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and elastic properties of Ba0.4Sr0.6−xCaxTiO3 „0ÏxÏ0.3… perovskites
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The effects of Ca doping on the Curie temperature, structural, dielectric, and elastic properties of
Ba0.4Sr0.6−xCaxTiO3 �0�x�0.3� has been studied. Powder x-ray diffraction revealed that the cubic
lattice constant a decreases linearly with increasing x from 0 to 0.15, while showing an anomalous
expansion between x=0.15 and x=0.18. This, together with the anomalies in the dielectric constants,
Curie temperature TC, and elastic constants observed for 0.15�x�0.18, suggests that a small
amount of Ca ions substituted for Ti ions. Correlated with the evolution of a with x, TC increases
linearly with increasing x from 0 to 0.15; while deviating from linear behavior for x�0.15, TC

increases persistently up to x=0.25 and thereafter shows a decrease. These variations of TC with x
have been interpreted in terms of Ca-doping-induced A-site cation size variance, a substitution of a
small amount of Ca ions for Ti ions, and structural phase separation. Upon cooling the longitudinal
elastic constant CL shows drastic softening near TC, arising from the electrostrictive coupling
between the polarization fluctuations and the elastic strains. Moreover, it was found that Ca doping
induces the hardening of CL just below TC, and the magnitude of the relative hardening of CL �i.e.,
�CL /CL� increases with increasing x, implying that the tetragonal ferroelectric phase was
increasingly stabilized by Ca doping. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2112175�
I. INTRODUCTION

Perovskite-type titanate oxides ATiO3 �where A stands
for alkaline-earth ions such as Ca, Sr, and Ba� have attracted
much attention in the past decades because they are very
important ferroelectric, dielectric, and pyroelectric materials
with wide applications in the fields of capacitor, piezoelec-
tric, memory storage, and microwave devices.1–5 One mem-
ber of the ATiO3 series, BaTiO3, has been one of the most
extensively studied titanate oxides among this class of mate-
rials. Upon cooling from a high temperature BaTiO3 under-
goes a cubic paraelectric to tetragonal ferroelectric phase
transition at 393 K.2 A substitution of Sr ions for Ba ions
decreases the Curie temperature TC systematically from 393
to about 90 K.3,5 This Sr ion doping effect on TC was usually
ascribed to the A-site cation size effect, in which the smaller
Sr ion causes a reduction in the average radius of the
A-cation size and thereby stabilizes the high-temperature cu-
bic structure to lower temperatures. By contrast, a substitu-
tion of Ca ions for Ba ions leads to an obvious different
effect on TC. Upon Ca doping the TC for Ba1−xCaxTiO3 in-
creases from 393 K at x=0 to a maximum value of 410 K at
x=0.08 and then decreases slightly to 391 K at the solid
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solution limit of x=0.24.1 This effect is somewhat puzzling
and seems not consistent with the A-site cation size effect.
Another interesting phenomenon regarding Ca doping is the
Ca site occupation in the lattice in Ba1−xCaxTiO3.6–9 It has
been found that a small amount of Ca ions can be forced to
substitute for Ti ions in Ba1−xCaxTiO3 provided that the mo-
lar ratio of �Ba+Ca� /Ti is larger than 1, which, as a result,
leads to anomalies in dielectric constant, crystal structure,
and TC.6–9 Further studies on Ba1−xCaxTiO3 showed that the
substitution of Ca ions for Ti ions still occurred even when
the molar ratio of �Ba+Ca� /Ti is 1 for bulk materials if a
solid-state reaction method is used to prepare the samples.8

Another member of the ATiO3 series, SrTiO3, is an in-
teresting quantum paraelectric. Its dielectric constant in-
creases continuously upon cooling down to 4 K below which
it levels off due to quantum fluctuations. Bednorz and
Müller10 found that the substitution of a very low concentra-
tion of Ca ions for Sr ions �i.e., the quantum-mechanical
critical concentration xCa=0.0018� destabilizes the quantum
paraelectric state. Above xCa=0.0018 Sr1−xCaxTiO3 becomes
a quantum ferroelectric until x=0.016. Upon further increase
of the Ca concentration the compound crosses from a quan-
tum ferroelectric to a diffusive ferroelectric with the phase-
transition temperature Tm being almost independent of the Ca
concentration up to x=0.12, which has been attributed to the
local random electric fields arising from the substitution of
some Ca ions for Ti ions.10 The dielectric anomaly at Tm,

however, becomes increasingly suppressed and smeared out
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with the increase of the Ca concentration x.10,11 It is notewor-
thy that, upon Ca doping the nature of the dipolar interaction
of Sr1−xCaxTiO3 changes from predominantly ferroelectric
type for 0�x�0.016 to antiferroelectric type for 0.12�x
�0.4, whereas in the intermediate doping range of 0.016
�x�0.12 a dipolar glasslike behavior appears.11,12

These Ca-doping-induced complex features in
Ba1−xCaxTiO3 and Sr1−xCaxTiO3 make them still very active
candidates in both theoretical and experimental investiga-
tions. Although several studies have been devoted to the end
members of the solid solutions, that is, the Ba1−xCaxTiO3

�Refs. 1, 13, and 14� and the Sr1−xCaxTiO3 �Refs. 10–12 and
15–18� series, more extended investigations on the Ca dop-
ing effect in intermediate compounds of the Ba1−xSrxTiO3

series are still unavailable. The underlying physics of the Ca
doping effect on the structure, Curie temperature, and dielec-
tric and elastic constants, especially the calcium site occupa-
tion in the lattice, is yet to be further explored. In this paper,
we studied the effect of Ca doping on the structure, Curie
temperature, and dielectric and elastic constants for
Ba0.4Sr0.6−xCaxTiO3 �0�x�0.3� and found that the Ca dop-
ing, especially the substitution of a small amount of Ca ions
for Ti ions, drastically influences the crystal structure, Curie
temperature, and dielectric and elastic constants.

II. EXPERIMENTAL PROCEDURES

The polycrystalline Ba0.4Sr0.6−xCaxTiO3 �x=0, 0.05, 0.1,
0.15, 0.155, 0.16, 0.165, 0.18, 0.2, 0.25, 0.3� series were
synthesized by a standard solid-state ceramic technique. Sto-
ichiometric amounts of high-purity BaCO3, SrCO3, CaCO3,
and TiO2 were weighed and thoroughly mixed in an agate
mortar. The reactants were fired in air at 1000, 1250, and
1320 °C, respectively, for 10 h with regrindings between fir-
ings. Finally, the fired powder were pressed into pellets and
fired at temperatures varying from 1390 to 1430 °C for 5 h
according to the doping level x.

Room-temperature powder x-ray-diffraction patterns
were collected using a Bruker D8 Advance x-ray diffracto-
meter equipped with Cu K� radiation of wavelength �
=1.5406 Å. The obtained powder x-ray-diffraction patterns
were analyzed by a Rietveld refinement method using the
RIETICA program.19 The dielectric constant was measured us-
ing a Model SR720 LCR meter at temperatures from
100 to 320 K. The longitudinal ultrasonic sound velocity and
attenuation were measured at the University of Science and
Technology of China using the digital AUW-100 Advanced
Ultrasonic Workstation �Matec Instrument Companies, USA�
at temperatures from 85 to 300 K. The longitudinal elastic
constant CL was calculated according to the equation CL

=�VL
2, where � and VL are the mass density of the sample and

the longitudinal sound velocity, respectively.

III. RESULTS AND DISCUSSION

To look into the Ca doping effect on the structural prop-
erties, powder x-ray-diffraction measurements were made on
the Ba0.4Sr0.6−xCaxTiO3 �0�x�0.3� series. The diffraction
patterns for all samples can be well refined based on the

space group Pm3m and no obvious impurity phases are
above the refined background level. Figure 1 shows the se-
lected room-temperature powder x-ray-diffraction patterns,
the refinements, and the difference patterns for the x=0 and
0.2 samples. The profile factor RP of the refinements for all
the samples lies between 8.8% and 11.2%, implying that the
refinement results are satisfactory. To get a clear insight into
the Ca doping effect on the lattice, we plotted the lattice
constant a as a function of the Ca concentration x in Fig. 2.
In accordance with Vegard’s law, the lattice constant a de-
creases almost linearly with increasing x from 0 to 0.15,
implying that Ca ions fully substituted for the Sr ions. The
relationship between a and x for 0�x�0.15 can be de-
scribed by

a�x� = a�x = 0� − 0.05x = 3.9394 − 0.05x . �1�

Since the ionic radius for the Ca ion �rCa2+ =1.18 Å� is
smaller than that for the Sr ions �rSr2+ =1.31 Å�,20 one may
expect that a shall continue to decrease linearly for x

FIG. 1. Selected powder x-ray-diffraction patterns and the Rietveld refine-
ments of Ba0.4Sr0.6−xCaxTiO3 �x=0 and 0.2� at 300 K. The experimental data
are represented as points, the calculated data as a line, and the difference
curve is plotted below. The positions of the Bragg reflections are marked.
Inset is the half-width at half maximum �HWHM� of the �112� reflection as
a function of the Ca concentration x.

FIG. 2. The lattice constant a at 300 K as a function of the Ca concentration
x for Ba0.4Sr0.6−xCaxTiO3 �0�x�0.3�. Inset is a schematic illustration of the

cubic unit cell with the TiO6 octahedron.
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�0.15 if all the Ca ions substitute for the Sr ions. What is
unexpected is that a shows an anomalous expansion in the
Ca doping region of 0.15�x�0.18. Obviously, Vegard’s law
cannot account for this anomalous expansion of the lattice
constant. A possibility for this anomaly may be associated
with the tilting of the oxygen octahedra, which commonly
occurs in perovskites. As is known, the tilting of the oxygen
octahedra will lead to the splitting of the Bragg reflections of
the simple cubic structure and the appearance of additional
�superlattice� reflections. Early powder x-ray- and neutron-
diffraction measurements on Sr1−xCaxTiO3 have shown that
the antiphase tilting of the TiO6 octahedra leads to the ap-
pearance of apparent superlattice reflections for x�0.12
�Refs. 11 and 16–18� and both superlattice reflections and
splitting of Bragg peaks for x=1.0.18 Note that no visible
superlattice reflections and broadening of Bragg reflections
were observed in the diffraction patterns for
Ba0.4Sr0.6−xCaxTiO3 with 0�x�0.25, and all the Bragg re-
flections in the diffraction patterns can be well refined based
on the cubic Pm3m space group. This indicates that the sud-
den expansion of the lattice constants for 0.15�x�0.18
cannot be understood within the framework of the tilting of
the oxygen octahedra in Ba0.4Sr0.6−xCaxTiO3 and was caused
by other reasons. We note that previous experimental results
including the equilibrium electric conductivity,6 neutron
diffraction,8 Raman and dielectric spectroscopies,9,21–23

scanning electron microscopy,9 and atomic location by
channel-enhanced microanalysis7 �ALCHEMI� have given
evidences that a small amount of Ca ions can substitute for
Ti ions in the Ba1−xCaxTiO3, Ba1−xSrxTi1−yCayO3−y, and
Ba�Ti1−xCax�O3−x series, although the ionic radius and
chemical valence of the Ca ion differ much from those of the
Ti ion. Moreover, it is noteworthy that, based on the neutron-
diffraction data for Ba0.88Ca0.12TiO3, Krishna et al.8 found
that a small amount of the Ca ions �4 mol % � had substituted
for the Ti ions even when one starts with Ba+Ca=Ti in the
starting materials if the samples are prepared by the dry route
�i.e., the conventional solid-state reactions�. They found that
it was the local stoichiometric variation that lead to the con-
dition Ba+Ca�Ti at the time of the solid-state thermo-
chemical reaction, thus forcing a small amount of Ca ions
into the Ti site. It seems that substitution of Ca ions for Ti
ions had occurred in the Ba0.4Sr0.6−xCaxTiO3 samples since
they were also prepared by the dry route, although the molar
ratio of �Ba+Sr+Ca� /Ti is 1 in the BaCO3, SrCO3, CaCO3,
and TiO2 mixture. Therefore, it is concluded that the expan-
sion of the lattice constant in the Ca doping region of 0.15
�x�0.18 in Ba0.4Sr0.6−xCaxTiO3 arises from the substitution
of a small amount of Ca ions for Ti ions and thus causes an
expansion of the unit-cell volume. This is consistent with the
fact that the ionic radius for the Ca ion is larger than that for
the Ti ion �rTi4+ =0.605 Å�.20 In fact, the Ca doping effect on
TC and dielectric and elastic constants also gives evidence
that a small amount of Ca ions substituted for Ti ions in the
Ba0.4Sr0.6−xCaxTiO3, which will be discussed later.

It is noteworthy that, for x�0.18, the lattice constant a
decreases linearly again with the relationship a�x�=3.9394
−0.05x which is the same as that for 0�x�0.15. It is, there-

fore, roughly estimated that the fraction of the Ca ions that
have substituted for the Ti ions is less than 3 mol %, which is
also supported by the fact that the dielectric anomalies also
occur between x=0.15 and x=0.18 �see Fig. 4�. Moreover,
based on the linear decrease of the lattice constant for x
�0.18, one may further conclude that, for x�0.18, besides
those that have substituted for the Ti ions, the remaining Ca
ions have substituted for the Sr ions, in a way similar to that
for 0�x�0.15. There is a possibility that the Ca ions can no
longer substitute for the Sr ions for x�0.18, and there ap-
pears a second phase �i.e., CaTiO3�. Since the lattice constant
for the CaTiO3 is smaller than that for Ba0.4Sr0.6−xCaxTiO3

�0�x�0.15�, the appearance of CaTiO3 will lead to a par-
tial overlapping of the Bragg reflections resulting from
Ba0.4Sr0.6−xCaxTiO3 and CaTiO3 and thus, a broadening of
the Bragg reflections. As seen in the inset of Fig. 1�a�, no
broadening of the Bragg reflection was observed for x
�0.25. Except for the 0.15�x�0.18 samples where the lat-
tice anomalies occurred, the half-width at half maximum
�HWHM� of the �112� Bragg reflection decreases smoothly
until x=0.25, as guided by the solid lines, which is intrinsi-
cally related to the normal substitution of the Ca ions for the
Sr ions. For 0.15�x�0.18, the HWHM is much smaller
than those for 0�x�0.15 and 0.2�x�0.25. This can be
related to the internal lattice strain effect due to the expan-
sion of the unit cell. These results indicate that no structural
phase separation occurred for x�0.25.

Since the dielectric properties are closely related to the
lattice properties, the anomalous Ca site occupation in the
lattice site is, therefore, expected to bring about anomalies in
dielectric constants. Figure 3 shows the temperature depen-
dence of the real part of the dielectric constant 	�, as mea-

FIG. 3. Temperature dependence of the real part of the dielectric constants
	� measured at zero and applied dc electric fields up to 10 kV/cm and at a
frequency of 100 kHz for Ba0.4Sr0.6−xCaxTiO3 �0�x�0.3�. Insets show
1/	� as a function of temperature at zero field and at a frequency of
100 kHz.
sured at various dc bias fields ranging from Ebias=0 to
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10 kV/cm for the Ba0.4Sr0.6−xCaxTiO3 series. We have mea-
sured 	� and the loss tangent at zero and applied bias fields
and at several frequencies. For clarity we only show the tem-
perature dependence of 	� measured at 100 kHz. First of all,
we note that 	� does not show frequency dependence behav-
ior in the frequency range of 100 Hz� f �100 kHz at zero
field and applied bias fields for all the samples �the 	� data at
other frequencies not shown here�, indicating that the Ca
doping does not induce relaxation character in the transition.
This is consistent with the linear 1 /	� vs T curves as shown
in the insets, pointing to the Curie-Weiss-type phase transi-
tions. For the x=0 compound, upon cooling from a high
temperature the zero-field dielectric constant increases
smoothly but increases dramatically in the vicinity of TC. 	�
reaches the maximum at TC and this is then followed by a
sharp drop upon further cooling. When increasing the bias
field from Ebias=0 to 10 kV/cm, the peak value of the di-
electric constant 	m� decreases remarkably and TC shifts to-
wards a higher temperature simultaneously. For other com-
positions the behaviors of the 	� at zero field and applied
bias fields are, in general, similar to those for the x=0
sample, as seen in Fig. 3. Very recently, using a picosecond
soft-x-ray laser speckle technique, Tai et al.24 directly ob-
served the existence of microscopic-scale polarization clus-
ters in both the ferroelectric and the paraelectric phases in
BaTiO3, that is, the sample spontaneously phase separated
into polar clusters and nonpolar clusters �i.e., phase separa-
tion� which appear continuously across the Curie tempera-
ture TC. Based on this picture, the electric-field-induced re-
duction of 	� and the shift of TC can be phenomenologically
understood within the framework of the phase-separation and
percolation models. At zero field there exists thermally acti-
vated dynamic local fluctuations in the position of the Ti
ions, that is, dynamic local fluctuations between the polar
phase and the nonpolar phase over a wide temperature range
above TC. When TC is approached from above, particularly
in the vicinity of TC, the competition between the polar phase
and the nonpolar phase is significantly enhanced, and the
energy scale between them is subtle. In the presence of an
applied bias electric field, the polar clusters align their polar-
ization direction along the field direction and grow in frac-
tion and �or� size at the expense of nonpolar clusters. Above
a percolation threshold the polar clusters connect to each
other, and as a result the compound enters into ferroelectric
state at a higher temperature.

Based on the above dielectric data, we plotted the nor-
malized dielectric constant 	m� /	320 K �i.e., the dielectric con-
stant at TC normalized to that at 320 K� as a function of the
Ca concentration x in Fig. 4. It is seen that the dielectric
constant has the largest value x=0 and decreases linearly
with increasing x from 0 to 0.15. The dielectric tunability
DT at TC �here, DT was defined as DT�TC�= �	�TC ,0�
−	�TC ,E�� /	�TC ,0�� also decreases linearly with increasing
x from 0 to 0.15, as seen in inset �b� of Fig. 4. This linear
decrease of the dielectric constant and tunability as a func-
tion of x for 0�x�0.15 can intrinsically be related to the
linear decrease of the lattice constant �or equivalently unit
cell volume� because the dielectric properties are closely cor-

related with crystallographic properties. To further look into
this issue, we plotted the 	m� /	320 K and DT as a function of
the lattice constant a for 0�x�0.15, as shown in inset �a� of
Fig. 4. Both 	m� /	320 K and DT decrease linearly with the
decrease of the lattice constant, which strongly suggests that
the decreases of 	m� /	320 K and DT have their origin in the
shrinkage of the cubic lattice structure with increasing Ca
doping. As discussed above, the lattice constant contracts
with increasing x from 0 to 0.15, which means that the cubic
lattice structure becomes more and more tightly packed. This
tighter crystallographic geometry suppresses the relative dis-
placement of the Ti ions. Consequently, the maximum dielec-
tric constant and the tunability decrease with increasing x.
These results agree with recent molecular-dynamic calcula-
tions that the value of the maximum dielectric constant is
closely related to details of the lattice structure for the
Ba1−xSrxTiO3 and Sr1−xCaxTiO3 series.25 We note that, a fur-
ther increase of x from 0.15, the decreases of 	m� /	320 K and
DT apparently deviate from linearity, and there appears
anomalous drops in 	m� /	320 K and DT between x=0.15 and
x=0.18, which are obviously related to a suppression of criti-
cal fluctuations of polarizations caused by the substitution of
Ca ions for Ti ions, as mentioned above and will also be
further discussed below.

We now turn to the effect of the Ca doping on TC. Figure
6 shows the variation of TC, determined from both the ultra-
sonic �Fig. 5� and the dielectric data, with the Ca concentra-
tion x. It is seen that the two sets of TC values agree with
each other very well. TC increases linearly with increasing x
from 0 to 0.15. The linear x dependence of TC for 0�x
�0.15 can be well described by a simple equation TC�x�
=TC�x=0�+218x. This positive Ca doping effect on TC is in
distinct contrast to the negative Sr doping effect on TC

in Ba1−xSrxTiO3 and cannot be understood within the frame-
work of the A-site cation size effect. Recent system-
atic studies on R2CuO4- and RBa2Cu3O7−
 �R=La, Nd,
Y, Ba, Sr, Ca�-type high-temperature superconductors,26,27

RMnO3-type �R=La, Pr, Nd, Sm, Ba, Sr, Ca� colos-
sal magnetoresistance manganites,28,29 and ATiO3-type
ferroelectrics30 have shown that the electronic, magnetic,
structural, and ferroelectric phase-transition temperatures are
closely related to not only the mean A-site cation size �rA�
but also the A-site cation size variance �2. Here �2 is a
statistical variance used to characterize the magnitude of the

FIG. 4. Normalized dielectric constants 	m� /	320 K as a function of the Ca
concentration x for Ba0.4Sr0.6−xCaxTiO3 �0�x�0.3�. The solid lines are
guides to the eyes. Inset �a� is 	m� /	320 K and the tunability at T=TC and E
=10 kV/cm plotted against the lattice constant a for 0�x�0.15. Inset �b�
is the x dependence of the dielectric tunability at T=TC and E=10 kV/cm.
random disorder of A-site cations with different sizes distrib-
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uted over the A sites in the ABO3-type perovskite structure.
For two or more A-site species with fractional occupancies
yi�	yi=1�, �2=	yiri

2− �rA�2. Using the standard ionic radii
for the Ca, Sr, and Ba ions,20 the �2 were calculated and the
results are listed in Table I. From the �2 value, one concludes
that the random disorder of the Ca, Sr, and Ba ions with
different sizes distributed on the A sites increases, implying
increasing local structural fluctuations upon the Ca doping.
This local disorder associated with increasing �2 enables the
local ferroelectric distortion of the TiO6 network to occur
more easily and thereby stabilizes the ferroelectric phase.30

On the other hand, according to Ref. 30, after the contribu-
tion due to �2 has been removed, TC decreases linearly
with decreasing �rA� for Ba1−xCaxTiO3. Based on the op-
posite effects of �2 and �rA� on TC, it seemed that the
TC in the present Ba0.4Sr0.6−xCaxTiO3 series is mainly dom-
inated by �2 �i.e., the A-site cation-size-mismatch-induced
local disorder� which cancels out the A-site cation size
effect and leads to the linear increase of TC. Here, we
note that similar �2 effects on the structural phase-
transition temperature Ts has been observed in
�La,Nd�1.85�Ca,Sr,Ba�0.15CuO4 superconductors in which
the high-temperature tetragonal to low-temperature ortho-
rhombic transition temperature Ts increases linearly with in-

FIG. 5. Temperature dependence of the longitudinal elastic constant CL and
the ultrasonic attenuation �L for Ba0.4Sr0.6−xCaxTiO3 �0�x�0.3�. The solid
lines are the fittings according to Eq. �2�.

TABLE I. Summary of the A-site cation size variance
values of the parameters CL

0, A, and � from Eq. �2�.

Composition x=0 x=0.05 x=0.10

�2�10−3� 6.14 7.78 9.33
T0 �K� 196.1 212.3 223.2
CL

0 �GPa� 238.5 201.0 211.1
A �GPa� 1.21 0.40 0.54
� 1.36 1.351 1.284
creasing �2 and was attributed to the strong coupling of the
A-site cation size variance �2 to the orthorhombic
macrostrain.26

We note that the magnitude of the increase in TC starts to
slow down with further increase of the Ca concentration
from x=0.15, and the TC-x curve evidently deviates from
linearity. This deviation of TC from linearity is correlated
with the expansion of the lattice constant �see Fig. 2�. Since
the substitution of Ca ions for Ti ions causes expansion of
the unit cell which exerts compressive stress on the nearest-
neighbor unit cells which are compressed, the substitution of
Ca ions for Ti ions, therefore, impedes the ferroelectric dis-
tortion of the TiO6 octahedra of the neighboring unit cells,
thereby reducing TC. This internal chemical compressive
stress effect on TC acts in the same manner as the external
hydrostatic pressure effect on TC in BaTiO3 where the TC

decreases linearly with increasing external hydrostatic
pressure.31 As is known, a large dipole moment may result
from the displacement of Ti ions from the center of the TiO6

octahedra. Below TC, the long-range cooperative displace-
ment of Ti ions through attractive dipole-dipole couplings
may give rise to long-range polar ordering �i.e., ferroelectric-
ity�. The substitution of Ca ions for Ti ions disrupts the long-
range cooperative displacement of Ti ions to some extent and
thus contributes to reducing TC. On the other hand, a substi-
tution of Ca ions for Ti ions reduces the effective number of
Ti ions, which can be another cause for the deviation of the
TC-x curve from linearity for x�0.15. Although TC deviates
from linearity for x�0.15, it increases persistently up to x
=0.25 where it reaches the maximum, and thereafter de-
creases slightly with further increase in x. Taking account of
this point, it seemed that the Ca solubility limit in
Ba0.4Sr0.6−xCaxTiO3 is about 25 mol % including those that
have substituted for Ti ions. In other words, 0.15�x�0.25
can be a crossover region where the Ca ions substitute for
both the Sr ions and the Ti ions. The former leads to an
increase of TC, while the latter leads to a decrease of TC. A
competition between them leads to the deviation of the
TC-x curve from linearity for x�0.15. For x�0.25, except
for those that have substituted for the Sr ions and the Ti ions,
the remaining Ca ions �i.e., �x−0.25� mol Ca ions� can no
longer substitute for the Sr ions, and there is a structural
phase separation �i.e., appearance of the CaTiO3 phase�,
which is supported by the drastic broadening of the �112�
Bragg reflection for x�0.25, as guided by the dashed line in
the inset of Fig. 1�a�. In fact, for the x�0.3 samples, field-
emission scanning electron microscopy images �not shown
here� show the distinct coexistence of two phases. The slight

he paraelectric Curie temperatures �T0�, and the fitted

x=0.15 x=0.20 x=0.25 x=0.30

10.8 12.2 13.5 14.7
231.2 240.6 242.4 238.8
207.7 247.2 227.7 277.4
0.73 5.78 12.64 55.32
1.218 0.598 0.414 0.195
�2, t
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decrease of TC for x�0.25, thus, can be readily understood
within the framework of the structural phase-separation sce-
nario.

Figure 5 shows the temperature dependence of the lon-
gitudinal elastic constants CL and attenuation coefficient �L

for the Ba0.4Sr0.6−xCaxTiO3 series. CL softens slightly as the
temperature is lowered from 300 K. When the paraelectric to
ferroelectric phase transition is approached from above, CL

softens drastically and reaches a minimum at TC. Accompa-
nied by the drastic softening of CL, there is a sharp increase
in �L near TC. As powder x-ray diffractions revealed that the
Ba0.4Sr0.6−xCaxTiO3 is macroscopically centrosymmetric in
the high-temperature paraelectric phase, theoretically, the
samples cannot possess macroscopic polarization for T�TC

under such a condition. However, many experimental
results,24,32,33 particularly the recent direct observation of
microscopic-scale polarization clusters above TC in BaTiO3,
give a clue that there exists polarization fluctuations for T
�TC, and the fluctuations are drastically enhanced in the
vicinity of TC.24 It is well known that, both experimentally
and theoretically, the polarization can couple to elastic
strains via the piezoelectric or electrostrictive effects. The
former can only be observed in noncentrosymmetric
crystals.34 Therefore, it is the quadratic coupling of the po-
larization fluctuations to the strains �i.e., the electrostrictive
coupling� that causes the softening of the elastic constant for
T�TC. For temperatures far above TC, the Ti-centered di-
poles are only weakly correlated in the sense that their dy-
namics are dominated by thermal effects and, consequently,
the macroscopic polarization and its fluctuations are rather
weak due to thermal activation. As a result the elastic con-
stant shows slight softening upon cooling. In contrast, when
TC is approached from above, neighboring Ti-centered di-
poles become increasingly correlated, forming polar regions
manifested by local spontaneous macroscopic polarizations
which give rise to enhanced polarization fluctuations, which
as a result leads to greater electrostrictive coupling between
the polarization fluctuations and the strains, and thus drastic
softening of elastic constant. Here, we note that the softening
of the ultrasonic sound velocities or elastic constants due to
the electrostrictive coupling between the polarization fluc-
tuations and the strains mediated by the polar nanoregions
that appear well above TC have been observed in
SrBi2Ta2O9,35 Pb�Mg1/3Ta2/3�,36 and Pb�Zn1/3Nb2/3� �Ref.
37� ferroelectrics. These high-temperature polarization-
fluctuation-dominated elastic constants can be described
by38,39

CL = CL
0 − A��T − T0�/T0�−�, �2�

where CL
0 is the background elastic constant, A is a constant,

T0 is the paraelectric Curie temperature, and � is a critical
exponent. Using this equation and the T0 determined by ex-
trapolating the 1/	�-T curves to zero, we fitted the CL�T�
data for T�TC using the fitting parameters listed in Table I.
The fitted curves are in good agreement with the experimen-
tal ones for 0�x�0.15, but for x�0.15 the high-
temperature parts of the fittings increasingly deviate from the

experimental ones with increasing Ca concentration x, espe-
cially for x�0.25, which could be related to enhanced local
structural disorder due to the substitution of a small amount
of Ca ions for Ti ions for x�0.15 and the structural phase
separation for x�0.25. The critical exponent � is also plot-
ted against x in inset �b� of Fig. 6. It is seen that � decreases
slightly with increasing x from 0 to 0.15 but drops remark-
ably for x�0.15, reflecting a large suppression of critical
polarization fluctuations, suggestive of a substitution of Ca
ions for Ti ions. Taking account of the fact that CL for T
�TC is polarization fluctuation dominated and the Ca doping
suppresses polarization fluctuation, the relative softening of
CL �i.e., �CL /CL, the definition of �CL /CL is shown in Fig.
5�c�� shall decrease with increasing Ca concentration x. Nev-
ertheless, this is not reflected by the �CL /CL-x data for x
�0.15. In contrast, a remarkable decrease in �CL /CL was
observed for x�0.15, which is also a sign of the suppression
of polarization fluctuations arising from a substitution of Ca
ions for Ti ions for x�0.15.

Another anomaly in CL that needs to be mentioned is
that, for the x=0 sample, CL continues to soften with de-
creasing temperature from TC, whereas for other samples, CL

shows a hardening just below TC, reaches a local maximum
at a lower temperature, and then softens again with further
decrease in temperature �see Fig. 5�. Moreover, the relative
hardening of CL �i.e., �CL /CL, here �CL /CL= �CL�max�
−CL�TC�� /CL�TC� and CL�max� is the maximum value of CL

below TC, as indicated in Fig. 5� below TC increases with
increasing x, as seen in inset �a� of Fig. 6, although there is a
slight fluctuation in the �CL /CL-x data points. The hardening
of CL below TC indicates that the lattice for the Ca-doped
samples are more stable than that for the Ca-undoped
sample. We note here that the longitudinal elastic constant CL

for KTa1−xNbxO3 �x=1.2%, 15.7%� shows a very similar
drastic softening when TC is approached from above, which
also results from the electrostrictive coupling between the
polarization fluctuations and the elastic strains.40 What is in-
teresting is that, when an electric field is applied on the
KTa1−xNbxO3 samples, CL hardens significantly just below
TC, and the CL transition temperature, corresponding to the
minimum in the CL�T�, shifts toward a higher temperature.
This electric-field-induced upward shift of TC and the hard-
ening of CL below TC, in fact, are due to the electric-field-

FIG. 6. The Curie temperature TC as a function of the Ca concentration x for
Ba0.4Sr0.6−xCaxTiO3 �0�x�0.3�. The filled squares and open circles are the
TC’s determined from ultrasonic and dielectric data, respectively. The solid
lines are guides to the eyes. Inset �a� is the relative hardening of the elastic
constant �CL /CL for T�TC as a function of x. Inset �b� is the fitting param-
eter � as a function of x. Inset �c� is the relative softening of the elastic
constant �CL /CL for T�TC as a function of x.
induced suppression of polarization fluctuations, thereby sta-
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bilizing the ferroelectric phase to a higher temperature, and
as a result effectively hardening the lattice.40 Based on this
scenario, the Ca-doping-induced hardening of CL for 0.05
�x�0.3 samples gives another evidence that the Ca doping
can stabilize the tetragonal ferroelectric phase; moreover, the
increase of �CL /CL with increasing x �inset �a� of Fig. 6�
reflects the increasing stability of the tetragonal ferroelectric
phase with increasing Ca doping. We note that the hardening
of CL below TC can be well described by

CL = CL
0�TC − T�/�� − T� , �3�

which has widespread applications for different types of
phase transitions.39,41 Here, CL

0 is a constant and � is a char-
acteristic temperature. Using this equation we fitted the
CL�T� data for 200�T�TC �see the expand view of the
CL-x curves in Fig. 7�. Note that good fits were obtained for
all the samples except the x=0 sample as there is no harden-
ing of CL below TC. The fitting parameters TC and � are
plotted against the Ca concentration x in the inset of Fig. 7.
The values of TC determined from Eq. �3� for x�0.15 are
qualitatively consistent with those determined from dielectric
and ultrasonic data. Similar to that observed in Fig. 6, the TC

for x�0.15 also deviates from linearity, which could be re-
lated to the substitution of Ca ions for Ti ions for x�0.15.

IV. CONCLUSIONS

We have studied the Curie temperature, structural,
dielectric, and elastic properties of a series of
Ba0.4Sr0.6−xCaxTiO3 �0�x�0.3� samples. It was found that
the Ca ions fully substituted for the Sr ions for x�0.15,
which leads to a linear decrease of the lattice constant, while
raising the TC linearly by 32.5 K upon 15 mol % of Ca dop-
ing. Powder x-ray diffraction revealed that there is an
anomalous expansion in the lattice constant in the Ca doping
range of 0.15�x�0.18. Correlated with these lattice anoma-
lies, there are anomalous decreases in dielectric constant,
tunability, and the magnitude of the relative softening of the
longitudinal elastic constant CL for 0.15�x�0.18, which
were attributed to a suppression of critical fluctuations aris-
ing from the substitution of a small amount of Ca ions for Ti
ions. With decreasing temperature CL softens drastically near
TC for all the samples, arising from the electrostrictive cou-

FIG. 7. Temperature dependence of the elastic constant CL for T�TC. The
CL were normalized to those at TC. The solid lines are the fittings according
to Eq. �3�. Inset shows the fitting parameters TC and � plotted against the Ca
concentration x.
pling between the polarization fluctuations and the elastic
strains. In particular, it has been observed that the Ca doping
induces the hardening of CL just below TC, and the magni-
tude of the relative hardening of CL increases with increasing
Ca concentration x, manifesting that the ferroelectric tetrag-
onal phase was increasingly stabilized by the Ca doping.
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