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Abstract. The velocity of the interphase boundary motion caused by latent heat transfer at
ferroelectric phase transitions is calculated. The criterion for separating of two mechanisms
for the front motion - the latent heat transfer and the relaxation of the order parameter
- is obtained for ferroelectrics. Electric field dynamics of interphase boundaries have been
studied. The expression for the front velocity of the threshold field type is derived.

The transition from a metastable phase to a thermodynamically stable phase takes place via
fluctuations leading to the formation of nuclei of the new phase (heterophase fluctuations)
[1]. In order to describe systems which undergo a symmetry-breaking first-order phase
transition, the nucleation and growth processes must be accounted for. The growth is
associated with the propagation of interphase boundaries separating the high-temperature
parent phase and the low-temperature product phase. In solid diffusionless transformations
the growth may be slow enough for the observation by polarization microscope technique.
In particular, in ferroelectrics sharp interphase boundaries can be observed [2-12]. Crystals
with sharp interfaces most often have kinetically controlled rather than diffusion-limited
growth. Usually the interphase dynamics are governed entirely by the time evolution of the
order parameter [13-20], and the temperature can be considered to be a constant. Thus
the heat is assumed to be removed rapidly enough that no temperature change occurs as
the latent heat of the phase transition appears at the interphase boundary. However as
the interface moves it acts as a heat source with a strength proportional to the latent heat
and the forward rate of motion, giving rise to a jump in the thermal gradient. The heat
generated during the interphase boundary motion can accelerate the interface which, in
turn, increases the heat production rate. A system involved in this avalanche-like process
can be stabilized by the heat removal via the heat conductivity and the heat exchange with
the thermal bath. This problem is less important in metallic systems. If one deals with
substances which conduct heat very well, the temperature may be treated as a constant
and so no kinetic equation additional to one for the order parameter is necessary. But for
materials which do not conduct heat so well, we may need a second equation to determine
the temperature distribution. Therefore the interphase boundary motion can be determined
by the rate of heat transfer in the system. In the recent review [12] our theory of the kink
motion of the interphase boundary [14,16,17] has been examined. The necessity of taking
into account processes of dissipation of energy released (or additionaly absorbed) during the
time of transition has been analysed [12]. The electric-field driven kinetics of ferroelectric
interphase boundaries have not been studied up to now.

In this paper we obtain a criterion of necessity of considering the heat transfer effect on
the interphase boundary propagation. We show here that at first-order phase transitions
in ferroelectrics-semiconductors the thermal conductivity is not a controlling process and
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the interface movement is controlled by the kinetics of the phase transition. We also con-
sider the electric field dynamics of interphase boundaries provided they are governed by the
polarization evolution. ‘

Let us find the velocity of an interphase boundary due to latent heat transfer. The heat
flowing across the interphase boundary is kV T' S A t, where k is the thermal conductivity
coeflicient, V T is the temperature gradient, S is the square of the area of the interface, A
t = A R/vr, where A R is the change of size of the new phase during the interface motion
with a velocity vr. This heat per unit mass is the latent heat L: L=k VT AV /A m vp,
A m/A Vis the density p. Thus, the propagation rate of the phase transition front due to
latent heat transport is given by

K(VT)
v = ———=

L (1)

Ey. (1) is the equation for the thermal balance between the heat generated by the phase
transition and that conducted away. The velocity vr is determined by the rate at which
heat released at the advancing, for example, paraelectric-ferroelectric fronts in the case of
ferroelectrics.

The velocity of the interphase boundary movement caused by the kinetic process v was
calculated in [14]. It has been derived from the time-dependent Ginzburg-Landau equation

oP  _6F(P)
T @)
which can be presented as follows
orP 2 af
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where I' is the Landau-Khalatnikov kinetic coefficient which is independent of temperature,
D is the inhomogeneity coefficient,

1 1
F(P) = SA(T)P? ~ %BP“ +zCP° 4)
B and C are constants, A = A ‘(T - Tp), Ty is the stability limit of the paraelectri'c phase,
A‘is a constant. The relation between F and f is given by

F(P)= [ID(VP) + f(P)lav (5)

Vs the volume. For a moving phase transition front Eq. (2) holds at the interphase bound-
ary provided the interphase boundary width A is considerably greater than the interatomic
distances. Eq. (3) cannot be solved exactly in the three-dimensional case but if the size of
clusters of the new phase inside the old one R is much larger than the width of the interphase
boundary A: R > > A, the exact solution can be obtained [14]. Thus, the theory works
provided R > > A > > d, d is the lattice parameter.

Relation between a critical size R. of the product transformed region and the growth
rate v may be established. We assume that the spatial dependence of the polarization P (r)
is approximately given by
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P=Pp at [r{< R;
_ 0.5
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P=0 at |7 |> R+ A, (6)

where P2 = (B/2C){1 + {1 - (4A C/B?)]}. Eq. (6) gives a radial symmetric cluster of
the nucleating phase embedded in a spatially uniform, metastable background. The profile
for the front applied here is obtained from the exact solution of Eq. (3) in the equilibrium
limit. Using (6) and integrating in (5) for R > > A one obtains

AnREf(P n R*D P}

3 A
This means that the surface tension ¢ = D PZ /4A. According to the classical theory of
nucleation, the new phase nucleus whose radius corresponds to the maximum of the free
energy change is the critical nucleus R,. Then after maximization of (7) we derive

6D
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Combining the interface velocity [16] and (8) we obtain

_4r'D
=g
The propagation of the interphase boundary is determined by the kinetics of the order
parameter, if v7 > > v. Comparing the velocity of the interphase boundary from [16] and

(9) and supposing that V T' ~ % (A T is the supercooling or superheating) one obtains
that this criterion is fulfilled for

(9)

EAT

——4er0 >>1 (10)

This condition does not depend on the critical size R,. Let us check the criterion for fer-

roelectric perovskite semiconductors for which many measurements of interphase boundary
dynamics have been carried out [2-12]. For BaTiO; - PbTi0; L = 8.96- 108 5;—} (50 cal

mol
[21], k=11 1073 —=L_ [22], p = 5.9 2 [22], T = 1.61- 10'° Hz [10}, D = 3.3. 10~
216, AT = 0.25 K [10], A* = 9.09- 107® 1/K [16], B = 1.27- 107! esu [23], C =
5 73 1072 esu (23], T, - To = 43 K [24]. Then the required ratio is about 100. Thus, the
heat transfer process is more rapid than the kinetics of the order parameter relaxation. For
this reason, the latter process determines the interface propagation in above ferroelectrics-
semiconductors. Consequently, the release of the latent heat of the phase transition does
not play an important role in the dynamics of interphase boundaries in perovskites under
consideration. However, if 4’;%;) & 1, the two processes must be taken into account. The
theory of the kink-type motion for interphase boundaries [14,16,17] is suitable for perovskite
ferroelectrics-semiconductors because of fulfilling the criterion (10). The latter is caused by
the comparatively high thermal conductivity and comparatively low latent heat.
At low electric fields the relaxation kinetics of polarization also dominates the thermal
conduction-driven mechanism for motion of the phase transition front. For instance, in
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[25] the front velocity is 1072 <2 at the electric field £ = 300 ﬁ Thus, the criterion
(10) is fulfilled. The appearance of a nucleus of the new phase results in a free energy
change which is given by — @E + 4”—?52 + 47 R? ¢ in the linear field approximation.
The first term was introduced in [26]. The second term presents the volume strain energy
contribution [27]. In ferroelectric semiconductors under investigation the polarization charge
at the interphase boundary can be easily compensated so that the depolarization energy is
much small compared the elastic energy [3] and it may be neglected in our consideration.
Then after maximisation we derive R, = I—,ﬁ, where E. = Q/Pr. The latter relation
reflects the fact that at first-order phase transitions the volume and shape change associated
with the transition cause a strain energy contribution to the free energy supréssing the
nucleation process [28]. Thus, we arrived at an electrical modification of the known Laplace
formule [29] in which Pr E - Q yields the difference between the pressures in the two
phases. To find the velocity of the interface motion in the presence of £ - E, in the linear
field approximation, we sheuld compare the power lost by the system due to damping and
the power input, i.e. the work. per time unit done by the electric force. Using the dynamic
form of the front profile (6) [14], calculating &5, integrating and equating the two powers

we obtain

o _ 2IDPr(E - E)

g

(11)

Eq. (11) implies that the interphase boundary would move if the electric field is more than
the threshold electric field E.. This result is known from measurements of velocities of the
electric field-induced motion of ferroelectric interphase boundaries in SbSI [30] and domain
walls in BaT7O; [31}, Rochelle Salt [32] and NaNO; [33]. Observations in {30] indicated
the existence of some critical value of the electric field below which the boundary did not
react to the presence of the electric field. The boundary began to move in fields somewhat
larger than the critical value. In [31-33] v « (E - E.). Additional evidences in favour of the
proposed theory are:

1. The kinetics observed in [6-12] are nonactivated as is seen from the temperature de-
pendence of the front velocity [16].

2. The same value of superheating and supercooling leads to different velocities of the
interphase boundary. The velocity in heating process is larger than in the cooling
one [10] as it follows from the exact solution of the time-dependent Ginzburg-Landau
equation [17].

3. The temperature dependence of the interface velocity is characteristic of the over-
damped motion described by the relaxational kinetics of the order parameter [16,17].

4. The calculated values of the front velocity coincide with experimental ones for above
mentioned I' and D [12, 16]. In low electric fields used, for examplein [25], the criterion
(10) is valid. For this the present approach is suitable.
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