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The temperature gradients that arise in the paraelectric—ferroelectric interface dynamics induced by the latent

heat transfer are studied from the point of view that a ferroelectric phase transition is a stationary, thermal-electric

coupled transport process. The local entropy production is derived for a ferroelectric phase transition system from the

Gibbs equation. Three types of regions in the system are described well by using the Onsager relations and the principle

of minimum entropy production. The theoretical results coincides with the experimental ones.
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1. Introduction

The interface dynamics of first-order phase transi-
tions is an active branch of research. There have been
a lot of theoretical and experimental work about in-
terface (phase boundary) motion in ferroelectrics and
antiferroelectrics.! =17 The most common approach
to interface motion is confined in the framework of
the time-dependent Ginzburg—Landau theory for first-
order phase transitions.'8! The kink solution of the
Ginzburg-Landau equation characterizes the mov-
ing interface between ferroelectric and paraelectric
phase.[!] This type of motion is due to the relaxation of
polarization and is relatively slow. In the experiments,
a fast motion of interface has been observed.[?:19:20]
And according to this, a mechanism due to the latent
heat transfer has been introduced.['*'% The interface
dynamics induced by the latent heat transfer might be
a vigorous one just like that induced by the relaxation
of polarization. We think that the thermodynamics,
especially the irreversible thermodynamics with the

evolving characteristics, may be beneficial to it since
it involves the heat conduction. In fact, the details
of evolution of a phase transition can be described
not only by dynamics but by thermodynamics. The
supplements to the interface dynamics induced by the
latent heat transfer will be made as the results of some
necessary related thermodynamic considerations. And
we will verify it through the comparison with the ex-

periments.

2.Interface dynamics induced by

latent heat transfer!(!41]

The moving interface in a system is a source or
sink of heat if a first-order phase transition arises
in it. When the temperature decreases from above
to the phase transition temperature (Curie temper-
ature), the latent heat is released. It heats and ac-
On the other

hand, the acceleration of the interface can increase the

celerates the motion of the interface.

amount of heat released per unit time. This avalanche-
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like process is stabilized eventually by heat removal via
heat conduction and heat exchange with the thermal
bath. Obviously, the interface velocity is controlled
by heat flow and determined by the rate at which the
latent heat is removed from the interface.

Assume n the axis perpendicular to the inter-
face and pointing from the ferroelectric phase part to
the paraelectric phase part. In the ferroelectric phase
part, a plane is parallel to the interface, whose area is
S. Then, the heat flowing across the plane in time At

1S
dT
— ke [ S )  SAL 1
Q : <dn>fer ( )

where kg, is the thermal conductivity coefficient
dT
of the ferroelectric phase, <d—> is the component
fer

of the temperature gradient in the ferroelectric phase
part (VT)

flowing across a plane in time At, in the paraelectric

for i the n direction. Similarly, the heat

phase part and parallel to the interface, is

dT
Q, = kpar (a) SAt: (2)
par

where k., is the thermal conductivity coefficient of

dT
the paraelectric phase, (—)
dn

is the component
of the temperature gradient in ‘Elaqre paraelectric phase
part (VT)par in the n direction. The difference be-
tween @ and Q' should be the latent heat generated
during the phase transition in the volume considered,
which is lpSv, At, where [ is the latent heat (per unit
mass), p is the density of the metastable phase (para-
electric phase), v, is the normal velocity of the inter-

face. So, we have

dT dT
kfer | — —kpar | — = lpv,. 3
f (dn>fer ? <dn>par 7 ( )
Then

1 dT dT
o _E |:kfer <E> fer - kpar <£> par:|
1
_L {kfer (w) ~ <v:r> ] n (4)
lp fer par

where n is the unit vector in the n direction. The
normal velocity of the interface v,, is also the rate at
which the latent heat is carried away by conduction.

In Ref.[14], the author made such an approxima-
tion as the following when he verified the above theory

by comparing it with the experiments:
AT
nx kfer )

kfer (VT) - kpar (VT)par A

where AT stands for the temperature change within

fer

the interface and A stands for the interface width,

1 1/2
which is given by A = 3 <BP§Z2K—A> . We think

the above approximation maybe very wrong. The rea-
son is simple. —— stands for the temperature gradient
within the inteéace. It cannot be determined by the
difference of the temperature gradients within the ad-
jacent regions. The case is just like that of an electric
field for the field intensity is the negative potential
gradient. Yet, the field intensity at one site is not
related to that at an adjacent site directly.

Though the above approximation is wrong, the
interface dynamics induced by the latent heat trans-
fer seems to be rational. Since in the theory tempera-
ture gradients are included, the crystal system where a
ferroelectric—paraelectric phase transition occurs must
be in non-equilibrium states, i.e. the process of phase
transition are irreversible. In order to deal with this
problem, we have to consider the factor of time, which
is a symbol of irreversible thermodynamics, and not
considered in the equilibrium thermodynamics. The
temperature gradients may be studied in the following

irreversible thermodynamic considerations.

3.Irreversibility of ferroelectric

phase transitions

By now, the thermodynamics of ferro-
electric phase transitions 1is still equilibrium
thermodynamics—the well-known Ginzburg—

Devonshire theory, ! which is based on the Landau
theory of phase transitions. But we have to consider
the irreversibility. As a rational assumption, the pro-
cesses of phase transitions are considered to be not

far from equilibrium.
3.1. Local entropy production

For some local thermodynamic quantities, the

Gibbs equation must be satisfied
Tds =du— E -dD — Z widn;, (5)

where T', E, D is the temperature, the electric field in-
tensity and the electric displacement within an arbi-
trary small volume, respectively; s,u, u;, n; is the en-
tropy density, the internal energy density, the chemical
potential and the molar number of the component in
the small volume, respectively. And, we assume that
the crystal system is mechanically-free, i.e. no force is

exerted on it.
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Differentiating Eq.(5) yields 66”1 4V T, =0, (10)
ds  du D an; t

Ta ot E- ot Z/‘i ot (6) where P is the polarization. The above equations
’ stand for the energy conservation, the charge conser-

It can be re-written as . . .
vation and the matter conservation. J, consists of

0s 1 [0u on;
% T ot Zul three parts: the energy flux caused by the heat con-
duction, the energy flux caused by the charge trans-
=_ lv Y g E -Jp+ Z Hig . J,i, (7)  port, the energy flux caused by the matter transport,
r r i T expressed as

where J,,J p,J,; are the energy flux, the polariza-

tion current and the matter flux, respectively. Here
the following relations are used:
ou
—+V-J, 8
5 T (8)
0D O(eoE+ P)
ot ot P ©)

—:-%[V-Jﬁv-(¢Jp)+ZV-(MJm)] —?

Ju=Jdg+6Tp+ > pid i, (11)

where J, is the heat flux, ¢ is the electrical potential
and satisfies

E=-Vé. (12)

Then we can deduce the following expression:

v () a7 (3) - (far) rore 7(3) - (52

+Z/J'l ni -’ < )+JP V¢+ZMZV Jni

:_V.<%¢Jp)+t]q

If we define the entropy flux and the rate of local
entropy production as
Jy+oJp
— 7

s=Jy V( )+JPV<;)>—ZJ;"-VM, (15)

%

J. = (14)

Eq.(13) can be re-written as

0s
— 4+ V-J,=o0,.
ot " -7

This is called the local entropy balance equation.

(16)

We know that the system is in the crystalline states
before and after a phase transition so that there is
no diffusion of any kind of particles in the system. So,

Jn; = 0. The local entropy production can be reduced

1
o (D) anw ().

We know that the existence of ferroics (includ-

as

(17)

ing ferromagnetics, ferroelectrics, ferroelastics, etc.)

(1) S0 o (5) - Soaow(3) 020 5(3)

B J,+dJp 1 ¢ T i
——V-<qT>+Jq-V<T>+Jp-V<T> _ZT

. V/Li. (13)

7

is due to the molecular field, which is an inner field.
So we must take it into account. Here, the electric
field should be the sum of the outer electric field and

the inner electric field

E=E, + E;. (18)

Correspondingly, there are the outer electrical poten-
tial and the inner electrical potential and they should
satisfy

E, = Vo, (19)

= —-V¢,, (20)

respectively. We can find the relation
E=-V (¢ + i) =-Vé. (21)

If the outer electric field is absent, ¢ can be an arbi-
trary constant. There is no harm in letting the con-
stant equal to zero. Then the entropy production will

be
~ 1 b
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From this, we may find that the entropy production
due to the change of charge distribution in a phase
transition cannot be obtained if the inner electric field

Since ferroelectric
[21]

is not taken into consideration.
phase transitions are displacive or order—disorder,
the polarization current J p should originate from the
displacement or ordering of ions in the ferroelectrics.
We may consider it as the transport of charges influ-

enced by the inner electric field.

3.2. Thermodynamic description of ferroelec-

tric phase transitions

The thermal—electric coupled transport phenom-
ena are not strange to scientists, e.g. thermoelectricity
is the familiar one. Since we have regarded the change
of polarization with temperature as the transport of
charges influenced by the inner electric field, ferroelec-
tric phase transition is also a thermal—electric coupled
transport process. However, this type of transport
of charges cannot convey the energy but stores it in
terms of polarization.

The capable tool used to deal with the multi-
coupled transport is the Onsager relations, which are
also called the Onsager reciprocal relations.?2l They
are the relations between the transport coefficients of
different-coupled transport and are the reflection of
microscopic reversibility.

Assume the outer electric field is absent. There
are the thermodynamic fluxes J,, Jp and the corre-
sponding thermodynamic forces X, and X p which

are given by

X,=V <%> , (23)

xoov (%) ”

J; can be expanded linearly with respect to
X; (,i=4qP)

Jq = LgqXq+ LqpXp, (25)

Jp=Lp,Xp+ LppXp. (26)

The Onsager relations read

Lyp =Lpy, Lgg >0, Lpp >0,

LggLpp > Lﬁp, (27)

i.e. L is a positive definite symmetric matrix, whose
elements are the above transport coefficients.

The inner electrical potential ¢;, generally de-
pends on the factors such as the temperature, the
stress, etc. According to Egs.(24) and (25), J, cannot

be determined by VT only. This is a feature of multi-
coupled transports. In the problem under discussion,
the temperature is the main factor. So as a simplified
process, we assume ¢; is a function of the temperature
only ¢; (T'). We may assume empirically

¢i _ (]51 (T), T < T, (28)

0, T > Tc,

where T is the Curie temperature. For a first-order
ferroelectric phase transition, the force X p in the re-
gion where the phase transition is occurring can be
regarded roughly as a large constant in the character-
istic time of phase transition.

According to the Ginzburg—Devonshire theory,
the ‘thermal hysteresis’ of a first-order ferroelectric
phase transition is due to a series of metastable states
existing around the Curie temperature T¢.[2 In fact,
these metastable states and equilibrium states can
be regarded as the so-called stationary states in ir-
reversible thermodynamics. Stationary states are im-
portant in irreversible thermodynamics as are equi-
librium states in reversible thermodynamics. When a
system reaches a stationary state, the local entropy
production is a minimum—the so-called principle of
minimum entropy production.??] Ferroelectric phase
transition may be regarded as a stationary state pro-
cess.

According to Eqgs.(22),(25) and (26), we have
05 = LggX2+2Lep X Xp+ LppX5. (29)

If there is no restriction on Xy and X p, according to
the conditions that the entropy production is a mini-

mum,

dog
— =2L,,X 2L,p X
<3Xq > o qqXq +2Lgp A p

=2J,=0, (30)

dog
=2LpsX,+2LppX
<8Xp > X, pPqXgt+2LppXp

=2Jp =0, (31)

we know that the stationary states are equilibrium
states actually. If we let X, (or X p) be a constant,
according to Eq.(31)(or (30)) we know Jp (or J,),
which corresponds to the force X p (or X,), should
be zero.

Then, a first-order ferroelectric phase transition
can be described by the second paradigm. Since the
force X p in the region where the phase transition is
occurring is a large constant, the flux J, in the re-
gion should be zero (but Jp # 0). This states clearly
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that the pure heat conduction and the heat conduc-
tion induced by the thermal-electric coupling cancel
out each other so as to release or absorb the latent
heat. It is certain that the latent heat passes through
the region where the phase transition has occurred (at
the outside of the region where the phase transition
is occurring) and exchanges itself with the thermal
bath. Accompanied by the continuous change of the
surface’s temperature and the unceasing moving of the
region where the phase transition is occurring, a con-
stant temperature gradient is kept in the region where
the phase transition has occurred, i.e. the force X is
a constant. So, the flux Jp = 0 (but J, # 0). This
states clearly that the spontaneous polarization of the
region where the phase transition has occurred will
not change but keep the value at the Curie temper-
ature or zero until the phase transition finishes. On
the other hand, the region where the phase transition
will occur should be described by the first paradigm
for there is no restriction on the two forces X p and
X, (especially when T > T, there is no transport of
charges but only the heat conduction). The states of
this region are equilibrium states. So the temperature
gradient VT should be zero.

3.3. Verification of interface dynamics

The normal velocity of the interface v,, is deter-
mined by Eq.(4). Considering that the region having
(VT)

(i.e. the paraelectric phase part) can be regarded as

par 2 0 where the phase transition will occur
an equilibrium system, we modify Eq.(4) as

= kfer (VT)fer i n. (32)

lp

In order to compare it with experiments, we make
use of the following values which are for the
PbTiOs crystal: p=7.1g/cm?,?3 [=3762J/mol,?*
kfer:8.8><10_2J/crn s K.[25] The value of the velocity
of the interface’s fast motion, which has been mea-

sured by experiments, is 0.5mm/s.’] Using Eq.(32),

we obtain the corresponding temperature gradient
57.35K/cm. However, Ref.[6] reported that the ex-
perimental temperature gradient varies from 1.5 to
3.5K/mm while the experimental velocity of inter-
face’s motion varies from 732 to 843 um/s. Consider-
ing the model is rather rough, we may conclude that

the theory coincides with the experiments.
4. Conclusion

The irreversibility of a ferroelectric phase transi-
tion has been studied for the paraelectric—ferroelectric
interface dynamics induced by the latent heat trans-
fer which includes heat conduction. The ferroelec-
tric phase transition can be regarded as a station-
ary, thermal—electric coupled transport process. To
a first-order ferroelectric phase transition, the situa-
tions differ radically among the region where the phase
transition has occurred, the region where the phase
transition is occurring and the region where the phase
transition will occur. In the region where the phase
transition has occurred, the temperature gradient is
a constant and the spontaneous polarization will not
change until the phase transition finishes; the region
where the phase transition is occurring is a complete
source or sink of heat, where the spontaneous polar-
ization changes suddenly; the region where the phase
transition will occur can be regarded as an equilib-
rium system so the temperature gradient should be
zero. Based on the above facts, the interface dynam-
ics induced by the latent heat transfer is reduced (see
Egs.(4) and (32)). Comparison shows that the theory
coincides with the experiments.

The interface dynamics and the thermodynam-
ics of phase transitions are two relatively independent
fields and they are used for studying phase transitions
from two different points of view. Since the two both
involve the ‘thermal’ factor, they can be combined to-
gether. We expect that this will bring about abundant

results.

References

[1] Gordon A 1983 Phys. Lett. A 99 329

[2] Soboleva T K, Stepanovskii E P and Sukstanskii A L 1985
JETP Lett. 42 68

[3] Dec J 1986 Ferroelectrics 69 181
[4] Gordon A 1986 Physica B 138 239
[5] Dec J 1988 J. Phys. C 21 1257

[6] Dec J 1989 Ferroelectrics 89 193
[7] Tuszynskii J A, Otwinovski M and Dixon J M 1991 Phys.
Rev. B 44 9201
[8] Gordon A 1991 Phys. Lett. A 154 79
[9] Mamin R F 1994 JETP Lett. 60 52
[10] Bornarel J and Cach R 1994 J. Phys. Cond. Maiter 6
1663
[11] Gordon A and Dorfman S 1995 Phys. Rev. B 51 9306



No.6

Paraelectric—ferroelectric interface dynamics ...

1369

(12]
(13]

(14]
(15]

[16]
(17]
(18]

(19]

Dorfman S, Felsteiner J and Fuks D 1996 Surface Science
352-354 879

Gordon A, Dorfman S and Fuks D 1997 Journal de
Physique IV-C 57 53

Gordon A 2001Phys. Lett. A 281 357

Fuks D, Dorfman S and Gordon A 2002 Philosophical
Magazine B 82 63

Ai S T 2005 Chin. Phys. 14 1246

AiS T and CaiY Z Acta Phys. Sin. (in Chinese) (in press)
Blinc R and Zeks B 1974 Soft Modes in Ferroelectrics and
Antiferroelectrics (Amsterdam: North-Holland)
Surowiak Z, Skulski R, Gavriyatchenko V G, Semenchev
A F and Fesenko E G 1978 Sov. Phys. Solid State 20 1411

[20]

(21]

[22]

23]
[24]

[25]

Yufatova S M, Sindeyev Y G, Gavrilyatchenko V G and
Fesenko E G 1980 Ferroelectrics 26 809

Lines M E and Glass A M 1977 Principles and Appli-
cations of Ferroelectrics and Related Materials (Oxford:

Oxford University Press)

Lavenda B H 1978 Thermodynamics of Irreversible Pro-

cesses (London: Macmillan Press)
Chewasatn S and Milne S J 1994 J. Mat. Sci. 29 3621

Nomura S and Sawada S 1955 J. Phys. Soc. Japan 10 108

Mante A J H and Volger J 1967 Phys. Lett. A 24 139



