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A B S T R A C T

Large-scale perovskite applications require a lead-free matrix with tolerable properties. Rare 
earth doping can be an effective way to achieve an enhanced performance. While previous studies 
have primarily focused on low rare-earth doping levels, research into reaching the maximum 
solubility limit of the guest rare earth into the perovskite host is still notably sparse. This work 
investigates the structural, morphological, magnetic, electrical, and dielectric properties of lead- 
free BaTiO3 (BTO) perovskite ceramic modified with high weight fractions (2–20 wt%) of 
amphoteric Yb2O3. X-ray diffraction (XRD) analysis revealed a composite-like microstructure 
where Yb2O3 persists as a separate phase across all concentrations, while the host lattice exhibited 
an oscillatory volume response, highlighting the amphoteric transition of Yb3+ ions between A 
and B sites. Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDX) 
mapping revealed typical quasi-spherical and polyhedral BTO grains alongside irregular Yb2O3 
precipitates. The magnetization versus applied magnetic field (M(H)) analysis showed hysteresis 
loops, reflecting ferromagnetic behavior of the samples, likely governed by the bound magnetic 
polaron (BMP) model. The electrical and dielectric properties of BaTiO3/xYb2O3 ceramics were 
also systematically examined over a temperature range from 20 ◦C to 120 ◦C. AC conductivity 
exhibits characteristic dispersive behavior tracking universal Jonscher power law (UJPL), con
firming a thermally activated hopping conduction explained by the correlated barrier hopping 
(CBH) model. The frequency exponent (0 ≤ s ≤ 1) reduces with rising temperature, indicating 
enhanced charge-carrier mobility. DC conductivity obeys Arrhenius performance, with the acti
vation energy greatly dependent on additive concentration; moderate Yb2O3 contents (2–10 wt%) 
improve charge transport, while higher concentrations stimulate defect-induced carrier trapping. 
A pronounced reduction in dielectric constant (from ~1500 to ~5–20) is observed due to the 
construction of a composite microstructure and dominance of ferroelectric polarization. In the 
meantime, the dielectric loss and dissipation factor are significantly diminished. Impedance 
analysis reveals non-Debye relaxation, dominated by grain-boundary and interfacial effects. 
These findings demonstrate that Yb2O3 modification and composite formation provide an 
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effective strategy for tailoring the electrical performance of BaTiO3 ceramics for advanced 
dielectric applications.

1. Introduction

During the last decades, materials research has been oriented to focus on the design of advanced functional materials using 
compositional, defect, and heterostructure engineering strategies. Regulated doping and/or phase engineering can alter the structural 
features and electronic structure of materials, allowing for significant advances in catalytic, optical, electronic, dielectric, and 
corrosion-resistant capabilities [1–6]. Within this broader context of functional optimization, over the last few years, numerous nations 
have implemented restricted regulations on electronics that contain lead oxide-based materials to safeguard public health and 
minimize ecological damage [7]. Therefore, the replacement of conventional lead-based ceramics with eco-friendly lead-free alter
natives is nowadays an important long-term goal. In this frame, perovskite-based ceramics, with the general formula ABO3, represent a 
large and interesting class of ferroelectric ceramics, characterized by unique properties such as good dielectric properties and excellent 
chemical stability [8]. These important properties make perovskite compounds good alternatives for lead oxide-based ceramics. In 
addition, the drive towards miniaturization and increased applicability in small electrical structures requires special attention to a 
robust design matrix.

Among perovskite compounds, barium titanate (BaTiO3, BTO) stands out as one of the most viable alternatives to lead-containing 
materials. This attention stems from its exceptional dielectric constant, ferroelectric behavior, nonlinear optical coefficients, and 
spontaneous polarization, making it efficient for microelectronics, ferroelectric, and optoelectronics applications [9]. BTO is 
frequently utilized to fabricate a variety of devices such as multilayer ceramic capacitors (MLCC), piezoelectric devices, ultrasonic 
transducers, high-density optical data storage, positive temperature coefficient resistors, etc. [10–13]. The crystalline structure of BTO 
is temperature-dependent, transitioning through various phases, including orthorhombic, tetragonal, hexagonal, and cubic systems. At 
room temperature, the tetragonal crystal system exhibits the highest stability [14]. While it is highly versatile, the intrinsic physical 
characteristics of pristine BaTiO3 still show inferior performance compared to conventional lead-based ceramic materials. To address 
this, several approaches, including chemical doping, forming composites, grain size tuning, surface modification, etc., have been 
adopted to enhance the performance of BTO compound [15–20]. The versatility of BTO stems from its strong perovskite structure, 
which holds a high degree of flexibility. This lattice can accommodate a wide variety of guest cations through A-site or B-site sub
stitution. Many cation dopants have been employed to modulate the electrical traits of the material [21]. In particular, rare-earth oxide 
(REOs) elements were reported to stabilize BTO and provide a boosted dielectric constant and low dielectric loss [22]. It is widely 
reported that small amounts of RE ions, ranging from large ionic radius (such as La3+, Pr3+, Nd3+, etc.) to small ionic radius (e.g., Er3+, 
Yb3+), effectively suppress grain growth through grain-boundary pinning mechanisms [23]. In addition, some of REOs can act as 
aliovalent dopants (due to their different charge from the ions of the host BTO), leading to the formation of defects, achieving colossal 
permittivity with low loss, and providing outstanding high-temperature stability, which are essential for miniaturized electronics [24,
25]. REOs also lead to improving the lifespan and reliability of electric devices, namely MLCCs, by preventing the migration of oxygen 
vacancies, which would otherwise lead to insulation failure [25–27].

Heavy ions such as Yb3+ ions have ionic radii intermediate between Ba2+ (A-site) and Ti4+ (B-site). Eventually, they can act as 
donors when lodged into the A-sites and as acceptors when incorporating in the B-sites [26]. This amphoteric behavior led to tailoring 
the electrical properties of BTO [23,28]. Specifically, the incorporation of a small amount of Yb2O3 has been identified as an effective 
way for grain refinement, due to the lower solubility of the small Yb3+ ion compared to larger RE ions. Yb2O3 also has a tendency to 
segregate more readily at the grain boundaries, providing a strong physical barrier against grain migration [26]. Moreover, the 
amphoteric nature of Yb3+ enables it to lodge either in the A or B sublattices of BTO. This effect effectively disrupts long-range 
ferroelectric order, leading to an increase in the dielectric properties of BTO [29]. Several investigations have been performed on 
BTO modified with REOs. For instance, J. H. Park et al. reported the effects of 1 mol% of MgO and different 1 mol% of REOs, including 
Y2O3, Dy2O3, and Yb2O3, on the structural and electrical characteristics of BTO compound [26]. Their results showed a single 
tetragonal phase obtained for pure BTO, Y2O3–MgO co-modified BTO, and Dy2O3–MgO co-modified BTO samples. Nevertheless, a 
pseudo-cubic structure and secondary phases were detected in MgO-Yb2O3 co-modified BTO samples. The authors ascribed this effect 
to the fact that the solubility limit of Yb3+ ions in the BTO system was achieved. Importantly, among the different samples, MgO-Yb2O3 
co-modified BTO samples demonstrated good performance for MLCCs’ applications. G. Yao et al. showed that Yb3+ ions have a leading 
role in shifting the Curie temperature (Tc) of BTO [30]. Y.H. Song et al. reported the positive effects of 1 mol % of REOs, namely Ho2O3, 
Yb2O3, and Er2O3, on enhancing the temperature stability, reducing dielectric loss, controlling grain growth, and shifting Tc for 
electronic applications such as X8R capacitors [31]. Soo Kyong Jo et al. examined the impact of multi-doping of REOs (RE = La, Yb, Ho, 
Nd, and Sm) on the performance of BTO. The authors concluded that the dielectric performance and microstructural evolution of BTO 
are heavily influenced by unit-cell volume. The latter is linked to the specific lattice sites occupied by RE ions and their respective ionic 
radii [32].

While previous studies have extensively emphasized the low-level dopant concentrations of amphoteric Yb2O3, there is a lack of 
systematic data regarding the structural and functional evolution in the high-loading regime. This work aims to systematically 
investigate the effect of high concentration of Yb2O3 additions (ranging from 2 wt% to 20 wt%), leading to the formation of BaTiO3/ 
Yb2O3 ceramic composites, on the phase evolution, microstructural morphology, magnetic characteristics, electrical, and dielectric 
performance of BTO. By evaluating these high loading levels, this study seeks to identify the solubility threshold and investigate the 
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resulting functional properties once this limit is exceeded, and optimize the correlation between structure evolution and dielectric 
behavior. These findings offer new insights into the engineering of dielectric materials through the deliberate exploitation of solubility 
limits and interphase diffusion, rather than simple lattice substitution, to tailor the dielectric and magnetic response of the resulting 
composites for advanced energy storage and capacitor applications.

2. Experimental procedure

A series of BaTiO3-(x) wt.% Yb2O3 samples (x = 0, 2, 5, 10, and 20 wt%) were prepared by conventional solid-state reaction route. 
Details of the preparation of BaTiO3 (BTO) phase were described elsewhere [33]. In a typical procedure, a proper amount of tetrai
sopropyl orthotitanate (Ti[OCH(CH3)2, TTIP, >98%, from ACROS Organics), as a source of titanium, was dissolved in an ethanolic 
solution under stirring for 30 min at 80 ◦C. At the same time, a proper amount of barium carbonate (BaCO3, ≥99%, from Sigma 
Aldrich) was dissolved in another beaker to form a solution of barium citrate. Once obtained, the resultant solution was added to the 
titanium precursor, and the mixed solution was kept under vigorous stirring and heating. After that, a viscous gel was formed, which 
was then transferred into an oven for drying and finally calcined at high temperature (600 ◦C) to form BTO precursor. During the 
second stage, different amounts of Yb2O3 oxide (purity 99%, purchased from Sigma Aldrich) were added to BTO precursor. The 
powders were weighed according to the desired compositions and mixed in an agate mortar to avoid metallic contamination during the 
grinding process. Then, the mixture powders were combined with 5 wt% polyvinyl alcohol (PVA) solution as binder, followed by 
pressing via a hydraulic press to compact them into circular pellets, and finally subjected to sintering temperature at 500 ◦C for 2 h, 
followed by 1100 ◦C for 6 h to obtain compacted BaTiO3-(x) wt.% Yb2O3 samples. The samples were coded as BTO, BTO-Yb2, 
BTO-Yb5, BTO-Yb10, and BTO-Yb20 for BTO added with x = 0, 2, 5, 10, and 20 wt% of Yb2O3.

The prepared samples were examined via powder X-ray diffraction (Rigaku MiniFlex 600 XRD) technique with Cu-Kα radiation for 
phases’ identification and crystal structural analysis. Match! 4 and FullProf software were used for the identification of phases and 
Rietveld refinement. Scanning electron microscope (SEM, FEI Quanta FEG) along with energy-dispersive spectroscope (EDX) was used 
to examine morphology and elemental compositions. The magnetic measurements were performed using a vibrating sample 
magnetometer (VSM) head coupled to the Quantum Design physical property measurement system (PPMS). The electrical and 
dielectric properties were measured across a frequency range up to 1 MHz and at temperatures between 20 ◦C and 120 ◦C using an 
Alpha-A high-performance dielectric/impedance analyzer (Novocontrol Technologies).

3. Results and discussions

3.1. Structural analysis

PXRD patterns of BTO/x Yb2O3 ceramic samples are given in Fig. 1. The presence of intense and narrow diffraction peaks indicates 
that all synthesized ceramic samples possess a high degree of crystallinity. The XRD Bragg reflections for the pristine BTO were indexed 
to a tetragonal perovskite phase, with the P4mm space group (reference card 96-150-7757). Fig. 1(b) presents the enlarged XRD 
patterns of the prepared ceramics in a 2θ ≈ 40–48◦. For all samples, a well-resolved doublet of (200)/(002) Bragg reflection was 
noticed, signifying that the products stabilize within the tetragonal structure. In BTO/x Yb2O3 ceramic samples, supplementary peaks 

Fig. 1. XRD patterns of BTO, BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 samples. Dot symbols refer to Yb2O3 phase.
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related to cubic Yb2O3 phase (reference card number 96-153-7840) were detected. Across the entire composition range (2–20 wt%), 
the presence of XRD diffraction peaks of Yb2O3 persist and their intensity increases as increasing their concentrations. This observation 
indicates that BTO does not remain a single solid-state solution in BTO/Yb2O3 ceramic samples, but rather confirms the formation of a 
composite-like microstructure. The formation of a separate Yb2O3 phase indicates that the system exceeds the thermodynamic solu
bility limit. Previous studies showed the formation of secondary phases in Yb2O3-modified BTO, like the pyrochlore-type Yb2Ti2O7, due 
to the lower solid solubility of Yb2O3 [34–36].

The cell parameters (a and c), unit cell volume (V), and phase fraction (%) were determined by Rietveld refinement of the 
experimental XRD data using FullProf and Match! 4 Software (Fig. 2). The different structural parameters extracted from XRD analysis, 
alongside the R-factors and goodness of fit (χ2), are listed in Table 1. The χ2 values ranging from 1.90 to 2.81 demonstrate the high 
reliability of the structural models. The phase fraction (%) of different phases are too close to the theoretical ones. The c/a ratio re
mains higher than 1 for all samples (ranging between 1.0068 and 1.0079), which confirms the persistence of the tetragonal symmetry 
despite the addition of Yb2O3. The unit cell volume “V” of the host BTO undergoes a series of contractions and expansions across the 
entire composition range (2–20 wt%) of Yb2O3. This non-linear lattice response indicates that while the majority of Yb2O3 additive 
forms as a separate secondary phase, a specific fraction is successfully incorporating into the BTO lattice and switching sites. This 
suggests a concentration-dependent site-occupancy transition. The initial contraction may be attributed to some Yb3+ ions substituting 
for A-site (Ba2+), where its significantly smaller radius (~1.01 Å vs. 1.61 Å for 12-fold coordination) leads to a shrinkage of the unit 
cell. The subsequent fluctuations indicate the amphoteric behavior of the additive, where some of the Yb3+ ions (~0.86 Å for 6-fold 
coordination) may begin to occupy the B-site (Ti4+≈0.60 Å) to minimize lattice strain as the A-site saturates. Other possible reasons for 
the irregular trend in the unit cell volume likely include the dominance of defect chemistry and vacancy-mediated strain [22]. On the 
basis of charge neutrality requirements and the ionic radii of the constituents, Ti and Yb are highly expected to maintain their stable 
oxidation states of 4+ and 3+, respectively. This is supported by the variations in lattice parameters obtained from Rietveld refine
ment, which align with the substitution of Yb3+ into the Ba2+ and Ti4+ sites.

The crystallite size and lattice strain of BTO/x Yb2O3 ceramic samples were evaluated using both the Scherrer equation [37] and the 
Williamson-Hall (W–H) method [38]: 

Fig. 2. Rietveld refinement of XRD patterns for BTO, BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 samples.
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Table 1 
Refined structural parameters extracted through XRD analysis.

Samples Phase Structure Fraction (%) a, b (Å) c (Å) c/a V (Å3) χ2 Rwp Rexp RB DScherrer (nm) DW-H (nm) Micro-strain ( × 10− 3)

Pure BTO BTO Tetragonal 100 3.9986 (1) 4.0281 (2) 1.0074 64.406 (4) 2.22 15.9 10.66 3.96 25.84 49.43 2.14
BTO-Yb2 BTO Tetragonal 97.12 3.9953 (1) 4.0268 (1) 1.0079 64.277 (2) 1.90 16.3 11.82 4.44 30.51 60.85 1.96

Yb2O3 Cubic 2.88 10.4232 (8) – 1132.42 (14)
BTO-Yb5 BTO Tetragonal 95.46 3.9962 (1) 4.0234 (2) 1.0068 64.254 (3) 1.97 16.3 11.63 3.44 30.57 56.57 1.81

Yb2O3 Cubic 4.54 10.4219 (6) – 1131.99 (12)
BTO-Yb10 BTO Tetragonal 91.56 3.9965 (1) 4.0266 (2) 1.0075 64.313 (3) 2.33 18.3 11.98 8.08 31.28 64.65 2.03

Yb2O3 Cubic 8.44 10.4267 (4) – 1133.56 (7)
BTO-Yb20 BTO Tetragonal 80.29 3.9953 (1) 4.0246 (2) 1.0073 64.242 (3) 2.81 17.6 10.50 7.47 30.29 61.10 1.99

Yb2O3 Cubic 19.71 10.4238 (2) – 1132.61 (4)

*Footnote: Values in parentheses represent the estimated standard deviations in the last significant digit.
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DScherrer =
K λ

β cos θ
(1) 

β cos θ=
K λ

DW− H
+ 4ε sin θ (2) 

in these equations, K, λ, β, θ, and ε represent the shape factor, the X-ray wavelength, the full width at half maximum (FWHM), the Bragg 
angle, and the micro-strain, respectively. DScherrer and DW-H stand for the crystallite size determined by using Scherrer equation and 
W–H method, respectively. W–H plots (β cos θ vs. 4 sin θ) are presented in Fig. 3. From these plots, the slope gives the micro-strain 
value, while the y-intercept allows for the calculation of the strain-corrected crystallite size (DW-H). The estimated values are pro
vided in Table 1. As shown, the average crystallite size calculated via the Scherrer formula (DScherrer) ranges from 25.84 nm to 31.28 
nm. However, it is well-known that the Scherrer method often results in an underestimation of the grain size as it attributes all peak 
broadening to crystallite size effects. By employing the W–H method, which deconvolutes size-induced broadening from micro-strain, 
larger crystallite sizes (DW-H) between 49.43 nm and 64.65 nm were obtained. Interestingly, a simultaneous increase in D and decrease 
in micro-strain were observed upon the addition of Yb2O3 compared to pure BTO sample. This suggests a strain relaxation mechanism 
facilitated by Yb2O3 phase separation. As Yb2O3 appears, it may effectively expel excess dopants and lattice defects from the host 
interior of BTO lattice toward the grain boundaries. This process may lead to a reduction in local strain and promotes grain growth by 
enhancing atomic diffusion at the grain boundaries. This increased mobility allows the host BTO crystallites to overcome pinning 
forces and undergo coalescence. These results are consistent with findings by A. Jain et al., who showed a similar increase in crystallite 
size from 45 nm for pure BSC ceramic to 66 nm for Yb-modified BSC ceramic [36]. Consequently, the consistent increase in crystallite 
size observed in both models indicates that Yb2O3 addition promotes grain growth and aggregation within the BTO matrix.

3.2. Morphological analysis

SEM images of BTO/x Yb2O3 ceramics are illustrated in Fig. 4. These ceramics showed a granular structure consisting of 

Fig. 3. W–H plots of BTO, BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 samples.
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Fig. 4. SEM micrographs of (a) BTO-Yb2, (b) BTO-Yb5, (c) BTO-Yb10, and (d) BTO-Yb20 ceramics.

Fig. 5. Elemental mapping of (a) BTO-Yb2, (b) BTO-Yb5, (c) BTO-Yb10, and (d) BTO-Yb20 samples showing the distribution of O (red), Ba (green), 
Ti (blue), and Yb (yellow) overlaid on the secondary electron micrographs.
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predominantly quasi-spherical and polyhedral grains’ morphology, characteristic of BTO phase. However, a separate phase with a 
different appearance was also observed, consisting of a lumpy, interspersed granular structure within the BTO granules (Inset Fig. 4
(a)). This secondary structure is indicative of the formation of ceramic-ceramic composites, which agrees with XRD results.

The elemental mapping images for each sample, showing the elemental distribution of Ba, Ti, O, and Yb, were displayed in Fig. 5. 
The images showed that the elements Ba (green), Ti (blue), and O (red) were distributed consistently on the entire surface of the 
samples. Whereas the Yb element (yellow) was distributed differently. EDS mapping revealed a somewhat uniform distribution of Yb 
throughout the grains in BTO-Yb2, suggesting its incorporation into the perovskite lattice. However, as the concentration of Yb2O3 
increases, a distinct elemental segregation becomes apparent. Yb was mainly concentrated in the regions with a lumpy granular 
structure. These Yb-rich zones increased with increasing concentrations of Yb2O3 in the BTO matrix, resulting in a high density of 
interfaces between the host and the guest materials. Quantitative analysis on different regions of the samples was performed, and 
typical EDX spectra and elemental composition are shown in Fig. 6. The spectrum registered on region 1 showed intense signals of Ba 
and Ti with trivial signals of Yb. However, Yb peaks were prominent in region 2, while the peaks associated with Ba and Ti were very 
low, confirming its Yb richness.

3.3. Magnetic properties

Fig. 7(a) presents the curves of magnetization versus magnetic field (in the range of ±10 kOe) performed at room temperature for 
pure BTO, BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 samples. Generally, in its pure, bulk form, BTO is inherently diamagnetic. 
Yet, in this study, pure BTO sample shows a slim M-H hysteresis loop, establishing its weak room-temperature ferromagnetic behavior. 
The observed ferromagnetism in BTO sample is primarily intrinsic and native defect-mediated, arising from the existence of oxygen 
vacancies generated throughout sintering and the associated probable trace reduction of Ti4+ ions to Ti3+. Similar observation has 
been reported by A. Kumar et al. in pure BTO [39]. Upon addition of Yb2O3, hysteretic opening near the origin is clearly observed, 
which indicates that the addition of Yb ions has introduced an ordered magnetic state due to their partially filled 4f electron shells, 
which interact with and amplify the existing defect-driven magnetism of the host BTO lattice. Furthermore, the aliovalent substitution 
of these Yb3+ ions (replacing Ba2+ or Ti4+) forces the formation of additional oxygen vacancies to sustain charge neutrality, thereby 
increasing the density of magnetic polarons. Therefore, the magnetic signature in Yb2O3-added samples can be governed by the bound 
magnetic polaron (BMP) model, where the electrons are trapped within the oxygen vacancies by the intermediate of exchange coupling 
between Yb3+ ions [39,40]. The resulting S-shaped curvature is the classic signature of alignment of magnetic domains and ultimate 
saturation, where the steep rise near the origin represents the rapid orientation of magnetic moments. However, a downward tilt of the 
curves at high magnetic fields (the negative slope in the saturated regions) was clearly observed in BTO-Yb2, BTO-Yb5, and BTO-Yb10. 
This may be ascribed to the intrinsic diamagnetism of the BTO host lattice and the sample holder that provides a larger negative 
susceptibility than the positive contribution of the Yb magnetic moments [41]. However, this contribution was rigorously subtracted in 
Fig. 7(b) to isolate the intrinsic magnetic parameters of the material. Notably, a disappearance of the downward diamagnetic tilt was 
noticed for BTO-Yb20 samples. This signifies a compensation effect, where the strong positive paramagnetic susceptibility of the 
separate Yb2O3 phase cancels out the negative susceptibility of the BTO host. This confirms the formation of composites rather than a 
simple solid solution. It is noteworthy that the persistence of the ferromagnetic hysteresis loop at the highest loading ratio of 20 wt%, 
rather than being dominated by paramagnetism, indicates strong interfacial coupling. The oscillatory lattice contraction and expansion 
observed in XRD and the high density of interfaces between BTO and Yb2O3 observed by SEM suggest that the interfaces between the 
host BTO and the added Yb2O3 may act as regions of intense spin-disorder and high vacancy density, stabilizing the ferromagnetic state 
through a “magnetic proximity effect” [42]. Consequently, the system evolves into a composite where the Yb solubility limit effectively 
stabilizes the magnetic order, preventing a transition to a purely paramagnetic state even at high Yb2O3 concentrations. Fig. 7(b) 
presents the M(H) hysteresis loops of all samples after subtracting the response at high magnetic field. This enables the accurate 
determination of important magnetic properties, including saturation magnetization (Ms), coercivity (Hc), and remanence (Mr), which 
are vital for diverse applications. Fig. 8 shows the variations of Ms, Mr, and Hc versus Yb2O3 concentration. It is clearly seen that Yb2O3 
incorporation effectively intensifies the weak ferromagnetism of the host BTO, resulting in a significantly wider (higher coercivity) and 

Fig. 6. Typical EDX spectra and elemental composition performed in two different regions of BTO-Yb2 sample. The inset tables summarize the 
quantitative analysis showing the elemental distribution in weight (wt. %) and atomic (at. %) percentages.
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taller (higher magnetic saturation) hysteresis loop compared to the pure BTO sample. Remarkably, a decrease in Ms, and Mr coupled 
with an increase in Hc was noticed at high concentration, which can be ascribed to the increase density of Yb2O3 precipitates that 
reduce the magnetically active ions and disturb long-range magnetic exchange between Yb ions still inside BTO lattice.

3.4. Electrical properties: AC conductivity

To understand conductivity variations, the total conductivity is expressed as [43]: 

σtotal(ω,T, x)= σdc(T, x) + σac(ω,T, x) (3) 

where, σdc(T,x) denotes the direct current (DC) conductivity (independent of frequency), whereas σac signifies the alternating current 
(AC) conductivity (directly linked to the dielectric characteristics of the compound). σac is associated with some combined parameters 
such as the dielectric constant, dielectric loss, and dissipation factor (tan δ), and is expressed as [44]: 

σac =ωε0εr(ω,T, x)tan δ(ω,T, x) (4) 

where ω( = 2πf) is the angular frequency, ε0 is the permittivity of free space, εr is the relative dielectric constant, and tan δ is the 
dissipation factor.

Graphical characterization in Fig. 9 illustrates some changes in σac of BTO/x Yb2O3 compound within a temperature ranging from 
20 ◦C to 120 ◦C. An enlargement in σac with increasing frequency has been noticed across all compounds. This occurrence can be 
elucidated by the transfer of charge carriers between localized states. Therefore, the externally applied electric field (frequency) acts as 
a driving force that facilitates the release of the trapped charges. For pure BTO, σac reveals a low-frequency distribution followed by a 
power-law increase at higher frequencies [45]. This kind of trend suggests hopping conduction of charge carriers where conductivity is 
affected by thermally activated polaron jumps [46]. As in the examples of BTO-Yb2, BTO-Yb5, BTO-Yb10 and BTO-Yb20, the overall 
conductivity is lower and the frequency dependence becomes less pronounced; this likely indicates a reduction in carrier mobility due 
to potential defect trapping [47]. In pure Yb2O3, σac is significantly lower at low frequencies but rises sharply at high frequencies; this 
suggests a possible transition to a more insulating phase via hopping conduction between localized carriers and defect states [48,49]. 
That is, the temperature-dependent behavior follows Arrhenius-type behavior and further confirms the role of oxygen vacancies and 
defect states in conduction mechanisms [50]. Intrinsic conduction in pure BTO is primarily governed by oxygen vacancies, which act as 

Fig. 7. (a) M(H) curves for the prepared samples. (b) M(H) hysteresis loops for the prepared samples after subtraction of the magnetic response at 
high fields.

Fig. 8. Variations of Ms (red symbol), Hc (green symbol), and Mr (blue symbols) as a function of Yb2O3 concentration. Dashed lines are a guide for 
the eyes.

Y. Slimani et al.                                                                                                                                                                                                        Micro and Nanostructures 216 (2026) 208709 

9 



electron donors at high temperatures [51]. Moderate addition of Yb2O3 (x = 2-10 wt%) may introduce localized defect states that 
require additional activation energy for carrier excitation, leading to reduced conductivity [29]. In moderately added samples, 
enhanced grain boundary conduction is likely responsible for the observed trends, as previously reported for rare-earth-modified ti
tanates [52].

The AC conductivity of the BTO/Yb2O3 samples displays a complex dependence on the concentration of additive. The significant 
increase in conductivity at higher frequencies confirms the occurrence of polaron hopping in the BTO structure. However, in BTO 
added with Yb2O3, the effective capture of charge carriers by Yb ions results in a reduction of charge carriers participating in short- 
range intra-well hopping, leading to a slight decrease in overall conductivity. This decline is mostly ascribed to the effective capture of 
charge carriers by Yb3+ ions and the occurrence of resistive secondary phases at the grain boundaries, which would diminish the 
number of carriers that can participate in the short-range intra-well hopping. Moreover, variations in particle size at higher con
centrations may enhance scattering mechanisms, which further impede charge transport. In conclusion, the observed trends in σAC 
indicate a strong dependence on Yb2O3 concentration, with moderate Yb2O3 addition can be used to optimize charge transport, while 
excessive concentrations of additives lead to significant defect-induced carrier trapping. These findings highlight the tunability of BTO- 
based materials for specific electronic and dielectric applications.

Fig. 9. ac conductivity of pure BTO, BTO-Yb2, BTO-Yb5, BTO-Yb10, BTO-Yb20, and pure Yb2O3 samples. As control, data of x = 0% samples were 
reused with permission from Ref. [45].
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To further understand the conduction mechanism, the frequency dependence of σAC was quantitatively investigated using UJPL, 
which is commonly used to describe charge transport in disordered dielectric materials. The relationship between conductivity and 
frequency can be expressed as follows: 

σac(f)= σdc + Afs (5) 

where σdc denotes the frequency-independent DC conductivity, A represents a temperature-dependent constant, f is the frequency, and 
s stands for the frequency exponent that reflects the dominant charge transport mechanism. As observed in Fig. 10, it is evident that the 
σac(f) spectra of BaTiO3/xYb2O3 ceramics exhibit a characteristic dispersion behavior comprising a low-frequency plateau followed by 
a gradual improvement in conductivity at higher frequencies. Therefore, this behavior is characteristic for many oxide ceramics and 
ultimately demonstrates that charge transport occurs via a hopping process between localized states.

The measured conductivity spectra were fitted using JPL, and the extracted parameters (i.e., σdc, A and s) are outlined in Table 2. 
The frequency exponent s was found to lie in the range of approximately 0–1 for all compositions and temperatures, confirming that the 
AC conduction arises from a hopping mechanism of localized charge carriers. Furthermore, the temperature dependence of s exhibits a 
gradual decline with elevating temperature. Such trend is collectively associated with the correlated barrier hopping (CBH) model, in 
which charge carriers hop among defect states isolated by potential barriers that are lowered with growing thermal energy. Therefore, 
the measured conductivity dispersion in BaTiO3/Yb2O3 ceramics can be assigned to thermally-activated hopping of localized charge 
carriers, most likely associated with defect states and oxygen vacancies within the ceramic matrix. These consequences provide 

Fig. 10. AC conductivity of BaTiO3/xYb2O3 ceramics with x = 0, 2, 5, 10, 20 and 100%.
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measurable support for the proposed polaron-assisted conduction mechanism in the examined ceramics.
It is well known that the conduction mechanism in the characterized BTO/Yb2O3 ceramics can be explained easily by thermally 

activated hopping of localized charge carriers. Thus, σAC spectra are observed to exhibit a typical frequency dispersion feature of 
hopping conduction in disordered oxide ceramics. At lower temperatures and frequencies, charge transport is primarily manipulated 
by localized carriers associated with oxygen vacancies and defect states. As the frequency elevates, the conduction mechanism 
transforms into short-range hopping of charge carriers between localized states. The low EA’s (10–130 meV) extracted from Arrhenius 
plot analysis indicate that conduction is primarily dominated by small polaron hopping and defect-mediated electron transport 
associated with oxygen vacancies and Ti3+ ion centers formed during sintering. Additionally, the occurrence of Yb2O3 secondary 
phases further contributes to grain-boundary controlled conduction by forming high-resistance grain boundaries.

3.5. Electrical properties: DC electrical conductivity and activation energy

DC electrical conductivity (σdc) and activation energy (Ea) of pure BTO, pure Yb2O3, BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 
samples are presented in Fig. 11. The addition of Yb2O3 in varying concentrations effectively tunes both σdc and Ea. The relationship 
between σdc and temperature follows the Arrhenius equation: 

σdc(T, x)= σ0(x)exp
(

−
Ea(T, x)

kBT

)

(6) 

where σdc(T, x) denotes the DC conductivity at a given temperature T and dopant concentration x, σ0(x) stands for the pre-exponential 
factor dependent on doping concentration, Ea(T, x) signifies the activation energy, which alters with both temperature and dopant 
concentration, and kB being the Boltzmann constant.

Arrhenius plot of σdc versus the reciprocal temperature (1000/T) is depicted in Fig. 11 (left) for BTO, pure Yb2O3, BTO-Yb2, BTO- 
Yb5, BTO-Yb10, and BTO-Yb20 samples, illustrating that σdc increases with temperature, which determines the thermally activated 
transport of charge carriers. The slope of each curve in the Arrhenius plot directly is related to the Ea for charge transport. Typically, 
abrupt slopes suggest higher energy barriers for charge carriers, as reported in earlier findings on modified BTO [65]. The incorpo
ration of Yb2O3 conducts to substantial changes in σdc, mainly because of variations in charge carrier density and mobility. The 
relationship between activation energy (Ea) and Yb2O3 levels provides further comprehension into charge transport mechanisms, as 
shown in Fig. 11 (right): firstly, pure BaTiO3 (x = 0%) exhibits the lowest Ea (~10 meV), suggesting intrinsic conduction dominated by 
oxygen vacancies [66]. Secondly, for moderate x levels (BTO-Yb2 and BTO-Yb5 samples), Ea initially increases, indicating the for
mation of shallow defect states that require supplementary energy for carrier excitation [67]. Thirdly, beyond x = 5 wt%, a reduction 
in Ea suggests improved charge transport owing to enhanced grain boundary conduction, akin to findings in other RE-modified ti
tanates [68]. Lastly, a sharp hopping process in Ea from ~30 meV to ~130 meV for pure Yb2O3 (x = 100%) indicates a transition to an 
insulating phase, ascribed to charge carrier localization and reworked band structure [69]. Higher x contents give rise to meaningfully 

Table 2 
JPL fitting parameters for BaTiO3/xYb2O3 ceramics.

Sample T (◦C) σdc (S/cm) A (S⋅sᵗ) s

Pure BTO 20 2.1 × 10− 12 4.5 × 10− 15 0.82
60 7.6 × 10− 12 1.3 × 10− 14 0.78

100 2.9 × 10− 11 3.8 × 10− 14 0.73
BTO-Yb2 20 1.6 × 10− 12 3.1 × 10− 15 0.84

60 6.2 × 10− 12 9.7 × 10− 15 0.80
BTO-Yb5 20 9.4 × 10− 13 2.2 × 10− 15 0.86
BTO-Yb10 20 5.1 × 10− 13 1.4 × 10− 15 0.88
BTO-Yb20 20 2.7 × 10− 13 8.5 × 10− 16 0.89

Fig. 11. dc conductivity (Left) and activation energy (Right) of pure BTO, pure Yb2O3, BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 samples.
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lower conductivity, which can be attributed to defect formation and charge carrier trapping at grain boundaries [26]. Moderate Yb2O3 
content (x = 2–10 wt%) enhances σdc by optimizing charge carrier density and mobility, making BTO a viable candidate for electronic 
applications like capacitors and resistors. By understanding the interaction between substituent/dopant concentration, conductivity, 
and Ea, this study highlights the potential of Yb2O3-modified BTO for customized material design in advanced technological 
applications.

3.6. Complex permittivity: dielectric constant

The dielectric characteristics of BTO/xYb2O3 are governed by various polarization mechanisms, including dipolar, electronic, 
atomic, and space charge polarization. In the presence of a time-varying electric field, the dielectric constant assumes a complex 
nature, mathematically expressed as [70]: 

ε*(ω,T, x)= εr(ω,T, x) + jεi(ω,T, x) (7) 

where εr(ω,T, x) and εi(ω,T, x) represent the real and imaginary components, respectively. These components describe the stored and 
dissipated energy within the material, both of which depend on frequency, temperature, and dopant concentration. The real part, εr, 
can be determined using the relation [43,71]: 

εr(ω,T.x)=
Cp(ω,T, x)t

εoA
(8) 

where the parameters retain their conventional meanings. The imaginary part εi, is calculated as: 

Fig. 12. Dielectric constant of BTO/xYb2O3 samples. As control, data of x = 0% samples were reused with permission from Ref. [45].
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εi(ω, t, x)= εr(ω,T, x)tan δ(ω,T, x) (9) 

The frequency-dependent dielectric constant (εr) and loss (εi) across a temperature range of 20 ◦C to 120 ◦C for different BTO/xYb2O3 
samples are graphically illustrated in Figs. 12 and 13, respectively. For pure BTO, the dielectric constant displays a clear dependence 
on both temperature and frequency. At low frequencies, it exceeds 1500, whereas at high frequencies, it sharply declines to 
approximately 350 [45]. In contrast, BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 samples exhibit considerably lower dielectric 
constant values, ranging between 5 and 20. This substantial decline of εr in the modified BTO/Yb2O3 samples compared to pure BTO 
could be ascribed to the transformation from a single-phase ferroelectric system to a composite-like microstructure system. As the 
concentration of Yb2O3 (2–20 wt%) looks like exceeding the solubility limit, the high-permittivity BTO matrix is progressively diluted 
by the separate and low-permittivity cubic Yb2O3 phase (which exhibits εr ~ 5). Moreover, the amphoteric nature of Yb3+ ions pushes 
their distribution among A and B sublattices, which very likely interrupts the long-range dipolar coupling required for the high εr of the 
tetragonal BTO lattice. This interruption, along with the creation of resistive Yb-rich secondary phases at the grain boundaries, locks 
the polarization mechanisms and moves the dielectric response to the low values trait of the insulating Yb2O3 additive.

Overall, εr of different samples declines with the increase in frequency. At low frequency regions, the higher values could be 
ascribed to space charges’ polarization derived from the accumulation of charges at grain boundaries and interfaces between the 
sample and electrodes. However, as frequency increases, space charge polarization becomes less significant, allowing electronic and 
atomic polarization mechanisms to dominate. At higher frequencies, the dielectric constant stabilizes because dipoles can no longer 
follow the field, leading to a stable high-frequency dielectric constant [43,71]. For different added BaTiO3 samples (i.e., BTO-Yb2, 
BTO-Yb5, BTO-Yb10, and BTO-Yb20) at low frequencies, a slight increase in εr with increasing Yb2O3 additive is observed 
compared to the base modified values. This behavior can be attributed to the role of Yb ions in interfacial charge transfer. This 

Fig. 13. Dielectric loss of BTO/xYb2O3 samples. As control, data of x = 0% samples were reused with permission from Ref. [45].
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dielectric dispersion (which diminishes with rising frequency and turns out to be practically constant at high frequency regions) and 
the temperature-dependent dielectric properties can be further analyzed using the Maxwell-Wagner bilayer model. This model em
phasizes the influence of dipolar and interfacial polarization mechanisms [26,72,73]. Although BTO/xYb2O3 samples follow nearly 
similar frequency and temperature trends, pure Yb2O3 (x = 100%) demonstrates a nearly frequency-independent εr, maintaining a 
stable value of ~5. However, at 40 and 50 ◦C, a sudden drop from 5 to 1 is observed, resembling the behavior of pure BaTiO3.

It is clear that RE element substitution/doping or RE2O3 addition is widely used to modify the dielectric properties of BaTiO3 
ceramics (Table 3). Reported εr’s for RE-modified BaTiO3 systems typically range from ~600 to ~13,000, depending on substituent/ 
additive type, concentration, grain size, and defect chemistry. In many cases, RE ions act as donor substituents when substituting at the 
Ba2+ site, refining polarization and dielectric constant. However, smaller RE ions such as Yb3+ tend to occupy the Ti4+ site or isolate at 
grain boundaries, modifying meaningly charge compensation and polarization mechanisms. In contrast to these dielectric mecha
nisms, the current BaTiO3/Yb2O3 ceramics expose much lower dielectric constants (~5–20). This lessening is ascribed to the formation 
of a composite-like microstructure, in which the low-constant Yb2O3 secondary phase dilutes the high-constant BaTiO3 matrix and 
withholds long-range ferroelectric polarization. The extraordinary decrease in dielectric constant from ~1500 in pure BaTiO3 to 
~5–20 in the Yb2O3-modified BTO samples can be predominantly attributed to the composite nature of the system rather than intrinsic 
lattice substitution effects. XRD and SEM analyses clearly show that Yb2O3 forms as a separate secondary phase due to the limited 
solubility of Yb3+ ions in the BaTiO3 lattice. Subsequently, the dielectric response is dominated by extrinsic composite effects resulting 
from the dilution of the high-permittivity BaTiO3 matrix by the low-permittivity Yb2O3 phase. Therefore, the dielectric behavior of the 
present system results from two combined effects which is initially limited intrinsic substitution of Yb3+ in the BTO lattice and secondly 
being dominant extrinsic composite effects caused by phase segregation.

3.7. Complex permittivity: dielectric loss

The dielectric loss of BTO/xYb2O3 (x = 0, 2, 5, 10, 20, and 100%) exhibits distinct variations across different temperatures and 
frequencies, as illustrated in Fig. 13. For pure BTO sample, the dielectric loss presents three prominent peaks centered at 973 Hz, 7.35 
kHz, and 144.5 kHz, each reaching values around 600. However, for BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 samples, the 
dielectric loss is significantly reduced, remaining below 0.4. In general, in all compositions, the dielectric loss decreases with 
increasing frequency up to a certain point, after which it begins to rise again. The observed dielectric loss behavior follows an 
exponential relationship with the applied frequency, similar to the dielectric constant. This exponential dependence manifests itself in 
two different frequency regimes: low and high frequencies. While BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 exhibit similar 
frequency and temperature dependence trends, pure Yb2O3 (x = 100%) was observed to behave differently. Specifically, the dielectric 
loss remains almost frequency-independent and stays at a constant value of less than 0.2, except for the appearance of two peaks at 
19.5 kHz and 32.3 kHz at 40 ◦C and 50 ◦C, respectively; this is noteworthy as it is similar to the behavior observed in pure BTO. 
Furthermore, the temperature dependence is most pronounced in the BTO-Yb10 sample, thus demonstrating the highest sensitivity to 
thermal changes. It is important to emphasize that the loss spectra of both pure and BTO/xYb2O3 samples reveal peaks at certain 
characteristic frequencies, indicating the presence of relaxing dipoles with varying relaxation strength and frequency depending on 
relaxation mechanisms.

Dielectric loss arises from energy dissipation due to various mechanisms including resonance and molecular rotations originating 
from domain walls, ionic conduction, and electronic polarization. In these compositions, polarization affects rotational motion and 
inhibits domain wall motion at higher frequencies, consequently leading to a reduction in dielectric loss. In particular, dielectric loss 
becomes significantly important when defects cause polarization to lag behind the applied field [31,74]. It is evident that a slight 
increase in dielectric loss is observed among the modified samples as the Yb2O3 concentration in the composition increases; this in
crease may indicate changes in the energy dissipation mechanisms and charge carrier dynamics within the material [30,72,73].

3.8. Complex permittivity: dissipation factors

The dissipation factor (tangent loss, tanδ) of BTO/xYb2O3 (x = 0, 2, 5, 10, 20, and 100%) exhibits distinctive variations across 
various temperatures and frequencies, as illustrated in Fig. 14. For pure BTO, tanδ exhibits three prominent peaks centered at 2.9 kHz, 
14.6 kHz, and 335.0 kHz, each reaching values around 0.7. However, in the BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 samples, 
tanδ decreases significantly and remains below 0.02. In general, in all compositions, tanδ decreases with increasing frequency up to a 
certain threshold, beyond which it begins to rise again. At low frequencies, all ceramics, therefore, disclose a significant temperature 
and frequency dependence, with peak values occurring at higher temperatures in the low-frequency region. In particular, temperature 
dependency is most pronounced in the BTO-Yb10 sample only, which indicates the highest sensitivity to thermal changes. While BTO- 
Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 samples exhibit similar trends in frequency and temperature dependence, the pure Yb2O3 
sample behaves differently, particularly showing that the loss factor remains almost independent of frequency, and it is possible for it 
to stay at a constant value lower than 0.01, except for two peaks of approximately 0.75 at 53.5 kHz and 101.4 kHz at 40 ◦C and 50 ◦C. 
The studied tanδ trends may be due to the Shockley-Read process, where the electron capture process increases with temperature, thus 
strengthening its tanδ value. In addition, the increase in dielectric loss at high temperatures is mainly attributed to the polarization of 
space charges [75]. This occurs on the surface of the material when defect or impurity ions capture free charge carriers and lead to 
increased energy dissipation. In particular, precise manipulation of the dissipation factor is critical to optimizing these materials when 
a balance is to be achieved between dielectric losses and energy storage efficiency. Consequently, the dissipation factor of BTO/xYb2O3 
provides valuable information about dielectric loss and serves as a key parameter to improve the performance in various technological 
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Table 3 
Dielectric constant of some RE-modified BaTiO3 reported in the literature for comparison.

RE ion Composition Frequency Dielectric constant (εr) Main observation Ref.

La3þ Ba1-XLaXTiO3 1 kHz 250–450 Donor doping enhances dielectric response and shifts Curie temperature [53]
Nd3þ Nd-doped BaTiO3 1 kHz 1500–3000 Defect dipoles enhance dielectric polarization [54,55]
Sm3þ Sm-doped BaTiO3 1 kHz 1000–13000 High permittivity due to domain wall mobility and donor substitution. [56]
Dy3þ Dy-doped BaTiO3 1 kHz 1000-5600 Diffuse phase transition & improved dielectric features [57]
Ho3þ Ho-doped BaTiO3 1 kHz 300–2000 Enhanced dielectric stability for MLCC applications [58]
Er3þ Er-doped BaTiO3 1 kHz 2500 – 4500 Grain boundary stabilizing reduces loss. [59]
Y3þ BaTiO3–Y2O3 1 kHz 800–1600 Amphoteric substitution affects dielectric response [9,60]
Gd3þ Gd-doped BaTiO3 1 kHz 1000–2500 Improved dielectric stability and grain boundary influences [61]
Ce3þ Ce-doped BaTiO3 1 kHz 900–1700 Donor substitution enhances permittivity and decreases loss [62,63]
Yb3þ (low) BaTiO3–Yb2O3 1 kHz 600–1400 Limited liquid solubility and defect-controlled polarization [49,64]
This work Yb2O3-modified BaTiO3 (2–20 wt%) up to 1 MHz 5–20 Composite microstructure with Yb2O3 secondary phase reduces dielectric constant Present study
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applications.

3.9. Cole-Cole complex impedance analysis

Cole-Cole analysis of complex impedance provides better understandings into charge transport mechanisms, relaxation processes, 
and interfacial polarization effects within the material. The complex impedance (Z*) is expressed as [70]: 

Z* =Rct + (jωCdl)
− 1 (10) 

where Rct stands for the charge transfer resistance and Cdl represents the double-layer capacitance. The Nyquist plots presented in 
Fig. 15 illustrate the imaginary impedance (− ImZs) versus real impedance (ReZs) through various temperatures for the samples of 
BTO/xYb2O3 (x = 0, 2, 5, 10, 20, and 100%).

In the pure BTO sample, an increase in temperature typically leads to an increase in − ImZs, exhibiting enhanced polarization and 
capacitive behavior. Simultaneously, ReZs decreases with increasing temperature, indicating an improvement in conductivity. While 
conventional Nyquist diagrams are typically semi-circular, the present graph shows a known sloping/curved linear trend. As is known, 
this slope reflects the dominant capacitive effects and high resistance. At low frequencies, the ReZs values remain relatively high, 
reflecting the insulating nature of the material. Conversely, in the high-frequency regions, ReZs decreases, implying the activation of a 
conduction mechanism. A detailed inset within the graph reveals a change in slope along with the presence of a small loop in the low- 
frequency regions. This behavior is an expected outcome suggesting the involvement of multiple charge-transport mechanisms, such as 
grain boundary and surface effects.

Fig. 14. Dissipation factor of BTO/xYb2O3 ceramics. As control, data of x = 0% samples were reused with permission from Ref. [45].
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The BTO-Yb2, BTO-Yb5, BTO-Yb10, and BTO-Yb20 samples exhibit a similar trend. Instead of the traditional semicircular arcs, 
these data show an almost linear increase, indicating high resistivity and capacitive behavior. As the temperature elevates from 20 ◦C 
to 120 ◦C, the peak of the curves shifts upwards, showing stronger capacitive interactions. The noticed dispersion, with ReZs remaining 
high at low frequencies (right region) and decreasing at high frequencies (left region), highlights the dominance of capacitive 
contribution and suggests that the incorporation of Yb2O3 alters the conduction mechanism. Similarly, for the pure Yb2O3 sample, the 
increase in temperature causes an increase in − ImZs, indicating more pronounced capacitive contribution at higher temperatures. 
Simultaneously, ReZs displays a significant decrease with increasing temperature, suggesting increased conductivity. As with other 
modified compositions, the absence of a semicircular arc favoring a sloping line between − ImZs and ReZs confirms its dominant 
capacitive behaviours and internal resistivity. The supplementary region at lower frequencies again reveals a small slope change with 
the formation of a loop. This confirms that grain boundary or surface effects influence the conduction mechanisms in all samples 
studied here. In summary, the impedance behavior of different BTO/xYb2O3 modified systems exhibits a complex interaction between 
resistive and capacitive components, which is largely dependent on frequency, temperature, and stabilizer concentration.

3.10. Cole-Cole fitting analysis and relaxation dynamics

The electrical relaxation analysis of BaTiO3/xYb2O3 ceramics was further investigated over Cole–Cole plots derived from the 
complex impedance spectra. The Cole–Cole characteristics (ImZ vs ReZ) delivers a powerful method for splitting the electrical con
tributions arising from grains, grain boundaries, and electrode/interface consequences. Fig. 16 depicts the Cole–Cole fitting outcomes 
for both temperature variation (20–120 ◦C) at x = 10 wt% Yb2O3 and x = 0–100 wt%) at 40 ◦C. Additionally, temperature-dependent 

Fig. 15. Nyquist plotting of BTO/xYb2O3 ceramics. As control, data of x = 0% samples were reused with permission from Ref. [45].
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EEC parameters of BaTiO3/xYb2O3 ceramics is reviewed in Table 4 for some temperature ranging from 20 to 120 ◦C at compositional 
wt.% of x = 10%. The additive-dependent EEC parameters of BaTiO3/xYb2O3 ceramics is summarized in Table 5 for compositional 
variation of x = 0, 2, 5, 10, 20 and 100 wt%) at T = 40 ◦C. It is noteworthy that the impedance spectra exhibit depressed semicircular 
arcs rather than precise semicircles, indicating a deviation from ideal Debye relaxation and advocating a distribution of relaxation 
times within the microstructure. Furthermore, this non-ideal manner is characteristically correlated with heterogeneous conduction 
pathways and microstructural nonuniformities in ceramics. The Cole–Cole plot fitting was achieved using an EEC model consisting of 
three parallel RC elements connected in series, representing the grain (RG–CG), grain boundary (RGB–CGB), and electrode/interface 
polarization (RIP–CIP) contributions, together with a series resistance (RS).

It is also worth noting that the temperature-dependent EEC parameters reveal a strong thermal activation of charge transport. In 
particular, RGB exhibits significant variation across the concerned temperature range, reaching very high values at intermediate 
temperatures, indicating that grain boundaries dominate the electrical response under certain conditions. In contrast, RG remains 
relatively smaller, inferring that charge transport inside the grains is comparatively easier than across grain boundaries. The capac
itance associated with CGB, typically in the pF range, further reinforces the assignment of this contribution to interfacial regions 
splitting adjacent grains. Moreover, the EEC component (RIP–CIP) resulted from the electrode/interface polarization develops pre
dominantly at low frequencies and exhibits extremely high resistance values, reaching the TΩ range. This conduct reflects the charge 
accumulations at the electrode–ceramic interface, so becoming particularly pronounced at upraised temperatures due to improved 
carrier mobility. It is interesting to note that such interfacial polarization is commonly detected in high-resistivity ferroelectric ce
ramics and contributes substantially to the low-frequency impedance response. It should be noted that the x content-dependence of the 
Nyquist fitting parameters at 40 ◦C also offers important intuition into the role of Yb2O3 integration. With rising Yb2O3 content, notable 
changes ensue in both RG and RGB, indicating that the Yb2O3 incorporation modifies the charge transport paths and defect chemistry 
within the BaTiO3 lattice. Additionally, moderate Yb2O3 content seems to reduce the grain boundary resistance, implying enhanced 
electrical conductivity between grains, whereas excessive Yb2O3 content guides to an increase in interfacial impedance involvements. 
Thus, these consequences imply that Yb3+ ion incorporation impacts both the defect structure and grain boundary characteristics, 
thereby impressing the overall electrical relaxation activities of the ceramic system.

The characteristic relaxation time correlated with each EEC component was computed using time constant: τ = RC where τ signifies 
the relaxation time, R and C is the resistance, capacitance of each corresponding microstructural region, respectively. The calculated 
relaxation times expose a strong hierarchy of polarization processes in BaTiO3/xYb2O3 ceramics. 

Fig. 16. Cole-Cole fitting analysis of complex impedance of BaTiO3/xYb2O3 ceramics for temperature variation at x = 10% (Left) and compositional 
wt.% variations at T = 40 ◦C (Right).

Table 4 
Temperature-dependent equivalent circuit parameters of BaTiO3/xYb2O3 ceramics for some temperature ranging from 20 to 120 ◦C at compositional 
wt.% of x = 10.

Temp. (◦C) 20 40 60 80 100 120

RG (Ω) 39 m 952 m 46μ 16 m 19 m 220 m
CG (F) 118 m 704μ Too big 518μ Too big 4.5 m
RGB (Ω) 4.8 m 3.8k 2.9 M 829T 5.2 m 302G
CGB (F) 11p 11p 17p 12p 11p 15p
RIP (Ω) 1.24T 1T 0.34T 0.56T 0.53T 0.23T
CIP (F) 3μ 16n 34p 195p 92n 41p
RS (Ω) 193 M 201k Too big 303T Too big 149T

*Footnote: p = pico; n = nano; μ = micro; m = milli; k = kilo; M = mega; G = giga; T = tera. RG–CG, RGB–CGB and RIP–CIP are the ECC parameters 
representing grain, grain boundary, and electrode/interface polarization involvements, respectively.
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• Grain relaxation (10¡3–102 s): The grain relaxation occurs on relatively short timescales compared to interfacial processes and 
reflects charge transport within semiconducting grains. The moderate temperature dependence suggests thermally activated 
hopping of localized carriers (possibly involving Ti3+/Ti4+ or some states relevant to oxygen vacancy).

• Grain-boundary relaxation (10¡14–104 s): The grain-boundary relaxation times cover a very widespread range, suggesting that 
grain boundaries behave as electrically-heterogeneous barrier layers. Hence, such bulky variations are characteristic of BaTiO3- 
based ceramics demonstrating internal barrier layer capacitor performance, in which insulating grain boundaries isolate more 
conductive grains.

• Electrode/interface relaxation (10–1012 s): The enormously long relaxation times associated with the electrode/interface 
component suggest slow space charge polarization processes. These arise from carrier deposition at the electrode-ceramic interface 
and dominate the low-frequency impedance response.

Conclusively, the Nyquist impedance analysis reveals that the electrical characteristics of BaTiO3–Yb2O3 ceramics is dominated by 
a multi-scale relaxation process encompassing grain conduction, grain boundary barriers, and electrode/interface polarization. It is 
evident that the influential role of grain boundaries in the complex impedance spectra emphasizes the strong impact of microstructural 
heterogeneity on charge transport. Moreover, the modification of impedance parameters with Yb2O3 incorporation confirms that RE 
substitution/addition provides an effective strategy for adapting the defect chemistry and electrical relaxation performance of BaTiO3- 
based ceramics. It can be concluded that these outcomes determine a clear correlation between substituent or additive-induced 
microstructural modifications and the subsequent electrical conduction mechanisms, which is critical for optimizing the perfor
mance of BaTiO3 ceramics in dielectric and electronic applications.

4. Conclusion

In this work, the structural, morphological, magnetic, electrical, and dielectric evolution of BTO ceramics with high-content Yb2O3 
additions (2–20 wt%) have been investigated. XRD analysis indicated that while some Yb3+ ions entered the BTO lattice, causing an 
amphoteric A-site/B-site switching mechanism, the solubility limit was quickly reached, leading to the formation of a separate Yb2O3 
phase. Microstructural analysis via SEM and EDX provided visual and chemical confirmation of these structural findings. Functionally, 
these structural and morphological changes led to a modification of the magnetic, electrical, and dielectric properties. The magnetic 
results showed a transition from weak ferromagnetic behavior in pure BTO to a robust ferromagnetic state upon Yb2O3 addition, which 
is mostly due to the bound magnetic polaron (BMP) model, where the electrons are trapped within the oxygen vacancies by the in
termediate of exchange coupling between Yb3+ ions. BaTiO3/xYb2O3 ceramics exhibit strongly substitution-dependent electrical and 
dielectric performance dominated by defect-mediated charge transport. σAC follows JPL, confirming a thermally activated hopping 
mechanism consistent with the CBH model. Both σDC and EA analyses reveal that moderate Yb2O3 contents (2–10 wt%) enhance charge 
carrier transport, however higher contents lead to carrier localization and reduced conductivity due to defect blocking and grain 
boundary influences. The dielectric constant declines significantly with Yb2O3 addition, reflecting the evolution toward a composite- 
like microstructure and repression of long-range ferroelectric polarization. It should also be noted that both dielectric loss and 
dissipation factor are significantly reduced. Thus, impedance analysis indicates non-Debye relaxation governed by grain boundary and 
interfacial polarization. It can be concluded that any regulated Yb2O3 addition offers an effective route to modify BaTiO3-based ce
ramics effectively for low-loss dielectric and electronic applications.
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Table 5 
Composition-dependent equivalent circuit parameters of BaTiO3/xYb2O3 ceramics for compositional variation of x = 0, 2, 5, 10, 20, and 100 wt%) at 
T = 40 ◦C.

x wt. (%) 0 2 5 10 20 100

RG (Ω) 47k 1.8 121.4 952 m 10.8 369k
CG (F) 104n 166n 361n 704μ 1.7n 3.7 m
RGB (Ω) 12.7 M 209 39.2 3.8k 4.8 26k
CGB (F) 13p 11p 16p 11p 10p 6p
RIP (Ω) 697G 1.4T 1.0T 1.0T 11T 6.6T
CIP (F) 10 m 1μ 3μ 16n 194μ 3.4n
RS (Ω) 331T 36T 1.1G 201k 28G 226G

*Footnote: p = pico; n = nano; μ = micro; m = milli; k = kilo; M = mega; G = giga; T = tera. RG–CG, RGB–CGB and RIP–CIP are the ECC parameters 
representing grain, grain boundary, and electrode/interface polarization involvements, respectively.
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