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Using a B3PW hybrid exchange–correlation functional within the density functional theory (DFT) we
calculated from the first principles the electronic structure of BaTiO3/SrTiO3 and PbZrO3/SrZrO3 (001)
interfaces. The optical band gap of both BaTiO3/SrTiO3 and PbZrO3/SrZrO3 (001) interfaces depends
mostly from BaO or TiO2 and SrO or ZrO2 termination of the upper layer, respectively. Based on the results
of our calculations we predict increase of the Ti–O and Zr–O chemical bond covalency near the
SrTiO3/BaTiO3 and SrZrO3/PbZrO3 (001) interfaces as compared to the BaTiO3 and PbZrO3 bulk.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Modern science and industry allow the growth of superlattices
and ultrathin films with atomic control. The exploration of com-
plex oxide heterostructures is very promising field due to potential
nanoscale device applications. The BaTiO3/SrTiO3 and
PbZrO3/SrZrO3 (001) interfaces present an excellent possibility
for developing novel materials with outstanding properties, as well
as they are extremely important in studying the fundamental
physics of ferroelectric materials. Despite the huge technological
importance of SrTiO3 (STO), BaTiO3 (BTO), SrZrO3 (SZO) and
PbZrO3 (PZO) perovskites, and numerous ab initio studies of their
(001) surfaces, [1–13], it is hard to understand, why only a small
amount of ab initio and experimental studies exist dealing with
BTO/STO (001) interface [14–19]. There are no experimental stud-
ies available, and only single ab initio calculation [20] exist dealing
with PZO/SZO (001) interface.

In our paper, we present an overview of charge density redistri-
bution in both stoichiometric and non-stoichiometric atomically
sharp interfaces consisting of BTO (001) and PZO (001) thin
films having thickness from 1 to 10 monolayers (0.5–5.0 unit cells)
and deposited atop of TiO2-terminated STO (001) and
ZrO2-terminated SZO (001) substrate. The first principles methods
used for simulations are based on the DFT theory accompanied
with hybrid exchange–correlation functional. The B3PW functional
[21] used in the current study contains a ‘‘hybrid’’ of the DFT
exchange and correlation functionals with exact non-local
Hartree–Fock (HF) exchange. Standard BTO, STO, PZO and SZO
low index (001) surfaces have been carefully studied by us already
previously [2,1,22,23,7,8,12,6,13].

The present contribution is structured as follows. Section 2
describes the calculation details. The main part of the paper is
described in Section 3. The Section 3 presents electronic charge
distribution and changes in band structure for PZO/SZO and
BTO/STO (001) interfaces and discusses their relation to the exper-
imental data and previous ab initio calculations. Our conclusions
are summarized in Section 4.
2. Computational details

In the present study BTO/STO (001) and PZO/SZO (001) inter-
faces are simulated by means of the linear combination of atomic
orbitals (LCAO) approach within the framework of hybrid density
functional theory. With aim to perform hybrid LCAO calculations,
the periodic CRYSTAL code [24], which employs Gaussian-type func-
tions centered on atomic nuclei as the basis sets (BSs) was used.
The following BSs: For Ba, Sr, Ti, Zr and O in the form of 311d1G,
411d311G, 311d31G and 8-411d1G, respectively, from Refs.
[25,24] were used. The inner core electrons of Ba, Sr, Zr and Ti
are described by small-core Hay–Wadt effective pseudopotentials
[26].

We use the well-known hybrid B3PW exchange–correlation
functional [21] which accurately describes the basic bulk and
surface properties of a number of ABO3 materials [25,23,27]. The
ctures,
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Fig. 1. Sketch of the (001) interface between the two wide band gap perovskites
ABO3 and A
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band gaps obtained by means of hybrid B3PW computation
scheme are in better agreement with experimentally observed
results than pure DFT calculations [25]. Bond populations and
effective charges on atoms have been calculated according to the
Mulliken population analysis [28]. In our calculations the recipro-
cal space integration was performed by sampling the Brillouin
zone with the 8� 8� 1 Pack–Monkhorst mesh [29] for all explored
interface structures.

Taking into account that STO and SZO substrates at room
temperature possesses perfect cubic structure, in our study we
calculate BTO, PZO, SZO and STO in their high symmetry cubic
Pm�3m phase. Table 1 contains calculated bulk properties for all
four perovskites. Surface structures were modeled using a single
slab model. To maximize the use of symmetry our slabs are
symmetrically terminated. STO (001) and SZO (001) substrates
contain 11 alternating (SrO) and (Zr/TiO2) atomic monolayers,
while from 1 to 10 alternating (BaO) or (PbO) and (TiO2) or
(ZrO2) atomic monolayers were used for BTO (001) and PZO
(001) films of the BTO/STO (001) and PZO/SZO (001) interfaces,
respectively (Fig. 1). Coordinates of all atoms in the BTO/STO
(001) and PZO/SZO (001) interfaces were set free to relax. Due
to symmetry constrains atomic displacements are allowed only
along z-axis. Taking into account that the large mismatch of
�2.5% between BTO and STO, as well as small one of �0.2%
between PZO and SZO lattice constants arises during BTO or PZO
epitaxial growth, in our simulations we have allowed relaxation
of their joint lattice constant to minimize the strain effect.
(001) film. Zero corresponds to the central plane on symmetrically terminated slab.
3. Results of numerical calculations and discussion

Simulations of the atomic and electronic properties of the
BTO/STO and PZO/SZO (001) interfaces were performed using
the symmetrically terminated slab model. The STO and SZO
(001) substrates consisted of 11 atomic monolayers, and are
terminated with (TiO2) or (ZrO2) monolayers. Then monolayer-
by-monolayer epitaxial growth was modeled adding a pair of
respective monolayers of BTO or PZO (001) symmetrically to both
sides of a substrate slab until deposited BTO or PZO (001) thin
films reach thickness of up to 10 monolayers (Fig. 1). In such a
way we construct 10 heterostructures consisting of different thick-
ness of deposited BTO and PZO nanofilms. Due to the restrictions
imposed by the symmetry, in our simulations atomic positions of
all atoms were relaxed only along the z axis, however the joint
equilibrium lattice constant has been calculated for every interface
under study. As the deposited thin film becomes thicker, the joint
equilibrium lattice constant tend to expand toward its bulk value
(BTO or PZO bulk), i.e. 1-layer thick BTO/STO interface possesses
Table 1
Equilibrium lattice constants (a0 in Å), atomic net charges (Q atom in e), cation-O bond
populations (PA=B—O in milli e), and band gaps (d in eV) of bulk BTO, STO, SZO and PZO
in their high-symmetry Pm�3m cubic phase are calculated by means of B3PW hybrid
exchange–correlation functional within DFT. Negative bond population means atomic
repulsion. Available experimental data are given in brackets. Bang gaps listed here are
indirect band gaps.

BTO STO PZO SZO

a0 4.007 (4.00
[30])

3.903 (3.905
[31])

4.177 (4.161
[32])

4.163 (4.154
[33])

QBa=Sr=Pb 1.79 1.87 1.30 1.88
QTi=Zr 2.36 2.35 2.07 2.13
QO �1:39 �1:41 �1:12 �1:33
PBa=Sr=Pb—O �34 �10 36 0
PTi=Zr—O 100 88 100 84
PO—O �36 �44 �20 �8
d 3.50 (3.2

[34])
3.63 (3.25
[35])

3.79 (3.7 [36]) 5.00 (5.6 [37])
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joint equilibrium lattice constant of 3.925 Åthat is close to STO
bulk value of 3.902 Åand 10-layer thick BTO/STO interface
possesses joint equilibrium lattice constant of 3.957 Åthat is closer
to BTO bulk value of 4.007 Å; 1-layer thick PZO/SZO interface
possesses joint equilibrium lattice constant of 4.164 Åthat is
close to SZO bulk value of 4.163 Åand 10-layer thick PZO/SZO
interface possesses joint equilibrium lattice constant of
4.167 Åthat is close to PZO bulk value of 4.177 Å.

In order to analyze the electronic charge density redistribution
we recognize what occurs in the electronic charge density in the
heterostructures, compared to the isolated BTO and PZO, and STO
and SZO (001) slab constituents. Charge density redistribution is
defined as the electronic density in the heterointerface minus the
sum of electron densities in separately isolated STO and SZO
(001) substrate and BTO or PZO (001) thin film slabs, and is
depicted in Fig. 2 for both 3- and 4-UC thick BTO/STO and
PZO/SZO (001) interfaces. These plots show us that the most sig-
nificant distortions occur at the interface due to the compensation
of the surface effects of the slabs. They also show that the
electronic structure of the substrate of non-stoichiometric
heterostructures is distorted similarly to that of stoichiometric
ones. The situation in the thin films is opposite. This fact well
correlates with the predicted atomic structures.

Considering the density of states (DOS) projected layer by layer
onto all orbitals of Ba, Sr, Pb, Ti, Zr, and O atoms of BTO/STO (001)
and PZO/SZO (001) interfaces, as in case of bulk perovskites, the
top of valence band is formed by O 2p orbitals, while the bottom
of the conduction band is formed mainly by Ti 3d and Zr 4d states.
Ti–O and Zr–O hybridization are well pronounced. In case of
BaO-terminated BTO/STO (001) and ZrO2-terminated PZO/SZO
(001) interfaces gained excess of electron density shifts occupied
levels up that gives raise to the expanded band gap. In its turn,
the PbO and TiO2-terminated interfaces experiences the lack of
electron density, that shifts occupied levels down and thus reduces
the band gap of BTO/STO (001) and PZO/SZO (001) interfaces
(Fig. 3).
o calculations of SrTiO3/BaTiO3 and SrZrO3/PbZrO3 (001) heterostructures,
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Fig. 2. Difference electron charge density maps calculated for BTO/STO (001) and PZO/SZO (001) heterostructures: (a) (110) cross-section for NBTO ¼ 3, (b) (100) cross-
section for NBTO ¼ 3, (c) (110) cross-section for NBTO ¼ 4, (d) (100) cross-section for NBT ¼ 4 (e) (110) cross-section for NPZO ¼ 3, (f) (100) cross-section for NPZO ¼ 3, (g) (110)
cross-section for NPZO ¼ 4, (h) (100) cross-section for NPZO ¼ 4. Red solid (dark gray), blue dashed (light gray) and black dash-dot isolines describe positive, negative and zero
values of the difference charge density, respectively. Isodensity curves are drawn from �0.025 to +0.025e Å�3 with an increment of 0.0005e Å�3. Right-side bar shows the
atomic monolayers from which atoms are originated. Calculations are performed using B3PW hybrid exchange–correlation functional. STO and BTO monolayers are
numbered beginning from the center of slab (0 means the central monolayer of the symmetrical slab unit cell). Monolayers (planes) are numbered separately for STO (001)
and SZO (001) substrate and for BTO (001) and PZO (001) nanofilm with arabic and roman numbers, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Calculated optical band gaps of (a) BTO/STO (001) and (b) PZO/SZO (001) interfaces under study. Number of deposited BTO or PZO monolayers changes from zero
(TiO2- or ZrO2-terminated STO or SZO substrate, respectively) to 10. Dashed lines are guide for eyes.
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4. Conclusions

We have performed ab initio calculations on a number of both
stoichiometric and non-stoichiometric BTO/STO (001) and
PZO/SZO (001) heterostructures. For both the BTO/STO (001)
and PZO/SZO (001) interface the Ti–O and Zr–O chemical bond
population is independent from the number of layers and larger
than in the bulk. We find that the surface covalent effects in the
non-stoichiometric films are less pronounced than in stoichiomet-
ric ones. All calculated BTO/STO and PZO/SZO (001) interfaces are
semiconducting. In agreement with recent experimental study
[15], we found that the interface layer do not influence much the
electronic structure of studied structures, while termination of
deposited BTO and PZO (001) thin film atop of STO or SZO (001)
substrates may shift the band edges with respect to the vacuum
level and thus reduce the band gap. From our point of view, such
a prediction should be considered in further investigation of
BTO/STO and PZO/SZO (001) heterostructures.
Please cite this article in press as: S. Piskunov, R.I. Eglitis, Comparative ab initio
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