The Karean Journal of Ceramics, 2 |2] 76-82 (1996)

Effects of A-Site and B-Site Vacancies on Structural and
Dielectric Properties of PLZT Ceramics

Cheol-5u Jeong, Hyn-Bum Park, Young-Sik Hong and Si-Joong Kim

Department of Chemistry, Korea Unriversity, Seoul 136-701, Korea
(Received June 1, 1996)

PLZT eeramics having two nominal eompogitions, Pbiaela V(@i Ti:)0: and PhyLa(Zr 2T chen Ve Os (Vi vacancy)
with x=0.00~0.30, were prepared. The physical, structural, and dielectric properties were investigated by X-ray
diffraction, scanning electron microscopy, Raman spectroscopy, and measurements of bulk densily and dielectric
constant. The two series with A-site and B-site vacancies showed different physical, structural, dielectric properties,
and, specially, Curie temperature. In comparison 1o PLZT with B-site vacancies, FLZT with A-site vacancies show-
ed high Curie temperatures and low maxima of dielectric constant. Consequently, it is evident that the properties
of PLZT ceramics depend on the vacaney formula adopted as a batch composition in preparation.
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1. Introduction

L anthanum-modified lead =zirconate titanate (PLZT)
ceramics are perovskite-type ferroeleetries with good
electrooptic characteristics and have been extensively
studied for many applications such as shutter, mo-
dulator, and image storage devices."” It is also well
known that lead zireconate titanate (PZT) forms a homo-
geneous perovskite solid solution for the whole range of
Zr/Ti ratio.** However, most investigations for the lan-
thanum-modified PZT system have been cancentrated on
Zr-rich region, especially, near the morphotropic phase
boundary between rhombohedral and tetragonal fer-
roelectric phases®™

In PLZT system, since the La* ions enter Pb* ion
sites due to their ionic sizes,” the excess positive charges
caused by the introduction of the trivalent jons must be
compensated. Hardtl and Hennings® suggested that the
excess charge could be compensated by the formations of
both A-site and B-site vacancies in the perovskite lattice.
Two possible vacancy formulas can be expressed in the
following forms:

Pb, 5 lia, Von(Zr/Ti)0;  —mmmmenn- A-site vacaney formula
Pby. La(Zr/Ti} 0 Ve Oy —mmmmmm B-site vacancy formula

where V represents a vacancy. The distribution of A-site
and B-gite vacancies in the PLZT system has not yet
been completely resolved. Nevertheless, it iz generally
accepted that A-site vacancies are predominant in Zr-
rich region and the amouni of B-site vacaney increases
with increasing Ti content.””

Although the defect structure of PLZT is complex and,
moreover, has not yet been completely understood, the B-
gite vacancy formula has been usunally adopted as a
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batch composition by many investigators to compensate
Pb0O loss during sintering process and to obtain trans-
parent ceramics.”"""'"""® In fact, the B-site vacancy for-
mula has more PbO content than the A-site vacancy for-
mula. In Ph-containing ferroelectrics, the Pb0 content is
known to be an important factor on their physical and
dielectric properties.””® In addition, the above two for-
mulas have different types of defect structures and, in
each formula, the increase of La“ substitution increases
the amount of A- or B-site vacancies, respectively. There-
fore, the two ceramic series are expected to show dif-
ferent physical, structural and dielectric properties.

In the present work, we prepared PLZT ceramics with
Zr/Ti=20/80 and x=0.00~0.30 according to two vacancy
formulas and investigated the differences in properties
between A- and B-site vacancy formula. It was found
that the physical, structural, and dielectric properties,
such as tetragonality, unit cell volume, bulk density, Ra-
man scattering, dielectric constant, and Curie tem-
perature, were dependent on the vacaney formula.

II. Experimental Procedure

The PLZT samples were prepared according to two
nominal compositions, Phiggela,Vis(Zre 11,00, (PLZT-A)
and Ph,La(Fr; Tigg) e V.0s (PLET-B) with x=0.00~0.30,
corresponding to A-site and B-site vacancy formula,
respectively. No excess FbO was added in all the sam-
ples. Reagent-grade oxides, PbQ, La,(,, Zr0; and Ti0,
were ball-milled with ethyl alecohol for 24 h, dried, and
calcined at 900°C for 2 h. The calcined powders were
ground, and polyvinyl alcohol (3 wt.%) was added to fa-
cilitate pressing. The materials were pressed into disks
and were placed within a series of AlQ, crucibles, as
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Fig. 1. Crucible arrangements for (a) sintering of pressed
PLZT disks and (b) weight change test of the. sintered disks
under high partial pressure of PbQ.

ghown in figure 1(a), and sintered at 1300°C for 2 h. To
minimize deviation from the originally formulated com-
position due to PbO evaporation, the disks were thickly
covered with the calcined powders having same com-
positions. The calcined powder was removed after sin-
tering and used to measure physical and structural pro-
perties. To check PbO contents of the sintered samples.
the weight change test was subsequently carried out by
annealing the sintered disks under the PbO-rich at-
mosphere (Fig. 1{(b)).

X-ray diffraction {(XRD) patterns for the sintered bod-
jes were obtained using Cu-K, radiation with Ni filter.
Bulk densities of the sintered disks were also measured
by the Archimedes method. The surfaces of the sintered
disks were ohserved by scanning electron microscopy
{SEM; Jeol, JSM 840 A) and grain sizes were calculated
by the linear-intercept method.” Raman spectra were re
corded by Inova series 90 using argon laser as a source.
For measurements of dielectric properties, the disks were
electroded with silver paste and fired at 600°C. The
dielectric constant was measured by LCR meter (Kokuyo,
KC-538) at 10 kHz with increasing temperature.

III. Results and Discussion

1. Structural and physical properties

Phase analysis for the sintered disks was carried out
by XRD. All the samples according to both PLZT-A and
PLZT-B formulas showed XRD patterns of single
perovskite phase. Table 1 lists calculated lattice parame-
ters, tetragemalities (c¢/a), and unit cell volumes. Figure 2
shows the variations of laitice parameters as a function
of La content at room temperature. For both PLZT-A
and PLZT-B, the crystal tetragonalities decrease smooth-
ly with increasing La content (x), and the samples with
the composition of x=0.00~0.20 are tetragonal, whereas
those of x=0.25 and 0.30 are cubic. These results agree
with the phase diagrams of PLZT system reported by Ha-
ertling and Schulze.* The unit cell volume was found to
decrease with increasing La content for both PLZT-A
and PLZT-B (Fig. 3). Thig indicates that for both for-
mulas the La* ions (1.0324) enter Pb* sites (1 194) rath-
er than B sites (Ti: 0.6054, Zr: 0.724). It is well known
in PLZT system that the unit cell volume and the tetra-
gonality decrease as La content increases.™”
To check PhO content of two series, we measured
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Table 1. Lattice Parameters (A). Tetragonalities (¢/a), and
Tnit. Cell Volumes (A% for A-Site and B-Site Vaeancy For-
mulas of PLZT

PLZT-A PLZT-B
La
Tetra- Tetra-
{mol%) | Cell o 1 Cell
a ¢ |gonality| a ¢ |gonality
(c/a) volume (ol volume

0.0 |3.950|4.145| 1.049 |64.67 |3 950 |4.145( 1.049 | 64.67
5.0 13.954 |4 103 1.038 | 64.15 | 3.960 [4.089 | 1.033 | 64.12
15.0 |8.961|4 049 | 1.022 | 63.53 | 3.967 | 4.047| 1.020 | 63.69
200 13,964 |4 012| 1.012 | 63.04|3.978 | 4.002 | 1.007 | 63.17

26 0 |3.965 62.33(3.975 62.81
30.0 |3.958 62.01(3.971 62.62
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Tig. 2. Laitice parameters of PLZT-A and PLZT-B as a
function of La content.

weight changes for several compositions before and after
annealing the sintered disks under PbO rich atmosphere
{figure 1(b)). The results are shown in figure 4. It was
found that PLZT-A always gained weight, whereas PLZT-
B gzined weighl below 10 mol% (x=0.10) and then lost
weight above 13 mol% (x=0.13) even under PhO rich at-
masphere. Thue, as expected from two vacancy formulas,
the PLZT-A has relatively low PbO content than PLZT-B
and the difference in PbO content increases as La con-
tent increases. By the weight change tests, although we
could not know absolute defect structures of the samples,
it was at least evident that PLZT-B had more PbO than
PLZT-A in sintered hodies and, furthermore, the com-
positions of two series prepared in this study were con-
siderably reliable.

By comparison of XRD results for iwo series, it was ad-
ditionally ohserved that there were slight differences in
unit cell volume and tetragonality between two series.
PLZT-A has smaller unit cell volumes and larger tetra-
gonalities than PLZT-B (Table 1) and the difference in
unit cell volume generally increases with La content
(figure 3). It was reparted that for PLZT of 9/65/35 (La/Zr/
Ti} composition the lattice parameter and Curie tem-
perature (T.) increased with the increase of PbO content."
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Fig. 3. Unit cell valumes of PLZT-A and PLZT-B as a func-
tion of La content.
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Fig. 4. Weight changes of PLZT-A and PLZT-B before and
after annealing sintered disks.

Shirasaki et al.'® also reported that in PhTiQ, the unit
cell volume, tetragonality, and Tc were inversely pro-
portional to PbQ deficiency in lattice. The difference in
unit cell volume therefore can be possibly explained by
that of PbO content, whereas the difference in tetra-
gonality showing contradictory tendency is difficult to ex-
plain only by PbhO content. In their systems, PbO con-
centrations in samples were simply changed, but, in our
systam, each concentration of A- or B-gite vacancies in ad-
dition to PbO coneentration, simultaneously increases in
PLZT-A and PLZT-B, respectively, as La content in-
creases. Thus, it is reasonable that the type and con-
centration of vacancy must be considered to explain the
differences in unit cell volume and tetragonality. Un-
fortunately, the rales of each type vacancy on the strue-
ture in PLZT system have been hardly discussed in the
literature and so it is still difficwlt to elucidate this
phenomena. Nevertheless, it could be demonstrated from
XRD results that the structural differences between
PLZT-A and PLZT-B apparently appeared and seem to
result from two different vacancy formulas.
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Fig. 5. Bulk density of sintered disks as a funetion of La
cantent. for PLZT-A and PLZT-B.

Figure 5 shows that the bulk densities of PLZT-A are
higher than those of PLZT-B for higher La content re-
gion. The lower densities of PLZT-B may he ascribed ta
higher PbO contents. Song et al.'’ reported that, al-
though excess PhQ was necessary to aid sintering, too
much excess PhO produced large pores in sintered body,
and so reduced bulk density. Therefore, PLZT-B con-
taining more excess PhO has lower bulk densities than
PLZT-A. in the higher La content region.

In addition, figure 6 (e} shows needle-like crystals,
designated by arrow, on the surface of sintered body at
30 mol% La of PLZT-A, although any impurity phase
was not detected by XRD. But, no second phase was ob-
served in PLZT-B. From the appearance of second phase
in PLZT-A, it is suspected that A-site vacancy is less
soluble in PLET lattice than B-site vacancy and also the
PLZT-A formula is less stable for substitution of La into
PZT lattice.

The grain size in each series significantly decreased at
low La contents, and it reached a minimum at 9 mol% of
La, and then slowly increased (figure 7). The decrease of
grain size has been frequently observed when foreign
ions, for example, Ag', Al*, Nb®, and Bi", were in-
corporated into PZT lattice.”™ Atkin and Fulrath'® ex-
plained that the grain size was reduced by the doping
ions concentrated near grain boundary, which inhibited
grain bhoundary movement. The slow increase of grain
size in the range above 9 mol% can be understood by con-
sidering PbO content. By weight change tests, it was con-
firmed that PLZT-B had higher PbO content than PLZT-
A and the difference in PhO content increased with in-
creasing La content. As = result, the grain growth in
PLZT-B containing more Ph0 was more strongly pro-
moted by the formation of liguid phase due to PbO with
low melting point (886°C) and thus the grain size was en-
larged.

2. Raman spectrascopy
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o o
Fig. 6. SEM phatographs for (a} 0 mol% La, (b) § mol% La, {(¢) 16 mol% La, and (d) 30 mol% La of PLZT-B, and (e) 30 mol% La

of PLZT-A.
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Fig. 7. Grain size of sintered disks as a function of La con-
teni for PLZT-A and PLZT-B.

Raman secattering is more sensitive than XRD to local
site symmetry in perovskite-type crystal lattice™ To

find the difference of loeal structure between two series,
Raman spectra were measured and are shown in figure 8
and figure 9. Burns et al®* intensively studied Raman
scattering for PhTi0;, PZT and PLZT. Our Raman data
are in good agreements with the results published by
them. ™ Thus, the phonon modes were identified by com-
parison with their data and the assigned modes are
ghown in figures.

In both series, the samples with low La contents show-
ed typical spectra of tetragonal perovskite and each two
modes (A,(3TO) and E{3T(Q) modes) were gradually merg-
ed into single peaks as La contents increase. Taguchi et
al® reported that the Raman spectra for thin film of
PhTiO; changed in the same manner with increasing
temperature, as a result of continuous transition from
tetragonal to cubic phase. Therefore, it is clear that the
merging phenomena with increasing La content resulted
from the phase transition from tetragonal to cubic, as ob-
served in XRD. It was also found by precise comparison
that, with the increase of La content, A,(3T0O) mode in
PLZT-B is more rapidly combined with E{3TQ) mode
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Fig. 8. Raman spectra of PLZT-A with various La contents.
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Fig. 9. Raman spectra of PLZT-B with various La contenis.

than that in PLZT-A. This result can be similarly ex-
plained by considering the magnitude of tetragonality.
That is, PLZT-B with low tetragonalities shows more ra-
pid combination than PLZT-A.

According to group theoretical treatments of Burns™
and Taguchi,® tetragonal phase has twelve Raman-ac-
tive modes, but cubic phase has ne Raman-active mode.
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Fig. 10. Temperature dependences of dielectric constant of
PLZT-A and PLZT-B with various La contents.

In this regard, the peaks of samples with 30 mol% La in
cubic symmetry are expected to disappear but still re-
mained. Consequently, it can be indicated that, in PLZT
lattice, there is a distortion of local site symmetry pos-
sihly due to the formation of vacancy, which cannot be
detected by XRD.

Furthermore, although there was little difference of Ra-
man spectra between PLZT-A and PLZT-B, a small peak
designated by arrow in figures appeared at about 650 cm’
and the peak intensity for PLZT-B more rapidly in-
creased than PLZT-A. Brya™ demonstrated that the
small peak was believed to be an impurity mode as-
sociated with incorporation of La* into perovskite lattice.
Accordingly, it was revealed by Raman scattering that
the introduction of La ions into PZT lattice had different
effects on the local site symmetry in each formula, which
might be attributed to the formation of two different
types of vacancies in PLZT lattice.

3. Dielectric properties

Dielectric cangtant (K) was measured at 10 kHz with
increasing temperature up to 500°C. Temperature de-
pendences of dielectric constant for two series are shown
in figure 10, It can be seen that PLZT-B gives greater
peak heights for all samples having the same mol% of
La than PLZT-A. In PLZT and PZT systems the max-
imum dielectric constani (K,.) has been known to in-
crease with bulk density and grain size.””™ But, the dif-
ference in bulk density was not as large as could explain
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Fig. 11. Curie temperatures of PLZT-A and PLZAT-B as a
function of La cantent.

that in K,. and the grain size of PLZT-B was con-
tradictorily smaller than PLZT-A below 20 mol% La. It
is, therefore, necessary to find another origin to explain
the difference. Comparing the peak shapes of dieleciric
constant, the phase transitions of PLZT-A appear to be
more diffuse and henee the lower K. of PLZT-A may be
partially resulted from its diffuseness. Although another
possible cause is supposed to be the difference in the de-
fect structure resulted from different vacancy formulas,
much study for the defect structure should be performed
to clarify this phenomenon. However, it is evident that
the values of K.... largely depend on vacancy formula.

Curie temperature (1) decreases as La content in-
creases for both series and T, of PLZT-B still more rapidly
decreases than that of PLZT-A (figure 11). The Curie tem-
perature in perovskite ferroelectrics is well known to be
divectly proportional to the tetragomality of lattice.®"
The decreases of T, in both series are clearly explained
by the decreases of tetragonality. Similarly, the dif-
ference of decreasing slope for T, between PLZT-A and
PLZT-B ean be explained by the different magnitudes of
tetragonality between two series. The T. data of PLZT,
reported by Haertling and Land® who prepared PLZT
ceramics by hot-pressing according to PLZT-B formula,
are together plotted in figure 11 for comparison. The Cu-
rie temperatures of PLZT-B are closer to their data than
PLZT-A. This means that the PLZT-B compositions pre-
pared in this work are closer to theirs than PLZT-A and
similar with compositions of conventionally prepared
PLZT samples It can be concluded that dielectric pro-
perties of PLZT are significantly affected by vacancy for-
mulas adopted in preparation.

IV. Summary

The PLZT samples, Physnla V(7 Ti)0; and PhyLa,
(Ziro; Tigshau V.uODs (®=0.00~0.30) condaining A- and B-site va-
cancies, respectively. were prepared and investigated. The
physical, structural, and dielectric properties were found to
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be dependent on the vacancy formula. In both series, the
main trend of struetural properties agreed with the re-
ported phase diagrams. It was found by precise comparison
that the unit cell volume of PLZT-B was larger than PLZAT-
A, while the latter showed higher tetragonality than the
former. Raman scattering revealed that two vacancy for-
mulas had different loeal structures in lattice, which was
distinguished by a peak at 650 cm'. For dielectric pro-
perties, the remarkable differences were obgerved in T. and
K. In comparison with PLZT-A, the T, of PLZT-B more
rapidly decreased with increasing La content and PLZT-B
showed greater K. values. From these results, it can be
concluded in PLZT system that some properties, specially,
dielectric properties, are significantly affected by the
adopted batch formulation corresponding to A- and B-site
vacancy formula.
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