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Relationship between MPB and Emergence of Structural Boundary
in Cubic Phase of Pb-Based Perovskite-Type Solid Solutions PZT and PZN-PT
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High-energy synchrotron-radiation powder-diffraction experiments for PbZr,.,Ti,O; (PZT: 0 < x <
1) and (1-x)Pb(Zn;,3Nb,3)0; —xPbTiO; (PZN-PT: 0 < x < 0.3) have been performed to investigate
the relationship between the structural features of the cubic phase at high temperatures and the
morphotropic phase boundary (MPB) at low temperatures. Our precise Rietveld analyses for PZT
and PZN-PT with various compositions have revealed that the Pb atom in the cubic phase is
disordered around the cubic corner site, and the thermal motions abruptly change at the distinctive
composition x ~ 0.5 for PZT and at x ~ 0.15 for PZN-PT, where MPB of each solid solution
separates the tetragonal and rhombohedral phases at low temperatures. No anomalous change in
thermal motions is detected for other atoms. Hence, we consider that the appearance of MPB is
strongly related to the change in local environment around the Pb atom.
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1. INTRODUCTION

Pb-based perovskite-type solid solutions,
Pb(B’,..B”,)Os, have given rise to our interest for a long
time, because of their high electromechanical coupling
constant and piezoelectric strain constant. The prototype
structure of the paraelectric phase in a high-temperature
region is a cubic structure for the whole composition
range of x, whereas the ferroic phases in a
low-temperature region are essentially classified into
some phases with different crystal symmetries. These
ferroic phases can be separated by a morphotropic phase
boundary (MPB). The excellent electromechanical
properties are outstanding near MPB compositions.

PbZI'l_xTiij, (PZT) and (1-x)Pb(Zn1/3Nb2/3)O3 -
xPbTiO; (PZN-PT) are both well-known as piezoelectric
ceramics for the industrial applications. PZT displays a
complicated temperature-composition phase-diagram
including various kinds of ferroic phases [1]. In a
low-temperature region, ferroelectric phases cover most
of the composition region, while an antiferroelectric
phase with an orthorhombic symmetry appears only in
the region close to the end member PbZrO; (x = 0). The
ferroelectric phases are basically composed of two
phases, that is, a rhombohedral phase in the Zr-rich
region (0 <x < 0.5) and a tetragonal phase in the Ti-rich
region (0.5 < x < 1). In the PZN-PT system, the ferroic
phases are also divided into two phases similar to the
PZT system [2,3], that is, rhombohedral close to PZN
side (0 < x < 0.08) and tetragonal in the other large side
(0.08<x<1).

The crystal structure of PZT and PZN-PT in the
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paraelectric phase has generally been considered to be
isomorphous to the classical cubic perovskite structure,
where Pb atom is settled at the cubic corner and Zr/Ti or
Zn/Nb/Ti at body center, and O atoms at the face centers.
In our previous studies, however, we demonstrated that
the Pb atom in PbZrO; in the paraelectric phase is
disordered at 12 equivalent sites in the {110) directions
from the cubic corner site, while the Pb atom in PbTiO;
is ordered at the corner [4]. The ab initio calculations
suggest that changes in Zr/Ti composition give rise to
phase transition of PZT through changes in populations
of various local Pb environments, unlike of Zr/Ti
environments {5].

Recently, we have accurately analyzed the cubic
structures of PZT and PZN-PT using high-energy
synchrotron-radiation (SR) powder-diffraction [6,7]. In
this paper, we summarize these results on the crystal
structure analyses, and discuss the relationship between
the structural features of the cubic structures and the
existence of MPB caused by the B-site substitution for
the PZT and PZN-PT solid solutions.

2. EXPERIMENTAL

The solid solutions of PZT (x = 0, 0.15, 0.25, 0.35,
0.48, 0.55, 0.6, 0.65, 0.75 and 1), except PbZrO; (x = 0),
were synthesized by a conventional solid-state reaction
at high temperatures, The starting materials were PbO,
TiO, and ZrO, powders. The PbZrO; powder was
purchased from Johnson Matthey. Single crystals of
PZN-PT (x = 0, 0.05, 0.08, 0.2 and 0.3) were grown by
the flux method from a PbO-ZnO-Nb,O-TiO, mixture.
The technical details of the synthetic processes for PZT
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Fig. 1. Rietveld profile fitting result of PZN at 650 K

in cubic phase based on different crystal structure

models. (a) Pb atom ordered at (0, 0, 0) position, (b) Pb atom disordered at twelve (x, x, 0) equivalent positions.
The systematic discrepancy between observed intensities (+) and calculated intensities (solid line), obvious in

the high-angle region of (a), is improved in (b).

and PZN-PT are described in the previous papers [6,8].
After grinding these PZT and PZN-PT samples in an
agate mortar, the homogeneous granularity of the sample
powder, which gave a homogeneous intensity
distribution in the Debye-Scherrer powder ring, was
achieved by the precipitation method. The sample
powder was sealed in a quartz capillary of 0.2 mm
internal diameter.

High-energy SR powder diffraction experiments
were performed using a large Debye-Scherrer camera
installed at BLO2B2 in SPring-8 [9]. An imaging plate
was used as a two-dimensional detector. High-energy
diffraction experiments enable us to measure a large
amount of diffraction data in a large reciprocal space,
which was essential in this study for observing small
displacements of atoms from their ideal positions,
originating from atomic thermal vibration or disorder.
Both extinction and absorption effects could be ignored
in high-energy powder diffraction experiments, which
was also very useful for the analysis of specimens such
as PZT and PZN-PT that contain an extremely heavy
element Pb and a light element O. Furthermore, because
of the high brilliance of SR, we could obtain the
diffraction data with a good counting statistic in a short
time. In the present study, diffraction intensity data with
d-spacing of 0.55 A and above (sin 6/ 4 < 0.90 A™Y
were accumulated using high-energy SR with a
wavelength of 0.356 A (~ 35 keV), and analyzed by the
maximum entropy method (MEM)/Rietveld method [10].
The sample temperature was controlled in the cubic
phase by a N, gas flow system at 850 K + 0.1 K for PZT

and at 650 K £ 0.1 K for PZN-PT.

3. RESULTS AND DISCUSSION

The crystal structures of PZT and PZN-PT in the
cubic phase were analyzed by the Rietveld method. First,
we assumed an ideal cubic perovskite structure, i.e., all
constituent atoms are ordered at the special Wyckoff
positions, Pb at (0, 0, 0), Zt/Ti and Zn/Nb/Ti randomly
at (1/2, 1/2, 1/2), and O at (1/2, 1/2, 0) and equivalent
positions in the space group of Pm3m with harmonic
thermal parameters. The profile fitting result of PZN is
shown in Fig. 1(a) as a typical example. The obtained
reliability factors Ryp, R; and Rr, based on the weighted
profile, Bragg intensity and the structure factor,
respectively, were not large, Rywp = 2.52%, Ry = 2.04%
and Rr = 4.85%. However, Ry was relatively larger than
Rwp and R;. Furthermore, as depicted in the inset of Fig.
1(a), a systematic discrepancy between the observed and
calculated intensities was found. For 2 + k + [ = odd
reflections (A marks), calculated intensities are
consistently lower than observed intensities, whereas for
h + k + [ = even reflections (A marks), the situation is
reversed. Such discrepancies were observed in other
PZN-PT and PZT samples with different compositions.
The discrepancies are particularly prominent in the
high-angle region. This feature is highly similar to the
cases of PbZrQ; [4] in the paraelectric phase which we
previously reported. It is natural to expect that the heavy
Pb atom is disordered around the (0, 0, 0) position in the
relevant directions. Accordingly, we assumed three
types of structure models involving the disordered Pb
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atom in the (100), (110} and (111) directions, and then
reanalyzed the crystal structures using the Rietveld
method adopting the split-atom method. In the (100),
(110) and (111) disorder models, one Pb atom is
assumed to randomly occupy the 6 (x, 0, 0), 12 (x, x, 0)
and 8 (x, x, x) equivalent positions, respectively, around
the (0, 0, 0) position. The reliability factors Ry obtained
from the profile fitting of PZN are significantly
improved to 2.45%, 1.53% and 1.86% for the (100},
(110) and (111) disorder models, respectively. Among
these three models, Ry for the (110) disorder model is
the lowest, so that the twelve-site disorder model is
preferable to the other two models for PZN. Figure 1(b)
shows the final profile fitting result of PZN in the cubic
phase, for which the (110) disorder model is assumed.
We can see that the systematic discrepancy between
observed and calculated intensities shown in Fig. 1(a) is
reduced, as shown in the inset of Fig. 1(b). No
disordered feature is detected for other atoms in the
Rietveld analysis. The compositions calculated from the
refined occupancies were in good agreement with the
nominal compositions within a standard error of 1%.

The crystal structure analyses were also catried out in
a similar way for PZN-PT samples with other
compositions. The lowest Rr values were achieved by
the {110) disorder model for PZN-PT with 0 < x < 0.08,
whereas the (111) disorder model was preferable for
PZN-PT with 0.2 < x £0.3. Thus, we considered that the
disordered directions of the Pb atom are changed at
approximately 15% Ti content in the PZN-rich region. A
similar tendency was found in PZT system. The (111)
and (110) disorder models gave the best fit for PZT with
0.15 < x £ 048 and 0.55 < x < 0.75, respectively.
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Accordingly, the disordered directions of the Pb atom
are changed at approximately 50% Ti content.

Subsequent to the Rietveld analysis, the charge
density  distributions  were  analyzed by the
MEM/Rietveld method. The 71 independent structure
factors obtained from the Rietveld analysis were used in
the MEM analysis. The MEM analysis was carried out
with the unit cell divided into 81 x 81 x 81 pixels. The
volume of one pixel corresponds to about 0.05 x 0.05 x
0.05 A’ The three-dimensional charge density
distribution of cubic PZN at 650 K is shown in Fig. 2,
where the depicted cell size is 2a x 2b x 2¢. The
one-dimensional electron density profiles of the Pb and
Zn/Nb atoms in the [110] direction are also shown. It
appears to be a flat-top distribution in the charge density
profile of the Pb atom compared with that of the Zn/Nb
atom, which supports the Pb disordered model evaluated
from the Rietveld analysis. The electron density
distributions around the O atoms are slightly extended in
the directions perpendicular to the Zn/Nb-O covalent
bond.

Figure 3 shows the structure parameters of PZT and
PZN-PT at 850 K and 650 K, respectively, which are
obtained by the Rietveld analysis assuming the Pb
‘ordered” model. The lattice parameter of the cubic
structure is denoted by a, and Upy, Uz, Uz and
Uo are the mean square thermal displacement
parameters of Pb, Zr/Ti, Zo/Nb/Ti and O atoms,
respectively. The parameters Upy, Uzyr; and Uzynemi ate
crystallographically isotropic whereas Uy can be
converted to amisotropic parameters, Upyy and Ugp,
where Upy; is the parameter related to the thermal
motion of an O atom along the Zr/Ti-O or Zn/Nb/Ti-O
bond and Ugy, is the parameter perpendicular to the
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Fig. 2. MEM electron density distributions of PZN at 650 K. The level of the equi-density surface of thg
three-dimensional map is 0.28¢ /A’. The contour lines are drawn from 0.28¢ /A to 4.08e /A’ with 0.2¢ /A
intervals. Electron density profiles of Pb and Zn/Nb along the {110] direction are depicted in the insets.
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bond. As shown in Fig. 3, the lattice parameter a
decreases linearly with increasing Ti content for both
materials. The magnitude of Upy; is larger than that of
Uog,. This anisotropic thermal motion of O atom is
attributed to the deference of chemical bonding for each
direction. Furthermore, note that the magnitude of Upy, is
fairly large as compared with those of Ugzyri, Uzymem
and Up, and Up, changes abruptly around 50% Ti
content for PZT and 15% Ti content for PZN-PT,
respectively. At these compositions, disordered
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directions of the Pb atom are also significantly changed.
Thus, we consider that structural boundary can be
defined even in the cubic phase for the change in
disordered characteristics of the Pb atom. In Fig. 3, the
structural boundary is depicted on the phase diagram by
a dotted line. It is as if the boundary lies just above
MPB.

As shown in Fig. 3, it scems that the structural
boundary detected in the cubic phase is strongly related
to MPB. Since the emergence of the structural boundary
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Fig. 3. Crystal structure parameters in cubic phase obtained by Rietveld analysis based on Pb-ordered model. (a)
PZT at 850 K and (b) PZN-PT at 650 K. Here, a is lattice parameter, and Uy, Uy, and Uzymwmi are isotropic
mean square thermal displacement parameters. Uy is expanded to anisotropic parameters Ug; and Uy, Ugyy s
parameter related to the thermal motion along the Zr/Ti-O or Zn/Nb/Ti-O bond, whereas Ugy, is the parameter
perpendicular to the bond. Up, changes abruptly around 50% Ti content for PZT and 15% Ti content for
PZN-PT, where the disordered directions of the Pb atom are also changed. The structural boundary detected in
the cubic phase is indicated by a dotted line in the phase diagram [1,3]. It is as if the structural boundary lies just

above MPB.
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Fig. 4. Range of tolerance factor in PZT and PZN-PT
systems. The ideal tolerance ¢ = 1 is achieved around
50% Ti content and 20% Ti content for PZT and
PZN-PT, respectively. These Ti contents should give a
close relation to the Ti content where the structural
boundary and MPB.

is attributed to the change in thermal motions of the Pb
atom, we consider that the local environment around the
Pb atom must be changed dramatically at the
composition. The tolerance factor is one of the
indicators for the local atomic environments of
perovskite-type oxides with the chemical formula of
ABO;. It is defined as ¢ = (r, + ro)/\/E(rB +715) , where ry,
rp and rq are the ionic radii of the A-site, B-site and O
atoms, respectively. The value ¢ < 1 means that the
A-site environments are ample compared with B-site
environments, whereas ¢ > 1 gives the opposite meaning.
In Fig. 4, we show the range of tolerance factor in the
PZT and PZN-PT systems. The ideal tolerance 7 = 1,
calculated by Shannon’s ionic radii [11], is achieved
around 50% Ti content for PZT and 20% Ti content for
PZN-PT. These compositions exactly correspond to the
structural boundaries detected in the cubic phase. We
suggest that in the Pb-based perovskite-type solid
solutions, the B-site atom substitution influences the
structural fluctuation of the Pb atom, unlike of the B-site
atom. The formation of MPB is strongly related to the
change in the local environment around the Pb atom.

4. CONCLUSIONS

High-energy SR powder diffraction experiments give
evidence that the thermal motion of the Pb atom in the
cubic phase of PZT and PZN-PT solid solutions is
changed at 50% and 15% Ti content, respectively. The
change in the local environment around the Pb atom is
considered to be a clue to the existence of MPB in
Pb-based perovskite-type solid solutions. Further
systematic studies of cubic structures in a broad variety
of perovskite-type solid solutions will provide
information essential for a better understanding of phase
transitions and for designing promising materials for
applications based on accurate crystal structure physics.
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