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Abstract—The strain, the thermal expansion coefficient, and the permittivity of ceramic samples of
(Ba; _ ,Bi,,/3)TiO3 solid solutions with x = 0, 0.01, 0.03, and 0.05 have been studied in the temperature range
120—700 K. Based on an analysis of the results, the temperature—composition phase diagram has been
refined, and the temperature dependence of the polarization has been calculated.
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1. INTRODUCTION

In the last decades, barium titanate-based solid
solutions have attracted significant interest of
researchers due to a variety of their physical properties
and a possibility of their applications in various tech-
nological devices. BaliO; undergoes, with decreasing
temperature, three ferroelectric transitions with alter-
nating the phase symmetries: cubic (Pm3m) — tet-
ragonal (P4mm) — orthorhombic (C2mm)
rhombohedral (R3m) at T, ~ 400 K, T} ~ 290 K, and
T, ~ 190 K, respectively. Doping of BaTiO; with vari-
ous impurities in positions 4 and/or B of the perovskite
lattice is used to modify the physical properties and to
shift the phase transitions to a desired temperature
range [1—5]. Many of the solid solutions are charac-
terized by the ferroelectric and relaxor properties
depending on the impurity type and concentration.

e

Isovalent doping in positions B is usually used to
change the temperature 7, and lower temperatures of
the phase transitions Pdmm — C2mm (T;) and
C2mm — R3m (T,). For example, the doping with
nonferroactive ions Zn*" and Sn** leads to a linear
decrease in the temperature 7, and an increase in the
temperatures 77 and 7, [5, 6]. As the concentration of
doping ion increases, many such systems demon-
strate, first, wedging-out of the tetragonal and orthor-
hombic phases and, then, the crossover from the usual
ferroelectric behavior to the relaxor behavior [6].

The heterovalent substitution of trivalent lantha-
num for Ba?* rapidly decreases the temperatures 7,
T,, and T, [7-9]. At the lanthanum concentration of

~4—10 at %, there are relaxor phenomena that are
associated with the formation of La3* clusters and Ti
vacancies, and the occurrence of strong random elec-
tric fields that destroy the uniform ferroelectric state
[8]. In contrast to lanthanum, trivalent bismuth does
not practically influence the temperature 7, up to the
concentration of ~10 at %; however, at the concentra-
tion of ~2 at % Bi, anomalies of the permittivity at 7

and T, coalesce into one anomaly at 7, that appears

inside the ferroelectric state, and it is characterized by
a substantial frequency dispersion [10, 11].

Despite extensive studies of the materials, many
aspects of phenomena proceeding in them remain
unknown up to now, and they require additional stud-
ies. The thermal expansion is one of main properties
that is related to many important properties of the
materials, such as ferroelectric, piezoelectric, and
pyroelectric properties. In addition, the order param-
eter in barium titanate and its derivatives is the polar-
ization caused by displacement of ions, and the phase
transitions can be detected by measuring of the ther-
mal expansion, since the macroscopic deformation is
related to the microscopic lattice deformation.

In this work, the permittivity and thermal expan-
sion of ceramic samples of Ba, _,Bi,, _ ;TiO; with x =
0, 0.01, 0.03, and 0.05 were measured to refine the
temperature—composition phase diagram and to
determine the behavior of the root-mean-square
polarization from the data on the thermal expansion.
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Fig. 1. Temperature dependences of the permittivity of the solid solutions Ba; _ xBizx/3TiO3 withx = (a) 0, (b) 0.01, (c) 0.03, and

(d) 0.05.

2. SYNTHESIS OF THE COMPOUNDS
AND PREPARATION OF CERAMIC SAMPLES

The Ba, _,Bi,,sTiO; compounds were prepared
using the technique described in [11] from oxides
BaCO, (Merck 99.9%), TiO, (Aldrich 99.99%), and
Bi,O; (Merck 99.9%) as a result of the solid-phase
reaction (1 — x)BaCO; + x/3Bi,O; + TiO, —
Ba, _,Bi,, sTiO; + (1 — x)CO,. Before heat treatment,
the initial materials were carefully grinded for one
hour, and, then, they were pressed into 1 —5-mm-thick
discs 7—8 mm in diameter at a pressure of 100 MPa. As
abinder, 17% OPTARIX (Zschimmer et Schwarz) was
added. After synthesizing the compounds for 2 h at
1100°C, the samples were annealed at 850°C in oxy-
gen atmosphere for 15 h.

The X-ray diffraction studies performed at room
temperature show that the samples are single-phase
and that the solid solutions prepared have perovskite-
type structure in the composition range 0 <x <0.15. It
should be noted that the compounds are nonstoichio-
metric in the cation in an interoctahedral site because
of the difference of the charges of Ba’* and Bi**. The
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mass loss during heat treatments was no more than
1 wt %. The relative variations of the pellet diameter
(it — Dpina)/Dinie and the ratio of the experimental
density to the theoretical density were within the limits
0f0.05—0.18 and 0.87—0.96, respectively, and the val-
ues increase with the bismuth concentration.

3. DIELECTRIC MEASUREMENTS

The dielectric measurements were performed in
the temperature range 75—450 K at frequencies of
102—103 Hz in helium atmosphere using a Wayne-Kerr
6425 analyzer. The samples were 1-mm-thick discs
7 mm in diameter with gold electrodes deposited by
cathode sputtering.

The results of measuring the permittivity € are
shown in Fig. 1. It was found that, as in earlier works
[10, 11], in the solid solutions with x = —0, 0.03, and
0.05, the position and magnitude of the maximum and
also the temperature dependence of the permittivity
near 7, vary insignificantly. However, the permittivity
anomalies at 7 and 7, coalesce into one wide anom-
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Fig. 2. Temperature dependences of the thermal expansion
coefficient a of the solid solutions Ba; _ ,Biy, 3TiO3.

aly with the maximum at 7, even in the compositions
with x > 0.03.

The behavior of the solid solution with x = 0.01 is
sharply different from other samples: its permittivity is
strongly smeared over a wide temperature range cover-
ing all the phase transitions, and it is more than two
orders of magnitude higher than the permittivity of
other samples (Fig. 1b) at low frequency. Such a
behavior at low bismuth concentration is most likely
due to a nonstoichiometry of the sample, incomplete
compensation of the cation charge during replacing
Ba?* and Bi**, and the localization of free charges at
the grain boundaries. In spite of the strong dispersion
of the permittivity, the anomaly temperature is inde-
pendent of frequency, and it is observed at 7, = 400 K
as is the case in other compositions.

4. THERMAL EXPANSION

The thermal expansion was measured on a
NETZSCH DIL-402C dilatometer in the tempera-
ture range 120—700 K in the dynamic regime at a heat-
ing rate of 5 K/min on the ceramic samples with L =
5Smm. Calibration and inclusion of the thermal
expansion of the measurement system was carried out
using standards of fused quartz and corundum. We
performed several series of the measurements for dif-
ferent samples of the same composition. The data of
different series, as a rule, agree within the limits of the
experimental error (£3%), and, because of this, the
date were processed simultaneously.

The results of measuring the thermal expansion
a(7) of the ceramic sample of pure BaliO; and solid
solutions Ba, _,Bi,,;TiO; are depicted in Fig. 2 (for
clarity, the curves are shifted in the plot relative to each
other by —5 x 107¢ K~!). The anomalies of a(7) in
BaTiO; related to the phase transitions (Pm3m) —
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Fig. 3. Temperature—concentration phase diagram of the
Ba; _ ,Bi;,/3TiO5 system: ({) data of the dielectric studies

and data taken from [11]; (2) results of the studies of the
thermal expansion.

(P4dmm) — (C2mm) — (R3m) were found at the
temperatures 7, = 400.1 K, 7, = 295.5 K, and 7, =
215.1 K. The thermal expansion coefficients measured
well agree with the data from [12, 13], in particular, at
temperatures higher the transition temperature
between the cubic and tetragonal phases.

In solid solutions Ba, _,Bi,, sTiO;, the anomaly of
o(7) related to the transition from the cubic phase
remains very sharp, and its magnitude is slightly
dependent on the bismuth concentration. The excep-
tion is, as is the case with the dielectric measurements,
the compound with x = 0.01 in which the anomaly of
the thermal expansion coefficient is as large as twice.
The low-temperature anomalies of the thermal expan-
sion are quite quickly smeared as the bismuth concen-
tration increases, and they are practically undetectable
at x = 0.05.

The anomalous component of a(7) in the cubic
phase of all the compositions exists at nearly the same
temperature 7, =~ 430—450 K, which correlates to the
behavior of the permittivity.

5. DISCUSSION

The phase diagram of the Ba, _ Bi,, s TiO; system is
depicted in Fig. 3, where, along with the data obtained
from the thermal expansion, the results of studying the
dielectric properties and also the data from [11] are
presented. In the concentration range under study, the

quantities 7., T}, T,, and T,, well agree within the lim-
its of the error of their determination.

As noted in Section 1, the phase diagrams of the
solid solutions based on substitution of trivalent lan-

thanum and trivalent bismuth are substantially differ-
ent. This circumstance can be due to a difference in
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the mechanisms of charge compensation [8, 11, 14,
15].

As bismuth is added, the compensation is real-
ized at the expense of the formation barium vacan-
cies, which leads to the compound formula
Ba, _,00,/3Bi,,;TiO; [6]. Upon substitution of lantha-
num for barium, the charge compensation occurs as a
result of the formation of titanium vacancies (the
compound formula is Ba, _,La,Ti, _, 40, ,05) [8, 15].
In the latter case, the doping leads to changes in the
ferroelectrically active positions B in the perovskite
lattice and, thus, to substantial change in the temper-
atures of the ferroelectric phase transitions, as is the
case in the BaTi, _ M O; (M =Zr, Sn, ...) [5, 6].

In [14], the spectra of vibrational frequencies and
temperatures of instability of the cubic lattice in solid
solutions Ba, _,0,3Bi,, 5 Ti(Z1)O; and
Ba, _,La,Ti(Zr), /0,405 were calculated in the
framework of the generalized Gordon—Kim model
with allowance for dipole and quadrupole polarizabil-
ities of ions. It was shown that the character of the fer-
roelectric instability is more likely determined by the
position of vacancy formation and ion type in the oxy-
gen octahedron center than by the type of impurity. In
the solid solutions with the heavy zirconium ion, the
ferroelectricity is mainly due to the motion of ions
occupying the barium position and the oxygen in the
direction perpendicular to the Zr—O bond. In the solid
solutions containing lighter titanium, the ferroelectric
instability is due to the motion of another pair of tita-
nium and oxygen ions along the Ti—O bond. The cal-
culated dependences of the temperature 7. on the Bi**
concentration qualitatively agree with the experimen-
tal data. In the case of doping with La**, the agree-
ment exists, assuming that as the lanthanum concen-
tration increases, the vacancies form in both the Ti**
positions and (at x > 0.1) the Ba?* positions.

Unfortunately, in [14], no transitions between dis-
torted phases were considered. However, as the dopant
is bismuth, most substantial changes in the properties
of the solid solutions occur at temperatures lower than
T,. The bismuth doping quickly (at x > 0.02) brings
about the wedging-out the C2mm phase and occur-
rence very unusual relaxor phenomena at 7,, inside the
ferroelectric state, according to [11].

To describe the phase transitions in barium titanate
and other ferroelectrics, along with the microscopic
models and ab initio calculations, an approach based
on the Landau phenomenological theory is also devel-
oped. Such an approach was successfully used to
describe the permittivity, polarization, deformation,
and 7—F phase diagrams of BaTiO; [16—18]. In
BaTiO;, the order parameter is the spontaneous polar-
ization P = (P,, P,, P;), and the thermodynamic
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potential was written in [17, 18] as the polynomial to
the eight power in components P; (i = 1, 2, 3)

AG=a,(P}+ P, +P)+ay, (P} + P+ P
22 22 2.2 6 6 6
+ap(P Py + PP+ PiPy) +ay (P + P+ Py)
2, 4 4 2, 4 4 2, 4 4
+ap[Pi(Py+ Py) + Py(P + Py) + P5(P + Py)]

2.2 2 8 8 8
+a PPy Py +ay, (P + P, + Py)
6, 2 2 6, 2 2 6, 2 P (1)
+a [P (P + P3) + P,(P + Py) + Py(Py + P))]

4.4 4 4 4 4
+ay (P P, + PPy + P Py)

4.2 2 4.2 2 4.2 2
+ay3(P PPy + PPy Py + PP P))

—E]PI—E2P2—E3P3+ ceey

where the coefficient a, is linearly dependent on tem-
perature, and it obeys the Curie—Weiss law, and the
spontaneous strain is determined by relationships

2 2 2
e = 0P +0,P+0,P;5,
2 2 2
en = 0P +0,P,+0,P;, 2

2 2 2
e3; = QP+ 0P+ 0, P5.

In BaTliO,, the strain is mainly determined by the
square of the spontaneous macroscopic polarization
and, thus, can be used for its estimation.

2 = founaT+ @y +300P. O

Here, a;(7) is the lattice thermal expansion coeffi-
cient (no anomalous); Q,; and Q,, are the electrostric-
tion coefficients.

To select the anomalous contribution to the strain
(Q,, + Q,,)P? and to find the polarization P, it is nec-
essary to adequately describe nonanomalous contribu-
tion to the strain and the thermal expansion coeffi-
cient a; (7).

The traditional approach [19—21] in which the
elongation AL/L(T) is approximated, at high temper-
atures, by a linear dependence does not adequately
describe the experimental data with distance from 7,
to a low-temperature range, since the AL/L(T) tem-
perature dependence is clearly nonlinear, and the
thermal expansion coefficient o(7) is not constant.
Thus-determined values of the anomalous contribu-
tions to the deformation and the root-mean-square
polarization are, as a rule, overestimated, and they are
dependent on the temperature range in which the
approximation is performed [9, 13]. According to the
theory of thermal expansion, the coefficient a above
the Debye temperature is even if slightly dependent on
temperature, which leads to a nonlinearity of the
deformation. In addition, at high temperatures, there
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Fig. 4. Temperature dependences of (a) the anomalous component of the thermal expansion coefficient 3 and (b) the polarization

of the solid solutions Ba; _ ,Bij,/3TiO3.

are additional contributions to the deformation due to
thermostimulated defects, and this fact is also demon-
strated by the high-temperature behavior of the ther-
mal expansion coefficient o(7). As temperature
decreases, the thermal expansion coefficient must
tend to a zero, and, to estimate the polarization at low

temperatures (7< T, cz < 0p), itis necessary to take into
account the relation between the thermal expansion
and the heat capacity and its temperature dependence,
if only in terms of the Debye model. Since, in the
cubic phase (T > T, = Op), the thermal expansion
coefficient is slightly dependent on temperature, and it
is impossible to determine the Debye temperature
from an approximation of the experimental data, we
use the average value @, = 432 K [22]. The data on the
temperature dependence of the volume thermal
expansion coefficient B(7) = 3a(7) were processed
using the relationship

B(T) = aT+bCp(T),

where a and b are the adjustable parameters.

3@D/T
CD(x):9R(®—TD) J’ 7

0

4

exp(f)
(exp(r)—1)°

3xp J
exp(xp) — 1)

(5)
= 3R[4D3(xD) _
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where xp = 0/ T, and D;(xp) is the third-order Debye
function.

Figure 4a shows the anomalous components of the
thermal expansion coefficient 3 obtained as a result of
processing of the experimental data in terms Eq. (4).

The temperature dependences of the polarization
calculated from the deformation of the ceramic sam-
ples are shown in Fig. 4b. The polarization was calcu-
lated, assuming that the electrostriction coefficients
0,, and Q,, [23, 24] are independent of temperature.
For the solid solutions Ba, _,Bi,,;TiO3, we used the
same values of the electrostriction coefficients that
were used for pure BaliO;.

As the bismuth concentration increases, the polar-
ization increases near 7, in the tetragonal phase with
all the concentrations, and it decreases in the orthor-
hombic and rhombohedral phases as compared to
pure BaTiO;.

In [16, 17], based on an analysis of the thermody-
namic potential, the 7—F phase diagrams of barium
titanate were calculated as an external electric field
was applied along the [100], [101], and [111] direc-
tions. These phase diagrams are similar, in some sense,
to the temperature—impurity concentration phase
diagrams for the solid solutions. In particular, at cer-
tain strengths and direction of the electric field, the
wedging-out of intermediate distorted phases is possi-
ble.
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It may be suggested that charged defects (Bi** ions
and vacancies in Ti*") induce random electric fields in
the crystal lattice; the fields increases with the concen-
tration and lead to the formation of heterogeneous fer-
roelectric states and wedging-out of intermediate
phases.

We calculated the distributions of random electric
fields at the sites of the crystal lattice consisting of 20 x
20 x 20 cells at various Bi concentrations in terms of
the simple electrostatic model of randomly distributed
point defects. Using these distributions and the ther-
modynamic potential (1) with allowance for random
electric fields, we calculated the temperature depen-
dences of the rms polarization and the anomalous
component of the volume thermal expansion coeffi-
cient (Fig. 5).

As seen from the comparison of Fig. 5 with Fig. 4,
there is only qualitative agreement between the calcu-
lated and experimental AB(7) and P(7T) dependences
and the character of the concentration dependences of
temperatures of the anomalies. The temperature 7,
increases, but the anomalies at 7} and 7, are strongly
smeared and approach one other as the bismuth con-
centration increases. We failed to obtain a wedging-out
of the intermediate phase. This fact is most likely due
to the simple model that does not take into account
the interaction between local distortions.

PHYSICS OF THE SOLID STATE Vol. 53

6. CONCLUSIONS

Thus, the studies performed revealed the anoma-
lous behavior of the deformation and the thermal
expansion coefficient of ceramic Ba,_,Bi,,;TiO;
materials, and the 7—x phase diagram was refined.
From the data on the thermal expansion, we found the
temperature dependences of the root-mean-square
polarization.
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