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Density functional theory within the local density approximation is used to investigate the effect of the oxygen va-
cancy on the LaGaO3/SrTiO3 (001) heterojunction. It is found that the energy favorable configuration is the oxygen vacancy
located at the 3" layer of the STO substrate, and the antiferrodistortive distortion is induced by the oxygen vacancy intro-
duced on the SrTiO3 side. Compared with the heterojunction without introducing oxygen vacancy, the heterojunction with
introducing the oxygen vacancy does not change the origin of the two-dimensional electron gas (2DEG), that is, the 2DEG
still originates from the d,y electrons, which are split from the t, states of Ti atom at interface; however the oxygen vacancy
is not beneficial to the confinement of the 2DEG. The extra electrons caused by the oxygen vacancy dominantly occupy

the 3d,»

Xe—=y

> orbitals of the Ti atom nearest to the oxygen vacancy, thus the density of carrier is enhanced by one order of

magnitude due to the introduction of oxygen vacancy compared with the density of the ideal structure heterojunction.
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1. Introduction

In the last decades, heterostructures based on perovskite
transition metal oxides have attracted much attention, partic-
ularly due to the discoveries of extraordinary electronic and
magnetic properties of the internal interface. For example,
the two-dimensional electron gas (2DEG) with high mobil-
ity was observed at the interface between LaAlO3 (LAO) and
SrTiOs (STO), which exhibit insulating electrical properties in
bulk materials.!’?) Since then, some novel physical properties
have been observed at the interface of oxide heterojunction,
such as magnetism,?! superconductivity* and the coexis-
tence of magnetism and superconductivity.[®® The mecha-
nism of the 2DEG formed at the interface between insulated
oxides has been widely investigated both in theory®'>! and
experiments. 6291 Especially, the heterostructures of LaGaO3
(LGO) and STO have received more and more attention due to
their two-dimensional electrical properties at interface. [>1-26]

In 2010, Perna et al.?!1 first observed the 2DEG formed
at the interface of LGO/STO, which exhibits some properties
similar to those of LAO/STO, such as superconducting at low
temperature (7. = 150 mK for both heterostructures). The on-
set of conductivity takes place at 4 unit cells (u.c.) for both
LAO/STO!?! and LGO/STO! interface. With using the elec-
tronic reconstruction model, our previous calculations show
that the origin of the 2DEG is partly filled dy, orbital split
from t, states of Ti atom of the interface caused by sym-
metry broken. Though the electronic reconstruction has per-
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formed to explain the mechanism of the 2DEG formed at ideal
LAO/STO interface,[?728! there are also abundant evidences
that the creations of oxygen vacancies during the growth of
the oxide heterostructures play an important role in determin-
ing the transport properties for the LAO/STO system.[%16:17.29]
Experimentally, Amoruso et al. found that the interface pro-
duced at an oxygen pressure of 10~! mbar, at which the in-
terface should be free from oxygen defects, did not show a
2DEQG, unlike the conductive interface obtained in low oxygen
pressure. >3] However, the experiments reported by Aruta et
al. demonstrated a direct link between the target-to-substrate
distance and the interface sheet resistance, that is to say, the
insulating interface was caused by the increase of the target-
to-substrate distance.”*! Anyway, the mechanism of the elec-
trical property effect of the oxygen vacancy has not been fully
understood. A better understanding of the effect of oxygen
vacancies on interface electronic states of LGO/STO and the

distribution character of the induced charge carriers is lacking.

In this article, the first-principles calculations are em-
ployed to investigate the LGO/STO n-type interface with and
without oxygen vacancy (Vo). The values of formation en-
ergy of the Vg located at different layers of the STO substrate
are calculated to find the most suitable configuration for stabi-
lizing the system. Then, the role of the Vg in generating the
2DEG is explored and the electrical property effect of the Vo
on the LGO/STO heterojunction is discussed.

*Project supported by the National Basic Research Program of China (Grant No. 2013CB632506) and the National Natural Science Foundation of China (Grant

Nos. 11374186, 51231007, and 51202132).
Corresponding author. E-mail: lijichao @sdu.edu.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

037101-1


http://dx.doi.org/10.1088/1674-1056/26/3/037101
mailto:lijichao@sdu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 26, No. 3 (2017) 037101

2. Models and computational details

We investigate an n-type LGO/STO supercell with a 2 x 1
surface unit cell consisting of 5 u.c. layers of STO substrate
and 7 u.c. layers of LGO film along the (001) direction as
shown in Fig. 1. The vacancy is introduced by excluding the
oxygen atom O at the center of the Ti,O4-plaquette. To min-
imize the interaction between neighboring surfaces, the slabs
are separated in the z-direction by 12 A of vacuum. Consid-
ering that the LGO films are grown on the STO substrates,
the in-plane lattice constants are all fixed at the bulk-STO cu-
bic value (a = 3.905 A). We also fix the bottom two layers of
STO to simulate the real heterostructure films. Density func-
tional calculations are performed by using the projector aug-

9 Q000 9

@—P =

b

mented wave method as implemented in the Vienna ab initio
Simulation Package (VASP).3%! The electronic exchange cor-
relation potential is parameterized in the local density approx-
imate (LDA).!"! We do not include the Coulomb corrections
within the local density approximation LDA + U functional, as
it may not describe the correlation effect properly for the low
carrier density case.!”) The cut-off energy for plane wave basis
set is chosen to be 400 eV. The supercell ¢ axis is optimized
by minimizing the total energy. Ionic relaxation along the z
axis is performed until the forces acting on atoms were less
than 0.01 eV/A except for the atoms in the bottom two lay-
ers of STO which are fixed at the bulk positions, as mentioned
before.
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Fig. 1. (color online) Schematic illustration of the (LGO)7/(STO)s slab with n-type interface. The left panel indicates the

position of the Vg by the circle.

3. Results and discussion

In order to evaluate the stability of the defective system,
the values of formation energy of the Vg at various positions
are calculated. In this calculation, only the Vg located on STO
side named by n;-ns is investigated for the LGO/STO hetero-
junction, which is shown in Fig. 1. The formation energy of a
single Vg in the STO overlayer is given by!3?]

Ef = Egef — Epuik + 1/2E(02),

where Eq.r is the calculated total energy of the supercell with
one Vo and Epyik is the total energy of the supercell without
Vo. The 1/2E(O,) is the chemical potential of an oxygen
atom, which is obtained at the oxygen-rich limit.[33]

The values of formation energy of the Vg are calculated
by DFT method, and shown in Fig. 2. This figure shows that
the formation energy decreases monotonically from n; to n3
and then rise from n3 to ng4, from n4 to ns there is a negligi-
ble decline. The formation energy reaches the maximum at
the interface of the supercell. The value represents how eas-
ily a vacancy can be created. So it is more stable for the Vo
located at the 3" TiO, layer of the STO substrate. It should
be noted that the variations of formation energy of Vg at dif-
ferent positions are independent of the oxygen chemical po-
tential. The values presented in Fig. 2 are for O-rich growth

condition and the ideal structure is always more stable than the

defective one. However, under the O-poor condition, which
corresponds to the low chemical potential of oxygen, the ac-
tual values of the formation energies can be much smaller. For
Vo at the position located at the 3™ TiO,layer, if the oxygen
chemical potential is lower than a critical value of —5.09 eV,
the formation energy will be negative, which means that the
Vo can be spontaneously formed during the growth. In other
words, the defective structure becomes more stable than the
ideal one. 33! It has been experimentally discovered that at low
oxygen pressure the oxygen can be easily removed from the
STO substrate.!'”) Our calculations are in agreement with the
experimental results.
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Fig. 2. The formation energy of the Vg in the STO overlayers. The
designations of the layers are marked in Fig. 1.
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In order to compare the effect of the relaxation, the atomic
distortions which are exclusively along the c-axis for the bulk,
i.e., the supercell without Vg and for the supercell with one
Vo in the 3™ TiO; layer, are displayed in Fig. 3. The relative
displacement between cations and anions (AZ) in each layer
of the bulk is shown in Fig. 3(a). This figure shows that there
is a strong buckling in each of all LaO layers of 0.18-0.27 A
and the largest relaxation appears at the LaO layer far from the
interface. The surface GaO, layer shows a buckling of 0.07 A,
while the subsurface GaO, layers are buckled by about 0.14 A.
The Ti and O ions at the interface show a small buckling of
0.03 A. Apparently the polar distortion in STO layer becomes
extremely smaller than that in LGO layers. Our calculations
fit well to previous calculation.?!
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Fig. 3. (color online) (a) Relative displacements between the cations
and the oxygen anions in each layer for the ideal (LGO)7/(STO)s slab.
(b) Rotation angle of the oxygen octahedron along the stacking direc-
tion for the defective (LGO)7/(STO)s slab with one Vg in the 3" layer
of STO. (c) AFD distortions for the defective heterojunction.

For the supercell with one Vg in the 3rd layer, an unex-
pected pattern is discovered. Oxygen octahedron rotates op-
positely in adjacent cells. The value of rotation angle is shown

in Fig. 3(b). For the first GaOg octahedron near the interface
the oxygen octahedral rotation angle is nearly 10° and with
almost the same value the following octahedron rotates in the
opposite direction. For Ga in the surface the oxygen octahe-
dral rotation angle becomes smaller (5°). On the STO side,
the rotations of TiOg octahedrons are not as striking as GaOg
octahedrons. For the interfacial TiOg octahedron the rotation
angle is 7° and for Ti in the 3" layer the rotation angle is nearly
1°. Obviously the presence of a vacancy breaks the symmetry
of the structure and causes the asymmetric oxygen octahedron
to rotate. This kind of distortion is described as an antifer-
rodistortive (AFD) distortion, which is also discovered at the
Cs/STO interface. 34!

In order to explore the effect of such an AFD distortion on
the type of electronic states around the Fermi level and their
spatial distribution, the density of states projected on the ten
layers of LGO and STO for (LGO)7/(STO)s with one Vg in the
3" Jayer are obtained in our calculations, and shown in Fig. 4.
A comparison between Fig. 4(a) with Fig. 4(b) shows that the
conduction bands below Fermi surface occur only on the side
of STO, and the side of LGO is insulated. For comparison,
layer-projected density of states of STO for the defect-free sys-
tem is also shown in Fig. 4(c). The figure shows that the 2DEG
emerges mainly at the interface. By analyzing the density of
states of STO near Fermi level, the total sheet carrier density
is obtained to be ng = 7.23 x 10'3 cm™~2. This value is consis-
tent with observations of high carrier density (~ 10'3 cm™2)
in experiments of the LAO/STO heterostructure.>32%:331 For
the defective system, from the layer-by-layer density of states
(DOS) on the STO side shown in Fig. 4(b), it can be clearly
seen that charges are transferred throughout the entire STO
film and not evenly distributed. The sheet carrier is increased
by one order of magnitude, i.e., ng = 5.70 x 10'* cm~2. They
are widely distributed throughout the substrate rather than lo-
calized only at the interface, which was also inferred from

[17.29] Since a V¢ adds two extra electrons in the

experiments.
system to preserve charge neutrality, the Bader charges on the
Ti atoms in defect-free and defective system are calculated and
the electron difference is listed in Table 1. Here we just show
the electron difference of one Ti atom in each layer because
the other one obtains the same number of electrons. As can be
seen from the table, the Ti atom nearest to the Vg obtains far
more electrons than the Ti atoms in other layers; meanwhile,

the Ti atom at the interface obtains the least.

Table 1. Electron difference of one Ti atom in each layer between de-
fective (LGO)7/(STO)s and defect-free (LGO)7/(STO)s.

Ti ni ny n3 n4 ns
0.0112 0.0765 0.25 0.0665 0.0552

Electron difference /e
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Fig. 4. (color online) Partial densities of states grouped by layers of (a) LGO and (b) STO for the defective (LGO)7/(STO)s slab with
one Vg in 3" layer of STO and (c) STO for the ideal slab. The vertical dash line indicates the Fermi energy located at 0 eV.

In order to investigate the 2DEG effect of introducing the
oxygen vacancy in the heterojunction, the orbital decomposed
DOSs for the Ti atoms at the interface and in the 3™ layer
are calculated, and the results are shown in Fig. 5. Figure 5(a)
shows that the bands of the Ti 3d electrons states are near to the
Fermi level, and the Ti ty¢ electrons states split into the d,, and
dy./dy; states, the in-plane d., orbital becomes the lowest con-
duction bands with low effective mass, so the contribution of
the 2DEG comes from the partly filled d,, orbitals of Ti atom
of the interface. In our previous calculations,?°! the 2DEG of
the ideal structure of the LGO/STO originates from the partly
filled d,, orbital split from tp, states of Ti atoms at the inter-
face caused by symmetry broken. Comparing our results with
the previous ones, it is found that the introduction of the Vg
does not change the origin of the 2DEG. In contrast, an unex-
pected pattern occurs for the Ti atom residing in the 3" layer
as illustrated in Fig. 5(b). The d,, orbital is occupied slightly;
meanwhile, the occupancies of the d,; and d,, orbitals are en-
2 and dp
under the symmetry-reduced environment due to the presence
of the Vo. Bothof the d,>_,
the d2_,» state becomes occupied dominantly. Except for the

Ti atoms nearest to the Vg, the lowest conduction band recov-

hanced. Furthermore, the e, states split into dxz_y

2 and d 2 orbitals are occupied and

ers its ty, character (not shown). Here, it is also found that for
two O atoms around Ti atom in the 3" layer, the near Fermi en-
ergy states are also occupied by the O 2p orbitals, mainly the O
2p, and 2p, orbitals, though they only take a small proportion
compared with the Ti 3d states. We assume that the hybridiza-
tion between the Ti e, and O 2p orbitals may be strong, which
pushes the d,»_» level down significantly. The extra electrons
from the Vo, which are confined to the Ti 3d—e, orbitals, may

help to stabilize the oxygen-deficient system more effectively.
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Fig. 5. The orbital decomposed DOSs for (a) the interfacial Ti atom and
(b) the Ti atom nearest to the Vg in the 3" layer of STO for the defective
(LGO)7/(STO)s heterojunction.

4. Conclusions

The local density approximation methods are employed
to investigate the effect of the Vo on the LGO/STO hetero-
junction. Based on the values of formation energy of the Vg
at the positions located at different layers, it is found that the
energy favorable configuration is the Vg at the position located
at the 3% layer of the STO substrate, and the AFD distortion
can be caused by the V. The introduction of the Vo does not
change the origin of the 2DEG, namely the Ti d,, electrons.
However, the Vg is not beneficial to the confinement of the
2DEG. The density of the carriers is enhanced by the Vg by
one order of magnitude compared with that of the ideal het-
erojunction. At the Ti nearest to the Vo, a strong e, splitting

happens and the d »_» state becomes occupied dominantly by

X2y
the extra electrons from the Vq.
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