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Abstract

Using the Ginzburg–Laudau–Devonshire theory and taking into account structural difference between imperfect surface layers and

bulk ferroelectrics, the dielectric and pyroelectric properties of ferroelectric thin films coated with two metallic electrodes have been

studied. The numerical results show that the effects of imperfect surface layers are to increase the effective dielectric susceptibility at room

temperature through lowering the phase transition temperature. Both the dielectric susceptibility peak and pyroelectric coefficient peak

shift to lower temperatures due to the contribution of the imperfect surface layers. The incompletely screened non-uniform

depolarization field makes the susceptibility distribution more uniform.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

With the advancement of material processing techniques,
the quality of ferroelectric (FE) thin films has improved
greatly, which intrigued extensive research interest of many
scientists and engineers for potential applications of these
films [1]. Research on finite-size effects and surface effects on
ferroelectric thin film has gained momentum in recent years
because these effects have profound influence on the
performance of microelectronic and optoelectronic devices
that are made of thin layer ferroelectrics. The effects of finite
thickness on the phase transition temperature, spontaneous
polarization, dielectric susceptibility have been studied
experimentally [2–4]. Ising type transverse field model has
also been applied to study surface effects in ferroelectric and
magnetic thin films by introducing surface pseudospin
exchange constant Js [5,6]. Kretschmer and Binder [7]
attributed the size effect in the films to surface degradation,
e front matter r 2005 Elsevier B.V. All rights reserved.
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and introduced the so-called extrapolation length and surface
free energy term using the Ginzburg–Landau–Devonshire
(GLD) free energy description. The concept has been widely
used in many papers dealing with the effect of surface and/or
interface in ferroelectric thin films [8–11]. Also from the
GLD theory, Lü, Zheng and Cao have studied the influence
of imperfect surface on polarization distribution, phase
transition temperature and hysteresis loop of ferroelectric
thin films using a different formulation [12,13]. They
employed a natural boundary condition to solve the
differential equation without using the extrapolation length
concept, which reflected a more realistic situation since the
physical meaning of the extrapolation length is not clear.
The dielectric susceptibility and pyroelectric coefficient

are parameters of both theoretical and practical impor-
tance, which have been studied theoretically and experi-
mentally by several groups. Using the phenomenological
theory, Zhong et al. [14] have calculated the influence of
size effects on the dielectric susceptibility of FE thin film
based on the extrapolation length concept. The size-driven
transition will be accompanied by a dielectric peak.
Wesselinowa used a Green’s function technique to
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Fig. 1. Geometric structure of the thin film under study.
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investigate the thickness and temperature dependence of
the dielectric susceptibility of FE thin film [15]. Depending
on the interaction constants of the surface and the bulk, the
dielectric susceptibility can increase or decrease with the
decrease of film thickness. Based on a pseudospin–phonon
interaction model, the dielectric susceptibility in FE thin
films has also been studied by Nie et al. [16] using the
double-time Green’s function method. The dielectric
susceptibility peak shifts up to a higher temperature with
increased pseudospin–phonon coupling. From the experi-
mental results, it is known that the Curie temperature in
ferroelectric films TGS, KNO3 increases with decreasing
film thickness [2,17,18], whereas the Curie temperature of
PbTiO3 film decreases with decreasing film thickness
[19,20]. Size and interface stress effects were also experi-
mentally studied in ferroelectric films [21,22].

In our earlier work we have studied the influence of
imperfect surface layers on the polarization properties of
ferroelectric thin film. The aim of the present paper is to
study the influence of imperfect surface layers on the
dielectric and pyroelectric properties of ferroelectric thin
films and to discuss possible methods to improve the
dielectric susceptibility and pyroelectric coefficient of
ferroelectric thin films.
2. The model

The GLD model for bulk ferroelectrics is one of the most
successful theoretical models for treating ferroelectricity.
Because surfaces are usually less perfect than the interior, they
will contribute to the properties difference between thin films
and the bulk, hence, it is necessary to generalize the GLD
theory for homogeneous ferroelectrics to include surface layers.
The difference in crystal structure and/or composition between
the imperfect surface layer and the bulk leads to different
energy density forms. We introduce a second power polariza-
tion term in the GLD free energy and assume its coefficient to
be a function of position to reflect the inhomogeneous nature.

The geometrical structure of the thin film for the current
study is depicted in Fig. 1. The film is in single domain state
resulting from a second-order ferroelectric phase transition
at a temperature higher than room temperature. The single
polar axis of the film is assumed perpendicular to the film
surface, and along the positive direction of the z-axis. We
assume that the metal electrodes can completely screen the
depolarization effect produced by the surface-bound
charges and the film is homogeneous in planes parallel to
the surface, i.e. variations occur only along the z direction.

The generalized GLD free energy for a second-order
ferroelectric film of unit area is given as follows:

GL ¼ G0 þ

Z L

�L

dz
1

2
AðT � TcÞP

2 þ
1

2
BcðzÞP2

(

þ
1

4
CP4 þ

1

2
K

dp

dz

� �2

�
1

2
EdP� EP

)
, ð1Þ
where G0 is the free energy of the film in the paraelectric
phase. The coefficients A, B, C, and K are independent of
temperature T and position z, Tc is the transition
temperature of bulk material, E is an applied uniform
external electric field along the z direction. The depolariza-
tion field produced by nonuniform distributed bound polar
charges in the film that is not being screened by the surface
electrodes [7] can be written as Ed ¼ �ðP� P̄Þ=e0, where e0
is the vacuum dielectric susceptibility. The average
polarization is given by

P̄ ¼
1

2L

� �Z L

�L

PðzÞ dz. (2)

The depolarization field does not exist if the system
is perfect up to the surfaces which are coated with
metal electrodes. The depolarization field will also
vanish if there are injected charges that totally neutralized
the bound charges in the interior [23]. The function
cðzÞ in Eq. (1) represents the imperfect surface effect.
In order to ensure the continuity of P(z) and its derivative,
we require cð�L1sÞ ¼ cðL2sÞ ¼ 0 and ðdc=dzÞz¼�L1s

¼

ðdc=dzÞz¼L2s
¼ 0, where �L1sðL2sÞ is the boundary position

of the lower (upper) surface layer in the film (see Fig. 1.)
The Euler’s equation for this system is given by

K
d2p

dz2
¼ AðT � T cÞPþ BcðzÞPþ CP3 � Ed � E,

dp

dz
¼ 0 when z ¼ �L: ð3a;bÞ

The quantity P̄ðEÞ can be measured experimentally
from the hysteresis loop and can also be calculated
theoretically by using Eq. (2). cðzÞ in Eq. (1) can be
obtained by analyzing the compositional variation of the
film near the surface region, which will depend on the
processing condition instead of intrinsic physical quantities
of the film.
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Fig. 2. Dielectric susceptibility distribution along the thickness direction

of the film with the same o values but different l values at the temperature

of T ¼ 0:8Tc. The three dotted curves were obtained by neglecting the

depolarization field. The dashed line corresponds to bulk material value.
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Fig. 3. Dielectric susceptibility distribution for films with two asymmetry

surface layers but different relative thickness values at the temperature of

T ¼ 0:8T c.
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3. Numerical results and discussions

It is convenient to rescale the variables into dimension-
less forms. We set t ¼ T=T c, f ¼ P=P0 with P0 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AT c=C
p

, e ¼ E=E0 with E0 ¼ P0=e0, z ¼ z=x0 with
x0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K=AT c

p
, Z ¼ B=B0 with B0 ¼ AT c. Finally, the

rescaled Eq. (3a,b) become

d2f

dz2
¼ ðt� 1Þf þ ZcðzÞ þ f 3

þ sðf � f
�

Þ � se,

df

dz
¼ 0 when z ¼ �l, ð4a;bÞ

where l ¼ L=x0, f̄ ¼ P̄=P0, and s ¼ ðe0AT cÞ
�1. The para-

meter s is the ratio of the Curie constant to the Curie
temperature of bulk ferroelectrics. In reference to a realistic
second-order transition material (Curie constant �103K
and the Curie temperature �102K), we take s ¼ 6 as a
representative value and the thickness of film is assumed to
be 2L ¼ 4x0 in our numerical calculations.

Since there are no measured data available in the
literature on the degree of surface imperfection, we have
chosen a simple function as the distribution function cðzÞ.

cðzÞ ¼

ðzþ l1sÞ
2

l21
; �lpzp� l1s;

0; �l1spzpl2s;

ðz� l2sÞ
2

l22
; l2spzpl:

8>>>>>><
>>>>>>:

(5)

We found that the choice of the functional form does not
affect the generality of the results and conclusions so long as
the surface degradation effect is reflected by the function.

In Eq. (5) the parameter l1ðl2Þ represents the degree of
the free energy density variation near the lower(upper)
surface. For convenience, we define o1 ¼ ðl � l1sÞ=2l and
o2 ¼ ðl � l2sÞ=2l, which represent the relative thickness of
the two surface layers in the film, where, l1s ¼ L1s=x0,
l2s ¼ L2s=x0.

The susceptibility profile and the mean susceptibility of
the film can be calculated using the formulas below [14]:

wðzÞ ¼ DPðzÞ=DE

and

wf ¼
2LR L

�L
f1=½wðzÞ þ 1�gdz

� 1. (6a,b)

Rescaling the variables, the above equations become

wðzÞ ¼
Df

De

and

wf ðzÞ ¼
2lR l

�l
f1=½wðzÞ þ 1�gdz

� 1. (7a,b)

In Fig. 2 the variation of the susceptibility profiles as a
function of position z is shown for a film with two
symmetric surface layers and the results for different l
values are also given. The dashed straight line is the
dielectric susceptibility value of the bulk material. The
dotted line is the result of neglecting the depolarization
field.
We can see that the influence of the depolarization field

is to flatten the dielectric susceptibility profile. It effectively
raises the susceptibility near the surface regions but reduces
it in the interior region. The parameters l1 and l2 have
strong influence on the susceptibility distribution. Larger
l1 and l2 values will make the susceptibility distribution
more uniform and the value of susceptibility closer to that
of the bulk.
In Fig. 3 we plot several curves of susceptibility

distribution for films in which two surface layers have the
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same thickness but different l values (l1 ¼ 0:3 and
l2 ¼ 0:5). We can see that the distribution of susceptibility
is asymmetric and smaller relative thickness of surface layer
leads to more uniform distribution of the susceptibility.

In Fig. 4, we have calculated the mean susceptibility as a
function of temperature while keeping the parameters of
imperfect surface layer constant. For comparison, we also
plot the susceptibility versus temperature curve for the bulk
material. The imperfect surface layers lowered the phase
transition temperature of the film and caused the dielectric
susceptibility peak shift to lower temperatures. The
influence of the relative thickness of the imperfect surface
layers on the dielectric susceptibility is more obvious than
that of the parameter l. Overall, at a fixed temperature,
increasing the relative thickness of imperfect surface and
lowering the parameters l can remarkably improve the
effective dielectric susceptibility.
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Fig. 4. Mean dielectric susceptibility wf as a function of temperature T for

a film with two symmetric surfaces.
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Fig. 5. Transition temperature T as a function of o with a fixed l value.
The influence of parameters o and l on the transition
temperature of the ferroelectric thin film can been seen in
Figs. 5 and 6. With the increase of the relative thickness of
surface layers, the Curie temperature becomes lower; on
the other hand, the increase of parameters l will increase
the Curie temperature.
Due to the nonlinear nature, the susceptibility is a

function of field. Using our model, we have calculated the
mean susceptibility versus bias electric field for a film with
two symmetric surface layers and the results are shown in
Fig. 7. One can see that the mean dielectric susceptibility
gradually decreases with the increase of bias electric field.
The pyroelectric coefficient reflects the ability to generate

charge through temperature variation and its definition
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Fig. 6. Transition temperature T as a function of l with a fixed o value.
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is given by

r ¼
qP̄

qT

����
T

¼
P0

T c
g, (8a,b)

where g ¼ ðqf̄
�
qtÞjt is the rescaled pyroelectric coefficient.

We have calculated the temperature dependence of the
rescaled pyroelectric coefficient for different o and l values
with symmetric surface layers. The results are shown in
Fig. 8. For comparison, we have also plotted the rescaled
pyroelectric coefficient versus temperature curve for bulk
material (dashed line) on the same figure. One can see that
the effect of the surface layers is to shift the pyroelectric
coefficient curve toward lower temperature region, effec-
tively making the room temperature pyroelectric coefficient
larger. We also found that the influence of the relative
thickness of the imperfect surface layers on the effective
pyroelectric coefficient is more pronounced than that of the
parameter degradation parameter l.

4. Conclusion

Using a generalized GLD model, the dielectric and
pyroelectric properties of a ferroelectric thin film with two
imperfect surface layers have been studied. A degradation
parameter l is introduced to describe the degree of
polarization variation near the surface region, which could
be determined experimentally. However, because of the
lack of experimental data, we have studied numerically a
few examples for a second-order ferroelectric system using
dimensionless notation. The following conclusions have
been obtained: (1) The thickness of imperfect surface layers
and the l parameter both influence the dielectric and
pyroelectric properties of the ferroelectric thin film. (2) The
phase transition temperature has been decreased due to
the presence of the surface layers, which shifts the peaks of
the dielectric susceptibility and the pyroelectric coefficient
to lower temperatures and effectively increases the ampli-
tude of dielectric susceptibility and the pyroelectric
coefficient at room temperature, although such increases
are often being suppressed by the substrate constraints. (3)
The depolarization field produced by the unscreened bound
charges has the effect of making the dielectric susceptibility
distribution more uniform. (4) Bias field effectively reduces
the mean dielectric susceptibility.
References

[1] O. Auciello, J.F. Scott, R. Ramesh, Phys. Today 51 (7) (1998) 22.

[2] A. Hadni, R. Thomas, Ferroelectrics 59 (1984) 221.

[3] K. Ishikawa, K. Yoshikawa, N. Okada, Phys. Rev. B 37 (1988)

5852.

[4] T. Hayashi, N. Oji, H. Maiwa, Jpn. J. Appl. Phys. 33 (1994)

5277.

[5] K. Binder, P.C. Hohenberg, Phys. Rev. B 9 (1974) 2194.

[6] C.L. Wang, W.L. Zhong, P.L. Zhang, J. Phys.: Condens. Matter 3

(1992) 4743.

[7] R. Kretschmer, K. Binder, Phys. Rev. B 20 (1979) 1065.

[8] E.V. Charnaya, O.S. Pogorelova, C. Tien, Physica B 305 (2001) 97.

[9] E.-K. Tan, J. Osman, D.R. Tilley, Solid State Commun. 117 (2001)

59.

[10] L.-H. Ong, J. Osman, D.R. Tilley, Phys. Rev. B 63 (2001)

144109.

[11] W.L. Zhong, Y.G. Wang, P.L. Zhang, Phys. Lett. A 189 (1994)

121.
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