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Abstract
Four types of nonlinear properties of ferroelectric smart materials have been considered: nonlinear dynamics of the
paraelectric–ferroelectric interphase boundaries, nonlinear equilibrium excitations}domain walls, nonlinear response
of the domain structure near the ﬁrst-order phase transition}wetting of domain walls}and nonlinear eﬀects caused by
external high magnetic ﬁelds. The above mentioned nonlinearities have been studied in ðBa; SrÞTiO3 ðBSTÞ and
PbðZr; TiÞO3 ðPZTÞ. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Smart materials, including ABO3 ferroelectric
solid solutions, are multifunctional materials
exploited in diﬀerent ﬁelds of science and engineering. They feature a combination of sensors,
actuators and processors. Some perovskites with
ABO3 have recently attracted attention as smart
materials, i.e. as ‘‘very ﬁrm’’ ceramics, as substances having very large electrooptic coeﬃcients
and as materials applied in the development of
integrated micromechanical transistor, memory,
and optical devices [1–5]. The mechanical, electrical and optical properties of perovskite solid
solutions depend strongly on the concentrations of
their components. For this reason, it is important
*Corresponding author. Fax: +972-4-9832167.
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to investigate their properties which are sensitive
to small changes of composition. The sensitivity of
the perovskite-based devices depends crucially on
the kinetics of the phase transitions in these
substances. As a result of the concentration change
of a component of the solid solution, the ﬁrstorder phase transition is transformed into a
second-order one at a tricritical point [6–10]. At
a deﬁnite concentration, hydrostatic pressure and
temperature range, the interphase boundary separating paraelectric and ferroelectric phases exists.
Most of the work on ferroelectric perovskite solid
solutions has focused on the research of their static
properties while we emphasize here eﬃciency of
investigations of phase transition kinetics due to
its large sensitivity to composition changes of the
solid solution. The aim of this paper is also to
consider the eﬀect of the wetting of domain walls
in some perovskites. This eﬀect was previously
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discussed both for liquid–liquid and solid–liquid
interfaces [11,12] near the phase transition temperature and expresses itself in the formation of
the third phase, which is formed as a layer at the
interface and is thermodynamically unstable in the
bulk under the same conditions. In Ref. [13], the
analytical form of the polarization proﬁle of a
domain wall near a ﬁrst-order phase transition
point was obtained and the inﬂuence of elastic
forces on this phenomenon was studied. The eﬀect
of formation of a paraelectric layer of a ﬁnite
thickness at the interface boundary which separates two ferroelectric domains with antiparallel
direction of polarization vectors appears to be
sensitive to the concentration of the element
alloying the perovskite. We discuss this eﬀect for
ðBa; SrÞTiO3 ðBSTÞ and PbðZr; TiÞO3 ðPZTÞ solid
solutions. We show also for BST how the external
magnetic ﬁeld inﬂuences the wetting of domain
walls. We conside concentration and magnetic
ﬁeld eﬀects on the kinetics of phase transformations in perovskites in which phase transitions
occur without diﬀusion. The inﬂuence of high
magnetic ﬁelds on metastable states in ferroelectric
phase transitions and on growth rates of paraelectric and ferroelectric phases is studied. The
magnetic ﬁeld inﬂuence on ferroelectric perovskites was observed in BaTiO3 and KTaO3 and was
due to the magnetoelectric eﬀect [14–16]. The
growth and kinetics processes at symmetry-breaking ﬁrst-order phase transitions are associated with
the migration of interphase boundaries separating
two coexisting phases. The objects of our research
are ferroelectric perovskites in which magnetic
ﬁeld aﬀects the mechanical, dielectric, piezoelectric, electrooptic and superconducting properties.
Our calculations are based on the experimental
data for BST and PZT solid solutions. We show
that the velocity of the interphase boundary is very
sensitive to concentration changes near the phase
transition. The mean-ﬁeld approximation used in
our approach describes well many static and
dynamic phenomena in ferroelectrics, for example,
in perovskites discussed here [3]. For this reason,
the theoretical results on the temperature-induced
kinetics of perovskite ferroelectrics has been
successfully used for the interpretation of experiments on the interphase boundary motion under

isobaric conditions [17,18]. The application of the
alloying-induced kinetics of ferroelectric phase
transitions can be also useful for the interpretation
of corresponding hydrostatic pressure measurements. Therefore, we consider four types of
nonlinear properties of ferroelectric smart materials: nonlinear dynamics of the paraelectric–ferroelectric
interphase
boundaries,
nonlinear
equilibrium excitations}domain walls, nonlinear
response of the domain structure near the ﬁrstorder phase transition}wetting of domain walls}
and nonlinear eﬀects caused by external high
magnetic ﬁelds. The above mentioned nonlinearities have been studied in ðBa; SrÞTiO3 ðBSTÞ and
PbðZr; TiÞO3 ðPZTÞ. The problem is mathematically described by nonlinear parabolic equations of
the reaction–diﬀusion type or the time-dependent
Ginzburg–Landau equations. The equations are
widely applied in chemical reactions and nonequilibrium phase transitions, for the description of
propagation of nerve pulses, motion of domain
walls, dynamics of ﬂuctuations of the order
parameter at phase transitions, self-organization
phenomena and kinetics of phase transitions in
liquids.

2. Concentration change in phase transition kinetics
It is well known that alloyed BST where Ba
substitutes for Sr undergoes the same sequence of
structural phase transitions as the pure BaTiO3 ,
but at progressively lower phase transition temperatures as the concentration of Ba is reduced [6].
At large concentrations of Ba these mixed crystals
exhibit the concentration–temperature phase diagram which looks like the pressure–temperature
one: the temperature ranges of stability of the
tetragonal and orthorhombic phases decrease with
increasing concentration of Sr and the phase
transition temperature Tc moves to lower temperatures with increased dopant concentration.
There is a concentration at which the character of
the transition changes from ﬁrst to second order.
Thus, there is a range of concentrations and
temperatures at which the paraelectric–ferroelectric interphase boundary exists. At a constant
temperature and pressure the interface exists for
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concentrations d0 5d5d * , where d * is the concentration corresponding to the stability limit of
the ferroelectric phase and d0 is the concentration
corresponding to the stability limit of the paraelectric phase; d * 5dt ; dt is the tricritical concentration of Sr. The phase transition concentration
dc is the concentration at which the depths of the
two minima of the paraelectric and ferroelectric
phases are equal. We use here the Ginzburg–
Landau expansion, which describes well ﬁrst-order
ferroelectric transitions in perovskites
Z h
F¼
f0 þ 12x1 P2  14x2 P4
i
þ 16x3 P6 þ CðrPÞ2 dO;
ð1Þ
where F is the free energy, f0 is the free energy
density for the paraelectric phase, C is the positive
coeﬃcient of the inhomogeneity term. For x2 and
x3 > 0 Eq. (1) describes a ﬁrst-order phase transition. For x2 50 a second-order phase transition
takes place. If x2 ¼ 0, a tricritical point is reached.
x1 ¼ x01 ðdÞ½T  T0 ðdÞ , where T0 is the temperature
of the stability limit of the paraelectric phase. It
follows from the experimental data [7] that x01
increases linearly with increasing concentration of
Sr. The same behavior is the case for the coeﬃcient
x3 [8], while T0 and ðTc  T0 ) decrease; Tc is the
phase transition temperature. We can present the
coeﬃcient x2 as follows:
x2 ¼ x0 ðdt  dÞ;

ð2Þ

where x0 does not depend on d; in the pure
BaTiO3 d ¼ 0, i.e. x2 ¼ x0 dt . The interphase
boundary may remain quite sharp unless the
concentration gets suﬃciently near the tricritical
point, when it becomes dispersed by ﬂuctuations
that are large in spatial extent. The temperature
diﬀerence between the phase transition temperature Tc and the temperature corresponding to the
stability limit of the paraelectric phase T0 decreases with increasing concentration of Sr and
this is a manifestation of the fact that the character
of the phase transition changes from ﬁrst to second
order. The dependence C vs. d may be neglected
because C is proportional to the square of the
lattice parameter [19] changing negligibly compared to the other composition eﬀects at the
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concentration range under consideration [1]. Using
the deﬁnition a ¼ x1 x3 =x22 , we may carry out
concentrations d0 ; dc and d * from the following
3
equations a0 ¼ aðd0 Þ ¼ 0; ac ¼ aðdc Þ ¼ 16
; a* ¼ a
1
*
ðd Þ ¼ 4 which follow from the minimization of
the free energy density and from the conditions for
stability limits of the phases (see, for example Ref.
[20]).
By changing the Sr concentration one can
induce the motion of the ferroelectric interface.
The above dynamics are described in terms of the
time evolution of the polarization P
qP
dF
¼ G
;
ð3Þ
qt
dP
G is the kinetic coeﬃcient which is assumed to
depend noncritically on temperature, pressure and
concentration. The functional derivative dF=dP
tends to restore the value P to its thermal value.
When displaced away from the equilibrium state
by changing the concentration of Sr the system will
relax back to it. The kinetics of the relaxation
towards equilibrium may be described in terms of
the time evolution of the polarization (Eq. (3)).
The solution of the kinetic equation (3) for the
interface boundary conditions has the kink form
[20]
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2 ð1 þ 1  4aÞ
P¼
:
ð4Þ
2x3 ½1 þ expðDS Þ
Here in Eq. (4) we use the substitution s ¼ x  vt,
where x is a coordinate of the boundary motion. D
is the width of the interphase boundary given by
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
3Cx3
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
D¼
ð5Þ
x2 1  2a þ 1  4a
which moves with the velocity
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gx2 ð8a  1  1  4aÞ
v¼
3
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2C
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
x3 ð1  2a þ 1  4aÞ
ð6Þ
x1 which enters a is the coeﬃcient renormalized by
the strain. The kink, described by Eq. (4), is the
moving interphase boundary separating the
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paraelectric
(P ¼ 0 at s ! þ1) and ferroelectric
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(P ¼ x2 =2x3 ð1 þ 1  4aÞ at s ! 1) phases.
The interphase boundary preserves its shape
during the propagation because of the competition
of the two terms: the homogeneous part of the free
energy density tends to bring the system to a stable
state, while the inhomogeneous part of Eq. (3) has
the opposite tendency. The interphase boundary
moves in the direction of the ferroelectric phase
with decrease of Sr concentration in BST. It moves
in the direction of the paraelectric phase with
increasing of Sr concentration. The interphase
boundary velocity v, which is shown in Fig. 1, as a
function of Sr concentration and overcooling
temperature, DT, was obtained according to
Eq. (6). Parameters of these calculations could be
found elsewhere (see, for example, Ref. [21]). The
Sr-concentration dependence of the velocity,
which is shown in Fig. 1, is calculated for
DT ¼ 25 K. The sign of the velocity v deﬁnes the
direction in which one phase grows at the expense
of the other, i.e. the sign depends on the direction
in which the interphase boundary propagates thus
leading to formation of paraelectric or ferroelectric
phases. It is seen from Fig. 1, that a change of d up
or down to the phase transition point, dc , induces
motion of the interphase boundary. The front is in
equilibrium at d ¼ dc , where the free energy
densities of the two phases are equal and
the velocity of the interface boundary is equal to
zero.

The same behavior of interphase boundary
velocity is obtained for PbðZr; TiÞO3 ðPZTÞ for
diﬀerent overcooling temperatures (parameters
were also taken from Ref. [21]). We show in
Fig. 2 the example of calculations of values of this
velocity for diﬀerent concentrations of Ti dopant.
These calculations were done for the overcooling
temperature equal to 30 K.
The interface width and velocity are very
sensitive to concentration changes. The inner plot
of Fig. 2 presents the typical interphase width
behavior for PZT. These eﬀects are much stronger
than the concentration inﬂuence on the phase
transition temperature. Such a large sensitivity of
the velocity to composition changes can provide a
new method of studying the solid solutions. By
varying the concentration of a component of the
perovskite solid solution a ferroelectric phase
growth can be controlled and the kinetics of the
ﬁrst-order phase transition can be governed. The
present consideration can be also extended for the
study of the kinetic behavior of other perovskite
solid solutions including antiferroelectric ones, for
example, KðTa; NbÞO3 [7] and Co-doped BaTiO3
[10] because of the analogous concentration
dependences of their dielectric properties. It may
be also useful for the superconductive perovskite
solid solutions undergoing ﬁrst-order ferroelectric
phase transitions. In recent years, the approach
under study has been investigated experimentally
and theoretically in the temperature and magneticﬁeld induced dynamics of ferroelectric interphase

Fig. 1. The velocity of the interphase boundary v as a function
of Sr concentration d in BST. The plot corresponds to
DT ¼ 25 K. The velocity is given in units of Gx2 =3½2C=x3 0:5 .

Fig. 2. The velocity of the interphase boundary v as a function
of Ti concentration d in PZT. The plot corresponds to
DT ¼ 30 K. The velocity is given in units of Gx2 =3½2C=x3 0:5 .
The inner plot presents the width of the interphase boundary in
units ð3Cx3 Þ0:5 =x2 vs. atomic fraction of Ti.
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boundaries [17,18,22]. The measurements of the
temperature dynamics are in agreement with the
proposed consideration [17,18]. In addition, there
are measurements on the temperature induced
interface dynamics in ferroelectric BaTiO3 ;
PbTiO3 and antiferroelectric NaNbO3 [23–30]
using polarization microscope techniques. Such
diﬀusionless interphase boundaries are known in a
number of alloys at austenitic–martensitic transformations [31]. The similarity between the two
types of phase transitions [32] can be useful in
describing the kinetics of martensitic transformations.
Eq. (4) describes the kink-soliton proﬁle of the
moving interphase boundary separating the paraelectric and ferroelectric phases. Thus, the abovementioned motion of the interphase boundary is a
nonlinear phenomenon. The nonlinear kinetics
results from the nonlinear expression (1) for the
free energy density which describes a ﬁrst-order
ferroelectric phase transition. Therefore, for small
disturbances of external conditions the system
does not necessarily relax linearly and the rate of
the phase transition is described by the nonlinear
kinetics equation.

343

and

f ¼2

1  2a þ ð1  4aÞ0:5
:
1  8a þ ð1  4aÞ0:5

ð10Þ

In Figs. 3 and 4 domain wall shapes are shown for
BST with Sr concentration 7:63 at% and overcooling temperature DT ¼ 25 K (Fig. 3) and for
PZT with Ti concentrations 4.2, 4.24 and
4:245 at% for DT ¼ 30 K (Fig. 4). Fig. 4 illustrates the change of the polarization kink proﬁle
with very small variation of concentrations of
alloying element. We see also that for d0 4d4dt a
layer of the paraelectric phase appears. This
phenomenon occurs with increasing temperature
below Tc and is known as the wetting of the
domain wall by the disordered phase [11–13]. We

3. Alloying-induced wetting of domain walls
A nonlinear alloying-induced eﬀect on ferroelectric properties follows from the peculiarities of
ferroelectric domains at ﬁrst-order phase transitions. As shown in Ref. [33] the proﬁle of the
ferroelectric domain wall close to a ﬁrst-order
phase transition is given by
P¼

P0 sinhðx=D0 Þ
:
½ f þ cosh2 ðx=D0 Þ 0:5

Fig. 3. The proﬁle of the domain walls in Fig. 3. BST at Sr
concentration equal to 7:63 at% and DT ¼ 25 K.

ð7Þ

This equation is a steady-state solution of Eq. (3)
for boundary conditions
lim P ! P0 ;

x!

1

lim

x!

1

dP
! 0:
dx

ð8Þ

Here the domain wall width D0 is determined by
8Cx
ðD0 Þ2 ¼ 2 3 ½1  4a þ ð1  4aÞ0:5 1
ð9Þ
x2

Fig. 4. The proﬁle of the domain walls in Fig. 4. PZT at Ti
concentration equal to 4.2(#1), 4.24(#2) and 4:245ð#3Þ at% and
DT ¼ 30 K.
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see that Figs. 3 and 4 exhibit the same eﬀect caused
by alloying, i.e. the wetting of the ferroelectric
domain wall by the paraelectric phase. The paraelectric phase layer in Figs. 3 and 4 is surrounded
by two ferroelectric domains with opposite directions of spontaneous polarization. The ﬁtting in
Figs. 3 and 4 gives the domain wall splitting into
two paraelectric–ferroelectric interphase boundaries separating between the paraelectric and
ferroelectric phases and described by Eq. (4) for
t ! 1 in equilibrium
P¼

Pc
;
½1 þ expðx=DÞ 0:5

ð11Þ

where Pc is the jump of polarization at the
concentration of the phase transition dt . This
result can be checked by direct substitution of
Eq. (11) into the steady-state part of Eq. (3). The
interphase boundary preserves its static shape (11)
during the motion. Eq. (11) is the second particular solution of Eq. (3) for interface boundary
conditions
lim P ! 0;

x!þ1

lim P ! P0 ;

Fig. 5. The proﬁle of the domain walls in Fig. 5. PZT (curve 1)
at Ti concentration equal to 4:2 at% and DT ¼ 30 K and the
derivative of polarization on the distance across the interphase
boundary (curve 2).

4. Nonlinear magnetic ﬁeld-induced eﬀects in BST
Under the same assumption about the Landau–
Khalatnikov transport coeﬃcient G as in Section
2, we can study the inﬂuence of the magnetic ﬁeld
on the movement of the interphase boundary. This
movement is determined by the equations for
polarization P, the interphase boundary velocity v,
and the interphase boundary width D (see Refs.
[34–39]) and Eqs. (4)–(6) with

x!1

dP
¼ 0:
lim
x! 1 dx

ð12Þ

We see thus that a nucleus of the paraelectric
phase appears on the domain wall under the
inﬂuence of the concentration change. The phenomenon can be explained as follows. The excess
free energy corresponding to the domain wall
(surface tension) decreases on approaching the
ﬁrst-order phase transition concentration dt . As a
result, the domain wall bends to minimize the
excess free energy. The growth of entropy and
disorder leads to the appearance of the above layer
of the paraelectric (disordered) phase. The moment of appearance of the wetting of domain walls
is shown by the plot in Fig. 5. Here we see the
change of the derivative of the polarization on the
distance across the interphase boundary. Existence
of the extremum splitting indicates the formation
of the paraelectric layer in the wall.

a¼

ðx1  xH 2  zH 4 Þx3
:
x22

Here H is the magnetic ﬁeld strength. Thus, we
deal with a nonlinear magnetic ﬁeld eﬀect on the
dynamics of the ferroelectric phase transitions. As
is known from experiment [16] that T0 increases
with increasing magnetic ﬁeld strength, coeﬃcients
x and z are associated with the magnetic ﬁeld terms
in the Landau–Ginzburg functional. The interphase boundary moves in the direction of the
ferroelectric phase with increasing magnetic ﬁeld.
The interphase boundary velocity v, which is
shown in Fig. 6, as a function of magnetic ﬁeld,
H, was carried out according to Eq. (6). The
magnetic ﬁeld dependence of the velocity which is
shown in Fig. 6 is calculated for barium titanate
BST with the atomic fraction of Sr equal to 0.01.
The sign of the velocity v deﬁnes the direction in
which one phase grows at the expense of the other,
i.e. the sign depends on the direction in which the
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Fig. 6. The velocity of the interphase boundary v as a function
of magnetic ﬁeld H in Tesla. The plot corresponds to
T ¼ 393 K. Sr concentration is 1 at%. The velocity is given in
units of Gx2 =3½2C=x3 0:5 .

interphase boundary propagates thus leading to
formation of paraelectric or ferroelectric phases. It
is seen from Fig. 6, that a change of H up or down
to the phase transition point induces motion of the
interphase boundary. The front is in equilibrium at
H ¼ Hc , where the free energy densities of the two
phases are equal. It would be worth to note that
variation of the magnetic ﬁeld from low to high
values change the direction of the phase growth.
The behavior of the velocity, which is plotted in
Fig. 6, results from the competition of two
opposite tendencies of changes of the phase
transition temperature. The phase transition temperature decreases, when overcooling temperature
increases, and it increases with increasing magnetic
ﬁeld. The ends of the velocity curve in Fig. 6
designate limits of coexistence of phases. The
limits are determined from conditions a0 ¼ 0 and
a * ¼ 14. The subscript ‘‘0’’ refers to the temperature
T0 and magnetic ﬁeld strength H0 , which determine the stability limit of the paraelectric phase.
The superscript ‘‘ * ’’ refers to the temperature T *
and the magnetic ﬁeld strength H * , which
determine the stability limit of the ferroelectric
phase.
The experimental data used here for calculations
are: x01 ðd ¼ 0Þ=ðT  T0 Þ ¼ 7:41 105 1=K [40], x2
ðd ¼ 0Þ ¼ 6:8 1013 cm s2 =g [40], x3 ¼ 2:28
1022 cm2 s4 =g2 [40], x1 =ðT  T0 Þðx3 =x22 Þx ¼ 6:27
104 K=T2 [41], x1 ðT  T0 Þðx3 =x22 Þz ¼ 6:28 107
K=T4 [41]. The dependence C ¼ CðHÞ determined
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Fig. 7. The proﬁles of the domain walls in Fig. 7. BST at Sr
concentration equal to 1:2 at%. The curves are plotted for
magnetic ﬁelds 21, 20.6, and 20:35 T (curves 1, 2, and 3,
respectively).

from a square of the lattice parameter [42] turns
out to be negligible compared to the dependence of
v on H, which follows from T0 ðHÞ. We see that
high magnetic ﬁelds accelerate the formation of
the two phases. Despite small shift of the phase
transition temperature under the inﬂuence of
magnetic ﬁelds (the shift is about 0:3 K at H ¼
20 T in BaTiO3 [41] the magnetic ﬁeld eﬀect on the
interphase boundary velocity is very large. Therefore, the use of high magnetic ﬁelds results in
larger shifts of ferroelectric phase transitions and
in considerable increase of the rate of phase
growth. This large magnetic ﬁeld eﬀect takes place
close to the phase transition point even for
relatively small ﬁelds within the range of coexistence of metastable and stable phases. It occurs
because each slight change of the external magnetic ﬁeld leads to substantial change of the free
energy density in the region of coexistence of
ferroelectric and paraelectric phases. We calculated domain proﬁles in BST with Sr-concentration equal 1:2 at% according to Eq. (7). These
proﬁles in ﬁelds 20.35, 20.6 and 21:0 T are shown
in Fig. 7. It is seen from our results that with
approaching a critical magnetic ﬁeld at T ¼ 392 K
the wetting takes place in BST. It is easy to see
how the magnetic ﬁeld inﬂuences the thickness of
the layer of a paraelectric BST phase which wets
the domain wall between two ferroelectric domains
with opposite polarization. The width of the
paraelectric layer decreases when the external
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magnetic ﬁeld increases. The eﬀect is strong. This
result is very important, showing that the external
magnetic ﬁeld may be used as a tool changing the
ﬁne domain structure of the alloyed perovskites.
This inﬂuence can be detected by measuring the
optical, dielectric, mechanical and other properties
of the alloyed perovskites in the vicinity of the
phase transition temperature.

5. Conclusion
We presented a study of the alloying- and
magnetic ﬁeld-induced kinetics of ferroelectric
phase transitions. Our research is based on the
exact solution of the time-dependent Ginzburg–
Landau equation. In Figs. 1, 2 and 6 we showed
the eﬀect of slowing down of the interphase
boundary motion at the phase transition point.
We demonstrated that the inﬂuence of magnetic
ﬁelds on the interphase boundary dynamics in the
metastable region is large although the magnetic
ﬁeld shift of the ferroelectric phase transition point
is relatively small. We studied the wetting phenomena of ferroelectric domain walls induced by
alloying and magnetic ﬁeld tuning. An equilibrium
size of the paraelectric phase nucleus in the
domain wall is a result of the competition of longand short-range forces. Their balance is sensitive
to changes of a dopant concentration or external
magnetic ﬁeld. We considered a strongly nonlinear
eﬀect: the large response of the paraelectric layer
width to a comparatively small change of the
external magnetic ﬁeld. This drastic change in the
width of the paraelectric layer is caused by the
critical dependence of the paraelectric layer width.
The usual logarithmic divergence of the wetting
layer with respect to the excess free energy holds.
The alloying-induced wetting of the ferroelectric
domain wall at the ﬁrst-order paraelectric phase
transition is shown to take place indicating the
splitting of a domain wall into two interphase
boundaries separating the paraelectric phase and
the polarization-up and polarization-down regions. Two-domain regions of polarization of
opposite signs may be developed in ferroelectrics
with long-range order. A paraelectric phase can
appear at domain interfaces. Thus, the paraelectric

phase can wet domain walls in the ferroelectric
phase near a ﬁrst-order phase transition point. The
wetting can be produced by altering composition,
temperature, pressure, or external magnetic ﬁled.
Therefore, we studied new features of domain
walls expected due to the degeneracy of the
electrically ordered structure.
Our research demonstrated that magnetic ﬁeld
serves as a tool reﬁning the ferroelectric domain
structure. The presence of a wetting layer leads to
a new length scale, which is given by the wetting
layer thickness, i.e. by the separation of two
interfaces bonding this layer. It typically varies
from the critical value, which may be very small up
to hundreds of nanometers suﬃciently close to the
interface. From our point this data on highly
interesting nonlinear properties of smart perovskites may be a way of producing a very ﬁne
domain structure in these technologically important materials.
ðBa; SrÞTiO3 and PbðZr; TiÞO3 are tetragonal
ferroelectrics and have six polarization directions.
The domain walls in these materials are not only
1808 but also 908 walls. The last case would be
studied in the nearest future and demands a
thorough treatment of the experimental parameters for the Ginzburg–Landau functional. The
change of these parameters and relations between
them may inﬂuence the wetting eﬀect. For 908
walls, the elastic strain energy is very important.
One additional note has to be done concerning
the inﬂuence of elastic ﬁelds on the phenomenon
of wall wetting. In our study the strain-dependent
terms formally were not included in the free energy
density and we did not investigate them directly in
the framework of the applied formalism. In the
paper of Lajzerowicz [13] it was shown that
account for strains suppress the eﬀect of splitting
of a domain wall. There are several circumstances
that make our results valuable: (a) a magnetic ﬁeld
does not inﬂuence on the strain distribution
because of the absence of magnetostriction eﬀects
in BST and PZT; (b) strain eﬀects accompany
phase transitions in perovskite ferroelectrics, the
parameters of Landau–Ginzburg functional were
taken from experiments. Thus they include eﬀectively the inﬂuence of elastic ﬁelds on formation of
paraelectric nuclei.
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The same happens in the study of alloying eﬀect
on the wetting of domain walls. The elastic
accommodation is eﬀectively included in parameters of the functional and partially is accounted
by experimentally estimated derivatives ðdT0 =ddÞ.
For small concentrations of alloying elements the
terms accounting for alloying are small in comparison with those of the same power in polarization
and do not delete the eﬀect of wetting. The
detailed study of importance of elastic ﬁelds in
magnetic ﬁeld- or composition-induced wetting of
domain walls could be done if the experimental
data on the parameters of the free energy density
functional would be available. To the best of our
knowledge until present time, these data have been
absent and only qualitative estimations may be
done.
The restructuring of domain walls preceding the
formation of the paraelectric phase can be studied
by methods based on the change in the character
of resonance in domains and domain walls. The
formation of nuclei of the paraelectric phase
should be signalized by the appearance of an
additional resonance line of the spectrum.
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