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The first-principles calculations are employed to investigate the stability, magnetic, and electrical properties of the
oxide heterostructure of LaAlO3/SrTiO3 (110). By comparing their interface energies, it is obtained that the buckled
interface is more stable than the abrupt interface. This result is consistent with experimental observation. At the interface
of LaAlO3/SrTiO3 (110) heterostructure, the Ti—O octahedron distortions cause the Ti ty orbitals to split into the two-
fold degenerate d.;/dy, and nondegenerate dyy orbitals. The former has higher energy than the latter. The partly filled
two-fold degenerate tp, orbitals are the origin of two-dimensional electron gas, which is confined at the interface. Lattice
mismatch between LaAlO3 and SrTiOs3 leads to ferroelectric-like lattice distortions at the interface, and this is the origin of
spin-splitting of Ti 3d electrons. Hence the magnetism appears at the interface of LaAlO3/SrTiO3 (110).
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1. Introduction

In recent years, a transition-metal oxide heterostruc-
ture LaAlO3/SrTiO; has attracted lots of attention due
to its novel electronic properties at the interface such as
metallicity,!!! superconductivity,”! and magnetism.[®! Fur-
thermore, its metallic phase has a very high carrier den-
sity and mobility,!'*! and therefore can be regarded as two-
dimensional electron gas (2DEG). For this 2DEG, its mag-
netic phase was first suggested by Brinkman et al.,’] who
deduced the presence of magnetism from the temperature de-
pendence of the interface resistance R, and a hysteresis of
R during the sweep of a magnetic field H. Recently, mag-
netic phase was found above room temperature.>! Moreover,
direct evidence for in-plane ferromagnetic order at the inter-
face was found by Lee er al.l°! In earlier reports, the mag-
netic and superconducting phases were observed separately in
different samples.>] However, other groups have provided
the direct evidence of the coexistence of the two phases in
the same sample recently.[”-!") Meanwhile the mechanism of
coexistence of magnetism and superconductivity is still un-
clear. So far, most of researches are focused on properties of
LaAlO3/SrTiO3 (001) heterostructures, and the properties of
LaAlO3/SrTiO3 (110) interface lack investigation.

The conductivity at LaAlO3/StTiO3 (001) interface has
been explained by the electronic reconstruction. It is a di-
rect consequence of the polar discontinuity resulting from
the sudden transition from nonpolar (SrTiO3) to polar
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(LaAlOs3) material.['>*] On the other hand, for the case of
LaAlO3/SrTiO3 (110) heterostructures, both the SrTiO3; and
LaAlO3 can be represented by planar stacks of [ABOJ**
and [0,]*" layers,!'”! and there are no polarization discon-
tinuities at the interfaces.!'®! Based on the polar catastro-
phe theory, there should be neither electronic reconstruc-
tion nor two-dimensional electron gas (2DEG) formed at
LaAlO3/SrTiO3 (110) interface. However, the 2DEG has been
observed indeed at LaAlO3/SrTiO3 (110) interfaces in recent
experiments.!'%!7] The mechanism of 2DEG formed at the in-
terface is still debated, and the study of the origin of 2DEG is
conducible to understanding the physics connotation of these
interfaces. In addition, as is well known, the interface proper-
ties are determined by the interface structure. In the process of
heteroepitaxial growth, many factors, such as the lattice con-
stants, surface energies, and interface energies of the epitaxy
materials and substrates can lead to different growth patterns
in the epitaxial layer, and influence the interface properties. In
this work, possible geometric structure at the LaAlO3/SrTiO3
(110) interface is investigated by comparing interface energies
of different structures. Then, electrical and magnetic proper-
ties of the LaAlO3/SrTiO3 (110) interface are studied by ana-
lyzing its electronic structures.

2. Model and method

SrTiO3 (110) surface is modeled as seven alternating Sr-
TiO and O-O (denoted as O, hereafter) layers as shown in
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Fig. 1. This model is symmetric about the middle of the slabs
with two types of terminations. One is terminated by O, layer
as shown in Fig. 1(a), and the other is terminated by SrTiO
layer as shown in Fig. 1(b). These slabs are nonstoichiomet-
ric, with unit cell formulas as SrsTisO17 terminated by O,
layer and SrsTisOq3 terminated by SrTiO layer. A similar
model is constructed for LaAlO3 (110) surfaces as shown in
Figs. 1(c) and 1(d). These slabs are designed as symmetric
structures because they would lead to a large dipole moment if
the slabs are asymmetric with different terminations, such as
SrTiO-0,-SrTi0O-0,—SrTiO-0,. It is much more likely that
the surfaces of asymmetric slabs might become metallic in or-
der to avoid the infinite electrostatic energy arising from such
surface charges, and then, the surface energy would be quite
high.[18-21]
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Fig. 1. (color online) Relaxed and unrelaxed SrTiO3 and LaAlO3 slabs
from our calculations. (a) SrTiO3 slab terminated by O, layer; (b)
SrTiOs3 slab terminated by SrTiO layer; (c) LaAlO3 slab terminated by
O, layer; (d) LaAlOs3 slab terminated by LaAlO layer.

Symmetric slabs are formed for LaAlO3/SrTiO3 (110) in-
terfaces. For abrupt interface structure (SrTiO-O,-LaAlO),
the LaAlO-
terminated and the O,-terminated as shown in Figs. 2(a) and
2(b). In recent experiments,['%1 a buckled interface struc-
ture (SrTiO-0,-LaTiO—0O,-LaAlO) has been proposed. The
buckled interface structure also has two possible terminated

there are two possible terminated layers:

layers: the LaAlO-terminated and the O,-terminated, which
are shown in Figs. 2(c) and 2(d) respectively. These mod-
els are nonstoichiometric. For the abrupt interface struc-
tures, the unit cell formulas are SrzLagTizAlgO,5 termi-
nated by LaAlO layer and Sr3LagTiz Al¢Oy9 terminated by O»
layer. For the buckled interface structures, the unit cell for-
mulas are Sr3LagTisAl4O;5 terminated by LaAlO layer and
Sr3LagTisAl4Oy9 terminated by O, layer. A vacuum spacing
of 20 A between adjacent slabs is included in each of het-
erostructures to avoid interaction between two slabs.

In this work, all calculations are carried out using the pro-
jector augmented wave (PAW) approach.[??l A plane wave ba-
sis is implemented in the Vienna ab initio Simulation Package

(VASP). 2324 The calculations of stability are carried out us-
ing density functional theory within the local density approx-
imation (LDA). During the calculation of electronic structure,
the exchange correlation effects are treated within the rota-
tional invariant LDA + U approach of Liechtenstein et al.,[>]
which includes a Hubbard U term accounting for the on-site
Coulomb interaction, with U = 5.00 and J = 0.64 eV for the
Ti d states,?®! and with Uy = 11.00 eV and J; = 0.68 eV for
the La f states.['” For Sr and Ti, we use PAW potentials in
which semicore states are treated as valence states (Sr_gy and
Ti_py in the VASP distribution). For La and O, we use stan-
dard potentials (La and O in the VASP distribution). Bulk and
heterostructure calculations are performed using the 5x5x5
and 5x4x1 Monkhorst-Pack!>”! k-point mesh, respectively.
Plane waves include up to an energy cut off of 500 eV, and all
the atomic positions are fully relaxed until atomic forces are
less than 0.01 eV/A.

3. Results and discussion
3.1. Interface stability

For surface energy calculations, SrTiO3 (110) surfaces
are chosen as an example to demonstrate our calculations. The
cleavage energy E (&) (§ denotes the structure terminated by
a layer: SrTiO or O;) can be obtained through the following
equation:

1
ECl(C) = Z [Eslab (02) + Eglab (SrTiO) —-N- Ebuck] ) (1)

where factor 1/4 means that there are totally four surfaces,
Eqa0(02) is the total energy of the unrelaxed slabs terminated
by O, layer, Eg,,(SrTiO) is the total energy of the unrelaxed
slabs terminated by SrTiO layer, and Epy is the energy per
formula unit in the cubic structure.

The relaxation energy Er ({) of each surface can be ob-
tained from the following equation:

1
Eq(C) = 3 ESu(8) —ERNE)| )

where factor 1/2 means that there exist totally two surfaces,
E™L () is the total energy of the relaxed slabs terminated by
¢ layer, and E;’lg{,d (&) is the total energy of the unrelaxed slabs.

The surface energy is a sum of the cleavage energy and
the relaxation energy, ie., 21

Equri(§) = Ea(8) + Eret (§)- ©)

The interface energy Einer(0) (8 is the heterostructure
with abrupt interface or buckled interface, as shown in Fig. 2)
can be obtained from the following equation:

1
Einer(6) = Z[E(LaAlO) + E(Oy) — 2E4,(LaAlO)
—2Equ(02) — Epul], )

where factor 1/4 means that there exist totally four interfaces.
E(LaAlO) and E(O;) are the total energies of the relaxed
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slabs, which are terminated by LaAlO layer and O, layer, re-
spectively, Eg,r(LaAlO) and Eg,s (O,) are the surface ener-
gies of the slabs, which are terminated by LaAlO layer and O,
layer, respectively, the factor 2 before Eq,s means that there
exist two surfaces. Epy is the sum of the bulk energy per
formula unit in the cubic structure.

As shown in Fig. 1, for SrTiO3; (110) surface with O;-
terminated layer, the upper layer oxygen ions relax inwards,
and the second layer is folded significantly as the strontium
and titanium ions relax outwards while the oxygen ion relaxes
For SrTiOs3 (110) surface with SrTiO-terminated
layer, the upper layer is folded significantly as the strontium

inwards.

ion relaxes inward while the oxygen ion relaxes outward. For
all SrTiO3 (110) surfaces, the displacements of atoms rapidly
decrease as atoms enter into the bulk. Our results are con-
sistent with previous calculations.!"® For LaAlOs3 (110) sur-
face, many relaxations similar to those for SrTiO3z (110) sur-
face have been obtained, including that in the upper layer oxy-
gen ions relax inwards strongly and in the second layer that is
folded significantly, the lanthanum and aluminum ions relax
outwards while the oxygen ion relaxes inwards when the sur-
face is terminated by O, layer. But for LaAlO3 (110) surface
with LaAlO-terminated layer, in the upper layer that is folded
significantly, lanthanum ion relaxes outwards while oxygen
ion relaxes inwards, which is different from the scenario for
SrTiO3 (110) surface with SrTiO-terminated layer. Along the
(110)-orientation, there is a large magnitude of the polar dis-
continuity at each of these surfaces. And the polar discon-
tinuity surface causes all these atoms to displace, since it can
strongly enhance the driving force for the formation of charge-
neutral surfaces.!”8! The calculated cleavage energies, relax-
ation energies, and surface energies for different terminations
of SrTiO3 (110) and LaAlO3 (110) surfaces are listed in Ta-
ble 1. From Table 1, it can be seen that the O,-terminated
surface is more stable no matter whether the surface energies
of O,-terminated surface for SrTiO3 (110) surface or LaAlO3
(110) surface are much lower than those for SrTiO3 (110) sur-
face and LaAlOj3 (110) surface.

Table 1. Calculated cleavage energies, relaxation energies, and surface
energies in J/m? for different terminations of SrTiO3 (110) and LaAlO3
(110) surfaces.

Surface Terminating layer Eq Efrer) E(surf)
SITiOs (110) SrTiO 5.059  -0.607  4.452
0, 5.059 -0.691  4.368

LaAIOs (110) LaAlO 5223  -0.097  5.126
(6)) 5223 -0.687  4.536

Figure 2 shows that the calculated results of structural re-
laxation of LaAlO3/SrTiO3 (110) heterostructure. Figures 2(a)
and 2(b) show the abrupt interface structures (SrTiO-O,—
the LaAlO-
terminated layer and the O,-terminated layer, respectively.

LaAlO) with two possible terminated layers:

Figures 2(c) and 2(d) show the buckled interface structures
(S1Ti0O-0,-LaTiO-0,-LaAlO) with two possible terminated
layers: the LaAlO-terminated layer and the O»-terminated
layer, respectively. It can be easily seen that the structural re-
laxation occurs primarily in the LaAlOj3 slab. The structural
relaxation at the surface of LaAlO3 is much obvious than that
at the interface of LaAlO3/SrTiO3. In addition, we can see
that the surface atomic displacements of the heterostructures
with abrupt interfaces are more significant than those of the
heterostructures with buckled interfaces. The two interface
energies are calculated and listed in Table 2. From Table 2,
it can be seen that LaAlO3/SrTiO3 (110) heterostructure with
buckled interfaces is more stable than that of the abrupt in-
terfaces, since the interface energy of the buckled interface is
much lower than that of the abrupt interface. Our calculations
offer a direct theoretical confirmation for the previous experi-

ment observations. ¢
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Fig. 2. (color online) Relaxed and unrelaxed SrTiO3/LaAlO3 inter-

faces from our calculations. (a) The abrupt interface structure (SrTiO-
0,-LaAlO) terminated by LaAlO; (b) The abrupt interface structure
(SrTiO-0,-LaAlO) terminated by O; (c) The buckled interface struc-
ture (SrTiO-0,0-LaTiO-0,-LaAlO) terminated by LaAlO; (d) the
buckled interface structure (SrTiO-0,-LaTiO-0,-LaAlO) terminated
by 0,.

Table 2. Calculated interface energies in J/m> for
LaAlO3/SrTiO3 (110) interfaces.

Interface Interface energy/(J/m?
Abrupt interface 0.170
Buckled interface -0.952

3.2. Electronic structures

Model shown in Fig. 3 is constructed to investi-
gate the magnetic and electrical properties of the buckled
LaAlO3/SrTiO3 (110) interface. To minimize the interaction
between the interfaces, we use thicker slabs containing five
LaAlO3 and SrTiOs layers between adjacent interfaces. Fig-
ure 3 also shows the atomic positions of the relaxed structure

and the unrelaxed structure. For the anion and the cation,
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the displacements from the ideal structure are not equal, in-
dicating that there is a ferroelectric-like distortion of the Ti-O
octahedron, especially at the interface. The largest displace-
ment, which is about 0.26 A, occurs at O anion of the interface
layer, while the displacement of Ti atom in the interface layer
is about 0.15 A.

0 . D . ( D $ 5

p 0 ¢ 0 ©¢ 6 ¢ o0 ® 0 e ©°
o 0 0 0 o o0 ¢ o © © o0 o

O La relaxed © O relaxed
! @ Sr relaxed O Ti relaxed
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Fig. 3. (color online) Relaxed and unrelaxed structures of
LaAlO3/SrTiO3 (110) interface.

The total density of states (TDOS) is shown in Fig. 4(a),
and the partial density of states (PDOS) of the Ti 3d states at
the interface is shown in Fig. 4(b). From Fig. 4(a), it can be
seen that n-type metallic state is obtained since there are oc-
cupied conducting states near the Fermi energy. On the other
hand, the unbalance of the spin-up and spin-down states oc-
curs and yields magnetic property. From Fig. 4(b), it can be
seen that the two-fold degenerate d,./d,, of the interface Ti 3d
orbitals dips below the Fermi level, thereby forming a 2DEG.
The unbalance of the spin-up and spin-down states yields a
magnetic moment of about 0.35 uB on the Ti atom of the inter-
face. Thus the Ti 3d states at the interface contribute greatly to
the metallic and magnetic properties of LaAlO3/SrTiO3 (110)
heterostructure.

Figure 5(a) shows the relaxed LaAlO3/SrTiO3 (110) het-
erostructure with buckled interfaces the same as those in
Fig. 3. The PDOS layers are shown in Fig. 5(b), and the labels
for each layer of the PDOS are aligned like those in Fig. 5(a).
From Fig. 5(b), it can be seen that a 2DEG emerges at the inter-
face, since the largest occupied PDOS near the Fermi energy
occurs at the interface and the occupation number decreases
when moving away from the interface. Furthermore, the un-
balance of the spin-up and spin-down states occurs primarily
at the interface. Our results are in agreement with previous ex-

16,171 However, there are two main differ-

perimental results. !
ences between Fig. 5(b) in our work and Fig. 5(c) in Ref. [16].
First, our work considers the magnetic and electrical proper-
ties of the LaAlO3/SrTiO3 (110) heterostructure, while ref-
erence [16] concerns only the electrical property of the het-
erostructure. Second, there is band-bending in the PDOS, and
figure 5(c) of Ref. [16] shows that the top of the valence band
moves toward Fermi level as it gets closer to the surface, in

contrast, figure 5(b) of our work shows no such band-bending.

This discrepancy comes from the different model structures.
In our work, a symmetric model interface is employed with-
out the vacuum layer. Owing to no intrinsic electrostatic field
to avoid the polar catastrophe in our model structure, there is
no such band-bending, which is in contrast to the results in
the present work.!'%! However, from Figs. 4 and 5, it can be
seen that the two-fold degenerate d,./d,, electrons contribute
mainly to the 2DEG and magnetism of LaAlO3/SrTiO3 (110)

heterostructure.
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Fig. 4. (a) Total density of states (TDOS); (b) partial density of states
(PDOS) of the Ti 3d states at the interface.

The band structure of the relaxed LaAlO3/SrTiOs (110)
heterostructure is shown in Fig. 6. The occupied conduction
bands are characterized by a set of spin-polarized parabolic
subbands. Combining with Fig. 4(b), we can see that these
spin-polarized parabolic subbands correspond to the Ti 3d
states. The three-fold degenerate tpg orbitals split into the
lower two-fold degenerate d,;/dy, and higher nondegenerate
dyy subbands. The more relevant feature is the large spin-
splitting (~ 0.45 eV) of the lowest two-fold degenerate d,./d,,
subbands. The spin-splitting yields a magnetic moment of
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about 0.35 uB on the Ti atom of the interface. Since the Ti—
O octahedron distortions and the buckled interface structure
give rise to a layer-dependent polarization, they may induce
changes in the orbital structures and electron distributions of
the heterostructure. To analyze this effect, we also calculate
the band structure of ideal LaAlO3/SrTiO3 (110) interface.
The results indicate that the magnetism of the 2DEG is negligi-

ble. This can demonstrate that the Ti—O octahedron distortions
and the buckled interface structure play an important role in
forming the magnetic 2DEG. In addition, the spin-splitting de-
creases with the decrease of the subband occupation as shown
in Fig. 6. The higher occupied two-fold degenerate d../d,

subbands contribute to the magnetism mainly.
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Fig. 5. (color online) (a) Relaxed LaAlO3/SrTiO3 (110) heterostructure with buckled interfaces; (b) the partial density of states
grouped by layers of the heterostructure. The data (relaxed structure and PDOS) for each layer are aligned on the same vertical

position. Here, the interface is denoted by IF.

(E—Ex)/eV

—up
---- down
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Fig. 6. (color online) Bands of the heterostructure of LaAlO3/SrTiO3
(110) as shown in Fig. 3.

4. Conclusion

From results of DFT calculations, we find that the buckled
LaAlO3/SrTiO3 (110) interface is more stable than the abrupt
LaAlO3/SrTiO3 (110) interface. Lattice mismatch between
LaAlO3; and SrTiOj leads to ferroelectric-like lattice distor-
tions at the interface. The Ti—O octahedron distortions and
the buckled interface structure are essential for the magnetic
2DEG. The partly filled two-fold degenerate d,./d,, orbitals

are the origin of 2DEG at the interface of LaAlO3/SrTiO3
(110). The spin-splitting of Ti 3d electrons is the origin of the
magnetic property at the interface of LaAlO3/SrTiO3 (110).
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