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Abstract
A compositional dependence on the ferroelastic phase transition in scheelite solid-solution [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 ceramics
was characterized by the microwave dielectric data over the temperature range 10–420 K. As x values increased from 0.0 to 0.125, a
dielectric temperature-dependent anomaly consistent with a phase transition decreased linearly from 528 K for the pure BiVO4 end member to 264 K for the solid-solution composition at x = 0.125. With further increasing x, the transition temperature decreased sharply to
approximately 45 K and became stable for x  0.52. The phase transition point for pure tetragonal (Li0.5Bi0.5)MoO4 ceramics is approximately 43 K. As the x value increases, the Raman band of the [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 ceramics at room temperature broadens
and overlaps. Ferroelastic domain structures were observed as a function of composition with diﬀraction contrast imaging and high-resolution imaging with transmission electron microscopy. Structure–property relations are inferred from the microscopy observations and
the Raman spectra.
Ó 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Bismuth vanadate (BiVO4) has been widely studied as a
model ferroelastic material and also has various applications unrelated to the ferroelasticity, including pigments,
mixed (oxygen ionic-electronic) conductor materials,
microwave dielectric materials and photocatalytic materials [1–7]. A monoclinic and zircon-type tetragonal modiﬁcation can be easily synthesized with solid-state processes
[2–8]. There exists a ferroelastic phase transition (reversible, second order) in the scheelite structure from a mono⇑ Corresponding author. Tel.: +86 29 82668679; fax: +86 29 82668794.

E-mail address: zhoudi1220@gmail.com (D. Zhou).

clinic (I2/a) to tetragonal (I41/a) phase, as was reported
earlier by Bierlein and Sleight [2], Sleight et al. [9] and
David et al. [4]. Since the ﬁrst discovery of the ferroelastic
phase transition, many experimental structural studies have
been made [2,4,5,9–12] through X-ray diﬀraction (XRD),
Raman scattering, Brillouin scattering and optical birefringence at temperatures on both sides of the phase transition
temperature. Sleight et al. [9] suggested that the transition
is induced by the lone-pair cation Bi3+ due to the signiﬁcant distortion of the Bi–O polyhedron below the transition temperature, while the V–O tetrahedron remains
stable at all temperatures. From a powder neutron diﬀraction analysis, David et al.’s results [4] conﬁrmed that the
displacements of the Bi3+ ions play a dominant role in
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the transition and suggested a mechanism involving a
strong optic–acoustic phonon mode coupling. Pinczuk
et al. [5] suggested that the transition is driven speciﬁcally
by the Bs zone–center optic mode, which is bilinearly coupled to a soft acoustic mode with the same symmetry. Cho
et al. [11] showed that the elastic stiﬀness constant c11–c12
varies through the phase transition. This was shown to
be a reversible second-order transition, with the lattice’s
spontaneous strain being sensitive to both the temperature
and the applied external pressure.
Recently, low-temperature co-ﬁred ceramics (LTCC)
technology has attracted much attention due to its advantage in fabricating microwave devices with small threedimensional ceramic modules. These have enabled the incorporation of front-end electronics in cell phones, such as
i-phones, power electronic packaging of SiC invertors and
novel antennas, and also novel propagation characteristics
in all dielectric metamaterials [13–16]. The LTCC technology requires microwave dielectrics to have a range of relative
permittivities, a low dielectric loss (high Qf value), temperature stability of resonance frequency (equal to the relative
permittivity temperature stability) and chemical compatibility with metal electrodes that are also lower cost.
BiVO4 ceramics have previously been reported to have
high-performance microwave dielectric properties with er
 68, Qf  6500–8000 GHz, TCF 243 to 260
ppm °C–1 and a sintering temperature below 900 °C [6,7].
However, the BiVO4 ceramic reacts with Ag, as reported
by Valant and Surorov [6], and this limits its application
in LTCC technology. In our previous work [17], a
[(Li0.5Bi0.5)xBi1x][MoxV1x]O4 solid solution based on
the BiVO4 and (Li0.5Bi0.5)MoO4 ceramics [18] was found
to be a promising candidate for ultralow-temperature coﬁred ceramic technology; especially promising is the
[(Li0.5Bi0.5)0.098Bi0.902][Mo0.098V0.902]O4 ceramic, which
has a microwave relative permittivity of 81, a Qf value of
8000 GHz and a TCF of + 9.7 ppm °C–1, with a very low
processing condition of 650 °C/2 h, and is also chemically
compatible with both aluminum and copper. It was
deduced that [17] the ferroelastic transition temperature
of the [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 ceramics undergoes
a compositional variation from 250 °C in BiVO4 to room
temperature at x = 0.098; beyond this, the composition
suppresses the phase transition to below room temperature. In the present work, the inﬂuence of the composition
on the ferroelastic transition in [(Li0.5Bi0.5)xBi1x][MoxV
1x]O4 ceramics was studied in more detail. The dielectric
properties, the Raman spectra and transmission electron
microscopy (TEM) images of [(Li0.5Bi0.5)xBi1x][MoxV
1x]O4 ceramics were analyzed near the (I2/a) to (I41/a)
phase transition temperatures.
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outlined here. The dielectric permittivity properties at
microwave frequencies were measured by the TE01 shielded
cavity method, using a network analyzer (8720ES, Agilent,
Palo Alto, CA) combined within a temperature chamber
(Delta 9023, Delta Design, Poway, CA) over the temperature range 250–420 K for samples with x  0.098. For
lower temperatures, as is the case for samples with
x  0.125, a closed-cycle helium cryostat was used over
the temperature range 10–300 K with a heating rate of
0.5 K min–1. The Raman spectra at room temperature were
obtained with an inVia Raman spectrometer (Renishaw,
UK) from polished pellets excited by an Ar+ laser
(514.5 nm). Electron microscopy studies were made using
a JEOL 2010F transmission electron microscope operated
at 200 kV. Samples were prepared through mechanical cutting and polishing, and mounted onto copper grids. This
was followed by cleaning in acetone and then ion-milling
with liquid nitrogen cooling to minimize structural damage
in the development of electron transparent foils.
3. Results and discussion
At a ferroelastic phase transition temperature there is
usually a maximum value of relative permittivity if there
is a coupling to an optic mode, as is the case here. Any softening of a transverse optical mode increases the relative permittivity, consistent with the classic Lyddane–Sach–Teller
relation [19]. Such anomalies at the phase transition give
rise to variation in the TCCs. Fig. 1 shows the microwave
dielectric relative permittivity and Qf values of the
[(Li0.5Bi0.5)xBi1x][MoxV1x]O4 (0.0  x  1.0) ceramics
as a function of temperature (in the range 10–420 K). The
resonant frequency of each cylinder sample is also marked
in Fig. 1a. The resonant frequency changes with the measurement temperature. As observed from Fig. 1a, when
x  0.25, the microwave relative permittivity maintains a
value larger than 70, and the peak value reaches 80. The
x value increases to 0.52, 0.61 and 1.00, and the microwave
relative permittivity decreases sharply to around 65, 60 and
45, respectively. For each relative permittivity vs. the temperature data, a peak value can be found, which corresponds to the ferroelastic phase transition.
The phase transition peak temperature was in turn plotted as a function of x value in [(Li0.5Bi0.5)xBi1x][MoxV
1x]O4, and a simple phase diagram can be inferred, as
shown in Fig. 2. The phase transition temperature of pure
BiVO4 was reported to be about 528 K. As the x increases
to 0.125, the phase transition temperature decreases almost
linearly to approximately 264 K.
Hazen and Mariathasan [20] showed that there is a linear relationship between transition temperature and pressure as follows:

2. Experimental

T ðKÞ ¼ 523ð3Þ  15:0ð3Þ  P ðkbarÞ

The detailed procedure of the preparation of the
[(Li0.5Bi0.5)xBi1x][MoxV1x]O4 solid solution was previously reported by Zhou et al. [17] and is therefore not

A linear relationship between transition temperature
and x value can also be obtained in the range of
x  0.125 as follows:

ð1Þ
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T ðKÞ ¼ 528ð3Þ  2064ð1Þ  x

Fig. 1. Microwave dielectric relative permittivity: (a) and Qf values (b) of
the [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 (0.0  x  1.0) ceramics as a function
of temperature (in the range 10–420 K).

Fig. 2. Ferroelastic phase transition (monoclinic to tetragonal structure)
temperature of the [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 (0.0  x  1.0) ceramics as a function of x value and the transition temperature of pure BiVO4
as a function of pressure (data from Ref. [20]).

ð2Þ

These two relationships give the phase stability of the
BiVO4 as related to the monoclinic phase under diﬀerent
variables, namely pressure and composition. When the x
value reaches 0.52, the transition temperature became stable at around 45 K. To our knowledge, this is the ﬁrst
report on the phase transition in pure tetragonal
(Li0.5Bi0.5)MoO4 materials at 43 K.
The cell parameters and volume of pure BiVO4 as functions of temperature (data from Ref. [21]) and pressure
(data from Ref. [20]), and those of the [(Li0.5Bi0.5)xBi
1x][MoxV1x]O4 (0.0  x  1.0) ceramics as a function
of x value at room temperature (data from Ref. [17]), are
shown in Fig. 3. The schematic illustrations of the crystal
structure of monoclinic and tetragonal [(Li0.5Bi0.5)xBi1x]
[MoxV1x]O4 along the ab, bc and ac planes are shown in
Fig. 4. The unit cell parameters are contrasted with the
increases in pressure, temperature and the x value: the a
axis compresses, the b axis expands and the c angle
decreases gradually, reaching a = b and c = 90° at the
phase transition point, which indicates that the crystal
structure changes continuously from a monoclinic structure to a tetragonal structure. It is seen that there are no
volume and c parameter discontinuities at the phase transition, but there is a change in the gradient of the dependence
of the volume and the c parameter as a function of temperature, as can be expected for a second-order phase transition. The decrease in the a parameter with temperature (a
negative thermal expansion coeﬃcient for this axis) and
the increase in the b parameter with pressure (a negative
modulus of elasticity for this axis) in the monoclinic phase
region are both unusual for a reversible transition. A
decrease in a, c and the cell volume with pressure, and an
increase in b, c and the cell volume with temperature in
the monoclinic phase region are understandable. In
[(Li0.5Bi0.5)xBi1x][MoxV1x]O4, on the A-site, 8-coordinated Bi3+ and Li+ atoms have a radius of 1.17 and
0.92 Å, respectively. On the B-site, 4-coordinated V5+
and Mo6+ cations have a radius of 0.355 and 0.41 Å,
respectively, according to Shannon’s data [22]. As the x
value increases, the equivalent electrovalence on the A-site
(1.17–0.125x) decreases, and the equivalent electrovalence
on the B-site (0.355 + 0.055x) increases. As inferred from
Fig. 4, the c parameter is determined by the radius of
(2B + 2A)
and the neighboring unit
 = 2  (1.525–0.07x),

B  O4
A
array is
. The neighboring units along
A
B  O4
the c axis in both the ac and bc planes are both composed
of (B–O4) with A, having the opposite changes of volume/
radius. Hence, the c parameter decreases with x in both the
monoclinic and tetragonal regions. In the ferroelastic
monoclinic structure, the B–O4 tetrahedra have two O
anions at the top, further apart than those on the bottom,
which are located in one tetrahedral and give one long B–O
distance and a shorter one (as shown in Fig. 4, B–O1 > B–
O2). During the phase transition, the displacements of A
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Fig. 3. Cell parameters and volume of pure BiVO4 as functions of temperature (data from Ref. [21]) and pressure (data from Ref. [20]) and those of the
[(Li0.5Bi0.5)xBi1x][MoxV1x]O4 (0.0  x  1.0) ceramics as a function of x value at room temperature (data from Ref. [17]).

and B are along the b axis; both cations move in the same
direction [9]. The displacements of the A-site Bi3+ cations
play a major role in the transition, and the paraelastic
phase lies midway between the two permissible ferroelastic
orientation states [4]. In [(Li0.5Bi0.5)xBi1x][MoxV1x]O4,
with x value increases, the large diﬀerence in equivalent
ionic radii between A- and B-sites gets compensated, and
the displacement of A-site cations in ferroelastic phase is
reduced compared to the pure BiVO4. Meanwhile, the
whole tetrahedron is displaced in the same way as the Asite cation, which results in the contracting of long B–O4
distances and the expanding of short ones. All the changes
of the A-site cations and oxygen lead to a shortening of the
a parameter, an increase in the b parameter and a decrease
in the c obtuse angle. Finally, the magnitudes of a and b
become equal to each other and the c angle decreases to
90°, which means that the structure changes from a ferroelastic monoclinic to a paraelastic tetragonal structure. In
the high-temperature prototype or paraelastic phase, all
the oxygen anions are located in the same equivalent position, which means the distortion is relaxed with no spontaneous strain.
From an engineering perspective, the temperature coefﬁcient of resonant frequency sf (TCF) is usually calculated
with the following formula:

sf ¼

f85  f25
f25  ð85  25Þ

ð3Þ

where f85 and f25 are the resonant frequencies measured at
85 and 25 °C, respectively. With such an approach, any
phase transition details that lie between 25 and 85 °C are
unaccounted for. In the [(Li0.5Bi0.5)xBi1x][MoxV1x]O4
system, the ferroelastic phase transformation from monoclinic to tetragonal structure determines the sign of the
TCF value. When x 6 0.08, the phase transformation temperature is above 95 °C, and in the temperature range 25–
85 °C the material is in the ferroelastic–monoclinic phase,
so the relative permittivity increases sharply with temperature. When x P 0.125, the phase transformation temperature is below 9 °C, and in the temperature range 25–
85 °C materials are in the paraelastic–tetragonal phase,
and the relative permittivity decreases sharply with the
temperature. The resonant frequency of the [(Li0.5Bi0.5)0.098Bi0.902][Mo0.098V0.902]O4 ceramic as a function of
temperature (15–110 °C) is shown in Fig. 5a. The TCF
value of [(Li0.5Bi0.5)0.098Bi0.902][Mo0.098V0.902]O4 ceramic
calculated by Eq. (3) was + 9.7 ppm °C–1, as reported in
our previous work. The origin for the small TCF value is
that the phase transition temperature is about 50 °C, which
is located between 25 and 85 °C. Thus the largest deviation
of
resonant
frequency
of
[(Li0.5Bi0.5)0.098Bi0.902]
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Fig. 4. Schematic illustrations of the crystal structures of monoclinic and
tetragonal [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 (the top left image showing the
tetrahedral network along the ac plane; the top right along the bc plane;
and the bottom left and right showing the network of monoclinic and
tetragonal structures along the ab plane, respectively).

[Mo0.098V0.902]O4 ceramic occurs at the phase transition
temperature of 50 °C, and the TCF value is about
90 ppm °C–1.
For typical ferroelectrics, the relative permittivity of the
paraelectric phase (above the Curie temperature) at low
frequency (far from GHz) obeys the Curie relation with
temperature, which means that they have a reciprocal relation. For the [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 ferroelastic
system here, the relation between the relative permittivity
(at GHz) and temperature (above the transition temperature) is much more likely to be linear, as described by the
following equation:
relative permittivity ðabove transition temperatureÞ
¼aþbT

ð4Þ

Applying Eq. (4) to the data shown in Fig. 1, we can
obtain the a and b parameters, as shown in Fig. 5b, as a
function of the x value. The b parameter represents the
TCF value of the paraelastic phase region. It is clear that,
although the relative permittivity decreases, the absolute
value of TCF increases sharply with the (Li0.5Bi0.5) content
in [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 ceramics. The a value
represents the extrapolated peak value of the relative

Fig. 5. The resonant frequency of [(Li0.5Bi0.5)0.098Bi0.902][Mo0.098V0.902]O4
ceramic as a function of temperature (15–110 °C) (a) and Eq. (4)’s linear
parameters as a function of the x value (b).

permittivity for the paraelastic phase. It approximately
shows a linear decrease with the (Li0.5Bi0.5) content in
[(Li0.5Bi0.5)xBi1x][MoxV1x]O4 ceramics.
Raman spectroscopy is often considered a very useful
tool for determining the phase identiﬁcation and also infers
the short-range character of the crystalline materials [23].
Fig. 6 shows the room-temperature Raman spectra of
[(Li0.5Bi0.5)xBi1x][MoxV1x]O4 (0.0 6 x 6 1.0) ceramics
in the frequency range 100–1000 cm1. The BiVO4 has four
chemical units in one unit cell and has a symmetry that is
consistent with the I2/a space group. Through group theory and using irreducible representations, there are 15 different vibrational modes in BiVO4, as follows [24,25]:
C ¼ 3Ag þ 2Au þ 6Bg þ 4Bu

ð5Þ

All g modes, As and Bs are Raman active; all u modes
are IR active. As can be seen in Fig. 6, the spectra are dominated by an intense Raman band near 825.9 cm1, which
can be assigned to vs(V–O) (the symmetric V–O stretching
mode, As symmetry), and a weak shoulder at about
714.6 cm1, assigned to vas(V–O) (the anti-symmetric
V–O stretching mode, Bs symmetry). The ds(VO3
4 ) (the
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Fig. 6. Raman spectroscopy of the [(Li0.5Bi0.5)xBi1x](MoxV1x)O4
(0.0  x  1.0) ceramics.

symmetric As bending mode of vanadate anion) and
das(VO3
4 ) (the anti-symmetric Bs bending mode of vanadate anion) modes are near 367.8 and 326.3 cm1, respectively, and external modes (rotation/translation) occur
near 211.1 cm1 and 128.2 cm1, respectively. All results
for the Raman peaks are in agreement with the literature
[24–29].
It can be seen that the most intensive modes vs(V–O)
(As) gradually shift towards the low wave-number
direction, from 825.9 cm1 for BiVO4 to 815.1 cm1 for
[(Li0.5Bi0.5)0.61Bi0.39](Mo0.61V0.39)O4, as the x value
increases from 0.00 to 0.61, revealing that the average
short-range symmetry of the VO4 tetrahedra becomes more
regular [26–29], whereas the full width at half maximum of
the peak increases. It is known that Raman peak positions
are sensitive to the short-range order, whereas the Raman
widths are more sensitive to the degree of crystallinity,
defects, cation disorders, etc. [30]. Therefore, the Raman
results indicate that as x value increases the VO4 tetrahedra
becomes less symmetric, and the cation disorder increases.
For the pure (Li0.5Bi0.5)MoO4, more Raman active modes
(weak and overlapping) are observed than that of BiVO4.
The strongest modes at around 872.3 cm1 are assigned
to vs(MoO4), and the weak modes near 772.4 cm1 are
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assigned to vas(MoO4) [31–35]. The vs(MoO4)-related
modes can be observed in samples with very little substitution of Mo for V on the B-site (even as low as x = 0.03),
and the Raman spectra give much more detailed information for the local structure than the XRD results reported
in our previous work [17]. The short-range order and
long-range disorder caused by the complex substitution
of (Li0.5Bi0.5) on the A-site and Mo on the B-site in the
scheelite structure lead to a broadening and overlapping
of the Raman peaks.
The ferroelastic twin-domain structures occur as a consequence of the reduction in symmetry between the paraelastic and ferroelastic phases [36]. In the low symmetry
(I2/a) phase, the twinning is common in BiVO4 because
there are two permissible orientations of the ferroelastic
state relative to the paraelastic symmetry [37]. Recently,
there have been experimental investigations, by methods
such as X-ray imaging, nuclear magnetic resonance imaging, polarizing microscopy and TEM, into the ferroelastic
domain structure [38–41]. According to Sapriel’s original
group theory analysis [36], there are two kinds of domain
walls in ferroelastic crystals: the W-wall and the W0 -wall.
The orientation of the former is governed by symmetry
only, no matter what values the strain components of the
ferroelastic domain wall have. The ferroelastic domain conﬁgurations in the [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 (0.0 6
x 6 1.0) ceramics for x = 0.0, x = 0.098 and x = 0.125 at
room temperatures are shown in Fig. 7 and are in good
agreement with earlier BiVO4 electron microscopy literature [38–41] and optical polarizing microscopy [37,38].
Although all the domain conﬁgurations observed for
x = 0.0, x = 0.098 and x = 0.125 are similar to each other,
the ferroelectric domains are limited to a small portion of
the grain as x increases. For example, in x = 0.125, the ferroelastic domains cannot be observed in the majority of the
grains. Only in a small number of grains does there exist
the characteristic two perpendicular sets of parallel
domains.
The selected area electron diﬀraction (SAED) patterns
along the [0 0 1] zone axis for the [(Li0.5Bi0.5)xBi
1x][MoxV1x]O4 (0.0 6 x 6 1.0) ceramics for x = 0.0,
x = 0.098 and x = 0.125 at room temperature are shown

Fig. 7. Typical domain morphologies of the [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 (0.0  x  1.0) ceramics for x = 0.0, x = 0.098 and x = 0.125.
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Fig. 8. SAED pattern of the [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 (0.0  x  1.0) ceramics for: (a) x = 0.0, (b) x = 0.098 and (c) x = 0.125. For clarity, a
magniﬁcation of the areas marked by red rectangular boxes in (a, b) and (c) are shown in (d, e) and (f) respectively. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

in Fig. 8a–c. For clarity, the parts of the SAED patterns
marked by the red1 rectangles in (a)–(c) are magniﬁed
and shown as Fig. 8d–f respectively. These results show
unambiguously that the monoclinic distortion gradually
decreases with increasing x value. Thus, it is reasonable
to infer that the gradual disappearance of ferroelastic
domains in grains with increasing x values is mostly related
to the decrease in spontaneous strain at room temperature.
4. Conclusions
The phase transition temperature of BiVO4 can be linearly lowered from 528 to 264 K by the complex substitution of (Li0.5Bi0.5) for Bi on the A-site and Mo for the V
on the B-site in [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 ceramics
in the range 0.0 6 x 6 0.125. When the x value increased
further, the transition temperature lowered to around
45 K, becoming stable at x P 0.52. This compositioninduced ferroelastic phase transition was explained schematically by the ions substitution and attributed to the
1
For interpretation of color in Fig. 8, the reader is referred to the web
version of this article.

decrease in ionic radius on the A-site and the increase in
ionic radius on the B-site. The Raman and TEM analyses
further conﬁrmed the gradual displacive second-order
ferroelastic phase transition caused by the composition in
the [(Li0.5Bi0.5)xBi1x][MoxV1x]O4 ceramics.
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