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Abstract: Specimens of Po,_; 5l a(ZrossTioar)1y-F&NBO; (x = 0, 0.004, 0.008, 0.012, and 0.016, y = z= 0.01) (PZTFN) ceramics were
synthesized by a semi-wet route. In the present study, the effect of La doping was investigated on the structural, microstructural, dielectric,
piezodectric, and ferroelectric properties of the ceramics. The results show that, the tetragonal (space group P4mm) and rhombohedral (space
group R3c) phases are observed to coexist in the sample at x = 0.012. Microstructural investigations of all the samples reveal that La doping
inhibits grain growth. Doping of Lainto PZTFN improves the dielectric, ferroelectric, and piezoelectric properties of the ceramics. The hys-
teresis loops of all specimens exhibit nonlinear behavior. The dielectric, piezoelectric and ferroelectric properties show a maximum response

at x> 0.012, which corresponds to the morphotropic phase boundary (MPB).
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1. Introduction

Pb(Zr, Ti,)Oz (PZT) materials have been reported over
the past decades to have the wide applicationsin science and
technology [1-2]. PZT is a solid solution of lead titanate
(PbTiOs) and lead zirconate (PbZrOs). It exhibits excellent
piezoelectric properties for x = 0.48, which corresponds to a
morphotropic phase boundary (MPB) at which the tetrago-
nal and rhombohedral phases coexist [3-4]. Various re-
searchers have investigated the properties of composition-
ally modified PZT ceramics for technological applications.
The pure PZT ceramic modified with zirconium (Zr), stron-
tium (Sr), and yttrium (Y) exhibits good didlectric and pie-
zoelectric responses [5]. Similarly, PZT modified with lan-
thanum (L&), niobium (Nb), and iron (Fe) exhibits the im-

proved piezoelectric properties with low dielectric loss[6-7].

Ramam and Lopez [8] reported that the incorporation of
barium (Ba) into PZT enhanced the room-temperature di-
eectric congtant significantly. Bochenek [9] reported that
doping of Nb into barium-substituted PZT ceramics resulted
in the high dielectric constant, low dielectric loss, and high
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residua polarization.

Singh and Chatterjee [10] reported that La rich
(1) (BFos0—L Fos0)—X(PT) (BLF-PT) (x = 0.34, 0.40, 0.50,
or 0.60) ceramics exhibited MPB near x = 40:60 with the
maximum enhancement of dielectric, ferroelectric, and
magnetic properties. Brajesh et al. [11] reported that the
[PPo.9sSr0.06] [(MNyaSD213)0.05(Zr053Ti0.47)095] O3 - CEramic  ex-
hibited the excellent responses of coupling factor (k;), pie-
zoelectric coefficient (dss), and quality factor (Qn). The
Pby1,Sn{ (Zros2 Tioag)oes(MNyaND23)os] O3 - ceramic  system
exhibited the maximum dielectric and piezoelectric re-
sponses at the composition of x = 0.050, which corresponds
tothe MPB [12].

Ryu et al. [13] investigated the effect of heating rate on
the properties of pure and niobium-pentoxide
(Nb,Os)-modified PZT. The densification behavior of pure
PZT improved significantly at a higher heating rate, and it
aso influenced the piezoelectric properties of the pure PZT
ceramic. However, in the case of the Nb,Os-modified PZT
ceramic, the dengification behavior and piezoelectric prop-
erties were not substantially affected by the heating rate. Fe
doping in Pbg g Lay_Fe]o0s[Zroso Tio4a]090s (2= 0, 0.3, 0.6,
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0.9, and 1) (PLFZT) ceramics resulted in the diffuse phase
transition, relaxor behavior, low dielectric constant, and high
transition temperature [14]. Chu et al. [15] reported that
doping of 5.5mol% of Nb into PZT increased its dielectric
constant and electromechanical coupling coefficient. The
(1-X)(Fey2Nby2)OzxPhTiO3 (0.05 < x <0.08) ceramic sys
tem includes the tetragonal and monoclinic phases with
space groups PAmm and Cm, respectively, near the mor-
photropic phase boundary [16]. Kahoul et al. [17] reported
the Pby,SM(Zry, Ti1y)oos(Fey2ND12)002] Os ceramics over
the range of y = 0.47-0.57 and claimed that the MPB lay
between y = 0.51 and 0.55. Prasatkhetragarn [18] reported
that the 0.9Pb(Zry,Tiy»)05-0.1Pb(FeysNby3)Os ceramics
synthesized by a solid-state mixed oxide technique exhibited
two phase trangitions: one corresponds to a transition from a
rhombohedral phase to a tetragona ferroelectric phase, and
other corresponds to a tetragonal-to-cubic transition. The
doping of Fe,0s into the Pbyg(LayF€,)01(Zroes To.35)09750s
(PLFZT) (z=0, 0.3, 0.5 and 0.7) ceramic resulted in an in-
crease in the transition temperature and dielectric properties
[19]. Shukla et al. [20] reported that PLZT ceramics exhib-
ited a diffuse phase transition with increasing La content in
PZT. PZT doped with acceptor ions, such as Fe (at the
B-dite), creates oxygen vacancies in the lattice. However,
PZT doped with donor ions, such as La (at the A-site) and
Nb (at the B-site), results in vacancies in the A-site known
as lead vacancies [21]. Lead vacancies reduce the stress
level in the crystalline lattice and allow internal movements
in the lattice. Therefore, these effects increase the piezoel ec-
tric performance.

In the present study, the complex doping of two or more
elements was expected to improve the properties, compared
to those of single-element donor- or acceptor-doped PZT.
Po_1 sl adZrossTioar)1y-FEND,O;  (PLZTFN) ceramics
were formed by La doping at the A-sites and the multiple
(Fe and Nb) ions doping at the B-sites of PZT ceramics. The
dielectric and piezoelectric properties of PLZTFN ceramics
were investigated with x = 0, 0.004, 0.008, 0.012, and 0.016,
and y = z = 0.01. The various compositions were prepared
by a semi-wet route [22]. The findings related to the micro-
structure as well as the piezoelectric, ferroelectric, and di-
dectric behavior of PLZTFN ceramics were reported.

2. Experimental

Lamodified PZTFN ceramics with x = 0, 0.004, 0.008,
0.012, and 0.016 were prepared by a semi-wet route.
High-purity AR-grade PbCO; (99.9%), LaOs; (99.0%),
(Zros3Tioa7)O2 (99.0%), FeCOs5 (99.0%), and Nb,Os (99.0%)
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materias (Merck) were used in the present work. The pre-
cursor powders for the required compositions were thor-
oughly mixed in a ball mill for 7 h in the presence of ace-
tone as a mixing medium. The powders were dried in a
dust-free atmosphere and then calcined a 800°C for 4 h.
The cacined powders were ball milled again to break the
agglomerates. Powders obtained after ball milling were
compacted into circular discs a aload of 6 KN. The pellets
were sintered in a crucible at 1100°C for 3 h in the presence
of PbZrO; powders to prevent PbO loss during the
high-temperature sintering. The density of sintered samples
was measured using Archimedes' principle. Electrodes were
painted onto the sintered pellets using high-purity silver
paste, and the pellets were fired at 500°C for 1 h. The sam-
pleswere poled in asilicon oil bath at 120°C for 1 h under a
static DC electrical field of 3.5 kV/mm.

Powder X-ray diffraction (XRD) patterns were recorded
using a Rigaku X-ray diffractometer equipped with aCu K,
radiation source. The XRD patterns of al specimens were
recorded at a scan rate of 1%mim over the 20 range of
20°=70°. Microgtructures of al specimens were studied us-
ing field-emission scanning electron microscopy (FE-SEM,
Quanta 200 FEG). The ceramic surfaces were coated with
gold for the FE-SEM studies. The dielectric constant (&)
and tangent loss (tand) of the ceramic specimens were stud-
ied as afunction of temperature using a HIOKI-LCR (model
3532-50) meter in a PID-controlled heating chamber. A po-
larization-electrica fidd (P-E) hysteresis loop tracer (Ma
rine India) based on a modified Sawyer-Tower circuit was
used at 50 Hz. The piezoelectric charge constant (dss) was
measured after poling by the piezometer (Take Control, PM
35).

3. Resultsand discussion
3.1. XRD analysis

The XRD patterns of pure and La-modified PZTFN are
depicted in Fig. 1. All of the specimens exhibit the sin-
gle-phase formation in powders with the exception of the x
= 0.016 sample, in which case a small amount of secondary
phase is present in the composition. For a tetragona (T)
phase, the (200) reflection is a doublet, whereas it is a
singlet for a rhombohedral (R) phase. As evident from the
XRD patterns, the structure is tetragonal at La concentra-
tions up to x = 0.008. When the La content is further in-
creased to x = 0.012, the peak splitting is clearly observed.
However, the nature of peak distortion is not doublet but
rather triplet in nature, corresponding to the (200)y, (200)g,
and (002); peaks [23]. This splitting suggests that the x =
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0.012 composition is neither a perfect tetragona nor a per-
fect rhombohedral structure but a mixture of both [3]. On
the basis of a careful study on the (200) reflections in the
XRD patterns, a phase transformation from tetragonal to
rhombohedral occurs as a consequence of an increase in the
amount of La The smaller ionic radius of La® (R = 0.136
nm), compared to that of Pb** (R = 0.149 nm), promotes the
phase transformation from tetragonal to rhombohedral. The
MPB can be defined as the coexistence of rhombohedral and
tetragona phases. To confirm the structural parameters of
the various compositions accurately, the Rietveld refine-
ments of XRD patterns of the various compositions were
conducted using the Fullprof software.

Fig. 1. XRD patternsof La-modified PZTFN ceramics with x
=0, 0.004, 0.008, 0.012, and 0.016.

3.2. Rietveld refinement details

The gructure of the polycrystalline sample was refined
by the Rietveld method using the Fullprof software [24].
Rietveld refinement was conducted using XRD data in the
260 range of 20°—70°. The background was fitted with a
sixth-order polynomial, and the peak shapes were described
by pseudo-Voigt profiles. The complete expression used in
the Rietveld method iswritten as

FWHM? = (U + DZ) tan* +V tand+W +1G/cos’ 6 (1)

where FWHM is the full width at half maximum, U, V, and
W the usua peak shape parameters, |G a measure of the iso-
tropic size effect, and Dsr the coefficient related to strain. IG
and Dgr can be refined in the Rietveld method.

During the refinement process, various factors were taken
into account, such as the scale factor, zero correction, back-
ground, half-width parameters, positional parameters (X, Y,
2), lattice parameters (a, b, ¢, a, f, y), and thermal parame-
ters. The use of anisotropic thermal parameters for Pb and
La ions invariability led to an improvement in the Riet-

veld-refined parameters and was considered in all of the re-
finements. No correlation was observed in the thermal and
positional parameters during the refinement process. Thus,
al parameters were refined together. The experimenta
points were given as red dots and theoretical data were
shown as a solid black line. The difference between the
theoretical and experimental data was plotted as a green line
along the bottom. The vertical line represented the Bragg
alowed peak positions.

3.3. Refinement of La-modified PZTFN ceramics

The structure of pure PZT wasrefined by Ragini et al. [3]
for different values of x. In their refinement process, they
reported that the compositions with x < 0.515 exhibited a
tetragona structure with space group P4mm, but in the MPB
region, 0.515 < x < 0.53, the structure was considered as a
mixture of tetragonal and monoclinic phases with space
groups P4mm and Cm, respectively. Singh et al. [25] re-
ported that (1-X)[Pb(Fey:Nby)]OsxPbTiO; (PFN—XPT)
contained monoclinic (space group Cm) and tetragonal
(space group P4Amm) phases near MPB for 0.06 < x < 0.08.
To locate the MPB region in La-modified PZTFN ceramics,
various compositions were prepared with 0 < x < 0.016. The
structure of all the compositions was studied using Rietveld
refinements. Typical refined XRD patterns of the
La-modified PZTFN ceramics are shown in Fig. 2. The
structure-related lattice parameters and goodness-of-fit re-
sultsarelisted in Table 1.

In the tetragonal phase with P4mm space group, four ions
compose the asymmetric unit, with the Pb?*/La® ion in 1(a)
sites a (0, 0, 2), Ti*/Nb*"/Fe*" and OZ in 1(b) sites at
(12, 1/2, 2), and O2% in 2(c) sites a (1/2, 0, 2). For the
rhombohedral phase with R3c space symmetry, three ions
compose the asymmetric unit of the rhombohedral structure,
as Pb?"/La* and Nb**/Ti**/Fe* ionsin 3(a) sites at (0, 0, 2)
and O% ionsin 3(b) sites at (2x, x, 1/6) [25].

Figs. 2(A) (@—(c) show the Rietveld refinement results
based on the tetragonal PAmm space group, whereas Fig.
2(A) (d) depicts the refined data in consideration of the co-
existence of phases with R3c and P4mm space symmetry.
With an increase in the La content, a structura change oc-
curs in the materia, as reveded by the Rietveld refinement
results. The tetragona factor (c/a) decreases with increasing
La content because of the decrease in the dipole moment; as
a consegquence, the transition temperature (T.) is reduced
[26].

3.4. Microgtructure analysis

Fig. 3 shows the average grain size, bulk density, and
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Fig. 2. Rietveld refinement patterns of La-modified PZTFN ceramics at room temper atur e using space groups P4mm and R3c (A)
and an expanded refinement of XRD peaks associated with the (200) plane (B).

Tablel. Detail of the Rietveld-refined parameters of the La-modified PZTFN ceramics

Com- L attice parameter Cdl val- Mass
stion Structure space group al Bl o ume/ ;(2 R/% Ryp/% Rep/% Reng Re frac-
pos a/nm b/nm c/nm @ © 71O o tion/%
x=0 Tetragona (P4mm) 04043 04043 04113 90 90 90 06725 271 18 231 1317 487 341 100
x=0.004 Tetragona (P4mm)  0.4047 04047 04116 90 90 90 06744 283 181 221 1326 4.07 252 100
x=0.008 Tetragona (P4mm)  0.4048 04048 04128 90 90 90 06750 349 180 220 1116 604 421 100
Tetragona (P4mm) 04048 04048 04123 90 90 90 0.6858 890 925 7954
x=0.012 323 250 290 14.00
Rhombohedral (R3c) 0.4025 04025 129617 90 90 120 1.81927 573 371 2046

Note: a, b, and ¢ are the lattice parameters, a, 5, and ¥ the angles between the two intercepts, »* the goodness-offit, R, the profile factor,
Rup the weighted profile factor, Ry, the expected weight factor, R, the Bragg factor, and Re the crystallographic factor.

Fig. 3. Variation of the average grain size, bulk density, and
relative dendity asa function of composition.

relative density as a function of La-doped PZTFN ceramics
composition. The average grain size was calculated using
the line-intercept method. The grain sizes start to decrease
with increasing La doping. The average grain size lies be-
tween 2.6 and 1.8 um. Micrographs of al the sintered pel-
lets of the Lamodified PZTFN ceramics are presented in
Fig. 4. A uniform microstructure is observed in the present
study for La-modified PZTFN ceramics. These micrographs
suggest that the sintered pellets of La-modified PZTFN are
fully dense compared to the undoped PZTFN ceramic, and
reved that the pores are free and the tightly bound grains
promote densification in the ceramics. Thus, in the present
study, La plays a significant role in defining the microstruc-
tural characteristics of PZTFN ceramics and acts as an in-
hibitor of grain growth. In this system, the homogenization
is clearly caused by the greater atomic diffusion.

3.5. Didlectric analysis

Fig. 5 shows the temperature-dependent dielectric be-
havior for Laemodified PZTFN ceramics at 1 kHz. As evi-
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dent in the figure, La,Os plays a significant role in govern-
ing the phase-transition behavior and dielectric properties of
the PZTFN ceramics. In the present study, the transition

temperature decreases with increasing La,Oz concentration
up to x = 0.008. However, for x > 0.008, the transition tem-
perature tends to be almost constant.

Fig. 4. SEM micrographsof La-modified PZTFN ceramics: (a) x = 0; (b) x = 0.004; (c) x = 0.008; (d) x = 0.012; (€) x = 0.016.

Fig. 5. Temperature-dependent dielectric constants of all the
La-modified PZTFN ceramic samplesat 1 kHz.

To study the temperature-dependent behavior of dielec-
tric congtant (&) and dielectric loss (tand), a comparative
measurement of & was conducted at various temperature
and different frequencies. Fig. 6 depicts the variation of &
and tan¢ at different frequencies. The di€lectric constant de-
creases with increasing frequency for all compositions. In

the case of pure PZTFN, the T, value is at approximately
376°C. As the La content increases, the T, value decreases
from 376°C to 339°C and its transition temperature broad-
ens. These results, in turn, indicate the typical relaxor ferro-
electric behavior caused by the randomly oriented polar mi-
croregions that originates from the compositional fluctua
tions at the nanometer length scale due to La doping [27].
Furthermore, an increase in La content in the A-sites of
PZTEN facilitates the domain realignment, which improves
the properties of the material.

3.6. Ferroelectric properties

The polarization-electrical field (P—E) hysteresis |oops of
La-modified PZTFN ceramics at room temperature are de-
picted in Fig. 7, and the related parameters are listed in Ta
ble 2. Well developed and comparatively symmetric hys-
teresis loops are observed for al of the compositions. As
evident in the figure, the ferroelectric properties of PZTFN
are influenced by La doping. Furthermore, La doping in
PZTFN increases the response of remnant polarization (P,).
The maximum value of remnant polarization (Ppg) a a
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Fig. 6. Temperature-dependent dielectric constants and dielectric losses of La-modified PZTFN ceramics at 1 kHz, 10 kHz, and
100 kHz: (a) x = 0; (b) x = 0.004; (c) x = 0.008; (d) x = 0.012; (e) x = 0.016.

coercive fidd (E;) of 12 kV/cm for the composition x =
0.012 is 17.15 uCl/cm?. The remnant polarization increases
for La contents up to x = 0.012 and theresfter decreases. The
composition x = 0.012, which is close to the MPB region,
may contain both tetragonal and rhombohedral phases that
coexist to give fourteen possible polarization directions [33].
The enhancement of ferroelectric and piezoelectric proper-
ties occurs because of the coexistence of multiple domains
[34].

3.7. Piezodlectric properties

Piezoelectric charge coefficients (dss) of undoped and
La-modified PZTFN, as measured with a Berlincourt pie-
zometer, are depicted in Fig. 8; the data are summarized in
Table 2. In genera, the piezoelectric properties increase
with the increase of grain size, porosity, and homogeneity,

and the change in structure and dopant concentrations. MPB
is well known to play a significant role in enhancing the
piezodlectric properties of perovskite-structured piezoelec-
tric ceramics, such as PZT [35], Pb(MgysNb,3)O—PbTiO;
[28], and BigsNaysTiOzBaTliOs [36]. With increasing La
doping in PZTFN ceramics, the ds; value starts to increase
sharply up to x = 0.012 and then decreases. The maximum
response of dsz (368 pC/N) is observed at x = 0.012, which
may be attributable to the presence of MPB. With increased
Ladoping at Pb sites, the piezoelectric coefficient reaches a
maximum because of the presence of multiple ions in the
system [37].

4. Conclusions

La-modified PZTFN ceramics were synthesized via a
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Fig. 7. Hyseresisloopsfor La-modified PZTFN ceramics at room temperature: (a) x = 0; (b) x = 0.004; (¢) x = 0.008; (d) x = 0.012;

(e) x=0.016.
Table2. Electrical propertiesof La-modified PZTFN ceramicswith valuesreported in literatures
. & a room tand at room tem- P,/ 5 E./ .
Composdition temperature perature T./°C (uCam™ Prax / (uC-cm™) (kv-cmr) dx/ (PC:N7)
x=0 1236 0.013 376 1.02 3.03 12.12 270
x=0.004 1288 0.02 350 4.64 8.66 10.56 296
x=0.008 1317 0.026 346 455 530 14.24 340
x=0.012 1485 0.031 339 17.15 21.46 12.02 368
x=0.016 998 0.035 339 9.90 13.09 16.95 349
Datainrefer- 00 MR8l g Rer [y, SOMRELA g 323in Ref. [31],
1100in Ref. [21], 0.17inRef. [28] 350 in Ref. [18], Ref. [30] 25in Ref. [30] — 338in Ref. [32]
945 in Ref. [21], ] ) 265in Ref. [29] ' '

semi-wet route. Rietveld analysis of XRD patterns reveds
that the samples with the composition of x < 0.08 have a
tetragona structure with P4mm space symmetry. The coex-
istence of tetragonal (space group P4mm) and rhombohedral
(space group R3c) phases occurs at x = 0.012, which cor-
responds to the morphotropic phase boundary (MPB) of
PLZTFN ceramics. Microstructures of al the samplesreveal
that the average grain size is reduced with the increase in La
doping. The dielectric, ferroelectric, and piezoelectric prop-

erties of the Lamodified PLZTFN ceramics are signify-
cantly improved near the MPB. The values of piezoelectric
coefficient (dzs), dielectric constant (&), dielectric loss (tand),
remnant polarization (P;), and coercive field (E;) for the
composition of x = 0.012 are 368 pC/N, 1485, 0.03, 17.15
uC/em?, and 12.02 kV/cm, respectively. The PLZTFN ce-
ramics near MPB exhibit the improved P—E sgquare loops
compared to those for pure PZT, which can be utilized for the
better performance in random access memory applications.
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