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Density functional theory by means of the mixed-basis pseudopotential method was employed
to carry out electronic-structure calculations of interfaces in SrTiOs/LaAlOs and SrTiOs/SrRuOs
perovskite heterophase systems. The main objective of the work is to investigate the influence
of different structural and chemical terminations of the interfaces on their electronic and adhesive
properties. The investigated supercells therefore include not only interfaces with a regular perovskite
stacking but also interfaces with planar stacking-fault-like defects of Ruddlesden-Popper and Magneli
type. Stability of interfaces is assessed by calculating rigid and relaxed works of separation. Band
offsets and Schottky barriers are determined for the insulator/insulator SrTiOs/LaAlOs and the
insulator/conductor SrTiOs/SrRuQOs3 systems, respectively.

PACS numbers: 71.15.-m, 73.30.4y, 73.40.Qv, 77.55.4+f

I. INTRODUCTION

Devices made of dielectric and ferroelectric oxides with
the ABOj3 perovskite crystal structure have attracted
considerable interest from the electronics industry.!»?
Currently, perovskite oxides are used in numerous appli-
cations including sensors in infrared-cameras, piezoelec-
tric actuators and transducers, and even micro-electro-
mechanical systems in air-bag accelerometers. However,
the most exciting and economically important is use of
perovskite oxides in integrated microelectronic devices.
For example, as capacitors in non-volatile ferroelectric
or dynamic random access memories, or as the gate in-
sulators in the next generation of field-effect transistor
devices.?®

These modern integrated microelectronic components
require stacking sequence of different metallic and in-
sulating thin films in order to reach the targeted per-
formance and reliability. Due to progressing miniatur-
ization the key attributes, e.g., dielectric capacitance or
ferroelectric polarization, high thermal stability and low
leakage current, however, depend not only on intrinsic
properties of the bulk or thin-film materials but also on
the interfaces between them.

The understanding and control of the interfaces is crit-
ical for the integration and fabrication of reliable per-
ovskite heterostructures.® Many of the unique functional
properties of perovskites may be enhanced but also de-
stroyed by local stresses and strains, or by structural im-
perfections, such as bulk and interface dislocations, pla-
nar stacking faults and grain boundaries. On the other
hand, perovskite heterostructures with a small lattice
mismatch can be grown epitaxially without bulk disloca-
tions or grain boundaries. Such atomically sharp inter-
faces can be studied nowadays with high precision using
accurate ab initio methods.

In this work, we performed first-principles electronic-
structure calculations of two model perovskite het-

erostructure systems in order to investigate the in-
fluence of the interfacial structure on electronic and
adhesive properties. The two investigated systems,
SrTi03/LaAlO3 (001) (STO|LAO) and SrTiO3/SrRuOg
(001) (STOJ|SRO), were chosen as representative models
of insulator/insulator (or substrate/dielectric) and insu-
lator/conductor (or dielectric/electrode) perovskite con-
tacts, respectively.

A recent discovery” of remarkable electrical properties
of interfaces in the STO|LAO system has attracted con-
siderable attention from several research groups.® 1% A
series of experiments have confirmed an existence of not
only an insulating but also a highly conducting interface
between the two insulating perovskites. It was found that
the interfacial termination of LAO is the critical param-
eter: while the LaO-terminated interface is electrically
insulating the AlOs-terminated interface turns out to be
conducting. The debate about the extent to which the
observed behavior is intrinsic to the system, and about
the influence of other factors, such as the role oxygen
vacancies, preparation conditions, interface roughening,
and electrical fields, is still ongoing. Apart from these
striking discoveries, (001)-oriented LAO crystal surfaces
are often used as substrates for epitaxial growth of dielec-
tric STO and other perovskites. A small lattice mismatch
of 3% between the STO and LAO perovskites allows co-
herent growth of STO films on LAO substrates by pulsed
laser deposition. Above a critical film thickness misfit
dislocations with Burgers vectors a(100) and a(110) are
observed to form in STO. These defects are however well
separated and the interface between them is coherent and
atomically flat.!?

While the STO|LAO system is a hot topic in the ex-
perimental community, to our knowledge only few theo-
retical studies are available.!718 In a recent study, Gem-
ming and Seifert'® have focused on structural, electronic
and dielectric properties of STO|LAO multilayers. The
electrical behavior of the STO|LAO interfaces was inves-
tigated by Pentcheva and Pickett!” and by Park et al.'®



but neither of these studies was able to provide a com-
plete explanation of the astonishing electrical properties.

The STO|SRO heterophase interface system is a pro-
totype of a conducting electrode film deposited on an
insulating dielectric substrate. Due to its good electrical
conductivity, high thermal and chemical stability, and
good lattice matching with other oxides SRO is often
used for contact electrodes in electroceramic devices. A
small lattice mismatch of only 0.64% allows growth of
high-quality films of SRO on STO with smooth surfaces
and atomically sharp interfaces.!??! The in-plane ori-
entation relation of these epitaxial heterostructures is
SRO[110]//STO[010] and SRO[001]//STO[100].22 Fur-
thermore, a possible application of broad variety of de-
position methods, e.g. pulsed-laser deposition,'® metal-
organic chemical vapor deposition, RF magnetron or 90°
off-axis sputtering, make SRO a flexible material for re-
search purposes. There also exists an extensive number
of experimental studies of SRO thin films and their in-
terfaces with other materials.27

The aim of the present paper is to obtain informa-
tion about band offsets and Schottky barriers and me-
chanical stabilities of interfaces in the SRO|STO and
STO|LAO systems. A reliable determination of these
properties is a necessary requirement for a successful de-
sign of perovskite-based heterostructures. Since hardly
any experimental measurements of such barriers in epi-
taxial perovskite heterostructures have been reported, it
is useful to have a theoretical approach complementary
to experiment for evaluating these electronic properties
in heterophase systems.

The paper is organized as follows. Section II. covers
computational details of our performed calculations and
gives an overview of investigated systems. In Section III.,
the computed results of structural, mechanical and elec-
tronic properties of both bulk and heterostructure sys-
tems are presented and the influence of different interfa-
cial terminations is analyzed. A summary of the work is
given in Section IV.

II. COMPUTATIONAL METHOD AND
STRUCTURE MODELS

A. Mixed-basis pseudopotential method

The electronic-structure calculations of heterophase in-
terfaces were performed within the density functional
theory (DFT) framework.?%?° The Kohn-Sham equa-
tions were solved by means of a mixed-basis pseu-
dopotential (MBPP) approach.?*3* The local den-
sity approximation (LDA) was used for exchange and
correlation.?>36 Interactions between ionic cores and va-
lence electrons were treated by norm-conserving non-
local ionic pseudopotentials.?” Pseudopotentials were
generated from neutral atoms with the following elec-
tronic configurations: for O [He] 2s22p3-593d°-59 for Al
[Ne] 3s23p?793d%30 and for Ru [Kr| 5s°-2°5p®-2°4d7-50,

respectively. Ionic reference configurations of the pseu-
dopotentials were set for La3t ([Kr] 5s?5p%), Sr?* ([Ar]
4524p%), and Ti** ([Ne] 3s23p%). Localized functions
were employed in addition to plane waves in the mixed
basis to represent O 2p valence states, Ti 3s and 3p
semicore and 3d valence states, Ru 4d valence states,
Sr 4s and 4p semicore states, and La 5s and 5p semicore
and 5d valence states. These localized orbitals were con-
fined within the following sphere radii: 7, (Sr)= r;,(La)=
71o(0)= 1.9 au and r;,(Ti)= r,(Ru)= 1.6 au.

Bulk properties of the perovskites were calculated with
up to (6 x 6 x 6) Monkhorst-Pack?® k-point meshes for the
insulating STO and LAO, and (16 x 16 x 16) for the con-
ductive SRO. The cutoff energy of the plane waves used
in the mixed basis was set up to 25 Ry. For calculations
of the electronic energy barriers and the works of sepa-
ration for the heterostructures a (4 x 4 x 1) k-point mesh
and the plane wave cut-off of 15 Ry were determined to
be sufficient for well converged results.

Local electronic structures were analyzed by site-
projected electronic densities of states (DOS) at oxygen
atoms. A sphere radius of r,,(0?7) = 2.84 au was cho-
sen to enclose the formal ionic charge of the oxygen ion
in this projection sphere for the DOS. Gaussian broaden-
ing with the width of 0.2 eV was applied for plotting the
DOS and reduced to 0.1 eV for accurate determination
of valence band edges.

B. Crystal structures of bulk perovskites

Bulk SrTiOgs is a typical representative of the per-
ovskite family. It crystallizes at room temperature in
a cubic perovskite structure with the lattice constant
a = 3.905 A.39 LaAlO5 and SrRuOj are perovskites with
slight distortions of the BOg octahedra from the cu-
bic arrangement at room temperature. However, since
the distortions are small they can be well approximated
as pseudo-cubic structures. The rhombohedral crystal
structure of LaAlO3 can then be described as a pseudo-
cubic structure with the lattice parameter a = 3.790 A.40
while for the orthorhombic crystal structure (lattice pa-
rameters a = 5.5670 A, b = 5.5304 A and ¢ = 7.8446 A)*!
of ferromagnetic STRuO3 the pseudo-cubic lattice param-
eter a = 3.930 A.22

C. Supercell models of the heterophase interfaces

For all calculations of the perovskite|perovskite inter-
faces, supercells with three-dimensional periodic bound-
ary conditions were used. The supercells of the het-
erostructures were composed of seven or nine alternating
(002) atomic layers of SrO and TiOs for the STO slab and
seven or nine alternating atomic layers of either LaO and
AlO; for the LAO slab, or SrO and RuO, for the SRO
slab, respectively. The odd number of planes ensures that
the two interfaces in the supercells are equivalent and pre-



vents thus the formation of artificial electrostatic fields
(We will discuss this issue in more detail in Sec. II1.C.).
Each supercell contained only one perovskite unit-cell pe-
riod in the directions parallel to the interface, which re-
stricts more complex symmetry breaking relaxations and
reconstructions. For all supercells the lateral lattice con-
stant in the x and y directions, i.e., parallel to the inter-
face plane, was fixed equal to the theoretical equilibrium
bulk lattice parameter of STO (asro = 3.845 A*?). We
therefore consider the heterostructures as pseudomorphic
systems with a rigid STO substrate. Perpendicular to the
interface, in the vertical z direction, the supercell param-
eter was optimized by total energy minimization.

Since the supercells are composed of alternating atomic
planes with either AO or BOy compositions, several vari-
ants of interfaces can be formed. For the STO|LAO sys-
tem there are two possible terminations for each per-
ovskite, namely the SrO or TiOs termination for STO
and the LaO or AlO, termination for LAO. Conse-
quently, four distinct contacts can be built in this het-
erostructure, which are illustrated in Fig. 1. The first
two variants are contacts in which interfaces do not
disturb the regular stacking of the AO and BOs per-
ovskite layers. This occurs when the SrO termination
of STO faces the AlOs termination of LAO (SrO-AlO-)
(Fig. 1(a)) or, vice versa, when the TiOg termination of
STO faces the LaO termination of the LAO (TiO2-LaO)
(Fig. 1(b)). In the other two possible contacts the regu-
lar alternating stacking is disrupted by stacking-fault-like
planar defects created at the interface. The first case,
when the SrO termination of STO and the LaO termi-
nation of LAO are in contact (SrO-LaO) (Fig. 1(c)), is
known as a Ruddlesden-Popper-type defect.*3 This fault
is a rather frequent planar defect in perovskite oxides
and has been observed both in bulk perovskites** and at
perovskite interfaces.?6*5 The second type of interface
with broken stacking in which the TiO layer from STO
faces the AlO; layer from LAO (TiO2-AlO; termination)
(Fig. 1(d)) can be considered a Magneli-type defectS af-
ter a related structural motif found in binary titanium or
vanadium oxides.

For the STO|SRO heterostructure, the AO sublattice
is common to both perovskites and therefore only three
supercells can be discriminated (see Fig. 2). In the
defect-free case (a) no distinction can be made between
supercells with the TiOs-SrO and SrO-RuQOs termina-
tions because the SrO layer can be considered as belong-
ing to both the STO and SRO slabs. The supercell in
Fig. 2(a) therefore effectively contains both these inter-
faces. This degeneracy requires some caution when ana-
lyzing properties of this heterostructure. While for some
properties (e.g. the rigid work of separation) unique and
well defined values can be obtained for each interface,
other quantities (e.g. the electronic properties) corre-
spond to the whole system without possibility of par-
titioning into individual contributions from each inter-
face. The Ruddlesden-Popper- and Magneli-type defects
correspond in this system to the SrO-SrO?* (Fig. 2(b))
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FIG. 1: (Color online) Supercell models of the STO|LAO het-
erophase interfaces with four possible interface terminations:
(a) SrO-AlO2; (b) LaO-TiO2; (¢) SrO-LaO (Ruddlesden-
Popper-type defect); (d) TiO2-AlO2 (Magneli-type defect).
Indices are for pair of two adjacent planes (see Fig. 3).

and TiO2-RuOs (Fig. 2(c)) interface terminations, re-
spectively.
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FIG. 2: (Color online) Supercell models of the STO|SRO
heterophase interfaces with three possible interface termina-
tions: (a) TiO2-SrO or SrO-RuOz ;(b) SrO-SrO (Ruddlesden-
Popper-type defect); (c¢) TiO2-RuO2 (Magneli-type defect).
Indices are for pair of two adjacent planes (see Fig. 4).

One additional complication arises due to different for-
mal charge states of the atomic (002) layers in the three
investigated perovskites. The SrO (Sr?t027)° TiO,
(Ti**(0%7)2)Y and RuOy (Ru**(02)%7)° layers are for-
mally charge neutral and the charge neutrality is there-
fore respected for all STO|SRO supercells. However, in
the case of LAO the AlO; layer has formally an excess of
1 electron (A1*T(0%7)3)1~ whereas the LaO layer has a
deficiency of 1 electron (La®**O%~)*. Consequently, the
STO|LAO supercells have a formal excess of 1 electron
if the LAO slab is AlOy terminated (i.e., for the SrO-
AlO5 and TiO3-AlO; interfaces) and a formal deficiency
of 1 electron if the LAO slab is LaO terminated (i.e., for
the TiO2-LaO and SrO-LaO interfaces). In order to com-



TABLE I: Calculated equilibrium lattice parameter ag, bulk
modulus By, and magnetic moment g of SrTiOs, LaAlOsg,
and SrRuO3; bulk cubic perovskite phases.

ao [A] By [GPa] fro [115]
SrTiOs 3.845 205
3.903° (exp) 183
LaAlOg 3.739 219
3.790° (exp)
3.752¢ (calc)
SrRuO3 (LDA) 3.923 208
SrRuO3 (LSDA) 3.927 201 1.167
3.930% (exp) 1.0 — 1.55¢
3.923¢ (calc) 1.17¢, 1.73
aRef.50
bRef.4O
CRef.IG
dRef.41
eRef.49
fRef 51

pensate for this imbalance a constant negative or positive
background charge density was added in the calculations.
Finally, when investigating polar systems, such as the
LAOISTO interface, it is necessary to consider the pos-
sible presence of net interface charges (monopole mo-
ments?”48) and resulting non-zero electrical fields. In
most of our calculations we employed symmetrical al-
though non-stoichiometric supercell configurations with
two equivalent interfaces to avoid finite internal electrical
fields. Asymmetrical supercell configurations containing
a pair of different interfaces, which were used in Ref. 16,
consist of stoichiometric, charge neutral perovskites with
the same number of AO and BO5 planes and do not need
the compensating charge background. The presence of
two different interfaces, however, leads to internal elec-
trical fields and band bendings across the thin films that
complicate the determination of band offsets.

III. RESULTS AND DISCUSSION
A. Bulk properties

As a first step, we calculated cohesive properties of
bulk cubic LAO and SRO crystals, namely their equi-
librium lattice constant and bulk modulus. The results
are compared to available literature data in Table I. For
LAO the discrepancy between the experimental and the
theoretical lattice constant calculated in the present work
is less than 2%. The calculated lattice constant for SRO
is very close to the experimental value and agrees also
well with another theoretical value obtained using the
linearized-augmented-plane-wave method.® Table I also
contains equilibrium properties of cubic STO calculated
previously by means of the mixed-basis pseudopotential
method.*?

As already mentioned in the previous section, all cal-

culations of the heterostructure systems were done with
the lateral x and y dimensions of the supercell fixed to
the theoretical bulk STO lattice parameter. We there-
fore also determined the minimum energy configurations
of strained tetragonal unit cells of LAO and SRO with
the lattice parameter a fixed to STO. Due to a smaller
cubic lattice parameter than STO, the tetragonal unit
cell of LAO exhibits a contraction in the z direction with
the ¢/a ratio of 0.96. An inverse response is found for
SRO that undergoes an expansion with the ¢/a ratio of
1.05.

Since SRO is a ferromagnetic perovskite with
Tc=160K52, the cubic SRO is more stable in the fer-
romagnetic state than in the non-magnetic state.’! We
carried out calculations of bulk properties of magnetic
cubic SRO within the local spin density approximation
(LSDA) in order to estimate the influence of magnetism.
As reported in Table I, no significant changes were found
for cohesive properties. The difference in lattice parame-
ter is less than 1%, and the bulk modulus is less than 4%
higher in the LSDA state than in the LDA state. The cal-
culated total magnetic moment of SRO at the equilibrium
volume agrees also well with results of LSDA calculations
by Singh®® with the full-potential LAPW method, and
lies within the range of experimental values. Santi and
Jarlborg®! reported a significantly higher value, which is
probably a result of the atomic-sphere approximation in
the LMTO method they used.

B. Interfacial stabilities

The stability of interfaces can be estimated by calcu-
lating their work of separation. The ideal work of separa-
tion, introduced by Finnis®3 as the reversible work neces-
sary to separate an interface into two free surfaces, does
not take into account any diffusion or plasticity processes
and therefore can be calculated easily by first-principles
methods. A further distinction is often made between
rigid and relaxed work of separation. The former corre-
sponds to a separation of two rigid crystal parts. In the
latter atomic relaxations are allowed to lower the total
energy. In the present paper we take the convention of
stable interfaces to have positive values for the works of
separation.

We determined the rigid and relaxed works of separa-
tion for all interfaces described in Figs. 1 and 2. For the
rigid work of separation the (002) interplanar spacing in
all supercells was fixed to the value of interplanar spacing
of ideal bulk STO and only the separation at the interface
was varied to obtain the minimum energy configuration.
The strain relaxation of the LAO and SRO slabs per-
pendicular to the interface is therefore neglected in these
calculations. However, since the elastic energy contri-
butions from the interface supercell and the free-surface
supercells mutually cancel well, the results do not differ
from those with the optimized tetragonal ¢/a ratios. For
the relaxed work of separation the stress-free LAO and



TABLE II: Rigid and relaxed works of separation (in J/m?);
values in brackets are from Ref. 16.

W;z;gzd Wslgzlaxed
STO
TiO2-SrO 3.13 2.71
SrO-SrO 1.78 1.77
TiO2-TiO2 1.99 2.10
LAO
AlO2-LaO 5.47 5.23
SRO
RuO2-SrO 2.70 2.32
STO|LAO
SrO-Al10, 3.09 (4.0) 2.84 (3.6)
TiO5-LaO 3.86 (4.2) 3.62 (3.7)
SrO-LaO 2.17 2.34
TiO2-AlO9 2.01 2.21
STO|SRO
SrO-RuOa2 2.94 2.62
TiO2-SrO 3.18 2.71
SrO-SrO 1.83 1.78
TiO2-RuO2 2.36 2.22

SRO unit cells with optimized ¢/a ratios were used.

The results are summarized in Table II. We included
in the table also works of separation for bulk perovskites
which are equal to twice the average surface energy of AO
and BOs terminated surface slabs. These values serve
as useful references when analyzing the relative interface
stabilities.

Both the rigid and relaxed works of separation show
the same trend. The most stable interface in the
STO|LAO system is the TiO2-LaO terminated interface.
Its work of separation lies between the values correspond-
ing to the cleavage of the two bulk perovskites, suggest-
ing a strong interfacial adhesion. This interface is about
25% more stable than the second defect-free interface
in this system with the SrO-AlOs interface termination.
This results differs from recent results of Gemming and
Seifert!® who obtained similar values for the two defect-
free STO|LAO interfaces (quoted in parentheses in Ta-
ble II). A possible origin of this discrepancy may be the
use of different supercells and a different way of calcu-
lating Wsep. While we used the symmetrical but non-
stoichiometric supercells of Fig. 1, Gemming and Seifert
used a stoichiometric but asymmetrical supercell (cf. Fig.
1 in Ref. 16). Moreover, we determined Wi, by compar-
ing the interface models to two surface-slab models of
the same supercell dimensions with either the STO or
the LAO film removed. Gemming and Seifert used an
elongated asymmetrical supercell where one of the two
interfaces was pulled apart while the other interface was
kept fixed. In this procedure electrical fields appear not
only in the film but also in the vacuum region between
the separated surfaces. Before an appropriate compari-
son can be made the influence of these factors on Wiep
needs to be analyzed. This is however not within the
scope of the present work.

The two interfaces in the STO|LAO system contain-
ing the Ruddlesden-Popper and Magneli planar faults,
respectively, exhibit almost the same works of separa-
tion. These are not only significantly lower than those
for the defect-free interfaces but also lower than the work
of separation of bulk STO. If present, these interfaces will
therefore act as weak links in the STO|LAO heterostruc-
tures.

The results for the STO|SRO heterostructure are qual-
itatively similar to those for the STO|LAO heterostruc-
ture. The defect-free interfaces with the SrO-RuOy and
TiO5-SrO terminations have the largest works of separa-
tion and are significantly more stable than the interfaces
with the Magneli- and Ruddlesden-Popper-type defects.
While in the STO|LAO system the Magneli-type planar
defect was the least stable contact, in the STO|SRO sys-
tem it is the Ruddlesden-Popper-type planar defect. The
Magneli-type interface in the STO|LAO system and the
Ruddlesden-Popper-type interface in the STO|SRO sys-
tem have similar works of separation as the same defects
in pure STO.

Surprisingly, we found that the influence of relaxation
on the work of separation, i.e., the difference between the
energy minimum and the energy zero of the binding en-
ergy curves (cf. Fig. 5 for two examples of these curves),
is small and the difference between the rigid and relaxed
works of separation is less than 0.3 J/m? in all cases stud-
ied. The relaxation lowers W, for all interfaces in the
STO|SRO system and for the SrO-AlOs and the TiOs-
LaO terminations in the STO|LAO system whereas for
the SrO-LaO and TiO2-AlO; interfaces with planar de-
fects the rigid work of separation is marginally lower than
the relaxed one. In contrast, the influence of relaxation
on the whole binding-energy curve is not small, and the
curvature of the relaxed curves is considerably reduced
(see below).

C. Interfacial structures

In order to relate the adhesion of the interfaces to their
atomic structure we analyzed the interplanar separations
and local atomic relaxations of the relaxed equilibrium
configurations. Results of this analysis for the STO|LAO
and STO|SRO supercells are presented in Figs. 3 and 4,
respectively. In these figures we plotted the interpla-
nar spacings along the z axis with the interface posi-
tion marked as zero. Since the presence of the interface
leads to a buckling of the AO and BO; planes due to
different atomic relaxations of cations and oxygens, the
interplanar distances in the cation and oxygen sublat-
tices can be also different. The figures therefore contain
three types of interplanar distances: (1) a distance be-
tween the A and B cations (marked as squares), (2) a
distance between the oxygen atoms in the neighboring
planes (marked as diamonds), and (3) an average in-
terplanar distance (marked by circles). These distances
are compared to reference bulk interplanar separations
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FIG. 3: (Color online) Interplanar spacings along the ¢ axis in the four STO|LAO heterostructures.
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correspond to the supercell models (a)-(d) of Fig. 1, respectively. Thick solid lines mark ideal bulk spacings in the perovskites.
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in ideal stress-free perovskites drawn as solid lines.

Overall, the results shown in Figs. 3 and 4 are con-
sistent with the interfacial stabilities in Table II. The
interplanar distances of the most stable, defect-free inter-
faces differ least from the reference bulk values through-
out the supercells and the planes exhibit only very small
buckling not exceeding 0.1 A. This is in agreement with
the results of Gemming and Seifert.'® As we mentioned
above, due to a common SrO sublattice in the STO|SRO
heterostructure it is not possible to distinguish to which
perovskite the interfacial SrO layer belongs. Based on
the results shown in Fig. 4(a) we can, however, see clearly
that the SrO plane behaves like belonging to STO rather
than SRO, since the interplanar distance to the next
TiOg plane is the same as in bulk STO. According to this
structural feature the interface in this system is therefore
located between the RuOs and SrO planes.

In contrast, both the interplanar separations and buck-
ling in the interfacial region of the supercells with the
stacking-fault-like interfaces differ significantly from the
bulk values (see panels (c) and (d) of Fig. 3 and pan-
els (b) and (c) of Fig. 4). For the Ruddlesden-Popper-
type interfaces there is a significant expansion at the

interface exceeding 0.7 A, which originates most likely
from a strong electrostatic repulsion between the large
neighboring cations of the AO planes. The influence of
the interface weakens however very quickly with increas-
ing distance and already from the second plane from
the interface the interplanar spacing is again bulk-like.
Apart from changes of interplanar distances in the vicin-
ity of the interface, the Magneli-type contacts exhibit the
strongest buckling. The interaction between two BOg
octahedra at the interface causes large and oppositely
oriented atomic relaxations of oxygen atoms in the BOq
planes. The opposite displacements of oxygens are indi-
cated by the pairs of diamond symbols in Fig. 3(d) and
Fig. 4(c). Similarly as in the case of the Ruddlesden-
Popper interface, this disturbance decays very quickly
with increasing distance and is localized only in a close
vicinity of the interface.

In order to assess the influence of supercell size we in-
creased the number of layers in the perovskite slabs from
seven to nine. Additionally, in the case of the STO|LAO
heterostructure we computed the magnitude of internal
relaxations calculated without the uniform background
charge. We found that the results of these calculations
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do not noticeably differ from the results shown in Figs. 3
and 4, which were obtained with the uniform background

charge.

As for the bulk SRO crystal, spin-polarized total-
energy calculations for the STO|SRO supercells yielded
works of separation that were different from the non-

magnetic ones by less than 0.1%.

Thus, we conclude

that the LDA calculations without spin polarization are
a reasonable approach for heterophase systems contain-
ing magnetic SRO.

Apart from the determination of the work of separa-
tion, i.e., the minimum value of the binding energy, we
also computed how the binding energy changes as the
slabs are pulled apart. This information can be utilized
for extracting the ideal tensile stress that is required

to break the interface apart.

In the case of the rigid

separation we varied only the interfacial distance while
keeping the atoms at their ideal positions. In the case
of relaxed separation the same procedure was followed
but the atoms were allowed to relax for each separation
step. Two examples of the calculated binding energy
curves for the most stable interfaces in the STO|LAO and
STO|SRO heterostructures are shown in Fig. 5. The uni-
versal binding curve®® was fitted to the calculated DFT
data. The separation ds,, is plotted in Fig. 5 with respect
to the ideal separation dy based on the bulk interplanar
separations in both slabs. As can be seen in Fig. 5 and
as was already mentioned above the relaxation does not

change strongly the work of separation (corresponding to
the minimum of the curves) but it broadens the curvature
around the minimum of the binding energy curves. This
is related to a much lower ideal tensile stress, needed to
separate the heterostructure interface into two free sur-
faces.

D. Electronic properties

The structurally relaxed equilibrium configurations of
the interface supercells shown in Figs. 1 and 2 were used
for determination of the electron and hole Schottky bar-
rier heights in the STO|SRO heterostructures, and va-
lence and conduction band offsets in the STO|LAO het-
erostructures. The Schottky barriers, VBOs and CBOs
were obtained in two different ways. First, by analyzing
the local densities of states,?® denoted further as LDOS
approach, and second, by using macroscopic averages of
the electrostatic potential,®~®8 denoted further as MA
approach. Both techniques have been successfully ap-
plied in band offset calculations for interfaces in various
semiconductor heterostructures (see, e.g., Ref. 55,57,59—
61). However, due to a faster convergence of the charge
density and electrostatic potential than the LDOS with
distance from the interfaces, the MA technique is often
assumed to provide a more reliable and accurate esti-
mation of electrical properties than the LDOS approach
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FIG. 5: (Color online) Binding energy curves for the TiO2-LaO interface in STO|LAO (a) and the TiO2-SrO contact in
STO|SRO (b). The full and dashed lines corresponds to the relaxed and rigid conditions, respectively.

with the same k-point mesh.?® For the investigated per-
ovskite heterostructures we found that the LDOS method
is equally accurate as the MA method.

In the LDOS method the valence band edge values in
each perovskite can be directly obtained by a single su-
percell calculations from the oxygen LDOS of the central
layer in the slab. The central layer is the most distant
layer from the interface, and for a sufficiently large super-
cell it has the properties of the bulk material. A compi-
lation of oxygen LDOS’s from all (002) planes in two su-
percells with the most stable interfaces in the STO|LAO
system are displayed in Fig. 6. The panels of the cen-
tral layers (denoted as “c”) contain for comparison also
the LDOS of oxygen in bulk cubic STO and LAO. The
close similarity between these curves confirms that the
environment of the central layer in the supercells is in-
deed very similar to the bulk and is therefore hardly
influenced by the interfaces. Note that the LDOS’s in
Fig. 6 are from calculations performed with compensat-
ing background charges. Without the charge compensa-
tion the Fermi level would be shifted to the conduction

band edge for LaO terminated interfaces, and the valence
band would not be completely filled for interfaces with
AlO, terminations.

The VBO for the insulating STO|LAO heterostructure

is obtained simply as a difference between the valence
band edges of both materials, so that

LAO

STO
Evpo = Ey™" — Ey 7,

(1)
where FEy are the valence band edge energies of the
the two perovskites determined from the central oxygen
LDOS’s of the STO and LAO slabs.

The CBO is defined as the difference between the con-
duction band edge energies. Due to the well known in-
ability of DFT methods to describe excited states, the

magnitude of the bandgap is severely underestimated

(calculated values for the bandgaps: E;;a‘zf)L pa = 3.6€V,
STO

vapLpa = 1.94eV) and cannot be used for a reliable
determination of the conduction band edge. The usual

TABLE III: Valence and conduction band offsets at STO|LAO
interfaces obtained by the LDOS and MA techniques from
nine-layer slab calculations. The VBOs from seven-layer slab
calculations are included in brackets for comparison.

VBO [eV] CBO [eV]
LDOS MA  LDOS MA
SrO-AlO, 0.10 (0.20) 0.19 2.40 2.49
TiO2-LaO 0.39 (0.29) 0.51 2.69 2.81
SrO-LaO —0.03 (—0.10)  0.05 2.27 2.35
Ti05-AlO, 0.67 (0.70) 0.74 2.97 3.04

way to overcome this problem is to use experimental val-

ues of the bandgaps.®? %% The CBO for the STO|LAO
system can be then evaluated using the simple relation

Ecpo = EEAC — EgTO (2)
= (Bgy” = BVA) = (Bg,” — EV'7), (3)

STO _ 65 LAO _ 66
where B, ° = 3.3eV™” and Eg;~ = 5.6eV™ are the

experimental bandgaps of STO and LAO, respectively.

To estimate the influence of the finite slab thickness on
the energy barriers we carried out calculations with su-
percells containing both seven- and nine-layer slabs. We
found that the differences between the seven- and nine-
layer systems do not exceed 0.1eV, and seven-layer sys-
tems are therefore sufficient for a reliable determination
of the VBO.

The MA technique was also applied to supercells with
both seven and nine layers to validate the LDOS re-
sults. Results from the seven- and nine-layer systems
were again found to be very similar with a largest dif-
ference of about 0.15eV. The variation of the planar-
averaged electrostatic potential and its macroscopic av-
erage in heterostructures with the TiOs-LaO and SrO-
AlO; interfaces are shown in Fig. 7(a) and (b), respec-
tively.

A summary of the computed band offsets in the
STO|LAO heterostructures obtained by both approaches
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FIG. 6: (Color online) Local densities of states of the oxygen atoms in the TiO2-LaO (a) and SrO-AlO; (b) interfaces in the
STO|LAO heterostructure. Dashed lines are the oxygen LDOS in bulk STO (bottom) and bulk LAO (top). Layers are labeled
as (c) for central, (i) for interface, (-2) two layers away from the interface and (-1) one layer away from the interface.

is presented in Table III. The usual convention of positive
offset for an upward step when going from the left (STO)
to the right slab (LAO) is used. Overall, the CBOs in all
terminations are significantly larger than VBOs mainly
due to the large difference of STO and LAO band gaps.
For the SrO-AlO5 and SrO-LaO interfaces the VBO val-
ues are almost zero and increase for the TiO5 terminated
interfaces. It therefore seems that it is the STO termina-
tion at the interface rather than the regular or irregular
sequence of the (002) planes, that determines the magni-
tude of the band offsets in this system.

Finally, we consider the effect of the charge state of
the system and the possible presence of net interface
charges and non-zero electrical fields. In all our cal-
culations described so far we employed symmetrical su-
percells with two equivalent interfaces to avoid electrical
fields. Fig. 7(c) shows the averages of the electrostatic
potential for an asymmetrical supercell that contains two
different interfaces, TiO2-LaO on the left and SrO-AlO9
on the right. Even though this supercell is stoichiomet-
ric and charge neutral, large interface monopoles (local
charges) are formed causing internal electrical fields. The
presence of the electrical field leads to opposite relax-
ations of the oxygen and cation sublattices throughout
the films. As can be seen in Fig. 7(c) the relaxations
(corresponding to splitting of the vertical dashed lines
that mark the layer positions) are much more pronounced
in STO than in LAO. This is an expected result since
STO has a much larger dielectric constant than LAO.

The magnitudes of the internal electric fields in the su-
percell estimated from the slopes of the macroscopic po-
tential averages are 0.26x10° and 0.51x10° V/m in the
STO and LAO slabs, respectively. Interestingly, the in-
terfacial atomic structures of the symmetrical and asym-
metrical supercells do not differ significantly and the local
relaxations at the interface therefore do not seem to be
influenced significantly by the field.

The plots of oxygen LDOS’s for the TiO5-SrO-RuO4
interface (denoted only as -SrO- henceforth) in the
STO|SRO system are shown in Fig. 8. The main differ-
ence between the STO|LAO and STO|SRO heterostruc-
tures is the metallic character of SRO that is responsible
for metal-induced gap states (MIGS) in the interface re-
gion. As mentioned in the previous section, based on the
analysis of the interplanar separations in Fig. 4 the inter-
facial SrO layer belongs to STO. The electronic structure
of this layer is reflected in the oxygen LDOS, which re-
veals that the interfacial SrO plane has features of SrO
planes from both bulk STO and SRO. From the electronic
structure point of view, the interface therefore cannot be
identified as located precisely between the SrO plane of
STO and the RuOs plane of SRO. Nevertheless, the spa-
tial extent of the interface is still very narrow since the
spatial range of MIGS is limited to just one layer and the
LDOS converge quickly to the bulk LDOS on both sides
of the interface.

For the STO|SRO heterostructure, the Schottky bar-
riers for holes are defined as the difference between
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FIG. 8: (Color online) Local densities of states of the oxygen
atoms for the -SrO- interface in STO|SRO.

TABLE IV: Schottky barriers at the STO|SRO interfaces ob-
tained by the LDOS and MA techniques.

Py [eV] ¢n [eV]
LDOS MA LDOS MA
-SrO- 1.39 (1.36) 1.41 1.91 1.89
SrO-SrO 1.20 (1.14) 1.23 2.10 2.07
TiO2-RuO2 1.08 (1.03) 1.23 2.22 2.07

the Fermi level of SRO and the valence band edge of
STO, i.e., ¢, = EpRO — EFTO. The Schottky barri-
ers for electrons are again estimated by using the ex-
perimental bandgap of STO (E5LC = 3.3eV%) so that
On = EfanO — ¢p. The calculated values of the Schottky
barriers are summarized in Table IV. Overall, the Schot-
tky barriers obtained for both holes and electrons in the
three different contact terminations are rather similar.
With ¢, varying from 1.08 to 1.39eV and ¢,, from 1.91
to 2.22 eV, their differences are not much larger than the

computational uncertainty level of about 0.1eV.

The planar-averaged electrostatic potential and its
macroscopic average for the -SrO- interface in nine-layer
slabs are displayed in Fig. 9. The Schottky barriers deter-
mined by the MA method from this potential step and
the bulk electronic structures of STO and SRO agree
again very well with those obtained from the LDOS
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erage of the electrostatic potential for the -SrO- interface of
STO|SRO.

method.

IV. SUMMARY

We studied interfacial stabilities and electronic prop-
erties of two perovskite heterostructures using first-
principles DFT calculations. The STO|LAO heterostruc-
ture was composed of two insulating perovskite ox-
ides to mimic a substrate/film system. The STO|SRO
heterostructure was chosen as a representative elec-
trode/film system. The investigated supercells included
not only interfaces with a regular perovskite stacking
of alternating AO and BOs planes, i.e., StO-AlOs and
TiO2-LaO in STO|LAO and -SrO- in STO|SRO, but

11

also interfaces with planar stacking-fault-like defects of
Ruddlesden-Popper type (SrO-LaO in STO|LAO, SrO-
SrO in STO|SRO) and Magneli type (TiO2-AlO3 in
STO|LAO, TiO2-RuOs in STO|SRO). The interfacial
stability was studied by calculating the rigid and relaxed
works of separation and the variation of the binding en-
ergy with the interfacial separation. The calculations
showed that in both heterostructures the regular per-
ovskite stacking is more stable than the interfaces con-
taining planar defects.

The structurally optimized supercells of the het-
erostructures were used for determination of band-offsets
and Schottky barriers. Depending on the interface struc-
ture the CBOs and VBOs in the STO|LAO heterostruc-
ture vary from 2.2 to 3.0eV and from 0 to 0.7€V, re-
spectively. The Schottky barriers for electrons in the
STO|SRO heterostructure range from 1.9 to 2.2eV and
for holes from 1.1 to 1.4eV. Results obtained by the
macroscopic averaging approach and by the LDOS anal-
ysis are consistent within about 0.15eV. For practical
application, we can conclude that the magnitudes of the
Schottky barriers and CBOs for electrons in the investi-
gated heterostructures are sufficiently large and not in-
fluenced significantly by the interfacial termination.
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