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Hepidnyn

H niextpwd eleyydpevn meloniektpikn pnyovikn téorn pmopel vo ypnotpomomBel g pio TopApeTpog mTov
dVVATOL VO TPOTOTOGEL TIG VITEPAYMDYLUES WOOTNTEG GE [0l VEQ KATNYOPLo TEYVNTMOV SOUMY OV ATOTELOVVTOL OO
éva mECONAEKTPIKO VTOCTPMUO KOl VO DTEPAYMDYIULO VUEVIO. Ot TeEXVNTEG OOUEC OV UEAETMOVTOL GE OUTH TN
ddaktopikn doTpPr| amoteAovvol amd 600 vrepaydyo vuévio. Nwofiov (Nb) evamoteOnpéva otig ehedbepeg
empaveteg melonrekTpikdv kpuotdihmv (1-X)Pb(Mgy3Nb,;3)O03-xPbTiO; (PMN-XPT) kot awtég onpeidvovtot ™g
Nb/PMN-XPT/Nb. TIpwv a6 ) die€aymyn tov mepapdtov 6mov éva eEnteptkod niektpiko medio (Eey) epapuolerton
otig teyvntég douéc NB/PMN-XPT/Nb, 860nke 1dwitepn éueoon omv mpoetowacio vueviov Nb vyning
VREPAYDOYIUNG TOLOTNTOG KAODG KOl GTO YOPOKTINPIGHO TMOV GLGTATIKMV TOL TIS amaptiovv. Avaeopikd pe v
apoetoacio tov Aentdv vueviov Nb, ot evarobéoeig extedéomrav epapudloviog évo KaTdANAO TPOTOKOALO
oV PeAltiotonolel TG GUVONKEC KEVOD TOL OUAGUOVL YPNCILOTOIDOVTOG M1 0vTooyEd Kpvomayida. [a va
peietnOet  amodotikdTNTA TNG TELCONAEKTPIKNG UNYAVIKNG TAONG 08 YoUNnAéS Bepuokpacieg mpaypatonomdnkoy
OLEPELVNTIKGL TEWPAUATO GE TOPOUOLES TEXVNTES OOUEG, Ol OMOIES OMOTEAOVVTOL OO GLONPOUOYVNTIKG LUEVIX
KoBaAtiov (Co), vwdo v eeopuoyn Ee. AVTEG Ol TexvNTEG OOUEC EMTPEMOLV TI GLYKPITIKY HEAETN TOV
TECONAEKTPIKA TPOTOTOMUEV®V LOYVNTIKGV 1810THTOV TV Vueviov Co og didpopeg Beppokpooies (and tovg 300
K éwc toug 10 K), divovtag cageig amodeifelg yio v €viovn emidpoomn Tng pNYOVIKNG Téong o€ YOUNAES
Oepuokpaciec. Zvykekpyéva, n HEYIoTN TELONAEKTPIKY] TPOTOTOINGCT] TOV GUVEKTIKOD TESIOV (TNG WOyVATIONG
Kkopov) otovg 10 K givon ion pe -9,4 % (-4,0 %) kou otadwkd e€aocbevel kabmg 1 Oepuokpacio avédvetar,
amodEKVVOOVTOG OTL 1 BepLukn evépyela dadpopatifel onpavtikd polo 6e aLTEC TIG TeYVNTEG dopés. EmmAéov, n
HEAETN TG MECONAEKTPIKNG TPOTOTOINGTG TG TOPAUEVOVCUG UAYVITIONG £0€1EE OTL GE QTEG TIG TEXVNTES OOUEG
etvar mBovn N o0levén petaéd TV GLOMNPOUAYVNTIKOV TOUE®MY TV VUEVIOV CO e TOLC GLOTPONAEKTPIKOVE TOUEIS
TV VooTpopdtoy PMN-XPT. Olokinpdvovtag 1o YapoKTNPIGHO TV ETUEPOVS CLUGTATIKMY TOL OTAPTILOVV TIC
texvNTég dopég ND/PMN-XPT/Nb, peletnfnke Aemtopep®dc M TPOTOTOINGT TOV VAEPAYDOYIU®V 1OOTHTOV TOV
vueviov Nb vz v epapuoyn Ee. Tevikdtepa, otig texvntég dopég ND/PMN-XPT/ND 1 epapuoyn Ee mpoxaiei
unyavikn mopapdpeoon tov PMN-XPT, n omoio die1cdbel oto evamotednuéve vuévia Nb mpokardvrag v
EUUEST] TAPAUOPOMGT TOVG. AVTN 1) EUUECO EAEYXOUEVT] UNYAVIKT TTOpapopemon tov vueviov Nb éxet 0o kopieg
GUVETEIEG OTIG VIEPUYDYIUES WOIOTNTEG TOVG. APYIKA TPOTOTOLEL TOVG POVOVIKOVG KAAGOVE KaOMG Kot T0 dSuVaUKO
AAANAETIBPOOTG TV NAEKTPOVIOV GTNV VIEPUYDYIUN KOTACTOOT EXOPOVTOG £T01 6TnVY Kpiowun Oeppokpacia (Tc)
tov vpeviov Nb kot devtepov tpomomotei ta onpeio déopevong erafoviov emdpdviag £Tol otV Kpioyun
nokvotTo pevpatos (Jc) Twv vueviov Nb. T mv meloniektpikn tponoroinon g T e&etdleton ) enidpacn 600
TEPOUATIKOV Topapuétpov. H mpodtn mopdauetpog ivar n meloniektpikn wkovotnto, v vrootpoudtov PMN-XPT
otV tponomoinon ™g Tc, N onoia e€eTaleTanl XPNOOTOIDOVTOG KPLOTAAAOVS Sl0pOPETIKNG oTolyElopETpiog (X)
apa ko meloniektpikng wavotnrog (x=0,31 kot X=0,27). Tuykekpiuéva, oTig TEXVNTEG OOUEG TTOV OTOTEAOVVTAL
a6 PMN-0,31PT ka1 vuévia Nb wdyovg 15 nm (20 nm) n uéyrot peioon mg Tc eivan ion pe -400 mK (-200 mK),
EVD OTNV TEPIMTTMOOT TOV TEYVNTOV dopdv wov amotehovvtal omd PMN-0,27PT 1 avtictoyn peiowon g Tc givar
ion pe -200 mK (-80 mK). H devtepn mopdpetpog mov peletdton givor 1 enidpaocr tov ndyovg tv vueviov Nb,
OOV TPOETOUAGTNKE U0 GEPE TEYVNTOV SOUMV TOL amoteAovvToL omtd kpvotdiiovg PMN-0,31PT xor oamd
vuévie Nb pe mhyn peta&d 15 kar 100 nm. Avti n puekétn édei&e 6m n melonhektpikn Tpomomoinon g Tc
eoobevel otadiokd pe v avénon tov wayog tov vueviov Nb. T ™ puedét g meloniekTpikng tpomonoinon
g Je depevvnOnkay dvo texvntég douéc mov amotelovvol omd PMN-0,31PT xat vpévio Nb wdyovg 50 kot 100
nm Kot to amoteAéopata ovTnG TE HeEAETC €detav OtL 1 melonAektpikn Tpomonoinon tov Je e€acbevel pe v
avénon tov mhyxovg tov vupeviov Nb. Tw ™ Osopntikn HEAETN TOV TEPAPOTIKOV OTOTEAECUATOV NG
meCONAEKTPIKNG TPOTOTOINONG TOGO NG Tc 060 Kol NG Jc 08 autég TIg TEXVNTEG OOUEG TpoTeivovTal 600
(POIVOLEVOLOYIKEG TTPOGEYYIGELS, O1 0T01EC ECOKAEIOVV TO 1OL0ETEPX YOPUKTNPLOTIKA TV SLOPOPETIKAOV GLUGTATIKMV.
Eexwvovrtag amd Tic Oempntikég exppdoeic tov Tc kot Jo slodyetar n unxavikn téon (S) og KaTdAANAOVG OpOVC
avT®V, pe omotédespo va Tpokdmtovy ot oyéoels Tc(S) kot Je(S). Ewwdyovtag og autéc Tig ek@pdoelg T oyéon
S(Eex) mov meprypdoet tig niextpo-pnyovikég 1010mreg tov PMN-XPT mpoxdrtovv ot tehkéc exppdoelg Te(Eey)
Kot Jo(Eex). TéLOG, e€etdleton MTEPAPOTIKG 1) EXIOPACT) TNG EMPAVEINKNG LOPPOAOYiAS TV VIooTpwudtov PMN-
0,31PT omnv meloniextpikn Tpomomoinomn 1000 g Tc 060 kot NG Jc. ATOSEIKVIETAL OTL 1] EXLPAUVELNKT] TPOYOTITO
dev emdpd otnv melonhekTpikn tpomonoinon g Tc, evad avtifeta oty mepimtoorn g me(oNAEKTPIKNG
Tpomomoinong ¢ Jc M LYNAN EMPAVELOKT TPAYDTNTA KOl 1| HETAPOAN NG KATA TNV €poproyn Eex mpodyetl to
unyovicpd onpovpyiag twv Beppo-uayvntikedv actadsiwv, ot omoieg vmoPabuilovv v Jec. Ta amotedéopoto
avTNG TG STpIPng omodetkviovy TV eleyyouevn LeTaPoAn g vaepay@yudmTog o texvntég dopéc Nb/PMN-
XPT/Nb xatd v epapuoyn Ee kot vrodeikviouy Tn Kataokev] KATAAANA®Y TEXVNTOV SOUMV TOL UTOPodV va
yPNoLoTOIN 00UV G SLATAEEIC TOV AEITOVPYOVV GE KPLOYEVIKEG GLUVONKEC.






Abstract

Electrically controlled piezoelectric strain can be used as a parameter that modifies the superconducting properties
in a new class of artificial structures that consist of a piezoelectric material and a superconducting thin film. The
artificial structures that are studied in this PhD Thesis, are composed of two superconducting thin films of Nb
sputtered on both surfaces of a piezoelectric macroscopic crystals of (1-x)Pb(Mg;3Nb3)O3-xPbTiO3; (PMN-XPT)
and the final configuration is described as Nb/PMN-XPT/Nb. Prior to the specific experiments, where an electric
field (Eex) is applied to the artificial structures Nb/PMN-xPT/Nb, special emphasis was paid on the preparation of
Nb thin films with high superconducting quality and also on the thorough characterization of Nb films and of PMN-
XPT crystals. Regarding the preparation of Nb films, the depositions have been performed by employing a rigorous
protocol that optimizes the vacuum conditions in the chamber through the utilization of a home-made cryotrap
method. As part of characterization, exploratory experiments have been performed in similar artificial structures
that consist of Co ferromagnetic films sputtered on both surfaces of PMIN-xPT crystals. In particular, these artificial
structures (Co/PMN-xPT/Co) allow the comparative study of the piezoelectrically-modified magnetic properties of
Co films at various temperatures from 300 K down to 10 K and hence their study provide sufficient experimental
evidences regarding the effectiveness of piezoelectric strain at low temperatures. The experimental results reveal
that the thermal energy (k;T) plays an important role in these artificial structures, since the maximum piezoelectric
modulation of the coercive field (saturation magnetization) is -9.4 % (-4.0 %) at T=10 K and progressively faints as
temperature increases at T=300 K. Moreover, the study of the piezoelectric modification of remanent magnetization
evidences a possible coupling behavior between the ferromagnetic domains and the ferroelectric domains. After the
thorough characterization of the different ingredients that compose the artificial structures Nb/PMN-XPT/Nb, the
superconducting properties of Nb films are explored upon the systematic variation of the E.,. In general, the
application of E., in these artificial structures causes primarily the deformation of the PMN-XPT crystal, which is
penetrated to the adjacent Nb films and thus indirectly deforms them. This indirect and controllable deformation of
Nb films by means of E., has two main consequences that cause the modification of superconductivity. At first the
induced piezoelectric strain modifies the phonon branches and the interaction potential of the electrons in Nb films,
thus affecting critical temperature (T¢) and secondly it changes considerably the pinning landscape of flux lines,
thus affecting critical current density (Jc). Regarding the piezoelectric modification of T, two experimental
parameters have been examined. The first parameter is the piezoelectric ability of PMN-XPT crystals and this
parameter has been involved by using PMN-xPT crystals with different composition x (one with x=0.31 and
another one with x=0.27). Specifically, in artificial structures consisting of PMN-0.31PT and Nb films with
thickness 15 nm (20 nm) the maximum reduction of T¢ is equal to -400 mK (-200 mK), while by using the less
piezoelectrically effective PMN-0.27PT the respective reduction of T is equal to -200 mK (-80 mK). The second
parameter is the thickness of the Nb films, since the induced piezoelectric strain has a finite penetration depth in Nb
films and thus it affects less part of Nb film’s interior as their thickness increases. For this investigation a series of
artificial structures consisting of PMN-0.31PT crystals have been prepared by varying the thickness of Nb films
between 15 and 100 nm and the results show that the maximum reduction of T is degraded progressively upon
increasing the thickness of Nb films. Regarding the piezoelectric modification of Jc, two artificial structures
consisting of PMN-0.31PT and of Nb films with thicknesses 50 and 100 nm have been examined, where the
increase of thickness degrades the magnitude of the piezoelectric modulation of Jc. In order to explore the
underlying mechanisms that are involved in these artificial structures (regarding the piezoelectric modification of
both T¢ and J¢), two phenomenological approaches have been proposed. Starting from the standard expressions of
Tc and Je, the strain (S) is introduced appropriately into the strain sensitive terms of them leading to the expressions
Tc(S) and Jc(S) and by incorporating these expressions with the constitutive relations of piezoelectricity S(E), we
obtain the final expressions of Tc(Eex) and Jc(Eex). The final expressions are given in a suitable form, which can be
employed not only to model the experimental data but also to investigate the piezoelectric modification of the
microscopic parameters of superconductivity. Another experimental parameter that has been included in the study
of the piezoelectric modification of both T and J¢ is the surface roughness of the PMN-0.31PT substrates. The
experimental results show that the piezoelectric modification of T is not affected by the surface roughness of the
substrate; however in the case of the piezoelectric modification of Jc the combined action of both strain and surface
roughness tuned through the applied E.,, promotes the creating mechanism of thermo-magnetic instabilities that
ultimately degrades Jc upon the application of E.,. Finally, the results of this PhD Thesis establish clearly the
controllable modification of superconductivity in Nbo/PMN-xPT/NDb artificial structures by simply changing E., and
provide sufficient experimental evidences for the future utilization of these artificial structures in sensor devices
implemented at cryogenic conditions.
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Ykomog kon Hepiypoppa

Ta Aentd vrepayodya (YA) vpévia €povv peletBel evdeleydg Tig televtaieg dekoetieg Oyt povo g
HEHOVOUEVO OTOLEl OAAL KOl ©C EVEPYQ GLOTOTIKG O JLAPOPEG TEXVNTES Odouéc. Emdidkoviag v
EAEYYOUEVN TPOTOTOINON TNG LAEPAYOYIUOTNTAS, TO AETTA YA vpévia, cuvovaloviol oe TeXVNTEG SOUES e
dupopa dAra dopkd otoryeio Too omoio Umopohv v EXNPEACTOVY amd £va eEMTEPIKO aitio OTMG givol éva
HoyvnTIKO edio N €va NAEKTPIKO Tedio. ZuyKekpluéva, TexvNTEG dOUES Tov cLVOVAlovY éva YA vuévio pe
éva odnpopayvnTkd (EM) vpévio emTpETOVY TNV EAEYYXOLEV TPOTOMOINGT TNG LVAEPAYMOYIULOTNTAS HECH
evog epappolopevou poyvntikob tediov, AOY® NG AVIOY®OVICTIKNG ETOPACTS TOV LOyvNTIKOL Tediov o€ Evav
YA xat og évav M B Emumdéov, teqvntéc dopéc mov cuvduaiovy éva YA vpévio pe Eval o18TponAEKTPIKO
(ZH) vAkd mpoo@épouv Tn duvaTOTNTO EAEYYOL TNG LAEPAYMOYILOTNTOS HECH €VOG €PApUOLOUEVOD
niektpikod mediov, kabdc 1 MAekTpikny WOA®on Tov XH VAKOD TPOKOAEL TNV AVOKOTOVOUN NG
CUYKEVTPMONG TOV POPEMY GTO YA VUEVIO LE OMOTEAEGLO VO EMOPE KOl GTIG VIEPAYDYILES OLOTNTEG AVTOV
5131 Mo e katnyopia TH viwdv sivar 1o meloniextpucd (ITH) viwcd, to omoio eppavifovy pa
LOKPOOKOTIKY UNYOVIKT TOOT (EQEAKLOTIKN N CLUTIESTIKN) OTOV €@apuoletal og avtd &va eEmTEPIKO
nAekTpcd medio. Qg ek ToVTOV, TEYVNTEG dopég Tov cuvdvalovv éva YA vuévio pe éva ITH vAuco (ot omoieg
0o avapépovtar g [TH/YA) mapéyovv tn dvvatdtnta pHeAémg tov 1010t Ttov Tov YA vueviov mov eivat
evaiodnteg o pia unyovikn téon aAddlovrog amid to epapuolduevo niektpikod medio oto [TH vid. Méypt
onuepa ot texvntég dopég ITH/Y A dev €xouv pedetnBei die€oducd Kot o Teploptopévog aplfpog Tov epyacidv
£6TIALETON OTNV ETIBPAOT TG ETUYOUEVS LNYAVIKIC Thong oty Te oe YA vpévia vymAsic-Te o2,

Boaowog 610)0¢ awthg Tng ddakTopikng dtoTpiPg eivar 1 depedivior, TG0 TEPAUATIKA OGO KOl
Oe@pNTIKA, TNG EAEYYOUEVIG TPOTOTOINGNG TNG VIEPUYDYIUOTNTOC UEC® €VOG £QUPUOLOUEVOD MAEKTPLKOD
nediov o teyvntég douég [TH/Y A. Emumhéov, ot dopéc avtég e€etdlovtal TEPOUATIKA MG TPOG TN LEALOVTIKT
XPNOM TOVG WG GONTAPEG TOV AEITOVPYOVV GE KPLOYEVIKEG GuVONKeS. Ot TEXVNTES SOUES TTOV LEAETMVTOL GE
avth T ddaxTopikn dratpPr] amotelovvtar omd Aemtd YA vuévia NiwoBiov (Nb) mov éxovv evamotebei oe
ITH vrootpodpata (1-X)Pb(MgysNb,3)O03-XxPhTiO; (PMN-XPT). Ot teyvntég dopég Exovv eninedn tomoroyia,
6mov Vo vuévie Nb {dov mhyovg (dnp) evamoteibevian ot elevBepeg empdveleg evog PMN-XPT
VITOGTPOUOTOS Kot Yio avTd To AdYo antég ot teyvntég douéc avapépoviol g Nb/PMN-XPT/Nb. Oa mpénet
vo, onuelwBel 6tL o€ avTég TG TEXVNTEG dopég Ta vpévio. Nb dradpapatiCovv Smhd poAo, TPdTOV AErTovPyOHY
®C TO VAEPAYDYLO CLGTUTIKO TNG TEYVNTNAG OOUNG Kot OOTEPOV EVEPYOUV KOl MG NAEKTPOSIOL Yo TNV
gpappoyn g eEmtepikng téong (Vapp) 610 PMN-XPT vrootpopa. Ta dopkd ototyeia mov cuvOETouy avtég
TIG TEYVNTES OOUEC EYOVV emAeyel KATOAANAQ BGTE VO TANPOVVTOL SVO0 POCIKES AMALTIGELS, Ol OTTOiES Efvar I
OTOTELECUATIKOTNTA TNG Aettovpyiog Twv TTH vrootpoudtov ce kpuoyevikéc cuvnkeg kot 1 dvvatdtnta,
povtehonoinong tov onoterecpudtov. ITo cuykexppéva, to PMN-XPT éxel emdeyel og évo KoAd peAeTnUEVO
ITH vikd P2 10 omoio gupaviCel vYNAEG TIEC OTNV EMAYOUEVT] UNYOVIKT TTopapopemot). Ot BértioTteg
meonietpikég 1010t Teg TV PMN-XPT 10 k0016T00V MG T LOVadIKG DIOYN QL0 VTTOGTPOUATO, LETAED OA®V
tov [TH viikodv, dedopévou 0Tt og kpuoyevikég cuvinkeg Aettovpyiog ot TelonAEKTPIKEG 1O1OTNTEG OA®V TV
ITH vikodv e€aobevodv onuavtikd. Ta Aentd vpévia Nb éxovv emideyel 610TL xovv v vynAdTEPN T peTa&d
OAOV TV VITOAOITOV PETOAMK®OV YA younAnc-Te, evd emiong 1o Nb o¢ évag cvopPaticog YAg enttpénet
OspnrTikn depehlvnomn TOV TEPUUATIKOV OEO0UEVOV YPNOLUOTOIOVTAS YVOGTE Oempntikd poviéda mov
TEPLYPAPOLVV LE OKPIPELDL TV VITEPAYDYLUN CVUTEPLPOPE TOV. Oa TPETEL Vo ovapePOEl OTL 1 EPELVITIKN LOG
opada Exel HeyaAn eumelpio oty TpogTolocio Aertdv vueviov Nb vyning vrepaydyung todmtog pe
puéBoodo g payvntikd vropfonovduevng Kabodtkng 1ovtofoing [22.23]

Ipw ™ perétn tov teyvntov doumv Nb/PMN-XPT/Nb die&nyfncov diepevvntikd mepdpoto oe
TOPOUOLEG TEXVIKEC SOUEG. AVTEG 01 TeYVNTEG dopéG amotehobvTor amd dvo EM vuévia KoBaitiov (Co) mov



evamoteifovtal otig eAevBepeg empdveleg evog PMN-XPT vrootpopatoc, okoAovbdvioag tnv emimedn
tonoloyio. CO/PMN-XPT/Co. To kivijtpo yia. t de&aymyn Tov SlEpeEuvnTIKOV TEPAUATOV GE TEXVNTEG OOUES
Co/PMN-XPT/Co givar va omoktnfei yvdon oyetikd pe v meloniektpikn omdd06N TOV VIOGTPOUATOV
PMN-xPT og youniég Oeppoxpooics. Ot texvntéc douéc Co/PMN-XPT/Co amotedodv €va katdAAnio
GUGTILO TOV EMTPEMEL T CLYKPLTIKT UEAETT T®V TIELONAEKTPIKA TPOTOTOUNIEVOV LOYVITIKOV 1010THTOV G
dupopeg Beppokpaocies. Xvykekpyéva, Eexvavtag amd t Oeppokpacio twv 300 K (6mov ot meloniektpiicég
Wwotteg v PMN-XPT eivar yvootég) pmopel kaveic va peletnost m meloNAEKTPIKY TPOTOTOINGON TOV
poyvntikav wottov peg Co/PMN-XPT/Co doung Kot 6T 6uVEKELD VoL GLYKPIVEL TO ATOTEAECUOTO QVTA UE
to avtiototyo amoteléopata mov AapPdavovtal oe youniés Beppoxpacies (wy. T=10 K). Ot poyvnrikés
WO1OTNTEC TOV UTOPOVV VO XPNCIUOTOMNB0OV GE [0l TETOL0 GLYKPLTIKT HEAET EIVOL TO GUVEKTIKO LOYVNTIKO
nedio (He), n poyvntion ko6pov (Mgy) Kot M wopapévovoa poyviton (Mem). T thv mapovoo pehén
Kataokevaotnkoy 600 texvyntég dopéc Co/PMN-XPT/Co (o pe X=0,29 ko o pe X=0,30) mov amotelovvton
amd vuévio. Co pe mayog de,=30 nm. H egmidoyn tov mhyovg v vueviov CO 1kovomolel Tig TOpaKAT®
ouvOnkes. To mhyog v 30 NM givar apketd pkpo pe amotéAecpa 1 emayouev unyovikn téon ond o PMN-
XPT va. umopei vo Tpomomoneel unyovikd oyedodv 0Ao tov 0yko tov vueviov Co. EmmAéov, 1o mhyoc twv
vuéviov Co givon o eEmyevig mapapetpog mov KaBopilel T payvnTiky avicoTpomics AOY® NG avVIGOTPOTIOG
OYNUOTOG. ZVYKEKPLUEVQ, Yo hyot dce<30-50 NM 1 payvntiky avicotpomio sivar TopdAAnAn oto eminedo,
v Y10 wyot dee>30-50 nm m poyvntikn avicotpomio eivon kGBetn oto eninedo X%, Suvendg, eméyovtag
10 TayY0G dco=30 NM omo1adNToTE UETAPOAN TNG LOYVNTIKNG OVIGOTPOTIOG GYLATOG TTOV TPOKAAEITOL OO TNV
EMAYOUEVT] UNYOVIKT Tdon AdY® TG eQOPUOYNG evOg eEmTePkoD MAekTpikod mtediov (Ee), eivor og Béon va
TPKAAEGEL TNV GUECT] TPOTOTOINGT] TOV POYVNTIKGV 1310THTOV TV vueviov Co.

[Ipwv ) deaymyn TV avaALTIKGOV HETPGE®V VIO TNV eaployn Ee oTig TEXVNTES dopnéc Nb/PMN-
XPT/Nb, 660n«ke 131aitepn EUEAoT GTOV AETTOUEPT YOPAKTNPIOUO TOV ETUEPOVE SOUIKMDY GTOLYEI®Y TOV TIG
anoptilovv. Avoaeopwkd pe 1o ITH dopkd otoreio tov teyvntdv doudv, ta vrootpodpote PMN-XPT
avomtoyOnkay pe t péBodo Bridgman PY oty ouvéyelo komnKav KpuoToAAOYpUcd VIO TN HOPEN
opBoydviov vVIosTpopdToy pe Saotdosic 6x5x(0.4-0.8) mm® ko mapépewvay pn-todopéva. Te ovth ™
OaKTOPIKN S1aTPIPT] YPMNGLOTOLOVVTOL dVO SLUPOPETIKEG Opddeg vooTpmpudtwyv PMN-XPT, n mpdtn opdda
amotereitor amd PMN-XPT pe x=0,31 ka1 1 devtepn amd PMN-XPT ue x=0,27. H ototysiopetpikn X dopopd
peta&d v PMN-XPT vrootpopdtov oyetiletol e Tig NAEKTPO-UNYOVIKES TOVG 1010TNTEG. ZVUYKEKPIUEVQ, TO.
vrootpdpote, PMN-XPT pe x=0,31 (x=0,27) Bpickovtar £vidg (EKTOG) TOV HOPPOTPOTIKOD GLVOPOL PAoNg
KOl ®G €K TOVTOL eUPaviouv VymAEC (YOUNAEC) MAEKTPO-UNYXOVIKEG 1010TNTEG. AVTEC Ol OVO OUAOEG
vrootpopdtev PMN-XPT éyouv emieyel KatdAANAO MOTE VL IKAVOTOLOVVTOL Ol AOLTNGELS ULl GUYKPLTIKNG
UEAETNG TOV TEYVNTOV SOUDV OTTOL 1 HOVN TEPAUOTIK Topduetpog O givar 1o péyebog g emayduevng
UNYOVIKNG TAoNG. Xt TAOICIO aLTNG TG SOOKTOPIKNG daTpifng avortoydnke o véa pébodog yioo Tov
TeCONAEKTPIKO YOPUKTNPIGHO TV vIooTpoudtov PMN-XPT. Avth n uébodog ypnouomotei £vo cuuPotikd
OTTIKO UIKPOOKOMIO Y10 TNV TOMIKH TAPOTHPNON TNG UNYOVIKNG Tdong evog TTH vAtkod katd v epapuoyn
Vapps EMTPETOVTOG ETGL TH KOTAGKELT) TNG KOUTOANG TNG UNYAVIKNG TOoNG S He TO NAEKTPIKO medio Eey.

TvveyiCovtag pe 1o yopoaktmpiopd tov texvntodv dopdv NB/PMN-XPT/ND oeipd £xel o vaepaydyipog
yapoaxmpiopds tov vueviov Nb. Ta vpévie Nb moapackevdotnkov ypnoyonoidviog t pébodo g
poyvntikd vroponfovpeving kabodikng 10vToPoing Kot 600nke Wiaitepn tpocoyn otic cuvOnKeg evandbeong
MOTE VO KOTOOKEVOGTOUY VUEVIOL UE DYNAN vrepaydyun mototnto. o va Bertiotomombody ot cuvinkeg
evamo0ecelg EPAPIOCTNKE VO TOAD 0VOTNPO TPOTOKOAAO evamofésewv To onoio PacileTor otnv TavTdypOovn
dpaon o exktetappivng mpo-evamddeong Nb kor g e€otepukne yoéng tov Ooldpov péom piag
avtocyEdag kKpvomayidag almtov. [pwv ekteheotodv o1 evanobécelg Nb ota vrootpodpote PMN-XPT £ywvov
depevvnrikég evomobéoelg oe enineda vrootpdpata ITupttiov (Si). L1OY0¢ AVTOV TOV Evanobicemv NTov va
e€etootel N emidpoon tov cvvOnkdv migong tov Barduov oTIg vVIEPUYOYIUEG 1310TNTES TV Lueviov Nb



Kabmg ko va diepevvnovv die€odikd o1 viepaydyiueg 1010tnTeg TV vueviov Nb 6tav e€aipeiton ) enidpaocn
NG EMPOVELNKNG LOPPOAOYinG. Inueidvetal 0Tt T Teplocdtepa vrootpouata, PMN-XPT €yovv vrofAinOel
o€ EMQPUVELWNKN Agiavan ®oTe va PeElmBel 1 EmQovELoKT TpayLTNTE Tovs (Sa), EVD HEPIKE TAPEUEVAV CTIV
TapBéva Tovg KoTAoTooT (KATASTAON tn-Aetaoiévamy EMPAVEIDOV) ELPAvIiovTog ToAD VYMAEG Tinég Sa. Adyw
™G EMPAVEINKNG LopPoroyiog Tov vrootpopdtov PMN-XPT ot evamobéceic tov vueviov Nb oe avtd
mpoypatorodnkay vwd T PEATIOTEG cLVONKES Kevoy Tov BoAdpov. o vo e€etactel n enidpaocr g
EMPOVEIOKNG TPOYOTNTOC OTIC LIEPUYDYIUES 1010TTEG TV vuéviov Nb mpaypotomombnke o cepd
evanoBécewv Aemtov vueviov Nb ot Aetaouévo ko og un-Aetoouéva vrootpodpata PMN-XPT petafdilovtog
GLGTNHATIKG TO TAYOG TV LUEVIOV (dyp) peta&d 5 kot 100 nm.

o mv ektéleon TOV HOyVNTIKOV HETPCEOV KaTO TNV €appoyn e&otepikng thong Vapy (M
wodvvapa Ee) katackevdomnke pio pdfdog oy omoio mpocsoapuoletor n texvnTy Sop Kot TaVTOYXPOVO
EMUTPENEL TNV €QAPUOY NG Vap OE KPLOYEVIKEG oLVONKES. Zvykekplpéva, ol Tomkn pépdog Tng
KOTOGKEVOGTIKNG ETOLPEING TOV LOYVITOUETPOV TPOTOTOMNONKE KATAAANAN MGTE VO PEPEL GTO ECOTEPIKO TNG
ovo ovuppota Xoikov. Ta cOppata avtd glvar apKoLVTOG AETTd TPOKEIPEVOL Vo ElayloTomoteiTan 1 Bepuiky
EMKOW®ViOL TOV e£®TEPIKOD TUNUATOG TNG PAPOOL TTOL EKTEIDETAL GTNV ATULOCPULPO LE TO ECOTEPIKO TUNUO,
avTHg mov PpiokeTol 6€ KPLOYEVIKEG cLVONKeS. Bo mpémet va onpelwbel 0tL otig teXVNTEG dopég Nb/PMN-
XPT/Nb mov pehetdvrar €66 0 €@approlOpevo NAEKTPIKO TTEDI0 Kot TO EQAPHOLOUEVO HOyVNTIKO TTEdi0 givart
Kk@Oeta peta&hd TOVg, CLYKEKPIUEVA TO NAEKTPIKO Tedio epopuoletal KADETO OTIC EMPAVEIEG TOV TEXVITOV
dopdV (EKTOG EMESOV) VA TO ParyvnTikd medio epappoletar mapdAinia oe aLTEG (EVTOG EMMESOV).

H pedém tov teyvmtov dopdv ND/PMN-XPT/Nb katéd v eeoppoyn Ee eotidletoan oty
melonrextpikyy tpomomoinon g Tc kot g Jo Twv vueviov Nb. TIpokeévov vo dievkoAvvBel 1 Gueon
oOYKPION TOV TEPOUNTIKOV OmOTEAECUAT®OV HETOED StapopeTikdv teyvntdv doudv Nb/PMN-XPT/Nb
(B10pOPETIKY CTOLYEIOUETPIA. X, SLOPOPETIKN EMPAVEINKT TPoOTNTA Sa Kol S10pOoPETIKA TTayot vueviov Nb
dnp) M melonAektpikn tpomomoinon v Tc kot Jo ekppaletar wg cuvapmon Tov Ee. O pnyoviopog mov
vrokwvel v meConiextpiky tpomonoinon g Te otig texvntég dopég Nb/PMN-XPT/Nb gaiveton oynuotikd
o115 ewoves (La-P). Zvykekpipéva, n ewova (L.a) avomapliotd TV opyIKn KOTAGTACT WUAG TEYVNTNG SoUNg
6mov dev epapudleton Ee kar to vuévia Nb Bpickovtol 6ty pun-topopop@ouévn unyovikd Kotdotaon He TIG
TAeYHoTIKEG otabepéc v eivon {oeg peta&d tovg a=b=c (Aoym tng kvPikng doung tov vueviov Nb). H
epappoy Eex omnVv TE)XVNTA dOoUN TPOKOAEL THV pUNYOVIKY TOPAUOPP®CT TV VRooTpoudtov PMN-XPT, n
onoia dielodvel ota vuévia Nb tpokaddviog étot T unyoviky toug mopaudpencn. H swova (1.B) deiyver pa
TUYO0 KOTAGTOGT UNYXOVIKNG TAONS (EPEAKVGTIKT TOPAUOPPOOT) KOTE UAKOG TOL EMTESOV XY) TNG TEYVNTNG
Sopng, 1 omoia Tpomomotei Tig TAeYpOTIKEG oTadEPEC TV Luevimy Nb oe a'#b'#c (omov a'>a, b'>b ko ¢'<c). H
EMAYOUEVT] TAPAUOPP®OT TOV KPVOTUAAKOD TALYHoTog TV vueviov Nb aAldlel Tovg pmvovikodg kKAGSoug
TOV TAEYHOTIKOV TOAOVTIOCEDV LIE ATOTELEGIO VO EMOPE GTO UNYOVIGHO OTLLOVPYING TNG VTEPAYDYIUOTNTOG
ot vuevia Nb petapdirovtag £tol ) Te Tove. TIpopavde, 10 T0606Td TG TECONAEKTPIKNG TPOTOTOINGTC
™mg Tc e&optdtor amd Tn OmoTeEAESHATIKOTNTO TNG emaydpevne unyovikng tdong tov PMN-xPT va
TOPAUOPOOGEL punyavikd ta vuévia Nb, i omoia kabopiletar amd dvo mopapétpovg. H mpdn mopdpetpog
glval 1 MAEKTPO-pMYOVIKY tKavdtto Tov vrootpoudtov PMN-XPT (6noc avthy ekepdletor péow Ttov
eyKapo1mv TelONAEKTPIKOV GUVIEAEGTMV) KOl 1 dEVTEPT TAPAUETPOS Eivar T0 Thyog TV vueviov Nb, dyp.
Mo va avodeyBel n emidpacn TG TPATNG TOPAUETPOV, ONAADOT TNG MAEKTPO-UNYOVIKNG TKOVOTNTOG TOV
vrootpoudtov PMN-XPT oty tpomomoinon ¢ Tc, mpostotudotnkoy 000 SlopopeTIKEG TEXVNTEG OOUES.
Avtég o teyvntég dopég amotelovvror amd vpévie Nb idov mdyovg (dyp=15 wou 20 nm) xoi omd
vrootpodpato. PMN-XPT dwagopetikiic ototyelopetpiog X, éva pe X=0,31 mov mapovoidler vymiode
melonAekTpicode ovvteAeotég kol €va pe X=0,27 mov mapovoidlel pkpOTEPOLS TELONAEKTPLKOVG
OUVTELEGTEG. AVOQOPIKA pe T de0TEPT TAPAUETPO TTOL €ivol TO Thyog TV vueviov Nb, eivor Aoyiko va
Beopnbel O0TL M emayduevn unyoviky téon oamd to vrootpopdta PMN-XPT dbvatoar va  emdpd
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Ewova |: (a)-(B) Zynuotixii ovaropdotocn O10popeTikdy KOTAOTAGEDY THE UNYOVIKIG TOPOUOPPWONS G L0 TEYVATH
dourp Nb/PMN-XPT/IND yia E=0 kVicm oz yio Eo#0 kVicm, aviioroyo. H epapuoyn Ee#0 KVIem mpokolei v
HLOKPOCKOTIKY UNYOVIKY TOPOUOPOOCH THS TEYVHTHG OOUNG TOD OTEIKOVILETAL UETW TV OPIlOVTIV UTAE O10KEKOUUEVV
YPOLUWDV, 1] OTOL0L EYEL G ATOTEAETUO. TV TOPAUOPPWON TV TAEYUaTIKOVY 0Tobepdv Twv vuevicov Nb. (y)-(0) H eyrkapoia
TOUN KATA UNKOog Tov acova I mapovotalel To fabog d1Elocovong TS UNYAVIKNG TAOHS O TEYVHTEG OOUES TOD OTOTEAODVTAL
amo Aemra koi mwoyerd vuévia Nb, aviioroyye, puetald e apyinc kotdotoons o E,=0 KV/cm ko piag toyaiog kotdotaons
o¢ Ee#0 kVicm tawv teyvtaddv doudv.
QIOTEAECUOATIKOTEPO OTNV TPOTOTOicn TG T Otav T0 TAYog TV vueviov Nb sivol oyetikd wkpd (m.y. yuo
naxol dyp mov givon ovykpiowo pe to Pabog dieicduong g emayOUEVNG UNYOVIKAG Topapdpemong). Ot
ewoveg (L.y-0) mopovcialovv oYNUOTIKE TV €YKAPo1o TOUR VO TEYVNTOV OOUDV TOL OTOTEAOLVTOL O
Aemtd vpévia vuévia Nb (apiotepn othdn) kot and moydtepo vuévio Nb (8e€1d oTAAN) Kot TNV €QOPLOYN
Eex=0 kot Ee#0, avtiotoyo. Ot Kotakopueeg yKkpt Stokekoppéves ypapupés tonobetovvron yio va del&ovv to
Bobud emidpacng g EMOYOUEVNG UNXAVIKNG TAGNG GTNV TPOTOTOINon Tovg mhyovg tov vueviov Nb (mov
glval 10 dNb/) Kkatd v epappoyf Ee. o Ty mepintoon tov Aemtotepwv vueviov Nb 1 emayopevn unyovikn
TAoM EMOPA ONUAVTIKG OTO VUEVIL IE OTOTEAECLLOL d'np<dnp, VO GTNV TEPIMTOON TOV TOYVTEP®V VUEVIOV
puovo to mpota otpouate Nb exnpedlovion kol avty n enidpaocn eEacbevel mpoodevtikd ota eEMTEPIKA
otpodpota Nb pe amotéheopa dns<dn, (1} d'np=0ns). Sovendg, To péyedog e Tpomomoinon e Te pewdvetat
pe v avénomn tov whyovg dyp. o vo peletndel ovtd TPOETOUACTNKE U0, CLGTNUATIKY OEPE TEXVNTOV
doumv Nb/PMN-0,31PT/Nb (6mov 6rha ta vrootpodpote, PMN-0,31PT éyovv vroPAndei oe Aciavon tov
EMPAVEIDY TOVG) OTTOL TO TAY0G TV Vuevimv Nb Aaufdver ig tipég dy,=15, 20, 50 and 100 nm. EmutAéov, ta
TEPOUATIKA OTOTELECUOTO TNG TEAEVTOIOG OEPAG TEXVNTAOV SOUmV O1EPELVAOVTOL BEPNTIKG HEC® EVOC
PAVOUEVOAOYLKOD LOVTELOD 1OV cuvdvaLet TN oyéon S(Eey) MOV apopd to vootpope PMN-0,31PT 1 e m
padnuatiky €kgpoon ™ Te mov agopd ta vuévie Nb 3% H gawopevoroysy ékppoon Te(Ee)
YPNOYOTOLEITOL TOGO Y10 TNV TPOGEYYIGT TV TEPOUATIKOV dEO0UEVOV TNG T ®¢ TPo¢ T0 Eey 660 KL Yia T
S1EPEHVNOT TV TPOTOTOMUEVOV HKPOCKOTIKMV TOPAUETPOV TNG VIEPAYDYILOTNTAG G GUVAPTNOT TOV Egy.
Onog avapépbnke vopitepa 1 exaydpevn unyovikny téon otig texvntéc douég Nb/PMN-XPT/Nb kotd
™V e@apuoyn Eex 0ev emdpd povo tic mieypotikés otobepé tv vueviov Nb, aAdd kot otig atéleleg Tov
KPLUGTOAMKOD TAEYHOTOG TTOL OpohV G onueia déopevong TV eAaoviov. Avtd €yl G OMOTEAEGHO TNV
meloNAeKTPIKY TPOTOTOINGN NG KPiong mukvotntag pevpotog Jo tov vueviov Nb. T avtf ) pekém
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ypnoomotdnkay 600 texVNTEG doUEG TOV amotehovvtal and vrootpouata PMN-0,31PT kat and oyetikd
mayeld vuévia Nb (ne méyog dnp=50 ko 100 nm). H emthoyn avtodv tov vueviov Nb éywve oxdmpo kabbg o
avtd to TAyot ot LETOPOAEG TG T eivot TOAD piKpES (oYedOV AUNAETEEG) e ATOTELEGLOL VO OTTOLLOVAOVETOL 1)
emidpaon 1ov Ee oty Jo kot va punv ocvumepiapfdvetor n tovtoypovn petaforn g Te. [a ™ Beopntikn
OlEPELYVNON AVTOV TOV TEPOUATIKOV OTOTEAEGUATOV TPOTEIVETOL £VO. (QUIVOUEVOAOYIKO HOVIELO TOL
eVompoTOVEL T 6Yéon S(Eex) TOV vooTpdpatog PMN-0,31PT ¥ 6t podnpoticy éxppoon g Je(S) BV

Téhog, otn peAém TV TEeCONAEKTPIKG TPOTOTOUUEVOV VTEPAYDYIL®Y WO0THTOV TOV TEXVINTOV
dopmv Nb/PMN-0,31PT/Nb cvumepilappdveror Kot (o ETTAEOV TEPOUATIKY TOPAUETPOG TOV Elval gival 1)
emoeavewokn tpoyvto Sa tov vrotpopdtov PMN-0,31PT. Toa ovtd 10 Adyo kdmowr omd ovtd Ta
VITOGTPOUOTO VETOPANONKAY OE Aciavon TOV ETPOVEIDOV TOVG, EVD TO VITOAOUTO TOAPEUEVAY UE UN-AEIATUEVES
EMEAveleg. e KGbe mepintwon, Aetaouévov N un-Aetoouévov PMN-0,31PT, n emoaveiok popporoyio tev
VIOGTPOUATOV PeTapEPETOL TANP®G ot vuévia Nb. Ot Told vyniéc Tipég g Sa yia v TEpinT®on Tov un-
Aetaouévov PMN-0,31PT vrootpopotog (e taéewg tov 200-300 nm) vmoPfabuiler onuoavtikd Tig
VIEPAYDYIHES 1010TNTEG TV LEVimV Nb pe anotéleopo va emdpd Kot oty meConAEKTPIKH TPOTOTOINGT TNG
Tc xon g Je. H teyvnt) doun mov ypnoyonoteitan yio owtr tn pedétn eivar n Nb(20 nm)/PMN-0,31PT (My-
Jeroouévo)/Nb(20 nm) kar éyel emdeyel yoo tovg moapokdte Adyovs. To ITH vroéotpope PMN-0,31PT
YPNOUYLOTOLEITAL AOY® TNG OMOTEAEGHOTIKOTNTAG TOV VO TPOTOTOLEL EVTOVA TIG VIEPAYDYILEG WOIOTNTES TOV
evamotednuévov vueviov Nb oe odykpion pe 1o ITH vrdotpope PMN-0,27PT. Emmiéov, t0 mhyog tedv
vpéviov Nb eméybnke va eivon ico pe dyp=20 NM TPoKeEWEVOL Vol €ival apKeTd AETTO GE G0N UE TN
dlTNPNoN NG VIEPAYDYIUOTNTOG GE TPOYELRL VTOGTPOUOTO OAAG TOVTOXPOVO KOl EMOEKTIKO (OC TPOC TNV
eMPBOAT LIOG UNYOVIKNG TAPOUOPO®ONG KATA TNV £Qaproyn Eex oTnVv TEXVNTA doun.

To amoteAéopota oLTAG TG SOUKTOPIKNG OaTpPrg amodekvoouy Eekabapa v eheyyOpevn
meloniektpikn tpomonoinomn g Te kat g Jo tv vueviov Nb katd v epoppoyn Ee o8 te)vNTéG dOopéC
Nb/PMN-XPT/Nb. Ta zepapatiké omote éopato pmopodv va TEPypa@odv pe akpifela pécm Tomv
Qovouevoroytk®v HovTEAMV Tc(Ee) kot Jo(Eex) mOL cLVOLALOLV TO SLOQOPETIKG YOPUKTNPICTIKGE TMV
dopK®V oTotyelmv Tov amaptilovy TN cuVoAKY TexvNTH doun. Télog, divovtar caeng evoeielg yio T yprion
Tov 1eXvNTOV dopdv Nb/PMN-XPT/ND ot teyvoloyikég d10tdEElg 1oV AEITOVPYODY GE KPLOYEVIKEG GUVONKEG.

Y10 Kepdrato 1 mapovsidlovror ot facikéc apyéc g Oempioag g vaepay@yudmTog €0TIAloVToC
o1ovg YAG youning-Tc kou g Bewpiag tov meloniextpiopov eotidloviag ota detypota PMN-XPT. Xto
Kepdhawo 2 yivetoar pia odvtoun PipAloypa@ikn ovackOmnon Tov Oe@pnTik@v UEAETOV GYETIKA pe TNV
EMOPACT NG UNYOVIKNG TACNG OTIC VLTEPAYDYIUES OIOTNTEG KOL TOV TEPAUOTIKOV HEAETOV TNG
meloniektpikng tpomomoinong e Tc o€ YA vynAng-Te. To Kepdrato 3 mapovsialer tig Pacikés apyég
AELITOLPYIOG TOV TEWPAUATIKAOV TEYVIKOV TOL YPNCWOTOMONKAY Yoo TNV TOPAcKELN] (). HOyvNTIKA
vroPonBovdpuevn kabodikn wovtoforn) kai To yapaktnpopod (w.y. [TAX, MAA, MYKZE) teov teyyntdv doudv.
Emuiéov, 1o Kepdrato 3 cvvoyilel tic apyés Asttovpyiog o véag uebddov mov ypnoiponoleital yio, Tov
meConAeKTpIKO YOoPaKTNPIGHO TV detypatov PMN-XPT, eved emiong divel KAmOlEg TEYVIKEC AETTOUEPEIEG
OYETIKA TN KOTOOKELN] NG Ppafdov mov emTpémel T Seoywyn TOV HOYVNTIKOV UETPNCE®V KATO TNV
epapproyn e€mtepkng tong oe kpvoyevikés ovvinkes. To Kepdhato 4 mopovoidlel to mEPUPATIKG
OTOTELECLOTO TOV EICOYOYIKOV HEAETMV OV £YVOV GE GUYYEVIKEG TEXVNTEG OOUEC, Ol OTOIEG OMOTEAOVVTUL
amd Aemtd IM vuévio Co (Co/PMN-xPT/Co), xatd v geoppoyn miextpiucov nediov. To Kepdiowo 5
TOPOVGIGLEL TO OMOTEAEGUATO, TOV YOPOKTNPIOUOD TOV EMUEPOVS SOMKDOV GTOLYEIMY TTOL GLVOETOLV TIg
teyvntég dopég NB/PMN-XPT/ND kabdg kot ToV DIEPUYDOYIHLO YOPUKTNPICUO TOVG YOPIG TV EQUPLOYN
niextpwkod mediov. To Kepdhowo 6 eotdleton ot OBewpntiki avdiven tov pHoviéhov mov Ba
xpNooTonfovv yia tn peAétn g mefoniekTpikig Tpomonoinong e T Kot Tov Jo HEcH TV KATAAANA®V
exppaoev Tc(Eex) kot Jc(Eex) 01 0mOiEG EVOOUATOVOLY TO YOPOKTNPIOTIKG TOV SOPOPETIKAOV SOUKDV



otoyeiov Tov TeEyVNTOV doudv. To Kepdhowo 7 mopovotdler ovoALTIKA To OTOTEAEGLOTO  TNG
melonkextpiknig tpomomoinong g T kot ¢ Je katd v epapuoyf Ee otig teyvntéc dopég Nb/PMN-
XPT/NDb. Zg avti v avolutik] mopovoioon cuumeptlappavoviol OAeg ot TUPAUETPOL TOV UTOPOHV Va
emnpedoovy 10 péyebog ¢ melONAEKTPIKNG TPOTOTOINONG TOV VIEPAYDOY®V 1O0TTOV OTmG gival ot
melonkextpikol GuVTEAESTEG, TO WAY0G TV vUeVIOY ND Kot 1 em@avelakn TpoyHTNTO TOV VTOGTPOUATOV
PMN-xPT. To Kepdiawo 8 mapovoialel v mbavh gpappoyn tov teyvitov doudv ND/PMN-XPT/Nb og
a1oONTpec o€ TEXVOLOYIKEG JATAEELS TTOL AEITOLPYOLV GE KPLOYeVIKEG cuvinkes. Télog, To Kepdiato 9
ouvoyilel OO TO ATOTEAEGLLOTO TTOV TPOEKLYOV GTO, TAOIGLO QTG TNG OOUKTOPIKNG SLOTPIPNG.
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YUVTONOYPOPIES

H nmopokdto Alota topovotdlel 6TV aplotept] GTHAT TIC GLVIOUOYPAPIES TOV YPNGLOTOOVVTAL GE AUTN TN
d1daKkToptKn dtoTpipn] o€ CAPAPNTIKY GEPA Kot 0T 0e&1d GTAAN U0 GUVTOUN TTEPLYPAPT TOVE.

Eex E&mtepikd epappolduevo nhektpikd nedio

H E&mtepikd epappolopevo poyvntikd medio

OMA Oepuo-payvnTiKéc aoTabeleg

HMA Hlektpcd emaydpeves payvnrikéc aotdbeleg

MA Mayvnrikéc Actabeteg

MAA Mukpookodmo Atoptknig Abvaung

MZd Mopootponikd Xvvopo docewv

MYKX Moayvnrtouetpo Yrepayoyuyng KBavtikng Zvpufoing

oM Ontikd MikpooKomio

IMH [Meloniextpikd VAIKO

2A SOUUETPIKOG AEOVOG TNG UNYOVIKAG TAOTS KOTA UNKoG TNG dievbuvon i=X 1 Y.
>*H 210MPONAEKTPIKO VAIKO

>M Z10MPOUAYVNTIKO VAIKO

MNAX IMepiBloon axtivov-X (avaeépetol oty avtiotoryn uébodo petpnoemv)

T Oeppoxpacia, 1} Tesla dtav cuvodedet Ty T evog poyvntikod mediov

YA Yrepaywydg

FC Avagépetat 6Tov KAASGo Yoéng Tmv toomediakav koumvAoy m(T) pe t Tapovoio

noyvntikov mediov (Field Cooling branch)

Jc Kpiown mokvotnto pedpatog

PMN-xPT Pb(Mg13Nb,3)O35-XPbTiO;

PZT Pb(Zr,Ti1,)O;3

Sa Empoveloxn tpaydtnra (<Sa>, pécn empavelokn Tpoyd o)

Tc Kpiown Oeppokpacia

ZFC Avopépetatl 6Tov KA YHENS TV 1oomedlok®mv Kapumvidv M(T) arovcia

poryvntikov mediov (Zero Field Cooling branch)






Kepaiarwo 1

Ewcayoyn oty vrepayoyipndtnto Kot Tov meloniekTpiopno

Ye aUTO TO KEQAANO YIVETOL L0 TEPIMATIKY EGOYNOYN TOV QAIVOUEVOV TNG VAEPAYDYILOTNTOS KOl TOL
melonAekTpiopod. Aedopévou OTL ot TexvNTES dopéc mov Ba pehetnBovv oe avti TN daKToPlkn StatpiPn
amoteAobvTol oo Aentd vrepoydyo (YA) vuévio NioBiov (Nb) evamoteOnuéva oe meloniextpucd (ITH)
vrootpodpata  (1-X)Pb(MgysNby3)Os-XxPbTiOz, 1 swoaywyh eotidleton oto Ogwpntikd poviéAa oV
TEPLYPAPOVY TIG Pactkég Tovg 1010TNTEG. To PUIVOUEVA OVTE TEPTYPAPOVTAL AVOAVTIKOTEPO, GTNV Oy YAIKY|
EICOYOYN TNE TOPOVCAG SOUKTOPIKNG S TPIPTC.

1.1 Ozmpia TG vVIEPAYOYINOTNTAS

Q¢ vrepayoypotta opiletar 1 1310TNTA OPICUEVEOY VAIK®OV va gueavifovv pndevikn ovtictaon (1dovikdg
aywyos, R=0) xdtm and wo kpicwyun Oeppokpacio mov cvpPoriletor pe Te. EmmAéov, 6tav évag YA yoyBel
napovcia eEmtepkod payvntikod mediov (Hg) pikprg €vioong tote kdto amnd v dw Ty mg Te
HOYVNTIKY €May®yr] 010 €0mTEPIKO TOL undevileton (davikog dwouayvitng, B=0). To @owopevo avtd
ovoualetanr @owouevo Meissner kot omotedei €va oaveEdptnto yopakmplotikd Tov YA, 10 omoio dgv
TPOKVTTEL 0O TO UNdeviopd TG avtiotaons tov YA kdtw amo v Tc. Avtiotoya pe v Tc opileton kot pa
GAAN Kploun TaPAUETPOG TN VIEPOYDYIUOTNTAG TTOV Eival TO Kpicwwo poayvntikd medio (He). Zvykekpuéva,
vy H<He (kou T<T¢) o YA PBpioketor oty vaepaydyun Kotdotoor, eved yioo H>He (koaw T<T¢) o YA
petafoaivel otV KOVOVIKY TOL KOTAGTOGT OOV GUUTEPLPEPETAL OG £VOL TUTKO TAPOUAYVNTIKO VALKO (B=H).
Mo akoun Kpiotun TopaUeETpog TS VIEPAYOYILOTNTAS ival 1 Kpiowun Tokvotnta peduatog (Je), N omoio
yopoktnpilel ™ péylotn mokvotnto peduaTog mov umopesl va dappéel Evav YA yopic va gpoavileton
avtiotoon og avtov ko e&aptdron and v T (T<T¢) ko to H (H<Hc), Jc=Jc(T,H).

To @owouévo ¢ vrepayoypotntog (ce YA yoauning-Te) £xst epunvevtel Bempnrtikd 1660 o€
UIKPOOKOTIKO OGO KOl G€ HOKPOOKOTIKO eminedo. Katd tn pikpookomikn Bswpio tng vmepoy@yudtntog
yvooth ka o¢ Oeopio BCS M| o oynuotiopdc te vrepoydyung KoTdoTaone 0vvoeital OTav 1 EAKTIKY
aAAnienidpaon 6vo niektpoviov (1) mov Ppickoviol kovtd otn otdOun Fermi, givar wyvpodtepn amd v
anwotikn oAnAenidpacn Coulomb (x) peta&d tovg. H ehktikny alinlemidpacmn Tov mAeKTpovimv
EMTLYYaveTal PEC® TNG avTOALOYNG Povovioy kot oxnuotilel ta Aeyoueva (evyor Cooper. Avtd éxel mg
OTOTEAEC O VO TPOTOTTOLEITOL 1] PACIKT] KOTAGTAGT TOL YA DAIKOD dNHIOVPYDVTOG £VOL EVEPYELNKO YOG GTO
QAacUo, TV OlEyEPUEVOV  KOTOOTAGE®Y TOV mNAekTpovimv. Avaloya pe 10 Uéyebog NG EAKTIKNG
OAANAETIOPOONG TOV NAEKTPOVIOY GTNV VIEPAYDYIUN Katdotaon ot YA younAnc-Te dwokpivovtol oe YAQ
woyopic @, evdiapeong M ko acBevucic ovlevéng . o kabe mepintoon odlevéne ta avrictoua
Oe@pNTIKA UIKPOOKOTIKG HOVTELD O1vOUV Kol SLOQOPETIKEG EKPPAGELS TG Tc. EkTOC TG UIKpOGKOMTIKNY
epunveiag, ot emotApoveg V. L. Ginzburg xar L. D. Landau avénto&av wa gowopevoroyikr Oswpio ©! yu
TV €PUNVEIN TOV LOKPOGKOTIKAOV 100NtV vOg YA Pacilopevol o yevikég 0epuoduvaukés mapadoyLc.
Tuykekpipéva, 1 ehevBepn evépyeta evog YA oty vepaymyuf katdotoorn (T=Tc) pmopei va ypoagtel og éva
avantoypa Taylor g mapapétpov Taéng tov YA, mov divetol and Tn KOUATOGLVAPTNGT TOV NAEKTPOVIDV.
To mheovéktnuo awtig TG Bempiog sivar 4Tl Exel cuumepAaPel TV enidpACT TOV UAYVNTIKOD TTESIOL GTOV
YA, enttpénovtog £161 Tov vToAoyiopd Tov He kot tov vaeppedpatog tov (evymv Cooper (Js).

Ext6¢ amd 11g Pacikéc 1010TNTeg TV YA OV MEPLYPAPNKAY TAPUTAV®, VITAPYOLY 000 CNUOUVTIKEG
mapapeTpol mov kabopilovv 10 €0POC TUDV TOV 1OOTATOV TOVG. AVLTEG Ol TOPAUETPOL €ivOl TO UNKOG
ovoyétiong (§) Tov niektpoviov evog (evyovg Cooper kot to pnKog dieicdvong (A) Tov H oto ecmtepucd Tov
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Ewayoyn oty Yrepayoyypotnra kor tov IIieloniektpiopd

YA kot amotelovv To YopaKkTnPloTIKa pnkot evog YA. Me Bdaon t oyxéon petald tov A kot tov &, ot YA
KaTNYoplomotovvial 68 YAG mpd@tov €idovg otav A<E ka1 oe YAg debtepov €idovg otav A>E. ZTIg EIKOVEC
(1.1.0-B) mapovcialovtar ta SidypappaTe eAacng yio éva YA mpdTov €idovg kot yuo éva YA devtépou gidovg,
avTioTO(M, OTOL KOl OVAOEIKVOETAL 1 OLPOPETIKT TOVS GLUTEPLPOPE VTd TV apovsio H. Xvykexpiuéva,
omwg eaivetar ot gwova (1.1.0) oe T<T¢ koaw H<Hc évac YA mpadtov €idovg Ppioketar oTnv KOTAGTOON
Meissner (B=0) orwbdvtog minpwg 1o H and 10 somtepikd tov, eved oe T>Tc § H>He o YAg petofaivet
OTNV KOVOVIKN TOV KOTAoTOOoT. ZTNV Tepinmtoon evog YA deutépov eidovg, wova (1.1.5), avaueoa oty
Katdotoon Meissner kol otnv kavovikn katdotacn sugavifetorl pio evOlauest Katdotaon mov ovoudleTol
pkt katdotaon. H pikt| katdotaon mepucheietor amd dVvo kpiowa poyvntikd medion mov  eivol
YOPOKTNPLOTIKO YVOPIGHO TV YA 3evTépov €idovg, To KAT® Kpioio medio Hep kot to dve kpicyo medio
Hc,. Otav évag YA devtépov eldovg Ppioketon otn piky| katdotoon tote o H e16épyetot 610 ecmTEPK TOL
YA vd ™ popon corqveov KPavticuéving poyvntikng pong @q (diveg vreppedpuatog) pe tov a&ovo Toug
nopdAinio oto H xau e dduetpo 2E, ot omoiot ovopdlovrar era&dvia. (Vortex) (évBeto g ewovag (1.1.5)
ko gcovo (1.1.y)). O A. A. Abrikosov omédei&e 0Tt og évav 10avikd YA (ympig atéAeleg) Kot 6TnY KOTAoTAo
eoppomiag Tov Ta PAAEOVIO TOTOOETOVVTOL e TETOWO TPOTO MOTE Vo oynuatifovy éva e&aymvikd TALypa
netalhd v Kévipav tov eratoviov . Me v mpoodsvtiky avénon tov H avEdvetar 1 mokvothTo TV
eAagovidv domov ta Pratdvia apyilovv vo aAANAOETIKOADTTTOVTOL KOl TEAKA 0 YA GUUTEPLPEPETAL MG
TOPOUAYVITIKO VAKO HeTafaivovTog oTnV KOVOVIKH TOV KOTAGTUGCT.

O vrepaydyipeg 1010mTeg YA vpeviov daQopomolovvtal SNUOVTIKE KoOMG 1 YOpOKINPIoTIKN
didotaocn tovg, mov eivor To Taxog Tovg (dya), yivetow GLYKpiowun HE TO YOPOUKTNPIOTIKG UAKOL TNG
vrepayoypnotntas. BéPaia ota Aemtd YA vpévia dev mpémel va ayvondei €va emmAéov yapoKTNPIOTIKO
unkog, mov eivar M péon elevbepn Swwdpoun twv mAiektpoviov (). H tun tov { kabopileton and tnv
TOPOLGIN ATEAEIDOV GTO KPLOTOAMKO TAEYUN KOOMOG Ko amd GAAEG TOMKEG 1 pn-Tomikég mpoopigelc. H
e€aptnon TV xapaktPloTikdv unkodv (&, A kor ) pe 1o dya kabdg kot 1 aAAnAoeEApTnomn Tovg EmQEPEL
OMNUOVTIKEG OAAAYEC GTIG VIEPAYDYLUES O10TNTEG TOV AETTMOV vUEVimV. Evdeiktikd mopddetypo anotehei 10
yeyovog 6t Khaowkol YA mpmtov gidovg cvumepipépoviar g YA dgvtépov €100V OTOV LEAETMVTOL VIO TN
popen Aemtadv vueviov. H aAinloegdptnon tov yapoKtnploTiK@Vv UnkK®v evog Aemtov YA vueviov ta&vopel
Toug YAG 0g Katnyopieg He onUavtikKeg S1apopéc 6TIS I10TNTEG TOVE. ZVYKEKPIUEVA, Yo dya 6TabepO Kot yio
[ K& (0mov & explel to gvdoyevéc &) to YA Aemtd vpévio Bpickovior oto Aeydpevo «Bpodpko» 6pto
(“dirty” limit), evd v { & ta YA Aentd vpévio Bpickovior 6to Aeyopevo «kabapd» opro (“clean” limit).
T petaPAntd dya, 1 copmepipopd 1wv YA umopei vo yapaktnpiotel ite og dididototn (2A) otav dya<€(T),
eite og tprodidotatn (3A) otav dva>E(T). H Swotatikny didkpion tng SUUmEPLPOpds Tov YA Katd

, W
Mpdtov Eidovg (o) [H 0 =T Agvrépov Eidovg(P) s=  (y)

H(kOg)

Koavovikr H : T
&

KGYOVIKT] 3 &€ KOTAGTOO
H.T) KOTOOTOO 3 T _.ﬂi =H H
y (0) . B:Hag I S e Moot J S

H..(T) KATAOTOON
B<H,

(o]

Koatdotaon
Meissner B=0

Koatdotaon
Meissner B=0

T (K) T 0 T (K) T 0
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Kegdiaro 1

petaPorn tov dya 0dnyel oe SlopopeTikec ekPpaoels yia TN Oeppokpactakh eEaptnon tov He, . Enumedv
Kot OTmg eivor ovapevouevo, 1 peiowon tov dya emdpd onpoviikd otig Tipég ™me Te, n omoio Yo v
nepintoon Aemtomv vueviov Nb éyetl emPePowbel mepopatikd 0t petdvetar pe ™ peiwon tov dya BB T
TNV EPUNVELD OVTNG TNG CLUTEPLPPOPAS TG Tc HE To dya Exovv Tpotabei didpopes Bewpieg mov Pacilovron
TOVG EUTAEKOUEVOVC QLGIKODS UNYAVIGHOVG 7oV ovadetkvovotal Kobmg 10 dya pewdveral. Ov mpmdTeg
Bewpnrikéc mpotdoelg Paciotnkay oIV £viovr €midpPOoT] TOMIKMY QOIVOUEVOV TOV TPOKAAOVVTIOL KATA TN
peiwon tov dya, 0 omoia evioydovy v aAinAenidpacn Coulomb pe éuueco amotélecpo ™ SpACTIKN
peioon e Te tov vpeviov M "Eva 6Alo Oeopntikd HOVIELO TOL TEPIYPAPEL UKOVOTOUITIKG TOL
TEPapoTIKG anotedéopoto g Tce(dya) Paciletar otny enidpacn Tov eovopévoy yertviaong, 1 onoia yiveton
ohogva Ko eviovotepn Otav 1o Oya petdveton M7 Téhog, éva mo yevikd Beopntikd poviého, omodidel
petmon g Te oty e€acBévion ¢ TapapéTpov TaENG ToL YA KOVTA TV DIEPAYDYLY ETLPAVELN [18],

To kpiowo péyebog Tov YA mov dev éxel cvl{nmoel axdun eivar to Je, T0 0moi0 GLUVOVTATAL HOVO
otoug YA devtépov &€idovg kol pdAioto Otav avtol Ppickoviol oTn WKTN KOTACTOGCT. XTNV 100VIKNH
nepintwon evog téhetov YA devtépov €10ovg (wpig dopKES OTEAEIEG GTO ECAOTEPIKO TOV) TOL PPICKETOL OTN
WIKTH KOTAGTOGT, T0 QAAEOVIA, GAANAETIOPOVY HETOED TOVC WE OMMOOTIKEG SUVAUELS, EVD 1) EQAPULOYN EVOG
eEwtepkon pevpotog aokel dvvaun Lorentz (FL) oe avtd mpokoddvrag v Kwvnon tovs. Qo16c0, 1
Tapovcio atereldv oe évov YA 0gutépov €ldovg aAldalel v ekdvo TG WIKTNG KOTAGTOONG, Kabdg ot
atéleleg anTéC Opovv w¢ onueia déapevonc TV EAaCoviny eumodilovTog TV KIvno1 TouG. ZUVET®MC, GE AL
v mepintoon 1N epappoyr eEmtepikod peduatog 6tov YA Bo TpoKaAiEéseL TV Kivnon Tov eAaEovViov Hovo
otav M emayouevn F vrepviknost  dvvoun déopgvong (Fp) mov dratnpel ta pAagovia axivita yopo amd Tig
atéleleg Tov YA. H opoxn katdotoon tov YA 6mov F =Fp, ovopdletor kpioyn katdotaon tov YA Kot
avtiotorya 1 pEYIoTN TN pedpatog mov eSacpaiilel vt T wwoppomio Adyetorl Kpioun moukvOTNHTO
pevpotog (Jc). H miextpopayvntikny ovumepipopd evog YA devtépov €idovg mov Ppicketor oty kpiown
KOTAGTOOT TEPLYPAPETOL IKAVOTOMTIKE atd o mpdTvmo Bean 19 10 omoio e€etdlel 10 Ppodyo voTEPNONG
(m(H)) evdg YA devtépov gidovg Bewpmdvtag 0Tt 01 ATEAEIEG EIVOL OLOLOUOPPO KATAVEUNUEVO GTO ECMTEPIKO
00 YA xa0og kou 0t1 0ha ta onpeia déopevong twv prasoviov €xovv 16oddvoun Fe. ‘Etot, kabmdg 1o Hee
avéavetor (dlaypapovtag évav Ppoxo votépnong M(H)) 1o ero&ovia amodeopedovior amd ta onueio
dECUEVONG TOVG KOl KIVOUVTOL TTPOG TO KEVTIPO TOL YA, evd Toutdypova véa QAaEOVIA ElGayovTal 6ToV YA
and TG akpeg tov. Kotd avtd tov tpdémo 1o QAaEOVIO OTO €0MTEPIKO TOL YA avOKOTOVELOVTOL
katoloapPavovtog véeg 0éoeic déopevong kot 1 Kpiown katdotacn tov YA emaveykafiototar. ‘Etot, 1
TUKVOTNTO, TOV PAAEOVIOV TNV KPIoUn KaTaoTaon evog YA dev gival otabepn oe 0o Tov OYKo 0L YA,
oALG eppaviletl o Pabuaio KoTovouq TG TUKVOTNTAG TOVG UE LEYIGTN TN OTIC AKPEG TOL YA Kot EAdytot
TIUN 6€ KGOl andoTooT TPOg T0 KEVTIPO ToV. Ao TN Abon tev Tpontotuévev eichoewv Maxwell yuo évay
YA 3evTépov €100V¢ 0TI KPIoIUN KOTAGTAON GTOSEKVOETAL OTL TO Je €ival avaloyo ®¢ TPog To gbpovg Am
oV Bpdyov votépnong uetad Tov KAGoov avénong kot peimong tov H.

[Mapoéro mov M kpicyn kotdotaon evog YA pmopel vo YopokInploTel MG O OVTO-0PYOVOUEVT
Katdotoon Tov YA 6mov 1o pAaEovio avadiaTdocovTol KATAAANAo ®aTte va dlotnpioovy otabepn v Tiun
ToV Jc, 0gv gival mavta po, otadepn katdotaot yio tTov YA, Zuykekpiuéva, puio pikpn S1akdiovern Wmopel va
ord00el otov YA pécwm pog ariniovyiog dtodikaoumv OeTIKNG avadpaonsg TPOKAADVTIS TN KATAPPELST TG
Kkpiong Katdotaons tov YA [ M tétow darapayr etvon n dakvpaven tov He: 1o onolo mpokaiel
Oepuo-poyvntikég oaotabeleg (BMA) otov YA. H dwdwaocio dnuiovpyiog tov OMA oce évav YA
TEPLYPAPETOL 0N GLVEXEW. Mo pkpn dakvpavon tov He mpokodel v kivion eragoviov otov YA, 1
omoia €xet o¢g amotéhespo TV Tomkn avénon g Beppokpaciog (AT,,>0). H avénon g Beppokpaciog
pewwvel tn Tl g Je (AJe<0) kan Towtdypova peidvel to péyedog g dvvaung mov drotnpei decuevéva Ta
eAagovia, emiTpémovtag T Kivnon tovg kabdg kol v gicodo véov eratoviov otov YA. H gicodog vémv
oroEoviov av&avetar T payvntikn pon otov YA (AD>0) kot AOy®w g Kivnong tov @AaLovidv oTo
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Ewayoyn oty Yrepayoyypotnra kor tov IIieloniektpiopd

eomTePIKO ToV YA amedevfepdvetar o mocotnte Oeppotnrag (AQ>0) pe amotélecpo v TEPAUTEP®
avénon mg Beppoxpaciag (AT»>0). H oxéon petadd mg AT, pe v AT, vrodeikviet ™ otabepdtnra g
kplowng xatdotoong oe évav YA. Xvykekppéva, 0tav AT o<AT,, m xkpiciun kordotacn mapapével
otafepn petd amd po apykn dtokvpaven tov He, eva 0tav AT 5>AT,,, n kplown Kotdotacn KotoppEeL Kat
avantocoviar @MA otov YA. Zuvibog ot ©MA mapatnpovvrotl o€ Hee pikpng éviaong ko yio TKTe, evo
TPo0deVTIKA e€acBevoiv pe v avénomn tov H kat kovid 610 Te. Ot O©MA avayvopilovtal Telpapatikd gite
EUUESH HECH OAUATOV TNG HOYVNTIONG TPOG HKPOTEPEG TWES avThg o€ PBpdyovg m(H) (21221 1 Gueca amd
LLOYVNTO-OTTIKEG TEYVIKEG [23.24] Aéilel va onpewwbei 6T 1 otabepodTnTO TG Kpioung Kotdotaons evog YA
éxel Wwitepo teXvoAoYIKd evalapépov kaBmg 1 eppavion] @MA meplopilel onuovtikd v wovotnta ov YA
va StoppéeTan amd PEHLOTH VYNANG TUKVOTNTOG Kol Oo mpémet va AapuBaveTar vToyn Katd 10 oyedcud Kol
TN Agrtovpyio TEXVOLOYIKMV SLoTAEEDV OV amoTeAovvTaL amd YA ototyeia.

1.2 Ocopia Tov melonieKTPLopov

To melonhekTpicd GavopeVo etvat Eva GoVOUEVO NAEKTPOUNXAVIKIG GVLEVENG TTOVL EUPAVILETAL G OPIGUEVA
dmAextpukd vAd. Ta vAkd avtd ovopdalovion meloniextpika (ITH) vAwkd kot €govv tnv 1810TT0 VOL
eppavifovv doeopd duvapkoy OTav ackeital pnyovikn tdon o avutd (evBO melonAekTpikd EOUIVOUEVO) 1)
VTIGTPOPA VO TOPAUOPPAOVOVTAL UNYOVIKE (cuumieon 1 ekToveoon) otav epappoletal nAekTpikn tdon oe
ovtd (avdotpoeo TELONAEKTPIKO QUIVOUEVD), Om®G @aivetar ot ewkoveg (1.2.0-B) avrtiotoya.
Mikpookomikd, n mpoéievon tov ITH @owvopévov oyetiletor pe v €AWy KEVIPOL GUUUETPIOG OTN
kpvotodhkn doun tov IMH vikdv. H peiopévn cvppetpion g povadioiog KoWeAidong avadeikvoeL pia
TPOTIUNTEN KaTEVOVVON KOTO UAKOG TOL UN-CUUUETPIKOD KPUGTOAAOYPOQEIKOD GEOVO, HE OTOTEAECUO, VO
guvvoeitan | avamToén téong (unyoavikic f nhextpucnc) ota ITH viwd #. T ) pokpookomiky pekétn tov
ITH vAikov opilovral 149opotl GUVTEAEGTEG TOL EKPPALOVY TNV NAEKTPOUNYAVIKT TOVS GV{EVLEN KOl UTopohV
va ypnoworonfovv ywo tn Owdkpion avt®v pe PBdon v meloNAEKTPIKA TOVG KOVOTNTA. AvTol Ol
ovvteleotés eivon o €8ng, o mieloniexTpicds GLVTEAEGTNG TG UNXavikhg taong (djj), o meloniexTpikog
GLVTEAEGTNG TNG NAEKTPIKNG TAONG (Jij), O GLUVTEAESTNG TG EAUCTIKNG CLUUOPPMONS (Si)), O CLVTEAEGTHG TNG
ehaoticng axapyiog (hj) kot €hog 0 cvvtereotg TG NAekTpopunyavikng ovlevéng (Ki) [ Snueidveron 6t
ot deikteg i ko j vmodnidvovy 1 Sebbvvon tov aitiov (my. Eex katd to oavdotpogo mielonlextpikd
(OIVOLEVO) KOL TOV OUTLOTOV (T, UNYOVIKY| Téom S Katd to avioTpopo meloniextpikd avopevo). H swdva
(1.2.y) mapovctdlel Eva KapTeoLvd GHGTNO CLVIETAYUEVOVY, GTO 0010 Qaivovtal ot mhavEg dlevbivoelg g
EMAYOUEVIG UNYOAVIKNG TAGNG 1OV eKPPAlovTal amd Tovg dgikTeg i Ko j.

H mo xold peretnuévn katnyopia ITH vAkov givar avth tov cdnponiektpikdv (XH) viikov Ady®
NG EPAPUOYNG TOVEC GE TOAAEG GUYYPOVEC SLOTAEELS (2526 To TH vAkd eivan TEYVNTA VMK e YNUIKO TUTO
ABO; (1] yevicotepa A(B'B")O3) kot mepoPokitiky Sopm. Te aviiototyio pe To sidnpopayvntikd vikd, to XH
VA gppavifouy pio petdfacn eaong o e xopaKTnploTiky Oepuokpacio mov ovopdletar Oepuokpocio
Curie (Tcurie). Zvykekpuéva, yio, T>Teyie Tao TH vAKG £xovv kufiky doun kot epeoviouy TopanAeKTpikn
ooumeplpopd, eved yuo. T<Tcyie To0 ZH VAIKA 0moKTOOV TETPAY®VIKY SOUN Kot ELPAvIiovV GldNPONAEKTPIKN
CLUTEPIPOPA. XOPUKTNPLOTIKO TNG GIONPONAEKTPIKNG TOVG GUUTEPLPOPAS Elval 1) EUGAVIOT) VOTEPTONG OTNV
niextpikn noélwon (P) xotd ™ otodiaxy petaforn ™¢ epoappolduevng tdone, onAadn Tov MAEKTPLKOD
nediov Eey. 210 Bpdyo votépnomg P-Ee tov XH vAkov dwaxpivovior To €£1G YOpaKTNPIOTIKA HeYEOm:
O ®on KOpov (Psy), T0 nAektpikd nedio kOpov (Esy), N mapapévovso TOA®oN (Prem) Kot TEAOG TO GLVEKTIKO
niextpiko medio (Ec). Extog tov Ppoyov votépnong P-Eey, o XH vAkd epoavifouv vetépnon kot oTig Tpég
g unyevikig tdong (S) mov endyetan katd v e@appoyn Ee (aviotpogo mefoniektpikd @ovouevo). Avo
eVOEIKTIKOL Bpoyol voTépnong P-Eex kot S-Eex mapovoialoviar oty mopdypago 1.2 tov ayyAkod KEWEVOD.
‘Eva tomikd napdderypo XH kepapkdv vakov ivat to Pb(ZrTiy )O3 (PZT). Xto dibypappa edong T-X tov
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Ewéva 1.2: Zynuotixy ovamopaotaon tov meloeniektpixod poivouévov. (a) Evbd mielonlextpixo poivouevo, kota to
omoio elwtepikd epapuolopevn pnyaviky wieon (o) eméyel v EUPAvion tdong oto ovvoedsuévo Poltéuetpo (V). (B)
Avaotpogo mielonlektpikd poivouevo koté to omoio eéwtepikd epapuolouevn niektpixn téon (Vo) mpokalel tn pnyovikn
TOPOUOPPON (TGoN) TOL OEIYUATOG.
PZT kot yuo T<Tcyrie (010MpOoNAEKTPIKN QACT)) EKTOG TG TETPAYOVIKNG Pdong epeaviletar kot 1 poprPoedpikn
@aomn. Ot 600 avtég eacelg dlaympilovtal omd Uia TEPLOYN TOV OVOUALETAL LOPPOTPOTIKO GUVOPO (PAGEWDY
(MZ®). Iewpapatikég peréteg €dei&av 6t ot meloniektpikég 1010t teg Tov PZT PeAticTomotovvtor yuo
otoyeeTpio X kovid oto MED (x~0.53), AMdym g cuvomapén ¢ TETPAYOVIKAG Kol TG POUPOESPIKNC
(QAGCTNG EMTPENTOVTOG UE OVTO TOV TPOTTO TNV AVOOPU®TN TOAMON VO TEPIGTPAPEL LETAED TOAADV 1GOFHVOUWDY
KPUGTAAAOYPAPIKAV SievBivoemy 272,

Mua €101k kotnyopio TH vikdv wov epgavifovv daitepa vynlovg melonAeKTpIKoDg GUVTEAECTEG
givar avt tov “relaxor ”-XH vikodv. Tomkd mopdderypo evog tétoon “relaxor ”-XH viwov givar to (1-
X)Pb(Mg1/3Nb,3)O3-xPbTiOz (PMN-XPT) 1o omoio givar ) ynukn évoon évog “relaxor ”-XH tunporog (mov
givar to PMN pe otabepny avoroyid 1:2 ota otoryeio Mg kot Nb) xat evdg kavovikod TH tufquatog (mov gival
10 PT). H Bacwn bwotta tov “relaxor ”-XH vlk®v mov ta dakpivel omd to kKovovikd XH vlikd kot
TAVTOYPOVO OITIOAOYEL KOl TO OVOUG TOVG, ivarl 1 dlevpupévn uetdfacn @dong yop® omd ™V Tcure, EVOVTL
™G amdTOUNG HeTaPacng edong mov sueovilovv ta kavovikd TH vAud [29.30] Avtictoya pe ta kovovikd TH
VAKG, ot mefoniektpikég W00 Teg Twv  “relaxor -XH vlikov eEaptdvrar oe peydho Pobud omd T
otoyelopetpion X. Mekéteg €oei&av Ot o1 melonAektpikéc 1010tTeC TV PMN-XPT Beltictomolovvtal yio X
Kovtd 610 MED (mov o€ avtn v mepintoon givon X~0,30). Adyw tov “relaxor” yapaxtipo twv PMN-xPT,
10 ME® gupavileton va givol wo devpvuévo og oyéon pe 1o avtiotoryo ME® tov PZT. Mdloto, oty
nepintwon tov PMN-XPT to ME® Oswpeitar og pia Egywpiot meptoyn oto ddypappa eacng T-X kot oyt
L0 GUVOPLOKY YPOUUT oV Staympilel Tn TeTpay®vikn and v popuPoedpikny @Aact. AVOALTIKEG SOKEG
ueAéteg oe kKpLoTaAAkd PMN-XPT odciypoto £€dci&av OTL otnv TEPLOYN TOL OlAYPAUUOTOC GACTG TTOV
KoAOTTETONL 0t TNV MZD dgv GuVLTTAPYEL LOVO 1) TETPOYMVIKY UE TN POUPOEIPIKN GACT) GAAL VTLAPYOLV KOl
GAEC PAOES OMMC Ol HOVOKAVIKEG @doelc Ma, Ma, Mc kat 1 opBopoufucy odon B Avtéc o
OEVTEPOYEVEIG PACELS OEV VTAPYOLV MG UELOVOUEVEC (QPAGEIC UE VLAGKPLTO. chVopo UeTald TOLG OAAG
AETOVPYOVV MG EVOLAUECES (PACEIC OV YEQUPDOVOLV TNV TETPAYMVIKY UE TN popfoedpikny ¢don BU H
oLVOTTOPEN OA®V VTOV TOV PACEMY Y10 GTOLEIOUETPIO X péca 610 MED dnovpyei ToAamiéc dievfbveelg
Yo TN OTPOPT TNG TOAWGTG OIEVKOADVOVTOG LE OLTO TOV TPOTO TNV NAEKTPOUNYOVIKT] GVLELEN AVTOV TV
vikdv B Evdewtucd avopépeton 6t éva PZT pe x~0,53 éxet d3z=600 pm/V ko kss=0,75 @ evdr ot
avtiotouec Tiéc Yo évo, PMN-XPT pe x~0,30 givor 2500 pm/V kon 0,94 B9,

Ta “relaxor ”-XH vlkd PMN-XPT amotedovv tic TTH Sopikég povadeg tov Teyvntdv Sopmv
YA/TIH/YA mov Oa peketmBovv otnv mopovca d01daktopikn oatpPn. o avtd 1o Aoyo Oa culnmbodv
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Kémowo €W0woTEPO Oépata Tov melonAekTpcoy Omwg elval ot €£lI6MOE OV  TEPLYPAPOLY  TIC
niektpopunyovikég 1010tTeg TV PMN-XPT k0bdg ko 1 mielonAekTpiky TOVG IKOVOTNTO GE KPVOYEVIKEC
ouvOnkes. [lapolo mov ot e€lomdoelg dev UTOPOLV Vo TEPLYPAWYOLV TNV VOTEPNTIKY GLUTEPIPOPA TG
KOUTOANG S-Eex (avaoTtpopo mieloniekTpikd QOIvOUEVO), HTOPOVV VO, OVOmOpaydyouv pHe okpifela
KO S-Eex pévo katd tov kKAGS0 avénong (i peimong) tov Ee Bl H mo amhy ekicwon Sivetan amd
ypopyirn oyéon S=AgtAEe, 0mov 10 Ay gival évag otabepdg 6pog kot o A; Ttovtiletan pe to melonAeKTPIKO
ovvteheoT) G pnyavikng téong dij (pm/V). Aedopévov 6tt ota “relaxor -ZH viwéd PMN-XPT £yxet
mopoInpNOel 1 VIOV GUVEIGQOPA TNG NAEKTPOSIOCTOANG KOTA TN UNYOVIKT TOPUUOPOEOOT) TOV OEYHATOV,
o wo  KOAN 7mpocfyywon G KopmOAng S-Ee pmopel va dobel amd v terpaywviki  oxéom
S=A+AEetAEel, 6mov 10 A, amotedei 0 suvieheotn T nhektpodiactodtg (M*/C?) tov detypartog.

Agdopévov 6t1 tao PMN-XPT anotehovv tig ITH dopkég povadeg tov teyvntov dopmv YA/TTH/YA
elvar oxompo vo dievkpviotel 1 TeCONAEKTPIKY KOVOTNTO TOVG GE KPLOYEVIKEG GLUVOTKEG KOl GUYKEKPLUEVOL
o€ Beppokpacieg pkpotepec M ioeg pue mv Tc tov YA. ITapdro mov eivar yvowotd OTL 1 peioon g
Bepuokpaciog vroPabuiler tig meloniektpucég wiotreg twv PMN-XPT dev €yel exobapiotel axoun mo
unyoviopog evbovetat yio oty v e€acévion. o avtd 1o Adyo avti pog orokAnpouévng Bewpiag mov Oa
nepléypape emokpPog v meloniektpikny ovumepipopd v PMN-XPT oe xpvoyevikég ocuvvOnkec,
TopaTeBETOL 110 GUVOTITIKY OVOGKOTN G ONUOGIEVUEVMV EPEVVITIKAOV EPYOCLOV TOV £XOVV eMKEVTIPp®OEL og
oavtd o Bépa perétge. Iheloniextpcég perpnocic e PMN-XPT pe x=0,28 mov sivor moAwuévo katd v
KpuoTtaAloypagiky 61evbvvon [110], &dei&av Ot n T tov gykdpotov melonAektpikod cvvteheoty| ds
otouc 70 K pewdveron oto 40% e Twic o Oeppokpacio dopatiov P8 Kotd ™ otadoky peioon g
Beppokpaciog N vroPaduion TV TdV Tov 031 dev givarl cuveyfc, oALG SOKOTTETOL O [0 EKTETOUEVT
nepoyn Oeppokpactdv petag&d 220 K kot 120 K 6mov 10 di; dev peidveTal, evd 1 TEPAITEP® HEI®OTN TNG
Bepuokpaociog (T<120 K) ocvvodevetor pe TNV entmiéov peioon tov Tiudv Tov ds; émg tovg 70 K. TTapoduoia
LOVOTOVT GLUTEPLPOPA TapaTnPNONKe Katd T cLYKPITIKY peAéTn dvo morlwpévav PMN-XPT detypdtov pe
x=0,28 o1 0,33 ot0 Oeppokpaciaxd mopabvpo 300 K émg 5 K, emPefardvovtag 6t 1 Oeppoxpaciokn
eEapmon Tov TELONAEKTPIKGOY 0THTOV givor avéEapTnT TG oTOEopETpioc X Tov deypdtav B,
Yuykekpipévo yio to detypo PMN-XPT pe X=0,33 1) tipun tov ovvtedeotn) diz (ds;) otoug 5 K peiddnke oto 10
% (9 %) e TwAc tov otovg 300 K. Téhog, ot epyaoiec Y mov agopotv vpidikéc Sopéc mov
arotelovvton and ITH vroéotpopata PMN-XPT pelethnke copminpopatikd n Oeppoxpaciokn e&dptnon
tov ds; o€ Tpeig pepovouéveg Bepuokpacieg, otovg 300, 90 kat otovg 10 K, emainbebovtag tn peimon tov dg;
o€ yaunAég Bepuoxpaciec kot ovykekpiuévo oto 25 % g tung tov otovg 300 K. H e&achévion g
meCONAEKTPIKNG KavOTNTOG o8 YouUnAég Beppokpacieg vmodewkviel 6Tt 1o PMN-XPT anotelel 10 povadikod
vroyneo ITH viwod yio tig teyvntéc douég YA/TTH/Y A, xabBdg omotodnmote dAlo ITH vAkd pe pukpotepovg
ouvvtereotég otoug 300 K Ba £yl apeAntéa melonAektpikn dpdon o€ yaunAég Oepuokpocies.
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Kepdraro 2
Biploypoagukn avackonnon

Tao tehevtaio ypoVIO OPKETEC EMGTNUOVIKEG EPEVVEG €YOVV emMKEVIpwOEl otn peAémn g emidpaon g
UNYOVIKNG TdonG o€ AenTd LUEVIA TV omoimV ot 11dTnTEeS elvar e€apetikd gvaicOnteg oe dopikés aArayés.
‘Eva Tomiko mopdderypo t€To1mv vpeviov givar to vuévia, poyyovntav (tepoPokiteg tov poayyoviov), tov
omol®mV Ol NAEKTPIKES, HOyVNTIKES Kot OOUKES 1010TNTEg enmpedlovtatl €viova OTav LIORUALOVIOL GE pLol
UNYOVIKY TaoT. Ol TPAOTEC TEPAUOTIKEG EPEVVEG GE AETTA DUEVIOL LOYYOVITOV UEAETNOOV TNV ETOPACT TNG
UNYOVIKNAG TAoNG mov eMPAAAETAL GE OVTA UEC® TNG OVOVTIOTOIYIOG TOV KPLOTUAAKOD TAEYUOTOG TOV
VHEVIOV [IE TO VTOGTPMUOTOG (1] omoio: ovopdletar emratiaxy pnyovich taon) B3 BéBawa, to péyedog avtic
™G emMTaEIOKNG UNYAVIKNG TAONC €lval TOAD WIKPO LE amOTEAEGHO VO, EXNPEALEL LOVO TU TPDOTH GTPMLUTO
T0V gvomotednuévou vueviov. Ipokeévou va avénbel to péyebog TG PUNYOVIKNAG TAPOLOPPAOOTG GTNV ool
vroBdAlovtal to Aemtd vuévia TpoOsPateg pehéteg ypnowonotovy ITH vroostpdpata, To omoia enttpEémovy
Suvopkn petafoln Te pnyavikig téong péco tov aviotpogov ITH eawopévov 3. To ITH viud éxovv
YPNOLOTONOEL MG VTOGTPMOUATA KOl GE GALN AETTA LUEVLEL, OTMG Yol TAPASELY LA TO, GLONPOUOYVNTIKE (M)
vuévia, OItvoviog TN SLUVOTOTNTO GTOVES EPEVVNTEC VO UEAETHGOLY TNV TPOTOTOINGT] TOV UAYVITOEAUCTIKOD
pawvopévoy % ar tov praviopod morwong avrodkayig 2 pe eheyxdpevo tpomo.

[opd to TANB0G TOV EMOTNUOVIKDOV EPELVAOV GYETIKA LE TNV EMIOPACT) TNG EMAYOUEVIG UNYOVIKNIG
Téong ot W0mMTeg MayVNTIKOV vpeviov, To YA vpévio dev €ypovv digpeuvnbel 1000 O1e&odikd.
Yuykekpyéva, 1 enidpaon tng emraSlokng N g MECONAEKTPIKNG UNYAVIKNG Taons £xel peretnBel povo og
YA vpévia voyniig-Te. Avtég ol epyacieg cuvoyilovior otnv mopdypago 2.1 avtov tov kepoioiov. H
EN YT OVTIGTOLYOV EPEVVITIKADV €PYOCIOV € YA vpévia youning-Tc avitiotaduiletor and morlvdapiOueg
UEAETEG TTOL OlEPELVOVV TNV EMIdPACT TNG UNYXOVIKNG Téong (mov dev glvarl ovte emtoSloky oAAL 0OTE Kot
TelONAEKTPIKY TAGT) GTIG VIEPAYDYIUES 1O10TNTEG TNG dla-ueTaAAkng évong NbsSn n omoio avikel 6tovg
YA youninic-Tc kot ypnolionoteitor eupémg otnv teyvoroyia YA HoyvnT®v. Xg YeVIKEG YPOLUES OTOV M
UNYOVIKT TAGT YPNOUYLOTOLEITOL ¢ U0 TEPAUOTIKY TOPAUETPOS, TOTE OUTH mopel va avadei&el tovg
QVOIKODEC UNYOVIGHODE TTOV EUTAEKOVTOL GTNV TOADTAOKT (WKPOGKOTIKY (VT TNG VIEPUYDYIUOTNTOG. AVTO
TPOKAAEGE TO EVOLOPEPOV TOV BEMPNTIKOV EMGTNUOVOV Kot d1dpopa Bempntikd povtéda govv tpotabdel yia
VO EPUNVEDGOLV TNV EMIOPACT] TNG UNYOVIKNG TAONG OTIG 1010TNTES €vOC YA. Avtd Tar OecpnTikd povtéla
TaPoLCIALovToL OTNV EXOUEVN TTOPAYPAPO.

2.1 OepnTIKEG HEAETES GTNV ETIOPAOT] TNG UNYOVIKIG TAGS OTIS VTEPAYDYLUES LOWOTNTES

Ot Bewpnrtikéc pedéteg OV OlEPELVOVY TNV EMIOPOCT TNG UNYOVIKNG TAOTG OTI VIEPUYDYLUES 1O1OTNTEG
umopotv vo, dtakplBodv ce 600 katnyopies. H mpdtn kotnyopion amoteleiton amd TIc auydg OempnTikég
peiéteg mov Pacilovtan o Tpomomompéveg exppdaoels g Bewpiag GL evoopatdvovtog TV TapAUETPO TNG
UNYOVIKNG TAONG 6TOVG Opovg ehevbepng evépyelog tov YA, evd m dgbtepn katnyopio omoteleitol amd
UEAETEG TTOV TTPOTEIVOLY Oe®PNTIKG LOVTELD Y100 TNV EPUNVEIN TEPAUATIKOV SECOUEVOV TOV TPOEPYOVTAL OO
avtictoyya mepdpata oe YAG.

Ot yevikég mopadoyég g eovopuevoroyikng Bewpiog GL emtpémovv v gicaywyn vémv 0pov mov
umopovv va, Teptypayouvv Evav YA otov omoio ackeitor por punyavikn téor. Osowpavtag Evav opoyevi) YA
7oV Ppioketal VIO TNV EQAPUOYT UGG OUOIOUOPENG EAACTIKNAG UNXaVIKNG Tdomng o Ap. Shu-Ang Zhou [30:31]
glonyaye otovg Opovg eAevBepng evépyslog evoc YA oo oyxéon mov mePLyplest €vav eAaoTikd YA.
Svykekpipéva, Tpoteve OTL Yoo TV TEPITT®ON €VOC UNYOVIKA mapapopeouévor YA ot cuvtekeotég a(T),
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b(T) e€aptdvton oyt pdévo amd 1 Oeppokpocia aAdd kot omd 1o péyebog g unyovikng thong (g)
a(T,e)=ag(e) a’(T), b(T,e)=by(e) ' b’(T). Avagopikd pe Tovg OpoVG ag(€) Kot Dy(g), Bedpnoe 6TL awTol PITOPOVLV
VO EKQPACTOVV ElTE O TPATNG TAEEWS gite G deVTEPNC TAEEMG TPOGEYYIOT TNG EAUGTIKNG UNYAVIKTG TAONG
e=¢gjj. 'B1ol yuo pikpég Tipég g pnyovikng taong oe évav eAactikd YA, 1 mpocyyion mpmng taEems (ov
ekppaletal og, ag(e)=aotajj &) EPUPUOLETAL GTNV AT TEPIMTOON UGG YPOUUIKTG OLOAEOVIKNG TAOTG, EVD T
npoceyylon Oedtepn ThEemg (mov exgpdleton ¢, ag(€)=aotay itz A € Ew) EPOPUOlETOL OE O
mepimAokeg aAAaYEG TOV GYNUATOS TOV YA O1tm¢ eivar 1 daTUnTIKn Tdon. And ) Abon tev eélomcewv GL
TPOKLILTOVV 01 EKEPEcel; TV T, He (Beppodvvapikod kpicyo poayvntikd nedio), He, (dvo kpioyio medio), A,
& ko g mapapétpov-GL (k) ®g cuvaptnon g UNyavikng Taong €. XpNowonoidvTag NG TPocEYYIoNg
devTepN g TaEEMG, M TEMKT EK@poaoT TG T eivan n €€Rg,

1_
Te (8) =Tg '(1+Aijgij +§‘:ijklgij8kl] (2.1)

O0mov Tco OVOQEPETOL GTNV TIMNAG TS Tc KATO TNV OPYIKT UN-TOPUUOPOOUEVT] KOTAGTOGT TOL YA, gvd ol
nopdpeTpot Ajj, Eijq elvor adidotatol tabepoi 0pot mov e&aptdvtal and To VAWKO. Xvykekpyéva, o 6tadepog
0pog Ajj umopei va AopPaver gite Betikég Tyég (otnv mepintoon cupfotikdv YA yapning-Tc) eite apvnticég
Tég (omv mepintoon YA vyniic-Te). O Oeticé tyés tov Ajj cvvendyovior 61t | T pewdveToL pe v
avénom g epopprolopevng Unyavikng taons mov déxetot évag YA, evd 1o avtifeto ocvpPaivel otav 10 Ajj
Aappdver apvnTikég TIUES.

Yta mhaicto g Bswpiog GL o Ap. Youhe Zhou mpocdidpioe Evo amhd pobnuatikd HovtéAo yo
LEAETT TG EMOPOAONG TNG UNYOVIKNG TAOTG OTIS W10TNTES TOV YA Ommg etvan 1 kupatosvuvdaptnon P, to &, 1o
Hci, 10 Hep ko m mokvémta pedpoatog dalevéng (depairing current density Jgep) 3338 O1 ¢pevvéc Tov
SlpEPOLY Ao TIG TPoMyovueveg HeAéTeg KaBmG Bempnoe OTL o€ €va unyovikd mopapopeopévo YA 1
EVEPYELDL TNG EAUCTIKNG UNYOVIKNG TAONG, Fen, ka1 M evépyela aAAnienidpaong (Hetald g vmepoaydyung
CLUUTOKVOONG KOl TNG MUNYOVIKNG TAOTG TOV KPLGTUAAIKOD TAEYUATOG), Finy, cLUPGAAOLY GTNV GUVOAIKY
elebBepn evépyela evog YA og aveEdptnrol 0pot. €1g ek TOUTOV TPATEVE OTL 1) GLVOAIKT EAgVBEPT evEpyELln
eVOC UNYavIKG Topropouévoy YA pmopel va dobel g to dBpotoua avtdv Tov opmv,

F= FS + I:ela + I:int’
1
Faa = Ecijklgijgkl (2.2)

Fou = a0l - ol

omov Fs etvan 1 ehedBepn evépyeta tov YA, Cij ekppaletl v ehacticodmta tov YA, & (or &) ekppalet
UNYOVIKY TAOT ™G Vag TAVLGTHG deVTEPNG TAENG, O=txteyte,; Yopaxtnpilel T cuvolikr petafolr| Tov
oykov tov YA, evd téAog ot O6pot a, S eivar ot mapdpetpol ou{evéng. ZOUPOVE Pe TNV avaAvor Tov Ap.
Youhe Zhou ot mapdpetpot a, f pnopodv va givon gite otabepés Ko aveEApTnTeg TS UNXAVIKNG Tdong (amin
nepintwon), eite eaptdUEVEG amd avTn (YEVIKN Ttepinton).

Agdopévov OTL M pnyovikn Taom evoc YA emdpd €vOOYEVMDG OTNV VLAEPAYDYUN KATAGTOOT,
avapévetal 6t auth Oa tpomonotel TV kvpotocvvaptnon . Tmyv and) mepintmon, ot avaALTIKEG ADGELG
tov efloncewv (2.2) £dei&av 0tL to Y peidveral (avéavetar) otav o YA emunkdveror (cvpméletar). Tty
YEVIKN EPITTMON, T amoTEAEGHATA E0E1EAV OTL 1] UNYAVIKT TAOT EXOPE UE OLUPOPETIKO TPOTO G Evav YA
TPOTOL £id0VG Ko o€ Evav YA deutépov gidovg. EmumAéov, yio v mepintwon Aentdv vueviov e dya<6 um
N UNyovikn tdorn tpomonolel v mapduetpo taéng N (N=¥/¥.) kot 1 enidpacn g yivetor mo 1oyvpn yio
dya<2 pm, evd yia dy,>6 um m enidpaon g unyavikng taong eEacbevel tpoodevtikd. ‘Etot, o Ap. Youhe
Zhou katédnée 010 cuumEPaoU OTL 68 VOV UNYOVIKG TOpauopouévo YA Oo mpémel  unyavikny tdomn va
Aappdvetor vTOYT KATA TOV 0PIGUO THG KvpaTocvvaptnong ¥ (4, [Mopd ™ omovdadTTa CVTOY, 1 EMIOPOIOT|
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NG UWNYOVIKNG TaonG otnv kupatoocvuvaptnon ¥ uropel va a&lomomBel povo Bewpntikd Kot 6yl TEPAUATIKA.
ASY® auTAG NG MNn-cVpPoTodTTag Hetalh melpduotog kot Oempiog o Ap. Youhe Zhou B4 pehémoe v
eMdpaon NG UNYAVIKNG Tdong 6To &, 010t 01 Bewprtikd vmoroylopeveS TIHES TOV & pmopolv va cuykplBodv
GUECO LE TIG TEWPALATIKA EKTIUAONEVES TIHEG avToV. Ta Bewpnrtikd anoteAéopota £d6e&av OtL T0 & peidveral
pe v avénon tov 0 (PelKLOTIK UNYOVIKN TdoT), VO T0 avtifeto mapoatnphonke 6tav to 0 peidverol
(CLUTESTIKY UNYaVIKN Tdon).

YvveyiCovtag pe To peyédn g vIEPUY@YIUOTNTAG TOV EXTPETOVY TNV TOOTIKN GOYKPlon UeTa&d
BepNTIKOV TPOPAEYENDVY KOl TEPAPOTIKOV amotedecudtov, o Ap. Youhe Zhou pedétmoe v enidpacn g
unyoavikng taong 6to Hei, 610 Heo kot 1€Aog 6710 Jgep 35371 oapampnoe Aowdv 61t 10 Hey avEdveton pe v
avénon g amodAvTG TG Tov 6 Kot 1 cvvaptnon Hey(6) sivar mopaforikn. Avtictoyyo pe to Hey, t0 Heo
é0e1&e mopopola mapafoiikn cvpmepipopd pe 1o 6. A&ilel va onpeiwbei 6t avti N cvpmeprpopd Tov He, Exet
nopatnpndei oe aveEaptnres mepapatikés epyaciec PO Syetikd pe 1o Jaeps 0 Ap. Youhe Zhou [35.36]
HEAETNOE TNV EMOPOOT TNG UNYXOVIKNG TAGNG Yio TV 18avikh mepintmon YA Aentdv vueviov pe dya<<KA émov
1 mokvoTnTa NAekTpovimv BewpnOnke opotdpopen Kabmng eniong Bedpnoe 6Tl N TLKVOTNTA PEOIOTOS PEEL GE
6Aov Tov 0yko Tov YA. Kdatw amd Tig mpodmobécelc, mopatipnoe 6Tt TOGO 1 UNYOVIKT cLpmiesn 660 Kot 1
UNYOVIKY empKuvon odnyodv ot pelwon tov Jep He amotélecpa M Jeep(d) va meprypdgetar omd o
napafolkn cuvdptnomn, N onoio Toplalel AmOALTO HE TN GLVAPTNGN TOL AVATAPOYAYEL TO OVTIGTOL(O
TMEPOUATIKA OTOTEAEGUATO GTNV EPYACIN (4, 211 GLVEXEWL PEAETNGE TNV TPOTOTOINGT TOL Jgep KOTG TNV
emPoin dlatuntiKig TAoNG otov YA, Omov mopatipnoe OTL 1 SWTUNTIKN TACT Kuplapyel g omAng
YPOUUKNG Kol OHOOEOVIKNG UNYAVIKNG TAOMG 0dNydvTag G Mo TEPAUTEP® UEION TOL Jgep B8l Tq
amoTeELéoUaTa aVTO PpiocKovial 6€ amOAVTI CLUUEMVIO LE TO OVTIGTOL(O TEIPAUNTIKG OTOTEAEGLOTO TOV
apopovV 10 Jc. 261060, 01 VIOKEILEVOL PUGIKOL PNYAVIGLOT TOV EPUNVEDOLY TO Jgep KOL TO Je (EMOUEVMG TIC
0AA0YEG TOVG AOY® TNG UNYOVIKNG TAOoTG) Elvar eviedmg dlapopetikoi. Eival yvwoto ot n peimon tov Jo Adyw®
UNYOVIKNG TAOTG OYETILETAL E TNV TPOTOTOINGT TOV UNYAVIGHOD KOPPOUOTOS TOV PAaEovimv, KATL Tov dgv
nepriopPdvetat oto Oeppodvvapixd néyedog Jgep.

[Mopd to yeyovog 6tL to Topamdve BempnTikd LOVTEAN OTTESEIEAV OTL 1] WNYOVIKT TAGT) TPOTOTOLEL TIC
VIEPAYDYIUES 1O1OTNTEG, TO OMOTEAEGLOTA TOLG OE UTOPOLV VA GLYKPLHOUV TOCOTIKA LE TEPOUATIKA
amoteléouarta. Qotdco, &xovv mpotabel Kot GAAa OsopnTikd povTEAM TO omoio. €pUNVEDOLY KOl
OVOTOPOYAYOUV TO OTOTEAEGLOTO 7OV TPOEPYOVIOL ONO TEPAUATE UNYaVIKNG Taong o YAg Térow
avVOALTIKG TEapaTo. Exouv dieloybel o vepoydya kakddior g ynuikng évoong NbsSn 281 Aoyw g
EKTETAUEVNC XPNONG TOVG GTNV TEXVOLOYIQ VIEPAYDYIU®OV poyvntdv. Ta mepdpota avtd ooy ot to T,
10 Hcy Ko 10 Jc Tpomolovvtan akoAovOdVTOG [0 OVTIGTPENTY KOl TOPAPOAIKT) GUUTEPLPOPAL.

H oavtiotpent) cvunepipopd tov T¢, Her kot Jo kotd ™ Pabuiaio petaforn g Unyovikng taong
VTOSNADVEL OTL 1) TPOTOTOINGT TOV VIEPUYDYIUDV OI0THTOV £XEL WKPOGKOTIKT TPoéAgvon. Yrd 1o mpicua
avt¢ ¢ Bedpnong, emaveéetdotke 1 Bewpio BCS ko 1o poviého Allen-Dynes and tovg Ap. L. R. Testardi
7481 eon Ap. D. O Welch [ avTioTOYO, TPOKEWEVOL VO GUUTEPIANEDEL 1 Uy oVIKT TAon otV £KQPOoT TNG
Te. Zopemva pe ovtég Tig epyacieg, n e&aptnon g T and T unyovikn téon pmopei va neptypoeel og e&Ng,

Te () =Tem-s(e)'” (2.3)

omov Tcm elvar n péyiotn T g Te ko @ givon par adidotatn otadepn ToapapeTpog Tov avTiKoTonTpilet
mv enidpaon e punyovikic téone oto A kot oto N(Eg) B SuveyiCovtoc pe to Hep, 0 Ap. L. W. Ekin 4
npotewve o ékppacn Yo o Hea(T, €) Aappavovtag vmoyn tov v e€dptnon tov 4 koi N(Eg) and
unyovikn téon. H éxepaon avty diveton wg e&ng,

Heo (T.e)=Heom (0)-[1—(%CJHJ-3(3)”‘” (2.4)
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6mov 10 Hepm(0) avtiotoyyei oty péyiot tyun tov Hep e T=0 K kot to n givar o otabepd mov yio T
nepintoon tov NbgSn 1covtar pe 1,52. Eivor Aoyikd vo oke@tel kaveig 0Tl 0molodnmote HETOPOAY TOL
KpLoToAAKoD TAEypatog Tov YA mpokaiel adlayr| otn pikpodoun tov YA, 1 onoia emdpd onpavtikd oty
aAniemidopacn TV rasovimv pe TG atéleleg 6To e6mMTEPIKO TOL YA. AV Kot ot aAAayéC Tov Je Umopodv va
ePUNVELTOHV amd TG avtioTolye petaPforéc v Te ko Hep mov mpokael n unyovikn téon, o Ap. L. W. Ekin
[44] ovumeptélafe omv ékppacn tov Jo(H,T,e) kor v emidpocn NG UNYAVIKNG TAONG OTIS OUVAUELG
Kapeodpatog v praéoviov. H telikn éxkppacn avtod givol 1 s&ﬁg,

Jo(HT,6)=+2-C- 1 -Hg (0 { [/Tc jMchTT j ( [/chTSD (2.5)

omov C, p ko q ivor TapapeETpol TPOGOUOIOTG.

Onwg eaiveton amd Tig pabnuoatikég oyéoelg (2.2)-(2.5), ot tedikég exepdoelc Tov Te, Heo kot Je o€
oY£0N UE TO € TPOKVLTTOLY aPoL vobeTnOel o kppaocn ywa Tov 6po, S(g). Ttn Piproypapio vEdpyovv
TEGOEPA LOVTELDL TOV TEPLYPAPOVV TH GYEON S(E€) GYETIKA HE TO YOUPOKTHPO TNG UNYXOVIKAG Taone. To mpdTo
povréro™ eivon éva exbeticd poviého to omoio ypNooTOlEiTO dTAV 1| PITXAVIKY TGO eivon povodidota
Kot AapPaver pukpéc TG, evéd o devtepo poviého P mpooeyyilel pe axpifeto pa wyvph Tpodidota
CLUTIESTIKT pnyovikn téor. To tpito poviéro (53] TEPLYPAQEL e aKpifelo aEoviKEG UNYOVIKES TAGELS Kol
TEAOC TO TETUPTO HOVTEAO [55-57] TEPLYPAPEL TOV TPIGOIACTATO YOPOKTAPO TNG MNYOVIKNAG TACGNC Kol
EVOOUATAVEL TAVTOYPOVA TIG EMAYOUEVES OAANYEC OTO POVOVIKO KAAS0 Tov YA.

2.2 Mlewpopotikéc NELETES 6TV EXIOPAOST TIG MECONAEKTPIKIG UNYOVIKIG TAGNS GTIS 1OLOTNTESG
VAEPAYAYIHOV GTOVYEI®V VY- T¢

Ot TpAOTEC TEPAUOTIKEG UEAETEG OV OlEPEVVICOAY TNV EMIOPACT TNG UNYAVIKAG TACNC OTI VIEPUYDYULES
1010 TEC AemT®V YA vueviov vyming-Tc mpaylotomotdnkoy ¥pnoomoldvTag T AEYOUeEVn emttallokn
unxaviky taon. H Xpnon vrootpopdtov pe peyaddtepes (LKpOTeEPES) TAEYUATIKEG 0TAOEPEG OO OTL OVTEG
TV evorotednuévaov YA vueviov el og amotéheoua to YA vpuévia v vToBAALOVTOL GE L0, GUUTIECTIKT
(epelkvotikn) pnxavikn taon. Agdopévov 0Tl Ol TOPIAANAES 6TO EMNESO CUVIOTMOEG (€5) KOl 1 KABETN
oLVIGTMGO. (&) TNG EMAYOUEVNG EMTOELOKNG TAOTG XOVV AVTIOETO TPOGNIO, 1| GUVEPYLA TOVG AVOUEVETOL VL
TPOTOTOLEL OMUOVTIKA TN [ikpodou T@v YA vueviov pe amotéhecpo v oAloyf ™ Tc. APKETEC
dnpootevpéveg epyooies P2 gyovv avagéper onpavtikég adlayéc oty Te Aentdv vpeviov Lay,SrCuO,
(LSCO) nov éxovv evamotebei og d1Gpopa vrooTpOuata. TETOW VIOGTPOUAT Y10 TNV TEPITTOON VUEVIDV
LSCO pe a=3.777 A eivan, to SITiO3 (STO) pe a=3.905 A wau 1o LaSrAlO, (LSAO) e a=3.755 A, 6mov 1
emPindeica emradlaxn ton pewdver 7 ovéavel avtictoya ™ Tc tov vueviov LSCO. Extoc tov peretdv
oL £yvav og KT o&eidia yahikon (cuprates, omwg sivar 1o LSCO), npdopateg perétec o YA vuévia 6nmg
eivon o BaFe; gCop,AS, (BFCA 1 Ba-122) kot to FeSegsTegs (FST 1 Fe-155) £dei&av 0Tt puo GUUMIESTIKT

emraSlokn t@don avgaver v T e Te [65,66]

. Qot600, 0 OAeC OVTEG TIC HEAETEG LILAPYOLY KATO0L
emmAéov Tapdyovieg Tov SadpapatiCovv onuavtikd poAo ot LeTpoduevn puetafoin g Te. o mapdaderypa
1 TEPLEKTIKOTNTA TOV VUEVIOV 6 0EVYOVO KaBMG emiong Kot 1 61dtaén TV Hopimv Tov 0&yovoy ot Sleman
éxel o¢ omotéheoua T dlapoponoinon ¢ Tc amd deiypo o delypa akdpo kot Otav 1o TAYO0G KAl TO
vrocTpOp givol otabepd.

‘Evog tpdmog yio va amopovmbel 1 emidpacn tng UnNyovikng Taong otn Tc Kol TouTOXpovo v
e€apebovv OAeg Ol LKPOOKOMIKEG TOPAUETPOL TOV emnpedlovv T T ¢ Te, eivar va Aapfdavovtor ot
TPOTOINUEVEG TIEG TNG T Yo éva delypa kdBe popd ko Oyt Yo pia oepd derypdtov. o va emtevydei ovtd
éva YA vuévio pe méyog dya evamoteifeton vid cvykekpiuéveg ouvonkeg kébe popd, oe £va ITH vndéoctpmpu.
'Etol pe dedopévn v meplextikotnTa 0&uyodvov 610 YA vpéVIo Kot e oTafepn TAEYLOTIKY OVOGTIGTOLN L0
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UETAED VUEVIOV KOl VTOGTPMUOTOS, HTOPEL KATOLOC VO, LEAETHGEL SUVOIIKA TNV EMOPAOT) TNG EMAYOLEVNC
meConAekTpIikng Taong oaAldloviog amhd v eeopupolopevn tdorn oto [MIH vroéotpoua (avactpopo
meloniektpcd pawvopevo). Ta [TH vikd mov ypnoiponotovviar cuviBwg g vrootpdpato eivor to PMN-
XPT. O dopkdg Kot vepaydyog xopoktpopnos YA vyniic-Te, 0mog givar 1o YBa,Cuz07.5 (YBCO) kot
1o LSCO, evamoteOnuéva emraélokd oe vrootpopoto PMN-XPT, £deiée 011 AOym TNng DYNANG TAEYUOTIKAG
avavtiotolylog peta&d tovg amatteiton 1M evomdbeon evOc eVOLAUECOVL GTPOUOTOS TPOKEUEVOL VoL
avamtuyfodv YA vuévia TpocoavatoMopuéva Katd Tov C-aEova ToVg [67.68],

O mepapotikég peréteg mwov ypnowomolovv ITH vrootpopota PMN-0,28PT yuwo tn duvopukn
petafoAn g unyavikng téong mov emifdiietar oe YA vpévia vyming-Te etvan mepropiopéves oe apBpd [69-
278 - Avowtcd otic perétec P74 Sigpevvovvtan ta eEfg YA vpévio vymiic-Te, YBCO (pe 8~0) pe méyot
200 ka1 300 nm ko YBCO (pe 6~0,5), LSCO (x=0,15), BFCA vuévia pe mdxog 300 nm. Ot puoikés 110t Teg
avtov tov vppdkov (ITH/YA) mpocdiopiomnkov niektpikd amd kapmdreg R(T). Emnv mepimtowon g
VPp1dKNg dopng mov amoteAeitar amd vuévio YBCO pe 0~0 xon pe méyog 200 nm éva eVOLUEGO GTPOUM
SrRuUO; méyovg 100 nm €xet evamotedel petald tov vrootpdpatog PMN-0,28PT kot tov YA vueviov yu va
netwBei n mAeypatikn Toug avavtiotoyio. Xe vt Vv vPpdkn dopn katd TV epappoym E.<10 kV/cm o
avtioTpenty petaPor g Te mopamnpiidnke pe péytom) petatodmon g teéng tov 100 mK 9 Se orec 1ig
vrorowmeg vVPPOKEG dopéc, vuévia YBCO pe mayog 300 nm evamotédniov omevbeiag otnv emoavels tov
PMN-0,28PT vrootpoudtov Kot To amoTteAEGHOTA oVTOV £081&0v OTL 1) evauctnacio g Te pe v emayouevn
melonhekTpiky Tdon dopoponotitar o YBCO vpévia pe 80 xar pe 80,5 . Tvykexpyéva katd vy
gpappoyn E.=10 kV/cm, n T¢ petatomiCeton katd 45 mK yo v mepintoon vpeviov YBCO pe 60, evd
omv mepintoon vueviov YBCO pe 6=0,5 n T¢ peraroniCerarl katd 230 mK. Avti n dapopomoinon ot
petaforn g Tc peta&d dwpopetikdv vueviov YBCO (pe id10 mdyog) anodddnke otn didtaén tov popiov
0&uyovov 610 cmTEPIKO TOV YA. Aveaptnta mepdpata 6T onoio aokeitan migon og kpvotdiiovg YBCO
KaTé PNKog TV aEOVMV X, Y mov givol mapdAAnAol oto enimedo Tov YA, €dei&av 6t n Te petafdrieton pe
SapopeTIKd TPOTO HTAV 0 KPOSTOALOG GLUTELETAL KATA KOG ToL X Kot Tov Y GEova Il Agdopévou ot n
emPindeica tadon ota vuévie YBCO amd to vmoéotpopo PMN-0,28PT bev éxer mpotiuntén dievbuvon
(avapeoo otovg a&oveg X Kot Y), givar avapevopevo 0t oty nepintwon tov YBCO pe 3~0 n 160d0vaun
AL avtifetn emidpacn ¢ TAoNG 6TOVG AEOVEC X Kol Y £XEL MG OmOTEAEGUA, TNV EAdIoT petaforn g Te,
eved oty zepintwon tov YBCO pe 60,5 n petaporn g Tc Ba givor mo woyvpn. o o vpévio LSCO
nhyovg 300 nm mov éyet evamotedei oe PMN-0,28PT vrdotpmpo pe evdidpeco otpodpa CaTiOs, wia peioon
m™m¢ Tc katd 400 mK mapammprbnke yo E;:=+10 KV/cm gvd avty 1 petardémion mg Te HTov avIlGTpenty
Katé T Stakvpaven tov Eg petad +10 kV/iem (emayopevn epelkvotiky mpapodpewon) kot -10 kV/em
(emorydpevn coumieoTikn Téon) [0, Té\og, yio 10 vuévio BFCA mayovg 300 nm mov £yet evamotedel o PMN-
0,28PT vméotpopa pe evoidueco otpopo SrTiO; o oviiotpenty petafory g Te kotda 200 mK
nopatnprdnke yo E;:=+10 kV/cm (2]

[pdopata po véo katnyopiov YA, avth 7OV omOTEAEITOL OO YNUKEG EVOGEIS GLONPOL, EXEL
KEVTPIGEL TO EVOLAPEPOV TOV EMOTNUOVOV KOODG VITAPYOLY OVOLYTH EPMTAUATA GYETIKA LE TIC VITEPUYDYLLEG
WBOTTES TOVG OTMC ivarl, 1| CLUTEPIPOPE. TNC VIEPAYDYUNG petdPaonc I3 kot 1 Siodidotatn/tpiodidota
GUUTEPIPOPE. TG VIEpayoyoTTag . Opudpevog amd avtd ta Oepeddn (ntipote kabde kot omd
TponyodpeveS pekéTeg mov EdeiEav avénon g Te oto FeSe vid v pappoyn micong 8,9 GPa ™ 4 omd v
EMAYOUEVT] EMTOEIOKY TAGT O VLUEVIOL ALTOV 671 o Ap. Z. Lin (78] UEAETNOE TIC VIEPAYDYLUES 1OIOTNTEG
vueviov FST (mo ocvykexpyéva Fe-137) dapopetikod mayovg evamotebnuéve oe PMN-XPT vrootpdpata.
Katd v epappoyn Eg: o€ avtég t1g etepodopég mapatnpnoe pa avénon g Te pe mv avénon tov Eg. Avtr
N avénon ¢ Tc amoddOnKe 6T TPOOJEVTIKY UEIDOT TNG CUUMIESTIKNG EMTASIONKNG UNYAVIKNG TACTG AOY®
™G ovEAVOUEVIG EPEAKVOTIKNG Tapapdpewong mov emdyeton omd 10 PMN-XPT xabog avédvetor 10 Eg:.
Qotdc0, N uetaforn g Tc €0eiée o mepiepyn coumeplpopd oe oyéon Ue to mayog tov FST vueviov.
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Yvykekpipéva, to vpévio pe Tayog 100 nm mapovotdlel o avénomn g Te katd 5 % evd 1o maydTEPO VUEVIO
pe méxog 400 nm mapovoidlel por avénon g taéng tov 15 %. Avtq 1 cvumepipopd amoddbnke 6To
SwpopeTikd Pabud emidpacn mov €xer 1 ovumecTiK TELONAEKTPIKY] HNYOVIKNG TAONG &vavtt Tng
EPEAKVOTIKY emTa&loKng Unyovikig taong tov FST vpeviov. Bpébnke o6t n emroioky punyovikn tdom
EMOPE GNUAVTIKA OTIG WOIOTNTEG TOV AETTMV VUEVIOV LE ThX0G pikpoTepo TV 200 NM, evd yio peyolvtepa
mhyot mn emayduevn melonAekTpikn TAOM Yivetow woyvpoTEPN Kot glvar avt mAéov mov OAAGCEL TG
VIEPAYDYYUEG IOIOTNTEG TV VUEVIMV.
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Kepdroro 3

Hewpopotikég TEVIKEG

INo mv katackev] tov teyviitdv dopumv NB/PMN-XPT/Nb mov pehetdvior oty mapodca S180KTOPIKy
dwTpiPn ypnoomomdniay 600 dlaPopeTikes TeXViKES. Xvykekpuéva, to ITH vrootpodpata PMN-XPT pe
Saotdoeig 6x5x(0.5-0.8) mm? napaokevdotnkay pe ™ teyvikh Bridgman ano tov kabnynth S. J. Zhang M2,
evd ot gvamobéoelg tov vueviov Nb &ywvav pe ) teqvikn g poayvntiké vrofonbodueving Kabodikng
ovtoPoing. Ot evanobécelg tov vueviov Nb éywvav ot didtaén Edwards 306A (Edwards, Sanborn, NY,
USA) pe otoyovg Nb xabapdmrog 99,90-99,98 % (Materion, OH, USA kot Yixing Kexing Alloy Material
Co., LTD, Jiangsu, China). Ot cuvbnkeg evamoféong twv vueviov Nb ftav ot €€ng: 10vtoPoAr] cuveyxodg
t6ong (DC) 1oybdoc 46 W o mepipédhov acpiov Ar (kabopdmtag 99,999 %) vrd micon 3-10° Torr. Ze avtd
10 onueio Oa mpémet va onpelmOel 6Tt 56ONKe 1d10itePN oNPHAGio 6T TOpookeLT) Aemtdv vueviov Nb vyning
VREPAYDYIUNG TTOWOTNTOG. 1100 avTd TO 0KOTO £PapUOGTNKE Eva oGTNPO TPOTOKOALO evamddeons e otdyo
T PeAtiotonoinon tov kevod oto Odiapo evomobécemv. To mTPOTOKOAO aVTO TEPIMAUPAVEL EKTETAUEVES
npo-gvanobéoelg Nb didpkelag 3 wpdv pe Tovtdyxpovn ewteptkn Yoén tov BOAGUOV YPNCILOTOIDOVTOS L0
avTooyéola kKpvo-ttayida vypod almtov. [lepiocdtepeg Aemtopépeleg yio Tig HeBOSOVE TAPAUCKELNC KOl TO
TPOTOKOALO evomoBécemv avapépovtol otny mapdypaeo 3.1 Tov ayyAkov Kelpévov.

O dopkdg (KPLOTAALOYPAPIKOC) YOPAKTNPICUOS TOV SEIYUATOV TPAYLATOTOWONKE [e TN TEXVIKN
IMepBraocipetpiog axtivov-X (ITAX). To nepiOraciperpo mov ypnoponomdnke (D500, Siemens) amoteigiton
amd my CuKa (ue pikog kopotoc A=1,5418 A) xon £xet pvOuuctel vo Aettovpyei oe yeopetpia Bragg-
Brentano. O popporoyikdg xapakTnplopds Tmv detypdtov éywve pe Mikpookomioo Atoutkng Advoung (MAA)
YPNOOTOIOVTOG TO Kpookomo cldpmong akidag Solver PRO og Aetrtovpyia aming-0iéhevon kot mu-
EMAPTG UETOED NG EMPAVELNG TOV delypoTog Kot TG akidac. O HayvnTiKog XapakTNpioplds TV deryUdtov
EYIVE YPNOILOTOIDVTOC €Vl UOyVITOUETPO vIEPOydYIUNG KBovTikng ovuforrc (MYKE) 55 T (Quantum
Design, San Diego, CA, USA). To GUYKEKPWEVO HOYVNTOUETPO EMITPEMEL TN UETPNON 1GOTESOKDYV KO
1600ep UKDV KOUTVA®Y poyviTiong yuo Ogppokpacieg petalo 2 K kot 400 K. Oa wpénet va onueimbel 611 o
OMEG TIC MOYVNTIKEG UeTpNoelg To uayvntikd medio (H) sivor mapdAindio oty empdvela Tov OelyudTmv.
[leprocoTeEpeg AEMTOUEPELEG Y101 TNV APYT AELTOVPYIONG TOV SLOTAEEDY SOUKOD, LOPPOAOYIKOD KOl LLOLyVITUKOD
YAPOKTNPIGHOD divovTal oTIC avTioTotyeg mapaypdeovg 3.2.i-iii, Tov ayyAikol kelpévou.

Y10 mhaioa owthg g ddakTopikng dtatpiPng avortdydnke pio véa uébodog yio to meloniekTpikd
YOPOKTNPIOHO TV vrootpopdtoy PMN-XPT. Avtq n upébodog ypnoyomotlel évo cvuPotikd omtikd
wkpookomio (Leica, Wetzlar, Germany) 1o omoio emitpénel TNV TOTIKH TAPATAPNON TG UNYOVIKAG TAGNE TOL
emdyetol Katd v epapuoyn eémtepikng niextpikng taons (Vex) o éva ITH detypa. Mo va emrevyBel owtd
OYEOLAGTIKE L TAUTEOPUO 1] OTOl0 EMMTPENEL TNV OTTIKN TTOpATPNON TG em@dvelong evog TTH deiypatog
Katd TV €popuroyn Vex evd e&acpoliler 6Tt ta ITH detypota Bpiokovtar oe otabepn 0éon. H miatodpua
ot omotekeitoan amd dvo Eeywplotd Tupata, e Paon alovpviov Kot €va KamiKt omd TAEEYKAOG.
Avolvtikdtepa, 1 fdon alovpviov pépeL 6TO KEVTPO TNG (o AeTTH TPoe&oyn, 1 0ol AELtovpyel g onueio
ompiéng v to TTH Seiypo addd Kot ¢ to Eva NAEKTPOSI0 Yo TNV €@apUoyn TG Vex. To 0e0TEPO NAEKTPOS10
Bpioketon oto KEvIpo Tov TAEELYKAOC KO lvar evBuypapcuévo pe To KAt niektpodto. H ypnoyotnto tov
TAEEYKAOG 0TI TAQTPOPUA Eval OITAY|, KOOMG EMLTPETEL TV OMTIKN ETAPY] TOV PAKOD LE TNV EMUPAVELL TOL
IMTH delypatog evd TaLTOXPOVE OTOUOVAOVEL NAEKTPIKG TO €vo MAEKTPOSI0 omd T0 dAlo. Emiong, m Pdon
OAOVLIVIOV @EPEL OTO E0MTEPIKO TNG &vav KEPUKO avTiotdtn Béppavone. Xtic swoveg (3.1.a-B)
TapoLGIALovTol dV0 POTOYPUPIEG TNG TAATQOPLOS VIO SLOPOPETIKY TPOOTTIKN MOTE Vo avadelyBodv Ta
SLapopa TUNUATO TNG TAATEOPLLOC.
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Mepapatikég TEYVIKES KUl TPOTOKOLAO,

Ave ( ) [TAéEryKhag

Kéro
niektpddo

O¢ppavong

Ewéva 3.1: (a), (B) Pwtoypagics ths avtooyédiag TAATPOPUOS Yia THY TOTIKI] TOPOTHPNON TS UHYOVIKIS TAoNS uéow
OM kozd v epapuoyn eCwtepikic nlextpikic tdong. () Zynuotikii avaropaotoacy e uedédov mov ypnoiporoieizor yLo
NV EKTIUNON TV EYKOPOIOV TIECONLEKTPIKOV ovVTEAeaTv. Ocwpaviog éva IIH deiyuo rkare v avamrodn uiog
EQPEAKDOTIKIG UNYOVIKIIS TOPAUOPPDONS I UTAE (KOKKIVI) dLaxekkouévy ypouun ovoropiota tov alova X (i'Y) kot to umhé
(koKKIva) PEAN Oeiyvovy ) d1edBvvon TS emoyouevns unyovikng taons. To novpo. OLaKEKKOUEVO, TAGLOI0. AVOTOPIOTODY TIG
wepioyés eatioons e 1o OM, o1 omoieg Ppiokovial Kato UNKog TV COUUETPIKDY 0LOVOV TOPOUOPPINS (ZAG).

H Aerrovpyia g d1dtacng mov ypnotponoleitol yia Tov melonAEKTPIKO opaKTNPIoUd TOV SETYHATOV
Baciletal otn GVYKPION TOV EKOVOV TOV AdpPavovtal dtadoyikd amd To onTiko pikpookomio (OM) katd ™
otodwok METOPOA ™S Vex. [lpokeiévov mn odykpion Tov Sladoykov KOVEOV VO OTOTUTOGEL TNV
emoyopevn unyoviky téorn tov ITH delypatog, emdéyetar éva yapoktnpotikd onpeio (XX) oty apykn
EIKOVOL KOl GTI) GUVEYELD LEAETATOL 1) LETATOMIOT TOV KTd TN oTtadtokn LeETafoAn TS Vex. Me avtd 1o Tpdmo
KOTOOKEVALETOL 1) KOUTOAN TNG UNXOVIKAG TAONS ®G GLuvapTnon ToL NAEKTPIKOD 7€diov Eex (Si-Eex, 0OV
i=xX(1) 1 Y¥(2), evd oamd v Khion ¢ kopmdAng avtig vmoAoyifoviar ot gykdpoior mieloniekTpikol
owvteleotés (s M dsp). AGY® TOL TOTIKOD YOPUKTAPA CLTOV TOV UETPTIGEDYV, 1| GUVOAKN TELONAEKTPIKY|
CLUTEPLPOPA TV delypdtov pmopel va ektiundel cuvovalovtag To amoTEAEGHOTO TOV TPOEPYOVIOL O
SApOopEC TEPLOYEG TNG EMPAVELOG TOV OgiyUaTOG, Ol 0TToieC £xovy emdeyel KatdAAn a. [ va Tpocdiopiotei n
0éon avTOV TOV TEPLOYDOV TAVED GTNV EMPAVELL TOV OEIYUATOV YPNOLOTOLEITOL VO KOPTESLOVO GUGTNLO
ovvteToypevov to kEvipo O tov omolov tovtiletol e TO YEOUETPIKO kEVTPO Tov opfoydviov deiypotog.
Agdopévov 6tL M emayopevn pnyovikn téon tov [MH derypdtov katd v epappoy] Ve avamtdooeton
GUUUETPIKA KOl OUOLOUOPPA GE OO TOV OYKO TMV JEIYUATOV, UTOPEL KOVEIG VO TOPATNPIOEL OTL KOTA TNV
aVATTUEN WOG EPEAKVGTIKNG UNYOVIKNG TAONC OTIC TEPloyég mov Ppickovtal Katd unkog tov a&ova X (Umhe
OlOKEKKOEVT Ypapun TG ewovags (3.1.7)) emPrdver pdvo n X GLVIGTOGA TNG UNYOVIKNG Tdong (UThé PErog
oV ewéva (3.1.y)) kabdg o1 Y cuviotdoeg g arinioavoipodvtar (kokkiva BEAN oty gwkova (3.1.y)). To
aVTIoTOUYO TOPOUTNPELTAL KOl OTIC TEPLOYES TTOV PpickovTol Kot ufKog tov dova Y. Tuvenmg, ot d&oveg X, Y
TOV KOPTEGLOVOD GUGTHUATOG VITOSEIKVOOUY TN S1evfuven TG emayOUEVNG UNYAVIKNG TOPUOPPOOTC KOt Y10l
ovtd T0 AOYO Ol AEOVEG aVTOL HITopohV VO OVOLOGTOVV KOl MG CUUUETPIKOL AEOVEG TNG UNYOVIKNG TAONG
(mapapopeoong) (ZAg). Zvvdvaloviog To AmTOTEAECUATH TTOV TPOEPYXOVIOL OO TI TECCEPLS MEPLOYEG OV
Bpiokovtor mhveo otovg LAC Kot TPog TIg MAEVPEG Tov deiypatog (0mmg gaivetar otnv ewovo (3.1.y)),
TPOKVTTEL 0 GLVOAKOC TECONAEKTPIKOC YopaKTNPlopudc TV detypdtov. Ieptocdtepeg AenTOUEPEIEG GYETIKG
pe TN Agrtovpyio TG aVTOoyESNG TAATQOPHOS KOOMG Kol o OVAAVTIKY TEPtypapr] TG neboddov divovrat
otV mapdypapo 3.2.iV Tov ayyAtkod KEWEVoL.

TN to poyvntikd yoapoktmpiopd tov texvntdv dopdv NB/PMN-XPT/ND vito ) epapuoyn Vex (1] Eex)
amorteiton po 101K paPdog 1 omoia Oyl LOVO QEPEL T TEXVNTH doun, OAAG EMTPEREL KOl TNV EQPAPUOYN Vex
o€ KpLoyevikég ouvinkes. o 10 okomd aLTO TPOTOTOONKE KATAAANAL Lol TUTIKY péPdog TG eToupeiog
Quantum Design. Xvykekpiuéva, apobd aeapédnikay o KAEIoTd dKpa TG (Tave Kol KATo GKpo TG pafdov)
Vo Aemtd povopéva cupuate xoAkos (dtapétpov 0.08 mm) wépacav e 6A0 TO pnKog g papoov. [ va
amopevyBel 1 Bepikn «emkowvmvion Tov dkpov ¢ pafoov mov Bpioketon £Ew amd to BdAapo tov MYKE

-16 -

. o .
117\.82%0&0 )']__ - ¢ B TL, Av _ /2 A ('Y)

3



Kepdiaro 3

(a) Ewtepcd Tuipa g I ) L=100 cm ] L=20cm | Ecwrepucs tyipar g
papdov (extogc MYKE) |~ T 7| paBdov (eviog MYKE)
/ Khetotd dkpo g papdov pe emo&eidixh koAha
Zbvoeon ue to Ayoyyn
7POPOd0TIKD | Toveotpoppéva cOppata xorkov Stopétpov 0.08 mm diépyovon KaTd UNKOG TOV EGMTEPIKOY TG paPSov X emagn pie
tone | € > 10 deryua

L=180cm

(B) ()

Ewova 3.2: () Zynuatiki ovamwapdotacny e TpOTOTOIUEVS pafidov mov ypnoioronjdnke oe oty T OlOAKTOPIKH
owazpify. Pwtoypopics tov (f) eCwtepikod kot (y) eowTEPLOD TUNUOTOS THS PASOOD.

(T=300 K) pe to dkpo tng papoov mov Ppicketor oto ecmteptkd tov MYKE (T<10 K), to dkpa avtd
éiketcay pe ypnon emo&edtkng koA Aag.H tpomomoinon g péfdov yio T payvnTikég LETPRGES VIO TNV
epappoy”] Vex mapovstaletor otig ewoves (3.2.a-y). Inueldverar 0Tt To cOPRAT YOAKOD Tpocapuoloviol
OTIG EMPAVEIEG TOV OEIYUOTOC UE YPNOT UIKPNG TOCOTNTOG MIOG OYDYUUNG TAGTS 0pYDPOV, VO TO GUPUOTO
yaAkov mov PBpickovtar ektog Tov MYKE ocuvvdéoviar oto tpogodotikd tdong (Healthkit, model 1P-32,
Healthkit Co, USA). ITepiocotepeg Aemtopépeteg divoviat oty mopaypa@o 3.3.i Tov ayyAkod Keluévov.

Mo ™ depegdivnon Tov WBIOTHTOV TG VIEPAYOYUOTNTOG Kol OT®S avTEG petafdAlovior pe v
epaproyn V ypnoionoovvion SopopeTKa TPOTOKOALD petprioewy. Ot vmepaymyieg 1010tTeg mov Oa
peAetnBovv oe avt ™ Sbaktopiky dtTpiPn ekppdlovtar amd ta e&ng pueyédn Tc ko Je. Ave&aptnrta pe To
uéyebog Tov PEAETATOL GTO TEPAUATO, KAOE TPOTOKOALO PETPCEMV TEPIAAUPAVEL TOV 1010 TPOTO EQAPLOYNG
niektpikod mediov Eey. H dladikacio epapuoync tov niextpikov mediov Ee givarl n e€ng: Eexvavtag amd i
Oepuokpacio mov givar peyorvtepn g Te cuvnbmg otovg 10 K epapuoletal 1o Ee kot to delypa mopovcio
o0V Eg xor pe H=0 Oe yoyeton péypt v embount) Oeppokpacio. Ztn cvvéyela tpocappoletar to Kabe
Tp®TOKOALO péTpnong. Etot, yio ™ peiétn g Te epappoleton éva H pikpng évraong (amd 1 émg 50 Oe) kan
capmvovtol ot Oepuokpoacieg péxpt miva and ™ Tc. To Prua cdpmong tov Beppokpaciov givar 20 mK y
Oepuokpacieg mov eivan £0.5 K yOopw amd vy T¢, 50 MK €@ amd avtd 1o Beppokpactokd mapddupo kot 100
MK apketd pokpod amd v Te. Aaupdvovtog tig wonediokég kapumdreg M(T) kotd Tovg KAAdove Yoéng pe
undeviké H xor yoéng mopovsio H mpoodiopileton kot mn yopktmpiotikny Oeppoxpacio Tir. Avtég ot
toonedlokeg kapmoreg M(T) Aappavovtar Katd T cvoTNUOTIK HETUBOAN TG Vex HEXPL TN UEYIOTN TIUN TNG.
Io ) depevvnon g Je AapPavovor Ppoyotl votépnong M(H) oe Bepuokpacieg mohd kdtw omd v Tc
KkaOd¢ Kt kovtd oty Tc yia 01G@opa Ve AVTEC 01 peTpnoelg exavorapupdvovor yio kibe spapuoldpuevo
Vex. IT0 avoloTikn meptypa@n] Tov TpetokOAA®Y divetor otny mapdypaeo 3.3.ii tov ayyiikod Keluévov.

Ava@opéc
[1] P. W. Bridgman, Proc. Amer. Acad. Arts and Sc. 60, 305 (1925).

[2] S. Zhang and F. Li, J. Appl. Phys. 111, 031301 (2012).
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Kepdaiao 4

ArgpeovnTiki] peAETI| NG MECONAEKTPLKIS TPOTOTOIN GG TOV RAYVI|TIKAOV
0T TOV 6€ TEYVNTEG O0NES TELONAEKTPLKO/GLONPORAYVITIG

Ye auTO TO KEPAANLO GLUVOWILOVTOL EI0AYMYIKEG KOl OLEPEVVITIKEG UEAETEG OYETIKA pe TNV TelONAEKTPIKN
TPOTOTOINON TOV HOYVNTIKOV OI0THTOV GE TEYVNTES OOUEG moL amoteAovviol and éva [TH vmoostpodpa
(PMN-XPT) xo1 800 Aemtd cidnpopayvntikd (M) vuévio Co evamotebnuévo oTig eAedBepeg EMPAVEIEG TOL
VROGTPAOUATOG. AT M eminedn tomoAoyio, 1 omoia Bo avagépetal edd w¢ XM/ITH/EM, eivar 01 pe
tomohoyia tv texvNTdv dopumdv YA/IIH/YA mov Ba peietnBovv oe avth n owdaktopikn dwatpiPn. Xtnv
TPAOTN TOPAYPAPO AVTOD TOL KEQPOUANIOL AVAPEPETAL O GKOTOG TNG OlEEUYDYNG VTV TOV JEPEVVITIKOV
LEAETAV, EVD OTN OEVTEPN TOPAYPOPO TOPOLGLALOVTIAL TO, AMOTEAEGUOTO AVTAV. To aTOTEAECUATO QVTOV

, r ’ . , r r [1,2
TV HEAETOV 0LV SNUOCIELTEL 68 EykpLra. eV emoTnuovikd meptoducd 2,

4.1 Xkomog

Tnv tedevtaio dexoetion TANOOG EMIGTNUOVIKAOV EPELVMV EXEL ECTINGTEL GTN UEAETN TEYVNTOV SOUDV OTOL
SLPOPETIKOL TAPAUETPOL TAENG UopovV vo. GuLevyBohv, emTpEnovTag £ToL TNV EAEYXOLEVT] LETAPOAY TV
Wotntov tove. Tétoteg texvntég dopég givar  doun ITH/EM ko n dopn [TH/Y A. H mtpcdTn katnyopia avtdv
tov dopmv (ITH/EZM) éyxel pekemnbel evdeheymdg Aoy® tng mBaviG ¥pNoNG TOVG GE TEYVOAOYIKES EQUPLOYES.
Avrtifeta, n dedtepn Katnyopio avtdv tv dopmv (ITH/YA) dev €xel peretnBel 1650 61e£0d01Kd Ko 0 Adyog
elvar TL aVTEC 01 BOUEG AELTOVPYODV GE KPLOYEVIKEG GLVONKEC TeplopilovTtag €Tl T YpNHoN Tovg GE mOVEG
TEYVOLOYIKEG EQapHOYES. EmmAéov, ol kpuoyevikéc cuvOnKeg emdpohv GNUAVTIKA GTN AEITOLPYID AVTOV TOV
dopmv. Xvykekpipéva, ot melonrextpikég 1010tnTeG TV KpuotdAlmv PMN-XPT og yaumiéc Oepuoxpacieg
elvar vmoPobuiouéveg, Ommg emiong peluévn givol kol M avtoy Tov kpvotdiiwv PMN-XPT kot tov
nepBarrovrog He (mepiBdadlov poyvnticdv petpicenv oto MYKS) oty epappoyy vynAdv tdoemy.

YKxomog TG peAETng tov doudv EIM/IIH/EM oe avty w Swrpn eivar va digpgovnbei m
amodoTikoTNTa TV Kpuotdhiwv PMN-XPT ce yauniéc Oeppoxpooiec. Ot teyvntég dopés EM/ITH/EM
OTOTELODV £VO KATAAANAO GUGTNUO TOV EMTPEREL TN GLYKPLTIKY UEAETN TOV TELONAEKTPIKE TPOTOMNUEVOV
LOYVNTIKOV 1010THTOV TOLC o€ dldpopec Deppokpaciec. Tvykekpiéva, Eekvavtag and ) Oepuoxpacio
dopatiov (T=300 K) o6mov o meloniektpikéc 1010tnteg TV kpuotdAhmv PMN-XPT eival yvootég, pmopel
K@molo¢ va. ueAétnost v meloNAEKTPIKT TPOTOTOINGCT TOV UAYVNTIKGOV 1010THTOV o€ o doury TM/ITH/EM
KOl OTI] GUVEXELNL VO GUYKPIVEL TOL OTOTEAEGUOTO OUTA UE TNV OVTIGTOUYN TPOTOTOINGT TMV UOYVNTIKOV
wotntev ot yauniés Oepuokpoacieg (T=10 K). Ot poyvnrikéc 1810t 1eg teov dopmv XM/ITH/EM mov uropodv
va ypnoomombodv oe pio TETOW GUYKPLTIKY UeAéTn eivar 1o cuvektikd medio (Hc), m payvition ko6pov
(Mgg) o M Topapévovsa poryvntion (Meem).

4.2 TIepopatika amoTeELEopATO,

> mopovoa perétn dvo drapopetikoi kpvotariot PMN-XPT éxovv ypnowomoindei wg ITH vrootpouatoa,
évag pe x=0,29 kot évag dArog pe x=0,31. Agdopévov 61t ot kpvotodior PMN-XPT mapovsialovy vymin
EMPAVELNKT TPOYVLTNTO TPV amd TG evomobéoelg vueviov Co o1 EMPAVEIEG T®V VTOCTPOUATOV EXOVV
vrootel Agiavorn. e kdBe teyvnt doun mov peletdtor €dm, to vuévie Co evamotéOnkav Kol oTig 600
eAeDBEPEC EMPAVELEG TOV VTOGTPOUATOV LE OKOTO VO, AELITOVPYHCOVY Kol MG NAEKTPOSIO Y10 TNV EPOPLOYT
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Kegdraro 4

™G e€mTepkng Thong. o avtd to Adyo d60nKe Wwaitepn Tpocoyn KATA TIC evamobécel dote va evamotedel
Co oT1c MaPATAEVPES EMPAVEIEG TOV VTOCTPOUATOV TPOKEEVOL Vo, amoPevybel to Ppoydkukimpa Tov
EMPAVEIDV KATE TNV EPAPUOYN TNG TAONG O OVTEG TIG OORES. AVaPOopiKA UE TIG GUVONKES AVATTLENG TV
vueviov Co, 1 wigon tov Baddpov Tpv Tig evamodécselg NTav g TaEng Tov 10°-107 Torr kou 1 avantuén tov
vpeviov éyve pe woyd 30 Watt oe nepipédrov Ar agpiov misong 3-107° Torr,

To mayog TV Aentdv vuevidv Co kat 6T1g dVo tervNTég dopés givar deo=30 NM. Avt 1 T 0V
To0VG £xEL EMAEYEl KATAAANAO DOGTE Vo TANPOVVTAL GUYKEKPIUEVEG CLUVONKEG Yo TNV opBN Aeitovpyia Kot
TNV OOTEAECUATIKOTITO TNG TEXVNTNG OOUNG. TuyKeKpiuéva, o de, Bo mpémel va £xgtl pia T 1 omoia va
eE0oQOAIlEL OTL Ol EMUPAVEIEG TOV VTOGTPOUATOV KaADTTOVTOL 0Td éva opotdopoppo otpmpo. Co. Avtd yxet
Wwitepn onpacio oe ovTEC TIg dopég Kabmg ta vuévio Co €KTOG TG GLOMPOLAYVITIKNG TOVG GCUUTEPIPOPAG
AEITOVPYOVV KOl G MAEKTPOSIL Yoo TV €Qapuoyn g tdone. Tavtdypove, 10 de, Oa mpémer va eivan
OPKOVVIMG HKPO DOTE 1) EXLOPAOT] TNG UNYAUVIKNG Tdong omd to [TH vroctpoua vo exnpedlel 660 to dvvatdv
UeYaADTEPO OYKO TOL XM VAWKOD. Téhog, onuewdverol 0Tt 10 dep €ivor po eEmyevig TOPAUETPOS TOL
kaBopilel ™ payvntiky avicotpomio twv XM vpeviov Co Adym G avicoTpomiog oYNUOTOS. ZUYKEKPIUEV,
otav deoe<30-50 nm tote T XM vuévia. Co yopoaktnpiloviar and éviovn TopAAANAN 6TO EMIMESO LOyVNTIKT
aviooTpomio, evd 0tav dce>30-50 nm 1o M vuévia Co yapaktmpilovtar amd éviovn Kabetn o610 eninedo

(% Katd ovvénein, emdéyovtog 1o mhyog tev vpeviov vo sivar de,=30 nm

LOYVITIKY  OVIGOTPOTiOL
OmOLOONTOTE UETAPOAN TNG MOYVNTIKNG OVIGOTPOTiOG AOY® TG €Qoproyng Ee ot doun Ba avtavaxidto
GUEGO OTIC HOyVNTIKES 1010TNTES TV LUEVIMVY CO.

O1 &v0 VPp1dikég dopéc mov peretdviol 60 meprypapoviol w¢ Co(30 nm)/PMN-xPT/Co(30 nm),
6mov x=0,29 omnv mpotn dopr (deiypo #1) kou x=0,31 otn devtepn doun (Seiypa #2). Ko otig 600
nepmtdcelg To vrootpmdpata PMN-XPT Bpickoviav oe un-mtolmpévn Kotdotacn tpty amnd T desaymyn Tov
LOYVNTIKGV PETPNGEDY VIO TNV epappoyn taon. H péyiotn tiun g epapuolduevn tdong o€ kabe doun nrav
+300 Volts n onoio avtictoyel o éva NAeKTPKO TEdio TG TaENG TV £6 KV/em. Ot poyvntikég petphoelg
npoyuatoromOnkay ce £vo epumoptkd payvntopetpo MYKE ypnoonoidvag v avtosyédla papoo yuo myv
eQapuOYN NG Thong mov mEptypdeetor oto 3° kepdhato. Oo mpémel onuewwdel OTL Ko 6TIG dVO TEXVNTEG
dopég to eEmtepkd poyvntikd medio (H) epappoomre mapdAinia otig eAe0Bepeg EMPAVELIES TOV SOUMV, EVD
TO MAEKTPIKO TEGI0 EPUPUOGTNKE KADETO GE QVTEG KOL KOTO UNKOG TOV TTAYXO0LS TV KpuoTdliwyv PMN-XPT.
Ta oanoteréopoto G MECONAEKTPIKAG TPOTOMOINGNG TOV HOYVNTIKGOV othtov otg dopés Co(30
nm)/PMN-xPT(0,5 mm)/Co(30 nm) mapovcidlovior Egxmpiotd yo kébe wa amd ovtéc. Avtdg o Tpdmog
TOPOVGINCTG TOV UTOTELECUATOV OPEIAETAL GTO YEYOVOG OTL KGOe Texvnt doun (delypa #1 ko delyua #2)
YPNOLOTOONKE Y10 TN SLEPEVVION SLOUPOPETIKAOV LAYVNTIKGV WO10THTOV TV vueviov Co.

Agiypo #1: Co(30 nm)/PMN-0,29PT/Co(30 nm)

To deiypa #1 ypnoiponomOnke yia va diepevvnbei n tpomomoinon T@v He kot Mgy Katd tnv epappoyn Ee ot
Tpeic avtimpocmnevTikés Oepuokpociec. To TPOTOKOAAO TV UAYVNTIKOV UETPNOEOY MTAV TO €ENG:
Eexvavtag and Toug 300 K pe H=0 Oe epappoletor éva Egy 6N TEXVNTA d0UN, N 07010 TN GUVEYELX WYOYETOL
napovcia Tov Eg péypt v embount) Beppokpacia. Térog, petafdiioviog otadiokd to payvntko tedio H
hapBavovtat ot Bpdyot votépnong M(H) yia kabe Eey o€ otabepny Oeppokpacio. And avtode poyxovg m(H), n
TN TOV Mgy OPILETOL OC T} TYH TNG HOYVITIONG OTO HEYIOTO HoyvnTikd mtedio kot 1 T tov He opiletan mgn
HEGT TN TOV CLVEKTIKGV TTEdimV Tov KAGSov adénong ko peimong tov mediov H (He=(Hcwy+He)/2).

H ewodva (4.1) ovvoyilel Tov Bpdyovg votépnong M(H) mov eAfedncoy yio E,=0,0 kV/ecm (nabdpa
ovupora), +4,0 kV/em (koxkva cdbppodra), +6,0 kV/em (uadé ocdupora) oe Oeppoxpacio T=300 K (swdveg
(4.1.0.i-ii)), 150 K ((swoveg (4.1.B.i-ii))), 10 K (ewdveg (4.1.y.i-ii)). TTapatnpodvrag ta EvBeta daypauporo
TOV KOV (4.1.0-7.1) yiveTor eoavepd OTL | Mgy ivar apetdPAntn kotd v epappoyn Ee otovg 300 K, evad
katd ™ peioon g Oepuokpociog otovg 10 K n Mgy tpomomoleitor onuavtikd. o va yiver gavepn 1
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AgpgovnTiki] perétn T mMELONAEKTPIKIG TPOTOTOIN OGNS TMOV HAYVI|TIKAOV LOL0THTOV GE
TEYVNTEG OoNEC MECONAEKTPIKO/GLONPORAYVITNG

tpomonoinon tov He kotd v epappoyf Ee ot Bpdyor m(H) g apiotepnic otiing g swdvag (4.1)
€oTalovIoL OTN TEPOYN TOV HKPOV pHayvnTikov mediov peta&h +100 Oe kot -100 Oe. Ov avrtictoyot
eotiaopévorl Ppoyor m(H) mapovoidlovior ot 6e€1d omAn g swodvag (4.1). Opota pe v Mgy, 10 He
TapopéVeL QUETAPANTO KOoTd TV £Qoproyn Ee otovg 300 K, evd kabdg 1 Beppoxpacia peidveror otovg 10
K dwokpiveral pa tpomonoinomn tov Tudv Tov He pe 1o Eey.

Mo ) perém tov melonAeKTpikd TPOTOTOMNUEVOY LOYVTIKOVY 110THTOV TV vuevimv Co opilovtan
300 Opot mov avtioTorKoVV GTNV Tpomonoinon Twv He kot Mg A0y ¢ epapuoync E.: oty texynt) dopn).
Avtoi ot 6pot ekepdlovtar amd T oXETIKN d0Eopd TV TUOY TV He kot Mg Yo E4=0,0 kV/cm kot yia
Ee#0,0 kV/cm kot divovioar ©g €€ng, AHc=Hc(Eex#0)-Hc(Eex=0) (Oe) and Amgy=Mgyi(Eex#0)-Mss(Eex=0)

4_' '- T T -_"'I-'-"l"'l"'l"'"'l"'l"'l"'l"'__
o1 (0ud) CAD
2 Em(H), T=300 K: _m(H), T=300K:
——E_=0.0 kV/cm F—— E_=0,0 kV/cm
’g 1 f—O—E, =+4.0KkV/cm L E_=+4,0kV/em
s —C—E, =+6.0 kv/cm t—C—E_=+6,0kV/cm
8 "
E -l
-2
-3 ]
'4 - FEETEES EEPRE A P i 1 1 1 _:
4 F E |-- T T T T T T T
N - (B.ii)
2 E_m(H), T=150 K: “,,i 3 E_m(H), T=150 K: _
F—3—E_,=0.0 kV/cm a? F—®—E_=0,0 kV/cm ]
’g 1 —0—E,=+4.0KkV/cm it E 'g 1 F—0—E,=+4,0 kVicm E
1} 0 F—p— E, =+6.0 kv/cm ,:}? <1} 0 F—p— E,,=+6.0 kv/cm ]
o f | g ]
= . I = . f ]
=i g -1t E
-2t 2 F ]
3t 3k ;
-4 :| n 1 -4 :' 1 1 1 1 1 1 1 1 ':
4 T -I T T T 4 F I.. T T T T T T T ]
A aeal
st ) 5t (riD)
2 Em(H), T=10 K: 2 E
—&—E_=0.0kV/cm ] :
'g 1}—e—E_=+40kV/cm E ’g 1f
7} ——E_=+6.0 kV/cm 1o | m(H), T=10 K:
5 0 {o 0 5 —=—E_-0JKkvicm
%_1 L ] :E'/_l : —@—E_=+40 kV/cm 3
] E —@—E_=+6[0 kV/cm 4 Kviem
2k ] -2 c# ]
0 kv/cm
-3k . -3 ) E
0.2 04 06 08 10] *6kviem
'4 h " 1 1 1 i L H|(koe)| |'- '4...|...|...|...|......|...|..(.:(T)...|...'
-10 -0.8 -06 -04 -0.2 00 02 04 06 08 10 -100 -80 -60 -40 -20 O 20 40 60 80 100
H(kOe) H(Oe)

Ewéva 4.1: Bpéyor m(H) yia E,=0,0, +4,0 oz +6,0 kV/cm (a.i)-(a.ii) orovg T=300 K (avoixtd odufola), (B.i)-(B.ii)
orovg T=150 K (qua-yeuouéva aopfora) kor (y.i)-(y.ii) arovg T=10 K (yeruouéva ovufora). H atidy (i) deiyver fpoyovs
m(H) ae 610 10 edpog TV epapuolousvav H, eved n otiiy (i) eotidletor oty mepioyn pxpav rediwv H. To évOeta v (i)
&yovv gotidoel ot mwepLoyn vyniav H deiyvovrag v payvijtion képov. Ta fédn otyy (p.11) vmodetkviov to ovvektikd medio
kotd o Oetieé H (He) oto fpdyo m(H) orovg 10 K.
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(emu). Ot gwdveg (4.2.0.i-iii) deiyvouv n petaforn Tov AHc (Lodpa oOufora) kot AMgy (KOKKIVA-AVOIKTA
obupora) w¢g ovvaptnon tov Eg, yia T=300 K, 150 K kot 10 K, avtictorya. o Adyovg cOykpiong tov
elkovov (4.2.a.i-iii) xpnopomomdnke to 010 E0POC TIHOV GTOV KOTAKOPLEO GEOVA TOvg. Mg antd TOV TPOTO
TapoLCIdong Tov onotedecpdtov emiPePfordvetar 1 vrovn tpomomoinon Tov He kot Mgy oTIC YoUNAES
OepLoKpacies, EVD TOVTOYPOVO ATOKOAVTTETAL 1) UN-povotovn pewdon tov AHe otovg 10 K 1 onoior peta&d
TV Ee =+4,0 ko +6,0 kV/ecm givon g tééng tov -27%. Avt n pn-povotovn pewdon tov AHe amodidetan
oTNV OAAOYN TNG EMAYOUEVNG UNYOVIKNG Tdong mov mpokaAel to [TH vrdotpopo amd epeAkvoTikn o€
CLUTIESTIKT TTopapdpemon (1 avtiotpoea) 0tav 10 Ee O1épyetorl amd to AeYOUEVO MAEKTPIKO GUVEKTIKO
nedio (Ec) tov ITH vrootpoudtov. Avtd givar Aoyikd av oketei kaveig 01t 10 Ec tov cuykekpyévov
kpvotdhiov PMN-0,29PT eivar kdto amd ta 4,0 kV/ecm kot kovtd ota 2,0 kV/em. H ewcova (4.2.) deiyver ™
nocootiaia  petaPfor tov AHc ([AHc/Hc(Eex=0 kV/cm)]-100%) wot tov AMg  ([AMsa/Meat(Eex=0
kV/cm)]-100%) og ovvapmmon ¢ Bepuokpaciog ueta&d TG apyIkng KoTAoTooNG UNOEVIKNAG EMTOYOUEVIG
téong (Eex =0,0 kV/cm) kor ¢ teMKkfg katdotacng uéylotg emayouevng tdong (Ee=16,0 kV/icm). Onwg
eaivetror oty gikova (4.2.6) to He emmpedletar amd 1o Ee povo otovg 10 K mpoceyyilovrtag pa peimon g
T6ENG 0V -9,4%, VD N Mgy emMpedleTal oe LKPOTEPO Pabrd amd 10 Ee @TaVOVTAG € ol peicon g Taéng
0V -4% oA aut n pelwon mapatnpeiton og éva peyaldtepo Beppoxpaciokd mapddupo to onolo eivon
T<150 K. Zvvovalovrtag ) Oeppokpaciaxn eEaptnon kot twv 600 peyebmv pumopel kdmolog va avayvopiost
ot 1 Bepuokpacio twv 150 K egivan wia yopokmpiotikn Ogppokpoocio (Te,) kabdg amotelel T0 KATO
Bepuokpaciakd 0pro dmov to He gival apetdfAnto Kot Tavutdypova 10 dve Bepprokpactakd Opto TG HEYIOTNG
LETAPOANG TNG Meyt KATA TNV EQAPLOYN Eey.

Jes

Tes

X9

10F AN A . B Y B B [
S5r 1-50
R
o] = = o
E T=300 K 1100 3
-5_— H § 1 F T T T T T T T T T E 1
[ . 1} F - ]
10k (0.i) ——m_ J150 3 OF —9- — 0
L. 1 1 || 1 1 2,’/_\ -1E * Q@ 4-1
10 T T T T T T 0 Q|-|-| o\o o _ = Tch _ 9
i O o= — >
LIJé 5F 150 \éO’ ? 3 I ¢ E 3
- S AR ' 3-4
~5 [€«—— g | Q ¢
T 0 = S0 5F - 15
S 4 T=150 K 70 " T 6} £
ﬂé i ' Hc = ° 7t 17
W ok (ouii) —o—m_, Jiso = 5 Tk g
IO [ 1 1 1 1 1 1 (=] 8 E -8
10_ T T T T T T 0 (<)) _9 b _: _g
T | 3 9 (B) 1
L A c _10 C L 1 L 1 L 1 L 1 1 1 1 1 ] _10
< 5'_(_ lsg =~ 0 50 100 150 200 250 300
; T (K)
y.
; T=10K \ 4-100
5_ A H,
1of(ouiii —hem, —>1.150
L L 1 L 1 L 1 L 1 L 1 L 1
0 1 3 4 7
E (kV/cm)
ex

Ewoéva 4.2: (a.i)-(a.iii) Tpomomoinon tov AHc (nodpa obufola) kar tov AMgy (kokkiva aoufola) ue v epappoyn E.:
orovg T=300, 150 xa: 10 K, avtiotorya. (B) [Hocotiaio petofolp tov AHc (uovpes opaipeg) xor e AMgy (kokkivegs
oaipeg) uetald e apyixic kardotaons oe Ee=0,0 KVIcm kai ¢ uéyiotne unyovikic téong oe Eq=+6,0 kV/cm. Ze xdbe
TEPITTTOON 01 YPOLUES EIVAL 0ONYOL VIO, TO UATL.
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AgpgovnTiki] perétn T mMELONAEKTPIKIG TPOTOTOIN OGNS TMOV HAYVI|TIKAOV LOL0THTOV GE
TEYVNTEG OoNEC MECONAEKTPIKO/GLONPORAYVITNG

IMao v epunveio avtdv TV anotelecpdtov eetaloviat S14popotl UnyovicUol, ol 0oio PHEAETMVTOL
Eexmprotd yio 10 He Kot 10 Mgy Avagopikd pe Tig mapatnpovpeveg petaforég tov He 600 elvar ot mbavoi
UNYOVICUOL TOV UTOPOLV VO SIKALOAOYNGOLV T GUUTEPLPOPE Tov. O TPMTOG UNYOVIoCUOG oYeTICETOL pE T
TPOTOTOWOT] TOV HOYVNTIKOV TOHE®MV 6T VEEVIA CO. BempdvTog OTL T0 €0POC TOV HAYVITIKOV TOHEDV W
axolovbel ) oyéon w~dg, 2 B, N EVOEXOUEVT TPOTOTOINGT TOV TTAYOVG Ao TV VUEVIDV TOV TPOKAAEiTOL
oo TNV EXAYOUEVNC UNYaviK)G Tdong Tov [TH vroostpopdtev Ba uropodce vo mpokarécel Tn pHetafoAr Tov
€0pPOVG TOV HOYVNTIKOV TOPE®V KoOMDG Kot Tov TANBLOUOD TV TOYOUATOV TOV HayvnTIKOV Topénv. O
dgbTepOg Unyoviopuog eivar mn evioyvon NG OEGLELCT TOV HOYVNTIKOV TOUE®MV €iTe Omd HOPQOAOYIKEG
avOUoAiEG TNG EMPAVELNS TOV LUEVIDV (1] TNg dlempavelag Tov XM vueviov pe 1o I[TH vrdéotpoua), gite and
OTOTIKEG ATEAELEG OTO E0MTEPIKO TV LM VLUEVIOV Ol 0TOlEG VITOKIVOLVTAL OO TNV EMOYOUEVT] UNYOVIKY
mopopopemon ota vuévia Co kotd v e@apuoyn Eex 591, AvVoQOopIKd LE TIC TOPOTNPOVUEVEG LETAPOAES TNG
Mgat, O1 KATOYEYPUUUEVES HETOPOAEC UTOPOVV Vi ATOd®OOVV GTN LAYVNTIKY] avicoTpomio 1) onoio oyetileTon
HE TNV UOYVNTOKPUOTOAMKT GVICOTPOTiO Kot TNV ovicotpomio. oynuatos. Kabog to XM vuévia Co €yovv
ndyog 30 nm, n emaydpevn pnyovikn mopapopemon and 1o vrdstpwpe PMN-0.29PT ota vpévia Co eivan
wKov vo 0AAGEEL T HayvnTIKY ovicoTpoTtio. omd mapdAAnAn oto eminedo o€ kabetn oto eminedo. Avti 1
TOoVA oOAACYT TNG LOYVNTIKNG OVIGOTPOTLOG UTOPEL VoL TPOKOAECEL OALAYEG OTIG KOTOYPAPOUEVES TILES TNG
Mgat. TawTOYPOVO, AVTOC O UNYAVIGUOG UTOPEL VO SIKALOAOYNGEL KO TIG OVTIOGTOLYEG LETAPOAES ToL He, Omtmg
avapépOnke mpv otov TpdTo unyovicuod. Ilapdro mov T0 T0606T6 TpomoToinong TV He kot Mgy pe T0 Ege
elvar S10popeTkd KOl 1) TPOTMOTOINGT KOl TV V0 ovtdv Tapapétpov eéacbevel pe v adénon g
Bepuokpaciog. Avtr 1 KOwi GLUTEPLPOPE ONUATOSOTEL OTL AVTEG Ol TOPAUETPOL £YOVV KOV TPOEAEVLGT| GE
oxéon ue T Oepuokpactokn Tovg €EAPTNON KAl KOT ETEKTOCT OMOKOADTTEL TO KPICWO POAO 7OV
dwadpapoariCer n Oeppikn evépyeta Ky T o avtég T1g Sopég. Zuykekpytéve, katd Ty adénon g Heppokpaciog
N Bepuky evépyewa KsT otadiokd e&icoppomel kot TeEAMKE vREPIoXDEL EvOovil OA@V T®V VTOAOIT®OV
EVEPYELOKMY KAMUOK®OV, [E amoTEAEGLO 0 Pabudg eTIOpaOTG TG UNYOVIKNG TAONG 0T Oepuokpacio dwpation
va e&acBevel.

Agiypo #2: Co(30 nm)/PMN-0,31PT/Co(30 nm)

Mo mapopota teyvnti dopn aAld pe dwapopetikn ototyelopetpio X=0,31 tov ITH xpvotdiiov PMN-XPT
e€etaleton £6m oto Beppokpaciaxd mapddvpo petac&d v 300 K kat tov 10 K. Avaivtikég petprosig m(H)
otovg 300 K kot otovg 10 K mapovoidlovral otig wkoveg (4.3.a-B), avtiotoryo. Avtd to dedouéva deiyvouv

e (kViem)

E,, (kvicm)
—— 0.0,—@—+25

£} =
£ S
3] (<)
P?O OPO
SJ S
£ - S

2F ]

(o)
3 7] XX A&
30 -20  -10 0 10 20 30 40 -120 -100 -80 60 -40 -20 0O 20 40 60 80

H (Oe) H (Oe)
Ewova 4.3: Bpoyor votépnong m(H) oe dicpopa Eey (2) orovg T=300 K (avoikta obufolra) ko (B) orovg T=10 K
(ysyuouévo, aopfola). Ze kale mepintwon or fpdyor m(H) eivar eciaouévor otnv weproyy pxpaov mediowv H. To évhesto g
(B) ameikoviler tn dioudppwon tov He katd thv epapuoyi Ee otovg T=10 K.

-22 -



Kegdraro 4

pa Eexdbapn petafoin tov He katd v epoppoyn Ee otovg 10 K 6ntwc gaivetal oto £vBeto didypoppo g
ewovag (4.3.0). Opowa pe to deiypa #1, to delypa #2 mapovstalel po un-povotovn peioon tov He katd my
Betikd KAGSo avENong tov Ee e oyeddv idia mocootiaio petoforr) avtod mov givar g TaEng Tov -34%
peta&y tov +2,5 kV/em kot tov +5,0 kKV/em. Qo1660, 0 ok0mdg TG HEAETNG W TOD TOV delypaTog dev givat vo.
emoAnbevoel 10 amoteléopata Tov delypatog #1, addd va diepevvnbel n eEEMEN TG Myem TV VUEVioy CO
Katd v €@oppoyn Ee oto PMN-0,31PT vrndotpopa 610 €0pog Beppokpaciav peta&d 300 K kot 10 K. T
va yivel anto Eva ved TPOTOKOAAO EYEL EQUPUOCTEL, TpokeEVOL Ta Vévia Co va Bpeboldv oty KoTdoTOoN
TOPAUEVOVGOG HOYVITIONG. ZuyKekpuéva, Eekivavtog otovg 300 K ue Eq=0,0 kV/cm Swoypdeetal o Bpodyog
m(H) péypt t Betikn payvnrtion k6pov Kot 6t cvvéxEl To payvntikd medio H pewdveton tpoodevtikd ota 0
Oe 6mov ko ta vuévie Co TAéov PpiokovTol 6TV KATAGTOOT TUPAUEVOLGAS LoyVNTIoNG. AVIUTPOCHOTEVTIKO
TOPASELYLO OVTOV TOV TPOTOKOAAOL Qaivetal oty eikova (4.4.0). Xt cvvéyea epapudletal n embount)
TN oV Ee ko n Oeppoxpacio peidveror otadiokd ord toug 300 K émg toug 10 K kataypdeovtag Tig Tinég
Mrem OTLG S10QOPEG BepUOKPaGiEs, divovTag EToL TNV 16OTESOKT KOUTOAT Meem(T).

Ot ewcoveg (4.4.B.i-1i1) Topovctdlovy avTITPOCOTEVTIKEG 160TENNKEG KAUTOAES Mrem(T) Y10t Ee,=0,0
kVicm, £2,5 kV/cm kot £5,0 kV/cm, avtictora. And avtd ta dedouéva yivetar pavepd 0Tt katl oTig 600
TEPTOGELG 0oV Ee,=0,0 kV/em (ewova (4.4.B.1)), dnhadn oty apyikn katdotacn thg doung o Ee=0,0
kV/icm (avagépetar og Ee,=0,0 kV/ecm (1") kot omv emiotpoen g doung o E,=0,0 kV/cm petd v
avénon tov oto +5,0 kV/iem (avagépeton ©g E,=0,0 kV/iem (2"), n kotoypaeouevn KoumdAn Meem(T)
TapoLotdlel P OpOAN Kol oTtadlokn ovénom omn TN TG HoyvnTikng pomng kabdg m Beppoxpacio

m(10° emu)

2.40
2.30
4 T T T q',
O
o
1
3l T
®
’g e
2t £ e
) HMA: Oy oo
S 225} 3
r e (B.ii) E =25k i
T=300 K e S i
E =0,0 kV/cm 2.30 i S E =-50kViem 7
of (@) . T - 220 | A0S
-100 0 100 200 300 400 210 :
H (Oe) 2.00 | i
190 [ e— L = bkviom]
180 [(Baii) T 10NN ]
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T(K)

Ewova 4.4: () H katdotaon mopouévoveas uayvitions, Meem, ¢ exvythic oouric Co(30 nm)/PMN-0,31PT/Co(30 nm)
otovg 300 K kar y10. Ee,=0,0 kVicm. Toa féAn vrodeikviovy to diadpouri tov epapuolopsvon HopvRTIKOD TESIOD, apyiKd.
ovaveror ugypt (o péyioty Getikn Tyun kKai oty cuVvEXELQ UNOEVILETOL OTAOIOKG, TPOKEUEVOD Va. ETITEVYOEL N KoTATTO.0N
¢ wapopevoveag uayvitions. (B) H Oepuorpacioxn eEelién e Meem Cexivavtag ard tovg 300 K xar katalipyovrag arovg
10 K y1a (B.1) Ee,=0,0 kV/cm, (B.ii) Eex=£2,5 kV/cm xou (B.iii) Ee==£5,0 kV/cm.
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pewdveratr. Avtifeta, M epapuoyn Ee#0,0 kVicm mpoxodel v omoétoun peimon ™C Men o€ pia
yopaktnpotiky Bepuokpacio mov eEaptdtor amd to péyebog tov Ee. Kato amd avt ) yopokTtnplotiky
Oepuokpacio amoxabiototor 1 opoAn kot Pabuaio avénon g Mem. ALT 1 CLUTEPLPOPE TG Miem
amodidovTol 6TV EUEAVION TOV Agyopevev poyvnTikdv actafeimv (MA). Agdopévov o0tL avtég ot MA
EMOYOVTOL KOTd TNV €QapUOYN Eex Lmopovv vo ovopoostodv Kot o¢ nAektpikd exayouevec MA (HMA) dote
va Tepypaeetal Kot 1 tpoédevon tovg. Ot HMA emnpedlovv Tig TIES TG Miem AVOAOYIKE LLE TNV £VTOOT] TOV
Eex OV £Qoppoletan onpovpydvTog aviictolyo aofevikn 1 1oyvpr] unyaviky tapapdpeoon ota vuévia Co.
INo mapdderyua, yio E,=+2,5 kV/cm (swova (4.4.8.i1)) wa évtovi) HMA otovg 200 K mpokadei t peioon
NG Meem KTl 2,5%, evd Yo Ee,=+5,0 kV/em (swdva (4.4.8.1i1)) n cvoocmpevpévn emppon apketov HMA
otovg 170 K mpoxorodv o eviovotepn UEOOT TS My oL givarl g Taéng tov 16,4%. Ilapdrio mov n
TOGOOTIONG PEIMOT TNG Meem Eival pkpOTeEPT 0TOV £QOPUOLOVTAL 0pvnTIKG Eey (mOV givar -2,5 KV/em xon -5,0
kV/cm), n yopaxtnpiotiky Oeppokpacio mov onuatodotei Ty maven towv HMA eivor ave&dptnn avthg g
oAlayng. Qg ex TovToV, M YopoKTNPLETIKY Bepuokpacio Twv 170 K pmopei vo amodobei wc n Beppoxpacio
™G 0AOKANPOTIKNG Tavons tov HMA kafBdg avth aviiotoyel oto péyioto epuappolopevo Ee. 'Etor amnd
T003€ Kot 670 €€NG avTh N YapaknploTikn Beppokpacio Oo avaeépetar WG Tees (Tees=170 K).

INo v gpunveio avtdv T@v amoterecudtov eéetdletal 1060 N Tpoéhevon tov MA 660 kot M
Bepuokpaciokn eEdpnon tov meloniekTpikdv W10t TOV TV vrootpoudtoy PMN-XPT. H mapoatpnon
Tov MA ®¢ dtakpitd Gipata g HayviTiong Mem oxetiletal pe to @owvouevo Brackhaussen, to omoio
TOPOTNPEITOL KOTA TNV OVTIGTPOPN TNG UAYVIATIONG AOY® TNG £vIovng OAANAETIOPOONG TV UAyVITIKOV
TOHEMV KOl TOV TOl®UATov Tovg pe ™ dwtapayn (disorder) Tov M vueviov. O yevikdg 6po dwatapayn
(disorder) mepihapBavel 600 KoTNyopieg dTAPAYDY GE GYEGT WE TN QULOIKY TOVG TPOEAELOT, TN OOUIKN
dTapayn 1 omoic TEPYPAPEL SOMKEG OTEAELEG GTO LAMKO Kot T Oeppukn datapoyr n omoio oyetileTon
dueco pe T Oepuikn evépyela tov cvothuatoc. H aviayovietikn odinAeniopoacn avtov tov 600 Opwv
STOPAYNG TOV EUTAEKOVTAL GTNV TEXVNTH OOUN OV UEAETATAL €0® UTOPEL VO TPOKAAEGEL 7| VO OTOTPEYEL
TNV QVTICTPOPT] TOV UOYVNTIKOV TOHE®V Kol oviiotoyya va emtpéyel 1| Oyt Kivnomn tov poyvnTikov
TOY®UATOV. AESOUEVOL OTL 1) ELEAVICT TOV MA og ot TV TEXVNTH doUn EXdyETOl KOTd TNV €Q@UPUOYN Eey,
0o Mtav oxémpo m mapovoic twv HMA va ovoyetiotel ko pe m Oeppokpaciokn e&dptnon twv
meConiektpikmv Wottov tov PMN-0,31PT. IIpdéceateg oyetikég peéteg £dei&av 0Tl 6T0 Oeprokpacilokd
napdBvpo amd tovg 300 K otovg 10 K o1 eykdpoiol melonrextpikoi cvviereotég (dsy) epeoviCovv éva
YopaKINPLoTkd onueio kapmng ot Oeppokpacio Tin~170 K 1. Sty eppoxpaciaxn meproxs yopm amd tv
Tinf VIOPYEL €V TAOTO OTIC TIWES TOV U3y Sraympilovtag pe avtd tov TPOMO S0 BEPUOKPUCLOKES TEPLOYES
(méve kot KOT® amd TV Ting) OOV S10(POPETIKOT PNYOVIGHOTL 0TloA0YOVV TN peimon tov dgr. Zvykekpiuéva,
v T>Tine 1 Oeppukn] dtatapoyn dedpapatilel KOpLopyo POLO EMTPEMOVTIOG TV EVKOAN OTOSECUEVCT| TOV
ownponiektpikdv (ZH) topéwv apa kot v glevbepn Kkivinon TV TO®UATOV TOLG, evd Yo T<Tiy
oYLPOTOLEITOL 1) EMIOPACT] TOV SOUKDOV JOTOPUYDV UE OTOTEAEGHO VO, dlaTnpel decpuevpuévong toug TH
TOUEIC 0€ TEPLOYES OOUKDV ATELEIDV ATOTPETOVTOG LLE AVTO TO TPOTO TNV OTOOEGUEVGT] TOVG.

H tavtion g tiung g Tees (mov avapépetor ota TM vuévia) pe ) tiun g Ting (TOL avoeépeton
oto I[TH vmdéotpmpa) vwodekviel ) ovlevén petald TMV SOUKOV GLUOTATIKOV OV OTOTEAOLV TN TEXVITY|
dopn. Zvykekpuéva, ot XH topueic tov vrootpdpatog PMN-0,31PT culedyvovtan éupeco pe tovg XM topeic
TV vpeviov Co pécm TG OO0 UEVIG UNYOVIKNG TAONG OV TPOKAAEITAL KATA TNV €POPUOYT| Eex. YTO TO
mpicpo ploe tétowg ovlEVENG TO AMOTEAEGUOTO UTOPOLV VO, EPUNVELTOVV Ol0KPIvOVTOC 000 TepPloyég
Oepuokpoctdv. Tio T>Tins (~Tees) M Oeppikn SraTapoyr] VIEPVIKA TNV 16YH TOV SOMUKOV SLATAPOX®Y Kol £T6L
ota vuévio Co eivarl evkoln M amodéopevon twv EM topéwmv, evad emiong ot ZH topeig oto PMN-0,31PT
UTOPOVV VO 0vodlotdocovTal e0KoAd e TNV €QapUoY Eex. AVTO onuaivel 6Tt 68 0vTd T0 BepUoKPACLOKO
mapabupo M epapuoyn Ee umopel va mpoxaiécel v gppavion HMA tov onoiwv 1 gpedvion yivetor mo
évtovn o€ 1oxVPOTEPQ. Eex. ATd v GAAN peptd yio T<Tins (~Tees) oto PMN-0,31PT 1) évtovn enidpaon tov
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Kegdraro 4

SOUIKAOV OTEAEW®V 0V emTpémovy v avadtdtaén tov XH topémv A0Y®m g HIKPOTEPNG TPOCPEPOUEVNG
TOGOTNTOG EVEPYEWNG OV OIVETOL OTO GUOTNUO, UE amoTéEAESHO Vo unv eupavitovior HMA og avtd to
Bepuokpaciaxd mapdbopo. Avt 1 éppeon ovlevén petad XH topémv kot EM topéwv €xel avapepbel kol o
Ao poyvnto-nAekTpikd cvotnpata 6t Pfioypaeio [18.19]

YuvovalovTog T0 ATOTEAEGILOTO TTOV TPOKVTTOVY altd TN UEAETT) KOL TV dVO TEXYNTAOV dopmV (delypa
#1 xon detypa #2) pmopei va emPePfarmbei 611 n Todon tov HMA ot Tine~170 K o610 deiypa #2 tavtiletar pe
v Tp=150 K 1oug deiypatog #1. Aapupdavoviog vaoymn 61t Kot ot 600 TEYVNTES SOUES ATOTEAOVVTOL Ol
vuévia Co mayovg 30 nm aArd and ITH vrootpodpato Sopopetiknig oTotyelopeTpiog 6mov epappolovrot Eey
SLPOPETIKNG évTaomg, umopel ebkora kaveis va woyvprotel 0TL avtég o1 dvo Beppokpacies tavtilovral. Avt)
N Oedpnon epunvevel ta amoteEAEGHOTA Kol TV dV0 detypdtwov. Ewdwotepa, o0tav T>T~ T M Oeppikn
dwaTapayn vrepvikd OAES T vOAOUTES KAILaKEG evépyelag pe amotédespa To He kot 1o Mg va Tapapévoovy
apetdfinta katd v eeopuoyn Ee. AviiBeta, 0tav T<TexTen M VIOV GLVEIGPOPE TOV SOUK®DV
dTapaymv Evavtl Tov Bepuik®v dev emTPENEL TNV €0KOAN Kivnon Tov M TOHE®V UE OMOTEAEGHO TNV
évtovn tpomomoinon towv He kot Mg katd v gpappoyn Eex. TéLog, onueidveral 011 avt 1 epunveio tov
OTOTELECUATOV TOIPLALEL OTOAVTO LE TIG LEAETEC TTOV aodidoVY TN peimon g TeCoNAEKTPIKAG IKOVOTITOG
TV kpuotdriov PMN-XPT ot kpvoyevucéc ouvlnkes ot drodikacieg dmiextpucnc yarapoon 7,
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Kepararo 5
Xapaktnpiopog tov texvntav dopdv Nb/PMN-xPT/Nb

Ye autd TO KEPAAOLO TAPOLOIALOVTOL TO TEPUUOTIKG OTOTEAEGUATO TOV YOPOUKTNPIGUOD TOV TEYVITOV
dopcdv Nb/PMN-XPT/Nb. To kepdhiao oavtd Eekwvdel pe 10 S0MIKO, HOPPOAOYIKO Kot melonAEKTPIKO
xopoktnpopd twv PMN-XPT detypdtov, akolovbel 0 SOUIKOC Kot DTEPAYDYLOG XOPAKTIPIOUOS TOV AETTOV
vueviov Nb mov éyovv evanotebei og vrooTpdpATa OVaEOPES Si Kol OAOKANPMVETAL E TOV VTEPUYDYILO
yapoxmpiopd tov Nb/PMN-xPT/ND.

5.1 Xapaxtnpiopog tov osrypdtov PMN-XPT

Ymv mopodoo didaktopikn dwotpiPr ta deiypata PMN-XPT éyovv ypnoiporombel wg ITH vrostpdpota pe
Saotdoeg 6x5x(0,5-0,8) mm®. To ITH vrootpdpato PMN-XPT taévopobviar oe dbo katnyopieg oe oxéon
ue tig meConhektpikég Tovg 1010TNTEG OV opilovTarl omd TN otoryeetpio X. H mpmdtn katnyopio amoteleital
amd detypoto PMN-XPT pe x=0,31 (mov Oo avagépoviar wg PMN-0,31PT) kot 1 dedtepn and deiypata
PMN-xPT pe x=0,27 (mov Oa avaeépovior og PMN-0,27PT). I'vopilovpe 6t 1 ototyglopétpio X tpodropilet
™ 0éom tev derypdtov PMN-XPT oto dudypappe dong g mpog 10 MEID o6mov mapotnpeitar n értiom
meloniektpikn cvunepipopd. ‘Etot, ta delypata PMN-0,31PT mov Bpickovtor eviog oo MED gppavilovv
Bértioteg ITH 10160tNTeg, evd ta detypoto PMN-0,27PT mov Bpickoviat extdg Tov MED yapaktnpiloviot amd
vroPabcuéveg ITH 1810t tec. Extoc g katnyopomoinong tov derypdtov pe Paon tig ITH 1d16tteg touG,
300 VEEC VTTOKATNYOPIEG TPOKVITOVY AVAPOPIKA UE TNV EMPAVELNKT TOVG TpoydTNTA (S8) KaBMG Kimolo amd
aVTa VIOPANONCAY GE AELAVGT TNG EMPAVELAS TOVG EVA T VITOAOITA OV LTOPANONCAY Ge Aglaven, Ommg Oo
TEPLYPOQElL Ot GUVEKELD. ZoumeptAapuPdvoviag Ty Sa ¢ Hie EMTALOV TEPAUOTIKY TOUPAUETPO 1 TEAKN|
to&vounon tov detypdtov sivar 1 €€ng: (o) PMN-0,31PT vyniav ITH cuvieleotdv pe emoaveleg mov (o.i)
éyouvv vtoPfinbei og Nmo Asiavon (a.ii) dgv £xovv veoPAndei oe Aeiavon xar (B) PMN-0,27PT younAiov ITH
CUVTEAESTAOV LE EMUPAVELEG TTOV £XOVV VIOGTEL LA Atavar.

Mo 1o dopkd yapaxmpiopd tov dstyudtov PMN-XPT éywav petprioeig [TAX og Ogpupokpaocio
dopatiov kot oto €0pog yovidv and 15° fmg 85° pe PAua 0,03°. Tty ewova (5.1.a) mapovoidlovion
uetpnoelg IMAX yia dvo avimpoowmevtikd deiypota PMN-XPT, éva pe Xx=0,31 (umhe ypouun) kot Evo pe
x=0,27 (koK ypauun). Onmg yivetar eavepd amd v eikova (5.1.a), ta 600 deiypoto EYovv KOTEL KT
UKOG O10POPETIKOD KPLGTAAALOYPAPIKOV TPOGAVATOAMGHOD. Xvykekpyéva, 1o Ogiypo. PMN-0,31PT éyxet
KOTEL KT, UKOC TG KPLOTaAIKNC dtevbuvong [110], evd avtiotorya to deiypa PMN-0,27PT kotd ufkog g
[001] devBvvonge. Xe kabe mepinTwon, EKTOS TOV KOPLOV KPLOTUAAIK®Y d1evbfivoemy mov gival TapdAAnAeg
TPOG TN KOPWL KPLOTOALOYPOPIKT Otevbuveon, eupavioviol KAmoleg OgvuTePOyeveElg KOPLPES. AVTEG Ol
devtepoyeveic kopveég Yo to dsiypo PMN-0,31PT éyovv tavtomombei wg ot xopveég (001), (002), (120),
(121) eved y1a to deiypa PMN-0,27PT éxovv tavtomombei mg o1 kopveég (110), (220).

Onwg avaeépdnke xor mponyovuévmg, to detypota PMN-0,31PT éyovv yopiotel e dbo
VITOKATIYOPIEC GE GYEOT WE TNV EMPAVELNKT TOVG TpayVTNTa, Sa. Tuykekpiuéva, oha to PMN-XPT deiyuata
eppavifoov vymiég tég Sa oty mopbEévo TOLg KOTACTOON KOl Yo vTO TO AOYO KAmolo amd oautd
vefAnOnoay oe empavelakn Agiavon mpokewwévov vo pewwbel n Sa. Mo ) Aelavon tev emigovelmv
ypnopomonke éva yapti Silicon-carbide P2500. TTopompnbnke 6t petd amd 10 Aemtd Agiavong M
EMLPAVELOKT TPOYLTNTO UEIDOVETOL ONUOVTIKA. O HOPPOAOYIKOG YOPOKTNPICUOS TOV OEYUATOV Eyve UE
petpnoelg MAA, 6mov mAN00c ewovev eAeOnke amd O1AQOPeEC MEPLOYES TNG EMPAVELNS TOV OEIYUATOV
TPOKEEVOL va ekTiunOel o péon tyun g Sa yo ke detypa. Xtig ewdveg (5.1.8.i-i) mopovoidlovtat
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Ewova 5.1: (a) Merprjocic I1AX oe Oepuorpacio dwpatiov yio. éva detyua PMN-0,31PT (umhé ypouun) kaoi yio éva deiyua
PMN-0,27PT (kdxxivy ypapudi). (B) Enévec MAA wog nepioyiic obpwone 15x15 um? evég deiyuazoc PMN-0,31PT (i) mov
dev éyel vrootel Jgiovon kou (1) wov éyer vmootel Aciavon. Xe kdbe eikdva onueidvetor kai 11 vTOAOYILOUEVH TR TS
EMPOVEIQKNS TPOYOTNTOG OO TO TPOYpaye exelepyaciag etkovwy NOVA,

OVTITPOSOTEVTIKEG £1kOVEC MAA oG meptoyng obpwong 15x15 pm? yu éva detypo PMN-0,31PT mov Sev
éxel vootel Agiavon kot yio éva detypo PMN-0,31PT mov éxel vmootel Agiavon, avtictoya. Ot uéoeg Tiuég
g Sa (<Sa>) eivar 291+74 nm yia to un-Aetoouévo kot 44+16 nm yio to Astacuévo PMN-0,31PT Seiyua.

Metd 10 Sopkd Kot HOpPOALKO yoapaktnpiopd tov dstypdtov PMN-XPT, baitepn éuepacn 060nke
oTovV TECONAEKTPIKO YOPOKTNPIGUO TOVG. XTO TACIGLO QLTS TNG SOUKTOPIKNG datpiPng avamtdydnke o
véa uéBodog oo tov mieloniektpikd yopaxtnpiopd (Préme 3° Kepodaio), m omoia PBociletar otn tomixi)
TopatipNon TG Topdpnopewons tov ITH vrostpopatog péom evdc cupPatucod ontikol kpookoniov (OM)
ue v gpopuoyn e€ntepikn tdon (Vey). Xpnolpomoldvtag ovth T pnébodo, yapoktnpiotnkay melonAeKTpikd
ta detypato PMN-0,31PT kot PMN-0,27PT.

[Ipwv mapovolacTody T0, OmOTEAECUATO TOV TECONAEKTPIKOD YOPOKTNPICUOD, TEPTYPAPETUL T
dwdkacio ANYMg Tov petpnoenv kabmg Ko 1 emeepyacios oVTOV TPOKEWWEVOD VO, PTOpel KATOL0G Vol
KOTOGKEVAGEL TN KOUTOAN UNYOVIKNG TACNG MG SLVAPTNON Tov €£DTEPIKA €QPAPUOLOUEVOD MAEKTPIKOD
7ediov (Eexz), S(Eexz). Kobdg n pébodog mov ypnoomoteiton ivar po tomiky pébodog, d6Onke onpacio
oTNV KATAAANAN emAoY| Teploy®v eotioong pe to OM mave oty emedveio Tov derypdtov PMN-XPT, ot
omoieg 6TavV GLVOLOGTOVY KATUAANAC LITOPOVV VO, AT0dMCOVY T GUVOAIKT Emayouevn mapaudpewon. o ™
ovyKekplpévn mepintwon omov ta dsiypato, PMN-XPT eivar opboydvia, ot meproyéc eotiaong e 1o OM Oa
npémel vo, Ppiokovial TAVe GTOVG AEYOUEVOLG GVUUETPIKOVG GEoveG (EAG) NG UNYOvVIKAG Tdong, dnAadn
KOTO UMKOG TV necokaBétmv tmv mAevpdv kat pe karebbvuvon mpoc ta £€m (PAéne 3° Kepdhowo). EmmAedv,
v v, eEacpoliotel 1 aglomiotio Tov peTtpnoemy Bo TPETEL EK TOV TPOTEPMY VO IKOVOTOLEITOL P Baoikn
ouvOnkn. Avti 1 cuvBNKN gival N oot gVBLYPAUUIST) TOV SEIYIATOC MG TTPOG TO ONTIKO TTAiGlo Tov OM.
Mo avto 1o Adyo, mpv TV Evapén TOV UETPNCEDY GOPMVETOL [ TAEVPA TOV delyotog pe T Pondeta evog
UIKPOUETPIKOD KOoyAlo. OmoldnTOTE OMOKAIST] TNG TAELPAG amd pio vontn gvbeion dtopbdvetanr pe
KATAAANAN TeploTpoen TG Tpaneloc Tov OM. Mia dAAN TapdpeTpog mov de Ba mpémel va ayvonbel dote va
eEaopariotel 1 aflomoTio TOV PETPNCEMV VOl TO €VPOG TNG TEPLOYNG €otioomg Tov OM oe oyéon pe to
UEYEB0G TNG EMOYOLEVIG UNYAVIKNG TAOTG. ZVYKEKPIUEVEA, O POKOG TOL Ypnotuonoleitol £xel peyébuvon x10,
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dhodh amotumdvet o eptoyn 300x230 pm? g empavelac. Avti 1) TEpLOYH Eivon apKeETE HeYGAN Yio Vol
OTTEIKOVIOEL TNV EMAYOUEVT] UNYOVIKT Topapopewotn tav detypudtov PMN-XPT av avoioyiotel kaveig 1L i
LEYIoTN TapaLdpemon mov propet va emitevydel and detypato PMN-XPT dgv Eenepvder ta 10 um. Ta avtd
0 AO0Y0, eoTlalETon Uiot VIO-MEPLOYN TG ANEONCOS €kOVAS, DGTE Vo UTOPEl VO OMEIKOVIGTEL QUECA 1|
EMOYOUEVT] UNYXOVIKY Tapapdpemon katd tnv €eoppoyn Ee,. o va mocotikomomBel m unyovikn
TapapOpPPOCT TPENEL VAL Yp1oLomonfel KaTdAANAN KAipaKke KOG MGTE OAES Ol UMOGTAGELS/ LETATOTIGELS
va glvanl kavovikomompéveg. H kavovikomoinon avth emituyydvetol HEo® €vOC TPOTUTOL OEIYUOTOC UE
YOO TEPLodiky empavelaxn doun (TGZ3, NT-MDT Co, Moscow, Russia) to omoio tomofeteitor 6to OM
Kot AopPaveron po eikdva Tov. H eucova tov mpdtumov detypotog eotidletanl KatdAAnio dote va uropet va
ovykpOei dpeca pe Tig eiKOveg avtictoyng eotioong v PMN-XPT.

H epappoyn niextpikng taons (Vex mov wwodvvapun pe epapuoyn niektpikold mediov Eey,) oe éva
deiypa PMN-XPT mpokaAel T HOKPOGKOTIKY UNYXOVIKA TOpapdpe®cn Ttov, AMdy® Ttov avactpogov ITH
eawvopévov. o vo Kataypagel vty 1 TOPAUOPPOCT| ETALYETAL £va YOPaKTNPIoTIKO onueio (XX) oTig
ECTIOOHEVEG EIKOVES (CLVHOMG EMAEYETOL VO POTEWVO GNUEID G€ AVTEC) KO HEAETATOL 1] peTatomion Tov Al
(kavn Aly) xatd pikog Tov d&ova-X (dEova-y) katd yia Tig S16popeg TYéS Vex. Eva Tomkd mapdadetypo ovtig
™M ddikaoiog gaivetor otig ekoves (5.2.a) kot (5.2..i-ii). TTo cvykekpyéva, N ewdva (5.2.0) divel pua
OYNUOTIKT] OVOTOPAGTOOT] TOV OEiylaTog Omov e YKPl YpOLO CNUEIDOVETAL 1] TEPLOYN E0TIOCNG KOTA LUAKOG
00 XA, evd ta podpa PEAN deixvovv 1t Sevbuvon pog epeAkLoTiKNG (Sx#) M ovumesTikig (Sx)
unxavikng taong tov deiypatog. Ot ewodveg (5.2..i-ii) deiyvouv 800 eotiacpéveg ekdveg tov OM mov
eMetnoov oe V=0 kot +400 VOIts, avtiotolyo 0mov mapatnpeitol Pt GUUTIEGTIKY UNYXOVIKY Tdon Tng
18&nc tov 3 um. Toviletor 0Tt ot kOkKvolr kOKAol €xovv tomoBetnBel dote va odeifovv 10 XX MOV
¥XPNOLOTOONKE Y10 VO ATOSMGEL TN UNYOVIKY TOPAUOPPDGT).

AxolovOdvTog TV TOPOTAVE S0KaGIo Kol UE KOTOAANAN €MAOYN SOKPITOV Pnudtov Ve,
Kotaokevaletor otadlokd 1 KoapmOAn S(Ee,) v to deiypoto PMN-XPT. T v xopmodn S(Ee.)
amaltovvTal 600 peToTponeg ueyébovug, e unyovikng téong Al (6mov i=X 1Y) og dpovg ¢ adidotatatng

(B
V=0 Volts

=

X
---------- Mx o SX() SX(+) IdZOS mm -
S i) .
PMN-0.31PT 2 Ve, =+400 Volts #
1,=6 mm i

Ewova 5.2: (o) Zynuotiky avarapaoctoon tov deiyuatog PMN-0,31PT, érov n meproyn uelétng amd 1o OM onueimveron
e ™ yrpila meproyn kot Ppioketor katd unrog tov XAy (nodpn doxexrousvy ypouun). Erxelepyacuéves emcoves OM mov
elnpOnoav oe (B.1) Vex=0 VOIts xar (f.ii) Ve=+400 Volts. 2e avtég ti¢ e1xéves ametkovileton (o GOUTIETTIKN UNYOVIKHG
TaonS ™S TaENS TV 3 UM péow g uetotomions evog X2 (kdxrivor kbklor).
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PUMYAVIKNG Taomg Si ko TG epappolopevns Vex og 0povg niextpikod mediov Eey,. Emmléov, de Oa mpémet va
ayvonOel 6Tt avt 1 HEB0SOG gival TOTIKN KOl Yo VO YOPOKTNPLoTEL GUVOAIKA TO KGBE deiypa amatteitan va
AnoeBovv meprocdTepeg amd pio meproyés. uykekpipéva, Aappdvoviar eidveg OM og 1€00epig TEPLOYES TOL
delyparog, pio og ke mAgvpd Tov delypatog (cOpPova pe Tovg LAG Tov detypotog). IlpocBétovtag Tig Tipég
tov S og kKGbe Eg, mov enebnoav amd Tig amévovilt mhevpég Tov idov XA TPOKOATEL 1) GLVOAIKN
TOPAHOPPOOT) TOV OEIYHOTOG, Sitr. Exovtag meprypdyel ™ pEH0S0 TOL YPNCUOTOLEITOL Y10 TNV TOGOTIKT
EKTIUMON TNG UNYOVIKNG TAONG, 1 TOPAYPUPOC CLVEXILEL LE TNV TOPOLGINGT] TOV OTOTEAEGUAT®OV Y10, HVO
avtimpocorevtika delypata, 1o PMN-0,31PT kot to PMN-0,27PT.

H ewova (5.3.0) avanapiotd oynuatikd tig 600 meptoyés eotioong (Ykpl meploy€s) KoTd URKog Tov
YA, oV ypnopomondnKay yio Tov meCONAEKTPIKO YOPAKTNPIoUO TOV dEYHAT®OV. AdY® TNG OUOOTNTIS TMV
amoTELEGUATMV TOV EANPONGAY KOTh PO TV A, kot ZAy £d® TapovctdfovTol HOVo To TPMTO Yo, AOYOVS
amAdTTag ¢ Toapovoioong Ot ewoveg (5.3.5-y) deiyvouv TiC KOUTOAES Syt G GLVAPTNON TOL
epappolopevov Ee, og éva deiypo PMN-0,31PT kot og éva detypo PMN-0,27PT. Ot xoumdleg ovtég eivor M
péon tun prov XE kdbe mepoyne. Onwg eaivetor otig ewkdveg (5.3.5-y) ta dvo detypata mapovoidlovv
ONUOVTIKEG Olapopég petald tovg. Zvykekpuyéva, 1o deiypo PMN-0,31PT moapovoialel pikpd cuvektikod
1edio Ecy=2,0 kKV/cm kot vynAég Tipég g emayorevng pnyoviknig téong (pe péylot péon T mepinov ion
ne 0,11 %), evdd to PMN-0,27PT &xetl peyaidtepo cuvektikd nedio Ec,=4,6 KV/cm kot yopunAdtepeg Tipég g
EMOYOUEVNG UNYOVIKNG ThoNg (Ue péylotn péom T mepimov iomn pe 0,06 %). H drapopd tov peyéboug tng
EMOYOUEVNG UNYoviKNG Ttaong petasd tov detypdtov PMN-0,31PT xar PMN-0,27PT sivorl avapevopevn Kot
opeidetar otn otoryelopetpeio Tovg X. To PMN-0,31PT Bpicketal evtog tov MED kot eppavilel fELTiom
niektpopnyovikn wovotnta, eved to PMN-0,27PT Bpioketon extdc tov MED pe omotéhecpa tnv
TEPLOPICUEVT] MAEKTPOUNYAVIKNG TOL Kavotntag. H khion tov gubdypappmv tunpdtov (StoKeKoppEveg
povpeg ypoppés otg ewoves (5.3.8-y)) v Ecx<Eex,<Emsx 0avTioTOWEl OTNV TIUN TOL €YKAPGLOL
TECONAEKTPIKOD GUVTEAESTN Uzy. Ot péoES TIEG (<o 1or>) TOV CLVTELEGTOV 0TV eivan 1645 kon 1685 pm/V

. Sk Sx0) S,
Sx(+) 4—"‘HSAX<+’ I y
&
d I PMN—XPT G X
3
1, =6 mm
10k \P- EV= -2 kV/em E 10F \F* ]
8t ] 8k ED=-4.6 kv/cm ]
6k EV=+2 kv/em — 6F EV= +4.6 kvicm ]
V) 4 YR E ) 4 F E
?o 2 A " E <."o 2 "\
<0 =0
g2t ’ 1 =2
0 b ERR L
-6 E -6F
3 1 . ] 1
13 - s =0123% st 20007 % 7 7 18 S0 = 0.076 % S{)=0.055% 7
] 12 Fd? 1= 1900 £ 22 pmv Id? ol = 1390 £32 pm/V '12 F [, o = 2070 £ 160 pm/V 1A% = 1300 200 pmV
-10 8 6 -4 -2 0 2 4 6 8 10 -0 8 6 -4 -2 0 2 4 6 8 10
EEéz (kV/cm) E,., (KVicm)

Ewova 5.3: (a) Zynuoticy avaropdotaoy g empdveiag evog ITH deiypatog omov o1 dvo mepioyés mov Ppickovior Kotd
uijog tov XAy (onueidvetar mg HODPES-OIOKEKKOUUEVES TEPLOYES) DITOONADVOLY TIC TEPIoyéS eotioons ue o OM. (B) Ta
TEWPOUATIKG. OT0TEAEGUATO. TOD TIECONAEKTPIKOD YOpaKTHPIouoD divovior Ceywpiotd yo. (B.1) éva deiyuo PMN-0,31PT xau
yia (P.01) éva deiyua PMN-0,27PT. o Adyovs dueons obykpions twv amoteleoudtwv or kapmdles Sy o Eexs) Kot v 5o
OELYUATOV TaPOVaIaLoVTaL aThV 1010, KAIUAKO..
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vy 0 PMN-0,31PT xow to PMN-0,27PT, avtictoyya. XN OULYKEKPIUEVY TEPIMTOON Ol TWEG TOV
OVWVTELESTOV (<Uyx10r>) 0EV UmOPOVV VO XpNGIHOTOMBOVY Yo T SLAKPIoN TOV SEWYUATOV O TPOG TNV
TECONAEKTPIKNG TOVG KAVOTNTO. AVTO OQEIAETAL GTOV TPOTO VIOAOYIGUOD TMV GUVTEAEGTOV <O,y o> KAOMG
avtoi dev egaptdvtar udévo amd to péyeBog g EMAYOUEVIG UNYOVIKTG TAONGC AL KOl OO TNV TN TOV
OGUVEKTIKOD MAEKTPIKOL Tedio Ecy (kabeta PéAN otig ewdveg (5.3.8-v)). Zvykekpuéva, to Ecx Aappdvet
vymAotepeg Tpég oto deiypo PMN-0,27PT pe omotéhecpo 10 TUAMO TG KOUTOANG Sxiot(Eexz) OV
YPNOWOTOLEITOL YI0L TOV VTOAOYIOUO TOV GUVTIEAESTOV Uyt VO Eivol HIKPOTEPO KoL 1 KAiom TOL Va
VIEPEKTIUA TNV TECONAEKTPIKT TKOVOTNTO TOV OETYLLOTOC,

O acpaiéotepog TpdmOg Yo vo enoindevtel N katayeypoppévn meloNAEKTPIKY] CUUTEPLPOPH TOV
detypatov PMN-XPT eivar va cuykptBoldv ta amoteAéopata avtng g tomikns LeBOS0L LE To OmOTEAEGLOTO
QoG GAANG TEXVIKT TOL XPNOLUOTOlEiTAL EVPEWMS Yo TOV MELONAEKTPIKO YapokTnpopd. H texvikn avtr| ivon
N YPOUKG UETOPOAAOUEVT] JLPOPIKN TEXVIKN KOl €IVOL U0 OpKIK) TEXVIKY KOOMG EKTIUE TN GUVOMKY
EMOYOUEVT] TOPAUOPPOOT KATH UNKOC €vOg pokpookomikod d&ova tov degiypatog PMN-XPT vad v
eopoyn Eexz. Ot gikoveg (5.4.0-B) amekoviCouv T KaumOAES S iot(Eexz) MOV EA@ONoav kot and tig 00
TeyviKég yia éva detypa PMN-0,31PT kot évo PMN-0,27PT, avtictoya. Onog eaivetor otic £ikoveg (5.4.a-p)
napoéAo mov M TAEN peyéBovg NG emaydpevng pPNYOVIKNG TAong eivarl idwo petald tv S0 TEYVIKAOV, Ot
KOUTOAEG Sy tot(Eexz) MOV EMf@ONoayV amd avtég Tig teyvikég mapovctdlovy onuavtiky dwapopd. H dtapopd
vt 0QeileTOl KATA KVPLO AOYO GTOV TPOTO UETPNONG TNG UNYAVIKNG TAONS, OAAG KOl GTO YEYOVOG OTL TO
Seiypato PMN-XPT epgpoviiovy cuvifng GTOElopHeTpIkeg avopotoyévetes katd tomovg 2, Tvykexpipéva, 1
rkafodikn texvikn Kotaypdeel ™ péomn melonAeKTPIKY dPASTNPIOTNTO TOV OEIYUATOV KOTO UNKOG OANG TOVG
NG EMPAVELNG HE OTOTELEGHA TIG OMOAEG KOUTOAEG Sy ot Eexz). AVTiOeTa, M TomIKI] TEYVIKY KOTOYPAPEL TNV
meCONAEKTPIKY] OPAGTNPLOTNTO MG CUYKEKPIUEVNG TTEPLOYNG TG EMPAvelng Tov delypatog kabe opd, pe
anotélecpo vo epeavifovtal andtopes aAoyEg oty KMo TV KOUTVADY Sy Eexz). AVTEG Ol aAhoryég
epeavifovtar otnv meployny WKkpdv niektpikdv mediov (uéxpt ta 2 kV/ecm ywo to PMN-0,31PT kot to 4,6
kV/cm ywe to PMN-0,27PT) 6mov n epappoyn Eex, pmopei va mpokarécer tn petdPaocn odong amd
poufPoedpikn oe opBopoufikn pe amotédespo va oAAGLEL kot To pEyeBog Tng emayOUEVNG PUNXAVIKIG TAGTC.
2V mepLoyn UEYAA®V NAEKTPIKAOV TSIV 01 S10POPES TNG KATAYEYPOUUEVNG UNYOVIKNG TAoNG HeTAlD TmV
dvo TeYVIKDV EopaibvovTol Tavovtag og pio dtapopd g Taéng Tov 30 % v to deiypo PMN-0,31PT ko
o€ undevikn dapopd yua to detypo PMN-0,27PT.

op 0
<% i
of % (a) of %%I%% B)
i 2 C
-4 _ %%% h AL @rﬂj% ]
SN N 18 '
g -8f g -8f 35 .
n | n I 40
-10L -10LF 45 ]
[ 309% | [ g/ -5.0 i
_12[PMN-0,31PT ] -12LPMN-0,27PT S5 ]
—— ro7mikn TEYVIKN —— romikn TEYVIKN 6.0
PO ORI MO ot s ST gaEs 77 75 g0 4
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 9
E.., (kvicm) E _(kV/cm)
, ex,z

Ewéva 5.4: Xoyrpion tov koumoAdv Syio(Eex2) K0Td uixog tov kAddov avénong tov Eey, mov eljpbnoayv and wua tomoixn
(ovumayn ooufolra) kor arod o koboliki (avoutd coufloda) texviky uETpPRoNS yio. SV0 AVTIIPOCWTEVTIKG, OEIYUOTA EVaL
(@)PMN-0,31PT xau éva () PMN-0,27PT. To évbeto ¢ eixévag (B) eotidler oty mepioyn tyuwv tov Eey, émov 0
OTOTEAEGUATO, TV ODO TEYVIKMDV GOYKAIVODY.
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5.2 Xapoktnpiopég Tov Aentd@v vpeviov Nb

To Nwopio (Nb) éxet amotelécetl avtikeipevo Epevvag oe TANO0G HEAETOV GTO TTESIO TNG VIEPAYWYUOTNTOG
AETTOV LUEVIOV OedouéVou OTL KaTéYEL TNV LYNAoTepn Tc pHETOED TV peTaAAMKOV YA youniig-Tc. H
EPEVVITIKY UOG OUAdO £XEL LEAETHOEL CLGTNUATIKG TIG VEEPAYDYIUES 1B10TTES AemTdv vuevidv Nb g
nepovopévo ototyeio B4 M wg éva evBideco VIO GE TPIGTPONATICES VOVOSOIES IOV OTOTEAOVVTOL OTd
Gha 500 IM vpévia B9 Tty napovoa Sidaktopchi StatpiBn, to Nb ypnopomoteiton og 10 YA ovototikd
0€ o VEOL KOTNYOPd TEXVNTOV SOp®V oL amoTeAovVTOL oo Vo Aemtd vuévia Nb evamotebnuéva otig
ehevbepeg empaveieg evog ITH vrootpodpotog (PMN-XPT). Onwg avapépbnke otnv mopdypogo 5.1, pepikd
ano ta [TH vrootpodpoata PMN-XPT mopépevav oty mapbéva toug katdotacn (dniadn yopic va vrostody
Jetovon) epeavifovtag ToAD VYNAES TIHEG EMPAVELIONKNG TpayVTNTaS, Sa. el T0 AdY0 0wTd KpiveTal GKOTIUO
v LEAETNBOVY AVOAVTIKA Ol VIEPOYDYIUEG 1010TNTEG TOV AsmTdv vueviov Nb dtav eEapodvtan mapduetpot
TOV VTOGTPAOUOTOG TOL SVVATOL VO ETLPEPOVY CNUOVTIKES QAAAYES GE AVTEC, OTMG EVOL 1) VYNAT ETLPOVELNKT)|
TpoyvTNTa TV VIooTp®UdTV PMN-XPT. ['a avtd to Adyo mpaypoatomombnkay dlepeuvnTikég evamobécelg
Aemtdv vueviov Nb oe vrnootpopata Si (Si/Nb(dny)). Ot doupéc Si/Nb(dyp) amotedodv éva kotdAinio
cLOTNUA Yo T BepNTIKN dlEPEVVNON TOV TEPOUNTIKOV OTOTEAECUATOV KOl MG €K TOVTOL TNG EKTIUNONG
TOV WKPOGKOTIKAOV TOPAUETPOV TNG VIEPaymyudT T o vuévia Nb.

INo va e€aopolotel 1 Peltiotonoinon tov vagpoydyiwmy Wothtov tov vuevidov Nb 660nke
Wwitepn TPOCOYN OTNV TPOETOAGIO TOVG. ZVYKEKPIUEVO, 1 EPAPUOYN OCLYKEKPUUEVOD TPMOTOKOAAOL
evanoBeciéwv mov Paciletan o 3-dpec mpo-evandbeoeic Nb ue tavtoyxpovn e€mtepikn Yyo&n tov BaAdpov e
xpnon Kpvormoyidog aldtov eEaceodilel ™ mapookevn vpeviov Nb vyning vaepoaydywng motdtmrog.
[epiocotepeg Aemtopépeleg emi avtov TOL OEUaTOg divovial otV TPAYPaPo 5.2 TOL ayYAIKOD KEWEVOU.
E&acoliovtag Tic BéAtioteg cuvOnkeg evamdnong Nb, mapoackevdotnke po avolvtiky cepd detypdtov
Si/Nb(dnp) pe petafariopevo mayog dyp amd 3 éwg 100 nm.

EeKVOVTOG UE TOV KPLOTOAAOYPAPIKO YOpoKTNpIopd v Aentdv vueviov Nb éywvav petpnoeig
IMAX oto gbpoc yovidv peta&d 30° kar 90° pe Ppo 20 ico pe 0,03°. H ewdva (5.5.0) mopovsidlet
AVTITPOCOTEVTIKG, amoTeAéopato TV puetpnoemv ITAX yio Aentd vpévio pe dyp mov petofdiletar peto&d 10
kot 100 nm. Ze OAeg TIG HETPHOELS 1) KOPLOT oTig 68,9° avikel 610 VIOoTP®UE Si, EVED 1 KOPLOL KOPLPT TOV
Lemtdv vpevidv Nb  Bpioketon otig 38,32° kou tavtomoeiton og 1 kopven (110) pag TumiKhg
YOPOKEVIPOUEVTS KOPBIKNG doung. H avénon tov dyp méve amd ta 40 hm cuvodedetol amd TNV TPOOSEVTIKY

10000 | UMMM R R 12— ]

(a) ¥Nb(110) g (b) _

L i | = . 1

1000 1 \ = l\lb(220) 1.0}f -
100 | S

“ ; Si/Nb(100 nm) i o 08f .
> 10 v o
M Si/Nb(50 nm) o

2 ] - 06r ]
v, 1 ‘ Si/Nb(40 nm) S5

0.1p é\: 0.4} ]
t',_Z

0.01f ~ 02l ]

1E-3 L 0.0 R T T T T T TR S T

30 35 40 45 50 55 60 65 70 75 80 85 90 0 10 20 30 40 50 60 70 80 90 100

20 (uoipeq) d, (hm)

Ewova 5.5: () Metpijoeic TIAX yia doués SIIND(dyy). H kataxdpopn uetotomion twv ypopnutmy ETITPETEL TNV GUETT
obyrpion twv petpoewv [AX o oyéon e to Ay, 10 omoio petofdrler uetald 10 ko 100 nm. (B) O Adyog ¢ oyetiric
évraong e kopveric (110)tov Nb wg svvaptnon tov dy,. H kdkkIvy ypouus) tomobeteitor wg 00nydg yia to udi.
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eueavion g kopveng (220) otic 81,7°. Emmdéov m avéEnuévn mocdtnta Nb ota moydtepa vuévia
exdnAdvetal pe TV avENEéEvN g évracng g koplag kopveng (110). Avtd yiveton pavepd oy ekdva
(5.5.p) 6mov o Adyog In, 1271519 Siveran ®¢ ovvaptmon tov y,. O Adyog Iy 201,109 e&acealiler v
KOVOVIKOTOiNon tov gvidosnv g koplag kopueng (110) tov Nb ywo T didpopa mwayor dyp. A&ilel va
onuelwdei 611 otig petpnoeig ITAX tov Aemtdtepov vueviov Nb dy,=10 hm dev mapatipnOnkay GAiec Pacelg
t0v Nb 1 0&eidua tov Nb. Qotdc0 givor Aoykd va Bswproetl Kaveig 0Tt éva TOAD Aemtd otpodpo. (Tepimov 2
nm) dpopeov o&ediov oynuotiletoan oty e€mtepikn empdveln, Towv vueviov Nb 6tav avtd exteibovtal og
mePPaAlovTiKéG cuVONKeG, TO OMO0 AOY® TNG WKPNG TOL TOcOTNTOG 08 UTOpel va aviyvevtel amd Tic
ovykekpluéveg petpnoetg ITAX.

SvveyiCovtag pe v enidpacn tov peyéboug (size effect) tav vuevidv Nb oty T, 1 wova (5.6.0)
ocvvoyilel TIg TEWPAUATIKEG TIHEG TG T MOV TPOGAOPIGTNKAV HOyVNTIKG and comediakés kapumvieg M(T),
®¢ cvvdpTnon Tov Tayovg Uy TV Vueviov. Onwg gaivetoal oy gikova (5.6.0) 1 peiowon Tov dyy 0dnyel o€
otadakn peiwon g Te, n onoia yivetar wo andtoun 6t 10 WaYog dny HEIOVETOL KAT®O 0md To 20 hm
KOTOAYOVTOG GE KOTAGTPOQY TNG VAEPOYOYMOTNTOG GE LUEVIO PE ThY0G Ueri=2 M, Om®¢ QaiveTal 6To
évBeto ¢ ekovag (5.6.0). [ v epunveia ovTtdV TOV 0moteEAéouatov £xovy Tpotadel dtdpopa Bewpnricd
povtéha otn debvi apbpoypario mov amodidovv TN KOTAGTPOEN TNG LREPAYMYILOTNTOS OTO AETTOTEPO
vuévia AOY® NG €vTovng EMOPOONG QUOIKMV UNXOVIGUOV OT®G givol 1 adénon g Sopikng datapayns
(disorder) MM tponoinon g napapétpov TaENe g vIepayoyoéttag (order parameter) M kon téhog 1
évtovn emidpoon Tov @awopévov yerrvioong (proximity effect) ™ Bpéonke Aowév 6t 1o kordAinio
OepnTikd HOVTEAO YO TNV €pUNVEiD TOV ATOTEAEGUATOV g€ival avtd mov Paciletal oy emidpocrn Tov
eawvopévov yerrviaong. To povtélo avtd Paoiletar og o tpomomomuévn ékepacn Tov poviéhov McMillan
vy v T Ko diveton amd ™ oxéon,

(—2d
T.=T. .ex NM 5.1
c p(N(O)V(dNb—ZdNM)J 1)

omov Teo givor m Ty g Te tov avtiotorov tpiodidotatov vikod (T¢=9,2 K yio to Nb), (n péon

elevBepn Sradpopun tv niektpoviov, N(0)V 1o dvvapukd aAANAETIOpOoNG TOV NAEKTPOVIOY GTNV EMPAVELD
Fermi kot dym 0 méyog Tov oyYNUATICOUEVOL GTPOUATOC EVOG KOVOVIKOD HETAAAOD oTnV ehedBepn EMQAvELD
TOV VEviov. ZOUe®Va [e o0vTd To HOVTELD, 1| pelmon TG T omodideTar 6To GavOUEVO YeITViNoTg TO 0Toio
emdpd oloéva kal mEPIoeOTEPO KOODG T0 dyp peidvetal. BéBoia 10 @awvopevo yerrviaong omattel v
mapovcio pag doung mov amoteleital amd Eva YA vuévio mov Ppicketal og emapn pe €vo un-YA vuévio
(0mwg givan Eva kovovikd pétodro, KM). Tlaporo mov gaiveratl 0Tt ovtd T0 HOVTIEAD dEV TEPTYPAPEL TIG SOUES
Si/Nb(dnp), amotelel éva Aoyikd poviedd av oke@tei Koveig 61t 6tav to vuévio Nb exteiboviar otnv
atuoOcealpo tote £vo, Aemtd otpopa ofgwdiov tov Niofiov (mov givor pn-vaepaymyio) oynuotiletal oty
erebbepn empaveld tovg, to omoio cvumepipépeTor g KM. Tavtdypova, o mpémel va toviotel 611 O
vrootpdpote Si mapovoidlovy éva Aemtd otpdua SiO; mov €xel oynuoatiotel Adyom g ékBeonc Tovg otV
atudéoeapo. Emopévmg ot diemoen Si/NbD dropo o&uydvov pmopodv va S1E1680G0VY 6T0 TPMTO ATOUIKE
enineda tov vpeviov Nb pe omotédeopo v ofeidmon tovg. Apa petald tov Si kar Tov vueviov Nb
oynuatifetor éva un-Y A vuévio mov givar KM. Zvvovalovtog to 600 mopamdve, umopel Kaveig va 1oyuplotel
ot evomdBeon Nb oe Si pmopei va BswpnBel og po dopun SiFKM (dym)/Nb(dn)/ KM(dnw), emttpérovtog tot
™ yphon g oxéong (5.1) yia ) meptypa®n TV TEPPUTIKOV dedouévav Tce(dny). Ztnv eikova (5.6.0) 1
UmAE-ypopu] €ivol To omoTEAESHO TNG OE@PNTIKNG TPOCOUOIDOTG TMOV TEPUPATIKOV O£d0UEVOV HE TO
povtédo McMillan, oyéon (5.1). And v mpoéktacn g BewpnTikng kapmding oe Tc=0 K Bpébnke o611 0
Kpiotpo méyog (derit) OOV KATAGTPEPETAL 1) VIEPUYDYILOTNTA Eivon TTEPiTOL oTo, 2 NM.

O1 digpevvntikég evamobéoeilg Si/Nb(dyp) ypnoipomomOnkoy exiong yio ) HeAETN TG ENISPACGNG TOV
néyovg dyp 010 Heo (g1k6va (5.6.8)). Aedopévou 61t to Aemtd vuévia Nb cvumepipépovtar wg YA dgvtépov
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Ewova 5.6: (o) H eridpoon tov ueyéBouvg twv vueviov Nb (mov eivar to wéyog dyy) oty Te. Ta adufolio arotelovv ta
TEIPOLLOTIKG, OEOOUEVO, EVO 1] UTAE-Ypoyus] €vol To OmOTEAETUO THG OewpPNTIKNG TPOCOUOLDONS TWV TEIPOLUOTIKDY
dedouévav ue to povrélo McMillan wov diverar amé v éxppaocn (5.2). To évleto sotidler otnv mepioyn dyp<20 M émov
n T perdveron amdroua uéxpt v kataotpopn s YAg ato kpiowo wayog twv 2 nm (dei~2 nm). (B) H exiopacn tov
ueyéfovg twv vueviwv Nb otic tipég tov Hep(0). Xto évBeto mapovaidlovial o€ kavovikomomquévy kAioka Gspuokpooidv
ta mewpopatid amotedéouata g ypouuns Hea(T) yra didpopa dyy (60ufola) aovodevdusva ue ) Gewpntiky pocopuoyn
TV OTOTEAECUATOV (O1OKEKOUUEVES YPOLLES).

gidovg, N peiwon mg Tc pe v avénon tov Hy: amotvmdvel T ypoppr tov ave kpicipov nediov Heo(T).
Zulléyovtog dedopéva amd ovoluTikés toomedtokés petpnoels M(T) ywo ddepopa He kotaypdeovar ot
Heo(T) vy ta d1dpopo. Si/Nb(dy,) mov mapoveidlovial oto évbeto ¢ swovag (5.6.p) (to ovpupolra
OVIUTPOCMOTELOVY TO TELPOLOTIKA OTOTEAECUATO KO Ol JIOKEKOUUEVEG YPOUUES T Be@pNTiKn TPOGHpUOYN
TOV OTOTEAECUATOV UE TIC Pactkég oyéoelg g Bempiag mov meptypdpovy ™ ypouun Hea(T) YA devtépov
gidovg). Tlapatnpeitar 0tL 1 ypapun Hea(T) avédvetar oe vynidtepa payvntikd medion kobmg 10 dyp
peiovetal. Amo v mpoéktacn tng Oewpntikng kopmding Hea(T) oe T=0 K Aoufdvetonr n evdektiky tiun
Hco(0). H e€aptnon tov Hez(0) amd to mhyog dyy mapovotaletor otny gwova (5.6.0). H povotovn peioon tov
Hc2(0) pe mv avénon tov dyp vokveitot oo v aAloyn TG SIGTOTIKNG GLUTEPLPOPES Tov YA omd 3A og
2A x00hg o dyp peidvetal. Tleplocdtepec AEMTOUEPEIEG CYETIKA LE TOV VIEPOYDYUO XOPOUKTNPIOUO TMV
Si/Nb(dnp) divovior oty Topdypa@o 5.2 Tov ayyAMKoD KEWEVOV.

5.3 Yagpaydyypog yopaktnpiopnog tov teyvntav dopdv Nb/PMN-xPT/Nb

Metd ™ 61e€odikn perétn tov puokav Wrothtov tov [TH vrostpoudtov PMN-xPT xat tov vueviov Nb,
oelpd £yl 0 VIEPAYDYIUOG YapoKTNPIOoNOS Tev Texvntdv doumv Nb/PMN-XPT/Nb mov amotelodv 1o
OVTIKEIUEVO HEAETNC QTG TNG SIOOKTOPIKNG STPIPNC. XT0 TAAIGIN 0TAG TG UEAETNG TAPACKEVAGTNKE L0l
oepd Oderypdtov Nb/PMN-xPT/Nb 6mov petafdiietor cvomuatikd 1o moyog dyp, €VG TOWTOYXPOVA
CLUTEPUMEONKE KOl 1 TOPOUETPOC TG UEOTG EMPAVEINKNG TpayLTNTaS (<Sa>) twv vrootpoudtoyv PMN-
XPT. T Adyovg ouykpiomng Kot yio va. eEaopoliotoly idleg cuvinKeg mapackevng Tov Aemtdv vueviov Nb,
oe kBe evomoBeon Nb éyovv tomobetOei tpia vrootpodpata, Eva PMN-XPT wov éyel vrootel Aeiavon, éva
PMN-XPT mov dev éyel vmootel Agiavon kol évo vrootpopa Si. Me avtd tov Tpoémo dievkoAdveTal M
OULYKPITIKT HEAETT TOV OTOTEAEGUATOV TOV AemT®V Leviov Nb peta&d vrootpopdtov dtupopetikig <Sa>.
2116 €1koveg (5.7.0-0) TopovctdleTol 0 VIEPUYDYILOS YoPaKTNPLoUdC TV TeYvitdv dopmv Nb/PMN-
XPT/NDb, otig omoieg o ITH vrootpdpoto PMN-XPT £yovv S1a@opeTikiy UECST EMPOVELOKT TPOYOTNTO.
AvohuTikoTtepa, 1 ekovVa (5.7.00) dElVEL TO GUYKEVIPOTIKA amoTEAEGHOTA TG HETAPOANG TG Tc Yo ddpopa
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nhym dp evamotebnuéva o vrootpodpoate Si (Tpdooivol kbkhot), og Astaouéve PMN-XPT (kdkkivor poufot)
ko o pn-Aswacpéva PMN-XPT (unde tetpdywvae). Onog Ntov avouevopevo 1 advénon e <Sa> emidpd
em{nua oty vaepoyoywotta tov vueviov Nb. Tvykekpipuéva, n otadwkn avénon g <Sa> odnyei og
TPOo0dELTIKN VIoPadion tov KaprvdAdv Tc(dyp) Yo ta dtdeopa vrootpdpata. H vroBaduion avty yiveton
QOVEPT GTNV TEPLOYN TOV GYETIKA HEYAA®V dyp, 0moV ot Kapmdreg Te(dyy) sivarl vroPabiouéveg katd -0,7 K
™m¢ KapmoAng Te(dny) TV vrootpopdtov Si. Avti n vroPdduon éxel og amotélecpa T0 KPIGHo oy oG
(derit) TO 0omOi0 ONUATOSOTEL TNV KATAGTPOPT] TNG LVAEPUYOYILOTNTOG Vo ueTOParAeTon and dei=2 NM ota
vrootpdpote. Si, og dgi=4-6 hm ota vrootpopata PMN-XPT (gite eivan Aetaouéva gite dyr), OTmg paiveton
oto évBeto g ewovag (5.7.a). Toviletar 6TL Ady® TG dLoKOAiNG Vo povtedononBel 1 enidpacn tng <Sa>
oV T¢ ka1 g eloaymyng g oty ékepact g Te(dny) (oxéon 5.2) ot ypappég eivar odnyoli yia to pdrt kot
oyL to amotélecpo mpooopoinong. Mapdiinia pe v vrofddong g Te Ady® g avénuévng <Sa>
TopoTNPNONKE Kot GNUAVTIKY S1EVPVVOT] TNG VIEPUYDYIUNG HETAPaoNS (ATc). AVTO QAIVETOL TOLOTIKG GTNV
ewcova (5.7.B), 6mov 1 andtoun vrepoyd@yun petdPacn evoc vueviov Nb pe dyp=20 nm otadaxd avEdvetal
pe v avtiotoyyn avénon tov <Sa> 1ov VTooTPOUATOS. Bewpdviag TV AT g éva delktn tng moldTNTag

10 F = =SiND(d, ), ~0— PMNPT(ieracuevalINb(d ) '(d)' ST
9 PMN-XPT(un-Aeiaousvo)/Nb(d, ) ] OO H=5 Oe
8r o -0.21 ]
ju
- ‘-/ = -_ ]
7 3 i i i : . g 0.41 T=76K
L 7 = 1 ]
~ 6 =2 e 1 @ -0.6p T =6.8K ]
4 3 6 1 = tZ.F.C. c 1
\:) 5 Q 5F 3-08- Tc:6'4 K -
o4t 4 1 E-10f / :
3 - 3f ] i d,=20 nm evarotednuevo ]
3 2F 1 -1.2 :—Z'F'C' GE LTOGTPMUOL -
2 L 1F 1 4 [ —@— Si ]
0 . . L L '1~4. kot og PMN-XPT ]
1r 0 5 10d l?nn,so 25 30 1 6: Z.F.C. —0— Lsiaousvo, ]
P TR S T TR T A S SR g ¥ 1 I | U un-Aqiaousye |_'
OO 10 20 30 40 50 60 70 80 90 100 50 55 60 65 70 75 80 85 90
d (nm) T(K
6.0 ; ; Dy ; ; ; 6.0 ; ; .( ) ; ; ;
55 ('Y)_ Si vrootpepa PMN-XPTuroctpopo (6)
s ue un—-Aciaoueves emooveieg| |
50F E 55 o
4.5 ' O 3 — PMN-XPT vroctpopa
4.0 ' 7 = £ AEIOOUEVES EMMPAVELEG
£ 35f 1 50 1
5 3.0 — . <O B c;?
T 55 :_SI/Nb(dNb) pe, ”D’”Q‘ ) 3 |:{\‘4.5 ]
20 _+ d,=15nm,--O- d =20 nm o % IO
15 :_PMN-XPT(Aetaa,ugvo)/Nb(dNb) He,
1'0 (—®—d,  =15nm,--O- d | =20 nm 4.0
' E_PMN—XPT(MU—/Igzao;usvo)/Nb(dNb) . S N A 1 S
0.5 —— d,=15nm,--0- d =20 nm ]
O_' 1 1 1 1 3_5........|....|....|....|....|
%.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0 50 100 150 200 250 300
TIT, <Sa> . (hm)
Xx15

Ewova 5.7: (o) Metafori tne Tc ue 1o dyp yia vuévia Nb mov Eyovv evamotebei oe vmootpduaza Si (mpacovor kbxlot),
Jeroouévo, PMN-XPT (kéxxivor poufor) xor un-Aeiaouéva PMN-XPT (urle tetpaywva). To évOsto eotialer v mepioyn
twv dyp Omov n Te perdvetor amotopo uéypt to undeviouo wme. (p) loomedioxés kaumdlec m(T) oe wedio H.~=5 Oe Aemwrcdpv
vuevicwv Nb ue dyy=20 nm zov deiyvovv vy adénon e vrepaydyiuns uetdfoong ue v adénon e <Sa>. (y) Merofoli
¢ ypouunc Heo(T) yia teyvytéc doués mov amoterodvrar omd vuévia ue dypy=15 nm (cvumayy ovufora) xor 20 nm
(avoikta abufola) evamoteOnuéva. oe vrootpwuata Si (mpdooivor kbrlol), Aeiaouéve vrootpauare. PMN-XPT (kékkivor
poufor) ko un-Aeiaouéva vrootpduote PMN-XPT (uzle tetpdywva). (5) Zoykevipwtid didypouuc e exiopaons e
<Sa> otig riués tov Heo(T=3 K) yia lemrd vuévia pe dny=15 nm (pol ovufola) kor 20 nm (moprokali coufiora).
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Keedraro 5

tov YA (puikpn ATc meprypdoet YA vynAng moldtnrac), eivar Aoywko va e&oydel 1o copmépacia 0Tt n avénon
TOV <Sa> LEIDVEL TNV VTEPAYDYLT TOLOTNTO TOV EVOTOTEONUEVOVY DUEVI®V.

Zoveyilovtag e Tov VIEPOYDYIHO XopaKTNPopd Tov vueviov Nb kataypdenke n ypapun tov Gvo
kpiowov ediov Heo(T) yio vpuévia pe dyp=15 ko 20 nm gvanotednuéva oto Tpio S10QOPETIKE VITOGTPOLOTO.
Ta amotedéopa tov Heo(T) @aivovrar oty swkdva (5.7.7) 6oV Y100 AOYouE S1EVKOAVVGNG TG TOPOVGINGNG
TOV TEPOLOTIKOV amoTELEcUATOV avTd divovion o Kavovikomompévn kiipaka Beppokpaciov (T/Te). Omwg
yivetar eavepd and v ewova (5.7.y) v dyp=20 nm (avoiktd cvppora) n avénon g <Sa> vroPaduilet
1poodevTikd ™V ypapu Hea(T), eved m vrofdBuion avth yiveror mo £viovn oty TEPINTOON TOV
Aemtotepmv vueviov pe dyp=15 nm (cvpmoyr cvpPodra). AvticToiyms, HE TV TPONYOVUEVH aAVAALOT TOV
Tc(dnp) amopedybnke M mpocopoiwon towv amoteheoudtov ™ Hea(T) pe TIC YvooTéC ek@paoels Tig
apBpoypapiog Ady® ™G duoKoAiag TNV HoviELOTOINGNG TG EMPOVELNKTS TpoyvTNTaS. o avtd 10 Ady0, N
ewova (5.7.6) mapovoialel ™ dwokduaven ¢ Tung Tov Hep og Beppokpacioa T=3 K (Beppoxpacio mov
TEPIKAEIETOL EVTOC TOV TEWPAUATIKOV onpeiov) Adym ¢ enidpaong tng <Sa>. Toviletar 6Tt ol TIHEG TOL
<Sa> mov ypnoipomoovvToLl 6Tov opldvTio G&ova givol ovtég Tov Tpofkvyav amd peTprosl; MAA og
nepoyéc opoong 15x15 um? (avtumpocomeutikéc tkdvee MAA Sivovtan otic sucoveg (5.1.B.i-ii)). And ta
CLYKEVIPOTIKG amoteléopato TG ekovog (5.7.8) aivetar 0t N enidpaon g <Sa> oty tiun ™¢ Heo(T=3
K) duthaoialeton og vuévia pe dyp=15 nm o oyéon e ta vpévia pe dyp=20 nm.

To va epunvevtel n emidpoaon g <Sa> oTig vVIepaydyues 1010tNTEG TV vuevioy Nb mpoteivetar
éva povtélo to omoio AapPavel VTOYT Kot TO0TIKO TPOTO TNV ETIOPUGCT] TOV EMUPAVELAKDY LOPPOALOYIKDOV
avoUoAdV Tov vrootpoudtov PMN-XPT. Zuykekpiuéva, n vynin emQOVEIOKT TPoyLTNTO £YEl TIC €ENG
ovvéneiec: (i) To mayog tov evamotednuévon vueviov Nb dev givor opoOHOPPO GE OAN TNV EMPAVELD TOV
PMN-XPT vrootpodpotog kat (i) to mapdiinlo eEmtepikd poyvntikod medio dev ivan aiontd wg mopdAinio
o€ tomiko eminedo. o va yivel avTiAnmtd avtd 1 ewova (5.8) mapovsialel dvo ekdveg MAA pag meptoyn
capwonc 900x900 nm? ya éva Astaouévo vootpmpo PMN-XPT (sucova (5.8.0.1)) kat yio évar un-Actaouévo
vrootpopo. PMN-XPT (swodva (5.8.0.1))). H de&d omin g ewodvag (5.8) avamapiotd mocotikd ™
LOPPOAOYiD T®V VTOCTPOUATOV KOTA UNKOG TOV GEOVO-Z OM®G 0TI TPOKVTTEL AO TI LOVPT YPOLU TOV
éxel TomobetnBel otig ewoveg MAA g aplotepng oTNANG. XpNOOTOIOVTAS TNV 010 KAlpaKa Dyovg
(GEovac-z M| opldvtiog GEovac ot (ewdveg (5.8.0-P.i1)) amodideTor 1 eMPAVEINKY LOPQOAOYiD TMV
VIOGTPOUATOV OV EYovv VIooTel Asiavon (ewdveg (5.8.a.ii)) N Oyt (swcdveg (5.8.8.11)). H yxpilo Cdvn
avoraplotd 1o evamotednuévo Aemtd vuévio Nb (evdeiktikd pe moyog dnp=20 NM). Ao avt TN GYNUATIKA
OVOTOPAGTACT] YIVETOL QOVEPO OTL TO TAXOC TOV VUEVIOL dev dlutnpeital otabepd oe OAN TV EmMPAvELQ.
YUYKEKPLUEVQ, 1| OVOUOGTIKY T TOL TTaxovs TV vueviov Nb (dyom) dtatnpeitatl pévo oty Tave empaveia
TOV EMPOVEINKDV OVAUKOGEMY, EVEO OTNV TEPLPEPEIN. AVTMV 1 T ToV Tayovg eivar pukpotepn (def).
Teopetpikd pmopel edvkola va anodeydel 6t n oyéon mov cLVIEEL TO Unom ME TO Uefr, vl der=Unom COSH,
o6mov M yovio 0 peta&d ¢ gpantopevnc evbeiog oe €va onueio pe v TopAAANAN evbeia. H yovia 0
e€optdral amd T EXPAVEINKT LOPPOAOYia, N oToia Yio TNV mepintmon vrooTpopdtmy Si eival 0, evd yio Ty
nepintoon vrootpopdtov PMN-XPT givor epinov ion pe 35° yuo Astaouéva vrootpodpata kot 70° yuo u-
Aetaouéva VTOOTPOUATO. AVTN 1 TPOTOTOINGT] TOV 7hXOVG emPEPAIDOVEL TOLOTIKA TN GULUTEPUPOPE TNG
Tc(dnp) ™G gwovag (5.7.0) kabdG 1 aOENGT TG ETLPOVELNKNG TPOYDTNTAS UELMVEL TO Ueff LE OTTOTEAEG O VAL
KOTOGTPEPETUL VOPITEPQ 1) VIEPAYOYILOTNTA GTA VUEVIO, dNAadN og mayvtepa vuévia Nb. Tavtoypova, to
epapuolouevo poyvntikd medio (He) otig meproyic tov vueviov Nb pe mhyog deg dev yiveton oucdntd wg
TOPUAANAO, HE OMOTEAECUA T GLVIGTOGH TOV He mov eivon mapdAAnin oe ovtd va etvar Hp,<Hex o
oVYKEKPIHEVO Hpa=HexCOSO, Mg @aiveton otig ewkoveg (5.8.0.ii) kar (5.8.8.1i). O cvvdvacpdg tov vémv
tponomomuUéVeV Heyedmv e kKo Hpa Sucaoloyel v voBadpion g ypoppuis Hea(T) pe v avénomn g
<Sa>, 6TWG TAPOVCTIAGTNKE OTIS EIKOVES (5.7.7-0).
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Ewova 5.8: (a.i)-(B.i) Abo eicovec MAA ac meproyric 900x900 nm? yia éva PMN-XPT mov éxer vofinblei oe Aciavon kau
yio. évo. Tov dev Eyel vmofinbei oe leidvon twv empavelwv tov, aviictowo. Xe kabe ewova MAA n padpn ypouun
DITOOEIKVDEL IO, CUYKEKPLUEV] VPOUUY OCPWONG, | OTOL0, ATOTOTWVETOL OTO DWOUETPIKO TPOPIA TWV VIOCTPMUATOV OTIG
ecoveg (a.ii)-(B.i). Zug ewmoveg (a.ii)-(B.Al) n yrpila (ovy ovumpoowmeder évo vuévio Nb mwayove 20 nm mov éyet
evarmotelel oto didpopo. vrootpduata. Ta podpa SimAd BéAn deiyvovy 1o mdyog tov Nb 1o omoio eivau ioo ue Anom TV
OTNY EMPAVELL TWV ETLPOVEIOKDYV OVAOKMDEWY Kol e U oty mepipepeiaxyy empaveio, avtwv. Ta omid podpa féln
deiyvoov T diedbovon tov poyvntikod mediov Hey ko tv ovviotwodv tov, Hyom kot Hpar. Tia Adyovs abykpiong ot eixoveg
(a.ii) xou (B.ii) wapovoialovrar oty idio KAioko Tiu@Y T0D DYovg Z Tov givar 0 opiloviiog AEovag TV EIKOVWV.
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Kepdroro 6

IMieloniexTpuxi] TPOTOTOINGT TOV VTEPAYDYIUMV LOLOTNTOV GE TEYVITES OOUES
Nb/PMN-XPT/Nb: 8smpntki] avaivon

AvTo 10 KEQAAOIO TapovGlalel Ta Oe@PNTIKE HOVIEAD TOL YPNOUYOTOOVVTAL GE QLT TN OB0KTOPIKY|
datpiPn yuo ) perétn g melonheKTpiKng TPomoToinong TV vaepay@yov wottov (Te kot Jc) o
tervntég dopég NB/PMN-XPT/Nb. Ztoyo¢ g Bswpntiknig avaivong sival va avadeydei n tpomonoinon tov
UIKPOGKOTIKMY TOPAUETPOV TNG VIEPAYDYHOTNTOS TOV EUTAEKOVIOL GE OVTEG TIG TEXVNTEG OOUES, KAOMG
eniong va dobBovv or katdAinkeg ekppdoels tov Tc kot Jc mov pmopodv va ypnoipomomBodv yuo ™
Oe@pnTiKn TPOGEYYION TOV TEPUUATIKOV dedopévay. o va yivel avtd mpoteivetal £va OIVOUEVOAOYIKO
LoVTELO TO omoio mepLapPavel To 1O10HTEPA YOPAKTNPIOTIKE TOV JOMKOV GTotKEl®V mov amaptilovv Tig
TEXVNTEG SOpEG. Eekivavtag amd Tig OsmpnTikéc ekppdoelc g Te kat g Je yia ta vepayd@yo vuévio Nb,
TPoTEivOVTal KATOEG SOKIHOOTIKEG GUVOPTIOELS Ol OMOIEG EVOMUOTMVOLV TNV TOPAUETPO TNG UNYOVIKNG
TaoNG S 6 KUTAAANAOLG OPOVG TOV EKPPAGEDY TOVG, divovtag £Tol TIG avtioToles ekppaoelg Tc(S) kot
Jc(S). T ovvéyeta, cuvdvdlovtag avtég Tig ekppdoelg pe v e&iowon S(Eey), N omoia exepdlet Tic nhextpo-
unyavikég Wiotteg twv PMN-XPT, mpokbdmtovv ot telikég ekppdoets tov Te(Eex) kot Jo(Eey).

6.1 IIeConrekTpikn Tpomomoine TG Kpicung Oeppokpacioc—Parvopevoroyikn tpocEyyion
™S ékppoong Tc(Ee)

Avt) M TOIPAYPOPOS TEPLYPAPEL TN BempnTiKn avdivon oyetcd pe v meloniektpikn e&dptnon g Tc oe
teyvntég dopéc Nb/PMN-XPT/Nb. H embounty @awouevoroyikn mpocéyyion e ékepaong Tc(Eex)
TPOKVOTTEL amd TV KatdAnAn ewoaywyn g eiowong S(Eex) OTIG WIKPOGOTIKEG TOPOUETPOVS THG
VIEPUYOYILOTNTAG TOV E6MOKAEIOVTOL GTHYV £K@pact TG Tc yio ta vaepaydyua vuévio Nb.

i. EEapTnon TOV HIKPOCKOTIK®OV TOPUUETPOV 00 TNV U OVIKY TdoN

[Ipokeyévov va mpoadopiotel n e&dptnon g T pe ) pnyavikn tdon S, o mpénet kavelg va avoloylotel
TG Ol UKPOGKOTIKOL TapdueTpot TG vaepaywypdTntag tawv vueviov Nb eEaptdviol amd avtr. H éxepaon
g Te y10 ta vpévian Nb ov avijcovy toug YAG evdidpeonc ovlevéng, divetar amd v ékppaot McMillan .
H McMillan éxgppaon g Tc pue ke=h=1 diveton mg &g,

1.04-(1+2)
A—u -(1+ 0.62./1)J (6.1)

6mov a givar po otabepd mov wpoépyetol amd to Adyo a=Kg/(1.2-h) ko e&umnpetel o¢ otabepd TPocLyyIong
TPOKEEVOL VO OVOTTOPAYOVTOL Ol 0OOTEG TWWEG NG Te. Amd v ékppaon (6.1) yivetor eovepd ot Te
e€optdror oo TN HECT) GLYVOTNTO TV POVOVI®V M), (cVVTEAESTNG TOL £kbeTIKOD TG ékppacng (6.1)) kot To
duvouikd olnienidpaong (ekBetikdc 6pog g Ekppoaong (6.1)) mov mepthaufdver Tnv avtifetn enidpaocn Tov
EAKTICOD Suvaikod A kot Tov ameotikod duvapkod Coulomb x”. H cuvapmon Te(S) mpokdmtet and v

T.=a-0, -exp(—

eEGPTNON OV £X0VV O HIKPOGKOTIKOL TUPAUETPOL @y, A kot 1 pe T pnyoviky téon S. T owtd 1o Adyo
860nKe 1aitepn onpacio va Ppedodv ot KaTdAANAes SoKLACTIKEG GLVaPTHGELS TV On(S), A(S) kat ' (S).

O ovvterestc o TG Ekepaong (6.1) oyetiCeton dpeca pe ™ Bepuokpacio Debye (Op) ko givar pia
TapaueTpog mov e€aptdrol omd to VAKS (yia to Nb @p=275 K). Avtd onuaiver 6Tt 1 ouvaptnon on(S) da
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IIieoniekTpuk] TPOTOTOIN G TOV VAEPAYDYILOV IOLOTHTOV GE TEYVNTES OONES
Nb/PMN-PT/Nb: 0sopntiki avalvon

TPEMEL VAL VOl Lo, OpaAn} GuvapTnon tov S pe medio TIMY oL KVHAIVETOL YOP® Omd TIG TUTIKEG TIUEG TOV
®;p TOL AvTieToroVV oty BOp tov Nb. Tvvenmg, ot KaTIAANAEG SOKIHOOTIKEG GUVAPTAGELG TG ®R(S) Ba
TPEMEL VO EIVAL E1TE YPOPLIKES, EITE TETPOYOVIKEG GUVOPTHOELG TOV S KoL 01 AVTIGTOLEG EKPPACELS Eiva,

S+, -S? (6.2.a-B)

OTOV TO Mo OVOPEPETAL GTN UN-SlaTapayuévn pHEon cuyvotnto TV eovoviov (yio S=0) kot ot 6pot oy 1,

(Dln (S) :(Dln,o +(’0In,1 : S Ko O‘)In (S) :(Dln,o +(’0In,1 :

®in,2 kabopilovv to puéyebog g emayouevng dotapayig 6TO0 POVOVIKO KAAG0 AGY® NG TAPAUOPPOCNC TOL
KPLOTOAMKOD TAEYHOTOS Yoo avtd kot Bo amokodoOvioaw ®¢ ocvvieleotésg dwtoyng. Toviletor 6tL o1
GUVTEAEGTES JOTOPUYNG Mjn 1 KOL O 2 OV €Y0VV KAmola £vOoyev TpodidBeon wg mpog tnv eEAPTNOT| TOVG pe
™ paviky téon S kot £tot Aapfavetar voyw kabe mOovi Tpomomoinon TOV PevovikdV KAGdev 2. Tm
ovvéyeln o1 ekPpacelg (6.2.0-B) B avapépovTat G M YpauuIkn KOl 1| TETPOYWVIKH TEPITTOGT), OVTIGTOYO.

0 ex0eTucdc 6poc TG Ekppaong (6.1) TephapPavel Tovg 6povg A kot 1 . Lo mAaiowa pekée tov YA
evoldpeong oulevéne avtoi ot Gpot pumopovdv vo AapPavouy TIuég Eviog GuykekpIEvev opinv, 0,5<4<2,0 kot
0,1<1'<0,2 8 ey 1 vIEPAYOYIOTNTA KATAGTPEPETAL ATOTOMA HTAY GVTA OTOKAVOLY Ao Ta TESTaL TIdV
tov¢. H cupPory tov A kat 4 o1ic Tpée e Te eivar eviovotepn TS GOUPOATG TOV My, KOODE HioL Hkph
petafoin tov kpuotaAdikod TAEYpaTog Tov Nb Oo emnpedost apyikd To unyaviopd dnuovpyiog/KatacTpoyng
tov (evyov Cooper kot PeTEmelLta, T cuyvoTnTo TOV eovoviov. Etouévmg, sival Aoywd vo Bewpnbei 6TL 1
e&aptnon Tov A kat i amd T pnyovikh tdon S 0o mpémet va divetat omd ekOETUCES GUVAPTAGELS, KAOMS Lol
Hepy oAy OTIC TIEG TmV A Ko i uopei vor empépet andtopeg petaforéc oyt mg Te. Qotéco,
EMIOPACT NG UNYOAVIKNG TAONG GTO EAKTIKO dUVOLIKO A Elval SIOPOPETIKNG OUTAG TOV OTMGTIKOD SLVOULIKOD
. To map@detypo, 0tav évag YA vroBarletor 68 pEMKVOTICH Nyoviky Tapapdpeoct (S>0) 1o eAkTucd
Suvopukd A Oo mpémel vo eEacBevel, evd TO omwoTIKd duvokd x Oa mpémet va avEdvetor. o va
cLUTEPMNPOEl aVT N CLUTEPIPOPE OTIC SOKILAOTIKEC ovvaptioels tov A(S) xat 4 (S), ot exbetucol
OULVTEAECTEG £Y0VV aVTIOETO TPOOTLO KOl O EKPPACELS TOVG divovTal oG e&Ng,

A(S) =4, -exp(-4, -S) ko 4 (S) =, -exp(4 -S) (6.3.0-B)
OTOV 0L OPOL A KO fig OVOPEPOVTAL GTO LN-SLATAPOYLEVO EAKTIKO KO 0m®oTikd duvaukd (v S=0), evid ot
exOeticol 6pot Ay kar g kabopilovv to péyedoc e emoydpevnc dtotapayis Kot Ba amokaAovVTOL MG
cuvieheoTéc Sratapayfic. Ot cuvTEAeoTEC Stotapoyng Ay kot 1 AopPavovy BeTiké TES TPOKEWEVOD VL
IKOLVOTIOLODVTOL Ol PUOLKES OMATIOELS OXETIKG LE T HETAPOAY TOV A Kat 4 ®C TPOC TN PNYOVIKY Téon S.
TENOC, E1GGYOVTOG TIG TIPOTEWOEVES SOKIMAOTIKEG GLVOPTAGEL (@in(S), A(S) kat & (S)) oty ékppaon (6.1)
pokVTTEL 1| emBuunt cvvaptnon Tc(S), n omoia yio T ypauuiks Kol v teTpoymviks v,

1.04-(1 -
Tc (S) = a'((’)|no+0‘)|n1 -S)-exp - (i ( * A*O exp( il S)) (640,)
oo 2 exp(=2,-S) — p, exp (4, -S)-(1+0.62- 4, exp (-4, -S))

Kot

b(1+4,exp(4 -S)) j (6.4.p)

T(S)=a- +o, -Sto _-S7)- - - -
. (S) ((”m,o Oy " STO, ) eXp( 2,exp(=4,-S)— 4, exlo(ﬂ1 -S)-(1+c~/1O exp(-4,-S))

ii. ®awvopsvoroyukn wpoctyyrion ™S Ekepaons Tc(Eey)

Mo va dievoivvlel 1 GOYKPION TOV TEWPAPATIKOV dedOUEVOV TG Tc ®G TPog T0 Eex e TO mpoTEWOUEVO
povtédo g T¢(S), Ba mpéner n unyoviky tdon S vo avtikotootadel omd TV TEPOUATIKY TOPAUETPO TOL
nAextpikod medio Ee. o va yiver avtd cvvddaletor n eicwon S(Ee) pe tic cvvaptoeig Te(S) (exppdoeig
6.4.0-p). H e&icwomn S(Eex) pumopei va ivar gite o ypouuxs, €T P 76700y vkl GUVAPTNGCT TG UNYAVIKTS
thong S pe 10 gpappolouevo nedio Ee (exppdoeig (1.34) xar (1.37) g mopaypdeov 1.2.iii tov ayyiikon
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Kepdraro 6

Kkewévov). O ovvdvacpog tov ocvvapmoenv T(S) pe t1c e€iomoelg S(Eex) Oivel 1666EpIc SL0QOPETIKES
ekppaoelg yio ™ ovvaptnon Tc(Eex), €d0péEVOD OTL VITAPYOVY VO BOKIHOGTIKEG GUVOPTNOELS OR(S) Kat 600
elomoelg S(Eey). T vo dtokpivovtar ot dtopopetikég cuvaptioelg Te(Ee) k60e pio amd avtég gépet 1o
ovopa ¢ ovvaptmong on(S) (ypouuixn M tetpoywviry) kot g e&icoong S(Eex) (ypouuixn M tetpoywviry)
7oL xpnoporomdnke otnv telkn ékppacn ™G Tc(Ee). Zvykekpipéva, 1o ohvBeto dvopa Tmv eKQpacEDY
™G Tc(Eex) éxovv m¢ mpdto cvotatikd to dvopa g op(S) kot og devtepo cvoTatikd to dvopa ™G S(Eey).
'Etot, 1 ékepacn g Te(Eex) Yo Vv ypopyuri—ypopyuxi mepintowon iva,

1.04-(1+ 45 exp(-4 -E, )
/15 exp(—&ll -Eex)—y:/ exp(y:/ -Eex)-(1+ /15 exp(—ﬂ_ll = ))

TC (Eex ) =a: (G)I/n,o +(‘0{n,1 : Eex ) MNY [_

(6.5.0)

KOL Y10L TNV YPOUUIKH—TETPOYVIKH TEPITTOOT gival,

/ / / 2
Tc (Eex ) =a- ((’Dln,o Jr(’oln,l : Eex Jrwln,z : Eex )
/ / / 2
o] - 104-(1+ 2y exp (-4 -E, — 24, -E, %))
ﬂ“(; exp(iﬁ’ll : Eex 72“2/ ’ Eexz)ilu:/ exp(#l*/ ’ Eex + lu;l ’ Eex2 ) '(1+ ]’(g exp(iﬂ“ll ’ Eex 7]’; ’ Eex2 ))

(6.5.B)

6mov ta Tovolueva peyEdn eivon o In0=®n ot ®in 1A, /1’0=/10-exp(—/11A0), ,u’o*=,u0*-exp(,ul*Ao), o Ini=On,iA,
b =A1A kot ,u/i*:,ul*Ai vy i=1, 2.
H éxopaon g Tc(Eex) Y10 TV t8Tp0y0VIKT—Ypogikh Tepintmon eiva,
Tc (Eex ) =a- ((D:n,o Jr(‘){n,l : Eex Jr(‘){n,2 : Eex2 ) :
.exp[ 1.04-(1+ 29 exp( -4 -Eq — 4 -Eo”)) j
Y / / 2 * * * / / / 2
Ao exp(_ﬂi Eex =4 B )_:uo exp(/u1 = +luzl ’ Eexz)'<l+ﬂo exp(_)‘l "Eex =4 "Eey ))
(6.5.y)

KO Y10 TV TETPAYWVIKI—TETPOYOVIKH TEPIMTOOT €lval,

4
Tc (Eex ) =a- (“){n,o + zwlln,i : EexI ] :
i=1

1.04-(1+ﬂé exp(—ﬂi/ ‘E, A ~Eexz))
P (A B2 B ) exp(s Euy 440 E) (Lt A exp(A Ey 4 En0))
(6.5.5)

Omov ta Tovodpeva peyén eivan (D/m,o:(Dln,o"‘(Dm,1Ao+03|n,2A02, 03/|n,1=03|n,1A1+(D|n,22A0A1, CO/ln,2=C0|n,1A2+

2 I I 2 4l _ /_ I _ [x_
+0n2AL 0 22A0A2,  ©1n3=01n22A0A1,  ©'1nsm0n2A",  Lo=Ao €XP(-hAg), A1=hAL, A=A, o =wo
exp(ur Ao), 11 =1 Ag ko i, = A

6.2 IIeConrekTPIK] TPOTOMTOINGT] TI|S KPIGIUNGS TUKVOTNTOS PELRATOS— D aIvOpREVOLOYIKT
apocéyyion TSEKPPaonS Jo(Eex)

Avti 1 Tapaypapog TePLypapetl To Bewpntikd Lovtélo oyeTikd pe v melonhektpikn eEdptnon g Je oTIC

teyvntég dopég NB/PMN-XPT/Nb. H goawopevoloyikn mpocéyyion g cuvapmong Je(Eex) mpokimter and
mv soaywyn tov sfioocewv S(Ee,) ot ocuvvaptmon Je(S). Inuewdvetar 6t i ovvdptnon Je(S) mov
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IIieoniekTpuk] TPOTOTOIN G TOV VAEPAYDYILOV IOLOTHTOV GE TEYVNTES OONES
Nb/PMN-PT/Nb: 0sopntiki avalvon

ypnoomoteitar dd Paciletal o€ Lo EUTEIPIKT EKPPOCT 5131, Ayvodvtog tn cuvaptnotoxn e&aptnon g Jc
®¢ TPpog ™ Bepuokpacio Kol To payvnTiko medio,  ovvaptnon Je(S) diverar g €N,

1e(8)=ep-(1-0[S-Sco') (6.6)

Omov Sco €lvar M apyIKNY TN TG UNYOVIKAG Tdong N omoio oumg dgv emParietor oto vuévia Nb omd 1o
meConiextpikd vrootpope. PMN-XPT oAAd ovTimpocomevel pio Tpobmdpyovca EVOOYEVH UNYOVIKY TAOT|
v vueviov Nb. O 6pog € ekepalet Tnv gvatstncio Tov Jo G TPOG TN PUNXaVIKY TGO, Evd o1 kbETeg dpoL U
Kol N givar 6pot mpooapuoyne kot Aappdvoov tic Tiég 2,2 ko 1, avtiotoyo. Télog, o cuvtereotng Jeo
eKQPAdel TV T ™G KPIoNg TukvoTTag pedpatog 6tav S=Sco. EmmAéov, apod 1 tiun tov Jog €ivor m
péyot T g Je, eivarl Aoyikd va BewpnBel 0TL 1 Pnyaviky Taon Umopel va eMNPEACEL KOl QVTH TV TU.
Mo mv e€apnomn tov Jeg Ue To NAekTPIKO TEdio Eey mpoTeiveTOl N TOpUKAT® £KQPOOT,

2
Jco(Eex):‘]co'eXp(_O'S(%J J (6.7)

Ot tehkég exepaoelg TG Je(Eex) divovtar amd v copmoyn Ekppaot,

2 m )"
JC(Eex)zaco-exp(—os[%j J [1—0 Ay+Y (A-E,) ] (6.8)

=1
omov Alg=Ag-Sco, evé M givar 1 1 2 oxetucd pe v TEN TG eEiowon S(Eey) mov ypnotponotsitar.

To mheovékTnUa TOV QOIVOUEVOAOYIKGV TPoceyYicewv Tc(Eey) kat Jo(Eex) elvar 0Tt evompatdvovtat
TOPAUETPOL TTOV TPOEPYOVTAL OO TEAEIS aveapTnTO TEPAUATA, KOONDS EMIONG O1 EKPPACELS TOVG divovTat
G€ L0, LOPQY] WOV EMLTPEMEL TNV GUECT] EQOPLOYT TOVG YO TV TPOCEYYIGT| TV OVTICTO(®MV TEIPALATIKOV
dedouévmv. Avopoptkd e T S1081KaGia TPOGEYYIoNE TV TEPUUATIK®V dedouévav Te (1 Jc) o mpog o Eey,
Oa mpémel va onueiwbei OTL apykd eMPONGAV 01 TEPAUATIKEG KAUTOAES TNG UNYXOVIKNG TAONG S-Eex ammd TNV
oykikn péBodo melonhektpikol yapoktnpiopov (kabmg emiong n Tc kot 1 Jo wpocdiopiomnkay and oyukég
TEYVIKEG HOYVNTIKOD YOPOKTNPICUOV) KOl TO OTOTEAEGUOTO OVTO TPOcEYYioTnkay ond Tig BewpnrTikég
eglomoelg S(Eey). 'Etot, o1 exppdoelg Tco(Eex) kot Jo(Eex) meptypdoouvv ta mepapatikd onueio vad v
TAVTOYPOVY 1KOVOTOINGT 000 GNUOVIIKOV TEPLOPICUMOV: 1 UETABOAN TOV TIUOV TOV TOUPOUETP®V TNG
VIEPAYOYIHOTNTOG TEPLOPILETOL EVIOC TV AVAUEVOUEVAOV OPlmV TOVG, VD TOVTOYPOVE Ol TILEG TOLG PEPOVV
TANPOPOPIEC GYETIKA UE TNV NAEKTPO-UNYOVIKT CUUTEPIPOPH TOV TELONAEKTPIKDV VTOGTPOUATOV.
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Kepaiaro 7

IMieloniexTpuxi] TPOTOTOINGT TOV VTEPAYDYIUMV LOLOTNTOV GE TEYVTES OOUES
Nb/PMN-XPT/Nb: repapotiké oroteréopata

Ye avTo TO KEPAANLO TOPOLGIALOVTOL TO, TEIPOUOTIKG OTOTEAECUATE TNG TELONAEKTPIKNG TPOTOTOINGNG T®V
VIEPAYDYIHOV 1010THTOV TeV TEXVNTOV dopmv Nb/PMN-XPT/Nb. Zvykekpipéva, peretdtor n mefoniektpikn
tporonoinon g Tc kot ¢ Je tov vueviov Nb. H tpomomoinon avtdv tov peyebdv ekppdaletor mg
oLVAPTNOT TOV €PAPLOLOUEVOL NAEKTPIKOL Tediov Eq dote va dtevkoivverar Ot pdvo 1 Guecn cuykpion
TOV OTOTEAECUATOV HETOED OLUPOPETIKMOV TEXVNTOV OSou®mV, oAAd Kot 1 Bewpntiky depgdvnon TV
TEPAPATIKOV OTOTELECUATOV HE TO QUIVOUEVOAOYIKG HOVTELD moL avapépdnkoav oto Kepdiao 6.
Avogopikd pe v mefoniektpikn tpomonoinon g Tc egetdleton n enidpaom dvo mapapétpov. H npot
TapapeTpog eivar ot mefonAekTpikoi cuvTeAeoTéC TOL VIOoTPOUATOG PMN-XPT Kot 1 dgvtepn mopaueTpog
givon to myog v vueviov Nb. T ™ digpgdbvinon g meloniekTpikig Tpomomoinong ™ Je, uehetnOnkoy
dV0 TEYVNTEG douEg, o1 omoies eppavifouy pukpég arldyes oty T Katd v epapuoyn Ee. Télog, eEetdleTon
N emidpaon NG EMEOVEINKNG TPOYVTNTOC oTNV TELONAEKTPIKY Tpomomoinon g Tc Kot g Je
ypnoonroldvtog vroostpodpate PMN-XPT mov dev éxovv vofAnbel og o Aelovon TV ETPAVEIDY TOVG.

7.1 EEaptnon ™G Tpomomoinong ths Kpioiung 0sppokpociog amd tovg melonAeKTPIKOUS GUVTEAEGTEG

INo vo peremBel n e&dpmon g tpomomoinong ¢ Tc omd Tovg mMECONAEKTPIKODS GULVTEAECTEG
KOTOOKEVAOTNKAY 300 S1aQOpETIKES TEYVNTEG dOUES e oTafepd To Th oG TV vuevimv Nb (dn,=15 nm kot 20
nm) ko dropopetikd mefoniextpikd (ITH) vrootpduata PMN-XPT. Zvykekpipéva, 1 Tpdt texvnTh doun
arotereiton and ITH vmootpodpata PMN-0,31PT, evd m Oevtepn teyvnt OSoun omotekeiton amd [TH
vrootpopate PMN-0,27PT. O yopaktnpiopdg avtov tov ITH vrootpoudtov (BAéne mapdypapog 5.1)
avédelée T dlapopeTikn Tovg mieloniektpiky wavomra, 6mov t0 PMN-0,31PT gppavilel vymiotepec Tiuég
g emayouevng pnxavikng taong (S) oe oxéon pe 1o PMN-0,27PT v ta idwo epappoldueva medio Ee.
Inuewdvetor 6Tt M TN ™ Tc kar G melonAeKTpIKNG NG Tpomomoinong o€ kAbe TeYvnT doun
KOTOypAeeTOL 0md avoAVTIKEG 160TESOKEG poryvnTikEG KapumvAeg M(T) ya poryvntikd medio pukpng Evaong.

EeKvavtag pe v mepintwon tov vpeviov Nb mayovg dy,=15 nm, ot ewcoveg (7.1.0.i-ii) cuvoyilovv
TOL GUYKEVIPMOTIKG TEWPAPOTIKG omotedéopato, TG Te o¢ Tpog 0 Eey yia Tig TeyvNTES dopéc Nb(15 hm)/PMN-
0,31PT/Nb(15 nm) kot Nb(15 nm)/PMN-0,27PT/Nb(15 nm), avtictoya. e ke texvnT SOUN Ol HETPNOELS
™m¢ Te og k6Be Eey Eytvav xatd 1o kKAGd0 Bépuavong (mov avapépetor wg zero field cooling branch 1 almg
ZFC) kot katd 1o KAGdo yiéng (mov avagépetar wg field cooling branch 1 aAlidg FC) mapovoia poryvntikco
nediov H=5 Oe. Xvykpivovtag tovg i610vg kAadovg Tov Kapmvidv M(T) petaé&d tov 600 teqvntdv oV,
yiveton @avepd otL M peiowon g Tc elvar peyolvtepn oty teyvnt) doun mov amoteleitor omd to PMN-
0,31PT. AvoivtikOtepa, oTNV TEPITT®ON TNG TEYVNTNG dopnG Ttov amotereitol and to PMN-0,31PT (swova
(7.1.0.1)) m ovvolkn peiwon g T katd ™V e@appuoy Eexmay~+4,0 KV/ecm eivar 320 mK otovg kAdadovg
ZFC ka1 380 mK otovg kAadovg FC. Xty mepintmon g texvng doung mov omoteieitoan and to PMN-
0,27PT (ewodva (7.1.0.i1)) N epoppoyn Eexman=+4,0 kKV/cm mpokodel pukpdtepn peiowon g Te, n omoia givon
140 mK otovg kAGdovg ZFC and 80 mK otovg kAGdovg FC (7 140 mK av kaveic Adpet vmdyv tov ™ un-
povotovn peiwon ¢ Te ko ektymoet ™ peimon ™ Te peto&d tov mediov Eq=+1,0 kV/icm ko
Eex(max)=+4,0 kV/cm.
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IieoniekTpuk] TPOTOTOIN G TOV VAEPAYDYILOV IOLOTHTOV GE TEYVNTES OONES
Nb/PMN-XPT/Nb: nteipapotikd aroteliocpata,

()  Nb(15 nm)/PMN-xPT/Nb(15 nm)

65 PMN-0,31PT (ﬁ.i) '_
6.4F ]
<
|_063- o) ]
6.2} ] 5.8f ]
6.1r_@—zFC,--O- FC:H=50e Q] s —@—zFC,-<)- FC:H=50e ]
00 05 1.0 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
E (kV/cm) E (kVicm)
ex ex
(B)  Nb(20 nm)/PMN-xPT/Nb(20 nm)
T T T T T T T T T T 70, T T T T T T T T T T
6.35... PMN-0,31PT (B.i) - PMN-0,27PT (B.ii)

59—0—ZFC O FC: H=2 Oe 1 E—Q—ZFC <> FC: H=2 Oe
0.0 05 1.0 15 20 25 30 35 40 45 50 O G 05 10 15 20 25 50 55 40 45 5.0
E,, (kvicm) E, (kV/cm)

Ewéva 7.1: 2vykevipowtixa diaypaupota e tporomoinons e Te ws mpog 1o epapuolduevo medio Eg o€ te)vntés doués
mov amotelovvror amd vuévio Nb ue mwdyog (o) dyp=15 nm oz (F) dyw=20 nm. H apioteps otiln twv dioypouudzov (a.i),
(B.1) avagpépetar o teyvnTéc doués mov amotelovvrou and ITH vrootpduota PMN-0,31PT, evad 5 decia oty (o.ii), (f.ii)
avapépetol e TEXVNTEG dopés mov amotedovvrar aro vrootpwpato. PMN-0,27PT. Zyucidhverar ot oe oda ta dioypduuoto
T0. GOUTOYT UTAE TOUPOLO QVTITIPOTWTEDOVY TA TEPOUOTIKG JEOOUEVA OV eEAN@POnoay amo tovg kladovg ZFC, evd ta
avoikTa kKokkIva abpfolo amo tovg khadovg FC. Xe kabe mepimrwaon ot ypouués eComnpetodv ws oonyoi yio. to pa.

O1 ewdveg (7.1.B.i-11) mapovctalovy o avTicTolyo GVYKEVIPOTIKA TEPAUATIKG AmoTEAECUOTA TNG T
®¢ TPOG T0 Eey y100 T1C TEYVNTEG dOpEG OV amotelovvTon amd vuévia, Nb pe whyog dyp=20 nm, dniadn yio Tig
douég Nb(20 nm)/PMN-0,31PT/Nb(20 nm) ko Nb(20 nm)/PMN-0,27PT/Nb(20 nm). Ztnv nepintmon g
TervnTIG dopng mov amotereiton amd to PMN-0,31PT (ewdva (7.1..1)) n ovvoln peiowon g Te kotd v
eQappOY Eexmay=+5,0 kV/cm givar 180 mK otovg khédovg ZFC kar 200 mK otovg khadovg FC. Znv
TePITTOON ™G TEYVNTNG Odoung mov amotereitor amd to PMN-0,27PT (ewodva (7.1.5.i1)) n geoppoyn
Eexmax=+5,0 kV/cm npokaiei katd 0o popéc pkpdtepn peimon mg T, n omoia eivon 80 MK otovg kAGS0VS
ZFC and 100 mK otovg kAddov FC. Ta meipopatikd dedouévo OAOV TV TEYVIITOV dOUmV oV uehetnonkoy
£0C TOPO ATOOEKVOOLV OTL 1 TECONAEKTPIKN TpoTomoinom TG Tc akolovbel tnv meloNAEKTPIKN KAVOTITO
tov vrootpopdtov PMN-XPT. ‘Etcl, n PBéitiom meloniextpikn wkovotnto tov PMN-0,31PT éyst g
AmOTEAEG O TNV 1oYVPOTEPN TpOoTTOTTOiNGN TG T Yo kéOe mhyog Tv vueviov Nb ce oyéon pe v avtictoyn
TpomonoinoT Tov TpoKaAeitan amd tn ypnon tov PMN-0,27PT.

2uvovalovtog KoTdAANAo GAL T TOPATAVED TEWPALATIKA dedopéva pmopel va avadetyBel | emidpaon
oV mhyovg Tewv vueviov Nb oty tpomomoinon ¢ Tc o kGbe mepintwon vrootpduatoc. Béfora, o
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TETOL0, LEAETN OUTOLTEL TNV KOVOVIKOTOINGT TOV TGV ™G Te, Kabdg vpévio Nb dtopopetikod mdyovg Exovv
dtopopeTikég TIES ™G Te. [ va yiver owtd kot tavtdypova va dtevkoAlvvlel n cOykpion peTa&d v
OTOTEAECUATOV TOV OLUPOPETIKMOV TEXVNTOV OOUDV 1 Tpomomoinon g Tc ekppaletor amd 10 TOGOGTO
(ATc/Tco)' 100 %, 6mov ATc=Tc-Teo pe T=Tc(Eex#0) kor pe Teo=Tc(Eex=0). H ewova (7.2) deiyver
petaPorn tov (ATc/Teo) 100 % wg cvvaptnomn Tov Ee yia texvntég dopéc mov amotelovvrar amd vuévie Nb
pe maxog dnp=15 nm (cvpmoayr ovpPora), 20 Nnm (avowktd cvpPoira) kot amd vrootpdpate PMN-0,31PT
(swoveg (7.2.0ui-ii)), PMN-0.27PT (ewoveg (7.2.B.i-ii)). Am6 1 oOykpion TOV OROTEAEGUATOV YiveTal
eavepd 0tL ta vuévia Nb pe mdyog dyp=15 nm epeavifovv vYNAOTEPO TOGOGTO TPOTOTOINGNG TG T 08
oxéon pe ta vpévia mixovg dnp=20 NM vy kGbe mepintwon vrootpdpatog PMN-XPT. Avaivtikotepa, 1
UEYIGTN TTOGoGTIOi0 TpoToToinen TG Te mov KoToypdenke kotd unkog tov kKAadwv ZFC (FC) sivat ion pe -
4,9 % (-5,9 %) yio dnp=15 nm «on ion pe -2,9 % (-3,2 %) yio dyp=20 Nm. Ed® Ba mpénel va onpeiwbdel 6t
AOY® NG UN-povoToVN G UEIDoNG TG Tc oTovg KAddovg FC xatd v adénom tov Eg otnv teyvn) doun
Nb(15 nm)/PMN-0,27PT/Nb(15 nm) n péyiotn mocootoia. tpomomoinon g Tce ektundnke petald tov
nediov Ee=+1,0 KV/cm kot Eexmaxy=+5,0 kV/cm, 6nwg paivetat amd to dumhod Béhog oty ewcdva (7.2.6.11).

()  Nb(db) / PMN-0,31PT / Nb(dp)

. (o)

0
-1
= =3
o o
o o
1 1
3B % -3
= =
[@] [&]
= = -4
2 2
L -5
ZFC xhiodot FC k) odot
_6—.—d =15 nm, 1 -6[—— d —15 nm, 1
—O—d —20nm ——d =20 nm
- _7 L 1 1 1 L
OO 05 10 15 20 25 30 35 40 45 50 0.0 05 lO 15 2.0 25 30 35 40 45 5.0
E_ (kV/cm) E_ (kV/cm)
ex ex
(B)  Nb(dns) / PMN-0,27PT / Nb(dp)
if B if ;T ------- B
om\ N
1
X - R -1F
o o
o o
- < -2F ]
e - e 3 ]
[8] [@]
S 1 54 ]
_S_ZFC KLadot E -5 IFC xLadot E
-6 —®—d,=15nm, ] _6f—&—d =15 nm, ]
+d —20 nm 7—A—dNb-20 nm
-OO 05 lO 15 20 25 30 35 40 45 50 0.0 05 1.0 15 20 25 30 35 40 45 50
E,, (kV/cm) E,, (kV/cm)

Ewova 7.2: Xvykevipwtird oioypauuato tnerocootiaiog tporomoinons (ATclTe) 100 % we mpog to epopuolopevo wedio
Eex 0 ayxéon ue to mdyoc twv vueviov Nb, dy,, y1a teyvnrég douéc mov amotelobvrar ard vrootpawuaza (o) PMN-0,31PT
xor (B) PMN-0,27PT. To dwoypauuata (a.i), (B.1) avapépovior ara dedopévo mov eAjpbnooy amd tovg kAddovg ZFC, evd
Ta dwypouuote (o.ii), (B.1) avapépoviar oto dedopévo mov eApOnooy omd tovg rkhddovs FC. Ta ovumayy coufolo
OVTITPOTOTEDOVY TO. TEWPOUATIKG OEOOUEVA Lo DUEVIA Tdyovs Any=15 NM, eved Ta avoiktd koKkKIve, avTITPOoWTEDHOVY TO,
TEWPOUATIKG. dedouéva yio, vuévia mdyovg dyy=20 NM. Xe kdbe mepintwon o1 ypouués eComnpetody wg 0dnyol yia. 1o HeTL.

-43-



IieoniekTpuk] TPOTOTOIN G TOV VAEPAYDYILOV IOLOTHTOV GE TEYVNTES OONES
Nb/PMN-XPT/Nb: nteipapotikd aroteliocpata,

Amd oty TN cvuyKpiTiky peAétn pmopel Kovelg va ocopmepdvel 0Tt 1 vroPdduion tng Ttpomonoinong
g Tc pe v avénon tov mayovg tov vueviov Nb apokaieitar Adyw tov menepacuévov Babovg digicdvong
™G Emayopevng unyavikng taong ota vuévia Nb. To Bdbog dieicdvong g unyovikng taong ota vuévio. Nb
dev e&optdral HOVO amd TV TN UNYOVIKNG Téong oAAd Kot omd TV eAAoTIKOTNTO TOV VHEVIOY. g K
T00TOV, KAT® and CLYKEKPYLEVEG GuVONKeES oV efvarl To HéYIoTO £Qappolopevo NAEKTPIKO MedI0 Eexmaxy (M
100dVVaApO 1| HEYIGTY EMAYOUEVT] UNXOVIKY TAON Spax) Kot 1 ghootikotto Tov vueviov Nb, n avénon tov
nhyovg dyy 00N YEL otV TPoodevTiKn e&acbévion ¢ Tpomonoinong g Te £mg OTOV TO TAYOG TOV VUEVIDVY VO,
elvar apketd peydio dote N T va Tapopével avemnpéactn Katd TV EQopPUOYY| TOV Egy.

7.2 Emidpoon Tovg mayovg Tv vpueviov Nb ety tpomtomtoinong g kpiciung Oeppokpociog

e avt Vv evotnrta e€etaleton d1e€odikd 1 enidpaocn tov whyove tov vueviov Nb, dyp, oty melonlextpiky
tpomonoinon g Te. o avtd T0 OKOTO TAPACKEVAGTNKE L0l GEIPA TEXVNTAOV SOUDY TOV ATOTEAOVVTOL 0T
ITH vrootpopata PMN-0,31PT kot o6 vuévior Nb pe wayn dyp=15, 20, 50 and 100 nm. Inueubverar 41t o€
avt ™ ueAétn ypnowomombnkay amoxielotikd IMTH vmootpouato PMN-0,31PT Aoy g Péltiotng
NAEKTPO-UNYOVIKNG TOLG wavotntag. [ T  oOyKplon TOV  TEPOUOTIKOV — OTOTEAECUATOV NG
meConAeKkTPIKNG Tpomomoinong ¢ Tc netald tov teyvntav doudv opilovtarl 600 cuvteAestéc. O mTPAOTOG
GLVTEAESTNG OVOUALeTol oLVTEAESTIG Tpomoinong ¢ Tc kot opiletar amd 10 KAAGHO AT c(maxyEex(max)
(K/kV/cm). O deldtepog cvviedeotc eivar évog adlGoTOTOE GLVIEAEOTNC Kot ek@PAlel TV mocooTioio
tpomonnoinon g Te, (ATcmax/Tco) 100 %. Oa npénet va onpeiwdei 0Tt 0 deictng max mov epgaviCetar 6Tovg
OpoVG Eexmax) Kot ATcmaxy ovapépetar oto péyioto Ee kot otn péytom kataypagouevn petotodmon g T
(mov eivar n ATc), avtictoya. Emmiéov, oe kdbe teyvnty doun mov UEAETATOL €0, TO TELPOUATIKG
aroteléopata G Tc oG Tpog 10 Eg diepeuvavtor Bewpnrucd pe PAon To TPOTEWVOUEVO (POIVOLEVOLOYLKO-
BepnTikd poviédo Te(Eex) mov avagépeton oty mapdypapo 6.1. Avti 1 Bswpntikn diepedvnon emTpEmet
UEAETT] TNG TPOTOTOINGTG TV UIKPOGKOTIKMY TAPOUETP®V TNG VIAEPAYDYILOTNTOC TOV oyeTilovtan pe v Tc.

i. Mghétn Tov texviTdv dopdv Nb(dy,)/PMN-0,31PT/Nb(dns) pe dnp=15 kot 20 nm

Mo ™ perétn g meloniextpikng Tpomomoinong g Tc 0€ TEXVNTEC SOUEG TOV ATOTEAOVVTOL OO GYETIKA
Aemtd vuévio Nb mapackevdotnkay tpelg texvntég dopésg pe dap=15 nm kor 600 texvNTég dopég ne dynp=20
nm. Ta amOTEAEGLOTA QVTAOV TV TEYVNTOV SOUDY TOPOLSLALOVTUL EEXYMPICTA OTIC EMOUEVES TAPAYPAPOVG.

Teyvytéc doués Nb(15 nm)/PMN-0,31PT/Nb(15 nm)

O ewcoveg (7.3.0-7) mopovcsldlovy Ta. GUYKEVIPOTIKG OMOTEAEGLOTO TG TPOTTOiNoNG TG Tc ™G cuvApTNnoN
o0V Eex y100 Tpeig tepvnTég dopéc Nb(15 nm)/PMN-0,31PT/Nb(15 nm) (Ssiypo #1, #2 ko #3), evd oe kabg
TEPIMTOOT 01 KOUTOAES AVAPEPOVTAL OTY| OE®PNTIKN TPOGEYYIOT TOV TEPUUATIKOV CNUEIDV UE TIG EKPPACELG
(6.5.0-0) Tov ParvopevoroyikoD poviéAov Te(Ee). Onwg paivetar otig eikoveg (7.3.0.i-1i) 1 cuvolikn peioon
™mg Tc Katd ™V €QappoYN Eexmay=4,0 KV/cm cto detypa #1 eivan ion pe 320 mK (380 mK) yia ta dedopéva
ov mpoékvuyay amd Tovg KAadovg ZFC (FC). Avth n peiwon ™g Te aviiotoyel 6€ €vav GUVIEAEOTH
tpomonoinong (rocootiaia tpononoinon) ico pe -0,080 K/kV/iecm (-4,9%) yia ta dedouéva tmv kKhadwv ZFC
kot ico pe -0,095 K/kV/em (-5,9%) yia to dedopéva tmv kAGdwv FC. Xto deiypua #2 (ewdveg (7.3.B.i-ii)) n
ovvolkr| peiwon g Te katd ™mv e@appoy Eexmay=4,5 KV/ecm eivar ion pe 300 mK (340 mK) yw to
dedopéva mov Tposkvuyay amd Tovg kKhadovg FC yio H=5 Oe (10 Oe). Avth 1 ueiwon g Te aviiotoyel o
évav cuvtedest Tpomoinong (mocoaotiaiog Tpororoinomn) ico pe -0,065 K/kV/em (-5,1%) yio H=5 Oe xa1 ico
ue -0,075 K/kV/cm (-5,8%) yio H=10 Oe. Tékog, oto deiyua #3 (swkoveg (7.3.y.i-ii)) n cvvolkn peiwon g
Tc katd ™mv e@appoyn Eeman=4,5 kV/cm givon ion pe 360 mK (320 mK) yio to dedopéva mov mposkvyay
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and tovg kAGdovg FC yio H=5 Oe (10 Oe). Avty n peioon g Tc aviotoyel og évav cuvieleotn
tpomonoinong (rocootiaio tporomoinomn) ico pe -0,080 K/kViem (-6,8%) yio H=5 Oe «ot ico pe -0,071
K/kV/em (-6,2%) yio H=10 Oe. To anote éoHaTO QVTOV TV OEIYHAT®V AmodekVOOUV OTL Ot TEYVNTEG OUEG
NDb(15 nm)/PMN-0,31PT/Nb(15 nm) gpeaviovv mepinov idia tpomonoinon g T Katd Ty eQopHoYn Eex.

(o) Aewp,a #1: Nb(15 nm)/PMN -0 31PT/Nb(15 nm)
6.6

((“) _______ B *~2. 0 kV/em (o.ii)]
6.5 . coros ZFC ] 6.4 .. . ZFC ]
i tea . ~2.0 kV/em H=5 Oe] S H=5 Oe]
g 6.4 . g 6.3F .. .
(&) + © * .

— i = .
63- 7 6.2 . R T
[ Cpoppuen S(E, ) - Tpappukn o, (S) ' 1 Cpayppukn S(E,) - Tpoppusn o, (S) 1
6.2 == R*~94.1% ] 6.1= - = R*~89.5% ]
[ Cpoppuen S(E,) - Tetpayovikn o, (S) ] Tpayppkn S(E ) - Tetpoyovisn o, (S) ]
5 12 R’~ 99.9 % ] 6.0 R~ 99.7 % ]
' 1 2 3 4 0 1 2 3 4

E,, (kv/cm) E_ (kV/cm)
ex

(B) Agiyua #2: Nb(15 nm)/PMN 0 31PT/Nb(15 nm)

5.8 58 \ "7 ""=-.. FC

< 57 < 57 E,~1.7kV/cm
I—O Ecms 2 2 kKV/em T = -Fpauuu:n S(E,,) - Tpopyukn o (S)
5.6/ 56l- - - R-858%
poapypurn (Tetpayovikn) S(E,) -
r Tpoppuen S(E, ) - Tpappuicn o (S) -
. etpayovikn (Cpoppkn) o, (S)
55Fk=== R~78.8% - 5.5 R~ 90.3 %
L Fpopukn S(E ) Tetpayovikn wln(s) | Tetpayovikn S(E, ) - Tetpayovum o (S)
5 4 R~ 93 1 % R 94.8 %
00 05 10 15 20 25 30 35 40 45 500 0.5 10 15 20 25 30 35 40 45
E,, (kV/cm) E,, (kV/cm)
(1) Actypa #3: Nb(15 nm)/PMN -031PT/Nb(15 nim)
T -4 T T T T T T T 2 T T T
Cpappikn S(E, )-Tpapuun o, (S)= = R™~59.8 % 11
(Y I) r S(E, )-T: I S'---R2~813(°/.")
53 5.3_paup_m<n ( eX) eTpayovikn o, (S): 3%
M Tetpayovum S(E, )-Tetpayovikn o, (S): == R°~95.2 %
FC
Q 5.2 f H=5 Oe Q 5.2 e i
— o~ 7 kViem ~ -\= -
(&) (8] =~ -~ o =
— 5.1Hpappxn S(E ) Tpappuen o (S) B — 51 —~ g
— R-~918% \‘ é ~d
5.0 pappikn (Tetpayovum) S(E,) - n 5.0 _
Tetpayovikn (Cpappikn) o, (S)
4.9 - - R~94.4% 4.9 o >2:5 kVicm
Tetpayovikn S(E, ) - Terpayovikn o, (S)
4 8 e R 96. ll % 1 4 8 Il Il Il Il Il Il 1 1 1 1
0.0 05 1.0 15 20 25 30 35 40 45 0.0 05 1.0 15 20 25 3.0 35 4.0 45
E,, (kVicm) E,, (kV/cm)

Ewova 7.3: (a)-(y) Zvykevipwtuikd. diaypouuata e tpomomoinons e Te w¢ mpog 1o Eey yra tpeig teyvytéc douéc Nb(15
nm)/PMN-0,31PT/Nb(15 nm) mov avagépovior wg detyua #1, #2 ko #3. Xe kale didypouuc o1 koumbdles eivar 1o
OTOTEAEUA TV BEPNTIKDV TPOTEYYITEDY TWV TEIPOUATIKDY THUELWY, EVO TO. KAOETO, fEAN Oelyvovy Evar yapaKTnpioTiKo
7e0io Eey t0v koumvddv Te(Eey).
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INa ) Beopnrikn depehivnon TV TEWPAUATIKMOY OTOTEAEGUATMV XPTGLULOTOOVVTIAL 01 EKQPAGELS TNG
Tc(Eex) mov divovtat amod Ti¢ oyéoelc (6.5.a-0). T va mpoodiopiotei 1 katdAInAn éxepacn ¢ Tc(Eex) mov
pmopel va avamapaydyel pe akpifelo To TEPOUATIKA OTOTEAECLLATO XPGLLOTOLEITOL 1) TAPAUETPOG R? n tyn
NG 0moiag SElYVEL TO TOGOGTO KAAYNG TOV TEWPAUATIKOV onpeiov amd kdbs Exppacn ™¢ Tc(Eex). Xe kabe
mepinToon, apyikd SOKIUACETAL 1) TPOGEYYIOT TOV TEPUUATIKOV CNUEIDV HE TNV OTAOVGTEPT EKQPACT TNG
Tc(Eex) mov divetar amd ™ oxéon (6.5.0) kot 61010k S0KIUALovTal ot To TOAVTAOKEG EKPPACELS TG,
oyéoelg (6.5.-6). Bpébnie 6t n oyéon (6.5.00) ¢ Te(Eex) M omoia cuvovdletl ™ ypapukn oxéon S(Eex) 1e
YPOUKY oxéon oin(S), dev pumopel vo avamapoydyet pe akpifelo to TEWPAROTIKG OTOTEAEGHOTA GE KAVEVOL
detypa. Ta t1g voroweg ekppdoetg e Te(Eex) Ppébnke 0Tt oT1g TepuTdGELG OOV N T pEIDVETOL pOVOTOVAL
pe v avénon tov Eey (swcdveg (7.3.0.i), (7.3.0.ii) ko (7.3.5.1)) n oxéon (6.5.p) unopei vo avamapoydyet pe
aKpifela To TEWPOUATIKA OTOTEAEGUATO, EVD OTIS TEPUITAOCES OOV N T HELdVETAL Un-HovoTova (eKOVEG
(7.3.B.i), (7.3.y.i) xou (7.3.y.ii)) omorteiton n ypnon g oxéong (6.5.8). Ot TWEG TOV TOPAUETPOV TOV
exkppaoemv Tc(Eex) TOL ypnotpomomnkay yio t Oe@pnTiky TPocEyyion TV TEPOUATIKOV onueinv kdbe
TEYVNTNG doung divovtar avaAvTiKd otovg Ttivakeg 7.1, 7.2 kot 7.3 Tov ayyAukol KeWEVou.

211 KoumOAeS Tc(Eex) OV EMLTLYXAVOLY VO TPOGEYYIGOLV UE 0KPIBELO TO TEWPAUOTIKA ATOTEAECUOTOL
(ovveyeis ypaupég otig ewoveg (7.3)) yiverar eoavepn 1 odkoyn kopmvrdmrog v Te(Eex) N N pedavion piog
acBevucng avénong e Te. Zvykekpluéva, oTIC TEPIMTAOGCELS OOV 1 T UEIDVETOL LOVOTOVA e TNV avénon
10V Eey eppoviletar pio oAyt oty koumvAdtnta tov Te(Ee) ota media B’ =2,0 kV/em (swcoveg (7.3.0.0)
war (7.3.0.ii)) o B, =2,2 kKV/em (eikova (7.3.B.0)), evd otig mepmtdoelg 6mov n Te peidveron un-
povotova gpeaviCetor o ovénon g Te ota media Ee =1,7 kV/em (ewoveg (7.3.0.11) ko (7.3.y.1)) ko Eex
~2,5 kV/cm (gwdva (7.3.y.11)). Zoumepacpotikd, 1o medio Eq=2,0 KV/em amotelel £va yapaktmpiotikd medio
v Tig exvnTég dopég Nb(15 nm)/PMN-0,31PT/Nb(15 nm).

Teyvytés doués Nb(20 nm)/PMN-0,31PT/Nb(20 nm)

Ot ewoveg (7.4.0-B) mapovctalovy 1o GUYKEVIPOTIKE OMOTEAEGHATA TG TPOTOINONG TN T¢ ¢ GLUVAPTNOT
00 Eg y1o00 800 teYvNTéG dopuéc NBb(20 nm)/PMN-0,31PT/Nb(20 nm) (Seiypo #1 xor #2), evd oe kabe
TEPIMTOOT Ol KAUTOAES OvVAPEPOVTAL OTY| BE®PNTIKN TPOGEYYIOT TOV TEPALOTIKAOV OTUEIDV LE TIG EKQPACELS
(6.5.0-0) ToV Povopevoroytkov Hovtéhov To(Eex). Onwg gaivetan otig eicoves (7.4.0.i-ii) 1 cvvolkn peioon
™m¢ Tc Katd ™V €QapUOYN Eexmay=5,0 KV/cm oto detypa #1 etvar ion pe 180 mK (200 mK) yia o dedopéva
mov mposkvyav omd Tovg KAGdovg ZFC (FC). Avti n peioon g Tc aviiotoyel o€ €vov GUVIEAESTN
tpomonoinong (rocootiaia tpomonoinon) ico pe -0,036 K/kV/iecm (-2,9%) yia ta dedouévo, tmv khadwv ZFC
kot ico pe -0,040 K/kV/iem (-3,2%) yia to dedopéva tmv kAddwv FC. Tto deiypa #2 (ewdveg (7.4.p.i-ii)) n
ovvoMkn petwon g Te kotd Vv e@oproyn Eexmay=4,0 KV/cm eivan ion pe 100 mK (140 mK) yw ta
dedopévo mov mposkvyav amd tovg kKAGdovg ZFC (FC). Avti n peiowon m™c Te avtiotoyei oe évav
owvTeELEoT TpoToinong (mocootiaiag tporomoinon) ico pe -0,025 KikViem (-1,7%) ywo to dedopévo. tov
KMadwv ZFC kot ico pe -0,035 K/kVicm (-2,3%) yia 1o dedopéva tov khadwv FC. Amd ovtd ta
amoteléouara yiveroar gavepn 1 e€acbévion tng melonAekTpikng Tpomomoinong g Tc 6T TeEXVNTES doUES
7oL amoterovvTol amd vuévia Nb méyovg dyp=20 NM oe oyéon v avticToLyn TPOTOTOINGT TOV AVOPEPONKE
oTIC TEXVNTEG dopEG pe dyp=15 nm.

Avapopikd pe ) Oe@pnTiKi] SIEPELVNOT TOV ATOTEAEGUATOV OUTOV TOV TEYVINTOV doudV, Ppébnke
ot oyéon (6.5.8) g Tc(Eex) pumopei va avamapoydyet pe akpifelo ta mepapotikd dedopéva. Ot TipéG Tov
mopouéTpev ¢ oxéong (6.5.p) mov ypnowomombnkav yo. ™ Oe@pNTIKN TPOGEYYIOT TOV TEPUUATIKDV
onueiov kdbe teyvntg doung divovral avodvtikd otovg Tivakeg 7.4 kot 7.5 tov ayyAikov kepévov. Topd
™V opoAd povotovn peimon g Te katd v adénon tov Eey, yivetar gavepn n aAloyn g KOUTLAOTNTOG
10V Te(Eex) ot0 medi0n Ee”™ 22,2 kV/em (sucova (7.4.0.1)) kan E"™ =2,0 kV/em (swcdveg (7.4.0.ii), (7.4.B.1)
ko (7.4.B.11)). Zovendc, 1o 1edio E=2,0 KV/cm givar évo xopaktnpioTikd medio yio auTég Tig TEXVNTEG OOUES.
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(o) Aewua #1: Nb(20 nm)/PMN -0 31PT/Nb(20 nm)

(0.i) E™*~2.0 kV/cm (ouii
ZFC 6.3 1
H=2 Oe
62 E.*~2.2 kV/cm 1
X X
|_O |_U 6.2 4
6.1+
pagpn S(E,,) - Tpoypkn o, (S) Cpopurn S(E, ) - Tpappuen o, (S)
- - R-~793% 61~ ~ R-988%
Tpoppkn S(E, ) - Tetpayovikn o (S) | Tpapwun S(E,,) - Terpayovien o, (S)
6 — R 99 4 % 1 1 R2~ 9|9.4 %| 1 1 1 1 1 1 1
%O 05 10 15 2.0 25 30 35 40 45 50 0.0 05 1.0 15 2.0 25 3.0 35 4.0 45 5.0
E., (kVicm) E., (KVicm)

(B) Agwpa #2: Nb(20 nm)/PMN -0,31PT/Nb(20 nm)

| o - (B) Y T

6.2

E°~2.0kViecm fc
H=20 Oe|

T. (K)

Tpoppuen S(E,) - Tpoppucn o, (S) [ Tpoppuen S(E_) - Tpappuen o (S)
- - R-~89.0% = = R-~978% |
Tpoppun S(E,) - Terpayovin o, (S) 6'0_Fpappu<n S(E,) - Tetpaymvikn o, (S) ]
—R*~98.8% | —R™-996%
>%0.0 05 10 15 20 25 30 35 40 00 05 10 15 2.0 25 30 35 40
E,, (kvicm) E,, (kV/cm)

Ewova 7.4: (a)-(B) Zvykevipwtikd Siaypduuate s Te wg¢ mpog 10 Ee yra dvo teyvytés doués Nb(20 nm)/PMN-
0,31PT/Nb(20 nm) mov avapépovior wg deiyuo #1 kor #2. Xe rkdbe didypoyuo o1 koumdles ivar T0 amoteéleoua Twv
Oecopntincddv Tpooeyyicewv TV TEIPOUATIKOV CHUEIWVY, VO Ta. KAOeTa PEAN Jeiyvovv éva yapaxtnpiotiko onueio twv
rourtv v Tc(Eey).

ii. Merétn Tov TevnT@Y dopdv Nb(dy,)/PMN-0,31PT/Nb(dyp) pe dnp=50 kot 100 nm

H pedém g meloniextpikng tpomomoinong g Tc ovveyiletar og teyvnTéG GOUEG TOL OMOTEAOVVTOL OO
nogotepa vugvia Nb pe méym dyp=50 kot 100 NmM kot To anoteléopoto Tapovoldloviol EExmploTd TapuKiTo.

Teyvyra dopunp Nb(50 nm)/PMN-0,31PT/Nb(50 nm)

H ewdva (7.5.0) Topovotdlel To GUYKEVIPOTIKG AmOTEAEGUOTO TG TPOTOINoNG ™S Te ¢ ouvapomn Tov Eey
vy v teyvnt doun Nb(50 nm)/PMN-0,31PT/Nb(50 nm), evd ot kKoumdAeg avapépoviol ot BempnTikn
TPOGEYYIOT] TOV TEPAUOTIKOV OTUEIOV HE TIG EKPPAGEIS TOV QUIVOUEVOAOYIKOD HOVTEAOL Tc(Eex). Ommg
paivetar oy ewcdva (7.5.a) 1 cvvolkn peiwon g Te katd TV Qappoym Eexman=4,0 kV/cm eivon ion pe
60 MK ko avtiotoyel og évav cuvieleotn tpomonoinong (tocootiaia tpomomoinon) ico ue -0,015 K/kV/cm
(-0,8%). Ta amotelécpoto avtd amodeikviovy v eEacbévion g melonhekTpiknig Tpotomoinong e Tc
oTIg teYvNTég dopég mov amotelovvror omd vuévio Nb méyovg dyp=50 nm oe oyéon pe v avtictoryn
TpomOTOinom Tov avapépOnke otig TexvnTég dopéc pe vuévia Nb mayovg dyp=15 kot 20 nm.
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Avopopikd pe T Beopntikn SlepelVNON TOV ATOTEAEGUATMOV OVTNG TNG TEXVNTNG doung, Ppébnke o1
N oxéon (6.5.8) ™Mc Te(Eex) umopei vo avamapaydyet pe axpipfeto to mepapotikd dgdopéva. Ot Tiuéc tov
TopopETpoV TG oxéong (6.5.8) mov ypnopwomomdnkay yio tn OE®PNTIKA TPOGEYYION TOV TEPUUATIKOV
dedopévov divetor otov mivaka 7.6 tov ayyikov keyévov. Tlapdro mov N kapmdAn To(Eex) dev eppaviet
KGmola, aAAayn} 6TNV KOUTLAOTNTA TG, KIopel Koveig va avayvopicet 6Tt o nhektpiko medio Eq,=2.0 kV/cm
elvar éva yapoktnprotkd medio mov onuatodotel v peimon g Te kbt and v apyikn g Tun Teo otav
10 Eex Eemepvaet T iU avtov Tov TEdiov. InuelmveTat 6Tl TS0 0VTO GUUTITTEL IE TO YOPUKTNPLOTIKO TEGIO
TMV TPONYOVLEV®V TEYVITOV dopdV pe dnp=15 kot 20 nm.

T 1.2 T T T T T T T T
7 Nb(5 0 nm)/PMN-0,31PT/NB(50 nm) (@) Nb(100 nmj/PMN-0,3TPT/Nb(100 nm) * ()
* E =2.0 kV/cm
3 TE =2.0 kv/icm
Q | g ex
:) :F pappuen S(E, ) - Tpopkn o, (S) |_U Tpappuen S(E,) - Tpappuxn o, (S)
- — R~86% - - R~932%
7.2 popyurcn (Tezpoyovuen) S(E, ) - 7.0l pompuen (Tezpoyovien) S(E,) - |
rTetpayovikn (Cpappukn) o, (S) Tetpayovikn (Cpappikn) o, (S)
- R~ 86% R’~ 96,5 %
'TarpawaIKn S(E, ) - Tetpayovicn o, (S) ZFC Tetpayovuen S(E, ) - Tetpayovikn o (S) ZFC
R~922% H=10 Oe 69 — R-984% H=10 Oe
7100 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
E,, (kV/cm) E,, (kVicm)

Ewova 7.5: Zvykevipwtika daypouuora g tpororoinons s Tc wg mpog 10 Ee yia v teyvmri doun (@) Nb(50
nm)/PMN-0,31PT/Nb(50 nm) xaz () Nb(100 nm)/PMN-0,31PT/Nb(100 nm). Xe xdbe diaypopuc or koumbles eivor to
OTOTEAEUA TV BEPNTIKDV TPOTEYYITEWY TWV TEIPOLUOTIKDY THUEIWY, EVD Ta KGOETO. PEAN Jelyvovy Evar yopaKThploTiKo
7e0io Egy t0v koumvddv Te(Ee).

Teyvyra doprp Nb(100 nm)/PMN-0,31PT/Nb(100 nm)
H ewova (7.5.B) mapovcidlel o CLYKEVIPOTIKY ATOTEAEGLOTA TG TPOTOINGNG TNG T G GLVAPTNOT TOV Egy
v v teyvnty douny Nb(100 nm)/PMN-0,31PT/Nb(100 nm), evd ot koumbAec avapépovtal ot BempnTiKy
TPOGEYYION TOV TEPUUATIKOV CNUEIOV UE TIG EKOPAGES TOL PaVOUEVOAOYIKOD HOVTEAOVL Tc(Ee). Ommg
gatvetonl otnv ewova (7.5.8) n cvuvolikn peiowon g Te petald tov nediov E=0,0 kV/ecm kot Eexmaxy=4,0
kVicm givor pundeviky pe amotélecpo va givar undevikdg Kol O GUVIEAEOTH] TPOMOMOINONG Kol TNG
nocootiaiag Tpomonmoinong. Ta amotehéopato avtd omodsikvoovy v eEacBévion tng melonAekTpikng
tpomonoinong g T oT1¢ TevnTég dopég Tov amotehobvton amd vuévia Nb wayovg dyp=100 nm e oyéon ue
TNV avTicTOoLYN TPOTONOINGT OV avaPEPONKE oTIg TEXVNTEG doUES e dnp=15, 20 ko 50 nm.

Avapopikd e T BempnTikn] S1EpedvIoN TOV ATOTEAEGLATOV ALTNG TNG TEXVNTNG doUng, Ppébnie oL
n oxéon (6.5.8) ™M¢ Tc(Eex) umopei vo avamapaydyer pe axpipeto to mepapotikd dgdopéva. Ot Tiuéc v
TapapéTpmv g oxéong (6.5.0) mov ypnowomomnkay yio T epNTIK) TPOGEYYION TOV TEIPOUATIKOV
dedopuévav divetan otov mivaka 7.7 Tov ayyAkov kewévov. Ioapd to yeyovog OTL outh 1 TEXVNTH doUn
mopovotdlet pa pukpn ovénon g Te oe pkpd Eey, vdpyetl Eva kovd yvopiopa Le T VTOAOUTEG TEXVITEC
dopég. Zvykekpipéva, kafmg to Eeyx avéavetar and 0 émg 2,0 kV/em mapampeitor ovénon g Te katd +60
mK. H neportépw avénon 1ov Ee mhve omd to 2,0 kV/em mpokokel t pueiwon g Te, n onoia emiotpéest
omv apxikn ¢ T Teo 6t0v 10 Eex=Eexmay (54,0 kV/cm). Zvvenmdg 10 Ee=2,0 kV/em avoyvepiletor yo
GAAN o popd ¢ £VaL YOPOKTNPIOTIKO TEATO TG TEXVNTNG OOUNG.
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Keedraro 7

iii. Zoykpikn perém tov teyvntodv dopdv Nb(dy,)/PMN-0,31PT/Nb(dyy) o€ 6xéon pe o mayog dyy

Ye ot TV Topdypoaeo eEeTdloviol To amoTteAESpOTO TNG TECONAEKTPIKNG Tpomomoinong g Tc Tov
texvNTOV dopmv Nb(dn,)/PMN-0,31PT/Nb(dny) ©g mtpog to mhyog tv vueviov Nb, dy=15, 20, 50 kot 100
nm. Xta TAaiclo auTig TG GLYKPITIKNG HeAétng eEetdlovtal dvo mapduetpol. H mpmdtn mapdpetpog sivar 1o
TOGOGTO NG TELONAEKTPIKNG TPOTOTOINGNG TG Tc Kol 1 J€0TEPT] TOUPAUETPOS EIVOL TO YOPUKTNPLOTIKO
NAekTpkd medio TV KApTVADY Tc(Eey).

EEKVOVTAG UE TNV TPOTN TAPAUETPO, 1 €KOVA (7.6.0) cLVOYILEL AVTITPOCOTEVTIKE OMOTEAEGLOTO
GYETIKA [E TNV TpoTomoinon g Tc Kot v epapuoyn Ee oe texvntéc dopég mov amotelodviat and vuévia
Nb Srapopetikod mhyovg dyp. e vo supmeptin@hovv to amoTeEAEGUATO OA®Y TV TEXVNTOV SOUOV GTNV 1510
YPAPIK TAPACTOOT 1 TPOTOTMOINoT NG Tc ekepaletal amd TOV TOGOOTINO OpO TNG TPOTOTOINGOMG
(ATc/Tco)-100 %, kaOmdc vuévia Nb Stapopeticov mayovg dyp epeaviCovy dtapopetikh Te. Enuetdveton 6Tt o
oOUPOAN AVTITPOCMTEDOVY TO TEPOUATIKA oNUElR, VD avapépovtal oTig BEATIOTEG DE@PNTIKEG KAUTOAEG
Tpocéyylong kabe teyvnig doung. Onwg eaivetar oty ewdva, (7.6.0) 1 otodakn avénorn tov wéyovg Ay,
éxel ¢ amotélecpa TN mPoodevTikn eEacBivion tng meloniextpikng tpomomoinong g Tc. Avti n
eEacbévion pmopel vo dikooroynOel and 1o yeyovog 6Tl To memepacuévo Pabog dieicdvong g emayouevng
unyxavikng téong oto vuévia Nb emdpd oloéva kot Aydtepo otov dyko tmv vueviov Nb kabdg To mhyog Toug
avéavertal. [o Ty TOGOTIKT GVYKPIST OUTOV TOV OTOTEAEGLATOV Topateifetar o wivakag 7.1, otov omoio
nopovctdlovior ot péceg THEG T0V ATcmay, TOL GLVTEAEOTH Tpomoinong g Tc kot TG mocooTiaiog
Tpomomoinong g Tc Yo kaOg mhyog dp.

Mivexag 7.1: Méon tin 100 ATcmax), TOL ovvtedsot tpomomoinong ¢ Tc Kal TS TOCOOTINIAS TPOTOTOINTHS
¢ Tc o€ oyéon ue to wdyog Ay yia tic diapopeg texvytés doues Nb(dnp)/PMN-0,31PT/Nb(dyp).

ovtereotilg ITocootwnia
Nb(dnp) / PMN-0,31PT / Nb(dyb) AT c(maxy (MK) pomonoinong ™me Te ,
(K/kv/em) tporomoinon g Te
dnp=15 Nm -336,7+£29,4 -0,078+0,009 -5,8+0,7
dnp=20 Nm -155,1+44,3 -0,034+0,006 -2,5+0,6
dnp=50 nm -60,0+0,0 -0,015+0,000 -0,8+0,0
dny=100 Nnm 0+0,0 0+0,000 0+0,0

Avogopikd pe tn debTEPN TOPAUETPO, TOV Eival TO YOPOKTNPIOTIKO Tedio Ee=2.0 kV/iem, o
TPOGEKTIKY eEETaon TV 3£d0UEVOV TIOL TOPOLGIAGTIKAY OTIG Topaypdeovg (7.2.1) ko (7.2.i1) deiyvel 6T
avTo 10 TESI0 epPavileTon o OAES TG TEXVNTEG dOUES ave&apTNTOG TG GVUTEPIPOPES TV KOUTUADY Tc(Eex).
Suykekpipéva, texvnTég dopég mov amotehovvtot and vuévia Nb pe mayog dyp<20 Nnm gppavifovv o aAioyn
otV KopmoldmTa Tov KapmuAdv Te(Ee) YOp® amd 10 medio Eq’'™ =2,0 KV/em, evd oe pepikéc texvntéc
dopég pe mhyog dnp=15 Nm avt) N ahiayn KOUTLAGTNTOC EEEMOGETOL GE I UN-HOVOTOVT] GCOUTEPLPOPE TV
KoaUmoA®V Tc(Eex) mov eugavifovv tomikd péyioto oto medio Ee=2,0 kV/em. Tlapdio mov avti 1
ovumeptpopd tov Tc(Eex) 0ev gpeoviCetor o 1exvntég douéc mov amotelovvrol amd vuévio Nb pe méyog
dnp=>50 Nm, 1o medio Ee=2,0 kKV/ecm mapapével mg yopaxtmpilotikd medio kabng onuoatodotel T peimon mg
Tc v Eex mov givon peyaddtepa avtov. AvTh 1 TOLOTIKT CUUPOVIK OA®V TOV TEYVINTOV SOUMY VTOOEIKVOEL
ot1 T0 YopokTPloTiKd Tedio Eq=2,0 kV/em Ba npémet va oyetiletan pe to meloniextpikd voéotpope PMN-
0,31PT. I'a avtd 10 AdY0 Kkpidnke okompo vo, e€etaotel 0 TECONAEKTPIKOG YOPOUKTNPIGUOS OVTOV TOV
vrootpoudtov. H ekdva (7.6.0) delyvel to. MEPOUATIKA OTOTEAECUATO TNG E€YKAPGLOG GLVIGTAOGOS TNG
UNYOVIKNG TAoNG Sy ¢ TPog T0 Eex mov eA@Oncav amd v romixy péBodo melonhekTpucol yopaKTnpIGHoD.
Oa pénetl va onuetmbel 6t Yo Adyoug cOyKplong Hetald Twv ded0UEVMV TOL TPOEPYOVTAL OO JLOPOPETIKES
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IieoniekTpuk] TPOTOTOIN G TOV VAEPAYDYILOV IOLOTHTOV GE TEYVNTES OONES
Nb/PMN-XPT/Nb: nteipapotikd aroteliocpata,

EEX:Z.O kV/cm

(AT /T_)-100 %

TeyvnTeg dopeG TOL ATOTEAOLVTOL 1
-5fano Aento vpevia Nb mayovg d, (nm), .

-4 '-PMN 0.31PT

o ® 15 O 20, < 50 and 100 E WT 300 K
0.0 05 1.0 15 2.0 25 3.0 35 40 45 50 00 05 10 15 20 25 30 35 40
E,, (kV/cm) E, (kV/cm)

Ewoéva 7.6: (8) Avumpoownevtikd amoteAéouara s mocootiaiog tpomomoinons (ATclTeo) 100 % ws mpog 10 Ee yia
zeyvntés doués Nb(dn)/PMN-0,31PT/Nb(dny) pe dnp=15 (nadpor ooumaync kboxlor), 20 (kbxkivo. avoiktd, tetpdymva), 50
(umle nui-yeuiouévor poufor) xkar 100 nm (moproxoldi avoikta tpomelia). Ot KOGUTDAES TOV GOVOOEDOVY TO. TELPOUOTIKG,
aroteléouata oc k&be mepintwon eivor o1 fédtiotes kourdles wpoaéyyions To(Bey). (B) Metprioeis tng unyovikng tdong Sy
w¢ ovvapTnon 1oV epapuolouevov mediov Ee oe Bepuorpacio dwuatiov ypnoyoroidvrag t tomxy webodo uetproewy
yia éva avumpoocwmevtiko oeiyua PMN-0,31PT.

petpnoelg n KapmOAn Sy(Eex) g ewcdvag (7.6.5) mapovoidaletor 610 0pog TUOV ToV Ee OV £@appocTNKE
otig tervnTég dopéc. Omwg gaivetar oty ewova (7.6.) 1o niextpikd medio Eq=2,0 kV/em eivor éva
YOPOKTNPLETIKO TTEdio TV vrootpoudtoy PMN-0,31PT mov deiyvel v EMGTPOPN TNG UNYAVIKNG TAONG Sy
o€ UNOEVIKN TN HETA amd o pikpn dvodo, evd 1M Tpoodeutikny avénon tov Ey ndveo ond v tipn 2,0
kV/cm mpokodel Tnv avantuén oG GLUTIEGTIKNG UNYAVIKAG Tdong pe oAoéva kot avéoavopevo péyebog. Avtd
SIKOOAOYEL TO YEYOVOC OTL GTO YOPAKTNPLOTIKO NAEKTPIKO eSO Ee=2,0 KV/CM o1 texvmtéc dopég pe moym
dnp<20 nm mapovolalovv éva mhatd (Otav mopatnpeitor N oAAAyn KOUTLAOTNTOC) 1| £Va TOTIKO HEYIOTO
(6tov mapatnpeitoan n un-povotovn coumeptpopd) otig KapmdAee Te(Eex), evd yio E>2,0 KV/icm 6Aeg ot
TEXVNTEG dopEG deiyvouy o Bobuiaia peiwon 1oV TidV otig KOUmTOAESG Te(Eex)-

31 GLVEREID OVTNAC NG TOPUYPAPOV Tapovcldlovtal To omotehéopato ™G TelONAEKTPIKNAG
TPOTOTOINGTG TOV WKPOCKOTIKMOV TOPOUETP®Y TNG VTEPAYDYIUOTNTOC TOV EUTAEKOVTOL TNV OempnTikn
éxppacn ™G Tc(Eex), N omoio yproyomomdnke yio ) BEATIOT TPOGAPLOYN TOV TEPAUOTIKOV OESOUEVOV
v teyvntov doudv Nb(dyp)/PMN-0,31PT/Nb(dny) yia petafinto nayog tov vueviov Nb. Atatnpdvrag to
Eex @¢ TV K0plor TEPOUATIK HETOPANTY, N TE(ONAEKTPIKT TPOTONOINGT] TOV UIKPOCKOTIKMY TOPUUETPMOV
divetar emiong g cuvdptnon tov Eg. Avtod onuaiver 6t n e€icwon S(Eex) £xel elcoyfel otig dokipatikég
GUVOPTNCELS TOV UIKPOGKOTIKMY TOPUUETPOV Ol 0m0iec divovtal amd Tig ek@pdoels, A(Eex) Yoo T0 glktikd
Suvapikd, 1 (Ee) yio 10 0mootikd duvapikd Coulomb kat op(Eey) Y100 T HEGT] GLYVOTITO TOV POVOVIKV.
EmumAéov, peletdrar kar n tpomonoinon tov duvaukol aAinienidpaong N(0)V wg cvvdptnon tov Ee, T0
omofo divetar amd ™ yeviky oxéon N(O)V=(A-p)/(1+1) cvpmepihapBdvovtag v eEaption Tov A kot 1t amd
70 Eex. Ot 10veg (7.7.0-8) deiyvovv ) petaPor tov A, 1, N(O)V, o 0¢ cuvapton tov méyovs dys ko
Katd ™ petaforr] 1ov Ee o010 Stdotnuo tipodv amd 0.0 ewg +4.5 kKV/cm, avtictoyo. Xe kdbe eikdva 10
TPACIVO PELOG VTOSEIKVVEL TNV ADENGT TOV TTAYOVG np. ATO LU0 GUVOAIKT] KO TOLOTIKY TOPATHPNOT TOV
ewovov (7.7.0-0) umopel kovelg eovkola vo avayvopioer 6Tt OAEG Ol LUKPOGKOTIKEG TOPUUETPOL
petafdArovior katd tov 1010 Tpdmo, aAAd og d1aPopeTIKO Pabud, pe v avénon tov Ee. Zvykekpuuéva, n
ovENON Tov Eex mpokadet T peioon tov A, ™V avénon tov 1, T peioon tov N(O)V kot téhog Ty adénon
00 ®), o€ Oha To Ty TtV vueviov Nb. Avt n petafolny dA®V TOV WKPOCKOTIKOV TAPAUETPOV TNG
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0.125 T T T T T T T
= Nb(15 nm), = = = Nb(20 nm)
v Nb(50 nm), = = Nb(100 nm)

0.120

AR

0.115
\m-/q)
fa
. 0.110
1.0} §
= Nb(15 nm), = = = Nb(20 nm) 0.105
09k .. Nb(50 nm), = = Nb(100 nm) ;
00 05 10 15 20 25 30 35 40 45 00 05 10 15 20 25 30 35 40 45
E,, (kv/icm) E,, (kKV/cm)
T T T T T 3 150 T T T T T T
0.56} o (Y) {  140l——Nb(5nm),- - - Nb(20 nm)
feal ilii.lillll SRR TR m 130 ©+ Nb(50 nm),= = Nb(100 nm)
ottt |||III|||
0.50F iy 110
' -. 1 100
2.0.48} LR
% \ — 20
046} .: S g
0.44F \ 70 :
0.42F—— Nb(15 nm), = = = Nb(20 nm) S 60 ;
0.405_ © + Nb(50 nm), = = Nb(100 nm) _ 50 —
00 05 10 15 20 25 30 35 40 45 00 05 10 15 20 25 30 35 40 45

E,, (kv/cm) E,, (kvV/icm)

Ewova 7.7: H uetaforsi (a) tov elxtkob dvvewkod 2, () tov amwotikob dvveuukod u, (y) tov dvveuixoh
arlnlemiopoons N(O)V kot (9) tne uéong ooyvotntag pwvoviov w, wg oovaptnon tov mediov Eey ko oe oyéon ue to méyog
TV vueviov Ay H uetafolsy 6Amv tov wikposKomkoy TopousTpmy Topovolaletal 610 IlGoThuo, Tiudy 100 Ee amd 0
kVicm ewg 4.5 kVicm, uéoo oto omoio fpickovior ta mepouotika omoteléouata. Xe kale ewova 1o mpdooivo Pélog
vmodetkvier v adénon tov Ay, To évBeto tov () eotialer kovia oto Egq=0 KVIcm mpoxesuévov va deiler 6t o1
OLOYOPETIKES TYUES TOV Wing 0T O1GYOopa. Tdyol Ay efvar avaloyes twv tiudv e T oe Ee=0 kV/cm.

VIEPAYDYILOTNTOC O1kaoA0YeEl TANPp®S ™ peioon ¢ Tc oTig TexvNnTég douég Kotd ™V abénomn tov Eey.
Avagopikd pe v eEapmon tov A, 1 Kol o ard 10 Thyog dyp, To omoteAéopato Seixvovv pio AOYIKH
oouneplpopd. o Aemtdtepa vuévio, Nb (dyp,=15 nm) dreg ot pkpookomucéc mapduetpot A, 1, N(O)V kat oy,
elvar o evaicOnteg oty epapuoyn Eex e amotédeoua v £€viovn TPOTOTOINGT TOVG, 1| 0TOIN GTASIOKG
eEoobevel kabmg 10 Tayoc dyp avEavetal. Avtd dkatoloyel ™ mpoodevtikny e€acbévion tov Pabuod
Tpomonoinong g Te ue v advénon Tov dyp.

H avtocuvéneio 1060 TG POIVOUEVOLOYIKNG TPOGEYYIONG OO0 KOl TOV JOKIUAGTIKOV GUVAPTNCEWDV
tov A, 1 Kol o, yivetar @avepl] ov Kovelc €EETAGEL TIC TWEC TOV KPOGKOTIKAOV TOPAUETPOV TOV
YPNO OO BN KOV Y10 TNV TPOCAPLOYT TOV TEPIUUATIKOV OEO0UEVOV. EEKIVOVTOG OO TIC APYIKES TILES TV
A, 1 KAl O, TOL divovial amd To peyédn Ag, Moo Kol g (givor otabepoi 6pot) dvo cvpmeplopoTa
pokOTOVY. To TPOTO cLUTEPAGHA Elval OTL Ol TIHEG TOVG ivan AOYIKEG Kol oXeddV {0EC LE TIG AVTIOTOLYES
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IieoniekTpuk] TPOTOTOIN G TOV VAEPAYDYILOV IOLOTHTOV GE TEYVNTES OONES
Nb/PMN-XPT/Nb: nteipapotikd aroteliocpata,

TIUES OV avapépovtal otny dedvr| apbBpoypapia (013 1o dgvtepo cuumépacua gival Ot Ot TIHEG TV Ao’ Kot
o (avtiotora kou v to N(0)V) Sev eEaptdvrar omd 1o méyoc. QoT660, POIVETOL OTL TO Oy EEAPTATOL ATd
10 TTOX0G. AVvTO 0QEiAeTOL GTO YEYOVOG OTL Ol TEXVNTEG SOUES IOV amoTEAOVVTOL OO TayvTEPa VuEVIO, Nb
epopaviCovv vynAdtepn Te, n onoia glval avdAoyn g TUnNG TOL com,o/ . Avtd paivetar 6to £vBeTo NG EKOVOG
(7.7.8), 6mov ot yapunAdtepes Twés ™ Te ot Eu=0 kV/cm aviiotoyodv oe pikpdtepn T TO0 O
Avopopikd Le TIC VTOAOTES TOPAUETPOVS ki/ , ui*/ Kot co.n,i/ mov glval o1 moAAaTAaGLaGTIKOL Opot e To Egy, 01
TIEG Toug petafdrioviorl oe Aoyikd opia. o Topddetypa, otnv TE)VNT SOUN TOV OOTEAEITOL OO VUEVID
Nb pe méyog dnp T0 A Kopaiveton amd 1.5 péypt 1.0, 1o p” amd 0.103 péypr 0.124, to N(0)V amd 0.56 péypt
0.43 ka1 0 o and 51 péyxpt 91 katd v ovénon tov Eg ota 4.5 kV/em. Zvumepoopoticd, Oleg ot
MUIKPOGKOTIKEG TTOPAUETPOL OELYVOLV Ha AOYIKT LETOAPOAT 6TO SAGTNUA TIUDY TOV TEdiov Eeyx kabdc emiong
10 1060010 NG peTaPorng tovg e€ocbevel pe Ty avénon tov Tayxovg Twv vueviov Nb.

7.3 IeloniekTpIK TPOTOTOM OGN TIG KPIGLUNG TUKVOTNTOS PEORATOS o€ TEXVNTEG dopég Nb/PMN-
0,31PT/Nb

Y& avtn v mopdypapo eetdletoan n melonhektpiky tpomonoinon g Jo otig texvnTég dopég Nb/PMN-
0,31PT/Nb. Aedopévov 611 1 epapuoyn Ee 68 autég Tig Te)vNTEG dopég TpokaAel T peiwon g Te (0mmg
TOPOVGIAGTNKE GTNV TPONYOVUEVT] TOPAYPAPO CLTOV TOV KEPUANIOV), emAEYONKAY oKOmiL®G 600 TEYVNTEG
dopég ol omoiec eppaviCouv eldyiot puetwon g Te TPOKEEVOL Vo amopovmbel 1 exidpaon g emoyOUeVNg
TECONAEKTPIKNG UNYOVIKNG TGN TNV Je. AVTEG 01 TeYVNTEG OOUEG OMOTEAOVVTAL QIO GYETIKA TOL0 VUEVIOL
Nb pe méyog dyp=50 kot 100 nm. Xg avtn ™ pedétn n Je petpridnke enayoykd omd tig 1600eppeg Kopmdreg
m(H) oc d16popa Eex péom e avaroyiog JeocAm B4 (6mov Am eivan 1o €0poc tov kapmordv m(H) og
otafepd payvntikod medio, H). Ot avarivtikég kapmdreg m(H) mapovoidlovior 6to ayyiikd keipevo.

Eekwvovtog pe v texvnty odouny Nb(50 nm)/PMN-0,31PT/Nb(50 nm) mpaypotomomidnkoy
avolotikég petprioelg mM(H) oe Begppokpacio T=6 K (§ T=T¢-1,3 K) xar T=5 K (] T=T¢-2,3 K) vé v
EPAPLOYT SOPOPETIKAOV MAEKTPIKOV Tedlmv Ee. Ot ewcdveg (7.8.0-f) mapovoialovv o GLYKEVIPOTIKA
AMOTELEGUATO TNG TPOTTONOINGNG TG Jo 08 Kavovikomompuévn kiipako (Jc/dco, 0oV Jeo avapépetatl otny Je
oe Ee,=0 kV/cm) yia didgopa poyvnrikd nedio ko og Ogppokpacio 6 kot 5 K, avtiotoya. Tvykekpiuéva, 1
uetafoin g Jcllco otovg 6 K kotd thv avéEnomn tov Eey (stcova (7.8.2)) axorovBei pia pn-povotovn peioon
6mov 610 Ee,=2,0 kKV/cm 10 Jcllco eppaviler pua edtioon g tééewmg tov +1,3 % yio H=150 Oe, tov +2,5 %
vy H=300 Oe kot tov +4 % yio H=500 Oe (6mw¢ @aivetor oto £vBeto g ewkovag (7.8.a)). H mepartépw
avénon tov E¢,>2,0 kV/em odnyel ot otadiokr| peimon tov Jellecg T0 0moio apov d1EAeL amd TV apyikn Tov
T (ot mepoyn mediov Eq=3,0-4,0 kV/cm) peidvetor amdtopa kotd -13 % yio H=150 Oe, -12 % vy
H=300 Oe kot xatd -14 % yo H=500 Oe 610 Eexmax=5,0 kKV/cm. Aappdévovtag vroyw tn pn-povotovn
peioon ™¢ Jclco ot avtiotoyeg Tég ¢ mocooTiaiag peimong petald tov mediov Eq=2,0 kV/icm (mov
ep@avifetal T0 TOmKO PEYIGTO) KOl TOV Eexmaxy=5,0 kKV/cm givan iceg pe -14,3 % yu H=150 Oe, -14,5 % yu
H=300 Oe xa1 téhog -18 % yio H=500 Oe. Zvveyilovtag pe Ta dedopéva tng gwkovag (7.8.0) n petafoin g
Jclco o€ Bepuokpacio T=5 K mapovctdlel moapopola copmepipopd, 1 onoio, OUmc cuvodedetal and mio
EVTOVEG PETAPOAEC TOV TILDV TNG KOVOVIKOTOUEVNS Jcldco. Zuykekpuéva, 1 feltictonoinon g Jo/co 070
Ee=2,0 kV/cm givon g 16Eng tov +4,5 % yuo H=800 Oe, +6,0 % yia H=1.2 kOe xot +9,0 % yuo H=1,5 kOe
(6nwg paivetar oto évbeto g swovag (7.8.0)). Ze avth v nepimtwon M peimon tov Jellco peta&d tov
Ee=0,0 kV/cm (] Ex=2,0 kV/cm 4tov Aappdvetor veoyw n pn-povotovn petoforn tov Jelleo) kot tov
Eexmax=5,0 kV/cm &ivar g td&emg tov -14,5 % (-19 %) yia H=800 Oe, -13,0 % (-19 %) yia H=1,2 kOe ko
-15,8 % (-24,8 %) ywo. H=1,5 kOe. To amoteréopata avtd amodekviouy Ty me(oNAEKTPIKY TPOTOTOINCT
¢ Jc g dopng Nb(50 nm)/PMN-0,31PT/Nb(50 nm).
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Ewéva 7.8: Metafoln e kavovikomomuévns Jc (w¢ mpog v Ico s apyixns kardoroons o E¢=0) w¢ ovvaptnon tov
Eex y1a v teyvpTn dopap Nb(50 nm)/PMN-0,31PT/NB(50 nm), yia dedouéva mov mpoékvowoy amd tig 1660epues Koumdleg
m(H) o¢ Oepuorpacio (@) T=6 K ko (B) T=5 K. Xe kale cixdva 1o évleto eonialer oty mepioyn uikpdv mediwv Ee dmov
wapatnpeital pio. feltioromoinon e Je. 2e ke mepimtwon o1 ypopués eEomnpetody wg 00nyol yio. 10 uaTL.

Y& avto to onueio Bo mpénel va onuelwbdei 1L o1 Ppoyor M(H) oe Beppokpacio T=5 K gupdvicay
évtoveg Beppopayvntikés actdbeleg (OMA) otov kKAAd0 peiwong Tov poyvntikod mediov Kor o pKpd
poyvntikd edio, o apBpog Tov omoimv petafdrietor un-povotova pe v avénon tov Ee. H swdva (7.9.0)
TaPoLGIALeL TN SoKOUAVET TOV KoTayeypoupévoy OMA kotd v avénon tov Ee kot deiyvel 6t katd v
un-povotovn puetafforn tovg eppaviletor Eva tomkd péyioto oto medio E=2,0 kV/cm, to omoio tavtileton
ue to medio 6mov M Jo epeavilel Eva tomikd uéyroto. o avtd 10 AOYO KpiveTol GKOTIUO VO, CUGYETIOTEL 1)
petafoin Tov apBpov Twv ®MA pe v tpomomoinomn g Je. H ewdva (7.9.8) mapovoialer m petaforn g
Jclco o€ Beppoxpacio T=5 K pe 10 Ee ko yioo poyvntikd nedio mov Ppiokovrar evrdg (H=0 kor 200 Oe,
ocoumayn cvuPora g ewovag (7.9.8)) kot ektog (H=800 ot 1500 Oe, nui-yepicpéve cOUPoAR TG EKOVOG
(7.9.B)) g mepoyng tov ®GMA (H<600 Oe). EEetalovrag mpooektikd v gwkova (7.9.p) punopel kaveic va
avayvmpicel T TPoéAevon ¢ un-povotovne petafoing tov @MA. H peyiotomoinon g Jc 010 E=2,0

6 T T T T T 1.15 T T T T T
Evtog tng meproyng tov ©GMA
(a) 110 (B) H=0 Oe, - A H=200 O¢
5 E e EKT0G TG MEpoxng tmv OMA
p —(— H=800 Oe,
= 1.05 =
S, 1 IS —)—H=1.5kOe
S T gSx
3 % 1.00 - :
o3 _ 8 . L
g E.,=*2.0 kV/icm 50,95} .. X L
2, 2, .
(oN
< ™ 0.90f V
1
0.85¢ E,=+2.0 kv/cm
S A e s T e
E,, (kV/cm) E,, (kV/cm)

Ewéva 7.9: Metafoly (a) tov apiBuod twov OMA xor (B) the kavovikomomuevns Je, o€ ayéon ue to Egy yia v teyvnmh
doprp Nb(50 nm)/PMN-0,31PT/Nb(50 nm). Xtyv ewova (B) ta ovumayy (qui-yeuicuéve) obufola ovapépovior oto
0E0OUEVO, TTOV TPOEKDYAY OTO UGYVHTIKG Tedio. TOv PpIlokoviar ekTOg (evtog) e mepioyns mediwv twv OMA. Xe kabe
TEPITTWON 01 YPOLUES EEOTNPETOVY WS 0ONYOL YL TO UATI.
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Nb/PMN-XPT/Nb: nteipapotikd aroteliocpata,

kV/cm og oyetikd peydro payvntikd medio (H=800 and 1500 Oe) onuaiver 61t to vpévia Nb vrootnpilovv
T pon pog Je mov Eemepvdet v Jeo. Kabbg o poyvnticd medio petdveton katd PiKog Tov KAAdoL peimong
0V H n Jc av&avetan tepartépm (Adym g e&apong g Je ne to H) kot og ek To0tov 610 Eo=2,0 KV/em n
TOTIKY peylotonoinom g Je 0dnyel o€ akdun vynidtepes TéS. Ipogavag, to vuévio Nb dev pmopodv va
vroaTnPiEOLV TN PoT CTAG TNG EVICYLUEVNG Je Kol 0 aptBpog Twv OMA peytotomoteitol oto Eq=2,0 kV/cm.
Avt n tomkf peywotomoinon tov apipod v OMA oto En=2,0 kV/cm odnyei oe o Tomikn
ehayrotomoinom g Jc/dco ota pkpd poyvnrikd medio. H mepartépo avénon tov Ee mpokaiei v emiotpon
™mg Jc otV apyikn g TN Jeo (elte péoo pa avénong ota pikpd nedio H N péow o peiwong ota peydia
nedla H) ko avt n ovpmepipopd g Jeo ducooroyel mAnpwg ™ peiowon tov OMA oe avtd 10 Sdotnua
TIU®V TOV Egy. TELOG, 610 Eexmay=5,0 kV/ecm n por| pog vroPfoabucpévng Je pmopel va vroompiybei and ta
vpévio, Nb kot €161 ot @MA mov Kataypaeovtot pickovtotl 6€ £vo ELdyIoTo eninedo.

INo ™ Bempntikn depedlvnoTn TOV TEPUUATIKDY OTOTEAECUATOV TNG TPOTOTTOINGTG TNG Jo KAt TNV
avénom tov Ee xpnoiponoleitol 1o povoUEVOAOYIKO LOVTEAO TOV TOPOVGLAGTNKE otV Topaypago 6.2. H
emBount oyéon Je(Eex) mpoxidmtel and v soaywyn g €icwons S(Eex) o€ ua kabopiopévn Ekepoon g
Je(S) mov éyet mpotabei oty gpyacia (8] ean &xel ypnoomoinbel g GLVAPTNOTN TPOGUPUOYNG OTIS EPYAGIES
20 1 un-povotovn pewbon g Je katd v avénon g Ee (eovee (7.9.0-B)) vmodeucvier 6Tt 1
KATAAANAN €€l0OTN TOL TEPTYPAPEL TNV NAEKTPO-UNYOVIKY] 1KovoTnTe Tov vootpopdrog PMN-0,31PT Oa
TPEMEL VO, diveTal omd TV teTpayvik oyéon S(Eex). Avtd onpaiverl 0t 1 tedkn ékepaon ™G Jo(Eex) (Tov
Sivetar amd T éxepaon (6.8)) mepthapfavel §vo dpovg oTo Ghpotopa, ot omoiot givor To A kot o A Ot
ewoveg (7.10.a-P) deiyvouv Ta un-Kovovikomomuéva, amoterécpata g Je yio Stdpopa H otic Oepuokpocieg
T=6 kou 5 K, avrtictorya, poli pe tig pértioteg kaumvorieg Jo(Ee) mov ypnopomombnkay yio v mpocéyyion
TV mepapotikov dgdouévav. Ot koumddeg Jo(Ee) avomapaydyovv pe akpifela to amoteléouota.
[eprocotepeg Aemtopépeteg divovtal otV mopdaypapo 7.3 tov ayylkov kewyévov. Télog, onueidveTol 0Tl
AVTIGTOLYEG LETPNOELG TTporyaTonotOnkay kat yio Ty teyvnth dour; Nb(100 nm)/PMN-0,31PT/Nb(100 nm),
o6mov ot uetpnoclg ogv £detéav kamowa petafoin otovg Ppodyovg M(H) ota didpopa Ee. Zvykekpiuéva, n
HEYoTn Kataypapopevn tponomoinomn g Je (670 Eexmaxn=5,0 KV/cm) ce vynid H givan g t4&emg tov -2 %,
evd og wkpd H m avrtiotoyn tpomomoinon eivar apeAntéo. Avtd To amoTteAECUOTO OTOdIdOVIOL OTNV
emidpaomn tov mhyovg tv vueviov Nb, katd v omoia 1 avénon tov mhyovg eacbevel v enidpaocn ™¢
unyovikng taong. Onwg avapépnke oty mapdypaeo 7.2 vuévia Nb pe ndyog dyp=100 nm givar apkovvTmg

16 T=6 K (a) 35T=5K (B)’
15 3.0:
2 14 g |
5] L

o 13 B 2r ]
A ) [

1]

% 1.2 % 2.0-_ m ]
g 1.1 8 [
—" —" I
10 1.5:

0.9|....|....|....|....|....| 1'0-|....|....|....|....|....|

0 1 2 3 4 5 0 1 2 3 4 5

E,, (kvicm) E,, (kVicm)

Figure 7.10: Metafolij tnc Jc pe 1o Ee ¢ t6)vpic douric Nb(50 nm)/PMN-0,31PT/Nb(50 nm) (o) yra H=150, 300 kou
500 Oe oe Oepuoxpacio T=6 K kot (B) yra H=800, 1200 xox 1500 Oe (mov eivou extog g mepioyns twv OMA) oe
Ospuoxpooio T=5 K. Ztig eikéveg (@) xou (b) ta odufola avapépoviar oto meypouatind dedouéve, Kor o1 Ypopuss oTig
kourdleg Ic(Eey) mov ypnoyomoniOnray yia v Oecwpntixij Tpoceyyion tmv TEPOUOTIKOYV SE00UEVMV.
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TOYELDL KO Ol DILEPAYDYLUES WOLOTNTES TOVG TOPAUEVEOLY AUETAPANTES GTO SAGTNLA TILDV TOV TEGIOV Egy.

7.4 O p6Arog TNG ETLPUVELIKNG LOPPOAOYINS TOV VTOCTPORATOV 6TV TLELONAEKTPIKY] TPOTOTOIN 6N TOV
VAEPAYADYLUOV 1OL0THTAOV

2T mpoMyovUEVES €vOTNTEG AVLTOD TOL KEPOAOiov dOOnKov To amoteAéopoto TG TEelONAEKTPIKNG
tpomonoinong ¢ Te kot ¢ Je oe teyvntég douég NB(dny)/PMN-XPT/Nb(dn,) mov amotedovvion amd
vrootpopate. PMN-XPT mov €yovv vmoPindel oe Nma Aciaveny tov em@aveldv Tovg. Avti 1 Tapdypopog
€0TIACETON OTN HEAETN TNG EMIOPAOTG TNG EMPOVELNKNG LopPoAoyiag TV vrooTpoudtov PMN-XPT ue uxy-
Jeroouéveg EmEaveleg otny meloniektpikn tpomomoinon g Te Kot g Je oto vpévio Nb.

H teyvmm dopn mov peAetdror o avty v mapdypoeo sivar 1 Nb(20 nm)/PMN-0,31PT(My-
Aetaouévo)/Nb(20 nm) xon €yel emheyel yio toug €€ng Adyoug: (i) ypnowomoteital to vrdotpouo PMN-
0,31PT Ady® NG OMOTEAEGUATIKNG TOV OPACTG GTNV TPOTONOINGT TOV VIEPAYDYIUOV 1O10THTMV GE GYECN LE
10 vrootpope. PMN-0,27PT, (ii) vuévie Nb pe méyog dny=20 nm egivor apketd Aemtd oe oyéon ue
STNPNON TNG VIEPAYDYIUOTNTOC TOV VUEVIOV TOL €00V eVOTOTEDEL GE VTOGTPOUATO, VYNANG ETUPAVELOKNG
TpoyvTNTag (Sa) Kabdg emiong £xel amodetyfel melpapatTikd oty evotnTa 7.2 OTL O VEPAYMYLUES 1O10TNTEG
vueviov Nb wéyovg 20 nm tpomomolovvTal KoTd TV £PApPUOYT Eex.

i. IIieConAekTpikn Tpomomoinen TS Kpisung Oeppokpaciog o€ TeXVNTES dopés wov amoteLoVvTIL 0T
HUI-AEIOGUEVO VTTOCTPOUATA

Avt 1 evomta goTialel ot pEAETN NG emidpaong g Sa oty meloniextpikn tpomonoinon g Tc. [Ma
avTh ™ HEAETN TpaypaToTomOnKay avolvTiKES 160medIoKEG peTprioelg M(T) Katd T cLOTUATIKY HETOPOAN
oV Eex. H ecova (7.11.0) mopovctalel to cuyKeEVIPOTIKG amoteAéopata TG LETaBoAng g Te yia dedouéva
ov mpoékvyay amd tovg kAadovg FC oe medio H=10 Oe. Ta mepapatikd onpeio g ewovog (7.11.a)
owvvodevovtal amnd T kapmrdAn Bértiotg Tpoocapuoyng Tc(Eex). ATo To melpapatikd onpueio mpokvmTel Ot 1
ovvolkr| peiwon g Te kKotd ™y e@appoyn Eeman=4,0 kV/cm eivar mepimov 400 mK, n onoia avtictouyel
o€ évaL GLUVTEAEGTN TPOTOTOiNoNG (TocooTtiaio Tporomoinon) ico pe -0,100 K/kV/em (-6,0%). Avoapopikd pe
N OepnTiKn SlEPELYNON TOV OTOTEAECUATOV Eival TPOPAVES OTL AMOY® TNG UN-HovoTovng peimong g Tc
Bértiot kapmOAn tpocapproyng Te(Eex) Tov mepapotikdv onpeiov o tpénet va divetor amd v ékepaocn
(6.5.8), n omoio. avamaparydryet pe oxetikd peyaly oxpifeta (R*~90,1%) ) pm-povétovn petaforn me Te. H
koA Te(Eex) 0MOKAADTTEL 500 YOpaKTNPIOTICG NAEKTPUCE Tedia, To Ee® ~1,5 kV/ecm mov onpatodorte
éva Podopa tov Tpdv e Te (tomikd gldyioto) kot 10 Ee=2,5 kV/em nov onuatodotel v emotpopn g
Tc oe Tu vynhotepn g Teo (Tomkd péyoto). Tvykpivoviog ta amotedéopata G Tc(Eex) ovthig g
TEYVNTNG OOUNG UE TO OVTIOTOLYO OTOTEAECLOTO TMV TEYVITOV OOUMV OV OTOTEAOVVTOL OO ALlaouevo,
vrootpopote. PMN-0,31PT mpoxvmtel 4Tt 11 GUVOAIKY Tpomomoinon g Tc dev emnpedleton amd Tnv
EMPAVELOKT TPOUYLTNTA TOV VLIOCTPOUATOV. Q0T1dc0, pmopel kavelg va oyvplotel 6TL 1 e€myevig
TOPAUETPOG TNG EMPAVEIOKNG TPAXDTNTOG METOTPEREL TV aoBeviky] aAloyn KopumvAdmTag TV Tc(Eex) 0TS
dopég mov amotedovvrol and Astaousve vrootpmdpota PMN-0,31PT og éva évrovo Bubicua (tomikd erdyioto)
TV Te(Eex) otig dopéc mov amotehodvtor and un-Actoouéva vrootpodpoto PMN-0,31PT. Ot ewcoveg (7.11.-
v) Ogiyvouv T OMOTEAEGUOTO TG UINYOVIKNG TAGTG TOV KOTAYPAPETOL OO U0 OYKIKH TEYVIKY] KOl U0, TOTIKT
TEYVIKN, avTioTolo. ATO aLT TNV avamapdoTaoT yivetal eavepd OTL TO Ee P ~1,2 kV/cm tovtiletal pe o
Eec"~1,4 KV/cm mov onpotodotei o acBevikn arlayl] KOpmuAdTToS 6Ta SeS0pEVE TG OYKIKHC TEXVIKAG
(ewova (7.11.8)) ko pe o acBevikny kopven Eu=1,3 kV/cm ota dedopéva g tomikrc teyvikng (eikdva,
(7.11.y). Eugpovag, To yopaktnploTikd onueio Tov KoumoAdv Sy-Ee copmintovv e v meployn mediov 6mov
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IieoniekTpuk] TPOTOTOIN G TOV VAEPAYDYILOV IOLOTHTOV GE TEYVNTES OONES
Nb/PMN-XPT/Nb: nteipapotikd aroteliocpata,

KOTOYPAPETOL TO TOMKO EAIYIOTO TOV TEPAPATIKOV Oedopévev G Tc-Eex. O ocuvovaouds dhomv twv
TOPOTAV® AmodEkVOEL EgkdBopa OTL 1 HeTaPoAr TG Tc 6€ AVTEG TIC OOUEG VTOKIVEITOL OTOKAEIGTIKG KoL
HOVO Omd TIG EMOYOUEVES TIUEG TNG UNYXOVIKNG TAoNg TV vrootpopdtov PMN-0,31PT aveEaptitog g
EMUPAVELKTG TOVG LOPOPOAOYING.

g (B)

PMN-0.31PT
T=300 K E

6.7

E0P~1.2 kv/em (@) ]
6,60 + + ] 3 E" <14 KViem

6.5F ] S
[ ] 0O 05 10 15 20 25 30 35 40
é é 1 E_(kV/cm)

ex

T. (K)

6.4:

T
1
-

6 3-_ 0 T 1L
I Tetpayovun S(E,)) - Tetpayovikn o (S) :

[——R’~88.1% FC at H=10 Oe] o
6.|....|....|....|....|....|....|....|....| _
D005 10 15 20 25 30 35 4 2, E=2:0 kviem

E,, (KVicm) «

PMN-0.31PT
T=300 K

E =1.3 kV/cm
ex

A §

00 05 1.0 15 2.0 25 30 35 4.0
E,, (kV/icm)

Ewova 7.11: (a) Zvykevipwtika arnotedéopota g Te(Eex) poll ue m Pédtiotn koumdln mpocoproyng twv Tepouatikdy

onueiov yia v teyvyry oourp Nb(20 nm)/PMN-0,31PT(Mpy-Jeiaouévo)/Nb(20 nm). Metprioeic twv mepopatikdv

koumvlwv Sy-Eey ypnowuonoicrvrog (B) pio oykixhy texyviky koa (y) wio tomixn uebodo maparnpnong. To uovpo férog atnv

ewova (B) vrmodeikvoer éva acbsvikd onueio koumng s kourmving Sy(Eey), evdd 1o uadpo oaxexopuévo Pelog (umhé

ovumayés Pfelog) otny eova (y) vmodetkvier pio kopoen Oetikod Sy (undevikod Sy).

ii. IieConiekTpikn vToPaduIon TG KPiGLUNG TVKVOTNTOG PEOUATOS O TEXVNTEG HONES TTOV
0TOTEAOVVTOL U0 UH-AEIAGUEVE VTOGTPDUATO,

Avtm n evomto eotdleton otV EMdpacn NG EMOAVEWNKNG TpayvTNTag (Sa) otnv melonAeKTpiKN
tpomonoinon ¢ Je ota vuévie Nb. e avtf tn pelétn diepevvoviar 6o teyvntég douéc Nb/PMN-
0,31PT/Nb 6mov to mdyoc Tmv vueviov Nb eivor dyp=20 nm, n Tpdn doun amotereitar amd éva Aetaouévo
vrootpodpoto. PMN-0,31PT yoaumAig emipovelokng tpaydmtag Kot 1 ogbtepn amd &vo un-Astoouévo
vrootpope PMN-0,31PT vyning empaveiokng tpoydhtnrog.

H ewova (7.12) mopovctdlel ovTImpoSOTELTIKG TEPAUATIKG OTOTEAEGUATO TOV dVO TEYVITMV SOUDY
o€ KaBetn owdtaén. Kdébe otnin g ewdvog (7.12) cvvdvdler pia swova MAA (amd o meployn clpwong
20x10 um®) podi pe toug Ppdyovg m(H) mov petpidnkay yio Eq=0, 1, 2 xat 3.5 (] 3.3) kV/em yw kée
TEXVNT Sour. ZUYKEKPIUEVE, 1 aploTeP oThHAN ¢ ekovag (7.12) (swdveg (7.12.0.i-1v)) avagépetar otnv
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texvn™) douny Nb(20 nm)/PMN-0,31PT(Aeta0uévo)/Nb(20 nm) pe <Sa>=~44 nm (Sa=25 nm otV &Kova
(7.12.0)) xan Tc=7 K, eved n de&1d omin (ewoveg (7.12..i-iv)) avapépeton otnv teyvnty doun Nb(20
nm)/PMN-0.31PT (Mn-Aetaouévo)/Nb(20 nm) pe <Sa>~290 nm (Sa=216 nm oty gwkova (7.12.0)) kot Tc=6.6
K. Oa mpéner va onuetwdel 611 Aoy ¢ dtapopetikig Te avtdv tov teyvntodv doudv, ot Bpoyor m(H)
eMobnoav oe dapopetikéc Bepuoxpacieg (T<Tc) vmokovoviag oe po amAn GLUVONKN TTOL EMTPEREL TN
ovykpion tov Ppoyov m(H) peta&d tovg. 1w cvykekpuéva, ov petprioelg m(H) €ywvav oe Bgpuokpacio
T=Tc-2 K e&aocparilovtag pe avtd tov Tpdmo 6Tl ta vuévia Nb kot oTig 600 TeYvNTEG doUéG Ppiokovial
Babewd péca oty vrepaydyn katdotoon, aveEaptntog g Tec Toug Kol Tov €VPOVS TNG VIEPAYDYIUNG
petdfoong. Ta mepopatikd amoteAéopota g ewovag (7.12) deiyvovv 6Tt M avénon 1ov Ee emdpd
dlapopeTikd oe kdBe texymtn doun. Omwg eaivetal otig swdveg (7.12.0.1-1v) ot Bpdyor m(H) tng te)vnTig
doung Nb(20 nm)/PMN-0,31PT (Aetaouévo)/Nb(20 nm) mopapévouy avernpéactol Kotd Ty adENcn Tov Eey.

(BP) sa=216 nm

6 8 um
— -
50 100 150 nm

A $ |
0 2 4 6 8 10 12 14 16 um

6 T o ]

o . E=00kviem  (a.i)

0 [

-3 _ :

-6 1 N T T .

6 E_=+1.0kV/cm (a.ii)]

3 ¢ <> X o ( " )__
~ /:-5\
g -3 =
L -6t 1 N T . “?0)
o 6 ~E Sookvem @] o
— ex . ] N—
— 3F . c

-3 5 7

-6 L ]

02 03 04 05
H (kQe)

1.0
H (kOe)
Ewoéva 7.12: (a)-(B) Avumpoowmevtikéc eikévee MAA (20x10 um?) vrootpduatoc PMN-0,31PT ue (a) Asiaouévec ko ()
un-Astoouéves empdveles. H uéon empaveiaxn tpoydtnta Sa e ovykekpiuévng mepioync sivor (&) Sa=25 nm xor (B)
Sa=216 nm. (a.i)-(a.iv), (B.10)-(B.\v) Avumpoowrevtikoi Ppoyor M(H) oe didpopa Ee yia 10 deiyua (a.i)-(a.iv)
Nb(20nm)/PMN-0,31PT (Aeiaouévo)/Nb(20nm) xox (B.1)-(B.iv) Nb(20nm)/PMN-0,31PT Mn-Leraouévo)/Nb(20nm).
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Avtifeta, 1 avénon tov Ee otnv eV S0 Nb(20 nm)/PMN-0,31PT (My-Aei00uévo)/Nb(20 nm) emdryet
onuavtikég aArayég otoug Ppdyovg m(H) (ewodveg (7.12.6.i-1v)). Eotidlovtag tnv Tpocoyn Hog otV TEAEL-
Taio eVt doun Uopel Kaveic va avayvwpioet 0Tt 0 opords kat abopvfog Bpoxo m(H) oe Ee,=0.0 kV/cm
(Tov avticTolyEel oTNV apyIK) Kot adlatdpaKTy KOTAGTAGT TNG TEXVNTNG OOUNG) LETATPEMETAL OE 10taiTEPaL
BopvPmoeig Ppodyovg m(H) 6mov kataypdpovrol GApaTo HoyviTiong pe v avénon tov Ee (Tov avrtictoyel
OTIS OOTOPOYUEVES KATAOTAGELS TNG TE(XVNTNG OOUNG). AvTtd Ta GApOTA HOYVATIONG TPOKLATOLV Ond TNV
avantuén Beppopayvntikev aotabsidv (OMA) ota vuévia Nb.

[Ipokewévov va efetaotel M petoforn tov mAnBovg tov OMA katd v adénon tov Eg,
YPNOWOTOMONKAY TPLoL SLPOPETIKG KPLITNpla Yo TNV Kataypapr Tov OMA octovg Bpdyovg m(H) oe kdabe
Eex. 'Eva avtimpocomevtikd mopadetypa kabe kprimpiov mapovcidletal otny gwova (7.13.a), n omoia deiyvel
10 Bpoyo M(H) oto péyroto Ee=+3.3 kV/cm. Extdg TV TEpopaTIKOV dE60UEVMV TOV GUYKEKPIUEVOL Bpdyov
m(H) (mpdocwva cOufora otnv swdva (7.13.0))) copmeptiappavetal kot 1 opoomomuévn Koumvin m(H)
(yxpt ovpPora oty swodva (7.13.0)) mov vmoroyiomke amd to Aoylopkd moxéto Origin. Emumléov,
ApPavOVTOC VoWV OTL 1) aKkpiBELd TOV HayvnTIKdVY HeTpicemy givar Tng Tdéng Tov 107 emu, TomofethOnke
o {hvn oedipatoc Thatoue £5-107 emu (ykpt ypoppéc) og teptBEALOVGN TOV OLOAOTOMUEVOY KAUTOLAGY
m(H). Zoupovo pe t0 TpOTO KPrtplo, ot OMA oamodidovtor oTa SOKPITA TEPOUATIKA GHUELD TOV
Bpiokovtol ektog ™G LDVNG GOAALATOC, OTMS PAIvETOL amd To povpo Bérog oty gwkova (7.13.a). Avtég ot
OMA ovoudlovtor pikpookonikéc @MA (micro ®GMA). AmokAEIoTIKG omd TIC OUAAOTOMUEVES KOUTOAEG, TO
ogbtepo Kpumplo amodidel o OMA oto TUAUOTE TOV KOUTVAGV OOV 1) HOYVNTIKY] PO Old0yIKAOV
onueiov PEIOVETAL GTASIOKE TPOC TO UNdEV, OMMG Paivetal omd 10 KOKKIVO Béhoc oty ewova (7.13.a).
Avtéc ot OMA ovopdlovtor pakpookomikés ®MA (macro ®MA). Téhog, ywpig va Anedovdv vdyw ot
oporomomuéveg kapumoreg m(H), ypnowwomositol £va avotnpd LabONUATIKO KPITHPLO Y10 VO T0dMCEL Uid
OMA. Avtd cival to Tpito KpLTNplo Kot petpasl po OMA otov 1 puetafoAn T HoyvATIong o€ &va dua
poyviTiong (dmM=|mi.;-mj|) wavomotei t cvvOnikn 6m>0.5m;. ‘Evo tapdderypo tov tpitov kprrnpiov eaivetol
oo to, uIhé BEAN oty ewkova (7.13.a).

H gwova (7.13.p) detyver m petafoin tov minbovg tov ®GMA mg cuvaptnon Tov Ee yio OMA nov
Katoypaeovtor kot pe ta tpion kpripwe. o Adyovg mapovsioong, o apBudc tov macro @MA

moAlomAaciletal pe 8 kot o aplBpdc tov OMA copevo, pe 1o Tpito kpitiplo moAlomiacialetal pe 4, Kabmg

"~ [Mico () —@— Micro, A Macro (x8), '
a) i r : :

08 L‘_- l@MA ( ) 60L- B Am>0.5m (x4) (B) ]

06L m| Macro ] [ n e +

0.4L % R E é 50: ]
~ @ L
2 0.2F A1 y 1z 4o A
S ok 2
E | £ -
—-0.2F ! |+% ﬁ‘q qz [
S 2 20k . . ]

047 R Ntt = W < 20f ‘.

06 N “\/ b ]

m(H) o —l— [1elpOopOaTIKT KOUTUAN A ’
-0.8{E, =333 kvIem | Opaomopmpeyn kommodn .S S
0.0 0.1 0.2 0.3 0.4 0.5 8.0 05 10 15 20 25 30 35
H (kOe) E,,, (KV/cm)

Ewova 7.13: () Eva ovumpoowmevtikd moploeiyua yio. kale Kpitipio mov yproyorolsital yLo. Ty katoypopl tov OMA
ato Bpéyo m(H) mov uetpnbnre vmo v epapuoyn Ee,=3.33 kV/cm. To mpdooiva aduforo avapépovial 6Ty melpopoTiKy
kourdin M(H), eva ta yrpr aopfola avapépovror otnv ouatomomuevy koumvin m(H). To uadpo Pélog deiyver pia micro
OMA, 10 KoKKIvO félog deiyver o macro OMA kou télog ta purhe féln deiyvoov po OMA émov om=|mi.-m;|>0.5m;. (5)
O op10uog twv OMA mov katoypapnkay otovs KAddovs adénong kar ueiwons tov wediov H, ypnoyworoiwvras xar ta tpio
xpitnpia. Tovi{etoun 6T o1 ypopués elomnpetody wg 0dnyol yio 1o uatL.
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KéOe kpurnpro kaToypaeet dtapopeTikd apBud OMA. And v ewkdva (7.13.8) yivetar pavepd o1l og Kabe
epappolopevo Kpitnplo, 1 Slakvpoven Tov aplfuod tov O@MA akolovbel v o un-povotovn petofoin
Katd v adénomn tov Ee, 0mov kot dtokpivovtar 600 yopaktplotikd medic. To mpdTo yopaktnplotikd medio
Eex (Ech1) €lvon ota 1,3 KV/em kot avtiotoyel 610 tomikd péyioto tov apifpod towv OMA, evéd 1o dedtepo
yapoxmplotikd medio (Egnz) elvar oto 2,0 KV/cm 6mov Olo T Kpthple KATaypaeovy o, TORTIKY
elayotomoinon twv OMA. Xe avtd 1o onpueio Ba mpénel va onpelwbel 41 ot EMA moapatnpodvIal Kupimg
OTNV TEPLOYN TOV DYNADV HOYVNTIKOV TEdimV, avtifeto pe TV avopuevOUEVT] ELPAVIGT] TOVG KOVTE oTNnV
EMGTPOPT TOV payvnTikov edio ota 0 Oe.

H avéntvuén tov ®MA cg avtr| v teqvnth doun tpokalrel v eEacBévion g Je. Osmpdvtag o6t 1
Je elvan avédroyn g Am (JcxAm) oe otabepd payvntikd medio, ot swdveg (7.14.0-B) deiyvoov v
TPOTOTOINGN NG KavOVIKOTOUEVNGS Je (Ommg opiletar amd t0 Adyo Jclco, Omov Joo givar 1 Je Yo Ee=0
kV/cm) yio H=0 Oe (pavpot kdkrot), 150 Oe (umhe tetpaymva) and 400 Oe (kokkivotl poufor) og cuvaptnon
o0V Eew yio T teyvnTég douég Nb(20 nm)/PMN-0,31PT(Aetaouévo)/Nb(20 nm) ket Nb(20 nm)/PMN-
0,31PT(Mn-Aeracuévo)/Nb(20 nm), avtictorya. Onwe eaivetatl otny gwkova (7.14.a)), To yeyovog ot ot fpoyot
m(H) moapéuevav avemnpéaotor Kotd ™V eapuoy Ee (ewoveg (7.11.0.i-iv)) avtikatomtpiletar oty
AUEANTEQ TPOTTOTOINGT TNG KOVOVIKOTOUEVNS Je. Avtibeta, M gupdvion ®MA otovg Bpdyovg m(H) g
texvng doung Nb(20 nm)/PMN-0,31PT (My-leiaouévo)/Nb(20 nm) kou ) petafoAr tov apBuod tov @MA
Katd TV avENor Tov Egy el 0g amoTéAES O TV IGYLPT TPOTOTOINCT TV KAVOVIKOTOUEV®Y TGOV TG Jc.
2mv ewova (7.14.) eaivetar 61t 1 kavovikomompévn Je ota edia H=150 ko 400 Oe petofdiietor pun-
LOVOTOVO KoL LOAOTO GE GTOAVTY) OVTICTOLYI0 UE TNV UN-UOVOTOV JlakVIaveT Tov OMA. Zuykekpipéva,
oto E¢n1~1,3 kV/cm 6mov ot EMA gpoavifovv éva tomikd péyioto, 1 Je epeavilel £va Tomkd eAGyIoTO Kot
010 E¢n 22,0 kV/em 6mov ot @MA ghayiotomotovvtal, 1 Je Aapfavet po péytotn Ty mov givon mepinov ion
ue Jeo. Emmdéov, o avénuévog apbpoc tov O@MA yia E4>Ec 2 00nyel atnv mpoodevtikn vrofaduen e Je.

o va depevynBei n artie mov mpokaAel avtr ™ pn-povotovn petafoin tov apBpod tov OMA
(Gpa kot g Jc) pereTd@vTon o1 YUOIKEG TOocOTNTEG TOL GyetiCovtan pe to vootpwpe PMN-0,31PT. Onrwmg
elvar avopevouevo 1 eeopproyn Ee 68 avtég T1g TEXVNTEG SoUES TPOKOAEL KATO KOPLO AOYO TN UAKPOCKOTIKNY
UNXOVIKY Topopdpewon TV vrootpopdtov PMN-0,31PT, n onoia odnyeitar ota vuévia Nb mpokaidvrog
TN UNYOVIKY TOPOUOPO®OT TOVG. AVOKUADVTOG Yo, GAAN tio popd TV KoumdAn Sy(Eex) TOV vVITOGTPOUOTOC

1.2 T T T T T T T 1.2 T T T T T T
() & (B)
1.0 — T a1 1.0
g 0.8} ] E08 ;
= =
<06l ] < 06 ]
g O )
- 3
—" 3
~0.4+F 8 204 .
L) .ﬁU
0.2 [-O—H=00e ] 0.2 [~@—H=00e ]
—{ H=150 Oe —l- H=150 Oe
—~>—H=400 O —@-—H=4000
00||e||||| 00|_||4|e‘||||
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
E,, (kVicm) E,, (kV/icm)

Ewéva 7.14: Metoflors tnc kavovikomomuevns Jc (wg mpog v tuny Jeg) w¢ ovvaptnon tov nlextpikod mediov Ee ota
noyvyika medioo H=0, 150 koa 400 Oe ka1 yio. v teyvnti dourj (@) Nb(20 nm)/PMN-0,31PT(Aetacuévo)/Nb(20 nm)
(avoikta cbuPfora)kar (B) Nb(20 nm)/PMN-0,31PT(Mn-Aciaouévo)/Nb(20 nm) (courayr; ovufoira). H rlinoko twv
alovmv Kol 0TI dDO EIKOVES €lval 101ES Y10, VO, OLEDKOADVOEL N Gueon oOYKPLON TWV OTOTEAEGUATOV TWV dDO TEYVHTMDV
oouwv. Xe kGOe mEPITTWON 01 YPOUUES ECOTHPETODY WS 0ONYOT VI TO UGTL.
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PMN-0,31PT, omv ewodva (7.15.0) @aivetar 01t 610 Ee=Eqn1 (*1.3 kV/cm) to Sy epooavilel o kopven
Beticnc punyavikng tdomg, oto Ee=Ec, (2.0 kV/iem) n unyovikn tdon emotpéeel o Tiuf undév Kot yio
Ee>2.0 kKV/cm ovédvetarl mpoodeutikd to péyehog g GUUTIESTIKNAG UNYXOVIKAG Tdong. Me owtd To dedopéval
Bo pmopovce kavelg va epuNVeLGEL TV EREAVIOT] TV TV OMA pe 0povg unyovikng tdong kabdg 1 pn-
povotovn petaforn tov OMA (dpa kot g Jo) katd v adénomn g Ee ocvumintel pe tn cupmepipopd g
KOUmOANG Sx(Eex). TTapdro mov @aivetor 6Tt  unyavikn tdon 0o pmopodoe va vokvel T HETOPOAN TmV
OMA, avtd Ba eEnyodoe HOVO UEPIKMOG TO. OMOTEAEGHOTO OVTNG TNG MEAETNG KOOMG M TEYVNTA OOUN TTOV
amoteleiton and Actaouévo vmooTpdua 0ev epeavilel kdmown petafoin Katd v epapuoyn tov Ee. Avti n
onuovtikny otapopd petald tv 600 TEYVNTOV SOU®V LTOONAMDVEL OTL 1| HOPPOAOYIDL TOL un-Aslaouévon
VITOGTPOUOTOG SLOPAUOTIEL ONUAVTIKO pOAO TNV ELPEVIon OMA kot GuVER®S 6TV VITOPadon g Je.
INa va yivel katavontd mog N emipaveloky popeoroyia tov vrootpmpatog PMN-0,31PT oyetiCeton
pe v epeavion tov OMA eetdletol 1 TPOTOTOINGT TG EMMPAVEINKNG TPAYLTNTOSC (LEC® TOV TIUDV TNG
<Sa>) katd v awénon tov E. H ewodva (7.15.0) deiyver m petaforn g <Sa> oe oyéon upe 10
gpoppolopevo medio Ee yia ™ doprp Nb(20 nm)/PMN-0,31PT (Aetaouévo)/Nb(20 nm) (umhe tetpdymva) kot
vt doun Nb(20 nm)/PMN-0,31PT (My-Jetaouévo)/Nb(20 nm) (roptokari poppor). Ze avtd to onueio Ha
npémnel vo, onpelwbel 6t o1 petpnoeig MAA dev exteréotnkay pe 10 Eo va epapudletar otabepd kot Stopkadg
AOY® TN €VTOVIG NAEKTPOOTUTIKNG OAANAETIOPOGNC TNG OKIOOC [LE TN GVGCMPELGT NAEKTPIKOV QPOPTIOY GTNV
EMPAVELL TOV OElyUaTOG. ZVYKEKPEVO, EEKIVOVTOC omtd o amootoon acpaieiog (=1 mm) peta&d g
EMPAVELOG TOV dElYHOTOC Ko TNG aKidog epappoletar pio dC nAekTpikn taon yio 1 Aemtd, petd 1o pndeviopd
NG NAEKTPIKNG TAOTG 1) EMPAVELD TOV dlypatog Tpooeyyilel Tnv akida kot Aapfdvetol o eikova MAA. Mg
™m oGpwon g id10g meployng Kotd ™ dadoykn avénon tov Ee pe Prua 0.25 kV/em, umopei kaveig va
extymost v e&EMEN e <Sa> o oyéon Ue 10 Eg, 0mov 10 <Sa> givor 1 puéomn Sa peta&d Tpidv YEITOVIKGOV
nepto bV ohpmong 10x10 um’ Onwc yiveton @avepd v ewova (7.15.8) 1 <Sa> mapopéver oyeddv
apeTdPAnT kotd Vv gpappoyn Ee otnv texvn) dopny Nb(20 nm)/PMN-0,31PT (A&iaouévo)/Nb(20 nm), eved
avtifeta onuovTikég aAlayéc g <Sa> kataypdeovior oty texvnt) dour; Nb(20 nm)/PMN-0,31PT (M-
Jeroouévo)/Nb(20 nm). Zvykekpuyiéva, Eexwvovtag omd Ee=0 kV/icm n avénon tov Ee mpoxkodei tmv
TPOOSEVTIKN peiwon ¢ <Sa> 1 omoia diEpyetar amd i pkpn mepoyn otabepdv Timv oto Eeq=1,3 kKV/cm

05 - T ]
260; o (B)
0.0 et
250 o =g * ]
'0.5 ~T < e
- 240 ]
.8 1.0 Ech,l
St '15 - o
n" 110¢. Nb(20 nm)/PMN-0,31PT (M7-A /Nb(20 nm}|
2.0 C , n-Agiaouevo)/Nb(20 nm)
r={J= Nb(20 nm)/PMN-0,31PT(A&taxouevo)/Nb(20 nm)
-2.5 100} ]
3.0 % W
-35 :
PR ST S S T ST S S S SR N SN SR ST NSNS TS NS S S S NS S 80 SRS T T S S S T SN S T TN AN TN S T T AN TN S SN S AN S S T T AN S S S S s |
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
E,, (kVicm) E,, (kV/icm)

Ewova 7.15: (a) H xourdln Sy(Ee) evog deiyuaroc PMN-0,31PT ypnowomroidvrag v tomki uéfodo uetpiioewv e
unyovikne taong. (B) H ustoflorr e uéong empavelaxns tpaydtntog <Sa> w¢ mpog 10 epapuolouevo medio Ee otnv
weyvityp dourp Nb(20 nm)/PMN-0,31PT (Aeiaouévo)/Nb(20 nm) (umle avoikta tetpdywva) kor oty Nb(20 nm)/PMN-
0,31PT(Mpy-Jeraouévo)/Nb(20 nm) (roproxali kieiorol poufor). H <Sa> eivor n uéon tui te EmQaveELaKiS TpoydTNTOS
HETALD TPLDOY YeIToVIK@Y TEPLoy v aapwans 10X10 ,umz.
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(6mwc onueidveral and Tig dtukekoppéveg evbeieg oy ewkdva (7.15.B)) KataAnyovtog oe po eEAGyotn T
010 E¢,=2,0 kV/cm, evdd n mepartépo avénomn g Eex 00nyel oty mpoodevtikny adénon e <Sa> mov yivetan
nePimov fom pe v apyikn <Sa> o010 E.=3,0 kV/ecm. A&iel va onpeimbei 6t ta yopokmprotikd medio E g
Kot Ecn o ™G kopmdAng Sx(Eex) Topapévouv og xapaktmplotikd tedio Kot oTny KaumoAn petaBorng tng <Sa>
o€ oyéon Ue 10 Egy, amodeikviovtog katd avtd Tov TpOTo OTL 1] TPOTOTOINGT) TNG EMPOVELNKNG LOPPOAOYIOG
odnyeitol omd TV €mayOevn UnNyovikn Tdor. Oa tpénet va avapepBel 6Tt 01 cuyKekpléveg petpnoelg MAA
ToPEYOVV UOVO U0 TTOL0TIKY EVOEIEN GYETIKA LE TNV TPOTOTOINoN Tng <Sa> Kot givar Aoyikd va Oempndel 611
10 péyebog TV avtiotorywv oAhaydv g <Sa> otav 10 Ee epappodletar otabepd oy teyvntn dopn sivorn
LeYOADTEPO VTOV TTOL avamaploTdtot oty gwova (7.15.p).

INo va amewoviotel n petaforn g <Sa> kotd v epapuoyn Ee omv teyvnty douny Nb(20
nm)/PMN-0,31PT (Mn-Aeraouévo)/Nb(20 nm), n eikova. (7.16) Topovcidlel 1060 mocoTikd (ikdves (7.16.0.0)-
(7.16.0.ii)) 660 Kou morotikd, amoteAéopata (ekoveg (7.16.8.1)-(7.16.B.i1)) mov mpoépyoviat and PETPNOELS
MAA. H gucéva (7.16.0.i) Seiyver wo avimpoomrevtikh meptoxy odpmons 10x10 pm? yio Ee=0 kV/cm. T'a
va mocotikononfel | tpomonoinon g emeoveloKkns popporoyiog tomobeteitan o opldvtio ypappr Kotd
unkog tov aova X (Aevkn ypouun oty ewkova (7.16.0.1)) ko e€etdletar 1 aAlayn oto Tpoeil Hyovg Katd
HNKog owthg ™G Ypapung Y10 Ee=0,0 (cupmayfig pavpn ypappn), 1,25 (Swakekoppévn pmie ypapupn) ko 2,0
(drakekoupévn koxkvn ypauur) kV/em. Onwg gaiveror oty giova (7.16.0.ii) 1 avénon tov Ee e€opaidver
®¢ éva Pabud TIG VYOUETPIKEG OPOPEG HETOED YOPAKTNPIOTIKOV CNUEI®V TNG EMPAVELNS, OLTIOAOYMDVTOG

- 2-0 - T T T T T T T T
§ (i) Eex=0 K\/em g (.11 —E, =0 kv/em,
w & T 16} - = E _=125kViem, |
n 2 3 A -+ - E, _=2kVicm
RN ... “ 2 12 2
>
w 2
N = 08
i >
= 5
~ g < 0.4 B
T : : 00
[—E === sssssssssssEEEEEEEEEn [(—] 0 1 2 3 4 5 6 7 8 9 10

01 2 3 4 5 6 7 8 9pum

E.=2 kV/cm

0 02 04 06 08 1.0 1.2 1.4 pm
0 02 04 06 08 1.0 1.2 1.4 pm
0 02 04 06 08 1.0 1.2 1.4 pm

Ewoéva 7.16: (o.i) Avumpocwmevtii eova MAA o mepioyic oopwone 10x10 um? g teyvymic douic Nb(20
nm)/PMN-0,31PT(My-Leiaouévo)/Nb(20 nm) yia Ee=0 kVicm. (a.ii) To mpopil dyovg kata pijrog e Aevknig ypouyuaic e
sikovag (a.) yia Ex=0 (coumayig uadpn ypouuin), 1,25 (Oiaxexoupévn umle ypopun) kot 2 (draxskopuévy kokkivn ypoyun)
kviem. (B.i)-(B.iii) Tpeic eidvec MAA 6X6 um? mov avagpépoviar oty onueiouévy vromepioyhi e (a.i) kai &xovv Anplel
ota weoia Ee=0, 1,25 xou 2 KVIcm, aviicroryo.
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TANPOG TNV emayopevn peimon g <Sa>. AVt 1 CLUUTEPLPOPO OMEKOVICETAL TOOTIKE OTIC EIKOVES
(7.16.B.0)-(7.16.p.ii), o1 omoicc avapepdéviar oe petpficel; MAA ¢ dog meploxig odpwone 6x6 pm?
(vmomeproyn g €wkovag (7.16.0.1) TOV ONUELOVETAL OO TO SOKEKOUUEVO AEVKO TETPhymwvo) Yio Ee=0,0,
1,25 ko 2,0 kV/cm, avtictoyya. Eotidlovrag oto de&i tpunpo g ikovog (7.16.0.1) mopatnpovpe 0Tl katd
v avénon tov Eg meployég youniov vyoug (TeployEg UTAE YPMOUOTOC) CTUOIOKA LETOTPETOVTIOL GE TEPIOYES
petpiov Vyovg, evd Tavtdypova cuppikvdvovtal oe Péyehog. Aedopévou OTL 1) EMUPAVELNKT] LOPPOAOYID TOV
vrootpdpotog PMN-0,31PT(My-Astacuévo) petapépstor ota evamotebnuéve vuévior Nb, eivar Aoyiko va
BempnOei 6T1 omoradnmote peTaforr TG <Sa> Oa petapépeton eniong ota evorotednuéva vuévia Nb.

[Ipwv ocvinmBel o pnyoviouds mov moapakivel/mpowbel v eppdvion OMA Kabdg kot g pn-
HOVOTOVNG METAPOANG TOVG Katd TNV avénon tov Eg eivorl oxdmipo va diepeuvnBel  apytkn KOTAoTOON TNG
texvng doung Nb(20 nm)/PMN-0,31PT (Mn-Aetacuévo)/Nb(20 nm) kot wo ocvykekppuéva 1 enidpact g
EMPOVELOKNG LOPPOAOYIOG TNV IKOVOTNTA LETAPOPAC peVpoTog TV vueviov Nb. Eival yvowoto 611 o€ Aentd
YA vpévia 1 KOTOVOUT TOV DIEPPEDIOTOS SIUPEPEL GUOVTIKG HETOED Aemtdv vueviov undevikrg Sa #2)
Kkat oxeTied vyming Sa 3% Tuykexpyuéva, n Sa emdpa otic TywéS ™G Jo pE SGPopovs TPOHTOVE, HTMG 1
katavopr, ehofoviov oty emedvelr P47 1 Swcopovon tov mhxovg o0 YA AGY® NG EMQOVEWKTS
tpaydnrog % kon ) eviotepn enidpaon g empavelakic déopsvong v photoviov . O mpénet va
onuewmbet 6tL o AVTEC TIC PEAETEG [26-30] N T e <Sa> etval pkpdTePN TOL TAYXOLG TV YA vUEVI®DV, EVD
ot mepintowon g texvynmg doung Nb(20 nm)/PMN-0,31PT (Mn-Aciaouévo)/Nb(20 nm) ot tyuég g <Sa>
Eemepvovv KaTd TOAD TNV TN ToL Thyovg TV vueviov Nb. Te avt) v mepintmon n por TV VIEPPEVUATMV
elvar 60okolo va ektiun0el kabmg dev VILAPYEL Eva GuVEYEC OlkTLO OV Vo, UToPEl va vTooTNPi&el T pon TV
VREPPEVHAT®V GE OAN TV emeavelr Tov YA. EmmAéov, 6mwog avapépetal otnv mapdypoeo 5.3, 1 vymin
EMPOVEIOKT TPOYXDTNTO £l 000 onuavtikd omotedéopata oto Aemtd vupéviee Nb. To mpmdto eival
dapopemon tov Thyovg TV vueviov Nb oty mepipépeto LopPoAOYIKGOV VYOUATOV (def=0nom* COSH) Kat TO
devtepo etvan 1 tomiky eEacévion g mapdAining cvvieT®dcag Tov poyvnTikoV mediov (Hpa=H-cosd) mov
avtihappdavovtor outég o1 Teployés. Katd cuvénela, ol amapaitnteg empavelokic cuvinKeg Tov tpombovv
déopevon TV EAAEOVIOV 1KAVOTOIOVVTOL GE dApopes mePLoyEg NG empavetag tov Nb, pe amotélecpa
oLGoMPELOT PAUEOVIOY GE aVTEG [8), Emopévaog eivanr gdkoro va copumepdvel Kovelg 0Tt ot VYNAEG TIES TNG
<Sa> vmoPabuiler onpovIiKG TV KavoTTe. HETOPopds pevudtog tov vueviov Nb axdun kot étav dev
epoppoleton Eex oty teyvnt dour Nb(20 nm)/PMN-0,31PT(Mn-Aetacuévo)/Nb(20 nm).

IMapd to yeyovog 61t To vuévia. Nb gpgavilovv petopévn ikavomo LETOEoPAg PEVUATOC, 1] ELPAVIOT|
tov OMA xotaypdeetor povo xatd v epappoyn Ee omv texvmmm doun. Onwg eaivetor oty gikdva
(7.15.8) n avénon tov Ee aAlaler v <Sa>, n omoio avTikatompilel TN TPOTOTOINGY| TNG EMPOVELOKNG
popporoyiog Tmv vueviov Nb emdpmdvtag €161 6TN KOTOVOUN TOV dEGUEVUEVOV GAOEOVIOV. ZVYKEKPLUEVA, 1)
epappoy”] Ee ovvodeveton pe v opadikn petaxivinorn eraoviov coe véeg Béoelg omov efacparileTon M
elalotomoinon g eAevbepnc evepyeldc toug. H ammleia evépyelog katd v kiviorn avth tov gracoviov
amelevbepavel evépyela Vo T popen Bepkng evépyetag, n oroia amoppo@dtat omd Tov YA avéavovtag
Oepuokpacio tov. Avti 1 avénon tng Bepuoxpaciog Tov YA evepyomolel g oAAnAovyio Siepyoacidv
TPOKOADVTOC TNV eppavior OMA (Aemtouépeleg divovtar otnv evotmro 1.1.vVi tov ayyhkod Keiuévov).
[Mopdro mov M TpoTOTOINGN TNG EMPAVEINKNG LOPPOAOYING UTOPEl VO SIKALOAOYNGEL TNV EUPAVIOT] TOV
OMA, 6¢ umopel va meptypdwet ™ un-povotovn petaforrn katd v avénon twov Ee. o v epunveio g
UN-HovOTOVNG HETOPOANC TV OMA (dpol Kot TG un-povotovng puetafoing g Jo) o 0o mpémet va ayvonOel
TO Yeyovog OTL M €papuoyn tov Eg éxer dumhn dpdon ota vuévie Nb, kobdc or oAlayéc g <Sa>
TPOoKAAOUVTAL amd TNV emayouevn unyovikn tdon tov ITH vrootpdpatog. o va dievkorlvvBel i epunveio
™G UN-HovoTtovng HETOPoAnG Twv OMA Stokpivovpe Tpiok GUVEYOUEVO SLOCTHHOTO TIL®V TOV Ee. ZT0 TPpDTO
dtlomnuo. Ee<Ecn1, M emoyopevn unyovikn téomn Bewpesiton apeAntéa evo mn Pabuaio peioon g <Sa>
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wpokoiel v gpedvion tov O@MA. Otav Eq=Eq 1 n pnyovikn tdon mopovcsialet pio BeTikn Kopuen mov
OVTIGTOU(EL GE [0, UNYOVIKT TACT EKTOVMOGNG, 1| 0Toio TPOKAAEL TN peyloToToinoT Tov TANBovg Tov OMA.
210 0e0tepo dbotnuo Egn1<E<Ecno n emaydpevn punyoaviky] tdon emotpépel o€ UNOEVIKES TIHES, EVO 1)
TPOTOTOINON TNG EMPAVEIWKNG HOPPOAOYiag YiveTol evtovotepn e omotédecuo 10 mAndog tov ®MA va
elolotomoteiton ota 1 <Sa> yivetol eAdylotn. 10 Tpito ddotnua Ee>Egn 2 1 avénon tov Eq mpoxodel v
TPOOSEVTIKN OVATTLEN TNG UNYXOVIKNG TAGNG, 1| OTTOi0 GTASIOKE VIEPVIKA TNV EMIOPACT] TNG <Sa> Gt LUEVIA
Nb odnydvtog €161 otV mepartépm avénon tov OMA. ZoumepacuaTiKa, 1 epedvion tov O@MA amodideton
otV tponomoinon g <Sa> tov vrootpodpatog PMN-0,31PT(Mn-Astacuévo), evd n pn-povotovn petaBorn
ToVG (Gpa kot 1 pn-povotovn petafoin g Jc) eppunvevetar Aappdvoviag VoYY T cLVIVAGUEVT dpAoT TG
UNYAVIKNAG TAOMC KO TG EXPAVELONKTS LOpPoAoYiag oto vuévia Nb.
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Kepdaroro 8
IMBavéig eappoyég

To amoteAéopaTO TNG CLUGTNUOTIKAG TEPAUOTIKAG Kol OempnTiKnig OlEPEdVIONG TOV TEYVNTAOV OOUDV
Nb/PMN-XPT/Nb (ot omoieg pmopodv va ekppactodv yevikd og YA/TTH/Y A) mov peletibnkay og avth
Sdaktopikn doTpiPn moapéyovv caeeic evoeifelg yioo T ypNon Tovg oe MOAVEG TEXVOAOYIKEG JLTAEELS.
ZUYKEKPIUEVO, TO QOVOUEVOLOYIKO HOVTEAO NG Tc(Eex) pmopei vo ypnoiwomombei yio v KotdAAnAn
GYEQIOON GLYYEVIKDY TEYVNTAOV OOUMYV 7OV UTOPOLV VO, AEITOLPYNCOLY ®C ocONTApPEg G KPLOYEVIKEG
ovvOnkec. Tpaktikd, to poviého Te(Eex) Hmopel vo ypnoipomomBel yio va extipun et n Ty katoeAiiov tpiov
Topapétpov mov e&aceorifovv T Kataotpoen TG vrepayoywotntag (m.y. 100 % tpomomoinon g Tc).
Avtég o1 mopdpetpot ivar n eEmtepikd epapprolopevn NAEKTPIKY TAoNG (Vapp), T0 NAeKTPKO medio (Eex) Ko m
unyavikh mapapdpeoon (Sy 1 Sy woddvopa). H ewodva (8.1) deiyver T1g Tipég KATOPAIOL TOV TOPAUETPOV
Vapp, Eex kit Sy y1a 800 teyvmtég dopéc YA/ITH/YA pe mhyog YA dsc=15 nm ot omoieg divovtot oynpotikd
otig ewoveg (8.1.0.i) and (8.1.y.i). Zvykexpéva, n ewova (8.1.5.i)) mopovoidlel wo teERVNTH doun
YA/TTH/Y A mov anoteleitor and éva mayd ITH vrdotpopa pe nayog dpe=0.5 mm (6nmg o 10 vmdoTpmpa
PMN-XPT mov pelethnke oe avt) ) 6daktopikn dwotpifn), eved n swova (8.1.y.i) mapovoidlerl po GAAn
teyvn doun} YA/TTH/Y A mov omoteieitan amd Eva Aentd ITH vdotpopa pe mhyog dpe=1 um. To niektpikd

Vi
(oui) .
! (B.1)
(@)
5
2
= 4
X
HJ:) 3
|_o 2 15 nm
1
09 2 4 £ G(kV/ 8) 14 Vapp
cm )
111 1*, (YI)
0.0 50 " 1is 127 3.7 144 15.0
IS | (20 )
(B.ii) d
300 400
.. Vapp V)
(v.ii) ouc| o
00 02 04 10 12 14 1Sum, Tisnm
(V) 1.0 pm

Ewova 8.1: Extiunon tov tipomv katweiiov twv moapoustpwv Ee, Sy kot Vap, mov amautodvros yio tny wipy katactpopn
¢ vmepaywyuotyag o texvntes douss YAIIIHIYA. (Q) Ipoéxraon e kaunvins Tco(Ee) mov ypnoworoniOnke yio tyv
TPOCOPILOYH TOV TEPOUATIKOV dedouévay Tov deiyuaros #1: Nb(15 nm)/PMN-0.31PT/Nb(15 nm) (SAéme mapdypago 7.2
Y10, TEPIOOOTEPES AETTOUEPELES) O LYNAES TiéS Tov Eox (mdvew rAinaxa) ko e unyavikne taons Sy (kdrw riuaxa).
ZYNUOTIKY OVATopdoTact (oS TEYVHTHS douns mov arotedsitar amd (B.1) éva wayd ITH vrootpwua pe woyos dpe=0.5 mm
kot (1) éva lemto ITH vmdotpwua ue moyos dpe=l.0 um. (a.i-ii) Zynuatiotiky avamopdotoon e Topeuoppmwens tov
Kpvotallikod mhéyuotos tov YA oe younléc kar vyniéc i tov Eo. H eixcova (B.i1) deiyver 1o Vapp y1a Ty teyvnes dous
mov gaivetar otnv (B.1), evad o (p.il) 10 Vapp Y100 T TeqvnTs doun mov paivetor oo (y.1).
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7-1 T T T T T T T T T T 7-1 T T T T T T T T T T
7 oND(20 nm)/PMN-XPT/Nb(20 nm) (o) ] 7 oNb(20 nm)/PMN-XPT/Nb(20 nm) (B) .
6.9¢ § 6.9¢ §
- 1 - x=0.27 1
6.8 .)izj-___.d_/.;':-;& I B i e T
] I o
6.7¢ . 6.7¢ .
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F 6.3} _ {1+ 63F " @ .
AT =330 mK I ®
6.2} C s, . 6.2} .
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x=0.31 -
5.9¢ 1 5.9¢ 1
R R S F 56 7 % Tas o 3 4 5 6 7
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E,, (kVicm) E,, (kVicm)
Ewova 8.2: Xvykprrikd meipouatikd amotedéouata e tpomomoinons e Te ue 10 Eg yia dbo teyvpréc doués Nb(20
nm)/PMN-xPT/Nb(20 nm) zov amotelodvror and vrootpduara PMN-XPT ue x=0,31 ka1 pe X=0,27. Ta mepauatind
dedouéva elnpbnoav () amd tovg Kladovs ZFC mapovesia wediov H=2 Oe ka1 () tovg kladovg FC mapovaio mediov H=5
Oe. Ta xabeta dimAa PéAn vmOIEIKVOOLY THYV UN-OVTICTPERTOTNTO. OTIG TIUES THG Tc HeTald TV DO KOTOOTATEWY THG
TexvITiG oo o€ medio E4=0 kV/cm.

nedlo Eex xou m emaydpevn pnyovikr) téom Sy mOv OmOUTOOVIOL (OGTE VO KATAGTPUQEl TANP®G 1
VIEPAYDOYILOTNTO LEG® T TOPAUOPPDCNE TNG KPVOTOAAKOD TAEYLOTOC TOL YA pmopolhv va ekTiunfovv amnd
mv mpdektocn ™G KOUmOANG Tc(Ee) omv tiun Tc=0 kot and mv e&icwon Sy(Ee), avtictorya. Ot Tipég
KATOOAOL avTdV TV Tapapétpov eivar E,~12.0 kV/cm, |Sy|~0.144 % kot toviCovtar pe to podpa Bérn
otV gikova (8.1.a). O Tiuéc avtdv TV Tapaustpomy givarl idieg uetald tmv 6Vo texvnTdv dopmv YA/TTH/YA
ka0d¢ 10 mhyog Tov ITH dev dradpapartilel kdmolo polo oe avtég Tig TIES. 20TdG0, 1 T KATOEAIOV TNG
TOPApETPOL Vyp, e&aptdrot and Ti¢ Staotdoelg g kabe texynig Soung Kat pdAleta and to méyog tov ITH
VIooTpOUOTOG. [0 TV emimedn tomoroyion YA/TTH/YA mov peletdton edm, 1 peiowon tov mwdyovg tov ITH
VTOGTPOUOTOG OALALEL ONUAVTIKG TNV amoutoVUEVN TN TG Vapp, OTMG Qaivetor oTig ekoves (8.1.6.1i) ko
(8.1.y.ii). IHapdro mov otv mepintwon o6mov ypnoiponoteiton €va moyd ITH vroécTpopa 10 Vap,~600 V
(ewdva (8.1.8.1)) Aoppdvovtag moAd vynin Tr, oty mEpinT®on OmOL ypnolponoleiton éva Aemtd TTH
VIOGTPOUO T0 Vapp=1,2 V (swova (8.1.y.1)) emtpémovtag pe owtd 10 Tpdmo v €0KOAN YPHOT OUTOV
TEYVNTOV OOUDV (¢ d10TAEELS asOnTpV.

Alho. {NTNUOTO. TPOKTIKNG ONUACIOG GYETIKA HE TN AEITOLPYIO VIOV TOV TEXVNTOV SOUDV ©C
aleOntipeg eivor n Aettovpia Tovg 6€ poyvnTikd medio younAng £viaong Kot 1 avTioTPERTH/ UN-0vIIoTPENTN
omdrpion ¢ Te Katd TV opoipeon/avTioTpor] Tov NAEKTpKoD Tedion Ee M. H Aertovpyio tev texvitdv
dop®V og payvnTikd medio pKpng Eviaong €xel Tapovolaotel melpapatikd oto Kepdlowo 7. Avapopikd pe
TNV AVTIGTPENTH/ UN-0VTIGTPENTH 0mOKPIon TNG T U TO Ee, 01 e1kdveg (8.2.0-B) mapovcialovv cuykpltikd ta
TEPOUATIKG omoTeELécpate Te-Eex yio 800 teyvntéc dopég Nb(20 nm)/PMN-XPT/Nb(20 nm), po pe x=0.31
(vymAol cvvtereotés djj, kKokKiva cOpPora kot ypappéc) kot o pe X=0.27 (yapnioi cvvtedeotés dij, pumhe
ocvupora kat ypoupéc). Ipokeiuévon va diepeuvndel n avtiotpenti/un-avtiotpenty amdkpion g T avTég ot
V0 TEYVNTEG OOoUEG Ypnopomombnkay yio T HEAETN NG Tpomonoinong g Tc 0tTov 10 epappolopevo Eqy
oto olpopetikd vrootpopate PMN-XPT avtiotpépetal kot avéavetor o€ vymAlotepec apvntikée Twéc. H
ewova (8.2.0) mapovctalel to mEpOpaTIKG dedopéva Tov eEAEOncay omd Tovg KAddovg ZFC mapovsio
nediov H=2 Oe, evid n ewkova (8.2.0) mapovoidlel ta mepapotikd dedouévo mov eAnebnoay amd Tovg
KAadovg FC mapovoia mediov H=5 Oe. Avtd ta dedopéva amodeikvoovy 0t ta vrootpouate PMN-XPT ue
StopopeTikn TELONAEKTPIKT IKOVOTNTO £YOVV OLUPOPETIKN EMdpAON otV Tc KOTA TNV agaipeon 1 v
avTIoTpoPn T0L Eg. Zvykekpiuéva, 10 vmoctpopo PMN-0,31PT emPdiier v aviiotpentdmta g
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KapmoAng Sy(Eex) omv xoumddn Tc(Ee) tov vpeviov Nb. Avtq n pn-avtiotpenty petoforn Tc
TOGOTIKOTOLEITOL 0O TN oYeTIKN d1opopd ™G Te (ATc) peta&d tov dV0 KATAGTACEMY TV TEXVITOV SOUDY
oe Ee=0 kV/cm, v apyn katdotoaon oe E,=0 kKV/cm kot tqv katdotaon petd mv agaipeon tov Ee. H
un-ovtiotpenty petaPorn g Tc (kéBeto povpo PEAN ot ewdves (8.2.0-B)) omv texymT) doun moOL
amoteAeitor and To PMN-0,31PT gival g tééng tawv 300 mK (220 mK) yia to dedouéva, mov eAnednocay amd
T0VG KAadovg ZFC (FC), ommg eaivetar otnv gwova (8.2.a) (ewdva (8.2.)). Oa mpémet va onpeimbei edd Ot
N avénon tov Eg 68 vymAodtepec apvntikég TG Tpokalel TV otadiakn avénon g T Tpoceyyilovtog v
Tco ot0 medio Eu=-4.0 kV/iecm. Avt n avénon g Te pmopel vo diwkatoloynBel amd v avtibe
GUUTEPLPOPA TNG ETAYOUEVTG UNYOVIKTG TAGNG HETAED TV 000 KAAO®V Tov Eoy. Zuykekpipéva, n emarydpevn
UNyoviKn téon katd to BeTikd KAGSo avénong tov Ee yapaxmpiletor g U0 GUUTIECTIKY UNYOVIKY TAOT
npokoAdvTog TN peiwon e T, eved KOTA PNKOG TOL apvnTikKov KAASoL avénong tov Eg M emoyduevn
UNYOVIKT TAoM €ival pior EPEAKVOTIKT TAOT, SIKAOAOYADVTOC UE OLTO TOV TPOTO TNV avénon g Tc. XTI
TEYVNTEG OOUEC TOv omoTeAobVTOL amd vrootpdpete. PMN-0,27PT n uwikpn upetaforn g Te eivan
OVTIGTPENTH KATE TNV aQaipeon Tov Eey.
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Yopunepdopota

Baowkdg otoy06 avtrg g didaktoptkng dtatpiPng eivar n diepedvnon g melonAeKTPIKNG TPOTOTOINGNG TG
VIEPUYOYILOTNTAG OE TEYVNTEG OOUEC TTOL OTOTEAOVVTOL amd dVO Aemtd vrepoyd@yo vuévia Nb kat Eva
melonrextpikd vrdootpopa PMN-XPT. Avtég ot teyvntéc dopég onuetdvovtor wg Nb/PMN-XPT/ND. TIpwv
TNV OVOAVTIKY] HEAETN TOV TEYVNTOV OOUMV VIO TNV €papuoyn eEmTePKNg NAEKTPIKNG Tdong, 500nke
Wwitepn EUQOACT OTOV LIEPAYDYUYLO YOPOKTNPIGUO TOVS, KOOMG Kol GTOV YUPOUKTNPICUO TOV ETUEPOVG
oLOTATIKOV 7oV TIG omaptilovy. EmmAdov, peletOnkoyv vd v epaployn eE@TEPIKNG NAEKTPIKNG TAGNG
GULYYEVIKEG TEYVNTES OOUEG TTOV AmOTEAODVTOL 00 dV0 cidmpopoyvntika vuévie Co. IMapoakdto cvvoyilovio
T KOPLOL GUUTEPACLLATO, VTHG TNG SOAKTOPIKNG S TPPG.

l. IIeConrekTpikn TPOTOTOiINGN TOV HAYVITIKAOV 1OL0THTOV TOV TEYVNTAOV dop®dv Co/PMN-XPT/Co

IMo va pedetnBei n niextpo-punyavikn wovotnta tov meloniextpikdv vrootpopdtov PMN-XPT cg yauniég
OeproKpacieg TPAYLATOTONONKAV EIGUYOYIKA Kol SIEPEVVNTIKG TEPAUATA VIO TNV EQAPUOYT NAEKTPIKOD
1ediov (Eex) o€ 600 tevntég dopég Co/PMN-XPT/Co mov anoterodvron amd vpévia Co mayovg de,=30 nm.

H npd teyvnt dour; Co(30 nm)/PMN-0,29PT/Co(30 nm) ypnoipomomndnke yuo t HeAETn NG
meonAekTpikng tpomomoinong Tov He kot g My oe tpeic avtimpocwnevtikég Beppokpaciec T=300, 150
kot 10 K. Avohvtikég poyvntikég petpnoetg katd v avénon tov Ee £de1&av 611 10 He otovg 10 K peidveton
Kkatd -9,4 %, vy N Mgy oto Bepuokpactaxod mapdbvpo T<150 K gppavilerl o peioon g taéng tov -4,0 %.
IMo v mowotikn epunveia Tov arotelecpdtov g mieloniekTpikig Ttpomonoinong tov He mpoteivovrol dvo
unyavicpol. O mpdTOg PNYOVICUOC oxetileton pe T Spdpemon HeEYEBOLE TOV HAYVNTIKOV TOHEMV.
SVYKEKPUEVA, 1 UNYOVIKT Ton otV oroia vrofdiiovtar To vuévio Co Kotd v e@opuoyn Ee dOvatal va
oALGEEL TO Té0g ToVg oo e omoTéLES A AVTO VoL ETNPEGLEL TO PéyefOg TOV payvnTikdy Topémv (W~dgo,
Omov W givor to péyefog TV HOyVNTIKOV TOUE®V) Kol Kot enéktooTn To mTAnbog avtdv ota vuévia Co. O
dg0TEPOG UNYOVICUOC GYETILETAL LE TNV TPOTOTOINGT TOV SUVAUENDY KOPPDUUTOS TOV UAYVITIKOV TOUE®DY, Ol
omoieg emmpealovtal amd TV UNyovikn Tdomn oty onoia vroPdAilovtol To vuévia Co katd v epapuoyn Eex.
Avogopikd pe Vv meCoNAEKTPIKY TPOTOTOINGT NG Mgy, O UNYXOVIGUOG 7OV WTOPEL VO OIKOOAOYNGEL
TOLOTIKA TN HEIDOT TNG KOTA TNV adENom Tov Eeyx Paciletor otV Tpomonoinot g LoyvnTIKNG OVIGOTPOTIoG
AMOy® NG avicotporiog oynuatog Tov vueviov Co. Zvykekpluéva, 1 emoyOUEVT] UNYAVIKY TACT GTO, DUEVIX
Co pmopei va o AAGEEL TN HOyVNTIKY oVIGOTpomia oo mapdAANAN oto entnedo (de,<30-50 nm) og kGOetn o710
eninedo (dce,>30-50 Nm) ko avrtictpoga.

H 6gbtepn teyvnth dourp Co(30 nm)/PMN-0,31PT/Co(30 nm) ypnotpuomotiOnke yio tn UEAETN NG
TEeCONAEKTPIKNG TPOTOTOINGNG TNG Mrem KATA TNV £@appoyn Eex 6T0 Ogprokpaciarod mapdbuvpo petagny 300 K
kot 10 K. Ta mepapoticd dedopéva £6€1&av 0Tl 11 Myen VITOPoOUileTol HECH TNG EUEAVIONG UOYVITIKGV
aotafeldyv, ol onmoieg Kataypapovtal yio Ee 70 kKV/em kot yivovtan eviovotepeg kabmg avédvetat 1 éviaon
T0V0 Ee. Ot payvmrikéc actdbeieg madovv vo gpeavifoviol kKat® amd Tn YopokInplotikny Beppokpacia
Tees=170 K axdun xat yia 10 péytoto gpoppoldpuevo nedio |Eeyl=5 kV/cm. Zvykpivovtog m Oeppokpacioxm
e€EMEN NG Mrem HE VT TOV TECONAEKTPIKDY GLVIEAEST®V T®V VITOGTpOUdTOV PMN-XPT mpokintel 611 ot
poyvnTikég aotdbeleg eivor amotélecpa tng ovlevéng T@v HayvnTiKavV Topéov tov vueviov CO pe tovg
avTioToloVC GLONPONAEKTPIKOVG Topeic Tov mielonAektpikod vrootpopatog PMN-XPT. Téhog, a&ilel va
onuemOel OTL 1 LEAETT] OVTAV TOV TEXVNTAOV dOUDOV amEdEIEE TNV AmOTELECUATIKN TelONAEKTPIKN AetTovpyia
TV vrooTpopdtwv PMN-XPT og yauniéc Oeppokpaoies.
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1. Xopaktnpiopog tov derypdrov PMN-XPT

Ta detypoto PMN-XPT mov amotedovv ta melonAeKTpiKd VTOGTPMOUATO TOV TEYVITOV SOUMV dtokpivovTon
og 600 ouddec pe Paor ) croyelopeTpia Tovg X, N pwia opddo amotersitan omdé PMN-XPT ue x=0,31 (PMN-
0,31PT) evd n AN opdda amotereiton amd PMN-XPT pe x=0,27 (PMN-0,27PT).

O KPLOTOAAOYPOPIKOG YOPOKTNPIGUOG VTOV TV derypdtov €deiée 0Tl Ta deiypata PMN-0,31PT
€yovv Komel Kotd UAKog NG KpuotaAroypapikng oevbuvvong [110], eved ta deiypata PMN-0,27PT éyovv
KOTEl Katd PKog TG Kpuotailoypaeikng otevfuvong [001]. O poporoykds yopaKInPIGUOS TOV SELYLATMV
PMN-xPT £6ei&e 011 ta delypata mov dev €govv vroPAndel oe Aelavon (mov €yovv vmoPAndel oe nMma
AglavVon) TOV EMPOVELDY TOVE ELPAVILOVV Lo LEST] ETLPAVELOKN TpayvTNTa ivan ion ue 291 nm (44 nm). T
tov meloniektpkd yopaktnpopd twv PMN-XPT ypnotponomOnke pio véa pébodog mov Pacileton otnv
Gueon tomiksy TOPATAPTON TG UNYAVIKNG TAonG (S) Héow evog cuuPfaTikod OTTIKOD UKPOOKOTION KOTE TNV
epapproyn] Ee, emitpémoviag pe avtd tov TPOmO TNV KATOOKELN TNG KOUTOANG S-Ee. Ta mepopotikd
anoteléopata avtg g pebddov édei&av OtL 6T0 péYIoTo epappolopevo medio E=8.5 kV/cm kot katd
UKOG TOL GEova Y TV OELYHATOV 1) LEYIOTY EMAYOUEVT] GUUTIEGTIKN Topapdpewon givat ion pe 0.11 % yw
10 detypa PMN-0,31PT ko 0.06 % vy to detypa PMN-0,27PT. Avti 1 Stopopd vodetkviet T StaQopeTikn
NAEKTPO-UNYOVIKT IKOVOTNTO QLTOV TOV OEYUAT®V, 1 0Toio, arodideTol €€ OAOKANPOL GTN GTOLXEIOUETPI
toug X kabdg to PMN-0,31PT (PMN-0,27PT) Bpicketar viog (KTOG) TOV LOPPOTPOTIKOD GLVOPOL PAGEDY
péca oto omoio ot mefonhektpucég 1010t TEG eivan PértTiotes. Ta amoteléoupata avtd emPePardbnray téc0
TOLOTIKG, OGO KOl TOGOTIKG GLYKPIVOVTAG TIG KAUTOAES S-Eey oL EAOONGAV 0mtd ot TV to7mixy péBodo pe
T1G avTIoTOLYEG KAUTOAES S-Eex TOV KATOYPAPNKOY YPNOUYLOTOIOVTIOS LU0l GAAT TEYVIKY] EVPEMG OLOESOUEVN
Yo TN XPNoM NG oToV TECONAEKTPIKO YOPUKTNPIGUO.

1. Xapoxtnpiopoc tov vpeviov Nb wov £xovv evamote0si o€ vrootpdpota Si

O1 evamoBéoeig vueviov Nb oe vrootpodpoato Si £ywvav Tpokeluévon vo, dievkpviotodv dvo nmuata. To
npmTo {NTnua gival va peletnBel 1 enidpootn Tov TPOTOKOAAOD KPLOTAYIOELGTG TNV VIEPUYDYLLY] TOLOTNTA
tov vueviov Nb kot to dedtepo (Ao gival vo peketnfovv evBelexdG Ol VIEPAYDYIUES 1010TNTEG TOVG GE
€VaL GUOTILOL UNOEVIKNG EMPOVELNKNG TPAYDTNTOS.

H epoppoyn tov mpotokdliov g Kpvomayidevons Pertidvel T mieon pésa oto BdAapo Tpv v
évap&n tov evanobécewv (Pyep~7- 10 Torr) oyed6v katd pa TaEn peyédoug oe oyéon pe TV mepintmon 6mov
oev eQapHOLETOL TO AVTIOTOLYO TPOTOKOAAO (F’dep"S'lO'7 Torr). H Beltictomoinon tov kevod tov Baidpov
avtavokAdror dueca otig Twéc e Te wog oepdg derypdtov Si/Nb(dy,) mov mopaockevdoTnke oo
dwadoyikég evamobéoeig vueviov Nb mayovg dyp=5 nm vd drapopetikég cuvbnkeg kevod. Tvoyetifovtag Tig
Tég TG T pe v mieon tov Boddpov mpv v Evapén tov evamoBésemv (Pgep), Bpédnke 6tL ) epapproyn tov
TPOTOKOALOL KpLomaryidevong e€ac@arilel TV vyNAN vepaydyun To1dTNTo TV Lueviov Nb.

To ) pedé tov vaepaydYU®V 1810T TV TV vUeviov ND TapackevdotnKe pHio Gelpd Sy UATmVY
Si/Nb(dnp) v6 T1g BérTioTeg GLUVONKES KEVOD 6TO BdAApO eVOTOBEGEDY (XPNOILOTOIDOVTIOG TO TPOTOKOALO
Kpvomayidevong) kot petofdiloviag cvoTuUatikd o Tayog tmv vueviov Nb petagd 3 xar 100 nm. O
KPLOTOAAOYPOQPIKOG Yapaktnpiopds £de1ée Ot ta vuévie Nb avortbocovior Kotd ™ KpLGTOALOYPAPIKY
devbuvon [110]. Ta wepapatikd dedouéva tng petaffoAng g Te o¢ mpog to mhyog dyy emPefaincav v
avapevopevn peiwon g Te katd ™ peimon tov mhyovg dyp kot damictd@bnke 6Tt 1 enidpacn tov peyéboug
(mov givar 10 Tayog dny) oTic Tég ™ Te umopel va meprypoaeel Oewpntikd amd T0 TPOTOTOMUEVO LOVTELOD
McMillan. Xg avtd 1o onueio a&ilel va avaeepbei 6tL N Peltictomoinon Tov cuvinkodv kevod 6to Bdlouo
KoTA TIG eVOTOOECELS EXEL OC AMOTELECHA TN SLOTNPTON TNG VIEPAYDYIUOTNTOG O EEANPETIKA AENTA LUEVIL
Nb, 6mo¢ yio Tapaderypo vuévia méyovg dypy=3 NM éxovv Tc=2.9+0.4 K. Ao T pehétn g ypapung tov ave
kpiotpov mediov Hex(T) o€ oyéon pe to mhyog dyp mpoékvyay 600 cupmepdopata. To TpdTO GLUTEPAGHO.
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givar o0t ot ypoppés Heo(T) petatomiCovion mpog ta KaT® Kotd v avénon tov dy, kot 1o dgdTEPO
ocvumépaoua givar 0tL | oxéon mov TEPtypdeel T YpoppnG Hea(T) oAldlel otadiokd omd 0 Un-ypoppKn
oyéon «(1-T/To)*® yia dnp<50 nm ot ypapukh oxéon <(1-T/Te) Yo dyp>50 M. TELOG, Ol EKTILMUEVES
TWég tov pnkovg cvoyétiong &(0), péom g mpoéktoons g ypauuns Heo(T) oe T=0 K, Bpiokovtor oe
OTOAVTI GLUE®VIO UE TIG TIUEG TNG apBpoypapiag.

IV. Yagpaydywog yopaktnpiopés vpeviov Nb wov £xovv evanotedsi 6 vrostpdpota PMN-XPT

Io v mpoetoluacio TOv TeEMKOV TEQVNTOV dopdv, vuévia Nb €yovv evamoteBel ko otic elevBepeg
emeaveleg TV vrootpopdtov PMN-XPT. Agdopévou 6t 1 popporoyio tov vrootpopdtov PMN-XPT (rtov
gite &rovv, gite dgv Exouv VIOPANDEl oe Mo Aelovon TOV EMPAVELDV TOVG) OTOTEAEL £V TOPAYOVTO TOV
umopel vo emmpedost onuavtikd mv vrepayoypotnta ota vuévia Nb, kpivetor oxdémyo va peietnBovv
O1eE001KE O1 LITEPAYMYLUES IWOIOTNTEG TOVG TPV TNV EKTEAEGT] TOV TEPOAUATOV KOTA TNV EPAPUOYT Eeyx.

INo vo peretnOel n emidpacn g péong empavelakng tpaydtrag <Sa> tov vrootpoudtov PMN-
XPT otig vepaymypeg 1010tteg v vueviov Nb mpogtodotke o ogpd derypdtov Nb/PMN-XPT/Nb
V7o TIC PéATIoTEG GUVONKEG KEVOV 0TO BAAapo evamoBécewy (YpNoT TOL TPOTOKOALOL KPLOTUYIOELGNC) Ko
LETAPAAAOVTOG GLGTNUATIKA TO hX0G TV vueviov Nb petagd 3 kot 100 nm. Ot evamobéoelg twv vueviov
Nb éywvav o vmootpdpata avaeopds Si (undevikn <Sa>), o vrootpodpata PMN-XPT mov £xovv vrofindei
o€ Nl Agtovon Tov empaveldv Toug (Uikpn <Sa>) kot og vrootpdpoate PMN-XPT ov dev éxovv vofinbei
o€ Ao A&laven TV emQOVEIDY TOVG (LEYOAN <Sa>). Xe YeVIKEG YPOUUEG, T MEAET TOV VIEPAYDYIUMV
Wwottov €deée 6t 1 avénon g <Sa> efacbevel v VIEPAY@YIUOTNTO OAAG ®GTOGO OgV OMOTEAEL Lo
TEPLOPLOTIKT TOPAUETPO OV KATAOTPEPEL TEAEIDG TNV vIepay@ydTnTo oto vuévia Nb. TTo cvykekpyiéva,
e€eTdoTNKE 1N HETOPOAT TPIOV TAPAUETPOV THG VIEPAYOYIHOTNTAS TV Vuevimv Nb wg cuvdptnon g péong
<Sa>: 1 T¢, 10 €0pog g vepaydYIUNG uetdPaocng ATe kot 1 ypopun Hea(T). Onog ftav avapevouevo, 1
un-undevikn <Sa> vroPobuiler ™ Tc tov vueviov Nb idov méyovg dyp ko avty 1 vrofaduon yiveton
EVTOVOTEPT UE TNV avénon g <Sa> TV LTOCTPOUATOV. AVTO EXEL MG UTOTELEGUA 1 VITEPAYDYILOTITO TOV
vueviov Nb vo kataotpépetat e peyardtepo oy (deix=4-6 nm) dtav xpnoYoTOloVVIOL TO VITOCTPMLLOTOL
PMN-XPT, o€ oyéon pe v nepint@on 0mov ypnoorotovvtot o VITooTpdOUato Si (dgic=2 nm). Avagopikd
LE TO €VPOG NG VIEpaydYUNG petdfaong ATe, 10 omoio oyetifetan pe v mowdtnTa TV vueviov Nb, ta
TEWPAPaTIKO dedopéva €dei&av 0Tt 1 awénon g <Sa> €yel g amotéAecpo T devpvvon g ATc
VIOSEIKVOOVTOG £TGL TN YOUNAN vrepaydyun mowdtnta tov vupeviov Nb mov €yovv evomotebel og
vrooTpOpoTe VYNNG <Sa>. EmmAéov, ot av&ovopeveg tipuég g <Sa> vrofaduiCovv ) ypapun Hea(T) ko
avti N vroPdbuion yivetor eviovotepn ota Aemtodtepa vuévia Nb (my. yuo méyog dnp=15 nm). Avtd ta
OTTOTELECLLOTO EPUNVEDOVTOL TTOLOTIKA OO £VOL LOVTEALD TTOV AQUPAVEL VTTOWYT] TOL TOLOTIKA TNV EMIOPACT TNG
EMPAVELOKNG popporoyiog kot Pacileton otig e€ng mapadoyéc: (i) to nhyog twv vueviov Nb dev eivarl mavtod
oTafepd KoL GUYKEKPIUEVO OTNV TEPLPEPELOKT] EMPAVELL TOV LOPPOAOYIKDV VYMOUATOV TO TAY0G &ivol
HKPOTEPO TOL TTAYOVG eVOTOOeoNG (OVOUAGTIKY TIUN), EVO TanToYpova. (ii) ot Teproyég avtég tav vueviov Nb
(otv mepLPépeto, LOPPOAOYIKOV VYOUATOV) aic0dvovtal Tomikd To uayvntikd medio va €xel ukpotepn
€vtooT AOY® NG UN-UNOEVIKNG KADETNG CLVIGTMGOG TOV.

V. IelonrekTpikn Tpomomoinen ¢ T 6c teyvntég dopéc Nb/PMN-xPT/Nb

H meloniextpixn tpomomoinon g Te oe texvntég dopéc ND/PMN-XPT/Nb pedethnke petafdiriovtag 6vo
TaPaUETPOVE, Tovg mefoniektpikode ocvvieleotéc towv PMN-XPT kot to mhyog tov vueviov Nb. Znv
TEAEVTOIN TEPITTMON TA TEPAUOTIKE OTOTEAEGLOTO EEETACTNKAV YPTCULOTOIOVIONG EVO (POIVOUEVOAOYIKO
HOVTELD Y10, TNV TPOGEYYIOT TOV TEPOUATIKOV onpeiov Tc-Ee emrpémoviog towtodypova Tn HeAET] NG
meloNAEKTPIKNG TPOTOMOINONG TOV HIKPOCKOTIK®OV TOPAUETPMV TNG VIEPAYWYLLOTNTOG.
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Ermiopaocn twv melonlektpik@dv ovvreleot@v twv vroctpwudtwy PMN-XPT

INo va peletnBei n enidpaocn TV TELONAEKTPIKOV GUVIEAEGTMOV 6TV Tpomonoinon g Tc ota vuévio Nb
nopackevdotnikay dvo texvntég dopéc Nb/PMN-XPT/Nb, o1 omoieg amotedovvtor omd PMN-XPT deiyporta pe
Swapopetikn] mefoniektpikn wavotnta. Avtd ta PMN-XPT deiypata eivor to PMN-0,31PT kot to PMN-
0,27PT ko ypnotpomomnkoy g vrootpoduata yio v evamdeon vueviov Nb pe méyn dyp=15 kot 20 nm.
To melpapaTIKE OTOTEAECUOTH QVTOV TOV TEXVNTAOV dopmV £de1&av 0Tt | mefonAekTpikn Tpomomoinon g Te
e€aptaton amoAvTe amd TNV TECONAEKTPIKY] KAvOTNTA TV vrooTpoudtoy PMN-XPT. Zvykekpyéva, og
KGO Tayog tov vueviov Nb ot Béhtioteg melonhextpikéc 1610t teg Tov PMN-0,31PT 0dnyovv o€ pia 1oyvpn
Tpomonoinon g Tc o€ Gxéon UE TNV OVIIGTOYYN TPOTOTOINGT oL TPpoKaAgital and to vrocTpope PMN-
0,27PT. And 1o 6edopéva mov erednoay amd tovg kKAadovg ZFC (FC) n péyiotn mocootiaio tpomoroinom
™mg Tc otig texvntég dopég mov amotedovvror and PMN-0,31PT givar ion pe -4,9 % (-5,9 %) ywo vuévia
whyovg dyp=15 nm kot pe -2,9 % (-3,2 %) yio vuévia Thyovg dnp=20 NmM. Ot avticTotyeg TS TG UEYIOTNG
TO0G0oTI0G TPOTOTOinoNg TS T oTIg TeYVNTEG doUég Tov amotedovvtal omd PMN-0,27PT eivan ion pe -2,3
% (-2,3 %) ywo vpévia wayovg dnp=15 Nm ko pe -1,2 % (-1,4 %) yia vuévia Tayovg dyp=20 nm.

Eridpacn tov mayovs twv vueviwyv Nb

Ia vo peketndei n enidpacn Tov mhyovg Twv vueviov Nb oty tpomonoinen g Tc KATAOKEVAGTNKE Hia
oepd teyvtov dopmv Nb/PMN-XPT/Nb mov anotergitar omd vrootpodpate PMN-0,31PT kot and vuévia
Nb pe maym dnp=15, 20, 50 kot 100 nm. And ™ CLGTNUATIKY UEAETN GVTOV TOV TEYVNTOV SOUMV TPOEKLYOV
dvo cvumepdopata. To TpdTO CLUTEPAGHA 0popd otV eEGpPTNON TOL pEYEBOLG TG TpoToToinong ™G Tc e
mv avénon tov mwdyovg dyp. Alamiotdbnke mepapotikd 6t kabmdg T0 TAYog dny avEavetal N emayOuevn
punyoviky téor and 1o vroéotpopes PMN-0,31PT ennpedlet oloéva kot Arydtepo PHEPOG TOV GLVOAKOD GYKOV
v vpeviov Nb kot og ek Tovtov 1 tpomomoinong g T e€oobevel otadiakd. Xvykekpyéva, 1 HEyloTn
Katayeypapupuévn peioon mg Te (mocootiaia tporomoinon g Te) givar ion pe 337 mK (-5,8 %) yia dnp=15
nm, pe 155 mK (-2,5 %) ywo dyp=20 nm, pe 60 mK (-0,8 %) yio. dny=50 nm kot téhog pe undév yo. dyp=100
nm. EmmAéov, avti n e€dptmon ¢ tpomonoinong g Tc 1e 1o mayog dyp emnpedlel To SIGGTNUO TIHDV TOV
nediov Eex péoa 610 omoio datnpeitar n vaepoyoydmta oto vuévio. Nb. ITo cvykekpyéva, Ppébnke ot
oTIG TEXVNTEG BOUEC OV amotehovvtal omd oyetikd Aemtd vuévior Nb, n tporomoinon g Tc kotd TV
EPUPLOYN EVOC HIKPOD TS0V Egy elvar EvTovn kot ot 1 cupmepipopd e€acbevel otadlokd Katd TNy avénon
TOV TaY0VG Unp. TO SEVTEPO CLUTEPAGA APOPE GTNV ELPAVICT] EVOC YOPAKTNPLETIKOD NAEKTPIKOD TEGIOV TOV
Ee2,0 kV/cm, to omoio eppaviCeton otic kapmdreg Tco(Eex) OAV TtV Tte)vNTdV doudv. Avtd 1o
YAPOKTNPLOTIKO TESI0 VITOSEIKVVEL TNV aAAy KOUTLAOTNTOG TV KOUTVADV Te(Ee) N v un-povotovn
CUUTEPLPOPA OVTOV OTIG TEXVNTEG dopES e Onp<20 NM Ko 1 peimon g Te o texvntég douéc pe dnp=>50
nm. Bpébnke Ot1 to yopoaktnplotikd NAeKTpikd medio mpoipyetan amd to mieloniektpikd vrootpope. PMN-
0,31PT amodeikvbovtag e ovtd Tov TpOmo OTL 1) TPOTOTOINGM TG Tc 08 avTéG TIg TEXVNTES dopé eapTdTal
OTOKAEIGTIKG amd TNV EYKApPGLa umyxaviky téon Sy (1 Sy) twv vrootpopdtov PMN-0,31PT.

OcwpnTIKI] OIEPEVVYOH TWV TEPUUATIKGDY OATOTEAEGUATOV T - Eoy

Mo ™ Bewpnrikn diepedvnon TV TEPAUOTIKOV dedopévov e Te - B mpotdbnke éva patvopevoroykd
LOVTELO, TO OTOI0 EVOMUATOVEL TO, YOPUKTNPLOTIKO TOV SOPOPETIKAOV GLUGTATIKMY TOV TEXVNTOV OOUDY GE
o ékppaocn. H gawvopevoroyikn tpocéyyion g ékppoong Tc(Ee) xatdoepe va avamapaydyst pe akpifeio
(R*>92 %) ta mepapatcd dedopéva dhov tav texvntdv dopdv Nb/PMN-0,31PT/Nb. Emmhéov, avtq 0
(QOLVOLEVOAOYIKT] TTPOGEYYIOT EMTPEMEL T UEAETN] TOV WKPOCKOMIKOV TOPUUETPMV TNG VIEPAYOYIHOTNTOS
ot vuévio Nb, ot omoieg tpomonotovvtal koo v epopproyn Eex. Zvykekpiuéva, n advénon tov Ee mpokodel
™ peimon Tov EAKTIKOD Suvapkod A, TV HENCT TOL OTMGTIKOD duvaptkod 1, T Helmon ToL Suvapkod
aAnienidpaong N(0O)V kot tnv avénon g HEGNE GLUYVOTNTOG POVOVIOV Oy, 6€ OAa Ta TtéyT dnp. TToloTiKG,
1 TPOTOTOINGT TOV UIKPOCKOTIKMOV TOPAUETPOV IKOLOAOYEL TANP®G TN pelmon TG Tc OTIg TEXVNTES SOUES
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KATA TV adENON TOL Eg, eV mocoTikd M petafoin Tov TdV Tovg PplokeTonl o€ AoyKd Oplol TGOV
(1,0<0<1,5, 0,103<p'<0,124, 0,43<N(0)V<0,56 and 51<0,;<91). Emmiéov, a&iler vo onpewwdei 6T 1
TPOTOTOINGT TOV HUKPOGKOTIK®V TOPOUETP®V EUPOVILEL o AOYIKT 0TOKPIOT GE GYEON WE TO TThX0G Anp, TOV
onuaivel 01t oto. Aemtdtepa vuévia Nb ot pKkpookomkég TapapUeTpol TPOTOTOIOHVTIOL EVIOVO KOTA TNV
avEnon tov Ee kot anti 1 cvumepipopd tovg e€acbevel otadiakd pe v avénor tov Tayovg dyp.

V1. Meloniextpikn Tpomomoinen g Jc 6¢ tevtég dopég Nb/PMN-0,31PT/Nb

[Ipokeévou va anopovebel 1 enidpaor g melonAekTPiKig UNyOVIKNG Téong uovo otnv Jo peietndnkav
Vo TeVNTEG dopég ol omoieg epeavilouy moAD pkpéc aArdyes g Tc Katd v epapuoyn Ee. Avtég ot
TEYVNTEG OOUEC omoTeEAOVVTOL 0O Ta. mayvTepa VUV NbD katl cuykekpluévo gival avTég mov amoTeAovVTOL
and vuévia Nb méyovg dy,=50 kot 100 nm.

Eekvavtag omd T HEAETN T™E TEXVNTG doung mov amoteAsiton amd vuévia Nb méyovg dy,=100 nm
ot avolvTIkEG petproets tov Bpoywv M(H) katd mv avénon tov Ee péypt ta +5 kV/iem édei&ov modd pukpég
petaforés. Xvykekpiuéva, n meloniextpikn tpomomoinon g Jc o€ VYNAA poyvnTkd tedia etvar g TaENG
tov -2 %, evd o younAd poayvnTikd medion m avrtiotoyn tpomomoinon ™¢ Je eivan apeAntéa. Ta
aroteléopata g Je - Eex lvan mapodpota pe ta amoteréopoto e T - Eex avig Tng TEXVNTNG doUnG Kot €Tot
N pikpn petafoin g Je o€ poyvntikd medio vynAng évtaonc (1 N apeAntéa petafoin oe payvnTikd media
MKPNG évtaong) amodidetal 6to owénuévo mayxog tav vueviov Nb. Amd v dAn pepd, n tevnT doun
Nb(50 nm)/PMN-0,31PT/Nb(50 nm) epoavifer onuavtikég arlayéc otovg Bpoyovg mM(H) mov eanebnoov
Katd v avénomn tov Ee uéypt ta +5 kV/em. Ta dedopéva mov erebnoay og Beppokpacio T=6 K (T=T¢-1,3
K) ka1 e T=5 K (T=T¢-2,3 K) deiyvouv 611 n meloniektpikn tpomomoinon ¢ Jec axolovBel pio pun-
povotovn peimon. e ovty ™ un-povotovn petaforn to Je supavilel pa evioyvon tov Tudv g (tomkd
uéy1oto) 010 medio Ee=2,0 kV/ecm mov vaepPaivel tny apyikn tov tiun Jeo, VO apod 61EM0eL amd ) Tiun Jeo
oto medio Ee,=3,0-4,0 kKV/cm 1 Jc pewdveton mepinov 610 15 % g Jeo 610 S0 Eexmaxy=5,0 kV/cm. To
oMK Péy1oto G Je 610 Ee=2,0 kKV/em givan mo eugavig oto 6£d0uéva mov TPOoEPYETUL OO TIC UETPNOELS
otoug 5 K, evd emiong ot avtiotoryot Bpdyxot m(H) otovg 5 K cuvodevetar pe ) eppdvion OMA kot pikog
oV KAGSov peiwong tov H. H Staxdpavon tov apBpod tov OMA katd v adénon tov Ee eppavilet éva
Tomikd péyloto 010 Ee=2,0 kV/cm, to omoio amodidetar otn pon g evieyouévng Je (AMdyo tov tomikon
peyiotov g Je 010 E=2,0 kV/cm) n omoia dev pmopet va vrootnpydei and ta vuévie Nb. H emotpoer| tg
Je o TN Jeo 0tav Ee=3,0-4,0 kKV/ecm ko ) peiwon g 610 Eexmay=5,0 kKV/ecm avtoavaxidtot dueca omd
Tov aplfud Tev Koteypappéveov @MA nov tapapévouy oe va eddytoto eninedo. Emmiéov, n meloniextpikn
tpomomoinon ¢ Jc dlepeuvnOnke BepnTiKd YPNOIUOTOLOVTOG IO QOIVOUEVOAOYIKT] TPOGEYYIOT] TOL
owvdvaler v e€iowon S(Eex) T0v vrootpduatoc PMN-0,31PT ue pa kodd opiopévn oxéon g Je(S). H
el ékepac ¢ Jo(Eex) KoTAQEPE VO avomopoydyetl pe HEYAAN akpiPeld TO TEWPOUUATIKG OTOTEAEGHOTA.

VII. H eridpaon g emoaveiaxig popporoyiag Tov vrosTpopdTOy 6Ty melonleKTpuki
TPOTOTOINGT] TOV VAEPAYDYIU®V WO0TNTOV o€ TEYVNTES dopég Nb/PMN-0,31PT/Nb

Mo va amokaAvedel 1 enidpaocn ™G EXPAVEINKNG TPAXDTNTAS TOV VTOGTPOUAT®OV otV TElONAEKTPIKY
tpomonoinon g Tc¢ kot ¢ Je ovykpivovion to omotedéopato g teyvnthg doung Nb(20 nm)/PMN-
0,31PT(Aetaouévo)/Nb(20 nm) (PMN-0,31P pe younin <Sa>) pe to avTicTolyo amoTEAEGIOTO TG TEXVITAS
dopung Nb(20 nm)/PMN-0,31PT(My-Jeia0uévo)/Nb(20 nm) (PMN-0,31P pe vymin <Sa>).

Hepopatind arotelécuara s Tc - Eox

H ocvvolikn peimon g Tc kotd v e@appoyn Eexman=4,0 KV/cm oty tegvnt doury Nb(20 nm)/PMN-
0,31PT(Mn-Letaouévo)/Nb(20 nm) eivarl mepimov ion pe 400 mK, n omoio avrticTolyel og o TOCOGTIONN
tpomornoinon ion pe -6,0%. Iaporo mov gaivetan 611 n welonAekTpikn Tpomomoinon g T dev emnpedletan
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YopTEPACNOTA

amd v vynAn <Sa> tov vrootpdpatog PMN-0,31PT, n vynAn Sa amokoedvmtel po vtovn pn-povotovn
petoforn g Te. Amd ) Péhtiotn cvvaptnon mpocapuoyns Tc(Eex) mpoxdmtovy 800 YopaKInploTIKA
nhektpucd media, éva oto Eud® ~1,5 kV/cm mov vmodekvier éva Bodopa tov tipdv mg Te kot éva 610
Ee=2,5 kV/cm mov vodeikviel v emotpopr| g Te o€ vynrég tipés. EmPePoiddnke mepapaticd 6Tt ovtd
o oPaKTNPOTIKA edio g KaumdAng Te(Eex) mpoépyovtal anokAelotikd amd to vrdéotpopo PMN-0,31PT
(xypnoyonoidvTag To. dEdOUEVA TG UNXOVIKNG Taong amd o tomky néBodo kot e oykiky péHodo) kot
TEAMKA UTOpEl KOVELG va 1oyuploTel 0TL 1) LYNAR <Sa> vrokivel v Evrovn un-povotovn petafoin g Tc.

Heapopatind anoteiécuara s Jc - Eex

H emoeovewokn tpayvmra (Sa) tov vmootpopatog PMN-0,31PT Swdpaptifel onpoviikd poro otnv
melonkextpikn tpomonoinon g Je. Zvykekpyéva, 1 texvnty douny Nb(20 nm)/PMN-0,31PT (Aetaouévo)l
/Nb(20 nm) (PMN-0,31PT pe yaunAr Sa, <Sa>~44 nm) dev édwoe evdeielg tpomomoinong g Je
epapuoloviag Eey, evd avtibeta n teyvnty doun Nb(20 nm)/PMN-0,31PT (My-Asiacuévo)/Nb(20 nm) (PMN-
0,31PT pe vynin Sa, <Sa>=~290 nm) mapovoidletl pia évrovn vroPaden g Je Héow g avamtuéng @MA
ota vuévia Nb kotd v avénon tov Ee. H petafoin tov minovg tov katoyeypappévov OMA akorovbel
o un-pévotovn avénor, TPOKOADVTOG TNV ovTioToyn Un-povotovn vrofaden g Je. [pokeyévon va
e€nynBel avt n pn-povotovn petofoin peretnOnke n petaforn) GAA®Y PLCIKOV TOGOTNT®V pe TO Eqy, Ot
omoieg oyetiCovton pe to ITH vrdostpope PMN-0,31PT. Avutég ot puoIkég TOGOTNTES Eval 1] UNYOVIKH TAG
KOl 1] EMPOVEINKN TPAYVTNTA, Ol 0Toieg petapépovial oto evamotebnuévo vuévia Nb. Ta mepoparticd
dedopéva €de1&av OTL M UETAPOAN] NG EMUPAVEIOKNG TPOYVTNTOS TPOoKaAeital Katd kOplo Adyo amd v
EMAYOUEVT] UNYAVIKY] TAGT, amodelkviovtag £Tot 0Tt 1) epapproyn Eex £xet SumAn dpdon oto vuévia Nb. Télog,
pe Paon ™ peUEVN KOVOTNTO UETOQOPAS pedpotog amd ta vpévie Nb mov éyxouvv evomotebel og
vrootpodpate. PMN-0,31PT vyning Sa, anoddfnke n eppdvion twv ®OMA oty tpomomoinom g <Sa> n
omoia TPOAYEL TO UNYOVIGUO dnuovpyiag v OMA evd 1 un-pHovoTovn UETAPOAT TOVC EPUNVEDTIKE OO TN
GLVOLAGUEVT dPAOT TNG UNYOVIKAG TACTC KO TNG ETLPAVELOKNG TPOYVTNTS TV AETTOV Vueviwv Nb.
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Scope and Outline

During the last decades superconducting (SC) thin films have been studied continuously not only as stand-
alone units, but also as an active constituent in artificial structures. Aiming to achieve a controlled
modification of superconductivity, SC thin films have been combined with other compounds that can be
affected by an external cause such as a magnetic field or an electric field. In particular, the antagonistic
influence of a magnetic field on a ferromagnetic (FM) and on a SC material leads to the controllable
modification of superconductivity by means of the applied magnetic field in artificial structures that combine
those two constituents ). Moreover, artificial structures that combine ferroelectric (FE) materials with SC
films offer a possible way to control superconductivity by means of an applied electric field, since the
ferroelectric polarization drives a redistribution of the concentration of the charge carrier through the coupling
of the ferroelectric order parameter with the superconducting order parameter thus affecting the
superconducting properties . A special class of FE materials is the piezoelectric (PE) materials that exhibit
a mechanical macroscopic deformation (either compressive or tensile strain), once an electric field is applied
to them. Hence, artificial structures that combine a PE material and a SC thin film (noted here as PE/SC) offer
the unique opportunity to investigate dynamically the strain dependent properties of a SC film by simply
changing the electric field biased on the PE material. Up to now the experimental studies of the PE/SC
artificial structures have not been adequately addressed in the literature and these limited studies have been
focused on the influence of the imposed strain on the values of T¢ in high-Tc SC thin films F¢],

The basic goal of this PhD Thesis is to investigate both experimentally and theoretically the
controllable modification of superconductivity by means of an applied electric field in PE/SC artificial
structures and to provide experimental evidences for the future utilization of these artificial structures in
sensor devices implemented at cryogenic conditions. The artificial structures studied in this PhD Thesis
consist of SC thin films of Nb deposited on a PE bulk substrate that is a relaxor-FE single crystal (1-
X)Pb(Mg13Nb,3)O3-xPbTiOs (PMN-XPT). Specifically, the topology of the artificial structures is a planar
topology where two Nb films of the same thickness (dwb) are deposited on both surfaces of a PMN-xPT
substrate, simply noted as Nb/PMN-xPT/NDb. In this configuration Nb films have a twofold action, firstly they
act as the SC constituents and secondly they act as electrodes for delivering the externally applied voltage
(Vapp) to the PMIN-xPT. Regarding to the choice of the individual parts that compose the artificial structures,
they were selected appropriately in order to meet certain requirements. In particular, PMN-xPT has been
chosen as a well studied PE material 2> that exhibits intense electro-mechanical response manifested by
ultra-high values of strain. The optimum electro-mechanical ability of PMN-xPT sets them as the only
candidate among all PE materials, since the operation of any PE materials at cryogenic conditions degrades
their electro-mechanical ability. Thin films of Nb have been chosen since they have the highest Tc among all
low-T¢ SCs, while also Nb as a conventional SC enables the theoretical exploitation of experimental results
with well-established theoretical expressions. Moreover, our research group has an extensive experience on
the preparation of Nb films with high superconducting quality by means of DC magnetron sputtering and their
superconducting properties are studied continuously for more than a decade 2%,

Prior to the study of Nb/PMN-xPT/Nb artificial structures, introductory and exploratory experiments
have been performed to relevant artificial structures. These artificial structures are consisting of FM thin films
of Co deposited on both surfaces of a PMN-XPT substrate in a planar topology that is noted as Co/PMN-
XPT/Co. The motivation for the study of Co/PMN-xPT/Co artificial structures was to acquire knowledge
regarding the piezoelectric effectiveness of the PMN-XPT substrates at low temperatures. These artificial
structures serve as a suitable system that allows the comparative study of the piezoelectrically modulated
magnetic properties at different temperatures. Starting at T=300 K (where the piezoelectric properties of



PMN-XPT are well known) one can study the piezoelectric modulation of the magnetic properties of the
Co/PMN-xPT/Co and then to compare them with the respective ones obtained at T=10 K. The magnetic
properties of Co/PMN-XPT/Co structures that can probe the low temperature electro-mechanical ability of
PMN-XPT are the coercive field (Hc), the saturation magnetization (mg;) and the remanent magnetization
(Mrem). To investigate these properties two Co/PMN-xPT/Co artificial structures (one with x=0.29 and one
with x=0.30) consisting of Co films with thickness dc,=30 nm were constructed. The thickness dc,=30 nm has
been chosen appropriately in order to satisfy certain conditions regarding the effectiveness of piezoelectric
strain to modify the magnetic properties in the artificial structures Co/PMN-XPT/Co upon the variation of the
external electric field (Eey). In particular, the dc, should be thin enough in order to be entirely affected by the
imposed strain from the PMN-xPT substrates. Moreover, in Co films the thickness is an extrinsic parameter
that determines the magnetic anisotropy of shape origin. Specifically, for dc,<30-50 nm the in-plane magnetic
anisotropy dominates, while for thicker films dc,>30-50 nm out-of-plane magnetic anisotropy is established
(24261 Accordingly, by choosing dc,=30 nm any changes in the magnetic anisotropy of shape origin caused by
the application of E. is reflected directly to the magnetic properties of Co films.

Before proceeding to the detailed study of Nb/PMN-xPT/Nb artificial structures upon application of
E.x, great effort was made on the thorough characterization of the individual parts that compose them. Starting
with the PE constituent, the PMN-xPT samples were grown as discussed in ! and after their production they
were cut crystallographically in the form of rectangular shaped substrates with dimensions 6x5x(0.4-0.8)
mm?®, while also they were remained unpoled. Two different groups of PMN-xPT substrates have been
employed in the Nb/PMN-xPT/NDb artificial structures in this PhD Thesis. The first group contains PMN-xPT
with x=0.31 and the second PMN-xPT with x=0.27. The compositional difference among these groups of
PMN-XPT substrates is strongly related to their electro-mechanical properties. In particular, PMN-xPT
substrates with x=0.31 (x=0.27) are placed inside (outside) the morphotropic phase boundary and hence
exhibit high (low) electro-mechanical properties. These two groups of PMN-XPT substrates have been chosen
appropriately in order to meet the required conditions for the comparative study of the Nb/PMN-xPT/Nb
artificial structures where the only experimental variable is the magnitude of the induced strain upon the
application of E... Moreover, for the piezoelectric characterization of the PMN-XPT substrates a new
technique has been developed during this PhD Thesis. This technique utilizes a conventional optical
microscope for the local observation of the induced deformation of a PE material upon the application of Vy,
and thus the piezoelectric characterization is accomplished through obtaining the strain-electric field curves.

Continuing with the SC constituent of the artificial structures, Nb films have been prepared by means
of DC magnetron sputtering. Specific attention has been paid to achieve the best superconducting quality of
Nb films by employing a rigorous deposition protocol. This deposition protocol aims to optimize the vacuum
conditions in sputtering chamber before starting depositions and is based on the combined action of an
extensive pre-sputtering of Nb with the simultaneous external cryo-cooling of the chamber (referred simply as
cryotrapping protocol). Before performing the depositions of Nb films on top of PMN-XPT substrates,
exploratory Nb depositions have been performed on atomically flat Si-substrate and their superconducting
properties have been studied thoroughly. The purpose of this study is first to examine what is the influence of
chamber’s vacuum conditions on the superconductive quality of Nb films and second to acquire insights
regarding the superconducting properties of Nb films when side effects arising from PMN-xPT substrates are
excluded. The final depositions of Nb films have been performed under the optimum chamber conditions on
PMN-xPT substrates of differently treated surfaces such as PMN-xPT substrates with either polished or non-
polished surfaces. In order to investigate the influence of substrate’s surface roughness (Sa) on the
superconducting properties of Nb films, a sample series of Nb films deposited on PMN-xPT substrates with
polished and non-polished surfaces have been prepared by varying systematically the thickness of Nb films
(dp) between 5 nm and 100 nm.



For the performance of the magnetic measurements of Nb/PMN-xPT/Nb artificial structures upon
voltage application (that is actually an electric field, E.y), a specifically designed sample-rod has been
constructed. This sample-rod should allow the voltage application on sample surface at cryogenic conditions
(T<10 K). To do so, a standard Quantum design sample-rod has been modified properly in order to host
copper wires thin enough in order to minimize the thermal transfer from the outer part that is at ambient
conditions, to the lower part that is placed inside the SQUID chamber at cryogenic conditions. It should be
noted that in this configuration the applied electric and magnetic field is normal and parallel, respectively, to
the surface of the Nb/PMN-xPT/NDb artificial structures.

The study of Nb/PMN-xPT/Nb artificial structures upon applying E.. is concerned with the
piezoelectric modification of T¢ and Jc in Nb films. The piezoelectric modification of both T¢ and Jc is
expressed as a function of E.,, thereby facilitating the direct comparison of the experimental results among
artificial structures with different characteristics such as the composition x and the surface morphology of the
PMN-xPT substrates and the thickness of Nb films, dy,. The underlying mechanism regarding the
piezoelectric modification of T¢ in Nb/PMN-XPT/Nb artificial structures is presented schematically in figures
(I.a-b). In particular, figure (l.a) refers to the initial state where no E.y is applied to artificial structure and thus
the Nb films are in their strain free state where the lattice constants are a=b=c (due to the cubic structure of
Nb films). The application of E., to the artificial structure induces the deformation of PMN-xPT, which is
penetrated to the adjacent Nb films causing their deformation. Figure (I.b) shows an arbitrary strain state
(tensile strain along xy-plane) of the artificial structure that modifies appropriately the lattice constants of Nb
films to a’#b'#c’ (that in this case are a’>a, b’>b and c'<c). The Ee induced deformation of the crystal lattice of
Nb films alters the phonon branches of the accompanying lattice vibrations, which affects the mechanism of
superconductivity in Nb films (that is a conventional SC) and thus the value of T¢. Obviously, the magnitude
of the piezoelectric modification of T¢ in these artificial structures is proportional to the effectiveness of
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Figure I: (a)-(b) Schematic representation of different strain states of a No/PMN-xPT/Nb artificial structure obtained at
Eex.=0 kV/cm and at E.,.#0 kV/em, respectively. The application of Ee,.#0 kV/em causes the macroscopic deformation of
the artificial structure that is depicted by blue-dashed lines, leading to the induced deformation of the Nb thin films in
terms of unit cell distortion. (c)-(d) Half part of a cross-section along z-axis of an artificial structure illustrates the
different penetration depth of induced strain in an artificial structure consisting of relatively thin and thick Nb films,
respectively, between the strain free state and an arbitrary strain state of the artificial structure.



induced strain to deform Nb films, which depends on two parameters. The first parameter is the electro-
mechanical ability of the PMN-XPT substrates (as it is expressed through the piezoelectric strain coefficients)
and the second parameter is the thickness of Nb films, dyp. To reveal the influence of the electro-mechanical
ability of PMN-xPT in the modification of T¢ two artificial structures with the same thickness of Nb films
(dno=15 nm and 20 nm) have been prepared by using two different PMIN-xPT substrates, one with x=0.31 that
exhibits high piezoelectric strain coefficients and one with x=0.27 that exhibits lower piezoelectric strain
coefficients. Regarding the second parameter that is the thickness dyp, it is reasonable to consider that the
induced strain influences more effectively Nb films with relatively small thickness (that should be at least
comparable with the penetration depth of the induced deformation from the PMN-xPT substrate). Figures (l.c-
d) presents schematically the cross-section of two artificial structures, one with thin Nb films (left column)
and one with thick Nb films (right column), upon the application of E=0 and E.0, respectively. The
vertical grey dashed lines are placed to mark the effectiveness of the induced strain to modify the size of the
deposited Nb films (that is dy,’) upon application of E.,. For the case of thin Nb films the induced strain
affects strongly their size leading to d'y,<dws, while for the case of thicker Nb films only the adjacent layers of
Nb films are effected by the induced strain and as going outwardly the outer layers of Nb become less
affected or even un-affected from the induced strain (this is the so-called penetration strain depth profile).
Thus, in relatively thick Nb films the induced strain is fully relaxed in the outer layers of Nb and the T¢
becomes saturated and un-affected by the application of a non-zero Ee. To study the influence of dy, on the
magnitude of the piezoelectric modification of T a series of artificial structures consisting of PMN-0.31PT
substrates has been prepared with dy,=15, 20, 50 and 100 nm. In order to understand the underlying physical
mechanisms of the piezoelectric modification of Tc, the experimental results of latter series of artificial
structures are investigated by a phenomenological model that incorporates the constitutive relation S(Ecy)
(referring to the piezoelectric PMN-0.31PT substrate) “” with the well-established mathematical expression
of T¢ (referring to the superconducting Nb films) 23%. The phenomenological expression of T¢(Esy) is used
to fit all experimental data of T¢ vs Ee in all artificial structures and enables the investigation of the modified
microscopic parameters of superconductivity in Nb films as a function of E,.

Although the induced strain in the Nb/PMN-xPT/Nb artificial structures modifies the microscopic
lattice constants of Nb films, the application of E¢ causes also the macroscopic deformation of them. This
changes considerably pinning center landscape in the interior of Nb films (such as the density of fluxoids in
the interior or even at the surface of Nb films and the strength of pinning forces) and apparently it leads to the
modification of the critical current density, Jc. This is examined in two artificial structures consisting of
PMN-0.31PT and of relatively thick Nb films (d\,=50 and 100 nm). The reason of choosing those thicknesses
was made in purposely and aims to isolate the modification of Jc upon applying Eex and not to include the
simultaneously T¢ modification in the experimental results. For the theoretical exploitation of these results a
phenomenological approach of Jc(E.) has been proposed. This phenomenological approach is emerged by
incorporating the constitutive relations S(Ee) that reproduce the electro-mechanical properties of PMN-xPT
with a standard expression regarding the strain dependence of Jc (that is Jc(S)) B**). The final expression of
Jc(Eey) resulted in a suitable form that can be employed to model the experimental data.

Finally, another experimental parameter is included in the study of the piezoelectrically modified
superconducting properties in Nb/PMN-0.31PT/Nb artificial structures. This parameter is the morphological
landscape of PMN-0.31PT substrates with non-polished surfaces that is expressed quantitatively by the values
of surface roughness (Sa). Due to the extremely high values of Sa (on the order of 200-300 nm), the surface
morphology of PMN-0.31PT substrates is fully transferred to the deposited Nb films deteriorating their
superconducting properties and thus affecting significantly the piezoelectric modification of T¢ and Jc. The
artificial structure that is used for this study is the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) and it
has been chosen for the following reasons. First, the PMN-0.31PT substrate is employed here due to its high
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effectiveness to modify strongly the superconducting properties of the deposited Nb films when compared
with the PMN-0.27PT substrate. Second, Nb films with dy,=20 nm are thin enough in respect to the
preservation of superconductivity in Nb films deposited on rough surfaces and also susceptible to modify
their properties when applying E., to the artificial structure.

The results of this PhD Thesis clearly establish the piezoelectric modulation of T¢ and Jc by means of
an externally applied electric field in artificial structures Nb/PMN-XPT/Nb. The experimental results are
described accurately by the phenomenological models of Tc(E.x) and Jc(Eex) that incorporate the different
characteristics of the artificial structures.

In Chapter 1 the main aspects of the theory of low-T¢ superconductivity and of piezoelectricity
focusing on PMN-xPT samples are discussed. In Chapter 2 a brief review of the theoretical studies regarding
the effect of strain on the superconducting properties and of the experimental studies regarding the
piezoelectric modification of T¢ in high-Tc compounds are introduced. Chapter 3 presents the basic principles
of the experimental techniques used here for the preparation (i.e. DC magnetron sputtering) and the
characterization (i.e. XRD, AFM, SQUID) of the artificial structures. Moreover, Chapter 3 summarizes the
operational principles of a newly introduced method that has been employed for the piezoelectric
characterization of PMN-xPT samples, while also provides some technical details regarding the sample-rod
configuration that allows the performance of the magnetic measurements upon the application of an external
voltage. Chapter 4 presents the experimental results of the introductory and exploratory studies that have been
performed in related artificial structures consisting of FM thin films of Co (i.e. Co/PMN-xPT/Co) upon the
application of electric field. Chapter 5 presents the results of the characterization for the individual parts that
compose the artificial structures Nb/PMN-xPT/Nb that are the PMN-XPT substrates and the Nb films and
eventually the results of the superconductive characterization of Nb/PMN-xPT/Nb. Chapter 6 focuses on the
theoretical framework used for the study of the piezoelectric modification of T¢ and Jc through using the
suitable expressions of Tc(Eex) and Jc(Ee) that have been adjusted properly in order to take into account the
specific characteristics of the different ingredients that compose the artificial structures. Chapter 7 presents
the results of the piezoelectric modification of T¢ and Jc upon the application of electric field in Nb/PMN-
XPT/Nb artificial structures. The detailed study of the piezoelectric modification of T and Jc takes into
account all the parameters (magnitude of the piezoelectric strain coefficients, thickness dy, and surface
roughness of PMN-xPT substrates) that may influence the magnitude of their piezoelectric modification.
Chapter 8 presents the experimental evidences for the future utilization of the Nb/PMN-xPT/Nb artificial
structures in sensor devices implemented at cryogenic conditions. Finally, Chapter 9 summarizes all the
conclusions drawn in the frame of this PhD Thesis.
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Abbreviations

The following list categorizes the abbreviations used in this PhD Thesis alphabetically in the left column and
a brief description of their meaning is given in the right column.

AFM Atomic force microscopy

Eex Externally applied electric field

EMIs Electric-field induced magnetic instabilities

FC Field Cooling branch (referred to isofield magnetization curves m(T))
FE Ferroelectric (referred to a ferroelectric material)

FM Ferromagnetic (referred to a ferromagnetic material)

FWHM Full Width at Half Maximum (used in XRD analysis)

Je Critical current density

H Externally applied magnetic field

Mls Magnetic Instabilities

MPB Morphotropic Phase Boundary

OM Optical Microscope

PE Piezoelectric (referred to a piezoelectric material and/or substrate)
PMN-xPT Pb(MgysNby/3)Os-XPbhTiO;

PZT Pb(Zr,Ti15)Os

RFE “relaxor”-ferroelectric

Sa Surface roughness (<Sa>, mean surface roughness)

SA; Symmetric axis of strain along i=x, y (used in the piezoelectric characterization)
SC Superconductor (referred to a superconducting material)

SQUID Superconducting Quantum Interference Device

T It refers to temperature, but when accompanies the value of H then is Tesla
Tc Critical temperature

TMIs Thermo-Magnetic Instabilities

XRD X-ray diffraction (refer to the technique)

ZFC Zero Field Cooling branch (referred to isofield magnetization curves m(T))






Chapter 1

Introduction to low-Tc superconductivity and piezoelectricity

1.1 Fundamentals of low-Tc superconductivity

This paragraph is dedicated to the phenomenon of superconductivity and provides a brief introduction to its
basic properties. Since the under investigation material in this PhD Thesis is Niobium (Nb), which is a typical
low-T¢ superconductor (SC), the introduction is mainly focused on the corresponding theoretical models that
describe superconductivity both microscopically and macroscopically for a low-T¢ SC. Intentionally, the
introduction does not deepen into superconductivity, but it provides the sufficient theoretical background
necessary for understanding and interpreting the results in this dissertation. For more details in the
phenomenon of superconductivity the reader is advised to study the following books that are alphabetically
arranged, J. B. Ketterson ™, T. Matsushita ™, V. V. Schmidt &, M. Tinkham ™! and M. Pissas ..

i. General properties of a low-T¢ superconductor

The discovery of superconductivity coincides with the liquefaction of Helium (*He) that was achieved in 1908
by H. K. Onnes . The cryogenic realization due to the availability of liquid Helium, made possible the study
of the material properties as a function of temperature for temperatures down to below 4.2 K (which is the
boiling temperature of liquid Helium at the pressure of 1 atm). Until then, the most prevailing idea regarding
to the temperature dependence of the electric resistance was that it decreases gradually with decreasing
temperature, while at low temperatures the scientists of that period believed that the electric resistance
saturates to a plateau. The saturation value of the electric resistance had been ascribed to the imperfection in
the crystal lattice of the elemental metallic materials. To exclude the influence of crystal imperfections in the
values of electric resistance, in 1911 H. K. Onnes " studied the variation of the electrical resistance of Hg as
a function of temperature, since Hg can be prepared easily in high purity. Surprisingly, instead of reaching to
a plateau in the values of resistance at low temperatures, he observed that at 4.2 K the measured resistance of
Hg dropped to zero. So, he assumed that below a specific temperature called critical temperature (T¢) the
material is in a different state acting as a perfect conductor and thus he called this state superconductivity.
Apart from the perfect conductivity, the SCs exhibit perfect diamagnetism, when cooled down to
temperatures below T¢. This phenomenon, known as Meissner effect, was discovered in 1933 by W. Meissner
and R. Ochsenfeld ®. It should be stressed that the physical origins of perfect diamagnetism in a SC differ
from those of a normal diamagnetic material. Specifically, considering a perfect conductor (such as a SC
below T¢) the Faraday law fails to describe the diamagnetic transition (at T=T¢) when a SC is placed inside a
steady magnetic field. Thus, the Meissner effect is an independent feature of superconductivity that cannot be
interpreted in terms of perfect conductivity in a SC. According to Meissner effect, if a SC is placed in a weak
external magnetic field, He,, and cooled below T, then the He is expelled from its interior by generating
screening currents that flow through the surface and cancels the magnetic flux density within, as shown in
figure (1.1). The feature of perfect diamagnetism in a SC highlights that the SC behaves as an ideal
diamagnetic material with magnetic susceptibility x,=-1 and zero magnetic induction (B=0) inside the SC.
However, the Hey, is not entirely expelled from the bulk of the SC but it penetrates in a very small distance
from its surfaces and it exponentially decays to zero within the interior of the SC. This distance is called
London penetration depth (denoted as A or as A_ later in this chapter), in the name of brothers F. and H.
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~ |
(@) T>Tc (b) T<Tc

Figure 1.1: Schematic representation of Meissner effect considering a superconducting sphere that is placed in a weak
external magnetic field, He. (@) For T>T¢ the superconductor behave as a normal and paramagnetic metal B#0. (b)
After cooling at T<T¢ the magnetic field is expelled from its interior by generating screening currents (red-solid lines),
except from a thin surface layer that is penetrated by the He, in a depth equal to A. Apart from this thin outer layer, the
sphere behave as an ideal diamagnetic material with B=0.

London ¥ who in 1935 proposed two equations to describe the electrodynamic properties of a SC that acts
both as a perfect conductor and as a perfect diamagnetic material.

The perfect diamagnetism in a SC cannot be sustained at relatively high magnetic fields. Specifically,
at constant temperature below T, if the applied He, to a SC is greater than a defined value, then the SC will
make a transition from the superconducting to its normal state and the magnetic flux penetrates entirely into
the SC. This value of magnetic field constitutes another critical parameter of superconductivity that is called
critical field (Hc). The Hc values of a SC depend on temperature T (T<T¢), He(T), and similarly with the T¢
is a material-dependent parameter. Another critical parameter of superconductivity is the critical current
density (Jc), which characterizes the maximum lossless current that the SC is able to maintain without
resistance. The Jc depends on both T and H, Jc(T,H), while similarly to the others critical parameters the Jc
vary among different materials. Despite the great effort that has been made during the last decades to increase
the T¢ in new chemical compounds, it should be noted that the Jc is the most important characteristic of SCs
from the viewpoint of practical applications. For example, a conventional resistive conductor, such as Copper
(Cu) wires, can carry a maximum current density on the order of 5 A/mm? at room temperature (T=300 K),
while a superconducting wire made of the intermetallic compound of Nb and Sn, NbsSn, can carry a Jc on the

J(A/mm?)

Superconducting Region

Critical Surface of
superconductivity

H(T)
Figure 1.2: The phase diagram of the superconducting state is visualized by considering the dependence between the
critical parameters (Tc, Hc and Jc) of a SC. The designed surface among the critical values is characterized as the

critical surface of superconductivity, where the areas below this surface represent the superconducting state and the
areas above it represent the normal state in a SC.
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order of 5-10° A/mm? (at T=4.2 K and He=5 T) . This significant property of the SCs sets them as candidate
materials to replace common resistive conductors in several applications.

The critical parameters of superconductivity (Tc¢, Hc and J¢) will be discussed in details below in this
paragraph by interpreting their origins and by showing their interdependence. Figure (1.2) visualizes
gualitatively, in a three-dimensional rendering, the dependence between T¢, Hc and Jc. The interdependence
of these critical parameters defines a critical surface of superconductivity, in a generic phase diagram of the
superconducting state. From this surface and moving toward the origin, the material becomes
superconducting, while for regions outside this surface the material is in its normal state that is expressed
either as a paramagnetic state or as a resistive state of the material.

ii. Theory of low-T¢ superconductivity

In this section the basic principles of superconductivity are presented under the perspective of the theories that
describe superconductivity for low-T¢ SCs. These theories are divided into two categories regarding the
origins of superconductivity. A microscopic theory describes superconductivity in terms of interaction
between electrons and lattice ions and a phenomenological theory describes accurately the macroscopic
behavior of a SC based on general thermodynamic arguments.

a. Microscopic theory of low-T¢ superconductivity

After the discovery of superconductivity an immense challenge had been emerged for theoretical physicists
since the basic principles lying behind the phenomenon of superconductivity were remained unknown. The
first evidence for considering the microscopic origins of superconductivity came from the isotope effect on T¢
that is expressed by the relationship, TcM®=const, where a is equal to 0.5. Independent experiments that were
conducted in isotopes of Hg (***Hg and '®Hg) M showed the strong dependence T¢ on the mass of the
nucleus of the atoms (M). The validity of isotope effect in many metallic and superconducting materials
indicates that the lattice of ions in a metal is an active participant in creating the superconducting state. From
the relationship of isotope effect it can be concluded that T¢ is inversely proportional to the MY? that
reminiscent the dependence of the frequency (o) on the mass of a typical oscillator M. In the microscopic
analysis of superconductivity, this frequency is related to the vibrating frequency of the crystal lattice that is
the Debye frequency (wp) and is the characteristic frequency of the quasiparticles called phonons.

In 1957, J. Bardeen, L. N. Cooper and J. R. Schrieffer ™ published an extended theoretical work,
known as BCS theory, which succeeded to explain the microscopic origins of superconductivity, for the so-
called conventional superconductors. The BCS theory was based initially on a published work of Fréhlich ™,
who in 1950 proposed that an additional interaction between electrons can be indirectly attractive in a metal.
Based on this assumption, the BCS theory demonstrates that when this indirect attractive interaction
overcomes the direct Coulomb repulsion, the electrons interact pairwise and they form pairs of electrons,
known as Cooper pairs. The formation of Cooper pairs of electrons through this indirect attractive interaction
among them facilitates the superconducting state. Considering that a SC above T behaves as a metal, the
microscopic picture of the SC in the superconducting state is drastically differed of its normal state, as it is
schematically illustrated in figures (1.3.a-b). In the normal state the electrons move independently, as shown
in figure (1.3.a), while in the superconducting state the electrons are bounded into Cooper pairs by an indirect
attraction, as shown in figure (1.3.b). Specifically, in the superconducting state when an electron is travelling
through the lattice of positive ions then it slightly distorts the surrounding lattice by pulling on the adjacent
positive ions and causing phonons to be emitted. The motion of an electron leaves a continuous tail of
deformed lattice and its trajectory is recognized from another electron as a region of increased positive charge
and is attracted towards it. Hence, the attractive interaction between two electrons is mediated by phonons,
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Figure 1.3: (@) A SC in its normal state (T>Tc) behave as a typical metallic element, where the electrons move
independently through consecutive collisions with the lattice ions. (b) In the superconducting state (T<T¢) the move of
an electron, (k,1), distorts the lattice and another electron with opposite momentum and opposite spin, (-k,|), is
attracted towards it. (c) A cross-section of Fermi sphere in k-space of the excited (paired) states in a SC. The
black/white dots represent electron/hole excitations, while the wiggled lines represent the paired states among them. The
wave vector ke at Fermi surface is much larger than the thickness of Fermi shell with thickness 24 around ke.

since the emitted phonons from one electron are subsequently absorbed from another electron. In order to
sustain stronger the attractive interaction than the Coulomb repulsion, this indirect attraction between
electrons takes place among electrons that are far apart (usually over hundreds of lattice spacing).

According to BCS theory, the indirect attractive interaction of electrons modifies the ground state of a
SC that is located below the normal ground state of the metal, since the contribution of the attractive potential
(denoted here as V) is negative and the total energy of the system is reduced. This reduction of the total
energy means that the Cooper pairs have lower energy than the free electrons, while the maximum reduction
is achieved when Cooper pairs are consisted of electrons with equal and opposite momentum (and opposite
spin), described as (k,1) and (-k,|). In a k-space representation, as shown in figure (1.3.c), the excited states
of Cooper pairs are placed in the vicinity of Fermi surface. In particular, an energy gap (A) opens around the
Fermi energy (Eg) in order to separate the initial occupied states at Fermi surface (solid-line circle) from the
excited states (dashed-line circles) with E=E+A. For E>E¢ (green region for |k|>|kg|) the excitation is
electron-like in its behavior (black dots), while for E<Ef (blue region for |K|<|kg|) the excitation is hole-like
(white dots). The total energy of the excited states of electrons is minimized when the Fermi surface is spread
into a spherical shell with thickness 2A around the initial Fermi surface, while 2A is much smaller than Er
itself (2A<< Eg). The magnitude of the energy gap A is on the order of the binding energy of a single Cooper
pair and only electrons that occupy the states within a spherical shell of thickness 2A, are able to experience
the attractive interaction. Since the attractive interaction comes from the exchange of phonons between the
electrons, the maximum energy that can be exchanged is ~hwp. Accordingly, the energy gap A(0) (at T=0 K)
as calculated from the BCS theory is given by the following expression,

A(0)=hwyexp {- (1.1)

1
N(0) -V
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where N(0)-V represents the interaction potential that is considered to be mainly attractive in BCS theory (1=
N(0)-V), with N(0) the normal density of states at Fermi surface and V=V, the attractive potential due to
electron-phonon interaction. For N(0)-V<«1, the energy gap at T=0 K is 2A(0)=3.5kgT¢, while the energy gap
A is decreased progressively to zero (A—0) as temperature reaches T (T—Tc) and Cooper pairs are broken
through thermal processes. Finally, the expression of T¢ according to BCS theory is given by,

KgTe =1.14hmDexp{- (1.2)

1
N(0)-V
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 &, (§c=hug/nA, where ug
is Fermi velocity) as it was initially introduced by Pippard ™. After the proposition of BCS theory, several
experimental attempts were designed to test the predictions of this theory. Specifically, the Little-Park
experiment proved indirectly the formation of Cooper pair in a SC by studying the periodic variation of
resistance when a H., is applied parallel to a thin walled superconducting cylinder. The energy gap in SCs
was proved by Giaever in 1960 ™! through tunneling experiments (1-V characteristics) in structures consisting
of two SC layers with an intermediate insulating layer, while experiments in the microwave absorption of a
SC that were conducted by Townsend and Sutton ™1, showed the temperature dependence of the energy gap.

b. Phenomenological theory of low-T¢ superconductivity

The Ginzburg-Landau (GL) theory 8 provides a quantitatively description of superconductivity without the
knowledge of the underlying microscopic mechanism. Based on general thermodynamic arguments and on
the variational principle of quantum mechanics, the GL theory allowed the calculation of macroscopic
guantities of a SC in the superconducting state. The GL theory is the first quantum theory of
superconductivity and it is more physically transparent theory than the BCS theory. Despite the fact that the
GL theory had been developed before BCS theory, it did not receive any remarked attention until 1959 when
Gor’kov ™ showed that the GL theory can be derived from BCS theory and thus they are not two separate
approaches. Specifically, Gor’kov showed that in some limiting cases the order parameter in the GL theory is
proportional to the energy gap (A) of a SC in the BCS theory, proving that both theories are directly related to
each other. Moreover, under certain conditions the GL macroscopic theory can be reduced to London theory.

The great success of GL theory is that it describes the macroscopic behavior of SCs and it provides
the theoretical framework to understand the quantum properties on a macroscopic scale. For the mathematical
formulation of GL theory, it was considered that the transition from one state (for instance, the
superconducting state) to the other (that is now the normal state) is a second order phase transition. The GL
theory has been developed in close analogy to Landau theory ! for a ferromagnetic material, where the free
energy around the Curie temperature is expressed as an expansion in powers of magnetization, M. For the
case of a SC, the order parameter of the superconducting state is described by a complex scalar quantity that
is the macroscopic quantum wavefunction W=|¥(r)[e®. The amplitude |¥(r)| is assumed to be zero at the
normal state (above T¢), while below and in the vicinity of T¢ (Tc-T<«<Tc) the |¥(r)| is small. Near T¢ the
Helmotz free energy, F, of a SC can be written as a Taylor series of ¥,

F.=F, +al¥[ + §|\y|“+... (13)

where the subscripts S and N refer to the superconducting and normal state, respectively. The terms that
appear in equation (1.3), are restricted by the fact that Fs should be real-valued and thus [¥[ is the product of
¥ with ¥ (|¢[=2"P), while also |P” is equal to the density of paired electrons in a SC (|¥[*=ns =ny/2).

The most important feature in GL theory is that it specifies correctly how a magnetic field is coupled
to a SC. Specifically, in the presence of a magnetic field the free energy of the SC is expressed in terms of the
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order parameter and its spatial variation. So, in the limit of T=T¢ (but below T¢) and in the presence of an
external magnetic field (H) the Gibbs free energy, G, of a SC can be written as,

G=F-[drH-B,

2m’ 214,

where the third term in the square brackets of interval refer to the density of the kinetic energy for a particle
with mass m"=2m and charge e'=2e in a magnetic field B=VxA, while the last two terms express the energy
of the magnetic field. Aiming to find the functions of the order parameter ¥(r) and of the magnetic field A(r)
that minimize the free energy, two distinct cases should be considered. At the first case, it is assumed that
both the ¥ and A are constant. Now, requesting the minimization of Gibbs energy in respect to ¥~
(0Gs/0W¥ =0) gives the first GL equation and the boundary condition for ¥ that are expressed as follows,

2
Gs =Gy +[d°r {a|‘P|2+§|‘P|4+ L —ihV‘P—e*A‘I"2+B——B-H} (L4)

a\P+ﬁ\P\\P2\+$(—ihV—2eA)Z\P=o and  (-ihV-2eA¥)’-n=0 (L5.a-b)

where n is the vector normal to the surface of the SC. It is worth noting that if the variation of the Gibbs
energy was taken with respect to ¥ then it will result in complex equations conjugate with the equations
(1.5.a-b). At the second case where A is considered to be variable, requesting the minimization of Gibbs free
energy in respect to A (0Gs/0A=0) leads to the second GL equation that is expressed as,

VxVxA  ihe, . o 28°
YxXvxa = — (¥ VY-wVY)-=[¥] A (1.6)

My 2m m
The GL equations are coupled differential equations and must be solved self consistently. According to the
Ampere law the first order in equation (1.6) represents a current density, which in the case of a SC is
mentioned as the supercurrent density that originates from Cooper pairs. Thus, the equation (1.6) can be re-

written as,

Jg = —%|\P|2 (V9+2—7[Aj (1.7)
m D,
where ®y=hc/2|e| is the quantum magnetic flux and 0 is the phase of the wavefunction . Now, the boundary
condition expressed in equation (1.5.b) can be understood as n-Js=0 and it means that the normal coordinate
of Js is zero. This boundary condition is applicable only when a SC is in contact with an insulator (or with
vacuum) and assures that there is no current flow through the interfaces of a SC.

Moreover, the GL theory enables the determination of the critical magnetic field (Hc) over which the
superconductivity is totally suppressed. In the regime of weak magnetic field (lower than the critical magnetic
field) the B, deep inside the bulk of the SC, is equal to zero due to the Meissner effect. Thus, the difference
between the free energy of a SC in a finite magnetic field (Gsy) with a SC in zero magnetic field (Gso=Fs)
should be equal to the stored energy by the field source. Namely,
H2
8z
At H=H¢ the SC is in its normal state and hence the free energy Gs reaches the free energy of the normal
state, Gs =Gy (that is equal to Fy in the absence of magnetic field). Consequently, the equation (1.8) becomes
equal to,

Gy —Gs o= (1.8)

GN _Gs,o = FN - Fs =—= (1.9)
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The solution of the equation (1.9) refers to the case of a homogeneous SC without external magnetic field,
where the W is not depend on r and the expansion of Fs is expressed by the equation (1.3). From the

requirement of minimum Fs it is found that the difference Fy — Fshas the following solution,
2

a
F,-F.=— 1.10
Ry (1.10)
Thus, from the (1.9) and (1.10) it becomes that,
2
H = A7 (L.11)
2p

where «, /8 are the GL parameters that appear as the multiplying parameters of [¥|* and [¥*, respectively, in
the initial expressions of free energy. The field Hc is often called the thermodynamic critical field and it can
be characterized as the measure extent in which the superconducting state is preferred thermodynamically
from the normal state.

iii. Elemental bulk low-T¢ superconductors

Apart from the fundamental properties of low-T: SCs that are described by the theoretical models, there are
two important parameters that define their magnitude of values. These parameters are the coherence length (&)
and the penetration depth ()), which are called characteristic length scales. The ratio of these length scales
(ME) is further used for the classification of low-Tc SCs into two principal categories with different
macroscopic properties.

a. Characteristic length scales of low-T¢ superconductors

Early studies of London brothers ! in the so-called local electrodynamics of SCs clarified the significance of
A (or A, owing to London brothers), while afterwards Pippard ™ proposed a modification of the London
equations in a non-local description by including the & in his study. The results of these theories are not
fulfilled for all low-T¢ SCs, e.g. the Pb is described well by the London brothers’ theory, while the Al is
characterized as a Pippard SC. However, the GL theory provides a more accurate estimation of the
characteristic length scales of a SC that is verified in the most cases of the low-T¢ SCs. In the regime of GL
theory, the & and A are given as a function of the GL parameters a and £ by the followings,

f h? fmczﬂ
= d A= 1.12.a-b
. 4ml|a| an 8r|ale’ (1.12a:)

The comparative advantage of GL theory in respect to the theories of London and Pippard, is that both the &
and the A can be expressed as a function of temperature, due to the temperature dependence of the GL
parameters a=a(T) and S=p(T). Particularly, for T close to T¢ (T<Tc) where the GL theory is valid and the
parameter S is almost constant (8=p(T)~const), the temperature dependence of the characteristic lengths is,
£ (1-T/T¢) and A%< (1~(T/Tc)").

Each characteristic length scale (§ and L) expresses the minimum distance over which the respective
superconductive parameter can be spatially varied. Specifically, the physical meaning of &g, is associated
with the order parameter W(r) and it represents the length scale over which ¥(r) rises to its bulk magnitude,
Y. By considering the simplified case of a SC in one-dimension with the boundary condition |¥(x=0)=0,
then it can be easily concluded that the spatial variation of ¥(x) is proportional to (1-e'42’“‘5) which shows that
in a distance equal to &2 inside the SC the ¥(x) approaches ¥, as shown in figure (1.4.a). The physical
meaning of A (or A,) is associated with the vector potential-magnetic field A(r) and it represents the distance
over which the magnetic induction (B=VxA) and the supercurrent (Js=VxVxA) are exponentially decayed
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Figure 1.4: Schematic representation of the characteristic length scales of a SC. (a) Considering the boundary condition
#(x=0)=0, in an one-dimension problem, the order parameter rises to its bulk magnitude, ¥, in a distance equal to &A/2.
(b) The magnetic induction B,(x) and the supercurrent J,(x) have a decay length equal to 4, (or 1), while outside the SC
the B, is equal to He, and the Js is zero, as it is stated from the boundary condition of GL equations.

inside a SC, as shown in figure (1.4.b). Table (1.1) summarizes the values of intrinsic & and of A, at T=0 K
(extrapolated values) for some selected bulk low-T¢ SCs.

The dependence of Hc on the characteristic length scales is unveiled by solving the (1.12.a-b) in
respect to o and 3 and by including them to (1.11). Finally, the expression of Hc is given as follows,

J2H = , (1.13)
2n&-A
Table 1.1: Characteristic length scales for selected bulk low-T¢ SCs .
Al Cd Sn Pb Nb
Penetration depth, A, (T=0 K), (nm) 16 110 34 37 36
Intrinsic coherence length, &, (nm) 1600 760 230 83 38

b. Type I and Type Il low-T¢ superconductors

The characteristic length scales can be used to divide the SCs into two principal categories, known as Type |
and Type Il. The classification of the SCs is obtained by calculating the value of the dimensionless and almost
temperature independent GL-parameter «, which is defined as the ratio of the characteristic length scales,
k=ME. Around a critical value of « that is k=1/v2 the surface energy of a SC is changed from positive when
k<1/v/2 to negative when k>1/v/2. A SC with k<1/v/2 (which means that A<¢) is characterized as Type I, while
for k>1/v/2 (which means that A>£) a SC is characterized as Type 11. Almost all bulk low-T¢ SCs are Type I.
The two types of SCs behave similarly in their zero-resistance state (R=0) and in Meissner state
(B=0) as long as the magnitude of He (Hex) is low. The difference between the two types of SCs lies in their
magnetic response when the Hex exceeds the Hc. For a Type | SC, when He>Hc the superconductivity is
suppressed and the SC is in the normal state, as shown in the phase diagram of figure (1.5.a). However, in a
Type 1l SC and for He>Hc, the magnetic flux is penetrated partially to its interior and creates regions of
normal state inside the SC. It was found that is energetically favorable for a Type Il SC, to form a mixed state,
where both normal and superconducting regions coexist above the Hc that is now called lower critical field
and is denoted as Hc;. The mixed state appears for He, between the Hc; and the upper critical field (Hc,),
which signifies that the SC is completely to its normal state, as shown in the phase diagram of figure (1.5.b).
The theoretical study of Abrikosov “? in the mixed state of a SC, predicted that the magnetic flux
penetrates to SC into a form of cylinders with their axis along the H.,, while each cylinder carries a quantum
of magnetic flux, ®y. These cylinders are called vortices. In each vortex the center is in normal state and



Chapter 1

_ Type | (@) | H,©) p:
5]
o
3 —
T S
Normal state, B=H_|
H.(0) T i
1
H,,(0)

Meissner state, B=0

Meissner state, B=0

° T(K) o 0 T(K) T "

Figure 1.5: The phase diagrams of Type | and Type Il SC are presented in (a) and (b), respectively. The inset of (b)
illustrates schematically the formation of hexagonal pattern of vortices in the mixed state of a Type Il SC. (c) The
structure of an isolated vortex with respect to the characteristic length scales. The solid curves represent the spatial
variation of js and b,.

shielding currents circulate on the outside surface of it. The radius of a vortex is equal to &, while the flux
guantum @ is restricted inside a radius equal to A. A schematic drawing of an isolated vortex consisting of a
normal core encircled by superconducting screening currents is given in figure (1.5.c). The sketches of figure
(1.5.¢) show the radial distribution of the local current density js (blue solid line), which is proportional to the
ns, and of the local magnetic induction b, (black solid line).

In a Type Il SC, as the He, increases above Hc;, the vortices will move deeper into the SC while
simultaneously new vortices will penetrate the SC. When the density of vortices is high enough they will form
a hexagonal pattern, which is depicted as inset in the phase diagram of figure (1.5.b). Eventually, when the
Hex reaches the He,, the density of the vortices is so high that the cores start to overlap and superconductivity
is totally suppressed. The mixed state of a Type Il SC is delimited by the Hc; and He, and their magnitude of
value is dependent on the characteristic length scales of the SC. The magnitude of Hc; (that expresses the first
penetration field) can be excluded easily from the GL theory by considering neglect interaction between the
vortices, since at He,=Hc; vortices enter abruptly to the SC. Finally, the expression of Hc; is given by,

N U e PR
He,= 4nxln( éJ 7(0) In(x) [1 TCJ (1.14)

As He, rises well above Hcy, the density of vortices is gradually increased and when H=Hc, the distance
between vortices becomes less than &. Close to Hc, (slightly below Hc,) the order parameter is small and the
linearized GL equations give accurately the expression of Hc,.

12
= ®O = ®O . _l
R e 22 (0) (1 ch (1.15)

iv. Elemental thin films low-T¢ superconductors

The study of elemental SCs in the form of thin films is of fundamental interest because there is a noticeable
change in their superconducting properties when compared with the respective properties of their parent SCs
in bulk form. This modification in the superconducting properties is revealed when one of the dimensions in a
SC is lowered and it becomes comparable to the characteristic length scales of superconductivity. For the case
of SCs in the form of thin films, this dimension is expressed by their thickness, dsc.

Generally, when one studies thin films it should take into consideration the electron-mean free path
(¢) which is another length scale and is related to the static disorder (such as point/correlated-like impurities)

-9-
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and to lattice imperfections (such as dislocations) in the interior of thin films. For the case of SCs in thin film
form there is a strong indirect influence of ( on the superconducting properties. In particular, at low values of
dsc, 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 ! and the electron-phonon
interactions. Moreover, the shortening of ¢ with the reduction of dsc both enhances A and reduces & &%,
These simultaneous changes of the characteristic length scales upon thickness reduction increase the value of
GL-parameter k and hence it is reasonable to consider that SCs in thin film form behave as Type-Il SCs.
Since the nature of the superconducting state is strongly related to the magnitude of the characteristic length
scales, their modification changes effectively the superconducting properties and eventually leads to the
complete suppression of superconductivity below a value of dsc.

The relationship between the length scales in elemental low-T¢ thin films can be used to classify the
SCs into well separated categories with different superconductive properties. In SC thin films of finite
thickness (dsc=constant), two distinct regimes can be considered in terms of intrinsic & and ( depending on
film disorder, the superconducting "clean” limit (£ >&y) and "dirty" limit (( <&g). In the "dirty" regime both
&(T) and MT)=Ae(T) become dependent on ¢ and near T their expressions are ',

£(T)=0.855 Sl g At (T)=21(0) 5o/ 1338 (1.16.a-b)

1-(T/Te) 1-(T/Te)'
where the coefficients 0.855 and 1.33 were determined by the results coming from BCS theory at T=Tc. It
should be noted that the penetration depth, A, is replaced here by the effective penetration depth, Ae, due to
the equivalence of a thin film SC to that of a local SC and there is no need for using the non-local
approximation of Pippard. Moreover, the equations (1.16.a-b) show that in "dirty" limit the increased disorder
(expressed by the reduction of () enhances the A and reduces the & Finally, the dimensionless GL-
parameter k becomes different in the "clean” and "dirty" limit and the respective expressions of k are given by
the followings ',

A(0) A(0)
o e =0-96 —— and Ky e =0-715 = (1.17.a-b)
So l

showing approximately that in the "dirty" limit the role of the coherence length is played by the (. Since
M0)> (, it becomes apparent that |-giny- imic>1, Which proves that SCs in thin film form are Type Il SCs
independently to their Type when they are in bulk form.

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. Specifically, 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 individuals SCs with different dsc, or for constant dsc due to divergence of &(T) near T¢. 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 the Hc,(T) line. Generally, the 2D behavior of a
SC is expressed from a power law in the temperature dependence of Hc,(T) line, while the 3D behavior is
expressed by a respective linear law in the Heo(T) line. There are several expressions that describe the Hea(T)
line of a 2D SC in a parallel applied H.,, depending on the film morphology (perculative structure, granular
films) that originates strong modification in &(T) **%. For the general case of a "dirty" but homogeneous film
(where the morphological contributor is excluded) the Ketterson expressions for the 3D and the 2D behavior
of a SC in a parallel applied Hey are the followings ),

-10 -
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Hfz’(T)= D, . 21 and Hég(-r):‘/l_zq)o. 1 (1.18.a-b)
2mp,, &(T) 2mp dsca(T)

The modification of the Hc,?°(T) is based on substituting the £%(T) with the product &,(T)-£1(T), where £1(T)
is replaced by the factor, dsc/V/12 for the 2D behavior of the SC.

Apart from the basic research in SCs in thin film form, there are a lot of applications based on
elemental SC thin films. Elemental SCs in thin film form have been grown by a variety of deposition
methods, like evaporation B**2 sputtering #*3! molecular beam epitaxy ! and quench condensation #6371,
Among all the elemental low-Tc SCs the Nb films are the most studied superconducting element, since it
possesses the highest Tc (T \*=9.25 K). The robustness of superconductivity in thin films of Nb is utilized for
a number of widely used applications such as hot-electron bolometer mixer ¥, superconducting nanowire
single-photon detector %, rapid single flux quantum logic ! and other fluxonic devices “.

v. Critical temperature of low-T superconductors for weak and strong coupling

The superconducting state of low-T¢ SCs is governed microscopically by the electron-phonon interaction, the
strength of which is reflected directly on the values of the electron-phonon attractive potential / (defined as
4=N(0)-Verpn). The value range of A characterizes the SCs as, weak-coupled for 1«1, intermediate-coupled
for 2~1 and strong-coupled for 2>>1. In each coupling regime the overall interaction potential N(0)-V is
properly modified in order to include the contribution of Coulomb repulsive potential x (defined as
U=N(0): V). Based on the BCS theory, where T depends exponentially on the reciprocal of N(0)-V, several
theoretical studies “**! achieved to estimate accurately the T in each coupling regime. These theoretical
studies are summarized in the first part of this paragraph. However, when one studies SCs in thin film form
the N(0)-V is further modified. Independent to coupling regime of the bulk material, the T expressions for
thin films should include parameters that reflect secondary effects presented in thin films. A convenient way
to reveal the influence of secondary effects in the T¢ values of thin films is to study the T variation as a
function of dsc, known as size effect. This will be discussed in the second part of this paragraph.

Weak and strong coupling low-T¢ bulk superconductors

The BCS theory is valid in the weak coupling regime (1<1), which means that the Er is the dominant energy
and the binding energy A(0) (the energy gap at T=0 K) between the electrons of a Cooper pair is much
smaller than Er (approximately ksTc~10™* Ef). Note that the T expression (1.2) in BCS theory results after
considering that the dimensionless thermodynamic ratio 2A(0)/ksTc becomes approximately equal to 3.53,
which interprets that A(0) is comparable to kgTc. The numerical factor 3.53 has been verified experimentally
(A(0) estimated by tunneling experiments) as the most met value among the low-Tc SCs. Moreover, this ratio
can be used as the experimental parameter that defines the coupling strength, instead of using the numerical
estimated parameter A. The Table 1.2 summarizes the value of the dimensionless coupling strength
2A(0)/ksT¢ with the respective T¢ values for some selected low-T¢ SCs.

Table 1.2: The dimensionless ratio of coupling strength and the T¢ for selected low-T¢ SCs 1,

Al Sn In Nb Pb
2A(0)/kgT¢ (dimensionless coupling strength) 3.30 3.50 3.60 3.80 4.38
Tc (K) 1.14 3.72 3.40 9.20 7.19
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Initially, the BCS theory considers the ratio 2A(0)/ksT¢ as a universal constant that is stated to be
independent on the involved material. The validity of BCS theory is delimited in the value range of coupling
strength (2A(0)/kgTc)<3.6. However, the BCS theory fails to predict accurately the T¢ for some elemental
SCs, such as Pb and Nb, e.g. the experimental value for Nb is Tc*?=9.50 K while the expected theoretical
value (for 1=1.18) is Tc®“*~134 K Bl This is due to some simplifications made in BCS theory and should be
overcome when considering the strong coupling regime. Specifically, BCS theory neglects the Coulomb
repulsive interaction between electrons, while around the cutoff energy given by the wp (wp, Debye energy)
the energy gap becomes equal to zero for o>wp and equal to A(0) for m<wp.

In 1960 Eliashberg % proposed a theory that goes beyond the BCS theory by considering that
superconductivity results from the competition of opposite effects that are the attractive electron-phonon
interaction and the repulsive electron-electron Coulomb interaction. However, the Coulomb interaction cannot
be introduced easily, since it has a large energy scale and a correspondingly short interaction time scale. Thus,
the Coulomb potential 4« is replaced by the Coulomb pseudo-potential #~ due to retardation effects, which is
expressed as,

*_ H

1+ u-In(E;/hoy)
The differences between the time scales h/Eg~2n/m, (o, the plasma frequency of electrons at Eg) and 2m/wp
gives rise to retardation effects. In particular, the retarding time of electron-phonon interaction At=2n/wp is
greater than the retarding time of electron-glectron interaction At'=2z/w, “?. This means that the retarded
attraction (mediated by phonons) between two electrons acts well after the two electrons meet each other.
This time delay is sufficient for the two electrons to be separated by a distance at which the Coulomb
repulsion is small enough. It was concluded that for this case, the x values should range below 0.2 (1'<0.2),
for elemental low-T¢ SCs. Apart from the contribution of Coulomb repulsive interaction, Eliashberg considers
that the energy gap for w<wp becomes frequency-dependent, A(w) (actually it was considered as A(K,m)),
which originates from the phonon dispersion relation.

Based on Eliashberg theory, McMillan “ has constructed an empirical equation of T¢ by
generalizing the BCS result (by following the exponential dependence of T¢ on the interaction potential) in a
modified interaction potential N(0)-V. According to BCS theory, the increase of T¢ is attributed to the
respective increase of phonon frequency that is expressed by the pre-exponential factor of equation (1.2).
Since BCS theory fails to describe accurately the increased T¢ values of some SCs (such as Nb), McMillan
suggested an alternative mechanism that can lead to the increase in the values of T¢. This mechanism is the
phonon-softening mechanism and it attributes the increased values of T¢ to the decrease of the effective
phonon frequency. Thus, he proposed a modification in the interaction potential of a SC, which is given as
N(0)-V=(A-1")/(1+4). In this expression, the difference (1-x") corresponds to the opposite effects regarding the
electrons interactions, while the 1/(1+4) is a renormalized factor comes from the included electron-phonon
effects. Finally, the T expression according to McMillan generalization is given by,

KgTe ST _1;04(1M) (1.20)
1.2 A—p (1+0.622)

where oy, is the weighted average of phonon frequencies and is given by the following relationship,

o, = exp[%?wln(m)dm} (1.21)

0 o

P (1.19)

while the electron-phonon coupling parameter A is given here as,

-12 -



Chapter 1

0 A2
izZIL(a))da) (1.22)

y @
where o’-F(w) is the electron-phonon spectral density with o? the mean effective parameter of the electron-
phonon coupling at Fermi surface. Notably, the o’-F(w) plays an important role for characterizing the
retardation effects in the electron-phonon coupling strength and hence in superconductivity. The prefactor
ho/ksl.2 (or o/1.2 when consider that h=kg=1) in the expression (1.20) is approximately equal to ®p/1.45
and sets the validity of McMillan expression for metals with phonon density of states similar to Nb. Thus, the
McMillan expression provides a rather good description for intermediate-coupled low-T¢ SCs, with A<2. It is
worth noting that in McMillan expression the T is changed respectively on how fast the 1 changes in
comparison to the x". Therefore, if 4 changes faster than 4" the T¢ is increased, else it is decreased.

Later, Allen and Dynes ¥4 reanalyze the Eliashberg theory in the limit of strong coupling regime

(A>1) and they recommended that the energy gap is linear proportional to /. Eventually, they proposed that
the expression (1.20) can be reduced to the,

T, 0.18~(/1<c02>)1/2 (1.23)

where <o”> is the mean-square average phonon energy. This expression indicates that the T¢ can be increased
either with the continuously increase of A (in contrast to McMillan’s prediction of a maximum A=2), or when
high-frequency of phonons exists in the strong-coupling regime.

Critical temperature for low-T¢ thin films SCs — T size effect

In a bulk low-T¢ SC the existing theories, in respect to its coupling regime, predict accurately T.. However,
independent to the coupling regime, the growth of low-T¢ thin films SCs discloses some additional effects
(such are surface effects and increased disorder) that modify the values of T of the SC. To reveal what are
these additional effects and how they affect the T¢ values in low-T¢ thin films SCs, it is necessary to study the
evolution of T¢ values with the dsc reduction, known as the T size effect. Next, the theories that explain the
T size effect are summarized below briefly for the case of Nb films.

It has been proved experimentally that in Nb films the Tc is decreased monotonously with the
reduction of dsc B, However, the T¢ suppression is a longstanding theoretical issue, regarding the
involved mechanisms when the thickness is reduced. The theoretical models that explain the T suppression
can be classified into distinct categories by considering different physical origins, such are the localized
effects ®° and the proximity effect with the surrounding materials 41,

Referring to the localized effects the increased disorder is the main parameter that leads to the
suppression of the superconducting state. According to the Edisawa-Maekawa-Fukuyama (EMF) theory B2
the increased disorder (as dsc is decreased) reduces the Coulomb screening which in turn reinforces the pair-
breaking through the enhanced Coulomb repulsive interaction. The Finkelstein model ®¥! enriches the EMF
theory by considering the combined action of both the Coulomb interaction and the spin interaction of
electrons. In both models, the T is correlated indirectly to the film thickness, since the disorder modifies
initially the sheet resistance (R.) which is subsequently expressed as a function of film thickness. Many
experiments have been performed to validate these models in homogeneously disordered thin Nb films, but
the experimental results showed some consistency with the theory. The EMF theory has been verified
experimentally by Quaterman B! while in most of the experimental studies the EMF theory implies non-
realistic results %1, The main reason for the inconsistency is due to the difficulty to obtain the same quality
of Nb films in terms of disorder, since Nb films are extremely sensitive on deposition conditions.

Referring to the proximity effect, it is assumed that a layer of normal metal (NM) is formed on top of
the SC layer resulting to the degradation of the superconducting properties. In general, when a SC is in
intimate contact with a NM layer some degree of phase coherence develops in the NM, while also there is a
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pair-breaking effect in the SC at the length scale of the coherence length. This causes the reduction of the
interaction potential N(0)-V in the SC and the effective interaction potential N(0)- Ve can be expressed as,

_ Ny (0)° Vdyy N5 (0)° V- dg w20
et NNM (0)'dNM+Nsc (0)'dsc .
where the notations NM, SC referred to the normal and to superconductive layer respectively. It was shown
by Cooper ¥ and later by deGennes ! that in the limit where dyy and dsc are less than the coherence length
(dsc, dym<&y, known as “Cooper” limit) T is reduced. Exactly this approximation (the proximity effect in
“Cooper” limit) is the one that is implemented for the case of elemental thin films of low-T¢ SCs, in order to
interpret the variation of T¢ with the reduction of dsc (T¢ size effect). For the case of elemental thin films, the
NM layer is not another element that is deposited on top of the SC, but is a conductive oxide layer that is
formed on top the surface of the SC. This model is based on a more realistic scenario compared with other
models, since the elemental low-T SCs suffer from oxidation when exposed in ambient conditions and their
oxides are not superconductive. Based on the modified McMillan model for T¢ “¥ that is applied at the
“Cooper” limit, the final expression of T¢ as a function of dsc can be written in the following form,

T =Tg,- exp( £2dyy J (1.25)
N(O)V-(dSC-ZdNM)
where T, is the value of T of the elemental low-T¢ SC in bulk form.

Besides the above mentioned models, Simonin proposed an alternative explanation for the T¢
suppression based on the reduction of the order parameter near the superconductive surfaces ®. Specifically,
he modified the boundary conditions in the superconductive GL free energy by including a surface term.
Finally, the T¢ suppression due to dsc reduction is given by the following,

Te=Te .{1_&2(0)} (1.26)
dsc

where C is a constant whose microscopic origin is related to the electron-phonon coupling strength and
density of states in the bulk SC. The product of the terms C and £%(0) is defined as the critical thickness,
d.=2C&%(0), at which superconductivity is totally suppressed. Despite the generality of the expression (1.28)
as a product of the GL theory, it should be mentioned that C parameter oversimplifies all the included
mechanisms which subsequently may lead to an over/under-estimated parameters, as stated in &7,

N(0)-V

v. Critical state model: critical current and thermo-magnetic instabilities

Up to now, the equilibrium properties of a SC (T and Hc) have been briefly discussed, in terms of the
respective theoretical models that describe them. Another critical parameter of superconductivity that is met
only in Type Il SCs is the critical current density, Jc. The Jc is manifested by the irreversible magnetization
behavior (magnetic hysteresis) of a Type Il SC and is usually related to the non-equilibrium properties of the
SC. To understand the origin of Jc some details about the mixed state should be taken into consideration.

In the mixed state, although a SC has zero electric resistance it does not behave as a perfect
diamagnetic material, since the magnetic flux penetrates inside the SC in the form of magnetic flux-lines
(vortices). In the case of an ideal and homogeneous SC the interaction between vortices is repulsive and leads
to a stable state where vortices are distributed uniformly in a hexagonal-like lattice of vortices. If an electric
current density, J, is applied to a SC in its mixed state, then the induced Lorentz force (F.=JxB(H)) between
the magnetic vortices and J, causes their movement. Since the core of vortices is in normal state, their motion
is associated with the energy losses in a SC. These energy losses in a SC, due to flux motion, are evidenced as
a finite value of resistivity in the SC, called flux-flow resistivity.
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The presence of defects (structural irregularities) in the interior of a SC changes the interaction
between vortices, since the defects act as pinning sites that prevent their motion. These defects are classified
into point-like defects (like impurities), columnar-like defects (dislocations) and planar-like defects (grain
boundaries, voids, spatial inhomogeneities). As long as the force of a pinning site (Fp) is stronger than F, the
vortices will be trapped and the current density J flows without causing flux motion (zero electric resistance).
Thus, the stronger the Fp, the greater value of J is required to overcome the Fp and hence to cause the
depinning of vortices. The maximum value of J that maintains the vortices pinned, is referred as the critical
current density Jc and the state of the SC where the F,_ is balanced by Fs is referred as critical state. For J>Jc
the SC does not go abruptly to its normal state but it passes through an intermediate resistive state due to the
motion of vortices. The critical state of a SC is characterized as a meta-stable non-equilibrium state since
vortices are not reaching their equilibrium position because of their interactions with the defects in the SC.

Critical state model

The critical state model provides a phenomenological description for the magnetic hysteresis loop of a Type Il
SC where the pinning sites have equal strength (in terms of Fp) and they are distributed uniformly in the
interior of SC. Specifically, in a SC under the influence of a changing He, electric currents are induced to
flow in a way that shields the interior of the SC from the changing He. The distribution and the magnitude of
these currents are well described by the critical state model. In terms of magnetization as He, increases (up to
Hc,) vortices move towards to the center of the SC, while new vortices are entered by the edges of the SC.
Thus, the vortices are re-arranged into another meta-stable state where all vortices are pinned in a new
position and by this way the critical state is re-established in the SC for each He,. Eventually, the vortices will
form a flux density gradient with a maximum at the edge of the SC and a minimum at a certain distance from
the edges, as it is schematically presented in figure (1.6.a). Within the depth of this flux front the B and the J
have certain values, while outside of this depth and inside the SC they are both equal to zero.

The first model that elaborates on such a critical state has been proposed by C. Bean ®#*" and his
pioneered work attracted the attention of theoretical scientists who studied the Bean model in several
geometries of a SC P¥®®!. The most suitable geometry, which serves the purposes of this introduction, is this
of an infinite superconducting slab at y direction (like a thin film), with width 2W at the x direction and with
thickness dsc, as shown in figure (1.6.a). Considering that the external magnetic field is applied parallel to the
z direction, He, the spatial variation of the magnetic field induction, B,, (figure (1.6.b)) gives rise to
supercurrents in the SC that are along the y direction, J, (figure (1.6.c)) The progressive increase of Hey, leads
to extended regions of +J¢ (as depicted by the arrows) into the film until they reach the center of the SC. By
further reducing He, (that is below Hc,) the supercurrents will progressively change direction starting from
the slab surface while the magnetic field distribution will remain unchanged until the original current is
completely wiped out. Notably in the limiting case of a thin film, where the thickness of the superconducting
slab dsc is much smaller than its width W (dsc<<W), there is a modification in the direction of the H.,, that
should be taken into account. Specifically, the He, wraps around the superconducting thin film and has a
tangential component at the x direction (Heyx) Of opposite signs on the top and bottom of the film. It is worth
noting, that because of demagnetization effects, the field at the edges of the film (Begge ;) is much larger than
the applied field, (Begge .= (2W/dsc)Bex.2) ), as shown in figure (1.6.b).

Generally, in Bean model the Jc is independent on the He,=B, and is proportional to the
magnetization width, Am, (JcxAm; Am=|m-m,|) between the ascending (m)) and the descending (m(,)
branches of a magnetization loop. Finally, the expression of Jc for a rectangular shaped SC (such as a thin
film) is given as follows ),

__20-Am (1.27)

e a(1-(a/3b))
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Figure 1.6: (a) Schematic representation of the mixed state of a Type Il SC, where the flux-lines (vortices) are entered
from the edges by forming a flux gradient with a maximum at the edge of the superconductor and a minimum (no
vortices) at a certain distance from the edges. The red solid arrows show the direction of the induced critical current
density +J,=Jc. The origin of the coordinate system is at the center of the slab (film). The magnetic field induction inside
the SC and the current density profiles for a film are shown in (b) and (c). The arrows indicate the progression of the
profiles as the H, increases.

where a and b denote the length and the width of the rectangular shaped SC. The Bean model encloses
essential simplifications such as (i) the equality [J|=Jc that is considered to be constant and exactly the same in
the penetrated regions while |J|=0 in the non-penetrated regions, (ii) the independency of Jc on the local flux
density, (iii) the assumption that surfaces do not constitute barriers (which is crucial when one studies SC thin
films) and (iv) the consideration of the critical state as a quasistatic state of a SC. Several modifications of the
Bean’s critical state model have been proposed to deal with a more realistic situation in a Type Il SC like the
Kim model 8 the fixed pinning model ** and the generalized model ™.

Thermo-Magnetic Instabilities

As discussed above, the critical state (as expressed by the Bean model) can be characterized as a self-
organized state of a SC, since a small variation of the applied He, Will cause the redistribution of the pinned
vortices in order to maintain constant Jc everywhere in the SC. However, the critical state is not always a
stable state in a SC and it may collapse when transient disturbances can propagate to the interior of the SC 2.

The transient disturbances are caused by the respective transient release of energy in the SC, while the
critical state in a SC collapses when the amount of the release energy is slightly higher from a threshold value
of energy. The threshold value of energy in the critical state is associated with the interplay between three
energy scales, the interaction energy between the flux-lines related to the F_ that drives them towards the
center, the pinning energy related to the Fp that holds them in a stationary position and the thermal disorder
energy which describes local heat dissipation (joule effect) due to the flux-lines motion. Disturbances that
may cause the collapse of critical state through releasing energy in the interior of a SC are the thermo-
magnetic instabilities (TMIs). The composite name of these instabilities outlines the origins of these transient
disturbances in a SC. In particular, the TMIs describe instabilities that are triggered by the local heating that is
generated by the variation of the magnetic field, He.

The creating mechanism of TMIs follows a repetitive process of positive feedback and thus a small
and local perturbation at the beginning can quickly evolve to a widespread perturbation without any other
external stimulus. One can describe the development of TMIs as a loop of interconnected processes starting
from a small perturbation, such as the variation of He,. In particular, the variation of the He, induces local
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Figure 1.7: Schematic representation of the interconnected feedback processes that are intrinsic to a SC for (a) the
stable case (4T,<0) of critical state where the TMIs are not being developed and (b) the unstable case (4T,>0) where
the critical state collapses and the TMlIs are being developed in the SC.

heating owing to the motion of vortices. The local heating (AT;nitia>0) changes the value of Jc that is adjusted
to a new and lower value Jc'<Jc (AJc=Jc-Jc<0) relevant to the altered temperature. This subsequently reduces
the strength of pinning forces making easier for vortices to overcome the pinning barriers and allows more
vortices to penetrate into the SC. Thus, the magnetic flux inside the SC is increased (A®>0). Finally, the
energy dissipation produced when vortices move (ohmic losses) causes the release of additional heat (AQ>0)
that leads to the local increase of temperature (ATsin>0). Depending on the relation between ATiua and
ATiina the critical state can either remain stable (figure (1.7.a)) under these perturbations or become unstable
(figure (1.7.b)). In the unstable case, the initial vortex motion gives rise to a vortex avalanche (or else flux
jump) that sweeps along the motion of several others vortices and propagates towards the center of the SC.

In principle, the development of TMIs in a SC is favored when a thermal fluctuation is able to
destabilize the critical state of the SC. To study the stability of critical state, one should consider how the
vortex lattice reacts in local heating. To do so, the contribution of heat dispersion against the magnetic
diffusion is examined under two distinct conditions that represent different processes of heat transfer inside a
SC in the flux-flow regime 2. According to the adiabatic approximation of local heating that corresponds to
materials with low thermal conductivity (such are the high-Tc SCs; 10 W-m™ K™ for textured YBa,CuzOy.s
ceramics), when a flux jump occurs there is no heat-exchange with surrounding environment and the heat
transfer due to the motion of vortices is negligible. Under these conditions, the TMIs are developed only
when the magnetic diffusion process is faster than the thermal dispersion inside the SC. This approximation
correlates directly the appearance of TMIs with the sweeping rate of the magnetic field and the relaxation
time. Thus, fast He, rates that are accompanied with short relaxation time promote the appearance of flux
jumps in the SC. Oppositely, according to the dynamic approximation of local heating that corresponds to
materials with high thermal conductivity (such are the elemental low-T¢ SCs; 54 W-m™-K™ for bulk Nb), the
heat transfer with surrounds is allowed and the TMIs are developed when the thermal dispersion process is
faster than the magnetic diffusion process. For both the adiabatic and the dynamic approximation, the stability
of critical state can be preserved when the following condition is satisfied,

2
S dJc
Jo —=|<1, 1.28
€dr (1.28)

€

where s is the characteristic sample dimension and ¢ is either equal to C/p, for the adiabatic approximation (C
is heat capacity) or equal to «/p for the dynamic approximation (x is the heat conductivity and p is the
resistivity) 2. The expression (1.28) shows that the appearance of TMIs is related directly to the Jc values
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and to its temperature dependence through the derivative dJc/dT, while is related indirectly to the heat
capacity, the thermal conductivity and the electrical conductivity of the SC.

The TMIs are observed usually for small He, around the first penetration field (He,>Hc:) and at low
temperatures (T<T¢), while they disappear progressively with the increase of H, and for temperatures close
to Tc owing to the respective reduction of Jc (where the heat capacity exhibit a peak of maximum heat
capacity at Tc). The TMIs can be recognized experimentally through the magnetization jumps that appear in
dc magnetization curves m(H) (abrupt drops of magnetization to zero) [*""!. Direct observations of TMIs can
be obtained through real-time magneto-optical imaging techniques, where features of TMIs such as the size of
flux avalanches and their pattern of propagation can be revealed ["®®. Finally, it should be noted that the
presence of TMIs in a SC is of particular technological interest since it limits significantly the current-
carrying ability of a SC and thus is a parameter that should be taken into account for the design and the
optimum operation of a SC.

1.2 Fundamentals of piezoelectricity

In this paragraph a qualitative description of the phenomenon of piezoelectricity is given briefly. This
introduction starts with presenting the general properties of all piezoelectric (PE) materials and continues with
the study of piezoelectricity in a sub-class of PEs that is the ferroelectrics (FES). More specific topics in the
phenomenon of piezoelectricity that are useful for interpreting the results in this PhD dissertation, are
described only for a special class of FEs that are the “relaxor”-ferroelectrics (RFEs) and mainly of those
belonging to the compound family of (1-xX)Pb(MgysNb23)Os-xPbTiO; (PMN-XPT). More details about the
phenomenon of piezoelectricity can be found in the books of B. Jaffe et. al. !, O. E. Mattiat ®2, M. E. Lines,
A. M. Glass 3 T. Ikeda ® and Y. H. Xu ! while more specific issues can be found in the handbook edited
by Z. G. Ye [,

i. General properties of piezoelectricity

Piezoelectricity was discovered by Curie brothers (Pierre and Jacques Curie) in 1880 ¥ when they studied a
number of crystal structures, such as tourmanile, quartz, topaz, cane sugar and Rochelle salt. Specifically,
they reported that surface charges (that manifests the electric polarization) are induced when materials with
these structures are stressed mechanically. This electromechanical behavior that is reflected by the coupling
between the electric polarization and the mechanical stress (force per surface area of the applied force, ¢ =
F/A) is attributed as the main property of the PE materials and is characterized as the direct piezoelectric
effect. One year later, G. Lippman ¥ predicted theoretically the converse piezoelectric effect, according of
which the PE materials are deformed or strained macroscopically (strain expresses the change in the length
per the original length of the material, S=Al/l) when an electric field, E, is applied to them. The converse
piezoelectric effect was confirmed experimentally by Curie brothers.

The microscopic origin of the piezoelectric effect is related to the lack of a center of symmetry in the
crystallographic unit cell of the PE materials. This non-centrosymmetric crystal symmetry can support the
existence of spontaneous polarization in a unit cell, which means that the polarization along this unique polar
axis exists even at a zero applied field (electric and mechanical). Accordingly, in a non-centrosymmetric unit
cell, the relative displacement of the ions under the influence of mechanical stress (compressive or tensile
strain) leads to the generation of electric polarization, or conversely the application of an E., causes its
deformation. Among the 32 point groups only 20 are non-centrosymmetric and exhibit piezoelectricity 2
while only 10 of them posses spontaneous polarization (that are the polar groups). The materials that belong
in these 10 polar groups are called pyroelectrics and they exhibit a change in their spontaneous polarization
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Figure 1.8: Schematic illustration of the subdivisions of dielectric materials. In each sub-class of the piezoelectric
materials, a representative example of a material is given.

when temperature changes. The pyroelectric materials include a sub-class of material in which an applied E
can reorient the spontaneous polarization between the crystallographically equivalent states 2. These
materials are referred as ferroelectric (FE) materials and they are only artificial (man-made) PE materials, e.g.
ceramics Pb(Zr,Tiy1 )O3 (PZT), in contrary to the natural-made PE materials, e.g. quartz SiO, that are not
characterized as FE materials. Figure (1.8) summarizes all the above mentioned categories as subdivisions of
the general category of dielectric materials. Moreover, as it is shown in figure (1.8), all the FE materials are
PEs but not all PEs are FEs.

For the study of piezoelectricity several parameters can be used to express the properties of the PE
materials and also to discriminate the piezoelectric ability among different PE materials. Such parameters are
the relative dielectric permittivity (e,), the piezoelectric strain coefficients (d), the piezoelectric voltage
coefficients (g), the elastic compliance (s), the elastic stiffness (h) and the electromechanical coupling factor
(K). Since these parameters include vector quantities in their definition, their symbols appear with the
subscript notation (ij) that indicates the directions of these vectors. From the above mentioned parameters
only the first one (that is the &.=e)) is related to dielectric properties of the PE materials, while all the others
referred to the piezoelectric properties of them. Specifically, the & is a dimensionless parameter of the
materials and is included in the definition of the electric displacement D as,

Di = £or(ik) - Eexk (1.29)

where £,=8.85-10"? F/m is the constant dielectric permittivity of vacuum. The &) is a complex number and
its imaginary component reflects the dielectric losses (e'=¢"tand). The first subscript, i, of & indicates the
direction of D and the second, k, the direction of the applied Ec,. The &, is a material dependent parameter
the values of which may varying from hundreds up to tens of thousands among different FE materials.

For the mathematical formulation of the parameters that characterize the piezoelectric properties it is
necessary to distinguish the cases of the direct and of the converse piezoelectric effect by choosing properly
the independent variable. Since the piezoelectric effect is a coupling effect between the mechanical stress and
the electric polarization, the discrimination of the direct and the converse piezoelectric effect is based on
separating the cause from the result. Specifically, in the direct piezoelectric effect a voltage is produced when
the material is mechanically stressed, while in the converse piezoelectric effect the deformation of the
material is resulted from the application of E.,. The direct and the converse piezoelectric effect are illustrated
schematically in figures (1.9.a-b), respectively. By choosing as the independent variable either the mechanical
stress (o;) that ascribes the direct piezoelectric effect or the electric field (Eexx) that ascribes the converse
piezoelectric effect, the piezoelectric strain coefficients dy can be given by the following expressions,

di :[&j and di =[ o5 } (1.30.a-b)
E o

60‘i 8Eex,k

ex
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Figure 1.9: Schematic illustration of (a) the direct and (b) the converse piezoelectric effect. (a) An applied external
stress induces polarization that is measured as voltage (Vmess) in an attached voltmeter. (b) The application of an
external voltage (V) results to a deformation of the PE material. (c) A Cartesian coordinate system that describes the
direction of the piezoelectric response at any cause. The notations 4, 5 and 6 represent the shear mode of deformation
around the respective orthogonal axes.

The di coefficient of (1.30.a) is given in units of pC/N and expresses the generated polarization (through
electrical displacement) per unit of applied o;, while the dy coefficient of (1.30.b) is given in units of pm/V
and expresses the strain S; of the PE material per unit of the applied Ee . The strain piezoelectric coefficient
dic and especially that of the converse piezoelectric effect (expression (1.30.b)) is used mainly for the
appropriate selection of a PE material in actuator applications . By keeping the electrical displacement D;,
and the stress o; as the independent variables the resulting piezoelectric voltage coefficients g for the inverse
and the converse piezoelectric effect are given as,

= 25,
Oik ( P) i jD Oik ( 6Di ; ( )

The gix coefficient of (1.31.a) is given in units of V'm/N and signifies the development of E,x per unit of the
applied o;, while the gy coefficient of (1.31.b) is given in units of m*C and expresses the strain S of the PE
material per unit of the applied D;. The voltage piezoelectric coefficient g; and especially that of the direct
piezoelectric effect (expression (1.31.a)) is important for assessing a material’s suitability for sensor
applications (e.t.c microphones and vibration pickups) Y. In both coefficients (di and gi) the first subscript,
i, represents the direction of the applied field (electric field or mechanical stress field), while the second
subscript, k, represents the direction of the generated quantity, which for the case of strain may lying not only
along the 1, 2 and 3 directions but also along the 4, 5 and 6 directions, as shown in figure (1.9.c).

In addition to the piezoelectric coefficients of strain and voltage (di and gi), the study of the
piezoelectric ability in a PE material requires the knowledge of some other parameters such are the elastic
coeffiecients of compliance sy and stiffness hy. The elastic compliance s; is the produced strain in a PE
material per unit of the applied stress (six=Sy/ci) and is the reciprocal of the Young’s modulus that represents
the degree of elasticity in a PE material. The elastic stiffness h; expresses the mechanical resistance showing
a PE material in response to an applied force (hy=F/Al;) and is strongly related to a degree of freedom in a
clamped PE material. Apart from above mentioned piezoelectric coefficients there is another dimensionless
coefficient that is used to determine the efficiency of the piezoelectric effect (either the direct or the converse
piezoelectric effect), the piezoelectric coupling coefficient (ki). This coefficient is related to the conversion of
energy between the mechanical and electrical energy and is an indicator of the effectiveness with which a PE
material converts energy. The ki is defined as the ratio of the useable converted energy to the total energy
taken up by the PE material and it is expressed as,
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K — \/ mechanical (electrical) energy converted to electrical (mechanical) energy (1.32)
ik = :

input mechanical (electrical) energy

High ki values imply low energy loss and low heat generation, which are essential for piezoelectric
transducers and actuators . Notably, a well-designed PE system can exhibit efficiencies that exceed 90%. It
should be noted that in the kj, values given by the expression (1.32) the dielectric and mechanical losses are
not taken into account.

ii. Piezoelectric and ferroelectric materials

The most studied sub-class of PE materials is the FEs due to their extensive utilization in numerous
applications. The FEs are oxides with the chemical type ABO; (or more generally A(B'B")0s) and exhibit
perovskite structure. The unit cell in a perovskite structure can be viewed as a cubic arrangement of ions,
where the A ions (which is a monovalent A* or a bivalent A?* ion) are placed at the edges, the oxygen ions O
are at the face centers and finally the B ion (which is a tetravalent B** or a pentavalent B>* ion) fills the cubic
center. This cubic phase is observed only at high temperatures, while owing to the centrosymmetric structure
of the cubic phase the A(B' B')O; is also characterized as paraelectric phase. The paraelectric behavior of FEs
justifies the fact that due to the high symmetry of the cubic structure, there is not any preferred direction along
of which the spontaneous polarization can be developed. However, the FEs undergo a structural phase
transition upon cooling and ferroelectricity is observed only below a characteristic temperature that is called
Curie temperature (Tcyuie) Of the material. Figures (1.10.a-b) illustrate schematically the unit cell of a
ferroelectric material with the general type A(B',B'")O; under the perspective of a phase transition. At T>T cuie
the cubic structure (a=b=c) is related to the paraelectric phase (figure (1.10.a)), while at T<T, the tetragonal
structure (a=b#c) is related to the ferroelectric phase that is associated with the appearance of spontaneous
polarization (figure (1.10.b)). The direction of spontaneous polarization among the equivalent polarization
directions enables the relative displacement of the central ion, B' or B" as shown in figure (1.10.b), which is
associated with the appearance of piezoelectricity in FEs.

In typical FE materials, the spontaneous polarization is decreased when increasing temperature and it
finally disappears either continuously or discontinuously at T=Tcyi. The way of which the spontaneous
polarization disappears at T=Tcye reflects the order of the phase transition. For instance, if the spontaneous
polarization goes to zero in a continuous way at T=Tcyq the phase transition is characterized as 2™ order,
otherwise an abrupt and discontinuous reduction to zero of the spontaneous polarization characterizes a 1%

@A
O:B'orB!"
&0

(a) T> TCurie (b) T< TCurie
Figure 1.10: Schematic representation of the unit cell of the perovskite structure in a ferroelectric oxide with the general
type A(B', B")Os. (a) The cubic phase (a=b=c) at T>Tcyie and (b) the tetragonal phase (a=b#c) at T<Tcyie. The solid
arrow in (b) along the crystallographic direction <001> shows the displacement of the central ion (B' or B"), which is
proportional to polarization direction (P). The other dashed arrows indicate the equivalent 5 polarization directions in a
tetragonal phase structure.
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order phase transition. Despite the spontaneous polarization, the order of phase transition can be described by
the temperature dependence of the relative dielectric constant. Accordingly, the continuous or discontinuous
change of 1/¢(T) of the Curie-Weiss law above Tc iS ascribed to a 2" or a 1% order phase transition,
respectively. Different FE materials exhibit different order of phase transition around Tcyi.. However, apart
from the ferroelectric phase transition at Tcyrie, SeVeral other structural transitions in the ferroelectric phase are
observed either by decreasing temperature or by modifying the stoichiometry (that is the compositional
analogy of B' and B" ions in A(B' B")Os) and eventually a very interesting phase diagram (T vs composition-
x) for FEs is created. In some FEs, the thorough study of this phase diagram revealed a surprising feature that
is strongly related to their enhanced piezoelectric activity. Specifically, in the boundary between two different
structural phases there is a narrow range of stoichiometry where both structural phases coexist. This boundary
is called morphotropic phase boundary (MPB) and is a temperature independent boundary %! The
coexistence of two or more phases at the MPB enables multiple directions of spontaneous polarization, which
facilitates its reorientation during electric field variation. The increased availability among different
polarization orientations improves the electromechanical coupling and thus the piezoelectric properties are
enhanced. More details about the MPB are examined below for particular FE materials.

The most common feature of all FEs that distinguishes them from the class of pyroelectric materials
and also justifies their name comes up when one studies the changes in polarization due to the progressive
changes of the applied E. at constant temperature below Tc,i. The variation of polarization upon changing
the E traces a typical hysteresis loop, which reminiscent of the ferromagnetic hysteresis loop of
magnetization, as shown in figure (1.11.a). Owing to the hysteresis behavior of P-E¢ loop, the polarization
reversal process is ascribed to the thermodynamic processes of nucleation, growth and coalescence of
ferroelectric domains. Thus, in the virgin state of the FE material and at relatively weak E., the polarization
varies linearly with the increase of E.,, since the application of E., causes the formation of domain nuclei. By
the further increase of E¢ the nuclei are grown, the ferroelectric domain walls are moved irreversibly and the
polarization increases non-linearly with E.. In relatively high values of E. the FE material becomes poled
(obtaining a mono-domain state) and the polarization tends to saturate in the value Ps, which is the
equilibrium polarization that corresponds to the spontaneous polarization. When E,, reduces gradually to zero
the polarization is progressively decreased, while at E..=0 the polarization, P,, is non-zero and remains in this
remanent state until the E., is further increased at higher negative values. Upon reversal of E, the polarization
continues to decrease but its direction is not reversed. The reversal of polarization is achieved when the Egy
exceeds at a certain value of field called coercive field Ec (|Eex/>|Ec|). At Ee=Ec the polarization is zero and
by increasing the magnitude of E,, above Ec the saturation of the reversed polarization is reached.

a) "4 s A (b)
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Figure 1.11: Qualitative presentation of (a) P-E., hysteresis loop and (b) S-E¢ butterfly hysteresis loop for a typical
ferroelectric and piezoelectric material.
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In addition to the P-E. hysteresis loop, the polarization switching by E. in FEs leads to the strain-
electric field (S-Eex) hysteresis, as shown in figure (1.11.b). The S-E. hysteresis loop (called also as butterfly
loop) is due to three types of effects. One is the typical converse piezoelectric strain effect of the lattice
structure, and the other two are due to switching and movement of non-180° domain walls, whose
contribution on the piezoelectric properties depends on the structural symmetry of FE materials . The two
peaks in the S-E., loop signify the changes in the character of strain (from compressive to tensile strain and
vice versa), while the respective electric field values along the S-E., loop coincide with the E¢ values along
the P-E., loop. However, in contrary to the remanent polarization state of the P-E¢ loops, the remanent strain
state of the S-E., loops is placed in the center of the butterfly loop. This fact gives rise to the so-called linear
piezoelectric effect. Specifically, in the remanent strain state the application of an E,y that is less than the Ec,
results to an almost linear variation of strain, which takes positive values (tensile strain) for E.>0 and
negative values (compressive strain) for E.<0. It should be noted that the linear piezoelectric effect does not
involve any domain switching mechanism.

Regarding the piezoelectric properties, the FE materials with perovskite structure can be classified
into two main categories, the normal-FEs and the “relaxor ”-FEs (RFES). The characteristics of these two
main types are examined separately below for two representative examples. The lead zirconate titanate
(Pb(Zr,Tiy,)O3 or else PZT) is examined as a typical normal-FE material and the lead magnesium niobate-
lead titanate solid solution ((1-x)Pb(Mgy;sNby3)O3-xPbTiO; or else PMN-XPT) is examined as a typical RFE
material. The PMN-xPT will be discussed in more details, since this PE material is used as the PE substrate in
the artificial structures studied in this PhD Thesis.

a. Normal-ferroelectric materials (PZT)

A typical example of a normal-FE material is PZT, which is continuously studied due to its extensive
utilization in several commercial applications, such as electromechanical actuators, sensors and transducers
(8190911 The ferroelectric properties of PZT do not differ from those mentioned above as general properties of
FEs. Accordingly, the dielectric susceptibility (¢'(T)) follows the Curie-Weiss law with a sharp transition to
zero at Teyie and the P-Eey, S-Ee, loops are similar to the respective ones presented in figures (1.11.a-b).

The piezoelectric properties of PZT ceramics are strongly dependent on their composition, which for
the case of pure PZT ceramics is reflected directly to the stoichiometry x. Aiming to improve the piezoelectric
properties of pure PZT ceramics several compositional modifications have been proposed B:#9%l These
modifications in the composition of pure PZT ceramics are based on the element substitution of the B-sites
(B'- or B"-sites) of unit cell with metallic dopants and the modified PZT ceramics are simply called as doped
PZT ceramics. The piezoelectric properties in doped PZT ceramics can be tuned properly by using donor or
acceptor dopants. Donor dopants (such as Nb>*, Sb®* on Ti** sites or La®" on Pb?* sites) give rise to the “soft”
behavior, while acceptor dopants (such as Fe** and Mn*"** on Ti*" sites) lead to “hard” behavior of PZT.
Accordingly, “soft” (“hard”) PZT shows low (high) Ec and increased (decreased) &. Among “soft” and
“hard” PZT ceramics, the first one exhibits better piezoelectric ability. The enhanced piezoelectric properties
in “soft” PZT ceramics is attributed to the increased domain wall mobility.

More details about the properties of normal-FEs are given for the simple case of pure (undoped) PZT
ceramics and their properties will compare with the respective ones of pure RFEs. Pure PZT ceramics has the
typical perovskite structure, as it is depicted in figure (1.9.a-b), where the B'- and B"-sites are occupied by the
isovalent Zr*" and Ti*" cations, respectively. Among all compositions, the stoichiometry near the MPB (that is
for x~0.52) is the one that ensures the optimization of the piezoelectric properties %4, Here, the MPB has
been identified as a phase boundary that separates the tetragonal phase (Ti-rich phase) for x<0.52, from the
rhombohedral phase (Zr-rich phase) for x>0.53, while the two phases coexist in the intermediate regime of x.
Recent structural studies in a certain group of pure PZT ceramics, reported the presence of a monoclinic phase

-23-



Introduction to low-T¢ superconductivity and piezoelectricity

in the narrow range of the MPB ™2 Figure (1.12.a) shows a representative phase diagram of pure PZT
ceramics, while table 1.3 summarizes the values of some piezoelectric coefficients for a PZT with
composition at the MPB.

Table 1.3: Piezoelectric coefficients for PZT ¥ and PMN-xPT 67 materials that are composed at MPB.

dis (PM/V) Qa3 (102 VMIN) 533 (102 m%N)  Kag

PD(ZryTi1)Os, with x=0.52 600 25 16,5 0.75
(1-X)Pb(Mg13ND,3) O3 — XPbTiOs, with x=0.30 2500 32 57.5 0.94
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Figure 1.12: Phase diagram of (a) Pb(Zr,Ti..,)O; normal-FE material I and (b) (1-x)Pb(MgsNb,3)O3-xPbTiO; a

typical RFE material I'*"*??,

b. Relaxor-ferroelectric materials (PMN-xPT)

The RFEs have been intensively studied during the last decades due to the ultrahigh values of the
piezoelectric coefficients and the optimized electromechanical coupling. The normal-FEs and the RFEs
materials can be distinguished by qualitatively differences in their physical properties. Particularly, in normal-
FEs the real part of dielectric susceptibility, €'(T), follows the Curie-Weiss law with a sharp transition at Tcyrie,
whereas in RFEs the €'(T) shows a diffusive transition in a range of Ty that does not mark a typical
ferroelectric-paraelectric phase transition "'l The sharp drop at Tcuie in normal-FEs, is replaced by a
broad and rounded peak of maximum ¢' at a characteristic temperature T, in RFEs (T, can be given by the
empirical expression, T,=5-x-10, where X represents the PT content). This rounded peak at T, marks a glass
like transition ™! and sets the RFEs as the electric analogous of spin-glasses. Moreover, the RFEs exhibit
strong frequency dispersion in the peak position of ¢'(T) at T, and in the magnitude of &'(T) below Tp,.
Specifically, the T,, moves to higher temperatures with increasing frequency indicating dielectric relaxation
processes in RFEs. Finally, the polarization in normal FEs goes to zero at T=Tcy, While in RFEs the
polarization extends beyond the T, ™®!. The combination of two main properties, the dispersive dielectric
response and the diffusive phase transition around the T, [1%31041061071 j sstifies their name as “relaxors”.
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The solid solution consisting of a “relaxor” part (such as PMN) and of a normal-FE part (such as
PbTiO; or simply PT), forms the complex perovskite structure that is called RFE with the chemical formula
PMN-XPT. Microscopically, the RFE PMN-XPT is structured as a B-site substituted perovskite with the
general type A(B',B")O; (there are other RFEs that are structured as A-site substituted perovskites like lead
lanthanum zirconate titanate, PLZT). More specifically, the B-sites are randomly occupied either by B' ion or
B" ion, while the total stoichiometry of the “relaxor ” part is kept constant in the ratio of 1:2. For the case of
PMN-xPT, the B' ion is a low valence cation like Mg*" and B" ion is high valence cation like Nb>*. Finally,
the PMN is doped by a x stoichiometric amount of the normal-FE compound PT, where the Ti*
predominantly occupies the B-sites of the overall structural formula of PMN-XPT. Notably, the “relaxor”
behavior of the overall solid solution PMN-xPT becomes weaker with the increase of the PT content. The
disorder in the arrangement of non-isovalent ions (such are Mg? and Nb®") on the crystallographically
equivalent B-sites is a common feature of all “relaxors” M. |t is important to notice that because of the
random distribution of cations of different radius at the B-site and also because of local electrostrictive effects
(1091197 the resulting strain due to converse piezoelectric effect may varied randomly at local level. The local
variation of the strain values due to chemical inhomogeneities has been experimentally confirmed by local-
based techniques for the piezoelectric characterization of PMN-xPT in 24,

Depending on stoichiometry and on temperature, the overall solid solution of PMN-XPT undergoes
structural and phase transitions. At T>Tc, the PMN-XPT is characterized by a cubic symmetry and exhibit
paraelectric behavior. At T=300 K the increasing x causes a structural transition from a rhombohedral to a
tetragonal phase, as it can be shown in figure (1.11.b). In the case of PMN-xPT, the MPB is located in the
range of x values that are varied between 0.30<x<0.37. Some investigators consider MPB as a region in the
phase diagram rather than a line boundary between distinct phases. This seems to be reasonable since
technical peculiarities during the synthesis procedure resulted to wider MPB ™21 Stryctural studies in
PMN-XPT revealed that in the MPB region there is not only the coexistence of rhombohedral and tetragonal
phases, but there are also other phases such are the monoclinic phases Mc, Mg, Ma and the orthorhombic
phase. It should be stressed that these secondary phases does not exist as single phases 2 and they serve as
the intermediate phases that are the “structural bridge” between the tetragonal and the rhombohedral phase.
An intuitive explanation for this can be based on the fact that all these phases are energetically close and the
transition between the tetragonal and the rhombohedral phase becomes more favorable when there is a region
(such as the MPB) where the adaptive phases (M¢c, Mg, Ma and O) coexist. A typical sequence of the
structural phases transitions that occur by increasing x is the following, rhombohedral, monoclinic M,
monoclinic Mg (and possible monoclinic My), orthorhombic and eventually tetragonal. Note that PMN-xPT
samples poled along different crystallographic directions show a different sequence of the secondary phases
that are included below the MPB 1812,

The existence of these phases at the MPB plays crucial role in the appearance of the ultrahigh
piezoelectric properties in the PMN-XPT system. Specifically, outside the MPB the direction of the vector
polarization in all FEs (normal-FEs and RFEs) with tetragonal or rhombohedral symmetry is fixed along the
[001] or [111] direction, respectively, as it is depicted by the red-solid arrows in the insets of figures (1.11.a-
b). Inside the MPB, the vector of polarization can continuously rotate in more than the two planes that were
mentioned before, due to the coexistence of all phases in this region. The multiple paths for the rotation of
polarization give rise to their high piezoelectric performance "?. However, from the values included in table
1.3 it can be seen that even for the optimum composition of PZT and PMN-xPT at MPB, there are still
significant differences in their piezoelectric properties. Additionally, it should be noted that the ultra-high
piezoelectric coefficients and the high electromechanical coupling that are shown in table 1.3, have been
reported for a PMN-0.30PT that is poled along to a non-spontaneous direction (nonpolar direction). This
indicates the unexpected high performance of PMN-XPT, since in PZT the maximum piezoelectric
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coefficients originate from the enhanced domain wall mobility when poling direction is along the spontaneous
polarization directions. Several approaches have been proposed to explain the mechanism of this unexpected
high piezoelectric performance of PMN-xPT. At first, it was considered that this behavior is associated with
the electric field-induced rhombohedral-tetragonal phase transition at relatively high applied E., “**?!, which
has been later confirmed by in situ XRD measurements % Afterwards, the ultra-high piezoelectric
coefficients were examined under the contribution of either extrinsic parameters such as the domain walls 2"
21 or intrinsic mechanisms like the easiness of the polarization rotation "***3" and the high piezoelectric
anisotropy in lattice scale **¥**1, Several other concepts that explain the high piezoelectric coefficients, in
terms of their physical origins, in PMN-xPT have been reviewed in details by S. Zhang ™). It is worth noting
that the extremely high value of the electromechanical coupling has not been fully understood, since its study
is more complicated than the piezoelectric coefficients %),

Regarding to the ferroelectric properties, the PMN-xPT show certain differences when compared with
PZT. While PZT has a typical hysteresis loop that at zero field retains large polarization (P,), the RFEs exhibit
the so-called slim loop with little hysteresis (or even without any hysteresis) and the respective P, is
significantly smaller. The small value of P, in RFEs evidences the appearance of nanodomains (polar regions)
that re-acquire their random orientation when removing the E.. Moreover, unlike PZT the saturation
polarization Py is not vanished abruptly at Tcy, but instead it decreases smoothly and retains finite values at
T>T,. The hysteresis, the fracture and the fatigue become the main reliability issues that deteriorate the
piezoelectric performance of PMN-xPT. Finally, it should be noted that the electrostrictive has a great impact
in RFEs and thus in many cases the S-E., loops differ from the respective ones obtained from normal-FEs.

iii. Constitutive model for relaxor-ferroelectrics

In this section, the electromechanical properties of RFEs are examined in terms of the constitutive model of
piezoelectricity. To serve the purpose of this PhD study, the mathematical analysis that is developed here is
referred only to the converse piezoelectric effect.

According to IEEE standards of piezoelectricity ">, the general constitutive equations for a linear PE
continuum can be given in four different sets of equations, where each set involves two from the four
variables (that are the electric field E.,, the electric displacement D, the strain S and the stress o) as
independent variables. Each pair of equations expresses both the direct and the converse piezoelectric effect,
while each set is valid only under certain boundary conditions. Among the four sets of equations, the most
preferred form of the constitutive model of piezoelectricity is given by the one that contains the electric field
E and the stress ¢ as independent variables, since it can be correlated directly to experimental measurements.
Thus, under a tensorial representation the constitutive model is expressed by the following equations,

Sii=Siji * Ok + dijk - Eexk and Di=diji - oia* ik * Eexck (1.33.a-b)
where Sj is strain, sji is the elastic compliance coefficient, oy is the applied stress, diy expresses the
piezoelectric strain coefficients, ¢ is the dielectric permittivity of the media, D; is a component of the electric
displacement vector and E. is the component of the electric field vector. The superscripts E and o denote
that the particular coefficients are evaluated at constant values of the respective independent variable, while
also they indicate the boundary conditions that were employed in the PE material. In the particular set of
equations due to the electro-mechanical coupling of PE materials, the elastic coefficients sy are dependent on
electric boundary conditions (such as the open- and short-circuit conditions) and the dielectric coefficients &,
are dependent on mechanical boundary conditions (such as the mechanical conditions of clamping).

The equations (1.33.a-b) express the converse and the direct piezoelectric effect, respectively. Despite
the fact that these equations refer to the case of a bounded PE material, they allow the elimination of some
stress components depending on sample’s geometry and of some electric field components depending on the

-26 -



Chapter 1

placement of the electrodes on the sample. Thus, for a rectangular shaped PE material where the E,, is applied
across its thickness (as shown in figure (1.9.b)), the constitutive model that ascribes the converse piezoelectric
effect considering a generalized uniaxial system of coordinates, can be given simply as,

S=AG+ A -Eoy (1.34)
where A, is a dimensionless pre-strain term that contains the stress components and it can be either excluded
as a negligible parameter or included as a pre-factor of strain with low magnitude, depending on bounding
conditions of the sample. The term A, expresses exclusively the piezoelectric coefficients dij. From now on
equation (1.34) will be referred as the linear constitutive expression of S(Eey).

In the general category of dielectrics, in which the PE materials belong, the application of E., induces
strain due to the so-called electrostrictive effect. The electrostriction is mainly caused to dielectrics due to the
displacement of ions when applying an E.,. Specifically, positively charged ions will be displaced along the
direction of the applied E.,, while negatively charged ions will be displaced in the opposite direction. Such
separation between the ions in the interior of a dielectric material, results always to a slightly elongation of the
material (positive strain) along the direction of E. whether it takes positive or negative values. Hence, in
electrostrictive effect the induced strain is proportional to the square of E.y, in contrast to the respective linear
proportionality in converse piezoelectric effect . Since electrostriction is a common property of all
dielectrics, the induced strain is expressed in terms of polarization as the following,

Sij=QijkiProtk * Prot,) (1.35)

where Qjjq is the electrostrictive coefficient, which practically does not depend on temperature and typically
varies between 0.05 and 0.1 m*/C? for different materials and the Py, Pioy are the respective k, | components
of total polarization vector, Py In FEs and hence in RFEs, the Py is the sum of the induced polarization (P;.q)
with the spontaneous polarization (Ps). Due to the large values of relative permittivity ¢, in RFES, the Pjyq is
approximately equal to Pingi~eoer(ik) Eexk, While in most of the cases the Ps is replaced by the remanent

polarization (P,) in order to taken into account the multidomain structure in a crystal. Therefore, each
component of Py in (1.35) is equal to, Pioti= €or(iky Eexk*Pri @nd thus the S’ becomes equal to,
' 2

Sij=QijitPri * Pri +(Qijklgo€r(ik) Pri + Qijiéo&riin Pr ) “Eex i + Qijki€o&r(ik) Eexk (1.36)
where the first term expresses a constant pre-electrostrictive parameter, the parenthesis gives the piezoelectric
strain coefficients dyj=0S'jj/OEexk and the last term includes the electrostrictive coefficient Miju=Qjjki€osxi)-

It is worth noting that due to the high electrostrictive performance of RFEs and in particular of PMN-
xPT samples ™" it would be appropriate to include the contribution of the electrostrictive effect with the

converse piezoelectric effect, in generalized expression of S(E.). Thus, in a uniaxial system of coordinates
the S(E.) can be given as a linear combination of both effects and accordingly it is expressed as,

S=Ay+A; -Eg +A, -E2, (1.37)
where A, is a constant and includes the sum of pre-strain parameter with the pre-electrostrictive parameter
(Ap=s"c+Q'P,%), A, represents the total piezoelectric strain coefficient (A;=d+2M) and A, expresses directly
the electrostrictive coefficient, M. The equation (1.37) will be referred from now on as the quadratic
constitutive expression of S(Ee). It is worth noting that none of the constitutive models reproduce the
hysteresis behavior of S-E., curves and thus they are used only to simulate experimental results along either
the ascending or the descending branch of E.,.

iv. Temperature-dependence of piezoelectric properties for relaxor-ferroelectrics

In the present PhD Thesis, the PMN-XPT samples will be used as substrates for the depositions of SC low-T¢
thin films (namely, Nb films) in order to examine their strain-dependent superconducting properties. Since the
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operating temperature of these artificial structures (Nb/PMN-xPT/NDb) is close to the T of the deposited Nb
films, the knowledge of the piezoelectric properties of PMN-XPT at cryogenic conditions is needed. Although
it is generally accepted that the piezoelectric properties of PMN-XPT samples are degraded at cryogenic
conditions, there are not enough reports that study their evolution to low temperature. Due to the limited
number of works in literature in this subject, this paragraph is more a review of the published articles rather
than an introduction to a theory that explains the behavior of PMN-xPT samples at low temperatures.

Early studies on the low temperature properties of PMN-xPT samples were focused mainly on the
dielectric behavior of them at cryogenic conditions. These works revealed a dielectric relaxation at cryogenic
temperatures (T<150 K) "% For a poled PMN-xPT with x=0.32, this cryogenic dielectric relaxation was
attributed to the presence of structural irregularities in to the multiphase region of MPB 1 while for a poled
PMN-XPT with x=0.38 that is slightly above the MPB region, the cryogenic dielectric relaxation was ascribed
to the abnormal tetragonal-to-rhombohedral ferroelectric phase transition™®!. Oppositely to these studies,
another study ™% revealed remarkable dielectric anomalies with frequency dispersion at cryogenic
temperatures for all compositions x that are below (x=0.10), inside (x=0.35), above (x=0.40) MPB for both
poled and unpoled PMN-xPT samples and hence it signifies the difficulty into finding a unique mechanism
that explains the cryogenic dielectric relaxation. None of these works M¥%% stated the exact impact of
cryogenic conditions in the piezoelectric properties of PMN-xPT samples (either poled or unpoled) and only
gualitative and indirect conclusions can be extracted from them.

Following up these works ®**4! a more comprehensive study ™Y combines the low temperature
data (down to 70 K) of the dielectric measurements with structural and piezoelectric measurements that were
obtained for unpoled and poled PMN-xPT samples with x=0.28 and with three different crystallographic
orientations (that are [001], [110] and [111]). The structural XRD results at T=100 K showed that the case of
phase transition induced dielectric relaxation should be excluded as a possible mechanism. Hence, the unusual
cryogenic relaxation at T<120 K, which appeared to be more pronounced for poled samples than in the
unpoled ones, was ascribed to the collective pinning of randomly distributed point defects to ferroelectric
macro-domain walls. This pinning mechanism seems to have a “stiffening” effect on PMN-xPT samples,
which subsequently influences the piezoelectric activity of them at low temperature. The piezoelectric
measurements in a poled [110]-oriented PMN-xPT sample with x=0.28, showed that the values of both
transversal piezoelectric strain coefficient, ds;, and elastic compliance coefficient, s,,5, are decreased by the
temperature reduction and by following the same trend. In particular, the room temperature value of d3;=2000
PC/N (s1;=9.5 pm%N) is decreased almost linearly down to T=220 K and after reaching a plateau in its values
between T=220 K and T=120 K, is further decreased to the value of d3,=800 pC/N (s1,=5 pm®/N) at T=70 K,
which is the 40% (53%) of the room temperature value.

Another study that is dedicated to the evolution of the piezoelectric properties with temperature,
examines two poled PMN-xPT samples, one with x=0.28 and another with x=0.33, in the whole temperature
range between 300 K and 5 K ™. This study reports that the dielectric constant, the elastic compliance s3;°
and the piezoelectric strain coefficients ds3, d3; are decreased monotonounsly with the reduction of
temperature for both composition cases and by following almost the same trend of decrease. From the
decreasing trend of the above mentioned parameters, two inflection points of temperature (that are placed
between 220 K and 150 K) show changes in the slope and underline three distinguished temperature ranges
for their study. Particularly, in the highest temperature regime (that is above 220 K) and in the lowest
temperature regime (that is below 150 K) the piezoelectric properties are decreased abruptly with the
reduction of temperature, while in the intermediate temperature range (that is between 220 K and 150 K)
almost a plateau in their values is observed. This behavior is similar to one reported in ™. Qualitatively these
temperature regimes are existed independently to their stoichiometry, but quantitatively there are differences
between the two compositions. In the whole range of temperature (between 300 K and 5 K) the dielectric
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constant and the elastic compliance of the PMN-xPT with x=0.33 posses higher values than the other with
x=0.28. Most importantly, the piezoelectric strain coefficient ds; (ds;) exhibits a significant degradation with
the temperature reduction, since the initial value of 1400 pm/V (1100 pm/V) at 300 K becomes approximately
equal to 150 pm/V (100 pm/V) at 5 K, indicating a reduction at the 90% (91%) of the room temperature
value. These results were interpreted by two main mechanisms, the presence of charges within the
ferroelectric domain walls and the easiness/hardness of the polarization rotation induced by phase instability.

The low temperature behavior of PMN-XPT samples has been also presented as a supplementary
investigation in other studies that use PMN-XPT samples as active PE substrates of an artificial structure.
These supplementary investigations examined the temperature evolution of only the transversal piezoelectric
coefficient ds;, since this coefficient is most related parameter with the magnitude of strain that is experienced
by the deposited films on top of PE substrates. To obtain low temperature data of the ds; coefficient, two
different approaches have been adopted. The first method that estimate the magnitude of the in-plane strain at
low temperature is based on measuring the relative changes in the resistivity of a thin meander-shaped
platinum wire that is deposited on top of the PMN-xPT sample %], The biaxial deformation of the PMN-xPT
sample upon the application of an E¢ causes a change in the wire geometry, which subsequently resulted to
the respective variation of resistivity of the wire. The results of this method revealed that the value of the
biaxial strain was just the 55% of the room temperature value at 90 K and less than 20% at 20 K ™. The
second method is based on measuring the changes of the macroscopic dimensions of a PMN-xPT sample
through a microscope of 50x magnification ™. For a PMN-xPT with x=0.28 and under the application of
Eex=30 kV/cm, the in-plane strain value at T=90 K was decreased at the 50% of the room temperature value,
while at T=10 K the respective value was dropped distinctly to the 25% of the room temperature value ™4,

Another parameter that is affected by the temperature reduction and is also related to the piezoelectric
strain coefficients, is the modification of lattice parameters and its electric-field response at low temperatures.
This mechanism can be revealed only for the case of unpoled PMN-xPT samples, since the influence of
domains configuration is minimized and thus it can be ignored. To study the temperature evolution of the
piezoelectric strain coefficients through the modification of lattice parameters, detailed XRD measurements
have been performed in a [001]-oriented PMN-XPT sample with x=0.28 where electric fields of strength
E.=0 and 10 kV/cm were applied at 300 K and at 90 K "I, By following an electric-field cooling protocol,
the piezoelectric coefficient ds3 was estimated through changes in the peak profile of (001) peak. Comparing
the electric-field induced change in the c lattice parameter under the application of E.,=10 kV/cm recorded at
300 K and at 90 K, a reduction of strain on the order of 30% has been estimated at 90 K.

The large reduction of the piezoelectric strain coefficient ds; sets the PMN-xPT samples as the only
candidate PE substrate for studying the effect of strain in low-T¢ SCs, since all other PE materials (such as
PZT) exhibit lower ds; values and thus they will have almost negligible influence at low temperatures.
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Chapter 2

Review in the effect of strain to the superconducting properties

During the last decades, several studies have been focused on the influence of strain on the properties of thin
films that are extremely sensitive to structural changes. A typical example of such thin films is the manganite
films (R1,xAxMNOs: R and A stand for trivalent rare-earth and divalent alkaline-earth ions, respectively),
where the electrical, magnetic and structural properties of them are affected strongly by strain. In the first
experimental attempts the strain was imposed to manganite films through the lattice mismatch between the
film and the substrate (called epitaxial strain) 3, However, the magnitude of epitaxial strain is small and
thereby it affects only the first layers of the deposited films. In order to increase the magnitude and the
penetration depth of strain in manganite thin films, recent studies use PE materials as substrates since these
substrates allow the dynamic variation of strain due to the converse PE effect [**3. Furthermore, the use of PE
materials as substrates has been employed in other types of artificial structures such as the hybrids composed
of ferromagnetic (FM) films. These hybrids (PE/FM) provide an alternative way to explore the magnetoelastic
effect via the accurate control of interfaces ™! and the exchange bias mechanism 22,

Despite the plethora of investigations that study the effect of strain (epitaxial and piezoelectric strain)
in magnetic films, the SC films have not studied so thoroughly. Until now, there are only a few publications
that study the effect of epitaxial and piezoelectric strain in SC films and these investigations are focused on
high-T¢ SCs. These publications are summarized in paragraph 2.2 of this chapter. The lack of investigations
in low-T¢ thin films is counterbalanced from numerous investigations that study the effect of mechanical
strain (that is neither epitaxial nor piezoelectric strain) in the superconducting properties of the inter-metallic
compound Nb3Sn that belongs to the family of low-T¢ and conventional (phonon-mediated) SCs. In general
by including strain as an experimental variable, one can disclose the physical mechanisms that are involved in
the complicated microscopic nature of superconductivity. This triggered the interest of theoretical scientists
and several theoretical models have been proposed to explain the effect of strain in the properties of a SC.
These theoretical models are summarized below.

2.1 Theoretical studies in the effect of strain to the superconducting properties

The theoretical studies in the effect of strain to the superconducting properties can be discriminated into two
categories. The first category include the studies that propose purely theoretical models in order to involve the
effect of strain in the superconducting properties, while the second category include the studies that suggest
theoretical model for the interpretation of the experimental results coming from strain experiments in SCs.

In the first category of pure theoretical studies the models were based on a modified expression of the
GL theory, since the general assumptions of this phenomenological theory allow the introduction of new
terms that can describe a deformed SC. Considering a homogeneous SC that experiences a uniform and elastic
deformation with small magnitude, Dr. Shu-Ang Zhou ¥%%* introduced in the terms of free energy (see
equation (1.4)) a continuum model that describes an elastic SC. Specifically, he proposed that for the case of a
deformed SC, the coefficients a(T), b(T) become strain-dependent coefficients a(T,e)=a(e)-a’(T),
b(T,e)=by(e)-b’(T) (¢ is the dimensionless magnitude of strain), while in order to simplify his mathematical
formulation he assumed that the mass m” is independent of strain. Regarding the terms ao(€) and bo(e), he
considered that they can be expressed either as first-order or as second-order approximation of the elastic
strain e=g;j. In particular, for a small deformation of the elastic SC, the first-order approximation (namely,
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ao(e)=ao+ay-j) is employed in the simple case of a uniaxial deformation that is the compression or the
elongation (;=AV/V, where V is the volume of the SC), while the second-order approximation (namely,
ao(€)=ao+ayeijt"2 ajj &ij &) 1S employed in more complicated shape changes of the SC, such as the shear
mode of deformation. After carrying out the variation procedure with respect to both the wavefunction, ¥,
and the magnetic vector potential, A, the resulted set of GL equations provide the strain-dependent
expressions for T¢, Hc (thermodynamic critical field), He,, A, § and GL-parameter (k). From his analysis and
by using the second-order approximation of strain, it was proved that the T¢(€) expression can be given as,

1_
Tc (8) =Tg '£1+Aij8ij +E‘:‘ijklgij8klj (2.1)

where T, refers to the T¢ value of the strain free state of the SC and A, Ejjq are dimensionless material
dependent constants. Specifically, the constant A;; may take either positive values (e.g. in conventional low-T¢
SCs) or negative values (e.g. in high-Tc SCs such as cuprates). The positive values of A; imply that Tc
decreases with the increase of strain, while the opposite is observed for A;<0. In addition to the above
mentioned properties, Dr. Shu-Ang Zhou studied also the mixed-state of a Type-Il SC that is elastically
deformed 2. It becomes apparent that the proposed theoretical model can serve as a suitable model for
interpreting the results of any deformed SC, since the mathematic formulation of it can be as general as the
GL theory is for superconductivity.

Recently and within the framework of GL theory, Dr. Youhe Zhou et. al. specified a simple material
model to study the effect of strain on the properties of a SC, such are ¥, &, Hci, He, and the depairing current
density (Juep) B**L. His investigations differ from previous related studies, since he claimed that in a deformed
SC the elastic energy of deformation, Fej,, and the interaction energy (between superconducting condensation
and crystal’s lattice deformation), F;y, contribute to the total free energy of a SC as independent components.
Accordingly, he proposed that the total free energy of a deformed SC is expressed as a sum of the above
mentioned terms,

F= FS + I:ela + I:int’
1
Faa = Ecijklgijgkl (2.2)

Fou = a0l -2 ol

where Fs is the free energy of a SC given by the equation (1.4), Cjj is known as the modulus of elasticity of
the SC, & (or &) is the strain expressed as a second-rank tensor, =g +eyy +e,, IS the invariant of strain that
characterizes the volume change and a, £ are coupling parameters. After applying the Lagrange variational
method in respect to both ¥ and A, the modified GL equations have been obtained under certain assumptions.
Specifically, he ignored the influence of the crystal lattice deformation on the coefficients a, b and m” that are
included in the term Fs, while he considered that deformation is restricted in a value range (limited to be less
than 1%) where a linear elastic deformation can be applicable for an isotropic SC. Moreover and regarding
the coupling parameters «, B, Dr. Youhe Zhou et. al. assumed that they may be either constant and
independent of deformation (referred as simple case) or dependent on deformation (referred as general case).
Under these assumptions, the effect of strain on the superconducting properties has been investigated for bulk
SCs (brittle ceramic) and for SCs in thin film form (with thickness, dsc<\). It should be noted that in some
published works of Dr. Youhe Zhou et. al., the strain is stated by the term of pre-strain which represents the
strain that is applied in advanced to the SC and is sustained in a constant value.

Since strain is an appreciable parameter that affects intrinsically a SC, it is expected that the
wavefunction ¥ should be modified. In the simple case (where a, # are constant and independent to the
applied strain) the analytical solutions of (2.2) for both types of a SC (Type-1 and Type-Il) showed that ¥
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decreases (increases) when a tensile (compressive) strain is experienced by the SC. In the general case (where
a, p are dependent on deformation) the results showed that strain exerts different influence on
superconductivity for a Type-I and a Type-11 SC. Moreover, for the case of SCs in the form of thin films with
dsc<6 um the strain imposes changes on the order parameter n (n=¥/¥,,) that becomes more significant for
dsc<2 um, while the strain contribution is vanished progressively as dsc increases above 6 um. So, they
concluded that is of great importance to take into account the strain when determining the wavefunction (or
the order parameter) of a deformed SC . Despite of the importance of this finding, the strain dependence of
the wavefunction ¥ can be exploited only theoretically and it is not offered as a quantity that can be directly
related to experimental evidences. To overcome this incompatibility between theory and experiment, Dr.
Youhe Zhou et. al. B¥ studied the strain dependence of &, since the theoretically calculated values of & (that
include the boundary conditions in the modified expression of ¥) can be compared with the experimental
estimated values of it. The theoretical results of their study showed that & decreases with the increase of
volume change 6 (that corresponds to a tensile strain), while the opposite observed when 6 decreases (that
corresponds to a compressive strain).

Continuing with the parameters of superconductivity that allow the qualitative comparison between
theoretical predictions and experimental results, Dr. Youhe Zhou et. al. studied the effect of strain on Hcy, He)
and Jge, ¥, They reported that Hc, increases by the increase in the absolute value of 6 and thus the He,(6)
function is given as a concave parabolic curve. The enhancement of the H¢; values in respect to the applied
strain (that is either compressive or tensile) indicates the enlargement of the Meissner state in a deformed
Type-Il SC. Similarly to Hci, the He, showed a parabolic variation upon the increase of strain (either
compressive or tensile) and is worth noting that this behavior of Hc, has been reported experimentally in
literature ***°. Regarding the strain dependence of Jup, Dr. Youhe Zhou et. al. I studied the ideal case of
a thin film SC with thickness dsc<<A and with approximated uniform superconducting electron density ns
while also they assumed that a current density can flow in the entire volume of the SC thin film. It was found
that both compressive and tensile strain lead to the decrease of Jq, Values, giving a parabolic function for
Jaep(8) B°, which is similar to the expression used to fit experimental data in ™. Afterwards, they studied the
Jaep modifications in a more complex deformation of a SC, where not only the volume of the SC is changed
but also its shape (shear mode of deformation) . For this case of deformation, it was found that the shear
deformation dominates over the uniaxial deformation and thus leading to the further decrease of Jue,. These
results are in nice agreement with the experimental results regarding the strain dependence of Jc.. However,
the underlying physical mechanisms that explain the Jq, and the Jc (hence their strain dependence) are totally
different. It is generally accepted that the reduction of Jc with the absolute increase of strain is related to the
modification in the flux pinning mechanisms, which are not appeared explicitly in the proposed model of
Jaep(0) (Jaep is the thermodynamic limit of current density).

Although the above mentioned theoretical models provide evidences for the strain sensitive
parameters of superconductivity, their results cannot be compared quantitatively with experimental results.
However, other theoretical models have been proposed for the interpretation and the reproduction of the
experimental results coming from strain experiments. Detailed strain experiments have been performed in
wires of the inter-metallic superconducting compounds NbsSn ¥2“¢! due to their use in magnet technology.
These experiments showed that T, Hep and Jc are strain sensitive parameters of superconductivity for NbsSn
and they follow a reversible parabolic like behavior upon the progressive variation of the applied strain.

The reversible behavior of T¢, Hc, and Jc upon the progressive variation of strain indicates that the
impact of strain in the properties of a NbsSn wire has microscopic origins. Under this perspective, the BCS
theory and the Allen-Dynes model have been re-examined by Dr. L. R. Testardi “"“® and Dr. D. O Welch ¥,
respectively, in order to include the effect of strain in the values of T¢. According to these works the strain
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dependence of T¢ can be described by the combined modifications of both the electron-phonon interaction
spectrum (1) and the density of states (N(Eg)). Finally, the expression of T¢(¢) is given as follows,

Te(e)=Tem s(e)” (2.3)

where T¢, is the maximum value of T¢ obtained when applying strain and @ is a dimensionless constant that
depicts the influence of strain on both N(Eg), A and ranges from 1.8 to 3.8 [01 Continuing with He,, Dr. L. W.
Ekin 1! proposed an expression for Heo(T, €) by taking into account the strain dependence of both N(Eg) and
. This expression, Hc,(T ,€), is given as follows,

Hea (T,&)=Heom (0 [ (/TCJJ (2.4)

where He,m(0) corresponds to the maximum value of He, (at T=0 K) obtained when applying strain and n is a
constant that usually takes the value of 1.52 for the NbsSn wires. It is reasonable to expect that any lattice
distortion in strained SCs changes the grain structure of the SC, which subsequently modifies the interaction
between flux-lines and pinning centers. Though changes in Jc can be ascribed by the relative strain-induced
changes of Tc and Hcp, Dr. L. W. Ekin “¥ claimed that the influence of strain on pinning forces should be
taken into account in order to explain the experimental data. The final expression of the strain dependent J¢ is,

w0 |- M) (hamal] 02

where C, p and q are fitting parameters.

As it is evident from the equation (2.3)-(2.5), the final expressions of T¢, He, and Jc in respect to € are
generated after adopting an expression for the invariant strain function, s(g). There are four models in
literature that give the expressions of s(¢). The first model is a power-law model ¥4 that does not account the
three-dimensional nature of strain and it can be used safely over a limited strain values. The second model is
the so-called deviatoric model **2 that also does not account the three-dimensional nature of strain, but it
gives a more accurate description of a compressive strain. The third model is an empirical fit that originates
from axial deformations in wires and is expressed as a fourth-order polynomial ®°!. Apart from the accurate
fitting of the experimental data, the third model lacks of any connection to the underlying physics. Under this
perspective two other models have been proposed, the extended power-law model *4 and the polynomial
model !, Finally, the fourth model proposed by Dr. W. D. Markiewicz ®>* is the so-called full invariant
strain model. This model uses the three dimensional description of strain, while it correlates the T¢(g) with the
induced changes in phonon modes of crystal lattice. Despite its complexity, the full invariant strain model is
able to describe accurately the behavior of Tc(e). Summarizing these models and regarding to the strain
dependence of T¢ it becomes obvious that, the first invariant describes the linear reduction of T¢, the second
invariant describes the parabolic-like dependence of T while the third and fourth invariant introduces an
asymmetry that explains any upturn in the values of T (that appeared as a non-monotonic variation of T¢) for
large values of strain.

2.2 Experimental studies in the effect of piezoelectric strain to the superconducting properties
of high-T¢ compounds

The first experimental studies that investigated the effect of strain in the superconducting properties of high-
Tc compounds in thin film form have been performed through the so-called epitaxial strain. Specifically, if
one uses substrates with larger (smaller) in-plane lattice constants than the lattice constants of the deposited
SC film then the SC film experiences a compressive (tensile) strain. Since the in-plane component (eg,) and
the out-of-plane component (e;) of the induced epitaxial strain have opposite signs, their co-action in the
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microstructure of thin films is anticipated to affect strongly the T, of the deposited SC. In particular, an
induced tensile (compressive) epitaxial strain expands (shrinks) the in-plane lattice constant a, while
simultaneously the out-of-plane lattice constant ¢ shrinks (expands) and eventually both of them contribute to
the changes in Tc. Numerous published works 8% to name a few of them, reported significant changes in the
Tc values of La,SryCuO, (LSCO) thin films when these films are deposited on various substrates. Such
substrates for the case of LSCO films that have a=3.777 A are the SrTiO3 (STO) with a=3.905 A and the
LaSrAlO, (LSAO) with a=3.755 A. In each case of substrate the imposed epitaxial strain decreases and
increases, respectively, the T¢ of LSCO films. Similar to the cuprates, recent studies on iron-based SCs such
are the BaFe; gC0g,AS, (BFCA or Ba-122) and the FeSeysTeos (FST or Fe-155) revealed that a compressive
epitaxial strain in ab-plane enhances their T¢ values %] However, in these studies additional effects have a
substantial role in the observed variation of T¢. For instance in cuprates, the oxygen content at the interface or
even the oxygen arrangement in the interior of the film may lead to significant T differences from sample to
sample even when the thickness and the substrate are the same.

To isolate the influence of strain on T¢ and to exclude any other microstructure parameters that may
also be affected, the safest way is to obtain the strain dependent T¢ for one sample in a time. To do so, a SC
thin film of thickness, dsc, is deposited under certain growth conditions at a time on a PE substrate. So, with
fixed oxygen content in the SC film and with given lattice mismatch between the substrate and the SC film,
one can study dynamically the influence of strain on the T¢ values by simple changing the applied voltage
across the PE substrate. Usually, the PE materials that are used as substrates in these artificial structures are
the RFEs PMN-xPT, owing to their excellent piezoelectric activity. Introductory studies in the microstructure
and the superconducting properties of high-T¢ oxides (like YBa,Cus07.5 (YBCO) and LSCO) deposited on
PMN-XPT substrates showed that due to the large lattice mismatch between the substrate and the film, a
buffer layer is required in order to reduce the lattice mismatch and to obtain c-axis oriented films!®" .

There are limited experimental investigations that examine the strain-dependent superconducting
properties of high-Tc thin films utilizing a PE substrate for the dynamic variation of strain 2", The high-
Tc compounds in thin film form that are studied in - are the following, optimally doped YBCO films with
thicknesses 200, 300 nm and under-doped YBCO films (oxygen deficiency 6~0.5), LSCO films (x=0.15),
BFCA films with thicknesses 300 nm, while all the above mentioned films were deposited on poled PMN-
XPT (x=0.28) substrates cut along the [001] crystallographic orientation. The physical properties of these
artificial structures PE/SC was estimated from zero magnetic field resistive curves, R(T), where the T¢ was
determined at the onset of the normal-state resistance (Ry). In the artificial structure consisting of optimally
doped YBCO films with thickness 200 nm a buffer inter-layer of SrRuO; of 100 nm has been deposited in
order to reduce the large lattice mismatch. In this case the application of an E<+10 kV/cm to the PE
substrate causes a reversible shift of T¢ with a maximum shift of 100 mK when the induced strain was on the
order of 0.05% . In the artificial structures consisting of YBCO films with thickness 300 nm the
depositions have been performed directly on top of PMN-xPT substrates (without any inter-layer). In this case
strain sensitivity of T¢ showed different behavior for the optimally doped and the under-doped YBCO films
[ Specifically, at E.=+10 kV//cm where the maximum compressive strain is obtained, the shift of Tc in the
optimally doped YBCO film is 45 mK, while for the under-doped YBCO film the respective shift is 230 mK.
This significant difference in the shift of T between optimally doped and under-doped YBCO films is
attributed to the oxygen ordering inside the YBCO. Independent uniaxial (and biaxial) pressure experiments
on YBCO crystals revealed the opposite influence on T¢ when a crystal is compressed along the a- and b-axis
[ Since the imposed strain does not show a preferred direction between a- and b-axis, it is expected that for
the optimally doped YBCO films the equal but opposite influence of stain along them (|ea|=|ep|) resulted to
minor shifts in T¢, while for the under-doped case the respective shift is more significant. In both cases, the
Ry exhibit a very good reversibility for a cycle of applied E., varied between -10 kV/cm and +10 kV/cm,
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which underlines the linear behavior of the induced compressive and tensile strain in films. In LSCO films of
300 nm deposited on CaTiOs-buffered PMN-XPT substrates a reduction of 400 mK in the values of T was
obtained under the application of E.=+10 kV/cm, while this shift was reversible under the variation of Ee,
between +10 kV/cm (compressive strain) and -10 kV/cm (tensile strain) . Finally, in BFCA films of 300
nm deposited on SrTiOz-buffered PMN-XPT substrates, a reversible shift of T¢ on the order of 200 mK were
observed at Ee,=+10 kV/cm "®7. From these studies > one can easily conclude that a piezoelectric strain
changes the T¢ and the magnitude of this change is strongly dependent on the high-Tc compound and its
microstructure sensitivity into strain.

Lately, the iron-based SCs have attracted much attention, since there are a lot of open questions in
respect to their superconducting properties, such are the transition behavior ™ and the dimensionality of
superconductivity ™. Motivated from these fundamental issues and from earlier studies that reported a Tc
enhancement up to 36.7 K in FeSe under a pressure of 8.9 GPa ™ or even higher enhancement up to 65 K in
single-layered FeSe deposited on STO substrates "1 Dr. Z. Lin et.al. " studied the superconducting
properties of FST films (in particular Fe-137) with different thicknesses grown on PMN-XPT substrates. The
superconducting properties of FST films with thickness that varied among 15 nm and 400 nm were explored
by electrical transport measurements. Prior the specific experiments where an E., is applied to the artificial
structures, the FST films were characterized thoroughly. The characterization showed that at small
thicknesses (that is below 20 nm) the R-T curves exhibit an insulating behavior, while at thicker films
superconductivity is appeared with increasing T¢ and decreasing AT as thickness increases. Moreover, the
analysis of the V-I curves that were obtained around T¢, indicate a Berezinskii-Kosterlitz-Thouless transition
behavior and the analysis of the R-T curves revealed 2D superconductivity in the FST films. Now, upon
applying E., to the artificial structures, the T values of FST films are shifted to higher temperatures with
increasing the Ee,. This increase of T was attributed to the reduction of the tensile epitaxial strain in FST
films by the imposed compressive piezoelectric strain. However, the maximum percentage variation of T¢ in
FST films showed unexpected changes with respect to film thickness. Specifically, the FST film with
thickness 100 nm exhibit an increase in T on the order of 5%, while at the thickness of 200 nm the T shows
its largest change that is close to 15%. Notably, even for the highest thickness of FST films that is 400 nm, the
maximum variation of T¢ is on the order of 10%, which is still higher than one obtained from the FST film
with thickness 100 nm. This unexpected behavior of the T variation with respect to film thickness was
ascribed to the different degree of influence of the compressive piezoelectric strain that mainly overcomes the
epitaxial tensile strain in FST films. It is reported that the epitaxial strain is fully relaxed for FST films with
thickness above 200 nm and hence the influence of the induced compressive piezoelectric strain in the T¢
values become more pronounced in the thickness range above 200 nm.
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Chapter 3

Experimental techniques and protocols

This chapter describes the basic operating principles of the experimental techniques that have been used in
this PhD Thesis for the preparation and the characterization of the artificial structures Nb/PMN-xPT/Nb.
Particular emphasis is paid to the description of a rigorous deposition protocol of Nb films that ensures their
optimum superconducting quality and of a new method employed here for the piezoelectric characterization
of PMN-xPT samples. The last paragraph of this chapter provides information about the technical realization
of the magnetic measurements upon electric field application on the artificial structures No/PMN-xXPT/NDb at
cryogenic conditions and furthermore it summarizes the measurement protocols that were used to investigate
the modification of their superconducting properties upon the application of an electric field.

3.1 Preparation techniques and protocols

Two totally different techniques have been used for the preparation of the artificial structures and they are
described below. At this point | would like to thank Prof. S. J Zhang from the PennState University of U.S.A
for the preparation of high quality PMN-xPT crystals.

i. Preparation of the PMN-XPT piezoelectric substrates

The PMN-xPT single crystals have been prepared by the seeded Bridgman technique ™. This method is based
on heating a mixture of oxides above their melting point and subsequently on cooling them slowly from one
end of the container to the other. At the first cooling end of the container a seed crystal of specific
crystallographic orientation is placed and as the cooling process progressively spreads to the other end of the
container, a single crystal of the same crystallographic orientation is grown. To do so, usually the Bridgman
technique utilizes a temperature gradient and a moving crucible.

The oxides Pb;O4, MgNb,Og and TiO, in powder form have been used as the starting materials. The
mixture of the powder oxides with stoichiometric compositions were vibratory milled, dried and calcined.
Eventually, the synthesized compound were mixed with PbO flux additions and single crystals of
Ba(Zrq1Tigg)Os were used as the seed crystal for the process. Special attention has been paid to avoid the
evaporation of PbO at elevated temperatures by using double crucibles with a Pb source inside in order to
maintain a homogeneous perovskite structure.

For the purposes of this PhD Thesis two groups of PMN-xPT single crystals have been prepared, the
first group contains PMN-xPT crystals with x=0.27 and the second group contains PMN-xPT crystals with
x=0.31. In particular, the PMN-xPT crystals, with x=0.27 and 0.31, ~100 mm in diameter and >150 mm in
length, were grown along the [010] crystallographic direction. Single crystals PMN-xPT with x=0.27
(x=0.31) and with rectangular shape were oriented along the [001] ([011]) direction by real —time Laue X-ray,
following IEEE standards, where the large face (that is the z-direction) is [001] ([011]), while the length

direction (that is y-direction) is [010] ([100]) and the width direction (that is the x-direction) is [100] ([Oil]).
More details regarding the preparation of PMN-xPT single crystals can be found in the review article of Prof.
S. J. Zhang . After preparation the PMN-xPT single crystals were left unpoled and were finally cut to the
desired dimensions (x,y,z)=(6x5x0.4-0.8 mm®).
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ii. Preparation of superconducting elemental thin films of low-T< Nb

Thin films of Nb were prepared by means of a DC magnetron sputtering technique the basic principles of
which are summarized in this paragraph. Additionally, this paragraph presents the preparation protocol of Nb
films where a homemade cryotrap method has been employed in order to optimize the vacuum conditions.

a. DC magnetron sputtering

The DC magnetron sputtering technique is a physical vapor method (PVD) for the deposition of thin films
and it combines the general principles of sputtering deposition that are further improved by using magnetic
field. The comparative advantage of sputtering among the other PVVD techniques is that the deposited films
have excellent uniformity. Another advantage of sputtering technique is that all the metallic materials used as
targets for the depositions are not decomposed after several deposition runs.

The sputtering takes place in an evacuate chamber where the substrate and the target of the material to
be sputtered are placed inside. The substrate is grounded and is placed on top of the chamber, while it is
vertically aligned with the target that is maintained in high negative potential (acting as a cathode). To initiate
the sputtering a chemically inactive and neutral gas (non-reactive with the substrate and the metallic target) of
high purity, such as the Ar-gas, is introduced in the evacuated chamber. The free electrons in chamber are
accelerated away from the negatively charged target (cathode) and they approach the electrons of the outer
shell of the neutral Ar atoms. This causes the removal of the outer electrons from the Ar atoms, which now
become positively charged ions and they are accelerated attractively towards to the target. If the kinetic
energy of the Ar ions is higher than the surface energy of the atoms in the target, then the neutral atoms will
be ejected from the target ! and they can ballistically fly to the anode, which is either the grounded substrate
on top or the grounded inner part of the vacuum chamber. At the same time, the free electrons in chamber fill
the empty position in the outer shell of the Ar ions and thereby Ar ions become again neutral atoms. Due to
the energy conservation law, the gained energy by the Ar atoms is released by the same amount of energy that
appears as emitted photons. This procedure justifies the appearance of plasma in chamber during sputtering.

The simple sputtering technique has two major disadvantages. The first is the low deposition rate and
the second is the overheating of the substrates due to the extensive bombardment with electrons that may
cause also structural damages. Both of these disadvantages can be solved by placing magnets behind the
target. Due to the simultaneous presence of an electric field with the magnetic field, a Lorentz force
(FL.=g(E+vxB)) is acting to the free electrons in chamber. Since the electric field and the magnetic field are
perpendicular to each other, the F, compels the electrons to follow a helical trajectory along the magnetic
field lines above the target. This trajectory of the free electrons increases the probability of ionizing neutral Ar
atoms and hence the deposition rate is enhanced by an order of magnitude when compared with the simple
sputtering deposition. Additionally, the bombardment of the substrate with electrons that do not follow a
circulated path around magnetic field lines is minimized. Therefore, the overheating and the structural
damages in the substrates are avoided. Finally, the DC indication refers to the operating voltage signal that is
required to accelerate the ions with the proper kinetic energy. For metallic targets the operating signal is a
constant voltage (DC), while for insulating targets (where the conduction bands do not allow free charge
movement) an alternating current (RF) is used with frequency above 50 kHz, in order to avoid space-charge
between the target and the substrate. Figure (3.1.b) shows schematically the basic principles of a DC
magnetron sputtering system. More information about the sputtering technique can be found in ¥,

The sputtering unit that was used during this PhD Thesis is an Edward 306A coating unit (Edwards,
Sanborn, NY, USA), as shown in figure (3.1.a), equipped with a water-cooled turbo molecular pump
(Oerlikon Leybold Vacuum GmbH, Germany) supported by a mechanical pump (Edwards High Vacuum
Pump, BOC L.t.d., England). Two pressure gauges, i.e. a low and a high vacuum pressure gauge (Edwards
Active Gauges, USA), are attached to the deposition chamber, in order to monitor the vacuum pressure inside
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substrate (anode)
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magnet magnet magnet

DC magnetron gun (cathode)

Figure 3.1: (a) Photo of the sputtering unit (Edward 306A, coating unit) used for the preparation of thin films. (b)
Schematic representation of the side view of a DC magnetron sputtering inside the chamber. The target is connected to
the negative DC magnetron gun and the substrate is grounded and acts as the anode.

the chamber. The first and high vacuum pressure gauge operates at the pressure regime between the
atmospheric pressure (7.5-10*% Torr) down to 10° Torr, while the second and low vacuum pressure gauge
operates in the pressure range below 10° Torr. Inside the sputtering chamber two magnetron guns are
available, one biased with a DC power supply and the other biased with a RF power supply. Each magnetron
gun contains 13 magnets of 5 kOe. The 12 magnets are placed anti-diametrically around the periphery of the
target with the south pole facing up, while the last magnet is placed at the center of the target with the
opposite pole (north pole) facing up. This configuration of the magnets restricts the magnetic field lines
within the coverage area of the target. In order to avoid the bombardment of the surrounding material of gun
(that is not covered under the target’s area) and to achieve only the bombardment of the target’s material, the
gun is grounded by an aluminum hollow cylinder. Specifically, this cylinder grounds only the outer part of the
gun and is not in contact with the target. Thus, the target remains in negative potential and the ejected atoms
belong only to the target material. The high voltage applied between the target and the grounded surrounding
causes the electrical breakdown of Ar-gas environment and purple-colored plasma is created. It should be
noted that the turbo molecular pump, the magnetron gun (DC and RF) and the chamber’s opening part (where
the substrates are placed) are connected to a water-cooling system.

In the particular sputtering unit, the substrates are placed at a height of 16 cm above the target. For the
depositions of Nb films, high purity Nb targets (99.90%-99.98%) with diameter 2 inches (Materion, OH, USA
and Yixing Kexing Alloy Material Co., L.t.d., Jiangsu, China) have been used. The depositions were
performed in Ar atmosphere (purity 99.999%) with pressure 3-10° Torr. A moderate deposition rate of 0.18
nm/s (or 1.8 A/s) is achieved with a DC power of 46 W applied to the DC magnetron gun. Details about the
pressure conditions during deposition will be discussed in the following section where a specific protocol for
the preparation of high quality Nb films is described.

b. Sample preparation protocol using a homemade cryotrap method

The required condition for the preparation of elemental low-T¢ SCs in the form of thin films is to avoid their
oxidation. The formation of any oxide layer downgrades the superconducting properties of elemental low-T¢
SCs, since the oxides of the parent material are mainly metallic and not superconductive. Therefore, for the
depositions of Nb films any residual oxygen in sputtering chamber should be minimized as much as possible.
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Exploratory experiments showed that Nb films of high superconducting quality can be prepared after
optimizing two pressure parameters, the base pressure (Po) and the deposition pressure (Pgep). The P refers to
the initial pressure of the chamber after an overnight pumping, while the P, refers to the pressure of chamber
after an extended pre-sputtering and before starting the deposition. The term pre-sputtering is used to describe
a pre-deposition process, in which the sputtering unit operates under the deposition conditions (that are the
Ar-gas pressure and the DC power) but with closed shutters. The pre-sputtering before each deposition has a
twofold action. First, it removes the outer oxide layer of Nb target and thus when deposition starts only pure
Nb atoms will be deposited on substrates. Second and by taking advantage of the easy oxidation of Nb, an
extended pre-sputtering (3-4 hours) will reduce significantly the amount of the residual oxygen in the
chamber, since Nb acts as an oxygen getter. It is worth noting that for estimating the optimization of the
pressure conditions in the chamber both pressure parameters (P, and Pgep) should be taken into account.

The values of base pressure, Py, depend on the duration of the overnight pumping. At the first days of
deposition the possible contamination of the chamber with other materials deposited on the inner side of
chamber affects strongly the P, value of the next day. Therefore, during the first days of depositions, the inner
wall of chamber is covered with an ultra-high vacuum aluminum foil (All Foils Inc, Strongsville, USA) and
the chamber is pumped usually for 20 hours. Moreover, the inner walls of chamber was coated with Nb after
extended depositions (2-3 hours) with open shutter and without substrates, called as “dummy” depositions.
After 4 days of “dummy” depositions, the contamination of chamber with other deposited materials is
minimized and the chamber constitutes a clean environment for the depositions of Nb films. To give an
example on how “dummy” depositions optimize the P, values, noted that P, at the first day is equal to 9.5-107
Torr and is reduced to 5-107 Torr after 4 days of “dummy” depositions. Although the optimization of P, does
not seem to be significant, it delivers the proper pressure condition that is further improved by pre-sputtering.

Particular attention was paid to optimize the Pge,. T0 do so, any residual gases, mainly the oxygen,
should be eliminated from the environment of the chamber. Thus, the extended pre-sputtering process (3-4
hours) has been performed under the external cooling of chamber (cryo-cooling) with a homemade cryotrap
of liquid nitrogen. The cryotrap was implemented by using a copper tube that is wrapped around the outer
wall of the chamber in a way that can support the continuous flow of nitrogen within tube and also by
avoiding the contact with vacuum flanges, vacuum rubber rings and electronics. One end of the copper tube is
connected with a nitrogen-dewar that contains 20 It of liquid nitrogen, while the other open-end is placed far
away from the chamber and inside to another empty dewar. Once liquid nitrogen starts flowing through the
copper tube, it cools the outer part of the chamber. Figures (3.2.a-b) show two photos of the outer surface area
of chamber before cryo-cooling and after 3-4 hours of cryo-cooling, respectively. It should be noticed that the
concentration of ice, at the contact points of copper tube with the chamber, appears within the first 30 minutes
of nitrogen flow and it spreads quite fast over the whole outer surface of the chamber during the next 30

Figure 3.2: Photos of the sputtering unit show the outer surface of the chamber (a) before cryo-cooling and (b) after 3-4
hours of cryo-cooling.
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minutes. Thus, during the rest of pre-sputtering upon cooling great attention was paid to maintain the iced
area at the center of the outer surface of chamber, in order to avoid the spread of ice in the rubber ring of the
removal part of the chamber. Now inside the chamber and during pre-sputtering upon cooling, gaseous and
vapours are trapped by the inner cold surface of the chamber and the pressure is drastically reduced, justifying
the name of this process as cryotrapping process. Actually, when molecules impinge to a cold surface they
lose the most of their kinetic energy and after an extended period of time they are pumped out of the chamber.

Apart from the pre-sputtering protocol upon cryo-cooling many other diagnostic tests were carried out
during pre-sputtering (the pressure in every hour of pre-sputtering, the temperature of turbo pump, the
temperature of the outer cold surface of chamber, e.t.c.) in order to maintain the same conditions between the
depositions. On one hand the continuous check of all these parameters during depositions constitutes a very
strict deposition protocol, but on the other hand this protocol ensures the high superconducting quality of Nb
films. The influence of cryotrapping on the superconducting properties of Nb films will be discussed in detail
in the paragraph 5.2.ii of chapter 5.

3.2 Characterization techniques and protocols

i. Crystallographic characterization — X-Ray Diffraction (XRD)

The X-ray diffraction (XRD) technique is a useful tool for the crystallographic characterization of materials
that ascribes the arrangement of the atoms in a crystal. The XRD measurements, in this PhD Thesis, were
carried out by a diffractometer that is settled in the Institute of Nanoscience & Nanotechnology in N.C.S.R
“Demokritos”, figure (3.3.a).

It is well known that solid materials are organized as arranged planes of atoms that are extend over
the entire of the material. This overall arrangement is called crystal structure and is a unique property of a
material. In the ideal case of a single crystal, the material is built by the periodically arranged planes of atoms
that are spaced with distance, d. To probe information about the crystallization of the material, the wavelength
of X-rays should be comparable with the interatomic distance (that is on the order of Angstrom). The incident
X-rays in a material are partially diffracted, while also another part of their initial intensity is transmitted,
absorbed and scattered by the sample. The diffraction of X-rays from different planes of the material may
interfere either constructively or destructively, when certain conditions are met. For a certain periodic
arrangement of the atomic planes, the diffracted waves will exhibit peaks (evidence of the constructive
interference) in close analogy to the distribution of atoms in a plane. Thus, the XRD technique can be used to
give information about the distribution of atoms in a material.

B

(b)

Figure 3.3: (a) Photo of the X-ray diffractometer (D500, Siemens) in the Institute of Nanoscience & Nanotechnology
hosted in N.C.S.R. “Demokritos”. (b) Schematic representation of the constructive interference of diffraction by parallel
planes of atoms in a crystal. The incident X-ray makes an angle 6 with the parallel planes of crystal that are separated
by a distance equal to d.
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In two parallel planes of atoms, the interference of two X-rays is constructive only when the path
difference between them is an integer multiple of the wavelength, as shown in figure (3.3.b). This is known as
the Bragg’s law and is given by the following expression,
n-A=2-d-sin@ (3.1)
where A is the wavelength, d is the interatomic spacing, 6 is the incident angle and n is an integer representing
the order of the diffraction peak. It should be noted that the right side of the expression (3.1) represents the
path difference between two X-rays that are incident on parallel planes of atoms. When the incidence angle 6
is varying, 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 is the structural identity
of a sample and when compared with the reference diffraction database ICDD (International Centre for
Diffraction Data) it provides information about the composition and the structure of the studied material.
More details about the XRD technique could be found in /),

The X-ray diffractometer (D500, Siemens) that was used during this PhD research, was equipped
with a CuKa radiation source (wavelength A=1.5418 A) and settled in a Bragg-Brentano geometry to employ
0-20 scans. The voltage and current conditions of the radiation source were 40 kV and 35 mA, respectively.

ii. Morphological surface characterization — Atomic Force Microscopy (AFM)

The atomic force microscopy (AFM) is a powerful technique for the morphological characterization of
specimens. The AFM measurements, during this PhD research, were conducted by means a scanning probe
microscope Solver PRO (NT-MDT Co, Moscow, Russia) having a 100x100x5 um® xyz-scanner hosted on an
active vibration isolation table MOD-1M Plus (Halcyonics GmbH, Goettingen, Germany) and it installed in
the Institute of Nanoscience & Nanotechnology in N.C.S.R. “Demokritos”, figure (3.4.a).

The operation principle of AFM is based on the detection of the position of a cantilever with a sharp
tip at its end, which is interacting with the surface of the sample with Van der Waals forces. When the tip
scans a surface, the variation of the forces acting on the tip causes the deflection of the sample stage in a way
that preserves constant the distance between the tip and the surface of the sample. This is realized through a
feedback loop that contains as an active element the interaction tip—surface and regulates the position of the
sample stage after reading the position of tip. The vertical position of tip is read using a laser beam, which is
reflected by the end of the cantilever and detected using an optical converter of four-quadrant diodes, as
shown in figure (3.4.b). The overall scanning of a surface is realized under the form of parallel horizontal
(both on x- and y-axis) scan lines and by keeping constant the distance tip—surface.

There are two main modes of AFM operation which are determined by the type of interaction

between the tip and the surface, the static mode and the dynamic mode. In the static mode (known also as
1
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Figure 3.4: (a) Photo of the AFM apparatus installed in the Institute of Nanoscience & Nanotechnology hosted in
N.C.S.R. “Demokritos”. (b) Schematic representation of the operation principle of AFM. (c) Force as a function of the
tip-surface distance.
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contact mode) the tip is in contact continuously with the surface and senses short-ranged repulsive forces
exerted by the surface. In the dynamic mode the tip is oscillating continuously at certain height from the
surface and with constant amplitude. Moreover, the dynamic mode incorporates two distinct modes regarding
the minimum approaching distance of the tip on the surface during an oscillation cycle, the semi-contact mode
and the non-contact mode. In the semi-contact mode the tip approaches the surface at the lowest position of
the oscillation cycle, while in the non-contact mode the tip never approaches the surface and the interaction
between tip-surface is characterized by long-ranged attractive forces. Figure (3.4.c) presents qualitatively the
variation of a Van der Waal force as a function of distance that is the distance tip-surface and includes also
the respective modes of AFM operation.-More details about the AFM technique can be found in .

The comparative advantage of the AFM technique in respect to other techniques of microscopy is the
guantitative and the precise estimation of the height (along z-axis) morphological landscape of a surface.
However, it suffers from low accuracy in the xy-plane, since the finite lateral size of tip senses the sidewalls
of an object, before the sharp end of tip perceive the presence of it and after scan of it. As a result of this, the
planar dimensions of a scanned object are mainly overestimated. Other disadvantages of AFM are, the low
scanning speed, the relatively small size of the maximum scanning area (100x100 um?), the image artifacts
that can be induced due to the presence of additional forces (such as electrostatic forces), the hysteresis of the
piezoelectric stage and the cross-talks in the feedback loop between the channels of the detector. All the AFM
measurements in this PhD study were performed at the non-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 were obtained when the scanning parameters ranged within the following conditions: area-scanning-
size=0.5x0.5-50x50 um?, lines-per-image=256-512 and frequency-of-line-scanning=1.5-2.5 Hz.

iii. Magnetic characterization — Superconducting Quantum Interference Device (SQUID)

A standard superconducting quantum interference device (SQUID) magnetometer has been used for the
magnetic characterization of the samples. The SQUID magnetometer that has been used in this PhD research,
isa MPMS 5.5 T unit (Quantum Design, San Diego, CA, USA) and is settled in the Institute of Nanoscience
& Nanotechnology in N.C.S.R “Demokritos”, figure (3.5.a).

The SQUID magnetometer is consisted of four main parts, as shown in figure (3.5.b); (i) the
superconducting magnet, (ii) the SQUID sensor, (iii) the superconducting detection coils and (iv) the sample
tube that hosts the sample holder rod. All these parts of SQUID are enclosed in a vacuum-shielded chamber
(thermal isolation, adiabatic walls), where liquid helium (He®) ensures the proper temperature conditions for
the operation of the superconducting magnet and the superconducting detection coil. Moreover, the liquid
helium is managed properly to control and to maintain constant temperature in an area around the sample.
Thus, it provides the opportunity of low temperature measurements, required for the superconducting
characterization of low-T¢ elements, such as Nb. The operation temperature range in SQUID magnetometer is
1.8-400 K, while its temperance accuracy is on the order of 0.01 K (10 mK).

The superconducting magnet is made of NbSn; superconducting wire that can produce a magnetic
field of 5.5 T with accuracy on the order of 0.1 mT and is placed outside the sample chamber. The SQUID
sensors consists the heart of the SQUID magnetometer system, since they convert the magnetic flux @ into
voltage with high resolution. There are two main types of SQUID sensors, the dc-SQUID sensor and the rf-
SQUID-sensor. Their design is based on Josephson junctions (superconductor/insulator/superconductor),
while different configurations result into the two distinct types of SQUID sensors. Accordingly, the dc-
SQUID sensor is made of a superconducting ring with two Josephson junctions connected parallel, while the
rf-SQUID sensor is made of a superconducting ring with a single Josephson junction. In general principle, the
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Figure 3.5: (a) Photo of the SQUID magnetometer MPMS 5.5 T unit settled in INN, NCSR “Demokritos”. (b) A
schematic illustration of the separate parts that consist the SQUID magnetometer. (c) The configuration of the
superconducting detection coils as a second-order gradiometer.

Josephson effect correlates the tunneling of a supercurrent through a weak junction between two SCs with the
phase difference (Ag) of the two superconducting wave functions. Accordingly, changes of the supercurrent
due to changes of the magnetic flux @, induce changes in Ae that is converted into voltage. For the precise
and accurate detection of small changes in the magnetic induction, the surface area of the ring is sufficiently
small. Technically, it is crucial to isolate magnetically the operation of SQUID sensors, since the input signal
to SQUID sensors is coming from local changes in the magnetic flux density produced by the sample’s
movement through the superconducting detection coils. The superconducting detection coil system is built as
a second-order gradiometer and is constructed from a single length superconducting wire. The design of a
second-order gradiometer comprises a coil at center and two other coils placed 7 cm above and 7 cm below it.
The center coil is wound clockwise with two turns, while the upper and lower coils are wound anti-clockwise
with one turn, as shown in figure (3.5.c). The configuration of a second-order (that is mainly second-
derivative) gradiometer enables the rejection of any noise caused by fluctuations of the large magnetic field of
the superconducting magnet, and also reduces noise from nearby magnetic objects in the surrounding
environment. The superconducting detection coil system, the SQUID sensors and a transformer form a closed
superconducting loop that is able to measure directly the overall magnetic moment (volumetric magnetic
moment) of a sample with absolute units.

For dc magnetization measurements, the sample is attached to a specific metallic rod and is moved
through the detection (pick-up) coils at constant speed. Before performing special measurements, the sample
should be centered in the center of the detection coils. This is achieved after repeated moves of the sample
into a distance of 12 cm within the detection coils. The peak in the response of the centering process signifies
the position of the sample and it is used to locate the sample in the center of the detection coils and hence in
the center of the superconducting magnet, as shown in figure (3.5.c). During the dc magnetization
measurements, the sample is moved in a distance of 3 cm, which is an adequately short distance to ensure that
the sample experiences a uniform magnetic field. Finally, it should be noted that the SQUID magnetometer
can provide isofield measurements that refer to measurements at constant applied magnetic field with varied
temperature (m(T)) and isothermal measurements that refer to measurements at constant temperature with
varied magnetic field (m(H)). More information about SQUID can be found in the technical manuals of
quantum design ! and on several relevant books for magnetic measurements %2,
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iv. Piezoelectric characterization — Utilizing conventional optical microscope

To serve the purposes of this PhD research, a new method for the piezoelectric characterization has been
developed. This method utilizes a conventional optical microscope (OM) for the local observation of
deformation under voltage application. For the voltage application a home-made platform has been designed
properly as to minimize the degree of clamping of the attached samples. Apart of some technical details
regarding the platform’s design, this paragraph summarizes the required analysis of data in order to obtain the
overall piezoelectric characterization of the samples.

Up to now several techniques have been proposed for the piezoelectric characterization. These
techniques are categorized into three main methods of measuring the piezoelectric strain coefficients, the
static, the quasi-static and the dynamic methods ™%, The distinction between these methods is due to the
measuring conditions imposed to the PE sample. In static methods the PE sample is in its stationary state,
while in dynamic methods the sample is in a vibrating state with frequency near its resonance (antiresonance)
frequency. The quasi-static methods meet the conditions of both the static and the dynamic methods. In
particular, the vibrating state is driven by a very low frequency (below 100 Hz) so the material’s state can
approach the conditions of its stationary state. The static and the quasi-static methods can employ both the
direct and the converse piezoelectric effect for estimating the piezoelectric strain coefficients d;;. However, in
the quasi-static methods the estimation of dj; is obtained after comparing the results with the respective d; of a
reference sample. Figure (3.6) shows a box-diagram that is developed in accordance with the employed
methods for the piezoelectric characterization. It should be stressed that the d;; values obtained from a static
(or quasi-static) method are usually different from those obtained by a dynamical method. Several others
techniques have been proposed to measure indirectly the piezoelectric coefficients of a sample, e.g. XRD
measurements by studying the influence of converse piezoelectric effect in the distortion of crystal lattice and
Piezoresponse Force Microscopy measurements that utilizes the direct piezoelectric effect.

Independent to the measuring conditions that are introduced from the employed method, the sample
mounting is an important restriction that should be taken into account since it affects the measurements to a
great extent (especially in the methods that utilizes the converse piezoelectric effect). There are three main
methods of sample mounting gluing, soldering and clamping. The technique that is proposed here aims to
minimize the influence of mounting in measurements and enables to study of converse piezoelectric effect in
almost non-clamped samples.

Methods for the
piezoelectric characterization

Y v

Static Quasi-static Dynamic
methods methods methods
Direct Converse Direct Converse
piezoelectric piezoelectric piezoelectric piezoelectric
effect effect effect effect
y ! !
Normal load Capacitance Berlincourt Capacitance Bridge Resonance-
method, etc method, etc method method method -antiresonance
% \TA method
Several methods have been Commercially
proposed due to the availability of developed methods | The most accurate methods |
the required instruments in a lab

Figure 3.6: Categorization of the methods used for the piezoelectric characterization.
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Home-made platform for voltage application

The design of the home-made platform was motivated by earlier work of Prof. D. Stamopoulos and Prof. S. J.
Zhang ™*® and utilizes a conventional optical microscope (OM) for observing the local deformation under
voltage application. The external voltage was applied using a Healthkit voltage supplier (model IP-32,
Healthkit Co, USA) and is delivered to the surfaces of the PE sample by employing a point-to-point
configuration through metallic pins that serve as electrodes. Additionally, these pin electrodes are thick
enough (in radial dimension) in order to hold the PE sample in a horizontal position, as depicted in figure
(3.7.a). So, the introduced technique can be categorized as a static and local method.

The platform is comprised of an aluminum base and a thick sheet of plexiglass that is mounted to the
aluminum base by two screws, as shown in figure (3.7.a-b). The dimensions of the aluminum base are
25x25x14 mm®, while at the center of the base a pin with diameter 2 mm and height 1 mm was materialized
from the bulk of aluminum and serves as the lower-pin electrode for the voltage application. The sheet of
plexiglass carries the second electrode (upper-pin electrode) that is vertically aligned with the pin of the
aluminum base. The use of plexiglass is twofold, since it combines the optical transparency (requirement for
the observation by OM) with the electrical insulation between the electrodes (open-circuit requirement for
voltage application). It should be noted that the area covered under the upper-pin electrode is smaller than the
5% of the overall surface in the samples studied here (the dimensions of the PE samples is 5x6 mm?), thus the
main surface is free for exploitation with the OM, as shown in figure (3.7.b). Moreover, the platform is
equipped by a heating resistance (5 Watt, 100 Q) and a thermocouple that enable the study of deformation as
a function of temperature, figure (3.7.b).

The platform is attached to a linear xy translation stage, with micrometer resolution for precise and
controllable movement on the OM. The OM data were obtained by means of a LEICA DMRXP (Leica,
Wetzlar, Germany) and an ORTHOLUX (Leitz, Wetzlar, Germany) in the reflection mode, using a light
emitting diode (LED) as a light source. The magnification used was x100 (objective lens x10) and thus the
captured images refer to an area of 300x230 pum?. It should be stressed that the use of an objective lens with
low magnification, such as the x10, was imposed by the available working distance of the platform’s
dimensions due to the height of the upper-pin electrode.

=

- Plexigl z
TO_)p BT f (a) exf & (b) |4 Y Top pin | SA
- \ . [— X (_‘___/ Y(+)

LX .
Bottom pin

Figure 3.7: (a), (b) Photos of the home-made platform for the observation of local deformation by means of OM under
the external application of voltage. (c) Schematic illustration of the method introduced here for the estimation of the
transverse piezoelectric coefficients. The plexiglass and the aluminum base are excluded from the cartoon and only the
top and the bottom pins are included.

Method

The basic principles of this technique is to record the deformation through the direct comparison of images
that are taken consecutively upon the variation of dc voltage (that is an external electric field, Ec). The E is
applied along sample’s thickness (that is along the z-axis, Ee_), while the deformation of the PE sample that
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is recorded by an OM, lies along the xy-plane of the sample. This configuration enables only the estimation of
the transverse piezoelectric coefficients d,. (or else ds;) and d,, (or else d3;) and not of the longitudinal
piezoelectric coefficient d,, (or else ds3). Due to the local character of the employed technique, the overall
piezoelectric characterization of PE samples can be accomplished only when specific areas on the surface of
the samples are examined. Thus, prior to the comparative treatment of the captured OM images, particular
emphasis is given to specify the areas of interest on the surface of the samples. These areas are chosen by
following some symmetric strain assumption in respect to the PE sample geometry.

To facilitate the study of the symmetric nature of deformation (strain) in PE samples, a Cartesian
coordinate system has been adopted where the axes have been adjusted suitably with the geometry of the
samples. By placing the origin O of the Cartesian coordinate system at the geometric center of the sample, the
X, y axes are lying along the bisector lines of the sides. A representative example of the Cartesian coordinate
system is depicted schematically in figure (3.7.c), where the origin O is placed below the pin-electrode and
the axes x, y are shown by the blue-dashed, red-dashed lines, respectively. It should be stressed that the
positive (negative) direction of axes is at the direction to the right (left) side and to the upper (down) side of
the sample, as it denoted in figure (3.7.c) by the respective symbols +, - that accompany X, y.

In the ideal case of an isotropic rectangular-shaped PE sample, the application of an E.,, causes the
PE sample to be deformed equally at any direction. For simplicity reasons, only the case of an expanded
deformation is examined in the present analysis, but the results can be generalized for any case of
deformation. So, when an E. induces tensile strain the PE sample will be expanded equally and
simultaneously at the positive and at the negative direction of x-axis (blue arrows) and of y-axis (red arrows),
in respect to the coordinate system. Though each axis exhibits an expansive deformation, the direction of
expansion is opposite for areas along the same axis but in opposite directions, as it is shown by the thick
arrows in figure (3.7.c). However, areas that equidistant around the geometric center of the sample (that is the
origin O of the coordinate system) exhibit opposite direction of expansion but with the same magnitude of
expansion. The magnitude of expansion depends on the coordinates of the area, since they reflect the distance
of the area from the center of the sample and it takes higher values near the side ends of the sample. Hence, it
becomes obvious that the deformation (strain) in areas that are located equidistantly along opposite directions
of an axis is proportional in magnitude and direction to the coordinate system. This indicates the symmetric
nature of deformation (strain) in the PE samples. To give an example about the symmetric nature of strain in a
PE material, the deformation (strain) is examined in four areas that are placed along the x-axis and the y-axis,
as they are illustrated by the dot-marked areas in figure (3.7.c). As it is shown in figure (3.7.c) an area lying
along the positive x-axis will be deformed along the same direction (x-axis), since the normal components of
deformation along the positive and negative y-axis will be equal in magnitude and anti-parallel in direction so
their net contribution will be zero. The same strain behavior is followed from every area lying along x- or y-
axis. Since the direction of both axes (x- and y-axis) reflects the direction of strain along them, from now on
these axes will be referred as the symmetric axes of strain (SAs) and they are distinguished into SA along x-
axis (SAy) and SA along y-axis (SA,).

Intuitively, one can conclude that the deformation at the center of each sample is negligible owing to
the symmetric nature of deformation around it. Thus, the geometric center in every rectangular-shaped PE
sample can be considered also as a point of zero strain. Taking advantage of this, the restrictive parameter of
the mounting of the sample can be minimized by adjusting simply the mounting point of the sample in its
geometric center. Accordingly, the boundary condition of zero deformation at the mounting point coincides
with the point of negligible deformation (that is the geometrical center) and hence it is reasonable to assume
that the platform accommodates almost non-clamped sample that are free to deform at any direction.

Due to the local character of the employed method, it is required to specify particular areas on the
surface of the PE samples so that when they are explored by the OM the overall piezoelectric characterization
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of the samples can be obtained. A suitable guide on choosing these areas is the SAs of the sample.
Specifically, the candidate areas should be placed along the SAs where the direction of strain is known a
priori, while they should be located outwardly and near the side ends of the sample in order to capture the
maximum magnitude of strain from the OM. When these conditions are met, then the overall piezoelectric
characterization can be easily accomplished. The four candidate areas where the optical frame of an OM can
be centered are presented in figure (3.7.c) by the dot-marked areas.

It should be stressed that the study of one sample side characterizes partially the PE sample due to the
local character of the employed technique. The overall piezoelectric characterization is accomplished after
obtaining the d,; values from several areas and by considering the contribution of each area to the total
deformation. Accordingly, the total d, values (d;) can be estimated after taken into consideration the
contribution between areas that lie along the same SA but in opposite direction. The general expression is
given by the following simple superposition of the individual d,; values,

Oy =iy + Ay (3.2)

where d,+) and d,) are the piezoelectric coefficients estimated from areas lying along SAi. and SAi,
respectively. Another and simple expression that enables the calculation of the d;: coefficients is given as,

0,00 =AS; ot /dE (3.3

where S; is the total strain that obtained along the SA; and it may be either equal to the summation of the
individual Sj) and Sj or equal to double of one S;, S;=2'S;. More details about the employed method will
be discussed in the paragraph 5.1.iii of chapter 5, where two PMN-xPT samples with different composition x
and crystallographic orientation are examined in respect to their piezoelectric properties. It should be noted
that the introduced method has been used for the piezoelectric characterization of PZT ceramics that have
been prepared by solid-state reaction with a systematical variation of the sintering temperature and the results
have been published in a peer-reviewed journal ™.

zi,tot zi(+)

ex,z !

3.3 Magnetization measurements upon electric field application

To conduct the magnetization measurements in the artificial structures Nb/PMN-xPT/Nb, a specifically
modified rod is required. This rod should not only carry the sample, but also it should allow the voltage
application on sample surface in cryogenic conditions (T<10 K). All the magnetic measurements upon the
application of an electric field were performed by following standard protocols that are also discussed below.

i. Sample-rod modification for the magnetic measurements upon electric field application

In order to perform the magnetic measurements of the artificial structures Nb/PMN-xPT/Nb upon the
application of an external voltage (that is an electric field) at cryogenic conditions a specially designed
sample-rod should be constructed. There are a few technical details that should be considered in the design of
this sample-rod. Firstly, it is important to use a rod that is made of a material that does not contribute
magnetically to the background signal during SQUID measurements. Secondly, the rod should maintain the
temperature stability in the cryostat for the whole temperature range and specifically for T close to 2 K. The
standard Quantum Design rod meets both requirements. Regarding the background magnetic signal, the
standard Quantum Design rod is made of two materials that are firmly connected and they exhibit low
magnetic susceptibility. These materials are the aluminum and an alloy of copper (brass). Regarding the
temperature stability, the standard Quantum Design rod is designed as a hollow cylinder in order to minimize
the mass that is inserted in the SQUID chamber, while adapters are closing the ends of cylinder. The typical
dimensions of a standard Quantum Design rod are the following, length 120 cm, outer diameter 3 mm and

-52-



Chapter 3

wall thickness 0.25 mm. The aluminum part has length 100 cm and is the upper part of the sample-rod with its
end outside the SQUID chamber, while the brass part has length only 20 cm and is the lower part of the
sample-rod with its end inside the SQUID chamber.

The typical Quantum Design sample-rod is modified properly in order to allow the performance of
magnetic measurements upon voltage application to a mounted sample at cryogenic conditions. Specifically,
two copper wires should link the sample surfaces with a voltage supplier. Therefore, both ends of the sample-
rod have been cut and the adaptors that close the ends of cylinder have been removed. The total length that
has been removed from the sample-rod was 2 cm (1 cm from each end) without affecting the required length
of the sample-rod to transport the sample at the center of the superconducting magnet. Two coated copper
wires with a polyurethane insulating paste (enameled paint) are twisted along the entire length of sample-rod
in order to avoid the transfer of noise (e.g. electromagnetic noise) from outside the cryostat to its chamber,
where the magnetization signal is recorded. Afterwards, an epoxy adhesive has been used to close both ends
of sample-rod and to avoid the thermal transfer from the upper end (that is in ambient conditions) to the lower
end (that is maintained at cryogenic conditions). Another crucial parameter for temperature stabilization in
cryogenic environment is the amount of the inserted mass of copper wires to SQUID chamber. After several
attempts it was found that copper wires with diameter equal to 0.08 mm (generally for diameters <0.1 mm)
ensure the temperature stability for temperatures below 10 K. It should be stressed that the length of the two
twisted copper wires is 180 cm and in purposely overcomes the length of sample-rod. This is pursued since
the sample-rod should move freely for a distance of 12 cm during the centering of the sample and 3 cm during
the magnetic measurements. Moreover, the spare length of the wires is enough in length in order to replace
any possible damages at the ends of wires after extensive use. Figure (3.8.a) presents schematically the
modified sample-rod, while figures (3.8.b-c) show a photo of the upper part of sample-rod that is in ambient
conditions and a photo of the lower part of sample-rod that is in cryogenic conditions, respectively.

The ends of copper wires are stripped from their coated insulating material over a length of 5-8 mm at
the outer part and over a length of 2-3 mm at the inner part and therefore the short-circuited ends of each wire
are checked. The two ends of wires that are outside the SQUID chamber are connected to the voltage supplier
(model IP-32, Heathkit, Heath Co., MI, USA), while the other two ends are attached to sample surfaces by

(a) Upper part of sample-rod | L=100cm | L=20cm |Lower part of sample-rod
outside the SQUID chamber |~ I™ ”|inside the SQUID chamber

/ Both ends of sample-rod are closed with epoxy adhesive

Linkto Attach to
voltage | Two copper wires with diameter 0.08 mm are twisted and passing through the interior of sample-rod % sample
supplier |€ 5

L=180cm 1 surfaces

(b)

Figure 3.8: (a) A schematic representation of the sample-rod that has been modified for the purposes of this PhD Thesis.
Two photos show (b) the upper part and (c) the lower part of the modified sample-rod. In addition, (c) shows a plastic
straw that is used to mount the sample to the rod.
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using a small amount of silver paste. By using the smallest possible amount of silver paste that is a non-
responsive material to the externally applied magnetic and electric fields, it is ensured that the magnetic signal
recorded by the sensor of SQUID originates exclusively from the superconducting constituent of the artificial
structures Nb/PMN-xPT/Nb. Finally, the sample (Nb/PMN-xPT/Nb) should be mounted rigidly to the
sample-rod, avoiding any extraneous sample motion during the magnetic measurement. To do so, the sample
is tied carefully within a plastic straw that is connected with the lower part of the sample-rod. It should be
stressed that the spare length of wires inside the SQUID chamber is placed inside the plastic straw in order to
avoid the contact with the superconducting magnet.

Special attention was paid to define the appropriate range of external voltages that can be applied to
the artificial structures Nb/PMN-xPT/Nb. Exploratory experiments regarding the temperature stability at T=2
K when an external voltage is applied to an artificial structure Nb/PMN-xPT/Nb showed that the temperature
can be stable for voltages that do not exceed 300 Volts (this corresponds to an electric field of approximately
6 kV/cm). Since both the He atmosphere in SQUID chamber and the insulating behavior of PMN-xPT
samples at low temperatures remain unknown for DC-voltage application, an amperometer with current
sensitivity 0.1 pA (digital multimeter MY-67, V&A, Shanghai, China) is used to record leakage DC-currents.
The use of this amperometer has a twofold preventive action. First, is used in order to protect the
experimental set up from an uncontrolled insulation breakdown that may happen either in the surrounding
environment of the SQUID chamber or in the PMN-xPT samples. Note that when a leakage DC electric
current on the order of 1-5 uA was recorded, the measurements were immediately abandoned. Second, is used
in order to ensure the superconducting thin films will not be subjected to an undesired DC electric current.
This DC electric current may exceed the critical/depairing current of the SC (whether flux lines exist or not,
depending on the applied magnetic field) or may cause joule overheating of the SC ?*?!. In both cases the SC
constituent of an artificial structure would mistakenly exhibit suppression of their superconducting properties.

ii. Measurement protocols

The measurements protocols employed for the study of the artificial structures Nb/PMN-xPT/Nb upon
voltage application are divided into two major groups. These groups are distinguished by the parameter of
superconductivity that is the subject of investigation and these parameters are the T¢ and the Jc. Before the
performance of the detailed measurements upon voltage application, an isofield m(T) curve is obtained at
V=0 Volts (or equivalently E.,=0 kV/cm) for the determination of Tc.

Starting with the first parameters that is the T, detailed m(T) measurements were performed upon
voltage application at low magnetic fields (H) varied between 1 to 50 Oe. Based on the experimentally
determined T, the detailed m(T) measurements are performed with a small temperature step on the order of
20 mK in a temperature range of 1 K around T¢, namely +0.5 K above and below T¢. This dense step of
temperature is progressively increased outside this temperature range and the temperature step becomes equal
to 50 mK and eventually to 100 mK at lower temperatures. The detailed m(T) measurements are recorded
twice at E,=0 kV/cm to check their repeatability and to determine the exact value of T¢ for each H. Exactly
the same m(T) measurements, which means for the same H with the same steps in temperature, are followed
for the detailed measurements at various Ec. The measurement protocol of the isofield m(T) curves is as
follows: starting from T=10 K (that is above T¢) with zero H, an E,, is applied and the sample is cooling
down to 2 K (electric-field cooling process). After measuring the m(T) curves at constant E,,, the sample is
heating to a temperature above T¢ (mainly at T=10 K) and by applying the next E, the same process is
repeated. The values of E., are progressively increased up to its maximum positive value, subsequently is
decreased down to 0 kV/cm and eventually in some cases it takes progressively its maximum negative value.
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To study the modulation of Jc upon voltage application, detailed m(H) measurements were performed
for temperatures that are placed deep inside the superconducting state (T<<T¢: T=T¢-2 K, T¢-1.5 K and T¢-1
K) and for temperatures that are close to T¢ (T~T¢: T=T-0.5 K and T¢-0.3 K when a sharp superconducting
transition was obtained). The application of an E., in these measurements follows the same electric-field
cooling process, as it was described above. After electric-field cooling with H=0 Oe, the H is varied gradually
from 0 Oe to a high positive value (that is above Hc,) and then gradually decreases to negative values of H. In
some cases, entire m(H) loops have been obtained. Similarly to the m(T) measurements, the E. is increased
progressively up to its maximum positive value and eventually is decreased to O Volts. With this
measurement protocol, the modulation of Jc was investigated through the changes in Am that are induced by
the increase of E.«. Note that Am is the width of an m(H) loop at constant H between the ascending and the
descending branches of H (Am=|m)-m,|), which is proportional to Jc.
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Chapter 4

Exploratory studies on the piezoelectric modulation of the magnetic properties in
piezoelectric/ferromagnetic artificial structures

This chapter summarizes introductory and exploratory studies regarding the piezoelectric modulation of the
magnetic properties of artificial structures that consist of a PMN-xPT substrate (that is a PE substrate) and
two ferromagnetic (FM) films of Co that are deposited on both surfaces of PMN-xPT. This planar topology,
noted here simply as Co/PMN-XPT/Co, is designed to be similar with the artificial structures Nb/PMN-
XPT/Nb that are the subject of this PhD Thesis. The motivation for these exploratory studies is discussed in
the first paragraph. The experimental results of these exploratory investigations are presented in the second
paragraph of this chapter and these results have been published in peer-reviewed journals 2.

4.1 Motivation

During the last decade, numerous investigations have been focused on the study of artificial structures where
different order parameters can be coupled directly to each other, leading to a controllable tuning of their
properties. In general, two classes of such artificial structures can be distinguished, the PE/FM and the PE/SC.
The first class (i.e. PE/FM) has been studied thoroughly during the last decade due their utilization in the
several spintronic applications. The second class (i.e. PE/SC) has attracted only minor attention in the
literature, since there are not any possible applications (known up to now) that could trigger their study. This
is due to the SC ingredient of the artificial structure that limits strictly the operation of any possible
application at cryogenic conditions. Additionally to the limited number of publications in these artificial
structures, there are certain open issues regarding the electro-mechanical ability of the PE substrates at low
temperatures, which is critical for their utilization in cryogenic devices.

The motivation for the study of the artificial structures Co/PMN-xPT/Co was to acquire knowledge
regarding the piezoelectric effectiveness of the PMN-XPT substrates at low temperatures (T=10 K). These
artificial structures serve as a suitable system that allows the comparative study of the piezoelectrically
modulated magnetic properties at various temperatures. Specifically, starting at T=300 K (where the
piezoelectric properties of PMN-xPT are well known) one can study the piezoelectric modulation of the
magnetic properties of the Co/PMN-xPT/Co and then to compare them with the respective ones obtained at
T=10 K. The magnetic properties of Co/PMN-xPT/Co structures that can probe the low temperature
piezoelectric ability of PMN-xPT are the coercive field (Hc), the saturation magnetization (mg) and the
remanent magnetization (mgm). TO investigate these properties two artificial structures FM/PE/FM were
constructed consisting of Co films with thickness d¢,=30 nm deposited on two different PMN-XPT substrates.
The results of these exploratory studies showed significant changes in the magnetic properties of Co films
upon the application of E, at T=10 K, proving experimentally the effectiveness of the induced piezoelectric
strain in these artificial structures at low temperatures. Finally, the study of Co/PMN-XPT/Co provides
technical information regarding their operation at low temperatures. Specifically, it was found that at T=10 K
the maximum voltage that can withstand the artificial structure in the cryogenic conditions of SQUID without
recording any leakage current is V,,,=300 Volts.

-57 -



Exploratory studies on the piezoelectric modulation of the magnetic properties in
ferromagnetic/piezoelectric artificial structures

4.2 Experimental results

In the present study two different PMN-xPT substrates are used, one with x=0.29 and another with x=0.31.
Since the as-received PMN-xPT crystals exhibit extremely rough surfaces, both crystals were subjected to a
thorough polishing process in order to reduce their surface roughness prior to the depositions of Co films.
Details about the polishing process will be discussed in paragraph 5.2 of chapter 5. In each artificial structure,
the Co films have been deposited on both surfaces of the PMN-xPT substrate act not only as the FM
constituent of the artificial structures but also as electrodes for voltage application. For that reason particular
attention has been paid to prevent the deposition of Co on the lateral sides of the PMN-xPT crystal in order to
ensure that the top and bottom Co films are open-circuited. Regarding the growth conditions of Co films, the
base pressure in sputtering chamber prior depositions was in the range 10°-10" Torr and the growth of Co
films has been performed under 30 Watt and at pressure 3-107 Torr of Ar gas.

The thickness of the deposited Co thin films in both artificial structures studied here is dc,=30 nm.
This thickness has been chosen properly in order to satisfy three certain conditions regarding the effectiveness
of the artificial structures in the forthcoming experiments. At first, the d¢, should be thick enough to ensure
that the polished surfaces of PMN-XPT substrates are covered with a homogeneous layer of Co. This is of
great importance for optimizing the performance of PMN-xPT substrates, since the Co films except from their
ferromagnetic behavior they act as electrodes for delivering the externally applied voltage to the PE substrate.
Secondly, the d¢, should be thin enough in order to be entirely affected by the imposed strain from the PMN-
XPT substrates. Intuitively, one can conclude that as dc, increases the strain affects increasingly less part of
the entire volume of Co films and thus the modulated magnetic properties can be hardly recognized in thicker
films. Thirdly, in Co films the thickness is an extrinsic parameter that determines the magnetic anisotropy of
shape origin. Specifically, for dc,<30-50 nm the in-plane magnetic anisotropy dominates, while for thicker
films dc,>30-50 nm out-of-plane magnetic anisotropy is established B! Accordingly, by choosing dec,=30 nm
any changes in the magnetic anisotropy of shape origin that are caused by the application of E. in the
artificial structure, will be reflected directly to the magnetic properties of Co films.

The two artificial structures studied here are described as Co(30 nm)/PMN-xPT (0.5 mm)/Co(30 nm),
where x=0.29 for the first artificial structure (sample #1) and x=0.31 for the second artificial structure (sample
#2). Both PMN-xPT substrates were remained un-poled before the detailed magnetization measurements
upon voltage application. The maximum applied voltage to each artificial structure is £300 Volts corresponds
to an effective electric field of E=+6.0 kV/cm. The magnetization measurements have been performed in a
commercial SQUID magnetometer by using the homemade sample-rod for the voltage application to the
artificial structure. It should be noted here that in both artificial structures the magnetic field (H) is applied
parallel to the structure’s surface (ab-plane), while the electric field (Ee) is applied normal to the respective
surfaces (c-axis). The results of the piezoelectric modulation of the magnetic properties in the artificial
structures Co(30 nm)/PMN-xPT (Polished)/Co(30 nm) are presented separately for each artificial structure.
This presentation of results is due to the fact that each artificial structure (sample #1 and sample #2) has been
used to investigate different magnetic properties of Co films. The first sample is used to study the variation of
coercive field (Hc) and of saturation magnetization (ms) upon applying Ee and the second sample is used to
study the variation of the remanent magnetization (mm,) upon applying E.y.

Sample #1: Co(30 nm)/PMN-0.29PT (Polished)/Co(30 nm)

The first artificial structure Co(30 nm)/PMN-0.29PT(Polished)/Co(30 nm) has been used to investigate the
modulation of Hc and mg, upon the application of E, at three representative temperatures, T=300 , 150 and
10 K. The measuring protocol of the isothermal m(H) loops is the following. Starting from T=300 K with
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H=0 Oe the E. is applied to the artificial structure. Subsequently, the sample was cooled down to the desired
temperature (electric-field cooled process). Then the m(H) loops were recorded at constant T and for every
E.x. From the m(H) loops the mg is defined as the value of magnetization at the highest applied H and the Hc
is defined as the mean value between the decreasing and the increasing branches of H (Hc=(Hc+|Hc[)/2).
Figure (4.1) summarizes the m(H) loops obtained at E.,=0.0 kV/cm (black symbols), +4.0 kV/cm (red
symbols), +6.0 kV/cm (blue symbols) and at T=300 K (figures (4.1.a.i-ii)), 150 K ((figures (4.1.b.i-ii))), 10 K
(figures (4.1.c.i-ii)). Focusing on the insets of figures (4.1.a-c.i), it becomes apparent that mg, is modulated
slightly upon the variation of E., at T=300 K, while its modulation is more pronounced as temperature
decreases down to T=10 K. Regarding the Hc, in order to reveal its piezoelectric modification the m(H) loops
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Figure 4.1: Isothermal m(H) loops obtained at E.=0.0, +4.0 and +6.0 kV/cm and at (a.i)-(a.ii) T=300 K (open
symbols), (b.i)-(b.ii) T=150 K (semi filled symbols) and (c.i)-(c.ii) T=10 K (filled symbols). The (i) shows m(H) loops at
extended magnetic field range, while (ii) focuses in the low magnetic field regime. The insets in (a.i)-(c.i) focuses on mgy
at each temperature. The arrows in (c.ii) indicate the coercive field at the positive increasing branch of H (Hc) in the
m(H) loops obtained at T=10 K. 59



Exploratory studies on the piezoelectric modulation of the magnetic properties in
ferromagnetic/piezoelectric artificial structures

are focused on the low values of magnetic field ranging between +100 Oe and -100 Oe. The respective
focused m(H) loops are given in the right column of figure (4.1). Similar to the modulation of mg, the Hc
remains unaffected upon the application of E., at 300 K, while the decrease of temperature down to 10 K
reveals the modulation of Hc upon changing Ee,.

To facilitate the study of the piezoelectrically modified magnetic properties in Co films, two terms are
specified that correspond to the E., modulation of Hc and mg,. These terms are the relative difference in the
obtained values of Hc and mg,; at E¢=0.0 kV/cm and at E,#0.0 kV/cm and their respective expressions are,
AHc=Hc(Ee#£0)-Hc(Eex=0) (Oe) and Amg=Mga(Eex#0)-Msa(Eex=0) (emu). Figures (4.2.a.i-iii) exhibit the
variation of AHc (black-filled symbols) and Amg, (red-open symbols) as a function of E, for T=300 K, 150
K and 10 K, respectively. For comparison reasons, equivalent value range in the vertical axis has been used in
figures (4.2.a.i-iii). This presentation confirms that the stronger E., modulation of Hc and mg is obtained at
low temperatures. More significantly the data of figures (4.2.a.i-iii) reveal a non-monotonic reduction of AHc
which at T=10 K reaches a noticeable reduction on the order of -27.0% between E=+4.0 and +6.0 kV/cm.
This non-monotonic behavior of AHc in respect to E., can be attributed to the alteration of strain behavior of
PMN-xPT substrates from a compressive strain to a tensile strain or vice versa around the so-called electric
coercive field (Ec). This is reasonable if one considers that the expected range of Ec values for the particular
PMN-0.29PT crystal is below 4 kV/cm and around 2 kV/cm. Figure (4.2.b) shows the percentage modulation
of AHc (JAHc/Hc(Eex=0 kV/em)]-100%) and AMgy ([AMsa/Msat(Eex=0 kV/ecm)]-100%) as a function of
temperature between the strain free state at E.,=0 kV/cm and the strain state at the maximum applied E=+6.0
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Figure 4.2: The modulation of AH¢ (black-solid symbols) and Amg,; (red-open symbols) upon the application of various
Ee, are shown in (a.i-a.iii) at T=300, 150 and 10 K, respectively. (b) The percentage modulation of AH¢ (black spheres)
and Amg, (red spheres) between the initial strain-free state at E=0.0 kV/cm and the strain state obtained at the
maximum applied E.,=+6.0 kV/cm. In all cases the lines are guides to the eye.
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kV/cm of the artificial structure. As it is clearly observed the Hc is affected strongly by the E¢ only at low
temperatures (T=10 K) reaching a reduction on the order of -9.4%, while the mg, is affected slightly by the
Eex reaching a reduction on the order of -4.0% but in a wider temperature range, T<150 K. Combining both
dependences on temperature, a characteristic temperature (T¢,) can be recognized at 150 K. This T¢,=150 K
represents the lower bound of the unaffected Hc and simultaneously the upper bound of the maximum
modification of mg; upon the application of the maximum E.,. The T, signifies the impact of thermal energy
in the modulation of the magnetic properties.

Several candidate mechanisms have been examined for the interpretation of the results. These
mechanisms are presented separately for the E modification of Hc and of mg,. Referring to the observed
modulation of Hc, two candidate mechanisms can justify its behavior. The first mechanism is related to the
modulation of the size of magnetic domains. Specifically, if one considers that for the case of Co films the
magnetic domain size (w) can be expressed as w~dc,"” then it is easy to conclude that any changes in dc, (due
to the induced deformation of Co films when E., is applied) may cause the modulation of magnetic domain
size accompanied with the modulation in the population of domain walls . The second mechanism is related
to the modification of the pinning forces of magnetic domains in Co films due to the induced strain. In
particular, the pinning of existing domains can be enhanced either by the surface/interface roughness or by the
“bulk” static disorder that are motivated by the introduced strain to Co films when Eg, increases 6] Referring
to the myy, the recorded modulation can be ascribed to changes of the magnetic anisotropy due to the change
of shape anisotropy. As mentioned before, in Co films there is a critical thickness de,™ at 30-50 nm around of
which the magnetic configuration of films changes from in-plane (dco<dc,”™) to out-of-plane (dco>dc,™™).
Thus, by choosing dc,=30 nm such as in the artificial structure studied here, any effect of strain in the
thickness of Co films may modify the shape origins of magnetic anisotropy. Any modulation in the magnetic
anisotropy of Co films will result in changes in the mg, that is measured along the direction of the applied H.
It should be stressed that despite the different influence of strain on the parameters He and mg, they are both
deteriorated progressively by the increase of temperature. This similarity signifies that there is a common
origin regarding to their temperature dependence and subsequently reveals the crucial role of the thermal
energy kT in these artificial structures. Specifically, the k;T counterbalances progressively and ultimately
dominates all the other relative energy scales (e.g., the pinning energy of domain walls) as temperature
increases and hence the degree of influence of strain faints upon the increase of temperature ™.

Sample #2: Co(30 nm)/PMN-0.31PT(Polished)/Co(30 nm)

Continuing with the investigation of the piezoelectric modulation of the magnetic properties in Co films a
similar artificial structure has been prepared. The particular artificial structure is composed of a PMN-xPT
substrate with x=0.31. Detailed m(H) measurements at T=300 K and 10 K are presented in figures (4.3.a-b),
respectively. These data document clearly the modulation of Hc upon application of E¢, at T=10 K, as shown
in the inset of figure (4.3.b). Similar to sample #1, the sample #2 exhibits a non-monotonic reduction of Hc at
the positive increasing branch of E., with almost equal percentage modulation that is -34% between +2.5
kV/cm and the maximum positive value +5.0 kV/cm. However, the purpose of the present study is not to
verify the results of sample #1, but to investigate the evolution of the remanent ferromagnetic state, M, Of
the Co films upon application of E¢ to the PMN-0.31PT substrate in the temperature range from 300 K down
to 10 K. To do so, a specific measuring protocol is employed in order to attain the remanent ferromagnetic
state in Co films. In particular, starting at T=300 K where no E., is applied to the artificial structure, the m(H)
curve is recorded until reaching the positive saturation state and then H decreases progressively to zero field.
Eventually, the Co films are in their remanent ferromagnetic state. A representative example of the above
described process is given in figure (4.4.a). Afterwards, the desired E is applied to the structure and the
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Figure 4.3: Isothermal m(H) loops obtained at various applied E., at (a) T=300 K (open symbols) and (b) T=10 K

(solid symbols). In both cases, the m(H) loops are focused in the low-field regime. The inset of (a) depicts the modulation

of Hc upon the variation of E,, at T=10 K.

temperature decreases from 300 K down to 10 K at H=0 Oe, while recording the evolution of me, as a
function of temperature, my.(T) curves.

Figures (4.4.b.i-iii) show m(T) isofield curves at H=0 Oe for E=0.0 kV/cm, £2.5 kV/cm and +5.0
kV/cm, respectively. From these data it becomes apparent that in both cases of E«=0.0 kV/cm (figure
(4.4.b.1)) that are the initial strain free state (referred as E.=0.0 kV/cm (1*)) and the return to 0.0 k\//cm after
increasing Ee up to +5.0 kV/cm (referred as E.=0.0 kV/cm (2"), the recorded my.(T) curves exhibit a
smooth and gradual increase of the magnetic moment as temperature decreases. On contrary, the application
of E.,#0.0 kV/cm causes abrupt changes in the obtained m.,(T) at the regime of high temperatures. These
changes are documented by distinct suppression events in the values of m, as shown in the shaded areas of
figures (4.4.b.i-ii), while it seems that the smooth behavior is recovered below a certain temperature that
depends on the magnitude of E.. The degradation of m., values is ascribed to the appearance of the so-called
magnetic instabilities (MIs), but since the particular observed MIs are exclusively caused by the externally
applied E., they can be re-named here as electric field-induced Mls (EMIs). The EMIs affect the values of
Mem Proportional to the magnitude of the applied E that induces respectively low or high values of the
experienced strain by Co films. For instance, at E.,=+2.5 kV/cm (figure (4.4.b.ii)) an intense EMI at T=200 K
causes a percentage degradation of m, on the order of 2.5%, while at E.,=+5.0 kV/cm (figure (4.4.b.iii)) the
cumulative action of many EMIs at T=170 K produces a much higher percentage degradation on the order of
16.4%. Although the percentage degradation of my,, possesses lower values for the respective negative values
of E,, (that are -2.5 kV/cm and -5.0 kV/cm), the characteristic temperatures that signify the cessation of EMIs
in Co films are independent on this change (T=200 K for E¢=+2.5 kV/cm and T=170 K for E¢=+5.0 kV/cm).
Hence, the characteristic temperature of 170 K can be ascribed as the temperature of the complete cessation of
EMIs in Co films, since it correspond to the maximum applied E.. For that reason from now on this
characteristic temperature will be noted as Tes (Tces=170 K).

For the interpretation of these results both the origins of Mls and the temperature dependence of the
piezoelectric properties of the PMN-xPT substrates will be discussed. The observation of Mls as distinct
jumps in the recorded magnetic moment is related to the Brackhaussen effect "% that is mainly occurred
during the reversal of the magnetization, due to the interaction between magnetic domains and magnetic
domain walls with the disorder of the system. The general term of disorder can be discriminated into two
categories in respect to its physical origins, the quench disorder and the thermal disorder. The quench disorder
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Figure 4.4: (a) The remanent ferromagnetic state, m.y,, of the artificial structure Co(30 nm)/PMN-0.31PT/Co(30 nm).
The arrows indicate the path of the applied magnetic field, initial increase until positive saturation and then subsequent
decrease to zero H, in order to attain the remanent ferromagnetic state. (b) The temperature evolution of m, starting
from 300 K down to 10 K for (b.i) E=0.0 kV/cm, (b.ii) E¢==+2.5 kV/cm and (b.iii) E¢=+5.0 kV/cm.

describes the structural disorder in thin films (that are the point-like disorder such as atomic vacancies or the
correlated disorder such as dislocations) and the thermal disorder is reflected directly by the thermal energy.
The competition between quench and thermal disorder in remanent ferromagnetic state of Co films during the
electric field cooling process can result in nucleation/reversal of magnetic domains and depinning of magnetic
domains walls that are free to move ™. Since the Mls in this artificial structure are induced by the
application of E¢ on the PMN-xPT substrate, the appearance of the EMIs should be correlated with the
temperature dependence of the piezoelectric properties. Recent investigations on the temperature dependence
of the piezoelectric properties of PMN-xPT from 300 K down to 10 K ™ have evidenced a bimodal
behavior between the high and low temperature regimes with an inflection point at the temperature T;,~170 K
7 Around Ty, a plateau in the values of the transversal piezoelectric coefficients (ds;) in PMN-XPT samples
is observed and it separates two distinct temperature intervals where ds; decreases abruptly with the decrease
of temperature ", The reduction of d; in these temperature intervals (above and below Tiy) is associated
with different mechanisms regarding to the ferroelectric (FE) domain wall motion and thus Tinf is a
characteristic temperature that signifies the crossover among these mechanisms. In particular, at T>T;; the
dominant role of thermal disorder in PMN-xPT favors the motion of the FE domain walls, while at T<T;.
their motion becomes unfavored due to the intense collective pinning of FE domains by structural disorder
that prohibits their motion.

The identification of T (that refers to Co films) with the Ti (that refers to the PMN-xPT substrate)
evidences a coupling behavior in the artificial structure. Specifically, the FE domains of the PMN-xPT
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substrate are coupled indirectly to the FM domains of the Co films through the mediated strain that is induced
when E,y is applied. Under this point of view, where the FE domains are coupled to FM domains two distinct
regimes in temperature can be recognized (above and below Ti+~T.s) where different processes take places.
Specifically, at T>T;qs (~Tces) the thermal disorder dominates against the quench disorder which means that in
Co films the FM domain walls can be easily depinned, while in PMN-0.31PT the FE domains can be easily
reconfigured (e.g., via partial rotation and/or motion) upon the application of E.. Thus, the reconfiguration of
FE domains is able to trigger intense EMIs that are proportional to the strength of the applied E.. On the
other hand, at T<Ty¢ (~Tees) in PMN-XPT the structural disorder dominates over the thermal disorder, which
means that the reconfiguration of FE domains is energetically unfavoured for the supplied energy in the
system. Hence, the EMIs are not recorded and a rather smooth and gradual increase of m,.,(T) is obtained as
temperature decreases down to 10 K. The indirect coupling between FE domains with FM domains has been
reported in other magneto-electric heterostructures in literature M,

Combining the obtained results from both of the artificial structures studied here (sample #1 and
sample #2) it can be confirmed that the cessation at EMIs at T;;+~170 K in sample #2 coincides with the
T=150 K in sample #1. Considering that both structures are consisted of dc,=30 nm, but with slightly
different x-composition in their PE compound and with different strength of the maximum applied E (that
are +6 kV/cm for sample #1 and +5 kV/cm for sample #2), it can be reasonably assumed that T coincides
with the Tgp, TeeseTen. This assumption interprets nicely the experimental data of both samples. Specifically, at
T>T~Te Where the thermal energy dominates over the other energy scales, the magnetization relaxes
rapidly to a state and both of Hc and mg, are unaffected by the application of Ee. On contrary, at T<T =T
the thermal activation processes weakens in comparison to the raised impact of quench disorder that prohibits
the domain motion and hence both Hc and mg, are strongly dependent on E.. This interpretation agrees nicely
with the arguments reported in " regarding the dielectric relaxation processes of PMN-xPT at cryogenic
and room temperature conditions.
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Chapter 5

Characterization of Nb/PMN-xPT/Nb artificial structures

This chapter presents detailed experimental results regarding the characterization of the artificial structure
Nb/PMN-xPT/Nb. In particular, this chapter starts with the structural, morphological and piezoelectric
characterization of the PMN-xPT samples, continues with the structural and superconducting characterization
of Nb films deposited on reference Si-substrates and ends with the superconducting characterization of the
final artificial structures, Nb/PMN-xPT/Nb.

5.1 Characterization of PMN-XPT piezoelectric substrates

The PMN-XPT samples used in the present PhD Thesis as piezoelectric substrates can be categorized into two
groups in respect to their composition X, one with x=0.31 (PMN-0.31PT; with £~6100 at 300 K and ~420 at
4.2 K ™ and one with x=0.27 (PMN-0.27PT; with £~4400 at 300 K and £~430 at 4.2 K ™). The composition
x marks their position in the phase diagram and in respect to the MPB (see paragraph 1.2.ii.b) that is strongly
related to their piezoelectric properties. In particular, the group of PMN-0.31PT (inside the MPB) is
characterized as the group of PE samples with optimized piezoelectric properties, while the group of PMN-
0.27PT (outside the MPB) contains PE samples of lower piezoelectric ability.

Apart from the categorization of PMN-xPT samples in respect to their electro-mechanical properties,
the sample can be also categorized regarding their surface roughness (Sa). The PMN-xPT samples in their
pristine form exhibit rough surfaces with Sa on the order of submicrons. This is an extremely high surface
roughness if one considers that the thickness of the deposited Nb films will not exceed the 100 nm. To include
roughness as another experimental variable, some of the PMN-0.31PT samples were remained in their pristine
and rough form, while all the rest of PMN-0.31PT and all the PMN-0.27PT samples were subjected to a mild
polishing process that reduces adequately their roughness. Consequently, the available PMN-xPT samples are
divided into the following groups: (a) PMN-0.31PT of high piezoelectric ability with (a.i) polished, (a.ii) non-
polished surfaces and (b) PMN-0.27PT of low piezoelectric ability with polished surfaces.

i. Crystallographic characterization

The PMN-xPT samples were characterized crystallographically by means of XRD. The XRD measurements
were performed at room temperature in the interval of angles between 15 and 85 degrees with a 26 step of
0.03 degrees. Figure (5.1.a) shows the XRD patterns of two representative PMN-xPT samples, one with
x=0.31 (blue line) and one with x=0.27 (red line). As shown clearly in figure (5.1.a), the PMN-XPT samples
were cut along different crystallographic orientations. Specifically, the PMN-0.31PT sample was cut along
the [110] crystallographic direction, while the PMN-0.27PT along the [001] crystallographic direction. Hence,
the main peaks that appear in the XRD patterns of these samples are, the peaks (110), (220) in the case of
PMN-0.31PT and the peaks (001), (002), (003) in the case of PMN-0.27PT. Moreover, some secondary peaks
of low intensity (less than the 1% of the intensity of the main peak) appear in the XRD pattern of these
samples. Specifically, in the XRD pattern of PMN-0.31PT (blue line in figure (5.1.a)) these secondary peaks
have been assigned as the peaks (001), (002), (120), (121) of an orthorhombic PMN-xPT, while for the PMN-
0.27PT (red line in figure (5.1.2)) the respective secondary peaks has been assigned as the (110), (220) of a
rhombohedral PMN-xPT. In order to confirm the orthorhombic phase of PMN-0.31PT and the rhombohedral
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Figure 5.1: (a) The XRD patterns of PMN-xPT with x=0.31 (blue line) and x=0.27 (red line). (b) A typical phase
diagram of PMN-xPT samples wherein the studied samples are placed in respect to their composition x. The vertical
dashed lines in panel (b) depict the characteristic phase transition temperatures for each sample.

phase of PMN-0.27PT one can examine the phase diagram (T-x; temperature-composition) of these materials.
Figure (5.1.b) shows a typical phase diagram of PMN-XPT materials (qualitative reprint of the proposed phase
diagram presented in %) and as evidenced the PMN-0.31PT is located inside the MPB (including
orthorhombic and monoclinic phases), while the PMN-0.27PT is located outside the MPB and towards to the
rhombohedral side. Finally, the vertical lines in figure (5.1.b) depict the characteristic phase transition
temperatures for both PMN-xPT samples. Specifically, the PMN-0.27PT sample (red dashed line) has a Tcyrie
at 390 K, while the PMN-0.31PT sample (blue dashed line) exhibits two characteristic temperatures, the Teye
at 410 K and another that signifies an orthorhombic to tetragonal (To.7) phase transition at 355 K.

ii. Morphological surface characterization

As mentioned in the introduction of the paragraph 5.1, the as-received PMN-xPT samples exhibit rough
surfaces. Apart from some PMN-0.31PT samples that were remained in their pristine form, all the other
samples were subjected to a mild polishing process in order to reduce their surface roughness. Due to the
limited number of the available PMN-XPT samples, the polishing process has been tested initially to tracer
samples similar to PMN-XPT (ppmn-0.31p7=7.7 g/cm3), such as bulk PZT samples (ppzr=7.6 g/cm3). The
macroscopic dimensions (length, width and thickness) of these tracer samples were similar to the dimensions
of the PMN-XPT samples. Particular attention was given to obtain the same thickness since it reflects, in a
sense, the fragility of the samples during polishing. It was found that 10 minutes of mild polishing by using
fine silicon-carbide sandpapers (P2500; with median particle diameter 6.5 um and mean roughness <Sa>~25
nm) resulted to a significant reduction of the surface roughness of the tracer PZT samples. Accordingly, this
successive polishing process is followed to the PMN-xPT samples. It should be noted that after polishing
process and in order to remove any residues that were remained on the surfaces, each PMN-xPT sample was
cleaned in an ultrasonic ethanol bath for 5 minutes.

In order to include the surface roughness as an experimental variable, some of the PMN-0.31PT
samples were not subjected to the polishing process (termed as non-polished), while all the rest of PMN-
0.31PT and all the PMN-0.27PT samples were subjected to the mild polishing process (termed as polished).
The morphological surface characterization of non-polished and polished PMN-xPT samples was realized by
means of AFM. Figure (5.2) shows representative AFM images of scanning areas 15x15 um?, 5x5 pm? and
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Figure 5.2: Representative AFM images of PMN-xPT samples with (a)-(c) non-polished and (d)-(f) polished surfaces,
for scanning areas 15x15 um? 5x5 um? and 1x1 um? respectively. Each AFM image is accompanied with the
corresponding Sa value of the surface. The vertical arrangement of the AFM images facilitates the comparison between
non-polished and polished surfaces of the same scanning area. Notice the different scale in the z values that is shown in
the height color bar that accompanies each image.

1x1 pum? for non-polished (panels (a)-(c) of figure (5.2)) and polished PMN-xPT samples (panels (d)-(f) of
figure (5.2)). Aiming to collect adequate statistical data for estimating the mean surface roughness (<Sa>)
detailed AFM measurements were performed in several areas around the surface of each sample. Table 5.1
summarizes the values <Sa> obtained for non-polished and polished PMN-xPT sample and it becomes
apparent that the polishing process succeeded to reduce significantly the Sa of the PMN-xPT samples.

Table 5.1: Values of <Sa> obtained from three different scanning areas (15x15 um?, 5x5 xm? and 1x1 um?)
and for non-polished and polished PMN-xPT.

<Sa>1545 (NM) <Sa>s,s (NmM) <Sa>1,3 (M)
Non-polished PMN-xPT 291+74 167+50 32+20
Polished PMN-xPT 44+16 24+12 5+3

* Each Sa was calculated by the software package NOVA 1.0.26 RC1 as Sa=<|z—<z>|>.

iii. Piezoelectric characterization

During this PhD study, a new technique has been developed for the piezoelectric characterization of PE
materials. This technique utilizes a conventional OM for the local observation of the induced deformation of a
PE material upon the application of an external voltage (V). The operational principles of this technique
have been discussed in detail in the paragraph 3.2.iv.

Here, this local technique has been employed for the piezoelectric characterization of two
representative PMN-xPT samples, one with x=0.31 and one with x=0.27. Below, a description of the
employed local technique is given in detail. Finally, in order to check the accuracy of the so-called local
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technique the results of piezoelectric characterization will be compared directly with the respective results
coming from another technique that is commonly used for the piezoelectric characterization.

Sample’s alignment

The efficiency of this local method that utilizes a conventional OM, is ensured only when specific areas on
sample’s surface are studied (for more details see paragraph 3.2.iv). The position of these areas is specified by
sample’s geometry. For the case of a rectangular-shape sample (which is the case of the PMN-xPT samples
studied here) these areas should be placed along the perpendicular-bisector line of each side. These
perpendicular-bisector lines coincide with the so-called symmetric axes of strain (SAs; that are the SAyx along
the x-axis of the sample and the SAy along the y-axis of the sample).

The study of areas that are lying along the SAs requires the accurate positioning of the optical frame
of OM in each SA. This can be satisfied only when the sample’s sides are aligned parallel to the optical frame
sides. To check this alignment one side of the sample is traversed through its whole length with the help of a
linear xy translation stage and any misalignment was corrected by rotating properly the table of OM. Figures
(5.3.a-c) show three images that were captured consecutively starting from the left corner and ending to the
right corner of the upper-side of a sample.

(@) (b) ©

Figure 5.3: Three consecutive images that were taken (a) at the upper-left corner, (b), in the middle of the upper side
and (c) at the upper-right corner of the sample, show the alignment of the sample. The red-dashed line is placed as a
horizontal-guideline for the eye.

Measurement procedure of strain hysteresis loop — Si(Eex.)

The method employed here for the piezoelectric characterization is based on the direct comparison of images
captured from the OM upon the application of V.. The V,,, is not varied continuously but is divided into
distinct steps and in each step of the V,,, one image is captured. Starting from 0 Volts, the V,, is increased
until its positive maximum value (Vmx=*+420 Volts) and subsequently it returns back to 0 volts, while the
same steps of V., have been followed for the respective negative values of V.. After this systematic
variation of Vg, the captured images enable the direct visualization of deformation of PE samples.

The objective lens magnification used is x10 and the images captured by OM refer to an area of
300x230 um? on sample surface, as shown in figure (5.4.a). This area is large enough if one considers that the
maximum deformation of PMN-xPT samples will not exceed 10 um. To enable the tracing of deformations in
such an order of magnitude, an area within the captured image is chosen (orange-dotted region in figure
(5.4.a)) and is magnified in a more suitable length scale, as depicted in figure (5.4.b). This focused area has
been chosen at V,,,=0 Volts and the same area is obtained among all images. After editing similarly all
images a new set of focused images arises and this set is used to estimate the deformation of the PMN-xPT
sample. The analysis that allows the quantification of deformation is described below.

The induced deformation of a PMN-xPT sample upon the application of V,,, can be visualized by
choosing a characteristic point (CP) in the edited images and by studying its shift at the consecutive steps of
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Figure 5.4: (a) A representative OM image that was captured from an objective lens with magnification x10. (b) The
focused area on the surface that is marked with the orange-dotted region in (a). The vertical red arrows indicate two
CPs on the surface, whose displacement upon voltage application is used to quantify the deformation. (c) A focused
image of the sample TGZ3 used for the calibration of length scales. The short white line depicts the characteristic step
size of the calibration sample TGZ3, while the long white line gives an example of the length scale calibration.

Vapp- The red vertical arrows in figure (5.4.b) indicate two bright CPs that serve the purposes of a comparative
analysis among images allowing the direct visualization and the quantitative estimation of deformation.
Specifically, by taking as the origin O(x=0, y=0) the coordinates of a CP at V,,=0 Volts, the relative shift
along the x axis, Ax, (and/or along the y axis, Ay) upon the variation of V,,, ascribes quantitatively the
respective local deformation of the sample. However, to correlate the displacement of a CP directly to the
local deformation of the sample (that is Al; where i=x, y), the length scale of displacement should be
normalized to the respective length scale of the focused area. To do so, a standard grating test TGZ3 (NT-
MDT Co, Moscow, Russia) with known distance of the periodic geometry (3 um for the particular TGZ3) is
used. Specifically, a snapshot of the calibration sample was captured by the same objective lens used in the
experiments of piezoelectric characterization and hence it enables the accurate conversion of the length scales
of captured images. Figure (5.4.c) shows a snapshot of the calibration sample that has been focused in an
equivalent surface area with that shown in figure (5.4.b). To minimize the reading error that is significant
when a single step of 3um is taken into account a long straight line that encloses the maximum number of
steps is used for the length scale normalization, as shown by the white lines in figure (5.4.c).

A representative example of the employed method used here for the estimation of deformation is
given in figure (5.5). Figure (5.5.a) illustrates schematically the position of the studied area that lies along the
SA, (black dotted line) on the surface of a PMN-0.31PT sample, while the dark grey region marks the
captured area from the OM. The black arrows in figure (5.5.a) indicate the directions of deformation along the
SA, that can be either an extended (noted as Sy in terms of strain) or a compressive deformation (noted as
Sxe In terms of strain). Figures (5.5.b.i-ii) show two edited images that were captured at V,,,=0 Volts and
+400 Volts and from their comparison a compressive deformation at x-axis (Aly) on the order of 3 um is
recorded through the respective displacement of the chosen CP (the CP is circulated from a red circle). It
should be stressed that the figures (5.5.b.i-ii) are placed vertically for presentation reasons, since the
deformation is expected to be along the x-axis (that is along the SA,).

Finally, for the construction of the strain hysteresis loop Si(Eey,) of the PMN-xPT sample two unit
conversions are required. The conversion of V,p, into terms of E., and the conversion of deformation into
terms of dimensionless strain, S;. The first conversion is accomplished through the relationship, Eex,=Vapp/d
where d is the thickness of the PMN-xPT sample and the second one through the relationship, Si=Ali/l;, where
Al; and [; are the displacement (due to the induced deformation) and the length size of the i-side of the sample
(i=x, y). The values of E,, estimated by the relationship Ee,,=Vap,/d refer to the electric fields generated by
the free charge carriers between the opposite plates of a capacitor, without considering the presence of a
dielectric/ferroelectric medium, such as the PMN-xPT. This means that the E.,, should be corrected to its
effective value experienced by the dielectric media, through the general relationship Ecr,=Eex /€122, Where
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Figure 5.5: (a) A schematic illustration of a PMN-0.31PT sample where the captured area from the OM is marked by a
dark grey region that lies along the SA, (black dotted line). The photos (b.i) and (b.ii) were captured at V,,,=0 and +400
Volts, respectively. The compressive deformation of the sample on the order of 3 um was recorded through the respective
displacement of a CP (red circles).

&rzz) IS the relative dielectric permittivity of the material. However, for compatibility reasons and also for the
direct comparison of strain hysteresis loop Si(E.x,) with the respective loops in literature we have used the
Eex. as the independent variable and not the E,. It should be noted here that the employed method is able to
guantify only the transversal response of a PE sample. The longitudinal deformation (that is along z-axis) has
been evidenced qualitatively in some cases, where the images seem to be defocused upon the increase of Vg,
and to be focused again by the reduction of V.

Results

Having described the method to estimate quantitatively the deformation, this paragraph presents the results of
the piezoelectric characterization for two representatives PMN-xPT samples. The first sample belongs to the
group of PMN-0.31PT and the second one to the group of PMN-0.27PT.

For the piezoelectric characterization of both PMN-XPT samples, detailed strain hysteresis loops
Si(Eex2) Were constructed from the comparative analysis of images that were obtained upon the systematic
variation of V,, (that is the electric field Eey,). To check the self-consistency of the applied local method and
to obtain adequate statistics for the Si(Eex,) hysteresis loops, three different CPs have been studied in every
area. Due to the local character of the employed method, the recorded Si(Eex.) loops refer to a particular area
of the surface and thus do not describe the overall piezoelectric behavior of the sample. To ascribe a unified
piezoelectric behavior in each PMN-xPT sample specific areas on the surface should be investigated, since
the recorded S;(E.y ) loop reflects only a part of the total strain that is developed in the sample. By taking into
consideration that the opposite sides of a PMN-xPT sample will be deformed equally (either by compression
or by expansion) under the application of E.,,, the total magnitude of strain can be captured if one focuses the
OM on the two areas lying along the same SA but in opposite directions. An example of the position of those
two areas is presented schematically by the dark grey regions in figure (5.6.a), while the black arrows indicate
the direction of strain for a compressive (tensile) deformation and noted as Sy (Sx)). Note that similarly to
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these areas, two other areas lying along the SA, can be also used. This study presents the results of the
piezoelectric characterization from areas lying along the SA,. The results obtained from SA, were not ignored
but due to their convergence with those obtained along the SA, are not presented here for simplicity reasons.

In each PMN-xPT sample two areas lying along the SA, but in opposite direction, are studied. The
results showed a uniform behavior of strain upon the application of the consecutive steps of Ee,. In
particular, it was observed that both Sy(Eex.) loops exhibit the same magnitude of compressive (tensile) strain
at the distinct steps of the applied E.,,. Accordingly, the total strain hysteresis loop, Sxit(Eex.), that
characterize the overall strain behavior of each sample, can be given as the sum of the individual Sy(Eex.)
loops. The Syit(Eex.) loops for a PMN-0.31PT and a PMN-0.27PT are shown in figures (5.6.b.i-ii),
respectively. Each loop includes the values of the coercive electric field (Ecx) and of the piezoelectric
coefficients (|d,xtt). The |dxx 1ot Values were calculated as the slope |d,x tof|=|0Sx 1ot/dEex 2|, OF the approximately
linear parts of the Sy t(Eexz) 100ps, in the Eg, field interval between the Ec x (black vertical arrows) and the
constant En.x (inclined black dashed lines in figures (5.6.b.i-ii)). Thus, these values refer to the maximum
|dx 10| COEfficients that can be obtained from the respective Sy iot(Eex ) l00ps. It should be mentioned here that
the estimated piezoelectric coefficients |d, o are in perfect accordance with the reported values in literature
for PMN-xPT samples with composition around MPB.

From a qualitative comparison of the Syi(Eex,) curves between the two samples one can easily see
that both samples exhibit compressive strain in the regime of high E., (that is for E.,>Ecx). However,
certain differences can be discerned regarding to the hysteresis of the obtained loops and to their magnitude of
compressive strain. Referring to the hysteresis behavior of the samples, the PMN-0.31PT exhibits low
hysteretic behavior with an almost linear variation of strain upon increasing E., above Ec,, while the PMN-
0.27PT exhibits a more pronounced hysteretic behavior with a quadratic variation of strain upon increasing
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Figure 5.6: (a) A schematic representation of the surface of a sample, where two areas lying along the SA, (marked as
black-dotted areas) indicate the focusing areas with the OM. (b) The results of the piezoelectric characterization are
given separately for (b.i) a PMN-0.31PT and (b.ii) a PMN-0.27PT sample. For comparison reasons, the S, t(Eex,) 100ps
of the samples are presented in the same scale of magnitude for both E.,, and S .
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Eex. above the respective Ecy. The almost quadratic variation of strain in the PMN-0.27PT is ascribed to the
contribution of electrostrictive effect in addition to the linear piezoelectric effect. Moreover, it should be point
out here that the more pronounced hysteretic behavior of the PMN-0.27PT is accompanied by the increased
values of Ec,. Notice that due to the unpoled state of both PMN-XPT samples, the Ec, is defined as the highest
field of the strain-free state (the state of zero strain) in the increasing branch of positive E.,,, while in the
increasing branch of negative E,, is manifested by a peak of positive strain in the respective loops. Referring
to the magnitude of the compressive strain, a reduction on the order of 40% in the maximum value of strain is
observed in the PMN-0.27PT. This reduction is attributed mainly to their composition difference, since the
lower PT-content places the PMN-0.27PT outside the MPB, while the PMN-0.31PT is placed well inside the
MPB, which signifies the optimization of the piezoelectric properties.

For the direct comparison between the PMN-XPT samples, the mean values of Ecy (<ECX>=|ECX(+)—
Ec|/2), the mean values of the maximum Sy (<Sy>=(|Sxiot |+Sxwot |)/2) and the mean values of the
oy toff cOEfficients (<|daio>=(|doxot”|*|dxior[)/2) are combined and listed in Table 5.2. It appears that
despite the differences in <S> and <Ec,> among the samples, the <|d,«> are almost equal. However, one
should be careful when attributes the <|d,t/> as a comparative factor among different samples, since they are
not always as high as the magnitude of strain is. Specifically, the different values of the Ec, among the PMN-
XPT samples change respectively the range in the domain values of the E.,, in the Sy(Eex,) loops involved
in the slope calculation |d,y t|=|dSx/dEex 2| FOr this reason, the discrimination of the PMN-xPT samples is
based on the values of <S> and <Ec,>. Eventually, the PMN-0.31PT samples are characterized by high
strain values with low E¢, and the PMN-0.27PT samples are characterized by low strain values with high Ec..

Table 5.2: Mean values of Ecy, Sy, and |0, fOr both a PMN-0.31PT and a PMN-0.27PT.

<Ecy> (kV/cm) <S> (%) <|dyx 0> (PM/V)
PMN-0.31PT 2.00+0.00 0.11£0.02 1645+18
PMN-0.27PT 4.60+0.00 0.06+0.01 1685+128

Comparison with global techniques

The more reliable way to check the accuracy of the employed method is to compare the Sy t(Eexz) curves of
the above described local technique, with the respective curves obtained from well-established and commonly
used techniques . These techniques are called here as global techniques, since they are able to measure the
overall magnitude of strain along a direction of the sample (that are x(1), y(2) and z(3)). Two standard global
techniques were employed for the estimation of the Sy ot(Eex,) curves of a PMN-0.31PT and a PMN-0.27PT.
In particular, for measurements in the regime of low E,, the resonance and antiresonance frequencies were
measured using a HP4194A Impedance Analyzer [Palo Alto, CA, USA]. On the other hand, for high E,, the
displacement was measured along the x-axis by a homemade Linear Variable Differential Transducer
technique. | should mention that the global Sy (Eexz) measurements were performed by Prof. S. J. Zhang
from PennState University of USA.

For comparison reasons, the same PMN-xPT samples (composition and crystallographic orientation)
have been studied under the same conditions (unpoled PMN-xPT samples, the E.., was applied along their
thickness and the measurements were performed at room temperature) by both techniques (local and global).
Figures (5.7.a-b) show the S, (Eexz) curves along the positive increasing branch of E,, for a PMN-0.31PT
and a PMN-0.27PT, respectively, and each panel comprises the results obtained from the local (solid
symbols) and the global (open circles) technique. In both cases of composition X, the Syot(Eex ) results from
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Figure 5.7: Comparison between the S, «t(Eex,) curves along the positive increasing branch of E,,, that were obtained
from a local (solid symbols) and from a global (open symbols) technique for (a) PMN-0.31PT and (b) PMN-0.27PT. The
inset of (b) focuses in the E¢; regime where both techniques recorded the same values of strain.

global techniques confirm qualitatively and quantitatively the respective results obtained from the local
technique. Qualitatively, it is confirmed that the increase of E., induces a compressive strain to samples.
Quantitatively, the same order of magnitude in the values of the compressive strain proves the consistency of
the employed local technique for the accurate estimation of deformation in the PMN-XPT samples.

Noticeable differences can be recognized between the Sy(Eexz) curves of both samples that were
recorded by the local and global techniques. Specifically, in both samples and in the regime of low E, the
local technique does not record strain (Sx~0), while the global technique records strain of finite values
(Sxwt#0). However, in the regime of high E, the different values of strain between the two employed
techniques converge progressively, leading to a relative difference on the order of 30% for the PMN-0.31PT
sample (figure (5.7.a)) and to identical strain values for the PMN-0.27PT sample (as shown in the inset of
figure (5.7.b)). This difference of the Sy(Eex.) curves obtained from those techniques in the regime of low
Eex. (that is up to 2 kV/cm for the PMN-0.31PT and up to 4 kV/cm for the PMN-0.27PT) is probably
motivated by an electric-field induced rhombohedral to orthorhombic phase transition and is strongly related
to the ability of each technique to record the particular piezoelectric activity. It is known that the PMN-xPT
solid solution suffers from compositional inhomogeneity that is mainly attributed to the Ti segregation (or
else PT content) ™. Accordingly, a small E.,, can induce large strain in specific areas of each sample that
exhibit higher PT content, since these areas are closer to the rhombohedral/orthorhombic MPB where the free
energy of the two ferroelectric phases is very small and thus a relatively small E.,, is able to induce this phase
transition. Hence, the local variation of PT content motivates inhomogeneous processes that alter the
piezoelectric activity of the PMN-xPT samples. This piezoelectric activity of the PMN-xPT samples due to
inhomogeneous processes can be distinguished or not depending on the employed technique. In particular, the
global technique records the average piezoelectric response over the entire sample surface and provides
smooth Sy(Eexz) Curves, since the electric-field induced phase transition of areas with higher PT content is
obscured from unresponsive areas of relatively lower PT content. On the other hand the local technique that
captures the partial activity of a specific area on sample’s surface investigated each time, is able to reveal this
piezoelectric activity with drastic changes in the slope of Sy t(Eex) curves. This basic difference between the
two techniques employed here for the piezoelectric characterization justifies fully the observed differences in
the Sy 1ot(Eexz) Curves obtained by these techniques for both the PMN-0.31PT and the PMN-0.27PT.
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Constitutive models of Sy tot(Eex.)

Here, the efficiency of the constitutive models of piezoelectricity (discussed in paragraph 1.2.iii) is examined
by using the experimental results of the global piezoelectric characterization. This is of great importance in
this PhD study, since the fitting parameters of the constitutive models will be introduced later to another
model that aims to describe the piezoelectric modification of the superconducting properties in the artificial
structures, Nb/PMN-xPT/Nb. Since the parameters in the constitutive models should link the results of
independent experiments, it has been chosen intentionally to fit the experimental data of the global
piezoelectric technique for compatibility reasons with the experimental data of SQUID that can be
characterized as a global technique of magnetization.

Given the fact that the constitutive models fail to reproduce any hysteretic behavior, only the
increasing and positive branch of E, is studied. Additionally, this study is focused on the values of E.,
below the +6 kV/cm which is maximum E.,, applied to the artificial structures Nb/PMN-xPT/Nb at low
temperatures. Figures (5.8.a-b) show the fitting coverage results of a linear constitutive (black-dashed lines)
and of a quadratic constitutive (black-solid lines) model referring to a PMN-0.31PT and to a PMN-0.27PT
sample, respectively. The mathematical description of the employed models is recalled here for presentation
reasons. The linear and the quadratic cases of the constitutive model are expressed respectively as,

Sx,tot (Eex,z)zAO +A1 : Eex,z Sx,tot (Eex,z)=A0 +A1 -E +A2 : E2 (5'1-a'b)

ex,z
where A, is a dimensionless strain parameter, A; is proportional to the respective transversal piezoelectric
coefficient d, and A, is proportional to the respective electrostrictive coefficient .. It should be noted here
that polynomials with higher order than the quadratic can be also used, but the purpose of this analysis is to
check the reproducibility of the Sy(Eexz) curves with the minimum quantity of parameters and to avoid
introducing parameters without any physical meaning.

For the PMN-0.31PT sample, only the quadratic case of constitutive models can reproduce fairly the
experimental data, since their curvature indicates the great impact of electrostrictive effect in the sample, as it
depicted in figure (5.8.a). On the contrary, the Sy t(Eex ) curve of the PMN-0.27PT sample can be reproduced
nicely only by using a linear constitutive model, while a quadratic constitutive model doesn’t show any
drastic improvement in the coverage of experimental data points. The fitting parameters of the employed
models and for each studied sample are summarized in Table 5.3. Note that the parameter A, were kept three
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Figure 5.8: Constitutive models of S,t(Ee ;) that describe the experimental data coming from the global technique of
characterization and for the interval of E.,, between 0 and 6 kV/cm, for (a) PMN-0.31PT and (b) PMN-0.27PT. The

dashed (solid) black lines refer to the linear (quadratic) case of constitutive models.
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orders of magnitude lower than A; in order to take into account any possible offset of the initial and strain
free state of samples, but also not to contribute significantly to the estimated values of the other parameters.

It should be stressed that the values of A; and A, shown in Table 5.3, are coming from strain
measurements performed at room temperature. At reduced temperatures, it is expected that the piezoelectric
properties are degraded and in particular the values of S are lowered by almost an order of magnitude. This
means that the values of A; and A, that are included in Table 5.3, cannot be overcome when one studies the
piezoelectric properties at low temperatures. This is a key condition for the implementation of the model that
will be discussed in 6" chapter, in order to maintain the physical meaning of interrelated parameters.

Table 5.3: Fitting parameters used to reproduce the data of S t(Eex,) Shown in figure (5.8.a-b).

A A, (d, at pm/V) A, (1 at pm?/V3)
Linear case -5.0-10” -2.0-10™ (-2000) #i##
PMN-0.31PT
Quadratic case | -5.0-107 -2.8-10™ (-2800) -1.5-10° (-1.5-107)
Linear case -5.0-107 -7.4-10° (-740) HH##
PMN-0.27PT
Quadratic case | -5.0-107 -7.1-10° (-710) -6.8-107 (-6.8-10™)

5.2 Characterization of Nb thin films

Niobium (Nb) has been the subject of many investigations in the field of thin films superconductivity, since it
possesses the highest T¢c among the other elemental low-T¢ superconductors. In our research group, Nb films
are investigated continuously for more than 10 years and their properties have been studied by using Nb films
either as a stand-alone unit (film) 7 or as an intermediate layer in hybrid trilayers structures consisting of
two ferromagnetic thin films ®*%. In this PhD Thesis, Nb films will be used as the SC compound in a new
class of hybrids consisting of two Nb thin films deposited on both sides of a PMN-xPT substrate. As
mentioned in the previous paragraph and in particularly in the morphological characterization of the PMN-
XPT samples, some of them were remained in their pristine form and hence exhibiting an extremely rough
surface landscape. Thus, prior to the final depositions of Nb films on top of these “inhospitable” and rough
substrates, detailed Nb depositions have been performed on atomically flat Si-substrate (<Sa>~0.1 nm; Si
wafers made by Montco Silicon Technologies, Inc) in order to study their superconducting properties when
the influence of Sa is excluded. In particular, we have used the Si/Nb(nm) structures as reference structures
aiming to examine the influence of the extrinsic parameter Sa on the superconducting properties of Nb thin
films in the final Nb/PMN-xPT/Nb structures.

Specific attention has been paid to achieve the best superconducting quality of Nb films by employing
a rigorous deposition protocol. This protocol optimizes the vacuum conditions in the chamber before starting
depositions and is based on the external cryo-cooling of the chamber (referred simply as cryotrap protocol).
The cryotrap protocol has been described in detail in the paragraph 3.l.ii.b and its influence in the
superconducting properties of Nb films will be discussed in this paragraph. To serve the purposes of this
exploratory study regarding the superconducting characterization of Nb films, a sample series of Si/Nb(nm)
with the systematic variation of Nb thickness (dyp) has been prepared under the optimum chamber conditions.
X-ray reflectivity measurements were performed for the thickness calibration of Nb films in earlier and

-75-



Characterization of Nb/PMN-xPT/Nb artificial structures

comprehensive depositions conducted in the same sputtering unit by Prof. D. Stamopoulos and Dr. E. Manios.
Considering that dyy, films is linearly related to the duration of deposition, the systematic sample series of
Si/Nb(nm) was fabricated by varying the duration of deposition. Consequently, this paragraph summarizes the
detailed characterization of Nb thin films deposited on Si substrates and the results will be used as reference
for the respective results of characterization of Nb thin films deposited on PMN-XPT substrates.

i. Crystallographic characterization

For the crystallographic characterization of Nb films deposited on Si substrates, XRD measurements were
performed in the interval of angles between 30 and 90 degrees with a 26 step of 0.03 degrees. Figure (5.9.a)
shows representative 6-260 XRD scans of Nb films with dy, varied in the range from 10 to 100 nm. In all XRD
patterns the peak of maximum intensity at 68.9 degrees belongs to the Si substrate (100), while the primary
peak of Nb films is found at 38.32 degrees and is assigned as the (110) peak of a typical body-centered cubic
(bcc) structure. The increased dy, above 40 nm (dy,>40nm) is accompanied with the progressive appearance
of a second peak at 81.7 degrees, which is identified as the (220) peak of the bcc Nb.

Focusing on the primary peak of Nb (110), two significant inferences can be extracted. The first
conclusion refers to the progressive increased intensity of the primary (110) peak of Nb as dy, increases,
which is due to the increased amount of Nb in thicker films. This increasing trend of the (110) peak of Nb is
shown in figure (5.9.b), where the ratio 1y,"*%15"? is plotted as a function of dys. It should be noted that the
use of this ratio is needed in a comparative study among different Nb films, since it normalizes the recorded
counts per second that may vary significantly between independent XRD measurements (owing to the
radiation source conditions). The second conclusion refers to the crystalline quality of Nb films. From a closer
look in the main (110) peak of Nb films, it was found that the peak does not shift with the increase of dyp.
Specifically, the maximum recorded shift is 0.09 degrees which lies within the accuracy of the XRD
measurements (the 26 step is 0.03 degrees). This un-shifted behavior of the primary Nb peak indicates that the
growth of thicker films is not accompanied with any size-induced expansion (or compression) of the unit cell.
Moreover, it is worth noting that there are no indications of any impurity phases, e.g. Niobium oxides, in the
XRD pattern of Nb films down to dy,=10 nm. However, it is reasonable to assume that a very thin layer of
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Figure 5.9: (a) XRD patterns of Si/Nb(nm) samples. The vertical offset of the XRD patterns allows the direct comparison

of them in respect to dy, that is varied between 10 nm to 100 nm. (b) The relative intensity of the (110) peak of Nb is
plotted as a function of dy,. The red line is a guide to the eye.
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amorphous oxide (with thickness < 2 nm) is formed on top of the deposited Nb films when they are exposed
into ambient conditions, but it cannot be revealed from the particular XRD measurements.

ii. Superconducting characterization of low-T¢ Nb films deposited on Si-substrates

The superconducting properties of Nb films deposited on Si substrates have been studied extensively, since
they provide important information for the forthcoming depositions of Nb on PMN-xPT substrates. The main
purpose of this study is to acquire insights for the superconducting properties of Nb films when the side
effects that could arise from the substrate, such as the surface roughness, are excluded. This study is of
fundamental interest, since it enables the comparative study of the superconducting properties of Nb films that
have been deposited on different substrates. Moreover, the structure Si/Nb(nm) constitutes a suitable system
for the theoretical exploitation of the results and enables the estimation of the microscopic parameters of
superconductivity in Nb films.

For the comprehensive study of the superconducting properties, a sample series of Si/Nb(nm) have
been prepared by varying systematically the dy, from 3 to 100 nm in order to cover a wide thickness range.
Prior to the detailed investigation of the superconducting properties of Nb films, great attention was paid to
obtain the best superconducting quality of Nb films by optimizing the growth conditions.

Superconducting quality of Nb films in respect to the growth conditions

The superconducting properties of Nb films are extremely sensitive to growth conditions ™, such are the
temperature of the substrate (Tsy), the pressure of the Ar-gas during deposition (Pa,), the deposition rate
(Raep) and the vacuum of the chamber before starting the deposition (Pqep). Since the depositions of Nb films
on Si substrates are considered as exploratory depositions, the growth conditions have been adapted properly
as to be implemented in the forthcoming depositions on PMN-XPT substrates. Hence, in all cases the Ty, was
kept constant at room temperature during depositions, since in the case of PMN-xPT substrates the increased
Twp Mmay degrade their piezoelectric properties. Additionally, the growth parameters P, and Rge, were kept
constant at the values 3-10° Torr and 0.17 nm/sec (when applying a dc power of 46 Watt), respectively.
These conditions ensure a uniform deposition of Nb on a surface area that is almost four times greater than the
covered area of each PMN-xPT substrate (with a surface area equal to 30 mm?).
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Figure 5.10: (a) Daily evolution of the T¢ values for Nb films with dy,=5 nm that were deposited on Si substrates and by
employing different protocols. (b) The variation of the T¢ values of Nb films with dy,=5 nm in respect to the vacuum
improvement (4P=|Pgp-Po|) of the sputtering chamber.
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In the present study, the optimization in the superconducting quality of Nb films is examined in
respect to the parameter Pqe,, While all the other growth parameters (T, Par, Raep) Were remained constant in
all depositions. As mentioned in the paragraph 3.1.ii.b, the Py, can be significally improved by employing the
cryotrap protocol during the depositions. To reveal the influence of Pg, 0n the superconductive quality of Nb
films, a detailed sample series of Nb films with constant dy, was prepared by performing or not of the
cryotrap protocol. Considering that T¢ is a reliable experimental parameter that indicates the superconducting
quality of Nb films, the variation of T¢ is investigated in respect to the values of Pge,. Obviously, the T is not
the only parameter of superconductivity that reflects the quality of Nb films, since the modified length scales
of superconductivity in thin films affect also other macroscopic properties such are He, and Jc. However, Nb
films with constant dy, in the limit where superconductivity is suppressed (between 3 and 5 nm) constitute a
suitable system to ascribe the values of T directly to their superconducting quality, since in this thickness
regime the T¢ values exhibit abrupt changes. Thus, a simple criterion can be employed to characterize the
superconducting quality of Nb films regarding the T¢ values. This criterion states that the optimum
superconducting quality corresponds to Nb films with the highest T values. For that reason repetitive
depositions of Nb films with dy,=5 nm have been performed under different conditions and their T¢ values
are correlated directly to the deposition conditions.

To study the influence of Pg, on the superconducting quality of Nb films, repeated depositions of
dnp=5 nm have been performed by following two different pre-deposition protocols. The first protocol is a
simple pre-sputtering protocol (without the cryocooling of chamber) that lasts 3 hours, while the second one
employs the cryotrap protocol during the 3-hours of pre-sputtering. These two protocols have been employed
sequentially over the period of one month for the deposition of Nb films with dy,=5 nm and the daily
evolution of T¢ values is shown in figure (5.10.a). Starting without applying the cryotrap protocol it can be
seen that the first three days of deposition resulted in Nb films without T¢, while during the next 6 days the T¢
reaches a plateau at T¢c=3.4 K. The application of the cryotrap protocol causes the rapid increase of T¢ at 4.7
K, while its cessation causes a progressive decrease of T¢ at 4 K. It should be noted that the values of T after
the cessation of the cryotrap protocol are lower than the T values obtained when the cryotrap protocol was
employed, but still is higher than the T obtained at the first days of depositions. This suggests that the
vacuum in sputtering chamber is improved after some days of consecutive depositions.

The degree of vacuum improvement can be quantified by calculating the absolute difference
AP=|Pgep-Po|, Where Py is the base pressure after pumping of 18 hours in daily depositions. The vacuum in
chamber tends to be improved when a pre-sputtering protocol is employed. Specifically, when a simple pre-
sputtering protocol is employed the Py is decreased slightly, while when the cryotrap protocol is employed the
P, is decreased abruptly. Figure (5.10.b) shows the variation of the mean T¢ values as they are grouped at
quantized AP on the order of 1-107 Torr. It is worth noting that the AP values are dependent not only to the
achieved Pg, after each pre-sputtering protocol, but also to the P,. Commonly, the P, was ranging from
1.5:107 Torr to 3-107 Torr, while significant improved of P, was recorded after many days of depositions. In
the histogram of figure (5.10.b) three distinct and successive regions can be distinguished in respect to the
degree of AP improvement. These regions are called as regions of low, moderate and high AP improvement
and correspond to the following ranges of AP values (0-1)-107, (1-5)-107 and (5-6)-10” Torr, respectively.
Here, it should be stressed that the range of AP (4-6)-10” Torr is achieved exclusively only when the cryotrap
protocol is employed, while the range of AP (3-4)-107 Torr can be achieved after consecutive days of
deposition. This implies that Nb films can be prepared in optimized quality when the sputtering chamber is
dedicated to the depositions of Nb. This is reasonable if one considers that after many days of consecutive
depositions the degassing rate of the surrounding materials inside the chamber is significantly decreased.

Conclusively, to obtain the optimal superconducting quality of Nb films the deposition were
performed after some days of the so-called “dummy” depositions that reduce the degassing rate of chamber

-78 -



Chapter 5

and only when P, varied inside the order of 10°® Torr (or when AP varied in the range (5-6)- 10 Torr), which
is achieved by applying the cryotrap protocol. This procedure is followed in the forthcoming depositions of
Nb films on PMN-xPT substrates and ensures the optimum properties of the Nb films even when they are
deposited on rough substrates. This will be discussed in paragraph 5.3.

Size effect of T in Nb films

The lowering of T¢ with the thickness reduction in Nb films has been studied in depth both experimentally
3 and theoretically 23! in the literature. As discussed in the paragraph 1.1.v, several theoretical approaches
have been proposed to explain the size effect of Tc. These approaches differ from each other in respect to the
involved physical mechanisms that are emerged upon thickness reduction such are the localized effects 2%,
the modification of superconducting order parameter ** and the proximity effect 5%,

To investigate the size effect of T¢ in Nb films, a sample series of Si/Nb(dy,) have been prepared
under the optimum growth conditions, where dy;, is varied systematically between 3 and 100 nm. The T¢
values for all Si/Nb(dyp) samples have been determined inductively from dc magnetization measurements that
were obtained from a SQUID magnetometer and for a parallel applied magnetic field H of low magnitude
(typically between 2 to 50 Oe). In particular, the T¢ was defined as the temperature that signifies the onset of
the paramagnetic response along the zero field branch (ZFC) in the m(T) curves. Since the magnetic method
for determining the T does not give any information regarding the sheet resistance (R,) of Nb films, the
theoretical models that interpret the size effect of T¢ in terms of the modified R, are excluded from the
present study. Hence, the size effect of T¢ in Nb films is investigated here in respect to both the Simonin
model *4 and the modified McMillan model (Cooper expression) 3. The mathematical expressions of the
Simonin model and the modified McMillan model are recalled here for consistency of presentation and they
are given by the following expressions, respectively,

2CE*(0) (-2d
T.=T., |1-—=—= and T.=T.,-ex NM 5.2.a-b
c co|: d n c= oo EXP NO)V - (dy, =20 ) (>.2a:0)

where in both expressions the T, is the bulk value of T¢ in Nb. In the expression (5.2.a) C is a constant
whose microscopic origin is related to the electron-phonon coupling strength and density of states in the bulk
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Figure 5.11: Variation of T¢ (black-solid spheres) (a) as a function of 1/dy, in semi-logarithmic scale and (b) as a
function of dyy, in linear scale. (a) The data are fitted by using the Simonin model (red-dashed line) and the Cooper
expression of the McMillan model (blue-solid line), where T¢, and the thickness terms d,,, dyv are left free to vary. (b)
The experimental data are fitted by the Cooper expression and the inset focuses in the thickness range where
superconductivity is suppressed.
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Nb, while the product of C and &(0) is defined as the critical thickness, d,=2C&*0), at which the
superconductivity is totally suppressed. In the expression (5.2.b) ( is the mean-free electron path, N(0)V is
the interaction potential of the SC which is equal to 0.32 for the case of Nb and dyw the thickness of the
formed normal metal (NM) layer on top of Nb film.

The experimental results show that T is almost constant at 7.8 K for dy,>20 nm, while an abrupt
drop in the T¢ values is observed as dy, decreases below 15 nm. Given the fact that even for ultra-thin Nb
films of dn,=3 nm a superconducting transition has been detected at T¢c=2.9 K, the two theoretical models are
assessed in respect to their fitting coverage in the thickness range below 15 nm. Thus, in figure (5.11.a) the T¢
values are plotted purposely in a semi-logarithmic scale and as a function of the reciprocal space, which is
given by 1/dyp. By varying the parameters, T¢o and dy, in expression (5.2.a), and dyy in expression (5.2.b) free
to vary, the experimental data have been fitted according to the Simonin model (red-dashed line) and to the
Cooper expression (blue-solid line). Under the condition of optimal fitting, these parameters are equal to
Tco=8.3 K, dy=2.2 nm for the case of Simonin model and to T¢,=8.7 K, dym=1 nm for the case of Cooper
expression. From figure (5.11.a) it becomes apparent that the Simonin model fails to reproduce the
experimental data of T¢ in the regime of thinner Nb films, while the Cooper expression shows a higher level
of confidence into reproducing the experimental data of T for all thicknesses. Since Cooper expression is the
best fitting function, the experimental data of T¢ vs dy, are presented in linear scale in figure (5.11.b). From
this linear representation it can be seen that the T values of relatively thick films (dny>40 nm) never reach the
bulk value T¢o. This degradation of T in thick films is interpreted by the proximity effect that is the physical
origin of the Cooper expression of McMillan model. The inset of figure (5.11.b) focuses in the range of low
dnp (dne<20 nm) and shows that superconductivity is suppressed totally at the critical thickness d¢=2 nm.
Please note that the d¢=2 nm, found here for our Nb thin films, coincides with the respective value reported
in literature for Nb thin films 253!,

According to the McMillan model (applied at the “Cooper” limit), the physical origin of the size
effect of Tc is attributed to the proximity effect and its contribution becomes more significant as film
thickness reduces. When one studies the proximity effect, it is required to refer to a specific structure that is
consisting of a superconducting layer which is in contact with a normal metal (hon-superconducting) layer.
This scenario seems not to befit with the single-layer depositions of Nb films on Si substrates. However, this
scenario becomes reasonable if one considers that a thin layer of niobium oxide (that is non-superconducting)
is formed either at the interface between the Nb film with the Si substrate or on the outer layer of Nb when
films are exposed in ambient conditions. It should be stressed here that Si substrates were not treated properly
prior the depositions in order to eliminate their thin layer of SiO,.Thus, at the interface of Si with Nb an inter-
diffusion oxidized layer could have been created, where the oxygen atoms migrates from the Si substrate to
the first wetting layers of Nb. Consequently, the deposition of a single layer of Nb on Si substrates can be
considered as the following structure Si/NM(dnm)/SC(dnb)/NM(dnwm)-

The fitting results indicate that dy is approximately equal to 1 nm. This is a reasonable value, since it
falls well inside the thickness range of the studied Nb films. Moreover, it is in nice agreement with the XRD
data of Nb films, where there is not any indication of an oxide layer. Eventually, it is reasonable to assume
that proximity effect is the responsible mechanism that interprets the lowering of T¢ in Nb thin films.

Size effect of He, in Nb films

In this paragraph the dependence of Hc, on thickness dy, will be investigated. Prior to the study regarding the
size effect of Hc,, it should be determined whether the Nb films are Type-1 or Type-11 SCs. Ordinarily, bulk
Nb is a typical Type-1 SC, but when Nb is studied in the form of thin film the crossover from Type-I to Type-
Il superconducting behavior is fundamental and occurs due to the significant modification of the characteristic
length scales of superconductivity. This alteration in the superconductive behavior of thin films has been
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predicted theoretically ®"* and confirmed experimentally “** for typical Type-1 materials, such as Pb, Sn
and In. The Nb films studied here are quite thin with thicknesses dy,<100 nm and they behave as Type-1l SCs.
Therefore, the variation of T¢ in m(T) curves obtained at various H describes the Hc,(T) line.

Analytical m(T) measurements at various H (applied parallel to film’s surface) were performed for
Nb films with thicknesses, dn,=10, 15, 20, 30, 50 and 100 nm. As expected, in every case of dyp, the T shifts
towards to lower temperatures when increasing the magnitude of H. By collecting the values of T upon
increasing H, the Hco(T) line is obtained for each Nb film. Due to the different T values among Nb films
with different dyy, the obtained Hcy(T) lines are presented in reduced temperatures (T/T¢) and hence all the
Nb films can be included in the same graph, as it is shown in figure (5.12.a). Furthermore, the experimental
data of Hc, in each dy, have been fitted by the general expression of the upper-critical field line Hc,(T) that is
Hca(T)=Hc2(0):(1-T/T¢)", as shown in figure (5.12.a) by the dotted lines. From figure (5.12.a) two conclusions
emerge regarding the Hc,(T) lines. The first is that the He,(T) lines are shifted downwardly when increasing
the dyy, and the second is that the curvature of the Hcy(T) lines changes progressively from the standard
square-root law oc(1-T/T¢)®* at dyy<50 nm to the linear law o<(1-T/T¢) at dyy>50 nm. The lowering of Heo(T)
lines with the increase of dyy is presented more clearly in figure (5.12.b), where the extrapolated values of
each Hcy(T) line at T=0 K (referred as Hc»(0)) are given as a function of dy,. From figure (5.12.b), it becomes
apparent that He,(0) is a thickness dependent parameter of superconductivity in Nb thin films and specifically
it is inverse proportional to dy.
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Figure 5.12: (a) Variation of Hc; in reduced temperature units (T/T¢) in order to incorporate Nb films with different dy.
The dotted lines represents the fitted Hc,(T) lines. (b) The dependence of Hcy(0) and &(0) on dyp. (C) Representative
examples of temperature induced 2D-3D dimensional crossover, which is marked by the terms (T*, H*). (d) Thickness
variation of T*/T¢ and H*, while the delimited black lines signifies the thickness regimes of 2D and 3D behavior.
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Moreover, the Hcy(0) enables the direct estimation of &(0) through well-established theoretical
expressions that depend on the dimensional behavior (2D or 3D) of each film. The expressions of Hey(T) (and
thus the extrapolated values at T=0 K) in respect to the dimensionality of Nb films and for a parallel applied
Hey are the followings,

2o, 1 o, 1
HZ® (T)= 0. d H®(T)=— .~ _ 5.3.a-b
CZ( ) 2mp, dNb&(T) o CZ( ) 2mp, QZ(T) (63D

where &(T) term in the expression (5.3.b) is actually the product of the &(T) with &.(T) (see paragraph
1.1.iv), but due to isotropic behavior of Nb those terms are equal. The dimensionality of each film is strongly
related to the second conclusion mentioned before (dependence of Hc,(T) curvature on dyp), since the change
in the curvature of Hep(T) lines is attributed to the dimensional crossover from a 2D SC when &g>dyp, to a 3D
SC when &g<dyn,. Note that in both cases &g is the intrinsic effective coherence length and is given by the
expression E«=(&y-0)/(Eote). As the magnetic measurements do not provide any indications of ¢ in the Nb films
and thus of the &, it is needed to find another qualitative criterion that reflects the dimensional. To do so, one
should consider the temperature dependence of & (&(T)). It is well known that &(T) obtains a constant value at
low temperatures (T<T¢), while it diverges to infinite when approaching T¢ (T~T¢). Thus, it is rational to
consider that there is a characteristic temperature (noted here as T* and T*<T) where §(T) becomes equal to
dnp. This means that at relative low temperatures (T<T*) &(T)<dy, the film behaves as a 3D SC, while at
relative high temperatures (T>T*) &(T)>dwp the film behaves as a 2D SC. Therefore, T* indicates an inherent
crossover from a 3D behavior to a 2D behavior by increasing T that can be used as a criterion to ascribe
gualitatively the overall dimensionality of a Nb thin film. In particular, for T* close to T¢ a 3D behavior is
ascribed, while for T* considerable lower than T¢ a 2D behavior is ascribed for the thin film.

Figure (5.12.c) shows three representative examples of this inherent crossover behavior for Nb films
with dyp,=10, 20 and 50 nm and the respective characteristic point on the Hc,(T) lines is given by the
coordinates (T*,H*). To determine the position of the characteristic point on each Hc,(T), a straight line is
designed and placed in the regime of low temperatures where the 3D behavior is expected (linear behavior of
Hco(T), expression (5.3.b)). The point on each He,(T) that deviates from the designed line is attributed as the
characteristic point (T*, H*). Figure (5.12.d) summarizes the overall evolution of both the T* and the H* in
respect to dyp and it shows that T* is shifted towards T (or approaches the 1 in the normalized temperature
scale of the figure) and H* is decreased significantly with increasing dyy,. As it was expected the 3D behavior
is dominant in thicker films (i.e. at dy,=50 and 100 nm T* is equal to 0.95-T¢ and to Tc, while in both cases
H*<1 T). One can intuitively consider that a qualitative criterion for the 3D behavior in Nb films is met when
T*>0.9-T¢ and for H*<1 T. By taking into account these two prerequisites for the 3D behavior, it becomes
apparent that Nb films with dy,>40 nm behave as 3D SCs while Nb films with dy,<40 nm behave as 2D SCs
(see the respective delimited lines in figure (5.12.d)). Although the characterization of the dimensionality in
Nb thin films was based on conjectures for the range values of T* and H*, it can be also confirmed
qualitatively by considering that & is limited below &, which is equal to 38 nm for Nb. Thus, in the extreme
case of considering &g, the dimensionality of Nb thin films in respect to dy, becomes the same.

Having attributed the dimensional behavior of each Nb film, the &(0) is estimated by fitting the
experimental data of Hc,(T) with the appropriate expression (expressions (5.3.a-b)). Table 5.4 summarizes the
values of T, T*, H*, Hc,(0) and &(0) for dyy, between 10 to 100 nm. It should be noted that the T* values in
Table 5.4 have been transformed into their actual values of temperature by including the respective values of
Tc for each thickness of Nb films. Finally, it is necessary to investigate if these Nb films can enter the mixed
state. It is well known that under a parallel He, a SC film enters the mixed state only when dsc (that is dyp) is
greater than the characteristic thickness de~1.84-£(0) 2%, From the estimated values of £(0)~10 nm shown
in Table 5.4 it becomes apparent that this condition is satisfied only in Nb thin films with dy,>20 nm.
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Table 5.4: Variation of T¢, T*, H*, Hc,(0) and &(0) in a descending ranking with respect to dyp.

dno (NM) Tc (K) T (K) H™(T) Hc2(0) (T) &(0) (nm)
100 7.8 7.8 0.0 34.5+0.02 9.8
50 7.6 7.2 0.45 36.2+0.06 9.5
30 7.6 6.5 1.1 40.2+0.07 9.4
20 7.2 5.4 2.7 61.2+0.09 9.3
15 7 5 3.8 76.5+0.15 9.9
10 6.7 4.7 5.3 101.7+0.29 11.2

5.3 Superconducting characterization of Nb/PMN-xPT/Nb artificial structures

After the thorough characterization of the individual parts that constitute the final artificial structure, the next
step is to study the superconducting properties of the final Nb/PMN-XPT/Nb structures. To do so, a sample
series of Nb/PMN-xPT/Nb have been prepared by varying systematically the dy,, while also the <Sa> of
polished and non-polished PMN-xPT substrates is included as another experimental variable. Intuitively, it is
anticipated that the non-zero <Sa> is a detrimental parameter for the preservation of superconductivity in thin
films, especially for thicknesses that are well below the measured <Sa> values. To understand how the <Sa>
affects the preservation of superconductivity in Nb films, other extrinsic parameters that can affect the
superconducting properties should be excluded from the present study. As mentioned before, Nb films are
extremely sensitive on the deposition conditions and their superconducting properties may vary from
deposition-to-deposition. Thus, to maintain the same conditions in each deposition (that is for each dy,) and
for every substrate, the depositions were performed for a group of substrates that includes PMN-xPT
substrates with polished and non-polished surfaces, and also a Si substrate of practically zero <Sa>.
Therefore, the results of their superconducting characterization are directly comparable, while the main
experimental variable among them is the <Sa>. It should be noted here that the values of <Sa> that are used in
the present study are those shown in table 5.1 for a scanning area 15x15 pmz (<Sa>15415).

Figure (5.13.a) shows the variation of T in respect to dy, for Nb films deposited on Si substrates
(green filled circles) and on PMN-xPT substrates with polished (red semi-filled rhombus) and non-polished
surfaces (blue non-filled squares). As it was anticipated, the non-zero <Sa> degrades the T of Nb films with
the same dy, and this degradation follows consistently the increasing <Sa> of the substrates. In particular, in
the regime of thicker films that is for dy,>50 nm the T¢ is lowered by almost 0.7 K once the <Sa> becomes
non-zero and without any relative variation of Tc among PMN-xPT substrates with polished and non-polished
surfaces. However, the impact of <Sa> on T becomes more pronounced in the regime of thinner films that is
for dyp<20 nm, where the increased values of <Sa> among the substrates causes the respective degradation of
the T values. A representative example of this, is given in figure (5.13.a) for dy,=10 nm. By considering that
the T¢c=6.7 K of the deposited Nb film on Si substrate (<Sa>15,5~0 nm) is a reference value, it can be seen
that T¢ is reduced by 1.5 K (T¢=5.2 K) for a PMN-xPT substrates with polished (<Sa>1s5=44 nm) surfaces
and by 2.7 K (T¢=4.0 K) for a PMN-XPT substrate with non-polished (<Sa>isx5=291 nm) surfaces. This
progressive degradation of T¢ at dy,<20 nm among substrates with different <Sa> leads to the suppression of
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Figure 5.13: (a) Thickness dependence of T¢ for Nb films deposited on substrates with different <Sa>, that are Si-
substrates (green filled circles) and PMN-xPT substrates with polished surfaces (red semi-filled rhombs) and non-
polished surfaces (blue non-filled squares). The lines serve as guides to the eye. The inset focuses on the range of dyy
where T¢ sharply decreases to zero. (b) Raw mz-c(T) curves for H=5 Oe applied parallel to ab-plane and for Nb film with
dnp=20 nm that is deposited on the respective substrates (data shown by using the respective symbols).

superconductivity in thicker Nb films when deposited on rough substrates. This is depicted in the inset of
figure (5.13.a), which shows that superconductivity is suppressed at d.;=2 hm when using Si substrates and at
dci=4-6 nm when using PMN-xPT substrates. It is worth noting that the lines in figure (5.13.a) serve as
guides to the eye and they are not fitting curves of any Tc(dwb) expression. Although it seems that the curves
follow the Cooper expression of Tc(dny), IS wrong to interpret the degradation of Tc among different
substrates to the enhanced influence of proximity effect in these structure. Owing to the unique morphology
of the substrates which consists a complicated problem for their mathematical formulation, the results will be
discussed qualitatively avoiding any fitting function to describe them. Under the aspect of a comparative and
qualitative study another parameter of superconductivity in Nb films that is strongly affected by the <Sa> is
examined. This parameter is the transition width AT¢ of Nb films deposited on different substrates. Figure
(5.13.b) shows three ZFC m(T) curves obtained at H=5 Oe that correspond to Nb films with d\,=20 nm
deposited on Si substrate (green filled circles) and on PMN-xPT substrates with polished (red semi-filled
rhombs) and with non-polished (blue non-filled squares) surfaces. Focusing on a temperature window
between 5 to 9 K, it is obvious that the increased <Sa> gives rise to a wider ATc. Since AT¢ consists a
parameter that is related to the superconducting quality (the lowest AT indicates the best superconducting
quality), is safe to report that the increased <Sa> of the substrate not only causes the degradation of the T¢
values, but also it deteriorates superconductivity in Nb films.

Continuing with the influence of substrate’s morphology in the superconducting properties of the
deposited Nb films, the Hc,(T) line at constant dyy, is examined as a function of <Sa>. Figure (5.14.a) shows
the Hc,(T) lines for Nb films with dy,=15 (solid symbols) and 20 nm (open symbols) deposited on Si
substrates (green circles) and on PMN-xPT substrates with polished (red rhombs) and non-polished (blue
squares) surfaces. It can be seen that for constant dy, the He,(T) lines are shifted downwardly when increasing
the <Sa> of the substrate. Specifically, the Hco(T) lines of Nb films deposited on PMN-XPT substrates with
polished surfaces lies quite close to the respective Hc,(T) lines when using Si substrates and only the Hc,(T)
lines of Nb films deposited on PMN-xPT substrates with non-polished surfaces are diverged significantly.
Clearly, Hc, exhibits a monotonic reduction with the increase of <Sa> and this reduction becomes more
pronounced for thinner Nb films (that is dy,=15 nm). To quantify this reduction, the values of H¢, at a
specific temperature and for the same dy;, are plotted as a function of <Sa>js,s, as shown in figure (5.14.b).
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Figure 5.14: (a) Variation of Hc, with temperature (at reduced units of temperature, T/T¢) for Nb film with dy,=15
(solid symbols) and 20 nm (open symbols) as deposited on Si substrate (green circles) and on PMN-xPT substrates with
polished (red rhombs) and non-polished (blue squares) surfaces. (b) Variation of Hc,(T=3 K) with <Sa> imposed to Nb
films with dy,=15 (orange spheres) and 20 nm (magenta filled squares) by using substrates of different <Sa>.

Avoiding to use any of the standard Hcy(T) expressions to fit the particular experimental results, due to the
unknown contribution of roughness in the parameters that are included in these expressions, the obtained Hc,
values do not originate from the extrapolation to zero temperature. Instead, it was chosen to obtain the Hc,
values at T=3 K, since this temperature is included in the experimental data points of each Hcy(T) line. Figure
(5.14.b) shows that for dyp,=15 nm (20 nm) the percentage reduction of the Hex(T=3 K) is 11% (7%) when
using PMN-xPT substrate with polished surfaces and 24% (12%) for PMN-xPT substrate with non-polished
surfaces. This suggests that the influence of <Sa> on Hc, fades out progressively when dy, increases and
eventually at thicker Nb films (for dyy,>50 nm) the He,(T) lines coincide for all substrates.

Having shown experimentally that the substrate’s <Sa> influences strongly the superconducting
properties of the deposited Nb films, the next step is to interpret these results. For the qualitative
interpretation of these results a toy model is presented and is based on (i) the thickness (dns,) modulation of
the deposited Nb film on the rough surfaces of substrates and (ii) the effective parallel-to-normal
reconfiguration between the surface of a Nb film and the magnetic field. Both are related to the morphological
landscape of the surface of the substrates. Focusing on the first case, it is reasonable to consider that the
thickness of the deposited Nb films (dyp) will not be constant across the entire surface of the substrates due to
morphological corrugations of the PMN-xPT substrates. To illustrate schematically this issue, figure (5.15)
shows at the left panel two representative AFM images at a scanning area 900x900 nm? for PMN-xPT
substrates with polished (figure(5.15.a.i)) and with non-polished (figure(5.15.b.i)) surfaces, while the right
panel presents the z-axis profile along the specific scans shown in the left panel with the black lines. It should
be noted that in figures (5.15.a-b.ii) the values of horizontal axis that is actually the z-axis values, are the
realistic values for both substrate roughness and Nb film thickness (that is equal to 20 nm and is shown by the
grey zone). From this representation it can be seen that the nominal value of Nb film thickness (dnom) is
preserved only on the top of corrugations for the case of a polished PMN-xPT substrate or on top of grains for
the case of a non-polished PMN-xPT substrate, while for the ideal case of a Si substrate the d,,m is preserved
across the entire surface. By using simple algebraic calculations it is easy to prove that the effective thickness,
dess of the Nb film deposited at the lateral surface of corrugations or grains actually decreases from the dyom
according to the expression des=dnom-cos6. Obviously, the angle 6 is depending strongly on the surface
morphology and it is equal to O degrees for Si substrates and approximately equal to 35 degrees for polished
PMN-XPT and 70 degrees for non-polished PMN-xPT substrate. Consequently, the de decreases close to de
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value of thickness so that superconductivity can be suppressed more strongly, when compared to the top areas
that preserve the dy,om. A quantitative test can be performed by recalling the experimental data of figure
(5.13.a) that provide dgi=2 nm when using Si-substrates (def=dnom) and dei=4-6 nm when using PMN-xPT
substrates with polished and non-polished surfaces (desr<dnom). It should be noted here that from the study of
several AFM images the angle 6 formed between the lateral surface of morphological peaks and the
horizontal plane ranges within 20°<6<40° for polished PMN-xPT substrates and within 50°<6<80° for non-
polished PMN-xPT substrates. Furthermore and regarding the second case, the Nb film that is deposited at the
lateral surfaces of substrate corrugations or peaks experiences the Hey as being both normal and parallel since
it is applied at an intermediate angle (which is equal to 6) and its parallel component (H,.) can be given as
Hpar=Hex cos6. The experience of Hps (Hpar<Hex) from areas of Nb film with dew<d,om, results to the reduction
of Hc, values when <Sa> increases, as shown in figures (5.14.a-b). The self-consistency of the combined data
shown in figures (5.13), (5.14) and (5.15) makes the scenario discussed above both reasonable and attractive.
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Figure 5.15: The left panel (a.i)-(b.i) shows two representative AFM image of a scanning area 900x900 nm? for a PMN-
XPT substrate with polished and non-polished surfaces, respectively. In each AFM image the black line denotes a
specific scan and its height profile is presented in the right panel (a.ii)-(b.ii). The grey zone in (a.ii)-(b.ii) represents a
Nb film of thickness 20 nm deposited on the top of each studied substrate, such are (a.ii) a Si substrate and a polished
PMN-xPT substrates, and (b.ii) a non-polished PMN-xPT substrate. The dashed black double-arrows indicate the
thickness of Nb film that is either equal to de at the lateral side of morphological peaks or to d,,y, on the top of surface
peaks, while the solid black arrows marks the direction of He and its respective components, Hyorm and Hpar. For
presentation reasons both (a.ii) and (b.ii) are presented at the same scale of z-axis that is the horizontal axis of plots.
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In conclusion, the study of superconductivity in Nb films deposited onto rough substrates shows that
the increased values of <Sa> weakens superconductivity but is not a restrictive parameter that suppresses
superconductivity totally. To include the <Sa> as an experimental variable and to examine its impact into the
modification of superconductivity upon application of E., to the artificial structures, some of the PMN-xPT
samples were remained in their pristine and rough form. In order to avoid the multiple parameterizations of
the forthcoming experiments in the artificial structures Nb/PMN-xPT/NDb, it was chosen to introduce the
parameter of <Sa> only in artificial structures composed with PMN-0.31PT samples. The reason for that
choice is to reveal the impact of <Sa> in artificial structures with optimized piezoelectric properties and not to
speculate its influence when using PMN-0.27PT with lowered piezoelectric properties where minor changes
in the superconducting are expected upon application of Ee. Note that in artificial structures Nb/PMN-
XPT/Nb the dyy is of great importance and especially the lower boundary of it, since the use of Nb films is
twofold. First, the Nb films are the SC compound of the artificial structure and second they serve as
electrodes for the application of voltage to the PE substrate. This means that in the lower boundary of dy, the
Nb films should satisfy the following conditions, they should be thin enough in order to be more susceptible
in the induced strain and simultaneously thick enough to ensure the uniform coverage of PMN-xPT
substrates. The uniform coverage of both surfaces of PMN-XPT substrates with Nb films plays an important
role, since it ensures that the applied voltage will be delivered equally across the surface and hence the PMN-
XPT will be deformed equally upon the voltage application. In the present PhD Thesis extremely thin Nb
films with thicknesses dy,<10 nm have not studied upon voltage application to Nb/PMN-XPT/Nb artificial
structures. In particular, the thinnest Nb films that are deposited on PMN-xPT substrates for their detail
investigation upon the voltage application have thickness dy,=15 nm when using polished PMN-xPT and
dny=20 nm when using non-polished PMN-xPT.
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Chapter 6

Piezoelectric modification of the superconducting properties of No/PMN-xPT/Nb
artificial structures: theoretical framework

This chapter presents the theoretical framework used in this PhD Thesis to investigate the piezoelectric
modification of the superconducting properties (Tc and Jc) of Nb/PMN-XPT/Nb artificial structures. The
theoretical analysis aims to complement our knowledge regarding the modified superconducting properties in
terms of the involved microscopic parameters of superconductivity and eventually to provide the appropriate
expressions of both T¢ and Jc that can be used to fit the experimental data. To do so, a phenomenological
model is proposed in order to include the specific characteristics of both Nb films and PMN-xPT ingredients
of the artificial structures. Specifically, based on well-established theoretical relationships of T¢ and Jc the
phenomenological model suggests some trial functions that introduce strain S into the strain sensitive terms of
Tc and Jc, leading to the expressions of T¢(S) and Jc(S). By incorporating these expressions with the
constitutive relations S(E.,) that reproduce the electro-mechanical properties of PMN-xPT, the final function
of Tc(Ee) and Jc(Eex) resulted in a suitable form that can be employed to fit the experimental data. The
mathematical formulation of T¢(E.y) and Jc(E.) will be discussed separately in the following paragraphs.

6.1 Piezoelectric dependence of critical temperature—Phenomenological approach of Tc(Eex)

This paragraph describes the theoretical framework regarding the piezoelectric dependence of T¢ in the
Nb/PMN-xPT/Nb artificial structures. The desirable phenomenological approach of T¢(Ee) results after
introducing the constitutive model S(E.,) into the strain dependent function of T¢ (that is the T¢(S)) These
two steps are discussed separately in the following paragraphs.

i. Dependence of the microscopic parameters on strain

In order to find the function T¢(S), one should consider how the microscopic parameters of superconductivity
in Nb films depend on strain S. The expression of T for Nb films that belong to the coupling regime of
intermediate-coupled SCs is given by the McMillan expression ™ (for more details see paragraph 1.1.v). The
McMiillan expression of T¢ with kg=h=1 (in order to have the energy E, the frequency ® and the temperature
T with the same units) is the following,

1.04-(1+ 1) J
; (6.1)
A—u -(1+0.62-2)

where a is the constant that originates from the fraction a=kg/(1.2-h) and here (assuming the unit system of
kg=h=1) it serves as the fitting constant that conserves the expected values of T¢. From expression (6.1) it
becomes apparent that T¢ depends on both the mean phonons frequency o, (pre-exponential factor of (6.1))
and the interaction potential (exponential factor of (6.1) that includes the opposite influence of the attractive
interaction 4 and the repulsive Coulomb interaction z". Accordingly, the function Tc(S) is derived from the
strain dependence of the microscopic parameters wy, 4 and . Particular attention has been paid to find the
appropriate trial functions of ®,(S), A(S) and x'(S) in order to form simple expressions that follow the
physical limitations of their parent quantity at zero strain.

T.=a -0, oexpL—
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The pre-exponential factor o, of the expression (6.1) is strongly related to the Debye temperature of
the SC material (®p; for Nb ®,=275 K) and is a material dependent parameter. This implies that the ®n(S)
function should be a smooth function of strain with values that varied around the typical value of w, that
corresponds to the ®p of Nb. Thus, the appropriate trial function of ®,(S) is either a linear function or a
quadratic function of S and their respective expressions are,

o, (S)=w,,t»,,-S and o, (S)=o, o, Sto,, S’ (6.2.a-b)

where o, refers to the un-perturbed mean phonons frequency (S=0) and o1, @i, determine the magnitude
of the perturbation onto the phonon branches due to the distortion of the crystal lattice, thus termed distortion
coefficients. Moreover, the distortion coefficients w1, ®n. have no inherent predisposition on strain S and
thus both stiffening and softening of the phonon branches #® can be taken into account. It should be noted
that the expressions (6.2.a) and (6.2.b) will be referred as the linear and the quadratic case, respectively.

The exponential factor of the expression (6.1) includes the terms A and x’. In the framework of
intermediate-coupled SCs these terms are allowed to vary only within a specifically narrow range, usually
0.5<1<2.0 and 0.1<x"<0.2 M*# and superconductivity is suppressed rapidly upon small deviations of A and "
outside these well-defined ranges. The contribution of A and z" in the T¢ values is more significant than the
o, Since a small distortion of the crystal lattice of Nb will affect initially the Cooper-pair creating/destroying
mechanism and afterwards the frequency of phonons ™. Thus, it is rational to assume that the strain
dependence of 1 and " should be expressed by steep exponential functions of strain S, since small changes in
their values is accompanied with an abrupt change in Tc. However, the influence of strain to the attractive
potential / is different from that of the repulsive potential z". For instance, when a SC is subjected to a tensile
strain (S>0) the attractive potential A should decrease, while the repulsive potential z should increase (e.g. in
a SC thin film the tensile strain increases the disorder promoting the destroying mechanism of Cooper-pairs).
In order to include this behavior in the strain functions A(S) and ' (S), the exponential factors have opposite
sign and eventually their expressions are given by the following,

A(S) =24, -exp(~4 -S) and 4 (S)=p, -exp(s; -S) (6.3.a-h)
where Ao and uo refer to the un-perturbed attractive and repulsive potentials of the undistorted crystal lattice
(S=0), while exponents /1, and x;” determine the magnitude of the distortion imposed to the crystal lattice, thus
termed as distortion coefficients. The distortion coefficients 4, and y; are positive in order to satisfy the
physical requisites regarding the variation of A and 4~ with strain S. Finally, by introducing each of the
proposed strain functions (win(S), A(S) and £ '(S)) in the expression (6.1) the desired function T¢(S) for the
linear and quadratic case is given by the following expressions, respectively.

1.04-(1+ 2, exp(-4,-S
Tc (S) = a'(m|no+m|n1 ~S)'exp - * ( * = exp( s )) (643)
oo 2 exp (=4, -S)— u, exp (4, +S)-(1+0.62- 4 exp(~4, -S))

In,1 : inl’ n2 "

and
b(1+4,exp(-4, -S))
2 exp(=2,-S) = s, exp (s, -S)-(1+c- 4 exp(~4, -S))

T (S) =a- ((Dm.o o, S+(D|n‘z -§* ) ’ exp( ] (64b)

ii. Derivation of the phenomenological approach T¢(Ee)

In order to facilitate the direct comparison of the experimental data of T¢ vs Ee with the proposed model of
Tc(S), the strain S should be replaced with the experimental variable that is the electric field E.. To do so,
one should comprise the constitutive equations of piezoelectricity, S(E.x), with the T¢(S) functions. The
constitutive equation of piezoelectricity can be either a linear or a quadratic function of strain S on the
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applied E.y (see expression (1.34) and (1.37) in paragraph 1.2.iii). The combination of T(S) with S(E.) results
to four different expressions of Tc(E.y) owing to the two trial functions of w,(S) and to the two constitutive
equations S(Egy). To distinguish the different expressions of T¢(E.), each one of them carries the names of
the on(S) expression (linear, quadratic) and the S(Ee) expression (linear, quadratic) that were used to obtain
the final Tc(Eey). Specifically, in the name of each Tc(E.y) expression the first compound word refers to the
on(S) expression and the second compound word refers to the S(Eey) expression. Thus, the Tc(Eex) expression
for the linear—linear case is,

T (Eex ) =a- (O)I/n,o +(D{n,1 “Egy ) - exp [— 104 (1+ & eXpi /li/ )) )))

/15 exp(—ﬂj’-EeX)—y0 exp(yl ex) (1+/1 exp(

(6.5.9)
and for the linear—quadratic case is,
T, (Eex) =a- (O)Iln,o +wlln,l -E,, “"fn,z ~EEX2 )
104-(1+ 2, exp(—/ll’ - Eex ~ 71 -E,%))
‘ exp(— ié exp(fﬂil -E,, ,;é vEeXZ) u, exp( -E, +,u2 Eexz)-(1+/1é exp(fﬂvl/ ‘E, —4,-E ))j
(6.5.b)

where the primed 03/|n,o=(0|n,o+03|n,1Ao, i/o:lo-exp(—ile), ﬂlo*:ﬂo*'eXP(#l*Ao), 03/|n,i=03|n,iAi, Ni=mA; and
Wi =us A for i=1, 2. The Tc(E.y) expression for the quadratic—linear case is,

Tc (Eex ) =a- ((D:n,o +(D{n,l : Eex +w{n,2 : Eex2 ) :

[ 1.04-(1+ Agexp(~4 -Ey — 4 -Ep’)) ]
ﬂ'é eXp(_j'l/ "Eex _ﬂé ’ Eexz)_lu:/ eXp(/u:/ “Eex +/J;/ ’ Eexz)'(l"_ﬂ*é eXp(_ﬂ'll = _/12/ ’ Eexz))

(6.5.¢)
and for the quadratic—quadratic case is,

4
Tc (Eex) = a'(mfn,o + Z(Dlln,i ’ EexI j :
i=1

[ 1.04-(1+ Ay exp(~4 -Ey — 4 -Ep’)) }

s exp| — = = =

P % eXp(_ﬂll 'Eex _lé : Eexz)_fuo/ eXp(ﬂ1/ 'Eex +:uzl ’ Eexz)'(l_"ﬂl; exp(_ﬂll 'Eex _ﬂ”zl : Eexz))
(6.5.d)

where the primed (D/In,Oz03In,0+(DIn,1AO+(DIn,2A02y (D/m,1=(D|n,1A1+(D|n,22A0A1, (Dlln,2=03|n,1A2+03|n,2A12+60|n,22A0A2,
(D/In,S:(DIn,ZZAOAla (Dlln,4=03|n,2A22, iloz/lo'exp(-ile), /1/1:/111\1, /1/2:/11A2, ,ulo =uo -exp(ur Ao), ,u/1 = A, and
/ * *

Wa =1 Ay

6.2 Piezoelectric dependence of critical current density—Phenomenological approach of Jc(Eex)

This paragraph describes the theoretical framework regarding the piezoelectric dependence of Jc in the
Nb/PMN-XPT/Nb artificial structures. The desirable phenomenological approach of Jc(Ee) results after
introducing the constitutive model S(E.y) into the strain dependent function of Jc (that is the Jc(S)). The Jc(S)
used here is based on an empirical expression that has been proposed in 3. In principle, the strain
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dependence of J¢ after isolating the functional contribution of temperature and magnetic field, is given by the
following expression,

1e(8)=ep-(1-0[S-Sco') (6.6)

where S is an initial value of strain that is not imposed from the PMN-xPT substrate to Nb films, but it
represents a pre-existing and intrinsic strain in Nb films. The term c is a strain sensitive parameter, while the
exponent terms u and n are fitting parameters that usually takes the values 2.2 and 1, respectively. Finally the
pre-factor Jeo is the value of critical current density when S=S¢o. Assuming that the J¢ is the maximum value
of J, it is reasonable to consider that strain influences additionally this maximum value in the form,

2
‘]co(Eex):‘]co'eXp(_o'S(%J J (6.7)

The final expressions of Jc(Eex) in respect to the employed constitutive expression of S(Ee) are presented
summarily below within one expression,

u n

] (6.8)

2 m
JC(Eex)cho.exp[—o.s[ﬁj j [1—0 Ap+Y (A-E)
W i=1

where A';=As—Sco and m run for either 1 or 2, in respect to the employed constitutive S(E.,) model.

The great advantage of the employed phenomenological models of T¢(E.y) and Jc(Eex) is that they are
able to deal with parameters that originate from totally independent experiments and their expressions are
given in a suitable form that allows the direct fitting of the respective experimental data. Regarding the fitting
procedure, it should be noted that prior to the fitting of the experimental data of T¢ (or Jc) vs Ee we fit the
detailed experimental data S(Eex) coming from the global technique of piezoelectric characterization (since Tc
and Jc originates from global magnetization measurements, as well). This fixes the multiplying factors that
are introduced in the non-primed parameters of T¢(Ee) and Jc(Eex) expressions to transform them to the
primed ones. Thus, Tc(Eex) and Jc(Eey) expressions describe the experimental points under two restrictions
that are fulfilled simultaneously: by using parameters that are compatible with basic knowledge, while they
carry the already imprinted information of the S(E.x) experimental data.
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Chapter 7

Piezoelectric modification of the superconducting properties of No/PMN-xPT/Nb
artificial structures: experimental results

This chapter presents the experimental results of the piezoelectric modification of the superconducting
properties in Nb/PMN-XPT/Nb artificial structures. Both T¢ and Jc of Nb films are investigated in these
artificial structures and their piezoelectric modification is expressed as function of the applied electric field
Ee. This is a suitable form that facilitates not only the direct comparison of different artificial structures but
also their theoretical exploitation through the phenomenological models introduced in Chapter 6. Regarding
the piezoelectric modification of T two parameters are examined. The first parameter is the magnitude of
piezoelectric coefficients and the second one is the thickness of Nb films. Regarding the piezoelectric
modification of Jc, two artificial structures that exhibit minor changes in their T¢ values upon applying E. are
investigated. Finally, the impact of substrate’s surface morphology on the piezoelectric modification of both
Tc and Jc is also investigated, which is realized by using PMN-xPT substrates with non-polished surfaces.

7.1 Dependence of critical temperature on the magnitude of piezoelectric coefficients

In order to investigate experimentally the effectiveness of the magnitude of the piezoelectric strain
coefficients to modify the T¢ values of Nb films two different artificial structures will be examined here.
Focusing on the regime of relatively thin Nb films (that is for dy,=15 nm and 20 nm), two different artificial
structures have been prepared for each dy,. These artificial structures consist of polished PMN-xPT substrates
with different composition x. The first artificial structure is composed of PMN-0.31PT and the second one of
PMN-0.27PT. The piezoelectric characterization of these PMN-XPT samples (presented in paragraph 5.1.iii)
showed that they exhibit significant differences in their E., induced strain values. In particular, the PMN-
0.31PT exhibits high strain values, while the PMN-0.27PT exhibits lower strain values upon applying the
same E.,. This meets the required condition for a comparative study where the only experimental variable is
strain. Furthermore, it is important to preserve the same superconducting quality in Nb films among the
artificial structures of the same dyp. For that reason the depositions of Nb films have been performed in a
group of substrates that includes two substrates, one PMN-0.31PT and one PMN-0.27PT, in order to obtain
the same growth conditions in each dy;, and thus almost the same superconducting quality.

For the determination of T analytical isofield magnetization curves (m(T)) at low magnetic fields
have been recorded upon the systematic variation of E,. It should be noted here that the error bars in the
experimental data of T¢ vs Eey are equal to the uncertainty of defining the exact value of T¢ and thus they are
equal either to the temperature step or to an integer multiple of it. Starting at E,=0.0 kV//cm the two artificial
structures of the same dy, have been explored within the same interval of E., and with the same step of
variation of E,,, so a quantitative comparison among them can be accessed directly.

i. Study of artificial structures Nb(dy,)/PMN-XPT/Nb(dyy,) with dy,=15 nm

Figures (7.1.a-b) present the experimental results regarding the modification of T¢ upon applying E. in two
artificial structures consisting of Nb films with thickness dy,=15 nm and of polished PMN-xPT substrates
with different piezoelectric properties that are the PMN-0.31PT and the PMN-0.27PT, respectively. For both
artificial structures detailed m(T) measurements have been obtained at H=5 Oe with a temperature step that is
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equal to 20 mK and for various E.,. To facilitate the direct comparison of the experimental results, similar
measurements are arranged vertically with respect to the artificial structure. In particular, panels (i) and (ii) of
figures (7.1.a-b) show in a reduced temperature range around T. the ZFC and FC branches of the m(T)
curves, respectively, while the m(T) curves obtained under different applied E¢ are shifted vertically for
presentation reasons. The solid vertical arrows in panels (i) and (ii) indicate the value of T¢ for every E. It
should be noted here that the observed paramagnetic behavior along the FC branch of Nb(15 nm)/PMN-
0.31PT(Polished)/Nb(15 nm) is a well-known effect that appears in both low-T¢ SC films and superlattices of
a SC with normal metals when the SC is adequately thin !, This paramagnetic behavior is ascribed either to
the inhomogeneously trapped flux or the surface granularity effects that are reasonably applicable here due to
the non-zero <Sa> values of the polished PMN-XPT substrates.

By comparing the same branches of the m(T) curves among the two artificial structures it becomes
apparent that in both cases T shifts to lower temperatures upon increasing E... However, the maximum
reduction of T differs significantly among the artificial structures. In particular, the T¢ is reduced strongly in
the artificial structure composed of the PMN-0.31PT and slightly in the artificial structure composed of the
PMN-0.27PT. This behavior is shown more clearly in panels (iii) of figures (7.1.a-b) where the variation of
Tc with Eey is summarized for each artificial structure and the experimental data of both artificial structures
are presented by using the same range in the vertical axis of temperature (that is 500 mK) and in the
horizontal axis of E.y (that is 4.0 k\VV/cm). More specifically, for the case of PMN-0.31PT the overall decrease
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Figure 7.1: Two artificial structures Nb(15 nm)/PMN-xPT(Polished)/Nb(15 nm) consisting of polished PMN-xPT
substrates with (a) x=0.31 and (b) x=0.27, are examined here. Panels (i) and (ii) show m(T) curves that were obtained at
H=5 Oe for various applied E,, along the ZFC and the FC branch, respectively. Panels (iii) summarize the variation of
Tc in respect to E., for both the ZFC (solid symbols) and the FC (open symbols) branches. The blue solid and the red
dashed lines in panels (iii) and (iii) are guides to the eye.
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of Tc upon the application of Eeymaxy~+4.0 kV/cm is 320 mK along ZFC branches and 380 mK along FC
branches. On the contrary, for the case of PMN-0.27PT the application of Eeymaxy=14.0 kV/cm causes a minor
decrease of Tc. Particularly, the overall decrease of Tc upon the application of Eexmay=+4.0 kV/cm is 140 mK
along ZFC branches and 80 mK along FC branches or 140 mK if one takes into account the non-monotonic
decrease of T¢ and estimate the T¢ reduction between E.=+1.0 kV/cm (local maximum) and Eexmaxy=14.0
kV/cm. Finally, the experimental data of these artificial structures demonstrate that the piezoelectric
modification of T¢ follows tightly the electro-mechanical ability of the employed PMN-XPT substrate. The
optimized piezoelectric properties of PMN-0.31PT resulted to a stronger T modification than the respective
modification caused from the less piezoelectrically active substrate PMN-0.27PT.

ii. Study of artificial structures Nb(dy,)/PMN-xPT/Nb(dnp) With dn,=20 nm

In order to verify the previous results regarding the dependence of the piezoelectric modification of T¢ on the
magnitude of the piezoelectric coefficients, another two artificial structures (one with PMN-0.31PT and
another one with PMN-0.27PT) have been prepared. Both artificial structures are consisting of slightly thicker
Nb films with thickness dy,=20 nm. By following the same presentation of data as before, figure (7.2) is
grouped into two sets in respect to the PMN-XPT substrate, therefore the figures (7.2.a.i-iii) refer to the PMN-
0.31PT and the figures (7.2.b.i-iii) refer to the PMN-0.27PT. Panels (i) and (ii) of figures (7.2.a-b) show in a
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Figure 7.2: Two artificial structures Nb(20 nm)/PMN-xPT(Polished)/Nb(20 nm) consisting of polished PMN-xPT
substrates with (a) x=0.31 and (b) x=0.27, are examined here. Panels (i) and (ii) show m(T) curves that were obtained at
H=2 Oe for various applied E., along the ZFC and the FC branch, respectively. Panels (iii) summarize the variation of
Tc in respect to E,, for both the ZFC (solid symbols) and the FC (open symbols) branches. The blue solid and the red
dashed lines in panels (iii) and (iii) are guides to the eye.
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reduced temperature range around T¢ the ZFC and FC branches of the m(T) curves obtained at H=2 Oe and
for various Ee. Finally, panels (iii) of figures (7.2.a-b) summarize the experimental data of T¢ vS Ee in
respect to the artificial structure and by using the same range in the vertical axis of temperature (that is 500
mK) and in the horizontal axis of E., (that is 5.0 kV/cm) for both artificial structures.

Although both artificial structures show a progressive reduction of Tc upon increasing E, the
maximum reduction of T¢ differs significantly among the artificial structures. Particularly, in the case of
PMN-0.31PT the overall decrease of T¢ upon the application of Eeymaxy=*5.0 kV/cm is 180 mK along ZFC
branches and 200 mK along FC branches. On the contrary, in the case of PMN-0.27PT the application of
Eexmaxy=15.0 kV/cm causes a minor decrease of T that is almost 2 times lower than the one observed in the
artificial structure that employs the PMN-0.31PT substrate. Specifically, the overall decrease of T upon the
application of Eexmaxy=*5.0 kV/cm is 80 mK along ZFC branches and 100 mK along FC branches. Finally, the
experimental data of T vs E. in these artificial structures confirm the consistent modification of T in respect
to the electro-mechanical ability of the employed PMN-XPT substrate, which is similar to the one reported in
the artificial structures studied in the previous paragraph.

iii. Comparative study in respect to Nb film thickness

This paragraph focuses on the influence of the thickness of Nb film dy, in the modification of T¢. To reveal
this influence of dy, the experimental data of T vs E. that have been presented in paragraphs 7.1.i and 7.1.ii,
should be combined appropriately. In particular, these experimental data are grouped in respect to both the
composition x of PMN-xPT substrates and to the m(T) branches. Moreover, in order to enable this
comparative study in respect to thickness dy, is required to normalize the T¢ values, since Nb films of
different thicknesses dy, have different values of T¢. To do so, the modification of T¢ is now expressed
through using the dimensionless term (ATc/Tco) 100 % called as the percentage modification of Tc. Figure
(7.3) shows the variation of (ATc/Tco)'100 % as a function of Ee for Nb films with dy,=15 nm (solid
symbols), 20 nm (open symbols) and is divided horizontally in respect to the employed PMN-xPT substrate
and vertically in respect to the m(T) branches. Specifically, figures (7.3.a) (figures (7.3.b)) presents the data
coming from artificial structures employing PMN-0.31PT (PMN-0.27PT), while panels (i) and (ii) refer to
ZFC and to FC branches, respectively. Note that the error bars that accompanies the experimental data
resulted by the standard expression of error propagation.

As it is expected, Nb films with dyp,=15 nm exhibit larger percentage modification of T than the
thicker Nb films with dn,=20 nm for every PMN-xPT substrate. Specifically, from the data obtained along
ZFC (FC) branches the maximum percentage modification of T in artificial structures consisting of PMN-
0.31PT is equal to -4.9 % (-5.9 %) when dy,=15 nm and equal to -2.9 % (-3.2 %) when dyp,=20 nm. The
respective values of the maximum percentage modification of T in artificial structures consisting of PMN-
0.27PT are equal to -2.3 % (-2.3 %) when dy,=15 nm and equal to -1.2 % (-1.4 %) when dy,=20 nm. It should
be stressed here that owing to the non-monotonic decrease of T¢ upon increasing E. in the data obtained
along the FC branch of the artificial structure Nb(15 mn)/PMN-0.27PT(Polished)/Nb(15 nm) the maximum
percentage modification of T¢ is estimated between the local maximum of T at E.=+1.0 kV/cm and the T¢
at Eexmaxy=15.0 KV/cm, as indicated by the blue vertical double arrow in figure (7.3.b.ii).

From this comparative study one can easily observe that for each employed PMN-xPT substrate the
coefficients of the percentage modification of T¢ in artificial structures with dy,=20 nm are two times lower
than the respective ones calculated for dyy,=15 nm. This degradation in the T¢ modification upon increasing
dnp is reasonable if one considers that the induced strain into the deposited Nb films has a finite penetration
depth over which strain is not able to deform the outer layers of Nb. This finite penetration depth of strain in
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Figure 7.3: (UTc/Teo) 100 % vs Ee in respect to dy, and for artificial structures composed of polished PMN-xPT
substrates with (a) x=0.31 and (b) x=0.27. Each of the panels (i) and (ii) refers to the percentage modification of T
from data obtained along ZFC and FC branches, respectively. The solid symbols refer to artificial structures with
dny=15 nm and the open symbols those with dy,=20 nm. In every case the solid lines are guides to the eye.

Nb films depends not only on the maximum value of the induced strain but also on the elasticity of Nb.
Hence, under certain conditions that are the Eemax (equivalent to the maximum strain value, Sy, and the
elasticity of Nb films, the increase of thickness dy, will lead to the progressive saturation of the T¢
modification, until Nb films become thick enough and T remains unaffected upon applying E.

7.2 The influence of Nb film thickness on the piezoelectric modification of critical temperature

The main purpose of this paragraph is to examine what is the influence of Nb film thickness, dy,, on the
piezoelectric modification of T¢. To do so, a systematic series of artificial structures consisting of similar
PMN-XPT substrates but of different dy, have been prepared. In particular, the PMN-xPT substrates that are
used here are the PMN-0.31PT with polished surfaces and dy, obtains the values 15, 20, 50 and 100 nm. As
proved experimentally in paragraph 7.1 the optimum piezoelectric properties of PMN-0.31PT when compared
with the PMN-0.27PT resulted to the stronger piezoelectric modification of T¢ in Nb films with dy,=15 and
20 nm. This is the reason of choosing PMN-0.31PT substrates here, since the progressive increase of dyy is
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expected to degrade gradually the piezoelectric modification of T¢. To facilitate the comparison of the
experimental results coming from different artificial structures, two coefficients are defined in order to
express the piezoelectric modification of T¢ upon increasing E... The first coefficient is called the
modification coefficient of T and is determined by the ratio ATc(max/Eexmax (K/KV/cm), where ATc=Tc-Tco
with Tc=Tc(Ee#0) and with Tco=Tc(Ee=0) that simply refers to the T value obtained at the initial and strain
free state of Nb films. The second coefficient is the dimensionless factor of the percentage modification of T¢
and is determined by the ratio (ATc(max/Tco)-100 %. Note that the index max in Eexmaxy and ATc(max States for
the maximum applied E to the artificial structure and for the maximum recorded shift of T (that is AT¢)
between E,=0 and the Ecx=Ecxmax), respectively.

Additionally, in every artificial structure the experimental data of T¢ vs Ee are fitted by using the
proposed theoretical-phenomenological model introduced in paragraph 6.1. The theoretical exploitation of the
experimental data enables the interpretation of the results in terms of the microscopic parameters of
superconductivity (and of their E,, modification) that are involved in the piezoelectric modification of Tc.
This will be discussed in the last section of this paragraph.

I. Study of artificial structures Nb(dy)/PMN-0.31PT/Nb(dyp) with dyp=15 nm

Starting with the case of thinnest Nb films (dy,=15 nm) three different artificial structures will be examined
here. All these artificial structures consist of the same sample series of PMN-0.31PT with polished surfaces.

Sample #1: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm)
The first artificial structure Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) is actually the one presented in
paragraph 7.1.i and thus the isofield m(T) curves are not presented here. Figures (7.4.a-b) summarizes the
experimental data of T¢ vs E¢ obtained at H=5 Oe along the ZFC and the FC branches, respectively, together
with the T¢(E) fitting curves. For presentation reason the coefficients of the piezoelectric modification of T¢
will be recalled here. The overall decrease of T¢ upon application of Eeymaxy~4.0 kV/cm is equal to 320 mK
(380 mK) along ZFC (FC) branches. This decrease of T corresponds to a modification coefficient
(percentage) of -0.080 K/kV/cm (-4.9%) along ZFC branch and -0.095 K/kV/cm (-5.9%) along FC branch.
Proceeding to the theoretical exploitation of these results and aiming to find the optimal T¢(E.)
expression with the minimum number of terms, it is appropriate to start with the simplest case and to increase
progressively the involved terms. A safe quantitative criterion that describes the reproducibility of the
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Figure 7.4: Summary of Tc vs Eg experimental data of sample #1: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm)
obtained at H=5 Oe and along the (a) ZFC and the (b) FC branch, at various E,. In both graphs the experimental data
are presented together with two fitting functions that are examined here.
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experimental data from each T¢(Ee,) expression can be given by the numerical parameter called adjusted R®.
Starting with the simplest case where strain (S) is a linear function of E¢ and oy, is a linear function of S, it
was found that the fitting expression (6.5.a) provides a low coverage of the experimental data Tc(Ee)
(adjusted R?~94.1% for ZFC and 89.5% for FC), as shown by the dashed lines in figures (7.4.a-b). Failing to
reproduce precisely the experimental data of T¢ vs Eqx by using the simple expression (6.5.a) the next step is
to examine a more complicated expression Tc¢(Ee). This is the expression (6.5.b) wherein S remains a linear
function of E, but o, is a quadratic function of S. As shown by the blue and red solid lines in figures (7.4.a-
b), respectively, the expression (6.5.b) reproduces nicely the data of T vs Ee (adjusted R~99.9% for ZFC
and 99.7% for FC). The procedure of finding the optimal fitting function stops here, since more complicated
expressions will not increase the fitting coverage. The obtained values of the primed parameters included in
the optimal fitting function T¢(Ee,) (that is the expression (6.5.b) here) are summarized in Table 7.1.

Table 7.1: Primed fitting parameter of expression (6.5.b) used to reproduce the experimental data of T¢ vs Eg
obtained at H=5 Oe along ZFC (FC) branches of sample #1: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm).

(Dln(Eex) }M(Eex) P-*(Eex)
®1n o =57.506+0.000 (57.214+0.000) Ao=1.503+0.000 (1.503+0.000) 1o '=0.103+0.000 (0.103+0.000)
o1 =4.953+0.021 (5.528+0.042) A= -0.112+810™ (-0.125+2:107%) 11 "=0.026+0.002 (0.037£0.003)

on2=1.555+0.031 (2.106:0.008)

Note that the decrease of T¢ upon increasing Ee is similar between the data obtained along ZFC and
FC branches. This is reasonable if one considers that T¢ (and thus its E., modification) does not depend on the
branch of the m(T) curves. Apart from the monotonous decrease of T¢, a crossover behavior is evident at the
characteristic field E.," =2.0 kV/cm, as it is marked by the vertical arrows in figures (7.4.a-b).

Sample #2: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm)

The second artificial structure Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) is examined in order to verify
the decrease of T upon increasing E., and also to confirm the crossover behavior at E¢, " =2.0 kV/cm. For
that reason a more detailed study has been realized by varying systematically the E, from 0 to 4.5 kV/cm
with a step of 0.5 kV/cm. Given the fact that the experimental data of T¢ vs Ee, are similar between the ZFC
and the FC branch, figures (7.5.a-b.i) show representative m(T) curves at different E., obtained along the FC
branches but for two different applied magnetic fields H=5 and 10 Oe, respectively. The m(T) curves in
figures (7.5.a-b.i) are presented in a reduced temperature window close to T¢ and the vertical arrows indicate
the T¢ value in each E.,. These experimental data confirm that T¢ shifts to lower values with increasing Eey.
Figures (7.5.a-b.ii) summarize the variation of T¢ with E., together with the T¢(E) fitting curves for H=5 and
10 Oe, respectively. The overall decrease of T¢ upon the application of Eeymax=4.5 kV/cm is equal to 300 mK
(340 mK) at H=5 Oe (10 Oe). This decrease of T¢ corresponds to a modification coefficient (percentage) of -
0.067 K/kV/cm (-5.1%) at H=5 Oe and -0.075 K/kV/cm (-5.8%) at H=10 Oe. Note that the experimental data
obtained at H=5 Oe show a monotonic decrease of T¢, while in the experimental data obtained at H=10 Oe a
non-monotonic decrease is observed with a local maximum at E.,=2.0 kV/cm.

Regarding the theoretical investigation of these results and starting with the simplest case given by
the expression (6.5.a), it is obvious that this expression fails to reproduce the experimental data in both cases
of H=5 and 10 Oe, as shown by the black dashed lines in figures (7.5.a-b.ii). Proceeding to the next
expression of T¢(Ee) Where o), is a quadratic function S (that is given by the expression (6.5.b)), an accurate
description of the experimental data in figure (7.5.a.ii) is obtained with R?~93.1%. However, this expression
fails to reproduce accurately the experimental data of T vs Eey obtained at H=10 Oe (R*~90.3%), as shown
by the green dotted line in figure (7.5.b.ii). This is due to the non-monotonic reduction of T with increasing
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Figure 7.5: Representative isofield m(T) curves of sample #2: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) along FC

branch obtained at (a.i) H=5 Oe and (b.i) H=10 Oe and at various E¢. The m(T) curves are presented in a reduced

temperature range that is close to T¢, while they are vertically shifted for clarity. Summary of T¢ vs E., experimental

data obtained at (a.ii) H=5 Oe and (b.ii) H=10 Oe. In both graphs (a-b.ii) the experimental data are presented together

with the fitting functions that are examined here.

Eex. To describe this non-monotonic reduction of T¢ the next fitting functions are based on a more accurate
description of the electro-mechanical response of PMN-0.31PT. So, now strain S is a quadratic function of E.,
and oy, is either a linear or a quadratic function of S. The respective mathematical expressions of T¢(E,) are
given by the expressions (6.5.c) and (6.5.d). After testing both expressions, it was found that only the
expression (6.5.d) succeed to reproduce the non-monotonic reduction of T¢ with a relatively high level of
confidence (R?~94.8%). The obtained values of the primed parameters included in the optimal fitting function
Tc(Eex) Tor each case are summarized in Table 7.2.

Table 7.2: Primed fitting parameter of expression (6.5.b) (expression (6.5.d)) used to reproduce the data of
Tc vs Ee Obtained at H=5 Oe (10 Oe) of sample #2: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm).

wln(Eex) 7\'(Eex) “-*(Eex)
©1n0=51.716+0.000 (55.236:£0.000) Ao =1.503=0.000 (1.492+0.000) 1o =0.103=0.000 (0.123+0.000)
®1n1=3.662+0.138 (5.327+0.853) A1'= -0.092:£0.011 (-0.137+0.005) 11 =0.041+0.016 (0.056+0.004)

o2 =1.128+0.205 (5.749+0.544) 15'=0.000+0.000 (-9.12-:10°+0.000)  p,'=0.000+0.000 (6.32-:10™*+0.000)
®1n3'=0.000+0.000 (-1.572+0.189)
®1n4=0.000+0.000 (0.316:0.000)
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It is noticeable that the characteristic electric field evident the crossover behavior of T¢(Eey) in sample
#1, appears also in sample #2. In particular, at H=5 Oe the Tc(E.) fitting curve exhibit a clear crossover
behavior at the characteristic field E." ~2.2 kV/cm, while at H=10 Oe the crossover behavior is evolved to a
non-monotonic reduction of T¢ that exhibits a weak peak around the characteristic field E,, ~1.7 kV/cm.
These characteristics electric fields in sample #2 (marked by the solid vertical arrows in figures (7.5.a-b.ii))
are almost equal to the characteristic fields reported in sample #1.

Sample #3: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm)

The third artificial structure Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) is examined here by varying
systematically the E¢ between 0 and 4.5 kV/cm with a step of 0.5 kV/cm and the purpose of its study is to
verify the results coming from the two previous samples. Figures (7.6.a-b) summarize the experimental data
of T¢ vs E, obtained at H=5 and 10 Oe along the FC branches, respectively, and they are accompanied with
several Tc(Ee) fitting curves. The experimental data of T vs E.y indicate that the overall decrease of T¢ upon
the application of Eexmay=4.5 kV/cm is equal to 360 mK (320 mK) at H=5 Oe (10 Oe). This decrease of T¢
corresponds to a modification coefficient (percentage) of -0.080 K/kV/cm (-6.8%) at H=5 Oe and -0.071
K/kV/cm (-6.2%) at H=10 Oe. Note that the experimental data of T vs E., exhibit a non-monotonic decrease
of Tc. Specifically, at H=5 Oe a local maximum is observed at E,~1.7 kV/cm, while at H=10 Oe the
respective local maximum is observed at E¢~2.5 kV/cm.
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Figure 7.6: Summary of Tc vs Ee experimental data of sample #3: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm)
obtained along FC branch at (a) H=5 Oe and at (b) H=10 Oe. In both graphs the experimental data are presented
together with the fitting functions that are examined here.

Regarding the theoretical investigation of these results, several expressions of T¢(E.) have been
tested in respect to their reproducibility of the experimental data. Starting with the simplest expression of
Tc(Eex) (expression (6.5.a)) and progressively proceeding to the most complicated expression (expression
(6.5.d))) it was found that only the latter is able to reproduce the experimental data of T¢ vs Eg with
R?~96.1% at H=5 Oe (solid blue line in figure (7.6.a)) and with 95.2 % at H=10 Oe (solid red line in figure
(7.6.b)). This happens due to the non-monotonic reduction of T, since as it was stated in sample #2 the non-
monotonic reduction of T requires the most complicated expression of Tc(E.y) (that is the expression (6.5.d))
in order to reproduce accurately this behavior. The obtained values of the primed parameters included in the
optimal fitting function T¢(Eex) are summarized in Table 7.3.

The characteristic electric fields that evidence the crossover behavior of the Tc(Ex) curves in samples
#1, #2 and the non-monotonic behavior of the Tc¢(Eex) curve in sample #2, coincide with the characteristic
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electric fields that mark the non-monotonic reduction of T¢ in sample #3. In particular, these characteristic
electric fields in sample #3 are located at a weak peak of T observed at E., ~1.7 kV/cm when H=5 Oe (blue
vertical arrow in figure (7.6.a)) and at E., =2.5 kV/cm when H=10 Oe (red vertical arrow in figure (7.6.2)).
Finally, it should be stressed that the magnitude of piezoelectric modification of T¢ (as given by AT¢(max and
the coefficients of T modification) is approximately equal among the three artificial structures studied here.

Table 7.3: Primed fitting parameter of expression (6.5.d) used to reproduce the experimental data of T¢ vs Ee
along FC branches obtained at H=5 Oe (10 Oe) of sample #3: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm).

0JIn(Eex) ;\'(Eex) “*(Eex)
®1n,0=50.550.000 (48.906+0.000) Ao'=1.503=0.000 (1.490::0.000) Mo 7=0.129+0.000 (0.121:£0.000)
Oin,1'=2.853+0.528 (0.190-0.000) A= -0.051+0.009 (-0.058+0.008) 111 7=0.094+0.009 (0.064+0.001)
o2 =2.878+0.371 (3.3600.270) A= -4.667-10"*+0 (-5.2:10+0) 1,7=2.235-10+0 (1.12:10™+0)
®nn3=-0.859+0.061 (-0.729+0.011)
®1n4=0.109+0.000 (0.062+0.004)

ii. Study of artificial structures Nb(dn,)/PMN-0.31PT/Nb(dny) with dy,=20 nm

Continuing with thicker Nb films two different artificial structures with dy,=20 nm will be examined here. All
the artificial structures consist of the same sample series of PMIN-0.31PT with polished surfaces.

Sample #1: Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm)
The first artificial structure Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) is actually the one presented in
paragraph 7.1 and thus the isofield m(T) curves are not presented here. Figures (7.7.a-b) summarizes the
experimental data of T vs E¢ obtained at H=2 Oe along the ZFC and the FC branches, respectively, together
with two Tc(Ee,) fitting curve. These experimental data indicate that the overall decrease of T¢ upon
application of Eexmay=5.0 kV/cm is equal to 180 mK (200 mK) along ZFC (FC) branch. This decrease of T¢
corresponds to a modification coefficient (percentage) of -0.036 K/kV/cm (-2.9%) along ZFC branches and -
0.040 K/kV/cm (-3.2%) along FC branches.

Regarding the theoretical investigation of these results, two expressions of Tc(Eex) are tested here.
The first Tc(Eex) expression is the expression (6.5.a) and it provides low reproducibility of the experimental
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Figure 7.7: Summary of T vs E. experimental data of sample #1: Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm)
obtained at H=2 Oe and along the (a) ZFC and the (b) FC branches. In both graphs the experimental data are presented
together with two fitting functions that are examined here.
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data obtained along the ZFC branches. The second T¢(E.x) expression is the expression (6.5.b) and it results to
the optimum fitting coverage of the experimental data obtained along both the ZFC and the FC branches with
R?~99.4%. The obtained values of the primed parameters included in the optimal fitting function Tc(Ee)
(expression (6.5.b)) are summarized in Table 7.4.

Table 7.4: Primed fitting parameter of relation (6.5.b) used to reproduce the experimental data of T¢ vs Ee
along ZFC (FC) branches obtained at H=2 Oe of sample #1: Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm).

mln(Eex) K(Eex) H*(Eex)
®in0 =55.152+0.000 (55.764%0.000) h'=1.502+0.000 (1.499::0.000) 1 '=0.1030.000 (0.102=0.000)
®in.1'=2.833+0.418 (2.749+0.308) A= -0.060+0.009 (-0.051:0.007) 11 =0.038+0.010 (0.029::0.004)
®in,2=0.554+0.078 (0.269+0.084)

Similar to the T¢(E.y) data obtained from the artificial structures consisting of dy,=15 nm, a crossover
behavior is also observed here. This crossover behavior is evident at E., " =2.2 kV/cm along ZFC branches
and at Ee," =2.0 kV/cm along FC branches, as marked by the solid vertical arrows in figures (7.7.a-b).

Sample #2: Nb(20 nm)/PMN-0.31PT/Nb(20 nm)
Continuing with the study of artificial structures consisting of dn,=20 nm, figures (7.8.a-b.i) show
representative m(T) curves obtained at H=20 Oe along the ZFC and the FC branches, respectively. All the
m(T) curves are presented in a reduced temperature window close to T and each m(T) curve is shifted
vertically for the sake of presentation reason. The arrows indicate the T value in each E.y. Figures (7.8.a-b.ii)
summarizes the experimental data of T vs Ee obtained along ZFC and FC branches, together with the
Tc(Ee) fitting curves. These experimental data indicate that the overall decrease of T¢ upon application of
Eexmax=4.0 kV/cm is equal to 100 mK (140 mK) along the ZFC (FC) branches. This decrease of Tc
corresponds to a modification coefficient (percentage) of -0.025 K/kV/cm (-1.7%) at H=5 Oe and -0.035
K/kV/cm (-2.3%) at H=10 Oe.

Regarding the theoretical investigation of these results, two expressions of Tc(Eey) are tested here.
Due to the absence of any non-monotonic decrease of T, these expressions are characterized by the linear
dependence of S on E.. Thus, the two mathematical expressions of T¢(E.) that are used here, are given by
the expressions (6.5.a) and (6.5.b). From the fitting coverage of the experimental data it becomes obvious that
only the expression (6.5.b) can reproduce precisely the variation of T with E. in both the ZFC and the FC
branches with R?~98.8% and 99.6%, respectively. The obtained values of the primed parameters included in
the optimal fitting function T¢(Ee) (given by the expression (6.6.b)) are summarized in Table 7.5.

Table 7.5: Primed fitting parameter of expression (6.5.b) used to reproduce the experimental data of T¢ vs E
along ZFC (FC) branch obtained at H=20 Oe of sample #2:Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm).

(Dln(Eex) )\( Eex) “-*(Eex)
®1n o =53.89:£0.000 (54.603+0.000) A0'=1.503+0.000 (1.503+0.000) 1o '=0.103+0.000 (0.103+0.000)
©1n1'=3.591+0.264 (1.936+0.442) A1'= -0.073+0.007 (-0.063:0.009) 1;'=0.032+0.001 (0.027+0.012)

©1n2'=0.599+0.121 (0.469+0.019)

Exactly the same crossover behavior reported in sample #1 is observed in sample #2. In particular, the
crossover behavior of T¢(Eey) in this artificial structure is evident at E.,“ =2.0 kV/cm along ZFC branch and
at Ee, " =2.0 kV/cm along FC branch, as marked by the solid vertical arrows in figures (7.9.a-b.ii). Finally, it
should be stressed that the magnitude of piezoelectric modification of T¢ (as given by ATcmax and the
coefficients of T¢ modification) is approximately equal among the two artificial structures studied here.
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Figure 7.8: Representative isofield m(T) curves of sample #2: Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm)obtained at
H=20 Oe along (a.i) ZFC and (b.i) FC branches, at various Eg. The m(T) curves are presented in a reduced
temperature range that is close to Tc, while also they are vertically shifted for clarity. Summary of Tc vs Ee
experimental data obtained at (a.ii) ZFC and (b.ii) FC. In both (a-b.ii) graphs the experimental data are presented
together with the fitting functions that are examined here.

iii. Study of the artificial structure Nb(dy,)/PMN-0.31PT/Nb(dyp) with dy,=50 nm

Continuing with the investigation regarding the thickness dependence of the piezoelectric modification of T,
an artificial structure consisting of thicker Nb films with dy,=50 nm is examined. Figure (7.9.a) shows
representative m(T) curves at a reduced temperature window around T that were obtained along ZFC
branches and at H=10 Oe. Figure (7.9.b) summarizes the experimental data of T¢ vs Ee together with the
Tc(Ee) fitting curves. As it is expected the increased dy, resulted to a minor reduction of the T¢ values upon
increasing Ee. In particular, the overall reduction of T¢ upon applying Eexmaxy=4.0 kV/cm is on the order of
60 mK, while by considering a non-monotonic decrease of T¢ the reduction becomes equal to 100 mK
between E.=1.0 and 4.0 kV/cm. By keeping the overall reduction as the main comparative parameter
between different artificial structures, it can be concluded that the overall decrease of T corresponds to a
modification coefficient (percentage) of -0.015 K/kV/cm (-0.8%).

Due to the non-monotonic slight decrease of T with increasing E., it was found the appropriate
mathematical expression of T¢(E.) that satisfies the optimum fitting coverage of the experimental data is
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Figure 7.9: (a) Representative isofield m(T) curves of sample Nb(50 nm)/PMN-0.31PT(Polished)/Nb(50 nm)obtained at
H=10 Oe along the ZFC branches and at various E¢. The m(T) curves are presented in a reduced temperature range
that is close to T, while also they are vertically shifted for clarity. (b) Summary of T¢ vs E., experimental data together
with the fitting functions that are examined here.

given by the expressions (6.5.d), with R*~92.2 %. The obtained values of the primed parameters included in
the optimal fitting function T¢(Ee) (given by the expression (6.5.b)) are summarized in Table 7.6.

Table 7.6: Primed fitting parameter of expression (6.5.b) used to reproduce the experimental data of T¢ vs Eg
along the FC branches obtained at H=10 Oe of the sample Nb(50 nm)/PMN-0.31PT(Polished)/Nb(50 nm).

(Dln(Eex) X(Eex) H*(Eex)
®1n0'=68.775+0.000 A0=1.492:0.000 1o '=0.1030.000
o 1'=8.203+0.151 A1'=-0.101+0.003 11 '=0.032+0.004
on2'=1.252+0.176 A2'= -0.912-10+0.000 1, '=6.32:10"*+0.000

o3 =-0.142+0.000
®1n4'=0.065+0.000

Though no crossover behavior is observed in the optimum T¢(E,) curve, one can easily recognize the
E.=2.0 kV/cm as a characteristic field that indicates the reduction of T¢ in values below T, when Ee
exceeds 2.0 kV/cm. This characteristic field coincides qualitatively with the respective characteristic electric
fields that evident the crossover or/and the non-monotonic behavior of T¢(E.) curves in artificial structures
with thinner Nb films (that are for dy,=15 and 20 nm).

iv. Study of the artificial structure Nb(dy,)/PMN-0.31PT/Nb(dyp) with dy,=100 nm

To complete the investigation regarding the thickness dependence of the piezoelectric modification of T¢, the
last artificial structure is consisting of relatively thick Nb films with thickness dy,=100 nm. Figure (7.10.a)
shows representative m(T) curves at a reduced temperature window around T that were obtained along ZFC
branches and at H=10 Oe. Figure (7.10.b) summarizes the experimental data of T¢ vs Ee together with the
Tc(Eex) fitting curves. As it is expected, the increased dy, resulted to a minor reduction of the T¢ values upon
increasing E.,. In particular, the overall reduction of T¢ between E=0.0 and 4.0 kV/cm is zero but if one
considers a non-monotonic decrease of T due to the initial increase of T the reduction becomes equal to 60
mK between the E.,=2.0 and 4.0 kV/cm. By keeping the variation of T between the strain free state and the
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Figure 7.10: (a) Representative isofield m(T) curves of sample Nb(100 nm)/PMN-0.31PT(Polished)/Nb(100 nm)obtained
at H=10 Oe along the ZFC branches and at various E¢,. The m(T) curves are presented in a reduced temperature range
that is close to T¢, while also they are vertically shifted for clarity. (b) Summary of Tcvs E, experimental data together
with the fitting functions that are examined here.

strain state at the maximum applied Eexmax) @s the main comparative parameter among the artificial structures,
it can be concluded that the overall decrease of T corresponds to zero modification coefficient (percentage).

Due to the non-monotonic decrease of T with increasing E., it was found that regarding the
theoretical investigation of these results the appropriate mathematical expression of Tc(Eey) that satisfies the
optimum fitting coverage of the experimental data is given by the expressions (6.5.d). The obtained values of
the primed parameters included in the optimal fitting function T¢(Ee) are summarized in Table 7.7.

Table 7.7: Primed fitting parameter of expression (6.5.b) used to reproduce the experimental data of T¢ vs Eg
along ZFC branches obtained at H=10 Oe of the sample Nb(100 nm)/PMN-0.31PT(Polished)/Nb(100 nm).

(Dln(Eex) X(Eex) H*(Eex)
®1n o =66.96+0.000 A0'=1.492+0.000 1o '=0.103+0.000
o1 1'=9.568+0.226 A1'=-0.106+0.002 11, '=0.0056+0.011
o2’ =1.170+0.051 2A2'=-0.912:10+0.000 1, '=6.32-10"+0.000
o3 =0.026+0.004
o1 4=0.069+0.000

Despite the fact that this artificial structure exhibits a slight increase in T¢ at low Eg, there is a
common feature when comparing with the others artificial structures. Specifically, as E.x becomes non-zero
the T is slightly increased (+20 mK) and remained at a higher value until E.,=2.0 kV/cm is reached. Beyond
this characteristic field the T starts to decrease and hence one can easily recognize a qualitative coincide with
the characteristic field of T¢(Eex) curves at E¢, =2.0 kV/cm reported in the previous artificial structures.

v. Comparative study of the artificial structures in respect to dyp

In this paragraph the results of piezoelectric modification of T in all the artificial structures Nb(gnp)/PMN-
0.31PT(Polished)/Nb(dyy) is examined in respect to dyp,. In this comparative study two parameters will be
studied in respect to dn,. The first parameter is the magnitude of the T. modification and the second
parameter is the characteristic electric field of the T¢(E.y) curves.
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Figure 7.11: (a) Representative results of (ATc/Tco) 100 % vs Egy for Nb(dy,)/PMN-0.31PT(Polished)/Nb(dyy) artificial
structures with dy, equal to 15 (black filled circles), 20 (red open squares), 50 (blue semi-filled rhombs) and 100 nm
(orange open trapezoids). The respective lines refer to the optimum Tc(Ee) fitting functions for each case. (b)
Experimental data of S, vs E¢ for a PMN-0.31PT substrate, obtained via the local technique. These data are focused in
the regime of low E., for the sake of comparison with the respective data of T¢ vs Ee. The blue solid vertical arrow
points the characteristic field at E.,=2.0 kV/cm.

Starting with the first parameter, figure (7.11.a) summarizes representative results of the T¢
modification upon applying E. in artificial structures with different dyy. In order to facilitate this comparative
study the T¢ modification is expressed by the coefficient of percentage modification ((ATc/T¢o) 100 %), since
Nb films of different dy, exhibit different Tc. Note that the lines in figure (7.11.a) refer to the optimum
Tc(Eex) fitting function for each artificial structure. It becomes apparent that as dyy, increases progressively,
the maximum percentage modification of T is gradually degraded. For the quantitative comparison among
these artificial structures Table 7.8 summarizes the mean values of the ATcmmax, the Tc modification
coefficient and the percentage modification of T in every dy,. By comparing these values one can conclude
that the increase of dy, up to 50 nm reduces their values by a factor that is approximately equal to 2.5, while
when dy, becomes 100 nm T is unaffected upon applying Eexmax and the respective coefficients are zero.
This behavior is attributed to the finite penetration depth of the induced strain within Nb films. In particular,
as thickness dyy increases the induced strain affects less part of the entire volume of Nb films leading to the
progressive deterioration in the magnitude of the T¢ modification. Eventually, it is safe to conclude that the
magnitude of T modification depends strongly on dyp.

Table 7.8: Mean values of the AT¢max, the Tc modification coefficient and the percentage modification of T
in respect to the dyy, for Nb(dy,)/PMN-0.31PT(Polished)/Nb(dy) artificial structures.

ND(dys)/PMN-0.31PT(Polished)/Nb(dys) | AT e (MK) Coelfciclz?'gffxlm) - d‘;:if;?;ing -
dnp=15 nm -336.7£29.4 -0.078+0.009 -5.8+0.7
dnp=20 Nnm -155.1+44 3 -0.034+0.006 -2.5+0.6
duy=50 nm -60.040.0 20.01520.000 10.8+0.0
dny=100 nm 0:0.0 0:0.000 00.0

Regarding the second parameter that is the characteristic field E.~2.0 kV/cm, a careful examination
of the detailed results presented in paragraphs 7.2.i-vi reveals that this field appears in all artificial structures
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independently to the behavior of their T¢(Ee) curves. In particular, artificial structures consist of Nb films
with dn,<20 nm exhibit a crossover behavior that is manifested by the change in the curvature of Tc(Ee)
curves around E., " =2.0 kV/cm, while in some artificial structures with dy,=15 nm this crossover behavior is
evolved to a non-monotonic behavior of Tc(Ee) that exhibit a local maximum at E.=2.0 kV/cm. In artificial
structures consist of Nb films with dy,>50 nm this behavior of Tc(Eey) fitting curves (crossover or/and non-
monotonic behavior) is absent, but the electric field E~2.0 kV/cm is a characteristic field that signifies the
reduction of T¢ when Eg exceeds it. This qualitative coincidence among all artificial structures at Eg,~2.0
kV/cm indicates that this electric field is a characteristic field that should be related to the piezoelectric
substrate PMN-0.31PT. Accordingly, it is appropriate to recall the results of piezoelectric characterization of
these substrates. Figure (7.11.b) shows the experimental data of the in-plane strain S (or else Sy) vs E., that
were obtained with the local technique (for more details see paragraph 5.1.iii) and these data are presented in
the regime of low E,, for the sake of comparison with the respective data of T¢ vs Ex. The experimental data
of Sy vs Eex show that the electric field E=2.0 kV/cm is a characteristic field of PMN-0.31PT substrates that
signifies the return of strain S, at zero value after a slight increase, while the gradual increase of E., above 2.0
kV/cm results to the development of an increased compressive strain. This justifies the fact that at E.~2.0
kV/cm the artificial structures with dy,<20 nm exhibit a plateau (when the crossover behavior is observed) or
a local maximum (when the non-monotonic behavior is observed) in the values of T¢(Eey) curves, while at
Ee>2.0 kV/cm all artificial structures show a progressive reduction of T¢(E.y) curves.

The main disadvantage of these strain measurements is that they have been performed at T=300 K,
which is far above the operating temperature of the artificial structures. It is well known that the magnitude of
strain is degraded (up to an order of magnitude) when PMN-xPT materials operate at cryogenic conditions
% However, the characteristic features observed systematically in the curves T¢(Ee,) and S,(E,) at the same
E.x values cannot be a simple coincidence. To confirm this similarity among different measurements and also
to have a qualitative estimation of the imposed strain to the superconducting properties at low temperatures
another parameter of superconductivity is also studied as a function of the applied E.,. This parameter is the
magnetic moment of the Nb films in Meissner state. Figure (7.12.a) shows the ZFC m(T) curves of the
artificial structure Nb(100 nm)/PMN-0.31PT(Polished)/Nb(100 nm) that were obtained at various E.,. From
this presentation it becomes obvious that there are significant changes in the magnetic moment at low
temperatures upon the variation of E.. Figure (7.12.b) shows the variation of Am/m(E.=0.0), where
Am=m(E¢,#0.0)-m(E=0.0), of this artificial structure, taken at H=5 Oe and for three different temperatures
as a function of E.,. The curve represented the modulation of Am/m(E¢=0.0) vs E., reminisces the half of a
typical strain butterfly loop. This indicates indirectly that strain is transferred from PMN-0.31PT into the Nb
films is the driving force in these artificial structures. Interestingly, the Am/m(E.=0.0) vs E., curve shows an
hysteretic behavior up to E¢=4.0 kVV/cm, in contrast to the non-hysteretic (and almost negligible) variation of
Tc in this artificial structure. The vertical solid arrows in figure (7.12.b) indicate two characteristic points of
the Am/m(E,,=0.0) curves, one at E.=1.0 kV/cm which indicates a local maximum and another at E=2.0
kV/cm which indicates the return at the initial value of Am/m(E.=0.0). The first characteristic Ex coincides
with a weak positive of strain, blue-dashed arrow in figure (7.11.b), due to the local character of the particular
measurements and this is reflected in SQUID measurements (figure (7.12.b)) as an intense positive peak due
to the global character of these measurements (average result among several areas that exhibit similar
behavior). The lateral characteristic E., coincides with the E. where S,=0 (figure (7.11.b)) and with the
crossover behavior that has been reported around it. Accordingly, the recorded modulation of Tc(Eey) is
motivated by the applied E, through the imposed strain, S despite the fact that this is reduced due to the low
operating temperatures. Eventually, these combined data prove that the modification of T¢ in the artificial
structures Nb/PMN-0.31PT/Nb depends exclusively on the in-plane strain S of the PMN-0.31PT substrates.
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Figure 7.12: (a) m(T) curves of the artificial structure Nb(100 nm)/PMN-0.31PT(Polished)/Nb(100 nm) obtained along
the ZFC branches at H=5 Oe and for various E¢. The vertical arrows indicate the trajectory of the magnetic moment
modulation upon the application of E,.(b) The modulation of the magnetic moment obtained at constant magnetic field
H=5 Oe for three different temperatures, T=5 (red solid circles), 5.5 (green open rhombs) and 6 K (blue semi-filled
trapezoids) as a function of E,. The vertical arrows indicate two characteristic electric fields, E,.

vi. Study of the piezoelectric modification of microscopic parameters with respect to Nb thickness

This paragraph presents the results of the piezoelectric modification of the microscopic parameters involved
in the T¢(Ee) expressions that were used to reproduce the experimental data of T¢ vs Ee in the artificial
structures Nb(dy,)/PMN-0.31PT(Polished)/Nb(dyy,) with different thicknesses dyp. It should be noted that in
the present study only the optimum T¢(E.y) fitting functions are examined for each dy,, while in the cases of
dny=15 and 20 nm a mean variation of the microscopic parameters has been estimated among the different
samples. By keeping the E. as the main experimental variable, the piezoelectric modification of microscopic
parameters is expressed in terms of Eg. This means that in every case the appropriate constitutive equation
S(E.y) has been introduced to the trial functions of the microscopic parameters thus leading to the expressions
ME.y) for the attractive potential, p'(E) for the repulsive Coulomb potential and wi(Ee) for the mean
phonon frequency. In addition to these parameters, another potential parameter is studied also here. This is the
interaction potential N(O)V and its E., dependence can be derived easily through the general relationship
N(0)V=(A-p)/(1+)) and by including the respective E., dependence of A and .

Figures (7.13.a-d) show the variation of A, 1", N(0)V, o, as a function of dy, and upon the application
of E, that ranges between 0.0 and +4.5 kV/cm, respectively. In every panel the delimited shadowed areas
represent the error around mean variation of the microscopic parameters, while in panel (d) and for artificial
structures with dn,=20 and 100 nm the errors are not included for presentation reasons. Moreover, the green
solid vertical arrows in all panels indicate the increase of dy,. From an overall and qualitative observation of
these results one can recognize that the variation of the microscopic parameters upon increasing E., follows
the same trend for all thicknesses of Nb thin films. For instance, the increase of E., causes the decrease of A,
the increase of u*, the decrease of N(0)V and the increase of w), for all dy,. The variation trend of each
microscopic parameter justifies fully the reduction of Tc upon increasing E.. Now regarding to their
thickness dependence, the results show a sensible behavior. Specifically, in relatively thin Nb films (such as
dn,=15 nm) all the microscopic parameters A, ", N(0)V and wy, are more sensitive upon applying E., leading
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Figure 7.14: The variation of (a) attractive potential 4, (b) repulsive potential z, (c) interaction potential N(O)V and (d)
mean frequency of phonons w), as a function of E., and in respect to dy,. The variation of the microscopic parameters
are presented in the range of Ey,, 0 kV/em<E<4.5 kV/cm, where the experimental data of Tc(Ee) lie. The shadowed
areas that accompany the variation curves of the microscopic parameters represent the error of each curve. Moreover in
every panel the green arrows indicate the increase of dy,. The inset of (d) focuses close to E¢,=0 kV/cm in order to show
that different a)m,o’ values are proportional to the T¢ values at the initial and strain-free state of Nb thin films.

to a strong modification of them, which progressively becomes less sensitive as dy, increases. This justifies
the progressive degradation of the magnitude of T modification as dy, increases.

The self-consistency of the phenomenological approach and thus of the employed trial functions of A,
u” and o, can be revealed by studying the values of the fitting parameters (see Tables 7.1-7) that were used
to reproduce the data of T¢ vs E., for all artificial structures. Starting with the initial values of A, H* and oy,
that are the A¢, 1o’ and win¢ (Unperturbed fitting parameters), two inferences emerge. The first is that the
values of these parameters are reasonable and almost equal to respective values reported in literature 13,
The second is that the potential parameters A, o’ (and thus N(0)V) are thickness independent and their
values are Ag'=1.5, uo*/z0.103 (and N(0)V=0.56). However, it seems that the latter is not valid for oa.nvol . This is
due to the fact that the artificial structures consisting of Nb thin films with different dy, exhibit different
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values of T¢, which is proportional to value of co.n,o’. This is depicted in the inset of figure (7.13.d), where it is
clear that the lower T¢ values at E.,=0 kV/cm correspond to lower wm,O’ . Now regarding the rest and distortion
fitting parameters that are the Al Mi*/ and oam,i’, their values lead to a reasonable variation of the microscopic
parameters upon applying E.,. Even in the case of the artificial structures consisting of dy,=15 nm where the
maximum reduction of T was observed, the variation of A, 1", N(0)V and o, lies within reasonable limits.
For instance in the particular artificial structures, A varies from 1.5 to 1.0, H* varies from 0.103 to 0.124,
N(O)V varies from 0.56 to 0.43 and oy, varies from 52 to 93 upon the progressive increase of E., up to 4.5
kV/cm. Conclusively, all of the microscopic parameters exhibit a reasonable behavior in the entire range of

Eex Where the experimental data of T¢ vs E¢, lie and also a sensible behavior in respect to thickness dyp.
7.3 Piezoelectric modification of critical current density in No/PMN-0.31PT/Nb artificial structures

This paragraph focuses on the piezoelectric modification of Jc in Nb/PMN-0.31PT/Nb artificial structures.
Since the application of E in these artificial structures causes the reduction of T¢ (as it was shown in the
previous paragraphs of this chapter), it was chosen purposely to study two artificial structures that exhibit
minor changes in their T¢ values upon applying E., in order to isolate the influence of piezoelectric strain on
Jc. These artificial structures consist of relatively thick Nb films with thicknesses dy,=50 and 100 nm. In this
study the piezoelectric modification of Jc is estimated inductively from m(H) loops obtained at various Ee,
through the analogy JcocAm ™31 (where Am is the width of an m(H) loop at a certain magnetic field, H).

Starting with the artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm), figures (7.14.a-b) show
m(H) loops obtained at T=6 K (that is at T=T¢-1.3 K) and at T=5 K (that is at T=T¢-2.3 K), respectively, for
three representative electric fields E.. At the strain free state of the artificial structure (for E¢=0.0 kV/cm)
and at T=6 K a smooth m(H) loop has been recorded (figure (7.14.a.i)), while at T=5 K pronounced thermo-
magnetic instabilities (TMIs) can be recognized in the m(H) loop (figure (7.14.b.i)). These TMIs are observed
both upon increasing and decreasing the applied magnetic field, H. Along the ascending branch of H weak
magnetization jumps can be seen for H just above Hc; and in particular at the fields of first jump, Hg, and of
second jump, Hy; (black vertical arrows) that refer to the penetration of new vortices after zero-field cooling.
Along the descending branch of H more intense magnetization jumps can be seen (purple vertical arrows) and
these jumps are concentrated closer to the regime of low magnetic fields, H. This is a brief description of the
properties of Nb films at the initial and strain free state of the artificial structure. The application of E
induced strain which in turns modifies both the values of Jc at T=6 K (figures (7.14.a.i-ii)), 5 K (figures
(7.14.b.i-ii)) and the number of TMIs events at T=5 K (insets of figures (7.14.b.i-ii)).
kOe and finally -15.8 % (-24.8 %) for H=1.5 kOe.

Figure (7.15) summarizes the piezoelectric modification of Jc upon E. application at T=6 K (figure
(7.15.a)), T=5 K (figure (7.15.b)) for various values of the magnetic field H. For comparison reasons between
the Jc values at various H, the Jc is normalized in respect to its initial value obtained at E.,=0.0 kV/cm (Jco)
through the ratio Jc/Jco. It should be noted here that the values of Jc/Jco at T=5 K refer to regime of relatively
high magnetic fields, located outside the regime where TMIs events have been recorded. The variation of
Jclco at T=6 K upon increasing E., (figure (7.15.a)) show a non-monotonic reduction. In particular, at E¢=2.0
kV/cm the Jc/Jcq reaches an improvement on the order of +1.3 % for H=150 Oe, +2.5 % for H=300 Oe and +4
% for H=500 Oe (as depicted in the inset of figure (7.15.a)). After returning to lower values (approximately
equal to Jeo) at E=3.0-4.0 kV/cm, the Jc/Jco is decreased abruptly at E.,=5.0 kV/cm. The reduction of Jc/Jco
between E¢,=0.0 kV/cm and Eeymax=5.0 kV/cm is on the order of -13 % for H=150 Oe, -12 % for H=300 Oe
and -14 % for H=500 Oe. By taking into account the non-monotonic behavior of Jc/Jco the respective values
of reduction between E¢,=2.0 kV/cm and Eeymaxy=5.0 kV/cm are equal to -14.3 % for H=150 Oe, to -14.5 %
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Figure 7.14: Representative m(H) loops of the artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm) obtained at (a)
T=6 K (T=T¢-1.3) and (b) T=5 K (T=T-2.3), under the application of E¢, equal to (i) 0.0, (ii) +2.0 and (iii) +5.0 kV/cm.
Note that the black thick lines refer to the initial and strain free state of the artificial structure obtained at E.,=0.0 kV/cm
and is placed in the background of the following m(H) loops obtained at E.,#0.0 kV/cm as a reference. The insets of
(b.ii) and (b.iii) focus on the magnetic field regime where TMIs have been recorded. The vertical magenta arrows
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for H=300 Oe and finally to -18 % for H=500 Oe. The variation of Jc/Jc at T=5 K upon increasing E.y (figure
(7.15.b)) show similar behavior, which is accompanied with more pronounced changes in the values of Jc/Jco.
Specifically, the improvement of Jc/Jcg at E=2.0 kV/cm is on the order of +4.5 % for H=800 Oe, +6.0 % for
H=1.2 kOe and +9.0 % for H=1.5 kOe (as depicted in the inset of figure (7.15.b)). In this case, the reduction
of Jc/Jco between E.,=0.0 kV/cm (or E=2.0 kV/cm when taking into account the non-monotonic variation of
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Figure 7.15: Variation of the normalized Jc (in respect to the Jco of the strain free state) as a function of E,, in the
artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm), from data obtained at (a) T=6 K and (b) T=5 K for various
applied magnetic fields H. In each graph the inset focuses on the regime of low E¢, where the improvement of Jc values
is observed. In every case the lines serve as guides to the eye.

Jolco) and Eexmax=5.0 kV/cm is on the order of -14.5 % (-19 %) for H=800 Oe, -13.0 % (-19 %) for H=1.2
kOe and finally -15.8 % (-24.8 %) for H=1.5 kOe.

The data presented in figures (7.15.a-b) suggest the effective piezoelectric modification of Jc in the
artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm), with increased magnitude of modification at higher
magnetic fields. This dependence of the magnitude of Jc/Jco modification on magnetic field H is a reasonable
result if one considers that the modification of Jc is driven from an external cause with finite influence against
the pinning forces in Nb films. In particular, this external cause is the induced reconfigurable strain imposed
to Nb films through the deformation of PMN-0.31PT substrate. The induced strain is able to overcome more
easily the weak pinning forces (that are manifested at high magnetic field H) and not the strength of stronger
pinning forces in Nb films (that are manifested at low magnetic field H). This justifies the fact that the
magnitude of Jc reduction is more intense at high magnetic fields and less intense at lower magnetic fields.

In the m(H) loops obtained at T=5 K the modification of Jc upon applying E. is accompanied with
the appearance of pronounced TMIs along the descending branch of H. Figure (7.16.a) shows the evolution of
the number of TMIs in respect to E¢ and it becomes apparent that the number of TMIs follows a non-
monotonic variation with the increase of E.. In this non-monotonic variation of TMIs events a local
maximum is observed at E.,=2.0 kV/cm (as depicted by the vertical arrow in figure (7.16.a)), which coincides
with the local maximization of Jc, as reported previously. Thus, it is appropriate to correlate the variation of
TMIs with the respective variation of Jc (in normalized terms, Jc/Jco). For this reason figure (7.16.b) presents
the variation of Jc/Jco upon Eey obtained at T=5 K and for magnetic fields that are inside (H=0 and 200 Oe;
solid symbols in figure (7.17.b)) and outside (H=800 and 1500 Oe; semi-filled symbols in figure (7.16.b)) the
regime of TMIs (that is for H<600 Oe). From a careful examination of figure (7.16.b) one can disclose the
origins of the non-monotonic variation of TMIs. The maximization of Jc at E.,=2.0 kV/cm for relatively high
magnetic fields (H=800 and 1500 Oe) means that Nb films support the flow of a Jc that exceeds Jco. As
magnetic field decreases along the descending branch of H the Jc is further increased (due to the dependence
of Jc on H) and hence at E=2.0 kV/cm the local maximization of Jc leads to even higher values of Jc.
Evidently, Nb films cannot support the flow of this enhanced Jc and thus the number of TMIs is maximized at
E.=2.0 kV/cm. This local maximization of the number of TMIs at E.=2.0 kV/cm results to the local
minimization of Jc/Jco obtained at low magnetic fields. The further increase of E., up to 4.0 kV/cm causes the
return of Jc to its initial value Jco (either by increasing at low H or by decreasing at high H) and this behavior
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Figure 7.16: Variation of both (a) the TMIs events and (b) the normalized J¢, in respect to Eg, for the artificial structure
Nb(50 nm)/PMN-0.31PT/Nb(50 nm). In figure (b) the solid (semi-filled) symbols refer to the data obtained at magnetic
fields H that are inside (outside) the regime where TMIs events have been recorded. In every case the lines serve as
guide to the eye.

of Jc justifies fully the decrease of TMIs in this range of E.. Finally, at Eemax=5.0 kV/cm the flow of a
degraded Jc can be supported by Nb films and thus the TMIs events remain at a minimum level.

The theoretical exploitation of the experimental data of Jc vs Ee is based on the models presented in
paragraph 6.2. The desired relation Jc(Eex) results after introducing the constitutive equation S(E,) into a
well-defined Jc(S) expression that have been proposed in ™ and used as a fitting function in 2!, The non-
monotonic reduction of Jc upon increasing E. (figures (7.15.a-b)) indicates that the appropriate constitutive
equation that describes the electro-mechanical ability of PMN-0.31PT substrates should be given by a
quadratic expression of S(Ee). This means that the final expression of Jc(Ee) (given by the expression (6.8))
involves two terms inside the summation of expression (6.8) that are the A, and the A, Figures (7.17.a-b)
show the non-normalized experimental data of Jc vs Eey (Symbols) for various magnetic fields at T=6 and 5 K,
respectively, together with their optimum fitting curve Jc(Ee) (solid lines). It should be noted that in the
fitting procedure the parameters Ay, A/, A, u and n are fixed to certain values, while the parameters Jco, Eco,
w and c are free to vary. Specifically, the fixed parameters that are related to the PMN-0.31PT substrate, are
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Figure 7.17: Variation of Jc on E, of the artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm) (a) for H=150, 300
and 500 Oe at T=6 K and (b) for H=800, 1200 and 1500 Oe (that are located outside the regime of TMIs) at T=5 K. In
each figure (a) and (b) the symbols refer to the raw data and the lines are the optimum fitting curves of Jc(Eey).
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AJ=7-10"°, A/=1.5-10° A,=-2.6:10"° and they are one order of magnitude lower than the respective values of
them obtained at room temperature (see Table 5.3 of Chapter 5). The fixed parameters u and n are equal to 2.2
and 1, respectively “*?%. Finally, one can easily conclude that the expression (6.8) reproduces accurately the
experimental data with R? > 93 %. The values of the free parameters are summarized below in Table 7.9.

Table 7.9: Fitting parameters of expression (6.18) used to reproduce the experimental data of Jc vs Eg
obtained at T=6 K (T=5 K) for various H in the artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm).

H (Oe) Jeo (a.U; 107 emu) Eco (kV/cm) w (kV/cm) ¢ (-10°)
150 (800) 1.54 (3.33) 4.98 (5.75) 20.35 (17.79) 1.83 (2.09)
300 (1200) 1.38 (2.27) 4.98 (5.33) 20.35 (18.24) 1.83 (7.25)
500 (1500) 1.11 (1.61) 5.91 (2.86) 18.36 (7.82) 2.06 (8.01)

Referring to the artificial structure composed of thicker Nb films that is the Nb(100 nm)/PMN-0.31PT
/Nb(100 nm), the detailed m(H) measurements at T=6 and 5 K upon applying Ex does not show any changes
in the m(H) loops. In particular, the maximum recorded modification of Jc (at Eexmax=5.0 kV/cm) at relatively
high magnetic fields is on the order of -2 %, while at low magnetic fields the respective modification of Jc is
negligible. These results are attributed to the influence of the increased thickness of Nb films (dyy), since as
thickness dyp increases the induced strain affects less part of the entire volume of Nb films leading to the
progressive deterioration in the magnitude of the Jc modification. As stated in paragraph 7.2.v, Nb films with
dny=100 nm are thick enough and the superconducting properties (T¢ and Jc) are maintained constant within
the interval of E., applied to this artificial structure. These data are not presented here.

7.4 The role of substrate’s surface morphology in the piezoelectric modification of the superconducting
properties

In the previous paragraphs of this chapter the piezoelectric modification of Tc and Jc has been studied
intensively in artificial structures Nb(dy,)/PMN-xPT/Nb(dyp) consisting of PMN-xPT with polished surfaces.
The present paragraph shows how the surface roughness of non-polished PMN-xPT that is fully transferred to
the deposited Nb films, affects the piezoelectric modification of T¢ and Jc in Nb films.

The artificial structure that is studied here is the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm)
and it has been chosen for the following reasons. First, the PMN-0.31PT substrate is employed here due to its
effectiveness to modify strongly the superconducting properties of the deposited Nb films when compared
with the PMN-0.27PT substrate. Second, Nb films with dy,=20 nm are thin enough in respect to the
preservation of superconductivity in Nb films deposited on rough surfaces and also susceptible to modify
their properties when applying E., to the artificial structure.

i. Piezoelectric modification of the critical temperature in non-polished substrates

This paragraph focuses on the impact of surface roughness (Sa) on the piezoelectric modification of T¢. For
this study detailed isofield m(T) curves have been obtained along the FC branches at H=10 Oe and upon the
systematic variation of E in the artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm).
Figure (7.18.a) shows representative m(T) curves presented in a reduced temperature range around Tc. Figure
(7.18.b) summarizes the experimental data of T vs Ee (red spheres) together with the optimum T¢(E.y) fitting
function (red solid line). The overall decrease of T upon the application of the maximum applied E., (that is
Eexmaxy=4.0 KV/cm), is approximately equal to 400 mK, which corresponds to a modification coefficient
(percentage) of -0.100 K/kV/cm (-6.0%).
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Figure 7.18: (a) Representative isofield m(T) curves obtained at H=10 Oe along FC branch and at various E.,, for the
artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm). The m(T) curves are presented in a reduced
temperature range that is close to Tc, while also they are vertically shifted for clarity. Summary of T¢(Eey) experimental
data together with the optimum T¢(E,) fitting function that is able to reproduce accurately the experimental data.

Regarding the theoretical investigation of these results, it is obvious that due to the non-monotonic
reduction of T¢ the optimum Tc(Ee) fitting function should be given by the expression (6.5.d). This
expression succeeded to reproduce the non-monotonic reduction of Tc with a relatively high level of
confidence (R?~88.1%). The obtained values of the primed parameters included in the optimal fitting function
Tc(Eex) for each case are summarized in Table 7.10. The T¢(E.) fitting curve unveils two characteristic
electric field, one at E. " ~1.2 kV/cm that evidence a pronounced dip of T and another one at E., ~2.5
kV/cm that evidence an upturn of T¢ at higher value (which is lower than Tcy).

Table 7.10: Primed fitting parameter of expression (6.6.d) used to reproduce the experimental data of
Tc(Eex) along FC branches obtained at H=10 Oe of the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm).

(Dln(Eex) M Eex) P-*(Eex)
®1n0'=62.852+0.000 Ag=1.480+0.000 1o '=0.085+0.000
ony'= -7.91140.183 A,'=0.119+0.013 11;'=0.025+0.009
o2’ =1.629+0.068 A2’= -0.013+0.003 11, '=0.004+0.000
o3 =0.103+0.000
o4 =-0.053+0.000

By comparing the data of T¢(E.) of this artificial structure with the respective ones obtained in
artificial structures consisting of polished PMN-0.31PT a safe conclusions can be drawn. Specifically, the
overall modification of T¢ by E., is not seriously affected by the surface roughness of the PMN-0.31PT
substrate. Though, someone could invoke that the extrinsic factor of surface roughness motivates the
development of the weak crossover, observed in artificial structures with polished PMN-0.31PT and of the
pronounced dip observed in the artificial structure with non-polished PMN-0.31PT. Both features reflect an
intrinsic property of PMN-0.31PT substrates originating from their electro-mechanical response upon
application of E., and the high <Sa> can probably promote this feature. For that reason the Sy(Ex) curves of a
PMN-0.31PT obtained from a global and a local technique are recalled and presented in figures (7.19.a-b),
respectively. Both techniques reveal an anomaly in the Sx(Ee) curves. In particular, a change in concavity is
evidenced at E,"~1.4 kV/cm in the data coming from the global technique (figure (7.19.a)) and a peak is
also observed at E.," ~1.25 kV/cm in the local data (figure (7.19.b). Clearly, both points fall well inside the
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regime where the dip has been observed in the experimental of Tc vs E.. These combined data prove
unambiguously that the modification of T depends strongly on the in-plane strain of the PMIN-0.31PT.
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Figure 7.19: S,(Ee) experimental data for a PMN-0.31PT focused at the low values of E.,, obtained via (a) a global and
(b) a local technique (see paragraph 5.1.iii).(a) The black vertical solid arrow indicates a weak infection point observed
at Ee"~1.4 kV/cm, which is also highlighted by the divergence of the green-dashed curves that serve as guides to the
eye. Magenta solid line refers to the linear fitting of S,(E.y) revealing also the inflection point at 1.4 kV/cm. (b) A more
pronounced change in the slope is observed at E,=2.0 kV/cm as indicated by the red solid vertical arrow. Moreover, at
E.=1.25 kV/cm indicated by the black dashed arrow an anomaly of positive strain is observed at the same point where
the weak inflection point was reported in the global S,(E.,) data.

ii. Piezoelectric degradation of the critical current density in non-polished substrates

This paragraph focuses on the impact of surface roughness (Sa) on the piezoelectric modification of Jc in Nb
films. For this study, two artificial structures No/PMN-0.31PT/Nb with dy,=20 nm have been prepared, the
first is consisting of a PMN-0.31PT with polished surfaces (low surface roughness; on the order of few tenths
of nm) and the second of a PMN-0.31PT with non-polished surfaces (high surface roughness; on the order of
a few hundreds of nm).

Figure (7.20) presents representative experimental results in a vertical arrangement for two artificial
structures Nb(20 nm)/PMN-0.31PT/Nb(20 nm) with different surface morphology. Each column of figure
(7.20) combines an AFM image (of a scanning area 20x10 um?) with the respective m(H) loops obtained at
E&=0, 1, 2 and 3.5 (or 3.3) kV/cm for each artificial structure. Specifically, the left column of figure (7.20)
(figures (7.20.a.i-iv)) refers to the artificial structure Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) with
<Sa>~44 nm (Sa=25 nm in figure (7.20.8)) and Tc=7 K, while the right one (figures (7.20.b.i-iv)) refers to the
artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) with <Sa>~290 nm (Sa=216 nm in
figure (7.20.b)) and T¢=6.6 K. It should be stressed that due to the different T of these artificial structures,
the m(H) loops were obtained at different temperatures (T<Tc) conforming to a simple temperature condition
that allows the comparison of the m(H) loops between them. In particular, the m(H) measurements were
performed at temperature T=T¢-2 K ensuring that Nb films in both artificial structures are deep in the
superconducting state, regardless to their T and transition width. The experimental data presented in figure
(7.20) suggest that the increase of E has a quite different impact on the m(H) loops of these artificial
structures. Specifically, as shown in figures (7.20.a.i-iv) the m(H) loops of the artificial structure Nb(20
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Figure 7.20: (a)-(b) Representative AFM images (20x10 zm?) of PMN-0.31PT substrates with (a) polished and (b) non-
polished surfaces. The mean surface roughness, Sa, of the particular areas is (a) Sa=25 nm and (b) Sa=216 nm. Notice
the different scale in the z values that is shown in the height color bar that accompanies each image. (a.i)-(a.iv), (b.i)-
(b.iv) Representative m(H) loops obtained at various E, for the samples (a.i)-(a.iv) Nb(20nm)/PMN-0.31PT(Polished)
/Nb(20nm) and (b.i)-(b.iv) Nb(20nm)/PMN-0.31PT(Non-polished)/Nb(20nm).

nm)/PMN-0.31PT(Polished)/Nb(20 nm) remain unaffected upon the increase of E.. On the other hand, as
shown in figure (7.20.b.i-iv) the increase of Eg in the artificial structure Nb(20 nm)/PMN-0.31PT(Non-
polished)/Nb(20 nm) induces significant changes in the m(H) loops. Focusing on the latter, one can easily
observe that the smooth and almost noiseless m(H) loop at E.,=0.0 kV/cm (that corresponds to the strain free
state of the artificial structure) turns into noisy m(H) loops where irregular jumps in magnetization are
induced by the increase of Ee (that corresponds to the strain states of the artificial structure). These
magnetization jumps are flux jumps resulting from the development of TMIs in Nb films.

Aiming to examine the evolution of TMI occurrences as E, increases, three different criteria have
been used in order to record the number of TMIs in the m(H) loop at each applied E.,. A representative
example of each criterion is presented in figure (7.21.a), which shows the m(H) loop obtained at the
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maximum applied field E.,=+3.3 kV/cm. Apart from the raw data of the particular m(H) loop (green filled
squares in figure (7.21.a)) we have also included the respective smooth m(H) curve (gray open squares in
figure (7.21.a)) that was calculated by using the adjacent-averaging method of 5 data points from raw data,
offered from the Origin software package [OriginPro 8.5, OriginLab Corporation, Northampton, MA, USA].
Furthermore, by taking into consideration that the accuracy level of our SQUID magnetometer to record a
magnetic moment is on the order of 107 emu, an error zone of +5-107 emu (grey lines) is placed around the
smoothed m(H) curve. According to the first criterion, a TMI event is ascribed at each distinct point of raw
data that is placed outside this error zone, as depicted by the black vertical arrow in figure (7.21.a). These
TMls are termed here as microscopic TMIs (micro TMIs). Now, exclusively from the smoothed m(H) curves,
the second criterion ascribes a TMI event at the part of m(H) smoothed curves where the magnetic moment of
consecutive points is decreased progressively by approaching lower magnetization value, as depicted by the
red vertical arrow in figure (7.21.a). These TMIs are termed here as macroscopic TMIs (macro TMIs).
Finally, without taking into account the smoothed m(H) curves, we have used a strict mathematical criterion
that ascribes a TMI event directly from the raw data. This is the third criterion and it counts a TMI event
whenever the variation of magnetization during a flux jump (dm=|m;.;-m;|) meets the condition dm>0.5m;
(where m; is the initial value of magnetization when a TMI is triggered and m;,; is the final value of
magnetization when a TMI is completed). A representative example of a TMI according to the third criterion
is depicted by the blue-dashed inclined arrows in figure (7.21.a).

All three criteria have been used to count the TMI occurrences in both the ascending (1% quadrant)
and the descending (2™ quadrant) branches of the magnetic field in the m(H) loop obtained at each E.,. Figure
(7.21.b) shows the evolution of the number of TMIs that were recorded from each employed criterion in
respect to E.. For the sake of presentation, the number of macro TMIs are scaled up by a factor of 8 and the
number of TMIs according to third criterion (6m>0.5m;) are scaled up by a factor of 4, since each criterion
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Figure 7.21: (a) A representative example of the three different criteria employed here to ascribe the occurrence of a
TMI in the m(H) loop obtained at +3.33 kV/cm. The green solid trapezoids refer to the raw data of m(H), while the light
gray open squares refer to the smoothed m(H) curve. The black vertical arrow show a micro TMI that is placed outside
the error zone of 5-10"" emu of the smoothed m(H) curve (marked by the black-dotted circle), the red vertical arrow show
a macro TMI that exist in the smoothed m(H) curve (marked by the red-dotted circle) and the incline blue dashed arrows
show a TMIs that occurs in successive data points (blue vertical arrow-heads) of the raw m(H) curves based on a
criterion om=|m;.;-m;|>0.5m;. (b) Number of TMIs counted in the ascending and the descending branches of H based on
three different procedures: spheres refer to micro TMIs, triangles refer to macro TMIs and squares refer to TMIs
recorded by using the criterion dm=|m;,;-m;|>0.5m;. Lines serve as guide to the eye. Triangles data and squares data
are multiplied by a factor of 8 and 4, respectively, for the sake of presentation in the same vertical scale.
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results to a different number of the counted TMIs. From figure (7.21.b) it becomes apparent that for every
employed criterion, the number of TMIs follows the same non-monotonic variation with the increase of E.,.
In this non-monotonic variation of the number of TMIs two characteristic E., can be recognized. The first
characteristic Eqx (Ecn 1) is located around 1.3 kV/cm and corresponds to a local maximum in the number of
TMIs, while the second one (E.,,) is located around 2.0 kV/cm where all criteria have recorded a local
minimum in the number of TMIs that signifies the partial cessation of TMIs. Finally, at E,=2.7 kV/cm all
criteria show the maximization of TMIs that are saturated in this maximum value for E.>2.7 kV/cm.

It is worth noting that the TMIs are observed and recorded in the regime of relatively high magnetic
fields in m(H) loops, unlike to their expected appearance in the lower part of m(H) loops where Jc obtains
high values. This suggests that the TMIs are stimulated by an external cause with finite influence against the
pinning forces in Nb films. In particular, this external cause is able to overcome only the weak pinning forces
that are manifested by the low values of Jc and not the strength of stronger pinning forces in Nb films. Before
examining the origins of this external cause, it is appropriate to study the variation of J¢ in respect to Ee. In
the present study, the values of Jc is considered to be proportional to the absolute difference of the magnetic
moments (Am) obtained along the ascending branch and the descending branch of m(H) loops for constant
magnetic field (Jc o< Am=|mysc(H)-Mgesc(H)]).

Figures (7.22.a-b) show the modification of the normalized values of Jc (defined as Jc/Jco, Where Jeg
is the value Jc at E.,=0.0 kV/cm) obtained at H=0 Oe (black circles), 150 Oe (blue squares) and 400 Oe (red
rhombs) as a function of E,, for the raw data of both the Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) (open
symbols) and the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) (solid symbols). As it is shown in
figure (7.22.a), the fact that the m(H) loops of the artificial structure Nb(20 nm)/PMN-0.31PT(Polished)/
/Nb(20 nm) remained unaffected upon the application of Eg (figures (7.20.a.i-iv)) is reflected to the
negligible modification of the normalized Jc. On the contrary, the appearance of TMIs in the m(H) loops of
the artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) and their variation upon increasing
E.x results to a respective modification in the normalized values of Jc. Figure (7.22.b) shows that the non-
monotonic variation of the normalized Jc obtained at H=150 and 400 Oe is in perfect accordance with the
respective variation of TMIs shown in figure (7.21.b). Specifically, at the E¢1~1.3 kV/cm where TMIs are
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Figure 7.22: Variation of the normalized J¢ (in respect to the J¢g) as a function of E, for H=0, 150 and 400 Oe for (a)
Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) (open symbols)and (b) Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20
nm) (filled symbols). In both (a) and (b) the axis are the same in order to facilitate the direct comparison of the
experimental data. In every case the lines serve as guides to the eye.
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maximized locally the Jc obtains a local minimum value and at the E,,~2.0 kV/cm where TMIs are
minimized the Jc obtains a maximum value that is equal to Jco. Moreover, the increased number of TMIs at
Eex>Ecn 2 results to a progressive degradation in the normalized Jc.

This study continues with the investigation of the physical quantities related to the PMN-0.31PT
substrate of these artificial structures that could motivate the variation of TMIs and therefore the consistent
degradation of Jc upon increasing E., in Nb films. As it is expected the application of E., in these artificial
structures causes primarily the macroscopic deformation of PMN-0.31PT substrates, which is delivered to the
deposited Nb films causing the respective deformation of them. In order to estimate the induced deformation
that is experienced from Nb films, it is appropriate to recall the strain-electric field curve Sy(E) of the PMN-
0.31PT. Figure (7.23.a) presents the Sy(Eex) curve that was obtained along the x macroscopic axis of a PMN-
0.31PT crystal by the progressive increase of E., from 0 up to 3.5 kV/cm. As it is shown in figure (7.23.a), at
Ee=Ecn1 (*1.3 kV/cm) the Sy exhibits a small peak of positive strain corresponding to a weak tensile strain
(upward arrow), at Ee=Eq, (=2.0 kV/cm) the strain returns to zero value (downward arrow), while for
E«>2.0 kV/cm the magnitude of the compressive strain is increased progressively. Using these data one could
interpret the appearance of TMIs in terms of strain, since the non-monotonic variation of the number of TMIs
(and thus of Jc) upon increasing E., seems to coincide with the behavior of the S,(E.,) curve. In particular, the
peak of tensile strain (S,>0) at Ec,=E., 1 coincides with the local maximization of TMIs (local minimization of
Jec), the return of S, to zero value at Eq=E.,, coincides with the partial cessation of TMIs occurrences (local
maximization of Jc) and eventually the increased magnitude of compressive strain (Sx<0) at Ee> Egn»
coincides with the respective increase in the number of TMIs (progressive degradation of Jc). Although it
seems that the strain motivates the non-monotonic variation of TMIs and Jc, it can explain only partially our
data, since the artificial structure that consists of a polished PMN-0.31PT does not exhibit any changes in the
m(H) loops upon applying Ee. This significant difference between the two artificial structures suggests that
the appearance of TMIs and therefore the degradation of Jc are related mostly to the surface morphological
landscape of the non-polished PMN-0.31PT, which is fully transferred to the deposited Nb films.

To understand the influence of the morphological landscape of PMN-0.31PT on the appearance of
TMIs it is appropriate to examine how the surface morphology (given by <Sa>) is modified by the increase of
Eex. Figure (7.23.b) shows the evolution of <Sa> in respect to the applied E¢ for both the Nb(20 hm)/PMN-
0.31PT(Polished)/Nb(20 nm) (blue open squares) and the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm)
(red spheres). At this point it should be stressed that a special protocol has been employed for these
measurements, since the AFM measurements cannot be conducted with a biased E., due to the strong
electrostatic interaction between the AFM tip and the accumulated charges on the surface of the sample. In
particular, starting at a safe distance (=1 mm) between the sample surface and the AFM tip a dc voltage was
applied constantly for 1 minute, after zeroing the applied voltage the sample surface approaches the AFM tip
(landing procedure) and finally an AFM image is obtained. After scanning the same area upon the consecutive
increase of E., with the step of 0.25 kV/cm, one can estimate the evolution of <Sa> in respect to E.,, where
<Sa> refers to the mean value of Sa among three neighboring areas of 10x10 um?. As it is evident in figure
(7.23.b) the <Sa> remain almost constant upon the application of E. in the Nb(20 nm)/PMN-0.31PT
(Polished)/Nb(20 nm), while on the contrary significant changes of <Sa> are recorded in the Nb(20 nm)/
/PMN-0.31PT(Non-polished)/Nb(20 nm). Particularly in the latter case, starting from E.=0.0 kV/cm the
increase of E., causes the progressive reduction of <Sa> passing through a weak step at E,=1.30 kV/cm (as
shown between the two black dashed lines in figure (7.23.b)) and reaches a minimum value at E.=2.00
kV/cm, while the further increase of E., results to the increase of <Sa> that becomes equal to the initial <Sa>
value at E,=3.00 kV/cm. Interestingly, the variation <Sa> (obtained from local AFM measurements) in
respect to E., follows closely the behavior of Sy(Eex) curve obtained from the local technique of piezoelectric
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Figure 7.23: (a) Sx(Eex) curve obtained from the local technique along the x dimension of a PMN-0.31PT sample. (b)
The evolution of <Sa> in respect to the applied E,, for both the Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) (blue
open squares) and the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) (purple solid rhombs). The <Sa> is obtained
as the mean value of Sa among three neighboring areas of 10x10 xm?. For comparison reasons, equivalent value range
for the <Sa> are set before and after the break in the vertical axis.

characterization. In particular, the fact that both E.,; and E,» in the Sy(Eex) curve (figure (7.23.a)) coincide
with the respective characteristic values of E., in the variation of <Sa> (orang solid rhombs in figure (7.23.b))
confirms that the modification of surface morphology is totally driven by the induced strain. It should be
noted here that the local AFM measurements provide only qualitative proofs regarding the tendency of the
modification of <Sa> and it is reasonable to consider that the magnitude of the respective changes of <Sa>
when the E. is biased to the artificial structure are greater than these shown in figure (7.23.b).

To visualize how <Sa> changes upon the variation of E., on the artificial structure Nb(20 nm)/PMN-
0.31PT(Non-polished)/Nb(20 nm), figure (7.24) presents both quantitative (figures (7.24.a.i)-(7.24.a.ii)) and
qualitative (figures (7.24.b.i)-(7.24.b.iii)) results coming from AFM measurements. Figure (7.24.a.i) shows an
AFM image of an area 10x10 pm? that was obtained at E..=0.0 kV/cm. To quantify the surface modification,
we have placed a straight horizontal line along a specific value, x,=4.3 um, of the x-axis in figure (7.24.a.i)
(white thick line) and the height profile (z-axis) obtained across this line is presented in figure (7.24.a.ii) for
three representative values of E,, that are E,=0.0 (solid black line), 1.25 (dashed blue line) and 2.0 (short-
dashed red line) kV/cm. The data of figure (7.24.a.ii) prove that the application of E. motivates the
development of strain in the entire volume of the PE material that, as expected, is accompanied by changes on
the surface. Accordingly, upon application of E.,, change of surface roughness is expected, as well. The
surface modification upon the application of E. is presented qualitatively in figures (7.24.b.i)-(7.24.b.iii),
where the AFM images refer to the 6x6 pm?® subarea of figure (7.24.a.i) (white dotted square) and they have
been obtained at E.=0.0, 1.25 and 2.0 kV/cm, respectively. All figures (7.24.b.i)-(7.24.b.iii) exhibit the same
height scale along the measured z-axis (see the colorbar that accompanies each of figure; zn.~1.6 um). From
these data becomes apparent that the increase of E. causes a clear surface modification. For instance,
focusing on the upper right side of figure (7.24.b.i) we see that upon increasing E., the area of low height
(area with blue color) is progressively shifted at higher levels, figures (7.24.b.ii)-(7.24.b.iii), thus it gradually
shrinks. This behavior justifies the observed reduction of <Sa> of the PMN-0.31PT(Non-polished) in figure
(7.23.b). Given the fact that the morphological landscape of the PMN-0.31PT(Non-polished) is fully
transferred to the deposited thin film of Nb with thickness 20 nm, it is reasonable to consider that the induced
changes of Sa upon increasing E.y are also experienced by the deposited Nb films.
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Figure 7.24: AFM data of the artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm). (a.i) Representative
AFM image 10x10 xm? obtained at E,=0.0 kV/cm. (a.ii) The height profile along the white horizontal line in (a.i) for
three representative values of the electric field, E¢=0.0 (solid black line), 1.25 (dashed blue line) and 2.0 (short-dashed
red line) kv/cm. (b.i)-(b.iii) Three AFM images 6x6 um? that refer to the subarea of (a.i) marked by the white dotted
square and they have been obtained at E.,=0.0, 1.25 and 2.0 kV/cm, respectively. The rectangular white shapes placed at
the right side of panels (b.i)-(b.iii), serve as guides showing the modification of the morphological landscape.

Before proceeding to discuss the mechanism that motivates/promotes the appearance of TMIs and
their non-monotonic variation upon increasing Eey, let us first consider more closely the initial strain-free
state, in respect to the application of E., (E«=0.0 kV/cm) of the artificial structure Nb(20 nm)/PMN-
0.31PT(Non-polished)/Nb(20 nm) and especially the influence of Sa on the current-carrying capability of Nb
thin films. The knowledge of the initial strain-free state of Nb thin films is important, since this state is
delivered to the upcoming strain states of the artificial structure as E, increases and consequently it lays the
foundation for understanding the origins of TMIs. It is well known that in thin SC films the distribution of the
supercurrent differs drastically for the case of perfectly planar #? and relatively rough 3% ones.
Specifically, earlier studies in planar SC thin films have shown that the Sa may affect Jc in several ways, such
are through the spatial variation of flux lines around the surface 1, the thickness dsc modulation ?3?% and
the enhanced contribution of the surface pinning against the volume pinning #"3%. It should be noted that in
these studies % the Sa is referred to SC thin films deposited on atomically flat substrates, meaning that the
values of Sa are lower than their thickness dsc. In the case of a SC thin film with extremely high <Sa> the
flow of supercurrent across its surface is more difficult to be estimated and even in some cases there is not a
continuous network to support the supercurrent flow all over its surface. Moreover, as mentioned in paragraph
5.3, the high Sa has two significant results on Nb thin film. The first is the thickness modulation of Nb thin
film from its nominal value (dn.m) preserved on top of surface peaks to an effective value of thickness (des) at
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the lateral sides of morphological peaks and the second is the local redirection of the applied magnetic field
(H) that has a nonzero perpendicular component (Hnom) at these parts of Nb thin film, which weakens the
strength of the parallel magnetic field (Har). Accordingly, the required surface conditions that promote either
the pinning or the nucleation of flux lines can be satisfied at different areas across the surface of Nb thin
films. This leads to the heterogeneous distribution of flux lines that accumulate at locations of the surface
where the minimization of their free energy is ensured, creating flux spots (bundles of flux lines) . Finally,
one can easily conclude that the extremely high <Sa> suppresses the current-carrying capability of Nb, even
when no E,, is applied to the artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm).

Apart from the low current-carrying capability of Nb thin films in the artificial structure Nb(20
nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) no TMIs have been recorded at E.,=0.0 kV/cm, irrespectively of
the value of the magnetic field, H. This means that the TMIs are triggered exclusively upon the application of
Eex. As we have shown experimentally in figure (7.23.b) the increase of E., changes the <Sa>, which reflects
respective changes in the morphological landscape of Nb thin films as shown in figures (7.24.b.i)-(7.24.b.iii).
This means that both the effective thickness (des=dnom-cosd) and the strength of the local magnetic field
Hoa=H-cosé are modified upon applying Ee and thus the pinning conditions are also changed around the
surface of Nb thin films. So, in terms of flux spots the application of E., is accompanied with the respective
motion of flux spots to alternative positions that ensure the minimization of their free energy. The energy
dissipation from the motion of flux spots releases a noticeable amount of thermal energy, which is absorbed
by the Nb thin films and increases their temperature. This increase of temperature initiates a sequence that
motivates and/or promotes the creation mechanism of TMIs (see details in paragraph 1.1.vi). Studies on the
development of TMIs in Nb thin films that are based on magneto-optical measurements %4, have shown that
TMuIs are triggered and/or promoted at different sites across the surface of the SC and for different values of
H. Hence, it is reasonable to consider that TMIs exhibit a clear local character and so their appearance can be
justified consistently by experimental data originated from local techniques of characterization, such as in our
case the measurements of strain and surface roughness upon applying E.y.

Although the modification of the surface morphology upon applying E¢ may justify the appearance
of TMIs, it cannot explain the non-monotonic variation of them as E., increases progressively. For the
interpretation of the non-monotonic variation of TMIs (and thus of the non-monotonic modification of J¢) it
should not be ignored the two-fold action of E., in Nb thin films, since the changes in <Sa> are primarily
caused by the E, induced strain to the deposited Nb thin films. Hence, the appearance of TMIs (and thus the
degradation of Jc) should be interpreted in terms of the combined variation of both strain and roughness that
are tuned through Ee,. In this context, we distinguish three successive intervals in the entire range of E,, the
first is for E¢<E 1, the second is for Eg1<Ee<Ecn, and the third is for E¢>Eqn . In the first interval and as
Eex increases, the magnitude of the induced volume strain is almost zero while <Sa> is decreased
progressively (figure (7.23.b)) and thus the appearance of TMIs is caused by the modification of the surface
morphology of Nb thin films. At E=E.,; the appearance of a weak tensile strain (S,>0 in figure (7.23.a))
leads to the local maximization of the number of TMIs at this field. Continuing with the increase of E., in the
second interval, the induced volume strain returns to zero at E¢,,, while the surface modification becomes
more pronounced. Thus, the variation of the TMIs depends exclusively on the variation of <Sa>. Under this
light, the minimization of <Sa> at E., »~2.00 kV/cm diminishes the influence of surface morphology on both
derr and Hpsr and this is accompanied with the minimization of the recorded TMIs (maximization of J¢), but
not with the complete cessation of them. As E,, increases above the characteristic field E., , the magnitude of
the induced compressive volume strain obtains progressively higher values as also the <Sa> increase. So, in
the third interval of E.4 the influence of strain (Sx) dominates the impact of <Sa>, leading to the increase of
TMIs (decrease of Jc) that seems to be saturated at E.,=2.70 kV/cm (Jc becomes zero at E,=3.30 kV/cm).
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Chapter 8

Perspectives for applications

During the last decades great effort has been paid to optimize the performance of advanced nonvolatile
memory devices 3. One of the competitive performances in memory technologies has been realized by
magnetic random access memory (MRAM) devices ™ that utilize the switchable relative orientation of the
magnetization among two ferromagnetic (FM) layers separated by an insulating nonmagnetic layer. The
configuration of such MRAM devices are based on magnetic tunnel junctions artificial structures. In
particular, the first generation of MRAM is based on a magnetic-field writing process, known as
Magnetoresistive-RAM devices that are relatively slow and power consuming devices . The second
generation of MRAM is based on a spin-injection writing process, known as Spin Transfer Torque-RAM
devices that succeeded to reduce the power consumption of the artificial structures, but their operation
requires a relatively high threshold current density ©. Aiming to reduce the energy that is needed in order to
switch the orientation of magnetization of a FM layer, other materials such as multiferroics and
magnetoelectric materials have been investigated % that enable the electric-field control of magnetization.
Since natural multiferroics (i.e. BiFeO) are either limited by weak ferromagnetism at room temperature ™ or
are effective only at low temperatures ™, one promising approach involves the magnetoelectric coupling
through a strain-mediated coupling in PE/FM artificial structures **°!,

In the ideal case, the PE/FM artificial structures should exhibit a switchable behavior of the
orientation of magnetization upon applying E., at room temperature. As mentioned in Chapter 4, the PE/FM
artificial structures offer the unique opportunity to examine the piezoelectric modulation of the magnetic
properties in the interval of temperatures between 300 K and 10 K. However, if one focuses on possible
technological applications that can be used at cryogenic conditions, the more suitable artificial structures (that
are closely related to the PE/FM) are the ones consisting of a SC layer instead of a FM layer.

The systematic experimental and theoretical investigations of Nb/PMN-XPT/Nb artificial structures
(expressed generally as PE/SC) studied in this PhD Thesis shed light to perspectives for possible practical
applications. More specifically, the phenomenological model of T¢(Ee) has a predictive worth that can be
used for the appropriate design of relevant artificial structures to operate as sensor devices at cryogenic
conditions. In practical terms, the Tc(Ee) model can be used to estimate the threshold values of the three
parameters, voltage (V) electric field (Eex) and strain (S, or Sy), necessary to quench superconductivity (i.e.
100% maodification of Tc). This is presented in figure (8.1) for two artificial structures having the general
planar topology SC/PE/SC studied here, as schematically illustrated in the satellite cartoons, figures (8.1.b.i)
and (8.1.c.i). Specifically, figures (8.1.b.i) presents a SC/PE/SC artificial structure developed on a bulk PE
substrate of thickness, dp=~0.5 mm (as the ones studied here), while figures (8.1.c.i) shows the case where the
PE building unit is a comparatively thin film with thickness dpg=1 pm. The E. and relevant strain, Sy(Ecy)
necessary to quench superconductivity through the lattice distortion of the SC building units (schematically
presented in figure (8.1.a.i) for low E, |Sy| and in figure (8.1.a.ii) for high E, |S,| can be estimated from the
extrapolation of relation T¢(Eex) and from the Sy(Eex) global data obtained for the same PMN-xPT substrate
with x=0.31, respectively. These are shown in the relevant upper (Ee) and lower (|S,|) scales of figure (8.1.a).
The estimated values are E~12.0 kV/cm and |S,|~0.144 %. These values should be the same for both
artificial structures of figures (8.1.b.i) and (8.1.c.i), given that the underlying physical mechanism does not
depend on the thickness of the PE bulk/film building unit. However, the relevant value of V., needed to
quench superconductivity depends strongly on the specific structure and dimensions of the SC/PE/SC
artificial structure. For the planar SC/PE/SC topology discussed here, the reduction of the thickness of the PE
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Figure 8.1: Estimation of the Ee, S, and V., needed to safely quench superconductivity in SC/PE/SC artificial
structures. (a) Extrapolation of the T¢(E.,) relation used in the fitting of the experimental data of sample #1: Nb(15
nm)/PMN-0.31PT(Polished)/Nb(15 nm) (see paragraph 7.2 for more details) at high values of E., (upper scale) and
strain S, (lower scale) that are based on (b.i) a bulk PE substrate with thickness dpe=0.5 mm and (c.i) a comparatively
thin PE layer with thickness dpg=1.0 um. (o.i-ii) Schematic illustration of the lattice distortion at low and at high values
of Eex. (b-c.i) and (b-c.ii) the relevant V., differs drastically,(b.ii) Vap,=600.0 V for the artificial structure shown in (b.i),
while (C.ii) Vapy=1.2 V for the one shown in (c.i).

building unit changes drastically Ve, as shown in the respective satellite scales, figures (8.1.b.ii) and
(8.1.c.ii). While for the case of a bulk PE crystal (figures (8.1.b.i)) it corresponds to the unpractical value
Vapp=600.0 V (figures (8.1.b.ii)), for the case of the comparatively thin PE film (figures (8.1.c.i)) it decreases
by three orders of magnitude to V,,,=1.2 V (figures (8.1.c.ii)), that practically is easily achievable.

Other issues of practical importance are the response of T¢ at low H and the reversible/irreversible
response of T upon removal/reversal of E. Depending on the specific character of each application,
operation at low magnetic fields and the reversible/irreversible response on electric fields can be
advantageous "™, The operation of the artificial structures PE/SC at low magnetic fields H has been already
presented in Chapter 7. Referring to their reversible/irreversible response of T¢ on E, figures (8.2.a-b)
present comparative experimental data of Tc vs Ee for two artificial structures Nb(20 nm)/PMN-
XPT(Polished)/Nb(20 nm), one with x=0.31 (high dj; red lines and symbols) and one x=0.27 (low dj; blue
lines and symbols). In order to investigate the reversible/irreversible response of T¢ these two artificial
structures were used to study the evolution of T¢ when the biased E. on different PMN-xPT substrates is
inversed and increased at higher negative values. Specifically, figure (8.2.a) show data obtained along the
ZFC branches at H=2 Oe, while figure (8.2.b) show data obtained along the FC branches at H=5 Oe. These
experimental data prove that PMN-XPT substrates with different piezoelectric ability have different impact on
Tc upon removing or inversing E.. In particular, the PMN-0.31PT with high d; imposes the irreversibility of
the Sy(Eex) response on the Tc(Eex) of the outer Nb films. This irreversible response of T¢ can be quantified by
the relative difference of T¢ (ATc) between the two states obtained at E,=0 kV/cm, the initial state at E=0
kV/cm and the state after removing E.. The irreversible response of T (vertical black arrows in figures
(8.2.a-b)) in artificial structures composed of PMN-0.31PT is on the order of 300 mK (220 mK) from the data
obtained along ZFC (FC) branches, as shown in figure (8.2.a) (figure (8.2.b)). It should be noted that the
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Figure 8.2: Comparative experimental data of T¢ vs Eg, for two Nb(20 nm)/PMN-xPT(Polished)/Nb(20 nm) artificial
structures composed of PMN-xPT substrates with x=0.31 and with x=0.27. The experimental data were obtained along
(a) the ZFC branches for H=2 Oe and (b) the FC branches for H=5 Oe. The vertical black arrows indicate the degree of

hysteresis in the values of T¢ between the two states obtained at E.,=0 kV/cm. In both (a) and (b) the scale before and
after brake is the same, while the lines are guides to the eye.

increase of E, at higher negative values increases progressively the T that ultimately approaches the Ty
value at E¢=-4.0 kV/cm. This increase of T¢ can be justified by the opposite behavior of the induced strain in
NDb films between the two branches of E.. In particular, the induced strain along the positive branch of E,y is
characterized as a compressive strain causing the reduction of T, while along the negative branch of E., the
induced strain is characterized as tensile strain justifying the increase of T¢. On the contrary, artificial
structures composed of PMN-0.27PT substrates with low d; exhibit negligible irreversibility in their Tc(Eey).
Another possible application can be emerged if one utilizes the Nb/PMN-XPT/NDb artificial structures
in a reverse way, that is, towards to the examination of piezoelectricity in PMN-xXPT materials. Due to the
limited experimental studies regarding the behavior of PMN-xPT materials at low temperatures, the artificial
structures Nb/PMN-xPT/NDb consists a suitable system to investigate fundamental issues of piezoelectricity at
cryogenic conditions. The results of this PhD Thesis indicate both qualitatively and quantitatively that the
modification of the macroscopic superconducting properties is driven from the induced piezoelectric strain in
Nb films upon the variation of E., applied on the artificial structures. Qualitatively, the characteristic points in
the S(E.,) curves of the piezoelectric constituents are accurately imprinted on the respective Tc(Eey) curves of
the superconducting constituent and quantitatively the magnitude of the piezoelectric modification of T¢
follows tightly the piezoelectric ability of the PMN-xPT. Hence, one can safely use the experimental data of
Tc vs Eex to estimate indirectly the in-plane piezoelectric coefficient d,, (or equivalently d,,) of the PMN-xPT
material at low temperatures (below 10 K). Figures (8.3.a-b) show representative results regarding the
variation of the normalized values of T¢ (using the dimensionless term ATc/Tco, where ATc=Tc-Tcp) Upon
applying E.y in two artificial structures that are consisting of Nb films with thickness 15 nm and of PMN-xPT
substrates with x=0.31 and x=0.27, respectively. It should be noted that the choice of the dimensionless term
ATc/Tco to express the piezoelectric modification of T¢ was made purposely, since in this representation of
data the units of the linear slope can be easily transformed into pm/V that is the unit system of the
piezoelectric strain coefficients djj. Obviously, the linear slope of the T¢ vs E. data points reflects directly the
degree of the piezoelectric modification of T¢ and thus the use of a substrate PMN-0.31PT (PMN-0.27PT) is
accompanied with a linear fit of relatively high (low) slope. In particular, the linear slope of the T¢ vs E., data
that refer to the artificial structure composed of a PMN-0.31PT (PMN-0.27PT) is equal to -111.42-10° pm/V
(-60.47-10° pm/V), as shown by the red dashed line in figure (8.3.a) (blue dashed line in figure (8.3.b)).
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Figure 8.3: Representative experimental data of Tc vs Eg of two Nb(15 nm)/PMN-xPT/Nb(15 nm) artificial structures

composed of a (a) PMN-0.31PT and (b) PMN-0.27PT. The red dotted line in (a) and the blue dotted line in (b) are the
linear fit of the respective experimental data.

According to the literature (see details in paragraph 1.2.iv and references within) the piezoelectric strain
coefficient at low temperatures (T=10 K) is reduced by an order of magnitude, thus the expected value of d,
of a PMN-0.31PT (PMN-0.27PT) should be around -150 pm/V (-70 pm/V). Assuming that this indirect
method for the piezoelectric characterization influences the estimation of d,, by a factor of 1000, we observe
that the calculated values of d, are approximately equal to the expected ones in each PMN-XPT sample.

The systematic experimental study and the phenomenological modeling approach used in this PhD
Thesis is generic and paves the way for understanding the underlying physical mechanisms in any SC/PE
artificial structure. Given that many questions are currently open in SC/PE hybrids, this work can assist to
resolve them, ultimately promoting the development of relevant cryogenic devices.
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Chapter 9

Conclusions

The basic goal of this PhD Thesis is to investigate the piezoelectric modification of superconductivity in
artificial structures that combine two Nb films (that are the superconducting constituents) with a bulk PMN-
XPT substrate (that is the piezoelectric constituent) and thus they are denoted as Nb/PMN-XPT/Nb. Prior to
the detailed study of these artificial structures special emphasis was paid on the thorough characterization of
them and of the building blocks that compose them. Moreover, similar artificial structures consisting of a
PMN-XPT substrate and of two ferromagnetic films of Co have been studied upon the application of E.,. The
main conclusions drawn from this PhD Thesis are presented below in detail.

l. Piezoelectric modulation of the magnetic properties of Co/PMN-xPT/Co artificial structures

Motivated by the lack of knowledge regarding the piezoelectric ability of PMN-xPT substrates at low
temperatures, introductory and exploratory experiments have been performed in artificial structures Co/PMN-
XPT/Co consisting of Co films with thickness dc,=30 nm upon applying electric field (Eex).

The first artificial structure Co(30 nm)/PMN-0.29PT/Co(30 nm) has been used to investigate the
modulation of Hc and mg,; upon the increase of E., at three representative temperatures, T=300, 150 and 10 K.
Detailed m(H) measurements for various E., demonstrated that Hc is affected strongly only at T=10 K
reaching a reduction on the order of -9.4%, while mg is affected slightly at T<150 K reaching a reduction on
the order of -4.0%. Two mechanisms can justify qualitatively the modulation of Hc. The first mechanism is
related to the modulation of magnetic domains, since the induced deformation to Co films may change dco,
which subsequently affects the size and the population of magnetic domains. The second mechanism is
related to the modification of the pinning forces of magnetic domains that are affected from the induced strain
in Co films. Regarding the modulation of mg, the recorded modulation can be ascribed to changes of the
magnetic anisotropy due to shape anisotropy, since the induced deformation of Co films may change the
magnetic anisotropy from in-plane (dc,<30-50 nm) to out-of-plane (d¢,>30-50 nm) or vice versa. Moreover,
these experimental data evidence that the degree of He and mg,; modulation faints as temperature increases,
proving that the thermal energy dominates all other relevant energy scales.

The second artificial structure Co(30 nm)/PMN-0.31PT/Co(30 nm) has been used to investigate the
modulation of me, upon applying E., in the whole temperature range from 300 K down to 10 K. The
experimental data revealed that m,., is degraded through the occurrence of magnetic instabilities that appear
only at E.,#0 kV/cm and are facilitated as E¢ increases. However, these magnetic instabilities are completely
ceased below the characteristic temperature T.~170 K even for the maximum applied field |Ec|=5 kV/cm.
The comparison between the temperature evolutions of both the m, and the piezoelectric properties of PMN-
XPT substrate, indicates that the magnetic instabilities are motivated by the coupling of the magnetic domains
of the Co films with the ferroelectric domains of the PMN-xPT substrate. Finally, the study of both artificial
structures indicates that PMN-XPT can operate effectively as piezoelectric substrates at low temperatures.

I1. Characterization of PMN-xPT samples

The PMN-XPT samples used in this PhD Thesis as the PE constituents, are categorized into two main groups,

the first group contains PMN-XPT with x=0.31 (PMN-0.31PT) and the second with x=0.27 (PMN-0.27PT).
The crystallographic characterization obtained by means of XRD, shows that the PMN-0.31PT

samples were cut along the [110] crystallographic direction, while the PMN-0.27PT samples were cut along
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the [001] crystallographic direction. The morphological characterization of these samples obtained by means
of AFM, shows that the <Sa> value of PMN-XPT with non-polished (polished) surfaces is equal to 291 nm
(44 nm). Regarding the piezoelectric characterization of the PMN-xPT samples a new technique that utilizes a
conventional optical microscope for the local observation of deformation, has been employed in order to
record the strain-electric field curves, S(E.). The experimental results coming from this local technique show
that the maximum obtained value of strain at E.,=8.5 kV/cm along the x-axis of a PMN-0.31PT sample is
equal to 0.11 %, while the respective value of strain for a PMN-0.27PT sample was approximately two times
lower and equal to 0.06 %. This difference indicates the different electro-mechanical ability of these samples
and is fully ascribed to their composition x, since PMN-0.31PT (PMN-0.31PT) is placed inside (outside) the
morphotropic phase boundary wherein the electro-mechanical properties are optimum. These results were
confirmed by obtaining the respective S(Ee) curves from another technique of piezoelectric characterization.

I11. Characterization of Nb films deposited on Si substrates

The depositions of Nb films on Si substrates were intended to clarify two issues. The first issue is to
investigate the influence of deposition conditions on the superconductive quality of Nb films and the second
issue is to study the superconducting properties of Nb films deposited on atomically flat substrates.

Regarding the deposition conditions, the implementation of the cryotrapping protocol succeeded to
optimize the pressure inside the chamber before starting depositions (Pdep~7-10'8 Torr) for almost an order of
magnitude when compared with the respective pressure where no external cryo-cooling was used (Pge,~5-107
Torr). In order to investigate the influence of deposition conditions on the superconducting properties of Nb
films a sample series Si/Nb(dys,) have been constructed after the repeated depositions of Nb films with
thickness dy,=5 nm under different vacuum conditions during one month. By examining the values of T¢ in
respect to Pge, and to vacuum improvement AP=|Pg.,-Po| (Po is the base pressure of chamber) it was concluded
that the implementation of cryotrapping protocol optimizes the superconductive quality of Nb films.

Regarding the investigation of the superconducting properties of Nb films, a sample series of
Si/Nb(dyp) have been prepared by employing the cryotrapping protocol for the depositions and by varying
systematically the thickness dy, between 3 and 100 nm. The crystallographic characterization indicates the
optimum crystalline quality of Nb films that are oriented along the [110] crystallographic directions. The
experimental data of T versus dy, (size effect of T¢) confirm the expected reduction of T upon the decrease
of dyp and it was found that the size effect of T¢ can be described theoretically from the modified McMillan
model. It is worth noting that the optimization of vacuum conditions leads to the preservation of
superconductivity in extremely thin Nb films, for instance Nb films with dy,=3 nm exhibit Tc=2.9+0.4 K.
From the study of Hc,(T) versus dyy (Size effect of Heo(T)) two conclusions have been emerged. The first is
that the Hc,(T) lines are shifted downwardly when dy, increases and the second one is that the curvature of
the Heo(T) lines changes progressively from the standard square-root law oc(1-T/T¢)%° at dy,<50 nm to the
linear law «(1-T/T¢) at dnp>50 nm. The estimated values of £(0) through the extrapolation of the appropriate
Hc,(T) expression at T=0 K are in excellent agreement with the values reported in the literature.

V. Superconducting characterization of Nb films deposited on PMN-xPT substrates

For the preparation of the final artificial structures studied in this PhD Thesis, Nb films with the same
thickness dy, have been deposited on both surfaces of each PMN-xPT substrate. Since the surface
morphology of PMN-xPT substrates is expected to affect the superconducting properties, the superconducting
characterization of the Nb/PMN-xPT/Nb is crucial before performing the measurements upon applying Ey.
For the investigation of the superconducting properties of Nb films deposited on PMN-XPT substrates
with different <Sa>, a sample series of Nb/PMN-xPT/Nb has been prepared by employing the cryotrapping
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protocol for the depositions and by varying systematically the thickness dy, between 3 and 100 nm. The
depositions of Nb films have been performed on Si substrates (zero <Sa>) and on PMN-xPT substrates of
polished (exhibiting relatively low <Sa>) and non-polished (exhibiting relatively high <Sa>) surfaces. This
study shows that in general the increased <Sa> weakens superconductivity. However, the increased <Sa> is
not a restrictive parameter that suppresses superconductivity totally. More specifically, three parameters of
superconductivity have been examined as a function of <Sa>, the T, the transition width AT¢ and the Hc,(T)
line. As it is anticipated, the non-zero <Sa> degrades the T¢ of Nb films of the same dy, and this degradation
follows consistently the increasing <Sa> of substrates. In particular, superconductivity in Nb films is
suppressed at d.;y=2 nm when using Si substrates and at d¢y=4-6 hm when using PMN-xPT substrates with
polished and non-polished surfaces. Regarding the transition width AT that is related to the quality of Nb
films, the experimental data show that the increased <Sa> (imposed to Nb films through using PMN-xPT
substrate with non-polished surfaces) results to a wider ATc which indicates the lowering of the
superconducting quality in Nb films. Moreover, the increased <Sa> result to the reduction of He,(T) line and
this reduction becomes more pronounced at thinner Nb films (i.e. dx,=15 nm). These results were interpreted
by a toy model that explains qualitatively the influence of <Sa> on the superconducting properties. This toy
model is based on: (i) the thickness modulation of Nb films deposited on substrates with rough surfaces from
the nominal value of thickness to an effective lower value of thickness at the lateral sides of morphological
heights and (ii) the local parallel-to-normal reconfiguration of magnetic field that has a nonzero perpendicular
component at the parts of Nb films deposited at the lateral sides of morphological heights.

V. Piezoelectric modification of T¢ in Nb/PMN-xPT/Nb artificial structures

The piezoelectric modification of T¢ in Nb/PMN-xPT/NDb artificial structures has been examined in respect to
the variation of two parameters, the magnitude of piezoelectric strain coefficients of PMN-xPT and the
thickness of Nb films. In the latter case, the experimental results are further investigated by the theoretical
model T¢(Eex) that allows the study of the modified microscopic parameters of superconductivity.

The influence of the magnitude of piezoelectric coefficients

To reveal the influence of the magnitude of piezoelectric strain coefficients in the modification of T¢ in Nb
films, two Nb/PMN-xPT/Nb artificial structures consist of PMN-XPT samples with different piezoelectric
ability have been prepared. These PMN-XPT samples are the PMN-0.31PT and the PMN-0.27PT and they
were used as substrates for the deposition of Nb films with thicknesses dyp=15 and 20 nm. The experimental
results of these artificial structures demonstrated that the piezoelectric modification of T¢ follows tightly the
electro-mechanical ability of the employed PMN-XPT substrate. In particular, for each thickness of Nb films
the optimized piezoelectric properties of PMN-0.31PT resulted to a stronger Tc modification than the
respective modification caused from the less piezoelectrically active substrate PMN-0.27PT. Specifically,
from the data obtained along ZFC (FC) branches the maximum percentage modification of T in artificial
structures consisting of PMN-0.31PT is equal to -4.9 % (-5.9 %) when dy,=15 nm and to -2.9 % (-3.2 %)
when dy,=20 nm. The values of the maximum percentage modification of T in artificial structures consisting
of PMN-0.27PT are equal to -2.3 % (-2.3 %) when dy,=15 nm and to -1.2 % (-1.4 %) when dy,=20 nm.

The influence of Nb film thickness

To reveal the influence of Nb film thickness dy, in the modification of T, a series of Nb/PMN-xPT/Nb
artificial structures consist of PMN-0.31PT substrates and of Nb films with thickness dy,=15, 20, 50 and 100
nm have been prepared. From this study two major inferences have been drawn. The first conclusion refers to
the dependence of the magnitude of Tc modification on thickness dyy,. It was found that as thickness dyy
increases the induced strain from PMN-0.31PT affects less part of the entire volume of Nb films and thus the
magnitude of T modification is degraded progressively. Specifically, the maximum recorded reduction of T¢
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(percentage modification of T¢) is equal to 337 mK (-5.8 %) for dnp=15 nm, to 155 mK (-2.5 %) for dyp,=20
nm, to 60 mK (-0.8 %) for dn,=50 nm and finally to zero for dy,=100 nm. Moreover, this dependence of the
magnitude of T modification on the thickness dy, influences the range of E., wherein superconductivity of
Nb films is preserved. In particular, it was found that artificial structures consisting of relatively thin Nb films
are more sensitive into modifying T¢ upon applying a small E and this behavior is progressively fade out
when dy, increases. The second conclusion refers to the characteristic electric field at E.,=2.0 kV/cm that
appears to the Tc(Eey) curves of all artificial structures. Specifically, in the artificial structures with dy,<20 nm
this characteristic field evidences the crossover (and/or non-monotonic) behavior of T¢(Eey) curves and in the
artificial structures with dy,>50 nm the T¢ is reduced when the applied E¢ exceeds this characteristic field. It
was found that this characteristic Ee, originates from the PMN-0.31PT and this finding proves that the
modification of T¢ in these artificial structures depends exclusively on the in-plane strain of the PMN-0.31PT.

Theoretical exploitation of the experimental data T versus Eey

For the theoretical exploitation of the experimental data of T¢ versus Ee a phenomenological approach has
been proposed. This phenomenological approach emerges after taking into account the appropriate strain
dependence of the microscopic parameters of superconductivity (involved in the T expression) and by
introducing the constitutive equations S(E.,) of piezoelectricity to these trial functions. The phenomenological
approach Tc(Ee) succeeded to reproduce accurately (with R>>92 %) the experimental data of all Nb/PMN-
0.31PT/NDb artificial structures. Regarding the piezoelectric modification of the microscopic parameters of
superconductivity in Nb films it was found that the increase of E., causes the decrease of the attractive
potential A, the increase of the repulsive potential p", the decrease of the interaction potential N(O)V and the
increase of mean phonon frequency oy, for all dy, Qualitatively the modification of these microscopic
parameters justifies fully the reduction of T¢ in the artificial structures upon increasing E.,, while
quantitatively the variation of their values lies within reasonable limits (1.0<A<1.5, 0.103<u’<0.124,
0.43<N(0)V<0.56 and 51<w;<91). Furthermore, the modification of the microscopic parameters exhibits a
sensible behavior in respect to thickness dyy, which means that in relatively thin Nb films they are modified
strongly upon applying E., and this behavior fades out as dys, increases.

V1. Piezoelectric modification of Jc in Nb/PMN-0.31PT/Nb artificial structures

In order to isolate the influence of the induced piezoelectric strain only on Jc two artificial structures that
exhibit only minor changes in T¢ upon applying E., have been investigated. These artificial structures are
consisting of Nb films with thicknesses dy,=50 and 100 nm.

Starting with the artificial structure composed of Nb films with thickness dy,=100 nm, the detailed
study of m(H) loops obtained upon increasing the E., up to +5 kV/cm shows minor changes. In particular, the
piezoelectric modification of Jc at relatively high magnetic fields is on the order of -2 %, while at low
magnetic fields the respective modification of J¢ is negligible. The results of Jc versus E., are similar to the
respective results of T¢ versus E, of this artificial structure Nb(100 nm)/PMN-0.31PT(Polished)/Nb(100 nm)
and thus the unaffected Jc upon increasing E., is attributed to the increased thickness of Nb films. On the
other hand, the artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm) exhibit considerable changes in the
m(H) loops obtained upon increasing E. up to +5 kV/cm. The data obtained at T=6 K (T=T¢-1.3 K) and at
T=5 K (T=T¢-2.3 K) show that the piezoelectric modification of Jc follows a non-monotonic reduction.
Within this non-monotonic variation, the Jc exhibits an improvement in its values (local maximum) at E=2.0
kV/cm that exceeds initial value Jco, While after passing through Jco at Ex=3.0-4.0 kV/cm the J¢ is reduced
approximately to the 15 % of Jco at Eexmax=5.0 kV/cm. The local maximum of Jc at E.=2.0 kV/cm is more
pronounced in the data obtained at T=5 K, while also the respective m(H) loops obtained at T=5 K are
accompanied with the appearance of TMIs along the descending branch of H. The variation of the number of
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TMIs upon increasing E., exhibits a local maximum at 2.0 kV/cm, which is ascribed to the flow of an
enhanced Jc (due to the local maximization of Jc at 2.0 kV/cm) that cannot be supported by Nb films. Both
the return of Jc at Jco when E¢=3.0-4.0 kV/cm and its reduction at Eexmax=5.0 kV/cm are reflected directly by
the number of TMIs that remained at a minimum level in this range of E,, meaning that these reduced values
of Jc can be supported from Nb films. For the theoretical exploitation of these results a phenomenological
approach that combines the constitutive equations S(E.x) with a well-defined expression of Jc(S) has been
used. The phenomenological approach of Jc(Eex) succeeded to reproduce accurately the experimental results.

VII. The impact of substrate’s surface morphology on the piezoelectric modification of the
superconducting properties in Nb/PMN-0.31PT/Nb artificial structures

In order to disclose the impact of substrate’s surface roughness (Sa) on the piezoelectric modification of both
the T and the Jc, the results of the artificial structure Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) (PMN-
0.31P with low Sa) are compared directly to the respective results of the artificial structure Nb(20 nm)/PMN-
0.31PT(Non-polished)/Nb(20 nm) (PMN-0.31P with high Sa).

Experimental results of T¢(Eeyx)

The overall reduction of T¢ (percentage modification of T¢) upon the application of Eexmay=4.0 kV/cm to the
artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) is equal to 400 mK (-6.0%). Although
it seems that the piezoelectric modification of T¢ is not seriously affected by the increased Sa of the PMN-
0.31PT substrate, the high Sa reveals an intense non-monotonic variation of T¢. The optimum T¢(E.) fitting
curve (that combines the quadratic expressions of both the S(E.) and the w,(S)) unveils two characteristic
electric field, one at E,, " ~1.5 kV/cm that evidence a pronounced dip of T¢ and another one at E.,~2.5 kV/cm
that evidence an upturn of T¢ at higher value. It was confirmed experimentally that these characteristic fields
of the T¢(Eex) curve originate exclusively from the PMN-0.31PT substrate (by using data coming from both
the local and the global technique of strain measurements) and eventually one could invoke that the extrinsic
factor of Sa motivates the intense non-monotonic variation of Tc.

Experimental results of Jc(Eey)

The Sa of the PMN-0.31PT substrate plays crucial role in the piezoelectric modification of Jc. In particular,
the artificial structure Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) (PMN-0.31PT with low Sa; <Sa>~44
nm) shows no indications of Jc modification upon applying E.,, while on the contrary the artificial structure
Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) (PMN-0.31PT with high Sa; <Sa>~290 nm) exhibits a
significant degradation of Jc through the development of TMIs in Nb thin films upon increasing E.. The
variation of TMIs exhibits a non-monotonic increase on E, thus causing the respective non-monotonic
degradation of Jc. In order to explain this non-monotonic variation we studied the evolution of the physical
guantities related to the PMN-0.31PT with Eg,. These quantities are the volume strain and the <Sa> that are
experienced by the deposited Nb thin films and they are tuned through applying E.. Finally, based on the
reduced current-carrying capability of Nb thin films deposited on a rough PMN-0.31PT crystal, we ascribe the
appearance of TMIs to the modified <Sa> that promotes the creating mechanism of TMIs and we interpret the
non-monotonic variation of TMIs and thus of Jc by considering the combined variation of both volume strain
and modified <Sa> in Nb thin films.
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