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Abstract

The effects of Pb(Mg;;3Tas3)O3 substitution to a multiple-octahedral system Pb[(Zn;/;3Tass3),(Mg;;3Nb,/3)]O5 on perovskite
phase development and dielectric characteristics are reported. Selected composition powders of the modified system were prepared
using a B-site precursor method. Development of the B-site precursor and perovskite phases were investigated by X-ray diffraction.
Low-frequency weak-field dielectric properties of sintered pellets were examined. Phase transition modes reflected in the dielectric
constant spectra were further analyzed in terms of diffuseness parameters. © 2002 Elsevier Science Ltd and Techna S.r.1. All rights

reserved.
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1. Introduction

Among the complex perovskite families of
A(B’,B”)O3, lead magnesium niobate Pb(Mg;,3Nb,/3)O;
(PMN) is a prototype relaxor ferroelectric compound
possessing quite high maximum dielectric constants
(<20,000), along with diffuse modes in the phase transi-
tion. Although it is not easy to prepare the monophasic
perovskite PMN by conventional one-step calcination, the
persistent formation of pyrochlore can be effectively
bypassed by the so-called ““‘columbite process™ [1] or more
comprehensively by the “B-site precursor method” [2].
Meanwhile, lead magnesium tantalate Pb(Mg;;3Ta3)
O; (PMT, tantalum-analog of PMN) is also a ferro-
electric relaxor, with a maximum dielectric constant of
<9000 [3,4]. Synthesis and dielectric properties of PMT
have been widely reported [3-7].

In contrast to PMN and PMT, preparation of lead
zinc niobate Pb(Zn;;3Nb,;3)O3 (PZN) of perovskite
structure by solid-state reaction at atmospheric pressure
turned out to be virtually impossible. Powders of the
perovskite PZN can only be prepared under high pres-
sures [8] or via novel routes of mechanochemical milling
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[9], whereas single crystalline forms were grown by the
aid of fluxes [10,11]. However, any attempt to synthesize
lead zinc tantalate Pb(Zn;;sTay;3)O05 (PZT, tantalum-
analog of PZN) in a perovskite structure has not suc-
ceeded thus far [12—14]. It should be noted that PZT, in
the present paper, does not stand for Pb(Zr,Ti)Os.

It has been reported that dielectric characteristics of a
(1—x)PZT—xPMN system are excellent (except for pyr-
ochlore-rich compositions of x<0.4) in that high values
of the maximum dielectric constant (> 13,000) are
attainable at —13 to —5 °C, slightly below room tem-
perature [14]. In the present study, therefore, composi-
tions of the PZT-PMN system were modified by the
introduction of 20 mol% PMT in order to promote per-
ovskite developments, thereby improving the dielectric
properties (especially of PZT-rich compositions).

2. Experimental

Nominal compositions of the system under investiga-
tion can be expressed as 0.2PMT—(0.8—x)PZT-xPMN
(ie.  Pb[(Mg;3Tas3)0.2(Zn3Tay3)08 (Mg 3Nby3).]
03), where values of x ranged from 0.0 to 0.8 at constant
intervals of 0.2. Starting materials were high-purity
(>99.5%) chemicals of PbO, MgO, ZnO, Ta,Os, and
Nb,Os. In order to maintain stoichiometries as closely
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to the nominal compositions as possible, moisture con-
tents of the raw chemicals and of the synthesized B-site
precursors were measured and introduced into the batch
calculation.

Powders of the B-site precursor system [(Mg; 5Taz3)0.»
(Zny;3Tay;)0s (Mg 3NDy3)JO, (e [Mgo2+w3
Zl’l(().gfx)/\gTa(2'0,2_\_)/3Nb2x/3]02) were prepared from the
raw materials by wet milling under alcohol, drying and
calcinations at 1100-1200 °C for 2 h. The calcination
procedures were repeated once to promote the phase
developments, with intermediate steps of milling and
drying. After PbO addition to the B-site precursors, the
powders were reacted at 800-850 °C for 2 h, followed by
milling, drying and recalcinations at 800—-1000 °C for an
additional 2 h. Calcined powders were checked by X-ray
diffractometry (XRD, CuK,;) for the identification of
developed structures. Perovskite yields were estimated
by simple comparison between intensities of (110) and
(222) reflections for the perovskite and pyrochlore
structures, respectively. The powders were then iso-
statically pressed into pellets and fired for 1 h in a mul-
tiple-enclosure crucible setup [5] to suppress lead loss at
elevated temperatures. Sintered pellets were ground/
polished to attain parallel sides and bulk densities were
measured geometrically. Major faces of the sample pellets
were electroded by gold sputtering, and dielectric con-
stants and losses were measured on cooling, using an
impedance analyzer (103° Hz) under weak oscillation
levels of ~1 V/mm.

3. Results and discussion

Fig. 1 displays room temperature X-ray diffracto-
grams of the B-site precursor system. At x=0.0 (i.e.
[(Mg3Tay3)0.2(Zny/3Tas3)0.8]02), both of the MgTa,O¢
(trirutile structure, ICDD No. 32-631) and ZnTa,Og¢
(tri-aPbO, structure, ICDD No. 39-1484) patterns of
roughly the same fractions were detected (i.e. Vo < Vs
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Fig. 1. X-ray diffraction results of the B-site precursor [(Mg;s
TaZ,/3)().2(an,/3T"12,’3)().8—X(Mg1,’BNbZ,/3),\']02 system.

where V1, and Vr, stand for the volume fractions of the
tri-aPbO, and trirutile structures, respectively) by qua-
litative comparison of the peak intensities. At x=0.2,
the trirutile structure preferentially decreased in inten-
sity, whereas reflections of MgNb,Og (columbite struc-
ture, ICDD No. 33-875) began to develop, resulting in
the detection of mostly tri-aPbO, with small amounts of
columbite and trirutile (i.e. Vo Ve<Vry where Ve
stands for the columbite fraction). At x=0.4, the
columbite and trirutile structures coexisted (V1. Vc),
while columbite was the sole structure identified at
x=0.6 and 0.8 (i.e. [(Mg;;3Taz/3)0.2(Mg;;3Nb2/3)0.58]02).
Therefore, it was revealed that the MgTa,0O4 component
of 20 mol% (introduced to the [(Zn;;Ta,;),(Mg 3
Nb,/3)]O, system) retained its own structural identity at
low values of x, whereas assimilated structurally to the
columbite at high values of x.

XRD results taken after the PbO addition and cal-
cination procedures are presented in Fig. 2. At a PZT-
rich CompOSition of x=0.0 (Pb[(Mgl/3Taz/3)042(Zn1/3
Tas/3)03]03), only a pyrochlore structure developed
(similar to the case of a stoichiometric PZT composition
[14]), along with small amounts of PbO and ZnO. The two
oxides seem to be the components left after formation of
the pyrochlore (Pb- and Zn-deficient as compared with a
perovskite stoichiometry) from a mixture intended for the
perovskite development. Such a reasoning is supported by
the observation that the two oxides were detected only at
compositions where the pyrochlore is the major structure.
Meanwhile, the perovskite phase started to develop from
x=0.2 and became predominant at 0.4 <x.

Systematic shifts in the reflection angles with compo-
sitional change were scarcely observable (similar to the
PZT-PMN system [14]), which is in accordance with the
evidence [15-17] that ionic size of Ta is actually some-
what smaller than that of Nb, even though their sizes
were reported identical (0.064 nm [18]). It is believed
that the smaller size of Ta compensates for the larger Zn
(0.0740 nm, as compared with 0.0720 nm of Mg [18]),
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Fig. 2. X-ray diffraction results of the 0.2PMT—(0.8—x)PZT-xPMN
system.
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resulting in approximate balance between the effective
sizes of the Zn;;3Tas3 and Mg, 3Nb, 3 octahedral-cation
complexes. As a result, perovskite lattice parameters
would not change appreciably. Meanwhile, extraneous
reflections (associated with the perovskite super-
structure) were not detected throughout the system,
indicating an absence of any long-range ordering among
the multiple-octahedral cations of 3—4 species.

Fig. 3 shows the perovskite development yields after
each heat-treatment stage. As was observed in Fig. 2, the
perovskite content was 0% (even after sintering) at
x=0.0. The yield (after sintering) then increased to ~36%
(x=0.2), ~95% (x=0.4), and 100% (x=0.6 and 0.8).
The rapid increase at low values of x is definitely asso-
ciated with the decreased fraction of PZT, perovskite
development of which has not succeeded yet. Further-
more, the content also increased with heat treatments:
e.g. ~29%, ~33%, and ~36% at x=0.2 after the first
and second calcinations, and after the sintering, imply-
ing thermodynamic stability of the perovskite structure
over the pyrochlore. Such increases in the perovskite
yield could be well exploited in the further promotion of
the perovskite formation, were it not for the inevitable
PbO volatilization during prolonged exposure to high
temperatures. Relative densities of the sintered samples
were ~95% (x=0.4), ~96% (x=0.6), and ~97%
(x=0.8), as calculated based upon the perovskite lattice
parameters.

Temperature-dependent dielectric responses of x=0.8
(i.e. 0.2PMT-0.8PMN) are displayed in Fig. 4 as a
function of measurement frequency. The spectra
showed typical relaxor behavior of dielectric dispersion
and diffuse modes in the phase transition. Maximum
dielectric constant values were 15,000 (=25 °C), 14,000
(=20 °C), 12,900 (—15 °C), and 11,700 (-7 °C) at 1, 10
and 100 kHz, and 1 MHz, respectively, while maximum
losses were 13% (—43 °C), 15% (=38 °C), 17%
(=34 °C), and 23% (—27 °C) at the same frequency
decades. Other compositions in the system (except for
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Fig. 3. Perovskite contents of the 0.2PMT—(0.8—x)PZT—xPMN system
compositions.

x=0.0, where perovskite content=0%) also showed
similar frequency-dependent dielectric dispersion, but
with different magnitudes and temperatures of the
dielectric constant and loss maxima.

Dielectric constant spectra (1 kHz) of the whole com-
positions in the system are compared in Fig. 5. An ever-
decreasing trend in the dielectric constant was observed
at x=0.0 (0.2PMT-0.8PZT, where only the pyrochlore
structure developed), with room temperature value and
temperature coefficient of 75 and —3.7x1072/K, respec-
tively. With increasing x (i.e. PMN concentration), the
maximum value increased tremendously from 580
(x=0.2) to 15,000 (x=0.8). In contrast, the dielectric
maximum temperatures remained almost unchanged at
—31 to =25 °C, approximately 20 °C lower than those
of the PZT-PMN system [14]. The decreases in the
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Fig. 4. Frequency-dependent dielectric constant and loss spectra of
x=0.8.
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Fig. 5. Dielectric constant spectra of the entire system ceramics
(1 kHz).
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Fig. 6. Dependencies of the maximum dielectric constant and dielec-
tric maximum temperature upon composition and measurement fre-
quency.

dielectric maximum temperature are undoubtedly due
to the introduction of PMT with a quite low dielectric
maximum temperature of —87 to —85 °C [3-5].
Variations of the maximum dielectric constant (K,.x)
and dielectric maximum temperature (7p,.x) With chan-
ges in composition and frequency are replotted in Fig. 6.
As observed in Fig. 5, K, increased rapidly with
increasing x, whereas Tp.x stayed nearly constant,
regardless of measurement frequency. It is quite interest-
ing to note that the dielectric maximum temperatures of
such a wide range in composition are rather insensitive to
the compositional change. Besides, degrees of the dielec-
tric dispersion (Tiax.imMu~Tmax.1kHz) Were also nearly
constant at 17-19 °C throughout the entire composition.
Phase transition modes reflected in the dielectric con-
stant spectra are often analyzed with respect to diffuse-
ness parameters of diffuseness exponent (y) and degree of
diffuseness (C/Kax), meanings and derivation methods of
which can be found elsewhere [14,19-23]. Composition-
dependent relations of log(1/K—1/K,.x) versus log(7-
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Fig. 7. Log(l/K—1/Kpax) versus log(7T-Tay) of the 0.2PMT—(0.8—x)
PZT—xPMN system. Variations of the diffuseness exponent (y) and
degree of diffuseness (C/Kyax) With compositional change are sepa-
rately shown in the inset.

Tmax) are presented in Fig. 7, from which values of the
two diffuseness parameters were obtained and are plot-
ted in the inset. Values of the two parameters decreased
only slightly from 1.71 to 1.66 and from 1170 to 650,
respectively, with increasing x. The changes of the dif-
fuseness parameters in the present system are rather
small, compared with those in other systems [22-24].

4. Summary

Columbite, trirutile, and tri-«PbO, structures devel-
oped in the B-site precursor system. Columbite was
stable at high values of x, whereas the other two struc-
tures were detected at the other end of the system. After
PbO addition, perovskite and pyrochlore developed in
the entire composition range, but the former structure
was mostly detected at high values of x (i.e. PMN-rich
compositions), whereas the latter was detected at low x
of PZT-rich compositions. Consequently, the perovskite
phase yield rose with increasing values of x at the
expense of the pyrochlore.

Diffuse phase transition modes, with typical relaxor
behavior, were observed at all compositions of the sys-
tem (except for x=0.0). At x=0.8, the maximum
dielectric constants and corresponding temperatures were
15,000 (—25 °C), 14,000 (—20 °C), 12,900 (—15 °C), and
11,700 (=7 °C) at 1, 10, and 100 kHz, and 1 MHz,
respectively. Temperatures corresponding to the max-
imum loss also rose with increasing frequency, but the
temperatures were 18-20 °C lower than the dielectric
maximum temperatures. With decreasing x (i.e. increasing
PZT concentration), magnitudes of the dielectric constant
peak decreased remarkably from 15,000 (x=0.8) to 580
(x=0.2) at 1 kHz, while temperatures of the peak
remained nearly constant (—31 to —25 °C). Analyses of
the phase transition mode in terms of diffuseness
revealed that dependencies of the two diffuseness para-
meters upon composition were only slight.
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