dy ~ N o 1 N =~ = ' gj ' N ) N o N
wnansiiduenansianubidniunislynuionisfnemniu lueygsinillydsslesuaunisan

lunnsdllagisau Snvianudlvdaulasilon waznesedaiuaivetenarsynasminisinltuly



dy ~ N o 1 N =~ = ' gj ' N ) N o N
wnansiiduenansianubidniunislynuionisfnemniu lueygsinillydsslesuaunisan

lunnsdllagisau Snvianudlvdaulasilon waznesedaiuaivetenarsynasminisinltuly



dy a N o [ N A = . gj ' N ) N o N
wnansiidwenarsianubidnsunislynuiiensfnwmtu lueygalnilulsdsslosuaunisan

lunsallagrsau Snvimuiiludawdasilon waznesedadaarvesenarsynasainisinluly



dy a N o [ N A = . gj ' N ) N o N
wnansiidwenarsianubidnsunislynuiionsfnwimiu lueuygninilulsdsslosuaunisan

lunsdllagvsau Snvimuiiludawdasilon waznesedataarvesenarsynasainisinluly



dy ~ N o 1 N =~ = ' gj ' N ) N o N
wnansiiduenansianubidniunislynuiionisfnewniu lueygsinildlydsslesuaunisan

lunnsdllagvisau Snvinudlvdaulailon waznesedaiuarvetenarsynasminisinluly



G

fnAnssuilsene

UNAAGD

Output 910 1A3IMs VR 1ATUNY
yni

NOUYUATHANNS

ool

FEmsnaasy

AaNINAaeN

15150 JusEUY (/-%)Pb(Zr,,Ti, ,)O,-xPb(Zn, ;Nb,,)O,
15180 Jus LU x Pb(Zr,;Ti, )0, (J-x)Pb(Ni ;Nb,;)0,
5 ¥inlusEuY (7=)Pb(Zr,,Ti,)O,*Pb(Co,;Nb,,)O;
iw5iinluseuy (/-x)Pb(Zr,,Ti,)O,3Pb(Zn,, Ta,,)0,

djilnanisnanes

19NE1591999

> &

-]

31

44
65
89
133

- 142

144



wnanstiuenansianubidmsunslynuiensfinviniu lueugralmilulayssleguaunis

lunnsallagusdu Snvianudlvdaulasilon waznasendaduavetenaisynasaminisiituly



) ] a0 o Y av ¢ a gy ° 1Y n:y
transducer) 1udmilsznoviidify nigvsEnwnad e uiigagmassuauil
g ud hiiamsaonsamalulad ilesnrnma TuTadd iduanuduuasdmngey

i 4 1 E 4
wemdsemaioiniy TaoTssonludiesInodmnajesiuTseuisuFuduandsenon

Tﬂmﬂﬂiuiaaﬂ'l‘v'lumsmms1~11Q1Jnsmmammgﬂwammmymmua"mmmﬂsmﬂﬁ

neiesiinsdszney Tﬂﬂﬂswmﬁ'lmwﬂumthswuwﬁmwusmugﬂmmu mamusa

mugai‘fu msmﬂgmmswnﬂ'lﬂvaﬂszmﬁ‘numusagnmmai‘fu ummammsmaan‘vumu
815nmaﬁnﬁua~umaws'1‘vlﬁwm1]s~mﬁ"lmﬂwmuﬁﬂs"mﬁ"lﬂﬂﬁﬁm’fﬁmnﬁviumswﬁﬂ
wqmummnu uazieRorsanmsiuduazmsdeoen umaws"lﬂﬁmmﬁmgﬂﬂ 1(b)
NUN 1]5~mﬁ'l°nunmsmmmnmmsmaan iJmmmmumwa'lwmmmmsn”lums
wisduturinlsemadoas uazwamusa‘luﬂszmﬁmquu vsindhumAiamsiegy
MsHAR ﬂswmﬁ‘lwmz‘lﬁﬁﬁﬂumwlumsmiﬁmﬁ"mmn'hiﬁmﬂiuiaﬁﬁ‘lwmﬂum uag
hJ"lﬁsvmsmummwﬂTuTaumnuswmmmamwau muumamwmummﬁmmiu
mswmmmﬂiuiaU'lumsNaﬂwswnﬁmsvmmnﬂs LU0z mmnﬁmsnmuﬂm‘lﬂ%
H5IAY mz‘i‘]umﬂTuiaU‘vumwﬁ‘luﬂmuavwwsy'nmaq uazTignareneamdsduanlu
Useingt Tavezdnyunatinuaznszurums lumsdanszias sy mzmm'l‘mi‘lmﬂqw
1un1sN'Sﬂ%ﬁdﬂ;&%nﬁsaﬁnﬁﬁnqﬁaﬁ‘lﬁndnm sz naTe vauiANIIMIENIN
uazmatadl vesd s fnsou'ld mauuﬂmmmwnuﬂﬂqns"n'JumsNaﬂ"lmsam

SanUsemadveslnsnsisoiioz 'lﬂnanm"lﬂ

1.2 ’J’ﬂqﬂizmﬁméﬂﬂsanﬁ"i_%’u |

121 vﬁaﬁﬂymazﬁwmmﬁmmi’uaznszmumsm‘%’ﬂuamﬂs’isﬁlﬁnﬂ%‘ﬁamuaz
150N lUsSEUY  Pb(Zr,,Ti,)0,-Pb(Zn,,-Nb,,)O,;PZT-PZN Pb(Zr,,Ti,,)O,-
Pb(Ni ;-Nb,;)O;PZT-PNN ~ Pb(Zr,,Ti,,)O,-Pb(Zn, ,-Ta,,)O;PZT-PTa  Uag
Pb(Zr,,,Ti,.)O,-Pb(Co,,,-Nb, )O,;PZT-PCoN Tas WoanwuSaniuazany
‘ﬁu1uﬁuqanﬁa'1‘1’f'ﬁ‘]u§ﬂqﬁvﬁm%uqmﬁmnssu Sudau Sdamsefind anms
Wnthandislsema

122 ilefmmdasdmimnzauienunnseodonta (MPB) w8352V
Pb(Zr,;,Ti,)O,Pb(Zn,;-Nb,,JO;;PZT-PZN  Pb(Zr,,Ti,)O,-Pb(Ni, -Nb,,)O,PZT-
PNN  Pb(Zr,,Ti,)O,Pb(Zn,;-Ta,,)JO.PZT-PTa Wag Pb(Zr,,Ti, )0, Pb(Co,-
Nb,)JO;PZT-PCoN  uazAnuduiussznindandmudeauiamalasdamsn

a ad a a 4 a4 L 4
gz 'Vﬂclfﬂlﬁﬂﬂiﬂ ﬂlﬂ\il‘]fi'lllﬂﬂlﬂiﬂﬂvlﬂ



1.23

1.2.4

125

126

in3svesdleinnmanivesmsifanlavesmsis1ssidnan Joduarae s
wademsnlAouulaslassadrmsmnsawanasii ssanadafifian
woanding tazautian ledidnnsngennitenlviild
xﬁaﬁ’fﬂ%uaze?mﬂmmﬁnﬁuﬁswi1a§'ﬂﬁazﬂammmqﬁagﬂuﬁumﬁa B’
domuliAmsladidnuioua:  Fladdonsn  uaateesdnnudlnvesnis
nlReuvuaveunts sdnn3nlannein Tlnswas 7 1 luwas
wouwsdoyaii IdvnauiSuuiensuiaulaaziauenarmudtindnmsnaly
uagaaszma

huamsiof 14 I luas msinmssedmnnng

1.3 YOUIVATB4IATINISIE

1.3.1

13.2
133

1.34

135

AnumIEmsaS ouns uazihiMsIASENRY Pb(Zr,,Ti, )0,-Pb(Zn,,-Nb,,)O;PZT-
PZN  Pb(Zr,,Ti,,)O5-Pb(Ni,,-Nb,)O;PZT-PNN  Pb(Zr,,Ti,,)O,;-Pb(Zn, -
Ta,;)0;;PZT-PTa URZ Pb(Zr,,Ti,,)0;-Pb(Co,,-Nb,,)O,;PZT-PCoN
AnuiledumsnSoniidnade msiia auSens

MMsAsonssiin. Pb(Zr,,Ti,,)0,-Pb(Zn,,-Nb,)O,PZT-PZN  Pb(Zr,,Ti,,)O,-
Pb(Ni,;-Nb,,)OPZT-PNN  Pb(Zr,,Ti,,)O,Pb(Zn,;-Ta,,)O,PZT-PTa WAL
Pb(Zr,,,Ti,;)O;Pb(Co,;-Nb,,,JO,;PZT-PCoN AW TFMstrF A3 w%’auﬁ’aﬁnm
HavesQuUQiidumese 15 1lin  Pb(Zr,,Ti,,)0,-Pb(Zn,,-Nb, )0, PZT-PZN
Pb(Zr,,Ti,,.)O,-Pb(Ni,,-Nb, JO;PZT-PNN  Pb(Zr,,Ti,,)O,-Pb(Zn, ,Ta,)O,;PZT-
PTa W% Pb(Zr,,Ti,,)0;-Pb(Co,,-Nb,,)O,;PZT-PCoN ‘
Anvwazdinsizd Inseadraesidin Pb(Zr,,zTi,,z)oz-Pb(Zn,,3-me)03;PZT-?ZN
Pb(Zr,, Ti,-)O;Pb(Ni;-Nb,JO;PZT-PNN  Pb(Zr,,Ti,,)O,-Pb(Zn,,-Ta,)O;PZT-
PTa WA Pb(Zr,,Ti,,)O;-Pb(Co,,-Nb,,)0,;PZT-PCoN 1ion1 MPB

fAnyudle quanimalifhwes wsifin Pb(zr,,Ti,,)0,-Pb(Zn,,-Nb, )OPZT-
PZN  Pb(Zr,,Ti ;)0 Pb(Ni,;-Nb, JO,PZT-PNN  Pb(Zr,,Ti,,)O;-Pb(Zn, -
Ta,,)O,PZT-PTa WAZ Pb(Zr,,Ti,,)0,-Pb(Co,,-Nb,)JO,PZT-PCoN fugaingiif

wasul) @y sranmesunialidh

o o o ) ar 1 ‘ wa ’
13.6  wanwduiuiseninsnsidn uae Tnseadne uoz guautamelidh



1.4 YsTloninmaine 185y uay wihsnmhnaS o WIS YssTomg

14.1

14.2

1.4.3

144

mudilounzestnnudluilumsieSomssiinlussuy Pb(Zr,,,Ti, )O;-
Pb(Zn,,;-Nb,,)O,;PZT-PZN Pb(Zr,,Ti, )O,-Pb(Ni,,-Nb,)O,:PZT-PNN
Pb(Zr, Ti,)O,-Pb(Zn, - Ta, JOPZT-PTa Itny Pb(Zr,,Ti,,)0,-Pb(Co, ,-
sz,3)03,PZT-PCoN AneRvUBNEWAve T IMvBIMISUsENRY Hnzqaingiln
Fumesiifidodnuzmanionm i ERRNINVBITISITS WA 1T 9d T anA
m)~mmvmmﬂm'lumswﬂ%msmsUnmsmmnwmmqua

Toiiuyunwg sl 5 onEwaveswdnyuznImIEnIN uazgaN YR 13
wsrlinluszuuiiideaudiledid S auazauiafTedidonss Savan1sdnn
mawduiutsznnsaliozneuvelosouyintylassadramefsoualnddsis
"ln'ﬁmﬁ'ﬂ'nui’wnﬁ'm‘fﬂajmnﬁ'niumsws1ﬁn Pb(Zr,,Ti, ,)O,-Pb(Zn, -
Nb,)JOPZT-PZN  Pb(Zr,,Ti,)O;-Pb(Ni,,-Nb, )O;PZT-PNN Pb(Zr,,ZTi,,z)O -
Pb(Zn, - Ta,3)O3PZT-PTa Uag Pb(Zr,,Ti,)O,Pb(Co,,-Nb,,)0,PZT-PCaN Harfy

ae

qm’mtmi)quwvl‘fluﬂsﬂwuatmm'lumsmuawmm'mmammﬁnw

mwammiuiaaiﬂUmmzamammﬂuIaamsﬁ'mﬂﬂzﬁws1ﬁnﬁﬁﬂ'1'lﬂ§

< a 3 - ' 5
mnnsngusdilseneumsing Tssruvwananuazvuiagey (SME) el

AuamveIFud s ouvaiulg uazanduyunstindingiverndanlszms

] } 4
uazgAunuiHavnmsgydeluduaoumssia
mnsonaayamnssealSyanin waSyung Atinnu lumsdunsied

1510



‘ v
=
YNN 2
'd (v
ﬂﬂﬂﬂ!lﬂgﬂﬂﬂﬂ15
o a o ' aQ o vy .
Tuiloytiuglnseisidamsetindianaenaelihezdululas Tiu(microphone)
NS UAANWOS  (transducer) H1IWS  (load speaker) fudaslnfhussdu (piezoelectric
’ R [24 » . . - . A o 4
transducer) MIYAUNY (gas igniters) ﬁ’Jl.ﬂ'U‘Lle‘ﬂq (capacitor) 1ATDIATIVIY (sensors) 1NDI
Jmaesuuy ANG (PTC @hermist'or) ﬁ';uﬂm'lﬂﬁumﬁu*ﬁm% (piezo-mechanical actuators)

a . . . < ad a
vowmes Ifhusafy  (piezo-mechanical motor) uaz  szvuWIudLAn Insuuaninen

) . a a ad a 4 wva
 (Nanoelectromechanical systems, NEMS) [1] 15znoudomsilinii ladianns niuaasauiia

y ¥
1§ TsBdnnS nunuiady 1wy aaees Tarua lnimua ez uoSeulnmua BT) anlum
. ] 1 4

e (PT) taauuniiFon TuTown (PMN) taz tanded i Tetwa (PZN) tilesiniss Winmarili
guautanawsenfoundauna lddundsaldih  uae naouwd e Wil 1ihily

[ Yot A . v o J o b -8 b o
wasnuna 147 Tammoeuduwinigs uag dslimsgadoanuioussrinms ldauidunn
& a a sa o a d¢ 1 d’l & 4 -‘.P!’ o a a @ a a
FaseAnimmvesginseidmansedndmariidunilduiy dsedniamvesTagilad
o a o o o L o 1Y) o a ad a A wa
dnnsn fatumsduad Fauasied Wann U5ulgs Sagi Tsdianasa Idguausaneduih
i =) z A. 4 L3 L4 .l - = =
#i Anhrvagilatdnasndunuii SududiddguazivssTomidemsianndsedniam

voeg1lnsei[1-3]

.21 iﬂidﬂ%’]dmaiﬂ‘ﬂiﬂﬂﬁ (perovskite structure)

_asilsznevlussunlasmn Gemary) SunanndifigasTmagaidy ABo, Taudl
Tosouvanwila A uaz B fdvinauandusunnunzinedaiiundeiflaseadi
mesevalnd FuluFefionmuToveusunaFonlnmun (Catio) Fwdiilnseads
‘nﬁﬂf;ﬂz"hjﬁuﬁuﬁnﬁU_auamﬁm (lattice) Yeulamoiiimsussyiagaetsuieisian uads
mmmﬁwﬁmﬁﬁmsmﬂﬂsaﬂ%’wmasavlﬂ'lnﬁiui‘luauﬁuﬁmaﬂﬂsaa%'nﬁﬁwmmmn
quﬂ%’m‘v’yugmuw FCC 3efii3un31 FCC-derivative structure ‘I8 T_ﬁu'laaaumnﬁ'ﬁwm
Tand (A) faz?}mmzag,iﬁ'uazﬂammaanc?mu‘aufiagili‘fumnﬂuuamﬁmuw FCC
Teveuuaniiimnainnh @) wdhiadvegnluserhms wlanthfifatumnanms
$afvsiuwy Foc motulnssadiedinan  Tnofifvsesaouveseendimuriniuiiiiy
sxnouthafvsidonsoveglndiign msUszneuiiflasadruneseralndifusssanluds
wnasUseneuiunguinmua  Gitanates) Waw 9 wila Aiewhlusegadidluam
medudidansemsiin electroceramic) 8819TY BaTiO,, SITIO, Loy PbTIO, mslsznou
Tunguied IAIUA (zirconates) BG19UFU PHZIO, 1Az Bazr0, uazanstlseneulungudu 4 1wy

y
LaGaO, LaAlO, uaz KNbo, Wudu uenvinillassadruwesedalndndeimily



duilszneudesveniiiolnssadisfiegmoluTassadniilinuadududounnnqui

Pszan oty Tumina1s@Aniwnats (superconductors) adulnssadauwesewalng

. 3 o d’
mmsmmwamﬂu 2 ﬂqn'lﬂmu

2.1.1 Tnssadrunesorla lnAuuugaund (ideal perovskite) _
flumsiaSueinedidwveslossuinuas loosuauvoseendiou  wwaaslugl

= . . ld' 4 o et
2.1 Tavezaoulnnidloy (titanium) WOYNFUUNANYDIGAVIAN  LASDSADVANTDUNIY

(strontium) BYAYNYBIGALINAS FIuBRAFINY (oxygen) BYRTEUVRIGNUIARY 12 A1 Ty
90nAZdAI0D (octahedral) VB TiO, TABTingy 90 mﬁmthaﬁuusni UASANVYINUTLYD
Tnmilon-sendion whiufamuaie 1952 A urnvesneuvesanseufion PNABUTOURIY
pondiourieiy 2761 A meseralnduuvgaunfaunsandn1didunssadreimion

. 9
gnUIRAALUUFAgA (cubic close-packed structure) Aanandlugyl 2.2 dmSugnsTnssasiniy

9zd1Da

A(X")B(V")X;w) . _ (2.1)

loveuauuaz lessuvinluTasasrunesedalndannsouannlfouulosousdy

1A Taofiszydanaiiunas Tavansedanguloseuwnnuaz loseuay Idilungundn q 3

) 1 +. + o 1 1 ’ . ! é

nquAs nqu A"B”0, Mediusy Twwmmonlulows (KNbO) gy A”BY0, %
3+ 3+

sznevdan alnmme (PbTio) wey uwiSenlnmua gavhofie agqu AYB™O,

152nouAaY BiFeO, 1ag BiScO,

51 2.1 Tassadamesedalnduvugaund srrio,



dy a N o [ N A = . gj ' N ) N o N
wnansiidwenarsianubidnsunislynuiiensfnwmtu lueygalnilulsdsslosuaunisan

lunsallagrsau Snvimuiiludawdasilon waznesedadaarvesenarsynasaminisinluly



31 2.3Tas S rawesovlalnd

a*+a*=Q2r,+2r,)
2a? = (2rA +2r, )2

NnFUNIAGAYIN

Q@r, +2r,)

2a=

2y +2r) —————————[2]

a=



» ’ b 4
INAUNITN 1 1AL 2 TWITONIA tolerance factor 17 AL

2= (2r, +2r,)
V2

T+, =x/§(r,,‘+ 2r,)

=2ry +2r,

r, +r, )
A_0 =1 PerfectPerovskite

\/E(rB +2r,).
‘= re+r,
N2(r, +2r,)

1 4 4 9 o @ e A 14
smeamsusudamesmusolfifuirinesmvesmsdaliouveslassas
nSeufivuiuIassadramesodalndlugaund dmsulassadraneseva lndfiados m
4 g 1 ] T N a [
noamsusurAames A59:agluTITNIN 0.8 < t < 1.05 lagdnadmiumnszinuen

(tetragonal) sfimmeanisududames vinnh 0.98 uaztesnh 0.97 dmsvseuTudasen -

(rhombohedral) [3]

] ad
222 MAW a5 0 lunsAIBIANATOU (electronegativity)
rifesvnwesova IndAdulnnjezszneudan 1aa (lead) uazuuSoy (barium) 933
Y 4 Ao ' - o ] o o o &2 A
awIduBoaifusesznin A0 willufuselaauafinss  Hedofinasmilafaluns
a ' ' ad ’
AnsananuadosvesInssaduieanuuandisvesmanuamnsalumsfsdianasoy

.. ! ' ad
(electronegativity) sevaleveuvinuazlossuay Tassanuansalunsasdianaseu

(AEN) 118970 [3, 4]

(X0 +XB—O). @3)

AEN =
2

g v ' ] ad
!ﬁi’) XA-() uaz Xg,o ﬁﬂ ﬂ'ﬂllllﬂﬂﬂ‘l\ﬁ811'31\3ﬂ1ﬂ'313Jﬁ13J15ﬂiuﬂ‘liﬁﬁﬂmﬂﬂiﬂu‘ﬂﬂﬁ

lopouwan A fusendu uns loveuyan B fusendiou mudisy

51 24 naawmunmaNuFuRuSssnINaNNIANAIYBIAIANEINT 0 TuMSAe
Siinnsoumasszninlessunuasnemusudurainey ununwilns i laYag
wu  auunii@oy luTewaduialassadameserlalnd Idnndiansewiioy lmnua
uihduezfidmeawsududmnes Indifvety uuSoylnmuauas TmmeFonlulowa 1



dy ~ N o 1 N =~ = ' gj ' N ) N o N
wnansiiduenansianubidniunislynuionisfnemniu lueygsinillydsslesuaunisan

lunnsdllagisau Snvianudlvdaulasilon waznesedaiuaivetenarsynasminisinltuly



wnanstduenansianubidmsumslynuiiensfinyimiiu lueugalmilulydssloguaiunisen

lunsdllagvsau Snvimudilundawdasilon wasnesendatuavetenarsynasamidnisinluly



dy a N o [ N A = . gj ' N ) N o N
wnansiiduenarsianubidnsunislynuiionsfnwmntu lueuygsinilulsdsslosuaunisan

lunsdllagvsau Snvimuiiludawdasilon waznesedataarvesenarsynasainisinluly



) v v
dousovozaouves Ti agiiuvziivesnsfiivinalanivinaveiezaey Ti MINISYBINT

13

- @ 'lgsouves Inmiiion (i)

O "ovouwosoondiou ")
& NevouveauniSon &)

51 2.6 Tnsaadhawesewd Induesas BaTio, [2]

Smslsznevlundumesealndeguarvsiafifianzglsimmonuusube
1 3 14
fulunsdivesans zro, TnsfimsiAnuasvesmunaswinlumsmesevlalodmaril ifia

F] ° ' ¥ v 2 = S MY a
210NITLADUAUIN u\‘ﬁlﬂqvlaaﬂuﬂ'm‘luiﬂﬁ I U UIY HINT lﬂﬁﬂugﬂﬂﬂﬂllﬂ?'lll

awddnniigadmiunsdivesans BaTio, Hine msnfasugilvemmizemadseniuuy

4' a a @ =Y d'd . o
fdusdintumnssInuea Tavozaouveseenduinmstamefudunsulanit

o 1 ddw & o ' VA g9 as o q
sandfindignozmeuves Ba (Feflvualng) shufsldunwesnlninnien  hld
L4 o @ a 4 9 a uyoe ]
looouves Ti HogmuluInssdendmiiunamdosnmawiingleusnvesmedaldinngl3
H y ] H
wazmsiiloseuves Ti ImsundelduniunegaiolyInssfananiiesidewailitesaeud
egnsalinmavesmbiumaditamsieusiumisld  uashlssuumunasvewdnifians
= Y1 o P ay . a 2]
winuasldhetues figungiives ms BaTio, Taumnasveskdnduuyuimmszinuea
Taoiloseuwes T hldaseunsesdumisiiindanusiga eusenlvingagudnaig
4 o : Y a P ]
voumadilszing 0.12 Seaason Taodeudn i lndfuuSnanihlanimilwesmioaad
H [3 ) 1 ; L4 Y J Y o
wnzdamavin ¥ Inssrrwdnfadann aunastuawgd 27 dnvazdndntieehld
a & R &, i o a a o A o
Andg (dipoles) Malrfhuuuansdu uazmisnhiusnadufuininsdaissewian
4 »
dewanIdimsfadmie Ina lsisduudversersnunean lds

E4
iudiag I
TaviSongungiiians BaTio, 1Ralimsn/aou

] 7Y a =S A 4
whoaddufvslunansaraoqad
1 [ 4 a a v P J
s wesmuradainfadnldidumnszInueah 9ag3 (Corie point) Feeediinlszunm



wnanstiuenansianubidmsunslynuiensfinviniu lueugralmilulayssleguaunis

lunnsallagusdu Snvianudlvdaulasilon waznasendaduavetenaisynasaminisiituly



15

g,

A)
.g P
5 8

o

YUIAUBINUIULEAG
(=]
—
=3

>
= :
=1
o

g

[ Ryouve
fensen

w w
O w
~J
LS 3
-8

T — 0 50 100 150 200
1 quugil ()
(n)

10,000

8,000 |

@ o
no

qun

6,000

4,000

AMnYBY

2,000}

350 -1 50 0 50 100 150 200
: C QUNI () '
()

51 2.8 avwduiutszning (n) vwavesmitowadiag (v) Manmeenduinivesds

BaTiO, fiumsifasunasgqungii 2]

dtunsdivesmsianlmnun (PoTioy) Faifloseuvas pb™ dilandves Ba* u
15 BaTiO, 1000UYdA Ti" 1ua1s PHTIO, Safimm ieSusnntedulyen dlvtumgd -
ﬁmsz'ﬁﬂmsul?iuugﬂszﬁ'jnﬁ'sﬁﬂﬁnmmﬂnuaaqamhﬂ'h (490 °) N5 AVDS BaTiO, UAY
Tumsndufiuas SiTio, AlgagTegfigungldniwesas BaTio, nn @ssina -5 °%)
iilominTonauves s Tufvunaiidnnd Ba® uag Pb* Se ¥ Ins woams wlamihilifa

o = { 3
nanstameiuveseendioululnssadwmanivinafiiinndy BaTio, uay PoTio, Ay



dy ~ N o 1 N =~ = ' gj ' N ) N o N
wnansiiduenarsianubidniunislynuiionisfnewniu lueygsinillydsslesuaunisan

lunnsdllagvisau Snvinudlvdaulailon waznesedaiuarvetenarsynasminisinluly



wnanstuenansianubidmsunmslynuiensfinviniu lueugralmilulayssloguaunism

lunnsallagusdu Snvianudlvdaulasilon waznasendaduavetenarsynasiminisiiluly



18

] 3 T ad a - aw o ad o =] o
AT 2.1 ﬂTllll!ﬂﬂﬂ'l\ﬁs'ﬂ'ﬂ\uﬂaiiﬁamﬂ‘niﬂ!lﬂﬂﬂﬂﬂﬂﬂlﬂaiiialﬁﬂ'ﬂiﬂl!‘lJ'Uﬂlﬁﬂl"ﬁ'E)i

[10]
aufiAvesns FIABTIUAT FATUBAITDS
ad a
wleTsdannin
1 v o Jdo A o o A A Aa o ya&'&
A wgeNFuRNS iy TiindWuA 1 uazh 2 fifindnumzgunhafatun
quuqQll Sovuedhufiauvauguuny  Quugiigs
J v @ do 4 o S g 9 4 o =
fanmeeNFuRNS iy FJuiuanudifisuanies FJuiuanudun
o
A
“ , .
awgunsamsiulszy  fuldawngueags-d - duldmunguesys-Td

] ad a N o_ o . .
Tugrsanaznisio@annin  (Curie-Weiss law) ~ MAa9a99 (Curie-Weiss square

T>T, law)
msiwalswdunanie  fmiwmlsmdunamdemn  fisinmlssdununiedes
(Pp)

N15NTTIRIVOULTY fInmsnsziRwedan nmsnsuRveash

upneatunnluuaag uaneanuluuaazAirma

AN , oo

) .
MsATAIUTes sTend wuMsueneenvssdlnasy eI ens WNLNITUN

[ d a Ag d' P} o o e’a:i
§idienHnatudioms aenuesd)nasussdions®

a ad a a 4 Ao =t
Warulgninwisoldonsn  avwdeiimsilavuan

ad a a a a
Tihavelsdmnnsn WS liiume 159
o a
Bnnsn
1] - \J 1 1 T Qs i1a
Aqumgligs (Ty) filaauden lanaremiuegivanunn

¥




Relaxor
Perovskites

!

Complex Lead Perovskites

/ e \

No B-Site Cation Long-Range B-Site Cation

Order Present Order Prescnt

v / \4
Atwomic Disorder Short/Intermediate Long Coherence
: Coherence Length Length

(£~20-80A) (€»100A)
Stoichiometric Non-Stoxch:gmemc
(x=1/2)
v
Relaxor Ferroelectric ‘Normal' Ferroelectric

Normal Long Range

Ferroelectric and Antiferroelectric and Antiferroelectric

Pb(Fe;nNby )0, Pb(Scy2Tay0)0; Pb(St12Ta12)04
- Pb(FeynTajn)04 . Pb(In;aNb12)Os Pb(In;;Nb12)0s
(l-x)Pb(Mgpr_;_me)o;g:(x)PbTiO;; x0.37 Pb(Ni;sNby;3)04 Pb(Mngm)O3
{1-0Pb(Zn;3Nb23)03:(x)PbTiO; x>0.11 Pb(Mg; sNby;3)O4 Pb(Co; W 12)0s
Pb(Zrl—xTix)ol' Pb(znlﬂNb’.B)OS
' Pb(ScNb )04
Pb(Cd13Nba3)0s

(1 -X)Pb(Mglanz/_;)Og I_(X)PbTiOJ x<0.37
(I -x)Pb(Zn,/3me)03:(x)PbTiO3 x<0.11-

] 3 o
71 2.11 msunguueunesera lnduuuSudinees [3]
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a al J ] wa  a g o] ] 1
minAnse Inssadsveanessora Inafiuaasautia ~ Sudnwesdrulunuiee

[ 4)

eglunguvesmsisznouiitingfuiluesdilszneundn 1wu Pba'BO, PbB'B"0, uaz Pb
G+

A'B'B"0, Tasii A’ fio La™ B' o Fe*', Mg™, Zn™, Co™, In™, 5S¢ uag B” fio Nb™, Ta™, W
FemsisossvedlovouluInssatroszdun Tudwadenutannuihdudnwed 31 2.n
uanshimiuhlassadramesera Indansaumsunuiigaloveiin ldwamnnmonie

adeensilsenovlna 11031l 2.12 sxunmnmsSosiaveslesouludumis B finnundiy
suffouunndieiy  Iassadranedseralnduaasmuiinnuhures Tsdidaninfuanda
1 uag eamvesnnuiuszifioy (degree of ordering) ‘lu"a'mailszmﬁﬁmaﬁ'smmsaﬂ%ﬂé’
TavnszuaumsaSouuasmsuouiia (annealing) fauaasdsgyl 2.12 uag 213 uanhludng
dlng Tassadrszdinsegluanneludlusudouge (disordered state) SaqUszianiis

o o o 95T ad a an 14 o n:i
ﬁﬂﬂﬂlslﬂwwvwﬁﬂvm:mﬂaiiiﬂmﬂﬂiﬂlmﬂﬂﬂﬂvluu AIRNIT19N 2.1

Cubii (proiorype)

Anngaled Quenched"
1:4°Ordered Disordered
) -~(}:'cll d(?uhlcd) -

®r e Qo

51 2.12 msBusdrvesesniszaouludumiis B vealaseadre messeralng [3]



Polirizition (xClem)

21

15513

Didiietric Constant

[T
$558

31008040 4020 ¢ 0 4060- 951100

T T T 20pe
: . 183
Queniching. -
g T £
Annealing ué’
BRI
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51 2.13 naasauiamae I fiuandrefuveslnssadruwesseva lnafitaS valosoy

AWMU B Huana19n [3, 10]

2.6 wosTinsednaras (Morphotropic phase boundary ; MPB)
ad a 3
a151seneues sddnnsniifi lassadawesserla’lad
] o Y v o ﬂ g v y v Yy & .3’ XY
UANANNAY UINTUIUIRIUNUL ‘Ll’sﬂ'iﬂ%ﬁw‘llﬂﬂl!"ll\?ﬂ?uiﬂﬂgWU’n Tﬂi\?ﬂﬁ'}ﬁﬂﬁﬂ%%‘ﬂuﬂgﬂ'ﬂ

Taofilasaasamanh

ﬁm_ﬂfiaummaaﬁﬂsznewemﬂﬁﬁﬁmmﬁuﬁu wuhiitennulassasiduiiminzay
assznevii damsafialassadrendnldnnndt 1 Tassadiendin §rediury e pz
1 w qumgivesiiTaseaduiu vos Inseudin wamdhiy Tassadrs mnseTnuea vea PT
iiie Idifaasozateveuds pzr Wy dioSas1dau PZ:PT Wiy 52:48 asazabvpuis
pzT ifnlassadwdnfiaugaves mmselnuen uaz seuluSasen Fadauflmsaza
vowds PZT waasaudAmaifhiilaamuannnh ssazawuSqns Pz uag PT m0ms
Sunusandniafiouondasidudananiin ved Tensednmauiad (Morphotropic phase
boundary; MPB) wazmnautidiesdwald pzr  185undwanleluSegammnssuon

nawiluiaadmanilFfuedumsnarluilegiiu  lunademniimsduny MpB lu
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wanwles TsBidnn3ndnnmine 1wy svvasazmoveuSawes Pb(Mg, ;Nb,,,)O,-PbTiO,
(PMN-PT) %mwugﬁ%’gmmmszwffuamiugﬂ 2.14 Mty PT (Failyag3ii 490 o) 1$h
Tlussummnnfuszild T fegetu unzautiamelithvesszuudandnezndonan
waAnssuvuSuanwes TR TeSidrnSnuuudeu (soft piezoelectric) Tnofidaunay
ffuMis MPB  (0.65PMN-0.35PT) 1'fuwﬁanﬁﬁﬁicﬁ§15nw§ﬂ§aqnﬁmfh’f'ﬂszia‘vﬁ'lu
NS MUARAVRIATHBIENNTN (piczoelectric transducers) daurauiiiaSunnuaulenniiga
dm3uszuviiie 0.9PMN-0.1PT Fefigags Indoungivevh IiTanmeondiing () g
wn (g1 2.15) wozdsnunsoliaminSuasinmseansniv (electrostrictive strain) 4 0.1%

. ¥
@Y 2.16) ldgmh 15 ludadudsequuunawdu (multiplayer capacitors) taz Fauid

(actuators)
300
. PMN-PT
© 200}
,'-C-l
'g — < .
S F A Tetragona
€ wf _Tetregora
3 L
0~ .~ Pseudo-Cubic @
.-:..“ \Td ) § . .
_1'-0'0_'| s d g b e tas g gal
0 10 20 30 40 50

Mole % PT -

B ar . < ) a
g'll 2.14 unummgmmm'msazmwauwﬂus:uvwsmn PMN-PT [7]
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1-4 =2 B _at
wangane?
PZN-4.5% PT
1.2 =
. 1) )
=3 a [a (H a 4a
1.0 naniFafau? | HARIFIAY
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2.7 laAtresiama lnmiua (PbZr, Ti. 017, 11, 12]
= o a d
mares Tama liniug Pb(zs,_Ti)o,; PzT) dumsmles 1saidanSauuuynd Segn

dunulae Jatfe uazasie uaznnfinaumdadredu pzT Sesnaodhuyslinfiinnud iy
Tugaamnssy pzT i lassadafuwumesedalnd (ABo,) Taviilesou Ti* uag z”

vssyegludumis B TauSosdafunungy (Random) unsiiloseu Pb™ sgiidumniis A ves
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wonuindl pzT FelitrdunlszAndgaanithienaiige fnsiaseeiaTuihdne
fmnsd lasdansngelugasfindi uazdodemsindunes (sinter) s1zldgamgiihigs
nmin dmSumsesounssiin PZT ‘Iﬁ'ﬁﬂ31nu§qw§qassazﬂa1wmmiuqufummm
wdonlhigeon mingdmsulFlugarmnssu ualideido fo Tms gapFondanudoudns
79 Taudngameida ﬁmmr’hqaﬁﬂﬁ'ﬁnqnﬁ“1%’\1114{?14 Folueumands audamaliih
Y93 PZT é"Nﬁ'aagnﬂ%"nﬂgauazﬁ'mm‘lﬁ'ﬁﬂszt‘?‘n%mwmni’fu VIUHUMNIGMAT T 3
p9f52nBUNDY PLO-TIO,Zr0, #i 1100°% Tay Jaffe et al. ﬁagﬂﬁ 2.20 AIATAOADIUL
vowd1pq PZT veifinduszning 48 81 51 iwedidudTasTuavea PbO wazfidadau Pbo g

q (> 51 1lesiFud lavTua) 9214 PZT soufvveanad
: PbO;

) (BhOS.Sbelow
{ teewictic)

Ligd
+ Pb(Zs, TN)O3

=\ PbZrO;

4 ‘\\- S, N ZIO;SS " \
77\ N Sa, PHZATHOr )
S lmiosssN zmior v L.
P Zr, TH)OS *’Pb(zr\‘ﬁjol\\\
5 o ~ N
-
. ~
210: 5.5, + ZTi0 s
+Ph{Zr, T1)O;s ~o

Tiow ZTi0s © o 2r0:
51 220 umumwignndmsy 3 aensznewves PbO-TiO-Zr0, i 1100°% Tay Jaffe et al.
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Juuaigfunuilsngmesiladidanse  lalnduinifenawngumnondnum

ag =] 1 1 wa a ad o 5
SEmswiouas PZT Aflgumwgs Arunsoudasauiamaei lydianusnladfiga Taviims

1 4
WanwazdSudsanidusido dail

szanadl .. 1981 Hankey U0 Biggers 1aanunfsquugiunaled (calcination) i
mnzauRemsitaaves PZT MnsoudadtigAsnamuzuemds (solid state reaction)
uagnuN PZT 11zlﬁm‘fumadnauusﬁﬁqmngﬁﬂssmm 775°% foufiselimsszmove
aziaeen’ly Aou1 Cho uAz Biggers lAnAnunson PZT dwismswanesnlyd (mixed
oxide) itaz3TINAoNABUNAY (molten salt) SowifionAulud) a.f. 1983 Wu VINAUATMS
AsEOIUAvIRYMA  PZT finsonldnniEmsnaueenladezinnnilunsdfldanms

=) ag A = . ¥ v a
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' S . a o 4
sendeluseusen’lad (boron oxide), Satmoenlad (bismuth oxide) unzunalivueen lon
(cadmium oxide) (B,0,Bi,0,-Cd0) aslezgavangungiilumsinuiiemSouasiiin PZT a9
1negiisae 960°a-1250°% uazugasdemn aiigmsAnuifivafyiimsasou pZT doms

¥msswangungimsmiiananiaoaaen 15y T A 1999 Tas TAdnIMsIATouRg

Pb(Zr, ,,Ti, )0, A03EMsAnAzney TausunnmsiFarsazmuannnelsd (lead chloride ;

- PbCl,), wod Ialounne 1saeenazlemsa (zirconium chloride octahydrate ; ZrCl,.8H,0) oy

Inniflounne’lsd (titanium chloride ; TiCl) Fumsdadu  Taomsi lanaeneuly
asazawiidszneudioge (wea) wdnhlwwaalml wuh, ievimstrnuaa lanii
gamgll 500°y a6 $2Tue sxausairion PZT Adamuuiqnigald

- fanumewwiesianars  PZT 1ﬁ'ﬁﬂszﬁwﬁn1wqamn€'fwﬁamwummm
deamsluBgadmnssy Taemsive 15U Mn,0, I18s Nb,0,, S1CO, wazdu Taommezadia
damsmidlussazmovewdsiuasSuanes 1wy maiinina lulswa (Pb(Ni,Nb,,)0, ;
PNN)taauuniidon luTeun (Pb(Mg, ;Nb,;)0, ; PMN) uaziaadsd luTeiua (Pb(Za,Nb,,)0,
. PZN) TauiSunimin3neirnansuesuSEm Matsusita Electric Tulszmadiy Iqdn s i
ffamsaufusenaie PZT uag asSuanwes PMN Tav'ldnaaeeninlufomamsdin
pCM [27] Tunadeumininormandaiu 1&dmn pzT-PMs TauldFemansind pMs
wazlunenssudt 70 asTuanwesiinTassadauumeseva lndiFedeouldgntanuauls
athanfhavme unzgaftnuTaomswaniy PzT edulsian Fadamaziinsmioudon
11111;'%13ﬂﬂﬂﬁw%ﬁmmaz"l:j"ls?{%ﬁﬂﬁmuuws'

Tl a.51. 2002 Fan nazaaizdauinisorunmd Idhnsdnmnmsarmoveds
sene PZT ung PZN wuhmmsawioues Inseadiaweseva Indvesansavaeveauda
fdfauuSanige fwaaslugy 221Taedasdauit pzN B lazaweglulassadis
pzT Wnnfigadt x = 0.5 uaziludasidniimslinuaaseuilasidnnsngads 20,000 &9

» 1 4
51l 2.22uen0fl Fan GemuBndinsazmevewdeiiaunsolfulgamuiamaliihlilag
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= {hkl) Perovskite
g ® Pyrochlore
. — o~ — N
<) (=) r o N NT
2ok E 88 8% =8
x e - Sty <
) A . 41\__. ]
A A - cten 4&,_
' A R I |
2 : ®
~ A
[ 1 . k| 2
40 50 . 60

) 20 (degree)
31l 221 hiwums@oauus @B nduesiredusiin (12)PZN-PZT fwnFumesd 1100°

% (a) x= 0.2 (b) x = 0.3 (c) x= 0.4 (d) x=0.5 () x = 0.6 (f) x = 0.7 [28]
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51l 2.22 mwdiusszneineii IndidanSnfuqungiveussifin (-xPZN=PZT Tay x

=0.4,0.5,0.6 uaz 0.7 [28]
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unh 3

ad ’
IBNINAAD]

3.1 M
3.1.1  1onoon'lud (lead oxide; PbO) ANNUS VT3 U0 >99.0 HAATATUI YN Fluka

Uszmaaiareiuaus
312 iwodlaifiouesnlss (irconium oxide; Zr0,) AIWLTENT 3000z 99 Hinlay
Y1 Fluka Yszmaadnmwosuaud o '
313 Ininidioulaoon’lad itanium dioxide; TIO;) ANUUTANE3ovaz >99.0 WAR
TaouSEn Fluka Uszmaainsesioud
314 Inaueadoonlad (colbalt oxide; Co0) AMULSYNES0uE 99.99 HAmTAY
USHN Aldrich Yszmaanigomsn
315 luleilouonlad (iobium oxide; Nb,Op) ARNSqNEs00az 99.9 winlay
1597 Aldrich YszmAanigamsm '
316 Iwdliilauennosed (polyvinylalcohol; PVA) WAR1AULTEN Fluka Uszing
adalresiaud
317  dfinifineen1od (Nikle oxide; NiO) ]
318 UNUMBMNUAZODN THA (tantatum pentaoxide; Ta,0,)
319  aasououoenlud (strontium oxide; ZnO,) AIMUTNE300AE 99
3.1.10 A3 (silver paste)
3.1.11 18N1U0A (ethanol) mmu?qn%{%'asa: 99.9 WA TAvUTHN Merck Uszing
1B 33 | -
3.1.12 Wavaezglinuinaeyma 1 Tulnswns
3113 1hndu

3.1.14 22U (Alumine; AL,O,)

3.2 qunsol
321  In3esvensneandINaziden 0.0001 n$Y MARlABUSTEM Sartorius
322 nszatuvlend
323 Yeudnmshdvauauad
324  nszllemmadnnowhile Wdmsuuages
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325  miluvoe

326 oalusooud

327 'gﬂumcuas'imﬁu (zirconia)
328 IASesuAtey

v Y 4 = . .
329 uduauieu (hot plate) W OURIWANAITHVLIAIIYMAN (magnetic stirrer)

32.10 unwumandmSuNINA1S (magnetic bar)

32.11 goud1sguugl 200 peruraiiud winTAOSEM Memmert
3212 i ifhqumgligs ninTavuSEv Nabertherm

32,13 15fue (crucible) wieurhila

32.14 ASAUAAIS

3215 wifilansdmivsatugl

3216 1930esn

32.17 funily

32.18 Unnesviadie q

1 d
3219 ASEATNNTION IS 400 600 800 1000 LA 1200

3220 NT¥OU
3221 inseswvideswiisamesueassutlodd (differential thermal analysis ; DTA)

Hiin 1AYYT N Perkin Elmer JU DTA 7
v b 4
3222 1950905980150 AVUVDSITONY (X-ray  diffractometer) U D8

Advance
o o ]
3.2.23 ﬂﬁmqamsﬁﬁamﬂmammumaﬂsm (scanning electron microscope ; SEM)

HAR 1AuLSEM LEO §U LEO 1455 VP

3.2.24 19599 LCR meter

3.3 MSINSHNHIAIHI0E

= o ] ' 4 a d a av a4 4
fl'limiUSJNQSFI'J?)U'N‘U?N?HiNﬁﬂiz‘ﬂ?ﬂﬁ‘lﬂiii?)mﬂﬂiﬂllﬂﬂﬂﬂﬂﬂﬂillﬁﬂl‘ﬁﬂi

N ad a - o y
o3 Isaiannsnlu4 sz Asil

1. 58UV (J-x)Pb(Zr, ,Ti, ;)O,-xPb(Zn, ,Nb,,)O;; (I-x)PZT-xPZNx = 0.1-0.5
2. 52UV (Jx)Pb(Zr,,Ti, ) O;-xPb(Ni, ;Nb,)O,; (I-x)PZT-xPNN;x = 0.1-0.5

3. 52U (/x)Pb(Zr,,Ti, ,)O,xPb(Co, ;Nb,)O; (1-x)PZT-xPCoN;x = 0.1-0.5
4. 58V (I-x)Pb(Zr,,Ti, ,)O,xPb(Zn,,;Ta,)O,; (I-x)PZTxPZnTayx = 0.1-0.5
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3 k4 )
331 sesasuldnszmudessudSinafimunzay Tavliismsnsou 2 35
t 4
mafinmsaadunyy Iadylud (Columbite precursor) Uaz UgATHIROIUE

94 (Solid State Reaction) AuAIMITURUFATEINST 3.1 - 3.12

1. SSUY (-x)Pb(Zr,,Ti,,)0,-xPb(Zn,,Nb,)O,; (/-x)PZT-xPZN;x = 0.1-0.5

KA .
maﬁﬂms mﬁ'mmuiﬂau"luﬁ (Columbite precursor)

TiO,, + ZiOy, —> ZrTiO, G.1)
ZrOy, + Nb, O, —> ZaNb,Og 3.2)
(3.3)

PbO,, + (I-%)/2 ZcTiO, + /3 ZuNb, Oy —> (I-3)Pb(Zr,;Ti ;)05 xPb(Z0, ;Nby;) Oy

ﬂﬁﬁ?mﬂmuwmiﬁa (Solid State Reaction)
TiOy, + ZnO, + ZtOy, + Nb,Oy, + PbO, —> (I-0PH(Zr,,Ti, )0, 5Pb(Zn, jNb, )0y (B:4)

2, 58U (-x)Pb(Zr,,Ti )0 xPb(Ni, ;Nb,,)O;; (I-x)PZT-xPNNyx =0.1-0.5

1 4 .
madiagsasdunuyIndu1ud (Columbite precursor)
(3.5

NiO, + Nb,0,,, —> NiNb,O,,,
Ti0,, + 210, —> ZTiO,, (3.6)

PbO, + (I-x)/2 ZrTiO, ) + x/3 NiNb,O,,, —> (-9Pb(Zr,,Ti, )O,Pb(Ni,;Nb, )0y, (3.7)
UjAsonamuzve i (Solid State Reaction)

PbO,, + NiO, + Nb,Oy, + TiOy, + ZrO,,, —> (I-%)Pb(Zr,,Ti, )0, xPb(Ni, Nb, )0y, (3.8)
3. 5201 (1-x)Pb(Zr,,2Ti,,z)os-be(Co,Bme)og; (1-)PZT-xPCoNyx = 0.1-0.5
UfAsoraamzvowmda (Solid State Reaction)

PbO,, + CoOy, + Nb,Oy, + TiO,, + ZrOy, —> (1%)Pb(Zr,,Ti, )O,xPb(Co,:Nb, )0, (3.9)
4. 5911 (J-)Pb(Zr,,Ti,)O,-xPb(Zn,, Ta,;)O5; (I-x)PZT-xPZnTex = 0.1-0.5

inafinmsaadunn Tadalus (Columbite precursor)
ZnOy, + Ta,04, —> ZnTaZO;(s, (3.10)
210, + TiOyy —> ZiTiOy, (3.11)
(3.12)

PbO, + (1-x)/2 ZsTiO,, + x/3 ZnTa, 04, —> Pbl(J -x)(ZrmTiln);x(anBTam)]03(ss,
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Influence of Strontium Doping [939)/57
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Figure 2. Dependence of the polarization versus electric field (P-E) loop on the Sr dopant concen-
tration (a) as-sintered (b) anneal sample.

(Ec). For an ideal hysteresis loop, the squareness parameter is equal to two. Normal square

ferroelectric P-E loops were observed in undoped as-sintered samples. After annealing, the

value of Ry increased from 1.48 to 1.74 for the annealed sample. In the as-sintered samples,

the hysteresis curves also become more slanted with increasing Sr content. The remanent
polarization decreased from 31.9 uC/cm? to 20.2 £C/cm? for the sample doped with 0.04
mol Sr.

However the coercive field increased from 10.6 kV/cm to 12.7 kV/cm after doping
with 0.06 mol Sr. Furthermore the annealed samples exhibited larger remnant polarizations
(P.) and lower coercive fields (E;) compared with as-sintered samples, which mean that
the annealed ceramic samples are miore easily poled and should have better piezoelectric
properties. It is interesting to note that in annealed samples, the value of P; was largely
independent of the doping concentration and amounts to approximately 29 1C/cm?. How-
ever the coercive fields were found to increase with increasing Sr concentration. Figure 3(a)
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Influence of Strontium Doping [941]/59

gradually as xincreased, undoubtedly because of the introduction of the smaller strontium
ion into the lead site. The best ferroelectric properties were attained in the annealed samples.

" Furthermore, the piezoelectric constant (d33) and the electromechanical coupling factor (kp)

decreases with increasing Sr content in the annealed samples.
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Perovskite Phase Formation [925]/43

on dielectric and piezoelectric properties of this entire system. In the present work, the
columbite precursor method was used to synthesize the (1-x)PbZrO;— xPb(Nij/3Nbz/3)03
(PZ-PNN ) with x = 0-0.5. The phase formation and morphology of the powder calcined

 at various conditions are studied and discussed. Dielectric properties of PZ-PNN ceramics

obtained from the columbite precursor method are presented and analyzed.

Experimental

Ceramics of (1-x)PbZrO3— xPb(Nij;;3Nby/3)03(PZ ~ PNN ) with x = 0-0.5 were synthe-
sized using the columbite precursor method. The NiNb,O¢ precursor, PbO (Fluka, >99%
purity) and ZrO, (99%) were mixed and milled in ethyl alcohol for 18 h using a ball-
milling. After drying at 120°C for 2 h, the reaction of the uncalcined powders taking place
during heat treatment was investigated by themogravimetric and differential thermal analy-
sis (TG-DTA, Shimadzu), using a heating rate of 10°C/min in air from room temperature up
to 1400°C. Based on the TG-DTA results, the mixture was calcined at various temperatures
ranging from 650 to 900°C, dwell times 4 h and heating/cooling rates ranging 20°C /min,
in closed alumina crucible, in order to investigate the perovskite phase formation. Each
composition was sintered at 1100-1200°C in Pb atmosphere for 4 h in a closed alumina

.crucible. X-ray diffraction (XRD; Philips PW 1729 diffractometer) using CuK,, radiation

was used to determine the phases formed and optimum firing temperatures for the formation
of desired phase. Lattice parameters of the perovskite phases were determined by Cohen’s
method in conjunction with the least squares method. Dielectric constant and loss measure-
ments were made using an automated measurement system. This system consisted of an
LCR meter (HP-4284, Hewlett-Packard Inc.). The capacitance and loss were measured at
frequencies between 100 Hz and 1 MHz. :

Results and Discussion

The result of TG-DTA simultaneous analysis of a powder mixed in the stoichiometric propor-
tions of 0.5PZ-0.5PNN is shown in Fig. 1. In the temperature range 200-400°C, the sample

100

L}
(=]

Weight Loss (%)

@
o

o
840 C

Endotherm «<—AT (°C) — Exotherm

700 750 860 850
Temperature ('C)
I———— e ]
200 400 600 800 1000 1200
Temperature ("C)

Figure 1. TG-DTA analysis of 0.5PZ-0.5PNN prepared by columbite method.
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by the removal of species differently bounded in the net-
work [13]. In the temperature range 650-900 °C, both exo-
the'I nic and endothermic peaks are observed in the DTA
curve. The enlarged zone of this DTA curve shows that
the' endothermi¢ peak at ~750 °C should be correlated to
the [phase transition of perovskite structure, because no
weight loss could be found in the TG curve and that is also
in dccordance to literature data [14,15]. The last endother-
mi¢ peak centered at ~840 °C may be caused by the decom-
position of lead oxide. As a result, crystallization of PZT-
PCoN powders is established above ~750°C. Further
increase in temperature or heating time will promote crys-
tal ization of perovskite phase powders. These data were
used to deﬁne the range of temperatures (650-950 °C) for
X lD investigation. To study the phase development with
in reasmg calcination temperature, all composmons were
ca cmed at various temperatures for 4 h in air with con-
stant heatmg/coolmg rates of 20 °C/min, followed by phase
an lysxs using XRD technique.

RD patterns of the calcined 0.7PZT-0.3PCoN pow-
de%'s at different calcination temperatures are illustrated

3.:The XRD results show that the pyrochlore phase
Pb/Nb. O, pyrochlore phases was dominant at calcination
temperatures below 700 °C. In the work by Chen et al.

[12] it was reported that in the lead-niobium pyrochlore -

system the cubic PbsNbsOy3, pyrochlore phase (ICDD
No. 25—-4143) forms first around 580 °C. At higher temper-
atulres it transforms to Pb,Nb>O;, (ICDD No. 40-828)
and finally to Pb;Nb,Os, (ICDD No. 30-712) with
mCreased calcination temperatures. At 700 °C, the pyroch-
lore phase began to decrease and disappeared completely at
750 °C. The yield of the perovskite phase increased signif-
lcantly until at 750 °C, a single-phase of perovskite phase
w s formed The studies also reflect the growth of crystal-
li 1]ty m the powders with the increasing heat-treatment
ot mperatures The results of the X-ray diffiraction measure-
nent support the DTA observation (Fig. 2) that the perov-
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skite phase is formed at approximately 750 °C. The
relationship between the relative content of perovsklte
phase and the calcination temperature is illustrated in
Fig. 4. The relative content of perovskite phase is calcu-
lated based on the value of (]Pc(IIO)/(IPe(llo)+IPy(ZZZ)));
where Ipg110) and Ipyaz) indicate the intensity of the
(110) diffraction peak of perovskite phase and the intensity
of the (222) diffraction peak of the pyrochlore phase,
respectively. Based on the XRD data obtained here
together with the % phase perovskite, it may be conclude
that the change in the calciniation temperature is approxi-
mately linear with respect to the PCoN content in the range
x = 0.0-0.5. With an increase in x, the calcination temper-
ature shifts up to high temperatures. The XRD patterns of
(1-x)PZT-xPCoN ceramics with various x values are
shown in Fig. 5. The patterns show single-phase perov-
skite-structured ceramics with x < 0.4. Evidence for the
pyrochlore or other second phases was not detected in
the patterns. Pyrochlore peaks, identified with “+” in
Fig. 5, were found in the samples with x=0.5. These
results indicated that the presence of PCoN in the solid
solution decreases the structural stability of PZT perov-
skite phase by its tolerance factor and electronegativity
[16].

The PbZrO;—PbT103 phase diagram predicts that at
room temperature Pb(Zry,Tij/2)O; falls within the tetrago-
nal phase field near the MPB. The crystal symmetry for
pure PCoN is cubic at room temperature. Below
Tmax = —70°C, the symmetry changes to rhombohedral.
Therefore, with increasing x the crystal symmetry should
change due to the effects of the increased PCoN fraction
and the decrease in Tc. It is well know that in the
pseudo-cubic phase, the {200} profile will show a single
narrow peak because all the planes of {200} share the same
lattice parameters, while in the tetragonal phase, the {200}
profile should be split into two peaks with the intensity
height of the former being half of the latter because the
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Fig. 4. Percentage of perovskite phase as a function of calcinations
temperature for (1 — x)PZT-xPCoN powder.
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~250°C). So the PCoN-based relaxors are one of the
«st atltractwe materials for multilayer ceramic capacitors and
«ctrostrictive actuators [5].

Sihice PCoN is a relaxor ferroelectric with a broad
«elect;rxc peak near T, ~ —70°C and PZT (Zr/Ti = 50/50)
a noxmal ferroelectric with a sharp maximum permittivity
’ 390°C the Curie temperature in the PZT-PCoN
ystem can be engineered over a wide range of temperature
y controllmg the amount of PCoN in the system. With their
omp&ementary characteristics, it is expected that excellent
)ropemes can be obtained from ceramics in the PZT-PCoN
>ystem So far, there have been no systematic studies
«on t}‘1e structural and dielectric properties of the whole
series of PZT-PCoN compositions, which would help in
1dent1fymg excellent electrical properties within this system.
In the present study, PZT and PCoN were chosen as end
components to prepare solid solutions via a high temperature
sohd’ state reaction method. Structure and morphology
are mvestxgated by x-ray diffraction (XRD) analysis and
scanning electron microscopy (SEM) respectively. Finally, the
dielectric properties of PZT-PCoN ceramics are determined
as z}‘ ﬁxlhction of temperature and frequency to establish
structure—property relationships.

2. Experimental

Samples w1th the composition of (1 —x)Pb(ZrsTig.s)O3—
be(Col/ng2/3)03(PZT—PCoN) with x =0-0.5 were syn-
thesnzed .using the high temperature solid state reac-
non method CoO (99.9%), Nb,Os5 (99.9%), PbO (Fluka,
>99% ,punty) TiO; (99.8%) and ZrO, (99%) were mixed and
mlllled in ethyl alcohol for 18 h using a ball-mill. In all com-
positions; 2mol% excess PbO was added to compensate for
lead volatilization during calcination and sintering. After re-
mxllhng and drying, the mixtures were calcined at 700-950°C
for 4n in alumina crucible configuration with a heating rate
ofl 20°Cmin~". The calcined powders were milled for 3 h for
reduced particle size. After grinding and sieving, the calcined
powd'er ,was mixed with 5 wt.% poly (vinyl alcohol) binder
and umax1ally pressed into a pellet. Binder burnout occurred
by slowly heating to 500 °C and holding for 2 h. Sintering oc-
c]urre‘d between 1100 and 1250 °C with a dwell time of 4 h. To
mmgate the effects of lead loss during sintering, the pellets
eref smtered in a closed alumina crucible containing PbZrO;
Rowder The perovskite phase was examined by XRD. Data
collection was performed in the 26 range of 20°-70° using
step scannmg with a step size of 0.02° and counting time of
2ss ep
tter surface grinding, the samples were electroded using
sputtered gold and air-dried silver paint was applied. The
elative permittivity (e,) and dissipation factor (tan &) were
measured using an automated measurement system. This
system consisted of an LCR meter (HP-4284A, Hewlett-
Packard Inc. ) in connection with a sample holder (Norwegian
Ele'ctroceramlcs) capable of high temperature measurement.
The capacitance and dissipation factors of each sample were
me'asured at 100Hz, 1, 10 and 100 kHz and temperature vaned
between 25 and 400°C. A heating rate of 2°Cmin™ was
used ‘during measurements. The dielectric constant is then
calculated from & = Cd/e, 4, where C is the capacitance of
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Figure 1. XRD patterns of PZT-PCoN ceramics.

the sample, d and A are the thickness and the area of the
electrode, respectively, and &, is the dielectric permittivity of
vacuum (8.854 x 10-12Fm™).

3. Result and discussion

3.1. Crystal structure and microstructure

The XRD patterns of (1 —x)PZT-xPCoN ceramics with
various x values are shown in figure 1. The patterns show
single-phase perovskite-structured ceramics with x <0.4.
Evidence for the pyrochlore or other second phases was not
detected in the patterns. Pyrochlore peaks, identified by ‘*’ in
figure 1, were found in the samples with x = 0.5. These results
indicated that the presence of PCoN in the solid solution
decreases the structural stability of PZT perovskite phase by
its tolerance factor and electronegativity [15]. Figure 2(A)
shows a SEM micrograph of the polished surface of the
sintered pellet sample. The ceramic has a close microstructure
with low porosity, and the packed grains are in the size range
of 1-4um. It was found from the SEM micrograph that
grains of different sizes are homogeneously distributed over
the entire surface of the sample, and hence the sample is
highly dense. It should be noted that a rectangular shape of
PbsNbyOy3 or octahedral shape of pyrochlore phase has been
reported inside and on the surface of the composition x = 0.5
as shown in figure 2(B).

The PbZrO;-PbTiO; phase diagram predicts that at
room temperature Pb(Zry 2 Ti1/2)Os falls within the tetragonal
phase field near the MPB. The crystal symmetry for pure
PCoN is cubic at room temperature. Below Ty = —70°C,
the symmetry changes to rhombohedral. Therefore, with
increasing x the crystal symmetry should change due to the
effects of the increased PCoN fraction and the decrease in
Tc. It is well known that in the pseudo-cubic phase, the
profile will show a single narrow peak because all the planes
of {2 0 0} share the same lattice parameters, while in the
tetragonal phase, the {2 0 0} profile should be split into two
peaks with the intensity height of the former being half of the
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