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Abstract 

Lead-free compounds with formula Ba0.975Ln0.017(Ti0.90Zr0.05Sn0.05)O3 (BLnZ5TS) and 

Ba0.975Ln0.017(Ti0.75Zr0.20Sn0.05)O3 (BLnZ20TS) [Ln=Eu, Ho] were synthesized using the solid-

state reaction technique. Scanning electron micrographs of ceramics showed a decrease in the 

average grain size as the Ln3+ radii increases. The structural study allowed the identification 

of tetragonal and cubic symmetries at room temperature for BLnZ5TS and BLnZ20TS, 

respectively. Dielectric measurements were carried out as a function of temperature and 

frequency. The results revealed that BLnZ5TS exhibited normal ferroelectric behavior with 

diffuse phase transition, whereas BLnZ20TS displayed relaxor ferroelectric properties. The 

diffuse phase transition parameters were determined from the modified Curie–Weiss law, 

while the relaxor behavior in BLnZ20TS was highlighted by a good fit to the Vogel–Fülcher 

relationship. The photoluminescence of the prepared specimens was investigated and the 

results showed that these compositions bear interest for green and red emission. 
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1- Introduction 

Finding low cost materials as solution for replacing silicon-based semiconductors is 

the big challenge for this 21st century. Among the materials able to meet this requirement, 

lead-free perovskite compounds constitute a promising candidate. Indeed, the structural 

variety of this family as well as the wealth of the associate properties make from these 

systems a preferred choice. Disastrously, the majority of perovskites used in technological 

applications are lead based compounds, which are harmful for human and environment [1]. 

As a result, the search for efficient and environmentally friendly materials has become an 

alternative that attracts great attention. In this context, the Ba(ZrxTi1-x)O3 (BZT) systems have 

stood out owing to their potential applications in many fields [2–7] 

In these systems, the introduction of Zr and Sn into the Ti (B)-site of the ABO3 

perovskites structure, promotes the diffuse phase transition and the ferroelectric relaxor 

behavior [8-10]. On the other hand, the incorporation of rare earth elements (Ln) in BZTS 

was found beneficial for improving its dielectric properties [11-17]. In fact, Ln elements are 

generally manifested by trivalent cations, which behave like donors. Thence, a charge 

disproportionality may arise while replacing Ba2+ by Ln3+ on following the equation (Kröger-

Vink notation): 

BaO + Ln2O3 → BaBa +2LnBa + VʺBa + 4Oo        (Eq.1) 

where VʺBa is a cationic vacancy that required for electrical neutrality. Besides, lanthanide 

element is reported to inhibit the grain growth while sintering; which induce low dielectric 

losses [18, 19]. On the other hand, lanthanides incorporated in BZTs matrix were shown to be 

very effective as luminescent agents. Indeed, previous works have shown that undoped 

BaZrxTi1-xO3 (BZT) exhibited a broadband photoluminescence (PL) emission spectrum, 

which covers the entire visible spectrum. Noting that depending on the zirconium content, the 

PL emission peak could be positioned in the blue-violet region between 450 and 490 nm [20]. 

The present work affords a contribution onto the effect of the rare-earth doped BZT system. 

We emphasize the synthesis and structural, ferroelectric, and photoluminescence 

characterizations of lead-free Ba0.975Ln0.017� 0.085(ZrxTi0.95-x)Sn0.05O3 compounds (symbolized 

BLnZ100xTS, Ln = Eu, Ho). This study is focused on four samples denoted BEuZ5TS, 

BHoZ5TS (with a low zirconium content x = 0.05) and BEuZ20TS, BHoZ20TS (with a 

higher zirconium content x = 0.20). These compositions are representative of the variation of 

Zr concentration when Ti4+ is partially replaced by Zr4+ (the Sn4+ content being kept constant) 

and to the substitution of Ba2+ by the rare earth Eu3+ and Ho3+. Our choice is justified by the 

fact that x = 0.20 corresponds to the Zr-limit concentration between classical ferroelectric 
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region (<0.20) and relaxor zone (> 0.20) of Ba(Ti1-xZrx)O3 (BZT) system [21]. Moreover, to 

limit the number of variables, we made an appropriate choice by fixing the Ln3+ (Eu3+, Ho3+) 

and Sn4+contents respectively to 0.017 and 0.05. 

 

2. Materials and methods 

2.1 Solid state synthesis 

Solid-state reaction method was used to synthesize ceramics of BLnZ100xTS (x= 0.05 

and 0.20). The starting materials used for this study were powders of BaCO3, Ln2O3 (Ln = Eu, 

Ho), TiO2, ZrO2, and SnO2 (all from Sigma-Aldrich, USA) of high purity (>99.99%). 

Materials with BLnZ5TS and BLnZ20TS compositions were obtained according to the 

following chemical reactions: 

• 0.975 BaCO3 + 0.025/3 Ln2O3 + 0.90 TiO2 + 0.05 ZrO2 + 0.05 SnO2→ 

Ba0.975Ln0.017□0.0085(Zr0.05Ti0.90)Sn0.05O3 (BLnZ5TS) + 0.975 CO2  (Eq.2) 

• 0.975 BaCO3 + 0.025/3 Ln2O3 + 0.75 TiO2 + 0.20 ZrO2 + 0.05 SnO2→ 

Ba0.975Ln0.017□0.0085(Zr0.20Ti0.75)Sn0.05O3(BLnZ20TS) + 0.975 CO2  (Eq.3) 

where “□” corresponds to the vacancies created during the reaction at high temperature. The 

starting compounds were previously dried at 200°C for 3h to eliminate any residual water in 

the powders. Thereafter, the powders were weighed in the stoichiometric amount to obtain the 

chosen composition. The obtained samples were then mixed in an agate mortar and carefully 

grounded for 2 h. Then, the mixture was heat-treated under air atmosphere at 1180 °C for 14 h 

with a heating rate of 5 °C/min. The obtained powder was pressed under 500 MPa into a 

pellet of 13 mm in diameter and about 1 mm in thickness. Finally, the obtained ceramics were 

heat treated at 1400 °C for 4 hours under air atmosphere. Loss of weight was determined 

before and after heat treatment and was found to be less than 1%. Diameter shrinkages 

ΔΦ/Φ were determined as (Φinitial − Φfinal)/Φinitial. Their values were about 10% while the 

relative density (experimental density/theoretical density) was about 0.9. 

 

2.2. Characterizations 

The crystal structures of the sintered pellets were done using a D8 Advance X-ray 

diffractometer (Vantack detector) equipped with copper Kα radiation (λ=1.5405 Å). The 

phase identification was done using the reference cards of the JCPDS Powder Diffraction 

File. The analysis of the obtained diffractograms was done through Rietveld refinement 

method based on the Fullprof program [22] integrated into the WinPLOTR software [23]. A 
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pseudo-Voigt profile function was found to describe adequately the obtained reflections on 

taking as starting positions those of BaTiO3 compound [24].  

The scanning electron microscopy analysis using a Philips SEM device (model XL30) 

has allowed the observation of the microstructures of the sintered samples.  

The dielectric measurements were carried out on pellets using a SOLARTRON SI-

1260 impedance meter. Prior, the sintered ceramics (pellet) were assimilated to capacitors by 

the deposition of silver paste on both faces. A LINKAM TS600 furnace was used for the 

thermal investigations. The thermal evolution of the permittivity and the losses were achieved 

in temperature (100-473 K) and frequency (102-106 Hz) range. The sample was placed in a 

measuring cell between two electrically insulated cylindrical electrodes. Beforehand, the 

samples undergo degassing under vacuum to eliminate all traces of humidity in the cell. 

Photoluminescence measurements were performed using a Shimadzu brand RF-6000 

spectrofluorimeter. The excitation wavelengths values used are 390 and 395 nm for the 

Europium-based compounds and 455 nm for the Holmium-based compounds. 

 

3. Results and discussion  

3.1. Microstructural study 

To examine the rare-earth doping effect on the microstructural evolution of BZTS, a 

scanning electron microscopy (SEM) study was performed on the investigated ceramics 

without going through the polishing step. Fig.1 shows the SEM micrographs of both 

BLnZ5TS and BLnZ20TS ceramics. As we can see from this figure, the grains appear in 

spherical shapes with a relatively small size. Moreover, compared to undoped BZTS, grain 

growth appears to be inhibited by the addition of very small amounts of rare earths [25-27]. 

Therefore, the average particle size of undoped BZTS (> 10 μm) is much larger than that 

observed for the samples BLnZ5TS and BLnZ20TS (0.2–3.6 μm). This result agrees well 

with some reported compound containing lanthanide element [28]. 
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Fig. 1: SEM images for BEuZ5TS (a), BHoZ5TS (b), BEuZ20TS (c) and BHoZ20TS (d). The insets 

show the histogram of grain size distribution for each sample. 

 

3.2. Room-temperature X-ray diffraction  

The purity phase of BLnZ5TS and BLnZ20TS ceramics were confirmed by the X-ray 

diffraction at room temperature. It should be noted that the XRD profiles of the BLnZ5TS and 

BLnZ20TS ceramics reveal the peaks related to the perovskites phase. Nevertheless, a very 

weak peak, in the 2θ angle range 28-29°, was observed. This peak was identified to belong to 

the starting compound Ln2O3. The structural Rietveld refinement was achieved assuming a 

tetragonal symmetry (P4mm for BLnZ5TS) and a cubic symmetry (Pm 3m for BLnZ20TS) 

[10]. The observed, calculated and the difference of the XRD patterns for all the BLnZ5TS 

and BLnZ20TS compositions are represented in Fig.2. The obtained results indicate the good 

agreement between observed XRD patterns and fitted theoretical data. However, it is 

concluded that BLnZ5TS and BLnZ20TS compositions crystallized at room temperature in 

tetragonal and cubic symmetries respectively. 
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Fig. 2: Rietveld refinement plots of X-ray diffraction patterns for BEuZ5TS (a), BHoZ5TS 

(b), BEuZ20TS (c), and BHoZ20TS (d) (Red open circles indicate the observed data, and 

black solid lines indicate the calculated pattern with Rietveld method. The lower curve is the 

difference between observed and calculated patterns. Vertical markers spot the calculated 

positions of Bragg reflections). 

Table 1 gathers the symmetry, lattice parameters and reliability factors acquired by 

Rietveld refinement. Noting that the obtained results are reported and compared to those of 

BaTiO3 Tetragonal (T) and Cubic (C) as references, respectively. It appears that the 

compositions with higher Zr content (BLnZ20TS) have larger lattice parameters (a) and 

volume (V). Knowing that Sn4+ (0.05) and Ln3+ (0.017) contents are constants for BLnZ5TS 

and BLnZ20TS, these variations could be related to the bigger size of Zr4+ compared to that of 

Ti4+ (r(Ti4+) = 0.605 Å and r(Zr4+) = 0.720 Å in 6 Coordination Number [29]). In addition, the 

values of the c/a ratio observed in tetragonal symmetry are very close to unity, which is 

compatible with a pseudo-cubic symmetry for the BLnZ5TS compositions. The results of the 

dielectric permittivity variation presented in §.3.3 confirm our choice. Besides, in the relaxor 

phase, the average structure of these compounds remains cubic down to low temperature.  
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Table 1: Symmetry, lattice parameters and refinement reliability factors of BLnZ5TS (A) and 

BLnZ20TS (B) [Ln = Eu, Ho] 

(A) BEuZ5TS BHoZ5TS BaTiO3 (T) 
a=b (Å) 4.0300(4) 4.0089(6) 3.9945 

c (Å) 4.0221(5) 4.0173(4) 4.0335 
c/a 0.998 1.002 1.098 

V(Å3) 65.32 64.56  64.36 
Space group P4mm P4mm P4mm 

RB 5.88 3.66 - 
RF 3.18 2.83 - 

Rwp 15.3 15.2 - 
χ2 1.95 2.08 - 
(B) BEuZ20TS BHoZ20TS BaTiO3 (C) 

a=b =c(Å) 4.0616(7) 4.0586 (6) 4.0119 
V(Å3) 67.003 66.85 64.57 

Space group Pm 3m Pm 3m Pm 3m 

RB 3.92 7.15 - 
RF 3.04 4.35 - 

Rwp 9.18 16.3 - 
χ2 3.39 5.35 - 

 

 

Table 2: Rietveld refinement results 

Composition Ions site X y Z Biso Occupancy 

 

BEuZ5TS 

Ba2+/Eu3+ 

Ti4+/Zr4+/Sn4+ 

O1
2- 

O2
2- 

1a 

1b 

1b 

2c 

0 

0.5 

0.5 

0.5 

0 

0.5 

0.5 

0 

0.0054(2) 

0.5191(3) 

0.0265 (2) 

0.5599 (1) 

0.931(2) 

0.764(1) 

0.123 (3) 

0.900 (2 

0.975 / 0.017 

0.90/0.05/0.05 

1 

2 

- 

BHoZ5TS 

Ba2+/Ho3+ 

Ti4+/Zr4+/Sn4+ 

O1
2- 

O2
2- 

1a 

1b 

1b 

2c 

0 

0.5 

0.5 

0.5 

0 

0.5 

0.5 

0 

0.0091(3) 

0.5302(3) 

0.0248(4) 

0.5207(5) 

0.689(3) 

0.633(1) 

0.866(5) 

0.306(4) 

0.975 / 0.017 

0.90/0.05/0.05 

1 

2 

 

BEuZ20TS 

Ba2+/Eu3+ 

Ti4+/Zr4+/Sn4+ 

O2- 

1a 

1b 

3c 

0 

0.5 

0.5 

0 

0.5 

0.5 

0 

0.5 

0 

1.621(2) 

1.771(3) 

1.363(2) 

0.975 / 0.017 

0.75/0.20/ 0.05 

3 
 

BHoZ20TS 

Ba2+/Ho3+ 

Ti4+/Zr4+/Sn4+ 

O2- 

1a 

1b 

3c 

0 

0.5 

0.5 

0 

0.5 

0.5 

0 

0.5 

0 

1.075(3) 

1.784(4) 

2.717(5) 

0.975 / 0.017 

0.75/0.20/ 0.05 

3 
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Tables 2 assembles the refined atomic positions, occupancy and isotropic atomic shift 

parameters of BLnZ5TS and BLnZ20TS. As it can be seen, Ba2+ and Ln3+ are located in the 

same A-site with a fractional percentage. In addition, Ti4+/Zr4+/Sn4+ cations located in the B-

sites are connected with the oxygen atoms to form (Ti4+/Zr4+/Sn4+)O6 octahedra (see Fig. 3). 

Albeit, a slight variation is observed in the atomic coordination for BLnZ5TS compositions, 

corresponding to a shift in the direction of c polar axis. Furthermore, relatively good 

reliability factors (comparing to the standard values) are obtained and are in the range of the 

disordered perovskites [31, 32]. We believe that the observation of cubic symmetry at low and 

high temperature for the relaxor ferroelectric materials is linked to the presence of such 

disorder. 

 

Fig. 3: View of the crystalline structure of the tetragonal BEuZ5TS (left) and cubic 

BHoZ20TS (right). 

 

3.3. Dielectric study 

Figs. 4(a) and (b) exhibit the temperature and frequency dependence of the 

permittivity (ε'r) and dielectric losses (tan δ) for BLnZ5TS samples (Ln= Eu (a), Ho (b)). At 

first glance, a single frequency independent peak appears which would correspond to the 

cubic-tetragonal phase transition similar to that observed at Tc in the well-known material 

BaTiO3 (BT). However, careful observation seems to reveal the presence of the two other 

transitions “tetragonal-orthorhombic“ and “orthorhombic-rhombohedral” appearing 

respectively at temperatures noted T1 and T2 in the normal ferroelectric material BT. However, 

unlike BT where the three transitions appear clearly, in BLnZ5TS the transitions at T1 and T2 

are manifested by a slight bump in the dielectric permittivity evolution. This bump is more or 

less difficult to detect depending on the nature of the doping element. Besides, the sharp peak 
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observed usually at TC in pure BT, moved into a relatively broad peak involving a diffuse 

phase transition in the case of BLnZ5TS compounds. It is noteworthy that other authors have 

reported a similar result, affirming that the incorporation of lanthanide elements in the BZT 

compositions with low Zr content, led to a diffuse phase transition [33-37]. This coalescence 

of the three phase transitions leading to a single broad peak has been attributed to the lattice 

distortion and compositional fluctuation developed in the rare earth doped BZT ceramics [38, 

39]. Despite the existence of a diffuse phase transition, as the temperature of the maximum 

permittivity (Tm) is frequency independent, the dielectric behavior of BLnZ5TS remains 

typical of normal ferroelectric materials. The comparison with BT shows that T1 and T2 are 

moved to higher temperatures, while TC is shifted to lower temperatures. For example, in the 

case of BHoZ5TS, the second derivative of the dielectric curves (see inset of figure 3 (b)) 

reveals that T1=220 (>183) K, T2=312 (>268) K and TC=352 (<393) K (recall that the three 

phase transitions in BT occurs respectively at T1=183K, T2=268 K and TC=393 K [22]). 

However, the values of T1 (220 K) and T2 (312 K) obtained by dielectric measurements would 

indicate an orthorhombic phase at room temperature. In order to verify this hypothesis, an 

attempt to refine the structure of the composition BHoZ5TS with an orthorhombic model has 

been done in different space groups (Amm2, C2221, Pmm2, and A2mm). We did not have an 

improvement in the refinement in comparison with the tetragonal one. In all case there was be 

either a divergence or poor refinement with high reliability factors. As an example, below is 

the refinement results performed in the Amm2 space group. The obtained reliability factors are 

Rwp=31.8, RB=23.00, RF=15.4, χ=3.28. In addition, the temperatures of the maximum 

permittivity (Tm) of BEuZ5TS and BHoZ5TS are of the same order of magnitude and appear 

to increase as the size of the lanthanide decreases. 

Otherwise, when the Zirconium concentration increases (x = 0.20), a second type of dielectric 

behavior is highlighted. Figs. 4 (c) and (d) show the thermal and frequency variation of the 

permittivity (ε'r) and dielectric losses (tan δ) for BLnZ20TS compositions according to the 

nature of the rare earth element (Ln = Eu (c), Ho (d)). The thermal and frequency changes in 

the permittivity revealed a single broad peak characteristic of a diffuse phase transition, with 

an up shift of the related position. In this case, the ferroelectric behavior is of the relaxor 

nature. The maximum permittivity temperatures (Tm) vary from 167 K to 189 K and seem to 

increase when the rare earth size decreases.  

In addition, it should be noted that low dielectric losses have been emphasized for both 

BLnZ5TS and BLnZ20TS compositions. As we can see in Table 3, the dielectric losses show 

low values whether for BLnZ5TS (0.015 < tgδ < 0.023) or for BLnZ20TS (0.023 < tg δ < 
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0.030). This range of low dielectric losses is suitable for practical applications. Besides, our 

results are consistent with literature data asserting that doping ferroelectric perovskites with 

rare earth elements leads to a drop in the dielectric losses [40, 41]. 

According to the Eq.1, every two Ln3+ substituting ions one A-site vacancy is created for 

charge neutrality, which produces compositional fluctuation on a microscopic scale. Bhargavi 

et al. [38] reported that such a vacancies change the order- disorder and local symmetry that 

influence widely the physical properties. On the other hand, Chou et al. [18] reported that the 

substitution of Ba by Lanthanide is accompanied by the creation of Ti-vacancy according the 

equation: 

 

2Ln2O3 + 3TiO2 →  4����
∗  + 3��	
 + �	


���� + 12�.    (Eq. 4) 

 

 The simultaneous existence of  ����
∗   and  �	


���� might lead to a compensation defect that can 

explain the low dielectric loss observed in Ln-doped BZT systems. An other possibility, the 

presence of secondary phase can also favorite oxygen defects that compensate Ba-sites 

vacancies. Al these mechanisms are reported to decrease the dielectric loss and improved the 

dielectric properties of BZT systems. 

BLnZ5TS and BLnZ20TS compositions are also illustrious by the Ba2+/Ln3+ 

substitution. Table 3 displays clearly that, for a fixed value of the Zr content, TC (or Tm) 

increases when the rare-earth radii decreases (r(Eu3+) = 1.2945 Å> r(Ho3+) =1.234 Å in 12 

Coordination Number). For instance, Tm (BEuZ5TS) = 331K and Tm (BHoZ5TS) =352 K; 

Tm (BEuZ20TS) = 167 K and Tm (BHoZ20TS) = 189 K. This evolution seems to be in 

contradiction with the previous results reported about the cation (An+) located outside the 

octahedron in ABO3 perovskites [42]. 
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Fig. 4: Temperature dependence of the dielectric permittivity and dielectric loss for 

BEuZ5TS (a), BHoZ5TS (b), BEuZ20TS (c), and BHoZ20TS (d). 

 

Table 3: Dielectric characteristics of BLnZ5TS and BLnZ20TS compositions at 10 kHz 

Compounds BLnZ5TS BLnZ20TS 
Ln Eu Ho Eu Ho 
T1(K) - 220 - - 
T2 (K) - 312 - - 
TC /Tm (K) 331 352 167 189 
T0 (K) 345 359 190 210 
Tdev (K) 420 443 335 320 
∆Tm (K) 75 84 145 131 
ΔTmf (K) 1.5 4 16 20 
Δε′r/ε’r 0.06 0.093 0.085 0.193 
γ 1.39 1.58 1.98 1.63 
C x10-5 1.08 0.78 0.95 1.45 
ε’rmax 2995 956 1557 4534 
ε’RT 2560 798 1039 1730 
tg δRT 0.015 0.023 0.023 0.030 
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Ravez et al. reported that the decrease of Tc is linked to the decrease in the An+ ion size, as it 

observed for SrTiO3-BaTiO3 solid solution (TC (BaTiO3) = 400 K; TC (Ba0.5Sr0.5TiO3) = 245 K; r(Sr2+) 

< r(Ba2+)). Nevertheless, according to the chemical bond’s theories, the decrease in the size of 

the ions at A or B site, leads to an increase in Tc [43]. Therefore, in our case, the decrease of 

Tc could be attributed to the increase of vacancies number due to the incorporation of Ln3+ 

into Ba2+ site [39]. Further, the greater distortion produced on the lattice structure when the 

ionic radii of Ln3+ increase led to lower values of TC (or Tm), which is in agreement with our 

experimental study. From the results reported in Table 3, we notice that ε’max (BEuZ5TS) ∼ 

1/3 ε’max (BHoZ5TS) while ε’max (BEuZ20TS) ∼3 ε’max (BHoZ20TS). This is probably related 

to an intrinsic behavior of each material (conventional ferroelectric or relaxor ferroelectric...) 

and to the non-homogeneous densification within these 4 compositions. 

 

3.3.1. Diffuse phase transition parameters 

The ferroelectric diffuse phase transition is characterized by a wide temperature range 

around Tm where the dielectric permittivity adopts its maximum value (ε’rmax). Initially, the 

origin of the diffuse phase transition was related to the chemical heterogeneity on the 

microscopic scale due to the compositional fluctuations on the B-site of the ABBʹO3 complex 

perovskites [44]. The Curie Weiss law (Eq. 5) generally describes the diffuse phase transition: 

1
��

� =
� − ��

�
�� > ���       ��� .5� 

where C and T0 are the Curie-Weiss temperature and Curie Weiss constant, respectively. 

Fig. 5 shows the plot of 1/ε'r as a function of the temperature at 10 kHz and the 

adjustment of the experimental data by Eq. (5) according to the Curie-Weiss law. Noting that 

T0 is extracted from the plot in the paraelectric region by extrapolating the reciprocal dielectric 

constant. The values (T0 >Tm) observed for all compositions indicated the deviation from the 

Curie-Weiss law. Otherwise, a slight deviation from the Curie-Weiss law is observed for the 

compositions with a low Zr content (BEuZ5TS (Fig.5a) and BHoZ5TS (Fig.5b)) while a 

greater shift appears for the compositions with a higher Zr content (BEuZ20TS (Fig.5c) and 

BHoZ20TS (Fig.5d)). For all the studied compositions, the fitting parameters (C and T0) are 

displayed in Table 3. 
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Fig 5: Thermal evolution of the inverse of the permittivity for BEuZ5TS (a), BHoZ5TS (b), 

BEuZ20TS (c), and BHoZ20TS (d). 

 

To evaluate the deviation degree from the Curie-Weiss law, we have used the 

parameter ΔTm= Tdev -Tm [41]. Where Tm represents the temperature of the permittivity 

maximum, whereas Tdev is the deviation temperature from the Curie-Weiss law. From the 

above relation, it emerges that when Tm is decreasing, ΔTm increases. On the other hand, the 

ΔTm values are higher in BLnZ20TS compositions indicating a more important diffusion 

degree compared to those of BLnZ5TS series. Knowing that Tm decreases as the Zr content 

increases and the Ln concentration is constant, ΔTm should be greater for compounds with 

higher Zr content (BLnZ20TS). Indeed, this is what we observed in our experimental results 

(Table 3). 

Otherwise, to describe the diffuseness in a phase transition, we used the modified 

Curie-Weiss law (Eq.6) [45]: 

1
��

−
1

��
= �	�	 �!

"
     ���. 6� 

Where εm corresponds to value of ε’r and γ represents the diffuseness exponent. The C is a 

constant. Noting that when γ = 1, the material is a classical normal ferroelectric, in contrast a 
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typical relaxor ferroelectric corresponds to γ = 2. As shown in Figs.6 (a) and (b)), the plots of 

ln (1/ε’r-1/ε’m) vs. ln (T-Tm) at 10 kHz for BLnZ5TS and BLnZ20TS compositions exhibit 

nearly linear variation. For all the compositions, values of γ >1 were observed (Table 3). This 

involves that these compositions are characterized by a diffuse phase transition. Moreover, we 

noticed that the higher values of γ were obtained for zirconium-rich compositions 

(BLnZ20TS). On the other hand, for the two series BLnZ5TS and BLnZ20TS, we observed 

an irregular variation of ΔTm and γ. However, their global values (75 ≤ ΔTm ≤ 84; 1.39 ≤ γ ≤ 

1.58 for BLnZ5TS) and (131 ≤ ΔTm ≤ 145; 1.63 ≤ γ ≤ 1.98 for BLnZ20TS) confirmed that the 

diffusion degree parameters (ΔTm, γ) are greater for the BLnZ20TS compositions (i.e. 

compositions with high Zr content) 

 

3.3.2. Relaxor characteristics  

In addition to the diffuse phase transition, the relaxor behavior is marked by the 

frequency dependence of Tm and ε′r. This distinctive behavior can be evaluated from the 

parameters noted ΔTmf and Δε′r /ε′r as indicated respectively on the (Eq. 7) and (Eq. 8) below.  

∆Tmf = Tm(106 Hz)-Tm (102 Hz)  (Eq. 7)    
∆%�&

%�&
=  

%'
&()�*+,-�%'

&()�.+,-

%'&�)�*+,�
    (Eq. 8) 

The frequency dispersion is more significant as ∆Tmf and Δε′r/ε′r values are higher. In Table 3 

are summarized the obtained parameters determined according to the following inequalities: 

BLnZ5TS:    1.5 ≤ ∆Tmf ≤ 4   0.060 ≤ Δε′r/ε′r ≤ 0.093 

BLnZ20TS: 16 ≤ ∆Tmf  ≤ 20  0.085 ≤ Δε′r/ε′r ≤ 0.193 

From these inequalities, the very low values of ∆Tmf ( ≤ 4) and Δε′r/ε′r ( ≤ 0.093) corroborate 

the very low frequency dispersion for BLnZ5TS as we reported previously (§3.3.1). 

Therefore, despite the presence of the diffuse phase transition, BLnZ5TS does not present a 

relaxor behavior. On the contrary, the high values of ∆Tmf ( > 16) and Δε′r/ε′r ( > 0.085) 

denote an important diffusion degree and frequency dispersion in BLnZ20TS ceramics. 

Consequently, it turns out that these compositions behave like relaxor ferroelectric materials. 

Some of these compositions show Tm close to 300 K. This is the case of the conventional 

ferroelectric of BLnZ5TS compositions. For BLnZ20TS compositions exhibiting a relaxor 

ferroelectric behavior, they are distinguished by low values of Tm and relatively high values of 

ε′rmax. 
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Fig.6: Variation of log (1/ε′r -1/ε′m) as a function of log (T-Tm) at 10 kHz for the ceramics 

BLnZ5TS and BLnZ20TS [Ln=Eu, Ho] 

 

3.3.3. Vogel-Fulcher approach 

The empirical Vogel-Fülcher (V-F) equation can also give sound information about relaxor 

ferroelectric behavior. It can be expressed as (Eq. 9) [46]. 

f = f� exp
− E4

k6(T8 − T9-
 ���. 9� 

where f0 is the attempt frequency, Ea represents a measure of average activation energy, kB and 

Tg are the Boltzmann’s constant and freezing temperature, respectively 

Figs.7 show the plot of log (f) vs Tm for the BEuZ20TS and BHoZ20TS relaxor 

samples. The experimental curve was fitted using the above V-F formula. The fitting 

parameters of the V-F relation were reported in Table 4. The close agreement of the data with 

the V-F relationship suggests a relaxor like behavior for the two compositions. On the other 

hand, it can be noted that as r(Ln3+) increases, the fitting parameters of V-F (Ea and f0) 

decrease. Basing on the report of L.E. Cross, the obtained result is a signature of a higher 



16 

 

barrier existence between two wells, along with an enlargement in the potential well [47]. It 

should be mentioned that the BLnZ20TS compositions have some similitudes with 

Ba(Ti1−xZrx)O3 relaxor compositions (x > 0.20). Indeed, a large peak of dielectric permittivity 

depending on the frequency and the temperature characterizes these ferroelectric relaxors. 

This effect is generally attributed to the presence of nanometric polar regions. To determine 

the nature of these regions, a study of the local structure was carried out within the relaxor 

compositions Ba (Ti1-xZrx)O3 [48]. It revealed the existence of deformed ZrO6 octahedra able 

to generate a local polarization, responsible for the frequency dispersion observed 

experimentally. On the other hand, among the samples studied through this work, 

Ba0.975Eu0.017Zr0.05Sn0.05Ti0.90O3 and Ba0.975Ho0.017Zr0.20Sn0.05Ti0.75O3 based ceramics showed 

interesting dielectric characteristics. Table 5, reports the values of some dielectric properties 

of BEuZ5TS and BHoZ20TS extracted respectively from Figs. 6. Data corresponding to 

similar compositions, taken from the reported literature are also included. This table is shared 

into two sections corresponding respectively to the comparisons of Zr-poor compositions (x = 

0.05 and 0.10) and those of relatively Zr-rich compositions (x = 0.20). We notice the good 

performance of Ba0.980Ho0.020Zr0.10Ti0.90O3 [37]. Apart from this composition, it emerges from 

this table that the dielectric characteristics are clearly improved for BEuZ5TS and BHoZ20TS 

compositions. However, it should be noted herein that the relatively weak value of Tm = 189 

K (far from room temperature) was obtained for the compound BHoZ20TS.  

 

 

 

 

 

 



17 

 

 

Fig.7. Plots of log (f) as a function of Tm for the compositions BEuZ20TS and BHoZ20TS  

 

Table 4. Vogel-Fülcher Parameters of BLnZ20TS compositions 

Compositions Tg (K) Ea (eV) Ln f0 
BEuZ20TS 144 0.012 14.73 

BHoZ20TS 158 0.024 18.52 

 

Table 5: Some dielectric characteristics for Ln-doped BZT derived ceramics at 10 kHz. 

 Tm ε’r (max) ε’(RT) tgδ (RT) γ  
Ba0.975Eu0.017Zr0.05Sn0.05 Ti0.90O3       [This work] 331 2995 2560 0.015 1.39 

Ba0.980Eu0.013Zr0.05Ti0.95O3                          [38] 378 2400 1600 0.05 1.63 

Ba0.980Gd0.013Zr0.05Ti0.95O3                         [39] 400 2400 1800  0.03 1.37 

Ba0.980Ho0.02Zr0.10Ti0.90O3                           [37] 270 9979 8644 0.01 1.97 

 

Ba0.975Ho0.017Zr0.20Sn0.05Ti0.75O3           [This work] 189 4534 1730 0.03 1.63 

Ba0.980La0.020Zr0.20Ti0.80O3                          [26] 242 2661 2000 0.05 1.84 

Ba0.980La0.020Zr0.20Ti0.80O3                          [27] 250 2242 1700 0.10 1.89 
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3.3.4. Approach of phase transition by Raman spectroscopy  

 

To approach the phase transition in the studied system, we give in figure 8 the thermal 

variation of Raman spectra of BEuZ5TS sample as an example.  The assignment of the 

Raman modes is carried out by analogy with the BZT phase [17]. The spectrum consists of 

six distinguished modes110, 186, 256, 301, 518 and 720 cm-1 corresponding respectively to 

the following modes: E(TO1), A1(TO1), A1(TO2), B/E(TO+LO), A1(TO3) and A1(LO3). The 

detailed room temperature Raman study about the influence of rare earth amount on the 

structural transition can be found in our previous work dealt with Lanthanum (La3+) element 

[17]. 

 

 

                  Fig. 8. Thermal variation of Raman spectra of the composition BEuZ5TS 

 

 Noting that the measure was recorded within the temperature range 213 to 393K zone of the 

phase transition evidence by dielectric investigation. As can be seen from the figure, the peaks 

become broad with the increase of the temperature that is signature of a structural disorder 

resulting in the overlap of different Raman especially at a low wavenumber region that make 

very difficult to follow the thermal evolution of these modes, generally reported very sensitive 

to the phase transition in perovskite. Nevertheless, some changes could be spotted for 

A1(TO3) and A1(LO3) where they show a blue shift with increasing temperature. 
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 The thermal variation of the peak position for both modes are given in the figure 9(a) and (b). 

As it can be deducted from the plots, clear anomalies are observed in the zone of the phase 

transition that corroborate the existence of the phase transition evidence by dielectric 

measurements 

 

Fig.9. Variation of the peak position versus temperature of (a) A1(TO3) mode ; (b) A1(LO3) 

mode. The plots   show anomalies in the Tc zone. lines are just guides for the eyes.  

 

3.4. Photoluminescence study 

Trivalent Europium (Eu3+; 4f6) is well known for its strong luminescence in the red 

spectral region. Many europium (III) compounds show an intense photoluminescence, due to 

the 5D0→7FJ transitions (J=0-6) from the 5D0 excited state to the J levels of the ground term 

7FJ. The transition 5D0→7F0 is strictly forbidden according to the standard Judd–Ofelt theory 

[49]. The occurrence of this transition is a well-known example of the breakdown of the 

selection rules of the Judd–Ofelt theory (a 0–0 transition is forbidden by the J selection rule of 

the Judd-Ofelt theory) [49]. Furthermore, the europium is habitually used as an optical sound 

to get supplementary structural information not accessible generally by structural refinement. 

Fig.10 (a) shows the emission spectrum in the range 550-715 nm for the BEuZ5TS 

using an excitation length of 395 nm at room temperature. The PL spectrum presents 5 

distinct bands characteristic of the emission of europium from the excited level 5D0 to lower 

levels 7Fj(j = 0,1,2,3,4). The magnetic dipolar 5D0 →7F1 and the electric dipolar 5D0→7F2 

transitions are located around 596 nm and 611 nm respectively. Noting that the 5D0 → 7F3 

band is quite faint. This transition is generally forbidden according to the Judd–Ofelt theory, 

and this transition can only gain intensity via J-mixing [50]. A similar spectrum, with the 

same wavelength excitation, is observed for Eu3+ doped BaZrxTi1-xO3 [51]. 
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It should be noted that the transition 5D0 →7F0 is promising for technological 

applications because it reveals non-equivalent sites in a given host matrix [52]. In the present 

work, two excitations wavelength have been used giving rise to a change in the PL spectrum. 

As it can be depicted in Fig.10 (b), the peak observed at 557 nm for an excitation wavelength 

of 390 nm appeared at 560 nm when the excitation is slightly changed to 395 nm, indicating 

the presence of at least two nonequivalent Eu3+ centers. Furthermore, the shoulder observed at 

ca. 580 nm disappeared and a new intense peak is developed at 587 nm, in addition to the 

appearance of a plateau-like between 600 and 630 nm. All these changes corroborate the 

existence of Eu3+ in two different environments. This assumption is in good agreement with 

the structural investigation reported above, where we suggested the possibility of the Eu2O3 

presence as an impurity. For the compound with a high concentration of Zr (BEuZ20TS), the 

spectrum became dominated by a sharp 5D0 → 7F1 transition as shown in Fig.10 (c). Indeed, 

the intensity of the 5D0 →7F2 and 5D0 →7F4 bands broaden and their intensities almost 

vanished. Our interest was also devoted to the trivalent holmium (Ho3+; 4f10) bause it is 

considered as an important activator or sensitizer in near-infrared (NIR) region solid-state 

lasers [52, 54]. It has been also widely used in the visible region such as green and red 

emissions for many applications [55, 56]. It should be noted that Ho3+ based compounds 

exhibit an intense photoluminescence, due to the 5F0→
5IJ transitions (J=0-8) from the 5F0 

excited state to the J levels of the ground term 8I [57, 58]. Fig.10 (d) shows the emission 

spectrum in the range 500-800 nm for the two Ho-based compounds using an excitation 

length of 455 nm at room temperature. Noting that the BHoZ5TS spectrum exhibits two 

medium sharp peaks related to the green emission at 538 nm and 548 nm and one relatively 

weak band corresponding to the red emission at 681 nm. Further, one relatively weak band 

resulting to NIR emission situates at 754 nm. The green emission lines (at 540 and 548 nm) 

were assigned to the transition from the thermalized 5F4 and 5S2 states to the 5I8 ground state. 

However, the red emission band is originating from the 5F5→5I8 transition. While the NIR 

emission appearing at about 754 nm corresponds to the 5F5→5I7 transition. Concerning 

BHoZ20TS composition, the profile of the PL spectrum is quite as that of BHoZ5TS and a 

wide low-intensity band between 640 and 660 nm is developed. Further, a NIR emission 

appearing at 742 nm and 753 nm could be attributed to the (5F5, 5S2) →5I7 transitions. 
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Fig.10: (a)PL emission spectrum of BEuZ5TS at an excitation wavelength of 395 nm at room 

temperature;(b) Normalized PL emission spectrum of BEuZ5TS at an excitation wavelength 

of 390 and 395 nm; (c) comparison of PL spectrum of BEuZ5TS and BEuZ20TS excited at 

395 nm; (d) comparison of PL spectrum of BHoZ5TS and BHoZ20TS excited at 455 nm. 

 

4. Conclusions 

Lead-free Ba0.975Ln0.017(Ti0.9Zr0.05Sn0.05)O3 (BLnZ5TS) and Ba0.975Ln0.017(Ti0.75Zr0.20Sn0.05)O3 

(BLnZ20TS) [Ln = Eu, Ho] ceramics, were successfully elaborated by conventional solid-

state reaction. The SEM investigations showed a very marked modification in the grain size 

upon Ln3+ incorporation. Moreover, rare earth doping can promote grain growth and increase 

the density and uniformity of BZT ceramics. XRD spectra show that BLnZ5TS and 

BLnZ20TS ceramics still exhibit perovskite structure. Rietveld structural refinement of XRD 

data at room temperature endorsed respectively tetragonal and cubic symmetries for 

BLnZ5TS and BLnZ20TS compositions. The thermal and frequency variations of the 

permittivity revealed two kinds of behavior. Firstly, the normal ferroelectric with diffuse 

phase transition appearing for the low Zr content (BLnZ5TS) and the second is characteristic 

of relaxor ferroelectric for the higher Zr content composition (BLnZ20TS). Tm shifts towards 
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lower temperature when Zr content increases. For a fixed Zr content, Tm increases when the 

rare-earth radius decreases. The values (T0>Tm) observed for all compositions indicated the 

deviation from the Curie-Weiss law. The modified Curie Weiss law parameters confirmed the 

diffuse phase transition for all the compositions BLnZ5TS and BLnZ20TS. The close 

agreement of the data with the Vogel–Fülcher relationship suggests a relaxor like behavior for 

BLnZ20TS compositions. On the other hand, the photoluminescence study was performed 

considering Eu3+ as a structural probe. Two excitation wavelengths were used, giving slightly 

different response that tends to indicate the presence of two different sites of lanthanide. 

Further, Ho3+ is also used as a luminescent probe. Our optical study revealed that the higher 

zirconium content presents the higher signal compared to other zirconium contents. These 

results suggest that BLnZ20TS (Ln=Eu, Ho) could be a potential material for green and red 

emissions. 
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