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Abstract

The effect of preparation conditions on cation ordering and dielectric properties of Ba(Mg;;3Ta,3)O; ceramics was investigated.
Preparation of Ba(Mg,3Ta,/3)O3 by conventional synthesis from BaCO3;, MgO, and Ta,Os was compared to an alternate route of
reaction of MgTa,0¢ with BaCOs. It was shown that in the conventional synthesis method, intermediate phases inhibit formation
of single-phase Ba(Mg,3Ta,/3)O3 up to 1400 °C, whereas utilization of a MgTa,O¢ precursor produces the nearly pure perovskite
phase after heat treatment at 1000 °C. In the temperature range of 1400-1620 °C, the Ba(Mg,;;3Ta,/3)O3 ceramic remains single
phase. Traces of the BasTasO,s phase were detected by XRD and EDX in samples sintered above 1630 °C. Decrease in the 1:2
cation ordering and increase of dielectric loss were observed in samples sintered at 7> 1590 °C. © 2002 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

The dielectric ceramic, Ba(Mg,;3Tas3)O3 or BMT,
has found wide application in X (8—-12 GHz), Ku (12-18
GHz), and K (18-27 GHz) frequency bands. Owing to
its exceptionally low dielectric loss (high Q-factor) and
temperature stable coefficient of resonance frequency, it
has been utilized as a dielectric resonator in output
multiplexers of communication satellites.! This has
considerably decreased insertion losses and hence
increased the output microwave power of the satellite.
BMT-based dielectric resonators have also been used in
microwave oscillators, base stations, radar detectors,
etc.

Obtaining BMT ceramic with a high Q-factor is a
technologically challenging task. BMT with its melting
temperature of ca. 3000 °C,2 is considered one of the
most refractory oxides. Several papers have addressed
the preparation of high Q BMT ceramics.*® Nomura et
al.? obtained high-density (98%) BMT with Q x /= 168
THz by doping with 1 mol% of Mn. Matsumoto et al.*
found that fast heating rates of up to 500 °C/min pro-
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duce BMT ceramics with Q x f=400 THz. Another
group, Matsumoto et al.,’> obtained BMT of O x f=
430 THz after sintering for 20 h at 1640 °C. The latter
group has also claimed that BaSnOs; is an effective
dopant for tuning the temperature coefficient of the
resonance frequency, ty in the range of —0.5 to +5.4
ppm/°C.

It is considered that both the high density of the
ceramic and the high degree of 1:2 ordering of B-site
cations are responsible for low dielectric loss of BMT at
microwave frequencies. Although densification of cera-
mics increases with sintering temperature, the 1:2
ordered phase remains thermodynamically stable below
a certain temperature, 7., and becomes disordered
above this temperature. Until now, however, neither the
temperature 7, nor the mechanism of the order—dis-
order phase transition in BMT has been known unam-
biguously. Several recent papers have reported a
theoretical analysis of a high temperature order-disorder
transition in A(B);B,;3)03 perovskite compounds.”*
Takahashi et al.” used first-principles calculations to
predict that the order—disorder transition in BMT
should occur at 7.=3500 °C which is above the melting
point. In view of this high value of apparent T, the
authors® proposed that it is beneficial to sinter BMT at
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higher temperatures and longer times to increase the
degree of cation ordering. In contrast to this prediction,
Guo et al.? obtained completely disordered BMT single
crystals grown by the laser heated pedestal technique at
2960-3100 °C. Annealing of these crystals at 1600 °C
for 3 h did not result in increase in the degree of order-
ing. While analyzing cation ordering transformations in
Ba(Mg;/3Tas/3)Os-BaZrO; perovskite solid solutions,
Chai et al.!% reported that in pure BMT the 1:2 ordered
phase remained stable up to 1650 °C. The sintering
temperatures of the BMT ceramics range from 1400 to
1650 °C. However, no detailed analysis of the effect of
the sintering temperature on the dielectric properties of
BMT has been published so far. Hence the purpose of
this paper was to study the effect of preparation condi-
tions on the degree of 1:2 ordering and its subsequent
effect on dielectric properties of BMT ceramics.

2. Experimental procedure

In order to investigate the role of precursors, BMT
was prepared by two different solid state methods. The
first one was a conventional method (referred to as
method I) which can be described by the reaction:

3BaCO3 + MgO +T3205 d 3Ba(Mg1/3Ta2/3)O3 + 3C02

In the second method (method II) a MgTa,Og4 pre-
cursor was prepared first and then reacted with BaCOs,
according to:

3BaCOj3 + MgTaO¢ — 3Ba(Mg1/3Taz/3)03 + 3CO,

The choice of method II was dictated by its successful
application in preparation of Pb(Mg;;;Nb,/3)O5!!" and
Ba(Zn;;3Ta,y;3)05'2 ceramics. High purity (>99.9%)
metal oxides and carbonates (MgO, Ta,0s, BaCO;
Cerac) were used for both methods. For method II,
MgTa,0¢ precursor was prepared by heating MgO and
Ta>Os at 1300 °C for 10 h. Stoichiometric amounts of
the required powders were milled for 2 h in a Nalgene
bottle with ethanol and zirconia grinding balls. The
dried powders were pressed into pellets and calcined at
800-1400 °C for 2-10 h. For preparation of ceramic
samples, the powders calcined at 1400 °C were ground
and vibromilled for 10 h. After addition of a small
amount of polyvinyl alcohol binder, the powders were
uniaxially pressed into pellets at 800 kg/cm? pressure.
The pellets were sintered in air at a temperature range
between 1550 and 1650 °C for 20 h. The heating and
cooling rates were varied from 15 to 200 °C/h.

Phase identification was performed on Rigaku Gei-
gerflex Dmax II diffractometer with CoK, radiation

source (4 = 1.7889 A), a step size of 0.02° and a count
time of 4 s/step. The microstructure of polished samples
was studied by SEM (Philips 515) and optical micro-
scopy (Leitz Wetzlar). Thermally etched samples were
analyzed by SEM equipped with EDX (Link Analy-
tical). Samples for TEM (Philips CM12, 120 keV) and
electron diffraction were prepared by mechanical grind-
ing followed by dimpling and ion-beam milling until
perforation.

Dielectric characterization of the samples in the X-
frequency band was performed with an HP 8510 vector
network analyzer. Owing to difficulties in determining
the Q-factor by the Hakki and Coleman post-resonator
technique, as discussed in Ref. 13, a simpler and more
reliable transmission method!* was employed in this
work. For transmission measurements, a cylindrical
dielectric resonator (DR) shaped into TEy;s resonant
mode was centered in the X-band rectangular copper
waveguide using a styrofoam holder. In this configura-
tion, the waveguide serves as a band-stop filter at the
TEy;s resonance frequency. To separate the TEy;s mode
from the higher resonance modes, the samples must
have an aspect ratio close to 0.45. The diameter and
thickness of the samples was 6 and 2.7 mm, respectively.
The unloaded Q-factor was calculated according to:

0
0 =1 o M

where Q1 is the loaded quality factor determined from
the full width of the resonance peak at the 3 dB level, and
P is the depth of the resonance peak in decibels. As has
been pointed out by Zurmiihlen et al.,!* the rectangular
waveguide transmission method gives the same values of
QO-factor as the commercially utilized cylindrical cavity
method.15 However, due to the closer proximity of the
sample to the waveguide walls, the resonant frequency,
fe, of the transmission method is always higher than that
determined by the cylindrical cavity method. This differ-
ence is smaller for samples with higher dielectric con-
stant, and can be further minimized to less than 2% by
making the resonator diameter smaller. The accuracy of
our transmission method setup has been tested by using
two commercially available dielectric resonators: Mur-
ata F-series DR!'® and OXIDE barium tetratitanate
DR.!'7 The results show that the Q-factor agreed to
0.1% of that specified and that f. was higher by 2 and
0.5% for Murata and OXIDE DRs, respectively. The
real part of the dielectric constant, &', in the X-band was
calculated according to:!'8

2

o= [; (o 3.45)} @)

where r is the radius of DR, dis the thickness of DR, and
/¢ 1s the resonant frequency in GHz. Strictly speaking,
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Eq.(2) is applicable for 30 <& < 50, and it under-
estimates the value of & by 5-7% for materials with
20 < ¢ < 30. Temperature dependence of the resonance
frequency was measured in the range of 20-95 °C. For
measurement of 7y, the sample was placed in a porous,
low-¢ ceramic holder with a small thermal expansion
coefficient. The waveguide was wrapped with a resistive
heating tape, and the temperature was monitored using
a K-type thermocouple attached to the outer surface of
the waveguide.

3. Results

The XRD patterns of samples calcined at various
temperatures and times are presented in Fig. 1(a) and
(b). The phases in each sample identified from JCPDS
files are summarized in Table 1. As revealed by XRD
analysis, the process of formation of BMT phase is
quite different for the two different methods. In method
I, single-phase BMT is completely formed only after
heating at 1400 °C for 10 h. In contrast, method II
yields nearly pure BMT phase after a 2-h treatment at
1000 °C. According to Table 1, the major difference
between the two preparation methods is the presence of
undesirable intermediate second phases (i.e. BazTa,0,
BasTasO;5) in method I. These phases, being quite
stable at 800—1300 °C, impede the formation of single-
phase BMT below 1400 °C. Based on our XRD results,
formation of BMT in a single-step method can be ten-
tatively described by the following sequence of chemical
reactions:

xMgO + xTa,0Os — xMgTa,0q (3a)
xMgTa;06 + 3xBaO — 3xBa(Mg3Tay/3)03 (3b)
;(l —x)BaO + (1 — x)Tay0s
1

— 5(1 — x)BasTa 05 (4a)
1 1
5(1 — x)BaO + 6(1 — x)BasTa 05

— %(1 — x)BayTa;0q (4b)
1 1
8(1 — x)BasTa;O5 + g(l — x)BasTa;0q

— (1 — x)Ba3Ta208 (4C)
(1 —x)Ba3Ta,0g + (1 — x)MgO

— 3(1 — x)Ba(Mg1/3Ta2/3)O3 (4d)
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Fig. 1. XRD patterns of method I (a) and method II (b) BMT
obtained with CoK, radiation source (1=1.7889 A). Superstructure
reflections from 1:2 ordered domains are indicated by * symbol.

According to Egs. (3) and (4), the perovskite phase is
formed by at least two different chemical routes due to
the possible reactions of Ta,Os with MgO as well as
with BaO. In the first case [Eqgs. (3)], the perovskite
phase forms at temperatures below 1000 °C. However,
the amount of the perovskite phase thus formed is
small. In the temperature range of 900-1300 °C the two
major phases besides BMT are BajsTa,Oy, and
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Table 1

Phases comprising BMT samples prepared at different temperatures and soaking

Temperature and Method I BMT

soaking time

Method II BMT

Major phases

Minor phases

Major phases Minor phases

Ba(Mgl,rzTazj's)Os
B3.4Tazoq,

Unidentified phase,
MgO traces

Ba,Ta,09, MgO traces
Ba4Ta209, Ba5Ta4015
Ba,Ta,Oy traces,

BaCO3, MgTazoﬁ,
Ba(Mg;;3Ta5/3)03
Ba(Mg1’,3Ta2,,3)O3

Ta,Os5 traces, MgO traces
BaCO3, MgTa,04
Ba(Mg;3Tay/3)03

Ba(Mg;3Tay/3)03

Ba(Mg;3Tay;3)03
Ba(Mgll,r3Ta2//3)O3

BasTa,0,5 traces

800 O(:, 2h BaCO3, Ta205, MgO, BasTa4015

900 OC, 2h Ba(Mgl,gTaz’,;)O;, BaCO3, T3.205,
MgO, BasTa 0,5

1000 OC, 2h Ba(Mgl,/3Ta2’f3)O3, Ba4Ta209,
Ba5Ta4015

1100 OC, S5h Ba(Mgl,gTaz’g)OL BasTa4O]5

1200 OC, 10 h Bkl(Mg1’,3Taz/r3)O3

1300 OC, 10 h Ba(Mgl,f3Ta2’,3)O3

1400 OC, 10 h Ba(Mgl,gTaz’g)O}

1630 OC, 20 h Ba(Mg1,,3Ta2/3)O3

1650 OC, 20 h Ba(MngTaz’g)O}

Ba;TasO,5 traces
Ba;TasO,5 traces

Ba(Mg;3Tay/3)03
Ba(Mgy/3Tay3)03

Ba(Mg,3Tay/3)0; Ba;Tas0,s traces

BasTasO;s5. One of the mechanisms of their transfor-
mation into BMT is described by Eqgs. (4¢c) and (4d).
The absence of Bas;Ta,Oyg in calcined powders suggests
that this phase has a labile character (i.e. upon forma-
tion it immediately reacts with MgO). An unidentified
phase was detected in the powders calcined at 1000 °C.
This leads us to conclusion that there exists one more
chemical route of formation of BMT besides those
described in Eqgs. (3) and (4). The powders prepared by
method II contained traces of MgO and Ta,Os phases
due to incomplete synthesis of MgTa,O¢ precursor.
These phases disappeared after heat treatment at 900 °C.
No additional second phases were detected during heat
treatment of the method II powders. This indicates that
the perovskite phase in method II forms directly by
reaction of MgTa,0g4 with BaO:

3BaO +MgTa206 — 3Ba(Mg1/3Ta2/3)O3 (5)

Within the XRD accuracy of 2%, BMT samples
obtained by both method I and method II in the tem-
perature range of 1400-1620 °C do not contain any
other phases. However, the XRD analysis of method I
samples sintered at 1630 and 1650 °C reveals the pre-
sence of a small amount of a second phase, identified as
Ba;TasO,s.!° Traces of the Ba;TasO,s phase were also
detected in the method II BMT sintered at 1650 °C as
seen in Fig. 2. It is known that BMT can exist in
ordered and disordered forms.? In the low-temperature
ordered form (space group P3ml) the Mg?* and Tas*
cations are distributed on individual (111) planes of the
perovskite subcell with alternating {Mg, Ta, Ta} layers.
This is the 1:2 ordered configuration with the ordered
phase having a hexagonal crystal structure. In the high-
temperature disordered phase, the Mg?>* and Ta’*
cations are randomly distributed on octahedral sites of
the perovskite subcell which raises the symmetry of the
system to cubic (space group Pm3m). According to
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Fig. 2. XRD patterns of method I (1) and method II (2) BMT sintered
at 1650 °C for 20 h. Vertical bars represent the relative intensity of
reflections from Bas;TasO;s phase. The arrows indicate the traces of
BazTasO;s phase in method II BMT. CoK, radiation source
(2=1.7889 A).

Fig. 1, weak reflections from 1:2 ordered BMT domains
begin to become visible for powders treated at a tem-
perature as low as 1000 °C. The ordering increases with
the annealing temperature. To quantitatively examine
the degree of 1:2 ordering in BMT, we determined the
ordering parameter, s, from*

o \/((1100/1110,012)0bs ©)

1100/11 10-012)0rder

where (1100/1110.012),,, is the ratio of the observed
intensity of (100) superstructure reflection to that of
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(110) and (012) subcell reflection peaks. The calculated
value of (I100/1110,012) 4., for a completely ordered
structure is 0.083.* The values of the observed inten-
sities, f100 and 719012, were found from the area of the
corresponding XRD peaks. The ordering parameter, s,
for ceramics sintered at different temperatures for 20 h
and cooled down to 1400 °C at a rate of 20 °C/h is
plotted in Fig. 3. For both methods I and II ceramics
the value of s increases with sintering temperature, goes
through a maximum of 0.995 at 1580 °C, and then
decreases to 0.948 at 1650 °C. To examine the possibi-
lity of increasing the degree of ordering by postsinter
annealing, ceramics sintered at 1630 and 1650 °C were
annealed at 1580 °C for 20 h. However, the value of s
did not change.

Fig. 4 shows a bright-field TEM image of BMT sin-
tered at 1580 °C. A selected area electron diffraction
(SAD) pattern taken along the [011] main zone axis is
shown in insert of Fig. 4. Extra electron diffraction
spots at {h+1 k=+1 /+1} from a single 1:2 ordered
domain are observed on SAD pattern. It was found that
all BMT ceramic samples sintered in the 1570-1650 °C
temperature range consist of large (>200 nm) 1:2
ordered domains. However, due to the relatively small
electron-transparent area of the samples and large size
of the 1:2 domains, it was impossible to perform any
statistical analysis of the size of those domains by the
electron diffraction technique.

Microstructural observations of the samples revealed
a gradual increase of the grain size from 2.5 to 15 um
for ceramics sintered at 1570-1650 °C. The average
grain size is listed in Table 2. The second phase was
observed on the surface of the thermally etched BMT
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Fig. 3. Dependence of the ordering parameter on the sintering tem-
perature of the method II BMT.

samples. Fig. 5 shows SEM images of methods I and II
BMT samples sintered at 1650 °C and thermally etched
at 1450 °C for 2 h. The EDX chemical analysis of the
matrix phase and second-phase has revealed that the
ratio of the Ba to Ta major peaks equals 0.888 for the
matrix and 0.357 for the second-phase. This agrees well
with the chemical composition of the second phase of
Ba;TasO;s. Regarding the formation of this phase the
following mechanism is proposed. Owing to the close-
packed perovskite structure of BMT and tolerance fac-
tor close to unity, it is most likely that Schottky defects
predominate in BMT at sintering temperatures. While
the equilibrium point defect chemistry of the BMT grain
bulk is governed by the mass action relationships, the
interfacial concentration of defects is determined by
their formation energy. In case of Schottky defects, the
interface performs as an ideal source or sink of defects,
in other words, defect formation occurs at the interface.
The difference in the individual defect formation ener-
gies leads to preferential enrichment of the interface in
the ion of lower vacancy formation energy. This ion will
be predominant in the second phase formed at the
interface and in the voids of the matrix grains. Based on
our XRD and EDX results, it can be assumed that the
Ta ion has the lowest defect formation energy in the
BMT compound.

Fig. 4. Bright field TEM image of BMT sample sintered at 1580 °C
for 20 h. The insert shows the SAD pattern from a single 1:2 ordered
domain.
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Table 2

Grain size, 7y and ¢’ of BMT ceramics prepared by 2 different methods and sintered at different temperatures for 20 hours

Tsin,’C Method I BMT Method II BMT
Grain size, um 7, ppm/K ¢ at 10 GHz Grain size, um 7, ppm/K & at 10 GHz
1580 3.1 0.2 22.0 3.5 —-0.3 22.5
1600 5.0 1.8 23.0 6.4 1.2 23.7
1630 15.1 2.9 23.0 14.0 2.5 23.9
1650 20.2 4.1 22.8 21.2 3.5 239

Figs. 6 and 7 show the dependence of the relative
density and dielectric constant, &, on sintering tem-
perature. A relative density was calculated from

p= ’;’? x 100% 7
t

where pops 18 the measured density and pg,=7.657 g
cm™3 is the theoretical density of BMT.?° A meaningful
calculation of the density of method I ceramics sintered

Fig. 5. SEM images of method I (a) and method II (b) BMT sintered
at 1650 °C for 20 h.

above 1620 °C was not possible due to the presence of
the second phase. However, the microstructural obser-
vations of ceramics sintered at 1630 and 1650 °C
revealed that method I BMT has a larger proportion of
voids than method II ceramics sintered at the same
temperatures. We may conclude that over the whole
range of sintering temperatures, method II ceramics
have a higher density than that of method I. In general,
the density of ceramics increases with sintering tem-
perature. Method II ceramic sintered at 1650 °C has the
highest density of 97.3%. According to Fig. 7, method
IT ceramics have higher values of dielectric constant,
which can be explained by their higher density. In
addition, method I ceramics sintered above 1620 °C
show a slight decrease of the dielectric constant with
sintering temperature, Tg,. The possible reason for
such behavior might be the presence of the Ba3;TasO;5
second phase with apparently low &'. For method II
ceramics, the value of & levels off at 2440.5 for
Tgine > 1600 °C. This value agrees well with the dielectric
constant of BMT sintered at 1650 °C reported by Youn
et al.?! We cannot explain anomalously high dielectric
constant (¢/ = 37) obtained by Tien et al.?> in BMT

100
95
s
2 904
7]
C
[0]
©
(]
2
s
g 85 —m— Method | BMT
—o— Method Il BMT
80

T T T T T T T T T T
1560 1580 1600 1620 1640 1660
Sintering temperature (°C)

Fig. 6. Dependence of the density of the BMT samples on the sinter-
ing temperature. The samples were sintered for 20 h.
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sintered at 1600 °C. According to Fig. 8, the dependence
of dielectric constant on the porosity of ceramics obeys
the Maxwell-Wagner relation®3

3 / _ /
o = 83{1 L =e) 8,1)} (®)
2¢) + &

where &1 =25 for completely dense BMT ceramics, €', is
the permittivity of vacuum, and y is the porosity of
ceramics.

Fig. 9 shows the dependence of Q x f (hereafter
referred to as the efficacy factor, F = Q x f) on sintering

24
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Fig. 7. Dependence of the dielectric permittivity at 10 GHz on sinter-
ing temperature for BMT sintered for 20 h.
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Fig. 8. Dependence of the dielectric constant on the density of BMT
samples. The solid line was calculated from Eq. (8).

temperature with the bars showing the range of varia-
tion of F. The curves show a maximum at T, = 1590 °C
for method I BMT and at T;,,= 1580 °C for method II
BMT. As also evident from Fig. 9, the maximum values
of F obtained for method I and II ceramics were 200
and 280 THz, respectively. The value of F decreases
appreciably for samples sintered both above and below
158545 °C. It is worth noting that the density of cera-
mics exhibiting the highest value of F was approxi-
mately 94%. For samples sintered below 1580 °C, the
low value of F can be attributed both to poor densifica-
tion and insufficient ordering in B-sublattice. For sam-
ples sintered above 1590 °C, although the density
continues to increase, F decreases and reaches a value of
80-130 THz at T, = 1650 °C.

Measurement of the temperature coefficient of the
resonant frequency, ty, of BMT DRs, which was per-
formed by using a rectangular copper waveguide, gives
a total temperature coefficient of the resonance fre-
quency, tf, of the whole waveguide and DR system by
the equation:

=1 +1 )

where 7'is a temperature coefficient of the resonance
frequency of the waveguide, and 7; is the temperature
coefficient of the resonance frequency of the DR with-
out enclosure. According to O’Bryan,?* 7;is given by

1
rf:—oz—zrg (10)

where « is the linear thermal expansion coefficient of the

DR (a = %1—’}/), and t is the temperature coefficient of the
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Fig. 9. Dependence of the efficacy factor F on the sintering tempera-
ture of BMT samples. The samples were sintered for 20 h.
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dielectric constant. The value of tf is specific to the
thermal expansion coefficient of the waveguide material
and to the spacing between the waveguide walls and the
DR, which makes its accurate determination difficult. In
order to obtain an approximate value of zrin Eq. (9), we
calculated the value of t} by using a similar size dielec-
tric resonator with known 7.!¢ It was found that our
copper waveguide had 7f~—1.24+0.5 ppm/K. The shift
of the resonant frequency, Af;, of the whole waveguide
and DR system with increase in temperature is shown in
Fig. 10. The values of 7y for BMT ceramics sintered at
different temperatures were determined from Eq. (10)
and are listed in Table 2. Both the data in Table 2 and
curves in Fig. 10 show that 7y increases with sintering
temperature.

4. Discussion

Since ¢’ the BMT crystal is entirely determined by the
polar phonon contribution, no dielectric dispersion is
expected below the submillimeter range. The behavior
of ¢”, however, is more complex. According to Tagant-
sev et al.,>> two frequency regimes of &” variation should
be distinguished: (i) at frequencies between yt and ;
where ©; is the eigenfrequency of the i-th phonon mode,
and yr is the averaged damping of thermally populated
phonons, the frequency dependence of &’ is given by
e"(w) o Tw?, (ii) at o below yr, &’ is linearly propor-
tional to frequency, i.e. &”(w) o« T?w. In the microwave
range, the energy of photons is much lower than that of
optical phonons. Thus, due to the energy conservation
requirements, the incident photons cannot be absorbed
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Fig. 10. Temperature dependence of the shift of the resonance fre-
quency of method I BMT dielectric resonators sintered at different
temperatures.

by the excitation of the transverse optical (TO) pho-
nons. Hence, at temperatures of the order of the Debye
temperature or higher, the major dielectric loss comes
from the two-phonon difference absorption®® (three-
quantum process). In this process, an incident photon
couples to an intermediate TO phonon which in turn
couples to two other phonons. One phonon is absorbed
and another created with the energy difference being
equal to the energy of the incident photon. Due to the
small energy of the incident photon in the microwave
range, this process occurs close to the lines of degen-
eracy of the phonon branches in the Brillouin zone.
High-temperature order—disorder transition of BMT
from low to high crystal symmetry increases the number
of degeneracies of the phonon modes. This in turn will
increase the dielectric loss due to the increased prob-
ability of the three-quantum process. Our experimental
results presented in Figs. 3 and 9 clearly confirm this
assumption. The decrease of the F follows the decrease
of the ordering parameter, s, for samples sintered above
1590 °C.

In addition to purely intrinsic dielectric loss, extrinsic
loss due to defects, impurities, porosity, second phase,
and grain boundaries will also contribute to the low-
ering of the Q-factor. It is found that ceramics prepared
by method I have higher porosity and lower F com-
pared with method II BMT. The Ba3TasO;s second
phase is found by EDX and XRD in BMT sintered
above 1630 °C. The second phase was mostly con-
centrated on the internal surface of the voids. Formation
of Ta-rich second phase will change the stoichiometric
composition of BMT grains by introducing tantalum
vacancies into BMT matrix. Since the process of dis-
ordering involves interdiffusion of B and B” cations it
will be significantly facilitated in the region of high
vacancy concentration.

As mentioned above, our experimental results have
shown that the degree of 1:2 ordering in BMT starts to
decrease for samples sintered above 158545 °C. This
temperature, however, is much lower than that obtained
in the theoretical work of Takahashi et al.® We suggest
that this difference may originate from the fact that in
the cluster calculations of Takahashi et al.” vacancies
were not taken into account. We believe that the pre-
sence of vacancies in the BMT structure at sintering
temperatures will significantly lower the temperature of
the order—disorder phase transition. Similar arguments
were proposed by Hong et al.?” who studied the order—
disorder transition in Ba(Ni;;3Nb,/3)O; and Ba(Zny,
3Nby/3)O3. They reported formation of appreciable
amounts of a Nb-rich liquid phase in samples sintered
near and above the order—disorder phase transition
(T.=1300-1350 °C). The temperature of order—disorder
phase transition in Ba(Zn;;3;Nb,/3)O3; was found to be
also much lower than that calculated by Takahashi et
al.” We found that neither slow cooling nor postsinter
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annealing at 1580 °C for 20 h could reinstate the high
degree of ordering in BMT ceramics sintered at 1630
and 1650 °C. This suggests that upon cooling from sin-
tering temperature, the high-temperature disordered
phase in BMT becomes thermoelastically arrested.
Thus, in order to obtain low-loss BMT ceramics, it is
crucial to preserve a high degree of B-site cation order-
ing starting from the earliest stages of sintering. This
can be done by both reducing the sintering temperature
at the expense of sintering time and by reducing the
heating rate to avoid a fast mass transport during
nucleation and growth of the 1:2 ordered phase.

5. Conclusions

As revealed by XRD and microwave dielectric mea-
surements, the highest degree of B-site cation ordering
in BMT was achieved for samples sintered at
Tsine=1585+5 °C. For samples sintered above this
temperature, the high degree of ordering cannot be
recovered by prolonged postsinter annealing or by slow
cooling. Therefore, we conclude that the high tempera-
ture order—disorder transition in BMT is an elastic
energy arrested first-order phase transition. Another
finding of this work is that the synthesis of BMT cera-
mics by method II from MgTa,O¢ precursor results in a
higher ceramic density and superior dielectric properties
over the traditional mixed oxide method.
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