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STRESZCZEITIE

przedmiotem pracy sq badania relaksacji dielektrycznej, wlasnoSci elekrostrykcyjnych

oraz Ramanowskie rorylaszzrnie Swiata w krysztalach:

- PbZrO z czystym oraz domieszkowanych niewi elk4 il oSci 4 PbTiq'

- PbHru3 crystym oraz domieszkowanych niewielkq ilofuia PbTio3.

EMe; Pbzr}tjest przykladem antyfenoelektryka z jednym przejsciem fazowym podczas

gdy PbH03 jest antfenoelekrykiem z dwoma przejsciami fazowymi.

Badania te mialy na celu przyblii:yt, rozwiqTanie problemu mechanizmôw

odpowiedzialnych za strukturalne przej5cia fazowe w antyferroelektrycznych zwiqlkach

ABO3 typu pero\ilskitu oraz okreslié wklad procesôw relaksacyjnych oraz drgafr sieci

krystaficznej do niskoczçstotliwo3ciowej zzlehnosci przenikalnoSci dielektrycznej e(T)

obserwowanej w poblizu przejSé fazowych. Zbadano wptyw jaki na wymienione procesy

wywiera zast4pienie jonôw Zr i Hf w sieci PbZrO 3 orazPbllfo3 jonami Ti. Badania zostaly

przeprowadzone w szerokim zakresie æmperatur 300 - 700 K i czçstotliwo$ci l0 Hz -

l0 MlIz orazw zakresie czçstotliwo$ci optycnych.

Dysertacja obejmuje obszern4 dokumentacjç wynikôw eksperymentalnych i ich

opracowanie numerycme opieraj4ce siQ na wybranych modelach teoretyczrych' W

prrypadku cyrkonianu olowiawego znaleziono silny zwiq.zek deformacji elektrostrykcyjnej

z nikoczçstotliwo$ciow4 relaksacj4 dipolow4 W poszukiwaniu miçkkich fononôw

przeprowadzono eksperymentalne badania ramanowskiego rozpraszania Swiatla w

przedziale czçstotliwosci l0 - 800 cm-' i w zalaesie temperatuI l0 - 700 K. Numerycne

opracowanie widm, dokonywane prz)' ulvzglçdnieniu symetrii faz, pokazalo wyràzn4

zale2noSé czçstotliwoSci drgafr optycaych od temperatury i potwierdzilo wystçpowanie w

badanych materialach przejSé fazowych typu przesuniçcia

praca sklada siç z czterech rczdziatd,w z ltôrych pierwsry jest teoretycanym wstçpem

opisuj4cym rrr4nez liæratury wlasnoSci dielektrycme i stukturalne badanych maærial6w.

W druerej czçSci pracy opisano badania Ùspenji dielektrycmej. W trzech

@rozdzidach opisano nas4pujqpe vlyniki badaÉ eksperymentalnych:

- procesy dyspersji dielektrycmej w PbZrO3 w zakresie czçstoSci do

10 MlIz

- procesy relaksacyjne w stalych roztworach PbZrl-*Ti*O3



- wlasnoÉci dietektryczne dla PbIIro3 oraz PbFIfr-*Ti*O3 7Ê s7.c7.eg6lnYm

uwzglçdnieniem fazy antyferroelektrycznej.

Wykonane pomiary ujawnity istnienie kilku wystçpujqgyoh po sobie procesôw relaksacji

dielektrycznej,bqtL to rvsp6lnych dla wszystkich badanych krysaal6w beûL to zaleinych

od ich indywidualnych wla$ciwo$ci. Najsilniejszy efekt relaksacyjny, lvystçpuj4cy w

zakresie najniz.ych badanych czçstotliwo6ci (<l00IIz) niqzano z procesami

elekfrochemicznymi w warstwach przyelektrodowych krysaalu Kolejny wspôlny dla

wszystkich badanych pr6bek efekt relaksacji dipolowej, maj4cy zirelcny uptyw na

z.aleino1é e(T), zaobserwowano w zakresie do lld[Iz. Relaxacjç tç powi4Tano 7'e

zdefektowaniem otaznieuporz4dkowaniem podsieci atomôw tlenu. W zakresie kilku kIIz

dla krysztal6w PbZrl-*Ti*O3 znaleziono slab4 relaksacjç dielekryczr4 bçdqcq

bezpoSrednim efeltem wprowadzenia do sieci badanych krysztal6w jonôw Ti i zwryan4z

dynamika granic fazowych. W przypadku materialôw PbtIfCa i PbHfl-*Ti*O3 podobna

relaksacja w zakresie kilku MFIz zastala z,,vrqzam z przebudow4 struktury domenowej w

pobli2u przejScia fazowego miçdzy stanami antyferroelektrycaymi.

Tp7nciaczçSé pracy opisuje badania wlaéciwoSci elektromechanicztych. Badania te jak i

poprzednio, wykonano dla nastçpuj4cego zestawu krysztal6w:

- PbzlqczYstego

- stalych roztworôw PbZrl-*Ti*O3

- oftïzPbFlro3 i PbHt-*Ti*O3,

W zakresie czçstotliwo$ci, w ktôrym w fazie paraelektryczmej obserwowano dipolow4

relaksajç dielektryczr4 lvystçpuje dyspersja odksztalcenia elektrostrykcyjnego. Zjawisko

dyspersji elektrostrykcyjnej potraktowano jako modyfikacjç wlaSciwoSci elastycznych

krysztalu wynikajac4 z istnienia dynamiki dipoli elektrycznych w zmiennym polu

elektrycznym.

Cnyarta, ostatria czesé pracy dotycry badaft Ramanowskiego rozpraszania Éwiatla w

poblizu przej$é fazowych omz w szerokim zakresie temperatur fiazy paraelektrycznej. We

wstçpie, korrystajqp z teorii grup przeprowadzono analiæ drgaÉ dla krysztalôw PbZrO3

oraz PbH03 $'poszczegdlnych fazach lvystçpujqpych w tych krysztalach tj.

Paraelektrycznej (PE)-+Ferroelektrycznej(FE)+Ant5fenoelektrycznej (AFE) dla PbZrO3

orazPbZrl-*Ti*O3,

Paraelektrycznej @E)+Antyfenoelektrycanej(AFEl)+Ant5rfenoelektrycznej (AFE2) dla

PbHm3 oraz Pbflfl-Jipr.

1.



Celem baÂah rozplasz:rnia Ramanowskiego bylo poszukiwanie miçkkiego drganta- Z

prz.eprowadzonych eksperyment6w wysuniçto nastçpuj4ce wnioski:

- dla PbZro.seTio.orOl zachowanie tego miçkkiego drgania obserwowano we

wszystkich fazach lvystçpujqpych w tym krysztale. Szczegôln4 uwagç

anyrôcono na 1a4 paraelektrycur4 rv ktôrej mo2liwo5é wyst4pienia linii

ramanowskich l-rzçdu iest wykluczonazÊ wzglçdu na reguûy lvyboru.

Zlamanie tych regul jest tu wiryanebqdtt zwprowadzeniem defektôw do

podsieci Pb lub o, b4dz z pojawianiem siç dynamiczrych obszarôw

polarnych indukowanych wprowadzeniem do sieci krystalicznej jonôw Ti.

- w PbHru 3 oràz PbHfO.%Tio .sao3 za.chowanie typu miçkkiego drgania

zaobserwowano w okolicy prznisciafazowego pomigdzy dwoma fazztni

antyferroe I ektrycznym i. Wyst4pi enie m i çkkiego drgania w tym przej éci u

fazowym Swiadczy o tym, 2e jest ono po czçSci typu przesuniçcia.

Podobnie jak w PbZre.eeTi0.61O3 tak i w PbH03 oty PbHf0.e6Ti0.saO3 obserwowano w

fazie parelektrycznej zabronione prawami symetrii linie ramanowskie I-rzçdu. Zadna z

tych linii w przypadku tych krysztalôw nie wykazywala jednak cech miçkkiego drgania'

po dyskusjach wynikôw przeprowadzanych oddzielnie po z*ohcznniu kuidego z

rozdzial$w oraz ustosunkowaniu siç do zamierzonych celôw , PmcS koircz4 wnioski.



RESUME DE LA THESE

L'object du travail de recherche est une étude de la relocation diélectrique, des propriétes

électrostrictives et de la diffirsion de la lumierc Raman dans les derut systemes perovskites

a base de plomb:

-Pbzro3pur ou faiblement doÉ pat des ions Ti

- PbHfCa pur ou faiblement doÉ pat des ions Ti

Iæs deux systemes ont la charactéristique commune, en étant meme des substances

prototypes, de présenter une (pour PbZrOù voire deux (pour PbHro3) transitions de phase

structurales vers de phases antiferroélectriques (AFE)-

LÆ but des travaux faits dans la these est d'étuder expérimentalement et théoriquement

les transitions de phase structurales exhibées par les deux systemens, et notamment celles

menant a des phases AFE, et d'en comprendre les méchanismes. Afin d'arriver a ces

objectifs, nous avons mis en oeuwe des mesures de relaxation diélectrique, des propriétes

électrostrictives et de diffiision de lumiere Raman, cela dans des intervalles de

températures allant a l0 K a700 K et dans des gammes des fréquences de l0Hz a l0 MHz

pour les mésures diélectriques et élecrostrictives. Les différences mesures dont été

réalisées sur des monocristaux pun PbZrO3 et de PbHro3 et sur des monocristaux

présentant de faible dopage (de I'ordre 4Yo) en ions Ti.

Le mémoire de these comporte quatre chapitres détaillant, de façon progressive, les

différentes phases du travail.

Iæ premier chapitre est consacré a un rappel des propriéés diélectriques et structurales

des deux systémes étudiés. Il pose ainsi clairement I'object scientifique de l'étude

envisagée en la situant dans le champ des connaissances déja acquises et en posant les

problémes non résolus et abordés dans les trois chapites qui suivent.

læ second chapitre du mémoire est plus specifiquement aux propriétés diélectriques des

cristaux étudiés. Ce chapitre commence par rappeler les éléments theoriques essentiels

concernant les fonctions de suscepibilités diélectriques de matériaux isolants telles que

par exemple la fonction de Debye, la fonction de Cole-Cole, la fonction de Cole-Davidson.

puis sont données les conditions et les dispositifs experimentaux mis en oeuwe ainsi que

quelques informations essentielles sur la croissance et la nature des cristaux étudiés-

la seconde partie de ce chapite donne un aperçu sysæmatique des résultats

expérimentaux obtenus, cela en les présentant sous fiois sous-sections:

{



- les résultats de dispersion dielectrique de PbZrOt en dessous de l0 NftIz;

- les processus de relaxation diélectrique dans des monocristaux de

solutions solides de PbZrl-*Ti*O3

- les anomalies diélectriques de PbHro3 et PbHfr-*Ti*O3 a proximité de la

transition de phase antiferroélectrique

Læs mesures ont mis en évidence plusieurs sortes de relaxations diélectriques, qui sont

soientt communes a tous les énchantillons, ou soienff specifiques a chaque composition

cristalline. Une forte relaxation a été mise en évidence au base frfuuence et est attributee a

des processus de type élecfio-chimique. Læs énchantillons étudiés présentent également la

propriété oornmune d'une dispersion diélectrique significative dans le domaine du kHz

attributée aux impuretés et a des désorderes dans le sous-réseau des ions oxygene. D'autres

contributions diélectriques d'intensitiés moins imporùantes ont étés observées et analysées

comme étant s@ifiques a chaque échantillon.

Le troisieme chapitre du mémoire decrit les études électromécaniques enterpris sur les

systemes cristallins analysés. Aprés avoir rappelé les aspects théoretiques et précisé les

montages en ex$rimentaux utilisés, nous détaillons I'ensemble des réultats de mesures

obtenus:

- sur le cristal PbZrOr

- sur la solution solide PbZrl-*Ti*O3

- sur le cristal PbHro3 et la solution solide PbHfi-*Ti*O3 dans la phase

paraélectrique.

læs résultants mettent en évidence I'apparition, simultanément aux relaxations dipolaires,

de dispersions de la déformation électrostrictive. Cet effect a été interprété comme un

,,modulateur" des propriétés élastiques des cristaux consécutives a I'existence de

dynamiques dipolaires.

Iæ quatrieme chapiûe de la thése oonoerne une étude expérimentale systématique de la

diffirsion de lumiére Ranan sur les cristatx perovskite a base de plomb et son

interprétation.

[æ premiere section de chapitre 4, rappelle les éléments essentiels et indispensables a la

bonne compréhension du mémoire sur la spoctroscopie Raman et la dynamique cristalline.

Puis est donnée I'analyse en terme de théorie de groupes, des syméûies des vibrations des

cristaux de PbZrO3 et PbH03 dans les différentes séquences de transitions de phase:

f{



Paraélectrique @E) + Fenoélectrique (FE) + Antifenoélectrique pour PbZrO3

paraélectique @E) -+ Antiferroélectrique 2 6Fn4 -+ Antifenoelectrique I (AFEI) pour

PbHro3

Suite a ces considérations sur les symétries de vibrations, nous donnons les principaux

résultats obtenus par specroscopie Raman :

- sur PbZrO3 etPbZry*TtOr dans de phase AFEI

- l'évolution du spectre a la transition de phase AFEI-+PE

- sur le secteur de PbHOg at PbHfl-*Ti*O3 lors de la séquence

AFEI - AFF,Z oazzPB.

Dans la derniére section 4, nous analysons le spectre Raman en relation avec les résultats

obtenus dans les chapitres 2 et3.l,es points essentiels mis en évidence sont les suivants:

- la phase paraélectrique, par symétrie inactive en spectre Raman du l"

ordre, développe en spectre Raman significatif interprété comme étant du,

soit a I'existence ou l'introduction de défaux dans le sous-réseau Pb/O, soit

a l'existence d'amas dipolaires dynamiques consécutif a I'introduction

d'ions Ti au centre de la cellule perovskite de thése'

- la fi:ansition de phase PE - AFE2 -AFEI a éIÉ analysée du point de vue

diélectrique a partir des résultats de dynamique cristalline déduits du

spectre Raman et a permis d'analyser les contributions respectives des

dynamiques phononiques et relaxationnelles dans les transitions. Les

dynamiques relaxationelles ont été reliées aux observations du chapitre 2

et a Ia diffirsion quasi-élastique de lumiere.

- I'activation d'un specûe Raman assez intense dans PbZrO3 et PbZrl-*Ti*Os

a été analysée en terme d'occurrence d'un mode ferroélectrique mou qui

pourrait participer en tant que mécanisme moteur lors de la transition de

phase PE+FE.

pans la conclusion, nous présentons une synthése de résultats novealx obtenus par notre

étude en les discutant de façon comparative et en les analysant criquement par rapport aux

données connues présentees dans le chapife l.

f
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l.INTROI}UCTION

I.1" DIETECTRIC DTVER@NCE AT PHASE TRANSMON FOINT OF PEROVSKITE

oxrDEs

Ferroelæ'trics and adifeno€lÉtics rcpes€,û a special class of materiEls in uùioh

sfucnsal phase transitions ftom hiÉ to low E/rmm€ilry Éase are accompanid by te

appearance of spontamus polrization (ForsberiÉ, 1956; Me€a\r, 1957; Kânng 1957;

Jona & Shirane, 1962;FAwn &Merz.1967; Smolenskii st al., llll: Mtsui et al., lnr-

T5g appearanoe of long range polar q anti-polar or&r in coordinate space is thus

characteristic for fcrroetec{ric (F) ad antiferrælectric (A) @se transitions.

Among largo number of ferroelectric md antiferroelectric mderials, &uble oxifu of

perovskiûe type have been for maûy yffirs of gred interæt in thc im,estigdions of both

naûrc and mechanim of phase transitions. ThÊ perfect perovskiûe strusùxre is extremely

simple with general formula ABO3, cùer€ A is a monovalent or divalent metal and B is a

teha- or pentavalent ore (see Fig 1.1). ft is a cube with A aloms at tlrc cubic corn6s, B

atoms dtho body ceûes and O atthe face c€ffied positions.

OA

@o

Y>oB

A
iX
;

Figure l.l. C\rbic perovskitetpe stucûne ABO3.



Taking the origin at the positim of the A aton, the coordindes of tùe aioms are then:

A at (0,0,0)

(t  r r\u * lr'r'r)
o ar (i,ir),Én,){ni,f

The stnphre can be also regÊrdÊd as a set of BO6 oûûhedra arrlanFd in a simfle cubic

pgfiern and linkedtogûerby sh|rcd oryg€Nr atoms, withA atoms occrapyingûe spaces in

betrreen lvlany of these compounds arç obaraÉ'terised by very drastic ammalies in

dielætrio p€rnitivity gt o€rtain temperaûrræ. ThesÊ anomalies idicaæ conesponding

phase transitions.

A crystal is said Ubfenælectric uiùen it has two or more orie,lrtational stat€s in tbo

absere of an eleotic field and oan be shifted from one to mther of tbe stlÛÊs by an

electric field- Ary two of the orie,lrtation states are identical (or enantiomorphous) in

crystal sfiucûrre and differ only in eleotric polarization vecûor at null field A fenoelectric

phasÊ change r€pres€Nils a special class of sEuctrral phase traosition denoted by the

app€aranee of a spontaneous polarizetion ad large divergence of the dielec'tric

perminivity at a Cqrie point T". Above T" (in a paraelectric phas€) the dielectric

permittivity e, varies with tc,mperanrre in an approximate Crrie\Veiss malmef, E{/C[-T"),

u/here T. is the Curie-Weiss temperatre.

The first ferroelectic perovskite to be discovered was BaTiOl. It was an wed of

porticular significance as pior to ûe discovery only complex hydrogeNr-boffi crystals

had been known to exhibit ferroelectricity and the presence of hydrogcNt had be€tl

considered esse,ntial for the phenomenon. Ottrer leading represÊDtatives of this class of

crystals are PbTiO3 ard KNbO3.

Irdaterials are called otiferrælectrics, in the sense given by Kitæl (1951), wh the

sys.tem exhibits large dielectric anomalies near the Curie te,mperaûne (Io), bt no net

spofianeous polarization can be observed in the lower phase, wfore the crystal's dructrrc

is characteris€d by adiparallel displacements of certain atoms. The syst€m can be

ransformed ûo an iadrrcd ferrool€ctric phase by applicæion of an electric field. Tb most

important represûtives of ABOI-bpe class of amifenoel€c'tric crystats ue fuZtO3,

NallbO3 and PbIIOr.



According to Lyddanesacbs.Teller reldim (Lyddane et al., l94l) the laræ dieleo'tric

permitivity dive,rgenoe observed near the ferroelecrric phase transition should be

associaæd wiû tre aondensæion of soft phonon ar ûe Brillouin zltrc a€ffie (q = 0). In

antifenoeleotrics the phase hansitions (uùere fu size of unit cell inorqses ot to phase

transition) arc ôre to co*mation of soft @non d ûÊ Brillouin zore boundary (ii * 0)'

The orderparameteroftùe transition is in boû cass relatedto the static part of ûe normal

coordinate of the conespoding soft pbonon In fenoelecilrics the order palam€Ûer is thus

the static homogemus polaridion or, uùich is ûe salne, the Forrier component of the

polarizdionwithawavevectorzso,Q=0.Inantiferoe|'ecilricls,onûeotfurhand'tbe

important çrantity is &e Fourier componemt of the polarization with a norFzero wave

vector, ii * 0. It means that the antiferroeleolric crystal is composed of tqro collinear

subldics with oposiæ polarization and thru cannot be described by a single order

parameter. In such a oasc fu transition corræpods ûo simultamus codensstion of more

l\qn one soft phonon

In perovskite BaTiOl aodKNbq orystals tùe soft mode conoepÊ was connecûed wittt th€

phonon like motion of central ions (Ti or Nb) with respect to thoir o)ry9€Nr ocûab€dre

(Lines & Glass, gm. ltrowever it was shwn recently that for th€se marerials the concefl

did not firlly oplain tho e(T) behaviour and the relærational pûooss was formd to b€

mainly responsible for tbe dielectric response measured in ùe audio-freque,ncy region

(Fontana et al., l9&4; Ivlaglione et al. 1989). In both cases tb rela:ration process was

associated with hpping of off-center Ti/M ions betwecn slmmery-relarcd pot€Nfial

wells. In BaTiq a Debyelike relanation peak occurred in the 10t IIz range, with the

slowest reluration time at the transition tÊmperature (413 K) betrreen the paraelectric

(cgbic) and ferroelectric (tenragonal) phasos. According to lvlaglione et al. (1989)' the

zuscept6ifity maximum at To comes directly from the relaxaÉional mode. In the KNbOs

crrtal a modsl of coupled resonator and reloration mode prcposd by Fontana st al.

(19S4) well describes tb eG) depederce tbroughorû tbe rvhle temperdre rangp. In

ferroelec{ric pbTiq ûo hryp Aiscrcearcv atT" betw€snthe clamped susceÉibility and the

one - calculded from tfo Lydden-Sachs-Teller reldion was erylained as duc to the

relaxing motion of læd (or oxygen) ions around displaced sitæ (Fontana et a[ 1990). The

exisûence of the relurdion mode was linked to tùe orderdisodsr naûre of the phase

transitions in these ferroelectric malÊrials. Th soft phonon observed elçerimentally in



both bariun titadc ad poOssium niobeûe, were strongly overdamped pwum*ly

bause ofûe relaxdi@ remioned ùove.

Invdigations of antiferroeleo'tric mat€rials meking rrse of dielectic and optical

spffioscopy are rathr poorb represenûed in lh liæranrc (Perry & McCarthy 1965). For

lead zirconde Is)Zlrq crystal uôich is the best hm miferræledric Eatsrial unong

perovstriæs, most papers on dielectric and strucffial properties dæl wirft tûe problem of a

transi€'trt phase apeering below T" (Scoût & Burns, lff2; IIms & Ilatderek, 1975;

\ryhatnore & Glazry., 1979, Fuishita & Hoshino, l9&4; Roleder & Dec, 1989; h &

KwaprliÉski, 1989). Papers on Raman scafiering in PbZrO3 crystals of this tlpe we're

focnd on searching of soft mode (Pasto & ConM€,l9T3;Roled€r €û al. ,19t8). Using

this metrod pbsse transitions in pure lead zirconaie were quiæ sdisfactority ræorded,

tough clear soft moe (8=0) behaviorn was mt fornd- Only a 130 cm'r line was

deteded at room ûemperatre in Raman spectra, uùich shifted very slowly towards lower

freqrærcies wiû inomsing of temperafire. It might be consideled as a soft mo& bû this

mo& was strongly overdampod wkn aperoacning transitionto ftc int€rmediate ard thn

ûo the cubic phase (Rol*r et al. 1988). Some investigations corcerning the dielec{ric

relaxation were reported by IanagÊn et al. (l9SE) but only at rïx)m tempereùxrc and in

ceramic lead zircoxate and also withoÉ final idedificetion of loss m€chanisms. In the

syste,m of Pb(ZrTiNbp3 a sfiong Debye-like dielectrio dispersion û. GIlz region in the

para- ard ferroelectric phases was form{ but also for ceramics of these compormds (Arlt

et al., 1994: Ilassan et al., 1995) The relaxation formd was atlributed either Ûo the sormd

e,mission by fenoelectic domain walls (Adt et al., 1994) or to th prcs€nce of clusters of

micro- or nanomeûer size (tlassan et al., 1995). Some erçerinenB on dielectric dispersion

at the above mentioned frequercy region were performed recently by Roleder et al. (1996)

for PbZrO3 single crystll. Tho investigations revealed the existæe of a relaxational polar

mode inûe antiferroelectrio and paraelectric stats.

To sme crdenÛ a similar sitrdim oocnrs in PbIIq for rvhich earlier investigations

ma& on ocramics idicûted two te,mpe,raûneidrrced phase nansitions (Goulpeatt 19f6;

Samara, 19661' Shiraæ &, Pepinski, 1953; Forter et aL, 1973). However in lit€raffie th€re

is virûrally no reported information on ldtice dpamics or dielectic relaxations in lead

hafratÊ single orystals orcept some investigdions of Rman scdering msdo in hi$

tressue (Jaf'anman et 81.,1994).



Here in fte pesent sùrdy was &ided to rmffike a systemdic dielectric relaxation

andRaman spectroscopy investigations oflùese two antifenoelectric cryrs'tals: Pbzrq with

one phnse transition and PbtIOr wiô trro phase tansitions. For these cr55tals, like in tùe

case of several ferroelectic crystals tb dielectric dispersioûl can be expected in a very

wide frqgercy range from few herE s rry ûo GIIzs. The central problem bre is the origin

alld ph)'sicol rehanisns of porticular rehxations. Solying this problem could be of

considerable importame for llre dscripion of tlre nûrc of phase transitions (or&r-

disorder or displacive) existing in ûose crystals and the mæhanisms responsible for the

rcal part of tb dielectic permitrivity e'(T) dependerce, especially in fte vicinity of the

phaso transition point Tb similar investigÉions were rffiaken for tlrc crystals eped

with small amornt of PbTiOr i.e. PtrZr;,Ti,O3 eZT> and PbIIfr-.Ti'q GIn). It is well

lmovm that inUoduction of forcign compone,nt leads radioalty to changes of the properties

of basic oompormds. In solid sohûions PZT,TI nrbstihrtion induces the formation of polar

regions wen in the paraelectric phase. Thus the introduction of the substiûled component

was fuigned to help ûo elucidate tb natne and origin of th observed dielec'tric

relorations and Ramân scatrering Wecta- In fact some erçerimental data in case of PZT

are known in liæranne however numerical elaboration of specrtra were not preseuted.

The measgrement of electrostrictive deformation as a fimction of fiequency at different

temperatrnes in paraelectric phase have been also designed to find possible correlation to

dielec.tric dispcrsion aspecially at lower tequency region Although the lead zirconate is

ths best known antiferroelechic crysta,l, there is still litle knowledge on its

electromechanical poperties. Some electrostrictive measurements urere pcrformed for

ceramic samples (Cieminski & Roleder, 19t9) buttbe investigEtions for single crystals are

still gnhrd" On the other hand no measuretrrents on eleclromechanical properties of

PbIIq are reported in literature.

I.2. W PEROVSKITES - LMERATI'RE DATA

1.2.1. Stnrctural properties of Lead zirconde

The best known and most frequently sbdied case of autiferroelectricity in perovskites is

fr7fr3.4t high temperaturas it possæses trs prototype cubic perovskiæ sftrctre bw wiû

tempe,laûne furease it exhibiæ a marked dielectic anomaly at about 503 K. The high

{



temperaûre pùase is paraelectrio wiù the dielectrio constant following th (}nieWeiss

law with Curie constast CæL6'10+JK and Crnie-Weiss te'mpe'ratre T. æ 463 t(

Altbough the gæral character of this dielectric arcma$ amears similar to tb one

obscrved in typlcot first{r&r ferroelectic perovskiæ like BaTiot, dielectric hysûe' sis

is not gpn€çally observed in tre low temperaûrre pluse and early X-ray and ærllrron

diffiaction erçerimeds (Sawagphi €Û al.' l95l; Jona et d.,1957) proved that tù€ Kxlm-

ûomperature strucûrc is antiferroelectrio.

Early experime,nts on oeramic samilæ of PbZrOs idicated that ûc phase traosition at

j03 K rans the onty stnrcûral transition to occur as a fimction of tcmperaûre in zero field

(Jona et al., lgs7).However tbe application of an e:ûernsl electric field below T" iduces a

transition to an int€rmediate rùomboffial ferroelecûic phas€. This implies tM the

antiferroelectric aod ferroelec'tric phases are very olose$ equal as Ûo the free emgr vahæ'

Nweûertess it is possible that the rùombohedrat fenoelætric phase may be stable in zero

field within a na11ow inærmediate ûemperature mnge between the antiferroelectic and

paraelectric phases. The intermediate ferroelectric phase was observed to be stable over a

Figrrre 1.2. Asolmatic represeffition of tùc besic antipolar arrangunent in PbZq. Th€

rmitcoll ofthe AFE phase is outlined-

àp

1
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tempe'raûre rangp of fte orfu l0 - 25 @ below, hS ûG range of stability @nds very

sensitively rpon sûoichiometry and grourth conditions of the samples (Scoû & Burns, l9T2;

Beaguigi et al., l97l; Ujna & Iladderck, 1975: rilhatmore & Ctlazs, 1979; Fuishita &

Hoshino, 1984).

In Slte of rrcertainty cowning th form of thc transition or transfiong the

antiferroelectric sûrrchre at rom tomperanre ssems to be well SblisM wi|ù fu

æouraoy d the level I pn (Jona et al, 1957). Th crystal stnrchre - first poposed by

Sawaguchi et al. (1951) - is or&orbmbic wiû a pseudocrùic perovskiæ unit cell gven by

aa" x a\ x \ with h+ fhe çaerpoling of tùe psedocubic an and h *o could be

explaid by Pb displacere,ils from tbir prototypic perovskiæ sitÊs as shwn in Figure

1.2. Sarmgrrchi €t al. (1951) eermind thEt fre displaoemetrs were apoximately

0.2 Â and tbat tnrc spce g5oup was sither Pbam or Pba2. More rccently tlle stnrctre of

PbZ1g, was exarnid throughly by Sawaetrchi et al. (19S0), Fuishita & Sawagwhi

(lgEl), Tanaka et al. (19S2). Followiry these sûrdies the spce group was determined to be

Pbam.

Figure 1.3. Th struoûre of PbZrOl m

constiûrcnt substnlchres A andB.

b)

(100) (a) ard (001) O) dividÊd ido its two

{
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In etl these sû'wtrral studics it was assumed trat ûle sfiuehrc was frrlly ord€red

Howwer Whatmore (1967) and later Cilazcr et al. (lD3) desribed tre large octaheùat

distortions nfrhOtstrucûre. Moreover they shouæd that ûe slrrrcûre of PbZrO3 could

be consi&red ûo be a sqperposition oftwo substrûcûres A and B as sbwn in Figune l-3.

Tb reldionsip betrreenths snbstrueûrs almostexact$ conespods to displao€ment

I
through (0,0,i) thus:

z

x4rYerze -  *rrYrr !*r t

Wiù referencc to peerdocubic alræ th tihing of tlrc octaMa in Figure l-3 b æh

substrusfiûe is well described b!'tb tilt scbcme a'a co (Glazsr,l9T2: lnr'

A very largs amormt of wort was performed on solid sohûions based on PbZrOr. Of

particular futorËst re pb(ZrTi)Ca boûr ceranrics ard single crystals rvhich extribit sûrong

eleotromechanical activity and are of some toohnical importance accordingly. The

poperties of solid solutions of the artiferroelectric fuZtOt with ferrælectric PbTiOr are

described by a very complex diasfam (Jatre et al., l97l; Sawaguchi, 1952| Morozov et al.,

l9Z8; Roledcr, l98O). This refers in particular toPZT solid solution with Ti concentration

of a few molar peroent (4o/o mol). Wh€n Ti ions are added to the system, X-ray

investigÉions show ttre existenoe of an intermedide phase below T". On the basis of X-

ray, dieleclric, plnoelecrtriq piezoelectrio ard DTA measrnemenæ, many authon have tried

to relate the width of the transi€Nrt pbase with the conceûation of Ti inPZT (the more Ti

ions in the system, tùs broader is the transient phase). This conces was fairly successfully

verified in tbo case of cemmic matedats hrt socmed to fait wbn single crystals were

considered. The @se diagram forthe PZT ceramic rystem is presented in Figure l-4.

For solid softûion with Ti conteirt above H).5, a rnique phase transition exists, often

oonsi&red as prely diqplacive nature, bstweon thc cubic paraelectrio (p) phase (Pm3m -

Oll .oA the fqroelectric teûragonal @ phase ofP4mmm (C*) Emme{ry. For PZT with Ti

oont€,lrt læ than 0.5, tftg sequsnce of transitions is more compler In the PZT with $nall

Ti corcerffiion gp ûo 0.(b, ûÊ phsse truition from orrbic stnrcûne (P) to an

antifemoelectric (A) phûsÊ of orthorbmbic symn€,try (furt) is rcslised via an



intermodiap I phlse. For O<lrd).03 iû ûe I phssÊ coexistæ€ of @ses P ad A wiâ fu

rhomboheùal fpnoelectric @ phas was aæertained (only for ceramic samples)

(tlatOerct et al., 19t5). Tb pure F phase of Rlm (q,) symmetry (usually called nf I t

cleorly Fes€Nrt only in sohnions for rvùich x$.03. For a slightly higt€r concoffiation

(above 0.06) ftc A phase vznishes and a low tcmperatrre ftnoeleotric phase F[ appcars

implyrn& coffiary ûo the ff pnnse, rotetions of oxygeir octahedra and rtomboh€dnat

Ermme,try Gfo - C*t

r (oc)

400

300

Figrne 1.4. Phaso diagram of the Pbzrr-,Tixq sofid softsion (Jaffe st al., lnD

Numerous investigations established thst the mrstoichiometry in the Pb ad/or O

sublattices shongly infhrcnced th properties of boû PbZrO3 td PTI compormds. Th€

problem is caused by the conce,ntration of point defects in ûe Pb and/or O stùlatrices,

rryhich are so easily prroôrc€d in thÊ tecbnological proc€.ss. For this reason it is possible to

obtain two kinds of PbZrQ singl€ crystals in the growth process. The first one exhibiting

only onc phase transition dircctty from tb paraelectric to antiferroelcctric phasÊ md ths

sccond w in uùich a sffcieirtty higfr conceirtration of point defects can provoke a

f€noelcctrio træient phos below T" (Roleder & Dec, 1989; Dec & KwapuliÉski, 1989a).

X-ray eromindions shourcd that cryrtals with one phase transition werc stnrctrally more

perfect ttran ûose wiû two tansitions which exhibit€d sfiucûral nonhomoge,lreity i.e.



sup€rposition of two different crùic sysûe,ms in ûF antiferroÊleo'tdc ad paraelectrio phase

respectively (Dec A fwaputitski, 1989b). Shitarty it is well brrn trd Ti ions

iûtroôrced to the lead ziraonar€ also radically change the properties of solid sohÛions

obtsitrÊd from this oompound Ti $ùstiûÉion idxles tb formation of polar regions even

in paraelectric Ésse (Roleder, l9S9) Ed also significadty qrtds tlrc tempermre range

of tb ooogrrenoe of tùe int€rdhte phse towards lower t€mp€rûres (Role&r, l9t0).

As a conseqle,noe, bgft.ernes i.e. poim &f€cûs ad inhoduction of Ti ions, cm inflnerce

ûe range and ûe mûre (ferroelec'tric or mixtrre of paraelectric, ferroelectric ad

antiferroeleotric phase.s) of tùe iutermediate phasc lmPZT. Thus it may be expected that

for a pbZrOr gingle orystal with some Ti conocntration thc t€mperaûre nnge of tb€

tramie, t phase may also rary and could differ consi&rably from th oæ reported in tb

literaûre.

1.2.3. Phase transformations in Iæad hafraæ PbHOs.

Iæad bafrâte (PbIIq) is an antferroelectric of the pcrovskite-type struÉtre. It was

fucribed for the first timc by Shiraæ A P€pinski (1953) as ths marerial analogotts to lead

zirconate (Pbzrq). Earlier invdigntions mâe on ceramics rmder air pessurc indicated

two temperatgreiduced phase tansitions: the first from praeleo'tric (p) to the

intermediate antiferroelectric (At state and the secod to the low-temperaûre

antiferroelectric (Ar) phnse (Goulpearl 1966 Samara' 1966; Shirans & Pepinski, 1953;

Forker et al., lg73). While thÊ tempenture of the Az-P tansition reportd in tbose pspers

varied from 477 K to 488 K th Az-Ar transition rvas fairly well establisbed at

433436K. The P phose oxhibi8 a classical cubic perovskite sErrcûrre arrd tbo qrmmeilrias

of A1 ard A2 phas€s apprs to be boûh orthrbmbic. Tha Al phasÊ was consid€lred as

isomorphous wiû that ofPbZrQ at room temperatrre (Fesenko & Balyunis, 1980).

The investigations of two antifemoelec'tric phases A1 and A2 did not finally determine

tho strucnre of these two phases. Although they secm to be well d€sorib€d in the rcccnt

literaûre (Zaits€'v et al., 1979; Leodiev ct sl., l9M; Topolov d al l99h &, b). The

possible slrmmetries of the At ard A, phases according to Zaibev et 81. (1979), Iæontiw et

El. (19S4) belong to fu space gloup Pba2 or Pbrm for A1 and oæ of the symm€ùies

Y222çPmm2, Pmmm orV222 forA2 all ofthe orûorhombic s1'nmetry-

t 0



Concerning tlre paraeleotric @se, Kwapulinski €t al. (194) reaorted the existence of

disord€r in hiÉ t€mperature Pm3m phase of PbtI03. On ûê basis of X-ray measutEments,

ùeV reporæd ûat Pb ions were ran&m! displsccd in th PbrO srùld[ice.

Up till now howover ralhr tiÛlc wort of different relevarce (exce$ tb strucnral

aspecs previously medioned) to antiferroetecilricity is prblishd æpæially on tbe

mechanism oflh two @se transitions in PbtIOs.

To tbe bæt of our knowledgB th€r€ is no literature dala on the maûerials PbtIfi-'TLO3.

t l



2. DIELECTRIC DIS,PERSIONS

2.1. THEORETICAL INTRODIrcTION

Debye focws

In order to aoquire a physrcal Éctrre of th ôrnamic mechanim of phasc tansitions we

have ûo sûrdy fint the rwponse of the dielec'tric srsceflibility of tùe dielectric crystal to

applicæion of timedependent electric field In tM ese a dipole momeirt of tùe crystal

which is activat€d by external elffiic field is going ûo be orierted in th direction of tbe

applied field Than if th€ electric field attenrates its orieniation, tb orie,mation of the

dipole moments will @ on time tæ. Thu$ fu phase differæ can appear betrreen

fu dipole momoffi orie,ntation rd 6c elec'tric field direction It ceuses tlrc dielectric

sræcefiibitity ûo become a complex rrulue. The behaviour of the complex suscepûibility or

dielectric pcrmitivity was firstly dcrived by Debye (Debye €t 81., 1934).

UÉr tho assumpion thal tbs dipole moments in tbo orystal & mt interact between

each other th dieleo'tric suscepûbiliy X{-i:f in frption of freqræncy behaves in a

mrmer fucribed by the eqrution 2.1 which is thc complex relation:

l (o)= 7-++ 2.1' I + jcrrt

rvhûre 6 and Ip ane the strtic suscepûbility aod the surcesibility measured above the

dispenion region, res@ively, t is the mean relaption time arld or is the angular

freqnenoy @F2Éf, f - fieqrrcnçy). Th relation 2.1 æn be dividod into two: real ad

imaginary parts:

1= x,-* r" - l i 2.2
l +a2ê

""= 
-&*rott 2.3^' 
l+(ô'r ' 

- -

Regarding comections beûrreen X and dielecilric p€miËivity s4'-js";

x'-'-l

T,,=,,

Equations 2.2 arÂ2.3 ænbe rervritûen in the following way:

2.4
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and loss @elÉ:

G'=8..fr+
s"=-%;bo.

l+6r"N"

tgô=e"-  
(er -e-XoI

t t  e .+E-@2r '

2.5

2.6

2.7

Eqnatious 2.5-2.7 arc called Debye equations ad fuoribo ohangss of thc rcal arrd

imagina'y parb of dielcctric permi$ivity (e' md E") in fimstion of frcqucncy o with

constant relaxation time a I, is û€ static perminiviy and e- - permifrivity aû hi$

neqrmoi€s (see figure below). t is th rclarotion time of tbe Deàye focæs. Ivfla:rimum of

r" will appear for corono., obeying relation o.r.æl (r=cons). Both rorr,* and t valucs

depend onte,mperatne.

log e(0)

lh log or

Figrne 2.1. Illustnation of Debye process (@nce of e' aûd t" in fimction of

frequency) (Jonsckr, 1983). For a pure Dôye fæoss the firnctions log e' and log e"

vefns log o (fu to<<l) havo linær pûrts with slopes equal -2 and -1 rcspectively.

Cole - Cole equation

It is evident that the behaviour of most dieleo{ric mderials diverges ûo varying &gree ftom

the,jdeal'Debye response and it bmne n€ccssary ûo modi$ tbe Debye ergession One

nrch dificdion wæ popod by Cds & Cole (1941) ad is gven by tb €mprical

equatiou

t 3
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r+ùere pûramË:tsr cl belongs to the ll6nge OSa<l aod eçntion 2.t bcoomes Debye eqgation

whsn cF{. Tbus a desÉnities th &gree of devidion of tlre give'n process frrom th ideal bÛ

it mgst be clgsr thst it is a pnely empirical fro.tor and has no real physical significarce.

Tb fto$lenûy aep€nfu, of real ad irnnglmry puts of dielcotric cffiad E

conespoding ûo fu Colo-Colre exprcssioa 2.8 arc presentÊd in Figu?o 2'2'

log e(0)

Ilr

Figrne 2.2. Ilhslrdion of tbe ColeÆolc foess.

Cole - Davidson equation

log co

\ilhile the Cole{ole expression corrw.tly maps qmall eparûres from tho ideôt Debye

reEx)il16, it is not adbquat€ to repesed' more s€\rere forms of rcn-Debye be'haviour and

|his l€d Davidson & Cole (1951) to pnoposo tbe following modification:

log e(0)

l lr

Figrre 2.3. Illustration of tbe Cole-Davidson equæion

t 4
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e(or)=r. *.-Jr4 2.g' 
(l+;o6;t-o

This foa6ub conseoûds r€asonabty well ûo a numbq of aotnlly ohservd dielocilric

rcspons€s. Once apiq tbc palarcær P bs m dirwt Éysiotl significanoe.

Tho otkr fiffiims

Th€re arc many example of dielffiic behaviorn rvhich csnnot be napped by either of

tbose lssÉ two expressiory both of rryùich oontain only one a4iustable parameter Ûo

kribo the shape of tb complor plot For this reason, a firthr gereralisdion was

intoôrc€d by HrydËek & Ncgpni (1996), consisting of both Cole{olc and Cole

Davidson expr€ssions:

/  \  -  t . - Ê -r(or=r- +1;1i"ry- 2.to

À{any of the observed resulb fit this twc'frameters formula

Several other empirical ogessions have been proposed to represent tb dielætric

reluration fimctbn, either in its eûirely or the imaginary component mly. Amng thse

may $g mentioned the Frpss-Kirkrvood (1941), Williams-Watts (1970), Jonscllsr (1975)

and Hill (1978), brf only ûosc having the parameûers cr and/or p can represent the

mqiority of cxperimentally &ornid firnctions.

2.2.DIELBCTRICM

The usefulness of dieleo'lric measrremernts for oharac'terisation of f€rrcteÉ'trics and

antiferroeleotrics oomes clearly from an examination of tùe low-freque,ncy measurem€'nts

of the dielccûio oonstant e'. E:dremely large increase of the dielectio constant of

ferrclecûic anfl dso difsrroelectric naterials is observed d ûeir puaelecilric -

antiferro/felroelootric first or second or&r phase transitions. The dielec'tric loss t"

generany follorm similar temperûure behaviour of th dieleo'tric conshtr E', alfuugh

mea$rem€njs of G" s€ often msked by the d-c. codrrtivity o of cryshls at low

fraçreæies. If tb phaso tuoition b ùrp, e' æd G" peak d the same temperaûure d

borth follow C\rrieWeis bebviorr as e,pected ftom the Kramers-Krû'nig relations. If the

plnse transition is not well dcfinod then e' and rn' peak at ditr€rent temperaûnes, the

t 5



se"ûatio6 of fu maxima @r* on t$e &ÊFee of brc*ning of the traosition'md ûe

temperatne r@ ofthe diffiio relaxdion

The rgÛe st nùich the dieteotic polrization rrynds ûo a chngs of applid electric

ficld is deûÊrmined by fu dislec{ric rrelordion timæ t of lb various oomibrÛions

(subscriÉ i) to thÊ polarization rvhich canbe fucribedby tùe Debye equation

2. t l

Figrre 2.4 itlusffies scnematicatty th manær in uùich teal ad funaginary parb of

dielec.tric permifiivity behaves in fimction of freqrmcy. Three Fooesses are shwn in ûis

Figure denoted by the stscripts ?-12,3 (ûe last otrÊ is the resonance proccss) and thsy are

assrured ûo b€ reasonably rwll separded in freque' cV. Th real part of the dielestic

permiÉivity e'(o) of every process afis to tb srm of the contrlbr$ions of all high€r

processes r+ùioh define tho "higbûr€qrcrcy, pcrmifrivity e.a for tbat pwess. Note rhd the

r3al psrt of tb pormifiivity r€Nnains flat in regions rryûere losses are ncgligible.

\,e

€'(o) AX',

e(c,)=T[,".;*J

x;
( . o l

^ fr;
dpl @p2 upr [og al

Figrrre z.4.Tfubehaviorn of dieleotic permiËivity in firetion of freqrcrcy.

For a rynmBmcat bisûrble sysbn of rcrinteracting dipoles wi6 barrier erergy B te

relorÉion time of eaoh pocess (exccp th lsst rcsotratpe gocess) is give,n by the

Arrh€niw cqrdion:

t 6



Îi = 1"E,(P# 2.r2

In f€rroel€ctrios ad autiftrroebtrics tfo relæration effects oan be ô!e to mûy

mechani$ns e.g. motion of ions (poid defæts), polarisation ftptlæion in ûe crystal

hffice or domain walls motion in multi{omain cr5rstals. Stdiæ of tb dielec'tric constant

e' ad the dielecûic loss G" as fiffiion of fteqrænsy m th phrse transfiom are thrs of

gr€at futffw inûo coffie$ of the Éûse etmiti@s ms,hilisms.

Tb dielec{rb comtalrt d dioleotio lqss aro obtaid ftom a lm$Eiqg of ral and

complex afuitæ of a crystal inconvedional ways i.e.:

I lE= o" + jæ = (oo +ox")+.Kor') 2.t3

wherp / is th cunreÉ ensity and E - electric field- e = G'-jt"is scparced into rcal and

imaginsry par6. Those measure,ments are particuldy skaighdorurud with inpedance

bridp rvhioh separale cÆrdr!&'tasce ad capitarce of cqMals. For ûis reason, as well as

th fu tbd qualitative information may be obtaid from rmpoled crystals, ceramics and

pow&rs dielectric measremcffi are most commnly uscd for iMification of @se

transitiom ad th recording of tramition temperûne. At frqrwies of tte range from

100 MIIZ to oflicat frequencies, the on'ystal must be prt of a transmission lino, wavegui&

or resonant cayity, ad the impedance is measued by conventional RF or microwave

ûechniques (see e.g.Lin€s & Glass (1977)). Sûrdies at optical frequencies will be discttss€d

in Chapter 4. Tho most commonly used method of measuring the dielectric pnoperties in

th range of acoustic @uencie.s is tbe bridge m€ûhod uùich is amlogous to the

$rhfsûonc bridgç. However, meosurements below 100 MI{z rnually involve elecrroding

crystals. 6 rhis oase tho results may be strongly affected by the space-oharge fields just

below lhc confac.ts. Problem of this kind can become serious close to phase tnansition

urhere the bulk im@nce of crystal beoomes very low. These effects can sometimes be

i&ntified and understood by using different contac{ elecdes or crystal goomeûries.

2.2.1. CbÉal grorylh ad conposition determindion

Iwwtigûions rvere performed on the c5rstals prcducod by the flux-mcthod. Æl ee

cr5/Sls were ma& in fu ldiû$€ of Physios of ths University of Silcsia by Prof. J. Doc.

A mùrhne of PbZrOr (and PbTiq in the ese of PZT! PbO and B2o3 was used aod tlrc

soaking focess was carried ors in a Pt cnrciblo aû fu tc,nperaûne of 1350 K for 4 hours.

t 7



Then the melt was cooled at the rate of 9 Kl}rto 1200 K and the solvent was poured off.

Constant temperature gradient of 8 tr?cm was maintained along the crucible æris.

Transparent light-grey crystals in the form of thin plates were obtained and used in flrther

investigations. For thePZT samples the exact concentration of Ti ions - )q ïYas established

for each sample by X-ray microanalysis investigations by dr. K Str6Z from the Instituæ of

Physics and Chemistry of metals at the University of Silesia.

Similar procedure was applied in the case of growing PbfffCg and Pbflfi-*Ti*or crystals.

The growing prooess here was caried or$ in the temperaûrcs from 1473Kto 1223 K with

the cooling rats 12 K/h. Transparent yellow crystals in the form of rectangulars or thin

plates and polydomain structure were obtained and usd in the investigations. The exact Ti

concentration in PFIT was established like inPZT by X-ray mioroanalysis.

2.2.2. Exoerimental conditions.

Only experiments performed in the frequency mnge below l0 MI{z will be considered in

further considerations. Crystals in the form of thin plates were used for these

measurements. The opposite faces of the crystal were elecfioded using cold silver paste

and the dielectric permittivity (e' and r") was determined by means of a Hewlett-Packard

4192 Impedance Analyser. In this layor.rt the sample was considered to be a lossy capacitor

with lumped-circuit capacitance C and resistance R. Investigations were performed in the

frequency rangÊ l0 Hz < f < l0 MI{z and temperature range 300 K<T<630 K. Sample

temperature was controlled by a thermocouple with an accuacy of 0.05 K. The real and

imaginary parts of dielectric permittivity were calculated from the relations e'Co:C and

Ê":r'tgô and where C. is empty cell capacitance. C and tgô were recorded directly from

the analyser. In some cases due to high losses of the sample the measurements of

conductivity G were more convenient ûran tgô. In that case t' and t" were calculated from

the relations e'{/Co and e":G/roCo.

E:rperiments of dielectric dispersion were made on crystals of prure Pbzrq and several

compositions of PbZrl-*'fi,Or (.where x:0.([15, 0.018 and 0.03). In the case of lead

hafrrate pure crystal of PbH03 was also chosen together with composition of PbHfl-*Ti*O3

(x{.04). Together with the dielectric dispenion measurements the variations with

temperature of the dielectric permittivity were performed in order to detect the phase

transitions sequence for each sample.

t 8



2.3. DGERIMENTAL RESULTS

2.3.1. Dielectric dispersion in Iæad zirconate below l0 MlIz.

The experimental data presented below, ooncern the dielectric properties of two kinds of

PbZrOs crystals (without and with transient phase). In both insiances in the begining the

e '(T) dependences are presented in order to show the anomalies of the t' near the phase

ransitions observed in these crystals.

PbZrOr with one phase transition

Experiments were carried out on aPbZrOt sample of dimensions 3 x 3.1 x 0.05 mm3.

Electrodes were deposiæd on the opposiæ faces using cold silver paste. Temperature and

frequency measurements of dielectric susceptibility were made in the frequency range

20llz- 300 kHz and electric field strength 70 V/m. Prior to measurements the sample was

maintained at 600 K for half an hour in order to relieve any strains at the electrode/crystal

interface.

6000

4000

m00

0

PbZrOs
F300 kIIz

+ mling
s- heating

450 s50 600
T (K)

Figure 2.5. Ternperature dependence of real part e' on cooling and on heating for PbZrOr

crystal measlred at 3.105 Hz. An inset shows the Curie-Weiss-like law obeyed

( k:l/e-1le-"., t{T-T")Æ", with en*:5000 and To:510 K).

500
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In Figure 2.5, temperature dependence of e' measured at frequency 300 H{z both on

heating (511 K) and cooling (510 K), shows a sharp transition at To betrveen the

paraelectric and antiferroelectric phase. Above T, the Curie-WeissJike law s{(1-1.;r ;5

obeyed with 10.97, C:1.55 x 105 K and To:472.5 K.

5

log e
4

Â
Àa

. . .3eoai i l i î ï , : l

,ir rrr 
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a a a  a a o  a a a a  a a a  a

Âa
A

ô ^  t t- Â g

^Â ^
o Â

ÂÂ
ô ÂPbzros

T:625 K

3

( /
0

3

log f (Hz)

Figure 2.6. Frcquency dependence ofs' and s" at625 K (paraelectric phase)

Figure 2.6 represents the frequency dependence of the real and imaginary parts of

dielectric susceptibil ity at 625 K in the paraelectric phase plotted in the logJog plane. The

shape of these curves resembles the classical Debye relaxation described by the equation

2.5 and2.6 except the low frequency region for r". Marked increase in this value towards

low frequencies is associated with the presence of d.c. conductivity represented by oo

which gives a contribution to t" as in the equation:

60

e(toF-e'-j(e"to/ar)

while leaving the real part independent' of frequency (Jonsher, 1983). Assuming the

absence of d.c. influence in the high frequenry region (log f > 3.5) and generating low

frequency dependence of the imaginary part of the susceptibility, it was checked that

e"-lltt in the frequency range below 100 I{2. The d.c. conductivity effect is considered

2. t3
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here as that caused by departure from stoichiometry of the crystal, intoduced during the

technological process and most probably connected with defects in the Pb and O

sublattices. The plots obtained are thus characteristic for the behaviour observed in many

dipolar systems at high temperatures with d.c. influence in the low frequency region

(Jonscher, 1983)-

5
log e'-e-

4
T:625 K

o o o  o o o  o o g o  
o O o  

o o o  

o

a)

Ioe d-6-

T:595 K

\

slope - l.6l

5 6
loe f GIz)

0123456

log f GIz)

log e"
ooo

o o o
Â ^

b)

o  a o o  o o o _ a o \

slcpe -0.89

T:625 K

0123456

log f (Hz)

Figure 2.7. Linear fits to the high frequency part of e' (a) and 6" (b) for the data from

Figure 2.6. An inset in (a) shows run of log (a'-e ) v.s. log f in lower temperature which is

quiæ similar to that theoretical run of the Cole-Cole function presented infigwe2.2
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It is very convenient to find the parameters of dielecfic relaxation, using the log-log

representation. For a pure Debye process, it can be shown from equations 2.5 and 2.6 that

functions log(e'-e.-) and log e" versus log f will have linear parts (for o)È>l) with slopes

equal to -2 and -l respectively. tfuowing the slopes, value of relaxation time t can be

easily determined after finding % by extrapolation of log(e'-e-) vs. log f to very low

frequencies. In our case {t is given directly from the experiments. Such a procedure

enables avoiding the influence of dc. conductivity in the low frequency region.

In Figures 2-7a nd2.7b the functions mentioned above were plotted for the same data

as in Figure 2.6.Linear fit to the high frequency lnrts of dielectric response indicates clear

deviations from the predicted slopes. Better results were obtained by fitting these data to

the well-lnown Cole-Cole expression (eq. 2.8) and using the same logJog procedure with

o{.11, e,:8150, E-:1152, e2.66 x lOa s. In this case the only convenient function

allowing these parameters to be determined is loge"(log f). It is noteworthy that with the

temperature lowering, the logarithmic representations of e" and (e'-e-) versus f observed

experimentally gradualty resemble the theoretical nms of formula 2.8 with two

characteristic slopes on log(e'-e-) vs. log f (Jonscher, 1983). Since parameter a in eq 2.8

takes values between 0 and I and determines the distribution of relaxation times at given

temperature, the value a:0.I I obtained indicates a certain departure from the

monodispersive relaxation.

Frequency tlependence of complex permittivity for chosen temperatures is shown in

Figure 2.8. ln the paraelectric phase, with decreasing temperature the dielectric dispersion

shifu towards lower frequencies with increasing value of e- (Figure 2.8a). The lower the

temperature, the smaller the participation of the d.c. effect in the value of e" CIigure 2.8b).

Below T" the dispersion is still present but already 20 K from the phase transition its main

changes lie belowthe experimental frequency range, i.e. below 20IIz-

Calculations made by the logarithmic procedure described above showed that in the

paraelectric phase the relaxation proc€ss can be described by eq. 2.8 in wtrich prameter a

was equal to 0.11 and independent 
"{ 

temperature (lineæ parb of function in Figure

2.8b are parallel). Defining the loss peak frequency as:

f n: f*exP(-E, / kT)

1/ !

2.14



u6or€Â fucribes fte tlpical ffiioe vibralions neqæry (l0t2IIz), th nnmerical vahm

of &e actirntion ffigy ÂE cbnge from 0.3 eV - I eV for experimenbt cmditi(N apelied

bor'e.
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Figure 2.9. ArMius plot of th relaxation times.
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The obtained relaxation times well obey this Arrhenius fimction with E"{.93 eV brr wittt

pre-exponential factor equat to 1.6 x l0r0 tlz urhich is lower than lafiice vibrations (Figure

2.g). At To value of r reaches 1.5 x l0-2 s (Ên Hz\ and then exhibits a distinot jump to

smaller values. From the data obtained the dispersion step (€"-s-) may be found which is

independent from temperature and has high discontinuity at the phase hansition point

(Figure 2.10).

PbZrOr with a transient phase

Some additional measurements were made for the Pbzfr1 single crystals in which the

transient phase was detected. As mentioned in chapûer l,2.2the investigations of PbZrO3

single crystals showed tbat the non-sùoichiometry in the Pb and/or O sublattices can

provokc the existence of transient phase below T" in PbZrO3 single crystal. For this reason

a crystal with transient phase was also chosen for the measurement and the experimental

results were oompared to those forPbZr}3withouttransient phase.

6m 6(m

4m

znO 2m0

0
5m 550

T (K)

gt

0t_
450 500 550

T (K)
450

Figurc 2.1l. Temperature dependence of e' measured on heating (a) and on cooling (b) for

the PbZrO3 single crystal wittr transient phase.

InFigure 2.11, temperahre dependence of e'at frequency I MI{z both on cooling and

heating is presented. On hfing a sharp transition betrveen antiferroelectric and

paraelectric phases can be observd but on cooling a small anomaly occun of about 2 deg

a) b)
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jrrt below T" (sce arrow). For this sample theCtnio-tVeiss-like hw6 {I-T.)t is ob€yd

with parameters fl.g6,T"=e75 K ad e1.93 x 105 tC

106
I i l

8 r t

105

gtt

PbZrO3 wiûr tansient phase

Td25 K

st104

102

103

100 t0 l 102 103

f (Hz)

104 105 106

Fignre 2.12. Frequercy aepend€nce of the e' and e" at625 K in logJog scale.

Figurc 2.12 represents reat and imqginary parts of dieleotric dispersion at 625 K in

paraclec'tric phase versut frequenoy. Contrary to th sample withorû transient phase the

oùûained plots do not resemble nolv the classical Debye rclaxation A very fast inorease of

e' and r" in thc region of low freçe,ncies can be ob'sorved It can indicaæ t;gtt

concentration of point &fects gving a space chargs contibution to e' ard high d-c.

condrrtivity ding to E" r6ponse. For this reason 6c evatuation of dielectic rclæration

parameten becomes very diffcutf Comparing ûo ûs IJoZr.,;,^ withoû tansient ptnse (Fig.

2.6) ftr coqiectnal rcloldion seems to lie in considerably lower ft,eque,ncies. ThÊ

cstimatcd relaxation times bosing m th ColeCole firction (eq. 2.8) arc presemed in

FigrtrË 2.13 as the Ashenius plot Tfu activation co€r[D/ F^4.77 eV aod peorponential

frctor %:1.2 rl0e s ue snaller then fu ad€que values for PbZ,rOr withoÉ transie, t

Èse dcscribed above. Tk calcuhions showeq tltst fu dispcrsion stcp (F,'-t-) is hiÉ

26;



and sligtnly tempermre @t (Figrre 2.14) contrary ûo ùe sample wiû one phaso

tansition nùere Âe rryas t€mpenture indepedent, in ûe same tempertne rango.
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Figure 2.13. Arh€Ndus plot of tb rclaxation times for PbZrO3 with transicnt pbase.
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Figrre 2.14. Dispersion st€p ̂ s venus t€mp€mfixe in paractec'tric phase.

ll'he othsr idercsting pnmm,enon uùioh cm be ôsenved in this samplo is appaarare

mr f,o of vcry ureak brtr clearty visible æw in&pended relaxation existing in high€r

@rærcics (Ê-zO kHz) (Figue 2.15 &,2.16) and of strongly polydispersive charac'ter (c o

0.47 -0.56).
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4000

1400

TÈ520 K

101
f (Hz)

4000

E,

3000

1000

e"

2000
l0s

103 104
(Hz)

T=570 K
T=560 K
T=550 K
T=540 K
T=530 K
T=520 K

500

ett

105104

(Hz)
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Thc rcd and imagiwy parts of lhb rslaxatiæ proo€ss in ûÊ parasleetrio Ésse rp Ûo 570

K are prcselrted in Figrm 2.lfnad b'respectfuely. tlsing fu Cole€ole quations for fits,

tbc porameærs r alld Âs of th troc€ss were cahul&d and fesented in thc Figure 2.17.ft

is easy ûo mtice thp temperaûrrp 0e@i6 of tbe colculded pamm€t€rs, cspechlty Âs

uùich growr over two timæ bstfltem 57O K d Tc
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Figruc 2.17. Calouhed paranct€rs (a) t d (b) ^E of tbe higbr toçcncy rclandion

troc€ss presetrd as a fiffiim of tcmperûre in paraelectic pùEsÊ close to fu pbase

traæitiorr
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InvestigÉions w€r€ performed m tùe crystals proM by ûe dod fusrËed in tre

porasfaph 2.2.1. Tnmparmt li$t-gfey crysûrls in th form of thin dat€s were ohained

aod used in tbg investigations. Thræ compæinom of PtrZrç'Ti;Q3 werc cbsen in uùich

x had a real conceffiatisn: 0.0015, 0.01t, O03.

PbZro,.nTio.*O,

f : 100 kHz

. cooling

" heding h t

Fl/e-l/t*o

F(T-To)/To

6m
T (K)

Pfuro.*]io.o,rO, 
hk

b)

Fl00 kHz

. cooling

. he*ing hii

A

550

T(K)

Figw€ 2.1S. Tcmperûre deee,nænce of the rcal part of e' on hÊating ad on cooling for

Vbâto.sifh.',Og adPbzro.eszTio.ss3o3 siryle orystals. Tho insets showthe ClnielVeiss like

hwc=Cy(f-T")tSpneralyobsyed in paraelectric Ésse (a small &vidionfromûis law can

be obserrrcd for Phzro.eæTio.o16O3 single cry$al)
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Tnmition bcûrryeen A aûd I phase is chrao'ûeriscd @ humplike mmalies with

temeperatne b/sûeresis muoh grzrfrr tlren this for I-P phaso bansition Accordiry to ûe

discnsion pçç5€ffid in per. 1.2.2. fu ra4gs of I phase is rct pnoportioml to ôe Ti

content

Relaration in the panael€ctric Dhase (10 tk - 20 kHz)

In Figrnre 2.19 fufuçærcv @næncies of reat (a) and imaginary o) parts of {D for the

Pbzro.eTb.Bq sample were pese,nted for chosen temperaûres from 620 K to 510 K i.e.

to thÊ P-I phasÊ traneition- Simihr plots wre also ôûained for PhZrs.esaTio.slsO3 and

PbZre6sTie.orû.
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Figrc 2.19. Temperûrrelfteçærcy fimctions of (a) e' md O) e" for tte Pbzro.rTio.6o3

smple in poraclcc'tric Éssc
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TbG de ohained fu eac,h temperûre wEr€ Er$Êmdicalty ftt€d to fu ColeÆolc

erwssion (2.8). In all samptes ee calcrilded valres of or æ lsss fnn 0.16.

fr mry bc sccn6 tb imsgimry port of dielectic rcsponse cousists oftwo comporeds:

f) @ coOuivitv ræpuse of ftæ charges ryes€ffid by oo nthich

gives a conrihfion to e" (sec eq. Zl3) d'

z) ftequensy-@t polarizatim loss respore of dipoles.

lvith ûis 51mp6oq both parûs of e+ rwre fiucd sinultancusty sd the relalration

pua66çs wrc ododaod. A brpfonl exandc of fit for a cbsen tcmpenatrre is pæcnted

in Figure 2.m.Tb,oalcuhed retax*ion times t obey an Anùmius.tpe firetion

, : . " " { * ) 2.ls

as fuwn in Figtre 2.21 fu difrcrcÉ samples. The vahæs of th actination enerry arc

gvcn in û€ Figup br æh Ti corenffiion and comprcd with thd for pnc PbZtO3.

frfto.ttTL.otot

TdI5 K

e)

'drb tdrb

a

'd

rt rd rd rd
f (Hz)

rdrdldld
f (Hz)

Figrtr€ 2.20. An ormDûe orf fitting proceAre using fu Cok€ote formula for e'(f) ad

s"(D. lb curve G"(D was separatcd ido .;nrc" E '(D (A) ad ûd friom oo contribution

(B).
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Figure 2.21. Arbenius plots of tte retaxdim times for rnrious corce,nerations of Ti.

E" vahs were cal,culrted witù an error of t0.02 eV.

By fifiing ûe lowe.st-freque,ncy daûa of e", valrrcs of tbrmatly stimulaf€d oo condrrctivity

were obtainsd ad pnesented in Figrue 2.22 i^ form lrc.(l/D. Th€ values of activdion

€,o€(Sf W were calculæed using a sinple linear rqression mstM ad fun addÊd to &Ê

Figgre 2.22. \\e value of oo in pure Pt)zrGs raries betrveen -10{-10{ O-rm-r. Tte

contribrÉion of Ti to PZT is shorvn as ircrease in vahæ of dc. electic conôrctivity oo uP

to -lo{o_ldr

ln
-t

0.0016 0.0017 0.0018 0.0019

lÆ Gfr)

Brgme 2.t2. Ptots of the thcrnally stiruldd conAp*ity oo venna reciprocal

tcmperdtre.
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Unlike pure PbZrOt wittr one phase transitioq in the paraelectric phase the dispersion

step (e" - e-) becomes æmperature dependent (Figure 2.23). The preexponential factor

to -10-12 s in 2.15 is lower the one corresponding to the usual ionic reorientafional

frequencies l0r3 tlz (t-10-rs s) and thus indicates that this is not a single-ion procoss

o

o
I

a

t

Pbzr_xTLO3
o

o
o o  x :0 .01 t

o
r E o o

I
a

.  .  x:0.03
I

I

x:  0 .@15
o ^ e o o o o o

o ox : o  
o  o  o  ,

l a l l t t l l  I  I  I  I  a  l !

540 5@ 580 6æ 620

T (K)

Figrne 2.23. Dispersion step Âe:(er-e-) versus temperature in the paraelectric phase for

various Ti concentrations in PZT (compared with pure Pbzrq).

Relærations inside the transient phase (.lkllz - IMI{z)

As mentioned in the paragraph 1.2.2, wtren Ti ions are substituted for the central Zr ions, a

new phase called an intermediate phase is creates below T,. In this phase and up to a little

above T" (T"+30 K) a new independent rela:ration prccess may be observed in a frequency

range I kHz - I MHz. The real and imaginary parts of this relaxation process for

PbZroy{io.s3O3 in the interrnediate and paraelectic phase up to 533 K are presented in

Figures 2.24aand b.

Basing on the assumption that the left side of the observed nnew" relaxation corresponds

to the right side of the low-frequency part of relaxation, the overall dielectric response has

been fitted to the superposition the two Cole-C.ole equations (eq.2.8). The sample fit is

presented in Figure 2.25 for the imaginary part of e(f).

While the low-frequency relaxation process was weakly polydispersive (c- 0.11- 0.16),

the second process on higher frequencies appears ûo be strongly polydispersive (o^O.4 for

xri={.03).

Àe
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Figure 2.25. luro<ample of fiting procedure using the ColeCole formula (a{.a) for tb

e"(f) at 503 K se,parmd ido th relanation A of the higtler-û'e$lercy ad higFft€$Enûï

port of th low relordion B.
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Tb porameters t and Âe - q - e" of thc second rpluration proc€ss calculdod fron fits

arc given in Figrre 2.26,

500 510 520 530

T (K)
510 520 530

T (K)
540 550

o)

o ; T c

o i
:a

l6



In the paraelectric phase the mean rela.xation time t of the second process is temperature

dependent. Near T" , t reaches the value 3.4-105 s and below To becomes virtually

constant The Âs originating from this relaxation also exhibits a distinct anomaly at T" and

follows the shape of e'(T) presented in Figrrre 2.18, showing clearly that this relaxation is

closely related to the phase fansition (it was also the case in pure PbZrOs with two phase

transitions but wittr higher values.)

The investigations of dielectric dispersion were performed on two kinds of crystals: pure

PbHfO3 and solid solution PbHfà.e6Tio.04O3.
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Figure 2.27. Tempnfrrc dependencies of the e'

Pbl{rc3 and for PbIIfo e6Tio.saO3 singls crystals.
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Fir$ ûre variations of tho dieles'tric pcrmifrivity wiû tcnperûre crjrsats we m$E€d

forbotù crystals at ûs tWy I MHz on cooting and hsding. Resiltlb are prese'nted in

Figurc 2.27.1fu obnained plob are besicatty similar ûo fusc quoûrd for fbIIO3 in fu

lit€ratrc (Forter, 1973; Croulpeau, 19ffi; Samars' l%6; Shiranc 1953) (FiB.2.27a)' eE

oorrespods ûo ûe tran$Iion ftom puaelærtric to tbc itrerncdiafie Az phse atrd ffi

anomaly idicræs ûefiansition bcûrveen two antiferroelectric Éas6 Az<+Ar. A small hfi

clear anomaly close to P+rA2 phase transiti,on was formd (ib origin is not yet known and

will rct be discussed h3re). For tbe Pbtl$.rTro.orQ sample dielectric rcasurenrcds gives

€vidffi of a ûift iD ûe transied A2 phsso towards lower temporaûnes and smmther

form of ltrg e'(I) cunyo ûrcugfu the A2<+A1 transition in comparison with pre FbIIOl.

The P<+Az phase hansition seeûrs to be i&pe*nt from Ti doping ad takes place at

486 K with a ûry divergere ine' and only very small furmd hystheresis (about I K). A

smdl amaly (of tb origin rmbrvn for tb momed) a fow egtroc above T" can be

obscrvcd also forftis samPlo.

Dicleolric disoersion in PbtIOr tp to l0 MIIz.

In Figrne 2.28 tfu, teinperaûrre wolution of the nequcncy &pedenoies of complex

permittivity are prescntcd in all thrce P, A2 aod Ar Éssos ad in frequcncy rangÊ8 uô€re

the dielectric dispersions werc obscrved.

T69 freqqcncy Acpendence of the real ad imagimry parts of e(ft at th temperaûre

T-Tl5 K in the paraolectric phsso is pnesented in Figrre 2.29.Tfu obtained plots are quite

differed than the one observod for PbZrOr ad PZT crystals. In the figure ore can æsily

distinguish two hoad confiibrûions A and B to e(0, thsreforc tùe dielectric rcsponse was

fified to tlrc sryerpo.sition of tbe two Cole-Cole expessions (eq. 2.8). The largs limr

rpgponse of G" ford at very low frequercies was tredcd as a d-c. codttctivity

represented by oo and gving contnbution in ûs form oJ%or like in tùe case of PZil

samples. The way of fiûing of these two independent proce$ses was pfiesentÊd in the insst

ofFigure 2.29.

Corerning th two relordion processes A and B fu adiustable parameters were thc

relaxation times ta ad t3 ad dispersion sûeps ̂sl ard ÂEB. lVMe tb polydispersive
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charact€f of ths B rehxation rvas wry smEll (o^O.0a) tb low fuqprcV pnocess A

appears to be signifrcantty polydiryersive @,4.4.
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Figure 2.28. T@ wolution of the e' ad E" f6 PbIIO3 in all three

ÉûsÊs (Ar, Az and P)
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Figrne 2.29. Freqrrcncy firnctions of reat e' s6 imaginarY E" paf,ts of dieleotric

pcrmifiivity for PIIIO3 at th æmperdure T:?15 K. Th inset prcsents the way of fiting

ofth two relaxetion proresses A and B to ûe imagimry part of dielecnic permifrivity.

For t[9 A rclaxation thc mean reloration time ta is te,mperaûre @en&nt hlt fus not

follow tbe Arùenigs law (Fig 2.30a). ta has an anomaty rear tlre temperaûrre T-4m K and

æxt anomly oan be obserrred near 610 K. Nar Tc, 1A reac,hes the value 0.02 s.

Contrary to tfog A pocess in tbo poraelectric phâsc tb temperatne variation of tn of the

B relordion may bc ecribcd by Arùenius law- Th relaxation tim6 te ù€ reporæd in

figrne 2.31 in thc form ltr(YD. Using thc simple regression meûod tfo valuc of th

activation energf in the paraelectic phase can be calculated and its alue is 0-46 eV and

ro:1.S2 .10{ s. By fiting tb lowest-froqrrey dda of the 8" lhe vahps of d-c.

codrctivity were cal'oulated ad gqc,med in Figrrrc 230b. Nær the tanpcratre 670 K an

anomaly in tùe as@ence ho(lfD m also be observed-

40



0.030
aA

0.t25

0.020

0.015

0.010

hr oo {o-lm-l)
T(K)

'ô.
b)

ô
(l.

u g o ^

E":0.6 eV 
''r'..1q 

g
o . . . . .

I
l,

" a

TdTO K
-610 K "u. .

0.0014 0.0016 0.0018 0.m20 0.0022

lff G(t)

Figgre 2.30. The calculated rclaxation timæ t of A relaxation (a) and values of d-c.

conûrctivity O).

Figrrre 2.3lbpresents the coûibution ofthe B relaxdionto tte dielecûic permitivity in

all thr€Ê pbasÊs (Ar, A.z and P} Similarly to tb P\Z& single crystat Âes in the

paraetecrtric phase soerns to be tamperûrrc ind€e€lrrd€ût In th€ transi€mt ptrase Az the

rclaxdion plroo€ss B can b€ still observed but disapcars uhn going to fu Ar phaso. fttst

agtr tùe A2-+A1 phase tramition tfure a trsw y€,îy u,çak td stnoody polydispenive

relaxation prcoess catr bÊ observed wùich exists on hiih frequencies (f-æ00 ktlz) (sce

Figrno 2.32).It is easy to rctice ûd ûe relar(dion Apque,rcy of this weak pocess also

ûifts iilo lower neqrwies. Down into Az pbsse all relaxdions disapear.
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Figure 2.31. ThÊ calculafed relaxation times t.B and contribrÉion of tùe B relaxation Âs to

the dielectic permifrivity in all three @es.
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PbHOr @ with PbTiOl: diwgl$m Dhemm@ in PbHfitrIe.ofq.udgsrv$t0l

Amlogous msurem€nts were ma& for tb ruIf0.e6Ti0.o0l sample ad ûo the

rcsul$ oùrtainsd for prre PbIIO3. An dition of Ti ions fu not significanÉy impæt ûF

observed relaxations. In th€ Figurc 2.33 Bno cotibutions A and B to e ad contibtûion of

d.c. conductivity to e" are marked (see inset).
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Figure 2.33. Frcqrcrcy dspefu ofthe e' and e" at7l5 K in poraeleo'tric ptlase

The fitting proc€ss was made in the sam€ way as for pure PbtIO3. Tk r€sults of fits for

both A ad B relaxation are preseÉd for Figrnes 2-34 aû 2.35 reryoctively. As to fu A

relaxation it bchaves in similar way like in cose of pre PbIIO3. ta is also tempertre

dependod bU does not follow fu Artrenius law. The larp Âsl is almost tenperafiue

in&penfut ôrvn ûo 6æ K md then goes down step by step (Figure 2.Yb). The vaftæs of

d.c. conôntivity ue pesented in Fi$rc z.34lc, showing a clear anomaly near 670 IC
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ln the paraelectric phase the relaxation times of the B relæcation can be described by

classical Arhenius law (Fig. 2.35a) wittr the activation energy E":0.51 eV and

ro:1.75.10-e s. Comparing these values to the ones obtained for PbFIOs one can say that

the introduction of light Ti ions instead of healy FIf ions moves the relanation into higher

frequencies. Contrary to PbtIO3 the Âeg step becomes temperature dependent in the

paraelectric phase and at T" takes slightly higher values tlran for PII Besides both phase

transitions are clearly visible on the ̂ s(T) dependencies for both of samples.
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l.[erûe Az+Al phas tramition a v€ry wwe rebxation fooe$s can also bc observed on

higb€r neqrlercis (f-106 - 2-106 Hz) (Figure 2.Yt).In fu Ar phase all ûe relardions

disappear inthofreçcæy nngs ued

F 1830 kHz
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Figrre 2.36.The imaginary part of tho higbr-freqrænoy relaxation procoss for PHT in the

vicinity of thc Ar- Az phase transition

2.4. DISCIISSION - POSSIBLE SOIJRCES OF REIAXATIONS BEI,OIW l0 MHz.

In thk wor.L erperlmental resulb were pneæntod in telms of dhlecffic permittivity

calculetod ec CrIC. wtth C. Hng the vrcuum capeclty relatcd to cryntal size. However

we ere aware thst in meny ceser the LFD Qow froquency dirperrlon) rccponse of

neûerlrb b cerrlcd out in ûerms of the cepoclttve cquivalent of tùe complex

rusceptibility:

c(o) = c(o)- jC'(ro) = A(e'(o)- je"(o)) 2.16

rytere CTo) ls tte finquencydependent complcr cepccltanæ end A h tùe gæmetrlcal

frcûor sf the nmple. The rcecotr fu thrt in many probhnr of LFD the rckvent

gæmctry - whcn deeling c.g wttù rnrfræ of interfeciel tranrport - b not hown.

Eowever tùe frcquency ryctrun b not intlucncod by &e gonffil frcûorr. Hence
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rnerp3c{cd huge valuer of e for tùc bwert ftcqucnclel lndcate musuel rpoclfic

p1pes€s rether tùan rbnomel h$ polal{zebility of the lnYerdggt€d meÛer{rl

Case of PhZrOr

Txg most important conohsim from tb €rp€rim€ds isûst a mrty monodispersive low-

nequcrcyrelaxrtftm etdsb infu leadzirconate wi6outfiansiert phase uùioh slorvs dorm

at T, This reloration has a narted inflrærce on trp low-frequency cG) firction due Ûo

verry high A$crsion gcp (s"€-). This is rcll dcmonstrded in Figurc 2.37 sth€re

te,mpe,ratrs @lordenco of ræl 1wt e' @srred well above diryersim region (F300 H{z)

is compred with E" obtained ftom tlrc caloulations.
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Figrne 2.3?. Comparison of ûe temperatrne @æe of the calcuhfed dielectric

permiËivity s. with the real part e' m@sured above dispersion region e.g. 3N kllz.

This comporison Sowsthrttho pcrnitiyity maximrm soendûe phase hansition for low

noçwles is mt comfleûely &ninaled by mc Foc€ss alfuugh the shû€ of thc

relanation formd is more than twioo as largs as tho d€r. A sbutd be melrtionod thd it is
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from the additional relaxation process taking place at much higher frequency or from the

crystal laftice dispersion

The intriguing question arises as to what physical meohanism is responsible for the

appearanc€ of the inænse low frequency rela:ration In addition to the complex and

strongly distoræd crystal lattice determined by X-ray and neuÛon diftaction, Whatmore

(1976) found another deviation of atom positions from their symmetric sites at (x)m

temperature. This concerned an oxygen atom sublattice in u/hich disorder was found

leading to the co-existence of two different distortions of the octatredra in the same crystal

(see pr.1.2.1). The same results were obtained from X-ray measurements performed on a

single domain PbZrO3 crystal (Glazer et al., 1993). While this disorder is frozen at room

temperature, it could lead at high æmperatures to a build-up of mobile dipoles consisting

of regions of 2106 octahedra relaxing with respect to the Pb sublattice. Their size and

mass would confirm the low frequency dielectric dispersion coming from the polar

relæ<ation mode.

Different modebof dielecfiic relaxation in the low-frequency region which could be

adopæd here for antiferroelectrics was proposed by Bidault etal. (1994) who bas observed

thermally activated Debye relaxation at frquencies 10 IIz to l0 MFIZ in several

fenoelectric perovskites. From the data reported in this paper, the reluring dipoles have to

be related to the density of oxygen vacancies and the relaxation rate has to follow the

conductivity. From this the assumption was made that the free ionic carriers which were

stored at the two dielectric-electrode interfaces caused a space charge.ln fact this effect is

well known in number of dielectric materials (Jonscher, 1983)- The application of an

electric field breaks the symmetry of this space charge and a macrosoopic dipole is thus

created. This could explain the presence of the electric dipole ttrat is observed.

Dielectric relaxation found in lead zirconate also throws a ne\tr light on the problem of

the transient phase appearing just below T" and often recognised as ferroelectric. Only in

PbZrOs crystal with one phase transition does this relaxation clearly appear. Shift of this

relo<ation to much lower frequencies in samples exhibiting tansient phase may be linked

with the concentration of point defects in the Pb and/or O sublattices so easily produced in

the technologrcal proc€ss. The defects diffirsion model propos€d by Glanrm (1960) may be

used to explain this problem. According 1s rhis model when a defect (hole) reaches the

dipole it allows reorientation to occur more quiokly than it otherwise would. If defects

concentration becomes appreciably large, then virtually all the dipoles will relax at once
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via the defects mechanism and disap,pearance of the dispersion can be observed The large

concentation of point defects in crystals with tansient phase would be confirmed by the

exisûence of dielectric losses (tan ô) several times higher at low frequencies (9.94 for

20 \lz ^t 625 K) than those found in crystals with one phase transition (2.O2 for 20 IIz at

625 K). The other phenomenon which can be connected with the existence of point defects

in this kind of crystal is the appearance of new very weak relaxation in range of 104 - 10s

IIz in paraelectric phase. As mentioned in par. 1.2.2 if a sufficiently high concentration of

point defects occurs, they can provoke a ferroelecûic state below T". The same can also

create polar regions above T. which relax contibuting to e'(T) as pnesented in Figure 2.17-

PbZt ^Ti*Or .

Tating into account thc part of discussion abovc concerning PWIO3, thc overall diclectric

response investigated for PbZrl-*TiOt single crystals at frequencies up to l0 MIIZ can be

divided into three parts:

l) a strong very low-frequency response below l0O Hz at 623 K (Fig. 2.19) in the

paraelectric phase visible in the imaginary and real part of the dielectric permittivity and

relate{ to electrochemical processes contributing to the dielectric polarization whether it

be a volumc or a surface.

2) a strong low-frequency dipolar relanation up to I kl{z in the paraelectric phase grving a

marked contribution to the e'(T) dependence, which is contrary to the behaviour of pure

PbZrOs. For pure PbZrOt strong low-frequency relaxation for which Ae was invariant with

temperature is foun{ similar to that for polarization limited by non-thennal forces, for

example by elastic constrains (Jonscher, 1983). The introduction of Ti ions does not

significantly change the frequency range of occurrence of this reloration in comparison

with pure PbZiO1' but clearly changes the relaxation strength Âe which at the same time

becomes temperature dependent It is suggesæd ttrat in PbZrOr single crystal with Ti ions

replacing of Zr there is a specific coupling between local polarization induced by Tt"

polarization limited by non-thermal forces and the electronic conductivity.

3) much weaker relaxation in the range of few kFIz clearly visible in the transient phase

and above T.. This relaxation appea$i due to Ti introduction and generally may come from

the interface dynamics both in the paraelectric and the intermediate phases. In the

paraelectric phase the local polarr regiorlst arc fornned and their size increase with respect to
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the paraelectric matrix on approaching T" from the high temperature side. In a.c. electric

field the behaviour of phase boundaries between the polar region and paraelectric matrix

wouldthus be responsible for the rela:cation observed- The deviation from the Curie-Weiss

law is just because of this effects. In the inærmediaæ phase of ferroelectric properties,

dielectric relaxation may be related to motion of walls in the complex domain structure

obsewed under a polarizing microscope. Polydispersive behaviour formd in this phase

would also favour the explanation proposed. The e time variation observed by Roleder et

al (1991) in the intermediaæ phase provides additional evidence for the existence of

domain-wall relaxation in this phase. On the other hand the action of sufficiently sfong

d.c. electric field which eliminetes or pins the domain structure, removes the rela:ration

process. This fact can also be seen as a further proof that this relaxation is due to int€rface

dynamics.

PbHOr and PbHfo xT'to o+Qr

In comparison with PbZrOt andPZT there are two kinds of relaotion below l0 MFIz in

PbHm3 and PbHfs e6Tis.oaO3 :

l. A sfiong low-frequency rcspollse (e.g. maximum of t" for about 100 Hz at T:715 K)

visible in the rcal and imaginary parts of thc dielectric permittivity and giving largc

contribution to e'(T) measured in this frequency region (Âen - Figure 2.34b). This effect is

related to the free ionic and elec.tronic carriers in the bulk and stored at the dielectic -

electrode interflaces (electrochernical pnocesses, space charge) and is well known in a

number of dielectric materials (Jonscher, 1983; Miga et al., 1996; Bidault et al., 1994).

Since both oo and dielectric step Àe:e"-s- decrease with decreasing temperature on

approaching T. the above explanation seems to be justified (Fig.2.30 and 2.34b&c).

2. Another dipolar reluation in the mnge up to several kFIz in the paraelectric phase

grving a marked contribution to the e'(T) (Figure 2.31b and 2.35b)

Behaviour of this relax,ation (B) is similar to that found in PbZrOs and Pb(ZrTi)O3

whioh could be related to the presence of defects or disorder in the orygen atom sublattice

(Gtazer et al., 1993; Jankowska-Sumara et al., 1995a) or following to Bidault (1994) space

charge model related to the density of oxygen vacancies. The existence of some kind of

disorder in the paraelectric phase was also proposed for pure PbI{m3 and Pb(I{fTi}Ca on

the basis of Raman scattering investigations (Jankowska-Sumara et al., 1995b). The
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existence of the disorder but in Pb atom sublattice in the paraelectric phase of PbtIO3

found in x-ray investigations by Kwapulinski et al. (1994) ar about 670 K tends to support

this supposition.

3. A very weak high frequency (Ê-2000 kl{z) relaxation visible near the Az+Ar phase

transition and probably related to the motion of domain walls when the domain structure is

being reorganised in Ae+A1 phase transition. It is worth to recall here that in this region,

double antiferroelectric hysthercsis loops werc easily observcd (8i9.2.32 and 2.36).

Discussing low frequency response (especially very high e values) of maierials rmder

consideration one cannot forget about perhaps the dominating role of surface layers. For

ABO3 compotmds such as KNbO3, BaTiO3, PbTiO3 and SrTiO3 it was found that chemical

composition, together with structural properties of the surface, differs distinctly from the

bulk. The surface is not a homogeneous region and existence of exûended defects in it

serves as fast diffirsion path for oxygen and A type atoms. This leads to a segregation of A

or AO-complexes, which is exfiemely easy at elevated temperatures, and a continuous

transition between ABO3 and AO(ABQ),, in the surface regron takes place (Szot et al.,

1996).In such surface region, reduction and electroreduction processes may be forced and

restricted to the neighbourhood of the extended defects. This kind of surface region

effectively enlarges the area of electrical contact and gives rise to the observed anomalous

increase of dielectric permittivity at low frequencies.

On the other hanù many experimental facts (Jonscher, 1996) suggests that LFD action is

distribuæd throughout the inter+lectrode space instead of being confined to same barrier

regions near the elecfrodes. A model of electrochemical interactions involves the unique

feature of ,,battery-like" action without which it is difficult to understand the very high

values of effective C'(ot) and C"(o) being reached at low frequencies. The

electrochemical mechanism is proposed to explain this behaviour and it relies on the

formation of neufal component molecules Mrl[z out of slowly mobile ions Mi and M,

following the symbolic equation:

Mi + M, <+ M,M,

where the corresponding densities VM, , V", ard Vu,u, are deærmined by the exÛemal

conditions such as - in broad meaning - the impurity content in bulk materials.
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fhg resenmion of LFD data seerns to convince trd ûtey rcpres€nt a special olass of

dielecûic beùaviour imerpreafion urhich is not æy. The LFD mechanism is clearly dùe to

hogÉng charye errieru wùiù are in our csc ionic. Since similar relaxati@s were seen in

atl invdig1t€d mderiats one coû state thst I,F'D is iÉp€nfu from tb d€ûaild physictl

or chemid nûre ofmterials, sQiected mainty to û€ prescrce of bcalised carriers. Oæ

can dbtingui$ fuGc scpardc hcdioæ of LFD: in tG vohtme, m tb srhcÆ ald am

irterftces. Thû€e relaxdiow olwty sccn in tb case of PbZrr-,TiiOr single crjËtals ricely

prove this hlpotfusis. Cbge carriers responsible for LFD may be pmt in tùe mderials

jntinsically' ôrc to impritiæ (Ii), laltice defects (Pb, O raoancies) or otbr caruiæ

(electrochmirnl poccssÊs). It is worth to rctice that rcundays thaoretir:al interpnetation

of I,FD is rct æ pt wen establisM-
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3. ELEC:]R(XyIRI{TX)N

3. I. TTIEORETTCAL BACKGROI.'I{D

Th invesiggtioru of mlimr effects ncor the phsse ûansitions can give ditional

idormatim m mechmis of Èe Éss træitions d stnrchre of lùe investigûed

ÉEscs, since lù€V exhibit md strongsr mmlies frÊn fu limr effeçts and thorefort

@ are mrph mre sensitive for measuremcd. Electostiction is such a nonlinear eftot

in dielecûic crystals.

Electro$ictive effect follows from tha s€cmd polv€r 0@c of xon electric ftld

E aûd it must be distinguisH on the rcversÊ $ezoelecfic efu wùbh follorrs directly

frm ùe linff d€eenence of x on B. A comoqrere of aoting of electric field E on a

crystsl in eloc{rromeobnical aspqct is the appearance of &formation in thc crystal. This

&formation can be fuorib€d by tte following eqrntion:

xp = d;nEr +MËEiEr 3.1

uùere IÈ is dre &formdion tensor and q, q - ûte comporents of elætric field vector.

Th first ûerm of th€ right si& &scntes the lincar piezoclectric effect di,t is the first

derivative I 
", 

infinitety weak fiel&. Thc second t€rm l,|ft is equal a 
g**- 

and-æi - ' f f i r f f i t

&.scribes tfu electrostriaive efect.Thus in tb electosûiction th changes of dielectic

permittivlty in frmction of sbess are connected by ûe secod &rivative with strain on

elec'tric field When electric field changs its direc'tion alt of E components change tfcir

sign Consoqræntly in limr eftects the &formdion must also changs the sign (i.e.

stetches become abridgemerts). At the same time becarffi of the quaùatic depen&nce of

socond term on elecïric field the electrostrictive deformation is always positive (the crystal

is always stetchd). Coefficients ltry create fourth or&r &nsor rryhich is qmmetrical in

reldion to i and I such asj d k.

From th above it follorvs thd the electrrosEictive cffect exists in all crySals, contrary ûo

tb piezoçleotrio cfFcst rvtioh odsts mty in ûosÊ crJrstals fu & not posses ccnter of

slmnelry.

Tb electrrostistive deformati(m can b€ th€n rvritteir as:
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or 
xË = linflBtEl 

i.2
xi = Q6P.P,

For lhe cgbic slmn€ûry of Pn3B poin group wh rc crûsrnd sbeffi arc present, tb

tensor apd hs the in&peubnj oomporeffi Qrrrr, Qærr : Q1p2 md Qrzrz. Substiùûing

Qrrrr{rr, Qrrz{zrr{tz d Q12n{40 wB cm wriÛe fu eçdion 3.2 mthe form:

PÎ
Pi
É

PrPt

Pr&
PrPt

The most commonly m€astred strains are longitdiml xrr(xr) and tranwerse xz(x)

silraim.

xr = Q'Prt

x, = QrPf

whore P1 denotes electric polarisdion ad Er is the sûEngth of exûernal electric field.

The moûod of measrre,ment of tbæe two shains is præe'ded in Figure 3.1

Figgre 3.1. Thc nranner of measuring of longiûldinal and tranwerse shains.

Num€dcal vshs of electrosilriction ooefficieds pertaining to ûe paraelecûric pbose aæ

commonly calculated from eryerimeml dab of idrced potatsæion assuming thEt tbs

strain is elætroerictivety iduced byfu inôrcedpolarisdion

Therc are prious available meûods of masuing ebc'trrostrictive deformation n and

determination of q coefficienb (Jona & Shirane, 1962). The mdhod most freque, tly

xtr

x2

x3

xB

xn

xzr

Q,, Q,, Q,, )

Q,, Q,, Q,, I
Q, Qu Q,,  l .e*|

Q*l
Q*)

3.3

x, = M,rE? 
,.U

xz =}trvF;1r

Q,, , i l , t Q,z, Mtz
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spplicd is ûp ore in wùich a compûrison is ma& of polarisatbn and correspondiry

mæhanical fformdion- tn rfris case ûe mæninne of &formation is &ærmined direcdy

using opocitare dildom€ters or speoial potyanide foils (Uchirc & Chos, 1980; Nomura

€t al., l9Do;Nomura €û al., lyTt)b).

3.2. HGERJMENTAL SETI.JP

Tb nff used herc (Rold€r, l9S3) differs ftom tùc onc used in dilatometqs and

potyanide foils. Here electnostrictive deformdion is causd by constart (or dowly

cnanging) elec'tric field- Using of con$an electic fcld in high tcmpcrann'e paraelecûric

phasc can cause tb elecrric bffik &rvn of tb sample. The elec'trosûictive &formation is

caused by \rariable olectrb field of freqrærwy f and str€agû E rryùich increased ry to

l06V/ m applied perpendicularly to the sample surfu. lle meohanical vibrations are

tranmified by a quartz rod nàich is afiaohed ûo th electroded sample surface. The other

end of tb rod is gfrcd ûo one plate of the measurement air condenser (Figure 3.2).

t

C

Brass
blook

auartz
rod

Heater :
\____O

O

a

Sample
with
eleotrodes

auartz
base

Termooouple Alternatig
eleotrio field

Figtre 3.2. I-syort. for measurercots of electrrosûictive dsformations by the capcity

method
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T59 smple and ûe co*no€,r ere plaæd in an air-tidÉ brass blook $'ithin wùich the

t€mperature rms stabilised with an aocuraey of t0.l IC An electric field of amplitde E"

and frequenoy çll0=Z*) was aplied to tho sample by means of thin silver wires. In a

sficiemly sbong elffiic ffd of qtù E{"sinot elcotromictive vibrdions of tb

sample proportioml b F;|sin2ot caus a change in distrrcc betwcen tbc plstes of fu

rllcasgrffi confucrr md he in it$ capqdty. To mssrs the amptitde of

dccrboctictive vibrdiom of ûo rmfle, tb measmcm omfuscr lvas oonrpotod ttp to

a rwistancc R ad a constail voltago sorrrpe U (Figtre 3.3).

Figrnc 3.3. Mqsrrement system for &ermining magniûe of eleo'trostrictive doformstion

Blec.trrostictive vibrations of tùe sample carne variations in charge of the con&nser C and

an alærnating cur€lrt l@dt then flows in trc circuit RC with the connecæd constant

voltage U. Tho nagnitlde of strain x1 wâs calculafed on the basis of potential U- drop at

resistance R msaswed with a selective nanovolheter.

*. = lo u- 
3.j' do oRUCo

wùere L is tùe distance between measrremeirt condenser plates wben the sample is not

vùrating 4 is th thiclass of the sample and C" - tte capacity of the measuremerû

oondenser wh€nth,e ere no eleclrosûic.tive vfrrdions.

Th values of coefficierûs Qrr or Qrz can be calculated tnowing tte value of polarisdion

P1 conesponding to aplication of electric field of sûcngth Er (eq. 3.4) rvùioh is measred

nsing tbo well brrn Sawyer-Tourer sysûem.

Tb dstaits ofmeasuring m€ûod is fucribed in paperby Role&r (19E3).

A
M
P
L
I
F
I
E
R

Seleotive

naft>

volmeter
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3. 3. D{PERIMENTAL RE.SI.JLTS

3.3. l. Electrosriction in PbZrOr

The flrx grown cry$ats in trÊ ;6rp sf rhin pldes of dimeroions 3 x 3 x 0.05 mm3 we,l,e

lrcd in eryuinsÉ. As in tùe saæ of dbl€cEic aisp€rsion measurements, two kids of

speoimens were rsed" ThG first oæ shwed æly oæ phsÊ ûansition dirccfly from the

crùic (paraelectic) to tb ortbrùombic (antiferroclectic) Éase û 514 K In the secod

one, a transieût phase (-3 K at cooling) was oùsenrcd dirccdy below fu phase transition

point T".

Because oftbe thicke,ns oftfte samplcs onty fu loryitrdiml x1 $rain was measured and

only Qrr coefficient could be cdculded

Strong low freqrærcy eleclrostriotiræ shain in PbZrOr wifuiû transient l>hase

Figure 3.4 represents the freqrænoy epcfue of the polarization Pr ad electrostristiye

strain x1 at difu temperahnes in th paraeleotric phase. Thc strong inffeas€ of P1 and

x1 towards low frequencies (bolow 20O IIz) coûtwponds to ûÊ teqræy range in rrùich

tlre dielectric dispersion was found

According ûo the relation xr = Mrr .Ei û€ nagniûlde of electrostictive srain shuld

be a quadratic finction of elecrric field- For this reason tho sûain x1 wttt measured as a

frmction of elec{ric field for different ne+rcrcie.s. In tbe meuilrcments, tbe strrength of

electic field was limitcd to 106 V/m to proteot tb samfle from the electic breakdornn-

Oepartre from this reldion for choson frequenciæ in tb logarithmic rcale as a different

slope of pentod fimctions is sbwn in figure 3.5.

It shuld be noæd tù* for d€fined tempermtrc the $rdn elæ{ric-field relæion is in frct

quadratio only for mquencles lying over ûo Dlaxdion froquercy. Tb calculaûed raluos

of slopes at diftrent temperaûrs above T" are aficd ûo the figure 3.5.

enabrylng the shape P(D d xr(D d fto de@nce of x1 on electric field 81, the

frequeæy 3fi) IIz was ohose,n to @surc ths behû'ionr of eleotrosrictive cooffioie'm Qrr

ver$ls temperatre. In ths tempermue rcgion used in our rneasr€meûE (Io To+ 25 K,
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Figure 3.4. Frequercy depedence of tte polarizdion P (a) ad strain xr@) d differcnt

tcmperatures in th€ poraelectric phase.

this teçrcrcy lies above tùe dispersion region In agr€€merÛ witù fu ûûorctictl

@iotions ûe Qrr r+as temperatnre inOeeenht Gigure 3.6) (Jona & Shirare,l962;

Barsch et al., l98l).
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Figure 3.5. Field depenence of strain at different frequencies in ttre peraelectric pbase in
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T.
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Almost frequency independent elecû'osf ictive pnoperties in PbZrOl with an Inærmediate

Phase

The same measurements were repeated for the sample with transient phase (both on

heating and on cooling). The obtained results are shown in Figures 3.7 - 3.9.It should be

noted that for this kind of crystal the dielectric disporsion was not observed.
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Figure 3.7. Frequency dependence of the polarization Pr (a) and stain xr G) at different

temperatures in the paraelectric phase for the sample with transient phase.

Although the polarization is frequency independent (Figure 3.7a) the measurement

sensitivity of srain x1 allowed to detect a slight increase in very low frequencies
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(Figure 3.7b). The rrelation x, - E| yerified in the lnrn€ way as for prwious sample is well

sdisfied as shrvn ia figure 3.8. The elec'lro.strictive coefficient Qr1 is rrot only

hpemtne, brû also teqrrwy i@Ain fu whole n.easned neqtmcy rcgion btrt

its values re small€r tlmn tbro obtainad for &e samplc witbrÉ transieNrt phase

(Fisre 3.9)

ld

xl

l05

o.o2

0.01

E (kvlcm)

Figure 3.8. Field dependere of stain at different frequenciæ in the paraelectric pbase in

logarithmio scale for the sample with transient phase. Th slope of all lines is eqal 2.
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Figure 3.9. Temperafire dependcrce of electrostristive coefficient Q11 measured at 3m IIz

for the sample with traosieût phæÊ. fu fieqrrcocy was chse,n for oomparison with figue

t.6.
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3.3.2. Sfain dispersim inûoPbZt"Tic9a sinde crystat.

For tte measutem€ffi two oompæitions of PbZruTirOt wpre ûosen in rvùich fu r€sl

oonceffiations lyere: 0.018, 0.03. Boû specimens shourcd tb existerce of transietr phrse

below thc phase tnnsitioû poid T. (sce g. 12.2). Th results ryes€iled here for PZT

smples wpre obtaid for T>To usiry the sme erooeCwe as for prre PhZrO3.

Bceuse of &e oùs€rved ntdim befq,E€lr fu freqtlwy dÉ"€'odewe of elecAostictive

&formdion and ûo di€lec'tric rclaxdion in PbZrOs, tfo muremeffi of eleo'trrostiction

inPZT compounds n'ere performd æpecially in order ûo verifr the obscrved relation For

this reason for two sampls of PZT thc quafratic behaviour of th elæfrosfrictive

fformation on electrio field i's' relstion x, = M,,Ef rms t€std' To simplify fu

measur€mefis the depcndcnce of x1@) was mæsured at different temperafires for one

chosen tqænsy.

l.2xlO5

x t

9.0x10-6

6.Oxl0{

3.Or(lO{

1234567
E ftV/em)

Figure 3.10. Strain elecilric field depenfu forPbZrg.eTie.e3Ol atfte frequency 3m IIz .

For tfu PbZr;.yTTts.stOl single crJrstal ee d€peNd€ncies of x1@) for the frequ€ncy 3fi)

llzare in FiBrc 3.10. For each temperatnre the deprnre from quadratic sûrlin-

elecilric field reldion was calsuldd as the vdup of erçorent of the equdion xr = MuEl.

For pre eleotrostriction ct should be equal ûo 2. For orample for the nequency 300 IIz,

0.0

Ç
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a
some degrees above T" (T":508K) the deviation from the çadratic behaviour of the

electostrictive curve is seen The higber temperatre in the figure, the sfronger is the

observed deviation. In Figure 3.ll the dependence of polarizatiot P1 on the frequenoy of

electric field at different temperaûres is presonted
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Figure 3.11. Frequency dependence of polarization P1 at different temperatures in

paraelectric phase, measured in Sawyer-Tower setup.

The strong non-linear increase of P; towards low frequencies corresponds to the frequency

range in which the dielectric dispersion was detected (see Fig. 2.19). C.omparing the two

figures 3.10 and 3.1 1 one can observe that for the ternperature 510 K the frequency 3OO tIz

lies over the frequency region and the strain- elecric field relation becomes pure

electostrictive. The calculated values of exponents for each temperature are marked in the

Figure 3.10.

Similar procedure was repeated for the sample PbZrses2Tio.orrOr. For this sample the

dielecfric dispersion measurements evidenced the shift of the dipolar relaxation to the

lower frequencies in comparison with PbZrs.eTro.orOg and Pbzfrt. This is reflected in the

measiurement of plarisation P1 vorsus frequency f and elecfromechanical measurements

which are presented in Figrues 3.12 and 3.13.
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Figre 3.12. Stnain electric field @emies for fuZto.wffiosreol d ùree masuring

freçrcncies and different t€mp€rûnæ in ûs paraelectric phase.

1,

Pbzro.es2Tio.oreQ

f:llg Hz a:2.27

. T--5û8 K

.  H I 3 K

" F5l8 K

" F523 K ".æ ./ 7''-
. F533K *f -/^-/"1.4O

:Eiliffi':z
a:3.55

56

hfto.*rTb.orsOs
s.:2.14

f:165 Hz

" T--508K / o.:2.21
. T=513 K
A F5IBK ,/ / u:2.32
' T=523K
. T*-533K -,/ -/ -t' - a:2.81
. T=543 K -{-./ *{ -r?4' o,:2.98

r-5s3 K .f--Uj{*--.* o,:2.78
a,:2.M

64



0.025

0.020

0.015

0.010

0.005

q {c/m2)

0 200 400 800 1000 1200600

f (Hz)

/

Figrre 3.13. Ternperaûrrefreque,ncy Aeeenærce of polarization P1 for PbZre.e62Tie.orû.

3.3.3. Eleotrostriction in PHIOr ad PHT

A complete$ different behaviour thnn ûe one fucribed for PbZrOr and PZT was

obaervcd for ld hafrate ad l€d hafratê doped by PbTiQ - PbFI6.nTto.02O3. Althugh

on the basis of dielecrtric measrrcments some relurations in 6e region of low freçe,ncies

were detec.ted (s€Ê par 2.3.3.) tùc electromechanical masrreme,nt ûon'ed ûDt tho

electrostriction is not correlaûed ûo any of th observed relærations. For botù of samples th

xr(Er) relation is always quadratic (in tb limits of erron) and polarisation P doe rct

depend on freqrrmy as was Sown in Figues 3.14 - 3.17.

Th electrostictive ooefficients Q11 rvûich are prese,nted in Figure 3.18 for both samples

PbIIq dPIITarc aooordingtothÊûcoretical pedictions, bmperatre indepe,nemand

take values tJ/pical for ferro/antifenoelectrics material of perorækitÊ t'"e (Yanada,

sn).

I

PbZro.*rTio.orrO,

o q
dæOqo@ooooo o o

I  q , g v 9 V  o * o - O * " o  
I

ÀqAÂ ̂

""3 
qoâ^o Â Â

o

\ o s
@ o  

o  o

T:513 K
o o o o o o o o o o ô o

T:528 K
V 9 9 V 9 9 V V 9 v v v

T:543 KÂÂÂÂÂÂ"1"ÂÂ
T:563 K

o o o o o t : o o o o o

65



P, {C/mz)

0.008

0.007

0.006

0.005

0.004

0 400 600

f (Hz)

1000

Figure 3.14. Temperature-teqrcncy depe,n&nce of polarization P for PbHfCa.
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Figue 3.15. Stnain electric field dependenoe for FbI{O: at oæ chosen Êequercy ad

ditr€r€Nil temperaûrm from ûe pamelectric phase.
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Figure 3.16. Te,mperatuefrequency epe*nc€ of the polarization P forPbllô.nTto.oOr
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Figure 3.17. Strain elestric field dependencies and Pbtlfo.gsTroorOl Et ûe frequensy 2l0llz

and at ditrerent tempemrûres from tùe parnelectic phase.

7620

O O O  O  O  O T=493 K
PbH{D.e8Tio.o2or

@  o  o o o  o  o  o

T:503 K o

o o  
o  

" 9 9  v  v  v

+  +  + + +  +  a  +

r t  a  r l l  r  t  r

Y

a

I

" T:523 K e

. T:543 K +

' T:563 K I

67



Qrr (malC)

5x102

PbH%,eETi o,orO,

PbHm3

500 560

r 0<)

Figrrre 3.18. Tempelaûre depedence of the electrostrictive coefficients Q11 measured at

tequency 2l}llzfor PbIIOT and Pbtl6.sTro.u2Q single crySals in the paraelectric phase.

3.4. DTSCTJSSION - ELECTROSTRTCTTON AI{D r,OW-FREQLJENCY DIETECTRTC

REI.A}GTIONS

Case of pure lead zirconaûe ad PZT compositions

The erçeriment Sowe4 ûat in the freqræncy range where the dipolar relaxation was

evidenoed by dielec'trio experiments the elcc'trqsûictive strain in PbZrOr ircreases at low

freque,ncies. On the basis of th &ta from Figrrre 3.5 the calculation of ùe difrerence

between strain measrred below (40I{z) and above (2m Hz) dipolar reloration showed that

the main share (4O W in fre x, at low frequencies came from fu changp of dipole

orientation in thc external eleorlric field. It nreans that in the alærnating elec'lric field of

@neæy a (cl-?-$ the dipoles ode,ntation varies with ûequercy 2o, i.e. in tbo samo way

as elecirostrictive vibrations of indrrced polarizatior For this rcason the strain-clectic

field reldion should be modified ûo fu form x, = M,,(Er).ff for example. Howwer, not

on$ etec.tric dipole can give a 2o response uùile being excited d o. One oan introdrre a

nsn-linÊar behaviorn of ths nrsceÉtility vercus electric fiel{ or to consider the &fect

ela$ic quaerpoles uùich would interaot witù elastic lvaves and change tbe elecûosEictive

4xlO-2

3xl0-2

2xlO2

lxlo2

0r_
480
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intcractiotl Inûis csse fu eleo,tric dipolæ ad elastic qu&Woles, nrùich are both rclded

ûo the defects, ùoutd have &e sane frequeæy spectnrm- (Somner et d., l99l; Klee'man

et al, 1991)

In a freqrcncy region above tb dispcrsion th ùrc of dipoles in tb s;train is sttitch€d

off and the vibrations of tbo samfle are prety elecrtrosEictive (x,(8,)=M,,'E?,

M11=oonst), i.e., ôe $rain-clecûic field relation is quaeadc (Figtre 3.5).

For fsample fZ& for uùich the transient pfse oocut!, in u/ùich no dispersion was

ford, tb variæion in the electroshictive srain with freque, cy is inoomlÉcrrcus.

A.s possible cxdaætion of ths magnftre of elec{rostric'tive coefficients above the

aispersion region a crystatlographic rigitlion mo&l ulôich exflains tre rcbtionship

betrye€n Q11 ad ûe &gree of tb orfuing of the stnrûrp, proposd by Uchino et al.

(1980b), can bc transformed into our sitration.

Tk main ifu is that th &nsely Fcked sûrrctrre in th€ or&red puov*its gves much

larpr strain tfian disorM "rafiling" shwhre. For PbZrOl the corce,ntration of &fects

in any sùldice mae th strucùrre mqe loose ad ûat is wfty the electrostrictive

coefficie,lrt &Tëses from Q11=2.0-10-2 mnl(9 in condensed fuZ;rA3 without transient

phase b Qrr=1.2-lO-2 matÉ in PbzrO3 exhibiting the above phase and possessing higher

defect corcentration

Similar siûration can be obsened in PZT compounds. In boû investigÊt€d samplæ

PbZre.y;Tie.o3o3 atrd FclZts.w2Tb.gr3o3 ûe mea!ilFements of polarisdion q ad srain xoin

firnction of freqrmcy have proved the clear correlation betrveeil the electromechanical

prroperties and dielectric relaxation observed in rhis compounds which is evidenced in

Figrnes 3. 10 - 3.13. Tb nreasurements ma& onPTI compormds can be thus ftafed as tlre

evidence tbat tb relanation obsewed in Pbzrq single cry$al with one phûs€ transition

below l0 kIIz and PZT compouds eped b!, small anrorû of Ti, is of the same ptrysical

nlture.

Iæad hafratc ad lead hafrate doped by Ti.

Tb mcasuremeds showed ûat fu behaviorn of sûain€lectric field relation in both

invesigded samples is çadratic i.e. the vibrations of tb sam$e in tho externâI electric

field are prely electsosEiotive. Polarizdion P1 is mt tqrcnsy &pend€'d excep mall

incrcase at fte rarge of few [Iz's. It shorld be pohted out tùat ûe olectrostrictive

Ctg



measurem€nts were performed d hiÈ eleclric field stength to that usd in fu

dielectric dispenion tsb (0.2 d 10 kV/cm t@iveV). Moreover, the e value - alld

also thc polarization P1 - was calculad from fu Pr(Er) relation taken in ûe Sawyer-

Tower s€tup. Using condrrctivity compe,nsdion this relation was formd to be limr in fu

rryhle rangp of tcmperûre d electric fiold sheagÊh rreed aûd e'valrrcs could be thus

æsily dcterminÊd- TbÊse valucs of e' were mt bwwer so hrgs as l|æse ohained ftom

dielec{ric dispersion measrrement hn oomparable to tbse dstecûod Êom e'(f) at I kHz. It

would mean thd in the frequercy rEEe used (<lOO IIz) thÊ clectristrictive strain is not

inf,wrcod by ûo lowest reloration formd in PbIIq. It would also mean ûat tùis LFD

(Iow Frequercy Dispenion) is conw'ted wiû -induc€f - ralùer ûan -intrinsic" -

conductivity coneted wiû the pres€Nlce of surface layers. From tb other hand it means

thet in tbe case of PbZrQ, in nùich dielectric (pr(D and e'(f)) and elecûostrictive

dispecion oecur in the same frequency tgq the reloration is of bùilk character.

Tfog secod IID ford in PbIIm3 and tibutert to tho btrlk appears d considerably

higbr freçrcncy (above I kIIz). That is wùy fu electrostrictiye response measured only

rp to 400 IIz was rmable to show any dispersion Tbse resuhs for both Pbzrq ad

PbIIfq seem to prove the hypothesis ûat tbese relaxations arc of bulk character. They are

connec'ted with the 1rseme of defects uùich act as localised dipoles Gopetng ions) and in

this uray csr influence - as it is clerly setn in PbZû - tk mechrnical properties of tb

lattice.

In PbIIq as well as PHT m variation of the elec'trostrictive coefhcient with

temperature have bee,n observed and Qrr ralucs are respectively 2'10-2 mn/C and

2.6.10'2 #É ard are alnos equal ûo coeffioient wlue.s for otbr ferro- or

anûyferroelætic ABO3 perovskites.

Apoendix

In ordinary dielectrics the application of an eleotric field causes I s{ress due to the electric

afiraction betrree,n tb opposiæty charged plat€s on a oonfuser. For a sample with an aree

s and Wing d wiû û€ permitivity Ê, the capacitance is C = T, chargo
d

Q = C. V = e'sr'V 
and the foroe F bctrryec,n ùe dat6 is following (Jonsoher, 1996):-d
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Ê Q, Q, CV2
I  = - = - = --  

2 -e-s  2 .C.d  2d

F
ThÊ strcss o = a (force per rmit æea) can be rvriæen as:

s

F clv2 o.V ev2 €Bz
g l : -  = S = J - - = -  3 . 7

s s.2d s.2d 2d' 2

q = g= t '=v
sd

It meaos thar tb stre$s is inepofu from tho geon€ilry ad dsporrds on th E2 and e.

Taking qrpicrl vah.le E:? kV/cm, rTXX) and CFrlOl' t#nq fto sûain is of the order of

7.10{ nùich is far lower ttran ûe observed elecÛostrictive &formation Thus this effect

conbe reglect€d in tk consi&rations.

3.6
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4. RAITTAN SPECTROSCOPY

4.I. TFIEORETICAL ASPECTS OF RAMAN LIGIIT SCATTERING

Rarnan light scattering is often used for the investigation of dynamical aspects connected

to sEuctural phase hansitions especially in crystalline materials developing of ferro- or

antiferroelecfiic behaviotu. Raman specfoscopy, by deûermination of the lattice

vibrational frequencies provides valuable inforrration on both static and dynamic

microscopic phenomena accompanying the structural phase transitions. These vibrations

are strongly influenced by the variations of the electronic polarization in a lattice of given

crystal.

4.1.1. Scattering of ligtrt by material media

When a light beam of angrrlar frequency {ù; propagates in material mediq the oscillating

elecnic field of the radiation causes forced vibrations of the electronic clouds associaæd to

the atoms, ions or molecules. Oscillating electic dipoles are induced and each one will

emit electromagnetic waves in all directions.

Three physical phenomena are associaled with the scattering light:

- Rayleigh scattering or quasi-elastic scattering in which the frequency of the scattered

light is the same (or nearly the same) as the incident one,

- inelastic scatering by acoustic phonons which is also called Brillouin scattering,

- inelastic scattering by optical phonons, so called Raman scattering.

In the case of inelastic scatûering the frequencies of the scattered light are shifted with

regard to incident light of about Âco :0.05 - 1 cm-r for Brillouin scatûering and Âco : l0 -

3000 cm-r for Raman effect, corresponding to the vibrational frequencies of the acoustic

and optic phonons respectively.

4.1.2. Inelastic Raman light scattering.

Consider a monochromatic light b€am of angular frequency o; incidenting on a crystal

sample with a wave vector f ,:
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Ê,{r,t) = êiEi *d[i oli -oit)

q/here ê, is the vector of polarization and Elfu arnpliûrde of fu electric field"

This radiation popagÉing in ûe crystal indrrces the dipole mome,nt p which is relafed

in a firstorder approximation to thc elætric fietd E of th radidion by:

[t- ory o-l

F = lo," eo o*l-Ê 4.2

Lo- s.d o-l

rryùerc ad is th second or&r dielectric polarizability t€nsor uùich dscntes tbo

anisohopic rcsponlp of elecfronic olouds submited ûo an oscillating electric field

The scanering of ûe tight is related to th existence of fluctrotions in maf€rial media

Th thermal agitation of the nrclci idtrcs fluotrations in tbÊ comporents of c6. Tb

electronic polarizability cantkefore be opand in a power series of the mrmal phonon

mode coordinntes Qr (ii, t) :

QrG,$ = Q[")oo(Er of -tort) 4.3

uùere Srud cor is th wave vector and frequency of kË phonon aodQf)contain

information of the pohrisetion ofthe vibrational mode k-

srrch as

oc = al *I"iq* *II"ï'Q.Q.' 4-4
k t t '

uÀere:

4 .1

":=[fr)o*o'ï=[#J, 4.5

cr] and af' are th€ first ad second derivativos of the oomponents of thc polarizability

with respwt to mrmal mode ooordinates evaluded st the equitibrium position They give

rise to the first-order and secondorder Raman scaftering . We will restrist our

analysis to ûe first-or&r scafisrin&

If a particular mode Q.(ii,t)=Qll'oos(ilt.ï-otrt) induoes fluctuations in the

compone,nt cn of ûe elec{rronic polarizability in such a mrrn€r tht it ircreases the

polariubility in a half-cycte and decreases in the other half cycle the,n the polarizability is

not null. This mode moôrldes ûe comporent co of the polarizability in the direc{ion of

its waye vec'ûor E. A plæ monochromdic tigbt w&1'€ É=Eicos([ioï-ojt)

T3



tranwersing crystal gives rise to ocoillating dipoles lvbsÊ componont in this dirwtion is

givenby:

p" = cdEj = aiEt oos([; o Î - oit) + cltne, oo{[J o f - o it)Qi oodti o ï - o.t)4.6

Tb first term of ûe above equation correspoù to fu elastic Rayleigh scaruering and the

second one to the Ramsn scatæring. This second term csn be rvritten as:

or

4.8

4.9

aftd

4.10

l";e,ol 
{*{r, 

- d). r - (o,, -' r)n}* 4(8, + q).r - (', *'r)t} n'z

I";e,ol {4( . r -',t) * *{Ë.' r -'-t[

u/kre
( D r = ( D i - ( D r

[ ,= [ i -8

@. = (D i  + (Dr

Ë- = [ i  + i i

The eqrutions for freque,ncies and wave vec'tors express the energy and momentln

conservation associafed to the Stokes (s) and anti-Stokes (as) scattering of phoÛons by

phonons.

In both cases, an incident photon of angutar nequsrcy q and wave vector Ë, b

absorbe4 a @non of @uency or1 and wave vector ai is ffeatod or destrroyed ad a

scderod Soton of @uency ol" ad vector [" is emiued.

hrâ%^,^'

ïcù
as asojE

Sûokes process
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In fu case of polar crystals tb macroscopic electric field qùich accompnies th polar

vibrdions also indrrces fluotntions in the polarizability. \tte have ûo dd a æw kind of

derivdive in th€ expwsion of polarizability swh as:

ae = ol +fafQ, +ba"E"
t

4.tr

wlrcre:

4.12

TbÊ last componeff is tho etec'tronic mntrihsion to th eleotrooptic oonstants uùich

dscribcs ûe modulation of tbe polarizability by tbe macroscopic electric field Eo.

In scattering experimeuts using a visibte ligùt (f.Ê45000 Â ), tfrr fequsnsy of incident

light is very close to th€ scafiercd light frequercy <o,. Therefore th mdulus of tb wave

veortor of th scame,red light is very close to that of th ircifu lk,l.lk,l*2.tdcm-t.

From tk conservation of momenûmt it is easy to show that:

hl=4t,Fl 4. t3

b*"=(#)

Th€Nr fte mardmun wave vector of a phonon wtrich can be investigÊted is

hl= 4trl=4.ldcm-t. Since thc wave vector of the first Briltouin ztrne cannot be greater

than the dimension of the first Brillouin zone lql- tOscm-r, tlris means tbat onty phonons

localis€d very closely to th€ first Brillorm zone ceirte (q+{) can be observed in a first-

order Ranan scattering.

4. 1.3. Svmmetrv analvsis

As shown previously, onty vibrations with a wavelength greder than 1*:5ggg Â ean Ue

observed in a first-order Raman scattering. Therefore in or&r ûo &ermiæ by Raman

scafiering the qanmetry of the investigated modes, we have to consider only those modes

for r+,hich th wave vecrtor q{. Fâch vibration mode Q is associated with one irreducible

r€,pes€dation f; of th point group of crystal. To fid the symmetry of vibrational mode,

we noed to decompose tùe redrrcible repee,ntdion f.6 of th Cartesisn co-orrdinaæs of

th nuclær displacements as a srm of F;.
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f"o = I"rr,
t

where q is tbc number of tirc tb repesentation I; apears in ûs &omposition f5,

I|le coefficied q can be calculated using the characters XrG) of fte rceræ€'ntation f"6.

ar = h-'Ix'(R)r'(R) l.ts
R.

rvtere: h - is the number of spnetry elcmonts ofth point groltp,

R - repwents the elercnts of rymmetry ofth group,

dG) - are th charaoters oftb repsedation f;,

ft@) - is the chffacær oftùe r€fs€ntation f,5 nùich canbe calculated by the

e:çression:

x'G) = 
P*Orfl 

+2oos0*) 4.16

Th abovc sum is done over all nuclei i of the rmit cell. Thc sign r or - indicaæs if ttle

slmme{ry elcment R is a prrc rotation of an angle 0* or if R is a rotation followed by an

inversion symmetry operation The cocfficie,nt h takæ value I if nuolei after the qrmmetry

operation are carried to the same quivale,nt positions in the nst atrd 0 oûhsnvise.

Lst us considsr the above analysis in paoticc taking as an example the ortlrorùombio

symmetry of two antiferroelectric crystals ftâfi3 8nd PbtIO3 at room temperature in A1

ÉEsc.

Table 4.1. Table of characters fot DPn sprce group.

yÈ E cr(z) c'(Y) C'(x) i o(x,y) o(Lz) a0à Seleotion rules

A8 I I I I I I I I cl'g-c,.wa,a

B,. I I - l - l I I - l - l R, o,"

B2s I - l I - l I - l I -1 Ry Q,p,

4r -t - l - l I I - l - l I R. Q*

4,, I I I I -1 - l - l - l

4" I I - l - l - l - l I I T"

Ba, I - l I -1 - l I - l I T,

Bso I - l - l I - l I I - l T,

rl 3 -t - l - l -3 I I I

4.t4
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The crystals betong to the nP^ space goup. Tle table of characters of the corlesponding

Oï spûce ggoup is pnesented in Table 4.1.

$/itû this table, in urùich we affi the oalcutded charao'ten of tfre irreûrcible

r€,pres€Nddion l.na ad acoording to the poyiously quotcd oonsiderdion it is possible to

calculate the numberoftùe vibrational nofu.

l,b = 16A, +88,s +l2B2s +l2B3s +4A-+æBt. +2/,Ba-+Z,Bù

4.1.4. Selection rules forRaman scderine

From tb equation 4.6,itis clear ûat tho inôrced dipoles rcsponsible for Raman scasering

associated with tho frequerrcy or will be zero unlæs at least onc of the components of the

dsrived polarizability tensor crl is non-zero:

/ ^  \

o:=l+l'  
\ôQ*,/o

Thus the condition for Raman activity is ûd, for at least one component of the

polarizability tensor, a plot of that comporænt aæinst lhe normal coordinate must have

non-zero gradient at the equilibrium position The corresponding condition for infrared

activity is that at least one of the dipole moment componeirt &rivatives with respoct to tbe

normal coordinate Q taken at the equilibrium position fuutdbe norFzero.

Bas€d on ftis selection nile, we can entract from lhe above pese, ted symmeûry analysis

those vibrational modes urùich will b€ active for the spaco group in consideration:

4. t7

4.18f,r".-- - l6As +84. +l2Bn+l2Br

4.1.5. Sclection rulcs from a quantum-mechanioal point of view.

Raman scafiering process involves the absorption of an ircifut pbnon of frequency ot;,

the emission of a scatte,red fronon of frequency h, 
-rrl.trn other words, the incident

Soton inôrces an eleotronio transition from an initial *ae lo,i)to a virtual stae f v), and a

sctered photon is €miûed rvten the elec1rrons rmdcrgo a frnsition from the virtual stat€

l") to th final staæ fo,s) (ûc first idex in tho ket conespods ûo a set of elec'tronic

n



çranûm numbers, and tùe secod one spifiæ a vr'brational level). A Raman transition

oocurs if electric dipole Eafiix betrvee,n the initial ald virùral states, and bettilæn tlæ

yirûral and final stats that is (o,iprlv[vl*lo,r)*0. Sincc Raman ûansition involves two

eleotronic dipoles, tb pbonon Q created or ffiyod must belmg to an irreôrcible

rcprese,ntation present in ôe direct product of representations tlrat transf,orm like the

components of a vector. Threfore Raman scafieringoccrrs if tb phonon Q belongs ûo an

inedncible representntion which conhins as basis fimctions bilinear ûerms *,f , *,*y,y,

ard ac

If thr crystsl point group contains a c€,ûte of symmelry operation, its ineôrcible

re,pesentations have odd or wen parity re,prescntetions. Therefore the same phonon cannot

appear in both Raman and infrared $pectra. This is called the mutual exclusion principle.

Onty in piezoelectric crystals a phonon can appear simultaneously in the Raman ad

infrared spectna-

4.1.6. Thc ûempratrrre deperdenoe of Raman inte,psities

The intensity of the scattered light in Stokes and anti-Stokes prûcesses which conespond

to the creation and annihilæion of the phonon of ttre ol frequency ard radiation of ths light

beam of frequency ot", following Poulet & Àdatieu (1970) is pnesented in following way:

I ,  a (o> ,  -o l . ) { (n+ l )

I= a (crr., + co - )a n

r+,here factor:

n(o) = 4.20

is so-cslled BoseEistein temperature factor.

Compring the Stoke.s and anti'Sûokes infc,nsities ofthe scafiered light we get:

" , . b t  
- l' k"T

f"*#-{#)
Bocanse o,))ro r, then the jî' ; 4 o l, and the relation 4.21 isequal:

(or, +o.)"

4.19

4.2r
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r*'{-ffi) 4.22

From the equation 4.22 it is wideirt that at very bw temperûnes the nalrrcs of ths aûti-

Stokes intensitiæ will b€ considerably lowerthan fte Stokes int€tæities.

4.2. TTIE LYDDA}IE-SACTIfI-TELLER REIÂTION

Lydane-Sachs-Teller relation (tST) fi$tly &ived by Lyddane et al (1941) (for a double

ionic crystal) is the reletionship betw€€n dielecEic p€rmifiivity e(0) (satic dieleoaic

permittivity) ad e(-) (dielec'tric p€rmitivity at hidt frequernies) and the longiûrdinal o1

and hansverse oh opûcd long-wavelength lafiice vibration frequencies in form:

8(o) =É 4.23
e(o) of

This relæioD may be obtained bV examining the Kramers-Kronig integral:

e'(o) - e(o) = Z[ xel'(co)S
_ \_/ _\ , tcro x, _or,

4.24

urhere the variable of the integration x is taken along the real frequcncy oris, d two spccial

frequencies.

The I^ST relation contains information thet the dielectic constsnt at hi$ and low

freqrrcncies contains th fre4ucncy o>r (tranwerse-optic mode freqwncy) uùich is

specifid as a region uô€rc tbe absorpion was peaked and a nequency o1 (longitdinal-

optic mode freque,ncy) wtren the dielectric permiuivity is zero. firis is the LST relation for

the classical oscillator. Tbe er<ûension of the I,ST relation to the case of a sum of classical

oscillator modes can be done (Lines & Glass, 1977) and the result is:

s(o) - h",l''hgl'... 4.25a
e(æ) @?r.aT....

rlko"l'
or E(o) - Ir 4.2sbe(o) 

Irr?,
l-l

Usingthe above equation we find that in phase tansition one or more tranwerse mo&s orr

can approach zero (mo& softening) gtying contnlbrsion to the BCD function which oomes
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direcfly from the lafiice vibmations. The possibility of ror approaching infinity must be

rejected following Cochran's discrnsion wfu considers a specific lanice-dnamic model

(Cochllao, 1960) in uùich mo& frequencies cannot approach infinity sirce mas€s camot

apefioach zcro mr force oonsta$ ryproach infinity. Thus the divergerc in eCD near the

phase transition may be causcdby either higher-@uency peak approaching zero or by so-

calld ccrilml peak Th most likely siùrdion would be for the highfrequenoy peak to

&rease its frequency mode forming a ce,ntral peak urhen ro1 approaches zero. The

oocurrelpe of ce,ntral pesk do€s mt imply Hessary Debye dispersion Any dieleotric

spectrm wiû suitable low-freqrmy form can be intrinsic to the material, resulting ûom

corpling of allowed ad forbidden modÊs, or it may be due to imprnities.

4.3. CLASSICAL OSCILI,ATOR MODEL OF SPECTRAL FT.'NCTION

Consider a material composod of i&ntical lin€ar oscillarors of reduced mass m, ohorge e,

elastic constant F and friction coafficient f @linc &, Zeks,1974).1.€t E be the local field

acting on each oscillator (we asnrme that the wave-lengû of the elec'tromagnetic field is

largo with respect to the system).

Tbe eqrution of the motion of ech oscillator in ttre field dircction x is:

This equation is of the form:

Tbe second term involving tre danping constant T is pùt to include frictional effects and

leads to absorption of enorry from the electom4gnetic wav€.

Pntting E = Eoe- to the equation 4.27, it can be solved to give the elementary dipolat

moment:

e2
[ r -€x- - m

4.28

If N is the corentnation of oscillators, then tho polarization ofthc systcm is:

P= Np = Nex 4.29

ad equation 4.30 takes the following form:

o_ Ne2 E

m (r3 - r' * irr)

m*, = eE- Fx- ft

mii+m1i+mcolx=eE

4.26

4.27

t0

4.30



Since ÈXB,where 1 is the dielec'tric srnce'pûbility, it con be rvritien:

Ne2 I 4.31x =;G'" -d;i@r)

The suscepuibility is thrx a complex quantity and can be &rived into reol snd imaginary

parts:

.  Ne2 o1-o '
tu - (r3 _r,) '+a,r,

,r,- Ne' (ùr
* . (rl -r,f +orr,

If we define tho force ofthe oscillator as So:

s" =9 433
mo3

thsn we obtain a classical oscillator mode of sEength So aod dmping 1:

4.32

r,"(ro) =
d"t3l

4.34
(r3 - io')" +,l 'y'

At this stags we have a spectrum &fined by four parameters. oo fo ûe freqrrcnoy urùere 1"

is peaked as long as T is not too lsrge.

To srmmarise, ûc t'(o) spcctrum contains information on long-wavetength

flucûrdions of tfo polarizdion Hence the specha completely &ermfup the dielectric

fimctioq once dete,rmind they can be manipulatedto fit equation 4.34 and if th€V do, the

parameters {D1 and ormay be Frt into equation 4.25 to deûermine the ratio of dielectric

constants.

4.4. TTIE DPERIMENTAL CONDITIONS

The Raman scatreri4g operiments were carried orû on a Spex &uble monochromator for

dispe,l:sion with a readorn syst€Nn using a cooled RCA C31034 phototube

for dct€ction Tb syste,m was linked out with Datamatc microprocæsed controller and

aoquisfion troo€ssor, ad the dda were stored on a flop'p5r disk" As the excitrtion source

the argon laser line of 5145 Â wave,le,ngth and helium neon lascr lins (6328 Â; *"r"

alærnatively used" The low-tcmperaûne speclra were recorrdcd with th cr5tsal placed in

8 t



and Air-Prodrpt Displer, oryostat ùive,n by an automatic te,mperaûnre indicator controller.

For tbe m@$remetts betrveen room and high temperanm, tb sample have been

mormted in a temperûne contrrolled firnace and tre ûempelaûrre was deûeoted by a nickel

chromeniokel altoy thrmocorple located ner the sample. Tb rryùole syst€'m was

arranged in the conventional 90" scatteriug geometry. The measruing set is schematicalty

peseirtedin Figtre4.l.

Mirror

Heater/Cryostaff

Sample

Diffiaction
grating

Preamplifier

Figure 4.1. Th€ layout for Raman scattering experiments.

Th Rsman scafiering measurements were performod on the sane orystals as those us€d in

dielectric dispersion measurements. Iletails concerning the orystal growing are described

in paragpph 2.2.1. Transporent crystals of PbIIO3 and composition of Pbl{fr-Ji,q with

x<).M were used for measurcments. In tbo case of PbZrr-rTLOg, concentration x lryas

equal to 0.01. For tb doped samples, the concentratim x was established by X-ray

microanalysis iwestigations.
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Simultaneously to the Raman measurements and in order to have an accurate

desoription of the phase transition temperafiIres, the variations of the dielectric

susceptibility on cooling and heating \ilore performed on a I MlIz automatic capacitance

bridge. Th temperature dependencies e'(T) of dielectric permittivity for pure PbH03 and

for Pbffi.e6Tio.o+Or single crystals were already presented in the paragraph 2.3.3 in Figure

2.27 a and b. The e'(T) dependence for PbZrs.eTio.orOr is presented in Figure 4.2 for

comparison

All the sanrples used in our experiments, revealed mder a polarising microscope a

polydomain strucûrre in polar phases.

6000

g l

4000

2000

PbZro.nnTio.orOt

FIMHz

cæling
heating

'+-F
I i, Tt-n

;^
^ P-F

450 475 500 525
ï'(K)

0
550 575 600

Figure 4.2. Temperature dependence of the dielecfric permittivity forPbZro.ggTio.orOr.

4.5. SYMMETRY ANALYSIS AND CALCUIj,TIONS OF TI{E VIBRATTONAL

MODES

4.5.1. Vibrational modes in PbZrOr.pure and PbZrl=Ti"Og (x<).06)

It earlier studies at room temperature the PbZrO3 crlstal was supportd to belong to

orthorhombic antiferroelectric space goups Pba2 or Pbam (Sawaguchi et al., l95l).
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Recently however Tanaka et al (1982), as well as Glazer et al (1993) sttdid the structure

ofPbZrO3 in more details and describad it as cenfoqmmetric Pbam (Dï)

The symmetry decomposition of the vibrational modes for this spûce gfoup was already

presented in the section 4.1.3. Thus the Pbam spce group for perovskite PbZ(q is

presented by a total number of 120 vibrational modes:

Ii,* = 16A, +88, s+lzBu+4Au +20Bro +ylB2u+uB,-+42B',s 4.35

Three of these modes are acoustic modes and the others are optic modes. Using the

selestion rules for the Raman scatûering only 4, Bre, Bze, B3g are Rarnan-active, while the

modes described by index ou' are infrared-active. firen the number of Raman active

vibrational modes reduces to 48.

The corresponding tensors of the polarizability corresponding to the particular modes

are presented below:

crn 0

0d ,

00

o t

0

0

0

0

d ,

^,1 ""Li ; ïlol

;l

+l"rrI
Iot''1";

The cubic paraelectric phase, described by a Pm3m (Ol) t*" goup, is represented by

l5 vibrational modes:

r,r =aEl? *4? 4.37

According to the selection rules, all these modes are not Raman-active and any first order

strusture, except the Rayleigb part, should not be observed in Raman scattering in the

paraelecûic phase.

For the PZT \À'ith small Ti concentration up to 0.06 the phase transition from cubic

symmetry (P) (Pm3m - Ol) to an antiferroelectric (A) phase of orthorhombic symmetry

(Pbam - D!o) is realised via an intermediate F phase of R3m (C:") symmetry (uzually

calld fS1. fnis phase is represented by l0 vibræional modes. Decomposition of modes in

particular phases appearing in PbZrs.eeTio.orOs is shown in Table 4.2.
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Table 4.2. Decomposition of the vribrational modes for PbZre.eTto.orOr

Phase Paraelectric Ferro€lætric Antiferroelectric

slrmnetrv Cubic Rhombohedral Orthorhombic

Spæe group Pm3m (Oro) n:m (Cl,) Pbam @P^)

Number of

vibræional modes

l 5 l0 120

Decomposition of

vibrational modes

+4.,o +ff 4A, +5E+4, 16A, +8B, r+l2Bo+l2B*+
4A," +20$u+248r,+248^

Ranran active modes 0 34, +4E+4, 16A, +88,, +l2Bn+l2Br,

4.5.2. Vibrational modes in PbFIOT and PbFIf,r-*TioOr solid solutions.

Both PbI{Or and PbHfi-Ji-q s}stem doped with small amount of PbTiO3, both exhibit

two temperature induced phase tansitions (at436 K and 4U K for PbtI03) . Doping of Ti

shifts the lower phase transition several degrees ûowards lower temperatures (see Fig.

2.27). BottU the low temperahre Ar and the intemrediate A2 phases are antiferroelectric

with orthorhombic structure. The P ftraraelectric) phase exhibits cubic perovskite structrne

Pm3m (Oi,).

The Ar phase in PbH03 was usually considered as isomorphous with that of PbZrO3, so

lets consider the symmetry of the A1 phase in PbH03 as centrosymmetric Pbam. In the

symmetry analysis of the vibrational modes, the symmetry of the intermediate A2 phase is

not clearly defined. The possible space gtroups to which the system could belong are as

follows: P222t (D1), Pmm2 (C ), Pmmm (D;,) orP222 (4) tr"" 1.2.3.). On the basis of

the subgroups sequence analysis, the space group Pmmm (DÏ) can be excluded from the

furtlrer considerations. The space groups P222r (Dl) and P2.22 @\) are described by the

same kinds and number of the vrlbrational modes thus we can simpliff the considerations

into tryo most probable (Ct, and Dl). In both cases all the vibrational mode.s are Raman

active and their nrunber should be equal to 120 unlike the low temperature phase A1 in

which only 48 modes are active. Heirce the stuctural phase transition should be

characterised by activæion (on heating) of previously Raman silent phonon modes.
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The 1fur€ticel gfoup amtysis of lh vibrdional mofu in PbIIO3 in ûe ûree phasæ

Ar, Az ad P ræiag two assgmptions of tùe A2 phase is reporæd in Table 4.3.

Table 4.3. Decomposition ofthe yibratioml ffi for PbIIOT

4.6. RAlv[AN SCATïgRtr{G LITERATURE DATA IN PL)RE PtiZrA3

In contrast with the number of dielectric stnrctral and electromechanical investigations

and certainty because of difficulties in obûaining crystals of sfficie'ntty good quality for

opûcal stldies, the elçerimental Raman spec'troscopy sûrdies are rather scaroe. Pasûo and

Condrate (1972> measured the Raman specta on powders and multidomain single crystals

of PbZrQ from room temperaûne to 250"C. They considered only the amiferroelectric-

paraelectic transition and imerpsæd their resulb in comprison with the speclru for PbO

and ZrO2. Some Raman data on PZT solid solution are available brÉ conccrn esse'ntially

rcsults on ceramic samples with Ti gr€dcr than 0.10 (Bauerle &, Pincailq 1fl6', Burcrle et

al., 1974; Bauerte st al., l9m.In thæe PZT's in uùich the ferroeleclric transient phase of

the rhomboheùal syrrîmeilry ocists, th ferro-paraeleotric Èaso transition was oonelded to

{

Phase Paraelecûic Antiferroelecfric Antifenælectio

$'mbol P A" Ar

space group h3m
(ol)

hm2 Vn2r
(c*) @l)

Pbam
(DP*)

$mmetry cubic orûorhombic orthorùombic

nrmtber ofPbtl0r in

the unit cell

z:l z4 Z-t

number ofvib'ratioml

modes

l5 120 120 120

s',rmn€'try
decomposition of
vib,rdioml m&

lff*ff 364, + 204 +

l2Ar+ 28Bt +

368, + 368" +

36B,2 3683

16A, +8Bn +l2Brr+

l2B*+44r" +20B,o +

2482, +248^

Raman active modes 0 all the modes t6A, +8\ +123r, +l2Bo
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m E(IO) mo& cùich was fotd to soften with incresing temperatre (and also &e

PbTiO3 conce,nÛration).

Roleder et al.(19t9) inv€stig3ted tùe Raman spectra of pre Pt)zrOt ruûPZT with low

Ti conoentration using single crystals of sufficiently good qualtty, and rclated the Raman

data to ûe stuctral phase transition s€r1rrm€ ad especially Ûo the existerce of the

intermediaæ phase in PZT.

Ttrough ûo theory predict trÊ existe,nce of the soft mo& in PbZrO3 (8 = 0) , this kind of

behaviogr was not fornd using the Raman spectroscopy rn€ûtd since no m& is Raman

active in tb paraelecilric phase. Only a 130 om-r lire &tded at room ænperanre (in

antifenoelectric phase) Sifted stow$ ûowards lower frequencies and migbt have been

considered as a softmodehlt was stongly overdamped urhen approaching transition to tlrc

interrrediate and then to fu cubic phase @oteder et al., 1989). The purpose of this wort

u/as to pcrform the additional experiments on a PbZrl-*Ti;O3 single crystals wiû x4.01

of beilûer qualtty in order to dr/tættk changes of spec{ra in broad temperaûrc rang9 (from

10 K to 600 K) and æpially nær the phase tramition points and mainty to anatyse, using

6e systemstic fiûing proceùre, th teinperatre depedenoe of subseque'nt vibrations and

qgasielastic diffiniron Speoial atte,ntion was pid to the paraelectic phase in uùich

gnexpected first order Raman scatùering has b€€n prwiously ob,served. The ob,tained

results were analysed and compared ûo dielectric meosurements ad the phase transition

mechanism was discussed

4.6.1. Raman spectra for two kinds of PbZrOr single crystds.

ln order ûo compare lhe complete Raman speotra fot PZT samples, ll,e pres€Nrt in first

Raman spectra recorded for prure PbZrO! singte crystal (Roleder et al., 1989). The nor

polarised spectnrm for PbZrOr recorded at room ûemperdre is prese,nted in Figure 4.3a

Figrne 4.3b shows the Raman spectnm for the PbZ;o,s single crystal wiûoÉ transie' t

phase nùich has b€€n used beforc in this work in the dielectrio dispersion measuremqrts

(below l0 MIIZ). It can be seen that the form of bofr specûra are similair blÉ û€

differences can be see,n in the positions of pariculair lines.

According ûo tùe anatysis psrformed in Roleder et al. (19S9) the spectra contain three

main @ue,ncy regions: 0 - 200 cm-r (I), 2w - 4@ cm I (tr) and 4m - 8@ om-r (Itr) and

nâioh are oommon Mrres of th oxide perovskiG crystals frmilies. The origin of 6ese
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regions can be analysed within ûe framework of th phomn dispersion bcbaviour known

in the cubic phase of similar perovslcite crystals.

4 4 1  I  5 5
ËZrq3 withtsrdqû phsæ

52 T-300K

3 5

ll'l rl_ r_ :1.4 . .
1 3 8  .

6 7

2Ol  344
5 3 1

5 0 3

400 BOo
I

ol (cm-')

0 2N 400 600 8@

ro (cm-l;

Figure 4.3. Raman spectum for two kinds of PbZrOtsingle crJrstal d rcom temperature:

(a) with the transiert phase @oleder et al., 1989), O) withod traosi€d phsse (this woft).
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Figrre 4.4. Evohûion of the Raman lines in the antiferrælecuic phase (Roledeç 1990)
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Figure a.5. Changs of the Raman spectra mr two phasc transitiom A-I (a) and I-P (b) in

Pbzrq single crystal (Rolder, 1990).

The lowest-frequency rangp l (in Figue 4.3) contains lines of higb inûensity corresponding

ûo the lowe.st-freque,ncy optic aod acoustic phonon branch,6 activated by tre
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adifenodistorsive tnansition leading ûo fu mtifenælectic structre. The rext two regions

arise from ûre splitti4g and aotivæion of tùe higùer fteqrærcy plronons at ûis hansition

T}g woftûion of the Raman spectrla in the antiferræleotric phase is presented in Figure

4.4, a11d the behaviour of tb Raman spectra mr the phase traosition poids is repsented

in Figure 4.5. At thc temperatrre T6.1th linæ marted as A B ad F disapper and ûe

broad band C+IlrE remains. At Se temperûne T, ûis "broad bad" (C+D|E) seems ûo

disamear and slight ohanges of the quasielastic scdering above T" can be only obs€rred-

@g. a.5b).

4.7. DGER]MENTAL RESI.JLTS

4.7.1. Raman speo'trum of Pbzro.eelio.orgjin thc adiferroelecûic Dhase

0 200 400 600

o (cm-l)

Figute 4.6. Raman spectra for PbZrs.eTie.orOr single crystal recorded at

Kxlm ûemperatre (b).
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Figrre 4.6 compres ûre first-or& Ramm sp€ctre reoord on a PbZrs.pTro.orQ single

cqrstal at low (15 K) and æ nxrm temperaûne mæsured in frequæy rlangp 0 and

gfi) crr l. The analysis of thc lines shorred that thÊ spectra in the antiferroelectlric @so

for tùe pre PbZrOa ad Pbzrg.eTb.orQ are slmost th same.

By qrmmeilry anatysiq maximum 48 mod6 should be observed in the autiferroelectric

phase in ôis crystal. The Raman spectra from 15 K to room temperaûre do not exhibit

abnormal mdifietion in the number of lirc, tùeir positions and wiûh, and thus exclude

existerce of any additioml phaso transition below rtx)m temperatne. In the A phase tho

lines show t$g normal incras€ of damping with increasing æmperatn'e ad gnûrl

shifting down in freqrruy of two liffi marted in Figure 4.6 as a andg. This fact will be

analysed in more d€ûail in seotion 4.8.2. No other significant changes were obseryed in ûe

spectra rp to tùc A-F phase transition

4.2.2. Tk cvohnion ofthe Raman speclra near the A-F phase fransition

Figrtrc 4.7 pesents tbe evohsion of the low-frequency Raman spectra (0 - 400 cm-|1 on

hating towards the A-F phase transition CIa-r - 49{) K). Above Ta-p ûre Raman spectrD

contain a broad shoulder (see arrow in ûc Figue), which can consist of more than one line

bgt strongly overdamped- Unfortunately because of this dalnping at higher Ûemperatrre, it

200
r (cm-r)

Figure 4.7. Raman specûa in A phase and near TA,F phnse transition
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is difficult to distinguish direcfly from lhe spectra llp number and exac't positions of lines

characteristic for the F phase. rhis wort witl be done on fte bosis of gMematic fiÉing

pnoceùre desonted in ûB rext paragraph'

4.?.3. Raman soecilra at the F-P phase transition

The hansition from the rhombohe&al F phaso ûo ûo cubic P phase is presented in Figure

4.t. As can be seen, aû the F-P transition ùe Raman speotra do not show auy &p

modification The characteristic b'road shoulder observed in F phasÊ rctnsins present even

rry to tomp€,ratrres far from tbe transition point (sec inset) (similar behaviour was also

obseryed by Roleder et al- (1989) ).
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Figure 4.8. Changes of the Raman spectra nær the F-P phase transition An inset shows the

broad shoglder rryhich exists even deeply in paraelectrio phase.

Tb most significant modifiætion in these spectra is growing of the globEl scattering

iûtensity in low frequercy fange, nùon aproaching T" from low temperanrre si&.

Furthermore it sbuld be sfresed thæ clear &rese of this intensity takes place just

several deg6 above T. taken as a mudmlxn of the dielætric pÊrmitivity measured

simlltaneously during speçtra deteotion This ph,enomenon can be ôre to fu cbongFs in

ûe çasielastic scafiering inûsnsity arormd phase transition, atûoug[ ûe sbare of the

brd shoulder inthe P phas€ cannotbe compleæly omitted.
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4.7.4. Raman spectra arormd alrtiferroeMio phûs€ fiusition in PbIIOT ard PbHfisTLq

The invætigdions were made on two kids of crystals PbIIq pre and PbHfo.s6Tto.o{Q

effD single crystals. Th variations with temperaûrre of the G' w€rc previousty shwn in

poragraph 2.3.3.

Pbtl0r single orystal

400

co (cm-t)

Figrre 4.9. Rrmsû spectra ræorded for pure PbIIq at l0 K and at rq)m temperatue.
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A comparison ofRaman spectra record in ûe usual freqrcrcy range from 0 to 8(X) cm-l

d 10 K and at r(x)m tempe,ratne is given in FiBæ 4.9. In boû cases th low-frquency

(C200 om't1 range is presenned in more detsil (see inæt). The spectra obtained at l0 K

oûibit aboÉ 40 stnrctures of various intensities uùat means that the majority of the

Râman astive mofu a[e s€ett' E)ract s]'mmetry idexation was, bowwer, impossible

because of th polyùmain character of th sample. Heating from 10 K to room

ternperaûre leads to Raman specta in rvùich |he peats exhibit a mrural increasc in

damping, a shift in frequenoy but m &astic change in the spectum" indicating tlre absence

of any transition between l0 and 300 K- Since the clearest part of the spectrum appears in

the freqrærrcy prt lower thsn 200 cm-r, description of the æmperaûne-dependent Raman

spectrum wilt be rmdertaken in this rangp only (urhre lines are more intense and changes

of lines frequency are most significant from the point of view ofI-ST relation) on the basis

of Raman lines c, b, c, e,f andg as labelled in Figure 4.9.

Figure 4.10 pesents Rarnan specha recorded nær the A1-+A2 transition uÀich are

q;picrl for tbe A1 phase (434 K) and A2 phase (441 K) as well as tb transition rarge

at43E K.

0

co (cm t)

Figure 4.10. Ramm spectlle recorded on hcating for pure PbI{03 below (a3a K) near

(438 K) and above (441 K) ùe phase transition A1-+42

The main moditfications though tho transition are as follows:
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(i) a ûift &vmward in thc low-freque,ncy a and â lim with simultaneous incr€ase in low-

@uency scaucring (see arrow);

(ii) disapgearance of tùe should€rs d aûe andthe formation oftbe one main bÛû

(iii) sEong activation of a mode at abors 85 crn-r (oalled/);

(iv) cler sofrening of the I line.

-200 0 200

co (crnr)

Figure 4.11. Rarnan spectra recorded in the heating process for pre PH through the A2+P

transition CI,{2-p:484 K)

The phase transition from the iniermediate A2 phase to the crùic P phase given in Figue

4.ll shows an abrupt disappearance of the Ramm sûuch$es. The P phase is characteriscd

by the pcrsiste,nce of strong çasielastic scæering and ûernperaûne dependeirt low'

frequency bump. The æmperaûre epend€noe of this spectnm will be shonm and

analysed in section 4.8.6.
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It is atso noteworthy thæ the modifications in Raman sptra ûrough the Ar<+Â,2 and

AzeP hansitions on heating and on cooling are in excellent agreement with the

\ætheresis phnomercn seen in tb dielectrio respons (Figure 2.27).

Pbl{fi.gJb.orQ-GHD

-200 -100 0 100 200

co (cm t)

Figtre 4.12. The evolution of low-@rrcncy Raman spectra for PHT betrreen thc Ar+Az

phas6 (on heating)

Comparison of thc PIIT spcctra with thorc où,tained for PbIIO3 indicaûes thaû a small

addition of Ti does not significantly modiry the shape and number of Raman lines in the

Ar, Aa and P plrases. The most $ignificaût change is connected with the bnoad€r

te,mpelatne range of tbe Ar<+Az transformation and tbe decrase in its te'mperatrre. For
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itlusffiion, the te,mpelaûne woh[ion of tb Raman spectra in tùe vicinity of the A1+42

phsse ûansition in PIIT is præeded in Figwe  .lz.lnagre€ment wift thc behoviorn of tfu

dielecfiic permittivity (figrre 2.27), the tansition Ar<+Aq oocurs in a relatively wi&r

tempemtre rangethanintb case of PblIO3.

4.E. ANALYSIII OF TIIE RANIAN RESI.JLTS

4.8.1. Infroduction

Tbe phonon linq were analyseA in th€ framewort of the usual dampeûharmonic

osoillator modcl (w par. 4.3). lÏe intensity duc to th€ sdered phonon was therefore

adjustd to the following fimction

ro,(o): tll;')..ryryp 4.38

rrytere S; oi, fi af,e respectively: the oscillator shength, the frequency and the damping of

iû t'ronon ard the factors r(oFl and (o) are so+alled Bose-Einstein factors and

conespond to Stokes and anti-stokes scafiering respectively. fhe frequ€Ntcy, damping and

inte,nsity of eaoh mode rrtrre thus det€rmined as a fimction of temperaûre.

For the quasielastic part of scattering fte Debyelike firnction originating from

relaxational behavioru ças used:

r*(o):{"ft;r}ffi 4.39

uàere S, and ç describe the stnength and the relaxation raûe of the rela:rator respectively.

Thrs the whole Raman spectra consist of the sum of one relaxalor and several

oscillaton.

4.40

u/h€re the cæfficieût k in ûc equation (4.40) is the faotor related to oçerimental

conditions.

I"(ro) = t[r- t.l * T r" t.ot]
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4"8.2. Calculations of te Ramsn spectra intelrsities and frequercies in lhe A ad F phases

forPbZro.grllo.orQa

Figrre 4.13a shows an example of fiûing with function from eq. 4.40, the low freqæncy

Râman spec.trum d room t€mperdure i.e. in tre A1 phase. Tb fit of spec{nrm to tbe most

pobable struchnw existing in tr€ F phsse is pcded in Figure 4.13b (For all samples

used we failed ûo detest all Raman lines predicted by theory). All the calculations and fits

were made using the compûer pûogram Origin 3.5.

o lm 2w 300 4m

ro (cm-l)

Figrre 4.13. Emmple of fitting of the low-freque,ncy Ramn spectrum in (a) A phase ,

and (b) F phase (number of lines used in the fit is bke,n according ûo th ryrmmety
consideration).
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The calculated temperature aependoæe of tb frequercy positions of high€st inænsity

linos in tbe low frequency region (G150 om-r) are pesented inFi$re 4.14.

' 
140

120

100

20

300 350 400 450 500
T (K)

Figrrre 4.14. Temperahre depede,nce of the Ranran lines Êequcnciæ in the low-frequency

region in the A and F phases. An inset sbows more p'ecisely lùe behaviour of the two most

interæting lines a arndb(b) .

Since they are perfectly reliable down to 15 K (Figue 4.6), the figure exhibiæ only the

values above KXrm temperatrue. Tbe performed calouldions confirmed thEt in ûe A phase

positions of two lowest frequency lines a, ô and line g gradually move towards the lower

@uencies. Near the A-F phase transition line a softens rapidly and strong decrease in

intensity is observed The other modes seem ûo keep their positions with normal inoleasing

ofûeirdamping:

Taking into accountthe qrmmeilry analysis presented for fenocleotric phase (por. 4.5.1)

it has to be said that it was impossible to find all linæ. The shoulder rrmaining in the F

phas can be oonsûucted of a doublet ô' and c' from uùich line ô' se€,ms to be a

cortinudion of the line b from tùe A phase and a structrre c'af tùe frequency 60 cnl can

be codinuation of lines c, d and e. The inset in tbe Figure 4.14 shows in details ar

imerwting behaviour of a and â lines arormd the A-F tansition The obseived strong
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softening of the a lire is acoompenied by ircrease of the qrusi-elastic soaût€ring at the A-F

transition as lpen in @grnre 4.15).

3000

T (K)

Figure 4.15. Temperatrre dependence of quasielastic scattering intensity on beating for the

PbZre eTis.e1O3 single crystal.
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Figue 4.16. Changes with tempemûne of the tntegfated intensity (and half-width in the

insst) near the A-F transiton for tùe b(b) - most interesting line.
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Boù, softening of the line aûd c,hanges in quasielastic scattedng may - sinpe we could not

exclude an inflrænce on sætûering tùe domain stnrcûr€ rærganisation - idicate that fris

phase transition exhibits boû a displacive and order-disorder charactr. Tbe â line is

prolonged in the F phase by the à'stnrcûne nrhich softens toward the F-P phase transition

Th3ge featrnq show thst this transition exhibits both displacive and orderdisorder as

well as a strong first ordcr oharactÊr. As it is calculaæd in ûe analogous sample PbIIq

(Jankourska-Sumara et al. 1995b), a conclusion nigbt be dranm that the small jrmp in fu

dielectric oonstant at A-F pbose transition could find his orign in the softening of the a

andb(b')lines.

4.E.3. Raman scafiering in tb P nhase of PbZrn.qeIb.orQ - modes share in dielectric

resDonse

As rras mentiond the spectra at the F-P phase transition do not show any visible

mdification in their shape and contain in the P phase together with strong quasielastic

scattering a broad m& similar to that observed in the F phase. It is curious that this mode

does mt disappear even at very high temperatures efly in the paraelectric phase.

According to the s)'mlnetry analysis and selection rules dcveloped for Raman scattering in

the cubic paraelecfic phase, no oSic mo& of the first order can be Raman active. The

observed behaviour is thus in contrast ûo the usually known theoretical predictions.

However similar features have already been observed for various perovskiæ compormds,

volrmtary or invohmtary doped with impurities likc KTaOg:Nb, KTaO3:Li (Yacoby, 1978;

Uwe et al., 1986; Difurtonio et al., 19931' Toulouse et al., 1992) and more recently

SrTiO3:Ca @ianchi et al., 1994). Several theories nÀich describe ûes€ sctivation

proce$s6 and uÀioh leld tûe temperafire d€pend€Nû line sbape and intensities have been

reported in above mentioned ppers.

Before going into details and in order to have a basic idea on the ûemperaûre

depcnderce of the low frcquency bump, we performed systematic fitting with the firnction

4.40 oftbe strucûrc in the paraeleclric phase W to the tcrnperamre of aborÉ S(X)IC

The light scmering spectru observed in paraelw'tric phas€ in fte low freque'ncy nogs

consist in most intense of stroqg quasi-elastio diffirsion, rvùich &c'reasos on heating (see

Figure 4.15), ûogefur wiû broad hrmp uùioh rrus assigned ûo tre lowest frequcncy

phonon

t0 l
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Figure 4.17. Example of fiûing of the observed Raman spectra in P phase
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The e:rample of fitting in P phase is presented in Figure 4.17 and tlrc results of tbe

calculations are reportcd in Figure 4.18. Tb line marked cl clearly exhibi8 frequency soft

character from 50 c,m-l at high æmperoûrc to aboÉ l0 cm-t mr the Tp-p, Ûogeûher with a

divergere of scattered int€nsity nfun approaching Tp-r. In Figure 4.18b the freçency

sqnarcd of this hypothetically assrmed ,poff' mode togother with a tirear fit is reported" It

is see,n that tb soft mode behaves accordiag to th C\nielVeiss law (o-2 - at('I-To) with

a value of T" lying at about 500 K nhich is aboÛ 10 K lower tùan Tp+.

The appearanoe of the ,Soft mode- Sdied here, enables ernaluation of its shrc in tbo

e(T) dcpedere. In orrder to do this, we applied her€ ldice dpamic shell model in cubic

phase of PbZrOr crystal on the basis of the modÊl parareters of Lahlou et al.(1990). fu

dispersion curves of the tan-wene and longiurdirul phonon mo&s in the high qmmery Â

dirwtion arc pr€sefted in Figure 4.19.

Figrre 4.19. Dispenion curves of the phonon modes in the ̂ [100] direction in the cubic

phase of PbZtOr

The zonc ccnûed opûcal modes are srryposed to be constad versus temperature except to

lowest ûanwerse mode TOr assigned as ths soft mode. Using the Lydane-Sachs-Teller

equdion:

{0) = àr'*
e(') 
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wlrere o1e, G\.o are the frequencies of the longitudinal and tranwerse modes respectively

and e(æ) is the high-frequency dielætic permiÉivity taken as the square of the optical

refractive index (Roleder et al., 1989) the values of %at involved by the net resonances

were calculated and compared to the results of e'(T) dependence measured directly at the

freqnency I MIIZ (Figue 4.20). From figure 4.20 it is evident that the contribution of the

soft mode c to e'(T) dependence is significant although an additional excitation (next

relaxational process) should also take place in the observed dielecnic respome between

the @genoy of the presented dielectic data and the soft-phonon resonance as far as the

ûemperature is above T..

I t

@m

5@0

4000

3000

2000

1000

500
T (K)

Figure 4.2O. Temperature dependence of the lattice contribution obtained from LST

relation for mode cr,. Continuous line in the Figrre shows experimentally measured electric

perrrittivity at frequency of I MHz. Value corresponding to open circle was obtained by

exfrapolation of the tu(O) to the Tp-p point.

Figure 4.21 shows the æmperanrre dependence of the frequencies of the Raman lines a-g

from l0 K to A2-+P fiansition in PbtIO3. The inset shows more clearly the A1-+A2 phase

transition Ogr calculatiors indicate delicate softening of the two lowest lines a and â on

approaching Tnr*az. Above this temperature these modes stabilise. The line g showing

I M



continuous deqease with incrcasing te,mperatrue withorf any singularity d Tnr-',q2, unlike

the lines a and â, is not connected with this transition As mentioned in the qmmeilry

considerdions, the appearance of tùe lire/can be afiribûed to the ætivation of peviously

silsnt Raman modes. No ac.tivation of other mds could be dstected This bappens mainly

becouse d these teinperahres the main part of tbe vibrational modes are difficult to

obærve because of their small scattering strength and marked damping.
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Figure 4.21. Temperaûne dependence of Raman lines frequencies tùnoughout the whole

erçerime,ntal temperatne range for PbtIO3. Th vicinity of both phase transitions is

magnified ùn'the inset.

the soaneriag stength intensity S. for the relaxational mode obtained in our

calculdions is presemed in Figure 4.22. \\ns stength increases as the temperanre

aryloachcs Taz+, rdtbout any singularity stfu A1+A2 transition This indicares that tbe
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A1+A2 transition soems to be of a Asdacive natrc and is mt influerced by a rclærational

Focess. This point of view for th A2+P transition will be considcred separæety.
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Figure 4.22. TempruEre &pendence of quasielastic scatrering inûensity for PblIfCa on

heding.

Figure 4.23 shows the changes in the integat d intensity and damping parameter Ti for

the Raman lines detected i.e. a and â uùich play the most important role at the A1+42

transition. The line a (Figure 4.23a) is of partioular importance is exhibiting marked

changes in the parameter 1 which causes experimentally observed quasielastic scattering.

It should be pointed here that the value of the integrated int€nsity of the scatæring is

poportional ûo the value of the real part of the dielectric permitrivity (e') i.e. the

temperatre changes of the integralÊd inænsity of the particular Raman line illustrale its

contribution to the e'(t) dependerce.

Similar calculations \ilere systematically performed for the PbIIfo.e6Tio.s{O3 sample.

Results of the line frequencies in the vicinity of the A1+A2 and A2+P phase transitions

are shown in Figrne 4.24. T\e dashed lins correspoding to the equivalent frequencies in

the pure PH samples are added for comprison and they enable distinguishing th mdæ

uùich indicate motion invotving Ti(IID ions. This appears to be the case for the lines a, 6,

,f and g which exhibit as could be orpecæ{ increas€ in mode freçc,ncy after Ti

introdrrtion
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Figure 4.23. Te,mperaûre changes of the calculated integxated intensity and half-width

(ins€ts) for lines nàich play the most imporhnt role in ûe A1+A2 phase transition

(a) line a and O) line ô in the vicinity ofthe A1+A2 phase traosition
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Figure 4.24. Terrperatre &pendence ofthe Raman lines frequencies from 400 to 485 K

for PHT. The broke,lr lines, added for comparison, show the corresponding frequencies

obtained for pure PbI{m3 sanple.

4.8.5. Influence of low frequency Raman lines on low frequenc'y dielec{ric response in

the vicinity ofthe Ar and Ae phases for PbHOr ad PHT

As me,ntiod in pu 2.3.3. (Figrne. 2.27 - E(I)), the Ar+Az ûarr.sition is accompanid by

a significam jump in ths low-@uency dielectric oonstant wheir going from Ar (e-250) to

Az (e^6m). Sincc ûc two phass involved in this phnse tramfion are both knonm to be
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antife,rroelætric (using Sawyer-Tower syst€m we observed clearly the double hystheresis

loops in both phases), the question of the orign of this dielectic jrmp is quite inæresting.

From Figrre 4.22, rcprting the quasi-elastic light scdering intenstty as filnction of

temperature, no high-frequency relaxational præess s€erns to occur atthis phase tansition

A1+A2. On the other han{ relative modificdions in ûÊ pbnon mde characæristics arc

mted in Figrres 4.21 arrd 4.24, especially for fte lowest-freque'ncy s alld â mofu.

0
400 500 520

PbHfOl with Ti

Al

- x )êK-

400 420 440 460 480 500 520
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Figure 4.25. Comparison of tb eryerime,ntal dielectric p€rniÉiyity as a firnction of

temperaûre (-) with the calculated valuæ from the I^ST relation (.) in the vicinity of the

Ar+Az and A2+P phase transitions: (a) for purc PbIIO3 crystal; O) for Pbl{6.e6Tto.olOr .
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For this reason we attempt to relate the dielectric jump to the anomalies of the a and b

peaks at the phase transition and on the base of the Lyddane-Sactrs-Teller equation We

assumed that except for the a and â modes considered as TO modes, all the other TO and

LO modes are temperature independent. Consequently these modes contnbuæ to the L.S-T.

relation as a global constan! and only the modified a and b play a role in e(0) jump. In

botlr, pnre and Ti doped samples, the down jump of e(0) from 6fi) in Azto 200 in A1, cân

be described by the increase in frequency of the two a and ô modes through this phase

transition, all other contributions being considered as constant.

The results - presented in Figure 4.25a. for PbI{Or and 4.25b. for PbtIfCa with Ti -

accord well with the detected dielechic data.

Of cornse we are aware that this calculation takes into accornt a strong assumpûion.

Indee4 in the low-temperature phase Al, all the modes measured by Raman scatlering are

g modes, consequently non-polar and not contributing to the dielectric properties. In the A.z

phase, this objection is removed. In fact, our assumption means that non-active Raman

modes of z symmetry (predicæd by theory as infrared modes which are polar modes) are

lyrng æ equivalent frequencies as the visible a and b, g (gerade) modes. Furthermore all

the other modes are stable through the transition Since about 40 modes are visible in the

Raman spectra (instead of 48) and since no additional mode anomaly contributes to the

jump appearing in the phase fiansition Al+4.2, such an assumption can find some

justification

4.8.6. Studv of the A"-P transition and Raman light scattering in P phase.

As a continuation of Figure 4.11, which showed the Raman spectra through the A2+P

phase transition, in Figure 4.26 we represent the Raman intensity temperature dependence

above T62-p for PbHm3. Since the paraelectric phase, from symmetry considerations is

descnlbed by the Pm3m space Soup, there should be no Raman active mode in this phase.

Our spec'tra exhibit, together with strong quasi-elastic diffirsion (observed in Figure 4.17) a

broad slroulder whose intensity is found to be temperature dependent. Above Tnz-p ttre

global light scattering intensity still increases up to 525 K, then decreases and finally

vanishes near 700 K.
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The Raman soffiering rc$?oûle was fitted with a scdering fimction im'olving Debye

like qgasi-elastic scatrering and a highly overdamped phonon rcsonalor (eq. a.aO). Tb

rwults of such a fit are shown as an insert in Figure 4.26.

0 100 200

co (cm-l;

Figure 4.26. Raman spectra recold for pure PbH03 for variors temperaûres in the

paraelecrtic phase. The re.sults of a fit ræing a rcsponse finction including an oscillator (oo,

T, L) and a relaxor (of strength $) arc shown in the inset

The ap,pearanoe of strrong quasi-elastic sodering around Tar-p and its persistence above

th transition temperaûre is known to b€ a oommoD feaûre in many lead perovskite

compormds (Roleder et al., 1988; Roleder et al., 1989; Kania et al., 1992; Fontana et al.,

l99l) and see,ms to b€ an idicdion that this phase hansition involves either stong
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relæ<ationat motion rvhich is penisteirt eve,n above To or the existe'nce of some kind of

disorder (static or dynamic). Disoder of this kind in thê Pb sublattice, alrcady reported in

X-ray diftaction sùrdies by Kwapulinski et al. (194) has been shorrn Ûo vanish near

700 K (as in orr case).

This disorder could e:çlain the activation of the lowest frequency phonon modcs (or a

phonon densrty of statas) uùich is shown in orn catrc as û€ broad shoulder. As deduced

from ou fit in fte P phase this band gradually disappars with the disappearance of

disorder, and exhibits a freqtrc tcy uùioh is located in the enerry rulgp nùere the louæst-

freqgenoy mode appears in lead perovskites; firtherrrore a significarÉ softeni4g - brs not

of type co'1T-T"1 - is observed uùen approaching Tp-A2 (inset in Figrre 4.26).

4.9. DISCUSSION - HIGH FREQLJENCY DIELECTRIC RESPONSE ABO\fE I0II Hz.

Is there a soft mode in PbZro.ggTb.orgl,?

The Raman scailtering investigations for PbZrgeeTis.slO3 singfe crystal showed soft mode

behaviour near each phase transition (Figue 4.14 and 4.18). The phase transition betweeir

antifenoelectric and ferrælectric phases is accompanied by clear softening of the a line.

Moreover the line g rrtich takes tbe position 135 cm-r at room temperature, shifts very

slowly into lower freque,lrcies with increasing of the temperahre rry to the A+F phase

tansition The softening of these two lines a and g probably could explain the small jtmp

in the e(T) dependence in the AeF phase hansition but this softening is accompanied by

strong increase of qrasielastio scatûering. This may indicate that the A<+F phase transition

is both of displacive and orderdisorder nature. Tbe phase transition F<+P is also

accompanied by the softening of the line (6 ) and jump in the qrnsielastic scatt€ring

intensity. Since the temperahue changes of the inte$at€d intensity of the prticular Raman

line itlusnaæ the contribrtion ofthis line to the df) dependence, the line b(b') was shonm

@ig. a.l6) to play an important role in the increasing of the e(I) in the infermediafe and

f€mocledric phases, howwer thc influence of the other relorational process rmodes

cannot be omitted" Indoed a umk relærdion procêss in thÊ rangp of few kIIz rws formd in

the transie, t phase (sæ par 2.3.2) r+ùich appearcd due ûo Ti induction This rcloration

was attnbuted to the motion of domain walls in the complex domain strucûrc existing in

PZf . \\e sroct calculations of the conffiution of the mentioned lines to ûe phase
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tnansitions are however very diffioult This is because of strong damping of these lines in

ûe inærmediate phase and because therre were æt dctectd all Raman lines predic'ted by

ûe rynnmetry. Neveilberles tb rcftening of the mentioned lires can play significaat role

inthe e value especially at lowerte,mperûnes.

Special attention was paid to ûo praelectric phase urhere Rsman mode in a form of

hroad sttoulder normally forbidden by selection rules was observed ftis hoad shoulder

does not disappear even at high t€Nnperatures of th P ptrase and has no features of second

ord€r Raman scûtt€ring. The question thus arises rvfy this stable shoalder aplrears, and ûo

urhat exænt it can influence the dielectric rcsponse in the P phase.

Since Ti ions were introduced into highly polarizable laûice of PbZrOt they can be

teatd, because of remarkable difference in ionic radii of Zr ernd Ti (rn | 1o = 0.74)as t

source of both looal, mcchanical and electric stresses. Thss€ stresses acting in gcneral as

distgrbance of the whole host tdice may lead to activation of low-freqwrcy Raman

excitation.

In this approach the fits showed that in thc paraelectric phase the mode indicatcd as a

clearly softens nùen going to the P-F phase tansition and plot of tbe a line frequercy

squared rol well obeys the Crnie-Weiss law (Figure 4.18 b). The temperature &pendence

of <oo enables us to calculate hypothetically the share of net resonanoes to the e'(I) nrn As

was shown in Figure 4.20 the values of e*r(O) in great prt brt not completely cover the

e'(T) relation measured at the freçrency of I MlIz. The observed stong changes of central

peak near Tp-p @gure 4.15) seem ûo confirm the exisûence of a relalrational process which

might complete and thus explain nm of E(T) in the praelectric phase measured at the

frequency of 1 MHz.

To answer the question as to uùy the broad shoulder appears in the P phase \f,,e can

oome back agpin to the qucstion of defects in the Pb and O sublattioes. From this point of

view the main role of the dcfects would be to dcsfoy conservation of wave vector and

allow first- ard higber-order Raman scafiering by phonons more or less throughout the

Brillouin zone. thus the broad shoulder can be composed of scanering by both acoustic

and optic phonons. Ihis would well correspond with dispersion ourye sec,n in Figure 4.19.

The strong temperûre dependence of the shoulder seerur to indicde the more important

role of optic phonon in its intf,srty and thus the dependence a'- - (T- I") seems not ûo

be accidental.

{
I  t 3



On ûe oûher hand the dieleclric invætigations of the same crystal revealed dielec'tric

relaxation in the range of a few HIz just in P phase. This rclalotion appears owing to the

Ti introdgction or existence of defects and is believed to come from the int€rfa'ce dynamics

of induced in this way potar regions. Parametors of tb prooæs as relaxation time and

dielectric strength exhibit a distinct anomaly at T" sbowing ûd this rela:ration is clearly

related to P-+F phase hansition (Jankorvska-Sumra et al., 1995a). Thus the activation of

the first order Raman lines in the P phase is assrmed to come from the fluctuations of

dipolar moment in&rced by Ti ions (polar nanoregions). Theorctical support ef rhis kind of

activation has been reported for perowkite compounds doped with foreign aloms (ions)

like KTaOr:Nb, KTaO3:Li and SrTiO3:Ca, by several authors (Yacoby, 1978; Uwe et al.,

1986; DiAntonio et al., 1993; Biarchi et al., 1994) nùo discrrss€d th Raman spectra as

those e,nerging from isotropic distortion e>rtending over few latrice constants and

modi$ing selection rules so that Rflnan scatûering can be obwrved. They showed thaq due

6 this effect, low freque,lrcy Râman line of laræ and stongly aqmmetric profile occurs

with intensity depending essentially on the dimension of tbe polar nanoregions. In ûis

analysis we tried to use the theory of Uwe et al. (1986) which is, in our opinion, based on

t5g physical phenomena uùich might correspond to those eryected in the investigaied

crySal. The model of Uwe et al. however gives values of e*(0) equal to about 200 at T"

rvùich can be neglected with rcspect ûo the dielcctric pcrmittivity meastred in praelectric

phase Lt I MIIZ. Moreover the calculated on the basis of this theory the value of the polar

region size t{. does not extend 2.a, vÀere a is the lattice constant equal to - 4 Â. Sucn

little valle of R. in comprison with the size of the rmit cell throw doubt upon the {Jwe's

model and thus for the explanation that characteristic Raman speotra in the poraelwtric

phase are solely related to ûe polar nanoregion exisÛence.

To answer the question posed in the title of this chapter one can state that although

existcnce of a soft phonon near each phase tansition was found its share in dielectric

rgsporur does not firlly conespond to {T) finction observed and thru indicares that

anothr soft mod{s) shouldbe present
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Disnûacive Ar-A, phase tansition and disorder in P pùnse in PbIIor utd

PbIIfi.xIb.o0:

The most important conclusion uùich can be drawn from the mestrremenG done on tbse

materials is that two phase transitions of quite different nature exist in PbI{q a[d PIIT

orystals. The first, beûnreen nro antifenoolæ.trio Éas€s, &monstrates a clear sofrening of

the two low-freqgency lines. This softening can be used for the oplartation of the radio'

@uenoy e,(T) behaviorr at the Ar-+Az phase transition Since no change in the quasi-

elastic scafiering near'''is phase tmnsition can be observe4 hence this phase transition

may 69 dscribed as of displacive nature. The partial displacemeff of tlf ions by Ti does

not change the nahne of the Ar+Az phase transition but only wid€Nts the intermcdiare

phase and leads to s,moother transition. The substitution of heary tlf by much ligbtÊr Ti

ions slightly shifls the positions of the lines a, f Cby few crn I to the higher frequencies

u/hich may prove thatthese modes involves motion ofB ions.

On the other hand Ti doping does not affect the second A2+P phase transition and

Raman spectra above To. Interprelation of the nattrre of this phase transition is much more

complicafed. Accorrding ûo the literature dafa th permitivity mærimum 8t T" in ABOI

perovskites may originaæ either from a relurational mode or from softening of low-

frequency optic mode, or both. This is also the case, as indicat€d b!, data presented in this

shldy, for pb1lfl3 ard PbHfo.xTio.orQ. This means that a reluration mode usually linked

with the orderdisor&r nature of phase transition, may be taken to be responsible for the

dielectric rcspons€ at T" in these materials.

The Raman broad band independence of Ti ions above T" and also its t€mperature

dependence corresponding to the behaviour of the disorder in the Pb sublattice found in

X-ray investigations by Kwapulinski et al. (lD4) ûend to support this supposition.
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s. coNclusroNs

The presented investigations tbrow I new light on the problem of the phase Ûansition

mechanisms in antifenoelectic ABq perovskite compounds and also adds to explaining

the origin of the eG) deeede,nce in wid€ temperature range ad its anomalies in tre phase

hansitions.

Two kids of antiferroelectric materials were describ€d in this wort The first one with

one phase transition, was PbZrO3 single crystal and the second one with two É8se

transitions q/hich was PbI{0: singte crystal. For these crystals tbe investigations of

relordional behaviorn were made in tbs frequency region from 10 IIz to l0 MI{z and in

tbe range of optical frequencies. The main eim of the investigations was the origin and

physical mephanisms responsible for the e'(f) de,pendence in the wi& æmperature region

and especially in the vicinity of the phase transition points and in the paraelectic phase.

Moreover the influence of the infodrrction of Ti ions to tho frZtOi and PbtIO3 on tbe

dieleottric properties in these materiols was shrdied.

In att investigated materials several dietectric dispersion phenomena werc observed

The phenomenon, common for all samples, was the exis'tenoe in very low @uencies

(below 100 tlz) of relatively strong rcsponse visible in real urd imaginary parts of

dielecilric permiËivity and giving large contnbution to e'(T) measured in this frequency

region This effect was related to the elecfrochemical processes contributing to the

dielecilric polarization. It was suggpsted trat the sûength of this dispersion d€pend€d on tho

degee of defects introduced during the growth proc€ss.

In all crystals a nearly monodispersive dipolar reluration was obsewed in the range up

to several kFIz in the paraelectic phase gving a marted contibution to the e'(T)

dependence. In general, behaviour of this reloration was related to the prcsence of mobile

dÊfects inthe whole volume ofthe sample.

The other observed rela:<ations were basically related to individual properties of the

orys,tals. For example, introduction of Ti ions to P}ZrO3 developed a weak relæration in

the range of few kFIz clearly visible in the hansient phase and little above T". This

relaxation appeared due ûo Ti introduction and came from the relaxation of polar regions

in paraelectric phase and motion of domain walls in the fenoelectric intermediate phase. A

defect€d PbZrO3 crystal possessing the inærmediate phase, revealed a similar relaxation

n6



This fact would prov€ that Pbzrq crystal with one phase transition is strushtrally more

perfect than the one Possessing tre intennediate phase.

Fgrther investigations of electromechanical properties were performed on these crystals

in the paraeleotric phase. The elperime,nts showed thst in the freque,ncy range where the

dipotar relaxation exists, the disp€rsion of tlre ehoAosûictive deformation could be also

observed- The existence of electrostrictive dispersion could be teaf€d as a modification of

elastic properties. The results of electrostrictive properties nicely Fove û!t ttre dipolar

relaxations observed in the investigated crystals are of bulk character and are connected

with the presence of defects urhich act as local dipoles and rvlich can influence the

mechanical properties of the lafiice.

In the last part of this worlq the Raman light scafiering investigatiotrs were made in a

wide temperature region l0 K - 750IL The purpose of this shrdies were searching of the

so-called ,,soft mde" behaviow in the antiferroelectic crystals. In all phase transitions

olær anomalies of Raman specta were observed. In the PMrl.eTix.orOl in all phase

transitions the mode softening oocurred Especially, assuming the behaviour of the broad

shoulder in the paraelectric phase as a soft mode, its marked influence - although rct

completely covering the e'Cf) dependence - was ascertained In PbH03 and

pbHfo.xTio.orOl a clear soft mode behaviour was observed in the vicinity of the Ar-Az

phas€ transition, rvhich could speak for mostly displacive type of this phase tansition

The provided investigations let us describc the influence of particular relaxational and

resonance proce$ses on e(T) dielectric resporule in the temperature range in which

investigated materials r.mdergo struc'hrral pbase tansformations. In the used @uency

rcgions, the præesses found were not sufficient to explain the e(T) dependencies in

PbZrO.- and PbtIO3 in particular in the vicinity of phase tansition to the cubic

paraelectric phase. The lacking part of Âe values could be connected to the dielectric

relaxations existing inthe ne+rency region not investigated inthis work
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