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ABSTRACT

We have investigated the influence of oxygen vacancies on the electronic structure of 6.55TO/1.5LAO n-type
interfaces. An 6.5STO/1.5LAO n-type interface along the (001) direction has been built. Then one oxygen atom
has been removed to investigate the influence of an oxygen vacancy on the resulting properties. The original
structure is designated as I and the one with O-vacancy as II. On the basis of that, a theoretical model originating
from the designed O-vacancies was proposed to investigate the influence of the O-vacancy on the band structure
and the associated properties. It was found that the O-vacancy leads to an increase in the effective masses and the
density of states at the Fermi level (Eg). Moreover, the O-vacancy leads to an increase in the valence electrons
(Ve™). By increasing the Ve~ number, additional electrons (e”) are added to the d-band at Eg. This leads to an
increase of the carrier concentration. The calculated electronic charge density distribution is used to explore the
influence of the O-vacancy on the bonding nature, charge transfer and electronic charge distribution. The O-
vacancy adds two extra e~ to the interface to preserve charge neutrality. Adding 1e/unit cell or 0.5e/unit cell to
the interface is enough to maintain overall neutrality. Moreover, the conductivity can be achieved only when The
LaAlO3/SrTiOs3 interface is along the 001 crystallographic direction. The electrons at the interface between LAO/
STO are free to move parallel to the interface (xy plane), but are confined in the z direction (001) and thus can be
thought of a two dimensional sheet of electrons sandwiched between two insulators. Interesting phenomena can
result from this confinement of electrons in two dimensions due to the quantization of the electrons energy levels
in the z-direction.

1. Introduction

these interfaces turn out to be much richer than those of their bulk
constituents [7].

The interface between LaAlOs (LAO) and SrTiO3 (STO) exhibits
several interesting physical phenomena, such as quasi-2D electron
transport with high electron mobility [1], 2D superconductivity at low
temperatures [2], and electric field-tuned metal insulator and super-
conductor insulator phase transitions [3]. One of the notable examples is
the interface between two band insulators with the perovskite ABO3
structure, LaAlO3 (LAO), and SrTiO3 (STO) [4]. The n-type interface, in
which the LAO layer is grown on top of TiOg-terminated STO, has highly
mobile carriers, while the p-type interface, in which the LAO layer is
grown on top of SrO-terminated STO, is totally insulating [1]. With the
advance of techniques to control thin film growth on the atomic scale,
the study of epitaxial oxide heterostructures is a rapidly developing area
of materials science [5-10]. Due to the capability to fabricate a well-
defined, single-terminated surface [6], oxide interfaces that are nearly
atomically sharp can now be produced. In many cases, the properties of
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Not only are these new interface phases of fundamental physical
interest, they are also promising candidates for novel devices and
technology. Despite extensive efforts in both theory [8] and experiment
[9], the origins of these interface properties are not yet completely un-
derstood. In part, this is due to the fact that more than one mechanism
may play a role in determining the interesting behaviors. Also, which
mechanism dominates the behavior in a given sample appears to be
sensitive to the conditions under which the sample is grown and/or how
it is processed prior to the experimental measurements [10]. As a result,
direct comparison between experiments can be complicated. Neverthe-
less, progress is being made towards understanding the basis of the novel
interface phenomena, in particular, the origin of the conductivity. To
date, three mechanisms have been proposed to account for the emer-
gence of conductivity at the SrTiO3/LaAlOs interface. The first mecha-
nism is an intrinsic electronic reconstruction due to the polar
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Fig. 1. Depiction of the type of symmetric structure, with two identical interfaces; it is assumed that a perfect STO layer (with TiO,-LaO planes at the interface) can
be deposited on top of the LaO. A symmetric model interface was employed without the vacuum layer. The supercell has two symmetric n-type interfaces and there is
no potential buildup due to symmetry. The two symmetric n-type interface along the (001) direction was built. Then one oxygen atom has been removed to
investigate the influence of oxygen vacancy on the resulting properties. Consequently, a theoretical model originating from the designed oxygen vacancies was
proposed in order to seek the influence of the oxygen vacancy on the band structure and the associated properties. The original compound was designated as I and the
compound with oxygen vacancy as II. It can be seen that the eight oxygen atoms on both sides of the interface which are connected to Ti and Al atoms (Ti-O-Al) are

absent in II.

discontinuity at the interface [11]. The driving force behind this
mechanism can be understood in perovskite oxides that have a generic
ABOg structure, where A and B are metal cations. As a consequence of
this charge transfer, the interface becomes doped, leading to the
observed conductivity. The second mechanism is based on oxygen va-
cancies [12,13] in the STO, which lead to the conductivity at the SrTiOs/
LaAlOs interface. Oxygen vacancies are also proposed [3] to account for
the observed insulating-to-metallic transition, via a mechanism
involving the creation and annihilation of oxygen vacancies on the LAO
surface. The oxygen vacancy adds two extra electrons to the interface to
preserve charge neutrality. Adding an 1e/unit cell or 0.5e/unit cell to
the interface is enough to maintain overall neutrality. Undoubtedly,
oxygen vacancies play an important role in the electronic properties of

the n-type SrTiO3/LaAlO3 interface [14]. A third possible mechanism,
based on the observed intermixing of cations across the SrTiO3/LaAlO3
interface, has also been suggested [15].

Several heterostructures have been studied in the literature; Chori
et al. [16] presented the structural, optical, and electrical properties of
La-doped SrTiOs epitaxial thin films. Kim et al. [16,17] investigated the
structural, electronic, and magnetic properties of SrIrO3/SrTiO3 using
the first-principle calculations. Hotta et al. [18] investigated the trans-
port properties of LaVO3/SrTiOs. Kalisky et al. [19] reported that the
locally enhanced conductivity is due to the tetragonal domain structure
in LaAlO3/SrTiOs heterointerfaces. Erlich et al. [20] confirm the
explanation of the current channels and striped domains observed in the
study of Kalisky et al. Bjaalie et al. [21] have used the hybrid DFT
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Fig. 2. (a, b) Calculated electronic band structure of II along with the partial density of states of Til-3dy, Ti2-3dxy, Ti3-3dxy, and Ti4-3d,y. Ti-3d orbits split into two
parts: the tyg (dyy, dxz, dyz) and eg (dy2, dxa.y2) states; (c) The O-2p orbit split into p, and p; states.
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Fig. 2. (continued).

Table 1

The calculated density of states at Er, N(Ep) in (state/eV/unit cell) and the bare
electronic specific heat coefficient (y) in mJ/(mol cell K2 forIin comparison to
that of 1.

i 1
N(Eg) Y N(Er) Y

La 1.54 0.27 0.76 0.13
Sr 0.21 0.04 0.15 0.03
Til-dyy 4.39 0.76 4.33 0.75
Ti2-dyy 3.77 0.65 3.56 0.65
Ti3-dyy 3.38 0.59 2.90 0.50
Tid-dyy 2.77 0.48 1.77 0.31
Al 0.12 0.02 0.0 0.0
o 0.22 0.04 0.12 0.02

Table 2
The calculated electron effective mass around I" point of BZ for II in comparison
to that of L.

n 1
m, (Til-dyy) 0.748 m, 0.7298 m,
m, (Ti2-dyy) 0.6733 m, 0.6514 m,
m;, (Ti3-dyy) 0.567 m, 0.520 m,
m, (Ti4-dyy) 0.555 m, 0.485 m,

calculations to determine the band alignments of a number of complex
oxides; considering materials with different types of conduction-band
character, polar or nonpolar character and band insulators as well as
Mott insulators were utilized. Drera et al. [22] have investigated the
origin of electronic states at the basis of the 2DEG found in conducting
LaAlO3/SrTiO3 interfaces (5 u.c. LaAlO3) by resonant photoemission

experiments at the Ti Ly 3 and La My 5 edges. Salvinelli et al. [23] re-
ported that the layer-resolved cation occupancy for different conducting
and insulating interfaces of LaAlO3 (LAO) thin films on SrTiO3 (STO) has
been determined by angle-resolved X-ray photoelectron spectroscopy.
Das et al. [24] presented a study of § doping at the LaTiO3/SrTiO3
interface with isostructural antiferromagnetic perovskite LaCrOs, which
dramatically alters the properties of the two-dimensional electron gas at
the interface. Furthermore, several workers [25-31] investigated the
LaAlO3/SrTiO3 interfaces.

To the best of our knowledge, most investigations on the electronic
properties of the SrTiOs/LaAlOj3 interface have been done either
experimentally or theoretically [11,12,24-44]. Some studies report the
electronic properties of two symmetric n-type 6.5STO/1.5LAO in-
terfaces [45-50], and some others [51,52] report the origin of the
interface magnetism in BiMnOs3/SrTiOs3 and magnetic and super-
conducting phases at the LaAlO3/SrTiOs interface. Recently, it has been
found that the LaAlO3 (LAO) and SrTiO3 (STO) interface shows
numerous promising applications [1-4]. The emergence of conductivity
at the SrTiOs/LaAlOs interface could be attributed to the intrinsic
electronic reconstruction due to the polar discontinuity at the interface
[11]. Therefore, as a natural extension to our previous work [53,54], a
step forward is necessary to understand the influence of the O-vacancies
on the electronic charge density distribution and the electronic charge
transfer at the interface of 6.5STO/1.5LAO because the O-vacancies at
the LaAlO3/SrTiO3 interface shows numerous promising applications for
instance the LaAlO3/SrTiO3 show cathode luminescence, the develop-
ment of next-generation electronic devices, a recent review by Kornblum
focuses on detailing recent developments in field-effect devices based on
conducting oxide interfaces [13,55-61]. We have performed compre-
hensive theoretical investigations based on the all-electron full-potential
(FP-LAPW+lo) method within two kinds of exchange correlations
namely; generalized gradient approximation (PBE-GGA) [62] and the
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Engel-Vosko GGA (EV-GGA) formalism [63]. To ascertain the influence
of the XC on the resulting properties, EV-GGA formalism is the most
capable of reproducing the exchange potential at the expense of less
agreement in the exchange energy, which yields a better band splitting.
We would like to mention that most of the previous works on the
SrTiO3/LaAlO3 interface employed DFT within the local density
approximation (LDA) or the generalized gradient approximation (GGA).
In order to better describe strong electronic interaction between local-
ized Ti-3d electrons [64-67]. While we decided to use the EV-GGA
because it produces better band splitting; In general, in calculating the
self-consistent band structure within DFT, both LDA and GGA usually
underestimate the energy gap and band splitting [68]. This is mainly due
to the fact that they have simple forms that are not sufficiently flexible to
accurately reproduce both the exchange-correlation energy and its
charge derivative. Engel and Vosko [63] considered this shortcoming
and constructed a new functional form of GGA that is able to better
reproduce the exchange potential at the expense of less agreement in the
exchange energy. This approach, called EV-GGA, yields better band
splitting and some other properties that mainly depend on the accuracy
of the exchange—correlation potential [68,69].

2. Methodology

The calculations are performed based on a symmetric supercell, with
one AlO; layer in the middle and two LaO layers around it, as well as
alternating layers of TiO, with SrO on both sides, as shown in Fig. 1.
Brillouin zone of the 40 atom supercell was sampled with a 8x8x1 k-
point grid. In our calculations, the two symmetric n-type interface is
along the (001) direction so that the z-axis is perpendicular to the
interface. GGA method was used to relax the atomic positions in the
supercell. We fixed the in-plane lattice constant (parallel to the inter-
face) at the experimental value of STO a = 3.91 A°, while the length of
the supercell in the direction normal to the interface (out-of-plane) was
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taken to be 8a. Atomic positions have been relaxed for the supercell by
minimizing the forces on the atoms. All atoms are allowed to relax in the
z direction until the force on each one is smaller than 1mRy/a.u. The
supercell has two symmetric n-type interfaces and there is no potential
buildup due to symmetry. The two symmetric n-type interfaces along the
(001) direction has been built. Then one oxygen atom (Fig. 1) has been
removed to investigate the influence of an oxygen vacancy on the
resulting properties. On the basis of that, a theoretical model originating
from the designed O-vacancies was proposed to investigate the influence
of the O-vacancy on the overall properties. The compound without O-
vacancy is designated as I and the one with O-vacancy as II. Following
Fig. 1, it can be seen that the eight O atoms on both sides of the interface
which are connected to Ti and Al atoms (Ti-O-Al) in I were removed in II.

The geometrical relaxation of I and II was achieved within the Per-
dew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA)
[62] using the full-potential linear augmented plane wave (FPLAPW-lo)
method as embodied in the Wien2k code [70]. The resulting relaxed
geometry is used to calculate the electronic structure and hence the
associated properties using the Engel-Vosko GGA (EVGGA) formalism
[63]. The muffin-tin radius (RyT) was chosen to be 2.5, 2.46, 1.83, 1.74
and 1.62 a.u. for La, Sr, Ti, Al, and O, respectively. The Ryt X Kmax
parameter was taken to be 7.0 to determine the matrix size, Ryt being
the smallest radius of the muffin-tin sphere, while K4 js the maximum
modulus for the reciprocal lattice vectors K. The valence wave functions
inside the muffin-tin spheres were expanded up to lyq = 10, while the
charge density was Fourier expanded up to Gpax = 12 (aw) L. Self-

consistency was obtained using 500 k points in the irreducible Bril-
louin zone (IBZ). The self-consistent calculations were converged, since
the total energy of the system is stable within 0.00001 Ry. The calcu-
lations of the electronic band structures, density of states, electronic

charge density and Fermi surface were performed within 3000 k points
in the IBZ. The first-principles calculations are a powerful and useful tool
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Fig. 3. (a-j) Calculated Fermi surface for I; (k) shows the bands which contribute to forming the Fermi surface of II in the first BZ. The left panel shows the Fermi
surface along the high symmetry points I', X, Z, R, while the right panel shows the bands which form the Fermi surface around I'-Z directions.
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Fig. 3. (continued).

to predict the crystal structure and its properties related to the electron
configuration of a material before its synthesis [71-75]. We would like
to mention here that in our previous works [71-75] we have calculated
several properties using FPLAPW method on several systems whose
properties are known experimentally, in those previous calculations we
found very good agreement with the experimental data. Thus, we
believe that our calculations reported in this paper would produce very
accurate and reliable results.

3. Results and discussion

The electronic band structure of compound II along the high sym-
metry directions is plotted side to side with the projected density of the
states of Ti-3d, Ti-3d,, Ti-3dyy, Ti-3dxay2 and Ti-3dy, + 3dy, states of the
four Ti atoms in the layer neighboring the interface, as shown in Fig. 2
(a). It is interesting to mention that due to the O-vacancy, there are some
energy bands appearing directly below Eg in the energy region between
—0.5 and — 3.0 eV of II; in comparison to I, this energy region is a
forbidden gap (see Fig. 2(a) and the supplementary materials Fig. S1).
This could be called the intermediate band (IB). The appearance of new
bands may cause the appearance of new excitations. Recently, Ding et al.
[76] reported that the position of such a local energy level is changed
due to the variation of O-vacancy concentration. Moreover, the oxygen
vacancy causes a push of the conduction bands towards Eg, resulting in
the increasing the density of states at Er, N(Eg) and the bare electronic

specific heat coefficient (y), in comparison to I (see Table 1). It is well
known that the non-zero density of states at the Ep leads to unusual
transport properties, and hence, large electrical conductivity (Geiectricar)-
Similar behavior was observed in CooMnAl and CooMnSn compounds
[77]. Therefore, the bands which cross Eg are responsible for the 6ectrical
of the compound and those bands which do not cross Eg will contribute
negligibly to the oeectrica [781-

It has been also found that the O-vacancy leads to an increase in the
valence electrons. By increasing the number of valence electrons (Ve ™),
additional electrons are added to the d-band at Eg [79]. This leads to an
increase of the carrier concentration (n), and hence, the o,pcmrical-
Therefore, to achieve the highest opecrricar, high mobility carriers are
required. We have calculated the effective mass of electrons (m:) around
I" point of BZ for Til-3dyy, Ti2-3dyy, Ti3-3dyy and Ti4-3dxy, of I and II, as
listed in Table 2. Following Table 2, it was found that the oxygen va-
cancy causes an increase in the m; in concordance with previous work
[80]. That is attributed to the fact that the electronic band structure
shows that both I and II possess parabolic bands in the vicinity of Eg with
different k-dispersions (Fig. 2a and supplementary materials Fig. S1).

According to the crystal field theory, due to the hybridization of
Ti—O, the Ti-3d orbits split into two parts: the tag (dxy, dxz, dy;) and eg
(dyz2, dx2.y2) states (see Figs. 2a,b and Fig. S2¢ supplementary materials).
Geometrically, tyg orbitals have lobes pointing between O-atoms, while
eg orbitals point towards O. The O-2p orbit splits into p; and p; states (see
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Fig. 4. (continued).

Fig. 2c). O-2p and tyg (dy, dy,) of Ti-3d devoted to the valence band (VB)
(pr devote to the top of the VB), while the conduction band (CB) was
contributed by the dyy and ez of Ti-3d (dxy devotes to the bottom of the
CB) [81]. At the ionic limit, each Ti gives four electrons to two O atoms,
resulting in the nominal charges of Ti** and 0%~ [82]. Figs.2a-c illus-
trate the tag (dyy, dxz, dy,) and eg (d,2, dxo.y2) states of Ti-3d and p; and p
states of O-2p. The O-vacancy causes an increase in the contribution of
Til-3dyy, Ti2-3dyy, Ti3-3dyy and Ti4-3dyy around Ep, resulting in the
strengthening of the density of states at Eg (Table 1) and creates changes
in their particular charge occupancies. This attributed due to the fact
that the Ti-3d state is partially occupied reveals that there is mixed
valency of Ti®* and Ti**. It is clear that the Ti-3dxy, Ti-3d,2, Ti3-3dx2y2
and Ti-3dy, + dy, cross Er and form the Fermi surface (FS). The calcu-
lated FS of II is shown in Fig. 3(a-k). It is clear that the FS of II differs
from that of I (supplementary materials Fig. S2 and Fig. 3k); at the FS of
11 there are high speed electrons at the center of BZ (I" point) while these
do not exist in I, which shows good agreement with previous work
[46,50,83]; this implies less conductivity. It was noticed that at the FS
there are white regions which represent the hole concentration, while
the colored regions correspond to the presence of electrons [84]. Colors
of the FS also give an idea about the speed of electrons (e”). The red
color represents the highest speed, yellow, green and blue have inter-
mediate speeds, whereas the violet color shows the lowest speed. The
colors of the FS confirm that O-vacancy causes a reduction/increase in
the speed of the e~ at the FS. Usually the thermoelectric properties are
related to the e” in the system, and these e are defined through the FS,
which determines the oepcricq [43]. Fig. 3k shows the bands which
contribute to forming the FS of II in the first BZ. The left panel shows the
FS along the high symmetry points I', X, Z, R, while the right panel shows
the bands which form the FS around I'-Z directions.

Furthermore, the angular momentum resolved projected density of
states of La-6 s/5p/4d/4f, Sr-5 s/4p/3d, Al-3 s/3p and Ti-4 s/3p states
are shown in Figs. 4(a-c) and O-2 s/2p states are shown in Fig. 2(c).
Following these figures, the contribution of each orbital of La, Al, Sr, Ti
and O atoms can be clearly seen. It was noticed that there are some
orbitals which are contributing to form the FS in addition to Ti-3dyy, Ti-

3dy2, Ti3-3dy2y2 and Ti-3dy, + dy,. A strong hybridization between La-6 s
with Ti-4 s, Sr-5 s with Al-3 s, Ti-3p with 02-s/2p, Al-3p states, and Al-3p
with Ti-4 s are observed. The hybridization may result in the formation
of covalent bonding and the strengths of the covalency will depend on
the degree of hybridization. To determine the influence of the O-vacancy
on the bonds nature, the interactions between the atoms and the charge
transfer, and the valence electronic charge density distribution at the
interface are investigated. Fig. 5(a-f) shows the (001), (100) and (1/2
0 0) crystallographic planes. Fig. 5(a) shows that the (0 0 1) crystallo-
graphic plane of II in comparison to that of I (Fig. 5b). The area around
the interface (Figs. 5¢, d) has been enlarged to visualize the location of
the oxygen vacancies. To gain detailed information about the influence
of the oxygen vacancy on the interface (0 0 1), images of the interface in
the (1 0 0) and (1/2 0 0) directions were collected (see Figs. 5e,f).

The crystallographic plane (1 0 0) of I in comparison with that of II
clearly shows the influence of the oxygen vacancy on the bonding na-
ture, charge transfer and electronic charge distribution. The O-vacancy
adds two extra e to the interface to preserve charge neutrality. Adding a
le/unit cell or 0.5e/unit cell to the interface is enough to maintain
overall neutrality. Following these figures, we can obtain a clear map of
the VB electronic charge density distribution of the two symmetric n-
type 6.5STO/1.5LAO interfaces. The oxygen vacancy influences the
oxygen atoms which are near Al; it is clear that both O and Al atoms are
surrounded by a spherical charge; therefore, both O and Al exhibit an
ionic nature. In contrast, the O atoms which are the nearest neighbors to
Ti atoms exhibit partially covalent and mostly ionic bonding with Ti (see
Fig. 5e) less than that in II. The weak covalent bonds between Ti and O
atoms are due to the Pauling electronegativity differences between Ti
(1.54) and O (3.44). It is clear that the (1/2 0 0) plane (Fig. 5f) exhibits
all the atoms; each of the La and Sr atoms is surrounded by a spherical
charge indicating the ionic bonding. Due to electronegativity differences
between La (1.1), Al (1.61), Ti (1.54), Sr (0.95) and O (3.44), the charge
is attracted towards O atoms which are surrounded by a blue spherical
charge which indicated the maximum charge accumulation site in
accordance with the charge density scale.
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Fig. 5. Calculated total valence charge density distribution of I for different crystallographic planes; (a) (0 0 1) crystallographic plane of II; (b) (0 0 1) crystallo-
graphic plane of I; (¢) (0 0 1) crystallographic plane of II; (d) (0 0 1) crystallographic plane of I; (e) (1 0 0) crystallographic plane of II and I; (f) (1/2 0 0) crys-

tallographic plane of II and I. These figures show that the eight oxygen atoms on both sides of the interface which are connected to Ti and Al atoms (Ti-O-Al) are
absent in II
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Fig. 5. (continued).
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Fig. 5. (continued).

4. Conclusions

We have explored the influence of the oxygen vacancy on the elec-
tronic structure of two symmetric n-type 6.5STO/1.5LAO interfaces
using the all-electron full-potential linearized augmented plane wave
method plus the local orbitals (FP-LAPW+1o) approach. Due to the hy-
bridization of Ti—O, the Ti-3d orbits split into two parts, the tag (dxy, dxz,
dy;) and eg (dy2, dx2y2) states. Geometrically, tag orbitals have lobes
pointing between O-atoms, while e orbitals point towards O. The O-2p
orbit split into p; and ps states. O-2p and tag (dx;, dy,) of Ti-3d devoted to
the valence band (p, devote to the top of the valence band), while the
conduction band was contributed by the dxy and eg of Ti-3d (dxy devotes
to the bottom of the conduction band). In the ionic limit, each Ti gives
four electrons to two oxygen atoms, resulting in the nominal charges of
Ti** and 0?". The attention was paid to the interaction between Ti and
La at the interface. The strong interfacial hopping triggers a rise in the
energy of the La dyy state, and a lowering in the energy of the Ti dyy state.
Compared to the other Ti orbitals in the substrate, the Ti d orbitals at the
two symmetric n-type interfaces are appropriate because they have
more energy and are thus able to more effectively bind electrons to the
interface. Therefore, a couple of bonding and antibonding states be-
tween the two cations are formed at the interface. The calculated
valence band electronic charge density reveals that the charge is
attracted towards oxygen atoms which are surrounded by uniform blue
spheres which indicate the maximum charge accumulation. The oxygen
vacancies play an important role in the electronic properties of the n-
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type SrTiO3/LaAlO3 interface. Moreover, the conductivity can be ach-
ieved only when The LaAlO3/SrTiO3 interface is along the 001 crystal-
lographic direction. The electrons at the interface between LAO/STO are
free to move parallel to the interface (xy plane), but are confined in the z
direction (001) and thus can be thought of a two dimensional sheet of
electrons sandwiched between two insulators. Interesting phenomena
can result from this confinement of electrons in two dimensions due to
the quantization of the electrons energy levels in the z-direction.
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