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3Instituto de Cerámica y Vidrio, CSIC, Kelsen 5 Campus CSIC Cantoblanco,
28049 Madrid, España

Bi4−x Eux Ti3O12 solid solution was synthesized by coprecipitation and characterized by
X-ray powder diffraction, thermal analyses, Raman spectroscopy and scanning electron
microscopy. Sintering temperature influence on microstructure is discussed in base of the
scanning electron microscopy micrographs. Differential scanning calorimetric curves
show a reversible phase transition around 665◦C with an intensity changes as a function
of the Eu3+ doping content. The transformation enthalpy has a maximum value for the
undoped Bi4Ti3O12 samples and decreases with the increasing of Europium content.
Finally, Raman studies of the samples show the vibrational changes induced by the
Eu/Bi substituttion.
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1. Introduction

In the last few years, there has been considerable interest in Bi-based layered oxides ex-
hibiting ferroelectric, piezoelectric and other related properties due to their wide range of
applications in technical devices. Bi4Ti3O12 crystal structure consists on perovskite type
units, (Bi2Ti3O10)2− and interleaved (Bi2O2)2+ layers along the c-axis. In the (Bi2Ti3O10)2−

units, Ti4+ ions are surrounded by oxygen octahedra, and Bi3+ ions occupy the outside of
TiO6 octahedra [1]. Bismuth Titanate (BiT) is currently one of the most technologically
interesting materials because of its applications as ferroelectric memory [2]. Studies on
the Bi substitution have been reported due to the enhancement of the ferroelectricity. The
success property of lanthanum doping suggests further studies on the substitution of Bi by
other rare earth ions [3]. Previous works have been done with BiT doped with Eu3+ [4],
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but a complete study of the solid solution series including the solubility limit and thermal
and spectroscopical characterization has not been performed up now. In the present paper
Bi4−xEuxTi3O12 (BiET) solid solution was prepared by coprecipitation and characterized
by X-ray diffraction, thermal analysis studies and Raman spectroscopy.

2. Experimental

Samples were prepared by the coprecipitation method. Stoichiometric quantities of
Bi(NO3).35H2O (Sigma-Aldrich 98%), Eu2O3 (Sigma-Aldrich 99.9%) dissolved in HNO3

solution at 50% v/v and Ti(OCH(CH3)2)4 (Aldrich 97%) dissolved in a HNO3 and iso-
propanol (20/80) mixture were used as precursors. Powders were precipitated using an
aqueous NH4OH solution at 50% v/v. They were also filtered, washed with isopropanol
until neutral pH was reached, dried at 80◦C overnight and calcined at 950◦C during 8 h.

X-ray powder diffraction (XRD) data were collected on a Bruker Instruments diffrac-
tometer D8 Advance, with Cu Kα radiation at 40 kV and 35 mA. For phase identification,
the angle step and the counting time were 0.05◦ (2θ ) and 1s respectively; the acquisition
conditions for profile fitting were: step 0.02◦ (2θ ) and counting time of 9 s.

Profile fitting including cell refinements, was carried out by using the Le Bail algorithm,
in the pattern-matching mode with the Fullprof program [5].

Thermal analysis were carried out in a TGS-DSC simultaneous thermal analyzer
(Nestzch, Jupiter STA 449C), with a flux on air of 60 ml/min with a heating rate of 10◦C/min.

An Almega XR Dispersive Raman spectrometer equipped with an Olympus microscope
(BX51) was used to obtain the Raman spectra. An Olympus ×10 objective (N.A. = 0.25)
was used both for focusing the laser on the sample and collecting the scattered light in a
180◦ backscattering configuration. The scattered light was detected by a charge coupled
device (CCD) detector, thermoelectrically cooling to −50◦C. The spectrometer used a
grating (2400 lines/mm) to resolve the scattered radiation and a notch filter to block the
Rayleigh light. Raman spectra were accumulated over 25 s with a resolution of ∼4 cm−1.
The excitation source was 532 nm radiation from a Nd:YVO4 laser (frequency-doubled)
and the incident power at the sample was of ∼2 mW.

For SEM analysis, pellets were sinterized at different temperatures. In agreement to
europium quantity, three thermal treatments were used, 850◦C during 2 h, 1000◦C during
2 h and 800◦C during 1 h followed by 10 minutes at 1000◦C and cooling again to 800◦C,
then the sample was retired from the furnace.

Samples were observed in a Scanning Electron Microscopy Leica Cambridge Stereo
Scan 440 with an accelerating voltage of 20 kV and 500 pA of beam current in QBSD mode.

3. Results and Discussion

3.1. Analysis by X-ray Diffraction

X-ray powder diffraction patterns exhibit the characteristic Bragg reflections corresponding
to the Bi4Ti3O12 over the solid solution range Bi4−xEuxTi3O12 (0 ≤< x ≤ 1.2).

Bi4Ti3O12 crystallizes in the monoclinic system [6], but when the amount of Eu3+ is
increased, a and b parameters become similar, being practically equal in the solubility limit
composition, x = 1.2, where a tetragonal distortion probably occurs. Figure 1 shows the
increasing overlap of the (200) and (020) reflections for different Eu-Bi substitutions.
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Figure 1. Overlapping behavior of (200) and (020) Bragg reflections in Bi4−xEuxTi3O12.

Figure 2 is a plot of the unit cell parameters obtained from profile fitting analysis of
the whole pattern as a function of the Eu3+ content. The substitution of Bi3+ results in a
decrease of c as well as aand b parameters. The decrease of a is faster than b and they
become very close for x values ≥ 0.8, resulting in the proposed tetragonal distortion.

3.2. TGA-DSC

It is well known that BiT has a ferroelectric transition at 675◦C [7] which can be observed
by differential scanning calorimetry as an exothermal peak. Figure 3 shows the exothermal
peaks for the solid solution series Bi4−xEuxTi3O12 from x = 0 to 0.8. The exothermal peak
associated with the ferro-paraelectric transition is observed centered about 665◦C for the
BIT (x = 0). It is evident that the intensity of this peak decreases as Eu3+ content increases
and for x = 0.8 the transition peak disappears. Together with the intensity decrease, a
shift of the transition temperature toward lower values is also observed. This behavior is
consistent with XRD results presented above where a and b unit cell parameters become
closer when Eu3+ concentration increases. In the solid solution at x = 0.8, the initial ferro-
paraelectric transition disappears due to the possible symmetry change from monoclinic to
tetragonal. Under this assumption, the Bi/Eu substitution occurs as a solid solution with a
solubility limit of Eu = 1.2, but originating an important structural distortion which results
in a monoclinic-tetragonal transition before the solubility limit is reached.

3.3. Raman Spectroscopy

According with Wang, Kojima and Osada [3, 8, 9] the main Bi4Ti3O12 vibrational modes
are summarized in the Table 1.
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Figure 2. Variation of the unit cell parameters a, b and c versus x for the solid solution.
Bi4−xEuxTi3O12.

Figure 3. Exothermal peaks of Bi4−xEuxTi3O12 for different x content.
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Table 1
Mode frequencies of Bi4Ti3O12 at room temperature

ν (cm−1)

(Bi2O2)2+ layer vibrational mode 60
Bi-O vibrational modes (perovskite site A) 96 and 119
Ti-O vibrational modes (TiO6 octahedrons) 230, 268, 328, 563, 615 and 850

Figure 4 presents the Raman spectra of the Bi4−xEuxTi3O12 series with different spectral
region between 100 and 500 cm−1. In this conditions the bands at 60 and 96 cm−1 assigned
to the (Bi2O2)2+ layer and one of the Bi-O vibrational modes of the perovskite site A can not
be observed limiting the scope of the following discussion. Nevertheless, some interesting
findings can be exposed. The band at 116 cm−1, assigned to one of the Bi-O vibrational
modes in the perovskite site A, remains almost unchanged until 0.4-0.6 Eu3+ concentration
and disappears for Eu = 1.2 originating a new band at 159 cm−1. Due to the experimental
impossibility to observe the other Bi-O band vibrations a conclusive interpretation can
not been done, but the trend observed at the 116 cm−1 band could suggest that the Eu/Bi
substitution in the site A of the perovskite is evident only for x values equal or higher than
0.6.

Figure 5 shows the 100–1000 cm−1 Raman shift region, where the set of TiO6 vibra-
tion modes are observed. A general comparison of the spectra of the solid solution series
evidence strong changes in these bands, including the splitting of the one at (847 cm−1), the
disappearance of others (225 cm−1) and significant intensity changes in all the cases. Know-
ing that Ti4+ at the octahedral sites cannot be substituted by Eu3+, all these changes in the

Figure 4. Raman spectra of Bi4−xEuxTi3O12 from 100 to 500 cm−1.
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Figure 5. Raman spectra of Bi4−xEuxTi3O12 for different concentration.

vibration modes of TiO6 units must be related with the previously discussed structural dis-
tortion originated by the Eu/Bi substitution both in the (Bi2O2)2+ layer and perovskite sites
A (Table 1). The interesting changes observed in the Raman spectra deserve a more careful
study in conjunction with other spectroscopic techniques and structural studies which are
in progress.

3.4. Microstructure: SEM Images

We examine different microstructures of Bi4−xEuxTi3O12 for compositions ranging from
x = 0 up to x = 1.2. Depending on the Eu3+ content different features were observed, at
850◦C during 2 h, only the samples with x = 0 and 0.05 present a high degree of densification
and a platelet-like morphology with a grain size highly heterogeneous, as it shows in Fig. 6a.

At 1000◦C during 2 h (Fig. 6b), the densification was achieved at Eu3+ contents ranging
from x = 0.2 to x = 0.8. The grain size is considerable smaller (≈2 µm) and more homo-
geneous than the BIT samples, with similar morphology. Samples with less Eu3+ content,
melted and showed characteristics rounded grains.

In order to avoid the melt and to enhance the densification, we propose a thermal
treatment at 800◦C during 1 h followed by 10 minutes at 1000◦C, followed by a rapid cooling
ramp until 800◦C; then samples were retired from the furnace to reach room temperature.
The sinterized condition were determined for all the Eu3+ contents, the grain size evolutes
and becomes small for Eu3+ content ranging from x = 0.2 up to x = 0.8 (around 5 microns),
Fig. 6c shows the morphology of Bi3.6Eu0.4Ti3O12.
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a)

b)

Figure 6. Backscattered electron micrographs showing a platelet-like morphology of a) Bi4Ti3O12

b) Bi3.6Eu0.4Ti3O12 c) Bi3.2Eu0.8Ti3O12. (Continued)
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c)

Figure 6. (Continued)

4. Conclusions

The substitution of Bi by rare earth ions as the Eu3+, presents interesting aspects from the
structural point of view. In this study, we found a structural transition from a monoclinic to
tetragonal cell depending on the Eu3+ amount, in our knowledge; this effect was unknown
for Europium. The condition of densification and grain size strongly varies depending
on the Eu3+ content. From the Raman studies, it seems to be reasonable to think that
Eu/Bi substitution occurs both at the (Bi2O2)2+ layers and perovskite site A, but further
investigations should be done.
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