Journal of Ovonic Research Vol. 21, No. 5, September - October 2025, p. 629 - 641

Numerical analysis of data transfer parameters
in transition metals doped multiferroic

M. Tariq ***, R. Ahmed *°, S. A. Tahir ®, B.U. Haq ©, F. K. Butt 9, M.W. Majeed *,
A. Hussain *

*NRPU Lab, Centre for High Energy Physics, University of the Punjab Quaid-e-
Azam Campus, University of the Punjab Lahore, 54590 Pakistan

® Department of Physics, Faculty of Science, Universiti Teknologi Malaysia, Johor
Bahru 81310, Malaysia.

¢ Department of Mechanical Engineering, College of Engineering, Prince
Mohammad Bin Fahd University, Alkhobar 31952, Saudi Arabia

4 Department of Physics, Division of Science and Technology, University of
Education Lahore, 54770, Pakistan

Bismuth ferrite (BiFeOs, BFO) is a remarkable multiferroic material with excellent
magnetoelectric switching properties. This study examines the effect of transition metal (X
= Co, Ni, Mn, Ti) doping at the B-site of hexagonal-phase BFO on its spin-polarized
electronic, structural, and magnetic properties for data transfer applications, using the
generalized gradient approximation plus Hubbard U (GGA+U) method. All doped BFO
systems in the hexagonal phase exhibit 100% spin polarization at the Fermi level, except
for Ni-doped BFO. In Mn-doped BFO, atoms show an enhanced magnetic moment
compared to pure and other doped BFO, indicating a localized impact of Mn on the
magnetic structure. The data transfer parameters such as magnetoelectric coefficient and
magnetic force per unit area of pure and doped BFO were examined numerically. Mn-
doped BFO exhibits an increase in magnetoelectric coefficient (o) and magnetic force per
unit area (Mgro) values, with a reaching 2.46x10° s/m and Mgro increasing to 2.46 x107
V-s/m>. Besides this, Co-doped BFO shows moderately high values, with a of 2.30 x107°
s/m and a Mpro of 2.30 X107 V-s/m?.
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1. Introduction

The growing influence of artificial intelligence (A.I) in computing technology is driving
an increasing demand for high speed random access memory (RAM) [1].The existing approach to
meeting this demand, which entails minimizing the size of chip and adding the more transistors,
will no longer, be useful beyond a certain point. Economic reasons and efficiency constraints are
to blame for this, as the costs and challenges of miniaturization continue to rise. Conversely, as the
rising A.I sector demands faster and more dependable data processing, the gradation of computing
systems will need to improve. This necessitates the development of innovative memory
technologies that can keep pace with these evolving requirements[2—4].

The present RAM technology is powered by a linear dielectric capacitor and a
complementary metal-oxide semiconductor (CMOS) field-effect transistor in modern computing
systems[2]. These components form the backbone of most memory devices today, enabling the
storage and retrieval of data. To read and write data, CMOS switching physics solely uses a
magnetic field; in this switching process, 90% of energy is squandered, making it highly
inefficient [3]. A new switching material and innovative switching mechanism for RAM are
required to satisfy this need without consuming energy, which can overcome these limitations and
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provide a more sustainable solution[4]. Therefore, Intel and the University of California, Berkeley
have developed an enhanced switching mechanism for the underdevelopment spin RAM
technology that is based on the combined state of the material’s magnetoelectric and dielectric
properties. This innovative approach aims to address the inefficiencies of current memory
technologies and pave the way for more energy-efficient and high-performance computing system
[5].

Multiferroics can play a key role due to their magneto electric response to develop a fast
spintronic RAM technology in future[6]. Their unique combination of switching response allows
for the simultaneous control of magnetic and electric properties, making them highly efficient for
memory applications[7].Because, the ferromagnetic and ferroelectric are coupled in multiferroics,
enabling them to interact and influence each other under the same external conditions. So, they
have ability to functioning ferromagnetic and ferroelectric response by applying same electric
field, which simplifies the design and operation of spintronic devices[8]. Therefore, the
multiferroic materials are currently used in FeRAM and MRAM][5,9]. But , the major drawback of
both RAM is that they require a significant amount of current (5 pA) to reset [10], which raises
energy more energy consumption and reduces the effectiveness. This issue can be resolved with
the help of a single phase multiferroic, whose ferroelectric and ferromagnetic response can be
controlled with help of electric field or magnetic field[11]. This adaptability allows for more
efficient switching mechanism with reduced energy requirements. Therefore, the only device
material that can attain optimally low switching energy is a single-phase multiferroic, making it a
promising candidate for next-generation memory technologies[12].

An appropriate single-phase multiferroic with fascinating magnetoelectric behavior for
RAM is bismuth ferrite BiFeOs (BFO) [13]. This material stands out due to its unique ability to
transport information through the switchable ferromagnetic and ferroelectric response.
Unfortunately, the BFO material still faces challenges due to its unbalanced ability to flip between
magnotoelectric and ferroelectric states. This imbalance limits its efficiency, as it exhibits
significantly stronger ferroelectric switching responsiveness compared to its weak ferromagnetic
switching behavior under the same electric field. This discrepancy may be attributed to its low
magnetic moment of 0.1 up_ high ferroelectric polarization ranging from 90 to 95 uC/cm?, and a
colossal dielectric constant value of 1000 [14],[15], [16]. Additionally, oxygen vacancies influence
volume magnetism by creating localized charges, though excessive vacancies can lead to increased
leakage current and reduced magnetic stability. These properties contribute to its weak
magnetoelectric coupling and strong ferroelectric switching, which hinder its overall performance
in practical applications[17-19].

In its pure form, BFO exhibits a weak magnetic moment, typically around 0.1 us, due to
its antiferromagnetic (AFM) nature. This weak magnetic moment is a result of the G-type
antiferromagnetic ordering, where the magnetic moments of iron (Fe) ions align in opposite
directions, canceling out most of the net magnetization.So, In the hexagonal phase of BFO, the
magnetism is primarily governed by the antiferromagnetic interactions between of Fe ions. These
interactions are relatively weak, resulting in a low magnetic force and limited magnetoelectric
coupling. These weak magnetic properties of BFO addressed in different studies[20][21] with B-
site dopant elements[22][23].For instance, P. Iyyappa Ragan et al. [24] conducted DFT
calculations and found that Ni increases magnetic moment in BFO due to double exchange
magnetic interactions. In its tetragonal structure, the magnetic moment of Fe was observed to be
4.13 up in DFT studies [25], primarily arising from the Fe-3d states [26]. S. Jakub et al. [27]
reported Fe( 3.73 ug) magnetic moment in rthombohedral structure using GGA+U calculations,
which aligns closely with the same value of magnetic moment predicted by Geneste et al. [28].
They observed that enhancement in bond length (Fe-O) can be caused an increased the magnetic
moment of Fe to 3.5 up as the charge decreases. Kadim et al. [29] obtained a relatively higher
magnetic moment of 4.02 up for Fe in g-type AFM BFO. Despite advancements in enhancing the
magnetic moment of BFO, the volume magnetization, magnetoelectric coupling coefficient,
volume magnetism and magnetic force per unit area of BFO in hexagonal phase remains
unexplored in DFT studies. While the magnetic properties of BFO in the cubic phase has been
previously investigated[7] in our work, but its hexagonal phase remains unexplored. In this study,
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we explore the volume magnetization, magnetoelectric coupling coefficient, and magnetic force
per unit area of both pure and doped BFO in the hexagonal phase.

The magnetic switching properties of BFO can be enhanced through doping with
transition metals, which disrupt the antiferromagnetic order and introduce ferromagnetic (FM)
interactions. For instance, doping with cobalt (Co) or manganese (Mn) alters the spin structure and
introduces additional magnetic interactions, significantly increasing the magnetic moment.
Dopants also modify magnetoelectric coupling coefficient and magnetic force per unit area by
altering the crystal structure and interactions between magnetic ions, often reducing
antiferromagnetic interactions and increasing net magnetization.

In this study, DFT calculations were performed to investigate the spin-polarized
electronic, magnetic, and structural properties of doped BFO in hexagonal phase. Notable changes
were observed following doping with Ni, Mn, Ti, and Co, which are detailed in the subsequent
sections. The structure of the paper is as follows: section 2 presents the computational
methodology, while Section 3 examines the structural properties, magnetic moment, and volume
magnetization. Finally, Section 4 provides a summary of all the findings.

2. Computational details

The study employs the CASTEP code within the plane-wave pseudo potential approach.
The exchange correlation functional is treated using the Generalized Gradient Approximation
(CGA-PBE) [30]. The investigation focuses on the structural, spin-polarized electronic, magnetic,
and structural properties of pure and (Ti, Mn, Co, Ni) doped BiFeOs; (BFO) in its hexagonal phase.
The hexagonal lattice parameters are a = b = 5.576 A and ¢ = 13.858837 A. The atomic positions
are Bi: (0.00, 0.00, 0.00), Fe: (0.00, 0.00, 0.22046), and O: (0.44506, 0.01789, 0.95152). The
convergence criteria include an electromagnetic energy threshold of 10 eV, cut-off energy of 489
eV, and residual force minimization below 0.03 eV/ A. CASTEP settings for co-doped BFO
simulations are set to medium quality. Brillouin-zone sampling is performed using a 4x4x4 K-
point grid (32 irreducible K-points). The self-consistent field (SCF) calculations achieve an
accuracy of 1x10° eV. The primary focus is on the volume magnetism, magnetoelectric coupling
coefficient, and magnetic force per unit area capabilities of pure and doped BFO in hexagonal. A
2x2x1 supercell of BFO is used in the hexagonal structure as shown in Fig.1. The CGA+U method
was utilized to incorporate correlation effects in the transition metal oxide, with an effective
Hubbard U parameter (U-J) of 4 eV applied to the Fe atom [31].

Fig. 1. Presentation of a three-dimensional 2x2x1 super cell structure, comprising pure BFO in its
hexagonal phase. The color scheme denotes oxygen (red), bismuth (purple), and iron (dark gray) atoms.
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3. Results and discussion

3.1. Structural properties

The Lattice constants, average bond lengths, and unit cells volume of pure and doped BFO
in the hexagonal phase exhibit notable variations upon doping. For pure BFO, the lattice
parameters are a = b= 5.57 A and ¢ = 13.86 A, with an average X-O bond length of 2.11 A and a
unit cell volume of 373.84 A’.Our calculated lattice parameters are in good agreement with
reported lattice parameters of BFO in hexagonal phase [24]. Upon Co doping, the lattice constants
slightly decrease to @ = b = 5.54 A, while ¢ remains unchanged at 13.86 A, resulting in a reduced
bond length of 2.02 A and a volume of 373.80 A°. In contrast, Ni doping decreases the lattice
parameters to a = b = 5.56 A and ¢ =13.86 A, with an average bond length of 2.07 A and a volume
of 373.83 A®. Similarly, Mn doping a decrease the structure, yielding a = b= 5.56 A, c= 13.86 A,
and bond length of 2.05 A, with a volume of 373.83 A’. The lattice parameters of BFO might
decrease by changing the Fe™ to Fe™ cations in presences of Mn impurity atom, reducing oxygen
vacancies in the BFO structure and consequently decreasing the lattice parameters[32]. The most
significant expansion is observed in Ti-doped BFO, where the lattice parameters reach a = b= 5.70
A and ¢ = 13.89 A, with the longest bond length of 2.19 A and a volume of 373.86 A’. The
increment in lattice paramters after introducing the Ti impurity atoms is attributed to mighty
reactive response of Ti with localized charge and high effective mass[33].
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Fig. 2. The calculated binding energy of pure and doped BFO.

Binding energy of pure and doped BFO has been calculated from pseudopotential energy
file and represented in Fig.2. The more negative values indicate that stronger atomic interactions
and enhanced stability. Fig.2 reveals that pure BFO has the more negative binding energy, leading
to more stable structure. Among doped systems, Mn-doped BFO shows the high negative binding
energy (-1245.38 eV/atom), making it the most stable structure of BFO in hexagonal phase. The
high negative binding energy of Mn doped BFO can be attributed to Mn incorporation strengthens
Fe-O-Mn, super-exchange interactions. Besides this, moderate negative binding energy is appeared
in Ni doped BFO due to close ionic radii to Fe*?, leading to less distortion in structure compared to
Co and Ti atoms. The significant structural weakening is appeared in Co doped BFO due to charge
imbalance by C0™?/Co" substitutions, inducing oxygen vacancies. The least stable structure in
doped hexagonal phase of BFO is Ti doped material. The less negative value of Ti doped BFO
indicate the presences of Ti™ ions , whose ionic radius are much smaller than Fe™® , leading major
distortion in BFO structure[34]. Overall, the stability ranking from most to least stable is: pure
BFO> Mn-doped BFO > Ni-doped BFO > Co-doped BFO > Ti-doped BFO.
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3.2. Spin-polarized electronic properties

The spin-polarized band gaps and overall electronic nature of pure and doped BFO show
significant variations as shown in Fig.3. Pure BFO has a spin-up band gap of 1.56 eV and a spin-
down band gap of 1.05 eV, classifying it as a semiconductor[35] with zero spin polarization at the
Fermi level. All doped BFO showed half metallic nature except Ni doped BFO as shown in Fig. 3
with 100 % spin polarization for data transfer.

Ti-doped BFO has a zero band gap in the spin-up state and a .053 eV gap in the spin-down
state, confirming its half metallic nature due to ionic nature Ti. In Mn-doped BFO, the spin-up
channel has a zero band gap, but a gap on 1.1 eV appears slightly above the Fermi level, while the
spin-down band gap is 0.63 eV, making it half metallic. The fall in band band gap in Mn doped
BFO can be attributed to reduced lattice constant and bond length. The inverse relation between
interatomic distance and lattice constant is already reported[36].So increased binding forces
requires more energy to break the tight binding of valance electrons and atoms.

N

(a)
Co doped (Spin up)|

-
T

o

Energy(eV)
Energy(eV)

-

N

“6 F Q z G

E].l &V Mn doped (Spin up) _——?—-——:—:I Mn doped (Spin 1Inn)

N

(b)

-
T

= = Fr
L 063V

Elnergy(e\l)
o

Energy(eV)

El:lergy(eV)
Energy(eV)

(d)

-~ = Ti doped (Spin up)

g <

X 3

o o

s 5]

w-1 c -
w

-2
G F Q z G

Fig. 3. The calculated spin-polarized band gap of pure and doped BiFeQj3 in hexagonal phase.

Consequently, it reduced the band gap. Furthermore, Ni doping results in a spin-up band
gap of 2.6 eV and a spin-down band gap of 0.67 eV, maintaining its semiconducting nature. This
reduction in band gap can be attributed to enhanced band width of valance band due to occupied
Ni (3d) splitting states [37]. Furthermore, Co-doped BFO exhibits reduce band gaps of 0.584 eV
for spin-up and 0.36 eV for spin-down, indicating a shift toward half metallic behavior. The
reduced band gap is attributed to different charge and energy states of both atoms Co and Fe. The
band gap minimization in Co-doped BFO is already reported in literature due to smaller oxidation
reduction potential of Fe atom, leading to oxidize Fe' to Fe™ states[38].

3.3. Magnetic moment
The magnetic moment analysis reveals significant variations in Fe atoms upon doping in
BFO. In Mn-doped BFO, 5 out of 24 Fe atoms exhibit an enhanced magnetic moment compared to
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pure BFO, indicating a localized impact of Mn on the magnetic structure. In contrast, Ni doping
induces a more widespread effect, with 20 out of 24 Fe atoms showing an increased magnetic
moment, suggesting a stronger influence on the overall magnetization. Co doping results in 8 out
of 24 Fe atoms displaying a higher magnetic moment than in pure BFO, indicating a moderate
effect on spin polarization. However, Ti doping leads to a reduction in the magnetic moment
across all 24 Fe atoms, highlighting its weakening impact on the magnetic properties of BFO.
These variations demonstrate how different dopants selectively alter the magnetic interactions
within the material.
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with (a)Mn (b)Ni ,(c)Ti and (d)Co atoms.

The magnetic moment analysis reveals a consistent pattern across different doped BFO
systems. In Mn-, Ni-, and Co-doped BFO, all 24 atoms exhibit the same magnetic moment as
observed in Ti-doped BFO when compared to pure BFO, with only a single atom showing a slight
deviation. However, in Ti-doped BFO, 23 atoms maintain the same magnetic moment as in the
pure system, while one atom displays an increase magnetic moment. This suggests that Ti-doping
introduces a minimal but localized impact on the magnetic structure, whereas other dopants do not
significantly alter the overall magnetic distribution in the system.
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The impact of doping on the magnetic moments of oxygen atoms in BFO varies depending
on the dopant type. In Mn-doped BFO, only two oxygen atoms retain the same magnetic moment
as in pure BFO, suggesting a localized influence of Mn on the oxygen sublattice, in Ni-doping
BFO, this effect extends to 34 oxygen atoms, indicating a broader but still selective impact on the
magnetic structure. In contrast, Co doping does not alter the magnetic moment of any oxygen
atoms, as all 72 atoms maintain the same values as in the pure system. However, Ti-doping
reduces the magnetic moment across all 72 oxygen atoms, demonstrating its overall weakening
effect on the magnetic intersection with in the material. These variations highlight the differing
roles of dopants in modifying the spin environment of oxygen atoms in BFO.
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The partial density of states (PDOS) analysis provides insights into the relationship
between electronic states and magnetic moments in doped BFO. In pure BFO, the spin-up channel
exhibits a peak of 70 states/eV at 6 eV in the conduction band, while the spin-down channel shows
a similar peak at 2.5 eV in the valence band. This symmetric distribution of states indicates a
balanced spin configuration, contribution to a stable magnetic moment. Upon Co doping, the spin-
up channel experiences a reduced peak of 40 states/eV at 6 eV, while the spin-down channel shifts
significantly, with a peak of 60 states/eV at 0.1 eV in the valance band intersecting the Fermi
level. This strong spin asymmetry enhances the net magnetic moment by favoring spin
polarization. In Ni-doped BFO the spin-up channel exhibits a peak of 75 states/eV at 5 eV in the
conduction band, while the spin down channel shows a peak of 70 states/eV at 0.9 eV in the
valance band the relatively small difference between spin-up and spin-down significant
redistribution of states, with the spin-up channel showing a peak of 25 states / eV at 6 eV,
indicating a shift of states toward the Fermi level. Meanwhile, the spin-down channel displays a
peak of 40 states / eV at 0.1 eV, intersecting the Fermi level, further increasing spin imbalance and
enhancing the magnetic moment. These variations in PDOS demonstrate how different dopants
influence the spin polarization and magnetic properties of BFO, with Co and Mn doping leading to
the most pronounced effects.
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3.4. Data transfer parameters

The data transfer parameters, such as volume magnetism (M), magnetoelectric coupling
coefficient (a), and the magnetic force per unit area exerted by pure and doped BFO on a nano-
magnet to store data in spintronic RAM, were examined [39] [5]. The volume magnetism (M) [40]
has been calculated with equation as given below

_ M (Am?) 24
= x 0.927 x10 (1)

Here M; and (), represent the total magnetic moment and volume of unit cell in hexagonal
structure.

The total magnetic moment of each atom in BFO has been calculated and presented in
Table 1. The total magnetic moment of each atom in different BiFeO; (BFO) compositions varies
depending on the dopant type in pure BFO, the total magnetic moment is 4.83 up, with
contribution form Bi (0.07 us), Fe (4.00 ug) and oxygen (0.76 ug), resulting in a volume
magnetism of 1.20 MA/cm.

Table 1. The calculated magnetic moment of Bi, Fe, O and total magnetic
of pure and doped BFO with volume magnetism.

Material Bi (us) Fe (uB) 30 (us) Total (us) M (A/m)
Pure 0.7 4.00 0.76 4.83 12.94
Mn-doped BFO 0.7 4.52 0.93 5.52 14.77
Ni-doped BFO 0.7 4.03 0.45 4.55 12.18
Co-doped BFO 0.7 4.13 0.98 5.18 13.80
Ti-doped BFO 0.7 3.21 0.21 3.49 9.27

Upon Ni doping, the Fe moment slightly increases to 4.03 ug, but the oxygen contribution
decreases to 0.45 up, leading to a reduced total moment of 4.55 up and an increased volume
magnetism of 12.18 A/m. In Mn-doped BFO, the Fe moment rises significantly to 4.52 ug while
the oxygen contribution reaches 0.93 ug, increasing the total moment to 5.52 up, with a
corresponding volume magnetism of 14.77 M/m. Co doping leads to a total moment of 5.18 us,
with Fe and oxygen moments of 4.13 ug and 0.98 usg, respectively, yielding a volume magnetism
of MA/cm. Conversely, Ti doping significantly reduces the Fe moment to 3.21 ug and the oxygen
contribution 0.21 ug, resulting in the lowest total magnetism moment of 3.49 ug and a volume
magnetism of 0.865 MA/cm.

These variations highlight the impact of dopants on the magnetic properties of BFO,
affecting both the total moment and volume magnetism is a systematic manner. Mn doped BFO
shown the maximum increment in magnetic moment and volume magnetism .This may be
attributed to the enhancement in exchange interactions of Fe atoms, which disturbs the cycloid
spin structure of BFO[35].

Furthermore magnetoelectric coupling coefficient (a) is calculated as[41]

e @

The magnetic force per unit area exerted by BFO material (Mgro) to transfer the data in
spintronic RAM is given as[42]
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MBFO = U@ (3)

Here / = 9 mm shows the thickness of BFO with spin Hall Effect voltage 0.9 V [39] [5].

The calculated magnetoelectric coefficient (o) and the magnetic force per unit area (Mgro) exerted
by pure and doped BFO on a nano-magnet for data storage in spintronic RAM have been
illustrated in Table 2. For pure BFO, the magnetoelectric coefficient is found to be 2.16 x10? s/m,
while the corresponding magnetic force per unit area is 2.16 107 V.s/m?. Similarly, M. Bibes et

al.[43] examined multiferroic BFO, and found a between 107° and 10°® s/m.

Table 2. The calculated magneto electric coefficient and magnetic force per unit area exerted by pure and
doped BFO on nano-magnet to store the data in spintronic RAM.

Material a (sec/m) Mzro (V.sec/m?)
Pure 2.16x107 2.16x107
Mn-doped BFO 2.46x107 2.46x107
Ni-doped BFO 2.03x10° 2.03x107
Co-doped BFO 2.30x10% 2.30x1077
Ti-doped BFO 1.54x107 1.54%107

The magnetoelectric coefficient (a) slightly decreases to 2.03 x 10~ s/m, while Mgro also
reduces to 2.03 x 1077 V-s/m? in Ni-doped BFO. J. H. Lee et al. [44] found perovskite oxide-based
magnetic tunnel junctions (MTJs) to exhibit o and Mgro identical values in the range of 10~ to
10® s/m and 1077 V-s/m?, respectively. Conversely, Mn-doped BFO exhibits an increase in these
values, with a reaching 2.46x10° s/m and Mgro increasing to 2.46 x107 V-s/m2. So, Mn doping
enhances the exchange interactions among iron (Fe) atoms, which plays a crucial role in modifying
the material's magnetoelectric behavior. The cycloid spin structure of BFO in hexagonal phase is
disturbed due to Mn doping, leading to alterations that can result in the development of a high
magnetic moment. Additionally, Mn, having a different number of d-electrons compared to Fe,
influences the overall magnetization, contributing to its increase. Spatial and magneto-crystalline
anisotropy also play a role in improving the magnetic moment. Furthermore, Mn doping helps
unlock spin blockage in BFO, leading to a net magnetic moment that aligns with reported
values[45]. Consequently, these changes collectively demonstrate the significant impact of Mn
doping on the spin structure and magnetoelectric improvement in BFO. Besides this, Co-doped
BFO shows moderately high values, with a magnetoelectric coefficient of 2.30 x10® s/m and a
magnetic force per unit area of 2.30 x107 V-s/m>. However, Ti-doped BFO demonstrates the
lowest values among the considered dopants, with o at 1.54 x10® s/m and Mgro at 1.54 x107
V-s/m?.

4. Conclusion

The study employs the CASTEP code within the plane-wave pseudopotential approach.
The effect of transition metals (X = Co, Ni, Mn, Ti) doped at the B-site of BFO in hexagonal
phase, on spin-polarized electronic, structural, and magnetic properties for data transfer parameters
was examined using generalized gradient approximation plus Hubbard U (GGA+U. All doped
BFO systems in the hexagonal phase exhibit 100% spin polarization at the Fermi level, except for
Ni-doped BFO. In Mn-doped BFO, 5 out of 24 Fe atoms exhibit an enhanced magnetic moment
compared to pure BFO, indicating a localized impact of Mn on the magnetic structure. In contrast,
Ni doping induces a more widespread effect, with 20 out of 24 Fe atoms showing an increased
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magnetic moment, suggesting a stronger influence on the overall magnetization. Upon Mn doping,
the Fe moment slightly increases to 4.03 up, leading to increased volume magnetism of 1.28
MA/cm. In Ni-doped BFO, the Fe moment rises significantly to 4.52 up while the oxygen
contribution reaches 0.93 ug, increasing the total moment to 5.52 ug, with a corresponding volume
magnetism of 1.21 MA/cm. Co doping leads to a total moment of 5.18 up, with Fe and oxygen
moments of 4.13 up and 0.98 ug, respectively, yielding a volume magnetism of 1.13 MA/cm.
Conversely, Ti doping significantly reduces the Fe moment to 3.21 ug and the oxygen contribution
0.21 ug, resulting in the lowest total magnetism moment of 3.49 ug and a volume magnetism of
0.865 MA/cm. In Mn-doped BFO, atoms show an enhanced magnetic moment compared to pure
and other doped BFO, indicating a localized impact of Mn on the magnetic structure. The data
transfer parameters such as magnetoelectric coefficient and magnetic force per unit area of pure
and doped BFO were examined numerically. Mn-doped BFO exhibits an increase in
magnetoelectric coefficient (o) and magnetic force per unit area (Mgro) values, with o reaching
2.46x10” s/m and Mgro increasing to 2.46 x107 V-s/m2. Besides this, Co-doped BFO shows
moderately high values, with o of 2.30 x10” s/m and a Mgro of 2.30 X107 V-s/m2.
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