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Abstract

The effect of iron (Fe) doping modification on thestructure and properties of
Bap oLap 0sli0O3 (BCT8) lead-free ferroelectrics is investigated irdetail. Intrinsic BaTiO 3
(BT) and BayoLappsl103 (BCT8) lead-free polycrystalline ceramics were sythesized by
conventional solid-state chemical reaction methodThe crystal structure, morphology,
chemical composition and valence state, magnetdemoelectric properties of BCT8 ceramics
were evaluated as function of variable Fe-content (0-5 wt%). X-rayficiction measurements
coupled with Rietveld refinement analyses indidhtg the BT, BCT8, and Fe-BCT8 ceramics
crystallize in single phase tetragonal structureade transformation occurs with higher Fe
doping; Fe-BCT8 ceramics with 5 wt.% Fe exhibitByfaransformed orthorhombic structure.
The crystal structure and phase formation of theseeramics was further confirmed by the
Raman spectroscopic (RS) measurements. The RS dataupled with high-resolution X-ray
photoelectron spectroscopic (XPS) analyses also ¢iom the formation of single phase
materials without any presence of secondary or impity phases. Microstructure imaging
analyses indicate that the grain size was pni, while agglomeration and inhomogeneous
distributionwere observed with Fe doping. Polarization-electrid¢dfi®-E) hysteresis and strain-
electric field (S-E) hysteresis measurements rexetile ferroelectric and piezoelectric nature of
the ceramics. Ferroelectric and piezoelectric pogse were observed to be suppressed for Fe
doped BCT8 ceramics due to the partial replacenoénti** by F€* as confirmed by the
chemical analyses made usiX@®S. Temperature dependent dielectric measurement$-édor
doped BCT8 show a drastic decrease in ferroele@uoe temperature ¢J, along with a
decrease in dielectric constant compared to thatrafoped BCT8. Magnetization (M-H)

measurements confirm the presence of long-rangenetiagordering for 5% Fdoped BCT8



sample. The results demonstrate that addition oFB% lead-free BCT8 perovskite induces the
magnetic ordering and a switchable ferroelectriatest which evidences the presence of

multiferroic nature that can be used for four-bé&mory and switching applications.
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1. Introduction,

Multifunctional materials, which can combine muléproperties and phenomena in the
solid state, are increasingly gaining recent att@nby the scientific and research community. In
addition to finding numerous technological appli@as, such materials offer an approach to
design a novel, single solid state material witmyndifferent properties so as to achiaueh
functionality [1-3]. Recently, strong attention has been paidard multiferroics, which can
exhibit simultaneously ferroelectricity and magoedrder, due to their potential applications in
current and emerging technologies [1-6]. Multifecsofeature the characteristic property that the
magnetic and dielectric order parametarg coupled, so that the ferroelectricity can be
controlled by magnetism and vice versa [1-5].

The piezoelectric materials along with subclasdefemoelectrics and pyroelectrics are
particularly attractive for a number of applicaom electronics, micromechanics, sensors,
actuators, magneto-electronics and energy hargestpplications [1,2,7-10]Especially, the
piezoelectric and ferroelectric properties, whictlelm exists in the same material, provide
excellent means to harvest energy from multiplesegiwhich include mechanical, electrical,
vibration and optical [10]. Piezoelectric materigse commonlyemployed in sensor and
actuator technologies due to their unique ability ¢ouple electrical and mechanical
displacementg,e., to change electrical polarization in response t@jplied mechanical stress
or mechanically strain in response to an appliexttaet field [7,10]. The lead (Pb) based
materials, such as Pb(Zr,Ty@bbreviated as PZT, are the most commonly usedgeztric
materials. The PZT materials are widely used irariety of technologicahpplications, such as
actuators, sensors, ultrasound transducers, hajhctlic capacitors, and ferroelectric thin film

memories [8,10].The dominance of PZT-based in the technologicallieggmns and



development is mostly due to their superior prapsytsuch as high Curie temperaturg AT
390°C), high dielectric constane{20000 at ), low dielectric loss (taw ~ 0.004), and high
piezoelectric coefficientdgs ~ 220 pC/N) [12,13]. However, the critical disadiage of PZT is
that it contains more than 60 wt% of Pb. The lageunt of toxic Pb-content creates health and
environmental hazards. Therefore, for global emriment protection, scientific and research
community acrosghe globe have directed efforts on the discovery, desagpd development of
Pb-free ferroelectrics and piezoelectrics, whicim &xhibit similar or comparable or even
superior properties to that of PZT.

The perovskite structured barium titanate (BaJi@hich abbreviated BT hereafter),
which is a classical ferroelectric, and BT-basetldssolutions are an important class of
materials that show a large piezoelectric respamska high dielectric constant useful for all of
the aforementioned technological applications [8LI# In fact, among the known Pb-free
materials such as (KNa ,)NbO; (KNN), (Bi1xNa)TiO3 (BNT), BaTiC;, BT-based materials
are of great practical interest due to their excgllproperties such as relatively high stability,
high dielectric constante{~ 1700), low dielectric loss (taf~0.01), and moderately high
piezoelectric coefficientdgs ~ 150 pC/N). Recently, BaTigbased hetero-structures were also
demonstrated for efficient use in solar cells aadehbeen the subject of utilization for energy
related applications [6]. Moreover, its stable ralel stoichiometry, after sintering, makes it
one of the important ferroelectric materials foplégations in piezoelectric sonar, ultrasonic
transducer, high dielectric capacitor, multilayaapacitors (MLCs), sensors, switches, and
ferroelectric thin film memories, etc. However, t@arie temperature ¢TI~ 120°C) resulted in
narrower working temperature range and hinderegréstical piezoelectric applications [18,19].

The partial substitution of Ghat B&* site in BaTiQ can help to increase the temperature range



stability of the tetragonal phase [20-22]. Additdig, it has been widely recognized that that Ca
doping plays a key role in achieving tunable eleatrand dielectric properties of BaT4O
Currently, there is a great demand for materialscivipossesseghe simultaneous
ferroelectric and magnetic ordering, the so-calhedltiferroic materials. Among the known
single phase multiferroic materials, BiF£® the single phase multiferroic at room temperatu
but it suffers from weak magnetization, and low gign which limitsits integration into
practical applications [23,24]. Introducing doping the transition metal (TM) ions in the
perovskite oxides can induce magnetic orderingtaeids to overcome some of these limitations
[6]. To this end, several attempts wenade by several research groups to induce magnetism
in BaTiO3 using suitable magnetic ionslt has been reported that Cr, Mn, Fe and Ni aee th
most suitable TM ions to effectively induce magsmti in BaTiQ [2,25-30]. Recently,
significant efforts were directetb the Fe-doped BT system, wheltee focus was towards
understanding the structural, ferroelectric and magnetic prapsrof both bulk and thin films
[26,30-36]. For instance, Maikhuri et al. have investigated the ferroelectric and magnetic
properties ofl0 at% Fe substitution at both Ba- and Ti- site, respectively, in BaJiénd
revealed the multiferroic nature in both the capa8]. However, while TM-content was
arbitrarily chosen in most of the cases, the efftot understand a correlation between variable
TM-ion content, crystal chemistry, microstructuferroelectric, magnetic, piezoelectric and
dielectric propertiesre meager. Furthermore, although there are sometsepwailable on the
ferroelectric and magnetic properties of transitioretal ion doped BaTi§) no detailed
investigation is available on the structural, feteatric, piezoelectric and magnetic properties of
Fedoped Ca-modified BaLa0sTiO3 (BCT8) ceramics. Therefore, the present work was

directed to derive a fundamental understandinghef éffect of Fe doping on the structural,



morphology, dielectric, ferroelectric, piezoelectaind magnetic properties thfe BCT8 system.
The objective is to realize highly densaterials so that the ferroelectric and magnetic ordering
would be present in a single phase. Furthermanegst is well known that Ca-doped (at Ba) site
in BaTiO; can allow tunable electrical characteristics, Bpig into BCT so as to induce
magnetism and finding an optimum configuration dopifovide fundamental, efficient means to
tailor the materials’ properties and phenomenachidan be readily utilized in many of the
aforementioned technological applications. Thus,dtiorts were directed to derive a correlation
between crystal chemistry, chemical compositionenagical valence state, microstructure,
ferroelectric, piezoelectric, magnetic and dielecproperties in Fe-doped BCT8 ceramics. The
results presented and discussed in this paper d#rate that addition of 5% Fe in lead-free
BCT8 perovskite induces the magnetic ordering answéchable ferroelectric state, which
evidences the presence of multiferroic nature ¢hatbe used for four-bit memory and switching
device applications.

2. Experimental details

2.1 Synthesis

All the ceramics with variable composition, viBaTiO; (BT), BagLa.0sliO3
(BCT8) and Fe-doped (0-5 wt. %) BCT8, were synttestiby standard solid state chemical
reaction method using high purity (>99%) BagzDO,, CaCQ, FeOsprecursors (all are from
Sigma-Aldrich). All the precursors were weighedhntitieir stoichiometric proportions and ball
milled in an ethanol medium with the help of zireon balls followed by grinding in an agate
mortar. The powders were then calcinated at P050r 5 hrs in an ambient atmosphere. After
calcination, the powders were grounded, pressedpeliets (diameter ~10 mm and thickness

~ 1 mm) usinga hydraulic press for different characterizationeeTPolyvinyl alcohol (PVA)



was used as a binder to make the pellets with gierdity and all the pellets were finally
sintered at 1246C for 5 hours inan ambient atmosphere with the heating rate °ahih and
cooled to 30C°C with 2°/min then followed by natural cooling to room temstare. All the
pellets obtained at 124@ were found to be dense except BT and thereforewB3 further

sintered at 130€C for 5 hours with the same rate of heating andingol
2.2 Characterization

The phase formation and structural analyses wederaaing X-ray diffraction (XRD)
measurements. The XRD measurements were made asiBgiker D8 Advance X-ray
diffractometer (XRD) (Cuk, havingAi=1.5406 A). The phase formation of all the synthedi
samples was confirmed from XRD patterns. To dedvore detailed account of structural
properties, Rietveld refinements were also perfarneenploying Fullprof software. For
Rietveld refinement, shape of Bragg peaks was neatify pseudo-Voigt function, which is a
combination of Gaussian and Lorentzian functione Background of XRD pattern was fitted
with the linear interpolation between a set backgrbpoints and refinable heights. During the
fitting process, scale factors, cell parameterapshparameters, FWHM parameters, and zero
angular shifts were refined. The morphology of 81e BCT, and Fe-doped BCT ceramics was
studied by using a field emission scanning electnicroscope (FESEM JEOL JSM- 6500F).
X-ray photoelectron spectroscopy (XPS) measuremegets carried out using a spectrometer
(XPS Thermoscientific Inc K-alpha) with microfocdd-K, monochromatic X-rays ¢h=
1486.6 eV). The survey scans as well as core-E®3 spectra were recorded in order to
understand the chemical valence state of catiorthese ceramics. XPS data were used to
determine the oxidation state and chemical enviemtnof cations. All the XPS spectra were

deconvoluted via Voigt curve fitting function wighirley background subtraction.



Raman spectra were recorded using a micro-Raman sysn (Reinshaw) with 532
nm laser excitation. Electroding of samples was done using silver pastéoth the sides of
mirror polished pellets and heated at 20@or 4 hours to cure the silver paste. The eleetdod
samples were then used for dielectric measuremesimg HIOKI 3532-50 LCR HITESTER,
polarization versus electric field (P-E) hysteresimps and field-induced strain (S-E)
hysteresis loop measurements using a ferroelgesicsystem (aixAcct systems, GMBH TF
ANALYSER 2000. TREk model 610 E). Magnetic measwata were performed at
temperatures 10 K, 100 K and 300 K using a VibmatBample Magnetometer (VSM

Lakeshore 7407).
3. Results and discussion

XRD patterns of all the ceramics along with Rietivekfinement data of all the
ceramics are shown in Fig. 1. XRD patterns of BCTB and 1.25% Fdoped BCT8 samples
were refined to P4Amm space group with tetragomatsire and all the observed peaks were
matched with the ICSD (Inorganic Crystal Structiratabase) collection code 161340 and
indexed accordingly. While 5% Faoped BCT8 samples were refined to Amm2 space group
with the orthorhombic structure. All the observezhks were matched with ICSD collection
code 31155 and indexed accordingly. The RietvetddiXRD patterns of all the synthesized
samples are as shown in Fig. 1, where the compnsifi the ceramic is clearly indicated. The
lattice parameters, X-ray density, values, R factor,the goodness of fit factor (GofF) and
Bragg R-factor are presented in Table 1. The lovedunes ofy* and GofF indicate the good
agreement between the calculated and observednsatiéhe crystallite size (t) was calculated

by using Scherrer formula,



094
t= B cosbp (1)

where,\ is the wavelength of Cu ()K= 1.5406 A is full width at half maxima (FWHM)d,
Bragg's angle.

The high-resolution XRD peak observed 8t245 is shown separately in Fig. 2,
where the splitting of (002) and (200) peaks ident. This observation confirms the stable
tetragonal structure in BT, BCT8 and Fe-doped B@mamics. However, for increasing Fe
content, BCT8 sample with 1.25 wt% Fe shows imtistsplitting of (002) and (200) peaks as
noted in Fig. 2(c) The splitting of (002) and (2@9)ue to the electrostatic repulsion between
3d electrons of Ti ions and 2p electrons of‘Gons [28]. The indistinct splitting of (002) and
(200) peaks observed may be an indication of tiee tfzat higher Fe content in BCT may
induce a slight deviation of the structure from gable tetragonal structure. It is important to
recognize that, in the case of 5% Fe-doped BCT&kamll the observed peaks except (011)
at D~22 show (Fig. 2d) a significant splitting, which is characteristic feature dahe
orthorhombic structure. The magnified view of (0220 (200) peak splittingyhich is shown
in Fig. 2d,indicatesthe characteristic orthorhombic structure. Thedatparameters obtained
for BT, BCT8 and theirc/a ratio are comparable with the reported data [JHe lattice
parameter values for BCT8 observed to be decreasingared to BT due to the substitution
of B&* (1.61 A) by smaller C& ion (1.34 A). Also, with Fe doping, the lattice parameter
decreases as noted for 1.25% Fe in BCT8. This ctaarstic feature is the signature of the fact
that the Fe doping into BCT system is resultingtle distortion leading to structural
perturbation which deviates the structure from #table tetragonal structure. The phase
transformation becomes fully complete as seen imtheasing Fe content. For 5% Fe-doped

BCTS8, there is a complete phase transformation fietinagonal to the orthorhombic structure
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as is evidentin XRD studies. The crystallite size calculatedswathe range of 39-80 nm. The
X-ray density was observed to be decreasing witls@sstitution due to the increase in grain
size as observed from FE-SEM images (Fig. 3). 3%r Fe-doped BCT8, X-ray density
increases due to a further decrease in grain sideagglomeration. The bond length between
different ions in the unit cell was also calculafedm Rietveld refinement. The calculated
values of bond length between Ti-O, Ba-O, Ba-Ti;Emand the number of these bonds
present in the unit cell are tabulated in Table~thm the values of bond length between
different ions, it is observed that the bond lesgthTi-O bonds remain almost same for BCT8
as that of BT.This observation illustrates that the tetragonal structure remaiable even
after Ca substitution. On the other hand, the St change in bond length valugisserved
for Fe dopedBCT sample accountdor the observed structural deviation from theagtmal
structure. Due to off-centering of*Tj there are four long and four short Ba-Ti distanicethe
unit cell of tetragonal BT. From Ba-Ti distancdse distortion parameter for tetragonal BT is
calculated [26]. It is observed that the calculatestiortion parameter is 0.0121, which remains
same for BT and BCT8 samples. However, this valuthér decreases to 0.018f 1.25%
Fe-doped samples Thus, from structural characterization, it isdant that the tetragonal
structure remains stable even with Ca substitutidre structural distortion occurs with Fe
doping. Also, among all the studied samples, TiBa;O and Ba-Ti bonds of BCT8 are
strained while in the case of Fe-doped BCT8 theselg are relaxed [21].

FESEM images of BT, BCT8 and Fe-doped BCT8 samgrieshown in Fig. 3. BT and
BCT8 show clearly visible grains with average grsie in the range of 0.5 touin, while Fe-
doped BCT8 shows agglomeration with variabiee clustersi.e., becomes inhomogeneous

distribution with Fe doping. The non-uniform microstructure 586 Fe-doped BCTS8 is the
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indication of faster nucleation than the grain gito\28], which might have occurred due to
oxygen vacancies created after replacin§’ Tons with F&" ions to further decrease the
mobility of ions resulting in slower lower grainaoyvth [38]. Furthermore, an increase in
agglomeration and decrease in the porosity is @bderith increase in Fe concentration which
may be due tahe highly reactive nature of Fe ions. Consequently, the density of samples
increase with Fe doping and is in good agreemettt tihie calculated X-ray density. This
signifies that the incorporation of trivalent tritith metal ion impurity such as Fein the
perovskite lattice of BCT8 leads to alter the matraocture of the BCTS.

The oxidation state and chemical environment efdynthesized samples were analyzed
using XPS. Figure 4 presents the high-resolutio® XpPectra for the Bad3Ca 2, Ti 2p, and O
1s core levels in the BCT8 sample. The double peatufe of the Ba® Ca 9, Ti2p, and O &
are shown in Figure 4(A-C). The deconvolution of B XPS spectrum (Fig. 4(A)) shows a
perfect fit to four peaks located at binding ene(B¥) values of 777.55, 779.21, 792.87 and
794.51 eV. Among these four peaks, the peaks l0@tBE~777.55 and 792.87 eV corresponds
to the spin-orbit doublet i.e., Badsy and Ba 83, 3d core level of Ba ions. The other two
represent their respective shoulder peaks. flihevidth at half maxima (FWHM) of the spin-
orbit doublet of Ba 3d core level are 1.5 eV andl 4V, respectively. The spin-orbit energy
separation AE(Ba 3)) is 15.32 eV between Badsg, and Ba 83, core level. These data are
comparable to the bulk and nano Badi{39.40] and confirm the existence of Ba in its
characteristic 2+ oxidation state i.e., a¥'Bans. It should be noted that both the shouldekge
located at higher BE side are not at all repreentifferent oxidation state but are present due

to the relaxation phase formed at the BCT8 suriiaoeder to reduce surface strain [41].
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The deconvoluted Cgp2XPS spectra (Fig. 4(B)) shows perfect fit to tveaks located at
BE of 346.53 and 350.15 eV, which corresponds t@&za and Ca By, spin-orbit doublet core
level of Ca. The FWHMs of these two peaks hfeeV and 1.8 eV, respectivelyl he spin-orbit
energy separation (3.62 eV) and respective eneogitipns confirm the presence of Caons
[40-42]. No extra peak is observidthese spectra confirmthat C4" is incorporated in B of
BaTiO; latticewithout any impurity or additional phase formation. The deconvolution of Ti
2p XPS spectrum (Fig. 4(C)) also indicates a peffieéor two peaks located at a BE of 457.39
and 463.10 eV. These two peaks correspond topd and Ti Py, doublet. FWHM of these
peaksare 1.29 EV and 2.17 eV, respectivelyThe spin-orbit energy separation (5.71 eV),
respective BE position of the Tp2loublet and their FWHM are in excellent agreenvéttt the
literature [39-44] and supports the existence of*Tications in BCT8. Similarly, the
decomposition of O dXPS spectra of BCT8 (Fig. 4(D)) fits well to tweaks located at BE~
528.57 and 530.44 eV with FWHMs of 1.44 and 3.15regpectively. The peak located at lower
binding energy corresponds to the ©cbre level, which is an indicative of oxygen bodde
BCT8. The higher binding energy peak at 530.44 €Vdcribed to the surface contamination
such as carbon oxides or hydroxides [44-@Fjerall, the results confirm that the BCT8 samples
are composed of only the elements Ba, Ca, Ti anth @s stoichiometric form with no
contamination or extra phase formation.

The high-resolution XPS spectra of B&&nd Ca p of the Fe-doped BCT8 samples are
shown in Fig. 5. Similar to BCT8, the deconvolutd 3 XPS spectrum shows double peak
features with two respective shoulder peaks (Fi§.&d B)). The Ba &, and Ba 83, peaks
are located at BE~777.43 (x 0.12) and 792.75 (012 respectively. The FWHM of these two

peaks is 1.5 and 1.5 eV, respectively. The datdircorthe presence of Biions in Fe-doped
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BCT samples. Furthermore, the shoulder peaks aetdd at a binding energy of 779.14 (x0.06)
and 794.46 (+0.055) ewith a FWHM of 1.9 and 1.9 eV, respectively. These are vanjlai

to thatnoted in pure BCT8 samples. The energy separation (~15.32 eV) aedsity of the Ba
3ds/2 and Ba 8, peaks remain constant irrespective of the amoRealoping into BCT. This
confirms that doping of Fe at different concentrasi has neither altered the properties of Ba
cations nor replaced it from its position. Howevtite intensity of both the shoulder peaks
increased with increasing Fe content. Tdliservation corroborateswith the appearance of a
high level of strain in the BCT8 with increasing €&ancentration. This could be responsible for
the observed decrease in grain size (crystallite)swith Fe doping as observed in FESEM
micrographs. Thus, the XPS data confirm that the3@&a and Ba 83, peaks are the general
characteristic feature of BaTi(nly; no evidence is noted for the presence of impurities
and/or extra phase formation Figure 5(C, D) shows the double peak featureSaofp for the
Fe-doped BCT8 samples. The Cpg2and Ca Py, doublet located at BE values of 346.15
(x0.25) and 349.76 (x0.25) eV, respectively, wathrresponding FWMH values of 1.5 and 1.5
eV indicate the characteristic of €a&ations in the Fe-doped BCT8 sample. It is evideat the
intensity of the Caj2doublet and their spin-orbit energy separatio.62 eV remains constant
for a variable Fe-doping concentration from 0 t#%5Thus, the XP$8ata confirms that there

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

The high-resolution XPS spectra of Tp @nd Fe P core levels are shown in Fig. 6 for
the Fe-doped BCT8 samples. The deconvolutepTFR). 6(A, B)) indicates a perfect fit for the
two peaks located at the BE of 457.05 (x0.24) a6l Z6 (+0.24) eV, respectively. These peaks
correspond to the doublet arising from the spirtodplitting i.e., Ti 23, and Ti i,

respectively. The BE location of TpZoublet and energy separation of 5.71 eV charaeter
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the presence of fi cations in the BCT8 sample after Fe doping [3%394,48]. The
deconvoluted XPS spectra of Fe r2gion (Fig. 6(C & D)) also shows a perfect fittteo peaks
located at a binding energy of 709.76 (+0.08) aR8.08 (+0.06) eV with energy separation of
13.32 (+0.02) eV. These two peaks correspond thbldg which is due to spin-orbit splitting in
Fe D i.e., Fe Ps and Fe Bip. The BE position of these peaks along with enesgyaration
(AE Fe 9) characterizes Fe in its 3+ oxidation state Fe’! cations [35,36,49,50]An increase

in the intensity of Fe %, and Fe By, observed (Fig. 6(C, D)) with increasing Fe conisrdan
obvious indication of increased Fe concentratiothm ceramics with Fe doping. On the other
hand, the intensity of Ti ®, and Ti i, peaks decrease slightly with increasing Fe
concentration from 0 to 5%. This observation revegbbt Fe occupies the Ti sites in the Fe-
doped BCT8. Overall, the keen observation of XP&8p indicates that only the Tz, and Ti
2p12 peak positions are slightly shifted towards thedo BE with increasing Fe content. These
Ti peaks located at BE ~457.69 and 463.10 eV e&pee a negative shift in BE to 457.05 and
462.61 eV, respectively, with increasing Fe dopifigis can be attributed to the increase in the
number of Fe atoms at the Ti site in the perovsititecture, where binding energy is equally
distributed among all atoms and resulted in a @&s&rén the binding energy of Ti (2p) peaks
after substitution of Fe at Ti site [S51Furthermore, while changes in Ti peak with
progressive Fe-doping are obviously related to Feubstitution at Ti-site, some changes in
the BE or peak shape of the characteristic As core level are expected if there is any
secondary phase segregation, such as Fe-oxides ewg into a separate impurity phase.
However, no such changes seen function of Fe dopiatso confirms the formation of single

phase Fe-doped BCT material, where Fe is substituig for Ti. In addition to XRD and XPS
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analyses, Raman spectroscopic data as discussedobehlso supports the chemical quality
of these ceramics.

Raman spectra measured for all the ceramics at roontemperature are shown in
Fig. 7. Raman spectroscopic data of these materiatan be conveniently used to understand
the chemical bonding, chemical quality and phase pity of these materials and the effect of
Fe doping. It is well known that there are 3A(TO) + 3A4(LO) + 3E(TO) + 3E(LO)
+1E(TO+LO) + 1B; Raman active modes present in tetragonal ferroeléic phase of
BaTiO3; (P4mm) whereas these modes are Raman inactive foubic paraelectric phase of
BaTiO3 (Pm3m). In the present case, the observed four distinctdnan peaks viz., A(TO),
E(TO+LO)/B 1, E(TO)/AL(TO) and E(LO)/A.(LO) for BT at 260 cm™, 302 cn', 512 cm*
and 712 cn, respectively, confirm the tetragonal crystal streture of BT. Similarly for
BCT8 ceramics, these phonon peaks were observed appimately at the same position to
that of BT. However, decrease in the sharpness of EO+LO)/B ; mode can be noted which
indicates the slight distortion in the tetragonal sructure with Ca substitution.

In case of Fe doped BCTS, along with the decrease sharpness of E(TO+LO)/B
mode, the A(TO) and E(TO)/A1(TO) phonon modes become broad and shift slightly
towards the lower frequencies which can be explaieon the basis of spatial correlation
[35]. Also, due to the higher atomic mass of Fe (85 g/mol) than that of Ti (47.867 g/mol),
the A(TO) and E(TO)/A(TO) modes shift toward lower frequencies indicatig the
decrease in average bonding energy of Ti/Fe-O borgince these modes result from the
vibration of centered ions of octahedron in ABQ perovskite structure. Furthermore, in
case of 5% Fe doped BCTS8, additional modes around42 cni' and 195 cni are also

present (represented by *). Among these two modethe mode around 195 cni is the
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characteristic phonon mode of orthorhombic BaTiQ [52]. The absence of any additional
mode in 5% Fe doped BCTS8 establish that the 5% Feaped BCT8 have the pure
orthorhombic structure and is in good agreement wit the XRD results. It can be
concluded from Raman spectroscopic analyses that éhFe (5%) addition in BCT8
transforms the structure from tetragonal to orthorhombic without any trace of impurity
phases. Thus, the synthesized Fe doped BCT8 ceramiis a single phase multiferroic
material.

The polarization versus electric field (P-E) hystes loops for BT, BCT8, and Fe-doped
BCT8 are shown in FigB. It is evident that all the samples show typicdt Rysteresis loops
which confirm the ferroelectric nature of these pl®. The values of the coercive electric field
(Ec), remanent polarizatiofP;) and maximum polarizatiofPna,) determined for all the samples
are tabulated and compared in TaBlédntrinsic BT and BCT8 (i.e., without Fe dopinghebit
the high values of; and Pnax Which may be due to the larger grain size, bettgstalline
guality, and highc/a ratio compared to that of Fe-doped BCT8 samplesvever, E. value
increases with increasing Fe concentration in BE&E&Bamics. These observations can be
explained based on the structural and morphologyaciteristics of the respective samples. It
should be noted that the grain sizéa ratio, and grain distribution characteristics play
important role in understanding the ferroelectehavior. It is seen in FESEM that the effect of
Fe is significant on the grain growth and morphglofjthe BCT8 ceramics. Fe-dopiimgluces
a non-uniform distribution of grains, as observexhf SEM micrographs, along with a random
distribution of size and orientation of ferroeléctdomainswhich inhibits the domain wall
motion and thus the coercivity increases in Fe-dopET due to the pinning of domain walls

motion by defect center [Z83).
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Strain versus biaxial electric field (S-E) measueats were carried out to better
understand the piezoelectric behavior of all them@ples. The S-E hysteresis loops obtained
for BT, BCT8, and Fe-doped BCT8 samples are shawhig. 9. All the samples exhibit a
typical S-E butterfly loop, which confirms the paegectric nature of all the samples. From S-E
hysteresis loop, the converse piezoelectric caefftads;) and strain for both the positive and
negative electric field are calculated and tabdlaite Table 3. Comparison of the S-E
hysteresis loops (Fi@) indicate that the intrinsic BT and BCT8 samplgkilit symmetric S-

E loops while the symmetric nature of S-E loop gally decreases with Fe doping. This
observation indicates that the system is tendingtramsform from piezoelectric to
electrostrictive nature with Fe doping [8] whichalso confirmed from XRD. Also, the strain
and d3; decreases with Fe doping. This decrease in sivdin Fe doping can be correlated
with the grain size. It has been observed from S&ibtographs that, with Fe doping, the grain
size decreases and become finer and finer. grean size reduction decreases the size of
domain wall.With decreasingsize of domain wall and grain sizepgcomes difficultto form
the domain walls and thus, it reduces the domaitiom contribution to the straleading to
substantial changes in thehysteresis loop [84,59. Thus, it is concluded that, the
degradation of piezoelectric along with the ferroelectric peofles occurs with increasing Fe
doping in BCT ceramics.

To understand the dielectric behavior of the sas)pfrequency (50 Hz - 1 MHz)
dependent dielectric properties of the samples vestaduated. The real part of dielectric
constant ') and dielectric losstén 0) measured at room temperature (RT) are showngn Fi
10. It is observed that all the samples exhibit tlwmmon dielectric dispersion. With

increasing frequency from 50 Hz to 1 kHz, thera spid decrease of, however, the rate of
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decrease of' is very small with a further increase in frequerfimm 1 kHz to 10 kHz (Fig.
109). Beyond 10 kHz,¢ becomes almost constant. Beyond certain frequerangey,
polarization does not follow the frequency of ertdrapplied electric field and, therefore,
becomes constant. The higher values’ah the lower frequency range (50 Hz-1 kHz) is
mainly due to the contribution of different typek pwmlarizations such as ionic polarization,
orientational polarization, and space charge/iataxfpolarization. At the higher frequency (>
10 kHz),¢' becomes nearly constant. The room temperaturetioeriaf tano as a function of
frequency (Fig.10b) also shows a similar behavior to that ©f dispersion. The room
temperature values ef and tand at higher frequencies are tabulated in Tablk is observed
(Table 4) that the 5% Fe-doped BCT8 shows highkrevafe'and lower value of tafi among
all other compositions. This can be attributed e tncreased density (Table 1) of BCT8
samples with Fe doping. The lower value of éaat a higher frequency~(L00 kHz) indicates
that the samples can be used for high-frequeneyréading/writing in electronic devices.

The temperature (RT-180) dependent’ and tand measured at a constant frequency
(10 kHz) for the BT, BCT8 and Fe-doped BCT8 samples shown in Figll Intrinsic BT
and BCT8 samples (without Fe-doping) show a shdmps@ transition from tetragonal
(ferroelectric) to cubic (paraelectric) structumund 120°C and 135°C, respectively. It is
also clearly seen in Fig.1 (a) and (b) that the at T. becomes almost double for BCT8 which
is in good agreement with the literature and regmbrtiata [18]. With Fe doping, Curie
temperature (J decreases drastically and reaches close to the teoperature. It is observed
(Fig. 11a) that, for Fe doped BCT8 samples, the values afd close to the room temperature.
At RT, the Fe-doped BCT8 samples indicate the delfined P-E hysteresis loops. The rapid

decrease in Jwith Fe doping in BCT8 samples is attributed te #reation of oxygen
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vacancies due to some of theé*Feplacing Tt* as confirmed by XPS analyses. Such oxygen
vacancies can lead to the breaking of co-operatibeations of Ti-O bonds and affect the
ferroelectric interactions and dielectric constd&@]. For intrinsic BT and BCT8 (without Fe),
the initial increase i’ with temperature can be explained as followss Ihoted that’ is
nearly temperature independent in the lower tentperaange £ 27 °C — 80°C). This kind of
behavior is usually observed if the thermal enasggot enough to increase the mobility of
charge carriers. Furthermore, at a higher tempergaibove 80C), thermal energy increases
the mobility of charge carriers and, thus, thleapping rate. The dielectric polarization,
therefore, increases rapidly at higher temperataresinge’ to increase up toJ At T, the
hopping rate of charge carriers is maximum. Wittihfer increase in temperature beyond T
the charge carriers are not able to cope up wahtgh thermal energgnd, as a resultthere
is a decrease in dielectric polarization, i€.gdecreases with further increase in temperature
and polarization become random. Therefore, atthie phase transition occurs from the
ferroelectric phase to paraelectric phdsa.[

The variation of dielectric loss (ta) with temperature is shown in in Figlb for BT,
BCT8 and Fe-doped BCT8 samples. It is evident Blatand BCT8 samples show the well-
defined single resonance relaxation peak at ara®dC and 130°C, respectively. However,
Fe-doped BCT8 samples exhibit the two broad yet-#lafined resonance relaxation peaks,
one at a temperature below %D and other in the temperature range of 80°L2(Resonance
relaxation peak is observed when the jumping fraqueof thermally activated localized
electronsbecomeapproximately equal to the frequency of the exdkyrapplied electric field.
At higher temperatures, tahincreases rapidly and this may be ascribed toirtbeease in

mobility of ions and imperfections in the materiad., resistivity decreases (conductivity
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increases)d8]. The BCT samples with highest (5%) Fe concerdrashows the higher value
of tané (as a function of temperature) compared to therofie doped samples. This can be
attributed to the conductive nature of the samplégh Fe doping, which results in charge
transfer, compared to the other samples. The \&lt@n 6 is observed in the range of 0.02 to
0.07 for the temperature region of 40 to 140°C which are lower as compared to BT
samples. The lower value of dielectric loss obs#ifee Fe doped BCT8 may be due to the Fe-
induced morphology changes [47]. Such changeselearic behavior due to changes in the
microstructure of ceramics due to doping were afsmed in BCT-BZT and other
electroceramics5P,6J. Therefore, it can be concluded that the samplgghesized in the
present work are of high quality since these sasmeldibit low dielectric losses, which is an
important requirement for utilizing them in electim capacitor and ferroelectric device
applications.

Room temperature and low-temperature magnetic uneaents (M-H) for all the
samples were carried out using vibrating samplenaegneter with maximum applied field of
10 kOe and are as shown in Fiz. From the M-H measurements, it is observed thit thre
5% Fe-doped BCT8 sample shows magnetic behaviotaltiee substitution of Béat Ti** site
which can create oxygen vacancies. These oxygeancas may act as a kind of medium
through which superexchange interactions betweéghbering F&" ions can occur. The value
of saturation magnetizatio{) and coercivity ;) at different temperatures for 5% Fe-doped
BCT8 are tabulated in Table 4. Th& and H. values are observed to be increasing with a
decrease in temperature which is due to the néggigiontribution from thermal energy term to
magnetization. From the overall observations, it ba considered that the magnetic behavior

may arise from the possible defect complexes sugchxggen vacancies and Fe valence
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fluctuations. Finally, in order to elucidate the correlatiortiaeen crystal chemistry, chemical
composition valence state, ferroelectric, dielectpiezoelectric, and magnetic properties of the
studied ceramics, the conglomeration of the resarkspresented in Fid.3. The BT and BCT
ceramics are tetragonal and becomes fully orthothorfor 5% Fe doping into BCT. While
intrinsic BT and BCT were exhibiting all other pspes, magnetism was fully absent in these
materials. Fe-doped BCT8 samples exhibit the magnmbperties in addition to all other
characteristics. However, the optimum concentrattonobtain such dense, morphology,
composition controlled ceramics with the best corabon of multiferroic properties is 5% Fe

doing into BCT8.

4. Conclusions

Chemical composition controlled intrinsic (Bakiay oL a.0sT103) and Fe-doped BCT
ceramics were synthesized using standard solid stemical reaction method. Crystal structure
analysis confirms that all the BT and BCT8 samgelsibit a single phase, tetragonal structure
with space group P4mm. However, Fe doping induestigbation to the crystal structure; 5%
Fe-doped BCT8 samples exhibit complete structwaalsformation leading to the orthorhombic
structure with space group Amm2. The average dtigstaizevaries in therange of 40-80 nm.
Fe-doping induced a reduction in the grain size iacteased particle-agglomeration tendency
are evident in electron microscopy analyses ofntiierostructure. XPS analyses provide clues
for the origin as well as evidence, in terms of tiegative shift in the B.E. for Tip2doublet
along with a decrease in peak intensity, for thpedioFe atoms substituting at Ti site in the BCT
crystal structure.Raman spectroscopic data further support and confims the crystal

structure and formation of single phase BT, BCT and-e-doped BCT materials without any
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secondary or impurity phases.All of the samples i.e., intrinsic BT, BCT and #&eped BCT,
exhibit P-E and S-E hysteresis confirming theirrdelectric and piezoelectric nature,
respectively. The dielectric constant and dielecloss follow the usual dielectric dispersion
behavior. The Curie temperature\has been increased from 120 for BT to 135°C for
BCTS8, while the Fe-doping effect is significantdrastically reducing & which approaches very
close to room temperature, due to th&"Bebstitution for Ti* and, thus, the creation of oxygen
vacancies. None of the samples except 5% Fe-dB@ddshow evidence for magnetism. Only
the 5% Fe-doped BCT8 exhibits magnetic hysterdsteraperatures 300 K, 100 K and 10 K,
which may be due to the oxygen vacancies respa§iblsuperexchange interactions between
neighboring F&. The optimum composition to obtain ferroelectnw anagnetic ordering to be
present in a single phase is 5% Fe-doped BCTS8.r@sdts, thus, demonstrate that addition of
5% Fe in lead-free BCT8 induces the magnetic ondeend a switchable ferroelectric state,
which evidences the presence of multiferroic natheg can be used for four-bit memory and
switching applications. The objective of the pragmbsvork to synthesize highly dense, single
phase material so that the ferroelectric and magreetiering is present in a single phase

material is accomplished successfully.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

XRD data of BT, BCT8 and Fe doped BCT&ecs. The experimental XRD
patterns along with fitting with Reitveld refinemeare shown. Rietveld fitted
XRD patterns shown are: (a) BT, (b) BCT8, (c) F2%%) doped BCT8, and (d)

Fe(5%) doped BCTS.

Splitting of (002) and (200) XRD peak. Tdaa shown are: (a) BT, (b) BCTS, (c)
Fe(1.25%) doped BCT8, and (d) Fe(5%) doped BCT& Thanges in peak

splitting as a function of Fe content are evident.

SEM images of (a) BT, (b) BCT8, (c) Fef&) doped BCT8, and (d) Fe(5%)
doped BCTS8. The reduction in size and inhomogeneabssibution with Fe

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

High resolution XPS data of Ba @), Ca 2 (B), Ti 2p (C) and O & (D) peaks
in intrinsic BCT8 (without Fe doping). The deconed peaks, their respective
BE positions and component details are shown infsideach of these core-level

peaks.

High resolution XPS data of Bd B 1.25% Fe doped BCT8 (A) and 5% Fe
doped BCT8 (B) samples. The high resolution XP& adtCa  core level in
these samples are shown in (C) and (D), respegtii¢le deconvoluted peaks,
their respective BE positions and component detai#ésas indicated inside for

each of these core-level peaks.
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Figure 6

Figure 7

Figure8

Figure9

Figure10

Figurell

Figurel2

Figurel3

High resolution XPS data of Tp &h 1.25% Fe doped BCT8 (A) and 5% Fe
doped BCT8 (B) samples. The high resolution XP& dditFe » core level in
these samples are shown in (C) and (D), respegtiVéle deconvoluted peaks,
their respective BE positions and component detaiésas indicated inside for

each of these core-level peaks.

Raman spectroscopic data ofBT, BCT8, Fe(1.25%) doped BCT8, and

Fe(5%) doped BCT8 ceramics.

P-E hysteresis loops of th&l, BCT8, Fe(1.25%) doped BCTS8, and Fe(5%)

doped BCT8 ceramics.

S-E hysteresis loops of tH&T, BCTS8, Fe(1.25%) doped BCT8, and Fe(5%)

doped BCT8 ceramics.

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

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

Measurements were made at a constant frequendy kifld.

M-H hysteresis loops for 5% Fe-doped BCT8 at 1A6Q K and 300 K.

Proposed schematic model illustrating the strattand 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 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 parameterg/a ratio, unit cell volume (V), crystallite size ),
grain size, x-ray density f), chi square %), R factor, Goodness of fit factor GofF), Bragg

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

Composition | a(A) c(A) cla Vv t Grain | p (glem3) | x* R; GofF Bragg

B)° | (nm) | size im) factor | (Rwey | Rfactor
Rexp

BT 3.9901 | 4.0253| 1.0088 64.0858 3¢ 0.5 6.04] 2[29 176 15 3.49

BCTS 3.9808 | 4.0154 1.0087Y 63.630Q 54 0.8 5.8816 ol11 42 3 4.25

BCT8:1.25% | 3.9875 | 4.0056] 1.0045 63.6900 44 0.25 5.9280 6.62 75 0, 2.5 1.71

Fe
BCT8:5% Fe | a(A) b(A) | c(A) | 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 dFi-O, Ba-O, Ba-Ti and Ba-Ba bonds

obtained from Rietveld analysis of BT, BCT8 and Feloped BCT8

Chemical BT BCT8 BCT8:1.25% Fe BCT8: 5% Fe
bond
No. of Bond No. of Bond No. of | Bond No. of Bond
bonds | length | bonds | length | bonds | length | bonds | length (A)
A) A A)

Ti-O 1 1.8758 1 1.8712 1 1.8666 2 1.8939

4 1.9995 4 1.9948 4 1.9981 2 1.9979

1 2.1495 1 2.1442 1 2.1390 2 2.1014

Ba-O 4 2.7913 4 2.7847 4 2.7838 1 2.7667

4 2.8221 4 2.8157 4 2.8203 4 2.7945

4 2.8771 4 2.8702 4 2.8689 2 2.8230

4 2.8510

1 2.8796

Ba-Ti 4 3.4241 4 3.4160 4 3.4173 2 3.4108

4 3.5083 4 3.4999 4 3.5008 4 3.4567

2 3.5030

Ba-Ba 4 3.9901 4 3.9808 4 3.9875 4 3.9920

2 4.0253 2 4.0154 2 4.0056 2 3.9895

8 5.6438

2 5.6449

2 5.6463
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Table 3: Coercive electric field E¢), remanent polarization (P;), maximum polarization

(Pmax), Strain %, converse piezoelectric coefficientds;) values of BT, BCT8 and Fe

doped BCT8
Composition E. P, Prax Strain % dss
(kVicm) | (uClem?) | (uClen) (pm/V) (pCIN)
-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] 0.077 100 99
BCT8:5% Fe 8.15 2.13 9.52 0.037] 0.0313 72 67
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Table 4: Dielectric constant ¢') and dielectric loss (tad), Curie temperature (Ty), €' at

T.for BT, BCT8 and Fe-doped BCT8

Composition & @RT | ta atRT (Te)°C ) @T,;
BT 935 0.04 120 1691
BCTS8 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 (M) and coercivity (H.) values of 5% Fe doped BCTS8 at 10 K, 100

K and 300 K
Temperature (K) (My) (H,)
emu/g pg/f.u ng/Fe* (Oe)
10 1.837 0.07675 0.01836 380
100 1.58 0.06602 0.01579 179.7\7
300 1.2175 0.05088 0.01217 13.11
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Fe-doped, modified Bay 9,Cap 05 TiO3 | ead-free ferroel ectrics were synthesized.
Fe-doping in Bay g2Cap 03 TiO3 induces tetragonal -to-orthorhombic transformation.
Fe-doping induces a drastic decrease in ferroel ectric Curie temperature (T).

5% Fe induces the magnetic ordering and a switchable ferroel ectric state.

Correlation between structure, ferroelectric and electrical propertiesis established.



