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Abstract: Double perovskite compounds (DPCs) have gained much more attention due to their
versatile character in the fields of electronics and spintronics. Using density functional theory (DFT)
we investigated the electronic, magnetic and optical properties of DPC La;BB'Og where B = Cr, Sc
and V and B’ = Co, Ni. The electronic band gaps suggest these compounds are half-metallic (HF)
semiconductors in the spin-up channel and metallic in the spin-down channel. Magnetic properties
suggest these are ferromagnetic in nature, so all DPCs are half-metallic ferromagnetic (HM-FM).
Furthermore, the compound LayCrCoOg shows outstanding electronic and optical properties, so it
can be used in optoelectronic/spintronic devices.
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1. Introduction

Recently, double perovskite compounds (DPCs) have attracted researchers due to
their outstanding properties in many applications [1,2]. The crystal structure of double
perovskite can be derived out of an ordinary perovskite structure ABO3 which has a wide
range of properties starting from insulators to superconductors [3-7]. The perovskite
structure has structure and flexibility, so almost all elements in the periodic table can be
used in the form of a perovskite crystal structure [8]. The double perovskite compounds
are composed of two simple perovskite structures (SPS), ABO3 and ABO3, so the general
chemical formula for DPCs is A;BB'O4. DPCs are formed when the half of cations of
the B site are swapped by another cation B/, achieving rock salt ordering between these
cations [9]. Figure la shows the simple perovskite crystal structure ABO3 and part (b)
shows the double perovskite structure composed of two SPS, A;BB'Og. Usually, in the
double perovskite compound A;BB’Og, the A site is occupied by the elements of alkaline
earth metals (Ca, Sr, Ba, etc.) or lanthanides (La) and the B and B’ position are filled by the
transition metal elements (Mn, Sc, Co, N, etc.) [10].

The transition metal ions (TMI) at B and B’ in the DPS show a wide range of magnetic
and electronic properties. The TMI is responsible for chemical flexibility and complex
character, which associate with the coordination of TMI with oxygen [11].

In 2001, Hua and Wu studied the electronic and magnetic properties of the DPCs
AjFeReOg (A= Ca, Sr and Ba), SryMMoOg and (M = Co, Fe, Cr and Mn) using the local
spin density approximation (LSDA) and (LSDA + U). They reported that the compounds
BaFeReOg and SrFeReQy are half-metallic ferrimagnetic (HM-FiM) due to spin-orbital
coupling between Fe** and Re®*. The compound Sr;MMoOg has strong p-d covalency
effects which cause the same valence state combinations [12].

In 2020, Mehtab ur Rehman and coworkers investigated the optoelectronic properties
of the organic-inorganic perovskite, methyl-ammonium lead halide (MLH) CH3NH3PbXj3,
(X'=Cl, Br and I) using DFT simulation. They concluded that all the compounds are semi-
conductors with band gaps of 1.98 eV, 2.36 eV and 2.78 eV for CH3NH3Pbls, CH3NH3PbBrs
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and CH3NH;3PbCl3, respectively. The compound CH3NH3Pbl; has a narrow band gap and
is assumed to be the best candidate for optoelectronic applications [13].

Double Perovskite: A,BB'O,

(a)
Perovskite: ABOa

Doubling of formula unit
(AB,0,)
Replace one of B by B’
Ordering of B/B’

Figure 1. (a) Simple perovskite structure ABOj; (b) double perovskite structure A;BB'Og.

Moreover, in 2021, Ghaithan Hamid M et al. investigated the optoelectronic properties
of in-organic perovskite CsPbX3 (X = I, Br, Cl) compounds using the DFT approach. They
used inorganic structures because they have high thermal stability as compared to organic
compounds. All of them are founded semiconductors with effective optical band gaps.
Furthermore, their optical properties clarified that they are suitable for optoelectronic
applications [14].

Additionally, in 2017, H. Kabbour et al. used a topochemical modification method
and achieved an extreme reduction in the multiferroic material of the YMoOj3 perovskite
structure. These are key materials for fabricating magnetic field sensors, actuators, switches
and memory devices [15].

Later on, J. T. Homg and G. Y. Guo investigated the electronic and magnetic properties
using LSDA and GGA methods of other DPC compounds Srp,CrWOg, SroFeReOg and
SryFeMoQOg. All compounds were found to be half-metallic ferromagnetic (HM-FM) in
nature while the calculated total spin magnetic moment of Sr,CrWOy, SryFeReOq and
Sr,FeMoOg were 2 uB, 3 uB and 4 puB, respectively [16].

After that, K. L. Holman et al., in 2006, synthesized the Lanthanum-based DPCs
LapNiVOg, LayCoTiOg and LapCoVOy using the solid-state method. They reported that all
of the La-based DPCs are semiconductors with band gaps of 0.41 eV, 0.45 eV and 1.02 eV of
compounds LapCoVOg, LapNiVOg and LapyCoTiOg, respectively [17].

Recently, the double perovskite compound Sr,ZnTeOg was synthesized using the solid-
state method and its optical and electronic properties were investigated. The crystal symmetry,
phase formation, and purity were investigated with the help of X-ray diffraction (XRD) and
the energy band gap of 4.11 eV was calculated using ultraviolet-visible light spectroscopy
(UV-Vis). Therefore, there are a number of double perovskite compounds that have been
synthesised and their properties were investigated using different techniques [18-20].

Likewise, recently, T. K. Bhowmik et al. synthesised the double perovskite compound
LapCrNiOg using the sol-gel method. They used many characterisation techniques to study
the structural and electronic nature of the LayCrNiOg compound. Structurally, the XRD
data confirmed that La;CrNiOg crystallises in the orthorhombic phase while electronically,
the impedance spectroscopy in the temperature range between 30 °C and 560 °C with the
frequency of 42 Hz—4.8 MHz justified that the compound is metallic in nature due to a
decrease in conductivity with frequency in the experimental temperature range [21].

In this research, we calculated the electronic, magnetic and optical properties of the
DPC LayBB'Og where B = Cr, Sc and V and B’ = Co, Ni using a first principle approach.
The band structures, density of states, spin magnetic moments and optical parameters are
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analysed. The optical properties are very important for these compounds because optically,
the DPC structure is much less explored.

2. Methodology

In the present calculations, we used Wien2k software based on density functional theory
(DFT). The structure optimisation and many physical properties of the DPC La;BB'Og were
carried out using generalised gradient approximation (GGA) and GGA+U scheme [22-25].
The GG+U (Hybrid term) is a famous approach to calculate electronic, magnetic and optical
properties of transition metal oxides (strong metal system) [6,26]. In our calculations, we
used both GGA and GGA+U approaches. Furthermore, the calculations were carried out
with the ‘Full potential linearised augmented plane wave (FP-LAPW)” approach imple-
mented in Wien2k code. The radii of the muffin-tin sphere for the DPC La;BB'Og are taken
as 3.5 ag for La, 2.0 ag for transition metals Cr, Sc, Co, Ni and 1.5 ag for O. The self-consistent
field cycle (SCF) calculations convergence is attained at 0.7 mRy as well as the conver-
gence of charge 0.0001e. All of the compounds are in a cubic structure, making a super cell
(2 x 2 x 1) structure and relaxed atomic position till force convergence becomes
5 x 1073 eV/A and energy approaches 10~* eV. In the present calculations for better
convergence of charge in the DMS, the wave cut-off value Rin{Kmax = 6 in the interstitial
region, 4000 k-points and Gmax = 24 is taken.

3. Results and Discussions

The DPCs LayCrCoQOg, LapCrNiOg, LapScNiOg Lap VNiIOg and Lay VScOg electronic,
magnetic and optical properties were analysed in a periodic manner and the figures were
generated using XMGRACE software. The path of k-points in the band structure and
density of states is taken as (I' H N I' P). All the compounds are semiconductors with
spin-down channels and metallic for spin-up channels in GGA and GGA+U.

3.1. Band Structure Calculations

The band structures consist of the valence band (VB) and the conduction band (CB)
and in between the energy gap Eg, the VB and CB are both crowded and overlapping in the
spin-up channel, while there is a forbidden energy gap in the spin-down channel between
them. All of the DPCs of La;BB'Og are found to be direct band gap semiconductors because
CB minima and VB maxima occur at the same point of symmetry in the Brillouin zone.
Therefore, all DPCs of La;BB'Og are metallic in the spin-up and semiconductors in the spin-
down channel and are known as half-metallic double perovskite compounds (HM-DPC).
The calculated band gaps in the spin-down channels using the GGA method are 0.94, 1.14,
1.63, 1.22 and 3.53 eV for LapyCrCoOg, LayCrNiOg, LayScNiOg, Lap VNiOg and Lay VscOg,
respectively. The calculated band gaps in the spin-down channels using the GGA+U
method are 1.66, 1.21, 3.85, 2.08 and 3.56 eV for LayCrCoQOy, LapCrNiOg, LayScNiOg,
La; VNiOg and Lap VScOg, respectively. All the calculated band gaps are in good agreement
with previous theoretical findings, also discussed in Table 1 [6,27]. Figures 2 and 3 show all
DPC band structures using GGA and GGA+U, respectively.

Table 1. Comparison of calculated electronic band gaps with previous electronic structure findings.

GGA GGA+U GGA GGA+U
DPC (Current) (Current) (Other) (Other)
Spin-Up Spin-Down Spin-Up Spin-Down Spin-Up Spin-Down Spin-Up Spin-Down

La,CrCoOg Metallic 0.945 eV Metallic 1.667 eV Metallic 0.762 eV Metallic 2471 eV
LapyCrNiOg Metallic 1.149 eV Metallic 1.211 eV Metallic 1.007 eV Metallic 3.293 eV
LayScNiOg Metallic 1.632 eV Metallic 3.855 eV Metallic 1.497 eV Metallic 3.293 eV
Lap; VNiOg Metallic 1.225eV Metallic 2.008 eV Metallic 1.116 eV Metallic 3.65eV
LayVScOgq Metallic 3.537 eV Metallic 3.566 eV Metallic 3.238 eV Metallic 3.238 eV
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Figure 2. Band structures of DPC Lay;BB’Og using GGA in both spin-up and spin-down channels.
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Figure 3. Band structures of DPC La; BB'Og using GGA+U in both spin-up and spin-down channels.
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3.2. Density of States Calculations

The density of states of the HM-DPCs describe the behaviour of the band structures,
the electronic distribution is described in the form of the total density of states (TDOS)
using GGA and GGA+U, as shown in Figures 4-8. All the DPC compounds are metallic for
the spin-up channel and semiconductors for the spin-down channel in both the GGA and
GGA+U schemes. The VB and CB overlap for the spin-up channel and for the spin-down
channel there is an energy gap Eg between them. The negative side of energy describes VB,
while the positive energy side shows CB, separated by the Fermi level Eg.
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Figure 4. Density of states (DOS) of LayCrCoOg using (a) GGA and (b) GGA+U.
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Figure 5. Density of states (DOS) of LapCrNiOg using (a) GGA and (b) GGA+U.
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Figure 8. Density of states (DOS) of Lay VScOg using (a) GGA and (b) GGA+U.

For the compound Lap,CrCoQg in the spin-down channel, the main contribution in
VB is due to the Co-d orbital. The minor contribution of Cr-d is detected in the tVB and
some congested peaks of O-p are also detected but too far from the edge of the VB. Inside
the CB the Co-d is also found to be dominant near the edge and the major contribution of
La-f is detected in the form of the high peaks shown in Figure 4a,b in GGA and GGA+U,
respectively. For the compound LayCrNiOg in the spin-down channel, the VB mostly
consists of the tNi-d orbital and the CB consists of the Ni-d, Cr-d and La-f orbitals, as
shown in Figure 5a,b. In the compound LayScNiOg, the VB is mostly from the Ni-d orbital
and a minor contribution of O-p is detected far away from the Fermi level E;. The CB
mostly consists of La-f orbitals and orbitals of the transition metals Ni and Sc. Looking
towards Lap VNiOg, the VB mostly consists of the Ni-d orbital and the CB is crowded due
to La-f and V-d towards E¢. In the final compound La;VScOg, the VB is almost totally
occupied by oxygen O-p and the CB is due to La-f, V-d and Sc-d. Overall, all the compounds
are semiconductors in the spin-down channel and metallic in the spin-up channel. The
main reason for their half-metallic nature is due to p-d hybridisation, the d-state pushes
the p-state upward in the spin-down channel which separates E; in different channels.
Consequently, TDOS suggests that all compounds are half-metallic (HM) in which the
VB is almost governed by transition metals (V, Sc, Ni, Co, Cr) and the CB is governed by
Lanthanum La.

3.3. Magnetic Properties Calculations

For the investigation of the magnetic properties of the DPC LayBB'Og, the calculations
are carried out in a spin-polarised manner in both the GGA and GGA+U schemes. The total
spin magnetic moments are investigated and it was found that all the DPCs are half-metallic
ferromagnetic (HM-FM) in nature. The total spin magnetic moment m®! of the DPCs using
GGA are 2.883 ug, 4.000 pg, 0.998 ug, 2.971 pug and 2.008 ug for La,CrCoOg, LapCrNiOg,
La;ScNiOg, Lay VNiOg and La; VscOg, respectively. Furthermore, using GGA+U, the total
magnetic moments of the DPCs are 3.007 pg, 4.006 ug, 1.000 pg, 2.972 pup and 2.010 pp for
LapyCrCoQOg, LayCrNiOg, LayScNiOg, Lay VNiOg and Lay VScOg, respectively. The total spin
magnetic moment of Lay;CrNiOg is found to be high as compared to the other compounds
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while the total spin magnetic moment of La;ScNiOg is found to be minimum, which is
0.9 up and 1.000 pg in both GGA and GGA+U, respectively. The spin magnetic moment
measurements, atoms, interstitial region and total magnetic moment of the cell are given in
Tables 2 and 3.

Table 2. Calculated spin magnetic moments of DPCs Using Generalised gradient approximation (GGA).

DPC mINTERS mS1 mS2 mS3 mS4 mS5 mCell (1p)

LayCrCoOgq 0.271 0.012 2.325 0.184 0.013 0.012 2.883 up

LayCrNiOg 0.282 0.014 1.998 1.389 0.048 0.050 4.000 pp

LayScNiOg 0.011 —0.002 0.045 0.776 0.028 0.028 0.998 up

Lay VNiOg 0.153 0.013 0.892 1.481 0.069 0.069 2.971 up

LayVScOgq 0.427 0.073 1.423 0.036 —0.004 —0.004 2.008 pup
Table 3. Calculated spin magnetic moments of DPCs Using Generalised gradient approximation with
hybrid term (GGA+U).

DPC mINTERS mS1 mS2 mS3 mS4 mS5 mCell (yp)
LayCrCoOgq 0.323 0.021 2.388 0.154 0.018 0.015 3.007 up
LayCrNiOg 0.263 0.012 1.974 1.402 0.056 0.057 4.006 up
LapScNiOg —0.016 0.002 0.017 1.319 —0.057 —0.052 1.000 up
LayVNiOg 0.153 0.013 0.895 1.483 0.068 0.069 2972 ug
LayVScOgq 0.429 0.073 1.427 0.036 —0.005 —0.005 2.010 pp

3.4. Optical Properties Calculations
The optical characteristic absorption coefficient and optical conductivity are calculated
for all DPCs. Figure 9a,b shows the absorption coefficient of the DPCs using GGA and
GGA+U.
500 500
— La,CeCel,
40F [ Leconio, / 400F [= Lo,
La,5eMi0, (I — Lafio,
La,\.’N\D6 I | — La:ScN\Dﬁ
v J B La,VNiO,
_ 30 | tavs, f ~300F Lo,
g Ol=
3 3
200F 200
W
[
toof i il | 100
|
| I .
% 10 X X 0 0
Energy (eV) Energy (eV)
(a) (b)

Figure 9. (a) Absorption coefficient of DPCs Lap;BB'Og using GGA and (b) using GGA+U.

The absorption coefficient o (w) of all the DPCs is plotted and the energy is taken
from 0-40eV against o (w). All compounds absorb wavelengths of energy when the energy
increases from 1 eV. Within the visible energy limit, the La; VNiOg absorbs much more
wavelengths and, in the range of 040 eV, the compound La;CrCoO¢ has outstanding
behaviour. The higher peak of 401.082 at the energy of 21.9 eV is detected. Likewise, the
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compound La;VScOg shows suitable behaviour as a light-absorbing material. The results
of the absorption coefficient in both schemes, GGA and GGA+U are almost the same. The
maximum absorption shift occurs in between the energy range of 20-25 eV, therefore these
compounds can be used as absorbers in many electronic applications.

The optical conductivity o (w) describes the behaviour of the DPCs in the presence
of energy (eV). Within the visible range, all compounds show suitable conductivity, and
the compound Lay VNiOg shows good conductivity in the visible region. When the energy
is increasing the o (w) of the compounds increases, the compound La,CrCoOg shows the
maximum conductivity, which is 14,950 at 21 eV. The optical conductivity of all compounds
increased when the energy increased from 18-21 eV, as shown in Figure 10a,b. All the
compounds were found to be good optical conductors that could be used in perovskite
solar cells as absorbers.

18000 16000
[ |— LaGiCoDy
15000 |— LaCeNio,
| [— Lasenio, 1000
— La,VNio, i/ 1
12000 | — LaVscO,
—_ ~
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Energ? (V)
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Figure 10. (a) Optical conductivity of DPC La,BB’Og using GGA and (b) GGA+U.

I 15
Energy (eV)

Due to the versatile behaviour of these compounds—electronic, magnetic and optical—they
are the best candidates for electronic and spintronic applications.

4. Conclusions

In summary, we calculated the electronic, magnetic and optical properties of LayBB'Og
where B = Cr, Sc and V and = Co, Ni using a first principle DFT approach. The DPCs
were metallic for the spin-up channel B’ and showed semiconductor behaviour for the
spin-down channel. For the spin-up channel, the VB and CB overlap and for the spin-
down channel, there is an energy gap Eg between them. The Eg of the DPC agrees but
is only a little higher as compared to the previous theoretical findings due to higher
symmetry and enhanced optimisation. The VB and CB mainly consist of transition metal
d-states and lanthanum-f states, respectively. The magnetic properties suggest that all DPC
compounds are ferromagnetic (FM). Therefore, all the DPCs are half-metallic ferromagnetic
(HM-FM) in nature. The DPCs show good optical properties such as their absorption
coefficient and optical conductivity. Furthermore, the compound Lay;CrCoOg showed
phenomenal electronic and optical properties to its narrow band gap in the spin-down
channel. These compounds are suggested for spintronic applications due to their half-
metallic ferromagnetic (HM-FM) character.
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