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Triclinic BiFeOj3: A room-temperature multiferroic phase with enhanced
magnetism and resistivity

Md. Sariful Sheikh

,LTF Tushar Kanti Bhowmik ®,12-% Alo Dutta,? Sujoy Saha 3 Chhatra R. Joshi,* and T. P. Sinha'

' Department of Physics, Bose Institute, 93/1 A.P.C. Road, Kolkata 700009, India
2Department of Condensed Matter Physics and Material Sciences, S. N. Bose National Centre for Basic Sciences,
Block-JD, Sector-111, Salt Lake, Kolkata 700106, India
3Department of Physics, Oakland University, Rochester, Michigan 48309, USA
4Department of Physics and Astronomy, The University of Alabama, Tuscaloosa, Alabama 35487, USA

® (Received 19 November 2022; revised 28 August 2023; accepted 11 September 2023; published 29 September 2023)

The magnetic and transport properties of BiFeO3;/La,NiMnOg (BFO/LNMO) composite were investigated
both experimentally and theoretically. Unlike the normal rhombohedral (R3c¢) phase, BFO in composites is
crystallized in the triclinic phase (P1). Interestingly, the composites demonstrate a significant enhancement in

magnetization and magnetoelectric coupling and show higher resistivity than regular BFO (R3c¢). As LNMO
has its Curie temperature at 280 K, the room temperature and above room temperature magnetic contribution
in the composites is expected to be from the triclinic BFO phase. Experimentally observed enhancement
in magnetization is validated using classical Monte Carlo simulation and density functional theory (DFT)

calculations. The calculations reveal higher magnetic moments in triclinic BFO as compared to the rhombohedral
BFO. Overall, this study reveals triclinic BFO as a promising room temperature multiferroic phase which is
helpful to optimize the multiferroicity of BFO and achieve wider applications in future.

DOI: 10.1103/PhysRevB.108.104427

I. INTRODUCTION

ABO; type multiferroic perovskite oxide BiFeO; has
attracted much research attention owing to the rare coex-
istence of ferroelectric and antiferromagnetic ordering with
high transition temperatures (ferroelectric Curie tempera-
ture 7Tc ~ 1100 K and Néel temperature Ty ~ 640K) [1-3].
Since the initial demonstration of robust coupling between
these two order parameters, the promising possibility of
various fascinating applications in data storage systems, spin-
tronics, microelectronics, and sensors has been explored
[4-7]. BiFeO3; shows highly distorted rhombohedral (R3c)
perovskite structure at room temperature and G-type antiferro-
magnetic ordering, which originates from the super exchange
interactions between the neighboring half-filled d orbital of
the Fe** cation and the occupied 2p orbital of the 0>~ an-
ion [8]. Recently, exploiting these properties, a low energy
consuming nonvolatile magnetoelectric spin-orbit device has
been proposed [9]. However, the high leakage current due to
low resistivity, low saturation magnetization, low remanent
magnetization, and weak magnetoelectric coupling in BiFeOs3
are the issues to be addressed before its realistic applications
in next generation logic and memory devices [1,10-12]. The
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interplay among the crystal structure, charge, spin, and or-
bital degrees of freedom provides a fertile research ground
for improving the multiferroic properties in BFO [7,13,14].
Modifying the crystal structure, spin ordering, and band gap
are keys to acquiring better electrical and magnetic properties.
Various approaches including the elemental substitution at the
A and/or B sites, high quality crystal formation, reducing the
particle size, and heterostructure and solid solution formation
have turned out to be very effective to improve the multi-
ferroic properties of BFO [8,15,16]. Although promising, the
multiferroicity and magnetoelectric coupling in either single
phase BFO or composite/heterostructure require further im-
provement for its practical implementation, which demands
more fundamental understanding of its structure-property cor-
relation and its exploitation.

In this work, an experimental investigation combined
with the theoretical calculations using density functional
theory (DFT) and Monte Carlo simulation (MCS) were
performed on the magnetic and electric properties of the
(1,X)BFO+(X)LagNiMnO6 (LNMO) ()C = 00, 0.1, 02, and
0.3) composites. The double perovskite oxide LNMO is
another widely studied below room temperature ferromag-
netic semiconductor (Curie temperature T¢ ~ 280 K) with
rich physical properties [17-18]. In our previous study we
observed that the large lattice parameter mismatches between
BFO and LNMO lattices makes both the lattices highly
strained and pushes the BFO lattice from being regular rhom-
bohedral (R3c) to the lowest possible triclinic (P1) phase [19].
Previously, Chen et al. observed the formation of ferroelectric
triclinic phase in the mixed phase regions of highly strained
BiFeOs; thin film and predicted large piezoelectric response
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in it [20]. Although the synthesis of multiferroic BFO based
composites/heterostructures is a very effective approach to
improve their multiferroic properties, most of the studies
are on the regular rhombohedral and strain-mediated mono-
clinic, orthorhombic, and tetragonal BFO systems [21-23].
But, the magnetic and electric properties of triclinic BFO
are yet to be fully explored. To get a fundamental insight
into the electronic properties, we also performed the DFT
calculation on triclinic BFO and compared it with that of
rhombohedral BFO.

The combined experimental and theoretical study demon-
strates that triclinic BFO structure (P1) has the promising
potential to overcome the low magnetism, weak magnetodi-
electric coupling, and high leakage current of rhombohedral
BiFeO;. The modified structure of BFO (P1) possesses in-
creased electrical resistivity, and an increased spin canting
resulting in significantly enhanced magnetization compared
to the conventional R3¢ BFO.

The remaining part of this paper is organized as follows.
In Sec. II, we report the experimental details. In Sec. III,
we present the main results and discussions on the findings.
Our conclusions based on the obtained results are sum-
marized in Sec. IV, while the sample preparation, Monte
Carlo simulation method, DFT calculation details, and spon-
taneous polarization calculations results are presented in the
Appendices A, B, C, and D, respectively.

II. METHODOLOGY

The composites are synthesized using the sol-gel method,
and a description of the materials synthesis and pellet prepa-
ration procedure is presented in Appendix A. The electrical
measurements are performed using circular discs (8 mm
diameter and ~ 1mm thick) of the BFO/LNMO composites.
A vibrating sample magnetometer (EverCool Quantum De-
sign VSM magnetometer, Lakeshore) is used to study the
magnetization of the as-prepared pellets in the temperature
range from 80 to 400 K at zero field and an applied mag-
netic field of 5 kOe. The magnetic hysteresis properties are
studied at 80 and 300 K. For the electrical measurements,
the pellets were polished on both sides and silver electrodes
were deposited using ultrapure silver paste (Ladd Research
Industries Inc.). The capacitance (C) and conductance (G)
were measured in the frequency range from 42 Hz to 1.6
MHz and in the temperature range 303 to 683 K using an
LCR meter (3532-50, Hioki). The real part of the complex
dielectric constant (¢' = C/C,, where C, = g,A/t, ¢, is the

permittivity of free space, t is the pellet thickness, and A
is the surface area), imaginary part (¢” = Gx/we,, w is the
angular frequency) of the complex dielectric constant, dielec-
tric loss factor (tand = ¢”/¢’), and AC electrical conductivity
(0 = Gx, x =t/A) were obtained from the frequency depen-
dence of C and G.

The electronic structure of BiFeOs; was investigated us-
ing the full potential linearized augmented plane wave as
implemented in the WIEN2K code [24,25]. The generalized
gradient approximation (GGA) with the Hubbard parameter
(U) method was used to study the spin polarized elec-
tronic band structure. The threshold energy between valence
and core states is fixed to —7 Ry for both triclinic and
rhombohedral structures. The energy and charge cutoff are set
to 107* Ry and 1073 e for the self-consistent convergence in
the self-consistent field (scf) cycles. The effective U value for
the strong correlation between Fe-3d orbital electrons is set to
6 eV for both the cases. The temperature dependent magnetic
properties of BFO/LNMO composite are analyzed through
the Monte Carlo simulation method [26]. We considered the
anisotropic three-dimensional Ising model for the simulation,
and the Hamiltonian with nearest neighbor (nn) is described

as
H = _Zjijsisj - AZS? —thi,
(i) i i

where s; and s; are the spins at lattice sites i and j respec-
tively. X; ;) is the summation made over spin pairs coupled
through the nn interaction constant J;; and the magnetocrys-
talline anisotropy energy constant (A), and /4 is the external
magnetic field applied along the z axis. The detailed Monte
Carlo simulation and DFT calculations methods are described
in Appendices B and C, respectively.

II1. RESULTS AND DISCUSSION
A. Structural property

The detailed structural characteristics are reported in our
previous work [19], and a summary of the crystal structures
and lattice parameters of the BFO phases are presented in
Table I and Fig. 1. The pure BiFeO; (x = 0.0) is crystal-
lized in the usual thombohedral (space group R3c; a =b =
c=5.643 A, o= =90° y = 120°) phase as shown in
Fig. 1(a). But in the BFO/LNMO composite BFO is crys-
tallized in the triclinic (space group P1; a = 3.931A, b =
3.936 A, ¢ = 3.956A, o = 90.32°, B = 90.24°, y = 89.98°)
phase as shown in Fig. 1(b). Figure 1(c) shows a qualitative
comparison of the unit cell shape of the BFO structures. The

TABLE I. Lattice parameters of the BiFeOs phases in the (;_)BiFeO3+(,)La,NiMnOg composites [19].

x=0.0 x =0.1 x =02 x=03
Lattice parameter BFO (R3c¢) BFO (P1) BFO (P1) BFO (P1)

a(A) 5.643 3.931 3.907 3.881
b(A) 5.643 3.936 3.952 3.939
c(A) 5.643 3.956 3.928 3914
Cell volume (A?) 125.18 61.34 60.85 59.86
Average Fe-O bond length (A) 2.01 2.039 2.0496 2.043
Average FeOg octahedra volume (A% 10.845 10.224 10.142 9.987
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FIG. 1. Unit cell representation of (a) rhombohedral BFO and (b) triclinic BFO. (c) Comparison of unit cells of R3¢ (red) and P1 (black)

BFO structure.

double perovskite oxide LNMO is crystallized in the ordered
monoclinic structure, which is further supported by the mag-
netic study, as discussed in Sect. IIIC. We also observed
similar strain mediated structural transition in multiferroic
KNbO3/LNMO composite, where the large lattice strain due
to the lattice parameter mismatch transformed orthorhombic
KNDbO; to its cubic perovskite structure [27].

B. Electrical conductivity

Figure 2(a) shows the logarithmic angular frequency,
log(w) dependence of the AC conductivity, o (w), which ex-
hibits typical semiconductor behavior with a plateau in the
low frequency region. The conductivity value in the low fre-
quency plateau is nearly equal to the DC conductivity value
(opc) and the conduction mechanism is also similar to its DC
conduction mechanism, i.e., long range translational hopping
of the thermally generated charge carriers from one localized
site to another [28]. With the increase in frequency the prob-
ability of successful long range hopping decreases and the
probability of short range hopping increases. As the frequency
exceeds the critical hopping frequency (wg ), the ratio of the
long range to short range hopping starts to decrease, which
results in a dispersive conductivity in the higher frequency
region. o(w) can be fitted and explained by the following
Jonscher power law [29,30]:

o(w) = odc[l + (ﬂ> i|,
WH

where 7 is a dimensionless parameter varying from O to 1. The
fitted values of opc, wy, and n are shown in Table II. The value
of the critical frequency wy increases as the LNMO loading
increases in the system as compared to the pure rhombohedral
BFO. The conduction in BFO is governed by the Fe cation and
oxygen vacancy [31]. The oxygen vacancy formation during
the synthesis process causes reduction of a fraction of Fe’*
cations and the formation of Fe**. The Fe*" cations act as
the trap center within the BFO lattice and are considered
responsible for the large leakage current. The interaction be-
tween thermally released electrons and phonons in a polar
medium such as BFO result in the formation of localized small
polarons within the BFO lattice [32,33]. The slow motion of
the small polarons between the nearest neighboring sites of
BFO causes lattice distortion, considered as polaron hopping.
With increment in frequency the occupancy of the trap center
is reduced, and the density of the localized electrons increases,
making them available for conduction. Hence the conductivity
of the semiconductor system increases with frequency, as
observed in Fig. 2(a).

The resistivity values (1/opc) obtained from the opc val-
ues are plotted in Fig. 2(b), which shows that with the LNMO
loading the resistivity of the samples increases up to x = 0.2.
This resistivity change may be attributed to the structural
transformation from rhombohedral (R3c) BFO to triclinic
(P1) BFO. The electronic structure and electrical properties
in ABO;3 perovskites are determined by the hybridisation
strength between Fe and O atoms in the FeOg octahedra.

(a), (b), (c)
> x=0.0 i —O— <Fe-O-Fe>
o x=01 g 3160 r
2 s x=02 |E 5
= © x=0.3 g | %21 @
" 53) 155}
S 3| —fitted o E
o -02‘ A
8l =4l $ 1s0f .
(2] 1
‘0 o 0
o) o : \\:\
5t - x —e— Resistivity o 1451
- il . L ) L 0 L . s 4 N L N L
3 4 5 6 7 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
log o (rad/s) Sample (x=) Sample (x =)

FIG. 2. (a) Logarithmic angular frequency dependence of AC conductivity. Solid lines indicate the power-law fitted data. (b) Room
temperature DC conductivity, and (c) (Fe—O — Fe) bond angle plot as a function of LNMO molar concentration.
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FIG. 3. (a) Temperature dependent magnetization plots in both zero-field cooling and field cooling conditions (5 kG); experimental
M-H loop at (b) 80 K and (c) 300 K. The figures in the insets have the same units as the main figure.

Figure 2(c) shows that the (Fe-O-Fe) bond angle, which plays
a crucial role in the magnetic and electric properties of BFO,
significantly decreases from rhombohedral to triclinic BFO in
the composites. The reduced (Fe-O-Fe) bond angle decreases
the hybridization strength between Fe-3d and O-2p orbitals in
triclinic BFO, which is responsible for the increased resistivity
in the composites. On the other hand, the excess loading of
the relatively narrow band gap LNMO forms interconnected
electrical networks which results in the reduced resistivity for
x =0.3.

C. Magnetic property

The low temperature dependence of the magnetization
plots (in the temperature range 80—400 K) [Fig. 3(a)] of the
samples at 5 kG shows a large increment in the magnetization
in the composites as compared to the pure rhombohedral BFO.
A sudden rise in the magnetization at temperature ~ 280K has
been observed in the composites as the temperature decreases,
which is related to the ferromagnetic transition of LNMO. In
general, the LNMO lattice offers the long-range ordering of
both Ni and Mn cations, and forms the ordered monoclinic
(P2, /n) or thombohedral (R3m) structure and disordered or-
thorhombic (Pbnm) phase [34,35]. Ordered LNMO phases
have Ni**/Mn*t oxidation states, and the Ni** —O—Mn**
superexchange interaction generates ferromagnetism with the
Curie temperature (Tcy ~ 280 K) just below room tempera-
ture. The disordered LNMO phase has trivalent Ni**/Mn3*
oxidation states, and the Ni** —O—Mn3* vibronic superex-
change interaction incorporates ferromagnetism with a lower
Tem(~ 150K) [36]. Hence, the Curie temperature [T¢ ~
280K, as shown in Fig. 3(a)] suggests the existence of an
ordered LNMO phase in the composites, and the magnetic
contribution above 280 K is completely attributed to another

TABLE II. Jonscher power-law fitting parameters.

source of origin, which is in this case the triclinic BFO phase.
The plots of the magnetization (M) as a function of magnetic
field (H) at temperatures 80 and 300 K are shown in Figs. 3(b)
and 3(c), respectively. Pure BFO presents the simple linear
M(H) dependence with very small remanent magnetization
(M,) and saturation magnetization. The summaries of the
magnetic parameters at 300 and 80 K are tabulated in Ta-
bles III and IV. It is noteworthy that a large increment in
the magnetiation has been observed in the composites. The
remanent magnetizations for the samples with x = 0.0, 0.1,
0.2, and 0.3 are 0.0003, 0.304, 0.425, 0.332 emu/g m, respec-
tively. The room temperature remanent magnetizations in the
samples with x = 0.1, 0.2, and 0.3 are increased by almost
1000,1400, and 1100 times, respectively, as compared to the
pure BFO. The room temperature magnetization at 14 kG for
the samples x = 0.0, 0.1, 0.2, and 0.3 are 0.09, 0.92, 1.55, 1.50
emu/gm, respectively. The magnetizations for the samples
x =0.1, 0.2, and 0.3 are increased by 10.2, 17.2, and 16.6
times, respectively. The comparison of the room tempera-
ture remanent magnetization of (0.8BFO + 0.2LNMO) with
some other reported BFO based bulk samples, as tabulated
in Table V, suggests that this triclinic BFO has much higher
magnetization as compared to other phases of BFO. However,
the lowering of BFO concentration may be the reason for
decreasing magnetization in the sample with x = 0.3. The
overall increment in magnetization in the composites may be
because of the triclinic crystal structure of BFO. The magneti-
zation in multiferroic BFO depends on the antiferromagnetic
sublattice angularity, with the Dzyaloshinski-Moriya interac-
tion (DM) playing the key role. The DM interaction leads to
the spin canting, resulting in the appearance of a rather small
total ferromagnetic (FM) moment in an antiferromagnetic

TABLE III. Magnetic parameters derived from the experimental
and Monte Carlo (M-C) simulated M-H hysteresis loop at 300 K.

M, (emu/gm) M (emu/gm) H.,(emu/gm)
Sample ope x 10*(S/cm) wy (rad/s) n Sample Expt. M-C Expt. M-C Expt. M-C
x=0.0 10.0 2900 0.9 x=0.0 0.0003 0.000024 0.088 0.004 0.035 0.007
x=0.1 14.1 5500 091 x=0.1 0304 0.020 0922 0913 0.188 0.137
x=02 23.8 12500 0.3 x=02 0425 0.480 1.551 1.167 0.195 0.149
x=03 714 165000 0.8 x=03 0332 0.32 1.498 1409 0.149 0.091
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TABLE IV. Magnetic parameters derived from the experimental
and Monte Carlo (M-C) simulated M-H hysteresis loop at 80 K.

M, (emu/gm) M (emu/gm) H.; (emu/gm)
Sample Expt. M-C Expt. M-C Expt. M-C
x=0.0 0.0005 0.0008 0.087 0.092 0.051 0.096
x=0.1 0383 0.404 1.149  0.61 0252  0.486
x=02 1.076 4.029 5.17 4.04 0.347  2.486
x=03 0.766 3.406 4.822 3417 0302 1452

(AFM) structure, thus enhancing the magnetism. Here the
decreased (Fe-O-Fe) bond angle in the triclinic BFO increases
the canting of spins and, hence, improves the magnetization as
compared to the R3¢ BFO [37-39].

D. Monte Carlo simulations of magnetic properties

In our study, we also performed Monte Carlo simulations
using the Metropolis algorithm to investigate the magnetic
properties of BFO/LNMO solid solutions; the detailed cal-
culation formalism is described in Appendix B [46—48]. As
shown in Fig. 4(a), the simulated temperature-dependent mag-
netization plots of the systems follow the same pattern as the
experimental data. This indicates that our simulations accu-
rately capture the magnetic behavior of the systems under
investigation. Figure 4(b) shows that the M-H loops at 80 K
manifest the FM nature of the composites compared to the
AFM R3c¢ BFO. Therefore, the FM nature of the composites
may be attributed to the FM nature of LNMO and triclinic
BFO. Furthermore, we have also investigated the effect of
external magnetic fields on the room temperature hysteresis
loops of the BFO/LNMO composite systems. The simulated
MH loops above the Curie temperature of LNMO, i.e., at
300 K, as shown in Fig. 4(c) also suggest the ferromagnetic
nature of the solid solutions, which is consistent with the
FM nature of P1 BFO. Moreover, the simulations showed
a considerable increase in magnetization compared to pure
BFO, which is qualitatively consistent with the experimen-
tal data as represented in Tables III and IV. These findings

highlight the success of our Monte Carlo simulations in accu-
rately reproducing the temperature-dependent magnetization
behavior and the influence of external magnetic fields on the
BFO/LNMO composite systems.

E. Dielectric properties

We also studied the temperature dependent dielectric con-
stant (¢’) of samples x = 0 and 0.2 to qualitatively check
the magnetoelectric coupling. The appearance of a dielectric
anomaly near the magnetic transition temperature of a mul-
tiferroic material indicates the presence of the multiferroic
magnetoelectric coupling [49]. If ¢’ shows a minute anomaly
at the magnetic transition temperature, the dielectric property
of this material is generally less sensitive to the magnetic
field. As the ferroelectric and magnetic ordering in BiFeO3
are associated with different ions Bi and Fe, respectively,
the multiferroic coupling in BiFeO; is relatively weak [50].
The temperature dependent dielectric constant plots of the
rhombohedral BFO and the composite with x = 0.2, as shown
in Fig. 5(a), reveal the dielectric anomaly near the mag-
netic transition temperature, suggesting the presence of the
magnetoelectric coupling below 640 K in these materials. In-
terestingly, the composite with x = 0.2 shows a significantly
enhanced dielectric anomaly near the magnetic transition
temperature at around 640 K, suggesting much stronger mag-
netoelectric coupling in it compared to the R3¢ BFO. But
more research on the spin structure—property correlation of
triclinic BFO is required to understand this behavior. We
have also calculated the dielectric loss tangent (tand), which
quantitatively denotes the dissipation of electrical and electro-
magnetic energy (e.g., heat) due to different physical process
such as electrical charge transport, dielectric relaxation, reso-
nant transition, and nonlinear dielectric effects in a dielectric
medium [51]. The dielectric loss tangent also shows the
anomaly near the magnetic transition temperature, which is
consistent with the dielectric constant plot. The dielectric loss
tangents, tand, of samples with x = 0 and x = 0.2 as shown in
Fig. 5(b) demonstrate nearly similar energy dissipation up to
400 K, and much lower dielectric loss in the composite with
x = 0.2 as compared to x = 0 above 400 K. Overall, these
experimental studies reveal the significantly higher magneti-
zation and stronger magnetoelectric coupling in the triclinic

(@) (b) ()
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4t 7 =03 15F /
5 1.0 .0-0000
2F
E el x=0.1| E 0-5 [F0.0001 |
g S -0.01 0.00 007§
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o 5 0.002F, 5 o
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FIG. 4. (a) Monte Carlo simulation of magnetization versus temperature. Monte Carlo simulated M-H loop at (b) 80 K and (c) 300 K. The

figures in the insets have the same units as the main figure.
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TABLE V. Comparison of the magnetic moment of sample with x = 0.2 with some recent bulk BFO based magnetic materials.

Material M, (emu/gm) Year Temperature
0.8BFO + 0.2LNMO 0.425 This work 300K
0.7BFO + 0.3TbMnOj; [40] ~0.15 2019 275K
Big95Gdg osFeO; [41] 0.218 2019 RT
Bi;_,Ca,FeO; (x = 0.1) [42] 0.096 2019 RT
0.8(BiggLagFeOs3) — 0.2(KBr) [43] ~0.25 2019 300 K
BiFe,;_,Se, 03, x = 0.25 [44] 0.034 2019 300K
Bio.gzLao.OgFG]_XSEXO% x=0 [44] 0.1334 2019 300 K
Bi0‘5L30A5F60A5MI’10A5O3 [45] 0.7 (MUCh lower at RT) 2017 2K

BFO based composite, motivating us to further explore this
triclinic BFO structure using the DFT calculation formalism.

F. Density functional theory calculations

We have studied the band structure, density of states
(DOS), magnetic moments, and spontaneous polarization in
both R3c and P1 BFO, which are described below. The spin
polarized band structure of the rhombohedral BFO is shown in
Figs. 6(a) and 6(b), and the band structure of triclinic BFO is
presented in Figs. 6(c) and 6(d). The DFT calculated lowest
band gap for the R3c BFO phase for both the spin-up and
spin-down conditions is 1.92 eV, consistent with the experi-
mental direct band gap of bulk rhombohedral BFO (~ 2eV)
[52]. On the other hand, the triclinic phase has band gaps of
2.25 and 2.22 €V, as observed in the spin-up and spin-down
conditions, respectively. The lowest band gap in P1 BFO is
in the down spin channel [Fig. 6(d)] which is higher than
the R3¢ BFO. In the nonoptical applications of multiferroic
materials electron can jump from valence band to conduc-
tion band via thermal excitation i.e., by phonon absorption.
As phonons have zero spin, the electron generally conserves
its spin during thermal excitation from the valence band to
the conduction band. Hence the lowest energy gap for Pl
BFO for the non-spin-flip thermal excitation is 2.2 eV, higher
than that of R3¢ BFO (1.92 eV). Hence, due to the wider
energy gap, the triclinic BFO is expected to possess higher
resistivity than the rhombohedral BFO, which is consistent
with the experimental DC conductivity study. This observed
higher resistance may help to reduce the leakage current
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of BFO, which has been a main shortcoming of BFO for
its device use. Interestingly, the spin-flip optical bandgap of
P1 BFO is 1.56 eV, which is lower than that of the R3c
BFO (1.92 eV). Besides multiferroism, in recent years BFO
has shown promising potential for various photosensing ap-
plications including solar cells, photoelectrochemical water
splitting, etc. [28,53,54]. However, its efficiency in the pho-
tosensing devices is limited due to the wide optical band gap
and related poor visible light absorbance of R3¢ BFO. Hence,
P1 BFO with its relatively narrower optical band gap, which
is much closer to the Shockley-Queisser band gap (~1.34 eV)
[55], could significantly enhance the performance of BFO in
photo sensing devices.

Figure 7(a) and 7(b) display the spin-polarized DOS
for the R3c and P1 structures of BFO, respectively. Upon
analyzing the partial DOS, it becomes evident that the
densities in the valence band maximum (VBM) and conduc-
tion band minimum (CBM) are primarily dominated by the
Fe-3d and O-2p states, with a minor contribution from the
Bi-6p state in both the R3¢ and P1 structures of BFO. How-
ever, it is noteworthy that the overlap between the O-2p
and Fe-3d states is more pronounced in the triclinic BFO
structure compared to the rhombohedral BFO structure. This
observation suggests a stronger covalent nature of the Fe-O
bonds in the triclinic BFO configuration. The spin-polarized
symmetric DOS of R3¢ BFO reveals its conventional AFM
phase. On the other hand, the spin-polarized asymmetric
DOS of P1 BFO again confirms its FM nature, consistent
with the experimental results. In terms of magnetic mo-
ments, the calculated values for the Bi, Fe, and O atoms in
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FIG. 5. (a) Temperature dependence of the real part of the dielectric constant (&), and (b) dielectric loss factor at frequency 4.8 MHz.
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(b) spin down configurations. Band structure of triclinic BFO for
(c) spin up and (d) spin down configurations.

the rhombohedral BFO structure are found to be 0.049 pug
(£0.027 emu/gm), 3.56 pg (£355.85emu/gm), and 0.33 pg
(£16.75 emu/gm), respectively. It is worth mentioning that
the calculated magnetic moment of the Fe®" ion is consistent
with both previous experimental and theoretical results. A
low-temperature neutron-diffraction study conducted on the
R3c BFO structure reported a measured magnetic moment
for the Fe’™ ion of 3.75ug (374.85 emu/gm) [56], which
aligns closely with the calculated value reported in this work.
Additionally, a previous DFT study also demonstrated that the
magnetic moment of the Fe** ion in the R3¢ BFO structure is
approximately 3.65 g (364.85 emu/gm) [57].

In the triclinic P1 structure of BFO, the spin magnetic
moments for the Bi, Fe, and O atoms are determined to be
0.014 pg (0.373 emu/gm), 3.97 pug (412.83 emu/gm), and
0.19 pg (41.87 emu/gm), respectively. A comparison of the
DFT calculated magnetic moments of both R3¢ and P1 BFO
is presented in Table VI. These values indicate an increased
magnetic moment in the triclinic BFO structure compared
to rhombohedral structure. The theoretical spin-only mag-
netic moment for the Fe** ion is calculated to be 5.91 ug
(590.76 emu/gm), based on the formula /n(n + 2), where
n represents the number of unpaired electrons. However, the

TABLE VI. DFT calculated magnetic moments of R3¢

and P1 BFO.

Ion R3c (emu/gm) P1 (emu/gm)
Bi** +0.03 0.37
Fe’* + 355.85 412.83
o* + 16.75 41.87
Interstitial 0.00 29.77
Cell 0.00 356.88

calculated magnetic moment from DFT calculations is found
to be lower than the theoretical value. This deviation can be
attributed to the hybridization between the Fe-3d and O-2p
orbitals, where the five 3d electrons of Fe>* do not localize
on the atomic orbitals but rather form Wannier orbitals, where
the presence of spin nonpolarized O 2p states makes a notable
contribution which affects the magnetic moment [58].

To visualize the magnetic spin structure, ground state
magnetic properties of R3¢ and P1 structures were deter-
mined using DFT calculations as depicted in Figs. 7(c) and
7(d). These figures provide a representation of the spatial
distribution and orientation of the magnetic spins in the ma-
terials, aiding in the understanding of its magnetic behaviour.
These findings further provide valuable insights into the spin-
polarized DOS and magnetic moments of BFO in both the
crystal structures. Overall, the analysis of the magnetic mo-
ments and spin structures in the triclinic BFO structure shed
light on its magnetic properties and effects of orbital hy-
bridization on magnetic moment.

In summary, the strain mediated triclinic (P1) BFO phase
demonstrated enhanced magnetism along with increased re-
sistance and magnetoelectric coupling as compared to the
regular R3¢ BFO phase. Hence, the next focus should be on
the strain-mediated synthesis of 2D triclinic BFO on a suitable
lattice matched substrate and its exploration. The 2D triclinic
BFO based heterostructure is expected to demonstrate im-
proved resistivity, high saturation magnetization, remanence
magnetization, and robust magnetoelectric coupling which is
essential for the practical implementation of room tempera-
ture multiferroic technology.

IV. CONCLUSIONS

Studies on the electronic and magnetic properties of the
composite BFO/LNMO were performed, and the combined
experimental and theoretical analysis demonstrates the re-
markable improvement of the magnetization and multiferroic
magnetoelectric coupling in the composites as compared to
rhombohedral BFO. The enhanced room temperature magne-
tization and resistivity in the composites are attributed to the
triclinic BFO phase. Interestingly, triclinic BFO has decreased
(Fe-O-Fe) bond angle and an increased spin canting, which
result in the significantly increased resistivity and enhanced
magnetization, respectively, as compared to the regular BFO
(R3c) structure. Overall, this study introduces triclinic BFO
(P1) phase as a promising pathway to realize room tem-
perature multiferroic material and opens a new avenue to
overcome the limiting factors of the current multiferroic
technology.
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APPENDIX A: (;_,BFO + (LNMO (x = 0.0, 0.1,0.2, 0.3)
SYNTHESIS AND PELLET PREPARATION

The multiferroic composite (;_)BFO + (\LNMO (with
x=0.0, 0.1, 0.2, and 0.3) powders were prepared using
the sol-gel method [19]. First, the reagent grade metal
nitrates, Bi(NO3); - 5SH,O, Fe(NOs3); - 6H,0, La(NO3); -
3H,0, Ni(NOs3), - 4H,0, and Mn(NO3), - 6H,O were dis-
solved in 2-methoxy ethanol solvent. 3% of extra Bi(NOs3); -
5H,0 was taken to avoid the Bi evaporation loss during the
heating process. A solution of tartaric acid in 2-methoxy
ethanol (in 1:1 molar ratio with the metal nitrates) was added
dropwise in the first solution and mixed well. The well mixed
solutions were dried at 393 K to get the black precursor
powder. Finally, the precursor powders were heated in an

ambient furnace in a two-step heating method. In the first step,
the samples were heated at 723 K for 2 hours to ensure the
complete phase formation of BFO. In the second step, the
furnace temperature was gradually increased to 923 K from
723 K and heated for 5 hours to ensure the complete double
perovskite phase formation of LNMO. Finally, the furnace
was cooled down to the room temperature at a cooling rate of 1
K/min. The synthesised powders were pelletized into circular
discs of average diameter 100 mm and thickness 2 mm using
polyvinyl alcohol as the binder and sintered at 973 K for 3
hours for the magnetic and dielectric measurements.

APPENDIX B: MODEL AND MONTE CARLO
SIMULATION DETAILS

The temperature dependent magnetic properties of
BFO/LNMO composite were analyzed through the Monte
Carlo simulation method. For the triclinic BFO structure, we
considered only one magnetic ion, Fe**, at corner edges [26].
We used the anisotropic 3D Ising model for the simulation;
other models such as the Heisenberg model do not satisfy
the experimental data as accurately. The anisotropic 3D Ising

TABLE VII. Lattice parameters used for the DFT calculations (before and after energy minimization).

Symmetry Condition aA) b (A) c(A) o (deg) B (deg) y (deg)

BFO (R3c) Before 5.5872 5.5872 13.8907 90 90 120
After 5.5216 5.5216 13.7287 90 90 120

BFO (P1) Before 3.93100 3.93100 3.9310 90.3200 90.2400 89.9800
After 3.93104 3.93104 3.93104 90.3194 90.2443 89.9762
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model Hamiltonian with nearest neighbor (nn) is

H=-— Z‘Iijsisj — AZ[S,-Z — th,-,

(i) i
where s; and s; are the spins at lattice sites i and j respec-
tively. X; ;) are the summations made over spin pairs coupled
through the nn interaction constant J;;, and the magne-
tocrystalline anisotropy energy constant (A) — 24.8 ueV /Fe
is taken from a previous study [59] and & is the external
magnetic field applied along the z axis. For the complex
perovskite (j_y)(BFO) 4+ ((LNMO) (x = 0.1, 0.2, 0.3), we
have taken two sublattices; one is for BiFeO3; and another
for La;NiMnOg. The whole complex perovskite consists of
the three magnetic ions Fe3*, Ni**, and Mn**. So, there are
six spin-spin interactions present in the system and the in-
teraction constants are Jge_re, JNi—Ni» /Mn—Mn»> JNi—Mn» JFe—Ni»
and Jr._Mmn. But, the interactions between Fe-Ni and Fe-Mn
are very small due to the small concentration of LNMO and
large atomic distance between these atoms. So, the nearest-
neighbor interaction constants are Jre—re), J(Ni—Mn)» J(Ni—Ni),
and Jvin—mn). BFO has antiferromagnetic ordering tempera-
ture (7y) around 640 K [60]. The LNMO has a paramagnetic
to ferromagnetic transition around 280 K upon cooling. So,
the interactions between Ni-Ni, Mn-Mn, and Ni-Mn are ferro-
magnetic. Masrour et al. determined the interaction constants
for LNMO from the mean-field theoretical calculations [61].
We have taken the spin magnitudes of Fe**, Ni** and Mn**
as 5/2, 1, and 3/2 respectively. For pure BFO, we determined
the interaction constants from the mean field approximation.
The formula is given by

2
In=—"250 4+ 1)Jge_rFe,
N= 3%, (S + 1)Jpe—re

where Z is the coordination number and S is the spin value
of all magnetic ions. Ty denotes the experimental value of
the transition temperature and Jg._p. is the interaction con-
stant and Kp is the Boltzmann constant. For the pure R3c
BFO the reported transition temperature is 640 K. The cal-
culated value of Jg._p. in the case of the R3¢ BFO turns
out to be 18.28 K. For the composite materials, we have
calculated the interaction constant from the mean-field ap-
proximation formula, Ty = %ZS(S +1)J. The transition
temperatures 7¢ in the composites were determined from
their temperature dependent magnetization data, as shown
in Fig. 3(a). For x = 0.1, we found the experimental T¢; =
276K, and the calculated values of the coupling constants are
Jre—re = 7.8K, Jni—ni = 34.5K, Jvn—mn = 18.4K, Jni—vn =
26.1K. For x = 0.2 (T» = 280K), we found the values of
JFefFe = 8K, JNifNi = 3501K, JMnan = 18.7K, JNian =
26.5K. In the case of x = 0.3, the experimental T3 = 286K,
and we calculated the values of Jp._pe = 8.2K, Jni_ni =
35.75K, Jvn—mn = 19.07K, Jni—vn = 27.08K.

The magnetic properties of the BFO and BFO/LNMO
composites are analysed using MCS under the Metropolis
algorithm using the above-described Hamiltonian with cyclic
boundary conditions on the lattice [62,63]. We performed this
MCS on a sample of dimension N = L x L x L, where L
is the number of unit cells in all three directions. We used
N = 32 x 32 x 32 number of lattices for these simulations.
The single-spin-flip mechanism is used for all lattice sites to

minimize the internal energy, and the flips of these spin values
are accepted or rejected according to the Boltzmann statistics
[63]. At each temperature for every spin configuration, 10°
Monte Carlo steps were performed to equilibrate the lattice
and the next 10° slteps for thermal averaging of the total mag-

netiation, M = N<Zi s;), where the sum is performed over

all spin values of Fe**, Ni**, and Mn**, and (...) indicates
the statistical time average.

APPENDIX C: DFT CALCULATION METHOD

The electronic structure of BiFeOs; was investigated us-
ing the full potential linearized augmented plane wave as
implemented in the WIEN2K code [23,24]. The generalized
gradient approximation (GGA) with the Hubbard parameter
(U) method was used to study the spin polarized electronic
band structure. The threshold energy between valence and
core states is fixed to —7 Ry for both triclinic and rhombo-
hedral structures. The maximum angular momentum, /;,,,x for
the wave function expansion inside the atomic spheres is set at
10 and the plane wave cutoff Ryt X K.y 1S taken to 7 Ry with
1000 & points mesh integration over the first Brillouin zone to
solve the Kohn-Sham equations. Here, Ryt and Ky« stand for
the average muffin-tin radii of the ionic sphere and the wave
function cutoff. The muffin-tin radii of BFO under the triclinic
P1 space group are 2.16, 1.69, and 1.46 A for Bi, Fe, and
O atoms, respectively. For rhombohedral R3c they are 2.5, 1.9,
and 1.63 A, respectively. The energy and charge cutoff are set
to 10~* Ry and 1073 ¢ for the self-consistent convergence in
the scf cycles. The effective U value for the strong correlation
between Fe-3d orbital electrons is set to 6 eV for both cases.
The structural optimization has been done to find the stabi-
lized lattice parameter of the crystal structures. The initial and
optimized values of lattice parameters of both structures are
shown in Table VII.

We employed the QUANTUM ESPRESSO package [64] to
perform calculations concerning the spontaneous polarization.
The projector augmented-wave (PAW) method was utilized,
along with the GGA based on the Perdew-Burke-Ernzerhof
(PBE) functional, to account for exchange-correlation effects.
A plane-wave energy cutoff of 75 Ry was set for the scf cal-
culation. For geometry optimization and electronic structure
calculations, a 7 x 7 x 7 Monkhorst-Pack k-point mesh was
employed. Addressing the strong Coulomb repulsion (U) oc-
curring between the localized d states of Fe, we incorporated
the GGA+Hubbard potential (U) approach to appropriately
describe correlation effects within transition metal oxides. In
this study, a Hubbard potential U value of 6 eV was applied to
Fe after careful consideration.

APPENDIX D: DFT CALCULATION
OF SPONTANEOUS POLARISATION

Spontaneous polarization stands as a major ferroelectric
property of BFO. Hence, it is imperative to examine the
spontaneous polarization of this material. In this study, we
computed the spontaneous polarization by considering the
combined contributions of electronic and ionic polarizations.
The DFT calculated polariation and tilting angle in both the
R3c and P1 BFO are represented in Figs. 8(a)-8(d). In the case
of R3c-structured BFO, the spontaneous polarization arises
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FIG. 8. (a) The polarization direction of Bi atoms and FeOq
octahedra along (111) and (b) (100) directions for R3¢ and P1
BFO structures respectively. (c) The octahedral tilting angle w and
Fe-O-Fe bond angle 6 for R3¢ BFO. (d) The octahedral tilting angle
o and Fe-O-Fe bond angle 6 with respect to directions parallel to the
a axis and c axis for P1 BFO.

from the displacement of Bi, Fe, and O atoms along the
[111] direction [65]. Conversely, P1 BFO exhibits polariza-
tion along the [100] direction. This spontaneous polarization
can be attributed to the electronic hybridization between the
6s electronic states of Bi, and the 2s and 2p states of O.
This hybridization results in a stereo chemically active po-
larizable lone pair of Bi atoms, giving rise to the observed
spontaneous polarization [66,67]. The QUANTUM ESPRESSO
software utilizing the PBE sol pseudopotential was employed
to compute the total spontaneous polarization. The calculated
spontaneous polarization values are 72 and 102uC/cm? for
R3c and P1 BFO, respectively. The spontaneous polarization
is shown schematically in Figs. 8(a) and 8(b) for R3¢ and P1
respectively. Our computed polarization values of R3¢ BFO
fall within the range of some previously reported theoretical
results of R3¢ BFO: 87.8 uC/cm? [68], 90.9 uC/cm? [69],
and 57.34 uC/cm? [70]. Interestingly, our calculations reveal
much higher spontaneous polarization in the triclinic BFO
as compared to the conventional thombohedral BFO. Fig-
ures 8(c) and 8(d) show the tilting angle w with respect to
the directions parallel to a and b crystallographic axes of the
FeOg octahedra and the Fe-O-Fe bond angle 6 [71]. The P1
BFO structure is more tilted than the R3¢ BFO structure.
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