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We present a first-principles study of BaTiOs/SrTiO3(001) interfaces taking into account non-stoichiometric
compositions. By means of hybrid exchange-correlation functional within density functional theory (DFT) we
demonstrate that charge redistribution in the interface region weakly affects the electronic structure of studied
material, while change in the stoichiometry (termination of deposited BaTiO3(001) thin film) yields in significant
shifts of band edges. The optical band gap of BaTiO5/SrTiO3(001) interface depends mostly on BaO or TiO,
termination of the upper layer. Based on results of our calculations we predict enhancement of the Ti-O chemical
bond covalency near the BaTiO3/StTiO3(001) interface as compared to the BaTiO3 bulk.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Recently emerging technologies allow the growth of superlattices
and ultrathin films with atomic control. The development of oxide inter-
faces is a very promising field due to potential nanoscale device applica-
tions. Despite the huge technological importance of SrTiOs (STO) and
BaTiO3 (BTO) perovskites, and numerous ab initio studies of their
(001) surfaces [1-14], it is hard to understand why only a few ab initio
and experimental studies exist dealing with BTO/STO(001) interfaces
[15,16].

In this contribution, we intend to present an overview of charge
density redistribution in both stoichiometric and non-stoichiometric
atomically sharp interfaces consisting of BTO(001) thin film, having a
thickness from 1 to 10 monolayers (0.5-5.0 unit cells) deposited atop
of TiO,-terminated STO(001) substrate. The first principle methods
we use for simulations are based on density functional theory (DFT)
accompanied by hybrid exchange-correlation functional. The B3PW
functional [17] used in the current study contains a “hybrid” of the
DFT exchange and correlation functionals with exact non-local
Hartree-Fock (HF) exchange. Classical BTO and STO low index surfaces
have already been thoroughly studied by us previously [1,2,7,8,13].

The paper is structured as follows. Section 2 describes the computa-
tional details of our calculations. The main part of the paper is formed by
Sec. 3, which presents electronic charge distribution and changes in
band structure for BTO/STO interfaces and discusses their relation to
the experimental and computational data available in the literature.
Our conclusions are summarized in Section 4.
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2. Details of numerical simulations

In this study BTO/STO(001) interfaces are simulated by means of
linear combination of atomic orbitals (LCAO) within the framework of
a hybrid density functional approach. In order to perform hybrid LCAO
calculations, we used the periodic crystal code [18], which employs
Gaussian-type functions centered on atomic nuclei as the basis sets
(BSs). In our study we used the following BSs: For Ba, Sr, Ti and O in
the form of 311d1G, 411d311dG, and 8-411d1G, respectively, from
Ref. [19]. The inner core electrons of Ba, Sr and Ti are described by
small-core Hay-Wadet effective pseudopotentials [20].

We use the well-known hybrid B3PW exchange-correlation
functional [17] which accurately describes the basic bulk and surface
properties of a number of ABO3 materials [19,21,22]. The band gaps
obtained by means of the hybrid B3PW computation scheme are in
better agreement with experimentally observed results than pure
DFT calculations [19]. Bond populations and effective charges on
atoms have been calculated according to the Mulliken population
analysis [23-26]. In our calculations the reciprocal space integration
was performed by sampling the Brillouin zone with the 8 x 8 x 1
Pack-Monkhorst mesh [27] for all interface structures under
consideration.

Taking into account that the STO substrate at room temperature
possesses perfect cubic structure, in our study we calculate both BTO
and STO in their high symmetry cubic Pm3m phase. Table 1 contains
bulk properties simulated for both perovskites. Surface structures
were modeled using a single slab model. To maximize the use of sym-
metry our slabs are symmetrically terminated. STO(001) substrate
contains 11 alternating (SrO) and (TiO,) atomic monolayers, while
from 1 to 10 alternating (BaO) and (TiO,) atomic monolayers were
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Table 1

Equilibrium lattice constants (ag in A), atomic net charges (Qaem in e), cation-O bond
populations (Pa/s — o in milli e), and band gaps (6 in eV) of bulk BTO and STO in their
high-symmetry Pm3m cubic phase are calculated by means of B3PW hybrid exchange-
correlation functional within DFT. Negative bond population means atomic repulsion.
Available experimental data are listed for comparison. Indirect experimentally observed
band gaps are listed in this table.

BTO BTO STO STO
(B3PW) (Exp.) (B3PW) (Exp)

ap 4.007 4.00 [28] 3.903 3.905 [29]

Qgaysr 1.79 - 1.87 -

Qri 2.36 - 2.35 -

Qo —1.39 - —141 -

Pgassi-o —.34 - —10 -

Prio 100 - 88 _

Po-o —-36 - —44 -

) 3.50 3.2[30] 3.63 3.25[31]

used for BTO(001) film of the BTO/STO(001) interface (Fig. 1). Coordi-
nates of all atoms in the BTO/STO(001) interfaces were allowed to
relax. Due to symmetry constraints atomic displacements are allowed
only along the z-axis. Taking into account that the mismatch of ~2.5%
between BTO and STO lattice constants arises during BTO epitaxial
growth, in our simulations we have allowed relaxation of their joint
lattice constant to minimize the strain effect. The equilibrium joint
average lattice constant used in the calculations is equal to 3.958 A.
This lattice parameter was calculated for the thickest interface
consisting of 10 BTO atomic monolayers deposited at STO substrate
and is further used as a reference. Computing Az displacement for
each monolayer of BTO/STO(001) interface we took into account
the displacement of the preceding atomic monolayer. The reference z-
coordinate for each monolayer N is defined as follows:

f 1/m 0
N :j<ZN31+ZN—1>-, (1)

where zM€_ ; and z{ _ ; are the z-coordinates of the cation and the anion
of a preceding atomic monolayer, respectively.
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Fig. 1. (Color online) Schematic view of the (001) interface between the two band insula-
tors BTO and STO. Planes of STO(001) substrate are numbered with Arabic numbers, while
Roman numbers are used to number planes of deposited BTO(001) film. Zero corresponds
to the central plane on symmetrically terminated slab.

3. Results and discussion

Simulations of atomic and electronic properties of the BTO/STO(001)
interfaces were performed using the symmetrically terminated slab
model. The STO(001) substrate consisted of 11 atomic monolayers
and is terminated with a (TiO,) monolayer. Then monolayer-by-
monolayer epitaxial growth was modeled adding a pair of respective
monolayers of BTO(001) symmetrically to both sides of a substrate
slab until the deposited BTO(001) thin film reaches a thickness
of up to 10 monolayers (Fig. 1). In such a way we construct 10
heterostructures consisting of different thickness of deposited BTO
nanofilm. Due to the restrictions imposed by the symmetry, in
our simulations atomic positions of all atoms were relaxed along
the z-axis only. Displacements Az were calculated with respect to
the averaged position z of the previous atomic monolayer as defined
in Eq. (1) to avoid constant increase in the value of the former. The
obtained results are summarized in Table 2. From Table 2 one can
see that all the displacements are within 5% of the lattice constant.
The STO(001) substrate expands on the average with respect to the
bulk phase, while the BTO(001) thin film, on the contrary, contracts
to compensate the lattice mismatch.

In Table 2 we list the net charges of TiO,, SrO, and BaO atomic planes,
as well as in-plane net charges, as calculated for the BTO/STO(001)
interfaces under study. Due to the partly covalent nature of Ti-O
bonds net charges of Ti, and O deviate from their formal ionic values
of +4, and — 2, respectively. Mulliken net charges calculated for STO
and BTO in their bulk phase are listed in Table 1. As we have shown in
our recent studies the Ti-O bond near the BTO and STO (001) surface
increases its covalency. Similarly, an increase of the Ti-O chemical
bond covalency as compared to the BTO bulk (126 vs. 100 milli e), is
observed also near the BTO/STO(001) interface. According to Table 2
the surface atomic planes of TiO,-terminated BTO(001) films deposited
atop STO(001) substrate attract ~0.25 electrons, while BaO-terminated
BTO/STO(001) interfaces become more positive to compensate surface
relaxation. Thus, the covalency of the surface Ba-O bond is only slightly
increased, while the calculated covalency of surface Ti-O bond is larger
than in the bulk, which to some extent, may compensate relatively
modest surface relaxation of BaO-terminated BTO/STO(001) interfaces
with respect to the TiO,-terminated ones. In both stoichiometric, TiO,-
terminated, and non-stoichiometric, BaO-terminated interfaces,
charges on the substrate monolayers did not vary substantially. For
stoichiometric and non-stoichiometric interfaces these are about
4 0.03e for TiO, and BaO, respectively. The most significant deviations
in atomic charges of BTO/STO(001) structures are located in the top-
most monolayer - 4 0.26e for stoichiometric structures and —0.23e
for non-stoichiometric ones - due to the surface effects.

An additional possibility to analyze the electronic charge density
redistribution is to recognize what occurs in the electronic charge
density in the heterostructures, compared to the isolated BTO(001)
and STO(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(001) substrate and
BTO(001) thin film slabs and is depicted in Fig. 2 for both 3- and 4-UC
thick BTO/STO(001) interfaces. These plots show us that the most signif-
icant 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 correlates with the argument in the part on atomic
structure.

Figs. 2 and 3 show the density of states (DOS) projected layer by
layer onto all orbitals of Ba, Sr, Ti, and O atoms of 3- and 4-UC thick
BTO/STO(001) interfaces. As in the case of bulk perovskites the top of
the valence band is formed by O 2p orbitals, while the bottom of the
conduction band is formed mainly by Ti 3d states. Ti-O hybridization
is well pronounced. The calculated band gaps of 3.63 eV for STO
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Table 2

Calculated atomic net charges (Qucom in €), in-plane net charges (Qpiane in €), relative in-plane displacement (Az in percent of lattice constant) with respect to the perfect bulk positions of
perovskite metal atoms, and band gaps (6 in eV) of BTO/STO(001) interfaces under study. Planes of STO(001) substrate numbered with Arabic numbers, while Roman numbers are used to
number planes of deposited BTO(001) film. Zero corresponds to the central plane on symmetrically terminated slab.

Layer STO BTO-1 BTO-2 BTO-3 BTO-4 BTO-5 BTO-6 BTO-7 BTO-8 BTO-9 BTO-10
X Qni 2.30
Qo —1.27
Qplane —023
Az —3.92
XI Qsa 1.75 1.76
Qo —148 —1.37
Qplane 0.27 0.39
Az —232 4.60
VIII Qi 2.30 237 2.36
Qo —1.26 —1.41 —1.36
Qplane —0.23 —0.44 —0.36
Az —3.84 3.65 0.65
VI Qsa 1.75 1.76 1.80 1.79
Qo —1.48 —137 —1.42 —1.40
Qplane 0.26 0.39 038 0.39
Az —221 4.62 0.68 2.12
VI Qn 230 237 2.36 236 2.36
Qo —1.26 —1.40 —1.36 —1.38 —-1.37
Qplane —023 —043 —0.36 —0.40 —038
Az —3.70 3.69 0.74 1.88 1.50
\% Qsa 1.75 1.76 1.80 1.79 1.79 1.79
Qo —1.49 —1.38 —1.42 —1.40 —141 —141
Qplane 0.26 0.38 0.37 0.39 039 0.39
Az —2.07 4.68 0.76 2.15 1.40 1.71
\% Qni 2.30 237 236 2.36 2.36 236 2.36
Qo —1.26 —1.40 —1.36 —1.38 —1.37 —1.38 —1.37
Qplane —0.22 —043 —0.36 —0.40 —0.38 —0.39 —0.39
Az —3.55 3.73 0.83 1.92 157 1.57 1.63
1 Qga 1.75 1.76 1.80 1.79 1.79 1.79 1.79 1.79
Qo —1.49 -1.39 —143 —1.41 —1.41 —141 —1.40 —1.41
Qplane 0.25 0.38 0.37 038 0.39 0.38 039 0.38
Az —1.84 4.77 0.89 227 1.48 1.79 1.53 1.68
1l Qn 229 237 2.35 2.36 236 2.36 2.36 236 236
Qo —1.25 —1.40 -135 —1.38 —1.37 —1.38 —1.37 —1.38 -137
Qplane —0.21 —0.42 —035 —0.39 —037 —0.39 —0.38 —0.39 —039
Az —3.20 3.83 1.03 2.04 1.72 1.69 1.75 1.60 1.71
I Qga 1.75 1.76 1.80 1.79 1.79 1.79 1.79 1.79 1.79 1.79
Qo —1.51 —1.40 —1.44 —143 —1.42 —1.42 —1.42 —1.42 —1.41 —1.42
Qplane 0.23 0.36 0.35 0.36 0.37 0.37 0.38 0.37 0.38 0.37
Az —1.54 4.87 1.02 2.35 1.53 1.84 1.55 1.70 1.51 1.64
5 Qri 229 2.37 235 236 2.36 2.36 236 2.36 2.36 236 2.36
Qo —1.29 —141 —1.38 —1.40 —1.39 —1.40 —1.40 —1.40 —1.40 —1.40 —1.40
Qplane —0.30 —045 —0.40 —044 —042 —0.44 —043 —044 —0.44 —045 —044
Az —5.95 1.96 —1.13 —0.11 —0.46 —047 —043 —0.56 —0.48 —0.61 —0.53
4 Qs: 1.85 1.88 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87
Qo —1.37 —141 —1.39 —1.38 —1.38 —1.37 —1.38 —1.37 —1.37 —1.36 —-1.37
Qplane 0.48 0.47 0.48 0.50 0.49 0.50 0.50 0.51 0.50 0.51 0.50
Az 413 —-132 0.60 —043 —0.10 —0.39 —0.26 —043 —033 —047 —037
3 Qri 235 2.36 2.36 236 2.36 2.36 236 2.36 2.36 236 2.36
Qo —1.38 —1.42 —1.41 —1.42 —1.41 —1.42 —1.42 —1.43 —1.42 —143 —1.42
Qplane —0.42 —0.48 —0.45 —0.48 —0.47 —0.49 —0.48 —0.49 —0.48 —0.49 —0.49
Az —0.96 0.27 —0.20 —0.25 —0.21 —038 —0.29 —0.44 —035 —0.48 —0.40
2 Qs; 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87
Qo —1.42 —1.40 —1.41 —1.39 —1.40 —1.39 —1.39 —1.38 —1.39 —138 —139
Qplane 0.45 0.47 0.46 0.48 0.47 0.49 0.48 0.49 0.48 0.49 0.49
Az 0.88 —0.35 0.12 —0.29 —0.15 —0.37 —0.26 —0.42 —0.32 —045 —0.37
1 Qn 235 236 2.36 236 2.36 2.36 236 2.36 2.36 236 236
Qo —1.40 —1.42 —1.41 —1.42 —1.42 —1.42 —1.42 —1.43 —1.42 —143 —1.42
Qplane —0.44 —047 —0.46 —048 —047 —0.49 —0.48 —0.49 —048 —0.49 —0.49
Az 0.14 —0.09 —0.01 —0.27 —0.17 —0.36 —0.26 —0.42 —0.33 —0.46 —037
0 Qs: 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87
Qo —1.42 —1.40 —141 —1.39 —1.40 —1.39 —1.39 —1.38 —1.39 —138 -139
Qplane 0.45 0.47 0.46 0.48 0.47 0.49 0.48 0.49 0.48 0.49 0.49
Az 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 2.58 3.47 233 3.29 2.16 3.25 2.10 3.24 2.06 3.22 2.06

and 3.50 eV for BTO are in good agreement with experimentally expanded band gap (Table 2). In turn the TiO,-terminated interface
observed indirect gaps of 3.25 and 3.2 eV, respectively [19]. In the case (Fig. 4) experiences a lack of electron density that shifts the occupied
of BaO-terminated BTO/STO(001) interface (Fig. 3) gained excess levels down and thus reduces the band gap of stoichiometric BTO/
of electron density shifts the occupied levels up that gives rise to an STO(001) interfaces (Fig. 5).
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4. Summary and concluding remarks

We have performed ab initio calculations on a number of both stoi-
chiometric and non-stoichiometric BTO/STO(001) heterostructures. For
the BTO/STO(001) interface the Ti-O chemical bond population is
independent from the number of layers and larger than in the bulk.
We find that surface covalent effects in non-stoichiometric films are
less pronounced than in stoichiometric ones. All BTO/STO(001) inter-
faces under study are semiconducting. In agreement with a recent
experimental study [16] we found that the interface layer does not
influence much the electronic structure of studied structures, while
the termination of deposited BTO(001) thin film atop STO (001) sub-
strate 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 for further investigation of BTO/STO(001)
heterostructures.
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