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In recent years, the stability field of a monoclinic phase at the morphotropic phase boundary in lead
zirconate titanate, Pb�Zr1−xTix�O3, has been under discussion. In the present study, we investigated samples in
the compositional range between 0.40�x�0.475 and x=0.55 using high-resolution synchrotron x-ray diffrac-
tion in combination with transmission electron microscopy and electron paramagnetic resonance to correlate
average structure and microstructural information. It is shown that the microstructure plays a crucial role in the
analysis of diffraction data. The appearance of intensity in diffraction patterns formerly linked to a monoclinic
phase �B. Noheda et al., Phys. Rev. B 61, 8687 �2000�� can directly be correlated to a miniaturization of the
average domain structure of the material visible in the presence of nanodomains. The internal symmetry of the
nanodomains is not necessarily monoclinic due to coherence effects in diffraction and is discussed with respect
to martensitic theory.
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I. INTRODUCTION

The origin of the high piezoelectric response at the mor-
photropic phase boundary �MPB� in ferroelectric perovskite
solid solutions such as lead zirconate titanate,
Pb�Zr1−xTix�O3 �PZT�, which separates the rhombohedral
�R3m� and tetragonal �P4mm� phase regions,1 has been the
subject of discussion for many years. So far, physical prop-
erties are interpreted as either the reaction of an assumed
domain structure to the applied electric field or as changes in
symmetry or phase fractions of an average structure model.
No connection between the two has been drawn up to this
point. A detailed interrelation of average structure informa-
tion from x-ray diffraction with real structure models derived
from transmission electron microscopy �TEM� and addi-
tional information on atomistic coordination using electron
paramagnetic resonance �EPR� of PZT compositions at the
MPB is therefore mandatory.

The discussion on the average structure of the material at
its MPB is still controversial. As the space-group symmetry
of the tetragonal and rhombohedral ferroelectric phases is not
connected by direct group theoretical correlation, a
coexistence2 of both was assumed. The presence of both
structural modifications would enhance the capability of re-
action of the material to an applied external electric field3

due to a possible combination of six polarization directions
in the tetragonal phase and eight in the rhombohedral. As a
possible origin for a phase coexistence, e.g., quenched-in
thermal fluctuations were considered.2 Detailed reviews can
be found in Refs. 4–6.

Furthermore, the existence of an intermediate monoclinic
Cm phase—a subgroup of both the tetragonal and rhombo-
hedral symmetries—was proposed, as Noheda et al.7 de-
tected an increase in peak width of the tetragonal 101 peak in

PZT 52/48 with decreasing temperature. A maximum in
width was observed around 300 K, accompanied by peak
splitting in high-resolution synchrotron powder-diffraction
patterns recorded in flat-plate reflection geometry.8,9 To ex-
plain the formation of this phase, a freezing-in of local dis-
order in atomic positions was postulated. A possible disorder
of lead was derived from anisotropic atomic displacement
parameters �ADPs� used in Rietveld refinement in single-
phase samples near the MPB,8,10 in the shape of flat ellip-
soids perpendicular to the respective ferroelectric polariza-
tion direction �which is �001�C in the tetragonal and �111�C

in the rhombohedral phase�. If this thermal motion is con-
densated within the �110�C plane, which contains both ferro-
electric displacement directions, the symmetry is reduced to
Cm and forms one of the rare cases of a two-dimensional
ferroelectric, in which the dipole moment can rotate in the
plane containing the polar axis.8,11 The model was underlined
by the interpretation of diffuse streaks in higher-order zones
of TEM diffraction images by Glazer et al.6 They further
stated that larger regions of this Pb disorder were stable at
the MPB, resulting in a coherently diffracting monoclinic
intermediate phase. However, it was not discussed how the
relation between domain structure and this new phase could
be.

Peak profiles of the diffraction patterns of ferroelectric
materials are highly influenced, as their structure is not com-
pletely three-dimensional periodic but contains a set of alter-
ing domains �twins� with distinct polarization directions.12

So Rietveld refinement, which is based on three-
dimensionally periodic structures, can only result in a struc-
tural model, which is an idealized assumption of the struc-
ture present. All the real structure and local structure
information accessible must therefore be discussed in context
with structural information derived from diffraction data.
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It has been reported that the domain structure causes an-
isotropic broadening effects of distinct hkl reflections, asym-
metries, and diffuse intensity between the peaks in diffrac-
tion patterns, as described for PbTiO3 by Boysen.13 He
attributed asymmetries and diffuse scattering to strain de-
forming the lattice across the domain walls in the material.
Floquet et al.14 described the 90° domain wall in BaTiO3 as
a crystallographic discontinuity, in which irregular atomic
displacement and a distribution of d spacings over a range of
4–5 nm cause changes in the direction of the polarization
vector. However, computational studies15 on domain walls
calculated the width of both 90° and 180° domain walls in
PbTiO3 to be in the range of one unit cell, 0.5±0.05 nm.
Narrow widths of 1.0±0.3 nm were also detected by Stem-
mer et al.16 in PbTiO3 using a combination of high-
resolution TEM and quantitative image analysis.

All groups working on x-ray data of samples close to or at
the MPB encountered similar difficulties in refining the
structural models due to overlapping and asymmetric peaks,
anisotropic peak broadening, and diffuse scattering. Single-
phase models were used8 as well as various two-phase com-
binations of tetragonal, rhombohedral, and monoclinic
phases.17–19 Ragini et al.17 obtained the best fit of their data
by using a combination of a tetragonal and a monoclinic
structure and not single-phase models as Noheda et al.8,9 and
Frantti et al.18 The latter two additionally modeled the dif-
fuse intensity between, e.g., the 002/200 pair, which is as-
cribed to a lattice distortion across domain walls, using a
cubic phase similar to the work of Müller et al. on
PbHf0.4Ti0.6O3.20

As there are obvious differences between the width of
domain walls derived from TEM analysis or simulations and
that predicted from x-ray diffraction, a different approach to
explain the peculiarities in the diffraction patterns has to be
undertaken. Interference effects between the domains were
successfully discussed by Khachaturanyan and
co-workers21–27 for the structure of morphotropic relaxor ce-
ramics �lead magnesium niobate–lead titanate �PMN-PT�
and lead zinc niobate–lead titanate �PZN-PT�� using marten-
sitic theory. In Ref. 21 and 22, the authors questioned the
existence of a monoclinic phase in these materials. They
stated that the lattice parameters of the monoclinic phase
calculated using Rietveld refinement are directly dependent
on the lattice parameters of the tetragonal and cubic parent
phases and are just an average over miniaturized tetragonal
nanodomains, which can reach up to tens of nanometers
without being able to diffract incoherently. The miniaturiza-
tion of the domain structure is induced by a very low
domain-wall energy. Both the miniaturization and a low
domain-wall energy can enhance piezoelectric properties of
the material, as domains are more easily reoriented. We will
show that in morphotropic PZT, a similar variation of the
domain structure is observed in the region stated to contain a
monoclinic phase.

Recent calculations on stability fields in the PZT phase
diagram,28 which are to satisfy the Gibbs phase rule, again
raised the question of a two-phase region of rhombohedral
and tetragonal symmetries on a nanometer length scale. This,
in fact, can be correlated with our observations made in
samples with compositions belonging to the MPB.

II. EXPERIMENT

For the investigation of the average and local structures at
the morphotropic phase boundary, a set of samples ranging
across the compositional area was subjected to x-ray syn-
chrotron powder diffraction, transmission electron micros-
copy, and electron paramagnetic resonance spectroscopy.
The undoped samples were prepared using a mixed-oxide
route29 with Zr/Ti contents of 60/40, 57.5/42.5, 56/44,
55/45, 54/46, 52.5/47.5, and 45/55. The powders were
pressed uniaxially into 12 mm pellets at 17.7 MPa, followed
by cold isostatic pressing at 400 MPa. The pellets were then
sintered under an oxygen atmosphere at 1225 °C for 2 h
with a heating rate of 5 °C min−1 up to this temperature. To
minimize PbO loss through sublimation, the samples were
sintered in a powder bed of PbZrO3 and ZrO2.

High-resolution synchrotron x-ray powder-diffraction
measurements were conducted at the beamline B2, Hasylab
Hamburg, Germany. Polycrystalline pellets of a thickness of
50–70 �m were analyzed in transmission geometry using a
high-resolution setup with a scintillation single counter and
analyzing crystal30 at an incident wavelength of �
�0.05 nm and a step size of 0.004°. Analysis of the grain
size was conducted on mechanically polished and chemically
etched samples on a Zeiss DSM 962 working at 25 kV. The
mean grain size was determined as 22.1±1.4 �m using a
linear intercept method with program LINCE 2.31D.31

The x-ray data were analyzed using the general structure
analysis32 program GSAS for Rietveld refinement. A two-
phase model of a tetragonal P4mm phase and a monoclinic
Cm phase �Table I� was used in accordance with the refine-
ment of Ragini et al.17 The structural model was fitted to the
data using a Thompson-Cox-Hastings pseudo-Voigt profile
function,33 and for simulation of the background, a linear
interpolation between fixed background points. To partly ac-
commodate the anisotropy in the full width at half maximum
�FWHM� caused by the domain structure, the profiles were
additionally varied using the generalized model for aniso-
tropic peak broadening by Stephens,34 incorporated in GSAS.
The atomic coordinates of Zr and Ti were only refined con-
strained at one position to stabilize the fit, although pair dis-
tribution function modeling by Egami et al.35 showed that
the Zr atoms tend to stay in a central position, while the Ti is
shifted out of the center to accommodate the size difference
between the two types of cell. Moreover, the profile param-
eters, histogram scale factor, isotropic ADPs, and phase frac-
tions were refined besides the lattice parameters. The sum of
phase fractions was constrained to equal 1; further con-
straints were put on the ADPs of one atom type for one
phase. The Thompson-Cox-Hastings profile parameters with-
out microstrain parameters were set to be equal for both
phases. We abandoned the use of any anisotropic ADPs, as
strong correlation effects between profile parameters and
ADPs are observed. Since peak profiles are only partially
corrected for real structure effects, using isotropic ADPs
some Uiso tend to have unphysical negative values, showing
up the limitations of the fit. Similar observations were made
by Corker et al.10 and Frantti et al.36 The latter tried to over-
come the problem by independently refining the Zr and Ti
positions in the Cm phase, however, having to constrain all
Uiso values in the P4mm to the same value.
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Samples for transmission electron microscopic examina-
tion were prepared by the standard procedure of sawing, pol-
ishing, disk cutting, dimpling, and ion milling.37 Transmis-
sion electron microscopy was performed with a Philips
CM20 SuperTwin operating at 200 kV. Domain configura-
tions were studied using bright field imaging and selected
area electron diffraction techniques. For analysis of the sym-
metry within single domains, information from convergent
beam electron diffraction �CBED� was used.38 A continuative
and more detailed analysis of microscopic studies can be
found in Ref. 37.

Additionally, EPR investigations on FeTi
3+ impurity centers

in nominally undoped PZT samples were undertaken. The X
band �9.4 GHz� continuous-wave �cw� EPR measurements
were performed using an ESP 300E spectrometer �Bruker�,
equipped with a rectangular TE112 resonator. The magnetic
field was read out with a NMR gauss meter �ER 035M,
Bruker� and, as a standard field marker, polycrystalline
diphenylpicrylhydrazyl with an electron g value of g
=2.0036 was used for the exact determination of the reso-
nance magnetic-field values. The paramagnetic FeTi

3+ center,
which is always present in low abundance as an extrinsic
impurity, was used as a probe for the local point symmetry at
the B site.39–42 For the discussion of the corresponding high-
spin 3d5 FeTi

3+ EPR spectra �S= 5
2

�, which, in principle, should
include tensor components up to fourth-rank,43,44 a simplified
effective spin Hamiltonian42,41 given by

H = giso�eB0 · S + B2
0O2

0 + B2
2O2

2 �1�

was used, in which giso is the electron g value, �e the Bohr
magneton, and B0 the external field. The first term represents
the electronic Zeeman interaction, and the last two terms
describe the second-rank fine-structure �FS� interaction,
where B2

0 and B2
2 are the corresponding FS parameters and O2

0

and O2
2 the extended Stevens spin operators.43 Principally,

EPR allows no direct assignment to either rhombohedral or
monoclinic symmetry and renders a FS interaction tensor of
orthorhombic symmetry �B2

0�0∧B2
2�0� for both cases.

However, the existence of different orthorhombic phases
may generally be determined, as multiple sites with corre-
sponding ratios B2

2 /B2
0 will be observed and a clear distinc-

tion from tetragonal symmetry �B2
0�0∧B2

2=0� is provided.
Correspondingly, EPR is used here to determine the number
of different sites and their relative intensities.

III. RESULTS

To understand the effects visible in the diffraction pattern
of samples with composition in the morphotropic phase re-
gion, we first investigate the influence of the domain struc-
ture on the tetragonal and rhombohedral side of the MPB
before we consider the area, where a monoclinic phase was
observed by Noheda et al.8

A. Synchrotron x-ray diffraction and TEM: PZT
of tetragonal symmetry

In x-ray powder-diffraction patterns of tetragonal PZT
45/55, anisotropic peak broadening effects and asymmetries
in line shape are observed for distinct hkl reflections. Broad-
ening is most pronounced in l-dependent reflections, while
h-dependent reflections are sharpest. The FWHM of h0h re-
flections take on intermediate values. The asymmetries,
partly accompanied by diffuse scattering, are dominant be-
tween reflection pairs which are split with respect to cubic
symmetry �Fig. 1, topmost pattern�. The Rietveld fit using
a P4mm symmetry and symmetric anisotropic peak
broadening34 leads to characteristic small misfits as asymme-
tries cannot be adjusted. This is in agreement with reports on
the effect of tetragonal domains on diffraction patterns of
pure PbTiO3 by Boysen.13 TEM investigations on tetragonal
PZT samples reveal a bimodal lamellar distribution of
domain widths of mostly 90° domains, which is fluctuating
around average values of 66 and 147 nm.37 According to
martensitic transformation theorem,45 the domain walls
should be stress-free and the domain widths in the plane of
projection should be in the range detected by Schmitt et al.37

B. Synchrotron x-ray diffraction and TEM: PZT
of rhombohedral symmetry

New discussions on the symmetry of samples on the Zr-
rich side of the MPB arose when Ragini et al.17 postulated
that its crystal structure at ambient temperature was not
rhombohedral but monoclinic, as in Rietveld refinement the
goodness of fit using a Cm phase was better than for an R3m
phase. They underlined their statement with the work of
Corker et al.,10 who considerably improved their fit on neu-
tron powder diffraction data from samples with rhombohe-
dral compositions of Ti up to a content of 40 mol % by using
an R3c phase and anisotropic ADPs. However, CBED for our
PZT 60/40 samples with the sintering temperature already as
low as 1050 °C clearly report rhombohedral symmetry

TABLE I. Atomic positions of the phases used in Rietveld refinement for PZT 54/46.

Atom

Tetragonal P4mm Nanodomains �monoclinic Cm fit�

X Y Z Ui ·100 Site symmetry X Y Z Ui ·100 Site symmetry

Pb2+ 0.000 0.000 0.000 5.5�4� 4MM�001� 0.000 0.0 0.0 4.5�2� M�010�
�Zr/Ti�4+ 0.500 0.500 0.505�4� 4.0�8� 4MM�001� 0.478�3� 0.0 0.555�2� 1.7�3� M�010�
O1

2− 0.500 0.500 0.010�2� −3.3�8� 4MM�001� 0.481�5� 0.0 0.143�7� 0.2�6� M�010�
O2/3

2− 0.000 0.500 0.547�30� −3.3�8� MM2�001� 0.282�3� 0.335�3� 0.387�6� 0.2�6� 1
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FIG. 1. High-resolution synchrotron x-ray powder diffraction and TEM imaging of PZT of varying Zr/Ti ratio. An increase in broadening
is seen in changes in shape and width of the 002T reflection between the sample PZT 45/55, 52.5/47.5, and 54/46. The asymmetry and
width of the tetragonal 101T reflection not only change but also evolve into a new peak between 101T 110T in sample PZT 54/46, which
gains in intensity toward PZT 57.5/42.5. This rise is accompanied by a decrease in intensity of the visible 110T reflection, which then seems
to be absent or overlapped in sample PZT 56/44, and a splitting of the cubic and/or tetragonal 111 reflection. The domain structure changes
from a lamellar tetragonal configuration via nanodomains to a rhombohedral herringbone structure.
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within a domain.38 As diffraction experiments for both sin-
tering temperatures of 1050 and 1225 °C do not show dif-
ferences in features besides symmetric broadening due to
grain-size effects, this result can directly be extrapolated to
samples of higher sintering temperature. The difficulty of
refining the structural model for high-resolution diffraction
data of PZT 60/40 and PZT 57.5/42.5 using a rhombohedral
R3m symmetry sheds some doubts on the existence of a
monoclinic phase in PZT. Anisotropic broadening effects in
diffraction patterns of these samples are very pronounced
and can not be accommodated using anisotropic peak broad-
ening parameters by Stephens34 for a rhombohedral R3m
symmetry. The deviation from an ideal rhombohedral dif-
fraction pattern arises from the difficulty of arranging the
eight possible polarization directions in the rhombohedral
phase in a three-dimensional set of domains. This causes
domain walls to be strained and be of predominantly wavy
character, separating large rhombohedral domains of lamellar
or herringbone structure.37 In diffraction, these strain effects
result in additional anisotropic broadening of diffraction
peaks besides coherence effects, as clearly visible for 00lR
reflections. This plane coincides with a 71° domain wall.46

The largest mismatch between a fit using an R3m symmetry
and additional rhombohedral microstrain parameters and the

measured data is observed in the 111R / 1̄11R reflection pair,
for which the calculated pattern gives broader reflection
widths �Fig. 2�. If instead a monoclinic Cm phase is used in
combination with anisotropic peak broadening parameters,
the reduced �2 �goodness of fit� decreases drastically and all
reflection widths and intensities are fitted correctly. The
c /a-ratio of the monoclinic fit, calculated for pseudocubic
axes, is around 1. It is thus demonstrated that a complex and
strained domain structure alters a diffraction pattern in such a
way that it may be fitted using
a symmetry model, which is not supported by other
techniques.

C. Synchrotron x-ray diffraction: PZT of morphotropic
composition

We now investigate samples of morphotropic composition
starting on the tetragonal side of the MPB. With higher Zr
content, the broadening of the l-dependent tetragonal reflec-
tions increases. In addition, a rising distribution of d values
reflected in peak asymmetry between—with respect to the

cubic phase—split reflections is observed �Fig. 1�. At the
same time, the tetragonal c /a-ratio of the samples decreases
�Fig. 3�. A gain in intensity between 101T and 011T evolves
into a new peak alike 1̄01R. However, the presence of a
rhombohedral phase cannot be certified, as no unoverlapped
rhombohedral 002R peak is observable in PZT 54/46. PZT
55/45 represents an intermediate between PZT 54/46 with
higher tetragonal c /a-ratio and PZT 56/44 with overlapping
broad peaks and a very small tetragonal c /a-ratio. The peak
width of the �002� reflection derived from single peak fits has
a maximum at this composition �Fig. 3�.

With the strong increase in anisotropic peak broadening
and asymmetry with respect to a tetragonal symmetry, it is
not possible to apply a standard tetragonal Rietveld fit to
samples on the tetragonal side of the MPB. The question on
coexistence of a second phase arises. All possible one-, two-,
and three-phase symmetry combinations of P4mm, Cm, and
R3m were tested. The best fit was achieved using a combi-
nation of the tetragonal and monoclinic phases. This way,
anisotropy and especially the asymmetry of reflections were
accounted for, as the peak positions of the Cm monoclinic
phase lie directly underneath the asymmetric tails of tetrag-
onal reflections, visible, e.g., in the monoclinic 002M /220M
reflections with relation to the tetragonal 002T /200T pair
�Fig. 1, PZT 52.5/47.5 or PZT 54/46�. Moreover, the addi-
tional reflection between 101T and 110T in PZT 54/46, which
cannot be attributed to the tetragonal phase, and the splitting
of the 111T reflection are accommodated with the addition of
a Cm phase. A full pattern of PZT 55/45 is depicted in Fig.
4. This is in agreement with the refinement of Ragini et al.17

A decrease in the c /a-ratio was calculated in pseudocubic
axes from both the tetragonal and monoclinic fits �Figs. 3
and 5� with increasing Zr content. The tetragonal phase frac-
tion directly goes along with its c /a-ratio and is absent for
samples PZT 57.5/42.5 and PZT 60/40 on the rhombohedral
side of the MPB.

These fits can imply that an additional monoclinic phase
is present at the MPB as proposed in literature,9 with a
gradual changeover in phase content from tetragonal to
monoclinic with increasing Zr content. However, we have to
bear in mind various observations: there are no independent
monoclinic reflections in the patterns which are not linked to
either asymmetries of tetragonal reflections or diffuse scat-
tering between those or to the reflection, which in samples
with higher Zr content will be assigned to a rhombohedral

FIG. 2. Rietveld fit of PZT
57.5/42.5 using a monoclinic Cm
cell and a rhombohedral R3m cell.

NANODOMAIN STRUCTURE OF Pb�Zr1−xTix�O3… PHYSICAL REVIEW B 75, 184117 �2007�

184117-5



101R reflection. Furthermore, by using Rietveld refinement,
the features of the diffraction pattern caused by the domain
structure of the material are not fully modeled, as so far no
profile functions are available. Even pure rhombohedral
compositions are fitted better using a monoclinic symmetry
model. Whether the improved fit including a monoclinic
phase is due to interference effects as assumed by Jin et al.22

for PMN-PT or to monoclinic symmetry cannot be decided
at this point. For further interpretation, information on the
domain structure from TEM and, additionally, EPR analysis
are necessary.

D. TEM: PZT of morphotropic composition

TEM studies across the MPB and for PZT 45/55 and PZT
60/40 help to clarify the picture. They are described in more
detail in the work of Schmitt et al.37 Drastic changes in do-
main configuration and size with composition are observed.
The typical domain structure present on the tetragonal side
�topmost TEM image in Fig. 1� miniaturizes with increasing
Zr content up to PZT 55/45. First, very small domains de-
velop within the tetragonal microdomains, which we will
define as nanodomains. Their lateral size strongly varies with
composition between 3 nm in samples close to the tetragonal
and rhombohedral phase fields and a maximum of 30 nm in
PZT 54/46.37 Within the larger nanodomains in PZT 54/46,
another smaller set of subdomains is present,47 which makes
the determination of symmetry within a single nanodomain
using CBED challenging due to experimental restrictions.38

On the tetragonal side of the MPB within the plane of pro-
jection, nanodomains predominantly take on an angle of
�45° to the domain wall of the lamellar 90° microdomains.
In the TEM bright field image of PZT 54/46 in Fig. 1, the
�101� microdomain walls are seen edge on with respect to
the tetragonal �010� zone axis, while the nanodomains show
a diffraction contrast pattern of fringes. The diminishing
c /a-ratio of the tetragonal phase with decreasing Ti content
is accompanied by an increase in nanodomain content and
width. The orientation of the nanodomains varies locally
with respect to the domain walls of microdomains in PZT
55/45 up to a perpendicular arrangement in the plane of
projection. Furthermore, irregular microdomain walls with
predominantly wavy character are observed for compositions
between PZT 55/45 and PZT 60/40,37 involving large inter-
nal stresses.48 At a composition of PZT 56/44, the nan-
odomain width decreases again and they start to coexist with
wedge-shaped microdomains. However, synchrotron data
still show a percentage of 11% tetragonal phase and a very
broad 200T peak for this composition. This indicates that the
sample, on average, still contains areas consisting of tetrag-
onal microdomains. In samples with a higher Zr content, the
nanodomains become smaller in width, until just micro-
domains are present.

FIG. 3. Phase fractions and c /a-ratio derived from two-phase
Rietveld refinement of high-resolution synchrotron powder-
diffraction data �for data see Table II�. Peak width from single peak
fits is largest at the MPB where there is a crossover in phase frac-
tions going along with a decrease in c /a-ratios. Phase fraction de-
tected by XRD are directly comparable to the content of local te-
tragonal distortion gained by EPR analysis. At the crossover point,
the peak width of the 002 reflection derived from single peak fits is
at its maximum.

FIG. 4. High-resolution syn-
chrotron x-ray powder diffraction
of PZT 55/45. Rietveld refine-
ment using tetragonal P4mm and
monoclinic Cm phases is able to
model both the splitting in �111�c

and in �002�c better than using
single-phase fits.
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E. EPR

The obtained ambient temperature X-band EPR spectra
for varying Zr/Ti ratios are depicted in Fig. 6. Principally,
the analysis of the local structure in PZT compounds via the
FeZr,Ti

3+ paramagnetic probe is complicated by the existence of
charge-compensating oxygen vacancies �VO

·· � in the first co-
ordination sphere of the Fe3+ centers.39,41 These lattice va-
cancies induce an additional orthorhombic distortion to the
local crystal field already in the global tetragonal phase.49

However, in good approximation, this additional distortion
may be treated as a constant offset.50 Taking the spectrum for
a composition of PZT 45/55 with tetragonal symmetry as
constituent reference spectrum, this constant “orthorhombic
offset” may be determined to an axial-to-orthorhombicity ra-
tio of 0.27. By determining the axial-to-orthorhombicity ratio
for different Zr/Ti ratios through numerical spectrum simu-
lation, the effective phase ratio may be obtained by “sub-
tracting” this extra offset from all other spectra. Concerning
the numerical spectrum simulation, the exact values for B2

0

are not yet determined for the FeTi
3+ impurity center in PZT

solid solutions. As these parameters are not accessible from
the low-frequency condition-type EPR spectra, lower and
upper bounds for B2

0 are defined by the values obtained from
the pure phases FeTi

3+:PbTiO3 �Ref. 42� and FeZr
3+:PbZrO3,41

respectively. This proceeding is justified, because in the low-
frequency regime, established at X-band microwave frequen-
cies, even large variations in the FS interaction do only in-
fluence the positions of the resonance lines in fourth order, as
long as the condition B2

0��	 is fulfilled.51 On the contrary,
X-band EPR is very sensitive to subtle changes in the local
symmetry via variations in the line intensities or variations in
the size of B2

2, for which reason it is well suited for investi-
gating the local structure. The corresponding phase contents
as a function of composition are shown in Fig. 3 and go
along with the phase fraction determined by x-ray diffraction
�XRD�. As a further result, the width of the MPB may
roughly be determined as ranging from PZT 52/48 to 56/44
for ambient temperature.

IV. DISCUSSION

The results presented above strongly indicate that the do-
main structure plays the leading role in the interpretation of
diffraction data from PZT.

Already for single-phase tetragonal material, the classical
interpretation of diffraction data using a wide crystallo-
graphic discontinuity14 or strain fields across domain walls13

is not supported by computational studies15 on the width of
domain walls and recent TEM investigations.16 Both studies
determined the width of a domain wall to be one or two unit
cells. This is in correspondence with martensitic theory,
which requests the domain wall to be an invariant plane and
therefore strain-free. An origin for the observed anisotropic
broadening can be the variation in domain size and width,
detected in TEM investigations.37 An indication for this is
that the broadening can mostly be modeled using anisotropic
peak broadening parameters, implying that the distribution of
size and, possibly, strain is quite homogeneous within the
sample. Strain at four-domain junctions in tetragonal doped
PZT was determined by MacLaren et al.,52 so strain effects
cannot be ruled out. As the angle between 90° domains
slightly deviates from 90°, coherence effects between
stacked domains govern the asymmetries between split re-
flections. These changes in peak shape remain unaccounted
using Rietveld.

FIG. 5. Lattice parameters derived from two-phase Rietveld refinement of high-resolution synchrotron powder-diffraction data. At Ti
contents lower than 0.44 mol %, the monoclinic lattice parameters, recalculated to tetragonal axes, are almost equal.

FIG. 6. X-band EPR spectra of PZT compounds with varying
Zr/Ti ratio.
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In samples of the rhombohedral side of the MPB, domain
walls are strained and anisotropic peak broadening does not
follow space-group symmetry restrictions for an R3m phase.
Corker et al.10 improved their fits of data from rhombohedral
samples by the introduction of anisotropic ADPs, which were
interpreted as local lead disorder and served as a basis for the
model of a monoclinic phase by Noheda et al.9 and Glazer et
al.6 As we have shown above, the refinement of these data is
influenced by the strained domain structure, and the symme-
try applied to get the best goodness of fit in Rietveld refine-
ment is not necessarily the intrinsic structure of the material.
If a profile is not matched correctly, a refinement of aniso-
tropic thermal parameters can partly compensate this mis-
match, and it is therefore difficult to determine the real origin
of the effect. The question remains whether the same aniso-
tropic ADPs, as reported by Corker et al., were still observ-
able if an implementation of the effects of the strained do-
main walls and coherence between the domains is achieved.
Therefore, simulation work using DIFFAX
 �Ref. 53� to apply
possible stacking models is in progress.

In view of the results on single-phase material, we need to
reconsider the view of the structure at the MPB discussed in
literature. The presence of a single monoclinic phase, as pos-
tulated by Glazer et al.,6 which is to form large areas that
diffract incoherently, should manifest itself in the electron
microscope. However, besides tetragonal or rhombohedral
microdomains, whose symmetry can be verified using
CBED,38 only nanodomains are observed. The appearance of
the additional intensity between the 101T and 110T reflec-
tions in PZT 54/46, so far attributed to a monoclinic phase,
may well be a result of coherence effects between nan-
odomain structures. Then, no information on the internal
symmetry of the nanodomains can directly be gained from
diffraction, as tetragonal, monoclinic, and rhombohedral
nanodomains all show up as a monoclinic phase in the dif-
fraction pattern.26

Based on martensitic theory, the internal structure of the
nanodomains can be estimated.22 If the internal symmetry is
unchanged with respect to that of the tetragonal parent phase,
the “adaptive” monoclinic phase will have a Pm symmetry,
as in PMN-PT. However, if the adaptive lattice parameters of
the a and b axes are related to those of the parent tetragonal
phase via a �2 dependence, the internal symmetry of the
nanodomains is likely to be rhombohedral.21 The latter de-

pendence would result in the observation of a monoclinic
Cm phase, as in the area of the MPB in PZT.

By the application of a two-phase Rietveld fit of a tetrag-
onal P4mm phase and monoclinic Cm phase, the fraction of
tetragonal microdomains and of nanodomains can be quanti-
fied. The reduction in phase fraction of the tetragonal phase
with increasing Zr content goes along with its reduction in
c /a-ratio and is therefore connected to a decrease in domain-
wall energy—an observation supporting the idea of a minia-
turization of the domain structure in systems with low
domain-wall energy.21 The local symmetry environment
changes equivalently, as described in Sec. III E.

The monoclinic cell parameters change in the same way
as the tetragonal ones, decreasing in c /a-ratio �scaled to
pseudocubic axes� and shifting toward rhombohedral axes of
equal length �Figs. 3 and 5�. If the monoclinic c /a-ratio is
about 1, the content of tetragonal microdomains besides nan-
odomains is very low or has vanished. Considering the in-
formation obtained from Rietveld refinement of rhombohe-
dral material, we can conclude that for a Zr content of
0.56 mol % and higher, mainly rhombohedral microdomains
are present, possibly still accompanied by a small number of
nanodomains.

Supporting the model applied to diffraction data, EPR
measurements demonstrate for all samples of morphotropic
composition a coexistence of one phase with local tetragonal
symmetry environment and one phase with lower local sym-
metry �rhombohedral, orthorhombic, or monoclinic�. While
the transition between the tetragonal and this second site
symmetry is clearly visible in the EPR spectra, no further
change is detectable up to PZT 60/40, which is clearly
shown to be rhombohedral in TEM experiments.38 A change
from monoclinic to rhombohedral or a coexistence of these
two phases would result in additional resonance lines, as a
different structural phase manifests in a varying B2

2 /B2
0 ratio.

This was not observed within the obtained spectral resolu-
tion. As EPR is a local probe, which is only sensitive to the
coordination sphere around FeZr,Ti

3+ centers, it could be argued
that as iron in a tetragonal environment is always linked to
an oxygen vacancy,39 this atom stabilizes one type of sur-
rounding and does not represent the average structure within
the material. As in our samples iron is only present in traces,
the possibility of clustering and the stabilization of local
symmetry areas different to that of Zr or Ti can be ruled out.

TABLE II. Composition-dependent lattice parameters, phase fractions, and c /a-ratio.

Zr/Ti

Tetragonal P4mm Nanodomains �monoclinic Cm fit� EPR

aT �Å� cT �Å� fraction �c /a�T aM �Å� bM �Å� cM �Å� � �deg� Fraction �c /a�M EPR�axial�

60/40 0 5.798 5.764 4.091 90.430 1 1.001 0

57.5/42.5 0 5.788 5.758 4.085 90.446 1 1.001 0

56/44 4.042 4.103 0.116 1.015 5.780 5.754 4.090 90.466 0.884 1.003 0.10�2�
55/45 4.059 4.099 0.345 1.010 5.765 5.743 4.098 90.459 0.655 1.007 0.30�2�
54/46 4.052 4.130 0.444 1.019 5.744 5.730 4.121 90.431 0.556 1.016 0.40�2�
52.5/47.5 4.039 4.142 0.734 1.026 5.733 5.714 4.120 90.302 0.226 1.018 0.70�2�
45/55 4.017 4.145 1 1.032 0 1
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To complete our discussion, computational simulations on
phases and structures at the MPB based on first principles54

and density-functional theory55 have to be considered. These
methods rely on a limited size of supercell, and an imple-
mented structure relaxation may produce an energy balance
different from stability fields caused by domains or micro-
mechanical strains. Domains are electrostatically different
from a relaxed lattice, while, e.g., strained domain walls in
the rhombohedral phase change elastic energy balances.
Monte Carlo simulations in progress by Bhattacharya and
co-workers 56 take electrostatic long-range interactions be-
tween ferroelectric dipoles into account. These calculations
demonstrate that even in the area of the MPB, a combination
between rhombohedral and tetragonal nanodomains can be
stable, while in the tetragonal and rhombohedral phases, mi-
crodomain states are stable. Recent calculations by Rossetti
et al.,28 using a low-order Landau expansion satisfying the
Gibbs phase rule, have shown that, in the narrow range of the
MPB, the thermodynamic stability of a coexisting phase field
of rhombohedral and tetragonal symmetries expands with de-
creasing temperature, and that phase coexistence is likely to
occur on a nanoscale, e.g., as nanodomains.

To obtain a more detailed insight on energy balances of
the different phases, one should require information on varia-
tions in domain-wall energy of the material, which at the
moment are not accessible. Only assumptions in correlation
with the tetragonal distortion of the material can be made.
Calculations using Landau-Ginzburg-Devonshire theory by
Budimir et al.57 predict that the Gibbs free-energy profile of
the tetragonal phase is flattened for compositions close to the
MPB. A very detailed extended discussion on this topic can
be found in the work of Bell.58 His line of argumentation is
consistent with our model on nanodomain structures. If a
local ordering of B cations appears, this can lead to the sta-
bilization of nanostructures, which are averaged up to a
monoclinic phase in diffraction.

V. CONCLUSION

Only a combination of average and local structure analy-
ses can give a full picture of samples dominated by real
structure effects. We showed that the previously reported ob-
servation of a monoclinic phase in PZT only using XRD

�Ref. 8� is due to a nanodomain structure in the MPB region,
and x-ray diffraction patterns are strongly influenced by the
miniaturization of the average domain structure observed in
TEM experiments. The amounts of nanodomains present in
the structure besides tetragonal microdomains can be esti-
mated using tetragonal and monoclinic Rietveld fits. Taking
into account martensitic theory, it can be concluded that the
nanodomains present at the MPB are likely to be of rhom-
bohedral internal symmetry. However, it also has to be stated
that a detailed investigation of the internal structure of the
nanodomains is not accessible with standard methods. A pos-
sible outlook is the application of microdiffraction tech-
niques.

The high piezoelectric response of PZT at its MPB was,
so far, explained by a rotation of the polarization direction
between tetragonal and rhombohedral symmetries.59 With
nanodomains present in the area of the MPB, a gradual ro-
tation of the overall polarization can be achieved as well by
reorientation of small nanostructures with high domain-wall
mobility, similar to PMN-PT.22 The small domains are able
to react with more flexibility to the applied electric field due
to smaller domain-wall energy and can assemble into larger
domain structures under electric field. More insight into this
behavior can be retrieved using in situ electric-field x-ray
diffraction, which will be presented elsewhere. Therefore,
nanodomain structures, previously interpreted as a mono-
clinic phase, may help in understanding the macroscopic
properties of PZT compounds without necessarily introduc-
ing a monoclinic structure in the area.
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