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1.  Introduction

The metallic heterointerface between two insulating oxides 
[1], namely, polar LaAlO3 (LAO) and non-polar SrTiO3 (STO) 
is continuously attracting high interest (see, for example, 
the recent reviews [2, 3]). The metallic conductivity occurs 
when the LAO overlayers reach a critical thickness and the 
impending polar catastrophe is mitigated by charge transfer 
from the LAO surface to the STO side of the interface [4, 5]. 
However, the number of LAO layers required to generate 
a metallic state is still a matter of debate [6]. While exper
imentally a metallic interface state was found when the LAO 
film reaches a critical thickness of four unit cells [5], ab initio 
calculations as based on density functional theory (DFT) led 
to differing results.

This is to some extent due to the use of different func-
tionals within DFT. In particular, as well known, local and 

semilocal exchange-correlation functionals as provided by 
the local density approximation (LDA) and the generalized 
gradient approximation (GGA) underestimate the band gap 
of semiconductors and insulators and therefore cast doubt on 
the transition point. This shortcoming may be overcome by 
the GGA+U approach, which, allows to take into account 
local correlations within a selected subset of orbitals [7–9]. 
However, results depend on the value of the on-site Coulomb 
interaction U (and the Hund’s rule coupling parameter J) as 
well as on the set of orbitals these corrections are applied 
to. Probably the most accurate approach currently available 
is provided by hybrid functionals. Indeed, while from GGA 
calculations band gaps of 1.6 eV for STO and 3.5 eV for LAO 
were obtained, which are considerably smaller than the exper
imental values of 3.2 eV and 5.6 eV, respectively, hybrid func-
tional calculations led to 3.1 eV and 5.0 eV [10]. Very similar 
values were reported by Mitra et al [11]. In contrast, Nazir and 
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Yang opted for the GGA+U approach with =U 7.5La  eV and 
=U 5.8Ti  eV [12]. Applying these values to the parent com-

pounds they found band gaps of 2.5 eV for STO and 3.1 eV for 
LAO, which are close to the GGA results.

Using the same values of ULa and UTi in their calculations 
for a heterostructure, Nazir and Yang obtained a band gap of 
0.15 eV for a slab with four LAO layers and metallic behav-
iour beyond. This finding is in qualitative agreement with the 
results of Cossu et  al, who used a symmetric slab with 5 1

2
 

central STO layers sandwiched by a varying number of LAO 
layers with the slabs separated by a 20 Å thick vacuum region 
[13]. Applying a hybrid functional they obtained a band gap 
of 0.6 eV for four LAO layers, while the structure with five 
layers was found to be metallic. However, hybrid functional 
calculations are computationally very demanding, which is 
a limiting factor especially for the study of transition-metal 
oxide heterostructures with large unit cells. In view of the 
general agreement that in these systems the electronic correla-
tions beyond the semilocal approximation are well captured by 
on-site Coulomb interactions, the GGA+U approach offers a 
viable alternative. In adopting this approach, Breitschaft et al 
used values U  =  2 eV and J  =  0.8 eV at the Ti sites. In addi-
tion, in order to avoid a spurious mixing of the La 4f states 
with the Ti 3d bands, a large U of 8 eV was imposed on the 
La 4f orbitals [14, 15]. The necessity of introducing on-site 
correlations in the form of an additional Hubbard U also for 
the La 4f states to reduce their impact on the lower conduction 
bands was previously pointed out by Okamoto et al, who used 
yet increased values of =U 11La  eV and =U 5Ti  eV as well as 
=J 0.68La  eV and =J 0.64Ti  eV [16]. The same values were 

also adopted by Zhong and Kelly [17]. Pentcheva and Pickett 
used still another parameter set of =U 7.5La  eV and =U 8Ti  
eV as well as =J 1Ti  eV [18]. Nevertheless, an exhausting 
investigation of the dependence of the electronic properties on 
the values of U is still missing. To this end, the aim of the pre-
sent contribution is to provide a systematic study of the impact 
of the strength of the on-site Coulomb interaction within the 
GGA+U approach on the electronic structure and especially 
the band gap of the LAO/STO heterostructures using a variety 
of different parameters sets.

2.  Method

The ab initio calculations discussed in the present work were 
based on density functional theory (DFT) [19, 20]. Exchange 
and correlation effects were accounted for by the generalized 

gradient approximation (GGA) as parametrised by Perdew, 
Burke, and Ernzerhof (PBE) [21]. The Kohn–Sham equa-
tions  were solved with projector-augmented-wave (PAW) 
potentials and wave functions [22] as implemented in the 
Vienna Ab-Initio Simulation Package (VASP) [23, 24], which 
is part of the MedeA  software of Materials Design [25]. 
Specifically, we used a plane-wave cutoff of 400 eV. The force 
tolerance was 0.05 eV 

−
Å

1
 and the energy tolerance for the 

self-consistency loop was 10−5 eV. The Brillouin zone of 
the heterostructure was sampled on Monkhorst–Pack grids 
of × ×5 5 1 and × ×9 9 1 k-points in order to explore the 
influence of the density of this mesh; for bulk LaAlO3 and 
SrTiO3 a grid of × ×9 9 9 k-points was used. The GGA+U 
calculations were performed within the simplified approach 
proposed by Dudarev et al [26], which takes only the differ-
ence of U  −  J into account. In the present context, we focus 
on the impact of the U  −  J—term as applied to the La 4f and 
the Ti 3d orbitals on the electronic properties. In doing so, we 
performed a series of spin-degenerate calculations with values 
for U ranging from zero to 5 eV and 9 eV, respectively, for the 
Ti 3d and La 4f states. For the sake of conciseness, we will use 
the symbol Ū short for U  −  J in the text below.

The heterostructure was modeled by a central region of 

SrTiO3 comprising 4 1

2
 unit cells with TiO2 termination on 

both sides and four LaAlO3 overlayers with LaO termina-

tion towards the central slab and AlO2 surface termination 
also on both sides (see figure 4 of [27] and figure 1). This 
slab model guaranteed a non-polar structure without any 
artificial dipoles. In order to avoid interaction of the surfaces 
and slabs with their periodic images a 20 Å vacuum region 
was added in accordance with previous work [13, 27]. The 
in-plane lattice parameter a  =  b  =  3.905 Å was fixed to the 
experimental values of bulk SrTiO3 [1] and kept fixed for all 
subsequent calculations reflecting the stability of the sub-
strate. However, the atomic positions were fully relaxed. The 
structural relaxations caused particularly displacements of 
the metal atoms in the layers close to the interface relative 
to the oxygen atoms of the respective layers. Interestingly, 
these displacements point to opposite directions. To be spe-
cific, a negative displacement ( )∆z TiO2  of the +Ti4  ions and 
a positive displacement ( )∆z LaO  of the +La3  ions relative 
to the −O2  ions of the respective same layer as indicated 
in figure 1 were obtained. Negative and positive here refer 
to  displacements towards and away from the center of the 
full slab, which, in figure 1, is located at the left boarder of 
the plot.

Figure 1.  Heterostructure consisting of a 4LAO/4.5STO/4LAO slab (see text; only half of the structure is displayed) as arising from 
a structural optimization using the GGA method. Note the opposite displacements z TiO2( )∆  of the Ti4+ ions and z LaO( )∆  of the La3+  
ions relative to the O2− ions of the respective same layer.
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3.  Impact of on-site Coulomb correlations  
on densities of states

In a first step, we investigated the electronic properties of the 
constituent bulk materials, namely, bulk LaAlO3 and SrTiO3, 
and studied their sensitivity to on-site Coulomb correlations as 
captured by the GGA+U approach. The results are displayed 
in figure 2. We used Ū values of 2 eV and 8 eV for the Ti 3d 
and La 4f states, respectively. Clearly, on inclusion of on-site 
correlations an upshift of the Ti 3d states by about 0.25 eV and 
of the La 4f states by about 3 eV relative to the GGA results is 
observed. However, while at the same time the calculated band 
gap of SrTiO3 is increased from 1.9 eV to 2.15 eV as expected, 
the band gap of LaAlO3 undergoes a considerable counterin-
tuitive decrease from 3.6 eV to 3.2 eV. According to figure 3 
the dependence of the band gap of both bulk systems on Ū is 
almost linear. Obviously, the band gap depends only slightly 
on the level, at which the GGA+U method is applied. To be 
specific, we performed two kinds of calculations. In the first 
set, the GGA+U approach was used for both the structural 
relaxation and the calculation of the band gap. In contrast, in 
a second set of calculations the structural optimization was 
performed at the GGA level and the GGA+U method used 

only for the evaluation of the band gap. However, the effect of 
Ū on the lattice parameter, which is the only structural degree 
of freedom of the perovskite structure, is rather limited. To 
be precise, for SrTiO3 the lattice parameter changes almost 
linearly from about 3.91 Å to 3.96 Å for ŪTi ranging from 
0 to 9 eV and for LaAlO3 it changes from about 3.78 Å to 
3.80 Å within the same range of ŪLa values. These changes 
are similar to the differences obtained from LDA and GGA as 
well as their deviations from experimentally determined lat-
tice parameters, which likewise usually do not have a large 
impact on the band gap.

Though the decrease of the band gap of bulk LaAlO3 with 
increased values of Ū comes somewhat unexpected it can be 
understood from closer inspection of the partial densities of 
states shown in figure 2. Obviously, the La 5d states experi-
ence suppression at energies close to the La 4f states due to 
strong level repulsion. As a consequence, upshift of the La 
4f states due to increase of Ū causes a suppression of the 5d 
density of states in the upper part of the 5d bands rather than 
at their lower edge. At the same time the center of gravity of 
the 5d bands is shifted downwards by about 1 eV. Since the 
lower tail of the 5d partial DOS recombines with the main 
part this downshift is not fully translated into a corresponding 
reduction of the band gap. Instead, the latter is reduced by 
only 0.4 eV as mentioned above. As we will see below, this 
mechanism is likewise effective in the heterostructure, where, 
however, the opposing trends of the band gaps of SrTiO3 and 
LaAlO3 in response to switching on and increasing local cor-
relations as well as the presence of both Ti 3d and La 5d states 
will induce a more complex behavior.

The total and partial densities of states calculated for a 
slab consisting of the central STO region with four and a half 
unit cells sandwiched by four LAO unit cells on each side are 
presented in figure 4. All calculations employed a k-mesh of 
× ×9 9 1 points. Four different points in the (ŪLa, ŪTi) param

eter space are considered including GGA calculations and the 
set ( ¯ =U 8La  eV, ¯ =U 2Ti  eV). For all sets, we observe dominant 
O 2p valence bands, which are (almost completely) separated 

Figure 2.  Densities of states (DOS) of bulk SrTiO3 (top) and bulk 
LaAlO3 (bottom) as calculated using the GGA (top) and the GGA+U  
method (bottom). Ū values of 2 eV and 8 eV were used for the  
Ti 3d and La 4f states, respectively.

Figure 3.  Calculated band gaps of SrTiO3 and LaAlO3 as a function 
of the parameter Ū. Curves labeled ‘GGA opt, +U el’ refer to 
calculations with the structural relaxation performed at the GGA 
level and the GGA+U calculations used only for the calculation of 
the electronic properties. In contrast, curves labeled ‘GGA+U full’ 
refer to calculations, which used the GGA+U method in both steps.

J. Phys.: Condens. Matter 29 (2017) 095501
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from the metal d and f states. Especially the latter experience 
considerable shifts and deformations as soon as local correla-
tions via the Ū parameters are taken into account. To be spe-
cific, within the GGA semiconducting behavior with a small 
band gap of 0.13 eV is observed, which turns into metallic 
conductivity on the addition of a fifth LAO layer. This is in 
agreement with previous studies [12]. Worth mentioning is the 
overall width of the La 4f bands, which results from a distri-
bution of single peaks of the various La atoms in the different 
LaO layers. As expected, on adding a Ū of 2 eV at the Ti sites, 
the band gap increases to a value of 0.25 eV while the overall 
shape of the partial densities of states is not affected. This 
changes drastically as soon as local correlations for the La 4f 
states are taken into account. In particular, the 4f states shift 
by about 3 eV just as observed for bulk LaAlO3. In addition, 
f-wave bands originating from atoms in different planes are 
concentrated in a narrower energy range. Most importantly, 
however, a downshift of the Ti 3d bands is observed, which 
in turn leads to metallic band overlap for both ¯ =U 0Ti  eV and 
¯ =U 2Ti  eV. While the reduction of the band gap is similar to 

the behavior observed for LaAlO3, it is now primarily due to 
the Ti 3d states, which form the lower edge of the conduction 
band. Nevertheless, we still find considerable downshift of the 
center of gravity of the La 5d states with increasing ŪLa. This 
is mainly due to the suppression of these states in the energy 
window between about 3 and 4.5 eV observed in the calcul
ations with zero ŪLa. In contrast, the upper part of the La 5d 
partial DOS between 5 and 7.5 eV is rather unaffected by the 
shift of the La 4f states. Restoration of the La 5d states in the 
range from 3 and 4.5 eV due to the upshift of the La 4f levels 
induced by the increased ŪLa leads to a concomitant downshift 
of the Ti 3d bands and, hence, to closing of the band gap. We 
will discuss possible origins of this behavior below.

The partial densities of states also reveal an overall similarity 
within the (ŪLa, ŪTi) parameter space. As even closer inspection 
has shown, in all cases crystal field splitting of the Ti 3d states 
into weakly bonding t2g and well separated bonding and anti-
bonding eg states is found. As a consequence, the t2g manifold 
is forming the conduction band minimum at and close to the 
interface. Furthermore, we observe additional splitting of these 
states into low lying interplanar dxy states as well as dxz and dyz 
states at slightly elevated energies in agreement with previous 
work [28, 29]. In contrast, the latter two states become more 
pronounced at the conduction band minimum in TiO2 layers 
away from the interface. A layer-resolved analysis of the evo

lution of the t2g states within the central STO region of up 20 1

2
 

layer thickness has been provided in [29].

4.  Layer-dependence of formation of the metallic 
interface

Motivated by the previous results and due to the lack of 
detailed studies in the literature we complemented the pre-
vious results by a systematic investigation of the dependence 
of the electronic properties on the values of ŪLa and ŪTi. The 
results of this screening are summarized in figure  5, which 
displays the calculated band gaps for a variety of combina-
tions of the two Ū values. The results are arranged on two 
sheets corresponding to the above-mentioned two different 
k-point grids with × ×5 5 1 and × ×9 9 1 points, respectively. 
Obviously, the band gap changes by about 0.1 eV on going 
from the coarse grid to the fine grid. However, this change 
is almost independent of the particular values of ŪLa and ŪTi. 
Both sheets thus reflect the findings already discussed above, 
namely, the strong increase of the band gap with increasing 
ŪTi and its decrease with increasing ŪLa.

As already discussed in connection to figure  4, interpre-
tation of the opposing response of the band gap to the Ū 
parameters in terms of the partial densities of states and level 
repulsion between the d and f states is not as clear as for bulk 
LaAlO3. We have thus inspected other calculated quantities of 
the heterostructure in order to identify a possible origin of the 
band-gap behavior, especially in dependence on ŪLa. Indeed, 
a possible explanation is offered by the displacement of the 
Ti atoms out of the oxygen plane at the interface as a function 
of ŪLa and ŪTi. According to figure 6 this displacement shows 

Figure 4.  Densities of states (DOS) of a 4LAO/4.5STO/4LAO slab 
as calculated using different values of Ū and a k-mesh comprising 
9 9 1× ×  points.

J. Phys.: Condens. Matter 29 (2017) 095501
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the opposite dependence on the Ū values as the band gap, 
namely, a (negative) decrease with increasing ŪTi and a (nega-
tive) increase with increasing ŪLa. The relation to the band gap 
can thus be understood in terms of a simple chemical picture 
based on the bonding-antibonding splitting of the Ti 3d and O 
2p orbitals. A short distance between these two types of atoms 
as signaled by a small (negative) displacement leads to a large 
band gap and vice versa as is indeed observed in figure 5.

In order to check if this scenario can indeed explain the 
change of the band gap we calculated the partial densities 
of states of the atoms of the TiO2 layer at the interface, i.e. 
of those atoms, which are covered by figure  6, for the sets 
( ¯ =U 0La  eV, ¯ =U 2Ti  eV) and ( ¯ =U 8La  eV, ¯ =U 2Ti  eV). If the 
above scenario were valid, an increased value of ŪLa should 
via an increased absolute value of the displacement ( )∆z TiO2  
of Ti atoms out of the TiO2 plane induce a decreased ener-
getical separation of the O 2p and Ti 3d bands. However, the 
calculated partial densities of states as displayed in figure 7 
do not give any indication for such a scenario. Indeed, on 
going from ¯ =U 0La  eV to ¯ =U 8La  eV the O 2p bands are 

shifted downwards by the same amount as the Ti 3d levels. 
We thus have to rule out the displacement of the Ti atoms out 
of the TiO2 plane at the interface as the major source of the 
decreasing band gap with increasing ŪLa.

Next, we turn to a different scenario, which is based on 
the displacement ( )∆z LaO  of La atoms out of the LaO plane 
at the interface as a function of the Ū parameters as displayed 
in figure 8. For all values of the Ū parameters included in 
the figure we find a positive displacement, which signifies 
that the La atoms are shifted away from the LaO interface 
layer, as shown in figure  1(b) of [29]. Most prominently, 
the shift is reduced for increasing ŪLa, which according 
to figure  6 is accompanied by a negative displacement of 
the Ti atoms in the interface layer as is expected when 
electrostatics is accounted for. This scenario was already 
addressed by Zabaleta et al in the context of the application 
of hydrostatic pressure, which likewise tends to reduce the 
buckling in the LaO layer [29]. According to Zabaleta et al, 
the concomitant suppression of the dipole moment of this 
layer would reduce the screening of the polar discontinuity, 

Figure 5.  Calculated band gap as a function of ULa¯  and UTi¯ . The 
black and blue points refer to calculations using k-point grids of 
5 5 1× ×  and 9 9 1× ×  points, respectively. The dashed black and 
solid blue surfaces result from interpolation between the calculated 
band gaps and serve as guides to the eyes only.

Figure 6.  Displacement z TiO2( )∆  of Ti atoms out of the TiO2-plane 
next to the interface as a function of ULa¯  and UTi¯ . The solid blue 
surface results from interpolation between the calculated points and 
serves as a guide to the eyes only.

Figure 7.  Partial densities of states (DOS) of a 4LAO/4.5STO/4LAO 
slab as calculated using the sets (U 0La¯ =  eV, U 2Ti¯ =  eV) and 
(U 8La¯ =  eV, U 2Ti¯ =  eV). The partial densities of states comprise 
contributions from atoms in the interface layer only.

Figure 8.  Displacement z LaO( )∆  of La atoms out of the LaO-plane 
next to the interface as a function of ULa¯  and UTi¯ . The solid blue 
surface results from interpolation between the calculated points and 
serves as a guide to the eyes only.

J. Phys.: Condens. Matter 29 (2017) 095501
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which fact enhances the charge density at the interface [29]. 
In the present context we thus suggest that increasing ŪLa, 
via the reduced dipole moment in the LaO layer and the 
resulting reduced screening of the polar discontinuity, even-
tually entails a corresponding increase of the electrostatic 
potential across the LAO slab. The latter induces an upshift 
of the surface O 2p states relative to the Ti 3d states at the 
interface that, according to the layer-resolved partial densi-
ties of states displayed in figure 9 (see also [15, 30, 31]), 
closes the band gap between these states. We thus arrive at 
the important conclusion that the effect especially of ŪLa on 
the electronic properties is only indirect since this param
eter mainly controls the buckling of the LaO planes and of 
the TiO2 interface plane and affects the electronic bands 
only via this structural characteristic.

5.  Conclusions

The present study has led to a variety of important results. 
While for bulk SrTiO3 increasing influence of local electronic 
correlations as captured by the on-site Coulomb repulsion 
parameter ŪTi applied to the Ti 3d states leads to the expected 
increase of the band gap, a counterintuitive decrease of the 
band gap with increasing value of ŪLa for the La 4f states of 
bulk LaAlO3 is observed. From analysis of the partial densi-
ties of states we were able to explain this behavior by recovery 

of the lower conduction band of La 5d character from defor-
mation due to 5d-4f level repulsion as the La 4f states shift to 
higher energies and thereby to identify the purely electronic 
origin of this behavior. While for the heterostructure, analysis 
of the partial densities of states likewise reveals increase and 
decrease or even closure of the band gap with increasing ŪLa 
and ŪTi, respectively, as well as the 5d-4f level repulsion, a 
simple interpretation is spoiled by the presence of the Ti 3d 
states at the conduction band edge.

Systematic screening of the (ŪLa, ŪTi) parameter space 
allowed to identify correlations between different structural 
and electronic properties. In particular, decrease/increase of 
the band gap goes along with (negative) increase/decrease 
of the displacement of the Ti atoms out of the TiO2 inter-
face plane and (positive) increase/decrease of the La atoms 
out of the LaO interface plane. However, inspection of the 
partial densities of states gave no indications for a change 
in bonding-antibonding splitting between the O 2p and Ti 
3d bands, which would explain the change in band gap in 
terms of the structural distortion with the TiO2 interface layer. 
Following the pressure study of Zabaleta et al [29] we thus 
arrive at a non-local scenario relating the band-gap trends to 
the buckling of the LaO layers close to the interface, which in 
turn has a strong impact on the dipole moment of this layer. 
Reduced buckling would thus translate into reduced screening 
of the polar discontinuity and a stronger electric field in the 
LAO slab, which causes upshift of the O 2p valence states 
at the surface relative to the Ti 3d conduction bands at the 
interface and thus decrease of the band gap. In conclusion, 
our calculations reveal that the impact of local electronic cor-
relations on the electronic properties is primarily due to strong 
electron-lattice coupling, which controls the buckling of the 
LaO layers close to the interface.
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