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First-principles studies of a two-dimensional electron gas at the interface in ferroelectric
oxide heterostructures
Yong Wang, Manish K. Niranjan, S. S. Jaswal, and Evgeny Y. Tsymbal
Department of Physics and Astronomy, Nebraska Center for Materials and Nanoscience,
University of Nebraska, Lincoln, Nebraska 68588, USA
共Received 9 July 2009; published 29 October 2009兲
The discovery of a two-dimensional electron gas 共2DEG兲 at the interface between two insulating oxides has
recently stimulated intense research activity in this field. The 2DEG has unique properties that are promising
for applications in all-oxide electronic devices. For such applications it is desirable to have the ability to
control 2DEG properties by external stimulus. Here we employ first-principles calculations to investigate
KNbO3 / ATiO3共001兲 共A = Sr, Pb, and Ba兲 heterostructures where perovskites ferroelectrics, KNbO3, PbTiO3,
and BaTiO3, are used as oxide constituents to create the interface 2DEG. Our results suggest that the polar
共NbO2兲+ / 共AO兲0 interface in these heretostructures favors the formation of 2DEG similar to that at the
共LaO兲+ / 共TiO2兲0 interface in a LaAlO3 / SrTiO3 heterostructure. We predict that the presence of spontaneous
ferroelectric polarization which can be switched between two stable states allows modulations of the carrier
density and consequently the conductivity of the 2DEG. The effect occurs due to the screening charge at the
interface that counteracts the depolarizing electric field and depends on polarization orientation. The magnitude
of the effect of polarization on the 2DEG properties strongly depends on contrast between polarizations of the
two constituents of the heterostructure: the larger is the difference in the two polarizations, the bigger is the
effect. For a sufficiently large polarization difference, we predict a metal-insulator transition at the interface
driven by polarization reversal. This behavior is found for the KNbO3 / PbTiO3 interface and for the
KNbO3 / BaTiO3 interface when polarizations of KNbO3 and BaTiO3 are antiparallel. The proposed concept of
ferroelectrically controlled interface conductivity may be very interesting for memory and logic applications
and we hope that our predictions will stimulate experimental studies in this field.
DOI: 10.1103/PhysRevB.80.165130

PACS number共s兲: 73.20.⫺r, 71.30.⫹h, 77.80.Fm, 77.84.Dy

I. INTRODUCTION

In recent years, oxide heterostructures with atomically
abrupt interfaces have been experimentally realized due to
the advance in the thin-film-deposition techniques such as
laser deposition and molecular-beam epitaxy. Physical properties and a rich spectrum of physical phenomena may arise
at the interfaces of these heterostructures that are not found
in either of their bulk counterparts.1,2 A prominent example is
the recent discovery of the formation of a metallic phase at
the interface between two oxide insulators, SrTiO3 and
LaAlO3.3 It was found that this metallic phase is confined
within a couple of nanometers near the interface4 and therefore can be regarded as a two-dimensional electron gas
共2DEG兲. The 2DEG has a very high carrier density and a
relatively high carrier mobility making it attractive for applications in nanoelectronics, e.g., as all-oxide field-effect
transistors.5,6 Furthermore, in such interfacial 2DEGs other
functionalities involving magnetic7 and superconducting8
phenomena at low temperature have also been reported.
These interesting properties of the 2DEG at oxide interfaces
have stimulated significant research activity both in
experiment9–15 and in theory.16–27
There are two main scenarios to explain the metallic state
observed at the LaO/ TiO2 interface of SrTiO3 / LaAlO3
heterostucture: electronic reconstruction28 and oxygen
vacancies.10–12 LaAlO3 is formed of alternately charged
atomic layers 共LaO兲+ and 共AlO2兲− and SrTiO3 is composed
of neutral layers 共SrO兲0 and 共TiO2兲0. The electronic potential
diverges with LaAlO3 thickness due to the intrinsic polar
planes in LaAlO3 and polar discontinuity at interface
1098-0121/2009/80共16兲/165130共10兲

共LaO兲+ / 共TiO2兲0. In semiconductor heterointerfaces such a
polar discontinuity is well known and causes the interface
atomic reconstruction to avoid the diverging electrostatic
potential.29,30 But transition metals in perovskites can have
mixed valence making electronic reconstruction possible,
which is more favorable in energy than atomic reconstruction
and eliminates the divergence of potential.26 Half an electron
per two-dimensional unit cell is transferred through the interface from LaAlO3 to SrTiO3 causing the interfacial titanium ion in SrTiO3 to be in the mixed-valence state 共Ti+3.5兲.
This half an electron at the 共LaO兲+ / 共TiO2兲−0.5 interface
forms the 2DEG. Oxygen vacancies also dope SrTiO3 substrate with electrons and make the interface conducting.10–12
However, at high oxygen pressure, oxygen vacancies may be
avoided and the dominant reason of conducting interface in
this situation is the electronic reconstruction.26 In some systems the polar discontinuity may be eliminated by the competition between the electronic- and atomic-reconstruction
mechanisms.31,32
Analogous to the ionic-polar discontinuity, the 2DEG may
be created at an interface due to electric-polarization discontinuity. This has been observed in ZnO/ MgxZn1−xO heterostructures where a sheet charge is formed at the interface to
relax the electrostatically unfavorable state.33,34 An interesting possibility is to combine the two discontinuities at the
interface by using a ferroelectric oxide material as one 共or
both兲 constituents of the dig heterostructure. Due to reversible polarization of the ferroelectric, the dig properties of
such a functional interface may be controlled by ferroelectric
polarization switching.35 This physical phenomenon expands
recently predicted effects of ferroelectric polarization on
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structures. Section III presents the electronic and atomic
properties of KNbO3 / ATiO3共001兲 共A = Sr, Pb, and Ba兲 oxide
heterostructures, emphasizing the polarization effect on the
properties of 2DEG. Section IV summarizes the results of
this work.
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FIG. 1. 共Color online兲 共NbO2兲+ / 共AO兲0 interface in 共a兲
KNbO3 / ATiO3 heterostructure as an analog of 共LaO兲+ / 共TiO2兲0 interface in 共b兲 LaAlO3 / SrTiO3 heterostructure.

functional properties of thin-film oxide heterostructures such
as the interface magnetoelectric effect,36–38 the tunneling
electroresistance effect39–41 and the effect ferroelectricity on
tunneling magnetoresistance.40,42
In this paper, we investigate oxide heterostructures composed of ferroelectric constituents to study the effect of ferroelectricity on the interface properties. The particular systems chosen for this study are KNbO3 / ATiO3共001兲 共A = Sr,
Pb, and Ba兲 oxide heterostructures. Ferroelectric KNbO3 has
alternating charge layers of 共NbO2兲+ and 共KO兲− along the
关001兴 direction similar to those of LaAlO3 as shown in Fig.
1. ATiO3 consists of alternating planes of 共TiO2兲0 and 共AO兲0
which are analogous to the neutral planes in the SrTiO3.
Similar to 共LaO兲+ / 共TiO2兲0, the polar discontinuity at the
共NbO2兲+ / 共AO兲0 interface in the KNbO3 / ATiO3 heterostructure leads to potential divergence which needs to be removed
by electron transfer. Thus the 共NbO2兲+ / 共SrO兲0 interface in
KNbO3 / ATiO3 is expected to be compensated electronically
leading to the conducting interface. On the other hand, the
presence of the free charge at the interfaces allows for the
growth of a superlattice with stable polarized regions and
large polarization discontinuities at the internal interfaces, as
was shown recently using first-principles calculations for a
SrTiO3 / KNbO3 system.43
In our previous paper35 we have shown that the 2DEG is
indeed formed at the 共NbO2兲+ / 共AO兲0 interface and the conducting properties of the 2DEG can be switched by the orientation of the spontaneous polarization. We demonstrated
that electronic properties of the 2DEG are affected by the
polarization due to the formation of the screening charge at
the interface, counteracting the polarization charge and hence
the depolarizing electric field. The screening charge depends
on polarization orientation and consequently 2DEG can be
switched between two conduction states by polarization reversal. This paper expands our previous findings to include
details of the electronic and atomic structures of the
KNbO3 / ATiO3 interfaces, which are important to elucidate
the mechanisms responsible for the modulation of the 2DEG
properties by ferroelectric polarization. We consider the possibility of the antiparallel polarization in the heterostructures
with all ferroelectric constituents producing a stronger effect
on the 2DEG formed at the interface. Finally, we discuss a
possibility of the controllable metal-insulator transition at the
interface driven by polarization reversal.
The paper is organized as follows. Section II describes the
computation details and defines the construction of studied

Our theoretical studies are performed using densityfunctional theory 共DFT兲 共Refs. 44 and 45兲 implemented
within the pseudopotential plane-wave method46,47 and the
Vienna ab initio simulation package 共VASP兲.48 The projected
augmented wave method49 is used to approximate the
electron-ion potential. The exchange-correlation effects are
treated within the Perdew-Burke-Ernzerhoff50 form of the
generalized gradient approximation 共GGA兲. The electron
wave functions are expanded in a plane-wave basis set limited by a cut-off energy of 500 eV. Spin-orbit corrections are
not included in the calculations. The bulk and superlattice
calculations are performed using the 6 ⫻ 6 ⫻ 6 and 8 ⫻ 8 ⫻ 1
Monkhorst-Pack51 k-point mesh, respectively. The selfconsistent calculations are converged to 10−5 eV/ cell and
the structures are relaxed until the forces on the ions are less
0.02 eV/ Å.
B. Bulk perovskites

We consider the superlattices grown on 共001兲 SrTiO3
single-crystal substrates.3 Thus in-plane lattice constant of
the superlattice is fixed to the experimental lattice constant of
SrTiO3 which is a = 3.905 Å.52 By varying the out-of-plane
lattice constant c in a paraelectric configuration and minimizing the total energy, the lattice constant c of bulk BaTiO3,
SrTiO3, and KNbO3 are calculated to be 4.143, 3.983, and
4.049 Å, respectively. The obtained tetragonal structures of
the perovskites are used as building blocks of all the superlattices with constituents in paraelectric states with mirror
plane symmetry and with spontaneous polarization where reflection symmetry is broken.53 However, the out-of-plane lattice constant c of PbTiO3 without ionic relaxation 共4.018 Å兲
is used only in superlattice in paraelectric state. With large
polarization in ferroelectric state, the out-of-plane lattice
constant of PbTiO3 in ferroelectric state will be much different from that in paraelectric state. When the ferroelectric
state is developed in PbTiO3 in superlattice, we used out-ofplane lattice constant of 4.530 Å obtained by minimizing the
total energy with full ionic relaxation. Here the tetragonal
distortion c / a is 1.16, which is consistent with the GGA
result of Ref. 54 but overestimates the experimental value
c / a = 1.06 at room temperature.55 It is known that the GGA
approximation, in general, overestimates the tetragonal distortion in ferroelectrics 共see, e.g., Ref. 56兲, however the predicted value of polarization of PbTiO3 is consistent with experimental data as discussed in the next paragraph.
When the bulk ATiO3 structures with the in-plane constraint a = 3.905 Å are in the ferroelectric state, the polarizations of BaTiO3, KNbO3, and PbTiO3 obtained by using the
Berry-phase method57 are 0.43, 0.41, and 1.16 C / m2, respectively. These values are consistent with the experimental
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FIG. 2. 共Color online兲 Atomic structure of the unit cell and the
共NbO2兲+ / 共AO兲0 interfaces in a 共KNbO3兲8.5 / 共ATiO3兲8.5 共001兲 superlattice with 共a兲 parallel and 共b兲 antiparallel polarization indicated by
white and black arrows, respectively.

values of 0.46,58 0.37,59 and 0.97 C / m2,60 for polarizations
of BaTiO3, KNbO3 and PbTiO3, respectively, and the previous theoretical calculations.61,53,54 It is notable that the calculated polarization of PbTiO3 is much larger than the calculated polarization of both KNbO3 and BaTiO3, which has
an important implication for our results as discussed in Sec.
III.
The calculated band gaps of bulk KNbO3, SrTiO3,
BaTiO3, and PbTiO3 with the in-plane constraint are very
close in magnitude, i.e., 2.0, 2.0, 1.8, and 2.0 eV, respectively. These values are lower than the experimental values
of 3.3,62 3.3,63 3.3, and 3.4 eV,64 respectively, due to wellknown deficiency of DFT calculations. However, similar to
our calculations they are very close in magnitude. This fact
has an important implication for the formation of 2DEG at
the KNbO3 / ATiO3 共A = Sr, Pb, and Ba兲 interfaces, which
makes it different from the LaAlO3 / SrTiO3 interfaces, where
both the calculated 关3.7 eV 共Ref. 25兲兴 and the experimental
关5.6 eV 共Ref. 64兲兴 gaps in LaAlO3 are much higher than
those in SrTiO3.
C. Structural model for superlattices

We employ the periodic boundary condition to superlattice. With building blocks obtained above, the superlattices
are constructed as 共KNbO3兲m / 共ATiO3兲n 共A = Sr, Ba, and Pb兲
with m = 8.5 unit cells of KNbO3 and n = 8.5 unit cells of
ATiO3 along the 关001兴 direction. Figure 2 shows the interface
geometry of the superlattice. We assume that the two interfaces have the same termination, i.e., NbO2 / AO. This implies a nonstoichiometric KNbO3 which is terminated by the
NbO2 monolayers on both sides. In this case an “extra” electron is introduced into the system due to an electron on the
additional NbO2 monolayer. As we will see in Sec. III, this
electronic charge is accommodated by partially occupying
the conduction-band states near the interface, producing a
2DEG.
The interface separation distance in the KNbO3 / ATiO3
heterostructure is determined by minimizing the total energy
of a smaller superlattice 共m = 2.5 and n = 1.5兲 keeping the
in-plane and out-of-plane lattice constants in KNbO3 and
ATiO3 subunits unchanged. The left and right NbO2 / AO interfaces 共see Fig. 2兲 in the heterostructure are symmetric
when both KNbO3 and ATiO3 are in paraelectric states.
However, when ferroelectric states are developed, the interface to the right is equivalent to the interface to the left with
electric polarization reversed. This allows us to study the

effects of polarization reversal on the interface electronic
properties by considering two interfaces in a single heterostructure.
First, we consider a reference paraelectric state in which
lattice parameters of the two components in the heterostructure are kept the same as found above for the bulk structures.
Only the interface separation is relaxed to minimize the total
energy of the whole system. Next, we consider a ferroelectric
state: we relax all the ions in the KNbO3 / ATiO3 superlattices
starting with the displacement pattern of the bulk tetragonal
soft mode65,66 共with polarization pointing from left to right兲
and minimize the total energy with respect to atomic coordinates of all atoms in the heterostructures keeping the lattice
constants unchanged. The ferroelectric states are stable
with respect to the paraelectric states by energies −1.18,
−1.43, and −0.91 eV/ supercell for KNbO3 / BaTiO3,
KNbO3 / PaTiO3, and KNbO3 / SrTiO3 heterostructures, respectively.
Within the GGA approximation, the SrTiO3 in the superlattice shows polar atomic displacements. Since SrTiO3 is
not a ferroelectric material in the bulk, we also investigate
the interfaces of the KNbO3 / SrTiO3 superlattice by fixing
the atomic positions in the middle eight monolayers in
SrTiO3. Finally, in KNbO3 / BaTiO3 heterostructure, we consider polarizations in KNbO3 and BaTiO3 pointing opposite
to each other in order to verify our explanation of the switching behavior and to introduce one more avenue to realize
metal-insulator transition at the interface as discussed in
Sec III.
III. RESULTS AND DISCUSSION
A. SrTiO3 Õ KNbO3

First, we investigate properties of 共NbO2兲+ / 共SrO兲0 interface in 共KNbO3兲8.5 / 共SrTiO3兲8.5 heterostructure in a paraelectric state. Figures 3共a兲 and 3共d兲 show the density of states
共DOS兲 projected onto 4d orbitals of Nb atoms 关Fig. 3共a兲兴 and
3d orbitals of Ti atoms 关Fig. 3共d兲兴, located at different NbO2
or TiO2 monolayers l and k, respectively, away from the
共NbO2兲+ / 共SrO兲0 interface. Apparently there are occupied
conducting states at and below the Fermi energy, thus n-type
metallic state is obtained at the interface. As is evident from
Figs. 3共a兲 and 3共d兲, the occupation of these states is largest
near the interface 共i.e., for l = 1 and k = 2兲 and decreases with
increasing distance from the interface. These occupied states
are similar to those at the 共LaO兲+ / 共TiO2兲0 interface in
LaAlO3 / SrTiO3 heterostructures.16–23 However, due to a
smaller band gap in KNbO3 共the calculated value is 2.0 eV兲
as compared to that in LaAlO3 共the calculated value is 3.7
eV兲, the KNbO3 conduction-band minimum in the
KNbO3 / SrTiO3 heterostructure lies much closer to the Fermi
energy, i.e., about 0.4 eV, which makes it energetically favorable to bend and populate the conduction bands of KNbO3
that are mainly formed by the Nb 4d orbitals 关see Fig. 3共a兲兴.
This is different from the LaAlO3 / SrTiO3 heterostructure
where the LaAlO3 conduction bands lie 2.6 eV 共Ref. 13兲
above the Femi level and consequently almost do not participate in the 2DEG formation.
Next, we investigate the interface of the
共KNbO3兲8.5 / 共SrTiO3兲8.5 superlattice in a ferroelectric state
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FIG. 3. 共Color online兲 Layer-projected DOS on 关共a兲, 共b兲, and 共c兲兴 4d orbitals of Nb atoms and 关共d兲, 共e兲, and 共f兲兴 3d orbitals of Ti atoms
located at different NbO2 or TiO2 monolayers l or k from the 共NbO2兲+ / 共SrO兲0 interface, respectively, in the 关共a兲 and 共d兲兴
共KNbO3兲8.5 / 共SrTiO3兲8.5 superlattice for paraelectric state, 关共b兲 and 共e兲兴 ferroelectric state and right interface, and 关共c兲 and 共f兲兴 ferroelectric
state and left interface. Layer number indicates the layer counted from the interface. The shaded plots are the DOS of atoms in the central
monolayer. The zero along the horizontal axis refers to the Fermi energy.

with polarization pointing from left to right. We fix eight
middle monolayers of SrTiO3 and relax all the other atomic
positions in the superlattice. Figure 4共a兲 shows the ferroelectric displacements of the cations 共Nb, Ti, K, and Sr兲 relative
to the oxygen anions in the heterostructure. The symmetry
between the left and right interfaces 关see Fig. 2共a兲兴 is broken
by the ferroelectricity resulting in the deviation between
electronic structures at the two interfaces as compared to
paraelectric 共centrosymmetric兲 state. We find that ferroelectric displacements in the central monolayers of KNbO3 are
close to those found in the bulk KNbO3 constrained to have
the in-plane lattice constant a = 3.905 Å.
Figures 3共b兲, 3共c兲, 3共e兲, and 3共f兲 show the DOS projected
onto the Nb 4d orbitals and the Ti 3d orbitals, respectively,
located at different NbO2 or TiO2 monolayers 共l or k, respectively兲 from the right and left 共NbO2兲+ / 共SrO兲0 interfaces. For
the interface on the left 关Figs. 3共b兲 and 3共e兲兴, the occupancies
of both Nb 4d states and Ti 3d states are reduced significantly as compared to the right interface 关Figs. 3共c兲 and 3共f兲兴
due to the ferroelectric displacements. Thus, in the superlattice the two interfaces are distinguished by the orientation of
the ferroelectric polarization with respect to them. This implies that by reversing the electric polarization the carrier
density of 2DEG at the KNbO3 / SrTiO3 interface could be
changed significantly.
For the KNbO3 / SrTiO3 heterostructure without constrains
in the middle layers of SrTiO3, we find ferroelectric-type
displacements in SrTiO3 which are seen in Figs. 4共b兲 and
4共c兲. An induced polarization in SrTiO3 is known from experimental studies 共see, e.g., Ref. 67兲. We note, however, that
in our calculations these ferroelectric displacements are partially the result of using the GGA approximation which over-

estimates the equilibrium lattice constant of SrTiO3, resulting
in the tetragonal distortion of SrTiO3 when the experimental
lattice constant is used to constrain the in-plane lattice parameter. We find, however, that for the superlattice with the
unconstrained SrTiO3 the layer-resolved DOS on Nb and Ti
atoms are similar to those in the superlattice where eight
middle monolayers in SrTiO3 are fixed. This indicates that
the induced polarization in SrTiO3 does not affect the result
qualitatively due to the fact that the SrTiO3 subunit in the
superlattice is a dielectric at the fringe of ferroelectricity4
with much smaller spontaneous polarization compared to
KNbO3.
The switchable behavior can be understood in terms of
the screening of the polarization charge achieved by changing the free-electron density of 2DEG at the interface. As
discussed above the polarization in SrTiO3 can be ignored
for this consideration. Polarization in KNbO3 is pointing
from the left to the right causing negative and positive
polarization-bound charges accumulated at left and right interfaces, respectively. To reduce the depolarization field and
thus decrease the energy in the superlattice, the free charge is
enhanced at the right interface and reduced at the left interface to compensate polarization charges. This is seen from
Fig. 5 which shows the free charge on Nb and Ti atoms in the
paraelectric 共open circles兲 and ferroelectric 共open triangles兲
states. These charges are obtained by integrating the layerdependent DOS shown in Fig. 3 from the conduction-band
minimum up to the Fermi energy. Thus each point on the
curves in Fig. 5 shows the number of free electrons on the
Nb and Ti sites in the superlattice. Figure 5 also shows the
screening charges 共solid symbols兲 calculated from the difference between the free charges in the ferroelectric and
paraelectric states.
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with 共a兲 eight middle monolayers of SrTiO3 fixed, 共b兲 with all the ions fully relaxed, and 共c兲 displacements of all the ions in fully relaxed
ferroelectric state. Open and solid symbols in 共a兲 and 共b兲 indicate Sr-O 共K-O兲 and Ti-O2 共Nb-O2兲 displacements, respectively. Solid circles
and squares in 共c兲 indicate Sr 共K兲 and Ti 共Nb兲 displacements, respectively. Open circles and squares in 共c兲 indicate displacements of O atoms
in SrO 共KO兲 and TiO2 共NbO2兲 layers, respectively. The two dashed vertical lines indicate left and right NbO2 / SrO interfaces.

KNbO3 / SrTiO3 superlattice, free carriers on left and right
interface are calculated to be 0.29 electrons each per unit-cell
area, which are equal due to the symmetry. In the ferroelectric KNbO3 / SrTiO3 superlattice with middle layer of SrTiO3
fixed, free carriers on right and left interface are obtained to
be 0.53 electrons and 0.05 electrons per unit-cell area. Comparing with the paraelectric state, extra 0.24 electrons are
accumulated at the right interface and 0.24 electrons are removed from the left interface. Evidently the induced screening charge has an opposite sign to the polarization charge,
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Further insight as to how polarization switching influences the density of the 2DEG can be obtained from the
number of free electrons accumulated at the two interfaces.
We calculate local charges using Wigner-Seitz 共WS兲 spheres
that are used by VASP to project the wave functions onto
spherical harmonics to calculate partial DOS.68 Table I
shows the number of occupied Nb 4d and Ti 3d states integrated from conduction-band minimum up to the Fermi energy and added for all the atoms from the middle layer up to
the left and right interface. In the paraelectric
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FIG. 5. 共Color online兲 The free charge 共in units of electron兲 on Nb and Ti atoms across the unit cell of 共KNbO3兲8.5 / 共SrTiO3兲8.5
superlattices in paraelectric state and ferroelectric state when 共a兲 the middle layers in SrTiO3 is fixed and 共b兲 all the ions are fully relaxed.
The screening charge is obtained by calculating the difference of the free charges on Nb and Ti atoms for ferroelectric and paraelectric states.
The directions of polarizations for the ferroelectric state are from left to right.
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TABLE I. Number of electrons on Nb and Ti atoms per lateral unit-cell area at two interfaces in the KNbO3 / ATiO3 共A = Sr, Ba, and Pb兲
heterostructures without polarizations, with parallel and with antiparallel polarizations in each constituent.
Ferroelectric: right interface
Heterostructure
Parallel polarizations

Antiparallel polarizations

KNbO3 / SrTiO3:
full relaxation
KNbO3 / SrTiO3:
middle SrTiO3
layers fixed
KNbO3 / PbTiO3
KNbO3 / BaTiO3
KNbO3 / BaTiO3

Ferroelectric: left interface

Paraelectric: either interface

Nb

Ti

Total

Nb

Ti

Total

Nb

Ti

Total

0.36

0.07

0.43

0.09

0.06

0.15

0.19

0.10

0.29

0.39
0.00
0.25
0.46

0.14
0.00
0.03
0.12

0.53
0.00
0.28
0.58

0.05
0.25
0.12
0.00

0.01
0.47
0.15
0.00

0.05
0.72
0.27
0.00

0.19
0.16
0.17
0.19

0.10
0.11
0.09
0.09

0.29
0.27
0.26
0.26

thereby counteracting the depolarizing electric field. The polarization charge density  P can be estimated from the polarization of KNbO3 in middle layer using the Berry phase
method which gives PKNbO3 = 0.41 C / m2. This corresponds
to the polarization charge per unit-cell area of  P = 0.39e.
The WS charge density at the two interfaces changes by
0.24e per unit-cell area in going from paraelectric to ferroelectric state. The WS charge density 共0.29e per unit-cell
area兲 underestimates the actual charge density 共0.5e per unitcell area兲 in the paraelectric state. When scaled with the factor 0.5/0.29, the change in charge at either interface becomes
0.41e per unit-cell area which is about the same as the polarization charge density.
In the heterostructure with full relaxation, the difference
of free charges between two interfaces is not as much as that
when middle layer of SrTiO3 is fixed due to the small induced polarization in SrTiO3. We obtain the polarization of
SrTiO3 from polar displacements 关Fig. 4共b兲兴, using the
Berry-phase method, of about 0.17 C / m2. From the difference in the polarizations in KNbO3 and SrTiO3 of
0.24 C / m2, the polarization charge per unit-cell area is  P
= 0.23e, which is about the same as the screening charge
density of 0.14e per unit-cell area scaled with the factor 0.5/
0.29.
B. PbTiO3 Õ KNbO3

Here we study electronic properties at the polar interfaces
in the 共KNbO3兲8.5 / 共PbTiO3兲8.5 heterostructure. When both
subunits are in a paraelectric state, similar to the
共NbO2兲+ / 共SrO兲0 interface in the KNbO3 / SrTiO3 heterostructure, the presence of polar interfaces leads to the formation
of 2DEG at the 共NbO2兲+ / 共PbO兲0 interfaces in the
KNbO3 / PbTiO3 heterostructure. This is evident from Figs.
6共a兲 and 6共d兲, which show the Nb 4d and Ti 3d DOS indicating the largest local DOS at the Fermi energy at the monolayers located close to the interface 共l = 1 and k = 2兲. The local
DOS decreases with the distance from the interface. The calculated free-carrier densities are 0.27 electrons per unit-cell
area on both interfaces as shown in Table I.
Figure 7 shows the ferroelectric displacements of the
cations 共Nb, Ti, K, and Pb兲 relative to the oxygen anions
in the heterostructure. It can be seen that in the

共KNbO3兲8.5 / 共PbTiO3兲8.5 heterostructure, the spontaneous polarization of strained PbTiO3 exceeds significantly the polarization of a KNbO3 subunit, which leads to positive and
negative polarization charge on the left and right interfaces,
respectively, even though the polarization for the system
points to the right. As follows from our discussion of the
KNbO3 / SrTiO3 heterostructure, this leads to more free
charges at the left interface and less free charges at the right
interface to compensate the polarization charges.
It is seen from Figs. 6共b兲, 6共c兲, 6共e兲, and 6共f兲 that for
共KNbO3兲8.5 / 共PbTiO3兲8.5 heterostructure, the DOS on both
the Nb and Ti atoms at the Fermi energy is very large on the
left interface 关Figs. 6共c兲 and 6共f兲兴 while that on the right
interface is zero 关Figs. 6共b兲 and 6共e兲兴. This indicates a ferroelectrically induced metal-insulator transition at the interface
as a result of polarization reversal. The origin of this behavior can be explained by the large difference in polarizations
on the two constituents of the heterostructure. The polarizations in the middle of KNbO3 and PbTiO3 in the superlattice
are 0.47 and 1.09 C / m2, respectively. This result in a negative polarization charge of 0.58e per unit-cell area is at the
right interface which expels all the free carriers of 0.5e per
unit-cell area on that interface leading to an insulating right
interface. This metal-insulator transition at the interface is
visualized by the free charge distribution in Fig. 8. Thus a
metal-insulator transition at the interface with polarization
reversal is expected at the interface of the two constituents
with a large difference in their polarizations.
C. BaTiO3 Õ KNbO3

Similar to the polar interfaces considered above,
the KNbO3 / BaTiO3 system exhibits a 2DEG at the
共NbO2兲+ / 共BaO兲0 interface. This is seen from the Nb 4d and
Ti 3d DOS shown in Figs. 9共a兲 and 9共d兲 for the heterostructure in a paraelectric state. Again we see the largest occupied
DOS near the Fermi energy at the interfacial layers which
decreases when moving away from the interface. The calculated free-carrier densities are 0.26e per unit-cell area on
both interfaces as shown in Table I.
When ferroelectric state is developed in the
KNbO3 / BaTiO3 heterostructure the ferroelectric displacements in KNbO3 and BaTiO3 appeared to be similar in mag-
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FIG. 6. 共Color online兲 Layer-projected DOS on 关共a兲–共c兲兴 4d orbitals of Nb atoms and 关共d兲–共f兲兴 3d orbitals of Ti atoms located in different
monolayers l and k, respectively, from the 共NbO2兲+ / 共PbO兲0 interface in the 关共a兲 and 共e兲兴 共KNbO3兲8.5 / 共PbTiO3兲8.5 superlattice for paraelectric
state, 关共b兲 and 共e兲兴 ferroelectric state and right interface, and 关共c兲 and 共f兲兴 ferroelectric state and left interface. Layer number indicates the
layer from the interface. The shaded plots are the DOS of atoms in the central monolayer. The zero along the horizontal axis refers to the
Fermi energy

nitude. This is seen from Fig. 10共a兲 which shows the displacements of the cations 共Nb, Ti, K, and Ba兲 relative to the
oxygen anions. This leads to the comparable polarizations of
strained BaTiO3 and KNbO3 in the heterostructure, mirroring
the similarity of their bulk polarizations 共0.41 and
0.43 C / m2 for KNbO3 and BaTiO3, respectively兲. This behavior is different from KNbO3 / SrTiO3 and KNbO3 / PbTiO3
systems, where the polarization discontinuity was pronounced at the interfaces.
The similar polarization values of BaTiO3 and KNbO3
lead to the net polarization charge of almost zero at the two
interfaces for parallel polarizations resulting in the small difference in the density of free carriers at two interfaces as
indicated in Table I. We note that the layer-resolved DOS of

Ti is larger at the left interface than at the right interface
while it is opposite for the layer-resolved DOS of Nb as is
clearly seen from the comparison of Figs. 9共b兲 and 9共c兲 and
Figs. 9共e兲 and 9共f兲. This asymmetric behavior is a direct result of opposite screening charges extending to several layers
away from the interfaces to compensate the inhomogeneous
polarization charge in each constituent. This can be seen
from the screening charge distribution in each constituent in
Fig. 11共a兲.
We see, therefore, that there is no pronounced switching
effect at the conducting NbO2 / BaO interface in the
KNbO3 / BaTiO3 heterostructure when polarizations of the
two constituents are in the same direction. However, we pre0.2
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FIG. 7. 共Color online兲 Cation 共Nb, Ti, K, and Pb兲 displacements
with respect to oxygen anions in 共KNbO3兲8.5 / 共PbTiO3兲8.5 superlattice. Open and solid and symbols indicate Pb-O 共K-O兲 and Ti-O2
共Nb-O2兲 displacements, respectively. The two dashed vertical lines
indicate left and right 共NbO2兲0 / 共PbO兲0 interfaces.

FIG. 8. 共Color online兲 The free charge 共in units of electron兲 on
Nb and Ti atoms across the unit cell of 共KNbO3兲8.5 / 共PbTiO3兲8.5
superlattices in paraelectric state and ferroelectric state. The screening charge is the difference of the free charges on Nb and Ti atoms
for ferroelectric and paraelectric states. The direction of polarization
for ferroelectric state is from left to right.
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FIG. 9. 共Color online兲 Layer-projected DOS on 关共a兲–共c兲兴 4d orbitals of Nb atoms and 关共d兲–共f兲兴 3d orbitals of Ti atoms located in different
monolayers l and k, respectively, away from the 共NbO2兲+ / 共BaO兲0 interface in the 共KNbO3兲8.5 / 共BaTiO3兲8.5 superlattice for 关共a兲 and 共e兲兴
paraelectric state, 关共b兲 and 共e兲兴 ferroelectric state and right interface, and 关共c兲 and 共f兲兴 ferroelectric state and left interface. Layer number
indicates the layer from the interface. The shaded plots are the DOS of atoms in the central monolayer. The zero along the horizontal axis
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dict a metal-insulator transition at NbO2 / BaO interface with
polarizations reversal when polarizations in KNbO3 and
BaTiO3 point opposite to each other. It has been predicted
that while electrical-compatibility constraints normally prevent head-to-head and tail-to-tail domain walls from forming
in ferroelectric materials, such domain walls could be stabilized by delta doping supplying a substitutional charge density that provides a cancellation of the bound polarization
charge.69 In our case the stabilization of the domains with the
opposite polarization orientation is provided by the presence
of the free charges at the interfaces. This antiparallel polarization state of KNbO3 / BaTiO3 heterostructures is stable
with respect to the paraelectric states by energies
−0.86 eV/ supercell. On the left interface, the polarizations

of BaTiO3 and KNbO3 are pointing away from the
NbO2 / BaO interface while on the right interface the polarizations are pointing toward interface as shown in Fig. 2共b兲.
We find that the total energy of the superlattice in the parallel
polarization state is lower by 0.32 eV/supercell than that in
the antiparallel state. The polarizations of BaTiO3 and
KNbO3 in the heterostructure are −0.26 and 0.25 C / m2, respectively, causing −0.49e and 0.49e polarization charges per
unit-cell area on the left and right interface, respectively. The
magnitude of the polarization charges is close to that of the
free carriers 共i.e., 0.5e兲 at the interfaces in paraelectric heterostructure. Thus, to stabilize the ferroelectric state with the
antiparallel polarization almost all the free charge needs to
be removed from one interface and placed to the other inter0.2
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FIG. 10. 共Color online兲 Cation 共Nb, Ti, K, and Ba兲 displacements with respect to oxygen anions in 共KNbO3兲8.5 / 共BaTiO3兲8.5 superlattice
with 共a兲 parallel polarizations pointing from left to right and with 共b兲 antiparallel polarizations pointing toward each other. Open and solid
symbols indicate Ba-O 共K-O兲 and Ti-O2 共Nb-O2兲 displacements, respectively. The two dashed vertical lines indicate left and right
共NbO2兲0 / 共BaO兲0 interfaces.
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face. This causes a metal-insulator transition at the interface
by the polarization reversal as explained in the section describing a KNbO3 / PbTiO3 heterostructure.
The presence of the ferroelectrically induced metalinsulator transition at the interface is seen from the calculated charge distribution in the KNbO3 / BaTiO3 heterostructure with antiparallel polarization as shown in Fig. 11共b兲. It is
seen that while in the paraelectric state the free charge is
equally localized at the two interfaces, the antiparallel ferroelectric polarization state eliminates the charge from the left
interface and places it to the right interface. It is notable that
the distribution of this charge is not symmetric with respect
to the interface reflecting complex structural relaxations at
this interface evident from Fig. 10共b兲.
IV. SUMMARY

We have explored the formation of 2DEG and its dependence on the electric polarization at the 共NbO2兲+ / 共AO兲0 interface in the 共KNbO3兲 / 共ATiO3兲 共A = Sr, Pb, and Ba兲 oxide
heterostructures using first-principles methods. The chosen
structures have ferroelectric constituents besides having polar discontinuity similar to that at the interface in
共LaAlO3兲 / 共SrTiO3兲 heterostructure. The interfaces are found
to have occupied Nb 4d states and Ti 3d states around the
Fermi energy leading to conducting interfaces with n-type
carriers.
We have predicted that the conducting properties at the
two interfaces in these systems are influenced by ferroelec-
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