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Abstract

Phase developments and lattice parameters of a perovskite structure as well as dielectric responses in a Pb[(Mg;5Tas/3)02(Mg) 3
Nb,/3)0.5]O3 system with Zn substitution for Mg are reported. Perovskite developments were investigated by X-ray diffractometry,
from which phase yields and lattice parameters with compositional change were determined. Weak-field dielectric constant values of
the entire system ceramics were measured under low-frequency conditions. Phase transition modes reflected in the dielectric con-
stant spectra were further analyzed closely to explore diffuseness characteristics. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

Lead magnesium niobate and lead zinc niobate,
Pb(Mg1/3Nb2/3)O3 and Pb(an/ng2/3)O3 (PMN and
PZN, in short) are relaxor ferroelectric compounds of a
complex-perovskite structure (rhombohedral sym-
metry), with disordered arrangements in the long-range
structural configuration among the octahedral cation
species. Lead magnesium tantalate Pb(Mg;/;3Tas;3)O05
(PMT) of a cubic symmetry is also a ferroelectric
relaxor, with 6-fold sublattices of the perovskite struc-
ture arranged in a disordered manner. Maximum
dielectric constants and corresponding temperatures of
PMN, 2 PZN (single crystal),'! and PMT3 are
€r.max = 20,000 (Tinax=—10 to —5 °C), 22,000 (140 °C),
and 8500-8700 (—88 to —85 °C), respectively. Recently,
however, two to three times as high maximum values of
39,700-57,000 were reported in a flux-grown PZN crys-
tal.

Perovskite PMN and PMT can be synthesized rather
easily via two-step calcination routes of a B-site pre-
cursor method,”® which is conceptually more compre-
hensive than the well-known columbite process.”!? The
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method has been proven to be highly effective in the
synthesis of monophasic complex-perovskite composi-
tions. In contrast, any attempt to synthesize perovskite
PZN by conventional calcining-mixed-oxide processes
(or even by the two-step calcination routes) under atmo-
spheric pressure resulted only in persistent formation of
unwanted pyrochlore phase(s). Nevertheless, prepara-
tion of perovskite PZN powders were realized, but only
under very high pressures!!"'? or via mechanochemical
reaction routes,!3 whereas single-crystalline forms were
grown by the aid of fluxes.®!#

In a previous report on a PMT-PMN system,> phase-
pure perovskite powders could be prepared throughout
the whole composition range. Maximum dielectric
constants and corresponding temperatures changed
continuously in the range of 8700-20,000 at —86 to
—5 °C (1 kHz). Additionally, all of the compositions
exhibited frequency-dependent dielectric relaxation. In
the present study, 0.2PMT-0.8PMN (&, max= 15,000,
Trmax = —25 °C?) was selected as the starting composi-
tion and Zn was partially/fully substituted for Mg,
hoping that the superior dielectric characteristics of
PZN (especially of higher &, ,.x, as compared with those
of PMN and PMT) could be retained, although per-
ovskite development might be sacrificed somewhat. In
order to increase the perovskite formation yields and
thereby to improve dielectric properties, system powders
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were prepared using the B-site precursor method, which
in the present study involves prereactions of MgO, ZnO,
Ta,Os, and Nb,Oj5 to form B-site precursor compositions
of B'B”,04-type, prior to further reactions with PbO.

2. Experimental

Compositions of the Zn-substituted 0.2PMT-0.8PMN
system under investigation can be expressed as
Pb[(Mgl,xZIlX)1/3(T30'2Nb0.8)2/3]03, with values of x
(0.0-1.0) at regular intervals of 0.2. The raw materials
used were oxide chemicals of high purity (>99.5%). In
order to preclude the effects of adsorbed moisture and
to maintain the stoichiometries as closely to the nominal
values as possible, the moisture contents of the raw
chemicals and of the precursor powders were measured
and introduced into the batch calculation.

B-site precursor powders of (Mg, _,Zn,)(Tagy,Nby g),O¢
were prepared by calcining stoichiometric mixtures at
1050-1200 °C in air. After PbO addition (also in stoi-
chiometric proportions), the powder batches were cal-
cined at 800-850 and 800-1050 °C for 2 h each, with
intermediate steps of milling and drying. Calcined pow-
ders were examined by X-ray diffractometry (XRD) to
identify the phases developed. Prepared powders (with 2
wt.% polyvinyl alcohol added as binder) were iso-
statically formed into pellets. The preforms were densi-
fied at 1050-1250 °C for 1 h in a multiple-enclosure
crucible-setup (where the samples were embedded in the
identical composition powders!?) to suppress lead vola-
tilization at high temperatures. Major faces of the sin-
tered pellets were ground, polished, and Au-sputtered
for electrical contacts. Weak-field (~1 V,,s/mm) low-
frequency (10°-10° Hz) dielectric responses were mon-
itored, using an impedance analyzer on cooling.

3. Results and discussion

In the XRD spectra of the B-site precursor system
Mg;_,Zn,)(Tay,Nbg5),06 (Fig. 1), only a columbite
structure was identified throughout the whole composi-
tion range. Similarly, only columbite crystalline solu-
tions were formed in the (Mg, Zn)Nb,O¢ system,?
whereas two different structures of trirutile and tri-
aPbO, were detected at MgTa,O¢-rich and ZnTa,O¢-
rich compositions in (Mg,Zn)Ta,O,'° respectively.
Therefore, it was implied by the sole development of
columbite in the present system that the 20 mol% com-
ponents of (Mg,Zn)Ta,0O4 had lost their own crystal
structures and had been completely dissolved into the
host solid solutions of columbite. Meanwhile, it was
found by a careful inspection of the diffraction patterns
(in terms of diffraction angles) that the unit cell dimen-
sions of the present precursor system were reduced slightly
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Fig. 1. X-ray diffractograms of the (Mg;_.Zn,)(Tay,Nbg)>O¢ pre-
cursor system.

from those of (Mg,Zn)Nb,Og, which is undoubtedly due
to the incorporation of smaller Ta during the solid
solution formation. In spite of the identical reported
radii of Ta’>* and Nb>* (0.064 nm'7), several instances of
larger lattice parameters in the Nb-containing compounds
(as compared with those of Ta-analogs) are available:
Pb(Li;4B"34)05,'"® Pb(Mg;;3 B”»;3)05° (Ba,Pb) (Zny,
3}3”2/3)03,19 Pb(Fel/zBNl/z)O&zo Pb (SCI/ZB//1/2)03520 etc.
Structures developed (after the second calcination) in
the Pb[(Mg;_,Zn,);/3(Tag>Nbg 3)2/3]O3 system are pre-
sented in Fig. 2. The pattern of x=0.0 (i.e. Pb[Mg;3
(Tay2Nby g)»/3]O3) was identified as a typical perovskite.
In contrast, only a cubic pyrochlore structure (along
with small amounts of PbO and ZnO) was detected at
the other end of x=1.0 (1e Pb[Zn1/3(Ta0.2Nb0_8)2/3]O3).
The two oxide components of PbO and ZnO (usually
observed in the presence of pyrochlore as the major
phase, e.g. x=0.8 and 1.0 in the present study) are
believed to be by-products, left after the pyrochlore
formation from powder mixtures of a perovskite stoi-
chiometry. At intermediate compositions, perovskite
was the dominant phase at x<0.6, whereas pyrochlore
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Fig. 2. X-ray diffractograms of the Pb[(Mg;_.Zn.),3(Tag>Nbgs)s/3]
O3 system (A: PbO; V/: ZnO).
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was higher in intensity at x=0.8. Meanwhile, no super-
lattice reflections were observable in the entire system
compositions, indicating lack of long-range structural
ordering among the octahedral cation species of Mg,
Zn, Ta and Nb. Hence, diffuse maxima in the dielectric
constant spectra are expected to develop by the local
compositional inhomogeneity.

Perovskite formation yields (after sintering), deter-
mined from the XRD patterns by numerical comparison
between the intensities of perovskite (110) and pyro-
chlore (222) reflections, are shown in Fig. 3. The values
were 0% (x=1.0), 38% (x=0.8), 97% (x=0.6), and
100% (x=0.4-0.0), which increased with decreasing
values of x (i.e. increasing Mg concentration) at the
expense of the pyrochlore. The continuous increases can
be well explained by the role of Mg with its greater
ionicity and consequent favoring of the more ionic
crystal structure of perovskite over the pyrochlore. Lat-
tice parameters of the perovskite structure, based on a
(pseudo)cubic symmetry, are also included in Fig. 3,
where the values increased from 0.4043 nm (x=0.0)
with increasing values of x at a rate of 0.0123 pm/at.%
Zn. The gradual increase is definitely attributable to the
progressive incorporation of larger Zn?>" (0.0740 nm!”)
in place of the octahedral Mg>* (0.0720 nm'’). Mean-
while, the parameter of x=0.8 was greatly deviated
from the linear relation, which seems to have been influ-
enced by the coexisting pyrochlore of greater intensity.

Temperature- and composition-dependent dielectric
constant measurement results (1 kHz) are displayed in
Fig. 4. The spectra at other frequencies are also included
as well for x=0.4 only (in order to avoid a congested
look), where values of the maximum dielectric constant
and dielectric maximum temperature are 16,400 (15 °C),
15,400 (18 °C), 14,400 (24 °C), and 13,100 (30 °C) at 1,
10, 100, and 1000 kHz, respectively. Hence, strong
dielectric dispersion (associated with diffuse modes in
the phase transition) with respect to measurement fre-
quency are well demonstrated. Other compositions of
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Fig. 3. Dependencies of the perovskite content and lattice parameter
upon composition.
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Fig. 4. Dielectric spectra of the entire system of ceramics.

x=0.0, 0.2, 0.6, and 0.8 also exhibited similar relaxation
behavior. It should be pointed out, however, that the
dielectric constant peaks at x=0.8 (&; max = 310-340 and
Tmax=60-70 °C, 1-1000 kHz) were so broad that they
could hardly be noticed. Such low values of &, .« are
definitely attributable to the presence of pyrochlore
(62%). In contrast, the dielectric constant values at
x=1.0 (where perovskite yield=0%) decreased only
monotonically with increasing temperature. Room-tem-
perature dielectric constant and temperature coefficient
values were 97 and —0.15 /K, respectively.

Changes in the maximum dielectric constant and cor-
responding temperature of the system compositions are
plotted as a function of measurement frequency in
Fig. 5. As the two variables at x=0.8 could not be
determined accurately (due to noise in the data), they
are not included in Fig. 5. The dielectric maximum
temperatures increased with increasing values of x (i.e.
Zn concentration), regardless of frequency. In contrast,
the maximum dielectric constant values reached max-
ima (17,700, 16,600, 15,300 and 13,800 at the four fre-
quency decades) at x=0.2, followed by continuous
decreases.
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Fig. 5. Variations of the dielectric characteristics with compositional
and frequency changes.
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Fig. 6. Log(l/e;—1/er max) versus log(T—Tnax) of the system composi-
tions. Obtained values of the diffuseness exponent (y) and degree of
diffuseness (C/e; max) are plotted in the inset.

Dielectric constant spectra at the paraelectric-tem-
perature regime are often analyzed quantitatively to
explore the diffuseness characteristics of phase transi-
tion modes. Diffuseness exponent (y) and degree of dif-
fuseness (C/e;max) are the numerical results, detailed
physical meanings and derivation methods of which can
be found elsewhere.!®21-23 Fig. 6 shows dependencies of
the log(1/e,—1/&; max) versus log(7T—Trax) relation upon
composition, with determined values of the two diffuse-
ness parameters separately plotted in the inset. As accu-
rate values of &, . and T, of x=0.8 were not
available, the composition was excluded in the evalua-
tion. Whereas y changed in the range of 1.67-1.75, the
values of C/e; max were 690—1300 at the covered compo-
sition range. By referring to the two extremities of y=1
(first-order sharp transitions in BaTiO; and PbTiOs,
obeying a Curie—Weiss law of 1/e,= 1/ max + (T'—Tmax)/
C) and y=2 (second-order diffuse phase transitions,
obeying a quadratic law?! of 1/e,= 1/e; max T (T— Tmax)?*/
("), the phase transitions in the present system are closer
to the diffuse modes. Moreover, their variations were
comparatively small, indicating relative insensitivity of
the two parameters to the compositional change.

4. Summary

Continuous solid solutions of a columbite structure
were developed throughout the entire composition
range of the B-site precursor system. After PbO addi-
tion and calcination, in contrast, perovskite and pyro-
chlore structures were detected at low-to-medium and
high values of x (i.e. Zn concentration). The perovskite
contents increased with decreasing x and reached 100%
at >60 at.% Mg. The lattice parameters of the per-
ovskite structure increased steadily with increasing
values of x, by the gradual replacement of Mg?>* by
larger Zn>". Strong dispersion behavior of frequency

dependence in the dielectric constant spectra was
observed in all of the system compositions, except for
x=1.0 (perovskite yield=0%), where the dielectric
constant values merely decreased in a monotonical way
with increasing temperature. Whereas magnitudes of the
maximum dielectric constant were highest at x=0.2
(e.g. 17,700, 1 kHz), the dielectric maximum tempera-
tures increased steadily from —25 °C (x=0.0) to 40 °C
(x=0.6). The hope for enhancement of &, ,,x upon Zn
substitution was not realized however. Meanwhile, the
phase transition modes were analyzed to be closer to the
diffuse ones, with only slight variations in the diffuse-
ness parameters with compositional change.
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