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Abstract
For Ba0.9Bi0.067(Ti1−x Zrx)O3 (x = 0.04, 0.15) ceramics, the heat capacity
Cp(T ) and the thermal expansion α(T ) were measured using an adiabatic
calorimeter and an optical–mechanical dilatometer in the temperature range
100–420 K. Both compounds reveal diffuse heat capacity and thermal expansion
anomalies: three anomalies in the temperature regions 150–250 K, 250–300 K
(α(T ) only) and 300–400 K at x = 0.04 and two anomalies in the regions 200–
250 K and 250–350 K at x = 0.15. The results obtained are discussed together
with the data on the dielectric properties.

1. Introduction

BaTiO3 based solid solutions with isovalent substitution such as Ba(Ti1−x Zrx)O3 have been
a subject of extensive studies. These compounds are characterized by both ferroelectric
and relaxor properties depending on the composition: the original ferroelectric transitions
of BaTiO3 continuously transform at x � 0.25 into the relaxor state whose temperature of
occurrence (Tm) decreases to very low temperatures as the Zr content increases [1–3].

The relaxor features of Ba(Ti1−x Zrx)O3 are connected with their structural (compositional)
inhomogeneity or disorder and with the presence of polar nanodomains in the nonpolar matrix.
The nature and the mechanism of the compositional disordering and the relaxor behaviour in
Ba-containing compounds are widely discussed [4–6].

It should be pointed out that Zr substitution on B sites is isovalent, and is not predicted,
accordingly, to affect in a drastic way the charge state of BaTiO3. Zr4+ ions do not act as
random electric field sources. However, the Zr4+ ion size (72 pm) is about 20% larger than that
of Ti4+ ions (60.5 pm) in 6 coordination, and random elastic fields are thus expected from this
substitution, which are very likely to be responsible for relaxor properties which appear in BTZ
for x > 0.25.
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The heterovalent substitution of Ba2+ cations with the Bi3+ ones in BaTi1−x Zrx O3

compounds can allow adding further disorder on the B sites of the perovskite lattice. It has
been suggested [7] that heterovalent substitutions could induce a relaxor behaviour at low
concentrations of Zr (∼0.04). The difference in valencies of Ba and Bi would be, in that
case, the more relevant parameter, and the corresponding random fields are thus expected to
be of electrical nature. The cation Bi3+ was chosen due to its 6(sp)2 lone pair; such electronic
environments are favourable for the relaxor effect.

The Tc value for Ba1−yBi2y/3TiO3 compounds is practically stable up to the value y =
0.10; however the two dielectric permittivity anomalies at temperatures T1 and T2 merged for
y � 0.02 into one at T ′

m which arises within the ferroelectric state and is characterized by
significant frequency dispersion [8]. Zr substitution in Ba0.9Bi0.067(Ti1−x Zrx)O3 decreases Tc

and increases T ′
m up to a composition x ≈ 0.07, beyond which there remains a single effect at

T ′′
m with a strong dispersion, characteristic for relaxor behaviour [8].

This is very unusual in the field of relaxors where the succession of transitions is
always in the thermodynamically favourable sequence on cooling: paraelectric → relaxor →
ferroelectric. The very peculiar behaviour of Ba0.9Bi0.067Ti1−xZrx O3 is ascribed [8] to the dual
substitution on the A and B sites. Detailed investigations of the possible segregation of the
two substituted cations at nanoscale and thermodynamic properties are desirable to clear up the
microscopic origin of the transition sequence observed.

The main purpose of the present paper is to reveal the heat capacity Cp(T ) and the thermal
expansion α(T ) behaviour of Ba0.9Bi0.067Ti1−x Zrx O3 compounds over a wide temperature
region and in the vicinity of Tc, T ′

m and T ′′
m temperatures.

2. Experimental details

The compositions of the Ba0.9Bi0.067(Ti1−x Zrx)O3 system were obtained from BaCO3, Bi2O3,
TiO2 and ZrO2 using the reaction [8]

0.9BaCO3 + 0.0335Bi2O3+(1−x)TiO2+xZrO2 → Ba0.9Bi0.067(Ti1−x Zrx)O3+0.9CO2.
Before the two heat treatments, 1 h grinding was carried out and powders were pressed

under 100 MPa into 8 mm diameter discs about 5 mm thick. Calcination at 1200 ◦C for 15 h
was followed by 4 h sintering at 1400 ◦C under an oxygen atmosphere.

Room temperature powder x-ray diffraction patterns were recorded on a Philips
diffractometer using Cu Kα radiation (λ = 1.5406 Å) in the angular range 5◦ � 2θ � 80◦.
This made it possible to verify that the samples were single phase and of perovskite type.
This allows us to determine the limits of the solid solutions. The single phase corresponds to
0 � x � 1.

The diameter shrinkage (�init − �final)/�init and the compactness (experimental
density/theoretical density) were systematically determined. Their values were in the ranges
0.15–0.17 and 0.92–0.96, respectively.

Measurements of the heat capacity in a temperature range 100–420 K were carried out
using a homemade automated adiabatic calorimeter [9], permitting us to obtain the absolute
value of the heat capacity with a high accuracy. The sample mass was 3.80 g for x = 0.04
and 5.13 g for x = 0.15. Measurements were made using both the traditional discrete
heating (�T = 1.0–2.5 K) and continuous heating at a temperature variation rate of about
dT/dt ≈ (0.1–0.3) K min−1. The accuracy of the measurements depends on the heating regime
and amounts to (0.1–0.3)%.

Thermal expansion measurements were performed on the same ceramic samples using a
quartz optical–mechanical dilatometer with a sensitivity of 1.2 × 10−6 cm.
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Figure 1. Heat capacity of Ba0.90Bi0.067Ti1−x Zrx O3, x = 0.04. The solid line is the lattice specific
heat.

Figure 2. Heat capacity of Ba0.90Bi0.067Ti1−x Zrx O3, x = 0.15. The solid line is the lattice specific
heat.

3. Results and discussion

3.1. Heat capacity

The results of Ba0.9Bi0.067(Ti0.96Zr0.04)O3 (BBTZ4) ceramic heat capacity measurements are
represented in figure 1. The curve describing the temperature dependence of the heat capacity
does not exhibit clearly manifested anomalies typical for ordinary phase transitions. However,
in the temperature regions 150–250 K and 300–400 K broad blurred anomalies in Cp(T ) are
observed. A similar situation is observed for Ba0.9Bi0.067(Ti0.85Zr0.15)O3 (BBTZ15) ceramic
(figure 2); however in the latter case heat capacity anomalies are displaced to temperature
regions 200–250 K and 250–350 K.
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Figure 3. Ba0.90Bi0.067Ti1−x Zrx O3, x = 0.04. Temperature dependences of the anomalous heat
capacity (a), thermal expansion (b) and permittivity [8] (c).

To analyse these features in more detail the anomalous �Cp and lattice CL contributions
to the total heat capacity should be separated. This procedure was carried out using a simple
model describing the lattice heat capacity of the compound as a combination of the Debye
and Einstein functions. In the temperature range 100–420 K the heat capacity of the samples
under investigation is already poorly sensitive to fine details of a vibration spectrum and the
approximation of the lattice contribution carried out by this way is quite justified.

The heat capacity anomalies �Cp = Cp − CL for both compounds under investigation
reach only ∼1–3 J mol−1 K−1 or ∼1–3% of CL (figures 3(a) and 4(a)). However one can see
clearly two features in the behaviour of �Cp concentrated near 180 and 370 K for BBTZ4 and
near 230 and 330 K for BBTZ15. Unfortunately, the anomalous heat capacity components are
fairly small, with the associated uncertainties reaching as high as 20–30%, which precluded
any attempt at quantitative treatment.
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Figure 4. Ba0.90Bi0.067Ti1−x Zrx O3, x = 0.15. Temperature dependences of the anomalous heat
capacity (a), thermal expansion (b) and permittivity [8] (c).

The entropy change associated with the anomalous behaviour of the heat capacity is small
(�S ∼ 0.1–0.2R) and demonstrates clearly the displacive nature of crystal phase changes.
It should be noted that for barium-containing perovskites the heat capacity anomalies and the
entropy changes are much less [10] than those for lead-containing relaxors such as PMN. In the
latter the positional ordering of Pb ions is responsible for the main part of the entropy [11].

3.2. Thermal expansion

The results of the thermal expansion study on BBTZ4 and BBTZ15 are presented in figures 3(b)
and 4(b). The linear thermal expansion coefficient α(T ) of BBTZ15 shows, like the heat
capacity, a smeared anomaly at about 350–370 K and a noticeable decrease at T < 200 K
(figure 4(b)). For BBTZ4 there are two marked anomalies of α(T ) at ∼280 K and ∼370 K and
a pronounced change in the slope below 200 K (figure 3(b)).
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Figure 5. T –x phase diagram of Ba0.90Bi0.067Ti1−x Zrx O3. Open circles, triangles and squares—
dielectric data [8]; black squares with error bars—heat capacity and thermal expansion data.

3.3. T –x phase diagram

Figures 3 and 4 combine �Cp(T ), α(T ) and ε(T ) [8] to compare their anomalous behaviour.
For BBTZ15 the situation is very similar to that for the BaTi1−x Zrx O3 (x > 0.3) system with
the usual sequence of phenomena observed [3, 6, 5, 4].

The heterovalent substitution of the Ba2+ cation with the Bi3+ one in BaTi1−x Zrx O3

compounds introduces additional disorder on the A sites of the perovskite lattice. To
compensate for the charge imbalance, vacancies on this site are introduced at the
level of one vacancy for two Bi3+ substitutions, leading to the chemical formula
Ba1−yBi2y/3�y/3Ti1−xZrxO3. Bi3+ ions and cation vacancies can form defect clusters. A
similar situation was observed and simulated for Nb5+ modified BaTiO3, where relaxor
behaviour takes place at Nb concentrations of more than 6% [12, 13]. At high values of the Bi
concentration in Ba1−yBi2y/3�y/3Ti1−x ZrxO3 (2y/3 = 0.067) long-range ferroelectric order
can be broken down by defect clustering, but local polar order is preserved within defect-free
regions giving rise to the ε(T ) anomaly at T ′′

m.
So we associate the first anomaly of the BBTZ15 heat capacity in the temperature range

250–370 K with polar nanoregion formation near the Burns temperature T ′′
d (approximately

the temperature at which the deviation of 1/ε(T ) from the Curie–Weiss law was observed [8])
and the second one in the range 150–250 K, which coincides with the region of anomalous
behaviour of the permittivity [8], with polar nanoregion interaction near T ′′

m (figure 4).
For BBTZ4 we observe Cp anomalies near 120–250 K and in the temperature interval

300–400 K (figure 3(a)). The high temperature anomaly coincides with the anomaly of ε(T )

at Tc and corresponds to the paraelectric to ferroelectric phase transition. The low temperature
anomaly is observed near T ′

m which is the relaxor temperature. However, there is no clear
indication of a specific heat anomaly at the related Burns temperature, probably because of its
proximity to Tc, the ferroelectric phase transition. The nature of the anomaly in α(T ) near
250–300 K is undecided (figure 3(b)) but we still can ascribe it to the Burns temperature T ′

d of
BBTZ4 (figure 5). This will be confirmed in the next part which deals with a computation of
the root mean square polarization from the thermal expansion data.
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Figure 6. Thermal expansion coefficient for Ba0.90Bi0.067Ti1−x Zrx O3 (�—x = 0.04,•—x = 0.15) and BaTiO3 (◦—[14], �—[15]). The dashed line represents the fitting of data [14]
taken at T > 450 K.

Figure 7. Temperature dependences of the rms polarization for Ba0.90Bi0.067Ti1−x Zrx O3

(�—x = 0.04, •—x = 0.15) and BaTiO3 (�) [15].

3.4. Root mean square polarization

For ferroelectric relaxors even though 〈P〉 = 0 we have 〈P2〉 
= 0 and there is an additional
contribution to the strain proportional to 〈P2〉, due to electrostriction. This contribution
vanishes only above the Burns temperature Td where 〈P2〉 = 0. So one can estimate the
temperature dependences of the strain and the root mean square polarization 〈P2〉1/2 from
thermal expansion data, presented above.

The thermal expansion coefficients α(T ) for two Ba0.90Bi0.067(Ti1−x Zrx)O3 compounds
and for pure BaTiO3 [14, 15] are shown in figure 6. At high temperatures, α(T ) shows a
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nearly linear temperature dependence in BaTiO3 [14]. Upon further cooling the temperature
dependence changes in BaTiO3 and α(T ) starts to decrease more steeply. The anomaly is
connected with the ferroelectric phase transition at Tc ≈ 400 K.

The strain contribution due to polarization can be expressed as

�s(T ) = s(T ) − sr(T ) =
∫

(α(T ) − αr(T )) dT = (Q11 + 2Q12)〈P2〉,
where αr(T ) is the regular contribution to the thermal expansion coefficient, fitted by a linear
function for BaTiO3 data [14] at T > 450 K. Results of the 〈P2〉1/2 calculations are shown for
Ba0.90Bi0.067Ti1−xZrxO3 and BaTiO3 [15] in figure 7.

4. Conclusion

Two compositions of solid solutions Ba0.90Bi0.067Ti1−xZrxO3 (x = 0.04 and 0.15)
characterized by different conditions of the relaxor state appearance have been studied by
calorimetric and dilatometric methods. The thermal property anomalies were found at all
special temperatures inherent to relaxors. The temperature behaviour of the root mean square
polarization of the solid solutions studied is compared with the data for BaTiO3.
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