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Abstract 

The effect of iron (Fe) doping modification on the structure and properties of 

Ba0.92Ca0.08TiO3 (BCT8) lead-free ferroelectrics is investigated in detail. Intrinsic BaTiO 3 

(BT) and Ba0.92Ca0.08TiO3 (BCT8) lead-free polycrystalline ceramics were synthesized by 

conventional solid-state chemical reaction method. The crystal structure, morphology, 

chemical composition and valence state, magnetic and ferroelectric properties of BCT8 ceramics 

were evaluated as a function of variable Fe-content (0-5 wt%). X-ray diffraction measurements 

coupled with Rietveld refinement analyses indicate that the BT, BCT8, and Fe-BCT8 ceramics 

crystallize in single phase tetragonal structure. Phase transformation occurs with higher Fe 

doping; Fe-BCT8 ceramics with 5 wt.% Fe exhibits fully transformed orthorhombic structure. 

The crystal structure and phase formation of these ceramics was further confirmed by the 

Raman spectroscopic (RS) measurements. The RS data coupled with high-resolution X-ray 

photoelectron spectroscopic (XPS) analyses also confirm the formation of single phase 

materials without any presence of secondary or impurity phases. Microstructure imaging 

analyses indicate that the grain size was ~ 1 µm, while agglomeration and inhomogeneous 

distribution were observed with Fe doping. Polarization-electric field (P-E) hysteresis and strain-

electric field (S-E) hysteresis measurements revealed the ferroelectric and piezoelectric nature of 

the ceramics. Ferroelectric and piezoelectric properties were observed to be suppressed for Fe 

doped BCT8 ceramics due to the partial replacement of Ti4+ by Fe3+ as confirmed by the 

chemical analyses made using XPS. Temperature dependent dielectric measurements for Fe 

doped BCT8 show a drastic decrease in ferroelectric Curie temperature (Tc), along with a 

decrease in dielectric constant compared to that of undoped BCT8. Magnetization (M-H) 

measurements confirm the presence of long-range magnetic ordering for 5% Fe-doped BCT8 
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sample. The results demonstrate that addition of 5% Fe in lead-free BCT8 perovskite induces the 

magnetic ordering and a switchable ferroelectric state, which evidences the presence of 

multiferroic nature that can be used for four-bit memory and switching applications. 

Keywords: (Ba,Ca)TiO3; Fe-doping; Multiferroics; Crystal Structure; Ferroelectric Properties 
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1. Introduction, 

Multifunctional materials, which can combine multiple properties and phenomena in the 

solid state, are increasingly gaining recent attention by the scientific and research community. In 

addition to finding numerous technological applications, such materials offer an approach to 

design a novel, single solid state material with many different properties so as to achieve rich 

functionality [1-3]. Recently, strong attention has been paid toward multiferroics, which can 

exhibit simultaneously ferroelectricity and magnetic order, due to their potential applications in 

current and emerging technologies [1-6]. Multiferroics feature the characteristic property that the 

magnetic and dielectric order parameters are coupled, so that the ferroelectricity can be 

controlled by magnetism and vice versa [1-5].  

The piezoelectric materials along with subclasses of ferroelectrics and pyroelectrics are 

particularly attractive for a number of applications in electronics, micromechanics, sensors, 

actuators, magneto-electronics and energy harvesting applications [1,2,7-10]. Especially, the 

piezoelectric and ferroelectric properties, which often exists in the same material, provide 

excellent means to harvest energy from multiple sources, which include mechanical, electrical, 

vibration and optical [10]. Piezoelectric materials are commonly employed in sensor and 

actuator technologies due to their unique ability to couple electrical and mechanical 

displacements, i.e., to change electrical polarization in response to an applied mechanical stress 

or mechanically strain in response to an applied electric field [7,10]. The lead (Pb) based 

materials, such as Pb(Zr,Ti)O3 abbreviated as PZT, are the most commonly used piezoelectric 

materials. The PZT materials are widely used in a variety of technological applications, such as 

actuators, sensors, ultrasound transducers, high dielectric capacitors, and ferroelectric thin film 

memories [8,10]. The dominance of PZT-based in the technological applications and 
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development is mostly due to their superior properties, such as high Curie temperature (Tc ≈ 

390	℃), high dielectric constant (ɛ~20000 at Tc), low dielectric loss (tan δ ~ 0.004), and high 

piezoelectric coefficient (d33 ~ 220 pC/N) [12,13]. However, the critical disadvantage of PZT is 

that it contains more than 60 wt% of Pb. The large amount of toxic Pb-content creates health and 

environmental hazards. Therefore, for global environment protection, scientific and research 

community across the globe have directed efforts on the discovery, design, and development of 

Pb-free ferroelectrics and piezoelectrics, which can exhibit similar or comparable or even 

superior properties to that of PZT.  

The perovskite structured barium titanate (BaTiO3, which abbreviated BT hereafter), 

which is a  classical ferroelectric, and BT-based solid solutions are an important class of 

materials that show a large piezoelectric response and a high dielectric constant useful for all of 

the aforementioned technological applications [3,14-17]. In fact, among the known Pb-free 

materials such as (K1-xNa x)NbO3 (KNN), (Bi1-xNax)TiO3 (BNT), BaTiO3, BT-based materials 

are of great practical interest due to their excellent properties such as relatively high stability, 

high dielectric constant (��~ 1700), low dielectric loss (tan δ~0.01), and moderately high 

piezoelectric coefficient (d33 ~ 150 pC/N). Recently, BaTiO3 based hetero-structures were also 

demonstrated for efficient use in solar cells and have been the subject of utilization for energy 

related applications [6].  Moreover, its stable chemical stoichiometry, after sintering, makes it 

one of the important ferroelectric materials for applications in piezoelectric sonar, ultrasonic 

transducer, high dielectric capacitor, multilayer capacitors (MLCs), sensors, switches, and 

ferroelectric thin film memories, etc. However, the Curie temperature (Tc ~ 120	℃) resulted in 

narrower working temperature range and hindered its practical piezoelectric applications [18,19]. 

The partial substitution of Ca2+ at Ba2+ site in BaTiO3 can help to increase the temperature range 
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stability of the tetragonal phase [20-22]. Additionally, it has been widely recognized that that Ca 

doping plays a key role in achieving tunable electrical and dielectric properties of BaTiO3. 

Currently, there is a great demand for materials which possesses the simultaneous 

ferroelectric and magnetic ordering, the so-called multiferroic materials. Among the known 

single phase multiferroic materials, BiFeO3 is the single phase multiferroic at room temperature 

but it suffers from weak magnetization, and low density, which limits its integration into 

practical applications [23,24]. Introducing or doping the transition metal (TM) ions in the 

perovskite oxides can induce magnetic ordering and helps to overcome some of these limitations 

[6].  To this end, several attempts were made by several research groups to induce magnetism 

in BaTiO3 using suitable magnetic ions. It has been reported that Cr, Mn, Fe and Ni are the 

most suitable TM ions to effectively induce magnetism in BaTiO3 [2,25-30]. Recently, 

significant efforts were directed to the Fe-doped BT system, where the focus was towards 

understanding the structural, ferroelectric and magnetic properties of both bulk and thin films 

[26,30-36]. For instance, Maikhuri et al. have investigated the ferroelectric and magnetic 

properties of 10 at% Fe substitution at both Ba- and Ti- site, respectively, in BaTiO3 and 

revealed the multiferroic nature in both the cases [36]. However, while TM-content was 

arbitrarily chosen in most of the cases, the efforts to understand a correlation between variable 

TM-ion content, crystal chemistry, microstructure, ferroelectric, magnetic, piezoelectric and 

dielectric properties are meager. Furthermore, although there are some reports available on the 

ferroelectric and magnetic properties of transition metal ion doped BaTiO3, no detailed 

investigation is available on the structural, ferroelectric, piezoelectric and magnetic properties of 

Fe-doped Ca-modified Ba0.92Ca0.08TiO3 (BCT8) ceramics. Therefore, the present work was 

directed to derive a fundamental understanding of the effect of Fe doping on the structural, 
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morphology, dielectric, ferroelectric, piezoelectric and magnetic properties of the BCT8 system. 

The objective is to realize highly dense materials so that the ferroelectric and magnetic ordering 

would be present in a single phase. Furthermore, since it is well known that Ca-doped (at Ba) site 

in BaTiO3 can allow tunable electrical characteristics, Fe-doping into BCT so as to induce 

magnetism and finding an optimum configuration could provide fundamental, efficient means to 

tailor the materials’ properties and phenomena, which can be readily utilized in many of the 

aforementioned technological applications. Thus, the efforts were directed to derive a correlation 

between crystal chemistry, chemical composition, chemical valence state, microstructure, 

ferroelectric, piezoelectric, magnetic and dielectric properties in Fe-doped BCT8 ceramics. The 

results presented and discussed in this paper demonstrate that addition of 5% Fe in lead-free 

BCT8 perovskite induces the magnetic ordering and a switchable ferroelectric state, which 

evidences the presence of multiferroic nature that can be used for four-bit memory and switching 

device applications. 

2. Experimental details 

2.1 Synthesis  

 All the ceramics with variable composition, viz., BaTiO3 (BT), Ba0.92Ca0.08TiO3 

(BCT8) and Fe-doped (0-5 wt. %) BCT8, were synthesized by standard solid state chemical 

reaction method using high purity (>99%) BaCO3, TiO2, CaCO3, Fe2O3 precursors (all are from 

Sigma-Aldrich). All the precursors were weighed with their stoichiometric proportions and ball 

milled in an ethanol medium with the help of zirconium balls followed by grinding in an agate 

mortar. The powders were then calcinated at 1050 ℃ for 5 hrs in an ambient atmosphere. After 

calcination, the powders were grounded, pressed into pellets (diameter ~10 mm and thickness 

~ 1 mm) using a hydraulic press for different characterizations. The Polyvinyl alcohol (PVA) 
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was used as a binder to make the pellets with good density and all the pellets were finally 

sintered at 1240 ℃ for 5 hours in an ambient atmosphere with the heating rate of 2o/min and 

cooled to 300 ℃ with 2o/min then followed by natural cooling to room temperature. All the 

pellets obtained at 1240 ℃ were found to be dense except BT and therefore, BT was further 

sintered at 1300	℃ for 5 hours with the same rate of heating and cooling.  

2.2 Characterization   

The phase formation and structural analyses were made using X-ray diffraction (XRD) 

measurements. The XRD measurements were made using a Bruker D8 Advance X-ray 

diffractometer (XRD) (Cu �� having λ=1.5406 Å). The phase formation of all the synthesized 

samples was confirmed from XRD patterns. To derive a more detailed account of structural 

properties, Rietveld refinements were also performed employing Fullprof software. For 

Rietveld refinement, shape of Bragg peaks was modified by pseudo-Voigt function, which is a 

combination of Gaussian and Lorentzian function. The background of XRD pattern was fitted 

with the linear interpolation between a set background points and refinable heights. During the 

fitting process, scale factors, cell parameters, shape parameters, FWHM parameters, and zero 

angular shifts were refined. The morphology of the BT, BCT, and Fe-doped BCT ceramics was 

studied by using a field emission scanning electron microscope (FESEM JEOL JSM- 6500F). 

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a spectrometer 

(XPS Thermoscientific Inc K-alpha) with microfocus Al-K α monochromatic X-rays (hν = 

1486.6 eV).  The survey scans as well as core-level XPS spectra were recorded in order to 

understand the chemical valence state of cations in these ceramics. XPS data were used to 

determine the oxidation state and chemical environment of cations. All the XPS spectra were 

deconvoluted via Voigt curve fitting function with Shirley background subtraction.  
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Raman spectra were recorded using a micro-Raman system (Reinshaw) with 532 

nm laser excitation. Electroding of samples was done using silver paste on both the sides of 

mirror polished pellets and heated at 100 ℃ for 4 hours to cure the silver paste. The electroded 

samples were then used for dielectric measurements using HIOKI 3532-50 LCR HiTESTER, 

polarization versus electric field (P-E) hysteresis loops and field-induced strain (S-E) 

hysteresis loop measurements using a ferroelectric test system (aixAcct systems, GMBH TF 

ANALYSER 2000. TREk model 610 E). Magnetic measurements were performed at 

temperatures 10 K, 100 K and 300 K using a Vibrating Sample Magnetometer (VSM 

Lakeshore 7407). 

3. Results and discussion 

XRD patterns of all the ceramics along with Rietveld refinement data of all the 

ceramics are shown in Fig. 1. XRD patterns of BT, BCT8 and 1.25% Fe-doped BCT8 samples 

were refined to P4mm space group with tetragonal structure and all the observed peaks were 

matched with the ICSD (Inorganic Crystal Structure Database) collection code 161340 and 

indexed accordingly. While 5% Fe-doped BCT8 samples were refined to Amm2 space group 

with the orthorhombic structure. All the observed peaks were matched with ICSD collection 

code 31155 and indexed accordingly. The Rietveld fitted XRD patterns of all the synthesized 

samples are as shown in Fig. 1, where the composition of the ceramic is clearly indicated. The 

lattice parameters, X-ray density, χ2 values, Rf factor, the goodness of fit factor (GofF) and 

Bragg R-factor are presented in Table 1. The lower values of χ2 and GofF indicate the good 

agreement between the calculated and observed patterns. The crystallite size (t) was calculated 

by using Scherrer formula, 
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                                                               � =
	.�	�


 �����
                                                                   (1) 

where, λ is the wavelength of Cu (Kα) = 1.5406 Å, β is full width at half maxima (FWHM), �� 

Bragg’s angle. 

The high-resolution XRD peak observed at 2θ ~ 45°  is shown separately in Fig. 2, 

where the splitting of (002) and (200) peaks is evident. This observation confirms the stable 

tetragonal structure in BT, BCT8 and Fe-doped BCT ceramics. However, for increasing Fe 

content,  BCT8 sample with 1.25 wt% Fe shows indistinct splitting of (002) and (200) peaks as 

noted in Fig. 2(c) The splitting of (002) and (200) is due to the electrostatic repulsion between 

3d electrons of Ti4+ ions and 2p electrons of O2- ions [28]. The indistinct splitting of (002) and 

(200) peaks observed may be an indication of the fact that higher Fe content in BCT may 

induce a slight deviation of the structure from the stable tetragonal structure. It is important to 

recognize that, in the case of 5% Fe-doped BCT8 sample, all the observed peaks except (011) 

at 2θ~22° show (Fig. 2d) a significant splitting, which is a characteristic feature of the 

orthorhombic structure. The magnified view of (022) and (200) peak splitting, which is shown 

in Fig. 2d, indicates the characteristic orthorhombic structure. The lattice parameters obtained 

for BT, BCT8 and their c/a ratio are comparable with the reported data [37]. The lattice 

parameter values for BCT8 observed to be decreasing compared to BT due to the substitution 

of Ba2+ (1.61 Å) by smaller Ca2+ ion (1.34 Å). Also, with Fe doping, the lattice parameter ‘c’ 

decreases as noted for 1.25% Fe in BCT8. This characteristic feature is the signature of the fact 

that the Fe doping into BCT system is resulting in the distortion leading to structural 

perturbation which deviates the structure from the stable tetragonal structure. The phase 

transformation becomes fully complete as seen with increasing Fe content. For 5% Fe-doped 

BCT8, there is a complete phase transformation from tetragonal to the orthorhombic structure 
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as is evident in XRD studies. The crystallite size calculated was in the range of 39-80 nm. The 

X-ray density was observed to be decreasing with Ca substitution due to the increase in grain 

size as observed from FE-SEM images (Fig. 3). For 5% Fe-doped BCT8, X-ray density 

increases due to a further decrease in grain size and agglomeration. The bond length between 

different ions in the unit cell was also calculated from Rietveld refinement. The calculated 

values of bond length between Ti-O, Ba-O, Ba-Ti, Ba-Ba and the number of these bonds 

present in the unit cell are tabulated in Table 2. From the values of bond length between 

different ions, it is observed that the bond lengths of Ti-O bonds remain almost same for BCT8 

as that of BT. This observation illustrates that the tetragonal structure remains stable even 

after Ca substitution. On the other hand, the significant change in bond length values observed 

for Fe doped BCT sample accounts for the observed structural deviation from the tetragonal 

structure. Due to off-centering of Ti4+, there are four long and four short Ba-Ti distances in the 

unit cell of tetragonal BT. From Ba-Ti distances, the distortion parameter for tetragonal BT is 

calculated [26]. It is observed that the calculated distortion parameter is 0.0121, which remains 

same for BT and BCT8 samples. However, this value further decreases to 0.0120 for 1.25% 

Fe-doped samples. Thus, from structural characterization, it is evident that the tetragonal 

structure remains stable even with Ca substitution. The structural distortion occurs with Fe 

doping. Also, among all the studied samples, Ti-O, Ba-O and Ba-Ti bonds of BCT8 are 

strained while in the case of Fe-doped BCT8 these bonds are relaxed [21]. 

 FESEM images of BT, BCT8 and Fe-doped BCT8 samples are shown in Fig. 3. BT and 

BCT8 show clearly visible grains with average grain size in the range of 0.5 to 1 µm, while Fe-

doped BCT8 shows agglomeration with variable size clusters i.e., becomes inhomogeneous 

distribution  with Fe doping. The non-uniform microstructure of 5% Fe-doped BCT8 is the 
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indication of faster nucleation than the grain growth [28], which might have occurred due to 

oxygen vacancies created after replacing Ti4+ ions with Fe3+ ions to further decrease the 

mobility of ions resulting in slower lower grain growth [38]. Furthermore, an increase in 

agglomeration and decrease in the porosity is observed with increase in Fe concentration which 

may be due to the highly reactive nature of Fe ions. Consequently, the density of samples 

increase with Fe doping and is in good agreement with the calculated X-ray density. This 

signifies that the incorporation of trivalent transition metal ion impurity such as Fe3+ in the 

perovskite lattice of BCT8 leads to alter the microstructure of the BCT8. 

 The oxidation state and chemical environment of the synthesized samples were analyzed 

using XPS. Figure 4 presents the high-resolution XPS spectra for the Ba 3d, Ca 2p, Ti 2p, and O 

1s core levels in the BCT8 sample. The double peak feature of the Ba 3d, Ca 2p, Ti 2p, and O 1s 

are shown in Figure 4(A-C). The deconvolution of Ba 3d XPS spectrum (Fig. 4(A)) shows a 

perfect fit to four peaks located at binding energy (BE) values of 777.55, 779.21, 792.87 and 

794.51 eV. Among these four peaks, the peaks located at BE~777.55 and 792.87 eV corresponds 

to the spin-orbit doublet i.e., Ba 3d5/2 and Ba 3d3/2, 3d core level of Ba ions. The other two 

represent their respective shoulder peaks. The full width  at half maxima (FWHM) of the spin-

orbit doublet of Ba 3d core level are 1.5 eV and 1.4 eV, respectively. The spin-orbit energy 

separation (∆E(Ba 3d)) is 15.32 eV between Ba 3d5/2 and Ba 3d3/2 core level. These data are 

comparable to the bulk and nano BaTiO3 [39.40] and confirm the existence of Ba in its 

characteristic 2+ oxidation state i.e., as Ba2+ ions. It should be noted that both the shoulder peaks 

located at higher BE side are not at all represent the different oxidation state but are present due 

to the relaxation phase formed at the BCT8 surface in order to reduce surface strain [41].  
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The deconvoluted Ca 2p XPS spectra (Fig. 4(B)) shows perfect fit to two peaks located at 

BE of 346.53 and 350.15 eV, which corresponds to Ca 2p3/2 and Ca 2p1/2 spin-orbit doublet core 

level of Ca. The FWHMs of these two peaks are 1.5 eV and 1.8 eV, respectively. The spin-orbit 

energy separation (3.62 eV) and respective energy positions confirm the presence of Ca2+ ions 

[40-42]. No extra peak is observed in these spectra confirm that Ca2+ is incorporated in Ba2+ of 

BaTiO3 lattice without any impurity or additional phase formation . The deconvolution of Ti 

2p XPS spectrum (Fig. 4(C)) also indicates a perfect fit for two peaks located at a BE of 457.39 

and 463.10 eV. These two peaks correspond to Ti 2p3/2 and Ti 2p1/2 doublet. FWHM of these 

peaks are 1.29 EV and 2.17 eV, respectively. The spin-orbit energy separation (5.71 eV), 

respective BE position of the Ti 2p doublet and their FWHM are in excellent agreement with the 

literature [39-44] and supports the existence of Ti4+ cations in BCT8. Similarly, the 

decomposition of O 1s XPS spectra of BCT8 (Fig. 4(D)) fits well to two peaks located at BE~ 

528.57 and 530.44 eV with FWHMs of 1.44 and 3.15 eV, respectively. The peak located at lower 

binding energy corresponds to the O 1s core level, which is an indicative of oxygen bonded in 

BCT8. The higher binding energy peak at 530.44 eV is ascribed to the surface contamination 

such as carbon oxides or hydroxides [44-47]. Overall, the results confirm that the BCT8 samples 

are composed of only the elements Ba, Ca, Ti and O in its stoichiometric form with no 

contamination or extra phase formation. 

The high-resolution XPS spectra of Ba 3d and Ca 2p of the Fe-doped BCT8 samples are 

shown in Fig. 5. Similar to BCT8, the deconvoluted Ba 3d XPS spectrum shows double peak 

features with two respective shoulder peaks (Fig. 5(A and B)). The Ba 3d5/2 and Ba 3d3/2 peaks 

are located at BE~777.43 (± 0.12) and 792.75 (±0.12) eV, respectively. The FWHM of these two 

peaks is 1.5 and 1.5 eV, respectively. The data confirm the presence of Ba2+ ions in Fe-doped 
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BCT samples. Furthermore, the shoulder peaks are located at a binding energy of 779.14 (±0.06) 

and 794.46 (±0.055) eV with a FWHM  of 1.9 and 1.9 eV, respectively. These are very similar 

to that noted in pure BCT8 samples. The energy separation (~15.32 eV) and intensity of the Ba 

3d5/2 and Ba 3d3/2 peaks remain constant irrespective of the amount of Fe doping into BCT. This 

confirms that doping of Fe at different concentrations has neither altered the properties of Ba2+ 

cations nor replaced it from its position. However, the intensity of both the shoulder peaks 

increased with increasing Fe content. This observation corroborates with the appearance of a 

high level of strain in the BCT8 with increasing Fe concentration. This could be responsible for 

the observed decrease in grain size (crystallite size) with Fe doping as observed in FESEM 

micrographs. Thus, the XPS data confirm that the Ba 3d5/2 and Ba 3d3/2 peaks are the general 

characteristic feature of BaTiO3 only; no evidence is noted for the presence of impurities 

and/or extra phase formation. Figure 5(C, D) shows the double peak features of Ca 2p for the 

Fe-doped BCT8 samples. The Ca 2p3/2 and Ca 2p1/2 doublet located at BE values of 346.15 

(±0.25) and 349.76 (±0.25)  eV, respectively, with corresponding FWMH values of 1.5 and 1.5 

eV indicate the characteristic of Ca2+ cations in the Fe-doped BCT8 sample. It is evident that the 

intensity of the Ca 2p doublet and their spin-orbit energy separation of 3.62 eV remains constant 

for a variable Fe-doping concentration from 0 to 5 %. Thus, the XPS data confirms that there 

is no significant effect of Fe on either chemical quality or electronic structure of BCT.  

The high-resolution XPS spectra of Ti 3p and Fe 2p core levels are shown in Fig. 6 for 

the Fe-doped BCT8 samples. The deconvoluted Ti 2p (Fig. 6(A, B)) indicates a perfect fit for the 

two peaks located at the BE of 457.05 (±0.24) and 462.76 (±0.24) eV, respectively. These peaks 

correspond to the doublet arising from the spin-orbit splitting i.e., Ti 2p3/2 and Ti 2p1/2, 

respectively. The BE location of Ti 2p doublet and energy separation of 5.71 eV characterizes 
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the presence of Ti4+ cations in the BCT8 sample after Fe doping [35,39,40,44,48]. The 

deconvoluted XPS spectra of Fe 2p region (Fig. 6(C & D)) also shows a perfect fit to two peaks 

located at a binding energy of 709.76 (±0.08) and 723.08 (±0.06) eV with energy separation of 

13.32 (±0.02) eV. These two peaks correspond the doublet, which is due to spin-orbit splitting in 

Fe 2p i.e., Fe 2p3/2 and Fe 2p1/2. The BE position of these peaks along with energy separation 

(∆E Fe 2p) characterizes Fe in its 3+ oxidation state i.e., Fe3+ cations [35,36,49,50].  An increase 

in the intensity of Fe 2p3/2 and Fe 2p1/2 observed (Fig. 6(C, D)) with increasing Fe content is an 

obvious indication of increased Fe concentration in the ceramics with Fe doping. On the other 

hand, the intensity of Ti 2p3/2 and Ti 2p1/2 peaks decrease slightly with increasing Fe 

concentration from 0 to 5%. This observation reveals that Fe occupies the Ti sites in the Fe-

doped BCT8. Overall, the keen observation of XPS spectra indicates that only the Ti 2p3/2 and Ti 

2p1/2 peak positions are slightly shifted towards the lower BE with increasing Fe content. These 

Ti peaks located at BE ~457.69 and 463.10 eV experience a negative shift in BE to 457.05 and 

462.61 eV, respectively, with increasing Fe doping. This can be attributed to the increase in the 

number of Fe atoms at the Ti site in the perovskite structure, where binding energy is equally 

distributed among all atoms and resulted in a decrease in the binding energy of Ti (2p) peaks 

after substitution of Fe at Ti site [51]. Furthermore, while changes in Ti peak with 

progressive Fe-doping are obviously related to Fe substitution at Ti-site, some changes in 

the BE or peak shape of the characteristic O 1s core level are expected if there is any 

secondary phase segregation, such as Fe-oxides evolving into a separate impurity phase. 

However, no such changes seen function of Fe doping also confirms the formation of single 

phase Fe-doped BCT material, where Fe is substituting for Ti. In addition to XRD and XPS 
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analyses, Raman spectroscopic data as discussed below also supports the chemical quality 

of these ceramics. 

Raman spectra measured for all the ceramics at room temperature are shown in 

Fig. 7. Raman spectroscopic data of these materials can be conveniently used to understand 

the chemical bonding, chemical quality and phase purity of these materials and the effect of 

Fe doping. It is well known that there are 3A1(TO) + 3A1(LO) + 3E(TO) + 3E(LO) 

+1E(TO+LO) + 1B1 Raman active modes present in tetragonal ferroelectric phase of 

BaTiO3 (P4mm) whereas these modes are Raman inactive for cubic paraelectric phase of 

BaTiO3 (Pm3m). In the present case, the observed four distinct Raman peaks viz., A1(TO), 

E(TO+LO)/B 1, E(TO)/A1(TO) and E(LO)/A1(LO) for BT at 260 cm-1, 302 cm-1, 512 cm-1 

and 712 cm-1, respectively, confirm the tetragonal crystal structure of BT. Similarly for 

BCT8 ceramics, these phonon peaks were observed approximately at the same position to 

that of BT. However, decrease in the sharpness of E(TO+LO)/B 1 mode can be noted which 

indicates the slight distortion in the tetragonal structure with Ca substitution.  

In case of Fe doped BCT8, along with the decrease in sharpness of E(TO+LO)/B1 

mode, the A1(TO) and E(TO)/A1(TO) phonon modes become broad and shift slightly 

towards the lower frequencies which can be explained on the basis of spatial correlation 

[35]. Also, due to the higher atomic mass of Fe (55.85 g/mol) than that of Ti (47.867 g/mol), 

the A1(TO) and E(TO)/A1(TO) modes shift toward lower frequencies indicating the 

decrease in average bonding energy of Ti/Fe-O bond since these modes result from the 

vibration of centered ions of octahedron in ABO3 perovskite structure. Furthermore, in 

case of 5% Fe doped BCT8, additional modes around 142 cm-1 and 195 cm-1 are also 

present (represented by *). Among these two modes, the mode around 195 cm-1 is the 
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characteristic phonon mode of orthorhombic BaTiO3 [52]. The absence of any additional 

mode in 5% Fe doped BCT8 establish that the 5% Fe doped BCT8 have the pure 

orthorhombic structure and is in good agreement with the XRD results. It can be 

concluded from Raman spectroscopic analyses that the Fe (5%) addition in BCT8 

transforms the structure from tetragonal to orthorhombic without any trace of impurity 

phases.  Thus, the synthesized Fe doped BCT8 ceramics is a single phase multiferroic 

material.  

The polarization versus electric field (P-E) hysteresis loops for BT, BCT8, and Fe-doped 

BCT8 are shown in Fig. 8. It is evident that all the samples show typical P-E hysteresis loops 

which confirm the ferroelectric nature of these samples. The values of the coercive electric field 

(Ec), remanent polarization (Pr) and maximum polarization (Pmax) determined for all the samples 

are tabulated and compared in Table 3. Intrinsic BT and BCT8 (i.e., without Fe doping) exhibit 

the high values of Pr and Pmax which may be due to the larger grain size, better crystalline 

quality, and high c/a ratio compared to that of Fe-doped BCT8 samples. However, Ec value 

increases with increasing Fe concentration in BCT8 ceramics. These observations can be 

explained based on the structural and morphology characteristics of the respective samples. It 

should be noted that the grain size, c/a ratio, and grain distribution characteristics play an 

important role in understanding the ferroelectric behavior. It is seen in FESEM that the effect of 

Fe is significant on the grain growth and morphology of the BCT8 ceramics. Fe-doping induces 

a non-uniform distribution of grains, as observed from SEM micrographs, along with a random 

distribution of size and orientation of ferroelectric domains which inhibits the domain wall 

motion and thus the coercivity increases in Fe-doped BCT due to the pinning of domain walls 

motion by defect center [28,53]. 
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 Strain versus biaxial electric field (S-E) measurements were carried out to better 

understand the piezoelectric behavior of all these samples. The S-E hysteresis loops obtained 

for BT, BCT8, and Fe-doped BCT8 samples are shown in Fig. 9. All the samples exhibit a 

typical S-E butterfly loop, which confirms the piezoelectric nature of all the samples. From S-E 

hysteresis loop, the converse piezoelectric coefficient (���
∗ ) and strain for both the positive and 

negative electric field are calculated and tabulated in Table 3. Comparison of the S-E 

hysteresis loops (Fig. 9) indicate that the intrinsic BT and BCT8 samples exhibit symmetric S-

E loops while the symmetric nature of S-E loop gradually decreases with Fe doping. This 

observation indicates that the system is tending to transform from piezoelectric to 

electrostrictive nature with Fe doping [8] which is also confirmed from XRD. Also, the strain 

and ���
∗  decreases with Fe doping. This decrease in strain with Fe doping can be correlated 

with the grain size. It has been observed from SEM micrographs that, with Fe doping, the grain 

size decreases and become finer and finer. The grain size reduction decreases the size of 

domain wall. With decreasing size of domain wall and grain size, it becomes difficult to form 

the domain walls and thus, it reduces the domain rotation contribution to the strain leading to 

substantial changes in the hysteresis loop [8,54,55]. Thus, it is concluded that, the 

degradation of piezoelectric along with the ferroelectric properties occurs with increasing Fe 

doping in BCT ceramics. 

 To understand the dielectric behavior of the samples, frequency (50 Hz - 1 MHz) 

dependent dielectric properties of the samples were evaluated. The real part of dielectric 

constant (ɛ�) and dielectric loss (tan δ) measured at room temperature (RT) are shown in Fig. 

10. It is observed that all the samples exhibit the common dielectric dispersion. With 

increasing frequency from 50 Hz to 1 kHz, there is a rapid decrease of ɛ�; however, the rate of 
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decrease of ɛ� is very small with a further increase in frequency from 1 kHz to 10 kHz (Fig. 

10a). Beyond 10 kHz, ɛ�	becomes almost constant. Beyond certain frequency range, 

polarization does not follow the frequency of external applied electric field and, therefore, ɛ
�	 

becomes constant. The higher values of ɛ
�	in the lower frequency range (50 Hz-1 kHz) is 

mainly due to the contribution of different types of polarizations such as ionic polarization, 

orientational polarization, and space charge/interface polarization. At the higher frequency (> 

10 kHz), ɛ�	becomes nearly constant. The room temperature variation of tan δ as a function of 

frequency (Fig. 10b) also shows a similar behavior to that of ɛ� dispersion. The room 

temperature values of ɛ� and tan δ at higher frequencies are tabulated in Table 4. It is observed 

(Table 4) that the 5% Fe-doped BCT8 shows higher value of ɛ�and lower value of tan δ among 

all other compositions. This can be attributed to the increased density (Table 1) of BCT8 

samples with Fe doping. The lower value of tan δ at a higher frequency (~100 kHz) indicates 

that the samples can be used for high-frequency data reading/writing in electronic devices.  

The temperature (RT-180	℃) dependent ɛ� and tan δ measured at a constant frequency 

(10 kHz) for the BT, BCT8 and Fe-doped BCT8 samples are shown in Fig. 11. Intrinsic BT 

and BCT8 samples (without Fe-doping) show a sharp phase transition from tetragonal 

(ferroelectric) to cubic (paraelectric) structure around 120 oC and 135 oC, respectively. It is 

also clearly seen in Fig. 11 (a) and (b) that the ɛ�	at Tc becomes almost double for BCT8 which 

is in good agreement with the literature and reported data [18]. With Fe doping, Curie 

temperature (Tc) decreases drastically and reaches close to the room temperature. It is observed 

(Fig. 11a) that, for Fe doped BCT8 samples, the values of Tc are close to the room temperature. 

At RT, the Fe-doped BCT8 samples indicate the well defined P-E hysteresis loops. The rapid 

decrease in Tc with Fe doping in BCT8 samples is attributed to the creation of oxygen 
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vacancies due to some of the Fe3+ replacing Ti4+ as confirmed by XPS analyses. Such oxygen 

vacancies can lead to the breaking of co-operative vibrations of Ti-O bonds and affect the 

ferroelectric interactions and dielectric constant [56]. For intrinsic BT and BCT8 (without Fe), 

the initial increase in ɛ� with temperature can be explained as follows. It is noted that ɛ�	is 

nearly temperature independent in the lower temperature range (~ 27 oC – 80 oC). This kind of 

behavior is usually observed if the thermal energy is not enough to increase the mobility of 

charge carriers. Furthermore, at a higher temperature (above 80 oC), thermal energy increases 

the mobility of charge carriers and, thus, their hopping rate. The dielectric polarization, 

therefore, increases rapidly at higher temperature causing ɛ� to increase up to Tc. At Tc, the 

hopping rate of charge carriers is maximum. With further increase in temperature beyond Tc, 

the charge carriers are not able to cope up with the high thermal energy and, as a result, there 

is a decrease in dielectric polarization, i.e., ɛ
� decreases with further increase in temperature 

and polarization become random. Therefore, at Tc, the phase transition occurs from the 

ferroelectric phase to paraelectric phase [57].  

The variation of dielectric loss (tan δ) with temperature is shown in in Fig. 11b for BT, 

BCT8 and Fe-doped BCT8 samples. It is evident that BT and BCT8 samples show the well-

defined single resonance relaxation peak at around 100 oC and 130 oC, respectively. However, 

Fe-doped BCT8 samples exhibit the two broad yet well-defined resonance relaxation peaks, 

one at a temperature below 40 oC and other in the temperature range of 80-120 oC. Resonance 

relaxation peak is observed when the jumping frequency of thermally activated localized 

electrons become approximately equal to the frequency of the externally applied electric field. 

At higher temperatures, tan δ increases rapidly and this may be ascribed to the increase in 

mobility of ions and imperfections in the material i.e., resistivity decreases (conductivity 
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increases) [58]. The BCT samples with highest (5%) Fe concentration shows the higher value 

of tan δ (as a function of temperature) compared to the other Fe doped samples. This can be 

attributed to the conductive nature of the samples with Fe doping, which results in charge 

transfer, compared to the other samples. The value of tan δ is observed in the range of 0.02 to 

0.07 for the temperature region of 40 oC to 140 oC which are lower as compared to BT 

samples. The lower value of dielectric loss observed for Fe doped BCT8 may be due to the Fe-

induced morphology changes [47]. Such changes in dielectric behavior due to changes in the 

microstructure of ceramics due to doping were also noted in BCT-BZT and other 

electroceramics [59,60]. Therefore, it can be concluded that the samples synthesized in the 

present work are of high quality since these samples exhibit low dielectric losses, which is an 

important requirement for utilizing them in electronic, capacitor and ferroelectric device 

applications. 

 Room temperature and low-temperature magnetic measurements (M-H) for all the 

samples were carried out using vibrating sample magnetometer with maximum applied field of 

10 kOe and are as shown in Fig. 12. From the M-H measurements, it is observed that only the 

5% Fe-doped BCT8 sample shows magnetic behavior due to the substitution of Fe3+ at Ti4+ site 

which can create oxygen vacancies. These oxygen vacancies may act as a kind of medium 

through which superexchange interactions between neighboring Fe3+ ions can occur. The value 

of saturation magnetization (Ms) and coercivity (Hc) at different temperatures for 5% Fe-doped 

BCT8 are tabulated in Table 4. The Ms and Hc values are observed to be increasing with a 

decrease in temperature which is due to the negligible contribution from thermal energy term to 

magnetization. From the overall observations, it can be considered that the magnetic behavior 

may arise from the possible defect complexes such as oxygen vacancies and Fe valence 
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fluctuations. Finally, in order to elucidate the correlation between crystal chemistry, chemical 

composition valence state, ferroelectric, dielectric, piezoelectric, and magnetic properties of the 

studied ceramics, the conglomeration of the results are presented in Fig. 13. The BT and BCT 

ceramics are tetragonal and becomes fully orthorhombic for 5% Fe doping into BCT. While 

intrinsic BT and BCT were exhibiting all other properties, magnetism was fully absent in these 

materials. Fe-doped BCT8 samples exhibit the magnetic properties in addition to all other 

characteristics. However, the optimum concentration to obtain such dense, morphology, 

composition controlled ceramics with the best combination of multiferroic properties is 5% Fe 

doing into BCT8.  

 

4. Conclusions 

Chemical composition controlled intrinsic (BaTiO3, Ba0.02Ca0.08TiO3) and Fe-doped BCT 

ceramics were synthesized using standard solid state chemical reaction method. Crystal structure 

analysis confirms that all the BT and BCT8 samples exhibit a single phase, tetragonal structure 

with space group P4mm. However, Fe doping induces perturbation to the crystal structure; 5% 

Fe-doped BCT8 samples exhibit complete structural transformation leading to the orthorhombic 

structure with space group Amm2. The average crystallite size varies in the range of 40-80 nm. 

Fe-doping induced a reduction in the grain size and increased particle-agglomeration tendency 

are evident in electron microscopy analyses of the microstructure. XPS analyses provide clues 

for the origin as well as evidence, in terms of the negative shift in the B.E. for Ti 2p doublet 

along with a decrease in peak intensity, for the doped Fe atoms substituting at Ti site in the BCT 

crystal structure. Raman spectroscopic data further support and confirms the crystal 

structure and formation of single phase BT, BCT and Fe-doped BCT materials without any 
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secondary or impurity phases. All of the samples i.e., intrinsic BT, BCT and Fe-doped BCT, 

exhibit P-E and S-E hysteresis confirming their ferroelectric and piezoelectric nature, 

respectively. The dielectric constant and dielectric loss follow the usual dielectric dispersion 

behavior. The Curie temperature (Tc) has been increased from 120 oC for BT to 135 oC for 

BCT8, while the Fe-doping effect is significant in drastically reducing Tc, which approaches very 

close to room temperature, due to the Fe3+ substitution for Ti4+ and, thus, the creation of oxygen 

vacancies. None of the samples except  5% Fe-doped BCT show evidence for magnetism. Only 

the 5% Fe-doped BCT8 exhibits magnetic hysteresis at temperatures 300 K, 100 K and 10 K, 

which may be due to the oxygen vacancies responsible for superexchange interactions between 

neighboring Fe3+. The optimum composition to obtain ferroelectric and magnetic ordering to be 

present in a single phase is 5% Fe-doped BCT8. The results, thus, demonstrate that addition of 

5% Fe in lead-free BCT8 induces the magnetic ordering and a switchable ferroelectric state, 

which evidences the presence of multiferroic nature that can be used for four-bit memory and 

switching applications. The objective of the proposed work to synthesize highly dense, single 

phase material so that the ferroelectric and magnetic ordering is present in a single phase 

material is accomplished successfully. 
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Figure Captions 

Figure 1 XRD data of BT, BCT8 and Fe doped BCT8 ceramics. The experimental XRD 

patterns along with fitting with Reitveld refinement are shown. Rietveld fitted 

XRD patterns shown are: (a) BT, (b) BCT8, (c) Fe(1.25%) doped BCT8, and (d) 

Fe(5%) doped BCT8. 

Figure 2 Splitting of (002) and (200) XRD peak. The data shown are: (a) BT, (b) BCT8, (c) 

Fe(1.25%) doped BCT8, and (d) Fe(5%) doped BCT8. The changes in peak 

splitting as a function of Fe content are evident. 

Figure 3 SEM images of (a) BT, (b) BCT8, (c) Fe(1.25%) doped BCT8, and (d) Fe(5%) 

doped BCT8. The reduction in size and inhomogeneous distribution with Fe 

doping is evident (see the magnified view in the inset of these images).  

Figure 4  High resolution XPS data of Ba 3d (A), Ca 2p (B), Ti 2p (C) and O 1s (D) peaks 

in intrinsic BCT8 (without Fe doping). The deconvulted peaks, their respective 

BE positions and component details are shown inside for each of these core-level 

peaks. 

Figure 5  High resolution XPS data of Ba 3d in 1.25% Fe doped BCT8 (A) and 5% Fe 

doped BCT8 (B) samples. The high resolution XPS data of Ca 2p core level in 

these samples are shown in (C) and (D), respectively. The deconvoluted peaks, 

their respective BE positions and component details are as indicated inside for 

each of these core-level peaks. 
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Figure 6  High resolution XPS data of Ti 2p in 1.25% Fe doped BCT8 (A) and 5% Fe 

doped BCT8 (B) samples. The high resolution XPS data of Fe 2p core level in 

these samples are shown in (C) and (D), respectively. The deconvoluted peaks, 

their respective BE positions and component details are as indicated inside for 

each of these core-level peaks. 

Figure 7 Raman spectroscopic data of BT, BCT8, Fe(1.25%) doped BCT8, and 

Fe(5%) doped BCT8 ceramics. 

 

Figure 8 P-E hysteresis loops of the BT, BCT8, Fe(1.25%) doped BCT8, and Fe(5%) 

doped BCT8 ceramics. 

Figure 9 S-E hysteresis loops of the BT, BCT8, Fe(1.25%) doped BCT8, and Fe(5%) 

doped BCT8 ceramics. 

Figure 10 Variation of (a) dielectric constant and (b) dielectric loss with frequency at RT. 

Figure 11 Variation of (a) dielectric constant and (b) dielectric loss with temeperature. 

Measurements were made at a constant frequency of 10 kHz. 

Figure 12 M-H hysteresis loops for 5% Fe-doped BCT8 at 10 K, 100 K and 300 K. 

Figure 13 Proposed schematic model illustrating the structural and property changes as a 

function of Fe doping into BCT.  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

40 

 

Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 
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Table 1: The values of lattice parameter, c/a ratio, unit cell volume (V),  crystallite size (t), 

grain size, x-ray density (ρ), chi square (χ2), Rf factor, Goodness of fit factor (GofF), Bragg 

R factor values for BT, BCT8 and Fe doped BCT8 samples. 

Composition a (Å) c(Å) c/a V 
(Å)3 

t 
(nm) 

Grain 
size (µm) 

 

ρ (g/���) ��  ! 
factor 

GofF 

(
 "#

 $%#
) 

Bragg       
R factor 

BT 3.9901 4.0253 1.0088 64.0858 39 0.5 6.041 2.29 1.76 1.5 3.49 

BCT8 3.9808 4.0154 1.0087 63.6302 59 0.8 5.8816 9.11 2.14 3 4.25 

BCT8:1.25% 
Fe 

3.9875 4.0056 1.0045 63.6909 44 0.25 5.9280 6.62 0.75 2.5 1.71 

BCT8:5% Fe  a (Å) b (Å) c (Å) 127.1565 74 agglomeration 6.0949 8.99 2.78 3 3.91 
3.9895 5.6449 5.6463 
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Table 2: Number of bonds and bond length values of Ti-O, Ba-O, Ba-Ti and Ba-Ba bonds 

obtained from Rietveld analysis of BT, BCT8 and Fe doped BCT8 

Chemical 
bond 

BT BCT8 BCT8:1.25% Fe BCT8: 5% Fe 

No. of 
bonds 

Bond 
length 

(Å) 

No. of 
bonds 

Bond 
length 

(Å) 

No. of 
bonds 

Bond 
length 

(Å) 

No. of 
bonds 

Bond 
length (Å) 

Ti-O 1 
4 
1 

1.8758 
1.9995 
2.1495 

1 
4 
1 

1.8712 
1.9948 
2.1442 

1 
4 
1 

1.8666 
1.9981 
2.1390 

2 
2 
2 

1.8939 
1.9979 
2.1014 

Ba-O 4 
4 
4 

2.7913 
2.8221 
2.8771 

4 
4 
4 

2.7847 
2.8157 
2.8702 

4 
4 
4 

2.7838 
2.8203 
2.8689 

1 
4 
2 
4 
1 

2.7667 
2.7945 
2.8230 
2.8510 
2.8796 

Ba-Ti 4 
4 

3.4241 
3.5083 

4 
4 

3.4160 
3.4999 

4 
4 

3.4173 
3.5008 

2 
4 
2 

3.4108 
3.4567 
3.5030 

Ba-Ba 4 
2 

3.9901 
4.0253 

4 
2 

3.9808 
4.0154 

4 
2 

3.9875 
4.0056 

4 
2 
8 
2 
2 

3.9920 
3.9895 
5.6438 
5.6449 
5.6463 
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Table 3: Coercive electric field (Ec), remanent polarization (Pr), maximum polarization 

(Pmax), strain %, converse piezoelectric coefficient (&��
∗ ) values of BT, BCT8 and Fe 

doped BCT8 

Composition Ec 
(kV/cm) 

Pr 

(µC/cm2) 
Pmax 

(µC/cm2) 
Strain % 
(pm/V) 

&��
∗  

(pC/N) 
-ve +ve -ve +ve 

BT 2.53 6.38 20.43 0.133 0.137 335 339 
BCT8 4.34 8.04 17.3 0.093 0.090 258 247 

BCT8:1.25%Fe 4.88 0.99 10.8 0.077 0.077 101 98 
BCT8:5% Fe 8.15 2.13 9.52 0.037 0.0313 72 62 
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Table 4: Dielectric constant (ɛ�) and dielectric loss (tanδ), Curie temperature (Tc),		ɛ� at 

Tc for BT, BCT8 and Fe-doped BCT8 

Composition ɛ
� @ RT tanδ at RT  (Tc ) ℃  (ɛ�) @ Tc 

BT 935 0.04 120 1691 

BCT8 980 0.025 135 4368 

BCT8:1.25%Fe 1234 0.020 below RT 1275 

BCT8:5% Fe 1835 0.012 below RT 1939 
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Table 5: Magnetization (()) and coercivity (*�) values of 5% Fe doped BCT8 at 10 K, 100 

K and 300 K 

Temperature (K) 
 

(()) (*�) 
(Oe) emu/g µB/f.u µB/Fe3+ 

10 1.837 0.07675 0.01836 380 
100 1.58 0.06602 0.01579 179.77 
300 1.2175 0.05088 0.01217 13.11 
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• Fe-doped, modified Ba0.92Ca0.08TiO3 lead-free ferroelectrics were synthesized. 

• Fe-doping in Ba0.92Ca0.08TiO3 induces tetragonal-to-orthorhombic transformation.  

• Fe-doping induces a drastic decrease in ferroelectric Curie temperature (Tc). 

• 5% Fe induces the magnetic ordering and a switchable ferroelectric state.  

• Correlation between structure, ferroelectric and electrical properties is established. 


