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The future technologies belong to the spin-based electronics (called spintronics) which is
considered as highly efficient and quick response device with advanced functionalities. In
order to develop a functional spintronic device, it is pertinent to control the spin currents
and readout of their magnetic states which exemplify the importance of presented study.
Herein, physical properties of KNbO; are engineered via concentration dependent Ni
doping with dopant’s concentration of 12.5%, 25%, 50%, and 75%. Ferromagnetic
character is obtained along with spin polarized bands and DOS structures. Further analysis
of projected DOS reveals the Ni-d based metallic character in spin down channel along
with semiconductive nature in spin up version, translating the considered doped systems
into half metallic ferromagnetic (HMFM) materials. The computed HM direct gaps are
0956, 0957, 1.040 and 0.876 eV for K0'375Ni()‘125NbO3, K0'75Ni0'25NbO3, K0‘5Ni0'5Nb03,
and K;,sNip7sNbO;, respectively. The magnetic moment values obtained for
Ko.875Nig,12sNbO3, Ko 75Nig25NbOs3, Ko sNigsNbOs, and Kg25Nig7sNbOs, are 1.00153,
1.00003, 1.02449, and 1.04210 pg per formula unit, respectively. The determined
magnetic moment values illustrate the ferromagnetism in studied Ni modified KNbO;,
perovskites, which is originated from Ni and minor contribution of O ions. Further, optical
response of Ni doped KNbOj; is studied which show UV region of light as a strong
absorbing region. The presented results predict the suitability of considered material in
various optical filters and spintronic devices.
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1. Introduction

Half metallic ferromagnetic (HMFMs) materials have attained remarkable attention as an
emerging family of compounds since their discovery by de-Groot et al., back in 1980s [1, 2]. In an
ideal HMFM spin-polarized material, one spin channel displays metallic character and the other
show insulating or semiconducting nature, which depicts 100% spin polarized electronic states at
Fermi level [3]. Recently, perovskites (chemical formula: ABO3; A and B are any suitable cation)
have attracted a substantial interest of researchers due to their tendency to host various
combination of cations providing us a plenty of room to engineer the physical properties via
doping. The 3d transition metals (TMs) have been regarded as main source of magnetism in
perovskites. Significant efforts have been made to study the room temperature ferromagnetism in
various doped perovskites such as in Fe doped BaTiO; [4], Fe doped PbTiO; [5], Cr doped SrSnO;
[6] and N doped BaTiO; and SrTiO; [7]. Moreover, alkaline niobate perovskites ANbOs;, where A
= Rb, Na, Li, and K, are achieving much focus due to their versatile attributes like piezoelectric
photocatalytic action, pyroelectric and superior chemical, and mechanical stability [8, 9]. Among
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them potassium niobate (KNbO3) is appeared as most significant ferroelectric perovskite. It is
suitable for photocatalytic assisted water splitting used for hydrogen formation in presence of UV
light radiation because of its easy availability, cost effective, environment friendly, and long-term
durability [10-15]. Also, most typical ferroelectric oxides possess band gap (E,)> 3 eV, that
indicate the major light absorption in UV region. So, it is necessary to reduce E, of ferroelectrics
[16]. The engineering of E, in ferroelectrics in visible range is an effective research field. It has
been explored that chemical doping can be used for effective reduction of E, of KNbO; [17].
Several dopants such as Zn, Ba, and Cu have been used to tune physical characteristics of KNbO;
[18]. Gonzalez et al. investigated the tuning of E, of KNbO; through chemical doping of
Bi(X,Yb)O; where (X=Mn, Fe). The decrease in the direct E, up to 2.2 eV was observed [19].
Shen and Zhou studied the structural and optoelectronic characteristics of Cu-modified KNbO;
using DFT [20]. Their results predicted the metallic nature as the concentration of Cu is increased.
In addition, Liang and Shao determined the impact of TMs’ doping on physical features of
KNbOs. The doping of V, Mn, and Fe reduced the optical band gap of KNbOs, signifying the
importance of doping as an effective engineering route to obtain desirable properties for specific
applications [21].

In this research work, magnetoelectronic, and optical characteristics of the K; Ni,NbO;
(x=12.5%, 25%, 50% and 75%) are determined by employing the first principles calculations. This
study presents a handful insight into the asymmetric spin polarized electronic states. The outcomes
recommend the Ni doped KNbO; system for its possible usage in the field of spintronics and
optoelectronics.

2. Method of calculation

The DFT based full potential linearized augmented plane wave (FP-LAPW) approach [22]
is utilized to examine magnetic and optoelectronic features of Ni doped KNbO; perovskite.
Generalized gradient approximation parameterized by Perdew-Burke-Ernzerhof (GGA-PBE) is
utilized to figure out the exchange correlation energies of considered doped systems [23]. KNbOs
exists in stable cubic structure with Pm-3m space group in its paraelectric form [26]. In the cubic
structure of KNbOs, K atom are presented at (0, 0, 0) positions, Nb atoms lie at (1/2, 1/2, 1/2)
positions, while three atoms of oxygen are located at (0,1/2,1/2), (1/2, 0, 1/2) and (1/2, 1/2, 0)
positions. The chosen muffin tin radii are 1.60, 2.0 and 1.50 a.u. for K, Nb, and O atoms,
correspondingly. The Ryt x Ki,,.x values are set as 8.0, where Ryt stands for the smallest value of
spherical radii and K., represents the highest value of reciprocal lattice vector [24]. A 10x10x10
k-mesh was chosen to ensure the best convergence. The selected valence orbitals were 4s!, 4d*
5s' and 2s” 2p* for K, Nb, and O atoms, respectively. For the total energy convergence criterion of
10 eV was set to ensure the self-consistency during calculations.

3. Results and discussions

3.1. Electronic properties

The spin polarized density of states (DOS) and band structures (BSs) of concentration
dependent Ni doped KNbO; are computed using PBE-GGA. The BSs, as shown in Fig. 1(a-d),
depict the HMFM nature with spin up E, lying at I'-I' symmetry points for all doped systems. With
semiconducting nature in spin up channel, the 100% spin polarization is viable due to metallic spin
down channel. The formula of spin polarization in ferromagnetic materials is given below.

_ PY(EFR)-pL(EF) (1)
pT(Ef)+pl(EF)

Here p T (Er) and p | (Ef) are spin-polarized DOS at Fermi level (Eg) for up and down
states, respectively [25]. The computed spin up E,s are 0.956, 0.957, 1.040 and 0.876 eV for,
K.875Nig.12sNbO3, Ko 75sNig 2sNbO3, K sNig sNbOs, and K ,5Nig 7sNbOs, respectively, while pristine
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KNbO; has semiconducting feature with E, of 2.3 eV [26]. This half metallicity is favorable for
various spintronic devices. Also, half metallicity in TM doped perovskites have been reported in
various studies indicating the validity of presented outcomes [15].
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Fig. 1. The computed spin polarized band gaps for (a) Ky s75Nig 15sNbO3, (b) Ky 75NipsNbO3, (c)
K sNipsNbOs and (d) Ky 25Nig.7sNbO;.

The spin-polarized projected DOS (PDOS) analysis of compound K, ,NiyNbO; (x=12.5%,
25%, 50% and 75%) is performed to identify the role of each particular orbitals in defining the
HM nature of studied doped systems. For K; Ni,NbO; (x=12.5%), the upper portion of the VB
varies from -3.0 eV to Er and is mainly populated by Ni-d states with considerable participation of
O-p in spin up and down states as shown in Fig. 2c. For K, Ni,NbO; (x=25%), E, of 0.957 eV is
observed in majority spin version as shown in Fig. 2d and 2e. In case of PDOS, the top of the VB
(-4 eV to Eg) is primarily due to the Ni-d with involvement of Nb-d and O-p in both spin channels
as illustrated in Fig. 2f. For K, Ni,NbO; (x=50%), the E, is appeared as 1.040 eV in up spin
version and down spin exhibit overlapping character as shown in Fig.3a and 3b. In addition, the
major contribution is from Ni-d and Nb-d states with minor influence of O-p states. For K.
WNixNbO; (x=75%), the calculated value of E, is 0.876 eV for spin up channel. In addition, the
major contribution is from Ni-d and Nb-d states along with minor influence of O-p states for both
states. Conclusively, the Ni-d orbital is mainly responsible for HMFM nature of K;_Ni,NbOj at all
the mentioned doping concentrations.
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Fig. 2. GGA computed spin-polarized (a&b) TDOS (c) PDOS ofK) s75Niy.12sNbO3, and spin-polarized
(d & €) TDOS and 09 PDOS 0fK0,75Nl'0<25Nb03.
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Fig. 3. The GGA computed spin-polarized (a&b) TDOS (c) PDOS of K, sNiysNbO;, and spin-polarized (d &
e) TDOS and (f) PDOS of Ky ;5Nig 7sNbOs.

3.2. Optical characteristics

The optical characteristics of K; (Ni,NbO; (x=12.5%, 25%, 50% and 75%) are evaluated
in terms of dielectric function &(w), reflectivity R(w), optical conductivity o(w), extinction
coefficient k(w), absorption coefficient a(w), and refractive index n(w). These optical
parameters describe the interaction among the incident photons with the material’s surface. These
parameters can be computed by using the dielectric parameters. Hence, at first, dielectric function
is computed by using the mathematical relations given below [27-29]:

e() = &(w) +ig(0) ()

where, &; (w) stands for real component of dielectric function while &,(w) stands for imaginary
component of dielectric function. The &; (w) is related to polarization of incident energy while
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&, (w) demonstrate the absorption of energy by the material [34]. The & (w) can be derived from
& (w) by Kramers-Kroning equation given below [35].

el((u) =1+ %p fe w'ey (w) do' (3)

0 w/2—@2

where €, (w) is computed by following relation:

&) =~ S [’ (e @) [2 8[wns (k) — o] &k (4)

m2w?

Where, p in Eq. 3 stands for principal integral, while first term in Eq. 4 is the normalized
momentum matrix component, and k and q are wave function of the corresponding CB and VB.
The remaining optical parameters can be computed by given formulae [30-33]:

()= [&1(@) + /& (@) + & (w)z]% (6))
V2

a (w)=4mk(w)/A ()

k(@)= [V @) + & @) - & ()]* %)

c(w):ﬁ & (w) (8)
g(w))—-1 2
R(w)= Je@n+1 9

The plot of &, (w) is demonstrated in Fig. 4(a). The values of €, (w) linearly varies with
the change in energy and attains highest values at 2.46, 2.48, 3.0 and 3.1 eV for K 375Nig.12sNbOs,
Ko.75Nig2sNbO;, Ko sNigsNbOs, and K, ,sNiy7sNbOs, respectively. With considerable fluctuations,
the g, (w) turns negative in 5-5.2 eV energy span. These negative values are linked to the metallic
performance of considered doped systems showing highly reflective behavior. Furthermore, the E,
and &, (w) at zero frequency limit for Ni doped KNbO; fulfill the following relation: &(0) ~ 1 +
(hcop/Eg)z, which is called as Penn’s model [36].
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Fig. 4. Computed (a) £1(w), (b) £,(w) (c) a(w) and (d) o(w) of K, .Ni,NbO; (x=12.5%, 25%, 50%
and 75%) compound.

The imaginary component of dielectric function &,(w) is directly linked with electronic
BS of compound and defines absorptive nature of the compound. Apart from the greater cutoff
values, the maximum peak of €,(w) occurs in 3.0-4.0 eV energy span for all doped systems,
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which illustrate the maximum absorptive behavior of light in UV region (see Fig. 4b). The
absorption coefficient a(w) determines the number of photons being absorbed by a material. The
a(m) values are given in Fig. 5a. The a(w) values starts from 0 eV and attains the maximum peaks
at 82, 83, 8.35 and 8.5 eV for K0_875NioA125NbO3, K0A75NioA25NbO3, K0A5Ni0_5NbO3, and
Ko.25Nig7sNbO;, respectively. The o(w) determines the concentration of free electrons created
owing to the bond-breaking by electron-photon interactions. The computed optical conductivity
o(w) gives highest peak at 2.2 eV with the magnitude values of 4918, 5390, 5884 and 6399
(Q.cm)'l for  Kos75Nig.12sNbOs3, K 75NigasNbO;, Ko sNigsNbOs;, and K 25Nig7sNbOs,
correspondingly, as exemplified in Fig. 5b. The o(®) peaks are mainly dependent on a(w) (see Fig.
Sa&b).
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Fig. 5. Plots of (a) &;(w), (b) &5(w) (¢) a(w) and (d) o (w) of K .Ni,NbO; (x=12.5%, 25%, 50%
and 75%) compound.
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Fig. 6. Plots of (a) n(w) (b) k(w) and (c) R(w)of K, .Ni,NbOs3(x=12.5%, 25%, 50% and 75%) compound.



460

The n(w) depicts the transparency of a compound in response to the light incident on the
surface. In case of highly transparent materials, its value is very low. In this study, the positive
values correspond to the light absorption by the compound. The cut off value of n(w) i.e., n(0)
fulfills the following relation n*(0) = &,(®), and its maximum value is obtained between 2.3 - 2.6
eV as given in Fig. 6a.

The ability to absorb the incident light is explained by extinction coefficient k(w). The
n(o) and k() are linked to €, (w) as well as &; (w) by the following relations 2nk = £, (w) and n” -
k> = g,(w), respectively [37]. The k(o) plots are given in Fig. 6b, which show the similar like
trend as of €,(w). The increase in energy results in lowering the k(w) values. Lastly, R(®)
provides the information about the reflective behavior of the considered materials [38]. The R(w)
values rise from zero energy limit and approaches to the maximum values at approximately 5.0 eV
for all mentioned Ni doped KNbO; compounds (see Fig. 6¢). The R(w) values are higher in the
region in which &; (w) is negative (see Figs. 4a & 6c¢). The upper mentioned optical parameters
describe Ni doping as a useful strategy to engineer the optical properties implying their importance
in various optical filter applications.

3.3. Magnetic properties

To better comprehend the ferromagnetic behavior, self-consistent field calculations were
performed, and considerable value of magnetic moment was observed for studied doped systems.
Asymmetric pattern of spin polarized DOS and BS also confirm the origin of magnetic moment.
Total and local magnetic moments of Ni doped KNbO; compound is tabulated in Table 2. The
computed total magnetic moment values are 1.00153, 1.00003, 1.02449 and 1.04210 pg per
formula unit of 12.5%, 25%, 50% and 75% Ni doped KNbO; compound, respectively. The dopant
Ni cation is reported as major reason for the origin of ferromagnetism in KNbO;. The partial
magnetic moments of Ni are 1.12164, 1.10810, 1.07471 and 1.12259 pg per formula unit of
K0_875Ni0'125NbO3, K0'75Ni0_25NbO3, K0_5Ni0'5NbO3, and K0'25Ni0'75NbO3, reSpeCtiVely. It is to be
noted that moment values of interstitial, K and Nb cations are negligible as compared to Ni
moments. This trend is in line with asymmetric PDOS of Ni cation (see Fig. 2&3). This study
presents a novel and potentially advantageous approach towards inducing ferromagnetism in
KNbO; implying their importance to use these compounds in various magnetic devices.

Table 1. Calculated band gap, local, interstitial, and total magnetic moments (ug) for K, .Ni.NbO; (x=12.5,
25, 50 and 75%) compound.

Compound Eq(eV) M My My Y I Mo Total
Pure 2 [26] - - - - - -
Ko.75Nig2sNbO3 0.956 0.07146 1.12164 0.00033 0.01526 0.00619 1.00153
Kg.5Nig sNbO; 0.957 0.06715 1.10810 0.00049 | 0.02812 0.01808 1.00003
Kg.5Nig sNbO; 1.040 0.03992 1.07471 0.00037 0.03186 0.04307 1.02449
Ko.25Nig 75NbO3 0.876 0.13421 1.12259 0.00064 | 0.05144 0.04432 1.04210

4. Conclusions

The magneto-optoelectronic characteristics of Ni doped KNbO; are computed by using
first principles method. The magnetic moments of 1.0 ug per formula unit for all doped systems
show the induced ferromagnetism. The computed DOS and BS of each doped system show
asymmetric spin-polarization with Ni being the most polarized in the vicinity of Fermi level.
Further, PDOS were computed which exhibit hybridization between Ni-d and O-p orbitals in the
vicinity of Er. The HM nature of studied materials is mainly influenced by Ni-d orbitals that are
found to be contributing at the Er in the down spin channel. Furthermore, the optical properties are
analyzed to investigate the optical response of the doped systems. The apical amount of optical
absorption and greater extinction coefficient in UV region of light suggest this material’s
suitability for optical filters.
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