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1. Introduction

Doping stimulated ferromagnetic ordering and
tailoring of the dielectric properties of
Ba1_XCeXTiO3Jr

Rahul Sharma,®® Shreya Sinha,” Rahul Singh,® Saurabh Pathak, (2 *©
Barsha Borgohain,® Noor Jahan* and N. S. Negi®

The concurrent integration of ferroelectricity and ferromagnetism in BaTiOz (BT) introduces a promising
paradigm for multifunctional applications. This study delves into the structural, magnetic, and dielectric
characteristics of Ba;_,Ce,TiOz (BCT) ceramics with Ce substitution varying from 0 to 2%. Notably, BT in
its pristine state exhibited weak ferromagnetism at a lower applied magnetic field. However, the
introduction of Ce®" led to an augmentation in the M, values, attributed to the elevated presence of
oxygen vacancies. Rietveld analysis of the X-ray diffraction patterns and the Raman spectra of all the
samples revealed the unaltered tetragonal structure of BT despite increasing the Ce content to 1.5%.
Simultaneously, an increase in the unit cell volume and crystalline size was noted, whereas the
tetragonality factor (c/a) diminished with increasing Ce substitution. Field emission scanning electron
microscopy (FESEM) analysis highlighted a transition in the average grain size from 738 nm to 899 nm
with increasing Ce content. The investigation of dielectric properties showed a proportional reduction in
the dielectric constant with increasing Ce concentration. Additionally, dielectric measurements revealed
that AC conductivity increased with frequency, and Ce doping further enhanced the conductivity by
introducing additional charge carriers. Despite the reduction in the dielectric constant, the minimal
dielectric loss made these materials highly suitable for high-frequency applications. This study
underscores the significance of Ce incorporation into BT, introducing magnetic behaviour to an
otherwise non-magnetic, lead-free BT system. The observed phenomena open avenues for exploring
previously limited multiferroic and magnetoelectric properties of BT ceramics, a promising direction in
the realm of lead-free ferroelectrics.

piezoelectric properties, its lead content poses environmental
concerns. BiFeO;, though multiferroic, suffers from low mag-

The investigation of advanced materials with multifunctional
characteristics is the cornerstone of contemporary scientific
research, and BT has emerged as a focal point owing to its
inherent ferroelectric properties, which are crucial for diverse
electronic applications.”> Compared to other ferroelectrics like
lead zirconium titanate (PZT) and bismuth ferrite (BiFeOs;),
BT offers distinct advantages. While PZT exhibits superior
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netization and leakage currents. BT circumvents these issues by
providing a suitable balance of ferroelectric and dielectric
properties without the associated drawbacks. Traditionally
devoid of magnetic characteristics, BT has undergone a wary
transformation through controlled doping, resulting in a dis-
cernible departure from its intrinsic diamagnetic nature.® This
intentional modification introduces pronounced ferromagnetic
properties, establishing a noteworthy contrast with its conven-
tional properties and revealing the distinctive phenomenon of
magnetoelectric coupling, which is an intriguing convergence
of ferroelectric and ferromagnetic behaviours. The synergistic
amalgamation of ferroelectricity and ferromagnetism in doped
BT introduces a promising paradigm for multifunctional appli-
cations, representing a fundamental shift in the underpinning
properties of the material. Multifunctional materials, combin-
ing ferroelectric and magnetic properties, offer significant
potential for technological advancements in domains such as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electronics, energy and healthcare. By combining these proper-
ties, we can develop innovative solutions for a wide range of
applications including sensors, data storage and actuators used
in robotics, automation and medical equipment. This conver-
gence pioneers a sophisticated approach to advancing electro-
nic and magnetic devices, necessitating a comprehensive
examination of the nuanced interplay between these augmen-
ted characteristics.*

BT exhibits diamagnetic characteristics in the bulk phase;
however, the introduction of transition metal ions such as Fe,
Mn, Co, or Ni through substitution at the Ti site in the crystal
lattice induces a profound transformation in its magnetic
behavior.>® This substitution disrupts the delicate balance of
charges and spins within the lattice, generating localized
magnetic moments. The partial filling of the d or f orbitals in
transition metal dopants introduces unpaired electrons, con-
tributing to magnetic moments that can align in parallel,
fostering a ferromagnetic state. In pursuit of this, Dang et al.
observed that increasing Fe doping at the Ti site alters oxygen
vacancies, transforming diamagnetic BT into a ferromagnetic
material. The ferromagnetic shift is attributed to the polariza-
tion of electron spins drawn towards positive spots created by
oxygen vacancies, aligned with the magnetic moments of the
substituted Fe ions.” In an analogous study, Lin et al. found
that Fe*" ions at the Ti site strategically filling the pentahedral
and octahedral positions induce ferromagnetic properties in
Fe-doped BT because of the super-exchange interactions of Fe**
at these sites.® Bhowmik et al chemically synthesized
BaTi, sMn, 503 particles which exhibited a subtle ferromag-
netic response at low magnetic fields, with a more pronounced
indication of ferromagnetic behavior compared to other synth-
esis routes, including solid-state and mechanical alloying.’
Nakayama et al. conducted ab initio total energy calculations
for various transition metal dopants utilizing the local spin
density approximation. Mn doping has been highlighted as the
most promising transition metal dopant for ferromagnetic
applications in BT, with notable potential for Cr and Fe
doping."®

The strategic substitution of Ba with transition metal ions
further enhances this effect, creating an environment where
ferromagnetism becomes increasingly pronounced. Alkathy
et al. investigated Ni and Na co-substitution in BT and observed
improved magnetic properties. These ceramics exhibited coex-
isting ferroelectricity and weak ferromagnetism, attributed to
the F-center exchange mechanism."' In a captivating study,
Maikhuri et al. revealed ferromagnetism under both scenarios
of Fe doping at the A and B sites of BT. In the case of B-site
substitution, oxygen vacancy-mediated super-exchange interac-
tions between nearby Fe*" ions were shown to be the source
of ferromagnetism, whereas double exchange interactions
between Fe** and Fe®* were responsible for ferromagnetism
in A-site doped BT."” The interplay between the charge, spin,
and crystal structure in transition metal-doped BT is crucial for
comprehending the emergence of ferromagnetic properties.
This newfound ferromagnetic character of transition metal-
doped BT not only broadens our understanding of multiferroic
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materials but also opens avenues for applications in spintro-
nics, magnetic storage, and other emerging technologies. The
ability to manipulate and enhance magnetic properties through
controlled doping offers a promising path for tailoring materi-
als with desired functionalities, adding a layer of versatility to
the traditional nonmagnetic BT system."*"*

Taking into consideration the multifunctionality and multi-
ferroism, it is essential to emphasize the primary requirement
for doping materials: they must yield a single phase of BT. The
introduction of transition metal doping, particularly Fe doping,
into BT has been observed to generate multiphase compounds,
resulting in an undesirable reduction in magneto-electric
coupling.™ This observation serves as a motivation to explore
alternative options for transition metal-doped BT. Recently,
there has been growing interest in modifying BT with rare-earth
ions'®2° because the introduction of rare earth dopants leads
to extraordinary enhancements in the properties such as
remarkable solubility, low critical temperature (7.), good dielec-
tric properties, and photorefractive properties of BT ceramics,
surpassing the effects of transition metal dopants.>'>*

Among the rare earth elements, cerium (Ce) stands out as a
significantly abundant element with the ability to readily
undergo self-oxidation or reduction to Ce*" and Ce**, respec-
tively, and induces weak ferromagnetism when introduced in
small percentages. Additionally, Ce ions have a suitable ionic
radius and valence state as Ba*" and Ti*" ions, which facilitates
their substitution into the BT lattice without causing significant
structural distortions crucial for preserving its ferroelectric
properties. This incorporation offers an opportunity to explore
and enhance the multiferroic properties of BT, making it a
promising material for spintronic and multifunctional
devices.>* It has been reported that Ce, when present in the
Ce®" valence state, is captured at Ba®" sites, whereas Ce*"
occupies Ti*" sites.>® Numerous experiments leading to remark-
able results have emerged with the introduction of Ce in BT,
changing our existing understanding of its behavior.>"*>72°
While other lanthanides and transition metals can also induce
magnetism in BT, they often require higher concentrations that
may compromise its ferroelectric properties. Although many
studies have discussed ferromagnetism in BT with transition
metal doping, few have focused on the impact of cerium doping
specifically at the Ba>* (A) site. Considering this gap, it is worth
investigating how this A-site substitution of Ce impacts BT
ceramics.

This study focuses on the synthesis of A-site-substituted
Ba; ,Ce,TiO; (x = 0, 0.5, 1, and 1.5%) ceramics using a sol-
gel chemical synthesis technique. Sol-gel processing provides a
distinctive advantage by facilitating the synthesis of ceramics at
lower temperatures, thereby significantly influencing their
structural and electrical characteristics. The structural informa-
tion of the prepared ceramics was obtained through Rietveld
refinement of the X-ray diffraction (XRD) data, and the mor-
phology was studied using field emission scanning electron
microscopy (FESEM). Raman spectroscopy was used to obtain
information related to the chemical composition. Furthermore,
vibrating sample magnetometry (VSM) was utilized for the DC
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magnetic response of the samples, whereas impedance analysis
was used to determine the effect of the dopant on the dielectric
properties. Through systematic exploration, this study exam-
ines the structural, dielectric, and magnetic properties inherent
in BT and BCT ceramics. The presented findings contribute to a
nuanced understanding of the intricate interplay between Ce
substitution, sol-gel processing parameters, and the resulting
material characteristics. This work not only expands the funda-
mental knowledge of the studied system, but also holds
potential implications for advancing functional materials with
tailored properties, thereby creating opportunities for applica-
tions in diverse technological domains.

2. Synthesis and characterization

The sol-gel method was adopted for the synthesis of BT and
BCT ceramics. A solution was prepared by dissolving different
mol% of cerium(m) acetate in 25 ml of 2-ethyl hexanoic acid
and mixed with the desired amount of barium acetate and
tetra-n-butyl orthotitanate with continuous stirring. The result-
ing mixture was heated at 150 °C until it completely dried. The
dried specimen was then crushed into a fine powder, and the
powder samples were annealed at 1300 °C for 5 hours in a
furnace. To perform the electrical measurements, pellets of the
synthesized ceramic powder were prepared by compressing
sintered powders in a die with a diameter of 10 mm under a
pressure of 3.5 tons for half an hour at room temperature,
using polyvinyl alcohol as a binding agent. The BCT pellets
were then sintered at 1350 °C for 30 min. The prepared
ceramics were examined by various experimental methods. A
comprehensive characterization approach was undertaken to
elucidate the structural, compositional, and functional proper-
ties of the fabricated BT and BCT ceramics. XRD analysis using
an X’Pert PRO diffractometer with Cu K, radiation (1 = 1.54 A)
was employed to identify the crystal phases present in the
samples. This assessment ensured the formation of the desired
crystalline phases and unveiled any potentially detrimental
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secondary phases that might compromise the material perfor-
mance. Further insights into the local atomic order and subtle
structural variations were obtained through Raman spectro-
scopy using a LabRAM HR Evolution (Horiba, Japan) with a
532 nm excitation laser. This technique provides valuable
information regarding the chemical composition and bonding
characteristics of the ceramics. The microstructural features,
including grain size, morphology, and the presence of defects
or porosity, were investigated using field emission scanning
electron microscopy (FESEM) on a Nova NanoSEM 450 (USA). A
thorough understanding of the microstructure is crucial
because it directly influences the mechanical and functional
properties of the final material. In addition, the magnetic
properties of the ceramics were determined using a MicroSense
EV7 system (USA). These data are particularly relevant for
applications where magnetic behavior plays a significant role.
Finally, the dielectric properties, such as the dielectric constant
and loss tangent, were assessed using a Wayne Kerr 6500 B
impedance analyzer. This information sheds light on the
interaction of the material with electric fields, a key factor for
applications involving electrical insulation or energy storage.

3. Results and discussion

Fig. 1 displays the XRD patterns of BT and BCT ceramics post-
annealed at 1300 °C. The scan covers the entire 260 range from
20° to 70° conducted at a speed of 0.02° per second for all the
samples. Notably, each sample exhibited well-defined sharp
reflection lines, indicating a high degree of crystallization.*® In
the XRD data of all BCT ceramics with Ce substitution up to
1.5 mol%, pristine perovskite structure growth is evident, devoid
of any discernible impurities. This underscores the successful
substitution of Ce*" ions into the BT lattice. However, a further
increase in the Ce content to 2 mol% resulted in the emergence
of impurities, as corroborated by the XRD patterns shown in
Fig. 1. Consequently, subsequent characterizations were con-
fined to the BCT samples up to x = 1.5%. The diffraction
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Fig. 1 XRD patterns of BT and BCT ceramics with x = 0.5%, 1%, 1.5% and 2% (left); shift of the peaks at 31° (center) and 45° (right) on cerium doping.
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peaks align with the standard patterns of the tetragonal phase Experimental
of BT (ICSD card 01-075-2117), with dual (002)/(200) peaks I Calculated
at ~260 = 45° confirming the tetragonal structure formation ¥ .
in these samples.* The most intense peak, denoted as (110), 5 Difference  BCT, x=1.5%{
manifested prominently near 260 ~ 31° in the XRD spectra. & & L_% £ . é A
Further validation of the tetragonal structural evolution in " N
these samples was affirmed by the discernible splitting of T _
additional peaks at 20 =~ 53°, 57°, and 65°. A subtle shift of )
peaks (e.g., at 45°) towards higher 26 values is observed with — ':
increasing Ce content in BT ceramics, as anticipated due to the :' E BCT. x=1%
comparatively smaller ionic radius of Ce** ions (1.07 A) relative “' 2 A ’
to Ba®* ions (1.35 A). The crystallite size was determined using ) i i 2 g P
the Scherrer formula:** 3} 4 — -
0.9/ ‘7

4= B cos 0 2 g é
where 4 =1.5406 A is the wavelength of the X-ray (Cu K,), fiu is E é BCT, x=0.5%
the full width at half maximum, and 0 is Bragg’s angle. The e e g g & _ é A
resulting crystallite sizes for the BCT ceramics are summarized - _
in Table 1, revealing an increase in the crystallite size with = b N -
increasing Ce content. This phenomenon is indicative of an o 2
augmented unit cell volume and a reduced tetragonal c/a ratio, = @é BT
excluding the sample with 1 mol% Ce substitution. The Wil- PN E =) 8 ) R ) = o
liamson-Hall (W-H) method addresses both instrumental and = E < é SRS g § G%‘J g §
strain broadening enabling us to calculate the strain induced in - A 2 Ay A
the lattice.*® The W-H plots for BT and BCT samples are shown + 3 - i
in Fig. S1 (ESIt). The negative slope found for all the samples in . . . .
the W-H plots indicates that there is a tensile strain induced in 20 30 40 50 60 70

each of these samples. Moreover, the strain values decreased
with increasing dopant concentration, suggesting that Ce ions
are efficiently incorporated in the BT lattice. The introduction
of Ce*" ions, which are smaller than Ba*' ions, at the Ba*" site
induces oxygen vacancies, potentially extending the Ti site
substitution. Such substitutions generally result in lattice strain
elevation, which primarily contributes to the increased crystal-
lite size.** Consistent with prior research by Kumar et al.,'” a
direct correlation was established between the increase in the
Ce dopant concentration and the likelihood of oxygen vacancy
formation. The atypical structural response observed in BCT
with 1 mol% Ce content is postulated to stem from lattice
strain saturation due to the transition from substitution
site A to B. Furthermore, Rietveld refinement of the powder
XRD spectra of BT and BCT ceramics was carried out using
FullProf software. The pseudo-Voigt function, represented as
the summation of Gaussian and Lorentzian functions, was
employed as the peak profile function.®® The scale factor, back-
ground, isothermal parameters, occupancy, and instrumental

20 (degrees)

Fig. 2 Rietveld refined XRD patterns of BT and BCT ceramics.

broadening were refined to achieve a fitting congruent with the
anticipated structural model. The chi-square () values resulting
from the Rietveld fitting were close to unity, signifying a fitting
adequacy for the X-ray diffraction of BCT ceramics.*®” Fig. 2 shows
the Rietveld refined powder XRD profiles of BT and BCT ceramics,
facilitating a comprehensive structural analysis of the specimens.
The various structural parameters obtained from Rietveld fitting
are listed in Table 2. Fig. 3 displays the crystal lattice created with
Vesta using the improved parameters obtained after refinement.
The microstructural properties of the BCT ceramics were
investigated using FESEM. Fig. 4 shows the FESEM micro-
graphs and histograms illustrating the grain size distribution
of the BCT ceramics. From the fitting of histograms to the
normal distribution function given below, it is possible to

Table 1 Variation in the crystalline size, unit cell volume, and tetragonality c/a ratio of BCT ceramics

Lattice parameters

Ce concentration (mol%) a(A) c(A) Crystallite size (nm) Unit cell volume (A% Tetragonality (c/a) Grain size (nm)
0 3.9979 4.0309 34.399 64.4254 1.00843 738.4
0.5 4.0021 4.0259 38.837 64.4827 1.00595 826.6
1 4.0009 4.0260 38.658 64.4286 1.00602 815.4
1.5 4.0035 4.0256 38.901 64.5214 1.00552 899.3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Rietveld refinement parameters of BCT ceramics with varying Ce
concentrations

2

Ce concentration (mol%) Bragg factor Ry R, Rup Rep

0 1.22 5.870 5.335 26.2 31.8 28.78
0.5 1.51 6.358 4.559 22.0 29.9 24.35
1 1.13 5.653 5.585 25.1 30.6 28.81
1.5 1.06 4.157 3.308 18.2 25.8 25.10

Fig. 3 Crystal structures of BT and BCT ceramics generated using Vesta
software using Rietveld refined structural parameters.

determine the average grain size of BCT ceramics:**°

1 —(x-p’
1= 2nexp< - ) @

where x represents the average grain size, ¢ represents the
standard deviation of x, and u is the mean of x. All the BCT
ceramics exhibited well-defined microstructural characteris-
tics. The measured grain sizes of the prepared samples are
shown in Table 2. It has been observed that, with Ce substitu-
tion, the overall grain size of BT increases, which is attributed
to the substitution of Ce*" and Ce*' at the A- and B-sites,
respectively.”” The presence of polymorphic coarse and small
grains is evident in the micrographs. It is also observed from
the FESEM images that the ceramic becomes denser with Ce
substitution, and microstructural evolution exhibits relatively
larger grains with well-defined grain boundaries. The observed
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average grain size values are 738.4, 826.6, 815.4, and 899.3 nm
for BT, BCT (x = 0.5), BCT (x = 1) and BCT (x = 1.5) ceramics,
respectively. However, the slightly decreasing trend of the grain
size observed for the 1% Ce-substituted BT ceramic could be
explained by the development of fewer vacant oxygen spots in
this particular specimen. The generation of oxygen vacancies in
BCT ceramics was also confirmed by Senthil et al.*® using XPS
analysis.

To gain more insights into the structural changes in BT
ceramics with Ce content, the Raman study was performed on
the prepared samples. The Raman spectra of BT and BCT
ceramics spanning the wavenumber region from 0 to
1200 cm ™" were measured by exciting the samples with mono-
chromatic light of wavelength / ~ 532 nm (Fig. 5).""** 1t is
widely known that, above the Curie temperature, BT is in a
paraelectric phase with cubic symmetry, which results in it
being Raman inactive, while ferroelectric symmetry makes it
Raman active. BT has 12 optical modes according to the
formula (3N — 3), N being the number of atoms per unit
cell.** For tetragonal BT, there are A1, B1, and E modes.
Because of the long-range electrostatic interactions among Ti
and O in Ti-O¢ octahedra, there appears a splitting of A1 and
E modes into longitudinal optical (LO) and transverse optical
(TO) modes.*” The Raman spectra of the BCT ceramics dis-
played distinct optical modes at 180 cm™*, 263 cm ™, 305 cm ™,
514 cm™ ' and 715 cm™*, analogous to the tetragonal phase of
BT.** A band with a dip was observed at 180 cm ™' owing to the
anharmonic interaction of three A1 (TO) phonon modes.****
The optical mode at 264 cm™" is designated as the A1 (TO)
phonon mode. The optical modes observed at 305 cm ™" and
715 cm ™' being the most prominent confirmed the tetragonal
structure. These optical modes are associated with the [B1, E
(TO + LO)] and [A1 (LO), E (LO)] phonon modes. In addition, a
broadband with a phonon mode [E (TO), A1 (TO)] at 514 cm ™"
was obtained, attributed to the interaction of structural defects
or Ti*" disorder with normal phonons.*® The tetragonal struc-
ture remains intact even in BCT with x = 1.5 mol%, as is evident
from the presence of optical modes around 305 cm ™' and 715
cm . Thus, it is concluded that there is no structural trans-
formation in BCT ceramics, even at higher cerium concentra-
tions, as validated through XRD and Raman analysis. However,
as the concentration of Ce dopant increased, the strength of the
optical modes weakened and broadened. Furthermore, a blue
shift (from 715 em™' to 717 cm™') in the Raman peak at
715 cm™* was also visible with an increase in Ce doping.

In bulk, BT is diamagnetic, and to induce the magnetic
properties for the multiferroic and magnetoelectric applica-
tions while maintaining its high dielectric and ferroelectric
properties, Ce*" is introduced in the crystal lattice. Fig. 6 shows
the ferromagnetic properties of the BCT samples after subtract-
ing the diamagnetic contribution. The magnetization vs. mag-
netic field (M-H) curves for BCT ceramics under an applied
field of 20 kOe are shown in Fig. 6(b)-(d); however, for the BT
sample (Fig. 6(a)), it saturates at a much lower applied mag-
netic field of approximately 1500 Oe.*® BCT ceramics show
ferromagnetic characteristics at a lower applied magnetic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FESEM images of BT and BCT ceramics annealed at 1300 °C along with their histograms of grain size distribution fitted to eqn (2).
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Fig. 5 Raman spectra of BT and BCT ceramics with varying Ce
concentrations.

L)
200 1000

field and display diamagnetic characteristics at a higher
field. The existence of numerous ionic states of Ce atoms
may help to explain this magnetization behavior. After sub-
tracting the diamagnetic response, the presence of ferromag-
netic and paramagnetic contributions in the BCT ceramics
results in M—H curves, as shown in Fig. 6(a)-(d).*® The fitting
of the M-H curves was performed by considering the ferromag-
netic and paramagnetic contributions according to the follow-
ing equation:*"™*°

M(H)

= 2];[45 tan™! [M tan (n—S)] +y-H (3)

H, 2

© 2024 The Author(s). Published by the Royal Society of Chemistry

The ferromagnetic contribution fits according to the above
equation, where the BCT ceramics are magnetized under the
applied field. In the above equation, the 1st term describes the
ferromagnetic contribution, and the 2nd term describes the
paramagnetic contribution in BCT ceramics, where M, H.,
S = %, and y are the saturation magnetization, coercive field,

S

squareness ratio, and magnetic susceptibility, respectively.
In our results, the value of y is significantly less than 1, and
therefore the diamagnetic behavior can be observed at higher
fields. In addition, the insets in Fig. 6(a)-(d) at the bottom right
corner are the magnified snapshots of the M-H curves near the
origin, where the experimental data points and the fitting
curves signify good agreement with the equation and the
optimized theoretical parameters such as M (th), H. (th), and
M, (th) are shown in Table 3.

The observed M-H curves of the BCT samples (at Ce con-
centrations of 0.5%, 1%, and 1.5%) show weak ferromagnet-
ism; however, it was found to be stronger than that observed in
BT since BT is diamagnetic in bulk and becomes ferromagnetic
under certain conditions, such as vacancy induction, the
impact of the Ba/Ti ratio, edge dislocations, and defects at
nanoscale sizes of BT particles.**** Additionally, numerous
studies have reported a slight magnetic influence in its bulk
form, which exactly matches the present findings for BT
samples.”> > Among all the samples, the BCT (x = 0.5%)
exhibited the highest magnetization value of My ~ 3.41 x
102 emu g~ ' with a coercive field value (H_.) of ~58.96 Oe. The
M values of the BCT ceramics demonstrate an upward trend
with an increase in Ce content up to 0.5 mol%; a similar trend
was reported at 1 mol%.*° On further increasing the Ce
concentration to 1 and 1.5 mol%, a decrease in M (Fig. 6(b))
can be observed, while there is a gradual increase in H.
(Table 3). In addition, the magnetocrystalline anisotropy energy
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Table 3 Saturation magnetization (Ms) and coercive field (H.) values of BCT ceramics

M, (th)
(in emu g™")

H, (th)
(0¢)

M, (th)
(emu g )

M, (th) (LAS fit)
(emu g )

K:MS—HCXIO*“

. M, H+ H S b

Concentration M , H, M, (expl1 M=Ms ap tan (2 4+ 40 M=M|1—2| +om .
(in mol%) (exp) (emu g~") (exp) (Oe) (emu g ') n H, 2 H "7 (ergem™)
0 3.14 x 1073 3.70 1.38 x 107* 3.74 x 10 4492  1.60 x 10°*  3.45 x 107° 32.41

0.5 3.41 x 1073 58.96 1.84 x 10°* 4.05 x 10* 48.607 1.77 x 10°*  3.75 x 10* 597.47

1 3x10° 68.11 2.60 x 107* 3.43 x 107° 68.203 212 x 107* 328 x 10° 597.69

1.5 1.76 x 1073 71.39 1.68 x 107* 2.06 x 10 70.251 1.92 x 107*  1.91 x 107° 277.31

2
M, and H. are inversely dependent to each other justifying the
observed trend of coercivity of BCT ceramics.*®**”

The enhancement in magnetization may be due to the
interaction of the unpaired electrons of 4f' (Ce*") with vacan-
cies present in the material and because of the redistribution or

MH
(MCA) of BCT ceramics can be defined as (K == C) where

8644 | Mater. Adv., 2024, 5, 8638-8651

sharing of energy caused by the hybridization between the
electrons of 4f' (Ce**) with 5d° (Ce*"), 6s° (Ce*), and the
electrons of the 2p subshell of O°.°® In addition to these
factors, the hybridization of the electrons of Ce*" ions with
the 4f°, 5d°, and 6s° subshells of Ce*" ions and the electrons of
the 2p subshells of O*>~ also contributes to magnetization.>
These Ce"" ions originate from Ce®" ions, which provide oxygen

© 2024 The Author(s). Published by the Royal Society of Chemistry
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vacancies to make conversion possible.>® At higher Ce concen-
trations, there is a decrease in magnetization, which may be
attributed to the diamagnetic contribution. Mohanapriya
et al.®® reported that, at higher concentrations of Ce substitu-
tion in BT, numerous localized 4f electrons occur, which
contribute to the diamagnetic characteristic and hence the
decrease in the magnetization. In addition, first-principles
studies also suggest that the origin of ferromagnetism in
non-magnetic ferroelectric BT is the oxygen and titanium
vacancies in the crystal lattices.”® Several theoretical studies
have also found that BT nanoparticles have a small amount of
ferromagnetism, which is supported by spin-density functional
theory.>>®" With the substitution of a suitable dopant, magnet-
ism can be induced in bulk BT ceramics.*®*%%%% Here, in BT
ceramics, it has been found that magnetism increases gradually
with Ce doping. In this work, maximum substitution up to 1.5
mol% was performed without hampering the perovskite struc-
ture on the Ba site because Ba®" ions are replaced by Ce*" ions
in the nearest neighboring sites, which results in the induction
of ferromagnetism in BT ceramics. As revealed by experimental
and theoretical investigations, the ferromagnetism of BT is
caused by titanium and oxygen vacancies.®®* Thus, in our
results Ce®" ions replaced Ba®*, whereas some Ce*" ions were
substituted at Ti*" sites because the actual substitution
depends generally on the Ba/Ti ratio.** It is worth noting that
M, values are relatively low. While these values may seem
modest compared to some other materials, the unique combi-
nation of properties such as ferroelectricity, dielectric proper-
ties and weak ferromagnetism in BCT ceramics offers
significant advantages in various applications such as spintro-
nics, energy harvesting, data storage, etc.®>%®

Fig. 7(a) shows the frequency response of the dielectric
constant behavior of the BCT ceramics measured at room
temperature. The dielectric responses of these samples were
examined at frequencies ranging from 1 kHz to 1 MHz. All
samples had dielectric constant values that were slightly higher
for low-frequency values and become progressively lower as the
frequency increases.®® It can be seen from Fig. 7 that the
dielectric constant behavior becomes almost dispersion-less
beyond a 1.5 kHz frequency.>””°

The dielectric response can be understood in terms of the
different types of polarizations present in the samples, which
include atomic, dipolar, electronic, space charge, and interfa-
cial polarizations. The grain boundaries in dielectric materials
are highly restrictive; therefore, upon exposing the material to
an external electric field, the charges present on the surface are
assembled near the boundaries or interface between the grains.
This results in the generation of interfacial polarization within
the sample. Interfacial polarization and space charge polariza-
tion are responsible for the higher dielectric constant values at
lower frequencies, but interfacial polarization fails to respond
at higher frequencies. Thus, for higher-frequency values
(rapidly varying electric fields), some dipoles are unable to
imitate this variation in the electric field. At higher frequencies,
the decreased value of the dielectric constant can be attributed
mainly to the contribution of electronic and atomic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Variation of the (a) dielectric constant and (b) dielectric loss of BT
and BCT ceramics with varying frequencies.

polarization.”” Thus, the contribution due to the interfacial
polarization is not large compared to the lower frequency
values, which causes decreased values of the dielectric con-
stant. This effect was originally proposed by Koop, where the
effect of voltage drop throughout the grain boundaries
remained larger at low frequencies.”" The dielectric constant
decreased at higher frequencies because the contributions
from space charge polarization decreased, as explained by the
Maxwell-Wagner mechanism.”>”?

Overall, the dielectric constant decreases with increasing Ce
substitution content. This behavior can be understood in terms
of the decrease in the tetragonality of samples with increasing
Ce concentration. This dielectric behavior is consistent with the
reported work, which elucidates the decrease in the dielectric
constant with a tetragonality factor.®*’®7> The tetragonality
factor decreases with increasing Ce content because of addi-
tional oxygen vacancies within the lattice. This, in turn, leads to
a further reduction in the dielectric constant. It can be clearly
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seen that the tetragonality factor significantly influences the
dielectric constant values. A similar behavior of the dielectric
constant was reported by Choudhary et al.”* and Sarah et al.””
The dielectric loss behavior of various samples as a function of
frequency at room temperature is shown in Fig. 7(b).

The loss tangent or loss factor (tan ) represents the energy
dissipated in the dielectric material during polarization. As
shown in Fig. 7(b), the dielectric loss initially decreases with
increasing frequency, saturates, and then slightly increases at
higher frequencies. The increase in the dielectric loss at higher
frequencies is attributed to the resonance effect of the electrical
leads employed in the measurement unit. The variations in the
dielectric constant and dielectric loss values with dopant
concentration at a frequency of 1 kHz for the BCT ceramics
are listed in Table 4. One can see an increase in the dielectric
loss factor of the BCT ceramics with Ce substitution. This trend
can be understood in terms of the increased number of vacant
oxygen sites in the samples with an increase in the doping
concentration. It is well known that a lower value of dielectric
constant leads to a higher resonant frequency. Therefore, BCT
ceramics with decreasing dielectric constants can be advanta-
geous for applications such as microwave and millimeter-wave
devices, enabling the design of smaller and more compact
dielectric resonators. While an increase in the dielectric losses
is also observed, the maximum value remains relatively low at
0.093. This favorable characteristic is essential for applications
where minimizing energy dissipation is crucial.

Fig. 8 illustrates the frequency-dependent behavior of the
real and imaginary AC conductivity parts of all BCT ceramics at
RT. All samples exhibited an increase in AC conductivity with
increasing frequency, a common characteristic of dielectric
materials attributed to enhanced charge carrier mobility at
higher frequencies.”® The plots showed a linear relationship
with frequency across a wide range, deviating only at low
frequencies. Such behavior suggests a hopping process in
which charge carriers transition between localized states.””"”®
Enhanced conductivity results from the efficient hopping of
charge carriers at higher applied field frequencies. Meanwhile,
pure BT had lower conductivity than doped counterparts sug-
gesting that Ce doping may have introduced additional charge
carriers or pathways for conduction. Notably, the sample with
the highest doping concentration had the highest conductivity
at lower frequencies. However, at higher frequencies, the trend
reversed, leaving a less apparent link between conductivity and
dopant concentration. In contrast, the imaginary component of
conductivity constantly declined as Ce doping increased, with

Table 4 Room-temperature dielectric constant and dielectric loss values
of BCT ceramics measured at 1 kHz

Ce concentration Tetragonality Dielectric con-  Dielectric loss (at

(mol%) (cla) stant (&') 1 kHz)
0 1.00823 4288 0.023
0.5 1.00595 1806 0.049
1 1.00602 2043 0.059
1.5 1.00552 1148 0.093
8646 | Mater Adv, 2024, 5, 8638-8651
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Fig. 8 Variation of (a) the real part of AC conductivity (the inset image
shows the variation of the frequency exponent s with Ce concentration)
and (b) the imaginary part of AC conductivity of BCT ceramics against
frequency.

the exception of BCT x = 1%, which showed an odd increase.
Conductivity spectra (Fig. 8(a)) were then well fitted to
Jonscher’s law given by eqn (4):”°

Oac = 0¢ — Opc = Aw® (@)

where opc represents the frequency-independent DC conduc-
tivity (the limiting value of total conductivity (s,) as the fre-
quency approaches zero). The fits yielded the power law
exponent (s) that represents the extent of interaction between
mobile ions. All BCT samples had s values greater than one,
indicating a frequency-dependent increase in dielectric loss
(Table 5). The inset image in the real conductivity vs. frequency
plot shows how Ce concentration affects the value of s.

To perform a better investigation of the relaxation dynamics,
the complex dielectric modulus (M*) was calculated using

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Values of s and the figure of merit for different BCT samples

Ce concentration (mol%) s Figure of merit (F)
0 1.2388 5.17 x 107*°
0.5 1.2749 23 x 107
1 1.2447 12 x 107 *°
1.5 1.2189 14 x 107
a)
-3
2x10 BT
1 gxlo-S i ° BCT, X= 0.50/0
A BCT,X=1%
BCT, X=1.5%
1073 1

——-——-_____-_-_-
e ————

10° 10* 10° 10°

Frequency (Hz)
(b)
BT
* BCT,X=0.5%
BCT, X=1%
107 - BCT, X=1.5%

e

T e ———————
107 - M

MII

104 T T r
10° 10* 10° 10°
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Fig. 9 Variation of the (a) real component of the dielectric modulus (M’)
and (b) imaginary component of the dielectric modulus (M") with
frequency.

eqn (5) and its variation with frequency is displayed (Fig. 9) as it
suppresses the contributions due to the electrode polarization

to give a more direct view of the relaxation time
distribution.®**"
L1
M == ()
8/
= (6)
2 on
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As shown in Fig. 9, the real component (M’) of the dielectric
modulus exhibited a general upward trend with increasing
content of Ce. However, the 1% Ce sample deviated from this
pattern, possibly because some Ce ions occupied the B-site,
resulting in an increase in the dielectric constant (as observed
in Fig. 7) and hence a higher M’. The observed pattern implies
that the energy storage capacity decreases as the Ce concen-
tration and frequency increase. This could be due to the
inability of dipoles to keep up with rapidly changing electric
fields, paired with the introduction of defects or voids pro-
duced by Ce doping. These faults can increase conductivity,
which reduces the ability of the material to store electrical
energy. Similar findings were observed for the imaginary com-
ponent of the dielectric modulus (M”). The absence of peaks in
the M" versus frequency plots indicates that there are no
relaxation processes in the frequency range being studied.®>®
Additionally, the figure of merit (F), calculated as the ratio of AC
conductivity to the dielectric constant, was determined to
assess the potential of these ceramics for solar cell applica-
tions. A higher F value generally indicates improved suitability
for such applications and it can be seen from Table 4 that there
is an increase in the value of F on doping it with Ce.

4. Conclusion

Cerium-doped BaTiO; ceramics, with the composition Ba;_,.
Ce,TiO; (0% < x < 1.5%), were synthesized using a sol-gel
method. No secondary phase formation occurs up to 1.5 mol%
Ce substitution, which confirms the complete dissolution of Ce
atoms in the BT solid solution at the applied sintering tem-
perature. XRD analysis revealed no structural transformation in
any of the BCT ceramics. In addition, the volume of the unit cell
and crystallite size of the samples increased, possibly linked to
the increase in vacancies. The FESEM images showed dense
grain growth, with the grain size expanding proportionally to
the Ce concentration. The Raman spectra support the XRD
analysis results, and the Raman mode at 715 cm ™~ ' undergoes a
blue shift from 715 em™' to 717 cm ™' with increasing Ce
content. The induction of magnetism was observed in the
BCT samples, and the highest M, value was obtained at 0.5%
doping; however, further doping decreased the M; values. This
decrease in the M, values can be attributed to the electrons of
the 4f-subshell furnishing diamagnetic contributions to BCT
ceramics with 1% and 1.5% Ce. Concurrently, an increase in
the H. values was also observed, likely correlated with the
magnetocrystalline anisotropy. The presence of spin charge
density and generated oxygen vacancies are considered to be
the cause of ferromagnetism in BCT ceramics. This suggests
their potential as magnetoelectric multiferroic materials for
applications in fields like spintronics, data storage, and haptic
devices, with the possibility of further improvements. Further
electrical properties were obtained using dielectric
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measurement indicating the AC conductivity increased with
frequency due to enhanced carrier mobility. Additionally, Ce
doping led to higher AC conductivity, suggesting the introduc-
tion of additional charge carriers or conduction pathways. A
decrease in dielectric constant values is observed with a slight
increase for 1% Ce doping, which is consistent with the c/a
ratio. A reduction in the dielectric constant made these cera-
mics suitable for high resonant frequency applications like
millimeter- and micro-wave devices. While dielectric loss
increased with Ce doping, it remained well below 0.1, making
these materials ideal for applications requiring minimum
energy losses. To further enhance the magnetic and magneto-
electric properties of these multifunctional materials, exploring
the effects of incorporating the layers of ferromagnetic materi-
als and employing additional co-dopants like Fe, Ni and Co in
conjunction with Ce is recommended.
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