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Vi () = [ eELLeE) gr g, (11.19)
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Vi (1) = 2Exletd] (11.20)

& plr]
Aapallh KOHN -SHAM <¥alas 458 (Say Sl
H¥i (1) = [~ 8i+ Vg (9] ®ir) = ¥, (1) (11.21)
O3S 3 ellac) Aty o5 AYI il g S 53165 UK e il Juadll sgall il o5 5iS0) JS sy Levie
(YA e

Veff(r) = Vext(r) + .r; p[r]dl’+ ch(r) (“-22)

v
S il KS Gl jlae oy oy

¥ (k1) =X, ¢, 0, (K1) (11.23)

Al Calls ) 2 @ilk,T)

2 skill O alaa Cij
L;u;g Cre ‘“_;d\ bl @l Hyadl C i O lalaall past e ST Kohn-Sham ddatas J s )
saill o Adlaall Cay iy ¢ § Jalaill s H Ao siliale 48 shian L) &5 ¢ Y] w313, 8l
;G

(H - & S)Ci =0 (11.24)
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sl 5 el Uil b Jal (e s E p(r)] J dsa ) 8 ) glisd
: (LDA)Adsal) 485SY) 4853 4.2, 11
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Elp()] = [ p(r)EL p(x)1dr (11.25)
LelSs a3l p ABUY aliie g SN 5] s JSY R Y5 Jalill A8l & €] p(r)] S
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Exc[p]l = J p(r) drElp(r)-Ap(r) ] (11.28)

D jlie € 0 cllaall 80 5005 (Sl o Jrns Bl 3 Lida Il GOA i alasiiad
G55, [13,14] Bl Jlea)  cpuend ()5 AW dai el Jps o LDA. (0 piall Cia sl
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: (FP-LAPW)3; jaall dhail) 4 gicuall 4 gall 485 50 52,11
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i () aSll 5 dadanie da sall ANy () S5 ¢ (région interstitielle) Al dslaidl 8 L S lalii

Apally 4 i€ Lo gl Al o 1Y)
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Résumé

Nous avons étudié les propriétés structurelle et électroniques du composé SrTiO3 avant et apres le dopage
avec des atomes de lanthane et de nickel en utilisant le programme de calcul Wien2k basé sur la méthode
des ondes planes augmentées linéarisées avec orbitales locales (FP-LAPW+Lo) et la méthode des ondes
planes augmentées (APW). En appliquant I'approximation du gradient généralisé (GGA) définie par
Perdew, Burke et Ernzerhof, ainsi que I'approximation modifiée de Becke et Johnson (mBJ). Nous avons
observé que lors du dopage du composé SrTiO3 avec des atomes de La, le niveau de Fermi se déplacait
vers le minimum de la bande de conduction et I'élargissement de la bande interdite pour les composes
Sr0.945La0.055TiO3 et Sr0.89La0.11TiO3 (2.924 eV et 2.986 eV), le rendant semi-conducteur de type n.
Nous avons également observé une diminution de la valeur de la bande interdite de SrTiO3 avec une
augmentation de la concentration de dopage en Ni (SrNi0.055Ti0.94503 et SrNi0.11Ti0.8903) a environ
1.337 eV et 0.263 eV en raison de I'apparition d'états d3 des atomes de Ni au milieu de la bande interdite.
Par conséquent, en raison de la valeur réduite de la bande interdite, (SrNi0.055Ti0.94503 et
SrNi0.11Ti0.8903) est un excellent absorbeur dans le domaine de la bande visible.

Mots-clés : programme de calcul Wien2k, méthode FP-LAPW+Lo, composé SrTiO3.
Abstract

We studied the structural and electronic properties of the SrTiO3 compound before and after doping with
lanthanum and nickel atoms using the Wien2k calculation program, which is based on the linearized
augmented plane wave with local orbitals (FP-LAPW+L0) method and the augmented plane wave (APW)
method. By applying the generalized gradient approximation (GGA) defined by Perdew, Burke, and
Ernzerhof, as well as the modified Becke-Johnson (mBJ) approximation, we observed that upon doping
the SrTiO3 compound with La atoms, the Fermi level shifted towards the conduction band minimum and
the band gap widened for the compounds Sr0.945La0.055TiO3 and Sr0.89La0.11TiO3 (2.924 eV and
2.986 eV), making it an n-type semiconductor. We also observed a decrease in the band gap value of
SrTiO3 with increasing Ni doping concentration (SrNi0.055Ti0.94503 and SrNi0.11Ti0.8903) to
approximately 1.337 eV and 0.263 eV due to the appearance of Ni d3 states in the middle of the band gap.
Therefore, due to the reduced band gap value, (SrNi0.055Ti0.94503 and SrNi0.11Ti0.8903) is a
excellent absorber in the visible spectrum range.

Keywords: Wien2k calculation program, FP-LAPW+Lo method, SrTiO3 compound.
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The study of the physical properties of doped SrTiOs materials using the full potential linearised augmented
plane wave (FP-LAPW) technique has revealed interesting findings. In particular, we explored the semi-
conducting behavior of La- and Ni-doped SrTiOj alloys through band structure calculations. The results showed
that Srg.g45Lag 055TiO3 exhibited n-type semiconducting behavior with a bandgap of approximately 2.924 eV. In
contrast, Ni-doped SrTiO3 demonstrated a reduction in band gap value of around 1.337 eV due to the emergence
of 3d-Ti states in the middle of the SrTiO3 band gap. This unique characteristic makes SrNig 55Tig.04503 a
promising candidate for optoelectronic devices. Furthermore, the photo-electrochemical analysis revealed that
Sro.945La0,055TiO3 has a band edge position that is suitable for photocatalytic water splitting, making it a more
attractive candidate for this application compared to SrNig gs55Tip.94503. These findings have important impli-
cations for the design and development of novel materials with specific properties for a range of technological

applications.

1. Introduction

One of the most challenging problems to date has been the quest for
photocatalytic inorganic semiconductors that interact to visible light in
the solar spectrum [1]. Co-doping with suitable doping elements in a
wide band-gap host photocatalyst is an important technique for
increasing their activities in the visible spectrum in terms of crystallo-
graphic bulk geometry and electronic band structure engineering via
alloying or doping. Several of these semiconductors, including oxides
[2] and sulphides [3], have been in-depth study. TiO, stands out as a
viable photocatalyst among them because of potential oxidation,
toughness, toxic free and stability. Unfortunately, TiO can only absorb
5% of the solar spectrum because of the 3.2 eV band gap [4], which
results in a low solar energy conversion. Another example is the SrTiO3
perovskite, a prospective photocatalyst for the production of hydrogen
from water employing solar radiation [5,6]. It is more stable and
abundant than the raw ingredients. SrTiO3 forms a cubic perovskite
crystal shape when it crystallizes [7]. SrTiOs is employed in numerous
domains and applications, including energy storage [11,12], sensing

* Corresponding authors.

[13,14], photocatalysis [8-10], microwave devices [15-17], as well as
electrode in the lithium-ion batteries [15,16], HyS solar cells [17,18],
and RAMs [17]. Sol-gel [18], hydrothermal treatment [8,10,13,19,20],
solid-state reaction [15], pre-polymerizing indicator approach [9],
pulsed laser hydrolysis [21,22], CoD/Volvo Thermal [15], and electro-
spinning [23] are a few techniques that can be used to make SrTiOs.
SrTiOg is a viable option for Hy evolution under ultra violet (UV) irra-
diation because its conduction band edge is 200 mV more negative than
TiOs. The primary difficulties in this regard are to reduce electron-hole
recombination and shift the optical response to the visible range. The
SrTiO3 complex and its doping with elements like Fe, La, and Mn have
been the subject of numerous research [24-26]. In this regard, we
attempt here to replace the cation atom (Sr or Ti) in purpose to examine
the influence of La-, or Ni-doped on structural, electrical and photo-
catalytic characteristics of SrTiOs perovskite, utilizing the FP- (APW +
1o) method.
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Fig. 1. The crystal structure of a) Srg g4sLag.0s5TiOzand b) SrNig ¢55Ti0.94503.
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Fig. 2. The evolution of the total energy with the volume of the SrTiOs, Srg 945Lag 055Ti03 and SrNig os5Tip.94503 alloys.

2. Computational details

The FP-APW + 1o [27], which is executed in the Wien2k [28] and has
recently been proven to be the more accurate method for first-principles
electronic structure calculations [29-35], is used for all calculations in
the current investigation. The generalized gradient approximation (GGA
functional) was used to generate the optimal structural parameters, and
the Tran-Blaha modified Becke Johnson (TB-mBJ) potential [36] was
used to calculate the electronic structure in order to replicate the
exchange-correlation interactions. It must be highlighted that the TB-
mBJ potential was created specifically to generate a bandgap value
that was comparable to its experimental equivalent than the value
provided by the standard GGA [37,38]. For Sr, Ti, O, La, and Ni,
respectively, the muffin-tin spheres (RMT) selected here are 2, 1.7, 1.5,
1.8, and 2.3 a.u. The electronic wave functions are prolonged up to gy
= 4 and 10 beyond and within the MT sphere, respectively. Moreover,
the RyrKmax = 9 and Gyqx = 12 parameters are considered for cut off.
We have employed a mesh of 3500 k-points for pure SrTiO3 and 400 k-
point for La-, and Ni-doped SrTiOs inside Brillouin zone integration. By
reducing the forces exerted on each atom, the forces acting on the crystal
structure were optimized. As a convergence criterion, the 10~ Ryd total
energy one was utilized.

Table 1
Determined lattice parameters, bulk modulus (B), pressure derivatives (B") for
SrTi03, Sr0'945Lao'055Ti03 and SrNio'ossTi0'94503 with other reports.

Compound Reference Lattice B B’
constant (i\) (GPa)

SrTiO3 Present FP-LAPW 3.900 184.48  4.41
[71 Experimental  3.905 / /
[40] FP-LAPW 3.905 184 /
[41] 3.87 194 /

Sro.945La0,055Ti03  Present FP-LAPW 3.904 187.59  4.40
[42] Experimental ~ 3.908 / /

SrNig.055Tip.04503 Present FP-LAPW 3.871 203.25 4.34

3. Results and discussion
3.1. Structural analysis

To determine the physical features of La-, and Ni-doped SrTiOs, a 2
x 3 x 3 (90-atom) supercell is constructed, where firstly one Sr atom is
replaced by La atom and then one Ti atom is replaced by Ni atom, to
finally obtain the following alloys Srgg4sLlag 0s5TiOs and SrNig ss.
Ti0.94503 Fig. 1.

Fig. 2 shows the calculated total energy for each alloy as a factor of
volume. Murnaghan’s equation of states is used to fit the total energy
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Fig. 3. Calculated band structure of SrTiOs, Srg g45Lag.055TiO3 and SrNig gs5Tip.94503 alloys.
with volume in order to determine the lattice parameters a, bulk parameters and experimental data are well-concordant [7]. As a result of
modulus B, and its pressure derivative B’ [39]. Table 1 includes the the radii of the lanthanum (La) and strontium (Sr) atoms being different,
results that are currently accessible together with the obtained values of it is observed that the lattice parameter increases when the SrTiOs
a, B, and B’. This table shows that our predicted equilibrium lattice materials is doped with La atoms. The lattice parameter, on the other
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Fig. 4. Total and partial density of states (DOS) of SrTiO3, Srg.945Lag.055Ti03, and SrNig os5Tip.94503 alloys.
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c)

Fig. 5. Charge density on the (111) plane for SrTiOs, Srg.945La.055Ti03, and SrNig 055Tio.94503 alloys.

hand, decreases when Ni is added to SrTiOs, which is caused by the fact
that Ti has a higher radius than Ni.

3.2. Electronic properties

The band structures of La-, Ni-doped SrTiOs, and pure SrTiOs are
calculated and depicted in Fig. 3, respectively. Fig. 3 shows that the pure
SrTiO3 has semiconductor properties with indirect (R-I") band gap of
about 2.879 eV, which agrees well with experimental measurements
[43]. When La atom is substituted into Sr site of SrTiOs, Fermi level
alters to the conduction band, creating an n-type semiconductor with a
higher band gap value of 2.924 eV than before. In contrast, when SrTiOs
is doped with Ni atoms, the conduction band is shifted toward the Fermi
level, causing decrease in the band gap to be 1.337 eV for the
SrNig 055Ti9.94503 alloy. Ni-doped SrTiOs benefits from this band gap
decrease, making it an appealing option for optoelectronic usage and an

excellent absorber in the visible range domain. We notice here that the
trend of the bandgap value (increase/reduction) as we replace the
doping atom may be due to differences in atomic radius (Rp, < Ryj) and
valence electronic configuration (La: 5d!, 6s% Ni: 3d8, 4s). In addition,
the electron effective mass (m,*) at the minimum conduction band
(MCB) and the hole effective mass (my*) at the maximum valence band
(MVB) for the three alloys are calculated by the following equation [44]:

PEN !
32
m"=h (—zk) (@)

The obtained values are mp* = —3.283 and m,* = 1.237 for pure
SrTiO3, mp* = —1.22 and m.* = 0.357 for Srg.945Lag.055Ti03, and mp* =
—1.249 and m,* = 0.173 for SrNig ¢55Ti0.94503.These findings suggest
that for the material SrTiOs, the effective mass of the electron at CBM is
less than that of the hole at VBM. This could be because the CBM
(I'-point) is more dispersive than the VBM (R-point). On the other hand,
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Fig. 6. Band edge alignment of SrTiOs, Srg .g45Lag.055TiO3, and SrNig os5Tig.04503 with respect to water oxidation and reduction potential.

when the SrTiOs is doped by the La/Ni atom, effective masses decrease,
which is due to the fact that the slopes of the CBM and VBM are changed
(see Fig. 3). Consequently, higher mobility can be expected for both La
and Ni-doping. Moreover, to estimate the doping strategy effect on the
recombination rate, the relative mass of hole-electron pairs of pure and
doped SrTiO3 must be calculated using D = mp*/m,*. This ratio is equal
to 2.65, 3.41, and 7.21 for Sl‘TiOg, SI‘04945La0_055Ti03, and SI'Ni().()55_
Tig.94503, respectively. The results indicate that substitution with La/Ni
increases the value of D, with the largest increase observed for Ni-doped
SrTiOs. This suggests that the recombination of electrons and holes is
slowed down, leading to an improved photocatalytic performance of
pure SrTiOs.

Fig. 4 shows the computed total and partial densities of states for the
materials SI‘TiOg, Sro,945La0,055Ti03, and SrNio,055T10,94503 in order to
better understand the contribution of the many states of each atom. It
has been found that for pure SrTiOs, the 2p-O states together with 3d-Ti
states dominate the upper valence band area. On the other hand, the 3d-
Ti states are mostly responsible for the conduction band’s bottom. Here,
we observe that the Sr and O states do not overlap, pointing to an ionic
charter for the Sr—O bonds. Moreover, the contribution of various states
remains unchanged when La is added to SrTiOs, but the Fermi level is
moved to the maximal conduction band. This conduction band results
from the mixture of unfiled 4f, 5d-La states and 3d-Ti states. In contrast,
the top valance band of SrTiO3 changes when Ni atoms are added,
becoming predominately composed of 3d-Ni states mixed with 3d-Ti and
2p-0 states. In addition, the 3d-Ni states have caused a new state to arise
in the conduction band minimum, lowering SrTiO3 band gap value to
1.337 eV.

For a deeper comprehension of the relative charge arrangement in
the SrTiOs, Srg.945La9.055Ti03, and SrNig g55Ti9 94503 alloys, the electron
charge density is computed in the (111) plane. It is clearly observed
from Fig. 5a that for pure SrTiOs, the charge density is accumulated in
the vicinity of the Sr atom, suggesting a Sr-O and Sr-Ti ionic bond.
Moreover, Ti and O are seen to share some charge density, which sup-
ports the development of a covalent link between them. The charge
distribution in SrTiO3 does not change significantly when La replaces the
Sr atom (Fig. 5b). However, when doped with Ni, a charge density is
shared between Ni and O, suggesting a new Ni-O covalent band (Fig. 5c).
This new Ni-O covalent band is responsible for the band gap value
decreasing.

3.3. Photo-electrochemical properties

Hydrogen gas could be created utilizing photocatalytic activity that
is dispersed in water and sunshine. A photon with sufficient energy can
excite electrons in the valence band (VB). With enough energy, those
electrons can move through the CB and overcome the band gap, causing
holes to develop in the valence band. The electrons in CBM reduce water
to generate hydrogen gas when the CBM is much more negative than the
H™/H, reduction potential. The holes in the VB oxidize water to produce
oxygen gas when VBM is more positive than the oxidation potential of
03/H30. Water splitting, an endothermic reaction, requires photon en-
ergy of at least 1.23 eV [45]. Hence, a photocatalyst that can split water
successfully needs to have a band gap greater than 1.23 eV. Thus, one
needs to represent the band edge alignment in order to pinpoint the
conduction band minimum (CBM) and valence band maximum (VBM)
potentials in relation to the water redox potential. Hence, the positions
of VBM and CBM are calculated using the equation [46] as follows:

Ecgm =) — (Eg/Z) (2)

Evgy = Ecpy + Eg 3

where Eypy and Ecpy correspond to the potentials of valance band
maximum (VBM) and conduction band minimum (CBM), Eg is the band
gap, and y is the electronegativity of the semiconductors, which is
assessed as the geometric mean of the absolute electronegativities of the
individual atoms that constitute the material. The obtained band edge
potential values of SrTiO3, Srg.g45Lag 055Ti03, and SrNig g55Tig.94503 are
illustrated in Fig. 6.

As shown in Fig. 6, the Ecgy and Eypyy of pure SrTiOg are equal to
-0.62 eV and 2.25 €V, respectively. By doping SrTiO3 with La atom, the
Ecpy becomes more negative than the H'/H, reduction potential, and
the Eypy becomes significantly more positive than the oxidation po-
tential of O2/H50. On the other hand, doping the SrTiO3 with Ni atom
changed the E¢py and Eypyy to be 0.16 eV and 1.49 eV, respectively. This
result shows that, the Srg g45Lag 055TiO3 alloy is suitable to generate both
oxygen and hydrogen at the same time compared to SrNig g55Ti0.94503,
which can generate only oxygen, even if the Srg g45Lag ¢s5TiO3 is a wide
band gap semiconductor. However, this case does not exclude the Ni-
doped SrTiOs from being an efficient photocatalytic material because
it has been previously shown that Ni-SrTiO3 has good performance
photocatalytic splitting water when forming hetero junction with TiO,
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material [47].

4. Conclusions

In summary, FP-LAPW approach has been used to examine the
impact of La and Ni atoms on the structural and electrical attributes of
SrTiO3 perovskite. Due to the Fermi level being moved towards the
conduction band minimum, the La-doped SrTiOgs exhibits n-type con-
duction. However, the band gap value of Ni-doped SrTiOj3 is decreased
to approximately 1.337 eV as a result of the emergence of 3d-Ni states in
the band gap’s middle. Thus due to its reduced band gap value,
SrNig 055Tig.94503 shows promise for optoelectronic applications.
Furthermore, compared to pure SrTiOs, the effective mass differences
between electron and hole for Srg g45Lag.055TiO3 and SrNig gs55Tig.94503
alloys were increased, indicating that La/Ni substitution slows electron
and hole recombination and improves the photocatalytic performance of
pure SrTiOs. Additionally, compared to SrNig g55Tip.94503, which can
only produce oxygen, the investigation of the photo-electrochemical
characteristics reveals that the Srpg4sLag 055TiO3 alloy has a favorable
band edge position to simultaneously produce both oxygen and
hydrogen.
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Abstract: The structural and electronic properties of the Ni-doped SrTiO; have been study by using
the full-potential (Linearized augmented plane-wave method (FP-LAPW) within density functional
theory (DFT). We employed the generalized gradient approximation (GGA) and modified
Beck-Johnson (mBJ) GGA. The calculated band gaps are found to be decreased with the increase in
In concentration. The mBJ-GGA band gaps are very close to experimental values as implemented in
the WIEN2k simulation code. We studied the electronic properties of SrTiOs and effect doping Ni on
its. This study revealed that Ni doping of SrTiOs had a significant impact on the structural and
electronic properties of SrTiOs, and its structural stability can be improved by Ni doping SrTiO;. The
band gap of SrTiOs is 2.857 eV and 1.078 eV for SrNig j25Tig g7503.

Keywords: density functional theory; SrTiOs; doping; electronic structure; WIEN2k code

1. Introduction

Photocatalytic water splitting using semiconductor materials provides a way to produce clean
hydrogen fuel [1-4]. A photocatalytic water splitting has to be proper band positions, i.e., the valence
band maximum Vgy should be more positive than the water oxidation potential and the conduction
band minimum Cgy must be more negative than the hydrogen reduction potential, the SrTiO;
has benne a most stability and an abundance of raw materials, and thus it is a promising
photocatalyst for producing hydrogen from water using solar energy [5,6]. SrTiO; is a cubic
perovskite structure material [7]. However, SrTiO; use at range of applications in many fields such
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as, photocatalysis [8—10], energy storage [11,12], sensing [13], micro wave devices[14], anode
material for lithium-ion batteries [15], H,S solar cells [16], and random access memories[17]. Can be
synthesize SrTiOs by several methods such as sol-gel [18], treatment hydrothermal [8,10,13,19,20],
solid state reaction [15], polymeric precursor method [9], pulsed laser decomposition [21,22],
co-precipitation/solvo-thermal [15], and electro-spinning [23]. And many studies have been done
about metal-doped SrTiOs, such as Fe, La and Mn [24-26].

In this work, the structural and electronic properties of both SrTiO3; and SrNig 15T19 87503 were
calculated by using the full potential augmented plane wave plus local orbital (Fp-(apw + l0)) method
based on density functional theory (prr) [27]. This is implemented in wien2k code to solve Kohn
Sham equation within Full Potential Linearized Augmented Plane Wave (FP-LAPW) method. This
method is one of the best methods for appropriate computation of electronic states of various
crystalline solids. For structural optimization and the electronic properties the exchange correlation
approximation is treated with Perdew-Burke-Ernzerhof Generalized Gradient Approximation
(PBE-GGA) Trans-Blaha modified Becke—Johnson (TB-mBJ) potential is employed [28-31].

The outline of this paper is as follows: in section computational details, we give the
computation details. The results and discussion are presented in section results and discussion.
Finally section conclusions concludes the paper.

2. Computational details

All calculations were performed in the framework of the density function theory (DFT) [27]
using the WIEN2k package [32], the full-potential Linearized augmented plane-wave method
(FP-LAPW) [27] and the generalized-gradient approximation PBE-GGA with the
exchange-correlation functional suggested by Perdew, Burke, and Ernzerhof (PBE) [27].

In these computations, and in order to investigate the structural and electronic properties of
SrTiOs and SrNig 25Tip87503, the unit cell is separated in two regions, an interstitial region and
non-overlapping atomic spheres. In each of these regions, Kohn-Sham wave functions and charge
densities as well as electronic potentials are calculated in a different way inside the unit cell. Inside
the atomic sphere, they are defined usually by the RMT (radius of muffin tin) around the position of
each atom, a spherical harmonic expansion is used, whereas in the interstitial space of the unit cell a
plane wave basis set is taken into account. RMT values were chosen as 1.65 a.u. for O, 1.75 a.u. for
Ti, 1.8 a.u. for Ni and 2.2 a.u. for Sr. Charge density was Fourier expanded up to Gmax = 12 au . The
plane wave cut-off K.x X Ryt radius was taken such that Ryt * Kp.x = 9. For convergence of
energy we used a 7 x 7 x 7 k-points grid in the special irreducible Brillouin zone. The self-consistent
convergence criteria of total energy calculations of the system were achieved when the total energy
stabilized within 10~* Ry.

3. Results and discussion
3.1. Structural analysis
For the calculion of structural and electronic properties of Ni doped SrTiOs, we adopt for the

SrTiO3; compound—a cubic structure (space group). Pm3m where atomic positions in the elementary
cell as presented in Figure la are Sr: (0, 0, 0); O: (0, 1/2, 1/2),(1/2, 1/2, 0), (1/2, 0, 1/2); and Ti:
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(1/2, 1/2, 1/2) When, for the Ni-doped compound SrNi 125Tig 37503, we build a cubic super-cell
having twice the cell parameter of the parent SrTiO; compound Figure 1b whose atomic positions are
listed in Table 1.

(a) (b}

Figure 1. (a) SrTiOs perovskite structure, and (b) supercell of SrNig 125Tig 87503 structure.

Table 1. Atomic positions for cubic supercell SrNig 125Tig g7503.

Atom _ Positions

Sr (0.75, 0.75, 0.75)(0.25, 0.25, 0.25)(0.25, 0.75, 0.75)(0.75, 0.25, 0.25)(0.25, 0.25, 0.75)(0.75, 0.75, 0.25)(0.75,
0.25, 0.75)(0.25, 0.75, 0.25)

Ni (0,0,0)

Ti (0.5,0.0, 0.0)(0.0, 0.5, 0.0)(0.0, 0.0, 0.5)(0.0, 0.5, 0.5)(0.5, 0.0, 0.5)(0.5, 0.5, 0.0)(0.5, 0.5, 0.5)

O (0.0, 0.0, 0.75)(0.0, 0.0, 0.25)(0.75, 0.0, 0.0)(0.25, 0.0, 0.0)(0.0, 0.75, 0.0)(0.0, 0.25, 0.0)(0.5, 0.0, 0.75)

All calculations were performed for a 40 atom (5 x 8) super-cell (with ag = 7.81 A) (Figure 1b).
The optimization of the lattice constants for SrTiO; and SrNig j25Tig 87503 is made by minimization of
the total energy. The calculate lattice parameters, bulk moduli, pressure derivatives B’ for SrTiO;
and SrNig 125Ti9 87503 were calculated by fitting the total energy E versus volume V data to the
non-linear Murnagham equation of state [27]. We present the E (V) relationship of both SrTiO; and
SrNiy 125Tig 37503 in Figure 2a,b respectively.

SMo3 ST
-8512.4 T r T r - 69432.1000 T r T ; -
fe12az0 Mumaghan: V0,B{GPa) BPE0  + Murnaghan: V0.B{GFPa) BP ED
y 398.5197 1844897 4.4102 -B512.465927 31481464 163 6245 4,494 BO4T 468502
85124300 - 1 -69432.1500 - !
-8512.4350 | -69432.2000 | \
-B512.4400 Y
694322500 - 4
& -8512.4450 - g
.g B 694323000 | \
HE: -8512.4500 | E I\'-
654323500
-8512.4550 -
-69432.4000 |
-8512.4600 |
684324500 - -~
851 2.4650 g™
-8512.4700 A - A . . . . ! 2700 2800 2900 3000 300 3200 3300 3400  3S0C
a50 360 aro 380 90 400 410 420 430 440 450

Voleme [a.u."3]
Volume [a.u.3]

(a) (b)

Figure 2. Calculated total energy curves as a function of cell volume for (a) SrTiO; and
(b) SrNig 125Tig.87505.
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Table 2 presents the calculate lattice parameters, bulk moduli, their pressure derivatives B’
together with available experimental data and other theoretical data for both SrTiO; and
SrNig 125Tips7s05. The value of our calculated lattice constants for both SrTiO; (3.894 A) and
SrNig 125Tios7505 (3.877 A). This is in good agreement with the experiment results [7] that the lattice
constant of SrNig 1,5Tigg7503 films increase after doping. From the values of bulk moduli, we can
conclude that the SrNiy ,5Tig 57505 is slightly less stable than SrTiOs.

Table 2. Calculated lattice constants, bulk moduli B, pressure derivatives B’ and
compared to experimental data and other available works for SrTiO; and
SrNio.125Tio.87503.

Compounds Method Approximation _ Lattice constant (A) B (GPa) B’ Refs.
SrTiO; FP-LAPW PBE-GGA 3.894 184.489 441  Present
Experimental Experimental 3.905 / / [7]
FP-LAPW GGA-96 3.905 184 / [33]
3.87 194 / [34]
SrNi0_125Ti0,87503 FP-LAPW PBE-GGA 3.877 183.62 4.44 Present

3.2. Electronic properties
3.2.1. Density of states

In this section, the electronic structures for both SrTiOz and SrNig 125Ti87503 will be studied
and compared to each other. Several indicators will be used to detect the effects of Ni doping on the
SrTiO; electronic composition, which is total DOS and states partial density (PDOS). From these
tools, some aspects of structural features can be demonstrated. The total DOS and PDOS for SrTiO;
are first calculated for comparison and the results are shown in Figure 3a. For clarity, only the Ti 3d,
O 2p and Sr 5p PDOS are shown and this will be evident in the following figures. The top of the
valence bands (VBs) mainly consists of O 2p states and the most important vacancy power bands in
the lower conduction bands (CBs) mainly consist of Ti 3d states. There is no interference between
PDOS between Sr atoms and O atoms, meaning that the Sr—O bonds have a high ion city.
Furthermore, the band gap in SrTiO; is about 2.857 eV, which is less than the experimental value (of
about 3.2 eV) [32]. This is naturally underestimated by the DFT [35-36] and by cause the strong
self-interaction of the Ti 3d states [37] (Figure 3).The total DOS and PDOS for SrNiy 125Tig 37503 are
shown in (Figure 3) .Where we see the control of both the Ti 3d, Ni 3d, O 2p and Sr 5p PDOS are
shown and this will be evident in the following figures. The top of the valence bands (VBs) mainly
consists of Ni 3d and O 2p states and the most important vacancy power bands in the lower
conduction bands (CBs) mainly consist of Ti 3d states. We also notice no overlap between PDOS Sr
atoms and O atoms, meaning that the Sr—O bonds have a high ion. Furthermore, the band gap in
SrNig 125Tig 87503 is about 1.078 eV. From all this we conclude that Ni atoms reduce the band gap and
improve the effectiveness of SrTiOs.
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Figure 3. The calculated total and partial density of states for (a) SrTiO3; and (b) SrNig 125T10.87503.

3.2.2. Band structure

We calculated the band structures of SrTiO; (Figure 4), and the effect for all doping by nickel
metal atoms on the electronic properties of SrTiO;. We found that the SrTiOs has an indirect gap
I'-M point of Brillouin zone, and our calculated value of this gap (about 2.857 eV) is lower than the
experimental value (around 3.2 eV). The largely, due to the well-known shortcoming of
exchange-correction functionals in describing, excited states wusing the PBE-GGA
approximation [38,39]. However, the characters of band structures and the relative variation of band
gap are reasonable and reliable, so a scissors worker (1.3 eV) was performed to correct the
underestimation of the band gaps of doped SrTiO; [35-40]. Figure 4 shows the calculated band
structures SrNig 125Ti987503 and SrTiO; around band gap states. Because 1.078 eV, which is an
indirect gap (I'-M point of Brillouin zone). Two isolated defect bands crossing the Brillouin zone
make a great decrease to the band gap, thus the optical absorption edge towards the visible light
region is largely expanded. The defect bands are close to the valence band, which indicates that Ni
dopant atoms are the acceptor impurities, leading to the increase of whole concentration [39].
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3.2.3. Charge density

Figure 5 represents the charge density of SrNig 125T19.87503 and SrTiOs. The Sr, Ti, and Ni atoms
contain more basic electrons, resulting in a higher overall density of charge near the nucleus position,
while oxygen atoms are larger with a large number of valence electrons. In the compounds SrTiO;
and SrNig 125T19 g7503, we note a difference in ionic bonds between Ni—O and Ti—O. This is due to the
electronic distribution of Ni and Ti atoms.
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Figure 5. Charge density on the (111) plane for (a) SrTiO; and (b) SrNig 125Ti987503.
4. Conclusion

We investigated the structural and electronic properties of Ni-doped SrTiOs by a first-principles
calculation of FP-LAPW method based on DFT. The calculated results the structure of
SrNiy 125Tig 87503 is less stable than that of pure SrTiO;. The Ni fully acts as an electron donor in
SrNig 125Tip 87503 and the Fermi level shifts into the CBs after Ni doping. The DOS of the
SrNiy 125Tig 87503 system shift toward low energies and the band gap of SrTiOs is 2.857 eV and
reduced by about 1.779 eV for SrNij 125Tig.87503.
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