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Structure, spectroscopy and dielectric
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Eu3+-doped BaTiO3 nanocrystalline powders have been obtained by sol–gel method. Their morphol-
ogy, structure and dielectric properties have been investigated as a function of sintering temperature. The
powders sintered at the temperatures below 800 °C demonstrate luminescence behaviour characteristic of
the inversed symmetry Eu3+ sites, where only the 5D0 →

 7F1 transitions are allowed. Above this tempera-
ture the system undergoes a phase transition characterized by lack of inversion symmetry enabling the
dipole–electric transitions.
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1. Introduction

Barium titanate (BaTiO3) is a classical example of a ferroelectric crystalline mate-
rial. The BaTiO3 ceramics are widely applied in electronic devices as high-
permittivity capacitors, infrared detectors or transducers. It is well known that ferroe-
lectric and optical properties of ferroelectric ceramics depend on the grain size [1].
Recently, the sol–gel route has been suggested for preparation of transparent, nanos-
tructured BaTiO3 monolithic xerogels [2]. The size-dependence of the ferroelectric
phase transition of small BaTiO3 particles has been a subject of many reports [3–10].
The ferroelectric crystal size of about 50 nm has been reported [7] as critical for fer-
roelectric properties.
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In this paper, we present the preliminary studies of structural, optical and diele c-
tric properties of BaTiO3 nanocrystallites (nc-BaTiO3) doped with Eu3+ ions. They
were prepared by the modified sol–gel method. It is well known that for crystal
structure evaluation of crystalline materials X-ray powder diffraction (XRD) is used
quite often. However, in the case of nc-BaTiO3 it is not a sensitive enough technique
to unravel subtle structure characteristics existing in the nanoscale range. It has been
reported that XRD measurements were used only to probe global structure for BaTiO 3
crystallites [8]. However, there exist methods which are more suitable for investiga-
tion of local structure and symmetry changes: combination of XRD and Raman
scattering [7, 8] or infrared spectroscopies [11], measurements of the second har-
monic-generation [8, 12] and photoluminescence studies [13]. We employed the
europium(III) ion as an optical probe for structural investigations and detection of
phase transitions in the nanocrystalline grains. The fluorescence properties of the
europium(III) ion were investigated as a function of the sintering temperature. The
basic dielectric properties of Eu3+: BaTiO3 nanocrystalline powders were determined.

2. Experimental

2.1. Preparation

The europium-doped BaTiO3 crystalline powders were prepared by the sol–gel
method similar to that described by Tian et al. [14]. Barium acetate Ba(CH3COO)2
(Aldrich 99%), titanium butoxide Ti(OC4H9)4 (Alfa Aesar 99+%) and europium oxide
Eu2O3 (Koch-Light Laboratories 99.99%) were used as starting materials. Acetyl
acetone C5H8O2 (Aldrich 99+%) and acetic acid (POCh p.a.) were selected as solvents
of titanium butoxide and barium acetate, respectively. Europium chloride EuCl3⋅6H2O
was obtained by reacting stoichiometric amount of europium oxide with hydrochlo-
ride acid of analytical grade (POCh). Dissolved barium acetate was added dropwise to
titanium butoxide solution under stirring. The obtained solutions were vigorously
stirred at 50 °C for about 2 h. The europium salt was dissolved in small amount of
water and added slowly to the obtained transparent, yellow sol with 1 molar percent
of Eu vs. BaTiO3. The obtained solution was heated at approximately 100 °C for 24 h
to form barium titanate (BT) gel powders. The samples of crushed gels were heated at
750 °C (A), 800 °C (B), 900 °C (C), 1100 °C (D) and 1200 °C (E). Pure, undoped
samples of nc-BaTiO3 were obtained in a similar manner.

2.2. Apparatus

Fluorescence spectra were recorded on an Ocean Optics SD 2000 spectropho-
tometer. Decay curves of luminescence were recorded with a Jobin-Yvon TRW 1000
spectrophotometer equipped with a photomultiplier (Hamamatsu R928). XRD dif-
fractograms were measured using CuKα source radiation on a DRON-3 powder
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diffractometer. The mean crystallite diameters were estimated applying the Scherrer for-
mula [15] to the X-ray diffraction patterns. Electrical properties were measured using
computer-based apparatus for dielectric measurements in the frequency range 100–1 MHz.

3. Results and discussion

3.1. XRD measurements

The x-ray diffraction results of the undoped samples as a function of heating tem-
peratures are shown in Fig. 1. The recorded patterns show that all the samples were
well crystallized. The nanocrystalline particle sizes were estimated to be 24–30 nm
for the samples A, B, C and about 43 nm for the samples D and E. Sharp peaks in all
the recorded XRD patterns could be ascribed to pseudocubic paraelectric phases [16]
which (probably) co-exist with the tetragonal ferroelectric BaTiO3 phase [17] in the
case of D and E.
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Fig. 1. XRD patterns of BaTiO3 heated at different temperatures

3.2. Luminescence

The emission spectra of BaTiO3:Eu3+ nanocrystallites prepared at different tem-
peratures and measured at 300 K and 77 K are shown in Fig. 2. The spectra consist of
characteristic bands attributed to the 5D0 → 7FJ (J = 0, 1–4) transitions. With increas-
ing crystallite sizes the band with the maximum at 616 nm (the hypersensitive
electric-dipole 5D0 → 7F2 transition) becomes much weaker as compared to the band
with the maximum at 595 nm (assigned tentatively to the magnetic-dipole 5D0 → 7F1
transition). These changes are probably due to the variations in symmetry of the envi-
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ronment of the Eu3+ ions and may be linked to the structural changes possible for the
sample processed at temperatures above 1100 °C.
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Fig. 2. Emission spectra of Eu3+-doped BaTiO3
powders prepared at different temperatures

Assuming the existence of the areas with the local tetragonal phase (what is in
agreement with the XRD data) it can be assumed that the symmetry changes observed
in the Eu3+ emission spectra are related to phase transitions occurring in those areas.
The europium ions are positioned either inside of those spots. Changes in lumines-
cence spectra and stabilization of the tetragonal phase by Y [19] and Pr [20] ions have
been reported for cubic ZrO2. The emission spectra measured at room temperature are
poorly resolved while the spectra measured at 77 K demonstrate a complex structure
characteristic of the multi-site Eu3+ spectra.

3.3. Decay time measurements

We have measured the dependence of the emission decay times of the band attrib-
uted to the 5D0 → 7F1 transition on the size of the BaTiO3:Eu3+ grains. The examples
of emission decays measured at 595 nm are shown in Fig. 3. As it can be seen the
characteristic decay times increase systematically with increasing temperature. They
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are shorter for BaTiO3 sintered at lower temperatures and the emission decay profiles
demonstrate clearly non-exponential character. The shorter decay times recorded for
the samples heated at 800 °C and 900 °C may be due to the presence of small amounts
of –OH groups in the crystallites leading to quenching of the Eu3+ fluorescence. For
the samples sintered at higher temperatures (1100 °C and 1200 °C) the emission de-
cays are perfectly exponential and the estimated emission lifetimes are very long ( τ =
2.2 ms at 300 K and τ = 3.5 ms at 77 K).
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Fig. 3. Emission decay curves of Eu3+–doped BaTiO3 powders prepared
at different temperatures. The decays were obtained at 300 K (a) and at 77 K (b)

In our opinion, the characteristic non-exponential decay for samples treated at
800 °C and 900 °C is due to the aggregation of the Eu3+ ions, which is more pro-
nounced for smaller grains. Analogous results have been reported for Eu3+-doped
Lu2O3 nanocrystallites [18].

3.4. Dielectric studies

Dielectric studies have been performed in a wide temperature range. The electric
permittivity εr' and dielectric loss tanδ have been measured at different frequencies
for the undoped BaTiO3 powders sintered at 800 °C and 1100 °C. During the first
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cycle of heating we have observed the maximum of εr' in the range 300–330 K. This
maximum has not been observed in the second (Fig. 4) and successive cycles of heat-
ing. This effect results most likely from the material dehydration. There has been
observed only a slight change of permittivity during further heating. During cooling of
the sample we have observed monotonic decrease of permittivity. In this case we have
not observed the maximum in the range of 300–330 K and only a weak temperature
dependence of dielectric permittivity. Comparison between the room-temperature
values of εr  and tanδ at different frequencies is presented in Table 1.
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Fig. 4. Temperature-dependency of electric permittivity εr' and loss tangent tanδ of europium-doped
BaTiO3 prepared at 800 °C (a, b) and at 1000 °C (c, d) measured at different frequencies

These results are distinctly different from those obtained for typical ferroelectric
BaTiO3 which exhibits εr' in the range 103–104 [1]. Undoped samples demonstrated
also the hysteresis loops characteristic of ferroelectric materials (Fig. 5), but the value
of spontaneous polarization was estimated to be only 1.0⋅10–3 C⋅m–2. It is almost
an order of magnitude smaller than that observed for tetragonal ferroelectric phase
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BaTiO3 monocrystals (7.5⋅10–2 C⋅m–2) [1]. This fact indicates that the paraelectric
phase dominates in undoped samples.

Table 1. Room temperature values of εr'
and tanδ at different frequencies

Sample B
(24 nm)

Sample D
(43 nm)Frequency/kHz

εr' tanδ εr' tanδ

1 68 0.009 37 0.065
10 67 0.008 35 0.041

100 66 0.008 33 0.023
1000 65 0.009 32 0.014
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Fig. 5. Ferroelectric hysteresis loops of europium-doped BaTiO3
obtained at 1100 °C measured at different temperatures

4. Conclusions

The nc-BaTiO3 nanocrystals doped with Eu3+ ions have been obtained by the sol–gel
technique. The structure and morphology of the BaTiO3 grains has been determined.
The fluorescence properties of the Eu3+ ion were investigated as a function of thermal
sintering of the nc-BaTiO3. It was found that with increasing temperature the intensity of
the 5D0 → 7F2 transition decreased significantly as compared to the 5D0 → 7F1 transition.
Above 1100 °C the second one dominates the spectrum. This suggests that above this
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temperature a local phase transition occurs in the material influencing the symmetry
of the Eu3+ ion sites, being probably rhombohedral at 77 K and tetragonal at 300 K.
The synthesized nc-BaTiO3 can well be described as pseudocubic, with some fraction
of the particles retaining ferroelectricity.
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