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Ferroelectric dead layer driven by a polar interface
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Based on first-principles and model calculations we investigate the effect of polar interfaces on the ferroelectric stability of thin-film ferroelectrics. As a representative model, we consider a TiO2-terminated BaTiO3
film with LaO monolayers at the two interfaces that serve as doping layers. We find that the polar interfaces
create an intrinsic electric field that is screened by the electron charge leaking into the BaTiO3 layer. The
amount of the leaking charge is controlled by the boundary conditions which are different for three heterostructures considered, namely, vacuum/LaO/ BaTiO3 / LaO, LaO/ BaTiO3, and SrRuO3 / LaO/ BaTiO3 / LaO.
The intrinsic electric field forces ionic displacements in BaTiO3 to produce the electric polarization directed
into the interior of the BaTiO3 layer. This creates a ferroelectric dead layer near the interfaces that is nonswitchable and thus detrimental to ferroelectricity. Our first-principles and model calculations demonstrate that the
effect is stronger for a larger effective ionic charge at the interface and longer screening length due to a
stronger intrinsic electric field that penetrates deeper into the ferroelectric. The predicted mechanism for a
ferroelectric dead layer at the interface controls the critical thickness for ferroelectricity in systems with polar
interfaces.
DOI: 10.1103/PhysRevB.82.094114

PACS number共s兲: 77.80.bn, 73.22.⫺f, 77.55.fe

I. INTRODUCTION

Ferroelectric materials that are characterized by a switchable macroscopic spontaneous polarization have attracted
significant interest due to their technological applications in
ferroelectric field-effect transistors and nonvolatile random
access memories.1–3 To increase the capacity of the storage
media, it becomes essential to bring ferroelectricity into the
nanometer scale. Much experimental and theoretical effort
has been devoted to determine the critical thickness of ferroelectric thin films and elucidate its origin. Based on early
experiments it was believed that the ferroelectricity vanishes
below a critical thickness of a few tens of nanometers4 due to
the depolarizing field produced by polarization charges on
the two surfaces of the ferroelectric film.5 There is a depolarizing field in a ferroelectric film placed between two metal
electrodes due to incomplete screening which is inversely
proportional to the thickness of the ferroelectric. As a result,
there is a critical thickness for a ferroelectric below which
depolarizing field becomes too large resulting in the suppression of ferroelectricity. Recent experimental and theoretical
findings demonstrate, however, that ferroelectricity persists
down to a nanometer scale.6 In particular, it was discovered
that in organic ferroelectrics ferroelectricity can be sustained
in thin films of monolayer thickness.7 In perovskite ferroelectric oxides ferroelectricity was observed in nanometerthick films.8–13 These experimental results are consistent
with first-principles calculations that predict that the critical
thickness for ferroelectricity in perovskite films can be as
small as a few lattice parameters.14–19 The existence of ferroelectricity in ultrathin films opens possibilities for novel
nanoscale devices, such as ferroelectric20–26 and
multiferroic27–30 tunnel junctions.
Ferroelectric properties of thin films placed between two
metal electrodes to form a ferroelectric capacitor or a ferro1098-0121/2010/82共9兲/094114共10兲

electric tunnel junction are affected by a number of factors. It
was demonstrated that in addition to the screening associated
with free charges in the metal electrodes5 there is an important contribution resulting from ionic screening if electrodes
are oxide metals, such as SrRuO3.17 It was also predicted that
the interface bonding at the ferroelectric-metal interfaces influences strongly the ferroelectric state through the formation
of intrinsic dipole moments at the interfaces, as determined
by the chemical constituents and interfacial metal-oxide
bonds.16 For some interfaces, these dipole moments are switchable and may enhance the ferroelectric instability of the
thin film, which is interesting for engineering the electrical
properties of thin-film devices.31 For other interfaces, however the effect of interface bonding is detrimental and leads
to the “freezing” of polar displacements in the interfacial
region, thus resulting in a ferroelectrically inactive layer near
the interface.16
In this paper, we explore the effect of a polar interface on
the ferroelectric stability of a thin film of BaTiO3 and the
formation of a ferroelectric dead 共nonswitchable兲 region near
the interface. This study in motivated by our recent work
devoted to the control of two-dimensional electronic gas
共2DEG兲 properties at oxide interfaces through ferroelectric
polarization.32,33 A discovery of a 2DEG at oxide interfaces
between insulating perovskite SrTiO3 and LaAlO3 has attracted significant interest.34 The 2DEG has a very high carrier density and a relatively high carrier mobility making it
attractive for applications in nanoelectronics.35,36 At low
temperatures the oxide 2DEG may become magnetic37 or
superconducting.38 These interesting properties of the 2DEG
at oxide interfaces have stimulated significant research activity both in experiment39–47 and in theory.48–60
Using a ferroelectric material to form a 2DEG is interesting due to a new functionality that allows controlling 2DEG
properties. We have predicted that the switching of sponta-
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neous ferroelectric polarization allows modulations of the
carrier density and consequently the conductivity of the
2DEG.32,33 This effect occurs due to the screening charge at
the interface that counteracts the depolarizing electric field
and depends on polarization orientation. A necessary condition for such a new functionality is the ability of a ferroelectric polarization to switch involving a nanometer-thick region adjacent to the interface where the 2DEG is formed.53
However, the polar interface which is required for producing
a 2DEG 共Ref. 61兲 may affect the ferroelectric stability due to
the electric field associated with the polar interface. This
intrinsic electric field is determined by the electron charge
distributed near the interface to screen the ionic charge of the
interfacial plane and penetrates into the ferroelectric. The
intrinsic electric field is detrimental to ferroelectricity due to
pinning ionic displacements near the interface that prevents
their switching. These arguments indicate the important role
of polar interfaces in ferroelectric stability and serve as the
motivation for the present study. The importance of this issue
also follows from the fact that polar interfaces may occur in
ferroelectric capacitors and tunnel junctions. For example,
A1+B5+O3 perovskite ferroelectrics 共such as KNbO3兲 have alternating charged monolayers of 共AO兲− and 共BO2兲+ along the
关001兴 direction so that the 共001兲 surface is expected to be
polar. In addition, metal-oxide electrodes may have charge
uncompensated atomic planes along the growth direction
关such as La2/3Sr1/3MnO3共001兲兴, so that epitaxially grown
films may produce polar interfaces.
II. PRESENT INVESTIGATIONS

To investigate the effect of polar interfaces on the
ferroelectric stability, as representative systems, we consider three different types of heterostructures: 共1兲
vacuum/LaO/ BaTiO3 / LaO, 共2兲 LaO/ BaTiO3, and 共3兲
SrRuO3 / LaO/ BaTiO3 / LaO. In all the three systems a LaO
monolayer at the interface with a TiO2-terminated BaTiO3
produces a polar interface and serves as a doping layer donating an electron at the interface that leaves behind a positively charged 共LaO兲+ monolayer. This charge pins the Fermi
energy close to the bottom of the conduction band of BaTiO3
and may penetrate 共leak兲 into BaTiO3 producing a band
bending on a scale of the screening length. Similar to the
results in Ref. 53, we find that the conduction-band minimum 共CBM兲 in the middle monolayer of a 21.5 unit cell
BaTiO3 is approximately 0.2 eV above the Fermi energy and
substantial band bending is seen resulting in the CBM below
the Fermi energy only in the layers close to the interface 共see
Appendix A兲. For the vacuum/LaO/ BaTiO3 / LaO structure,
it is expected that the charge equal to −e per a lateral unit
cell leaks from the interface into the BaTiO3 layer. For the
LaO/ BaTiO3 system, as follows from symmetry, a charge
equal to −0.5e per lateral unit cell leaks into BaTiO3. For the
SrRuO3 / LaO/ BaTiO3 / LaO structure, a positive charge of
the 共LaO兲+ monolayer is screened within the SrRuO3 metal
electrode leading to about −0.26e charge leaking into
BaTiO3 共as follows from our first-principles calculation discussed below兲. Therefore, the three systems considered are
different by the amount of electron charge penetrating into
BaTiO3.

BaTiO3

(LaO)+

E

(LaO)+

E

FIG. 1. 共Color online兲 Charge distribution and the intrinsic electric field in a BaTiO3 film terminated with positively charged
共LaO兲+ monolayers at the left and right interfaces. A gradient
shadow region indicates the screening charge penetrating into
BaTiO3. Arrows indicate the intrinsic electric field that has a tendency to pin the local polarization along the field direction.

When describing the electron distribution within the
BaTiO3 it is convenient to introduce the notion of effective
ionic charge which is a sum of the positive charge at the LaO
monolayer and a negative electron charge distributed on the
other side of the interface. Thus, the screening charge in
BaTiO3 is associated with the effective ionic charge, which
according to the charge conservation condition is equal to
+e, +0.5e, and +0.26e per lateral unit cell area for the three
systems, respectively. The interface ionic charge creates an
intrinsic electric field pointing into the BaTiO3 layer as
shown in Fig. 1. This field is screened by the negative charge
within the screening length of about 1 nm from the interface.
Within this region the intrinsic electric field forces ionic displacements in BaTiO3 to produce the electric dipole moments directed into the interior of the BaTiO3 layer. The
intrinsic electric field is not related to the polarization charge
but pins the electric polarization in the direction away from
the interface. This creates a ferroelectric dead layer near the
interfaces that is nonswitchable and thus detrimental to ferroelectricity. The effect is stronger for a system, in which the
effective ionic charge at the interface is larger. A longer
screening length produces a lesser screening effect making
the electric field to penetrate deeper into the ferroelectric
layer and thus producing a stronger pinning effect. These
predictions are elaborated in detail using first-principles and
model calculations as discussed below.
III. SYSTEMS AND THEORETICAL METHODS

To investigate the effect of polar interfaces on the ferroelectric stability we employ first-principles calculations
based on density-functional theory62,63 along with a model
approach based on the Landau-Ginzburg-Devonshire
theory.64,65 As was discussed above we consider three
types of superlattices: vacuum/LaO/ 共BaTiO3兲m / LaO,
LaO/ 共BaTiO3兲n, and 共SrRuO3兲5.5 / LaO/ 共BaTiO3兲m / LaO,
where m and n denote the number of unit cells of BaTiO3:
m = 8.5 and n = 8.5, 14.5, or 21.5. All the layered heterostructures are stacking in the 共001兲 planes with the z axis pointing
normal to the planes in the 关001兴 direction. We impose periodic boundary conditions and assume that BaTiO3 is TiO2
terminated at both interfaces. In our structural model we include implicitly a SrTiO3 substrate by constraining the inplane lattice constants of the supercell structures to the calculated bulk lattice constant of SrTiO3, i.e., a = 3.871 Å.
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This constraint produces a strain on bulk BaTiO3 resulting in
the tetragonal distortion of c / a = 1.04 and ferroelectric polarization of 0.26 C / m2, as calculated using the Berry’s phase
method.66
Density-functional calculations are performed using the
projected augmented wave method67 implemented within the
Vienna ab initio simulation package 共VASP兲.68 The exchangecorrelation effects are treated within the local-density approximation 共LDA兲. The electron wave functions are expanded in a plane-wave basis set limited by a cut-off energy
of 500 eV. Calculations are performed using the 8 ⫻ 8 ⫻ 1
Monkhorst-Pack k-point mesh.69 The self-consistent calculations are converged to 10−5 eV/ cell. Ferroelectric states are
obtained by relaxing all the ions in the superlattices starting
with the displacement pattern of the bulk tetragonal soft
mode with polarization pointing perpendicular to the planes
until the forces on the ions are less 20 meV/ Å.
The goal of using the phenomenological model is to investigate the influence of the intrinsic electric field Ei at the
polar interface 共Fig. 1兲 on ferroelectric polarization. Within
the Landau-Ginzburg-Devonshire theory of a ferroelectric
film,64,65 the free energy is expressed as follows:70,71

F=

冕冋
冕

+

册

1
A 2 B 4 C
P + P + 共ⵜ · P兲2 − Ei P − Eds P dV
2
2
4
2
C
兵关P共0兲 + Pi兴2 + 关P共d兲 − Pi兴2其dS.
2␦

1 2P − RP̄ − RP
d2 P
3
2 = AP + BP − Ei +
2
dx
f

subject to boundary conditions

P⫿␦

dP
dz

冊

= ⫿ Pi .

共3兲

z=0,d

In Eq. 共2兲 P̄ and RP are the average polarization P共z兲 and the
average function R共z兲P共z兲 over film thickness, where R共z兲 is
given by Eq. 共B8兲. Equation 共2兲 can be solved numerically
using an iterative procedure. Numerical calculations suggest
that the last term in Eq. 共2兲 can be replaced with a reasonable
accuracy by P−RP̄
 f which simplifies the convergence to a selfconsistent solution. In particular calculations, we use a set of
parameters appropriate for BaTiO3: TC = 403 K, P0
= 0.27 C / m2, C0 = 1.7⫻ 105,72 and a0 = 0.8 nm.73,74 The dielectric permittivity  f originates from the nonferroelectric
lattice modes75 and for BaTiO3 is assumed to be  f = 900.25
This value describes adequately the depolarizing field in
BaTiO3 obtained from first-principles calculations for a
SrRuO3 / BaTiO3 / SrRuO3 Ferroelectric tunnel junction.29 In
the calculations we use different effective ionic charges i
at the BaTiO3 surfaces which enter Eq. 共B2兲 for the
intrinsic electric field. For the vacuum/LaO/ BaTiO3 / LaO
system, the effective interface charge i is assumed to be +e
per lateral unit cell area, while for LaO/ BaTiO3 and
SrRuO3 / LaO/ BaTiO3 / LaO systems lattices they are assumed to be +0.5e and +0.26e, respectively. Other parameters, i.e., , ␦, and Pi, are the adjustable parameters of the
model.

共1兲
IV. ELECTRONIC STRUCTURE

Here P共z兲 is a ferroelectric polarization, which is assumed to
be homogeneous in the x-y plane of the film, Pi is the interface polarization, and Ei is the intrinsic electric field not
related to the polarization. The last term in the volume integral represents the self-energy of the depolarizing field Eds
that includes screening 共see Appendix B兲. Constant A is
T−T
given by Curie-Weiss law A = C00C , where C0 and TC are the
Curie constant and temperature, and 0 is the permittivity of
free space. Constant B is given by B = −A / P20, where P0 is the
polarization at zero temperature. Constant C is related to A
as follows: C = −Aa20, where a0 is on the order of lattice
spacing.70 The extrapolation length ␦ is a phenomenological
parameter associated with the derivatives of the P共z兲 at the
interface.
We obtain the intrinsic electric field Ei and depolarizing
field Eds, as described in Appendix B, assuming that the free
charge that screens the effective ionic charge at the interfaces
decays exponentially into the ferroelectric layer with decay
length  and is redistributed between the interfaces to screen
the depolarizing field. Variation in the free-energy functional
given by Eq. 共1兲 over the polarization yields the EulerLagrange equation for polarization

C

冉

共2兲

First, we analyze the electronic band structure of
vacuum/LaO/ 共BaTiO3兲8.5 / LaO,
LaO/ 共BaTiO3兲8.5,
and
共SrRuO3兲5.5 / LaO/ 共BaTiO3兲8.5 / LaO heterostructures. In all
the structures the presence of the interfacial LaO donor
monolayer produces an extra valence charge that resides near
the interface, partly or fully leaking into the BaTiO3 layer.
The latter fact is evident from Fig. 2, which shows the density of states 共DOS兲 projected onto the 3d orbitals of Ti atoms located at the left and right interfaces 共solid lines兲 and in
the middle of the BaTiO3 layer 共shaded area兲 for the three
heterostructures. There are occupied states at and below the
Fermi level 共placed at zero energy in Fig. 2兲, the density of
which decreases with the distance from the interface in the
interior of BaTiO3. The attenuation length depends on the
state energy in the band gap. Typically the shortest decay
length corresponds to energies close to the middle of the gap.
At the band-gap edges, however, adjacent to the conductionband minimum or the valence-band maximum 共VBM兲 the
decay length diverges due to the imaginary part of the complex wave vector tending to zero.76 The average decay length
is about 1 nm for all the three heterostructures, which is
consistent with the calculation for the LaAlO3 / SrTiO3
system.53 We note the DOS at the Fermi energy decays at a
larger scale and involves metal-induced gap states53 so that a
much larger thickness of BaTiO3 is required to approach a
zero DOS. This is discussed in detail in Appendix A where
we analyze the band alignment for the LaO/ 共BaTiO3兲21.5
system. The total leakage charge can be calculated by
integrating the total DOS lying within the band gap of
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FIG. 2. 共Color online兲 DOS projected onto the 3d states of Ti
atoms located at the left and right interfaces 共solid lines兲 and in the
middle of the BaTiO3 layer 共shaded area兲 for 共a兲
vacuum/LaO/ 共BaTiO3兲8.5 / LaO, 共b兲 LaO/ 共BaTiO3兲8.5, and 共c兲
共SrRuO3兲5.5 / LaO/ 共BaTiO3兲8.5 / LaO heterostructures. The Fermi
level lies at zero energy and denoted by the dashed line. The insets
show the VBM with respect to the Fermi energy within the BaTiO3
layer as a function of z.

BaTiO3 up to the Fermi energy. We find for
LaO/ 共BaTiO3兲8.5,
and
vacuum/LaO/ 共BaTiO3兲8.5 / LaO,
共SrRuO3兲5.5 / LaO/ 共BaTiO3兲8.5 / LaO heterostructures that this
charge is equal to 1e, 0.5e, and 0.26e per unit cell area,
respectively.
As is evident from the DOS plotted in Fig. 2共a兲, for a
vacuum/LaO/ 共BaTiO3兲8.5 / LaO heterostructure, there is a
significant shift of the VBM in the middle of BaTiO3 layer as
compared to the interfaces. This is an indication of the electrostatic potential change in the insulator and hence an intrinsic electric field. We show the variation in the electrostatic
potential energy across the BaTiO3 layer in the inset of Fig.
2共a兲 by plotting the VBM energy 共normalized to zero at
maximum兲 as a function of position z 共measured in unit
cells兲 within BaTiO3. A significant increase in the electrostatic potential energy at the two interfaces that is seen from
the inset indicates the presence of the electric field pointing
away from the interfaces. The magnitude of this field close to
the interfaces is about 0.5 V/nm. Almost symmetric variation
in the electrostatic potential is the indication of the absence
of ferroelectric polarization in BaTiO3 which is expected to
break the symmetry.
A similar behavior is present in a LaO/ 共BaTiO3兲8.5 heterostructure. In this case, however, as seen from the inset
in Fig. 2共b兲, the change in the electrostatic energy and hence
the electric field are reduced by a factor of 2, as compared to
the vacuum/LaO/ 共BaTiO3兲8.5 / LaO system. This reduction is
the consequence of the reduced value of the electric charge
per interface 共0.5e versus 1e兲 that screens the 共LaO兲+ and
penetrates into BaTiO3. The electric field is still sufficiently
large to not allow for ferroelectric polarization to develop for
the 8.5 unit-cell thick BaTiO3 layer, as follows from the almost symmetric energy profile seen in the inset of Fig. 2共b兲.
The
situation
changes
for
a
共SrRuO3兲5.5 /
LaO/ 共BaTiO3兲8.5 / LaO heterostructure, where the large por-

tion of the screening charge resides in the SrRuO3 electrodes
allowing only 0.26e/interface to leak into BaTiO3. The reduced value of the charge and hence the intrinsic electric
field makes it possible for ferroelectric polarization to develop in the system, as we will see below. An indirect indication of this fact is a complex electrostatic energy profile
across the BaTiO3 layer 关see the inset in Fig. 2共c兲兴 which in
addition to the intrinsic electric field includes contributions
from the depolarizing field created by a nonuniform polarization and the associated screening charge.
We note that the amount and the penetration depth of the
electron charge into BaTiO3 are largely determined by the
position of the Fermi energy with respect to the bottom of
the conduction band of BaTiO3. The latter is controlled by
the conduction-band bending due to the electrostatic potential associated with the screening charge that places the
conduction-band minimum at a certain position above the
Fermi energy. Therefore, the well-known problem of LDA to
underestimate the band gap of insulator and predict an incorrect band offset between metal and insulators does not affect
significantly the predicted results.
V. ATOMIC STRUCTURE AND POLARIZATION

The effect of the intrinsic electric field at the interface
on ferroelectric polarization is evident from polar atomic
displacements in the studied systems which are correlated with a ferroelectric instability. Figures 3共a兲–3共c兲
show the displacements of cations 共Ba and Ti兲 with
respect to oxygen anions in the BaTiO3 layer for
LaO/ 共BaTiO3兲8.5,
and
vacuum/LaO/ 共BaTiO3兲8.5 / LaO,
共SrRuO3兲5.5 / LaO/ 共BaTiO3兲8.5 / LaO heterostructures, respectively. As seen from Fig. 3共a兲, the displacements profile is
nearly inversion symmetric and, although the displacements
are very large 共about 0.2 Å兲 close to the interfaces, they
have opposite sign. This behavior is the consequence of the
intrinsic electric field pointing away from the interfaces 共Fig.
1兲 that forces the polarization to be pinned in the same direction. The LaO/ 共BaTiO3兲8.5 system exhibits a similar displacements profile, although the magnitude of the displacements is somewhat reduced at the interface 关Fig. 3共b兲兴. The
latter fact is an indication of the reduced intrinsic electric
field at the interface due to a reduced charge penetrating into
BaTiO3 near the interfaces, as was discussed above. For the
共SrRuO3兲5.5 / LaO/ 共BaTiO3兲8.5 / LaO system the intrinsic electric field is further reduced that allows a ferroelectric polarization to develop. This follows from the asymmetric polarization profile in Fig. 3共c兲 with a larger portion of electric
dipoles pointing in the positive direction along the z axis
共i.e., from left to right interface兲.
We estimate the local polarization distribution within
BaTiO3 using a model based on the Born effective charges.77
For this purpose we compute the local polarization P共z兲 by
averaging over the z-dependent displacements in the BaTiO3
ⴱ
N
primitive unit cell using equation P共z兲 = ⍀e 兺m=1
Zm
␦um. Here
N is the number of atoms in the primitive unit cell, ␦um is the
change in the position vector of the mth atom, and ⍀ is the
ⴱ
are
volume of the unit cell. The Born effective charges Zm
2.77, 7.25, −2.15, and −5.71 for Ba, Ti, O⬜, and O储 ions,
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FIG. 3. 共Color online兲 关共a兲–共c兲兴 Displacements 共D兲 of cations
共Ba and Ti兲 with respect to oxygen anions and 关共d兲–共f兲兴 local polarizations 共P兲 across a BaTiO3 layer in 关共a兲 and 共d兲兴
vacuum/LaO/ 共BaTiO3兲8 / LaO, 关共b兲 and 共e兲兴 LaO/ 共BaTiO3兲8.5, and
关共c兲 and 共f兲兴 共SrRuO3兲5.5 / LaO/ 共BaTiO3兲8.5 / LaO heterostructures.
Solid squares and open circles in 共a兲–共c兲 denote Ba-O and Ti-O
displacements, respectively. In figures 共d兲–共f兲 the local polarizations
are obtained using the displacements calculated from first-principles
in conjunctions with the Born effective charges 共squares兲 and from
the phenomenological model 共solid lines兲.

respectively.78 Using these values the polarization of the
strained bulk BaTiO3 is calculated to be 0.27 C / m2, which
is in excellent agreement with our calculation based on the
Berry phase method, i.e., 0.26 C / m2. We note that the
method based on the Born effective charges calculated for
bulk ferroelectrics cannot provide a quantitatively accurate
description of the local polarization distribution in heterostructures due to the effects of interfaces and local fields
which do not exist in the bulk. Nevertheless, we find this
approach valuable for a semiquantitative estimate of the polarization behavior and comparison with our phenomenological model 共see Sec. VI兲.
The results are displayed in Figs. 3共d兲–3共f兲 共squares兲.
It is seen that for vacuum/LaO/ 共BaTiO3兲8.5 / LaO 关Fig. 3共d兲兴
and LaO/ 共BaTiO3兲8.5 关Fig. 3共e兲兴 heterostructures the polarization profiles are nearly inversion symmetric resulting in
very low average polarization values: 0.029 C / m2 and
0.037 C / m2 for the two systems, respectively. For the
共SrRuO3兲5.5 / LaO/ 共BaTiO3兲8.5 / LaO heterostructure 关Fig.
3共f兲兴 the ferroelectric polarization is more pronounced 共the
average value is 0.09 C / m2兲 due to the screening of the
depolarizing field in the SrRuO3 electrodes. Nevertheless,
even in this case the presence of the intrinsic electric field
associated with the polar interfaces force the dipole moments
in BaTiO3 to be pointed away from the interfaces, resulting
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FIG. 4. 共Color online兲 关共a兲–共c兲兴 Displacements 共D兲 of cations
共Ba and Ti兲 with respect to oxygen anions and 关共d兲–共f兲兴 local polarizations 共P兲 across the BaTiO3 layer in LaO/ 共BaTiO3兲n heterostructures containing 关共a兲 and 共d兲兴 n = 8.5, 关共b兲 and 共e兲兴 14.5, or 关共c兲 and
共f兲兴 21.5 unit cells of BaTiO3. Solid squares and open circles in
共a兲–共c兲 denote Ba-O and Ti-O displacements, respectively. In figures 共d兲–共f兲 the local polarizations are obtained using the displacements calculated from first principles in conjunctions with the Born
effective charges 共squares兲 and from the phenomenological model
共solid lines兲.

in a ferroelectric dead layer as discussed below.
The presence of a ferroelectric dead layer, i.e., the BaTiO3
region near the interface that does not switch upon ferroelectric polarization reversal, can be seen from the dependence of
polar displacements and local polarization distribution as a
function of BaTiO3 thickness. To study this dependence we
have performed calculations for LaO/ 共BaTiO3兲n heterostructures containing n = 8.5, 14.5, or 21.5 unit cells of BaTiO3
that correspond to BaTiO3 thicknesses t = 3.2, 5.6, and 8.4
nm. Since the boundary conditions at the two interfaces are
identical independent of BaTiO3 thickness this calculation
reveals the effect of polar interfaces on the ferroelectric polarization. The results are displayed in Figs. 4共a兲–4共f兲. It is
seen that as the BaTiO3 thickness increases, the ferroelectric
polarization becomes more stable involving a larger thickness of the BaTiO3 layer. The average polarization of
BaTiO3 increases from P̄ = 0.029 C / m2 for t = 3.2 nm to P̄
= 0.095 C / m2 and 0.12 C / m2 for t = 5.6 nm and 8.4 nm,
respectively. It is notable, however, that even at a relatively
large thickness of 8.4 nm the ferroelectric polarization in the
middle of the BaTiO3 layer is 0.21 C / m2, i.e., it does not
reach the respective bulk value 0.27 C / m2.
The enhancement of polarization at large BaTiO3 thickness does not affect significantly the BaTiO3 region adjacent
to the right interface where the polar displacements remain
opposite to the spontaneous polarization displacements.
From comparison of Figs. 4共d兲–4共f兲 it is seen that the region
where the polar displacements are reversing is almost inde-
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VI. PHENOMENOLOGICAL MODEL

The model based on the Landau-Ginzburg-Devonshire
theory, as described in Sec. III, was used to further elucidate
the effect of polar interfaces on ferroelectric polarization. By
explicitly including the effective interface charge and the associated screening charge in the simulation we have fitted the
local polarizations obtained from the first-principles calculations and the model based on the Born effective charges. To
reduce the number of fitting parameters we fixed  = 1 nm
consistent with our DFT results and ␦ = 1.2 nm. The value of
Pi = −0.45 C / m2 was fitted and was assumed to be the same
for all the structures considered. Different effective ionic
charges i at the BaTiO3 surfaces were used, as described in
Sec. III. Figures 3共e兲, 3共f兲, 4共e兲, and 4共f兲 show results of the
fitting by solid lines, demonstrating that the phenomenological model is capable of describing all the major features in
the distributions of the local polarization that are obtained
from the first-principles displacements combined with the
Born effective charges. In particular, the model clearly indicates that the intrinsic electric field associated with polar
interfaces pins the atomic displacements near the interfaces
and thus is detrimental to ferroelectricity. For a given decay
length  inside the ferroelectric, the larger effective ionic
charge at the interface creates a wider ferroelectric dead
layer near the interface and thus produces a stronger destructive effect on ferroelectricity.
To obtain a further insight into the effect of the intrinsic
electric field on ferroelectricity we have modeled the average
polarization of a ferroelectric layer terminated by a polar
interface allowing the decay length  to be a variable parameter. In the simulation we kept all the other parameters to be
the same as those for the LaO/ 共BaTiO3兲n heterostructure.
Figure 5共a兲 shows the resulting average polarization P̄ as a
function of  for films of different thicknesses t. It is seen
that with increasing decay length the average polarization of
the film decreases and at some value of  it vanishes even for
a very thick BaTiO3 layer. This detrimental effect on ferroelectricity originates from the increasing penetration depth of
the intrinsic electric field into the ferroelectric layer that
broadens a ferroelectrically dead region near the interfaces.
On the other hand, when  tends to zero the pinning electric
field near the interfaces vanishes and the average polarization
approaches its bulk value as the thickness of BaTiO3 is increasing.

=0
 = 1 nm

t = 3.22 nm
t = 5.64 nm
t = 8.45 nm

P (C/m )

pendent of BaTiO3 thickness and cover about 3 nm thicknesses near the interface. This may be regarded as a ferroelectric dead layer and determines the critical thickness for
ferroelectricity in this system.
We note that in the previous calculation of critical thickness for ferroelectricity of a KNbO3 film placed between two
metal electrodes16 the effect of the polar interfaces may also
play a role due to the KNbO3共001兲 layer being comprised of
the charged 共KO兲− and 共NbO2兲+ planes along the 关001兴 direction. The predicted ferroelectric domain wall occurring in
the SrRuO3 / KNbO3 heterostructure may partly be caused by
an intrinsic electric field occurring at the polar interface in
this system.

0

1
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2

(b)
0

4
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8
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FIG. 5. 共Color online兲 Average polarization P̄ of a BaTiO3 film
共a兲 as a function of the decay length  for three film thicknesses t
and 共b兲 as a function of the film thickness t for two values of 
calculated within the phenomenological model 共solid symbols兲 and
using first-principles calculations and the Born charge model 共open
symbols兲. The inset in 共a兲 shows P̄ for Ei = 0.

The stability of ferroelectric polarization strongly depends
on the screening length . The latter determines the penetration depth of the screening charge and consequently the electric field into the ferroelectric layer. Increasing the screening
length leads to the increase in the critical thickness for ferroelectricity. This statement is confirmed in our model calculations displayed in Fig. 5共b兲 that show the average polarization as a function of ferroelectric layer thickness t for
different . In this calculation the magnitude of the charge
that screens polarization is kept fixed so that only the penetration depth of the charge that screens the intrinsic electric
field is varied. It is seen that the increase in the screening
length from  = 0 to  = 1 nm leads to the increase in the
critical thickness from about 1 nm to about 5 nm. The latter
is qualitatively consistent with our first-principles calculations combined with the model based on the effective Born
charges.
We would like to emphasize that the predicted suppression of polarization in our systems is entirely caused by the
polar interfaces and the associated intrinsic electric field resulting in a ferroelectric dead layer. Other possible mechanisms detrimental to ferroelectricity such as insufficient
screening of polarization charge and the interface bonding do
not play a decisive role. The polarization screening due to
the redistribution of the free charge between interfaces 共see
Appendix B兲 is sufficient to maintain the polarization. This
fact follows from the calculation we performed within the
phenomenological model in which the intrinsic electric field
was artificially set equal to zero, i.e., Ei = 0, in the free energy
given by Eq. 共1兲, but other parameters of the model were
kept fixed. The calculation of the average polarization with
respect to film thickness t predicts no decay of polarization
with  关see the inset in Fig. 5共a兲兴 and the critical thickness
for ferroelectricity of about 1 nm 关see Fig. 5共b兲兴 consistent
with previous first-principles results.14–17 We can also rule
out the effect of interface bonding as a possible mechanism
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VII. SUMMARY

Based on first-principles model and calculations
we have investigated the effect of polar interfaces
on the ferroelectric stability of thin-film ferroelectrics
using vacuum/LaO/ BaTiO3 / LaO, LaO/ BaTiO3, and
SrRuO3 / LaO/ BaTiO3 / LaO heterostructures as representative systems. In all the three systems a LaO monolayer at the
interface with a TiO2-terminated BaTiO3 produces a polar
interface and serves as a doping layer donating an electron at
the interface that compensates the ionic charge of the positively charged 共LaO兲+ monolayer. This interface ionic charge
creates an intrinsic electric field at the interface which is
screened by the screening electron charge leaking into the
BaTiO3 layer within the screening length of about 1 nm from
the interface. The three systems considered are different by
the amount of the screening charge changing from −e per a
lateral unit cell to −0.5e and −0.26e and thus effective ionic
charge for the vacuum/LaO/ BaTiO3 / LaO, LaO/ BaTiO3,
and SrRuO3 / LaO/ BaTiO3 / LaO systems, respectively.
Within the screening region the intrinsic electric field forces
ionic displacements in BaTiO3 to produce the dipole moments pointing into the interior of the BaTiO3 layer and thus
pins the polarization near the interface. This creates a ferroelectric dead layer near the interfaces that is nonswitchable
and thus detrimental to ferroelectricity. Our first-principles
and model calculations demonstrate that the effect is stronger
for a system, in which the effective ionic charge at the interface is larger and the screening length is longer resulting in a
stronger intrinsic electric field that penetrates deeper into the
ferroelectric. The predicted mechanism for a ferroelectric
dead layer at the interface controls the critical thickness for
ferroelectricity in systems with polar interfaces.
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of suppression of ferroelectricity. If it were due to the interface bonding, then the ferroelectric polarization in the three
structures considered would be similar due to the same LaO
monolayers terminating BaTiO3. However, the results of our
first-principles calculations suggest a very different behavior
for the three systems.
Our results are consistent with the stability of ferroelectric
KNbO3 in the presence of 2DEG at the KNbO3 / SrTiO3
interfaces predicted earlier.32,33 In this case the positive
charge at the polar interface is screened by a free-electron
charge penetrating almost equally both to the KNbO3 and
SrTiO3 layers. As follows from symmetry, this implies that
only 0.25e per interface leak into the KNbO3 with decay
length of about 1 nm. Due to the same leakage charge and
the decay length, the local polarization distribution is expected to be qualitatively similar to that found for the
SrRuO3 / LaO/ BaTiO3 / LaO heterostructure. This fact is evident from the similarity between displacements shown in
Fig. 3共c兲 and those in Fig. 4a of Ref. 33.
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FIG. 6. 共Color online兲 Band alignment in LaO/ 共BaTiO3兲21.5 system. 共a兲 Local DOS on TiO2 monolayers 共l兲 as a function of the
energy. The curved line to the left 共right兲 indicates the position of
the valence-band maxima 共conduction-band minima兲 and the vertical solid line denotes the Fermi energy EF; 共b兲 planar-averaged
electrostatic potential across BaTiO3 共thin line兲 and the macroscopic electrostatic potential 共thick line兲; 共c兲 position of the corelike
O 2s states for different TiO2 layers 共squares兲 and the macroscopic
electrostatic potential shifted by −18.2 eV 共solid line兲.
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APPENDIX A: BAND ALIGNMENT IN LaOÕ (BaTiO3)21.5
SYSTEM

Here we analyze the band alignment in LaO/ 共BaTiO3兲21.5
system. Figure 6共a兲 shows the calculated DOS on the TiO2
monolayers located at different distances from the LaO
monolayers at the interface. A substantial band bending is
seen resulting in the change of the VBM and the conductionband minimum 共CBM兲 as a function of l. This is due to the
variation in the macroscopic electrostatic potential which rigidly shifts the bands with respect to the Fermi energy. The
macroscopic electrostatic potential is obtained by performing
the macroscopic averaging of the microscopic potential obtained from the supercell calculation that allows filtering out
microscopic periodic oscillations in the original data.79,80
Figure 6共b兲 shows the result of this averaging for the
LaO/ 共BaTiO3兲21.5 superlattice, where the planer-averaged
electrostatic potential 共thin line兲 and the potential additionally averaged over the BaTiO3 c-lattice constant 共i.e., macroscopically averaged兲 共thick line兲 are shown as a function of
the position z within the BaTiO3 layer. We find that the variation in the macroscopic electrostatic potential is consistent
with the change in the VBM seen in Fig. 6共a兲, as is evident
from the respective solid curve plotted in accordance to Fig.
6共b兲. This allows us to find the variation in the CBM in
BaTiO3 as follows. We add the calculated band gap of the
bulk BaTiO3 with the same lattice constant of 2.2 eV to the
VBM obtained for the TiO2 monolayer in the middle of
BaTiO3 layer. This determines the CBM at this site, which
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appears to be approximately 0.2 eV above the Fermi energy.
Then, we obtain the site variation in the CBM by adding the
electrostatic potential difference as shown by the solid curve
in the conduction band in Fig. 6共a兲. It is clearly seen that
CBM below the Fermi energy are confined close to the interface layers.
The approach used here is similar to that applied in Ref.
53 to prove the importance of evanescent states in controlling the confinement width of 2DEG. As seen from Fig. 6共c兲
the variation in the electrostatic potential shown n Fig. 6共b兲
is consistent with the position of the corelike O 2s states.
This justifies the method used in Ref. 53 to analyze the variation in the electrostatic potential based on the O 2s states.

Ed共z兲 = −

i = −

i e共−z/兲 + e„共z−d兲/…
.
1 − e−共d/兲


s = −

共B1兲

The resulting electric field produced by both the interface
ionic charge and the screening charge is given by

i e共−z/兲 − e„共z−d兲/…
Ei共z兲 =
,
1 − e−共d/兲
f

1 M.

Dawber, K. M. Rabe, and J. F. Scott, Rev. Mod. Phys. 77,
1083 共2005兲.
2
N. Setter, D. Damjanovic, L. Eng, G. Fox, S. Gevorgian, S.
Hong, A. Kingon, H. Kohlstedt, N. Y. Park, G. B. Stephenson, I.
Stolitchnov, A. K. Taganstev, D. V. Taylor, T. Yamada, and S.
Streiffer, J. Appl. Phys. 100, 051606 共2006兲.

s e共−z/兲 − e„共z−d兲/…
,
1 − e−共d/兲


共B4兲

where s is the surface screening charge density and the total
screening charge 关i.e., the integral of Eq. 共B4兲 over film
thickness兴 is equal to zero. The associated screening field is
Es = −

s 1 + e共−d/兲 − e共−z/兲 − e„共z−d兲/…
.
1 − e共−d/兲
f

共B5兲

In order to obtain the value of s, we use the short-circuit
boundary condition which follow from the periodic boundary
condition of the supercell geometry. This condition implies
that the electrostatic potential must be equal at the two interfaces, i.e., ⌽共0兲 = ⌽共d兲. Using this condition we find

s = − P̄

1 − e共−d/兲
,
2 2 共−d/兲
1 + e共−d/兲 −
+ e
d
d

共B6兲

where P̄ ⬅ d1 兰d0 P共z兲dz is the average polarization.
Thus, the net depolarizing field that takes into account the
effect of screening is given by
Eds = Ed + Es =

共B2兲

where  f is the dielectric constant of the ferroelectric at saturation.
The ferroelectric polarization of the film produces the volume polarization charge density  p = − d P共z兲
dz and surface polarization charge density at the two interfaces,  p共0兲 = −P共0兲
and  p共d兲 = −P共d兲. The associated 共unscreened兲 depolarizing
field is given by

共B3兲

where the dielectric permittivity  f originates from the nonferroelectric lattice modes.75 This field is partly screened by
the redistribution of the free charge density between the two
interfaces. Note that this screening of the depolarizing field
is different from the screening of the ionic charge located at
the interfaces. For simplicity we assume that the screening
charge density do not change the shape of the free chargedensity distribution but rather adds charge at one interface
and removes it at the other interface. Thus the volume
screening charge density can be written in the following
form:

APPENDIX B: INTRINSIC AND DEPOLARIZING
FIELDS

Here we calculate the intrinsic electric field Ei associated
with the surface ionic charge screened by the free-electron
charge penetrating into the interior of a BaTiO3 layer 共see
Fig. 1兲 and the depolarizing electric field Eds associated with
ferroelectric polarization. We consider a ferroelectric thin
film of thickness d and polarization P共z兲 and assume that
there is an effective ionic 共positive兲 charge density i deposited on each of the two interfaces. As was discuss in Sec. II,
this effective ionic charge is different depending on a particular interface. We assume that there is no polarization and
field outside the film. Consistent with the Thomas-Fermi
model, we assume that a free-electron 共negative兲 charge that
screens the ionic charge decays exponentially into the
BaTiO3 layer with decay length . Due to charge conservation the resulting volume charge density is given by

P共z兲
,
f

P̄R共z兲 − P共z兲
,
f

共B7兲

where
R共z兲 =

1 + e共−d/兲 − e共−z/兲 − e„共z−d兲/…
.
2 2 共−d/兲
共−d/兲
1+e
−
+ e
d
d

共B8兲

This depolarizing field enters the free-energy functional
given by Eq. 共1兲.

F. Scott, Science 315, 954 共2007兲.
A. Spaldin, Science 304, 1606 共2004兲.
5
R. R. Mehta, B. D. Silverman, and J. T. Jacobs, J. Appl. Phys.
44, 3379 共1973兲.
6 C. Lichtensteiger, M. Dawber, and J.-M. Triscone, in Physics of
Ferroelectrics: A Modern Perspective, Topics in Applied Phys3 J.

4 N.

094114-8

PHYSICAL REVIEW B 82, 094114 共2010兲

FERROELECTRIC DEAD LAYER DRIVEN BY A POLAR…
ics Vol. 105, edited by K. M. Rabe, C. H. Ahn, and J.-M.
Triscone 共Springer, New York, 2007兲, pp. 305–336.
7
A. V. Bune, V. M. Fridkin, S. Ducharme, L. M. Blinov, S. P.
Palto, A. V. Sorokin, S. G. Yudin, and A. Zlatkin, Nature 共London兲 391, 874 共1998兲.
8
T. Tybell, C. H. Ahn, and J.-M. Triscone, Appl. Phys. Lett. 75,
856 共1999兲.
9 D. D. Fong, G. B. Stephenson, S. K. Streiffer, J. A. Eastman, O.
Auciello, P. H. Fuoss, and C. Thompson, Science 304, 1650
共2004兲.
10 C. Lichtensteiger, J. M. Triscone, J. Junquera, and Ph. Ghosez,
Phys. Rev. Lett. 94, 047603 共2005兲.
11
D. D. Fong, A. M. Kolpak, J. A. Eastman, S. K. Streiffer, P. H.
Fuoss, G. B. Stephenson, C. Thompson, D. M. Kim, K. J. Choi,
C. B. Eom, I. Grinberg, and A. M. Rappe, Phys. Rev. Lett. 96,
127601 共2006兲.
12 D. A. Tenne, A. Bruchhausen, N. D. Lanzillotti-Kimura, A. Fainstein, R. S. Katiyar, A. Cantarero, A. Soukiassian, V. Vaithyanathan, J. H. Haeni, W. Tian, D. G. Schlom, K. J. Choi, D. M.
Kim, C. B. Eom, H. P. Sun, X. Q. Pan, Y. L. Li, L. Q. Chen, Q.
X. Jia, S. M. Nakhmanson, K. M. Rabe, and X. X. Xi, Science
313, 1614 共2006兲.
13 C. L. Jia, V. Nagarajan, J. Q. He, L. Houben, T. Zhao, R.
Ramesh, K. Urban, and R. Waser, Nature Mater. 6, 64 共2007兲.
14
J. Junquera and Ph. Ghosez, Nature 共London兲 422, 506 共2003兲.
15 N. Sai, A. M. Kolpak, and A. M. Rappe, Phys. Rev. B 72,
020101共R兲 共2005兲.
16 C.-G. Duan, R. F. Sabiryanov, W. N. Mei, S. S. Jaswal, and E. Y.
Tsymbal, Nano Lett. 6, 483 共2006兲.
17 G. Gerra, A. K. Tagantsev, N. Setter, and K. Parlinski, Phys.
Rev. Lett. 96, 107603 共2006兲.
18
C.-G. Duan, S. S. Jaswal, and E. Y. Tsymbal, Phys. Rev. Lett.
97, 047201 共2006兲.
19 G. Gerra, A. K. Tagantsev, and N. Setter, Phys. Rev. Lett. 98,
207601 共2007兲.
20 M. Y. Zhuravlev, R. F. Sabirianov, S. S. Jaswal, and E. Y. Tsymbal, Phys. Rev. Lett. 94, 246802 共2005兲; 102, 169901 共2009兲.
21
H. Kohlstedt, N. A. Pertsev, J. Rodríguez Contreras, and R.
Waser, Phys. Rev. B 72, 125341 共2005兲.
22 E. Y. Tsymbal and H. Kohlstedt, Science 313, 181 共2006兲.
23 J. P. Velev, C.-G. Duan, K. D. Belashchenko, S. S. Jaswal, and E.
Y. Tsymbal, Phys. Rev. Lett. 98, 137201 共2007兲.
24
V. Garcia, S. Fusil, K. Bouzehouane, S. Enouz-Vedrenne, N. D.
Mathur, A. Barthélémy, and M. Bibes, Nature 共London兲 460, 81
共2009兲.
25 M. Y. Zhuravlev, Y. Wang, S. Maekawa, and E. Y. Tsymbal,
Appl. Phys. Lett. 95, 052902 共2009兲.
26 A. Gruverman, D. Wu, H. Lu, Y. Wang, H. W. Jang, C. M.
Folkman, M. Y. Zhuravlev, D. Felker, M. Rzchowski, C.-B.
Eom, and E. Y. Tsymbal, Nano Lett. 9, 3539 共2009兲.
27
M. Y. Zhuravlev, S. S. Jaswal, E. Y. Tsymbal, and R. F. Sabirianov, Appl. Phys. Lett. 87, 222114 共2005兲; M. Y. Zhuravlev, S.
Maekawa, and E. Y. Tsymbal, Phys. Rev. B 81, 104419 共2010兲.
28 M. Gajek, M. Bibes, S. Fusil, K. Bouzehouane, J. Fontcuberta,
A. Barthélémy, and A. Fert, Nature Mater. 6, 296 共2007兲.
29 J. P. Velev, C.-G. Duan, J. D. Burton, A. Smogunov, M. K.
Niranjan, E. Tosatti, S. S. Jaswal, and E. Y. Tsymbal, Nano Lett.
9, 427 共2009兲.
30
V. Garcia, M. Bibes, L. Bocher, S. Valencia, F. Kronast, A. Crassous, X. Moya, S. Enouz-Vedrenne, A. Gloter, D. Imhoff, C.

Deranlot, N. D. Mathur, S. Fusil, K. Bouzehouane, and A. Barthélémy, Science 327, 1106 共2010兲.
31
M. Stengel, D. Vanderbilt, and N. A. Spaldin, Nature Mater. 8,
392 共2009兲.
32 M. K. Niranjan, Y. Wang, S. S. Jaswal, and E. Y. Tsymbal, Phys.
Rev. Lett. 103, 016804 共2009兲.
33
Y. Wang, M. K. Niranjan, S. S. Jaswal, and E. Y. Tsymbal, Phys.
Rev. B 80, 165130 共2009兲.
34 A. Ohtomo and H. Y. Hwang, Nature 共London兲 427, 423 共2004兲.
35 S. Thiel, G. Hammerl, A. Schmehl, C. W. Schneider, and J.
Mannhart, Science 313, 1942 共2006兲.
36
C. Cen, S. Thiel, J. Mannhart, and J. Levy, Science 323, 1026
共2009兲.
37 A. Brinkman, M. Huijben, M. van Zalk, J. Huijben, U. Zeitler, J.
C. Maan, W. G. van der Wiel, G. Rijnders, D. H. A. Blank, and
H. Hilgenkamp, Nature Mater. 6, 493 共2007兲.
38 N. Reyren, S. Thiel, A. D. Caviglia, L. F. Kourkoutis, G. Hammerl, C. Richter, C. W. Schneider, T. Kopp, A. S. Ruetschi, D.
Jaccard, M. Gabay, D. A. Muller, J. M. Triscone, and J. Mannhart, Science 317, 1196 共2007兲.
39 Y. Hotta, T. Susaki, and H. Y. Hwang, Phys. Rev. Lett. 99,
236805 共2007兲.
40 A. Kalabukhov, R. Gunnarsson, J. Börjesson, E. Olsson, T. Claeson, and D. Winkler, Phys. Rev. B 75, 121404共R兲 共2007兲.
41
W. Siemons, G. Koster, H. Yamamoto, W. A. Harrison, G. Lucovsky, T. H. Geballe, D. H. A. Blank, and M. R. Beasley, Phys.
Rev. Lett. 98, 196802 共2007兲.
42 M. Basletic, J.-L. Maurice, C. Carrétéro, G. Herranz, O. Copie,
M. Bibes, E. Jacquet, K. Bouzehouane, S. Fusil, and A. Barthélémy, Nature Mater. 7, 621 共2008兲.
43 G. Herranz, M. Basletic, M. Bibes, C. Carrétéro, E. Tafra, E.
Jacquet, K. Bouzehouane, C. Deranlot, A. Hamzić, J.-M. Broto,
A. Barthélémy, and A. Fert, Phys. Rev. Lett. 98, 216803 共2007兲.
44 K. Yoshimatsu, R. Yasuhara, H. Kumigashira, and M. Oshima,
Phys. Rev. Lett. 101, 026802 共2008兲.
45 O. Copie, V. Garcia, C. Bödefeld, C. Carrétéro, M. Bibes, G.
Herranz, E. Jacquet, J.-L. Maurice, B. Vinter, S. Fusil, K.
Bouzehouane, H. Jaffrès, and A. Barthélémy, Phys. Rev. Lett.
102, 216804 共2009兲.
46 C. Bell, S. Harashima, Y. Hikita, and H. Y. Hwang, Appl. Phys.
Lett. 94, 222111 共2009兲.
47
J. Liu, M. Kareev, S. Prosandeev, B. Gray, P. Ryan, J. W.
Freeland, and J. Chakhalian, Appl. Phys. Lett. 96, 133111
共2010兲.
48
Z. S. Popovic and S. Satpathy, Phys. Rev. Lett. 94, 176805
共2005兲; Z. S. Popović, S. Satpathy, and R. M. Martin, ibid. 101,
256801 共2008兲; B. R. K. Nanda and S. Satpathy, ibid. 101,
127201 共2008兲.
49
M. S. Park, S. H. Rhim, and A. J. Freeman, Phys. Rev. B 74,
205416 共2006兲.
50
S. Okamoto, A. J. Millis, and N. A. Spaldin, Phys. Rev. Lett. 97,
056802 共2006兲.
51
J. M. Albina, M. Mrovec, B. Meyer, and C. Elsasser, Phys. Rev.
B 76, 165103 共2007兲.
52 R. Pentcheva and W. E. Pickett, Phys. Rev. B 74, 035112
共2006兲; Phys. Rev. Lett. 99, 016802 共2007兲; 102, 107602
共2009兲.
53 K. Janicka, J. P. Velev, and E. Y. Tsymbal, Phys. Rev. Lett. 102,
106803 共2009兲; J. Appl. Phys. 103, 07B508 共2008兲.
54 J. Lee and A. A. Demkov, Phys. Rev. B 78, 193104 共2008兲.

094114-9

PHYSICAL REVIEW B 82, 094114 共2010兲

WANG et al.
55

S. Ishibashi and K. Terakura, J. Phys. Soc. Jpn. 77, 104706
共2008兲.
56
Z. Zhong and P. J. Kelly, EPL 84, 27001 共2008兲.
57 Y. Wang, M. K. Niranjan, J. D. Burton, J. M. An, K. D. Belashchenko, and E. Y. Tsymbal, Phys. Rev. B 79, 212408 共2009兲; J.
D. Burton, J. P. Velev,, and E. Y. Tsymbal, Phys. Rev. B 80,
115408 共2009兲.
58 H. Chen, A. M. Kolpak, and S. Ismail-Beigi, Phys. Rev. B 79,
161402共R兲 共2009兲; 82, 085430 共2010兲.
59 N. C. Bristowe, E. Artacho, and P. B. Littlewood, Phys. Rev. B
80, 045425 共2009兲.
60
W. J. Son, E. Cho, B. Lee, J. Lee, and S. Han, Phys. Rev. B 79,
245411 共2009兲.
61
N. Nakagawa, H. Y. Hwang, and D. A. Muller, Nature Mater. 5,
204 共2006兲.
62
P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 共1964兲.
63 W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 共1965兲.
64 L. D. Landau, M. Lifshitz, and L. P. Pitaevskii, Electrodynamics
of Continuous Media 共Pergamon, Oxford, 1984兲, p. 153.
65 A. F. Devonshire, Philos. Mag. 40, 1040 共1949兲; 42, 1065
共1951兲.
66 R. Resta, Ferroelectrics 136, 51 共1992兲; R. D. King-Smith and
D. Vanderbilt, Phys. Rev. B 47, 1651 共1993兲.
67 P. E. Blöchl, Phys. Rev. B 50, 17953 共1994兲.

G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 共1996兲.
J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 共1976兲.
70
R. Kretschmer and K. Binder, Phys. Rev. B 20, 1065 共1979兲.
71
M. D. Glinchuk and A. N. Morozovska, J. Phys.: Condens. Matter 16, 3517 共2004兲.
72 A. W. Hewat, J. Phys. C 6, 2559 共1973兲.
73 Y. L. Li, S. Y. Hu, S. Choudhury, M. I. Baskes, A. Saxena, T.
Lookman, Q. X. Jia, D. G. Schlom, and L. Q. Chen, J. Appl.
Phys. 104, 104110 共2008兲.
74 Y. L. Li, S. Y. Hu, and L. Q. Chen, J. Appl. Phys. 97, 034112
共2005兲.
75
A. K. Tagantsev and G. Gerra, J. Appl. Phys. 100, 051607
共2006兲.
76 J. A. Stroscio, P. N. First, R. A. Dragoset, L. J. Whitman, D. T.
Pierce, and R. J. Celotta, J. Vac. Sci. Technol. A 8, 284 共1990兲.
77 R. Pick, M. H. Cohen, and R. M. Martin, Phys. Rev. B 1, 910
共1970兲.
78
P. Ghosez, J. P. Michenaud, and X. Gonze, Phys. Rev. B 58,
6224 共1998兲.
79 A. Baldereschi, S. Baroni, and R. Resta, Phys. Rev. Lett. 61, 734
共1988兲.
80
L. Colombo, R. Resta, and S. Baroni, Phys. Rev. B 44, 5572
共1991兲.
68

69 H.

094114-10

