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Abstract—(1 — x)Ba(Tij 75Sn, ,5)O5 * xPbTiO5 (0 <x < 1) samples prepared by a standard ceramic processing
route have been characterized by X-ray diffraction, thermogravimetry, and dielectric, piezoelectric, and
pyroelectric measurements. The results demonstrate that the system in question contains solid solutions with
the perovskite structure, which have cubic symmetry for x < 0.2 and tetragonal symmetry for x > 0.2. Increas-
ing the percentage of PbIiO; in the samples has been shown to cause sequential changes in their dielectric
properties in the following sequence: ferroelectric relaxor, reentrant ferroelectric relaxor, ferroelectric with a

diffuse phase transition, and conventional ferroelectric.
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INTRODUCTION

Since their properties are of both scientific and
practical interest, solid solutions based on ferroelectric
barium titanate, BaTiO; are the subject of intense studies
and find wide practical application [1, 2]. In particular, it
is well documented [1—-11] that Ba(Ti, _ ,Sn,)O5 (BTSn)
solid solutions have high dielectric permittivity €, a
low dielectric loss tangent tan 8, high dielectric non-
linearity, and a good resistance to high electrical volt-
ages, so they are employed in the fabrication of capac-
itors, varicaps, dynamic random access memory
devices, and electric-field-controlled microwave
devices (phase shifters, filters, antennas, etc.). Varying
the composition of BTSn, one can tune the electric
transport properties of the solid solutions over a wide
range, optimizing them for particular applications.

Because of the proximity of the Curie point 7 of
the BTSn materials to room temperature, they have a
relatively large temperature coefficient of their dielec-
tric permittivity and low spontaneous polarization P,
which is a serious drawback in a number of applica-
tions. Since the PbTiO, (PT) phase, isostructural with
barium titanate, exhibits pronounced ferroelectric
properties and has high 7- (490°C) [1, 2], it is reason-
able to expect that increasing the percentage of PT in
(I —x)BTSn - xPT solid solutions will raise their T,

P, and piezoelectric parameters, with their good
dielectric characteristics retained.

There is rather little published data on the proper-
ties of the (1 — x)BTSn - xPT materials, limited to results
for the constituent binaries BTSn [1—11], (Ba, _ ,Pb,) TiO;
[1,2],and (1 —x)BSn - xPT [12, 13]. In previous work,
neither the phase diagram of the barium titanate—bar-
ium stannate—lead titanate ternary system nor proper-
ties of solid solutions existing in it have been systemat-
ically studied.

In this paper, we report the preparation of new fer-
roelectric solid solutions with the perovskite structure,
(1 — x)Ba(Ti;;55n;,5)O; - xPbTiO;, over the entire
composition range 0 < x < 1; their structural, dielec-
tric, piezoelectric, and pyroelectric properties; and the
influence of chemical composition and synthesis, heat
treatment, and poling conditions on their properties.

EXPERIMENTAL PROCEDURE AND RESULTS

Preparation of ceramics. Samples of the BaTiO;—
BaSnO;—PbTiO; (BT—BSn—PT) ternary system were
prepared in air by solid-state reactions via standard
ceramic processing route. We used the following starting
chemicals: TiO, (extrapure grade), SnO, (pure grade),
PbO (analytical grade), and BaCO; (analytical grade). The
compositions of the synthesized samples corresponded to
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Fig. 1. X-ray diffraction patterns of powdered synthesized
(1 —x)Ba(Tig 7551 »5)O3 - xPbTiO3 samples.

the general formula (1 — x)Ba(Tij 7551, ,5)O; - xPbTiO;
with 0 <x < 1. Appropriate mixtures of these chemicals
were homogenized by grinding with ethanol in an
agate mortar. The homogenized mixtures were fired
for 8 h in an SNOL 12/16 electric compartment fur-
nace with several intermediate coolings and grindings
of the firing products. The firing temperature of the
x = 0 mixture was 1450°C. With increasing PT (lower
melting point component) concentration in the sam-
ples, the firing temperature was lowered to 1250°C.
Higher synthesis temperatures at low PT concentra-
tions were needed because, according to X-ray diffrac-
tion analysis data, the x = 0 samples synthesized at
1270°C consisted of a mixture of the BaTiO; and
BaSnO; phases. Single-phase samples with this com-
position were obtained when the synthesis tempera-
ture was raised to 1450°C.

The synthesis products were ground and pressed at
~150 atm into cylindrical green compacts =10 mm in
diameter and 1—3 mm in thickness, which were then
sintered between 1250 and 1450°C for 2—4 h. As a
result, we obtained ceramic samples ranging in density
from 80 to 95% of theoretical density. Electrical con-
tacts for dielectric measurements were made on the
faces of the ceramic disks by firing Ag-containing
paste.

X-ray diffraction characterization and thermogravi-
metric analysis. The phase composition of the samples
was determined by X-ray diffraction on a DRON-4
computer-controlled X-ray diffractometer (filtered
copper radiation), using powdered Ge crystals as an
internal standard. The position and intensities of
reflections in the X-ray diffraction patterns of the
ceramic samples (Fig. 1) were consistent with those
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Fig. 2. Composition dependences of the unit-cell parame-
ters a and c for the (1 — x)Ba(Ti( 7551 55)O3 - xPbTiO3
solid solutions (g = V'3 is the reduced unit-cell parame-
ter; C, cubic symmetry; 7, tetragonal symmetry).

expected for BaTiO;-, BaSnO;-, and PbliO;-based
solid solutions with the perovskite structure [14]. All of
the reflections present in the X-ray diffraction patterns
of the samples could be indexed in a cubic or tetrago-
nal unit cell with a = ¢ = 4 A. Thus, the samples con-
sisted of solid solutions with the perovskite structure.
Figure 2 shows composition dependences of the unit-
cell parameters determined by indexing the X-ray dif-
fraction patterns of the solid solutions. With increasing
PT content, the reduced unit-cell parameter of the
solid solutions decreases almost linearly (Fig. 2),
which is obviously due to the substitution of Pb%",
smaller cations (1.19 A) [15], for Ba2* cations (1.35 A)
in the perovskite structure.

It follows from the peak positions in the X-ray dif-
fraction patterns that, to a first approximation, the
solid solutions containing less than 30 mol % PT have
cubic symmetry, whereas the solid solutions with x >
0.30 have tetragonal symmetry. However, since the
Curie temperature of the samples with x = 0.20 and
0.25 exceeds room temperature (see below), their
actual symmetry at room temperature is tetragonal
rather than cubic. That the X-ray diffraction patterns
of these samples can be indexed in cubic symmetry is
obviously due to the low degree of tetragonal distor-
tion of the cubic crystal structure of the solid solutions
with these compositions. Thus, taking into account
the Curies temperatures of the solid solutions. we con-
clude that they undergo a polymorphic phase transi-
tion from cubic to tetragonal symmetry near x = 0.18.
To more accurately determine structural parameters
of the solid solutions near the polymorphic phase
boundary and find out whether perovskite solid solu-
tions differing in symmetry can coexist in this region,
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Fig. 3. Thermal analysis results for powdered samples with x = 0 and 0.30.

X-ray structure analysis of the samples by the Rietveld
method is needed.

Thermogravimetric analysis was carried out with a
Q-1500 Paulik—Paulik—Erdey thermoanalytical sys-
tem. The results are presented in Fig. 3. It is seen that
the weight loss of the PT-free sample during heating to
1470°C is <0.1%. It is thus reasonable to conclude
that, in the course of the synthesis of such samples,
their stoichiometric composition remains essentially
unchanged. Heating the Pb-containing samples to
above 1160°C leads to a marked weight loss (~2 wt %),
which is obviously due to PbO volatility. As the
0.7BTSn - 0.3PT sample is heated to 1340°C, its com-
position changes to 0.7BTSn - 0.28PT, as a result of
the lead oxide release. Because of this, the starting
mixtures for the preparation of the ceramics were
packed in Pb-containing powder.

Dielectric properties. Dielectric measurements
were performed at temperatures from 100 to 800 K and
frequencies from 25 Hzto 1 MHz using an E7-20 LCR
meter. The results are presented in Figs. 4 and 5.

It is found that, at PT contents in the range 0—
10 mol % PbTiO;, the €(7, f) curves have a single
detectable peak, whose position T, shifts to higher
temperatures with increasing frequency, suggesting
that the solid solutions in this composition range are
ferroelectric relaxors (FE-Rs), which typically exhibit
such behavior [16]. The T,,,.(f) data for the x = 0 sam-
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ple follow the Vogel—Fulcher phenomenological law
f= fiexp{=Elkg(T() — Typ)l}, where f; is the
attempt frequency for surmounting a potential barrier
of height E,, kg is Boltzmann’s constant, and 7y is the
Vogel—Fulcher temperature, which in the case of lead
magnesium niobate (PMN), a canonical relaxor, is
related in the literature to the freezing of electric
dipole dynamics and a transition from an ergodic
ferroelectric relaxor state to a nonergodic one [16].
That the x = 0 material is a ferroelectric relaxor has
been clearly demonstrated by different groups in a
large number of reports [3, 4, 6, 7, 16, 17]. Clearly, the
(1 — x)Ba(Ti, 75Sn, »5)O; - xPbTi0; solid solutions with
low PBTi0O; concentrations are also ferroelectric relaxors.

Unlike in the case of classic ferroelectric relaxors,
such as PbMg, ;Nb, ;0; [16], the ferroelectric relaxor
properties of the (1 — x)BTSn - xPT solid solutions
result from isovalent, rather than heterovalent, substi-
tutions in the A and B sublattices of the perovskite
structure, without nominal charge disorder. The fer-
roelectric relaxor properties of these materials are
most likely due to competing interactions that result in
long-range ferroelectric order or disorder in the
arrangement of the [TiOg] polar and [SnOg¢] nonpolar
octahedral groups, as well as in the correlated or
uncorrelated displacements of the Pb?* cations, with
an unshared 6s? electron pair, from symmetric sites in
the crystal structure of (1 — x)BTSn - xPT [16, 17].
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In the composition range 0.10 < x < 0.30, the &(7, f)
curves have two maxima: a lower temperature, fre-
quency-dependent peak of the relaxor type in the
range 190—250 K and a higher temperature peak in the
range 270—340 K, whose position is frequency-inde-
pendent. The higher temperature peak is due to the
ferroelectric phase transition in the solid solutions. Its
temperature obviously corresponds to the Curie tem-
perature of the ferroelectric solid solutions, as sup-
ported by pyroelectric measurement results.

The relaxation peaks observed at T,,,, < T in the
€(7) and tan 8(7) curves of the solid solutions in the
range 0.10 < x < 0.30 originate from the analogous
maxima of the x = 0 ferroelectric relaxor on the addi-
tion of the PT component. It is, therefore, reasonable
to conclude that these solid solutions also have ferro-
electric relaxor properties below their 7. This conclu-
sion is supported as well by the fact that the 7,,,.(f)
data for the x = 0.20 sample follows the Vogel—Ful-
cher law (Fig. 5) with f;, E,, and Ty parameters char-
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acteristic of ferroelectric relaxors (f, = 4.2 x 10'° Hz,
E, =0.014(10) eV, and Ty = 183(4) K). Unlike con-
ventional ferroelectric relaxors [16], the solid solutions
in the composition range in question exhibit relaxor
behavior below, rather than above, their ferroelectric
Curie temperature (as seen in Fig. 5); that is, first, an
ordered ferroelectric state is formed in them, and then,
as the temperature is lowered, the material returns to a
disordered, relaxor state. Such behavior is characteris-
tic of so-called reentrant ferroelectric relaxors (R-FE-R)
[17, 18].

The assumption that below 7, the materials under
consideration have conventional relaxation maxima
arising, for example, from inhomogeneities at grain
boundaries of the ceramic or at material/electrode
interfaces or from the dynamics of ferroelectric
domain walls or lead and oxygen vacancies, inherent
in Pb-containing oxide phases, is inconsistent with the
fact that the samples with x > 0.30 prepared by the
same process have no such anomalies. Moreover, the
tan 8(7) curve has not single maxima, characteristic of
conventional relaxation processes, but plateau-like
low-temperature maxima, characteristic of ferroelec-
tric relaxors, in which the relaxation process involves
not individual dipoles, but clusters of dipoles with a
wide range of relaxation times [16, 17].

In the composition range 0.30 < x < 1, the (7, /)
data has one, frequency-independent, well-defined
maximum, whose position shifts to higher tempera-
tures with increasing PT concentration (Figs. 4, 5).
Clearly, this peak arises from the ferroelectric phase
transition of the solid solutions. With increasing PT
concentration in the solid solutions, their Curie tem-
perature rises from 270 Kat x=0.15to 763 Kat x = 1.
This is accompanied by a gradual reduction in the
width of the dielectric permittivity peak in the region
of their Curie temperature and, accordingly, by a
change in their dielectric properties: from ferroelectric
properties with a diffuse phase transition (FE DPT) to
conventional ferroelectric (FE) properties, similar to
those of PbTiO;.

Thus, increasing the percentage of PbliO; in the
solid solutions under investigation leads to a change in
their dielectric properties from ferroelectric relaxor
properties to ferroelectric ones at PbTiO; concentra-
tions above 25 mol %. In the intermediate composi-
tion range 0.1 < x < 0.3, the properties of the solid
solutions are characteristic of reentrant ferroelectric
relaxors.

Figure 6a shows composition dependences of peak
temperatures in the temperature dependence of
dielectric permittivity for the solid solutions under
investigation. The maxima in ds; and € are located at
different compositions (at x = 0.25 and 0.15, respec-
tively), which can probably be accounted for by the
fact that they are influenced by not only the proximity
of the composition to the polymorphic phase bound-
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ary, but also other factors: the degree of poling and Fig. 6b are composition dependences of the maximum
porosity of the ceramic samples. dielectric permittivity in the €(7) dependence.

The increase in T, and the absence of low-tem- Piezoelectric properties and thermally stimulated

perature anomalies in the €(7) and tan d(7) curves at
PbTiO; concentrations above 25 mol % improve the

depolarization currents. The d;; piezoelectric coeffi-
cient of poled samples was determined near room tem-
perature using an oscillating mechanical load method

solid solutions near room temperature, which is of  results are presented in Fig. 6b. The maximum piezo-
interest for practical applications. Also shown in electric coefficient (170 pC/N) is observed for the x =

INORGANIC MATERIALS Vol.56 No.3 2020
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0.25 sample, which is obviously due to the proximity
of its composition to the position of the polymorphic
phase boundary found by us in the solid solution sys-
tem under study.

Short-circuit thermally stimulated depolarization
currents (TSDCs) were measured as a function of tem-
perature using a V7-30 electrometer, whose input was
connected to electrodes of a crystal. The measurements
were performed during heating at a rate of ~0.1 K/s after
poling. The samples were poled with an applied elec-
tric field £, = 1.0 kV/cm during cooling from 470 to

p,nC/(cm” K)

150 -

100

400 500
Temperature, K

100 200 300

Fig. 7. Temperature dependences of the TSDC for the
(1 —x)Ba(Tij 755n( »5)O3 - xPbTi03 solid solutions after

cooling of the samples in an electric field of ~1 kV/cm.

90 K. The measurement results are presented in Fig. 7
in the form of temperature dependences of the TSDC
normalized to the electrode area .S and heating rate
d7/dt. If amajor contribution to the measured current
is made by the pyroelectric effect, the TSDC thus nor-
malized is the pyroelectric coefficient of the samples:
p° = (0P,/0T)s, where P, is the spontaneous polariza-
tion of the samples and G is mechanical stress.

The TSDC through the poled samples of the solid
solutions with tetragonal symmetry has well-defined
maxima in the temperature range of the high-tem-
perature maxima in the €(7) curve. Above these tem-
peratures (7},,,), the TSDC decreases. The fact that,
below T}, the sign of the TSDC depends on the tem-
perature scan direction suggests that it has a pyroelec-
tric nature. These data leads us to conclude that the
high-temperature maxima in the &(7) curve of the
tetragonal solid solutions are due to a ferroelectric
phase transition and that, accordingly, the position of
these maxima determines the Curie temperature of the
solid solutions.

In addition, the temperature dependences of the
TSDC through the samples have local extrema below
T, (Fig. 7), where neither &(7) nor tan 6(7) has notice-
able features. The extrema possibly originate from a ther-
mally stimulated discharge of electret charges produced
during the poling of the samples or from the manifesta-
tion of the complex dynamics of the freezing of polar
regions in the ferroelectric relaxor solid solutions.

CONCLUSIONS

(1 — x)Ba(Ti, 7551 ,5)O5 - xPbTi0; ceramic sam-
ples in the BaTiO;—BaSnO;—PbTiO; ternary system
have been prepared by solid-state reactions. According
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to X-ray diffraction results, the samples consist of
solid solutions with the perovskite structure.

The samples have been characterized by thermo-
gravimetric analysis, and the variation in their compo-
sition due to the lead oxide volatility at high tempera-
tures has been assessed.

We have obtained composition dependences of the
symmetry and unit-cell parameters of the solid solu-
tions. It has been shown that, at room temperature, the
solid solution system studied has a cubic/transition
polymorphic phase boundary in the x = 0.18 region:
the solid solutions with x < 0.20 have cubic symmetry
and those with x = 0.20 have tetragonal symmetry.

Temperature and frequency dependences of the
dielectric permittivity € and dielectric loss tangent tan &
for the solid solutions have been obtained at tempera-
tures from 100 to 800 K and frequencies from 25 Hz to
1 MHz, and their Curie temperature 7 and charac-
teristic temperatures of relaxation maxima, 7,,,,, have
been determined. Increasing the percentage of PT in
the samples has been shown to cause changes in their
dielectric properties in the following sequence: ferro-
electric relaxor, reentrant ferroelectric relaxor, ferro-
electric with a diffuse phase transition, and conventional
ferroelectric similar in properties to PbIiO;. In addition,
with increasing PbliO; content the 7 of the samples
rises from 270 Kat x=0.15to 763 K at x = 1.

We have studied the piezo- and pyroelectric proper-
ties of the solid solutions. The results demonstrate that
the largest d; piezoelectric coefficient is offered by the
x = 0.25 solid solution, which is tentatively attributed to
the proximity of its composition to the position of the
polymorphic phase boundary in the system studied.
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