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Abstract

In contrast to simple ternary perovskites (e.g., SrTiO3 and BaTiO3), the defect chemistry model of complex barium perovskites with general formula
Ba(B′

1/3B
′′
2/3)O3 has yet to be developed. In an attempt to gain an insight into a point defect chemistry of these compounds, we present first results

of electron spin resonance, positron annihilation spectroscopy and dielectric spectroscopy (10–100 GHz) of Ba(B′
1/3B

′′
2/3)O3, where B′ = Mg, Zn,

Ni, Co and B′′ = Nb and Ta. Both extrinsic and intrinsic defects were found in these materials. A Mn ion impurity serves as an excellent sensor for
the early stages of the B-site cation disorder and oxygen activity. Based on the several Ba(B′ B

′′
)O examples, we demonstrate that Schottky
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isorder plays a crucial role in the high temperature phase stability and dielectric loss of Ba(B′
1/3B

′′
2/3)O3 perovskites.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Over the last 30 years, considerable research activity was
edicated to the origin of the dielectric loss in the low-loss
icrowave dielectrics.1 As revealed by the FIR spectroscopy1

nd latter confirmed by the microwave studies at cryogenic
emperatures,2 the major contribution to the dielectric loss of
ommercial low-loss dielectric ceramics has an extrinsic origin.
n other words, in most cases, the losses due to the crystal imper-
ections (e.g., lattice disorder, point defects, dislocations, grain
oundaries, second phase) dominate over intrinsic loss due to
he two-phonon-difference absorption.3 Although preliminary
esults on the crystal imperfections are traditionally obtained
y the standard analytical tools, such as XRD, SEM and TEM,
he analysis of the point defects and lattice disorder at the ppm
evel in the high-Q dielectric ceramics obviously requires a novel
pproach.

Unlike the simple ternary A2+B4+O3 perovskites, the point
efect chemistry of the complex Ba(B′

1/3B
′′
2/3)O3 perovskites is

argely unknown. However, taking into account a densely packed
erovskite structure, the Frenkel defects are usually ignored

and only Schottky disorder is considered. The first-principles
calculations show that the 1:2 ordering of the B-site cations
along the 〈1 1 1〉 directions minimizes the concentration of the
underbounded oxygens in the B′ O B′ environments.4 The 1:2
ordering also leads to the expansion of the B′O6 octahedron and
contraction of the B′′O6 octahedron.5 The calculated density of
states (DOS) indicates some degree of covalent bonding between
the oxygens and the B′′ cations whereas the O B′ bonds remain
purely ionic.6 The difference in the effective charges of the B-
site cations and their bonding to oxygens in the Ba(B′

1/3B
′′
2/3)O3

compounds would result in quite different formation energies of
the B′ and B′′ vacancies. In thermodynamic equilibrium, the con-
centration of these defects would increase exponentially with
temperature.7 There is a high probability that some of these
vacancies will have an unpaired electron spin, thus making
them ESR-active. Hence, by applying spin-sensitive techniques,
it would be possible to detect and characterize trace amounts
of these lattice defects. In this contribution, we outline several
methods of analysis of the early stages of the lattice disorder in
the Ba(B′

1/3B
′′
2/3)O3 complex perovskites.
∗ Corresponding author. Tel.: +81 29 851 3354.
E-mail address: kolodiazhnyi.taras@nims.go.jp (T. Kolodiazhnyi).

2. Experiment

Samples of compositions given in Table 1 were prepared
by a solid-state method from metal oxides and carbonates of
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.09.022
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Table 1
Positron lifetime data of the Ba(B′

1/3B
′′
2/3)O3 compounds

Symbol τ1 (ps) τD (ps) ID (%) τav (ps) τb (ps) κ (ns−1)

BNT 164 292 27 201 186 0.727
BNN 166 300 30 208 191 0.808
BMT 183 317 34 231 214 0.792
BMN 182 303 27 217 205 0.595
BZT 159 280 46 217 198 1.25
BZN 183 273 36 218 208 0.653

99.99% purity. The mixtures were calcined at 950–1200 ◦C in
air for 20 h. The obtained powders were milled for 24 h, pressed
into pellets and sintered at 1290–1700 ◦C in air or forming
gas (7% H2/93% Ar). Dielectric properties were measured at
10 GHz (TE01� mode) using HP 8510 vector network analyzer
and at 20–100 GHz (WGE and WGH whispering gallery modes)
using an ABmillimetre vector network analyzer. The whisper-
ing gallery modes (WGM) technique employed for the dielectric
characterization of the samples is an extension of the approach
discussed in reference.8 A detailed analysis of this millimeter
wave WGM spectroscopy will be presented elsewhere. Mag-
netic susceptibility of selected samples was measured in the
5–300 K range by means of superconducting quantum inter-
ference device, SQUID (Quantum Design). The electron spin
resonance (ESR) studies were performed on Bruker ELEXSYS
E580 X-band ESR spectrometer (courtesy of Bruker-Biospin,
Tsukuba). For comparative ESR analysis, the weight of the
powdered samples was kept at 50 ± 0.1 mg. The measurements
were performed in the frequency range of 9.8–9.9 GHz at a
constant microwave power of 2 mW. Positron annihilation spec-
troscopy (PAS) was carried out using a conventional fast-fast
lifetime spectrometer with a time resolution (FWHM) of 240 ps.
A 30 mCi 22Na positron source was used in a conventional
Al-foil arrangement. Each spectrum contained 6 × 106 counts
and was analyzed using the program POSITRONFIT. The data
presented in Table 1 are averages of typically four separate
r
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Fig. 1. Room temperature ε′ and tan δ of Ba(Mg1/3Ta2/3)O3. The SMM data are
from reference.10 The FIR data are from references.11–13

dielectric resonator, the change in the slope of the tan δ ver-
sus frequency from 0.49 to 1.0 at ca. 70–80 GHz indicates that
intrinsic dielectric loss in the well processed Ba(Mg1/3Ta2/3)O3
takes over extrinsic one above 80 GHz. Extrapolation of the FIR
data of Sagala12 down to the 10–300 GHz seems to agree fairly
well with both the sub-millimeter data of Petzelt10 and our mil-
limeter data of the WGHn,0,0 whispering gallery modes, where
3 ≤ n ≤ 15. The only disadvantage of the factorized representa-
tion of the dielectric function is an erroneous (negative) value
of the tan δ that often appears in the part of the extrapolated
region.12,13

With an exception of the Ni- and Co-containing dielectric
resonators that show strong paramagnetism, the rest of the
dielectrics studied here are normally diamagnetic. Any devi-
ation from the temperature independent diamagnetic behavior
would indicate that the material contains lattice defects with a
non-zero magnetic moment. The effect of sintering temperature
on the molar magnetic susceptibility, χm of Ba(Mg1/3Ta2/3)O3 is
shown in Fig. 2. A strong temperature-dependent contribution to

F
B

uns.

. Results and discussion

It is accepted that the lowest limit of the dielectric loss at the
icrowave (MW) frequency (10 GHz) can be estimated from

he extrapolation of the tan δ from the far infrared.9 It is specu-
ated that this method allows fast screening of the DR candidates
ypassing a time consuming optimization of ceramics. How-
ver, this approach suffers from the two major drawbacks. First,
t appears to be not accurate enough due to the extrapolation
ver the 2–3 decades of frequency, and second, it still requires
ell processed ceramics with negligible extrinsic dielectric loss

t the far infrared.10

Fig. 1 shows frequency dependence of the room tempera-
ure dielectric properties, i.e. ε and tan δ of Ba(Mg1/3Ta2/3)O3
BMT) ceramics. The MW and millimeter data were obtained
rom the same dielectric material. The SMM data of Murata
eramics at 300 GHz were taken from reference.10 As revealed
rom our millimeter data obtained from the whispering gallery
ig. 2. Effect of processing temperature on the molar magnetic susceptibility of
a(Mg1/3Ta2/3)O3.
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Fig. 3. Room temperature ESR spectra of Ba(Mg1/3Nb2/3)O3 processed at var-
ious temperatures. The spectrum of the BMN annealed in the forming gas is
shifted down for clarity.

the χm comes from the paramagnetic lattice defects at the low-
temperatures. The concentration of the lattice defects increases
exponentially with processing temperature and so does the low-
temperature χm. At sufficiently high temperatures, χm levels off
at ca. −49.6 × 10−6 cm3/mol. The calculated molar magnetic
susceptibility14 of BMT is −78.3 × 10−6 cm3/mol which is sig-
nificantly lower than the measured value. This result is in accord
with the first-principles calculations6 showing that the purely
ionic picture of BMT is not valid and some covalent bonding
between the O-2p and Ta-5d orbitals generate additional para-
magnetic contribution to the χm.

The room temperature ESR signals associated with
the paramagnetic lattice defects were detected in all but
Ba(Co1/3Nb2/3)O3 samples. The BMT and BMN spectra showed
a qualitatively similar behavior and only the ESR spectra of
BMN are discussed here. The effect of processing temperature
and the annealing atmosphere on the ESR spectra of the BMN
is shown in Fig. 3. There is a progressive increase of the ESR
singlet with a giromagnetic constant of g = 1.997 as a process-
ing temperature increases from 1000 to 1500 ◦C. Development
of the g = 1.997 signal is also accompanied by the appearance
of the Mn2+ sextet in the spectra. Mn was present as a trace
impurity in the precursors. Annealing of BMN in the form-
ing gas removes the central ESR feature and also significantly
enhances the Mn2+ signal. At high oxygen partial pressure, Mn
has an oxidation state of +4 and occupies the B′′ sites of the
B
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Fig. 4. Room temperature ESR spectra of Ba(Ni1/3Nb2/3)O3 processed at vari-
ous temperatures and atmospheres.

the g = 1.997 signal is associated with a singly ionized barium
vacancy.

The ESR spectra of the Mott-Hubard insulators, BNT and
BNN, revealed somewhat different behavior of the lattice
defects. In the case of BNN, strong and broad ESR signal
associated with the Ni3+ impurity progressively increases with
processing temperature from 800 to 1350 ◦C (Fig. 4). In contrast
to BNN, the relatively weak Ni3+ signal increases in BNT only
up to T ≈ 1400 ◦C (Fig. 5). At higher processing temperature, the
Ni3+ signal decreases which is accompanied by the appearance
of a new singlet at g = 2.000. Obviously, the g = 2.000 lattice
defect that develops at higher temperatures suppresses the con-
centration of Ni3+ in BNT. This may partially explain much
higher Q-values of the BNT as compared to the BNN.15 More
results on the ESR spectroscopy of the Ba(B′

1/3B
′′
2/3)O3 com-

pounds will appear in a separate publication.

F
t

a(B′
1/3B

′′
2/3)O3 compounds. An increase in the Mn2+ signal at

igher processing temperatures indicates that Mn starts to sub-
titute the B′ cation. High-temperature reduction of ceramics at
ow oxygen partial pressure further increases the concentration
f Mn2+ via the formation of the [Mn2+

NbVÖ] complex. The para-
agnetic center with g = 1.997 is ascribed to the lattice defect
ith a trapped hole. Upon reduction of ceramics, the g = 1.997

ignal disappears due to the upward shift of the Fermi level. Our
reliminary study on the non-stoichiometric BMN indicates that
ig. 5. Room temperature ESR spectra of Ba(Ni1/3Ta2/3)O3 processed at various
emperatures.
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The positron annihilation relies on the fact that positrons
become trapped at neutral and negative vacancies due to the
missing positive charge of the ion cores. The reduced valence
and core electron densities at vacancies increase the positron
lifetime and narrow the positron–electron momentum distribu-
tion. Although it is quite difficult to decompose the positron
lifetime spectra for a multi-defect systems, our PAS data show
the presence of significant amount of vacancy defects in all stud-
ied Ba(B′

1/3B
′′
2/3)O3 compounds (see Table 1). According to the

PAS data, the zinc containing compounds show the largest con-
centration of the open volume lattice defects (ID = 46% for BZT
and ID = 36% for BZN). The BZT also shows the highest trap-
ping rate (κ = 1.25 ns−1). As expected, the bulk positron lifetime
of the Ba(B′

1/3B
′′
2/3)O3 compounds increases linearly with the

square root of the lattice constant from 186 to 208 ps with the
only exception of the BMT. More accurate determination of the
PAS parameters for non-stoichiometric samples is under way.

In conclusion, we have demonstrated that the early stages of
the lattice disorder in the Ba(B′

1/3B
′′
2/3)O3 compounds, where

the concentration of the lattice defects is still at the ppm level,
can be detected and characterized by the several highly sen-
sitive techniques including SQUID, ESR and PAS. We found
that all studied compounds contain substantial amount of the
lattice vacancy defects, some of them containing unpaired elec-
tron spin. The absence of the room temperature ESR signal in
the Ba(Co Nb )O compound may be attributed to the short
s
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