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Optical and magnetic characteristics of BaTii«CoxO3: A first-principles study
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The full potential linearized augmented plane wave (FP-LAPW) approach based
on the density functional theory (DFT) is employed to know the effect of Co doping on the
electronic, optical, and magnetic characteristics of BaTi;.«CoxO3 at x= 8.33%, 16.66%,
25%, and 50%. The computed spin-polarized electronic band structure (BS) and the
density of states (DOS) elucidate that the BaTi;.xCoxO3 compound has a ferromagnetic
semiconductor behavior at all doping concentrations. The results indicate that the magnetic
moment in BaTi;«CoxO; is found due to the p-d hybrid orbitals of Co. Moreover, the
optical features of the Co-doped BTO compound are evaluated by analyzing the refractive
index, reflectivity, absorption coefficient, optical conductivity, and dielectric constant
under different concentrations. The outcomes revealed that the BaTi;.xCoxOs compound is
a good candidate for spintronics and optoelectronic applications.
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1. Introduction

The constant efforts to explore significantly smaller information storage devices open up
many areas of interest. In this context, spintronics is in limelight due to the usage of both the spin
and charge of electrons to improve the information density. Dilute magnetic semiconductors
(DMS) have been probed extensively owning to semiconducting and magnetic features and their
need in spintronic and rotating electronic devices [1-3]. In modern research, there are various
methods to fabricate DMSs by doping various elements, particularly ferromagnetic elements like
Fe, Mn, V, Co, Cr, and Ni into non-ferromagnetic semiconductors [3-5]. Various materials like
metal oxides, alloys, and perovskites demonstrate the DMSs behavior. However, perovskite oxides
have received immense interest owning physical features like ferroelectricity, ionic conductivity,
multiferroic, and superconductivity [6-8]. Their energy bands are anomalous and structures are
different, however, have applications in various devices due to faster data delivery, low energy
consumption, and high circuit integration density [9, 10].

Among them, the BaTiO; (barium titanate) is known to have a perovskite ferroelectric
material. Recently, BTO attracted much attention from many researchers due to its abundant
physical features like high dielectric constant and room temperature ferromagnetism [11, 12]. Due
to its superb physical characteristics, it has been extensively studied experimentally and
theoretically [13-15]. Nakayama and Katayama-Yoshida executed first-principles calculations for
X-doped BTO (X= Mn, Sc, Cr, Cu, Co, Fe, Ni, V) within LDA and estimated that the Fe and
Cr/Mn doped BTO are good contenders for production of the ferromagnetism [16]. In another
study, ferromagnetism was introduced in the pure BaTiO; by introducing Co and Fe elements at
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the A site [17]. Recently, Lee et al. stated that the doping of TM= Co, Mn in BTO/STO and
KTaOs; compounds could induce magnetic behavior at room temperature [18]. Teng et al. explored
the BS and optical characteristics of N/B or C-doped BTO using ab-initio calculations [19]. In
addition, Cao et al. theoretically computed the electronic and magnetic features of Co-doped BTO
by DFT and predicted a magnetic moment per Co atom of 3.15 uB [20].

Herein, we performed computation based on the DFT to predict the optical, magnetic, and
electronic characteristics of cobalt-doped BaTiOs. Our paramount goal is to evaluate the
magnetism at different concentrations of Ba doping (8.33 %, 16.66%, 25%, and 50%), and to
express their prospective applications in spintronic and optical devices.

2. Method of calculation

The theoretical calculations in this work are performed by using the FP-LAPW method as
implemented into WIEN2k code within the framework of DFT [21]. The exchange-correlation
interactions are computed by Generalized gradient approximation (GGA) [22, 23]. The Ba (65°),
Co (4d"’557), Ti (3d°4s”), and O (2s°2p*) are considered valance electrons. Inside a muffin-tin
sphere, the crystal wave function and potential are expended based on spherical harmonic function
whereas the plane wave solutions are selected for the interstitial region. The values of muffin tin
radii (Rwmr) are taken to be 2.68, 2.15, and 1.52 (bohr) for Ba, Ti, O, and Co atoms, respectively.
The wave function i.e. Imsx= 10 inside the sphere and the convergence parameter Ryr x Kmax is set
to be 10 to control the plane wave expansion. The Brillouin zone integration is performed using
1000 k-points which is based on the mesh of 10x10x10. A supercell of 3x2x2 was chosen for the
doping of Co in the BTO structure. A schematic diagram of crystal structures for BaCoxTi; O3 is
shown in Fig. 1. The value of Gmax is selected as 14 and the energy cut-off parameter is -6.0 Ry to
evade the leakage of the charge[24].

X=8.33%

Fig. 1. Schematic crystal structures of BaCo,Ti;.O;.
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3. Results and discussions

3.1. Electronic properties

The electronic features including the density of states (DOS) and band structure (BS) of
Bai«CoTiO;3 (x= 8.33%, 16.66%, 25%, and 50%) compounds have been studied by employing
GGA method as shown in Fig. (2-5). The pure BTO has a E; of 1.83 eV [25]. Fig. 2(a-d) depicts
the spin-polarized electronic BS of the BTO perovskites at different concentrations of Co doping,
along the high symmetry direction of the Brillouin zone. It is observed that the spin-dependent
outcomes show the high splitting among spin up/down states near the Fermi region. The spin-
up/down states of the Co-doped BTO compound preserve the semiconductor behavior. However,
the calculated band-gaps (see Fig. 2a, b) for Ba;xCoxTiO3 at x= 8.33% and 16.66% are 1.67, 1.64
eV in the spin-up and 1.69, 1.56 eV in spin-down versions, correspondingly. For x=25% and 50%,
the values of the E, are 1.73 and 1.71 eV for spin up version (see Fig. 2(c, d)) whereas 1.64 and
1.54 eV for the spin-down version, respectively.
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Fig. 2. Electronic BS of BaCo,Ti;~03.

For the clarification of BSs, the total DOS and partial DOS are computed. The calculated
TDOS and PDOS for BaTi;.xCoxO; at x= 8.33%, 16.66%, 25%, and 50% are plotted in Figs. 3-5.
The TDOS (Figs. 3 and 4) illustrate the same semiconducting nature of BaTi;«Cox as the band
structure which enhances the reliability of the presented outcomes. The PDOS is plotted for Ba-
s,p, Ti-d, O-p, and Co-d states, to explain the involvement of individual orbitals in total-DOS as
shown in Fig. 5. The contribution of Co-d is most important owning to partially filled states. In all
concentrations, the orbital behavior of the conduction band (CB) is majorly consisted of O-p
orbital. In BaTii«Cox (x= 8.33%), the contribution of Co-d is large in the valance band (VB)
region than the other states of elements. Moreover, the CB ranges from 1.6-8 eV and is mainly
composed of O-p orbital with a prominent peak at 3.3 eV in both spin versions arising due to the
Ti-d state. The hybridization exists among the Ba-s/p and Ti-d states from —0.4 to -3.7 eV.
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Fig. 3. Spin-dependent TDOS of BaCo,Ti;.»O;.
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Fig. 4. Spin-dependent TDOS of BaCoxTi;.<Os.
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For x=16.66%, 25%, and 50%, the VB is majorly dominated by Co-d and O-p states with
small addition of Ti-d and Ba-s/p states. While for both spin configurations, the CB belongs to the
Ti-d state (from 1.5-8 eV) with a feeble role of the O-p state (see Fig. 5b, ¢, d). The p-state of O
atom and d-state of Co exhibit the highest role around Er. From Fig. 5(b-d), it is observed that
strong hybridization occurs among the p state of the oxygen atom and the Co-d state around the
Fermi region in the spin-down channel.
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Fig. 5. Spin-dependent PDOS of BaCo,Ti;Os.

3.2. Optical properties

The optical features play an essential contribution to the interior structure of any material.
The optical parameters of Ba;.«CoxTiO; (x= 8.33 %, 16.66 %, 25%, and 50%) have been
investigated in terms of conduction, absorption, reflection, polarization, and dispersion. The
optical behavior of any material can be analyzed by complex dielectric constants ¢ (w), consisting
of & (w) and part & (w). The real part shows the dispersion of light after interaction with the
material’s surface while the & (w) indicates the absorption a (@) of incident radiation. &; (w) and
& (w) are related through the Kramer-Kroning relation [26]. The value of the real part for Co-
doped BaTiO; at 8.33%, 16.66%, 25%, and 50% concentrations are 7.8, 7.9, 8.5, and 12,
respectively. The maximum peak appears at 0.4 eV for 50% doping. After some energy span, it
starts reducing (see Fig. 6a) and then becomes zero.

Moreover, the band gap of the probed material at all concentrations and the static value &
(0), formulated in form of Penn’s model [20] is symbolized as & (0) = 1+( hw, /Eg)z. At all
concentrations, the values of the imaginary part are zero at 0 eV, which means that there is no
dissipation of energy within the system. The a (w) of light has top value at the maximum curve of
the &, (w) and dispersion of the light is low. According to Fig. 6(b), the & (w) exhibits maximum
absorption at 4.1 eV, verifies the material’s capability for optoelectronic devices, and then
uniformly decrements with elevation of energy. The n(w) and k (w) has a similar pattern as real
and imaginary parts and mentioned quantities are linked through n* - k- & () and 2nk=e; (w)



464

[27]. Similar to the imaginary part the k () is also linked with a (@) of light. Fig. 6¢ revealed the
highest values of the & (w) appear at 4.2 eV for all doping concentrations.
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Fig. 6. (a) e/(w), (b)e2 (w), (¢) k (w) and (d) n (w) of BaCo,Ti;.+O;.

As the k (w) increases the absorption coefficient also increases. The n(w) shows the
propagation of light within the material and it is essential phenomenon to study the optical feature
of materials. The computed values of the n(w) are 2.7, 2.8, 2.9, and 3.4 for 8.33%, 16.66%, 25%,
and 50%, respectively (see Fig. 6d). For all concentrations, the maximum peak of n(w) occurred
at 3.1 eV then decreases in fluctuation form with increasing photon energy. The k(w) and n(w)
are calculated by the following formula [28]

k@)= & (1)

2

2 2 3 1/2
n(w) = (—[‘“ . (‘"”2> @)

Furthermore, the R(w) clarify the behavior of the material surface. At 50% doping, the
dopant compound shows maximum reflectivity of 3.0 at zero photon energy. The maximum curves
of the R(w) emerges at 4.2 eV for all concentrations as depicted in Fig. 7a. The values of the
R(w) follow the same trend as the & (w). The absorption is maximum at all points where the
reflectivity is minimum. The o (@) depends upon the frequency of the light absorbed in the
substanc. The maximum a (w) occurs at 4.1 eV for all doping concentrations which confirms that
the studied material is optically active in visible to UV regions that are important for
optoelectronic applications (See Fig. 7b). In addition, the ¢ (w) defines the bond breaking in a
material by incident light on material’s surface. At different concentrations, the ¢ () is elucidated
in Fig. 7c. From Fig. 7 (b, c), it is found that the optical conductivity and a (w) almost illustrate
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similar behavior. At 5.8 eV the value of the o (w) and the ¢ (w) is minimum and then slightly
increases with increasing the value of energy.
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Fig. 7. (a) R (w), (b) a (w) and (c) o (w) of BaCo,Ti;.+O;.

3.3. Magnetic properties

In the Ba;.xCoxTiO3; compound, the total magnetic moments (uB), interstitial magnetic
moments, as well as atomic magnetic moments of Ba, Ti, O, and Co atoms at different Co doping
are computed (see Table 1). It is observed that the M, of Ba;«CoxTiO; at x= 8.33%, 16.66%,
25%, and 50% are 3.000, 3.002, 2.999, and 3.000 uB, respectively.

Table 1. Computed Mror per Co atom (uB), interstitial magnetic moments and atomic magnetic moment of
each site for BaTi;.Co.Os.

Concentration Magnetic Moment (uB)

Total Interstitial Co Ba Ti O
X=18.33% 3.00009 0.04148 2.62968  0.0011 0.00006  0.02653
X=16.66% 3.00278 0.04041 2.63470  0.00234 -0.00423  0.14036
X=25% 2.99992 0.04117 2.63449  0.00268 -0.00356  0.08367
X=50% 3.00004 0.03869 2.62816  0.00284 -0.00812  0.17664

The obtained values show that the Mty mainly originated from the Co atom with a small
contribution of Ba, Ti, and oxygen atoms. The unfilled Co-d states cause the production of the
atomic magnetic moment due to p-d hybridization among Co-d and O-p states whereas small
magnetism originates from feeble hybridization among non-magnetic Ba-s/p and Ti-d states.
Besides, it is found that the magnetic moments for Ba, O, and Co are in positive signs referring to
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parallel spin while the negative value for Ti suggests the anti-parallel alignment of the magnetic
moment.

4. Conclusions

In this research, the electronic, optical, and magnetic properties of the BaTi;«CoxOs (x=
8.33%, 16.66%, 25%, and 50%) compounds have been studied by using the FP-LAPW approach
within DFT. The analysis of BS and DOS in both spin versions exhibits the semiconductor
behavior at different concentrations. The outcomes show that the magnetic moment (uB) primarily
comes from the Co-d orbital. In addition, the total pB is found about 3.00 uB per Co-atom for
BaTi;xCox03 (x= 8.33%, 16.66%, 25%, and 50%). The variation in different optical parameters
with doping is also examined. The large absorption in the visible to UV portion of the
electromagnetic (EM) spectrum favors investigated material for optoelectronic and spintronic
devices.
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