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Abstract 

Eu3+-doped BaTiO3 ceramics with a dopant content between 0–10 mol% were prepared 

by sol-gel synthesis based on the nominal compositions (Ba1-3xEu2x)TiO3 and Ba(Ti1-

xEux)O3-x/2, where two possible substitution mechanisms are addressed. By means of 

optical spectroscopy, our study gives a plausible elucidation of Eu3+ site occupation in 

micrometric BaTiO3 particles. Time-resolved fluorescence line narrowing shows the 

presence of five different crystal field sites for europium ions and possible symmetries 

are inferred for each one. The solubility limit of the lanthanide ion was found to be about 

3 mol%. The experimental results are consistent with the preference of Eu3+ to occupy 

Ba2+ sites regardless of the nominal compositions and substitution mechanism. However, 

low concentrations of the dopant also occupied Ti4+ sites, highlighting the amphoteric 

character of Eu3+. In addition, the existence of anti-Stokes and Stokes vibronic sidebands 

in the 5D0→7F0,1 transitions of Eu3+ ions is confirmed. This important issue can explain the 

lack of resolution found in the room temperature spectra of these transitions due to 

vibronic mixing of the excited levels. Thereby, the existence of non-equivalent europium 

sites with different spectroscopic properties could have a great impact not only on the 

optical properties of doped-BaTiO3 ceramics but also on their wide range of electronic 

properties and device applications. 
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1. Introduction 

Technological developments are guided by a progressive dynamic which meets the 

industrial needs requested by a more and more challenging market environment. Barium 

titanate, BaTiO3, has been a longstanding material for electronic devices due to its broad 

spectrum of properties, such as spontaneous polarization, high dielectric permittivity in 

the paraelectric phase and piezoelectric response 1. It is well known the nature of 

impurities plays a significant role to modify the characteristics of pristine materials. 

Luminescent trivalent lanthanide ions (Ln3+) incorporated into solids have been greatly 

studied not only because of their application in emission displays or lasers but also for 

their ability to change and tune the properties of the material depending on the site 

occupation of Ln3+ in the host lattice 2. Indeed, Ln3+-doped BaTiO3 has shown outstanding 

performance to be used in ferroelectric capacitors due to its colossal dielectric constant3. 

In this way, some studies have been focused on doping BaTiO3 ceramics with Ln3+ and 

trying to establish the position of the ion. Elucidating the distribution of Ln3+ involves 

determining if it occupies a single site (Ba2+ or Ti4+) or multiple sites (both Ba2+ and Ti4+), 

the solubility limit in each site, and how this distribution changes with lanthanide 

concentration 4–7. According to different authors, the structural preference is Ba2+ site for 

larger ions (La–Sm), while for smaller ions (Yb, Lu) the substitution takes place in Ti4+ site. 

For intermediate ions (Gd, Dy, Ho, Er), it is highlighted their amphoteric behaviour, being 

able to occupy both Ba2+ and Ti4+ positions.  

However, there is still some controversy for Eu dopant. Eu lies between Sm and Gd in 

the lanthanide series and therefore could show slight amphoteric character like Gd. Ba2+ 

has an ionic radius of 1.610 Å (for a 12 coordination number, CN), while Ti4+ has an ionic 

radius of 0.605 Å (for a CN=6). Eu3+ has an intermediate radius of 0.947Å (for a CN=12) 

and 1.226Å (for a CN=6) 8. These similar values make it possible for Eu3+ to occupy both 

sites.  

What is more, Eu distribution has been reported to be influenced by the nominal 

formula and synthesis procedure of BaTiO3 compounds. In fact, different properties and 
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distributions of the ion are described depending on the size of the particles (nanocrystals 

or micrometric materials) and the substitution mechanism postulated. According to X-

ray diffraction (XRD) data, luminescence analysis or electrical measurements, some 

studies have confirmed the presence of Eu in Ba2+ site 4,9, while others have concluded 

that Eu occupies both Ba2+ and Ti4+ sites 4,8,10. It has also been postulated that the 

mechanism of substitution could depend on Eu concentration. Figure 1 depicts a ternary 

phase diagram, which highlights the different ionic compensation mechanisms that can 

be drawn as follows: 

(1) (Ba1-3xEu2x)TiO3, with the creation of barium vacancies and Eu3+ occupying Ba2+ site. 

(2) (Ba1-xEux)Ti1-x/4O3, with the creation of titanium vacancies and Eu3+ occupying Ba2+ site. 

(3) (Ba1-xTi1-xEu2x)O3, with a double substitution of Eu3+. 

(4) Ba(Ti1-xEux)O3-x/2, with the creation of oxygen vacancies and Eu3+ occupying Ti4+ site. 

 

Figure 1.  Ternary phase diagram for the different ionic compensation mechanisms. 

In any case, the presence of structural defects modifies the local crystal-field symmetry 

and strength and may lead to a variety of non-equivalent europium centres, which could 

affect the optical properties of BaTiO3 ceramics 11. Unfortunately, to the best of our 

knowledge, no accurate studies about this have been performed. 

Thereby, the purpose of the present work is to study Eu3+-doped BaTiO3 ceramics 

synthesised via sol-gel method describing the crystallographic nature of non-equivalent 
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europium sites and giving plausible reasoning of them. For this, compounds have been 

synthesised according to two possible mechanisms of substitution. The first one, 

addressed as Ba-mechanism, has the nominal formula (Ba1-3xEu2x)TiO3. This mechanism 

(1 in Figure 1) has been reported for nanocrystals but not for micrometric materials and 

implies that Eu occupies only Ba2+ site. The second mechanism (4 in Figure 1), referred to 

as Ti-mechanism, has the nominal formula Ba(Ti1-xEux)O3-x/2 and raises that Eu is only 

present in Ti4+ site. 

Herein, it has been carried out the study of the site-resolved luminescence of Eu3+ in 

BaTiO3 ceramics, bearing in mind the adequacy of the dopant ion as a structural probe. 

Since the 5D0 state is nondegenerate under any symmetry, the structure of the 5D0→7FJ 

emission is only determined by the splitting of the terminal levels caused by the local 

crystal field. Moreover, as the 7F0 level is also nondegenerate, site-selective excitation 

within the inhomogeneous broadened 7F0→5D0 absorption band can be performed by 

using the fluorescence line-narrowing (FLN) technique to distinguish among different 

local environments around the lanthanide ions 11–13.  

2. Experimental section 

2.1. Materials 

Barium acetate [Ba(OAc)2 99%], titanium(IV) isopropoxide [Ti(OPri)4 98%] and 

europium(III) acetate [Eu(OAc)3 99.9%] were purchased from Strem Chemicals. 

Acetylacetone [acacH 99.8%] was supplied by Panreac. Glacial acetic acid [HOAc 99.5%] 

was a product of Labkerm and methanol [MeOH 99.8%] was obtained from Scharlau. 

2.2. Synthesis of Eu3+-doped BaTiO3 compounds 

Samples with  0, 1, 2, 3, 4, 5 and 10 mol% Eu3+ content for each proposed mechanism 

(Ba or Ti-mechanism) were synthesised via sol-gel method according to the process 

reported in previous studies 14. The molar ratios of reagents and solvents were 1Ba2+ : 

21H2O : 40MeOH and 1Ti4+ : 8acacH. The dried gel was ground and the fine powder was 

fired at 1200ºC in air for two hours, obtaining micrometric materials. To carry out optical 

analysis, pellets of the fired powders were made and sintered at 1200ºC in air for two 

hours. For convenience, the following abbreviations are used throughout the remainder 

of the Article: “0%-BT” (for pure BaTiO3), “n%-Ba” (for samples of Ba-mechanism) and 



5 
 

“n%-Ti” (for samples of Ti-mechanism), where n takes the values {1, 2, 3, 4, 5, 10} and 

indicates the molar percentage of Eu3+ in the sample. 

2.3. Characterisation 

Powder X-ray diffraction (XRD) measurements were performed using a Bruker D4-

Endeavor X-ray diffractometer with CuKα radiation at a scan speed of 0.3º/min. All data 

were collected between 15 ≤ º 2θ ≤ 70 at room temperature. With the aim of calibrating 

the peak positions of the XRD pattern, an internal standard of Si NIST (SRM 640e) was 

used. Lattice parameters were refined using WinXPOW 1.06 software version.  

The microstructure of samples was observed using a JEOL 7001F scanning electronic 

microscope (SEM) equipped with a spectrometer for energy dispersive analysis of X-rays 

(EDX). The operation parameters were: an acceleration voltage of 15 kV, a measuring 

time of 20 s and a working distance of 10 mm. 

Different optical properties were studied for fired Eu3+-doped BaTiO3 samples. 

Emission measurements were performed at room temperature with an Eclipse 

Fluorescence Spectrophotometer (Varian). Spectra were recorded in the range between 

550 and 750 nm upon excitation at 466 nm (corresponding to the hypersensitive 7F0 5D2 

transition). From the obtained spectra, the ratio R (defined as the ratio between the 

intensities of 5D07F2 and 5D07F1 transitions) and the 𝛺2 Judd-Ofelt parameter were 

calculated.  

Resonant time-resolved FLN spectra were performed by exciting the samples with a 

pulsed frequency doubled Nd:YAG pumped tunable dye laser of 9 ns pulse width and 

0.08 cm-1 linewidth and detected by an EGG&PAR Optical Multichannel Analyzer. The 

measurements were carried out by keeping the sample temperature at 10 K in a closed 

cycle helium cryostat. 

3. Results and discussion 

3.1. Structural characterisation 

XRD patterns of the fired samples show all the peaks corresponding to the tetragonal 

phase of barium titanate (JCPDS-ICDD card 5-626). No traces of crystalline secondary 
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phases such as Eu2Ti2O7 are detected. It is only appreciated a secondary phase in 10%-Ti 

sample. 

According to the ionic radius distribution, if Eu3+ occupies Ba2+ site, there will be a 

contraction in the unit cell volume (V0) since Eu3+ is smaller than Ba2+. In the opposite 

case, if Eu3+ occupies Ti4+ site, according to the same line of reasoning, we expect an 

expansion in V0. Table 1 summarises the lattice parameters calculated. The evolution of 

V0 and tetragonality (c/a) with Eu3+ concentration are also depicted in Figure 2 for 

samples of both mechanisms (Ba and Ti-mechanisms). 

Table 1. Structural parameters of Eu3+-doped BaTiO3 samples. 

Sample a (Å) c (Å) V0 (Å3) Sample a (Å) c (Å) V0 (Å3) 

0%-BT 3.9937(3) 4.0344(5) 64.347(7) - - - - 

1%-Ba 3.9959(12) 4.0279(25) 64.313(21) 1%-Ti 3.9951(3) 4.0304(4) 64.329(6) 

2%-Ba 3.9967(12) 4.0221(24) 64.247(17) 2%-Ti 3.9959(9) 4.0201(17) 64.19(3) 

3%-Ba 3.9966(8) 4.0195(14) 64.202(10) 3%-Ti 3.9971(10) 4.0300(21) 64.386(23) 

4%-Ba 3.9962(12) 4.0208(20) 64.212(15) 4%-Ti 3.9950(22) 4.035(5) 64.40(3) 

5%-Ba 3.9967(5) 4.0192(13) 64.202(16) 5%-Ti 3.9960(16) 4.0329(12) 64.396(20) 

10%-Ba 3.9964(14) 4.0204(24) 64.212(18) 10%-Ti 3.9971(11) 4.033(3) 64.43(3) 

 

 

Figure 2.  Evolution of V0 (a) and c/a (b) with Eu3+ concentration for samples of Ba and Ti-

mechanisms. 

The evolution of V0 and tetragonality with Eu3+ concentration has the same tendency, 
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explanations will be addressed only for V0. For samples of Ba-mechanism, there is a 

progressive decrease in V0 up to 3 mol% of Eu3+. This result suggests that a great majority 

of europium ions are incorporated into Ba2+ site. Despite this, lower concentrations of 

europium could also occupy Ti4+ site. For concentrations ≥ 3 mol%, V0 remains almost 

constant, suggesting that no more dopant is entering in BaTiO3 structure.  

On the other hand, for samples of Ti-mechanism, we observed again a progressive 

decrease in V0 up to 2 mol%, highlighting the preference of europium for occupying Ba2+ 

site. However, it is appreciated an important increase in V0 at 3 mol%, which could be 

attributed to a higher concentration of europium ions occupying Ti4+ site. In other words, 

as in 3%-Ti sample there have been introduced Ti vacancies in the system according to 

the nominal formula of the mechanism, Ba(Ti1-xEux)O3-x/2, once Ba2+ site is almost 

saturated, europium can occupy Ti4+ site in a greater proportion in contrast with 3%-Ba 

sample, where no Ti vacancies had been previously introduced in the system. Finally, V0 

remains nearly constant, meaning that no more europium is being incorporated inside 

the structure. 

Thereby, from XRD results, we can conclude that the solubility limit of Eu3+ in 

compositions of both Ba and Ti-mechanisms is ≈ 3 mol% (which is in agreement with the 

previously cited investigations3,9) and that europium has the preference for occupying 

Ba2+ site. Above 3 mol%, the excess of dopant must be segregated as a secondary phase, 

but the small fraction of it may prevent an accurate identification using XRD4 (except for 

10%-Ti sample, where no single phase is obtained). Moreover, it is remarkable that, unlike 

micrometric materials prepared in other studies by the conventional ceramic route, the 

secondary phase Eu2Ti2O7 has not been detected by XRD. For samples with a high content 

of Eu3+, SEM/EDX analysis of the powders revealed the presence of some rod-like 

particles which were europium rich and could be attributed to secondary phases not 

detected by XRD. 

3.2. Luminescence studies at room temperature 

Structural characterisation results did not report significant changes for samples with 

Eu3+ concentrations above 3 mol%. Therefore, the optical characterisation at room 

temperature was carried out only for samples with Eu3+ content ≤ 4 mol%. 
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Room temperature emission spectra of the fired samples are depicted in Figure 3, 

where the emission bands are assigned to their respective transitions: 5D07F0 (580 nm), 

5D07F1 (596 nm), 5D07F2 (616 nm), 5D07F3 (645–660 nm) and 5D07F4 (680–715 nm), 

Figure 3(a). Spectra were collected upon excitation at the hypersensitive 7F05D2 

transition (466 nm) and were normalised to the magnetic dipole 5D07F1 transition, 

whose intensity is often considered to be constant 15.  

 

Figure 3. Room temperature emission spectra corresponding to the 5D07F0-4 transitions of Ba-

mechanism (a) and Ti-mechanism (b) samples obtained upon excitation at 466 nm. 

 

As pointed out by literature 16,17, the 𝛺2 Judd-Ofelt parameter is correlated to the 

polarizable and covalent character of the lanthanide ion in the lattice. Thus, the study of 

this parameter could contribute to shed some light on Eu3+ surroundings in the host 
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lattice. According to the Judd-Ofelt theory, the emission rate of a transition i→j can be 

expressed as 

 𝐴𝑖𝑗 = 64e2π43ℎ𝜆𝑖𝑗3 · 𝜒(2𝐽 + 1) · ∑ 𝛺𝜆𝜆=2,4,6 ‖𝑈𝜆‖ (1) 

where 𝜆𝑖𝑗 is the average wavelength of the transition i→j; 𝛺𝜆 is the Judd-Ofelt parameter; ‖𝑈𝜆‖ is an abbreviation of |⟨ ‖𝑈𝜆‖ ⟩|2
, which corresponds to the reduced matrix elements 

of the unit tensor operator connecting states i and j; 𝜒 is the Lorentz local field correction 

term (which is equal to 
𝑛(𝑛2+2)29 , n is the refractive index at 𝜆𝑖𝑗); e is the elementary charge; 

h is the Planck constant; and J refers to the state i 18.  

On the basis of the experimental emission spectra, 𝐴0𝐽 can be calculated using the 

expression 

 𝐴0𝐽 = 𝐴01 · 𝐼0𝐽𝐼01 · 𝜆0𝐽𝜆01 (2) 

where 𝐴01 is the magnetic dipole transition rate assumed constant and equal to 50 s-1; I 

and 𝜆 are the intensity and the wavelength value of the transition 0→J, respectively. 

A combination of expressions (1) and (2) for the 5D07F2 transition results in 

 𝛺2 = 𝐴01 · 𝐼02𝐼01 · 𝜆024𝜆01 · 3ℎ64e2π4 𝜒 ‖𝑈2‖ (3) 

The ratio R is defined as the ratio between the intensities of 5D07F2 and 5D07F1 

transitions: 

 𝑅 = 𝐼02𝐼01 (4) 

Thereby, we can rewrite expression (3) as follows 

 𝛺2 = 𝐴01 · 𝑅 · 𝜆024𝜆01 · 3ℎ64e2π4 𝜒 ‖𝑈2‖ (5) 

The value reported in the literature for ‖𝑈2‖ is 0.0032 19. The average wavelength 

value obtained for samples is 596 nm for 𝜆01(5D07F1 transition) and 616 nm for 𝜆02 

(5D07F2 transition). The refractive index of BaTiO3 at 616 nm is 2.4122 20. Expressing 𝜆0𝐽 

in cm, taking h = 6.6261·10-27 erg·s, e = 4.803·10-10 esu 21 and substituting the rest of 

values, 𝛺2 can be expressed as 
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 𝛺2 = (3.1844 𝑅) · 10−21 cm2 (6) 

Higher values of 𝛺2  suggest that the environment around europium in BaTiO3 

structure is more polarizable and covalent 16. The ionic radius and CN for Ba2+ are higher 

than for Ti4+. In this way, there will be more electronic distortion around Eu3+ in Ba2+ site, 

which means that the ion will be more polarizable. Therefore, higher values of 𝛺2 are 

expected if a great majority of Eu3+ ion occupies Ba2+ site. R and 𝛺2  values are 

summarised in Table 2 for samples of both mechanisms and 𝛺2  evolution with Eu3+ 

concentration is plotted in Figure 4. 

Table 2. R and 𝛺2 values obtained from emission spectra at room temperature (λexc = 466 nm).    

Sample R Ω2 (10-21 cm2) Sample R Ω2 (10-21 cm2) 

1%-Ba 1.17 3.7 1%-Ti 0.93 3.0 

2%-Ba 1.95 6.2 2%-Ti 2.24 7.1 

3%-Ba 1.82 5.8 3%-Ti 0.92 2.9 

4%-Ba 1.88 6.0 4%-Ti 0.88 2.8 

 

Figure 4. 𝛺2 evolution with Eu3+ concentration for samples of Ba and Ti-mechanism. 
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mol% Eu3+ as well. Therefore, the crystal field of Eu3+ must be quite similar, suggesting 

that europium occupies the same sites of substitution in this range of concentrations. 

Linking these results with XRD analysis, we can conclude that the preference of Eu3+ is to 

occupy Ba2+ site up to 2% regardless of the nominal composition of the mechanism 

postulated.  

For Ti-mechanism samples, a sharp decline in 𝛺2 is produced at 3 mol% of Eu3+, which 

indicates the dopant has suffered a reorganisation inside the structure due to the crystal 

field acting on it is different. Given that above 3 mol% of dopant, the Judd-Ofelt 

parameter is almost constant, it is confirmed that the solubility limit of Eu3+ in BaTiO3 for 

the proposed mechanisms is about 3 mol%.  

3.3. FLN spectra 

3.3.1. Experimental results 

In spite of the room temperature spectroscopic results shown in section 3.2 by using 

a conventional spectrometer, low temperature site-selective excitation of Eu3+ performed 

by using time-resolved fluorescence line-narrowing (TRFLN) technique in cation-

defective BaTiO3 samples, displays a very complex behaviour which points to the 

existence of at least five different defined crystal field sites for the lanthanide ion. In order 

to simplify the description of the different sites and following the standard acronym ABX3 

to describe perovskite oxides, we shall call Ai and Bi the lanthanide substitutional centres 

in BaTiO3 matrix when Eu3+ occupies the Ba2+ and Ti4+ sites, respectively. 

As an example, Figure 5 shows a selection of the low temperature (10 K) TRFLN spectra 

corresponding to the 5D0→7F0-2 transitions of 1%-Ba sample obtained with a time delay 

of 10 s after the pump pulse (0.08 cm-1 spectral width) at three different pumping 

wavelengths along the 7F0→5D0  transition. As can be seen, depending on the excitation 

wavelength the emission spectra present different characteristics, regarding the number 

of observed 5D0→7FJ components, their relative intensity, and the magnitude of the 

observed crystal-field splitting for each 7FJ state. Starting from the bottom, the 1%-Ba(Site 

A1) spectrum obtained by pumping at 579.05 nm displays, besides the single component 

of the resonant 5D0→7F0 emission, a three-component emission corresponding to the 

5D0→7F1 magnetic dipole transition and a weaker emission from the 5D0→7F2 electric 
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dipole emission. It is worthy to notice the strong intensity of the 5D0→7F0 emission 

suggesting the presence of large linear terms in the crystal field potential. The 1%-Ba(Site 

A2) spectrum measured by pumping at 579.20 nm exhibits a single 5D0→7F1 emission peak 

with the highest intensity among all the observed 5D0→7FJ transitions with a weak 

contribution from the electric dipole 5D0→7F2 emission. Finally, the 1%-Ba(Site A3) 

spectrum obtained by exciting at 579.35 nm shows a prominent 5D0→7F0 resonant 

emission together with a two-component 5D0→7F1 emission accompanied by a weak 

5D0→7F2 contribution.  

 

Figure 5.  Low temperature (10 K) TRFLN spectra corresponding to the 5D0→7F0-2 transitions of 1%-Ba sample 

obtained with a time delay of 10 s after the pump pulse at three different pumping wavelengths. 
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significant differences can be observed for the three A1, A2 and A3 sites (pumping 

wavelengths and emission intensities) if compared with those found in the 1%-Ba sample.  

The spectral behaviour of 3%-Ba and 3%-Ti samples, displayed in Figure 6(b), deserves 

special comments because here, in agreement with the previous X-ray diffraction and 

spectroscopic results of sections 3.1 and 3.2, significant changes in the crystal field 

around the lanthanide ions seem to take place. In particular, site A1 disappears in the 3%-

Ti sample whereas a new one of similar characteristics (Site B1) appears at longer 

wavelengths and another one (Site B2, red stars in Figure 6) clearly emerges at the long 

wavelength tail of the 5D0→7F1 emission of the main site A2. This new site, which also 

weakly appears (less pronounced) in the 3%-Ba sample, has the longest lifetime of all the 

observed emissions as we shall next see. 

In conclusion, in the 3%-Ba and 3%-Ti samples, we have found three different A-type 

and two different B-type crystal field sites for Eu3+ ion, whose nature is discussed below 

and summarised in Table 3.  

 

Figure 6.  5D0 7F0-2 emission spectra of samples 3%-Ba (a) and 3%-Ti (b) showing the emissions from sites 

A1, A2, A3, B1, and B2 (red stars). 
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Table 3. Description of the different crystal field sites for Eu3+ ion in doped-BaTiO3 samples. The abbreviations 

Ai and Bi refer to Eu3+ occupying Ba2+ and Ti4+ sites, respectively. 

λexc (nm) Sites Symmetry 

579.05 A1 Low (nearby particle surface) 

 B1 Low (nearby particle surface) 

579.20 A2 Close to cubic 

 B2
 Cubic (Oh) 

579.35 a A3 Trigonal (C3v or C3) 

 

a The emission of Site B2 can also be observed when pumping at 579.35 nm due to vibronic coupling. 

 

3.3.2. On the origin and symmetries of the Eu3+sites in barium titanate 

The spectroscopic response of Ln3+ impurity centers in a solid-state material depends 

on the local atomic environment. Additionally, in the case of micro-nanostructures, where 

the surface to volume ratio changes as a function of the particle size, lattice deformations 

near the surface may produce variable Ln3+ environments even if Ln3+ ions occupy 

substitutional sites and, as a consequence, different crystal field sites and/or glassy-like 

disorder can be observed in the Ln3+ emission spectrum. In the case of Eu3+doped BaTiO3 

powders, the main luminescence emission is usually attributed to the Ln3+ occupying a 

Ba2+ substitutional site, though, as we have discussed above, B site occupancy is also 

expected for Ln3+ ions 4,8,22,23. At low temperature (10 K) in the rhombohedral phase, 

account taken of the smaller ionic radius of Eu3+, if compared to the one of barium, we 

expected the appearance of defects to compensate the excess of charge introduced by 

the Ln3+ ion. Therefore, we could guess a symmetry lowering at the substitutional site 

from the cubic symmetry class at high temperature 24. However, EPR studies performed 

in Gd3+-doped BaTiO3 (both Eu3+and Gd3+ have similar ionic radius), confirm that the 

lanthanide substitutes the alkali earth ion with no remarkable distortion effects 25. In the 

particular case of europium-doped barium titanate prepared by the sol-gel method, only 

a few works discuss the presence of some glassy-like spectral disorder when exciting at 

a direct Ln3+ level 26,27, and only a few of them deal with the problem of the amphoteric 

behavior of Eu3+ ion 4,8,22.  
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As can be seen in Figures 5 and 6, the low-temperature structure of the time-resolved 

emission spectra shows the existence of low symmetry sites: A1 present in all (1,2,3)-%Ba 

and (1,2)-%Ti samples, and B1 in the 3%-Ti sample. Site A1 would be related to Eu3+ ions 

occupying a substitutional Ba2+ site in a highly distorted environment in a thin shell 

nearby the surface of the nano-micro particle, whereas B1, with a similar 5D0→7F1 emission, 

but appearing at longer wavelengths, could be associated to lanthanide occupancy of a 

distorted Ti4+crystal field site 23. The existence of distorted crystal field sites nearby the 

particle surface have also been observed in Eu3+-doped oxide powders 28. On the other 

hand, site A2 shows the most intense and single component 5D0→7F1 emission, with a very 

small contribution from the electric dipole 5D0→7F2 transition, which would suggest the 

presence of a high symmetry anion distribution around the lanthanide. In fact, the high 

coordination number of the Ba2+ ion (CN=12) tends to increase the effective site 

symmetry and as a consequence reduces and/or suppresses the crystal field splitting. 

However, the presence of a strong 5D0→7F0
 peak and several intense 5D0→7F4 emission 

components excludes formally cubic point symmetry groups at site A2. However, it is 

worth noticing that, as pointed in reference 24, in the low-temperature rhombohedral 

phase, the BaTiO3 unit cell form is close to the high-temperature cubic one. In conclusion, 

at least, at low temperature, the point symmetry of site A2 is close to a cubic one.  

Referring to site A3, in both 3%-Ba and 3%-Ti samples, the FLN spectra in Figure 6 

show a two components emission for the 5D0→7F1 transition and five 5D0→7F4 components 

(not shown in the Figure), being this result therefore compatible with a C3v point group 

symmetry. We notice that the bump appearing at the long wavelength tail of the 5D0→7F1 

emission in both A2 and A3 sites (marked with a red star), which is enhanced in the 3%-Ti 

sample, corresponds to site B2 discussed below. 

Figure 7 displays the time-resolved spectra corresponding to the 5D0→7F0-2 emissions 

of both 3%-Ba and 3%-Ti samples by exciting at 579.20 nm, the wavelength used for 

exciting site A2. As can be observed, as time evolves, the main features of site A2 tend to 

disappear whereas the bump at the low energy side of the 5D0→7F1 emission peak grows 

and becomes the only remaining spectral component at 596.9 nm. It is worth noticing 

that the lifetime of this component is longer than 12 ms, the temporal range of our 

optical multichannel analyser. This weak emission would thus correspond to the new  
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Eu3+ crystal field site, B2, mentioned before. The absence of other spectral components, 

including the 5D0→7F0 emission, points to a cubic point symmetry group for this site. It is 

important to mention that, as Figure 6 shows, this emission can also be observed when 

pumping site A3 at 579.35 nm. This would suggest the presence of a strong enough 

vibronic coupling that would allow the cubic site to be pumped through the vibronic 

sidebands of the electronic level. In good agreement with these facts, our FLN 

measurements confirm the presence of anti-Stokes and Stokes vibronic sidebands in the 

5D0→7F0 (peaking at around 38 and 63 cm-1 from the 5D0→7F0 main peak at 17265 cm-1) 

and 5D0→7F1 (anti-Stokes at 119 and Stokes at 146 cm-1 vibronic sidebands) transitions.  

As an example, Figure 8 shows the emission of site A2 by pumping its anti-Stokes vibronic 

band at 577.9 nm in the 1%-Ba sample. These broad vibronic bands, together with the 

inherent disorder introduced by charge compensation, promote the observed glassy-like 

disorder when not pumping at the precise wavelength of the electronic transition. 

 

 

Figure 7. Time-resolved 5D0 7F0-2 emission spectra of A2+B2 sites in both 3%-Ba (a) and 3%-Ti (b) samples 

excited at 579.2 nm.  
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Figure 8. 5D0 7F0-2 emission spectrum of site A2 by pumping its anti-Stokes vibronic band at 577.9 nm in 

the 1%-Ba sample. The stars point out the vibronic components of the 5D0→7F0-1 transitions. 

 

Referring to the expected charge compensation mechanisms associated with Ln3+ 

doping, different possibilities have been proposed. In our case, oxygen vacancies are not 

expected to play a significant role, as samples were sintered in an air atmosphere. Thus, 

as we shall next see, the plausible mechanisms could be close to those proposed in 

references 4,8,22. These authors, based on theoretical and experimental measurements, 

have suggested the existence of europium sites A assuming Ti4+ vacancies or a self-

compensation mechanism produced by Eu3+ pairs substituting Ba and Ti crystal sites 

(mechanisms 2 and 3 of Figure 1).  

We shall first focus on the main A2 site, disregarding the low crystal field symmetry of 

A1 and B1 sites due to the lattice deformation nearby the particle surface. In spite of the 

smaller ionic radius of Eu3+ (rEu= 1.226 Å with CN=12) if compared with the one of Ba2+ 

(rBa= 1.610 Å), the apparent high symmetry of this site is only compatible with a very low 

distorted oxygen coordination, meaning that the unit cell centered at the Ln3+ ion could 

be neither titanium defective nor self-compensated by a LnBa+LnTi pair 8,22. 

This result suggests that the compensation mechanism would be located in cells 

neighboring the defect carrier. But in the case the unit cell would present a Ti4+vacancy 

and/or a substitutional Eu3+ pair, it would be still possible to keep a trigonal axis of 
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symmetry along the Ln-Ln or Ln-Ti (vacancy) diagonal of the unit cell which would lower 

the symmetry to C3v or C3, giving rise to the observed symmetry of site A3. 

Referring to site B2, its features are only compatible with a high symmetry octahedral 

crystal field site associated with the Ti4+substitution by Eu3+. As the octahedral 

coordinated ionic radius of Eu3+ (0.947 Å) is higher than the one of Ti4+ (0.605 Å), we 

expect a stronger cation-anion interaction giving rise to a highly symmetric crystal field 

around the Eu3+ ion. Moreover, the stronger Eu-O interaction at the Ti4+ site, if compared 

with the one at site Ba2+, makes potential energy curves of Eu3+ centers to become 

steeper at the Ti4+ sites if compared to those of Eu3+at Ba2+sites, giving rise to the 

observed red-shift of the Eu3+emission bands at the Ti4+ sites. Finally, the notable increase 

of the unit cell volume in the 3%-Ti sample associated with the Ln3+ substitution would 

explain the limited amount allowed for Eu3+ substitutions at B2 sites.  

 

4. Conclusions 

The crystallographic nature and spectroscopic properties of non-equivalent europium 

sites in BaTiO3 have been investigated. Samples were synthesised via sol-gel in 

accordance with the nominal formula of two possible substitution mechanisms: (Ba1-

3xEu2x)TiO3 and Ba(Ti1-xEux)O3-x/2. Bearing in mind the adequacy of the dopant ion as a 

structural probe, site-selective excitation within the inhomogeneous broadened 7F0→5D0 

absorption band was performed. The obtained results allow us to draw the following 

conclusions:  

 The solubility limit of Eu3+ in BaTiO3 samples has been found to be 3 mol%. 

 

 The preference of Eu3+ is to occupy Ba2+ sites regardless of the nominal compositions 

and substitution mechanism. The main luminescence emission can be attributed to 

Eu3+ occupying Ba2+ substitutional sites; in particular, site A2 is the most efficient 

emitter. Besides, Ti4+ sites occupancy has also been proved by their FLN emission.  

 

 XRD data and 𝛺2  Judd-Ofelt parameters are in agreement with the site-selective 

excitation results. In all experiments, a clear difference appears between 3%-Ba and 

3%-Ti samples. The V0 increase and the 𝛺2 decline in the 3%-Ti sample is consistent 



19 
 

with a greater proportion of Eu3+ ions occupying Ti4+ sites. This result would explain 

the limited amount allowed for Eu3+ substitutions at B2 sites. 

 

 TRFLN spectra show the presence of five different europium crystal field sites and 

possible crystal symmetries have been inferred for each one.  

 

 TRFLN measurements confirm the presence of relatively strong anti-Stokes and Stokes 

vibronic sidebands in the 5D0→7F0,1 transitions. This important issue can explain the 

lack of site resolution found in the room temperature spectra of these transitions, 

obtained by selective pumping of the hypersensitive 5D2 level, due to the vibronic 

mixing of the excited levels. 

All things considered, this study highlights the amphoteric behaviour of Eu3+ in BaTiO3. 

As it has been reported in literature 3, noticeable changes for both electric and magnetic 

properties of the material are observed depending on the site occupancy of dopants. 

Thereby, the presence of different crystallographic sites for Eu3+ could have a decisive 

impact not only on the optical properties of BaTiO3 ceramics but also on their wide range 

of electronic properties and device applications.  
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