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The first principles study of the (001) two symmetric n-type interfaces between two insulating per-

ovskites, the nonpolar SrTiO3 (STO), and the polar LaAlO3 (LAO) was performed. We have ana-

lyzed the formation of metallic interface states between the STO and LAO heterointerfaces by

using the all-electron full-potential linearized augmented plane-wave approach based on the density

functional theory, within the local density approximation, the Perdew-Burke-Ernzerhof generalized

gradient approximation (PBE-GGA), and the Engel-Vosko GGA (EVGGA) formalism. It has been

found that some bands cross the Fermi energy level (EF), forming a metallic nature of two symmet-

ric n-type 6.5STO/1.5LAO interfaces with density of states at EF, N(EF) of about 3.56 (state/eV/

unit cell), and bare electronic specific heat coefficient (c) of about 0.62 mJ/(mol cell K2). The elec-

tronic band stature and the partial density of states in the vicinity of EF are mainly originated from

Ti1,2,3,4-3dxy orbitals. These bands are responsible for the metallic behavior and the forming of

the Fermi surface of the two symmetric n-type 6.5STO/1.5LAO interfaces. To obtain a clear map

of the valence band electronic charge density distribution of the two symmetric n-type 6.5STO/

1.5LAO interfaces, we have investigated the bond’s nature and the interactions between the atoms.

It reveals that the charge is attracted towards O atoms as it is clear that the O atoms are surrounded

by uniform blue spheres which indicate the maximum charge accumulation. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4954293]

I. INTRODUCTION

Recently, it has been found that the LaAlO3 (LAO) and

SrTiO3 (STO) interfaces show numerous promising applica-

tions. For instance, it can be applied to quasi-two-dimen-

sional (2D) electron transport with high electron mobility,1

novel devices and technology, 2D superconductivity at low

temperatures,2 and electric field-tuned metal insulator and

superconductor insulator phase transitions.3 One of the nota-

ble examples is the interface between the 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 the TiO2-terminated STO, has

highly mobile carriers, while the p-type interface, in which

the LAO layer is grown on top of the SrO-terminated STO,

is totally insulating.1 The emergence of conductivity at the

SrTiO3/LaAlO3 interface could be attributed to the intrinsic

electronic reconstruction due to the polar discontinuity at the

interface.5 This can be understood in perovskite oxides that

have a generic ABO3 structure, where A and B are metal

cations. For STO, A is Sr2þ and B is Ti4þ, where AO and

BO2 planes are charge-neutral which makes the STO a non-

polar material. Whereas for LAO, A is La3þ while B is Al3þ,

therefore AO and BO2 planes have þ1 and �1 charges,

respectively, making the material polar.6 At the interface of

the polar and non-polar materials, the electronic reconstruc-

tion could explain the mechanism of electronic conduction.7

The other probability of emerging the conductivity at the

interface is based on the observed intermixing of cations

across the SrTiO3/LaAlO3 interface.8 The orientation of the

channels and their thermal behavior suggests that the LaAlO3/

SrTiO3 (LAO/STO) interface originates as a consequence of

the STO tetragonal domain formation which sets in below

105 K.9,10 The study of the domain structure confirms that the

channel-like conductivity in LAO/STO is due to the STO tet-

ragonal domain structure and emphasizes the importance of

STO to the interfacial properties. The LAO/STO interface has

been extensively investigated experimentally5,8,10–18 and the-

oretically19–21 due to the existence of two kinds of interfaces,

LaO/TiO2/SrO and SrO/AlO2/LaO, therefore attracting a lot

of interest in such a system.22–24 To the best of our knowl-

edge, most investigations on the electronic properties of the

SrTiO3/LaAlO3 interface have been done experimentally and

theoretically.5,10–27 Some literature reports the electronic

properties of two symmetric n-type 6.5STO/1.5LAO interfa-

ces,28–32 but unfortunately none of them report the electronic

charge density distribution and the electronic charge transfer.

Therefore, a step forward is necessary to understand the origin

of the electronic charge density distribution and the electronic
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charge transfer at the interface. We have performed compre-

hensive theoretical investigations based on the all-electron full

potential method within three kinds of exchange correlations:

local density approximation (LDA),33 the Perdew-Burke-

Ernzerhof generalized gradient approximation (PBE-

GGA),34 and the Engel-Vosko GGA (EVGGA) formalism.35

To ascertain the influence of the XC on the resulting proper-

ties, EVGGA formalism is the most capable at reproducing the

exchange potential at the expense of less agreement in the

exchange energy, which yields a better band splitting.

II. DETAILS OF CALCULATIONS

The electronic band structures, density of states, elec-

tronic charge density distribution, and the Fermi surface

of 6.5STO/1.5LAO superlattices were performed using

all-electron full potential linear augmented plane wave (FP-

LAPWþlo) method in a scalar relativistic version as embod-

ied in the WIEN2 k code.36 To solve the exchange-correlation

potential, the generalized gradient approximation LDA, PBE-

GGA, and EVGGA were used. In FP-LAPWþlo, the unit cell

is divided into two regions: the spherical harmonic expansion

is used inside the non-overlapping spheres of muffin-tin ra-

dius (RMT), while the plane wave basis set was chosen in the

interstitial region (IR) of the unit cell. The RMT 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 RMT�Kmax parameter was taken to be 7.0

to determine the matrix size, RMT being the smallest radius of

the muffin-tin sphere while Kmax is the maximum modulus

for the reciprocal lattice vectors K. The valence wave func-

tions inside the muffin-tin spheres were expanded up to

lmax¼ 10, while the charge density was Fourier expanded

up to Gmax¼ 12 (a.u)�1. Self-consistency was obtained using

500 k
*

points in the irreducible Brillouin zone (IBZ). The self-

consistent calculations were converged since the total energy

of the system is stable within 0.00001 Ry. The calculations of

the electronic band structures were performed within 3000 k
*

points in the IBZ. Brillouin zone of the 40 atom supercell was

sampled with a 8� 8� 1 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 interface) at

the experimental value of STO a¼ 3.91 Å, while the length

of the supercell in the direction normal to the interface (out-

of-plane) was taken to be 8 a. 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 1 m Ry/a.u. The spin-

orbit coupling is not included in our calculations.

III. RESULTS AND DISCUSSION

We have presented the results of the electronic band

structure calculations regarding the 6.5STO/1.5LAO super-

lattices. We built a symmetric supercell, with one AlO2 layer

in the middle and two LaO layers around it, as well as alter-

nating layers of TiO2 with SrO on both sides as shown

in Figure 1. In this case, the supercell has two symmetric

n-type interfaces and there is no potential buildup due to

symmetry. This approach automatically guarantees the dop-

ing of 1 electron in the supercell. The doped charge accumu-

lates at the TiO2 layers at the interface and results in a

doping of 0.5 e�/uc. The results can be compared to the

experimental case of a single n-type interface with an

extremely thick LAO layer. These studies could be valuable

for the atomic and electronic structure of a fully recon-

structed interface, but it cannot describe the potential buildup

and the charge transfer, which is necessary in the experi-

ment.37 The feature of the symmetry-supercell way is that no

vacuum is needful in the simulation of the supercell, making

its calculation easier. However, because of the imposed sym-

metry and nonstoichiometry of the LAO film, this geometry

does not lead in a polar field, meaning that a polar catastro-

phe can be obviated. The nonstoichiometry of the LAO also

creates fixed carrier doping; in the ionic limit, a LaO layer

has a charge of þ1, and there is an additional one electron

existing in the conduction band of LAO, which is evenly di-

vided by the two interfaces. Therefore, each n-type interface

is doped by 1/2 electron per two-dimensional unit cell, sub-

stantial to totally compensate the polar field of LAO; so the

symmetric supercell way is comparable to researching the

characteristics of the interfaces when the LAO film is very

thick. In Figures 2(a)–2(c), we plot the electronic band struc-

tures of the two symmetric n-type 6.5STO/1.5LAO interfa-

ces using LDA, PBE-GGA, and EVGGA approaches. Since

EVGGA produces better band splitting, we have presented

the total density of states (TDOS) obtained by EVGGA next

to the electronic band structure of the two symmetric n-type

6.5STO/1.5LAO interfaces as shown in Figure 3. We have

set the zero-point of energy at Fermi level (EF). We discov-

ered that some bands cross EF, resulting in the metallic na-

ture of the two symmetric n-type 6.5STO/1.5LAO interfaces

with a density of states at EF, N(EF), of about 3.56 (state/eV/

unit cell). The calculated density of states at EF enables us to

calculate the bare electronic specific heat coefficient (c),

which is about 0.62 mJ/(mol cell K2). To identify the origin

of the bands which cross EF, we plot the electronic band

structure and the partial density of states in the closeness of

EF as shown in Figures 3(b) and 3(c). It is clear that these

bands are mainly originated from Ti1,2,3,4-3dxy orbitals.

Thus, these bands are responsible for the metallic behavior

and the forming of the Fermi surface of the two symmetric

FIG. 1. Depicted the type of symmetric structure, with two identical interfa-

ces, it is assumed that a perfect STO layer (with TiO2-LaO planes at the

interface) can be deposited on top of the LaO. A symmetric model interface

was employed without the vacuum layer.
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n-type 6.5STO/1.5LAO interfaces. This planner leads to a

transition from states that insulate to metallic ones. In the

present LDA, PBE-GGA, and EVGGA computations, the

metallic state occurs at N(LaO)¼ 2 and experiments clarify

that bilayers with N(LaO)¼ 3 for the n-type interface are

still nonconducting, while LAO films with NðLaOÞ � 4 have

been explored to be metallic. Consequently, one electron per

interface is necessary in order to preserve the neutrality of

the system. The Ti1,2,3,4-3dxy orbitals in the plane neigh-

boring to the interface have a limited density of states at

Fermi energy level and remain metallic, regardless of the

amount of unit cells in the LAO film.

At the n-type interface, the STO conduction band is less-

ened because of the chemical bonding in the Ti and La and ox-

ygen octahedra deformation, while the valence band is raised

due to the induced polarization.30 Electrons at the n-type inter-

face are confined to the interface.38 To model isolated interfa-

ces (IFs), it has been an exercise to utilize the symmetrical

supercells, i.e., two are opposing n-type IFs in the supercell.

Then, by the influence of symmetry, there is no dipole in the

cell and the periodically supercell processing is applicable.

Again, the usage of symmetric supercells is simple; each half

of the cell may have a dipole as specified by the geometry and

the self-consistent response to electric fields, whereas the

opposing dipoles leave a slab that can be treated in the periodi-

cally supercell. The question still exists as to what range these

can be recognized in an experiment. STO/LAO double hetero-

structures, with mirror-symmetric TiO2/LaO interfaces, will

result in a DEG density equivalent to 1/2 an electron per unit

cell at each interface. This can be illustrated depending on the

symmetry of the structure, which forces a nearly flat electro-

static potential over the LAO layer. Gauss’ law then states that

the net charge density at each interface (integrated over the

width of the 2DEG) has to be zero, i.e., no electrons infiltrate

away from the interface. In STO/LAO, growing such symmet-

ric interfaces has been confirmed to be very hard.11 For the

double n-type symmetric supercells, which owns no polar

fields and in which there are no holes existing to innovate elec-

trostatic attraction, DFT simulation still detects limited elec-

tron gas at the interface. This has already been presented in

Refs. 32 and 39. For symmetric supercells with no polar fields,

it would be expected that the electrons would occupy the

lower-energy conduction band edge of the two substances and

would distribute over the substrate.

In this interface, EF is in the conduction band, as

expected, because of the formal charge in the LaO slab. The

state near EF is fundamentally consisting of Ti-3 d states at

the interface. The n-type metallicity in this superlattice is a

consequence of the charge transfer from the (LaO)þ layer to

the (TiO2)0 layer. This is recognized by the Ti-mixed valency

at the interface. The symmetrical nature of the charge density

in the STO layer is a result of our first-principles computation

needing to preserve periodicity over the (001) direction, and

thus corresponds a superlattice including two interfaces. The

type of symmetric structure is shown in Figure 1, with two

similar interfaces, is never accomplished in experiment. In

most practical applications, the LAO layer is of limited thick-

ness. In Figure 1, it is supposed that an ideal STO layer (with

TiO2-LaO planes at the interface) can be put on top of the

LaO. Empirically, it is not easy to cultivate STO/LAO/STO

structures with an interface between LaO and TiO2 planes;

therefore, a symmetrical model interface was utilized, with-

out the vacuum layer. As there are two interfaces within the

model, each interface receives an equal half of an electron. In

this type of model structure, the amount of electron transfer is

not dependent on the LAO thickness, in contrast to the out-

comes that relied on the stoichiometric LAO and STO slabs.

We have calculated the effective mass of electrons (m�e)

from the calculated band structure of the two symmetric

n-type 6.5STO/1.5LAO interface (Fig. 3(c)). Usually, we

estimated the value of m�e from the conduction band mini-

mum curvature. The diagonal elements of the effective mass

tensor, me, for the electrons in the conduction band are calcu-

lated in the following expression:

FIG. 2. Calculated electronic band structure of 6.5STO/1.5LAO using (a) LDA, (b) PBE-GGA, and (c) EVGGA.
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1

m�e
¼ 1@2E kð Þ

�h2@k2
: (1)

The effective mass of electron is assessed by fitting the

electronic band structure to a parabolic function, Eq. (1). The

calculated electron effective mass ratio (m�e=me) around C
point of BZ is about 0.0249, 0.0257, 0.0411, and 0.0315 for

Ti1-dxy, Ti2-dxy, Ti3-dxy, and Ti4-dxy, respectively, which

implies that the bands in the vicinity of Fermi level (EF)

possess low effective masses (m�) resulting in high mobility

carriers and hence high electrical conductivity in good agree-

ment with pervious work.28,40

Figure 3(c) lays out the amendments of the projected

density of the state of Ti in the layer neighboring to the inter-

face (Ti1) and in a further distance (4th) layer (Ti4). In the

interface layer, the relaxation results in a small shift of the

conduction 3dxy band to the low-energy region and, more

substantially, to a decrease DOS adjacent to the Fermi

energy level which proposes a decrease in the density of the

charge carrier. Compared to the interface TiO2, the relaxed

FIG. 3. (a) Calculated electronic band structure of 6.5STO/1.5LAO along with the total density of states using EVGGA. (b)–(c) Calculated electronic band

structure of 6.5STO/1.5LAO superlattices along with the Ti1,2,3,4-3dxy partial density of states in the vicinity of Fermi level.
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FIG. 5. Calculate total valence charge density distribution for 6.5STO/1.5LAO.

FIG. 4. Calculated partial density

of states for 6.5STO/1.5LAO using

EVGGA.
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3dxy band of Ti4 is moved further below the Fermi energy

level and the DOS at the Fermi energy level is strengthened.

The shifting conduction bands also create changes in their

particular charge occupancies. The fact that the Ti 3 d state is

partially occupied reveals that there is mixed valency of þ3

and þ4 in Ti. The accumulation of metallic states moves

through the manifestation of the electron carriers in the Ti

3dxy bands. This is escorted by filling up the gap which, for

N(LaO)¼ 2, exists between the oxygen 2 p and the La 5 d and

Ti 3 d bands. The 2 p states of the oxygen in the AlO2 planes

approach the Fermi energy from below, while the interface Ti

3dxy states cross the Fermi energy level from above.

The largest addition to the occupied states near EF

comes from the interfacial Ti ion, with the rest of the Ti

FIG. 6. (a) and (b) Calculated Fermi

surface for 6.5STO/1.5LAO interface

using EVGGA.
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atoms participating less as the distance to the interface rises.

This is correct for LDA, PBE-GGA, and EVGGA approxi-

mations. There is no contribution from the interfacial La

ions to the occupied states, as that peak is displaced towards

the right in comparison to the La atom at the free surface of

the sheet. There is one electron per two symmetric n-type

interfaces that participates in the 2DEG, and this electron is

distributed out through five Ti layers on either side of the

interface. In Figures 3(a) and 3(b), EF crosses four dxy bands

of the first four Ti atoms from the interface. A general

understanding of the conducting mechanism at oxide inter-

faces is a crucial prerequisite for the development of real

electronic devices and applications. The origin of the high

concentration of electronic charge carriers at the interface

between LAO and STO is still the topic of controversial

debate.

To further understand the physical properties of the two

symmetric n-type 6.5STO/1.5LAO interfaces, the angular

momentum solved projected density of states is also investi-

gated as is illustrated in Figure 4. It has been noticed that

there exists a sturdy hybridization between La-s with Ti-s,

Sr-s with Al-s, Ti-p with Al-p states, and Al-p with Ti-s. The

hybridization may result in the formation of covalent bond-

ing and the strengths of the covalency will depend on the

degree of hybridization. To support this statement, we have

investigated the bond’s nature and the interactions between

the atoms as shown in Figures 5(a)–5(c). Following these fig-

ures, we obtained a clear map of the valence band electronic

charge density distribution of the two symmetric n-type

6.5STO/1.5LAO interfaces in three crystallographic planes,

namely, (0 0 1), (1 0 0), and (1 1 0). The (0 0 1) crystallo-

graphic plane (Figure 5(a)) shows the O and Al atoms exhibit

weak covalent bonding, and the O atoms are surrounded by a

spherical charge. It has been observed that the (1 0 0) plane

(Figure 5(b)) exhibits only O and Ti atoms; the O atoms are

surrounded by a spherical charge and the outer shell forms

weak covalent bonds with the nearest Ti atoms. Therefore,

the bond between O-Ti is mostly ionic and partially covalent

due to the Pauling electronegativity differences between Ti

(1.54) and O (3.44). Whereas the (1 1 0) (Figure 5(c)) plane

exhibits all the atoms, and it has been noticed that La atoms

form ionic bonding while Sr atoms form weak covalent

bonds with O atoms. Due to electronegativity differences

between La (1.1), Al (1.61), Ti (1.54), Sr (0.95), and O

(3.44), one can notice that the charge is attracted across O

atoms which is obviously displayed by the blue (1.0000)

color corresponding to the maximum charge accumulation

site in accordance with the charge density scale.

It was earlier mentioned that the calculated electronic

band structure shows that there are some bands crossing the

Fermi level to form a Fermi surface in accordance with our

observation of partial density at the Fermi level. These bands

consist mainly of Ti1,2,3,4-3dxy states with some other

states. The Fermi level is identified by the Kohn–Sham

eigenvalues of the highest occupied state. The Fermi surface

is displayed in Figures 6(a) and 6(b). The observed Fermi

surface composes of empty regions that represent the gaps

and shaded regions corresponding to the electrons.

IV. CONCLUSIONS

We have explored the electronic structure of the two

symmetric n-type 6.5STO/1.5LAO interfaces using the all-

electron full potential linearized augmented plane wave plus

the local orbitals (FP-LAPWþlo) approach based on the

density-functional theory. The metallic state is acquired for

the relaxed structure of a superlattice with the (LaO)þ/

(TiO2)0 interface using LDA, PBE-GGA, and EVGGA

approximations. Ionic relaxation plays a significant role in

forming the localization of the extra electron on the interface

Ti ions and infiltration into the bulk layer. Analysis of the

total and projected DOS indicates that states near EF are due

to the Ti-3 d states at the two symmetric n-type interfaces.

We focused on the interaction between Ti and La at the inter-

face. The strong interfacial hopping triggers a rise in the

energy of the La dxy state, and a lowering in the energy of

the Ti dxy state. Compared to the other Ti orbitals in the sub-

strate, the Ti d orbitals at the two symmetric n-type interfa-

ces are appropriate because they have more energy and are

thus able to more effectively bind electrons to the interface.

In the language of chemistry, a couple of bonding and anti-

bonding states between the two cations are formed at the

interface. The calculated valence band electronic charge den-

sity distribution of the two symmetric n-type 6.5STO/

1.5LAO interfaces helps to investigate the bond’s nature,

charge transfer, and the interactions between the atoms. The

calculated valence band electronic charge density reveal that

the charge is attracted towards O atoms which are sur-

rounded by uniform blue spheres which indicate the maxi-

mum charge accumulation.
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