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Abstract

A thermodynamic model for describing interface intermixing in a superlattice combining a ferroelectric and a paraelectric is
developed. Formation of intermixed layer at interfaces leads to a periodic modulation of ferroelectric properties in these superlattices.
Spatially-varying internal electric field, dielectric susceptibility and polarization of these superlattices are calculated. Effects of
modulation period and temperature on the internal electric field, dielectric susceptibility and polarization of these superlattices with
inhomogeneous properties are examined. Correlation between these ferroelectric properties is established and discussed.
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1. Introduction

Ferroelectric superlattices present an opportunity for
developing artificial structures with fascinating properties
for device applications. Superlattices combining a ferro-
electric and a paraelectric have been studied extensively
both by experiment and theory [1-6]. Induced changes in
polarization due to electrostatic coupling can have sig-
nificant effects on the superlattice properties [2]. Epitaxial
strains are well known to have a strong impact on the
properties of these superlattices [7]. The properties of these
superlattices can be manipulated by changing the ferro-
electric volume fraction [8]. Interface coupling [1,9]
and intermixing [4,10] effects have also been shown to be
important in these superlattices.

In this work, a thermodynamic model for describing a
superlattice comprising alternate layers of ferroelectric and
paraelectric is developed. The superlattice is modeled by
considering them as layers of strained ferroelectric or
paraelectric with appropriate electrostatic boundary con-
ditions [3,11]. Torres-Pardo et al. [12] recently studied local
structural distortions in PT/ST superlattices and identified
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the local distortion across the interface. Their work
indicates the existence of an inhomogeneous polarization
profile in superlattices. Unlike other uniform polarization
model [2.,4,8], in homogeneous ferroelectric properties are
considered. The relationship between these ferroelectric
properties including internal electric field, dielectric sus-
ceptibility and polarization is examined and discussed.

2. Theory

We consider a periodic superlattice consisting of alter-
nate layers of ferroelectric and paraelectric, which grows
on substrate. Hereafter, we denote as ferroelectric/para-
electric superlattices. By assuming that all spatial variation
of polarization takes place along the z-direction, the
Helmholtz free energy [11,13] per unit area for one period
of the superlattice can be expressed as

dpg

0
F = /fFEdZ+ fredz+F; (1)
0

—drE
where the first and second terms denote the free energy per

unit area of ferroelectric (FE) layer with thickness drz and
the free energy per unit area of paraelectric(PE) layer with
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thickness dpj; respectively. f{( j: FE or PE) is the free energy
densities

2
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where p; corresponds to the polarization of layer j.oc;“ =
o +2(c12g11j/C1ij—gizy)umy  and ﬁ;czﬁj_g%lj/2cllj-djaﬁ_/‘
and 7; are the Landau coefficients. ¢;;; and ¢y, are
the elastic stiffness coefficients. g;;; and g»; denote the
electrostrictive constants. u,,;=(a,—a;)/a, denotes the in-
plane misfit strain induced by the substrate due to the
lattice mismatch. g; is the unconstrained equivalent cubic
cell lattice constants of layer j and a, is the lattice
parameter of the substrate. E,; is the internal electric field
of the layer j and E,,, is the external electric field.
The interface energy is given by [5,6,11]

Fi =

n 2
260 (pre0—PPEO) (3)

where p; o denotes the interface polarizations of layer j. g is
the permittivity in vacuum. Parameter A, describes the
intermixing at interfaces [5,6,11]. If 4y#0, an intermixed
layer with properties different from its individual layers is
formed at the interface region. No intermixed layer is
formed, if 10=0.

The Euler-Lagrange equations follow from Egs. (1)
and (2) are

d’p; 1
K = 20D+ 48D + 690 = 5 Eaj—Eens, “)

and the boundary conditions for the polarization at inter-
faces are [5,6,11]

d A
—KFEd—p + 2 [pre(—drg)—pre(dpp)] = 0,

z=—dFg 0

d, A
KPEd—p + 2 [pre(0)—ppe(0)] = 0,
Zlz=0 €0
d, 2
KFEd_p + ‘—0 [Pre(0)—ppre(0)] =0,
Zlz=0 €0
ip Ao
—KpE + —[pre(—dre)—ppre(dpe)] = 0. (5)
=dpy 80

In the present study, we consider the simple case where
there is no free charge. From the Maxwell’s equations
VxD=0 and Vx E=0, we obtain the electrostatic
equations [3,11].

dE; dP;
T E
where D=¢E+P is the electric displacement and
E,=FE;;+E,\. Using E;= —V¢,, the continuity of electric
displacement at interface becomes [11]

0. (6)

d
—& PrE

dopg
dz ’

z:0+go dz

= —(ppE(O)—pPE(O)),
0

z=

dorg dorg
R dz z=—drg i dz z=dpg
= —(pre(—dre)—ppre(dpE)), (7a)

and the continuity of tangential component of electric field
gives the following conditions on the electric potentials [11]

?pe(0) = ¢ pp(0),

¢ pp(—dre) = @ pp(dpE). (7b)
By making use of E;(z)=1/eo(D—pfz))—E,., and the

permittivity compliance [14] of 0D/OFE.., = ¢(l+7%), the

dielectric susceptibility of superlattices can be obtained by

the differentiation of Eq. (4) with respect to E,(E,,—0) as

de/' % % 2 4 1
Kj de = (2OCj + IZﬁjpj +30Vjpj>Xj_2_80 (X—xj(z))—%
()
where 7 is the mean dielectric susceptibility of the
superlattice.

Differentiation of Eq.(5) with respect to E,,, yields the
boundary conditions for the dielectric susceptibility at
interface as

d A
_KFEdX +20 [XFE(_dFE)—XPE(dPE)} —0,
z=—dpyp 0
) A
RPE g, L 0+ P_g [1rE(0)—1p£(0)] =0,
4, )
KFEd_/z( + 8_2 [1rE(0)—1p£(0)] =0,
=0
—K dy + % [1rp(—dr)—1pp(dpe)] =0 )
"z c—dpy €0 Yre\—ArE) =X peldpPE)| = V.

The average internal electric field is

0

o dpg

E;= / E,ppdz+ / E,prdz (10)
0

—drg

where the periodic thickness L = dpg+dpg. The average
polarization of superlattice is defined as

0
o dpg
P= / pFEdZ+ / pPEdZ, (11)
0

—drg

and the mean dielectric susceptibility ¥ of the superlattice is
given by

11 /’ Ly 12)
— == . 12
1+X L —drg 1+X](Z)

In this work, Eqgs. (4) and Egs. (6) are solved numeri-
cally subject to the boundary conditions of Eq. (5),
Eq. (7a) and Eq. (7b). After that, by inserting the result
of polarization and electrostatic potential into Egs. (8), the
configuration of dielectric susceptibility can be calculated
numerically subject to the boundary conditions Eq. (9).
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Fig. 1. Profiles of polarization, internal electric field and dielectric susceptibility of PT/ST superlattice at 7=298 K.The three lines represent different

period thickness with ratio drg/dpg (in u.c.): 10/15 ==, 10/10 == and 10/5 ==.
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Fig. 2. Internal electric field, polarization and dielectric susceptibility as a
function of temperature for PT/ST superlattice with thickness ratio
dpg/dpg (in u.c.): 10/15 we=,10/10 = and 10/5 —. Dotted-lines represent
the transition temperature.

3. Results and discussion

In this section, the numerical parameters representing a
superlattice combining of PbTiO; (PT) as FE and SrTiO; (ST)
as PE on ST substrate are listed in Ref. [14]. We assume
1 unit cell (uc)~04nmand the length ¢j=
vicre/(0oreTore) ~ 0.6nm denotes the domain wall half
width [3,15]. The lattice constants in the PE state are 3.969 A
and 3.905 A for PT and ST, respectively [8]. From the lattice
constants, the lattice strains are obtained as u,,,= —0.0164
and u,,5=0. In this work, the interface intermixing parameter
is set as Jg= &;, implying that an intermixed layer with
inhomogeneous properties are formed at interface region [11].

Fig. 1 shows the profiles of polarization, internal electric
field and dielectric susceptibility in PT/ST superlattices for
different thickness ratio. It is seen that intermixed layers
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Fig. 3. Internal electric field, dielectric susceptibility and polarization as a
function of dpg/dpr at T=298 K.

with properties difference than that of both layers are
formed at interfaces z=0 [11]. The formation of intermixed
layer leads to inhomogeneity in polarization, internal
field and dielectric susceptibility near the interfaces.
The internal field in PT layer acts as the depolarization
field E4pg <0, whereas Egpg >0 tends to induce the
polarization in ST layer [2,12]. The internal field in ST
layer originates from the electrostatic coupling between
different PT layers (across the ST layer), and it plays an
important role in determining the ferroelectricity of these
superlattice. The spatial profiles of polarization, internal
electric field and dielectric susceptibility depend sensitively
on the layer thickness of superlattice.

The dependence of average internal electric field, polar-
ization and dielectric susceptibility of superlattice on
temperature for different thickness ratio is shown in
Fig. 2. Internal electric field and polarization disappear
at the transition temperature, whereas the dielectric sus-
ceptibility diverges. It can be seen that the phase transition
temperature of superlattices increases with increasing the
thickness ratio.
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In Fig. 3, we show the internal electric field, dielectric
susceptibility and polarization as a function of dpg/dpg.
As the thickness ratio increases from 10/15 to 20/10, the
polarization and depolarization field of superlattice increases.
On the hand, the dielectric susceptibility decreases from
~1200 to ~200. From Figs. 2 and 3, it is seen that the
control of thickness ratio or volume fraction allows the
tuning of ferroelectric properties in these superlattices [8].

Conclusion

We have developed a thermodynamic model for a
ferroelectric/paraelectric superlattice with interface inter-
mixed layer. Correlation between internal electric field,
dielectric susceptibility and polarization is discussed.
Unlike other uniform polarization model [2,4,8], our
model allows the study of inhomogeneous ferroelectric
properties in these superlattices.
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