIVOLLE
To YopakTPoTikd peyédn mme AMT mov extiunOniav amd Tig petprioelc MFM kot maipvouy Tipég
Dmr=0.0£0.0 nm xot Drur=0.0£0.0 nm yw tig Co(30nm)/Nb(17nm)/Co(30nm), Dyr=96.3+4.3 nm «ot
Dtmr=14.6£0.8 nm yia tig Co(60nm)/Nb(17nm)/Co(60nm) kot Dyr=121.9£5.8 nm kot Dryr=18.6+1.6
nm yia tig Co(100nm)/Nb(17nm)/Co(100nm).

74 Movtéha yw T Pertiotomoinon Tov Davopevov  YrEPAy@YUNg
Moayvnroavrtictoong

I Oe@PNTIKO POVTELD: TVVOVUGHOS TOV TAATOVS TMV HOYVITIKOV TOUEMV NE TO TAY0G
TOV VIEPAYDYLUOV DUEVIOV

YvveyiCovpe pe TN depedvnon TV cLVONKAOV TOV EIVOL UTOPAITNTEG Y10 VO EVEPYOTIOUGOLY 1/KOL VO,
mpowbncovv v gpedvion tov SMRE. O otdyog avtod tov vrokepaiaiov givar n edpeon g PEXTIOTNG
oxéong Metald TOV VTEPAYDYILOV KOl UOYVNTIKOV YOPOKTNPIOTIKOV HOVAS®V HETPNONG MOTE Vo
emtevyOel n peyiotomoinon tov SMRE mov mapoammpeitoan otigc TN EM/YA/EM. TN 10 okomd owto,
npoteivovpe éva povtédo mov PocileTor oe Be@pNTIKEG TPOGOUOIMGELS TOV EYKAPGIOV SLOPEVYOVI®V
oy medlwv, Hgp mov mnydlovv amd tovg MT pe mhétog Dyr, ot omoior eppavifovtar otnv
empavelo, Twv IM vueviov mwayovg dyy 6tav 10 e€mTepikd medio eival kKovid 6To cLVEKTIKO TESIO,
He=H.. Ot mpocopoidcelg mpayporonomOnkay yio SIPopEg OmOGTAUGELS, Z TAVE® Od TNV EMPAVELL TOV
>M vpeviov. INa v wepintwon tov TN EM/YA/EM 10 dYyoc Z cvuPolilel Tpoxtikd to Tayog Tov YA
vpeviov, dya. XZkomog TV Tpocopoidcemv frav va Ppedei n Bédtiom oyxéon peta&d tov Dyt kot dsc
®ote va peyiotorombodv ta Stapevydvra dtmorkd media, Hgip péow tmv omoinv aAAnAemidpovv to XM
vpévio oty TN EM/Y A/EM. Ta dedopéva avtd £xovv mapovotactel oto apdpo [50].

H évtoon xat to €0pog Tmv dapevyovimv dumolkav nediov, Hgp mive and xkdbetovg-oro-eminedo
MT zov eivor dwotetaypévol mePodikd, eKTeEivovTal 6T0 GMEPO Katd URKog Tov Gfova Y kail £xovv
LLOYVITION KOPOU, Msat KoTd w']Kog Tov G&ova z, wropsi V0O, VTOAOYIOTOVV péc® TG oxéong [12]

Hz,dip (X’Z) ZO sat

) [1—exp(— (2n+1)27z A —1)]
o (7.0)

Z X
xexp(—(2n+1)2x cos((2n+1)2x .
p(—( ) D )cos(( ) D )

MT MT
H ovvictdoo X dtapopomoteitatl povo wg mpog tov tedevtaio 6po cos((2n+1)nx/Dyr) mov aviikabictato
ue sin((2n+1)mx/Dyr), evéd 1 cuvietdoa Y givarl pndév yia Aoyovg cvpuetpiog [12]. H e&icmon (7.1) divel
ONUOVTIKEG TAPOPOPIES Y1 TNV KATAVOUT TNG GLVIGTAOCS Z, 1| omoia efval 1 eykdpoia cvvietdca, H, gip
TOV JAPELYOVTOV JTOMKOV TESIOV TAV®D 0md pia TeEPLodIKN doun kdbetwv-oto-eminedo MT mov ivar
OLLO10YEVELG, OMA. £YOVV LOVOCTLOVTO OPIoUEV HaryVITIoT] KOpov, Mgy kot otabepd mAidtog Dyr. BéPana,
ta mepapate. MFM €dgi&av 611 oty mpaypotikdétta oto wiveo XM vpévio g TN EIM/YA/EM
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epoavilovron  xaberoi-oro-eminedo MT o1 omolot Op®C SOTAGGOVTOL UN-TEPLOOIKA, OV  EYOouV
LOVOGT|LLOVTOL OPIGUEVT] HoyVITION KOPOV, Mg Kot dev €yovv otabepd mAdtoc Dy, omote Bewpovvron
avopotloyeveic. H avopotloyéveln tov MT mov mapatnpeiton mepopatikd oto XM vpévia umopei vo
oyetiCetoan pe MOAAEG outieg, OMMG 1 EMPAVEWNKY] TPOYVTNTO, Ol KPLGTOAAKES OTEAEIEC, Ol WIKPEG
dlokvudveelg Tov mayxovg KTA. Q¢ ek tovtov, ot MT mov mopatnpovviol ota vuévie XM Oa
avTeTOmovTol MG ‘payvnTikd ovopoloyeveis’. Xuvenmg, BEAovtag va cuoureptiAdfovpe TV ‘poyvnTikn
avopoloyévewr’ tov MT otn pedétn pog, tpomomomoape v e&iocwon (7.1) moliamiacidloviog ™
poyvition k6pov, Mgy kot 1o TAGtog Dyt e Tig mapapétpovg A, and Q,, avtictorya. Amotéhecua oThg
¢ tpomonoinong sivar n eicmon (7.2)

mi S (_1)n dzM
H (x,2)=)> 8A M 1-exp(—(2n+1)27 ———
(D=2 BAM, o P exp (-2 )2 o)

MDs

, « (7.2)
-(2n+1)27 — 2n+1)27 ——),

xexp(—(2n+1) ﬂQ D Ycos((2n+1) ﬂQ D )

n MT n MT

6mov 0 ekBETNG Mi dnAdvel TV “poyvntikn avopoloyéveln” (‘magnetic inhomogeneity”’).

Tovifovpe Twg oe GAES TIC TPOGOUOIDGELS TOV TAPOVSLALOVTAL EOM YPNCILOTOMGULUE PEAAICTIKES
TIWEC Y10 TIG EUTAEKOUEVEG TAPAUETPOVS (TAY0G dsp, TAGTOG MT Dyr, andotoon Z amd v dempdavela
FM/SC mov givar ovo1a6Tikd 10 Thyog dya KTA) TOL GUUTITTOVY [E TO TPAYHOTIKG SOUUKE KoL Loy VITUKGL
yapoxmpilotikd towv TN Co(dgm)/Nb(17nm)/Co(dsy). TTo ocvykekpipéva, and ta meipduate MFM
vroAoyicape ta Dyr kot deZM. Oéhovtag vo emkevipowbovpe ce TN mov amotedodvtor amd EM pe
kdBetovg-oro-eninedo MT, 611¢ Tpocopolmoelg eméydnkay ta oy dyy=60, 80 kot 100 nm>de2M:40—
50 nm. Emiong ot mpocopoidoelg £xovv yivel yia Toug 10 TpdToug 6povg Tov abpoicaTOC TOV GYECEDY
(7.1) ko (7.2). Ot Tpég twv mapapétpov A, and Q, g oxéong (7.2) avapépovtar oto Chapter 7.4.i.
Télog, tovilovpe 011 ekTOC amd Ta dedopéva Twv Ewdvov 7.8 OAeg 0l TPOGOUOIMGES OVOPEPOVTOL GTO.
gyképoia dtapevyovta dimohkd medio, H, gip mov aveamtvccovial 6to kévipo twv MT, dni yua X,=0 nm.
AvT0 yiveton yio Aoyovg mov B e£NYNCGOVLE OT GUVEYELX.

I0FC T 7~ 1T T T T "~ T "~ T " T "3 1I0FcC 7T 7T~ 7 T T T T T T

= oo 2 UM
;g_guuuuuuuuuuuuuuuuuuuuu ;%;g;u\]vuv Vuwvuwuw

Ewova 7.8: IIpocopodoelg Tov £yKapciomv Slogpevydviav dumolkov medinv, H, g, tov avartdiccovtal oe
amO0TOoN Zo=17 NM ave and MT meplodikd drateTaypévoug Katd HNKog Tov dgova X Yo TapopuéTpoug
OV GLUPOVOVV UE TO TPUYUATIKG yapaktnplotikd tov TN Co(100nm)/Nb(17nm)/Co(100nm). (o)
[Mopovoidleton n Wovikh epintwon H, gip(X) o opotoyeveic mapapétpovg Mgy kot Dyps (oxéon 7.1). (B)
[Tapovoialetal n wpaypatiky mepintmon Hz,dipmi(x) yio avopoloyeveic mapapétpoue Mgy kat Dyt (oxéon
7.2 war [80]). ‘Exovue emriéler Mg=1 omdte OA 10, dedopEVO TAPOLGIALOVTINL GE GYETIKEC UOVODEG
(relative units (ru)). Ot tuéc tov dsy and Dyrftav 100 nm ko 120 nm, avtictorya.
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Y1c Ewodveg 7.8 (a) kot (P) mapovctdlovpe TPOGOUOIDCE, TOV EYKAPOLOV OOPEVYOVTOV
oy medimv, H,gp mov avomtvccovior katd pnkog tov dgova X. Ot TPOGOUOIDCELS £yvav Yia.
TOPOUETPOVS TTOV GLUEOVOLV pE T Tporypatikd yapaktnpiotikd TN Co(100nm)/Nb(17nm)/Co(100nm)
(dsm=100 nm kot Dmr=120 nm). Zmv Ewova 7.8 (o) mapovsidletor n wavikh mepintwon H,gip(X) yo
opotoyeveig mopapétpovg Mg kot Dyr (oxéon (7.1)), evd oty Ewdva 7.8 (B) mapovoidletor M
npaypotikh mepintmon Hgip(X) yio avopotoyeveic mapoapétpovg Mgy kot Dyvr (oxéon 7.2 ko [80]). Ot dvo
OVTEG TPOGOUOLMGELS OVOPEPOVTOL GE PEOAIGTIKY| TIUN TNG AmOSTACTG TAV® oo TN ddtaén tov MT,
Z,=17 nm, ®cTE Vo EGTIAGOVE GTO Tl GLUUPAIVEL 6TO YDOPO HETOED TV XM vuevimv, 0Tav ovtd Exovv
andotaon ion pe 1o Thyog tov YA evotdpecov vueviov (dya=17 nm). Mg avtd tov tpdmo mpoceyyilovpue
TIg owdikacieg mov Aoufdavovv yopoa otic TN EM/YA/EZM mov peketovior €d®. Amd avtéc Tig
TPOCOUOIDCELS eEdyovpe Ovo TOAD onuavtikd cvpnepdopata. [lpdtov, 10 mepPlodkd mpopil mTov
mopotnpeiton 6tav ypnoyomoteiton 1 oxéon (7.1), Ewova 7.8 (), aviikadiotdtor and Eva pun-neplodikod
wpoeil otov ypnoomnoigitor n oyéon (7.2), Ewova 7.8 (B). Zvvendmg, pe m ypnon g oxéon (7.2),
UTOPOVLLE VO OVOTTOPAYOVLE TO TOPAUOPPOUEVA TPOPIA TOV SOPEVLYOVI®V SUTOMK®OV TESIWV, szdipmi(x)
OV HO1GLoVV TOAD pe aVTd oL Kotaypdpovue pe Tig uetpnosig MFM (BAéne Figure 5.7 (a) Tov Chapter
5.1.i). Agbtepov, ot avopotoyeveic mopuetpol Mgy kot Dyr evicydovy tomucd to. Hy g™ (X), Etcéva 7.8
(B), mov oe awt) TV TEPinToN Eemepvodv Tepimov katd 70% v évtaon tmv H,gip(X), Ewova 7.8 (o)
(avtd @aivetar kot 6T Ewkdveg 7.9 ()-(d) ot 7.10 (a)-(d) mov axoiovBoldv). Avti 1 TOTIKN gvioyvon
™mg évtoong tov H,gp™(X) svvoei ™ Sidomoon tov (evydv Cooper (pair-breaking) kot v vwoBabpon
TOV 110TATOV TOL YA eVOLIAUECOV DUEVIOV £0TM KOl OE TOTIKO EMMEDO.

Agdopévov 0Tt 1 peAéTn pog oTIALETAL OTIG GUVONKEG OV TPEMEL VAL IKAVOTOLOVVTOL TPOKEYUEVO
va peyrotomoinfet n Ty tov SMRE 0éhape va Bpovpe moto gival 1o PEATIOTO TAGTOC TOV KAbeT@WV-0TO0-
emiredo MT mov peyiotomolet ta gykdpoto Sapedyovio dutoikd media, Hy gip, To omoia mopatnpodvion
070 KEVTPO Twv MT, 0tav ot Tapdpetpot dsy omodctoon Z petaé&d tov eEtepik®v IM vueviav (SnA. dy,)
kpotmOovv otabepéc. o tig TN EM/Y A/EM mov peketdpe €dd 1 cuvOnkn avt) Oa eEacparicel 6Tt ot
xabetoi-oro-emimedo MT mov Ppiokovtor aviikplotd oto 600 XM vuévia Ba €xovv T péylom
payvnrootatiky ovlevén, omote to SMRE Ba yiver péyioto. Ze avti v katevbovon, otig Ewoveg 7.9
(a)-(0) war 7.10 (a)-(d) mopovclalovue AVOAVTIKEG TPOGOUOIDCEIS TOV EYKAPCIOV SOPEVYOVIOV
dumoMkdv medinv ypnotpomoiwvtog ) oyéon (7.1) (yia opoloyeveic mopapétpovg Mg kot Dyr) ko (7.2)
(Yo avopoloyeveic mopapétpoug Mgy kot Dyr), avtiotorya. Tovilovpe kot TdAt 0TL Ol TPOGOUOIDGCELS
yivovtor 610 X,=0 nm kobhg OéAovue va €0TIAGOVUE GTA EYKAPGLO dlopedyovTo, dmOAKA Tediow TOL
eppavifovtot oto kévrpo twv MT.

Apywcd eotidlovpe otig Ewoveg 7.9 (0)-(d) 6mov yuo opotoyeveilg mapapétpove Mgy kot Dyps
(oxéon (7.1)). Ov Ewoveg 7.9 (o) wor (Y) ovo@époviar 6 TOPAUETPOVG TOV TPOGOUOLALOoVV ol
yapoxmptlotikd tov TN Co(60nm)/Nb(17nm)/Co(60nm) TLs, evd ot Ewodveg 7.9 (B) xor (d)
npocopotdlovv ta yapoakmplotikd tov TN Co(100nm)/Nb(17nm)/Co(100nm). O1 Ewdveg 7.9 (a) ko
(B) deiyvouv tprodidortateg empdvees H,gip(Dur,z), evd o Ewodves 7.9 (y) ko (§) mopovsidlovv
dtodidotota weobyn-olaypdupota. Mo ovykekpiuéva, ot Ewodvee 7.9 (o) xair (B) deiyvouv o1l ot
emoaveleg Hygip(Dmr,z) €lvor pn-povotoveg kot mopovcstdlovv péyloto yioo o PEATIOT KOpmOAn
Dur (2™). Avt) n Bértiotn kaumdAn Tapovsidletal ota 16obyn-Sraypdupoata tov Eikévov 7.9 () kat
(0) pe GomPOVg KOKAOLG, EVH 01 KOKKIVEC-CUUTTAYEIC EVOEIEC AVTIOTOLYOVV GE YPOUUMIKEG TTPOGEYYIGELS TOV
TEPALOTIKOV onueiov mov amopévovy dtav eEapodue ta onueia pe pkpotepeg Tipég 2. O Ypopkég
npooeyyioelc divooy Dyr™™°=3.13(0.04)z+48.33(0.83) nm ko Dyr™™*°=4.09(0.13)z+67.71(1.78) nm
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v TG Ewoveg 7.9 (y) xou (9), avtictorya (to voOUEPO OTIC TOPEVOECEIS AVTIOTOLYOUV GTO TLTIKA
CQAALOTA).

(o) (B)
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Ewova 7.9: IIpocopoudoels TV eyKAPSIov So@euyoviov dimoMkdv mediov, H,gp(Dvr,z) yuo v

TEPITTOON TOV 0UO0YEVADV Mgy kot Dyr (oxéon (7.1)). Ou mapdpetpol mov ypnoiponotodvrat givo
oOUPOVEG pe Ta xopaktnpotikd (o) kot (y) Tov TN Co(60nm)/Nb(17nm)/Co(60nm) kat (B) kot (3) tev
TN Co(100nm)/Nb(17nm)/Co(100nm). (a) ko (B) Tpiodidotateg nposopoidsels v Hy gip(Dvr,z) yio
(o) dgm=60 nm o (b) dgm=100 Nm. (y) kot (8) Awedidotota odyn-Saypappate TV H, gis(Dwr,z) Yo
(y) dgm=60 nm kot (8) dsv=100 nm. Xtig (y) xar (8) ot dompor KOKAOL YvNAQTOOY TNV KOUTOAN
Dmaxmt(Zmax) TV péyotov H,gip, VO ot kOKKIvEG-ovpumayeis evbeieg eival anotélecua TV YPAUUKOV
TPOGOPHOYDV Y10 TIG omoles o onpelo pe yoapmAés Tuég z €xovv egopebel. Oheg o1 mpocopoidoelg
avapépovtal o€ Mg=1, omdte dha Tt dedopéva mapovotdlovial o€ oeTIkég povadeg (relative units (ru))
Kot 6€ X,=0 NM ®o1e vo peretnOel n copneprpopd Tov eykbpoiov Sapevydviav dutolkmy nedimv, H, g
670 KEVTPO Twv MT.

40 50

> ovvéyelo eotialovue otig Ewkdveg 7.10 (a)-(8) yio avopotoyeveis mopoauétpoug Mgy kot Dyvps
(oyéom (7.1) pe Bdon g mapapétpovg [81]). O Ewdveg 7.10 () kot () ovapépovTIol 6€ TOPUUETPOVG
nov pocopolalovv to yopoktnpiotikd tov TN Co(60nm)/Nb(17nm)/Co(60nm) TLs, evd ot Ewbdveg
7.10 (B) xar (8) mpoooporalovv to yapakmplotikd towv TN Co(100nm)/Nb(17nm)/Co(100nm). Ot
Ewoveg 7.10 (a) xou (B) deiyvovv tpiodidotortes empaveles H gip(Dmr,z), evéd ot Ewoveg 7.10 (y) xou (8)
napovotdlovv diodidotota IcodyYN-dlaypaupata. e aviiototyia pe tic Ewoveg 7.9 (a) ko (B), ot Eikdveg
7.10 (o) ko (B) deiyvovv 61t o1 empdvetes Hy gip(Dmr,z) eivon pn-povotoveg kot mapovctalovy HEYIGTO yia
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w BérTiot kapumoAn Dy (2™). Avti n Bértiot kapumdAn mopovstdletol ota 160DYN-SoypappaTo

tov Ewovov 7.10 (y) kot (8) pe povpovg KOKAOVG, eV 01 KOKKIVEG-GVUTOYElG evbeieg avTioTolyodV o8
YPOUMKES TTPOCEYYIOES TMV TEPOUATIKOV onpeiov mov amopévovv Otav efoupovpe to onueio pe
pikpdTepec Tég z. Ot ypappucée mpooeyyioelc divouy Dy °=2.50(0.03)z+42.07(0.86) nm kor Dy

100

=3.12(0.05)z+54.01(0.93) nm yio 11 Ewcoveg 7.10 () ko (8), avtiotorya (to voduepa 6Tig mapevOEcelc

@ (b)
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Ewova 7.10: IIpocopoudoels Tov €yKAPoIoV SaPeVYOVIOV SIMOMKOV TESIMV, szdipmi(DMT,Z) Y TV
TEPITTOON TOV AvOUO0YeEVOV Mg kot Dyr (oxéon (7.2)). Ot mapdpetpol mov ypnoipomotovvat givon
oOUE®VEG PE To, yapakmplotikd (o) kot (Y) Twv TN Co(60nm)/Nb(17nm)/Co(60nm) kot (B) kot (8) Tmv
TN Co(100nm)/Nb(17nm)/Co(100nm). (a) ko (B) TpiodidoTateG TPOGOUOUDOELS TOV Hz,dipmi(DMT,Z) Yo
(a) dsmy=60 nm ko (b) dgy=100 nm. (y) ko (8) Atodidotata 1I6oHYN-d10yPAUUATO TOV Hz,dipmi(DMT,Z) yo
(y) dgm=60 nm xat (3) dyw=100 nm. Ztig (y) ot (8) ot povpor KOKAOL YVNAGTOOV TNV KOUTOAN
Dmaxmt(Zmax) 10V péytotov Hygip, eVe ot KOKKves-cupmayeis evbeieg efvor anoTéLEGHO TV YPOUUIKOV
TPOCAPUOYDY Y10, TIC 0moiec Taw onpeio pe youmAéc Twég z éxovv e€oupebei. T'a Adyovg cdykplong, ota
Saypdppota ovtd £xovpe cvpmephapet Tig ovtiotores KAUTOAES Dmaxmps(Zmax) HEYIGTOL Hygip Y100 TNV
OUOIOYEVY TEPITTMON 7OV apyIKd Topovcidotnkay ot Ewkdves 7.9 (y) kor (8) (dompor kdxkAot) kot
opymg  mewpopatikd  dedouéva yioo 4 TN Co(60nm)/Nb(17nm)/Co(60nm) TLs «xor 15 TN
Co(100nm)/Nb(17nm)/Co(100nm) (dompa aotépra). Oleg o1 TPOCOUOUDGELS avapépovial 68 Mgy=1,
omdte OAa ta dedopéva Tapovstdlovtal o oyeTikég povadeg (relative units (ru)) kot oe X,=0 hm mote va
peretnOel 1 copmePPOPE TOV £YKAPCLOV SOPEVYOVTOV dtmoAkaV ntedinv, H, g, 610 kévipo tov MT.
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OVTIGTOLYOVV OTO TLTIKA GEAApaT). Xto 1oobyn daypdupata tov Ewovov 7.10 (y) ko (8) éxovue
ovumepiAdPel Tic avtiotoryeg Kopmoreg Dyr o (z™) i v opoyevh mepintoon kaddg Kol aury®e
nepopoTikd  dgdopéva amd 4 TN Co(60nm)/Nb(17nm)/Co(60nm)  wxoar 15 TN
Co(100nm)/Nb(17nm)/Co(100nm) yio Adyovg chyKpiong.

Amd 1o dedopéva mov mopovcidotnkay ot Ewoveg 7.9 (a)-(d) ko 7.10 (a)-(d) avokdmTOLV
apketd evolapépovta anoteréopata. (I) Amo ta dedopéva avtd pmopovue yio dedoUEVN andoTacn Z Vo
(™), peyrotomoldvrog £Tot
o Sropedyovta medio mov eEEpyovion amd o EM vuévia. Av eEapécovpe TIC TOAD WKPEC TIEG 2,
avTd EMTVYYAVETAL EDKOAX OO TN YPOUUIKT TPOGEYYIOT TOV dedopEVeV Tov pévouy, Dyr=adscth. And

Bpovue to Pértioto mAdtog MT, Dyt ypnoionoidviog tnv KapmOAn Dyt

pio GAAN otk yovia, av kabopicovpe to mAdtog twv MT, Dyr yia v emileypévn M dopikn povada,
10T€ T0 PEATIOTO TAYOG TOV YA vpeviov (dya=z) mov peyiotomotei to SMRE otig TN EM/YA/EM pmopet
va. eKTiun0el o€ YeEVIKEG YPOUUEG amd TN oxéon

D —b
dy, :[ M; ) d,, =CD,; +C, (7.3)
6mov o1 otafepéc a kar b TpokdTOLY ANO TN YPOUWKY TPocEyyion Twv dedouévav Dy (2™) (apod

e&apebovv ot ToAD puKpég TES Z), evad ot otabepég Cy kar Cp mpokvmTovy akyePpikd. (II) And avtd to
dedopéva PAEmovpe 4T, Yo dedopévn omdotacn Z 1o Pérticto mAdtog MT, Dyr, ywo 1o omoio to
gYKAPGLO. S0PEVYOVTA TESIO OTOKTOVV HEYIGTO UETOTOMILETOL GE WIKPOTEPEG TIUES OTAV EIGAYETAL 1)
‘HOYyVNTIKY] avOpOloYEVELD’ OTL TOPAUETPovs Mgy kot Dyps. (IID H péyiom twn tov eykdpoiov
SPELYOVTOV TESIMV OEAVETUL OTOV EICAYETAL ‘LOYVITIKT] OVOUOIOYEVELR OTIG TOPUUETPOVS Mgy Kot
Dwmrs. Emiong, o yeopetpkdg 16mog 1@v Dyr-z 6mov 1o H, 4is(Dmr,z) maipvovv péyioteg tipés av&dveton
Otav E160YyETol  ‘HOYVNTIK OVOUOLOYEVEWD OTIG TOPOUETPOVG Mgy kot Dyrs (owtd  gaiveton av
GLYKPIVOUE TIG KOKKIVEG Ko Kitpveg meployég tv Ewkdvav 7.10 (y) kat (d) pe ovtég tov Ewdvav 7.9
(y) xan (8)). Qg ek 10OTOL, pmOpovUE Vo peyotomomoovpe to SMRE mov mapatnpodpe otig TN
SM/YA/EM av €16AYOVUE ‘UOyVNTIKT] GVOUOLOYEVELY 0TO XM LUEVIaL.

[Tietevovpe OTL TO TPOGEYYICTIKO HOVTELO TOV TOPOVCLACTIKE €00 EMPEPALDVETAL IKAVOTOUTIKE
UEG® NG GUYKPIONG TOV UE Qpy®dS TEpapatikd dedopéva. [payuatt, 6mwg deiyvovpe otig Ewkdveg 7.10
(y) ko (8) to mepapotikd dedouéva mov avaeépovtar og 4 TN Co(60nm)/Nb(17nm)/Co(60nm) kou 15
TN Co(100nm)/Nb(17nm)/Co(100nm) Bpickovtar ota Opla TG Opo10yEVOLS Tepintmong. Iliotevovpue Ot
10 évtovo SMRE mov mapoatnpnibnke otig TN tov [43-46] vmokivhbnke omd v omoitmon mov
ocu{nmOnke vopitepa. T'a va peyiotoromoovpe 10 SMRE mov mopatpeiton otigc TN EM/YA/EM, ot
oYETIKEG  mEPOpOTIKA-Kabopiopéveg TwéG Dur-Oya mpémer vo Ppebodv move oty Oeopnrtikd-
kaOoptopévn kaumdAn Dur™ (Zmax) OmOL To £yKapoia Sapevyovio medio. HEYIGTOTOOVVTIAL. XTIG
npoypatikés TN ZM/Y A/ZM, 1 tportontoinomn g Bempntikd-kabopiopévng kapmuing Aoy g vmapéng
‘UOYVITIKNG 0VOLOL0YEVELNS OTIC TaPOUETPOVS Mgy Kot Diyrs umopel va vmodoyiotel amd v oyéon (7.2).

ii. IMepapatiké povrtéro: Zovovacpog 6OV TOV EPTAEKOUEVOV TOPUUETPOV

ZvveygiCovpe v perétn tov TN Co/Nb/Co pe woyvpn kdbetn-oro-emimedo poyvnTiKy OVIGOTPOTIO UE
OTOYO TNV EVPECT] HOG TEPIEKTIKNG HoBNUaTIKNG oxéong Tov va meptypdoetl to SMRE. ‘Eva kpiowo pripa
TPOG avT TNV Kotevbuven ftav 1 gvpeot v XM kot YA PKPOGKOTIKAOV Kol LOKPOGKOTIK®OV LOVAI®Y
uétpnong (ot omoieg eivar T7P, AT™®, dsc, dem, £(0), Dvps, Dvpws KTA) mov ennpedlovy v éviaon Tov
SMRE. I'io To Ady0 aw1d, 6T TEWPAROTIKA SEGOUEVA OVTNG TNG TOPAYPAPOVL EXOVHE GUUTEPIAGPEL OLEG
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¢ oepéc TM Co(dco)/Nb(dnp)/Co(deo) pe miym Co kar Nb deo=100 xar 60nm>d,,*=40-50 nm xat
dnp=17, 19, 21, 23 nm 7ov peretnOnKay 610 TAAICO TG TAPoVGaC datpPric. Ta dedopéva avtd £xovv
napovcloctel oto apbpo [49].

¥ T b T ) 1 ! ] g ] » o l 1 § g ¥ 1] Vs ==§ 1
F @ Co(100)/Nb(17)/Co(100) a) ] [~ -~ ]
100; Co(60)/Nb(23)/Co(60) 8@ @ ( ); 100; 9@. (b)
~ gof @ ColBOIMb(21)Co(E0) Od' LR T R
2 U o coe0)mb(19)Co(60) o 9 @ 1= °Y Q 0 @ ~9
= 60: @ Co(B0)Mb(17)/Co(50) ] E Bia sMRE=aAT.2®+b
g :-o Co(B0)/Nb(15)/Co(60) Q; - o 60:- o_% ) b- +105.742.4 (%)
ot % 2 o 1 @ 7F sMRE=aAT.=e:b 3’0 ]
20F 2 3 20k b= +65.5+3.6 (%) _o ]
L 9 ] [ 2= -0.6£0.1 (%/mK) 9 ]
g' N, [ - LR I Y O N« 1 L % PoE MU (] S S PO (s | DTN ORGP
0 45 50 55 60 65 70 75 80 10 20 30 40 50 60 70 80 90 100110
T (K) AT#® (mK)

Ewova 7.11: (o) EEaptnon tov SMRE and v kpioyn Ogpuokpacio tov YA, T.. (B) EEdpnon tov
SMRE om6 to €Opog g vmepaywywng petdfoong AT, H pavpn-oaxexoppévn kot 1 KOKKIVN-
OLOKEKOUUEVT]  YPOUUY  OVTICTOYOUV GTNV  YPOUWIKN TPOcGEyylon Tmv dedopéveov towv TN
Co(100nm)/Nb(17nm)/Co(100nm) ko twv TN Co(60nm)/Nb(15nm)/Co(60nm), avtictouyo.

Ot Ewdvec 7.11 (a) xon (B) deiyvouv v e€dptnon tov SMRE and v kpicyun Oepuokpacio tov
YA, T, kot amd 10 €0pog G vrepaydyung petdfaong AT, avtictoyo. Eotidaloviag otv Ewova 7.11
(o)) mopatnpovpe 61t To mEpapatikd dedopéva SMRE givar apretd dwaokopmicpéva oe oyéon pe v Te.
[Mop’ 6Aa avtd, eivar epepavég 6Tt To SMRE avéavetal kabmg avéavetal 1 kpiciyun Oeppokpacio tov YA,
T.. Zvveyilovtag omv Ewova 7.11 (B) PAémovpe 611 tor dedopéva mov avapépoviol oTig oepég TN
Co(100nm)/Nb(17nm)/Co(100nm) kot Co(60nm)/Nb(15nm)/Co(60nm) eivar drackopmicusva ToAd Aiyo.
EmumAéov, n povpn-Slokekoppévn Kot 1 KOKKIVI-OLOKEKOUUEVT] VPO OVTICTOLYOUV GTNV YPOUUIKI
npocéyylon  twv  dedopéveov  tov TN Co(100nm)/Nb(17nm)/Co(100nm) «kor tov TN
Co(60nm)/Nb(15nm)/Co(60nm), avtiotoya. To dedouévo avtd cvvemdyovtar OTL TO €0POG TNG
vrepayyung petdfaong AT, eivon o mapdpetpog mov eréyyetl tnv tipn tov SMRE. A&ilet va onpeimdet
ott, n Wwovikn TN OBa eugavicer péyioto SMRE omyv mepintmon mov 1 vaepaydyun petdfacn sivol
eEapetikd omodtoun, onA. AT=0. Ynd avtd to mpiopa, oty Ewdva 7.11 (B) to onueio toung twv
YPOLUK®DY TPOGOUOIDOEMV LE TOV KGOeTOo GEova, dn)k. o Tapdyovtag b , wwodvvapel pe T péytotn tun
700 SMRE Kot givot SMRE g ™ C0M0"™=105.7+2.4 % yia: Tic TNg Co(100nm)/Nb(17nm)/Co(100nm) «at
SMRE MM =65 5+3.6 % vyia 1ic TN¢ Co(60nm)/Nb(15nm)/Co(60nm). Enueidvovpe 6t otV
nepintoon tov TN Co(100nm)/Nb(17nm)/Co(100nm) 1 ypapuikn mpocopoimon Eemepvd v 18avikn
T SMRE 100%.

Onwg uropei edkora va yivel katovontod, n Ypoppiky coprepipopd tov SMRE og oyéon pe ta YA
kot M cvototikd 0o umopovoe vo ypnoyoroindel Tpog v eEEVPEST NG TEPLEKTIKNG UOOMUOTIKNG
oxéonc. Onwg ooivetor omv Ewodva 7.12 10 SMRE £éyel ypoppixn ovoyétion pe tnv TOPAUETPO
AT (T T ). YrevOopilovpe 6t 1 kpioym Oeppokpasio TP vroloyiletar 610 50%Rner, 0100 Rpor
N TN TG avticTaong oty Kovoviky kotdotaon (normal state) kot to edpog g YA petdfaong, ATSP
vrohoyiletar g 1 Stapopd T[R=80%Ror]- T[R=20%R o], evd 1 Oeppoxpacio T mpokdntet amd v
TPOGOUOIMOT TNE KAUTOANG TOL Ave Kpioyov mediov, He, e v oyxéon He(T)=5.530y/2ndscE(T), dmov
E(T)=E(0)/(1-T/Te)? ko Do=hc/2e givan to kPavto porfic (2.07x107 Gem?). Eivor mpogaveg 0t dtav o

49



exp

nopovopactig (T-TSP) Eemepvaet ™yt AT 10 SMRE omoktd ™) péyiom T 100%. ITo
oLYKEKPIUEVE, 1| HoOpn €vbeio avtioTolyel o€ YpaUUIKY TPOCOUOion TV dedoUEvavV OAwV Tov TN
Co(dco)/Nb(dnp)/Co(dgo) mov epgaviCoviar oty meproyry ATP/(T ST >)<3. Ta tpio. onusio mov
gupavidovton oty meployy  ATEP/(TET >3 agopovv TN¢  Co(60nm)/Nb(15nm)/Co(60nm)
(oeiyvovtor pe wdBeta PEAN) Kot oxetiCovtor mBavoTaTo pe £vo SEVTEPO UNYOVIGUO OV OU®MG AOY®
EMdenymg dedopévav dev €xet peretnfel edd. Méowm tng oyéong

exp

SMRE=a——<—+b (7.3)

KOTOANYOVUE GE V0L EVTVTIMGIOKO OTOTELEGLLO, TO GNUEID TOUNG e ToV KabeTo G&ova ivar b=99.4+1.6%
Kot sodvvapel pe v péylotn Tt 100% mov ovapévetor oty Wovikn mepintoorn yuwo po TN
EM/Y A/EM [14,15]. TIpopavdg, n kKAion a=—29.9+1.3% e€aptdrar omd T0 KPITHPLO TOV XPNCIUOTOLEITOL
10 Tov voAoyiopd g AT.™® (20%-80% oty Sk pog mepintwon). Qg ek TovTOV, KpiveTar amapaitnm
1 £0pEGT EVOC HOVTELOD Yo TNV eKTipMoN Tov mapdyovta (T-TEP).

100 " """""""""""" | ¥ v ¥

SMRE=a[AT /(T 2T 2%)]+b ]
80k b= +99.4+16 (%) @ Co(100)/Nb(17)/Co(100)
; a=299+13(%) @ CO(BO)ND(23)/Co(60) |

s | R-Square=0.94 @ Co(B0)/Nb(21)/Co(60)

< 60F N @ Co(60)/Nb(19)/Co(60)
g : @ Co(60)/Nb(17)/Co(60) 1
E @ Co(60)/Nb(15)/Co(60) ]
S 40F * ‘.
20F o \°? & ]
0 : o UV U W U N U U NN NN W WG N VY T S [ UY 4:
0 1 2 3 4 5 6 7

ATcexp /( Tcext_Tcexp)

Ewoéva 7.12: Tpoppuky eEapmon tov SMRE amd tov Adyo AT/ (T T 2®). H padpn ypoppn avtiotorysi
OTNV YPOUUIKY TPOGEYYIoN OA@V TV TEPARaTIKGOV dedopévov tov TN Co(dc,)/Nb(dyp)/Co(dc,) pe
e€aipeon ta Tpion mEWPOUATIKE onueic oL dnAdvovtal pe to kdBeta PEAN kot avtiotolyovv ce TN
Co(60nm)/Nb(15nm)/Co(60nm). Me ykpt copBoAifovpe v mepoyn OV 0 KAASOG EMAVEIGOSOV TNG
YPOUUNS TOL ave kpiotuov mediov Tov YA, He(T), vaepPaivel to mhdtog g vaepaydyung petdpaocng,
ATZPUT T IP)>ATS®, ot dote va smrvyydveton péyiom tuy SMRE, 100%.

Onwg cuintnke NoN otig Tapaypdeovg 6.2 kot 7.3 kot €xel dnuoctevdei otig [45,46,49,50] o
KAMGdog emavelcddov (reentrance branch) g kaumdAng tov Gve kpiciwov mediov tov YA, Hea(T),
amodideTor otnv vmoPduion TOV VAEPAYDYIUOV 1OIO0TATOV AOY® T®V EYKAPOIOV OUPEVYOVIWOV
SImoOMK®OV TSIV TOL avadVoVTOL 00 TO E6MTEPIKO TV Kabetwv-oto-emimedo MT yia medio KOvTd 6T0
ovvekTikd medio, He, EmmAéov, ta TMT guvoovv v vrepayoyipuotto [82,83]. ‘Etot, evd 1 evéoyevig
Kpion Oeppokpacio Oa oy ion pe T oty Tpadn oty vroPadpiletar oty TP Adyo g dmapéng
tov MT otav éyet eEapedel n Spdon tov TMT. Ondte 1 vrofdduion e T oty T2 vrokweitat
puoévo amod 1o kabapd Thatog Dyr-Drvr. Yo avtd to mpiopa, mpoteivovpe 6t 1 vrofaduicpévn kpioun
Oepuoxpacio TP pmopet va extyunet and mv cuvdfkn E(TP)=Dyr-Dvr, 0mov n T7® dnidver
Oepuokpacio onv omoin To punkog cvoyétiong, &(T) yivetar ico pe to kabapd TAdrog twv MT, Dyr-Drmr.
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ext

Me xpfion e oxéonge &(T)=E(0)/(1-T/T)*? omv omoia éyovpe avikataotioel v Te
eklomon

1(&] | (7.4

moipvoovpe v

D, -D

MDs MDWs

H e&icwon (7.4) Seiyver 611 n mepapaticd vroloyiouévn kpiciun Oeppokpacia, T7P elaptéron amd 1o
Aoyo &(0)/(Dmps-Divpws). T otabepd (0), 660 mo @apdoi (otevoi) givar ot MT, 1600 mo acbevig
(1oxvpn) eivon M voPéBpion, evd Y otaBepd Dyps-Dmpws, 000 pikpdtepo (peyolvtepo) givar to E(0)
1660 To acbevig (loyvpn) ivor n vroPdduion. H egicmon (7.4) avapEépeTol 68 QYD TEPOUOTIKEG
ToGOTNTEG Ol 0Toieg divovtatl otovg IMivakeg 1, 2 kot 3 tov mapaptipatog ‘Appendix A’. Tleplocdtepeg
Aemtopépeteg umopovv va Ppebovv oto Chapter 7.4.ii ko oty epyacio [19].

Yrohoyilovtag tov 6po (TZ-T™®) and mv elicoon (7.4) ko avikadiotdviag tov oy (7.3)
TPOKVTTEL 1] POVOUEVOLOYIKT oyéon [49]

exp

2

SMRE =-29.9—° (ﬂj -1 (+994, (7.5)
T | ¢(0)

6mov ‘NMDs’ givaw 10 kabopd mhdtog twv MT (‘net MDs’), Dyvps = Dmps-Duvpws: Av kot omkn, n

Qawvopevoroyikr oxéon (7.5) ecoiheiel 0pKETEC TANPOEOPIEC Y10 TOVG VTOKEIUEVOVG (QLGIKODG

unyoviopovg mov oyetiCovrar pe o SMRE mov mapoatnpeiton o TN EM/YA/EM kot Aappdvel vmoyn

OYETIKEC UOKPOOKOTIKEG TOPAUETPOVE OAAD KOl HIKPOOKOTIKG yopoktnplotikd peyédn. Ilo

CUYKEKPIUEVOL TO QAVOUEVOLOYIKO HoVTELO cvoyetilel dueso to SMRE pe tig mapapétpovg TP, AT,
Dovps kot (0). EmumAéov, omv epyacia [49] éxer yiver emrtuyng odykpion TV Od0UEVOV TOL
npokvmtovy  amd T oyéon (7.5) ue to  avtiotoryo  mepopatikd  dedopévo  tov TN
Co(dco)/Nb(dnp)/Co(dcy). H povopevoroykn oyéon (7.5) eEacarilet tov oxediaocpud TN IM/YA/EM ue
KOTOAANAQ YOPOKTNPIOTIKG MOTE Vo emTuyyaveTat péytoto SMRE 100%.

To @ovouevoroyIKO HOVTELO OV TPoTddnke apyikd omv gpyoocia [49] peketnOnke meportépm
omv epyoocio [51], omov eetdoape mOG M UETAPOA TOV HOKPOCKOTIK®V TOPAUETP®OV  KOL
WIKPOGKOTIIK®Y YOPOKTNPIOTIKOV peyedov tov XM kot YA GLOTOTIKGOV 710V 08V EUTEPLEYOVTIOL OTN
oyéon (7.5) emnpedlet mv | tov SMRE e uueso 1pdmo. Oswpntikés TPOGOUOIDCELS Kol TEPALATIKA
dedopéva avedel&ay Toug Euuecons Tapiyovteg mov ennpediovv v tiun tov SMRE. Avagopikd pe to
YA evdudpeco vuévio, Bempovpue o¢ upecovg mapdyovieg v ataio (disorder), ™ uéon ehevbepn
dadpoun (the mean free path (1)) kot to méxog (dsc), o omoiot propPoHV Vo EMIPAGOVYV GTIG TAPAUETPOVG
T, AT kan E(0) emdpdvrog ev téhet oy s tov SMRE. Avagopikd pe to M eEmotepid vuévia,
Bewpoue ®¢ £upeco mToapdyovto to nayog (drv) T0 omoio emdpd otig Tiuég v Dyr kot Dyt emidpdvtag
étor omv i tov SMRE. Onwg dei€ape omv [51], 10 @owvopevoroyikd poviédo Sivel ovvemn
OTOTELECLLOTO, OTOV YPTOLULOTOL0VVTOL KaDEp®UEVE BE@PNTIKA HOVTELD, EVD TOVTOYPOVO. TEPLYPAPEL T,
nepapatikd dedopéva twv TN EM/YA/EM mov peremndnkav oto mAaiclo avtng e daTpiPng omdte
umopel va meptypayet yevikd tnv cvumeptpopd tov TN EM/Y A/EM zmpoPAiénovtag to SMRE.
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7.5 H egmiexktikn gp@dvion tov @awvopevov Ynepayoywuns Mayvnroavrictaocng
évavti Tov @arvopevov Yrepay@yipov AlokonTn-Xmv

Ye outn ™V Topdypaeo Bo cuinmoovue Tog propovpe va aélomomoovpe Tig 1W10tnTeg Twv TN (CoO-
)Co/Nb/Co pe 610%0 va daympicovpe v eppavion tov SSVE and 1o SMRE. Louewvae pe Aentopepn
nepdpoata KatoAn&ape 610 ocvumépacua 0tL 600 eivar ot kpioieg mopdapeTpor mov Kabopilovv tnv
eMAEKTIKT] gu@avion tov SSVE évavtt tov sSMRE (ko 10 avtiotpopo) mov mapatnpeitor otig TN
Co/Nb/Co, n poayvntiky avicotpomio (Aoym oyfuatog (shape) 1 TTA) kau 1 dapopd AH, peta&d tov
GUVEKTIKOV eSOV TV eEMTEPIKOV XM vUEVIOV.

Onwg avapépdnke Mo, N wopdiiniy-cro-eminedo payvntikn avicotpomio guvoel to SSVE, evod 1
kabetn-oro-emimedo poyvnTiky ovicotponio. wpowbel o SMRE. H dpeon ovykpion tov dedopévaov
poyvnroovtiotaong (Ewdveg 4.1 (a)/(B) kot (8)/(g)) ko tav Bpdywv poyvitiong (Ewoveg 4.1 () kou (1))
g TN CoO(2nm)-Co(10nm)/Nb(25nm)/Co(10nm) mov peketnOnkay oty mapdypago 4.3.i. dikaroroyel
TANPOG TNV TPOT TapdpeTpo. [a v elcaymyn g 6e0TEPNS KPIGIUNG TaPAUETPOV, ONANOT] TN S10.POopd
AH; tov cvvektik@v mediov tov eEntepikav vueviov Co, mapovctalovpe €vo, LOVTEAO KOTAAANAO Vo
OtoKpivel Kot Vo OmOUOVAGEL TEXVIKA TIG dVO €kd0YEC TNG poyvnroavtictaonsg, SSVE ko sMRE, mov
nopatnpovvtar 611 TN (CoO-)Co/Nb/Co. To poviého ovtd mopovcidotnke oty epyacio [45] wat
epappoletor og 6Aeg Tic TN EM/YA/EM.

Ta eowdpeva SSVE kot SMRE pmopobdv va dwywpiotovv Adym tng avtiBemg e&dptnong mov
xovv amd ) Supopd ToV cvvekTkGY tediov AH, tov séotepikdv M vueviov, HoM kot HEM2. Ot
Ewoveg 7.13 (a)-(y) ko to meprpepetokd oxnpoto (o-i)-(y-i) xor (o-ii)-(y-ii) angwoviCovv v Bacikn
Wéa ovtov tov povtédov. Beswpobpe dvo wWavikég TN, n mpodm TN éxer mapdiinin-oro-erimedo
poyvition ondte gpeovitel to SSVE (Ewdveg 7.13 (a-i)-(y-i)), evd n dgdtepn TN éxel kabetn-oro-eminedo
poyvition ondte gppaviCel 1o SMRE (Ewoveg 7.13 (o-ii)-(y-ii)). Agdopévov 6t 10 SSVE oyetileton pe
TV GYETIKN O1ataén TV mopdiiniwv-oto-erinedo payvnricenv tov e€ntepikodv M vueviov, avtd
mpémel vo éxovv dtopopetikd ovvektkd medio, HW#EHIM? (AHA0), dote va emoyydvetor 1
‘avtmapANAN’ payvition o€ éva opketd ektetopévo evpog mediov (Ewdveg 7.13 (a) kot (o.i))
[13,14,22-29,54-57]. TTap’ 6Aa awtd, 660 1 dapopd AH, uetdveron otadiokd (Ewdva 7.13 (B)) to SSVE
peioveron Paduaio (Ewovo 7.13 (B.i)). Tehkd, 6tav n dwowpopd AH, yiver undév (Ewdva 7.13 (y)) to
SSVE ghayiotonmoteitar (Ewdva 7.13 (7.1)). Avibétwg, dedopévou 6Tt 1o SMRE oyetileton ue v xdbety-
0T0-ETimed0 PoyvnTooTOTIKY oV(Evén Tov eEntepikdv M vUEVIOY, oVTA TPETEL VO EYOVV TAVTOCT|A
ovvektikd medio, HM'=H M (AH=0), dote vo emtvyydveton 1 ovlevén [33,35,36,43-51]. Tvvendg,
otav HM=HM? (AH=0) 10 SMRE yivetat péytoto (Ewdveg 7.13 (y) kau (v.ii)). Mop® dha autd, dtav n
dropopd v HEM ko HEM avéaveton (Eucova 7.13 (B)) to SMRE psibvetar Padpaio (Eucovo 7.13
(B.ii)). Tehd, ya v wepintoon mov to. HM ko HEM Sagépovy onpavikd (Eucovo 7.13 (o) o
SMRE ghayiotonoteitar (Ewdva 7.13 (a.ii)). Ztnv televtaia nepintmon, mapatnpovdvial 600 aveEdptnteg
ukpéc kopupés SMRE (Ewova 4.1 (b)), mov amodewcvoovv Ot ta e€mtepikd XM vuévio, eivorn
poyvnroototikd acvlevkto ondte 1 TN Co/Nb/Co cuunepipépetar oav 6vo aveEdptnteg ANg Co/Nb kot
Nb/Co. Xvvendg, mapduetpog AH: pmopei v ypnoonombei yio vo dywpiotodv ta 300 Qavoueva,
SSVE ka1 SMRE, mov mapatnpodvtat otig TN EM/Y A/EM.
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H FM2sH>H FML
In-plane ¢ ¢ Out-of-plane
system:

SMRE

/’I (ou.ii)
SC

1FM

(B.ii)

04 02 00 0z 04
H(kOe)

Ewova 7.13: Kopmdheg payvimiong petpnuéves oe Bgppokpacio T=10K>TSC yuo Swapopetikég TN
(Co0-)Co/Nb/Co otig omoigg To eEmTepikd XM vpévia £xovv (o) ToAD drapopetikd, (B) mepimov idio Kot
() tavtéonua ovvektikd medio H kon HEY2. Ta mepipepetoxd oyfpota deiyvovv dvo davikég TN
otig omoieg gupaviCovran (a-i)-(y-1) mopalinior-oro-erinedo (SSVE) wan (o-ii)-(y-ii) xdbOetoi-oro-enimedo
MT vy 7media kovid oto ovvektikd medio. To wdBeta (a-i)-(y-i) ko opilovria (o-ii)-(y-ii) Pérn
ovupolrilouvv o media avtariayng (exchange fields) kat ta dopevyovta nedia (stray fields), avtiotoya.
To péyebog tv PEADY aVTITPOCOTEVEL GYNUATIKA TV GYETIKN GUVEICQOPO. TV TAPIAANAWV-0TO-ETTinEdO
(a-i)-(y-1) ko xdBetwv-oro-emimedo (0-ii)-(y-ii) MT oty eupavion tov SSVE kar SMRE, koaBdc n
Sapopd v cvvektikdv tediov HM! and HEY2 tov efotepikdv M vpeviov petafdiletor oTadiaKd.
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Kepdroro 8

MBavig epappoyéic toov TN EM/YA/EM ¢ Kpvoyevikés ootdéerg

Egpapuolovrag tic TNg ZM/YA/EM w¢ 1pvoyevikods oucOntnpes poyvntikov-rediov

Ot TN ZM/YA/EM pmopodv vo ypnotpomomBodv yo epappoyés cov aicntipeg payvntikov-nediov
(cryogenic magnetic-field sensors) mov Aertovpyodv o kpvoyevikd meptBairov. ITo cvykekpéva, cov
apyn Aerrovpyiag evog acOnTpa poryvntikov-tediov opiletan n HeTaPoAn NG AVTIGTOONG TOV Yol UKPEG
petaforés evog eEmtepikov payvntikod mediov. Ot TN XM/YA/EM kavomolovv avtn T cuvOnkn pécm
tov SMRE. EmmAéov, yio va ™ PBértiom Aettovpyia pwog TN og asOntipog payvntikov-nediov, givar
aropaitnto vo mtolmBel payvntkd oe éva medio Kovtd oto péyioto tov SMRE. To medio avtd koreiton
nedio molwong (bias magnetic field, Hpiss) ko eaceoriCer 61t 1 TN Aertovpyei oty meployn mediomv
puéylomg evawsnoiog. Ymd oavtd 10 mpiouw, peEAeTHoope TIG WOOTNTEC peTapopdg uag TN
Co(60nm)/Nb(17nm)/Co(60nm) 1 omoia, AOy® avVIGOTPOTIOG GYNIOTOS, YapakTnpileton amd onuavTIKn
KkdBetn-oto-eminedo PayviTIoN. AVOAVTIKG TEWPAUOTIKG dedopuéva umopovv va Bpebovv oto Chapter 8
(Figure 8.2). Emypoppotikd avaeépovpe 6tt 1 TN mapovstdlel po apketd peydin kopver SMRE tng
14&nc tov 77.5 % m omoio ocvvteAeiton péoa oe gvpog mediov AH=1000 Oe kot omokoAdmTEL pua
onuovtikny petaforr; oty avtiotacn AR=310 mOhms. H xapmdin g mopoaydyov, dR(H)/dH,
anokoAvntel vatctnoio g taEewg dR(H)/dH=0.35 mOhms/Oe. Méow &vog mediov molwong Hyias=-0.5
Oe, mov avtiotoryei oto péyroro g koumvAng dR(H)/dH «xou Bpioketar péoca oty meployf tov
GUVEKTIKOV TEdiOV TV e£mTeptk@v IM LUEVIOV, UTOPOVUE VO TETOYOVUE ONUAVTIKEG UETAPOAEG GTNV
avTIGTOOT MG OMOTEAEGUA TOAD WKPOV HeTAPOADY ToL e&mTePtKov Tediov ekatépwBev Tov Hyjps. a0 T
ovykekpipévn TN kataypdagpovpe mepinov 50% petafoin g avtiotaong 1 onoio yiverol HEGH 68 DPOG
nedimv ~300 Oe ekatépwbev 10V Hyjas. Zopnepacpatikd, oo TN Co/Nb/Co mov amotedlodvtor and oyeTikd
oy XM vpévia, dote vo egacpaiiletor évtovo SMRE, uropobdv va ypnoipomomBovv g aicdntmpeg
LYV TIKOV-TESTOV.

Egopuolovrog tic TNG EM/YA/XM w¢ kpvoyevikods vmepoymdyiiions OlaKOTTES UAYVHTIKOD-TEILOD

Ot TN EZM/YA/EM pmopovv va ypnoipomonfodv yio €POPUOYEC OOV VIEPAYMYLOL SLOKOTTEG
noyvntikov-ediov (magnetic-field-controlled supercurrent switches) mov Aettovpyodv Ge KpPLOYEVIKO
nepaiiov. ITo ouykekpipéva, cav apyn AEITOLPYIOG EVOC VITEPUYDYIUOV SIAKOTTN LOYVNTIKOV-TESIOV
opileton M petdPacn oamd TNV KAVOVIKY KOTAGTAON (KOTAOTOON WHEYIOTNG avTioToons, Rhign) ot
VIEPAYDYIUN KoTAoTaoN (KOTAoTOoN €Adylotng avtiotaong, Riw) UE TNV €paproyn evog eEmTEPIKOD
poyvntikod mediov. Ot TN XM/Y A/ZM kavomotovv autr] T cLvOnKn HECH TG EvE0YEVODS W1OTNTAS TNG
VIEPAYOYIHOTNTO OV givar 1 peToTomion e kopmrding R(T) vro v epappoyn eEmtepikod mediov,
dwadikacio mov avtikatontpiletar oty KApmOAN Tov Gve Kpictpwov mediov tov YA, He(T). T va
emtevyfel n Péltiotn Aertovpyin pwog TN ®¢ vrepay®@yyog O0KOTTNG HoyvnTIKoV-edion eivon
amopaitnto va moAmBOel poyvntikd ce évo medio, Hpis, ®ote va egoopolotel N andtoun peTdfocn
QVAESO OTIG SVO KOTAGTAGELS TNG OVTIOTAONG, Rigw K0t Rhigh. Eva mAeovéktpa twv TN Co/Nb/Co givon
0Tl 170 Tedio TOA®ONG PPICKETOL GTNV TEPLOYN TOV HKPDY HOYVNTIKOV TTedimv, OnA. eivar Tig TaENG
puepikav ymadwv Oe. Ynd avtd 1o mpicpo, peretnoape Tic 1010tTEC peTagopds woag TN Nol
Co(60nm)/Nb(17nm)/Co(60nm) otnv mepoyn TV WKPGOV TESIOV. AVOADTIKG TEWPAUATIKE dedopéEval
umopovv vo. Bpebodv oto Chapter 8 (Figure 8.3). Emypapuatikd avaeépovue 6tt 1 TN gupaviletl o
OVOUOAN PETOTOTION TNE KAUTOANG avtioTtoong undevikov mediov, R(T), mpog pueyarvtepeg Oeppokpacieg
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katd AT=T(2kOe)-T,(0kOe)=+33.0 mK (uetatdmion npog to. 6e&1d) otav epapuodletor eEmtepikd nedio
H=2.0 kOe. H petatomion g kapunding mpog ta deéid katd +33.0 mK odnyei tov YA amd 10 62% ¢
Kavovikng kotdotaons (Rpign) otnv vaspaydyun kotdotaon (Riw). Xnpewdvoovpe 6tt m TN Nol
Co(60nm)/Nb(17nm)/Co(60nm) eppaviCet kot v mAnpn petafoon, omd 10 100% NG KAVOVIKNG
katdotaong (Rnign) omv vrepaydyyn kotdotaon (Riw), vro v eeappoyn evog peyordtepov
poyvntikod mediov g tééng twv 8.0 kOe 1o omoio petotomilel ouodd v g KoumdANg avtictaong
undevikov mediov, R(T), mpog pukpotepeg Oepuokpaciec kotd AT=T.(8kOe)-T,(0kOe)=-78.5 mK
(uetoTomion mpog To aplotepd). Zvumepacpotikd, ot TN Co/Nb/Co umopodv va ypnoipomombodyv mg
VIEPAYDYIHLOL SOKOTTES LOYVNTIKOV-TESIOV TTOL AgLToVpyoVV G payvnTikd medio TG TaEng Hepmv
kOe, evidd> mapéyovv dumAn meployn Aerrovpyiog pe Pdon ™V opoldsy Ko ovoualy UETOTOTION TNG
KopmOAng avtictaong pundevikod mediov, R(T), pe tv avopodn petotdémon vo eivoar mepiocdtepo
TPOTIUNTEN AOY® TOV IKPOTEPOV TTESIMV AEITOVPYING.

Egpapuolovrag tic TNg ZM/YA/2M w¢ kpvoyevikods DIEPOy YOS JLOKOTTEG-CTIV

Ot TN IM/YA/EM pmopodv va ypnotpomombody yio eQUpUOYEC GOV VTEPUAYDYOL SLOKOTTEG-GTLY
(superconducting spin-valves) mov Aettovpyodv o€ kKpvoyevikd mepipdirov. TTio cuykekpyéva, cav apyn
Aertovpyiog evOg LIEPAYOYLUOV SOKOTTN LAyVNTIKOV-TTediov opileTon M petdfocn amd TV Katdotoon
uéyrotg avtiotaong, Ruigh 0t katdotacn ehdyiotg avtiotaong, Riow kabodg n didtaén tov poyvnticewv
TV eEotepikav XM vpeviov amd ‘mapdAAnin’ yivetor ‘oviumapdAinAn’. Ot TN AZM/EM/YA/EM
KOVOTTOO0V  auth TN ouvvinkn pécom tov SSVE, 10 omoio powdlel pe TO @QOVOUEVO YryovTloiog
poyvnroavtiotacng (giant magnetoresistance-GMR) kot T0 QAIVOHEVO HOyVNTOAVTIOTOGNG GNPAYYOS
(tunnel magnetoresistance-TMR) mov wopatnpovvtol oe TN EM/un-poyvimg/IM kot EM/poveotie/EM,
avtiototya. Inuewdvooupe otL avtibeta pe 1o SSVE ta GMR kot TMR gpoavifouv péytot avtiotaon,
Rhigh kot eEAdyiotn avtictaon, Riew 0tav n ddtaén tov payvnticeov tov eEotepikov EM vueviov tvat
‘ovTITapOAANAN’ Kol ‘TapdAANAY’, avtioTtolya. Y7o autd TO TPIicUa, LEAETNOUUE TIG WO1OTNTEG LETAPOPAS
kot poayvAtiong wog TN CoO(2nm)-Co(10nm)/Nb(25nm)/Co(10nm) 1 omoio yapaktnpileton omd
ONUOVTIKY Tapdiinin-oto-emimedo NayviTIon AGYO OVIGOTPOTING GYNUOTOG Kot Tov pnyovicpov IIA.
Avalvtikd welpapatikd dedopéva pmopodv va PBpebodv oto Chapter 8 (Figure 8.4). H TN eguopavilet
onuavtikd SSVE péyiotng tung 1.5%/0.7% ot péon/évapén tov Pubicpatog e poyvnroavtictaonc.
Zopmepacpotikd, Aappavovtog voyn v oAlayn m¢ payvnToovtictaong and Rpigh kot Ry 0Tav m
dwtaén tov payvnticeov tov efntepikdv IM vueviov sivoal ‘mopdAAnin’ Kot ‘ovTImopaAANAn’,
avtiototya, cvumepaivovpe 6t ot TN AXM/EM/YA/EM pmopodv va ypnoipononfodv vrepaydyipot
SLOKOTTEG-OTTY TNV TIEPLOYN OEpLOKPACIOY KOVTE 6TV Kpicwun Oepuokpacio T.
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Younepdopota

Y10 7m\oiclo TG OBAKTOPIKNG €pevvag HeAeTnoope O1eEodikd TG 1010TNTEG petapopdc towv TN
EM/YA/EM. Tpaypatomotfnkay avoATIKES LETPNCELS TNG LOYVITIONG KOl TNG LOYVITOOVTIGTOONG G
TN Co(dco)/Nb(dnp)/Co(de,) pe moym deo=10-200 nm xor dnp=13-50 nm, ®ote vo gpguvnbodv to
eawvopeve, SSVE kot SMRE mov oyetiCovion pe v mapalinin-oro-sninedo ol v kaletn-oto-eminedo
poyvition tev eotepikdv XM vupeviov, ovtiotoya. Ot péyioteg tuég SSVE wor SMRE mov
mopotnpnnkay etvar g taéng tov 1.5% wor 100%, avrtictoyya. H avicotpomion oyfuatog kot o
unyoviopog [A ypnoponomdniay yio v Katavonorn ToV GUGIK®OV UNYOVICUAOV Tov oyetilovtol e T
eowopevo ovtd. Iepdpoto MFM ce TN Co/Nb/Co amokdlvyov Tmg 1 UeTAPaon TG MoyvITiKig
avicotpomiog Tov XM vpeviov amd mopdiinin-oro-eninedo o€ KAOeTH-0TO-EMIMEIO TPOYUATOTOLEITOL
KoBdG 10 TAY0G deo aVEAVETAL TAV®D 0O TO KPIGLHO TAYXOG deZM:40_50 nM A6y® OVIGOTPOTILOG GYNLLALTOG.
MikpopayvnTIKEG TPOGoUOIhoels ue to ehebbepo Aoyiopikdé OOMMF oe MN Co (hcp) emiBefaincav
avth T ovumeppopd. EmumAéov, amodeifope v vynAn kpvotodlikn mowdtnta (XRD), vynin
popeoroyikn mootnta (AFM) kot apeintéa didyvon otig dempaveieg Co/Nb (RBS) otig TN Co/Nb/Co.
[To k&t cvuvoyilovpe To POCIKA TEPOUUATIKE OTOTEAEGUOTO KOl CUUTEPAGLOTO TOV TPOEKLYOV O
NV 0E0AGYNOT KoL TV EPUNVELR TOV TEPAUATIKMOY OES0UEV®V.

|. Hapauetpor mov cyetiCovrau pe tig 1016tnTes pertapopads twv TN Co/Nb/Co

Méoca amd t perétn tov TN Co/Nb/Co avadelyniav ot mapduetpol mov emdpodV oTIG 1010TNTEG
petapopdg Toug, ot omoies tvat: a) 1 AMT 1ov eEmtepikdv XM vueviov, B) 1 Sapopd TmV CLVEKTIKMOV
nediov Tov e&otepikav IM vueviov, ¥) 1 andotacn Tov eEntepikdv XM vueviov kot d) 1 ToldTnTe ToV
YA vpéviov.

a. H AMT wwv e€wrepixov XM vueviwov
AvVoATIKE TTelpdpoTa poyvinTiong Kot poayvnroovtiotaong €éeiav 0t 1 AMT tov eéotepwcov M
vueviov emdpd otig 1810t TEG pETapopds twv TN (CoO-)Co/Nb/Co.

Avicotporio Zynuarog

H ovykproikny pedém tov TN Co(10nm)/Nb(17nm)/Co(10nm) xar Co(100nm)/Nb(17nm)/Co(100nm)
£0maoe onuavtikd anoteléopoto. Xtny nepintmon g TN Co(100nm), mapatnpovue SMRE évtaong 86%
kaOdc evvoeitar m €vtovn payvnrootatikny ovlevén avdueoa ota eEmtepikd XM vuévia, AOY® Tng
kdBetng-oro-eminedo AMT (dc,=100 nm>>de2M) OV EUPOVIETAL OGTO GLUVEKTIKO TESI0 KOl GLVOOELETIL
amd woKva eykdpoto dtapedyovto, media. Xty mepintwon g TN Co(10nm), mopotnpodue SMRE
évtoong 19% kabadg M payvnrootatikny cvlevén ivor onpoavticd vrofadiouévn, Aoym e mopdiining-
oro-emtineoo AMT (dco,=10 nm<<de2M) tov ZM, 1M omoid GuvodeLETOL amd TOAD Opaldl EYKAPOLN
dtapevyovra mtedio. AElohoydvTag To dedopéva antd yivetal cagég otL otav n AMT tev eéontepikdv XM
givon kdBetn-oro-eminedo (wapdrinin-oro-eminedo) emrvyydvetor péyiotn (AGylotn) HOYVITOGTATIKY
o0(evEn AOY0 TOV EYKAPOIOV Sl0PEVYOVI®MV TTESI®V TTOL EYEl WG omoTéAEoUa Evtovo (vofaduiouévo)
SMRE.

O pnyoviouog lloiwang Aviadioyng

H pelétn g TN No2 CoO-Co(60nm)/Nb(23nm)/Co(60nm) otnv KK ka1 otnv KITA £6woe onuavtikd
amoteAéopara. YrevOupiCovpe 6t ot TN mov amotedovvton amd vuévia, Co méyovg de,=60 nm, mov sivon
KOVTG GTO Av® OPLO TOL dK92M=40-50 nm, avamrtoccovy o AMT 6mov ot kdbstor-oro-sminedo MT kon
CUVUTIAPYOLV UE Tapdlinlovg-aro-eminedo MT. Otav evepyomoteitar o unyaviouds A, n wapdlinin-
0TO-ETIMENO CLVICTMGO TNG LAYVIATIONG TOV KAt vueviov Co avEdveton EvovTt g kabetyg-oto-emimedo
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ouvioT®odg, omote enmpedletal N payvnrootatiky ovlevén peTald tov XM Kol €161 EVOLUPEPOVTA
gupfuota  mopatnpovvtol. [lpdtov, m koumoAn g poyvnroavtictacng ywo Ty KITA  eivon
petatomopuévn Kéto and v Kopumoin yuo v KK otav to eEmtepikd nedio elvar pukpdtepo ond 1o aveo
Kkpictpo medio Tov YA (Snh. 1oy0et Re <Rt~ 0tav He<Heo(T)), yeyovog mov dnddvel 6t 1 avénon
MG TOPAIANANG-0TO-EMITEDD PAYVNTIKNG GUVIOTMOGOS PEATIOVEL TIC VTEPAYDYILES OIOTNTEG O YEVIKO
eninedo. Agvtepov, 1M  éviaon tov SMRE peidverar  oOtov  evepyomowiton m ITA  (dnA.
SMRE"**=65.8%>sMRE""""=36%), veyovog mov emPePoucdver ™ peioon ™G xabernc-oro-eminedo
poayvntikng coviotwocag. Tpitov, n TTA emeépet pia aAloyn otn popeoroyio g kopveng SMRE. ITo
GUYKEKPEVA, 0TO KEVTpo TG kopueng SMREM™ mapampeitar éva Pobiopo mov amodidetar o) oy
cuvimapén tov SSVEX™ (Moyo avénong tg mapdiininc-oto-eminedo payvitions) ko SMRE™ (Moyo
petmong g kabetng-oto-eximedo PayvinTions) oty mepoyn medimv mov o eEmtepikd XM vuévia £xovv
‘ovTumapdAAnAn’ poyvation, P) oty vaépbeon dvo aveEdptntov Kopvedv Tov eugavilovtol ota
GUVEKTIKG Tedion Tov Tave Kat kdte Co, ta omoia &xovv amopokpuvlel Adym g TTA ((AH =320
0e>AH*=220 Oe), 1} y) 61 TawTOHYPOVN Spdon TV o) Kot P).

b. H drapopa AH. twv ovvektikov wediwv tov eéwtepikwv M vueviov

H ovykprtiky perétn tov TN Nol Co(60nm)/Nb(19nm)/Co(60nm) (TN-Nol) «or No2
Co(60nm)/Nb(19nm)/Co(60nm) (TN-No2) &dci&e o611 M dapopd AH, TV GUVEKTIKGOV TEdIOV TOV
eEotepikdv XM vpeviov emdpd onuavikd oty évtacn tov SMRE. Tlpdypatt 1 TN-Nol wapovcidlet
évtovo SMREN'=86%, evdd 1 TN-No2 eppaviler pcpdtepo SMREN?=60%. Avtég ot dvo TN &yovv
nepimov v d mowdtntae YA vueviov, mepimov v idwo xabetn-oto-eminedo AMT (AOym Ttov 16100
naxovg Co dc,=60 nM) kot mepinov v idia andotacn avapesa oto vpévio Co (Ady® Tov 810V ThyKoLG
Nb dny=19 nm). Xvvendc n onpoavtiky dwagopd otig Tuég tov SMRE anodidetal amokAeiotikd oty
S10popd TV GVVEKTIKGOY TedioV TV efnteptikdv M vueviov mov givar AH*'~130 Oe yio. v TN Nol
ko AH%~325 Oe yia v TN-N02. And owté ta dedopéva yivetat pavepd 6Tt dtav to AH éxet peydin
(puepn)) T ta XM vuévior Exovv i01o (S1OPOPETIKT) TN GLUVEKTIKOD 7EdIOV Kot Tapovsidlovy v
xabetn-oro-eminedo AMT ota 1010 (S10pOpeTIKA) EEMTEPUKE LOYVNTIKA TTEdio. LVVETMG, Y10 IMKPEG TUEG
AH; (HM'=HM™) 10 Srapedyovia medio mov e&épyoviar omd tov IM; eoépyovion otov M, Kot
TPOGYOLV £VTOVY] HayVNTOGTATIKY GVCEVEN. Avtifeta, Yo peydheg Tipég AHe (HEM#HM ot éoto 6Tt
HM<HM) ta Stagedyovta media mov e&épyoviat omd tov ZM; dev dieodbovy otov IM, kabdg ontdg
Bpioketon otV  katdotacn KOpov omdTe  emttuyydvetoaw  acbevic  payvntootoatiky  ovlgvén.
SOUTEPACLOTIKG, PKpES (Heydeg) Tinég AH. avtiotoyobv ot woyvpn (acbevi) payvntoototikn cOlevén
UEC® OPEVYOVTOV TEdIMY TOL GLVETAYETOL ONUOVTIKA (Hikpr) VTOPAOUIoT TOV VTEPAYDYIU®V
wWottov tov YA vpeviov pe anotélecpa tn peytotomoinor (edayiotonoinon) tov SMRE. Otav n AH,
yiveton apketd peydin n TN cvpneprpépetan cav 300 aveEdptnteg ko poyvntikd acvievkteg AN Co/Nb
kot Nb/Co. Ta cvpnepdopata avtd enifefoiddnkoy Tepattép® PHEGH ETKOVPIKOV TPOCOUOUDGENDY LUE TO
vroroyiotikd OOMMEF mov éde1&av 0Tt pikpég HeTaPOAEG OTIC HOYVITIKEG TAPOUUETPOLS TV XM vueviov
UTOPOVV VO, ETLPEPOVY GNUOVTIKEG OLOPOPOTOMNGELS GTNV HAYVNTIKN votépnon kot oty AMT tov MN
Co. Eivar mpopavég ot pukpég SlopopES OTIG HOyVITIKES TAPOUETPOVS TOV TAV® Kol KAt XM vueviov
001 yobv og dlapopeTikn o0LeLEN cLVETMG og dtopopeTikég Eviaons SMRE.

y. H amdoraon aviueoa oto eCwtepina 2M vuévia

H perét tprdv oepdv TN Co/Nb/Co mov anotehovvior and otabepd wayn Co kar Nb £6ei&av ot 1
0mOCTOOT aVApUESH 6To, XM vuéviol ETOPH GNUAVTIKG TV LOYVNTOGTOTIKY ToV¢ oVlevén ondte Kot otV
évtaon  tov  SMRE. Avolutikd  mewpdapato.  oe TNg  Co(10nm)/Nb(ds1)/Co(10nm)  «on
Co(30nm)/Nb(ds 2)/Co(30nm) pe mayn Nb ds1=17-100 nm kot dg,=13-200 nm £dei&av 611 660
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HeYaAdVEL TO TTaYoc Tov YA vpeviov, T M vpévio amopoKpivovTol, dpo 1o 0pog TV JPEVYOVTOV
mediv vrepPaiveTal TPoodevTikd pe amotélecpa v e€acbévnon tng payvntoototikng ovlevéng. H
oloéva kot pikpdteprn deiodvon tov Speuydviov mediov péoa oto YA vpévio €xsl oG AUEGO
AmOTELEG O TNV TPOOSEVTIKY| peimon g évtaong tov SMRE. e éva kpiowyo mdyog Nb gpeaviletor oto
€0mTEPIKO TOV YA vueviov pio Teployn oty omoia dev £xovv dieledvoet dapevyovta media kot 1 TN
Co/Nb/Co apyilet va ovumeprpépetar cav dvo payvntikd oovlevkteg AN Co/Nb kot Nb/Co.
Emmpdcbeto, peremoope 10 SMRE  wou v kpiowng Oeppoxpacic T, vy Tg TN
Co(60nm)/Nb(dsc 3)/Co(60nm) pe dscz=15-27 nm. To SMRE yivetan péyioto (100%) vy méyog YA
dnp=17 nm, evéd pewdveton amdtopa yio mwoyn dsc>21 nm kot dsc<17 nm. Tapdiinia n T, peidvetor
amotopa ywoo woyn dnp<l7 nNm yeyovog mov amodideTol 6TOVG TEPLOPICUOVS TTOL epavilovtal otV
onuovpyio/empPioon g vrepaywyodmtog ot dvo dwotdoels. [lpopavadg n vmofdduion tov
VIEPAYOYIUOV 110t TOV ToL Vpeviov Nb cuverdyston ) peioon g tyung tov SMRE. Téhog, oty
nepoyn 13-14 nm pndeviCovon kot ot 0o mapdpetpol, SMRE kot T.. Ta dedopéva, owtd cuviatodv 0Tl
v vo. égovpe péyioto SMRE otig TN Co(60nm)/Nb(dy,)/Co(60nm) mpémet o mdyog tov vueviov SC va
naipvel Tiuég 17 nm<dy,<21 nm.

0. H moiotnra tov YA vuevioo

H ovykpuriky perétn tov TN No3 CoO(2nm)-Co(60nm)/Nb(17nm)/Co(60nm) TL o1 No5
Co(60nm)/Nb(17nm)/Co(60nm) TL &deie Ot M modtnta Tov YA vpeviov emdpd onuavTikd otmv
évtoon tov SMRE. Topdro mov ot 860 TN éxovv oyeddv 10 AH. (AH =410 Oe kor AHN**=430 Oe),
nepimov v 6o AMT (AOym tov i610v mhyovg Co, dc,=60 NmM) kot v 610 amdoTOC AVAUESH GTO.
eEwtepikd IM vpévia (Adyo tov idtov mayovg Nb, dyy=19 nm) eppoaviCovv SMRE pe onpavtikh dtagopd
omv évtoon, dnh. SMREN®=84% kot SMREN=72%. H onpavriky dapopd oto SMRE ogeiletor oty
mowwTnTa Tov YA vueviov kobmg 1 TN No5 givar onpoviikd kaidtepng modvtrag and v TN No3
(TSON®=7,016 K>T, 3°N%=6.700 K kot AT"°=23 mK<ATN**=103.6 mK). Ta dedopéva autd Snidvovy
ot ta YA vuévio mov égovv vynAn mowdtnta (uéyioto Tleddyioto AT.) gival mo emdekTIKA OF
dadkooieg didyvong (dissipation processes) mov VIOKIVOHVTaL and T EYKAPOLa SopeDyoVTa TESio Ko
exdnAdvovTal LES® TG LTOPAOUIETG TOV 1O10THTOV UETAPOPUC.

Il. H exidpacn tns AMT twv M otnv ypapuij tov avw-kKpiciuov mediov, H,(T) twv TN Co/Nb/Co

Meietoape peydro opOud TN Co(dco)/Nb(17nm)/Co(dc,) ue deo=10, 30, 60 wouw 100 nm wou
ocvoumepdvape 6tt 1 AMT tov M vueviov aALODVEL TV HOPPOAOYIO TNG YPUUUNAG TOV GVEO-KPIGIUOL
nediov, Heo(T). Ta dedopéva avtd £de1&av 611 yio, oxeTikd moyd XM vpévia (dee>dy, ™), mov vepioydet n
KGBetn-oT0-EMITEOD POYVATION, 1 YPOUUN TOV Avo-kpiotuov mtediov, He(T) mapovoidlet o enaveicodo
(reentrance) otnv meployf pikpoV TEdimV Kot og Ogppokpacieg kovid oty kpicwun Oeppokpoocio.
AnAadn, M mepapaTiky T g kpioiung Oeppokpaciog oe pndevikd nedio, TP, etvor yaumAdtepn and
oty mov avopévetal, T Adyo ¢ mopovsiog Tav Slapevydviay mediov otovs kdbstovc-oTo-emimedo
MT 1tov IM vpéviov oty katdotacn ovbopuntng poyvhtiong (as-prepared state). H mpoodevtikn
avénon ¢ Tung tov e€mTEPKOD UayVNTIKOD mEdIOV, UElDVEL TV gUPEAElD. Kol TNV £VINCT TOV
SPELYOVTOV TTEdI®V Kal 0dNYEL GTNV TPO0dELTIKY KoTaoTPodn Twv MT o1 onoiot e€apavifovral tereimg
HOMIGC emTuyydveTol o poyvnTikdc kopeopos. H emaveicodog g Hex(T) akorovBeiton péypt éva kpicipo
onueio (T,HY) 1o omoio petaromiCeton Tpog peyaldtepes Tipéc 660 avEdvetat To Tayoc Tov M vueviov.
Io medie ka Oeppokpacicc moveo ond 1o (T,H) amokabotdton 1 avapevousvn Sodidortar
CLUTEPLPOPA NG YPAUU TOV dvo-kpiotuov mediov, He(T). Téhog, otic TN Co/Nb/Co ue mokd Aemtd
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vuévia Co (dC0<<de2M), omov gpaviovton Tapdiintor-oro-eminedo MT, 0 KAAGOG TNG EMAVEIGOS0VL TNG
ypopung Hex(T) amovoialet.

1. Bedtieromoinon tov SMRE

O&lovTag va EPELVICGOLUE TIS TOUPAUETPOVS TTOL eEacpaiilovy v peylotonoinon tig Tiuns tov SMRE
pueketoape 600  oepéc TN Co(dco)/Nb(dnp)/Co(de,), v oegpd  tov  N=14 TN
Co(60nm)/Nb(15nm)/Co(60nm) «or v ogpd tov N=15 TN Co(100nm)/Nb(17nm)/Co(100nm).
Awmpavtog otabepd mhyog Co deo peyoldvtepo omd 10 dezM eEacparilovpe ovykpiown xabestn-oto-
emimedo AMT ota IM vuévia, eved dompovtag otafepd mhyog Nb dyp eaocparifovue v w0
andotaon avipeco ota eEmtepikd M vuévia. EmmAéov, emiéyovrag mayxog Nb 17 nm<dy,<21 nm
OVOUEVOLLE T pEYIoTOTOInon Tov SMRE.

a. Hoewpa N=14 TN Co(60nm)/Nb(15nm)/Co(60nm)

H ow1elodikny pehétn tov 1010THTOV  UETAQOopds Kol payvhAtiong g o€lpdc tov N=14 TN
Co(60nm)/Nb(15nm)/Co(60nm) emPePordver adapeofntnra mwg to SMRE eoaptdtor and v
ToOWTNTO TOV YA vueviov katl amd Tn dpopd T®V GLVEKTIKGOV Tedinv tov M vueviov, AH.. ITo
CUYKEKPIUEVE, TOPATNPOLUE peyoTomoinon Tov SMRE 6co Peitidveron 1 mowdtnta tov AY
(uéyrotoT/eldyoto AT,) ko 660 pukpaiver n dtapopd AH.

B. H oeipa. N=15 TN Co(100nm)/Nb(17nm)/Co(100nm)

H ow1elodikny pehétn tov 1010t Tev  Hetagopds kot payvhationg g oepdc tov N=15 TN
Co(100nm)/Nb(17nm)/Co(100nm) emPePordver adoupiofrimro noc 10 SMRE eéaptdtor omd v
mowdTNTA T0L YA vpeviov. Eniong, n payvnrootatiky obvlevén tov eEmtepikdv vpeviov Co ftav moAd
oyvpn (dce=100 nm>> dezM kot AH<< 11 =0 Oe) yeyovdg mov amodetkvieTal omd Tig TOAD VYNAEC TIHEG
SMRE. Znpewwvoope 61t n péon i SMRE yuwr tig N=15 TNg etvan <SMRE>=92.1+7.6%. TéAoc,
napatnpnoope v e&dptnon g Tng SMRE and v poyvntch tpoyvtnta, MRa. [T cvykekpyéva
napoatnpovue avénon tov SMRE 6tav avédaveton 1 MRa.

V. Zvykprrixy pueiérny tov SMRE mov mwapatypeiror tic TN Co/Nb/Co

O&lovtag va eEAYOLLLE KATTOL0, YEVIKA cupumepdouara, peretnoape v e&aptnon tov SMRE amd to ndyog
10V de, Y1 6€1péc TN Co(dco)/Nb(dnb)/Co(dco) mhyovg de,=10, 30, 60, 100 nm kot dy,=15 and 17 nm pe
m0og derypdrov N=2-15. Ta dedopéva avtd £de1&av mwg 0660 avEdvetar To Tayog tov Co avédveton 1
KGOeTN-0TO-ETIMEIO GUVIGTAOGCO, TG LOYVITIONG OTTOTE 1GYVPOTOIEITAL 1] paryvnTooTaTiky o0levén tov XM
vuevimv £yovtag og arotélecpa v avénon tov SMRE.

EmumAéov, cuykpivoue Ty ypoupnq tov ave kpictuov mediov, He(T) oty meproyn pikpov nediov
Koy Ogppokpacieg kovtd oty kpiowyn Ogpuokpacia, Tig kapmdreg payvnroavtiotoons, Ruyo(H) ot
Beppokpacio mov epeaviCetor n péyot T SMRE kot Tig kapmdreg poyvitiong, Mao(H) oe
Bepuokpacio T=10 K ywo 11 avrmpooonsvtikég TN Co(30nm)/Nb(17nm)/Co(30nm) (TN Co(30nm)),
Co(60nm)/Nb(17nm)/Co(60nm) (TN  Co(60nm)) «or Co(100nm)/Nb(17nm)/Co(100nm) (TN
Co(100nm)). TIpdtov, o dedopéva Heo(T) dnidvovy 6t 1 emaveicodog mov epgaviletar kovtd otnv
kpiown Oepuokpoacio T, avtikatontpiletor oTIg WB10TNTEG HETAPOPAS Héow TG évtaong tov SMRE. ITio
ovykekpipéva, ot TN Co(100nm), Co(60nm) kot Co(30nm) gppavifovv péyrotn tiu sSMRE g 14éng
87.3, 81.4 ko 12.9%. Agdtepov, 1 cOYKPLON VTV TOV 0E00UEVOVY EOEIEE OTL TO TEGIO TOV OVTIGTOLYEL
oTN UEYIOTN TN HOYVNTOOVTIOTOOTG GUUTIMTEL UE TO GLVEKTIKO TEdi0 OOV 1) GLUVOAIKN HOYVATION
yvivetow eddytotn (M=0) xabdg toTe eppavifetor n payvnTikn Kotaotaon kabstwv-oro-eminedo MT.
Eniong, 10 yapaktnpiotikd nedio H* 610 onoio tedeidvel ) enaveicodog g kapmding He(T) ovumintet
pe to medio mov gpeaviletor To EAIYIGTO TNG KAUTOANG LoyvNTOOVTIGTAONG Kot Le To Tedio kOpov, Hgy,
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omov N payvtion givor péyiotn (M=Mgy) Kabdg toTte e€apaviletar N poyvntiky Katdotaon kabetwv-oro-
emimedo (Katdotaon mollav-touéwv) Kol aviikabiotdtor amd uayvition mopdAinin-cto-eninedo
(katdotaon evig-touéa).

V. Movtéia yia Ty feiticronoinon too SMRE

a. Ocwpntiko povtélo: Zovovaoos T00 TAGTODS TV UAYVHTIKOV TOUEWDY UE TO TOY0S ToV YA vueviov

¥10 mAaiclo TG TNG €pevvag, avalntnoapue Tig PéATIoTeg cuvinkeg mov peyiotomolovy to SMRE kot
EPEVVNOOE TNV GLOYETION OVAUESH GE TPio. HKPOCKOTIKG YOPAKTNPIOTIKA HEYEON tov YA kot M
SOUIKOV GLOTATIK®OV: TO TAY0G ToL YA vpeviov, dya, T0 HRKOC GLOYETIONG 6€ UNOEVIKY Oeppokpacia,
&(0) kot to TAGTOG TOV POYVNTIKGOV TOUE®Y, Dyr. T00 T0 6K0TTO 0VTO, TPOYLOTOTOMOAUE TPOCOUOIDGELG
TV EYKAPGIOV S10PeLYOVT®V dtmoMkav ntediov, Hy gip mov eppaviovtar 6to k€vipo twv kdbetwv-oto-
emireoo MT pe opoyevr| Kol GVOLOLOYEVY] KPOUOYVITIKG OLPOKTNPIOTIKE (LoyvATIon KOpov, Mgy Kot
mAdtog MT, Dyr). Ta ooumepdopoto TOV TPOGOUOIDCE®Y GUYKPIONKOY EMTLYMOG UE TEPOUATIKG
oedopéva. Ta coumepdopato avutig g perétng eivon onuoavtikd. Ipmtov, 1o mdyog tov M vueviov,
dsgm, TPéMEL VO lvon TAVO amd T0 KPioo mhyocg, d2M>de2M, wote va eEaoporiletor | kabetn-oro-eminedo
AMT o6tav 10 mapdAiinio e&mtepikd nedio yiveran ico pe to ovvektikd medio, Hy=Hc. Agbtepov, yua
dedopévo mhyog XM vpeviov dgy pmopodue va petpnoovpe 10 TAdtog twv MT, Dy, péow petpiicemv
MFM kot katomy va fpodpe v PEATIOTN ATOCTOCT] OVAUEGH TOVG, TOV 1000VVaEL Le TO a0 Tov YA
vpeviov, dys, péow g oxéong dsc=CiDur+C,. H oxéon avth egacpolilel ™ peyiotonoinon tov
gyKapolv dapevyovimv nediov, H,gp, 010 eomtepkd 10V kdbetwv-oto-eminedo MT. Tpitov, otig
OVOTEP® EKTIUNOELS TPEMEL Vo, AMdfovpe vdyn 6Tt T0 Tayog Tov YA vpeviov, Tpémetl vo eival miveo and
pio Kpiown T, dy,yva mOL tkavomotei ™ oxéon i, va~E(0)<dys=C1Dur+Cs, Kabds Yo pkpdtepeg Tiég
N VIEPAYDOYUOTITO LEIDOVETAL OPUCTIKA Gupumapacvpovtag To SMRE.

B. Hepauorixo poviedo.: Zovovaouog 0Awv tawv eumAekOuevmy TopouETpwy

O cVVOLUGUOG TOV TEPUUATOV payvnToavticTaonc, noyvitiong kot MFM mov mpaypotoromonkoy yio
avorvtikég oelpég TN Co(deo)/Nb(dny)/Co(deo) e mdyn dee=60 kot 100 nm kot dyp=15-23 nm £de1&av ot
n ) tov sMRE &foptdtol 1oyvpd omd TIC HOKPOOKOTIKEG TOPOUETPOVS KOL TO HKPOGKOTIKE,
YopoKTNPoTIKG pHEYEON Tov YA xor EM Sopik®dv HovAd®V. AVTA TO CUYKEVIPOTIKA Ogdopéva
emPePainoav 611 o Tapduetpot T, kot AT, pmopodv va kabopicovv v T tov SMRE. EmmAéov, avtd
o Sedopéva avédelEav v ypapkh ovoyétion (scaling) tov SMRE omd tov mapdyovro AT /(TS
T.2%). To edpnua avtd anotédece T PAon yio TNV 0PECT HI0G PAIVOUEVOLOYIKNG GYEGTC TOL GLGYETILEL
dueco v Ty tov SMRE pe v kpiowun Oepuokpocio tov YA, TSP, 10 mhdtog vrepoydyung
uetdPoone, ATS®, 1o pfkog cvoyétiong oe pundév Oepuoxpoaocia, &(0), o mAdtog twv MT, Dyr kot to
mAdTo¢ TV Toyopdtov Tov MT, Dpyr. To povtého avtd ovamopdyel e GUVETEWL TO TELPULOTIKA
OedoUEVe, HEC® UG KAEIGTNG OYEOTNG TOL EUMEPIEXEL TIC TAPOUETPOVS OVTEG. Agdouévov OTL To
aroteléopata ovtd Bacilovtal ot LOIKE YapuKTNPIoTIKG TV XM Kot YA vpeviov Kot amotehodv 10
amootayua 61e£0d1kng uerétng molvdpidpumv TN Co(deo)/Nb(dn,)/Co(de,), umopodv vo epappoctodv yio
10 oYedoopd kaOe eidovg TN ZM/YA/EM e&acpariCovtag péyioto 100%, yo pikpd He:.

VI. H emiiextiny eupavien tov SSVE évavri SMRE e& TNg Co/Nb/Co

H Xemropepng perétn twv TN (CoO-)Co/Nb/Co £d8e1&e 61 1 payvnTikn avicotpomio (AOy® ovicoTpomiog
oynuatog N ITA) kot 1 deeopd TOV GVVEKTIKOV Tediov Tov eéotepik®v M vueviov, AH; nailovv
kaboplotikd poéAo oty emhekTikn] gueavion tov SSVE évavtt tov SMRE. Ynd avtd 10 mpioua,
npoteivovue £va LOVTELD Y10, Vo, dtaywpicovpe To SSVE (mov oyetiletat pe to medio avioiiaync) omd 1o
SMRE (mov oyetileton pe ta dwapevyovia nedia) to omoio Paciletar otn dwwpopd AH; tov cuvvektikmdv
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FM1 FM2

nediov Tov KAT® kol mwhveo XM vpeviov H kot H¢ 5, avtiotoyya. To SSVE  evioydetan
(vmoPaBuiletar) 6tav 0 AH, yivetonw péyioto (eAdyioto) emedn 1 ‘avimopdAinAn’ ddtoén TV
payvnticemv tov eEotepikdv XM vueviov emttvyybvetor og peydlo (pikpd) evpog nedimv. Avtibeta, to
SMRE evioyvetar (vroPfabpiletar) étav to AH, yiveton eldyioto (LEYIGTO) EMEWN EMTVYYXAVETOL 1GYXVPN
(aoBevnc) payvnrootatiky ovlevén tov eEmtepikdv M vueviov. H avtifetn e&dptnon tov SSVE kat
SMRE an6 to AH; ypnotuevet enapkdg otov dtaympiopd tovs. [pog emPefainon avtov, mapoatnpovue
uéywoto SSVE évioong 1.5% oty TN CoO(2nm)-Co(10nm)/Nb(25nm)/Co(10nm) o6mov petd v
gpappoyy ¢ ITA eppavitet AHS =11 kOe «wor péyiwsto SMRE évtaong 100% oty TN
Co(100nm)/Nb(17nm)/Co(100nm) TL mov epeavitet AH.=0 kOe.

VII. Iifavés epapuoyés twv TN EM/YA/ZM ¢ kpvoyevikés otatdlels
H pedém tov domtov petagopds twv TN (CoO-)Co/Nb/Co avédeite Tmwe Pmopovv va EQaproctod
Y10 T0 oYEdoUO SaTAEEMY OV £X0VV WG Pdon Tov YA Kot AELToupyoldv Gg KPLOYEVIKO TEPIBAAAOV.

a. Epapuolovrac tic TNg XM/YA/EM w¢ kpvoyevikois aioOntipes poyvntikod-mediov

H apyn Aerrovpyiag evoc arsOntipa poyvntikov-nediov Paciletar otn peTafoAn Tng ovTioTacNS TOL Y
piKpég PeToPoréc evac eEmtepikov poryvntikod mediov. H Aertovpyia ot kavoroteiton mAnpmg and 1o
SMRE mov mopampeitar oe TN IM/YA/EM (dgv>de, ™) yia medio HemHe. Avaloticd meipépiato, mov
gywov avtumpooonevtikd oty TN Co(60nm)/Nb(17nm)/Co(60nm) £&dsi€av o6tt avtéc ot TN 6o
UIopohGOV VO AEITOVPYNGOVY MG KPLOYEVIKOL aicOntipeg payvntikov-tediov pe Agitovpyia oe vynid
poryvntikd media, Hop<1000 Oe.

b. Epapuolovrag tic TNg XM/YA/ZM ¢ kpooyevikoDg DIEPOYDYLLODS O1OKOTTES UOYVHTIKOD-TEOIOD

H apyn Aettovpyiag evog vepay®@y LoV SoKOTTN HoryvnTikov-tediov Paciletor otnv petafoacn tov amnd
TNV KAVOVIKN KoTdotaot (LEYeTN avtioToon, Rhigh) oty vIepaydyun katdotacn (UNosvikr avtiotaot,
Riow) 20 v epopuoyn eéwtepikod mediov. H Aeitovpyio vt ikovomotleiton mANPOS amd Tnv
petoromion g KoumvAng R(T) vad v epapuoyn entepikod nediov, dadikacio Tov aviikotomtpileTon
otV KOUmOAN Tov Gve kpioyov mediov tov YA, He(T). Avolvtikd mepdpoto mov  Eywvav
avtimpooconevtikd oty TN Nol Co(60nm)/Nb(17nm)/Co(60nm) £dei&av 6Tt awtég ot TN Oo pmopovcav
VO AEITOLPYHGOLV MG VTEPAYMDYLLOL SIUKOTTEG LOYVITIKOV-TEGIOV OV AEITOLPYOLV GE POYVNTIKG TEdTOL
™mg t6éng pepikmv kOe, evd mapéyovv dumin meployn Asrtovpyiog pe Baomn v OpMoAn Kot OvOUOAN
UETATOMIOT TNG KOUTOANG avTioTacnc unodevikov mediov, R(T).

y. Epapuolovrag tic TNg XM/YA/EM ¢ kpooyevikodg vrepaymyyons O10KOmTes-omiy

H apyn Aertovpyiag evoc vepaydyyov dtokomtn-ony Poaciletal 6ty Hetdfaocn tov and o Katdotaon
péytotng poyviiong (Rhigh) o€ pa katdotaon ehdyiotg poyvitiong (Riew) mov mpaypatonoteitol 0tav n
payvition Tov e£oteptk@v IM vuéviav ival ‘TapdAAnAn’ M ‘avtimapdAAnAn’, avtictorya. H Asttovpyia
vt wavonoteiton TANpwg amd to SSVE 1o omoio OBupiler ta @awodpeva GMR xor TMR movu
napotnpovvtal 6€ TN EM/un-poayvim/IM kot TM/poveatg/EM, avtictolyo. AVIALTIKG TEPAUATO TOV
éywav oty avumpoconevtiky TN CoO(2nm)-Co(10nm)/Nb(25nm)/Co(10nm) £dei&av 6Tt awtég ot TN
B0 uTOpPOVGAV VO AELTOVPYGOLV MG VIEPAYDYIUOL SIOKOTTEG-CTLV TTOV AELTOLPYOVV o€ Bepuokpacieg T<
T. xou oto medio 6mov epgavifeton m petdfoon amd ‘woapdAInAn’ o€ ‘avTumapdAAnAn’ Sidtaén
HoyvATIoNG.
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Scope and Outline

During the last decades Ferromagnetic/Superconducting (FM/SC) hybrids have strongly attracted the
interest of the scientific community working on low-temperature physics, due to the plethora of
interesting effects observed in the different versions of FM/SC structures [1-4]. In particular, the thorough
study of FM/SC/FM trilayers (TLs) and FM/SC bilayers (BLs) has raised numerous physical mechanisms
such as spin-triplet superconductivity, ferromagnetic coupling between FM and SC layers, domain-wall
superconductivity, oscillatory behavior of SC critical temperature on the FM thickness, etc [5-10].

An interesting topic, studied in FM/SC hybrids subjected to a parallel external magnetic field, is the
magnetoresistance that is the modulation of the transport properties of the SC by the combined action of
the magnetic field applied externally and of the exchange and/or stray fields produced internally by the
FM [11-31]. Specifically, the so-called magnetoresistance effect refers to the manipulation of the
transport properties of the SC interlayer due to the presence of the FM outer layers and can be
distinguished in two broad categories regarding the magnetic anisotropy of the FM outer layers; the
superconducting spin-valve effect (SSVE) and the superconducting magnetoresistance effect (SMRE).

The sSVE is the negative magnetoresistance dip observed in FM/SC/FM TLs subjected in parallel
external magnetic field and is ascribed to the exchange fields originating from the FM outer layers with
in-plane magnetic anisotropy [9,12-17]. The sSVE declares the enhancement of superconductivity and
always occurs in the magnetic fields regime where the FM outer layers have ‘antiparallel” magnetic
configuration. This condition is further ensured with the assistance of the Exchange Bias (EB) mechanism
that is imposed by an additional antiferromagnetic (AFM) layer to the bottom FM layer so that both
‘parallel’ and ‘antiparallel” magnetic configurations of the FM outer layers can be succeeded depending
on the direction of the externally applied magnetic field. Once this condition is fulfilled the SC interlayer
is magnetically ‘penetrated’ by the exchange field at a small depth by the FM/SC interfaces, thus
superconductivity is strongly suppressed in the ‘parallel” configuration (maximum total exchange field)
while comparatively preserved in the ‘antiparallel’ case (minimum total exchange field). Therefore, the
relative configuration, either ‘parallel’ or ‘antiparallel’, of the two exchange fields can control the
population of Cooper pairs inside the SC.

The sMRE is the positive magnetoresistance peak observed in FM/SC/FM TLs subjected in parallel
external magnetic field and is ascribed to the transverse magnetostatic coupling between the FM outer
layers with out-of-plane magnetic anisotropy [11,18-31,43-44]. The sMRE declares the suppression of
superconductivity and always occurs around coercivity; in this magnetic field regime the FM outer layers
attain a multi-domain magnetic state so that stray fields emerge all over their surface promoting the
transverse magnetostatic coupling. Once this condition is fulfilled the SC interlayer is magnetically
‘pierced’ by the stray fields, thus superconductivity is destroyed either partially (the SC’s lower critical
field, H(T), is exceeded) or totally (the SC’s upper critical field, Heo(T), is exceeded). Therefore, the
term ‘stray fields scenario’ was coined for the sMRE observed in FM/SC/FM TLs.

Both versions of the magnetoresistance are very promising for applications as SC-based devices
operating at cryogenic conditions [9-31,42,43]. Such SC-based devices have nano/micro-meter
dimensions, operate at low temperatures with relatively low bias magnetic fields, have extremely small
switching time and depending on their geometry (i.e. wires, films, stripes e.t.c.) they provide various
properties that can serve as key modules for applications on the production of ultra-high magnetic fields,



sensing of extremely low magnetic fields, resistive storage of data etc. Hence, devices based on
superconductors (SC) have renewed the scientific interest during the last decades.

The present PhD research is focused on the thorough study of planar FM/SC/FM TLs. The basic
scope is to provide experimental evidences for the thorough investigation of both the sSVE and the SMRE
observed in FM/SC/FM TLs. Under this light, numerous series of Co(dc,)/Nb(dnb)/Co(dc,) TLs with
thicknesses dc,=10-200 nm and dy,=13-50 nm were prepared by means of magnetron sputtering were
studied. Cobalt is a typical FM below its critical temperature Tc=1388 K. Co layers have been studied
thoroughly and are characterized from macro/micro-scopic magnetic parameters the variation of which
can result to significant changes on their properties. For Co layers the saturation magnetization, Mgy
varies within 1300-1450 emu/cm®, the magnetic stiffness, A ranges within 15-30x10** J/m, the
magnetocrystalline anisotropy, K is of order 0.45-0.52x10° J/m? (intrinsic sources) and shape anisotropy
(extrinsic source) changes the magnetization of the layer from out-of-plane to in-plane as the thickness
de, is reduced below a critical value d.,™ that ranges within 40-60 nm [23-26,32-37]. In addition, with the
synergy of an AFM buffer layer the EB mechanism can be recruited to further impose in-plane
magnetization reversal processes on the bottom Co layer [38-41]. The AFM constituent CoO with a
characteristic Neel temperature Ty=291 K was added in selected TLs. The SC constituent Nb was used
because it is a low-T, SC that is well studied [19-26,42]. Niobium’s quality can be controlled on demand
by varying the sputtering conditions, ranging from adequately clean layers having both high critical
temperature (T=8.5 K) and sharp transition (AT.=20 mK) to relatively dirty ones that exhibit both
suppressed critical temperature (T.=2.0 K) and broad transition (AT.=500 mK). Through tailoring the
quality of the Nb layer we can control its microscopic characteristics such as the coherence length &,
upper/lower critical field lines (H./Hc1) and pinning force F,.

Great effort was made to find the parameters that influence the transport behavior of the Co/Nb/Co
TLs in general. Based on comparative experimental evidences we uncovered the requisites that should be
fulfilled for the optimization of the SMRE magnitude. Epigrammatically these are: a) the out-of-plane
magnetic domain structure (MDS) of the FM outer layers (provided by the Co layers thickness
deo>d '=40-60 nm), b) the co-occurrence of the coercive fields of the FM outer layers (signified by
HOMmCoH °PC0 that give AH~0), c) the relatively short distance between the outer FM layers
(determined by the SC interlayers’ thickness that should be in the regime 17 nm<dy,<21 nm) and d) the
high quality of the SC interlayer (indicated as maximum SC’s critical temperature T, and minimum
resistive transition width AT.). The three first parameters ensure intense transverse magnetostatic
coupling between the outer FM layers through dense stay fields that ‘pierce’ the SC interlayer. The fourth
parameter indicates that SC interlayers with high quality are more prone to dissipation processes caused
by the transverse stay fields signified as the degradation of their transport properties. Moreover, the
significant impact of the MDS of the FM outer layers was evidenced in the upper-critical field line, He,(T)
for Co(dc,)/Nb(17nm)/Co(dc,) TLs with dc,=10, 30, 60 xor 100 nm. A pronounced reentrance was
witnessed in the regime of low fields and temperatures close to the critical temperature in TLs with strong
out-of-plane MDS (dc,=100 nm>>d,,™). The reentrance is degraded as the thickness dc, decreases and
vanishes completely in TLs with thin Co outer layers (dg,=10 nm<d,™) where in-plane MDS prevails
[23,25,31,43-44]. In all cases the expected two-dimensional behavior of the upper-critical field line,
Hc(T) typical for thin (dny,=17 nm) Nb films is recovered for extended field-temperature regime.

The important inferences drawn towards the optimization of the SMRE were further confirmed
through the systematic study of a series of N=14 Co(60nm)/Nb(15nm)/Co(60nm) TLs and a series of



N=12 Co(100nm)/Nb(17nm)/Co(100nm) TLs. These data confirmed the great impact of the quality of the
SC interlayer and the difference of coercive fields of the FM outer layers on the SMRE magnitude.
Moreover, the overall estimation of the SMRE data obtained from all the Co/Nb/Co TLs studied in the
frame of this research confirmed adequately the influence of the MDS on the SMRE magnitude.

Then we focused on Co(dc,)/Nb/Co(dc,) TLs consisting of relatively thick Co layers dco>de ™
aiming to propose means of generic nature for the optimization of the SMRE. For this purpose, we
searched for the optimum relation between the MDs width and the thickness of the SC interlayer through
a simulations-based modeling of the transverse stray dipolar fields, Hgip, that emerge at the interior of the
out-of-plane MDs. Both cases of homogeneous and inhomogeneous micromagnetic characteristics
(saturation magnetization, Mg, and width, Dyps) of the out-of-plane MDs are investigated. The important
inferences extracted from this study are included in a simulations-based model. Accordingly, we
experimentally demonstrated a scaling of the SMRE magnitude that we reproduce with a closed-form
phenomenological formula that incorporates relevant macroscopic parameters and microscopic length
scales of the SC (e.g. the zero-field critical temperature, T, the width of the SC transition, AT, and the
zero-temperature coherence length, £(0)) and FM (e.g. the width of MDs, Dpys and the width of the
MDWs (Dwpws)) structural units. Finally, through adequate experimental evidences we investigated the
parameters that determine the selective appearance of the sSSVE against the SMRE, observed in our (CoO-
)Co/Nb/Co TLs, that are the magnetic anisotropy (of shape or EB origin) and the difference AH. between
the coercive fields of the outer FM outer layers. To this end, we propose a model for the fundamental
distinction of the sSSVE and SMRE based on their opposite dependence on the AH,.

At the bottom line, we investigated the transport properties of the FM/SC/FM TLs under the aspect
of their implementation as cryogenic devices [23,26,31]. It was revealed that Co/Nb/Co TLs perform well
as cryogenic magnetic-field sensors, magnetic-field-controlled supercurrent switches and superconducting
spin-valves utilizing either the sSVE or the SMRE. It becomes apparent that the underlying physics of the
FM/SC/FM TLs studied here can be straightforwardly generalized to all FM/SC/FM TLs, thus providing
input for the theoretical design and practical realization of relevant cryogenic devices.

The results of the present dissertation clearly establish the modulation of the transport properties of
a SC by means of FM templates. More important, the experimental data provide a thorough understanding
of the physical mechanisms that motivate the observation of the sSVE and the SMRE in the FM/SC/FM
TLs, while they suggest the key parameters that should be satisfied towards their optimization. Since the
optimization of the SSVE and the SMRE magnitude is a mandatory condition for the implementation of
FM/SC hybrids as cryogenic devices, we believe that the present study will trigger the interest of the
scientific community working on relevant topics.

In Chapter 1 the main aspects of the theory of superconductivity and ferromagnetism are discussed.
In Chapter 2 a review on the theoretical and experimental studies of FM/SC hybrids obtained during the
last decades is introduced. Chapter 3 presents the experimental techniques used to prepare (i.e. magnetron
sputtering) and characterize (i.e X-Ray Diffraction (XRD), Rutherford Backscattering Spectrometry,
Atomic Force Microscopy, Magnetic Force Microscopy (MFM), Superconducting Quantum Interference
Device (SQUID) 5.5 T, Object Oriented MicroMagnetic Framework (OOMMF) freeware [44]) the
samples. Chapter 4 focuses on the structural and morphological characterization of the Co/Nb/Co TLs and
their ‘building’ blocks (i.e. Co and Nb single layers (SLs) and Co/Nb and Nb/Co BLs). In addition, the
transport and magnetization data of selected TLs are presented. Moreover, the physical mechanisms that



govern the two versions of the magnetoresistance effects, the sSVE and the sMRE, observed in
FM/SC/FM TLs are discussed in detail. Continuing, in Chapter 5 we investigated theoretically the
magnetic anisotropy and the MDS of Co SLs by means of the OOMMF freeware. Also, we investigated
experimentally the magnetic anisotropy of the Co/Nb/Co TLs through magnetization measurements
performed in the SQUID 5.5 T magnetometer and the MDS of the top Co layer of Co/Nb/Co TLs by
means of the MFM. Moreover, the impact of EB mechanism on the magnetic behavior of the (CoO-
)Co/Nb/Co TLs was examined in detail. Chapter 6 encapsulates thorough magnetic and
magnetoresistance data obtained for Co(dc,)/Nb(dnp)/Co(dco) TLs with carefully selected Co and Nb
thicknesses, dc, and dyp, respectively. The parameters that determine the transport behavior of these TLs
are investigated as well. The valuable inferences obtained in Chapter 6 are further confirmed in Chapter 7
where we study two series of Co/Nb/Co TLs, i.e. a series of N=14 Co(60nm)/Nb(15nm)/Co(60nm) TLs
and a series of N=15 Co(100nm)/Nb(17nm)/Co(100nm) TLs. Moreover, focused in the SMRE we study
Co(dco)/Nb/Co(dco) TLs consisting of relatively thick Co layers de,>d. ™ and we present two models for
the optimization of the SMRE magnitude, i.e. a simulations-based model and an experiments-based
model. At last, a model for the selective appearance of the SMRE against the sSSVE is presented. In
Chapter 8 we investigated the transport properties of the Co/Nb/Co TLs under the aspect of their
implementation as cryogenic devices utilizing either the sSVE or the SMRE. Finally, in Chapter 9 the
conclusions drawn in the frame of this PhD Thesis are presented in detail.
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Chapter 1

Theory of Superconductivity and Ferromagnetism

The magnetic materials are traditionally classified according to their bulk magnetic susceptibility x. The
magnetic susceptibility of a material is given by the ratio x=M/H, where M is the magnetization within
the magnetic material and H the applied magnetic field. The first group are materials of which y is small
and negative on the order of y~-10". These materials are called diamagnetic and their magnetic response
opposes the magnetic field. Examples of diamagnets are copper, silver, gold, bismuth and beryllioum.
Superconductors constitute another group of diamagnets for which y=-1. A second group of materials for
which y is small and positive and typically obtains values in the regime y~107°-10" are the paramagnets.
The magnetization of paramagnets is weak but aligned parallel to the direction of the magnetic field.
Examples of paramagnets are aluminum, platinum and manganese. Finally, the most widely recognized
magnetic materials are the ferromagnetic solids for which the susceptibility is positive, much greater than
1, and typically obtains values in the regime y~50-10000. Examples of these materials are iron, cobalt and
nickel and several rare earth metals and their alloys.

In the following subchapters a brief historical overview to the field of superconductivity (paragraph

1.1) and ferromagnetism (paragraph 1.2) will be held. More details on superconductivity could be found
in [1-5] and on magnetism in [6-10]. Finally, in subchapter 1.3 the competition between
superconductivity and ferromagnetism in FM/SC interfaces will be investigated.

1.1 Introduction to Superconductivity

i. Bulk Superconductors

a. Historical Overview on the Superconductivity

Superconductivity was discovered in 1911 by H. Kamerlingh Onnes [11] in Leiden, while studying the
temperature dependence of the electrical resistivity of mercury. Kamerlingh Onnes observed that the
electrical resistance of mercury disappeared completely at a critical temperature T, which is characteristic
of the superconducting material. Importantly, as the temperature decreased, the resistance disappeared
instantly rather than gradually. 1t was obvious that the sample had undergone a transformation into a
novel, as yet unknown, state characterized by zero electrical resistance. The phenomenon of perfect
conductivity was named 'superconductivity'.

The next hallmark to be discovered was the perfect diamagnetism, found in 1933 by Meissner and
Ochsenfeld [12,13]. They found that the effect is not simply the result of Faraday law in a perfect
conductor, but the field is automatically expelled as a superconductor is cooled through T.. This certainly
could not be explained by perfect conductivity, which would tend to trap flux in. The existence of such a
reversible Meissner effect implies that superconductivity will be destroyed by a critical magnetic field H,
that can be approximated by a parabolic empirical law,

2
He(T) = Ho(O)[1 — () ] (11)
where H¢(T) is the critical magnetic field that destroys superconductivity at a given temperature T, H¢(0)
is the relevant critical magnetic field at zero Kelvin, and T, is the critical temperature of the
superconducting material.



The two basic electrodynamic properties, which give superconductivity its unique interest, i.e. the
perfect conductivity and the perfect diamagnetism, were well described in 1935 by the brothers F. and H.
London [14], who proposed two equations to govern the microscopic electric and magnetic fields

—_ ,'9 -

E=5-(AJs) (1.2)

h = —c Vx(AJ,), where (1.3)

A=t m (L.4)
c nge

is a phenomenological parameter, J; the current density, and ns the density of superconducting electrons.
In (1.3) h denotes the value of the flux density on a microscopic scale, while B denotes a macroscopic
average value. The first equation (1.2) describes the perfect conductivity since any electric field
accelerates the superconducting electrons rather than simply sustaining their velocity against resistance as
described in Ohms’s law in a normal conductor. The second equation (1.3) when combined with Maxwell

equation Vxh = 4rj/c leads to

= h
V2h = Z (1.5)
where A is the London penetration depth

2 _ I‘IlC2
A= pr—— (1.6)

The solution of (1.5) implies that a constant magnetic field h(0) parallel to the surface, decreases
exponentially into a bulk superconductor as

h(x) = h(0)e*/2 (1.7)
The London equations are commonly written in the more compact expression

-~ —nge?A _ -A

]S - nmec - Ac (1'8)

which is correct only in the Coulomb or transverse gauge that requires VA =0, where A is the vector
potential.

Pippard in 1953 [15] introduced the coherence length while proposing a nonlocal generalization of
the London equation (1.8). In addition, he proposed that the superconducting wavefunction should have a
characteristic dimention &,, which could be estimated by an uncertainty-principle argument, as follows:
only electrons with energy ~kT, of the Fermi energy can play a major role in a phenomenon that sets in at
T, and these electrons have a momentum range Ap~KkT/ug, where ug is the Fermi velocity. Thus, given

that Ax> h/Ap~ hug/KT,, the characteristic coherence length, was defined as
hup

Eo = ak_TC , (19)
where a is a numerical constant of order unity.

A few vyears later in 1950, a thermodynamical approach of superconductivity was made by
Ginzburg and Landau [16]. The Ginzburg-Landau (GL) theory is based on the theory of second-order
phase transitions and gives a good macroscopic description of the superconducting state close to the
transition temperature, while being still phenomenological. Moreover, having applied the GL theory to
superconducting alloys, A.A. Abrikosov developed a theory of the so-called type-11 SCs (1957) [17]. The
GL theory will be presented in a following paragraph.

A breakthrough in the theoretical understanding of superconductivity was obtained in 1957 by
Bardeen, Cooper and Schrieffer with the BCS theory [18], which is the first microscopic approach of
superconductivity. What the BCS theory has demonstrated is that, taking into account the interaction
between electrons and phonons, the electronic system can, under certain circumstances, lead to electron-



electron attraction. In particular, it was shown that even a weak attractive interaction between electrons,
such as that caused by the electron-phonon interaction, causes an instability of the ordinary Fermi-sea
ground state of the electron gas with respect to the formation of bound pairs of electrons occupying states
with equal and opposite momentum and spin. These so-called Cooper pairs have spatial extension of
order &, One of the key predictions of this theory was that a minimum energy E,=2 A(T) should be
required to break a pair, creating two quasi-particle excitations, where A(T) is the energy gap at a given
temperature T. This A(T) was predicted to increase from zero at T, to a limiting value E4(0)=2 A(0)=3.528
kT, for T<<T,.. The superconducting electrons that form Cooper pairs behave coherently and there is a
characteristic distance over which their density is changed, known as the intrinsic coherence length &,
given by

hu
S0 = nA(};)
The BCS theory also determines the critical magnetic field:

MO = INOA0), (1.11)
where N(0) is the normal density of states at fermi surface.

The microscopic theory of superconductivity was elaborated further by L.P. Gor’kov (1959) [21]
who developed a method to solve the model BCS problem using Green's functions. The works by Gorkov
have completed the development of the Ginzburg-Landau-Abrikosov-Gorkov theory (the GLAG theory).
Most important, Gor’kov showed that the macroscopic GL theory was, in fact, a limiting form of the
microscopic theory of BCS, valid near T, in which the wavefunction, ¥, is directly proportional to the
gap parameter A. More specifically, ¥ can be thought of as the wavefunction of the center-of-mass
motion of the Cooper pairs.

In 1959 it seemed that the theoretical understanding of superconductivity was fulfilled. This
situation was overturned and the subject was revitalized in 1986, when a new class of high-temperature
superconductors was discovered by Bednorz and Muller (LaBaCuQ,, T, ~ 40 K) [19]. In 2008, the
discovery of superconductivity in the iron-based layered superconductors La[O,_F,]FeAs (x=0.05-0.12),
with T, = 26 K [20] known as pnictides, further widened the search for the better theoretical explanation
of superconductivity. The new high-T, superconductors seem to obey the same general phenomenology
as the classic low-T, superconductors, but the basic microscopic mechanism still remains an open and
contentious question.

(1.10)

b. The Ginzburg-Landau Theory

The first quantum phenomenological theory of superconductivity is the Ginzburg-Landau (GL) theory
[16,22]. A quantum theory should take into account, firstly, that the superconducting state is more ordered
than the normal one and secondly, that the transition from one state to the other (without magnetic field)
is a second-order phase transition. This implies the existence of an order parameter for a superconductor,
which is nonzero at T<T, and vanishes at T>T,. At the same time, in order to develop a quantum theory, it
is necessary to introduce an effective wavefunction of the superconducting electrons, P(r). Ginzburg and
Landau decided to combine the two prerequisites by considering P'(r) as an order parameter.

The Ginzburg-Landau (GL) theory is based on the formulation of second-order phase transitions
developed by Landau [22]. It begins with an expansion of the free energy in powers of the order
parameter, which is small near the transition temperature. Such a starting point for the theory implies that
it is valid only at temperatures close to the critical temperature, T.-T<T.. In addition, the normalization of
this wavefunction gives the density of Cooper pairs |[¥|* = ny/2.



In the general case of an inhomogeneous superconductor in a uniform external magnetic field, the
free energy of the system can be expanded in powers of ¥ as

2 2
Fg = Fy +a|W|? + & B e+ ( V- —A)lp| — (1.12)

where the subscripts S and N refer to the superconducting and the normal state, respectively, A is the
potential vector, m*=2m the effective superconducting electron mass and e*=2e the effective charge. By
considering the simplest case where the external fields and gradients are absent, the (1.12) gives

Fs— Fy =al®|> + £ || (1.13)
where two cases arise, depending on weather a is positive or negative. If a is positive, the minimum free

energy occurs at |¥[*=0, corresponding to the normal state. On the other hand, if a<0, the minimum
occurs when
o

W)? = |Woo|” = — 2. (1.14)

In other words the notation ¥, is conventionally used because ¥ approaches this value infinitely deep in
the interior of the superconductor, where it is screened from any surface fields or currents. When this

value of W is substituted into (1.13), one finds
-H¢ -«

Fs—Fy=7-=7 (1.15)

using the deflnltion of the thermodynamic critical field H.. The o(T) must change from positive to
negative at T, since by definition T. is the highest temperature at which |¥[*£0 corresponds to a lower
free energy than [¥’=0. Making Taylor’s series expansion about T, and keeping only the leading term,
we have

a(T) <(T—) - 1) (1.16)

We note that in view of (1.15) this assumption is consistent with the linear variation of H, with (1-(T/T.))
if B is regular at T.. Substituting the temperature variations of a and f§ into (1.16) we see that

|W)? o (1 — Tlc) (1.17)

for T near but below T.. This is consistent with correlating [¥|* with n,, that is the density of the
superconducting electrons in the London theory, since ng o< A%cc(1-(T/T,)) near Te.

As already discussed, in the absence of boundary conditions which impose fields, currents, or
gradients the free energy is minimized by having ¥=¥,, everywhere. On the other hand, when fields,
currents, or gradients are imposed, ¥=| ¥ | ' adjusts itself to minimize the overall free energy, given
by the volume integral of (1.12). Under this assumption the GL differential equations are

alp+B|lP|2tP+—( V——A) Y=0 and (1.17)
(TV—?A)‘PH = 0. (1.18)

In the simplest case where no fields are present and A=0 we can take ¥ to be real since the differential
equation has only real coefficients.

If we introduce a normalized wavefunction f=¥/¥.,, where ¥,*=-a/p>0, the equation (1.17) becomes (in
one dimension)

EZ(T) +f =0, (1.19)

where & is the coherence length defined as



E2(T) = _h 1 (1.20)
2m (D) 1% '
In the presence of an external magnetic field an expression for the penetration depth can be derived as
* 2
A2(T) = 2B o 1 (1.21)

4-1Te*2|(x(T)| 1_%

The coherence length & and the penetration depth A are the characteristic length scales of
superconductivity that describe the interface between the superconducting and normal domains in the
intermediate state. It is also useful to introduce the dimensionless GL parameter «, defined by the ratio of
the characteristic lengths & and A, x=A/&. The GL parameter «x is dimensionless, almost temperature
independent and divides the SCs into two principal categories, known as Type | and Type Il SCs. This
classification occurs at k=1/v2. For Type I SCs the GL parameter obtains values k<1/N2 (A< &), while for
Type 1l SCs the GL parameter obtains values k>1/42 (\> &). It is worth mentioning that, almost all the
bulk elemental and low-T¢ SCs are Type I, except of Niobium (Nb). Niobium, superconducting alloys
and chemical compounds constitute the Type Il SCs. The so-called high-Tc superconductors also belong
to this group.

c. Typeland Type Il low-T¢ superconductors
In Figures 1.1 (a) and (b) the phase diagram for Type | and Type Il SCs is presented, respectively. In both
cases we consider a bulk SC inside an external magnetic field applied parallel to its surface.
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Figure 1.1: The phase diagrams of (a) a Type | and (b) a Type Il SC are presented. The schematic insets
present the normal, the mixed, and the Meissner states in the respective areas of the phase diagram in each

case. Panel (c) schematically presents the structure of a vortex.

Focusing in a Type | SC, Figure 1.1 (a), two different areas are signified. For temperatures and
external fields (T,Hex) above the critical field line H(T), the material is in the normal state in which the
magnetic field penetrates into it, as presented in the respective inset scheme. On the other hand, for
temperatures and external fields (T,H.y) below the critical field line H.(T), the material is a perfect SC
and a complete diamagnetic behavior is signified. This state is known as the Meissner state and is
presented in the respective inset scheme. We should note that in the Meissner state the magnetic field
decreases exponentially in the bulk superconductor according to the London penetration depth (equation
(1.7)).

Focusing in a Type Il SC, Figure 1.1 (b), three different areas are signified. Two critical field lines
exist, i.e. the lower critical field line, H¢1(T) and the upper critical field line, He,(T). For temperatures and
external fields (T,Hex) below the lower critical field line, H.(T) the SC enters into the Meissner state. For



temperatures and external fields (T,H.,) above the upper critical field line, He(T) the SC is in the normal
state. For temperatures and external fields (T,H.y) between the lower critical field line, H,(T) and the
upper critical field line, H(T), the SC is in the mixed state as was theoretically introduced by Abrikosov
[17]. In the mixed state the magnetic flux penetrates to the SC’s interior in the shape of vortices creating
regions of normal state and leading to the coexistence of normal and superconducting regions. Each
vortex carries a quantum of magnetic flux, ®,=hc/e” and is considered as an individual magnetic object of
radius 2&, as presented in Figure 1.1 (c). The vortex core is defined as an area where the local density of
superconducting electrons n, vanishes or equally the area were the SC order parameter |¥|* becomes zero
([ = ng/2). The magnetic field, h, has a maximum in the middle of the vortex and decays exponentially
over the distance of A. The vortices form a hexagonal lattice with a lateral distance a. By increasing the
external field, Hey, the number and density of the vortices will increases and therefore the lateral distance,
a, between them decreases.

ii.  Thin Film Superconductors

a. Dirty limit

Elemental thin film SCs are of fundamental interest because there is a noticeable change of their
superconducting properties as compared with bulk SCs. If we consider a rectangular shape SC with width
X, height y and thickness dsc, the term thin film implies that one dimension of the rectangular part, the
thickness dsc for example, obtains such low value that it is considered minor in comparison to the other
two dimensions (x kot y). In case the thickness of the thin SC layer, dsc, becomes comparable to the
characteristic length scales of superconductivity (§ and A) a strong modification in the superconducting
properties is revealed. Moreover, beside the characteristic length scales of superconductivity, i.e. the
coherence length & and the penetration depth A, there is another length scale that should be taken into
consideration, i.e., the electron-mean free path (/). The electron-mean free path, (/) is the average
distance traveled by the electron set by the static disorders such as point/correlated-like impurities, and
lattice imperfections such as dislocations. At reduced dimensions, the increased disorder of thin films
affects the amount of scattering and thereby contributes to the reduction of /, which in turn causes
peculiarities in the electron-electron [23] and electron-phonon [24] interactions. Since the nature of the
superconducting state is related with the magnitude of the length scales, the interplay between them can
be effectively modified and eventually lead to the complete suppression of superconductivity.

For the study of superconductivity in elemental low-T¢ thin films, the SCs are classified in respect
to the interference of the length scales. In SC thin films of finite thickness (dsc=constant), two distinct

regimes can be considered in terms of the intrinsic parameters &, and / that concern the film disorder, the
superconducting ‘clean’ limit ({>> &) and ‘dirty’ limit (£ << &;). In the ‘dirty’ regime both &(T) and
MT)=Aes(T) become dependent on (. A defines the effective penetration depth due to the equivalence of

thin film SC to that of a local SC, where there is no need for the non-local approximation of Pippard.
Near T¢ their analytic expressions are [4],

& ! / g, /1.33/
E(T) = 0.855 =(T/Ty and Aetr(T) = A(0) m (122)




where the coefficients were determined by the results coming from the BCS theory in the approximation
of T=Tc. Moreover, the equations (1.22) show that the increased disorder both enhances the A and

reduces the & The dimensionless GL parameter- k becomes different in the ‘clean’ and “dirty”’ limit[4],

A(0) A(0)
Kclean limit = 0.96 7~ and Kdirty limit = 0-7157 (1.23)

showing approximately that in the ‘dirty limit” the role of the coherence length is played by the /. Since

M0) >>/, it becomes apparent that Kairty imit >> 1, which interprets that mainly the thin SC films are
considered as Type Il SCs, no matter what is their Type in bulk form.

b. 2D-3D Behavior

Another classification of SCs can be considered when dsc is on the order of &(T), since there is an
interesting modification in the dimensional behavior of superconductivity. Accordingly, the behavior of a
SC film is referred as three-dimensional (3D) for dsc>§(T) and as two-dimensional (2D) for dsc<&(T).
The dimensional crossover from 3D to 2D can be altered as the dsc becomes equal to &(T). This can be
observed between individual SCs with different dsc, or for constant dsc due to divergence of &(T) near Te.
The dimensionality of a SC film is determined under the influence of a magnetic field, since a
dimensional crossover is accompanied with a significant modification of Hc,(T) line, changing from a
power law in 2D to a linear law in 3D behavior. There are several expressions that describe the Hc,(T)
line of 2D SC in a parallel applied He,, depending on the film morphology (perculative structure, granular
films) that originates strong modification in &(T) [20-24]. For the general case of “dirty” but
homogeneous film, Ketterson expressions [1,25] for 3D and 2D behavior are respectively

3Dy — Po 1 2Dy _ V2P, 1
HCZ (T) T 2mu, E3(T) and HCZ (T) T o2mue  dgcd(T) (124)

The modification of the He,?°(T) is based on substituting the £(T) with the product &,(T)-£1(T), where
£1(T) is replaced by the factor, dsc/V12 for the 2D behavior of the SC (Hey is considered to be parallel to
films surface).

1.2 Introduction to Ferromagnetism

i. Bulk Ferromagnets

a. Historical Overview on the Ferromagnetism

Atoms are the units from which solid materials are composed. When a ferromagnetic (FM) material is
magnetized a net magnetic moment per atom exists. There are two possible origins for the atomic
magnetic moments in FMs. In the first case, the material could already have small atomic magnetic
moments randomly aligned (resulting to a zero vector sum over the total solid volume) in the
demagnetized state that become ordered (aligned) under the action of a magnetic field. This was first
suggested by Weber [30]. In the second case, the atomic magnetic moments may not exist at all in the
demagnetized state but could be induced on the application of a magnetic field as suggested by Poisson
[31].

The existence of saturation magnetization and remanence support the former idea, and in fact it has
been established beyond doubt that in FMs permanent magnetic moments exist on the atomic scale and
that they do not rely on the presence of a magnetic field for their existence. Concerning the origin of
atomic moments, Ampere [32] suggested that they were due to ‘electrical currents continually circulating
within the atom’. It should be stressed that this was approximately 75 years before J. J. Thomson



discovered the electron and at a time when it was not known whether charge separation existed within the
atom.

Ewing [33] followed the earlier ideas of Weber in explaining the difference between the
magnetized and demagnetized FM as due to the atomic moments being randomly oriented in
demagnetized iron but aligned in the magnetized material. Ewing was particular interested in explaining
the hysteresis on the basis of interactions between the atomic dipole moments of the type envisaged by
Weber. For the record, it is noted that the atomic moments were referred as ‘molecular magnets’ those
days.

Some years after Ewing, it was Weiss’s work [34,35] that contributed to the understanding of
ferromagnetism. In particular, in [34,35] Weiss took advantage of the earlier work of Ampere, Weber,
and Ewing and suggested the existence of magnetic domains (MDs) in FMs, in which the atomic
magnetic moments were aligned parallel over much larger volumes of the solid than that had previously
been suspected. In these MDs large numbers of atomic moments (typically 10*-10'%) are aligned parallel
leading to an almost saturated magnetization. However, the direction of alignment varies from domain to
domain in a more or less random manner, although certain crystallographic axes are preferred by the
magnetic moments, which in the absence of a magnetic field will align along one of these equivalent
‘magnetic axes’. If the atomic moments are aligned within the MDs of FMs, it is necessary to explain this
ordering and if possible to explain why when a FM is heated up it eventually undergoes a transition to a
paramagnet at the Curie temperature. In order to explain these observations Weiss further developed the
statistical thermodynamic ideas of Boltzmann and Langevin as they applied to magnetic materials. Some
years previously Langevin [36] had produced a theory of paramagnetism based on classical Boltzmann
statistics. Weiss used the Langevin model of paramagnetism and added an extra term, the so-called Weiss
mean field, which was an interatomic interaction, which caused neighboring atomic magnetic moments to
align parallel because the energy was lower if they did so. In the original Weiss theory the mean
(‘molecular) field, He, was proportional to the bulk magnetization, M, so that
He = oM, (1.25)
where a is the mean field constant. This can be proved to be equivalent to assuming that each atomic
moment interacts equally with every other atomic moment within the solid. This was a viable assumption
in the paramagnetic phase because, due to the homogeneous distribution of magnetic moments directions
the local value of magnetization, obtained by considering a microscopic volume of the material
surrounding a given atomic magnetic moment, is equal to the bulk magnetization. However, in the
ferromagnetic phase the magnetization is locally inhomogeneous on a scale larger that the MD size due to
the variations in the direction of the magnetization between MDs. Subsequent authors preferred to apply
the idea of the Weiss mean field only within a MD, arguing that the interaction between atomic moments
decayed with distance and that therefore such an interaction was unlikely to extend beyond the MD. It is
generally considered that Weiss field is a good approximation to the real situation within a given MD
because, within it, the magnetization is homogeneous and has a spontaneous magnitude, M°. So, the
interaction field responsible for the ordering of moments within the domains can be expressed as
H, = aMMP, (1.26)
where MMP is the spontaneous magnetization within the MD, which is equal to the saturation
magnetization at 0 K but decreases as the temperature is increased, becoming zero at the Curie point.

FTTTTT TITLTL THTeTe

simple ferromagnet  simple antiferromagnet ferrimagnet

ININT D999

canted antiferromagnet helical spin array
Figure 1.2: Examples of different types of magnetic order using a linear array of localized moments, i.e.

simple ferromagnetism, simple antiferromagnetism, ferrimagnetism and helical antiferromagnetism.
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Subsequent models, such as the Ising model [37] applied to FMs, have been based on interactions
between nearest neighbors. This gives rise to ordering of moments within the MD. Focusing on equation
(1.27), when a>0 the ordering is parallel leading to FM, while when a<0 the ordering is antiparallel
leading to simple antiferromagnetism. At this state we should note that a number of different types of
magnetic order are possible depending on the nature of the interaction parameter o of equation (1.27).
Some of these configurations are shown in Figure 1.2.

b. Magnetic Hysteresis
The magnetic hysteresis or magnetization curve describes the average magnetization vector of a sample as
a function of the external magnetic field. The magnetization, M, of FM materials depends not only on the
applied field, H, but also on the previous magnetic history of the material. Moreover, the magnetic
induction, B, in the material is given by
B=H-4nM. (1.27)
The maximum magnetization is called saturation magnetization, mg; and is obtained above a magnetic
field called saturation field, Hg,.. The remanent magnetization, m., represents the magnetization obtained
when the external field is reduced to zero from a large value, while the coercive field, H, is the field
needed to zero the magnetization after saturation. In Figure 1.3 (a)-(c) we present the hysteresis loops of a
hard ferromagnetic material, a soft ferromagnetic material, and a paramagnetic material, respectively. The
remanent magnetization, men, and the coercive field, H., are the parameters that characterize these three
categories. Moreover, the variety of observed hysteresis loop shapes is the direct consequence of the
variety of possible magnetic domain structure of the FM. In addition, the MDs result from the balance of
several competing energy terms.

(@) m (b) m () m
Mrem /
He
/ H / H H
Figure 1.3: Typical hysteresis loops of (a) a hard ferromagnetic material, (b) a soft ferromagnetic material
and (c) a paramagnetic material.

c. Energetics of a Ferromagnet
In the present subchapter we briefly present the different energy terms that influence the MD structure
and the magnetization reversal of a FM material. The total energy E; of the magnetization distribution in
the FM is given by
EtotzEex+Ez+Ed+EK+Emei (128)
where E., is the Exchange energy, E, is the Zeeman energy, E, is the Magnetostatic stray field energy, Ex
is the anisotropy energy and E, is the Magneto-elastic energy. These energy terms are briefly described
below.

Exchange energy
The Exchange energy reflects the tendency of a FM material to keep adjacent magnetic moments parallel
to each other. This short-range exchange interaction prevents strong inhomogeneities of the magnetization



on small length scales. In other words, any increase of inhomogeneity of the magnetization field increases
the exchange energy. The exchange energy can be described by the ‘stiffness’ expression [38]:

Eex = A [(VmZ 4+ Vm2 + VmZ)dV (1.29)
where A is the so-called exchange stiffness constant and m=M/Ms, is the normalized magnetization. It
should be noted that A and Mg are in general temperature dependent. The exchange energy E., is
independent of the direction of the change in respect to the initial magnetization direction and therefore it
is assumed isotropic.

Zeeman energy

Considering a magnetic material under the presence of an external magnetic field, the interaction between
the external magnetic field and the magnetization of the FM is substantial and affects the overall
magnetization distribution. The Zeeman energy E, due to an external field Hey is given by

E; = —Mgqe f Hexe -m dV (1.30)
where V is the volume of the material. For a uniform external field this energy depends only on the
average magnetization and not on the particular domain structure or the sample shape.

Magnetostatic stray field energy

Each magnetic moment in a FM material represents a magnetic dipole and therefore contributes to the
total magnetic field inside the FM known as the stray field, Hy. Therefore the energy connected with this
field is known as the magnetostatic stray field energy.

Starting from Maxwell’s equation (ﬁ B=V- (ﬁ + 41‘[M) = 0) the stray field, Hy is calculated by
[39]
VHy=—-472V M (1.31)
and the local stray field energy density depends on the orientation of the magnetic moments with respect
to this field

1 .= =
The factor 1/2 in (1.32) is required for self-energy terms. The total magnetostatic energy of the system is
then

Eq=— cample(Ha - M) dV = — H2 aV. (1.33)
The first integral extends over all space; it shows that the stray field energy is always positive, and is only
zero if the stray field itself is zero everywhere. The second integral is mathematically equivalent for a
finite sample and is often easier to evaluate, since it extends only over the magnetic sample. Equations
(1.31) and (1.33) completely define the stray field energy.

A general solution of the stray field problem is given by potential theory. The reduced volume
charge density A and the surface charge density ¢ are defined in terms of the reduced magnetization
m(r) = M(r)/Mq:

A=-Vm and o= (m-n) (1.34)
where 7 is the outward directed surface normal (more details can be found in [39]). With these quantities
the potential of the stray field at position r is given by integration over r’:

o (r) = M, [ |i(—rr’3| dv + [ 252 '] (1.35)

Ir—r|
Another way of obtaining the expression for the magnetostatic potential ®(r) is the general solution of the
Poisson equation

~J.
2 Jall space
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Ady = —A(r) = V(41M). (1.36)
Then the stray field can be derived by Hy(r) = —grad @®(r). A second integration immediately yields the
stray field energy:

Eq = 2 [[AD)@)AV + [ 6(r)P(r)dS] (1.37)
The stray field energy calculation therefore amounts to a six-fold integration if volume charges A are
present. Otherwise, if only surface charges o are present, it reduces to a four-fold integration.

Although the integrand diverges at r = r’, the integrals remain finite.

Anisotropy energy

The energy of a FM material depends on the direction of the magnetization relative to the structural axes
of the material. This dependence, which basically results from spin-orbit interactions and magnetic
dipolar interaction, is described by the anisotropy energy. In the absence of spin-orbit and dipolar
interaction, the total energy of the electron-spin system does not depend on the direction of the
magnetization. Regarding the dipolar interaction, it results in a contribution to the anisotropy via stray-
fields, which depends on the shape of the specimen (shape anisotropy) due to its long range character. In
the simplest case the spins are coupled via the spin-orbit interaction to the orbits which, in turn, are
influenced by the crystal lattice. For conduction electrons the spin-orbit interaction induces a coupling
between spin momentum and orbital momentum, which then couples the total (spin plus orbital) magnetic
moment to the crystal axes. This coupling results in a total energy which depends on the orientation of the
magnetization relative to the crystalline axes. It is precisely this coupling that reflects the symmetry of the
crystal. According to the crystal symmetry, the direction of the magnetization favors energetically an
alignment towards certain axes. Hexagonal and tetragonal crystals show a uniaxial anisotropy, which is
phenomenologically described up to fourth-order terms

Eg = Ky (1 — (m-2)?) + Ky2 (1 — (m-3)?)?, (1.38)
where K; and K, are the uniaxial anisotropy constants and a is a unit vector parallel to the anisotropy
axis. The case of a large positive K, corresponds to an easy axis while large negative K; corresponds to
easy plane perpendicular to the anisotropy axis. The easy axis or easy plane represents the preferential
orientation of the magnetization in the crystal. For intermediate value (0 > K/Ky > —2) the easy
directions lie on a cone with the angle 0 relative to the axis given by sin’0 = —1/2(K/Ky,). The three
different cases are called uniaxial, planar and conical magnetic anisotropy. Herein we will deal only with
uniaxial anisotropy case when K,; >> K, and the contribution from fourth-order terms can be neglected.
More details about cubic, uniaxial and orthorhombic exchange anisotropy can be found in Hubert and
Schafer’s textbook on magnetic domains [39], while expansions to higher orders and for other
symmetries, and a discussion of the origins of anisotropy can be found in [40—43].

Magneto-elastic energy

A magnetic material will deform under the influence of magnetic effects, and this effect is termed
magnetostriction. Conversely, applying stress to a magnetic material can change the magnetisation of the
material. These magneto-elastic effects are small in ferromagnetic materials, with magnetostriction
resulting in strains of around10°-10" This means that the elasticity is in the linear regime and thus can be
described by Hooke’s law, which simplifies the analysis somewhat. The effect of large stresses on the
material (of non-magnetic origin) does necessitate the inclusion of non-linear effects in the theory. In this
case the magneto-elastic coefficients themselves depend on the strain of the material.
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The magnetic properties of a FM material depend to some extent on the atomic arrangement of the
material. However, the most significant contribution to the magnetostrictive energy is derived from the
magneto-crystalline anisotropy. For single crystals the expressions for the magneto-elastic interaction
energy involve a strain tensor, the magnetization, and a number of material parameters (the number of
these parameters relates to the symmetry of the crystal). In the case of a uniformly magnetized isotropic
material (polycrystalline or amorphous with no induced anisotropy) the expressions are somewhat
simplified. For these materials the fractional change in length along the unit vector a is given by

|2 -3, (1.39)

Where | is the length in the direction a (when the material is in a paramagnetic state) and A is the isotropic
magnetostriction constant. This expression assumes that the material is under no external stress, and is
derived by combining the magneto-elastic energy with the elastic energy, and by the condition of the
minimum energy. Note that even if there is no net magnetization (M=0) the material is still strained by the
existence of domains, but in this case the strains are unordered. Hence there is still an increase (i.e. 61>0)
in the material dimensions compared to the paramagnetic state. If the material is put under a uniaxial

stress in the direction a the magneto-elastic coupling energy E. is written a

Eme = —0% (1.39p)
Despite the small scale of these effects, magnetostriction can be very important in some situations.

For instance, the humming noise produced by electrical transformers arises from the vibrations caused by

the alternating magnetization in the transformer core. It is also possible to use highly magnetostrictive

films as strain gauges, as discussed by Karl et al [44] as the magnetization direction can be used as an

indication of the strain the film experiences.

ii. Thin Film Ferromagnets

a. Domain Theory

The first evidence for MD structure was found by Barkhausen in 1919 [45], who monitored the
magnetization of samples by converting changes in the magnetization (measured using induction coils) to
audio signals. The magnetization often changed discontinuously, resulting in clicks from the apparatus.
These events appear in hysteresis loops as sudden changes in M, and are known as Barkhausen jumps. At
that time it was thought that these discontinuities were caused by domains switching directions, but it is
now known that the cause is discontinuous domain wall motion. In 1931 v. Hamos and Thiessen [46] and
independently Bitter [47, 48] showed the first pictures of magnetic micropatterns obtained with the help
of an improved powder method. Using a colloidal solution of fine magnetic particles Bitter proposed that
the particles tended to agglomerate in regions of high field gradient, which in most cases means MD walls
(MDWs). Probably stimulated by such observations and the first theoretical analysis by Bloch [49],
Landau and Lifshitz [50] presented an overall theory of domains in 1935: MDs are formed to minimize
the total energy, an important part of which is the stray field energy. And the stray field energy can be
avoided by flux-closure type domains. (The basic idea of such closed flux patterns had been put forward
already by Zwicky [51].) If the magnetization follows a closed flux path everywhere, the stray field
energy is zero and therefore even smaller than in the hypothetical thread domains. Landau and Lifshitz
proved for the first time that a domain model has a lower energy than the uniformly magnetized state.
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A few years later, in 1944, Lifshitz [52] presented a theory of domain branching where he
introduced a feature that was well known from experiments on uniaxial crystals [55]. Lifshitz’s article
was meant to apply to iron, a cubic material (it contained among other contributions also the first correct
calculation of the 180 wall in iron). But Lifshitz failed to see the additional degrees of freedom of the
domain structures of cubic crystals with their multiple easy directions. Néel [53, 54] in his independent
work made full use of these possibilities, predicting a number of remarkable domain structures. A famous
example among these, the Néel spikes, can be used to estimate the coercivity connected with large
inclusions in iron crystals. When they were later observed experimentally [56], this was considered a
striking success of domain theory.

Landau and Lifshitz [50] as well as Néel [53, 54] had studied large crystals with weak anisotropies
in which the assumption of completely flux-closed domain structures (‘pole avoidance’) is well justified
(Figures 1.2 (a) and (b)). Thus the explicit calculation of the stray field energy was not necessary.
(Lifshitz [52] did, however, calculate the energy of the internal fields in his branched structures.) In small
specimens or in uniaxial crystals with large anisotropy open structures as in Figures 1.2 (¢) and (d) are
expected; they were first calculated by Kittel [57, 58].

(@) (b) © 4 .. 4 @@

Tt

- + + -
Figure 1.2: The more or less flux-line patterns of low-anisotropy cubic particles (a) and (b), compared to
the open domain structures for high-anisotropy uniaxial particles (c) and (d).

If the transitions between the MDs shown in Figures 1.2 (a) and (b) were infinitely thin, these
structures would be truly flux closed and no stray field at all would be signified. However, the exchange
interaction prevails, and therefore the magnetization rotation is continuous from one MD to the other. Due
to the effects of the exchange energy, the direction of magnetic moment changes slowly from one atom to
the next and hence the width of the MDW normally extends over many atoms. In bulk materials the width
of the MDW is primarily governed by the exchange energy and the anisotropy, but where thin films are
concerned magnetostatic energy effects can also be important, depending on the type of wall present.
Anisotropy energy can also influence the direction and type of a domain wall. In bulk materials the wall
width usually depends on the exchange length l.,=V(A/K), where K is a relevant anisotropy constant and
A the exchange stiffness constant. In thin films where the shape anisotropy is dominant, the exchange
length reads l,=V(A/Kg), where Kq=2nMs,’ is the stray field energy, otherwise it is given by lo,=V(A/K,),
with K, being the uniaxial anisotropy constant. The width of the MDWS, Dypws, in thin films can be
between a few nm to a few hundred nm in width, depending on the exchange length and the dimensions
of the film.

Figure 1.3: Schematic presentation of (a) a Bloch wall and (b) a Néel wall.
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The most common definition of the width of MDW, Dypws, is based on the rate of magnetization
change at the center of the wall. There are two main types of MDWSs, which can exist in thin films. The
Bloch wall, Figure 1.3 (a), is the same type of wall which appears in bulk materials, where the
magnetization rotates out-of-plane in respect to the film’s surface. A Néel wall, Figure 1.3 (b), is defined
by the magnetization rotating in-plane in respect to the film’s surface and reduces the magnetostatic
energy of the wall, since the magnetization is not pointing in an unfavourable direction as occurs in a
Bloch wall. A more complex MDW is the cross-tie wall. The cross-tie wall is defined by a mixture of
spins pointing out and in the plane and is identifiable by spike walls which form to ensure flux closure. It
is found that in thin films Néel walls have lower magnetostatic energy than Bloch walls and are therefore
more energetically favourable. Finally, we should mention that Dypws also vary as a function of the film
thickness. In particular, Bloch walls become narrower and Néel walls become wider with decreasing film
thickness.

b. Ferromagnetic layers with out-of-plane magnetic anisotropy
In the 1960’s Kooy and Enz [59] proposed a model to explain the observed MDs in thin FM layers with
out-of-plane magnetic anisotropy. The model assumes MDs in the form of parallel stripes with alternating
magnetization ‘up’ and ‘down’. It shows how the formation of stripe MD is induced by the minimization
of stray field energy and MD wall energy in the absence of an applied field. Kooy and Enz predict the
field dependence of stripe MDs by developing the stray field energy in terms of a Fourier expansion and
then minimizing the total energy to obtain the magnetization and the MD width at the equilibrium state.
The model introduces the expression in the form of two dimensionless parameters, the so-called quality

factor Q and the characteristic length A, given by the expressions
K

Q= s (1.40)
_ OMDWs
¢ = o (1.41)

The so-called quality factor Q is used to describe the intrinsic tendency of a FM film to adapt its
magnetization either in-plane or out-of-plane. In the limit where Q<<1 the magnetization is in-plane and
mainly large and irregular magnetic domains exist. On the contrary, when Q>>1 the layer magnetization
gets out-of-plane so that relatively narrow stripes is the dominant form of MDs. In the case where Q
ranges around unity, the so-called phase of weak stripes forms above a critical thickness d, ™ [60,61]. In
this case, though the overall magnetic anisotropy can be in-plane (recorded with global magnetization
measurements), stripes with out-of-plane orientation do form (detected with local magnetic force
microscopy measurements) [62-65].

The physical parameter that plays a dominant role in the magnetic patterns formed in FM layers is
the MDW. The width and energy of MDWs can be estimated by (see [65,64] and references therein)

1/2
DMDWS =T I:\/A/K:I and OMDWs = 21T[A K]l/z, (142)
where opmpws IS the MDWs energy, A the magnetic stiffness, and K the magnetocrystalline anisotropy.
For the case of stripes with strong out-of-plane magnetization, where Q>1, the width of MD is

given by [57,59-62]

1
Dup =5 [2m20mpw (1 + VID)/(16MZ, ©)]Y/2 - dis (1.43)
where p=1+2nM/K=1+Q", My is the saturation magnetization and € is a numerical factor that is of
order unity and depends on various parameters. Expressed in units reduced to Dypw, the width of MD

reads
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Dup = 2[(n/2)Dypw (1 + @+ D/Q)@/] " - dif2 (L.44)
The respective critical thickness that delimits the existence of MDs with out-of-plane magnetization
orientation is given by [57]
dit! ~ 6.8 opmpw (Mgae/K)2. (1.45)
For the case of weak stripes with out-of-plane magnetization, where Q<1, the critical thickness can
be estimated from the interpolation formula [60]
d&' ~ (Dupw/m(L/Q((27 +37Q)(1 — Q)/2)'/? (1.46)
Finally, transverse stray dipolar, H,"", over a periodic assembly of out-of-plane MDs that extend
infinitely along y axis and have alternating saturation magnetization M, along z can be modeled through
the relation [66]
="

o d
Hz qip (x,2) = Xn=o 8M53tm [1 —exp (_(211 +1)2n 2DFM )]

MDs

- exp (—(2n +1)2n ZDMDS) cos((2n+ 1)2m ZD);[DS) (1.47)

The only difference for the x-component has is the replacement of the last term cos((2n+1)mx/Dyps) is
replaced by sin((2n+1)nx/Dyps). Finally, the y-component is zero due to symmetry.

Referring specifically to Co, studied in this Thesis as the FM outer layers: the saturation
magnetization Mgy varies within 1300-1450 emu/cm?, the magnetic stiffness A ranges within 15-30 10
J/m, the magnetocrystalline anisotropy K (intrinsic source) is of order 0.45- 0.52 10° J/m?® the MDWs
energy owpws is around 20-25 erg/cm?, and shape anisotropy (extrinsic source) changes character from
out-of-plane to in-plane as thickness is reduced below a critical value d,™™ (that ranges within 30-50 nm
[59,60]). In particular, for Co thicknesses d>d.', magnetic domains have the form of relatively narrow
stripes with alternating out-of-plane orientation, while for Co thicknesses d<d ™ the magnetic domains
are comparatively larger, have irregular form and in-plane orientation.

Z

c. Micromagnetism
Micromagnetism is the continuum theory of magnetic moments, underlying the description of magnetic
microstructure. The theory of Landau and Lifshitz [50,52] is based on a variational principle: it searches
for magnetization distributions minimizing the total energy. This variational principle leads to a set of
differential equations, the micromagnetic equations. They were given in [52] for one dimension.
Stimulated again by experimental work [55] and its analysis, W.F. Brown [67,68] extended the equations
to three dimensions, including fully the stray field effects (see [69,70]).
Generally, a form of the Landau-Lifshitz-Gilbert equation is

(L—l\: = —yﬁx ﬁeff — ;—tﬁx (Mx ﬁeff) (1.48)
where v is the electron gyromagnetic ratio and a the dimensionless Gilbert phenomenological damping
coefficient. The effective field Hes is defined as the negative variational derivative of the total

micromagnetic energy density E with respect to the magnetization:

—19E
Hepp = _.uolﬁ_ﬁ (1.49)

This definition of the effective field can be compared with a similar definition used in mechanical
systems, where the local force density can be obtained as negative gradient of the energy density. The
effective field contains all effects from external and internal fields or energy contributions already
discussed in Chapter 1.2.i.c, A formal derivation of the effective field can be found in textbooks of W.F.
Brown Jr. (see e.g. Refs. [53] and [54]). The average energy density E is a function of M specified by
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Brown's equations [69], including crystalline anisotropy, exchange, self-magnetostatic (demagnetization),
and applied field (Zeeman) terms. More details can be found in Chapter 3.5.

d. Two ferromagnetic layers separated by a non-magnetic layer

When two ferromagnetic layers are separated by a non-magnetic layer, their exchange interaction is either

modified or interrupted. Such sandwich structures must be distinguished from strongly coupled systems,

such as ferromagnetic films directly coupled to hard magnetic or antiferromagnetic substrates, and the
materials composed of multiple very thin films. For an overview of the magnetic phenomena in multilayer

systems see [39,71].

Three basic types of double films may be distinguished:

@ Films with no local coupling between the magnetization directions in the two layers. This condition is
met if the non-magnetic layer is free of ‘pinholes’ (i.e. bridges between the magnetic layers) and
thicker than 5-10nm (depending on the nature and perfection of the interlayer).

@ Films with a weak ferromagnetic coupling, which favours the parallel orientation in the two films;
such a coupling can be due to quantum-mechanical exchange if the non-magnetic layer is thin enough.
Alternatively, the ‘orange peel’ effect (Figure 1.4) may lead to a ferromagnetic coupling [72]. The
latter occurs if the interlayer is thin compared to the amplitude of the surface corrugations of the
magnetic films [71].

FM >

NM W
- £~ 4

FM >

Figure 1.4: Schematic illustration of the ‘orange peel’ effect.

@ Metallic interlayers in the nanometre thickness range may lead to various surprising effects such as an
antiferromagnetic coupling between the two magnetic layers [73], a coupling that oscillates between
ferromagnetic and antiferromagnetic depending on the interlayer thickness [74], and to noncollinear
modes of coupling [75].

1.3 Superconducting/Normal-Metal and Superconducting/Ferromagnetic
interfaces

i. Superconducting/Normal-Metal interface

a. Proximity effect
The contact of materials with different long-range ordering modifies their properties near the interface. In
the case of a Superconducting/Normal-Metal (SC/NM) interface, the Cooper pairs can penetrate the
normal metal at some distance &yw. (We recall that a Cooper pair in a superconductor comprises two
electrons with opposite spins and momenta.) If the electrons motion is diffusive, this distance is of the
order of the thermal diffusion length scale Lyw~\(D/T), where D is the diffusion constant. This concept
is schematically presented in Figure 1.5. Therefore the superconducting-like properties may be induced in
the NM, and usually this phenomenon is called the proximity effect. At the same time the leakage of the
Coopers pairs weakens the superconductivity near the interface with a normal metal. In some cases, this
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effect is called the ‘inverse proximity effect’, and it results in the decrease of the superconducting
transition temperature in thin superconducting layer in contact with a normal metal. If the thickness of a
superconducting layer is smaller than some critical value, the proximity effect totally suppresses the
superconducting transition. All these phenomena and the earlier experimental and theoretical works on
the proximity effect were reviewed in 1969 by Deutscher and de Gennes [76].

¥

X
Figure 1.5: Superconducting order parameter W(x) near the interface between a SC (x<0) and a NM (x>0).

In the case of pure NM, that is when the electron free mean path is Iyw>>&ww, the corresponding
characteristic distance is [76]:

hUu
Enm = ﬁ, (1-50)

where Ug vy is the Fermi velocity and kg is the Boltzmann constant. One should bear in mind that at
T—0 the decay of the order parameter in the NM region is much slower than exponential.
In the case of ‘dirty’ NM, that is when the electron free mean path is lyw<<€wwm, the corresponding
characteristic distance is [76]:
1/2
Snm = (hug;xlrw‘) " (1.51)
Evaluations by equations (1.50) and (1.51) give values for &y in the range of 10-10 cm.

b. Adreev reflection

The unique and very important characteristic of the superconducting proximity effect is the Andreev
reflection revealed at the microscopical level. In 1964 Andreev [78] demonstrated how the single electron
states of the normal metal are converted into Cooper pairs and explained the mechanism of the
transformation at the interface of the dissipative electrical current into the dissipationless supercurrent. An
incident spin-up electron in a FM is reflected by the interface as a spin-down hole, and as a result a
Cooper pair of electrons with opposite spins appears in a superconductor. Therefore both the spin-up and
spin-down bands of electrons in a FM are involved in this process. de Jong and Beenakker in 1995 [79]
were the first to demonstrate the major influence of spin polarization in a FM on the sub-gap conductance
of the S/F interface. In fully spin-polarized metals, all carriers have the same spin and Andreev reflection
is totally suppressed. In general, with an increase of the spin polarization the sub-gap conductance drops
from twice the normal-state conductance value to a small value for highly polarized metals. The
manifestation of this double charge transfer is that for a perfect contact the sub-gap conductance appears
to be twice the normal state conductance. The classical work by Blonder, Tinkham and Klapwijk [80]
gives the detailed theory of this phenomenon.

Andreev reflection plays a primary role for the understanding of quantum transport properties of
SC/NM systems. The interplay between Andreev reflection and proximity effect was reviewed by
Pannetier and Courtois [81]. A detailed description of the Andreev reflection in the NM/SC junctions
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within the scattering theory formalism can be found in [79,82]. Andreev reflection spectroscopy of the
superconductors has also been studied in [83].

Ii.  Superconducting/Ferromagnetic interface

In FM/SC interfaces the competition between superconductivity and ferromagnetism is expected since
ferromagnetism ‘forces’ the electron spins to align in parallel, while superconductivity ‘prefers’ the
antiparallel spin orientation of electrons forming the Cooper pairs.

One of the most striking features of the SC/FM proximity effect is that the Cooper pair wave
function extends from SC to FM with damped oscillatory behavior (Figure 1.6). As a consequence of this
effect, new effects have been predicted, such as oscillations in the electron density of states, non-
monotonic dependence of the superconducting critical temperature in F/S multilayers on the ferromagnet
layer thickness and the realization of ‘n’ Josephson junctions in SC/MF/SC systems [82].

As already presented in 1.3.i.a, when a SC is in a contact with a NM the Cooper pairs penetrate
across the interface at some distance inside the metal. A Cooper pair in a superconductor comprises two
electrons with opposite spins and momenta. In a FM the spin-up electron (with the spin orientation along
the exchange field) decreases its energy by h, while the spin-down electron increases its energy by the
same value. To compensate this energy variation, the up spin electron increases its kinetic energy, while
the down spin electron decreases its kinetic energy. In the result, the Cooper pair acquires a center of
mass momentum 23kr = 2h/Ug, which implies the modulation of the order parameter with period tUg/h
(Ug is the Fermi velocity). The direction of the modulation wave vector must be perpendicular to the
interface, because only this orientation is compatible with the uniform order parameter in the
superconductor. g

Figure 1.6: Superconducting order parameter ¥(x) near the interface between a SC (x<0) and a FM (x>0).

The characteristic length of the induced superconductivity variation in a FM is small compared
with a SC length, and it implies the use of the microscopic theory of the superconductivity to describe the
proximity effect in SC/FM structures. In this context, the calculations of the free energy of SC/FM
structures in the framework of the standard Ginzburg-Landau functional [84,85] cannot be justified.
Indeed, the possibility to neglect the higher gradient terms in the Ginzburg-Landau functional implies that
the length scale of the variation of the order parameter must be larger than the correlation length. In the

FM the correlation length is &gy = \/% in the case of a dirty FM and &gy, = % in the case of a pure

FM. We recall that D; is the diffusion coefficient in the FM. We see that they coincide with the
characteristic lengths of the order parameter variation in a FM. Therefore the higher gradient terms in the
Ginzburg-Landau functional will be of the same order of magnitude as the term with the first derivative.
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Chapter 2

Review on Ferromagnetic/Superconducting-FM/SC hybrids

Ferromagnetic/Superconducting (FM/SC) hybrid nanostructures have attracted enormous attention, both
theoretical and experimental during the last decades [1-4]. Interesting phenomena such as ferromagnetic
coupling of a FM and the adjacent SC induced by exchange fields and/or by stray-fields, domain-wall
superconductivity, spin-triplet superconductivity, oscillatory behavior of SC’s critical temperature on the
FM layers thickness, dry have been observed in FM/SC hybrids during the last years [1-68].

In the 60s it was originally proposed that in the FM/SC/FM TLs the transport properties of the SC
interlayer can be controlled by the relative in-plane configuration of the magnetizations of the FM outer
layers [1-5]. Ge Gennes [5] in 1966 theoretically reported on the coupling between FM layers through a
SC layer in FM/SC/FM TLs indicating that an exchange field could be induced by the proximity effect of
the FM outer layers on the SC interlayer influencing the SC layer’s properties. In the two next years,
Meunier and Deutscher [6,7] confirmed the impact of proximity effect in FM/SC interface through
experiments on FeNi-In-Ni TLs revealing that SC’s properties were enhanced when the magnetic
configuration of the outer FM layers was antiparallel. Another confirmation of [5] was provided by
Hauser [8,9] via experiments on FM/SC/FM TLs consisting of randomly magnetized Fe;O,4 as FM outer
layers and In as the SC interlayer. To that direction, a few decades later, in 1999 both Buzdin et al. [10]
and Tagirov [11] theoretically studied a superconducting spin switch effect, based on the in-plane
configuration of the FM layers and formerly proposed the effect that was later observed in such
FM/SC/FM TLs. It should be stressed that in these studies [10,11] the key property was the relative in-
plane magnetization orientation of the FM outer layers. More specifically, exchange fields induced by the
antiparallel (AP) (parallel (P)) alignment of FM magnetizations in the SC interlayer partially cancel each
other (add together) leading to enhancement (suppression) of the superconducting properties, i.e.
TS <T . This holds since the Cooper pairs experience the ferromagnetic exchange interaction as they
enter the FM layer, which gives rise to proximity-induced superconductivity in FM layer [1]. Therefore,
in the idealized situation of infinitely sharp superconducting transitions, theoretical calculations [10,11]
predicted that the TL’s resistance would decrease from a finite value to zero in a temperature region
between T.*" and T.", given that T.,"<T/*". The superconducting spin switch was realized a few years later
by Gu et al. [12] through experiments on Cug47Nig53/Nb/Cug 47Nig53/NigFeig TLS and further confirmed
by Potenza et al. [13] and Moraru et al. [14,15] through experiments on CuNi/Nb/CuNi TLs and
Ni/Nb/Ni/FessMnso/Nb multilayers, respectively. More important, in these works [1,12-15] the exchange
bias mechanism was imposed to the one FM layer of the TL in order to ‘pin’ its magnetization at a certain
in-plane direction so that the parallel and antiparallel magnetic configuration of the FM outer layers could
be controlled. Conclusively, all [5-15] works suggested that with a proper choice of the operational
temperature the FM/SC/FM structure can be switched from superconducting to normal state under the
application of an external magnetic field thus valving the current flow through the SC interlayer.

The FM/SC hybrids studied in [5-15] revealed a negative magnetoresistance change, quantified
either as (Rmax-Rmin)/RnorX100% 0O (Rmax-Rmin)/RminX100%, in the magnetic field regime where the
antiparallel magnetic configuration of the outer FM layers was realized, the interpretation of which was
based in the proximity effect at the FM/SC interface. The exact opposite effect, i.e. a positive
magnetoresistance change, was observed in FM/SC/FM TLs consisting of FM layers with high spin
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polarization and was reported in the literature either as giant magnetoresistance effect [16] or as inverse
spin switch effect [17]. In particular, in 2005 J. Santamaria and colleagues [16] were based on spin
imbalance effects [18] for the interpretation of giant magnetoresistance effect observed in FM/SC/FM
TLs consisting of the high-T. SC YBa,CuzO; and high spin-polarized FM Lag;Cao3sMnQO; layers.
According to the spin injection scenario when the magnetizations of the ferromagnetic layers are
antiparallel, injected electrons encounter a large resistance to tunnel out resulting in a spin imbalance [18]
above the superconducting gap. This non equilibrium spin density causes a difference between the
chemical potentials for spin-up and spin-down electrons in the superconductor, which has a pair breaking
effect depressing superconductivity [18]. Thus, a positive magnetoresistance peak is observed in the
magnetic fields regime where the antiparallel magnetic configuration of the FM outer layers is realized.
One year later Rusanov et al. [17] confirmed this scenario by studying NiggoFe.0/Nb/NiggoFeg0 TLS.
Moreover, Visani et al [19,20] studied Lag;Cas3sMnOs—YBa,CuzO—Lag;CagsMnO; TLs and confirmed
the results that were originally reported in [16]. Recently Nemes et al. [21] suggested SC-based memory
elements where the high and low resistance states are controlled by rotating a small (100-150 Oe) in-
plane magnetic field, taking advantage of the biaxial in-plane anisotropy of the one FM layer. In addition,
an interesting scenario arises if the ferromagnets are fully spin polarized. Andreev reflection will be
suppressed since it requires electrons with both spin orientations at the Fermi level [22,23], although
crossed Andreev reflection might occur [24]. However, spin imbalance effects are expected to be
enhanced, eventually vyielding magnetoresistance. This issue was investigated in [25-27] in
heterostructures combining a high temperature superconductor (YBCO) and a highly spin-polarized
ferromagnet (LCMO).

In all the above mentioned works [5-27] the contribution of the out-of-plane configuration of the
magnetizations of the FM outer layers was not studied. To this effect Steiner and Ziemann [28] in 2006
and Sdrgers et al. [29] and Stamopoulos et al. [31] in 2007 focused on the out-of-plane stray fields
originating from magnetic domains that form at coercivity to prove that an intense magnetoresistance
indeed originate from their contribution. More specifically, Steiner and Ziemann performed transport and
longitudinal magnetization measurements in FM/SC/FM TLs and FM/SC BLs consisting of Co, Fe and
Nb while also employed micromagnetic simulations and showed that the observed magnetoresistance
peaks are related to the stray fields that emerge in FM layers at coercivity. A. Sirgers et al. [29,30]
studied FM/SC/FM spin-valve structures, consisting of FM layers with both in-plane and out-of-plane
magnetization, reporting spin-dependent scattering at SC/FM interfaces. In these structures the electronic
transport through SC/FM nanocontacts allows a determination of the current spin polarization which is
related to the bulk spin polarization and is an important parameter for the design of spintronic devices.
During the same period, in [31-33] Stamopoulos et al. employed NigoFe,, (NiFe) and Nb as FM and SC
constituents, respectively and demonstrated the existence of a rather intense SMRE (AR/R;,,=50%) in
plain and exchange biased NiFe/Nb/NiFe TLs that originates from the transverse magnetostatic coupling
of the outer FM NiFe layers through out-of-plane stray fields that naturally emerge at coercivity. These
out-of-plane stray fields 'pierce' the SC Nb interlayer and suppress its properties [31-33]. Moreover,
detailed experiments on the longitudinal and the transverse magnetization of NiFe/Nb/NiFe TLs revealed
that though the NiFe layers have in-plane anisotropy a significant part of their magnetization rotates out-
of-plane at the coercive field, H.. Hence, the SC interlayer behaves diamagnetically not in respect to the
externally applied magnetic field but in respect to a new transverse magnetic field that emerges due to the
magnetostatic coupling of the outer FM layers, [32]. The experimental data of [31-33] recommended
adequate evidence towards the establishment of the stray-fields scenario. Relevant experiments on the
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longitudinal and transverse magnetization of NiFe/Nb/NiFe TLs were also reported by S. Oh and
colleagues [34,35] and offered a clear confirmation of the stray-fields scenario. They studied
NiFe/Nb/NiFe bridges and documented that the observed effects depend on the orientation between the
magnetization easy axis and applied current (defined by the bridge orientation). The importance of stray
fields on the SMRE was further established by M. van Zalk et al [36] and J. Zhu et al [37] through
experiments in Lage,Sr:3Mn0Os/YBa,Cus0,_; and NiFe/Nb bilayes and TLs, respectively.

Domain-wall superconductivity (DWS) is another interesting concept met in FM/SC hybrids. DWS
was introduced long time ago [38] but the interest of the scientific community was recently revived due to
technical advancements that enabled the preparation of artificial structures used as model systems for test
purposes [38-56]. Basically, the presence of magnetic domains and domain walls in the FM layer can lead
to the enhancement of superconductivity. As reported by Rusanov et al. [39] for Nb/Permalloy (Nb/Py)
bilayers, the breaking of the Cooper pairs can be significantly suppressed in the regimes of domain walls
that form in the Py layer during the switching of the magnetization, leading to the enhancement of
superconductivity. Moreover, the interaction between the Cooper pairs in the SC layer and the stray fields
originating from domain walls give rise to magnetostatic coupling and to DWS as reported for
FM/SC/FM TLs consisting of FM layers with perpendicular magnetic anisotropy Co/Pd and the low T,
SC Nb [40]. In amorfous FM/SC hybrids the stray field of the Bloch walls has been reported to induce
weakly pinned vortices that give rise to a flux-flow induced magnetoresistance [41]. In addition,
Stamopoulos et al. [42-44] studied hybrids  constructed of  multilayer (ML)
[Lag.33Cags7MNO3/Lag 60Cap.40Mn0Os]is and SC Nb and reported on an effective ferromagnetic coupling
between the ML and the adjacent SC. In [43,44] it was shown that superconductivity was enhanced
significantly when the ML was in a state of almost zero bulk magnetization where a multidomain
configuration was acquired. In these works [42-44] the imposition of the exchange bias mechanism
revealed that the SC’s magnetic behavior is clearly influenced by the magnetization direction of the FM
layer. At the same time, theoretical investigations which take into account both the electromagnetic (of
stray fields origin) and exchange (of exchange fields origin) mechanisms, have been put forward [45-48].
A characteristic feature of DWS is that at low external magnetic fields superconductivity nucleates above
magnetic domain walls, while as the external magnetic field increases gradually shifts at the center of
magnetic domains. Thus, ultimately a reentrance behavior of the upper-critical field line Hc,(T) is realized
in the regime close to T,. During the recent years, the reentrance behavior of H.,(T) has been investigated
theoretically in great detail and experimentally verified in specific BL and TL hybrids, namely
Nb/BaFe;,059, [Co/Pd]i-Nb-[Co/Pd];y and [Co/Pt],-Nb-[Co/Pd],, for the cases where the FM
constituents hosted out-of-plane magnetic domains of large width (> 300 nm), the SC layer was quite
thick (>30 nm) and the external magnetic field was, in most cases, normal to the hybrid [40,52-56].
Detailed analysis by Aladyshkin et al. [46,47] showed that the size and the position of the
superconducting nucleus depends not only on the magnitude of the external magnetic field but also on the
magnetization of the FM layer and on the periodicity of the stripe domain structure. Recently, lavarone
and colleagues [57-59] experimentally confirmed that the superconducting nucleus is related to the
orientation and the strength of the stripe domain structure while also on the width of the magnetic
domains and the width of the magnetic domain walls. Very recently [60] we reported on FM/SC/FM TLs
constituting of elemental materials in which the FM outer layers host narrow magnetic domains below
150 nm and the SC interlayer is very thin (17 nm) when the external magnetic field is parallel to the TL;
Co and Nb have been chosen in this work to enrich knowledge on DWS under these conditions. In
particular in [60] we demonstrated that the strong reentrance of H(T) traces the irreversible
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magnetization processes of the FM outer layers and relates to the two-dimensional character of the SC
interlayer, while we proved that the reentrance of Hc(T) can be enhanced by the matching of the
fundamental SC and FM length scales. Since the stray dipolar fields, Hg,, that accompany the out-of-
plane magnetic domains (MDs) and MD walls (MDWs) are responsible for the magnetostatic coupling of
the outer FM layers, it was proven that strong magnetostatic coupling of the FM outer layers is
accompanied by an intense SMRE in TLs in which the thickness of the SC interlayer, dsc, matches the
width of the magnetic domain walls MDWSs, Dypws [60].

Another remarkable phenomenon observed in FM/SC/FM hybrids is the unusual oscillatory
dependence of the superconducting critical temperature Tc on the ferromagnetic layer thickness [61-63].
This behavior was predicted in 1991 by Radovic et al. [61] in a microscopic proximity effect model,
where m-junction coupling between adjacent superconducting layers was found. Jiang et al.
experimentally verified this prediction a few years later in the Gd/Co system [62].

The effective ferromagnetic coupling between the ML and the adjacent SC that at the microscopic
level was compatible with theoretical proposals on the formation of spin-triplet superconductivity [64,71].
More recently, a spin-triplet pairing mechanism was experimentally revealed and theoretically analyzed
in the asymmetric spin valve system CoO,/Fe,/Cu/Fe,/Pb [72].
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Chapter 3

Experimental Techniques and Micromagnetic Simulations

In this chapter an overview of the experimental techniques used in this work is provided. The deposition
technique used to prepare the nanostructures studied in this thesis is the magnetron sputtering. The basic
principles of the magnetron sputtering and details regarding the preparation protocols are presented.
Thereafter the basic principles of the X-Ray Diffraction (XRD) are presented, that was used for the
structural characterization of our samples. Then a brief report on the operation of the Atomic Force
Microscopy (AFM) and Rutherford Backscattering Spectroscopy (RBS) is provided. Both AFM and RBS
techniques provided important information about the morphology, i.e. quality, of surfaces/interfaces of
our specimens. The investigation of the magnetic and transport characteristics of all the samples of this
thesis was performed by means of the Superconducting Quantum Interference Device (SQUID)
magnetometer. Thus, the operation principle of the SQUID magnetometer is discussed and the main parts
of the SQUID unit are presented. Right after, a brief review on the Magnetic Force Microscopy (MFM)
technique is provided, since MFM measurements were performed to representative samples for the
investigation of the magnetization distribution as relation to the film thickness. Finally, we present the
Object Oriented MicroMagnetic Framework (OOMMF) freeware. Micromagnetic simulations by means
of OOMMF provided important information regarding the micromagnetic characteristics of Co thin films.

3.1 Sample Preparation

i. Magnetron Sputtering (dc-rf)

The magnetron sputtering deposition is a widely used technique for thin films preparation. The samples of
this Thesis were sputtered by means of a typical Edwards 306A unit [Edwards, Sanborn, NY, USA] of
INN, NCSR ‘Demokritos’ shown in Figure 3.1.

Figure 3.1: Photo of the Edwards 306A sputtering unit installed at INN, NCSR ‘Demokritos’.

Firstly, a brief description of the sputtering unit is provided. In Figure 3.2 (a) a schematic
illustration of the sputtering device is presented. The sputtering device consists of the sputtering chamber,
a turbo molecular pump and a mechanical pump. Two pressure gauges are mounted to the deposition
chamber (the first gauge measures pressures down to 7.5 Torr-10" Torr and the second gauge measures
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pressures lower than 10° Torr), while two magnetron guns are available (Figure 3.2 (b)). Focusing on the
magnetron guns they are both equipped with a certain configuration of permanent magnets (Figure 3.2
(c)). One of the guns is biased with a DC power supply and the other one with an RF power supply for the
sputtering of conductive and insulating materials, respectively [1]. The material to be sputtered (target) is
mounted on the magnetron gun while the substrates are placed on top of the chamber cap and are
carefully centered above the gun (Figure 3.2 (b)). The magnetron gun is held at negative bias voltage and
serves as negative electrode, cathode, while the chamber cup is grounded thus serving as the positive
electrode, anode (Figure 3.2 (b)). The side surface of the sputtering chamber is also grounded while
between the side surface and the top and bottom caps of the chamber a rubber ring is interposed that
facilitates their good contact requested for vacuum acquisition. The turbo-molecular pump, both
magnetron guns and the chamber cap are connected to a water cooling circuit.

Secondly, a brief description of the basic principle of magnetron sputtering is provided. At first, the
mechanical pump is activated until the pressure of the chamber reaches the order of 0.1 Torr. At that
pressure value the turbo-molecular pump is activated and the pressure inside the chamber is gradually
reduced. The system is pumped for approximately 18-20 hours until an adequate base pressure (Pgp) On
the order of 107 Torr is achieved. Right after, a chemical inactive and neutral Argon gas of high purity (of
order 99.999%) is introduced into the sputtering chamber at low pressure (order of mT).

chamber cap-Anode

(b) i I—_l___
@ substrates

=
deposition chamber B
— - o
Cathode

lecul \
turbo-molecular pump rubber ring

mechanical pump _a—— | (c) (d)

-
L
= gun shield .~

Figure 3.2: Schematic illustration of (a),(b) the magnetron sputtering device and (c),(d) the sputtering
gun.

The key process of the magnetron sputtering is the creation of the plasma, that is a conducting
medium consisting of neutral gas atoms (Ar) and equal numbers of positive ions (Ar’) and free electrons
(e"). Under the right conditions, that is a) the adequate voltage across the electrodes and b) the appropriate
gas pressure, the gas will breakdown into a plasma discharge (Figure 3.2 (d)). In this discharge, the
potential of the plasma is spatially uniform, and actually just slightly higher than the anode potential. The
positive ions are accelerated rapidly across the sheath and strike the cathode dislodging/sputtering the
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atoms of the target. The sputtered target atoms are free to travel through the plasma as a vapor and strike
the surface of the substrate, where they condense and form the deposited film. As part of the collision
between the ionized gas atoms (Ar*) and the target occasional electrons, known as secondary electrons,
are emitted from the surface of the target. These electrons are accelerated back across the sheath and gain
significant energy. More specifically, the secondary electrons are trapped in a region close to the cathode
and move under the influence of the magnetic field from the magnet system of the gun (electrons’ spiral
track around the magnetic field lines) and the electrical field from the target in a circle above the target
(Figure 3.2 (d)). Eventually they lose their kinetic energy due to collisions with gas atoms (ionization) or
with other electrons (electron heating), which results to extremely dense plasma. An alternative sputtering
deposition is the reactive sputtering. In that case a reactive gas, such as O, is introduced inside the
chamber to create the plasma. The sputtered atoms of the target react with the elements of the gas forming
a combined, oxidized in the case of O, gas, film. More information about the magnetron sputtering
technique could be found in [1-3].

ii. Experimental conditions-Homemade cryotrap of liquid nitrogen

All samples studied in this Thesis are thin films with the form of (CoO-)Co/Nb/Co or Co/Nb/Co TLs,
Co/Nb or Nb/Co BLs and Co or Nb SLs and were sputtered by means of a typical Edwards 306A unit
[Edwards, Sanborn, NY, USA] on substrates of Si [001] [Montco Silicon Technologies, WRS Materials,
CA, USA] and [Siegert Wafer GmbH, Aachen, Germany]. The depositions of Co and Nb were performed
under an Ar environment (99.999% pure) of 3 mTorr pressure. Regarding the CoO underlayer, that was
selectively used, it was deposited with reactive sputtering (using a specific Co target) under an O,
environment of 3.8 mTorr pressure. Both Nb and Co targets [Materion, OH, USA] and [Yixing Kexing
Alloy Material Co., LTD, Jiangsu, China] were of high quality (99.90-99.98%).

After performing quite extended exploratory experiments with the Edwards 306A sputtering unit,
we concluded that in order to prepare high quality thin films three basic parameters should be satisfied.
Firstly, the sputtering chamber should be free of alternative contaminants from previous depositions.
Therefore, before starting a new samples series the inner side of the chamber was coated with ultra high
vacuum aluminum foil [All Foils Inc., Strongsville, OH, USA]. In addition, we performed dummy Nb
pre-sputterings with the gun’s shutters open and without substrates for extended duration (2-3 hours) for
approximately 3-4 days. These dummy pre-sputterings decrease the consentration of the residual oxygen
in the chamber since Nb acts an oxygen getter and improves the vacuum of the chamber. With this
procedure the chamber, the top cap, the gun shield, and the gun’s shutters were sputtered with Nb and
hence a ‘clear’ or in other words a ‘dirty with Nb> enviroment was preserved. Secondly, an adequate low
pressure should be reached before proceeding to the final deposition. Here, the pressure of the chamber
before the deposition of the desired material is called post-deposition pressure, Ppost.qep- In Order to achieve
an adequate low Ppqs.qep We performed: a) extended pumping (approximatelly 18-20 hours), b) long time
pre-sputtering (approximately 3 hours) with Nb for the reasons described above and c) cooling of the
chamber with a homemade cryotrap (parameters b) and c) will be discussed in detail in the following
paragraph). Thirdly, high quallity targets should be used with quite flat surfaces. Finally, we should stress
that in all cases no magnetic field or temperature was applied on the substrates during depositions.
However, the samples could not be shielded from the residual magnetic fields (of the order 10-15 Oe)
existing in the chamber of our sputtering unit due to the magnets of the guns.

Focusing on the deposition of Nb layers, a strict protocol was performed to achieve Nb thin films
with ultra-high quality. We stress that the deposition of extremely thin Nb films with thicknesses dy,=3-4
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nm is quite demanding since Nb is vulnerable in oxidation. Therefore, of major importance was the
elimination of the residual oxygen in the sputtering chamber. For this reason we performed a 3 hour pre-
sputtering with Nb, during which the gun’s shutters were closed, utilizing Nb’s ability to react with
oxygen. The 3 hour pre-sputtering with Nb improved the vacuum of the chamber. For example, when the
base pressure obtained after 20 hours of pumping was Pge=9 107 Torr the pressure after the 3 hour Nb
pre-sputtering was improved at Ppost.gep=2 107 Torr. Moreover, in order to further improve the post-
deposition pressure we performed cooling of the sputtering chamber with a homemade cryotrap of liquid
nitrogen during the 3 hour pre-sputtering with Nb. In the rest of this paragraph we will refer to this
procedure as the cryotrapping protocol. The cryotrap was implemented by a copper tube wrapped outside
the sputtering chamber through which liquid nitrogen of temperature 77 K was flowed, as presented in
Figure 3.3 (a). Once the liquid nitrogen flowed inside the copper tube, dense atmosphere in the form of
ice appeared on the outer wall of the chamber indicating the extremely high temperature difference with
the environment (Figures 3.3 (b) and (c)). The dense atmosphere in the form of ice also acted as a thermal
isolation between the chamber and the environment, which is also important for the improvement of the
chamber vacuum. The ice outside the chamber appeared within 30 min after the start of the nitrogen flow
in the areas where the copper tube was in contact with the chamber and then it spread quite fast over its
whole outer side surface. As already discussed above, rubber rings are interposed between the side
surface and the bottom and top caps of the chamber. Thus, during the cryotrapping, great attention was
paid to maintain the ice in the center of the outer side surface of the chamber in order to prevent the
spread of ice to the edge of the side surface. If the latter occurred, the rubber rings would freeze losing
their elasticity resulting to a leak that would destroy the vacuum. For this reason, rectangular flanges of
aluminum foil were interpolated between the copper tube and the chamber surface in order to reduce the
contact between them and consequently to prevent the spread of ice. Moreover, during the cryotrapping,
we constantly wiped the edges of the chamber surface aiming to limit the ice in the center of the side
surface. In addition, the most important effect of the cryotrapping protocol was realized in the inner wall
of the sputtering chamber. During the cooling with the homemade cryotrap gaseous and vapors inside the
sputtering chamber were trapped on the inner wall of the chamber that was adequately cool. To further
clarify this fact, one can consider that when molecules impinge to a very cold surface they lose almost all
their kinetic energy and hence they are trapped on it. Consequently, the cryotrapping protocol resulted to
a significant improvement of the chamber vacuum. It was found that after the 3 hour pre-sputtering and
simultaneous cooling the pressure of the chamber was improved by an order of magnitude (the post-
deposition pressure ultimately enters the range of 10 Torr in our sputtering unit). For example, the base
pressure obtained after 20 hours of pumping was Pge=8.5 107 Torr, while the pressure after the
cryotrapping protocol was significantly decreased to Ppusqe,=5-6 10 Torr. Finally, all Nb layers were
sputtered using the DC-sputtering gun at 46 W with the cryotrapping protocol and their thickness was
varied between dyny=4 Nnm-100 nm.

Referring to Co outer layers they were RF-sputtered, since the DC-sputtering gun was occupied by
the Nb target, at 30 W (thickness ranged from 10nm to 200 nm) when a base pressure of order 107 Torr
was achieved upon adequate pumping.

Finally, the CoO underlayers that were selectively employed in CoO-Co/Nb/Co TLs were RF-
sputtered reactively at 30 W (thickness ranged from 2 to 10 nm) from a specific Co target dedicated to
reactive sputtering in O, environment.

We should stress that right after the preparation the samples were stored in evacuated chambers
further supported with silica gel to prevent humidity concentration on the top surface.
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Figure 3.3: Photos of a magnetron sputtering equipped with the homemade cryotrap obtained (a) before
and (b),(c) during the cooling procedure.

3.2 Structural characterization

i. X-Ray Diffraction-XRD

X-ray diffraction (XRD) is a basic technique for the crystallographic characterization of bulk
materials, thin films and powders. The XRD measurements presented in this Thesis were performed by
means of a typical Siemens-D500 diffractometer equipped with a Cu anode and settled in 6-26 geometry,
also known as Bragg-Brentano geometry, of INN, NCSR ‘Demokritos’.

At first a brief description of the basic principles of the XRD is provided. X-ray diffraction is a
non-destructive ex-situ analysis technique that is very sensitive to the crystal parameters of the sample,
since the X-ray wavelength is in the order of the interatomic distance. It is known that non-amorphous
materials are built/organized as regular three-dimensional structures of repeating planes of atoms that
form a crystal lattice. When a focused X-ray beam interacts with the atomic planes of the sample it is
partially diffracted while also transmitted in the initial direction, absorbed by the sample or scattered. The
X-ray diffraction from the atomic planes satisfies the Bragg’s law and gives information of the crystalline
structure of the samples (Figure 3.4). Bragg’s law is expressed with the equation nA=2d sinf, where the
integer n is the order of the diffracted beam, A is the wavelength of the incident X-ray beam, d is the
distance between adjacent planes of atoms (d-spacing), and 6 is the angle between the direction of the
incident X-ray beam with the sample plane called incidence angle. When the incidence angle 0 is varied,
diffraction peaks of various intensities appear at the angular positions where the Bragg law is satisfied and
the diffraction pattern of the sample is revealed. The diffraction pattern consists of peaks that appear in
certain angles and is the ‘structural identity” of the sample. When the diffraction pattern is compared with
the reference powder diffraction database ICDD (International Centre for Diffraction Data) the peaks are
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assigned to the constituent materials of the sample and compounds of them or different phases of the
composition existing in the sample. More information about the XRD technique could be found in [4].

@

Figure 3.4: (a) Photo of the X-ray diffractometer installed at the INN, NCSR ‘Demokritos’. (b) Schematic
illustration of the Bragg diffraction. Two beams with identical wavelength and phase approach a
crystalline solid and are scattered off two different atoms within it. The lower beam traverses an extra
length of 2dsin®. Constructive interference occurs when this length is equal to an integer multiple of the
wavelength of the radiation.

We stress that all specimens were analyzed using Cu-Ko monochromatic beam with an average
wavelength 1,=1.5425 A (3,,=1.5406 A and A,,=1.5444 A) in the standard Bragg-Brentano geometry in
Siemens-D500 diffractometer with the voltage and the current of the x-ray tube equal to 40 kV and 35
mA, respectively. X-ray diffraction patterns were collected in the 20 angle range between 10° to 90° with
step size of 0.03 ° and time per step of 9 s. Given the fact that in some cases a) small variations on the
TLs’ surface area and b) a possible error during the sample preparation process (i.e. during the placement
of the sample onto the XRD sample holder) could be incurred, we further normalized the XRD patterns,
Into,=Int/Int,., for the sake of comparison. Furthermore, the XRD patterns have been multiplied with
proper factors for the sake of presentation.

3.3 Morphological characterization

i. Atomic Force Microscopy-AFM

Atomic Force Microscopy (AFM) is a valuable technique for the investigation of the surface morphology
of thin films. In the frame of this Thesis AFM experiments were performed by means of a scanning probe
microscope Solver PRO [NT-MDT Co, Moscow, Russia] having a 100x100x5 pm® xyz-scanner hosted on
an active vibration isolation table MOD-1M Plus [Halcyonics GmbH, Goettingen, Germany], installed in
INN, NCSR ‘Demokritos’ as shown in Figure 3.5 (a).

The AFM operates by scanning across the surface of the sample a very sharp tip of nanometer
radius attached to the end of a cantilever mounted at the edge of a Si macroscopic chip. In Figure 3.5 (b) a
schematic illustration of the AFM device is presented. The scanning progress is realized on the xy-plane
in the so-called ‘raster pattern’ [5]. The z position, that is the distance of the sharp tip from the surface of
a sample, can be controlled with great accuracy by means of a piezoelectric stage on which the complete
probe is mounted. As the sharp tip oscillates near the sample’s surface it interacts with the
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atoms/molecules of the sample’s surface in atomic scale. This interaction is mainly dominated by van der
Waals forces that could be either attractive or repulsive depending on the z-position, which is roughly
influenced by a) the surface topography and b) on the tip/surface properties. As a result of the tip-surface
interaction, a deflection of the cantilever or a change in the cantilever’s oscillating frequency or amplitude
is observed, depending on the operational scanning mode of the AFM discussed in the following
paragraph. Any of these reactions of the tip can be detected by an optical system consisting of a laser
beam which is reflected from the cantilever’s back side and traced from a four-quadrant diode detector
(Figure 3.5 (b)). Therefore, the topography of the sample surface can be surveyed with accuracy at the
nanometer level as the sharp tip scans the sample surface at a specific line frequency in a ‘raster pattern’

[5].

four-quadrant
(b) diode detector

<—— laser beam
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sample ——

piezoelectric
stage >

Figure 3.5: (a) Photo of the AFM installed at INN, NCSR ‘Demokritos’ and (b) schematic illustration of
the AFM technique.

The AFM operation can be classified in two basic modes, static and dynamic. Specifically, while
scanning the cantilever can be (i) static; the tip is in continuous contact with the sample surface and (ii)
oscillating; the tip is in (ii.a) instantaneous semi-contact with the sample surface at the lowest position of
the oscillation cycle or (ii.b) non-contact with the sample surface during the complete oscillation cycle. In
dynamic modes (ii.a) and (ii.b) the cantilever is forced to oscillate at its resonance frequency around an
equilibrium z-position above the sample surface, with appropriate amplitude of a few tens of nanometers.
The external sinusoidal driving force of appropriate amplitude and frequency is produced by a
piezoelectric base on which the complete probe is mounted [6,7]. Focusing on the semi-contact mode
used in the frame of this Thesis, after the tip-sample engagement (‘landing’ of the tip onto the sample
surface), the oscillation characteristics of the cantilever, that is amplitude and phase, are the signals of
interest that are recorded during scanning the sample surface [6,7]. Subsequently, each one of these two
signals can be used as a feedback parameter to control the process. More details can be found in [8-12].

The AFM experiments of this Thesis were performed at the semi-contact scanning mode with
NCHR probes that end to silicon nitride tips [Nano and More GmbH, Wetzlar, Germany] having the
nominal parameters, tip radius below 12 nm, spring constant=42 Nm™ and resonance frequency=320 kHz.
The optimum imaging results are obtained when the scanning parameters ranged within: line
frequency=1.5-2.5 Hz, area=0.5x0.5-30x30 pm? and lines per image=256-512.
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ii. Rutherford Backscattering Spectroscopy-RBS

Rutherford back scattering spectroscopy data were obtained at the 5.5 MV Tandem Accelerator
Laboratory of Institute of Nuclear Physics, NCSR ‘Demokritos’, using a 20 MeV *°O beam. The beam
current was kept constant (10 nA) during all irradiations. The backscattered particles were detected at a
scattering angle of 170 degrees with respect to the beam axis with a silicon surface barrier detector of
1000 um thickness covering a solid angle of 1.25 msr. The whole setup was housed in a C. Evans &
Assoc. scattering chamber equipped with a computer-controlled precision goniometer. The chamber was
kept under vacuum (107 mTorr) with the aid of two turbo pumps. The accumulated spectra were
simulated using the SIMNRA software package [13].

3.4 Magnetic and Transport characterization

i. Superconducting Quantum Interference Device-SQUID magnetometer

The magnetic and transport properties of the Co/Nb/Co TLs were measured by means of the standard
superconducting quantum interference device (SQUID) magnetometer MPMS 5.5 T unit [Quantum
Design, San Diego, CA, USA] of INN, NCSR ‘Demokritos’ (Figure 3.7 (a)). Below a brief description of
the main parts and the operation principle of the SQUID magnetometer are provided. More details can be
found in [14-17].

sample chamber

(b) dewar

detection coils

/
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Figure 3.7: (a) Photo of the SQUID magnetometer MPMS 5.5 T unit of INN, NCSR ‘Demokritos’. (b) A
schematic illustration of SQUID magnetometer is presented. The dewar, the sample chamber, the
superconducting magnet, the detection coils and the rf-SQUID sensor are shown. The sample is mounted
on the rod and moves vertically through the coils.

The SQUID magnetometer mainly consists of the sample chamber, the superconducting magnet,
the SQUID sensor and the superconducting detection coils that are presented in the schematic illustration
of Figure 3.7 (b). A dewar that is vacuum shielded and filled with liquid helium (we note that the
temperature of liquid helium is 4.2 K at 1 atm) encloses all the SQUID parts and ensures a low
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temperature environment so that the superconducting magnet and the superconducting detection coils are
constantly kept in the superconducting state while at the same time it provides the opportunity of low
temperature measurements by cooling the sample’s space. The sample chamber is always under vacuum
(provided by a mechanical pump) and is equipped with a high accuracy temperature controller system
with operation range 1.8-400 K. The superconducting magnet is outside the sample chamber (so as
thermal isolation is achieved) and applies a DC magnetic field to the sample up to 5.5 T. The sample is
adapted inside a plastic straw that is mounted to the end of a metallic rod and is inserted inside the sample
chamber. After performing a centering procedure, the sample is placed at the center of the
superconducting magnet so that the uniformity of the applied magnetic field is ensured. In the following
paragraphs the SQUID sensor and the superconducting detection coils are described in detail since they
are of great importance for the operation principle of SQUID magnetometer.

The SQUID sensor converts the magnetic flux into voltage with very high resolution. In general,
there are two types of SQUID sensors the dc-SQUID, consisting of two Josephson junctions connected in
parallel and the rf-SQUID, consisting of a single Josephson junction. Bellow we will focus in rf-SQUID
sensor since the SQUID magnetometer of INN is equipped with such type. The basic element of an rf-
SQUID sensor is a superconducting ring containing a weak Josephson junction. Around the Josephson
junction area the superconducting properties of the ring are degraded while its size is comparable to the
superconductor’s correlation length. Based on the Josephson phenomenon, the supercurrent that flows
through the ring with the weak junction can be modulated by an external magnetic flux enclosed to the
rings surface. The external magnetic flux is generated by a magnetic coil inserted in the center of the ring.
The changes of the supercurrent due to the external magnetic flux resembles to an interference image,
with a period equal to the quantum flux, ®,=2.0 107 Gauss cm?. As a consequence, if the ring has
sufficiently small size even small changes of the magnetic induction can be detected. If we consider that
magnetic induction is given by the equation B=0.1®,/S, where @, is the quantum flux and S is the surface
of the ring, we can find that for a considerable small ring surface such as S=1 mm? the magnetic induction
is approximately B=0.1 nT. Furthermore, since the magnetic measurements are conducted inside an
external magnetic field, the SQUID sensor is not in direct contact with the sample but located in a
magnetic shield some distance below the magnet and detection coils (Figure 3.7 (a)). The transfer of the
magnetic signal to the SQUID sensor is made by a detection circuit also called input circuit. The magnetic
flux of the sample is detected by the second-order gradiometer configuration described below.

As already mentioned the SQUID sensor measures the local changes in magnetic flux density
produced by a magnetic sample as it moves through the superconducting detection coils. The detection
coils are located at the center of the superconducting magnet outside the sample chamber, such that the
magnetic field stemming from the sample couples inductively to them as the sample moves through them
(Figure 3.7 (a)). The detection coils are connected to the input of the SQUID sensor. In this configuration
the detection coils are part of the superconducting input circuit of the SQUID so that changes in the
magnetic flux in the detection coils, caused by the sample moving through the coils, produce
corresponding changes in the current flowing in the superconducting input current, which is detected by
the SQUID sensor. The detection coil system is wound from a single piece of superconducting wire in the
form of three counterwound coils configured as a second-order (second-derivative) gradiometer. In this
geometry, shown in Figure 3.8 (a), the upper coil is a single turn wound clockwise, the center coil
comprises two turns wound counterclockwise, and the bottom coil is a single turn wound clockwise. The
coils have a 2.02 cm diameter, and the total length of the coil system is 3.04 cm. The second-order
gradiometer configuration rejects any noise caused by fluctuations of the large magnetic field of the
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superconducting magnet, and also reduces noise from nearby magnetic objects in the surrounding
environment.

\

Z
L, \
" V(z)
/ >

\i
@¢ LA

L,=L5=0.0508 cm
L1=L4=1.524 cm
R=0.97 cm

—— \(Ll/
R

Figure 3.8: (a) A schematic presentation of the superconducting detection coils in the second-derivative
configuration is presented. The distance of each coil (L4, L, Ls, Ls) and of the sample (z) from the center
of the magnet are also presented. (b) The output voltage of the SQUID electronics as a function of
position V(z) as a magnetic point-dipole with the value m(z)=constant>0 as is moved through the second-
order detection coils is shown.

Below we will present some basic calculations regarding the changes of the magnetic flux caused
by an ideal point-dipole that moves along the axis of a circular coil in order to estimate the changes of the
magnetic flux that will be measured from the three counterwound coils configured as a second-order
(second-derivative) gradiometer.

The vector potential of a point-dipole is given by:

Z\(r)zﬁlz<f . (1)

r

The magnetic flux, @, that penetrates a circular coil with a radius R due to the presence of a point-dipole
with vector potential A(r) of expression (1) is given by:

M, mxT

= [B.-dB= AY-dS=[fIA-dr =L dr 2
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Integrating along the circular coil we find
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where L and z are the distances of the center of the circular coil and of the point-dipole from the
beginning of the z axis, which is the center of the magnet respectively and m is the magnetic moment of
the point-dipole. Generalizing for that case of four circular coils, two clockwise and two
counterclockwise, we obtain the total magnetic flux:
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where the subscript numbers of L correspond to the four circular coils as it is shown in detail in the
schematic illustration of Figure 3.7 (b). The SQUID sensor determines the magnetic moment of a sample
by measuring the output voltage of the detection system as the sample moves through the coils. Since
changes in the output voltage of the SQUID are directly proportional to changes in the total magnetic flux
in the SQUID’s input circuit, transporting a point-dipole sample along the z-axis of the detection coil
system produces the position-dependent output signal, V(z), shown in Figure 3.8 (b). After each scan has
been completed, a mathematical algorithm is used to compute the magnetic moment of the sample from
the raw V(z) data. The curve shown in Figure 3.8 (b) is the theoretical curve for a sample, which behaves
as a simple point-dipole moving along the axis of the detection coil system. For a real sample, the ideal
curve will precisely fit the data only when: 1) the sample is positioned on the longitudinal axis of the coil
system, 2) the linear dimensions of the sample are much smaller than the characteristic dimensions of the
detection coils, 3) the magnetic moment of the sample does not change with position over the entire
length of the scan, and 4) the sample is uniformly magnetized over its entire volume. When these
conditions are met, the magnetic moment, m, of a sample can be accurately determined using the analysis
methods provided with the magnetometer.

Magnetic measurements

The magnetic measurements were obtained by means of the SQUID magnetometer. The applied field was
applied either parallel or normal to the samples surface during the magnetic characterization of the
samples. The superconducting magnet provides magnetic fields up to 5.5 T with accuracy of order 0.1
mT. Moreover, the SQUID magnetometer is equipped with a high precision temperature control system
which varies the temperature between 1.8 K and 400 K with accuracy of the order 0.01 K. Furthermore,
given the fact that SQUID reports the magnetic moment in emu (in cgs) in some cases we have divided it
by the volume (cm®) of the film so as to calculate the volume magnetization, M in emu/cm?®.

Co/Nb/Co TL —>

Iout
indium paste solders —>E§

<«—— copper contacts

insulating varnish —»

Figure 3.9: Photo of the standard four-point straight configuration of the copper contacts on the surface of
a TL. The solders of indium paste on top of the Co/Nb/Co TL, the copper contacts and the insulating
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Transport measurements

The transport properties were measured by applying a dc-transport current (15.=1.0 mA, always normal to
the magnetic field) with a Keithley 224 Programmable Current Source [Keithley, Cleveland, Ohio, USA]
and measuring the voltage with a Hewlett Packard 3457A Multimeter [Hewlett Packard, Palo Alto, CA,
USA] in the standard four-point straight configuration. The four contacts of copper (Cu) wires were made
directly on the sample surface by mechanical pressing with indium (In) paste solders. Prof. D.
Stamopoulos is warmly acknowledged for performing the contacts on the samples. The temperature
control and the application of the magnetic fields were achieved in SQUID magnetometer. In all the
transport measurements presented in this work the applied field was parallel to the surface of the samples.
The zero-field critical temperature, T, and the upper-critical field line He,(T) were defined at the onset of
the transition that is at R=R,, where R, is the resistance of the normal state.

ii. Magnetic Force Microscopy-MFM

The Magnetic Force Microscopy (MFM) is a special operation mode of the AFM where a magnetically
coated tip is used in order to investigate the magnetic domain structure of the specimen. MFM technique
is based on the detection of the magnetostatic interaction between the sample and a ferromagnetic tip. The
MFM experiments were obtained in the AFM setup shown in Figure 3.4 using commercial Co coated tips.

magnetically coated tip

second pass

fII’St pass ........................................

o —)ﬁ

Figure 3.10: Schematic illustration of the two-pass mode MFM technique is presented. In the first pass the
topographic-height with the non-contact AFM mode is recorded and in the second pass the magnetic-
phase imaging is obtained.

As illustrated in Figure 3.10 a two-pass mode was used for topographic-height (first pass) and
magnetic-phase (second pass) imaging. In this mode, the topographic and magnetic data are separated by
scanning each line of the so-called ‘raster pattern’ [5] twice, utilizing the fact that topographic
interactions, such as van der Walls forces between the sample surface and the tip, are short range while
magnetic interactions, such as magnetostatic forces or force gradients between the sample and the
magnetic tip, are long range. During the first pass, the topographic image is recorded with the semi-
contact mode (as described in detail in paragraph 3.3.i.). During the second pass, that is recorded with the
non-contact mode, the tip is lifted at a distance Az=50-200 nm so as the short range topographic forces
were exceeded and retraced the same line scan, with the feedback loop open, to record the magnetic
image (as shown in figure 3.9). More details on the MFM technique can be found in [18-27].

The MFM data presented were acquired using MULTI75M-G [Budget Sensors, Sofia, Bulgaria]
cantilevers with hard Co coating. The cantilevers end to silicon tips and have the nominal parameters: tip
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radius below 60 nm, force constant=3.0 Nm™ and resonance frequency=75 kHz. The optimum imaging
results are obtained when the scanning parameters ranged within: line frequency=1.5-2.5 Hz, area=2x2-
30x30 pm? and lines per image=256-512. The tips were magnetized in a field of 3 kOe with the
magnetization along the tip axis prior to the measurements. All MFM measurements were performed at
room temperature (T=300 K) and under zero magnetic field. We should stress that the samples were
measured in the as-deposited state. No magnetization or demagnetization protocol was performed before
the MFM experiments, since we wanted to capture the as-prepared multi domain state of them.

3.5 Object Oriented MicroMagnetic Framework-OOMMF simulation
package

In the frame of this PhD research the micromagnetic characteristics of Co thin films was investigated
theoretically via micromagnetic simulations performed with the Object Oriented MicroMagnetic
Framework-OOMMF software. OOMMF is a micromagnetic simulations package developed by Mike
Donahue and Don Porter in the Information Technology Laboratory at the National Institute of Standards
and Technology, US [28] and is publicly available. The OOMMEF 2-dimentional micromagnetic solver
(mmSolve2D) integrates the Landau-Lifsitz equation [28-33]

i—Tz—y-MxHeﬁ—K/I—aMx(MxHeﬁ) (5)

sat

where M is the point wise magnetization (A/m), Fleﬂ is the point wise effective field (A/m), y is the
gyromagnetic ratio (m/(A-s)), and «a is the damping coefficient (dimensionless). The effective field is

defined as
A o—_, 12k

= _ 6
eff luo 19M ()

The average energy density E is a function of M specified by Brown's equations [33], including the
exchange energy, the Zeeman energy, the magnetostatic stray field energy, and the anisotropy energy.
More details for the energy terms that dominate the magnetization behavior of a FM material can be
found in Chapter 1.2.i.c.

The micromagnetic problem is impressed upon a regular 2D grid of squares, with 3D magnetization
spins that are positioned at the centers of the cells. It should be stressed that the actual size of the grid,
usually referred as cell size, should be adequately small when compared to the three lateral sizes of the
simulated material. Both, the crystalline anisotropy and the various energy terms are calculated assuming
constant magnetization in each cell. Regarding the exchange energy, it is calculated using the eight-
neighbor bilinear interpolation described in [34]. Continuing on the magnetostatic stray field energy it is
calculated as the convolution of the magnetization against a kernel that describes the cell to cell
magnetostatic interaction. In addition, constant magnetization is assumed in each cell [35,36].

The Landau-Lifshitz ODE is integrated using a second order predictor-corrector technique of the
Adams type. The right side of (5) at the current and previous step is extrapolated forward in a linear
fashion and is integrated across the new time interval to obtain a quadratic prediction for M at the next
time step. Moreover, the right side of (5) is evaluated at the predicted M, which is then combined with the
value at the current step to produce a linear interpolation of dM/dt across the new interval. This is then
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integrated to obtain the final estimate of M at the new step. For a given applied field, the integration
continues until a control point is reached suggesting that an equilibrium state is established. More details
of the OOMMTF software’s architecture and the calculation process can be found in [29].

AR 1d Z/I\ y
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P

Figure 3.11: Schematic illustration of the simulated rectangular film.

In the frame of this PhD we performed micromagnetic simulations by selecting the appropriate (a)
material parameters, (b) simulation conditions and (c) film geometry from the options available on the
OOMMF 1.1b2 release without developing new code. In particular, we simulated a rectangular film with
constant surface dimensions, x=2.0x10° m and y=1.5x10"° m, while the thickness was varying from
d=5.0x10" to 100.0x10° m (see the sketch bellow) and the cell size was 5.0x10°m. Furthermore, we have
used typical magnetic parameters for an hcp cobalt film such as crystalline anisotropy constant
K1=500x10° J/m?, saturation magnetization M=1400x10° A/m and exchange constant A=30x10™%J/m and
have chosen a constant uniaxial anisotropy along z axis. In all cases the magnetic field was applied
parallel to the surface of the film, along the y axis as shown in the schematic illustration of Figure 3.11.
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Chapter 4

Co/Nb Hybrid Structures

This Chapter focuses on the structural and morphological characterization of the Co/Nb/Co TLs and their
‘building’ blocks (i.e. Co and Nb single layers (SLs) and Co/Nb and Nb/Co bilayers) performed by means
of X-Ray Diffraction and Rutherford Backscattering Spectrometry and Atomic Force Microscopy
experiments, respectively. In addition, the transport and magnetization data of selected TLs are presented
and the introduction to the physical mechanisms that govern the two versions of the MR, the sSVE and
the SMRE, observed in FM/SC/FM TLs is provided.

4.1 Structural characterization of Co/Nb hybribs

I.  XRD measurements: Chemical and Crystalline structure

XRD experiments were performed in a) Co and Nb SLs, b) Co/Nb and Nb/Co BLs, and on (CoO-
)Co/Nb/Co and Co/Nb/Co TLs in order to verify their chemical and crystalline structure. Representative
XRD data are shown in Figure 4.1. Before proceeding with the XRD data we recall some details referring
to the experimental conditions that have already been presented in detail in Chapter 3.2. All the XRD
experiments have been obtained to specimens with relatively large surface area that is on the order of
1.2x1.2 cm?. The XRD patterns were collected in the 26 angle range between 10 to 90 degrees with a 20
step interval of 0.03 degrees and time step of 9 s. The background has been subtracted by means of the
EVA software, while the various XRD patterns have been normalized and multiplied with proper factors
for the sake of comparison and presentation, respectively. Finally, the assignment of the peaks in the
XRD patterns was performed in respect to the ICDD database.

In Figures 4.1 (@) and 4.1 (b) the XRD patterns of Nb(dy,) and Co(dg,) SLs and (CoO-
)Co(dco)/Nb(dny)/Co(dc,) TLs with thicknesses dc,=10-100 nm and dn,=17 nm are presented,
respectively. It is worth noticing that all XRD spectra reveal clear peaks assigned to Co and Nb
constituents, confirming the high structural quality of the samples.

Firstly, we focus in Figure 4.1 (a) where the XRD spectra of the Nb(17nm) (green line), the
Co(10nm) (red line), the Co(60nm) (black line), and the Co(100nm) (blue line) SLs are presented. More
precisely, in the Nb(17nm) SL’s pattern (green line) two peaks are observed at approximately 38 and 82
degrees that correspond to Nb (110) and (220) (open rhombuses), respectively. Continuing throughout the
Co SLs, in the XRD patterns of the thicker ones, that are the Co(60nm) SL (black line) and the
Co(100nm) SL (blue line), we clearly observe three peaks assigned to Co (100), (002) and (101) (solid
rhombuses). However, in the case of extremely thin Co SLs, such as Co(10nm) SL, no peaks have been
observed. This is reasonable if one considers that the volume of Co(10nm) is too small when compared
with the volume of the Si substrate whose background contributes significantly. Therefore, in the XRD
pattern of the extremely thin Co(10nm) SL none of the Co peaks is observed since their intensity is below
the detection limit of the XRD measurement.

Secondly, we focus in Figure 4.1 (b) where the XRD spectra of the CoO(2nm)-
Co(10nm)/Nb(17nm)/Co(10nm) (red line), the CoO-Co(60nm)/Nb(17nm)/Co(60nm) TL (black line) and
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the Co(100nm)/Nb(17nm)/Co(100nm) (blue line) TLs are presented. For the TLs with thicker Co layers,
dco,=60 and 100nm, we clearly observe four peaks assigned to Co (100), (002), (101) and (110) (solid
rhombuses) and one peak assigned to Nb (110) (open rhombuses). For the TL with 10 nm Co layers none
of the Co peaks can be distinguished, due to the smaller amount of Co (in agreement with the Co(10nm)
SL’s pattern shown with the red line in Figure 4.1 (a)). In all XRD spectra of the CoO-Co(d-
co)/Nb(17nm)/Co(dc,) TLs the Nb is dominant through the (110) peak. Moreover, in the case of two CoO-
Co(dco)/Nb(17nm)/Co(dc,) TLs, none of the peaks of the XRD patterns is assigned to CoO, a fact that
could be explained if we consider that CoO is a very thin layer (approximately 2 nm thickness) in the
bottom of the trilayered structure, while a peak near 30 degrees possibly corresponds to the compounds
NbO or CoNb,Og (or both).
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Figure 4.1: (a) XRD patterns of a Nb(17nm) SL (green line), a Co(10nm) SL (red line), a Co(60nm) SL
(black line) and a Co(100nm) SL (blue line). (b) XRD patterns of a CoO-Co(10nm)/Nb(17nm)/Co(10nm)
TL (red line), a CoO-Co(60nm)/Nb(17nm)/Co(60nm) TL  (black line) and a
Co(100nm)/Nb(17nm)/Co(100nm) TL (blue line).

In all cases, the Si [001] substrate indicates its presence through a wide peak at approximately
20=70 degrees, while in some cases also a significantly narrower Si peak at 26=33 degrees is observed.
The Co peaks (100), (002) and (101) demonstrate a polycrystalline hcp-Co structure [1-4]. This is an
important finding regarding to the magnetization the Co outer layers of the Co/Nb/Co TLs that will be
discussed in the following Chapter. In addition, the primary (110) peak of Nb demonstrates a typical bcc
structure in all cases (in the Nb(17nm) SL’s XRD pattern of Figure 4.1 (a) and in the XRD patterns of all
Co0-Co(dco)/Nb(17nm)/Co(dc,) TLs of Figure 4.1 (b)). Finally, the clear peaks of the XRD patterns
presented in Figures 4.1 (a) and 4.1 (b) reflect the high quality of the sputtered Co and Nb layers.

4.2 Morphological characterization of Co/Nb hybribs

I.  AFM measurements: Surface Roughness

AFM experiments were performed in the surface of a) Co and Nb SLs, b) Co/Nb and Nb/Co BLs and c)
Co/Nb/Co TLs in order to estimate the surface roughness of each deposited layer. Figure 4.2 shows
representative  5x5 pm’ images for (i) Co(de,) SLs, (i) Co(deo)/Nb(17) BLs and (iii)
Co(dco)/Nb(17)/Co(dc,) TLs with Co thicknesses (a) 10 nm, (b) 60 nm, (c) 80 nm and (d) 100nm. The

44



mean topographic roughness, <TRa>, is presented in Table | and it was estimated by means of the NOVA
software [5]. For the estimation of the mean <TRa> at least five different areas on the sample surface
were recorded to meet adequate statistics. In all cases the <Ra> obtains significantly low values, a fact
that reflects the high quality of the surface morphology of the sputtered samples, while the low standard
deviation documents the highly controlled sputtering conditions that enable the reproducible production
of TLs of similar microstructural characteristics. In Figure 4.3 we show the evolution of the <TRa>
calculated from 5x5 pm® AFM images with the increase of the Co thicknesses for each building block, i.e.
Co(dco) SLs, Co(dc,)/Nb(17) BLs and Co(dco)/Nb(17nm)/Co(dc,) TLs with Co thicknesses dc,=10 nm,
60 nm, 80 nm and 100nm. The relevant data are presented in Table 4.1.

Figure 4.2: AFM data (5x5 um® for (i) Co(dg,) SLs, (i) Co(deo)/Nb(17) BLs and (iii)
Co(dco)/Nb(17)/Co(dc,) TLs with Co thicknesses (a) 10 nm, (b) 60 nm, (c) 80 nm and (d) 100nm, in
three-dimensional rendering.
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Figure 4.3: The evolution of the mean Surface Roughness, <TRa>, with the increase of the Co thickness
for Co(dc,) SLs (red line), Co(dco)/Nb(17nm) BLs (blue line) and Co(dc,)/Nb(17nm)/Co(dc,) TLs (black
line). We note that the <TRa> is calculated from 5 x 5 um® AFM images.
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Evaluating the data presented in Table 4.1 and Figure 4.3 we can extract two important inferences.
First, as the Co layer thickness increases for each ‘building’ block, i.e. SLs, BLs and TLs, the <TRa>
exhibits a minor increase as it is evidenced at each column of the Table 4.1. We should note that the low
values of <TRa> indicate the growth of plain films of almost zero surface roughness and prove the high
quality of the surface morphology of the sputtered samples. Second, for a given Co thickness only a
minor increase of the <TRa> is realized during the Co/Nb/Co TL’s ‘building’, that is realized by adding a
Nb layer on the Co SL to form the Co/Nb BL and accordingly by adding a Co layer on the Co/Nb BL
(this is evident at each line of the Table 4.1 and in Figure 4.3) proving the high quality of the interfaces.
Consequently, the AFM experiments indicate the growth of plain films with almost zero surface
roughness and suggest that the ‘building” of the TL does not increase the surface roughness.

Table 4.1
Mean Surface Roughness, <TRa>, calculated from 5x5 um? AFM images for Co(dc,) SLs,
Co(dco)/Nb(17nm) BLs and Co(dc,)/Nb(17nm)/Co(dc,) TLs with Co thicknesses
dce=10 nm, 60 nm, 80 nm and 100nm.

de, (NM) <TRa> (nm)
SL: Co(dco) BL: Co(dco)/Nb(17nm) TL: Co(dco)/Nb(17nm)/Co(dc,)
10 0.10+0.01 0.11+0.01 0.13+0.02
60 0.19+0.01 0.18+0.02 0.23+0.01
80 0.22+0.03 0.21+0.01 0.26+0.01
100 0.36+0.03 0.32+0.04 0.37+0.04

li. RBS measurements: Quality of Interfaces and Depth profile

To further test the structural quality of the interfaces of our samples we performed RBS
experiments in incomplete samples, that are Co(dco)/Nb(dny) and Nb(dys)/Co(dc,) BLs, and in complete
Co(dco)/Nb(dnp)/Co(dc,) TLs with nominal thicknesses dyp,=17 nm and dc,=10 and 60 nm. Figures 4.4
(a.ih)-(a.ii), (bi)-(bii) and (c.i)-(c.ii) show representative raw RBS data and the estimated depth profile for
the case of a Co(dco)/Nb(dnp)/Co(de,) TL, @ Co(deo)/Nb(dns) BL and a Nb(dn,)/Co(de,) BL with nominal
thicknesses dyp,=17 nm and dc,=60 nm. These data (Figures 4.4 (a.i), (b.i) and (c.i)) clearly prove that
interdiffusion of Co and Nb at the Co/Nb interfaces is practically negligible, a clear proof of their high
quality.

Finally, the RBS data provide important information for the thickness of our sputtered films. More
specifically, the RBS-estimated thickness of Co layers with nominal thickness dg,=60 nm is <dc, >>>=59
+ 5.5 nm (mean value of 5 samples), the RBS-estimated thickness of Co layers with nominal thickness
dco=10 nm is <de,"E°>=12.1 + 2.0 nm (mean value of 5 samples) and the RBS-estimated thickness of Nb
layers with nominal thickness dyy=17 nm is <dy,">>>= 20.1 + 1.3nm (mean value of 8 samples). Since the
RBS-estimated thicknesses have very low standard deviation values and are very close to the nominal
thicknesses of the Co and Nb layers we can conclude that the highly controlled sputtering conditions
serve to the preparation of TLs of similar geometrical characteristics.

It is well known in the literature [6-11] that surface roughness in the interfaces of FM/SC/FM TL
could enhance the transverse magnetic coupling of the FM outer layers through local ‘guiding’ of the

46



stray fields (‘orange peel’ coupling). The AFM and RBS experiments performed on our Co/Nb/Co TLs
revealed high quality of the interfaces and minor diffusion between them. Thus the magnetostatic
coupling between the outer Co layers in the Co/Nb/Co TLs studied in the frame of this Thesis can not be
attributed to ‘orange peel’ coupling.
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Figure 4.4: (i) Rutherford back scattering data and (ii) estimated depth profile for (a) a
Co(60)/Nb(17)/Co(60) TL, (b) a Nb(17)/Co(60) BL and (c) a Co(60)/Nb(17) BL.

4.3 Transport and magnetic characterization of Co/Nb hybrids

FM/SC hybrid nanostructures have been widely studied during the last years both theoretically and
experimentally. More specifically, in FM/SC/FM TLs the transport properties of the SC interlayer can be
controlled by the magnetic configuration of the outer FM layers. Thorough investigations on the
magnetoresistance phenomena observed in NiggFe,/Nb/NigyFe,, and Co/Nb/Co TLs [7,8,12-19] resulted
to the understanding of the underlying physical mechanisms that motivate two distinct effects, which
separately originate from the different in-plane and out-of-plane mechanisms [14,15]. To take into
account the contribution of both in-plane and out-of-plane mechanisms on the magnetoresistance,
guantified as (Rmax-Rmin)/RnorX100%, observed in these TLs we introduced two distinct terms, the so-
called superconducting spin-valve effect (SSVE) and the superconducting magnetoresistance effect
(SMRE), respectively [7,8,12-19].

i. The superconducting magnetoresistance effect (SMRE)

Figures 4.5 (a)-(c) present detailed transport data for the Nol Co(60nm)/Nb(17nm)/Co(60nm) TL. In
Figure 4.5 (a) we show the zero-field resistive transition curve from which the SC’s critical temperature,
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T.5=6.975 K, and the resistive transition width, AT.=33 mK, are estimated. The SC’s critical temperature
is determined at the onset of the resistive transition curve where the normal state value, R, is obtained,
i.e. T °=T[R=100%R,,], and the resistive transition width is estimated as AT.=T[R=80%R]-
T[R=20%R,]. The isothermal magnetoresistance curves presented in Figure 4.5 (b) were obtained for
temperatures across the superconducting transition for the TL in the Virgin state. By the term Virgin we
imply that the sample was in the as prepared state. In all isothermal magnetoresistance curves one peak
around zero-field is clearly identified that is attributed to the superconducting magnetoresistance effect
(SMRE). The sMRE is calculated as the percentage magnetoresistance change (Rmax-Rmin)/RnorX100% and
for Nol TL obtains maximum value on the order of 97.7% at temperature Tgvremax=6.95 K<T.5¢=6.975
K. In Figure 4.5 (c) we present the isothermal magnetoresistance curve obtained at temperature T=8
K>T.°=6.975 K that reveals the normal-state magnetoresistance (nsMR) with magnitude on the order of
0.5%. The great difference between the nsSMR and the SMRE values indicates the different underlying
mechanism that motivated each magnetoresistance peak. We recall that at temperatures above T, the SC
interlayer behaves as a Non-Magnetic layer. We note that in all TLs examined in the frame of this
research exhibit low nsMR magnitude as can be seen in Tables 1-3 and of Appendix A, while no
correlation or scaling behavior between the nsMR and the SMRE has been witnessed.

0.3 F(@)No1 Co(60nm)/Nb(17nm)/Co(60nm}
g 02¢ sc ]
£ T5°=6.975 K
=01} AT=33mK
m c
0 o 1 1 1 1 H:|o Oe
6.88 6.90 6.92 6.94 6.96 6.98 7.00 7.02
03 T(K)
0.2
@
£
<
e
- 01
0.0
o1
0.2480
—.0.2475
[2)
£ 024701 NSMR=0.5%
§o
& 0.2465
0-24645 5 0 5 10
H (kOe)

Figure 4.5: Transport data for the No1 Co(60nm)/Nb(17nm)/Co(60nm) TL. (a) The zero-field resistance
curve, R(T), obtained for SC’s the critical temperature, T, and the width of the SC’s resistive transition,
AT,, determination. (b) Magnetoresistance curves taken across the superconducting transition are shown
in extended field range. (c) Magnetoresistance curve obtained at T=8.00 K>T, is presented.
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In Figure 4.6 the maximum sMRE values obtained at various temperatures across the resistive
transition, SMRE(T) is presented. It is clear that the intensity of the SMRE peak becomes maximum at
Tsmremax=6.95 K that is approximately at the middle of the resistive transition, while it obtains values over
80% at a quite extended temperature window of 54 mK. Starting from temperature T=6.95 K it can be
seen that as temperature decreases towards the superconducting state and increases towards the normal
state the SMRE gradually diminishes. Relevant findings have been witnessed in NiggFe,o/Nb/NiggFe,q TLS
[7,8] and in Lag 7CapsMnO4/YBa,Cu;0-/Lay ;Cag sMnO; TLs [20,21].
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Figure 4.6: The dependence of sSMRE on the tempe(rgture. Red dotted lines reveal that SMRE obtains
values over 80% at an extended temperature range of 54 mK.

Magnetization and transport data of the Nol Co(60nm)/Nb(17nm)/Co(60nm) TL are presented in
Figures 4.7 (a) and (b) in the same field regime for comparison reasons. The magnetization loop, Figure
4.7 (a), is obtained at temperature T=10 K>T.® and reveals a two-step behavior expected for FM/SC/FM
TLs. The difference between the coercive fields of the outer Co layers is AH.=150 Oe. The
magnetoresistance curve, Figure 4.7 (b), is obtained at temperature T=6.95 K<T.® and reveals the
maximum sMRE value observed for the TL. From the comparison of panels (a) and (b) of Figure 4.7 two
important inferences can be extracted. First, both decreasing and increasing branches of the
magnetoresistance curve exhibit quantitative equivalent SMRE on the order of 98 %. Second, the SMRE
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peak in both magnetoresistance branches obtains the maximum value at the magnetic field where the
minimum magnetization is observed as depicted through the blue dashed lines that interconnect Figures
4.7 (a) and (b). Relevant results were presented by Stamopoulos et al. [7,8,12] for NiFe/Nb/NiFe.
Moreover, Pena et al. [20] and Visani et al. [21] have studied Lag;CaysMnQO3z-YBa,CusOs-
Lay7CapsMnOs TLs and reported on the appearance of magnetoresistance peaks at the magnetic field
regime between the coercive fields of the top and bottom FM layers.
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Figure 4.8: (a) Longitudinal and (b) transverse magnetization loops of the Nol

Co(60nm)/Nb(17nm)/Co(60nm) TL obtained simultaneously at temperature T=4.5 K that is well below
the critical temperature T, of the SC interlayer.

To further investigate the magnetization properties of the Nol Co(60nm)/Nb(17nm)/Co(60nm) TL
we performed measurements of the longitudinal and transverse magnetization component at temperature
4.5 K that is well below the critical temperature, T.=6.975 K. In Figure 4.8 (a) and (b) the longitudinal
and the transverse magnetization loops are presented, respectively, obtained at temperature T=4.5 K. We
stress that the magnetic field was applied parallel to the surface of the sample as shown in the inset of
Figure 4.8 (a). The longitudinal magnetization loop obtained at temperature T=4.5 K (Figure 4.8 (a))
resembles with the magnetization loop obtained at T=10 K (Figure 4.7 (a)) indicating that the TL behaves
as if the SC is absent. Regarding the magnetization loop of the transverse component (Figure 4.8 (b)), it
reveals the typical diamagnetic loop of a SC in the superconducting state except for the low magnetic
fields regime, -1 kOe<H,<1 kOe, where a suppression of the transverse magnetization indicated as an
intense dip is realized. Moreover the minimum of the transverse magnetization dip is signified at the same
magnetic field where the minimum of the longitudinal magnetization is observed (see blue dashed line
that interconnects Figures 4.8 (a) and (b)). It is known that the FM outer layers attain a multi domain
structure accompanied by transverse stray fields around coercivity thus transverse magnetostatic coupling
between them is provided. Therefore the SC interlayer behaves diamagnetically in respect to a transverse
magnetic field that emerges owing to the transverse magnetic coupling of the outer FM layers. This is
clearly observed in the TL’s transverse magnetization loop that exhibits the model loop expected for a SC
when bulk pinning dominates [22]. These issues have been discussed in detail in [7,8,12,13]. Moreover
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we can conclude that the transverse magnetization dip observed in the low magnetic fields regime is
stimulated by the out-of-plane magnetization processes of the FM outer layers.

The data presented in Figures 4.5, 4.6, 4.7 and 4.8 are typical for FM/SC/SM TLs where the SMRE
is developed [7,8,12-19,24-32] and suggest that the sMRE is related to out-of-plane magnetization
processes occurring at the outer FM layers. The physical mechanism responsible for the observation of
the SMRE has been discussed in detail in our previous works [7,8,12-19]. The sMRE observed in
FM/SC/FM TLs always occurs at external magnetic fields around coercivity, Heq=H; in this low
magnetic field regime the FM outer layers attain a multidomain magnetic state so that the intense stray
fields emerging all over their surface promote a transverse magnetostatic coupling [7,8,12-19]. The
transverse stray fields, Hsyay, ‘pierce’ the SC interlayer and affect the momenta of the Cooper-paired
electrons (orbital effect [39,40,43-45]). Consequently, superconductivity is destroyed either partially (the
SC’s lower critical field, Hei(T), is exceeded) or totally (the SC’s upper critical field, He(T), is exceeded)
since the affected from Hg.y regimes of the SC interlayer are involved in dissipation processes [7,8,12-
19,24-31]. On the one hand, when Hgy,y exceed the lower-critical field, He.(T), vortices are created and
subjected to current-induced movement under the action of the Lorentz force, F| =Jexx®, (Where ®,=hc/2e
is the flux quantum) originating from the external transport current, Je.. On the other hand, when Hgyay
exceed the upper-critical field, He,(T), the normal state is reached locally. Therefore, the term ‘stray fields
scenario’ was coined for the sSMRE observed in FM/SC/FM TLs.

We should mention that in 2000 Thomas et al. [23] studied FM/Non-Magnetic/FM TLs and
reported on the magnetostatic coupling between the FM outer layers induced by large stray fields from
domain walls that form at the FM layers during its magnetization reversal. In 2006 Steiner and Ziemann
[25] performed transport and longitudinal magnetization measurements in FM/SC/FM TLs and FM/SC
BLs consisting of Co, Fe and Nb while also employed micromagnetic simulations and showed that the
observed magnetoresistance peaks are related to the stray fields that emerge in FM layers at coercivity.
Relevant experiments on the longitudinal and transverse magnetization of NiFe/Nb/NiFe TLs were
reported by S. Oh and colleagues [26-29] and offered a clear confirmation of the ‘stray fields scenario’ as
the underlying mechanism for the observation of the SMRE in FM/SC/FM TLs. The importance of stray
fields on the SMRE was further established by M. van Zalk et al [31] and J. Zhu et al [32] through
experiments in Lag ¢7Srp33Mn0O3/YBa,Cus0,-5 and NiFe/Nb BLs and TLs, respectively.

Ii.  The superconducting spin-valve effect (SSVE)

Figures 4.9 (a)-(d) present detailed transport data for the CoO(2nm)/Co(10nm)/Nb(25nm)/Co(10nm) TL.
The CoO underlayer was added to the bottom Co layer of the Co/Nb/Co TL. Due to the antiferromagnetic
(AFM) character of CoO, when the Exchange Bias (EB) mechanism is imposed the bottom AFM-FM
layer’s magnetization is pinned in-plane to a specific direction thus it behaves as a magnetically ‘hard’
FM layer while the top FM layer is free to rotate thus it behaves as a magnetically ‘soft’ FM layer (the EB
mechanism will be presented in the following Chapter 5.3 and in the Appendix C).

In Figure 4.9 (a) we show the zero-field resistive transition curve from which the SC’s critical
temperature, T.=4.0 K, and the resistive transition width, AT.=112.7 mK, are estimated. In Figure 4.9 (b)
we present the isothermal magnetoresistance curve obtained at temperature T=5 K>T.=4.00 K that reveals
a nsMR on the order of 0.6%. The isothermal magnetoresistance curves presented in Figure 4.9 (c) and
(d) were obtained for temperatures across the superconducting transition for the TL in the Virgin and the
EB state, respectively. By the term EB state we imply that the EB mechanism is imposed to the bottom
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Co layer through performing field cooling before each magnetoresistance curve. The magnetoresistance
curves for the TL in the Virgin state (in Figure 4.9 (c)) reveal the expected SMRE peak with maximum
magnitude on the order of 9.5%. In all magnetoresistance curves for the TL in the EB state (in Figure 4.9
(d)) adip is clearly identified that is attributed to the superconducting spin-valve effect (SSVE). The sSVE
is calculated as the percentage magnetoresistance change (Rmax-Rmin)/RnorX100% and obtains maximum
value on the order of 1.5% at the middle of the dip for temperature Tssvema=3.85 K<T.C=4.00 K.
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Figure 4.9: Transport data of the CoO(2nm)/Co(10nm)/Nb(25nm)/Co(10nm) TL. (a) The zero-field
resistance curve, R(T), obtained for SC’s the critical temperature, T, and the width of the SC’s resistive
transition, AT, determination. (b) Magnetoresistance curve obtained at T=5.00 K>T.*“N!. (c) and (d)
Magnetoresistance curves of the TL at the Virgin and the EB state, respectively taken across the

superconducting transition shown in extended field range.
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Figures 4.10 (a)-(d) present the magnetization (Figures 4.10 (a) and (c)) and transport (Figures 4.10
(b) and (d)) data of the CoO(2nm)/Co(10nm)/Nb(25nm)/Co(10nm) TL obtained in the Virgin (Figures
4.10 (a) and (b)) and the EB (Figures 4.10 (c) and (d)) state. We note that all graphs of Figure 4.10 are
presented in the same magnetic field regime for comparison reasons.

At first we focus on the Virgin experiments. In Figure 4.10 (a) we presented the magnetization loop
of the Virgin state obtained above the critical temperature T=10 K>T.°°. The difference between the
coercive fields of the outer Co layers is AH."""=0.5 kOe. In Figure 4.10 (b) we presented the decreasing
branch of the magnetoresistance curves of the Virgin state obtained at temperature T=3.8 K where two
distinct SMRE peaks are observed. As already discussed in the previous paragraph, each SMRE peak is
ascribed to the out-of-plane magnetization reversal processes of the top (‘soft’) Co layer and the bottom
(‘hard’) Co layer of the TL. This is shown through the vertical magenta dashed lines that interconnect
panels (a) and (b). Surprisingly, the increasing magnetoresistance branch measured at T=3.75 K reveals
again two distinct peaks that are motivated by the coercive fields of the outer Co layers and are shown
through the blue dashed lines that interconnect panels (c) and (d). These data reveal clearly that the center
of each sSMRE peak is always denoted at the coercive field of the respective Co layer of the TL and
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confirm the ‘stray fields scenario’ presented in Chapter 4.3.1 as the dominant underlying mechanism for
the interpretation of the SMRE.

At second we focus on the EB experiments. In Figure 4.10 (c) we present the magnetization loop of
the EB state obtained above the critical temperature T=10 K>T.SC. The difference between the coercive
fields of the outer Co layers is AH."°=1.1 kOe. The comparison of the magnetization data for the Virgin
and the EB state presented in Figures 4.10 (a) and (c), respectively confirm the existence of the EB
mechanism since a significant increase of the difference between the coercive fields of the outer Co layers
upon its application is realized. More important in the EB state two magnetic configurations of the Co
outer layers can be achieved; the ‘parallel’ magnetic configuration is realized if the external magnetic
field is in the regime He>H.P°=0 kOe and Hey<H,"™°=1.1 kOe and ‘antiparallel’ magnetic
configuration is realized if the external magnetic field is in the regime H."""°=1.1 kOe<Hey<H.°"*°=0
kOe. The ‘parallel’ and ‘antiparallel’” magnetic configurations of the outer Co layers are signified in
Figure 4.10 (c) by parallel and antiparallel red and blue arrows. In Figure 4.10 (d) is shown the EB
magnetoresistance curve of the TL obtained at temperature T=3.85 K<T, that reveals the sSVE dip of
magnitude 1.5%. The sSVE is realized in the magnetic field regime where the ‘antiparallel’ configuration
of the outer Co layers, as indicated by the direct comparison between the Figures 4.10 (a) and (b). These
data suggest that the ‘antiparallel’ magnetic configurations of the outer Co layers enhance the
superconducting properties of the TL.
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Figure 4.10: (a) Magnetization loop for the CoO(2nm)/Co(10nm)/Nb(25nm)/Co(10nm) TL in the Virgin
state obtained above the critical temperature T=10 K>T.. (b) Decreasing and increasing branches of the
magnetoresistance curves of the TL in the Virgin state. (c) Magnetization loop for the TL in the EB state
obtained above the critical temperature T=10 K>T.*°. (d) The magnetoresistance curve of the TL in the
Biased state with the maximum sSSVE magnitude is shown. The magnetization loops and the

magnetoresistance curves are presented in the same magnetic field regime for comparison reasons.

The data presented in Figures 4.9 and 4.10 (c),(d) are typical for FM/SC/FM TLs where the sSSVE
is developed [33-44] and suggest that the SSVE is related to in-plane magnetization processes occurring at
the outer FM layers. More specifically, the in-plane magnetization component of the FM outer layers
provides a strong exchange field, He that penetrates the SC interlayer at a small depth by the FM-SC
interfaces and affects the spins of the Cooper-paired electrons (paramagnetic effect [43-49]). The Hey ina
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magnetically ordered state tends to align spins of Cooper pairs in the same direction, thus preventing a
pairing effect. The EB mechanism imposed by the AFM layer to the bottom FM layer is of great
importance for the optimization of the sSVE since it ‘pins’ the bottom FM layer’s magnetization in-plane
to a specific direction. Thus the bottom FM layer behaves as a magnetically ‘hard’ FM layer. At the same
time, the top FM layer is ‘free’ to rotate following the direction of the externally applied magnetic field
thus it behaves as a magnetically ‘soft” FM layer. Depending on the direction of the externally applied
magnetic field, that is always parallel to the surface of the TL, the two FM layers exhibit either a
‘parallel” or an ‘anti-parallel” in-plane magnetization configuration. The SC interlayer experiences the
exchange field, Hey, of the outer FM layers that is maximum in the ‘parallel” configuration and minimum
in the ‘antiparallel” configuration. Consequently in the ‘parallel” configuration the superconducting
properties are strongly suppressed while in the ‘antiparallel’ case the superconducting properties are
comparatively preserved. In other words the relative configuration, either ‘parallel’ or “antiparallel’, can
control the population of Cooper pairs inside the SC.

Various versions of FM-SC-based spin valves that exhibit the so-called sSVE under the application
of in-plane magnetization processes were theoretically proposed in [33-34]. In 1999 both Buzdin et al
[33] and Tagirov [34] theoretically studied a superconducting spin switch effect, based on the in-plane
configuration and formerly proposed that the transport properties of the SC interlayer can be controlled by
the relative in-plane configuration of the magnetizations of the FM outer layers, i.e. ‘parallel’ (P) or
‘antiparallel” (AP). As discussed in [33], to understand the difference between the critical temperatures of
the AP- and P-phases, one can take into consideration that Cooper pair consists of two electrons with
opposite spin directions. Thus if the magnetizations of ferromagnetic layers are parallel and the thickness
of superconducting layer is of the order of the correlation length, the induced exchange field tries to break
the Cooper pair. For the antiparallel alignment this breaking field, produced by each of the ferromagnetic
layers, is averaged and then partially compensated. The superconducting spin switch was realized a few
years later by Gu et al. [35] through experiments on conventional low-Tc superconductors and transition
metal ferromagnets [NigFeig-Cug47Nigs3]/Nb/[Cug47Nigs3-NigsFegs] TLs where proximity effect yields
higher Tc values when magnetic layers are AF aligned. Moreover, I. C. Moraru et al [36] also studied a
great number of Ni/Nb/Ni TLs and observed a significantly larger shift of the superconducting transition
temperature T, than that reported in [33,34].

The impact of the in-plane of the FM outer layers on the magnetoresistance of FM/SC/FM TLs
consisting of the high-T, SC YBa,CusO; and high spin-polarized FM Lay,Cay3sMnO; layers was also
studied by J. Santamaria and colleagues [20,21]. In this works it was found that magnetoresistance is
increased in the ‘antiparallel’ alignment of the FM layers (that is opposite to the results observed in [33-
35]), which suggests that for the antiferromagnetically aligned magnetic layers the zero resistance critical
temperature of the YBCO is reduced. This finding was ascribed to the depressed order parameter in the
superconductor due to a spin imbalance resulting from the ‘antiparallel’ alignment of the ferromagnetic
layers [38].
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Chapter 5

Magnetic anisotropy of Co thin films - shape anisotropy and exchange bias
mechanism

As already presented in Chapter 1, the overall magnetic anisotropy of a FM layer is controlled by
intrinsic (saturation magnetization Mgy, magnetic stiffness A and magnetocrystalline anisotropy K) and
extrinsic (layer thickness dry) factors [1-10]. In the present Chapter we investigate theoretically the
magnetic anisotropy and magnetic domain structure (MDS) of Co(dry) SLs through micromagnetic
simulations performed by means of the OOMMF software. In addition, we investigate experimentally the
overall magnetic anisotropy of the Co/Nb/Co TLs through magnetization measurements performed in the
SQUID 5.5 T magnetometer and the magnetic domain structure (MDS) of the top Co layer of Co/Nb/Co
TLs by means of MFM. It is known [1-11] that the overall anisotropy of FM films with perpendicular
magnetocrystalline anisotropy, such as hcp Co films, transforms from in-plane to out-of-plane at a critical
thickness d. " due to the dominant role of shape anisotropy. In both theoretical (micromagnetic
simulations-OOMMF) and experimental (magnetization measurements-SQUID and MDS investigation-
MFM) investigations, the Co layer’s thickness, dc,, was varied between 10 nm and 200 nm in order to
determine the critical value d;,"™.

Moreover, the impact of EB mechanism to the magnetic behavior of the Co/Nb/Co TLs is further
examined. A CoO(2nm) underlayer was added to the bottom Co layer of selected Co/Nb/Co TLs with thin
Co layers giving the parent structure CoO-Co/Nb/Co. CoO is an antiferromagnetic (AFM) ingredient with
a characteristic Neel temperature Ty=291 K, while Co is a typical FM below its critical temperature
T.=1388 K. When the EB mechanism is imposed, the bottom AFM-FM layer’s magnetization is pinned
in-plane to a specific direction, while the top FM layer’s magnetization is free to rotate following the
external magnetic field. Here we present magnetization loops of the CoO/Co/Nb/Co TL performed at
Virgin and at the EB states that reveal the impact of EB on the magnetic behavior of the bottom Co layer.
The theoretical and experimental data presented in the present Chapter are important for the interpretation
of the transport effects observed in FM/SC/FM TLs that are the sSVE and sMRE.

5.1 The impact of shape anisotropy on the magnetic anisotropy of Co thin films

I. Co Singlelayers-SLs: A Theoretical Study

Motivated by the interesting magnetic properties of hcp Co films reported in the literature [1-11], we
performed micromagnetic simulations of a Co SL by means of the Object Oriented MicroMagnetic
Framework (OOMMF) software [12]. As already discussed in Chapter 3.5, we simulated a rectangular Co
SL (Figure 5.1) with surface area 2x1.5 um?, while the thickness was varying from dg,=10 to 160 nm and
the cell size was adjusted to 5 nm. Regarding the intrinsic magnetic parameters typical values for an hcp
cobalt film were used, i.e. crystalline anisotropy constant K;=520-10"° J/m® saturation magnetization
M;,=1400°10" A/m and exchange constant A=30-10""* J/m, while a constant uniaxial anisotropy along z
axis was chosen. In all cases the external magnetic field, He,, was parallel to the surface of the film along
the y-axis. More information regarding the OOMMF package can be found in Chapter 3.5.
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Figure 5.1: Schematic representation of the simulated rectangular Co film and coordinate sketch. We note

that the external magnetic field, Hey, was applied parallel to the film surface along the y-axis.
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Figure 5.2: Simulated MDS of Co layers’ surface (2x1.5 um?) in the remnant state for thicknesses (a)
dco=40 nm, (b) dce=50 nm, (c) dc,=60 nm, (d) dc,=80 nm, (e) dc,=100 nm and (f) dc,=160 nm taken by
means of the OOMMF. The colors (arrows) indicate the normalized perpendicular (parallel) to the surface
magnetization (blue and red colors notify the magnetization going in and out in respect to the film
surface).

In Figure 5.2 we present OOMMEF images of the magnetization configuration all over the Co
monolayer’s surface (xy-plane), taken at the remanent state, for thicknesses dc,=40, 50, 60, 800, 100 and
160 nm (Figures 6 (a)-(f)). We stress that the color code notifies magnetization coming out of the film
surface as red and that going in the film surface as blue, as shown in the coordinate sketch of Figure 5.1,
while both white and black colors denote the absence of perpendicular to the xy-plane magnetization. For
very thin layers, with thicknesses dc,<40nm (Figure 5.2 (a)), we notice only large in-plane magnetic
domains. On the other hand, as Co thickness increases to dc,=50 and 60 nm (Figures 5.2 (b) and (c)) the
out-of-plane magnetization is strengthened, still coexisting with the in-plane magnetization component
giving a superstructure, where out-of-plane stripe magnetic domains (MDs) are modulated by the large in-
plane MDs. For the better understanding of the OOMMEF images, we stress that light color suggests
perpendicular magnetization while the variations of red and blue colors represent magnetization
components that have an angle with the xy-plane. Finally, for thicknesses dc,>80 nm the magnetization is
absolutely out-of-plane and only light colored stripe MDs are signified as shown in Figures 5.2 (d), (e)
and (f) for Co(80nm), Co(100nm) and Co(160nm), respectively. These findings are typical for hcp Cobalt
films [1-8] and suggest that a transition from in-plane MDs of large dimensions to out-of-plane MDs in
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the form of narrow stripes is realized as dc, increases above a critical thickness. The OOMMEF estimated
critical thickness for the in-plane to out-of-plane magnetization crossover is around de,°°"F=40-50 nm.

(@)
—— Co(100nm)
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Figure 5.3: Magnetization loops obtained with the OOMMF for an hcp Co single layers of surface area
2x1.5 pm? and thickness dg,=10-100 nm under a parallel magnetic field in (a) extended field range and

(b) the low fields regime.

Continuing on the simulated data, in Figure 5.3 we show the parallel magnetic hysteresis loops,
My/Mga(Hext), for Co(deo) SLs with thicknesses dc,=10-100 nm in extended field range, Figure 5.3 (a), and
in the low fields regime, Figure 5.3 (b). The transition from in-plane MDs of large dimensions to out-of-
plane MDs in the form of narrow stripes is, also, evidenced in the magnetization data of Figures 5.3 (a)-
(b). We observe that as Co thickness increases, the in-plane saturation field, Hg™", and the coercive field,
H., decrease, whereas the value of the in-plane remanent magnetization, M, increases. This behavior is
attributed to the gradual appearance of the out-of-plane MDs on the FM layer’s surface as the thickness of
the ferromagnetic layer is increased and has been reported in the literature [9,11,13]. We recall that a) the
saturation field, Hg,™", is the field at which the magnetization attains its saturation value, b) the coercive
field is defined as the magnetic field for zero magnetization, m(H;)=0, and c¢) the remanent magnetization
is the magnitude of the magnetization at zero field, Mn=m(0).

ii. Co/Nb/Co Trilayers (TLs): An Experimental Study

The micromagnetic simulations performed on ideally hcp Co films by means of the OOMMF software
confirmed that shape anisotropy is a dominant extrinsic property of Co layers that determines the
orientation of the magnetization component in respect to the surface of the layer. Our results are in good
agreement with the literature [1-11,13-16]. In order to investigate the MDS of Co thin films on more
complicated hybrid trilayered structures, we conducted detailed magnetization experiments on Co/Nb/Co
TLs. More specifically, the magnetic hysteresis of Co/Nb/Co TLs and the MDS of the top Co layer of
Co/Nb/Co TLs was studied by means of the SQUID 5.5 T magnetometer and the MFM, respectively.
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Magnetic characterization of Co/Nb/Co TLs

Figure 5.4 (a)-(f) displays the magnetization loops of a Co(30nm)/Nb(17nm)/Co(30nm) TL, Figures 5.4
@, (), a Co(60nm)/Nb(17nm,)/Co(60nm) TL, Figures 54 (c), (d), and a
Co(100nm)/Nb(17nm)/Co(100nm) TL, Figures 5.4 (e), (f). The magnetization loops were obtained at
temperatures T=10 K, Figures 5.4 (a), (c), (e), and T=300 K, Figures 5.4 (b), (d), (f), in the parallel and
the normal magnetic field-sample’s surface configuration. We should stress that temperatures T=10 K and
300 K are significantly above the SC’s critical temperature. In this temperature regime, i.e. T>T.SC, the
SC behaves paramagnetically under the presence of an external magnetic field, thus there is no
contribution of the SC interlayer on the total magnetization of the TL. This condition is altered for
temperatures close to and far below the SC’s critical temperature where the SC interlayer contributes
diamagnetically affecting the total magnetization of the TL (magnetization data obtained at T<T. are
shown in Chapters 4.3 and 6.1).
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Figure 5.4: Parallel and the normal magnetic hystere3|s loops for (a),(b) a Co(30nm)/Nb(17nm)/Co(30nm)
TL, (¢),(d) a Co(60nm)/Nb(17nm)/Co(60nm) TL and (e),(f) a Co(100nm)/Nb(17nm)/Co(100nm) TL
obtained at temperatures T=10 K (a), (c), (¢) and T=300 K (b), (d), (f).

Interesting information regarding the magnetic characteristics of the Co layers in Co/Nb/Co TLs
can be extracted from Figures 5.4 (a)-(f). We should mention that the magnetization axis scale has been
kept constant in all the m"”'(H) magnetization loops for comparison. To this end the range of the magnetic
field axis of the m™(H) magnetization loops is adjusted to [-4 kOe,4 kOe] and [-2 kOe,2 kOe] for
temperatures T=10 K and T=300 K, respectively. Some general inferences can be extracted from the
magnetization data of Figures 5.4 (a)-(f). First, regarding the m"(H) magnetization loops, for all TLs (i.e.
the Co(30nm), the Co(60nm) and the Co(100nm) TL) and for both temperatures, T=10 K and T=300 K,
the same value of the saturation field has been signified that is Hg,"*'=18 kOe. Second, regarding the

mP*'(H) magnetization loops, it is clear that for all TLs a harder magnetic behavior is revealed at T=10 K
than the magnetic behavior at T=300 K. This is reflected by the direct comparison between the Figures
5.4 (a) and (b), Figures 5.4 (c) and (d) and Figures 5.4 (e) and (f). This was expected since it is known
[17,18] that the magnetocrystalline anisotropy of Co decreases as temperature increases influencing the
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magnetic parameters of the material (i.e. the coercive field decreases etc). Third, for all Co thicknesses,
the parallel saturation field, Hs,™, is significantly lower than the normal saturation field, Hy," at both
temperatures, T=10 K and T=300 K. Fourth, focusing on the parallel magnetization loops we observe that
as Co thickness increases, the in-plane saturation field, Hy ™, increases, the in-plane remanent
magnetization decreases and the coercive field, H, increases. These findings are in good agreement with
the theoretical observations of Figure 5.3 and are attributed to the gradual appearance of the out-of-plane
magnetic domains on the FM layer’s surface as the thickness of the ferromagnetic layer is increased and
has been widely reported in the literature [9, 11, 13]. Hence, it becomes apparent that in our Co/Nb/Co
TLs the magnetic easy axes of Co layers is in-plane in respect to the samples surface despite the
perpendicular magnetocrystalline anisotropy of the hcp-Co sputtered layers (as it was shown with XRD
experiments presented in Chapter 4.1). This finding is typical for hcp Cobalt films [1-11,17,18] and
suggests that the shape anisotropy dominates the overall anisotropy of these TLs.

MDS of Co/Nb/Co TLs

Continuing on the magnetic characterization of sputtered Co(dc,)/Nb(17nm)/Co(dc,) TLs, we performed
detailed MFM experiments at T=300 K. The thickness dc, of the Co outer layers ranged from 10 to 200
nm. The MFM experiments occurred under zero magnetic field and the TLs were at the as-prepared state.
The term ‘as-prepared state’ declares that there was no demagnetization protocol performed to the
specimens before the MFM experiments.

Representative 5.5x5.5 pum?> MFM images of Co(dg,)/Nb(17nm)/Co(dc,) with Co thickness
dc,=100, 80, 60 and 30 nm are shown in Figures 5.5 (a), (b), (c) and (d), respectively. These data unveil
the transformation of the magnetic anisotropy from in-plane to out-of-plane as the dc, increases above a
critical range, d.," "'=40-50 nm. A MDS of out-of-plane MDs in the form of narrow stripes is observed at
Co/Nb/Co TLs with Co thicknesses dc,>60 nm (Figures 5.5 (a)-(c)). In addition, in TLs with relatively
small Co layers thickness, i.e. dc,<40 nm (Figure 5.6(d)), no stripe MDs were observed. This is attributed
to the strong in-plane anisotropy that dominates the FM layer at thicknesses below the critical thickness,
d."™. Hence, for thin Co layers large in-plane MDs are formed that are difficult to be captured inside the
scanning area (typical MFM scanning areas 5.5x5.5-10x10 um®). Surprisingly, in TLs with Co layers
thickness dc,=60 nm, that is equal to the upper limit of the critical range d"™=40-50 nm, out-of-plane
and in-plane MDs coexist. In particular, in the MFM image of the Co(60nm)/Nb(17nm)/Co(60nm) TL of
Figure 5.5 (c) it is clearly observed that the relatively narrow out-of-plane MDs, in the form of stripes, are
hosted inside much wider in-plane MDs giving a visible superstructure. This superstructure was also
theoretically evidenced in OOMMF simulations in Co(50nm) and Co(60) SLs (Figures 5.2 (b), (c)).

Continuing on the MFM data, in Figures 5.6 (a)-(c) MFM images of larger scanning areas 10x10
um? for selected TLs are shown. The MFM images of Figures 5.6 (a) and (b) present the
Co(100nm)/Nb(17nm)/Co(100nm) TL and Co(60nm)/Nb(17nm/Co(60nm) TL of Figures 5.5 (a) and (c),
respectively, while Figure 5.6 (c) presents the MFM image of an additional
Co(60nm)/Nb(17nm/Co(60nm) TL. Stripe domains with a randomly distributed orientation are observed
for the Co(100nm) TL (in Figure 5.6 (a)). This finding reflects the polycrystalline nature of the sputtered
Co layers. Figure 5.6 (b) shows the superstructure observed for the Co(60nm)/Nb(17nm/Co(60nm) TL of
Figure 5.5 (c) in a larger scale. The in-plane magnetic domains of diameter 1-2 um are clearly identified
from the surrounding MDS due to different contrast and are randomly oriented in the sample’s surface.
Surprisingly, out-of-plane stripe domains are hosted all over the scanning area (see also Figure 5.5 (c)). In
the MFM image of the Co(60nm)/Nb(17nm/Co(60nm) TL presented in Figure 5.6 (c) cross-tie walls are
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observed. Cross-tie walls are usually observed in soft magnetic thin films with in-plane magnetization
and arise from a sequence of 90° Néel walls that is energetically favorable in contrast to 180° Néel walls.
It is possible that out-of-plane stripe MDs exist inside the in-plane MDs of Figure 5.6 (c), which cannot
be distinguished due to limitations of the lateral resolution of the MFM tip [19 20].

40

Figure 5.5: MFM data (5.5x5.5 um®) for Co(dg,)/Nb(17nm/Co(dc.) TLs obtained at T=300K in the as
prepared state for dc, (a) 100 nm, (b) 80 nm, (c) 60 nm and (d) 30 nm. The transition from out-of-plane
magnetic domains in the form of narrow stripes to in-plane magnetic domains of large dimensions, as the
thickness of the Co outer layers decreases is revealed own to the strong shape anisotropy of Co.

Figure 5.6: MFM data (10x10um®) for Co(dc,)/Nb(17nm)/Co(dc,) TLs obtained at T=300 K for Co
thicknesses (a) 100 nm and (b),(c) 60 nm. (a) Randomly distributed out-of-plane stripe MDs are observed
in the Co(100nm) TL. (b) Clear evidence of superstructure where narrow out-of-plane MDs are hosted
inside much wider in-plane MDs are observed in a Co(60nm) TL. (c) Cross-tie walls that indicate in-
plane magnetization are observed in an alternative Co(60nm) TL.
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The MFM experiments reveal the great impact of shape anisotropy on the MDS of Co layers and
have been reported in our recent works [14-16,21]. More specifically, the MFM data indicate that the
critical range, d,"™ for the transformation from out-of-plane to in-plane magnetic domains is 40-50 nm.
More important, the experimental-MFM data of Co(dc,)/Nb(17nm)/Co(dc,) TLs are in agreement with
the theoretical-OOMMEF data of Co(dc,) SLs.

iii. Critical thickness range d, ™ of shape anisotropy

The irrefutable confirmation of the magnetization transition of shape anisotropy origin observed in Co
layers is the evolution of the out-of-plane MDs’ characteristic length scales as dry increases. We recall
that with the term the characteristic length scales of the out-of-plane MDs we imply the width of the
MDs, Dwps, and the width of the MD walls (MDWSs), Dypws. Details regarding these issues can be found
in Chapter 1.2.ii.b., where the relation Dyps=dev™? is discussed [14-16,21-23].
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Figure 5.7: (@) MFM data (5x5um?) for a Co(100nm)/Nb(17nm)/Co(100nm) TL obtained at T=300K. (b)

and (c) The phase signal, ®(L), along the section of the white line of panel (a) and it’s derivative,
d®/dL(L), respectively.

The experimentally evaluated length scales of the out-of-plane MDs were estimated by the raw
MFM data. Regarding the estimation of the Dyps, in Figure 5.7 (a) raw MFM data for the case of a
Co(100)/Nb(17)/Co(100) TL is shown, while in Figure 5.7 (b) the phase signal, ®(L), along the section
of the white line of Figure 5.7 (a) is presented. The phase signal, ®(L), is extracted from the NOVA
software in ASCII form and introduced in the graphing-processing software Origin for analysis. The
peaks observed in the phase signal refer to MDs. Thus, the width of the MDs, Dyp, is estimated by
dividing the length L of the line with the number of peaks [21-23]. A few hundred of events
(approximately 300 MDs) were counted for each Co(dc,)/Nb(17nm)/Co(dc,) TL using lines randomly
sampled along 5x5 pum® MFM images to meet adequate statistics, while at least 10
Co(dco)/Nb(17nm)/Co(dco) TLs of each dc, were examined. Regarding the Dypws they were estimated
from the derivative of the phase signal, d®/dL(L). In particular, in Figure 5.7 (c) the derivative of the
phase signal, d®/dL(L) shown in 5.7 (b) is presented. In the d®/dL(L) curve the peaks refer to the borders
of adjacent MD that is MDW. The Dypw is estimated from the data of Figure 5.7 (c) as the width of each
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peak at the level criterion 95%. Using the level criterion of 95% we estimate the Dypws indirectly from
the raw MFM data. The mean A hundred of events were counted for each case to meet adequate statistics.
Here we focus on the characteristic length scales, Dyps and Dypws, Of the magnetic pattern estimated
from the MFM data of two representative Co(dco)/Nb(17nm)/Co(dc,) TLs of thickness dc,=60 and 100
nm. It resulted that for a group of 5 Co(60nm)/Nb(17nm)/Co(60nm) TLs the mean values read
Dmps=98.3+5.4 nm and Dypws=15.2+8.9 nm, while for the group of 15 Co(100nm)/Nb(17nm)/Co(100nm)
TLs the mean values read Dyps=121.945.8 nm and Dypws=18.5+1.6 nm. Based on these values, we can
replace the indirect level criterion of 95% with an equivalent criterion based on a simple multiplying
factor Dypws=15%Dwps that can be used to calculate Dypws directly from the experimentally measured
Dwps. The latter can be used easily in the forthcoming algebraic calculations.

Co(100) nm

Figure 5.8: Object Oriented MicroMagnetic Framework simulated MDS of a Co(100nm) SL. The white
solid line is used for the estimation of the MDs with, Dyps.

The theoretically evaluated length scales of the out-of-plane MDs were estimated from the
OOMMF data. In particular, the Dyps was estimated directly by the OOMMF images by using a line of
certain length, L, normalized to the simulated dimensions. As it becomes clear in Figure 5.8 for the case
of a Co(100nm) SL we can calculate the number of red and blue MDs along the white line. The Dyp is
then calculated by dividing the length L of the line with the number of the MDs. Regarding the Dypws
they were estimated by the multiplying factor Dypws=15%Dps revealed from the experimental data.

Figures 5.9 (a) and (b) show the width of the MDs, Dyps, and the width of the MDWS, Dypws, as @
function of the Co layers thickness estimated for Co SLs (OOMMF simulations) and for Co/Nb/Co TLs
(MFM experiments), respectively. We mention that in both cases the lines are only guides to the eye. For
both MFM and OOMMF estimated data, we observe the expected decrease of the Dyps following the

decrease of the dc,. This behavior is in total agreement with the literature [3,7,8,24-26]. Regarding the
theoretical data, Figure 5.9 (a), the Dyps dependency on Co layer’s thickness follows the DMDS=A*dColl2

law as indicated by the fitting red solid curve and is in agreement with the literature [1,3]. Regarding the
experimental data, Figure 5.9 (b), the Dyps dependency on Co layer’s thickness follows a linear
y=A*d.+B law as indicated by the fitting blue solid curve. Moreover, the MFM estimated Dyps values
agree in the order of magnitude with the experimentally determined Dyps Of the literature [3,7,8,25,26] for
relative Co thicknesses, while the OOMM estimated Dyps values are in agreement with the theoretically
determined Dyps Of the literature [4,24-26]. Both Figures 5.9 (a) and (b) present points of zero Dyps for
thin Co layers. As already discussed Co layers with thicknesses dco<d, ™ (in particular
deo<dP°MMF=dM™=40-50 nm) do not develop stripe domain pattern, therefore they appear to have zero
Dwps in order to demonstrate the sharpness of the magnetization transformation of shape anisotropy origin.
However, we should mention that in the case of MFM experimental data, narrow out-of-plane MDs may
also exist for Co thicknesses inside the critical area d.,"™=40-50 nm which cannot be detected due to the
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lateral resolution of the MFM measurements. In particular, since the MFM tip’s nominal radius is around
50nm, it becomes clear that stripe domains with Dyp below 70 nm are hardly recorded [19,20].
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Figure 5.9: Evolution of the width of the MDs, Dyps, and width of MDWSs, Dypws, of Co layers as the
thickness, dc,, decreases. (a) Theoretical data obtained from OOMMF simulations for Co(dc,) SLs and (b)
experimental data obtained from MFM experiments for Co(dc,)/Nb(17nm)/Co(dc,) TLs. The solid lines are
fitting curves, while the dotted and dashed lines serve as guides for the eye.

Comparing the theoretically (OOMMF) and experimentally (MFM) determined Dyps values of
Figures (a) and (b) we conclude that though they agree in the order of magnitude, they exhibit a difference
by a factor of two. This discrepancy can be justified if we consider that the OOMMF data refer to the ideal
and simple case of Co SLs with certain magnetic parameters (crystalline anisotropy constant, K, saturation
magnetization, M;, and exchange constant, A) and dimensions, while the MFM data refer to the more
complex experimental realization of sputtered Co/Nb/Co TLs. In the case of Co/Nb/Co TLs a
magnetostatic coupling between the outer Co could be a reason for this discrepancy. The stray-field’s
induced magnetostatic coupling between FM outer layers/multilayers separated by a non-magnetic layer
has been studied thoroughly in the literature [27-36]. Dieny and colleagues [32-34] reported the great
impact of the magnetostatic coupling on the MDS of the top FM layer of FM/NM/FM structures (NM
stands for non-magnetic layer). More specifically, MFM experiments performed on series of
Si/SiO/Pt/[Co/Pt],/Pt(x)/[Co/Pt], and Si/SiO/Pt/[Co/Pt],/Pt(x)/[Co/Pt], multilayers with x=0-150 nm [34]
revealed the evolution of the Dyps with the NM Pt spacer thickness that reflects the intensity of the
magnetostatic coupling. The discrepancy between theoretically and experimentally estimated Dyps has
also been reported in [4,24]. As discussed in [4], possible reasons for the discrepancy are deviations of the
experimentally observed domain width from the equilibrium width of long parallel stripes considered in
the theoretical models. Such differences in the domain width of mazelike stripe domains and parallel
stripe domains have been reported for Co/Pt multilayers with strong perpendicular anisotropy [36] but are
not found in the Co films studied by Hehn et al. [3]. A more serious reason for the discrepancy between
experiment and theory is thought to be the assumption of a homogeneous magnetization state within each
domain and a vanishing domain-wall width that owns in the latter. These simplifying assumptions need
further investigation both from theoretical and experimental perspective and exceed the goals of this
Thesis.

The theoretical (micromagnetic simulations of Co(dc,) SLs by means of the OOMMF software)
and experimental (magnetization characterization of Co(dc,)/Nb(17nm)/Co(dc,) TLs by means of the
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SQUID magnetometer and the MFM) data presented in the present Chapter confirm the great impact of
shape anisotropy on the MDS of Co layers. Therefore, shape anisotropy is the key parameter for the study
of the transport properties of SC interlayer in the Co/Nb/Co TLs.

5.2 The impact of exchange bias mechanism on the magnetic behavior of Co thin
films

In the present paragraph, we examine the impact of the EB mechanism [37-40] on the magnetic behavior
of the CoO-Co/Nb/Co TL. Due to the antifferomagnetic character of CoO, when the EB mechanism is
activated, the bottom AFM-FM layer’s magnetization is pinned in- plane to a specific direction, while the
top FM layer’s magnetization is free to rotate following the external magnetic field. A direct consequence
is the harder magnetic behavior of the CoO-Co layer in the EB state in comparison with its magnetic
behavior in the Virgin state. We clarify that the AFM-FM, i.e. CoO-Co, ingredient behaves as a single
building layer thus the hybrid CoO-Co/Nb/Co is still considered as a TL and therefore referred so, while
the terms Virgin state and EB state refer to the TL before and after the activation of the EB mechanism. In
particular, the activation of the EB mechanism is realized when the TL is cooled from a temperature
above the blocking temperature, Tg, under the presence of a sufficiently high external magnetic field,
He=10 kOe. More details about the EB mechanism can be found in Appendix C and in [37-44].
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Figure 5.10: (a) The isofield m(T) of CoO—CoEl%)Kr%m)/Nb(dNb)/Co(lonm) TLs with Nb thicknesses
dnp=17, 19, 21, 23, 25, 50 and 100 nm obtained under the external magnetic field He,=100 Oe are
presented. (b) The derivative curve, dm/dT(T), of the CoO-Co(10nm)/Nb(19nm)/Co(10nm) TL of panel
(a) is shown as a representative example for the estimation of the blocking temperature Tg.

The blocking temperature, Tg, of the TL is defined from the isofield m(T) curves of the
longitudinal magnetization component obtained under the presence of a parallel magnetic field He=100
Oe. In Figure 5.10 (a) we present the isofield m(T) for the series of CoO-Co(10nm)/Nb(dy,)/Co(10nm)
TLs with Nb thicknesses dn,=17, 19, 21, 23, 25, 50 and 100 nm obtained under the external magnetic
field He,=100 Oe. The quite strange behavior of the m(T) curves observed around T=50 K for
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Co(10nm)/Nb(dnp)/Co(10nm) TLs with thicknesses dy,=17, 19, 21 and 25 nm has not been investigated
since it is beyond the scope of the present research. From the derivative curves, dm/dT(T), we estimate
the Tg, as can be seen in Figure 5.10 (b) for the CoO-Co(10nm)/Nb(19nm)/Co(10nm) TL of Figure 5.10
(a). The mean Tg of the blocking temperature for the series of Co(10nm)/Nb(dy,)/Co(10nm) TLs reads
<Tg>=110+24 K, while details regarding the Tg of each TL of Figure 5.10 (a) can be found in Table 5.1.
These data suggest that there is no relation of the Ty with the thickness of the Nb interlayer. Moreover,
the blocking temperature ranges between 90<Tz<150 K.

Table 5.1
The blocking temperature, Tg, measured for the
Co0-Co(10nm)/Nb(dnb)/Co(10nm) TLs of various SC thicknesses,
dnp.
dnb (NM) T (K)
17 105
19 108
21 100
23 90
25 140
50 90
100 150

_(a)c'oo-éo(ldnm)/jqp(lnm(1'0

1.0 7
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Figure 5.11: Magnetization data for the CoO-Co(10nm)/Nb(19nm)/Co(10nm) TL in the EB state obtained
at T=10 K>T.>C are presented (a) in extended field range and (b) in the low fields regime. The EB
mechanism was performed from various temperatures, Tgg.

Additional magnetization measurements have been performed aiming to investigate how the
temperature at which the EB mechanism is activated, termed as EB temperature, Tgg, influences the
magnetization of the bottom FM layer. In Figures 5.11 (a) and (b) we present the hysteresis loops
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obtained at temperature T=10 K for the CoO-Co(10nm)/Nb(19nm)/Co(10nm) TL in the EB state for
extended field range (a) and in the low fields regime (b). In these experiments, the temperature, Tgg Was
variated between 300 K and 30 K. As clearly shown in Figures 5.11 (a) and (b), the EB temperature
influences the intensity of the EB thus the coercive field of the bottom layer, H,""°"“°® obtains higher
values for higher Tgg. More important, for temperatures above the blocking temperature, Teg>T=108 K,
approximately the same coercive fields of the bottom Co layer are observed, while for temperatures below
the blocking temperature, Tgg<T=108 K, the coercive field of the bottom Co layer is degraded as Tgg
decreases. In Table 5.2 we summarize the H."""“*F® for the various Teg of the magnetization data of
Figure 5.11. Relevant evidences have been reported in the literature [37-42]. At the bottom line, we
should stress that in all EB experiments all CoO-Co/Nb/Co TLs have been biased by getting cooled from
T=300 K down to T=10 K under the presence of an external magnetic field of magnitude He,=10 kOe in
order to ensure the maximum EB.

Table 5.2
The coercive field of the bottom layer, H"""°EB of the
Co0-Co(10nm)/Nb(dnb)/Co(10nm) TLs after the application
of the EB mechanism for various EB temperatures, Teg.
TEB (K) chottomCO,EB (kOe)
300 1.27
150 1.27
110 1.26
90 1.19
70 1.10
50 1.08
30 1.08

Continuing with the magnetization data, in Figures 5.12 (a) and (b) we present the hysteresis loops
of the CoO-Co(10nm)/Nb(19nm)/Co(10nm) TL obtained at T=10 K>T* for the Virgin state and the EB
state and two consecutive hysteresis loops performed after the main EB hysteresis loop in order to
examine the training effect. The two consecutive hysteresis loops are called 1% and 2™ cycled loops.
Figure 5.12 (a) shows the hysteresis loops in extended field range and Figure 5.12 (b) is focused in the
low fields regime. At first, we focus on the hysteresis loop of the Virgin state (magenta-open-triangles)
that is a two-step loop typical for CoO-Co/Nb/Co TLs. The coercive fields of the bottom and the top Co
layers are HO"™mCoViroin=0 53 kOe and H"°*V""=0.07 kOe, respectively. Continuing on the hysteresis
loop of the EB state (black-solid-circles) it is clearly observed that the activation of the EB mechanism
influences drastically the bottom Co layer, that is adjacent to the CoO layer, which obtains a much higher
coercive field, H,™"™ =1 27 kOe than the one obtained in the Virgin state. Moreover, the overall
magnetization of the TL obtains zero magnitude for an extended field regime, which signifies the
‘antiparalle]” magnetizations of the Co outer layers. As it was expected for the top Co layer, its coercive
field in the EB state is approximately the same with that of the Virgin state, H/°"“*®®=0.12
Oe~H/*P°V""=0 07 Qe. The comparison of the Virgin and EB hysteresis loops clearly indicates the
existence of the EB mechanism. In addition, after the first EB hysteresis loop (black-solid-circles) two
cycled loops were performed. The 1% cycled loop (red-open-circles) revealed a degraded coercive field for
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the bottom Co layer with magnitude H.""**'=0.64 kOe and the 2™ cycled loop (blue-crossed-circles)
revealed an even more degraded coercive field of H,°""°?"=0.59 kOe. Though the almost same
coercive fields of the bottom Co layer observed for the Virgin state and the 1% and 2™ cycled loops, the
decreasing branch of the Virgin state is morphologically different from the decreasing branches of the 1%
and 2" cycled loops. This evidence confirms the influence of the EB mechanism on the magnetization of
the bottom Co layer. It should be noted that the coercive fields for the top Co layer for the Virgin state,
the 1% cycled and the 2™ cycled loops are identical, i.e H2PC Vo= H topcolst= ( torCo2nd— 57 kOe, These

data suggest that the intensity of the EB degrades through subsequently cycled hysteresis loops, an effect
known as the training effect.
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Figure 5.12: Magnetization data for the CoO-Co(10nm)/Nb(19nm)/Co(10nm) TL obtained at T=10
K>T.¢ for the Virgin state and the EB state, while also two cycled hysteresis loops performed after the

EB hysteresis loop in order to examine the training effect are presented (a) in extended field range and (b)
in the low fields regime.

The magnetization data presented in the present Chapter confirm the existence of the EB
mechanism in the studied CoO-Co/Nb/Co TLs. Once the EB mechanism is imposed on the bottom Co
layer, the ‘parallel” and ‘antiparallel” magnetic configuration of the outer Co layers can be achieved at
will, influencing the transport properties of SC interlayer in CoO-Co/Nb/Co TLs [14,31,32].
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Chapter 6

Superconducting Magnetoresistance observed in FM/SC/FM TLs-
Finding the involved parameters

In the present chapter a thorough investigation of the transport properties of Co/Nb/Co TLs through
magnetization and magnetoresistance measurements is conducted. Both the shape anisotropy and the EB
mechanism assisted to the understanding of the underlying physics that dominate the sSSVE and sSMRE
and determine the selective appearance of the one against the other. Moreover, here we mainly focus on
the SMRE observed in the Co/Nb/Co TLs. The stray fields mechanism indicates that a pronounced SMRE
should be observed when a significant magnetostatic coupling between the outer FM layers through
transverse stray fields is accomplished. As a consequence, the SMRE magnitude is strongly influenced by
the four parameters that tailor the magnetostatic coupling of the FM outer layers, that are: i) the magnetic
domain structure of the FM outer layers around coercivity, ii) the cooccurrence of the coercive fields of
the FM outer layers, iii) the distance between the outer FM layers and iv) the quality of the SC interlayer.
Among the four parameters the first two refer to the physical characteristics of the FM outer layers, while
the last two refer to the thickness and the physical characteristics of the SC interlayer, respectively.

To that direction, in the following paragraphs we present magnetization and magnetoresistance data
obtained for Co(dc,)/Nb(dnp)/Co(dc,) TLs with carefully selected Co, and Nb thicknesses, dc, and dyp,
respectively. The preparation conditions were varied so that the characteristics of both Co and Nb layers
were modulated. In particular, we compare TLs that have noticeable difference in one of the four
parameters that influence the magnetostatic coupling of the outer FM layers, while at the same time they
preserve similar characteristics regarding the other three parameters

6.1 The influence of the physical characteristics of the FM outer layers on the
magnetoresistance observed in FM/SC/FM TLs

i. The impact of the magnetic anisotropy of Co outer layers

a. The role of the shape anisotropy

In the present paragraph we investigate the impact of the magnetization configuration of the outer FM
layers on the transport properties of the SC interlayer in FM/SC/FM TLs. In particular, we focus on the
SMRE that is related to the out-of-plane configuration of the magnetization of the FM outer layers. As
already presented in Chapter 5 the magnetic anisotropy of Co films can be tailored with the proper
selection of the Co layer’s thickness. In particular theoretical-OOMMF data of Co(dc,) SLs (Chapter 5.1.i
and Figure 5.2) and experimental-MFM data of Co(dco)/Nb(17nm)/Co(dc,) TLs (Chapter 5.1.ii.b and
Figure 5.5) documented a transition from in-plane magnetic domains of large dimensions to out-of-plane
magnetic domains in the form of narrow stripes as dc, increases above a critical range de M=40-60 nm.
This transition is attributed to the extrinsic property of Co films called shape anisotropy.

Under this perspective, we here investigate two Co(dc,)/Nb(17nm)/Co(dc,) TLs with Co thickness
dco=10 nm and 100 nm. We recall that Co layers with thickness de,=10 nm<d." ™ have strong in-plane
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anisotropy signified by large MDs, while Co layers with thickness dg,=100 nm>>d,,™ have strong out-of-
plane anisotropy marked by narrow stripe MDs. In Figures 6.1(a)-(d) experimental data of the
Co(10nm)/Nb(17nm)/Co(10nm) TL (Figures 6.1 (a)-(b)) and the No15 Co(100nm)/Nb(17nm)/Co(100nm)
TL (Figures 6.1 (c)-(d)) are presented. We note that the No15 Co(100nm)/Nb(17nm)/Co(100nm) TL and
the Co(10nm)/Nb(17nm)/Co(10nm) TL will be referred as Co(100nm) TL and Co(10nm) TL,
respectively for the rest of the paragraph.

Regarding the Co(10nm) TL, in Figure 6.1 (a) we observe the magnetoresistance isothermal curves
obtained for temperatures across the superconducting transition where the SMRE peak appears. The
SMRE obtains maximum value on the order of SMRE s "™ ™=19% at temperature T=7.650 K, that is
below the SC’s critical temperature TS Tt=7 665 K. Continuing on the magnetization data, in
Figure 6.1 (b) we present the hysteresis loop obtained at temperature T=10 K > T S¢°t0"™-Tk =7 665 K,
where the SC layer is in the normal state. The coercive fields of the Co layers have noticeable difference
in magnitude, AHCCo(loonm)-TL - Hctop Co_HCbottom Coz370 Oe.
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Figure 6.1: Experimental data of the Co(10nm)/Nb(17nm)/Co(10nm) TL and the Nol5
Co(100nm)/Nb(17nm)/Co(100nm) TL are presented in panels (a)-(b) and (c)-(d), respectively.
Magnetoresistance curves, R(H), obtained across the superconducting transition for the Co(10nm) TL (a)
and the Co(100nm) (c) TL and magnetization loops, m(H), obtained above the critical temperature
T=10K>T, for the Co(10nm) TL (b) and the Co(100nm) (d) TL.

Regarding the Co(100nm) TL, in Figure 6.1 (c) we observe the magnetoresistance isothermal
curves obtained for temperatures across the superconducting transition. The SMRE obtains maximum
value on the order of SMRE .- T-=86.0% at temperature T=6.860 K, that is below the SC’s critical
temperature T,>©C°"™TL=g 910 K. In Figure 6.1 (d) we present the hysteresis loop at temperature T=10
K > T SCCotmm-Tl_g 910 K, where the SC layer is in the normal state. The hysteresis loop of the No15
Co(100nm)/Nb(17nm)/Co(100nm) TL resembles the one of a single layer since the difference of the
coercive fields of the Co outer layers is zero, i.e. AH M0 Tb= fop Co_ bottom Coy (e,
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In addition, experiments of the longitudinal and transverse magnetization component of the
Co(10nm) TL and the Co(100nm) TL provide important evidences about the magnetization reversal
processes that occur around coercivity. In Figure 6.2 (a)-(d) we present the longitudinal and transverse
magnetization loops of the Co(10nm) TL (Figures 6.2 (a) and (b)) and the No15 Co(100nm) TL (Figures
6.2 (c) and (d)). The presented longitudinal and transverse magnetization loops were obtained
simultaneously at temperature T=4.5 K that is well below the critical temperature, T.. We stress that the
magnetic field was applied parallel to the surface of the sample. The inset of panel (c) presents
schematically the configuration between the parallel magnetic field and the longitudinal and transverse
magnetization components. These issues have been discussed in detail in [1-4].

First we focus in the magnetization loops of the longitudinal component. Starting with the
Co(10nm) TL, the longitudinal magnetization loop obtained at T=10 K>T.*° (Figure 6.1 (b)) is a typical
magnetization loop assigned to Co/Nb/Co TLs. However, the longitudinal magnetization loop obtained at
T=4.5 K<T.*° (Figure 6.2 (a)) is significantly disfigured. This due to the superposition of the diamagnetic
magnetization of the Nb interlayer on the paramagnetic magnetization of the outer Co(10nm) layers
realized at T=4.5 K<T.>°. Continuing with the Co(100nm) TL, the respective comparison between the
longitudinal magnetization loops obtained at T=10 K>T > (Figure 6.1 (d)) and T=4.5 K< T.*® (Figure 6.2
(c)) reveals a negligible disfiguration. This evidence indicates that the Co(100nm) TLs the TL behaves as
if the SC is absent even though the SC interlayer is of high quality (T.°°=6.910 K) and contributes with a
paramagnetic magnetization at T=4.5 K<T.*°.
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Figure 6.2: Longitudinal and tr;n(s&/%(re%e magnetization loops of the (a),(b) Co(10nm)/Nb(17nm)/Co(10nm)
TL and the (c),(d) Nol15 Co(100nm)/Nb(17nm)/Co(100nm) TL of Figures 6.1 presented in the low fields
regime. Both, the (a),(c) longitudinal and the (b),(d) transverse magnetization components were obtained
simultaneously at temperature T=4.5 K that is well below the critical temperature T, for the two TLs. The
inset of panel (c) presents schematically the configuration between the parallel magnetic field and the
longitudinal and transverse magnetization components.

Second, we focus in the magnetization loops of the transverse component. Both transverse
magnetization loops of the Co(10nm) and the Co(100nm) TLs obtained at T=4.5 K<T.*, Figures 6.2 (b)
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and (d) respectively, reveal the typical diamagnetic loop of a SC in the superconducting state where bulk
pinning dominates [5]. These data imply that the SC interlayer behaves diamagnetically in respect to a
transverse magnetic field that emerges owing to the transverse magnetic coupling of the outer FM layers.
Moreover, in the case of the Co(10nm) TL (Figure 6.2 (b)) a small step of the transverse magnetization is
observed at zero field, Hex~0 Oe, while in the case of the Co(100nm) TL (Figure 6.2 (d)) an intense dip of
the transverse magnetization is realized in a more extended magnetic field rande, -2 kOe<H,,<2 kOe. The
suppression of the transverse magnetization observed in the low-field regime has been reported in [1-4]
and is attributed to the out-of-plane rotation of the FM layers’ magnetization. In other words, in the case
of Co(100nm) TL an intense out-of-plane magnetization is exhibited that results to a strong suppression
of the transverse magnetization in in the low-field regime.
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Figure 6.3: Longitudinal magnetization loops of the (a),(b) Co(10nm)/Nb(17nm)/Co(10nm) TL and the
(c),(d) No15 Co(100nm)/Nb(17nm)/Co(100nm) TL obtained at temperatures T=4.5 K>T.° and T=10
K>T. when the magnetic field was applied normal to the TL presented in extended field range (a),(c)
and in the low fields regime (b),(d). The inset of panel (c) presents schematically the configuration
between the parallel magnetic field and the longitudinal and transverse magnetization components.

Finally, we present magnetization loops for the Co(10nm) TL and the Co(100nm) TL obtained in
the normal-field configuration, i.e. the magnetic field was applied normal to the surface of the sample. In
Figures 6.3 (a) and (b) we show the magnetization loops for the Co(10nm) TL obtained at temperatures
T=10 K>T.>° and T=4.5 K<T.*° presented in extended field range (Figure 6.4 (a)) and in the low fields
regime (Figure 6.4 (b)), while the respective data for the Co(100nm) TL are presented in Figures 6.3 (c)
and (d). The inset of panel (a) presents schematically the configuration between the normal magnetic field
and the longitudinal magnetization component. We clearly see that in both cases the magnetization loop
obtained below T.*° resembles the model expected for a SC when the mechanism of bulk pinning of
vortices dominates [5]. These issues have been discussed in detail by D. Stamopoulos et al. [1-4].
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The data presented in Figures 6.1-6.3 indicate that the MDS of the outer FM layers determine the
transport properties of the SC interlayer in FM/SC/FM TLs. In the case of the Co(100nm) TL that
develops out-of-plane MDS, a significant transverse magnetostatic coupling between the Co outer layers
is realized around coercivity, resulting to a pronounced sMRE peak of magnitude (SMRE s, °®"™"
™-=86.0%). The zero difference of the coercive fields, AH~0, further enhances the sSMRE magnitude as it
will be discussed in a following paragraph. Continuing with the Co(10nm) TL that develops in-plane
MDS, only a minor transverse magnetostatic coupling between the Co outer layers is realized resulting to
a clear SMRE peak of significantly lower value (SMREp,°**"™T=19%). The data presented here
indicate that when the magnetization configuration of the FM outer layers is out-of-plane (in-plane) a
maximum (minimum) magnetostatic coupling between the FM outer layers through transverse stray
fields is revealed, resulting to a high (low) sMRE.

Figure 6.4 shows a schematic illustration of the basic FM;(drm1)/SC/FM,(drnv2) TLs discussed in
this paragraph. When the FM; and FM, outer layers have thicknesses above the critical thickness of shape
anisotropy (i.e. dewy and devo>de ) an intense out-of-plane MDS is developed, Figure 6.4 (a). The out-
of-plane MDs are accompanied by dense transverse stray fields, Hgyy, therefore a strong magnetostatic
coupling between the outer FM layers is achieved and the SC interlayer is ‘magnetically pierced’. In this
case the sMRE is enhanced. When the FM; and FM, outer layers have thicknesses below the critical
thickness of shape anisotropy (i.e. dev: and deyz<d,™) an in-plane MDS is developed, Figure 6.4 ().
The in-plane MDs are accompanied by dilute transverse stray fields, Hgyay, Stemming from the MDWs,
therefore a weak magnetostatic coupling between the outer FM layers is achieved. In this case the
‘magnetic piercing’ of the SC interlayer is only minor and the SMRE magnitude is significantly
suppressed.
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Figure 6.4: Schematic presentation of the FMi(drm1)/SC/FMy(drv2) TL with thicknesses (a) dems,
demz>de ™ and (b) demy, deme<de ™ when He=He. (8) For demy, demo>de ™ the FM; and FM, outer layers
have out-of-plane magnetic anisotropy thus a strong magnetostatic coupling between them is achieved
leading to the enhancement of the SMRE magnitude. (b) For dgms, drve<de ™ the FM; and FM, outer
layers have in-plane magnetic anisotropy thus a weak magnetostatic coupling between them is achieved
leading to the suppression of the SMRE magnitude.
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b. The role of the exchange bias mechanism

We continue our investigation regarding the influence of the magnetization configuration of the outer FM
layers on the transport properties of FM/SC/FM TLs, by introducing an additional AFM layer to the
bottom FM layer forming the AFM-FM/SC/FM TL. As already presented in Chapter 5.2, when the
Exchange Bias (EB) mechanism is activated through field cooling protocol, the bottom AFM-FM layer’s
magnetization is ‘pinned’ in-plane to a specific direction. Thus, it behaves as a magnetically ‘hard” FM
layer while the top FM layer is free to rotate thus it behaves as a magnetically ‘soft” FM layer. Therefore,
a) the imposition of EB mechanism preserves in-plane magnetic processes in the biased FM layer and b)
depending on the direction of the external magnetic field, that is always parallel to the surface of the TL,
the outer FM layers are expected to have either ‘parallel’ or ‘antiparallel’ magnetic configuration.

Under this perspective, here we present transport and magnetization data for the No2 CoO-
Co(60nm)/Nb(23nm)/Co(60nm) TL. Both transport and magnetization experiments have been performed
for the Virgin and the EB state of the bottom Co(60nm) layer. The term Virgin indicates that during the
transport and magnetization measurements the TL was in the as prepared state, while the term EB
indicates that the bottom Co layer was biased by getting cooled from T=300 K down to T=10 K under the
presence of an external magnetic field of magnitude H¢=10 kOe. We recall that in Co(dc,) layers of
thickness dc,=60 nm in-plane and out-of-plane magnetization coexists as it was evidenced via MFM
experiments presented in Chapter 5.1.b (Figure 5.5 (c) and 5.6 (b)). When the EB mechanism is imposed,
a further strengthen of the in-plane magnetization component inside the bottom Co(60nm) layer is
realized.
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Figure 6.5: Magnetization data of the CoO(2nm)-Co(60nm)/Nb(23nm)/Co(60nm) TL obtained above the
SC’s critical temperature T=10K>T>° for the Virgin (a) and the EB (b) state.

Starting with the magnetization data of the No2 CoO-Co(60nm)/Nb(23nm)/Co(60nm) TL, in
Figures 6.5 (a) and (b) we present the magnetization loops obtained in the Virgin and the EB states of the
TL, respectively. Both Virgin and EB hysteresis loops have been measured at T=10 K, that is well above
the SC’s critical temperature T.=7.225 K, and are presented in the magnetic field regime around
coercivity. The difference between the coercive fields of the Co outer layers in the Virgin state is on the
order of AH."""=220 Oe, while when the EB mechanism is imposed the coercive field of the bottom Co
layer is shifted to negative magnetic fields thus the difference between the coercive fields is significantly
enlarged to AH.~5=320 Oe.

Continuing with the transport data of the No2 CoO(2nm)-Co(60nm)/Nb(23nm)/Co(60nm) TL, in
Figure 6.6 we present the isothermal magnetoresistance curves, R(H), obtained at the temperature where
the maximum sMRE magnitude was signified, that is T=7.220 K<T.*°=7.255 K, for the Virgin (solid blue
circles) and the EB (open red circles) state. We note that for comparison the data of Figure 6.6 are
normalized (Rnor) by dividing all resistance values with the normal state resistance value, Rno/=R/Rys. This
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occurs, since the saturation resistance value at the EB state is lower than the respective value at the Virgin
state, Rn°< Ry""", that is attributed to changes on the contact area between the electrodes and the
sample’s surface caused by the extended variations of the temperature during the performance of the EB
protocol. In Figure 6.6 is observed that both normalized Virgin and the EB curves clearly coincide in the
normal state, i.e. Rn"=Rpy ™" occurs for He>He(T). This is altered when the TL enters into the
superconducting state. Most important, the EB curve is placed significantly below the Virgin curve for
external magnetic fields below the upper-critical field, i.e. Rn™2<Rn""™" occurs for Hex<He(T),
indicating that the EB mechanism and therefore the increase of the in-plane magnetization component
inside the bottom Co layer further enhances the superconducting properties of the TL as it has already
been studied in detail in [1-3]. This inference is further confirmed by the degradation of the magnitude of
the SMRE peak. In Figure 6.6 the Virgin magnetoresistance curve reveals a noticeable SMRE"""=65.8%,
while the EB magnetoresistance curve reveals a significantly lower SMRE®®=36%. Taking into account
that the sSMRE is related to the out-of-plane magnetic processes occurring in the outer Co layers, the
degradation on the sMRE magnitude is attributed to the reduction of the out-of-plane magnetization
component inside the bottom Co layer due to the imposition of the EB mechanism.
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Figure 6.6: Magnetoresistance curves for the No2 CoO(2nm)-Co(60nm)/Nb(23nm)/Co(60nm) TL in the
Virgin (solid blue circles) and the EB (open red circles) state obtained at temperature T=7.220
K<T.°=7.255 K, where the maximum sMRE magnitude is observed.

To further investigate these issues in Figures 6.7 (a)-(d) we present the magnetoresistance curves
R(H), Figures 6.7 (a)-(b) and the magnetization loops m(H), Figures 6.7 (b) and (d), focused in the low
fields regime for the Virgin, Figures 6.7 (a)-(b), and the EB, Figures 6.7 (e)-(h), states of the No2 CoO-
Co(60nm)/Nb(23nm)/Co(60nm) TL.

Focusing on the Virgin magnetoresistance curve (Figures 6.7 (a)), the SMREY™" peak of
magnitude 65.8% is recorded inside the magnetic field regime where the magnetization reversal processes
of the outer Co layers, are realized, AH,"""=220 Oe (see black dotted lines that interconnect Figures 6.7
(a) and (b)). Notably the SMRE has a quite interesting morphology. In particular, the SMREY"" peak is
abrupt on the right-side and obtains maximum R(H.,) value at the exact same magnetic field where the
coercive field of the top Co layer is observed. On the left-side the SMRE peak is accompanied with a
shoulder that starts at the same magnetic field value where the minimum (zero) of m(H.) is observed, as
denoted with the red dashed line of Figures 6.7 (a) and (b), and extends until the coercive field of the
bottom FM layer. These evidences are in agreement with the stray fields scenario and indicate that the
magnetization reversal processes of both the magnetically ‘hard’ and ‘soft’ Co outer layers of the
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CoO(2nm)-Co(60nm)/Nb(23nm)/Co(60nm) TL motivate two distinct SMRE peaks the superposition of
which gives the peculiar sSMRE""" peak observed in Figure 6.7 (a).

Continuing on the EB magnetoresistance curve (Figure 6.7 (c)), the SMRE®® peak is significantly
reduced to 36%. Moreover, a quite extended plateau is evidenced on the center of SMRE®® peak. Two
interpretations of this finding can be suggested.
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Figure 6.7: Magnetoresistance curves of the No2 CoO(2nm)-Co(60nm)/Nb(23nm)/Co(60nm) TL in the

Virgin (a) and the Biased (b) state obtained for temperature T=7.22 K<T.*® and focused in low magnetic
fields. Magnetization loops obtained above the critical temperature T = 10 K>T, for the Virgin (b) and the
EB (d) state.

According to the first interpretation, the quite extended plateau evidenced on the center of SMRE®®
peak is ascribed to the sSVEF® dip. The sSVE®® dip is located in the magnetic fields regime where the FM
outer layers have anti-parallel magnetization configuration, AH."°=320 Oe, as depicted with the vertical
black dotted lines that interconnect Figures 6.7 (c) and (d). Moreover the minimum R(Hey) value of the
SsSVE dip occurs at the magnetic field where the minimum (zero) of m(H,) is observed, as denoted with
the red dashed line of Figures 6.7 (c) and (d). The sSVE is estimated as the percentage magnetoresistance
change (Rmax-Rmin)/Rnsx100% and is calculated 11% in the middle of the dip as shown with the blue
dashed horizontal lines of Figure 6.7 (c). We recall that the No2 CoO-Co(60nm)/Nb(23nm)/Co(60nm)
TL presented here, constitutes of Co layers with thickness 60 nm where the out-of-plane and in-plane
magnetization configurations coexist as demonstrated by MFM experiments presented in Chapter 5.
When the EB mechanism is imposed to the bottom Co layer a significant magnetization component is
forced from out-of-plane to in-plane. This leads to the increase of the in-plane magnetization component
and to the decrease of the out-of-plane magnetization component of the overall magnetization of the TL.
As a consequence, a significant decrease of the sSMRE peak (own to out-of-plane magnetization
configuration of the Co outer layers) is realized from SMRE""%"=65.8% to SMRE=36.0%, while a
pronounced sSVE dip (own to in-plane magnetization configuration of the Co outer layers) on the order
of SSVE™=11% is introduced. As already discussed in Chapter 4.3.ii the sSVE dip signifies the
enhancement of the superconducting properties of the TL and is always denoted in the magnetic field
regime between the coercive fields of the outer FM layers. Relevant experimental data obtained for
Lay 7Cap3Mn0s-YBa,Cus07- Lag7Cap3MnO; TLs have been reported very recently by Visani et al. [6]. In
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[6] the magnetoresistance is determined by the local misalignment of the magnetizations in the outer FM
layers. In particular in the case that a magnetic field is applied along [110] in-plane axes the
magnetoresistance exhibits a plateau for antiparallel alignment of the outer FL layers along the easy axis.
This plateau appears on the top of a magnetoresistance peak, as in our data, while in some cases it is
accompanied by two peaks that appear at the coercive fields of the outer FM layers.

According to the second interpretation, the quite extended plateau evidenced on the center of
SMRE®® peak is motivated by the bottom Co layer. As already discussed in [4], the out-of-plane
magnetization reversal processes of the top (‘soft”) Co layer and the bottom (‘hard’) Co layer of the TL
motivate two distinct SMRE peaks. The center of each peak is always denoted at the coercive field of the
respective Co layer. Relevant results were originally presented by Stamopoulos et al. in [1-3] for
NiFe/Nb/NiFe TLs in the Virgin and in the EB state and by Pena et al. [7] and Visani et al. [8] for
Lay 7CapsMn0s-YBa,Cus0;-Lag 7Cap3sMnO; TLs. In the Virgin state these two distinct peaks are very
close to each other due to the quite small difference between the coercive fields of the Co outer layers,
AH""=220 Oe, thus they are superimposed and observed as one single peak. The case is altered in the
EB state since the SMRE peak of the bottom (‘hard’) Co layer is now displaced to higher magnetic field
that is equal to the coercive field of the biased bottom Co layer of the TL. Therefore, in the EB state the
two distinct peaks are not so close to each other due to the quite larger difference between the coercive
fields of the Co outer layers, AH.~°=320 Oe. Concequently, the quite extended plateau evidenced in the
center of the SMRE®® peak is attributed to the superposition of the two distinct peaks centered at the
coercive fields of the bottom and the top Co layers that are drawn away due to the EB (AH5=320 Oe>
AH."""=220 Oe). This is in agreement to the experimental data obtained for NiFe/Nb/NiFe TLs in the
Virgin and in the EB state presented in [1-3].
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Figure 6.8: Schematic presentation of the AFM-FM;(dev1)/SC/FM,(deyz) TL with thicknesses dewg,
d=m2=60 nm at (a) the Virgin and (b) the EB state when He=H.. We note that for FM thickness right
above the upper limit of the critical range d.,™ in-plane and out-of-plane magnetic anisotropy coexist. (a)
At the Virgin state a strong magnetostatic coupling is signified due to the out-of-plane magnetization
component of both FM outer layers leading to the enhancement of the SMRE magnitude. (b) At the EB
state the in-plane magnetization component of the FM; layer is enhanced, due to the contact with the
AFM layer, thus the magnetostatic coupling between the outer FM layers is significantly degraded
leading to a lower SMRE magnitude.
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In Figure 6.8 a schematic presentation of the AFM-FM;(drw1)/SC/FMy(dryz) TL with thicknesses
dem, demz=60 nm at magnetic fields inside the magnetization reversal area, i.e. Ho"<Hg<H™?, is
shown. As already shown in Chapter 5 in FM layers with thickness right above the upper limit of the
critical range d,"'=40-60 nm the in-plane and the out-of-plane magnetic anisotropy coexist. At Figure
6.8 (a) the Virgin state is presented where out-of-plane magnetic anisotropy prevails for both FM; and
FM, outer layers of the TL. Therefore a strong magnetostatic coupling between the outer FM layers of the
TL is signified leading to the enhancement of the SMRE magnitude. At Figure 6.8 (b) due to the EB
mechanism the in-plane magnetization component of the FM; layer is increased and the out-of-plane
magnetization component is decreased. Thus the magnetostatic coupling between the outer FM layers is
significantly degraded at the EB state leading to a lower SMRE magnitude.

The experimental data presented in this paragraph have proven that the magnetic configuration of
the outer FM layers determine the transport properties of the SC interlayer in FM/SC/FM TLs. The
comparison of the Virgin and EB data obtained for the No2 CoO(2nm)-Co(60nm)/Nb(23nm)/Co(60nm)
TL unveiled the great impact of the EB mechanism on the superconducting properties of AFM-
FM/SC/FM TLs. Two possible interpretations have been discussed above aiming to uncover the
underlying mechanism that governs the magnetoresistance of AFM-FM/SC/FM TLs with thick FM layers
(dev>d. ™) in the EB state. Obviously the impact of the EB mechanism on the superconducting properties
of AFM-FM/SC/FM TLs with thin FM layers (dew<d,™) corresponds to the enhancement of
superconductivity indicated through a clear sSSVE dip as already discussed in Chapter 4.3.ii.

ii. The impact of the difference of the coercive fields of the outer Co layers

Continuing on the investigation of the transport properties of FM/SC/FM TLs we examined the impact of
the difference of the coercive fields of the FM outer layers (AH;) on the SMRE magnitude. For that
reason, here we compare two FM/SC/FM TLs, the Nol Co(60nm)/Nb(19nm)/Co(60nm) TL and the No2
Co(60nm)/Nb(19nm)/Co(60nm) TL, that consist of the same Co and Nb thicknesses thus, the
magnetization configuration of the FM outer layers and the distance between the Co outer layers are
carefully chosen.

Figures 6.9 (a)-(f) present the transport data of the Nol Co(60nm)/Nb(19nm)/Co(60nm) TL,
Figures 6.9 (a)-(c), and No2 Co(60nm)/Nb(19nm)/Co(60nm) TL, Figures 6.9 (d)-(f). Focusing on the
experimental data of Nol Co(60nm)/Nb(19nm)/Co(60nm) TL, in Figure 6.9 (a) we show the zero-field
resistive transition curve, R(T). The SC’s critical temperature is T,\*'=7.42 K, while the width of the
resistive transition is AT,\*'=25.6 mK. We recall that the SC’s critical temperature, T, is determined at
the onset of the resistive transition where the normal state value is obtained and the width of the resistive
transition, AT, is calculated by subtracting the temperatures that correspond to the 80% and 20% of the
normal state resistance value. Thereafter, in Figure 6.9 (b) we show the isothermal magnetoresistance
curves obtained at temperatures across the superconducting transition in extended magnetic field regime,
while in Figure 6.9 (c) we present the magnetoresistance curve with the maximum sMRE focused in the
low-fields regime. The Nol TL exhibits a noticeable SMRE on the order of 86% at temperature T=7.4 K
< TN'=7.41 K. Focusing on the experimental data of No2 Co(60nm)/Nb(19nm)/Co(60nm) TL, in Figure
6.9 (d) we show the zero-field resistive transition curve, R(T). The SC’s critical temperature is T."°=7.56
K, while the width of the resistive transition is AT, \*'=41.8 mK. Figure 6.9 (e) shows the isothermal
magnetoresistance curves obtained at temperatures across the superconducting transition in extended
magnetic field regime, while Figure 6.9 (f) presents the magnetoresistance curve with the maximum
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SMRE focused in the low-fields regime. The No2 TL exhibits a lower but still intense SMRE on the order
of 60% at temperature T= 7.51 K < T sc"\**=7.56 K.

Continuing in the magnetization data of the Nol and No2 Co(60nm)/Nb(19nm)/Co(60nm) TLs, in
Figures 6.10 (a) and (b) we present the hysteresis loops obtained at temperature T=10 K that is above the
SC’s critical temperature. The two TLs exhibit significant discrepancy regarding the difference of the
coercive fields of the Co outer layers (AH,) as it is presented in Figures 6.10 (a) and (b). Specifically, the
Co outer layers of the No1 TL have quite similar coercive fields, AH."*'=130 Oe, Figure 6.10 (a), while
the coercive fields of the Co outer layers of the No2 TL are significantly different, AH."*>=325 Oe, Figure
6.10 (b).
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Figure 6.9: Transport data for the Nol and No2 Co(60nm)/Nb(19nm)/Co(60nm) TLs are presented in
panels (a)-(c) and (d)-(f), respectively. The zero-field resistance curves, R(T), obtained for SC’s the
critical temperature, T, and the width of the SC’s resistive transition, AT,, determination for the Nol1 TL
(a) and No2 TL (d). Magnetoresistance curves taken across the superconducting transition for the Nol TL
(b)-(c) and the No2 TL (e)-(f) shown in extended field range (b)-(e) and in the low fields regime (c)-(f).

Evaluating the experimental data presented in Figures 6.9 (a)-(f) and Figures 6.10 (a)-(b) important
conclusions can be drawn. At first, as shown in Figures 6.9 (a) and (d) both TLs are of similar SC quality
(TN'=7.42 KIATN'=25.6 mK and T.,%=7.56 K/AT,"*’=41.8 mK). At second, both TLs have
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comparable magnetization distribution since they have the same Co thicknesses (for dc,=60
nm>d,,"=40-60 nm a significant out-of-plane magnetization component during reversal is attained of
shape anisotropy origin). At third, both TLs consist of the same Nb interlayer thickness that signifies the
same distance between the outer FM layers. Hence the significant difference of the SMRE magnitude can
only be assigned to the difference of the coercive fields of the Co outer layers (AH.). More specifically, as
AH. obtains low (high) values, i.e. the coercive fields are similar (different), the transverse magnetostatic
coupling of the outer FM layers through out-of-plane stray fields becomes intense (weak) leading to a
higher (lower) SMRE magnitude.
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Figure 6.10: Magnetization loops obtained above the critical temperature, T=10 K>T,, focused in the low
fields regime for Nol (a) and No2 (b) Co(60nm)/Nb(19nm)/Co(60nm) TL .

Figure 6.11 shows a schematic presentation of the basic FM/SC/FM TLs discussed here. The two
FM layers have out-of-plane magnetic anisotropy (dem>de ™) and can be either magnetically ‘hard’ or
‘soft’. The SC interlayer is ‘magnetically pierced’ by the stray dipolar fields, Hsy,y Originating from the
outer FM layers when they get magnetostatically coupled. More specifically, the strong dependence of the
SMRE on the difference between the coercive fields of the FM layers reflects the physical mechanism
responsible for the observation of the SMRE that is the transverse magnetostatic coupling between the
outer FM layers [1-4,9,10]. In the case where the two FM layers do (do not) share quite similar (strong
different) coercive fields, the effectiveness of transverse magnetic coupling should be maximum
(minimum) as shown by the schematic presentation of Figure 6.11 (a) (Figure 6.11 (b)). For the
declaration of that reasoning we can consider the case where the FM outer layers are magnetically
equivalent, H.-"™'~H,™?, i.e., they are both either ’soft’ or ‘hard’. Around coercivity they exhibit a
multidomain magnetic structure accompanied by a rich reservoir of transverse stray fields
simultaneously, thus the stray fields outgoing the first FM layer will be efficiently hosted by the second
one and an intense transverse magnetostatic coupling will be promoted, as shown in Figure 6.11 (a).
Thus, the SC interlayer will experience intense stray fields that can exceed its lower/upper critical fields
(He1(T)/He2(T)) so that its properties can be suppressed, at least at the local level. This is illustrated in
Figure 6.11 (a) by the extended dotted lines that completely ‘pierce’ the SC interlayer. On the other hand,
in Figure 6.11 (b) the case where the first FM; layer is magnetically ‘soft’, while the second one, FMy, is
magnetically ‘hard’ is realized, i.e. H./™M'<<H, ™. Around its coercivity, the ‘soft’” FM; layer will be
accompanied by a rich reservoir of stray fields that since they are randomly distributed will not be
effectively delivered to the ‘hard” FM, layer owing to its robust ordered magnetization. In this case a
minor transverse magnetostatic coupling between the FM outer layers would be achieved. In this case, the
SC interlayer experiences weak stray fields that cannot exceed its lower/upper critical fields.
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Consequently, in the first case (Figure 6.11 (a)) the transport properties of the SC interlayer are seriously
affected since the outer FM layers of the TL are magnetostatically coupled through transverse stray fields,
while in the second case (Figure 6.11 (b)) only a minor influence occurs on the SC transport properties
since the TL effectively behaves as two independent and magnetically uncoupled BLs.
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Figure 6.11: Schematic presentation of the FM,/SC/FM, TL. The FM; and FM, layers have out-of-plane
anisotropy and are (a) magnetically equivalent, either ‘soft’ or ‘hard’, or (b) magnetically ‘soft’ and
‘hard’, respectively. In the first case (a) a significant transverse magnetostatic coupling is signified
leading to the enhancement of the SMRE magnitude while in the second case (b) a transverse
magnetostatic coupling is not accomplished thus the SMRE is significantly suppressed.

To strengthen the arguments of the above discussion we proceed with some ancillary simulations
with the OOMMF freeware [11]. In Figure 6.12 we present OOMMF simulations of the complete
magnetization loop of Co SLs under a parallel He, while focusing on the MDs that develop when
Hex=H.. The simulated Co SLs layers had surface area=2x1.5 um? and thickness dc,=60 nm, while the cell
size was 5 nm. In general, in these simulations we used parameters values in a standard range usually
employed to describe hcp Co [12-17]: saturation magnetization Mg,=1300-1450 emu/cm?® obtained by
global SQUID measurements (see Figures 5.4 on Chapter 5), magnetic stiffness A=15-30x10™** J/m and
magnetocrystalline anisotropy K=0.45-0.55x10° J/m®. In specific, we investigated the cases of FM layers
that have slightly different magnetocrystalline anisotropy K, while the magnetic stiffness and the
saturation magnetization where adjusted to A=30x10"% J/m and M,=1400 emu/cm?, respectively. Figures
6.12 (a) and (b) show the magnetization loops, while Figures 6.12 (c) and (d) present the respective MDs
pattern for two Co layers with magnetocrystalline anisotropies K;=0.45x10° J/m* (Figures 6.12 (a) and
(c)) and K,=0.52x10° J/m® (Figs. 6.12 (b) and (d)). From these data we see that the macroscopic coercive
field H, differs in the two cases, i.e. H;=0.0 Oe and H,=1.5 Oe, since the Co layer with K,=0.45x10°
Jim® is magnetically softer than the Co layer with K,=0.52x10° J/m®. This is reflected in the microscopic
pattern of MDs. As expected for Co layers with thickness dc,=60 nm, relatively narrow out-of-plane MDs
are hosted inside much wider in-plane MDs as actually can be seen in the OOMMF images of Figs. 6.12
(c) and (d). Moreover, the in-plane magnetization contribution is more dominant on Co layer with
K,=0.45x10° J/m® than on Co layer with K,=0.52x10° J/m?® as depicted by the difference on the brightness
of the MDs pattern between Figures 6.12 (c) and (d). In Appendix B we present additional OOMMF data.

Evaluating the OOMMF data presented in Figures 6.12 (a)-(d) we conclude that small variation of
the intrinsic magnetic parameters of the FM outer layers, i.e. saturation magnetization, magnetic stiffness
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and magnetocrystalline anisotropy, reveal small though visible differences in the magnetization loops and
in the MDs pattern. We stress that in the real case of polycrystalline sputtered FM layers these differences
could become pronounced and hence the magnetostatic coupling between the bottom and top Co layers in
the Co/Nb/Co TLs could be significantly affected.
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Figure 6.12: (a) and (b) Magnetization loops and (c) and (d) MDs pattern when He,=H. for Co layers with
magnetocrystalline anisotropies K;=0.45x10° J/m?, (a) and (c), and K,=0.52x10° J/m®, (b) and (d). The
simulations were performed by means of the Object Oriented MicroMagnetic Framework (OOMMF) for
an hcp Co single layer of surface area=2.0x1.5 pm? and thickness dc,=60 nm under a parallel magnetic
field.

iii.  The impact of the distance between the outer FM layers

In the present paragraph we examine the impact of the distance between the outer FM layers on the
magnetostatic coupling of the FM outer layers and hence on the transport properties of FM/SC/FM TLs.
To this end we have studied three sample series of Co/Nb/Co TLs consisting of Co outers with constant
thicknesses, while the Nb interlayer’s thickness was varied. Obviously it is the thickness of the SC
interlayer that determines the distance between the outer FM layers. In particular, here we present
experimental data for two categories of TLs regarding the thickness of the Co layers. The first category
refers to Co(dc,)/Nb(ds.)/Co(dg,) TLs with thin Co layers, i.e. de,=10 and 30 nm<d,™, where in-plane
magnetization processes prevail, and is extended to high SC thicknesses, i.e. 19 nm<dy,<200 nm. The
second category refers to Co(dc,)/Nb(ds;)/Co(dco)/ TLs with thick Co layers, i.e. de,=60 nm that is equal
to the upper limit of d,,™=40-60 nm, where out-of-plane and in-plane magnetization processes coexist,
and 1s focused in low SC thicknesses, 1.e. 15 nm<dyp,<27 nm.

Regarding to the first category, two series of Co(10nm)/Nb(ds;)/Co(10nm) TLs and
Co(30nm)/Nb(ds»)/Co(30nm) TLs with Nb thicknesses d;=17-100 nm and ds»,=13-200 nm were
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studied. In Figures 6.13 (a) and (b) we show representative magnetoresistance isothermal curves for a
Co(10nm)/Nb(25nm)/Co(10nm) and a Co(30nm)/Nb(25nm)/Co(30nm) TL, respectively, taken at
temperatures across the superconducting transition. The Co(10nm) TL exhibits maximum sMRE on the
order of 3% at temperature T=4.5 K < T S©°10™Tt=4 55 K (Figure 6.13 (a)). The Co(30nm) TL exhibits
maximum sMRE on the order of 15.5% at temperature T=7.11 K < TS¢°C9T=7 27 K (Figure 6.13 (b)).
In these TLs the Co outer layers have the same distance with each other, due to the same SC interlayers
thickness. Considering this fact we conclude that the significant difference on the SMRE ., magnitude is
attributed to the impact of the magnetization distribution of the outer Co(10nm) and the Co(30nm) layers
that determines the magnetostatic coupling of the outer Co layers. These issues are discussed in
paragraph 6.1.i. In addition, the significant difference on the quality of the SC interlayer (the
T SCCoUnMTL=4 55 K is much lower that the T.>°°G9T=7 27 K) also influences the SMRE value as will
be discussed in the following subchapter.
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Figure 6.13: Isothermal magnetoresistance curves obtained across the superconducting transition for (a) a
Co(10nm)/Nb(25nm)/Co(10nm) TL and (b) a Co(30nm)/Nb(25nm)/Co(30nm) TL.

In Figure 6.14 we present the dependence of SMRE.x on the thickness of the SC interlayer, dsc, for
the TLs of the two series of Co(10nm)/Nb(ds1)/Co(10nm) TLs and Co(30nm)/Nb(ds,)/Co(30nm) TLs.
The experimental data have been simulated with the exponential equation, MRE=MRE e ;,/"+MRE;. In
Figure 6.14 the solid blue line refers to the simulation of the Co(30) TLs and the solid red line refers to
the simulation of the Co(10) TLs (the simulated parameters are included in Figure 6.14). Important
inferences can be extracted from the Figure 6.14. It should be noted that the Co(10nm) and Co(30nm)
TLs exhibit low sMRE values as expected for TLs with thin Co outer layers, dc,<d. ", where in-plane
magnetization processes prevail. More important, in both sample series we observe that as the thickness
of the SC interlayer, dsc, increases, the SMRE. obtains lower values until a baseline value is reached at
an upper critical SC thickness, ds. ™. The upper critical SC thickness for the Co(10nm) TLs,
dscer '[Co(10nm) TLs]=30 nm, is significantly lower that the critical SC thickness for the Co(30nm)
TLs, dseo ™ [Co(30nm) TLs]=60 nm. Moreover, the SMRE reduction is more abrupt for the Co(10nm)
TLs than in Co(30nm) TLs.

According to the ‘stray fields scenario’ the sSMRE is motivated by the transverse magnetostatic
coupling of the outer Co layers through out-of-plane stray fields that ‘pierce’ the SC interlayer. Based on
this concept we expect that as the thickness of the SC interlayer increases, the range of the stray fields is
progressively exceeded and hence the magnetostatic coupling of the outer FM layers becomes weaker.
The result of the incomplete penetration of the stray fields inside the Nb interlayer is the gradual decrease
of SMRE. Our experimental data indicate that as the ds. increases a region free of stray fields is introduced
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at the interior of the SC interlayer and the SMRE decreases to a baseline value that equals the one
observed in the relevant bilayers (BLs). This mechanism is illustrated in the schematic illustration of
Figure 6.15.
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Figure 6.14: Dependence of the MREq . or® the ‘thickness of the SC, dq, interlayer for
Co(10nm)/Nb(ds1)/Co(10nm) TLs and Co(30nm)/Nb(ds.,)/Co(30nm) TLs with ds;=17-100 nm and
dsc2=13-200 nm.

According to the ‘stray fields scenario’ the sSMRE is motivated by the transverse magnetostatic
coupling of the outer Co layers through out-of-plane stray fields that ‘pierce’ the SC interlayer. Based on
this concept we expect that as the thickness of the SC interlayer increases, the range of the stray fields is
progressively exceeded and hence the magnetostatic coupling of the outer FM layers becomes weaker.
The result of the incomplete penetration of the stray fields inside the Nb interlayer is the gradual decrease
of SMRE. Our experimental data indicate that as the ds. increases a region free of stray fields is introduced
at the interior of the SC interlayer and the SMRE decreases to a baseline value that equals the one
observed in the relevant bilayers (BLs). This mechanism is illustrated in the schematic illustration of
Figure 6.15.
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Figure 6.15: Schematic presentation of the FM/SC/FM, TL. (a) When the SC interlayer is relatively thin
a great magnetostatic coupling is accomplished between the FM outer layers through transverse stray
fields leading to a significant SMRE magnitude. (b) As the thickness of the SC interlayer increases the
magnetostatic coupling the FM outer layers is degraded leading to the decrease of the SMRE magnitude.
(c) Above a certain SC thickness a stray-fields-free interior is introduced in the SC interlayer and the FM
outer layers become magnetostatically uncoupled. In case (c) the TL behaves as two independent BLs and
the SMRE reaches a baseline value.
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The magnetostatic coupling between two FM layers separated by a non-magnetic (NM) layer
induced by transverse stray fields that stem from MDWs has been reported widely in recent years [18-25].
More specifically, Baltz et al [24] studied a series of Si/SiO/Pt/[Co/Pt]./Pt(x)/[Co/Pt], and
Si/SiO/Pt/[Co/Pt]4/Pt(x)/[Co/Pt], multilayers in which the NM Pt interlayer thickness, x, was variated
from 0 to 150 nm. In this work detailed MFM data revealed that the thinner the spacer the larger the
interlayer magnetostatic interaction between the outer layers. These data further confirm the mechanism
presented in Figure 6.15.
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Figure 6.16: Dependence of SMRE magnitude (red-open circles) and T, (blue-solid circles) versus dyy, for
a series of Co(60nm)/Nb(dn,)/Co(60nm) TLs, evidencing that both parameters are massively suppressed
below a critical thickness dy,=13-14 nm (error bars reflect the variation among different TLs of each
series). Inset presents the respective data for reference Nb(dys,) single layers that exhibit dy, =1-2 nm, a
clear proof of their high quality. Lines serve as guide to the eye.

Regarding to the second category, the series of Co(60nm)/Nb(ds3)/Co(60nm) TLs with Nb
thicknesses ds. 3=15-27 nm was studied. In particular, in Figure 6.16 we show the dependence of the mean
MRE.x and the mean SC’s critical temperature T.>C on the thickness of the SC interlayer, dg, for sets of
Co(60nm)/Nb(dn,)/Co(60nm) TLs. The mean values were calculated for a set of N=14
Co(60nm)/Nb(15nm)/Co(60nm) TLs, a set of N=5 Co(60nm)/Nb(17nm)/Co(60nm) TLs, a set of N=2
Co(60nm)/Nb(19nm)/Co(60nm) TLs, a set of N=2 Co(60nm)/Nb(21nm)/Co(60nm) TLs and a set of N=2
Co(60nm)/Nb(23nm)/Co(60nm) TLs. The inset of Figure 6.16 presents the respective data for reference
Nb(dns) single layers that exhibit dy, =1-2 nm, a clear proof of their high quality. Lines serve as guide to
the eye. It should be noted that the Co(60nm) TLs exhibit high SMRE values that is attributed to out-of-
plane magnetization processes. The maximum sMRE is evidenced for dy,=17 nm. The SMRE decreases
abruptly as Nb interlayer’s thickness increases above 21 nm. This is in agreement with the experimental
data of the first category TLs (Figure 6.14). Moreover both SMRE and T.>° follow an abrupt suppression
below dsc=17 nm and obtain zero values in the thickness regime 13-14 nm as shown by the dashed lines.
We note that the lines in Figure 6.16 serve as a guide to the eye. The abrupt suppression of SMRE
observed for dy,<17 nm can be ascribed to the critical restrictions that appear in two dimensions for the
nucleation of superconductivity in general and of flux lines in particular [5]. More specifically, the
reduced dimensionality of the SC interlayer appears through T.°C that, except for its suppression due to
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the pair-breaking that experiences by the inverse proximity effect originating from the contact with the
FM outer layers, it also incorporates the suppression originally imposed due to numerous candidate
mechanisms that become active when dsc is reduced [26,27]. For instance, the creation of a thin normal-
state layer at both surfaces of the SC interlayer (plausibly ascribed to oxidation of Nb during deposition)
imposes the conventional inverse proximity effect that reduces the critical temperature through a relation
of the general form, Tc(dsc):chUIkeXp(—C/dsc)a where C is a constant [28]. Also, weak localization that
originates from enhanced Coulomb interaction between electrons becomes important at reduced
thickness, especially in the dirty-limit, giving a similar expression [29]. Finally, the modification of the
boundary condition of the order parameter due to reduction of the electronic mean-free path and/or
change of the interaction potential of the Cooper-paired electrons leads to the relevant expression
Te(dsc)=Tc™(1-2CE(0)%/dsc), where C is a constant [30]. Irrespectively of the exact formula, in all these
cases the decrease of dsc motivates the decrease of T¢>C so that, it is expected that the SMRE magnitude
should be massively suppressed together with superconductivity. Indeed, this is experimentally evidenced
in Figure 6.16 for sets of Co(60)/Nb(dn,)/Co(60) TLs in which the thickness of the Nb interlayer, dyp iS
systematically varied. These issues have been discussed in detail in recent articles of ours [31,32].

6.2 The influence of the magnetic anisotropy of Co layers on the SC’s upper-
critical field line, Ho(T)

As already presented in paragraphs 6.1.i.a and 6.1.i.b the transport properties of the FM/SC/FM TL are
determined by the magnetization configuration of the FM outer layers. In particular, the appearance of the
SMRE or the sSVE as well as their intensity is related unambiguously to the magnetization configuration
of the FM outer layers. Here we expand our investigations by studying the upper-critical field line, He,(T)
recorded for four Co/Nb/Co TLs.

In Figure 6.17 we present the upper-critical field line, H(T), for (a.i),(a.ii) a
Co(10nm)/Nb(17nm)/Co(10nm) TL, (b.i),(b.ii) a Co(30nm)/Nb(17nm)/Co(30nm) TL, (c.i),(c.ii) two
Co(60nm)/Nb(17nm)/Co(60nm) TLs and (d.i),(d.ii) two Co(100nm)/Nb(17nm)/Co(100nm) TLs in
extended field-temperature regime (Figures 6.17 (a.i), (b.i), (c.i) and (d.i)) and in the regime of low fields
and temperatures close to T, (Figures 6.17 (a.ii), (b.ii), (c.ii) and (d.ii)). We stress that in all cases the
upper-critical field line has been determined from R(T) isofield curves (not shown here) and calculated at
the 50% of the normal state resistance value, R,s, while the temperatures T.”® are normalized in respect to
the zero-field experimental value.

The experimental data presented in Figures 6.17 (a.i), (b.i), (c.i) and (d.i) reveal that the upper-
critical field line, Hc(T), of the Co/Nb/Co TLs in extended field-temperature regime exhibits a two-
dimensional behavior for all Co thicknesses. The dotted curves are the extrapolation of the Hc,(T) line to
zero temperature and have been estimated through fittings with the relation
Hea(T)=5.53D4/(2m dsc &(T)), (1)
where &(T)= &(0)/(1-T/T¢)? and ®y=hc/2e is the flux quantum (2.07x107 G cm?). Relation (1) holds in
FM/SC/FM TLs for a parallel applied field when the coherence length, £(T) gets on the order of the SC
thickness, dsc [33] Accordingly, from Hc,(0) we calculate £(0). These data are presented in Tables 1-3 of
Appendix A.
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Figure 6.17: Upper-critical field line, Hc(T), for (a.i),(a.ii) a Co(10nm)/Nb(17nm)/Co(10nm) TL,
(b.i),(b.ii) a Co(30nm)/Nb(17nm)/Co(30nm) TL, (c.i),(c.ii) two Co(60nm)/Nb(17nm)/Co(60nm) TLs and
(d.i),(d.ii) two Co(100nm)/Nb(17nm)/Co(100nm) TLs in extended field and temperature regime (panels
(a.i), (b.i), (c.i) and (d.i)) and in the regime of low fields and temperatures close to T, (panels (a.ii), (b.ii),
(c.ii) and (d.ii)). In all cases the upper-critical field line is determined from R(T) isofield curves at the 50%
of the normal state resistance value, R,. The temperature is normalized in respect to the zero-field
experimental value T.
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The experimental data presented in Figures 6.17 (a.ii), (b.ii), (c.ii) and (d.ii) reveal that the upper-
critical field line, Hcx(T), of the Co/Nb/Co TLs in the regime of low fields and temperatures close to T,
exhibits different behavior for Co thicknesses well below (dc,=10 nm), below (dc,=30 nm), and above
(dee=60 nm and 100nm) the d.™ of shape anisotropy. In the Co(10nm) TL that is (Figure 6.17 (a.ii)) the
theoretical expected typical monotonic behavior of the upper critical field line, H.x(T) is observed that
reflects the normal shift of the zero field resistance curve to lower temperatures upon application of
parallel magnetic field of increasing magnitude. In addition, for the Co(30nm) TL (Figure 6.17 (b.ii)), the
Co(60nm) TL (Figure 6.17 (c.ii)) and the Co(100nm) TL (Figure 6.17 (d.ii)) the reentrance behavior of
the wupper critical field line, H(T), is observed that has been reported for relevant
Co(60nm)/Nb(17nm)/Co(60nm) TLs in our recent works [9,31,34]. The reentrance reflects an abnormal
shift of the zero-field resistance curve to higher temperatures upon application of a magnetic field that
increases until a critical magnitude, H”, above which the normal shift of the resistance curves to lower
temperatures is restored. Therefore there is a characteristic point (T",H") that denotes the end of the
reentrance as shown in Figures 6.16 (b.ii), (c.ii) and (d.ii). From these data we see that the characteristic
point (T",H") moves to higher values as the thickness of the Co outer layers increases. Quantitatively,
(T",H)=(1.001,0.6 kOe) for Co(30nm)/Nb(17nm)/Co(30nm), (T ,H)=(1.005,2.0 kOe) and
(T",H")=(1.023,3.0 kOe) for Co(60nm)/Nb(17nm)/Co(60nm) NNS No1l and Neutrons tr., respectively and
(T",H)=(1.018,4.0 kOe) and (T ,H")=(1.026,3.5 kOe) for Co(100nm)/Nb(17nm)/Co(100nm) No12 and
No15, respectively.

The key parameter that defines the behavior of the upper-critical field line, H(T), observed in
FM/SC/FM TLs in the regime of low fields and temperatures close to T. is the MDS of the outer FM
layers. In particular, according to the magnetic domain theory and MFM experiments presented in
Chapter 5, a FM film exhibits a multidomain structure in the zero-magnetic-field (as prepared) state, so
that the minimization of its free energy is ensured [35,36]. Moreover, since shape anisotropy dominates
the MDS of FM layers, in FM layers with thicknesses above and well above the critical thickness, i.e.,
dem=60 nm>d,,™ and dgy=100 nm>>d.,, respectively, out-of-plane magnetization prevails, indicated by
an out-of-plane stripe domain structure all over the FM layer’s surface. According to the stray fields
scenario, the transverse stray fields that interconnect the outer FM layers penetrate completely the Nb
interlayer and degrade its superconducting properties. Depending on the intensity of the stray fields either
the lower, H¢;(T) or even the upper, Hc,(T) critical field of the SC interlayer may be exceeded locally
since very close to T¢°¢, both Hey(T) and He(T) attain very low values. In the case of FM layers, with
strong out-of-plane magnetization, i.e. dey>dy ™, the SC interlayer is significantly penetrated by dense
transverse stray fields that exist in the zero-magnetic-field state. Consequently, the critical temperature,
T, estimated from the zero-field resistance curve, R(T), is lower due to the presence of the MDS of the
FM outer layers. The application of the external magnetic field affects the MDS and degrades the range
and intensity of the stray fields. The gradual increase of the applied magnetic field leads to the
progressive distortion of MDS inside the FM outer layers until the magnetic saturation is reached. To this
end in Figure 6.18 we show MFM images of a Co(100)/Nb(17nm)/Co(100nm) TL (a) in the as prepared
state and (b) after the application of a parallel external magnetic field of magnitude 4.5 kOe. Dense out-
of-plane stripe domains are observed for the TL in the as-prepared state (Figure 6.18 (a)), while no out-of-
plane stripe domains are observed after the magnetization saturation is reached (Figure 6.18 (b)). This is
reflected in the reentrant behavior of the TL, where the critical temperature obtains higher values, starting
from T2 until the critical temperature T, as the magnetic field increases from zero to the critical field
H". The critical field, H", is actual equal to the magnetic saturation field Hg,. If the reentrance branch is
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ignored we can estimated the critical temperature of the TL, T, that would be expected for the TL if
stray fields were missing, by the extrapolation of the upper-critical field towards zero field using relation
(1) as can be seen in Figure 6.18 for the Co(60nm)/Nb(17nm)/Co(60nm) Neutrons tr. TL of Figures 6.17
(e)-(f). Obviously, the stronger the out-of-plane magnetization of the FM outer layers the stronger the
reentrance observed in the upper critical field line, Hcx(T). We note that the intensity of the reentrance is
characterized by a) the critical point (T",H"), b) the difference between the experimentally determined
critical temperature, T.”®, and the theoretical estimated one, T.* that is T."-T.*® and c) by the difference
between the experimentally determined critical temperature with the 50%R,; criterion, T, and the critical,
T  that is T>*-T". Conclusively, the reentrance observed in the regime of low fields and temperatures
close to critical temperature for FM/SC/FM TLs, consisting of FM outer layers with out-of-plane
anisotropy, implies the restoration of superconductivity. These issues have been discussed thoroughly in
recent works of ours [9,31,34].
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Figure 6.18: (a)-(b) MFM images of the No12 Co(100)/Nb(17nm)/Co(100nm) TL in the as prepared state
and after the application of a parallel magnetic field of magnitude 4.5 kOe. The color notation of both the
MFM images, (a) and (b) and the respective satellite cartoons indicate the orientation of MDs
magnetization (top-view form). (c) The upper-critical field line, Hg(T) for the Nol2
Co(100nm)/Nb(17nm)/Co(100nm) TL in the regime close to the critical temperature where the reentrance
is evident. The critical temperature T, is estimated by the zero-field resistance curve, R(T) at the 50%R .
The characteristic point (T",H") denotes the reentrance end, while point TS is estimated from the
extrapolation of the high-field part of H.(T) to zero field. The No12 Co(100)/Nb(17nm)/Co(100nm) TL

is also presented in Figures 6.17 (g),(h).
In FM layers with thicknesses below the shape anisotropy’s critical thickness, i.e. dpy=30Nnm<dy,,

in-plane magnetization prevails, indicated by large in-plane domains all over the FM layer’s surface in

92



the zero-magnetic-field (as prepared) state of the TL. In this case stray fields are hosted in the domain
walls of the in-plane domains and constitute a sparse stray field network that empowers a rather weak
reentrance observed in Figure 6.17 (d) for the Co(30nm)/Nb(17nm)/Co(30nm) TL.

For even thinner FM layers, thicknesses far below and the shape anisotropy’s critical thickness, i.e.
drw=10 nm<d,™, no reentrance is observed as presented in Figure 6.17 (b). Even in this case some
extremely weak stray fields may exist but cannot empower an adequate reentrance, since the Co(10nm)
outer layers’ saturation is directly achieved with the application of a low magnetic field on the order of a
few Oe due to its soft magnetic character.

In the recent decade, the reentrance behavior of the upper-critical field line, He,(T) in the regime
close to T, has been investigated theoretically in great detail and experimentally verified in other types of
hybrids, including Nb/BaFe;,09 and [Co/ Pd];,-Nb-[Co/Pd];, for the case where the external magnetic
field is applied normal to the hybrid surface and the FM constituent has out-of-plane magnetic anisotropy
by A.l. Buzdin/VV.V. Moshchalkov and colleagues [37-45]. In these works, it was clearly documented that
reentrance behavior of the upper-critical field line H,(T) can be observed due to the spatial modulation of
superconductivity nucleation inside the SC (inter)layer motivated from the stray fields accompanying the
magnetic domains of the FM layer(s). Specifically, according to works [37,38,41,43] when a spatially
modulated magnetic texture is available, as in the case of magnetic domains in FM layer(s) near
coercivity, superconductivity first nucleates above domain walls, while as the normal external magnetic
field H is progressively increased to the saturation field of the FM layer(s), the nuclei move to the center
of magnetic domains.

In the frame of this Thesis we have investigated detailed sets of Co(dc,)/Nb(17nm)/Co(dc,) TLs
with  Co outer layers thicknesses dg,=10, 30, 60 and 100 nm. |In the case of
Co(10nm)/Nb(17nm)/Co(10nm) TLs only the typical monotonic behavior of the upper-critical field line,
Heo(T), is witnessed. In the cases of Co(30nm)/Nb(17nm)/Co(30nm) TLs,
Co(60nm)/Nb(17nm)/Co(60nm) TLs and Co(100nm)/Nb(17nm)/Co(100nm) TLs the reentrant behavior
of the upper-critical field line, H,,(T), dominates at low-fields and temperatures close to T, until a critical
point (T",H"), while for high-fields and low-temperatures the typical monotonic behavior of the upper-
critical field line, Hex(T) is restored. The characteristic parameters of the reentrance (i.e. T, H, He, T,
TT, T2-T,) for each TL of these series that consist of 5-15 TLs are presented in Tables 1-3 of
Appendix A. The mean values of (<T -T.>,<H">) obtained among all TLs of each group read (<T -
Te>,<H™>)=(0+/-0 mK,0+/-0 kOe) for N=2 Co(10nm)/Nb(17nm)/Co(10nm) TLs, (<T -T>,<H>)=(4.4+/-
3.6 mK,0.540+/-0.433 kOe) for N=2 Co(30nm)/Nb(17nm)/Co(30nm) TLs, (<T -T>,<H">)=(60.6+/-44.4
mK,2.273+/-0.479 kOe) for N=5 Co(60nm)/Nb(17nm)/Co(60nm) TLs, and (<T -T.><H">)=(136.9+/-
19.6 mK,3.772+/-0.344 kOe) for N=15 Co(100nm)/Nb(17nm)/Co(100nm) TLs. From these data we
conclude that the reentrance observed in the upper-critical field line, Hg(T), of
Co(dco)/Nb(17nm)/Co(dg,) TLs is more intense, i.e. the maximum T -T, and H” values are obtained, as
the thickness of the Co outer layers is increased above the critical thickness of shape anisotropy. This
evidence confirms the impact of the magnetization configuration of the FM outer layers on the upper-
critical field line, H,(T), of FM/SC/FM TLs.
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6.3 The influence of the physical characteristics of the SC interlayer on the SMRE

To demonstrate the influence of the SC interlayer’s quality on the magnitude of the SMRE observed in
FM/SC/FM TLs, we compare two Co/Nb/Co TLs that have significant differences on the SC interlayer’s
quality indicated by the SC critical temperature, T and the width of the resistance transition, AT..
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Figure 6.19: Experimental datfa fo)r (2)-(c) the No5 Co(60nm)/Nb(17nm)/Co(60nm) and (d)-(f), No3
CoO(2nm)-Co(60nm)/Nb(17nm)/Co(60nm) TLs. Magnetization loops obtained above the critical
temperature, T=10 K>T. focused in the low fields regime for (a) the No5 TL and (d) the No3 TL.
Magnetoresistance curves taken across the superconducting transition for (b)-(c) the No9 TL and (e)-(f)
the No10 TL are shown in (b)-(e) extended field range and in (c)-(f) the low fields regime.

3

In  Figure 6.19 (a)-(f) we show experimental data of the No3 CoO(2nm)-
Co(60nm)/Nb(17nm)/Co(60nm) TL and the No5 Co(60nm)/Nb(17nm)/Co(60nm) TL. Regarding the No5
Co(60nm)/Nb(17nm)/Co(60nm) TL, in Figure 6.19 (a) we present the magnetization loop obtained above
the SC’s critical temperature (T=10 K>T.°N%). In Figure 6.19 (b) we show the isothermal
magnetoresistance curves obtained at temperatures across the superconducting transition in extended
magnetic field regime, while in Figure 6.19 (c) we present the magnetoresistance curve of the maximum
SMRE focused in the low-fields regime. The No5 TL exhibits a SMRE on the order of 84% at temperature
T=6.995 K<T,S“N=7.016 K. Regarding the No3 CoO(2nm)-Co(60nm)/Nb(17nm)/Co(60nm) TL, in
Figure 6.19 (d) we present the magnetization loop obtained above the SC’s critical temperature (T=10
K>T“N%). In Figure 6.19 (e) we show the isothermal magnetoresistance curves obtained at temperatures
across the superconducting transition in extended magnetic field regime, while in Figure 6.19 (f) we
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present the magnetoresistance curve with the maximum sMRE focused in the low-fields regime. The No3
TL exhibits a lower SMRE on the order of 72% at temperature T=5.99 K<T.>*N*=6.700 K. Finally, in
Figure 6.20 (a) and (b) the zero-field resistance transition curves for the No5 and the No3 TL are
presented, respectively. These data indicate that the No5 TL has higher SC quality than the No3 TL
(TSON®=7.016 K>T,*°N*=6.700 K and AT =23 mK<AT."**=103.6 mK).
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Figure 6.20: Zero-field resistance curves, R(T), obtained for the determination of the SC’s the critical

temperature, T, and the resistive transition width, AT, for (a) the No5 Co(60nm)/Nb(17nm)/Co(60nm)
and (b) the No3 CoO(2nm)-Co(60nm)/Nb(17nm)/Co(60nm) TL.

Evaluating the magnetization data of Figures 6.19 (a) and (d) we conclude that No5 CoO(2nm)-
Co(60nm)/Nb(17nm)/Co(60nm) TL and No3 Co(60nm)/Nb(17nm)/Co(60nm) TL preserve an adequate
and similar magnetostatic coupling that should promote comparable SMRE magnitudes. We recall that Co
layers with thicknesses dc,=60 nm a significant out-of-plane magnetization component during reversal is
attained, of shape anisotropy origin, that promotes the transverse magnetostatic coupling between the FM
outer layers of the TL. Moreover, the magnetization loops of the No5 TL and the No3 TL (Figures 6.19
() and (d), respectively) resemble with the magnetization loop of a SL, indicating the cooccurrence of
the coercive fields of the FM outer layers, a condition that further enhances the transverse magnetostatic
coupling between the FM outer layers. Consequently, the noticeable difference on the SMRE magnitude
observed in No5 and No3 TLs (Figures 6.19 (d),(c) and (e),(f), respectively) is ascribed to the influence of
the SC interlayer’s quality on the transport properties of the FM/SC/FM TLs.

The experimental data presented here suggest that the magnitude of the SMRE can be strongly
influenced by the quality of the SC interlayer. We observed that a SC of higher quality (maximum
T/minimum AT,) exhibits a more pronounced SMRE. This clearly documents that the SMRE is a property
of the superconducting state and does not relate to any version of the usual magnetoresistance effects
observed with normal metals such as anisotropic magnetoresistance etc. In order to prove that the SMRE
is a property of the superconducting state we measured the magnetoresistance at the mormal state (nsMR)
for our FM/SC/FM TLs. These data are shown in Tables 1, 2 and 3 od Appendix A and reveal that there is
no connection between the nsSMR with any candidate parameter that influence the SMRE such as the
thickness of the SC interlayer etc. The influence of the SC interlayer quality on the magnitude of the
SMRE observed in FM/SC/FM TLs is studied thoroughly in the following Chapter in a series of
Co/Nb/Co TLs samples [31].
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Chapter 7

Optimization of the SMRE magnitude

In the present Chapter we investigate the SMRE observed in FM/SC/FM TLs [1-12]. More specifically,
here we study two systematic sample series of Co/Nb/Co TLs, i.e. a series of N=14
Co(60nm)/Nb(15nm)/Co(60nm) TLs and a series of N=15 Co(100nm)/Nb(17nm)/Co(100nm) TLs. In
both cases, the Co thickness is above the critical thickness d.,™ of shape anisotropy, dce>de ™, thus out-
of-plane magnetization in the outer FM layers is provided (Chapter 5.2 ii.b.).

In addition, we present comparative experimental data of all the Co(dc,)/Nb(dny,)/Co(dc,) TLS (with
dco=10-100 nm and dn,=15-23 nm) studied in the frame of this Thesis aiming to extract some general
inferences regarding the maximization of the sSMRE. Furthermore, we focused our study on
Co(dceo,)/Nb(17nm)/Co(dc,) TLs consisting of relatively thick Co outer layers, de,>de ™. A simulations-
based modeling of the transverse stray dipolar fields, Hgi, that emerge at the interior of the out-of-plane
MDs is performed in order to find the optimum relation between MDs width and thickness of the SC
interlayer. Both cases of homogeneous and inhomogeneous micromagnetic characteristics (saturation
magnetization, Mg, and width, Dyps) of the out-of-plane MDs are investigated. Accordingly, we
experimentally demonstrate a scaling of the SMRE magnitude that we reproduce with a closed-form
phenomenological formula that incorporates relevant macroscopic parameters and microscopic length
scales of the superconducting (e.g. the zero-field critical temperature, T, the width of the superconducting
transition, AT, and the zero-temperature coherence length, £(0)) and ferromagnetic (e.g. the width of
MDs, Dpws and the width of the MDWSs (Dwpws)) structural units. Finally, through adequate experimental
evidences we provide means to fundamentally distinguish the two magnetoresistance versions, sSSVE and
SMRE, observed in our (CoO-)Co/Nb/Co TLs.

7.1 Systematic sample series of N=14 Co(60nm)/Nb(15nm)/Co(60nm) TLs

In the present section we investigate the transport and magnetic properties of a series of N=14
Co(60nm)/Nb(15nm)/Co(60nm) TLs (Co(60nm) TLs). We should mention that the deposition conditions
(base pressure of the sputtering chamber e.t.c.) of the SC interlayers have been adjusted so that significant
difference on the critical temperature, T, and transition width, AT,, between the TLs was obtained, to
uncover the impact of the SC interlayer’s quality on the magnitude of the SMRE. Moreover, we have
adjusted the conditions during the deposition of the FM outer layers so that differences on the coercive
fields, AH,, among the bottom and the top FM outer layers were achieved, in order to uncover possible
impact on the magnitude of the SMRE. More specifically, since Co(60nm) host both in-plane and out-of-
plane magnetization components due to shape anisotropy (d."=40-50 nm), even minor variation of the
sputtering conditions of the top and bottom Co layer will result to the predominance of the one
magnetization component against the other leading to significant differences in the magnetic
characteristics (e.g. the coercive fields H.™ and H.**"™™) of FM layers of this sample series.

For each TL detailed magnetization and transport experiments have been performed. In Figures 7.1
(a)-(d) we show detailed transport and magnetization data of the No5 Co(60nm)/Nb(15nm)/Co(60nm) TL
(No5 TL) that is a representative sample of the Co(60nm) TLs with critical temperature T,°“"=5.05 K
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and transition width AT, ®®*=67 mK. Focusing on the transport data of the No5 TL, in Figures 7.1 (a)-(b)
we present isothermal magnetoresistance curves for temperatures across the superconducting transition
obtained in extended magnetic field regime, Figure 7.1 (a), and for magnetic fields around coercivity,
Figure 7.1 (b). The maximum sMRE is on the order of 23% and is denoted at temperature
Turemax °=4.92 K<T°. We recall that the SMRE is calculated as the percentage magnetoresistance
change (Rimax-Rmin)/Rnsx100%. In Figure 7.1 (¢) we show the intensity of the SMRE magnitude for various
temperatures. The zero-field resistance curve, R(T), and its derivative curve, dR(T)/dT, are presented in
the inset Figures (c.i) and (c.ii), respectively. The comparison of Figures 7.1 (c) and (c.ii) reveal the
strong temperature dependence of the SMRE. Focusing in Figure 7.1 (c), we observe that the intensity of
the SMRE becomes maximum approximately at the middle of the resistive transition Tivremax °=4.92 K.
As temperature decreases to lower values, the SMRE follows an abrupt decrease, while as temperature
increases to higher values the SMRE decreases as well. These data demonstrate the great correlation
between the SMRE magnitude and the superconducting properties. Focusing on the magnetization data of
the No5 TL in Figure 7.1 (d), we present the magnetization loop obtained at temperature T=10K>T."°° for
the Virgin state. The difference between the coercive fields of the Co outer layers is on the order of
AHN=60 Oe.
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Figure 7.1: Experimental data of the No5 Co(60nm) in the Virgin state. Magnetoresistance curves, R(H),
obtained across the superconducting transition (a) in extended magnetic fields regime and (b) in the low
fields regime. (c) The dependence of SMRE on the temperature. Insets (c.1) and (c.ii) present the zero-
field resistance curve, R(T), and the respective derivative curve, dR/dH. (d) Magnetization loop obtained
above the SC’s critical temperature T=10 K>T.>C.

We continue with some general experimental data for the set of the Co(60nm) TLs. All the
experimental parameters of the N=14 Co(60nm) TLs are presented in Table 2 of Appendix A. In Figure
7.2 (a) we present the SC’s critical temperature, T, versus the zero-field resistive transition width, AT,
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obtained for the N=14 Co(60nm) TLs. The red-solid line represents a linear fitting (the fitting parameters
are shown in the panel (a)), while the blue point depicts the mean values (<T.><AT:>)=(5.45+0.65
K,51.6+23.3 mK). A noticeable variation of the SC interlayer’s quality among these TLs is observed. In
Figure 7.2 (b) we present the difference between the coercive fields of the FM outer layers,
AH=H "M PPM for the N=14 Co(60nm) TLs. A noticeable variation of the AH, around the mean
value <AH.>=27.8+18.5 Oe (blue-solid line) is signified. From these data we conclude that the set of
Co(60nm) TLs offers a rich background for the investigation of the SMRE upon variations of the SC

interlayer’s quality and the difference between the coercive fields of the FM outer layers, AH=H."""™-
HCtODFM.
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Figure 7.2: (a) The SC’s critical temperature, T, versus the zero-field resistive transition width, AT, for
the set of Co(60nm) TLs. The blue point depicts the mean values (<T.>,<AT.>)=(5.45+0.65 K,51.6+23.3
mK). (b) The difference between the coercive fields of the FM outer layers, AH.=H,"""™-H™  for the
various Co(60nm) TLs.

In Figures 7.3 (a) and (b) we present the dependence of the SMRE on the critical temperature T,
and the width of the zero-field resistance transition, AT,, of the SC interlayer, respectively, while in
Figure 7.4 (c) we present the three-dimensional graph of the dependence of SMRE versus T, and AT.. The
red solid lines of Figures 7.3 (a) and (c) correspond to linear fittings on the experimental data (the fitting
parameters are shown in panels (a) and (c)). Figures 7.3 (a)-(c) suggest that the SMRE strongly depends
on the quality of the SC interlayer, that is quantified by the critical temperature, T., and the width of the
resistance transition, AT.. Hence, a pronounced increase of the SMRE magnitude upon improvement of
the Nb interlayer quality (maximum T/minimum AT,) is clearly documented.

Continuing, in Figure 7.4 (a) the dependence of the SMRE on the difference between the coercive
fields, AH=H,"""™-H"™ of the FM outer layers is presented. In Figure 7.4 (b) the three-dimensional
plot of the dependence of the SMRE on the difference of the coercive fields, AH, and the width of the
zero-field resistance transition, AT, of the SC interlayer is shown, while in Figure 7.4 (c) the three-
dimensional plot of the dependence of SMRE on the difference of the coercive fields, AH. and the critical
temperature T, of the SC interlayer is presented.
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Figure 7.3: The dependence of SMRE on (a) the critical temperature T, and (b) the width of the zero-field
resistive transition, AT., of the SC interlayer, respectively for the set of Co(60nm) TLs. The red lines
correspond to linear fittings of the experimental data. (¢) Three-dimensional plot of the dependence of the
SMRE on the critical temperature T, and the width of the zero-field resistance transition, AT, of the SC

interlayer.

Focusing on Figure 7.4 (a) we conclude that the SMRE strongly depends on the difference between
the coercive fields of the FM outer layers. More specifically, in Figures 7.4 (a) we can signify three
specimen groups denoted by black-, blue- and red-solid-circles. The black-solid-circles correspond to the
main body of the TLs and reveal that the SMRE is degraded when the difference between the coercive
fields of the outer Co layers AH, is increased. The blue-solid-circles correspond to the TLs with the
maximum sMRE that are the No9 and No12 TLs. The No9 and No12 TLs (blue-solid-circles) have almost
the same difference between the coercive fields of the FM layers AH, (AH."*°=20 Oe and AH"°**=22 Oe)
and they stand out from the main body of the TLs (black-solid-circles) because their SC interlayers’
quality is very high (T"=6.28 K/ATN=20 mK and T/ N*'?=6.13 K/ATN*'?=28.5 mK). On the other
hand, the red solid circles correspond to the TLs with the minimum sMRE that are the No2 and No6 TLs.
The No2 and No6 TLs stand out from the main body of the TL’s (black-solid-circles) since their SC
interlayers’ quality is very low (T. =5.07 K/AT.">=88.75 mK and T.,'*°=4.53 K/AT/*°=101.0 mK).
The magenta and dark green lines correspond to linear fittings of the experimental data when the TLs of
very high (blue-solid-circles) and very low (red-solid-circles) Nb interlayer quality are excluded and
included, respectively. Consequently, the data of Figure 7.4 (a) suggest that a pronounced increase of the
SMRE magnitude is realized as AH, obtains lower values, since AH. indicates the intensity of the
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magnetostatic coupling succeeded between the outer Co layers. In addition, the SMRE becomes maximum
in the TLs with the highest SC quality.
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Figure 7.4: The dependence of the SMRE on the difference of the coercive fields, AH=H""-H, ™, of
the FM outer layers. The blue and red circles refer to TLs of very high and very low Nb interlayer quality,
respectively. The magenta and dark green lines correspond to linear fittings of the experimental data
when the TLs of very high and very low Nb interlayer quality are excluded and included, respectively. (b)
Three-dimensional plot of the dependence of SMRE on the difference of the coercive fields, AH. and the
width of the zero-field resistance transition, AT, of the SC interlayer. (c) Three-dimensional plot of the
dependence of SMRE on the difference of the coercive fields, AH, and the critical temperature T, of the
SC interlayer.

Focusing in Figure 7.4 (b) we observe that the SMRE increases as both the difference of the
coercive fields, AH, and the width of the zero-field resistance transition, AT, of the SC interlayer
decrease. Continuing in Figure 7.4 (c) we observe that the SMRE increases as the difference of the
coercive fields, AH., decrease and the SC’s critical temperature, T, increase.

Evaluating the experimental data obtained for the Co(60nm) TLs we conclude that the SMRE
observed in FM/SC/FM TLs strongly depends on the quality of the SC interlayer and on the difference
between the coercive fields of the outer FM layers. The experimental findings are in good agreement with
the ‘stray fields scenario’ that was proposed by Stamopoulos et al in [1,3] and further confirmed in recent
works [4-12].
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7.2 Systematic sample series of N=15 Co(100nm)/Nb(17nm)/Co(100nm) TLs

In the present section we investigate the transport and magnetic properties of a series of N=15
Co(100nm)/Nb(17nm)/Co(100nm) TLs (Co(100nm) TLs). For each TL detailed magnetization and
transport experiments have been performed. In Figures 7.5 (a)-(d) we show detailed transport and
magnetization data of the No14 Co(100nm)/Nb(17nm)/Co(100nm) TL (No14 TL) that is a representative
sample of the Co(100nm) TLs with critical temperature T."°**=6.970 K and transition width AT/\**=34.4
mK.

Focusing on the transport data of the No14 TL, in Figures 7.5 (a) and (b) we present isothermal
magnetoresistance curves for temperatures across the superconducting transition obtained in extended
magnetic field regime and for magnetic fields around coercivity, respectively. The almost absolute SMRE
of magnitude 97.5% is observed at temperature Tyremax = =7.00 K<T°*. Moreover, the SMRE obtains
values over 80% at an extended temperature range of 87 mK as depicted in Figure 7.6 (c) where the
dependence of the SMRE on the temperature is shown. It should be noted that the SMRE obtains
maximum value at the middle of the SC transition as reported in [1-3,13,14].

Focusing on the magnetization data of the No14 TL, in Figure 7.5 (d) we present the magnetization
loop obtained at temperature T=10K>T ' that reminisces the magnetization loop of a single layer, i.e.

H=H""M._H °P"M=0 Qg, therefore referred as single-layer-like magnetization loop. Thus, it becomes
apparent that the transverse magnetostatic coupling between the two Co outer layers of the Nol14 TL is
maximized.
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Figure 7.5: Experimental data of the Nol4 Co(100nm) TL. Magnetoresistance curves, R(H), obtained
across the superconducting transition (a) in extended magnetic fields regime and (b) in the low fields
regime. (c) The dependence of the SMRE on the temperature. (d) Magnetization loops obtained above the
SC’s critical temperature T=10 K>T,>C.
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We continue with some general experimental data for the set of the N=15 Co(100nm) TLs. All the
experimental parameters of the N=15 Co(100nm) TLs are presented in Table 1 of Appendix A. We stress
that the magnetization measurements obtained at T=10 K>T, revealed a single-layer-like magnetization
loop, AH.=0 Oe, for almost all Co(100nm) TLs. The strong out-of-plane anisotropy occurring at the
Co(100nm) TLs around coercivity due to the Co layers thickness, de,=100 nm>d,,™, and the single-layer-
like magnetization loop exhibited by almost all 15 Co(100nm) TLs at T=10 K are two parameters that
preserve maximum transverse magnetostatic coupling between the two FM outer layers. We should note
for the No2, the No3 and the No13 Co(100nm) TLs a two-step-like magnetization loop was obtained at
T=10 K revealing noticeable difference between the coercive fields of the Co outer layers that is, on the
order of AHN?=123 Oe, AH\**=217 Oe and AH."°***=142 Oe, respectively. However, even in the case of
these three TLs strong magnetostatic coupling between the outer Co layers can be evidenced by
considering the significantly high SMRE values observed, i.e. SMREN"*=97.6 %, SMRE"**=90.5 % and
SMREN"=96.4 %.

In Figure 7.6 we present the SC’s critical temperature, T, versus the zero-field resistive transition
width, AT, for all Co(100nm) TLs. The red-solid line represents a linear fitting (the fitting parameters are
shown in the panel), while the blue point depicts the mean values (<T.>,<AT.>)=(6.68+0.32 K,51.1+24.1
mK). It is clear that the Co(100nm) TLs exhibit noticeable variation of the resistive transition width, AT,
while the variation of the critical temperature, T, is only minor.
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Figure 7.6: The SC’s critical temperature, T, versus the zero-field resistive transition width, AT, for the
set of Co(100nm) TLs. The blue point depicts the mean values (<T.>,<AT.>)=(6.68+0.30,51.1+24.1).
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Figure 7.7: The dependence of SMRE on (a) the critical temperature T, and (b) on the zero-field resistive
transition width, AT, of the SC interlayer, respectively for the set of Co(100nm) TLs. The red lines
correspond to linear fittings of the experimental data.
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Continuing in Figures 7.7 (a) and (b) we present the dependence of the SMRE on the critical
temperature, T, and on the zero-field resistance transition width, AT, respectively. The red-solid lines
refer to linear fittings (the fitting parameters are shown inside each panel). On the one hand, the data
presented in Figure 7.7 (a) suggest a tendency of the SMRE to obtain higher values as T, increases. On the
other hand, the data presented in Figure 7.7 (b) suggest a more strong relation between the SMRE and the
AT, that is also confirmed through the linear fitting. These findings indicate the dependence of the SMRE
on the SC interlayer’s quality. More specifically, the optimum sMRE is obtained upon improvement of
the Nb interlayer quality (maximum T/minimum AT,), that was also demonstrated by the series of N=14
Co(60nm) TLs (Figures 7.3 (a)-(c)).
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Figure 7.8: Atomic Force Microscopy and Magnetic Force Microscopy data for the Nol0
Co(100nm)/Nb(17nm/Co(100nm) TL of surface area (ai) and (a.ii) 12x12 pm? (b.) and (b.ii)
5.5x5.5um” and (c.i) and (c.ii) 3.7x3.7um?, respectively.

To further investigate the possible contribution of the Co outer layers on the transport properties of
the Co(100nm) TLs we performed detailed MFM measurements. A two-pass mode was used for the
MFM measurements as discussed in Chapter 3.3.ii. At the first pass the topographic mapping was
obtained (AFM images) and at the second pass the magnetic-phase imaging was recorded (MFM images).
For these MFM experiments we used cantilevers ending to silicon tips with hard Co coating and nominal
parameters: tip radius below 60 nm, force constant=3.0 Nm™ and resonance frequency=75 kHz (MFM-
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tips). It should be stressed that these cantilevers offer a more rough estimate of the topography than that
provided with the cantilevers used for the purely AFM experiments presented in Chapter 4.2.i, where
silicon nitride tips with nominal parameters (tip radius below 12 nm, spring constant=42 Nm™ and
resonance frequency=320 kHz) were used (AFM-tips). Therefore, the AFM images obtained at the first
pass of the MFM experiments serve only for a rough comparison of the topography between the various
TLs.

In Figure 7.8 we show representative AFM and MFM images for a characteristic Co(100nm) TL,
that is the No10 TL (T "*=6.35 K, AT, "°"=77 mK and MRE,,\°’=87%). The images presented in
Figures 7.8 (a.i)/(a.ii), (b.i)/(b.ii) and (c.i)/(c.ii) refer to surface areas 12x12 um? 5.5x5.5um’ and
3.7x3.7um?, respectively. The AFM images reveal the expected for Co layers topography, while the MFM
images reveal the expected for thick Co layers (dco>d ) out-of-plane MDS, where stripe MDs are
observed. All experiments presented here were performed on the top Co layer of these TLs in room
temperature without applying external magnetic field, in order to capture the as-prepared multi domain
state of the FM layers.

Having focused on the 5.5x5.5 um? MFM images we calculated the Magnetic Roughness (MRa),
using the NOVA software [15]. For the estimation of the MRa values at least five different areas on the
sample surface were recorded to meet adequate statistics. The MRa measured in degrees quantifies the
magnetic configuration of the top Co layer (since it is calculated from the phase of the signal), and
depends on the characteristic length scales of the MDS, i.e., the width of the MDs, Dyps and of the
MDWSs, Dwvpws, the intensity of the stray fields, and in the case of FM/SC/FM TLs, on the magnetostatic
coupling between the outer FM layers. In addition, from the MFM data we estimated the characteristic
length scales of the Co(100nm) TLs. The width of the MDs, Dyps is directly calculated from the profile of
MDs, while the width of the MDWSs, Dypws is indirectly estimated by using the criterion of 95% at the
spatial derivative of the profile of MDs (see Chapter 5.2.b.iii. and references [7,9-12]). To meet adequate
statistics at least two hundred counts were averaged in both cases.
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Figure 7.9: Magnetization loops for the No6 Co(100nm) TL obtained at temperatures T=10 and 300 K

presented in (a) high and (b) low magnetic fields, respectively.
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Taking account that all MFM experiments were performed in room temperature we also measured
the magnetization loops of all Co(100nm) TLs at 300 K. In Figures 7.9 (a) and (b) we show the
magnetization loops obtained at T=10 K and 300 K of the No6 Co(100nm) TL, that is a representative TL
of the set of Co(100nm) TLs in extended magnetic field range and in the low-fields regime, respectively.
It is clear that the Co outer layers are characterized as magnetically softer at T=300 K than at T=10 K [16-
18]. In addition, at T=300 K a two-step-like magnetization loop is exhibited revealing a difference
between the coercive fields of the Co outer layers on the order of AH**N°~116 Oe. These two features,
i.e. the magnetically soft behavior and the two-step-like magnetization loop at 300 K, were observed in all
Co(100nm) TLs. Moreover, from the magnetization loops obtained at T=10 and 300 K we estimated the
saturation magnetization, mgy, for the N=15 Co(100nm) TLs.
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Figure 7.10: The dependence of the magnetic roughness (MRa) versus (a) the topographic roughness,
TRa, (b) the difference between the coercive fields of the Co outer layers at T=300 K, AH %, (c) the
width of the magnetic domains, Dyps, (d) the width of the magnetic domain walls, Dypws and (e) the
saturation magnetization, m* for the set of Co(100nm) TLs. The blue solid circle represents the mean
value of each parameter.

As already discussed in Chapter 1, the Dyps and Dypws Observed in FM layers depend on the
thickness of the FM layer, dry (extrinsic factor; shape anisotropy) and on the characteristics of an
appropriately chosen material (intrinsic factors; magnetocrystalline anisotropy, K, exchange stiffness, A,
saturation magnetization, mg, e.t.c.). Therefore, both the Dyps and the Dypws Can be treated as factors of
the quality of the sputtered layers and the reproducibility of the preparation protocols. Moreover, as
discussed in Chapter 4, the Dyps and Dupws 0bserved in the upper Co layer of the Co(100nm) TLs are
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influenced from the magnetostatic coupling between the outer Co layers. The latter is also influenced by
the difference between the coercive fields of the Co outer layers, AH.. Moreover, the topographic
roughness, TRa, of the surfaces/interfaces could also influence the acquired magnetostatic coupling
between the outer Co layers as discussed in Chapter 4 (we recall that the TRa measured in nm quantifies
the topographic configuration of the TL and depends on the height variations along the scanning surface).
Consequently, all these parameters (Dwps, Dmpws, AH:, Mgy, TRa) may influence the magnetostatic
coupling between the outer FM layers and hence affect the SMRE obtained in the FM/SC/FM TLs. At this
point we should mention that MDs may shrink upon cooling due to the temperature dependence of the
Msx(T) that follows the Bloch’s relation Mgy(T)=ms(0)(1-aT*?) (the coefficient a is material dependent)
and subsequently determines the magnetocrystalline anisotropy K=K (0)(1-aT*?) [19-22]. Consequently,
the shrinkage of the MDs can be estimated by the theoretical formulas of the Dy;ps and the Dypws Which
include the parameters mg and K (presented in Chapter 1). According to relevant studies on
Si/Pt/[Co/Pt]/Si/Nb multilayers [19] and on the top FM layer of NbSe,/NigFe,o BLs [20], the shrinkage of
the MDs is less than 10% thus considered negligible to our study.
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Figure 7.11: The dependence of the width of the magnetic domains, Dyps and the width of the magnetic
domain walls, Dypws 0n (), (c) the difference between the coercive fields of the Co outer layers at T=300
K, AH and (b), (d) the saturation magnetization, mg, > ¥ for the set of Co(100nm) TLs, respectively.

In Figures 7.10 (a)-(e) we present the dependence of the magnetic roughness, MRa, versus (a) the
topographic roughness, TRa, (b) the difference between the coercive fields of the Co outer layers at
T=300 K, AH:, (c) the width of the magnetic domains, Dyps, (d) the width of the magnetic domain
walls, Dypows and (e) the saturation magnetization, mg,>*™ for the set of Co(100nm) TLs. We note that the
error bars of the MRa and TRa values are delimited within the symbol size. In addition, we should
mention that the topographic roughness, TRa, presented in Figure 7.10 (a) has been calculated from the
AFM image that was scanned prior to the MFM one thus obtained with the MFM-tips that has larger
radius than the AFM-tip used for the investigation of topography (AFM data presented in Chapter 4.2.i).
Under this light, the mean topographic roughness, TRa, estimated for the Co(100nm) TLs with the MFM-
tips is <TRa>=0.46x£0.09 nm while the one obtained with AFM-tips is lower <TRa>=0.37+£0.04 nm
(presented in Chapter 4.2.i). This discrepancy is ascribed to the different tip radius of the cantilevers.

108



Figures 7.10 (a)-(e) revealed that none of these parameters, i.e. TRa, AH:, Dyps, Dmows and
Me %, influence the MRa observed in the Co(100nm) TLs. These data suggest that the Co layers have
similar magnetic characteristics confirming the reproducibility of the preparation protocols. Given that the
quite small deviation of the mean <Dyps> and <Dypws> values we can assume that all Co(100nm) TLs
obtain comparable magnetostatic coupling between the outer Co layers. This finding is also reflected in
Figures 7.11 (a)-(e) where we present the dependence of the Dyps and the Dypws on (2)/(c) the difference
between the coercive fields of the Co outer layers at T=300 K, AH > and (b)/(d) the saturation
magnetization, mg,-"°« for the set of Co(100nm) TLs, respectively. It is clearly observed that both Dyps
and Dypws do no relate with the parameters AH % and my 2. Moreover, the uniformity of the
characteristic length scales of the MDS, i.e. Dyps and Dypws, that is clearly seen in Figures 7.11 (a)-(d)
and also reflected by the minor standard deviation of the mean values <Dyps>=121.9+5.8 nm and
<Dmpws>=18.6£1.6 nm, confirm the high quality of the Co sputtered layers and the reproducibility of the
preparation protocols.

In Figure 7.12 we present the SMRE versus the magnetic roughness, MRa for the Co(100nm) TLs,
that was calculated from the 5.5x5.5um* MFM images. We observe that the SMRE has a slight
dependence on the MRa. For a more accurate consideration of this finding we performed linear fittings
with confidence interval 95% and statistical significance p<0.05, which reveal that SMRE has a tendency
for correlation with MRa. This argument is also justified by evaluating the Pearson Correlation’s
parameters, r and p, obtained from the SMRE=f(MRa) fittings (see the information in the inset of Figure
7.12). We note that according to the Pearson Correlation two variables have stronger correlation when r
and p values approach 1 and 0.05, respectively. Consequently, the data of Figure 7.12 suggest a slight
dependence between SMRE and MRa. The higher the MRa values the stronger the magnetostatic coupling
between the Co outer layers and consequently the greater the SMRE magnitude. These findings reveal that
the MRa could suggest a parameter to estimate the magnetostatic coupling of the outer FM layers and
hence the SMRE magnitude. This is in line with the great dependence of the SMRE on the difference
between the coercive fields of the Co outer layers, AH,, that also influences the magnetostatic coupling of
the outer FM layers as demonstrated by the series of N=15 Co(60nm) TLs (Figures 7.4 (a)-(c)).
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Figure 7.12: Dependence of the SMRE on the magnetic roughness, MRa, calculated from 5.5x5.5um?

MFM images of the Co(100nm) TLs.

Finally, in Figures 7.13 (a) and (b) we present the dependence of the SMRE on the width of the
magnetic domains, Dyps, and the width of the magnetic domain walls, Dypws, respectively for the group
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of Co(100nm) TLs. As expected the SMRE does not depend on the Dyps and the Dypws due to the similar
quality of the sputtered Co layers met in the Co(100nm) TLs.

The experimental data obtained for the Co(100nm) TLs revealed that the SMRE observed in
FM/SC/FM TLs strongly depends on the quality of the SC interlayer. Moreover, detailed magnetization
and MFM experiments confirmed the reproducibility of the sputtered technique regarding the preparation
of Co layers. In addition, the significantly high SMRE values obtained in the Co(100nm) TLs confirmed
the ‘stray fields scenario’, since optimum magnetostatic coupling induced by intense transverse stray
fields has been realized in these TLs. In particular, all TLs of the series are accompanied by strong out-of-
plane stripe MDs around coercivity, as shown via MFM experiments, while the co-occurrence of the
coercive fields of the outer Co, AH.=0 Oe, has been witnessed. The Co(100nm) TLs provided important
experimental evidences towards the establishment of the ‘stray fields scenario’ [1-12].

100 T T T —— T T 100 — " T T
T ] e
—_— 9
90 | —— B 90 F —_—— 4
= — 1 - ————
S 18
w 80 1 w 80 ]
o —_—— 1 o —_—
3 — 12 1. .
70t 1770} ]
60 1 1 1 1 1 1 |(a) : (b)
80 90 100 110 120 130 140 150 160 OO === ===20~""30 " ""10 " 5o
Dyps (NM) D (nm)

MDWs

Figure 7.13: Dependence of the SMRE on (a) the width of the magnetic domains, Dyps, and (b) the width
of the magnetic domain walls, Dypws for the set of the Co(100nm) TLs.

7.3 Comparative study on the SMRE observed in Co/Nb/Co TLs

In the present subchapter we present comparative experimental results of all the Co/Nb/Co TLs studied in
the frame of this Thesis. More specifically, in Figure 7.14 we show the evolution of the mean <sMRE>
magnitude as the thickness of the Co outer layers increases for systematic series of
Co(dco)/Nb(17nm)/Co(dc,) TLs (black symbols), that are N=2 Co(10nm)/Nb(17nm)/Co(10nm) TLs, N=5
Co(30nm)/Nb(17nm)/Co(30nm)  TLs, N=5  Co(60nm)/Nb(17nm)/Co(60nm)  TLs, N=15
Co(100nm)/Nb(17nm)/Co(100nm) TLs, and for the series of N=14 Co(60nm)/Nb(15nm)/Co(60nm) TLs
(blue symbol). The black-dotted curve is only a guide to the eye and interconnects the mean <sMRE>
values of the Co(dc,)/Nb(17nm)/Co(dc,) TLs. The data of Figure 7.14 confirm that the SMRE observed in
FM/SC/FM TLs is related to the out-of-plane magnetization processes occurring at the outer FM layers.
We recall that, due to shape anisotropy, for deo<de M=40-50 nm in-plane MDs dominate at coercivity, H.,
while for dee>d '=40-50 nm the FM outer layers attain a magnetic structure characterized by a rich
reservoir of out-of-plane MDs (data reported in [4-12]). These are evidenced in the schematic illustrations
of Figures 7.14 (b) and (c). The illustrations of Figure 7.14 (b) are based on real MFM images (5x5 pm?)
recorded for a Co(30nm)/Nb(17nm)/Co(30nm) TL and a Co(100nm)/Nb(17nm)/Co(100nm) TL, where
the red and blue arrows designate either the in-plane or the out-of-plane magnetic anisotropy hosted in the
FM outer layers due to shape anisotropy. From the above discussion it becomes apparent that as Co
thickness increases the out-of-plane magnetization component increases as well leading to the gradual
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strengthening of the magnetostatic coupling of the outer FM layer resulting in an increase of the SMRE
magnitude. Hence, absolute SMRE magnitude 91.6% is evidenced for dc,=100 nm, while the SMRE
magnitude is gradually suppressed below dc,=60 nm reaching a base value of approximately 13.5% at
dco=30 nm.

In the case of Co(60nm)/Nb(dn,)/Co(60nm) TLs the <sMRE> magnitude reads 73.0+23.8% for
dnp=17 nm (black-circle) and 36.7+13.9% for the dn,=15 nm (blue-circle). The significant difference of
the <sMRE> values reflects the strong impact of the thickness of the SC interlayer on the sMRE
magnitude. The influence of the quality on the SMRE magnitude is also important as discussed below.
Regarding the impact of the SC interlayers thickness on the SMRE magnitude, we recall the dependence
of the SMRE on the dy;, presented in Figure 6.16 for a series of Co(60nm)/Nb(dy)/Co(60nm) TLs. It was
shown that the maximum sMRE is evidenced at dy,=17 nm below which an abrupt suppression of SC is
realized. The latter is also discussed in the following subchapter 7.4.ii. Regarding the impact of the
guality of the SC interlayer on the SMRE magnitude, in Table 7.1 we present the mean <T.> and <AT >
values, that read 6.73+0.39 K and 54.4+37.9 mK for the Co(60nm)/Nb(17nm)/Co(60nm) TLs and
5.4540.65 K and 51.6+23.3 mK for the Co(60nm)/Nb(15nm)/Co(60nm) TLs are shown. This evidence is
in total agreement with the experimental data presented in Chapter 6.3 and the previous paragraphs of the
present Chapter where the influence of SC layer’s T, and AT, on the SMRE magnitude was discussed in
detail.
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Figure 7.14: (a) Dependence of the mean <sMRE> magnitude on the thickness dc, for sets of
Co(dco)/Nb(dnp)/Co(dc,) TLs with dyy,=15 and 17nm. The black-dotted line serves as guide to the eye. (b)
and (c) Schematic illustration of a FM/SC/FM TL consisting of FM outer layers with thickness dep<<dy™
and dey>>d., ™ based on real MFM images (5x5 um?) recorded for a Co(30nm)/Nb(17nm)/Co(30nm) TL
and a Co(100nm)/Nb(17nm)/Co(100nm) TL, respectively. The arrows designate either the in-plane or the
out-of-plane magnetic anisotropy hosted in the FM outer layers due to shape anisotropy.
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We continue our discussion with the experimental data of three representative
Co(dco)/Nb(17nm)/Co(dc,) TLs with Co thicknesses dc,=30, 60 and 100 nm on a comparative basis.
Figure 7.15 (a) shows data on the upper-critical field line, He,(T) for a Co(30nm)/Nb(17nm)/Co(30nm)
TL, a Co(60nm)/Nb(17nm)/Co(60nm) TL and a Co(100nm)/Nb(17nm)/Co(100nm) TL in the regime
close to T, while the inset, Fig. 7.15 (e), shows the complete phase diagram. The great impact of the out-
of-plane MDS of the FM outer layers on the transport properties of FM/SC/FM TLs is directly reflected
in the reentrance of H(T) that is pronounced for the Co(100nm)/Nb(17nm)/Co(100nm) TL and
gradually faints as dg, goes below d., =40-50 nm. The end point of He(T) reentrance is noted as
(T*,H*). In addition, the H,(T) reentrance is manifested in the transport properties that exhibit a SMRE
of analogous intensity. Figure 7.15 (b) shows a specific magnetoresistance curve for each TL obtained at
the temperature where the maximum sMRE is observed. We see that the maximum sMRE reads 87.3,
81.4 and 12.9 for the specific Co(100nm)/Nb(17nm)/Co(100nm), Co(60nm)/Nb(17nm)/Co(60nm) and
Co(30nm)/Nb(17nm)/Co(30nm) TLs, respectively. The H(T) reentrance is observed in transport data
obtained as function of the temperature under a constant magnetic field, as well. Raw data are shown in
Figure 7.15 (c) for the Co(100nm)/Nb(17nm)/Co(100nm) TL evidencing that up to H=3.5 kOe the
resistance curves are abnormally shifted to the right, while the normal shift to the left is recovered at
higher fields. Additional information comes from the magnetization data shown in Figure 7.15 (d). A
comparison of these data with the phase diagram, Figure 7.15 (a), and the magnetoresistance curves,
Figure 7.15 (b), reveals that the field at which the maximum of the magnetoresistance is observed
coincides with the coercive field, H, where minimum magnetization (m=0) is observed globally as a
multi-domain magnetic state is established locally. The multi-domain magnetic state is characterized by a
rich reservoir of out-of-plane MDs, as clearly proved by MFM presented in Chapter 5.1.ii.b. Also, the
characteristic end point, H* of the Hc,(T) reentrance coincides with the field at which the minimum of the
magnetoresistance is observed and with the saturation field, Hgy Where maximum magnetization (m=mg)
is obtained, as the reservoir of out-of-plane MDs is depleted while a mono-domain in-plane
magnetization, is established. Actually, as recently shown in [7,9,11] the characteristic field H* is rather
the irreversibility field, H;, below which irreversible magnetic processes are dominant, however in most
cases Hi~Hsat.

Returning back to the data of Figure 7.15 (a)-(e), we stress that the specific three TLs shown in
Figure 7.15 (a) are only representative, selected from complete sets that for each group typically counts 5-
15 TLs (as discussed above). From these data we see that the characteristic point (T*,H*) moves to
higher values as the thickness of the Co outer layers increases. In addition, the difference between the
critical temperature, T", and the experimentally determined critical temperature, T.>®, that is T*-T.>,
increases as well as the thickness of the Co outer layers increases. Quantitatively, (T*,H*)=(1.001,0.6
kOe), (T*,H*)=(1.005,2.0 kOe), and (T*,H*)=(1.026,3.0 kOe) for Co(30nm)/Nb(17nm)/Co(30nm),
Co(60nm)/Nb(17nm)/Co(60nm) and Co(100nm)/Nb(17nm)/Co(100nm), respectively. The mean values
of (T*-T,,H*) obtained among all TLs of each group read (<T*-T.**> <H*>)=(4.4+3.6 mK,0.540+0.433
kOe) for Co(30nm)/Nb(17nm)/Co(30nm), (<T*-T "> <H*>)=(60.6+44.4 mK,2.273+0.479 kOe) for
Co(60nm)/Nb(17nm)/Co(60nm), and (<T*-T 7> <H*>)=(136.9£19.6 mK,3.772+0.344 kOe) for
Co(100nm)/Nb(17nm)/Co(100nm) (see Table 7.1). The pronounced difference observed in (<T*-
T.7®> <H*>) between the three cases cannot be ascribed to differences in the purity of the Nb interlayer
that as shown in [4-6] exerts strong influence on the SMRE magnitude (also, notice that dy,=17 nm is the
same in the three TLs). In the three cases discussed here the mean values of quality factors T, (defined at
100% of the normal state resistance) and AT, (defined at 20%-80% of the normal state resistance) read
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Figure 7.15: (a) Upper-critical field line, H,(T) for three representative Co(30nm)/Nb(17nm)/Co(30nm),
Co(60nm)/Nb(17nm)/Co(60nm) and Co(100nm)/Nb(17nm)/Co(100nm) TLs in the regime close to T,
where a reentrance behavior is evident (temperature is normalized in respect to the zero-field value T, for
the sake of presentation). The characteristic point (T*,H*) delimits the reentrance end. (b)
Magnetoresistance curves, Ryo(Hex) for the specific temperature where the maximum sMRE is observed
for each TL of panel (a) (normalized for the sake of presentation). (¢) Raw isofield resistance curves R(T)
for various values of the parallel He, for the Co(100nm)/Nb(17nm)/Co(100nm) TL. Up to He=3.5 kOe the
resistance curves are abnormally shifted to the right (solid horizontal arrow/solid curves and solid-small
points), while the normal shift to the left is recovered at higher fields (dashed horizontal arrow/dashed
curves and open-large points). (d) Magnetization curves, m,o(Hex) at T=10 K for each TL of panels (a)
and (b) (normalized and multiplied by the indicated factor for the sake of presentation). Vertical dotted-
dashed and dashed lines signify that for each TL the peak and minimum in the magnetoresistance curves
of panel (b) coincide with the coercive and saturation fields, that is H, and Hs,, respectively, of panel (d).
(e) Inset shows the complete phase diagram experimentally accessible in this work. In all cases lines serve
as guide to the eye.

<T>=6.97£0.35 K, <AT>=56.2+32.4 mK for Co(30nm)/Nb(17nm)/Co(30nm), <T>=6.73+£0.39 K and
<AT>=545+£379 mK for Co(60nm)/Nb(17nm)/Co(60nm), and <T>=6.68+0.32 K and
<AT>=51.1+24.1 mK for Co(100nm)/Nb(17nm)/Co(100nm). Thus, the pronounced difference observed
in (<T*-T.>,<H*>) should be attributed to the properties of the FM outer layers. Indeed, the characteristic
length scales of the magnetic domain pattern estimated from the MFM data (see Figure 5.9 of Chapter
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5.1ii.b.) are Dwups=0.0+0.0 nm and Dumpws=0.0£0.0 nm for Co(30nm)/Nb(17nm)/Co(30nm),
Dmps=96.3+4.3 nm and Dypws=14.6£0.8 nm for Co(60nm)/Nb(17nm)/Co(60nm), and Dyps=121.945.8
nm and Dwmpws=18.621.6 nm for Co(100nm)/Nb(17nm)/Co(100nm) (actually, for the
Co(30nm)/Nb(17nm)/Co(30nm) TLs the nominal result Dyps=Dmpws=0.0£0.0 nm can be fictitious;
narrow MDs can probably exist that cannot be detected due to the limited resolution of the measurements
dictated by the tip employed that is relatively wide, see relative discussion in Chapter 5.1.ii.b.).

Table 7.1
The mean values of the SMRE, <sMRE>, the SC’s critical temperature, <T >,
the zero-field resistance curve width, <AT >, the characteristic temperature, T*, the characteristic magnetic field, H*,
and the difference T*- T, for N=2 Co(10nm)/Nb(17nm)/Co(10nm) TLs, N=2 Co(30nm)/Nb(17nm)/Co(30nm) TL,
N=5 Co(60nm)/Nb(17nm)/Co(60nm) TLs, N=14 Co(60nm)/Nb(15nm)/Co(60nm) TLs and N=15
Co(100nm)/Nb(17nm)/Co(100nm) TLs.

<sMRE> <T> <AT> <T*> <H"™> <T*T P>
Co(dco)/Nb(dnb)/Co(de,) TL (%) (K) (mK) (K) (kO®) K
Co(10)/Nb(17)/Co(10) 14.0+7.0 6.96+0.10 | 27.2+17.3 | 0.00+0.00 | 0.000+0.000 0.0+0.0
Co(30)/Nb(17)/Co(30) 11.0+5.0 6.97+0.35 | 56.2+32.4 | 6.75+0.44 | 0.540+0.433 4.4+3.6
Co(60)/Nb(17)/Co(60) 73.04238 | 6.73t039 | 5453379 | 6.7120.41 | 2.273t0.479 | 60.6444
Co(60)/Nb(15)/Co(60) 36.7+130 | 545:065 | 516233 | 5402067 | 0.02040247 | 19.746.7
Co(100)/Nb(17)/Co(100) 921576 | 6.68t032 | 5114241 | 659031 | 3.772+0.344 | 136.9+19.6

7.4 Models for the optimization of the SMRE magnitude

In the present paragraph we focus on the sMRE obtained in FM/SC/FM TLs consisting of thick Co
layers, i.e. deo>d.™, in which the appearance of out-of-plane MDs and MDWs in the FM outer layers
around coercivity leads to intense transverse magnetostatic coupling through stray fields that ‘pierce’ the
SC interlayer [1-3]. This mechanism is known as the ‘stray fields scenario’ [1-3] and has been discussed
in detail in Chapters 4 and 6. Below we will recall in brief the key parameters of the ‘stray fields
scenario’.

Figure 7.16 (a) shows an illustration of the FM/SC/FM TLs studied here when the magnetizations
of the FM outer layers are in-plane either in the ‘homo-parallel’ or in the ‘anti-parallel’ configuration in
respect to the parallel external magnetic field, He. In this case a mono-domain magnetic state is attained.
The relative configuration of the in-plane mono-domain magnetizations of the FM outer layers is
responsible for the realization of the so-called superconducting Spin-Valve Effect (SSVE) [23-30]
through the action of He, on the spins of the Cooper-paired electrons, Figure 7.16 (b) (paramagnetic
effect [31-34]). Here we focus on the relevant SMRE that under specific circumstances develops at the
coercive field, H, of the FM outer layers [1-4]. When He=H., a multi-domain magnetic state of out-of-
plane MDs and relevant MDWs is established all over the surface of both FM outer layers, as
schematically illustrated in Figure 7.16 (c). The stray dipolar fields, Hg, is the most important parameter
for the SMRE studied here that is affected through their action on the momenta of the Cooper-paired
electrons, Figure 7.16 (b) (orbital effect [33-35]). Accordingly, the schematic illustration of Figure 7.16
(c) gives emphasis to the two different forms of Hg;, that emerge at the interior of the out-of-plane MDs
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and at the boundaries of MDWs. These have different orientation preferences: (1) stray Hgij, occurring at
the interior of out-of-plane MDs are absolutely transverse and extend throughout the SC interlayer to
couple facing out-of-plane MDs of the opposite FM outer layers and (Il) stray Hg, occurring at the
boundaries of MDWSs have both transverse and longitudinal components and bend over MDWs to couple
neighboring out-of-plane MDs of the same FM outer layer. In case (I) the affected regimes of the SC
interlayer are involved in dissipation processes [1-12,36-44] when (l.a) the lower-critical field, H¢;(T) is
exceeded by Hgp, so that the created straight vortices are subjected to current-induced movement under
the action of the Lorentz force, F =JeX®, (Where ®,=hc/2e is the flux quantum) originating from the
external transport current, Jex, and (1.b) the upper-critical field, He,(T) is exceeded by Hgi, S0 that the
normal state is reached locally. In case (1) the affected regimes of the SC interlayer are comparatively
protected due to the limited penetration of Hgp. In this case only semi-loop vortices can be created over
MDWs that as discussed in [11] are not prone to current-induced movement.
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OOp er ° outer layers outer layers SC mterlayer SC interlayer
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. . - A Stray fields at MDs interior Stray fields at boundaries of MDWs
A A . Magnetization § a = thatcouple facing MDs n that couple neighboring MDs
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2y ’ omen s "  They produce straight They produce semi-loop
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Figure 7.16: (a) Perspective-view illustration of a FM/SC/FM TL when the magnetizations of both FM
outer layers are saturated, whether in the ‘homo-parallel’ or in the ‘anti-parallel’ configuration in respect
to the parallel external magnetic field, He,. (b) Hlustration of a Cooper pair in the singlet state having
opposite spins and momenta configuration, spatially extending over the distance on the order of the BCS
coherence length, &. (c) Side-view illustration of the cross-section of the FM/SC/FM TL, shown in (a)
by the dotted rectangle, to schematically present what happens at the two FM/SC interfaces at
coercivity, that is at He,=H.. Out-of-plane MDs and MDWs form over the surface of the FM outer layers
and differently oriented stray dipolar fields, Hgi, emerge at the interior of the out-of-plane MDs and at
the boundaries of MDWs so that the overlying areas of the SC interlayer are locally affected in radically
different ways.

The creation of vortices has been thoroughly addressed both theoretically [45-50] and
experimentally [51-55] for the case of FM/SC bilayers in which vortices appear in the multi-domain state
of the FM underlayer. Specifically, in the theoretical works [47-49] two distinct cases where considered
in FM/SC bilayers: creation of straight vortices that entirely span the SC overlayer and of semi-loop
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vortices that penetrate at a limited extent inside the SC overlayer. In a recent work of ours [10] we
employed simulations-modeling and energy-considerations and proposed two quantitative criteria that
facilitate the creation of straight vortices over semi-loop ones. The first focuses on the maximization of
the stray Hgj, that occur at the interior of the out-of-plane MDs. The second enables the estimation of a
crossover between the preferable creation of one kind of vortices over the other. Both criteria responded
well, when tested against experimental results. Below we focus on the stray Hgj, occurring at the interior
of the out-of-plane MDs.

i.  Simulations-based modeling: Combination of the MDs width and the thickness of the
SC interlayer

We continue with the exploration of the conditions necessary to motivate the SMRE. The goal of this
subchapter refers to the optimization of the conditions that should be fulfilled between the dimensional,
superconducting and magnetic length scales to maximize the SMRE observed in our
Co(dco)/Nb(dny)/Co(dc,) TLs. To this end, we employed detailed simulations-based modeling of the stray
dipolar fields, Hgi, that stem from the MDs of width Dyps that emerge all over the surface of a FM film,
of thickness dry, Hex=H.. These simulations are performed at various distances, z from the surface of the
FM layer. In the case of the FM/SC/FM TLs studied here, z actually represents the thickness of the SC
interlayer, dsc, Figures 7.17 (a) and (c). The specific question addressed here is: what is the optimum
relation between Dyps and dsc to maximize the transverse stray dipolar fields, H,q, experienced by the
FM outer layers when brought together in a FM/SC/FM TL? The answer will provide means to maximize
the SMRE. These data have been discussed in detail in [11].

The range and intensity of the transverse stray dipolar fields, H, 4, over a periodic assembly of out-
of-plane MDs, that extend infinitely along y axis, and have alternating saturation magnetization Mg along
z can be modeled through relation [56]

0

d.y
H, ., (2) Z wat [1-exp(—(2n+1)27 D

=0 ) MDs

)]
(7.1)

yA X
xexp(—(2n+1)2x cos((2n+1)2x .
p(—( ) ) )cos(( ) D )

MDs MDs

The x-component has the only difference that the last term cos((2n+1)nx/Dwps) is replaced by
sin((2n+1)nx/Dwps), While the y-component is zero due to symmetry arguments [56]. Relation 7.1 can
give important information on the distribution of the z-component, that is transverse component, H, gi, Of
the stray dipolar fields above a periodic assembly of out-of-plane MDs that are absolutely homogeneous,
thus they have single-valued saturation magnetization Mg, and width, Dyps. Nevertheless, as our MFM
experiments clearly evidenced, Figures 5.5, 5.6 and 5.7 of Chapter 5 and Figure 7.8 of the present
Chapter, in the FM/SC/FM TLs studied here we record non-periodic assemblies of otherwise out-of-plane
MDs that, however, are relatively inhomogeneous. To take this characteristic into account we develop
relation 7.1 by introducing ‘magnetic inhomogeneity’ to the MDs that is a finite distribution in their
saturation magnetization, Mg and width, Dyps. This can be the case in real materials due to local
properties variation that can originate from many reasons such as surface roughness, crystal
imperfections, minor thickness variations etc. Thus, we will consider the realistic MDs as being ‘magnetic
inhomogeneous’. Accordingly, we introduce a new version of the above relation
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where index mi indicates the ‘magnetic inhomogeneity’ introduced at the local level by the coefficients
A, and Q, to the saturation magnetization, Mg, and width Dyps, respectively, of the MDs. Accordingly,
both A, and Q, can range from unity (periodic assembly of homogeneous MDs) to both lower and higher
values to capture the degree of ‘magnetic inhomogeneity’ of Mg, and Dyps. In all simulations of relations
7.1 and 7.2 presented below we use realistic values for the involved parameters (thickness dry, MDs
width Dyps, distance z from the FM/SC interface that is thickness dsc etc) to conform with the structural
and magnetic characteristics of the Co(dqy)/Nb(17nm)/Co(dry) TLs. To this effect, the MFM
experimental results greatly assisted these simulations with important input on the determination of Dyps
and d,™. Specifically, since our MFM experiments evidenced that for the Co(dgy)/Nb(17nm)/Co(dewm)
TLs out-of-plane MDs exist only for dc,>d "~40-50 nm, below we focus on the simulations with
relations 1 and 2 for dg=60, 80 and 100 nm. Also, the presented simulations refer to the first 10 terms of
the series of relations 7.1 and 7.2. Specifically, regarding relation 7.2, the exact values employed for each
set of inhomogeneous coefficients A, and Q, are mentioned in every case. Finally, we stress that, except
for the results of Figures 7.17 (a)-(b), all other simulations refer to how the transverse stray dipolar fields,

H. qip develop at the center of MDs, that is at X,=0 nm. The reasons for focusing on this specific situation
become clear below.
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Figure 7.17: Simulations of the transverse stray dipolar fields at constant distance z,=17 nm above an
assembly of MDs along dimension x for parameters that conform to the characteristics of the
Co(100nm)/Nb(17nm)/Co(100nm) TLs. (a) Ideal case of homogeneous Mg and Dyps represented by
H.qip(X) (relation 7.1). (b) Realistic case of inhomogeneous Mg and Dyps represented by szdipmi(x)
(relation 7.2 and [57]). Since Mg,=1 has been chosen, all data are presented in relative units (ru). Values
of dry and Dyps are set to 100 nm and 120 nm, respectively.

Figures 7.17 (a) and (b) present simulations of the transverse stray dipolar fields along dimension X,
for parameters that conform with the characteristics of the Co(100nm)/Nb(17nm)/Co(100nm) TLs
(dem=100 nm and Dyps=120 nm). Figure 7.17 (a) presents the ideal case of homogeneous Mg, and Dyps,
that is H,gip(X) (relation 7.1), while Figure 7.17 (b) shows the realistic case of inhomogeneous Mg, and
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Dwps, that is Hz,dip”"(x) (relation 7.2 and [57]). Both simulations refer to the realistic distance from the top
surface of a MDs assembly, z,=17 nm, to focus on what happens in the space between the FM outer
layers when they are placed at a distance on the order of the SC interlayer thickness (dn,=17 nm). In this
way we can approximate the processes observed in the FM/SC/FM TLs studied here. Two important
conclusions can be drawn from these simulations. First, the periodic profile that is naturally observed
when using H,gpp(X) of relation 7.1, Figure 7.17 (a), is replaced by a non-periodic one when using
H.aip™(x) of relation 7.2, Figure 7.17 (b). Thus, by using relation 7.2 we can reproduce, at least
qualitatively, distorted profiles of the stray dipolar fields, H,q,™(x) as the ones recorded in our MFM
experiments. Second, the inhomogeneous Mg, and Dyps can induce local enhancement of szdipmi(x),
Figure 7.17 (b), that can now exceed the former intensity of H, q,(X), Figure 7.17 (a), by almost 70% (see
also Figures 7.18 (a)-(d) and 7.19 (a)-(d), below). This can promote pair-breaking and suppression of the
properties of the SC interlayer at least at the local level.
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Figure 7.18: Simulations of the transverse stray dipolar fields, H, ¢i,(Dwmps,z) for the case of homogeneous

Ms: and Dyps (relation 7.1). The employed parameters conform with the characteristics of the (a) & (c)
Co(60nm)/Nb(17nm)/Co(60nm) TLs and (b) & (d) Co(100nm)/Nb(17nm)/Co(100nm) TLs. (a) & (b)
Three-dimensional simulations of H, gip(Dwps,z) for (&) dew=60 nm and (b) dey=100 nm. (c) & (d) Two-
dimensional contour-plots of H, gi;(Dwps,z) for (¢) dgy=60 nm and (d) dey=100 nm. In (c) & (d) white
circles trace the curve Dmaxvips(Zmax) OFf maximum H, gip, While red-solid lines are linear fittings when the
low-z data points are neglected. All simulations refer to Mg,=1 so that all data are presented in relative
units (ru), and to X,=0 nm since we want to focus on how the transverse stray dipolar fields, H, 4, behave
at the center of MDs.
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Since in our work we seek for the conditions necessary for the maximization of the sSMRE
magnitude the following question is of paramount importance: once the parameters dry and distance z of
the FM outer layers (i.e. dsc) are fixed, what is the optimum width of out-of-plane MDs, Dyps S0 that the
maximum transverse stray dipolar field, H, g4, is observed at the center of MDs? In the FM/SC/FM TLs
studied here the answer will ensure that facing out-of-plane MDs of the opposite FM outer layers will get
magnetostatically coupled optimally, so that SMRE will be maximized. The data presented in Figures 7.18
(a)-(d) and Figures 7.19 (a)-(d) assist us to address this question through detailed simulations of the
transverse stray dipolar fields by using relations 7.1 (homogeneous Mg; and Dyps) and 7.2
(inhomogeneous M, and Dyps), respectively. Once again we stress that these simulations refer to x,=0
nm since we want to focus on how the transverse stray dipolar fields behave at the center of MDs.

Figures 7.18 (a)-(d) refer to relation 7.1 (homogeneous Mg, and DMDs). Figures 7.18 (a) and (c)
refer to parameters that conform to the characteristics of Co(60nm)/Nb(17nm)/Co(60nm) TLs, while Figs.
7(b) and 7(d) to Co(100nm)/Nb(17nm)/Co(100nm) ones. Figures 7.18 (a) and (b) present the three-
dimensional surfaces of H,4is(Dwps,z), While Figures 7.18 (c) and (d) the two-dimensional contour-plots.
Figures 7.18 (a) and (b) evidence that the H,qi,(Dwmps,2) surface is non-monotonic, exhibiting maximum
for an optimum curve Dyps™(z™). This optimum curve is shown in the contour-plots of Figures 7.18 (c)
and (d) with the white circles, while red-solid lines are linear fittings when the low-z data points are
neglected. The linear fittings read Dyps ™ %°=3.13(0.04)z+48.33(0.83) nm and Dyps™
100-4.09(0.13)z+67.71(1.78) nm for Figures 7.18 (c) and (d), respectively (numbers in parentheses refer to
standard error).

Figures 7.19 (a)-(d) refer to relation 7.2 (inhomogeneous Mg, and Dyps according to [58]). Figures
7.19 (a) and (c) refer to parameters that conform to the characteristics of Co(60nm)/Nb(17nm)/Co(60nm)
TLs, while Figures 7.19 (b) and (d) to Co(100nm)/Nb(17nm)/Co(100nm) ones. Figures 7.19 (a) and (b)
present the three-dimensional surfaces of Hz,dipmi(DMDs,z), while Figures 7.19 (c) and (d) the two-
dimensional contour-plots. As for the case of Figures 7.18 (a) and (b), also Figures 7.19 (a) and (b)
evidence that the szdipmi(DMDs,z) surface is non-monotonic, exhibiting maximum for an optimum curve
Dmaxmps(Zmax)- This optimum curve is shown in the contour-plots of Figures 7.19 (c) and (d) with the black
circles, while red-solid lines are linear fittings when the low-z data points are neglected. The linear
fittings read Dups™" °=2.50(0.03)z+42.07(0.86) nm and Dyps"'%°=3.12(0.05)z+54.01(0.93) nm for
Figures 7.19 (c) and (d), respectively (numbers in parentheses refer to standard error). In the same plots
we have included the respective curves Dyps"(z™) of the homogeneous case and purely experimental
data for 4 Co(60nm)/Nb(17nm)/Co(60nm) TLs and 15 Co(100nm)/Nb(17nm)/Co(100nm) TLs for the
sake of comparison.

From the data shown in Figures 7.18 (a)-(d) and Figures 7.19 (a)-(d) a number of interesting
conclusions can be drawn. (I) Given the distance z, from these data we can find the optimum MDs width,
DMDs through using the curve Dyps ™ (z™), to maximize the stray fields experienced by the two FM
outer layers. Excluding the regime of very low z values, this can be easily achieved with the linear fitting
(Dmps=adscth) obtained for each case. From a different point of view, once the MDs width, Dyps has
been determined for the chosen FM structural unit, the optimum thickness of the SC interlayer (dsc=z)
that maximizes the SMRE magnitude in the FM/SC/FM TLs of interest can be roughly estimated through
relation dsc=(Dwmps-b)/a or dsc=C;Dmps+C,. (1) Given the distance z, from these data we see that the
optimum MDs width, Dyps, for which the transverse stray dipolar fields become maximum, shifts to
lower values upon introduction of ‘magnetic inhomogeneity’ in Mgy and Dyps. (111) The maximum value
of the transverse stray dipolar fields per se increases upon introduction of ‘magnetic inhomogeneity’ in
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My, and Dyps. Also, the locus Dwps-z where H; gip(Dwps,z) attains high values increases upon ‘magnetic
inhomogeneity’ in Mg and Dyps (See the red and yellow areas in Figures 7.19 (c) and (d) in comparison
to those of Figures 7.18 (c) and (d)). Thus, engineered ‘magnetic inhomogeneity’ can be employed on
demand to maximize the SMRE magnitude observed in FM/SC/FM TLs.
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Figure 7.19: Simulations of the transverse stray dipolar fields, Hz,dipm‘(DMDs,z) for the case of
inhomogeneous Mg and Dyps (relation 7.2 and [47]). The employed parameters conform with the
characteristics of the (@ & (c) Co(60nm)/Nb(17nm)/Co(60nm) TLs and (b) & (d)
Co(100nm)/Nb(17nm)/Co(100nm) TLs. (a) & (b) Three-dimensional simulations of Hz,dipm‘(DMDs,z) for
(a) drgv=60 nm and (b) dgy=100 nm. (¢) & (d) Two-dimensional contour-plots of Hzldipmi(DMDs,z) for (c)
d=m=60 nm and (d) dgv=100 nm. In (c) & (d) black circles trace the curve Dmaxmps(Zmax) OF maximum
Hz,dipmi, while red-solid lines are linear fittings when the low-z data points are neglected. For comparative
reasons, in the same plots we include the respective curves Dmaxvips(Zmax) Of maximum H, 4, for the
homogeneous case that is originally shown in Figures 7.18 (c) & (d) (white circles) and purely
experimental data for 4 Co(60nm)/Nb(17nm)/Co(60nm) TLs and 15 Co(100nm)/Nb(17nm)/Co(100nm)
TLs (white stars). All simulations refer to Mg,=1 so that all data are presented in relative units (ru), and to
x0=0 nm since we want to focus on how the transverse stray dipolar fields, H, qi, behave at the center
of MDs.
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We believe that the modeling approach introduced here is nicely justified through the comparison
with the realistic case of purely experimental data. Indeed, as shown in Figures 7.19 (c) and (d) the
experimental  data  referring to 4  Co(60nm)/Nb(17nm)/Co(60nm) TLs and 15
Co(100nm)/Nb(17nm)/Co(100nm) TLs lie within homogeneous boundaries. We believe that the intense
SMRE observed in these TLs [4-7] is motivated by the main requirement discussed above; to maximize
the magnitude of the SMRE observed in FM/SC/FM TLs, the relevant experimentally-determined values
Dwmps-dsc should lie onto the modeling-determined optimum curve Dyps™ (Zmax) Where the transverse
stray dipolar fields become maximum. In real FM/SC/FM TLs, the modification of the modeling-
determined curve due to the appearance of ‘magnetic inhomogeneity’ in Mg, and Dyps can be taken into
account through relation 7.2 introduced above.

ii. Experiments-based modeling: Combination of all the involved parameters

We continue our study on Co/Nb/Co TLs with strong out-of-plane anisotropy aiming to search for a
closed-form recipe to reproduce the SMRE magnitude. We note that the optimization of the SMRE
magnitude is a mandatory condition for the implementation of FM/SC hybrids in cryogenic devices. A
crucial task was to find the most important SC and FM macroscopic parameters and microscopic length
scales (e.g. T.™®, AT™®, dsc, dem, £(0), Dvos, Dvpws etc) that affect the sSMRE’s intensity. Therefore in
the experimental data presented below, we have included all the series of Co(dco)/Nb(dns)/Co(dc,) TLS
with Co and Nb thicknesses dc,=100 and 60nm >d, V'=40-50 nm and dy,=17, 19, 21, 23 nm that were
studied in the frame of this Thesis. These data have been discussed in detail in [9].
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Figure 7.20: (a) The dependence of SMRE on the SC’s critical temperature, T.. (b) The dependence of
SMRE on SC’s transition width, AT.. Black-dashed and red-dashed lines refer to linear fittings for the
specific sets of Co(100nm)/Nb(17nm)/Co(100nm) and Co(60nm)/Nb(15nm)/Co(60nm) TLs, respectively.

The Figures 7.20 (a) and (b) show the dependence of the SMRE magnitude on the SC’s critical
temperature, T, and the SC’s resistive transition width, AT, respectively. Focusing on Figure 7.20 (a) we
notice that the data are quite scattered when plotted against the T.. However, it is clear that the SMRE
increases as the SC’s critical temperature, T increases. Continuing on Figure 7.20 (b) we observe that the
series of Co(100nm)/Nb(17nm)/Co(100nm) and Co(60nm)/Nb(15nm)/Co(60nm) TLs exhibit low
scattering. Moreover, black-dashed and red-dashed lines in Figure 7.20 (b) represent successful linear
fittings of the data referring to the specific series of Co(100nm)/Nb(17nm)/Co(100nm) and
Co(60nm)/Nb(15nm)/Co(60nm) TLs, respectively. These data imply that SC’s resistive transition width
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AT, is a parameter that controls the SMRE magnitude. Notably, the ideal TL would develop maximum
sMRE magnitude in the case that an infinitely sharp resistive transition was realized, i.e. AT.=0. Under
this perspective, in the fittings of Figure 7.20 (b) the intersection point with the vertical axis, i.e. the factor
b of each linear fitting, denotes that the set of Co(100nm)/Nb(17nm)/Co(100nm) TLs obtain maximum
SMRE of magnitude SMRE ., °®"™T=105.7+2.4 %, and the set of Co(60nm)/Nb(15nm)/Co(60nm)
TLs obtain maximum sMRE of quite lower magnitude, SMRE "™ T=65.5+3.6 %. We note that in
the case of Co(100nm)/Nb(17nm)/Co(100nm) TLs the linear fitting overestimates the ideal value of the
SMRE magnitude 100%.

As it can be easily understood, scaling plots of the SMRE magnitude on the relevant SC and FM
parameters and length scales could be employed towards the finding of a closed-formula. An excellent
scaling of the SMRE magnitude is on the factor AT /(T ~-T.~®) as shown in Figure 7.21. Obviously
when (T™-T.™®) exceeds AT it is expected that the SMRE magnitude should attain its maximum
value, 100%. More specifically, the solid-black line represents a linear fit of the complete data referring to
all sets of Co(dc,)/Nb(dys)/Co(dco) TLs that appear in the area AT /(T ST ~?)<3. The three data points
of Co(60nm)/Nb(15nm)/Co(60nm) TLs that appear for AT®/(T-T>®)>3 (marked with vertical
arrows) possibly refer to a second mechanism with a distinct scaling behavior that is not discussed here
due to lack of data in this regime. Accordingly, we focus on the area AT /(T >-T,>?)<3. By using

exp

SMRE=a——<%—+b (7.3)

we get an impressive outcome; the intersection point with the vertical axis reads b = 99.4 + 1.6% that
within standard uncertainty is identical to the maximum value 100% expected for the ideal case of
complete switching, ‘on’ and ‘off’, of the supercurrent of the FM/SC/FM TL [5,6]. Obviously, the slope
a=—29.9+1.3% depends on the criterion used to define AT.*® (20%-80% in our case). We should note
that the x-axis of Figure 7.20 (b) is divided with the factor (T.™-T.*®) to give the x-axis of Figure 7.21.
Thus, it could be said that factor (T.Z-T.>") renormalizes the SMRE magnitude on the basis of the
different macroscopic parameters and microscopic length scales (e.g. T.™®, dsc, dew, E(0), Dwips €tc) of the
SC and FM structural units of the FM/SC/FM TLs. Consequently, the construction of a model that will
enable us to estimate the factor (T.~-T.*®) on the basis of these quantities is of paramount importance
and is discussed below.

As already discussed in subchapters 6.2 and 7.3 and published in [5-7,9,11] the reentrance branch
of the upper-critical field line, Hc(T), can be ascribed to the suppression of superconductivity by the
transverse stray dipolar fields that emerge at the interiors of out-of-plane MDs as the coercive field, H, is
approached. Nevertheless, we have to keep in mind that MDWs assist the nucleation of superconductivity
[59,60]. Thus, the intrinsic critical temperature that originally should be T, is suppressed to T.~°
(Figure 7.15 (a)) under the action of the main body of MDs when MDWs are excluded; the suppression of
T to T2 is driven only by the net width Dyps-Dvpws, Where Dyips and Dypws is the width of MDs and
MDWs, respectively. On this basis, we propose that the experimentally-determined suppressed critical
temperature, T.;*® (Figure 7.15 (a)) can be estimated from the condition &(T."") = Dyps-Dmows, that is
T.”® denotes the temperature where the coherence length, £(T) equals to the net width of MDs, Dyps-
Dmpws. We propose this condition since, when it holds, the superconducting nucleus can no longer be
benefited by the selective localization above MDWs, since it necessarily extends over entire MDs, thus is
forced to experience the hostile transverse stray dipolar fields. By using relation &T)=£(0)/(1-T/T¢)"?, in
which for T, we insert the intrinsic critical temperature, T.> (Figure 7.15 (a)), after simple algebra we
obtain the equation
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Equation (7.4) shows that the experimentally-determined critical temperature, T.”® depends on the
ratio &(0)/(Dmps-Dmpws); for fixed (0), the wider/narrower the MDs, the weaker/stronger the suppression,
while for fixed Dyps-Dmpws, the lower/higher the £(0) the weaker/stronger the suppression. Equation (7.4)
refers to purely experimental quantities that are given in Tables 1, 2 and 3 of Appendix A. Thus, it can be
used to test the self-consistency of our approach to estimate T.*° with respect to the T.™. For instance,
equation (7.4) performs excellently when we use it to estimate the critical temperature shift (T -T.>)
and compare it with the purely experimental data for the Co(100nm)/Nb(17nm)/Co(100nm) TLs. The
mean value <T>-T.”"> estimated using equation (7.4) in combination with the data of Table 1 of
Appendix A yields < T, >-T . ~?>=0.164+0.030 K, while the purely experimental value directly calculated
from the data of Table 1 of Appendix A gives <T.~-T.~*>=0.167+0.020 K. Notably, if we ignore the
length scale Dpmws in the denominator of equation (7.4) we seriously underestimate the shift value <T -
T.57>=0.118 + 0.021 K.
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Figure 7.21: Scaling of the SMRE magnitude with the ratio ATS®/(TZ-T.2°). The solid-black line
represents linear fit of the SMRE magnitude for the complete data referring to all sets of
Co(dco)/Nb(dnp)/Co(dco) TLs, with the exception of three data points (Co(60nm)/Nb(15nm)/Co(60nm)
TLs) marked with vertical arrows. Gray surveys the area where the reentrance of branch of the upper-
critical field line, He,(T), exceeds the width of the resistive transition, AT /(T >-T?)>AT>®) so that
ideal SMRE magnitude, 100%, is established.
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Once the proposed model-based estimation of T,”® has been experimentally validated we can now
use equation (7.4) to calculate the factor (T, -T.~®) and substitute it for the denominator of equation (7.3)
(linear fit of Figure 7.21). With simple algebra we obtain for the SMRE magnitude [9]

ex 2

sMRE=—29.9—°p (%] -1 (+99.4, (7.5)
T | ¢(0)

where ‘nMDs’ stands for ‘net MDs’, with Dyyps = Dmps-Dvpows the net width of MDs. Though simple,

phenomenological equation (7.5) contains much information on the underlying physics of the SMRE

effect observed in FM/SC/FM TLs and takes into account a number of the relevant macroscopic

parameters and microscopic length scales. This phenomenological model relates the SMRE magnitude
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with T”®, AT, Dawps and £(0) in a direct way and has been presented in detail in [9]. Moreover in [9] a
successful comparison of equation (7.5) with the experimental parameters met in the
Co(dco)/Nb(dnb)/Co(dco) TLs studied here (see Tables 1 and 2 of Appendix A) was performed indicating
that equation (7.5) has notable predictive worth. The generic approach introduced here and in [9]
guarantees that equation (7.5) can be used to reliably design FM/SC/FM TLs that exhibit the desired SMR
magnitude with the opportunity to attain even the ultimate SMRE magnitude, 100%.

The phenomenological model proposed in [9] was further studied in [12] by examining how the
variation of other macroscopic parameters and microscopic length scales of the SC and FM materials
influence the sMRE magnitude in an indirect way. Theoretical simulations and experimental data
unveiled the parameters of both the SC interlayer and the FM outer layers that affect the SMRE magnitude
[12]. Regarding the SC interlayer, we considered the disorder, the mean free path (I) and the thickness
(dsc) as the indirect factors that can effectively influence the T.2®, AT.*® and £(0) and consequently the
SMRE magnitude. Regarding the FM layer, we considered the thickness (drv) as an indirect parameter
that affects the Dyps and Dypws, Which in turn influences the SMRE magnitude. The phenomenological
model performed excellently when well established theoretical formulas were invoked, while it described
unguestionably the experimental data obtained for the numerous sample series studied in the frame of this
Thesis in which various parameters are systematically controlled. The consistency between the
experimental data and phenomenological model suggests that the latter is applicable in every kind of
FM/SC/FM TLs.
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7.5 The selective appearance of the SMRE against the sSVE

Below we discuss how we can exploit the properties of (CoO-)Co/Nb/Co TLs aiming to provide definite
means to distinguish the sSSVE from sSMRE. According to detailed experiments we concluded that two are
the crucial parameters that determine the selective appearance of the SSVE against the SMRE observed in
Co/Nb/Co TLs and conversely, the magnetic anisotropy (of shape or EB origin) and the difference AH,
between the coercive fields of the outer FM outer layers.

As already discussed, in-plane magnetic anisotropy motivates the sSVE, while out-of-plane
magnetic anisotropy promotes the SMRE. The direct comparison of the transport data (Figures 4.10 (d)
and 4.7 (b)) and magnetization loops (Figures 4.10 (c) and 4.7 (a)) fairly documents this expectation for
the two categories of (CoO-)Co/Nb/Co TLs (e.g., CoO(2nm)-Co(10nm)/Nb(25nm)/Co(10nm) and
Co(60nm)/Nb(17nm)/Co(60nm), respectively) studied in paragraphs 4.3.i. and 4.3.ii. To introduce the
second crucial parameter, that is, the difference AH, of the coercive fields of the outer Co layers, we focus
on a model that provides means to fundamentally distinguish and technically isolate the two
magnetoresistance versions, sSSVE and sMRE, observed in our (CoO-)Co/Nb/Co TLs. This model was
originally proposed in [6] and is generic, thus, it should be applicable in all relevant FM/SC/FM TLs.

According to the model, the sSVE and sMRE can be distinguished due to their opposite
dependence on the difference AH, of the coercive fields, H,™* and H.™, of the outer FM layers. Figures
7.22 (a)-(c) and the respective satellite cartoons (a.i)-(c.i) and (a.ii)-(c.ii) illustrate the basic concept.
Consider two ideal model systems, the first exhibits in-plane magnetization processes and the sSVE is
developed (Figures 7.22 (a.i)-(c.i)), while the second one has out-of-plane magnetic characteristics and
the SMRE is developed (Figures 7.22 (a.ii)-(c.ii)). Since the sSVE relies on the relative configuration of
the in-plane magnetizations of the outer FM layers, these should have clearly different coercive fields,
HM£H™? (AHG£0), so that the ‘anti-parallel” state can be realized in an extended field range (Figures
7.22 (a) and (a.i)) [33-36,39-42]. However, as the field range AH. gradually gets narrower (Figure 7.22
(b)), the sSVE is progressively suppressed (Figure 7.22 (b.i)). Eventually, when AH, gets zero (Figure
7.22 (c)) the sSVE is diminished (Figure 7.22 (c.i)). On the contrary, since the SMRE relies on the out-of-
plane magnetostatic coupling of the outer FM layers, these should have identical coercive fields,
HM=HM? (AH.=0), so that the magnetostatic coupling can be realized [7,8,12-19]. Thus, when
H:M=H ™ (AH.=0) the SMRE is maximized (Figures 7.22 (c) and (c.ii)). However, as H."™™" and H,~™?
gradually get distinct (Figure 7.22 (b)) the sSMRE is progressively suppressed (Figure 7.22 (b.ii)).
Eventually, when H."™* and H,™? are strongly different (Figure 7.22 (a)) the SMRE is diminished (Figure
7.22 (a.ii)). In the latter case, two independent minor SMRE peaks appear at each coercive field (Figure
4.10 (b)), evidencing that the outer FM layers are magnetostatically decoupled so that the Co/Nb/Co TL
behaves as two independent Co/Nb and Nb/Co BLs. At the bottom line, the SMRE and sSVE have
opposite dependence on AH.. We propose that this property can be used to distinguish the two effects in
all FM/SC/FM TLs.
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Figure 7.22: Magnetization data obtained at T=10K>T*° for distinct (CoO-)Co/Nb/Co TLs in which the
Co outer layers have (a) very different, (b) simply distinct, and (c) almost identical coercive fields H; ™"
and H.™™2. The satellite cartoons show schematic presentation of two ideal model systems with (a-i)-(c-i)
in-plane (SSVE) and (a-ii)-(c-ii) out-of-plane (SMRE) magnetic domains at coercivity. Vertical (a-i)-(c-i)
and horizontal (a-ii)-(c-ii) arrows designate the exchange and stray-fields, respectively. Their size
represents illustratively the relative contribution of the in-plane (a-i)-(c-i) and out-of-plane (a-ii)-(c-ii)
magnetic domains to the appearance of the sSSVE and sSMRE, as the difference of the coercive fields H; ™
and H.™™ of the outer FM layers progressively changes.
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Chapter 8

Possible Applications of the FM/SC/FM TLs as cryogenic devices

During the last decades, devices that are based on superconductors (SC) have renewed the scientific
interest due to their possible applications at cryogenic conditions. Such SC-based devices have
nano/micro-meter dimensions, operate at low temperatures with relatively low bias magnetic fields, have
extremely small switching time and, depending on their geometry (i.e. wires, films, stripes etc.), they
provide various properties that can serve as key modules for applications on the production of ultra-high
magnetic fields, sensing of extremely low magnetic fields, resistive storage of data etc.

Introduction

Ferromagnetic/Superconducting (FM/SC) hybrid nanostructures [1-4] have been widely studied during
the last years, from both experimental and theoretical point of view, due to the interesting phenomena that
arise from the interaction between the respective order parameters [5-27]. In particular, many studies have
been focused on FM/SC/FM trilayers (TLs), where the SC interlayer transport properties are controlled by
the magnetic configuration of the outer FM layers. As already discussed in previous Chapters, the parent
superconducting magnetoresistance (SMR) effect observed in these TLs can be classified into two wide
categories, the sSVE [5,6,8-10,20,21] and the SMRE [12,13,16-24] that relate to the in-plane and out-of-
plane magnetic configuration of the outer FM layers magnetizations in respect to the TL surface,
respectively. Former experiments of ours on plain NiFe/Nb/NiFe TLs [13] have shown that the SMRE
peaks correlate nicely with the peaks observed in the out-of-plane magnetization components of the outer
FM layers around coercivity, indicating that the transverse magnetostatic coupling of the outer FM layers,
through stray fields that pierce the SC interlayer, is the most relevant underlying mechanism motivating
the sSMRE. This proposition was confirmed and further clarified by S. Oh and colleagues [16,17] who
studied NiFe/Nb/NiFe bridges and documented that the observed effects depend on the orientation
between the magnetization easy axis and applied current (defined by the bridge orientation). Except for
plain NiFe/Nb/NiFe TLs we utilized the mechanism of exchange bias (EB) and investigated both plain
and EB TLs on a comparative basis to demonstrate that the in-plane exchange-fields-based and out-of-
plane stray-fields-based magnetization processes [1,2] can be selectively isolated to distinguish and
ultimately control the sSSVE and SMRE [19-21].

Except for these classic stray-fields and exchange-fields based mechanisms that are mainly active
when metallic FM are adjacent to low-T. SC, other relevant effects are intensively studied in recent years.
A spin-imbalance mechanism has been employed to successfully explain the giant SMR observed in
superlattices of FM Lag;Cag3sMnO; and high-T, YBa,CusO; [28]. More recently, a spin-triplet pairing
mechanism was experimentally revealed and theoretically analyzed in the asymmetric spin valve system
CoO,/Fe,/CulFe,/Pb [29]. Finally, an exchange-field-based absolute SMR effect was recently observed in
EuS/AI/EuS structures in which the EuS is a FM insulator and an Al,O3 barrier was selectively introduced
to document the proof of concept [30].

Returning back to TLs consisting of conventional metallic FM and low-Tc SC constituents,
recently we have expanded our research on FM/SC/FM hybrids using Co as the FM ingredient, while
keeping Nb as the SC element [22]. The Co/Nb/Co TLs confirmed the stray-fields scenario and revealed
the great impact of Co shape anisotropy on the SMRE [22]. The resemblance of both sSVE and SMRE
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with the magnetoresistance effects observed in TLs with normal metal or insulating interlayers triggered
our interest to investigate the underlying mechanisms in depth and to survey the technical requisites for
the possible application of the SC-based TLs in relevant cryogenic devices such as read heads and
memory units. Below, we briefly recall the basics of the well-studied TLs operating at room temperature.
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Figure 8.1: (a) Magnetization and (b) magnetoresistance data for a FM/X/FM spin valve, where X=NM or
IN denotes a normal metal or insulator interlayer. (c) Schematic presentation of the low-resistance state
referring to the ‘homo-parallel’ magnetization configuration of the outer FM layers. (d) Schematic
presentation of the high-resistance state referring to the ‘anti-parallel” magnetization configuration of the
outer FM layers.

Read heads are actually efficient magnetic field sensors having the form of a FM/X/FM TL, where
X stands for normal metal (NM) or insulator (IN). Specifically, FM/X/FM TLs comprise of two FM films
separated by a nanometer-thin NM or IN interlayer; they exhibit the basic effects of giant
magnetoresistance (GMR) [31-33] and tunnel magnetoresistance (TMR) [34-36], respectively. Except for
some fundamental differences, in both cases the underlying effect relates to the dependence of the TL
magnetoresistance on the relative in-plane orientation of the magnetizations of the outer FM layers,
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originating from the spin-dependent scattering that the electron current experiences as it travels from one
FM layer to the other [37]. The situation is schematically presented in Figures 8.1 (a)-(d). Practically, to
efficiently record information from a storage medium, a read head should provide intense changes of
magnetoresistance, AR/R, under the action of the stray magnetic fields of each individual monodomain
unit (bit) of the storage medium (hard disk) [38]. To this effect, the one FM film of the read head, that is
the FM/X/FM TL, has a fixed magnetic orientation due to the ‘pinning’ introduced by an adjacent
antiferromagnetic (AFM) layer through the EB mechanism (though, formally, the complete structure is
AFM-FM/X/FM, and in the rest of the paper we will term it FM/X/FM; see Figures 8.1 (c) and (d)). On
the contrary, the second FM outer layer has magnetization that is ‘free’ to rotate (however, remaining in-
plane) under the action of the stray fields occurring at the border of each individual monodomain unit
(bit) [38].

Returning to the spin-dependent nature of the transport processes, when both the ‘pinned’ and
‘free’ FM outer layers have parallel in-plane magnetization configurations, termed as ‘homo-parallel’, the
conduction electrons travel easily through the interlayer, experiencing low resistance (Figure 8.1 (c)). On
the contrary, when the ‘pinned’ and ‘free’ FM outer layers have non-parallel in-plane magnetic
configurations, at best being entirely ‘anti-parallel’, the conduction electrons are strongly scattered at the
interfaces and experience high resistance when trying to cross the interlayer (Figure 8.1 (d)). Since the
‘pinned’ FM layer is not susceptible to in-plane rotations of its magnetization, it is only the ‘free’ one that
offers the possibility of rotating its magnetization under the action of the stray fields occurring at the
border of each individual monodomain unit (bit), thus providing the necessary magnetoresistance change
AR/R (Figure 8.1 (b)) [38]. Except for read heads, the GMR and TMR effects can be used for information
storage in the so-called magnetic random access memory (MRAM) that is a periodic assembly of densely
patterned FM/X/FM TLs interconnected with perpendicular arrays of parallel conducting lines [39—43]. In
MRAM, each FM/X/FM TL realizes a ‘bit’ of information in which the binary digits ‘0°-‘1’ are recorded
on the two opposite configurations of the magnetization of the ‘free’ FM layer. Usually, the ‘homo-
parallel’ (Figure 8.1 (c)) and ‘antiparallel’ (Figure 8.1 (d)) magnetizations configuration refer to the digit
‘0’ (low-resistance state, Rjow) and ‘1’ (high-resistance state, Ryign), respectively [43].

Our investigations on the magnetoresistance phenomena observed in NigFe,/Nb/NigFey, and
Co/Nb/Co TLs [13,22,44-51] revealed important data that suggest the FM/SC/FM TLs as promising
candidates for cryogenic devises. In particular, in [44] noticeable sSSVE and sMRE have been reported for
(Co0O-)Co/Nb/Co TLs of thin Nb interlayer and carefully chosen Co layers that enable these structures to
operate either as spin valves or supercurrent switches. Going a step further in [47] we studied the
performance of NiFe/Nb/NiFe and Co/Nb/Co TLs as cryogenic magnetic-field sensors and magnetic-
field-controlled supercurrent switches, respectively. Below we present the operation principle of
cryogenic  magnetic-field sensors, superconducting spin-valves and magnetic-field-controlled
supercurrent switches and we investigate the performance of FM/SC/FM TLs towards their possible
application as cryogenic devices.

The performance of FM/SC/FM TLs as cryogenic magnetic-field sensors

In the present paragraph we investigate the SMRE observed in FM/SC/FM TLs and examine the
implementation of such TLs as magnetic-field sensors operating at cryogenic environment. In particular,
the key operation of a magnetic-field sensor is the change of its resistance upon small variations of the
externally applied magnetic field. This operation principle is completely fulfilled by the SMRE observed
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in the FM/SC/FM TLs. To preserve the efficient operation of our TLs as magnetic-field sensors, they
should be magnetically biased by a dc magnetic field, termed bias magnetic field, Hp;ss, close to the SMRE
maximum. This will ensure that the TL will operate in the field regime of maximum sensitivity. Under
this perspective, below we show the transport properties of the Co(60nm)/Nb(17nm)/Co(60nm) TL
(presented in Chapter 4.3.i) in which out-of-plane magnetization processes exist due to shape anisotropy
(dee=60 nm is equal to the upper value of the d.,""'=40-60 nm).
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Figure 8.2: Magnetoresistance curve, R(H), of the Nol Co(60nm)/Nb(17nm)/Co(60nm) TL obtained at

temperature T=6.88 K<T, presented in (a) high and (b) low magnetic fields regime. (c) Derivative of the
magnetoresistance curve, dR(H)/dH. Hy,s refers to the bias magnetic field applied to the TL to ensure
optimum operation.

In  Figures 8.2 (a)-(c) we present the magnetoresistance curve of the Nol
Co(60nm)/Nb(17nm)/Co(60nm) TL where the maximum SMRE is signified in extended field range,
Figure 8.2 (a), and in the low fields regime, Figure 8.2 (b), in comparison to its derivative curve,
dR(H)/dH, Figure 8.2 (c). As shown in Figure 8.2 (a), the TL exhibits a significant and broad SMRE peak
of magnitude 77.5% that is realized within AH=1000 Oe and reveals a considerable resistance change of
magnitude AR~310 mOhms. The derivative curve, dR(H)/dH, reveals a sensitivity on the order of
dR(H)/dH=0.35 mOhms/QOe, as shown in Figure 8.2 (c).

By applying a bias magnetic field of magnitude Hy;,s=-0.5 Oe, that corresponds to the maximum of
the dR(H)/dH curve and falls inside the coercive fields area of the outer Co layers (magnetization data are
not shown here), we can succeed noticeable changes of the measured resistance triggered by extremely
small variations of the external field in either side of the Hy;,s (Figure 8.2 (b)). The blue dashed arrow of

132



Figures 8.2 (b) and (c) gives clear evidence of this concept. In particular, we see that an overall
performance of almost 50% change in the recorded resistance develops in a magnetic field range =300 Oe¢
in either side of the Hyi,s. These data reveal that the Co/Nb/Co TLs consisting of thick Co layers could
operate as magnetic-field sensors with operation at high magnetic fields, H,,<1000 Oe.

To further explore the FM/SC/FM TLs regarding their possible implementation as cryogenic
magnetic-field sensors, we tested the performance of extended sample series of Co/Nb/Co TLs to
document the reproducibility and reliability of the results shown in Figures 8.2 (a)-(c). In Table 1 we
show part of these data that refer to three Co(60nm)/Nb(17nm)/Co(60nm) TLs with constant Nb and Co
thicknesses. Specifically, we present the maximum sensitivity, dR(H)/dH|.x, the magnetic field operation
area, Hop, the maximum sMRE, the SC critical temperature, T, the width of the SC resistive transition,
AT,, and the difference between the coercive fields of the outer FM layers, AHc. In all Co/Nb/CoTLs of
Table 1 the maximum sensitivity is dR(H)/dH|nax~0.52 mOhms/Oe and the magnetic field operation area
is quite enlarged, Hqy,<1500 Oe. The performance of FM/SC/FM TLs as magnetic-field sensors is further
enhanced if NiFe is used as the FM ingredient, due to NiFe layer’s magnetically soft character. Recent
publication of ours [47] proposed that NiFe/Nb/NiFe TLs can successfully act as magnetic-field sensor
with operation at low magnetic fields, Ho,,<150 Oe and remarkable sensitivity of maximum value
dR(H)/dH=5.30 mOhms/Oe.

Table 8.1
The maximum sensitivity dR(H)/dH|max, the magnetic field operation area H,p, the maximum
sMRE, the SC’s critical temperature T, the width of the SC’s resistive transition AT and the
difference between the coercive fields of the outer Co layers AH; of three
Co(60)/Nb(17)/Co(60) TLs are presented.

samole dR(H)/dH|max Hop SMRE T, AT, AH,

P (mOhms/Oe) | (Oe) (%) (K) (mK) (Ce)

TLa: Co(60)/Nb(17)/Co(60) 0.44 1500 97.7 6.975 | 33.0 150
TLb: Co(60)/Nb(17)/Co(60) 0.35 1000 77.5 6.900 | 25.3 400
TLc: Co(60)/Nb(17)/Co(60) 0.52 1500 34.0 6.700 | 87.0 252

The performance of FM/SC/FM TLs as cryogenic magnetic-field-controlled supercurrent
switches

In the present section we investigate the performance of the FM/SC/FM TLs as magnetic-field-controlled
supercurrent switches operating at cryogenic conditions. In particular, the key operation of a magnetic-
field-controlled supercurrent switch is the TL transition from the normal state (denoted by maximum
resistance, Rnign) to the superconducting state (denoted by zero resistance, Rjo) upon application of an
externally applied magnetic field. This operation principle is completely fulfilled by the generic property
of a SC, that is the shift of the zero-field resistance curve, R(T) under application of an external magnetic
field that traces the upper critical field line, He,(T). As discussed above, in general the device should be
subjected to a constant external magnetic field, termed bias magnetic field Hy;,s to ensure successful
operation that is absolute switching between the two distinct resistance states, Rjqw and Ryigh. In specific,
an advantage of the Co/Nb/Co TLs studied here, that can assist easy implementation in applications, is
that Hyis falls in the low field regime, on the order of a few thousand Oe. Under this perspective, we
present below the transport properties of the Nol Co(60nm)/Nb(17nm)/Co(60nm) TL that was also
presented in Figures 8.2 (a)-(c), in the regime of low magnetic fields.
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In Figure 8.3 an abnormal shift of the zero-field resistance curve to higher temperatures with
AT=T(2kOe)-T(0kOe)=+33.0 mK (that is to the right) is revealed upon application of an external
magnetic field H=2.0 kOe. This finding reflects the reentrance behavior of the upper critical field line,
Hc(T), observed in the low-field regime and for temperatures close to T, that has been reported for
relevant Co(60nm)/Nb(17nm)/Co(60nm) TLs in recent ours works [44,47] and investigated in Chapter
6.2 (see Figure 6.17). The shift of the resistance curve to the right by +33.0 mK drives the SC from the
62% of its normal state (Ryign) to the superconducting state (Ryo) as it is shown with the red-dotted double
arrow of Figure 8.3. Ideally, for complete switching, that is 100%, a relatively higher shift of the R(T)
curve should be observed. Indeed, this is feasible in other Co-based TLs of ours in which the relevant
parameters have been optimally adjusted [44,47]. We note that the complete switching, that is 100%, is
also realized by Nol Co(60nm)/Nb(17nm)/Co(60nm) TL under the application of a high operation field
on the order of 8.0 kOe that reveals the normal shift of the zero-field resistance curve to lower
temperatures with AT=T(8kOe)-T.(0kOe)=-78.5 mK (that is to the left) as it is shown with the red double
arrow of Figure 8.3. Consequently, the Co-based TLs can respond as ideal magnetic-field-controlled
supercurrent switches with the need of an operation magnetic field on the order of a few kOe, while they
offer the dual option to operate in both the abnormal and normal sense, with the abnormal being more
preferred since it needs a significantly lower operation field. Obviously, the optional use of a bias
magnetic field reduces the operation field to less than one kOe (see Figures 8.2 (a)-2(c)).

0.5¢" T (8.0kOe) T (0.0kOe) T (2.0K0e)
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Figure 8.3: Resistance curves, R(T), obtained for the Nol Co(60nm)/Nb(17nm)/Co(60nm) TL (presented
in Figures 8.1(a)-1(c)). The abnormal and normal behavior of the upper critical field line, He,(T), is
evidenced.

The performance of FM/SC/FM TLs as cryogenic superconducting spin-valves

In the present paragraph we investigate the performance of the FM/SC/FM TLs as superconducting spin-
valves operating at cryogenic conditions. In particular, the key operation of a spin-valve is the TL
transition from a high-resistance state, Rpig, t0 @ low-resistance state, Rqw, realized by the ‘homo-parallel’
and ‘anti-parallel” magnetization configurations of the outer FM layers. This operation principle is
completely fulfilled by the sSVE observed in AFM/FM/SC/FM TLs and reminisces the GMR and TMR
effects observed in relevant FM/NM/FM [31-33,52,53] and FM/IN/FM [34-36,54,55] TLs. However, in
the standard GMR and TMR effects exact the opposite holds; the low-resistance and high-resistance states
are realized by the ‘homo-parallel’ and ‘anti-parallel” magnetization configurations, respectively. Under
this perspective, we show below the magnetization and transport properties of the CoO(2nm)-
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Co(10nm)/Nb(25nm)/Co(10nm) TL (presented in Figures 4.5 (a)-(c) and 4.6 (a)-(b)) in which in-plane
magnetization processes are imposed by shape anisotropy (dg,=10 nm<d, “'=40-60 nm) and the EB
mechanism.

In Figure 84 (a) we present the magnetization loops of the CoO(2nm)-
Co(10nm)/Nb(25nm)/Co(10nm) TL obtained above the critical temperature T=10 K>T, for the Virgin
and the EB states. In Figures 8.4 (b) and (c) we present the magnetoresistance data in the EB state for low
magnetic field range. These data reveal a noticeable negative magnetoresistance change that is a
magnetoresistance dip, in the magnetic field regime where the outer Co layers realize the ‘anti-parallel’
configuration as indicated by the direct comparison between figures 8.4 (a) and (b). This is the so-called
SSVE that is realized close to zero magnetic field, Figure 8.4 (c). The sSVE is calculated as the
percentage resistance change (Rmax-Rmin)/RnsX100% and for this particular TL obtains a maximum value
of order 1.5%/0.7% at the middle/onset of the magnetoresistance dip for temperature T=3.85 K, Figures
8.4 (b) and (c).

The sSVE relates to the magnetic configuration of the outer FM layers. Taking advantage of the
significant magnetoresistance change from Ryigy t0 Rjow Utilized near zero magnetic field for the “homo-
parallel’ and ‘anti-parallel” magnetization configuration of the outer Co layers, respectively (Figure 8.4)
we conclude that these TLs could be utilized as effective spin valves for cryogenic applications in the
field-temperature regime close to T..
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Figure 8.4: (a) Magnetization loops of a CoO(2nm)-Co(10nm)/Nb(25nm)/Co(10nm) TL (presented in

Figures 4.5 (a)-(c) and 4.6 (a)-(b)) obtained above the critical temperature T=10 K>T. for the Virgin and

the EB states. (b) Magnetoresistance curve in the EB state obtained for temperature below the critical

temperature low magnetic field range. (c) Focus on the magnetoresistance curve near zero magnetic field.
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Conclusions

In the frame of the PhD Thesis a detailed study on the transport properties of FM/SC/FM TLs was carried
out. Detailed magnetic and magnetoresistance measurements were conducted in numerous series of
Co(dco)/Nb(dns)/Co(dc,) TLs with thicknesses dc,=10-200 nm and dy,=13-50 nm in order to investigate
the sSVE and the SMRE that are motivated by the in-plane and out-of-plane magnetization components of
the outer FM layers, respectively. The shape anisotropy of Co layers and the EB mechanism assisted in
the understanding of the underlying physics that dominate these two phenomena. The maximum sSVE
and sMRE reported here is on the order of 1.5% and 100%, respectively. Detailed MFM experiments
performed on Co/Nb/Co TLs revealed the crossover from in-plane to out-of-plane magnetization as the
Co dg, increases at the critical thickness d. "'=40-50 nm due to the shape anisotropy, which was
confirmed theoretically through micromagnetic simulations with the OOMMF software performed for
hcp Co SLs. Moreover, detailed XRD experiments indicated the high crystalline structure of the sputtered
FM and SC layers. AFM revealed significantly low topographic roughness values thus proving the high
quality of the surface morphology of the sputtered samples, while RBS experiments showed minor
interdiffusion of Co and Nb at the Co/Nb interfaces. In the following we summarize the main results and
conclusions raised from the assessment and interpretation of the experimental data.

I. The parameters involved in the transport behavior of the Co/Nb/Co TLs

Our study uncovered the parameters involved in the transport behavior of the Co/Nb/Co TLs that are: a)
the MDS of the FM outer layers, b) the difference AH, between the coercive fields of the FM outer layers,
c) the distance between the outer FM layers and d) the quality of the SC interlayer. These parameters are
discussed in brief.

a. The MDS of the FM outer layers
Our magnetoresistance and magnetization experiments revealed that the MDS of the Co outer layers
strongly influences the transport properties of the (CoO-)Co/Nb/Co TLs.

The shape anisotropy

We studied the Co(10nm)/Nb(17nm)/Co(10nm) TL and the Co(100nm)/Nb(17nm)/Co(100nm) TL on a
comparative basis. In the case of the Co(100nm) TL, a significant transverse magnetostatic coupling
between the Co outer layers is realized resulting to a pronounced sMRE peak on the order of 86%, since
an out-of-plane MDS (dg,=100 nm>>d,™) is developed around coercivity, that is accompanied by dense
transverse stray fields stemming from the out-of-plane MDs. In the case of the Co(10nm) TL, only a
minor transverse magnetostatic coupling is succeeded resulting to a significantly degraded SMRE peak on
the order of 19%, since an in-plane MDS (dg,=10 nm<d.™) is developed at coercivity accompanied by
dilute transverse stray fields stemming from the MDWs. Evaluating these data it becomes apparent that
when the MDS of the FM outer layers is out-of-plane (in-plane) a maximum (minimum) magnetostatic
coupling between the FM outer layers through transverse stray fields is revealed resulting to a high (low)
SMRE.

The Exchange Bias mechanism

We studied the No2 CoO-Co(60nm)/Nb(23nm)/Co(60nm) TL in the Virgin and the EB state of the
bottom Co layer. We recall that TLs consisting of Co layers with thickness dc,=60 nm, that is just above
d. ™, develop a superstructure where in-plane and out-of-plane MDs coexist. Once the EB mechanism is
performed, the in-plane magnetization of the bottom Co layer is increased against the out-of-plane one,
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thus the magnetostatic coupling between the Co layers is affected and interesting findings are raised.
First, the EB magnetoresistance curve is placed below the Virgin curve for external magnetic fields below
the upper-critical field (i.e. R 2<Rg” ™" occurs for Hex<Hc,(T)), which indicates that the increase of the
in-plane magnetization improves the superconducting properties in general. Second, the SMRE magnitude
is degraded upon application of the EB (i.e. SMRE"""=65.8% and SMRE®=36%), which confirms the
decrease of the out-of-plane magnetization of the FM layers. Third, a noticeable modification on the
morphology of the sSMRE peak is clearly evidenced when the EB is applied. In particular, a quite
extended plateau is evidenced on the center of EB SMRE™® peak, which is attributed a) to the coexistence
of the sSVE® dip (increase of the in-plane magnetization) with the degraded SMRE®® peak (decrease of
out-of-plane magnetization) in the magnetic fields regime where the FM outer layers have ‘anti-parallel’
magnetization configuration or b) to the superposition of the two distinct peaks centered at the coercive
fields of the bottom and the top Co layers that are drawn away due to the EB (AH/. =320
Oe>AH,"""=220 Oe).

b. The difference 4H. between the coercive fields of the FM outer layers

The comparative study of the Nol and No2 Co(60nm)/Nb(19nm)/Co(60nm) TLs revealed that the
difference of the coercive fields of the FM outer layers strongly influences the intensity of the SMRE
magnitude. In fact Nol TL obtains a noticeable SMRE of magnitude SMREN*'=86%, while the No2 TL
obtains a lower SMRE of magnitude SMRE""?=60%. These two TLs are of similar SC interlayer quality,
have approximately the same out-of-plane MDS due to the same Co thickness dc,=60 nm and have the
same distance between the Co outer layers due to the same Nb thickness dn,=19 nm. Therefore, the
significant discrepancy on the SMRE magnitude is ascribed to the difference between the coercive fields
of the Co outer layers that is AH,"*'~130 Oe for the Nol TL and AHN?~325 Oe for the No2 TL. From
these data it becomes apparent that, when the AH, obtains low (high) values the FM outer layers have
similar (different) coercive fields and exhibit an out-of-plane MDS in the same (different) magnetic field
regime. Thus, when AH, obtains low values (HZ"'~H."?) the stray fields outgoing the FM; layer will be
efficiently hosted by the FM, and an intense transverse magnetostatic coupling is achieved. On the
contrary, when AH. obtains high values (H=""#H*** for instance H.""'<H""?) the stray fields outgoing
the FM; layer will not be effectively delivered to the FM, layer owing to its robust ordered magnetization
leading to a degraded transverse magnetostatic coupling. Consequently, the SC interlayer experiences
intense (weak) stray fields that result to the noticeable (minor) suppression of the superconducting
properties and to the maximization (minimization) of the SMRE magnitude. In the case of high AH,, the
TL effectively behaves as two independent and magnetically uncoupled BLs. The arguments of the above
discussion have been strengthened through ancillary simulations with the OOMMF freeware which
revealed that small variation of the intrinsic magnetic parameters of the outer FM layers imply noticeable
differences in the magnetization loops and in the MDS of Co SLs. Therefore the variation of the magnetic
parameters of the top and bottom FM layer can result to great differences to their magnetostatic coupling
and accordingly to the intensity of the obtained SMRE.

c. The distance between the outer FM layers

The detailed study of three sample series of Co/Nb/Co TLs consisting of Co outers with constant
thicknesses and variable Nb thickness revealed that the distance between the FM outer layers strongly
influences their magnetostatic coupling and hence the intensity of the SMRE magnitude. Detailed
experimental data on Co(10nm)/Nb(dsc;)/Co(10nm) TLs and Co(30nm)/Nb(dsc2)/Co(30nm) TLs with
Nb thicknesses ds.;=17-100 nm and ds>,=13-200 nm revealed that as the thickness of the SC interlayer
increases the range of the stray fields is progressively exceeded and a free of stray fields region is
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introduced at the interior of the SC interlayer. Hence the magnetostatic coupling becomes weaker and the
SMRE decreases to a baseline value that equals the one observed in the relevant BLs. In addition, detailed
experimental data on the SMRE and T.> were obtained for Co(60nm)/Nb(dsc 5)/Co(60nm) TLs with Nb
thicknesses dsc 3=15-27 nm. The SMRE becomes absolute (100%) at dn,=17 nm and decreases abruptly as
Nb interlayer’s thickness increases above 21 nm (for the reasons discussed earlier). Moreover, both the
SMRE and T follow an abrupt suppression below dsc=17 nm and obtain zero values in the thickness
regime 13-14 nm. The abrupt suppression of T.*¢ is ascribed to the critical restrictions that appear in two
dimensions for the nucleation of superconductivity in general and of flux lines in particular. Obviously,
once the superconducting properties of the Nb interlayer are degraded the SMRE magnitude degrades as
well. Our data suggest that by choosing the SC interlayers’ thickness in the regime 17 nm<dyy;<21 nm a
pronounced SMRE is expected in Co(60nm)/Nb(dy,)/Co(60nm) TLs.

d. The quality of the SC interlayer

The comparative study of the No3 CoO(2nm)-Co(60nm)/Nb(17nm)/Co(60nm) TL and the No5
Co(60nm)/Nb(17nm)/Co(60nm) TL revealed that the quality of the SC interlayer strongly influences the
intensity of the sMRE magnitude. In particular, even though the two TLs have almost equal AH.
(AHN*=410 Oe and AH."**=430 Oe), approximately the same out-of-plane MDS (due to the same Co
thickness dc,=60 nm) and the same distance between the Co outer layers (due to the same Nb thickness
dny=19 nm) they obtain significantly different SMRE magnitude, i.e. SMREN=84% and sSMREN"=72%.
The noticeable difference of the SMRE magnitude can be ascribed to the quality of the SC interlayer since
the No5 TL has higher SC quality than the No3 TL (TS “N°=7.016 K>T, S®N*¥=6.700 K and AT*°=23
mK<ATN=103.6 mK). These experimental data suggest that a SC interlayer of higher quality
(maximum T¢/minimum AT) is more prone to dissipation processes, caused by the transverse stay fields
and signified as the degradation of their transport properties, and exhibits a more pronounced sSMRE. This
clearly documents that the SMRE is a property of the superconducting state and does not relate to any
version of the usual magnetoresistance effects observed in normal metals such as anisotropic
magnetoresistance etc.

I1. The evidence of an intense reentrance of the upper critical field line He,(T) in Co/Nb/Co TLs

The study of numerous Co(dc,)/Nb(17nm)/Co(dc,) TLs with de,=10, 30, 60 and 100 nm revealed the
great impact of the MDS of the FM outer layers on the upper critical field line, H,(T). Our data suggested
that a noticeable reentrance of the upper-critical field line, H(T) in the regime of low fields and
temperatures close to the critical temperature is typical for Co/Nb/Co TLs consisting of relatively thick
Co layers (dee>de ™) in which out-of-plane MDs dominate. Namely, the experimentally determined zero-
field critical temperature, T.*®, is lower than the expected one, T, due to the presence of MDs existing
in the FM outer layers in the zero-magnetic-field (as prepared) state. The gradual increase of the applied
magnetic field degrades the range and the intensity of the stray fields and leads to the progressive
distortion of the MDS that ultimately disappears when magnetic saturation is reached. The reentrant
behavior of He,(T) is followed until a critical point (T",H") is reached, while for fields and temperatures
above (T",H") the typical monotonic behavior of the upper-critical field line, He,(T) is restored. We
observed that the characteristic point (T",H) moves to higher values as the thickness of the Co outer
layers increases. As expected, in Co/Nb/Co TLs consisting of relatively thin Co layers (dg,<<dq ) in
which in-plane MDs dominate the reentrance branch of the Hcy(T) is absent.
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I11. Optimization of the SMRE magnitude

In order to investigate the parameters that ensure to the optimization of the SMRE magnitude we studied
two series of Co(dc,)/Nb(dnp)/Co(dc,) TLs, the series of N=14 Co(60nm)/Nb(15nm)/Co(60nm) TLs and
the series of N=15 Co(100nm)/Nb(17nm)/Co(100nm) TLs. By keeping constant dg, above d,™ we
ensure similar out-of-plane MDS around coercivity, while by keeping constant dy, we ensure the same
distance between the outer FM layers among the TLs of each series. Moreover, by choosing the SC
interlayers’ thickness in the regime 17 nm<dy,<21 nm we expect the maximization of the SMRE
magnitude.

a. The Series of N=14 Co(60nm)/Nb(15nm)/Co(60nm) TLs

The thorough investigation of the transport and magnetic properties of a series of N=14
Co(60nm)/Nb(15nm)/Co(60nm) TLs suggested unambiguously that the SMRE strongly depends on the
guality of the SC interlayer. Hence, a pronounced increase of the SMRE magnitude upon improvement of
the Nb interlayer quality (maximum T/minimum AT,) is clearly documented. In addition, the dependence
of the SMRE on the difference between the coercive fields, AH,, of the FM outer layers was clearly
observed. More specifically, the SMRE magnitude increases with the decrease of the AH..

b. The series of N=15 Co(100nm)/Nb(17nm)/Co(100nm) TLs

The thorough investigation of the transport properties of a series of N=15
Co(100nm)/Nb(17nm)/Co(100nm) TLs confirmed the strong dependence of the SMRE magnitude on the
quality of the SC interlayer. Moreover, all TLs of the series are accompanied by strong out-of-plane MDs,
while in almost all TLs the co-occurrence of the coercive fields of the outer Co, AH.=0 Oe, has been
witnessed. Thus the maximum magnetostatic coupling between the Co outer layers was realized and
significantly high SMRE values were obtained. We note that the mean sSMRE value for the N=15 TLs
reads <sMRE>=92.1+£7.6%. Finally, a slight dependence of the SMRE magnitude on the magnetic
roughness, MRa was observed indicating the increase of the SMRE as the MRa is increased.

IV. Comparative study on the SMRE observed in Co/Nb/Co TLs
As an overall approach of our experimental data we studied the dependence of the mean SMRE magnitude
versus the dc, for series of N=2-15 Co(dc,)/Nb(dn,)/Co(dc,) TLs with thicknesses dc,=10, 30, 60, 100 nm
and dny,=15 and 17 nm. It was shown that, as Co thickness increases the out-of-plane magnetization
component increases as well leading to the gradual strengthening of the magnetostatic coupling of the
outer FM layer resulting to the increase of the SMRE magnitude.

Moreover, we have juxtaposed the upper-critical field line, H,(T) with the magnetoresistance curve
Rnor(Hext) for the specific temperature where the maximum sMRE is observed, and the magnetization
curves Mpy(Hex) at T=10 K for a Co(30nm)/Nb(17nm)/Co(30nm) TL (Co(30nm) TL), a
Co(60nm)/Nb(17nm)/Co(60nm) TL (Co(60nm) TL) and a Co(100nm)/Nb(17nm)/Co(100nm) TL
(Co(100nm) TL). First, the He(T) data declare that the reentrance observed close to T, is manifested in
the transport properties that exhibit a SMRE of analogous intensity; the maximum sMRE reads 87.3, 81.4
and 12.9 for the specific Co(100nm), Co(60nm) and Co(30nm) TLs, respectively. Second, the comparison
of these data revealed that the field at which the maximum of the magnetoresistance is observed coincides
with the coercive field, H, where minimum magnetization (m=0) is observed globally as a multi-domain
out-of-plane magnetic state is established locally. Also, the characteristic end point, H* of the Hg,(T)
reentrance coincides with the field at which the minimum of the magnetoresistance is observed and with
the saturation field, Hs,; Where maximum magnetization (m=mg,) is obtained, as the reservoir of out-of-
plane MDs is depleted while a mono-domain in-plane magnetization is established.
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V. Models for the optimization of the SMRE magnitude

a. Simulations-based modeling: Combination of the MDs width and the thickness of the SC interlayer

In the frame of our research, we searched for the optimum conditions to maximize the sMRE and
explored the interference between three basic microscopic length scales of the SC and FM structural
units: the thickness of the SC interlayer, dsc, the zero-temperature coherence length, &(0) and the width of
out-of-plane MDs, Dyps. TO this effect, a simulations-based modeling of the transverse stray dipolar
fields, H,q, for homogeneous and inhomogeneous micromagnetic characteristics (saturation
magnetization, M, and width, Dyp;) of the out-of-plane MDs was performed. The modeling results were
tested against experimental data and responded well. The important results extracted from this
investigation are presented in brief. First, the specific thickness of the FM outer layers, dry should exceed
the critical thickness, dpy>d." ", so that a rich reservoir of out-of-plane MDs emerge when the parallel
Hex gets equal to the coercive field, H,, Hex=H.. Second, for the chosen thickness of the FM outer layers,
dry the width of out-of-plane MDs, Dyps should be specified experimentally with MFM measurements.
The optimum distance, that is thickness of the SC interlayer, dsc, can be estimated from relation
dsc=C1DwmpstC; that guarantees maximization of the respective transverse stray dipolar fields, H,gip
occurring at the interior of the out-of-plane MDs. Third, in the above considerations we have to keep in
mind that the thickness of the SC interlayer, dsc, should be kept above the critical thickness, d¢sc as
stated by relation dg sc~&(0)<dsc=C;DmpstC,, since for lower values superconductivity is massively
suppressed together with the SMRE.

b. Experiments-based modeling: Combination of all the involved parameters

The combined transport, magnetization and magnetic force microscopy (MFM) measurements performed
in sample series of Co(dc,)/Nb(dnp)/Co(dc,) TLs with thicknesses dc,=60 and 100 nm and dy,=15-23 nm,
confirmed that the SMRE magnitude is strongly dependent on macroscopic parameters and microscopic
length scales of the SC and the FM structural units. These complete data confirmed that the parameters T,
and AT, control the SMRE magnitude. Moreover, an excellent scaling of the SMRE magnitude on the
factor ATEP/(T ST was found. In addition, the experimentally determined, zero-field critical
temperature (T.*®), width of the superconducting transition (AT.”"), zero-temperature coherence length
(&(0)), width of magnetic domains (Dpys) and width of the MDWs (Dwpws), Were found to affect directly
the SMRE magnitude. A phenomenological model is proposed to reproduce the experimental data through
a closed-form relation for the SMRE magnitude that takes into account the parameters mentioned above in
a direct way. Since the outcome of this work is of generic nature, we expect that it can be employed to
predict the performance of every kind of FM/SC/FM TLs and even design TLs exhibiting the ultimate
SMRE magnitude, 100%, at low Hey, 0n a regular basis.

V1. The selective appearance of the SSVE over the SMRE observed in Co/Nb/Co TLs

The detailed study of systematic series of (CoO-)Co/Nb/Co TLs revealed that two are the crucial
parameters that determine the selective appearance of the sSSVE over the SMRE, the magnetic anisotropy
(of shape or EB origin) and the difference AH. between the coercive fields of the outer FM outer layers.
Here, for a given Co thickness we propose a model to distinguish the exchange-fields based sSVE and the
stray fields based SMRE observed in (CoO-)Co/Nb/Co TLs that is based on the AH, of the coercive fields,
H.M and H ™2, of the outer FM layers. The sSVE is promoted (degraded) when AH, obtains high (low)
values so that the ‘anti-parallel’ state can be realized in an extended (limited) field range. On the contrary,
the SMRE is promoted (degraded) when AH. obtains low (high) values so that strong (weak)
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magnetostatic coupling can be realized. The opposite dependence of the SMRE and sSVE on the
difference of the coercive fields of the FM outer layers AH, serves adequately towards their distinction.
As the validation of the proposed model, the maximum sSVE on the order of 1.5% was observed in a
Co0(2nm)-Co(10nm)/Nb(25nm)/Co(10nm) TL that when the EB is imposed exhibits AH.-°=1.1 kOe and
the maximum sMRE on the order of 100% was observed in a Co(100nm)/Nb(17nm)/Co(100nm) TL that
exhibits AH.=0 kOe.

VII. The performance of FM/SC/FM TLs as cryogenic devises
The thorough investigation of the magnetic and transport properties of (CoO-)Co/Nb/Co TLs suggest that
these TLs are promising candidates for the construction of devices that operate at cryogenic conditions.

a. The performance of FM/SC/FM TLs as cryogenic magnetic-field sensors
The key operation of a magnetic-field sensor is the change of its resistance upon small variations of the
externally applied magnetic field. This operation principle is completely fulfilled by the SMRE observed
in FM/SC/FM TLs (dew>dy ™) at Hew~H.. Detailed experiments performed for a representative
Co(60nm)/Nb(17nm)/Co(60nm) TL revealed that these Co/Nb/Co TLs could operate as cryogenic
magnetic-field sensors with operation at high magnetic fields, H,,<1000 Oe.

b. The performance of FM/SC/FM TLs as cryogenic magnetic-field-controlled supercurrent switches

The key operation of a magnetic-field-controlled supercurrent switch is the transition from the normal
state (maximum resistance, Ryign) to the superconducting state (zero resistance, Rio,) upon application of
an externally applied magnetic field. This operation principle is completely fulfilled by the generic
property of a SC, that is the shift of the zero-field resistance curve, R(T) under application of an He, that
traces the upper critical field line, Hc(T). Detailed experiments performed for the representative Nol
Co(60nm)/Nb(17nm)/Co(60nm) TL revealed that these TLs could operate as ideal cryogenic magnetic-
field-controlled supercurrent switches with the need of an operation magnetic field on the order of a few
kOe, while they offer the dual option to operate in both the abnormal and normal sense, with the
abnormal being more preferred since it needs a significantly lower operation field.

c. The performance of FM/SC/FM TLs as cryogenic superconducting spin-valves

The key operation of a spin-valve is the transition from a high-resistance state, Ryign, to a low-resistance
state, Rjow, realized by the ‘homo-parallel’ and ‘anti-parallel’ magnetization configurations of the outer
FM layers, respectively. This operation principle is completely fulfilled by the sSVE observed in
AFM/FM/SC/FM TLs that resembles with the GMR and TMR effects observed in relevant FM/NM/FM
and FM/IN/FM TLs, respectively. Detailed experiments performed for the representative CoO(2nm)-
Co(10nm)/Nb(25nm)/Co(10nm) TL suggested that these TLs could operate as effective spin valves for
cryogenic applications at temperatures T<T. and magnetic fields close to the ‘homo-parallel’ to ‘anti-
parallel’ transition of the magnetic configuration of the outer FM layers.
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Appendix A

In the present Appendix the experimental data of the TLs studied in this Thesis are presented. In Tables 1,

2 and 3 we present the experimental data of the series of N

the N

15 Co(100nm)/Nb(17nm)/Co(100nm) TLs,

14 Co(60nm)/Nb(15nm)/Co(60nm) TLs and the series of Co(60nm)/Nb(ds.)/Co(60nm) TLs with

ds.=17, 19, 21 and 23 nm, respectively.
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Magnetization experiments: From the magnetization experiments we obtain the coercive field, Hc and
saturation field, Hgg.

Transport experiments: The experimentally-determined critical temperature, Tc™® (50% criterion) and
the respective transition width, AT:"® (20%-80% criterion) are directly recorded from the virgin zero-
field R(T) curves (Fig. 2a of the paper). The magnitude of SMRE, AR/Rns=((Rmax-Rmin)/Rns)X100%, where
Ry is the normal state resistance (Fig. 1b of the paper), and the reentrance branch, Hc,"(T) are recorded
from the set of isothermal R(H) curves obtained in the vicinity of Tc™® (Fig. 1a of the paper). The
complete set of isothermal R(H) curves across the entire temperature-magnetic field regime defines the
upper-critical field line, He(T) (Fig. 1a of the paper), which we reproduce by using equation (1) given in
the paper. Accordingly, by using this equation we extrapolate to both zero-field to estimate T (Fig. 1a
of the paper), and to zero-temperature to estimate Hc,(0) (Fig. 1c of the paper), from which we calculate
(0). From the constructed phase diagram we obtain the characteristic point (T*,H*). Finally, from the
complete set of isothermal R(H) curves obtained across the resistive transition we record the one that
exhibes the maximum sMRE value, that we call SMRE magnitude.

Magnetic force microscopy experiments: From the magnetic force microscopy data obtained at the as
prepared state we estimated the width of magnetic domains (MDs), Dyps and width of MDs walls
(MDWS), Dvows-
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Appendix B

In the following Figures we present OOMMF simulations [1] of the complete magnetization loop of Co
SLs under a parallel Hey, while focusing on the MDs that develop when He,=H.. The simulated Co SLs
layers had surface area=2.0x1.5 umz and thickness dc,=60 nm, while the cell size was 5 nm. In general, in
these simulations we used parameters values in a standard range usually employed to describe hcp Co [2-
7]: saturation magnetization Mg,=1300-1450 emu/cm® obtained by global SQUID measurements (see
Figures 5.4 on Chapter 5), magnetic stiffness A=15-30x10*? J/m and magnetocrystalline anisotropy
K=0.45-0.55x10° J/m>. In specific we investigated how the variation of the three intrinsic magnetic
parameters of the FM outer layers can lead to differences in the magnetization loops and in the MDs
pattern. Below we present detailed OOMMF data, i.e. magnetization loops and MDs patterns captured at
He=H,, for Co(60nm) SLs on a comparative basis. In each case two out of the three intrinsic magnetic
parameters were constant while the third was variated.

1.0FaA=30 10%3/m
K=0.52 10°J/m°® (a)
05} ]
Eﬁ 0.0
E>
-05F .
Msa‘:1400 emu/cm
10 . M,,=1300 emu/cm’ J
-40 -20 0 20 40
H,, (Oe)
A=30 102 J/m, Mg,=1400 emu/cm?®, A=30 102 J/m, M=1300 emu/cm®
K=0.52 10°J/m® K=0.52 10°J/m®

Figure B1: (a) Magnetization loops of OOMMEF simulated Co(60nm) SLs obtained for constant exchange
stiffness A=30 102 J/m and magnetocrystalline anisotropy K=0.52 10° J/m®. The saturation magnetization
was M=1400 and 1300 emu/cm®. The MDs pattern was captured at He=H. for (b) M;=1400
emu/cm’and (c) Mg,=1300 emu/cm®.
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10 ¢-0.48 10°/m®
M_,=1400 emu/cm? (a)

A=30 10™J/m
A=1510"23/m ]

-40 -20 0 20 40
H_(Oe)
ex

A=30 10" J/m, M=1400 emu/cm®, A=15 10™2 J/m, M,=1400 emu/cm®,
K=0.48 10°J/m® K=0.48 10°J/m®

Figure B2: (a) Magnetization loops of OOMMF simulated Co(60nm) SLs obtained for constant saturation
magnetization Mg=1400 emu/cm?® and magnetocrystalline anisotropy K=0.48 10° J/m®. The exchange
stiffness was A=15 10™ and 30 10™*? J/m. The MDs pattern was captured at He,=H for (b) A= 30 10
J/m and (c) A=15 10™ J/m.,

L0 b 052 10°m*
05 [ M,,=1300 emu/cm® (a)_
Eﬁ 0.0
E>
-0.5 ]
A=30 10*J/m
1.0 . A=15 10™3/m ]
-40 -20 0 20 40
H,, (Oe)
A=15 10" J/m, M=1300 emu/cm®  A=30 10 J/m, M,=1300 emu/cm?
K=0.52 10°J/m? K=0.52 10°J/m®

Figure B3: (a) Magnetization loops of OOMMEF simulated Co(60nm) SLs obtained for constant saturation
magnetization Mg,=1300 emu/cm® and magnetocrystalline anisotropy K=0.52 10° J/m®. The exchange
stiffness was A=15 10™ and 30 10" J/m. The MDs pattern was captured at He,=H. for (b) A= 30 10
J/m and (c) A=15 10™ J/m.
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Figure B4: (a) Magnetization loops of OOMMEF simulated Co(60nm) SLs obtained for constant saturation
magnetization Mg=1400 emu/cm® and exchange stiffness A=30 10" J/m. The magnetocrystalline
anisotropy was K=0.55 10°, 0.52 10° 0.48 10° and 0.45 10° J/m°. The MDs pattern were captured at
Hex=H, for (b) K=0.55 10° J/m?, (c) K=0.52 10° J/m®, (d) K=0.48 10° J/m*® and (e) K=0.45 10° J/m°.
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Appendix C

The exchange Bias mechanism

When materials with antiferromagnetic-ferromagnetic (AFM-FM) interfaces are cooled through the Neel
temperature (Ty) of the AFM (with the Curie temperature, T¢ of the FM larger than Ty) an anisotropy is
induced in the FM, which is called ‘exchange bias’ [1-3]. The exchange bias (EB) mechanism is one of
the phenomena associated with the exchange anisotropy created at the interface between an AFM and a
FM material.

Aiming to qualitatively understand the EB mechanism we focus on an AFM-FM interface. When
an external magnetic field is applied in the temperature range Ty<T<T¢, the spins inside the FM layer are
parallel to the field’s direction, while the spins of the AFM layer remain random. When cooling down to
T<Ty, in the presence of an external magnetic field, the AFM spin planes adjacent to the FM are aligned
ferromagnetically to those of the FM (assuming ferromagnetic interaction). This owns due to the
interaction at the AFM-FM interface. The other spin planes in the AFM ‘follow’ the AFM order so as to
produce zero net magnetization. When the external magnetic field is reversed, the FM spins start to rotate.
However, for sufficiently large AFM anisotropy, the AFM spins remain unchanged. Therefore, the
interfacial interaction between the AFM-FM spins at the interface, tries to align ferromagnetically the FM
spins with the AFM spins at the interface. In other words, the AFM spins at the interface exert a
microscopic torque on the FM spins, to keep them in their original position (ferromagnetically aligned at
the interface). Therefore, the FM spins have one single stable configuration, i.e. the anisotropy is
unidirectional. Thus, the field needed to reverse completely an FM layer will be larger if it is in contact
with an AFM, because an extra field is needed to overcome the microscopic torque. However, once the
field is rotated back to its original direction, the FM spins will start to rotate at a smaller field, due to the
interaction with the AFM spins (which now exert a torque in the same direction as the field). The material
behaves as if there was an extra (internal) biasing field; therefore, the FM hysteresis loop is shifted in the
field axis, i.e. exchange bias [1-5].

More details regarding the EB and the involved parameters (such as anisotropy, roughness, spin
configuration or magnetic domains) can be found in [6-9] and references therein. Finally, a clear
understanding of exchange bias at the microscopic level is still an open issue in the litterature.
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