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We investigate the structural, electronic and magnetic properties of a particular
interface in the oxide heterostructures LaAlO3/SrTiO3 (LAO/STO) and TiO2-
anatase/LaAlO3 (TiO2/LAO), namely the interface of AIO2 facing TiO2 which is the
energetically preferred one in the presence of interfacial oxygen vacancies. The
optimum stacking for the ground state is different for each heterostructure with the
interfacial Ti atoms being located either at hollow or bridge sites facing the AlO2
surface layer. This structural property determines the electronic character of the
interface and as a consequence, in LAO/STO it is metallic while in TiO2/LAO it can be
semiconducting and magnetic for a large concentration of vacancies. In addition, we
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find that cation interdiffusion at this interface is an energetically favored defect in both
heterostructures with interfacial vacancies. Its main effect is to increase the size of the
band gap in the

semiconducting case and to open up a gap in the metallic one, thus allowing for a
tuning of a metal to insulator transition.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Revised Manuscript

O©CoO~NOUTAWNPE

physica status solidi

Tuning the insulator-metal transition

in oxide interfaces: an ab initio

study exploring the role of oxygen
vacancies and cation interdiffusion

V. Ferrari“'2, M. Weissmann'?2,

! Departamento de Fisica de la Materia Condensada, Centro Atémico Constituyentes, Comisién Nacional de Energia Atémica, Gral.

Paz 1499, 1650 San Martin, Buenos Aires, Argentina

% Consejo Nacional de Investigaciones Cientificas y Técnicas, Buenos Aires, Argentina.

Received XXXX, revised XXXX, accepted XXXX
Published online XXXX

Key words: oxides, ab initio, heterostructures.

* Corresponding author: e-mail ferrari@tandar.cnea.gov.ar, Phone: +54-11-67727097, Fax: +54-11-67727121

We investigate the structural, electronic and magnetic
properties of a particular interface in the oxide het-
erostructures LaAlO3/SrTiO3 (LAO/STO) and TiOs-
anatase/LaAlO3 (TiO2/LAO), namely the interface of
AlOy facing TiOy which is the energetically preferred
one in the presence of interfacial oxygen vacancies. The
optimum stacking for the ground state is different for
each heterostructure with the interfacial Ti atoms be-
ing located either at hollow or bridge sites facing the
AlO, surface layer. This structural property determines
the electronic character of the interface and as a conse-
quence, in LAO/STO it is metallic while in TiO2/LAO
it can be semiconducting and magnetic for a large con-
centration of vacancies. In addition, we find that cation
interdiffusion at this interface is an energetically favored
defect in both heterostructures with interfacial vacancies.
Its main effect is to increase the size of the band gap
in the semiconducting case and to open up a gap in the
metallic one, thus allowing for a tuning of a metal to in-
sulator transition.

1 Introduction Oxide heterostructures are currently
attracting widespread attention due to the wealth of phe-
nomena observed at their interfaces [1]. These findings
have been primarily driven by the sophistication in ex-
perimental techniques that made possible the fabrication
of materials at an atomic precision level. Systematic pil-

Copyright line will be provided by the publisher

ing of oxide monolayers allow the formation of a diver-
sity of heterostructures. In particular, thin films of LAO
grown over STO in the (001) direction display a variety of
physical phenomena depending mostly on the type of inter-
face: two dimensional conductivity, magnetism and super-
conductivity[2,3]. Metallicity and magnetism were indeed
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unexpected properties out of the combination of two mate-
rials that are band insulators and nonmagnetic in bulk, but
the profusion of the observed phenomena might well reside
in the interplay of the electronic, spin and structural de-
grees of freedom that usually takes place in transition metal
oxides (TMO) [1]. The path to understand these observa-
tions is not smooth because defects such as cationic or oxy-
gen vacancies are usually present in TMO crystals and they
appear as variables that cannot be easily controlled. Many
experimental and theoretical studies took up this challenge
[4-7,3,8-10] and it is the blend of all these fundamental
research issues what makes oxide heterostructures physics
so rich and exciting, anticipating the possibility of novel
devices in the promising field of oxide electronics [10].

LAO/STO heterostructures display a two dimensional
electron gas [11,12] only when the interface side of STO
involves a TiOq layer, but the origin of this metallic state
is yet under debate. Several scenarios have been drawn to
explain this phenomenon but three of them have emerged
as the main mechanisms invoked and the starting point is
the fact that these heterostructures have interfaces between
a polar material, LAO, with a non-polar one, STO. The
polar character of LAO induces an electric dipole that in-
creases with the thickness of the LAO slab and this diverg-
ing dipole has to be overcome by nature somehow. One
scenario proposes that, in the case of an abrupt and sharp
epitaxial interface, there should be a band bending in suc-
cessive layers leading to a charge transfer from the sur-
face of the LAO slab towards the Ti atoms at the interface
and this electronic reconstruction mechanism could elimi-
nate the dipole. This is usually called the “polar catastro-
phe” mechanism and assumes that the perovskite structure
is maintained at the interface, so that a TiO5 layer faces
a LaO layer. Another scenario focuses on oxygen vacan-
cies as a possible source for an extra charge to compensate
the diverging electric dipole. This idea is usually advocated
to explain the evolution of the resistance with temperature
when changing the growth oxygen pressure in LAO/STO
samples [13,14]. However, the concentration and location
of oxygen vacancies is not easily obtained from experi-
ments. Some authors propose that if the interface has a
LaO layer facing a TiOy layer -as in the previous case-,
vacancies are formed at the LAO surface [15-19]. Other
authors assume [13,20] instead that LAO is grown over
a highly oxygen deficient TiO2-terminated STO substrate
[21]. This assumption makes perfect sense from the elec-
trostatics point of view if the interface is AlO3-TiOs. The
vacancies in the TiO» plane render it positively charged
and thus prone to face the negatively charged AlO5 plane.
It is on this AlO»-TiO, interface with oxygen vacancies
that we focus our work in this article. An experiment sup-
porting the idea that oxygen vacancies are required for con-
duction shows that a metallic as-grown sample is opaque
while the oxygen-rich post-annealed sample is transpar-
ent as insulating STO [22]. A third scenario also questions
the existence of a perfect interface and proposes instead
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an atomic reconstruction mechanism such as cation inter-
mixing at the interface which has already been observed
by spectroscopy [23] and diffraction [24,25] experiments.
In fact, first principles calculations in LAO/STO show that
exchanging Sr by La and Ti by Al for the LaO-TiO3 in-
terface result in more stable interface structures than the
abrupt model [23]. In this work we explore whether this
intermixing is also viable in the TiO5-AlO- interface when
oxygen vacancies are present.

One of the component materials of LAO/STO, namely
LAQO, is also typically used for epitaxial growth of high-
quality TiOs-anatase thin films due to their extremely small
lattice mismatch [26] making the TiO2/LAO heterostruc-
tures readily available as well. TiO5 in both its ground state
rutile structure and in the anatase one, is a currently used
oxide with diverse applications such as pigments, cosmet-
ics, catalysis, solar cells, gas sensors, photovoltaics and it
has been recently proposed as a promising oxide for spin-
tronics applications [27]. As STO, TiOs is a formally 3d°
transparent wide-gap insulator and when facing LAO, a
49 insulator, unexpected physical properties such as mag-
netism and 2D conductivity appear [28]. This is indeed
puzzling as these two properties are thought to be related
to the 3d level population of the Ti ions. TiO2/LAO het-
erostructures could then also display the richness of phys-
ical phenomena available in LAO/STO though it has not
yet been explored thoroughly. One of the issues that re-
ceived widespread attention, and subject of our previous
work [29,30], is the appearance of ferromagnetism in TiO5
films grown over a LAO substrate, both upon doping the
films with magnetic impurities [31] or even for pure sam-
ples [32]. A consensus on this subject has not been reached
yet and, as in the case of the mentioned LAO/STO het-
erostructure, the sample quality and the control of defects
have made the road bumpy. Interestingly, the ingredients
to understand the magnetic properties in TiO2/LAO are
similar to the ones proposed to explain the metallicity in
LAO/STO heterostructures, namely oxygen vacancies, in-
termixing, defects and charge transfer mechanisms. This
coincidence might well be related to the common features
appearing in both heterostructures and it is worth wonder-
ing whether these two phenomena are inter-playing some-
how in the physics of these heterostructures and that in a
sample, possibly more than one of the conjectured scenar-
ios might be taking place at the same time.

The two above mentioned heterostructures have in
common two interfaces, namely TiO3-LaO and TiOs-
AlOg, although the 3D crystallographic structures involved
are different. Anatase is a more open structure than STO
and the oxygen atoms are slightly off-plane with regard
to the Ti atoms. We found that in both heterostructures,
the TiO2-LaO interface is the lowest in energy when there
are no defects but if the interface has oxygen vacancies,
the electrostatic force increases the cohesion and then the
TiO3-AlO- interface is the preferred one. In this paper we
concentrate our study on the LAO/STO and TiOs/LAO
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Figure 1 (color on-line) Schematic representation of the layers considered in the slab calculation to study the AlO2-TiO» interface
with oxygen vacancies. Both heterostructures, TiO2/LAO and LAO/STO, have in common the LAO side (composed of AlO2 and LaO
layers). STO has SrO layers in between the TiO2 layers, while anatase is constituted by TiO» layers only. Therefore, the layers labeled in
the picture as “TiO2 or SrO” stand for TiO2/LAO or LAO/STO, respectively. Light blue (light grey) balls denote Al atoms, blue (black)
balls represent Ti atoms and small red (dark) balls are the oxygen atoms. White circles with a “v” letter inside stand for the location of
the oxygen vacancies. The bridge interface structure is pictured on the left and the hollow configuration, on the right.

heterostructures with oxygen vacancies and explore the
role of cationic intermixing in the TiO5-AlOs interface.

2 Calculational details Density Functional Theory
(DFT) calculations are performed using the WIEN2k code
[33] which is an implementation of the full potential linear
augmented plane waves (FP-LAPW) method. The calcu-
lations are scalar relativistic and the parameters used are
listed in Ref.[34].

We consider both the local density approximation
(LDA) as well as LDA+U adding a local Coulomb in-
teraction term U = 5.44 eV on the Ti d orbitals. The
results for energy differences are qualitatively the same for
LDA and LDA+U but this is not the case for the densities
of states (DOS). We present only results with the LDA+U
method, that gives a more accurate bandgap and location
of the impurity states. The U value is chosen so as to re-
produce the transition temperature of the Magneli phases
in Ti4O7 [35].

The heterostructures are modeled by a 3D unit cell
composed of slabs with 5 layers of each oxide containing
the TiO2-AlO; interface and a vacuum space of 10-layers
size so that the constituting slabs do not interact with each
other. In all the calculations, the in-plane lattice parameter
is fixed to @ =3.8 A. This is the experimental lattice con-
stant of LAO(001) and we therefore neglect the small mis-
match with STO(001) (less than 3%) and the even smaller
misfit with TiOs-anatase (001). In these calculations, as we
are interested in interfacial properties, we consider the sub-
strate and the epitaxial film, on equal footing. We use an

odd number of layers of each material, to avoid the increa-
sing dipole moment that appears when an even number of
layers are successively added. Although 5 layers are cer-
tainly not enough to calculate a surface energy, we show
later that 5 layers of each material is enough to compute the
energy difference among several structures and the work
required to separate the interfaces.

There are different ways of stacking TiO, facing AlO,
as previously reported [26,36]. In this work we only con-
sider the two lowest energy structures: a configuration with
the Ti atoms at the center of the four Al atoms, that we call
“hollow” and another one with the Ti atoms bridging the Al
atoms, that we call “bridge” (see Fig. 1). To study the effect
of interfacial oxygen vacancy concentration, we performed
simulations for two different unit cells. On the one hand,
the 1x1 surface unit cell shown in Fig. 1, that renders 50%
vacancies at the interface. On the other hand, a v/2x+/2 sur-
face cell with one vacancy per unit cell and therefore 25%
interfacial vacancies. Oxygen vacancies generate a surplus
charge that in the first case is not compensated by the polar
character of the LaAlOg layers, but it is neutralized in the
latter case. All the atomic structures are allowed to relax
till the forces on each atom are less than 0.05 eV/A.

3 Results

3.1 Effect of oxygen vacancies at the interfa-
cial TiO2 layer The stability of the different interfaces
in LAO/STO without oxygen vacancies, has been in-
vestigated by Albina et al. [37] using ab initio calcu-
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lations. They considered not only interfaces with regu-
lar perovskite stacking (SrO-AlOs and LaO-TiO2) but
also interfaces with planar stacking-fault-like defects of
Ruddlesden-Popper-type (SrO-LaO) and Magneli-type
(TiO2-AlO3). They found that the regular stacking in-
terfaces were more stable than the interfaces containing
planar defects. However, our present study includes oxy-
gen vacancies and in this case, the most stable interface is
TiO2-AlQOo, as it was previously found in TiO2/LAO[29].
The reason for this change in stability lies in the fact that in
this interface, the electrostatic energy provided by oxygen
vacancies overcomes the extra energy required for pro-
ducing a Magneli-type defect, thus making the TiO2-AlO,
interface the preferred one in the presence of vacancies.

— Tota

O at LAO surface
mm interface Ti
— other Ti atoms

[ —emad

| L I

Heterostructure  LaO-TiO2  AlO2-TiO2  Reference
H B

LAO/STO 3.62 - 2.21 Ref.[37]
3.35 0.41 2.34  This work

TiO2/LAO 4.03 2.16 1.76 Ref.[26]
3.80 - 2.71 Ref.[29]
3.29 0.21 1.06  This work

LAO/STO 3.03 1.68 4.09 This work

with vacancies

TiO2/LAO 2.52 3.12 294 Ref.[26]

with vacancies 3.33 - 3.69 Ref.[29]
243 4.64 4.12  This work

Table 1 Work required to separate the interfaces (in J/m?) for
both heterostructures without vacancies and with 50% of oxygen
vacancies at the interface. H stands for Hollow and B for bridge
structures.

Using ab initio calculations, we obtain a first approxi-
mation of the stability of the different interfaces by evalu-
ating the energy required to separate each heterostructure
into two independent slabs. To evaluate this work of sepa-
ration, we take into account the relaxed structures because
atomic relaxation might be significant due to defects at the
interfaces. The results of the present article along with pre-
viously reported works are summarized in Table 1. From
this Table we can draw the following conclusions: with-
out vacancies, the most stable interface is LaO-TiO, with
a cohesive energy of around 3.3 J/m?. When oxygen va-
cancies are formed at the interface and in particular for a
50% concentration, the A10»-TiO5 interface has a cohesive
energy of around 4 .J/m?. The numerical differences ob-
served in Table 1 arise because other authors® calculations
[37,26] have been performed under different conditions
such as supercell or slab calculations, LDA or LDA+U,
charged or neutral cells, etc. However, it is remarkable that
the separation energy seems to be a qualitatively robust re-
sult so that the conclusions regarding the preferred inter-
face remain unchanged. To the best of our knowledge, the
stability of LAO/STO with oxygen vacancies has not been

Copyright line will be provided by the publisher
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Figure 2 (color on-line) DOS for the LAO/STO slab with bridge
structure.(a) 50 % of oxygen vacancies. (b) 25 % of oxygen va-
cancies. (c) considering intermixing of Al and Ti at the interface
for 25 % of oxygen vacancies.

theoretically explored before and our results show that the
preferred interface in the presence of interfacial vacancies
is AlO2-TiO,.
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Figure 3 (color on-line) DOS for the TiO2/LAO slab with hollow
structure. (a) 50 % of oxygen vacancies. (b) 25 % of oxygen va-
cancies. (c) considering intermixing of Al and Ti at the interface
for 25 % of oxygen vacancies. Top and bottom panel in (a) repre-
sent the majority and minority spin contributions, respectively as
in this case the system is magnetic.

The TiO2/LAO heterostructure presents only two types
of interfaces, namely TiO3-AlOs and LaO-TiO,. In sim-

o TiAIO4

TiAIO3

Figure 4 (color on-line) Layers involved at the interface of the
heterostructures when considering intermixing of Al and Ti ions
in both TiO2/LAO and LAO/STO, in the presence of 25% of oxy-
gen vacancies. The color-coding of the different atoms is the same
of Fig. 1.

ilarity with the LAO/STO heterostructure, the LaO-TiO,
interface is more stable in the absence of oxygen vacan-
cies, but with oxygen vacancies again the electrostatic en-
ergy makes up for the extra energy required to produce the
Magneli-type defect[29] as shown in Table 1. We have cal-
culated hollow and bridge stackings in both heterostruc-
tures and it turns out that in LAO/STO, the preferred one
is the bridge position while in TiO2/LAO, the lowest en-
ergy configuration is the hollow one [26]. In the following
we show that this stacking difference brings about dramatic
changes in the conducting properties.

Comparing the DOS for the hollow or bridge stack-
ing in both heterostructures, we found that the electronic
properties are strongly dependent on the piling structure. In
other words, different heterostructures with the same piling
present the same electronic properties. In Fig. 2 and Fig. 3,
we show the DOS for the ground state piling for each het-
erostructure, namely bridge for LAO/STO and hollow for
TiO2/LAO. In bridge structures, there is no gap and the
contributions at the Fermi level come from interfacial Ti
states as well as from oxygen levels at the LAO surface as
itis shown in the projected DOS of Fig. 2(a) and (b). There-
fore, as for LAO/STO the most stable structure is bridge, it
is always conducting with or without oxygen vacancies. As
a consequence, there is conduction at the surface of LAO
as well as at the interface, in a similar fashion to the polar
catastrophe scenario that occurs at the LaO-TiO» interface.
However, in this latter case, the 2D electronic gas appears
for a LAO thickness of more than 4 unit cells, while in the
present interface it is already present for a smaller LAO
thickness.

The TiO2/LAO heterostructure, being in the hollow
structure, is either semiconducting and magnetic [36] for
a 50% of oxygen vacancies (Fig. 3(a)) or it opens a gap for
a 25% of oxygen vacancies (Fig. 3(b)). It is important to
note that these effects arise due to the presence of oxygen
vacancies. The fact that, decreasing the number of vacan-
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Figure 5 (color on-line) Schematic picture of the effect produced by relaxation at the interface layers of the heterostructures for either
bridge or hollow arrangements. The ground state structure in each case is marked by a box. There is an important buckling at the
interface but we only show the minimum distance between atoms at the interface and the bulk interlayer distances. In hollow structures
the oxygen atom (represented by a red (dark) circle) lying just atop the vacancy site relaxes towards the center of the interface leading

in practice to two vacancy sites.

cies the system becomes insulator is in agreement with the
observed metallic to insulating transition due to oxygen va-
cancies found in LAO/STO heterostructures [22].

We have performed test calculations with a larger num-
ber of layers of the component materials and the main DOS
features remain, although there are small changes in the
Fermi level position and/or the size of the gap.

3.2 Effect of cation intermixing at the interface
Cation intermixing at the interface is another candidate
put forward for explaining the mechanism of conductivity
in LAO/STO [24,23] and the stoichiometry of LAO was
found to be determinant in the formation of 2D electronic
states[38]. To further explore the role of imperfect inter-
faces, in this section, we discuss the effect of intermixing
in the presence of oxygen vacancies.

An important antecedent in this respect is a DFT cal-
culation for bulk TiOs-anatase, considering Al doping. It
shows that, in the presence of oxygen vacancies, the intro-
duction of Al ions lowers the total energy [39]. This fact
suggests the existence of an interfacial defect exchanging
Ti and Al atoms in the interface under study when there
are oxygen vacancies. With this motivation, we study the
effects on the electronic properties due to Al-Ti exchange
in both LAO/STO and TiO2/LAO heterostructures. For the
calculations we take a v/2xv/2 cell and exchange one Ti
atom by one Al atom at the interface, as shown in Fig. 4.
As a consequence, we have an interface composed by a
layer of TiAlO, facing a TiAlO3 one, when considering
oxygen vacancies.

Copyright line will be provided by the publisher

From the energetics point of view, we found that this
intermixing process lowers the total energy in both het-
erostructures. In the LAO/STO case, the gain in energy is
1.8 eV while in TiO2/LAOQ, it is 1.2 eV. Therefore, this kind
of intermixing defect at the interface, would be quite plau-
sible in the experiments.

Regarding the stability of the heterostructures, we
found that the piling structure that was stable for each het-
erostructure before intermixing, either hollow or bridge, is
not affected by this exchange of atoms. However, the elec-
tronic properties do change as can be seen in Fig. 2 (c) and
Fig. 3 (c). The effect of intermixing is that the LAO/STO
heterostructure that was conducting turns insulating due
to a gap appearing at the Fermi level and the TiOs/LAO
structure, which was insulating, increases the size of its
gap. Therefore, intermixing of Ti and Al atoms might be
one of the experimental causes hindering the presence of
a 2D electron gas at the interface. However, one should
note that our conclusions hold for this neutral system but
if the proportion of mixing and vacancies is different, this
scenario might change.

3.3 Discussion A question remains and it is why
these two heterostructures having almost identical inter-
faces, have so different electronic properties? One of the
clues lies in the structure, with bridge arrangements be-
ing conducting while hollow ones are insulating, but the
ultimate question is why the ground state in LAO/STO
is bridge while in TiO5/LAO it is hollow? A key point
is to look at the relaxed interlayer distance at the inter-
face and compare it with the bulk structures of the oxides



O©CoO~NOUTAWNPE

pss header will be provided by the publisher

composing the heterostructure. In bridge stackings, this
distance is primarily determined by the bond formed by an
interfacial Ti atom (either at STO or TiOs-anatase) with
the oxygen atom from the LAO side lying just atop (see
Fig. 1), dr;0=1.8 A. In hollow structures, this interlayer
distance is determined by the distance between the oxygen
atoms facing each other in their respective interface layers
(see Fig. 1) which is much greater, dppo= 2.4 A. The bulk
interplanar distances of the composing heterostructures are
dsro=dra0 =1.89A and dunarase=2.43 A (see Fig. 5).
That is, the perovskite structures STO and LAO are both
more compact than anatase and prefer the bridge arrange-
ment, while the heterostructure involving anatase, prefers
the hollow structure, thus changing completely the elec-
tronic properties. It is important to note that this is a feature
due to the oxygen vacancies because without them, both
heterostructures have the bridge stacking. When oxygen
vacancies are present, the oxygen just atop a vacancy in the
hollow structure, relaxes towards the anatase providing the
Ti atoms with extra ligands to oxygen atoms. At the same
time, the oxygen atoms of both sides of the interface repel
each other, providing an anatase-like interlayer distance at
the interface. In bridge structures, the interfacial oxygen
atoms relax towards the Ti and Al atoms at the interface
thus providing extra bonds and turning the system metallic.

4 Conclusions We have performed an ab initio study
of two oxide heterostructures, namely LAO/STO and
TiO2/LAO. We have focused on the effect of oxygen va-
cancies with or without cationic intermixing at the TiOs-
AlOy interface.

We found that this interface can be either insulating or
metallic, depending on the preferred stacking for each het-
erostructure. In particular, the ground state in LAO/STO
with oxygen vacancies at the interface, presents a stacking
where interfacial Ti atoms face bridge sites of the AlO,
surface plane while in the TiO2/LAO case, they face hol-
low sites. The stacking is indeed the property that deter-
mines the electronic character of the interface with the hol-
low structure being insulating and the bridge one being
metallic. In addition, ion interdiffusion along with oxy-
gen vacancies is a defect that is energetically favorable and
it allows for a tuning of a metal to insulator transition as
its main effect is to increase the size of the band gap in
the TiO2/LAO insulating case and to open up a gap in the
LAO/STO metallic one.
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