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Abstract
Crystal structures and phase transitions in the giant piezoelectric effect material lead zinc
niobate–8% lead titanate (PZN–8% PT) between 4.2 and 455 K have been determined using
very high resolution powder neutron diffraction. The structure at 4.2 K is monoclinic (Cm). On
heating, the monoclinic phase transforms first into tetragonal (P4mm) and then cubic (Pm3m)
structures via first-order transitions with wide two-phase regions.

1. Introduction

Single crystal relaxor ferroelectric materials in the PbZn1/3

Nb2/3O3–PbTiO3 (PZN–PT) system, in particular those at
the morphotropic phase boundary (MPB) with compositions
PZN–8% PT and PZN–9% PT, have attracted considerable
recent attention due to their excellent piezoelectric properties
(e.g. piezoelectric coefficient d33–2500 pC N−1, piezoelectric
strain 1.7%) [1, 2]. There has been much controversy in
the literature over the mechanism underlying these properties,
which are the highest recorded of any known material.

Several features of PZN–PT materials are at the root
of the controversy. First, they have perovskite structures
only marginally distorted from cubic. Their pseudo-cubic
symmetry has made it difficult to ascertain the true symmetry
as a function of temperature, composition, applied electric
field and mechanical load. To the PZN side of the original
PZN–PT phase diagram [1], the symmetry is shown as
rhombohedral (R3m) and on the PT side, it is shown as
tetragonal (P4mm), in common with the widely utilized
PbZrx Ti1−xO3 (PZT). These two phases are separated by an
MPB in which the symmetry has recently been described in
various monoclinic or orthorhombic space groups. Second,
unlike other ferroelectric materials, the maximum piezoelectric
response and the spontaneous polarization are not co-linear.
The large electromechanical coupling and piezoelectric strain
occurs in the [001] direction (all directions are referred to
the parent cubic phase) whereas the spontaneous polarization
is along [111]. Third, the crystals contain microscopic
ferroelectric domains [3, 4] which are affected by strain and
interfere with single crystal structure investigations. Fourth,
being relaxor ferroelectrics, the materials contain polar nano-

domains most likely associated with the occupation of the B
cation site by Nb, Zn and Ti in different ratios [5, 6].

Reviews of the proposed mechanisms have been
undertaken by Noheda and Cox [7] and Davis et al [8], and here
we summarize the prominent ones. An early mechanism for
the giant piezoelectric response, and one that remains popular,
is that PZN–PT has a large elastic compliance (s33) which
allows greater mechanical deformation along the principal axes
per unit of applied electric field [1, 9, 10]. Ogawa et al
[9] measured the elastic compliances in the rhombohedral
and tetragonal regions in PZN–9% PT, and concluded that
the R3m phase was much more ‘mechanically soft’ than the
P4mm phase. These high elastic compliances are likely to
have a significant influence on the other proposed mechanisms
discussed below.

A second hypothesis is that the enhanced piezoelectric
response is the result of electric field induced phase transitions.
The bulk of this work originates from in situ x-ray and
neutron diffraction studies of PZN–8% PT at various applied
electric fields or after electric poling. Originally, an E-
field induced phase transition from rhombohedral (R3m) to
tetragonal (P4mm) was proposed [2, 11, 12]. In recent years,
many lower symmetry structures have been proposed in the
region of the MPB in PZN–PT and the archetypal MPB in PZT
as discussed below.

A theoretical framework for comprehending the diversity
of phases in this system is the polarization rotation mechanism
proposed by Fu and Cohen [13]. In this view, the polarization
vector is able to rotate between the spontaneous polarization
in the rhombohedral phase [111], and the spontaneous
polarization in the tetragonal phase [001], under an electric
field applied along [001]. This theory and its exploration
by expanding a Landau–Devonshire model to 12th order [14]
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Figure 1. Rietveld fits to the diagnostic 200, 220 and 222 diffraction peaks at 4 K illustrating the agreement with structure models in (a) R3m,
(b) Amm2, (c) Pm and (d) Cm.

Figure 2. Phase percentages in PZN–8% PT as a function of temperature.

predicted various metastable or electric field induced phases at
the MPB. These include a monoclinic phase in Cm (known as
MA) and related monoclinic phases (MB and MC ) in Pm and
Cc as well as an orthorhombic phase in Amm2. Each of the
phases has been reported to occur experimentally in PZN–PT
or the related material PMN-PT (PbMg1/3Nb2/3O3–PbTiO3)
under various conditions. In PZT, the monoclinic phase in

Cm rather than the traditional R3m + P4mm coexistence
at the MPB in PZT was first observed by Noheda et al
[15] and a new phase diagram was proposed [16]. Other
work on PZT and PMN-PT has produced many observations
and interpretations including but not restricted to; R3m +
Amm2 [17], R3c + Cm [18], Pm [19, 20], Cm + Cc [21],
and Cc [22]. In the PZN–PT system of interest here, the
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Figure 3. Rietveld refinement plots for (a) the monoclinic phase in
Cm at 4 K, (b) the tetragonal phase in P4mm at 395 K and (c) the
cubic phase in Pm3m at 455 K. For greater clarity, only the region
between 1.1 and 2.1 Å is shown. Residual misfitting in (b) is due to
domain wall scattering (inset).

MPB phase has been reported to be orthorhombic [17] or
monoclinic in Pm [20]. Recent work by Davis et al [8] has
concluded that there is an electric field induced distortion
between rhombohedral–orthorhombic–tetragonal symmetries
and argued that this polarization rotation is undoubtedly
responsible for the giant piezoelectric response. The question
of whether these are true phases or just distortions of the
rhombohedral parent phase has been raised in [10], where it
was demonstrated that ferroelectric (or elastic) distortion of a
rhombohedral material in space group R3m along [001] results
(temporarily) in monoclinic symmetry in space group Cm.
Davis et al [8] conclude that this distinction does not affect the
attribution of the large piezoelectric response to polarization
rotation.

We have embarked on a programme of work to
carefully re-examine the crystal structures and structural phase
transitions in PZN–PT using very high resolution neutron
diffraction. In our previous work on PZN the ground state
symmetry R3m was found to convert directly to the cubic
parent phase above the Curie temperature [23, 24]. PZN–
4.5% PT single crystals were shown to be rhombohedral also

in R3m, a structure which persists to approximately 390 K
where there is a transition to P4mm [25]. A similar conclusion
was reached using coarse powders, however a single phase
tetragonal region was not found [26]. The motivation for this
work is to determine as a function of temperature, the baseline
structures and structural phase transitions at the composition
showing the maximum piezoelectric effect (PZN–8% PT). This
paper reports the results of a very high resolution neutron
powder diffraction study of PZN–8% PT over the temperature
range 4.2–455 K.

2. Experimental details

Single crystals of the composition PbZn1/3Nb2/3O3–8%PbTiO3

were grown in a PbO flux following the method of Mulvihill
et al [27]. Crystals of various sizes ranging from 0.5–15 mm
were extracted by dissolving the flux in a hot HNO3 solution.
To utilize the extreme resolution of the diffractometer to its
greatest advantage, approximately 2 cm3 of crystals were pre-
pared by light crushing and passing through a 143 μm sieve.
This allowed a compromise between good powder averaging
without causing excessive particle size broadening or lattice
strains.

Neutron powder diffraction patterns were recorded on the
HRPD diffractometer at the ISIS facility, Rutherford Appleton
Laboratory, UK. The instrument has a resolution of �d/d =
4 × 10−4 in the absence of sample induced broadening.
The crystals were loaded into a thin walled aluminium can
within a liquid helium cryostat. Neutron diffraction patterns
were recorded between 4.2 and 455 K, and from 30 000 to
120 000 μs whilst pausing at constant temperature for 20 min
including 2 min for temperature equilibration.

Data from the high resolution backscattering bank were
used in crystal structure refinements in the Rietveld analysis
program GSAS [28]. Refinements usually included lattice
parameters, atom coordinates, isotropic thermal parameters
(Pb, Zn/Nb), anisotropic thermal parameters (O), scale,
and 8 polynomial background parameters. The anisotropic
peak broadening model of Stephens [29] was necessary to
compensate for anisotropic peak broadening due to inter-
domain strains.

There was an added complication in some of the
refinements associated with domain wall scattering from the
tetragonal phase. This phenomenon, where the observed
intensity does not fall to the background but instead forms
a plateau has been observed between twin-related peaks of
ferroelectric materials and has been discussed in detail by
Darlington and Cernik [30], Taylor and Swainson [31], and
Valot et al [32]. This is difficult to model in Rietveld
refinements, as the peak shape parameters are inclined to refine
unphysical values in an attempt to account for this scattering.
To counteract this effect, it was necessary to constrain
some parameters in the two-phase regions. Specifically,
lattice parameters were refined in all cases, however in the
temperature ranges 340–385 K and 410–440 K parameters
such as the phase fractions, histogram scale factors and
anisotropic peak shape parameters, were altered manually by
a lengthy trial and error process rather than the usual least
squares procedure.
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Figure 4. Refined lattice parameters for the PZN–8% PT structures as a function of temperature.

3. Results and discussion

3.1. The ground state

Details of the crystal structure solution process, refined atom
coordinates and structure diagram at 4 K have been published
elsewhere [33]. In brief, pseudo-symmetry and sample
induced peak broadening prevent the application of traditional
means of structure solution. Instead Rietveld refinements
were trialled with equal effort in all the space groups and
combinations which have been suggested in the literature
for the morphotropic boundary in the PZN–PT system and
which do not involve coupled octahedral rotations. Selected
diffraction peaks from each of the refinements at 4 K are shown
in figure 1. The peaks selected (200, 220 and 222) represent the
three principal directions in the Devonshire expansion for the
free energy of a ferroelectric.

Since the ground state of PZN and PZN–4.5% PT have
been confirmed to be rhombohedral in R3m [23–26], this was
the logical starting point. On the scale of an entire diffraction
pattern this model fits the data reasonably well however, as can
be seen in figure 1(a), there are serious errors which cannot
be rectified with the structural and line broadening parameters
available. In particular, the observed 200 peak is split and the
calculated peak is out of position. Likewise, the calculated 222
peak is out of position. Attempts to fit the data as a two-phase
mixture of rhombohedral and tetragonal, or rhombohedral and
orthorhombic phases were not successful [33]. Single phase
fits to the orthorhombic (Amm2) and monoclinic (Pm, Cm)
structures are shown in figures 1(b)–(d). Lengthy attempts
to improve the fit in Pm and Amm2 both by least squares
refinements or manual intervention failed. The structure in
Cm clearly fits the data best and is the correct structure for the
ground state of PZN–8% PT.

Table 1. Phase fields in PZN–8% PT.

Temperature range (K) Phases present Space groups

4 ⇒ 335 M Cm
340 ⇒ 385 M + T Cm + P4mm
390 ⇒ 405 T P4mm
410 ⇒ 440 T + C P4mm + Pm3m
445 ⇒ 455 C Pm3m

3.2. Phase transitions

Although the greater pseudo-symmetry at 295 K makes the
distinction between Pm and Cm less definite, a similar series
of trial refinements as described above was conducted at that
temperature with the same conclusion. Refinements were then
undertaken using all data recorded at temperatures from 4 to
455 K. The monoclinic structure was found to be the only
phase present in the range 4–335 K. Above that, a broad
two-phase region containing the Cm phase and the tetragonal
phase in P4mm was observed. The tetragonal structure, which
could not be observed as a single phase at 4.5% PT [26], now
occupies a band at least 15 K wide. Above 410 K, is a further
small two-phase region showing coexistence of the P4mm
phase and the parent cubic phase in Pm3m. A summary of the
structures in the temperature range 4–455 K from the Rietveld
refinements is shown in table 1 and the phase proportions are
plotted in figure 2. As noted above, due to instabilities in
some two-phase refinements where only small amounts of one
phase was present, some parameters were manually refined
by a trial and error process rather than the usual full-matrix
least squares procedure. Due to pseudo-symmetry and strain
induced reflection broadening, we believe that the parameters
obtained in this way are more reliable.

An extended portion of the Rietveld refinements for each
of the single phases is shown in figure 3. The fit to the
monoclinic phase in Cm (figure 3(a)) confirms the correctness
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of that structure. The fit to the tetragonal phase (figure 3(b))
is also good except that the tetragonal phase has a significant
amount of domain wall scattering in between the twin-related
peaks such as 002/200. This kind of scattering has been
remarked upon several times (e.g. [30]) and phenomenological
models developed [31, 32, 34]. Based purely on the non-
Bragg reflection area as a ratio to the total diffraction above
background for this pair of reflections, we can estimate the
strained region around domain walls to represent ∼15% of this
material. The fit to the cubic phase (figure 3(c)) is good though
unremarkable.

Figure 4 shows the pseudo-cubic lattice parameters for the
three phases over the entire temperature range investigated1.
Several features are apparent. With increasing temperature in
the Cm region, there is a fairly smooth decrease in a with a
corresponding and larger increase in b and c. It is of interest to
extrapolate the region above 200 K (free from low temperature
saturation effects) and below ∼320 K (free from curvature
due to impending transitions) to high temperature. In the
extrapolation, am/

√
2 and bm/

√
2 converge at around 650 K

to form a pseudo-tetragonal metric. Convergence with cm to
give a cubic metric is much higher at around 900 K. Instead,
the tetragonal phase intrudes at a much lower temperature.
The transition to the tetragonal phase is preceded by some
downward curvature of cm and upward curvature of bm/

√
2

however there is little doubt that the transition is first order
from both the observed spontaneous strains and the broad two-
phase region. The lattice parameters of the tetragonal phase
indicate initial spontaneous strains ε11 ≈ 0.0025 and ε33 ≈
0.0055 which are smaller than those reported for BaTiO3 [35].
Curiously, the usual thermodynamic requirement that non-
interacting phases in a two-phase region have constant lattice
parameters is violated in both the monoclinic and tetragonal
phases although the trends at the extreme ends of the two-
phase regions (e.g. the tetragonal phase at 340, 345, 350 and
440 K) are not precise due to the small amount of one of
the phases. The effect is illustrated in figure 5 to not be an
artefact of the Rietveld fitting but rather a genuine trend in
the peak positions. A plausible rationale for this observation
is that the two phases form coherent boundaries within the
microstructure and the associated misfit strains have the same
form as the thermodynamic strains. The tetragonal parameters
trend towards cubic at an extrapolated temperature of 465 K
although the cubic phase appears via a first order transition
much lower than that. The tetragonal lattice parameters found
here and those of our previous study on PZN–4.5% PT [26]
behave similarly however, unlike here, in PZN–4.5% PT
no single phase tetragonal region was found. PZN–8% PT
becomes cubic at 445 K.

The temperature evolution of the refined monoclinic
β angle, shown as the spontaneous shear strain (ε13) in
figure 6, appears continuous in stark contrast with the lattice
dimensions in figure 4. Unlike the lattice dimensions,
extrapolation of the monoclinic distortion (β −90◦) indicates a

1 In the single phase monoclinic region of figure 4, the estimated standard
deviations for the lattice parameters a, b and c are 0.0002 Å, 0.0003 Å and
0.0003 Å respectively. For a and c in the tetragonal region, they are 0.000 03 Å
and 0.000 05 Å respectively and for the cubic parameter a, it is 0.000 06 Å.
These values increase by up to a factor 3 in the two-phase regions.

Figure 5. Tetragonal splitting of the 200 reflection as a function of
temperature illustrating that the spontaneous strain evolves over the
whole range of temperature irrespective of two-phase coexistence. At
the bottom of the figure is the first appearance of the T-phase at 340 K
where the majority of the material is M-phase. The series shows the
progression through the pure T-phase and into the T + C region.
Beyond the topmost pattern shown, the material is wholly cubic.

monoclinic → orthogonal transition at approximately 374 K.
The extrapolation is assisted by least squares fitting to an
equation of the form:

β − 90 = C

[
TC

(
1

tanh (TS/TC)

)
−

(
1

tanh (TS/T )

)] 1
2

(1)

with constant C = 0.010 02, critical temperature TC =
374 K and saturation temperature TS = 177 K. The
fit is quite reasonable however, for these space groups,
equation (1) describes a tri-critical transition as discussed
previously for PZN [21], whereas the transition here is clearly
first order. Nonetheless, the fit does give some general
indicators concerning the transition e.g. the critical temperature
determined here, 374 K, is slightly lower than that for PZN
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Figure 6. Illustrating changes to the spontaneous shear strain in the
monoclinic phase with increasing temperature and a fit to
equation (1). The standard deviations in these angles, estimated
during Rietveld refinement, are 0.003◦.

(384 K) and considerably lower that for PZN-4.5% PT (407 K)
determined in the same way.

Unit cell volumes estimated from the refined lattice
parameters are shown in figure 7 for the single phase
regions. Despite the transitions being very different in nature
(M → T → C and R → C) the curve has all of the features
noted in the analogous curve for PZN [24]. These include, on
heating, a slight change of slope near 200 K above which the
thermal expansion is very similar to that of the cubic phase,
and a lattice contraction upon heating through the transition to
cubic. Rather than the usual explanation due to the rotation of
rigid structural units, this region of apparent negative thermal
expansion in PZN is attributed to a geometrically imposed
volume-dilation on cooling due to the onset of the polarized
state and its effect on the packing efficiency, particularly of

the B cations. Other ferroelectric phases such as BaTiO3 show
similar effects when examined closely (e.g. figure 2 of [30]).

3.3. Line broadening

Unlike PZN which showed only minor anisotropic peak
broadening, very large anisotropic peak broadening parameters
resulted from the refinements for PZN–8% PT as illustrated in
figure 8. The origin of the broadening has not been absolutely
determined although it is most likely of microstructural origin
as follows. Being ferroelectric, on cooling each cubic crystal
divides into tetragonal domains in such a way as to minimize
the macroscopic strain. The strong domain wall scattering
observed from the tetragonal phase shows that a considerable
amount of the material is situated within the domain walls.
The transition to the monoclinic structure on cooling involves
further partitioning of each tetragonal domain into multiple
monoclinic domains. In essence, there is little monoclinic
crystal that is not part of one domain wall or another. As
the temperature decreases, the lattice parameters deviate more
from their cubic values and so the amount of broadening
increases to accommodate the greater difference in the shape
of adjoining domains. In figure 8 the reverse process is
observed wherein the broadening decreases as the temperature
increases. Coupled with these microstructural factors, there are
undoubtedly some changes in the elastic constants as the phase
transitions are approached.

In PZN, well resolved critical behaviour around the
transition to cubic was apparent in the peak broadening
parameter S400 [24]. Although the data scatter more
widely here, critical behaviour surrounding the transition from
monoclinic to tetragonal was observed in only one parameter,
S220, as shown in the inset to the figure. The peak in S220

is at 335 K, the upper limit of the single phase monoclinic
region and is clearly associated with the phase transition. The

Figure 7. Unit cell volume of PZN–8% PT. Only single phase regions are shown. The estimated standard deviations are 0.005 Å
3
, 0.001 Å

3

and 0.002 Å
3
, respectively, for monoclinic, tetragonal and cubic single phases shown.
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Figure 8. Anisotropic peak broadening parameters for the monoclinic phase refined using the model of Stephens (1999) in the program GSAS
(1994). Parameters are also shown for the tetragonal and cubic single phase regions.

notation S220 refers to the monoclinic unit cell. This parameter
is derived from S400 (≡S004) if referred back to the pseudo-
cubic unit cell and therefore the trend is exactly analogous to
that observed for PZN. This effect is directed along the unit
cell edges of both the parent cubic and the rhombohedral PZN
structures—the direction in which the large piezoelectric effect
is observed in PZN–PT and maximized in PZN–8% PT.

3.4. Origins of the giant piezoelectric effect in PZN–PT

This work has confirmed the existence of a pure monoclinic
phase (Cm) at the morphotropic phase boundary in the
PZN–PT system at 8% PT. It is of interest to consider the
implications of this confirmation with respect to the theories
of large piezoelectric response materials considered in the
introduction (phase transition, polarization rotation or elastic
softening). We ask the fundamental question ‘does the
observation of a monoclinic phase in and of itself explain the
giant piezoelectric response?’ The answer to this is clearly
‘no’ for the following reasons.

(i) PZN and PZN–4.5% PT show a large piezoelectric re-
sponse in their own right and are clearly rhombohe-
dral [23–26]. The observation, at these two composi-
tions, of monoclinic symmetry upon the application of an
electric field along [001] of the rhombohedral unit cell is
entirely consistent with the expected piezoelectric distor-
tion for any rhombohedral ferroelectric under these condi-
tions [10] and does not constitute a phase transition.

(ii) The phase transition mechanisms are based purely upon
a consideration of symmetry and a priori yield no
information concerning the magnitude of the piezoelectric

response. For example, it is widely accepted that at very
high field, the material becomes tetragonal—and yet we
find that the tetragonal phase has only a small spontaneous
strain and associated spontaneous polarization. Further,
the elastic constants of the tetragonal phase are reportedly
far stiffer than the rhombohedral or monoclinic phases [9]
indicating a smaller induced polarization per unit of
applied field. Only detailed ion coordinates under applied
electric field can allow tracking of both the magnitude and
direction of the net (spontaneous + induced) polarization.

(iii) If polarization rotation alone can cause the large piezo-
electric response, then there is an implicit assumption that
the spontaneous polarization in the ground state (rhombo-
hedral or monoclinic) phase is sufficiently large to account
for the observed piezoelectric effect. In fact, a study of
the spontaneous polarization in the rhombohedral phase
of PZN has shown it to be small—being comparable to
that in the rhombohedral phase of BaTiO3 [24]. Indeed,
the founding work of Fu and Cohen on polarization ro-
tation [13] could only reproduce the observed piezoelec-
tric enhancement if the material has ‘a flat energy surface
(i.e. soft force constants for ferroelectric displacements)
near the rhombohedral phase’ which is equivalent to the
soft elastic constants postulate of Kuwata et al [1] and
Ogawa et al [9].

The only mechanism consistent with all of the observa-
tions to date is that the particular combination of B-site ions
lead to a large elastic softening along [001] which is then re-
sponsible not only for the observed piezoelectric behaviour but
also the diverse structural behaviour.
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4. Conclusions

This work has shown that the ground state of un-poled PZN–
8% PT is monoclinic in space group Cm. The monoclinic
phase persists as a single phase to above room temperature
(335 K) and is therefore the phase on which most of
the large piezoelectric response experimental studies have
been conducted. Above 335 K there is a transition to a
tetragonal phase (P4mm) followed by a transition to the
cubic perovskite form (Pm3m). Based upon symmetry
considerations alone, both of these transitions are allowed
to be continuous. However, the monoclinic shear strain
decays at an apparently tri-critical rate whereas the lattice
parameters (hence deviatoric spontaneous strains) and two-
phase coexistence indicate that both transitions are first order.
Some weak critical behaviour was observed in the neutron
diffraction peak broadening parameter providing evidence for
elastic softening along [001] (referred to the parent cubic cell)
in common with the rhombohedral phase of PZN [24]. This
and an analysis of the evidence to date lead us to conclude
that the existence of the monoclinic phase does not give a
satisfactory explanation for the giant piezoelectric effect.
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