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ABSTRACT

Density functional theory (DFT) technique was used to study the influence of Hubbard U on
the calculated electronic properties of perovskite SrTiOs We used the Quantum Espresso
(QE) software package with exchange-correction energy function within local density
approximation for DFT and DFT+U calculations. The band structure, total and partial
density of states (DOS and PDOS) were calculated. Three set of methods were adopted in
the calculations: DFT without U, DFT+U with calculated U through linear response theory,
and DFT+U with manually increment of U value. The calculated Hubbard U using linear
response theory is 3.27 while selected U for manual increment method were chosen from
4.27 to 10.27 with an interval of 1. For DFT and DFT+U with calculated U, the calculated
band gaps were 1.80 and 2.19 eV respectively. During increasing of U, the calculated band
gap were increasing from 2.43 eV (@U=4.27) and reaches peak of 3.06 eV (@U=8.27)
which later reduce to 2.19 eV (@U=10.27). Therefore, DFT+U method with incremental
Hubbard U resulted in better band gap value of 3.06eV that is closer to the experimental
result of 3.25eV.

Keywords: SrTiOs, QE, Energy Band Gap, Density of State, Hubbard-U Parameter, DFT,
DFT+U.

1. INTRODUCTION

DFT + Hubbard U (DFT+U) is a method which aims to correct limitations of density functional
theory (DFT) calculation especially in electronic properties [1]. Local density approximation
(LDA) and generalized gradient approximation (GGA) [2] are the common function among
several exchange-correlation energy functions in DFT calculation used in calculation of band
gap for semiconductors and insulators [3,4]. However, they mostly underestimate the band gap
value and cast doubt on results of transition point of the material [4,5]. In the DFT+U approach,
energy band gap of most materials can be improved by varying the U parameter [6,7]. The
DFT+U methods has been explored by Kinaci, Sevik & Cagin (2010) using SrTiO3z and they found
that the band gap improved with DFT+U; at U= 3.2 and 5, the band gap were 2.026 and 2.351 eV
respectively.

SrTiO3 (STO), a transition metal oxides, is a perovskite oxide with a crystalline cubic structure at
room temperature and tetragonal structure (phase transition) at 105 K [8,9]. Recently, STO
draws attention of numerous researchers because of its applications in ferroelectric,
electroconductive, and photovoltaic devices. However, the knowledge of electronic properties
(band structure, electronic structure and density of state) of materials is essential for the
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development of new applications. Several literature had reported the structural, dielectric [10],
optical [11], infrared [12] and as well as electron paramagnetic [13] properties of SrTiOs.

Numerous authors has found band gap of SrTiO3z has 3.25 eV experimentally [14,15]. However,
the value of the band gap of STO calculated from DFT techniques was found to be 1.86 eV,
1.92eV and 1.63eV using QE, ABINT and WIEN2K code respectively [9,16-17]. The band gap
energy of 2.7eV has been achieved by using Tran and Blaha modified Becke_Johnson (TB-
mBJLDA) potential [18] using WIEN2K code [17]. According to Kinaci and others different
exchange correlation functions such as PBE-GGA, LDA and LDA+U (U= 3.2, 5) can be used for the
DFT calculation [7]. By using VASP code [7], The resulting band gap of 1.855, 1.717, 2.026 and
2.351eV respectively.\444 The results of DFT, DFT+U, and TB-mBJLDA shown the calculated
band gaps were underestimated compared to experimental value. So in this project, we
calculates the band gap of STO using DFT, DFT+U with calculated U from linear response theory
and DFT+U with incremental U methods in an attempt to find the best method for finding the
band gap value that are much closer to the experimental measurement.

2. COMPUTATIONAL WORK

First-principles calculations based on DFT and DF+U were used for electronic properties
calculation of STO as implemented in QUANTUM ESPRESSO (QE) package. The calculation
involved exchange and correlations according to local density approximation (LDA) function as
parametrized by Perdew and Wang (PW91) pseudopotential. Computation were performed by
chosen Ti site as origin of the cell and Sr at the body-center (0.5, 0.5, 0.5) with the three O atoms
at the three face centers (0.5, 0.5, 0.0), (0.0, 0.5, 0.5) and (0.5, 0.0, 0.5) [19]. The lattice constant
0f 0.3905nm were adopted from the experimental results in [20]. From five-atom primitive unit
cell of STO, supercell of 60 atoms was constructed by expanding the unit cell (2 x 2 x 3
dimension).

First Brillouin zone of the material was accomplished using 6 x 6 x 4 points from Monkhorst-
Pack method [19]. Energy cutoff of 90 Rydberg in a plane-wave basis set was used for
calculation. Marzari-Vanderbilt smearing size was fixed to 0.1 Ry. Geometry optimization of the
supercell were performed using variable cell relaxation (vc-relax) calculation as implemented in
Quantum Espresso code. Three different methods were adopted for calculating electronic
properties of STO: DFT without U value (method 1), DFT+U with calculated U (method 2) and
DFT+U with incremented U (method 3). The calculated Hubbard U was determined using linear
response theory. For incremented U, seven U values were used starting from 4.27 to 10.27 with
an interval of 1, where band gap value will be determined from the calculated band structure
with changing in U. The band gap values from the three methods will be compared and hence
will determine the best method for finding the band gap for SrTiOs using first principle methods.

3. RESULTS AND DISCUSSIONS

Table 1 shows the result of value of band gap of SrTiO3 calculated using DFT, DFT+U with linear
response and DFT+U with incremental method. Our calculated band gap of STO using DFT was
1.85 eV which is in good agreement with earlier DFT calculations [7, 9,16-17]. For DFT+U with
calculated U, the U value were obtained using linear response theory was 3.27 which resulted to
calculated band gap of 2.19 eV. Figure 1 shows the graph of band gap value versus Hubbard U
for DFT+U with incremental U. Here, the band gap values increases with increasing the U value
from 4.27 to 8.27 which later decreases until U=10.27. The band gap value of 2.43 eV and 3.06
eV were obtained from U of 4.27 and 8.27 respectively, while bandgap value of 2.19 eV was
obtained at U of 10.27. For DFT+U with incremental U, the maximum band gap of 3.06 eV was
found at 8.27 of U. Our results obtained using standard PW91 exchange correlation potential is
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found to be closed to experimentally determined indirect band gap value of 3.25eV. Similar
result was reported by Wahl, Vogtenhuber, and Kresse [21] with band gap value of 3.07 eV, but
they calculated their band structure using hybrid HSE06 exchange correlation functional using
DFT method [21]. Our calculation shown that DFT+U with standard LDA can get results with
agreement with DFT with hybrid functional.

Table 1 The value of band gap of SrTiOs calculated using DFT and DFT+U

U value Band Gap (eV)
DFT - 1.85
DFT+U
(using linear response theory for calculating U) 3.27 2.19
4.27 2.43
5.27 2.58
DFT+U 6.27 2.74
(Incremental of U parameter) 7.27 2.96
8.27 3.06
9.27 2.68
10.27 2.19
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Figure 1. Trend of Hubbard U parameter on the energy band gap of SrTiO:s.
3.1 Band Structure

The band gap data in Table 1 was measured from band structure shows in Figure 2. In this
figure, the band structure of SrTiOz were calculated with high symmetry lines along the
Brillouin zone paths; R (0.5 0.5 0.5), I (0.0 0.0 0.0), X (0.0 0.5 0.0) and M (0.5 0.5 0.0). The
valence band maximum (VBM) and the conduction band minimum (CBM) lies at I" point of the
electronic band structures for three methods indicate the direct band gap properties of material.

The maximum valence band region of all the samples that located at I' point were composed of
the O-2p states with a minor contribution of Ti-3d and Sr-4p states while the minimum
conduction band region originated from 3d and 2p orbital states of Ti and O respectively. The
Fermi energy level (Er) are indicated with red line as shown in Figure 2. Our Ef were calculated
to be 5.7097 eV (method 1), 7.4364 eV (method 2) and 7.8524 eV (method 3). The Ef was found
to be closed to VBM by using method 1 which indicates p-type material. Using method 2 and 3,
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the Er was found closed to CBM which shows n-type of the materials and is in good agreement
with experimental result in [7,22].

10f

Energy (eV)

Energy (eV)

Figure 2. Band structure of STO using; (a) DFT, (b) DFT+U with calculated U. and (c) DFT+U with
incremental U, along the symmetry line of Brillouin zone. The energy scale is in atomic units and red line
indicates the Fermi level.

3.2 Density of State

In Figure 3, total density of states show the region of conduction and valence band with vertical
dotted line indicating the Fermi level (E¢) on energy scale. Similar to the band structures, the
three density of states calculated from the three methods have similar shape of density of states
below and above the Fermi level. The density of states plots only differ in the width of the gap at
the Fermi level, as indicated from the increasing value of band gap from band structure
calculations. However close inspection shows that the peaks at the valence band (VB) are more
pronounced in the density of state plot by DFT+Us’ calculations.

Figure 3 also shows that the energy difference of VB to Ef are 0.99, 2.68 and 3.02 eV with

intensity of the peak values of 74.5, 75.2 and 77.8 for method 1, 2 and 3 respectively. Likewise,
the energy difference of conduction band (CB) from E¢ are 3.80, 2.32 and 2.28 eV with intensity
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of the peak values at 64, 71 and 58.6 for method 1, 2 and 3 respectively. Fermi level shifted to
level near in method 3 indicates the n type material as discussed in the previous paragraph.
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Figure 3. Total density of state of STO using (a) DFT, (b) DFT+U with calculated U and (c) DFT+U with
incremental U methods.

The plots of partial density of states calculated using DFT, DFT+U with calculated U and DFT+U
with incremental U values were shown in Figure 4. These plots show the participation of
different atoms in the band structure with their possible linear combination of atomic orbitals.
The top of valence band region is mainly dominated by 2p orbital of O with a small contribution
of 3d and 4p orbitals of Ti and Sr respectively while the conduction band region is formed
mainly by the 3d states of Ti with some part of the 2p states of O. The valence states are
dominated by the 2p orbital of O and the 3d orbital of Ti which is 3.018 eV to the Fermi level.
Intensity of DOS of Ti-3d orbital are pronounced in VB towards the core in methods 3 compared
to method 1 and 2. The shapes of DOS of O-2p orbital between the three methods are slightly
different. However, in method 3, the three peaks of the DOS of O-2p orbital are more
pronounced compared to other two methods.
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Figure 4. Partial density of state (PDOS) of STO using (a) DFT, (b) DFT+U with calculated U and (c)
DFT+U with incremental U methods.

15



Akeem Adekunle Adewale and Abdullah Chik / First Principles Enhanced Electronic Band...

4. CONCLUSIONS

From our calculations, the value of the SrTiOsz band gap of 1.8 eV from DFT technique, which is
much lower than the experimental value, can be improved by using DFT+U with incremental
value of U parameters, which is 3.06 eV that is closed to experimental result of 3.25 eV. DFT+U
with calculated U parameter only offered slightly higher value of band gap at 2.19 eV. The
addition of parameter Hubbard U in DFT calculations did not have any influence in the shape of
the total density of states but did changed the shapes of the partial density of states especially in
the shape of DOS of Ti-3d and O-2p orbitals. The Fermi level shifted up from closer to the
valence band to closer to the conduction band as in DFT+U calculation of SrTiO3; which lead to
changes in material electronic type.
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