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Pb�Zn1=3Nb2=3�O3-xPbTiO3 (x � 4:5%–12%) relaxor ferroelectric crystals have been studied by means
of acoustic emission (AE) in the 400–540 K temperature range. An anomalous AE activity independent of
the ground state relaxor/morphotropic/ferroelectric crossover has been revealed at around 500 K, and it is
associated with the ‘‘waterfall’’ feature related to the existence of polar nanoregions (PNRs). The
500 K AE anomaly is attributed to local martensitelike cubic-to-tetragonal ferroelectric transitions within
the PNRs imbedded in a nonpolar (cubic) matrix.
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Relaxor ferroelectrics, such as Pb�Mg1=3Nb2=3�O3

(PMN), Pb�Zn1=3Nb2=3�O3 (PZN), and related perovskite
oxides, have recently attracted a great deal of attention due
to the outstanding piezoelectric, dielectric, and electrome-
chanical properties of their solid solutions with PbTiO3

(PT) within the morphotropic phase boundary (MPB: 8%–
11%PT at room temperature [1]) [2,3]. In relaxor materials,
the temperature dependences of real and imaginary parts of
the complex dielectric permittivity show high and broad
maxima (Tm) that shift to higher temperatures with increas-
ing the measurement frequency. Presently, it is generally
accepted that strong dielectric dispersion of Tm is a con-
sequence of the dynamics of polar nanoregions (PNRs),
which nucleate several hundreds of degrees above Tm at the
Burns temperature (Td) [4]. At higher temperatures, re-
laxors exist in a nonpolar paraelectric phase, which is
similar in many aspects to the paraelectric phase of nor-
mal ferroelectrics. Upon cooling they transform into the
ergodic relaxor state in which PNRs with randomly dis-
tributed directions of dipole moments appear below Td.
The presence of PNRs is reflected in a number of physical
phenomena, and among them in the acoustic emission
(AE) [5].

Recently, we have shown that the AE method allows us
to detect not only classical phase transitions in relaxor
ferroelectrics, including those induced under external elec-
tric fields, but also broad anomalies related to the PNRs
[6,7]. In particular, distinct AE responses presumably as-
sociated with PNRs have been revealed below the Td and
above the ferroelectric transition temperature, Tc, at
around 500 K in both pure PZN and PZN-9.0PT crystals
[6]. These results are quite intriguing as the two com-
pounds exhibit different low temperature ground states
(rhombohedral for PZN and monoclinic or orthorhombic
for PZN-9.0PT), and yet the temperatures related to the
existence of PNRs and occurring at around Td � 730 K
and at 500 K are nearly identical with or without Ti
addition.

In the present work we investigate by means of the AE
method a more extended part of the phase diagram of
PZN-xPT (x � 4:5 to 12.0), including the crossover from
relaxor to classical ferroelectric state through the MPB.
More detailed information regarding the dependence of the
peculiar high-temperature AE anomaly at around 500 K on
the composition is very desirable as, eventually, it may
shed new light on the path from relaxor state to the highly
piezoelectric morphotropic systems at a nanometer scale.
We propose to explain the AE radiation around 500 K by a
local polar phase transition in the framework of the exist-
ing models of PNR dynamics.
f001g-cut single crystal plates (3� 3� 0:3 mm3) of

PZN-xPT (x � 4:5, 6.0, 7.0, 9.0, 12.0) were studied using
the dedicated AE technique described in detail elsewhere
[8]. Each sample was coupled with silver epoxy to the
polished side of an acoustic silica waveguide. A PZT-19
piezoelectric sensor was attached to the rear end of the
waveguide. The sensor was electrically coupled to a
500 kHz band pass low-noise variable preamplifier (up to
40 db) connected to an amplifier-detector (40 db). A Ch-Al
thermocouple junction was glued to the waveguide near the
sample. Both the thermocouple and amplifier outputs were
interfaced with a PC. The sample with the adjacent part of
the waveguide was mounted in a resistance element fur-
nace. All samples were preheated to 540 K, and the AE
count rate (dN=dt � _N, s�1) was monitored in the 400–
540 K temperature range at an average cooling rate of
1–3 K s�1.

Figure 1 shows the AE activity, _N, as a function of
temperature for PZN-4.5PT, PZN-6.0PT, PZN-7.0PT,
PZN-9.0PT, and PZN-12.0PT crystals on cooling from
540 K. Two groups of AE peaks can be distinguished
within the measured temperature range. The lower
temperature group comprises AE peaks varying from
435 to 465 K with an increasing PT content. They corre-
spond to the paraelectric (cubic) to ferroelectric
(rhombohedral=orthorhombic or monoclinic=tetragonal)
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phase transition temperatures, Tc, dependent on the com-
position (PT content) in agreement with recent phase dia-
gram [9]. The individual Tc values are listed in Table I
together with our previously reported AE data on pure PZN
and PZN-9.0PT crystals from a different batch. Generally,
the bursts of AE at Tc are explained by formation of a
ferroelectric twinned domain structure due to relaxation of
mechanical stresses at the boundary between the paraelec-
tric and ferroelectric phases [6].

In addition, Fig. 1 features a higher temperature group of
_N peaks which are densely spaced around 500 K (from 498

to 507 K; see also Table I) and are on the average more
intense than the regular Tc peaks. Apparently, there is little
correlation between the peak intensity and the crystal
composition, which may be due to the sample-dependent
concentrations of trace impurities and other defects influ-
encing structural changes. Only a slight trend in the related
AE peak location, towards higher temperatures with the
PT-content increase, can be detected. We assume therefore
that the anomalous AE activity appearing at 500 K in the
macroscopically cubic paraelectric phase is very weakly
dependent of the titanium addition. Formerly, we implied

that the 500 K anomaly was related to the existence of
PNRs [6] in both PZN and PZN-9.0PT. Our present results
suggest that PNRs continue to exist even in PT-rich crystals
(i.e., x > 11%, beyond the MPB) where the relaxor behav-
ior is thought to be suppressed. Indeed, the existence of
PNRs has been shown to extend at least to the PZN-15.0PT
composition [9].

The weak dependence of the 500 K anomaly on the PT
content is most likely not accidental. It is interesting to
note that the so-called ‘‘waterfall’’ phenomenon that has
been initially discovered around the same temperature in
PZN- and PMN-type relaxor ferroelectrics [10,11]. The
waterfall is manifested by a precipitous drop of the trans-
verse optical (TO) phonon branch (soft mode characteristic
of normal ferroelectrics) into the lower transverse acoustic
(TA) branch, which occurs at reduced wave vector values
of about qwf � 0:2 �A�1 in PZN [12], PZN-8.0PT [10], and
PZN-15.0PT [9]. It has been proposed that the large damp-
ing of TO modes is due to the presence of PNRs which
prevent the propagation of phonons with wavelength larger
than the size of the PNRs, and thus the wave vector qwf is
the measure of the average size of the PNRs [12]. It is
noteworthy that according to Hlinka et al. [13], qwf de-
pends on the choice of the Brilllouin zone and its relation to
the size of PNRs is not straightforward. The waterfall is
thus an apparent effect that can be explained by coupling of
acoustic and optic phonon branches. Nevertheless, we
assign for the sake of convenience the anomalous 500 K
temperature as Twf . The exact experimental values of Twf

obtained for samples studied hereby together with the ear-
lier data [6] are given in Table I.

In order to elucidate the origin of the characteristic Twf

temperature, we briefly reflect on the dynamics of PNR
evolution. At Td or higher temperatures, polar order is
developed in nanosize regions containing a few unit cells,
while most (but not necessarily all [14]) of these unit cells
are spontaneously polarized in one and the same direction.
Upon cooling, the number of PNRs increases, but the
equilibrium size of each of them does not change initially.
In polycrystalline PZN, a tangible deviation of the cubic
phase lattice constant from the normal thermal expansion
behavior starts at a characteristic temperature Ts � 550 K
as revealed by Iwase et al. [15] using the neutron powder
diffraction technique. They show that the cumulative rela-
tive volume of PNRs is>15% at 500 K and reaches 40% at
room temperature. A more detailed study of the PZN-xPT
system has been carried out by La-Orauttapong et al.
[16,17] by means of diffuse elastic neutron scattering.
The width of the diffuse scattering peak, which is related
to a correlation length, is shown to provide a measure of the
PNR’s size. They find that a relatively rapid increase in the
correlation length (�), or average PNR size, begins at a
similar characteristic temperature T�, which marks the
onset of condensation and eventual orientational (polariza-
tion) freezing of the PNRs on further temperature decrease.

TABLE I. Peak values of temperatures and acoustic emission
activities related to the macroscopic ferroelectric and anomalous
500 K phase transitions. Earlier literature data transition tem-
peratures are given for comparison.

Crystal Tc, K _Nc, s�1 Twf , K _Nwf , s�1 Reference

PZN 413 - 505 - [6]
PZN-9.0PT 455 - 507 -
PZN-4.5PT 435 5.0 502 13.2 This work
PZN-6.0PT 445 4.9 504 13.8
PZN-7.0PT 452 5.7 499 18.6
PZN-9.0PT 457 8.0 505 7.2
PZN-12.0PT 465 4.8 508 9.0
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FIG. 1. AE activity as a function of temperature during cooling
of PZN-xPT crystals (x values are indicated in the figure). The
thick line at the bottom denotes the electronic noise level.
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The parallel rise in the diffuse scattering intensity, which is
proportional to hP2

si, indicates an increase in the net local
polarization within the PNR. It has been also found that T�

is composition dependent (PZN: �450 K, PZN-4.5%PT:
�500 K, PZN-9%PT:�550 K) [16,17]. However, a closer
examination of the temperature dependences of the corre-
lation lengths reveals that at 500 K they are of the order of
xc � 25–30 �A for all three compositions in scattering
around the (011) and (100) Bragg reflections. If we pre-
sume that this average size of the PNRs is associated with a
critical volume for local ferroelectric phase transitions, due
to electrostrictive coupling between strain and polariza-
tion, the existence of a nearly constant Twf � 500 K can be
understood. In fact, the cubic-to-tetragonal phase trans-
formation at 500 K upon zero-field cooling has been de-
tected by neutron diffraction measurements in PZN-8.0PT
[18]. It is noteworthy that another characteristic tempera-
ture, Td (not Burns temperature), has emerged from Raman
spectra analysis of pure PZN in the 470–500 K range [19].
This temperature is claimed to mark the onset of local
phase transformations and the appearance of strain fields
at which PNRs actually form. Since the composition de-
pendence of ‘‘Td’’ has not been reported yet, it is premature
to conclude how it relates to T� and Twf .

The proposed model of local ferroelectric phase transi-
tions in PNRs exceeding a critical volume explains also the
nearly composition-independent AE activity at 500 K. The
phase mismatch between the nascent ferroelectric nano-
domains and the paraelectric matrix is apt to generate
appreciable mechanical stresses at the PNR’s boundaries.
In order to minimize the accumulated elastic energy, the
domains containing 7–8 unit cells may break down into a
tetragonal nanotwin structure [20] for stress accommoda-
tion. This twinning produces changes in the internal strain
field accompanied by generation and movement of dislo-
cations at the PNR-matrix boundary, giving rise to elastic
waves propagating within the crystal, or to AE around Twf

as shown in Fig. 1 for all PZN-xPT compositions. When
formed through the high-temperature microscopic ferro-
electric phase transitions, as suggested above, the static
polar nanodomains presumably continue to exist below the
macroscopic first-order phase transition at Tc (most likely,
by heterogeneous nucleation on PNRs and growth). This
was recently shown in the case of PMN-xPT materials
[21,22], where h110ic-oriented (tetragonal) nanotwins
were observed within PNRs using the polarized light and
transmission electron microscopy techniques.

The mechanism discussed above is similar to twinning
of polarized embryos inside a paraelectric matrix through
the displacive and, therefore, martensitelike ferroelectric
phase transition in normal ferroelectrics [23,24]. The
transition-related stress may be relaxed by breaking up
these embryos into head-to-tail arranged 90�-domain
twins. A schematic example is shown in Fig. 2, where a
ferroelectric lamellar tetragonal twin is formed in a cubic

paraelectric matrix. Tetragonal twins with 180� and 90�

domain walls were observed using TEM in PZN-xPT
crystals [25]. In order for the 90� twins to remain stabilized
down to room temperature, the phase-mismatch-induced
stresses must exceed the yield stresses, or the associated
strain leaps must be equal or larger than certain values,
j�"sj 	 j�"

0
s j [23,26]. We recall that �"0

s is electrostric-
tive in nature being due to the existence of spontaneous
structural polarization. There are three components of such
strain leaps in the tetragonal state, and they can be ex-
pressed by [23,27]

 �"0
s1 � �"0

s2 � Q12P
2
s and �"0

s3 � Q11P
2
s ; (1)

where �"0
s1, �"0

s2 and �"0
s3 are the induced transverse and

longitudinal strain components, respectively, Q12 and Q11

are the relevant electrostrictive coefficients and Ps is the
polarization along the h001i direction. The appropriate
phase-mismatch-induced strains are defined as [26]

 �"s1 � �"s2 � at=ac � 1 and �"s3 � ct=ac � 1;

(2)

where ac is the cubic and at and ct are the tetragonal lattice
constants. For PZN-8.0PT, the extrapolated lattice con-
stants at 500 K are: ac � 4:04 �A and at � 4:028 �A [23],
and the first of Eqs. (2) yields �"s1 
 �10�3. If we
adopt the critical value of spontaneous polarization,
Ps � 0:13 C=m2, deduced for the cubic-to-tetragonal
(ferroelectric) transformation in PZN [28] and Q12 �
�0:035 m4=C2 in PZN-8.0PT [29], then �"0

s1 

�6� 10�4 from the first of Eqs. (1). Thus, the criterion
j�"sj 	 j�"

0
s j is fulfilled, like in most classical ferroelec-

trics, such as PbTiO3 and BaTiO3 [23]. Consequently, the
90� twin domain structure may be formed within the PNRs
at Twf as it apparently occurs in PMN-xPT [22]. The
sample calculation performed above merely demonstrates

[001]

[100]

[010]

FIG. 2. Schematic representation of a twinned ferroelectric
(tetragonal) domain in a paraelectric (cubic) matrix. Arrows
denote head-to-tail polarization directions of 90� twins.
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the feasibility of twinning in the tetragonal phase in con-
sistence with the recent theoretical treatise [20].

More sophisticated criteria, or constraints, for accom-
modation of the crystal lattice mismatch are invoked in the
case of PZN-xPT compositions within the MPB [30–32],
where intermediate adaptive ferroelectric phases are con-
sidered. Of interest are also PT-rich crystals, namely, far
beyond the MPB. We note that in Brillouin scattering
measurements of PZN-20.0PT crystals a sharp dip in the
LA phonon frequency has been observed at 528 K [33],
well above the Tc � 503 K. It has been attributed to a first-
order ferroelectric phase transition from cubic-to-
tetragonal symmetry and associated with ‘‘dynamic pre-
cursor microregions’’ forming in the high-temperature
paraelectric phase. The latter are analogs of the PNRs,
and Twf � 528 K may be typical for the PZN-20.0PT
crystal. Although the PNRs are related to the microscopic
compositional disorder with respect to the site occupancy
by the heterovalent Zn2� and Nb5� cations, higher Ti-
content may alter the matrix-nanodomain interface ener-
gies and modify the cubic-tetragonal phase transition tem-
perature, Twf . In fact, sample-dependent variations in the
size and shape distribution of PNRs may also affect the Twf

at lower PT content, and even more so the AE intensity
(Fig. 1) of the 500 K anomaly peaks.

In conclusion, strong AE bursts have been observed in
PZN-xPT (x � 0–12%) crystals at a practically constant
temperature Twf 
 500 K for all values of x studied. Twf

corresponds to the characteristic 500 K temperature at
which the PNR-related waterfall effect has been discovered
at a wave vector qwf � 0:2 �A�1 from the zone center in the
cubic phase of PZN-xPT crystals. We suggest that the AE
activity generated at the Twf temperature originates from
local microscopic ferroelectric phase transitions within the
growing in size PNRs when the latter reach a critical
volume corresponding to the correlation length �c �
25–30 �A. Strong AE registered at 500 K implies marten-
sitelike cubic-tetragonal ferroelectric transitions, typically
followed by twinning. A sample calculation of the electro-
strictive strain balance at the PNR boundary has been
carried out for PZN-8.0PT to verify the feasibility of
head-to-tail 90� twinning observed experimentally in
PMN-xPT on a nanoscale. Similar investigations on
PMN-xPT and other systems are underway, and the AE
method may prove itself as a useful nondestructive diag-
nostic tool for studying the PNR-related phase transitions
in relaxor ferroelectrics.
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