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The solid solution Bag 95Smg 034 T11_xZrO3, with x = 0.01, 0.05, and 0.10, was synthesized via the solid-state
reaction method at 1200 °C for 6 h. The obtained powders were first characterized by X-ray diffraction
(XRD) to confirm the formation of the expected phase. All samples were found to exhibit a tetragonal
structure with space group P4mm, as determined by Rietveld refinement of the XRD data. Increasing the
zirconium content led to an expansion of the unit cell volume and a distortion of the [Ti/ZrOg]
octahedra. Scanning electron microscopy (SEM) images of pellets sintered at 1300 °C for 6 h showed
a denser microstructure with larger grains in Zr-rich ceramics. A significant modification of the optical

bandgap energy was observed with increasing Zr content. Dielectric measurements showed that the
Received 20th October 2025 Curie t t dually d ith i . . . tent. The electrical ti
Accepted 2nd December 2025 urie temperature gradually decreases with increasing zirconium content. The electrical properties were

influenced by the contributions of grains and grain boundaries. The total electrical resistance (Rt = Rg +

DOI: 10.1038/d5ra08059b Rgb) increased with the zirconium content. The analysis of the complex electrical modulus confirmed
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1. Introduction

Future generations of advanced materials, such as humidity
sensors, resonators, filters, capacitors, memory devices, and gas
sensors, require materials with high potential. To meet the
growing demands of modern electronics, researchers are
actively exploring new dielectric materials that combine high
permittivity with exceptional stability under frequency and
temperature variations. The ABO; structure of the perovskite
family is widely used in modern technologies due to its multi-
functional properties, including piezoelectricity, ferroelec-
tricity, multiferroicity, superconductivity, magneto-dielectric
behavior, and energy storage capability."* Among these mate-
rials, barium titanate (BaTiO;) has attracted significant interest
since the discovery of Rochelle salt in 1921.” Due to its
remarkable ferroelectric and relaxor-ferroelectric properties, it
is a prime candidate for energy storage applications. Main-
taining ferroelectric behavior at room temperature, along with
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a non-Debye behavior for all the ceramics studied in this work.

improving the electrical and dielectric performance, represents
a major focus of research. Despite the progress achieved
through the partial substitution of Ti*" by Zr*" in the BaTi;_,-
Zr,O; system and the co-substitution of rare earth elements
Re*’ and Zr*' in the Ba(;_xRe,Ti;;_y)Zr,0; system, which have
shown promising results, optimizing the concentrations of rare
earth elements and zirconium in these systems remains
a significant challenge, attracting sustained interest in this
field.

The partial substitution of titanium by zirconium in barium
titanate (BaTiO;) enhances the materials piezoelectric, ferro-
electric, and relaxor properties compared to pure BaTiOs.* The
gradual introduction of Zr into the BaTiO; structure leads to the
formation of three distinct compositional domains within the
BaTi, ,Zr,O; (BZT) solid solution, each characterized by
specific dielectric responses and structural properties that
depend on the zirconium content.®** For x values between
0 and 0.15, the material exhibits a significantly higher dielectric
constant compared to unmodified BaTiOj;. In the range 0.15 = x
= 0.27, a diffuse phase transition is observed, indicating
a gradual change in ferroelectric behavior. As the zirconium
content increases further (0.27 = x < 0.40), the BZT compound
develops a typical relaxor behavior, resulting from the contin-
uous evolution of the diffuse phase transition.”” The poly-
morphic phase transitions identified in the BZT structure
include successive transformations from rhombohedral to
orthorhombic (T;), orthorhombic to tetragonal (T,), and finally
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from tetragonal to cubic at the curie temperature (T¢). These
transitions tend to converge as the Zr content increases,
resulting in a decrease in the T¢ transition temperature, while
the temperatures of the T; and T, transitions increase.*'* To
further enhance the materials properties, other strategies
include substituting barium with alkaline earth elements of the
same valence, such as Ca®>" and Sr**,"*° or with higher valence
lanthanides such as La*", sSm*', Gd**, Nd**,pr**, Eu®',>* as
well as other cations like Y**, Bi*" or Sc**.2*%” These approaches
allow modulation of the electrical and dielectric properties
while influencing the crystal structure and charge carrier
mobility. Among these systems, the pseudo-binary system (1 —
x)Ba(Zr, ,Tip.g)03—x(Bay,Cag3)TiO; (BCZT) has attracted
considerable attention due to the presence of a morphotropic
phase boundary (MPB) and a “convergence region”, similar to
those observed in the PZT and PMN-PT systems.*®** This system
exhibits outstanding energy storage properties and also shows
great potential for cooling applications.**** Additionally,
lanthanide modified BZT systems are attracting considerable
interest because the introduction of higher valence ions such as
La®*, Sm**, Gd*", Eu®" creates a charge imbalance that leads to
the formation of cation vacancies (at the Ba site) or oxygen
vacancies in order to maintain electrostatic neutrality.?”**3
These defects, together with the local lattice distortions induced
by lanthanide ions, strongly affect charge-carrier mobility,
electrical conductivity, and the dielectric and ferroelectric
responses of the material. Altogether, these effects promote
relaxor type behaviours and broaden the operational tempera-
ture range, which is particularly advantageous for high-
performance applications.****3*%*3” The incorporation of rare-
earth elements (Re**) at the A-site of the BZT system distorts
the [Ti/ZrO¢] octahedra, modifying the lattice symmetry and
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affecting the grain size, a key parameter for structural and
electrical properties.*****>3® This substitution also enhances the
dielectric performance, as reported by Ostos et al., increasing
the dielectric constant and stabilizing the structure for La*",
Nd**, and Pr**.*® Furthermore, the optical properties of the BZT
system are also affected by this type of substitution, particularly
when Ba is replaced by Gd, resulting in a reduction of the band
gap energy (Eg,p).>*

This study focuses on the synthesis and characterization of
perovskite-structured materials, specifically the composition
Bag.95SMg 034Ti1 _+Zr,O3, with the aim of optimizing the zirco-
nium content while preserving ferroelectric behavior at room
temperature. It seeks to address the following question: up to
what zirconium content can titanium be substituted without
compromising the room-temperature ferroelectricity, and how
does this substitution affect the crystal structure, microstruc-
ture, as well as the dielectric, electrical, and optical properties of
the synthesized material?

2. Synthesis and characterization

The Bag 955My,.034Ti(1—xZr,03 powders, with x = 0.01, 0.05, and
0.10 (hereafter referred to as ZrSmo0.01, ZrSmo0.05, and
ZrSmo0.10), were synthesized using the conventional solid-state
reaction method. The starting materials included BaCO;
(Sigma-Aldrich, 99.9%), TiO, (Sigma-Aldrich, 99%), ZrO,
(Sigma-Aldrich, 99%), and Sm,O; (Sigma-Aldrich, 99.9%). Prior
to mixing, samarium oxide (Sm,0;) was pre-calcined at 850 °C
for 2 h after accurate weighing. The raw materials were weighed
in stoichiometric proportions and ball-milled in ethanol for
12 h using zirconia balls. The resulting slurry was dried at 80 °C
to remove residual moisture. The dry powders were then
manually ground in an agate mortar for 30 minutes to ensure
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(a) X-ray diffractograms of the ZrSm0.01, ZrSm0.05, and ZrSm0.10 ceramics. (b) Magnified view of the 26 region between 29.4° and 31.8°.
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uniform mixing. Calcination was carried out at 1200 °C for 6 h
to promote solid state reactions. The resulting powders were
mixed with a polyvinyl alcohol (PVA) binder and pressed under
a uniaxial pressure of 20 kN to form cylindrical pellets. Sintering
of the pellets was performed in air at 1300 °C for 6 h. The
heating protocol included an initial increase in temperature to
700 °C at a rate of 10 °C min ', followed by maintaining this
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temperature for 1 h, followed by a second ramp to the sintering
temperature at 5 °C min~'. After sintering, the samples were
cooled naturally to room temperature.

The crystal structure analysis of the ZrSmo0.01, ZrSmo0.05,
and ZrSmo0.10 powders by X-ray diffraction was performed using
a D8 diffractometer (Bruker, Karlsruhe, Germany). The X-ray
were generated by a copper anticathode (CuK,; with A =
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Fig. 3 Rietveld-refined XRD pattern of the ZrSm0.01 sample.
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1.5406 A and CuK,, with A = 1.54439 A), with a scanning speed
of 0.012° per second at room temperature. Data acquisition was
conducted at 40 kV and 40 mA. Rietveld refinement of the ob-
tained data was performed using the Jana 2006 software.** After
X-ray diffraction analysis, the sintered pellets were carefully
polished to obtain parallel surfaces, then annealed at 300 °C for
30 min. The morphology of the ceramics was analyzed using
scanning electron microscopy (SEM) with a TESCAN VEGA III
LM microscope, operating at an accelerating voltage of 10 KV.
Optical properties of the material were evaluated using a UV-
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Visible spectrophotometer (UV-Shimadzu). The pellets were
coated with a thin layer of silver paste, then thermally treated at
300 °C for 30 minutes to improve adhesion, before being cooled
down to room temperature. This step was carried out prior to
analysis by complex impedance spectroscopy. Impedance
spectroscopy was performed using a BioLogic MTZ-35 analyzer
coupled with a temperature-controlled oven. Measurements
were carried out over a frequency range from 10 Hz to 1 MHz,
applying an AC signal with an amplitude of 1 V.
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Fig. 4 Rietveld-refined XRD pattern of the ZrSm0.05 sample.
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Fig. 5 Rietveld-refined XRD pattern of the ZrSm0.10 sample.
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3. Results and discussion

3.1. X-ray diffraction analysis

The X-ray diffraction patterns of the Bag.955mg.034Ti(1—xZ1xO03
solid solution powders, with x = 0.01, 0.05, and 0.10, are pre-
sented in Fig. 1(a). The peaks recorded at room temperature are
sharp, confirming the good crystallinity of our powders. The
most intense XRD peaks, observed around 32° and corre-
sponding to the (101/110) plane, indicate the presence of the
perovskite phase in all prepared compositions. The purity and
tetragonal crystal structure of the obtained ceramics were
confirmed using JCPDS No. 05-0626. All Bragg peaks can be fully
indexed to the tetragonal structure of the Bago5SroosTiO;3
phase.”

The most intense peak in the XRD spectra is observed
around 31° in each sample, as shown in Fig. 1(b). It is clear that
the diffraction peaks tend to shift towards lower 26 values as the
zirconium content increases. According to Bragg's law,®
a decrease in the 26 angle results in an increase in the crystal
lattice volume. Indeed, the substitution of Ti** (R~ = 0.605 A)
by Zr** (Rge = 0.72 A), due to the difference in ionic radii,
induces a lattice expansion that may lead to an increase in the
lattice parameters.**

To determine the structures or the phases present in the
studied powders, peak deconvolution around 45° and 64°, as
well as Rietveld refinement of the crystalline structures, were
performed. For the reference structure of barium titanate, the
diffraction peaks around 45° correspond to the (002)/(200)T

Table 1 Rietveld refinement results of the XRD spectra for the
Bag.95SMo 034 Tii1_»ZrO3 composition
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reflections of the tetragonal phase, (200)/(022)O of the ortho-
rhombic phase, (200)R of the rhombohedral phase, and (200)C
of the cubic phase.*® The diffraction peaks located between 43°
and 45° have been magnified and presented in Fig. 2(a)-(c) for
the three compounds studied. The presence of a doublet in this
region for each compound clearly suggests the presence of
a tetragonal phase (P4mm),"> a peak corresponding to an
orthorhombic phase (Amm2),’® or a mixture of both phases.
Furthermore, the orthorhombic phase (Amm2) exhibits a triplet
around 65°,'° corresponding to the (004), (040), and (222)
reflections.*® On the other hand, the tetragonal phase (P4mm)
shows a doublet in this region, corresponding to the (202) and
(220) reflections. A zoom on the peaks located between 63° and
65° in the diffractograms is illustrated in Fig. 2(d)-(f). The
presence of a doublet in this region, associated with the (202)
and (220) reflections, strongly suggests that our samples are
crystallized in the tetragonal phase (P4mm).

To confirm the presence of the tetragonal phase in our
ceramics, we performed a refinement using the Rietveld
method, adopting an initial model based on a classic tetragonal
perovskite structure with the formula Bagg5Srg ¢5TiO3,
belonging to the P4mm space group, with lattice parameters a =
3.989 A and ¢ = 4.026 A.*” In this model, Ba/Re atoms occupy the
1a site (0.5, 0.5, z), while Ti/Zr are located at the 1b site (0, 0, 2).
As established for the BagosSrg¢sTiO; structure, oxygen
occupies two crystallographic ally distinct positions: the 1c site
(0.5, 0, z) assigned to O1 and the 1d site (0, 0, z) assigned to O2.

Fig. 3, 4 and 5 show the Rietveld refinement spectra for all
the studied compounds. The experimental XRD spectra and the
calculated models exhibit good agreement for all compositions
refined using the Rietveld method, confirming that all

46

Compounds ZrSmo0.01 ZrSmo0.05 ZrSmo0.10 Table 3 Selected bond lengths (A) for Bag 95SMo.034Tin—0ZO3
a(A) 4.0015 (3) 4.00971 (5) 4.01947 (17)  Bond distances (A) ZrSmo0.01 ZrSmo0.05 ZrSmo0.10
c(A) 4.0196 (5) 4.02287 (8) 4.02462 (14)
cla 1.0051 1.0033 1.0013 4(Ti/Zr-01) 2.00131 (0) 2.00753 (3) 2.02459 (7)
v (A% 64.0394 (11) 64.6787 (18) 65.1060 (4)  1(Ti/Zr-02) 2.13438 (3) 2.11650 (5) 2.01682 (9)
R, (%) 7.27 5.33 5.63 1(Ti/Zr-02) 1.88758 (3) 1.90637 (4) 2.00265 (9)
Ryp (%) 10.45 6.99 7.51 4(Ba/Ln-01) 2.82003 (2) 2.77236 (4) 2.75319 (8)
Rexp (%) 6.09 4.98 5.39 4(Ba/Ln-01) 2.85349 (2) 2.90918 (4) 2.93785 (9)
GOF 1.72 1.40 1.39 4(Ba/Ln-02) 2.83117 (3) 2.83699 (4) 2.84756 (10)
Table 2 Refined structural parameters for the Bap.g55mo.034Tin1_xZrxOz powder from X-ray diffraction data
Compounds Atoms x y z Uiso (A) Wyckoff position Site occupancy
ZrSmo0.01 Ba/Sm 0.5 0.5 0.5162 (12) 0.0112 (5) la 0.95/0.034

Ti/Zr 0 0 0.022 (4) 0.0123 (6) 1b 0.99/0.01

o1 0.5 0 0.010 (17) 0.0160 (11) 1c 1

02 0 0 0.492 (5) 0.0160 (11) 1d 1
ZrSmo.05 Ba/Sm 0.5 0.5 0.5175 (14) 0.0186 (14) 1a 0.95/0.034

Ti/Zr 0 0 0.016 (5) 0.0170 (13) 1b 0.95/0.05

o1 0.5 0 0.042 (6) 0.018 (18) 1c 1

02 0 0 0.542 (7) 0.018 (18) 1d 1
ZrSmo.1 Ba/Sm 0.5 0.5 0.5184 (7) 0.0139 (5) 1a 0.95/0.034

Ti/Zr 0 0 0.041 (2) 0.0118 (10) 1b 0.90/0.10

o1 0.5 0 —0.014 (4) 0.012 (2) 1c 1

02 0 0 0.543 (9) 0.012 (2) 1d 1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(c)

Fig. 6 Representation of [Ti/ZrOg] octahedra for the ceramics (a) ZrSm0.01, (b) ZrSm0.05, and (c) ZrSm0.10.

synthesized materials adopt a tetragonal perovskite structure
with the P4mm space group. The refinement results, including
the lattice parameters (a, ¢, V) and reliability factors (R, Rup,
GOF), are summarized in Table 1.

Table 4 Theoretical, calculated, and relative densities of the studied
ceramics

pr (%) = 2™ % 100

Compounds Pm (g cm ™) o (g em™) Pth
ZrSmo0.01 5.5518 5.9796 92.84
ZrSmo0.05 5.5853 5.9981 93.11
ZrSmo0.10 5.6989 6.0141 94.76

According to the results presented in this table, we can
observe that the lattice parameters a and c¢ increase with the
rising Zr content. Consequently, the unit cell volume expands,
which is consistent with the shift of X-ray diffraction peaks
toward lower 26 values. This volume increase can be attributed
to the substitution of Ti*" ions by Zr*" ions. Additionally, the
tetragonality ratio c/a decreases as the Zr'" concentration
increases, indicating a reduction in tetragonality. The (002) and
(200) diffraction peaks, located between 44° and 45° (see
Fig. 2(a)-(c)) for the three studied compositions, reveal that the
increase in Zr*" content and the corresponding decrease in Ti**
content at the B site led to the merging of these peaks. This
clearly demonstrates that the tetragonality of the crystal struc-
ture decreases with increasing Zr*" concentration.
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Fig. 7
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(a), (b), and (c) are the SEM images, and (d), (e), and (f) are the histograms of the ZrSm0.01, ZrSm0.05, and ZrSm0.10.
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The quality of the refinement was assessed based on the
reliability R-factors. All synthesized materials exhibited satis-
factory refinement, as evidenced by the low values of R, Ry,
Rexp, and the goodness-of-fit (GOF), as presented in Table 1. The
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crystallographic parameters obtained, such as the atomic
positions, Wyckoff positions, and the isotropic thermal
displacement factor (Uis,) for each atom, derived from the
refinement for all compositions, are compiled in Table 2.

Element | Weight | Atomic
(%) (%)
- o 5332 | 6225
Sm 0.85 0.66
Ti 21.51 20.18
Zr 0.97 0.09
Ba 23.35 16.82
Total 100 100

4 5 6 7 8
Energy [keV]

(b)

Element | Weight | Atomic

(%) (%)

(o) 53.12 61.87
Sm 0.95 0.71

Ba Ti 20.68 19.39
Zr 1.67 0.48

Ba 23.58 17.55
Total 100 100

Energy [keV]
120:
1 (© : :
100 Element | Weight | Atomic
(%) (%)
% (0] 52.71 61.21
2 Sm 0.92 0.68
© Ti 19.65 18.45
Zr 2.17 0.91
Ba 24.55 18.72
Total 100 100
: 4 Ab ‘f“‘ Lali .1'.h ‘ ..“AI... PN - POV v ?
2 4 6 8 10 12 14
Energy [keV]

Fig. 8 Elemental composition (EDX spectra) for the ceramics (a) ZrSm0.01, (b) ZrSm0.05, and (c) ZrSm0.10. Inset: weight% and atomic% of

chemical elements in the samples.
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The distances between the atoms located in the A site (Ba/
Sm), the B site (Ti/Zr), and the oxygens O1 and O2 are listed
in Table 3. The analysis of these data shows that the displace-
ment of (Ti/Zr) atoms within the B site along the c-axis decreases
as the Zr concentration increases (see Fig. 6). This indicates
a more pronounced distortion of the [Ti/ZrOe] octahedra in the
Bag 955Mmg.034Ti(1—x)Z1,0; ceramic for SmZr0.10 compared to
other compositions. The increase in this distortion in the Zr-
rich compound could be associated with a reduction in tetra-
gonality. This enhanced distortion is also a key factor in
explaining the decrease in the Curie temperature (7¢), as will be
detailed in the section dedicated to dielectric properties.

3.2. Density and microstructure

3.2.1. Relative density. The relative density (p,) of the
ZrSmo0.01, ZrSm0.05, and ZrSm0.10 ceramics was determined
using the Archimedes method. The values of relative density
(pr), measured density (pn,,), and theoretical density (py,) of the
prepared ceramics are presented in Table 4. These results
suggest that the densification of the samples increases pro-
portionally with the Zr concentration.

3.2.2. Microstructure of ceramics. Fig. 7(a)-(c) show the
SEM micrographs of the ZrSmo0.01, ZrSm0.05, and ZrSmo0.10
ceramics, while Fig. 7(d)-(f) present the corresponding grain
size distributions. The Zr poor samples exhibit more visible
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pores, whose presence decreases as the Zr content increases.
Both the grains and their boundaries are clearly distinguishable
in all samples. The average grain size increases gradually with
Zr concentration: 1.52 um for ZrSmo0.01, 1.974 um for ZrSmo.05,
and 2.184 pm for ZrSm0.10. This grain growth may be attributed
to the higher concentration of oxygen vacancies generated with
increasing Zr, which can enhance mass transport during sin-
tering. Despite this increase, the grains remain significantly
smaller than those reported for rare earth free BZT ceramics,
such as BaZry ¢sTip.0503 (~5 um)*® and BaZry10Tip000; (~10
pum),* highlighting the grain growth inhibiting effect of Sm and
Zr co-substitution.

The chemical composition of the ceramics was determined
using EDX spectroscopy. The electron beam causes ionization
of the atoms’ inner shells, leading to the emission of charac-
teristic signals that are analyzed to identify the elemental
composition of the ceramic under study. The EDX spectra pre-
sented in Fig. 8(a)-(c) show peaks corresponding to the
elements Ba, Ti, Zr, Sm, and O, confirming the successful
incorporation of all targeted ions into the crystalline matrix.
The presence of carbon in the apparent composition of the
samples is related to the sample holder used during the EDX
analysis. The elemental composition of the samples was also
examined by EDX (see the inset of Fig. 8(a)—(c)). Theoretically,
for pure BaTiO; ceramic, the atomic ratio Ba:Ti: O is close to
1:1:3.°° In our ZrSmo0.01, ZrSmO0.05, and ZrSm0.10 samples,
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Fig.9 (a) Absorbance spectra in the 250-600 nm range. (b—d) Plot of (ahr)? as a function of photon energy hw for the ZrSm0.01, ZrSm0.05, and

ZrSm0.10 ceramics.
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the measured atomic percentages are very close to the theoret-
ical values expected from the synthesis. Overall, the EDX results
confirm the successful substitution of Ti*" by Zr*' in the
Bay 955My, 034 Ti(1—x 21Oz ceramics.

3.3. UV-VIS spectroscopic analysis

The UV-Vis absorption spectra of the prepared ZrSmo0.01,
ZrSmo0.05, and ZrSmo0.10 ceramics are shown in Fig. 9(a).

Table 5 Band-gap energy values of ZrSmO0.01, ZrSmO0.05, and
ZrSm0.10 ceramics compared with those of materials reported in the
literature

Compounds Egap References
BaTiO; 3.10-3.20 57
BaTig.05Z10.0503 3.15 35
BaTig.00Zr0.1003 3.09 58
Bay.99SMy.0067Tl0.95ZT0.0503 3.07 35
Bay.0§SMy.013Ti0.95Z10.0503 3.05 35
Bay.97SMy.02Ti0.95Zr0.0503 3.02 35
Bay.055M.034Ti0.99Zr0.0103 3.26 Present work
Bay.95SM 034 Ti0.05Zr0.0503 3.45 Present work
Bay.055M.034Ti0.00Zr0.1003 3.41 Present work
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Increasing the zirconium content causes a shift of the absorp-
tion peaks, initially located between 300 and 350 nm, toward
shorter wavelengths. This absorption band is associated with
electronic transitions between the conduction band, composed
of Ti*" (3d") and Zr"* (4d") states, and the valence band, formed
by O*~ (2p) states.™

The optical bandgap energy (Ezp) of the ZrSmo.01,
ZrSmo0.05, and ZrSmo0.10 ceramics was determined using the
Beer-Lambert law.**%>%*

In(T)
t

(ahv)® = C(hv — Eyp), (1)
In this relation, Eg,, represents the optical bandgap energy, hv is
the incident photon energy (with » being the light frequency and
h Planck’s constant), C is an energy-independent constant, « is
the optical absorption coefficient, T is the transmittance, and ¢
is the thickness of the cylindrical disk. The curves representing
(ahv)® versus (hv) are plotted in Fig. 9(b)-(d).

Table 5 presents the optical bandgap (E,.p,) values of the
materials prepared in this work, along with those of various
compounds reported in the literature. These data enable
a comparison of the effect of substituting titanium (Ti*") with
zirconium (Zr*") on the bandgap energy. The samples with the

6x10°
(b) —a— | kHz
St —e— 10 kHz
—4&— 100 kHz

—w— 1 MHz

Relative permittivity

100 150 200 250 300 350

50 400
Temperature (°C)
, () —m— ZrSm0.01

9.0x10° - —e— ZrSm0.05
2 —a— ZrSmo0.10
> 7.5%10°1
g
£ 6.0x10°
(0]
o
© 4.5x10°
N
3=
% 3.0x10% 1
~

1.5%10°

150 200 250 300 350 400

100

50
Temperature (°C)

Fig. 10 Evolution of the relative permittivity for (a) ZrSm0.01, (b) ZrSm0.05, and (c) ZrSm0.10. (d) Comparison of the relative permittivity at 1 kHz

for all prepared ceramics.
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composition Bay g5SMy 034Ti1_xO0; (x = 0.10), synthesized in
the present work, exhibit optical bandgap (Eg,p) values ranging
from 3.26 eV to 3.45 eV. These values are higher than those
reported for compounds such as BaTiO;, BaTig 952100503 and
BaTiy.09Z10.1003, Whose Eg,, values range between 3.09 eV and
3.20 eV. These results indicate that the moderate introduction
of Zr*" into the perovskite structure of BaTi;;_O; (x = 0.10)
leads to a slight decrease in the bandgap energy. However, the
co-substitution of Sm®" at the Ba-site and Zr*" at the Ti-site in
compounds of the type Ba; ,Sm,,3Tig.05Zr0.0503 (X = 0.03),
leads to a gradual decrease in the bandgap energy. In general,
the variation in bandgap energy is strongly dependent on the
chemical composition of the materials. However, other factors
can also influence this energy, including structural distortions
and the formation of intermediate energy levels within the
bandgap, which are associated with the introduction of trivalent
ions.*®* The optical band gap values obtained in this study
(3.26 eV, 3.45 eV, and 3.41 eV) show that the Bag o5Smy o34Ti(1-
xZr0; ceramics exhibit an optical gap compatible with all-
dielectric photonic applications. Considering their ferroelec-
tric nature and high-refractive-index characteristics, these
materials could be integrated into metasurface or photonic
crystal architectures to explore the generation of localized
optical modes and the enhancement of emission or optical
coupling. These perspectives therefore open the way for the
potential use of the studied compositions in advanced optical
devices and highly sensitive detection platforms.>
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3.4. Investigation of the dielectric properties

3.4.1. Temperature dependence of the relative permittivity.
The temperature-dependent behavior of the relative permittivity
for the ZrSmo0.01, ZrSmo0.05, and ZrSmo0.10 ceramics is pre-
sented in Fig. 10(a)—(c). All three samples display a pronounced
dielectric peak, which marks the transition from the tetragonal
ferroelectric phase to the cubic paraelectric phase.” It is also
noteworthy that the transition temperature, or Curie tempera-
ture (Tc), remains constant regardless of frequency, confirming
the absence of relaxor behavior in the prepared ceramics. This
suggests that a low amount of Zr** substitution (0.01 < x < 0.10)
does not induce a significant relaxor state in our samples, likely
due to the similar ionic radii and the same valence between Zr**
and Ti** ions.* T for the ZrSm0.01, ZrSmo0.05, and ZrSmo.10
compounds are 69 °C, 57 °C, and 28 °C, respectively. On the
other hand, the maximum relative permittivity values (e,,,,) at
Tc for the ceramics with compositions ZrSm0.01, ZrSmo0.05, and
ZrSm0.10 are 7228, 4903, and 4611, respectively, at 1 kHz.

These materials exhibit a clear dependence between the
relative permittivity, the T¢, and the increasing Zr content. The
introduction of Zr reduces the maximum relative permittivity
(¢1,21), broadens the dielectric peak, and shifts the T to lower
values, likely due to lattice distortion induced by the substitu-
tion of Ti** with Zr*".*® Fig. 10(d) shows the relative permittivity
at 1 kHz for all synthesized ceramics as a function of temper-
ature. The modification of the lattice parameter induces a shift
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as a function of In(T — T,,,) at 1 MHz for the samples (a) ZrSm0.01, (b) ZrSm0.05, and (c) ZrSm0.10.
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of Ti**/Zr** ions along the c-axis, thereby increasing the
distortion of the [Ti**/Zr*'Og] octahedra. This distortion
weakens the coupling between the [Ti*'/Zr*'Og] octahedral
groups, leading to a reduction in the T and a decrease in the
dielectric performance of the studied ceramics.

To analyze dielectric dispersion and the diffuse nature of
phase transitions in ferroelectric materials, Uchino and
Nomura introduced an empirical formula commonly referred to
as the modified Curie-Weiss law.®~*> This expression is given as
follows:

/ , (r-1)"
l/s—l/emasz @
. Tepresents the maximum relative permittivity at the

temperature 7', A’ is the Curie-Weiss constant, the diffusivity
coefficient y equals 1 for a conventional ferroelectric and rea-
ches 2 for a relaxor ferroelectric. When v takes a value between 1
and 2, it signifies a partially diffuse phase transition.>*®***
Fig. 11(a)-(c) shows the variation of In(1/¢ —1/e,, ) as
a function of In(7T — T,,,) at 1 MHz for all the prepared ceramics
in the temperature range 7 > Tc. The red line represents the fit
to the modified Curie-Weiss law, while the scattered points
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correspond to the experimental data. A linear relationship is
observed for all compositions, with vy values systematically
calculated from the slope of each curve. The calculated vy values
for ZrSmo0.01, ZrSmo0.05, and ZrSmO0.10 ceramics are 1.259,
1.277, and 1.318, respectively. These vy values, which lie between
1 and 2, clearly indicate that these ceramics exhibit an incom-
plete diffuse phase transition. Furthermore, the gradual
increase in y with increasing Zr content suggests a continuous
improvement in the relaxation behavior of the ceramics.®
3.4.2. Frequency dependence of relative permittivity. To
better understand the dielectric relaxation behaviors in these
ceramics and their evolution with increasing Zr content, a study
of the relative permittivity variation as a function of frequency
was conducted. The variation of In(¢/) with frequency for the
ceramics is shown in Fig. 12(a)—(c). It is observed that the relative
permittivity of our samples is high at low frequency and
decreases as the frequency increases. At low frequencies,
a material can exhibit various polarization mechanisms, such as
interfacial, space charge, dipolar, ionic, and electronic polariza-
tion.** Dipolar and interfacial polarization mechanisms are
especially sensitive to the frequency of the applied electric field.
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Fig. 12 Evolution of In(¢’) as a function of frequency at various temperatures for the samples: (a) ZrSm0.01, (b) ZrSm0.05, and (c) ZrSm0.10. (d)

shows the comparison of In(¢') versus frequency at T = 380 °C.
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The reduction in permittivity observed with increasing frequency
arises because the polarized dipoles and/or charge carriers within
the material are unable to keep pace with the changing direction
of the electric field. This behavior also manifests in how
permittivity varies according to the material's composition.

Dielectric relaxation in these compositions occurs between
frequencies of 10° Hz and 10* Hz. A shift towards higher
frequencies is observed as the temperature increases. The
dependence of relative permittivity on the composition of the
prepared ceramics is shown in Fig. 12(d). It is clear that the
dielectric permittivity decreases with increasing Zr content.
Furthermore, the dielectric relaxation behavior becomes more
pronounced as the Zr concentration increases. The enhance-
ment of the relaxation behavior in dielectric ceramics is
a crucial factor for optimizing their energy storage properties, as
demonstrated in several studies.*>**%

3.4.3. Dielectric loss. Fig. 13(a)—(c) illustrates the change in
dielectric loss (tan ¢) with temperature at various frequencies for
the ceramics ZrSmo0.01, ZrSmo0.05, and ZrSmo0.10. Two distinct
regions are observed, ranging from ambient temperature to 400 ©
C. The first region, from room temperature to 250 °C, exhibits
significantly low values of tan(6). The low tan(6) values observed
in this region result from the restricted electron diffusion at the
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grain boundaries.” These grain boundaries, where the crystalline
structures of adjacent grains meet, are typically sites of energy
dissipation linked to electron mobility.*® In the ceramics
ZrSm0.01, ZrSm0.05, and ZrSm0.10, the limited electron diffu-
sion at the grain boundaries reduces energy loss, resulting in
lower tan(d) values. In the high-temperature range (250 °C to 400
°C), a significant increase in tan(d) is observed. This behavior is
mainly attributed to space charge polarization, which becomes
prominent at elevated temperatures. Under these conditions,
electrical conductivity dominates the dielectric response, while
the influence of ferro-elastic domain walls remains minimal,
leading to a rapid rise in tan(6).®® The defining feature of ferro-
electric materials is their ability to exhibit spontaneous polari-
zation, which can be reversed under the influence of an external
electric field. This behavior arises from the unit cell symmetry,
which allows at least two equivalent directions for polarization.
The material is divided into regions, called domains, where the
polarization remains uniform, and these are separated by natural
interfaces known as domain walls.®® The minimal influence of
ferroelectric domain walls indicates that, at high temperatures,
their contribution to tan(¢) is reduced. As a result, the value of
tan(6) increases with rising temperature.
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Fig. 13 Dielectric loss evolution for: (a) ZrSm0.01, (b) ZrSm0.05, and (c) ZrSm0.10.
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A broad peak (anomaly) is found in the loss tangent graphs at
high temperatures. This peak becomes more pronounced with
increasing Zr concentration. The behavior observed in high-
temperature regions is related to the dielectric relaxation
process. This thermally activated relaxation mechanism is
attributed to dipolar effects associated with the movement of
charge carriers (electrons) within the grains.”

3.5. Study on the electrical response

In this section, we conduct a detailed analysis of the Nyquist
diagrams and the electric modulus of the prepared ceramics.
This study aims to deepen the understanding of charge trans-
port mechanisms, dielectric relaxation processes, and the
contributions of various polarization phenomena. We also
highlight the correlations between the microstructural proper-
ties and the electrical responses of the studied materials.
3.5.1. Nyquist. The Nyquist diagrams presented in
Fig. 14(a)-(c) for the ceramics ZrSmo0.01, ZrSm0.05, and ZrSm0.10
at different temperatures show arcs with their center positioned
above the real axis (x). As the temperature increases, these arcs
become more complete within the measured frequency range
(10 Hz to 1 MHz). This results in a decrease in the arc diameter,
indicating a reduction in the overall resistance of the material.

View Article Online
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The intersection of the arc with the real axis Z' in the complex
impedance diagram provides an estimate of the material's total
resistance.””> Additionally, the appearance of off-center curves
confirms a non-Debye type relaxation in the samples.” It is
observed in the Nyquist diagram that there are two depressed
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Fig. 15 Nyquist diagram fitted for ZrSm0.10.
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Table 6 The parameters obtained from the fitting of the experimental data of the Nyquist diagram for the ceramics ZrSm0.01, ZrSm0.05, and

ZrSm0.10
T (°C) Ry (kQ) Qg (F s ) o Ry, (k) Qb (F s@)
ZrSmo.01 300 720.074 6.64 x 107° 0.7243 138.47 01.05 x 10~° 0.9774
320 422.832 6.31 x 10~° 0.7525 82.99 02.68 x 10~° 0.300
340 290.585 7.42 x 107° 0.7404 55.80 08.83 x 107° 0.1617
360 238.872 15.49 x 107° 0.6582 31.75 21.22 x 107° 0.1820
380 216.350 35.39 x 107° 0.5696 20.67 48.97 x 107° 0.9999
400 201.221 54.02 x 107° 0.5250 17.64 16.82 x 107° 0.9964
ZrSmo.05 300 1397 12.77 x 107° 0.5556 79.183 3.052 x 107° 0.6593
320 797.678 9.545 x 10~° 0.6182 49.351 14.14 x 107° 0.4466
340 472.167 7.863 x 107° 0.6556 29.831 67.13 x 107 *° 0.2492
360 368.014 4.978 x 107° 0.7020 17.605 48.98 x 107 *° 0.2164
380 320.112 5.298 x 10~° 0.6908 12.082 58.64 x 10~ *° 0.8656
400 246.647 10.17 x 10°° 0.6346 9.879 45.45 x 10~ *° 0.9894
ZrSmo.10 300 1779 10.36 x 10~° 0.5975 52.308 06.78 x 10~° 0.5998
320 1020 8.879 x 10 ° 0.6329 33.876 12.315 x 10°° 0.9594
340 579.937 9.003 x 107° 0.6158 16.176 14.62 x 107° 0.5673
360 381.627 6.112 x 10~° 0.6871 12.598 21.09 x 10~° 0.2962
380 254.366 3.805 x 10~° 0.7676 10.322 25.44 x 107° 0.9953
400 191.644 17.25 x 107° 0.5683 8.042 27.64 x 107° 0.9996

semicircles, indicating two distinct contributions. The first, at low
frequencies, shows a contribution from the grain boundaries,
while the second, at high frequencies, is attributed to the grains.”™

The fitting of the experimental data from the Nyquist
diagrams using the appropriate equivalent electrical circuit
with the MT-Lab software showed that the results are in good
agreement with an equivalent electrical circuit consisting of two
series-connected cells, corresponding to the grains and the
grain boundary effects, respectively. Fig. 15 shows the fitting of
the Nyquist diagram using the appropriate equivalent electrical
model for ZrSmo0.10. The various adjusted parameters are pre-
sented in Table 6.

The results presented in Table 6 show an increase in the
values of R, and a decrease in the values of Ry, with the increase
in the amount of Zr. Additionally, it is observed that these

7.5 - B ZrSm0.01
® ZrSm0.05 (a)
704 A ZrSm0.10
Linear Fit
6.5 1
=
on
o 6.0
N’
[
— 5.5
5.0 1
4.5 1
4.() T T T T
2.4 2.6 2.8 3.0 3.2 34
1000/T (K1)

values (R, and Ry,) decrease with the rise in temperature for all
ceramics, suggesting the thermal activation of conduction
mechanisms in these materials. The values of R, and Ry, were
evaluated using the Arrhenius law to determine the activation
energy associated with each.””®

R = Ryexp(~E,/kyT) 3)

where E, represents the activation energy for conduction, kg the
Boltzmann constant, R, the pre-exponential factor, and T the
temperature (in K). The values of E, (activation energy of the
grains) and Eg, (activation energy of the grain boundaries),
obtained from the linear fit according to the Arrhenius law
equation, are shown in Fig. 16(a) and (b). The corresponding
results are detailed in Table 7.

504 ™ ZrSm0.01
® ZrSm0.05 (b)
454 A ZrSm0.10
Linear Fit
4.0
ifa)
an
04 3.5
N’
(el
— 3.0
2.54
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2.4 2.6 2.8 3.0 32 34
1000/T (K1)

Fig. 16 Arrhenius plots of the data obtained for the ZrSm0.01, ZrSm0.05, and ZrSm0.10 ceramics: (a) for the grains, and (b) for the grain

boundaries.
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Table 7 Ea values related to Ry and Ry, for ZrSm0.01, ZrSm0.05, and
ZrSm0.10 ceramics

E,/eV E,/eV
Compositions (grain boundaries) (grains)
ZrSmo0.01 0.631 0.573
ZrSmo0.05 0.612 0.530
ZrSmo0.10 0.484 0.405

The activation energies of the grains range from 0.484 to
0.631 eV, while the activation energies of the grain boundaries
range from 0.405 to 0.573 eV, for temperatures between 300 °C
and 400 °C. It is clear that as the Zr content increases, the
activation energy decreases.

The activation energy (E,) represents the total energy required
both to generate charge carriers and to enable their long-range
migration, also known as the free-jump energy.”””® In ferroelec-
tric ceramics, this energy associated with small polarons typically
ranges from 0.2 to 1.5 eV.” It is influenced by the motion of
domain walls, which depends on potential barriers at the grain
boundaries that become more pronounced at elevated tempera-
tures. These barriers are related to lattice distortions and grain
size, both of which can limit the mobility of small polarons.®’ The
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high activation energy observed for the low-zirconium-content
compound is attributed to the low densification of these
samples, as the presence of pores increases the energy required
for charge carriers to perform their jumps.

3.5.2. Impedance modulus. Fig. 17(a)-(c) show the imagi-
nary part of the electric modulus (M") as a function of frequency,
measured at different temperatures for the ZrSmo0.01, ZrSmo0.05,
and ZrSmo0.10 ceramics. The variation of M” with frequency is
characterized by the presence of two peaks. An asymmetric peak
appears at low frequency, while another peak is observed at high
frequency, which are attributed to the relaxation processes of the
grains and grain boundaries, respectively.

It is observed that, with increasing temperature, the relaxa-
tion peaks shift to higher frequencies. The presence of two
peaks at distinct frequencies can be attributed to two different
relaxation processes. At low frequency, the observed peak is
associated with the long-range mobility of ions, which move
from one site to another through hopping.*** At high
frequency, however, the charge carriers are primarily confined
within their potential wells, moving over short distances and
undergoing only localized motions within these wells.**%*

The asymmetry of the relaxation peaks (M, ) reveals the
presence of a stretching coefficient (8). This parameter allows
characterization of the relaxation process type, whether Debye or
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Fig. 17 M" as a function of frequency at various temperatures for (a) ZrSm0.01, (b) ZrSm0.05, and (c) ZrSm0.10.
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non-Debye, and helps determine if the relaxation originates from
the grains or the grain boundaries.* To verify this, the stretching
coefficient (8) was determined by fitting the imaginary part of the
electric modulus (M") using the Kohlrausch-Williams-Watts
(KWW) function for a single M” response, or the modified KWW
function for a double response, according to Bergman's approach:*

"
" M.k

M — max 4
1 ﬁg fn%ax be ( )
(=60 [+ (%) + (£)
" Ig
M — ﬂ Mmax 6
g f 4
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M represents the maximum value of M” in the low-frequency
region, while M;;‘?ax corresponds to the maximum value in the
high-frequency region. f&%, is the peak frequency associated
with the grain boundary anomaly, and f§,.x corresponds to the
grain-related anomaly. For ideal Debye-type relaxation, 8 = 1,
whereas for non-Debye relaxation, 8 ranges between 0 and 1 (0 <
B <1). Fig. 18(a) and (b) shows the variation of 8 as a function of
temperature, taking into account the contributions from both
grains and grain boundaries. The § values, lying between 0 and
1, indicate a non-Debye behavior for all the ceramics studied.
The relaxation times 7, and 1y, were analyzed using the Arrhe-
nius law to determine the activation energies associated with
the contributions of grains and grain boundaries.™

‘L'M” =T CXp(Ea/an [6)
where E, represents the activation energy, kg the Boltzmann
constant, 7, the pre-exponential factor, and T the temperature
(in K). Fig. 18(c) shows the Arrhenius plot for the grain
boundary response, while Fig. 18(d) illustrates the plot for the
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Fig. 18 The evolution of the 8 parameter with temperature is shown for all ceramics in (a) grain boundaries and (b) grains. The corresponding
Arrhenius plots of In(z"") versus 1000/T are presented in (c) for grain boundaries and (d) for grains.
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Table 8 Activation energy values associated with ™ for the
ZrSm0.01, ZrSm0.05, and ZrSm0.10 ceramics

E,/eV E,/eV
Compositions (grains) (grain boundary)
ZrSmo0.01 0.635 0.736
ZrSmo0.05 0.609 0.689
ZrSmo0.10 0.498 0.498

grain response. The activation energy associated with each
response was determined from the slope of the linear fits on
these graphs. The calculated activation energy values, E,(gp,) and
E,(g), for our materials are presented in Table 8.

Comparison of the activation energy values suggests that
more energy is required for charge carriers to jump across the
grain boundaries than within the grains. This can be explained
by the fact that the movement of charge carriers inside the
grains is confined to the oxygen octahedra of the unit cell,
whereas at the grain boundaries, the diffusion or hopping of
charge carriers requires more energy.*® It is important to note
that a slight discrepancy was observed between the activation
energies calculated from the Nyquist data (see Table 7) and
those obtained from M” data (see Table 8). This difference can
be explained by the fact that Z” primarily reflects the overall
macroscopic behavior, while M” is governed by the microscopic
behavior of domains or grains within the sample.

4. Conclusion

The different compositions Bag ¢55Mmg 034 Ti(1—x) 21,03 with x =
0.01, 0.05, and 0.10 were synthesized via the solid-state reaction
method at 1200 °C for 6 hours in air. The ceramics were then
sintered at 1300 °C for 6 hours. The structural study by X-ray
powder diffraction for all compounds reveals crystallization in
a tetragonal structure with the space group P4Amm. Increasing
the zirconium content substituting titanium leads to an
increase in the unit cell volume and a significant distortion of
the [Ti/ZrOe] octahedra. All samples exhibit a dense micro-
structure with pores that decrease as the Zr content increases.
Additionally, the average grain size also increases with the
rising Zr content. The bandgap energy (E,.p) of the ZrSmo0.01,
ZrSmo0.05, and ZrSmo0.10 ceramics ranges between 3.20 and
3.45 eV. The study of the dielectric properties of ZrSmo0.01,
ZrSmo0.05 and ZrSmo0.10 ceramics, as a function of temperature
and frequency, revealed the presence of a dielectric peak asso-
ciated with the transition from the ferroelectric to the para-
electric phase, corresponding to the Curie temperature. These
results are consistent with the X-ray diffraction findings. A
reduction in the Curie temperature was observed as the zirco-
nium content increased. The evolution of the dielectric
permittivity as a function of frequency at different temperatures
shows that the relaxation behavior is enhanced with increasing
Zr content. The electrical properties of the prepared ceramics
are influenced by two distinct responses, one corresponding to
the grain effect at low frequencies and the other related to the
grain boundary response. Increasing the Zr content in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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prepared compounds results in higher electrical resistance. The
study of the complex modulus reveals non-Debye behavior for
all analyzed ceramics. The activation energy determined from
this modulus shows that charge carrier hopping mainly occurs
across the grain boundaries rather than within the grains. The
activation energy is higher at the grain boundaries than within
the grains, reflecting the greater energy required for charge
carriers to hop across boundaries. Overall, the activation energy
decreases with increasing Zr content due to improved densifi-
cation and reduced energy barriers.
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