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ABSTRACT: In-depth understanding of interfacial atomistic structures is
required to design heterointerfaces with controlled functionalities. Using
density functional theory calculations, we investigate the interfacial
structure of (001) SrTiO; | (001) MgO, and characterize the stable
interface structure. Among the four types of possible interface structures, we
show that the TiO,-terminated SrTiO; containing electrostatically attractive
Mg—O0 and Ti—O ion—ion interactions forms the most stable interface. We
also show that oxygen vacancies can be preferentially stabilized across the
interface via manipulating interfacial strain. We elucidate that oxygen
vacancies are most stable in the tensile-strain material, and unstable in
compressive strain material. This stability is explained from equation-of-
state analysis using a single crystal, where the oxygen vacancy shows a larger
volume than the oxygen ion, thus explaining its stability under tensile-
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strained conditions.
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1. INTRODUCTION

Over the past decade, heterointerfacing has emerged as one of
the most interesting materials design parameters.'”’ These
interfaces, particularly for perovskite-based oxides, are function-
alized by interfacial strain and show a variety of strikingly novel
properties, and as a result, such heterointerface structures are
exceedingly becoming key materials of technological inter-
est.>>” """ For example, in the case of ion-transport, triggered
by a study of the YSZ | SrTiOj interface,® increases in oxygen
conductivity of several orders of magnitude have been achieved
in ion-conducting interface systems.'' The transition temper-
atures in superconductin§ La, ,Sr,CuO, | SrTiO,,"? ferroma%—
netic LaCoO; | LaAlO,,"* and ferroelectric BaTiO; | DyScO;"*
interfaces have been significantly increased by interfacial
engineering."> Similarly, multiferroicity and two-dimensional
electron gas (2DEGs) heterostructures are other recent
examples where materials’ interfacing is being heavily
exploited.>'® Heterointerfacing is also being actively pursued
in designin; materials for enhanced catalytic activity,"" radiation
tolerance,'” and thermoelectric properties.'® Meanwhile, under-
standing the interfacial atomistic structure remains one of the
most important challenges to gain precise control over
heterointerface design.'”™"'

SrTiO; | MgO is an interface of technological interest that
has been studied extensively.”>">” This interface was used to
grow samaria-doped ceria thin films, i.e.,, SDC | STO | MgO to
combine the chemical and thermal stability of the insulating
MgO substrate with the structural properties of SDC | STO
interface for oxygen conduction applications.”® BaTiO; |
SrTiO; multilayers grown on (001) MgO showed enhanced
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microwave dielectric properties with very low dielectric loss and
high dielectric tenability.”” The STO | MgO interface also
serves as a model oxide interface to understand oxygen vacancy
energetics, misfit dislocations, atomic intermixing, and other
interfacial features. Until recently, understanding developed on
the SrTiO; | MgO interface had suggested that interfacing
between the two materials could only occur via a TiO,-
terminated SrTiO; surface, whereas SrO-terminated growth of
MgO may not be possible’* This was attributed to the
electrostatic atomistic repulsion, ie. cation—cation repulsion
between Sr and Mg in one case, or O—O repulsion in the other
case during the layer-by-layer SrO-terminated SrTiO; | MgO
stacking,”” Similar observations were also made theoretically via
density functional theory (DFT) calculations, and TiO,-
terminated SrTiO; | MgO was found to be the thermodynami-
cally stable interface.”> However, in contrast to this long-
standing understanding, a recent study using scanning trans-
mission electron microscopy (STEM)?® has revealed that both
SrO and TiO, terminated surfaces can form stable SrTiO; |
MgO epitaxial thin-film interfaces, and that the surface
terminations could alternate between SrO and TiO, in the
presence of atomic steps along the interface. Keeping in view
this new observation, we investigate the interface using DFT
calculations, and characterize the stability of the four possible
interface types.
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During oxide thin film growth, the formation of point
defects, such as oxygen vacancies, is difficult to avoid. In
addition, at various instances, these vacancies have been found
to be beneficial to materials design as they induce novel
interfacial electronic and ionic properties.*** In view of the
interfacial strain that is inherently present due to lattice
mismatch, understanding the effect of strain on the
concentration of oxygen vacancies could lead to preferential
control of a stable vacancy concentration on either side of the
interface. Such control on oxygen vacancy concentration would
provide a new “knob” by which to tailor functionality in
materials design. In this paper, we elucidate the (001) SrTiO; |
(001) MgO interface, and based on those results, we predict
the stability of neutral oxygen vacancies and provide a path to
gain control over their precise location.

2. METHODOLOGY

We use the Vienna Ab Initio Simulation Package (VASP) for the DFT
calculations.®" In particular, the projector-augmented wave (PAW)
method with plane waves up to the energy cutoff of 500 eV is used,
and the exchange-correlation is evaluated by the generalized-gradient
approximation (GGA) using the Perdew—Burke—Ernzerhof (PBE)
function.’* The reference electronic configurations are 2s*p?, 3s?,
4s4p®5s%, and 3d4s' for O, Mg, Sr, and Ti, respectively. All
relaxations are done until the forces were smaller than 0.01 eV/A. A k-
point sampling of 2 X 2 X 1 is used for all interface structures. All
calculations represent equilibrium structures. The bulk lattice
parameters of MgO and SrTiO; obtained by full relaxation of 1 X 1
X 1 unit cells are 4.24 and 3.94 A, respectively, which are within 2% of
the experimentally reported values.

To provide a comparison with previous literature, the oxygen
vacancy formation energy (AE) in bulk SrTiO; and MgO is calculated
using the following expression:

AE/ = E, - E, + y, 1)

Here, E, is the system energy with a vacancy, E, is the pure system
energy, and po is the oxygen chemical potential with reference to
oxygen gas. The O, gas reference state is taken as the total energy for
the ground state of a spin-polarized optimized oxygen molecule in the
gas phase. We find that DFT literature values of AFE' for SrTiO; vary
between 5.11 and 8.56 eV.3*73¢ In addition, the formation energy is
found to be dependent on the system size and concentration of oxygen
vacancies.*® From our calculations, we find AE to be 5.64 eV using a 3
X 3 X 3 supercell containing 135 atoms. Similarly, AE for MgO varies
between 5.83 and 10.08 €V in the literature,>”*® and our calculated
value is 6.71 eV obtained from using a 3 X 3 X 3 supercell containing
216 atoms. While our AE values lie within the wide ranges in the
literature, it is to be noted that, in this work, the vacancy stability
across the interface structure is presented with reference to its location
at the interface.

3. RESULTS
3.1. (001) SrTiO; | (001) MgO Interface. Based on the

terminating plane of SrTiO;, there are four possible cases that
could arise while interfacing SrTiO; with MgO, as shown in
Figure 1. Figure lab shows SrO-terminated SrTiOs;; whereas
Figure 1c,d shows TiO,-terminated SrTiOj;, all interfaced with
MgO. In the first case, labeled as type-a, there are Sr—Mg and
O—Mg nearest-neighbor interactions; whereas in the second
case (type-b), there are Sr—O and O—O nearest-neighbor
interactions. In type-a, O—Mg is electrostatically attractive and
Sr—Mg is repulsive, whereas in type-b, Sr—O is attractive and
O-O0 is repulsive. In the TiO, terminated type-c and type-d
cases, there are O—Mg and Ti—O interactions and O—O and
Ti—Mg interactions, respectively. Among all these configu-

type-a type-b type-c type-d

(a) (b) (©) (d)

Figure 1. (001) SrTiO; | (001) MgO interfaces. (a) SrO-terminated
with Sr—Mg and O—Mg interfacing labeled as type-a. (b) SrO-
terminated with Sr—O and O—O interfacing (type-b). (c) TiO,-
terminated with O—Mg and Ti—O interfacing (type-c). (d) TiO,-
terminated with O—O and Ti—Mg interfacing (type-d). Color scheme:
Sr in green, O in red, Ti in blue, and Mg in orange.

rations, type-c is the only case that has no cation—cation or
anion—anion repulsive interactions.

The interface formation energy, AE,, is calculated using eq
2.

AE;, = By — (EMgO + Egro) (2)

Here, E,, is the total energy of the interface structure, and Ey;,0
and Egpq are the total energies of the individual MgO and STO
supercells, respectively. In these calculations, we use equili-
brated 1 X 1 X 6 rock salt unit cells for MgO and 1 X 1 X 12
perovskite unit cells for STO containing 48 and 60 atoms,
respectively. In order to consider different surface terminations,
a vacuum layer of 15 A is added to both supercells. The vacuum
layer creates TiO, and SrO terminations on two sides of the
STO supercell. The terminations for MgO are same on both
the sides. The two structures are then used to form the four
interface structures in Figure 1. Furthermore, each interface
structure is modeled so as to represent three different cases, i.e.,
(1) MgO film on SrTiO; interface, (2) SrTiO; film on MgO
interface, and (3) a “multilayer” of SrTiO; and MgO. The first
two cases are modeled by fixing the lattice parameters of the
interface structure to those of SrTiO; and MgO in the b X ¢
plane, respectively. The multilayer is modeled without applying
such a constraint. For the calculation of interface energy from
eq 2, Eygo and Egro are also calculated by fixing to the
corresponding lattice parameters. For case (1), the lattice
parameter of SrTiO; is used for calculation of both Eyo and
Egro, whereas for case (2), MgO lattice parameter is used. For
case (3), we first relax the interface structure, and then use the
obtained supercell b and ¢ directions to calculate Ep,o and
Esro.

A comparison of the interface formation energies for all four
interface types, fixed to the corresponding lattice parameters, is
shown in Figure 2. We find that the type-c interface is the most
preferred interface among all four types. This stability is
primarily due to the presence of the oppositely charged,
electrostatically attractive interfacing ions, ie., Ti—O and O—
Mg. In addition, as pointed out earlier, this interface is the only
type that does not contain similarly charged, repulsive direct
ion—ion interactions. In contrast, the type-d interface, which is
also a TiO, terminated interface, is the least stable interface.
This instability originates from the two repulsive ion—ion
interactions, ie., between O—O and Ti—Mg. These DFT
results are consistent with the previous experimental observa-
tions, where a TiO,-terminated SrTiO; has been observed to be
the most stable terminating surface interfacing with MgO. In
addition, these results show that the interface is likely to
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Figure 2. Interface formation energy comparison among four interface
types. Type-a and type-b are SrO terminated, and type-c and type-d
are TiO, terminated. For each type, the structure is strained to lattice
parameters of STO, MgO, and multilayer. Type-c structure is the most
stable interface structure.

contain Ti—O and O—Mg interactions, and Ti—Mg and O—O
interfacing from type-d interface is unlikely to form.

The stability of SrO-terminated type-a and type-b structures
lies in between the two TiO,-interface structures. From the
ion—ion interaction viewpoint, both structures contain one
electrostatically attractive and one repulsive ion—ion inter-
action. Mg—O and Mg—Sr and O—Sr and O—O are the
attractive and repulsive ion—ion interactions in type-a and type-
b, respectively. Due to the presence of one repulsive interaction
in both interfaces, the stability of SrO-terminated interfaces is
less than the type-c TiO, terminated interface.

With reference to the recent observation where SrO-
terminated interfaces have been observed in addition to
TiO,-terminated interfaces,*® these DFT results indicate that
the SrO-terminated interface is expected to be composed of
type-a interface structure. While the DFT results show that
TiO,-terminated type-c would be the most dominant interface
structure, accommodating defects such as misfit dislocations
could be responsible for the stable SrO termination as captured
in the TEM images.

3.2. Oxygen Vacancy Stability Across Interfaces. The
effect of strain on kinetics of oxygen diffusion has recently been
explored from atomistic modeling,*”*° where it has been shown
that tensile strain could be used to lower oxygen migration
barriers. This understanding has provided a tailoring mecha-
nism in the design of better oxygen conducting materials. From
the vacancy stability viewpoint, it would be equally interesting
to understand whether thermodynamics could be similarly
altered such that one could preferably stabilize oxygen
vacancies on either side of the interface. Here we perform
the vacancy stability analysis across the interface, and predict
that oxygen vacancies are likely to be stable in the tensile-
strained material.

We explore the oxygen vacancy stability in type-c structure,
which is the most preferable interface. An oxygen vacancy is
placed at four different locations, i.e., inside SrTiOj (site A), at
the TiO, terminated SrTiO; (site B), in MgO interfacing with
SrTiO; (site C), and inside MgO (site D) as shown
schematically in Figure 3a. The black squares and the dotted
line represent the vacancy site and the interface, respectively.
For each vacancy site, three calculations are carried out by
fixing the lattice parameters in the b X ¢ directions as above. In
case 1 referred to as STO L.P. in Figure 3b, when the lattice
parameters of SrTiO; are imposed, MgO undergoes
compression from 4.24 to 3.93 A in both b X ¢ directions. In
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Figure 3. (a) Schematic representation of SrTiO;—MgO interface
structure showing four locations of oxygen vacancies (black squares).
(b) Comparison of the oxygen vacancy stability at the four locations
with reference to site A. Calculations are done for the three cases based
on the strain on the structure. Site A is the most preferred vacancy
location expect for case (1). Lines joining data points are shown as a

guide to the eye..

case 2, MgO is maintained at its bulk lattice parameter, and
STO undergoes tensile strain. In case 3, the interface relaxes to
intermediate lattice parameters, ie, to 4.03 A, leading to
expansion in SrTiO; and compression in MgO. The stability of
the oxygen vacancy under these conditions is shown in Figure
3b with reference to site A. In all three cases, it is found that the
oxygen vacancy is unstable in MgO and is stable in SrTiO;. In
addition, the vacancy is more stable inside SrTiOj; at site A than
at B, except for case 1. Furthermore, the energy difference
between A and C (and D) increases by going from case 1 to
case 3 to case 2 showing that as the tensile strain increases, the
stability increases in favor of SrTiOj;. Therefore, these results
indicate that a higher concentration of oxygen vacancies can be
expected inside SrTiO; than MgO. In addition, these results
show that for case 1 under imposed strain comparable to that of
the lattice parameter of SrTiO;, the vacancies can segregate
near the interface, on the SrTiOj side.

This stability of oxygen vacancies under tensile stain can be
understood from the equation-of-state analysis using a single
crystal. Figure 4 shows E vs strain for SrTiO; for the bulk
system (diamonds) and a system containing a vacancy
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Figure 4. Energy vs strain profile for (a) bulk and (b) bulk containing
an oxygen vacancy showing that oxygen vacancy occupies larger
volume than oxygen ion, and is likely to be stable under tensile
conditions.
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(triangles). The energy profile is obtained using the following
expression:

AE = Es - Eo (3)

Here, AE is the change in the system energy under strain, E; is
the total energy of the strained system, and E, is the total
energy of the unstrained system. In comparison to the bulk
system where the minimum energy occurs at O strain, the
vacancy system instead shows the minimum under tensile
strain, illustrating that oxygen vacancy occupies a larger volume
compared to the oxygen ion. Such lattice expansion due to
oxygen vacancy has been widely observed experimentally.
Hence, in view of the strained interfaces, the oxygen vacancy is
likely to be stable under tensile strain that provides a larger
volume compared to compressive strain conditions.

To further explore the effect of tensile strain, the interface
structure is strained beyond that of the case (2), i.e., even larger
than the lattice parameter of MgO is applied in the b X ¢
directions. Now, both SrTiO; and MgO are under tensile strain.
The difference in the vacancy stability between sites A and D is
plotted in Figure 5, which shows a ‘V’ curve where the stability
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Figure S. Oxygen vacancy stability difference between site A and site
D. The stability shows a ‘V’ curve; there is a maximum stability until
certain strain beyond which the stability starts to decrease.

difference between the two materials further increases.
However, it starts to decrease beyond a certain strain. This
behavior indicates that there is a limit to the stability that can be
achieved via strain. Beyond that strain, not only does MgO start
to undergo tensile strain thus providing stable conditions for
the vacancy in MgO, but the parabolic nature of Figure 4 may
also start to destabilize the vacancy in SrTiO;. While such larger
strains in Figure 5 may not be realistically possible, the
simulations serve as a model to elucidate that strain can be used
to modify vacancy stability/concentration. In addition, while
larger strains do not completely flip the vacancy stability from
SrTiO; to MgO, such a stability flip may not be implausible.
This understanding could be particularly relevant to the
multilayer structures, where choosing appropriate interfacing
materials could preferentially alter the vacancy concentration.

B CONCLUSION

We have carried out DFT calculations on the possible interface
structures between SrTiO; and MgO to characterize their
relative stability. We have found that, among the four possible
interface structures, type-c TiO, terminated SrTiO; is the most
stable interface that contains electrostatically attractive ion—ion
interactions. The next possible interface structure is the SrO-

terminated type-a structure. Keeping in view the recent SrO-
terminated observation under experiments, we can attribute the
stability to accommodating defects such as misfit dislocations
that may play a key role in the interfacial relaxation. However,
understanding of such defect-assisted stability requires future
modeling efforts on interface structure consisting of misfit
dislocations. We also find that the interfacing between similar
charged ions, such as O—O or Mg—Ti in the type-d interface,
during growth is less likely. Whether this ion—ion interaction is
the reason behind the atomic interdiffusion across the interface
observed under TEM needs to be further investigated from
DEFT calculations.

We also show that the control over the stability of oxygen
vacancies can be gained via manipulating interfacial strain. We
elucidate that oxygen vacancies are relatively more stable in the
tensile-strained material, and are less stable in the compressive-
strained material. Depending upon the amount of strain, the
vacancies can also be preferentially stabilized at the interface.
While to our knowledge there are no direct comparisons
available, recent DFT calculations by Fronzi et al.*' on bulk
ZrO, and CeO, showed that tensile strain stabilized oxygen
vacancies. It is worth noting that kinetics can alter the strain-
affected thermodynamic stability/concentration. The stability
of oxygen vacancy not only at the interface but away from it is
dissimilar to the generally observed vacancy segregation that
invariably occurs at grain boundaries. The grain boundary is a
misorientation between crystals of the same material that have
identical lattice parameters; in contrast, the interfaces have
lattice mismatch from two different materials. This additional
strain component across the interfaces leads to biased
energetics. Hence, while grain boundaries are conventionally
considered as sinks to vacancies, the sink strength of interfaces
could depend on the interfacial strain, and the segregation of
vacancies to interfaces may not be taken trivially. Apart from
the lowering of oxygen migration barriers via tensile strain,
stabilizing oxygen vacancies by interfacing would increase their
concentration leading to further enhancement in oxygen
conductivity. The concept of preferential vacancy localization
by strain would be transferable to other heterointerfaces, and
could provide a powerful control in materials design for a wide
variety of interfacial materials for fast-ion conductors, super-
conductivity, ferromagnetic, and ferroelectric applications.
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