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Abstract

This study aims to enhance the multiferroic properties of bismuth ferrite (BFO) by investigating the effects of substitu-
tion with erbium (Er) on the material’s structural, optical, and magnetic characteristics. Er-substituted bismuth ferrite
(Bi;_,Er,FeO;) (x=0, 0.04, 0.08, 0.12, 0.16) nanoparticles (NPs) were synthesized via the very cost-effective Pechini
modified sol-gel method followed by auto-combustion. X-ray diffraction (XRD) patterns confirmed the crystallinity, struc-
ture, and purity of the phase, revealing the formation of single-phase materials. The bond structure of the prepared samples
was examined using Fourier transform infrared (FTIR) spectroscopy, confirming the significant stretching and bending of
bonds of perovskites. Electron paramagnetic resonance (EPR) findings suggested a broadening of the signal as well as a
shift of the center of resonance to lower fields. The experimental findings revealed that Er doping has a significant effect
on the magnetic ordering and saturation magnetization of BiFeO;. In addition, UV—-Vis spectroscopy demonstrated that the
energy bandgap in the prepared samples varies from 2.13 eV to 1.71 eV. This research contributes to an understanding of
the enhanced structural, magnetic, and optical properties of Er-substituted BFO nanoparticles, which is useful for designing
and developing multiferroic materials with enhanced magnetic functionality for next-generation magnetoelectric devices,
optoelectronic devices, and photocatalysts.
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Introduction

Multiferroic materials, which feature two or more ferroic
properties (e.g., ferroelectric, ferromagnetic, ferroelas-
tic) simultaneously in the same phase, and have become
crucial, as they can be used in various advanced practical
applications such as data storage devices, spintronics, mag-
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netoelectric sensors, transducers, actuators, optoelectronic
devices, and photocatalysts. The application of an electric,
magnetic, or any stress field alters the ferroic properties
and results in interesting practical applications.' There are
numerous known multiferroic materials, including Cr,0;,
BiFeOj;, GaFeOj3, and BiMnO;. Among all these materials,
bismuth ferrite (BFO) is a single-phase multiferroic mate-
rial possessing both ferroelectric (7-=830°C) and G-type
antiferromagnetic (AFM) (Ty=370°C) properties at room
temperature. BFO has an ABO; type perovskite structure
along with a distorted rhombohedral unit cell with lattice
parameters in the vicinity of a=b=5.58 A, c=13.90 A >
Various morphologies including sheets, cubes, flowers,
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octahedrons, rods, wires, and groove-like shapes have been
observed based on the synthesis method employed.” BFO
belongs to the R-3c space group, and larger Bi** cations
reside on the A site, while Fe** ions occupy the B site. The
ferroelectricity in BFO arises because of the displacement
of Fe’* and Bi** ions with respect to the [111] direction of
the unit cell, while antiferromagnetic behavior arises due to
the partially filled d orbitals in Fe** ions. BFO and BFO-
based materials hold promise for their application in sens-
ing, data storage devices, and spintronics, among others.®
Numerous investigations have concentrated on modifying
ferromagnetic behavior or ferroelectric polarization through
the application of external fields.

With all these notable properties, the synthesis of pris-
tine BFO is a challenging task. During high-temperature
synthesis, stable phases such as Bi,sFeO,, and Bi,Fe,Oq
become viable, and the presence of these phases may cause
an increase in the leakage current, which leads to poor
conductivity and other properties such as low remanent
polarization.” Therefore, to enhance the various properties
of BFO, these stable impure phases should be suppressed,
which can be done by means of substitution or doping. Sub-
stitution is the key to enhancing various properties of any
material. Thus, these phases can be suppressed by substitu-
tion of other ions at A and B sites, which may enhance the
ferroelectric and ferromagnetic properties of BFO. Substitu-
tion results in structural distortion, leading to reduced crys-
tallite size and enhanced magnetoelectric coupling. As sin-
gle-phase pristine BFO shows a G-type AFM nature with a
magnetic spiral structure of about 62 nm, which cancels the
ferromagnetic effect and bounds the magnetoelectric effect,
the magnetic properties of partially substituted BFO nano-
particles are similarly enhanced as the spin cycloid struc-
ture collapses by means of structural transitions. A number
of transition series and rare earth (RE) elements have been
used as dopants for this purpose. It has been reported that
doping with RE elements La, Sm, Y, Gd, and Er can sup-
press the impure/secondary phases in BFO.® For instance,
the introduction of La doping initiates a transition in the
structural configuration from rhombohedral to orthorhom-
bic. Doping of RE elements not only changes the structure
but also enhances the ferroelectric and ferromagnetic prop-
erties. These changes are generally observed when the par-
ticle size decreases to under 60 nm.’ A significant number
of research articles have reported on the enhancement of
various properties of BFO by doping of RE (Sm, Nd, etc.)
or transition elements (Co, Mn, etc.) at both A and B sites.
Generally, it is observed that doping of RE elements at the A
site results in the enhancement of magnetic properties, while
doping of transition elements at the B site will enhance their
ferroelectric properties. '

Acharaya et al. synthesized Er-doped nanocrystalline
BFO using a chemical route, revealing the presence of

Bi,Fe, 0, (~2.4% relative to R-3c phase) with 10% Er."!
They observed a sharp transition from AFM to FM state
below the Ty and noted an increase in remanent mag-
netization of approximately 0.5 emu/g at room tempera-
ture. Guo et al. examined Er-doped BiFeO; nanoparticles
(0.05 <x<0.25), finding impurity phases for x=0.10 and
measuring the highest magnetization value of 1.5 emu/g at
room temperature for this composition.'> BFO, a multifer-
roic material at room temperature, presents an appealing
option due to its visible light activity and magnetic behav-
ior aiding in easy catalyst retrieval. Its narrow bandgap of
2.1-2.7 eV enhances its photocatalytic activity under vis-
ible light, crucial given that visible light accounts for about
48% of total solar energy.'® There is further need to study
the optical properties and enhanced magnetic properties of
Er**-substituted BFO to explore the potential applications.
For the fabrication of perovskite single-phase material, an
array of soft-chemistry methodologies have been developed
to synthesize BiFeO; (including hydrothermal and micro-
wave/hydrothermal, sol-gel, sonochemical, co-precipitation,
and molten salt methods). We have devised a quick BiFeO,
synthesis method employing a sol-gel auto-combustion
route, and synthesized Bi;_,Er,FeO; (x=0, 0.04, 0.08, 0.12,
0.16) nanoparticles for studying various structural, optical,
and magnetic properties.

Synthesis of Nanoparticles
Chemicals

Bi(NO;);-5H,0 (Sisco Research Laboratories [SRL],
purity > 98.5%), Fe(NO;);-9H,0 (SRL, purity > 98%),
Er(NO;);-5H,0 (SRL, purity >99.9%), anhydrous citric
acid, and distilled water (DW) were used to prepare the
samples.

Synthesis of Bi,_,Er,FeO; Nanoparticles

Er-doped bismuth ferrite (Bi,_,Er,FeO;, x=0.04, 0.08,
0.12, 0.16) NPs were prepared by Pechini’s modified sol-gel
auto-combustion route.'* The precursors were dissolved
individually in 20 ml of DW in separate beakers in proper
stoichiometric ratios for 15 min on a magnetic stirrer. The
homogeneous solutions were then mixed individually drop-
wise through a burette in a beaker with 50 ml distilled water
with continuous stirring. A total of 8-9 g anhydrous citric
acid (C¢HgO,) was used as a chelating agent and added to the
solution. The liquid NH; (25%) was then added to achieve
a neutral pH, after which the solution was maintained on a
hot plate/magnetic stirrer at 80°C for 4-5 h until the solution
became a viscous resin/gel. Following the gel formation, the
hot plate temperature was increased to approximately 300°C
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to initiate the auto-combustion process. Subsequently, a
thick powder was produced and eventually pulverized using
an agate mortar and pestle. The nanoparticles of Er-doped
BFO were obtained after annealing them in a muffle furnace
at 600°C for 6 h with a heating rate of 5°C/min. A schematic
presentation of the synthesis route is illustrated in Fig 1.

Characterization Techniques

The structural parameters were calculated by an x-ray pow-
der diffractometer (Malvern Panalytical, Empyrean) with
CuK,, radiation (A=1.54 ;\) functioning at 60 kV, and Fou-
rier transform infrared (FTIR) spectroscopy was performed
using a Thermo Scientific Nicolet iS50 spectrophotometer.
The magnetic field strength—-magnetization (M-H) loop was
analyzed with a vibrating-sample magnetometer (VSM)
(MicroSense ADE-EV9) for +10 KOe field, and the elec-
tron paramagnetic resonance (EPR) study of the synthesized
NPs was undertaken using a Bruker A300 instrument, which
was operated at a microwave frequency of 9.6 GHz at room
temperature. The energy bandgap was determined using a
Shimadzu UV-3600i Plus UV-Vis-NIR spectrophotometer.
All these findings are discussed in detail in the following
section.
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Results and Discussion
X-ray Diffraction (XRD) Analysis

The confirmation of the formation of phase identification
and structural nanoparticles in their as-prepared state was
carried out through XRD. Figure 2 illustrates the XRD pat-
terns of pure and Er-substituted BFO NPs with varying Er
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Fig.2 XRD patterns of Bi,_Er FeO; (x=0, 0.04, 0.08, 0.12, 0.16)
nanoparticles.
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Fig. 1 Schematic representation of synthesis route of Bi,_,Er,FeO; (x=0, 0.04, 0.08, 0.12, 0.16) nanoparticles.
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concentrations. XRD was conducted within an angular range
of 20°-70°, and the indexed diffraction peaks of the sam-
ples indicate the existence of the rhombohedral phase as the
primary phase, where the split peaks with (104) and (110)
indexing are the defining peaks of the pristine BFO. The
peaks at around 28° and 28.5° are attributed to the secondary
phases of Bi,Fe,O, and Bi,sFeO,,, respectively, which may
arise due to the volatile nature of bismuth at high tempera-
tures. These phases do not affect the multiferroic properties
of the prepared samples, as these secondary phases do not
alter the ferroelectric properties at room temperature.'>'
The calculated values are shown in Table I. All XRD pat-
terns obtained correspond to a rhombohedral phase (JCPDS
file no. 82-1254) with an R-3c space group. It is apparent
that the dopant does not affect the structural integrity of
BFO. However, doping does result in a minor impurity peak
around 28°. Comparison with JCPDS data shows that this
impurity peak corresponds to Bi,Fe,O, (mullite).!”

The Debye—Scherrer equation and Bragg's equation were
used to calculate the crystallite sizes, interplanar spacing,
and lattice parameters. The crystallite sizes of the syn-
thesized NPs were determined with the Debye—Scherrer
equation

_ka
fcos@’

where k is the shape factor, f is the full width at half maxi-
mum (FWHM) in radians, A is the wavelength of the x-rays
(CuK, 1=1.54 10\), and 0 is the Bragg angle. The interplanar
spacing was calculated using Bragg’s equation

and dislocation density was calculated using the following
equation:

1
=55

Clearly, the Er substitution did not alter the crystallo-
graphic symmetry. The dislocation density quantifies crys-
tallinity, and an increase in its value predicts a decrease in
the crystallite size of NPs. The dislocation density values
were calculated using the crystallite sizes computed by the
Scherrer method.'® With an increase in the concentration

of Er, the dislocation density increases because of the ionic
radii size difference of the Er** and Bi** ions, resulting in
the deformation of the structure from rhombohedral to dis-
torted rhombohedral. Bij o¢Er o,FeO5 has the largest crys-
tallite size (12.7 nm), while the Bi, 3,Er, ;,,FeO; sample has
the smallest crystallite size of 7.9 nm. It was found that with
an increase in the concentration of Er’* ions, the average
crystallite size of the nanoparticles decreases.

Fourier Transform Infrared (FTIR) Spectroscopy

Figure 3 shows FTIR graphs of the prepared samples. The
variation in the peak position, shape, and width of FTIR
spectra is due to the variation in the local defects and grain
size of the NPs. The peak positions in the FTIR graph at
430 cm™! and 530 cm™! are related to Fe—O stretching and
Fe—O bending vibrations, respectively.!>?° This behav-
ior is typical of FeOg4 octahedra that are found in perovs-
kites. The peak near 1633 cm™! relates to the symmetric
stretching of H,O. The peak around 1393 cm™' is due to
nitrate trapped in the sample, which could be the residual
of nitrate precursors.”! Peaks at 847 cm™' correspond to
Bi—O bond vibrations. Notably, while the tetrahedral group
peak at 430 cm™! remains stable, the octahedral group shifts
from 530 to 515 cm™', indicating Fe—O vibrational mode

P—_—\‘m_\—
Big,g4Erg 16Fe03

'——\,v_\”
f Big ggkrg,12Fe03
/ Big 92Er( 0gFeO3

200

Transmittance (%)

Big,96Er0.04Fe03
100

S5> oD

Pure BiFeO3

A
S
2

1393)

>

T 1
1000 1500

73
S -
S

2000

Wavenumber (cm'l)

Fig.3 FTIR graph of Bi,_Er,FeO; (x=0, 0.04, 0.08, 0.12, 0.16)
nanoparticles.

Tablel ‘Lattlice Parameters, Sample a=b( A) e R) D (nm) dyyy (nm) 5% 10~ (nm‘z)
crystallite size, interplanar
spacing, and dislocation density  BjpeQ, 5.545 13.79 11.2 2.79 79.71
of synthesized nanoparticles . N
calculated using XRD patterns Bi g¢Erg 04FeO; 5.538 13.71 12.7 2.78 62.00
Bi ¢,Ery 0sFeO; 5.549 13.82 10.4 278 92.45
Bi gsEry 1,FeO; 5.561 13.87 8.9 2.77 12.62
Bij g4Ery 1sFeO; 5.568 13.89 7.9 276 16.02
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compression.”> A gradual shift of the absorption peak of
Fe—O stretching vibration with the increase in Er substitu-
tion percentage towards a lower wave number shows that
various Er substituents have been absorbed into the lattice
site of bismuth ferrite. This also indicates the occurrence of
a structural transition with respect to different substitution
percentages of Er** ions. Er substitution leads to the change
in structural environments and the bonding within the lattice,
which results in the FTIR peaks with respect to pure BFO.

Vibrating-Sample Magnetometry (VSM)

The M-H loop of the prepared samples is shown in Fig. 4a,
and the trend of remanent magnetization and enlarged image
of the M—H curve is shown in Fig. 4b to elucidate the small
ferromagnetic nature of the samples. The trend of saturation
magnetization of each sample with an increasing concentra-
tion of Er doping is evident in Fig. 4b and c. The calculated
values from the M—-H loop are shown in Table II.
Observations indicate that the mild ferromagnetic behav-
ior of bismuth ferrite, possessing a perovskite structure, is
significantly influenced by the rotation of FeO4 octahedra
in relation to each other.”® The value of saturation magnet-
ization, M (in emu/g), varies from 4.259 to 1.156 while
the value of remanent magnetization, M, (in emu/g), var-
ies from 1.268 to 0.227 with increasing Er** concentration.
The values of M, and M, decrease rapidly with Er** con-
centration because smaller particles are easier to demagnet-
ize, and coercivity (H,) declines with increasing Er** con-
centration. BFO comprises a G-type AFM ordering along
the [001],., axis in its hexagonal representation, which is
anticipated to result in minimal spontaneous magnetiza-
tion.>*?> The Dzyaloshinskii-Moriya interaction partially
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breaks antiferromagnetic ordering, causing a tiny magnetic
moment. Due to electron exchange coupling, samples with
small crystallites become superparamagnetic.’® The reduced
size of these particles makes them superparamagnetic for
x=0.04-0.16. Superparamagnetic particles have low coer-
civity/retentivity and significant magnetism. The interaction
between erbium's 4f electrons and iron's 3d electrons leads
to a partial disruption of the antiferromagnetic coupling
between the Fe** ions.?” The enormous quantity of uncom-
pensated Fe®* ion spins at the particle surface breaks the
spin cycloidal structure, which is the reason for the signifi-
cant magnetization in the prepared samples.”®

Electron Paramagnetic Resonance (EPR) Analysis

EPR is an extremely efficient spectroscopic technique uti-
lized to evaluate the magnetic properties of nanoparticles
which involves the examination of diverse magnetic fac-
tors such as spin—spin relaxation, magnetic anisotropy,
super-exchange interactions, and dipolar interactions.

Table Il Magnetic parameters calculated from M-H curves, includ-
ing saturation magnetization, remanent magnetization, coercivity, and
squareness ratio of synthesized nanoparticles

Sample M,emu/g M.emu/g H,Oe Squareness ratio
BiFeO; 4.259 1.268 222.73  0.2977
Big gsEry 0uFeO;  3.158 0.729 179.03 0.2308
Big ¢,Er osFeO;  2.547 0.414 137.80 0.1625
Bi, gsEry 1,FeO;  1.877 0.424 192.86 0.2258
Bij g4Erj ;sFeO; 1.156 0.227 177.47 0.1963
14 T T T T T T T T T T
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Fig.4 (a) M—H loops of Bi,_Er FeO; (x=0, 0.04, 0.08, 0.12, 0.16) nanoparticles. (b) Enlarged image of M—H loop to demonstrate the ferro-
magnetic character of the samples. (c) Variation in M, and M, with Er substitution.
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Table Il EPR parameters g., resonance field, sweep width, and
center of resonance calculated from EPR spectra of synthesized nano-
particles

Sample 8eft H(G) AHpp (G)  AH,;, (G)
BiFeO, 2583 2670.11 193248 3347.15
BigocEryosFeO; 2549 270592  1834.63 3177.67
Bijg,FroogFeO; 2453 281191  1696.86  2939.04
BijgEry ,FeO; 2438 282864  1784.58 3090.98
BijgFry FeO; 2387  2888.88 178326  3088.69

These parameters can be determined by analyzing the
g-factor, resonance field, and sweep width. The various
parameters, as shown in Table III, were calculated using
Egs. 1 and 2.%

g= 2 1
/’lBHr’ ( )
AHy, = V3AH,. @)

where h represents Planck's constant, H, denotes the reso-
nant magnetic field, and p; symbolizes the Bohr magneton
(up = 6.27x1072*J/T), with v indicating the frequency of
electromagnetic radiation.

Er ions interacting with the BFO lattice alter the local
magnetic environment, impacting EPR spectra. Interac-
tions between neighboring Er ions, like dipole—dipole or
exchange interactions, influence magnetic behavior, affect-
ing parameters such as line width and saturation magneti-
zation. Magnetic clusters, formed by Er ion aggregation
or structural defects lead to complex interactions, causing
deviations in EPR spectra, emphasizing the importance
of local magnetic environments in Er-doped BFO. As
depicted in Fig. 5, as x increases from 0.04 to 0.12, the
center of resonance field (H,,,) of EPR signals transitions
toward a lower magnetic field, from 3347 G to 3088 G.
The existence of a nonhomogeneous local magnetic field
is responsible for both the observed broadening of the sig-
nal as well as a shift of the center of resonance to lower
fields. This is due to the presence of a nonhomogeneous
local magnetic field that modifies the signal's resonance
field and line shape.w’32 In addition, a decrease in their
sweep width from AH|,,=1932 to 1783 G was observed as
x increased from 0.04 to 0.12. The results of EPR resem-
ble the results of VSM; the sweep width decreases, and
the peak becomes intense as saturation magnetization
decreases.

The squareness ratio of Er-doped bismuth ferrite (BFO)
EPR spectra reveals magnetic properties. We observed a
consistent decrease in the squareness ratio with higher Er

—— Pure BiFeO3
— Big.96Er(,04Fe03

— Big.92Er(,0gFe03
— Bi() ggEr(.12FeO3
— |§i“.84l‘: ro.1 (,l“(‘( )3

Intensity (a.u)

—
0 1000 2000 3000 4000 5000 6000 7000
Magnetic Field (G)

Fig.5 EPR spectra of Bi,_ErFeO; (x=0, 0.04, 0.08, 0.12, 0.16)
nanoparticles.

ion concentration, indicating disrupted magnetic inter-
actions. An anomaly at 12% Er doping suggests unique
magnetic interactions or structural changes, possibly due
to magnetic cluster formation.

UV-Vis Spectroscopy

UV-Vis spectroscopy of the synthesized nanoparticles pro-
vides information about bandgap energy, which varies from
2.13 eV to 1.71 eV, as shown in Fig. 6. For pristine BFO,
the O 2p state of BFO generally hybridized with that of the
Fe 3d state, which forms bonding and antibonding orbitals.
The bonding orbital formed is the valence band generally
known as the O 2p band, while the antibonding orbital or
Fe 3d band is the conduction band. Transition between these
formed valence and conduction bands determines the energy
bandgap.®>** Thus, to examine the bandgap of the prepared
samples, UV—-Vis spectroscopy was performed in the wave-
length range of 200-800 nm. The energy bandgap (E,) was
determined using the Kubelka—Munk function®® with the
following equations:

aho = A(hv - Eg)”,

(1-Ry
A= —-,
2R
where n is 1/2 for direct transitions, R is diffused reflectance,
h is the Planck constant, v is light frequency, A is an energy-

dependent constant, and « is the absorption coefficient. Fig-
ure 6 presents the Tauc plot of the synthesized nanoparticles,
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Fig.6 Tauc’s plot of synthesized nanoparticles.

Table IV Calculated energy

band £ synthesized Composition Energy band-
andgap of synthesize aap, E, (eV)
nanoparticles

BiFeO, 2.13

Bi gsErg o,FeO;  2.04
Bi g,Ery osFeO; 1.84
Bij gsEry 1,FeO;  1.74
Bi g4Ery sFeO; 1.71

and the E, values calculated using Tauc’s plot are presented
in Table I'V.

The decrease in the bandgap (E,) value with higher
substitution percentage is ascribed to structural distortion
and reduced hybridization, which may reduce the effective
bandgap related to Er's electronic configuration. Addition-
ally, the decrease in crystallite size as the substitution per-
centage increases could contribute to this trend. Conversely,
a slight increase in the bandgap value for Bi, g4Er, ;sFeO;
may be attributed to surface and interface effects. The lower
bandgap energy observed in the synthesized nanoparticles
renders them suitable for photocatalytic applications in the
visible region.*¢3

@ Springer
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Conclusion

Bi,_,Er,FeO; (x=0, 0.04, 0.08, 0.12, 0.16) NPs were pre-
pared via Pechini’s modified sol-gel method followed by
auto-combustion. The structure of the prepared samples
was analyzed by XRD, which confirmed the crystallinity
of the powdered samples and the single-phase distorted
rhombohedral structures with an R-3c¢ space group. The
characteristic bond vibrations and stretching were con-
firmed with FTIR analysis for the characteristic behavior
of FeOgq octahedra in perovskites. Magnetic studies were
performed by plotting M—H loops and EPR spectra, and
a decrease in M, M, and H_ values was observed with an
increase in the Er’* concentration in the prepared nanopar-
ticles, which was due to the superparamagnetic behavior
of the NPs with an increase in the doping concentration.
With a reduction in saturation magnetization, the sweep
width narrowed and the EPR signal intensity increased.
The results of VSM and EPR data are in accord with each
other. With these findings, the AFM nature of these mate-
rials makes them suitable for application in magnetoelec-
tric (ME) devices, and as the spin interaction plays a major
role, these materials can be used in spintronics. Further
studies of the NPs can investigate their ferroelectric prop-
erties, photocatalytic properties, and enhanced adsorption
(o) so that the scope of applications such as gas sensing,
data storage, and environmental applications like dye deg-
radation and heavy metal sensing can be explored.
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