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A slight deviation from the compositional stoichiometry in both A-site and B-site deficient
perovskites Ba(M2+

1/3 Nb2/3)O3 (M – Co, Zn, Mg) was found to promote cation ordering
processes in studied materials. The highest magnitudes of the Qxf product have been
obtained in the non-stoichiometric BCN (Qxf = 90 000 GHz), and BMN (Qxf = 150
000–200 000 GHz). A significant “extrinsic” contribution to the microwave dielectric
loss has been found in Co and Mg -containing perovskites. Possible structural factors
responsible for the variation of the Q-factor in studied systems have been discussed.
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1. Introduction

Dielectric materials with high permittivity (ε) and low dielectric loss (tg δ) in the microwave
(MW) range are frequently used in the communication technique for the production of pas-
sive MW components like dielectric waveguides, mounting, dielectric antennas or dielectric
resonators [1]. At the present time, with expanding working frequencies of wireless com-
munications towards millimeter wavelength range, the extremely low dielectric loss in the
MW range (high quality factor Q = 1/tgδ) of a material becomes the main factor responsible
for high selectivity of MW devices [1, 2]. During the last decades the complex perovskites
Ba(A2+

1/3B5+
2/3)O3 (A2+ = Mg, Co, Zn; B5+ = Ta, Nb) have been generally considered as

the most promising candidates to obtain the product Q × f ≥ 100 000 GHz [2–5]. The
main characteristic feature of the high-Q perovskites Ba(A2+

1/3B5+
2/3)O3 is the presence of 1:2

ordered superstructure in their B-sublattice, which comprises single layers of A2+ cations
alternating with double layers of B5+ cations perpendicular to the <111> direction of
the pseudocubic cell [5–7]. It is well established that B-site cation ordering in complex
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perovskites has a significant influence on the dielectric losses (Q-factor) at microwave
frequencies [7–9]. Usually, long-time sintering and annealing are required to ensure a high
degree of the cation ordering in the perovskites Ba(A2+

1/3B5+
2/3)O3 [2–5, 7–9]. However, the

ordering processes can be significantly promoted by the changes in chemical composition
of a material, that is observed, for instance in BaZrO3 doped Ba(Zn1/3Ta2/3)O3 (BZT) [7].
Davies et all have found that the formation of 1:2 ordered structure in these materials starts
in small-size domains distributed in the disordered matrix [7]. They have shown the impor-
tant role of Zr4+ in the stabilization of domain walls that facilitates ordering processes in a
material, and hence improves its Q-factor magnitude. Similar improvement in the Q-factor
has been also observed in the Ba(Zn1/3Nb2/3)O3 (BZN), and Ba(Mg1/3Nb2/3)O3 (BMN)
perovskites with the non-stoichiometric composition, and ascribed to the enhancement of
the ordering degree [9, 10]. However, excepting the BZN perovskites, the data related to
the effect of compositional non-stoichiometry on the properties of 1:2 perovskites are often
contradictory, and we are still far from the highest values of the Q-factor which can be
obtained in the Ba(A2+

1/3B5+
2/3)O3 materials. Moreover, one may conclude that, in addition to

the cation ordering other factors like lattice and microstructure defects or secondary phases
may contribute to the Q- variation in the non-stoichiometric systems. This is especially
relevant in the case of complex niobates Ba(A2+

1/3Nb2/3)O3 which generally demonstrate
larger scattering in properties comparing to their tantalate based analogues.

Therefore, the main goal of this paper is to summarize and discuss some composition-
derived changes in the microstructure, ordering degree, and the Q-factor of selected high-Q
niobate based perovskites with the non non-stoichiometric composition.

2. Experimental Procedure

All studied materials have been produced by the conventional two-step mixed-oxide route.
The starting reagents were extra pure MgO, Co3O4 (99.95%), Nb2O5 (99.9%), and BaCO3

(99.9%). At the first stage the corresponding columbites A2+
1+xNb2O6 (A2+–Mg,Co, Zn)

have been synthesized. The calcinations temperatures of the mixtures ZnO-Nb2O5, Co3O4–
3Nb2O5, and MgO-Nb2O5 have been chosen as 1000◦C, 1150◦C and 1200◦C respectively.
The soaking time was 4 hours. At the second stage the appropriate ratios of BaCO3

and corresponding columbite were ball milled again, and calcined at 1150◦C–1200◦C for
another 4 hours. The sintering was performed in air for 8 hours at the temperatures 1350◦C–
1500◦C. The phase composition and crystal lattice parameters of sintered ceramics were
examined by means of X-ray diffraction analysis (XRD) using CuKα–radiation (Model
PW 1700, Philips, Eindhoven, The Netherlands). Microstructural analysis of the ceramic
samples was performed by means of scanning electron microscopy (JEOL, JSM 5800,
Tokyo, Japan) using energy dispersive X-ray spectroscopy (EDX) and the LINK software
package (ISIS 3000, Oxford Instruments, Bucks, UK). Electron diffraction studies and
TEM microscopic investigations of the foils were performed using a transmission electron
microscope (JEOL 2000FX, JEOL, Tokyo, Japan) operating at 200 kV. Raman spectra
were taken at room temperature on Renishaw 2000 spectrometer. 514 nm line of Ar+ ion
laser was used as an excitation source. The dielectric characteristics of the materials (ε , Q,
and τf ) at frequencies around 10 GHz were examined using a cavity reflection method on
the Network Analyser PNA-L Agilent N5230A. In addition, the quality factor of studied
materials was examined within the frequency range of 40–70 GHz by means of Whispering
Gallery Mode (WGM) technique by a millimeter wave vector analyzer model 8–350-2
(courtesy of AB millimetre, Paris, France).
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Figure 1. SEM microphotographs of the etched surface of Ba3Co1+xNb2O9 samples sintered at
1470◦C (8 h): (a) x = 0, (b) x = −0.07.

3. Results and Discussion

3.1. The system Ba3Co1+xNb2O9

In this system we studied compositions corresponded to −0.15 ≤ x ≤ 0.03. Both XRD
and SEM analyses of sintered ceramics denote the formation of a single-phase material at
−0.05 ≤ x ≤ 0.03. At x < −0.05 the secondary phase Ba8CoNb6O24 with the hexagonal
perovskite structure is formed. These data have been also confirmed by more accurate WDS
analysis. The increase in the amount of secondary phase with the Co-deficiency (decrease
in x) is accompanied by a substantial decrease in the grain size of the ceramics (Fig. 1). For
instance, at x = −0.07 -when only negligible amount of secondary Ba8CoNb6O24 has been
detected- the ceramics comprises grains with the irregular size distribution within the range
of 0.5 to 7 µm. The changes in the ordering degree, which are not enough visible by XRD,
are clearly seen from the electron diffraction patterns collected along [110] of the perovskite
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Figure 2. Electron diffraction patterns collected along [110] of the perovskite subcell of
Ba3Co1+xNb2O9 samples sintered at 1470◦C (8 h): (a) x = 0, (b) x = −0.07.

subcell (Fig. 2). These data apparently demonstrate the increase in the 1:2 ordering degree
with increasing Co-deficiency. In the stoichiometric Ba3Co1+xNb2O9 (BCN) 1:2 cation
ordering is at the initial stage which involves probably mixed 1:1 and 1:2 ordering motives
(Fig. 2a). However, in the sample corresponding to x = −0.07 superlattice reflections at
(h ± 1/3, k ± 1/3, l ± 1/3) are observed along both <111> allowed directions (Fig. 2b).
It should be noted that very similar results have bee reported by Davies et al for the BZT
doped with 2.15% BaZrO3 [7]. The authors of the Ref. 7 ascribed the observed data to
the formation of a twinned ordered domain structure. In fact, Fourier transforms of the
dark-field TEM images collected from the BCN (x = −0.07) denote the presence of the
structure comprising domains with the average size of around 3–5 nanometers (Fig. 3). The
further increase in the Co-deficiency (x < −0.07)–which is accompanied by increasing
amount of secondary phase – does not result in any additional improvement in ordering.
The electron diffraction data coincide also with the results obtained from the Raman spectra
of non-stoichiometric BCN, in which we observe the decrease in the FWHM of the oxygen-
octahedron stretch mode at 780 cm−1 (Fig. 4) indicating an increase in the 1:2 ordering [11].

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
B
e
l
o
u
s
,
 
A
.
 
G
.
]
 
A
t
:
 
1
2
:
3
8
 
2
3
 
S
e
p
t
e
m
b
e
r
 
2
0
0
9



40 O. Ovchar et al.

Figure 3. Fourier transform of the dark-field TEM image of Ba3Co0.93Nb2O9 (x = −0.07) samples
sintered at 1470◦C (8 h).

Most likely, the enhanced ordering in the Co-deficient BCN similarly to BaZrO3 doped
BZT originates from the formation of a stable nano-domain structure. Taking into account
the fact that -according to TEM studies- the formation of secondary phase Ba8CoNb6O24

starts at the grain boundaries of BCN, this Co-deficient phase inhibits the grain growth of
the BCN material, and consequently contributes to the stabilization of the domain-structure.

Figure 4. Variation of the FWHM of the oxygen-octahedron stretch mode at 780 cm−1 of
Ba3Co1+xNb2O9 as a function of Co content.
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Figure 5. Qxf product of the samples Ba3Co1+xNb2O9 as a function of Co content measured at the
frequency 10 GHz and 60 GHz; MP- multiphase region, SP- single-phase region.

In accordance with the changes observed in the 1:2 ordering degree the Q-factor
of Co-deficient BCN increases with decreasing x, and attains its maximum at around
x = −0.07 when exactly the highest ordering degree was observed (Fig. 5). Therefore,
from the experimental results we can state that the improved ordering in the Co-deficient
BCN is the main factor responsible for the rise in the Q-factor. The decrease in Q which is
observed at lower x – when no further ordering improvement is observed- is probably due
to the increasing amount of secondary phase Ba8CoNb6O24.

Therefore, increasing Co-deficiency as well as the consequent formation of Co-
deficient perovskite Ba8CoNb6O24 initiates at least two mechanisms with the opposite
effect on the Q-factor of a material. On the one hand, the ordering process is improved
that leads to increase in Q whereas on the other hand, the multiphase material is formed
that leads to the decrease in Q. And, a superposition of these above mechanisms at −0.1
≤ x ≤ −0.05 results in the appearance of the Q-maximum with the product Qxf as high as
85 000–90 000 GHz that is by 40–50% higher values measured in stoichiometric BCN. This
conclusion is indirectly confirmed by the data of the WGM characterization of Co-deficient
ceramics at the frequencies of around 60 GHz when the “external” processing-derived con-
tribution to dielectric loss tends to diminish. At −0.07 ≤ x ≤ 0.03-when Q is preferably
controlled by the 1:2 ordering degree- the increasing measurement frequency does not prac-
tically affect the behaviour of Q variation (Fig. 5). At the same time, in the 60 GHz range
the Q-factor demonstrate rather weak dependence on increasing amount of Ba8CoNb6O24

(x < −0.07). It should be noted that the maximum product Qxf measured at 60 GHz was
even higher 100 000 GHz that allows one to estimate the contribution of extrinsic sources
(including structural distortions, secondary phases, grain boundaries and micropores) into
the dielectric loss as at least 20%. Therefore, we still have a possibility to improve the
Q-factor of studied materials by the further optimization of sintering process.

3.2. The System Ba3+3xMgNb2O9

When investigating non-stoichiometry in the Ba-subblatice of a BMN (the system
Ba3+3xMgNb2O9) x varied within the ranges −0.15 ≤ x ≤ 0.05. In this system the materials
are well sintered only when x ≤ 0. With the further increase in x the sintering temperature
sharply increased over 1600◦C. In the case when −0.01 ≤ x ≤ 0 sintered materials contain
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Figure 6. XRD patterns (a), and the comparison of the intensities of 1:2 ordering peak (100) on the
arbitrary 2 theta axis (b) of the selected ceramics Ba3+3xMgNb2O9 with different Ba content: B –
Mg-containing analogue of ferroelectric Ba6CoNb9O30; x –unknown phase.

only matrix perovskite phase BMN (Fig. 6a). At lower x new secondary phase appears
whose peaks coincide with those of ferroelectric Ba6CoNb9O30 with the tetragonal tung-
sten bronze (TTB) structure (Fig. 6a). However, this phase is hardly recognizable by SEM.
The reason is that probably it is distributed at grain boundaries (because of its low melting
temperature), and is pulled out when polished. In contrast to BCN and BZN perovskites all
of the studied BMN materials demonstrate good ordering (Fig. 6a).

Similarly to the data obtained for the Co-deficient BCN, the microwave quality factor
of BMN increases with increasing Ba-deficiency, and passes through maximum at x =
−0.01 (Fig. 7). However, from XRD no clear relationship can be found between ordering
degree and the product Qxf (Fig. 6b). One can only state that the ordering is suppressed
with the increase in the Ba content (x > 0) (Fig. 6b) at equal other conditions. Therefore,
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Figure 7. Qxf product of the samples Ba3+3xMgNb2O9 as a function of Mg content measured at the
frequency 10 GHz and 60 GHz; MP- multiphase region, SP- single-phase region.

Figure 8. SEM microphotographs of the polished surface of Ba3+3xMgNb2O9 (a) x = 0; (b) x =
−0.01.
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this question requires the further investigation. Probably, in the well ordered BMN the
variation in Q can derive from the microstructural characteristics. In fact, our preliminary
results show that the less porous structure (Fig. 8b) corresponds to the highest product Qxf
of 150 000 GHz. At the same time Qxf as high as 120 000 GHz has been obtained in highly
porous ceramics with stoichiometric composition (Fig. 8a). It should be also noted that at
the frequency of around 60 GHz the product Qxf of Ba-deficient BMN (x = −0.01) was as
high as 185 000 GHz that correspond to the maximum values of the Q-factor which can be
obtained in this system.

Deriving from the already obtained results it is possible to define several competing
factors which are mainly responsible for the variation of the Q-factor in non-stoichiometric
BMN materials Ba3+xMgNb2O9 namely (a) high degree of 1:2 cation ordering, and (b)
the formation of undesirable secondary phase (Mg-containing analogue of ferroelectric
Ba6CoNb9O30). And, the effect of the latter factor can in many cases prevail over the effect
of ordering process.

4. Conclusions

The microstructure, phase composition and the microwave quality factor of the perovskites
Ba(A2+

1/3Nb2/3)O3 (A2+ = Co, Mg) are to a large extent effected by a deviation from
stoichiometric composition. In the non-stoichiometric BCN the deficiency in Co initiates
at least two mechanisms with the opposite effect on the Q-factor of a material: improved
ordering that leads to increase in Q, and formation of multiphase material that leads to
the decrease in Q. A superposition of these competing mechanisms at −0.1 ≤ x ≤ −0.05
results in the appearance of the Q-maximum with the product Qxf as high as 85 000–90
000 GHz that is by 40–50% higher values measured in stoichiometric BCN. Measurement
of the Q-factor of Co-deficient BCN over the wide frequency ranges allowed us to estimate
the contribution of extrinsic sources (including structural distortions, secondary phases,
grain boundaries and micropores) into the dielectric loss as at least 20%. In the Ba-deficient
BMN the Q-factor is determined by the competing effect of the improved 1:2 ordering and
the formation of small-size inclusions of the ferroelectric phase with tetragonal tungsten
bronze As a consequence, the highest magnitudes of the Qxf product have been obtained
in the Co-deficient BCN (Qxf = 90 000–100 000 GHz) and in Ba-deficient BMN (Qxf =
150 000–185 000 GHz).
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