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Abstract
The Fe-doped PZT, Pb (Zr, TifeOs, ceramics have gathered plenty of attention becafls

the interplay of ferroelectric and ferromagnetiogerties. In the present study, we report the
properties of Pb(4rs2Ti0.491xF603, X = 0, 0.05, 0.10, 0.15 and 0.20, prepared byeotional
solid state reaction route with varying *Feloping concentrations. Study of X- ray diffraction
patterns confirmed the tetragonal crystal structumith reduction in tetragonality and unit cell
size with doping. It also showed formation of setamy magneto-plumbite phase at higher
doping concentrations. The SEM micrographs exhibdecrease in grain size with increase in
doping concentration (for x > 0.05). The increaseoxygen vacancies and the formation of
secondary magneto-plumbite phase and’-f&0°—Fe* defect dipole complexes introduced
with the acceptor (B8 doping, caused clamping of the domain walls aedck reduced the
room temperature dielectric constant as the dopamgentration was increased. The coexistence
of electrical polarization and magnetic momentadnn temperature in all PFZT compositions
confirmed the multiferroic characteristic in theramic samples. Electric polarization;(Rnd
coercive fields (B decreased with increase in®Feoncentration in PFZT sample. However,
magnetization (M) and magnetic coercive fields) (Ehcreased with the increasing 3Fe
concentration due to the dominant effect of F-cemt&hange mechanism in ¥eVO* —Fée*

and formation of ferromagnetic secondary magnetoapite phase.

Key Words: Ferroelectric, Multiferroic, Ceramics, PFZT, XRBEM, Dielectric, Magnetization




1. Introduction

Ceramics encompass an extensive number of vari@terials. They are generally defined as
inorganic non-metallic compounds, which includesvale range of contemporary highly
functional and cutting-edge materials. Such madteriaanifest a comprehensive range of
valuable properties such as thermal resistandepait rigidity/stiffness, chemical stability, and
lasting strengths. Some of these materials, knowna@danced ceramics, are engineered
accurately to attain specific properties and arewinto surpass the severities of industrial and
technological applications. With the ongoing invgstion of new materials, their properties and
applications, the ceramics industry can be saigetan its blooming stage with its full potential
still in evaluation. Consequently, several funcibmetal oxides have also been studied [1-5].
Lead Zirconate - Lead TitanafBZT) solid solution is the most renowned ferrogleanaterial
being employed for diverse purposes such as highggrstorage devices, ultrasonic detectors,
hydrophones, transducers, infra-red detectorstreleptic devices, and nonvolatile memories
(FERAM) [6-14]. The ferroelectric PZT crystallizes ABO3 perovskite structure, Fig. 1, with
P (lonic radii = 1.49A) occupying the A site and bdZr** (lonic radii = 0.72A) and Tf
(lonic radii = 0.605 A) occupying the B site. Theoperties of the PZT material such as
electrical, piezoelectric, ferroelectric, etc. damaltered significantly by introduction of foreign
ions at A and/or B-sites of the perovskite. Theomporation of dopants at A and B sites is
related more to the size of the doping ion thaitstproperties. Therefore, the A-site occupied by
P (rpy2+ = 1.49 A) may be replaced by ions of similar ioridii such as by K(rg+ = 1.64),
Na" (ryg+ = 1.39 A) which act as acceptors orfLér, s+ = 1.36 A), BF* (rg;s+ = 1.17 A),
Nd** (rygs+ = 1.27 A) which act as donor. Likewise, thé"Bind Zf*ions occupying the B-sites

may be substituted by acceptors™At, s+ = 0.535 A), MA" (r);,,3+ = 0.645 A) or donor N8



(ryps+ = 0.78 A), SB" (rg,s+ = 0.60 A) owing to their probable ionic radii [18]1 The addition

of Fe€"* to PZT ceramics is of particular interest as ioveh varied effects depending on the
content of doping or solubility limit in PZT. Acating to the literature review introduction of

Fe¥ (rpp3+ = 0.645 A) substitutes the B-site cations and gare charge compensating oxygen
vacancies (eq.1):

F3203 + ZTl + 00 - ZFeTi’ + VO + ZTI,OZ (1)

Also, the Fe-doping forms defect dipole complexBe’*~VO?*—F¢€*, associated with the
generated oxygen vacancies which tends to aligh thi# bulk polarization and is stable at the
domain walls. The result is hard ferroelectric efiéa.e. reduced dielectric constant, piezoelectric
coefficients, remnant polarization and increaseérauve field. According to the reported
literature, F& ions have a limited solubility in PZT i.e. below 1%ddition of Fé" above this
solubility limit leads to formation of secondarygdes at multigrain junctions or along grain
boundaries, which has not been explored much [222D

Apart from modification of the materials for tailog of its properties, certain dopants may
introduce concurrence of two or more propertieqtimg possibilities for new applications. One
class of such multifunctional materials is calledltiferroics which exhibits both ferroelectric
and ferromagnetic properties. The association amanlike properties permits for an extra
degree of freedom while designing a device, heheenultiferroic materials are both physically
fascinating and technologically significant [20,-33]. However, the simultaneous existence of
both spontaneous magnetization and electric pel@oiz at room temperature has been
discovered in very few materials.

Consequently, this work reports an effort to getgerferromagnetism along with inherent

ferroelectric properties in PZT ceramics by dopingith Fe** ions way above their solubility



limit (Fe = 0, 5, 10, 15, and 20 at%). The incogtimn site (A or B-site) for the added’fevas

determined using the Goldschmidt or tolerance fae.2 [23, 32]:

TA+ To

= V2(rg + 15) @

Here,r,, 1z andr, represents the ionic radii of the occupants ofitdB-site and O-site of
ABOj; perovskite, respectively. The tolerance factorslie A and B sites of the Fe-doped PZT
ceramics with F& = 0.645 A, was obtained to be 0.70 and 0.99, rtisdy. These values
indicate that F& would replace the B-site cations while acting asereptor as higher values of
tolerance factor leads to a perovskite structuth tigher stability.

Our work here presents a systematic investigatioefiects of Fe-doping on the structural,
electrical and multiferroic properties of PZT ceresnprepared via the conventional solid-state
reaction method with Fe-concentrations of 0, 5, 1®,and 20 at%. Great attention has been
invested in the investigation of properties of feped PZT ceramics at lower Fe-doping
concentrations. A comparative report of differembgerties reported for different doping
concentration of Fe in PZT ceramics in earlierrditares can be seen in Table. 1. There is hardly
any work reporting the effects of excessive Fe-dgpn PZT ceramics. Thus, we have focused
our investigation on the properties of Fe-doped R&ifamics at higher doping concentrations

which have not been reported yet.

2. Experimental procedure

Fe-doped PZT (PZTF) ceramics near morphotropic ehdsoundary composition,
Pb(Z1p 52Ti0.491xF&03 with x = 0.00 to 0.20, were synthesized via thevemtional technique of
solid-state reaction shown in the flow chart giuerrig. 2 [33-36]. Lead oxide (PbO), zirconium

oxide (ZrQ), titanium oxide (TiQ) and iron (lll) oxide (Fg)3) were used as the raw materials.



These oxide compounds were dried in oven to renmoeisture and then weighed according to
the required stoichiometry and doping content. Weeghed oxides were mixed together in
different batches (PZT-FO, PZT-F5, PZT-F10, PZT-Bb8 PZT-F20 for x = 0, 5, 10, 15 and 20
at.%). The respective mixed oxides batches wenedgd thoroughly for 4 hours in alcohol
medium using agate mortar and pestle. The homoggmawdered mixtures were then calcined
at 800°C for 5 hours. After calcination the powdesse again grinded and a little amount of
polyvinyl alcohol (PVA) was blended in it to reduite brittleness and increase the compactness
required in a ceramic material. These powders vagdraulic-pressed into green pellets of 12
mm diameter and 1.5 mm thickness using a pressu ton/cnf and then sintered in the
presence of oxygen in a programmable furnace a®°T2@or 2 hours with a heating rate of
5°C/min. A closed crucible dusted with calcined PE®; powder was used to produce
increased partial pressure of lead oxide withindhueible and hence decrease the rate of loss of
lead oxide during sintering. These ceramic samplese investigated for their structural
properties using x-ray diffraction (XRD), scannietgctron microscopy (SEM) and Raman
spectroscopy. The XRD studies were performed anrmmperature using the Bruker D8 X-ray
diffractometer in the rangef2= 20° - 80°, step size 0.02°, examining rate 1°/aaml Cu K
radiation. To comprehend the size and distributibgrains in the Fe-doped PZT ceramic pellets
SEM micrographs were obtained using Carl Zeiss Bvdhe Raman spectra of the samples
were obtained in the wave number range of 400-1200with spectral resolution of 0.4 ¢h
The Fe-doped PZT ceramic samples, in metal-insutagal configuration, were examined for
their dielectric properties using Agilent 4284A geon LCR meter in the frequency range of 20
Hz to 1 MHz. The P-E hysteresis curves for the dasnpvere recorded at room temperature

using an automatic P-E loop tracer system. Therfeagnetic properties were investigated by



studying the B-H hysteresis curves for the cerasaitiples recorded at room temperature using

LAKE SHORE vibrating sample magnetometer.

3. Results and Discussion

3.1. Structural characterization

3.1.1. X — Ray Diffraction

Fig. 3 shows the XRD patterns for the PZTF (x 5010, 15, 20 at%), ceramic samples with
many sharp peaks indicating formation of crystath vong-range periodic atomic order. All the
Bragg's peaks in the XRD patterns for PZTF cerasaimples were indexed and Miller indices
(hkl) were assigned to them in reference to tha dgported by the Joint Committee on Powder
Diffraction Standards (JCPDS) for Pb¢£sTio.4g)Os in the File # 33-0784. The XRD patterns
showed no deviation in the basic crystal symmetny eonfirmed creation of single tetragonal
phase with PAmm space group in Fe-doped PZT ceraampositions, with appearance of
secondary magneto-plumbite (Pbf® ) phase on addition of Fein the PZT ceramic system
[20,37]. Table. 2 and Fig. 4(a) shows the lattieggameters for the Fe-doped PZT ceramic
compositions as calculated from the XRD data. Trereiase in content of Fe-doping slightly
increased the value of lattice constaaitwhile the lattice constant ¢ was observed to ease,
which is likely to occur when a large ion such &"§0.645 A) substitutes a smaller ion like
Ti** (0.605 A). The subsequent reduction in the c/@ rsignifies repression of ferroelectric
distortion [15, 38-40]. Fig. 4(b) shows the simftiof the XRD peaks to highef #vith increase

in the Fe-doping concentration. The shift suggast®emogenous strain that can be attributed to
the difference between Feand Tf* ionic radii. Fig. 4(c) represents the lattice straalculated

from the XRD data (Table. 2).



The crystallite size for PZTF ceramic compositiamss calculated using the Debye-Scherrer
equation (3) [41]:

D =0.981/p cos 6 3)
Fig. 5(a) shows the variation of crystallite siz#ues calculated from above equation. These
values uncover the nano-crystalline character efcéramic samples. Also, it shows a decrease
in crystallite size with increase in Fe-doping camttation, a trend which have been reported by
others also, inset of Fig. 5(a). The lattice part@nsewere used to calculate the unit cell size, Fig
5(b), which also decreased with increase in FerdppA similar trend has been reported by
others also [15, 38, 42]. This is reflected in diserved shift in XRD peaks to highet, Fig.
4(b).
3.1.2. Grain Size

Fig. 6 shows the micrographs of sintered PFZT cemmmbtained using Scanning Electron
Microscopy (SEM). The SEM images show polycrystalgrains spread all over the material’'s
surface in non-homogeneous manner. The average gea calculated from the micrographs of
Fe-doped PZT ceramic samples is shown in Tabled2FRg. 7. The pure PZT ceramic sample
contained grains with an average size of 0.41 pmin®@oducing 5 at.% of B&in PZT the grain
size decreased to 0.25 um and it kept on decgasinfurther addition of the dopant which
suggest the restraining effect of E@ns on grain growth caused by their lower mopititie to
the larger ionic radius and atomic weight in corigmar to Tf* ions. Also, the grain boundary
motion is restricted by the accumulation of'Fand secondary magneto-plumbite phase at the
grain boundary resulting in reduced grain growth,39,43]. This decrease in grain size with
increase in doping concentration has also beenrtexpan earlier literatures as can be seen in

Table. 1 and inset of Fig. 7.

3.1.3. Raman spectroscopy study



Raman scattering is an efficient, non-destructsemsitive, qualitative and subtle method for
micro-structural studies and probing of local déwias from the average symmetry of a material
such as those which arise from addition of foregom or change in composition. This
technique has extensively been used for the imgegstn of phase structure of polycrystalline
ferroelectric ceramics. In the ferroelectric PZTsé&é ceramics, this characterization technique
has been implemented to investigate the phase isteege, to study the MPB at low
temperatures, to examine the different phase ttanshn a range of temperatures, to explore the
structural effects of addition of dopants, and ddrass the effect of particle size on the Raman
phonon modes and MPB [44-46].

The 3T+ T,y Raman modes of cubic paraelectric phase transfasn3# + 4E + B irreducible
representation for the P4mm tetragonal PZT. Thesdahelled as AnTO), A(nLO), E(nTO),
E(nLO) and B + E, with the index n = 1, 2, 3 increasing witle frequency [39, 47-48]. Raman
scattering was carried out in order to explore d¢ffects of Fe-substitution on PZT crystal
structure. Fig. 8(a) shows the Raman spectra frR#-doped PZT ceramic samples at room
temperature (RT). The Raman modes were identifietl [abeled in reference to the previous
reported works (Table. 3). It can be observed ftbenFig. 8(a) that the doped ceramic samples
have more or less similar spectra to that of put€.FPure PZT and Fe-doped samples displayed
chief peaks around 91, 125, 200, 263, 545, 702 @mpresented by E(1LO),.84TO), E(2TO),

B, + E, E(3TO), E(3LO) character and weaker modesrato70, 309 cm with E(1TO),
A1(2TO) respectively.

In comparison to pure PZT the Raman spectra ofdped PZT for Fe = 5, 10, 15 and 20 at%
seems to be somewhat displaced to the higher waners, Fig. 8(b), which is owed to the

difference in the ionic radii and weights of'Tand F&". This shift implies an increase in force



constant as the substitution with*Feompresses the Ti-O bond distance henceforthsifyémg

the Ti-O bond interaction and reducing the cekesihich is in accordance with the XRD results.

3.2. Room temperature Dielectric studies
Fig. 9(a) & (b) shows the room temperature (RT)atayn of dielectric constant{w) and loss
tangent (tad), respectively, of the prepared Fe-doped PZT cesafor a wide frequency range
(100 Hz — 1MHz), assembled in capacitor configoratilt is evident from Fig. 9(a) & (c) that
the RT dielectric constant for all the frequenadesreased as soon as Fe-doping was introduced
and kept on decreasing with further substitutionicivimay be attributed to the creation of
oxygen vacancies and secondary magneto-plumbitseptiat interferes with the ferroelectric
domain wall motion. The defect dipole complexes® Fé0* —F¢"*, associated with oxygen
vacancies, having low stability of dipole directioalign themselves along the domain’s
polarization direction. Thus, they make the domamils more stable and rigid towards any
movement, causing the observed decrease in dielecmstant [2, 15, 19, 24, 38, 39, 43]. This
decrease in the RT value of dielectric constanh witrease in Fe-doping in PZT ceramics has
also been reported in other literatures, Fig. 9dmay be observed that dielectric constant
showed low frequency dielectric dispersion whickrse to reduce with increase in frequency.
The low frequency dielectric dispersion is reportede caused by space-charge accumulation,
while the space charge polarization of grain-gtzmndary interface is mainly responsible for

the dielectric dispersion at high frequencies.



In Fig. 9(b) & (c) the tangent loss (i@nof PZTF ceramic samples was found to increash wit
increase in Fe-doping at all frequencies. This atagbuted to high Fe-concentrations along with
increased oxygen vacancies leading to reducedivityi®f the ceramic samples. For Fe-doping
concentrations of 0 and 5 at%, the loss decreaghdinverease in frequency. While for the rest
of compositions, it started with a decrease upltfiHz, after which a peak was observed which
may be attributed to the relaxation peak correspontb the secondary phase introduced at

higher doping concentrations.

3.3 Multiferroic Study

3.3.1. Ferroelectric Study

The variation of electric polarization at room tesrgture with applied electric field is shown in
Fig. 10. The pure PZT ceramic sample (PZT-FO) slbwa&turation polarization {Pof 20
nC/cnf and remnant polarization §Fof 16 pClcr, along with coercive field of 9 kV/cm. The
polarization was observed to fall sharply afteromporation of 5 at% Fe-dopant (PZT-F5) into
the PZT ceramic system and kept on decreasingfuither doping, Fig. 11. A similar trend has
been observed by others for lower concentratiorfeeaefioping, inset of Fig. 11. The plots of Fig.
9 (b), (c), and (d) are cigar-shaped loops thatch@acteristic of lossy dielectrics which is
typical of multiferroics such as BiFg@ominated by high leakage currents. The largeraga
currents in magneto-electrics often result frometixalence for the magnetic ions (eq 'Fend
Fe’™"), from oxygen vacancies, or from both [49]. Inamnation of F&" ions creates defect dipole
complexes associated with the charge compensatiygea vacancies leading to the hardening
effect and reduced ferroelectric properties. Thius,P-E hysteresis loops for the Fe-doped PZT
ceramics were lossy and unsaturated. Also, witlredase in grain size the grain boundary

density increases which are non-ferroelectric iturea Hence, a depolarizing field is created as



the surface polarization is reduced. This leadeetiuced remnant polarization. The decreased
grain size promotes formation of 90° domain wadlading to increase in repulsion between
adjoining domain walls which obstructs their motiand re-orientation against the applied
electric field. Also, the decreased grain size $etdreduced domain size. Effectively, all this
results in reduced electric polarization and handlokelectric effects. The unsaturated PE loops
results due to the clamping of the domain wallsnraller grains.

The electric polarization, which is the result b&tBQ vibrations in the AB@ ferroelectric
perovskite, is also affected by the change in teamrbond length between B cation and oxygen
ion. A larger room for vibration at B-site is belés to result in larger polarization as when the
electric field is applied the smaller B cation canggle effortlessly without disrupting the BO
octahedra. Thus, the polarization is reduced whiggyeb FE€* ions shrunk the available
vibrational room by substituting the smaller Ti/ibns. Meanwhile the reduction in tetragonal
distortion due to changes in lattice parameters lHad to the suppression of the ferroelectric
properties [2, 15, 24, 39].

3.3.2. Ferromagnetic Study

It is an established fact that PZT is diamagneticnature; still, ferromagnetism can be
established via introduction of impurities, defeatxygen vacancies, and F-centers. Room
temperature (RT) variation of magnetization (M)wépplied magnetic field (H) PZT ceramics
doped with F& ions are shown in Fig. 12(a). It can be obserhed the undoped PZT ceramic
(inset of Fig. 12(a)) shows a diamagnetic curvecitihg its characteristic behavior. However,
the introduction of F&-doping at 0.05 concentration in PZT ceramic tramsed the M-H curve

to S-type loop representing manifestation of femgnmetic behavior and decrease in the
diamagnetic contribution of PZT. Further increaséhie content of Fe-doping lead to appearance

of the conventional ferromagnetic hysteresis lopiih increased magnetization, Fig. 12(b) &



Table 4. Thus the Bédoped PZT ceramics demonstrated ferromagneticepiiep at RT
(300K). Analogous observations of ferromagnetisfR@thave been reported by Ren et al and
by Verma et al in the case of PT nano-crystals @n&uthucheri et al in PZT (Fig. 12(c)) [50,
51, 15]. The observed ferromagnetic effect had leegaained using the mechanism of F-center
exchange in F&-VO?—F€" assemblies [52]. F-center is an electron stuckimithe oxygen
vacancy occupying the orbital overlapping the dishef the adjacent two iron atoms. The
coupling between the down-spin electron and upsspfrthe two F& ions is known as the F-
center exchange responsible for the ferromagneiistihe material. Since the bulk is being
doped with F&, there is thus contribution of para-magnetismhasRé* ions inherently possess
paramagnetic characteristics. While some antifeagmetic effect is also present due to super-
exchange interaction within FeO-Fé" groups. Thus, the ferromagnetism observed in Fe-
doped PZT ceramics is the resultant effect of thmpetition between the paramagnetic, anti-
ferromagnetic and ferromagnetic contributions af #€" ions, F&'—-O—F&* and F&'-vO? -
Fe™* groups, respectively. As per reported literatutee paramagnetic effect of Feions
dominate the other two effects at higher dopingceatrations and thus leads to linearization of
the M-H curves. However, in present work the M-Hves are saturated at higher Fe-doping
concentrations. This may be attributed to the feagnetic effect of the secondary magneto-
plumbite phase [20, 38] formed in our samples whaldmg with the ferromagnetic coupling due

to the F-center exchange lead to the observedasatuM-H curves.

4. Effects of doping-

The doping of PZT ceramics with ¥dons can be witnessed in its structural, dielecfiérro-

electric and —magnetic properties. The substitutiothe smaller Ti" ions by the larger Béions



in the PZT ceramics lead to decrease in c/a ratt @aystallite size which can be confirmed
from the XRD data analysis (Fig. 5(a) and TableTRe F&" substitution also caused decrease in
grain size (Fig. 6 & 7 and Table 2) and it wasilatited to the accumulation of immobile’fe
ions at the grain boundaries and to the formatibsezcondary magneto-plumbite phase. The
dielectric constant at a particular frequency desed with increase in the Fe-doping
concentration (refer to Fig. 9(b)) due to the iased oxygen vacancies and related dipole defect
complexes which are known to interfere with domaiall mobility. The Fe-doping of PZT
ceramic samples decreased their ferroelectric ak&sn, while the magnetization increased,
Fig. 11 & 12(c). The unsaturated and lossy behawidhe ferroelectric loops was attributed to
the increased oxygen vacancies and the associatiedt dlipole complexes. The decreased
polarization was attributed to clamping of the domealls in small sized grains, reduced
tetragonality and larger size of ¥eions. The increased magnetization at lower doping
concentrations was due to the dominant ferromagneffect of the F-center exchange
mechanism, while the secondary magneto-plumbitesg@hgenerated at higher doping

concentrations was responsible for the observedatat] ferromagnetic loops.

5. Conclusion

In summary, the effect of Bedoping in the PZT ceramics prepared via conveatisnlid-state
reaction method at higher doping concentratioes,at Fe = 0, 5, 10, 15 and 20 at%, has been
investigated in this work. The prepared PZTF cecasaimples were studied for their structural,
dielectric and multi-ferroic properties using XRBEM, Raman scattering, dielectric capacitive,
P-E and B-H hysteresis measurements. The XRD spegtribited a complete tetragonal phase
for PZTF ceramics and a decreasing trend was obdedrv c/a ratio and crystallite size with

increase in F& dopant concentration. Similar decreasing trend elzerved for the grain size.



The Raman spectra in accordance with the XRD eswbfirmed a decrease in unit cell size.
The dielectric constant for a particular frequem@s observed to decrease with increase in the
Fe-doping concentration. The higher*Fdoping concentration led to decreased ferroetectri
polarization while the magnetization increased tugeneration of secondary magneto-plumbite
phase along with F-center exchange mechanism.
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Fig. 9 (a) Room temperature frequency variationdaflectric constant of PZTF ceramic
samples.

(b) Room temperature frequency variatibdielectric loss of PZTF ceramic samples.

(c) Variation of Room temperature Dielectric Constand loss for PZTF ceramic
samples measured at 1 and 10 kHz.

(d) Variation of dielectric constant of PZTF ceranmsamples with change in Fe-
concentration. Inset shows the values of dielecwitstant reported by other workers.
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Fig. 11 Variation of remnant polarization of PZTEramic samples with change in Fe-
concentration. Inset shows the values of remnalarigation reported by other workers.

Fig. 12 (a) B-H hysteresis curves for PZTF cerasaicples.

(b) Saturation magnetization, remnant magnetizatinod coercive magnetic field as a
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(c) Variation of saturation magnetization of PZTéramic samples with change in Fe-
concentration. Inset shows the values of saturati@gnetization reported by other
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Table. 1 Properties of Fe-doped PZT at differemtimp concentrations reported in literature and in
the present work.

Fe- Crystallite| Grain | Dielectric | Remnant | Saturation Ref.
Concentration | Size (nm) | Size Constant at| Polarizatio | Magnetizatio
(at%) (um) | 1kHz n (uC/cm) | n (emu/gm)
0 12 - ~588 10 - Puthucheri et al, [1b]
- 5.4 ~1410 - - Weston et al, [43]
23 2.5 512 - - Khorrami et al, [38]
- 8 - 10 - Jin et al, [54]
23.27 0.41 722 16 - Present work
0.001 - - 1160 - - Weston et al, [43]
0.002 - 2.7 971 - - Weston et al, [43]
0.004 - 2.7 796 - - Weston et al, [43]
0.005 - 2 ~2500 5.35 - Suchanicz et al, [58]
0.006 - 3 664 - - Weston et al, [43]
0.008 - 2.9 596 - - Weston et al, [43]
0.01 - 2 ~960 - - Kumar et al, [55]
- 2 - ~5.5 - Jin et al, [54]
0.012 - 3.1 484 - - Weston et al, [43]
0.02 15 - ~760 15 0.011 Puthucheri et al, [15]
0.04 12 - ~760 ~10 0.02 Puthucheri et al, [15]
0.05 16 - 418 - 8000 Khorrami et al, [38
13.31 0.25 619 6 0.20 Present work
0.06 8 - ~580 2.5 0.03 Puthucheri et al, [15]
0.10 13.87 0.21 485 0.55 11 Present work
0.15 15.75 0.17 351 0.42 1.7 Present work
0.20 16.50 0.15 327 - 2.5 Present work




Table 2. Thelattice parameters, tetragonality factor, strain, crystallite size, cell size and grain size of the pure and Fe-doped PZTs.

Sample Structure Lattice parameter (nm) cla Ciystaize  Strain €) x 10° Cell Size Grain Size
(D) (Hm) SEM
(nn’)
Scherrer (nm)
PZT Tetragonal a=b=0.4018, c=0.4139 1.030 223. 0.0041 0.0668 0.41
Fe (0.05) - PZT Tetragonal a=b=0.4006,c =940 1.022 13.31 0.0074 0.0657 0.25
Fe (0.10) - PZT Tetragonal a=b=0.4020,c =940 1.019 13.87 0.0069 0.0662 0.21
Fe (0.15) - PZT Tetragonal a=b=0.4019,c=0341 1.023 15.75 0.0062 0.0664 0.17
Fe (0.20) - PZT Tetragonal a=b=0.4020,c=041 1.022 16.50 0.0058 0.0664 0.15




Table. 3. Raman Modesin PZT-Fe ceramic samples

Material Raman Modes (cm™)

v E(1TO) E(1LO) A(1TO) E(2TO) E+B; AL(2TO) E(3TO) E(3LO)
PZT-FeO 70.90 91.47 125.18 200.72 263.82 309.06 545.43 702.28
PZT-Fe5 71.70 92.91 125.18 199.28 263.82 321.08 553.73 705.17

PZT-FelO 7477 94.35 123.74 198.02 265.26 325.48 555.17 707.87
PZT-Fel5 75.63 92.29 135.20 201.81 270.10 338.30 558.97 709.91
PZT-Fe20 73.50 94.35 126.44 206.17 265.80 318.45 573.64 710.76




Table. 4. Saturation magnetization, remnant magnetization and coer cive magnetic field value for PZTF ceramic samples.

Sample Saturation Magnetization, | Remnant Magnetization, | Coercive Magnetic Field,
emu/gm emu/gm kOe
PZT-FO - - -
PZT-F5 0.20374 0.1413 1.752
PZT-F10 1.1013 0.70325 1.679
PZT-F15 1.7413 0.83593 1.642
PZT-F20 2.5218 1.7413 2.046




@rbt
@O0’ eTi
Ti4t Zr 4t




ACCEPTED MANUSCRIPT

Weighing stoichiometric amount of the
metal oxides- PbO, Ti0,, ZrO; & Fe;03

Mixing the weighed constituent oxides

Grinding the mix. in agate mortar and
pestle.

Caldnation for 5 hrs at 800 °C

3

Addiion of PVA as binder

3
Pressing the calaned powders into
pellets

5

Sintering at 1250 °C for 2 hrs




101

0,10

0.05

X =

4'0 50 60
20 (Degree)

30

X = 0,00

(Mun-qay) Aysusyu|

20



(b)

Intensi

43

1.032
(@)o42a] 7 ' " !
—
e Lo
0.420 4
_ Al g
g D
£ 067 \ — [1020
= n ' [
2 0.412 \
@ 0. - [
z . — F1.016 &
B = =
@
.;: 0.408 - - 1.012
3
VI [ 1.008
—_— " " " Froos
0.400 "
. . . . 1.000
0 5 10 15 20
Fe-Concentration (at.%)
PZI-F20 (c) 0.009 3
PZT-F15
PZT-F10 LALE
——— PZT-F5
PZT-FO 0.007 3 TT—
\.
= 0.006 T———n
£
@£ 0.005 3
0.004 3
0.003 -
0.002 3
T T T T T T T T
44 45 46 0 5 10 15 20
26 (deg) Fe-Concentration (at.%)




Crystallite size (nm)
— o (] N [N (g
=) -] =] N S =

—
£
1

—A— Khorrami et al 2014
—@— Puthucheri et al 2011

0 1 2 3 4 5 6
Fe-Concentration (at%) n
I/

l/- }—l— Present Work

—
N~

5 10 15 20
Fe-Concentration (at%)

68 (b)
NS
(=}
—
4
5 67 -
£
g
@ | | ]
e 66 4 /
>
)
©]
65 4
0 5 10 15 20

Fe-Concentration (at.%)




Mag=47.39KX

EHT=20.00kV -
2pm - EHT=20.00kV Mag=14.81 KX




Grain Size (um)

0.50

8 - —¥— Weston et al 1969
. —— Jin et al 2009
0.45 7 - Suchanicz et al 2009
g Kumar et al 2014
m 5 61 —&A— Khorrami et al 2014
0.40 - o
N
@ 57
£
0.35 S 44
&
3 -
0.30 -
2 -
0.25 _ . T T T T T T T T T T

0.0 0.2 014 016 0:8 1.0 1.2
1 \ Fe-Concentration (at%)
0.20 .\
1 ‘—I— Present Work‘

.
0.15 - TT—n

0 5 10 15 20

Fe-Concentration (at%)




—_
QU
N

Intensity (a.u.)

g 2 g (b) 750 L
< g & 700 = - - e of
l l * PZT-F20 650 4 r
600 |-m-E1TO) o
-@-E(ILO) © o—
550 Jo— "y a o, © D) ]
500 |~y-EQTO) r
E 450 E+B, i
2 - A,(2T0) L
ZEh gz 40 |_g-reT0) ‘ r
 — '
g 300> g0
PZT-F10 & 250 g
200 v v v
PZT-F5 50 v A I
* k]
n

M 100 Jg
ZT-FO 501-
— T T T T T T T L T

T T T T T T T
100 200 300 400 500 600 700 800 900 1000 0.00 0.05 0.10 0.15 0.20
Raman Shift (cm™) Fe-Concentration (mol %)




(a

-’

¢ (dielectric constant)

~
()
—'

Dielectric Constant, &

Gl R . Pb, Fe (Zr, ,Ti, ;)0,
750 4 ®oee
- L ]
700 4 %00
: \.\ ®—0-0-00000m —0-0 000
BN = o— x = 0.05
600 4 "\.\. —a—x =0.00
550 - ~a_ —a—x =0.10)
A "a
500 Laug, >
- ~u@—x=0.20
450 e, pL—,
400 - S,
. . M
350 ha TV - Adwaiaa
300 —o-
3 * ~*-0a
250 - —e,
o000
2004 e
10° 10° 10 10° 10°
Frequency (Hz)

=2
S
=3

=
-]
S

500

400

300

200

100

—s—gat 1 kHz
——e¢gat 10 kHz
—*— tand at 1 kHz
—*— tand at 10 kHz

- 0.28

-0.24

- 0.20

- 0.16

F0.12

- 0.08

- 0.04

- 0.00

Fe-Concentration (at.%)

(b)

0.15 4

0.10 4

Tansé

0.05 4

0.00

Pb, Fe (Zr ,Ti

)0,

0.48

\.\.__aoq,om*gg.d‘.o‘ow

LA LB AL | LB AL | LB ALY | T

10° 10° 10° 10° 10°
Frequency (Hz)
(d) 1100
2500 L 2 Puthucheri et al 2011
1000 ~— Weston et al 1969
= Khorrami et al 2014
ey @ Suchanicz et al 2009
- 9004 E Kumar et al 2014
g < Z
=3 -
= E 800 S 1
2 = 2
e 8 =
= 2 [ 2
& 2 700 S 1000 1
- Q a
g2 € e L
‘:-: ‘5 500 A
= @
5 3 .00l
(=) 0 1 2 3 4 5 6
Fe-Concentration (at%)
400
—M— Present Work
—n
300
T T T T T T
0 5 10 15 20 25 30

Fe-Concentration (at%)



30

T T T T T T T T T T
104 (b .
(a) (b)
X=0.00 X=0.05
8 J
20 .
‘e 6 J
] ~
2 104 {4 g 41 .
] 3
3 % 24 i
= -
'8 0 = 0
= ]
N g 2 i
_._: -10 B E 4] / i
[ =
2 64 _
204 1 R
8 u
-30 T T T T T T 107 T T T 1
40 =30 20 -10 0 10 20 30 40 15 10 5 0 5 10 15
Electric Field(kV/cm) Electric Field(kV/cm)
1'5 T T T T T T T T
T T T T T T
(d) -
:{ © x=0.10 1 x=0.15
1.0 4
P o
"2 14 1 "= o0s- -
) L
= = 0o
£ i
= =
8 8 0.5 i
Z - J =
2 2
=
= 1.0 -
24 ]
-l'; T T T T T T T T
T T T T T T - A T A
15 10 5 0 M 10 15 20 -15 -10 -5 0 5 10 15 20

Electric Field(kV/cm)

Electric Field(kV/cm)



18 152
J ~ —@— Puthucheri et al 2011

"E 161 Suchanicz et al 2009
167 = S —— Jin et al 2009

& S

£ 14 £ 12

S 810

= 12 - EDE

- S 8-

o= 1 =" -

£ 10 - E 61

< g ]

N ] E 41

o - &) -

s 87 2+

E N T T T Ll T L T Ll 1 L T T ]
[N i 0 1 2 3 4 5 6
N 6 . . °

g ] Fe-Concentration (at%)

= 44

g

*]

2 2-

] —l— Present Work
0 |
I 1 I I
0 5 10 15

Fe-Concentration (at%)



(a) 30

25

Voo
el = = = = = =
h > th > >

. l

3

) »
Magnetization (:mmy

Magnetization (emu/gm)

&N N
S O

(b)

Pby_(Fey(Zrg 5,Tip 43)0,

°
3
8

B

-10000 -5000

0

Magnetic field strength (Oe)

~
(<)
~—
w s
wm >
)

e
>
!

N
n
1

- g
) n
L 1

Saturation Magnetization (emu/gm)
b g
) !

e
>

Fe-Concentration (at%)

T T 2500
N 25| —=— aturation Magnetization L 2400
) x=0.15 . —*— Remnant Magnetization
/ . 204 |—>—Cocrcive Magnetic Ficld 2300
E *
o
: 154 2200
3
< 2100
S 1.0
3 — 2000
x=0.00] g ol
= 05
d E‘ 1900
o -
“ 004 - 1800
\ 1700
B 1 05 ’\’
Magnetic field strength (Oe) : . . r 1600
5000 10000 5 10 15 20
Fe-Concentration (at.%)
@
—8— Puthucheri et al 2011 o om0z
2
Loo2s 3
2
%
o L0.020 &
§
Loois 2 o
H
° £
0.010 "5
2 3 H s § .
Fe-Concentration (at%)
|
—M—Present Work
u
T T T T
5 10 15 20

BRIl 9A1120))

RELD

(30) pPY 2



