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Abstract

Complex perovskites (BaMg oM/ 1)0.08403 (M=Ti, Zr; M’=Nb, Ta) were prepared by a solid-state reaction at 1300 — 1600 °C. High-
resolution synchrotron X-ray powder diffraction confirmed that all samples, except for MM’ =ZrNb, could form a solid solution single
phase. All four samples appear to have empty d bands with optical band gaps wider than 3.2 eV. This suggests that the defects generated by
the aliovalent substitutions of M**/M’>* were compensated by cation vacancies, not by reduction of the transition metal. In contrast to
tetragonal and polar BaTiOs, its derivatives (BaTiypoM’y 1)0.08403 (M'=Nb, Ta) were stabilized in a simple cubic average structure (space
group Pm3 m) at room temperature. Such structural and compositional modifications of BaTiO5 led to marked evolution of the dielectric
behavior: suppression of the temperature-dependent phase transitions and an increase in the dielectric constant. On the other hand,

(BaZrg 9Tag 1)0.08403 remained isostructural to BaZrO; and the dielectric properties remained relatively unchanged.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Perovskite oxides with ¢ transition metals (Ti*", Zr**,
Nb’*, Ta’*, etc.) have attracted considerable attention owing
to their diverse functions as semiconductors, dielectrics, piezo-
electrics, ionic conductors and catalysts [1,2]. Barium titanate
(BaTiOj), in both undoped stoichiometric and doped non-
stoichiometric forms, is one of the most studied perovskite
materials owing its unique properties, such as ferroelectricity
and phase transitions [3]. A range of doping strategies have
been adopted to tailor the crystal structure and electrical/
optical properties of BaTiO;. On the other hand, barium
zirconate (BaZrOj;) has attracted attention as a paraelectric
insulator with excellent thermal (melting point &~ 2700 °C) and
chemical stability, as well as a small temperature coefficient of
the dielectric constant [4].

This study compared the crystal structures and dielectric
properties of (BaMy oM’ 1)0.08403 with those of BaMOs.
In particular, aliovalent substitutions in BaMO3; (M =Ti, Zr)
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using group 5B metals (M'=Nb, Ta) as substituents were
investigated. In contrast to conventional M**/M’>" sub-
stitutions in BaMOj [5], the compositional ratio was set to
Ba:(M+M’)=1:1, so that vacancies can be generated on
both the octahedral and dodecahedral sites of the perovskite
lattice. The substitution level was fixed to 10%. As the
perovskite lattice does not allow interstitial oxygen, the
substitution products can be represented as (BaMggq
M’0.1)0.08405 rather than BaMy oM’ 103 5. From a compar-
ison of the six-coordinate ionic radii of Ti** (0.605 A), Zr*+
(0.72 A), Nb>* (0.64 A) and Ta>* (0.64 A) [6], it is expected
that the partial substitution of Nb (or Ta) for Ti (or Zr)
should introduce substantial local geometric distortion in the
lattices of tetragonal BaTiO; or cubic BaZrOj3, which should
affect the dielectric behavior.

2. Experimental
2.1. Sample preparation

Simple perovskites, BaMO; (M =Ti, Zr), and quatern-
ary complex ones, (BaM oM’ 1)003403 (M'= Nb, Ta),
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Table 1
Nominal composition and heating conditions of the samples.

Sample Cation composition Final heating
BTO Ba:Ti=1:1 1300 °C, 12 h
BTNO Ba:Ti:Nb=1:0.9:0.1 1350 °C, 12 h
BTTO Ba:Ti:Ta=1:0.9:0.1 1350 °C, 12 h
BZO Ba:Zr=1:1 1550°C, 12 h
BZNO Ba:Zr:Nb=1:0.9:0.1 1600 °C, 12 h
BZTO Ba:Zr:Ta=1:0.9:0.1 1550 °C, 12h

were prepared in polycrystalline form using a high-
temperature solid-state process with BaCO; (Alfa, 99.95%),
TiO, (Aldrich, 99.99%), ZrO, (Aldrich, 99%), Nb,Os
(Alfa, 99.9985%) and Ta,Os (Alfa, 99.85%) as the starting
materials. The powder reagents were mixed at the required
quantitative ratio of metal components, and heated to 900 °C
for 12 h. The calcined powder was pressed into pellets and
heated to a designated temperature point between 1200 and
1600 °C for 6h. The heating procedure was repeated
4-8 times, increasing the dwell temperature stepwise, until
there was no improvement in the phase purity. Table 1 lists
the abbreviated sample notations and corresponding pre-
paration conditions.

2.2. Characterizations

X-ray powder diffraction (XPD) was used to monitor
the reaction progress and determine the crystal structure of
the products. High-resolution synchrotron XPD was per-
formed at Beamline 8C2 of the Pohang Accelerator
Laboratory, Korea, which provided parallel beam radia-
tion of A=1.550 A. The data was recorded in reflection
mode at room temperature over the 26 range, 10— 130°, at
0.01° 260 steps per 3s. For crystal structure refinement,
Rietveld analysis was performed using the GSAS-GUI
software suite [7,8]. The microstructure of the fractured
surface of the pellet samples was observed by field-
emission scanning electron microscopy (FE-SEM; S-4700,
Hitachi).

Diffuse-reflectance absorbance spectroscopy was con-
ducted in a double-beam spectrometer (Neosys-2000,
Scinco) equipped with a 35 mm integrating sphere. The
reflectance (R) was measured over the wavelength range,
200—800 nm (6.20 — 1.55 eV), using BaSO, as the reference
standard. The measured R value was converted to a
Kubelka—Munk function [9] from which the band gap
energy (E,) was estimated [10].

The dielectric properties were measured using a LCR
meter (HP4284A) for the frequency range, from 20 Hz to
1 MHz, where pellet specimens with =~ 20% porosity were
used. The samples were loaded in a closed cycle refrigerator
(CCR) with a high-temperature option (CCS-400/202, Janis,
USA) at temperatures ranging from — 223 °C to 227 °C.

3. Results and discussion

Fig. 1 compares the XPD patterns of all six samples
listed in Table 1. The simple perovskites BTO and BZO
presented the patterns that correspond well to the respec-
tive room temperature crystal structures [3,4]. Solid solu-
tions, BTNO, BTTO and BZTO, were obtained as a single
phase by heat treatment at 1350 °C (M =Ti) or 1550 °C
(M=Zr). In each case, BasM';0;5 (M'=Nb or Ta)
appeared as an intermediate phase at lower heating
temperatures. On the other hand, BZNO did not reach a
single phase according to XPD but was fractionated into
two cubic phases with different cell parameters.

Both BTNO and BTTO had cubic symmetry on average,
in contrast to the parental BTO. It is well known that
BaTiO; has an oversized octahedral cavity for Ti**, which
eventually leads to tetragonal distortion and an acentric
crystal lattice at room temperature. Above result shows
that the incorporation of larger substituents, Nb>* or
Ta’", into BaTiO; stabilizes the cubic structure at room
temperature. The cell parameters were determined from
Rietveld refinements over the 260 range, 10— 130°, and are
listed in Table 2. The lattice volumes of BTNO and BTTO
were larger than those of BTO, which is in accordance with
the relative sizes of Ti*"™ and substituent ions.
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Fig. 1. XPD patterns of the titanate (BTO, BTNO, BTTO) and zirconate
(BZO, BZNO, BZTO) samples.
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Table 2

Space groups and cell parameters from the Rietveld refinement.

Sample Space group aA) ¢ (A) V(A%
BTO Pdmm 3.99410(1) 4.03598(2) 64.385(1)
BTNO Pm3m 4.02126(2) 65.026(1)
BTTO Pm3m 4.02224(1) 65.074(1)
BZO Pm3m 4.19368(1) 73.754(1)
BZTO Pm3m 4.18778(4) 73.443(2)

-
5.00um

m= 1 um

Fig. 2. SEM images of the fractured pellet surface of (a) BTO, (b) BTNO, (c) BTTO, (d) BZO, (¢) BZNO, and (f) BZTO.

From BZO to BZTO, there was no symmetry transition
but only slight lattice contraction. On the other hand, the
diffraction peaks of BZTO were broadened remarkably
compared to those of BZO. This suggests that the random
distribution of Zr**, Ta’" and vacancy (O) over the
octahedral sites causes a decrease in the coherent crystallite
size and an increase in micro-strain in the lattice, which is
normal in solid solution systems [11]. Interestingly, BTNO

and BTTO showed considerably less peak broadening,
suggesting that they formed solid solutions with minimal
disruption of lattice continuity.

Fig. 2 shows the microstructure of the sintered samples.
The titanate samples tended to have a much larger particle
size and higher density than the zirconate samples. The
dopant effects on the microstructural evolution appear
rather opposite in the two systems; Nb and Ta doping
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Fig. 3. Ultraviolet—visible absorbance spectra of (a) titanate and (b) zironate
samples. The insets show the wide-range views.
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Fig. 4. Temperature-dependent « of the titanate samples, at 100 kHz. The

inset shows x(7) of BTNO measured at 1 kHz, 10 kHz, 100 kHz and
1 MHz.

increase the density and grain growth of BTO but decrease
those of BZO.

The results suggest that the bonding characteristics of
octahedral cations can affect solubility, crystallization and
sintering. Because more electronegative cations are more
prone to second-order Jahn—Teller distortion [12], they can
tolerate better the local geometric distortions induced by
the solid solution process. The facile crystallization of
BTO, BTNO and BTTO can be attributed largely to Ti.
The highly electropositive nature of Zr is responsible for

the poor crystallization of BZTO and the failure to form a
single phase of BZNO.

The absorbance spectra were recorded to determine the
electronic structure of solid solution phases. As presented
in Fig. 3, all samples exhibited inter-band transitions in the
ultraviolet region. Although the BTO sample showed a
direct gap transition with E;=3.2eV, BTNO and BTTO
had larger E, values of 3.25eV and 3.35 eV, respectively.
Similarly, the E, of BZTO (4.8 ¢V) was larger than that of
BZO (4.25 eV). No indication of the reduced cation species
(Ti**, Nb** and Ta**) was found. On the other hand,
reduced oxides can be formed when heat-treated in a H,
atmosphere [13].

Fig. 4 shows the temperature-dependent dielectric con-
stants, x(7) of titanates, measured at 100 kHz. Upon
cooling, BTO exhibited a paraelectric-to-ferroelectric
phase transition near 125 °C, together with additional
transitions at 17 °C and —72 °C, which correspond to
sequential  cubic-tetragonal-orthorhomic—rhombohedral
transitions. BTNO and BTTO, however, showed only
broad peaks of x(T), centered at —110 °C and —140 °C,
respectively. For both cases, the temperature of K., was
decreased gradually with the decreasing frequency, sug-
gesting relaxor ferroelectric behavior. Detailed structural
characterization in association with such a phase transition
should be performed in future studies.

In the temperature range of the present investigation, the
dielectric constants of the BZO-based solid solutions at
room temperature were similar, 25.5, 24 and 26 for BZO,
BZNO and BZTO, respectively. In all cases, the dielectric
constants increased slightly with the decreasing tempera-
ture. When the porosity of the samples (&~ 0.2) is con-
sidered using the effective medium theory [14], the true
dielectric constants can be estimated to be 35, 33 and 35.7,
respectively, which is consistent with the reported value of
BZO (38) [4]. Nb(Ta)-centered local dipoles may be
quenched within the rigid zirconate lattice, resulting in
an absence of polarization behavior.

4. Conclusions

Defect complex perovskites (BaMgoM/'q 1)0.98403 were
formed for MM'=TiNb (BTNO), TiTa (BTTO) and ZrTa
(BZTO), with simple cubic average structures. BTNO and
BTTO exhibited relaxor-like dielectric behavior arising from
cation mixing on the octahedral sites. Diffuse maxima of k(7)
were observed with K. & 4500, T(kmax) & — 110 °C  for
BTNO, and k. & 3800, T(Kax) & — 140 °C for BTTO.
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