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1 : 2 Long-range ordering and defect mechanism

of WO3-doped perovskite Ba(Mg1//3Ta2//3)O3
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The nature of the B-site cation ordering and the associated defect process necessary to
stabilize the ordered domains were investigated using the WO3-doped Ba(Mg1/3Ta2/3)O3

(BMT) system as a typical example of Ba(B′1/3B′′2/3)O3-type complex perovskites. It was
shown that only the 1 : 2 long-range ordering of the B-site cation existed in both undoped
and WO3-doped BMT perovskites. The atomic defect mechanism associated with the
stoichiometric 1 : 2 long-range ordering was systematically investigated. It is concluded that
the substitution of W6+ for Ta5+ in the WO3-doped BMT enhances the degree of the 1 : 2
long-range ordering and produces the positively charged W rTa sites with a concomitant
generation of tantalum vacancies (V′′′′′Ta ) and mobile oxygen vacancies (V r rO ) for the ionic
charge compensation. C© 2000 Kluwer Academic Publishers

1. Introduction
Microwave technology has made a remarkable
progress, along with the recent development of ad-
vanced communication systems. In particular, dielec-
tric resonator has achieved an important position as the
key element in microwave integrated circuits and in
microwave filters. Microwave devices are required to
have small size, high-level temperature stability, and
low power loss [1–3]. Therefore, dielectric materials
for the resonators should possess high dielectric permit-
tivities, small temperature coefficients of resonant fre-
quency (TCF≤±10 ppm/◦C), and high unloaded qual-
ity factors (Q factor) for a stable resonant frequency.
Among these, the unloaded quality factor is the most
important property for the development of low noise os-
cillators and narrow band microwave filters with low in-
sertion losses. Since the unloaded quality factor is only
limited by the material’s quality factor (Q= 1/ tanδ)
[4], the dielectric loss is the determining property for
the behavior of dielectric resonators. It is known that
the dielectric loss at microwave frequencies is usually
caused by the lattice anharmonic interaction [5], by the
disordered charge distribution for nonconducting ionic
crystals [6], and by the lattice imperfections (e.g., im-
purities, dislocations, local strains, etc.) [7].

Ba(Mg1/3Ta2/3)O3 (referred to as BMT) is one of the
most extensively studied Ba(B′1/3B′′2/3)O3-type com-
plex perovskites and has the highest quality factor
among microwave dielectric ceramics. This material
is characterized by large dielectric permittivity (∼25 at
10 GHz), small TCF (∼0 ppm/◦C), and high unloaded
Q factor (Q× f ∼ 170,000) [8]. It is known that the
B-site cation ordering has a large influence on the di-
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electric loss at microwave frequencies in BMT or, more
generally, in Ba(B′1/3B′′2/3)O3-type complex perovskites
[8]. The most efficient way of reducing the dielectric
loss at microwave frequency range is the formation
of the stoichiometric 1 : 2 long-range ordered clusters
[8, 9]. However, due to low sinterability, the sintering at
an elevated temperature (∼1650◦C) and the subsequent
long-time annealing are required for the fabrication of
BMT [8, 10, 11]. In order to overcome this problem,
various additives with their melting points lower than
BMT were investigated, and their effects on dielectric
properties were examined [8, 12]. Yoon and co-workers
[13] reported that the addition of BaWO4 and the subse-
quent sintering at temperatures above 1430◦C increased
the unloadedQ factor of BMT.

They attributed the observed increase in the unloaded
Q factor to (i) the enhancement of the B-site cation or-
dering and (ii) the elimination of oxygen vacancies by
the substitution of W6+ ions for Ta5+ ions in the B-site
sublattice of the perovskite BMT [13]. The positively
charged W

r
Ta sites produced by the substitution then in-

crease the differences in the charge and the ionic radius
between the B-site ions and, thus, promote the ordering
tendency of the B-site cations. According to Yoon and
co-workers [13], the elimination of oxygen vacancies
upon the substitution of W6+ ions for Ta5+ ions can be
represented by the following defect equation:

2WO3
Ta2O5←→ 2W
r
Ta + 5OO + 1/2O2 + 2e′

1/2O2+ V
r r
O + 2e′ ↔ OO

2WO3 + V
r r
O

Ta2O5←→ 2W
r
Ta+ 6OO (1)
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However, one does expect that the stoichiometric 1 : 2
ordered regions become unstable by the substitution
because the excess charges (W

r
Ta) are generated within

the neutrally ordered regions. Consequently, the order-
ing tendency should be decreased by the substitution of
W6+ ions. Contrary to this expectation, the B-site cation
ordering was enhanced by the addition of BaWO4 [13].

This contradictory observation suggests the possibil-
ity of the occurrence of the following types of processes
upon the substitution of W6+ ion for Ta5+ ion: (i) a
new type of the B-site cation ordering other than the
stoichiometric 1 : 2 ordering, and (ii) a defect chemical
mechanism other than the process described in Equa-
tion 1 for the stabilization of the ordered regions. There-
fore, one should seek the possibility of the occurrence of
these processes (or one of these) to clearly understand
the controlling mechanism of the enhanced ordering
in the WO3-doped BMT perovskite. For this purpose,
it is necessary to systematically examine the dissolu-
tion behavior of the excess added WO3 dopant in the
perovskite structure and the atomic defect mechanism
directly related to the enhanced B-site cation ordering.

In view of these facts, the main purpose of the present
study is to clearly identify the atomic defect mechanism
that leads to the enhanced B-site ordering in the WO3-
doped BMT. For this purpose, we examined the nature
of the B-site ordering in both undoped and WO3-doped
BMT’s first. Then, the dissolution behavior of the ex-
cess added WO3 was investigated by examining the
Rietveld patterns. Based on this information, the main
atomic defect process (i.e., charge compensation mech-
anism) associated with the 1 : 2 ordering was identified
by systematically examining the electrical conductiv-
ity as a function of the partial pressure of oxygen and
temperature.

2. Experimental procedure
The composition of the WO3-doped BMT system used
in this study is in the range of 0 to 6 mol % of
WO3 and can be represented by BMT-xWO3 with
0≤ x≤ 0.06. In the preparation of the WO3-doped
BMT, stoichiometric amounts of analytical reagent
(AR) grade BaCO3, MgO, and Ta2O5 were ball-milled
in alcohol with ZrO2 media for 16 h. If necessary, an
appropriate amount of WO3 was also added to the mix-
ture. The dried powder was calcined at 1250◦C for
4 h.

After the calcination, an additional ball-milling step
was added to ensure a fine particle size before sintering.
The dried powders were first pressed as disks and then
cold-isostatically pressed under 190 MPa pressure. The
pressed pellets were sintered at 1600◦C for 4 h with a
heating/cooling rate of 5◦C/min.

XRD (Rigaku, DMAX-3B, Japan) patterns of the
heat-treated samples were recorded over the angular
range of 10◦ ≤ 2θ ≤ 80◦ by steps of 0.04◦. The instru-
mental aberrations were corrected by the external stan-
dard method with standard Si powders (NBS, SRM
640b, USA). The structure refinements using the Ri-
etveld method (program: Rietan [14]) were carried out
to determine the change of crystal structure with the ex-
cess WO3. The lattice parameters were calculated from

XRD data using the least square program for a Rigaku
DMAX-B diffractometer.

The degree of the long-range ordering was quantita-
tively determined by the value of the Mg-site occupancy
of Mg atoms obtained using the Rietveld analysis of
XRD data. The degree of long-range ordering (S) can
formally be written as

S= MgMg − MgMg(dis.)

MgMg(ord.)− MgMg(dis.)
(2)

where MgMg(dis.) and MgMg(ord.) are the Mg-site oc-
cupancy of Mg atoms in a fully disordered state and
in a fully ordered state, respectively. In case of BMT,
MgMg(dis.) is 1/3 and MgMg(ord.) is 1.

Samples for the electrical conductivity measure-
ments were coated with platinum-based electrode and
heat-treated at 1000◦C for 1 h. The DC conductivity val-
ues of the BMT specimens at various temperatures were
measured with a picoammeter/voltage source (Model
487, Keithley, Inc.) for a measuring voltage between
+5 and−5 V. The resistance values were recorded after
a fixed waiting period (typically 30 min). Temperature
was measured using a Keithley 740 thermometer via a
R-type thermocouple. For the measurement of electri-
cal conductivity as a function of the oxygen partial pres-
sure, a mixture of O2 and Ar was flowed. UHC 1500A
mass flow controllers (MFC) were used to control the
partial pressure of oxygen. In order to read a correct
partial pressure, a zirconia oxygen sensor was used.

Samples for transmission electron microscopy
(TEM) were mechanically polished to 100µm and
dimpled from both sides to obtain a thickness of about
15µm at the center. Suitable TEM specimens were fi-
nally obtained by ion beam thinning, using argon ions
at 4 kV and an incident angle of 15◦ to the specimen.
Microscopic examination was carried out using a trans-
mission electron microscope (Philips-CM 30) operated
at 300 kV.

X-ray photoelectron spectroscopy (XPS; Perkin
Elmer, PHI 5000 ESCA, USA) profiles of the heat-
treated samples were obtained using an Mg Kα source
(1253.6 eV) with a linewidth of 0.7 eV. The samples
were maintained at 298 K under a vacuum level of be-
low 2× 10−9 torr during the analysis. TheC1S peak
(285.0 eV) was used as the reference standard [15].

3. Results and discussion
3.1. The nature of B-site cation ordering
It is known that A(B′1/3B′′2/3)O3-type complex per-
ovskites can undergo two different types of the B-site
cation ordering. One is the nonstoichiometric 1 : 1
short-range ordering, and the other is the stoichiomet-
ric 1 : 2 long-range ordering [9]. Although it is reported
that the stoichiometric 1 : 2 ordering dominates over
the nonstoichiometric 1 : 1 ordering in Ba(B′1/3B′′2/3)O3-
based systems [16], the exact nature of the B-site cation
ordering is not well-known for BMT-based systems. On
the other hand, the nonstoichiometric 1 : 1 short-range
ordering predominates over the 1 : 2 long-range order-
ing in Pb(B′1/3B′′2/3)O3-based systems [9, 17, 18].
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If the Mg/Ta ratio within an ordered domain of the
BMT-based systems is 1 : 2, any charge imbalance and
compositional partitioning between the ordered domain
and the disordered region will not be involved because
this ratio coincides with the global Mg/Ta ratio. How-
ever, the substitution of W6+ ions for Ta5+ ions in the
B-site sublattice of BMT would produce the charged
ordered regions. In this case, there are two possible
processes that compensate the excess charge caused
by the formation of W

r
Ta sites. One is the formation

of the nonstoichiometric 1 : 1 ordering rather than the
stoichiometric 1 : 2 ordering. For the nonstoichiomet-
ric 1 : 1 ordering of A(B′1/3B′′2/3)O3-type complex per-
ovskites, the B′-rich ordered domain has a net negative
charge with respect to the B′′-rich disordered matrix re-
gion because the B′/B′′ ratio is 1 : 1 within the ordered
domain (as opposed to 1 : 2 for the average composi-
tion) [9, 17, 18]. However, the negatively charged or-
dered region can be compensated by the substitution of
W6+ ions for Ta5+. The other possibility of the charge
compensation is the generation of some defects that
compensates the positively charged W

r
Ta sites. Then,

this would promote the stoichiometric 1 : 2 long-range
ordering rather than the 1 : 1 ordering. Therefore, we
have examined the nature of the B-site cation ordering
first (i.e., 1 : 1 versus 1 : 2 ordering).

Fig. 1a presents the〈110〉 zone-axis SADP (selected
area diffraction pattern) of the pure, undoped BMT,
showing {h± 1/3, k± 1/3, l ± 1/3} reflections. The
presence of{h± 1/3, k± 1/3, l ± 1/3} reflections is
caused by the stoichiometric 1 : 2 long-range ordering
of the B-site cations (Mg2+ and Ta5+) [9]. This gives
rise to a hexagonal structure along the [001] directions
[16]. Fig. 1b shows a centered dark-field image of the
undoped BMT obtained using the (1/3 1/3 1/3) super-
lattice reflection, indicating the presence of the ordered
microregions approximately a few hundreds nanometer
in size. Fig. 1c is the〈110〉 zone-axis SADP taken from
the 2 mol% WO3-doped BMT specimen, also exhibit-
ing {h± 1/3,k± 1/3, l ± 1/3} superlattice reflections.

The TEM micrographic study clearly indicates that,
regardless of the WO3-doping, only the stoichiometric
1 : 2 long-range ordering exists in the BMT-based sys-
tems. From the results of TEM observations (Fig. 1),
one can conclude that charged lattice defects (e.g.,
cation vacancies, oxygen vacancies, etc.) should be
generated for the compensation of the excess charge of
the ordered region formed by the substitution of W6+
ions for Ta5+ ions. However, a systematic analysis of
the dissolution behavior of WO3 and the ionic valence
state of W ions in BMT should be preceded before one
can clearly elucidate the atomic defect mechanism oc-
curring in the WO3-doped BMT system, and this is the
subject of the next section.

3.2. Dissolution behavior of WO3
3.2.1. Ionic valence state
Since tungsten (W) atom employed in the present study
is a transition metal element, the valence state of W ions
in a solid solution varies depending on chemical en-
vironments surrounding a given W ion. In this study,

Figure 1 Transmission electron micrographs of BMT-xWO3 specimens
sintered at 1600◦C for 4hrs: (a) SADP of undoped BMT specimen, (b)
dark-field image of undoped BMT specimen obtained using (1/3 1/3
1/3) superlattice reflection, and (c) SADP of 2 mol % WO3-doped BMT
specimen.

the ionic valence of W ions in the BMT-xWO3 speci-
mens was investigated using X-ray photoelectron spec-
troscopy (XPS). The XPS profiles of both the undoped
BMT and the 6 mol % WO3-doped BMT are shown
in Fig. 2. Since the apparent binding energy of dielec-
tric materials deduced from photoelectron spectrum is
usually larger than the true binding energy [19], the
C1s spectrum has been used to evaluate the true bind-
ing energy. The difference between the apparent bind-
ing energy and the true binding energy of the undoped
BMT is 4± 0.2 eV while that of the WO3-doped BMT
is 3.8± 0.2 eV.

As presented in the figure, 4f7/2, 4f5/2, and 5p3/2 pho-
toelectron peaks of Ta are observed at the same binding
energy for both the undoped BMT and the WO3-doped
BMT. This clearly indicates that the effective ionic va-
lence of Ta ion is+5 and is not affected by the addition
of WO3. The photoelectron peak of 4f state of W in the
WO3-doped BMT is observed at 36 eV (Fig. 2), and
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Figure 2 XPS profile of undoped (pure) and 6 mol % WO3-doped BMT
specimens.

this value is very close to the binding energy of 4f pho-
toelectrons of W in WO3 (i.e., 35.7 eV). On the other
hand, the binding energy of 4f photoelectrons in WO2
is 32.7 eV [20]. Therefore, one can conclude that W
ion in the WO3-doped BMT exists as a hexavalent state
(W6+).

3.2.2. Dissolution behavior and solubility
limit

The dissolution behavior of WO3 in the BMT-xWO3
specimens was investigated by examining the Rietveld
patterns. The Rietveld analysis [21] is actively used
in the refinement of the structural parameters. The Ri-
etveld refinement pattern of the 2 mol % WO3-doped
BMT is shown in Fig. 3. As shown in the figure, the
observed XRD data are presented by the cross points
and the calculated pattern is displayed by the solid line
overlying them. The lower portions (1Y) of the plot
represent the difference between the observed and cal-
culated intensities.

In the Rietveld analysis the parameters in a given
structure model are adjusted in a computer simulation
until the best fit of the least-square is obtained. For the
elucidation of the substitution mechanism of W6+ ions
in the BMT system, we have performed a computer sim-
ulation assuming that the added W6+ ions substitute for

Figure 3 Rietveld refinement pattern of 2 mol % WO3-doped BMT
specimen.

TABLE I Reliability factors refined in the Rietveld analysis of 2 mol %
WO3-doped BMT specimen

W6+ substituted W6+ substituted W6+ substituted
for Ba-sites for Ta-sites for Ma-sites

Rwp 14.58 9.46 9.97
Rp 10.42 6.24 7.02
Ri 6.96 4.98 6.12

×xxx x Rwp : weighted pattern R-factor.
Rp : pattern R-factor.
Ri : integrated intensity R-factor.

various sites in the perovskite sublattices. The finalR
factors for the 2 mol% WO3-doped BMT specimen are
listed in Table I. The definition of variousR factors ap-
peared in Table I is identical to that given by Young and
Wiles [22]. As shown in Table I, the finalR factors con-
verge most satisfactorily when one assumes that W6+
ions substitute for Ta5+ ions in the B-site sublattice.

In addition to theR factors discussed above, the lat-
tice parameter determined by the least square method
decreases slightly with the amount of excess WO3 (cu-
bic lattice parameter;a= 4.08836± 0.000539Å for
pure BMT versusa= 4.08586± 0.000843Å for 2 mol
% WO3-doped BMT), indicating that smaller ions sub-
stitute for larger ions in the perovskite BMT. Consider-
ing the effective ionic radius of the constituent ions
[W6+ = 0.58Å, Ta5+ = 0.64Å, and Mg2+ = 0.72Å]
[23], one can expect that the observed slight decrease
of the lattice parameter is caused by the substitution of
W6+ ions for Ta5+ ions. Therefore, the analysis of XRD
data indicates that the excess added W6+ ions substitute
for Ta5+ ions in the B-site sublattice of the perovskite
BMT.

Another evidence of the incorporation of excess WO3
into the Ta-sites was obtained by examining the second
phases formed above the solubility limit of WO3. The
X-ray diffraction patterns presented in Fig. 4 indicate
the presence of the minority phases (Ba0.5TaO3 and
BaWO4) formed for the WO3 content above 2 mol %.
Contrary to this, the second phase is essentially absent
for the WO3-doping level below 2 mol %, indicating
that the solubility limit of WO3 in the perovskite BMT is

Figure 4 XRD patterns of BMT-xWO3 specimens containing various
amounts of excess WO3.
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Figure 5 Scanning electron micrographs of sintered BMT-xWO3 af-
ter thermal etching at 1300◦C for 1 hr: (a)x= 0.00, (b) x= 0.02, and
(c) x= 0.06.

∼2 mol %. In addition to this, we have observed that the
content of Ba0.5TaO3 phase increases with the amount
of excess WO3. This observation further supports the
previous conclusion that the added W6+ ions substitute
for Ta5+ ions in the perovskite BMT.

Scanning electron micrographs of the BMT-xWO3
specimens (x= 0.00, 0.02, 0.06) are presented in Fig. 5.
As indicated by arrows in Fig. 5c, minor phases are
present in the 6 mol % WO3-doped BMT. Both XRD
(Fig. 4) and EPMA data suggest that the impurity
phases are Ba0.5TaO3 and BaWO4. On the other hand,
a comparison of the scanning electron micrograph of
the undoped BMT with that of the 2 mol % WO3-
doped BMT suggests that minor phases are absent in

Figure 6 Transmission electron micrograph (bright-field image) of
BMT-0.02WO3 sintered at 1600◦C for 4hrs (×410,000).

the 2 mol % WO3-doped BMT (Fig. 5a and b). An-
other evidence of the absence of impurity phases in the
2 mol % WO3-doped BMT was obtained by examining
the structure of intergranular region microscopically.
As presented in Fig. 6, a typical bright-field image
of the intergranular region also indicates the absence
of minority phases in the 2 mol % WO3-doped BMT.
Therefore, one can conclude that the solubility limit of
WO3 in the perovskite BMT is approximately 2 mol %.

The apparent density of the BMT-xWO3 specimens
containing various amounts of WO3 is presented in
Fig. 7. As shown in the figure, the apparent density does
not change up to 2 mol % WO3 but decreases apprecia-
bly thereafter. One can attribute the observed decrease
in the apparent density to the formation of low-density-
phases. Since the theoretical density of the pure BMT
is 7.637 g/cm3 while those for Ba0.5TaO3 and BaWO4

Figure 7 Apparent density of BMT-xWO3 specimens containing vari-
ous amounts of excess WO3. The specimens were sintered at 1600◦C
for 4 hrs.
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are 7.81 g/cm3 and 6.382 g/cm3, respectively [24], the
result indicates the relative importance of the BaWO4-
formation above 2 mol %. Therefore, the estimated ap-
parent density also suggests that the solubility limit of
WO3 in the BMT system is approximately 2 mol %,
and this does accord with the result of XRD analysis
(Fig. 4).

3.3. Defect mechanisms of
Ba(Mg1/3Ta2/3)O3-based perovskites

The discussion made in the previous section concluded
that W6+ ions substituted for Ta5+ ions in the WO3-
doped perovskite BMT. In this case, there exist two
distinct defect chemical processes that satisfy the over-
all charge neutrality. They are (i) the liberation of elec-
trons (electronic compensation) and (ii) the generation
of tantalum and oxygen vacancies (ionic compensa-
tion). In this section, we will examine the main atomic
defect mechanism associated with the dissolution of
W-ions into the perovskite lattice. The elucidation of
the charge compensation mechanism is important in
the formation and growth of the long-range ordering
because it is primarily responsible for the stabilization
of the electrostatic repulsion arising from the formation
of the positively charged W

r
Ta sites upon the substitu-

tion.

3.3.1. Defect mechanism of pure,
undoped BMT

We will first examine the main intrinsic defect mecha-
nism occurring in the pure, undoped BMT by analyz-
ing the dependence of the electrical conductivity on the
equilibrium partial pressure of oxygen. This analysis
also gives us information on the nature of the charge car-
rier involved in BMT-based systems. In air atmosphere,
one can consider the following dissolution/liberation
equilibria of O2 in the perovskite BMT:

1/2O2 = 2/5V′′′′′Ta +OO+ 2h
r

(3)

1/2O2 = V′′Ba+OO+ 2h
r

(4)

OO = 1/2O2+ V
r r
O + 2e′ (5)

where the defect reactions represented by Equations 3
and 4 are termed as oxidation, and Equation 5 as re-
duction. In addition to the above three reactions, one
can also conceive the formation of magnesium vacan-
cies (V′′Mg). In this case, a defect equation leading to
oxidation is similar to Equation 4 because the ionic
valence of magnesium is+2. However, considering
the vapor pressure of the two constitutive metal oxides
(vapor pressure of MgO= 2.6× 10−3, 2.02× 10−1Pa
and that of BaO= 1.7× 10−2, 46.3 Pa at 1500 K and
2000 K, respectively) [25], one can expect that the va-
cancy formation at the Ba-sites (V′′Ba) dominates over
the vacancy formation at the Mg-sites (V′′Mg). There-
fore, we have relatively disregarded the formation of
magnesium vacancies.

For a systematic discussion of the defect processes
relevant to the present study, we have considered the
mass-action relations. Equations 3–5 can be quanti-

fied by the following three mass-action relations, Equa-
tions 6–8, respectively:

KOX1 =
[
V′′′′′Ta

]2/5
p2P−1/2

O2
(6)

KOX2 =
[
V′′′′′Ba

]
p2P−1/2

O2
(7)

KRED =
[
V
r r
O

]
n2P1/2

O2
(8)

where [ ],n, and p, respectively, denote the concen-
trations of various vacancies, electrons, and holes, and
KOX1, KOX2, andKRED are the equilibrium constants
for the oxidation process 1 (Equation 3), for the ox-
idation process 2 (Equation 4), and for the reduction
(Equation 5), respectively. A fourth equation that sat-
isfies the requirement of the electroneutrality can be
written as

n+ 2
[
V′′Ba

]+ 5
[
V′′′′′Ta

] = p+ 2
[
V
r r
O

]
(9)

The above four equations allow us to estimate the con-
centrations of electrons or holes as a function ofPO2.
Using Equation 6 and the electroneutrality condition
for Equation 3 (i.e., 5[V′′′′′Ta ]= p), the concentration of
holes can be written as

p =
{
52/5KOX1P1/2

O2

}5/12 ∝ P5/24
O2

(10)

Similarly, using Equation (7) and the electroneutrality
condition for Equation 4 (i.e., 2[V′′Ba]= p), the con-
centration of holes corresponding to Equation 4 can be
written as

p =
{
2KOX2P1/2

O2

}1/3 ∝ P1/6
O2

(11)

In the case of the reduction represented by Equa-
tion 5, the electroneutrality condition reads: 2[V

r r
O ]= n.

Therefore, using Equation 8 one can readily obtain the
following expression for the concentration of electrons:

n =
{
2KREDP−1/2

O2

}1/3 ∝ P−1/6
O2

(12)

The main defect process occurring in the pure BMT can
be identified by examining the electrical conductivity
as a function of the partial pressure of oxygen,PO2. The
electrical conductivity data of the pure, undoped BMT
specimen are shown in Fig. 8 as a function ofPO2. As
indicated in the figure, the slope of logσ vs. log(PO2)
plot is 1/6, indicating the importance of the oxidation
reaction represented by Equation 4. Therefore, one can
conclude that the major charge carriers of the undoped
perovskite BMT are the holes produced by the oxidation
and that the generation of holes is accompanied with
the formation of barium vacancies.

3.3.2. Defect mechanism of WO3-doped
BMT

We are now in a position to elucidate the main defect
process occurring in the presence of excess WO3. As
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Figure 8 Electrical conductivity of undoped BMT specimen at 1100◦C
as a function of the partial pressure of oxygen.

discussed previously, the incorporation of excess WO3
into the Ta-sites forming the positively charged W

r
Ta

sites is accompanied either by the liberation of electrons
or by the generation of V′′′′′Ta and V

r r
O vacancies via the

following defect processes:

2WO3
Ta2O5←→ 2W
r
Ta+ 1/2O2+ 5OO+ 2e′ (13)

WO3
Ta2O5←→W
r
Ta+ V′′′′′Ta + 2V

r r
O + 3OO (14)

where the defect reaction represented by Equation 13
is termed as electronic compensation (EC) and the re-
action described by Equation 14 as ionic compensa-
tion (IC). The atomic defect mechanism directly re-
lated to the dissolution of WO3 can be identified by
examining the electrical conductivity. Fig. 9 presents
the reciprocal-temperature-dependence of logarithmic
electrical conductivity for both the undoped BMT
and the 2 mol % WO3-doped BMT, measured by the
2-probe DC method. As shown in the figure, the elec-
trical conductivity of the WO3-doped BMT is consis-
tently higher than that of the undoped BMT over a wide
range of temperature.

We now examine the charge compensation mecha-
nism occurring in the presence of excess WO3. Let us

Figure 9 Reciprocal temperature dependence of logarithmic electrical
conductivity of 2 mol % WO3-doped BMT and undoped BMT speci-
mens.

first suppose that the electronic compensation repre-
sented by Equation 13 is the main defect mechanism.
Then, the incorporation of WO3 into the Ta-sites would
liberate electrons. Since the charge carrier of BMT-
based specimens is hole, the electronic compensation
mechanism then predicts a decrease in the electrical
conductivity upon the substitution of W ions for Ta ions.
However, the conductivity of the WO3-doped BMT is
higher than that of the undoped BMT for the whole
range of temperature examined (Fig. 9). Therefore,
the electronic compensation mechanism represented by
Equation 13 is not relevant to the dissolution of WO3
into the perovskite BMT and, thus, does not contribute
significantly to the enhanced 1 : 2 ordering observed in
the presence of WO3 below the solubility limit.

Let us now assume that the ionic compensation de-
scribed by Equation 14 is the main defect mechanism.
Then, the positively charged mobile oxygen vacancies
(V
r r
O ) and the negatively charged tantalum vacancies

(V′′′′′Ta ) are simultaneously generated for the compensa-
tion of the positively charged W

r
Ta According to Equa-

tion 14, the concentration of oxygen vacancies should
be twice as much as that of tantalum vacancies. There-
fore, one can conclude that the increase in the electrical
conductivity in the presence of WO3 is mainly caused
by the formation of oxygen vacancies. In addition to
this, the activation energy of the 2 mol % WO3-doped
BMT was estimated to be about 1 eV. It was deduced
from theσ -1/T diagram presented in Fig. 9. This value
of the activation energy is nearly the same as that of
other typical perovskite for the oxygen vacancy con-
duction:1Eact= 1.1 eV for Al-doped BaTiO3 [26].
Therefore, one can conclude that the addition of ex-
cess WO3 to the perovskite BMT increases the electri-
cal conductivity by generating the positively charged
mobile vacancies(V

r r
O ) and that unfavorable repulsive

electrostatic energy built in the 1 : 2 ordered domain
by the formation of sites can be relieved by the ionic
compensation mechanism, as described in Equation 14.

3.4. Effect of WO3-content on the ordering
and microchemistry

The TEM study (Fig. 1) indicated that, regardless of
the WO3-doping, only the long-range stoichiometric
1 : 2 ordering existed in the BMT-based perovskites.
Fig. 10 presents the long-range order parameter of the
stoichiometric 1 : 2 ordering in the BMT-xWO3 spec-
imens containing various amounts of WO3. As shown
in the figure, the estimated degree of the long-range or-
dering increases with the amount of excess WO3 below
the solubility limit (i.e., 2 mol %) while it decreases
gradually thereafter.

It is well-known that the long-range cation ordering
in A(B′, B′′)O3-type perovskites can be controlled not
only by the heat treatment [8,9] but also by the concen-
tration of vacancies [27–29]. For example, the degree of
the B-site cation ordering in Pb(Sc1/2Ta1/2)O3 (PST) in-
creases with increasing concentration of vacancy [27].
In addition to this, the local degree of ordering of a
hot-pressed PST at near the grain boundary region hav-
ing a higher vacancy concentration is higher than that
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Figure 10 Long-range order parameter (S) of BMT-xWO3 specimens
plotted as a function of WO3 content.

at the grain interior [29, 30]. Because the B-site cation
ordering in A(B′, B′′)O3-type perovskites requires an
atomic diffusion, these observations can be attributed
to the enhanced diffusion rate caused by the increase in
the concentration of vacancy.

As we have shown in the previous section, the WO3-
doping produces tantalum and oxygen vacancies below
the solubility limit. Therefore, the enhanced diffusion
rate of the B-site cations caused by the enhanced va-
cancy concentration seems to be mainly responsible for
the observed increase in the long-range order parameter
with the excess concentration of WO3.

Finally, we will examine microchemical feature as-
sociated with the observed suppression of the 1 : 2
long-range ordering above the solubility limit of WO3
(∼2 mol %). As discussed previously, both the XRD
patterns (Fig. 4) and EPMA study indicated that
Ba-containing second phases such as Ba0.5TaO3 and
BaWO4 were formed above the solubility limit of WO3.
For the formation of these phases, barium ions should
first react with the excess-added WO3 or the tantalum
ions that are liberated by the dissolution of tungsten
ions into the B-site sublattice. In addition to this, barium
ions should also diffuse out from the interior perovskite
grain. Since Ba2+ ion is significantly larger than the
other two lattice-constitutive ions (effective ionic radius
of Ba2+ = 1.60Å, Mg2+ = 0.72 Å, and Ta5+ = 0.64Å)
[23], one can expect that the formation of second phases
is more likely to initiate at a vacancy-rich region.

Because of the ionic charge compensation, the WO3-
doped grains contain more vacancies (V′′′′′Ta and V

r r
O )

than the undoped BMT grains, and this charge com-
pensation mainly occurs within the 1 : 2 ordered region.
Therefore, one does expect that an excessive doping
of WO3 expedites the formation of tantalum and oxy-
gen vacancies above a certain critical concentration,
thereby promoting the outer diffusion of Ba-ions from
the perovskite lattice. This decreases the stability of
the perovskite structure and, thus, suppresses the ten-
dency of the long-range ordering, eventually leading to
the collapse of the perovskite grain. Therefore, one can
conclude that the observed decrease in the degree of
the 1 : 2 long-range ordering above the solubility limit
of WO3 is directly related to the formation of second
phases which is initiated by the excessive formation of
tantalum and oxygen vacancies.

4. Conclusions
The nature of the long-range ordering in
Ba(B′1/3B′′2/3)O3-type perovskites was examined using
the WO3-doped Ba(Mg1/3Ta2/3)O3 as a model system.
The following conclusions were made from the present
study:

1. Regardless of the WO3-doping, only the stoichio-
metric 1 : 2 long-range ordering of the B-site cation ex-
ists in the BMT-based perovskites.

2. The substitution of W6+ ions for Ta5+ ions in the
B-site sublattice of the perovskite BMT produces the
positively charged W

r
Ta sites with a concomitant gen-

eration of oxygen and tantalum vacancies for the ionic
charge compensation. This ionic compensation mecha-
nism relieves the electrostatic repulsion associated with
the formation of the positively charged sites and, thus,
eventually promotes the growth of the 1 : 2 long-range
ordered domain.
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