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Abstract

Compounds in the pseudo-binary BaTiO3–Ba(Fe1/2Ta1/2)O3 system have been synthesized at 1500�C in air and characterized by

X-ray and electron diffraction as well as impedance analysis and Mössbauer spectroscopy. The symmetry of Ba(Fe1/2Ta1/2)O3 is

found to be trigonal with the space group P3m1. Two solid solutions exist in the BaTi1�xFex/1Tax/1O3 system at room temperature.

The first (SS1) is in the composition range 0pxp0.07 and is tetragonal, P4mm, while the second broader solid solution, (SS2)

0.12pxp1, is trigonal and has the space group P3m1. The conductivity becomes higher with reduced amount of Ti in the structure.

The activation energy of conductivity differs between the two solid solutions, 0.80 eV for SS1 and 0.30 eV for SS2, which indicates

different mechanisms. The maximum of the real part of the permittivity recorded for compounds in SS1 decreases towards room

temperature with increasing amount of Fe/Ta doping and a high dielectric constant of around 7000 is found for

BaTi0.94Fe0.03Ta0.03O3.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Relaxor ferroelectrics are characterized by their broad
dielectric transition, known as the diffused phase
transition with strong frequency dispersion. They have
been the subjects of intense interests because they could
be promising materials for use in non-volatile memory
devices [1]. Up to now, the relaxor ferroelectric behavior
occurs mainly in the lead-based materials [2–4]. In order
to develop environment-friendly materials, considerable
studies have been focused on the lead-free materials
[5–29]. It is well known that BaTiO3 has a paraelectric-
to-ferroelectric transition at about 120�C with a very
high dielectric constant. Thus, considerable attentions
were paid to the doped BaTiO3 [5–13] to modify the
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performance of the materials. However, the relaxor
behavior of the doped BaTiO3 was reported to occur at
temperatures far above or below room temperature.

Recently, our research focused on systematic sub-
stitution of the A- and B-sites in the BaTiO3-based
materials aimed to obtain lead-free relaxor materials
[30,31]. In this paper, we report the preparation of a
pseudo-binary perovskite system BaTiO32BaðFe1=2Ta1=2Þ
O3 and its structural and electric properties. Both
BaTiO3 and Ba(Fe1/2Ta1/2)O3 are described as typical
perovskite-type compounds and could be expected to
form a solid solution.
2. Experimental

The starting materials were analytical reagent grade
BaCO3, Ta2O5, Fe2O3, and TiO2. Weighed mixtures of
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Table 1

Lattice parameters of different phases in the system

BaTi1�xFex=2Tax=2O3

Name x at (Å)a ct (Å)a ah (Å)a ch (Å)a

BTFT01 0.00 3.9934(1) 4.0348(1)

BTFT02 0.02 3.9972(1) 4.0280(1)

BTFT03 0.04 4.0010(1) 4.0222(1)

BTFT04 0.06 4.0054(1) 4.0157(1)

BTFT05 0.08 4.0073(1) 4.0126(1) 5.6719(1) 13.8884(1)

BTFT06 0.10 4.0073(1) 4.0126(1) 5.6719(1) 13.8884(1)

BTFT07 0.15 5.6743(1) 13.8968(1)

BTFT08 0.20 5.6783(1) 13.9072(1)

BTFT09 0.30 5.6863(1) 13.9222(1)

BTFT10 0.40 5.6942(1) 13.9428(1)

BTFT11 0.50 5.7013(1) 13.9660(1)

BTFT12 0.60 5.7092(1) 13.9862(1)

BTFT13 0.70 5.7174(1) 14.0036(1)

BTFT14 0.90 5.7331(1) 14.0464(1)

BTFT15 0.95 5.7371(1) 14.0578(1)

BTFT16 1.00 5.7414(1) 14.0634(1)

aat and ct are the lattice parameters a and c of the tetragonal phase,

ah and ch the lattice parameters a and c of the trigonal phase.
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Fig. 1. Comparison of the volume per ABO3 of the two solid solutions

in the series BaTi1�xFex/2Tax/1O3. T, tetragonal solid solution; R,

trigonal solid solution.
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the four components were homogenized by grinding and
preheated at 1200�C for 12 h. They were then grounded,
pressed into pellets and heated at 1500�C for 10 h in air
followed by a furnace cooling. These were repeated until
the equilibrium was reached, which was determined by
the X-ray diffraction method. The weights of the
samples were monitored before and after heat treat-
ments. The maximum difference was about 2mg for the
total of 6 g of the sample. Therefore, the compositions of
the samples were considered to be the same as the initial
ones. Sixteen samples were obtained with the nominal
formula BaTi1�xFex/2Tax/1O3 (x ¼ 0:00; 0.02, 0.04, 0.06,
0.08, 0.10, 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70,
0.90, 0.95, 1.00), henceforth referred to as BTFT01,
BTFT02,y, and BTFT16, respectively.

X-ray diffraction data were collected for all the
samples in the system using RINT diffractometer
employing FeKa radiation ðlFeKa1

¼ 1:93604 ; lFeKa2
¼

1:93998 Þ with an Mn filter operated with 40 kV, 20mA,
under a continuous scanning method with the speed
0.1�/min in the 2y range of 24�–156�. It was refined
with the Rietveld method using the GSAS software
package [32,33]. Acceptable fittings (with residual
value of Rpo4:5%;Rwpo6:2%) were obtained for all
samples with the corresponding structure models. The
Mössbauer spectrum was obtained using 57Co diffused
into rhodium as a source of gamma rays at room
temperature [34]. Selected-area diffraction (SAD) and
convergent-beam electron diffraction (CBED) were
performed on JEM2010FEF under accurate voltage at
100KV. Bulk specimen was finely crushed in a crucible
and dispersed on a supporting grid for transmission
electron diffraction (TEM) investigation.

AC impedance data were measured with a HP4192A
impedance analyzer with ac voltage of 50mV and
frequency range of 5Hz to 12MHz between 25�C
and 800�C. The samples were pressed into pellets and
sintered again at 1500�C for 20 h and, the density of the
samples obtained by Archimedean method was about
90% of their ideal density. Their two faces were then
painted with Pt paste and treated at 800�C for 30min to
get a thin Pt film on the surface of the samples.
3. Results and discussion

3.1. Structure analysis

The compositional data and their corresponding
lattice parameters are given in Table 1 and illustrated
in Figs. 1 and 2. X-ray diffraction indicates that two
solid solutions (SS1 and SS2) are to be found in this
system while the samples BTFT05 and BTFT06 are
two-phase mixtures (Fig. 1). When the unit cell
parameters for the samples BTFT01–BTFT06 are
plotted against the composition (Fig. 2a), it is clear that
a linear relationship exists between samples BTFT01–
BTFT04 where an increase in Fe/Ta doping of BaTiO3

leads to a decrease in the c-axis and an increase in the a-
axis while the remaining two samples are part of a two-
phase region. The changes in unit cell parameters with
increased doping of Fe/Ta agree well with Vegard’s law
[35,36] as can be seen in Fig. 2a

atx ¼ at0ð1� xÞ þ at1x; ð1Þ

ctx ¼ ct0ð1� xÞ þ ct1x; ð2Þ

where atx; at0; at1 and ctx; ct0; ct1 are the lattice para-
meters a and c of the tetragonal BaTi1�xFex=2Tax=2O3;
pure tetragonal BaTiO3 and the ‘‘supposed tetragonal’’
BaFe1=2Ta1=2O3; ‘‘x’’ is the composition variable for the
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respective sample given in Table 1, x=(Fe+Ta)/
(Ti+Fe+Ta).

The samples BTFT07–BTFT15 were all single-
phase compounds with the same cell as that of
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Fig. 2. Variation of the unit cell parameters of the different phases

with the average composition ratio ‘‘x’’. ‘‘x’’ is the ratio (Fe+Ta)/

(Ti+Fe+Ta) in the sample. (a) tetragonal phase; and (b) trigonal

phase.

Fig. 3. The Rietveld plot of the powder X
BaðFe1=2Ta1=2ÞO3 (BTFT16). This end member has
been reported to have the cubic space group Pm%3m

[37,38]; however, the powder patterns of these samples
have been indexed with respect to a trigonal super-
structure (P3m1) described in a greater detail below.
Their lattice parameters a and c are given in Table 1 and
the changes in a and c with the composition variable ‘‘x’’
are illustrated in Fig. 2b. The change in the cell
parameters agrees well with Vegard’s law and can be
well expressed as

arx ¼ ar0ð1� xÞ þ ar1x; ð3Þ

crx ¼ cr0ð1� xÞ þ cr1x; ð4Þ

where arx; ar0; ar1 and crx; cr0; cr1x; are the lattice para-
meters a and c of the trigonal BaTi1�xFex=2Tax=2O3; the
‘‘supposed trigonal’’ BaTiO3 and the trigonal end
member Ba(Fe1/2Ta1/2)O3; ‘‘x’’ is the composition
variable as given by ðFeþ TaÞ=ðTiþ Feþ TaÞ:

The two samples BTFT05 and BTFT06 were found to
be of two phases, a tetragonal phase BaTi1�tTat=2Fet=2O3

and a trigonal phase BaTi1�rTar=2Fer=2O3: And using
the cell parameters obtained from the GSAS refinement
(Table 1) and Eqs. (1)–(4), we obtained a value of 0.07
for ‘‘t’’ and 0.12 for ‘‘r’’ thus giving us the result that the
boundaries for BaTi1�xFex=2Tax=2O3 (SS1) exist for
values of ‘‘x’’ between 0 and 0.07 while SS2 has the
composition range of 0.12pxp1.

3.1.1. Solid solution 1 (SS1)

BaTiO3 is tetragonal in the space group P4mm at
room temperature [39–41]. The solid solution is formed
when small, equimolar amounts of Ta and Fe are
substituted for titanium in the structure. A typical X-ray
powder diffraction refined using the GSAS program is
-ray diffraction patterns of BTFT03.
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Table 2

Rietveld refinement details of BTFT03

Space group P4mm

Lattice parameter (Å) a ¼ 4:0010ð1Þ; c ¼ 4:0222ð1Þ
Cell volume (Å3) 401.473(7)

Baa 0, 0, 0

Ti/Ta/Fe 0.5, 0.5, 0.4916(2)

O1 0.5, 0, 0.5219(3)

O2 0.5, 0.5, 0.0027(3)

R factor Rwp ¼ 4:6%; Rp ¼ 3:5%

aThe Ba atom has been chosen as the origin.

Table 3

Comparison of the different space groups used to describe the structure of B

Space group Pm%3m R3m P4mm

R factor Rp ¼ 4:37%; Rp ¼ 4:38%; Rp ¼ 4:37%

Rwp ¼ 5:99% Rwp ¼ 5:92% Rwp ¼ 5:89%

Lattice

parameter

a ¼ 4:0609ð1Þ Å a ¼ 5:7414ð1Þ Å a ¼ 4:0611ð

c ¼ 7:0317ð1Þ Å c ¼ 4:0594ð

Ba 0, 0, 0a 0, 0, 0a 0, 0, 0a

Ta (Fe) 0.5, 0.5, 0.5 0, 0, 0.5208(1) 0.5, 0.5, 0.5

O1 0.5, 0, 0.5 0.3400(1), 0.1700(1),

0.6876(1)

0.5, 0, 0.491

O2 0.5, 0.5, 0.0

O3

aThe Ba atom has been chosen as the origin.

Fig. 4. The Rietveld plot of the powder X-ray diffractio
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given in Fig. 3, and the corresponding structural data in
Table 2.

3.1.2. Solid solution 2 (SS2)

Ba(Fe1/2Ta1/2)O3 (sample BTFT16) is an
AðB0

1=2B00
1=2ÞO3 complex perovskite, where B0 and B00

are cations of different valencies; many members of this
family with ordered or disordered arrangement of B0

and B00 atoms are frequently encountered [42,43]. It has
been reported that BTFT16 was cubic [37,38] and the
corresponding X-ray diffraction pattern could be very
well fitted in the space group Pm%3m as seen in Table 3
TFT16

Cm P1

; Rp ¼ 4:28%; Rp ¼ 4:37%;

Rwp ¼ 5:66% Rwp ¼ 5:84%

1Þ Å a ¼ 5:7426ð1Þ Å a ¼ 4:0623ð1Þ Å

1Þ Å b ¼ 5:7418ð1Þ Å b ¼ 5:7416ð1Þ Å
c ¼ 4:0590ð1Þ Å c ¼ 4:0611ð1Þ Å
b ¼ 89:995ð1Þ a ¼ 90:023ð1Þ

b ¼ 89:993ð1Þ
g ¼ 135:012ð1Þ

0, 0, 0a 0, 0, 0a

252(1) 0.4831(1), 0, 0.4763(1) �0.0180(1), 0.4813(1),

0.4744(1)

3 0.4762(1), 0, 0.0019(1) 0.0108(1), 0.4737(1), 0.0115(1)

042(1) 0.2239(1), 0.2474(1),

0.4684(1)

0.4763(1), 0.5081(1), 0.4830(1)

0.5667(1), 0.0171(1), 0.4854(1)

n patterns of BTFT16 in the space group Pm%3m:
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and Fig. 4. However, the room temperature Mössbauer
spectra of this compound shows that it cannot be cubic.
As is shown in Fig. 5, a Lorentzian doublet can be fitted
to the Mössbauer spectra giving an isomer shift at
0.411mm s�1 and a quadruple splitting of 0.579mm s�1,
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Fig. 5. Mössbauer spectrum of BTFT16 at room temperature

obtained using 57Co diffused into rhodium as a source of gamma rays.

Fig. 6. CBED patterns of BTFT16 along three diffe
indicating that the iron is trivalent in an octahedral
coordination. The substantial quadruple splitting ob-
served in the paramagnetic spectra confirmed that the
local symmetry at the iron (III) sites cannot be Oh.
Therefore, the symmetry of BTFT16 is not cubic. It may
however be trigonal, tetragonal, monoclinic or triclinic.
For example, four different space groups that agree with
the results from the Mössbauer spectra, also fit the
diffraction pattern just as well as the cubic Pm%3m (see
Table 3) indicating that powder diffraction alone is not
enough to determine the symmetry and the true
structure of the compound.

In order to determine the true space group symmetry
for BTFT16, a TEM study was also performed using
SAD and CBED. Figs. 6a–c shows CBED patterns
taken along the [111]� (a), [110]� (b) and [100]� (c)
directions of the pseudo-cubic parent.

As seen in Fig. 6a, the symmetry of 3m is found in
patterns along the [111]� direction. It is known that this
symmetry just appears in a cubic or trigonal cell. As
mentioned above, the symmetry of BTFT16 is not cubic.
Therefore, the symmetry of BTFT16 is trigonal. The
pseudo-cubic cell can been treated as the rhombohedral
rent directions in the pseudo-cubic symmetry.
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cell of the trigonal symmetry, which can be transformed
to the hexagonal cell by the following matrix equation:

U

V

W

0
B@

1
CA ¼

2=3 �1=3 �1=3

1=3 1=3 �2=3

1=3 1=3 1=3

2
64

3
75

u

v

w

0
B@

1
CA; ð5Þ

H

K

L

0
B@

1
CA ¼

1 0 1

�1 1 1

0 �1 1

2
64

3
75

h

k

l

0
B@

1
CA; ð6Þ

where (U ;V ;W ) is the zone axis index in the hexagonal
system; (u; v;w) the zone axis index in the rhombohedral
system; (H;K ;L) the Miller index in the hexagonal
system; and (h; k; l) the Miller index in the rhombohe-
dral system. According to the above matrix, Eq. (5), the
[111]� direction in pseudo-cubic cell is the [001]�

direction in trigonal cell (in hexagonal system). in this
case, the possible symmetry for BTFT16 may be R3m,
P3m1 or P31m.

In addition, a mirror plane perpendicular to [�110]�

direction is found in patterns along the [110]� direction
Fig. 7. SAD patterns of BTFT16 along three different directions w
in the pseudo-cubic cell (see Fig. 6b). According to
the matrix, Eq. (5), this means that a mirror plane
perpendicular to [�100]� direction is found in the
patterns along [122]� direction in the trigonal cell.
The space groups R3m and P3m1 have such a mirror
plane, but P31m does not. Therefore, the possible
symmetry for BTFT16 is R3m or P3m1. A mirror plane
observed in patterns along the [100]� direction in the
pseudo-cubic cell (see Fig. 6c) also agrees with the above
suggestion.

Fig. 7 showed the SAD patterns of BTFT16 along
different directions with indices in different space groups
using the matrix, Eqs. (5) and (6). In the same row, the
pattern is the same one indexed in different space groups
or unit cell. Weak super-lattice spots were found in the
patterns along [110]� and [111]� directions in space
group R3m with a ¼ 4:061 Å and a ¼ 90�: They were
not indexed in the hexagonal cell transformed from the
rhombohedral cell in the same space group R3m with
a ¼ 5:741 Å, c ¼ 7:032 Å and a¼ 90�; g ¼ 120� (see the
second column in Fig. 7). They can be completely
indexed in the space group P3m1 with a ¼ 5:741 Å,
ith interpretations in three different settings of space groups.
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Table 4

Rietveld refinement details of BTFT16 in the space group P3m1

Space group P3m1

Lattice parameter (Å) a ¼ 5:7414ð1Þ; c ¼ 14:0634ð1Þ
Cell volume (Å3) 401.473(7)

Ba1a 0, 0, 0

Ba2 0, 0, 0.4999(1)

Ba3 1/3, 2/3, 0.8331(1)

Ba4 1/3, 2/3, 0.3331(1)

Ba5 2/3, 1/3, 0.6663(1)

Ba6 2/3, 1/3, 0.1663(1)

Ta/Fe1 0, 0, 0.7594(1)

Ta/Fe2 0, 0, 0.2595(1)

Ta/Fe3 1/3, 2/3, 0.5929(1)

Ta/Fe4 1/3, 2/3, 0.0930(1)

Ta/Fe5 2/3, 1/3, 0.9265(1)

Ta/Fe6 2/3, 1/3, 0.4267(1)

O1 0.1633(1), 0.8367(1), 0.6767(1)

O2 0.1633(1), 0.8367(1), 0.1767(1)

O3 0.4967(1), 0.5033(1), 0.0101(1)

O4 0.4967(1), 0.5033(1), 0.5101(1)

O5 0.8300(1), 0.1700(1), 0.8434(1)

O6 0.8200(1), 0.1700(1), 0.3434(1)

R factor Rwp ¼ 0:061; Rp ¼ 0:045

aThe Ba1 atom has been chosen as origin.
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c ¼ 14:064 Å and a ¼ 90�; g ¼ 120� (see the third col-
umn in Fig. 7). These meant that the true symmetry of
BTFT16 is P3m1 with a ¼ 5:741 Å, c ¼ 14:064 Å and
a ¼ 90�; g ¼ 120�:

A final Rietveld refinement of BTFT16 using the
super-cell and set in space group P3m1 is shown in Fig. 8
and the refinement statistics are given in Table 4. As
seen, this fit is as good as those tried previously but this
model also fits the data of the TEM and Mössbauer
studies.

3.2. Physical properties

3.2.1. Conductivity

The conductivity of the system BaTi1�xFex/2Tax/2O3

has been measured using impedance analyzer HP4192A.
The typical impedance spectrum was shown in Fig. 9. It
is well known that the impedance spectra of ceramics
provide the information of the bulk, grain boundary and
electrode [44]. In Fig. 9, the first semicircle is contributed
by the bulk and the second semicircle is caused by the
grain boundary. The contribution from the grain
boundary and electrode are different with different
treatments of the samples. Therefore, to give a compar-
able result, only the bulk conductivity is discussed
below.

The conductive behaviors of samples BTFT02–
BTFT04 are similar. Their conductivity increases with
the increase of the Ta and Fe in BaTi1�xFex/2Tax/2O3

and agreed well with Arrhenius’ law as shown in Fig. 10

sT ¼ Ae�Ea=kT : ð7Þ

Here, T is the temperature in Kelvin, s the
conductivity of the samples (O�1 cm�1), Ea the activa-
Fig. 8. The Rietveld plot of the powder X-ray diffraction p
tion energy, and k the Boltzmann’s constant. The
activation energies 0.81, 0.80 and 0.78 eV for BTFT02,
BTFT03 and BTFT04, respectively, are almost identical
to 0.80(2) eV and this value is the same as reported by
Chan et al. [45] for undoped BaTiO3. A similar
mechanism of conductivity, the oxygen vacancy me-
chanism, is expected.

The conductivity of the samples in SS2 is also very
similar and increases with the increase of Fe3+ and
atterns of sample BTFT16 in the space group P3m1:
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Ta5+ in the samples. Typical temperature-dependent
conductivity was shown in Fig. 11 for samples BTFT08,
BTFT10 and BTFT15. Their activation energies are all
about 0.30 eV. The conductivity of BTFT16 is higher
than that of the doped samples with the activation
energy of about 0.24 eV, which is the smallest in the
whole system BaTi1�xFex/2Tax/2O3. These values are
comparable to the reported one for LaCrO3 [46–49].
This indicates that the mechanism of conductivity for
this solution may be similar to that of LaCrO3, which is
an electron conductive material.

3.2.2. Dielectric properties

The dielectric properties of samples BTFT01–
BTFT04 are very interesting as shown in Fig. 12. The
maximum of e0 versus temperature shifts to lower
temperature with the decrease of Ti content. It does
not change with the frequency although it becomes
rounder when the Ti content is less, as shown in Fig. 13.
Therefore, the samples in SS1 are classical ferroelectrics.
4. Conclusion

Two solid solutions, tetragonal BaTi1�xFex/2Tax/2O3

(0pxp0:07) and trigonal BaTi1�xFex/2Tax/2O3

(0:11pxp1:00)—SS1 and SS2, respectively, have been
found in the system BaTiO3–BaTa1/2Fe1/2O3 at room
temperature as shown in Fig. 1. The conductivity of the
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compounds in both SS1 and SS2 increases with
increasing Fe3+ and Ta5+ in the solutions. The
conductivity in SS2 seems too high to be considered as
dielectric materials. The maximum of e0 versus tempera-
ture in SS1 shifts towards room temperature when
substituting Ti with Fe and Ta. The peak position for
the dielectric constant was found not to change with
frequency thus no relaxor behavior was found for the
compounds in SS1.
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