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The ceramics with two types of nominal compositions including
(6:1:4.5) BagM>"NbgOsos and (9:1:7) BagM?* Nb;4Oys
(M = Mg, Co, Zn) have been synthesized and studied with
regard to their phase composition and dielectric properties. The
materials with BagM? " NbyO,o 5 nominal compositions corre-
sponded to the two-phase region containing 9:1:7 tetragonal
tungsten bronze-type (TTB) phase and the 3:1:1 perovskite Ba
(M +1/3Nb2/3)03. In contrast, 9:1:7 TTB ceramics were near
single phase. All of the studied 9:1:7 TTB phases exhibited
high values of dielectric permittivity (¢ = 800-1100) together
with strong frequency dispersion. The observed dispersion of
permittivity was accompanied by the monotonic rise of dielec-
tric loss. The dielectric spectra of 9:1:7 TTBs demonstrated a
typical relaxor behavior. At low temperatures (100-300 K),
two relaxation modes have been found in the tan 6 (7) depen-
dencies, which can be associated with two different types of
structural disorder in the TTB crystal lattice.

I. Introduction

ECENTLY, ceramics based on the BaO-M’"O-Nb,Os

ternary system (M = Co, Zn, Mg) have been attracting
sustainable interest as dielectric materials suitable for micro-
wave (MW) applications.! In this regard, the most studied
compositions of the above system are 3:1:1 complex perovsk-
ites Ba(M> ", ;3Nb,/3)O3, which display extremely high values
of the quality factor (Q = 1/tan 9J) in the centimeter and mil-
limeter wavelength bands.>™ For example, a Q x f product
as high as 230 000 GHz at frequencies above 60 GHz has
been reported for Ba(Mg,3Nb3)O; ceramics.’

As a rule, high magnitudes of the Q-factor in
Ba(M2+1//3Nb2/3)O3 perovskites are generally attributed to
the 1:2 ordered B-sublatice, which comprises single layers
of M?>" cations alternating with double layers of Nb>*
cations perpendicular to the <I11> direction of the pseu-
docubic cell.*” Cation ordering in Ba(M>" | 3Nb,3)0; is a
kinetically driven process, which can be significantly accel-
erated by a slight deficiency in cation sublattices.*® In this
case, the highest Q-factors have been obtained in A-site
deficient single-phase Ba(Mg,3Nby3)0; (BMN)*® and Ba
(Zn, 3Nb3)O; (BZN).® However, in both compositions, the
increase in the Q-factor magnitude was always followed by
its abrupt fall at higher Ba deficiency that has been attrib-
uted to the effect of the secondary phase with the tetrago-
nal tungsten bronze (TTB) structure.*’ The presence of
the TTB phase has been detected also in the Ba-deficient
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Ba(Co;/3Nby3)05 (BCN), which demonstrated a very similar
behavior of the Q-factor.” According to the EDX/WDS anal-
ysis, the compositions of these secondary TTB phases were
rich in Nb, and contained lower concentration of M>" in
comparison with the main perovskite phase.” However, due
to a rather scarce amount of the TTB phases in the studied
materials their exact compositions could not be accurately
determined.

Moreover, the literature data on the ternary TTB phases
that form in the vicinity of a 3:1:1 perovskite are quite con-
tradictory. On the one hand, there are several reports on the
formation of 9:1:7 phases BaoM2*Nb; 4045, with M2" = Co'?
and Zn,"!' further referred to the solid solutions with general
formula Ba5+5A\/M2+lox’,'3Nb1(),10x/'3O30 for x=0.20-0.19
(T. A. Vanderah, E. Pickett, I. Levin, and R. S. Roth,
National Institute of Standards and Technology, private
communication, Gaithersburg, MD, 2005). On the other
hand, several authors reported on the formation of the TTB
phase BagCoNbyO5o.'%!* The latter one implies that all Co
ions are in a Co (III) oxidation state. This is a highly unli-
kely situation in ceramics sintered well above 950°C, when
mixed-valence Co (II, IIT) oxide Co30, transforms to a stable
Co (II) oxide CoO. Moreover, neither the phase composition
nor the Co valence has been carefully studied in Refs. [12]
and [13].

Also, the dielectric properties of the 9:1:7 TTB phases
have not yet been studied. There is only one recent report on
the room-temperature dielectric parameters of Mg-containing
9:1:7 TTB phase BagMgNb4045 denoting the large dielectric
constant with a very strong frequency dependence and large
dielectric loss.'* At the same time, the properties of Co-con-
taining TTB phase BagCoNbyO3, are again quite contradic-
tory. In the Ref. [12], this phase is considered as the
ferroelectric compound with a diffuse phase transition at
660 K and a room-temperature spontaneous polarization of
2.2 x 1072 Cm 2, whereas the authors of Ref. [13] found a
broad permittivity maximum that shifts in the temperature
range from 140 K (5 Hz) to 225 K (1 MHz), denoting a typ-
ical ferroelectric relaxor behavior of BagCoNbgOs,. Further-
more, a nonlinear soft magnetic behavior has also been
found in BagCoNbyO3y, and was attributed to the presence
of Co®* ions.'® More careful literature analysis reveals that
the ferroelectric relaxor behavior, very similar to that of
BagCoNbyO3y, was previously found in the Ba-deficient
perovskite BMN, which was considered as a single-phase
compound.'® However, according to our recent studies on
Ba-deficient Ba(M>™", /3Nb2/3)03,4 BMN perovskites reported
in Ref. [15] must have contained a certain amount of second-
ary TTB phase.

Taking into account all the above listed shortages and
inconsistencies, we report here on the compositions and
dielectric properties of the TTB phases found in the vicin-
ity of the 3:1:1 perovskites Ba(M” " 3Nb,;3)03 (M*" = Mg,
Co, Zn). We believe that these findings are important for
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understanding of the variation of the dielectric properties in
the niobate-based high-Q microwave dielectrics.

II. Experimental Procedure

In this work, the compositions with two different ratios of
starting oxides have been used to produce target TTB phases.
These included (I) 6BaO-M>*0-4.5 Nb,Os and (II) 9BaO—
M>T0-7Nb,Os (M>* = Mg, Co, Zn). The ceramics were
prepared by the conventional mixed-oxide route. The starting
reagents were 99.95% pure MgO, Co;04, ZnO, Nb,Os, and
BaCO;. The weighted mixtures of starting reagents were cal-
cined at 1100°C-1200°C for 4 h. The sintering was per-
formed in air for 8 h at 1300°C-1350°C. The phase
composition of sintered ceramics was examined by means of
X-ray diffraction analysis (XRD) using CuKo radiation
(Model PW 1700; Philips, Eindhoven, The Netherlands).
Microstructural analysis of the ceramic samples was per-
formed by means of scanning electron microscopy (JSM
5800; JEOL, Tokyo, Japan) using energy-dispersive X-ray
spectroscopy (EDX) and the LINK software package (ISIS
3000; Oxford Instruments, Bucks, U.K.). Room-temperature
dielectric properties (¢ and tan 8) were studied using
Solartron 1260 A Impedance Analyzer (Solartron Analytical,
Farnborough, Hampshire, U.K.), whereas low-temperature
behavior was evaluated using Agilent E4980 Precision LCR
Meter (Agilent Technologies Inc., Santa Clara, CA) in the
temperature interval of 2.5-300 K utilizing a home-made dielec-
tric-measurements probe coupled with the Physical Property
Measurement System (Quantum Design, San Diego, CA).'¢

III. Results and Discussion

(1) System 6BaO-M>"0-4.5 Nb,Os (M?* = Mg, Co,
Zn)

The ceramics of this system have been produced from the
stoichiometric sources of starting oxides BaO, M210, and
Nb,Os taken in the ratio (6:1:4.5) to obtain the nominal
compositions BagM? " NbyOg 5. It should be noted here that
the ratios Ba/M?'/Nb in starting powders were eg{ual to
those used for the preparation of BagCoNbyOs5.'*!* How-
ever, in our study, all of the nominal compositions were cal-
culated deriving from Co (II) oxidation state. At the same
time, the preparation conditions for studied ceramics were
quite similar to those described in the Refs. [12] and [13].

In contrast to the findings previously reported for
BagCoNbyO;, independent on the M>* species we did not
obtain a single-phase composition.!*!* According to the
analysis of the X-ray diffraction patterns (20 = 20°-35°) col-
lected from sintered and crushed ceramics with the nominal
compositions BagM? " NbyOs, (M2+ = Mg, Co, Zn), the
peaks’ positions match those of the PDF 73-1879
(BagCoNbyO3o) except for one unidentified peak in the
vicinity of 20 = 30.7°-30.8° (Fig. 1). The presence of this
peak on the XRD patterns clearly denotes the existence of
the additional phase in the ceramics with the nominal com-
positions BagM? " NbeOs, (M>" = Mg, Co, Zn).

It is interesting to note that, when analyzing the XRD pat-
tern of the “BagCoNboO3,” ceramics, the authors of the Ref.
[13] also reported the presence of an additional XRD peak
with a similar intensity at the same 20 range. However, this
peak has been attributed to the minor amount of Ba; o4,INbO;
phase, implying the presence of not only Co (III) but also
Nb (IV). Unfortunately, these conclusions were not anyhow
further confirmed in Ref. [13] from the experimental data.
We highly doubt that both Co (III) and Nb(IV) can coexist
during the synthesis in air. Although the former species
would require highly oxidizing conditions to form, the latter
species would require extremely reducing conditions (for
example, synthesis in hydrogen or high vacuum). In our
study, the phase content of the BagM~* " NbyO,9 s ceramics
has been identified by the detailed SEM analysis (Fig. 2).
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Fig. 1. XRD patterns of the crushed ceramics (I) with the nominal
composition 6BaO-M>"0- 4.5 Nb,Os (6:1:4.5) for M>" = Mg, Zn,
Co indexed in accordance with the PDF 73-1879. UIP is a “surplus”
unidentified peak at 20 = 30.7°730.8°.

Fig. 2. SEM microphotographs of the polished surface of
the BagM’"NbyOsys Ceramics (a) M>" =Co; (b) M>" = Mg.
P= Bf:l(Mz+ 1’r3Nb2’,3)03.

According to the EDS data, the compositions of the
observed secondary phases were close to Ba(M>* 1/30Nb2/3)03
cubic perovskite, which in the case of M>* = Mg or Zn fits
well with the corresponding phase diagrams (T. A. Vanderah,
E. Pickett, I. Levin, and R. S. Roth, National Institute of Stan-
dards and Technology, private communication, Gaithersburg,
MD, 2005). At the same time, the compositions of the matrix
phases were close to the 9:1:7 TTB phase BagM> " Nb;4O04s.
Therefore, the unidentified peaks found at 20 = 30.7°-
30.8° most likely correspond to the most intense (110) peaks
of the perovskites Ba(M2+1,r3Nb2/3)03. Other intense peaks
merely overlap with the peaks of the TTB phase (Fig. 1).
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Table I. Room-Temperature RF Dielectric Parameters of BagM>? " NbgOao 5 and BagM>" Nb;4045 Ceramics
BagM? " NbgOg 5 BagM? " Nb;4O04s
M>* Phase composition ¢ (1 MHz) tan & (I MHz) Phase composition ¢ (1 MHz) tan & (1 MHz)
Co 9:1:7 TTB + perovskite 340 50 x 1073 9:1:7 TTB 800 3.8 x 1072
Mg 9:1:7 TTB + perovskite 400 2.0 x 1073 9:1:7 TTB 1000 2.0 x 1072
Zn 9:1:7 TTB + perovskite 550 6.8 x 1073 9:1:7 TTB 1100 0.12

As a consequence of our findings, we can conclude that
the ceramics with the nominal compositions BagMNbgO»g 5
(M = Mg, Co, Zn) are mainly a mixture of two crystalline
phases: the matrix 9:1:7 TTB phase and the cubic perovskite
Ba(M?" 13Nb5/3)O03. To be more accurate, accordmg to the
ternary phase rule, the BagMNbyO»g 5 ceramics should con-
sist of three phdSCS However, because the BagMNbyO»g 5
nominal composmon is located very close to the tie line con-
necting the Bd(M 13Nb>3)O3 and BagM? " Nb,4O0,s phases,
the amount of the third phase appears to be negligible.
According to the BaO-ZnO(MgO)-Nb,Os ternary phase dia-
grams (T. A. Vanderah, E. Pickett, I. Levin, and R. S. Roth,
National Institute of Standards and Technology, private
communication, Gaithersburg, MD, 2005), the third phase in
the BagZnNbyO,g s and BagMgNbgO,9 s compositions should
correspond to ZnO and MgO phases, respectively. The lack
of information about the BaO-CoO-Nb,Os ternary phase
diagram does not allow us to estimate to nature of the third
phase that should exist in the BagCoNbgO,9 5 composite
compound.

The room-temperature dielectric properties of the
BagMNbgO,9 5 composites measured at around 1 MHz are
presented in the Table I. One can see from the table, that in
the case of BaﬁCoNb90295 ceramics, the data correspond
well to those presented in Ref. [13]. At the same tlme the
extended discussion in Ref. [13] on the role of Co*" in
dielectric and magnetic properties of BagCoNbyOj3, seems to
have less ground, assuming that the presence of Co(Ill) in
the ceramics was not clearly proved. Most likely, the
reported properties can be attributed to the effect of the
matrix 9:1:7 TTB phase.

(2) System 9BaO-M*" O-7Nb,0Os5 (M** = Mg, Co, Zn)
In this system, regardless of the M>™ species, nearly single-
phase ceramics have been produced. The X-ray diffraction
patterns of sintered BaoM2 " Nb;40.4s (Fig. 3) correspond well
to a single-phase TTB (PDF 50-1884 and/or 51-1869).

These data are confirmed using electron microscopy, which
denotes the negligible amount of secondary hexagonal perov-
skite Ba5Nb4015 (Fig. 4) The concentration of BasNb,O;5 in
the M?>" = Zn ceramics is slightly higher, which can be
attributed to the ZnO evaporation at sintering temperature.

At room temperature, all the studied 9:1:7 TTB phases
exhibit high values of dielectric permittivity which are within
the range € = 700-1000 at the frequency 1 MHz, and which
slightly increase with the ionic radii of M>* [Table I,
Fig. 5(a)]. Also, the TTB phases demonstrate strong fre-
quency dispersion of permittivity, which is the most pro-
nounced in the case of BagZnNb;4045. The observed
dispersion of permittivity is accompanied by the monotonic
rise of dielectric loss [Table I, Fig. 5(b)].

Low- temperdture measurements of the dielectric spectra of
BaoM?> " Nb,4Oys (Fig. 6) demonstrate a typical relaxor
behavior of all studied TTB compounds. The broad maxima
on the dependencies of € (7) and tan & (7) have been found
around 200-250 K and 100-200 K, respectively, in the case
of M?>" = Co, Mg, and around 250-300 K (g¢) and 100
300 K (tan 8) in the case of M?" = Zn. At a fixed frequency,
the temperatures corresponding to the maxima of € and tan &
(Tm) increase with increasing ionic radii of M>" (Fig. 6). In
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Fig. 3. XRD patterns collected on the crushed powder of sintered
samples of BagM> " Nb;4045 (M>" = Co, Zn, Mg).

Fig. 4. SEM microphotographs of the polished surface of sintered
samples BagM> " Nb404s. (a) M>" = Co; (b) M>* = Zn.

general, the dielectric spectra of BagM? " Nb, 40,5 indicate a
broad distribution of the relaxation times, denoting a high
structural disorder of the studied TTB compounds.'’
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Fig. 5. Room-temperature frequency dependencies of the permit-
tivity (a) and dielectric loss (b) of sintered BagM>"Nb;4O4s; M>™"
= Co, Mg, Zn.
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However, it should be noted that in the case of M>" = Co
or Zn, one can clearly distinguish two different relaxation
modes in the tan 6 (7) dependence. In contrast, in the case
of M>" = Mg these modes are overlapped, and hence cannot
be easily separated. Both the modes in BagM? " Nb;40.5
(except for BagMgNb;4045) can be modeled in accordance
with the Arrhenius-type equation:

7= teen(75).

where f., is the relaxation frequency at infinite temperature,
E, is the temperature-independent activation energy, and k —
is the Boltzmann constant.'” The use of the Vogel-Fulcher
relation

—Ex
S=fxexp (m)

where Ty is the finite “freezing” temperature, gives close to
zero Tyg, and hence transforms again to the Arrhenius law.
From the Arrhenius plots for BagM>*Nb 4045 (M>* = Co,
Zn) one can see that both the relaxation modes demonstrate
a very similar behavior regardless of the type of the M>™
species (Fig. 7). The relaxation parameters (E, and f.,) of the
Arrhenius fitting for BagM? " Nb,40,5 are summarized in the
Table II. Beyond the physical meaning of the calculated
parameters, one can see a significant difference between the
temperature dependence of the two fitted modes, which may

tan & (b)

0.10+
0.08
0.06
0.04
0.02

0.00
0 50

100 150 200 250 300 T,K

tan & (d)

0,08 -

0,041

0,00~ . . . .
0 50 100 150 200 250 300 T,K

tan & f)
0,16} o

0,12+

0,08 -

0,04 -

0,00 - . ‘ ) ) .
0 50 100 150 200 250 300 T,K

Fig. 6. Low-temperature dielectric spectra of BagM? " Nb,4,045 Ceramics; M>" = Co (a, b), Mg (c,d), Zn (e, f).



BagMNb ;4,045 Relaxors 5

4 6 8 10 12

1000/T, K’

Fig. 7. Arrhenius plots for the BagCoNb;4O4s (1, 1°) and
BagZnNb 4045 (2, 2') relaxation modes I and II.

Table II. Fitted Relaxation Parameters (Activation Energy
E, and Preexponential Coefficient f.)) of BagCoNb;4045 and
BagZnNb,4045 Ceramics

Mode I Mode II
Composition E, (eV) £,,0 (Hz) E, (eV) £, (Hz)
BagCoNb 4045  0.16 7.9 x 10! 047  1.05 x 10'°
BaoZnNb;,O4s  0.19 1.3 x 10'" 040  1.03 x 10"

denote the presence of two different mechanisms responsible
for the dielectric relaxation in the BagM>" Nbj404s ceramics.
Previously, the presence of several different relaxation modes
have been reported for the Cd,Nb,O; ceramics,'® although
the authors did not present any clear explanation of this phe-
nomenon.

It is interesting to note that the parameters presented in
Table II are close enough to those calculated for different relax-
ation modes in Cd,Nb,O-.'® Nevertheless, we can only assume
that the origin of both mechanisms found in BagM> " Nb;4Ous
derives probably from the structural disorder in the TTB
crystal lattices. This disorder is associated with the different
size of the cations residing in the equivalent crystallographic
sites. Obviously, structural disorder is the main contribution
to the relaxation found in BagM?" Nb;4O,s, and hence to the
associated high dielectric loss. However, the understanding of
these processes requires the further study of the dielectric
parameters at higher frequencies up to microwave and
optical ranges. Moreover, taking into account the fact that
the BagM>" Nb, 40,5 are the main secondary phases contrib-
uting to the microwave losses of the ordered perovskites
Ba(M>" | 35Nby3)05 (M?" = Mg, Co, Zn), any further evalu-
ation of the microwave characteristics of studied TTB phases
seems to be of a high relevance.

1V. Conclusions

Crystal phases with the tetragonal tungsten bronze (TTB) struc-
ture are often present in the microwave dielectric ceramics based
on Ba-deficient perovskites Ba(M>";;3Nby3)0; (M*" = Mg,

Co, Zn). However, the effect of these TTB phases on the
properties of a ceramic material was not yet clearly under-
stood. In our study, we confirmed the sole formation of the
9:1:7 TTB compounds BagMNb 4045 in the vicinity of 3:1:1
perovskite Ba(M> " 3Nb,/3)03 (M>*" = Mg, Co, Zn) and for
the first time, reported on the dielectric properties of near
single-phase 9:1:7 TTB ceramics. All of the studied materials
exhibit high values of dielectric permittivity (¢ = 800-1100)
together with its strong frequency dispersion accompanied by
the monotonic rise of dielectric loss. The dielectric spectra of
BagM> " Nb, 40,5 demonstrate a typical relaxor behavior. At
low temperatures (100-300 K), two relaxation modes have
been found in the tan & (7) dependence of BagM>" Nb4O4s,
which can be associated with two different mechanisms of
structural disorder in the TTB crystal lattice. Dielectric relax-
ation found in BagMNDb,4O45 materials can be the main fac-
tor responsible for the increasing dielectric loss in
Ba-deficient perovskites Ba(M> " 13Nb33)O03.
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