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Complex as-grown nanodomain patterns are studied with piezoresponse force microscopy in SrxBa1−xNb2O6

single crystals at variant Sr /Ba molar ratios, 0.4�x�0.75. They reflect random-field Ising model �RFIM�
ferroelectricity, which crosses over into relaxor behavior at increasing x. This is explained by an increase of the
polar disorder within the open tungsten-bronze crystal structure giving rise to enhanced quenched random
electric fields at simultaneous decrease of the ferroelectric ordering temperature. The strongly anisotropic
domain shapes, their fractal properties and size distributions, and their metastable occurrence above the nomi-
nal Curie temperature are in accordance with predictions for the RFIM.
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I. INTRODUCTION

Strontium barium niobate, SrxBa1−xNb2O6 �SBN�, is con-
sidered as a promising material for various applications, in
particular, those exploring its nonlinear optical properties.1,2

SBN has a tetragonal tungsten-bronze-type structure de-
scribed by the general formula AB2O6. On cooling a phase
transition from a paraelectric 4 /mmm state to a polar 4mm
state occurs.3 The spontaneous polarization is oriented paral-
lel to the c axis. Since no optic soft mode was found for
SBN,4 it can be described by an order-disorder pesudospin
model.5 On increase of the Sr /Ba ratio a transformation from
ferroelectric to relaxor behavior takes place. In SBN compo-
sitions with x�0.6 typical relaxor features such as a broad
frequency dependent peak of the dielectric permittivity, �,
versus temperature, T, and nonzero remanent polarization
above the peak temperatures of ��T� �Ref. 6� are observed. It
is believed that the origin of the relaxor behavior in SBN is
due to quenched electric random fields �RFs� related to ran-
domly distributed vacancies on A sites of the unfilled
tungsten-bronze structure.5,7 Among six available A-site po-
sitions only five are occupied by nature. RFs promote the
formation of short-range ordered polar nanoregions �PNRs�
below so-called Burns temperature, Td, which is several hun-
dred degrees higher than the peak temperatures of ��T�.8 It is
supposed that SBN exemplifies the three-dimensional
random-field Ising model �3D-RFIM� universality class.5 In
this case, contrary to canonical relaxors such as
PbMg1/3Nb2/3O3, a transition into a long-range ordered
ground state is expected below the Curie temperature, TC. In
reality, however, due to extreme critical slowing-down the
dynamic PNRs are expected to merely transform into a
random-field controlled metastable domain state. In spite of
the fact that SBN was discovered more than 40 years ago,2

information on the as-grown polar states of these materials is
still scarce.

Transmission electron microscopy �TEM� studies at room
temperature, i.e., below the transition temperature, have re-
vealed a hierarchy of domain structures: a network of ferro-
electric domains on a 300 nm scale seems to contain fer-
roelastic microtwins on a 50 nm scale.9 Viehland et al.
reported on a strong shape anisotropy of the 180° domains.10

Along the polar c axis they are sized more than 1 �m, while
in the ab plane the width of the domains was found to be
100–300 nm in SBN50, 20 nm for SBN60, and 10 nm for
SBN75. It was supposed that random frozen-in quadrupolar
fields and short-range strain interaction due to unoccupied
A-site positions break the translation invariance of the polar-
ization in the ab plane, but not along the c direction. The
peculiar shape anisotropy of the 180° domains in SBN gives
rise to a huge anisotropy of the second harmonic light scat-
tering as reported recently for SBN61 by Betzler and
co-workers.11,12

180° domains of size �50–100 nm in the ab plane hav-
ing fractal-like shapes were recently imaged by piezore-
sponse force microscopy �PFM� in SBN75 �Ref. 13� and
Ce-doped SBN61.14–17 In the latter case the polar structure
was studied in the vicinity of the transition temperature,
where a coexistence of large quasistatic 3D PNRs, small dy-
namic PNRs, and virtually two-dimensional paraelectric in-
terfaces was found.15,16 The domain structure below TC was
found to be metastable, but showing slow “aging” dynamics
toward equilibrium.17

In the present paper we report on results of the PFM stud-
ies done on different SBN compositions, which show in-
creasing relaxor behavior as the Sr /Ba ratio increases. Thus
the crossover from RFIM to relaxor ferroelectric behavior
becomes “visualized” in a finely tuned way. Pertinent depen-
dencies of domain properties such as fractal dimension and
size distribution exponent are explored and discussed within
the framework of the RFIM.
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II. EXPERIMENTAL DETAILS

SrxBa1−xNb2O6 �SBN�, x=0.4–0.75, single crystals used
in this study were grown by the Czochralski method. Details
of the growing procedure can be found elsewhere.18 It should
be mentioned that the real chemical compositions of the
studied single crystals as estimated by inductively coupled
plasma-optical emission spectroscopy differ slightly from the
initial charge compositions �Table I�. Platelet-shaped samples
were cut perpendicular �c cut� and parallel �a cut� to the
polar c axis �crystallographic direction �001��. The thick-
nesses of the samples were 0.5 and 0.3 mm, respectively.
Polar structures were studied by PFM using a specially
adapted commercial atomic force microscope �Topometrix,
Explorer�. A detailed description of the PFM method is given
elsewhere.19 The vertical PFM mode, which is sensitive to an
out-of-plane component of the polarization, was applied to
the c-cut samples, while the a-cut samples were studied by
the lateral PFM mode, which probes an in-plane component
of the polarization. A commercial conductive tip-cantilever
system NCHR �Nanosensors� with a spring constant of
40 N /m and tip apex radius of about 10 nm was used. Do-
main visualization was performed under an applied ac volt-
age with an amplitude Vac=5–10 V and a frequency f
=15 kHz. The probing frequency was chosen far away from
resonant frequencies of the cantilever-sample-holder system
to avoid ambiguity of the experimental data. A home made
heater was used allowing us to measure in the temperature
range 290–350 K.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Polar structure at room temperature

Figure 1 shows the PFM images obtained on the c- and
a-cut samples of ferroelectric SBN40. The images are pre-
sented in a trimodal false color code. The white and red
colors correspond to domains with the spontaneous polariza-
tion oriented up and down relative to the figure plane �verti-
cal PFM� and left and right in the figure plane �lateral PFM�,
respectively. The yellow contrast corresponds to regions with
negligible piezoresponse. In the plane perpendicular to the
polar axis we see a complex maze-type domain pattern. The
domain boundaries are strongly jagged. Contrastingly, on the
a-cut sample we find stripe domains extended along the polar
axis. The domains are strongly anisotropic: they have typical
sizes of about 0.5–1 �m perpendicular to polar axis, but
several tens of microns along it. This observation is in good

agreement with TEM data reported earlier.10 A simple expla-
nation of the observed shape anisotropy can be found under
the assumption of a corresponding anisotropy of the inter-
and intralayer interactions, Jc and Ja, acting between the
ferroelectric O-Nb-O “spin” chains along the c and a�b�
axes, respectively. Within the framework of an anisotropic
Ising model we can consider the excess of the free energy for
RF-induced domains7 in a first approximation for a square
column-shaped domain with length Lc �in lattice units� and
cross section La

2 as

W = 2La
2Jc + 4LaLcJa − hLa

�Lc, �1�

where h is the average RF acting on the statistical excess
�N=�La

2Lc of up �or down� spins.7 Minimization of the free
energy with respect to both La and Lc yields the relationship
La /Lc=Ja /Jc. Hence, La�Lc as observed experimentally
seems to indicate the relationship Ja�Jc. In a more com-
plete consideration of the domain stability also the effects of
depolarization fields have to be taken into account. To this
end one should take care of the condition div P�0 to be
fulfilled at the domain boundaries for minimizing the domain
wall energy.20 For uniaxial ferroelectrics this means that do-
main walls perpendicular to polar axis are energetically un-
favorable and the domains will have needlelike rather than
square column shapes. This is an additional factor promoting
the observed anisotropy of domain shape in SBN.

In Fig. 2 the PFM images acquired on c-cut single crystals
with different Sr /Ba ratios are presented. All samples have
been aged over about one year at room temperature, T
�295 K, before being scanned by PFM. This temperature
lies below the peak temperature of the dielectric permittivity,
Tm, for all of the specimens. They can, hence, be considered
to be in quasistable final states, which nevertheless reflect the
different initial subdivisions into differently sized domains
by RFs of different strengths. One can see that the domains
become smaller and their boundaries increasingly jagged in
samples with higher Sr content. At the same time “yellow”
regions take up a larger total area. We can attribute these
piezoinactive areas either to very fine polar structures with
size below 10 nm being unresolved under our experimental
conditions, or to a paraelectric phase under short-range cor-
related �“quasistaggered”� RFs.15

Figure 3�a� shows the domain-size distributions, NS�S� vs
S, for the different SBN compositions. Here NsdS is the num-
ber of nanodomains within the range of areas S¯S+dS. One
can see that even in the ferroelectric SBN40 the sizes of the

FIG. 1. �Color online� PFM images of the SBN40 single crystal
observed on a c-cut sample in the vertical mode �a� and on an ab
cut in the lateral mode �b�.

TABLE I. Chemical composition of the investigated SBN single
crystals.

Initial charge
composition

Single crystal
composition

Notation in the
text

Sr0.4Ba0.6Nb2O6 Sr0.41Ba0.58Nb2O5.44 SBN40

Sr0.5Ba0.5Nb2O6, Sr0.51Ba0.48Nb2O5.78 SBN50

Sr0.61Ba0.39Nb2O6 Sr0.59Ba0.37Nb2O6.14 SBN61

Sr0.75Ba0.25Nb2O6 Sr0.72Ba0.25Nb2O6.13 SBN75
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domains, curve 1, are distributed in a broad range. On in-
creasing the Sr /Ba molar ratio, x=0.61 �curve 2� and 0.75
�curve 3�, the number of smaller domains increases, while
large domains become rare. As a result, the mean domain
size

�R� = 2��−1	
0

�

NSSdS/	
0

�

NSdS �2�

estimated from the NS�S� distributions decreases with in-
creasing x �see inset to Fig. 3�a��. For Ce-doped SBN it was
reported previously that the domain-size distribution follows
a power law with exponential cutoff14

NS 
 S−� exp�− S/S0� , �3�

where S0 corresponds to a cutoff size, above which domains
become rare. The same law describes the domain distribu-
tions quite well also in the present study. The best-fit param-
eters for different SBN compositions are listed in Table II.
One can see that the value of the parameter S0 in the
“relaxor” SBN75 is almost 2 orders of magnitude smaller
than in the “ferroelectric” SBN40. On the other hand, the
value of the exponent � increases with increasing x, ��0.4�
=1.2, ��0.61�=1.3, and ��0.75�=1.6. It should be mentioned
that the parameters obtained for SBN75 are comparable to
those reported earlier for Ce-doped SBN61.14 In that case the
Ce doping enhances the relaxor behavior due to its excess
ionic charge. Hence, the properties of the material should be
close to the properties of the compositions with higher Sr
content. We notice that the relaxor properties of SBN61 are
obviously increased by about the same amount when doping
with either 1.1% of Ce3+ �Ref. 14� or 14% of Sr2+ in ex-
change of Ba2+ �this paper�. This sheds some light onto the
strongly different RF activities of hetero- and isovalent dop-
ing in relaxors �see discussion below�.

It is worth comparing the obtained experimental data with
theoretical predictions for the RFIM systems. In particular, it
was shown that the domain-size distributions are described
by a power law with exponential cutoff in the case of two-
dimensional RFIM systems.21,22 While in our case the do-
main structure is in reality a 3D system, PFM probes a pro-
jection of this 3D domain pattern on a sample surface. This
projection is actually a two-dimensional �2D� object and may
be described by 2D RFIM statistics. In the 2D model both
parameters, S0 and �, depend on the strength of the RFs.21,22

Namely, S0 decreases at increasing RFs, while the exponent
� approaches the value 1.55 in the limit of strong RFs. A
similar tendency is now observed for the experimental
domain-size distributions at increasing Sr /Ba ratio. Thus we
can assume that the effect of the RFs becomes stronger in the
composition with higher Sr content, i.e., in compositions
showing more pronounced relaxor behavior.

The shape of the domains reminds of fractal-like objects
similar as those found in Monte Carlo simulations of the
RFIM systems.23 Quantitatively the shape of the domain

FIG. 2. �Color online� PFM images observed on a c-cut SBN
single crystals with various compositions: SBN40 �a�, SBN50 �b�,
SBN61 �c�, and SBN75 �d�.

FIG. 3. �Color online� �a� Domain-size distributions measured at
room temperature on single crystals of SBN40 �1�, SBN61 �2�, and
SBN75 �3�. The broken lines are best fits to Eq. �3�. For the fit
parameters, see Table II. The inset shows the dependence of the
mean domain size �R� on the Sr concentration x. �b� Domain pe-
rimeter, L, versus area, S, for the determination of the fractal di-
mension, D, of the domain boundaries for the PFM images taken on
SBN40 �1� and SBN75 �2� single crystals. The inset shows the
concentration dependence, D vs x.

TABLE II. Parameters of the domain-size distributions obtained
from the best fit of experimental data NS�S� �Fig. 3�a�� to Eq. �3�.

� S0 ��m2�

SBN40 1.2	0.1 1.1	0.1

SBN61 1.3	0.1 0.7	0.2

SBN75 1.6	0.15 0.05	0.02
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walls may be analyzed by determining their fractal dimen-
sion. PFM images show cross sections of 2D domain walls
within the sample surface. These cross sections, which we
call domain boundaries, are one-dimensional objects, whose
fractal dimension, D, may be estimated by analyzing a rela-
tionship between the area of individual domains, S, and their
perimeter, L,24

L1/DS−1/2 = const. �4�

Figure 3�b� shows the experimental dependences, L vs S,
which follow power laws according to Eq. �4� quite satisfac-
torily. The x dependence of the best-fitted values of D is
shown in the inset to Fig. 3�b�. One can see that the fractal
dimension of domain walls increases at increasing Sr con-
tent. It is interesting to compare the experimental data with
theoretical predictions. Theoretically determined fractal di-
mensions for the 2D RFIM have been reported to be D
=1.18 using Monte Carlo simulations23 and D=1.96 from the
exact solution for the ground state.22 The large difference
between these two theoretical values is partly due to the large
distance of the Monte Carlo simulations from thermal equi-
librium. In addition, their small D value refers to rather weak
RFs and to finite temperatures,23 parameters both of which
favor weak domain wall roughness, since local pinning can
easily be overcome by thermal fluctuations. Our values
D�0.4�=1.23, D�0.5�=1.29, D�0.61�=1.48, and D�0.75�
=1.60 lie between these two theoretical values.

The increase of the fractal dimension D indicates that the
polar disorder becomes increasingly pronounced at increas-
ing Sr content. It is worth mentioning that even in ferroelec-
tric SBN40 the domains are considerably less regular in
comparison to those observed in other uniaxial ferroelectrics
such as triglycine sulphate.25 While the domains in SBN40
look more compact than in other SBN compositions, the
fractal dimension of their boundaries clearly differs from D
=1 as expected for completely compact domains. This fact
confirms our conjecture that the generic vacancy distribution
of the open tungsten structure relates SBN40 to the case of
RFs, which pin and distort domain walls to form a meta-
stable pattern even after an aging time of one year at room
temperature.

Indeed, the primary sources of RFs are the same in all
SBN compounds, irrespective of their Sr /Ba molar ratio. As
was already mentioned, the SBN single crystals have natural
A-site vacancies, which are sources of inherent charge disor-
der. They are distributed among two kinds of A sites, two
12-fold coordinated A1 sites, which are otherwise occupied
only by Sr cations, and four 15-fold coordinated A2 sites,
which otherwise host both Sr2+ and Ba2+ ions.26 Crystallo-
graphic studies have shown that the vacancy tends to increas-
ingly occupy the A2 sublattice as x increases. E.g., its distri-
bution ratios between A1 and A2 sublattices are VA1: VA2
�0.59:0.41, 0.55–0.70:0.45–0.30, and 0.35:0.65 for x
=0.33,27 0.61,28 and 0.75,26 respectively, where VA1+VA2=1.

Another source of disorder is the simultaneous occupation
of A2 sites with Sr2+ and Ba2+ ions. This introduces disorder
of the oxygen ion positions due to different Ba-O and Sr-O
binding lengths.26 Accommodation misfits of the different
oxygen octahedra give rise to local buckling and tilting de-

formations. Thus localized electric multipole moments are
expected similarly as conjectured for isovalently substituted
BaTi1−xZrxO3.29 They are sources of random electric fields,
which add to the charge-induced ones. Their efficiency can
be estimated by considering the mixing entropy kB ln W,
where W is the number of ways of distributions of Sr and Ba
ions as was calculated by Kim et al.30 under the constraint of
a constant vacancy distribution ratio VA1: VA2, where VA1
+VA2=1. For the above occupation ratios a monotonic in-
crease of S at increasing x occurs within 0.3
x
0.7, be-
coming virtually constant within 0.6
x
0.7.

In order to understand the observed growing tendency of
disorder, viz., relaxor properties, for Sr2+ contents above x
=0.6 one should recall that the missing charges on the va-
cancies are the most intense sources of RFs. They exert shifts
of Nb5+ cations from their central positions in the NbO6 oc-
tahedra. Assuming only nearest neighbor interaction it is eas-
ily seen that A1-site vacancies have no influence on 1 /5 of
the NbO6 octahedra, viz., those sitting on B1 �edge� sites.
Since an increase of the Sr2+ content results in a vacancy
redistribution from A1 to A2 sites, the corresponding “ac-
tive” charge disorder will be enhanced at large Sr2+ content.

The above consideration shows that SBN40 is subject to
minimum mixing disorder. It is, hence, the system with the
weakest RFs, which obviously still shows typical ferroelec-
tric behavior. Its RFIM properties, in particular, the unusual
critical behavior,7 still remain to be shown. As the Sr2+ con-
tent increases both the disorder and charge-induced RFs be-
come stronger. They give rise to the observed downward
shift of the transition temperature in accordance with the
expected RF crossover.31 At a certain Sr /Ba substitution
level, x�0.6, the effect of the RFs becomes dominant and a
transformation into typical relaxor behavior takes place. A
similar fine-tuning of the magnitude of the RFs is observed,
e.g., in isovalently substituted BaTi1−xSnxO3, where Sn dop-
ing levels as high as x�0.25 are necessary to drive the sys-
tem from a pure ferroelectric via a RF-perturbed one into the
relaxor state.32

B. Temperature evolution of polar structures

We have investigated the temperature evolution of the do-
main patterns in SBN61 and SBN75 single crystals in the
vicinity of their phase transitions. In the compositions with
lower Sr2+ concentrations the Curie temperature regions
were unfortunately not accessible under our experimental
conditions. The results are in good agreement with those
reported earlier for Ce3+-doped SBN61.15,16 Namely, rela-
tively large quasistatic regions of correlated piezoresponse
�with size �100 nm� are observed above the nominal Curie
temperatures, TC�346 K �Ref. 7� and �300 K,33 respec-
tively �Fig. 4�. The term “quasistatic” means here that the
shape and the location of these regions do not change sub-
stantially during several consecutive scans, i.e., they are
static on our experimental time scale, t�103 s. It should be
stressed that the domain patterns presented in Fig. 4 display
aged situations both at room temperature �one year� and at
elevated temperatures above the nominal transition �1 h�.
The results are, hence, not affected by arbitrary intermediate
nonequilibrium situations.
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Since the value of the piezoresponse signal is relatively
small, the existence of regions of correlated piezoresponse
�i.e., correlated polarization� was verified by an autocorrela-
tion function analysis. Such procedure was successfully ap-
plied in previous studies of complex nanodomain structures
in relaxors.34,35 Autocorrelation images �Fig. 5�c�� were ob-
tained from the original PFM images by the following trans-
formation:

C�r1,r2� = �
x,y

D�x,y�D�x + r1,y + r2� , �5�

where D�x ,y� is the value of the piezoresponse signal. Posi-
tive or negative values of the autocorrelation function corre-
spond to probabilities to find a region with parallel or anti-
parallel direction of the polarization after a shift on �r1 ,r2�

from an arbitrary point in the original PFM image. Typically,
a peak arises in the center of the autocorrelation images. For
the paraelectric state, in the absence of piezoactive regions,
the width of the “central” peak is determined by the reso-
lution of the PFM image as well as by scan parameters �scan-
ning velocity, probing frequency, and time constant of the
lock-in amplifier�. The condition that the width of the central
peak in the autocorrelation image becomes larger than the
minimal size related to noise was used as a criterion of ap-
pearance of a region of correlated polarization. Both in
the SBN61 and SBN75 it occurs approximately 15 K above
the corresponding transition temperature �Fig. 5�c�, curves 1
and 2�.

In order to estimate the mean size of these regions we
averaged the autocorrelation image over all in-plane direc-
tions and then approximate it by the relation

�C�r�� = �2 exp�− �r/���2h� . �6�

Here �� is a mean correlation length. It is worth mentioning
that contrary to observations in the perovskite relaxor
PMN-PT35 only short-range correlations describing indi-
vidual PNRs were found in SBN. No long-range correlations
related to a preferential orientation of PNR interfaces along
certain crystallographic directions were observed. Figure
5�d� shows the temperature dependence of �� for SBN61.
Lacking intermediate equilibration it has to be understood as
a transient curve. It decreases monotonically with increasing
temperature up to TC, and then abruptly vanishes above TC.
Nevertheless at T�TC+15 K the value of �� is still not yet
negligible.

We attribute the regions of correlated polarization ob-
served above TC to mesoscale PNRs, which grow in the vi-
cinity of the phase transition and become immobilized on our
time scale due to their large size. A detailed discussion of this
phenomenon can be found elsewhere.15 Here we would like
to mention that the occurrence of quasistatic PNRs above the
transition temperature supplements the present point of view
on a transformation from ergodic relaxor into either noner-
godic relaxor or ferroelectric behavior. It shows that this
transformation is continuous, rather than abrupt. In a certain
temperature range above TC the system contains both small
dynamic and large quasistatic PNRs. The latter ones are pre-
cursors of domains in the low-temperature ferroelectric state.
The nonergodic character of such a system was verified by
the observation of aging of the dielectric susceptibility,15

which is probably related to isothermal growth of quastistatic
PNRs at the expense of the dynamic ones.

While quasistatic PNRs are not detectable above TC
+15 K, a nonzero piezoresponse may be induced even at
higher temperatures after applying an external electric field.
Figure 6 shows the local piezoresponse hysteresis loops mea-
sured in SBN75 at different temperatures. In this experiment
the tip was stopped at a certain location, and a sequence of
voltage pulses was applied with the amplitude cycling from
−Vmax to Vmax. After each pulse the piezoresponse was mea-
sured. On heating both the maximum and the remanent �at
zero dc voltage� values of piezoresponse are decreasing.
Nevertheless a hysteresis is still observed at 350 K, which is
higher than 50 K above the macroscopic Curie temperature.

FIG. 4. �Color online� PFM images taken on a SBN61 single
crystal �TC�346 K �Ref. 5�� at 295 �a� and 363 K �b� and on a
SBN75 single crystal �TC�300 K �Ref. 33�� at 295 �c� and 313 K
�d�. Color codes are explained in the text.

FIG. 5. �Color online� Autocorrelation images taken on SBN61
at 295 �a� and 354 K �b�. �c� Distance dependence of the autocor-
relation function, �C�r��, averaged over all in-plane directions for
SBN61 at 295 �1� and 354 K �2�. �d� Temperature dependence of
the mean correlation radius  of SBN61.
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We explain this phenomenon as a coalescence of dynamic
PNR into larger static entities, which live long enough to be
detectable after the removal of the electric field. Since no
piezoactive regions were observed after scanning of the
treated area, we can estimate the relaxation time for this
field-induced piezoactivity to be shorter than about 103 s.

IV. CONCLUSIONS

Polar structures of the SrxBa1−xNb2O6 single crystals were
studied by PFM. For ferroelectric SBN at x=0.4 we confirm

the strong shape anisotropy of domain structure. The struc-
tural disorder gives rise to a complexity of patterns contain-
ing domains with submicron lateral diameters. This fact
points out that SBN compositions with small Sr /Ba ratio
differ from conventional ferroelectrics and may be related to
a RFIM system with weak RFs. They pin and distort domain
walls to form a metastable pattern even after an aging time of
one year at room temperature. The polar disorder is enhanced
in compositions with higher Sr2+ content, which increasingly
reveal relaxor behavior. The statistics of the domain sizes
and the fractality of their wall contours corroborate theoret-
ical predictions of RFIM systems. The obtained results indi-
cate a strengthening of the RFs at increasing Sr content. In
SBN61 and SBN75 large quasistatic PNRs, which are pre-
cursors of the domains, are observed above the nominal Cu-
rie temperature. At even higher temperatures relatively long-
lived polar states may be induced by an external electric
field. These results agree with observations obtained in other
relaxor systems and evidence the gradual transformation
from a ferroelectric into the high-temperature ergodic relaxor
state.
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