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the best results include contributions from more than one

phase in order to fit the data. Consequently a new phase

diagram is proposed.
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1. Introduction

Lead zirconate titanate, PbZr1 � xTixO3 (PZT-x), is a solid

solution of ferroelectric lead titanate, PbTiO3, and antiferro-

electric PbZrO3 (Sawaguchi, 1953). The phase diagram of PZT

proposed by Jaffe et al. (1971) was largely accepted for many

years. At a Ti concentration of approximately 48% there is an

almost vertical line known as the morphotropic phase

boundary (MPB) separating Ti-rich tetragonal and Zr-rich

rhombohedral phases. Near the MPB many physical proper-

ties, such as piezoelectricity, dielectric constant and electro-

mechanical constant, are increased to a maximum.

In the Zr-rich region the crystal structure of PZT has long

been regarded as having two ferroelectric rhombohedral

phases, R3c (FLT) at room temperature and R3m (FHT) at

higher temperature. In the FLT phase there are, in addition,

antiphase oxygen octahedral tilts denoted by a�a�a� (Glazer,

1972), which decrease in magnitude and become zero in the

FHT phase with the tilt system a0a0a0. The existence of oxygen

octahedral tilts in FLT leads to a doubled pseudo-cubic unit cell

of � 8 � 8 � 8 Å3. On the Ti-rich side of the phase diagram

the structure is tetragonal in space group P4mm with cation

displacements along the [001]pc direction, where the subscript

‘pc’ denotes the single pseudo-cubic perovskite unit cell.

Structural studies around the MPB region have been

published by a number of authors. Some observed that the Pb

atom showed a flattening of the probability ellipsoid calcu-

lated from its anisotropic displacement parameters (ADPs) to

form a disk perpendicular to the polar axis (Glazer et al., 1978;

Corker et al., 1998), which was explained by disordered Pb

displacements slightly off the polar axis so that locally at the

unit cell level the structure was in fact monoclinic (Corker et

al., 1998). An intermediate monoclinic phase was subse-

quently found by Noheda et al. (1999) whose space group

(Cm) is a subgroup of both R3c (R3m) and P4mm, and thus

can act as a ‘bridging’ phase. This pioneering work has

encouraged a large number of structural studies especially

around the MPB. Several models including Cm, Cc, Pc, F1

space groups and different combinations of mixed structures

have been proposed using different experimental methods

(Pandey et al., 2008; Liu et al., 2001; Fraysse et al., 2008; Ragini

et al., 2002). The importance of the monoclinic phase is that it



suggests a mechanism for the high piezoactivity near the MPB,

since it allows for the Pb displacements to rotate within a

mirror plane on applying a stress or electric field, the so-called

polarization rotation model (Noheda et al., 2001). However,

the existence of the monoclinic phase has been questioned in

favour of an adaptive phase model (Jin et al., 2003; Wang,

2006, 2007) that gives rise to apparent extra diffracted inten-

sity caused by domain-wall scattering and which might be

mistaken for the presence of a monoclinic phase. This model

also suggests a mechanism for piezoactivity through the

movement of domain walls under an applied stress of electric

field. Thus, determination of the precise nature and symmetry

of the crystal structure of PZT is important if this disagree-

ment is to be resolved.

With respect to the Zr-rich PZT region we previously

carried out a series of high-resolution time-of-flight neutron

diffraction experiments for 0.08 < x < 0.40 at 300 K and found

that the best fits by the Rietveld method were obtained with

mixed phases of rhombohedral R3c and monoclinic Cm

symmetry (Yokota et al., 2009). The Cm fraction was found to

increase towards the MPB; this mixed-phase model explains

why no actual boundary has been observed between

rhombohedral and monoclinic phases in experiments to date.

On the Ti-rich side, it has been determined that the

symmetry is tetragonal, P4mm. However, Raman experiments

at low temperature suggested a phase transition from tetra-

gonal to monoclinic via an intermediate orthorhombic phase

for 0.5 < x < 0.6 (Frantti et al., 1999). Therefore, even in the Ti-

rich region there are still ambiguities about the crystal struc-

ture of this material.

Above the Curie temperature, Kuroiwa et al. (2005) carried

out high-energy synchrotron-radiation powder diffraction

experiments. They noted that there was a systematic discre-

pancy in the profile fits for different reflections and this was

explained by making the Pb atoms disordered and displaced

from their high-symmetry positions in the ideal cubic struc-

ture. In their model the Pb atoms are shifted along h111ipc

directions for Zr-rich PZT and along h110ipc directions for Ti-

rich compositions.

The difficulty in determining the precise symmetry has been

caused by the lack of single crystals until very recently, and as

a result most structural refinements have been carried out with

powder or ceramics. Additionally, many of the proposed

models provided similar R factors and calculated profiles. Very

recently, Bokov et al. (2010) succeeded in growing single

crystals whose concentrations are around the MPB by top-

seeded methods, but so far they are not of sufficient quality to

enable unambiguous structure determination to be made. It is

worth mentioning here that earlier Pandey et al. (2008)

suggested that the rhombohedral phases in fact were mono-

clinic, space groups Cc (instead of R3c) and Cm (instead of

R3m). This is an attractive idea since it explains the lack of a

boundary on the rhombohedral side and also suggests that the

observed flat ADP ellipsoids are a consequence of refining the

structure in too high a symmetry. However, the only way to

prove this idea is to search for the presence of an additional

peak at a d-spacing of � 4.7 Å, which is expected in the space

group Cc. X-ray powder diffraction had so far failed to find

this peak and recently a neutron diffraction study of single-

crystal PZT found no evidence for this reflection (Phelan et al.,

2010). Furthermore, the neutron diffraction experiments

suggested that even in the crystal there is coexistence of

phases with symmetries R3c and Cm. More recently Gorfman

et al. (2011) carried out high-resolution X-ray diffraction

experiments on crystals with x’ 0.31 and 0.45 and have shown

the presence of mixed phases of rhombohedral and mono-

clinic symmetries.

This work has led us to undertake more precise structural

refinements through the MPB region. In the present paper,

time-of-flight neutron diffraction using PZT ceramics with

0.3 � x � 0.6 at several temperatures is described. It has been

found that the monoclinic phase exists over the whole region

below the Curie temperature. Around the MPB, the structure

becomes more complicated and we suggest that it is the large

number of interfaces between these different phases that is the

main reason for the enhancement of the extrinsic component

of the observed piezoelectricity.

2. Experiments

Ceramic samples were prepared by the conventional mixed

oxide method. Details of sample preparation conditions can

be found in the paper by Yokota et al. (2009). All the samples

were checked at 300 K for the presence of secondary phases

and their quality was checked by X-ray diffraction using a

Panalytical X’PERT powder diffractometer fitted with an

incident-beam Johannssen-cut focusing monochromator to

isolate the Cu K�1 line.

The neutron powder diffraction measurements were

performed at ISIS (Rutherford–Appleton Laboratory) on the

HRPD (high-resolution powder diffractometer). The samples

were packed in vanadium canisters with a diameter of 12 mm

for both room-temperature and high-temperature experi-

ments. For the low-temperature experiments the sample was

packed into a rectangular vanadium container covered with a

cadmium plate. To eliminate scattering from the cadmium

plate, gadolinium foil was used as a shield. A vacuum furnace

with vanadium heating element and a cryostat were used for

the high- and low-temperature measurements. The data

collection at 300 K was carried out without a furnace or

cryostat. The exposure time for each measurement was around

2.5 h. PZT-x samples with x = 0.3, 0.4, 0.45, 0.48, 0.5, 0.6 were

measured at a series of temperatures from 8 to 623 K.

3. Results

Rietveld refinement was carried out using TOPAS Academic

(Coelho, 2005). The data were collected using the high-angle

back-scattering bank detectors, which provide the d-spacing

range � 0.3–2.2 Å. Since the disk-shaped ADP ellipsoids for

the Pb atoms in PZT are to some extent an artifact caused by

using a limited d-spacing range (Corker et al., 1998), it is

necessary to use as full a d-spacing range as possible for

refinement (Yokota et al., 2009). Several different structural
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models were tried for different compositions and tempera-

tures, including single and mixed phases. Mixtures showed

much better fits for most of the data, especially in the MPB

region. A detailed comparison will be discussed in the

following sections.

Several TEM experiments have suggested nano-domain

structures around the MPB (Asada & Koyama, 2004, 2007;

Theissmann et al., 2007) and it is known that the scattering

experiments are faced with difficulties in analyzing the data

from samples with small domains and strains because of

coherence effects that lead to peak broadening (Boysen,

2007). Boysen (2005) claimed that the domain structure causes

anisotropic broadening of reflections and asymmetries in the

diffraction pattern of PbTiO3, and this could lead to an

incorrect structural model being used for Rietveld refinement.

Therefore, we incorporated into our refinements the aniso-

tropic line-shape broadening function proposed by Stephens

(1999). Since nano-domains are found in particular in and

around the MPB, such effects are likely to be more prevalent

in this region. This tendency was found during the refinement

process. The scale factor, background parameters, peak-shape

function parameters and absorption parameters were refined

in all cases. In order to minimize the refined parameters,

isotropic displacement displacements were used for the Zr/Ti

atoms and all the other atoms when the anisotropic peak-

broadening function was applied. Bond valences were also

calculated to examine the crystal structures, and thermal

correction was applied to these for the low- and high-

temperature runs (Frantti et al., 2002; Brown, 2002). The

corrected bond valences for Pb, Zr/Ti and O ions have been

found to be around 1.8–2.0, 3.8–4.0 and 1.9–2.0. Table 1 lists

the refineable structural parameters for each possible space

group (note that in the rhombohedral R3c refinements the unit

cell axes were chosen with respect to the hexagonal setting

and the parameters refined were those described by Megaw &

Darlington, 1975). The final values of Rwp for each model are

summarized in Table 2.1

3.1. Ti-rich region (x = 0.6)

The boundary between monoclinic and tetragonal phases

has been well defined for a long time and in general Ti-rich

PZT has been considered to be a single tetragonal phase.

Therefore, a single P4mm model was examined for PZT-0.6

below the Curie temperature. The refinement procedure

worked smoothly but the refinement results produced rather

large agreement factors. We found that the intensities of some

reflections did not fit well and were underestimated even when

strain was taken into account. The only exception was PZT-0.6

at 573 K, which fitted quite well for a single P4mm model, but

with strain included.

For data that could not be fully explained by the single-

phase P4mm model, a mixed model consisting of P4mm and

Cm was tried, and the refinement results showed a significant

improvement. Refinement of the relative phase percentages

suggested that there was around 50–60% of the P4mm phase

present. On increasing the temperature the amount of the

P4mm phase appeared to increase, with the sample becoming

single phase just below the Curie temperature. The difference

in lattice constants a and c was found to become smaller on

heating as the cubic phase is approached, as expected.

First-principles calculations by Kornev et al. (2006)

suggested that PZT at low temperature with 0.475 < x < 0.51 is

in space group Cc and that for 0.51 < x < 0.56 it is I4cm. In

these space groups tilting of the octahedra would be expected.
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Table 1
Freely refineable structural parameters for the space group models used in the refinement of the PZT system.

Space group Lattice vectors Ion Wyckoff x y z Tilt system

P4mm at = apc, ct = cpc Pb 4d 1
2

1
2

1
2 + �zPb a0a0a0

Zr/Ti 1b 0 0 0
O1 1b 0 0 1

2 + �zO1

O2 2c 1
2 0 �zO2

Cm am = apc + bpc, bm = bpc � apc, cm = cpc Pb 2a 0 0 0 a0a0a0

Zr/Ti 2a 1
2 + �xZr/Ti 0 1

2 + �zZr/Ti

O1 2a 1
2 + �xO1 0 �zO1

O2 4b 1
4 + �xO2

1
4 + �yO2

1
4 + �zO2

Cc am = apc + bpc + 2cpc, bm = apc � bpc, cm = apc + bpc Pb 4a 0 3
4 0 a�a�a�

Zr/Ti 4a 1
4 + �xZr/Ti

1
4

1
4 + �zZr/Ti

O1 4a �xO1
1
4 �zO1

O2 4a 1
4 + �xO2

1
2 + �yO2 �zO2

O3 4a 1
4 + �xO3 �yO3

1
2 + �zO3

R3c†/R3m ah = bpc � apc, bh = cpc � bpc, ch = apc + bpc + cpc Pb 6a 0 0 s + 1
4 a�a�c�/a0a0a0

Zr/Ti 6a 0 0 T
O 18b 1

6 � 2e � 2d 1
3 � 4d 1

12

I4cm‡ at = apc + bpc, bt = bpc � apc, ct = 2cpc Pb 4b 0 1
2

1
4 + �zPb a0a0c�

Zr/Ti 4a 0 0 0
O1 4a 0 0 1

4 + �zO1

O2 8c 1
4 + f 3

4 + f �zO2

† In the rhombohedral system the unit cell used is with reference to the hexagonal setting (Megaw & Darlington, 1975). The parameters s and t are the fractional cation displacements
along the polar axis; d is the octahedral distortion keeping triad-axis symmetry, but making the upper and lower faces different in size; e describes the octahedron rotation about the triad
axis. This R3c symmetry has also been used to describe the R3m phase by setting e = 0. ‡ The parameter f is a measure of the oxygen octahedral tilt.

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: KD5052). Services for accessing these data are described
at the back of the journal.



Kornev et al. (2006) proposed a mixed model containing I4cm

+ Cc phases for x = 0.51 because of the likelihood of

compositional fluctuations in the sample. As the composition

for this sample (x = 0.6) is close to

the compositions Kornev et al.

(2006) proposed for the I4cm

phase, we refined this model

including strain parameters using

the 10 K data. This gave a higher

Rwp value than a single P4mm

model, and the mixed model

containing I4cm + Cm phases did

not work as well as a mixture of

P4mm + Cm. Fig. 1 shows some

fitted profiles for PZT-0.6

measured at 10 K for these three

models mentioned above. Note

too (for example see Fig. 2) that

no peaks indicating tilted octa-

hedra were observed, and there-

fore we find no evidence for an

I4cm phase.

3.2. Zr-rich region (x = 0.3, 0.4)

For Zr-rich concentrations, a

single rhombohedral model had

generally been accepted below

the Curie temperature. Recently,

however, a mixed R3c/R3m + Cm

model was proposed at 300 K for these compositions (Yokota

et al., 2009) and so it was important to examine this model at

different temperatures.

Both single R3c and a mixture

of R3c + Cm models were tried for

these two compositions from low

to high temperature, and the

mixed-phase models gave a better

fit than the single-phase models

for all the temperatures, which

confirms the previous results

(Yokota et al., 2009; see Fig. 3). As

some reflections showed obvious

broadening in the observed data,

R3c strain parameters were

included for PZT-0.3, and both

R3c and Cm strain effects were

introduced for PZT-0.4 because of

the increase of the Cm fraction

with higher x. It was found that

the refinements showed that with

increasing temperature the R3c

phase fraction decreases while the

Cm fraction increases. For PZT-

0.4, at 10 K, R3c is the major

phase accounting for around 70%.

From 473 K it becomes less than

50% and decreases still more at

higher temperature [49 (2)% at

473 K, 46 (2)% at 553 K, 38 (2)%
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Figure 1
Refined profiles of PZT-0.6 at 10 K. Experimental data: red; calculated fit: black line. Ticks below: Cm
reflections – black; P4mm reflections – green; I4cm reflections – red. Results for {200}pc, {210}pc and {013}pc

reflections are shown. This figure is in colour in the electronic version of this paper.

Table 2
Values of weighted profile Rwp for different models.

Best fits marked in bold. Asterisks denote where strain refinement is included (* indicates strain was applied for
the first phase in the title of the column; † indicates the second phase; ‡ indicates the third phase).

x T (K) R3c Cm P4mm Cc
R3c
+ Cm

P4mm
+ Cm

P4mm
+ Cm
+ R3c

Cc
+ Cm F1 I4cm

I4cm
+ Cm

0.6 10 *3.61 *2.63 *3.81 *†2.97
300 *5.13 *3.50
473 *2.98

0.5 10 *6.92 *8.51 *†5.58 *†‡3.64 *†5.67
300 *8.36 *9.25 *†6.40 *†3.91 *†3.42
473 *3.73 *4.15 *†2.52

0.48 13 *6.39 *9.06 *†4.24 †‡3.61 *†5.80 9.06
300 *7.88 *11.25 *†4.71 *†4.45 *†‡3.55
473 *4.75 *4.59 *†2.53
623 *3.65 *3.21 *2.30

0.45 10 *9.04 *7.24 *7.19 *†3.55 †‡3.10
200 *5.96 *5.76 *†3.04
300 *5.39 *5.28 *†4.06
473 *7.46 *5.05 *6.13 *†4.57 †3.15
623 *3.34 *2.53 *2.13

0.4 10 *4.02 *2.84
300 *5.37 *3.15
473 *2.99 *†2.73
573 *†3.12 †2.88

0.3 8 *3.94 *2.97
200 *4.32 *3.06
300 *5.44 *3.87



at 573 K and 31 (2)% at 593 K]. The R3c fractions for PZT-0.3

are 80.9 (4), 70.0 (6) and 60.8 (8)% at temperatures of 8, 200

and 300 K.

Around 573 K the overall PZT-0.4 powder profile was fitted

with a model consisting of Cm + P4mm as well as for a mixture

of R3m + Cm. At 553 and 573 K, the pattern shows that the

{222}pc peak displays a shoulder

on the high d-spacing side, indi-

cating splitting of this reflection,

which can be caused by the

presence of the R3m phase, and

on approaching 593 K the split

gradually disappears to form a

single peak. This indicates either

a decrease in the amount of R3m

or a structural change. The

calculated pseudocubic lattice

parameters at 573 K for the R3m

phase are apc = 4.0918 (4) Å, �pc

= 89.899 (2)�, and for the P4mm

phase a = 4.0888 (2), c =

4.0968 (6) Å. Both are very close

to that expected for the cubic

phase, and so around this

temperature the R3m and P4mm

structures are too similar to be

reliably distinguished. This

suggests that the different phases

around this region are energeti-

cally equivalent and so this must

be close to the transition
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Figure 3
Refined profiles of PZT-0.4 at 473 K. The blue small ticks correspond to
R3c reflections and the black ticks to Cm. The refinement results of single
R3c with strain are shown at the left and R3c + Cm model at the right.
This figure is in colour in the electronic version of this paper.

Figure 2
Some observed profiles of PZT-0.6 at 10 K. The black arrow points to the position where tilt peaks might be
expected for a structure in space group I4cm.

Figure 4
Three-dimensional plot of (a) {200}pc and (b) {220}pc profiles for PZT-0.45
at various temperatures.



boundary between low-temperature and cubic phases and the

boundary between the Zr-rich and the MPB phases, where a

tricritical point is known to exist (Ye et al., 2010).

3.3. The MPB region (x = 0.45, 0.48, 0.50)

A series of {200}pc profile plots at different temperatures

from 10 to 703 K for PZT-0.45 is shown in Fig. 4(a). A clear

increase in the splitting of peaks is observed around 503 K,

which is consistent with the appearance of a tetragonal phase.

The intensity of these tetragonal peaks continues to increase

with temperature while at the same time the rhombohedral

peak in the middle decreases: the two phases coexist for a wide

temperature range. The phase change at this temperature can

be confirmed with the {220}pc profile plot (Fig. 4b). Mixed R3c

+ P4mm models were tried for the 473 and 503 K data, but the

discrepancy between the observed and calculated intensities

was large. Generally this two-phase model cannot explain

many of the complicated peak shapes, and so we introduced

Cm into this model and the fit was significantly improved (Rwp

dropped from 0.040 to 0.024).

From the peak pattern it is clear that the major phase at

temperatures lower than this phase coexistence area is

rhombohedral while at higher temperature it is tetragonal. We

used R3c + Cm at 200 and 300 K, P4mm + Cm at 543 and

623 K because they all gave much better fits than any single-

phase models. At 10 K the broadening of the {200}pc peak is

much larger than at 200 and 300 K, and cannot be explained

by the R3c + Cm model. A mixture of R3c + Cm + P4mm was

used and this model is consistent with the low-temperature

phases of the MPB region (PZT-0.48 and PZT-0.5), which will

be discussed below.

For PZT-0.48 and PZT-0.50 at room temperature and at low

temperatures, several papers have considered this region to be

single phase, either tetragonal P4mm or monoclinic Cm or Cc,

or even triclinic F1 (Liu et al., 2001; Fraysse et al., 2008). Fig. 5

shows the change of the {200}pc reflections as a function of Ti

concentration at 300 K. For the Zr-rich side with x � 0.45, this

reflection appears to be a single peak whose FWHM becomes

broad with increasing x. On increasing the Ti concentration

through the MPB (x � 0.48), the {200}pc reflection starts to

split into two main peaks with long tails and relatively large

FWHMs. This peak shape cannot be accounted for by a single

phase even if the effect of strain is taken into account and the

poor Rwp values for the refinements of the single-phase models

(Table 2) support this conclusion. Attempts at fitting the data

using a P4mm phase including local disordered h110i Pb

displacements (Noheda et al., 2000) were also unsuccessful.

Regarding the unusually broad and asymmetric peak shapes

for PZT-0.48 and PZT-0.5 at low temperature and at 300 K

(Figs. 6–9), it is probable that in this region there is a coex-

istence of several different phases. Ragini et al. (2002)

performed X-ray diffraction and Rietveld analysis for

0.515 < x < 0.530 at room temperature, and they claimed that

the high-temperature tetragonal P4mm and the low-

temperature Cm phases coexist as a result of the occurrence of

a first-order phase transition. We also found that refinement

using this mixed-phase model was much better than for the

single-phase models. However, the observed and fitted profiles

were still not quite in agreement. A mixture of R3c + Cm was

also tried for PZT-0.48, but this also turned out to be un-

successful. At low temperature a two-phase mixture of Cc +

Cm, as suggested by Cox et al. (2005), was refined but this

model did not help to fit the {200}pc reflections. Finally, a three-

phase mixture of R3c + Cm + P4mm with strain parameters

included was tried for these compounds. Figs. 6–9 show part of

the refined profiles for PZT-0.48 and PZT-0.5 at around 10 and

300 K, respectively. This refinement improved the fit signifi-

cantly. In particular, tails observed next to the main peaks (i.e.

{200}pc, {311}pc reflections) were reproduced with this model.

When the strain terms were not included in the refinement the

characteristic tails and shoulders observed in these profiles

were not reproduced. Addition of a cubic structure as

proposed by Noheda et al. (2000) did improve the strain-free

model: however, the existence of the cubic phase so far below

the Curie temperature seems unlikely, and so we decided

against using a four-phase mixture. Our refinement results

indicate that the strain becomes more significant on

approaching the MPB.

As mentioned before, the PZT-0.45 data measured at 10 K

were also refined best with this three-phase mixture model,

but the proportion for each phase was found to have changed.

The R3c component decreases rapidly on approaching the

MPB [72.3 (7)% for PZT-0.45 at 10 K and 30.2 (6)% for PZT-

0.48 at 13 K] and becomes a minor phase for PZT-0.5

[19.4 (4)% at 10 K and 8.5 (4)% at 300 K]. The fraction of the
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Figure 5
Changes in {200}pc reflection profiles of PZT-0.60, 0.50, 0.48 and 0.45 at
room temperature.



Cm phase increases in the MPB region and reaches its

maximum value of 65.9 (6)% when x = 0.5, T = 10 K. The

amount of P4mm phase increases with a further increase in the

Ti composition.

The powder patterns for PZT-0.45, PZT-0.48 and PZT-0.5 at

473 K or higher appeared to be less complicated than at lower

temperatures. However, the long tails still exist in many main

reflections. Single P4mm and Cm models were tried with strain

included but neither of them was able to fit the saddle points

between two separated reflections such as {002}pc and {200}pc

(Fig. 10). The refined lattice parameters of PZT-0.48 at 473 K

for the Cm phase were a = 5.7343 (2), b = 5.7305 (2), c =

4.11804 (4) Å, and � = 90.081 (2)�. The difference between a

and b was only 0.06% and so the unit cell of the Cm phase was

metrically almost consistent with a tetragonal crystal system.

This provides a possible explanation for the powder pattern

having as its major phase tetragonal P4mm with a small

amount of another phase. Therefore, refinement with a mixed

P4mm + Cm model was performed; the same model that was

applied to Ti-rich PZT. Fig. 10 depicts part of the refinement

profiles of PZT-0.48 at 473 K. This model reproduced the

experimental measurements almost perfectly. For PZT-0.48

and PZT-0.50 at 473 K, the composition ratio between P4mm

and Cm was found to be approximately 3:1 and 4:1; for PZT-

0.45 at 543 K, the Cm fraction is 37.1 (8)%, and this decreases

to 29.1 (8)% at 623 K, which means P4mm is the major phase

for all these three compositions and the concentration of

P4mm increases with rising temperature.

4. Discussion

4.1. Tilt peaks

The main difference between the RLT and RHT phases in the

old phase diagram (Jaffe et al., 1971) is the octahedral tilt

system. In the low-temperature and Zr-rich area, PZT has the

tilt system a�a�a� which creates odd–odd–odd type reflec-

tions (with k 6¼ l, h 6¼ l, h 6¼ k) when expressed on a doubled

pseudocubic unit cell (half indices on a pseudocubic unit cell;

Glazer, 1972); while with temperature increasing or Zr

concentration decreasing, the tilt peaks disappear gradually,
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Figure 6
Refined profiles for {200}pc, {220}pc, {311}pc and {032}pc reflections for PZT-0.48 at 300 K with different refinement models.



indicating a phase change from a tilted system to a non-tilted

a0a0a0 system.

Our experiments showed the same trend. For PZT-0.3

several tilt peaks (f12
3
2
�3
2 gpc, f

1
2

5
2
�1
2 gpc, f32

5
2
�5
2 gpc, f�1

2
9
2
�3
2 gpc,

f52
7
2
�7
2 gpc, f

5
2

7
2
�9
2 gpc etc.) were observed at 10, 200 and 300 K,

with the peak intensity decreasing as temperature increased:

in the 473 K powder pattern, the tilt peaks no longer appear.

At room temperature, compositions with x � 0.4 no longer

show any observable tilt reflections. The low-temperature

patterns at various compositions show a gradual disap-

pearance of the oxygen tilts. Fig. 11 is the plot of the intensity

of the f32
5
2
�5
2 gpc reflection for PZT x = 0.30, 0.40, 0.45, 0.48 and

0.50 at around 10 K.

Hatch et al. (2002) refined PZT-0.48 at low temperature as a

monoclinic tilted phase Cc partly based on the observation of

the minus tilt reflections. However, as the f12
1
2

1
2gpc peak has

never been observed by any experiments (Phelan et al., 2010),

the phase transition they proposed between high-temperature

Cm and low-temperature Cc is

more likely to be an RHT and RLT

phase change with the existence of

some other accompanying phases.

In a single R3c phase, the

intensities of the tilt reflections are

directly related to the tilt angle !,

which can be calculated from the

value of the rhombohedral struc-

tural parameter e [tan! ¼ 4ð3Þ1=2
e;

Megaw & Darlington, 1975].

However, in a mixed-phase model

with R3c as the only tilted phase,

the intensities of the tilt peaks are

affected by both the values of the

tilt angles and the quantity of the

R3c phase present. The refinement

results show a dramatic decrease

of the R3c proportion from PZT-

0.45 to PZT-0.48. Therefore, the

refined e values for PZT-0.48 and

PZT-0.50 are not very reliable. On

the other hand, the PZT-0.30, PZT-

0.40 and PZT-0.45 samples, which

appear to contain approximately

the same amount of R3c phase,

display a relatively smooth

decrease of ! [5.62 (1), 4.47 (2)�

and 3.78 (2)�]. The sudden drop of

the tilt peak intensity from PZT-

0.45 to PZT-0.48 is consistent with

the reduction of the amount of the

R3c phase in the mixed-phase

system.

4.2. Reliability of a ‘real’ mono-
clinic phase

As seen in the previous sections,

the monoclinic Cm phase which

was considered as a bridging phase

in the MPB region by Noheda et al.

(1999) is found across the whole

region in our refinements. In order

to examine the reliability of our

multiphase models, the FWHM of

{222}pc was plotted against x at

10 K (Fig. 12). This FWHM shows
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Figure 7
Refined profiles for {200}pc, {220}pc and {311}pc reflections for PZT-0.5 at 300 K with different refinement
models.

Figure 8
Refined profiles for {200}pc and {210}pc reflections for PZT-0.48 at 13 K with different refinement models.



high correlation with the Cm fraction behaviour and suggests

that the refinement of the Cm phase fraction derives mainly

from peak broadening information, as opposed to the

appearance of extra peaks. However, it is always possible that

the peak broadening is caused by

other reasons, including strain,

particle size effects and domain-

wall scattering etc., and these

possible causes must also be

explored.

The anisotropic strain effect was

examined in the refinements, but

this still showed that the multiphase

model fits the data better. Wang

(2006, 2007) investigated the

diffraction effects caused by adap-

tive monoclinic phases (MA/MB

phase for rhombohedral micro-

domains and MC phase for tetra-

gonal microdomains) with very low

domain wall energy. This model was

also examined with the PZT-0.6 and

PZT-0.3/PZT-0.4 data. The lattice

parameters of the MC phase

adapted from the tetragonal twin

domain are in good agreement with

the refined monoclinic Pm lattice

parameters and the values of

Wang’s domain size coefficient A
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Figure 9
Refined profiles for {200}pc, {211}pc and {113}pc reflections for PZT-0.5 at 10 K with different refinement models.

Figure 10
Refined profiles for {200}pc and {220}pc reflections for PZT-0.48 at 473 K with different refinement
models.



are reasonable (at 10 K: A = 5.421; at 300 K: A = 5.536).

However, the volume fractions of the twin layers ! at low

temperature and room temperature are both much lower than

the reported values for Pb(Mg1/3Nb2/3)1 � xTixO3 and Pb(Zn1/

3Nb2/3)1 � xTixO3 in the MPB region (Wang, 2006; at 10 K: ! =

0.027; at 300 K: ! = 0.017 for PZT-0.6 in our case), which

suggests that the amount of any adaptive phase present based

on the observed monoclinic lattice parameters is compara-

tively very small, and does not appear to be of major signifi-

cance in the observed data. On the rhombohedral side, Wang’s

(2007) calculation shows that the following identity should be

true: cm ¼ ar ¼ ðam þ bmÞ=2ð2Þ1=2. These three parameter

values are plotted using our data in Fig. 13, where it can be

seen that the equality of these parameters is not obeyed. The

calculations in both tetragonal and rhombohedral twin

domain cases suggest that in this material an adaptive

monoclinic phase is not consistent with the unit-cell dimen-

sions obtained from the refinements.

In addition, high-resolution X-ray single-crystal experi-

ments on PZT-0.45 have shown extra diffracted intensity on

reciprocal space maps that is not consistent with the domain-

wall scattering (Gorfman et al., 2011).

It would seem therefore that we have found no direct

evidence for domain-wall scattering associated with adaptive

phases, suggesting that the mixed-phase models, such as used

here, are a better description of the PZT structures in the

ceramics. However, we should add a note of caution here that

in order to explain the peak profiles found in the diffraction

data we are pushing the Rietveld method to its limits. The

addition of every extra phase into the analysis means the

introduction of more refineable fitting parameters. It is always

possible that the introduction of other forms of extra scat-

tering, such as from stacking faults (Schoenau & Leoni, 2010)

may also explain the profile shapes, at least in the powders. On

the other hand, the single-crystal measurements (Gorfman et

al., 2011) do seem to support the mixed-phase picture.

Further support for this comes from considering the refined

phase fractions (expressed as percentages) as a function of x

for different temperatures 10, 300 and 473 K, as shown in Fig.

14. Rietveld refinement of phase fractions, when the different

structures are so closely related might be thought to be highly

suspect. However, it can be seen that in each case the changes

in the phase fractions do seem to follow the expected trends,

suggesting that they are indeed meaningful.

This evidence shows that the R3c/R3m phase mainly exists

in the Zr-rich region, especially at lower temperatures. It

transforms into the Cm phase either with an increase in the

temperature or with a decrease of the Zr content. In the Ti-

rich region (PZT-0.6), Cm and P4mm phases coexist in almost
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Figure 13
Temperature dependence of lattice parameters for PZT-0.4. Black
squares: observed rhombohedral lattices; red circles: observed c for
monoclinic; blue triangles: calculated ar ¼ ðam þ bmÞ=2ð2Þ1=2 based on the
adaptive phase model. This figure is in colour in the electronic version of
this paper.

Figure 11
Intensity of the f32

5
2
�5
2 gpc tilt reflection for PZT x = 0.30, 0.40, 0.45, 0.48 and

0.50 at around 10 K.

Figure 12
A comparison of the FWHM of the {222}pc reflections (red circles) and
Cm fractions (black squares) against Ti concentrations at 10 K. The full
line serves as a guide to the eye. This figure is in colour in the electronic
version of this paper.



the same amounts at low temperature. With increasing

temperature, the amount of Cm decreases and at 473 K it

disappears. In Fig. 15 the temperature dependence of the

pseudocubic lattice constants for the refined Cm and P4mm

phases is shown. Both lattice constants are similar and this

result suggests that the Cm and P4mm structures are metri-

cally interconvertible.

It is also instructive to plot contour maps of the refined R3c/

R3m and P4mm fractions against temperature and composi-

tion (Figs. 16a and b). The data points are superimposed on

the map, and the white lines describe the boundaries where

the phase fractions change dramatically. They indicate more

clearly that R3c/R3m exists mainly on the low-temperature Zr-

rich side and P4mm on the high-temperature Ti-rich side with

Cm as an accompaniment. The first-order phase transition

between the major R3c/R3m and P4mm phases is seen as an

inclined boundary more or less as reported for the MPB

previously (Hinterstein et al., 2010). However, the phase

coexistences, especially at high temperature for PZT-0.45,

have not been elucidated and described in previous studies.

The contour map for the Cm phase is shown in Fig. 16(c).

Three phases coexist at low temperature, and the Cm phase is

the major phase with small amounts of R3c/R3m and P4mm

around x = 0.5. With increasing temperature, both R3c/R3m

and Cm phase fractions decrease while the P4mm phase

fraction increases. It is worth noticing that another area with a

maximum Cm fraction is found around x = 0.45 at 550 K, and

that both maximum areas coincide with where R3c/R3m tends

to transform into the P4mm phase. Although the presence of

the Cm phase is found over the whole compositional region, it

plays a particularly important role in the MPB region in the

way that R3c/R3m changes into Cm first and then the Cm

phase transforms into P4mm.
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Figure 15
Temperature dependence of the pseudocubic lattice paramerters for
PZT-0.6.

Figure 14
Plots of the phase fractions (percentages) with Ti concentration (x) at (a)
10 K, (b) 300 K and (c) 473 K. The grey shading indicates the MPB
region.



4.3. Construction of a new phase diagram

The contour maps of Fig. 16 seem to indicate good consis-

tency in the refined values of the phase fractions and so this

enables us to suggest a new phase diagram (Fig. 17) for the

central region of the PZT composition range.

Apart from the structural models we have proposed, which

are different from the commonly accepted ones (Jaffe et al.,

1971; Noheda et al., 1999), the shape of the MPB is seen to be

steeply inclined at high temperature. The multi-phase nature

of the ceramics, especially within and around the MPB region

where there appear to be at least three phases present, means

that there will be many phase boundaries and domain walls

that can be moved and interchanged under applied stresses

and electric fields, so that domain switching among rhombo-

hedral, monoclinic and tetragonal states will be relatively easy,

thus leading to enhanced piezoelectric properties, consistent

with the idea of extrinsic contributions (Rogan et al., 2003)

being dominant.

5. Summary and conclusions

In this paper we have described Rietveld refinements for PZT

over a large composition and temperature range

(0.3 � x � 0.6, 8 � T � 623 K). Several structural models

were examined and the best are mixtures of rhombohedral

and monoclinic symmetry on the Zr-rich side, tetragonal and

monoclinic on the Ti-rich side, and three phases coexisting in

the MPB region. In the refinements anisotropic strain broad-

ening and domain-wall scattering effects were considered, but

the inclusion of these did not alter the main conclusions. Since

the refined values of the phase fractions seemed to follow

physically sensible trends, a modified phase diagram for the

central composition range of PZT is proposed.
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Figure 16
Contour maps for (a) R3c/R3m, (b) P4mm and (c) Cm phase fractions.

Figure 17
A new phase diagram for PZT ceramic with results for 0.30 � x � 0.6
based on the neutron diffraction refinements.
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