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Investigation on the physical properties of Ni doped SrTiO;
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In present work, the magneto-electronic and optical features of Sri«NiTiO3 (x = 12.5%,
25%, 50% and 75%) compounds are calculated using full potential linearized augmented
plane wave (FP-LAPW) scheme within density functional theory (DFT) as employed in
WIEN2k software. The electronic band structures (BS) and density of states (DOS)
interpret the induced half metallic ferromagnetism mainly originating from highly spin
polarized Ni-d states. The computed value of total magnetic moment of Sri«Ni TiOs3 is
1.99998, 1.99991, 2.00003 and 2.00005 uB at 12.5%, 25%, 50% and 75% concentration
respectively, which emerge primarily due to Ni-3d electrons. Furthermore, the optical
features (refraction, dielectric function, absorption, and reflectivity) have also been
computed within energy range of 0-10 eV. Sr«NiTiO; is optically active in visible to
ultraviolet (UV) region owing to low reflectivity and high absorption. Results portray that
the studied compound is a potential contender for its usage in the development of
spintronic and optoelectronic devices.
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1. Introduction

A highly spin-polarized current is an important property of futuristic spintronic data
storage devices, which plays key role in quantum probabilistic computing [1]. Half-metals (HM)
are the only materials that can be used to achieve maximum degree of spin polarization [2]. Since
the Fermi surfaces of these materials are completely spin-polarized, which act as metals in one
spin direction and as insulators or semiconductors in the other [3]. To date, a few half-metals have
been discovered, such as Heusler compounds, transition metal (TM) oxides including spinel,
perovskite compounds, and TM doped dilute magnets [3-6]. Indeed, stable ferromagnetism along
with 100% spin polarization (SP) above Fermi level (Er) is sensitive to even minor details [7].
This makes a strong case to implement various engineering techniques to study the effect of minor
magnetic substitutions in a host crystal to induce the magnetism in it. In this way, materials are
obtained with desired magnetic properties for specific applications [8]. The technical and scientific
significance of perovskites are explored because of their usages in solar cells, sensors,
photovoltaic, spintronics and superconductors. Perovskite oxides exhibit a lot of exciting features
such as ferromagnetism (FM) [9], piezoelectricity [10], electro-optics [11] etc., which further
changed via doping of transition metals (TMs) and rare earth elements. The existence of TMs
makes them useful materials for magneto-electricity [12], ferroelectricity [13], colossal magneto
resistivity [14] based gadgets. In addition, the half metallic ferromagnetism (HMF) behavior has
also been reported in these compounds owing to their exotic spin polarization. In 1983, HMF was
first revealed while studying the SP of half-Heusler (NiMnSb) material [14]. Several TMs based
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perovskite materials such as Cr doped LaAlO; [15], V/Co-doped SrTiOs; [16, 17], iron-doped
SrTiO; [18] and BaTiO; [19] etc. have been studied due to their HM features.

Specifically, strontium titanate (STO) belongs to the family of perovskite oxides having
potential usage in various electro-optical devices [17]. It is anticipated as quantum ferroelectric or
paraelectric oxide which attained significant attention due to its exceptional tenability via
temperature and with applied electric field which results in its high dielectric constant with
minimum loss [20]. STO is diamagnetic (zero magnetic moment) material and is transparent to
visible light and shows absorbance in UV range. The inactivity of the material in visible range is
owing to its wide Eg (indirect 3.25 eV) [21], so STO is required to be doped with TMs to tune the
band gap (E,). Doping of TMs can be an effective way to enhance the absorbance of visible light
owing to 3d-TMs which form new energy levels within E, and induce magnetism in STO that
further can be used in spintronic devices [22-26]. According to experimental study, STO showed
3.25 (indirect) and 3.75 eV (direct) bandgap by utilizing the spectroscopic ellipsometry [21].
Maikhuri ef al. investigated the doping of iron (at A and B site) in BaTiO; and revealed the
increase in saturation magnetization by Fe doping at A-site while coercive field increased at B-site
doping [27]. From theoretical point of view, Aboub et al. explored the effect of Ni doping
(x=12.5%) in STO in which the E, of doped compound abridged with improved structural stability
[28]. Recently, our group published the formation energy, electronic, optical, and magnetic
features of pure and V-doped STO computed by FP-LAPW scheme which confirmed
semiconductive nature of pristine STO and HM nature of V doped STO [16]. Furthermore, the
doping of Fe in STO also showed HMF behavior for A-site doping whereas metallic behavior with
B-site substitution. In addition, at A-site doping, the material is prominent for application in
spintronics devices [18].

In present study, the optoelectronic and magnetic characteristics of Ni doped SrTiOs are
examined within FP-LAPW approach based on WIEN2k code [29]. Results exhibit that the Sr;.
«NixTiO3; compound demonstrates FM and suggests applications in spintronics, solar cells and
other optical gadgets.

2. Method of calculation

DFT is a reliable and prominent computational tool which has been frequently used for the
exploration of physical features of solid state systems. In WIEN2k software, the DFT based FP-
LAPW approach is used to solve the Kohn-Sham equations [30]. In this approach, a simulated unit
cell is distributed into two regions: interstitial region (plane wave like function) and the muffin tin
region (atomic spheres with non-overlapping orbitals) as depicted by Fourier series [31, 32]. The
parameters [uq = 10 (maximum angular momentum) and Ryr X Kmax = 9 (Where Ry is radii of
muffin tin spheres and Kmax denote the maximum K-vector in reciprocal space), respectively are
considered. The Rwmr values of Ni, Sr, Ti and O are 2.51, 2.47, 1.84 and 1.63 bohr,
correspondingly. The electronic configurations of elements are Ni (45, 3d®), Sr (55%), Ti (4s?, 3d°),
and O (25% 2p*). The value of charge density Fourier expansion Gmay = 12 is used for atomic radii
conversion. In the first Brillouin Zone (BZ), the 1000 k-points are utilized for the energy
convergence. In unit-cell, the cut-off energy value of -6.0 Ry was set to distinct the core and
valance states. Self-consistency was considered at energy convergence near to 10 Ry.

3. Results and discussions

3.1. Electronic properties

The SP energy states dispersion can be studied by evaluation of BS and DOS including
total DOS and partial DOS. BS and E, of a semiconductor (SC) are vital parameters which predict
the possibility of any materials application in magneto-optical and optoelectronic gadgets. The
spin dependent BS of Sri«NixTiO3 (x = 12.5%, 25%, 50% and 75%) are calculated along high
symmetric BZ by using PBEsol + GGA approximation as depicted in Fig. 1(a-d).



515

=
(A?)&H10ug

Vi

(C) SI‘o,sNio,sTiO3 and (d)

Fig. 1. Spil’l resolved BS OfSr1_xNixTiO3 at (a) Sr0,875Ni0,1250Ti03 (b) SI‘o_75Ni0,25TiO3

Sro.25Nig.75TiO3

A-]
s |
g - -
-~
|||||||||||| e —] -
. {e
2 T
=
srmewrsvresvermsve!
ol e Kok ] ] )
(Ad/s93e38) SOA L
— N
= |
. 4
-~
||||||| ~ o
{0
4T
[.lv i
A -]
[ E—E—N—F—E—1
Lanll o B oo TR o Mol
AeIS) SOAL

L -]
=
- - =
= G
L &
£ =&
: | 2
= =
i &
1 A1 1 A 1 & b 1 NS
=N © W @ wn o n e
o B B ] Lo BRI o |
(A3/593818) SOA.L
L=
< !
- - =
— - e
|||||||||||| ] oo, RN ]
2 =&
: - | 2
=] - Jaa
: ki
UM RN (O VA A VU NS ROV A B AV
S e o wme wme!
o ] I I |
(A9/891238) SOA.L

Fig. 2. TDOSplOtS OfSr1.xNixTiO3 at (a) Sro.875Ni0.1250T103 (b) Sr0.75Ni25TiOs3, (C) Sro.sNig sTiO3 and (d)

Sr0.25Nig.75TiO3



516

5 &
- == Total-Ni “‘- — Total-Ni
— Total-Sr — Total-Sr
9 l'- (a) L In:a:-:l 9 l Total-Ti
2 5- — Tonto| @ 0 q' — TotalO
- g
E 0 : E 0 L
» | L I
72} :
00‘5 80'5 |
a a g
- 1 = 1- i \
1'5 i 1 i L i L i L i -5 i | " 1 |I i 1 i 1 i
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Energy (eV) Energy (eV)
5 s
o | | Total-Ni = I[= Tomnt
i|— TotalSr| , | e
o 1 | o > L PR
205 "-Eﬂ 5l — TotalO i S
§ o | é oa = J
g0 Z0 %—-
2 — I v -
g“-s, 20.5f &
=3 a8 4l
L —_
1.5 b - . gl i T 5 1
6 4 -2 0 2 4 6 "6 4 -2 0 2 4 6

Energy (eV) Energy (eV)
Fig. 3. Atomic TDOS plots of Sri.NixTiOs at (a) Srog75sNio.1250T103 (b) Sro.75Nio25Ti03, (¢) SrosNiosTiOs and
(d) Sro25Nig.75TiO3

5 — 1.5 —
; e — Nid
' — Nid-eg - LB
o | 1| e e ml V)
305 | 1| Tia =0.5 =0n] A
S — 0p g
] ,_-_l.@e‘;'gg_-—a - —-—-l-%—-—(
2 0- \ L2 i _ .
©n05 »n0.5 ' N/
g“ i ‘ S
ol | 81
'5 " A 1 g i 5 1 2 1.5 1 . 1 i
6 4 2 0 2 4 6 - 2 4 6
Energy (eV)
1.5 1.5 T
3 — Nid
L — Srd
o 1 e A T
o < — O-p
= = al
3 0 é U S
0.5 wn0.5 ' My
8 S
Sl , A 1f
1.5 i 1 4 1 i " L " 1 i 1.5 " 1 " 1 4 " L M II "
-6 -4 -2 0 2 4 6 -4 -2 0 2 4 6
Energy (eV) Energy (eV)

Fig. 4. PDOSplOlS OfSl"I.le'le'O3 at (a) Sro.875N10.1250 T103 ﬂ?) Sr.75sNig25Ti0s3, (C) Sro sNigsTiO5; and (d)
S1.25Ni.75Ti03



517

In earlier theoretical study, we investigated pure STO revealing the SC (E;=1.88 eV)
behavior with GGA method[16]. Presented study reveals that after doping, the Sri«NiTiO3; show
polarization in spin-up and spin-dn versions. It shows HMF behavior, as spin-up version has
semiconducting nature while spin-dn version illustrates the metallic behavior showing 100% spin
polarization. The following formula is commonly used to compute spin-polarization in half
metallic ferromagnetic (HMF) materials [33].

NY(ER)-NY(E
P = FEnen M
The computed values of HM gaps are 2.81, 2.80, 2.76 and 2.52 eV respectively, at
x=12.5%, 25%, 50% and 75% doping concentrations, correspondingly (see Fig. 1(c, d)). The
diversity of their £, indicates prospective applications in spintronic gadgets. The computed BSs
are further analyzed by computing the total and partial DOS. The DOS data exhibits the deeper
depiction of electronic correlations in system and also tells us about the state’s density per electron
volt. Total DOS of Sr;«xNixTiO3 compound (see Fig. 2 and 3) illustrate the HM behavior as earlier
explained through the analysis of BS. Partial DOS spectrum is mainly contributed by Ni-3d states.
At 12.5% doping, Ni-3d split into doubly degenerated e, (non-bonding) and triply degenerated ta,
(bonding) states. In spin-up, the participation of de, states is large and small in dpg spin-splitting.
While the dp, state contribution is large in dn-spin channel in the vicinity of Er (see Fig. 4a). On
the other hand, the O-2p states with feeble participation of Ti/Sr-d states for both spin versions are
present in valance band (VB) and conduction band (CB) is found to be composed of primarily
from O-2p state. However, there is a strong hybridization occurs between O-2p and Ni-3d orbits
along Er in spin-dn channel. Furthermore, at 25%, 50% and 75% doping, the major peaks in VB
are owing to Ni/Ti-d and O-2p states. While in CB region, Ti-3d and O-2p states are dominant
from 2-6 eV for boh spin version (see Fig. 4(b-d)). The hybridization is observed owing to Ni/Sr-d
states at -4.8 eV.

3.2. Optical properties

Optical features can be studied by examining how light interacts with matter, specifically
when valence electrons gain energy from incident light and make transition towards conduction
band. The interband transitions are important for optical devices while intraband transitions do not
contribute to optical conduction. Moreover, E, is also a crucial factor due to its importance in
defining the absorption edge [34-36]. The optical parameters of solid state system are determined
by analyzing the complex dielectric function &(w) that can be expressed as [37-39].

g (w) = ¢l (w) + ie2 (w) 2)

where €1(w) corresponding to real part of the e(w) which is concerned with light polarization while
& () portrays the absorption of impinging light. &1(®) is linked to &:(®) through Kramers-Krong
expressions that can be computed as [40].

_ 2 o0 £2(w ) wrdwr ,
81—1+;Pf0 de 3)

where P is integral’s principal value. The static dielectric constant €;(0) is dependent on the E,
because at zero electron volt, there is no participation from the lattice. €;(0) increase from 28.4 to
160.7 with increasing concentration of Ni. Various optical parameters at zero frequency are listed
in Table 1. The inverse relation exists between €;(0) and the E; agreeing with Penn’s model [41].

£(0) =1+ (“—v)z 4

Eg

So, the materials which have maximum value of €(0) possess low E;. The €1(®) spectra
obtained negative values at 0.76 eV which corresponds to the metallic behavior. The negative
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e1(w) is due to the excitations of heavy effective mass (collectively) which is caused by the applied
electric field [42]. The highest peaks appeared at 4.36 eV for all doping concentration then starts to
decline with increasing energy and becomes constant after 5.87 eV (see Fig. 5a). The absorption of
light in material is denoted by &>(®) and is linked with material’s BS [43]. At 75% concentration,
the e(w) shows highest peak (at 0.04 eV) value where light dispersion is minimum and light
absorption is greater. After that a fast decline observed in &(w) that is owing to Plasmonic
oscillations [16]. Further &:(®) upsurge via increase in photon energy and maximum &>(®) peak is
obtained within range of 3.8-4.7 eV (see Fig. 5b).
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This change in energy span is primarily attributed owing to the dissimilarity in E, at
different doping concentration. The absorptive nature of the material is computed by computing
the a(w). The incident light has energy less than its threshold value, which corresponds to the E; of
the resultant material, cannot make electrons of VB to jump into CB [44]. It increases from
threshold limit to reach a peak value (at 4.93 eV) in visible to ultraviolet (UV) region which
discloses suitability of material for solar cell and optoelectronic devices (see Fig. 6a). By the
following relation, absorption a(w) and extinction coefficients k(w) are linked to each other as
follows [45].

k) =4 5)

The free electrons transmit from VB to CB by gaining energy from incident light and
further participate in conduction termed as optical conductivity o(w). It explains the bond breaking
in studied compound owing to light absorption and it is directly related to absorption [46]. The
o(w) starts from 0 eV, afterwards some attenuation (c(®)) with a value of 4120, 4656, 4333, 4222
(2cm) ™, for 12.5%, 25%, 50% and 75% doping, correspondingly (see Fig. 6b). The frequency-
dependent reflectivity R(w) is another optical parameter which reveals surface response to the
incident energy and has an inverse relation with absorption [47]. R(®) spectra is computed through
following equations [48, 49].

_ [n(@)-117+ k*(w)

R(w) T [n(w)+1]2+ k2(w) (6)
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Fig. 7. (a) n (w) and (b) k (w) of plots of Sr.«Ni,TiOs.

Table 1. The premeditated Optical parameters at 0 eV for Sr;.Ni.TiO;

Optical Parameters Doping Concentration of Ni-atom
At0eV
x=12.5% x=25% x=50% x=75%
€1(0) 28.4 30.5 80.87 160.7
n (0) 14.1 7.42 12.63 6.81
R (0) 0.51 0.56 0.65 0.76

The static reflectivity R(0) is 0.51, 0.56, 0.65 and 0.76 for 12.5%, 25%, 50% and 75%
doping, correspondingly (see Fig. 6c). With increasing photon frequency, its value starts to
decrease via small bumps up to certain energy limit which linked to electronic (interband)
transitions from VB to CB and maximum R(w®) is obtained at energy points of negative € (®)
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values. To assess the suitability of a material for optical devices like solar cells and detectors, it is
essential to determine its n(®). The following formula is done for the calculation of n(w) [50].

2 2 3 1/2
n(w) = (—[gl et (‘"”2> ()

2

At zero frequency, the estimated n(w) for Sri«NixTiOs3 (x = 12.5%, 25%, 50% and 75%) is
14.1, 7.42, 12.63 and 6.81, respectively (see Fig. 7a). It upsurges with energy within visible range
and decreases afterwards to its lowest value at higher energies. The highest peak of n(w) lies
within 3.1 - 3.9 eV. The attained results of €; (0), n(0), R (0) are listed in Table 1. k(w) discloses
diminution of light (k > 0) that entering in material [51]. The &, (®) is linked via k(®) through 2kn
= & (o). The maximum peaks of k(w) appear at 4-4.8 eV energy range (see Fig. 7b). The optical
outcomes indicate that the studied compound is suitable for optoelectronic gadgets.

3.3. Magnetic properties

Magnetic features are computed via spin-polarized computations. The moment (pg) values
of Sr, Ti, O, Ni atoms, and total magnetic moment Mt of Sri«NixTiO3 (x = 12.5, 25, 50 and 75%)
are computed (see. Table 2). The individual magnetic moment of Ni, Sr, Ti and O are less than
predicted Mro; of Hund’s rule [52] owing to the p-d exchange interaction. The Mo for 12.5%,
25%, 50% and 75% doping concentrations are 1.99998, 1.99991, 2.00003 and 2.00005 pg,
respectively where the important role in Mt is due to Ni atom. Moreover, the sign of ug is used
for spin configuration of each atom. The negative pg indicates ferrimagnetic and anti-FM behavior
whereas positive pp is related to similar spin direction of electrons of different ions [53]. The pgs of
Sr and Ti favor anti parallel pg alignment and O favor parallel pg alignment.

Table 2. Calculated results of total, interstitial and individual atomic magnetic moment of
each atom for Sr;Ni,TiO;

Mint My M Mri Mo Mot
Sro.875Ni0.1250T103 0.02808  1.48864 -0.00068 -0.00408 0.03068  1.99998
S10.75Nig.25T103 0.02588  1.48794 -0.00016 -0.00866 0.04267 1.99991
Sro.sNigsTiO3 0.01935  1.44892 -0.00029 -0.02106 0.08627 2.00003
S19.25Nig.75T103 0.01524  1.44763 -0.00015 -0.03124 0.09457  2.00005

4. Conclusions

The FP-LAPW scheme is employed to explore SP optoelectronic and magnetic
characteristics of SrixNixTiO3 (x = 12.5%, 25%, 50% and 75%) compound. The HMF behavior of
studied compound is confirmed by computing BS and DOS in which up-spin version exhibit
semiconductive behavior and dn-spin version exhibit metallic nature. The contribution to Mt is
mainly due to Ni-atom. Furthermore, Sri«NixTiOs (x = 12.5%, 25%, 50% and 75%) compound
illustrate the Mro of 1.999, 1.999, 2.000, 2.000 ps, correspondingly. Optical properties are also
explored within range of 0-10 eV. a (®) and ¢ (®) are highest in visible-UV span of light along
with low R(w). The outcomes signify that the explored material have possible usage in
optoelectronic and magnetic devices.
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