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Pb1.4CaZr 5, Tiy 4303 bulk ceramic compositions where x=0-0.1 in steps of 0.02 are prepared by solid state reaction method
and sol-gel technique. A comparative study on the samples is conducted using XRD and Raman Spectroscopy in order to see
the effect of processing conditions. XRD peaks are indexed as per monoclinic phase. In both the series of samples, volume
shrinkage of the unit cell is observed in calcium modified samples when compared with unmodified samples. It is interesting
to note that the samples derived from solid state reaction exhibit pseudo tetragonal structure while sol-gel derived samples
show pseudo rhombohedral structure of their monoclinic unit cell. Similar inference has been made via Raman spectroscopy
studies on the studied ceramic compositions prepared via two methods. Raman spectroscopy also reveals the possibility that
calcium substitutes for lead.
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Introduction coexistence region or a sharp boundary [5-15]
« If it is a coexistence region, the exact reason for its
From the family of perovskite ferroelectrics with existence i.e., whether compositional fluctuations
ABO; type crystal structure, lead zirconate titanate [6, 7, 9], quenched-in thermal fluctuations [8] or
(PZT) with general formula PbZr,Ti;(O; is a solid even intrinsic and extrinsic contributions of dielectric
solution of ferroelectric lead titanate, PbTiO; and and piezoelectric response causing anomalies in
antiferroelectric lead zirconate, PbZrO;. Pb™ ions these properties near MPB [15].
occupy corners of the perovskite unit cell i.e., A-sites, * Enhancement of piezoelectric response of
oxygen, the faces and Zr/Ti ions occupy octahedral rhombohedral PZT composition along tetragonal
voids i.e., B-sites [1, 2]. Different compositions of PZT (001) polar direction [16, 17].
with different Zr/Ti ratio are reported to have )
ferroelectric phases: tetragonal phase (Fp) in Ti-rich Noheda et al. (1999) [18] first threw a new light on
side of the binary system and rhombohedral phase (Fg) MPB of pure PZT system by proposing monoclinic
in Zr- rich side. The boundary line between these two phase, the existence of which could explain the
phases called morphotropic phase boundary MPB anomalously high piezoelectric response in PZT
(where the composition is close to PbZrys,Tigs05) at compositions near MPB. They pr_oposed that .m.stead of
which the dielectric and electromechanical properties a sharp boundary, a third phase i.e., monoclinic phase
rise to a great extent has been of great interest to with lower symmetry lies in between the rhombohedral
researchers [1-4]. Further, the advancement of various and tetragonal regions of PZT composition. The
experimental and analytical techniques have kept polarization vector in this phase, although constrained
researchers motivated to still work on PZT compositions in the monoclinic plane, is free to rotate within it which
near MPB and help improving our understanding on makes the phase as one of the rare examples of 2-
the following issues: dimentional ferroelectric phase. This ferroelectric
. ) monoclinic phase in Fy (space group C,,) serves as a
* The exact position of MPB on phase diagram transition bridge between the higher symmetry Fr and
* Whether this is a Fr phases of PZT system and its direction of
polarization can lie anywhere between the (001)
*(Tjolrfejg?nﬁi% ?)léglf;:Z polarization direction of the tetragonal phase and the
FZx; 191-11-47083152 (111) direction of rhombohedral phase. When it is tilted
E-mail: anupama_sachdeva@hotmail.com more towards (001), structure of the unit cell is
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tetragonal-like or pseudo tetragonal and when it is
inclined more towards (111), the unit cell resembles
rhombohedral structure or is pseudo rhombohedral.
Existence of monoclinic phase near MPB of PZT also
improves our understanding on why there is
enhancement of electromechanical coefficient along
tetragonal (001) direction for a PZT with thombohedral
structure near MPB. Now there have been several
reports on the existence of monoclinic phase in MPB
region of PZT [19-29]. According to these reports, in
this phase, the unit cell is doubled in volume compared
to the tetragonal one, with lattice parameters a,, and b,,
lying along the tetragonal (110) and (110) directions,
and ¢, tilted slightly away from the (001) direction.

In this paper, we have discussed the results of X-ray
diffraction and Raman Spectroscopy studies done on
calcium modified PZT ceramics near MPB with
different calcium content prepared via solid state
reaction method and sol-gel technique. X-ray diffraction
peaks of the samples are indexed as per now
established monoclinic phase. The values of cell
parameters, lattice strain c/a, volume of monoclinic
unit cell (V,,) and volume of equivalent primitive unit
cell (Vp) are calculated for all the prepared compositions
of the two series. The inferences drawn from the
Raman spectroscopic studies carried out on the samples
at room temperature are presented and are in line with
the X-ray diffraction studies. Raman spectroscopy
studies also reveal the possibility of calcium replacing
lead in ABO; crystal structure of PZT.

Experimental

Synthesis

For preparation of ceramic compositions with titular
representations as SGPCZTO0, SGPCZT2, SGPCZT4,
SGPCZT6, SGPCZT8, and SGPCZT10 corresponding
to calcium addition of 0, 2, 4, 6, 8, 10 mol% using sol-
gel process (i.e., samples of SGPCZT series), lead
acetate trihydrate (>99%, Alfa Aesar) (with 10 mol%
extra lead), calcium acetate hydrate (99%, Sigma
Aldrich), titanium propoxide (98%, Aldrich) and
zirconium propoxide (70 wt% in propanol; 99%,
Aldrich) are taken as starting materials for sol
preparation. The detailed process for synthesis of
sintered bulk ceramics of compositions of SGPCZT
series has been described elsewhere [30].

The starting materials for the samples prepared via
solid state reaction which are high purity lead (II) oxide
(PbO) (<10 pm, 99.9% by Aldrich), titanium (IV)
oxide (TiO,) (99.8% anatase, Aldrich), zirconium (IV)
oxide (ZrO,) (<5 pm, 99% by Aldrich) and calcium
carbonate (CaCO;) (99.5% by SISCO Research
Laboratories Private Limited) are accurately weighed
for preparing the ceramic compositions named for this
paper as SSPCZTO0, SSPCZT2, SSPCZT4, SSPCZT6,
SSPCZT8 and SSPCZT10 corresponding to calcium

addition of 0, 2, 4, 6, 8, 10 mol% respectively. The
process detail is described in [31].

Characterization

Bulk density values of the sintered samples of both
SGPCZT and SSPCZT series are measured at room
temperature by Archemedes’ principle. X-ray diffraction
(XRD) technique at room temperature using Bruker
Model-D8 Discover X-ray powder diffractometer with
area detector and using CuK,, radiation (A = 1.5405 A)
has been employed to perform the structural analysis of
the sintered samples in a range of Bragg angles 20 (20°
< 20 < 70°). Raman spectroscopy is performed on the
sintered pellets at room temperature using Renishaw
inVia Raman Microscope wherein an Ar-ion laser with
a wavelength of 514 nm and the output power 100 mW
has been used as an exciting source.

Results and Discussion

Density measurements

Bulk density values of sintered pellets of SGPCZT
and SSPCZT series are given in Table 1. The values
are seen to be close to the reported theoretical density
value of pure PZT (i.e., ~7.95 g/cm’). However, with
calcium substitution, neither a significant change nor a
definite trend is observed in the bulk density values of
the samples in the studied composition range.

X-ray diffraction studies

The XRD patterns of sintered pellets of Pb,Ca,-
715, Tiy 4305 with different concentrations of Ca (x = 0,
0.02, 0.04, 0.06, 0.08, 0.10) of SSPCZT series and of
SGPCZT series recorded at room temperature are
shown in Fig. 1(a) and Fig 1(b) respectively. The XRD
patterns of all the samples consist of sharp, distinct
single diffraction peaks with pure perovskite phase
indicating homogeneity and good crystallization of the
samples. Absence of any secondary or pyrochlore
phase is suggestive of the complete diffusion of Ca into
PZT lattice resulting into a single-phase compound.

It has well been reported in literature that the
splitting of the peak at 26~44° is ascribed to the

Table 1. Bulk density values of the sintered samples of SGPCZT
and SSPCZT series measured at room temperature by
Archemedes’ principle.

Calcium Conc. Bulk Density (g/cm?)
(mol %) SSPCZT SGPCZT
0 7.88 7.78
2 7.83 7.72
4 7.44 7.72
6 7.29 7.67
8 7.55 747
10 7.72 7.59
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Fig. 1. X-Ray Diffraction Patterns of SSPCZT and SGPCZT Series.

tetragonal phase of PZT while that of the peak at
20~38° is attributed to the rhombohedral phase [32,
33]. If the two phases coexist as reported in case of the
compositions near MPB, a triplet is observed at 20~44°
[5, 7, 10, 34, 35]. So, apparently, based on these
previous reports, the structure for the samples derived
here from solid state reaction (SSPCZT series) seems
to be tetragonal since the peak at 20~44° is well
resolved while no splitting is observed for the peak at
20~38° in the XRD patterns of SSPCZT series. The
XRD patterns of the samples of SGPCZT series here
depict that neither the splitting of the peaks at 26~44°
and 20~38° nor a triplet at 20~44° are observed but
there is anomalous broadening of this peak. The
anomalous broadening of the peak at 20~44° has been
reported to be due to the monoclinic phase of PZT [19]
which is now a well established phase for PZT
compositions near MPB. Therefore, the indexing of the
diffraction peaks was tried using tetragonal, rhombohedral
and monoclinic crystal systems using observed
interplanar spacing ‘d’ in a computer program package
‘PowderX’ [36]. Interestingly, all the patterns of both
series could best be fitted as per the monoclinic phase
which resulted in the minimum ZAd = Z(dgps—dca). The
hkl values, lattice parameters for monoclinic unit cell
ie., an b, c, [ and volume V, were determined
corresponding to minimum XAd. The parameters were
further refined using CellCalc software [37]. f is 90°
for a tetragonal cell and it is called the monoclinic
angle (# 90°) for the monoclinic unit cell. The lattice
strain ¢/a corresponds to c/a,, 2\2 ¢,,/(an+b,) and 1 in
the tetragonal, monoclinic and rhombohedral cases
respectively [22]. The equivalent elementary perovskite
cell parameters of monoclinic phase are given by
following equations [22]:

a,=a,/\2 (1)
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¢, =c, 3)

The lattice strain c/a was calculated using the
expression:

c/a=2.2¢,/(a,+b,) 4

Table 2(a) and Table 2(b) provide the values of cell
parameters, c¢/a, volume etc. for the calcium modified
PZT compositions for SSPCZT and SGPCZT series
respectively.

Following observations are also made from XRD
studies:

* Volume of the unit cell of the samples prepared via
solid state reaction method is greater than that
derived from sol-gel method.

* In both the series of samples, volume shrinkage of
the unit cell is generally observed with calcium
addition when compared with unmodified samples.

* The c/a ratio for all the compositions belonging to
SSPCZT series is greater than 1.02 while that of
the samples of SGPCZT series is close to 1.

So, while the XRD data could best be fitted
according to monoclinic phase, splitting of the peak
around although 20~44°, no splitting of the peak
26~38° and c/a ratio close to 1.02, suggest that the
monoclinic unit cell for the compositions of SSPCZT
series possess tetragonal-like or pseudo tetragonal
structure. And as mentioned above for the samples
belonging to SGPCZT series, no splitting of the peak
around 20~44°, asymmetric broadening of 26 ~ 38° and
¢/a ratio near 1 point towards rhombohedral-like or
pseudo rhombohedral structure of their monoclinic unit
cell.
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Table 2(a). Values of cell parameters for the calcium modified PZT compositions synthesized by solid state reaction method.
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Table 2(b). Values of cell parameters for the calcium modified PZT compositions synthesized by sol-gel method.
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Raman Spectra Analysis

The Raman spectra recorded at room temperature of
SSPCZT and SGPCZT series are depicted in Fig. 2(a)
and Fig. 2(b) respectively.

The spectra in general can be divided into frequency
regions viz. low frequency (below 150 cm™), mid-
frequency (between 150 and 400 cm™) and high-
frequency region (above 400 cm™). The spectral region
below 150 cm™ contains the external modes of the
material. For PZT system, it is related to Pb-lattice
modes. The region above 150 cm™ contains internal
modes related to bending, torsion and stretching of (Zr/
Ti)Og units [38]. It has earlier been reported [38-40]
that sharper peaks in low frequency (~135 cm™) region
exhibit the presence of tetragonal phase in PZT while
absence of soft modes (i.e., low-frequency modes) is a
characteristic of rhombohedral structure. It is also
mentioned in these reports that a shoulder around 320
cm’ and splitting of peak around 550 cm signify
tetragonalilty. But, the absence of shoulder and a broad
peak with no splitting around 550 cm™ are signatures
of rhombohedral structure. It can also be inferred from
the report of Filho et al. [38] that there is an increase in
the intensity of A;(1LO) mode as compared to that of

E(2TO) with the increase of tetragonality.

Following are some notable features of the Raman
spectra recorded at room temperature of the samples of
the two series:

* SSPCZT Series:

(a) Presence of sharper peaks in low wavenumber
region ~ 135 cm’!

(b) Presence of shoulder ~320 cm™ which becomes
more prominent with increasing c¢/a ratio

(c) Increased intensity of A;(1LO) mode relative to
E(2TO)

(d) No clear splitting of the peak around 550 cm™ in
the samples of SSPCZT series. Rather, the peak
around 550 cm™ is a broad, diffused peak

Similar observations have been reported for PZT
compositions near MPB [39-43].

Although (a), (b), (¢) point towards tetragonal
structure of the samples of this series but had the
structure of the samples be purely tetragonal, clear
splitting of the peak around 550 cm™ would also be
observed. This suggests that the structure of the
samples is not truly tetragonal but tetragonal-like. This
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Fig. 2. Raman Spectra of SSPCZT Series and SGPCZT.

is well complemented by the inference drawn from the
XRD studies.
* SGPCZT Series:
- Presence of broad peaks in low frequency region ~
135 cm’™
- Absence of shoulder around 320 cm™ for the
compositions SGPCZTO and SGPCZT2 and its
slight appearance for the remaining compositions of
SGPCZT series
- Almost same intensity of A1(1LO) mode relative to
E(2TO)
- No splitting of the peak around 550 cm’!
all indicate that the structure of the unit cell of the
samples of SGPCZT series is thombohederal-like.
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Further, according to previous published reports,
Ai(1TO) mode shifts towards higher frequency/
wavenumber side if the cation having smaller mass and
smaller ionic radius substitutes at A-site. Broadening of
the lineshape of this mode has been attributed to the
presence of thermodynamically stable defects [41, 42].
So, shifting of the A;(ITO) peak towards higher
frequencies and broadening of its lineshape with
increasing calcium content for SSPCZT and SGPCZT
series as shown in Fig. 3(a) and Fig. 3(b) reflect the
possibility of calcium (having smaller mass and smaller
ionic radius than lead) substituting for lead at A-site of
perovskite structure.

So, the above comparative study gives some insight
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Fig. 3. Raman Spectra of SSPCZT and SGPCZT series showing shifting of A;(1TO) peak shift towards higher frequency.
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about the effect of processing conditions that can help
preparing different strains/structures of the same
composition of PZT near MPB.

to

Conclusions

* Using different processing conditions, Pb . Cay-
715, Tig 43035 ceramic compositions with different
calcium concentrations have been synthesized
having different strains (i.e., pseudo rhombohedral
in sol-gel derived ceramics with c¢/a ratio close to 1
and pseudo tetragonal in solid state reaction
derived ceramics having c¢/a ratio greater than 1.02)
of monoclinic phase.

* Raman studies performed on the samples also
indicate the possibility of calcium substitution for
lead.
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