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In this research, crystal information, magnetic, and electrical properties of REFe0.7Cr0.3O3 

nanoparticles were investigated via X-ray diffraction data, field-emission scanning electron 

microscopy images, magnetic hysteresis loops and dielectric measurements, respectively. All samples 

were synthesized by the sol-gel method. Results related to powder X-ray diffraction indicate that all 

samples are single-phase and crystallize in orthorhombic symmetry with Pbnm space group. By 

varying the rare earth (RE) ions from La to Gd, the unit cell volume decreases due to the reduction in 

the RE ionic radius. All samples display a weak ferromagnetic behavior with low remanent 

magnetization and coercivity field. The Néel transition temperature of the studied samples was 

determined by the temperature dependence of their magnetization. Results reveal that the Néel 

temperature values decrease from 583 K to 498 K with decreasing ionic radius of the RE ions. The 

frequency dependence of the dielectric constant in all samples follows the Maxwell-Wagner 

polarization model. The high dielectric constant at low frequencies emphasized the polarization 

mechanism associated with space charges. The LaFe0.7Cr0.3O3  sample exhibits a colossal dielectric 

constant in the low-frequency range at room temperature, which can be played play a significant role 

in miniaturizing electronic components and fabricating high-capacitance dielectric capacitors. The 

frequency dependence of ac conductivity indicates a small polaron hopping mechanism. To clarify the 

transport mechanism for of the REFe0.7Cr0.3O3 samples, the variations of direct electrical conductivity 

versus temperature were studied, which revealed a semiconducting nature. 
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1. Introduction 
In the past decade, rare-earth orthoferrites with the 

chemical formula REFeO₃ (RE = lanthanide, Sc and Y), which 
show the coexistence of magnetic and ferroelectric orders 
above room temperature, have been widely investigated 
due to the interesting physics and promising practical 
applications [1]. In particular, these compounds have a 
variety of applications in various areas such as gas sensors 
[2], catalysts [3, 4], high-speed switches [5], energy storage 
devices, etc [6]. The REFeO3 members crystallize in a 
distorted orthorhombic structure with Pbnm space group 
and possess very high antiferromagnetic Néel transition 
temperatures in the range of 620 to 740 K [7, 8]. The 

antiferromagnetic behavior of these compounds in the total 
magnetic ordering phase depends on the existence of three 
RE3+-O-RE3+, RE3+-O-Fe3+, and Fe3+-O-Fe3+ interactions [8]. 
However, the presence of asymmetric Dzyaloshinskii-
Moriya (DM) interaction leads to weak ferromagnetic 
(WFM) behavior in the REFeO3 system [9].  

On the other hand, several studies have reported weak 
ferroelectric ordering and low dielectric constant for the 
nanoparticles of these compounds, which are some of the 
drawbacks of REFeO3 for practical applications [10]. Hence, 
to overcome their limitations and to improve 
multifunctional features of REFeO3 compounds, researchers 
have replaced RE and Fe-sites with various ions as a creative 
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solution [11, 12]. For instance, substitution of rare earth or 
alkaline earth ions in RE-site modifies slightly the strength 
of super exchange and the DM interactions via induced 
distortion and tilting, consequently affecting the magnetic 
properties of REFeO3 [13-19]. However, when the Fe-site is 
replaced with another transition metal ion (TM) for Fe, it 
changes the Fe-O-Fe interaction into RE-O-Fe/TM and Fe-O-
TM interactions so that this procedure can provide an 
additional degree of freedom for the development of 
multifunctional materials that are attractive from both 
scientific and practical points of view [20-26]. For instance, 
according to the Goodenough-Kanamori (G-K) rules, 
replacing the Cr3+ ion (t3e0) with the Fe3+ ion (t2e3) can 
significantly modify the magnetic properties of REFeO3 
compounds owing to the variation of super exchange and 
DM interactions [27]. As a result of this process, the 
variation of electronic configuration in the Fe-site can also 
modify other physical properties such as electrical and 
optical features [24]. Hence, replacement of Fe3+cations in 
REFeO3 compounds with Cr3+ ions has widely provided a lot 
of interest in recent years [28-31]. As can be seen from the 
literature, less attention has been paid on physical studying 
of REFe1-xCrxO3 compounds for a Cr constant concentration 
by varying the RE ions. Hence, in the present study, to fill 
this research gap we synthesized and characterized 
REFe0.7Cr0.3O3 (RE= La, Pr, Nd, Sm, and Gd) nanoparticles 
(NPs). In our previous study, we investigated the physical 
properties of REFeO3 NPs that were prepared by similar 
technique [10]. Therefore, this current work is not only a 
report on the physical properties of REFe0.7Cr0.3O3 NPs but 
also compares some results of previous work with the 
present study. These findings can provide a deep insight 
into the effects of substitution of Cr ions in light members of 
rare-earth orthoferrites and propose a new way for 
optimizing the multifunctional properties of these materials 
for advanced applications.  

2. Experimental method 

In this study, REFe0.7Cr0.3O3 powders were synthesized 
via the sol-gel method. The sol-gel method was chosen 
because it is cost-effective, simple, allows control over 
nanoparticle size and homogeneity, and enables the 
production of high-purity materials under relatively mild 
conditions [32, 33]. The precursors, RE(NO3)3.xH2O, 99.9%, 
Sigma-Aldrich, Cr(NO3)3.3H2O, 99%, Sigma-Aldrich, and 
Fe(NO3)3.9H2O, 99.95%, Merck, in stoichiometric amounts 
were separately dissolved in deionized water at room 
temperature (RT), using a magnetic stirrer. Subsequently, 
an appropriate amount of citric acid (C6H8O7, ≥99.5%, 
Merck) as a chelating agent was added to the precursor 
solution. Next, the solution was stirred for 2 h, and then the 
pH of the solution was adjusted to 7 with the help of 
ammonia solution. The resulting solution was heated at 80 
°C for several hours until a brown gel was formed. After 
that, the resulting gel was pre-heated in air at 400 °C for 4 
h, and finally the prepared powders were calcined in air at 
900 °C for 2 h.   
     The crystal structure of REFe0.7Cr0.3O3 powders was 
examined using an X-ray diffraction instrument (Bruker 
D8, Germany) with Cu-Kα radiation (λ=1.542 Å) in the 2θ 
range of 15-75° with a step size of 0.04°/s at RT. The 
morphology of all samples was investigated using field-

emission scanning electron microscopy (FESEM). To 
confirm the presence of the rare earth elements (La, Pr, Nd, 
Sm, Gd), Fe, Cr, and O in the synthesized powders, energy 
dispersive X-ray spectroscopy (EDX) was employed. The 
magnetic hysteresis loops of all samples were measured by 
a vibrating sample magnetometer (VSM) (LakeShore 
Model: 7407) under the applied magnetic fields up to ±20 
kOe at RT. The electrical properties of the disk-shaped 
samples with a diameter of 10 mm and a thickness of 1.0 
mm were investigated using an LCR meter (GW Instek 
8110G) in two protocols: (1) in the frequency range of 70 
to 107 Hz at RT, and (2) at the temperature range of 27-250 
°C at constant frequency. 

3. Results and Discussion 

3.1.  Structural analysis 

X-ray diffraction (XRD) patterns of the REFe0.7Cr0.3O3 

(RE= La, Pr, Nd, Sm, and Gd) polycrystalline nanoparticles 

(NPs) are shown in Figure 1. In the first step, the phase 

formation of all samples in the orthoferrite structure was 

investigated using the X’pert software. Results indicate that 

all prepared NPs have orthorhombic symmetry without 

any impurity phases. Due to the reduction in the ionic 

radius of the RE ions with increasing atomic number, a 

slight shift in the position of the main peak to higher 

diffraction angles occurs from La to Gd as observed in the 

inset of Figure 1. This result is in agreement with a previous 

report on REFeO3 NPs [11]. The Rietveld refinement of the 

XRD pattern of the REFe0.7Cr0.3O3 NPs is displayed in Figure 

2. Appropriate fitting between experimental and simulated 

data indicates that all samples crystallize in the 

orthorhombic structure with the Pbnm space group. 

Results of lattice parameters (a, b, and c) and the unit cell 

volume (V) of studied samples compared with those of the 

REFeO3 light rare earth compounds (based on our previous 

report [11]) are given in Table 1. Introducing Cr ion into the 

Fe-site results in a decrease in the unit cell volume between 

0.16% - 0.41%. This result is consistent with the fact that 

the ionic radius of Fe3+ is larger than that of Cr3+ [34]. A 

similar trend was also observed in some previous reports 

[23, 29, 31]. On the other hand, similar to REFeO3 and 

REVO3 compounds, while a and c decrease with decreasing 

RE ionic radius (rRE), b increases [7, 8, 35]. Moreover, due 

to the reduction of rRE from La to Gd, V in the studied 

samples decreases from LaFe0.7Cr0.3O3 to the GdFe0.7Cr0.3O3. 

Furthermore, the orthorhombic strain, s = [2(b-a)/(b+a)], 

and tolerance factor, 𝜏 = [
<𝑅𝐸−𝑂>

√2(𝐹𝑒/𝐶𝑟−𝑂)
], that refer to the 

relative deformation of orthorhombic structure and the 

criterion of distortion, respectively, which were plotted for 

REFe0.7Cr0.3O3 compounds in Figure 3a. In the τ relation, 

<RE-O> and <Fe/Cr-O> are the average of RE-O and Fe/Cr-

O bond lengths that are the consequence of Rietveld 

refinement output for the studied samples. Finally, the 

variation of <Fe/Cr-O> and <φ> = [(180⁰-<Fe/Cr-O- 

Cr/Fe>av)/2] versus rRE was drawn in Figure 3b. The similar 

trend between s and <Fe/Cr-O>, and <φ> implies that 

tilting and distortion can affect lattice parameters. Such 
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behavior was observed in REFeO3 and REVO3 compounds 

previously [7, 8, 35].   

 

 
Fig. 1. The XRD pattern for all prepared nanoparticles. Inset shows a 

shift in the main peak of XRD patterns. 
    

 
Fig. 2. The Rietveld refinement of XRD patterns for all samples.  

 

      The Scherrer equation, DScherr=Kλ/(βcosθ), is a way to 

evaluate crystallite size in polycrystalline samples. In this 

relation, K, λ, θ, and β correspond to the Scherrer constant, 

the X-ray wavelength (Cukα=1.542Å), the diffraction angle 

of the major peak, and the peak broadening of the major 

peak, respectively. Generally, β depends not only on the 

crystallite size, but also on the lattice strain (ε). Hence, the 

crystallite size was also evaluated by another method using 

the Williamson-Hall equation, 𝛽cosθ = 4εsinθ+ kλ/DW-H. To 

determine DW-H, 𝛽cosθ is plotted versus 4sinθ, as shown in 

Figure 4. The results of DScherr, DW-H, and ε are listed in Table 

2. The type of strain in the samples determined from the 

slope of the W-H plots, indicated that the lattice 

experienced tensile strain. 

3.2. Microstructural analysis 

      To verify the morphology and particle size of the 

synthesized powders, the FE-SEM technique was used. The 

FE-SEM photographs shown in Figure 5 display that the 

prepared REFe0.7Cr0.3O3 NPs are predominantly spherical 

or ellipsoidal in shape. Due to a clear distinction between 

grain and grain boundaries, Digimizer software was used to 

determine the particle size and plot the data as histogram 

curves (insets of Fig. 5). To estimate the mean particle 

diameter (<D>SEM) of REFe0.7Cr0.3O3 NPs, the histogram 

curve of each sample was well fitted using a log-normal 

function as [36]: 

 

P(𝐷) = (1 √2π𝜎𝐷⁄ )exp⁡[−ln2(𝐷 𝐷0⁄ )/2σ2] (1) 

 

where 𝜎 and 𝐷0 are the distribution width and median 

diameter, respectively. To calculate <D>SEM and standard 

deviation (σD), we put extracted σ and 𝐷0 data from the 

fitting process into the following relations: 

< 𝐷 >𝑆𝐸𝑀= 𝐷0 exp(𝜎
2 2⁄ ) (2) 

𝜎D =< 𝐷 >SEM [exp(σ2) − 1]1/2 (3) 

 

 
Fig. 3. (a) The average bond length and lattice distortion angle, (b) The 

orthorhombic strain and tolerance factor, as a function of the ionic 

radius of RE ions. 
All calculated data were given in Table 2. Comparing ⟨D⟩SEM 

with DScher / Dw-H, it can be concluded that the mean particle 

diameter is larger than the crystallite size. Finally, using the 

EDX spectrum of the REFe0.7Cr0.3O3 samples that are 

revealed presented in Figure 6a, the presence of RE (La, Pr, 

Nd, Sm, and Gd), Fe, Cr, and O elements is confirmed in the 

studied compounds. The characteristic peaks of these 
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elements were used to generate pie charts of their atomic 

percentages for each compound (Fig. 6b). 

3.3. Magnetic analysis 

      Fig. 7a shows isothermal magnetic hysteresis loops (M-

H curves) of the REFe0.7Cr0.3O3 compounds under applied 

magnetic fields up to 20 kOe at RT. All samples exhibit an 

antiferromagnetic (AFM) nature. However, as seen in 

Figure 7b, all samples display WFM behavior with low 

remanent magnetization (Mr) and coercivity field (Hc) 

values (see Table 3) in comparison to our previous study 

on REFeO3 samples that were synthesized with a similar 

method  [10]. This result is in good agreement with the 

literature [37, 38]. Generally, there are two kinds of 

interactions in REFeO3, RECrO3, and RE(Fe/Cr)O3 

compounds, symmetric and antisymmetric. The symmetric 

one includes RE-O-RE, RE-O-Fe/Cr, and Fe/Cr-O-Cr/Fe 

components, while the latest one is the most dominant 

compared to other cases at RT [11, 34, 39]. Based on G-K 

rules, among Fe3+-O-Fe3+, Cr3+-O-Cr3+, and Fe3+-O-

Cr3+exchange interactions, the first two interactions have 

AFM nature behavior, while the latter one may exhibit 

ferromagnetic (FM) behavior depending on Fe3+-O-Cr3+ 

bond angle [40, 41]. According to refs of [40] and [41], the 

Fe3+-O-Cr3+ interaction is AFM when the bond angles are 

below 150˚ and 156˚, respectively. Structural analysis 

indicates that the Fe/Cr–O–Fe/Cr bond angles in the 

studied samples lie in the range of 148.5°–157° (Fig. 4a). 

Therefore, all Fe/Cr-O-Cr/Fe components have an AFM 

behavior in our compounds. On the other hand, the 

asymmetric one is the DM interaction that is responsible 

for the canted magnetic moment of Fe3+ and Cr3+ and results 

in the WFM feature in these compounds [38]. Previous 

report on SmFe/CrO3 displays that the strength of DM 

interaction increases with increasing Cr content [42]. 

Therefore, it can be expected that the WFM behavior on our 

compounds is enhanced by Cr doping compared to ReFeO3 

samples. But, this expectation disagrees with the reduction 

of Mr and Hc values in the current studied samples. This 

result may be attributed to the decreasing resultant 

magnetic moment due to the lower magnetic moment of 

the Cr3+ ion (3 μB) compared to that of the Fe3+ ion (5 μB). 

Furthermore, in order to estimate the strength of Fe/Cr-O-

Fe/Cr interaction upon Cr substitution, we determine the 

Néel transition temperature (TN) in the studied samples. 

For instance, Figure 8 shows the temperature dependence 

of magnetization for samples with R= La at a 1000 Oe 

applied magnetic field. The TN is obtained at the 

temperature at which the dM/dT curve is the minimum. 

The TN for all studied samples was listed in Table 3. As 

observed from Table 3, the TN for REFe0.7Cr0.3O3 samples 

decreases with the reduction of rRE. This result is similar to 

that of REFeO3 compounds [39, 40]. Moreover, TN in 

studied compounds declines by Cr substitution in 

comparison with REFeO3. J.S. Zhou et al. displayed that TN 

in the REFeO3 and RECrO3 series correspond closely to the 

exchange integral (J) between Fe3+/ Cr3+ ions, which can be 

defined as TN = 4S(S+1)  J/kB, where S= 5/2 and 3/2 

represent the spin of Fe3+ and Cr3+ ions, respectively 

[43,44]. The J dependence on the parameters of orbital 

overlap i.e. φ (defined in structural analysis part) and 

average Fe/Cr-O bond distance (d) is as J ∝ cos4(φ)/d7 [41-

43]. Figure 9 shows the variation of (cos4(φ)/d7) (based on 

structural information corresponding to Fig. 4a) and TN 

values versus rRE. It is obvious that the slope of both of them 

is almost equal. It implies that the strength of super 

exchange interaction decreases with decreasing rRE due to 

the reduction of orbitals overlap in REFe0.7Cr0.3O3 

compounds.         

 
Fig. 4. The W-H plot of REFe0.7Cr0.3O3 samples. 

3.4. Dielectric analysis 

     Fig. 10 (a,b) shows the variation of the real dielectric 

constant (ɛ) and dielectric loss (tanδ) versus frequency for 

the studied compounds in the frequency range of 70-107 Hz 

at RT. The ɛ curve for all samples exhibits a significant 

decrease in the frequency range of 70-103 Hz, and then it 

becomes nearly constant. The considerable value of ɛ in the 

low frequency (LF) region is due to space-charge 

polarization [17]. In fact, as the frequency increases, space-

charge carriers can no longer respond to the applied 

electric field, and the space-charge polarization becomes 

frozen [37, 45, 46]. As the ionic radius of RE ions increases, 

there is a corresponding rise in the ɛ. This phenomenon 

results in the observation of a colossal dielectric constant 

(CDC) within the LaFe0.7Cr0.3O3 composition. The CDC 

behavior is explained by the Maxwell-Wagner (MW) 

polarization model, which is in  agreement with Koopʼs 

theory [47]. The significant scattering observed in 

REFe0.7Cr0.3O3 NPs can be attributed to: i) the accumulation 

of charge carriers at grain boundaries with low 

conductivity, and ii) the effect arising from the distortion of 

the Fe/CrO6 octahedral [47]. It is clear from Figure 10b, the 
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dielectric loss decreases with increasing frequency, 

becoming constant for f>105 Hz. Such behavior can be 

explained by grain and grain-boundary effects and MW 

polarization [6, 48]. The significant value of tanδ falls 

within the LF range, due to the accumulation of conductive 

grains at grain boundaries [47] . 

      Fig.11 reveals the frequency-dependence of ac 

conductivity (σac) of REFe0.7Cr0.3O3 compounds using the 

relation 𝜎(𝜔)=⁡𝜔ɛ0ɛtan 𝛿 at RT, where ω and ɛ0 are the 

angular frequency and the vacuum permittivity, 

respectively [37]. Based on various theoretical models, all 

samples follow the non-overlapping small polarons 

mechanism (NSPT) so that conductivity increased with 

increasing frequency [49]. The conductivity spectrum is 

composed of two distinct components, the first part, 

frequency-independent conductivity in the LF region, and 

the second part, an increase in conductivity with increasing 

frequency in the high frequency (HF) region [50]. The 

frequency dependence of conductivity is described by the 

Jonscher power law, σ(ω)=σDC+Aωn  [26], where σDC is the 

direct current conductivity of samples, and the exponent n 

(0 ≤ n ≤ 1) quantifies the degree of interaction between 

mobile ions and their surrounding lattices. Additionally, A 

is a constant that signifies the strength of polarizability 

[50]. The temperature-dependent DC conductivity for all 

samples (measured between 27 to 250 °C) further confirms 

their semiconducting nature, as seen in Figure 12. The 

observed change in the slope of the σDC (T) curve from the 

LaFe0.7Cr0.3O3 sample signifies a transition from trapped to 

mobile extrinsic carriers as the temperature increases [51]. 

According to Figure13, the Jonscher power exponent n as a 

function of T falls within the range of 0.35≤n≤1 for all 

samples. In situations where the n parameter is less than 1 

(n<1), conduction occurs due to the movement of mobile 

charge carriers between localized sites [52]. With 

increasing temperature, the value of n rises due to a 

thermally activated process, which follows the correlated 

barrier hopping (CBH) model. This model supports the 

NSPT mechanism. 

 
Table 1. Structural parameters of REFe0.7Cr0.3O3. @ Data for REFeO3 were taken from Ref. 11.  

 

Sample@ a (Å) b (Å) c (Å) V (Å)3 ΔV/V (%) τ s 

LaFeO3 5.556(4) 5.562(3) 7.854(6) 242.7(6)  0.910 0.0010 

LaFe0.7Cr0.3O3 5.550(2) 5.560(1) 7.846(3) 242.1(4) -0.26 0.924 0.0018 

PrFeO3 5.483(3) 5.580(0) 7.788(6) 238.3(5)  0.880 0.0175 

PrFe0.7Cr0.3O3 5.479(8) 5.566(2) 7.782(2) 237.3(7) -0.41 0.904 0.0157 

NdFeO3 5.452(0) 5.585(0) 7.763(4) 236.3(9)  0.874 0.0241 

NdFe0.7Cr0.3O3 5.450(6) 5.575(2) 7.759(6) 235.8(0) -0.25 0.896 0.0226 

SmFeO3 5.399(6) 5.598(3) 7.709(0) 233.0(3)  0.870 0.0361 

SmFe0.7Cr0.3O3 5.400(4) 5.590(5) 7.706(0) 232.6(5) -0.16 0.869 0.0345 

GdFeO3 5.349(1) 5.561(4) 7.668(4) 230.1(4)  0.866 0.0388 

GdFe0.7Cr0.3O3 5.349(1) 5.601(4) 7.661(7) 229.3(9) -0.32 0.860 0.0467 
 

 
Table 2. Crystallite size (Dscherr and DW-H), lattice strain (ɛ), mean particle diameter (DSEM), and standard deviation (σD) for all synthesized 

nanoparticles.  

Sample D 
Scher 

(nm) D
W-H

 (nm) ɛ( ˟10-1) D
SEM 

(nm) 𝜎𝐷(nm) 

LaFe
0.7

Cr
0.3

O
3
 73 78 0.47 95 14.61 

PrFe
0.7

Cr
0.3

O
3
 73 76 0.46 145 20.78 

NdFe0.7Cr0.3O3 58 63 0.40 125 26.70 

SmFe0.7Cr0.3O3 49 54 0.50 83 16.53 

GdFe0.7Cr0.3O3 59 63 0.62 75 7.92 

  

Table 3. Magnetic parameters for REFe0.7Cr0.3O3 samples. 
 

Sample Mr (*10-3 emu/g) Hc (Oe) TN (K) 

LaFe0.7Cr0.3O3 0.6 50 583 

PrFe0.7Cr0.3O3 1.9 150 558 

NdFe0.7Cr0.3O3 7.0 225 543 

SmFe0.7Cr0.3O3 7.2 300 523 

GdFe0.7Cr0.3O3 3.2 25 498 
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Fig. 5. The FE-SEM image for all synthesized nanoparticles. 
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(a) 

(b) 
Fig. 6. (a) EDX spectrum for all samples, (b) the atomic percentage of the constituent elements of each compound. 
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Fig. 7. Isothermal magnetic hysteresis loop of the REFe0.7Cr0.3O3 at RT, (b) Magnification of the magnetic hysteresis loops. 

 

 
 

Fig. 8. The temperature dependence of magnetization for a sample with RE= 

La at 1000 Oe applied magnetic field. 

Fig. 9. The variation of (cos4(φ)/d7) and TN values versus rRE. 
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(a) 

(b) 

Fig. 10. Frequency dependence of (a) the real dielectric components ɛ, (b) the loss dielectric tanδ, for the REFe0.7Cr0.3O3 at RT. 

  
Fig. 11. The frequency dependence of ac conductivity (σac) for 
REFe0.7Cr0.3O3 at RT. 

Fig. 12 The temperature dependence of DC conductivity (𝜎𝐷𝑐) for 
REvaFe0.7Cr0.3O3. 
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Fig. 13. The temperature dependence of exponent n, for REFe0.7Cr0.3O3. 

4. Conclusions 

In the present study, we have carried out a detailed 

investigation of structural, magnetic, and electrical 

properties of REFe0.7Cr0.3O3 (RE= La, Pr, Nd, Sm, and Gd) 

perovskite oxides. The XRD analysis confirms that all 

samples are single phase with orthorhombic symmetry. 

Owing to the reduction of rRE from La to Gd, the unit cell 

volume in the prepared samples decreases from 

LaFe0.7Cr0.3O3 to GdFe0.7Cr0.3O3. Similar to undoped 

orthoferrites, tilting and distortion increase with the 

reduction of rRE from La to Gd. All samples reveal a WFM 

behavior. REFe0.7Cr0.3O3 compounds undergo a magnetic 

phase transition from the AFM phase to the paramagnetic 

phase, so that the Néel transition temperature decreases 

with decreasing rRE. The dielectric measurements confirm 

that the LaFe0.7Cr0.3O3 sample shows a CDC feature. Owing 

to this high dielectric constant and low dielectric loss, we 

conclude that these materials can be effectively utilized in 

miniaturized electronic components, high-dielectric 

capacitors, and memory/storage devices. Based on various 

theoretical models, all samples follow the non-overlapping 

small polaron mechanism.  
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