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ABSTRACT: The emerging two-dimensional electron gas (2DEG) at the
interface between polar LaAlO; (LAO) and nonpolar SrTiO; (STO) provides
potential applications in low-dimensional nanoelectronic devices because of its
exceptional electron transport property. To form 2DEG in the LAO/STO
heterostructure (HS), a minimum thickness of approximately 4 unit cells of LAO is
necessary. Herein, we modeled the n-type (TiO,)°/(LaO)™ HS by depositing
(LAO), (n = 4, 5, and 6) thin films on the STO substrate and explored strain
effects on the critical thickness for forming 2DEG in the LAO/STO HS-based slab
systems using first-principles electronic structure calculations. A vacuum layer was
added along the [001] direction on the LAO film to resemble the actual epitaxial
growth process of the materials. An insulator-to-metal transition is predicted in
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unstrained (LAO),/STO systems when n > S. Our calculations indicate that O 2p,/p, states give rise to the surface conductivity,
while Ti 3d,, states are responsible for the interfacial conductivity. For the tensilely strained HS system, an increased film
thickness of LAO (n > 6) is required to form the 2DEG, and a remarkable shift of O 2p orbitals toward higher energy in LAO
layers is found, which is caused by the strain-induced change of the electrostatic potential. For the compressively strained HS
system, the critical thickness of LAO film for forming 2DEG is between S and 6 unit cells of LAO. In addition, our calculations
suggest that the interfacial charge carrier density and magnetic moment can be optimized when a moderate tensile strain is

applied on the STO substrate in the ab-plane.
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1. INTRODUCTION

The recently discovered 2DEG at the n-type (TiO,)"/(LaO)*!
interface between two wide-band gap insulating oxides, polar
LaAlO; (LAO) and nonpolar SrTiO; (STO), has become an
intensive research topic due to its potential applications in the
next-generation nanoelectronics.'~'® To implement the 2DEG
in practical applications of high-performance nanodevices,
tunable electron transport properties such as high charge
carrier density and mobility are essential. A common technique
for tuning material properties of the epitaxially grown film is to
apply a mechanical strain. For example, in-plane compressive
strain can significantly influence the superconducting transition
temperature of the well-known La, ,Sr,CuO, superconducting
materials'"'> and the Curie temperature of ferroelectric
materials.">"'® An ordinary band insulator consisting of heavy
elements may become a topological insulator under an
appropriate strain.'” Applying a tensile strain can effectively
narrow the band gap of STO, enabling it to harvest light from
the visible solar spectrum more efficiently.'® Besides the band
gap modification, the charge carrier density and mobility in
traditional metal oxide semiconductor field effect transistors can
also be tuned via strain engineering,'” ™'

Recent experimental and computational studies both showed
that applying an appropriate strain on STO could modify the
electron transport properties of 2DEG in STO-based
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heterostructures (HSs). In experiments, strain on the STO
substrate can be achieved by growing it on a single-crystal
substrate with different lattice parameters prior to depositing
the LAO film. For example, Eom’s research team grew the
LAO/STO HSs on various substrates and observed a
substantial electrical conductivity dependence of the 2DEG
on the substrates.”> They found that the interfacial charge
carrier density of the LAO/STO HS system increases when the
STO substrate undergoes a strain in the range from —1.5% to
+0.5%. Our recent first-principles study supports this
conclusion that applying a tensile strain on the STO substrate
can significantly increase the interfacial charge carrier density in
the LAO/STO HS.** This growing body of evidence shows
that strain plays a crucial role in tuning the 2DEG of the LAO/
STO system. It is already known that, in order to form 2DEG
in the perovskite-based HS systems, the thickness of the polar
perovskite film must be above a critical value."** For example, a
minimum thickness of approximately 4 unit cells of LAO is
necessary to form the 2DEG in the LAO/STO system.®***> As
a result, one may speculate that a different critical thickness
may be required to form 2DEG in the strained LAO/STO HSs.
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Actually, Eom’s research team found that for the compressively
strained LAO/STO HSs the critical thickness of the LAO unit
cells increases. In other words, a thicker LAO film of more than
4 unit cells is needed for forming 2DEG in the LAO/STO HS.
To elucidate this experimental phenomenon, in this work, we
investigated the electronic properties of the (TiO,)°/(LaO)""
n-type interface in the LAO/STO system and focused on the
characterization of the required critical thickness for forming
2DEG using first-principles electronic structure calculations.
We first studied the LAO thickness dependence of the
formation of the 2DEG in unstrained LAQO/STO HS-based
slab systems. Next, we explored the influence of biaxial
compressive and tensile strain in the ab-plane on the critical
thickness of the LAO layer for forming 2DEG. In addition, it
was found that the biaxial strain plays a substantial role in
modifying the 3d orbital occupation of the interfacial Ti atoms,
which influence the interfacial charge carrier density and
magnetic moment.

2. COMPUTATIONAL DETAILS

Our electronic structure calculations were carried out by the
Vienna Ab-initio Simulation Package (VASP).>**” The spin-
polarized generalized gradient approximation (GGA)*® plus on-
site Coulomb interaction approach (GGA+U) was applied for
the exchange-correlation potential with U = 5.8 and 7.5 eV for
Ti 3d and La 4f orbitals, respectively. A kinetic energy cutoff of
450 eV and a 10 X 10 X 1 k-space grid were used. Structural
optimization was taken into account by minimizing the atomic
forces up to 0.02 eV/A. Self-consistency was assumed for a total
energy convergence of less than 107 eV. A Gaussian smearing
of 0.05 eV was used for density of states (DOS) calculations. A
supercell approach was used to model the LAO/STO HS-based
slab systems by depositing LAO (4—6 unit cells) thin films on
(STO);g (001) substrates. Herein, it is noticed that a HS-based
slab system that contains a vacuum layer is necessary to
investigate the critical thickness of the LAO film for forming
2DEG.** In this work, we added a vacuum layer of about 12 A
along the [001] direction on the LAO layer as proposed in this
calculation.”® As a result, two types of polar discontinuities are
present in our supercells. One is at the interface, and the other
one is at the surface. The former polar discontinuity occurs
between the polar LAO and nonpolar STO, while the latter one
occurs between the polar LAO and vacuum. The experimental
lattice constants of the LAO and STO were used, leading to a
lattice mismatch of approximately 2.97%. The experimental
lattice constant of STO of 3.905 A was fixed in the ab-plane to
model the HS for all unstrained systems and then was varied to
model the strained systems.

3. RESULTS AND DISCUSSION

3.1. Bulk Parent Compounds. The bulk compounds LAO
and STO crystallize in a cubic phase with space group no. 221
(Pm3m). Our calculated lattice parameters from the standard
DEFT calculations are in good agreement with the experimental
values (a = 3.810 vs 3.789 A for LAO and a = 3.945 vs 3.905
A)." In contrast, the calculated band gaps from the GGA+U
approach are underestimated with respect to the experimental
values (3.1 vs 5.6 eV for LAO and 2.5 vs 3.2 €V)," which is due
to the well-known shortcoming of the GGA functional that
cannot give an accurate description for the electron—electron
correlation-exchange interaction. This underestimation, how-
ever, has no influence on our conclusions regarding the

discussion of the 2DEG at the LAO/STO system because the
Ti 3d electronic states that contribute to the formation of
2DEG can be well reproduced from GGA+U calculations.*>?"
As discussed later, our GGA+U approach well predicts the
2DEG-related Ti 3d states as well as the critical thickness of the
LAO for forming the 2DEG in the unstrained system, which is
consistent with the conclusion from hybrid density functional
theory calculations.®

3.2. Critical Thickness for Forming 2DEG in Un-
strained HS. First, to examine the critical thickness of LAO
films for forming 2DEG in the unstrained LAO/STO HS-based
slab system, we modeled the n-type LAO/STO HS systems by
depositing LAO thin films on the STO substrate stacking along
the [001] direction. In this work, we used (LAO), to denote n
LAO unit cells for convenience. The electronic states near the
interface strongly depend on the local structural distortion
caused by relaxation,”**™** i.e., the displacement of the atoms
near the interfacial region. Therefore, the (LAO),/STO (n = 4,
S, and 6) HSs were fully relaxed by minimizing their atomic
forces in this work. Our structural optimization shows that at
the interface Ti—O and Al—O bond lengths along the c-axis
increase from 0.02 to 0.04 A and 0.05 to 0.07 A, respectively, as
compared to that in the unrelaxed system. The Al-O bond
length along the c-axis at the surface layer increases from 0.03
to 0.05 A, which shows a similar structural relaxation behavior
as observed near the interface region. In contrast, only oxygen
atoms in the AlO, surface layer slightly (~0.01 A) move toward
the vacuum layer as compared to all the other oxygen atoms in
LAO and STO sides.”” In short, a substantial change is found in
the LAO side as compared to STO, which is vastly different
from periodic LAO/STO HS where a pronounced structural
relaxation is seen in the STO side.>> This conclusion is
consistent with the previous computational study on bilayer-
type LAO/STO HS-based slab systems in the frame of the
LDA+U approach, in which the structural relaxation occurs
primarily in the LAO side.*® Similar structural relaxation
behavior also occurs in sandwich-type systems.** For example,
Pavlenko et al. studied a STO/LAO/STO sandwich-type
system and found small atom displacements only in the
interfacial LaO layers.36 Cossu et al. studied a LAO/STO/LAO
sandwich-type system using hybrid density functional calcu-
lations and found that buckling effects caused by structural
relaxation are stronger for LAO layers and almost negligible for
TiO, interfacial layers.® Interestingly, these structural relaxation
effects are in 8good agreement with the experimental
observations.””*® For instance, by using surface X-ray
diffraction techniques, Salluzzo et al. found relatively large
cation displacements in the LAO compared with that in the
STO,*” and Pauli et al. observed a much stronger buckling
structure in the LAO side than in the STO side.®

Regarding the electronic properties, the calculated total DOS
for the fully relaxed structures of (LAO),/STO, (LAO);/STO,
and (LAO)¢/STO are shown in Figure 1. For the (LAO),/
STO system with 4 LAO unit cells deposited on the STO
substrate, our calculation shows an insulating character with a
band gap of 0.15 eV (see Figure 1a). Although not shown here,
the LAO/STO systems with fewer LAO layers, ie., (LAO),/
STO (n =1, 2, and 3), also show a band gap. However, when
the LAO film thickness is increased up to 5 unit cells, the band
gap vanishes (see Figure 1b). As discussed later, the metallic
states partially come from the Ti 3d states at the interfacial
TiO, layers, indicating the formation of 2DEG. When the
thickness of LAO increases up to 6 unit cells, more states
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Figure 1. Calculated spin-polarized total DOS for the (LAO),/STO
HS-based slab systems. (a) n =4, (b) n =5, and (c) n = 6. n refers to
the number of LAO unit cells. The vertical dashed line indicates the
Fermi level at 0 eV.

emerge near the Fermi level, as shown in Figure lc. The
increased thickness of the LAO film for producing metallic
states is consistent with previous results.**’ In addition, our
electronic structure calculations for these unrelaxed LAO/STO
HS systems reveal metallic conducting properties, which is in
alignment with previous conclusions.® This means that
structural distortion has significant effects on the electronic
properties of LAO/STO HS-based slab systems. In short, we
can conclude that for the n-type LAO/STO system a critical
thickness of 5 LAO unit cells is necessary to form metallic
states on the interface. This result is well consistent with
previous conclusions from GGA and hybrid density functional
calculations.%® The calculated critical thickness is also in good
agreement with experimental findings which reveal that 4 unit
cells of LAO film are enough to produce 2DEG in the n-type
LAO/STO system.”***!

To understand the origin of the metallic electronic states, we
calculated layer-resolved DOS for the (LAO);/STO model
depicted in Figure 2. It shows that O 2p states of the (LaO)*!
and (AlO,)™" layers significantly shift toward higher energy
when these layers move from the interfacial region to the
vacuum layer. In particular, at the (AlO,)™" surface layer, the O
2p states cross the Fermi level, suggesting that the surface
(AlO,)™" layer also contributes to the conductivity of the
system. These metallic O 2p states are mainly induced by the
oxygen dangling bonds on the surface. Figure 2b demonstrates
that the interfacial metallicity is caused by fully spin-polarized
Ti 3d,, states from the first TiO, layer (IF-I), along with a small
contribution from the third TiO, layer (IF-III). It is also
noticed that both the d,, and d,, orbitals from Ti atoms of the
third layer (IF-III) contribute to some metallic states, although
their contribution is small. This means that when charge
transfers to deeper layers of the STO substrate more d,./d,,
orbitals contribute to the metallic states. Furthermore, Figure
2b shows that O 2p,/p, orbitals from the AlO, surface layer
also take part in the formation of metallic states, which is
consistent with the previous results.*** A direct view of the
contributions to the metallic states from the O 2p and Ti 3d

orbitals can be seen from the three-dimensional charge density
in Figure 2a. It clearly shows that all these O 2p orbitals on the
surface and the Ti 3d orbitals at the interface contribute to the
charge density that forms the metallic states. Moreover, the
charge density plot shows that the d,,/d,, character-like orbitals
from the IF-III layer substantially participate in the
conductivity, along with the d,, orbital, which is consistent
with the calculated orbital-resolved partial DOS in Figure 2b. In
short, the metallicity in this system mostly comes from partial
occupation of Ti 3d,, orbitals at the interfacial region and O
2p,/p, orbitals at the surface layer. However, it is noticed that
the hole states induced by surface O 2p states may be
neutralized by the oxygen vacancies on the surface, and if so,
only the n-type interfacial conductivity can be observed.” In
summary, when the thickness of the LAO film gradually
increases from 1 layer to 5 layers, the HS-based slab system
shows the following trends: (1) The O 2p states of the LAO
film gradually shift toward higher energy, decreasing the band
gap energies to zero. (2) The polar discontinuity between LAO
and STO will produce an increasing driving force to transfer
electrons from the LAO layers to the STO substrate, and these
transferred electrons will partially occupy Ti 3d orbitals and
form interfacial metallic states.

3.3. Critical Thickness for Forming 2DEG in Strained
HS. Next, we studied the influence of biaxial compressive and
tensile strain on the 2DEG of the LAO/STO HS-based slab
system. The biaxial strain within the STO substrate was
modeled by modifying its lattice parameters in the ab-plane.
The experimental lattice parameter of STO, 3.905 A, is used as
a reference point (0% strain in ab-plane) and is then adjusted
from —1.5% to +1.5%. The “—=” and “+” signs indicate
compressive and tensile strains, respectively. In order to see the
changes in electronic states induced by the biaxial strain in
STO, we calculated the total DOS of the (LAO),/STO (001)
(n=4,5, and 6) systems with strains of —1.5%, —1%, +1%, and
+1.5%, as illustrated in Figure 3. The first, second, and third
rows represent (LAO),/STO, (LAO)/STO, and (LAO)y/
STO HS-based slab systems, respectively. Our calculated total
DOS indicates that all the strained (LAO),/STO HS systems
show semiconducting behavior in the range between —1.5%
and +1.5% (first row in Figure 3). These results are identical to
that of the unstrained slab system. However, its band gap
decreases as the strain on the substrate is adjusted from tensile
to compressive. Similarly, the (LAO);/STO system with —1%,
+1%, and +1.5% strains also shows a semiconducting nature
(second row in Figure 3). However, a very small amount of
states are still present at the Fermi level for the —1.5% strained
system, and thus the system exhibits weak metallicity.
Considering that there exists a critical thickness for the LAO
film for forming 2DEG and that a thin LAO film may lead to
insulating behavior, one may speculate that the energy gap in
the —1%, +1%, and +1.5% strained systems could be closed by
increasing the thickness of the LAO film. To verify this
hypothesis, we modeled the (LAO)¢/STO system and
calculated its electronic structure. The total DOS for the
(LAO)¢/STO system with —1.5%, —1%, +1%, and +1.5%
strains is shown in the third row of Figure 3. It shows that the
(LAO)4/STO systems exhibit metallic natures and that more
states arise near the Fermi level as the strain on the STO
substrate is adjusted from compressive to tensile. In short, our
calculations yield the following conclusions: (1) For the
unstrained LAO/STO HS-based slab system, as mentioned
before, S unit cells of the LAO film is the minimum critical
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Figure 2. (a) Calculated spin-polarized partial DOS projected on different layers for the unstrained (LAO);/STO HS-based slab model, along with
the charge density plot calculated in the energy range from —0.3 to 0 eV. (b) Orbital-resolved partial DOS for Ti atoms at the first (IF-I) and third

(IF-III) TiO, layers and for O atoms at the surface AlO, layer.

thickness to obtain a 2DEG.*® (2) For the compressively
strained systems within —1.5%, a critical thickness of S to 6 unit
cells of LAO is still required, but the system shows relatively
low interfacial charge carrier density. As discussed later, this is
because the charge transferred from LAO layers extends into
deep STO layers, which dilutes the interfacial charge density.
(3) For the tensilely strained systems within +1.5%, our
calculations show that 6 unit cells of LAO are the minimum
requirement to form a 2DEG. These results indicate that biaxial
strain applied on the STO (001) substrate in the ab-plane has a
profound impact on the critical thickness of a LAO film for
forming the 2DEG.

To deeply understand how the electronic properties evolve
with various biaxial strains, we produced the layer-resolved Ti
3d DOS of (LAO)4/STO HS-based slab systems with —1.5%,
—0.5%, +0.5%, and +1.5% biaxial strains on the STO substrate
in Figure 4a, 4b, 4c, and 4d, respectively. The projected Ti 3d
orbitals from three consecutive interfacial TiO, layers in the

22354

STO substrate were extracted. The first, third, and fifth TiO,
layers of STO were defined as IF-I, IF-III, and IF-V,
respectively. Our results indicate that when the STO substrate
undergoes a strain from —1.5% to +1.5% the density of
interfacial (IF-I) Ti 3d states near the Fermi level increases.
The —1.5% compressively strained system (Figure 4a) shows
the least Ti 3d states near the Fermi level, while the system with
+1.5% tensile strain (Figure 4d) shows the most. This means
that the interfacial charge carrier density will increase when a
large tensile strain is applied on the STO substrate. According
to crystal field theory, the Ti 3d states in the regular octahedral
crystal field are split into triply degenerate t,, (d,, d,,, and d,,)
and doubly degenerate e, (ds2_> and dxz_yz) states. The TiOq
unit in the relaxed HSs, however, is distorted. This distortion
degrades the symmetry of the TiO4 unit, and the triply
degenerate t,, states are further split into nondegenerate d,,
d,, and d,, orbitals. To examine the Ti 3d splitting behavior
under various strains, we calculated the orbital-resolved DOS at
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+1.5% (d) biaxial strains on the STO substrate in the ab-plane. The IF-
I, IF-I11, and IF-V stand for the first, third, and fifth TiO, layers of the
STO substrate, respectively.

the IF-I TiO, layer for different strained systems, as shown in
the Supporting Information. Our calculation clearly indicates
that d,, states are primarily responsible for the interfacial
conductivity in each case and that the d,, orbital occupation
increases near the Fermi energy as the strain increases from
—1.5% to +1.5%. In contrast, the d,, and d,, states remain
unoccupied and do not contribute to the interfacial
conductivity.

3.4. Interfacial Charge Carrier Density and Magnet-
ism. Since the interfacial metallic states play a major role in
determining the conductivity of the LAO/STO system,'® to
obtain a qualitative comparison of the charge carrier density
with respect to LAO film thickness for various strained systems,
we computed the partial occupation of Ti 3d orbitals from
interfacial TiO, (IF-I) by integrating the partial DOS of the
electron occupied states near the Fermi level. The calculated
charge carrier densities of Ti 3d orbitals for (LAO), (n=4, S, 6,
and 7) thin films on the STO(001) substrate are plotted in
Figure 5, for —1.5%, 0%, and +1.5% strained HSs. The charge
carrier density values show a significant interdependence with

22355
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Figure S. Calculated charge carrier density of Ti 3d orbitals from
interfacial TiO, layers with respect to LAO unit cells for —1.5%, 0%,
and +1.5% strains at LAO/STO HS-based slab systems. The vertical
green and blue dashed lines represent the critical thickness of LAO
thin films for strained systems to form 2DEG.

LAO unit cells and lattice strains. For (LAO),/STO HSs, all
the strained slab systems give a zero charge carrier density. For
(LAO);/STO HS, the —1.5% compressively strained system
gives a minimum Ti 3d charge carrier density. When the LAO
film increases up to 6 unit cells, all the strained systems exhibit
conducting behavior. Moreover, a maximum charge carrier
density is obtained for the (LAO),/STO system. In addition, it
is also noted that in conducting HS systems with the same LAO
unit cells such as the (LAO)¢/STO model the interfacial charge
carrier density increases when a biaxial strain ranging from
—1.5% to +1.5% is applied on the STO substrate.

In addition, we found that the magnetic moment of the Ti
atom on the interface also shows an increasing trend when the
STO substrate undergoes a strain from —1.5% to +1.5%. The
magnetic moment of the Ti atom in the IF-I layer increases
from 0.05 pg to 0.09 up in the (LAO)y/STO system and from
0.07 pg to 0.10 py in the (LAO),/STO slab system. A tiny
magnetic moment of 0.02 yz and 0.04 i3 is also observed at Ti
atoms in the second TiO, (IF-II) layers for —1.5%
compressively strained (LAO)/STO and (LAO),/STO
systems, respectively. This is because a small amount of charge
is transferred from polar (LaO)™ to deeper TiO, layers within
the STO substrate. In short, our theoretical calculations reveal
that the STO-based slab systems with ab-plane strains on the
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substrate increase the critical thickness of LAO film for forming
2DEG. For metallic LAO/STO HS systems, the orbital
occupation of Ti 3d states at the interfacial layer increases
when the STO substrate undergoes a large tensile strain, thus
leading to higher charge carrier density and elevated magnetic
moments. However, it is also noted that the calculated
magnetic moments in the LAO/STO HS-based slab system
(with vacuum layer) are much smaller than that in the periodic
LAO/STO HS system (without a vacuum layer). For a periodic
LAO/STO HS system, about 0.5¢” is transferred from LAO to
the STO substrate due to the polar discontinuity. The 0.5¢™ will
occupy partially occupied Ti 3d orbitals and thus lead to a total
magnetic moment of about 0.5 up.>> For LAO/STO HS-based
slab systems, there exist two polar discontinuities, one at the
interface and another one at the (AlO,)~ surface. The existence
of a bare surface (AlO,)~ layer inhibits the charge transfer from
the LAO to STO, and thus, with respect to the periodic LAO/
STO HS system, fewer electrons are transferred to STO,
leading to relatively small magnetic moments. Actually, using
the GGA+U approach, Pavlenko et al. also obtained a relatively
small magnetic moment of about 0.005 s for the interfacial Ti
ion in the LAO/STO HS-based slab system.** Interestingly, the
calculated smaller magnetic moment in the HS-based slab
system is well consistent with the experimentally observed value
that is smaller than 10™°pp/Ti in the oxygen-annealed LAO/
STO system (without oxygen vacancies)."* However, Pava-
lenko et al. also pointed out that the oxygen vacancy could
enhance the magnetic moment up to 0.34 i, which is in good
agreement with the recent experimental value of about 0.3 5 in
the oxygen-deficient LAO/STO system.*

3.5. Origin of the Interfacial and Surface Metallicity.
To deeply understand the behavior of the metallic states at the
interface and surface layers with respect to the degree of the
strain, we plotted the charge density projected on the bands
forming the 2DEG for the (LAO)s/STO HS slab system in
Figure 6. This is because we had previously confirmed that, for
strained LAO/STO HSs, 6 unit cells of LAO thin films are
necessary to produce the 2DEG. Figure 6a, 6b, 6¢, 6d, and 6e
represents the —1.5%, —1%, 0%, +1%, and +1.5% strained
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Figure 6. Charge density projected on the bands forming the metallic
states near the interface and surface region in the (LAO),/STO HS-
based slab systems with —1.5% (a), —1% (b), 0% (c), +1% (d), and
+1.5% (e) strains.

systems, respectively. The results show that, when a
compressive strain is applied on the STO substrate, electrons
transferred from the polar (LaO)*! layer extend to the deeper
(Ti0,)° layers of the STO substrate. This indicates that the
metallic region extends deep into STO along the c-axis, which
weakens the quantum confinement effects of the 2DEG. This
also leads to the decrease of the interfacial charge carrier
density and magnetic moments. In contrast, when a tensile
strain is applied on the STO substrate, electrons transferred to
the STO substrate are mainly confined at TiO, layers near the
interfacial region. In particular, for HS systems with a tensile
strain n > +1.5%, the interfacial metallicity is completely caused
by the Ti atoms on the IF-I layer, which makes it form an ideal
2DEG. Interestingly, O 2p states near the Fermi level belonging
to the surface layer show the opposite trend to the interface
states with respect to the strain. As the STO substrate
undergoes from —1.5% compressive to +1.5% tensile strain, the
metallic region spans to deeper layers of LAO unit cells (see
Figure 6). For —1.5% compressively strained systems, only O
2p states from the outermost AlO, layer contribute to the
surface conductivity, while for +1.5% tensilely strained systems
the surface metallic states extend up to 2.5 unit cells of LAO.

To study the electronic structure evolution of the O 2p
orbitals near the surface region with strain, we plotted the
orbital-resolved O 2p DOS of (LAO)4/STO for various strains
in Figure 7. The first row represents the surface AlO, layers,
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Figure 7. Orbital-resolved partial DOS of O 2p orbitals projected on
different AlO, layers for (LAO)¢/STO HS-based slab systems with
—1.5% (a), 0% (b), and +1.5% (c) strains.

where O 2p,/p, orbitals cross the Fermi level, showing metallic
properties. In contrast, O 2p orbitals in the deeper LAO layers
have no contribution to the surface metallicity. From the DOS
plot, one can explicitly find that, when the system undergoes a
strain from —1.5% to +1.5%, more hole states emerge at the
AlO, surface layers, and the O 2p states in the deeper LAO thin
films significantly shift toward higher energy (see Figure 7b and
7¢c). For the +1.5% tensilely strained system, O 2p orbitals from
deep LAO layers shift toward the Fermi level and partially
contribute the surface metallicity. This can also be observed
from the charge density plot in Figure 6e. In summary, in
contrast with the interfacial metallic states, for the —1.5%
compressively strained system, the surface metallic states are
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tightly confined in the surface AlO, layer, while for the +1.5%
tensilely strained system, the surface metallic states extend up
to 1.5 unit cells of LAO. Moreover, in the second AlO, layer,
more O 2p, character-like bands emerge near the Fermi level
(energy range from —0.3 to 0 eV) as the system undergoes a
tensile strain from 0% to +1.5%. This trend is consistent with
the charge density distribution.

Finally, to investigate the energy shift of O 2p states in the
LAO thin film with various strains, we calculated the
electrostatic potential along the c-direction (perpendicular to
the interface) of (LAO)s/STO for —1.5%, 0%, and +1.5%
strained systems, as illustrated in Figure 8. It clearly indicates
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Figure 8. Calculated electrostatic potential of the (LAO)4/STO HS-
based slab systems with —1.5%, 0%, and +1.5% strains along the c-axis
and averaged over the ab-plane. The inset shows the enlarged potential
of the layers close to the vacuum layer.

that electrostatic potential of the LAO thin film gradually
increases layer by layer toward the vacuum. This makes the
valence band of the surface LAO layers move toward the Fermi
level, and eventually, the O 2p orbitals in the surface AlO, layer
cross the Fermi level, forming metallic states.”® To explicitly
show the strain effects on the electrostatic potential, we
magnified the electrostatic potential of the LAO layers near the
vacuum (see the inset in Figure 8), which illustrates that the
electrostatic potential value is higher for tensilely strained
systems than that for compressively strained systems. For the
—1.5%, 0%, and +1.5% strained systems, the calculated
electrostatic potential values are about —21.45, —21.18, and
—20.79 eV for the surface AlO, layer and —24.48, —24.07, and
—23.39 eV for the LaO layer, respectively. This means that the
valence band edge of O 2p states moves toward high energy in
tensilely strained systems and low energy in the compressively
strained systems, respectively.

4. CONCLUSIONS

In conclusion, the electronic and magnetic properties of
unstrained and strained LAO/STO HS-based slab systems are
studied using spin-polarized density functional theory calcu-
lations. It is found that a critical thickness of 5 LAO unit cells is
required for forming 2DEG states in the unstrained LAO/STO
slab system, while the critical thickness of LAO thin film
increases up to 6 unit cells in both the compressively and
tensilely strained systems within the range between —1.5% and
+1.5%. For the metallic HS-based slab system such as (LAO)4/
STO, when the STO substrate undergoes a strain from
compressive to tensile, the surface conducting hole states
become delocalized and extend to deep LAO layers, but in

contrast, the interfacial metallic electron states become
localized and tightly confined within the interfacial TiO,
layer. We suggest that the n-type interfacial charge carrier
density and magnetic moment of the STO-based HS systems
can be optimized by applying a tensile strain on the STO
substrate along the ab-plane.
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