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Based on the differential operator technique, a transverse Ising model (TIM) in the effective-field theory is devel-

oped to study the physical properties of a ferroelectric superlattice As/Bs system. The effects of an external electric

field on the polarization, susceptibility and pyroelectric coefficient of the ferroelectric superlattice A3/B3 system are

discussed in detail. The susceptibility of the ferroelectric superlattice A3/Bs system decreases with the increase of the

electric field, implying that the polarization is weak.
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1. Introduction

Ferroelectric superlattices have been widely stud-
ied in recent years owing to the advances of experimen-
tal techniques which make it possible to well prepare
samples. These samples show that their various phys-
ical properties usually are very different from those
of the corresponding bulk systems. Experimentally,
superlattices BaTiO3/SrTiO3 and PbTiO3/PbZrOg
with perovskite-type structure consisting of two dif-
ferent slabs with a certain slab thickness have al-
ready been prepared.[':2l Theoretically, efforts have
been made to study the properties of ferroelectric su-
perlattices by use of various techniques. In Ref.[3], a
phonon-pseudospin coupled model in the double-time
Green function theory has been developed to investi-
gate dielectric properties of the ferroelectric strained
superlattices BaTiO3 /SrTiOs3.
been tackled by Ginzburg—Landau phenomenological

This issue has also

theory,[*% as well as by transverse Ising model in
mean-field approximation.[®” From the experimen-
tal and theoretical points of view the transverse Ising
model (TIM) is a valuable model because of its po-

tential applications. It has been applied to study the

phase transitions in many systems, including order-
disorder ferroelectrics, induced moment ferromagnets,
and cooperative Jahn-Teller system.[®?! In our previ-
ous work, 1?1 the TIM has been used to discuss the
magnetic properties of the magnetic materials. The
susceptibility has been studied by using the inverse
scattering transformation.['13] Yet, the pyroelectric
properties and polarization and susceptibility of ferro-
electric superlattice A3/Bs have not yet been studied
in the transverse Ising model with the effect of the ex-
ternal electric field taken into account. In this paper,
we present the results of the studies using the trans-
verse Ising model based on the effective-field theory

with the differential operator technique.
2.Formulation

The model of a ferroelectric/ferroelectric super-
lattice A3/Bs system is presented as shown in Fig.1
in Ref.[6]. The system can be described by the follow-

ing Hamiltonian:

H=- ZJijUfU; - Zﬂiof - ZMEZUf, (1)

(#,9)

where the first summation is carried out only over
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The spin-1/2 with

pseudo-spin moments o7 and o7 is at the site ¢ in

nearest-neighbor pairs of sites.

the A slab, and that with the pseudo-spin moments
o; and o} is at the site j in the B slab. J;; is the
coupling strength between pseudo-spins at the 7 and
j sites, with the J;, Jo and J3 taken in the slab A,
slab B and between the slab A and B, respectively.
{2; represents the transverse field. p is the effective

dipole moment and F is the external electric field.

ksT/J,

Fig.1.
As/Bs superlattice. The figures on the curves are

Temperature-dependent polarization for

the values of electric field.

Within the effective-field theory with the differ-
ential operator technique presented in Refs.[10,11,14],
the polarizations Py, for each layer in one period of the

superlattice are determined by

1 4
P0(4) = |:COSh <%J3V> + 2P0(4) sinh <§J3V>]
1 . 1
X | cosh §J3V + 2P1(5) sinh 5J3V

X {cosh <;J3V>

1
+ 2P7(3) sinh <§J3V>:|Fi($)$_o, (2)

1 (1 !
P1(5) = |:COSh <2J1(2)V> + 2P1(5) sinh <2J1(2)V>}
1 . 1
X | cosh EJI(Q)V + 2P2(6) sinh §J1(2)V

X [cosh <%J3V>

1
+ 2Py (4) sinh <§J3V>}Fi($)|x_07 (3)

1 . 1 !
P2(6) = |:COSh <§J1(2)V> + 2P2(6) sinh <§J1(2)v>:|
1 . 1
X |:COSh <§J1(2)V> + 2P3(7) smh <§J1(2)V>:|
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COs 9 1(2)

. 1
+2P1(5) Slnh <2J1(2)V>:|Fl(m)|m:0, (4)

1 1 !
P3(7) = |:COSh <§J1(2)V> + 2P3(7) sinh <§J1(2)V>]

1 1
X {cosh <§J1(2)V> + 2P;(g) sinh <§J1(2)V>]

X {cosh (%J;;V)
. 1
+ 2Py o) sinh <§J3V>} F;(z)|z=o, (5)

where V. = 9/0z is the differential operator. The

function of F;(x) is given by
(x+ E)
2{/(z+ E)?+ 2?7

xtanh@ﬂ“fw) (©)

Fi(z) =

Then the mean polarization P of the superlattice is

1
p— — § 2
N — b @

where N is the period of the superlattice.
The mean susceptibility and pyroelectric coeffi-

cient of the superlattices can be respectively expressed

as op
X = EYok (8)

oP
p= %- (9)

The following values of the parameters are used
in the calculation: 1/ = Ji/Jo = 2/1, 3 =
(1 + 25)/2 and J3 = \/J; - J2, which are the same as
those in Ref.[6].

3. Results and discussion

The polarization of the ferroelectric superlattice
As/Bs system can be calculated from Egs.(2)—(7).
The numerical result is plotted in Fig.1. The figures
on the curves are the values of the electric field ap-
plied. The polarizations are a function of tempera-
ture, exchange interaction and electric field. From
Fig.1, we can see that the polarization falls from a
maximum down to zero with the increase of tempera-

ture when no electric field is applied. In the presence
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of the electric field, the polarization falls rapidly from
its maximum to a remaining polarization as temper-
ature increases. The remaining polarization increases
with the increase of the applied electric fields. The
polarization curves are symmetric for both positive
and negative electric field. The polarization resulting
from the applied electric field has not been reported
in other theoretical papers.

The susceptibility is also an interesting physical
quantity that describes the property of the change
in polarization under an electric field. It can re-
flect the position of transition temperature. In Fig.2
the temperature-dependent susceptibility for the fer-
roelectric superlattice A3z/Bs system is plotted. As
shown on the curves, the transition temperature shifts
toward the high temperature region with the increase
of the electric field. The stronger the applied electric
field, the smaller the susceptibility becomes.
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Fig.2. Temperature-dependent polarization suscep-
tibilities for Az/Bs superlattice. The figures on the
curves are the values of electric field.

The temperature-dependent pyroelectric coeffi-
cient for the ferroelectric superlattice A3/B3 system
is shown in Fig.3. When the electric field is weak, two
peaks appear on the curves of the pyroelectric coeffi-
cient. The first and second peaks are mainly caused

by layers of slabs B and A, respectively. We can also

find that when the electric field becomes stronger, two
peaks of the pyroelectric coefficient disappear on the
curve but a smooth peak occurs instead, and its posi-
tion depends on the transition temperature and elec-
tric field. These results verify that the electric field
has an important influence on the properties of the

ferroelectric superlattice As/Bs system.
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Fig.3.
cient for A3/Bsz superlattice. The figures on the curves

Temperature-dependent pyroelectric coeffi-

are the values of electric field.

4. Conclusion

We have studied the properties of the ferroelec-
tric superlattice As/Bj system described by use of
the transverse Ising model based on the effective-field
theory with the differential technique. The polariza-
tion curves are symmetric for both positive and neg-
ative electric fields. The remaining polarization in-
creases with the increase of the applied electric field.
The transition temperature has a shift toward the
high temperature region as the electric field increases.
Stronger the applied electric field, the smaller the sus-
ceptibility becomes, reflecting the fact that the polar-
ization is weaker. When the electric field is weak, two
peaks appear on the curve of the pyroelectric coeffi-
cient, but when the electric field is strong, a smooth

peak occurs instead.
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