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Elastic softening due to polar clusters in Ph_,Ca, TiO ; ferroelectric ceramics
above the phase-transition temperature
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The low-frequency behavior of the Young’s modulus as a function of temperature in the paraelectric phase
of Pb,_,CaTiO; (x=0.24—-0.50) ceramics can be attributed to the presence of clusters of mixed|podér
polarization and nonpolar nanoregions. The coupling of a net polarizaé®igrmiue to the dynamical applied
force with spontaneous straip due to the ferroelastic character of the CagliGtrongly affects the mechani-
cal and dielectric behaviors. The effect manifests itself for €.86& 0.50, increases for increasing Ca concen-
tration with a jump at 0.35x=<0.40, which indicates percolation of clusters or a change from nanoregion to
cluster effect. Low-frequency dielectric loss tangent behavior indicates the presence of relaxational character
defects above the phase-transition temperature with activation energy of 1.50 eV. Neutron-diffraction pattern of
x=0.45 composition shows a CaTjdike superlattice structure in tfebnmspace group that does not support
a (Ca, Pb ordering as it has also been confirmed by the observed diffusive character of its phase transition.
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INTRODUCTION paraelectric region. The latter were attributed to the presence
of polar clusters that interact with the strain produced by an
Lead-calcium  substituted ferroelectric ~ materials, external applied stress.
Pb,_,CaTiO;, hereinafter PTCa(), have perovskite-type  The size of polar and nonpolar regions in PTa¢om-
structure and their ferro-paraelectric phase-transition tempPositions is in the nanoscale ordethey can form clustefs
peraturegPTT’s) decrease with increasing the calcium con-that remain well above the temperature of the maximum of
tent x* Compositions withx>40% and phase-transition the dielectric constant. These defects have an effect on the
temperature of few degrees above room temperature are vefgTactive index, the thermal-expansion coefficient, the di--
useful for low-frequency pyroelectric sensors due to the higif€ctric constant, and other magnitudes such as the mechani-
values of the pyroelectric coefficient. As thin films, these °@! strain. StUd'?S on .the Iow-fr_equency behavior of mgcha-
compositions with high values of dielectric constast, _noelastlc and dlglectrlc properties of PT&hferroelectrics
. . . in the paraelectric phase have not been carefully treated else-
>1000, are becoming good candidates for high-frequenc h T t knowledae of these properties we present in
(GHz) components and dynamic random access membries ere. 1o get kno ge _prop e p
" . . .~ “this work a study on calcium-substituted lead titanate ferro-
Comp05|t|ons VYIth(>0.42 do not show 90 ferro_electr_lc electric ceramics with high calcium contents (024
domains or unfolding of the 002 peak in the x-ray diffraction — o 50y 1o achieve this task, it is necessary to avoid ferro-
pattern. However, th_e material has strong piezoelectricity angd|octric domain-wall effects by performing the measurements
showsP-E hysteresis loopSFor these Ca contents, compo- above the PTT for different compositions.
sitional fluctuations must be expected, which could give rise
to segregation of polar and nonpolar regions in the
material®~®
It is knowrP” that point defects and larger dimension de- Ceramics of Ph ,CaTiO; (0.24<x<0.50) nominal
fects, such as dislocations, clusters, and 90° domain walls inomposition were obtained by a reactive metfiatiat al-
ferroelectric materials have influence on the low-frequencylows us to obtain compounds whose stoichiometry is very
mechanoelastic properties, such as the Young’s modulus aradose to the nominal one. By sintering at temperatures of
internal friction that is proportional to the mechanical loss1373-1423 K for 3 h, ceramic materials with 96—97 % den-
tangent (tard,,). These defects produce low-frequency me-sification were obtained. For mechanoelastic and dielectric
chanical relaxation, lowering the Young’s modulus and in-measurements, samples of 122.0x0.35 mn? were pre-
creasing tad,,. In materials with perovskitelike structure, pared. Ag paste electrodes were painted on the larger sample
such as lead titanate zirconate and lead titanate the mechasiirfaces for dielectric characterization. For neutron experi-
cal loss tangent shows two peaks besides the one at the PTients, powdered samples were obtained by crushing the ce-
These peaks have been attributed to the interaction betweeamics followed by a thermal annealing at 723 K to relax
point defects and 90° domain wallpw-temperature peak stresses.
and to the viscous movement of the 90° domain wdllgh- As we are dealing with polycrystalline ceramics that are
temperature peakrespectively. isotropic materials, the mechanoelastic coefficient to be mea-
Low-frequency studies performed in the quantumsured is the Young's modulus. Measurements of the complex
paraelectric SITiQ(ST) (Ref. 8 have revealed anomalies in Young’s modulus as a function of the temperature, at fre-
complex elastic modulus at the PTIO5 K) and below this  quencies of 0.2—11 Hz, were performed by using the three-
temperature in the interval of 25-40 K of the quantumpoint bending(TPB) technique. This technique, which is

EXPERIMENTAL PROCEDURE
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FIG. 2. Mechanical loss tangent, td4n as a function of the
temperature of PTCaj ceramics forx=0.24, 0.40, and 0.45 are
depicted with different line styles in the plot. The arrows show the

FIG. 1. Normalized Young’'s modulus, with the paraelectric satu-
ration valueY/Y, as a function of the temperature of PT&R(
ceraml_cs forx=0.24, 0.40, and 0.45 are depflcted with different line direction of the temperature sweep. The peaks oftain the first
styles in the plot. The corresponding PTT’s for0.24 and 0.40 heating run are indicated & and P
ceramics are indicated in the plot with arrows. The direction of the g 2

temperature sweep is also indicated by arrows. )
Y(T) above the corresponding PTT's.

In Table | the temperatures of the minima ¥6f( T, at

well described elsewhereconsists mainly of measuring the he phase transition and those of the peaks ofagan

bending produced by an external force applied in the middl T qanmymax Toang ma) for different Ca content composi-

(one poinj of a barlike sample lying on its endsvo points. . ) .
The resulting depth of the bending is proportional to thenons out of the PTT region, measured at 7 Hz, are given. The

reciprocal of the Young’s modulus. temperatures of the peaks of the dielectric constBtay).

Dielectric measurements as a function of the temperaturfaOr c_ompositions Withx:0'24; 0.30, and 0.35 as they are
in the frequency range of 0.1-1 MHz were performed inobtauned from the literaturt ¢’ (T), are also presented. The
samples withx=0.40 andx=0.45 using a frequency re- numbers in bold are the temperatures as they are taken from

sponse analyzer Solartron 1755 coupled with a potentiostépe maxima of the derivative of(T) with respect to the

PARC 237A. The temperature was varied at 1 °C/min ratéemperature‘l’, in the high-temperature side of the plateau or

during the complete thermal cycles. valley (T4), where the true paraelectric phase should be
Powder neutron data at 300 K in th@ Pange 0°-160° present.

were collected at a neutron wavelength of 1.594 A using a Thelzgz()l.24d ct_)mposition begzaév_ﬁ? a$ it iS, expegteid for
high-resolution position sensitive detector based diffractoP€"OVSKite lead titanate ceramics.The Young's modulus

meter D2B at ILL, GrenobléFrance. The structural refine- presents a continuous decrease till the PTT, and reversibility

ments were performed using the Rietveld progrimpror 1N the heating-cooling cycle. The tgp, Fig. 2, presents a

operating on a P& The space group used is the orthorhom-Wide peak with two possible maxima &t=368 and 418 K,
bic Pbnmsuggested by Ranjagt al® for x=0.50 composi- respectively, the typical narrow peak at the PTT and very

tion. The profile parameters and atomic positions, with ex/OW values forT=T,. . , y .
ception of those belonging to Ti, as well as the isotropic  APOve their corresponding PTT's, the compositions with

thermal factors and the relative occupancy of the Ca and PB:35=x<0.42 presen¥(T) curves with a plateau, and for
atoms in the shared crystallographic position were refined=0-42, & deep valley is observed like those shown in Figs.

No excluded regions are used in the refinement.
TABLE |. Softening x and significant temperaturék) for dif-
ferent Ca contents of the studied samples.

EXPERIMENTAL RESULTS

0, .

From all studied compositions, 0.24<0.50, we present x (%) “ T Toww  Taqanomex  Teganomex T
the results for the most significant ones. Figures 1 and 20 0.25 238 568 730
show the experimental results for Young’s moduly$ and 45 0.27 300 473 588 653
mechanical loss tangent (tay), respectively, as a function 42 0.18 403 608
of the temperature for different calcium contents of PTGa( 40 0.10 368 363 428 488 583
(x=0.24, 0.40, and 0.45ceramics. Forx=0.40 composi- 35 0.06 393 383 353 423 513
tion, only the cooling cycle is plotted, but for=0.24 and 30 0.01 443 448 418 425 473
0.45 the complete heating-cooling cycles are showed. Weg 0.00 533 538 368 418

observe wide peaks for taf, and plateau and valley for
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temperature of PTGQ45) for applied dynamical forces of 40 and

FIG. 3. Determination of the relative softening from normalized 140 mN. The meaning of the different line styles and symbols is
Young's modulus curves for two PTCg( compositionsx=0.35  depicted in the plot.
and 0.45.P,(x) corresponds tor,(X)/Y1(X), Ps¢(X) corresponds
to Ys¢(x)/Y1(x), and «(x) is the relative softening¥,(x) and  gyccessive heating-cooling cycles, but they appear again af-
Ys1(X) have the mea_ning explained in the text. The inset shows thesr some days. The temperatures of the pBakof tans,,,
effect of the softening on the normalized Young’s modulus (1gjq > moves to higher values for increasing frequency. The
—«) as afunction of the Ca content. Arrhenius plot obtained from this peak gives an activation

energy E€,) value of 1.50 eV. The temperature of the peak

1 and 2 for Ca content 0k=0.40 andx=0.45. In these P, scarcely depends on the measuring frequency.
compositions there is no reversibility in the first heating-  Valuable complementary information on the origin of the
cooling cycle, nor in the immediately following ones. Only above behavior can be obtained by performing measure-
after 3—4 days the first heating run shape is recovered.  ments of mechanoelastic properties applying different dy-

In order to quantify the effect of the Ca content on thenamic force,F, amplitudes. The TPB measuring metfod,
hardness of the material, the parameter relative softef®ng as we shall see below, produces a strain gradient in the mea-
has been defined as the relative increase in the value of thgired samples that modifies the internal stress and electric
Young's modulus,k=AY/Y;. We take AY=(Yp—Yss), polarization state resulting in changes in mechanoelastic
whereY; is the experimental value at the temperature whergyroperties. Figure 4 shows the variation of the modulus and
the effect is strongest in thé(T) curve with respect to the |oss tangent for two different applied dynamical forces on
“‘ideal” value that it should have in the same temperaturethe sample withx=0.45 in two heating rungthe measure-
point if no softening was present, given b,. Then the ments for higher applied dynamical force were performed 15
increment is normalized with the paraelectric saturationdays after those for lower applied fojce
value Y, in order to compare among different ceramics. In. For F5=40 mN, theY(T) curve shows a valley with a
the samples where the effect can be described by a plateau plateau at low temperature and a minimum at high tempera-
the experimenta¥'(T) curve, theY; values are taken at the ture, T=618 K. ForFp=140 mN, the valley consists of two
temperature of the middle of the temperature interval bealmost symmetric minima at 508 and 623 K, respectively.
tween the two peaks observed in the derivaiT)/dT  The tans,(T) presents two wide maxima féf, =40 mN at
above the PTT. The ideal valug, is taken by extrapolation temperatures that are difficult to determine and two clear
to the same temperature of the linear fit§fT) in the region  peaks at 473 and 588 K fd#, =140 mN.
of constant slope before the first maximundiv(T)/d T, see We performed measurements as a function of the tem-
Fig. 3. In the samples that show a minimumM(iT), theYs;  perature at different applied dynamical forces on samples
is taken at this point and th€, at the same temperature in PTCg45) and PTC#&4), in which anomalies occur above
the extrapolation from the paraelectric saturation vafye  and below their respective PTT's. The obtained results are
see Fig. 3. The values of for different Ca contents are plotted in Figs. 5 and 6, respectively. In both cases the modu-
presented in Table | and in the inset of the Fig. 3, the (1lus decreases and the loss tangent incre@ses neglect the
— k) values as a function of the Ca content are plotted. 40 mN value for PTC445) and decreases for PT@4&) with

It is worth giving some comments on the results obtainedncreasing applied dynamical force. However, the difference
for sample with compositiork=0.45. The wide peak of between the high-temperature saturation values and the
tans,(T) presents maxima at the temperature of 473R€)(  minima of the moduli AY) increases for PTQ45), inset in
and 588 K @,) in the first heating run. The curvg(T) Fig. 5, but decreases for PTQ4) for increasing applied
shows a small and a wide maximum in the middle of a widedynamical force. Concerning with the loss tangent, the dif-
and deep valley. Th®, peak of tans,, and the small maxi- ference between the high-temperature values and the respec-
mum of Y(T) disappear in the immediate cooling run andtive maxima QA tané,) significantly increases for PTC4b)
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FIG. 5. PTC#45) variation of the Young’s modulugY) and T (K
tand, as a function of the temperature on cooling for different (K)
applied dynamical forcesFp) (40, 80, 120, and 140 mNThe FIG. 7. Dielectric loss tangent (taf)) as a function of the tem-

meaning of the different line styles and symbols is depicted in the : X .
lot. The inset shows the variation Al andA tans.. as a function perature for different measuring frequencies for P&acompo-
pot. ! W vaniat m uncti sition. The meaning of the different line styles is depicted in the

of Fo. plot. The inset shows the maximum of capacitance as a function of
. . . the temperature, at the PTT, for different measuring frequencies.
(inset of Fig. 3 and remains almost constant for PT24. The meaning of the different line styles is depicted in the inset.

The dielectric loss tangent tah for x=0.45 measured at
different frequencies is plotted in the Fig. 7. Large and wide
peaks are observed above PTT, which abruptly end at the
lead tit_anate phase—tran_sition te.mpgratlmgso K. From The results obtained fok=0.24 sample belowT, are
Arrhenius plots, the obtained activation energy for observeq,s iy attributed to the existence of 90° ferroelectric domain
dielectric relaxation is of the order of 1.50 eV. Quite similar 4|57 that interact with other defects in the material. Those
behavior has also been found for PT@. The inset of Fig.  gptained forx=0.40 andx=0.45 samples above their re-

7 shows the dielectric constant maximaxef 0.45 composi-  gpactive PTT's cannot be attributed to 90° domain wall, be-
tion at the PTT for different measuring frequencies. No Sig-4yse at these temperatures these compositions do not have
nificant changes in the temperature of #g,, are observed. ferroelectric domain walls.

The calculated powder-diffraction diagram of the The existence of point and larger dimension defects in
=0.45 Sample fits SatiSfaCtorily with the observed pattern a%BO3 perovskite ferr0e|ectriCS, besides the 90° domain
can be seen from F|g 8 that depiCtS the Observed, f|tted, arWa”S' was proposed by several autﬁ’ﬁ?gvhen part of theA
difference profiles. The whole diagram with the exception of
the small peak at 2=43.74° can be indexed with ortho-
rhombic cell,Pbnmspace group. The final refined structural
parameters along with thB factors and cell constants are

DISCUSSION

given in Table 1. 6 H
.g
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FIG. 8. Neutron-diffraction patterns for=0.45 composition at

FIG. 6. Variation of the Young’s moduluéY) and tans,, of room temperature. Crosses represent observed pattern, continuous
PTC424) as a function of the temperature for different applied line represents fitted pattern, and points represent difference profile.
dynamical forcesFp (30, 80, and 140 mN The meaning of the The inset is a zoom of the region where the p&gknot indexed in
different line styles and symbols is depicted in the plot. the orthorhombic cell appears.
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TABLE Il. Refined structural parameters of PT@5) at 300 K. where the ferroelectric spontaneous polarization has been re-
Rp, Rwp, Re, andRg are profile, weighted profile, expected, and placed by the stress-induced net polarization.
BraggR factors, respectivelyA=5.5130(2) A,B=5.5160(2) A, The increase in the elastic modulus can be obtained from
022.975]70(2) A, R;=135%, R,;=12.1%, R=537%, Rg  the Slonczewski-Thomas equatidn:
= 9. 0].

AC=C—Co=—(1+iwp ) H(d?D/97iPy)2e

Atom X y z B(A? N
_ H —1n2p2
Pb  —0.000723) 0.50519) 0.250 1.303) 0.5348) =—(1+iomp ) "b7Pre, )
Ca  —0.000723) 0.50519) 0.250 1.303) 0.4688) . . - _
T 0.000 0.000 0.000 1.08 1.000 wh_lg;]i(rl]ov\llz tﬁ:vglastm coefficient foP,=0.
0, —-0.04488) —0.00311) 0.250 1.466) 1.000

0, 0.23288) 0.267@7) 0.02085) 1.303) 2.000 AC|Re=—(l+w27'%n)_lb2PﬁE

. . : . and
or B sites are substituted by different cations. Due to fluctua-
tions in the composition, polaiferroelectri¢ and nonpolar
(paraelectrig regions separated by boundaries coexist in a

wide range of temperatures. Kirgf al® suggest the exis- . . . . . .
he real part is negative and the imaginary part is positive.
tence at room temperature of two sets of planar defects, 2 ) )
onsequently, the Young’s modulus will decrease and the

nm sized, for compositions PTCg(with x>45%. One set : o L . :
L " . ) . mechanical losses will increase with increasing net polariza-
is identified as antiphase boundaries due to chemical order np

n

and the other set is identified as displacement boundaries tha?The results of Fig. 5, with composition PT@), show

should come from electrical order due to atomic shuffles . = :
The first kind of defect should be due to the tiing of Fio 112t 3SY(T) decreases, the differencey =Y, (paraelectric
aturation valugY(minimum) increases, and tdj and

octahedrathat provokes the appearance of superlattice in th - B . ! . X
ferroelastic CaTi@ (Ref. 14 and most probably in samples tan 5= (tan m)max—(fan )y increase with the increasing
gpplled dynamic forc& that is responsible for the appear-

with high Ca contents. The second one should provide . . .
certain local poIarizatiorQPz ) like that proposed by Burns ance ofP,,. Thus, there is an increase of the softening and an
loc increase of the internal friction with increasiig, probably

5 . . . .
aneaaz(:]latlt?r;LinThe IOC'?I p:c!?rﬂ:zigggnvf/:i?r? rtirgalr;];get_o due to the increase of the number of clusters vidthand
P d— "e(max) "d P increase of cluster boundaries.

transition temperature of the nonsubstituted ferroelectric : .
. " In the case of PTG24), AY slightly decreaseghere is a
15
material:® In PTCa) (x>0.35) compositions, clustérsf dsmaII hardeningandA tand,, is almost constant for increas-

polar and ferroelastic mixed nanoregions can be forme . . S
. . . ing applied dynamical forcE€p . These results indicate that
whose size, according the suggestions of Btirfsr PMN, ; .
the amplitude ofF that we have used is not enough to

should be of 18-10* cells. Polar clusters or perhaps dy- : . : .
) . eorient or modify the ferroelectric domain state of the ma-
namic stress enlarged polar regions have been alrea ¥ il

evoked'to explain the elastic and dlelect_rlc anomalies ob The results of Fig. 2 show that in PT@) the P, peak is
served in low-frequency TPB studfesn ST in the tempera- .
. much more sensitive to thermal treatment tian P, has
ture interval 20-50 K. o .
: also shown to be more sensitive to the measuring frequency.
In the TPB geometry an external stregscreates a linear These results lead to attribute the pdakto a kind of vis
strain gradienu inside the sampfeproportional to the ap- ; : pe: :
cous motion of boundaries between different regions or clus-

plied stress, i.e.u(z)xoy(z—h/2), whereh is the height . L .
(thickness in our cas@f the sample andis the depth of the ters in a way similar to the effect of the motion of ferroelec-
P P tric domain wallg in the ferroelectric phase. The dielectric

bending. This strain gradient induces a net homogeneous Pibss tangent behavior as a function of the temperature and

larization P, in the regions with local polarization, in a way : ) . o
o i . measuring frequency, Fig. 7, with activation energy of 1.50
similar to the action of an external homogeneous electric

field (flexoelectric effect in liquid crystat§). The net polar- eV, seems to strengthen such assumption on cluster dynam-

o ) . : S . ics.
ization will remain while local polarization and the dynami- The behavior of the peal, is less dependent on the
cal force exist.

Therefore it seems possible to understand the behavior Jpermal treatment and measuring frequency but is very sen-

; S i : Sitive to the applied dynamical force amplitude. Also the
PTCak) ceramics by co_nsujenng t.he above-mentioned CIUSdepth (softening of the first minimum of theY(T) valley
ters or enhanced polarization regions as homogeneous sys-

tems where a stress-induced homogeneous net polarizati% greases with the increasilkg, , Fig. 4. This behavior could

i X e rather compared to the behavior of PTZ& in its PTT,
Pn shouzld qouple with the fer_roelast|c st_réﬁm through the Fig. 1, where the big decrease in the modulus and a peak in
termbPy, 7 in the free potential expressidn:

the loss tangent are attributed to the appearance of the spon-
taneous polarization. In PTCb), the net polarization
O(T,P, ) =Do(T)+(1/2aP2+---+a, n’+a,p+bP2y, should be responsible for the observed behavior above its
(1)  PTT through the ternb P27 in the free potential expression

Ac|,m=impn(1+w27§n)*1b2pﬁe. ()
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(1). This term should be equivalent P27 in PTC424) range of error of the fit can be considered as equal. The
that appears together with the spontaneous polarization in tHig-phase tilt angle can be estimated by #a(u+v)/2 and
PTT. the antiphase tilt by tap=4,2w. The obtained results are

In the ferroelectric phase of compositioms=0.35 the ¥=3.9° and ¢=6.6°. These tilt angles are smaller than
clusters should be iced in the ferroelectric domain walls andhose estimated from positional coordinates reportedxfor
de-iced above PTT. Thus the cluster effect should be masked 0.50 compositior, y=4.5° ande=7.1°. This result can
by the ferroelectric domain one below PTT but it will appearbe related to the stronger influence of the Ca in producing
above PTT with theP,, affecting the properties of the mate- tilting of the octahedra, because the corresponding tilting
rial till its disappearance. angles for pure CaTiQare #/=8.8° ande=11.7°1° The

We now discuss the behavior of the Young's modulusrather good results obtained in the Rietveld refinement using
softening(inset of Fig. 3 as a function of the calcium con- this space group, see Fig. 8 and Table Il, discards the possi-
centrationx. We take the effective medium theory for the bility of (Ca, PB cation ordering in this phase. The nature of
Young's modulusYs, of a two-phase isotropic polycrystal- peak at 43.74° 2is unclear, its position did not match with
line material with differenty values[Y, (paraelectricY,  possible Ca, Pb ordering schemes proposed by kirg.,
(polar clusters). The theory provides the relatith nor with the possible segregation of CaO, PbO, ;[iO

CaTiO; or PbTiO, phases. The absence of cation ordering in
Y1=Ys=Fa(Y1=Y2)(3Y1+4G1)/(3Y,+4G1).  (4)  this composition allows the possibility ¢€a, Pb composi-
tion fluctuations and compositional disorder. The study of the
evolution of the observed superlattice reflection as a function
of temperature is in progress.

The nature of the ferro-paraelectric phase transition in
PTCak) with high Ca content has been described as relax-
Ay =Tf,o(1—y)[3+2(1+v) /[3y,+2(1+v) 1], orlike for x=0.50 (Ref. 9 and diffusive for 0.24x<0.50

(5) compositiong? In this work the dielectric constant variation
with temperature fox=0.45 did not change its temperature
at maximum as a function of measuring frequertiye
maxima position changes randomly lessrtHaK from 500
to 100 kH2, see inset in Fig. 7, nor the dielectric loss
maxima showed a temperature displacement as a function of

_ _ . A the measuring frequency. Moreover, the different curves did

K=AYs=4.60(1-y)/(3yi+1.6). © not collapse fofT greater than PTT as it typically happens in
The relative increase of the Young’s modulyg(f,), or  relaxor ferroelectrics. From our dielectric data the nature of
softening x in EqQ. (6) is a straight line. The experimental the phase transition fox=0.45 seems to be diffusive. In
results plotted in the inset of Fig. 3 show a light decrease foorder to quantify the diffuseness the experimental data has
low Ca concentrations with a jump in the softening for been fitted to the equation proposed by Uchino and
0.35<x=0.40 Ca that could indicate some kind of percola-Nomura?
tion of clusters or the change of nanoregion effect to cluster
effect. Similar effect was found in PTC2) compositions 1 1

Here,G is the shear modulus arfd the proportion of phase
2 (cluster$ in the compound. By taking into account that
Y/G=2(1+v), wherev is the Poisson coefficient, the rela-
tion (4) can be written as

WhereAyS: (Yl_ YS)/Yl and y2: Y2/Y1 .

In the materials we are dealing with the value-0.25 is
considered as a typical one. Therefore the expres&on
takes the form

(T_Tc)y
. : - 1+ ,
where the value of the elastic modulus is larger for nano- € €max 26°

structured state than for the coarse-grain BHe.the case of -
' .~ ._wherevyrepresents an empirical term that has a value of 1 for
PTCd45) the increase of clusters and the corresponding in- X X : .
ure Curie-Weiss behavior and 2 for pure Gaussian shape

ternal friction increase could be responsible for this behavior?

The temperature behavior &% should correspond to that of that can be related to a possible relaxor behawidis the
P : °SP diffuseness parameter. The other parameters have their usual
Y, becauseY, (paraelectric phase saturation valsearcely

depends ofT. meaning. The results fax=0.45 werey=1.62+0.08 and

The superlattice present ¥ 0.45 compositions is due to 0=16.7-0.2. The same Calculation for the=0.24 compo-
€ sup cep -+ comp . sition yieldsy=1.27+0.05 andé6=7.62=0.1. These values
the tilting of TiOg octahedra as it was found in pure

. ; o . . follow the trend reported in Ref. 19 of larger diffuseness on
19 +

Sgn:&élatgfelzon%n%ge)éhs 4 GTaZC%r'J)'r;“eit Ssysqts(r)r:_us{;r:gat:se increasing the calcium content. The strong diffuseness of the
. Ire prop y y . : .Xx=0.45 composition can be related to the microscopic non-

antiphase tilting pt_atween_ two octahedra in nelgh_bormg ur“ﬁomogeneity of the composition supporting the absence of

qe_lls a;loong the tiiting axis, and sympeﬂ means m-phgse Ca, Pb ordering found out in the neutron-diffraction study. It

:::::Eg.alolg tThSe;a;;sthtieSliiﬁ)t?r:Iatglgig g)l:ii :)Oei?ln ‘Z?ttlﬁgas%an be also inferred from our dielectric results that the ap-

9 9 -~ 9 ; ing ottt pearance oPbnmsuperlattice is not a sufficient condition to
same nature and magnitude. Along thaxis the tilting is in

phase and different in magnitude. In tRBnmspace group it produce relaxor behavior in this sample.
is possible to obtain the tilt angles accurately from the dis-
placement of theD, oxygen atoms from(1/4, 1/4, 0 to

(1/4—u,1/4+v,w).* In our refinement the TiQoctahedra Low-frequency measurements of mechanoelastic charac-
are rigid becausei=0.0172 andv=0.017, which in the teristics as a function of the temperature by the TPB method

@)

CONCLUSIONS
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have delivered valuable information on the existence andorce induced net polarization. The crossover value of the
evolution of clusters of polar and elastic nanoregions in thesalcium concentration, where the effect of the clusters on the
paraelectric phase of PTCa%*0.30) compositions. mechanoelastic properties is detected, should be cloge to
The clusters strongly soften the ceramics by lowering the=0.30. Orthorhombi®bnmsymmetry at ambient conditions
Young's modulus and increasing the internal friction and di-has been proved fax=0.45 composition. NdCa, Pb or-
electric loss in a wide temperature interval above the ferrodering can be supported from the structure refinement re-

paraelectric phase transition. _ sults. A diffusive phase transition has been found outxfor
Two relaxation peaks in mechanical losses appear above g 45,

PTT that show a strong nonlinearity. The low-temperature
peak can be attributed to net polarization ferroelastic strain
and the high-temperature peak to some kind of viscous mo-
tion of region boundaries.

The temperature interval of the cluster effect increases This work was supported by Spanish CICYT, Project No.
with the increasing calcium concentration. The high-MAT2001-1564. The authors want to thank Dr. M. T.
temperature limit tends to that of the PTT of the pure lead=ernandez-Diaz for her invaluable help in the neutron-
titanate. For increasing the material contains more regions diffraction experiments and the Institute Laue-Langevin in
of ferroelastic character that are interacting with the dynamidSrenoble for giving us time for the experiments.
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