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ABSTRACT: Low (α)- and high-temperature (β) forms of BiTaO4 have
attracted much attention due to their dielectric and photocatalytic properties. In
the present work, a third form, the so-called HP-BiTaO4, was synthesized at high
temperature and pressure. The phase evolution, phase transformations, and
dielectric properties of α- and β-BiTaO4 and HP-BiTaO4 ceramics are studied in
detail. β-BiTaO4 ceramics densiﬁed at 1300 °C with the microwave permittivity
εr ≈ 53, the microwave quality factor Qf ≈ 12070 GHz, and the temperature
coeﬃcient of resonant frequency τf ≈ −200 ppm/°C. HP-BiTaO4 ceramics were
synthesized at 5 GPa and 1300 °C followed by annealing at 600 °C. In contrast
with the α phase, HP-BiTaO4 exhibited εr ≈ 195 at 1 kHz to 10 MHz,
accompanied by a low dielectric loss of ∼0.004. The relation between structure
and dielectric properties is discussed in the context of Shannon’s additive rule
and bond theory.

■

INTRODUCTION
The triclinic form of BiTaO 4 (β-BiTaO 4 ), which is
isomorphous with β-BiNbO4, was ﬁrst prepared and reported
by Aurivillius.1 Subsequently Roth and Waring2,3 found that βBiTaO4 was the high-temperature form and prepared the lowtemperature orthorhombic polymorph, α-BiTaO4. Sleight and
Jones4 reported the occurrence of a ferroelastic phase transition
at 725 °C in β-BiTaO4 from triclinic to monoclinic, the latter of
which belongs to the high-temperature LaTaO4 family. Huang
and Weng studied5 the low-temperature sintering (920−960
°C) and microwave dielectric properties of α-BiTaO4 and its
isomorphic α-BiNbO4 and reported the permittivity εr ≈ 44−
45, microwave (MW) quality factor Qf ≈ 8−12000 at 6 GHz
and temperature coeﬃcient of resonant frequency τf ≈ −40
ppm/°C for α-BiTaO4 with 0.5 wt % CuO addition. In 2006,
Muktha et al.6 ﬁrst reported the photocatalytic property of αBiTaO4 on the degradation of dyes. Subsequently, Shi et al.7
described the photocatalytic properties for methylene blue
degradation, which occurs under irradiation with visible light.
Most authors report that the solid-state reaction leads to the
formation of α-BiTaO4 but that the wet chemical synthesis
method leads to β-BiTaO4.8 This phenomenon is not fully
understood.
The similar ionic radii and valences of Ta5+ and Nb5+ result
in α-BiTaO4/α-BiNbO4 and β-BiTaO4/β-BiNbO4 being
isomorphs. The former isomorphic pair exhibits similar
dielectric and photocatalytic properties, but β-BiTaO4 has not
to date been studied. Moreover, a novel high-pressure and high© 2016 American Chemical Society

temperature method (HPHT) was recently employed to
synthesize BiNbO4,9 resulting in a third polymorph, HPBiNbO4, formed above 3.5 GPa and at high temperature.
However, HP-BiNbO4 transformed back to α-BiNbO4 after
annealing at 600 °C. In our previous work,10 dielectric
properties of HP-BiNbO4 were studied and εr (237−220)
was anomalously high in comparison with α-BiNbO4 in the
frequency range 100 Hz to 10 MHz, while the dielectric loss
remained low (0.02). In the present work, phase evolution,
phase transformations, and dielectric properties of α-BiTaO4, βBiTaO4, and HP-BiTaO4 ceramics are discussed with the results
summarized using Shannon’s additive rule and bond strength
theory.

■

EXPERIMENTAL SECTION

BiTaO4 ceramics were prepared via a solid-state reaction method from
reagent-grade starting materials of Bi2O3 and Ta2O5 (>99%,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) using a
planetary mill (Nanjing Machine Factory, Nanjing, People’s Republic
of China) operating at 150 rpm with 2 mm diameter ZrO2milling
media. Powders were calcined at 750 °C followed by pelletization and
sintering in air from 930 to 1300 °C, depending on the sample. Highpressure, high-temperature (HPHT) experiments were carried out at
Sichuan University in a cubic pressure vessel (DS 6 × 14 MN). The
pressure was calibrated against the pressure-induced phase transitions
of Bi, Tl, and Ba, and temperatures was measured in situ with a Re 5
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wt % W−Re 25 wt % W thermocouple.11 To obtain HP-BiTaO4
ceramics, BiTaO4 powders were compressed at ∼3−5 GPa at room
temperature and then sintered at 1300 °C for 10 min. The samples
were subsequently cooled naturally to room temperature by turning oﬀ
the electric power, followed by decompression to ambient pressure, as
described in our previous work.9,10 Room-temperature X-ray
diﬀraction (XRD) was performed on crushed pellets with Cu Kα
radiation on a Rigaku D/MAX-2400 X-ray diﬀractometer, Tokyo,
Japan. Diﬀraction patterns were obtained between 2θ values of 10 and
60° at a step size of 0.02°. The results were analyzed by the Rietveld
proﬁle reﬁnement method using the FULLPROF program. To
examine the grain structure, as-ﬁred surfaces were observed using
scanning electron microscopy (SEM) (FEI, Quanta 200). The
structure and microstructure of HP-BiTaO4 were further investigated
in transmission electron microscopy using a combination of selected
area electron diﬀraction (SAED) patterns (JEOL 2100) and high angle
annular dark ﬁeld (HAADF, detector range 90−176 mrad) imaging
(JEOL ARM200F). In the STEM mode, a probe size of 0.1 nm and
semiconvergence angle of α = 22 mrad were used to obtain HAADF
images.
The dielectric properties as a function of frequency over 40 Hz to
10 MHz were measured using an LCR meter (HP 4294 and Agilent
4980) with a homemade programmable furnace. Dielectric properties
at microwave frequency were measured with the TE01δ dielectric
resonator method with a network analyzer (HP 8720 Network
Analyzer, Hewlett-Packard) and a temperature chamber (Delta 9023,
Delta Design, Poway, CA). τf was calculated with the formula
τf =

fT − fT

0

fT × (T − T0)

× 106
(1)

0

where f T and f T0 are the TE01δ resonant frequencies at temperature T
and T0, respectively.

Figure 1. X-ray diﬀraction patterns of BiTaO4 samples calcined and
sintered at diﬀerent temperatures prepared via (a) a solid-state
reaction method and (b) a high-temperature, high-pressure method.

■

RESULTS AND DISCUSSION
X-ray diﬀraction patterns of the BiTaO4 samples, prepared via a
solid-state reaction method, calcined, and sintered at diﬀerent
temperatures are presented in Figure 1. The orthorhombic αBiTaO4 phase forms at ∼750 °C with the chemical reaction
described by the equation

@1300 °C + 4 GPA

β‐BiTaO4 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ HP‐BiTaO4

(3)

To study the stability of HP-BiTaO4, ceramic samples
prepared at 1300 °C and 4 GPa were annealed at diﬀerent
temperatures under atmospheric pressure (Figure 2). Under
atmospheric pressure, HP-BiTaO4 remains stable up to 700 °C
but at ≥800 °C the sample decomposed into a mixture of αBiTaO4 and β-BiTaO4. Increasing the annealing time at 800 °C
had no inﬂuence on the phase assemblage. This diﬀers
markedly from the case for samples prepared by a solid-state
reaction method (Figure 1a). Only pure α-BiTaO4 phase was
formed below 930 °C. The decomposition of HP-BiTaO4 to α
and β-BiTaO4 is summarized in eq 4:

partially@930 °C

Bi 2O3 + Ta 2O5 → α ‐BiTaO4 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ β ‐BiTaO4
(2)

Traces of triclinic β-BiTaO4 were observed in samples sintered
for 2 h at 930 °C, implying that the temperature of the α- to βBiTaO4 phase transition is lower than that in isomorphous
BiNbO4 (1020 °C).2,3 At 1000 °C, no diﬀraction peaks
associated α-BiTaO4w ere observed, indicating complete
transition to the β-BiTaO4 phase, which was stable up to
1300 °C. All results correspond well with the reports in the
literature.2,3 To study the stability of β-BiTaO4, a ceramic
sample sintered for 2 h at 1300 °C was selected and annealed
for 2 h at 930 °C, but the phase assemblage remained
unchanged, unlike the case in equivalent studies on BiNbO4.12
β-BiTaO4 powders sintered at 1300 °C were used to prepare
HTHP samples. XRD of BiTaO4 sintered for 10 min at 1300
°C and 3, 4, and 5 GPa pressure are presented in Figure 1b. As
the pressure was increased to 3 GPa, a set of new XRD peaks
was observed in addition to β-BiTaO4. When the pressure was
increased to 4 GPa, peaks of β-BiTaO4 were no longer present,
indicating that a new BiTaO4 phase forms at 1300 °C and 4
GPa, which is henceforth termed HP-BiNbO4. HP-BiNbO4
remained stable when the pressure was increased to 5 GPa, as
shown in Figure 1b with the transformation summarized in eq
3:

annealed@800 °C

HP‐BiTaO4 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ α ‐BiTaO4 + β ‐BiTaO4

(4)

When the annealing temperature was increased to 1000 °C,
α-BiTaO4 in the mixture disappeared and pure β-BiTaO4 was
obtained. The temperature diﬀerence (TD) of HP-BiTaO4
prepared at 1300 °C at 4 GPa and its diﬀerential value are
presented in Figure 2b. A weak endothermic peak is observed
in the TD curve at ∼877 °C, which is more obvious in the
diﬀerential value and is marked in blue in Figure 2b. This
endothermic phenomenon was believed to relate to the phase
transition from α- to β-BiTaO4. However, no endothermic/
exothermic phenomenon was observed for the decomposition
of HP-BiTaO4.
Figure 3 presents the SEM and EDS results of HP-BiTaO4
ceramic sintered at 1300 °C and 4 GPa. A dense microstructure
is revealed, and EDS conﬁrms the chemical composition as
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BiTaO4, suggesting only limited volatilization during the
HTHP sintering.
Figure 4 shows the XPS spectra of HP-BiTaO4 with the
survey and high-resolution spectra of Bi 4f and Ta 4f. All peaks

Figure 2. (a) XRD patterns of HP-BiTaO4 samples (prepared at 1300
°C and 4 GPa) annealed at diﬀerent temperatures and (b) the
temperature diﬀerence result of HP-BiTaO4 and its diﬀerential value.

Figure 4. XPS spectra of HP-BiTaO4 sample with (a) the survey
spectrum and high-resolution spectra of (b) Ta 4f and (c) Bi 4f (all
peaks have been calibrated with respect to the C 1s peak at 284.8 eV).

were calibrated with respect to the C 1s peak at 284.8 eV. The
survey spectrum revealed that HP-BiTaO4contained Bi, Ta, C,
and O. C and, in part, O are adsorbed from the atmosphere.
XPS signals from Bi 4f can be found at binding energies of
163.9 eV (4f5/2) and 158.6 eV (4f7/2), with a doublet splitting of
5.3 eV, consistent with the Bi 4f spin−orbit.13 The XPS results
indicate the presence of Bi3+ 14 with no trace of Bi5+ ions
detected. The XPS peak of the Ta 4f level consists of four
peaks, located at 29.0 and 26.8 eV, corresponding to Ta 4f5/2
and Ta 4f7/2, respectively, of Ta5+. The low-energy peaks at 25.4
and 28.0 eV are assigned to Ta 4f7/2 and Ta 4f5/2 of Ta3+.15,16

Figure 3. (a) SEM image and (b) EDS result of HP-BiTaO4 ceramic
sintered at 1300 °C and 4 GPa.
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Figure 5. Experimental (circles) and calculated (line) X-ray powder diﬀraction proﬁles for (a) the HP-BiTaO4 sample based on pyrochlore
structured Bi2(Ta3+Ta5+)O7, (b) tetragonal T′-(Zr,Ce)O2 structured (BiTa)O4, (c) cubic ﬂuorite Bi2(Ta3+Ta5+)O7 and (d) a mixture of ﬂuorite and
tetragonal T′-(Zr,Ce)O2 phases. The short vertical lines below the patterns mark the positions of Bragg reﬂections. The bottom continuous line is
the diﬀerence between the observed and calculated intensities.

conﬁrmed by XPS. Finally, if the HP-BiTaO4 sample is assumed
to be composed of a mixture of cubic ﬂuorite and T′-(Zr,Ce)O2
phases, the reﬁned cell parameters are similar to the data above
with Rp = 11.0%, Rwp = 11.9%, and Rexp = 6.05% (the goodness
of ﬁt S = Rwp/Rexp = 1.97 < 2) if a ﬂuorite/T′ ratio of 28:72 wt
% is assumed. The goodness of ﬁt is expected to be between 1
and 2 if the reﬁnement is well performed. All of the reﬁned
atomic fractional coordinates from XRD data are given in
Tables 1 and 2, which are slightly diﬀerent from the above

The XPS results therefore conﬁrm that Ta in HP-BiTaO4 has
both Ta3+ and Ta5+ valence states.
To solve the crystal structure of the HP-BiTaO4 phase,
Rietveld proﬁle analysis was employed. Cubic pyrochlore
(A2B2O7), cubic ﬂuorite (AO2), and tetragonal T′-(Zr,Ce)O2
structures were chosen, since these compounds have formula
units potentially similar to that of BiTaO4. Experimental and
calculated X-ray powder diﬀraction proﬁles for HP-BiTaO4 are
shown in Figure 5. For cubic pyrochlore, with Sm2Sn2O7 as the
starting model,17 the reﬁned cell parameters are a = b = c =
10.6230(7) Å, and equivalent cell volume ∼299.70 Å3 with
space group Fd3̅m (No. 227), Rp = 18.7%, Rwp = 20.1%, and
Rexp = 6.59% (the goodness of ﬁt is deﬁned as S = Rwp/Rexp =
3.05). For the ﬂuorite structure using Dy3TaO7 as the starting
model,18 the reﬁned cell parameters are a = b = c = 5.31141(7)
Å with an equivalent cell volume ∼299.68 Å3, with space group
Fm3m
̅ (No. 225), Rp = 15.5%, Rwp = 17.4%, and Rexp = 5.21%
(the goodness of ﬁt S = Rwp/Rexp = 3.34). In this case, BiTaO4
can be rewritten as Bi2Ta3+Ta5+O7. However, neither cubic
pyrochlore nor ﬂuorite explains the triple peaks at high angles.
For tetragonal T′-(Zr,Ce)O2, the structural parameters of Varez
et al. were utilized:19 a = b = 3.750554 Å, c = 5.321393 Å, and
equivalent cell volume ∼299.42 Å3, with space group P42/nmc
(No. 137), Rp = 12.2%, Rwp = 12.5%, and Rexp = 5.55% (the
goodness of ﬁt S = Rwp/Rexp = 2.25). This structure explains the
triple peaks at high angles. It seems that the tetragonal T′(Zr,Ce)O2 structure ﬁts better for HP-BiTaO4 than pyrochlore.
Tetragonal T′-(Zr,Ce)O2 cannot explain the existence of Ta3+,

Table 1. Reﬁned Atomic Fractional Coordinates from XRD
data for the Cubic Fluorite Phases in High Temperature
Form BiTaO4 Samplea
atom

site

occ

x

y

z

Biso (Å2)

Bi1
Ta1
Ta2
O1

4a
4a
4a
8c

0.01042
0.00521
0.00521
0.03646

0.00000
0.00000
0.00000
0.25000

0.00000
0.00000
0.00000
0.25000

0.00000
0.00000
0.00000
0.25000

0.18626
0.18626
0.18626
3.00615

a

The lattice parameters at room temperature are a = b = c =
5.30993(8) Å. The space group is Fm3̅m (No. 225).

results obtained with the assumption of a single phase. Hence,
it is likely that the samples are composed of multiple phases
with XRD representing only the statistical macroscopic average
crystal structure.
High-resolution TEM is an eﬀective tool to study the local
microstructure of functional oxides. As shown in Figure 6,
single grains of cubic pyrochlore, cubic ﬂuorite, and tetragonal
11982

DOI: 10.1021/acs.inorgchem.6b02153
Inorg. Chem. 2016, 55, 11979−11986

Article

Inorganic Chemistry
Table 2. Reﬁned Atomic Fractional Coordinates from XRD
Data for the T′-(Zr,Ce)O2 Phase in High Temperature Form
BiTaO4 Samplea
atom

site

occ

x

y

z

Biso (Å2)

Bi1
Ta1
O1

2b
2b
4d

0.06250
0.06250
0.25000

0.75000
0.75000
0.25000

0.25000
0.25000
0.25000

0.25000
0.25000
0.46762

0.09617
0.09617
12.94809

a

The lattice parameters at room temperature are a = b = 3.75131(5) Å
and c = 5.32272 (0) Å. The space group is P42/nmc (No. 137).

T′-(Zr,Ce)O2 phases can be observed in broad agreement with
the XRD data. Figure 6a,b shows the atomic-resolution
HAADF-STEM images of HP-BiTaO4. The regions reveal the
ﬂuorite structure viewed along the [100] and [110] zone axis.
Structural models of a ﬂuorite cell are superposed on the
images (green balls denote Bi/Ta and red balls oxygen
columns). Figure 6c,d shows the SAED patterns of HPBiTaO4 with a pyrochlore structure viewed along the [100] and
[110] zone axes, respectively.
The diﬀraction peaks taken from the (002) and (1−11)
planes in diﬀerent patterns are indicated by horizontal arrows.
Figure 6e,f shows the SAED patterns of the tetragonal T′(Zr,Ce)O2 structure recorded along the [100] and [011] zone
axes, respectively. The diﬀraction spots taken from the (001)
and (100) planes in diﬀerent patterns are indicated by
horizontal arrows. All of the TEM results indicated that the
HP-BiTaO4 is not a single compound but a complicated
mixture of metastable phases, in which some have Bi and Ta
atoms occupying the same site. Further study on the mixedphase formation mechanism is needed.
Dielectric properties of β-BiTaO4 ceramics sintered for 2 h at
1300 °C as a function of frequency (100−1 MHz) and
microwave dielectric properties as a function of sintering
temperature are presented in Figure 7. The εr value of βBiTaO4 ceramics decreased slowly from 55.5 to about 53.2, and
dielectric loss (tan δ) decreased from 0.06 to below 1 × 10−3 as

Figure 7. (a) Dielectric properties of β-BiTaO4 ceramic sintered at
1300 °C for 2 h as a function of frequency (100−1 MHz) and (b)
microwave dielectric properties as a function of sintering temperature.

the frequency increased from 100 Hz to 1 MHz. There is no
abnormality observed in εr between 100 Hz and 1 MHz. As the

Figure 6. (a, b) Atomic-resolution HAADF-STEM images of HP-BiTaO4 with ﬂuorite phase viewed along the [100] and [110] zone axes,
respectively. The structural models were superposed on the images (green balls denote the Bi/Ta atomic columns and red balls the oxygen
columns). The scale bar is 1 nm. (c, d) SAED patterns of HP-BiTaO4 with pyrochlore phase viewed along the [100] and [110] zone axes,
respectively, (e, f) SAED patterns of tetragonal HP-BiTaO4 recorded along the [100] and [011] zone axes, respectively.
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Table 3. Sintering Temperatures, Microwave Dielectric Properties, Cell Volumes, and Polarizability Values of α-BiTaO4 and βBiTaO4 Ceramics
composition

ST (°C)

εr

Qf (GHz)

TCF (ppm/°C)

volume (Å3)

αmeasd (Å3)

αcalcd (Å3)

ref

α-BiTaO4a

940
1300

43
53

12000
12070

−40
−200

329.3/4
344.6/4

18.34
19.44

18.89
18.89

5, 26
6

β-BiTaO4
a

α-BiTaO4 can be well densiﬁed at 940 °C with CuO addition, and it is a mixture with a small amount of β phase.5

sintering temperature was increased from 1150 to 1300 °C, the
εr value of β-BiTaO4 ceramics increased from 34 to a saturated
value of ∼53; meanwhile the largest Qf value of ∼12070 GHz
(at frequency 5.793 GHz) was obtained at 1300 °C. τf is
calculated to be about −200 ppm/°C from the data at 25 and
85 °C. Pure dense α-BiTaO4 ceramic cannot be obtained using
the solid-state reaction method, and the densiﬁcation temperature of the BiTaO4 sample (about 1300 °C) is signiﬁcantly
higher than the phase transition temperature of ∼930 °C (α to
β-BiTaO4). As reported by Huang and Weng,5 0.5 wt % CuO
addition eﬀectively lowers the sintering temperature of BiTaO4
to ∼940 °C with εr = 43, Qf = 12000 GHz, and τf = −40 ppm/
°C. However, there was still remnant β-BiTaO4 in the 940 °C
sintered BiTaO4 ceramic with 0.5 wt % CuO addition, which
might account for the negative τf value. However, this diﬀers
markedly from the BiNbO4 system, in which the phase
transition temperature (∼1020 °C, α- to β-BiNbO4) is
relatively high. Here, Shannon’s additive rule20,21 is employed
to analyze εr values of both BiTaO4 and BiNbO4. At microwave
frequencies, the polarizability is the sum of both ionic and
electronic components.20 Shannon21 suggested that molecular
polarizabilities of complex substances could be estimated by
summing the polarizabilities of constituent ions as follows:
α(BiTaO4 ) = αBi 3+ + αTa 5+ + 4αO2−

(5)

where αBi3+, αTa5+, and αO2− are the respective polarizabilities of
Bi3+ (6.12 Å3), Ta5+ (4.73 Å3), and O2+ (2.01 Å3) ions,
respectively.21
Considering the Clausius−Mosotti relation:
ε=

3V (ε − 1)
3V + 8πα
⇔α=
3V − 4πα
4π (ε + 2)

Figure 8. Schematic crystal structures of (a) α-BiTaO4 and (b) βBiTaO4 and the lengths of Bi−O and Ta−O bonds.6,26

(6)

where V is the cell volume, polarizabilities may be calculated
from the measured εr. Sintering temperatures, microwave
dielectric properties, cell volumes, and polarizabilities of αBiTaO4 and β-BiTaO4 ceramics are given in Table 3. The
calculated polarizability values do not vary systematically with
cell volume, which contradicts the expected trends for the
isomorphous crystals. As with ionic radius and valence state,
ionic polarizability is believed to vary with the local
coordination. As summarized in our previous work,22 the
polarizability increases linearly with the third power of its ionic
radius. Hence, to well understand the local polarizability, it is
better to study the strength of the Bi−O and Ta−O bonds. αBiTaO4 has an orthorhombic structure with space group Pnna
(No. 52), the crystal structure of which is shown in Figure 8.2,3
Both Bi3+ and Ta5+ are 6-coordinated and there are three
diﬀerent Bi−O and Ta−O bond lengths, respectively, as shown
in Figure 8. β-BiTaO4 belongs to a triclinic structure with space
group P1̅ (No. 2). There are two diﬀerent Ta positions, for
which there are six diﬀerent Ta−O bond lengths and two Bi
positions, along with seven to eight diﬀerent Bi−O bonds as
shown in Figure 8. Bond valence considerations provided a
useful way of examining bonding between every atom in

particular structures. The bond valences are obtained via the
relation
⎛ R 0 − dij ⎞
vij = exp⎜
⎟
⎝ 0.37 ⎠

(7)

where R0 is a valence bond parameter and dij is the actual
distance between two atoms.23 The bond valence parameters
were taken from tabulated R0 values given by Brown and
Altermatt24 and byBrese and O’Keeﬀe.25 In our case, the data
are given in Table 4. Valence bond sums are obtained by
summing over all neighbors at each site:

Vij =

∑ vij
j

(8)

Results presented here are based on the reﬁned atomic
coordinates obtained from the literature.5,26 All of the
calculated bond valences are given in Table 5 for α-BiTaO4,
β-BiTaO4, α-BiNbO4, and β-BiNbO4. A large bond valence
number corresponds to a compressed polyhedral environment,
which means that the real neighboring bond lengths are shorter
11984
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Table 4. R0 Values Used Here from Brown and Altermatt’s
Table24,25
R0 (Å)

Bi(III)−O

Ta(VI)−O

2.0949

1.9205

Table 5. Bond Valences Calculated from the Actual Bond
Lengths (Å)
bond valence
Bi1
α-BiTaO4
β-BiTaO4

3.5131
2.4654

Bi2

Nb1/Ta1

Nb2/Ta2

ref

3.1428

4.8044
3.8680

4.6910

26
6

than those expected. Meanwhile, a small bond valence
corresponds to an expanded polyhedral environment. For
example, in α-BiTaO4 and β-BiTaO4, Bi possesses a bond
valence in β-BiTaO4 smaller than that in α-BiTaO4, which
indicates that Bi ions in β-BiTaO4 occupy a polyhedral volume
greater than that in α-BiTaO4, leading to a larger ionic
polarizability for Bi3+ in β-BiTaO4. Similarly, Ta5+ has ionic
polarizability in β-BiTaO4 larger than that in α-BiTaO4. This
explains the larger αmeas (as shown in Table 3) of β-BiTaO4 in
comparison to that of α-BiTaO4. The bond valence provides an
eﬀective method to compare the polarizability (or εr) of
materials with the same composition but diﬀerent structures.
The reﬁnement of the crystal structure of HP-BiTaO4 did
provide an adequate “goodness of ﬁt” in the present work, and
its polarizability is therefore not discussed here. However, its
smaller cell volume (299.70/299.42 Å3) in comparison to those
of both α-BiTaO4 and β-BiTaO4 likely dictates its high
molecular polarizability.
εr and dielectric loss of β-BiTaO4 ceramics as a function of
temperature (25−300 °C) at 10 kHz, 100 kHz, 1 MHz ,and 5.7
GHz are shown in Figure 9. εr of β-BiTaO4increases with

Figure 10. Dielectric permittivity and dielectric loss of HP-BiTaO4
ceramics (as prepared and after annealing at 600 °C) as a function of
frequency (1000−10 MHz).

dielectric relaxation observed at ∼100 kHz for the as-prepared
HP-BiTaO4 ceramic, whose dielectric maximum decreased
slightly from 225 at 1 kHz to 195 at 10 MHz, while a maximum
value of dielectric loss of ∼0.04 was achieved. HP-BiTaO4 was
prepared under high vacuum, and the sample took on a dark
color. It is reasonable to suppose, therefore, that there are
oxygen vacancies in the as-prepared HP-BiTaO4 ceramic.
Considering that the decomposition temperature of HPBiTaO4 is above 700 °C, as discussed from XRD analysis, the
dielectric properties of HP-BiTaO4 ceramic were remeasured
after annealing for 2 h at 600 °C, as shown in Figure 10. The
dielectric permittivity and dielectric loss of annealed HPBiTaO4 ceramic was stable at 195 and 0.004, respectively, in the
frequency range 1000−10 MHz, which conﬁrmed that the
dielectric relaxation observed in as-prepared HP-BiTaO4
ceramic was caused by the oxygen vacancies. Although
dielectric loss of HP-BiTaO4 ceramic is larger than that of βBiTaO4 ceramic, its dielectric permittivity is about 4 times
larger.

■

CONCLUSIONS

The α-BiTaO4 phase could be formed at 750 °C via a solidstate reaction method and transformed to β-BiTaO4 at about
930 °C. Well-densiﬁed β-BiTaO4 ceramic could be obtained at
a sintering temperature of ∼1300 °C. β-BiTaO4 exhibited εr ≈
53, Qf ≈ 12070 GHz, and τf = −200 ppm/°C at microwave
frequencies. Although the cell volume of β-BiTaO4 is larger
than that of α-BiTaO4, bond strength theory indicated that
both Bi and Ta ions in β-BiTaO4 possess polarizability values
larger than that in α-BiTaO4, which explains the higher εr value
of β-BiTaO4 in comparison with that of α-BiTaO4. The novel
HP-BiTaO4 with high crystal symmetry was synthesized by a
high-pressure and high-temperature method. This HP-BiTaO4
transformed to α-BiTaO4 and β-BiTaO4 phases after annealing
at 800 °C. Cubic pyrochlore, cubic ﬂuorite, and tetragonal T′(Zr,Ce)O2 structures were proposed to explain these structures,
and this HP-BiTaO4 ceramic was revealed to be a mixture of
the above phases by XRD reﬁnement and TEM results. The εr
value of annealed HP-BiTaO4 ceramic was stable at 195 in the
frequency range 1 kHz to 10 MHz, which is 4 times larger than
that of β-BiTaO4, accompanied by a low dielectric loss, ∼0.004.

Figure 9. Dielectric permittivity and dielectric loss of β-BiTaO4
ceramic as a function of temperature (25−300 °C) at 10 kHz, 100
kHz, and 1 MHz (measured with a 4980 instrument) and 5.7 GHz
(measured by an HP8720E instrument).

temperature at all frequencies, which indicates that β-BiTaO4
has a positive τε. With an increase in frequency, both dielectric
permittivity and loss decreased slightly. When the frequency
increased to above 100 kHz, dielectric loss was stable below
10−3.
εr and dielectric loss of HP-BiTaO4 ceramics (as prepared
and after annealing at 600 °C) as a function of frequency
(1000−10 MHz) are shown in Figure 10. There is a weak
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