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X-ray powder diffraction structural characteriza-
tion Of Pb1 _XBaXZr0_65Ti0.3503 CeramiC

The structure of Pb; _ Ba,Zrys5Tig3505; (PBZT) ceramic
materials with 0.00 < x < 0.40 was studied using synchrotron
X-ray powder diffraction data. According to the Rietveld
refinements, the structure of PBZT ceramics with x = 0.00, 0.10
and 0.20 at room temperature was rhombohedral R3c. A
phase transition from rhombohedral to cubic was observed at
543 and 463K for x = 0.10 and 0.20, respectively. The
refinement for the compositions x = 0.30 and x = 0.40 showed a
cubic structure from 10 to 450 K, in good agreement with the
dielectric properties of these samples.

1. Introduction

Pb(Zr, Ti; _ ,)O; (commonly abbreviated as PZT) ceramics
are used in a wide variety of piezoelectric, pyroelectric and
ferroelectric memory devices (Jaffe et al., 1971; Lines & Glass,
2001). Owing to their scientific and technological importance,
structural details of PZT ceramics have been intensively
investigated in recent years (Corker et al., 1998; Noheda et al.,
1999; Ragini et al., 2002; Frantti et al., 2002; Joseph et al., 2000;
Woodward et al., 2005; Kozielski et al., 2006). These studies
have been focused mainly on a morphotropic phase boundary
which exists around the x = 0.45-0.50 compositions and
presents special physical properties. According to the
proposed phase diagram (Jaffe et al., 1971), at the titanium-
rich side of the phase diagram all compositions are tetragonal
with P4mm symmetry. On the other hand (depending on x and
temperature), two rhombohedral phases, R3m [often referred
to as FR(HT)] and R3c [referred to as FR(LT)] are known to
occur in Zr-rich PZT ceramics (Frantti et al, 2002). The
essential difference between the R3m and R3c phases is that
the cell parameter c is doubled in the transition from R3m to
R3¢ (Corker et al., 1998). It has been shown that it is very
difficult to differentiate the R3m and R3c phases by X-ray
techniques because (although the R3¢ X-ray diffraction
pattern exhibits all the systematic extinctions required by this
space group) some of the very weak superlattice reflections
could not be observed. In fact, these reflections were noticed
when neutron powder diffraction was used but were not with
X-rays, probably due to the small scattering factor of oxygen
relative to the heavy atoms and poor discrimination from the
background (Frantti et al., 2002). Depending on the compo-
sition, cation shifts, octahedral tilts and deformations, other
structures may occur. Therefore, the PZT phase diagram is
rich and complex (Frantti ef al., 2002; Corker et al., 1998).

In order to produce ceramic samples of technological
interest at the Zr-rich side of the PZT phase diagram, metal
ions such as lanthanum and barium have been added into PZT,
including the composition with a Zr/Ti ratio equal to 65/35.
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Table 1
The nominal and experimental compositions determined from ICP-AES
measurements.

Sample Nominal composition Experimental composition
PBZT00 PbZr( 45 Ti) 3505 Pby o (z)zro‘sc (L)Tio.zss (7)03

PBZT10 Pby g0Bay 19Zr( 65 Tig 3505 Pbo.sumBaU.ow LTy 657 (s)Tiu.352 (4)03
PBZT20 Pby 59Bag 59Zr( 65 Tig 3503 bo.70 (1yB0.104 4 ZT0.66 (1) Tlo.351 6) O3
PBZT30 Pby 70Bag 30Zr( 65 Tig 3503 Pby g4 ®Bagao (S)Zr0.659(7)Ti0.352 (4) O;
PBZT40 Pby goBag 49Zrg 65 Tig 3503 by ss @Bag30(1)ZTo66 (Z)Ti0.36 3) (0N

The Ba-modified Pb(Zr, Ti)O; ceramic system (PBZT) has
thus emerged as a promising ferroelectric system because of its
rich variety of interesting physical properties of both tech-
nological and fundamental importance (Jonker et al., 1980;
Handerek et al., 1999; Adamczyk et al., 2001; Pan et al., 2005).

Many years ago, a phase diagram as a function of barium
content was proposed for the (Pby_,Ba, )(Zr Ti;_,)0O;
(PBZT) system (Ikeda, 1959). Since then, the dielectric
properties of this system have been broadly investigated as a
function of the Ba content (Jaffe et al., 1971; Jonker et al., 1980;
Kanai et al., 1994; Handerek et al., 1999). Normal ferroelectric
behavior and a rhombohedral structure has previously been
observed in a Pb; _ ,Ba, Zr;Ti,;50; ceramic with x <0.40
(Ikeda, 1959). However, the question as to which rhombohe-
dral space group these compositions belong was not discussed.
On the other hand, for x > 0.40 a cubic structure was observed
(Ikeda, 1959). It has been recently observed that PBZT
samples with 0.30 <x <0.40 present a ferroelectric relaxor
behavior which could be explained by a less deformed octa-
hedral environment of the Zr/Ti cations (Handerek et al.,
1999; Kanai et al., 1994; Adamczyk et al., 2001, 2006; Pan et al.,
2005; Adamczyk, 2006).

Structural information as a function of temperature has
only been reported for PbZr(Ti;350;. According to the
PZT-proposed phase diagram (Jaffe et al., 1971), at 300K a
phase transition from R3m to R3c is observed, while a phase
transition from rhombohedral (R3c) to cubic is observed at
620 K.

In the present work, in order to obtain more detailed
information about the structure of the PBZT system as a
function of composition and temperature, Rietveld analysis of
synchrotron X-ray powder diffraction data collected at
different temperatures was undertaken for
Pb, _ Ba, Zr Ty 5505 ceramic samples with x = 0.00, 0.10,
0.20, 0.30 and 0.40. To the best of our knowledge, a structural
determination using Rietveld analysis of X-ray or neutron
diffraction data is not available for PBZT materials over a
large range of Ba concentrations or even as a function of
temperature.

2. Experimental

The  samples studied, of nominal composition
Pb; _ ,Ba, Zr;Ti;;505; with x = 0.00, 0.1, 0.2, 0.3 and 0.4
(abbreviated as PBZTX with X from 00 to 40) were prepared
by the conventional mixed-oxides method. The precursors
PbO, BaCO;, ZrO, and TiO, were weighted according to each

stoichiometry, and ball-milled in distilled water for 3 h. The
slurry was dried and calcined in a covered alumina crucible at
1123 K for 3 h. Ceramic bodies were formed by uniaxial
isostatic cold pressing and then fired at temperatures between
1523 and 1603 K for 3 h. The sintering occurred in closed
Al, O, crucibles at saturated PbO atmosphere and the highest
density samples were chosen for the physical characterization.

The chemical compositions of PBZTX samples were
determined by inductively coupled plasma atomic-emission
spectrometry (ICP-AES, Varian model VISTA-MPX). HF
(2 ml), HNO; (10 ml) and HCI (2 ml) were slowly added until
200 pg of each sample were consumed. The sample solution
was then diluted with 90 ml of Mili-Q water. Table 1 shows a
comparison between the nominal and experimental composi-
tions where the oxygen contents were obtained by stoichio-
metric calculations. Scanning electron microscopy (SEM)
revealed that the average grain-size of all fired samples was
about 3—4 pm.

Low- and high-temperature X-ray diffraction (XRD)
measurements were carried out at the Brazilian Synchrotron
Light Laboratory (LNLS, D10B-XPD beamline). The XRD
patterns were collected on a Huber diffractometer with 6-26
geometry, A = 1.3793 and/or 1.5292 A. The instrument was
calibrated using silicon (NIST SRM 640c). Each pattern
consisted of 5000 steps, ranging from 20 to 120° in 20, with a
step size of 0.02°. The count time was 0.5 s per step, from 20 to
90°, and 1.5 s per step, from 90 to 120°, and all patterns were
normalized prior to refinement.

For investigations involving special thermal environments, a
commercial closed-cycle He cryostat (Advanced Research
Materials), with vibration damping and temperature control
(10450 K), and a homemade furnace (293-1273 K) were
used. More details about the instrument can be seen in
Ferreira et al. (2006). The geometry of the instrument did not
enable rotation of the samples during data collection. To study
the behavior of the phases with temperature, some peaks of
each sample were selected and measured varying the
temperature with a step of 10 K around the transition
temperature. Several scans of the (104) and (110) peaks of
PBZT10 and PBZT20, (211) of PBZT30 and (110) of PBZT40
were performed with A = 1.3793 A at different temperatures
close to the possible phase-transition temperature. For the
PBZT10 and PBZT20 samples, the data were collected with a
step size of 0.01° with 0.5s per step, and for the samples
PBZT30 and PBZT40 the step was 0.02° with 0.5 s per step.

2.1. Structure refinement

Structural refinement was performed using the Rietveld
method, as implemented in the computer program package
FULLPROF (Rodriguez-Carvajal, 1990). A background
polynomial was used with three coefficients for the PBZT00,
PBZT10 and PBZT20 samples and four coefficients for
PBZT20 at 630 K, and PBZT30. A cubic spline interpolation
between a set of background points with refinable heights was
used to model the background profile in the PBZT40 system,
and the initial set with 72 background points was obtained
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Table 2
Space group, temperature (K) and residuals obtained from Rietveld
refinement for the Pb, _ ,Ba,Zr(¢5Tip 3505 system.

The profile R, R, and R, are not corrected for background and the sum is

extended to all points, according to the current CIF standard.

Space
Sample group T Rpnge Ry R, Ry Reyp Ryp/Rexp
PBZT00 R3c:h 300 17.0 11.8 186 238 13.0 1.83

Pm3m 650 17.6 11.4 16.8 21.1 12.03 1.75
PBZT10 R3ch 300 10.8 841 137 179 123 1.45

Pm3m 750 11.8 891 132 171 134 1.27

PBZT20 R3cch 300 129 872 157 203 14.63 1.39

Pm3m 630 15.1 119 141 181 1295 1.39
PBZT30 Pm3m 300 13.1 9.66 13.0 164 1098 1.49
PBZT40 Pm3m 300 106 5.4 881 114 399 286

+ The PZT ss3s) cell parameter reported by Corker et al. (1998) (ICSD: 86136), used for
comparison.

using WinPLOTR software (Roisnel & Rodriguez-Carvajal,
2000). Anisotropic strain broadening was modeled using a
quartic form in reciprocal space. This interprets the strains as
due to static fluctuations and correlations between metric
parameters (Rodriguez-Carvajal et al., 1991).

The standard material used for modeling the instrumental
resolution was silicon, and the parameters of Straumanis &
Aka (1952) were employed as an initial model for crystal
structure refinement. The determined instrumental para-
meters (Uiys, Vinss Wins» Xins and Yi,) were used in the Rietveld
refinement.

The PZT cell parameters with a Zr/Ti ratio of 65/35 given by
the ICSD number 86136 (Corker ef al., 1998) were taken as an
initial model for refinement and the Pb was fixed at the origin.
Two space groups (R3m and R3c:h) were analyzed for the
rhombohedral phase and the better result was obtained with
R3c:h.

3. Results

Crystal data, data collection procedures and refinement results
have been deposited.' The quality of the agreement between
observed and calculated profiles in FullProf was measured by
conventional factors, some of which are shown in Table 2
indicating relatively good refinements. Space groups are also
shown in Table 2. To show the evolution of the deformation in
the octahedra on increasing the quantity of Ba, the bond
lengths and angles between the Ti—O atoms at 300 K are
summarized in Table 3.

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: KD5005). Services for accessing these data are described
at the back of the journal.

A thermal hysteresis effect was observed on the transition
temperature between the rhombohedral and cubic phases for
the PBZT10 and PBZT20 samples. The measurements were
carried out around the (110) peak of the cubic phase (see Figs.
1 and 2). When the temperature was increased, PBZT10
showed a phase transformation from rhombohedral to cubic
between 523 and 543 K. However, when the temperature was
decreased, the transformation from cubic to rhombohedral
occurred between 513 and 503 K. PBZT20 showed the
rhombohedral-cubic transformation between 453 and 463 K,
and the cubic rhombohedral between 423 and 413 K, respec-
tively.
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Figure 1

Temperature dependence of the FWHM (on the left) and position (on the
right) of the (104) and (110) rhombohedral reflections, and (110) cubic
reflection for the PBZT10 sample. The measurement was taken as the
temperature increased.
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Figure 2

Temperature dependence of the FWHM (on the left) and position (on the
right) of the (104) and (110) rhombohedral reflections, and (110) cubic
reflection for the PBZT20 sample. The measurement was taken as the
temperature increased.
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Table 3 .
Bond lengths (A) and angles (°) involving the Ti and O atoms at 300 K.

The superscript number indicates the symmetry transformations used to
generate equivalent atoms.

Sample Bond Angle
PBZTO00 3TiOa! 1.87 (2) Oa—Ti—Oa 104.9 (8)
3TiOb! 230 (3) Ob—Ti—Ob 754 (1)
Oa—Ti—Ob 87.7 (1)
87.8 (1)
158.6 (1)
PBZT10 3TiOd! 1.97 (2) Oa—Ti—Oa 99.6 (1)
3TiOb! 217 (2) Ob—Ti—0Ob 80.1 (9)
Oa—Ti—Ob 89.1 (1)
89.4 (1)
166.1 (1)
PBZT20 3TiOd! 2.05 (2) Oa—Ti—Oa 99.8 (1)
3TiOb! 2.10 (2) Ob—Ti—Ob 79.4 (1)
Oa—Ti—O0Ob 89.1 (2)
89.9 (2)
165.5 (2)
PBZT30 6TiO" 2.056214 (1) O—-Ti—O 90
180
PBZT40 6TiOf 2.058016 (2) O—-Ti—O 90
180

Symmetry transformations used to generate equivalent atoms: (i) x,y, z; —x +y, —x, 2;
—yox=yz () —j+x jtx—y —ftznioyiox —ptn —y-xty —i+y
—t+z@xyzzyl-xxl-zyx,—zyxyl+zl+z,y,1—x

4. Discussion

The results obtained for PBZTO00 are very similar to those
reported for PZT(65/35) samples (Corker et al, 1998), the
difference being that here the atomic positions of the Zr and
Ti cations converged to the same value. In Fig. 3 the cell
parameters of the R3c:h phase were given as R3c:r to clearly
show the evolution of the rhombohedral phase upon
increasing the Ba content. When Ba content is increased from
x =0.00 to 0.20, the angle « increases, approaching the value of
60° which is characteristic of the cubic structure. When the

PBZTO0 - PBZT40 |

5990 =T T2 La® GO T se.C
5985 F . (A}PBZT40 q 98¢
5:.50 E _a— a (A)-PBZT30 ® PBZT20 . sz.ec

& 5975 F 0 3 5978

bt ] T § ]

¥ 5970 | 3R R0 T' PBZT10 qs07c
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4120 [ Ja1z2c
4118 | PEZT40, o= > Jaae
2118 [ = = Ja1e

Z 4 - P e } ‘A {4_11‘1

= 42l F'n'_l_-SIl]______..-—-* PBZT30 J 41z
4110 F a— Ja11c
4108 [ J 4108
gr6 0 v o w0 s u s Tgq0e

0 100 200 300 400 500
. T(k
Figure 3 )

Temperature dependence of the a (A) parameter for the cubic phase, and
the « angle (°) for the thombohedral phase (R3c:r) obtained from the
Rietveld refinement. The arrow indicates the direction in which the Ba
content is increased.

amount of Ba is increased, the distances between the Ti—O
atoms (Ti—Oa and Ti—Ob pairs) at room temperature (see
Table 3) change until they become equal for the PBZT30 and
PBZT40 samples, which present a cubic phase with a regular
TiOg4 octahedra. Our results are in good agreement with the
structural model proposed (Ikeda, 1959) for the PBZT10 and
PBZT20 samples which were indexed as rhombohedral
structures. However, both PBZT30 and PBZT40 samples, that
according to the work of Ikeda (1959) should also be rhom-
bohedral, from our XRD data refinement present a cubic
structure. These results are in good agreement with the
dielectric measurements conducted on the PBZT30 and
PBZT40 samples that show a relaxor behavior for which a less
deformed octahedral structure should be expected (Mastelaro
et al., 2006; Pan et al., 2005).

As can be seen in Figs. 1 and 4 the full width at half-
maximum (FWHM) of the (110) rhombohedral reflection of
PBZT10 decreases with an increase in temperature. Also the
separation between the 20 angles from (104) and (110)
rhombohedral reflections decreases with increasing tempera-
ture, collapsing into the (110) cubic reflection at 543 K. This
temperature may be considered to reproduce well the ferro-
electric paraelectric phase transition temperature at 7, =
552 K as determined from the temperature dependence of the
relative dielectric permitivity (Mastelaro et al, 2006). On
raising the temperature to 703 K, the (110) peak moves
slightly towards smaller 26 values, reflecting the increase in the
cell parameter with temperature (Fig. 5). Fig. 2 shows the
similar behavior of PBZT20; the phase transition occurs at
463 K, which is comparable with the ferroelectric paraelectric
phase-transition temperature of 7. = 480 K, determined from
dielectric measurements. Compared with undoped PZT the
temperature of the phase transition decreases. On the other
hand (Figs. 5 and 6), the PBZT30 and PBZT40 samples did not

(110)-cub

PBZT10 \

(110)-rho

(104)-rho

l(u.a)

Figure 4
Evolution of the (104) and (110) reflections from the temperature
increase for the PBZT10 sample.
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show any phase transformation in the temperature interval
from 10 to 450 K. Thus, as expected for a relaxor ferroelectric
(Samara, 2005; de Mathan et al., 1991), these results show that
there is no macroscopic phase transition in the PBZT30 and
PBZT40 samples in the temperature range where dielectric
permitivity peaks are observed.

In all samples the cubic phase shows an increase in the cell
parameter with an increase in Ba content (see Fig. 5), as
expected, due to the fact that the ionic radius (rg,+ = 1.34 A)
is greater than the Pb ionic radius (rp,2+ = 1.21 A). Moreover,
it is seen that with increasing temperature, the cell parameter

Figure 5

Cell parameter (a) dependence of the Ba content (x) and temperature
(T) in the Pb,_ Ba Zr;4Ti,;50; system for the cubic phase. The red
points are obtained from the Rietveld refinement and the black are the
projections in the corresponding plane.
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e e i R Fo L Th e o (O
027 1
[ 0—D u| o 0 0- o0 —e] 48
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I Lo Jag £
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012 ] “

f+— ®opeoee oe® b
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T(K)
Figure 6

Temperature dependence of the FWHM (on the left) and position (on the
right) of the (211) cubic reflection for the PBZT30 sample and (110) for
the PBZT40 samples.

of the cubic phases also increases as a result of thermal
expansion.

When the Ba content is increased from x = 0.10 to 0.20 in
the PBZT ceramics, the transition temperature from the
rhombohedral to the cubic phases decreases (Figs. 1 and 2) in
good agreement with electrical measurements (Mastelaro et
al., 2006; Tkeda, 1959). As shown in §3, these samples exhibit a
hysteresis effect around the phase transition, similar to the
result observed in the barium titanate ceramic (Jaffe et al.,
1971).

5. Conclusions

The effect of the addition of barium oxide on the structure of
PZT samples was evaluated. When the Ba content is increased
from x = 0.10 (PBZT10) to x = 0.20 (PBZT20), the phase
transition from rhombohedral to cubic was observed to be
shifted to lower temperatures (543 and 463 K, respectively)
when compared with the undoped PZT ceramic (630 K). This
phase transition presents thermal hysteresis for both samples,
typical of many materials. The samples with x = 0.30 (PBZT30)
and 0.40 (PBZT40) were both cubic. The results also confirm
the qualitative analysis of the XRD data found in the litera-
ture for PBZT10 and PBZT20. On the other hand, both
PBZT30 and PBZT40 remained cubic within the entire
temperature range analyzed. Our results are in good agree-
ment with the dielectric behavior observed for both samples.

The authors are grateful to FAPESP and CNPq for financial
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