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Role of B” lon (B” =Nb, Ta) on perovskite
development, lattice parameters and dielectric
properties of (Ba,Pb)(Zn4,3B%,3)O3 ceramics
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Ceramic powders of Pb(Znq,3B}

3)03 (where B” is Nb or Ta ions) complex-perovskite

compositions, with gradual repiacements of Pb by Ba, were prepared by using a B-site
precursor method. Phases developed in both systems were identified by X-ray diffraction
and perovskite contents were evaluated as a function of the amount of Ba substitution.
Variations of lattice parameters of the pyrochlore and perovskite structures with
composition modifications are interpreted in terms of the 6- and 12-fold cation sizes.
Weak-field dielectric properties of the two systems in the low-frequency range are
compared. © 2002 Kluwer Academic Publishers

1. Introduction

Lead zinc niobate Pb(Zn;;3Nby;3)O3 (PZN) is one
of the typical complex-perovskite ferroelectric relaxor
compounds of Pb(B’, B”)Os-type, possessing high di-
electric constant values and diffuse nature in the phase
transition mode [1, 2]. Divalent and pentavalent cations
of Zn and Nb in PZN are known to occupy the oct-
ahedral sublattices of the perovskite structure in a
disorderly manner [1-4]. Perovskite PZN powders
could only be synthesized under high pressures [5]
or via mechanochemical routes [6], whereas single-
crystalline forms were prepared by flux-growth meth-
ods [1-3, 7, 8]. By a simple replacement of Nb by Ta
in PZN, a tantalum-analog perovskite stoichiometry of
lead zinc tantalate Pb(Zn;/3Tay/3)O3 (PZT) is expected
to form. It should be noticed that PZT in the present
paper does not stand for Pb(Zr,Ti)Os. So far, however,
any attempt to synthesize PZT has been unsuccessful
and perovskite PZT still resists ready formation by any
means [9-11]. Meanwhile, barium zinc niobate and
tantalate of Ba(an/ngz/g)Og and Ba(an/gTa2/3)03
(BZN and BZT, respectively) belong to an important
microwave dielectric group of superior properties with
low losses [12—15]. In contrast to the perovskite PZN
and PZT, the barium-analogs of BZN and BZT readily
assume the perovskite structure [16—18]. Besides, Zn
and Nb ions in BZN [19, 20], and Zn and Ta in BZT
[18,21] as well, are reported to exhibit long-range struc-
tural ordering at the 6-fold sublattices of the perovskite
structure.

The Goldschmidt tolerance factor (TF) values of
PZN and PZT, and of BZN and BZT, are calculated
to be the same, as ionic radii of Nb and Ta are reported
to be identical, 0.064 nm [22]. When Pb (0.149 nm
[22]) at the 12-fold lattice sites are replaced by larger
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Ba (0.161 nm [22]), the values of the electronegativ-
ity difference (END) as well as TF would increase ac-
cordingly. Actually, additions of polar dielectric BZN
and BZT to PZN and PZT, respectively, are reported
to stabilize the pervoskite structure quite substantially
[23-25], as stability of the perovskite would be en-
hanced by the increased values of END and TF. On
the other hand, END value of PZT is lower than that
of PZN, indicating more-covalent nature in the former.
Hence PZT is known to be more difficult to adopt an
ionic crystal structure of perovskite.

In the present study, results of Pb(Zn,;;3B) /3)03
(where the B” cation is pentavalent Nb or Ta), with
gradual replacements of Pb by Ba, are compared with
respect to the perovskite synthesis, lattice parameter
changes, and dielectric properties. In order to suppress
the pyrochlore formations and thereby to increase the
perovskite phase yields, a two-stage reaction of B-site
precursor method [26, 27] (more comprehensive ter-
minology for the so-called columbite process [28] was
used, where (Zn; ;3B /3)02 powders were prepared sep-
arately and were used as precursors for the perovskite
syntheses.

2. Experimental
Two-stage reaction routes of the B-site precursor
method are as follows;

ZnO + B}Os — ZnB}Og (B” = Nb, Ta)

and
yBaCOj3 + (1 — y)PbO + 1/3ZnB} O
— (Babel,y)(an/ngﬂ)Og + yCOz,
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where y(=0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) stands
for the mole fractions of substituent Ba. Near the
composition ranges of interest, the regular inter-
vals of 0.2 were subdivided in order to closely ex-
plore the characteristics. It should be noted that al-
though (Ba,Pb;_,)(Zn;/3Nby/3)03 and (Ba,Pb;_,)
(Zny/3Tay;3)0O3 (BPZN and BPZT systems, respec-
tively) are written in the perovskite forms, they simply
denote the nominal compositions and do not necessar-
ily indicate formations of the perovskite structure in
the entire composition ranges of 0.0 <y <1.0. All of
the starting materials were oxides, except for BaCOs,
with chemical purities of >99.5%. Moisture contents
of raw materials and synthesized ZnB, O precursors
were measured and introduced to the batch calculation
in order to maintain the powder compositions as closely
to the nominal values as possible.

Precursor powders of ZnNb,Og¢ and ZnTa;Og¢
(formed at 1150 and 1200°C, respectively) were reacted
with BaCO3 and PbO by stoichiometric proportions
of 1:3 molar ratios (i.e., without any addition of ex-
cess amount) at 900-1000°C for 2 h, with intermediate
milling/drying steps to promote phase formations. De-
veloped structures after the calcinations were checked
by powder X-ray diffraction (XRD). Lattice parameters
of the pyrochlore and perovskite structures were cal-
culated using the XRD data, assuming (pseudo)cubic
symmetries. Perovskite phase yields were estimated by
the usual method of simple comparison between ma-
jor peak intensities of pyrochlore (222) and perovskite
(110) reflections, i.e., Iperov. /(Ipyro. + Iperov.)- Prepared
powders were pressed isostatically into pellets and were
densified for 1 h at 1000-1400 and 1200-1450°C for the
BPZN and BPZT systems, respectively, in a multiple-
crucible setup [29] in order to minimize lead loss dur-
ing firing. Calcination and sintering temperatures of the
BPZT system compositions were somewhat higher than
those of the BPZN in general, because of the refractory
nature of TayOs. Sintered pellets were ground/polished
and gold-sputtered on major faces as electrodes. Dielec-
tric constant spectra were measured using an impedance
analyzerat 1, 10, 100, and 1000 kHz (oscillation level =
1 Vrms)‘

3. Results and discussion

In Fig. 1 are XRD spectra of the calcined prod-
ucts from the Pb-Zn-Nb-O and Pb-Zn-Ta-O stoichio-
metric mixtures intended for perovskite development.
The pyrochlore and perovskite patterns are taken
from Pb].33(zn0'29Nb].7|)06.39 (JCPDS #34—374)
and Pb(Zn;,3Nb;,3)03 (JCPDS #22-662), while those
of PbO and ZnO are from JCPDS #38-1477 and
#36-1451, respectively. Since XRD spectrum of the
pyrochlore (in Fig. 1) is virtually identical to that
of Pb1A83(Zn0.29Ta1,7|)06‘39 (JCPDS #36—1451), €X-
cept for minor mismatches in intensity (due to dif-
ferent scattering factors between Nb and Ta), the
latter pattern is not shown. Similarly XRD pattern
of perovskite-structured Pb(Zn;,3Tay/3)O3 is not in-
cluded either, as corresponding data are not avail-
able. However, by an analogy between the py-
rochlore compounds of Pb; g3(Zng29Nb; 71)Og.39 and
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Figure 1 Phases developed from the Pb-Zn-Nb-O and Pb-Zn-Ta-O
compositions (y = 0.0). Diffraction data of perovskite, pyrochlore, PbO,
and ZnO are also shown for comparison.

Pb; 83(Zng29Ta; 71)O¢.39, and also by considering the
identical ionic radii of Nb and Ta (0.064 nm [22]), X-ray
pattern of the hypothetical perovskite PZT is expected
to be close to that of the perovskite in Fig. 1.

Overall spectra of the two compositions of Pb-Zn-
Nb/Ta-O are quite similar (except for minor differences
in intensity), where pyrochlore was the dominant phase
without any trace of the perovskite. Besides, all of the
other extraneous peaks could satisfactorily be identified
as those of PbO and ZnO, which are believed to be the
by-products left after the pyrochlore formation from
mixtures of perovskite stoichiometries. The strongest
peak (260 ~29.1°) of PbO was undoubtedly obscured
by the pyrochlore (222) reflection of the highest in-
tensity located at 260 ~29.2°. Even though perovskite
developments (up to 5% and 2%) in the Pb-Zn-Nb/Ta-O
compositions were claimed by Ling et al. [30], all of the
reflections (except for those of PbO and ZnO) in Fig. 1
matched to those of the pyrochlore. By comparing the
perovskite contents in Table I [30] and diffraction data
in Table III [31], the perovskite content of 5% (after
800°C calcination) seems to be the calculation result
of 5.1/(100.0 + 5.1), where 5.1 (line #4) is the relative
intensity of the 31.73° peak. A small reflection was
also detected at the same position in the present study
(marked by W), but the peak could rather be interpreted
to belong to ZnO and not to perovskite. Presence of
Zn0O was also supported by other reflections (marked
by 0), too. Besides, as their method was a conventional
one-step solid-state reaction (which is undoubtedly less
efficient in the preparation of complex perovskite com-
positions [26—28]), it is cautiously speculated that they
might have misinterpreted the 31.73° peak to be the
perovskite (110) reflection of the highest intensity.

Perovskite formation yields in the two systems were
estimated from the atmosphere powders (used during
the sintering process) and the results are compared in
Fig. 2. Inboth of the BPZN and BPZT systems, the yield
increased asymptotically to 100% with increasing Ba
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Figure 2 Perovskite contents of the BPZN and BPZT system
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Figure 3 Variations of the lattice parameters of the pyrochlore and
perovskite structures.

substitution. The perovskite structure in PZN, however,
was fully stabilized at a much smaller barium concen-
tration of >8 at.% than >35 at.% in PZT. Consequently
the slope in the pyrochlore-perovskite diphasic compo-
sition range was much steeper in the former system.
The rather sluggish increase in the BPZT system can
be accounted for by the stronger covalency of PZT,
which is evident from the smaller END value of X1,_0,
as compared with that of Xnp-o [32].

Lattice parameter changes in the BPZN and BPZT
systems are presented in Fig. 3. Both parameters of
the pyrochlore and perovskite structures are shown
below the threshold barium concentrations, whereas
only the perovskite values are plotted above the dipha-
sic composition ranges. Fairly linear relationships in
the perovskite parameters above the threshold concen-
trations in both systems indicate formations of per-
ovskite solid solutions. It is interesting to note that
overall perovskite parameters in the BPZN system
were larger than those in BPZT, despite identical sizes
of Nb and Ta [22]. Similar cases of larger param-
eters in the Nb-containing complex perovskite com-
pounds (as compared with the tantalates) could also
be found in the cases of Pb[Lij 4(Nb/Ta)3,4]03 [33],
Pb[Mg/3(Nb/Ta);,3]03 [34], Pb[Fe;,»,(Nb/Ta);,2]0;3
[35-37], Pb[Scy/2(Nb/Ta) 2103 (JCPDS #43-134, 43—
135), etc. From such instances, it is likely to conclude
that ionic size of Ta is actually somewhat smaller than

that of Nb (at least in the lead-based complex perovskite
structure), in contrary to the identical values reported
[22].

Lattice parameters of BZN and BZT were calculated
to be 0.4094 and 0.4093 nm, which are almost identi-
cal to the reported value of 0.40935 nm (JCPDS #39-
1474) and 0.4092 nm (JCPDS #29-203), respectively.
For ready comparison, hexagonal lattice parameters of
BZT were converted to a cubic one by taking a cube root
of the unit cell volume. Meanwhile, lattice parameter of
perovskite PZN (as extrapolated from the linear region
above the threshold concentration) is 0.4058 nm, which
is close to a reported value of 0.4062 nm (JCPDS #22—
662). On the other hand, similarly-obtained parameter
of hypothetical perovskite PZT, 0.4050 nm, cannot
be compared with any value at the moment due to
unavailability. The estimation can, however, be still
used as a prediction, if ever perovskite PZT be syn-
thesized by whatever means. Lattice parameters of the
pyrochlore structure developed in the Pb-Zn-Nb-O and
Pb-Zn-Ta-O compositions (i.e., y =0.0) were 1.0600
and 1.0596 nm, respectively, which are also close to
the reported values of 1.06017 nm (JCPDS #34-374)
and 1.05983 nm (JCPDS #34-395). The parameter of
the Ta-containing pyrochlore is also smaller than that
of the niobate, as in the parameters of the perovskite
systems.

Moreover, increasing rate of perovskite lattice
parameters of 3.52 pm/Ba fraction (0.1 <y <1.0) in
the BPZN system is somewhat smaller than 4.25 pm/Ba
fraction in BPZT (0.4 < y < 1.0). Hence, difference in
the parameter of up to 0.5 pm between the two sys-
tems at y = 0.4 decreased to 0.1 pm at y = 1.0, in spite
of the same changing rates in the tolerance factors
in both systems. Similar instances of smaller differ-
ence in the perovskite lattice parameters, when pen-
tavalent B” cations are either Nb or Ta, are also found
in (Pb/Ba)(Scl/zB’l’/z)Og (JCPDS #43-135, #43-134,
#24-1032, #19-134), whose parameters lead to 3.9 and
4.3 pm/Ba fraction for the niobate and tantalate com-
pounds, respectively. The two slopes are comparable
to the values obtained in the BPZN and BPZT sys-
tems, even though fractions of Nb (or Ta) in the octa-
hedral components are somewhat different: 1/2 vs. 2/3,
1.e., 3 : 4. Such decreases in the difference of the lattice
parameters with increasing A-site cation sizes can be
explained by considering relative sizes of the 6- and 12-
fold ions. Influence of the size difference in the B-site
octahedral lattice to the unit cell dimension is compar-
atively greater when A-site components are smaller,
i.e., at Ba-poor compositions or low values of y in the
present study. In contrast, the effect would be rather
diluted in larger A-site cases of higher y or Ba-rich
compositions.

The nearly-constant decreasing rates in the per-
ovskite parameters with increasing lead concentra-
tions in the monophasic perovskite ranges suddenly
became considerably smaller at Pb-rich compositions
near the threshold barium concentrations in both sys-
tems. The changes in the slope can possibly be ex-
plained by preferential consumption of Pb compo-
nent in the pyrochlore formations, thus resulting in
the coexisting perovskite phases of richer in Ba than
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Figure 4 Frequency-dependent dielectric constant spectra of y =0.08
(BPZN) and y =0.25 (BPZT).

nominal compositions, which would lead to expan-
sion of the unit cell. Meanwhile, lattice parameter ra-
tios between the pyrochlore and perovskite structures
(@pyro./@peroy.) in the two systems are nearly constant
to be 2.610-2.612, which are in excellent agreement
with those of earlier reports for Pb(B’, Nb/Ta)O3 com-
pounds [30, 31], regardless of the B’ species. Similar to
the cases of the perovskite, lattice parameters of the py-
rochlore also showed definite bending points at compo-
sitions somewhat below the threshold concentrations.

Dielectric constant spectra of representative compo-
sitions y = 0.08 (BPZN) and y = 0.25 (BPZT) are con-
trasted in Fig. 4. Typical diffuse modes in the phase tran-
sition, associated with frequency-dependent dielectric
relaxation (i.e., gradually-decreasing maximum dielec-
tric constants and increasing dielectric maximum tem-
peratures, as the measurement frequency increased), are
well demonstrated. Maximum dielectric constants and
dielectric maximum temperatures of the BPZN system
(y =0.08) are 10,400 (56°C), 10,100 (61°C), 9,600
(68°C), and 9,000 (76°C) at 1 kHz, 10 kHz, 100 kHz,
and 1 MHz, respectively, while those of the BPZT sys-
tem (y =0.25) are 695 (—123°C), 685 (—119°C), 675
(=107°C), and 660 (—93°C) at the same frequency
decades.

Variations of the two dielectric parameters in the
two systems are plotted in Fig. 5. As for the maxi-
mum dielectric constants, a peak value of 9,000 was
observed at y = 0.08 in the BPZN system, whereas the
value was only 660 at y =0.25 in BPZT. The marked
difference in the dielectric constant values between the
BPZN and BPZT systems is believed to be attributed,
at least in part, to the less active role of tantalum (which
would favor the covalent bonds, as discussed previ-
ously) in the development of spontaneous polarization
and also to the much higher threshold barium concen-
tration in the BPZT system. Asymptotical decreases
in the maximum dielectric constants with barium sub-
stitution in the two systems are also reported in (Ba,
Pb)(Mg; 3Nb;,3)O03 [20, 38], which can be accounted
for by the gradual loss of long-range dipole interac-
tion with replacements of Pb by Ba. Unlike the varia-
tions of the maximum dielectric constant, changes in
the dielectric maximum temperatures were rather lin-
ear. However, the dielectric maximum temperatures in
the BPZT system were much lower than those of BPZN,
as is well reported [1, 30, 39]. Besides, the temperature
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Figure 5 Dependencies of the maximum dielectric constant and dielec-
tric maximum temperature upon composition.

difference between the two systems at the same barium
content became gradually smaller from 86°C (y =0.2)
to 62°C (y =0.4) and 36°C (y =0.6).

4. Summary

Without any barium substitution, only a pyrochlore
structure (along with negligible amounts of PbO and
Zn0O) was detected in the Pb-Zn-Nb-O and Pb-Zn-Ta-
O mixtures of perovskite stoichiometries. In contrast,
perovskite was the only structure developed at 0.08 < y
and 0.35 <y in the BPZN and BPZT systems, respec-
tively, i.e., threshold barium concentration (required
for complete stabilization of the perovskite structure)
is much smaller in the BPZN system than in BPZT.
Meanwhile, pyrochlore and perovskite structures coex-
isted at intermediate compositions below the threshold
barium concentrations. Comparative difficulty in the
stabilization of the perovskite structure in the BPZT
system was explained by the stronger covalency of Ta-
O over Nb-O. Lattice parameters of the pyrochlore and
perovskite structures increased with increasing amount
of substituent barium in general, but changing rates
in the perovskite were different below and above the
threshold concentrations. Lattice parameters of the per-
ovskite BZN and BZT were calculated to be 0.4094 and
0.4093 nm, while those of perovskite PZN and hypo-
thetical PZT were extrapolated to be 0.4058 and 0.4050
nm, respectively. Highest values of the maximum di-
electric constant in both systems were observed at
compositions slightly below the threshold barium con-
centrations (i.e., 9,000 at y =0.08 and 660 at y =0.25
in the BPZN and BPZT systems), but the maximum
value in the BPZN system is much higher than that
in BPZT.
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