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An investigation examined the impact of co-doping BaTiO3 ceramics with La3+ and Nd3+ 

on their microstructural, dielectric, and phase transition properties. The synthesis of 
BaTiO3 with co-doping of La3+ and Nd3+, using the general formula Ba1-x(La1/3, 
Nd1/3)xTiO3 (BLNdTx) with varying concentrations of x (0%, 2%, 4%, and 8%), is 
achieved by the solid-state reaction technique. A temperature-dependent dielectric 
permittivity investigation was conducted at four distinct frequencies (1 kHz, 10 kHz, 100 
kHz, 500 kHz, and 1 MHz) within the 30–200 °C temperature range. The findings indicate 
that the samples show a diffuse phase transition and a noticeable divergence from the 
typical Curie-Weiss equation. The diffuseness parameters γ for phase transition rose from 
1.15 to 1.75 as x grew from 0 to 8%, respectively. The concurrent impact of surface 
phenomena, mechanical stress phenomena, and the external effect of grain boundaries 
might explain the substantial size reduction. An in-depth understanding of the grain size 
effect and its underlying mechanism would be advantageous for advancing and practically 
using BaTiO3-based ceramics and other ferroelectrics. 
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1. Introduction  
 
Ferroelectric materials have a natural dielectric polarization, known as Ps, which may be 

reversed by applying an electric field [1-3]. The movement of the charge centers about each other 
or the arrangement of charges results in the creation of electric dipoles. Barium titanate is the first 
ferroelectric perovskite ceramic that was found. It has a high dielectric constant and undergoes 
three structural phase changes [4]. The ferroelectric phase transitions of BaTiO3 (BT) are linked to 
its consecutive aberrations in the crystal structure [5-7]. BT's high dielectric constant and modest 
dissipation factor make it well-suited for multilayer capacitor applications [8]. Several parameters, 
including synthesis process, purity, grain size, density, sintering temperature, frequency, doping, 
and substitution, may affect the dielectric characteristics of BT [9].  Recently, ferroelectrics with 
diffused phase transition have gained significant interest in basic research and industrial 
applications [10-12]. This is due to their ability to operate across a more comprehensive 
temperature range than typical ferroelectrics in capacitor applications. Several ferroelectric 
compositions display a broad dielectric peak at the temperature Tm, independent of frequency [13-
18]. The materials in question are classified as ferroelectrics exhibiting a diffused phase transition, 
often called FE-DPT [19]. The extent of spreading in the phase transition peak is a significant 
property of these transitions. The cause of diffused ferroelectric phase transition often needs to be 
clarified [20-22]. However, it is believed to be linked to defects in the materials caused by 
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variations in composition, chaos in the arrangement of positively charged ions, the structure of the 
grains, minor imperfections, and microscopic differences [23]. The relaxor polarization of defects 
in FE-DPT affects the total dielectric permittivity and the overall form of the dielectric response 
[24-26]. Lithium sodium niobate (LNN) ceramics are significant in resonator and filter 
applications. They display a phenomenon called DPT, caused by the disorder in composition 
resulting from several kinds of cations occupying an equivalent site in the lattice [27]. Most 
substituted BT compositions exhibit a dispersed phase transition that deviates from the Curie-
Weiss equation throughout a wide range of temperatures and frequency dispersion [28-30]. Based 
on the literature mentioned above and in the same direction, this paper investigates the effect of 
La3+ and Nd3+ co-doped on the diffused phase transition of BaTiO3 ceramics. The ceramics were 
synthesized utilizing a solid-state reaction. The study focuses on the impact of these compositions 
on temperature-dependent dielectric permittivity. The findings indicate that including La3+ and 
Nd3+ in BaTiO3 demonstrates an intriguing characteristic: the displacement of the phase transition 
towards a higher temperature range. This adjustment is seen as beneficial for enhancing the 
stability of the dielectric's capacitance at high temperatures. The research introduces a novel 
exploration into the effects of co-doping BaTiO3 ceramics with La3+ and Nd3+. While previous 
studies have examined individual dopants, the combined influence of La3+ and Nd3+ on the 
diffused phase transition of BaTiO3 is relatively unexplored. The study suggests that incorporating 
La3+ and Nd3+ leads to a displacement of the phase transition towards lower temperatures, 
potentially enhancing the stability of the dielectric's capacitance at elevated temperatures. This 
advancement could have significant implications for applications requiring reliable operation 
under harsh conditions. Additionally, understanding the influence of these dopants on dielectric 
properties across various temperature ranges is crucial for customizing materials for specific uses. 

 
 
2. Experimental 
 
The BaTiO3 samples were synthesized using a conventional solid-state technique, with co-

substitution of La3+ and Nd3+. The samples were prepared using the general formula Ba1-

x(La1/3,Nd1/3)xTiO3, referred to as (BLNTx), with x values of 0,  2%, 4%, and 8%. The BaTiO3 
powder, co-doped with La3+ and Nd3+ ions, was synthesized using high-purity BaCO3, La2O3, 
Nd2O3, and TiO2 as starting components. The BaCO3 and TiO2 had purities of 99.99%, while the 
La2O3 and Nd2O3 had purities of 99.98%. The combination was pulverized and, after that, 
subjected to ball milling for 12 hours. Afterward, the powdered material was calcinated in a 
standard furnace at 1100°C for 8 hours, using a heating and cooling rate of 5°C per minute. The 
powder was compressed using a 1% concentration of polyvinyl alcohol (PVA) as a binder at a 
unidirectional pressure of 90 MPa, resulting in pellets measuring 1 mm in height and 8 mm in 
diameter. The pellets were heated at a temperature of 500°C for 1 hour to eliminate the binder. 
This was accomplished using a muffle furnace with a heating and cooling rate of 2°C per minute. 
Ultimately, the samples were subjected to sintering in the presence of air at a temperature of 
1350°C for 5 hours. This process was carried out using a typical furnace with a heating and 
cooling rate of 5°C per minute. The morphological structure was examined using scanning 
electron microscopy. To evaluate the dielectric properties, a coating of silver paste was evenly 
spread on both surfaces of the sample discs, forming a capacitor-like structure. The dielectric 
permittivity properties of the sintered samples were assessed using an impedance analyzer, 
especially the Agilent E4292A, throughout a temperature range of 30-200°C at different 
frequencies. 

 
 
3. Results and discussion 
 
Figure 1 displays the scanning electron microscope (SEM) images of BLNTx sintered 

ceramics, where x represents 0, 2%, 4%, and 8%. It has been noted that all sintered samples had a 
very dense microstructure. However, the microstructure of the co-doped samples was even more 
compact, with a smaller grain size than the pure sample. The densities of all samples were 
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determined using the Archimedes technique [31], and the values obtained confirm the 
microstructure seen by FE-SEM. The sintered samples have relative densities of over 95%. 
Furthermore, based on the same data, it is evident that the density of ceramics experiences a tiny 
drop when the concentration of La3+ and Nd3+ rises. The pure sample exhibited a slightly higher 
density value than the co-substituted samples. This finding aligns with the literature that 
documents the investigations of La-doped BaTiO3 ceramics [32-33]. The La3+ and Nd3+ ions 
function as donors and take the place of Ba2+ ions in the lattice structure. This substitution may 
cause lattice distortion owing to the development of vacancies and the difference in size between 
the La3+,  Nd3+, and Ba2+ ions. The latter may impede mass transportation in dense buildings and 
hinder densification [32-33]. The line intercept with the assisting ImageJ technique [34], 
confirmed from grain size distribution in the inset photos in Figure 1, was used to determine the 
average grain sizes of the ceramics. The results showed that the average grain sizes were around 
5.5 μm, 2.5 μm, 1.85 μm, and 1.1 μm for La3+ and Nd3+ co-doping concentrations of x = 0, 2%, 
4%, and 8%, respectively. As the levels of La3+ and Nd3+ in BaTiO3 ceramics rose, it was observed 
that the formation of grains was inhibited. The decrease in grain size resulting from including La3+ 
and Nd3+ ions may be ascribed to the impurity drag mechanism in solid solution, where a gradient 
of La3+ and Nd3+ ions is present at the borders between grains. The reduction in grain size may be 
attributed to the presence of La3+ and Nd3+ ions, which likely hindered the development of the 
grains by impeding the movement of the grain border. This finding is consistent with the 
information presented in the literature on La3+-doped BaTiO3 [32-33]. 

 
 

 

 
 

Fig. 1. SEM image and schematic diagram of the grain size distribution of BLNTx ceramics  
measured with a High-resolution scanning electron microscopy. 

 
 
An EDS mapping investigation was performed on 8% La3+ and Nd3+ co-doped BaTiO3 

ceramic material to determine its constituent makeup. Figure 2 displays the results of the 
measurements. The chosen area showed no segregation in the distribution of five primary elements 



516 
 
(Ba, Ti, La, Nd, and O). This result demonstrates that the 8% co-doping concentration of Nd3+ and 
Li+ ions was sufficient to completely dissolve and integrate the doped ions into the BaTiO3 lattice. 
By focusing on the 8% composition, we may efficiently devote resources to conduct detailed 
research of the material's elemental properties at a critical doping level. The optimized physical 
properties at this doping level were a significant factor in concentrating on the 8% La3+ and Nd3+ 

dopant composition. As highlighted in our study, this composition demonstrated superior 
performance regarding small grain size, diffused phase transition, high breakdown strength, high 
energy storage density, and efficiency. Additionally, we acknowledge the importance of verifying 
the formation of a single phase, especially at higher dopant concentrations. To address this, we 
incorporate additional microstructure mapping at elevated dopant contents in this work. This 
inclusion aims to provide a more comprehensive understanding of the material's structural integrity 
and phase purity across a broader, higher-dopant range. This modification will contribute to a more 
robust interpretation of the material's elemental composition and structural characteristics. 

 
 

 

 

 
 

Fig. 2. EDS elemental mapping images of BLNT8% ceramic sample. 
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The temperature dependence of the dielectric constant and dielectric loss of BLNTx 
ceramics was studied at different frequencies, namely 1 kHz, 10 kHz, 100 kHz, 500 kHz, and 1 
MHz, and in the temperature range of 25–200 °C, as shown in Figure 3(a)-3d). It can be observed 
from Figure 2(a) that the dielectric constant for x = 0, x =2%, and x =4% gradually increased and 
reached a maximum value at a specific temperature defined as Curie temperature and then 
decreased. This indicates the phase transition from ferroelectric to paraelectric state [35-36]. 
However, for the sample of La3+ and Nd3+ co-doped BaTiO3 ceramics with x =8%, the maximum 
value of the dielectric constant remained high value over a higher range of temperature and 
increased slightly at Tc~90 oC, which confirms that the sample has such diffused phase transition 
behavior. Differences in grain size and a gradient of quadraticity are responsible for the diffuse 
character of ferroelectric ceramic transitions, leading to a broad spectrum of transition 
temperatures. The large range of phases seen in ceramics is due to various variables. Due to 
changes in microscopic composition, micropolar regions are merging into micropolar areas, and 
due to local strain, the order parameter is connected to the local disorder mode [37].  

Vugmeister [38] demonstrated that the fundamental reason for DPT behavior in mixed 
oxide compounds is the random distribution of the electrical strain field. When aliovalent cations 
are introduced into a perovskite structure, they may change the electrical characteristics by acting 
as electron donors or acceptors, respectively. This finding persists, although these ions are 
insoluble due to their positive charges [39]. According to Watanabe et al. [40], three primary steps 
exist in replacing rare earth elements in BaTiO3. Doping involves substituting ions for those that 
had previously occupied the A or B positions of the lattice. It has been shown that the A and B sites 
in BT solid solutions are consistent with the ionic radii of La3+ and Nd3+. Watanabe et al. [40] 
observed that the first phase of the reaction might be described by substituting La3+ and Nd3+ ions 
for Ba2+ ions. Shannon states that La3+ and Nd3+ ions benefit from having a lower ionic radius [41]. 
Therefore, introducing La3+ and Nd3+  ions with different contents, x = 0.02, x = 0.04, and x = 
0.08, leads to a change in the lattice structure. Internal stresses increase because of lattice 
constriction, smaller grains, and smaller grain boundary areas, as seen in scanning electron 
microscopy (SEM) images. This process can potentially cause chemical heterogeneity on the 
nanoscale, leading to a dispersion of several local Curie values [42-47]. The constant increase in 
dielectricity with temperature could be due to the orientation polarization of the dipoles' thermal 
motion. At lower temperatures, it isn't easy to orient the dipoles spontaneously, but it becomes 
more accessible when the temperature rises. Thus, the orientation polarization will increase, 
increasing the dielectric constant value [48-49]. The decrease of dielectric constant after Curie 
temperature is due to the phase transition of the crystal structure from a tetragonal phase to a cubic 
phase [50-51].  

Furthermore, the decrease in dielectric constant could be because of the increasing thermal 
oscillations of the molecules, which can lead to an increase in the degree of dipole disordering in 
the cubic phase [52].  Also, we can see in Figure 3(a)-(d) that the Curie temperature shifted toward 
the lower temperature side with an increase in dopant concentrations. The shifting in the Curie 
temperature (Tc) of BaTiO3 ceramics due to co-doping with La3+ and Nd3+ may be ascribed to 
many variables. The search results did not explicitly address the factors influencing the alteration 
of the Curie temperature in BaTiO3 ceramics when rare-earth ions are introduced. However, 
existing research and expertise in the area indicate that the following variables might potentially 
impact this phenomenon: (i) Interactions amongst Dopant Ions: The inclusion of La3+ and Nd3+ 

ions might result in interactions with the BTO host lattice, which can impact the crystal structure 
and ferroelectric properties of the material, thereby impacting the Curie temperature [53]. La3+ 
doping may alter the crystal structure of BaTiO3, influencing the Curie temperature of the material 
[54]. The dielectric characteristics of the material may be altered by the La3+ and Nd3+ ions, 
leading to a change in the Curie temperature [55]. Doping Concentration: The magnitude of the 
change in the Curie temperature may also be influenced by the concentration of La3+ and Nd3+ 

doping, where larger doping concentrations result in a more pronounced reduction in the Curie 
temperature [56, 57]. The search results provided a general understanding of the behavior of Curie 
temperature in doped ceramics. However, they lacked specific information on the precise 
parameters that induce the shift when La3+ is introduced to BaTiO3. Hence, the criteria are derived 
from the current comprehension of dopant ions' impact on ferroelectric materials' characteristics. 
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Researchers and scientists require further investigation to comprehensively understand the 
mechanism behind the change in Curie temperature when La3+ and Nd3+ are introduced into 
BaTiO3 ceramics. 

 
 

 

 
 

Fig. 3. Temperature-dependent dielectric constant and loss tangent of sintered BLNTx ceramics; (a) 
x=0, (b) x=0.02, (c) x=0.04, and (d) x=0.08. To determine its temperature dependency, the 

measurement was tested at five different frequencies, namely f=1 kHz, 10 kHz, 100 kHz, 500 kHz, and 
1 MHz. 

 
 
To thoroughly examine the dielectric dispersion and diffusiveness of the investigated 

samples, we have plotted the modified version of the Curie-Weiss equation [58]. 
 

𝟏𝟏
𝜺𝜺
− 𝟏𝟏

𝜺𝜺𝒎𝒎
= (𝑻𝑻−𝑻𝑻𝒎𝒎)𝜸𝜸

𝒄𝒄
                                                                       (1) 

 
 
C stands for a constant in this instance. Simultaneously, γ is used to quantify the degree of 

diffuseness over the change from the ferroelectric to the paraelectric phase. At temperature T, the 
dielectric permittivity is represented by the symbol εr, while at temperature Tm, it is defined by the 
sign εm. In addition to the constant C, the equation also includes the degree of diffuseness γ, where 
γ may take on values ranging from 1 in normal ferroelectric to 2 in relaxor ferroelectric. Figure 
4(a)-(d) shows the samples prepared at a frequency of 10 kHz versus the natural logarithm of the 
difference between the measured and actual temperatures, where the relative permittivity is 
subtracted from the measured permittivity. The slopes of the graphs may be used to determine the 
diffuseness degree (γ) values since the charts show a linear association and equation (1) is used. 
Based on a value of γ = 1.15, this investigation found that the pure BaTiO3 sample (x = 0.0) had 
typical ferroelectric behavior. Nevertheless, the value of γ rose steadily from 1.10 to 1.75 when the 
BaTiO3 co-doped with La3+ and Nd3+ grew to 8%. The diffuseness of phase transition becomes 
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more apparent when the co-doping concentration increases, and the difference in ionic radii 
between the host and dopant ions and cation disordering is responsible for the increased 
diffuseness [59, 60]. Co-doping La3+ and Nd3+ can improve the dielectric thermal stability 
behavior, which shows great promise for energy storage technology [61, 62]. La3+ as a single 
dopant [63, 64] increases the diffuseness of phase transitions, indicating the formation of diffuse 
ferroelectric material, but in co-doped ceramics, the diffuseness is even higher [63, 64]. Doping 
La3+ and Nd3+ ions in place of Ba2+ in the BaTiO3 lattice improves the dielectric and ferroelectric 
properties and the maximized breakdown strength, attributed to enhanced energy storage 
performance.  

The search results include data about the impact of grain size on the dielectric 
characteristics of doped barium titanate (BaTiO3) materials, particularly with La3+ and Nd3+ 
doping. The research indicates that the size of the grains impacts the diffuse phase transition of 
BaTiO3. Larger grain sizes are linked to a more noticeable ferroelectric transition, whereas smaller 
grain sizes display diffuse phase transitions. Naik et al. observed and documented the relationship 
between transition temperature and size effect in thin films. They proposed that inter-grain stresses 
may contribute to the greater transition temperature in thin films than in bulk ceramics [65]. The 
thin film works often display diffuse phase transition in polar clusters, whereas doped BaTiO3 
compositions do not show the presence of polar clusters [65, 66]. Liu et al. studied the structural 
development and dielectric characteristics of BaTiO3 ceramics co-doped with Nd3+  and Mn. They 
discovered that when the Nd3+ concentration increased, the grain size and dielectric constant 
decreased [67]. Similarly, Gong et al. conducted a study on ceramics of BaTi0.96Mn0.04O3 with La3+  
substitution at the A-site. Their objective was to determine the ferromagnetic origin, and they 
discovered that the grain size reduced as the La3+  concentration increased [68]. The results 
indicate that the size of the grains impacts the diffuse phase transition of BaTiO3. Larger grain 
sizes are linked to a more noticeable ferroelectric transition, whereas smaller grain sizes show 
diffuse phase transitions. The search results need to mention the methods via which the grain size 
influences the diffuse phase transition of La3+ and Nd3+  doped BaTiO3. Additional investigation is 
required to comprehensively understand the correlation between the size of grains and the diffuse 
phase transition in doped barium titanate materials. 
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Fig. 4. Indicated to the empirical formal relationship of modified Curie Weiss law fitted to estimate 
the degree of diffuseness caused by La and Nd co-doped BaTiO3 ceramics (a) x = 0.0, (b) x = 0.02, 

(c) x = 0.04, and (d) x = 0.08 measured at five different frequencies. 
 
4. Conclusion  
 
Overall, this study has provided insight into how adding La and Nd to BaTiO3 ceramics 

affects their microstructure, dielectric characteristics, and phase transitions. Using the BLNdTx 
formula, we successfully synthesized BaTiO3 with co-doped La and Nd. We varied the x amounts 
to show that it is possible to customize the material characteristics using the solid-state reaction 
approach. Our study on the dielectric properties of the samples, which included measuring the 
changes in electrical polarization with temperature and frequency, showed the occurrence of 
diffuse phase transitions. Additionally, we observed a significant deviation from the expected 
behavior described by the Curie-Weiss equation. In addition, our results indicate that the 
diffuseness parameters γ for phase transition rose as the concentrations of co-dopants increased, 
suggesting a more diffuse phase transition behavior. This behavior may be attributed to the 
combined impact of surface phenomena, mechanical stress phenomena, and the influence of grain 
boundaries. Comprehending the complex relationship between these parameters and how they 
affect the characteristics of materials is essential for the progress and practical use of ceramics 
based on BaTiO3 and other ferroelectric materials. Continuing with further research that 
specifically investigates the impact of grain size and its underlying processes would be 
advantageous for enhancing the efficiency of BaTiO3-based ceramics in different applications. By 
improving our comprehension of these essential elements, we may create a path for developing 
more effective and dependable ferroelectric materials specifically designed to fulfill the 
requirements of developing technologies. 
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