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h,1~ ~' t ,ccu /uh r l , ' , t / cd  , rod ch,o'u~'l~'l is,',l, . ' t l h  't 'chl ~m" 
/ i ' l ' l  ¢lt ' / ( '¢ ' lr l i '  pt  Opt ' l  f i t 'S .~/lOll' l l  111' <I/I  t 'elll l~O.~'ll lOIl.~' 
.~.'ellllplt'.% ~ti l l ' , '  t1,', ' t l  p l  , ' p i l l  P, I  I I I  It I l l  ,~ .~ lel~t '  ' t i l l  ~ i 'd  
,~ ~1e/c' ,~'~'nlhc,w,~, u' I th , I 'RD  ,~'m,he,~' r m d i t m t n g  th r  
~' ~l.~lt'll,'~' ,~1 ~1 ,~011,1 ,WIIIlllOII /01' t'el,'/I c',)lllpO,~lll,lll III 
I11(' I'elllt~¢' .4 ~till dli 'h '¢' /rlc ,'llttr, l, 'li 'rl.~'all,,/ llel.~ h( ' t ' t l  
~' , . ' r . ' , l  ,rot, . '~lh m,'. ,~'.rcm.'m,~' mu,l~' ,4 ~:'. u l l d  Y; 
tcl'~l~,~' h 'm l ,C lumr~ '  ,11 /n , '  , l l / / 'm', 'u!  /l 'rqm'11,'lc,~ 
t,~'lu, '~'11 I00 H :  <1~1,/ I , , I / / i :  

T'/I,' I '< l l ' l ( l l lOI I  ¢ t /J I 'PI , ' , ' I I ' I¢ '  I ', 'V[IOII~'C II II11 - I I  I 'O t l l l l l l l  
¢ ,HI~ ' , ' I I I I ' { I I IOI I .  X, IS ¢l('~', ' l ' l / lt 'el l l l l 'OI / f~h [ IH'  113'c o~/0111" 
, 'mlvrl , ' ,d  l,ur, ml,'t,'r.~'. T¢.,:',.,,,,,, ), ~:', ...... h ,m, t  AT". 
I~hl,'/I ,// ', ' , / t 'rll ' , 'd / r , m l  I/i,' rUl'ldllOll ¢i/ ~:', irll]l 
IptlllN'l',llltl',' .~ I'lllHOl(lll.~tlll,lll ii/ lilt' ot ,s , ' r i  , ' , / I1, ' t t¢/x 

I~ I.~/lt'H. ~'tltp/,tl'lllg I]1C 'p¢~/dl'lSdll¢~/I ,'hl.~{,'l' t'o11. 
, ,'1~111,11/r, llm',',u'/~ (. ' ,m.~nh'r,llmn e~/'l]lU lO'opcrl/c'._~ e~/ 
,\"/,¢).,, , l l g ( ) .  t l l h l  ~Zl'(')e, ,',11ioll , ' , .~rehnul l ,m po l l '  
/I,',/1'11 f h ' r l l l l l ~  , / / I  IIIl¢/,' l ',~'Itl l le/ll l,t~ O/ It1(' , ' ,~ l l lp tL~' l l lOI IU/  
,h'l~Cml~'m ',' ,q II1,' 'r,'/,z ~ 1 "  i'c,W,m~'e, .'/11c/i i,~ h e l p l l d  
I I I  I l l , '  ,h',~l,L~ll , I /  I I ( ' l l '  C,~ttlp¢~,WII,~II,~ 111111 ,IPsIt ' , I /) /~'  
dR' l , ' , ' l r l , '  pro/~'r l l t ' ,~ F//~' , ] l .h ' , ' l r l~ '  ]~cllul'/,~lll o~ Ihc 
~,'/,tlt',/ ~'l.~/,'m ['h( ."t/t:,~ _,~ ~.'%'t~,1. _ ,~ ~TI, )L)~ c',m 
,I/,~¢I / ' t '  II/11/~'1 ~'I ,HHt I l l  I/It'~'~' l, ' l lJl,~ 

[h , '  h,'t ~.~, ' .vh'//h'n 11nd //t11,'rw, 'hll'n Bh'/. :I 1,1~11,'~'im11 
. \ t o l '  ~711'~,~11/11111,~1,1 ~ ' ¢ l ' , l l l l l ~ t ' l l  l ' t ' (  ~l~,t( I _,~. i"  

, \1 , . , , ._ , ,  ~/I ,11_)~ ( 0 '  ~ ' (1 ~) :,'lt:lt'lldll,''le'ltl~,O' 
l , ' irorh'Atri.wlt, '~ I't'r//u/lt'll. [.lit. Proh¢'ll wiir, h'll lit 
,'llh 'r : irt'lxlltlltri'll 'lilt ~,'e/ ,~ ~ ieh" .Vl'ltlhcs,' llt'rgc.~li'[ll. 
,~' R D -  I .~nh't.~t¢,'hmigcll l,t'~'/u/tgle'n ,hlx I ',~rhun,h'ns~'lll 
,'H/,'S ,'llt~'e'llArl,~letl/~' I1'tl ~,',It' Zlt,~'dtlllllClt,~','l:NIl$~ 
m m ' l h , l l h  ,le',~ h~'{r,t, 'ht, ' t , ' l~ B r l e . ' h s  Die  d . ' h ' ~ .  
II I~, 'h, ' / /  K,O l .~h ln l c l t  .,:~ m i d  ~:'; u I I r ,  Jt'll ells FII11~ 111111 dct '  

* T,, ~ l , ,m c,~rre,,p~mdencc ,,h, mld by ;Jddre,,,..cd 

[~VUl~cr, tlto' I,m / u n f  ler.~¢'lnt'dellen F'r,'quen:t'n :wt- 
~','h~w II)¢l H :  toni I ,IIH: g,'tltl'.~'.i't'll. 

[I,1.~ ,hrh'~lrt.~c'he I ' , ' lhal lcn Iii .4hhcmgtt;~etl  t ,oll 
Zir~totntln.t~¢'hull x k ,m/ t  dm'c'h mer  t'mptrl.~'che 
Pelt ' , / t l t t ' { ( ' l ' .  T'( t:', . . . . .  ) ' I:i '.mu,' ') 1111,1 A'T", h(,.~,' l l l  t i 'b t ' l t  
i i 'Cl'e/(' l l  DH 's t '  hlS.~'t'll Sl( ' ] l  elll.~ d t ' r  I ' , lP ld l lO l l  I 'Ol l  ~;'~ I I I l l  
, ] , ' r  7 " i ' l l l pC ' ld l l t r  d / , h ' l h ' l t  Del.~' / ~ 'Oh , l , ' ] l h ' h '  ] '¢ 'r ] l ( t / /¢' l l  
l~,um me/ H d / c  ,/,'._~ 'po/urt.~'ult,m c/ttslcr'  h',m:cp/~' 
,'1~1,111 u, ' t ehw De,' B , ' l r , l~hlmlg  eh'r EIgc/t 
~','hu/wlz ,h'r . .Vt,() . .  ,.llg¢_)r. Iii1,1 Zt'()r. E, t l lon, 'n 

,~,O',/lthttleoL~p,~/l'e'dcr l'l ~ell~hi ,Ill' .41,holl,t:l,ttk~'lt d,'.~ 
'1','1<1101" l '( ' t ' / lel//, ' l l .~ I t t t l  ,]¢'1 ZTII._~UItlIIIt'II.~','I:II/IL_~ -II 
t'cr v/ch, 'n [It,,.~ t.~l Inllr,'t, 'h h,'t ,h'r f n l  H'tcA' hmg ii('ll~:'l' 
/ l t ,~ , I t l l l l l , ' I t  ~ 'I : l l l l ,t~t' l l  t / I l l  ,ttP l1'tlll,~, ' / l l t ' I t ,  d l t ' l i ' k  l l ' l ,W'/l, 'It 
E1,t~,'u~','h,t/Ic11 I[).,~ ,hch'~11~'~ 'hc l ' m ' h , d l e ~  d~',~' 
t ' c ru 'um/ t , 'u  ,_h'~',sh'm,~ [ 'h¢ ~l,th ~ _ ~, ~,NB :~ t _ ,~ ~'Ft, )~_) ~ 
lu/,~'l ,~i~'/i 111 ,t:Icl, 'hcl II ' , 'Lw t m' ,~ ' IHt , 'u  
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(_)II ,I ¢"h/I~oI," ,'I ~'ell',l~'l~:"l'l.'~'~" ,It'.~ ct"r(lllllqll~'S ¢I'o~ I'(I~.' (I(' 
/lhllll/L ,I~' III, I.L~II,"31/IIII, ,I~' IIIOI~iIiiii Pl eli' :I/','OHlIOll 
I['l,¢,'11gr~_,~ ~,Vh:, ,_~p ~ Z r ~ H ) ~  ¢ 0 -  ~ ' _H ¢), 

IOItICS 1,'S , ,~lllpO.~'lllOII.S C]ItHSICS pr("3CIIICIIl ,h ' s  
pl 'Opl ' l (" l ," ,~ /, ' l ' l 'Ot"]t '¢ ' l l ' lq l l ( 'S  ' , / ' tJ~'( ' l / / , l {¢' l l l '  , i I t ' I t l  ~ , l { lO l l '  
( )u  u lO'~"p,tr/' /,',s ~",'/lauH//,m,s' p u t  ran' ,s'l'uHtt",s'~' 
',1'0~ l~1,',~' III1~1C3' Ptl d('ll~ ¢"l,l~t',S', LIt',~' II1¢'SIt1'C,~' ,/¢' 
,h/~l',l('llOll .V lh'lllICl{~ltl{ 1tc ('Ollfll'lH,'t /'('~l.~'ll'llt'H 
II'ltllf' ~0/llll¢~tl ~'ohr/(' p,HIJ' ('h,l(lll¢' Ct~lll]90VlllrHI (_)ll ¢1 
pl'O,'c"e/¢" ,i It/1~' ,',llJ~'l~"l'/.~,lll,~ll (/I¢"]cl'lt'l(]llC ('Olllph"lP. 
ul c',' m e s m  ~' ,I,' E, c'l E,' ~'~1 l o u , ' l . m  , / c / u  wmp~"r , / /m ~' ,i 
, 'inq /~ c"qlwHcc,~ ,h[/i"rrnh',~' ,'ompri,~'c,x el,Ire /00  H:  ,'1 
/ , ,~lH: 

()u ,h"c'rtl lu r a r m l n m  ~h' lu rc"p,ms~, ,ld, h,clrl,lU~, 
,11 t',' ~. ,'Oll,'t'llll'(lliOll ¢'11 .'IY{'OllilIIII. ~i 1'(11,]~' (1~' qllUil'(' 
purum/'lr,',~ muplr iqm's ,  'T'( E.,..,, ), ,:', . . . . .  0 ,'I AT", , /m 
pl 'Oi  i ( , l l l l t . l l l  t /c  ] , l  I , t l t ' l t l l lO l l  11,' ~:~ tit ( ' t ' ]L I  [ ( ' l l l ~¢ " r t l l l l r c .  
( ) I I  t ' ( l{ IOlld/i .v¢, /( 's {t'll,/LIll('t',~ O~,~'Cl'l't"{'.~' ,1t111S /t' ,'Lit/re' 
eht ~'om', 'pl  ' d 'amas  ,h' pt~/~lr l .~ ' { l l tOl l '  E l l  .~"<l l l< l ( ' ] ld l l l  
I I I I  ~ ]gl'opI I,"{("S d,'~' po/l'~;drt'.~' (1(' ¢'O,~l'LIIIl(IflOII r'(lllOtll 
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qm's NhOe,, Alg(),, el Z rO. ,  on peril , 'ompremtre ,l'mi 
pt 'Ol ' l i ' l l l  l it d t ;pe l lda l lCe ell t 'Oll lpOA'l l lOll Lit' ILl rt"pOll,~'t' 
l 'errt~"h'clriqlw en 'o.~'~'tllolcur ~i rcla~alton', cect 
d~'tvatI ,ic ntiet/~ cllms~r dc m~m'e//e,.~' contpo.~'tlion,~" 
pr¢"wnlmtl h's p~.prig, h"s ,tit"h','lrtqtw,~ i,ouhte,~ ()n 
p( ' t l l  alI,YA'i i i i l~ 'r f l r£' l¢ 'r  ~'11 r'¢9," I~'1'111~',~' ]~' COll t l~orh' l l l~ ' l l l  
~ht ,~'l'A'h;lll(' I'OIA'III Ph(/ll,th ~ _ ,,,,~h/h ,, ~ _ ,~,, ~ 'rq )O ~. 

I Inlroduel,ion 

A g.enelal IechnNue for inve'.;tigating relax~u 
ferroelectric celamt,.'s ts h., carry out a partial 
substitution or tire cations ~lt a parenl, model relaxor 
c~,rnpostlu.m with I'orelL,n cations, and to monilor 
lhe elt'ecl (,Dr Ihe dMectlic pr~perties In this 
c~,lllexl, n,wel w,,~k ts presented here (,n tile 
synthesis and char:u.'leris,'~tion ,~1" the perovsk~te 
IABC)~) system z~rcuntum-subsl~tuted lead mag- 
nesium ni,,bate. Here the B ton sites (occupied by 
Mg 2 " and Nb" + urns ~n the parent compositi,m):lre 
partly ,,ccupied by Zr '4 - ions, Ill give 
Pb(Mgll  _,)~Nb:,~_,~ ~Zr,)(.)~. It is seen I'r(,in tl'ns 
l',,rmula that tlre B-u.m sites in the zm.'ontum- 
substituted c,m~p,,sttl,m are rally ,,o.'upied. as in the 
parenl cornpos~lion. Further, it is c~mvenlenl. [() 
employ l heacl~mvm P M N Z  ~ for l,hmsystem, where 

represents the fraction uf per,wsktte B-stles 
occupied by zirc~m~um tons Valuesol ~ ~n thmstudy 
lie in the r:~ng.e 11 ,__ ~ "_ I1. t. Note thai the universally 
accepted aclonvm I'or tile parent cornp~,sltt~m, 
Pb(Mg~ ~Nb,..~)(_).~. ~s PMN. 

Apart I'r,un tile ~,bvi~,us al',pl~catu,n ~,1 hlgh- 
permitllVity relaxot ceramics in ,.'ap:~c~tc, rs, increas- 
ing utiltsation ~,I' Ihese matermls ~s to be l'~mnd ill 
electlostriclive devu.'es, where their large ele,.'tr~c- 
field ulduced polarlsattons are associated with a 
inechan~cal stratn. S~nce tile subsequent deveh,p 
ment or electr(,stnctive ceramics will embra,:e both 
c(,mposl l lonal and mlcr~,structural I'aclots. tlre 
comp(,stt l ,mallv based approach developed in thls 
paper represenls all applicable strategy for optunls. 
Ing tire pr,.,perttes o1' these materials 

2 Experimenl,al 

The Iw,, routes are destgnal,ed I and 2: 

RoI#c I 

11-  ,~)MgO + I I -  ,~)Nb,(-),, + ~,~Zr(:), -+ 

Mg I _ ,Nb:l ~ _ , ~ Z r ~ , ( ) ~  

~,Pb(.) + Mg~ _ ,Nb:,~ _ ,~Zr ~,O,., ---+ 

1~, = (), ()1)1, 1)'()5, 1)'1()) 

Roulc 2 

IMgCO~h Mgf f )H ) , .  5H:(.) + 5Nb:C),, ..-'+ 

5MgNb.Oe, 

tPb() + (I - ,~)MgNb:(.),.. + t,~ZrO: --+ 

tPb(Mg(I _ ,) ,~Nb:( I _ ,~. ,~Z.r,)()~ 

(~ = 11, 0411, 1)115, 11'111, 1)'2(1, 11 .~l)) 

Ill essence, z.trconia is reacted Ill the first stage tn 
Route I and tn the second stage in Route 2 
Although Mg(_) ts enlphwed in the firm r(mte and 
(MgCO ~hMg.lOHi:. ~,H ,O in the second, Ibis ts not 
l lIoughl to be a signlficanl difference, since c,~mpar 
able PM N samples can be made fr,un either sl,artlng 
reagents 

Since a R~tile I Ivpe (fl' mechanism had been 
limnd to be su,,:cessrul in the syntheMs of 
PblMgl ~Nb, ~1()~-Pb'T'ff)~ (PMN-PT)  ceram,,.'s,: 
it was fi~,ped Ifial Ihis inetfiod wL,uld pr,,.wlde a 
uniform distributu,n ~fl' Zr within the c, flumbtte 
structure (thai o1' MgN b,O,_,). "l-'his should f:lw.,ur, in 
lurn, a h(wnogeneotis dmtrtbultLm (fl' Zr i(ms within 
the per,wsk~te P M N Z  ~ phase 

R~,ute 2, by comparison, ~nv,flves the rurmati ,m o1' 
c(f lumNte, M g N b , O , ,  pru.,r to reactum wtth PbO 
and ZrO~ It is therel',,re more,. 'onvement for the 
synthesr., or a range ~,1' c(,mD,situ.ms I'tom a s~ng.le 
batch ~,i' MI.,.Nb,O, 'T'h~s type (fl' reacti~m sequence 
has als~ been successrully applied Io Ihe syntfiesm of 
PM N-P'T' compositions. 

Starling D~wders were ball-m~lled in acelone 
using z~rconm medm I'~r 24 h, ~n order t,, achieve 
irltllllale m i x t n g .  F'ollownng solvent evaporatlun, the 
first calctnalt(m was carrted ,mr at I()5()' C for 4 fi 
Subsequent calcination to form the perovskite 
PMNZ-,~ phase was carried ,.,tit at 81)O C' for 2 h. 

2.1 Powder synlhesis 
P(~wder..; or PM NZ- ,~ were syntheslsed from prupne- 
lary powders o1' PbO, (Mg(."O.~b.MglOH),.,. 5H:O/ 
MgO, Nb:O,, and ZI(_).,, using a 'lnlxed ~,xtde' route. 
'l'wq) alternative Iwo stage mules were evaluated, 
with the twin aims ur rnlnlmtstng the fl,rmatlon ol'a 
lead nu.~Num ,,side pyrochlore phase I and tdenl,ll'y 
ing the o p t , n u m  method ror mcorp~ratlnl~ zlr 
con~um urns Ilomog.enelmslv inlo the peruvsktte 
sl,ruclure. 

2.2 Ceramic fabricalion 
A standard pseud()d~mble-ended uniaxial die 
pressing, l,echntque ( l ( )mm diameter, 8()MPa pr'es- 
sure. 5 rain) was used to press the powders inh.) green 
pellels To aid pressing, and green densil icatum, 
polymeric binders and plastlcmers were added 
(1) 25 wl% PVA and (.).7~wt% PEG respectively), tn 
,~ptttnurn amounts which were delernuned empiri 
tally. '4 These addtlwes were burnt offal. 450"C roe a 
period,~l'4 h. Furnace ramp rates were ~ 2"t-'h- ~,m 
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order  h~ reduce II1¢ rink o1' pon~slty ~r laminat ion 
caused by sudden b u r n . o u t  A l l  pellet,~ were 
densntied by snnlernng a! 22()"(." For 2 h 

2.3 P r e p o r a l i o n  ond m e a s u r e m e n l  of" d i e l e e l r i e  
specimens 
Single pha,~e '~amples ~1' c~mparubl t '  den'~llv (in 
e~.'ess ~1' ~-~ ~" ,~ ~1 the~retl~.'ul derl.'.,itv) were ',elected 
I'~u dleleclrl~.' nwastlremenl.s 'T'he slnteted pellets 
weie f?r~und and ptdi.,,hed d~wn Io p.'lrallel-snded 
di.~k.', ,,l ' lhtckr+ess 2l)()l+m and ultva,~mwallv cleaned 
in ,'lcel~me. (..]~dd ele~.'ln~des were .~putleted ~m to 
h~lh I';Ices. which were suhsequerl l lv ~.'~,ered v+,ith 

air dr.vnnq.,, snivel paint C~mplex ~mpedal,.'e me.'l 
'.,urenwlll.~ wele take ,  ~ e r  '~ def.'aden ~l' I'requem.'v 
II<)~)H/ t~ I M H z ) l l ~ u n  - ' 7 ~ ' C  t~ I1)1) (..' u'~ln~, an 
H P , J 2 N 4 A  pve~.'lsnon LCR inet~.'r it| ~.'~nll.itl~.'tl~l! x~,lltl 
il Delta E)e41~.n L)1)21 envlrunm~'ntal le41 ~.'hamber. 
' l lw  sy,,,lenl xv~l',, ~per.'~ted rem~lelv I'rom ~.v pers~mal 
c~m~l+ultel, llSlr1~, s~fl'lwurc deveh~ped LIt L.eed,, 

3 Resul ls  

3.1 X-r. ' ,y d i l f rae l ion  an.',lysis 
The X ray dtl-l'rat'tum patterns (,Siemens Krzslulh~ 
Itex g()'~ d~l]'rad<~meter with DI F F R A C  '~()()~,~fl'twaie) 
<~btalwed I nun both powder.,, and slntev~'d cer,'lm,cs 
~lrvtJl~erl In F'l.p I Flgtlres I (a)and(b)re lL-r  t~ R~tlte 
I and I--'l D I(c) and (d) h~ R~ule 2. 

It is seen in F'l~ I (a) I l lu t  the zlrconl~lm i~m.s have 
~mly Innluted .s~flub~lnlv vt+ the parent MgNb,(.)+, 
~.'~flumhlte phase there in a '~mall shll'l ~1' the 
dll]ra~.'tn,n peaks t~ h~wet an~,les ~1 the peaks lU 
~J~UnL,, I'r~m~ ~ = () I~  ~ = ()'()1 1,1 M [ . ~ , I  _ , N b , , i  ,~ 
Zr ~,(_),, ~nd,.'ut,vt' ~,l'u '~mull incuea'~e in llnnl ~.'ell 
+',,IZk" UpOll ",,Ub'-,lllUlllHl Z,r "1 * l'~r M~, : "  a l l d  N b '  + 

H~w~,ew'u, the dt~rnltl;.ll|t I'¢attlte tVp~)n add l tnu l  ~1' 
zlr~.'Ol+lUnl lun.s IN the  appcarLink'~' ~l 'extra dv~l"ra~.'llt~l~ 
peaks c~rr~'spundln!, I~, Z rO,  as ;.i ,~e~.',md phase 
Most  nol l t 'eable is Ihe peak ul , / =  ~ 1 57 ~, interpre 
ted a,~ Ihe Zr(_), peak wnlh the hnghe'~l tntensl ly 

Figure I(b) shows the dlfl 'ractnon putlern'~ ub. 
tanned Ii~r P M N Z  ~ D~wders (~ = ()'1)1, ( ) (b,  l)Iq)), 
I',dh~wlnL~. the s~'c~md calc inat ion o1" R~,ute I In 
!,enerul. these d~ not c~rrespund t~ '~lnl.,le phases ~r 
s~ll~.| s~flUll~mS N~le  the pre.sence ~,1' a large 
I:+~.r'~whh_~re peak .'it + / = 2 + 1 / ~ ,  even in the ~ = ( )  
~.'~ml)os~t~on. where the dnfl'nact~on pattern t~l' the 
c~rre,~pundlng pre~.'tlrs~r' ~ = ( )c~ f lumbl le  p h a s e (  Fig. 
I) a,, '~utnsl'a~.'n~rv 

Fl.gu~e I(c) and (d) give di f f ract ion patterns For 
P M N Z  ~ c¢~mD~sntnons in D~wder and slnteved I'orm 
respectively, us pn~dt,:ed by R~ute 2 Figure I(c) 
k'~) l l la l l l '~ ~'vldell~. 'e ~1' .small ,'IITI~,)UlI|S 01' ,~eu'ond 
phases, in ~.lm~tlnl,~ apparen l ly  uncorre lated wi th  lh¢  
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F'i~. I. X ru~' dll]r,.lellqm r.'hJIlerm,, L'~rre~,Dmcltnl; Io (a) Ihe 
~. ' (P lTIp l lMI ILHIP~ m ~ ,  I _ ,Nbh  i ,iZ.,r +,(.)., h)r q = (), ()()I arid ()()h 
(hi PMNZ ~ D)~der,+ prL~du~.'ed by R~LiI¢ I. I'L~r ~ = (1()1. I)ID 
and ()I(). fi) PMNZ ~ r,,wder~, pn~du~.'ed hv R~l.ll¢ 2, h~r 

= ()111. ()()~ and () Ill. (d) sinlered PMNZ ~ sample,, prorluL'ed 
hv R,uJle 2 IL~r ~ = (), ()()l, ()()'~, () l() arld () 2() 
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I"'il~. ,!. V a r t a l u m  wHh le rnpera l t t re  nl re la lwe  permtl l tv i l~, '  ~:', I~r P M N Z  ~ t'eramu.'s synlhe,¢sed b~ RnLIle 2. ( a ) T h e  in f luence o l  
Ir,..'quencv I,., ,.,h~.,, n l'~r a ,.,ample w i l l i  ~ = Ii Sl l lnlkl l  l l l l ]u l 'nt 'e i% nh, ,erved for sarnple,, w i l h  n lher  ,~ vahJes (h) 'The inlluen~.'e ~,I ,~ vahJe in 

rnea!.,ur~.'nmrH,, tr lade al l i l ( I k H z  'The.' ~.'nrrtpi~,~tlt,.m,., are ~ = ()()1, () i)~ 1) I, () 2. and (I t 

value or ~. F'(fllowlrlg remllling and snnternng, these 
,~ec~md phases disappear, t(~ gtve rise t(~ diffraclu.m 
patterns us in F'lg l(d) It should he re,ted here that 
the dll-'l"use am~rphous peak at low angles is a 
consequence or the glass sample luflder and m~t ~1' 
lhe samples themselves. 

Route 2 is therel'(~re the nu~re successful meth~u:l or 
producing PMNZ ~, as verified in Ftg. I(d)I '~r 
values ()1" ~ tip l~ 0.20 The parent phase 1~ = 1)) was 
found Io corresp(md exactly to the known P M N  
phase (JCPDS dala file 22 1199). Llpurl z~r~.'unium 
subst~tuli~m, all the peaks are shifted to shghtly 
sm:~ller angles, indu.'al,we or a small Increase ~n unit 
cell s~ze. Thus the X-ray ewdence points towards the 
I'ormatton ~l'a suhd solul,i~m in the r,'lnge() ,_ ~ '_ () 2 

3.2 Dieleclric measuremenls 
F'lgule 21a)--{l') gives l,he measured varlatum with 
temperature and rrequency ~1' relative pernultivil.y 
(d,) I'or PMNZ-~  ceramtcs(~ = O, 001 ,  0.1)5, 1) I, 0 2 
and 0 3) synthesmed by Roule 2. In order to focus 
atlenlum on the dependence or key parameters o1" 
the dmle~.'lru.' respunse up~m c~)mp(~stlu.m, some 
reatures or the data ror I{)OkHz (the luwesl 
measurement I'requency) are htghlighl,ed m F'tgs 3 lu 
~. More specll-i~.'allv, Fig t gives a ph~t ~~1" the 
vau'taLkm or Lhe lemperature or maximum relatnve 
permtttnvity, /l~:i.m,,), w~th ~. F'tgure 4 gives the 
varial i~n or the mag, ntlude or the maximum 
permntt~vttv, r.i,,,r.,, ~, wnlh Fig.. 5 a compnlatiun ,~1" 
dielectric h)ss curves at II)()Hz. 
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F',I~. a. r'k'r,v,~d,'r,c~- ,,I ri' , .... ~,n ~ i l l  P M N Z  

It IS seen ~n Fig. 3 that ' fb: i .rr,. , ,) increases unll'or,inlv 
w~lh ~ In Zl var la t~ ,n  wh ich  lends Iowards  l inear ly  
.:; ..... ,. h~wvever, falls w i l l ]  ~ ,i],,n-Iineartty, as in 
dlcaled in Fig 4 by Ihe appr,)xl,inale curve As 
regards die lectr ic  h)ss, Fit.-' .S shows that there in a 
t-,,enetal reducl l~m in E,' w i l l ]  ~. 

'Three I 'ur lher paralnete,is, 5, ,, .'lnd AT", are 
i n w & e d  Io quan l l l ' v  the var ia t l ( ,n  o f  ~:; w i th  
tempera lu re  and I iequencv,  w i th  the values (fl' these 
qu~ted in Tab le  I The  first ~fl' lhese, ,'), was 
In t r~dt lced by K I r l l h w  & Is t lp~w'  1(~ quas i , IV  the 
'dil]'useness' ~fl'a g,ven I/r(F) maximum.  According t(~ 

Table I. a. ,' and AT I,~r PMNZ ~ ceramic,.. 
I 

{ ~tllll[ IO',tllllll ( ~ I i) ( K )  ,' A F ( k'  I 

( ) (X) 4 t 6h I '~,4 2 1 711 
(11)1 46 ~'7 I t~  2'7 m 
(I 1)'~ ,4q 2q  I t,'~ 2f, 17 
I) I() '~2 X() [ 78 2%()() 
I) 21) ',"~ ~(1 2 I t I'~ ~I) 
l) fl) '~'~ 7t, I ',t~ IN 21 

this paratnelrt,,,att~m, the i'ulh~wlng g.eneral relation 
, ihlp appl ies 

I I ( £ -  T,;  ...... ) :  
, , - .~ , , ( I )  

Er ~:r,ma~ "L i ,ma~  ] 

'The s~'c~,nd par~tmeler, ,., tertned 'critical exp(ment ' ,  
relates I~ an a l te rnat ive  paramet,i~Satl(m pr~,posed 
hv I.Ict]lm~ & N ~ m u r a  " 

I I ( ' / - -  T',I ), 
. . . . . .  ~-- (2) 

" ' r  ~"r  r r l d ~  ( - '  

T'he eXl",~n,,.'t,iI , Ile~ tn the range I . ' , 2, Lendln~ h) 
I i',',r ;.z t](~rnlul (re n~,,il dtlTt..i.,.,e)lerr~elecLrtc and 
rl'.,,ll,i~ lowatd~ ~ r~',r a relax,,u 

In ti le c u r i e , i ] [  w ~ H k ,  ~') a,i]d a,ie r'eg:lrded as 
Independen l  Indlcat(~rs o f  diffuseness, w i th  a th i rd  
para,inetet, A [ '  trill]sod I(~ quan t i f y  directly the 
del.,,iee t~l relaxalton hehavt~mr 

A F ' =  f',; ...... , m H . . -  £,,' ...... ,,.,., 1~) 

AF'  quant i f ies  file ,)hse~vable ,ielax(~r pr~perlleS 
explicitly I I ] e e x l c n l t ( ~ w ' l n c h l h e d w l e c l r l c m a x l m a  
are sfitl ' led l~ htghe~ lempeta l t l res  wi th  increasing 
I't eq ue,i,icv 

From] Table  I It is see³i] that b~uh o and ,' rtse in the 
c~mpt~sl l ton ,lunge ~ = ( )  l(~ ~ = ( 1 2 I t  i nd ica t ing  a 
pr~gre,,SlV¢ increase in ditt'use,i~ess, wt lh  b,~th o and 
,' v;Ilue~ lullti,it,. ,~ff between ~ = 1)2() and ~ = ().t() 
The AT"  paran,ieter reaches a m a x i m u m  I'~r Ihe 

= 114)1 ,.'(unpt~stli~m, la l l tng (~ffal la q,.er values ~1' 
'Thus tl,ie pred~m~lnant lrend is l ha l  z~rc(mlum 
stlhstlltltl~m tedLtCC,~ the ,Jegret' (~1' relaxati~m 
t'~et,ia,,.'l~ ~tl r 

4 Discussion 

4.1 Crys ta l  s l ruc tu ra l  e o n s i d e r o l i o n s  

T'he Increase In t ln l l  cell size wi th  Increasing 
(ELL., I(d)) is h~ he expected I'r()m consideratl~m,~ 
~fl' Ihe te lcvun l  '~t.~ I'~)ld co~ rd lna led  I t) f l i t  r a d i i "  
r~ l (Mg, :+)  = ( ) 7 2 / ~ ,  r ~ I l Z r 4 + ) = ( 1 7 2 ~ ,  iV l (Nb ' , + )=  
(164,~,. and r X l l t p h ' - ) =  1 .4 t~ .  

F i , un  the I 'ormtl l : l  i)l' P M N Z .  ~, Pb(Mg( I_  ,~, 
NB, , I_ ,~  IZr,)(.)~. these I(mtc radi i  give rise to the 
I'~flh~wlng pit-dieted (Ideallsed) ctlblc cell para,ineter, 

a.(,~) = ,-l'(l.~ t I l + (1' 106 66~ 14) 
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Straightforward apphcalion of the Bragg equa t ,m  
reveals thai the ubserved shifts t~ lower angle upon 
Zr ~+ subslilutlon are consistent wtth the abuve 
v a r i a t i o n  in  i l  w 

4.2 The variation of dielectric response wilh ,,~ 
'The above results concerning dtelectr,: resp~.nse can 
be summar~sed ~n the folh~wing four trends: 

el) I.lp~m the substdutaun t~l' zirconium Duns ~n 
PMN. TIE, r.,.,) rmes (Fig 3). 

ill) As zl~c~mium ,ms  are ~ntroduced into PMN, 
~:', . . . , ,  falls from a value m excess ~1" I N ()()() for 
~=()  t~ appr,~ximutely 6.~()()I'~r ~=().~ 
tF'ig ,.1). 

(dl) 'The diffuseness, ,~, shows an overall increase 
I'r'~m 43 66 K in the ~ = 11 c~m~posit~on h~ 

~ 76 K i'~r ~ = l) ~ (Table I) 
(iv) q-'he degree of relaxatl~m behavlour, A'T", 

shows an overall decrease I'r~m 23 71) K I'c~r 
~ = ( ) t ~  1821K I~r ~=(l '~(T'able I) 

In cemnet.'tion w~th the first trend, ~t is clear that the 
zitcomum ~on. Zr 'a+ is effective tn stabdlslng the 
polarlsat ,m within the p~darisatlon clusters ~1" the 
relax~= to a higher ternper:~ture than in the parent 
composition, PMN This may be attributed tu the 
pr~bable dmt~r t .m ~1' the ~xygen oclahedr~m 
co, ordinating the zirconium ,ms,  as sh~wn in Fig. 6. 
'T'hm type ,ffdish~rtion, in which tht' upper trtanguh.~r 
face ~I' ~x~,gen I~HIS bec~m]es la~ger than the 
lower tr iangular face, is c~)mmonly I'~und irl 
rh~m~bohedral perovskltes ~ The uneqi.tal edge 
lengths tn the triangles per=mr a relatively large ,m,  
such as Zr 4+, to be displaced frum the centre of 
c,.,~rdilmtes ,~I' the (]). oct:~hedral cage towards the 
larger face, thereby creating an electrw dipole 
m~m~ent 

Such Z rO ,  dip~les cuuld act as structural unlt.',, 
which would be stable to lugher temperatures than 
their Nb(.). CoLinterparts. Furlhermore, these ZrO,  
~ct:=hedru wuuld I'aw,Jr the parallel (ferr~eleclrtc) 
alignment of nelghbour~ng NbO. dtp~les, through 
eleclroslatic ~nteracti~ms 'The persistence ~1" the 
p~dar ZrO,.. ~wtahedra t~_~ higher temperatures w~uld 
thus pr~w~de a mechanism I'or stabihslng nelghb~ur- 
ing NbO. dlpules l~ htgher temperatures than in the 

P 
I ~ , / 

// , , ,/ 

I / / '('i) " ,.,/ 
I / " , / /1 ~' / 

'~_.__~~__.~1 

l/ill 
/ (x,,,\l._ I 

(b] 

Fig. b. 'The aril,t'np,.llt'd r h . v n b . h e d r a l  dr.;h~rlt~m ¢~1 Ihc Zr(.)~, 
cu lum cu~rdmal t~m p~dvhedrun (a) tri chm~graphlc proJeCtion; 

(hi viewed ahmg  Ih¢ Irtgunul Ihree Fold a~ts 

parent c~mpc~sntion. The associated pol,'lnsatton 
clusters would consequently be stable to hngher 
temperatures, with a predicted increase in 'lqE,...,,) 
with 

Since the parent comp,~sitt,m, PM N, ts character- 
ised by a small rhomb~hedral d is tor t ,m,  it is hkely 
that the Mg,(-). ~wtahedra wil l exhibit ~,lmtlar 
dmturttuns to thuse postulated for Z rO.  LanDis Note 
I'rom F'tg. h how three-fold symmetry in maintained 
~n these dl.SlOltlOns. From geornelrlcal c~mslder- 
alt~m.s alune, It t,',, to he expected that Mg()r-, and 
Zr(.), octahedra will have c~rnparable dist~rta~ms, 
since M g '  + and Zr '~ + ions have identical tonic radli. 
H~wever, the smaller formal charge ~n Mg(+2)  
t.'~mlpared I~ Z.r( + 4) implies lhat lhe magnitudes ~I" 
the Mg(_), dtpule m~mlents will be t.'~msiderably 
.'.,mallet. The MgO~., ot.'tahedra wdl thus be less 
effeCllVe in pr~widtng dip~les wlth which coordinat 
ins N be.),., dtp~les can be ahgned. The smaller charge 
~1" lhe magnesium ton implies thai it wtll als~ 
be less elTeetive than ztrcontum in polanslng the 
electr~ms of cuordinat~ng uxvg, en i()rls. In general, 
metal-oxygen interactions oI" thin kind, t.'~rrespond- 
i r l g  I¢.~ i r l t . ' i p le r t l  t.'~walency, are crLi t . ' la[  t o  the 
stabiltsailon ol' polar MO~, oclahedra to higher 
tempera I Lires 

T'rend (it) reveals Ihat, although subslttuttort of 
Zr '4+ ~ons raises '/"( E, , .,,. ), there in .'~n associated 
decrease in permitt lvi ly values,~:', Thus the para- 
meters 'T(E,,m,,,)and ~:',,.,,,, vary essentially independ- 
ently of e:,ch ~tller In this case. 

For a given COllCerltratl(HI, ~, ~)1' Zr '4 + ions in 
PMNZ,-~, the concentrations ~1' Mg :~ and Nb '+ 
tun,,, are(I  - ~)/'3 and 2(I - x )/3. 'Thus lwtee an many 
Nb ~ + ,ms art.- replaced by Ihe Zr 4 + tons an Mg:  + 
~ons An has been argued prew~uslv I'or PMN, "  the 
NbO., ~clahedra are the prtncipal clHlSlltuents of the 
p~flarisati~m clusters, with the MgO~. ~ctahedra 
~esptmstble fur creating the clustered structure, 
~athe~ Ihan ~me made Lip of the I'erruelectrlc dumalns 
with hmg-range dipolar c~upling, In forming 
substituted t.'omp~salaons PMNZ-~,  a structure 
based on pulurlsat .m clusters ~s maintained, ah'mg 
with lhe assoctated relaxor response However, smce 
the p~larmabilitv of NbO.  uctuhedral untts w~ll be 
greater than that o1" ZrOe. ~ctahedra, the reduction ~n 
Nb" + concentrataun ts expected to lead to an overall 
reduction in values ~fl' E,,m,,,. 

The third trend, relating to the diffuseness o1" the 
maximum in t:',, reflects the greater range tn the 
chemical cumposi t ,m ~I" the polarmation clusters 
PMNZ-~ solid solut..ms compared to the parent 
PMN Those clusters with a relatively greater 
zlrc~mlum content wdl gwe u large contribution to 
the d~electnc response at a higher temperature than 
those regauns with a lower Zr '~ + t.-~mcentralton 

Trend (~v) sh~~ws that z~rc~mium substitut~un 
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afl'ecl,n d~fl'uneness and the degree ¢~1' relaxation 
behawour dmfferenllv In reducing lhe c~mcenlraliun 
(~1' M g  :+ I~mS, the degree I,(~ whwh l,he Mg(-)~, 
ocl,ahedra In break up I(mg-range dip~)lar o~uplnng 
will be reduced 

The l,hlrd trend, relatln-g I,~ dlfftmeness, ~ w~rl,hy 
~>1 I'uil,her om,,Merall~m In the sv'qem P M N Z -  ~, the 
dll~'LiSelleSS I l lL' leaSes aN a l l  e~,tlf l  c h e m i c a l  k'~mll.~O 

nent, Zr '~, , Inadded H(,wever, l ,hl.slsnutalwav.sthe 
ca,~e, as I'~r example in lhe relaled sv,~l,em. PMNT' .  ~. 
Pb(M!.h~ _,~ ~Nb,l~ _,~ ~T'I,O~ Herr the Mg and Nb 
ions are leplaced by the smaller TF ~' l~>n 

(r ~ I('T r~ + ) = () 6q)b ~ ). ~,.(h the r~,,laris,'~bllll v ~.1' 'T'I(_). 
~ w l a h e d l a  o m n i d e r a b l v  l? lea le l  than  l,he~r Z,r(_)~., 

~ . ' ~ t i n l . ¢ f l . ' ~ a r l s  In th in sVsl,enL lhe  difl ' iJ~erlesN ns 

nedunced a',; TH '~ P,, added The PMNT'-~ system has 
been ii l~,,esll-galed bv severa l  w o r k e r s ,  ~ w i l h  ~,altnes 

I~u 0, ,' and AT'  ublalned Ir~ut~ ~;amples prepared usa 
thus labouatorv ('Table 2i ~ 

The ~,pl.'.,~sile f i end ; ,  ii1111¢ v;.il l a l i ( u l  ~,d' di f f l isene' . in 

wllh ~ hel~,een PMNZ-~  and P M N T  ~ nmpl.v lhal a 
L'(H1Mderal lOl l  (f l '~. 'hell l lL'al I l lJHIITlO-gellel lV (~11 a SlrlCI 

pr~p~mi~mal harms ~e at :~ umnml cell level, is 
i l INLII~L'Iel l l  I~) r a l i ~ma l l se  the dlelecl~nc response  

R a Ihe l .  the ,)~'e~ a l l  u'~n~posnl~ ms (~1" la rger  sl r ucl,u ra I 

e l l l i l i e n  sl iCi l  a~ polarlsall~m clusleus should he l a k e i l  

IIl1~1 a L'L'~, H.I [1l. 

II In ;il~J.ued, l t l e re l~ re ,  l h u l  1he I I I I r ~ d u c l l ~ m  ol  

T'l 4 -  I~ i ls  ~.lven line' I~> lar-gem po lar is ; . l l l~m clLi'.;lers 

Itl;.111 li] P M N Z  ~, ~mi]ce the T'I(.),, dIp(des ane m~te 
e l t e c l i v e  I ha f l  lhe  Zr(_),  t in , Is  in o v e r c ~ m l i n g  l,he 

d L i s l e r i l l g  el l 'eel  ~fl' I ] le l t la .gneMt l ln  io] ls  Th In  ~,'le~, 

p(~ii] l  i~, suppon led  by the m~ne sudden drop nn ~ / - '  

values with increasm-g ~ (el'. Tables I and 2) A~ the 
.iveia[..,e size ~)i these k'ili.~lelN ilwrease.s, lhe e'~lei l l  ~l 

Ihe Va l la l l (H i  I11 tW~'laJJ che1111L'~.lJ L'(H11pOMllOII be lween 

l h e m  is redLmced, lea(JlmlL; I~) sha rpe r  m a x i m a  i l l  ~, 

T' l i is  r a l i ( m ; i l i s a l i ~ m  is I'iJrthem s u p D ~ r t e d  by da ta  ~HI 

P M N ' T '  ~ I'(~r va lues  ~fl' ~ , ( ) . t  ~ A t  x >. (),-I, a phase 
I l a n S i l l o r l  I() a le l~ag~mal  I'err(~eleclric phase l akes  

place. ~.hmch exhmhi ls i.i sharp ~:', maximum characl,er 
islik' ~1 a n~>uinal I'errueleclmk'. II is probable l,hal 
k'~l l%,entl{)naj I 'e l roemecl l ic  dlHllalllS a le  I '~rn led I l l  

Ihls lelraL.,. imal phase, unlike f i le  case a l  h~wer 
StlhMlltllllHlaI levels Ill tile ih~)mh(d~ednal phase, 
where melaxul hehav~ur  is slill ~bsenved 

T a b l e  2. , > , , , a r i d  A T ' l ' o r  P M N T  ~ c e r a m . ' . ,  

(_'omD~mm~(~) ,~lk) AT(k) 

( I I x i ,-1 ~ h6  I '~4 2 1 71) 
(iT)? lhl)fl I 72 21 l() 
ill),, t t  h) i '~7 IH,JI) 
(i i() &) ,J~, 16H i h Hi) 
i) ?() 2q 42 l hi 7 HI) 

Conclusion 

T'he ,~vslem PM NZ-  ~ has been t'~u~nd to exhibnl rn~He 
diffuse maxima It} nl~ ~_:', ver'sun 'T' vatiali~m than nt~ 
parent c~m~p~'~il,n~m, PMN.  DesDt¢ the h~wer values 
(~1' ~:'~, thn,~ um~re diffuse behavn~ur ( lemperature 
'qal'.lntv ,~1 resDmse),  coupled wnl,h ~;nnaller vulue,~ (~1 
dneleclric h>ss, d,', make l,llis ,,;y.,,,lem a ,¢lrong 
cand~da le  I'~r c a p : l c i l a l i v e  a p p h c a l i o n n  ~.it auTIblenl 

fern Pel a I tl res 

A n  i n l e ~ p t e l a l i ~ m  ~1'  l he  v a r i a l i ~ m  nn dMecl,rmc 
le.%l_~()llS¢ ~.~.llh increaNIl l-g Z.l lCOnlLim _%LIb.'.;lltUll~m tlLI'~ 

been i..,jven in le l l l lN  t)l' ;I c~mcepl,ual I'rarnew~u'k 
my{flying p{dari,~alion clu,qer,~ made up ul B(.)~, 
d i p o l e s  T'he an lu . ' i pa led  pr{~l_~erlies ~1" Nb(- )  h, ML2(_) , ,  

Z~(_),, a l l d  T'I( )r, ~ c l a h e d r ~  ha~e been dl.'.;celn~ed, Wll,h 

a la l I tHILI I INal I ( ) I I  .given I'~)1 the dl '~,~iUtl l lari l ie~ be 

Iween  P M N Z  ~ and P M N T  

Rel'~rences 

I ._%v~;irl/. ,.N L & ,.Nhr~,ul. T R . I-',Jhll~.'all, m (,I l.)er,,~!d(m.' lead 
nlaL.,ru',,ium iliqd~al~ .~lnl A'e'~ B . I I .  I"/(IqN2)12..IS h() 

2 H l l i ~ m  A (1 RamJall. (_ A , B a r N ' r  I-) I & Shro lJ I ,  T' r , 
TErvl ,,ladle,., ~i PblML., ~ ~Nb, d()~ Ffl'¢T'I()~ leii'~elet'lrl~.' 

I ('h~u.N W ~hlL)ui. r R . iarlg S .I ,~ Bhalla. A S [')n('l¢cirn(' 
arid p~r~){Jleclrn~ pr{)perlne,,, Irl IIIL J Pb(MI.., I ~Nh, d(.)~ 
PhTI()~ ',%hl('m F~'/IIJ~'I{'~'I/I{'~. I00 (l~')Nql 2 I') tN 

4 Td~¢um~r A W M,)dellmg r~.'laxL~r lerrL~leclrnc~.; Phi') 
The,.,m!., I_llllVefMl'~ ~,1 Leed,.,. I.IK. Iqq~ 

PhMv~ ~Nh, ~1_)~ IPMN) - -a  lenr~eleclrnc wiIh LI dl~l'li,~¢d 
pha,,(' Iral|MIl{m /'~'llr~i'/~'~'ll'zl'~..~(Ig'7]) t -q 

h I_l('lllfl{). K ~ Ni)lrlllr;J ,.~ , (.'rlllC~.ll ~.'xpi)f|erll,~ t)l II'lL' dwleclnmc 
~ ()lll.,I,Jrll,.~ in dll~u,.,¢d pha,,e Ir;.lrlMll{m {'r%',,ILIl,., F~'~/or'/,'~ lt, '~ 
L i t  .14 i IqX2l "~ fl l 

7 ,Shann, m. R I-) Re~hedefledm~eumm~ radH and,~v,>lemal~' 
'.,I Udle'., ~1 Il l l( ' [ah unl~' di,,I a m.'e,, m h~n hde,., dl ld cha Ic~L.,emd~,, 
..-h ~. ~'~ ~t A.I) 119'7h1 '7~1 h7 

H Th, muh N W & B¢flollalH. A ,~ul-}rrHIh.~d Ii~ -h'h/ ( ) i . v l  B 
~-) Theresa,,. N W A m-'~ Iramew~rk h~r under~,lar,'lml.~ r¢~lax~r 

h'nr~eh'rlr, ,, .I Phl'~ ( 'ln'm .%_'o1.1.~ .~1 (IL)qlll 141q- '~1 


