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Abstract

Bi smuth fes(rBR®@),, Bhraese Obgeneinzed as -fa eper omaitseirngall
higrermperature piezokldecttoiict aphpil gckaB@bnég Ct emp

However, the practical use ofbyiBtFsO ehtlaese labtecetnr ilcia
conductivity. I n atdhdei htairoanc,t eBF Ot st wo f ferr o
reflected in ppaotheidhzyasttikorneisa sed oops and agin

phenomansa far been explained bgs pokdefrecstesnice
including bi sdut,h ovxaycgaenncoi Veasc?af@ey ) e e n{d(é ¥ ¢ ,
as well as defecd compVerx€andsué¥ (def eates
gi verKr dg/emk nhtDetsipone being of key i mportan
functional prbogseed inebst eortheddifls® r at ure applicatio
the true origin amal athieo ncschmpplse xb eitrteeern t he el

pot ndefects and hardening in BFO remains uncl
The objective of this PhD study was to cont
and investigate tthieéiecti ntabergad®dewanpivinniyngand
e fcftes . This was acha€GoedopgnhBE@obaluengpgwi th p
annealing in different oxygen partial pressur
Al l t heCeBbBddreami cs cont ai negsbofc csnepcaornadbalrey apnmoaus
wt %) . |t was found that t he ¢ onodbuscetriweidt yf raonn

pol ar ieZ eetdfitiagilad hy st et armé sh d miopal aqmual ity facto
increasing Co concentratioont.heThien cerfefaescetd waosn ca

o"andyY, hence it was conclud&&)that Co acts a:
The domain switching was i mpeded ahieh aase
primarily attributed to ©ORandnpo&&sbdytancen
measurements of the electrical conductivity a
type conthoowteiveirt yt he fast redox kineties upon
and,aN mospheres gavet hdemali ndedaki oreaofi ons. Th

confirmed by conducti vieA RMpmadsy dwdr ceh mieovre@d eca
the conducdctecomat n( &WENhsS gr ai n oauvnedraarg ee sl advwer a

anneal ipg tihms Ndemonotypei ncgh Fulmeihher mor e, scal
transmission e laencadsgosm fmir ammeals d dieyamrddsetnice o f
DWs i-si mtser eslansdarmgpd i€ ¥ concentr at.jammeaf it @mg. NI
addition, the electron paramagnéfi oo "'ded ®ecdnce
compl exes. T hé&e" ttoe moeotsoeey Co f wa sl e mon & theyit-e st
princaptael ations, givVving csttsracensgc @ intdéEE,at i ons t

Finally, the sAEudy“dabewed complexes play the
hardeni ngumhedgvwivti ori ng conditions. Grwitlcdi ng he
converse ©piezoelectrricthreeslpamge, pii ez opealretcitcruilc
hysteresis measure#izptdtiowi fdHzf iaemldd sfurbequenci
dominatedt pyetdhenguct 8V¥idteyf eacrtds .t HTthse resul t s t
compl exp o iodheef endftes e dti ¥f gosdreefnt@ament r ol t he macr o
response depending on the driving field condi
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Povzetek

Bi zmut ov fs:d BiFtO) ,Bijjfe@ritegnil povermemperzatr ad
(~825 °C), ki mu daje potencial za wuporabo
aplikacijah. KIl'jub obetavnim |l astnostim je u
zaradi visoke elektridne prevodnossttien PBo |IBeFgO t
karakteristike feroelektriénega utrjevanj a, k
zanke. Taksno obnasanje se pripisuje raznim t
(6 ), kisikova'h,vtiee) iinti @¥e , prav tako pa tudi
def ekt v, oW,@ry. 67,6 _ &Y. Vzrok za visoko el ekt
in feroelektric¢no utrjevanje v BFO keramiki t
st udRiajziumevanj e teh mehani zmov bi |l ahko pomag
l astnosti kerami ke na osnovi BFO za visokotem
Cilj raziskave je bil nadzorovano vnesti to¢
a f unkncei olnastnost.i materi al a, predvsem na e
omenskih sten. To smo doseglii z dodat kom Kk
aknadnim Zganjem kerami ke pri razli¢nih parc
Vse sest @ okBaér(dmi kebswvalve primerljivo koldi
(<1.%)t El ektrina prevodnost in utrjevanje Kk
feroelektric¢cnih domen in piezoelektricnega od:
smo pripisald:@ p oo/ei &@ath,i rkeo needita gidijesialri s mba zs
obnasa kotEfakceptor (

Ugotovili smo, da je preklapljanje f ekaorel ek
mo pripisali predvs@h ipmo vVES)dhi mii meon ¢ eret red eikijt ir
revodnodbtickomepaekoeficienta so potrdile pr
inetika redoks reakcije nakazala na |l okalizi
Lokalne meritve prevodnosti z uporabo mikros
el ez prevodni hmépmemesikizhnst enpionpr egj ukazman,j
otrjuje njihov znacaj tipa p pa tudi l okal i z
ten z vrstiénim presevnim elektronBkamd mi kr o
Y v siemramorcu in zmangFawmovxomacent.gaiemnoyv
ktronsko paramagnetno resonancd@Efsmd. i dent i
eliranje s teorijo gostotnega funkcionala "
o 6Bi€tiim blizZzje Co centrov, kar je tudi mo ¢
eptorskiEZdopant, t.j .,

ultati raziskave kazejo, da i majodpmenpogoj
no vliogo prieviaal ae lkeokmprl idsksddn .dwetPrejk do w g i
[ pa i majo pri prevodnost. in pogoj i h, [
apl jnanglaadtoimepri vel i ki piezoelektricni r
h f rkd j wesmomé Hv, | oRyjeoz ul t at i tor ej kazej o, d
stih defektov glede na pogoje vzbujanj a
olirajo makroskopske | astnosti
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1.1 Hardeningand Softening Conceptsin Ferroelectrics
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1.1 Hardening and softening from macroscopic perspective

roelectric cewialmilsce dnaitrerpiad soalreectric devi
uator s, transducgd$ Oapdomembey modsvi ¢cenport a
t he a-mpleivaatti adri el ectric and piezoelectric
t hat atrhdsiisnpgl afcreame nt s ofs) domaen, wahter { &@e:
mogeneous afnar rfoeerlreocetlraiscc i ¢ domain regions in
] gdhreason is thkaantimes e miuxntdeerrnfaalceel ectri c or
s shown scheqdtadls,al ¢ wehfeinef dveldr eoel ow t he ¢«
el dontributing to the total piezoelectric

r {Imstte fcfedc¢ tg lrcfl Depending on the DW mobilii
nciple be controlled by defect ewa@il nedr i n
rcast cirballtd tbeoddaModi s pl ac@enmenretpsr esent up to
al macroscopic piezoled]Jectric or dielectric
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a) DW DW
Ps i
£
I
i
I
b)
AII
DW |
DW
c)
E
FigdtL€ontributions to the total macroscopic pie

mat erScanlesmat i ¢ mraes enetratoied ne cbt)frd rcr  lI8eDF threibca dt i ¢
(nedB0°)diDsWl acuemdent appd udvaitti ohierod r Theal & 9 ted dl .

bl ue Icianteesi ntdhie position ofandieoDWeapordsdi spthaer
in di mensi oncs) (lextprainssiom)ohat oi pegzoehectbutity;

blue | ine indofcatkese wexiptansébhwi hhthespeéeetl dt di i ei
state (full bl ack | i nd)3)WrEdaenrg a@fp étibeonal ect ri ¢ |
wall, electric field and spontaneous polarizati oo

The DW motion is strongly affected by DW inter a
|l ead zirconate {PAMmhtieh BP&ECREDMeeTOoyJOcal l y most ir

and malrokmé tnat i ng ferroelectric ceramics, t hese
alioval entr aowplitnigng in softening and hardening
i mportant concepts for taibkogrogpfohcmaboeral apsop
appl i cladgdvems t hough the doping | evel is | imited t
already a smal |l rdoehghpeee fefctdé ait atiicen ae.gof, on t he
defect C o nccaenn t hmawauacmn a l thpaopeloh] . hes5]most

i mportant characteristics ofFigafrendallkl dat dl PZT a
Softening can b edoopbitmg gie,k pdaga cdanmgSbbp | aci ng
Zt1 ") where donor3 Fo)eart@esrsu mee c g rop ebnes a t-seidt eby A
vacani&i)elDon(or doping with Nb can be expressed as

' n t his t he sVink notatioh is uskdrt@ dpscribe charged point defects[165] The main

body of the notation identifies whether the defect is a va
denotes the site that the defect occupies. The supersipt identifies the effective charge of the defect
relative to the perfect cry st al lattice. For this part o f notation, dot

charges, dashes (') represent negative charge and x represent neutral charge.
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3 (1.
3

NI =

53 335+ §0§Y+ i Y33 %Yy’*

Relative to ohdoped PETamscs ameenhdrysdteareis:
|l oop Filgeeae ,1.120w coercive fieldFi ¢gunpd ,H.ihZ Igdct
piezoelectric coeffguaombmenfnahimglt hdhine lcad tld ios s s
qgual it yFifgaucrdéo,rl I(dDw el ect rFiicgaulrgec,olnelzuscyt i pra ltiynd/ d
and absence/ wecahka nafegei chige I( @ c ter. i, c , piezoelectric
with time). I n addition, the pasapeorntgi edse poefn dsea
on hel ectri ¢ afnide |fdr,eRsutenecgyseX .f 2 .

On the other hand,chharydcanci aegmptiCcaeqpr g bepKaci ng
PB*or *Freepl acdi ™ &Amd acceptoé&V)ceautsesusnefet®. be
compensated by @XyAQemne ptawra ndfogeinagn whie he x pr es s e

(. VIO UL
58 Y33+ i §gr S35H 7Y & Yy 503 (1.2)

I n exact topposfitt i BAT, ckeamadi cs ar eapdmarheaedt er
hystereBbBigutaggp.hd gh coerci veef mietl Wi, g i tbgv, d.i 21 e
|l ow piezoelectric cokifdgurdd ebatndd, meocwh adii €laé c tlro
mechani cal gRiiad u tdg) , T aotddere at ei cal Fd gnid®gect i vi t
di fficult polsiinggrnidiagpcimgri@hda.ndl n ,ad diet ipcropert.
hard PZT cerami cs s htoheel leictttrliece deapdndd EBg@ e®drs al
12c, e, f ) .
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Fi gue Compari son between safta)arhde bldarfeerPDoE | eet :
hysterepbbb)odpel ectric permittivity and dielect
[ 7] c) dielectric permittivity dL8]a)f ureacthiacmn caf
quality factor as a[ ®leytydaocnoesdff itcd mmear aatsurae f un c
alternating 1,91fr)esydicfoeedtf d ci ent as a [flwOnethi on of
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Arrhenius pl ot of [ 1Iblan k fc)on dwk evgv r afgt tpiedi t y,
el ecthahameal coupling coefficient @§dd@]resonanc

Tablle Comparison of soft and hard PZT cer ami
propeand easpplications.

Soft PZT Hard PZT
Dopants Donor s Acceptors
Asi t é% °Bi Asi t'e: NK
BSite*tr Nma Bsité:® Me

Assumed compensat.i

@ %
Properties:
coercive field | ow high
dielectric permitthigh | ow
dielectric | osses high | ow
piezoelectric coefhigh | ow
mechanical qualityl ow high
el ectromechanical high | ow
el ectrical conductl ow high
poling/depoling easy di fficult
aging absent/ weakpronounce
Typiapapl i cati ons actuators transduce
sensors mot or s
generators transforn
I't is generally considered that softening p
DWshowever, it is not clear what is causing it
including the f old ocomainany | mpbithiet yhwigbeuol ts fr
compensating the effects of acceptor cations
mat er i ad sdu(ee .tgo. ,vol atilization of Pk Jddriiing hi
© that compensate ddnohetippant sedeceg. jnternal
and make domain [wa] )] spim&d]riei mpbgdfeteni ng i s rel
bet ween defects, which minihiNFe espliemedcshymr g e
functional daleoulyat(iDdIr es hiosvendo bi ndpposéned gy
chardgeefdect s i n (safet. ,mather idgalnser vaceacagydr Af er en
alnment with3 rFeisgpledce Ttheer ef or @ 9 mp lheerxesl ®ufnelcitk e | y
exi st in soft material s, and everg iid weeaek. dc

Further more, t h ec canbpsl géenxcees od ft Idassftl ebaetiesal spor t e d
with el ectmetni oomamezseanjeEaBsRI)r  MeAnqt s

On the ot her hand, hraedlene dgDWemaVv ¢ meritr omi .
domain structure,t lente raarndsesqeucaw dedd inogfil.B & e s
which act as str[olnrogDpt ani sgotehaedsni ng mechal
t he next Itc hiasptcelresar dehatctpophay tdiceketyemiohg ami
hardening smechani esnulhter ofweak or strong inter
respectivel y.
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soft PZT hard PZT
'\ == kl ‘
\‘l o ': \¥ TTT T l ll
/ = E
S1DAYRIRIIN

Figd3e Schematic represernttaitrcesodt poddbibrd REec
on thedDFRJ[ilcdapld experi mentdl&mMaBAR)b | daacttee mo r ® w
defect dipol ¢edbepawdiach swofet i RZT desanst edePPpymdasheoc
probably daoarmgot oeaxainsgte. zalwr btwe nddaomaens

1.1.2 Hardening and aging mechanisms

Ferroelectric hardening reveals itself through ¢
can be observed as a shift of theéehfolood astoamtge t he
(swal |l edr biimbr (ecanth, d) oropi nhk éti u@oppo li end- i sgtuartee (
1b4¢NL7]The | oop deformation is in both cases a
i nteracthiehrmarged point d(éf gaot,e rdiigBhht DsWshleenat i c)
domain confi gur atyi odhefiesct st abanhleirzeeacs Ean iisternal
generated, which hinders polarizareilectswit éhiehg
more extensively in one field direction than th
calculfai1®d as

y EY + Ey

By bix ——— (13

wheE'eanHB-correspbmasittoi ve and negaties@ecdeéneilwye (fi

measured in the positivEigi4adnegative field cycl

a) . b) g) P28

A poled aged AP unpoled aged 024 1 - \

] poled
0.16 1

I € L. 8 0.08 4 \
_. - ] -
pinching unpoled|
biasing

Polarization, C/m 2
s o
o o
o« o
I ——

2E{™ - 35kVicm
4 -0.16
G ' 14 EP““ = 9kVicm
—— 024 1 o
0.32 Frrrrtrertrere b oe brrer b e e b e b
Ei 2E, 50 40 -30 -20 -0 0 10 20 30 40 50
Field, kV/icm

Figu#keSchematic representheiconizeE) f jpalded rciuz ateinan
el ectr BE) fhiyesitder(esi s | oops of a) pol pd;7hcg)ed and
me arsaud hyst er easti .F¥dlogpoeeps PIZfT Iceramics in unpol ed (
(agetdpt@&lhe redi majyrawd b) denote biasing and pin
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Sever al studi est hrkaadi $ hzlwdamasiam uct ur et haend t h
hardening, is cl ¢4y QYmriOihkaresdadygosnogrgibnegd i n t he
section, whiheebgratiatsohoof pr ofpiegdzhaisn wtihihs t i
case, aging is considered as the electrostatd.i
defects, usual(lnyeainnitnog cbo ompdpi enggetbaell gielle dwh iec h s )
align in thieidioedéi onootonform the el ectrost

set bgyortihentFatgit8re (The three most commonly di s
mechmei sn the I[ilt7dr ature are
1)The volume (bul khaleifd rodd ndihravr glexde sdef ect s
pol arization within ferrofelehbhérmat domai n
& ol menef)ect
2)The doewaailn ef fect | s hdedihfafruiasciten i efe dc thbayr ged

the domain walls resudittiingnsn pinning of
3)The gbroauinndary efftfledeitf fiunsvioolnv eosf def ects to
or interfaces between different phases (
f orsmachar ge | ayers that stabilize the dor
Common to mddhatnhiessnes i s t hat mobile charged

| ocati,omorecdcsr sltasosn,g pi nnidmognasdainit emev éd me ntt 1 e
switching,aprienscuhletdi/nbgi aisne d, p @ $adax ela¢i @ @r)e.o o p
Aging can be caused bygdexner iobr;ehdnoeebeoevnese c h a niham

theoretically suggested and experimentally coc
accepoped PZB(PBYI B BiTOmosst | ikel yme¢ hebul k) e
[ 2up .2 ]
a) volume effect b) domain-wall effect ¢) grain-boundary effect
@
[ ) !
. :‘J+ T PD

— DW

fhg

ol e
X 3 /\{— o defects
f 5 //L“\n

Figa%e Three most commonly da¥oususned (dbgi)kg rmadd
d o mawanl | ef €t matabicmnmdd ar y (i n.tOxrafnagcee ) a nedf fskelca c k
denathei recti on ef3()s mordt sgmeefoquotl af i zati,amd resp
the solid bl athRW.Theelyleopw easnedntdse eenecposi esvel
negatively charged pdihret saddfeenatt s ¢ reppectint alt
td h&gi ngamiesms proposed bayndCaarrle aonnd yHarldtulst r
details of which c¢charges and how they distri
unkno[win?]

1.1.3 Formation and location of defect complexes

The most commonly accepted explanation of agi |
process of sialtyramtger iecnoneldii mg t hr éay,ghwh ehree Cu i
the sample under godeesr rthel gatrraied echtase transiti
Foll owing eaidlFijer [ 2T@hAindgLLRPhAT Repomsed a si mpl
pictut bewlfeerhef ect agi ng mec hdeenfiesgnmentrhyr omgihn ctihpel
(caltlhesdy mmectonyf or mi ngoime chaad &jpdtoopre)d MBsai Tnigd e

crystalsing the same early conce@gtdiorfedthieom.l il
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this viedwthabmaeeap ar adlpehatardi owiutb i ¢ ¢Fyi ngnuerter y

l6a) Under these aondptoonspmphmé\(atamg damh e&amlsy

di stributed, which meansdi"ngt anfeopr obh@bsi kt i o0&
within oxygen oct'abedria mrewtalt o Uido nt lcew od i yngt ale |
symmetry c¢hang,es weol atee tproaignotn adlef ects cannot migr
results in cubiimsdafee dthes ytmemdrargyd.Gbal Hsoywnenveetrr,y

su@abonfiguration is electrostaticallyodd%nd el asti
are not emquiwva ht hend*peat ihoa tetragonal structur
MrP*havad arger defect probability, thuzs >t he defec
3 =3 =34=34>3 (Fi gulte) Thi s i S because, el ectro

negativeloy'temar godstay closerdatccetph®rpesittisv¢Ildy
Coul omb attraction f®»adgsdi.relchtoiadrmdss t henovegahl e
energy assoatiahiedgwohhbheous ed radt edbd€ifinesc.pr oc e s s

oft heor itahi onh heééf ect to gomyfmmen rtyher ecqanhges shor
mi gr athiogpm i mgr. ut r etdheextygielm vacancies in the pref.
and consequentt hfeudll syo atgiende .s almp | e, the defect sy
and the defeg@t) piosl aarliizganteidoni n( 3 (Fae gsl#aede di recti on

(P'=P;"=P;"=P; =P =P;")

(B)  pomrrmem e
Cubic crystal symmetry :

e !

Tole L—_l :
0 1

r i

Cubic defect symmetry ;

)

1

T< Tc

’-’
Tetragonal defect symmetry
(PV>PY=PY=P, =P >P,")

Cubic defect symmetry
(P'=P=P =P =P =P") |

Figuné Aging i H-d o Mend BapleirbvskRPt e a) Above
n the materiagubéxhicbiyss al and defect sitymmetry. b
the materi al tumdesri ¢ & @eabtifcrhderat r agonal crystal Syr

howevére point defects canntohckenmiegerta tsey nesroe tfrays tr eama
cubic. «c¢) Afrteedri sagiimbgut(iioteh@ef ysedlecas) detbdct sy
are tet(rhaegnocnealtdeg mmatmey confi rahgnge fmeicdn and sm
probability *wfacfainmedd’mgf®gme®ers to spontaneous pc
ang refers to defect polarization.
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The formation of defect complexes was inves
studiFredopad fHshToiidt the acceptor & tésrmemg t
defect clomp]l exfelBBf hefhdt e, Iittwadeseggdeseed Tk
l i gn i n t lgeandd raecctt iacsn safr ong pinning centers
or exampl e, Ghamip@arsfekramerdh a D FdTo psetdu dPyT ownh eF ee
he energy was calcul ated for defect compl exe:
t was found that the | owest .engh®@yundoBd)ager at
s wh¥no™are oriented img Fhgudak)r.dcTWieonemdr gy
antiparall €i gafkcegdwaantf ound to be 0.38 eV high
I nterestingly, it was shpOwn5 2t heaM Hhihgh ehri gthheasnt
st aitset ihease hegér pendi cul ar alignment of 3defect
(Figurbe .1 . These results are nopéeseonslbl@Ppead eivi t
Figur)ewhlerée only electrostatic effects were .
perpendi cul ari galrbe)g nime7ms i mpl i es t hat the el as
i mportaoale in the enermpdetxigmimenft .t he defect <co

I n cont hfaeisnditmgloo peerd FPPeT ( hard ferroelectric),

di fferences between diff erdeomptedd &fTe c(ts od d n ffiegruri
showed gQgbahbsdtantee confi gurz)liionn drdliy exc.td6ne\wfl o\
thnha he perpendicular or antiparallel configura
defect ali gmgmentn vaidtdh ttitben, i 83has dbeantshawe

a tendency for binding, sincdg 1t6Heir binding e

Gs Gs + 0.52 eV Gs + 0.38 ¢V

Figdar&nergy differences odfopdeedf eRdbeTpiedothiph @ xen t
orientgta)onpar®zml(Gsset andishgelr @u n dwcsotnaftiegur ati on wi
| owest energylar H)Ytmer penredigoyu he s 0 hgaa@n d&Ve )hi g
antiparza(tbéergeyp i s 0.38 eV Hihgeheddr atctkamr®ow i n
directgi,omwhofl e the white dashed arrow indicate

3 [ 1.6]

The DFT stulhbypyedh PFpvestigated &heosdafbedti ty
compl exes at di f,fagtrhdeWW i Ind ceatfiaacres ,ori .wa.t hi n th
interior), and f or hdirfefsepgescrnip.beorail el netla toiro nasn twipt:
3. I n total, four differasatshowhgiugaer @h.o08he mwe
pandlt) was found that the | 0otwekasfifeecthecgmpliesx oibg
at hewW wizt bl i gned pga(rpaolslietlFotgou@agi.4a HoOowever, whe
defect compl ex i s3 |loopcpactsgpi,dn gali e DWo swii ttithon i n t he
pol ari zati gnbepcaornaelsl enhorteo f avor akl ean(dEoligpanee p
18, wupper graph). These r ethedfsectuggempg! ax altag
the ori enhditrieont iionn3 p &ar a&lnleglgetto cally t aeor abl



10 Chapter 1. Introduction

pinnifregtesf are apparent!| y deo ncasmambli n eaftsi eschtoswfn( b nnl k @
Fi guabae)p 1.6]

a) o4 . , . : ! b)

)
T

(Fez,mi — VS*)]

l _/\Wg;ona!cmﬂcr
l ﬂ/doee
= |

2 exp. calcined fowder "/
Distance from the domain wall |
i

T TA T 1 l ‘ l I ‘ I ‘ TA l ‘ l exp. sintered geramic
' d
Position -1 Position 0 [/Vl K

(Fez, i — V3®)%
1]1‘11*\1‘1 IRRNRE e s P S B T B
B, [mT) B, (mT]

Energy (eV)
t
T

—=

ﬁ \

e

Position 1 Position 2

Figa8e Location of defect comp)leD&IT wddapded espéet
PT: Energy profile of the &wpeMPelell atovedi of ¢ he
domain wall-1, The 1 adred s2t lawoet teoxnp Ipaainneeld, iwiher e t he
compl ex posi ti ocanrrea p dieesde nbeyn ttaht e -osenda | d r rgodvess haendd
represented with 1L.6he) bERR ks meoapt@daT : 0 fSpreect ra for
calcined powder (top) and sintehreidghttermam el (drod t
comparddaeumerical simulations for the axial (t
(Fe VMYsite symmetrie[s2Bbuachrtshpeasgthita)paeel deno
two main resonances, i.e., at 110 mT (center of
of rhombic site symmetry).

Chandr asdk paldahso found (still theoretically) t
6™the stability of the defect when | ocated at th
in the domain interior. Similar obsle3& avhioons wer
also showed tha¥i svelnhawdhidde nawdye from the DW, duri
the model the DW will be spontaneously shifted
t heoretical resulotfsarcel esarrloyn gsl uyd gaet DtWstchuaeta mr ¢ g

when isolated from the acceptors.

I n order to investigate whether the defect col

DWsEPRinal ysidopied P&ZT has[ BBEhhiteaddp E€®dR spectra o
Fedoped PZT afFé gedhb&wnThien t wo main resonances at

110 mT (center of axial site symmetry) and 160
(denoted withi ¢ohtepFaingeliohgsfarne rcharacteristic for
of@yY o™MYdefect complexes. Two differenméedsamples
powder , where a consider dBIOYy mDéVsuciesd eaxnpoeucntte do fd
mechanical stress release and ii) sintered dense

structure i s expect(eidn tdaregsttarneaidisaatsebrs ldtrnviesatinntdilea t o
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botttheer amic and powder spectra shbme samn a ndceenst i

frdarmeaexi al and rhombic centers. These resul ts
compl exes at DWs (i f there ariemiany)whiisc hb ereocaw s
their concentration at DWs should be at | east
t hdkbcomai ns. The authors assumed that the defect
cl ostehtWs b u t mostly inside the domai ns. Howeve
are preferentially distributed close to the gt

which | eaves open gtrla@onughudéasstye bhe atb.outimheaddi t i
theodorcat model eby [aBEhewkk®at t when the defects ar
grain boundaries, thbeWdshmnpitidwobeosredesmug eofonmag
stronger than when thet W=, ctis. ea.r,e ipn atclea ddaem:

On the otahresilda@nd c alo pnyi csrtousdtyd oopne dMnBsa ThigQ e
crys[tl®hsowed t hat wupon electridomaehdstwntlki ocba
tasi ngdmai nheswwaver, after removing t-demal actr.i
state was restored. Considering that single c
i msi nygtltet e domain there would be no doasai n wa
explained solely by the volume effect.

Taking into oawecroaglslul ttdhheand | iterak lba®sion h
ferroelectrics (PZT, BT, PT) , one might concl
gener al cangreéeemaéedi ang, mehceh aenxiasct | ocati on of
still di sputabl e, rvamat dimd ihsowt houtsh erotmé®dBlheaani s m
effects) contribute to the overall hardening
material s.

1.1.4 Identification of defects complexes
Hardening features have -bmeseend calss emeveded aisrs kseehvde |

materials. In all the"%er-shsesyadaafeqdtorc admmplaant
have been consider edhanodkEkn2kd8ngt Medd orisgiam cdf ht
conducted in order to identify EtPlReasiegreacy et ot
be an extremely powermpfoulntt aelf efcdrs.i dwe g thii ga tcihi
EPRRnadgsthiedenti fication of defect states in
showing the complexity of defect associations
I'n PRTiwhich is commonly used as the model S
defect compl@¥es , 0" aoldExas,_ 6") have been, ident.i
aligned parall el t o t he pol ari gawpBdhThdei r ect
R oMYdefect dipoles are electrically overco

that o omey woul d be expectstudyWotwgetdMdadtli]ma

EPR signals thatdtcohdmede daf ect vetat edent i fi
therefor e, an alternati vée halsa rbgeee nc ¢sudgéghdssatsei do n
hypothesis is supported by the |tolsfesoronfathboO douf
ad _o"divacancy paior chlhowever, stic &deatiuom as
vacamcly ¢ould be observed in the EPR spectra.
Keelelte [a38pbme i £Vl daefeedctiIsowi ¢ tinc evetrfecautnido.n The

compensating mechani sm@df, tchi ov-doegodmpBhisandd
PZT is thus not completely clear. B

In Haeaedkddmed RaTyisQ al s, [Bbadmpe r ¢at¢3ds lo.n ™)

defect atlhikgmeed ti.m "Onoft he other hand,-dbpednoth
BaTi @b types of defects 3hbavéMberedbl pbwkevedt he.
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former were suggested to [r3ef]desdrhti st lsea mmi rsd ruidtyy
hypothesized that some 34l haerre dperfeescetnst , c owpi ecnhs actain
detected by EPR.

| FedopedN@Hii:@ BNTElerand¥,s, 6M'defect complexes we
found, simdoaeda®PRMmn nc et sastdy uwfop€BONa) NbO
(KNNrevealed some peculiarities in the defect st
ot her,ZTe.og. BT, mostt perodbatbd ry afufeedtoi ve charge w
Cd*wi t h°*"(NebAx. i n KNNMbven B3IB]Two types of defect ¢
have been iindetnhtiis i d@me¢dxc, 67) and tr (offeri c

Ex _o0™MYcompl §kesr concentrabi bescwowepar abbaed tndi
that thepreobabkewably compensate each ot her.

Point defelcitamv ensetriegat ed by positron annihil ati
(PALS) due to its particulfdef escetnssiitn vpeéryowu Dkictad s
doped 6PZTd@d , as wel | -oxy geat ido v, & c_aoncayn @ Ao e.

6% defect pair[s39eneaddentohjedt has been found
Fe concentr at[d"n, (tahned ftanfagispi ncr eases, i ndicating
compensati dfomwmathibon. oThis view is not consi st
compensating mechanhiddm3R2iwhmeifee dma nd ommef cfo me

o reedeY i s assumed. On the ot hiesr ihnan(dynitnitee NRALOS ad

doped HATii@ atée¥. d¢dHatr e comped saast etdh ebiyr concentr at
increasen nwr ehsed con’ed®JfTahteisoen eoxfanfpd es cl early
t he compl edxeifteyantmmd n ¢ &atei on mechani sms in PZT.

A short dodemmaecys identifiednwiPtbbe®Ali®cdcaRd EPR
ferroeil ecdirNachd .@2n

Tabl2 l denti fied debfaescetds athndedoerbeer r @@d ectri c pe
investigated by positreprctamnnscdhadyat i(PRALI)i f eatnidme
paramagnetic resonance (EPR).

Met ho Mat eri al [refere I dentifie
PALS Fedoped PZT[8&fami o6 ,6 , ,6 .
6Wo , oW
(unintent-dopatl f#ZhTykp3a9 0
EPR Fedoped #fbeTrianBup B 2 ] @&y, oM
Mndoped HaTyisR3ad]s BBl .6
Mndoped HaTyisR3a6]s BBl 6",
3 bl

FedopedN@gBT®Oer amBe€5§ @y, oMY
CuO doped (KeNaphBdP (Ax . 6 ™) and
Y, Ax oMY

In all 4imeetaboed “satriediceosn,si dered as the only m
rooome mperature. This is because there are availa
2Positrons will not be bound at anion vacancies due to thei
ot her hand, the binding at cation vacancies i s much strong:¢

be observed at memaitds,e aoratd @emplveaxes of cation and anion Vv
anions may also projyvi@e]traps for positrons
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oct ahbeedtrvagleinc ho ™Mnhaey easily exchange its positi
visualization see schematic r &pgéséntTehteirerd oafe
it ofstaeesnsumed hghasence andé“mobi krugiaf for the
(aging). However, i et t [aé4 0 Jswhuedrye btyh e SI1PoZuTk ac er a
investigated using tracer diff usiscm paanads ebleeecnt r
suggested that t&%i ncafeperdt rREAtTheinsppm | evel , wr
mu ¢ h l ower t hanheocemngpulieeteed cdoompensati on of t he
Furt her ndoorpee,d FPeZT showed a di stuipnocnt siwictrcehaisneg |
atmosphere from air to nitroeen,e whoincdhu citsi cann. i
it has been suggested that"itomesrpe emo theorlteisg !l ima
charge carriers that compwnshat BWac @'érparbdtagcdmd
defect complexes. However, no further “*tudy a
ions on hardening in PZT has been provided, o
investigate t h%ewihmD&sacbhencofil Bbf brey sstxearmpd ies 1
| oops ofdoapcecde paanodr undoped P?Zd&s wiitt hh@®@xclkesesn od hd
this reéedmldomwmoti d f ortatliign [alf2]Pb

1.1.5 Hardening -softening transitions

Literature reports t hat eyl tcd ira ciss-p clacchpdscke i a

(opened/relaxed) in two different whigandOne w:

cooling rapidly (qguenching)adticsor demedt ¢
d

t hen

configuration (random disdgi dhoRnmgni)Breotr def ¢éct
PZTD10]The degree of hysteresis relaxation defy
t her mal conductivitg, ofyphealugnahi nguimedi t o
sampl e i s whreann sdfreorprpeedd, iFmtgd.9ae@h.e Hmwewdeivae r(, t he di
configuration of defects is not stable and af
[ 6]

I n contrast t o thhgude nfcehrirnage lodc tsroifcts ,f erroel ec
he s htahpey sa $eirs Fli @alp),8&(ndi cating that defects ar
i str iFdwtiagd oft PZT). This is i n agrdeoepnmreednt wi
T mentioned before, whi ch shows no preferent
omplexes. The absence of agt migc o hdowmelade!| agieng
o al pwer concémn¢aaditohrembsfence of strong pinnir
espect to hard tftheaffeeltsctofi denpodueompensati ol
oint defects (eegs,bnaeiet mobirdemdn eanquptr abur e
) or iii) no tendencyhofc hd etfheucst s etnoa ibni nrda nt doogne
The second option for rtedpplinwgatdtenthiysteunesA
[ Thyel degree of the hysteresis relaxation
tude, temperatur e [andT hteo tian f | nuuenmbcdero rooff tchy
JIpmr etsiemfiegdd.9ben Hy st eresi s trheppkiatabhonpoh e
ric field itshreseuwp p cesnetdattioonb eo fd udee fteoct ¢ o mp
duced clamping of domannofvadke$ecThhhemompdes
l i ed electric field has al s o] 2bddnedn BRI por
ctrjogXlopy

=T - "0 TVa~

w o 0o T
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hard PZT soft PZT hard PZT

05

a) o Quenthing jn:
03-1-hotwater  _ __ _
2-acetone |

04 +
03 +
02 ¢

E 04 -Slow coojing
5% 04+
04+
02
03+
U e s R SES Y SSS T S 04 |

Polarization, C/m ?
°

-30 -20 -10 0 10 20 30
Electric field, kV/icm

-60 -40 -20 0 20 40 60 -30 -20 -10 0 10 20 30
Electric field, kViem Electric field, kV/icm

Fi gu®e Hysteres,i sideglifngatalod he effect of quenchi
at F doped; Il eft) and soft (1 at. % Nb doped,; ri
media: hot wat29r, (ali), (&89getammmde a(f t er sl ow cooling
effect of electric fieldioy#Fehgpad RDT HEZ5 &/nd2)2
ceramics.

A thorough het udyt errel a-agong bet Weehddeycling &
acanciynhowps pel.dlat meaddmped PZT (58[/#M4RL]) tcdmaami cs
een shown that tilte domtrgivdeegi by ehec@y iggs57f i el d cy
V) i s tok nfidcehrahoeping coOOUWABS8Y) pni mplying that

ysteresis rel axathshnerrate gasmdbgir atednwdbf hoxygen v
eorientation of EHefebP€ compuekiesitfJhwas found t
.e2V) awashus ctllaatmetdhe mi gration of charge carri
ontri buatgeisng ounddeer | arge field and higher tempei
hape of ther| eppigptbleccop numbiegdd®) .i nHowever , it

hould be point &d( bluledVt) h ehta ss ibreielnari n sever al stu
otgpe conductivityd@anhd t4apped hol es

T n 0w o kr - oo o<

1.2 Literature Review of Charged Defects, Electrical
Conductivityand Hardening in BFO -Based Ceramics

1.2.1 Defect chemistry and electrical conductivity

Defect chemistry is highly relevant-basedpartic
pi @1 @ ccterriacthinc f.act, this is a matehiiggh Ifeawalls o&fh
electrical conductivity, one of the most | mport e

applicationshi gesmpeen atl Uryeduppefy at i on

A recently proposeddetfheecrtmonloydiecdmdidooap ¢BHER | s
assumes two defect relaiczatoinGatefe hRiedt ed: t enpeoaht
(e@ )4, r es thfeo mma tiGinoanndd 50],, gredl]i i) reduction/ o
of *He (5 an@ .)6 respectively), which is determined
O;during annealing/ eoohkfegr maitdi dne aaffs@ ¥ pduced Fe
resul titnygpei ncomducti vi t*y&Y)orstoaxtiedsi,zedespuel t i ng i
conductivity:-amdegppoer icpinmd uocft invi ty can therefore b
ei ther el egcthetnwekeéifd¥ )n antd(EFeg sites or hole hop
bet wekkFmé*(8Y) an’d(EFV¢ sites, [r5e2s]pectively
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24¢ +33 y 20 +30W+2a¢)+ 23 &) (1.4)
y @ R T
28 ¥y 39y 28 Yyr 637+ E32(y) (1.5)

__ 1 . _
28 Yy 63 + 35 28 Yo+ 39 (1.6)

The oxygen parti at htgprraensssiutried maufryrppemi opp cur s up
decreas) ngepdrdds on the temperature and compo
O(XKBi)sTe OBT ceramics a minicambumciond-gtoetcppe y (p
transition or vice Jve¥sm wastliounemmado @t(Or e
°CFi(gudur d)49]0O0n the other hand, .%n &loodiefdi eBdF BF O
splpgaye@@ conduct hm(i@ yr awnnigteh ifnr dant @t. 2ddo mmwa rldb | e
mper tiwgrdaedd )) 5.3]The reason f otro-togbpsertvi ammgs it thieo
&KBT alreagy ~aaltop(®©oul d be explaineamby cons
ype semiconduct loguyp prreessustiyomnegodionpduct [ 841y i n
However, it should be pointed obBtgdhdOt he al
conductiviypgpeignap(cgh condiuwli.oznism)(,e.igndi cati ng
BF&@ased systems (rich in BFO; either doped o

e
(
]

C
[

e
F

qualitatively similar or <conlpatrearbl e behavior
;1) ——— Point defect model l)) 10 Enmq R B e e e e e e
- m 800°C f SrFe0,
05~ ® 750°C [ v '
N A 700°C -} S
N g :
\ ~
N © 1F
10+ \\ © s a
§ LN . a £ | 5%SrBiFe0, .’-
e N e~ s | )
8 \\ ‘ - g I 700°C 8 (=] ’0.
L N Y ] g ol ep °
D15 | &<C W s © 01 esoce ¢ g0 °
= \\ S ¥ //‘ < F o ® A
N e 3 e 2 o
N A [ e0Ce BiFeO,
h < vl e //‘ 600-700°C
2.0 | T 0.01 Livusd ool v ioumd il v viund il o sied sl sl iimd i 1
6 5 4" 3 2 1 0 10" 10" 10%® 10°® 10°* 10? 10°
log(pO,) PO, (atm)

Fi gufl8El ectri cal conducti wi tiyn dBE@d f mat&)y oal ®
Transiti-otno-tfgrpopem cnonducti on r egi maet o7n0 Oi,n c7r5e0a sa n
°C for -00..19KBBFTO cl4@ahbi)csUnmodi fi eflo BFOdapdd 5BRO
showithygpe conductivitgnwet hi dantp@ Oi2l ttlne 10e mper
r ang e’ 0600[05.G ]

A umber of studies sugbhlesght bahdu dtd asirgidg i inn
materials is associated wi%t hr aotxhyegre ptollpue hfe i e
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However, when seeking for evidence of their e X i
relyingaynptXotoel ectron|[ Suppt]}Nootsec,0 plyo wexvPeSr), t hat
though-rtslyei X XPS c aanf epve nneitcrraotnreet er s i nto the sar
photoel ectrons generated relatively c¢close to the
be detected, whi ch means t hat t his met hod provi
sur flaec3e] Il n additi on, there are several studi es
conducti vibtayseadf mBFE@ri als decr easaesx oo her mal t

at mospher e>[(49]g,. ,lbBA]],Nwhi6dh i s exactly the oppo:
e x pecttelde aigsrth athe?*weul dt hbee charge <carritehres respon
conductivity

A tsudbyy Moretzoabéh O.-DBBRBT ceramics showed th
annaeglithe samppdetsoi hON ° C, the drop dfheconduct.i
temperatur®00afnge ahdOretains ufFdmuoca@plliurkgdt down
curve 1). Upon heat itnhge tchoen esuadmpidseist yw nt Oe i ni ti al
(Figurar éddrilve 2) , d e manpd terteatrdexvge rtshhbi d o t y . I n ad

t he onsddkat iodgh7dw@, as seen by the irregudeeg change
ver tdioctatled rrRidgdli@m)esuiggassisgni ficant oxygen mobil
such l ow temperat Frigu.r@aTheutl meet diemonstrates
conductivity a0t. 3KIBTi ni sO.h7 B(jfh@ayn nseeanlsiing vaet moos pher e
it has beenaldmecsttadedrders of magmwitihde easfpteent ar
toJJG®ynthetic aim (hHernéd,e tAlCe cwlhaltued i vi ty at | ow
to the DC conductivity co#mpd)nenPhe froeegldiegiabll es dief
bet wekamonductivity afaed awnehkbtng Banr Ocould be
the small di)f,felr.eeiscel.i2nl pa(tOn, r espectively.

@ in N, (first cycle)
‘&) P @ in O, (second cycle) L5 l))

”& conductivity at 25 °C x _2 y y y g a Ailr

;é -4 :"5 §'3 B O Nitrogen |
a" 5-7 (0,, 700 °C) f _g_ :g’;ysc";"_
\: -6 b -5 (synt. air, 650 °C) bo L o.88i1) 02701) .
% G{ _6_:;_ & b 0.85(1) 0.34(1) ]
io‘? -8" (5 5 s ) (N,.550 °C, 5 hours) 2 -8 L 1 L L 1

A EEEREXE " 0o kiT !

° e Log,, [Frequency (Hz)]

-10 e :

0 200 400 600

Temperature (°C)
Figudé | ndicattympen mdhBiw@®asedn materials from mac
conductivity. maps Reame mptag t of AC conductivity (
temperatureO0f3dKBD. dBFiOng annealing in (1) nitro
oxygen (second cycle).ofsveobrheasi spoawntd heodi r eg
the frequency dependence of AC conductivity me
annealing in difl[thé¢r bht Aat mesp-theped oBF® oc erCami cs
processed u nadtemo siqpihfefme i ¢ mton s compar ed-i ovn t h a cl
conductor, i.[e6.5] 8 mol % YSZ
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The decrease of tey aipipPpcacarl atomaupghernve was r e

for accaelptperd, BE&®D [ &&]iagmi rclds)l . 't was shown that
and cooling the sampltense fcroonnd uS8c O v°i @ yi n sN r educ
magnitude with oroexsypgeact c etsos eali rsamphaegetamel nt hat
conductivity are fully rpvelsiattei upon, chanha:
t hahle of sampl es pirsociers stenfeupr@®mge whi ch is comp
t@arE of 8 molst¥lyitltird edf SZi) h e cknredawn( 8o x i de i on cor
On the other hand, delxehisbaotpl eat heat €d elir0g yel/gf -
which corrnegppypedscooductivity associated with

Further motgpet hbharmpachbtaesre di nmab @ is @1 dbi erleamcst | y
confir@smedbobayekf f i ci ent measuremen@slKBDrcexamipdt
a positive Seebeck coefficient was -memsur ed
conductivity, whil e a negatiinwdki tvaad euneg omadcsu crteiavs
(Figlhr#&R49]These results Bhebsear-agt geenetnit a ws it hi
from electrical conduUdtgiav @)y amedas huemeéhespfoe
chemistry (@modls)) . (éqg. addi ti on, BEsgdrmd,2 btthe een
materi al responds instantly to the change of
t hmoi nt defects at , 65h0 sSiAGpa.mpear atbwraa w(@p.icen.h € dwe |
imstudy by eMoianb z.v0 BFIOBT cle6.4a]lmi c s

1000 080 R ——
a) b)  450° (1 LV TN
50°C o 7
: — 550} g----g- g---—-o :
= = Rel~==11 o9
$ 500t 1655_. > 500}s500°C_.O--""O V.-
& : : s £ 450} A - -
S o | |- ——{650F% & 00L& .- ot W
|7 o 3 B - X7 7
8 Q o L v
El 5 % 350 Loorc .
2 500 {645™ 3 [
b » 300 |
PPTT SEPEPETTTY BEPEPETITT BEPEPTTIT EEPPTrT BEPETTIrT BTy
“1000 i GecpgBossiforpto S 10° 10* 10° 10% 10" 1
1 3 5 60 62 64 66 68
Time, [h] p(0,) [atm]

Figwt?2 I ndicatypenbehapbhaoged nmaBtFeOr i al s from See
measur amemt)s -0. BBRBD ceramics upon changiag the
Nt o syntheti d 4®ifd dt) uGE@®@ped BFO cer ami asg as
various tdgmmmdratures

The positt wWe eshiegcnk ocfoe f ftihget g pe anddububsvity
found in nominally undopgdrBmhR@leftidi haeRinghee ent
1. HpR6.6]HOowever, iichnsthidy dfyeadliclhe alleeebeck coef fi
asmal | depengenoehidre pgh@ measurements of el e
al most Jnodeppehdence (not shown hetatudyilsy i s
Bri nkemanfad8h undoped BFO addpsesd J&BHB&®s BEFBET Ca
[ 49] so[ bd] sol uasitanosnyy /vaileoes pher e dependence we
FigdrHd,B6i gudr. d)l1. Nevert helgestshatc anhseisdeercier ami cs
study exhibited very low relative demnlBéties
mi crostrutheoercamtdrati on of secondary phases
conclude that thesebeossldiiderehocladt poabably
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The preséromesqgf whe ch are -tgppoonsnHlbetfortyhienrg
based ceramics, has alrecobeemnocosfmpcihded obpbh Xgh
spectroscopy (XAS) :r alyt awasxrpdgmdcsttuleaets X XANES)
spectr-dopedCBFO samphetthea fekdlgpiet t alwiaghlesr ener gy
rel ativedtige P& P&e | ndtihmeoteixn gt hacned ‘offfel grer e
1.)3%6.8]This shift has not been olbd elrer erde hient arch dtog e
hi gher conce*itm ad€opend osfa nipel e s, which would be ¢
acting as Bhme agrcepdtommes ofonGa rmed i n -dopeder st uc
BF@eramb®p t he other ;ahadd CaOonFB8®Cod stoHeuti ons,
oxidation state B8fTIC®se sc pwEegeswamhdhlyy Co i s pres
when Co concentration is signiffé6&lanel yebepghed &aoc
l otnoér ést due to hivgehr ,poalta rsihzoautlidy @bree hnsomteebdl et h a't

only at high pressmpm@pP{.2] g., 3 GPa
L5 | Fe K-edge —— BFO_
| 4 —— BFO5Co
Pl —— BFO10Co

1"\ ——=- FeO

Normalized absorption (a.u.)

7120 7140 7160 7180

Photon energy (eV)

Figuit® Fedge XANES spectiopedf BBG6EOsam@pl es and st
(FeO0) F6.8In addition to experi menttals sftuurdtiheesr, t !
supported by theoreti O&IT[] B uFHueshemmoobBrFeO utshhengDF
calcul ati onsunsireawealk gthhreadondi t itd oo toded,.f or ma

parti@uil @arenergeticablly Ipor eddedirteidoo,vetrhe cati on
shall ow acceptor | evels within the bandgap, wh i
resul t hfegr mati on otfypeokesdacdi pity. On the other
shown that poder conygenmon® "t bembet mptieberrabl e

I n addit idert dtchoa ttrhees ponsi bl e for the electrical
|l iteratur e ad ®tba bop a® $@bfl eect cionmptl hei xse sp emha veshk i t e
are often assumed to domi fate tthealp.DFrpimnuihng be
per s peCetntewse , [a7lBbhvesthgatatdi 6n and oxygen vacanci
well a@xgygtinomi vacancies in different atomic col
association eorygeasvata@&#cab€&®n(06Y) are al most
al ways negatiinge,t hiantditchey are attracted to each
compl €x@slr. ed4 spl ays the associ@taomdéd einergies of
di vacancies as a functioph ©obr t hefcteon@ht charge
di standtke most stable confhghortéeéovmnsdiagstean heos ea'l
strongest attr act hassns occara teaoInfloya a ebmti tzedsdl, | . e .
and”(total fj=elh)arpgreobably due to electrostatic int
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configuration corresponds to the shortest angl
ot hkkef ect eppepurmaemldytnhgemtpas i nt (bi asing) effect
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Figat#® Associatiton o6merdgi ©€¥dbf aicemassca function
the totafldepandiendi shamndbet tbhaeattweoenn and oxygen
(givén 9he total chatrhgeee gdepernds iomi zfadi on, f
corresponds wvachuakjop ¢ oar d&'e d

1211  Effectof doping

The tlerdattiaeon BHBEe@iem@minms and theisnptihteel mahies ewna
processing probl ems preerlsaiteefde stece oBhFdGa rayn dp htahsee s i
someener al copartdsicabhhel gffect onf tdhenacrgndaumxant
can be made

Thecuantdatoanaccepodoped rBepolratsh deéandasdsedcr ease
electrical conductivityFaovi tdxinimalpuealgt btyo Mare dionme
et [a7lAowed t hBaR O doegrivanrgilfcdRebcr eases t he el ectric
by decreasicomc ¢ mMars&eixprd,ai ned.Howetvkeaf aet harser
| ewdl dopant) (~bReatonducti vi ttyhosatseer té&&Mn5t aati nc
doped BFO ceramics, the el ebctoucabrdenduot i ma
witspeet henodoped 7BF/HODhe aut hors concluded that
state of Mn doping cotuhHedonbveer 8 #¥pinmteds"afredi ng i
consequently | ower conductivity. Npopeted b¥wes
angdditional experimental or theoretical data
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In strongtdhenudias$ 76, rfd/vidr al ot her studies su
el ectrical conductivity oft hBROrcceuamiaecrs ofS aacce
dopants, %Sucha‘’*$s Bhw,8]1°ZZh7ahd**NBOlie anoncreased
concent &t iwmi oi had 7Bgempoirmnedefdby Mossbauer spec

The | it etrlefonroe dadropi nigy e i eaBoknGs iisst ent | in that al
of the studies report on a dwictlkRrasespdéctt hteo el rd d
BFO by wusing diffesuemtbddaodb’Fiodo peaxnatnsp,l e, it has

shown that dopeéeagehaes ¢ehl eNcbt ri cal choyrf@uot der syobf

magnift&dldHowtehwMNebr i ntroduction significantly reduc:
~1081 in undoped HBFONn td rmwihd e dNbsampl e. The decr
conducobuVdt bect lepboastseidb Iteo s e g rtehgea taii on bofundlarates a
thus incr-basrpdagyarasistascea. | lowdeaeddafhuNhimg i on

combination with the relatively |l ow sintering t
~800 °C, it could result in Ilittle or no diffusi
Much r essearecehn hdone on dtamidng tBHm@ swibtelenTishown i
studiBggsBbhat the condulysiewieryul decdeaseof magnitu
commonly expltahienehd btihtreodu gghor mat i on of

1.2.2 Domain -switching behavior: agingandde  -aging

I nvesti gahfeeonoedbe ¢t risc dparspdlOrmat eri als are often
duet hienf ortunate combination afp WicFhM'Edredct ri cal
hi gh coerup vteo f8®% IV (BiBQPConsi dering the high | ec
and | ow breakdown field, it i s« ocefrtcdn et (a ncsaasteu rtaht
-El oo[p4s6],, WIi5dh ofaremndiesiplsawpe, suggesting a d
edleetducti vi t yatoinon hréeppoolgpasticiazr i zati on and coe
|l ds are often wrongly determined from such | ¢
8WYy comparing the | oops -caosmanb nmhayt e reipalrg e(ds U whr
), Wit t hose obtained frtomkidomefstiaa &b e
ed banana. | tt @b BB % dbfeepolsahroiwvznatt lmamt | oop
risticahoghmetectaisaiwi cbnductivity and
ferroelectric behavi or, tthigpEs ocoagprse shoul

Some representzaBlioeps aftuomtelde | it &ri gturree ar e
.. BFO exhibits typical hapdlead ngadeada) uard pol da't
compadargar anBi § GcdT.hei pcbeddoubl e hysteresis | oop
i rst studeite fa6l@fd Yohas bddepnadaogytwithi hared PZT (
)9 explained usbnfgormengy e ribdojgpniact i on of accep!
ensipexrygen vacancy BHBefgapé compl exes (

L T e B N S
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Figuat® Macroscopic hagHlemomyg dfeaBR®2Bernmbvts |
fo-El oop denag eldeedvet sampl e was npofFedCatl 80t k|
field.

Theeadyi ng of BFO ceramics is qualitatively
(Figdra®g ] and emassilma | riy demonashativdd ghuy equer
1.189]ln this case, the sintering of BFO cerar
to various temperatures, i . e. 4 50u e°nC,h i M&E0 i °n(
water 3-ETlm®eps after quenchingohtymmédBbOranbaige
respgecdasnt er est{ dseanoplea)) as Omon he tchplEeé o olpamd t er
qguenching from 900 °C wsaisg rdiefpiomeefhtaldyaodeasbdbi
3 With respeat eredaser ami cs. These results coc
di sordered by nagd®@2zafOhgowedvobwundgduemahi nde ori
the | oop deformation ies oif nded dtcd sEd tsmemtiHesdr pir re

hard PZFT g(dsr&e

r
a
h

30 7 900°C

P (uC/cm?)

Figunész-Eloopsi onfered deearoa midcpa 8(n aito@@), and
subsequently quenched in watéeB9from 450 °C, 7

Further mor e, consi dehféeenrgr ot ehlee cstorhiact dbrePhZalvei aonrd n
thaBF&@fased mateidisah®t surprising that the san
PZT (accepwpaygeenvacancy defect compalebxbees) ha
at the origin of hardening in BFO materials.
about tmel/twypé omati on of defects and their in
BFO hasprboevesnd e @l ar
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1.2.3 Conductive domain walls and piezoelectric response

Enhandcoendawianl | conductivity fwAr@ 9P i amsaid mh& m6 watl 1 &t e d
i n BFQ itlhmsn beyt [S@EH gt ®&) THeg betde observed enhanc
conductfi wihteyp waat We di fahe s meit. emgchel ectrostatic po
whi ch shoul ded¢etearcs Ttowatrhe walls, anbdotrkedatti on
which shoudadodmawad 1 e xasoendact, £hei ttyor mer mechani sm wa

suggested byetF &9 dkil.ihgh.o,meawanl | conductivity is don
the accumul at i oth ddf ecchtasr,g evdh ipcohi ncont r ol the | oceée
Conductive domain walls have al so ebte@an gdiirecover e

11B), bosmtémeds(unpol ed)] ahhNadtedleed ssammite®!| t he
conduchyacicuywwmigathe swalslubs e que melkbyyd ic oantd d i ¢
scalneal [y®s3]s

2 75 - domain walls
Q
Line = 701

70 analysis g 65

-
60 O 60 1

55 +—+—7F——7"—7 11—

50 0 2 4 6 8 10 12

S— Distance (um)
D-domain

DW-domain wall
Figat®? I dentification of sa)ntdhuicrn i fviel MdWsaan)ch B) Fee
| il ane PFWMfi magei tten domai nt lplimktemsnygildwiBFrg® (11
109°- andonmalion° wal | s (I eft pa-AEM) | mage cohowispgn
conduat ob®9° and 180° domai[mOYeARFM i(magédtofpaacel
selected area in ceramic sample (left panel ) an:q
[ 9.2]

The atscmile chemucalrahdtelk®edgernecgeasdtsiEod Yo f

def eadt sconducti ve DWsdemonBRtOGhad epdamiDoM conducti on
(Figar @& 2]Furthermore, trkhendoumpawnviesan oomfi ct ier ce |
(cAFMsignal at D8 ni @ar & dh e sammmmleea | @dd sdmpl e showed
their conductivityafsesi gnimneadamfgil iymiri#gl pteleed | oc a
onduction. Howevéptypeo acomduatsitvittoy of DWs i dei
eramics, the studies-toynpeBFR® ntdhuicntafsviilithys hasts gDgVése h
hown that thediercreaaesteghscitn orig[fy®1In,g Tpl i coul d be
elated to differenéer meooctstémge)c avinhdd re i pprmedp g rhioOrnt g
eramics qgantihush htte fl enct chemi stry

O S »mw oo
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Figui8 Accumul ation of chargeda)SAEBItma gat DW
i ndicati ngDWnaraenads ofhfer e EELS anal yses were p
di fferBnddetwe eanndryeFdeges, used for determining
Fe, shown for on and off the DWEdMedieoms nied BR
standards (data points and dashed I-¢mleygmn c)

intensities across the DW showing ~20 % reduc
which conf i r msactchuemugraetseednce of

The movenenduacfti ve DWs in BFO ceramiltes and
macroscopic piezoeleswrirtchirrerg pve aisgdVv eusntaiega t Wb
measur emehneonvefr se pi et 6.8Tehcet rciecr aenmiifcesctex hi bi t e
frequency dispersion obsgrard mise zZavbatba tumpitc i n
freqguencies,Fiigue d)9. <HSutlh behavi or h@rse qdiiefnfcer e
i ndependent behavior i nFhagw#)e PaZoTg a(rsiitnhiniiacr ftroe o
dependence kFingdédoad), PiZilt r pr ethéed € in@l utceerdmsnod fi o n
DWs in a medium withef &a0dFoum tphiermnmionrge ,cen was S
| arge nonlinear and hysteretifci gterd#dd ndes atellad
to hiereversible displacememwasat ecodduetctVyg DWs
i 31 Xu apgowddkirf f r &XRthiaonma | y 85 sThe measured unusua
piezoel ectriFc gpmhd®e ahgbedg@snifXikrDmeadn b9y §d asv e
strong i ndhMaaxtweédhngsn eorf pi ezoel ectric effect, wh
ot hienternal field redistribution in grains owl
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BiFeO,
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FiguieConverse piezoel ectri edorpedp omosrep hoft rBPO c a P
underswiutbc hi ng.ag o Pd ietzidaed aeecftfriicpiieenzto e GEd 6 r a ¢
functit dler @equency of the drivingbdepedtTPized . fi el d
samples were measurFEduatomp &fEed bdt of i(E)od )
Frequency dispersiorny aoneéf f i epiiderzdocey @spidtermdeeO o f

The obsarDgedi spl a@ad mdmtws f r aq Bi€éx®Dcs empyo rit reed

mo d e | proposedt bjgodl6FHAastor Bomg to this model, the
accumul at eads diesf eicndeed tHhieurktea)s@owenw eBEO u(nder t he
applicat-$wint ohi,bgalpfriodlochgged ti me depinning occur s
together wi t h t he DWs . Therefore, t he mo d e | s
d spl acements become strongly time ddpendent an
freqguencwasndelipehi nelnssearilMegyd i n BF@dcgBami cs (
The movemental ofngd edd Wsht atfthemprp| | ¢ atre loenc torfi ¢ f i el d
has been recenmtdyi poueovtemi wwiftihel d[ SIJEM exomdrriamdnt
tanunpoled (pristimedand¥melnad, twhercecumul ate at C
showrFiignir #8 no evd deamcemwlfati on was found by ST
inside the switched DW. However, t he EELS anal y:s
thepresenc'¢ dfheBe resuldsarsaggerabl éhdWsfoll ow
di spl ace mdrtdsorvd ucki ftfousi vity and that &Y DWs in p
are accumul at ed.t hleh eheofhec € e h tt GEeWH eirs wiin hagr eemen
wi tthheper si st ecoedaftiybWpol ed BEFEO24¢Furatmhersmor e, t he
results suggest that the pinning in BFO is assoc
copmm exes asanBZBENRO]J]RTTHRIBY i s i n agcrael ecnuel natt i wintsh [
showi ng amé&é ¥ do not have a tendep@%]|Thoer ocu eosstei acars s
that was nonh ahsaweseddhowever heirs owhpeltahyer and h
role in the dynamic pinning mechani sm.
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The DW dynamics i n BPFQ cdhdrnagmiccosn dateinddly has

i nvestuisgantgee s ol ved, istirXkbDo sacnofp9iyc igs r a&s hlo. wesO
the extmnatted styaamd(chah8§6°idomann-jJeasure
a functthfeore qufency aoblt @¢ neidc atti el d &mpThiet uldaet toifc
strain indrheehaaeagewb-hB8° domadact easianscervweiatshi ng
frequencrye s ullhtess edte m#wencsoturpaltieng of | attice strai
BFO ceramics, whi c h ale cforneegsu ewnecri ye Fanvbiechemtmo 1 @ ,
they found that undeerl etcheaiapdliiedat iaan |lofw f r e
the phgbe bdBttheain response is negative (str
while the phase angle of t he tnaarmgsdsaiorpfiacc est r
di spl acement), which takes idomawasicitdbwandd | |att rt a i
from individual grains, i s positiFvieg u(rdet)rla.i2n0 |
Whi l[d® mawanl | moti aoormsvheomwtsi oe ph aapegsiiet i vesponse
domi nates the macroscopic phase aaregla¢, vehehas
angle arising from the | attice response.
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Figua2z@tr oboisso¥BD analDMsidsy namfimi cs i n BFO cerar
switching][ 6.&apCdil tciudnast ed t o tfal Damnhidce hatnhgai nn(
180° domai -y easuaef@gnction of frequency under
L b)Ti me dependence of driving el ecattrsitcc afi inel d

response at 1 Hz of wunipolar c¢cycling. The mac
mar ker s) is in time scale appearing after th
maker s) , while the |l attice strain (red curve
max i mum. This dmawd cehat res@onse is advancin

proving the negati vidaypyhw@&@sen #dmMyé fef ectl st ed t o

The wuanlusnuegati ve phasteteaagherespbhee is a st
t hreoani form el ectriicngsfiidced dt ded wthé& € dbmih@a® nbeen af

to conducti vei ndoBa0 nc emBahmsiiecds on t he overall d
proposed a model shroiwndrsecthemati cally in
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a‘) 71° domian walls
on (011), planes

100, plane i

111, plane

71° domian walls
on (011) planes

Figda2® Schematic repgreasiemd aitn oméledd iBiEOM®I| ue | i nes
and dashed black I ines represent 71° domain wall
angles of 90°, 54.74% handl|l 85. Béftweenr P¥%pand tbe
vector and ar e di ffercarnytst dluleogtroapti £f eorreinent at i
di stribution on daddedpttcaei DWsiosh f ckikfefcarra rct fficerl dg

with different cryswiathogewipdc¢ Ci.oIlrTdheast iarseisounlst s i
di fferent sefwietchiinnei rMfdiediddual grains and consequ
to |l atticechammpeamo-mhdd DW motion in different gra
The model considers twdl@0 andflsl}l cirny sttha lsl ocgarsaep hiinc

ori ent(etci ared er-su liocwhseawrdd he direction represent:
pl anes aligned perpendicul ar to° tDbNyiamg ldleadn gl ec
t hG1l1lpl anhesi {l Of0hoer i ent ed qreaipra yfadrielly to the el ect
veci r contheaset sdmer{dDIMsgr ai n wiadni Ifyor mba@n7dngl e

°with etreetrvec.tfotfelids metahnes ctohnadtucti ve DW have d
orientations twhetlhecrtegd e cftivietta pri eds effieadiemt grain
famil iTdhe mi gration of point defects at l ow driv
electric field intthkieghigogrpec omd wadtni Wiutey toof t hat
that the conductive DOWelecorienféedl gdgar aihivelr sedy

in the upper grain wild.l be counterbalanced by th
Due to thheiemadaitfiiom of the grains with respect t
grain wil!/ mainly respond via |lattiwetbBtaain, wl
addi td omalanl | contribution. Therefore, at low fr
i nver sef iedlecctdiisct ri buti on i n thet Wleaot tgircaei nsst,r aai nd
and hBw moti on oEicgumrsea,(bke&Dow,~10QeHz the | attic
decr eaanstléhg o mawianl | conitmdbhavd s dndecr eas(iduge ftroequenc
the mentioned redistri ©hbeiwaosd esfh eiwnpt psoeohtdnle f i el ds)
experi ment al data and preeddiscttreadi nn odte coorulpyl i tnlge bme

measured negativd agsdsai ain Fleeg pofe stédh & 0
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Chapter 2

Al ms and Hypothesis

BFO is macroscopically characterized by el eva
har debneihnagwaisorevi delha mgientbyera of i nde[pdebnd e nt5 5s]t,u d
[61], [T&a@é] | il &tmptwiesreirnconsi hieeeingfi mtblhoiussabehavi c
it has beewn diffiebenedittyplewdjofgédebrédy aas

well as defect &conpléekesWasdcheYasas], [47], |
[ 78], W89%391],Thepoeé&fore,t henlee vaartiegi neloefct ri cal co
hardening in BFO remains uncle@ahexgpndainaal lod f c
t hese c¢comprleel xammebad &®arcits ms woul d be i mportant i
properties hottapiec-bcBsi®@de nstol i d sol uti onss;, such
[ lGamBaiD;[ 101],, wWhio2H ar e eit héeregdIlod¢ acdoyn sci odnenneer
as pderzami ¢ st € mpe rladgptguiriec a t2i0M@)s. (T >

The purpose of the thesis was to controll abl
and investigate hawvhet hed seec tdd fceadt sapmedd ped cetcit e so me
the materi alt,heeil @mcp a1 tciddtuylcdnimed ueccttirvi ¢ and pi ez oe
as well as pol ari z d@thieomignwiwtash it rorgii direvdeddbi miract e
pinning mechani sms, whiaoht bketul ¢lloh eaecthn deevres ttohc
combined appr dBEOG w&o HMalpo migh poistthneal i ng of do
ceramics in different partial pressure of oxy
The first part of the thesis is focuded on
f
i

defect chemistry and ferroeTleaetaiims hafr dtemmd nwgo ri
this first part were:

T To synBhdégico®©cer amiwlser e x = 0, 0.0025, 0. |
wi thh gh density, good | evel of homogeneity
phases.

T To i nvestigate tkrenrelhat Gonsbhdmc ebnettrmvat i on
conductivity as well as ferroelectric harc
piezoelectric response.

T To evaluate the oxidation state oftRe in o

meas prreocherties.

ThbBypotheses for the first part were:

T Taking intlheakcowmtdi fficuphaes BBODbrephd?]
t he prephoeaeld Coer ami cs wi || c oHhawae vner s ecc
considering the similarOi é6di d**fedsiC®oD. €45
A fo[ EPAh efihnhcioepbrati ont loBF &mwe ri comnssk iitnet c
structure i swexlpecp etde sdlildaolshipyar abl e concent

3 Note that t his is not doping from a chemical point of view but rather a chemical substitution as the
two end members in the solid solution (BiFeQ and BiCo0Os) have the same crystal structure (perovskite).
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1

Th

Chapter 2. Aims and Hypothesis

of secondary phases in aldlo cowvglowsdttd otnlse eft fi
t hkcopa.

Consi diehreiecgshudy -bompeCl BFO wriramicenf i rmed th
presenc¢staft eBei nduce[db]by h€o edegitmg c al conduc
increase with aCso*“faenacehéermai ondef etcytpse contr ol
conductive behavior of this materi al

e second part of the thetshasnniesalfioncgu saetdmoosnp hteh

on haef ect chemistry and f d@rorpedl e8dtOr icee rhaani cesni nid e
of the work within this part were:

1
1

Th
1

Th

To explore the influence of annealing atmosp
domai n swi tdcohpiendg BoFfO Goer ami c s .

To determinéhwehetbetri cadoged dBIE® i owdrtaymiods Cwn
di fferent partial -oprrtegspseu.r e of oxygen i s p
hypotheses for the second part were:
sidering the recent evVstdamee itmaBFCoceémam
]Jit is assloped ®BHFEDt c@ao amhepd rywiel Ib ehatvaion
refore, the electrical-arcmiam@du citni viittyr ongielnl dd
ree d u c tFiéoinn to&" Fe

nce oxygen vacancies are strasngkmawmifnogr ce
PZTt,he hardening wil/| be enhanced by increas
vacanci eshpdsatene alsiyinngt eorfe d asl aomyp Ipeasr tiina | pressit
of oxygen.

e third part of ttHhHedetnhtdsfiisc aitsi ofno coufanatch aoonged p

n
8
e

h

def ect compl exes andlopbdi BBFDotetribant cg n aoess t
mi croscopi c pi.nnTlihneg amentsh aonfi stnhe wor k within this

f

Th
1

To anahligaeal el ect,iicmtlip@uhledprec tt i iec a l conducti
of grain boundaries, domain waddlbpedn@dF®omain
ceramics annealed imr oiff foxrygretn.parti al press.
To identify chaamngtehdeopaii bl edéé st ceomng!l exes i
Cedoped BFO ceramics by experimental met hods
(el ecamreing g s spectroscopy) using scanning
mi crosaadpgel ectron paramagnetic resonance.

To investigate the inftlhedreocd rofni@o pirmtpread u cetsi

ceramics tamdkeftlhus chemi-shryi ouso@putadttiyons
functi onalDFtTheory

e hypothesestfwerehe third par

Consi denr8tn@ c ercaomitpasiymce ndudomaien| yadf 1l $ s
assumed that t he domiam ndCoanpaeldl BcFoOh dwiartla mii ¢ g
decr ease-aafntearl imgst n nitrogen.

Likve tély, _0"defect comylopres PMBRZHEG6],, [ 30]
BtF® accept EB)canteoxpgeainQi ews | ( tend to bi
get her , creating strong and orientable pin
BFO coul d Sh eneckee aft arloeh | ceedf.ect s ar@&”,more mobi
e nipnogn ef fect of the hsolFeest aces)nulvat edbat mD
aker otsheaui ahéedr eblyat ed compl exes.

® 5 5 O S

[
t
[
t
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Chapter 3

Materials and Methods

3.1 Processing of Undoped and Co-Doped BFO Ceramics

3.1.1 Chemicals, equipmentand accessories

The | i sts of chemical s, accessories and equi
procedur esi wv ¢ it anger thd aInT &ttt el @a b3 e2 respecti vel

Tab3le List of chemicals in alphabeti c

Ch e mi Speci fication and Rol e
B iOs 99.999%, Al fa Aesa Starting p
Massachusetts, | synt hesi
CHsOH Absol ut e eAnhhayndeflo,u sRaSh Liquid med
Carl o Erba, Milar milling pt
C @0, 99 %, Abelsfaar , Ward Mi | | Starting p
USA synt hesi
F ¢0; 99. 99 %, Al fa Aesar, ' Starting p
USA synt hesi
Pt f 99. 999 %, Zl atarna Ce Substrate f

t he powde

Tab32 List of equipment and accessories

It em Specification and manu
Chamber furnace Customrmade, Terna d.o.o0., Ljubljana, Slovenia
Grinding jars Polyethylene (PE), custommade, JSI, Ljubljana, Slovenia
Isostatic press 401G0063, Autoclave Engineers, Erie, Pennsylvania, USA
Milling balls Yttria -stabilized-zirconia (YSZ), Tosoh Corporation, Tokyo, Japan
Planetary mill PM400, Retsch, Haan, Germany
Tube furnace Custom-made, Terna d.o.o., Ljubljana, Slovenia

Uniaxial press PW 10, P/O/Weber GmbH, Ramshalden, Germany
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3.1.2 Solid -state powder synthesis and sintering

The processitrhepyst apsmndomopefdoccacnpded BFO cerami cs a
schematihoanH iyignBl.&€€er ami ¢ powders with the nomina
w Gog f oo O0x 0925, 0. 005, 0.01 and @4 @®.50 Ga,bseque
0.25 Co, . .  @o5a€6d, 115 Co,ywsesskbiappeepgnet®bi s using
FeOsand Ocaogs het arting powder s.

The starting powder ani wWweee separ aglediyetpmrre mi |
homogeni zatGs;amd Offwees eBi a rmitlell egd2-%n RRE vi al with 21

g & mwSZ millingehpbWewarsThe | 54nd IPE ai al with 96
g & mm YSZ mi ITlhiengmibddlelds.and dried reagents w
stoichiometric ratio taking intlhomacgemunzadvei ght
54nL PE vi al 'E8i tmm 9Y6SZg nmifl | i ng ball s.

Al the powders and powdnedr dmiixetdh ewmd ewteir en smi | |

des dea t he .f ollHe wnminlgl i ng owasA pherifnoramed anetary mi
miiof t heaimai m dotraetgiudemacyyi.n g watse p erafto rindeldt°i C
aconstantwawei gdaicdh eadf t er war ds smeesvhe ds itelvreough a 55

The homogenized mi xtures were then pflaicled in a
and calcined at hWdmbérC ffwrnacéeér wint m lteating and
°C thinThe calcination step was followed by mill:

conditions as for the homogenization.

The calcined powder scwki pdiriomaplEc snenthiili Gars o o fa
mm) by applying 50 MPapel Wenbagyirelenpdeesateg. oThe
further isostatically pressed at 300 MPa and si
furnace with heating and cooling rates of 10 °C

Ceramic s ampiliisimeuasseudr efmeim@&Cs coofnducti vity and Se
coefficients WwekrkopPpbepaakdi mesd powders were mixX
agueous solution of -ocamgamorc, bEndBer ¢ k ef Daems tDadt
andniuaxi al Iwihtop0 eMPBa di nappbaxdimdresi ons 40 x 5 x 5
Af terwards, t he basses Wwaptreecsaskkidy twiiarhal3l0y0 MPa and
aml umina cruci bl e otnhled nRterf diulr.nokidal ladwai2rogd ° C f ¢
heating rate o6helsa@pmes were sintered at 800 °
cool i sagf rlaG@ é°C mi n
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3.1.3 Post-annealing of sintered samples

The infl

room tempasai ov @& drii rgtad reedd

uence of

N.(Me s s exat 47.060
mi'mm orf Ai0i Otan7 00

andcool i

3.2 Characterization

3.2.1 Powders

The part

calcined
measurements
granul ometer

icl e si

USA) . Prior to

ultrasound

The we

di fferent Co d

opant

ammenali inng watt odhs mlyeraemdatel ectr

°C with

° @2vwhi thho |
md rathe. AS imitrer ed

M ethods

zero hol di

d thmet

sampl es

ze and particle s
dnianintgb ymid lan iu h @anrensdsryecT h e
i ssepabpaniohg
S3500 Particl
he measur ement ,

powder s
wer e

t

bat h.
ight | oss

of t h
t

(TG) c ava pdhefdf er ent i al
heati lger meé as wif efrh@admnfell e nmne a 1p

Germany)

using

a

e
h

perfor med i n
(Microtrac

ng ti

me and

and rat'e of

i ze d

5

pell-ansethadf vdwenpgo

W
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i stribut

e Size

the sampl es
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alumina crucible in air. The weight | osses upon
ot het oi chi ometric mixtures for different composi
The pbdamposition of the powdayspwwdedetdef mi aed
( XRD) anadsyisntPean RRO MPD diffr-&glt omadieat iwint h

(PANal aytical, Al mer |l o, Cehlee rNeett chre rd eatnhedcst) o ra.n dT h eh ef
recortdbedra8ange from 10° to 78° using a step of 0.
100 . ddbha were amnéPlewzte ddivgiht hSctoree soft ware pack
gualitative phase analysis th2 davyabatbtogenanphuse

3.2.2 Sintering behavior

Di me n scihoannagl e 6 hprf e pdodwdd &3 smt haf t e mpvweerae uaneal yzed

by opdiilcaatld heeti 'z, Wetzl|l ar, Germany) in 9 he stage
to obhthatcslorlneacti on curvesbse@ainidmaletealmd inreat i on t e myg
as wel | as after theteaioBopautbeseo pohwtdegsprss t he
compacts were pressed 'HESntmom omwiltihn dar iucnai la xsi anmp | perse sc
MPa. The changes in di mensions were continuously
rat elOof° CL mifrhe rsenlratnikidlgpe was calcul ated accordi
foll owing equation

TG B

[ i [ i
whefFeis the initial sample diamelfes ahersampt emp
di ameter at a seld)ected temperature (

(3.1)

The dendihtei astepnéd samples were calculated from
and their maws déhe gy cweolmetaees met hod.

The geomet)ridealsi(ti essedwdrreonc @lhcculnetasur ed height,
mass of the pellets using the following equation

lwf.,j;@—B (3.2)

wheres the&imasbe rgdadsi thearhdki ght of the cylindric
The denshegmmlfes usdlisgl|l ac gmeart aldfedhéscirtoymer i ti ¢ s,
AccuPyc IIl 1340 Pycnhnometer, Georgia, USA) was d
ten consecuti ve arecaussluateinegn ttsh ea nadv ecr ag e .

For the calculation of the relatis¢y8. 8dHhgi ty, t he
was used and t e it mfel wbesm enéetghif @ tCtdeaw concentrati on
of the(doppaaw)l. 5

3.2.3 Phase composition, s tructure and microstructure of the prepared
ceramics

Thphase commpdsitthieorsi ntered ceramics waass i nvestioc
descr iSbed3 omh. dn this case .me camshretd cfersaemacmsdar y
BiFeQwas determined by fitting t2eaxX®BiBt patherns v
Rietveld refinement met hod using the Topas R (
softwar e[ Iplakc]Jklaeg edsieghio function was used to desc
while the backgroundr das €hebgdhasi hgnati on. The
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fit was ass ais sfeadc tforrosm otfhet he refined patterns
bet ween 8 and 10 %.

Thei crostrottheresered sampl es wer eeminsyseisdn g a
scanni mgn eriectorsSckavphe ((JFSBM 7600 F, Jeol, Tokyo,
sampl es were emb¥ddedciStt raer ss iAIY S, Babubedup,
using SiC papers with gradationsHtnl2a@@dn and 20

di amond (pastuess A7S, Bal l erup, Denmar k) . The
analysis were additionall y-30hmmamir,mademe redicrhge dom
etching levebsasgatssed by wué ngamml e@ps wrcfad c eng
Pritod h@EM anal ysi s, the samples were deposite

sputterinnmhackeWwayer of carbomECB&mbeEr s WBECDeA
Ger many ) ipmw oovriddeer stuor f ace conductivitythed avo
SEM agnnngrhe i mages were obtained at 15 kV of
di stance.PhHe liSmamges were acquired wusing a CON
El ectron |I mage, BEI) .

The &Bd GS distributions were det eyr meitncehde df r o
surfaces using I'mMagegEgmes8| v&8btewamee eWpresse
di ameter meea)n, vwaHiuecls were calcul ated from the
graiAhsugéing the fopLOOWIi ng equation

& = (3.3

3.24 Atomic -scale structure and chemistry

Fot hienvestsiuggdtngomanni ng transmission ethetron

sampl es were groundhin poldi ashedrddwmpt o n0® hi nne
transparency usi mg ld i Gagt asny sR IseRru dvibckhree $SOAUEIVM i e d

usi ng a -cporrorbeectCsd Jeol ARM 200 CF STEM operate
Hi eeamgl e anniuil ardd@HRADF) i mages wusedther ana
Fe displacements fr-loamt ttihee ceeohj@i]lOddedBiamwiud an
the scan rotatidam@wa®cesegst slo dihragcti ons wer e
horizontal and vertical slides of the i mage,

Nor mal i-zelduiniht e nwét e emeasured using t&e appr
Stemméd OWwheéeeeer age intensity of the backgroun

signal were measuradlAADBmdeéethect anragewioti-hout S
saturating settings of brightnessbamnkdg rcoounntdr a
i ntensistuypt wéag dtemMdemage s . The resultingthetensi
backgfcounmekcted average intensity signal of tl
corresponds to the relative scattering of ea
concentrataoanmwifesBii nsi de each col umn, t he e
compar edt heiattlckdi atensi ti es. The cal cul ations
guantitative STHM IIGSTEM) code

El ecetnehogs spegEL)@Xxperi meovbk!|l svered in STEM
usian gGGATAN Quantum ER Damd4 gy dt ISsgenrectoetri ah enabl
t hei multaogqousition of.Tlheewcaand oxardeatli®:1s st at e
determined from the enernd®Komnel:ddgé¢B)dmence b
di fferent st andarbd gndtee8reineelrsg y( soeness et ®as det er
O-K andszedge height.
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Tabd*® Exper iBnealt aés determined on standards for
states.

Stand Producer Fe oxidtaga _E[ eV
FeTd C Al fa ;Aepsraorduct n 2+ 176. 7
CoekeQ: Synt hesyi zGeyee tg y allk 2. 7+ 177.5
F €0s Al Aa ssarproduct ni 3+ 178. 3
BaFeCSynthesized ad 1r1 4 + 179. 9

3.2.5 Domain structure and local electrical conductivity measurements

Ceramampl es used-réspondre fporeze microscopy (PFM)
atomic forceARmMrrasabpyathorvarl edpdatf ter the sint
at 840 °C with zero holding time 4&dndSwx hheating
prepar ptriocedur e wadeadoptheed earnadeosma i m ngdi 2dus

to aédoiwkent i fitchabtoiman ndofaaidn. Fwal lco mma rsiest o mo,f
suchapneabegweaasddi t iacmmelalhye 81 cwMeags &dat ZACO)

with zero holding time and with Téhehesatmpd ¢/ saalfian

wer e grwiutnldefiaper s, polished with a diamond pas
etched by pol iBhehgmifoal a2eshchpeamgsn@nofco®@B8i skt i of
ORS coll oidal suspension (Struers), 0.3 g of dis
dei oni zewdswasBhle final thprcdmeseedssahpHhde wesr e -~
The PFM-A&¥™Md icnages were recor dmidc russ amm@gp e n( AR M, mi
Asyl um Research, Mol ecular Force Probe 3D, Santa
tip on a Si cantilever, both coated wiatsh Ti /I r

used. ofQluarmreM P mages were obtained kinngDu(@DARIC Resc
mode using 8 V of AC vAOFIM aegxep earti ntemda st iwe.r eTlkeo nd
ORCA mode by applying a DC voltage between the t
of DC voltages (fromtoheABM3R2mma/giTMerdt usnadesor
shownFiigndr 4 8wer e obtained by applying 10 V DC.
frequency was 0.8 Hz windhv2%5@&@adf |3 one&n @RPoipretrs omer
i m h®k’AFM i mages, observed as streaks in the backg
magnitude space where the noise was manually re
i mage was transf or mieodmabianc.k t o the spati al

Not e ftobra &t ipsutripcosste ddd i i3 Bplse t he boundary surrolt
one indiviThual meraaitmmeahsae wheonr ampraemt p amtes GB

wa$ ound denductive, the whole GB wasaltlcheensi der ed
neighboring grains were emcltitheke dtfhream hfanrdt, h ewre ar
single DW as the boundary separating two neighbo

3.2.6 Macroscopic electrical  and electromechanical properties

3.26.1 Room -temperature measurements

Samppeeparaabrodi el ectric, ferroelectric and el ec
was perwiotrtme df ol | owi ng procedure. The samples wer
using a di amondoowd rcen shaom hansdi dgers usingeSi C gri n
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degradation 1200 to a thickness between 0.2 &
sputtered with Au electrodes using a circular
SRL, Trezzano, l'taly).

Dielectric meawsueementf ®r med wesiBgom U4UQCR 4 Ae
(Hewl et td, Paokgno, Japan) in t“A®HA reqghéehey th:
measur ement sfrienguteme y3ll&dwngeved ®8 performed witd.l
amplifier (Type 5018, Kistler, Wi aAthmmt hir er Sw
( model SR830 DSP,Sygstaampr SuRe g etaor ere aGaul rief otrhnei «
harmonic chaTlhe -reclopbkiefi er was al soThuesed as
dri fiired d amplitude was 0.02 kV cm
Curraretns-et gct rde(crv) r espownasse measured using a Kk
Keithley I nstrumegiblst a@di ouUSA) measure uni-t
xposed|l i besveptages withim thethasgean@e2fk
O positivfi pbdasti ¢eys wdre applied. Upon each
onstant for 1 h for the current t-sot asbti al biizleidz
urrent is represented as the | eakage <curren
i )Ywas determi BHEdurfves ashhet hOhmucvbebhovper)
Thai ghi edodl ari zati on vers@o) ehesteiewds el do (
measured using a TF analyzer 2000 (ai xACCT Sys
€.

(g

wi th aohitagnpd i fi er - MOOREKGIO® , Lockport, New
samples were immersed in silicone oil and the
single sinusoidal waveforms at 100 Hz and |

se
Samplfegpi ezoel ectric Mendersomaans er esme amd &
condi)weonaspol ed-oiih d&dagihl acomRd under a DC fi el
(givadabd3 p4d were selecteédacodnbi ed@akdongnthterength
Ceadoped BFO <comptohsaiitm otno wachotmapi anrya bvlad uea | |
compositions.

In termseodredmeasur emelestromechani #lal gual
andl acauptoeffi weert determined using the BODE

analgaeért he elsBBBRncp1@®@Héhovdal weeesral uaftlelds]as
7 1
T (3.4)
' wagaﬁcélqéyy

whegfeorrespbhdesdmance |&6 gdghueanpeyd,aataté he
resonfanrcqey n syhefrfesonance (it ad ena paancédilti wsHz)

effective coupling coefficient determined as
.2 .2
" Ys. Y
Wy Myz (3.5)
)

whey eorr es ptohmeths ets@mnance f iievgau eunecsyvvadTnkest e d

1
2

25 12 Yx Yo ¥y (3.6)
Yx Yx

qu

Directcoef fiwdreentmdeasured using a standard Be
Control PM1O0, Bioprairmd lraim,at UKl 1 Blz e qidoemvceyr soef
piezoelectric wersupemeaoa sleamaedei sg@gt up aompose
fiwmernic di splacement Isedwissotrov @ Miolmge l1geher at or



36 Chapter 3. Materials and Methods

DS360), a voltage-6agawplaoddielrl sTa®ke 6(0WeECCc oy 9310C
in amp(l $IREErDESPYPreci sely measure the harmonic si
and out put di spl abememetasuesmensaes wer e carried
temperature in the fregdem®cy MHangeAtb estawehe nf r9%0g u
piezoelectric response whisnhaneaauirreg eaxt ear nfaulncealia
amplitude frlom 8o5akYwaeammumi oh L16dkVidmal i ncren
2.5 KT hegmv alwaes c alacsud?@,t evdh ekmend are the amplitude
of bbepdutspl acemeampwadlatnalg e, r esipiesctti vel phasaaedangl
bet ween the displ acernédiret vafl diedsa hbtjwgre sdigmead sl y
measur edhlecstiingc hni qgue.

Tab34e Conditions f aropkd@d BFIO rterafmi @Goesam@alhe® uUsS e
andonverse piezoelectric measurements.

Compos Poling condPoling conditd.i

resonance me piezoelectric

(field, t (field, ti

0.25 70 kV, cInb n 90 kV, cInD mi

0.5 C 75 kV, clnb n 90 kV, clnb mi

1. Co 90 kWV, cInb n 95 kV, c2 mi
1.5 C 95 kV, clnb n 100 k% dihn

3.26.2 Temperature - and atmosphere -dependent conductivity, thermoelectric
(Seebeck coefficient) and dielectric measurements

El ectri cal caosn dau cftuinvcitriygotnu roef itne npief é £ 5,MX | owi n
was measumgda directf acwmrieant mebD&godpreviously rep
by Werehu$ll6]The measurements were performed o
di mensi onsbd4 w@moAitcadmstant voltage of 1.5 V (GW
was applied over the sampl e. The resulting volt
wemesaured by the voltage electrodes (placed 5 mm
connected to Keithley 2000warsul d o mtert ®htlyepde Thhye dre m
thermocoupl e. The DC electrical conductivity n
annealei rsqanitpHtelsr ee consecutive cycles. The sampl e
700 °C whiotlhdiznegr ot i me andcwiol hnag he#'€#iogt@andC min
fl ow,(ofi Cde, 5.0) .,(bBifheéewabdB8) iangl finally again
Th8eeblk coef@ cwamt measured on ceramic bars an:é

for DC conductivity measur emedsdss .ngT e PmeodsowSrt earhe
setup (Npr BEG@pwAovered by an alumina tube. The s
vertical tubular furnace where the middle ther mo
controller. The top ahgpbdtaamh ehecmoodepl €EP{¥F W
to the sammligawir®me ga s NarweaGse AS)vidkEewahn!l ey

200mMul t i meT3ae beaekf fi ci ent memasddeue megt anwemaéing t
samples in three consecutive cycles. The sampl ec
zero holddnwgi th me laeati ng/ cofoilrisntg irmta folfow @fC gan
air (Linde, 5.0)L,i nadfet,erSwar)dsanidn fN nally again in

Ceramimpl edi dloectric meaass ar d memctt s on ofhet emper at
parti al fproexsywsgwerae goa ound dancho vieor e~.d3 wint h a gol d pa
annealtexd0 °C with 1 h holding time in order t o
measur emepeéesf ovesniedlg a fr equeney Hamal yPzeerrf o(r AMamiteae
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Frequency Amoacloynsterro,l Noechnol ogi @ 9, aGePrrdabroyS)t,a t

setup in a vertical tubul ar f ur nafcree q ulTehnec ymeoafs
Hz during continuous heating anflocbowing 1 he
progr amt haesa sienhdfC el ectr i cal conductSiewibteyc kme a

coefficientdemsasubedcteabseve

3.2.7 Electron paramagnetic resonance

The-bAnd (9.5 GHz) el ectron paramagnetic res
perfor med -bouni laa hsopreecitmg matéar iuan doubl e cavity
were recorded in the temperature range from
pr ehenaitterdolgew heating system with temperature
were prepared by cresbimnpdt werei stead edl peal Iqu
vacuum. The principal values of the g factor
recorder derivative -neaBRIR sspoefcttwaar ewi tahs shuanmen g i
averaging and-shapen tadihankdkiVyhae was usedsi swher e

Pl asclcon®t ant he oper aiHiinsg tfhree gBicemrc yinagnehen a
magnetic field strength.

3.3 Density Functional Theory

3.3.1 General considerations

All density functional wtelreomyer (fDF TneAlbianiidthil od thie
Simul ation Package [(IMASR, [vidir8d ih@nupfnoejnedetdo rwa v e
(PAW) mpfih®fphseepdbenti als used i n6&Hi,s Aworkv ar
(FPp#BY, Co >@B#™MEB3sand st ampiiatBaulPppl2«d with VASP.
The Brillouin zomaevwi hh ea rcgeanimmmedy cewatk gr i d. For
trigBkR@alnictel | with 3poiantto ket Blgwa of used, wi t
correspemdinitg dkensities f or3b3ba3rfgoerr tcled ¢ X0 z e
supeédrstlell cal cul ati onmadve tthhiash woik )gyfe cebtOo fefvV (
for which convergence was reached

Al | calculations were perfor[me2d0 Jauns i @xc htahneg e
correlation functional wespeciall yt ldHduvbebl-aorpde d f
U correction intetdall@gdads bws ebdi dvairtetvhde d&=8ndd eV o n
Cod8t at@sreproduce the experi menf[tikad?2]e,l elditer DdIni
magnetic ordering of t he Fe ss-uppattdalel i wa ¢
antiferromagnetic ordering in concorldadnchee wi t |
magneti c mohlmkeentasndonCo atoms wereHinregsakedy.set

3.3.2 Cirystal structure and geometry optimization

Opti misoattHexrny st al structures weéehet prmird opmedt ibg
and | attice par ametFerysn mamt|illlZakithden gt dded melnlme r e

beolw a certain thaetosmolsdpeFdrmistekle zdhorecgence
of 0.f0wvaeVused, vihwae 0Os®8 -BtVomt bepet@athgse. Th
density optimization for each ionidifsfteme wae
bet weennulbsvewglentronic steps wer efebel ow a set t
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The | attice parameter st haBhFdO aweornei ci npotsiiatliioznesd «c
hexagonal setting of tae ntepaomrihtad6 Bplalcer glrdxuagpt IRS
of the atomic positions, cell vowamperBodmedl | sh
The ionically converged strucheareelwaxatamtnai wnretd

convergenoeiicdnosdadw!| ay dtlr2efrdses
Cal cul at i-doonpse do nBFO»anhB Fgeeoimet ry optdiefmiezsat icen | of

wi toh and”™, were performed with fixed cell volumes
stoichiometric BFO supercel . Foy ®dF-CiOn anéulFkey
rel axead om30 BFO s upearfceerl ik e@pi@iiinge, GoBud Fe

I n the case ob deéf"wats cettrsduoerd, with the resul

Bi. Fsedd BidsF €@s0. 948 aBidFe &Bi { E@ 0:9 9ss

3.3.3 Electronic properties

The electronichaxcogogpensasi andmechani smhewere det
el ectronic density of states (DOS), Bader char g
Atomic charges uwé nadaearl cothatpe2 &@wheéyei s he charg
enclosed within a zero flux surface surrounding
determine the total charge of the atom.

3.3.4 Defect formation energy
The format Eohofenreaguytyrds dedfriced as

=y _ =y =y e

EyyT BEyyvyysBxyy BV vl vy (3.7)
wheEe is the total energy forEthe ddfeetotadl lenienm
for the reference system ibh awhtH cahr @ hteh e erf erolieri s
and chemical potential of a defect introduced to

state. The chemical potenti al SE oif n Bd xryageehn O used
conditi-o.ns4 aeB6 4hdeV, [d4d2Péctively
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Chapter 4

Results and Discussion

4.1 Structure, M icrostructure, Phase Composition and
Dopant Incorporationin Co -Doped BFO Ceramics

4.1.1 Structural analysis

Theormabi Eédaction patter s 0025BFO. &er.%dmiOc aa nw
of Co ar &aighiavenTdiagl pri martyhecpmpoaesdam olmbs| descritb
with the crystallographic ;dadCPD&f CaahdE5 INGb,0o mB& I

space RB)couHowever, an exmnmtanpeéeal wianf=bleowbser
appearing tjhuestb aacbkogereowhn &c hs icamalb,e t ABikFreibut ed |
secondary (sill emytieh phTlahsee nig¢ndteennostietdy of t hi s
i n tanklompositi ons, meaning that the dmtohimt of
di fferent samples. This was conf igonied hgeu aXxnRDO t
patterns displayed here, which showed that t}
samples does not exceed ~1 wt %.
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Figdte XRD patterns of BFOQ @c,er53 miOc s5,d%pE@a awidt h
The inset shows an enlarged part of t he pat:Ht
secondayryapphaaei ng just abdwvestihd emattke@rpchuamsdck ,s
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4.1.2 Microstructural analysis

The microsundope@edsorpodefd BFO cer ami by cvaenrnd negx a mi n
electron SEMThsclhaekgcattered alfe dthreoun(dBbPE)d iama
doped saarnep |sehdoiwgnd i &

Fi gule BSEM micrographs of pol i sshheodw nia maslse tt )h e r ma |
undope@oedaonpde d BFO. c@&@ hambodlhee bSaErMs airma gsehsown f or

undoPE@ndorrespdrhccompoal ti ons. Twme ayelolwswdamatler
sillenite and mull it ehbplhacsk ,r egisgpres tarvee | pyor emsh.i | e
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Al t he compoasietliacdtn sved yhidbeintse microstructur
with thed medsaurieve -92%)sictolelsea(idedl SHHaoowever, cl e,
some secondary phases are present, such as t

BiFedd and brown @irugDy) Frd ewphateid elbsepeics ed consi de
the known idnf pr epihrpgileags e fBBE@®er modynamic and |
reagqgadmsA]., Nelvoebr]t hel ess, no di ssdfncste oda rfd aerrye npche
bet weledni f f er ent compositions can be observed.

Tabd4le Rel ative densi BFOscandmgrcaicwntbndsabdbibor:
of Co dopant.

Co concentt Rel ative 1Grain s

0.0 97. 0% 3.4+1.
0.25 94.5% 8. 24 4
0.5 95. B 57 +.3
1.0 9. % 20 +.1
1.5 9 1% 1 .+25.
As it can be tdhimserwvwgd aphemof t her(nmsaelel,y eetgc.h,

ndoped BFm@) pores are trapped inside grains i
e pores are | eft behind blyn roaepn edriraai,motyghreo gvt d
netics strotnlgienyp udrel pteyn dcso nocnre ntas sl bnamsesunatre
astically change the type and hmobcébthgabif on
ain bdumwdriagsppanradrser predomi nantl y mroemseent i
ndopeaelw ®oaoncentr §R2i59n OwlhiWiwey|l as & pr omouncec
mples with Whand ©hé%GEoi sThioshdbti gntass sna&lol er
corpoedutctgeaddmnendary (mamipll ietsy wi tCm hAra&nd nl f&a¢
aracbgrismad | er grains and .Fesatlhepc@ilgy anul ¢
Crédagsdsancreasi ng t her cuwgnhcleynifr(radtsn% §i€C oo C

. 6 &) . | nt er esetBiFMOg lhya,s uandgor ai n si ze small er

. 250%T £b4lkyso that the maxi mum gra®wf€osi ze is o0b
Similar obsienrcvrae@iSoimig ¢ mw dopas(O0 .chdhateannd at i
ambruptcrease of GS0%Whtdhogartr dcshmoentbreetni orepor
innadoped PZT [cde&rlgimiec saut hors consider the i de
concentratitchreokremads omoof cation vacanci es, t
di ffusion and growth of | ar gdet hgartaiants . hiFguhretrh ed
concenttrle i ogmai, n grtohggrhai aan s itzheusa s mpawlamged by
mechani sm. Nevertheless, no experiment al evi d
prov.i ded

On the otthern hhiadgirdaée v gr owt h t hrough tahe add!

oo O —Tuw—~Q o X +C
®O® TS C " " T3

very commenvatifoh6] n BFIHds weldl] ,aq li3R]Jot her ce¢
[ 1831]35The two mechanisms by which the grain
pi nneikofgnd stohledt 2g ef fect. The pinning effect o
secondary phaosnet oartehepignrnaeidn boundari es, ther e
processes that cause gr ai nsogrfdatvetgh .ef@rectthe catulr
the domagnmtgtgtreai n boundaofi etsh ebellcaluislei ty i n th
structealownng heo di ffusion processes and cons
grain [g d6mtoh fhectt lobat coultdhmdeddcid & dggreaoifn boundar i
i s g(rnaiosn)i e n,tast ircerp pa.t@+d,0o p &KdNa )Nb Qcer amil 88 t
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was found t hdaotp aendtn chd rpghrea®:§ pnt he iArmd rteasciantg on

di sorder r@grsailmhsawist 2ebof the order of tens of n
each othamgbyg gos&win boundaries,bowindaray smominlgil tyy .
Further mbeeaseiomf al i,suahenas?'vopbn@ohis is expl:

| at eChaipmde defects wildl be formédeéhangerdeunt t @l imay
condi tTbhbese defstcrilgmfghiaeyc taltshoe [ §4 & i Md dBr@tlvh dl es s,
the possible origin of inhibited grawin Igrboewt h i r

di scussed hereafter.

4.1.3 Chemical analysis on the atomic scale

I n order to getthporssiddgicghati onoofs(seegondaiywupda
phase potentially arising fromh@bdeo preetttheng of tt
grabowundandesvahetthfeirs i s tthhee oirnhgiibni toefidn gr ai n gr
composi tihoingsilCewi ddincenttrhaet Yob.@bopéeéd BFO sampl e wa:
analyzed using Scanning Tr ans mi sEslieoxcrE nEelnegeyt r on  Mi
Loss Spectrolsopyr @8EIEGMYlL. e anduledrd d&MRARNDEF)

i mage skwovam denti fied gr ai nTheo ushampa /g aftGBon at
grain boundary was evaluated bWweB(edhafsddlvgm ng EELS
By i nspectlLiendgg e hkek LCO s fjactc t~+738 0OneVpeak enhancement
be obdsdewrdiecchti sgnbobh€oe se¢ehEBaalitoenr nmat i vel y, it 0
t hlei mit of( d®)fcrnt menr more, no secondartyhephases ¢
GBs , t herefore, i tt hdeéBrs ke ec e ®lamded t hat
Considering, wae sceonrcd suudlet st hat the inhibited gr
introduction is not as sadmipatnegd eoavd h tha syetghpdeagae i an
GBsMor eoavsed ,nanograinms bwe ISd EfM wei ad fayegrioss viebi | i ty
of i nhi biteddugeroai enf fgercotwt &nf[ 8@ d i, ntllBe&ff et ban gr
orientation (as[ InBe3nt,i o[nle3d6 J]above)
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4.1.4 Summary

To sum up, X R ad gpda eSIOND € € odaonpde d B F O rceevreaarhieads
thatheer ambasain acesmadatli a¥n(ssxdlcomtdasl(Fi ghaee

4 Ai gdne This could potsd¢ mtiicdli loynetegs cl tBFiOn ceula
i nfl ot belcectrical conducti vityt lasmedr afridorersoveelre ct r |
we note that a comparable concentration of se
ud o evaluate the effect of theCdhaacmarmptor altm oad
t he peradvistkhiggts@ai n gr owbd b adswsthidckhg oci ada edhang @
in diffusivityrdlusptod diet ft h@t3Tipipsi nigsn b ed aqra e t
seconpdhaarsywgr egati on was foundohywpSaEN/ BEBEUSdana
(Fi gu4BeAl t hough the different grain sizes depe
taken into account when interpreting the macr
chapsergnegsiinze seffi ferrrcaapeetmnot expected for grai
~1"Hin( see Tablaes 4suggest ed obry PBsIt3u/di,es[ 103n8 ] PZT

4.2 Controlof Hardeningin Co -Doped BFO Ceramics

421 Influence of Co concentration

Prior to presenting the results on the infl.
hardening and electrical conductivity in BFO
BFO showed high laosseskeadapsepledbpas For this r
undoped BFO was not includeant he 1t hel weommpear a
concentrmaeveoemthedgpesssul ts are presSehted in Appe

4211 Domain switching

Pol ar iezlaetcitormg-E) fli@dpls (of BFO ceramics wiotfh 0. 2
Co, measuredlatarle0OdiksVpdebdye &l i Nt he | oops exhilt
and biased shape, typéacal f8mMhBED®d»®lBREMDCS hi
previously discussed in terms of DW &2]n,ni[n&9 Im
|t can be observedths:mhBtoomei pimeasayg @ t he
increases (t hdrrcakiedd4nd t hMor eover, the applie
100 kM scmnsufficemainh $wirt ¢thieng iChode chnda rp I5e
evidenced by thg-EUmnborsdpiE®Heopsd of these two
eventually develop the shape characteristic
electric fiell(di pddbel 30Ak¥Yocimn this case, it is
increases with(€eecahicgwb®d at i on
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Figda&erroelectric-dppepe BtFiDegzehfamCesesis | oops
BFO ceramics with a) .9 .025,Co0 .nbe a KWrOEdennddt b1l.050 at
with 1 a%dofl.Go ameasur &d @thybk3 @ rdeddpi ssdofp e @o

BFO ceramics; the hareowr itidnatfoc atkeesp &nds di o
Compositional Edeemenidence of

Cur reemstivisg.l edtireiEgl (oo ptsh@edoméd compositions ar e

i Fi gddce The displayed | oops were measured at di
i . e., 10000 . W Cm) ,' (D16 KY)¢mM1B.00 ko )cmand 150 kV
(1.5 Co)t hdeuief ftteaceonefr ic ealnd breakdown field for t
compositions. Considering tEBepseiobeBHialambbsast fe
reverse elEeytascaffehdt{on of the Co concentrat.i
ressulatr e pr Eisgdd4derds iexpl ained in the following, t
were chosen because they are very seqisveiae to I
cl ear inditchgeti inoon nggbnedti BWed by chafdgkd pdbht pevE
E is evidencaefd tabb ;o » hd |Edanxga st hae consequence of

orientation and itthepphit ed a e t(esofieraiwdle hla s2d d
equatli3p. corresponds to t h-eeidpiccagk wfbstehe edurarf ¢
the main switching event when reversing the fiel

arroWwi gdicd . Thiseaspietagkntand t hEe rmsfsloedtattele back
switching of domai nsme dpireotveod] eldi Jroyyi §tig®ed dchesf @ dhtat

the hkEglier e. the more the peak is cleser to z:¢
switching, and thuBinalel yp,i nnhewgawe&f®ge aksercive

expected tohei pcneasg as$f ec[tds] .MAegclartje cxatnr doreg erb s e r
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i Fi gdrdg all threeEpBramitersariyeincrease wit
Co concentrasubns 9gJheggestrean increasing hard:q
acceptor dopant concentrati on,( Fasipmielda[rR.ZtTo t ha

4212  Electrical conductivity

Figdrsshows th)e aredli nffp)gipsarftyt he dielectric per
t he r eatl heplaerctt roifcal T¢onduatfuntyilpnf odo@Lewdkquen
cer amilhe signi fifc(anlt Hm)craetasleow nf r e gFuiegnucriee s i

4 b5 note the |l ogarithmic scalse) aitmploiwe d rtelgaite
domi nated by the electrical condjuangatn.| dcdwweyv
frequencies indicates that the conduction pr

contribbheeetectric polariabtiaomioh tbel dmabe
Ma x w@/&a ¢ nleirk eW)( Mnd/ or hopping cond4dlctifvdd8pm, met-
addition, exce@mtmpfl etr,hsalmd | e.s2 5 h®ov 4 m&lel frealt ax &
in ffober Feéesgdrad As can be observed fromimhe fre
Figdrcdg al l four compositions exhibit a clear
l i nes) . fRreqgmdedngceynid,enitt i s piomat &l ehe ospesdi fic
DC conduict)i vugign@ti on 4.1, which is derived b
with | osses composedt bl ¢ hiter idd &Il ecamd wcc tl iowist ya

Po=1 (4.1)

wheme s the imaginary di el etcheoil@arpermi i v iotsys ¢
is the permittivityl s VawuumhePragwiadiimag s hc
frequenci elsifj btehceo nteesr e x ceedi nigeyesmaal | yande a dl
pl ateau odwr etfuency | i mi ti ¢ owhe s phabmdinensgt itnmat ed
T~ . Thus, the DCseonbyctihat plyaw efanme@denci es (
| i neFsi gidibcec,l earl y increases with il nocfr etahse nQy. 2c5
Co still shows frequency dependence a&ma¢ivwsul d
than those used f(odue hteo ntehaes udroemmpeans astalt y).olno w . 1
Assuming this, We asats00%0 ivYnmitfeort hteni s composit
extrapolating (tdrheeps$ at eat Dhie plateau in the

frequencies, it can be smdadres-5eRIam h(Ot. 2t5h eCov)a It w
~45D10 Yy'm* (1.5 Co), thus <dbodredmggmint tadenoditf f er
within the end(isreee deosptiinngaitreadnigyv g 4 ucé&s Tdife s e
values are in a reasonable agreememenwstly t ho:
el edtireH)l Mmeasur emewtad uFSgddd and its inset),
the increasingwithendicofeasi ng N®a ecarhddBnttriad i

measurements were performed by appdoliimggs tbot h
though, for c¢clarity, the data are shown only
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Figdasa) The)r aald ) ®magomponyefts of the dielect
and c) t he trheedlecparntcabffgonadsucada i ¥ uhygtfifjoenl do f dr i
frequeneaypfedr BGAD cerami 8Bcutnepanet pPdgdstheve el e
are displ-dgpddf BFOCo&hami otsteleclgs hewsf, phst aof
function of Co concentration. The dashed I ine b
as a guide to the eye.

Severreaported experimental 48hd {B&dretfi6ddl, 664
demonstrat ebatstealt cBF@mit gpeexhbinfPiass puei atyheed wi t h

preskE@ori dati on states, i.e., ,(whampeadndleeectdr om
(Chaptte®lda |'ine with the {dP&pt aé¢ memi $tnr demadeél i n
1. 2t.thle i ncrease of el ectr0.cababe othad Hastgedw)i®t y i n th
could be explained with an increas®.i Thtehefoaorgen
these results indicate that Co acts as acceptor

equat dovh)er e “teheec €€t or subst¥istiwtei ngn BFQ hes Fpe opoc
be charge compensateid)by oxygen vacancies (

L1 1. . 1.
G EY +33 W e Y3+ G+ 8T (4.2)

Considering that oWies coheeeltyatebated to the va
through (@9g6aitn ome&$d mmrgc @ riter ati on by Co doping wi
()6 owards the right si‘dewhi tkewwslhtainrhges ppe  mor e Fe
conductivity. Thi st hssy nicrhrodSdade n-tbaweCioh BF O



4.2. Control of Hardening in Co-Doped BFO Ceramics a7

ceramics, which confistmé¢edst hedpurcesbeBlijle CobdBe@ | |
this is also in agreement with a r-ecpatl BROt oc¢
thin films, which revealed that 1@&2]i s mostly

Using similar reasoning as for the electric
dopant concentrattihtey stehesiscpeasdiaoafy and bi a
Co conceRtgagdeecmu(d be attributed to the incr.
i .@"an@yY. Both types of defects can, in fact,
wal |l s, restoticomngndhehousmresulting in i mped:¢
i ndi c aftiegdd4ignhe question is though whether and
in the pivimirng beha

4213 Piezoelectric response

I'n tthiapwepr estehnet resul ts of t hesorfe sddahrfed r€®e nhe a s |
dopsdhmekr. ofm g46iectan be ohsdriwned sasasinviy | e
decrdasess abruptly (froml0Oes2s5 droawDaithi cc¥Xad@asy) nan
Co concefiheavalbuieshefeci prtohesezic hafmi c al |l osses, W
piezoel ectgtircoachelrgacmidds ymya nfiDL.F]hencr edsandf
thusheecrease of me e€lmanmioad yr i o OD8V@pd nnadamdad/ or

l attice stl[idfhree oS db fefrecantiieoswd gt h &« hEWpi nni ng
ebttacreasacwe@dingaec éwimihch i s i n agnrceheinmegn to fwi
3-Eloop&i guwraet I n addition, seveNMabn&tade es st
cor r e[l a4 4ejdh i ¢ ho bcsaena Vbeed -Cooped BF O s<eqg atmEersd (o f

i i gdgrdg.
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FigdBe The el ectromechdén)ianal pdwalairt yiufadsd ttagyyr f (a
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as guide to the eye.

The decéieceawki o defines the ability of the m
into mechanical and vice veioa, (@hdh thoer @ ax
hardening) i s expected. Namel vy, | ower DW mobi
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| owle.r These resultst aekes erownatiisdareantf webtahsae diumber
and fead mattddilal § 145

It should be PMoiamtded aoutbet mdtf ectbdr bgu&Sto t hi
di ffdomatn structurtéheantf obuduent ofacgri anign alsound .

pi nndergt[elr3s8 ] ., Th polb4s6e]lr voafll i iorfi gwbantd h@Ss of t he
me as wsraenp bk @ Mm@ riifdzaehdt @ havw &t i ncreases as the GS de
I n ordestitoguitsh@Sh eatnhdeserndeni ng effect, the follo

was perfor med.

The GShM®f25 Co ¢ o mpeodsuidteddo™®n Svyysdut hegsintering
time fromld h etransl of C&Ss amptiemR &r abhikke 5t 0
Cowi t h t h%. "HB)SB cotbha mpveeapeo | edo mma ya@l2e pCTNe
W of 0.25w@s BEQOMRE twhidetds iigsni fliocwaedrta thigé o f
the O0.5| @=9ampdtesspiiniel aheG®. ((sammasiTabtdein
42)suggtehsatt t he W nwirteras@o odonpeatoaamtduentt th e
hardening ef ftelc@S reatfheecrt .t hNeeav err d th e beastisQ 8 b d
ef fceocul ds bhm® emi nor contasbubeo6Si hns 11c3b/ol e [t1o3 81]

Tabd4d2e Summari zedi g acitone fsfiiedeisentr o mechani cal qual.
(W )Yand planar c &@W@fCbdiogp efda cBEFOQ. c(eabhmihc)de &r ¢ 1

to sample where the sintering time washeeduced |
GS.

Co concentt Grainz2ng]y [pCY W [/ 4[]/

0.25 8. 2 21 18 0.2
0.5 5.7 20 90 0.1
1.0 2.0 23 190 0.1
1.5 1.2 22 396 0.0
0.25 (1 5.5 22 25 0. 2

4214 Summaryand next steps

The electrical conductivity, ferrespeosei anlgst e
resonance conditions have been measured for diff
t hat the electrical ¢ 0o md u othiswir twdye draasdi dni otz Wit ichreegn | n g
behavior and piezioredreecasresc wirtaltpe®@ai eaevihda &€emt has b
attributed to incro€d@ané@éd.concentration of

I n order to further evaluate whether and which
pinching and conductivity, the condroThio$ ¢taeir
be achitlhtehde rbnya | treatment of samplesyimsat mosph
their concentration is (1hé@errelated through equa
Considering the signiftiranhygdti &€ &5iiggda)ds observ
anell ectondaktcFi gédt)p bet ween 0.%EZ6d capBde A .c5e raatmi ¢ s ,
furtshardi fecased on these two éxtoemercomposaivesoi
influence ofsaddf temnewsdft tepfedmd e mainn swi tching ar
electrical tb®@emdealti vgtegf sinter,add.xaimpr/l0eds °iCh 10
was adopted.
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4.2.2 Influence of annealing atmosphere on 0.25 at .% Co -doped BFO
ceramics

4221 Domain switching

| Fi gdF e 3 Eehysteresi saoCobmspBEO Oc.e2rSami cs after
in 10 .,andna®ki spl ayed aj(-BEhgowi oBinheras sampl e
referTehrddd.f er end dnleb e ptahesshi nt e rtelde@atn@-anneal ed
sampheriys.smaml It he otHhErobpnadft e hhaxhetbildgmar i n
E (40 kV camd 3l(derdn i n compar-sspnhet e di f36mps es
kV ¢€m=1IT cAm i ndiabatdeging effect

P [uC cm?]

T
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Fi gdT®Ehyst droeospiss iorit@Ee@CodopRBREO ceramics, ann
in 10 .,anda® 0l &V.cm

The results sdgogaesewi ttcthhatngt hehatwPWpi mmidng hu:
ef fedthe@itm,- (or-siast er edayn neerad eMdasampomi nated by
expected differ &nt whinckenaratkhomoawmfto act as
for DWs. gi.n, undopedoprd [BlBdepPphle2ndadilf f er ence i
domain switchhasgi hted wekbrtatn-@anneal ed sampl e coc
potentially explained by abWrielIh&tsiivnetle_yreldovxsao'rqor
(due to the | ow,Cwhiechcgrnreatnites a ©BOiw saem unt
egat i(doN2 wohlmgubtl e decd ecammrec eorft rtahtei on when th
anneal ed in QM talien ®©t her dwintdg hitrhge d wed utce dpi n
observed aftesc oaunl nde able hegx pilmaei Neeads e d coimtcentr at
due tth@#ecreased corgdene ql@tsihoinf tefd to The | eft
concenbbé&toaoahldse i ncrtelacaavbethe i omomamaldy (in
sinteredprseasneprite) as a?"mindt’oGoe atoddadel y,»- during
anneal indgcoulhe Ko rédupeadmadtoi Cp the( @3 mati on
shifted to the right).

. 1 »
2/EB +3 P 2FEL + 067+ 53 &) (4.3)

Note also that t heosdbdvoindguesrilayef e ecéd obby Nt he m

di fferencebatnwépOEN)0 and air2d2@p(@s compared t
difference lheatOyereme & lhiengl Q )pt( @midr ) §L(100) . I n
equilj bt hemconcoée™tsr aptriogproradi.onal to p(O
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dopBHO ceramics anngandctidMgeaet L@&masvimmttler ed sampl e
for reference.

According to the I|literature, the i nsic def e
andyY when processed #rn cdi rco(fidiod j oGdRgagereri ng t he
respresent edi sohdsarbeen assumed tAsa,t tCloeraecltys as
promoti ngattihen fofréntan & ¥Ynisn cor der ttohemair gteai n
neutral(@l6é)y. (BElge concentration of the dopant i n
at) % thus also the#ef andcert¥aniduos hooful Ido vb.e
During anneal iangt ien cldn caethit s d ¢ © n e(6f € d { bg.
right), promoting tAilet hfoairgrha tfiuvornt hefr rrolpeg.i ment s
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would be required, it

mi

51

ght be considered tha

oxi di?ZentCd*tChoa n**tFee *Hel 4Phi s as scuanpltd ome potent

supportad uwiyt hi[nl 4wWgEr

e t

resulthfebrimat i’ocohowtve€o, t
Neverthelosmsd dering that?‘itdhel @wahic€udtorpdtliOon of

heen oxdd @d@dd BFO thin f
he3tvi*thatsi cmmo to fc ofnef i r n

due to | ow absol utterconicenridtombah o®Ro €vzed i n
Thereforereltbdasaddlies the | at f'i e 6wiFded u If tuirrt cgh eir
an ncreased coénfcamdradlioahtofy i ncreased conduc

On the otheaepplarerat timerease of the awornductiv
respetchtestiont ered sampl e

approximation, would not
reasoaaplenation is ¢€hHe
conductivity i nduced, af

is more difficult to e
beypensobstdeont i witlh.'t
fFeedd ct has o heymerset

her r dshubetesbremegf fiinci Mnt

measur ementi st hatexwn c Faipgtué@Pe cl earl y dteympen st r a
conductivity upon hgatilNevgramel essl i ndpei aNa o

subsequéEmadtyed.nlygest s

an

alternative pWssible

relaxabheéonesults G.hadawiWhhoepxped Gvot | bred elxeptleari i n
ChaptdeRwh3er e dlatbaaCoen presented.

4223 Temperature -dependentelectrical conductivity and Seebeck coefficient

The discussion on RT electadmrslti@tonidne dtt+peo st y 1
anneal p)ng am(g@ Htfor oln® ~altOm) , t he edaeomcocdimvi typ i
confirmsthmBasurements of AChsoaleck i voefyfianide
function of temperature and anneiarl i &igdaarNemo s p
anal pepetdThe resultsFiagé9whersenttead dimrves | abel
referheoocol i ng cybdtlkReat nnpiegguotd bedanl iNNg gycl e i
respectithedye ofm annealing i nnead rdt hademlay i thlge ¢
cycle iscusth®ewns (no noticeable changes bset ween
were observed.
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and anneal i nge aastum@28@hoe¥%d oped BFO. cEuawmessl, 2,

4 and 5 correspond to coolifngcioonl andhe@hi Ngt i myc
air (secdomef tighcalth,)i nand cool i ng) ,i nr easipre c(taifvteelry .N -
i nsets in a) amnhhreedv)e rdseitbbimlsidtoya t@iTbee siashed gr een
and mar siomhiénisneet of a)t kcteermpeesrpaotnudr et-owh elrad i tome r e
starfand finish&segenespeowsuvéiimpgahXFphddcgteen

ov al i n d)hiencdieabIecebfeck coefficient below ~350
N..See main text for further details regarding th

Frof gd%e it can be seen (thatdetche ac@ersd wd tt ihv idtey r
temperature (curve 1, air3)(cursve x2p)e,c ttehbdea tcluprovne hter
wemeasured in air during cooling (curve 1) but o
i n,raches a plateau and deviates from the trend
above RKi50&%8 i nUpon coobliwg 3n, Nt he conductivit
X p e;chtoende v er the absolute conductivity value 1is
eati ng( ciunrve 2) , al lo tlh5e0 waG/, dsoumgngetst i ng a dec
onductivity of the s,ampheomderrtaneeal uagei nha&l
he observed changeasnedalhed siampaier wasdrtehe result
he bfFgerd®a The curves tdhteemmd i 5 gr eafnedisichomaiirn,g cyc
especwhivelh ywaeleét er the sampl e was adltr ecaadny baen ne
bserved t-dmaabiup@ni meair (curvewdjmeatshue edurn wne ¢t
N.during cooling (cu0v¥CGCd3pdi oatgdupy tdasdded gr ee
afterwards deviates from the trend (compare curyv
ranneal i n(gcuirmneaidr) |, the curve starts to trace t

2
e
h
c
t
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cooling (curve(ilndiaztated2bHy° dasmedtyimag odmel i
conductivity has been recovered to idotxs diirzietdi. al
Thi s fiisr meoch by the fact that the | ast cooling
curve from the first annealing in air (curve
observed during annpabiegriemedsibeeanbadpt®er ¢
secondary phenemgmieor mathomasof secondagay phas
simil ar dbaelreatsrei odl conduct i miatsy rdeuproirn-ge da nf noera
modi fi ed BF[Ol48jrramagseemetntpewviddndtuheet ipvi ty of
rel ated [madt]er i[aSl2s], [65], [148]

Further inspection of the real parfEipd t he
4 b9 reveal s that ,dwruirrvge c30aq l-ian ksetirhoendt usfitee pa p p e a
accompani esd Xy iprechikcat ed I©iyifFgpgedeéce acrurrovve 3) . N
that this effect I saoheafllpwgiaducéedadipeahs HNu

I

sampl e. t is assumed that this anbmatg is no
expected structural transf oirnrmafHQ®]iisn atnhoinsa | tye
i probalbl W Mrigin, as di sk ateé dnlado8e]r,,BdEI@S50Di] ng
due to | ocal di fferences i n stahmep | el. e cAtcrciocradli nogo
proposed def ecf{ 4mbadrerhegafbd e aBBOreod uct i*dinntod Fe
Fé* creating posTteqeald) emiarged to the | eft)
di fferences inigleéegtmigat ecsomedudrom tMWNe inhon
and tthhesmeven distribution of*)majsoirmiod latahi ayte ¢

previously sumgdbt edd4BHOKBT scenario is | ater
conductive AFMsm@aaspureeBmrldt di §cus)s.i on therein
The Seebeck coetf . Cldcoip®iEOs cefr ani 25 owbbbail hed du
cycle in adhrea(tciunrgv ec(ydchrev ei a2 pNo hndg 0 yalrevei 3)N
are preskingdrdd i First, the Seebeck coefficier
temperature range by anhn&@ahimhggbohati hhaisamp
a domindatyipeg cpnductive “‘bahavidhe wag¢gmone Edar ge
However,t henmbgnt h®eadebeocfk coeffianhdnexpoganfia
increases at | ower tempkragufeBrgdaiBodachedur
green .ovlahlis effect is reproduci-ahpreahdngompee
annealed samples back in air (see inset, cur\
measur ements ( conkpiagrdeadwi t We i pasteptolsen It dar ge i nc
Mat | ow temperaturessdiunitngatcteblingl aned to t
dielectric permianmeatiyngndamcedomggélneotus r ed:i
i naMmtdher eati on of r egmiocnss wintshi dvea rtihaeb I cee real e c t
(MV ef f.ecGQosn)si dering the gener al rel atMonship
andhehaxgerier coMcemnxtprradtsisgodnd (a s

L1
7 rélE— (4.4)

we can infer t hat -tryeeei omasr raferr ecdoincceecht pati on
reduct homoulnd Méix lgihkeirt Seebeck coef fici dnmte. Il nd
Seebeck efoimpocthset weeanrgani c &nbdl eron@8o8ehg po
pol ydt3hvl enedi oxyt hiscunhemet)e: pol FED®@TeRSES) sho
introducing a component with | ower conmductivi

comparedbkelvyat edi tgndaat iconsi (b ga afbd oyt pitrim e fd aod e |
Seebeck coeffi ci[elnSI2no fa ntah &® geyo e grBaleeOy iod n s
t he sampl e (endar,i egr aamd/ bo weDWse)d uavdrd.c h n N
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i nhomogeneous!|y, r dsiwklet aenfafl eicafechecompdiscaef ficien
observed experimentally.

4.2.3 Influence of annealing atmosphere on 1.5 at% Co-doped BFO
ceramics

4231  Domain switching

| Fi gdT @ heEhysteresi satl@dppeadf BFO5ceramics after
in 10 .,andaMe displ ayed3-Ball oom ovE itthhsahmesl e as a

referlgnccean be observed that, atherl|l aopebabiBsgilh
but opens up, suggesting facilitated polarizatio
i n,, Nswitching is ,aemae&nbbydekrdluopddFhgsteresi s

410Tof urther allow the devienlscep medngt&wosfo pthef IMop, |
anneal ed sampd elsi @lhe a6 hiekVRAd@mft i ve t o the sampl e
in ai E =wi8tOh kLV tEmes reduced af t,¢&r =20nk¥Hl,cmg in O
while strongly incre(@s=edl2a0f thew camneal i ng i n N

as sintered

-0.006

Fi gdI@3-El oopssioit ameé dC%d o pBEO ceramics, anneal ed i
O,and,aN 130LkWhemi ns®E adillsedraryess @&n diorpg-of N
annealed sample melasured at 160 kV cm

The disti nctt hdeioimlsewietnccheisng nbehavi or af,ter annea
and;gNve a strong iDnWpicmaniimng dfhfadcttghearTehegover nne
facilitated domain switlOhi@aegnl #@f beo ra hdeerde age d
concent rodtpiionmimfg centers duél.t6ohiofxtieddattioco nt h(es erei
side) and, potenti afffyp,i nai ngdudamteit @hostodo t he
oxidati onhyag4d 3%miwint ed efTthitshep ossi bil ity owas not c
the@at-Oranne B8IFEOd wot ;S .Co(pr eusClnaptderpdle tthe
assumphiaont he co@é@amidhoad mpen ®@Xit b mign t hat sampl e
whicéurther supypeengi edi byYye difference time domain
latanneahddast er edF isqadipd e
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to |l ocal r eachuwc thimumse v en Ndi st t%i blurt itome odi rrel est sc
assuminndg he first qualaint a&tqiuv & ad pmrtoxii matuiidn model
| ow conductive thin | ayerucctonvngelcdt8e]ck it[mless3¢]owes wi
pl at etahie sthep at | ow fPHe) Femaudiredsl(dasbed | ine) shc
correspondcdmdudtei Meow reduced) region(s). Fol l ow
pl ateau (dadisheaeed g)ipne)i ti nwas est iamanteead itnhga tl otwheer eNd
t hie bymore than an order o%b1lnfa@@assitnutdeer~eBli). e¢.o, fro
10 g'mi(y .

I n contrast to the pedwhcecehcyissadetenvi wythnt Ne | i
dataatdhpt ype con[daue]t ., v[ig3] ,( s[ebed ]i,n t[Choadpuicetpilddm,]

the negligible change in themcOnduthi vespeatteno
anneal ingi,ntiereed ®&sggkté), (seemor e diHfofwievwlrt t o e
taking into consi derf ®tmitomgyt ise apeespavs éid-iCo t he ba
doped bBF®atefalld 7]t i s po®Siss bdtas xtiehdaitz e€Coinano Co
Fé*intdt Feeading to minoftc ocnhcaenngtersatiimnthlendFd hus
conductivity.

Finally, & imolne drehraevliaoxa i n t:aenpelrmhgti astygeant
for the 1. FigQaorgdmelde cUrve),instheotO.odSeCoedamy
(Figdr,8red. cWhivkeg the r elCuox actoiudnd ibne tehaes i0Ol.y2 5 hi ft
frequemudisésésde the measured?®Hz)e,quteme yc ¥adiid ope 4 k 110
antdhst e pj oibrs e r v ecdo odifiingdi g 4 th® c ; Owrvesigp yort
the-WMmechant imampl e (.0Smiadb | o) we show next t hi ¢
t emperbacthuarseppeari ngCon sh@egdsti AW ilak € otMmanoma Mi s m
i nducedogdn Bea®@ r amyedlnneal i ng.

4233 Temperature -dependent electrical conductivity and Seebeck coefficient

|l i measurememG wdnductivity and Seebeck coef fi
temperature and annealing at mgs @mher ea,mailtylm.esd i n ¢
sectliicker t e G.az2nighaepdea2. The resul tsFagareresent
41 2vi t h t he samecChaapbtke d.i hlguccugtvhieas 1, 2 téhred 3 refe
cool i ngaictyhddeemtiimg xayndheoohi Ng cycéepeéeat Nvely.
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correspond to cooling iz aDolztﬁgeanlhlchB)alhe
cycdloend ttenhratN) i mnd cooling ,imeaipfehcd aifvieteyt. N i n a
d) dematesréeerver si bil ity ToHe rdcanke @ rprceess eisnd ma
thenset of a) i ndi catke t hepa ttdeantperdnplt @ar @ed od X i «
respecGrieveei yar r ows t hmpe a& kKX Jipin dvihdhdetes hed gr een oV :
d) mar ks t htehSeredireec&ks ec oeff fi ci ent at | ower temp
Setehmain text for further details regarding th

Figdt@ shows that uacmnurhleat2ilng tihre Murve tr acd

in air during cooling (curve 1) onmnryeyacmetso a~5
pl ateau and deviates from the trerRd ameoasuibsdd
°C) . Upon ¢OOmourweg 3)n, Nt he conducthoweéyedectr ka
absolute conductivity value is | oWemnnrtvleamr)t h al
the way down to 150°C, suggesyt ionfg tah ed escarnepal see
anneal ingThen lNehavior is thus qualitatively t|
Co compddigtd®adn. (The reversedbbynmneawasgchleeksan
air and the results are displayed in the 1ins
cool imgncwiélre respectively. l-at n nceaanl ibneg oibns earivre
4) the curve tracadurtimgt cmedsumged ciumvdl 3) 0
(indicated by dashed green I ine) and afterwar

(compare curves 3 and 4 abanvree 810i0ng Ci)n aJiorr e(04)
starts to trace atihre dounrei nnge acsouorleidngi n(l cur ve 1)
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t hkashed maroon | ine), demomsatsrextoivreg etdhdato tihes do
state and t hwaatsetxhediszeenpl e

The realk hpiaelteotfri c permFigdtBtyhdws pitl mygteddumi n
coolingcunvd& 3), a shtappmegarisn,creacempabibed by pe:
(indicated by Fihgedrb® eequrave odv) i nAs di scussed for
(Chaptderp, 2iwef er staometWhMi ke r el axation megLhanism i
annealing, whi c ht hiree |l axad ii otne mte awiutrled i n the per
temperature aftEegsEmpdredml ing in N

The Seebeck coaftfGCdopatisBBD debamicshebtained
cooling cycl et hhme aatiirn g( ccuyccwleey diyrideN @alinidng cycl e i n
(curve 3) arki godtelsTehret eSde eibreck coef ficient is pos
temperature range by anhneahfingmbrog ht hat at me asnamp
a domi naypeagc@nducltEixvacaighadhiEeor ©f 25 h€o sampl e, i
Nt he magnt h®uedeeb eocfk coef ficient significantly ingc
during cool iIFngdi@yr vdeld iincmreasadasbhedndieanhedvahl)
This effect is reprodwanintelad | amagdntehaelveNt ss dhel oy tpa
in air (see inset), which i s constilsignesnett wiint h co
Fi gur.d)2. The iHWMdécrseapsreesiumabl y talsesmhcd mad gean ewiutsh
reduction of the sampl ei .deur,i-Inogk eapnendeifad & th,g d ma INo g ¢
observatian<£%d agpd0 BEF®DSecs dodf dr3detail s

I'n or cexrpltolbeee dox ki netics and possibly explain
reductizon eandiNngl awatihen i n thRhetdhiemenietdei ofy dat
Seebeck coefficient (Faguilaweguat@& mpesat bheemal DC
conductivity measurements were performed at 600
bet weceaamdOMANs can be Bbgdit® etdhé nconductivity decr e
switching the at ovashphaerme rferasmsO agai ntopOn switct
This is condgsypeaet bawhawni or of BFO. Mor eover, it
rel axat upaotnhtei #isétleg dep(Paébke. e€n swo ) N atnfide om O
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Fast redox kinetics has been loabasjetr tvleidg hilny hex ag
mobile interstitial-paoxkgenstironcst.urTeheofc| BE@, h oy
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favorable for interstitial dehetmplkylan tad diuttiec
to microstructur al origins, e. g., porosity, |
(relative density ~93%). Another possibility

that the redox processlees Damplre.atWda hreo tseu,r flaacw
decriemsdelhectri cal c arnadduwcct ti byad nagdi eidNne .o,b stenreved i |
permittivity measurements pefigudigd awher eomhe
surface |l ayer with a few hundtrheedh amiysn eans Awa s
possi bdloictay i zed redox processes, whi ch may

boundari es and/acsr bhdmmairre cvealtll sy[ 3. 2ported in re

To sum up, considerindghapede.nr2es2d | 2 s8B3prearnbe
concluded that .t2hte anadha@®ed®Dpedf cO®&ramics 1is qu
comparabl e. FurtheirmmoA€@, coheuaomttisBietpeakK coeff
measurements perfantntdoprdOs&amahe Alp.pemels xn tAed
demonsttheautad i t ati vebghaovompteheebdmdd composition
this reason, we consider a d9gqual i tdaotpievde |ByF G o rmm
the whole concentration range.

The r &€80ul2ths aantdCdd.oped c€E€hamidessn(@. 2. Bndi cate

|l ocalized redox proceswlischfmay @mmefead e mtgi alnl \
grain boundaries anbd2/]dm ddamaimexwaldhapt er we
possibility of |l ocalized redox lpadto.CWEaEEesd usi n

BFO ceramics.
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4.3 Experimental Investigation of Point Defects in Co -
Doped BFO Ceramics

4.3.1 Local electrical conductivity

I n order tobheonvdewctitigv@BeynibWson | @acal scal,e in cera
conducti wfeoratomiccAEMIoopmbi hed wigshpopmisez of or ce
mi croscomyna(lRBEM)s weWewegmrea f bircneldar |y interested i
in the locaindwoddcaiwvet.yaneaapl ang itm&®8N macr osco
behavior suggestedThianpl gsmeadmmassellamtinerse.cent dat
Bi FeI®2] shp@wRPhg that the | ocal conduwAdtM, viitsy at D
closelwted td atthetny @eéd guett e ctron hol es) .

Figdiehows thethesihterednaprdl &§d s aanp.l%®s of 1.
Cedoped BFO ceramics. Note that while these are |
statistical analysis of coathbatseavawegeDWs and GBs i

In tBenaered sample, an enhanced current signal
Figdrd4 see bright )l i nwds chingieradeds giwksent i fi ed as D
green arrow) anavi GBs.PFIvreed ianrcrroemddsed current S i
nterfaces is cl| emRFNMyprcofnifli &anpdhddad.tihden ci ncr eas ec
urrent signal at DWs in BFO acercamitc sthialy thgerRog
t [aBl2]where the origin of DWthenpdues®dNomewat EBetr
evi demwevyweats, reported for conductive FEBgur ehi ch &
414 .

Af ter annegalai nsgi min aMAF M FaMn alnys ics wsahso wpne rifnor me d
FigdreéhdWhi |l e we qualittdhtcomdbygti denDWEi add GBs al
N.anneal eds tsatmpdttdi,ecyal drye | ess camdeat iedessiamptl lei s
compar etdasgsiont er edl nsaomrpdeer mboe ggquammnisti gthit vea nt o
conductive GBshesndhtREWsadnmeadl 8ldastaantpil ®t i cal analy
of the cluorcraent at GBs amhdDWshewds agdrifomrsmeod cond
and GBs were determined (amrd ast at iretgiacali ngeprhes e
a single DW améanabei iglueedGBn the&€hepfBeRi ment al S
Mul ti pl e -;airretassr ¢-&hn mesd!| &ld sampl es -WEMe pnabymgd w
a total of ~140 grains and ~1@80dDbD&Wsi per GBampé¢ree
% and 17 ®heonndd uocft i ve DWs wer e -40nteramdd &2r6d %N f C

(
(

[
c
e

annealed sampl e, respectivel y. From |l toktead e resu
conductivity roefgiitdnes eachiad ¢ ¢ ealf bberThran se aleil mg eidn t
| ocal reduction of tHe gandhre ad h anrgg e Wea rarriee rasw,a r Fee
the case of GBs, the I ocal <current signal can be
[ 15fdweveresulst aat odsntaidsaydslhceconduct i vesiGBRseriend aasnd

Nranneal ed sampl es (polished by the ¢ a&ame proce:

topogramhy,0 lhihte charge defects are responsi bl e f
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GBs, respectively, wheresitbhperealenwasncebeatlegtobsel
AFM. The green and ar fAdwW d amlged Iciomaesipmatdhd oc t
al ong whi chc utrhree netl epcrtorfiicl e sh,) ,s hwewne ienx tpraancetlesd .( cT |
and GB positions along this di stamaienawel i nhdGBat
grain boundary).

Tosummar i zreesutl h & presbapedronsethéheeshacnced
conductivity ofammD3Msntaede @Bamelre. t he conducti vit
and GBenaweaegs age | pweal adhgendabNacilegntr edlbcti on
of “Reo *H®2Whil e details oM nmelceé aamroauolreexnt My not
completely @a@andet st poadti avl irmeldaocctailloncondecti vity
i mplicatmacricms acWhpbh ehdvdloseri wecki el ect rHicguarte RT (
4 )1 laimdli D@, AC and Seebeck cokifddrcd.2nt measur eme.

4.3.2 Type of point defects

4321 Atomic -scaleinvestigation by atomic -resolution microscopy

I n this esefcutritohnerwpiomwne s tdieg eetce st heenshpaonncsei do | leo cfaolr
conductivitPWegFi dclBrs@ored c hemi cal analogymsitshewas peil
atomi cusictallieeAADSTEMNE&EELSechsbgusmisnt ered and N
anneal edofs admpB% oped cer ami cs.

The resul t st heestianitneerde do isalmpd €ti epgdd e dl5Fi gur e
4 . daBHAADFmage i s & HewtDiW(ideabschreadn geTheo xpasi tion of
DWwas i dendandliyalietbgdi recti on of Fecadantsfrltalcement s
Bi $abtdiecneot(dbd uley aMhe@ewels ehc 8i vacamal pyedvas

measuring the intensities wift hBrie &ceolltuinmngs nianps iodfe tt
nor mali zed Bi i Rt gdslt i @ hes mowind | ien o f DW, the int
% | ower with respBiat omocohemmaxinmemsi ty. As rep

the | ower Bi col umnt hiBrit eart ©oimtsfy rmi 8 eh enga egaei |l @afr pl ac
comfiinrg the presenazecwrhulBat edciamgiics t he DW regic
Further more, the oxidation state of Fe on anc
measur ienngetghgeet di fE) ebentoke®Kh ands;edkges from the
EELS sdacecttraghles meft hbd airreh arpedeol TeaELES spectr a
acquired on anshoWwWki g#dle@ BbWespddet iovbalayi.ned val ue
_Eon the DW was 1 %9%.f25 tenve, DWW iwaes 178.5 eV. Thes
that the oxidationiasatde btheF®Wi sedrirbohrme tteheeh o ut s
comparison ofEvadalevedbtwi nEdeatl &vdaddfferent Fe oxi
states reportefd52n htehree liist earnatiunrdei cati on t hat th
DWst ends tdory&r deh'sFaendard=179.9+0. 4 eV\,93dn DW= 1
while the domain3'comt &isond *FAset iamldywr Be178. 3+0. 2 eV
DW= 178 .T5hee W)esglehset preceanc@y adfecisi dee DW
region, which is condatwaaeBFOwcehalmhel[s9I3]teratur e
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Figdt® | dentipoicat iatef adnsut wali | ) hal3aM nther ed

samplleadbbfCd oped BFO. ca)y abRhNBRBWM i magnediicat ed DW
regi on -ofrdeamssgheedbox) . The blue arrows indicate t
from the centleart toifc & ,hec Bri-f sramil niPat hdd hleax i ndi
t he rtelgavosn considered for the analysio$umhst he
b )

Normalized di st raittout icoon umap i ;mft etnlseé t Bies i ns
(correspgandeedgbox in a)). T-belumduchiensbfi ehe
DW region (yellowish circles) indicates the pr

l

spectra acquired on and off the DWE) flreothwemhn c
OK ands;eddkges was ev&lomatde. DWOev2d eVEahmhd t he
the DW was 178.5 eV.

Ne xftgr compari soinntwd tend hdraeMmlsa] ed sampl e was
and the -SHTAEAMFi magehiewdi bat ed DW r elgiiopouwurd.6 show
The blue arrows indicate the directi-batofcke d
The presence of Bi vacancies was evaluated by
i nsi deedt hbeox and the nor malgidz@B&i ma paasir $oybssheorwne d
in t-henasredigam@lfset be ~10% intensity drop in
region confir nmshaetcca muiliesedn®h efsme a £bredadve e n
t h@K andszeFdeges from t hie$ EEd BSrtshizarc tarh a 8e. \b ff
t h2W(Fi gdr @.6

I n contras+intoe rtehdéF isgpsdrpgl & heaNn e aslaentp | e i s
chatrarcibstende oxi dat i®tbno tem ad red od f[ fb. &thhies DWb nsi st en
with thedluodatdsinntod'i Rei de t he DW regiamdby an
coutlhder ek pttehsenat i sti calelcy emablEW nefleedcomidualt i vity
after the sampl e(Fwget®nneal ed in N
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Figdt® denti fication of poi-nd adéf)) NB&Vsnaal adneutr g
sampl eabfCédopbed BFO. cey aH\RBRBW i mage with indicat
regi on -o(rdaatsghee)d. The bl ue arrows indicate the dir
frohe tcenter battheeBi Tohebr ed btohxavi sn dci ocnastiedse rtehde
for the analysis of t ke liumnesnmibtha Mdhirsetdr idbh wttiro mua
map of -atttoen Riol umn intensities inside the Bied bo
atom column(yaltlenwiidthesdec D&8&s ¥ egi on-o(fiamgiede das
box)hdi cates the pr epsExnpeer iomhe Btialv aEBINS isepsectra ac
of f the DW, from which tBe beenewmegeyndoDfFeedge i ffer e
was eval uakoemnd Tdnfef DW W8 .s2a8bnde V1 7,8 . r5e seplet 061 vely
EELS results on[$§Randards see ref.

As opposiethet anhd ZWeic®l afmn i ntensitiesofindicates
6 inside the thWarnengeiadne dofsampl ¢ heebsesvatieans wiit an
t hesintered sampl e. Cotnhsxil dkdentirng att he omaelswcltti sy i afy
coefficiemt meadss@r2emwdri ch showed the reversibilidt
the overall concentration of Bi vacanh. es is no
However, the STEM analysis revealed that both sa
Bi col umns in the middle of DWwW, thushaédat mi ght
concenthuwtti ahso | ocati,oins onfotBic hwagameiadfstreg. N
Nevertheless, this | eaves open the question a
assumedo™ Basbeedb | @th yt heswe dcastnanothei pres€ace of
DWsFod"™identi,fivwendti @@ Rupseect r pessceomtypeldeo | | owi ng
chapter.

bo

43.2.2 Macro -scale investigation by electron paramagnetic resonance spectroscopy

The pre$dnacned®3fnsi de t he DWsr edgieodtd6%doped
sample has been directly chingumrmedHindtendee r STEM a
evidence aboutEst ared%irse sseanclécododarcdkiinngg.t o the |iter
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accepopedbasad ([e3upBane&Tf ead mat eri@ad s]KNeN. g. ,
[ 385t end to form defect complexes with accept
I n order to furthedopeadcnBFiF ® ywPed sadca [st, eidn aCo i
i s exnremely powerful tool for studying point
Mo r e otvheirs, met hod has been pt liedeenn ttiof dbceh faepoper nobpfr
accepxpgarcancycamdleexes in sever dll5Fgrrbobbkisect
purpose, three didtf.€%deonpte ds aBnipA ecse roafmilc.s5 wer e i
EPR, i-sient, esfamth,e aN et dpadn nedal ed

The-bAnd speestima egdendiaesaN edatadralnndal ed sampl es
presenFtiegddtigne mpty symbols) together with the c
averaged |ine (full éekpeijtiadathd chernygrwel Iwi tKot
spectra shown herda hdert ©0bmafe nRIRIG a B3 0[el’°4C9 |

i . e., at 400 °C, i n order to avoid contrib
antiferromagneterefoorde,y i ng a@amgertvhe oi miprbinntsi ¢
coup.ling

as-sintered
N

2
O, (10 atm)

EPR intensity [a.u.]
o

'
)]

-10 1 1 1
2000 4000 6000

Magnetic field [G]

Figdt?d EPR specsimtaerodfridasNM-anneal ed sampl% of
Cedoped BFO rcecamded at 400 °C (empttyhesymbo
corresponding fit (full l' i nes) .

Startindghaesi omered sample, an &nd slo.t&®,p3i.cl3spec
an¥ = 2.36 was found by numerical ftipfeictttriumg si
parameters arkabp3esEhé e @Y\ alcu @ s-lafnodr-a INmD,-
anneal edarsdampl 82,2 .¥99,2. 2% =amd¥23,3. 3% =and
1.84, respectively. Similar valsupeisi‘wWgo equaper |
pl anar etre tprsachueddor 4 11 584 q ntldmdedY Kedbdped BFO, we sa
assume that Co occupies the B site of the perc
octah€dalat er Mivmé che & tomwss sd etnhte wdrtens é mwen so f C
pl acedquaftanar coordination of oxygen ions. T
of the preSdsoceowdd€@onby tAUSOY defect compl ex
According to thesidleuaad uc®ulddatlmae dalht er-nati ve
spinfd*iGai storted tetrahedral geometry, which i
of6Wresiding in thd l16ddwevey, oft Cohould be n
information about t he dedieme r icoo,nepd nefixi mgedrtriraat ¢ to un
could not aes ed oown dteldese EPR spectra

The identi f°ticnhat@duonr enfti sGdi mdywgr e e mé o] vCiot h r e
doped BFO thin d&r0dfmsows, i natheerreed iitnawa sp hfod wored elcy
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spectrosftclo@oy itohnast artehcemo st y oinassa lalteer 2f+r dcti on i s
the 3+ state). Further mxryegseartt ehrec ye xd esft eecntc ec comip |ceoxt
been repdFtfTfedtiudopedGS8rwitOh a | ineadb arrangeme:l
6"being energeltigmun]lly favored

Tab#zx EPR spectral f i tstiinntge raeradn, e aled darta@m-bf 1 & s
annealeetdChdosped BFO ceramics.

Sampl e Yfacto Linewidth Intensit
uni t s
y= 1.8 141
Assintere Y= 3.1 177 895
y= 2.3 126
y 1.8 140
Nranneale Y= 2.9 164 1186
y= 2.2 122
V= 2.2 149
lat-Mannea Yy =3.38 209 668
Yy=1.84 132
The intarm&PRy sofgnal is directly proportional t
electrons in the sampl e. I n this studyhethe mass
t hrceaeses, which meandg heP®t si geai ntehsdbeydoflet | vy
defect concentration. | f theEbobiserywed ofi giredlecits,
the highest intenshN-yangdhdtlled |t h@vasaemined sampl e,
which is indeed obfeguep Trex peon cnemEimd diyor( of
defect complexes is ihhacd ehdscdedbyednimeandhmgalvian iN
to ténasered sampl e. The i c roe¥adseefde cat o nccoenmpt| reaxt ei so
could be relatedimno ta@dlu ctthieonf édfmadosodeof ng t hat
thesiastered sample most | i Keanyd °¢codh4 2JAnet lae rmi xt u
possibility for t h e /AN corMedaesf eedc t ¢ ocnonepeiot erxaat i i donm o f
odeuethreeduct g'oinn toé, FRghi c h tslo ¢ o steliGdbiucses as
6Wshould be attracted to acceptor centers.
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4.4 Proposed Defect Model and Hardening M echanism in
Co-Doped BFO Ceramics

The results of this study demonstrat e htehat b
el ectrical con@ugwir)®iatsy wehmgmsdaadscicslpe pr et ht e d

t dar deefi fnggcitgsdr)eBas ed iotne tahwieassumed that Co a
acceptor, promot iony etth.P2ahd V¥ njaet@l P)&. oFfor t hi s c:
the charge neutralitsyedcarsdi ti on can be expres

Ao 1+ [Eb]=20M+[EY] (4.5)

We next expl aamd tphees srighsieet h@inu ssiimmeg t hi s neut
equatWMeomegin wC€Cohsamel &, 5foll owed by other <co
|l i.at Cedoped BFO, cehemhtgh conceQd aa®ifon of

probably dhemi datest chewmeéstri ¥f of mBiBE®, We

infer that theV,ciosncfernazreatt i lomweorf t emm@er ayut ée
guaesgui l i brium achieved dur i ng-asinretad rinrgQhiians dN i
i s supbppolm e ecdomfeivemedtthiel irteyd oxf prnscEsgdmni2s ee
The r aduslotdssi cate that t he tnhagloerv ad gmite rpied wetcitann c
conductivigW (Figgdd @4 g br @8Bi gdr @ 6consistent wi
literature dat a. Further mor e, we assiu¥e there
andyY def adtas have a tendency(ST&Mac e@abmlidwmte at
4.1 5from which they can piCpvamnd@" whincnh nagr ee ff ceucn
into coEPRexesulgds A.7 The foebei amsweraemdd i s wh
which defect ( PWpd omii mygt e htalve or at switching
pi nc;iFimgagr )y .o

We found that ,aesedftisng nimtNongly i mpeded
(Figdrr0 The redactciuosn iocdNl |y, as evaédatnced b
RT F{guwr.el)l and at el evafrfedund@Ppern amtcureas e g Se
coefficient at FogerdpPempdr dtasntesFe(dar B8Bi net i
Moreowvbke, restuheA-Mofanal Fs$igsdr.éldde monstrate that
conductivity ofonéBeramped DWserved floovmraalfoea
anneal i;wgt hnr distpaescitntteor ed sampl et h&hredustt eh:
Fé*'int 3'afe t hese | ocal remd omas olhedrmec smfmpd rme d
anal Fsgdr @fF5 gdrd6 Therefor e, it can be conclud
oFérel atreidngimenters is | ower ed,atnhde tnmousst caafntnec
explain the strongeanmpeahe¢cdgBb®hayi woubtl Ne t
pinning center.s Wel lthaevd iomdn ptllacepossibility,
swtching behavior,mafgthdr benmddleicn@di MmyNt he int
inside the grain Matfifecneslat adciomnttr@e,tM the
V¥compl exes increases(EPR erre daingtésafifineg s$thr d\ng
hardening i.achineedhidggi §li nat biendmreoased concentr
Ce, VYpinning centers.

Rel ati veastionttemed sampl e, anmealdlitng iim flédcis
pol arizati ofRi gsuli& ,chiwngh (small changes obseryv
conducFigédr®) ( Consi detiympe tcloatdutche vty in BF
byFé,t hcenductivity behavior indiFkéawas obhhy t

subtfifyeca ed by the amnAsesalmi mg-ciamgliCasat modhcentr :
F€,and,, the |l attern nftiexeadgathetnide® ht e @6 ymautsiton o f



68 Chapter 4. Results and Discussion

have been reduced icnhaeredeetrr atla t gy a®t@dfays tt hea
concent V¥haenbefn decreased?iThipastgaéstys ohadi
Cé*"(e@3)shifted toFuhehéembo)e, this scehario is

EPR reBugdsl,( whi ameshaecwd conCentVf?&toimtp)ehsetxf

after anneal iznFgi niad | ¥0 &toms Od etahien grye douflctasn b e
concluded that pincat €% dhed deari aagi)c s,n ds 5evi den
higheld polarizatiionddhmisCaty e deyf ecopsompl exes.

To sum up, thatr@doped 8B8FROlcBramicstgedicate t
conductivity iFs€, done \ntehtged aby zation swhtdching be
piezoelectric properties undcer \W'esoampd recxee sc n iyt i
t he keyt htealr @ ednfm nBgF O.

We point out thatbghavVviotat asadefll@ud®d midh akrmmi ¢ s
waal so observed in the @ongo sdits coGsasqedietan2ni ng 0.
and al so iat CWWbo merd cderappersd.i(sek,e resul ts imply
t he@r opocscendduct i vpiitnyni agd meacrheanv aimis d for t he ent
concentrati ®@n#lbatn.g% , i . e.

4.5 Frequency -Dependent Converse Piezoelectric Response
and Implications of p-type Conductive DWSs

Previous studies, préCGhamptled:ridv etal e da hltnyg mugheust i on

nonlinear pieziorel BEQ® rdacir camispftimged f (eégpecal ¢y

in the Hz t .ol hneHza urtehgoirosh aats stuhnmiesd pnoonnslei raesaro cri ead e d

with conductive DWs that move irrevershkly at | c
hopping (kéh)arhqpes are respoDWMcina ufci @ Jti.teg[ 96 al

The restuHits shHuly -dompeCl BFO ceramics demonstra
reased dopant ca@ahctegheratioomenésaktioni of the

e charge carri e@W, coredpdotisv ibtlym.aforally assum
h the «c¢ondvucadtuiadi tDyWso fa nidn dihe total fraction o
concefMmhratipooyvides a uni gbheWogpipopltané mgnttso al
w friedppuesniampl es withmofli Eberdeati ¥ eabDWs on

I n ordét anaoinsi ghtnfilnutdahéderaeof i on of conducti ve
piezoelectric nonlinearity, t he cewvechiengpi ezoc
conditions was s tautdCh¥d pied B.FXO5 arsd mo.s8 observabl
are expected

Foll owing ¢ heramnlkcapd f P21 4denmdtegreend e nt piezoel e
coefficient[] Walpneeipmanttiehd t Wasssomger pinning of

and thus | owaevroumdadriuir heamplt gt Meitghaoencentrati on of
pinningicentet sCOBFO However, as neaxtwihlel PoZzeT s how
hardening coteawmitysradried for BFO ceramics.

i n
ty
bo
Co
| o

451 Link between Co concentration and fraction of conductive DWs

Figdr @a8ows t het hleoscwallt comfducti AFMy aopambyned kytab
PFM analmsiatered sampl as$ .Céell o pe @ 5NBoAt@ed tlh.aSt t he
PFM a#dd# Mcmasgetdhreesultth®et afi sti obt aamaldysihnsl.5 Co v
already prCkeapteé §dadsi nt er ed FS agp ldddowe ver , for the
sake of compari gsemsudagttomireeagtay n. t he
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Distance (uum) Distance (ium)
(d) Schematics (h) Schematics

Figunli@&Local conductivity measatreameéeopsd oBF@®. 2
cer a.rpiag ®Cwft pl ane iRRRMeammld t he ) daFMe s pn@amgaisn g n(
0.25 (left caal.@dnn(r iagadt )1.Sol umn sampl-AREMThe gr
i mages are for clarity enci rPcFIMe dacsAdnM yierhd gens. T
denote examples of DW, where andenhadaeadtcuogr
i ncrdeasn@ucti vity. The pehoeAeFnMt d grea greu nohod i ebseploonwd
fraction of conductive DWsi ndettlogdyans mew thiye pelodd
current profiles measured aM oanngd Ftkh @ nbéldlee .1 i ne
Schematic illustration of conmndheARMVvree DUNst §.nsT
full bl ack |Iines indicate grain boundaries, t
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dotted I ines indi dateaenmpchwend uktt 5C06e e R Vsl mirtgse r

fraction of ooMdBuch)heeeDWse higher | ocal ani sot
conducdriividgsgsul ting i n obtsheeovnallulce i dii ftfyermen evee ni n
Suchrexample is pr,ewihmtnéd nidi c(aht e t he conductivity
grains measured along the vetrheonalucdatveaeenhon. Tt

t he garae nas s oct ladiefdf ewietnht s odftr h @onnt daut ci toimvre tDHAsS

gr a.i nshe | ocailn atmheso¢lreptyr imwmdh clpdwlerdtCGl%v i ty i s
doped pampla(esd nadrow fraction of ~6 ofalsu dtoiumed D Ws
in this composition.

The sample regions, HRihgdmhmk8wer é@e wtitfhi ePdF Mas( DWs
exampl e i sawlheintoet eadr rboyw) , wer e subsequently analy:
measuremenABMuss hdwmg vir 8 The conductive DWs are
identidimeadhamged cyasent sagnbhée seen from the ex
whi tesiafFrg&ri@8f I n addition, the increased current
by t-AEMcprofil Esedhdtgp tihnt he corresponding profil
with blue i-AFMFiMmagas .c CoApMriimggdasheofc 0. 25 and

sample, it can be cl| eaailajsaclgeer veadactthatn o.f5 cOmn da
This has been confirmed by 6pR2Wd mromi sd oismna thies tei) ¢ a
sever al regions of both samptlihégWWs wkireh comadwed i tvk

in 0.25 Co, while edTeBuinslchbnfCobr mThthyapte by i nci
conductivity of BFO ceramics wtiympme Coonaductoidwe tDW:
increases as well

The piezoWlefcftedtc Meported inhFOswhsopytrnbube
el ect rduecatli wciotny, most probably art saonngd ufcrtoinvedi f f
DWs in dif fwartehntrtegstpaicest er n[ad 2 ]f,i €lcdbgaxdies i ng t ho:
studies and resulgdd Bpi ¢ serst eacs siumed t hat the 1.5
ex hialsitr pngzoel-WcefriectMh@iugh tforacti on of conducti
simplified illustration odaltlhey pmEse@dirlpiicn ef f e
highlightinW@ wnibbasdiampMsed of t wo gradsas with
me as urnehdeer t i c al di r ectthivosnr.t iNcoatle dtihraetc tiinon t he <co

t hepper isthriggihrer than in the bottom grain as the
(ver tdiiagealgtriooon di ng a conductive Coashdehiogghhthe
fraction of condusvteitvyew DWst €éM)e,0s B 6 aldd stwe rvoed kc
effeattseonductremt ygrain 1t e®sugltthianbgs einn (or we ak)
piezoel-Wcefrfi €c tM.

45.2 Link between fraction of conductive DWs and DW dynamics

I n order to evaluate the effect of -somdndthdtnigve D\
conditions, the converse piezoelectric measuren
presenRieguriemgsshwee @fki el d piye zcooeelfefchtcrgidecn )9 ( and

t angetnhpicefzoel ectr *OPbPbhgded)Anayd ea function of dri
frequgncaygnd electricE).i eThe aafpiftgumvsel,®n (denot e

i ncreBdea oaf 3.5 ykeM lcoow curve)(bpath &¢6r k¥)cm
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function ofE)elnmecas y¥ok dHadElad3x( k VL. c Mhi s measur em
point is abdmsctkedr byi n panet hb) maadpadiperdte ol eerse
t he negative pi ez onealselcd ariode dpfThhaes ei ra rdgilewmesairb | e
coeffrjchaboul athmaxifommf 16mMmavd d) pix%3ijel ectri
extrapoB &t &d &toth plotted as ah®RudaStaod bf5f

samp(lFeor mor et tifeittati il sg omAppeddilg &ee

The inspEcgidbt mmfedi at ehgi steiveat Ipyi edziofefl eerce mrti
responsbhe aonfdatOlC®l oped BFO cer aai €£%d o pfehde LDa bl e
shows no (or only weak) frequeonthyedcosepfefrisciioenn t:
and3fpl i . eE delpietntdifeimgcdet &, )b On the béhé&tr EWand, t
doped sample exhibits stndiegcdafefgiuciXe@mylt ddrsd e
especially below ~10 Hz, wherefeudeeeniFemarrgi on
418 )bThe results obnaenednsensfiebt Cwith previ o
whi ch showeldofwrheagtu etnftiys nomloinh é aeiatry hgsder esi s
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The il mevgquenc
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wheydE)angd correspdtedotnobdé¢perdaent) and initial |
(extrapolated at zero fi@lid)t heesgppecpoeififeé bcyiaelnTth e
descri bsingpet Hafnetare deperydeneé f bEi d e t the
irreversi kinet dfsnpdiaclenma ks h® ul d bvee rn,o ttehdad shtonw e

of dt. Bdoped sampdeef fiileiemityl deeanmdefndr mor e
informaAppengieeFdAr t hwe useistotnky addppeddénel d
nand the n@mnlatnemaxktoydm16 kY cmpr éd grédtr&d i n
Thefrequdeenpceyn kiplt s hown Fiigwur el 4.ak9 determined b
extpod at hEngepenX¥@&pitc =0Thi s parameter was used to
negative piezoel ewhere tpheasakdi amlgdhtee mentd osmiag nal [
| eadi ng tfheeledl escdtgrniad , -wiesseaulrtd tnagt iiyms teaéd rced soircskel @ d p h
(see iFdgeatrke) f4TdlaOse dil yt dmdé¢ f ¢ rhmat ef common positiwv
piezoelectric phase angle, where the displacemen
resul ting -cilno cak weitosuanit ey sotfer e$he heopti ve piezoel
phase angle has been alaméady amapartt ehdasi o eRmMO she
i nduced bel écftirerledalr edi stali dugeéohodalkth®wi sotr opy
electrical condutchM-Widfyf ganjd, t[h%®eS]ef or e

The 0.25 Co sample is charnacteri wbddl ey fmeaguleyncg
(Figure) 4ad® 3t isthiowdi intgt | e f requfingwr dd)ids.p@® si on (
the other hand, t het hleth o0g Sampluesiayamdapendenc
X3bl .The consider af)lag ifmmeerqeuesneci®fs bel ow 10 Hz in
|l arge irreversible DW di gdpli ac smenptl adasloow | ferae d
negative phase angle iRi@uiwe) de chmigip®edhcy range
piezoelectrBasmecbani sense experi ments we may eny
with | arge anisotropy (1.5 Co), at |l ow frequenc
conductive gtrhenspfemcMdadiB iamnd bwei counterbal anc
by imaorease of dihe otmhemr ngnaifnelof the ceramic mat

grai Ri gur H)S. |t is this increase of the intern:
di scpelmeent s at | ow frequenciels., |l eading to | arge
Toconfirm the cotrmGol atoinacre nbt & tddreaeart ,i oin. @f, conduct
DWs, tame-flroewyuency nonlinearity, the nonlinear p

al perfoamb@®. 5 and 1. OFiQod2sahmpiises .a fupicoi on of
altlh@edoped compoBgiitsi mresa.r | fihréddregpceinedrecnyt i n 0. 25 anc
samphewever, tthhdeocwneqtuenty nonlinearity becomes
This characteristic nonlinear behavior further i
frequencie® samphe. 1The€e results clearly confir
concentration, i . e. fraction of clomegece mwy DWs
nonl i ngmael ayed to enhanced DWthei sipr taecremmeelnt § i elv
redi stri butbiyomr omadiicatievde DWs)
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shown here was deEeorfmitnheed iantdilvs d% adf composi ti
a proper commdruigsoomnsiThered here wer e'fdoOr, 50,
0. 25, 0. 5,at1C%0, arneds ple.cbt i vel y.

To sum up, it thashiechbeepvpasbkbdwdopant (Coad conce
| arger fracti on dafe atghangdhuecrt i ov@en cbeWgtt ry gptei ocrh ao fg e
carr(ieeampensating theltacicepbhat uralat lgkiaghseurme d
dopant comcidgtutationstronger tfhiehgheg ebdtheenstr
ofpi nndefge ctt Isle Wst. However, it has beentébkhown t
hi ghest Co concentr att lost, reigitgefwr, e glu.e5n c§o ,n oenX h int
ari singarfgreondbW di spl acement s.

Char get rriebduitshaero naltuct i ve axWsdicsat usitbbietnit enm nafl
field at | ow frequewnhtldbsbp$he &anbswetamatih g iaeti hdesr
hanwi,i hcrease in sometaddramagardixns Tviitshiimcr e e
internal field promotes tasei BWi di-lsiprhebXtmidtayn.t s ,
this is happening only at low driving frequen
I n addition tlod trhedii stt telr breddWved d ceme moaé Mmolwi | e
driving fbreeciawesmecitehnsei r conductivity hpdiprst i n
def sautch af9.6pl es
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4.6 Theoretical Investigation of the Point Defects in Co -
Doped BFO Ceramics by DFT

We hawvepraovi detdanl ed experi ment al survey of the
doped BFO (BFCO). To provide a fdoagiamg nitrafll wendee s
the defect chemistry, we next investigate the d

DFT cal cul ati ons.

4.6.1 Stoichiom etric BFO and BFCO

The lattic2Y)cordteantrobh() c magugtipc (Mo mermtnd on Fe
Co3() atoms, and aver ddhkEeBaddr Cohatges on a DFT
stoichiome(chemi BERO f oo mmlida BB€®enO c a l formul a

Bi (0F&0. 9:.8)supercel |l s arTeabstdemniahrei zreeds vilnt s on BFO ar
agreement with 7b6dr | i[dl3r]epqritest]

Tab44e Latti c&ano¥n Dtaakigmnpnagnetic momentsorthe Fe (3 )

and Co (3 ) atoms and the average Bader charge on Fe and Co atom of stoichiometric
BFO and BFCO.

BFO BFCO
k7 5.553 -
MEZ! 13.74¢ -

E [eV] 2.15 1.39
3 [H] 4.1 4.1
3 [H] / 3.0
Fe Bader charge 1.75 1.75
Co Bader charge / 1.59

Note that after introducing Co into BFO, the optimization of ionic positions was enabled,;
however changes in cell shape and volume were not allowed due to the assumption that
the defect concentration is low enough (close to the dilute limit) and it does not affect the
volume of the cell. Therefore, this is the reason for not observing any chemical
expansion/contraction by Co introduction.

Considering the | i[t6sBrlaanfdleft22dat axpar BROnt al res:
PhD study, we propmaseephatr Gopants &Axcording to |
in €ed,.2)FsCwstitutésiamr time BF®O, it should be cha
byoY. However, theoC¢beacehbsaliyomebfatedoft oFe he v a

through Eehuathows the increaddbédy Con demtinatsi on of
mor e* Fegi vi ngtypesecomd yah iacsh tcy nf itrhnEeede bley k
coefficient mEhasptdemadtds 2. 8eC® nsi dering this, it
concluded that some <sthatnhelsef iino ntsh earwa leexnpceec t e d

i ntroduonhiiccrh i s weaxeadbcstelryy ewdh @bty S TEM/ EEL*S anal ysi
weradentified ilnaddbWedepg@asnnoeredigahkel e (

To corroborateonihe sden diet ye | @fd-tOs taantde sB F(CDOO SwWa so f
calcuFagede(4F@11 undpipeudr adFOv&1fi nd a bandgap of
with the topbandthemivmdteaad ebjys tt ehtee 0,c cwipii leed uWOn ®?c c L
Feds3t ates dominate at the bottom of the conduct:i
el ectronic bandgap as the difference in the ener
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the defethistthe Wworbidden band gap, equal to
intrinsic band gap determined by the energy difference between Ostates and the Fe 3I
states is unchanged by the introduction ofco-dopants.
Finally, the defect state in the bandgap consists mainly of Co 3l and O 2p states with
no significant Fe 3d character. These results indicate that there are no significant changes
in the valence state of Fe by Co introduction, which is in contrast to expectations (see eq.
(4.dd ( 1). 6Npte, however, that the unoccupied defect state in the bandgap
corresponds toa deep acceptor state and gtype like conductivity, which is in agreement
with our previous assumptions.

8) | — TotaDOS —|Fe(d)
— Bi(p) —io®

Arb. units

Arb. units

Energy (eV)

Fiug4e21 Density of states (DOS) f or. sTthoei cdhaisdhneedt
bl ack | inehEedembt éevel. The band gap for BFCC
calcul ated as t heteeemgy hei fvfad reenrccee band maxi

state within the band gap in b).

4.6.2 Defectcells

46.21  Defect clustering in BFCO

I n order to evaluate if Co is an acceptor or
tendemcyandf”t o formmpdfexets ovd t h Co. We assume
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anmncceptor dopant, therefor &, clasgiegninfgi dasn te xtpeen
framlectrostatic point of view (two acceptor de
On the otohdrs hcaomds,i dered as dono#"deéluseteyinNlgus ssi
expected as one acceptor and one domasededmct sh
el ectr.ostatics 3

Defect clustering was$ exndmMaheditbfddrsatarnocdewsc if mg m

the Co atom and evalwuating the total energy of
(E ), i.e., the relative energy of fomming a de
di stanced beYament he Co ayedFiig? 2diTshpel cal cul at ed
JE for the eCloosa@®lodi stances was f oun.d05 oe\,e +0.
respectively. While EHoard e@oc diremandbetwarnbe obs
we note tkhatsthe principle positive, i mplying t

favorabl etdm®n the eybher 6%intd,i s neciag®&ntbst hat t he
the | owedandh€mepreat eschobryt etshte diEstafc € 5wieVh
indicating a strong drni vaiddg tfEcorncseithidey océogat ev e ng
in all cases, ialdictagrninmg tihasfyarvedmatl e for t his
To summari ze, t hesbe arneds udot shaivhep Inyo ttheantdency f ol
whid¥and Co show tendency to form tdeenftecwi tchompl e
assumptth@&tmsacts as achMoe pet oirmpdoorptaamtt.l y , this is ¢
results of EPR analysis, wh@&fTaendietletectompheres
been identif#édeB) s@e chapter
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6Wand Co i.n TBiRC®I| ack dotted hor EzefOtaV.line corr

4.6.2.2  Electronic properties in defect cells of BFO and BFCO

We next iditvhees teifgfaecaret o "ooh the electronic properties of BFO and
BFCO. In the case of the latter, the clesest Bi and O from the Co atom were removed.

The introducni 8 Oofgi ves rise to at l east two
within theFibgadnrd®)3 amwh( ch s hdocvw amaicriley .Fe&rhi s corre
to deep accepttoyrpestcaotnedsucand/i py, in agreement w

studi7eds]., FwW®F mor e, the-typdi bathiaemoof i p in agre
experi ment al observations anrbdasperdo proasfe@dr i[dEZge,ct  me
[ 148 However, t he Bader charge analysitshaid not
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average ¢ch
t

arge on Fe atoms thus the charge <coc
clear in his

a) | BFO+ VY

2 2
5 5 ‘
g ) £
< <
— Fe() : Tf)tal DOS : Co (d)
¥ Bi (p) O (p)
— BII (P) ; ——IO(D) — Fe(d) | |
-6 -4 -2 0 -6 -4 =2 0 2 4 6
Energy (eV) Energy (eV)
l)) ('1) BFCO + V(;' — Total DS — Co (d)

— Bi(p) — O
Fe (d)

Arb. units
Arb. units

Energy (eV) Energy (eV)

Figa2® Density of states (6D CeBd b) d "bdefecBaRddor wi t h o
BFCO withonec) 6 andd) o ™.

The donor b¥haviB&#O o6 corroborated by the p
def ecttess swiat h opposite skhi godmw&)3,hisnh avhiend amadigmalp
character, whHhiycphe iln ckiec abteehsa v 0°fi rbtyo rtéwdoiTciiesg t \
is confirmed by a reduction of the Badder <char
from 1.74 to 1.30, accompanied by 48H decBe@se
"H. These results are cpiddliandidw] wht hhehdefFiete
i n (&9g.5

The introducBFCOFidduyra@3 results in at | east
defect states in the band dap,n iBFOguwa R)3t at i ve
i ndi cattyymegg @onductivity through deep acceptor
relative positions of the defect states are ¢
mai nl3dc8@Baracter, as daaldlp@ah&arsaoccheerkFe T3hi s sugge
holes are |l ocalized mainly on the Co atom r at
further caomiEenpemedublyed Bader charges and magn

The intopdbitn BFFEIOg4re@€)3 results in one occup
band gap, consi sdtainrdgp@H2a rmead tnd ry, -tFsy gguecsh tnidni gt yn
t hr otubgdeducti oA*i ft oo fo'm eWhEiel e t he charge compens
for BFCO fronFitghde DR si n nconc | usibwer,e, aswed sdad
assume that Co is an acceptor?tdopnatnrto dwictihn g hoen
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into the system. On t he d)wfihretrrmdamcde,s tthweo feolrentattri
evident hBO@D miing4dr 3 Hence, one extra electron is
charge compensate and this requitienmedntFaiss satis
descriebgeld).5SF mer ef or e, FRFihgdr@3qilvtes a nstrang indica
Co indeed acts as a monodBffal ent acceptor dopant,

4.6.2.3 Defect formation energies in BFO and BFCO

Il n the next step we calcul &t ¢ ddff &nd6 "dieBFOct f or mat
and BFCO under oxygenrich conditions (seeT a b 4.5 We found that in BFO, the E

for & is lower than for 6 Y, demonstrating that &  are the prevailing defects in oxygen

rich conditions, which is consistent with the literature [74] The E  for 6 is lower than

E for 6 Y also in BFCO; however, it should be noted theE  for both defects are very

comparable, which is in contrast to observations from undoped BFO.Note that the
existence of6é  in 1.5 at.% Co-doped BFO ceramics vas experimentally demonstrated by
STEM analysis (chapter4.3.2.7).

Tab45 The totatoeomérgymeofic BFO and BFCO with de
(E ) ofand™under oxygen .riTchhe cdoinfdfietrieonncse i n def e«

energy between BFCOEand iBFQ@i(ven as wel |

Syst BFO BFCO Difference

Energy E [eYEnergy E [eVE E

[ eV]

Stoi -803.1 - -800. 2 - -

0 -793. 4 2. 172 -790. 3 2. 37 + 02.5

oY 794.2 3.45 -792.2 2.53 09 2
Mor eover, we calcul at &€d ftolre adidfferenatc e ohei weer
BFCO andT&8F4®» ( It is clear ©®HWast thergetmaalbyp o

favored in BFCO than in BFO. ThereforéeY these re
i's promoted by TGo si ntsr aduacsti nsd reenatsew inocfhi ng wi t h
Co conceflri ga)ieomnioNaet as strong[ p6hOinpg3hjeent er s
ot hheand, it appears dhbhecomes floe matClhhdmmpmiorid, e
which is consistent-doped XpPpfaahfhbdissudyn €bowed t
Co doping inhibits the rediurcttd*'o@d obér BFIOabyf o echium
Fé*and Bi O. 3

To summari ze,t iRFd rcead clutl ataofons @dht eBIFACQ os hboew t h
as cl ose as possi bcoen ftioh a@ .C ol haecrtesf oarse ,a ctcheipst or wh
to BFOEE, .&s ,t wo defects with different charges
This is further conf i whedewintdhh@bd amlotngy wam® f ound.
Finally, our calculationsofieweahemdgdthiadaltlhye ffaovr
BFCO compared to BFO, confirmi n@2t.heThicxeipsorntr
agreementhewctrkase of conductitvhietoy comcepitnahi og
(Chapt4eR.11n additiong™atnhdEsf tentienmydefect compl e
al soppolryt eElIPR r e(pué s enCGheap diem). 2. 2
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Chapter 5

Summary and Conclusions

I n

the first part of the PhD thesis wet hhenvest.i

structur al and functidCaenexlermmihpesre i xs0 ,0f0 .B2 5 ,F e
and Th&.results can be summarized as foll ows:
T Aldt heeompos ixthiidhawe( <1 wto¥paamadl e amount of

sill eniWe fpduwursdck ntthraotd uCot iion af f e;dhtowetvleed gr &
as no dospeamdnpdearsye segregati on was ident i f
anal yshgr ainn b otumel airn heisb i t eidn gcrearianmhgergohwiti ht h
Co nceat r at(ilodnadt )i% pr abaabtkeyd wi trhe |[daotpedhgpoi n
defects.

Wes howehdat the el ectrical conductivity and
domasiwi t ching bthpvepoelasmdtri c response, [
concentwhdtcihomw,as tathtenc benasdat icoona@@y r

Based on thesecobhséenudatdi dan,d we btsteaqtue@d | y
acts as admsfeptor , i . e.

Next, we investigated the i nfhikoemace ocfwi amcihe alg
el ectricali r edbambuecdt iBvFiQt Yycheer acnoinccsl.usi ons ar e:

)l

We showed -atnhnaeta lpionsgt ifnacliO iatalh e@ domai n s wi
the domain switching is ©bmplehdese adhamgeasn
attri bttheédcrtearsedr eased coofi'6erspatci deel y
concl ud&eactthaats strongi rpidCpdi BFOcenter s

The el eondiucal vity deanmeadéengddtmens pesti ng
p-t ype condbhdwicuwietayveeomducti vity waedatctedi bu
concentr dtfirenductft ‘et ®)f.F &ro we eérei,c spectrosc
datgaave an i ntdhealtdxat iocofhhipsr owaes salscaalbed
di fferences i n the elMe#&.trra lcaaxdautei cathdpuccatli v i t
recti ¢ hdbiamd fBhumnseven distfti bution of Fe

l i Mmeasur ement s of AC conductivity as a
annealing at madepbeie® bedmdvwedt iaintdy fiemt Nr es
M-W rel axati on, consi «tte mto own tthe mpeea sau rue me n t
The Seebeck coef faicaioehret wihaos ep d seintpibveeat ur e
annealbionag ri ng ndl eNnon s hpetaytpiengconductivity and
t h&tét*tare the major charge carriery,. tlFerth
magni tutd®eewolfeck coefficient significantly
(<30°C) whniacsh att riimlhuadmalgemeous reduction du
No.
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T The fast redox Kkineti cst lugtomo sipshoetrhee,r breatl weye ns w
anN:gave amatii rodieodal redox reactions

I n the | ast part of the thesis, we investigate
responsihekbevaotred el ectrical conddepedi BFOand h
cer amihes.concl usions ar e:

T TheAFM analysis showed enhd®@Msed-ad atseduetdi vity

samplhoweviehrese | ocal onaweroamge weegxaf tceornducti v
anneal ibngdg nidnt ¢éNed ¢ anlg r e d*icrt ti &. nFEahfo s eeved tl e s
withw M el aodtsieawved by sever al me ais®ri €éments (d

AC, SexbheG kf ast redox kinetics
f The investigation of DWs with STEM/ EELS anal
6 ané@yYimhesintered stamdpadren e avlheed esshadwpe d
and3'Beat e bWt | mplhyjeiorcg! refdUEeai e i ng
N.anneal ing
1 Th&s  o6"defect owempel @xdeesnt i fFedt bwe BE6hRewe d
that their derccevhtcasn éeéahi atgma@ dlOnwhenases
anneal izngasi nexN\bected 3
9 OuDFT calcul adopend BRMO Cobdwenddthatbe as cl os
possible to Co and thus gave a stroeg, i ndiceé
Ebl. The fovEsatoi"adrefefct compl exes tihBPRn agr eem
resul ts. Further more, we o fiosindn ¢ hmart et cheel Ifyor r
favoredloiprmdC®BFO than in BFO, confirming the
explaining t he increapienchfi ngoowda@bi ngty an
concentration (due toéVmmrddmasedspoentewmet g)i or

I n adadwet itommor oughly investigated the effect of
dependent conver se Sourepzroiesleendgtdryinodh eed sapmi ntske .
the highest concanmnf atwhomrmhofco@Goa(hs5the highest
pinning éJeantdld'h € x h e tihte st r ofnrgeecsied oyw nonlinearity
fromrDgV¢ di spl acements. eWdteattt hieb utoed Int lilses ot r op
el ectrical, caornidsuicntgi vfirtoom di fferent orientations
gr afianmiwiitehs r etstpi atectta on of applt leree diivsetirdm whi ch
of i nt esr niantshiged el ls dur i ng Thiee li a treardnuadleandisied | d

ofgr ai nisnamaas egrhairnd hs st efrindalhd rtelagteomot es t he
DW di spl acemendssi,g miefsidiciamiea dnictmy d frievgiunegn c i e s
Finahéyresults of thi-sypeudygndhtohpai telztote | eicd rp c
nonlineadiopedi BFOo are 8¥omiOmatdae Iy her hand, the
behavior i s Abondi"rdeetftesdc obnyp | ex e s .
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Appendix A

Appendix

A.1 Electrical Properties of Undoped BFO Ceramics

The el ectrical prop~erti:e-Ehy‘standismpeldi@E@e i nc
angle betweeenthandnahd wvebkbhpattioal igonduct
are shbiwqurn.e A. 1

a)

] P[uCcem?
3

7 4 6 8 0 12
1 Ekvem’)

a(°)

10°10% 10" 10° 10' 10* 10° 10* 10° 10°
Frequency [Hz]

10'21 -
10°4
— -4
’TE 10 1
= 10
- N
v 107
1074

[ g
9

10°10%10" 10° 10" 10% 10° 10* 10° 10°
Frequency [Hz]

Figurle Blectrical properties »E hystepedi SFODo
measured at 100.Hzhpred@he elogedmras svilp hane
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cc real part of eliéc¢traiscal famnrediieotnd vofft gdyrgiemicryg T
el ectric field amplitude for the. dielectric meas!
Thg-E|l ooFpi glura) Ai.sl do naihn agthe d-cetmskraegret , vivdeoh i s e
from the rounded shape of the | oop. The real |
relaxation, olbiske vieeatasr a, swieipch iXOHkE¢ gamgani ed
A .bl) . This relaxation resulnitat itnbfear pepgaureennctyl ye nhdi gt
(Figure) .A.Tlhe relaxation is most -Wageéy abbeci at
a sing due to local differences in the electric

roi
the responseed oBIFOb®hodi f i

A.2 Influence of Annealing Atmosphere on 0.5and 1.0 at.%
Co-Doped BFO Ceramics

I n order aqouaddnfaitrinmel vy ¢ o mptaht@add e b ech@amp wgi toif o ms
usem tihis PhiDsistheuadsyur emehBA€ obnductivity and Se
coefficient as a function of temperature and ann
N, were perfor metdCdno ple.d5 BaFn@l. 1T.h0e r e shiilgwr ear e pr e
A2, with the same | abel bt ICth ds hdp@ eadadr) 8. 25 and
thus the curves 1, 2 and 3 refefand coolliimg acwyclle
i n, Nrespectively.

Figurae,ho2v that inow thangeasureancoeredwdbtsievivteyd
during heétungei B)S5N0pi t oc empmae asdu rteoment in air (
l1)However ,cobdriinfgg umv e 3), the conductivity decre
with retsppatatirn 6curvel550C. ddolwvaseoresabdesrdamenstr a
ot heonductivity in both compositienswiadnfiat er annea
type conduicguiavliittyatainndel vy t he same as observed in
(sEegd9aenHi g4t 2 n chdptadd32, 3r 8spectively

From t he rteladli ederctt rafc per miRitgiurriet JA,.P2resenoead i
increfggdarimg co¢lcumgei ) Ncaacbemmpbrsiessd/ elly peak
XOH i ndi cated biyfFiggerce, gar 2couw ve 3)rea#®ddy hasghestne @
in relation with 0.25 andt Hi.$s rCol abawpios i miismnesf, w
associ atténdeowat h(i nhomogeneowss)!| acalucdi fofne raenndc etsh
el ectrical conductivity inside the sampl e.

The Seebeck Fiogeufriei ¢tA.e2etmai ms posi tiwienidauri ng me
and,iM both compgemons$ bmtaytpengbevlhn&v icalFe t he maj or
charge carriers. Howbh®eeaehedk ec ammafgfnii ¢ iuaedret odi gni f i
during caoati hgwen Nemperatures (indicated by t he
observations from FOi.g2ubr ®@mrdd g4r B .2CSuc¢bebehavior h
been expy atimeeadmogeneous, r atitsC adgaormmal 9iikiNg)
effeanre (et ai | s Chaamp dheel).f20.u3nd i n
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0.5 Co 1.0 Co
0
a) 19‘ 1 cooling in air
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b 10
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Fi gur2e (A'ia,,e)(b,.foxé'r‘ﬁa)nd (d, h) Seebeck coef fici
temperature and annealing atmosphere aftor% 0. 5
Cedoped BFO ceramics. Curves 1, 2 and 3 corres
i na\nd coobi ngecit iGrieleyn. a r(ag )g wis n d incsa tXedipp ewahki | e
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dashed gr éeh marmksimmhhe increase of Seebeck coeff
upon coo0d ing in N

A3 Field and Frequency Dependence of Piezoelectric
Response in Co -Doped BFO Ceramics

The electric {Ei)ed @lp eamrd®Inicteu d@fy pcioeezf of e lce cetnrti can d
pi ezoepheacster iy | o 0. &6 .Cchapeld 5BFO ceramics meas:

at several frequEihgu®Bs As displayed in
0.25 Co 1.5 Co
a C
) ® 1| ) 55
L ] 2
@ e [ J I
= 30 1 >T omn 8 08 ?50“
- e i oy %
£ 29 A e i S
P § 0} (e | i
r . %%40
T 28 A @ | 35
27 T T T T T | G P B | T T 30 LB SR PR AN BT PR T T FAT A I ¥

0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 1012 14 16 18 20 22

E [kV em!] E [kV eml]
1')) 28 : (1)
0.3

0.05 A1

0.04 4 0.2 4
=
g 003 A o
» & 5 4

0.02 - -

0.01 A 0 1

0 | BENL NN DONL NN NN N L BN NENL DN NN DN L DN NN AN LN NN 70.1 : . » ; : " ; ;
0 2 4 6 8 1012 14 16 18 20 22

0 2 4 6 8 1012 1416 18 20 22
E [kV cm!] E [kV em ]

FiguBe Ri.ezogeleefficient ( a,pch a saen obé s | ezbofed )e ct r i ¢
dependence on el e€&t)riim fOi.215d (draglti tpuadeat 1.)0% and 1. '
Cedoped BFO cerami cevmead urf ed ga e hpoahneesli fas)e)e. The
data were f it toerddewi tpholay nsoent darheb xfcuenpcttiihogra t aafi t h

shown in b), wltdari @ na whbssinnacaere diffouncorresponding p
rel at iwarss fiopund in this case.

The irreversri,blwesedetfd iicdeemtti fy the fWngerpr

i n
ffECg4YLI@®) was extr ay tdeadt & irignmBa¢, hcd.usi ng Rayl ei gh
162]

t
e
[

y (E)=y +nZE (5.1)
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wheydgE),y ,nan& correspony coeftfoitcalent, reversi
coefficient, irreversible Rayleigh <coefficie
However, theydefFeinsdemat IFiigeuaBe, (A.eewhi ch mean:

thein 64.is not ddsatyd reti .gts Itedhven modi fied by
pol ynomi al approadimdewémpdentreel dd-e@d gedrydefnite |
i rrever si bdenotoeed fficri etphfilsé 20lccasi on as

y E)=y +n E (52)
wher e
NE)=R+n E +1 E +9 (5.3)
I n @®8&.n.1 ang are the individual coefficients o
the irreversible.Rayleigh coefficient

Thg dependefhwasohitte@2wst hgaegecond order pol
correspomndDhobl t30 n (88). The Af v al wesl,2)( were then
used to fcatEcoufl altée’k Vwhisc hs hownc o mphRir g éo@&. i n

Ther equleepceyn¥@pits howrki gonre Wwad9obt ai heX3Hy i tt
dependefh ¢ eEeguBbe, d. and by exftir&dli[mMR]the zerc

XOHE )= X3l +3FE +3%F +¢Y (5.4)

whedaendrepresent the coefficients of the fittdi
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