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ARTICLE INFO ABSTRACT
Keywords: Bismuth ferrite BiFeO3 (BFO) is one of the most studied multiferroic materials. The coupling
Multiferroic between electric polarization and magnetization provides the potential for the next-generation

First principles

Spin-polarized switching properties
Linear polarization

Switching energy

low-switching memory devices. To enhance the switching functionality of BFO, the effect of
lanthanum (La) at A-site and cobalt (Co) at B-site as mono- and co-dopants on spin-polarized
electronic structure, ferroelectric polarization, and magnetic properties are investigated using
the first principles. An increase in the energy states density is observed with the introduction of La
and Co atoms, which change the band gap in the spin-down state. La-doping significantly en-
hances the dielectric constant, whereas the dielectric constant for La and Co co-doped system
decreases. Enhancement in the magnetic moment (y5) is detected on introducing Co atoms in BFO
as mono- and co-dopant due to the combined involvement of La and Co, which destroy the
cycloidal spin structure and activate the hidden spin. The high spin polarization of 87.08 % and
linear Edelstein effect of 1.45 x107° m/V are observed in La and Co co-substituted system. The
ferroelectric polarization of La and Co co-doped BFO decreased (0.079 C/m?) significantly and
has shown ultralow switching energy 0.52 aJ for magneto-electric spin-orbit (MESO) RAM
capacitor.

1. Introduction

Multiferroic materials possess great potential for next-generation electronic devices such as sensors, actuators, and data storage
devices. The multiferroic materials can be single-phased or composite; however, in composite multiferroic materials, the coupling
effect is restricted to the interfaces. Whereas, single-phase multiferroic material has great advantages over composite multiferroic
materials [1-3]. Single-phase materials with half metallicity, strong magnetic moment, and spin-polarization including electric po-
larization have attracted the attention of researchers in recent years due to their diverse characteristics. Their ability of spin to charge
and charge to spin conversion, accumulation of currents on the basis of spin-orbit and magneto-electric coupling make multiferroic
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materials potential candidates for low switching spintronic and magneto-electric spin-orbit (MESO) devices [4].

The efficiency of low switching functionality for multiferroic materials devices can be attributed to enhancement in a) spin po-
larization to exchange the current via spin channel b) a necessary magnetoelectric field to switch a nanomagnet for data storage c) the
spin to charge conversion ability for decoding data, d) e) 180° multiferroic switching and reduce charge at the electrodes of the
multiferroic capacitor and the linear dielectric polarization in response to the applied electric field [4, 5]. The current functionality of
low switching technology is based on composite materials due to their half-metallic nature, spin polarization, and high spin-orbit
coupling, which are electrically tuned to mediate magneto-electrics behaviour for saturation magnetization and magnetic anisot-
ropy [5]. But these composite materials are unable to exchange magnetic and electrical energy without any driving electric source,
hence heat-dissipating factor cannot be minimized. Controlling the heat dissipation is a big challenge in composite materials for low
switching applications [6].

Bismuth ferrite (BiFeO3) is one of the widely studied single-phase multiferroic materials as it exhibits robust order i.e. ferroelectric,
anti-ferromagnetic, and weak ferromagnetic moment [7]. BFO is a single-phase material having a multiferroic distorted perovskite
structure with a ferroelectric Curie temperature of 1103 K and a G-type anti-ferromagnetic Neel transition temperature of 643 K [8, 9].
The perovskite BFO shows a strong coupling between the spontaneous electric polarization and magnetic ground state [10]. The
reported polarization of BFO is 0.061 C/m? along [111] direction is far below the predicted theoretical values. Extensive research work
(theoretical and experimental) has been carried out to enhance the polarization values (50-90 pC/cmz) in BFO nanostructures [11,
12]. In BFO, the weak magnetization originates from the Fe magnetic ions (the B site of the perovskite structure) [1, 2, 11, 12] and the
spontaneous electric polarization from the large orbital radius of the Bi 652 lone pairs, whereas the Fe 3d electrons are responsible for
magnetism. One of the key challenges in BFO material is the low electrical resistivity and weak magnetic behaviour, which limits its
practical application in designing multifunctional memory devices [10].

The introduction of foreign atoms in BFO structure either at Bi-site, Fe-site, or Bi-Fe sites has been practiced as an effective
approach to induce ferromagnetism, suppress the formation of impurity phases, and reduce leakage current [13]. Rare earth impurity
at the A-site of bismuth ferrite can reduce the formation of the secondary phase and enhance the electromagnetic properties by
increasing the magneto crystalline anisotropy. Trivalent rare-earth ions doping [14-16] at the A-site in BFO, increases the ferroelectric
properties, whereas the substitution of transition metals [17-25] at B-site tune its magnetic behaviour. Therefore, improvising the
antiferromagnetic ordering in BFO structure along with retaining high spontaneous polarization through doping, make BFO tech-
nologically more feasible for practical applications [10].

Recent research has shown that the presence of common A-site dopants such as La and Sr can have a significant effect on reducing
leakage current in BFO. Such additions may also control the volatile nature of Bi atoms, whereas B-site dopants can enhance the
magnetic ordering in BFO. The dopants improve the antiferromagnetic ordering along with retaining high spontaneous polarization in
BFO[10]. Therefore, in the present work, the multiferroic properties of La and Co substitution at the A-site and B-site of cubic BFO have
been investigated using a first-principles study. This work highlights the multiferroic properties of La-, Co-, as mono- and co-doped BFO
and provides useful insights for improving the multiferroic properties of BFO. The magnetic, ferroelectric, and dielectric properties
have been compared with experimental data.

2. Computational details

The first principle spin-polarized calculations were performed using on-the-fly generated (OTFG) ultra-soft pseudopotential with
Koelling-Hamon relativistic treatment in Cambridge Serial Total Energy Package (CASTEP) [26, 27] .Generalized gradient approxi-
mation (GGA-PBE) was used as an exchange-correlational function for the imprisonment of robust correlational d-localized orbitals,
while the study of electron-ion interaction was carried out through pseudopotential theory. As the electronic magnetic and dielectric
properties were interrelated especially the complex dielectric constant, which was calculated with the help of the square of the
magnitude of matrix elements (i.e. |(y$|w.r|y}) |?) between energy states of the valence band and conduction band as given below [28,
29].
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Where e, Q, k, E}, Ef, u and r are charge, volume, k points, the energy of valence band, energy of conduction band, vector po-
larization of incident electric field, and position vector respectively. Based on Kramer’s Kroning relation [30], the real dielectric
part & (w) is derived from the imaginary part &;(w) as
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p is Cauchy principal value of integral. The dielectric constant is given as
(o) =&/ (w) + iex(w) (€))

The cubic structure with a single formula unit (5 atoms) of BiFeO3 was optimized by relaxing atoms gradually towards a stable state
until Hellman Feynman forces and convergence energy became less than 0.03 eV/A and 107 eV respectively. Medium quality cal-
culations in CASTEP were selected for the co-doped BFO system. The cut-off energy 489 eV was used for geometry optimization of a
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unit cell. Whereas, 1x10°° self-consistent-field (SCF) accuracy was used to optimize unit cells. The optimized lattice constants were
used to develop the 2x2x1 supercell to explore the dopant effect on the proposed system. The electronic such as band gap, the partial
density of states (PDOS), and magnetic properties were investigated for pure, (La, Co) mono- and co-doped cubic BiFeOj3 structure with
described default settings of medium quality.

3. Results and discussion
3.1. Structural properties

The total number of atoms in the unit cell were fifteen, which included eight Bi atoms, one Fe atom, and six oxygen atoms. The unit
cell and 2x2x1 mono- and co-doped supercell are shown in Fig. 1.

BFO (d) 2x2x1 La and Co co-doped supercell of BFO

The optimized lattice constants and unit cell volumes are listed in Table 1. The cubic unit cell lattice constant 3.84 A and volume of
56.62 A were measured for pure BFO, which are in good agreement with the reported values of 3.844 A and 56.79 A3 respectively
[31].

The doping of La and Co impurities alters the lattice constant and volume due to the difference in atomic radii. Small atomic radii of
Co (2.22 }o\) as compared to Fe (2.26 [o\) reduced the lattice constant while large atomic radii of La (2.84 (A)) as compared to Bi (2.50 ;\)
enhanced the lattice constant and volume of unit cell as reported 3.91 A and 63.62 A3 for La-doped BFO [34, 35].

3.2. Spin polarized magneto-electric switching properties

The spin magnetism controlled with electric field is deriving studies in the field of spintronic devices in which each 1 Bohr
magneton (up) of spin can be switched to one-bit data. To write and read data in spintronic, the switching mechanism depends on five
factors (i) spin-polarized electronic band structure, (ii) spin magnetic moment, (iii) spin polarization, (iv) spin current density, and (v)
spin to charge current density [4].

Spin polarized electronic band structure:

Spin density at the Fermi level for exchange current is a key component of magneto-electric switching [22], which is identified with
spin-polarized band structure calculations. The calculated band gap spin (up and down) for pure, and doped BFO is presented in Fig. 2.
The indirect band gap of 1.17 eV is observed for pure BFO in the spin-down state as shown in Fig. 2(a) [23]. The Fermi level lies inside
the conduction band, which shows the metallic to semiconductor (half metal) nature for the pure cubic BFO structure. However, the
pure BFO in the spin-up state does not show any band gap and behaves as a conductor (Fig. 2(b)) [23, 31].

An increase in the energy states density is observed with the introduction of La and Co atoms as dopants, which change the band
gap in the spin-down state, and shows an indirect band gap of 0.693 eV between Z and G-point and a direct band gap of 1.30 eV at G-
point for Co (Fig. 2(c)) and La (Fig. 2(e) doping respectively. In the case of La and Co co-doping, the direct bandgap 0.85 eV is identified

Fig. 1. (a) cubic unit cell BFO (b) 2x2x1 Co doped supercell of BFO (c) 2x2x1 La doped supercell of
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Table 1
The optimized lattice constants and volume for un-doped, mono- and co-doped with reported lattice constant of pure BFO
Material Lattice constantsa = b = c(A) Unit cell volume(A%)
Pure BFO Present work 3.84 56.62
Reported

theoretical 3.84 [31], 3.75 [32]
and experimental 3.99 [33]

Co doped BFO 3.72 51.47
La doped BFO 3.89 59.86
LaCo co-doped BFO 3.87 57.96

Pure (Spin up)

Energy(eV)
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Fig. 2. Spin polarized band structure of (a) pure BFO (spin-down), (b) pure BFO(spin-up) (c¢) Co doped (spin-down), (d) Co doped (spin-up), (e) La
doped (spin-down), (f) La doped (spin-up), (g) co-doped (spin-down), and (h) co-doped (spin-up).

at the G point as shown in Fig. 2(g). The change in band gap is due to the hybridization of 6p (Bi), 3d (Fe), and 2p (O) orbitals. These
variations alter the bond angle (Fe —O —Fe) and bond length d g..o. Whereas, both parameters have a direct relation with electron
bandwidth, which can relate using the following expression [36]

CosO

chdS.S
Fe—0

(€]

Here 6 = { [r —(Fe —O —Fe)) is bond angle Fe — O — Fe and dg._o is bond length between Fe and O. Mathematically, the band gap E, is
inversely proportional to one electron band width and given as E; = V — X [36], where V is invariant charge-transfer energy. La and
Co induce significant variation in band gap due to their different atomic radii as compared to the host elements.

In pure BFO, three distinguished band gap (-9 eV to-13 eV, -13 eV to -15 eV and -15 eV to -18 eV) are identified as shown in Fig. 3
(a). Whereas, only one band gap appeared in the range 5.0 eV to 10 eV. However, there is band gap between -9 to 5 eV observed in pure
BFO. Overall, the p and d states have played a major role to develop metallic behaviour in pure BFO as illustrated in Fig. 3(e). The
Fermi level is shifted at zero energy.

The partial density of states (PDOS) shows an increase in energy states in conduction as well as valence band on the addition of Co
and La-dopant in the BFO host structure. Co and Fe have different numbers of energy states in different regions, which sum up and
increase the number of states and charge carriers. The doping of La at the A-site shifts the valence band downwards, which is in
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Fig. 3. Density of states and partial density of states for (a, e) pure BFO, (b, f) Co doped, (c, g) La doped, and (d, h) La, Co co-doped BFO with
projected orbitals (s, p, d, f orbitals).

agreement with the reported experimental work [37]. PDOS shows that s- and d-states have a maximum contribution on both sides of
the Fermi level. Whereas, for the range -15.0 eV and -10 eV, the s-states contribute more towards band formation. So monoatomic
La-doped BFO is a half metal whose band gap is greater than 1 eV [38]. In case of co-doping of La and Co, the bandgap decreases from
1.17 eV to 0.85 eV and PDOS are increased in both valence and conduction bands. PDOS shows that near Fermi level, s- and p-states are
predominant and have maximum contribution (Fig. 3(h)). The 6s> lone pair electrons of Bi atoms contribute predominantly towards
electrical properties and half-metallic behaviour of Bi, making BFO suitable for low switching for magneto-electric memory appli-
cations and spintronic devices [39].

The band gap has a direct relation with the dielectric constant of half-metal and is inversely proportional to the semiconductor
material [40]. In the case of La, it has a maximum band gap (1.30 eV) in the spin-down channel, so it contains a maximum dielectric
constant. Fig. 4 (a, and b) illustrate high value for dielectric function (Re. and Im. part) in La-doped BFO, while low value is observed
for co-doped BFO. Table 2 presents the calculated values of dielectric function peaks (Re and Im. part for pure and doped BFO with the
peak at 0.01 eV near the infra-red region (NIR) as shown in Fig. 4(a). The real dielectric function of La-doped is higher at 97.41 as
compared to pure BFO 35.16, which is in agreement with experimental work 97.0 with 5% La concentration [41] and it is consistent
with the band gap structure of pure and doped BFO.

La atoms enhance the internal compressive strain due to different atomic radii, which significantly enhances the dielectric constant.
The real dielectric function &; (w) of La and Co co-doped BFO decreases to 16.01 [14, 15]. For all cases, the frequency increases, and
dielectric constant gradually decreases (Fig. 4), which is consistent with reported values [42].

Spin magnetic moment

The spin magnetic moment of pure and doped BFO has been calculated and listed in Table 3. The magnetic moment 2.34 y; and
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Fig. 4. Plots of the real (a, b) and imaginary (c, d) part of dielectric function for pure, mono- and co-doped BFO
Table 2

Calculated real part values of dielectrics function at 0.01Hz frequency and peaks of the imaginary part of dielectric function for pure, mono- and co-
doped BFO

Material Dielectric function (Re.) Frequency(Hz) Dielectric function (Im.) Frequency(Hz)
Pure BFO 35.16 0.01 10.0 0.668
Co-Doped BFO 43.82 0.01 13.16 0.472
La-Doped BFO 97.41 0.01 32.18 0.199

La and Co co-doped BFO 16.01 0.01 6.04 5.74

0.11 py are observed for Fe and O in pure BFO which are consistent with reported values 2.16 u; [43] and 0.13 g [23] respectively.
Increase in magnetic moment (up) is detected on doping of La and Co atoms and net magnetic moment of mono-doped system became
2.90 pp and 3.09 y; for Co and La doped BFO respectively.

As Co is doped at the B-site of BFO, it develops exchange interactions with other Fe atoms and destroys the cycloidal spin structure.
So change in spin alignment can develop high magnetic order. Besides this, overall improvement in magnetization is due to the
contribution of the large number of d—electrons (six electrons with magneto moment 6.9y;) of Co as compared to d-electrons of Fe with
5.9u5. Furthermore, the spatial and magneto-crystalline anisotropy also enhances the magnetic moment after mixing Co in pure BFO
[44]. Hence, the spin blockage of each element of BFO has opened and the magnetic moment of Fe, Bi and O changes to 2.93j,

Table 3
Effect of mono- and co-doping on magnetic properties in Bi, Fe, and O of individual atom and net magmatic moment of BFO cell
Material Bi(ug) Fe(up) O(up) Net magnetic moment(y;)
Pure BFO 0.04 2.34 0.11 2.49
Co-Doped BFO 0.04 2.93 0.12 3.09
La-Doped BFO 0.05 2.73 0.12 2.90
La and Co co-doped BFO 0.04 3.54 0.15 3.73

216



L1C

Bi - (6s, 6p, 5d) Fe- (45, 3d) O-(25,2p)
s (a) Pure BFO s (e) Pure BFO s '[_IJ Pure BFO
4t 13 ak
0 ——6s(up) + 0 ——QF_- 0 —%
— s (down) [ .
-4 |——6p(up) -4 4s (up) 4} | e 25 (D)
— Bp{down) =45 (down) —2s (down)
-8 |——5d(up) -§ |=——3d (up) -8 }——2p (up)
— Sd{down) — 3d (down) = 2p (down)
g|(®) La doped g| (N La doped g|0) La doped
3 - o
44 4t 4t
0 —%@———- 0 ] 0
% 4} 4% 4L
= 8} -8} -8}
7] L {c) Co doped . (g) Co doped 4 | (k) Co doped
7]
Q 4} af at
(=]
B 0 f——— 0 0
41 -4t -4
8} B Bk
g|(d) LaCo co-doped s () LaCo co-doped g L(L) LaCo co-doped
4t 4t 4
O e 0 0
4} 4t -4
o 8t 8}

-10-8_-‘5-4-‘2024G310-10-3-8-4-20243810-10-8-54-20248 8 10
Energy (eV) Energy (eV) Energy (eV)

Fig. 5. Partial density of states for individual atom (a, b, ¢, d) Bi (6s, 6p,5d orbitals), (e, f, g, h) Fe (4s,3d orbitals), and (i, j, k, L) O (2s, 2p orbitals) with projected orbitals of pure, mono- and co-doped
BFO cell.

‘32 bup] ‘W

vZZ-11Z (Z20T) 6L S1sAYd fo pumor asaunyd



M. Tariq et al. Chinese Journal of Physics 79 (2022) 211-224

0.04u5 and 0.12 ujy respectively. Doping of La at the A-site creates lattice distortion due to the difference in the atomic radii of La and
Bi, and changes the Fe — O — Fe bond angle. Subsequently, the blocked, and hidden spins of BFO are activated. La also introduces
magnetic sub-lattices which are interrelated with magnetic sub-lattices of Fe and enhances overall magnetic moment due to magnetic
coupling of these sub-lattices [45]. In the case of La and Co co-doping, the net magnetic moment 3.74 y; is significantly improved due
to La and Co combined involvement to destroy the cycloidal spin structure and activate the hidden spin [46] of Fe (from 2.34y; to
3.54u5), and O (from 0.11up to 0.1545) as listed in Table 3.

Figs. 5 (a, b, ¢, d) Bi -(6s, 6p,5d orbitals) illustrate that 6p states are present at the Fermi level in La-doped BFO. Figs. 5 (e, f, g, h) Fe
(4s,3d orbitals) show that the origin of magnetic moment in all cases is due to Fe 3d state and maximum 3d states difference is observed
at Fermi level in La, Co co-doped BFO structure. A similar response is identified in O, p-states for La, Co co-doped BFO. The descending
order of the density of states at the Fermi level for pure, mono-and co-doped BFO is La, Co co-doped BFO> Co doped BFO >La doped
BFO>pure BFO and it is consistent with the calculated magnetic moment as given in Table 3.

Spin polarization

In spintronic devices, two approaches are used to read and write the data from a ferromagnetic material, the spin-transfer torque,
which needs a spin-polarized current while the other is spin-orbit torque, which requires spin-orbit coupling in the material. In the
spin-orbit coupling scenario, one prominent effect which leads toward spin-orbit coupling is the Edelstein effect. It induces magne-
tization in the material by applying an electric field. Kubo’s linear response theory gives a qualitative approach to the Edelstein effect
and give a relationship between spin polarization and applied electric field such as (yz) =% Where (y;), Ps and E are Linear Edelstein
effect, spin polarization, and applied electric field respectively. The Linear Edelstein effect is a byproduct of orbital hybridization,
which shows magnetization of the material that can be controlled with the help of an electric field [47].

Spin polarization P; is a major property of half metal, which distinguishes it from other metals. The difference in number of spin up
and spin down electrons in half-metals allows Fermi surface for spin injection and detection current, which is more useful for very low
switching magneto-electric spin orbit devices, transistor and spintronic devices. On the basis of different numbers of spin up and spin
down electrons, spin polarization can be calculated with the help of total density of states (DOS) using following equation [48, 49].

P, = PPy (5)
Pyt

where, p, is majority DOS and, p, minority DOS at Fermi level [50].

Fig. 3(a, b, ¢, d) illustrate that DOS in the spin-down channel is greater than DOS in the spin-up channel in all pure and doped BFO
systems. Each BFO system gives its share to develop the Fermi surface for switching spin current density. But Co atom contribution is
maximum for spin conduction. Linear Edelstein effect (y;) = % with electric field E = 6x10 ® V/m [51] is calibrated using spin po-
larization as listed in Table 4.

The high spin polarization of 87.08 % and linear Edelstein effect of 1.45x107° m/V are observed in the co-doped BFO system as
compared to pure and mono-doped BFO.

Spin current density

Current density (j) can be manipulated with spin polarization P, using Edelstein effect at fermi level P; = (yz)E. Asj = ¢E, so P =
(rg)E = f; (xz) where, o (S unit Kg"'m3sec®A?), j (SI unit Am™2), (y) (SI unit Kg"'m'sec™3A) are the conductivity, current density, and
material-dependent linear response of the Edelstein effect respectively .So, the spin current density (s) can be easily calculated with the

equation (s) = & )" [42]. The conductivity of pure, doped, and co-doped BFO has been calculated using the equation () = goe200 [521,

E
and plotted in Fig. 6. Where, ¢, is permittivity constant for free space, ¢, imaginary part of dielectric constant and o is an angular

frequency.
Fig. 6 shows the real and imaginary part of conductivity of all samples as listed in Table 5. Total conductivity ¢ is the sum of the real
and imaginary parts of conductivity at a single frequency [53].

o(w) = 6(Re.) + o(Im.) (6)

Fig. 6 illustrates high conductivity values (Re and Im) part in Pure BFO, whereas low value is observed in co-doped BFO. Table 5
presents the trend of real 6(Re) and imaginary ¢(Im.) conductivity at 6.8 Hz frequency, total conductivity, d.c conductivity 64 and spin
current density for pure and doped BFO. Highest spin current density 7.44x10’ (A/m?) and d.c conductivity 3.687x1072
(Kg’lm’gsecsAz) are observed for pure BFO.

Table 4
The calculated density of states in majority (p,) and minority (p,) at Fermi level, % spin polarization, and Linear Edelstein effect for pure, mono- and
co-doped BFO

Material Py Pt % Spin polarizationP; Linear Edelstien effect(y;) m/V
Pure BFO 0.32 2.14 73.98 % 1.23x107°
Co-Doped BFO 0.19 2.11 83.47 % 1.39x107°
La-Doped BFO 1.20 8.29 74.71 % 1.24x107°
La and Co co-doped BFO 0.29 4.20 87.08 % 1.45 x107°
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Fig. 6. The real (a) and imaginary (b) part of conductivity as a function of frequency for pure, mono-and co-doped BFO

Table 5
Calculated peaks of real o(Re.) and imaginary o(Im.) part of conductivity at 6.8 Hz frequency, total conductivity, d.c conductivity o4, spin and charge
current density for pure and doped BFO

Material o(Re.)(Kg'm3sec®A?)  o(Im.)(Kg 'm3sec®A?) o(w)(Kg'm3sec®A?) 04 (Kg'm3sec®A?) Spin current density(A/m?)
Pure BFO 6.44 3.0 9.44 7.643x107° 4.51x10°
Co-Doped BFO 5.10 0.91 6.01 1.240x1072 7.44x107
La-Doped BFO 5.2 1.18 6.38 3.687x1072 2.19%107
La and Co co-doped BFO 4.6 0.39 4.99 1.746x1073 1.047x10°

Information can be transfer with the help of spin polarization, which is based upon interface Rashba-Edelstein effect (IREE) and
Spin Hall Effect (SHE) theories [54]. On the basis of these theories, spin accumulation current can be changed into charge current and
vice versa. Hamiltonian of two-dimensional electron gas provides the better picture of spin orbit coupling.

Hi = ag(Px32).0 )

ag is Rashba coefficient and can be calculated as

hZ
ag = (K, — K)) o ®

(K; — K;), P and 2 are Rashba spin splitting vectors, momentum of electron and unit vector normal to interface respectively while &
is the Pauli spin matrix vector [55] .

The calculated magnetic moment, linear Edelstein effect, and spin current density infer the potential of BiFeO3 for switch mech-
anism to read and write the data due to co-existence of ferroelectricity and ferromagnetic behavior [56].The BFO -(1 1 1) - (4x4x1)
slab surfaces and their corresponding overviews such as cross-sectional view, bottom and upper layers with vacuum slab surface view
and side view as a bilayer between electrodes of multiferroic capacitor for spin injection and detection of current are presented in
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Fig. 7, which shows that Bi and O atoms reside at the interface of slab surface. Where, the Fe plays key role in spintronic due to ex-
istence of d state at Fermi level at mid of surface. BiO surface structure is developed by pushing FeO, ion towards the subsurface layer.
They orient themselves towards the vacuum due to lone pair of electrons, which are responsible for ferroelectric behavior of BFO and
produce ferroelectric polarization. BFO surface has switchable bulk spin and electric polarization in which BiO (+1C/! m?) polarization
behave as positively charged ion, whereas negatively charged ion is FeO, with (-1C/m?) polarization [57].

3.3. Switching energy of pure and doped BFO

Linear polarization and charge under the various electric field are calculated using the dielectric constant as given in Table 6 and
plotted in Figs.8 (a and b). Figs. 8 (a and b) show that maximum linear ferroelectric polarization and charge appeared under electric
field (6x 108 V/m) in the case of La-doped BFO while the minimum value of polarization and charge in the case of co-doped BFO.

The 0.18 C/m? ferroelectric polarization is observed for pure BFO and 0.23 C/m? for Co doped BFO and 0.51 C/m? for La doped
BFO. The ferroelectric polarization of La and Co co-doped is decreased (0.07 C/m?) significantly as compared to pure BFO material and
shows low switching energy of 0.52 aJ for RAM capacitor.

Table 6 shows the trend of ferroelectric polarization of pure and doped BFO, 0.18 (C/m?) ferroelectric polarization is observed for
pure BFO and 0.23 C/m? for Co-doped BFO. The La doped BFO polarization 0.51 C/m? is consistent with experimental reported value
0.56 C/m? [58]. The ferroelectric polarization of La-, Co- and co-doped system is decreased (0.079 C/m?) significantly as compared to
pure BFO material. La atom alters the spin structure of BFO and effects the magnetic domains. By mixing Co 3d electrons in the
presence of La in BFO can raise the collaboration between spin of La 4f electrons and spin of Fe 3d electrons, which increases the spin
polarization but decreases ferroelectrics polarization between La and Co atoms [9-12]. As ferroelectrics polarization is directly pro-
portional to switching energy and due to decrease in polarization; the switching energy is decreased. The total charge can be calculated
using equation [5]

0 = A, (0, E+P.) ()]
Where, P, is polarization in case of capacitor, which can be calculated from equation

P. = ey(e, — 1)E (10)

while ¢, is calculated from real dielectric function at 0.01 eV while value of electric field E is equal to 6 x 108 V/m [28, 39].Switching
energy (Egy) of multiferroic material in MESO is based upon polarized charges (2Q) of multiferroic in the presence of E and voltage (V)
to switch the multiferroic BFO as given below in equation

One has already suggested 1.0x10"7 m area of multiferroic(A,,.) BFO, with voltage 3mV [39,5].

Fig. 9 illustrates the trend of switching energy for pure and doped BFO, in which 1.1 aJ is observed for pure cubic BFO. In the case of
Co doping, the switching energy increased to 1.5 aJ whereas, the switching energy for La-doped BFO is highest (3.3 aJ). The switching
energy of the co-doped system decreased significantly to 0.52 aJ as listed in Table 7 which can be used as the replacement of Heusler
alloy CooFeAl [35] in MESO logic RAM. The La and Co co-doped cubic BFO have shown ultralow switching energy for MESO capacitor
application, which is much less than reported switching energy 10 aJ for MESO capacitor application [39]. This vast difference in the
theoretically calculated and experimental reported values of switching energies is due to large difference in the values of dielectric
constants of BFO.

4. Conclusion

The first principles spin-polarized calculations were performed using OTFG ultra-soft pseudopotential in CASTEP to study elec-
tronic, and magnetic properties of pure and (La and Co) doped cubic BiFeOs. The optimized lattice constants were used to develop the
2x2x1 supercell to explore the dopant effect on the proposed system. The indirect band gap of 1.17 eV is observed for pure BFO in the
spin-down state, where the Fermi level resides inside the conduction band, which shows the metallic to semiconductor (half metal)
nature of pure cubic BFO structure. An increase in the energy states density is observed on the introduction of La and Co dopants, which
change the band gap in the spin-down state, and shows a band gap of 0.693 eV and 1.30 eV respectively. In the case of La and Co co-
doping, the direct bandgap of 0.85 eV is identified. PDOS shows that s and d states have a maximum contribution on both sides of the
Fermi level. An increase in dielectric constant 97.41 is observed on the introduction of La at the A-site of the BFO structure. La atoms
enhance the internal compressive strain due to different atomic radii, which significantly enhance the dielectric constant. Enhance-
ment in magnetic moment (uz) is detected on doping of La and Co atoms and the net magnetic moment 3.09 pp and 2.90 yjp is
calculated for Co and La doped BFO respectively. In the case of La and Co co-doping, the net magnetic moment 3.73 y; is obtained due
to La and Co combined involvement which destroys the cycloidal spin structure and activate the hidden spin of Fe. The high spin
polarization of 87.08 %and linear Edelstein effect of 1.45 x107° m/V are observed in La and Co co-doped system. The 0.18 C/m?
ferroelectric polarization is observed for pure BFO and 0.23 C/m? for Co doped BFO and 0.51 C/m? for La doped BFO. The ferroelectric
polarization of La and Co co-doped is decreased (0.07 Cc/m?) significantly as compared to pure BFO material and shows low switching
energy 0.52 aJ for RAM capacitor.
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(b) ©

Fig. 7. The BFO -(1 1 1) - (4x4x1) slab surfaces and their corresponding overview (a) cross sectional view (b) bottom and upper layers with
vacuum slab surface view and (c) side view as a bilayer between electrodes of multiferroic capacitor for spin injection and detection of current

Table 6
Calculated dielectric constant, linear dielectric polarization, and surface charge under electric field (2-8) x 108 V/m for pure, mono- and co-doped
BFO

Material Dielectric constant Electric field (V/m) Linear polarization(C/mz) Charge(C)
Pure BFO 35.16 2.00 x 108 0.06 1.22 x 1077
35.16 4.00 x 108 0.12 2.45 x 1077
35.16 6.00 x 10° 0.18 3.68 x 1077
35.16 8.00 x 108 0.24 4.90 x 107
Co-Doped BFO 43.82 2.00 x 108 0.07 1.53 x 1077
43.82 4.00 x 10® 0.15 3.06 x 1077
43.82 6.00 x 108 0.23 4.60 x 1077
43.82 8.00 x 108 0.30 6.13 x 1077
La-Doped BFO 97.41 2.00 x 10® 0.17 3.43 x 107
97.41 4.00 x 108 0.34 6.86 x 1077
97.41 6.00 x 108 0.51 1.02 x 1071°
97.41 8.00 x 108 0.68 1.37 x 10716
La and Co co-doped BFO 16.01 2.00 x 108 0.02 0.54 x 1077
16.01 4.00 x 108 0.05 1.09 x 1077
16.01 6.00 x 108 0.07 1.64 x 1077
16.01 8.00 x 10° 0.10 2.19 x 1077
0.8
= Pure BFO 6 ™ pure
®— La Doped (a) o 1.5x10° ® LaDoped (b) -
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Fig. 8. Plots of (a) ferroelectric polarization and (b) surface charge vs. electric field for pure and doped BFO material
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10

Switching energy (aJ)

Pure Co-Doped La-Doped LaCo co-doped Reported
Material

Fig. 9. Switching energy of MESO capacitor for pure, mono- and co-doped BFO with the reported value

Table 7

Calculated values of switching energy of MESO capacitor for pure, mono- and co-doped BFO with reported value
Material Switching energy(aJ) Reported value(aJ)
Pure BFO 1.1 10 [39]
Co-Doped BFO 1.5 —
La-Doped BFO 3.3 —
La and Co co-doped BFO 0.52 —
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