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The influence of electrocaloric and pyroelectric effects on a phase transition in a ferroelectric material has
been studied. The difference in the parameters of the Landau model for isothermal and adiabatic processes
has been indicated. The temperature dependence of the spontaneous polarization is described by a special
function (the probability integral) that results in the disappearance of the secondorder phase transition.
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INTRODUCTION
One of the most important properties of the ferro
electric crystals used, for example, in the memory
storage components is their ability to reverse the polar
ization direction by the electric field. In this case, the
possibility of their investigation is determined by the
following most important parameters: (i) the electric
field at which the spontaneous polarization is
switched, (ii) the polarization switching time, and
(iii) the polarization value.
The key characteristic of ferroelectric materials is
the dependence of the polarization P on the applied
electric field E, whose pronounced nonlinearity man
ifests itself in the hysteresis. According to the Landau–
Ginzburg model, this dependence is polynomial [1],
3

E = aP + bP ,

(1)

where a and b are the Landau–Ginzburg coefficients,
b = const,

a = a 0 ( T – T c ).

Here, T is the temperature, Tc is the Curie tempera
ture, and a0 is the Curie–Weiss constant. At E = 0, in
the ferroelectric phase (at T < Tc), the solution of
Eq. (1) is P = ±Ps, where
Ps =

at the Curie point; this explains the term “second
order phase transition.” However, this fact contradicts
numerous existing experimental data. We also note
that recent measurements of the ferroelectric proper
ties revealed a temperature hysteresis. The polariza
tion [2], dielectric permittivity [3, 4], and specific heat
capacity [5] of ferroelectrics depend not only on the
temperature T but also on whether it increases or
decreases. This phenomenon cannot be described
within the framework of the Landau–Ginzburg the
ory. Even if the polarization, temperature, and electric
field are related by an algebraic expression more gen
eral than Eq. (1), for example, by a higher order poly
nomial, then any field value corresponds to a certain
set of polarizations, each of which is independent of
the method we used to obtain it. To describe the hys
teresis phenomena, it is necessary to pass from the
algebraic to differential equations similar to the pas
sage from the Landau–Ginzburg equation to the Lan
dau–Khalatnikov equation in the description of an
ordinary electromagnetic hysteresis [6–8].
We believe that an adequate interpretation of the
experimental data requires the joint description of the
electric and thermal phenomena. For example, as p
increases, in accordance with the electrocaloric effect,
the temperature changes and the pyroelectric current
increases,

a0 ( Tc – T )


b

j pyr = p dT
,
dt

is the spontaneous polarization.
The squareroot singularity in Ps results in the
divergence of the pyroelectric coefficient
p = ∂P/∂T

and this leads to an increase in the polarization (the
pyroelectric effect) and to a decrease in p. Therefore,
due to the appearing feedback, the pyroelectric coeffi
cient p remains limited. The qualitative description of
the mentioned effects is given below.
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TAKING INTO ACCOUNT
THE ELECTROCALORIC EFFECT
FOR THE ADIABATIC PROCESS
The electrocaloric effect is the electricfield
induced temperature variation and can be described by
any of the two equations given below [9],
ρC E dT = – TpdE,

ρC P dT = T ∂E
dP,
∂T

(2)

where ρ is the density and CE and CP are the specific
heat capacities at constant electric field and polariza
tion, respectively. Equations (2) are universal and
independent of the explicit form of the equation of
state relating P, E, and T. Since all quantities in
Eqs. (2) can be experimentally obtained, it is conve
nient to use them in processing the experimental data.
Formulas (2) are written in the adiabatic approxi
mation and make it possible to adequately describe the
electrocaloric effect in the sample under the quasis
tatic variation of the electric field. In the heat
exchange with the environment, the nonuniform tem
perature distribution appears in it, and Eq. (2) should
be replaced by a more intricate heat conduction equa
tion [10–12], which includes the thermal relaxation
processes.
We recall that the temperature in the pioneering
works by Landau was considered to be constant, and
this can be true at a constant field, but both the polar
ization and temperature in the varying electric field
vary. We suggest that Eqs. (1) and (2) should be consid
ered as a system rather than separately as it was done
earlier. We write the free energy in the Landau form,
2

4

P + b P
 – EP,
F = F 0 ( T ) + a 0 ( T – T c ) 
2
4

Therefore, in the Landau–Ginzburg model, the spe
cific heat capacity CP (in contrast to CE) is a function
of only the temperature, while the derivative
⎛ ∂E
⎞
⎝ ∂T⎠ P
is a function of only the polarization, and the second
equation in Eqs. (2) is a differential equation with sep
arating variables and has the common integral
T

∫

2

and the specific heat capacities
∂S
C E = T ⎛ ⎞ = – TF 0'' ( T ) – a 0 TpP,
⎝ ∂E⎠ E
∂S
C P = T ⎛ ⎞ = – TF ''0 ( T ).
⎝ ∂E⎠ P
According to the above formulas, the specific heat
capacities CE and CP coincide in the absence of an
electric field in the paraphase at T < Tc when P = 0.
The derivatives with respect to the temperature in
Eq. (2) are readily calculated,
⎛ ∂E
⎞ = a 0 P,
⎝ ∂T⎠ P

a0 P
.
p = – 
2
a + 3bP

2

T0

where T0 and E0 are the initial temperature and polar
ization, respectively, in the vicinity of the Curie point.
The function F ''0 (T) and the density ρ can be consid
ered constant; thus, the notation
ρF ''0 ( T ) = – κ
can be introduced. The correctness of this notation is
supported by the experimental data [13], which dem
onstrate the linear temperature dependence of the
specific heat capacity (away from absolute zero).
As a result, the equation of the adiabatic curve for
the ferroelectric material has the form
a
2
2
T = T 0 + 0 ( P – P 0 ),
2κ

ρC P
κ = .
T

(3)

We note that only P2 enters into Eq. (3), because the
polarization P is a vector, and the equations for scalar
quantities in the simplest isotropic model can contain
only the dependence on the absolute value of P. Sub
stituting relation (3) into formula (1), we obtain the
modified Landau–Ginzburg equation

where F0(T) is a function of the temperature of an
arbitrary explicit form. Hence, we find the entropy
∂F⎞
P
S = – ⎛ 
= – F '0 ( T ) – a 0 
⎝ ∂T⎠ E
2

2

CP ( T )
( P – P0 )
ρ 
 dT = a 0 
,
T
2

3

E = a1 P1 + b1 P1 ,

(4)

where
2

a 0 P 0⎞
a 1 = a 0 ⎛ T 0 – T c – 
 ,
⎝
2κ ⎠

2

a
b 1 = b + 0 .
2κ

(5)

For the particular case where the electric field is absent
at the initial time, the temperature T0 is specified, and
2

the polarization is equal to the spontaneous one, P 0 =
–a/b, we have
a0 ⎞
a 1 = a 0 ( T 0 – T c ) ⎛ 1 + 
 .
⎝
2κb⎠
Therefore, if the electrocaloric effect is taken into
account, the equation of state (1) is replaced by similar
equation (4), where the adiabatic coefficients a1 and b1
are related to the isothermal coefficients a and b by
expressions (5). The difference in the coefficients
results in the difference in the derivatives of the per
mittivity, pyroelectric coefficient, specific heat capac
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ity, etc. [14]. Naturally, this difference holds also in the
approximation of the E(P) dependence by a higher
order polynomial.
TAKING INTO ACCOUNT
THE PYROELECTRIC CURRENT
IN THE LANDAU–KHALATNIKOV MODEL
In accordance with the thermodynamics of non
equilibrium processes [15], a natural extension of
Eq. (1) to the case of the unsteady state is the Landau–
Khalatnikov equation [6],
α dP
 = E – aP – bP .
dt
3

(6)

The physical interpretation of Eq. (6) is as follows.
Since the change in the polarization is equivalent to
the presence of the current
dP
j = ,
dt
this current induces the field Edyn = αj, where α is the
“internal” resistance. For an arbitrary (not necessarily
adiabatic) process, it is natural to consider the polar
ization P as a function of two independent variables E
and T and to represent the current j as the sum of two
terms,
∂P dE ∂P dT
j =   +  .
∂E dt ∂T dt

(7)

The first term on the righthand side of relation (7) is
an ordinary electric current jel, and the second term is
the pyroelectric current jpyr, which has not been earlier
considered in the Landau model. Taking into account
the pyroelectric current is the key objective of this
study. We note that the electric component can be
written as
j el = ε 0 χ dE
,
dt
where χ is the dielectric susceptibility.
Thus, we will consider the following modification
of the Landau–Khalatnikov equation:
3
∂P dE ∂P dT
α ⎛   +  ⎞ = E – aP – bP .
⎝ ∂E dt ∂T dt ⎠

(8)

If the lefthand side of Eq. (8) is small, the approxi
mate solution of Eq. (8) away from the Curie point can
be represented as
P ≈ P0 + Pa ,

(9)

where P0 is the quasistationary polarization (the solu
tion of Eq. (1)), and
Pa = PE + PT
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is the dynamic addition to the polarization, where
∂P 0 dT
α  ∂P
α  
0 dE
, P T = – 
  (10)
P E = – 
2 ∂E dt
2 ∂T dt
a + 3bP 0
a + 3bP 0
are the electric and pyroelectric parts of this addition,
respectively. For the Landau–Ginzburg model, the
derivatives of the polarization in Eq. (10) can be
explicitly calculated,
∂P
1
0 = ,
2
∂E
a + 3bP 0

a0
∂P 0
 = – 
.
2
∂T
a + 3bP 0

(11)

The above formulas indicate that, as E increases in the
ferroelectric phase, the corresponding part of the
addition decreases, and the corrective term PT
increases with T. The first correction PE was taken into
account in [8], where it was shown that this correction
explains the difference between the direct measure
ment of the temperature variation ΔT in the electroca
loric effect and the temperature variation ΔT obtained
by recalculating from the polarization measurements.
We consider the second particular case where E =
const and the temperature is a linear function of time,
T = Vt + T 0 ,
where V is the temperature variation rate and T0 is the
initial temperature of the ferroelectric material. To
find the polarization, we have the equation
3
dP
β  + a 0 ( T – T c )P + bP = E,
dT

(12)

where β = αV. In contrast to Eq. (1), Eq. (12) is differ
ential and allows us to more accurately describe the
experimental dependences.
Equation (12) can also be obtained from the condi
tion of the free energy minimum,
2

2

4

∂P
P
P
F = F0 ( T ) + β
 
 + a 0 ( T – T c )  + b  – EP, (13)
2 ∂T
2
4
which differs from the Landau–Ginzburg free energy
by the term
2

β
∂P
 
.
2 ∂T
The introduction of this term can be justified as fol
lows. The temperature effect on the polarization is
described in the Landau–Ginzburg model by the fac
tor T – Tc. Meanwhile, the Landau–Ginzburg model
neglects the effect of the polarization on the tempera
ture (the electrocaloric effect). Therefore, it is reason
able to supplement the Landau–Ginzburg free energy
by a term presenting the polarizationinduced varia
tion of the thermal (internal) energy. Since the specific
heat capacity and entropy depend on the pyroelectric
coefficient, it is natural to add the pcontaining terms
to the Landau–Ginzburg free energy. Since p is small
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Fig. 1. Temperature dependence of the normalized per
mittivity during heating and cooling.

Fig. 2. Spontaneous polarization for 0.87PMV–0.13PT
ceramic.

and the free energy is a scalar, the only candidate for
this term is the scalar product pP.
In most cases, the pyroelectric current is small, and
the difference between the polarizations in heating
P(+) and cooling P(–) can be described by the formula

where erf(z) is the probability integral. Solution (9) is
chosen from the condition that the spontaneous polar
–∞ tends to a similar value
ization in the limit T
for the Landau–Ginzburg–Devonshire model,

P

(+)

–P

(–)

Ps

2βa 0
= 
,
2
a + 3bP 0

(14)

2

the difference between the dielectric permittivities in
heating ε(+) and cooling ε(–) is given by the expression
–ε

(–)

–∞.

a0 ( T – Tc )
αβ 1/4
P s ≅ ⎛ 2⎞ exp – 
 ;
⎝ πb ⎠
2β

1 ∂P
ε =   + 1,
ε 0 ∂E

(+)

T

Above the Curie temperature,

which follows from Eqs. (10) and (11).
Taking into account the equality

ε

a0 ( T – Tc )
 ,
b

12βa 0 bP 0
= – 
.
2 4
( a + 3b 0 )

(15)

Figure 1 presents the typical curve of the normalized
permittivity
2ε .
ε n = 
(+)
(–)
ε max + ε max
Formulas (13) and (14) are inapplicable near the phase
transition temperature, where the contribution of the
pyroelectric current in Eq. (13) becomes comparably
higher than the remaining terms. The exact solution of
Eq. (12) applicable for any temperatures is obtained at
E = 0. The spontaneous polarization at β > 0 has the
form
2

a0 ( T – Tc )
exp – 

1/4
a 0 β⎞
2β
P s ( T ) = ⎛ 
2 ,
⎝ πb ⎠
1 + erf ( a 0 /β ( T – T c ) )

(16)

i.e., the spontaneous polarization decreases exponen
tially. Figure 2 shows dependence (16) in comparison
with the Landau–Ginzburg–Devonshire model and
the experimental data for the 0.87PMV–0.13PT
ceramic.
We discuss the consequences following from the
change of Eq. (1) to Eq. (12). First, the pyroelectric
coefficient p calculated by formula (16) is limited at
T = Tc; i.e., the phase transition in the strict sense dis
appears. The dielectric permittivity is also limited.
Second, the spontaneous polarization in the
paraphase is nonzero within a small, of the order of
β/a 0 , vicinity of the Curie point. Third, Eq. (12)
allows us to describe the temperature hysteresis, and
the difference between the physical quantities in heat
ing and cooling appears to be proportional to the
parameter β. Fourth, the maximum of the pyroelectric
effect shifts from the Curie point to higher tempera
tures.
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