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This paper summarizes the synthesis and properties of the materials based on the columbites A1+x
2+ Nb2O6+x �A2+ = Mg, Co, Zn� in

the vicinity of their stoichiometric composition. The evolution of the phase composition, microstructure, and microwave dielectric
properties of the studied materials have been considered with respect to different sintering atmospheres �air and oxygen�. The
correlation between the data obtained by electron microscopy, positron lifetime spectroscopy, and microwave characterization at
the frequencies of 10 and 50–70 GHz has been presented and discussed. The A-site deficiency �x � 0� always leads to the
formation of the secondary Nb-rich phase in the columbite matrix, which significantly deteriorates the microwave quality factor
�Q� of the sintered materials. In contrast, the Nb deficiency improves the microstructure of the ceramics but initiates the formation
of A2+-rich secondary phases. The competing effect of these factors results in the nonlinear variation Q�x�. The resulting magni-
tudes �Qxf� attain values of 100,000–120,000 GHz depending on the A2+ ion and sintering atmosphere.
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Binary niobates A2+Nb2O6 �A2+ = Mg, Co, Zn� with the colum-
bite structure exhibit excellent dielectric properties at microwave
�MW� frequencies.1-3 Moreover, they are generally used as precur-
sor phases for the synthesis of complex perovskites including both
the relaxors Pb�A1/3

2+ Nb2/3�O3
4 and the high Q dielectrics

Ba�A1/3
2+ Nb2/3�O3.5 Even though the columbites demonstrate rather

poor temperature coefficients of the resonant frequency ��f is around
�70 ppm/C�, their high quality factor �the product Qxf reaches
80,000–90,000 GHz in Mg- and Zn-containing materials1,3� together
with the moderate dielectric constant �� = 20–23� make them prom-
ising candidates for applications in MW engineering. This is particu-
larly relevant with the current tendency to expand the operating
frequency ranges of MW wireless communications toward the mil-
limeter wavelength band, where materials with a moderate � and
extremely high Q are required.6 However, the MW dielectric prop-
erties, especially the MW dielectric loss �tan � = 1/Q�, of the
columbites are to a large extent sensitive to the precursors and the
materials’ processing.3,4,7 For instance, changes in both starting re-
agents and sintering temperatures of the stoichiometric cobalt nio-
bate �CoNb2O6� have resulted in differences by a factor of 2 in its
quality factor.3,8 One may expect even more prominent effects of the
processing regimes on the properties of zinc niobates �ZnNb2O6�
because of the possible zinc loss during sintering. In the magnesium
niobates �MgNb2O6�, in which only a negligible Mg evaporation is
expected at sintering temperatures of around 1300°C, an increase in
the annealing time of up to 50 h resulted in a noticeable improve-
ment �by 20%� in the magnitude of the Q-factor.3 Moreover, the
authors of this study have found a significant increase in Q of the
columbites with the compositions slightly deviated from
stoichiometry.8,9 More recently, all of the data on the columbites’
properties have been summarized in a comprehensive review denot-
ing a substantial variation in their Q-factor magnitudes.10 However,
the reasons for the above listed phenomena have not yet been re-
ported. Nevertheless, from the available data it is evident that even
slight structural changes may result in a significant variation of the
properties of columbite niobates. One may only assume that the
observed variations in the properties of columbite-based materials
originate from both “extrinsic” and “intrinsic” factors. The so-called
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extrinsic factors comprise various materials’ inhomogeneities �po-
rosity, lattice defects, etc.�, which derive from the processing. With
increasing measuring frequency, their contribution to dielectric loss
becomes less important compared to that of the intrinsic sources,
which are determined by the crystal structure and which are propor-
tional to frequency and permittivity.11 In this connection, by mea-
suring the dielectric loss over the wide frequency range beginning
from centimeter waves up to the millimeter and even the submilli-
meter wavelength band, it is possible to evaluate and separate the
respective contributions of every source to the total loss.12 One of
the simplest and most efficient ways to characterize materials in the
millimeter and submillimeter wavelength bands is the use of whis-
pering gallery mode �WGM� dielectric resonators.13 When properly
designed, the quality factor of such resonators is determined only by
the dielectric properties of the material.14,15 The WGM technique
may hence give a general correlation between the defects and prop-
erties of a material, while different types of lattice inhomogeneities
could be distinguished by positron lifetime spectroscopy.16 How-
ever, to the best of our knowledge, there are no published experi-
mental results on positron measurements of Mg, Co, and Zn colum-
bites.

Therefore, the aim of this work was to define and estimate dif-
ferent structural aspects responsible for the MW dielectric loss in the
nonstoichiometric columbites A1+x

2+ Nb2O6 �A2+ = Mg, Co, Zn�.

Experimental

The ceramics with compositions A1+x
2+ Nb2O6 �A2+ = Mg, Co, Zn�

were produced by a conventional mixed-oxide route. The starting
reagents were extra-pure MgO, ZnO, Co3O4 �99.95%�, and Nb2O5
�99.9%�. The weighted mixtures of starting oxides were mixed in
water for 4 h by vibratory mill. Then dried powders were calcined at
1100°C �A2+ = Zn, Co� and 1200°C �A2+ = Mg� for 4–8 h. After
calcination, the powders were ballmilled again and pressed into
disk-shaped pellets. The sintering was performed under different
conditions �to eliminate the effect of material loss� in both air �8 h�
and oxygen atmospheres �10 atm and 4 h� at temperatures around
1300°C �A2+ = Zn� and 1400°C �A2+ = Mg, Co�. The phase com-
position and crystal lattice parameters of the sintered ceramics were
examined by X-ray diffraction �XRD� analysis on the diffractometer
DRON-3M �Burevestnik, Russia� with Cu K� radiation.

Microstructural analysis of the ceramic samples was performed
by scanning electron microscope �SEM� �JEOL, JSM 5800, Tokyo,
Japan� using energy-dispersive X-ray spectroscopy �EDS� and the
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Link software package �ISIS 3000, Oxford Instruments, Bucks,
U.K.�. The dielectric characteristics of the materials �, Q, and �f at
frequencies of around 10 GHz were examined using a cavity reflec-
tion method on a network analyzer �PNA-L Agilent N5230A�. Fur-
thermore, to separate the contributions of both extrinsic and intrinsic
factors to the dielectric loss we characterized the quality factor of
the studied materials within the frequency range of 50–70 GHz by
the WGM technique using a millimeter wave vector analyzer model
8-350-2 �AB Millimetre, Paris, France�.17

The defect structure was studied by positron annihilation spec-
troscopy �system resolution 230 ps�. The experimental setup was
described in Ref. 16 and thus is not provided here. A sodium-22
source was sandwiched to minimize the positron annihilation
through the edges of the samples. Each recorded spectrum contained
about 6 � 106 counts, and at least three spectra were collected for
each pair of samples. The experimental curves were analyzed by
using the PATFIT88 program.18 After source correction and back-
ground subtraction, the spectra were decomposed into three compo-
nents: The first ��1� was the so-called “reduced bulk lifetime,” the
second ��2� contained information about defects inside the samples,
and the third ��s� is responsible for the positron annihilation on the
surface of the samples. This last component depended on the surface
state and the position of the sodium source relative to the center of
the samples and is not considered in the further discussion.

Results and Discussion

Synthesis and microstructure of the columbites A1�x
2� Nb2O6�x

(A2� 	 Mg, Co, Zn).— The peculiarities of the synthesis of the
studied columbites with both stoichiometric and nonstoichiometric
nominal compositions derive from the different sizes of the A2+

ions, their different tendencies to evaporate at sintering tempera-
tures, and the intermediate phases that form along the calcination
and sintering processes. Here, we discuss the formation of the
A1+x

2+ Nb2O6+x compounds in descending order with respect to the
evaporation of the A2+ ion beginning with the Mg-based columbites.

According to the XRD data, the interaction between the oxides
MgO and Nb2O5 starts at around 700°C with the formation of the
columbite MgNb2O6, though at higher temperatures �900–1200°C�
this process is accompanied by the formation of corundum-type
Mg4Nb2O9. The residual Mg4Nb2O9 is the main problem in getting
a single-phase columbite MgNb2O6 even at sintering temperature.4,7

To avoid it, one should use both higher calcination temperatures and
longer soaking times. In fact, after firing the starting mixture at
1200°C for 6 h �according to the XRD data� the product indeed
contains only the single-phase MgNb2O6, as evident from Fig. 1.
These data indicate that single-phase MgNb2O6 can only be synthe-
sized provided that the appropriate calcination temperature �above
1100°C� and soaking time �6–8 h� are chosen.

Figure 1. XRD patterns of the mixture MgO–Nb2O5 after firing at 1200°C
for �1� 2 and �2� 6 h.
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In the materials Mg1+xNb2O6+x sintered in air, the phase compo-
sition strongly depends on the Mg concentration. For a Mg defi-
ciency �x � 0�, XRD patterns demonstrate the presence of the sec-
ondary phase close to Nb2O5 �Fig. 2, curve 1�. These data are also
confirmed by electron microscopy �Fig. 3a and b�.

For a Mg excess �0 � x�, according to the crystal structure, the
compositions Mg1+xNb2O6+x correspond to Nb-deficient magnesium
niobates MgNb2−yO6−5y/2 �where y = 2x/x + 1�. When 0 
 x
� 0.03, the XRD analysis indicates the presence of only matrix
phase MgNb2O6 �Fig. 2, curve 2�. The further increase in the Mg
concentration results in the formation of a secondary Mg-rich phase

Figure 2. XRD patterns collected on the sintered Mg1+xNb2O6+x samples
with �1� x = −0.03, �2� x = 0, and �3� x = 0.03; N is Nb2O5 and M4 is
Mg4Nb2O9.

(a) (b)

(c) (d)

(e) (f)

Figure 3. SEM microphotographs collected on the polished surface of the
sintered columbites Mg1+xNb2O6+x for �a� x = −0.03, �b� x = −0.01, ��c� and
�d�� x = 0, and ��e� and �f�� x = 0.03; photographs �a�, �b�, �c�, and �e� were
developed from the samples sintered in air, whereas �d� and �f� correspond to
the sintering at 10 atm oxygen pressure. A is Nb2O5 and B is Mg-rich phase
�Mg Nb O �.
4 2 9
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�Fig. 2, curve 3�, which is clearly visible under SEM �Fig. 3e�.
Though the correct chemical composition of this Mg-rich phase is
rather difficult to determine by EDS analysis, one should take into
account the only stable phases, MgNb2O6 and Mg4Nb2O9, in the
MgO–Nb2O5 system that exist at room temperature.19 Therefore,
one may assume that the additional phase observed at x � 0.03,
which differs from the matrix MgNb2O6 by a higher MgO content,
obviously corresponds to the Mg4Nb2O9. This phase has a
corundum-like structure and demonstrates extremely high values of
the Q-factor at MW frequencies.20

Figure 4. XRD patterns collected on the sintered Co1+xNb2O6+x samples
with �1� x = −0.05, �2� x = −0.03, �3� x = 0.01, and �4� x = 0.03; N is
Nb2O5.

(a) (b)

(c) (d)

(e) (f)

Figure 5. SEM microphotographs of the polished surfaces of the sintered
columbites Co1+xNb2O6+x for �a� x = −0.03, �b� x = −0.01, ��c� and �d�� x
= 0, and ��e� and �f�� x = 0.03. A is the Nb-rich phase �probably Nb2O5� and
B is the Co-rich phase �CoO�. Photographs �a�, �b�, �c�, and �e� were devel-
oped from the samples sintered in air, whereas �d� and �f� correspond to the
sintering at 10 atm oxygen pressure.
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The sintering under 10 atm oxygen pressure did not result in any
noticeable changes in the materials’ microstructure, and the single-
phase MgNb2O6 was again obtained for 0 
 x � 0.03. Similar to
the samples sintered in air, those sintered in the oxygen atmosphere
demonstrated a two-phase composition with a higher Mg content
�Fig. 3e and f�. Though the changes in the phase composition of the
Mg1+xNb2O6+x ceramics are quite predictable regardless of the sin-
tering atmosphere, one important fact evident from the SEM micro-
photographs is the observed suppression of porosity with the in-
creasing Mg concentration �Fig. 3e and f vs Fig. 3c and d,
respectively�.

In contrast to the Mg columbite, CoNb2O6 already starts to form
at 600°C, which is about 100°C lower than for MgNb2O6. The
formation mechanism for this compound is quite similar to that de-
scribed for MgNb2O6. The only difference is that all of the reactions
take place at lower temperatures.8 Because of this feature, a single-
phase Co columbite can be easily obtained even after short-term
firing for 1–4 h at 1050–1100°C �Fig. 4�.

Similar to the Mg columbites, the nonstoichiometric
Co1+xNb2O6+x with a slight Co deficiency �x � 0� always contains
the secondary phase Nb2O5 �Fig. 4 and 5�. However, for x � 0
�niobium deficiency� the different evolution of the phase composi-
tion with x is observed depending on the sintering atmosphere. Sin-
tered in air materials Co1+xNb2O6+x �CoNb2−yO6−5y/2� demonstrate a
homogeneity region at 0 
 x 
 0.01, which is narrower compared
to that found in Mg-containing columbites. When x � 0.01, the
small inclusions of a secondary Co-rich phase appear within the
columbite matrix �Fig. 5e�. The EDS analysis of this secondary
phase shows that its composition is close to CoO. The Co-rich sec-
ondary phase �CoO� appears at even much lower Co concentrations

(a) (b)

(c) (d)

(e) (f)

Figure 6. SEM microphotographs collected from the polished surfaces of
the sintered columbites Zn1+xNb2O6 for �a� x = 0, �b� x = 0.005, ��c� and �d��
x = 0.01, and ��e� and �f�� x = 0.04. B is the Zn-rich phase �Zn3Nb2O8�.
Photographs �a�, �b�, �c�, and �e� were developed from the samples sintered
in air, whereas �d� and �f� correspond to the sintering at 10 atm oxygen
pressure.
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�0 
 x� when the materials are sintered in an oxygen atmosphere, as
clearly shown in Fig. 5d and f. In contrast to the Mg-containing
columbites, the sintering of cobalt niobates Co1+xNb2O6 under oxy-
gen pressure generally results in a noticeable improvement of the
microstructure of the ceramics, which becomes less porous even at
higher Co concentrations �Fig. 5d and f�, though containing a rela-
tively higher amount of CoO inclusions. The latter may be associ-
ated with the suppression of the CoO evaporation under the oxygen
pressure.

In contrast to the other studied columbites, ZnNb2O6 is formed
by the direct interaction between zinc and niobium oxides without
the formation of any secondary intermediate phases. The tempera-
ture ranges in this process are much lower compared to those of Mg-
and Co-containing columbites: ZnNb2O6 starts to form at 500°C,
whereas at 800°C the studied mixtures only contain a single-phase
columbite.

Similar to other columbite members, when x � 0 the ceramics
Zn1+xNb2O6+x always contain a secondary phase Nb2O5. For x
� 0 �niobium deficiency�, regardless of the sintering atmosphere, a
single-phase composition is observed for 0 
 x 
 0.005. When h
� 0.005, a Zn-rich secondary phase is formed �Fig. 6c-f�. According
to the EDS analysis, the composition of this phase is close to
Zn3Nb2O8, which is consistent with the previous investigations on
the ZnO–Nb2O5 phase diagram.21 Microstructural analysis of the
columbites Zn1+xNb2O6+x indicates that the increase in the zinc con-
tent in the nominal composition is accompanied by a reduced poros-
ity of the sintered material �Fig. 6�. Furthermore, sintering under
oxygen pressure also improves the densification, though at the same
time more secondary Zn-rich phase is formed �Fig. 6c and d�.

Positron lifetime spectroscopy of the columbites A1�x
2� Nb2O6�x

(A2� 	 Mg, Co, Zn).— To examine the presence of different types
of lattice defects that can arise from the compositional nonstoichi-
ometry in the polycrystalline materials A1+x

2+ Nb2O6+x �A2+ = Mg,
Co, Zn�, we used positron lifetime spectroscopy. The experimentally
obtained lifetime components and their intensities collected from the
columbites sintered in air are presented in Table I. After source
correction and background subtraction two main components were
distinguished in the spectra including the reduced bulk lifetime ��1�,
and the “defect lifetime” ��2� �Table I�. The intensity of the first
component is more than 90% for all studied samples, which sug-
gests that either all positron annihilation occurs in the bulk of the
sample �in this case �1 represents the bulk lifetime� or there is one
more component to be separated in the spectrum that contributes to
the first component. To resolve this, theoretical simulations have
been performed for the A1+xNb2O6+x samples �where A = Mg, Co,
and Zn� with the use of the Mika program obtained from the Hel-
sinki University of Technology to calculate lifetimes in bulk mate-
rials and in different kinds of defects. The results of the calculations
are presented in Table II.

Table I. Lifetime components obtained from the experimental spectr

Material x
�1 ��1�

�ps�

Mg1+xNb2O6+x 0 173
0.01 176
0.03 178

Co1+xNb2O6+x 0 167
0.01 163
0.03 169
0.04 172

Zn1+xNb2O6+x 0 172
0.01 171
0.03 175
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The first part of Table II contains positron lifetimes calculated in
local density approximation �LDA�. It can be seen that cobalt
columbite has the smallest bulk lifetime �145 ps� vs the magnesium
one having �b = 150 ps. It has been reported that the LDA under-
estimates the value of positron lifetime in solids.22 At the same time,
the generalized gradient approximation �GGA� gives results that
agree with the experiment.22 Comparing �1 from Tables I and II, one
can conclude that the first component of the experimental decom-
posed spectrum is very close to the bulk value.

As shown in Table II, positrons are insensitive to the oxygen
defects but are localized in A-type and Nb vacancies. The difference
between �b and �A��Nb�, however, is less than 50 ps �Table II�. This
could be why it was not possible to introduce an additional compo-
nent into the decomposed spectrum. If there are any defects inside of
the grains, their concentration is too small to be evaluated by the
positron annihilation.

At the same time, positrons are sensitive not only to the vacan-
cies inside of the grains but also to the grain boundaries. Hübner et
al. theoretically calculated the fraction of the positrons that annihi-
late at the boundaries depending on the grain size.23 From Table I,
one can see that the intensity of the second component ��2� varies
from 3 up to 8%. According to Ref. 23, this can be associated with
the trapping of positrons at the grain boundaries, which generally
represent the highest concentration of defects and hence may give a
strong influence on the positron lifetimes. Again, the fraction of
positrons that annihilate at the boundaries must depend on the grain
size.23 In fact, the observed increase in the intensity of the ��2�
component coincides well with the observed �by electron micros-
copy� decrease in the grain size from 5 to 8 
m for Co- and Zn-
containing columbites down to 2–5 
m for the Mg-containing ana-
logs sintered in air. Therefore, the second component in the

ected from the columbites sintered in air.

�2 ��10�
�ps�

I1 ��0.5�
�%�

Id ��1�
�%�

365 90 8
415 91 8
420 90 8

412 95 3
365 94 5
426 95 3
446 94 5

392 93 5
404 94 4
429 96 3

Table II. Results of theoretical simulations of the positron life-
times for the annihilations in the bulk „�b… of the samples
A1+x

2+ Nb2O6+x and in different types of lattice defects.

Mg1+xNb2O6+x Zn1+xNb2O6+x Co1+xNb2O6+x

Boronski–Nieminen enhancement factor, LDA
�b �ps� 150.6 147.0 145.6
�O �ps� 152.6 147.4 147.0
�A �ps� 183.9 179.6 181.5
�Nb �ps� 175.0 172.0 172.2

Arponen–Pajanne enhancement factor, GGA
�b �ps� 177.3 176.5 172.6
�O �ps� 180.6 177.2 174.8
�A �ps� 228.5 222.9 226.1
� �ps� 218.6 215.6 214.9
a coll
Nb
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decomposed spectra ��2� can be attributed to the annihilation in the
grain boundaries. As shown in Table I, there is a consistent tendency
of the component �2 to increase with x �increasing Nb deficiency� in
A1+x

2+ Nb2O6+x series. This denotes the increasing fraction of the grain
boundaries in the Nb-deficient polycrystalline columbites, which
agrees well with the above presented SEM results, showing an en-
hanced densification of the ceramics A1+x

2+ Nb2O6+x with increasing x.
Generally the �2 demonstrated a slight tendency to increase when
the samples were sintered in the oxygen atmosphere.

MW characterization of the columbites A1�x
2� Nb2O6�x (A2�

	 Mg, Co, Zn).— The MW dielectric properties of the columbites
Mg1+xNb2O6+x are summarized in Table III. Within the studied con-
centration range, a slight deviation from stoichiometry does not
practically influence the dielectric constant ���, which varies be-
tween 19 and 20. The temperature coefficient �f lies within the range
of �55 to �60 ppm/C for all the studied compositions. At the same
time, the presence of residual Nb2O5 at x � 0 is accompanied by a
significant reduction in the product Qxf: The higher the amount of
secondary Nb2O5, the lower the product Qxf is.

In stoichiometric MgNb2O6 �x = 0� the measured product Qxf is
lower compared to that reported elsewhere.1,3. This may be associ-
ated with the different starting reagents and sintering temperature
used in this study. In positive x values �0 
 x � 0.03�, the magni-
tude of the product Qxf increases with x by 200–300% �Fig. 7,
curve 1� and reaches Qxf � 120,000 GHz at x = 0.03. At x
= 0.03 �when the highest Qxf value is observed� the materials may
contain a small amount of the secondary phase Mg4Nb2O9 with a
permittivity � = 12 and very high Q-factor �Qxf	210,000 GHz�.20

However, due to a low concentration of Mg4Nb2O9 in the matrix
Mg1+xNb2O6+x �Fig. 3e and f�, its contribution to the resulting
Q-factor of a material seems to be negligible. Sintering at 10 atm
oxygen pressure does not result in any noticeable changes in the
magnitude and behavior of the product Qxf �Table III, Fig. 7� due to
a rather low evaporation of Mg at sintering temperatures. Therefore,

Table III. MW dielectric properties of the columbites Mg1+xNb2O6+x.
NA, not applicable.

x Phase composition � �10 GHz�

�0.03 MgNb2O6, Nb2O5 19.9
�0.01 MgNb2O6, Nb2O5 19.8
0 MgNb2O6 19.4
0� MgNb2O6 19.9
0.01 MgNb2O6 19.9
0.01� MgNb2O6 19.3
0.03 MgNb2O6, Mg4Nb2O9 21.0
0.03� MgNb2O6, Mg4Nb2O9 20.5

Figure 7. The product Qxf measured at 10 GHz for the columbites
Mg1+xNb2O6+x sintered �1� in air and �2� in oxygen at 10 atm. SP means a
single-phase region.
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the noticeable increase in the product Qxf with x observed in
Mg1+xNb2O6+x materials is most likely due to the improvement of
the ceramics’ microstructure associated with the reduced porosity
evident from the SEM examination �Fig. 3�. The lattice vacancies
introduced by a slight Nb deficiency in the nominal composition of
the columbite may act as the inhibitors of the grain growth, facili-
tating the formation of a dense structure with a high fraction of grain
boundaries, which is evident from the above presented positron an-
nihilation studies.

As clearly shown in Table III, the magnitude of the product Qxf
of the magnesium niobate does not significantly change with fre-
quency. The results measured at around 70 GHz by the WGM tech-
nique are quite similar to those obtained at 10 GHz from
TE01�-mode resonators. This denotes a rather low contribution of the
extrinsic sources into the total value of the MW dielectric loss of
Mg-containing columbites because the presence of a residual high-Q
phase Mg4Nb2O9 does not increase losses in the centimeter wave-
length band �10 GHz�. Therefore, the measured product Qxf is al-
most equal to its maximum value.

In Co columbites Co1+xNb2O6+x �similar to the Mg-containing
analogs�, both � and �f vary only slightly within the studied range of
x. At the same time, the magnitude of the product Qxf depends
strongly on x �Table IV, Fig. 8�. At x � 0 the product Qxf is mainly
determined by the presence of Nb2O5, leading to a noticeably sharp
decrease in Q, whereas at x � 0 it is affected by two competing
factors: With an increasing x an improvement of the materials’ mi-
crostructure is observed, whereas it is accompanied by the formation
of a secondary Co-rich phase �CoO�. The latter obviously results in
a decrease in Q �Table IV, Fig. 8a�. When the materials are sintered
under oxygen pressure, the amount of the secondary Co-rich phase
is relatively higher compared to that found in the air-sintered colum-
bites �Fig. 5d and f�. Because of this, the samples sintered in oxygen
never demonstrate Qxf values in the centimeter wavelength band as
high as those observed in the analogs sintered in air. Therefore, the
magnitude of the Q-factor reaches maximum values �Qxf
� 80,000 GHz� at x = 0 when no secondary CoO is observed.

WGM characterization of the Co columbites at frequencies of
around 60 GHz demonstrates a rather different behavior of the prod-
uct Qxf with the compositional changes �Fig. 8b�. The samples sin-
tered in oxygen �when materials contain more CoO� exhibit a much
higher Qxf compared to those measured in air-sintered materials at
10 GHz. Moreover, the maximum values of the Qxf are observed in
the nonstoichiometric columbites �x = 0.01�. These data indicate a
suppressed contribution of the secondary Co-rich phase into the di-
electric loss in the millimeter wavelength band. In this case the
prevailing factor responsible for the increase in the Q-factor is the
improved microstructure.

In Zn-containing columbites, both � and �f vary again only
slightly within the studied range of x �Table V�. At the same time,
the product Qxf demonstrates a behavior very similar to the Co-
containing analogs �Table V, Fig. 9�, which is again affected by two
competing factors: an improved microstructure that is observed with
an increasing x and the influence of a secondary Zn-rich phase

materials sintered in oxygen atmosphere are marked by an asterisk.

�f �10 GHz�
�ppm/C�

Q � f �10 GHz�
�GHz�

Q � f �70 GHz�
�GHz�

�56 600 NA
�59 1,400 NA
�55 58,000 47,000
�60 48,000 46,000
�58 108,000 112,000
�60 101,000 113,000
�60 121,000 113,000
�62 112,000 117,000
The
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�Zn3Nb2O8�. The data obtained at 10 GHz indicate that the magni-
tude of the Qxf product passes through the maximum at x = 0.01 in
the materials sintered in air. The presence of the Qxf maximum may
be associated with the denser structure of zinc niobate at x = 0.01
�Fig. 6�. The effect of the secondary Zn-rich phase on the Qxf prod-
uct is much weaker compared to that observed in the Co columbites
because Zn3Nb2O8 has a Qxf magnitude of around 40,000 GHz.24

Hence, only a slight decrease in the Q-factor of a composite ceramic
is observed with increasing Zn content �Fig. 9a�.

In contrast, in the materials sintered under 10 atm oxygen pres-
sure the magnitude of the Qxf product does not practically change
within the studied concentration ranges due to the suppressed Zn
loss. In this case the stoichiometric ZnNb2O6 sintered in the oxygen
atmosphere has a much higher Q-factor �Qxf = 100,000 GHz�
compared to that of the samples sintered in air.

The millimeter wave characterization of the Zn1+xNb2O6+x
samples sintered in air denotes a relatively weak dependence of the
product Qxf on x, contrary to the measurements at 10 GHz. The

Table IV. MW dielectric properties of sintered columbites Co1+xNb
asterisk.

x Phase composition � �10 GHz�

�0.03 CoNb2O6, Nb2O5 20.2
0 CoNb2O6 20.5

0� CoNb2O6, Co-rich phase 20.0
0.005 CoNb2O6 20.5
0.005� CoNb2O6, Co-rich phase 20.0
0.01 CoNb2O6 20.9
0.01� CoNb2O6, Co-rich phase 20.5
0.03 CoNb2O6, Co-rich phase 21.0
0.03� CoNb2O6, Co-rich phase 20.4
0.04 CoNb2O6, Co-rich phase 22.0
0.04� CoNb2O6, Co-rich phase 21.2

Table V. MW dielectric properties of sintered columbites Zn1+xNb
asterisk.

x Phase composition � �10 GHz�

0 ZnNb2O6 23.9
0� ZnNb2O6 23.5
0.005 ZnNb2O6 22.5
0.005� ZnNb2O6 22.5
0.01 ZnNb2O6, Zn-rich phase 23.8
0.01� ZnNb2O6, Zn-rich phase 23.7
0.03 ZnNb2O6, Zn-rich phase 23.0
0.03� ZnNb2O6, Zn-rich phase 23.7
0.04 ZnNb2O6, Zn-rich phase 23.7
0.04� ZnNb O , Zn-rich phase 23.9
2 6
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observed values of Qxf are of the order of the highest Qxf observed
at 10 GHz, confirming the suppression �at the millimeter wave-
lengths� of the “extrinsic” losses, for instance, caused by the pres-
ence of a Zn-rich phase. The samples sintered in the oxygen atmo-
sphere demonstrate a stronger decrease in Q with x �Fig. 9b�
because of the higher concentration of the secondary Zn-rich phase
�Fig. 6d and f�.

Conclusions

The microstructure, phase composition, and the MW quality fac-
tor of the columbites A1+x

2+ Nb2O6+x �where A2+ = Mg, Co, Zn� are to
a large extent affected by a deviation from its compositional stoichi-
ometry. The deficiency in A2+ ions in the A1+x

2+ Nb2O6+x ceramics
always results in the formation of the secondary Nb2O5 phase,
which significantly deteriorates the MW quality factor of sintered
material. In contrast, the deficiency in Nb results in a more compli-
cated effect. It noticeably improves the microstructure of the ceram-
ics suppressing the associated dielectric loss in the MW region.

. The materials sintered in oxygen atmosphere are marked by an

� f �10 GHz�
�ppm/C�

Qxf �10 GHz�
�GHz�

Qxf �70 GHz�
�GHz�

�72 3,500
�70 81,000 71,400
�64 46,000 39,000
�65 75,000 65,000
�62 45,000 95,000
�65 59,000 63,000
�60 75,000 114,000
�65 38,000 81,000
�60 30,000 65,000
�67 38,000 88,000
�65 30,000 53,500

Figure 8. The product Qxf measured at
�a� 10 and �b� 60 GHz for the columbites
Co1+xNb2O6+x sintered �1� in air and �2� in
oxygen at 10 atm. SP means a single-
phase region.

. The materials sintered in oxygen atmosphere are marked by an

�f �10 GHz�
�ppm/C�

Qxf �10 GHz�
�GHz�

Qxf �70 GHz�
�GHz�

�74 81,000 110,000
�68 108,000 132,000
�75 102,000 122,000
�71 101,000 98,000
�73 120,000 119,000
�71 98,000 68,000
�71 92,000 113,000
�71 110,000 83,000
�72 87,000 112,000
�72 92,000 100,000
2O6+x
2O6+x
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However, it initiates the formation of A2+-rich secondary phases
�Mg4Nb2O9, CoO, and Zn3Nb2O8�, which have a different influence
on the MW quality factor depending on the A2+ ion. Sintering in the
oxygen generally contributes to the improved densification of the
polycrystalline columbites due to the stabilization of their chemical
composition, though it facilitates the formation of secondary phases.
As a consequence, the magnitude of the Qxf product of the colum-
bites is determined by the competing contribution of the above listed
factors and demonstrates a rather nonlinear variation with x. The
comparison of the Qxf�x� product measured at 10 and 50–70 GHz
indicates a noticeable extrinsic contribution to the MW dielectric
loss observed in the Co- and Zn-containing columbites, which is
foremost associated with the presence of Co- and Zn-rich secondary
phases in sintered materials. The contribution of these phases into
the dielectric loss of a material weakens significantly with measur-
ing frequency. In the Mg-containing columbites, this effect is negli-
gible because the dielectric loss of the corresponding secondary
phase Mg4Nb2O9 is less than that of the columbite matrix. As a
result of the careful choice of both the chemical compositions within
the A1+x

2+ Nb2O6+x series and the sintering atmospheres, a promising
MW dielectrics with a Qxf magnitude of as high as 100,000–
120,000 GHz was developed.
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