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Abstract Ferroelectric materials, such as barium titanate

(BaTiO3), have been extensively studied for application in

electronic and optical devices. The substitution of Ba by Ca is

an effective method to improve the piezoelectricity temperature

stability, as it can greatly lower the tetragonal–orthorhombic

phase transition temperature, whereas the change of the Curie

point is negligible. Ba(1-x)CaxTiO3 (x = 0, 0.05, 0.10, 0.15,

and 0.20) powders were prepared by complex polymerization

method. The effect of calcium on the tetragonality of the

BaTiO3 system was monitored using basic characterization

techniques: X-ray diffraction, differential scanning calorimetry,

and Raman spectroscopy. The results indicate that increased

calcium contents raise the Curie temperature (Tc) and that the

addition of calcium in the BT matrix reduces tetragonality.

Introduction

Ferroelectric materials have been extensively studied for

application in electronic and optical devices. Among these

materials, the barium titanate (BaTiO3) perovskite presents

excellent dielectric properties [1]. The substitution of Ba by Ca

in the BaTiO3 perovskite results in an improvement in the

stability of piezoelectric properties, consequently the barium

calcium titanate (Ba(1-x)CaxTiO3) solid solution has attracted

great attention for its use in laser systems, piezoelectric devices,

and electro-optic materials for various photorefractive and

holographic applications [2, 3]. Due to these attractive prop-

erties, considerable efforts have been devoted to the preparation

and studies on the dielectric properties of BCT ceramics.

Various chemical routes have been used to obtain bar-

ium titanate ceramics, such as Pechini precursor route [4],

hydrothermal [5–7], sol–crystal method [8], carbonate–

oxalate (COBCT), gel–carbonate (GCBCT), and gel-to-

crystallite conversion (GHBCT) [9], and low-temperature

direct synthesis (LTDS) [10].

In this study, Ba(1-x)CaxTiO3 (x = 0, 0.05, 0.10, 0.15, and

0.20) powders were prepared by complex polymerization

method (CPM) [11]. In the CPM problems such as high

temperature and long reaction time, leading to inhomoge-

neous composition, are reduced because the synthesis occurs

at low temperature and the immobilization of metal com-

plexes in such rigid organic polymeric networks can reduce

metal segregation, thus ensuring compositional homogene-

ity at molecular scale. This is of vital importance for the

synthesis of multi-component oxides with complex compo-

sitions, since the chemical homogeneity, with respect to

cation distribution throughout the entire gel system, often

determines the compositional homogeneity of final multi-

component oxides [11]. In previous paper, we evaluated the

structural and optical properties of Ba0.80Ca0.20TiO3 nano-

particles synthesized by CPM and annealed at different

temperatures [2, 11, 12]. In order to evaluate the effect of

different calcium content on the structural properties of the

BaTiO3 system presented in this study, samples were char-

acterized using basic techniques such as X-ray diffraction

(XRD) and Rietveld refinement, differential scanning calo-

rimetry (DSC), and Raman spectroscopy.
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Experimental

Ba(1-x)CaxTiO3 powders were prepared by CPM [11].

Briefly, titanium citrate was formed by dissolution of

titanium(IV) isopropoxide into aqueous solutions of citric

acid (CA). This solution was mixed in a stoichiometric

molar proportion of 4:1 CA:titanium. Citrate solution was

homogenized under constant stirring at temperature of

*80–90 �C, pH *1.5. After complete dissolution BaCO3

and CaCO3 were added. Ammonium hydroxide was used to

adjust the solution pH (pH 7–8). After solution homoge-

nization, ethylene glycol was added to promote polymeri-

zation. The resulting polymer resin was then calcined at

300 �C for 4 h. The dark-brown powder obtained was then

calcined at 1200 �C for 2 h to produce Ba(1-x)CaxTiO3

crystalline particles, where x = 0, 0.05, 0.10, 0.15, and

0.20. For simplicity, samples were named BT (pure Ba-

TiO3), BCT5, BCT10, BCT15, and BCT20.

The powders were characterized structurally in an X-ray

diffractometer (Rigaku, Rotaflex RU200B) with Cu Ka
radiation (50 kV, 100 mA, k = 1.5405 Å), using a h-2h
configuration and a graphite monochromator. The scanning

range was between 10� and 80� (2h), with a step size of

0.02� and a step time of 5.0 s. Rietveld analysis was

performed using the Rietveld refinement program GSAS

[13]. A pseudo-Voigt profile function was used. The ther-

mal analysis was performed by DSC technique using

thermal analyzer (NETZSCH, model 204 CELL) in nitro-

gen atmosphere at heating rate of 10 �C min-1. Al2O3 was

used as reference material during thermal analysis. Raman

spectroscopy data were obtained at room temperature using

RFS/100/S Bruker FT-Raman equipment attached to

Nd:YAG laser promoting excitation light of 1064 nm with

spectral resolution of 4 cm-1 and range of 0–1100 cm-1.

Results and discussion

Figure 1 shows the XRD patterns of Ba(1-x)CaxTiO3

samples. Tetragonal perovskite-type BaTiO3 (ICSD no.

95436) was present in all samples. No secondary phase

peaks were found. The inset in Fig. 1 shows a shift and

broadening of (101) and (110) Bragg reflections with

increasing Ca content, which can be attributed to differ-

ences of dodecahedra clusters formed by BaO12 and CaO12

network modifiers. These differences between clusters

result in network deformation with loss of symmetry,

generating disturbance in the crystalline network and,

consequently, broadening of the peaks [14].

The cell parameter values for Ba(1-x)CaxTiO3 powders

obtained from Rietveld refinement (Table 1), indicate a

decrease in a and c cell parameters due to the substitution

of Ba2? (radii = 1.64 Å) by the smaller Ca2? ion

(radii = 1.34 Å) [15, 16]. Also, a nonlinear reduction of

tetragonality (c/a) is observed with increase in calcium

content. Samples presented small crystallite size ranging

from 30.9 to 32.8 nm. Then, with the use of different

characterization techniques, the effect of Ca on the struc-

ture of Ba(1-x)CaxTiO3 samples was investigated in order

to clarify the reduction of tetragonality with increasing

calcium content.

Figure 2 shows the DSC curves of Ba(1-x)CaxTiO3

samples. The BT sample presented an endothermic tran-

sition at 129.6 �C that corresponds to the tetragonal to

cubic phase transition at the Currie point of BaTiO3 [17].

With increasing calcium content, the Curie temperature

Fig. 1 X-ray diffraction patterns of Ba(1-x)CaxTiO3 samples. The

inset shows the shift and broadening of (101) and (110) Bragg

reflections

Table 1 Refinement parameters (S2 and RBragg), lattice parameters a and c, tetragonality (c/a), crystallite size (Dcryst), Curie temperature (Tc),

and heat of transition (DH) obtained from DSC curves of Ba(1-x)CaxTiO3 samples

Sample S2 (%) RBragg (%) a (Å) c (Å) c/a (Å) Dcryst (nm) Tc (�C) DH (J g-1)

BT 2.27 8.90 3.9936(5) 4.0329(1) 1.0098(3) 32.8 129.6 0.539

BCT5 1.64 4.64 3.9889(1) 4.0283(9) 1.0099(1) 32.6 131.2 0.527

BCT10 1.90 5.01 3.9844(5) 4.0205(1) 1.0090(5) 30.9 133.4 0.064

BCT15 1.85 5.65 3.9785(2) 4.0170(3) 1.0096(8) 31.7 133.4 0.055

BCCT20 1.40 3.82 3.9694(4) 4.0065(1) 1.0093(4) 33.1 – –
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(Tc) shifts to higher values (Table 1) and the peak becomes

less intense up to extinction for BCT20 sample. Völtzke

and Abicht [18] showed the tetragonality of the BaTiO3/

CaTiSiO5 system using the DSC technique. This study

revealed that the addition of calcium into the BT matrix

reduces tetragonality and, as a consequence, increases the

Curie temperature. The heat of transition (DH) from

tetragonal to cubic is shown in Table 1, revealing a

decrease of DH with increasing Ca content, confirming that

the addition of calcium into the BT matrix reduces te-

tragonality in accordance with XRD results presented

above.

A more in-depth study on the tetragonality of BaTiO3

samples can be achieved comparing thermal analysis and

XRD techniques. Figure 3a presents Bragg reflections of

(002) and (200) planes of BT sample. Theoretically 100 %

tetragonal barium titanate has two separate peaks between

theta 44� and 47�, and complete cubic barium titanate

shows only one peak [19]. According to Baeten et al.,

tetragonality can be expressed comparing the relative peak

height of the 002 and 200 peak, more precisely, the ratio of

minimum between two peaks (B) and maximum (C) (as

indicated in Fig. 3a). When compared with the heat of

transition obtained from DSC curves, it could be inferred

that tetragonality decreases with increasing Ca contents

and that both techniques are in good accordance as seen in

Fig. 3b.

Figure 4 shows the Raman spectra of samples, com-

plementing the structural characterization. There are

Raman active lattice vibration modes in tetragonal BaTiO3

(P4mm), while there is no Raman active mode in cubic

BaTiO3 (Pm3m) [20]. Raman spectra showed the appear-

ance of five distinct broad bands at 718, 520, 304, 267, and

175 cm-1, which are characteristic of BaTiO3 with

tetragonal structure [21]. As the calcium content increases,

the bands related to the vibrational modes of tetragonal

BaTiO3 become broader and less intense. This behavior is

due to the fact that the addition of calcium into the BaTiO3

matrix tends to promote a decrease in tetragonality. These

Fig. 2 DSC curves of Ba(1-x)CaxTiO3 samples

Fig. 3 a Bragg reflections of (002) and (200) planes of BT sample for

the calculation of tetragonality (B/C). Inset variation of B/C and shift

of (002) and (200) Bragg reflections with increasing Ca content.

b Tetragonality relation expressed as B/C ratio compared to heat of

transition from tetragonal to cubic for the samples

Fig. 4 Raman spectra using 1064 nm excitation line for

Ba(1-x)CaxTiO3 samples
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results are in agreement with XRD and DSC analysis,

indicating that the substitution of Ba by Ca in the BaTiO3

system results in a decrease in tetragonality.

Conclusion

The CPM proved to be efficient, simple, and advantageous

in the synthesis of single-phase BCT compounds, due to

low cost, low temperature, small reaction time, and

allowing an atomistic distribution of cations throughout the

matrix. XRD measurements revealed that differences

between BaO12 and CaO12 clusters result in network

deformation with loss of symmetry and that there is a

decrease in lattice parameters and tetragonality with

increasing calcium content. DSC results indicate that with

increasing calcium contents, the Curie temperature (Tc)

shifts to higher values and that the addition of calcium into

the BT matrix reduces tetragonality. Finally, Raman

spectra confirmed the XRD and DSC analyses, indicating

that the substitution of Ba by Ca in the BaTiO3 system

results in a decrease in tetragonality.
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