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PbZr1-xTixO3, which has abundant structural variations in the corresponding physical properties,

has been used in a large variety of applications. To understand the effect of the structure on its

high-performance piezoelectric properties, its local and average structures are studied. Total scat-

tering data have been obtained from high-energy synchrotron powder diffraction experiments at

20 K and 300 K. Using the reverse Monte Carlo method, information on cation displacements has

been extracted from X-ray Pair Distribution Function data. This suggests that the local disorder of

the B cations is mainly driven by thermal motion, while the local disorder of Pb is most likely

caused by more complex factors, such as displacive disorder. Both rhombohedral and monoclinic

local polarizations are observed in Zr-rich PZT, whose directions depend on temperature.

Published by AIP Publishing. https://doi.org/10.1063/1.5024422

Lead zirconate-titanate (PbZr1–xTixO3: PZT) is one of the

most widely-used piezoelectric materials in industrial, military

and general applications because of its high electromechanical

coupling and piezoelectric constant. The global market for

piezoelectric operated actuators and motors is estimated to

reach $31.33 billion by 2022, showing an annual growth rate

of 4.88%.1 PZT belongs to the perovskite ABX3 family. It is a

solid solution of antiferroelectric lead zirconate PbZrO3 and

ferroelectric lead titanate PbTiO3. At a Ti concentration of

48%, there is an almost vertical boundary known as the mor-

photropic phase boundary (MPB).2,3 Around the MPB, the

piezoelectric constant and electromechanical coupling coeffi-

cients exhibit maximum values. It had been a mystery for a

long time as to why this is so, especially given the lack of a

group-subgroup relationship between the Zr-rich rhombohe-

dral (R3m/R3c) and Ti-rich tetragonal (P4mm) phases. The

discovery of a monoclinic Cm phase, which acts as the

“bridge” between these two phases, provided an explanation

for the enhanced piezoelectric response by the so-called

“polarization rotation mechanism” described from first-

principles calculations.4–6 This model suggests that a lower-

symmetry phase is important in realizing the enhancement of

physical properties, since in such a case the spontaneous

polarization is free to rotate within a mirror plane. Nowadays,

the existence of a long-range monoclinic phase in the MPB

region has been widely accepted and the concept of the MPB

has been adopted in many solid-solution systems to achieve

giant piezoelectric responses.

In our previous work, we have found that the average

structure of PZT in a wide composition range, even far away

from the MPB, is still complex, and the presence of mono-

clinic distortion is frequently found alongside the major

rhombohedral R3m/R3c phase.7,8 Therefore, in the study of

the PZT structure, conventional diffraction methods, which

reveal only the average structure, are not enough. It is neces-

sary to extend the structural study to the local scale. In our

neutron scattering experiments, it was revealed that local

monoclinic components exist in many compositions at room

temperature. A short-range displacement change correspond-

ing to those expected in monoclinic MB-MA phases was

identified on the “rhombohedral” side of the MPB region,9

where the Pb displacements point away from [111] but are

free to rotate within the (110) plane. On the “tetragonal” side

close to the MPB, the correlation length of the MA compo-

nent decreases and more cations are displaced in the (100)

plane corresponding to an MC phase.10 (The definition and

structural details of the MA, MB and MC monoclinic types

can be found in Vanderbilt and Cohen.11) In the Zr-rich com-

positions of PZT, the polarization remains along h111i in the

average rhombohedral structure from low-temperatures up to

TC (here and throughout the paper, we use the pseudocubic

cell setting for the crystallographic directions). However,

with the discovery of the short-range displacements corre-

sponding to those in a monoclinic phase, it is essential to

investigate any possible short-range structural change and

polarization rotation with changing temperature.

Our previous investigations on PZT further demon-

strated the importance of local structural studies in functional

oxides.12 Other examples include relaxor materials, which

exhibit characteristic behaviors such as dielectric dispersion,
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non-ergodicity and diffuse scattering. They have been

thought to possess local structures that are different from the

average structure in the form of so-called polar nanoregions

(PNRs)13 embedded in a cubic matrix. Local symmetry

breaking distortions have also been reported in classical fer-

roelectrics such as in BaTiO3 by neutron analysis,14

Brillouin light scattering,15 temperature dependence of the

refractive index16 and second harmonic generation.17 A com-

mon method used to probe the local structure is that of total

scattering,18,19 which incorporates both Bragg and diffuse

scattering intensities. The Fourier transform of the normal-

ized total scattering intensity gives the pair distribution func-

tion (PDF),20,21 which describes the probability of finding

any two atoms at a given inter-atomic distance. Previously,

short-range structures of crystalline materials were usually

investigated using neutron total scattering. However, in

recent years, third-generation synchrotron radiation sources

enable us to study the local structure using X-ray diffraction

techniques by measuring the X-ray total scattering data.22–24

Here, we present a local structural study of PZT (x¼ 0.25) as

a function of temperature based on the reverse Monte Carlo

(RMC)25 modeling of the X-ray pair distribution function

(XPDF) data. By analyzing the Pb displacement in each unit

cell, we show that this Zr-rich PZT consists of a mixture of

rhombohedral and monoclinic local polarizations that

change direction with temperature.

A PZT (x¼ 0.25) powder sample was prepared by the

mixed oxide method. The details of sample preparation can

be found in Ref. 7. The sample quality was checked by X-

ray diffraction using a P0Analytical X’PERT powder diffrac-

tometer and neither secondary nor impurity phases were

detected. For the synchrotron experiment, the powder sample

was packed into Kapton polyimide tubes with a diameter

of 1 mm. High-energy X-ray powder diffraction data were

collected up to a high momentum transfer Q¼ 25 Å�1 and

a Q resolution of 0.01564 Å�1 using 60 keV (wavelength

¼ 0.206502 Å) X-rays at the BL14B1 beamline at SPring-8.26

Since the X-ray scattering cross-sections are Q-dependent,

the intensity drops off significantly with Q. To compensate

this Q-dependence, we divided the Q range that was measured

into four parts with different data collection times. In the

high-Q range, we increased the data collection time in order

to collect enough intensity. The experiments were performed

at 300 K and 20 K. Since there is no obvious average struc-

tural change for this composition below TC, we chose the

highest and lowest temperatures that we can achieve in this

experiment. The diffraction data were normalized and merged

into a single full pattern. This was corrected for absorption,

multiple scattering and polarization effects. The background

and Compton scattering were removed. The data reduction

was done using software PDFgetX2.27

We first compare the X-ray pair distribution function

(XPDF) with the neutron PDF data from a similar composi-

tion,9 as shown in Fig. 1. The very short-range data at a dis-

tance r from 0 to 5 Å are shown in Fig. 1(b). Despite the fact

that the overall patterns for neutron and X-ray data appear to

be different, they do express the same information about the

local structures when the bonds are formed between the cati-

ons. In Fig. 1(b), there are several peaks in the neutron PDF,

such as the negative Ti-O peaks around r¼ 1.80 Å (the

neutron scattering length for Ti is negative), with positive

Zr-O, Pb-O and O-O peaks around r¼ 2.08, 2.414, and

2.88 Å, respectively, that are very weak in the XPDF profile.

It is well known that X-rays are not sensitive to light atoms

such as oxygen. Therefore, the neutron PDF gives more

accurate measurements of the A-O, B-O and O-O bonds,

while the relative displacements between A and B cations

are more clearly observed as variable A-B pairs in the XPDF

data.

The experimental XPDF data for PZT (x¼ 0.25) at 20 K

and 300 K are compared in Fig. 2. It is worth noting that the

peaks at 20 K are sharper than those observed at room tem-

perature. This is not surprising since the atomic thermal

motion becomes more active with the increase of tempera-

ture. Although the peak widths are broader at 300 K, their

positions do not shift much. However, the peaks around

r¼ 3.45 Å (corresponding to the A-B bonds) and 4.11 Å

(corresponding to the A-A/B-B bonds) have different shapes

at 20 K and 300 K, indicating a possible local structural

change with temperature.

The PDF data were firstly analyzed by the small-box

modeling method using software PDFFIT.28 Single rhombo-

hedral R3m and monoclinic Cm structural restrictions were

FIG. 1. (a) PDF profiles measured at room temperature. For comparison,

neutron PDF data are shown in black. An enlargement of (a) is shown in (b)

with the range of the major bonds outlined in the colored boxes. The ranges

for Ti-O and Zr-O are shown overlapping.

FIG. 2. Experimental XPDF patterns for PZT (x¼ 0.25) at 20 K (black line)

and 300 K (red line).
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applied during the refinement process for both the 300 K and

20 K patterns. The oxygens were fixed at their ideal positions

because of the small X-ray scattering cross-section. Above

8 Å, both models reproduce the PDF profile well, while in

the short range below 8 Å, there are several small, but never-

theless real, discrepancies between the experimental data

and the calculation [see supplementary material Figs. S1(a)

and S1(b)]. The best fit was obtained when the oxygen posi-

tions were also refined but then the resulting structure exhib-

ited large unrealistic distortions.

To analyze the element-specific local structural details,

we carried out the RMC simulation using software

RMCProfile.29,30 In the RMCProfile algorithm, the Q-

dependence of the X-ray scattering cross-sections is taken

into account as normalized Faber-Ziman coefficients and the

Q-dependent partial structure factors are contained within

the F(Q) data file for the program to use during the refine-

ment.31 We used a configuration of 10� 10� 10 pseudocu-

bic unit cells with the starting rhombohedral (R3c) structural

model obtained from the Rietveld refinement of the Bragg

profiles. The experimental XPDF G(r), the total scattering

intensity F(Q)18 and the Bragg profile data were refined at

the same time with the distance window constraints and

bond valence constraints being applied. Since the limited r
range in the configuration causes the broadening of the

Bragg peaks in the calculated F(Q), in RMCProfile, the

experimental F(Q) was degraded by convolution with a box

function defined by the dimension of the box size before

being compared with the calculated pattern.29 The experi-

mental and calculated RMC patterns of G(r), F(Q), Bragg

intensities and partial PDFs at 20 K and 300 K are displayed

in Figs. S1(c)–S1(j), which show that the RMC modeling

gives an excellent fit to the observed data. After the RMC

modeling, the partial PDF pairs containing heavy elements

that are sensitive to X-rays are obtained and shown in Fig. 3

for the region from 3 to 5 Å. At 20 K, the peak for the Pb-Pb

atom pair is sharp and strong, as seen in Fig. 3(a); but the

peak becomes much wider and lower when the temperature

is increased up to 300 K [Fig. 3(b)]. The same phenomenon

is demonstrated more clearly in Figs. 3(c) and 3(d), showing

a comparison between the Pb-Pb and Zr-Zr bonds at 20 K

and 300 K. (The reason that we only plot the peak for the

Zr-Zr bond for comparison is that 75% of the B sites are

occupied by Zr, and so the Zr-Zr bond gives better statistics

than the Zr-Ti or Ti-Ti bonds.) The peak width of the Zr-Zr

pairs increases slightly as the temperature is increased from

20 K to 300 K and the peak shapes are almost the same,

which indicates that the disorder of Zr is at a low level and is

probably isotropic, possibly owing to weak thermal motion.

However, the Pb-Pb peak width increases significantly, and

at the same time, two shoulders around the major peak

emerge at 300 K. This suggests a far more anisotropically

disordered local distribution for Pb, which should be related

to more complex factors besides thermal disorder, e.g., dis-

placive disorder. This is in good agreement with the previous

high-resolution neutron powder diffraction data and the cor-

responding Rietveld refinement results of Zr-rich PZT,

which show that from 8 K to 300 K, the isotropic displace-

ment parameter (Biso) of Zr/Ti increased from 0.31(1) Å2 to

0.60(3) Å2, while that of Pb increased much more, from

0.800(8) Å2 to 2.11(3) Å2,8 which cannot simply arise from

thermal motion alone.

The obtained models have also been statistically ana-

lyzed in order to identify the direction of atomic displace-

ments of the Pb cations. In the neutron measurements, the Pb

cation displacements are calculated against the center of the

oxygen octahedra. However, this is unsuitable for XPDF

since the X-rays are insensitive to the light atoms and the

effect of Q-dependence on X-ray scattering cross-sections is

more noticeable for oxygens. Therefore, the displacement

directions are calculated as vectors between the centroid

position of the surrounding B cations and the Pb positions in

the RMC-refined structural models, because the displace-

ments of Zr/Ti are relatively small, about 1/3 of the Pb dis-

placements in the PZT solid solutions.7,8 Also, because of

the relatively large displacement lengths of Pb, the local

polarizations are mainly due to the Pb displacements. This is

especially true at this PZT composition, where the percent-

age of Zr on the B-site is high (75%) and it is known that Zr

is usually considered to be ferroelectrically inactive.10 The

distributions of the Pb displacement directions are plotted in

the form of stereographic projections, which is a convenient

way to distinguish displacements along the rhombohedral

(R, h111i), tetragonal (T, h001i), orthorhombic (O, h110i)
symmetry axes, or within a monoclinic (M, {110}/{100})

mirror plane. The statistical results in Fig. S2 and Figs. 4(a)

and 4(b) show that at 20 K the Pb cations are displaced pre-

dominantly along h111i, with a small amount on the {110}

planes. Interestingly, both the MA (between h111i and h001i)
and MB (between h111i and h110i) components are

observed. Most of the angles between the Pb displacement

directions and h111i are small [less than 5(60.06)�]. At

300 K, the displacement directions of the Pb cations cover a

larger area in the stereographic projection, which means that

the degree of disorder, especially the displacive disorder,

becomes stronger with the increase in temperature. In partic-

ular, there are fewer Pb atoms displaced exactly along h111i
compared with the other directions on the {110} plane. Two

maxima are observed on either side of h111i, and the angles

between the maxima of the Pb displacement vectors and

h111i are larger [about 9(60.08)�] than those at 20 K. This

tendency is more clearly shown in Figs. 4(c) and 4(d), where

FIG. 3. Partial PDFs of the Pb-Pb, Zr-Zr, Zr-Ti, and Ti-Ti atom pairs in the

region of 3–5 Å for (a) 20 K and (b) 300 K. (c) A comparison of the Pb-Pb

bonds and (d) the Zr-Zr bonds at 20 K and 300 K.
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we plot the 1-D distribution of the Pb displacement direc-

tions on the {110} plane. This indicates that local polariza-

tions with R, MA and MB directions coexist at 20 K, and the

proportion of the local polarizations pointing exactly along

the rhombohedral symmetry axis decreases upon reaching

room temperature. The increase in the angle between the Pb

displacement vector and h111i with increasing temperature

corresponds to a temperature-induced change in the polariza-

tion direction [shown in Fig. 4(e)]. Note that with the local

polarization directions at only two temperatures, one cannot

tell for sure whether the polarization rotation is continuous

or not. To distinguish this, further studies at more tempera-

tures will be necessary.

The stereographic projection plot shows a statistical dis-

tribution of the local Pb displacements. However, it does not

provide information on correlations over a large length scale.

Therefore, we calculated the displacement correlation coeffi-

cients of the neighboring ith and jth Pb atoms in each of the

X, Y, and Z directions using the equation

cx
ij ¼

xixjh i

x2
i

� �
x2

j

D E� �1=2
; (1)

where xi is the displacement along the X axis of the ith Pb

atom.32 The average correlation coefficients calculated from

100 RMC runs at 20 K are 0.583(4), 0.568(5), and 0.589(4)

in the X, Y, and Z directions. At 300 K, the coefficients in the

X, Y, and Z directions are reduced to 0.323(4), 0.329(4), and

0.330(4), respectively. The histograms of the coefficients are

shown in Figs. S3(a)–S3(f). This indicates that at both tem-

peratures, certain levels of Pb-Pb displacement correlations

exist.33 An increase of the disordering level is observed at

room temperature. Figure S3(g) shows part of the Pb dis-

placement distributions in a three-dimensional space in a

larger box of 20� 20� 20 pseudocubic unit cells modeled

by RMC at 20 K. A close examination shows that the dis-

placement correlation exists mostly on the scale of 4–5 unit

cells. Therefore, there is a collection of locally correlated

monoclinic polarizations rather than a long-range

“monoclinic phase” in this material. The polarization rota-

tion that we have observed largely exists at the unit cell

level, similar to the results of first-principles calculations.5

In this work, high-energy synchrotron diffraction experi-

ments were carried out on PZT (x¼ 0.25) at 20 K and 300 K.

With the help of the RMC method, information on the local

structures was extracted from the X-ray PDF data. Although

the average structures at 20 K and 300 K are both rhombohe-

dral, the local Pb displacements are found to be increasingly

driven away from the h111i directions as the temperature

increases, so that both MA and MB local polarizations form

at 300 K, indicating a local polarization rotation driven by

changing temperature. In many Pb-based solid-solution sys-

tems including PZT, the existence of an average monoclinic

phase has been observed at various temperatures around the

MPB.3,34,35 The monoclinic distortion is recognized as one

of the most significant contributors to the high piezoelectric

response, especially via polarization rotation under an elec-

tric field.36,37 Although our present study focuses on the Zr-

rich compositions, which is far away from the MPB, we

have also observed that there are a large amount of Pb dis-

placements along the monoclinic directions and they are able

to rotate under external stimuli. The difference between this

work and the previously mentioned reports is that the mono-

clinic distortions in Zr-rich and MPB compositions of PZT

have different length scales. The monoclinic local polariza-

tions are mainly observed at the unit cell level in our case.

This suggests that there is certain structural flexibility in

PZT in a wide composition range. With the Ti concentration

increasing, this flexibility becomes more correlated, and

therefore may contribute significantly to the overall high pie-

zoelectric property of PZT.

See supplementary material for the fitted patterns using

PDFFIT small-box modeling and RMC large-box modeling,

full stereographic projection plots for Pb obtained from the

RMC calculation and the distribution of the Pb-Pb displace-

ment correlation coefficients from the RMC calculation.
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