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ABSTRACT

Perovskite structured materials have received a lot of attention recently due to
their extraordinary characteristics. In this work, conventional solid-state reac-
tion was adopted to synthesize perovskite-based lanthanum ferrite materials
and studied their inherent properties with the influence of Mn concentrations.
The materials were characterized by XRD, FTIR, Raman, SEM, EDS and map-
ping, UV-Vis, photoluminescence, dielectric, magnetic properties and the Mn
ions were found to be incorporated into the lanthanum ferrite. Rietveld refine-
ment results confirm that synthesized materials are single-phase orthorhombic
structures with an average crystallite size of 80-67 nm. A broad excitation band
around 360 to 450 nm with a maximum at 409 nm is attributed to the intra
configurational f-f electronic transition of La®". Mn-doping-induced great
enhancement in the visible range of LaFeO; red luminescence. Mn-dopant has a
significant influence on dielectric characteristics in the frequency ranges of
1 kHz and 1 MHz from 50 to 110 °C, which obey the Maxwell-Wagner polar-
ization model and Koop’s phenomenological theory. The observation of weak
ferromagnetism at 305 K in the M—H loop is considered to be the result of the
intriguing exchange interaction between Fe/Mn and oxidation states. It is pro-
posed that LaMn,Fe; _,O; (x = 0.05-0.25) materials with varying characteristics
could be developed to satisfy a diversity of requirements.
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1 Introduction

Technological evolution and concurrent demand for
reducing the sizes of various crucial electronic
equipment including transistors have made stronger
the research towards multifunctional materials [1].
Among these, perovskite structured materials are an
important class of functional materials that has
stimulating structural, electrical, and magnetic
properties. It has the chemical formula ABO; (where
A is a rare-earth element and B is a 3d transition
metal) and is fortunate for its cutting-edge use in
advanced technologies such as sensors, solid oxide
fuel cells, information storage devices, spintronics,
microelectronics, magnetic applications, catalysts,
and so on [2-8]. The physical properties of these
perovskites are dependent on numerous factors such
as synthesis technique, chemical composition, sin-
tering temperature with time, and substitution of
different cations. The rare-earth orthoferrites (RFeOs)
are the class of material that has a wide variety of
applications in memory-based devices. Some RFeO3
materials having excellent magneto-optical proper-
ties can be applied to make magneto-optical sensors,
magneto-optical switches, and other devices [9, 10].
Lanthanum ferrite (LaFeO3) is a notable perovskite
material with an orthorhombic structure and canted
antiferromagnetic nature at a high Neel temperature
of 740 K [11]. It has established much attention due to
its electrical and multifaceted magnetic properties
with the connection between spin, charge, and orbital
degrees of freedom. Fascinatingly, multiferroic
properties in the LaFeO; system have been reported
by Acharya et al. [11]. Several alterations in LaFeOs;
have recently been developed to improve its multi-
functional characteristics. Artificial superlattices of
LaMnOs-LaFeO; perceived that the magnetic
response could be controlled by changing the order
of Mn and Fe ions in the host lattice were reported by
Ueda and Tabata Hand Kawai [12]. On the other
hand, Zhi-Xian Wei et al. were synthesized LaFeOj;
and LaFeysMngs0;_s by solution combustion
method using stearic acid and studied their magne-
tization and photocatalytic activity [13]. R. Dhahri
et al. studied the structural and electrical properties
of La;_A,MnO; compounds (x = 0.05-0.20) by the
sol-gel technique and reveals that the existence of
mixed valences Mn**-Mn** encourages both ferro-
magnetic state and metallic conductivity [14]. P.P.
Hankare et al. were prepared a LaMn,Fe; O3
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(1.0 < x > 0) compound using a sol-gel auto com-
bustion method that demonstrated the semiconduct-
ing nature [15]. LaMngsFe;50; nanocrystalline
powders exhibited considerable dielectric properties
prepared via a polyvinyl alcohol sol-gel method [16]
by Chunlian Zenga et al. using an auto combustion
route Shovan Kumar Kundu et al. were synthesized
Mn-doped LaFeO; revealed an improvement in
multiferroic and dielectric properties owing to Mn-
doping in Fe site [1]. Jung-Hoon Jeong et al. have
been reported on Mn-doping in LaFeO; exhibit
improvement in the magnetic moment and the con-
trol of the coercive field from the antiferromagnetic
LaFeO; [17]. Tong et al. described LaMn;_,Fe, O3
(x = 0 to 0.4) system exhibited that there is a certain
prospect of the double exchange interaction between
Fe’* and Mn®" ions [18].

Based on these findings, it is clear that the influence
of synthesis processes and doping conditions can
change the crystalline phase and surface morphology
of this system, hence controlling the intrinsic prop-
erties of LaFeO; materials. The conventional solid-
state reaction (SSR) or high-temperature synthesis
approach has unique advantages. Hence, we address
such approaches to synthesize LaFe;_,Mn,Oj3 ferrite
materials and studied their inherent properties like
structural, electrical, optical, and magnetic by the
influence of Mn-doping conditions. The properties of
LaMn,Fe,_,O; ferrite materials were characterized
using powder X-ray diffraction (XRD)-Rietveld
refinements, Raman spectroscopy, Fourier transform
infrared (FT-IR) analysis, scanning electron micro-
scopy with energy dispersive X-ray analysis, UV-Vis
spectroscopy, photoluminescence, dielectric and
magnetization technique, and the results are ana-
lyzed and reported.

2 Experimental section
2.1 Materials and methods

The polycrystalline bulk materials of LaMn.Fe;_,O3
(x = 0.05-0.25) were synthesized using the conven-
tional solid-state reaction technique (SSR). As starting
materials, stoichiometric amounts of high purity
(> 99.9%) lanthanum oxide (La,Os), iron oxide
(Fe;O3), and manganese oxide (MnO,) powders were
utilized.
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The stoichiometric amount of selected precursors
were batch weighed with their proportion. The
weighed precursors were subsequently transferred to
an agate mortar and well-grounded using pestle for
30 min. The grounded samples were again stirred
using acetone as a grinding medium for 45 min until
to produce uniform fine powders. To achieve a better
homogeneity powder, the fine powders were moved
to a box furnace operating at 900 °C for 12 h, 1000 °C
for 6 h, and 1200 °C for 6 h before being allowed to
cool to ambient temperature at a rate of 5 °C/min.
The final fine powders were removed from the box
furnace and ground well for 15 min and hence stored
for further characterization.

2.2 Characterization techniques

All the synthesized perovskite-type-LaMn.Fe;_,O3
(x = 0.05 to 0.25) ferrite materials are characterized
with room temperature. Powder X-ray diffraction
(XRD) profiles were examined using Bruker D2
PHASER set to 40 kV and a current of 30 mA. The
profiles were taken using the Cu Ka X-ray line of
1.5418 A over a 20° to 60° range with a step size of
0.02°/min. The XRD profiles were checked for phase
identification against the International Center for
Diffraction Data (ICDD) PDF-2 database. The analysis
of Rietveld refinements was carried out using FULL
PROF software of the recorded XRD profiles. A
pseudo-Voigt profile function was used to describe
the diffraction peaks, with a Lorentzian contribution
to the Gaussian peak shape. FT-IR spectra were col-
lected in the 5004000 cm ™' range using a BRUKER
ALPHA FT-IR Spectrophotometer using opus 7.2
software. Raman spectra were obtained over the
range of 100-1000 cm™' with an HR 800 UV spec-
trophotometer equipped with a Horiba Jobin—Yvon,
excitation He-Ne laser source at /1 =488 nm. The
microstructure of the produced ferrite materials was
investigated using a JEOL JSM-6010LA scanning
electron microscopy (SEM) apparatus set to 20 keV
accelerating voltage. Secondary electron imaging
(SEI) was used to collect SEM images. An energy
dispersive X-ray spectrometer was used to perform
element mapping and quantitative analysis (EDS).
The UV-Vis absorption spectra were studied using a
Perkin-Elmer spectrometer with a wavelength source
of 200-800 nm. The photoluminescence spectra were
analyzed using Horiba Jobin-Yvon-Fluoromax 4
spectrofluorometer. The temperature, as well as the
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frequency dependence dielectric studies, were stud-
ied by Wayne Kerr-LCR 4275 instrument having a
frequency range of 10 Hz to 1 MHz and a tempera-
ture range of 50 to 110 °C. The prepared pellet
materials were prudently polished and silver-coated
on both faces which act as electrodes for the dielectric
spectroscopy measurements. The magnetic proper-
ties of the produced ferrite materials were investi-
gated using a Lakeshore (Model-7404) vibrating
sample magnetometer with a maximum magnetic
field of 15 kOe.

3 Results and discussion
3.1 Structural phase analysis

Powder X-ray diffraction examinations at ambient
temperature were used to determine the phase
identification of the produced perovskite-type-
LaMn,Fe;_,O3 (x =0.05 to 0.25) ferrite materials.
Figure 1 shows powder XRD profiles of the LaMn,.
Fe;_,O3 (x =0.05 to 0.25) ferrite samples. All the
diffraction planes are indexed and identified with an
orthorhombic phase of standard data (JCPDS card
No. 37-1493) with a space group of Pbnm. The
broadening of diffraction peaks suggests that the
ferrite materials generated are made up of fine crys-
tallites. Notably, as seen in Fig. 1f, the (121) plane
migrated toward the right angle when Mn concen-
tration increased in LaFeOj;, indicating the presence
of lattice distortions in the composition. As a result,
Rietveld refinement analysis was performed on all of
the ferrite materials to confirm the distortion. The
Rietveld refined profiles of perovskite-type-LaMn,.
Fe;_,O3 (x = 0.05 to 0.25) ferrite materials are shown
in Fig. la—e). Table 1 shows the improved values of
lattice parameters, bond distance, reliability factors
(W, and Wgp), bond angle, and 7> for synthesized
ferrite materials. Table 1 shows the decreased ten-
dencies toward lattice parameters acquired from
Rietveld refinements. This could be due to the ionic
radius of Mn**/Mn** (0.58/0.53 A) is substantially
less than that of Fe®* (0.645 A) [20]. The obtained
lattice constants correlate well with those published
in the literature [19]. Furthermore, the typical crys-
tallite sizes were determined using the Scherrer
equation [21].

D =091/fcosO (1)
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Fig. 1 Rietveld refinement XRD profiles (a—e) and enlarged view
of (121) high intensity peak (f) of the synthesized LaMn,Fe; _,O;
(x = 0.05-0.25) ferrite materials via conventional solid-state

where D denotes the average crystallite size, 4 is the
X-ray wavelength (1.5405 x 107'°m), f is the full
width at half maximum intensity, and 0 is the Bragg’s
diffraction angle. Table 1 summarizes the determined
average crystallite size, D. The values are comparable
to those reported for LaFeOj; [1]. The average crys-
tallite size was found to be smaller in the table, which
is attributable to the substitution of Fe cation by Mn
ions. The crystallite size of ferrite material is usually

2 Theta (Degree)

reaction. Blank curve: observed pattern, red curve: calculated
pattern, blue curve: difference pattern

determined by the porosity, sintering temperature,
and diffusivity of the individual grains. It is possible
that the doping of Mn ions into the Fe’* (B-site) of the
LaFeO; lattice hinders grain development during the
SSR process in this scenario.

3.2 FT-IR studies

Figure 2 depicts the recorded FTIR spectra of the
perovskite-type-LaMn,Fe; _, O3 (x = 0.05-0.25) ferrite
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Table 1 Structural constraints,

J Mater Sci: Mater Electron (2021) 32:25528-25544

bond angle and bond length of Structural parameters x = 0.05 x=0.10 x=0.15 x =0.20 x =0.25
g’:&in;t‘i“gi a(A) 5.5570 5.5541 5.5559 5.5376 5.5520
x = 07.605—09.525) ferrite b (A) 5.5598 5.5524 5.5457 5.5493 5.5452
materials as tabulated from the c (A) 7.8558 7.8472 7.8377 7.8511 7.8303
Rietveld analysis Volume 242.70 242.00 241.48 241.26 240.63
Wrp, (%) 14.0 13.7 10.0 8.77 14.7
Wp (%) 10.4 10.3 8.16 7.56 10.9
x 4.71 5.59 5.62 7.60 5.01
o 90 90 90 90 90
p 90 90 90 90 90
y 90 90 90 90 90
Crystallite size (nm) 80 79 76 75 67
Bond distance (A)
Fe-O(1) 2.039 (23) 1.98 (4) 1.90 (5) 1.96 (7) 1.96 (6)
Fe-0(2) 2.000 (15) 2.034 (16) 2.002 (19) 2.17 (5) 2.020 (16)
Bond angle E)
Fe-O,-Fe 156.6 (7) 159.9 (12) 156.8 (17) 164.0 (24) 157.6 (17)
Fe-O,-Fe 153 (4) 149.0 (33) 156 (5) 158 (4) 158 (4)

materials over the wavelength range 5004000 cm ™"

at ambient temperature. The asymmetric C-H
stretching vibrational mode is responsible for the
observed adsorption band around 2900 cm™'. The
asymmetric bending vibration of the atmospheric
CO, group is represented by the band near
2350 cm ™', The most powerful bands, which emerge
in the 500-650 cm™! range, were attributed to
stretching vibrations at the Fe-O bond in the octa-
hedral MOg structure, where the wavenumber and
intensity depend on the nature of the cations distri-
bution and their occupancy in the perovskite-type
sublattices [22]. In this scenario, the increase in Mn
concentration causes a minor shift in vibrational

w— (a) x=0.05
(b) x=0.10
— (C) x=0.15
e (d) x=0.20 (
| (e) x=0.25

LaMn_Fe, O,

e)

|

g e
g ()

5 U\ /

§ B~
c

E \_/—_\

A — o
500 10I00 15lOO 20'00 25|00 30l00 35l00 4000

Wavenumber (cm™)

Fig. 2 FTIR spectrum of the synthesized LaMn,Fe;_,O;
(x = 0.05-0.25) ferrite materials
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bands toward lower wavenumbers. This could be
attributable to flaws in the perovskite structures,
which cause a drop in the lattice constant, as proven
by the XRD investigation. Nonetheless, the slight
variations in band locations indicate that the bond
angle and bond length have changed (Table 1).

3.3 Raman studies

Figure 3 depicts a series of typical Raman spectra in the
100-1000 cm ™! LaMn,Fe; O3 (x =
0.05-0.25) ferrite materials with varying Mn-doping
levels. The consistent change in vibrational spectra can
be attributed to a change in the local atomic structure
caused by the presence of Mn ions in the LaFeOj;
material. The observed LaMn,Fe;_.O; (x = 0.05-0.25)
ferrite materials have an orthorhombic structure (Pb-
nm space group). The group theory investigation for
the following modes is represented as [23],

1—‘opl(anm) = (R)7Ag + (R)7B1g + (R)SBZg + (R)5B3g
+ (ac)Byy + (ac)Boy + (ac)Bay

range for

(2)

Only 24 of the 60 normal modes predicted by
group theory are Raman active (Ag, Byg, Byg, and Bsg
symmetry).

I'Raman (Pbnm) = 7Ag + 7B1g + 5B2g + 5B3g (3)
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Fig. 3 Raman spectra of the synthesized LaMn,Fe; ,O;
(x = 0.05-0.25) ferrite materials. The dotted lines represent the
peaks that shifted/overlapped

There are only 24 Raman active modes and 25 IR
modes in the orthorhombic structure (Pbnm space
group) (Byy, By, and Bs, symmetry). Where R, S, ac,
and IR represent Raman, silent, acoustic modes, and
infrared, respectively. Table 2 lists the Lorentzian
individual components, the peak location of each
component, i.e., the natural frequency (cm™') of each
Raman active mode seen in Fig. 4, as well as the
respective Raman active modes.

Figure 4 shows the Raman active modes at 158,
284, 416, 488, 627, 774, 813 and 926 cm ™. The four-
strong modes found at 284, 416, 488, and 627 cm ™},
488, and 627 cm™' strong modes are assigned to A,
symmetry. The B, symmetry is attributed to the
remaining modes at 284, 416 cm™~'. The A-O bonds
are related to lower-order frequency Raman modes,
whereas the B-O bonds are associated with higher-
order frequency modes [24]. The measured Raman
active modes accord well with previous publications
[25-27] on the perovskite structure compound. The
strong absorption modes of Mn (0.05) ion at 158 cm ™"
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were systematically shifted to 224 cm™', confirming
the substantial impact of Mn (0.15) ion in the Le-O
lattice. In addition, a shift in the position of intense
Raman signals as depicted in Fig. 3 with dotted lines.
This might be due to an increase in the Mn concen-
tration range (x = 0.05 = 0.25); the modes do not
present in the same way for frequencies, intensities,
and widths; and there is no structural phase transi-
tion, as determined by XRD. This happens due to
some modes are more sensitive to tolerance factors,
while others are more sensitive to B-site ordering,
which has differing consequences on the modes. In
contrast, the B1g-like modes in the neighborhood of
416 cm™! (associated with B/O site ion motions) tend
to merge with increasing Mn substitution (x). In this
situation, the broad higher frequency order two
phonon vibration modes can be formed into five
active modes peaking at 906, 926, 958, 971, and
991 cm*l, i.e., observed in the double energy values
of A; and B; normal modes present in Mn-doped
LaFeO3; compounds. Higher-order frequency (above
900 cm~!) Raman active modes Ag and By relate to
the movement of oxygen atoms along the B-O axis,
and their frequency is principally influenced by
bonding forces and the B-O distance [28].

3.4 Surface morphology and compositional
analysis

The surface morphologies of the synthesized
LaMn,Fe;_,O3 (x = 0.05-0.25) ferrite materials were
characterized by a scanning electron microscope
(SEM). The SEM micrographs of the synthesized
LaMn,Fe;_,O5; (x = 0.05-0.25) ferrite materials are
shown in Fig. 5a—e. It is perceived that the nanosized
particles have spherical shaped morphology and are
slightly agglomerated. This could be explained by the
magnetic interaction of the particles. The presence of
La, Fe, Mn, and O elements is confirmed by EDS
spectra analysis of the materials, as shown in Fig. 5.
Other elements were not discovered within the
detection range of our detector. Theoretically, the
atomic percentages for La, Fe, and O should be 20%,
20%, and 60%, respectively. The atomic ratio of La/Fe
increases in the current study, and it is 1.09, 1.13, 1.20,
1.26, and 1.29 when Mn-dopant concentrations
increase. These are far from stoichiometric ratios.
This suggests that ferrite materials appear to be richer
in La and O deficient, which may result in some
faults. Lay; Fe;_,Mn,O;_, is the best way to express

@ Springer



25534

J Mater Sci: Mater Electron (2021) 32:25528-25544

Table 2 Symmetry
assignments of the synthesized

Details of the compounds and symmetry assignments

LaMn,Fe;_,03

LaMng osFep9s03  LaMng 10Fe0 0003 LaMng 1sFeg 503 LaMngaoFeg 5003  LaMngasFeg 7503
(x = 0.05-0.25) ferrite
materials 158: A, 158: A, 224: A, 189: A, 257: A,
284: By, 247: A, 303: A, 286: By, 476: B3,
416: By, 313: B3, 416: By, 476: Bs, 631: By,
488: A, 416: By, 488: A, 627: A, 774: A,
627: A, 488: B, 627: A, 774: A, 813: By,
T774: A, 627: A, 770: Byg 813: By, 856: A,
813: By, 774: A, 809: By, 906: 2B, 885: By,
926: 2B,, 825: By, 856: A, 958: 2 A, 926: 2B,,
885: By, 906: 2B, 991: 2 A, 971: 2A,
991: 2A 971: 2A.

the molecular formula. The elemental makeup of the
produced ferrite materials was influenced by the Mn-
dopant. As indicated in the EDS mapping pictures in
Fig. 6, a homogeneous distribution of comparable La,
Fe, Mn, and O elements was detected in all of the
manufactured materials. In the EDS mapping, each
color corresponds to a single energy line emission for
each element.

3.5 UV-Vis absorption spectroscopic
analysis

The optical band gap energies of the synthesized
LaMn,Fe;_, O3 (x = 0.05-0.25) ferrite materials were
investigated via UV-Vis spectroscopy. The UV-Vis
absorption spectra of perovskite-based LaMn,Fe;_,.
O3 (x = 0.05-0.25) are displayed in Fig. 7 (left side).
For the synthesized materials, an excitonic absorption
performance in the visible range of 200-500 nm is
linked to the electronic transition from O-2p orbitals
in the valence band to Fe-3d orbitals in the conduc-
tion band. The visible light region observed in the
synthesized ferrite materials may make them useful
for photocatalysts [29]. The optical band gap energy
for the synthesized materials can be determined
using the Tauc expression [30],

oc:A(hv—Eg)n/hv 4)

where o represents the absorption coefficient, v
denotes the frequency, & stays the Planck’s constant,
E; represents the optical bandgap energy of the
incident photon, A is a constant that is related to the
transition probability, and 7 is related to the nature of
the optical absorption transition. The value of nis 1/2
for direct permissible electronic transition (direct
bandgap) and 2 for indirect allowable electronic
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transition (indirect bandgap). The E; values of the
synthesized LaMn,Fe;_,O; (x =0.05-0.25) ferrite
materials were calculated by extrapolating the linear
component of the plots of (xhv)* against photon
energy hv (eV) for the direct as shown in Fig. 9 (right
side). The E; energy values found ranged from 2.86 to
3.40 eV. These values correspond well with Swatsi-
tang et al. [31] reported value of 2.2 eV for lanthanum
ferrite nanoparticles made through the sol-gel pro-
cess. Generally, the E; is affected by various factors
such as strain, average crystallite size, morphology,
lattice deformations, and the presence of impurities.
In this study, the values of E, are increased with Mn
substitution in LaMn,Fe;_,O3 (x = 0.05-0.25). This
rise in the E; of synthesized LaMn,Fe;_,O;
(x = 0.05-0.25) ferrite compounds is consistent with
the corresponding blue shifts in the absorption edges
shown in Fig. 9 (right side). The increase in E, values
with corresponding drops in average crystallite size
appears to be connected to some flaws within the
perovskite structure, resulting in a decrease in the
lattice, which is manifest from XRD results. As a
result of the defects in the structures, some micros-
train is produced, causing a difference in the ionic
radii of Mn®* and Fe®" ions. In the current investi-
gation, the ionic radius of Fe** ions (0.645 A) is
higher than that of Mn®* ions (0.58 A), hence E,
values rise [20]. This will allow the fabrication of
LaMn,Fe;_, O3 (x = 0.05-0.25) ferrite materials with
varying optical band gaps. The ability to change the
optical band gap by simply adjusting the concentra-
tion of Mn (x = 0.05-0.25) substitution may make
these LaMn.Fe;_,O; ferrite materials appealing for
photocatalytic and sensing applications.
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Fig. 4 Fitting curves of the Raman signal of the synthesized
LaMn,Fe;_,O5 (x = 0.05-0.25) ferrite materials with Lorentzian
line shapes. The black lines with shapes are experimental data, the

3.6 Photoluminescence property

Figure 8 depicts the excitation and emission spectra
(inset) of the produced LaMn,Fe;_,O; (x = 0.05-0.25)
ferrite materials. The spectra of photoluminescence
excitation were obtained by monitoring the charac-
teristic emission of La®" ions at 409 nm (°P, — 'Sy).

600 1000

strong curves with green shade with shapes are the fitting of
Lorentzian shapes and the solid curves with red shade with shapes
are the total intensities of the Lorentzian lines

As shown in Fig. 8 (inset view), several excitation
peaks appear across the broad range of excitation
spectra from 370 to 450 nm, with a broad excitation
peak from 397 to 450 nm centered at 397 nm that
corresponds to the charge transfer transition (CTB),
as well as the characteristic excitation peaks of La>*
ions at 370 nm, 397 nm, and 434 nm ('S, — °Py);
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Fig. 5 SEM images and energy dispersive X-ray (EDS) pattern of the synthesized LaMn,Fe, _,O3 (x = 0.05-0.25) ferrite materials

482 nm and 493 nm (Sy - °P;); and 559 nm
('Sy — °Py) transitions, respectively [32]. The peak at
434 nm has a substantially higher intensity than the
others, which corresponds to the emission wave-
lengths of near-ultraviolet (UV) chips. The strong
peaks between 360 and 450 nm are due to the intra
configurational f-f electronic transition of La>*. The
CTB excitation peak indicates the electronic excitation
of O,-La®>" and O,-Fe®", the intensity of which was
the highest of any excitation peak. Furthermore, the
f-f transitions demonstrate that energy is efficiently
transmitted from the host to the La®" ions. The

@ Springer

wavelength of the excitation peaks of La>*-4f levels,
as a result, is comparable to that found in the litera-
ture [33, 34]. Figure 8 shows the electronic transitions
and energy bandgap level for LaMn,Fe; O3
(x = 0.05-0.25) with the index. Concerning the energy
level diagram of the optical transitions within Mn, Fe
ions, which is roughly illustrated by Fig. 8 (right
side), such emission bands correspond to Mn, Fe, and
La ion transitions, which are mostly provided by the
localized transition and rare-earth 4f energy.

Figure 8 shows the red luminescence of LaMn,.
Fe;_,O; (x =0.05-0.25) ferrite materials at the
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Fig. 5 continued

constructed spectra of the distinctive emission peaks
of La®**, as well as °P, — 'S, (409 nm), °P; — 'S, (450,
468, 482, and 492 nm), respectively. The ’p, - 15,
(409 nm) and °P; — 'S, (450 nm) transitions are the
most prominent of these emission peaks [30, 35]. The
magnetic dipole (P, — 'Sp) transition is the strongest
and is characterized by orange emission, whereas the
electric dipole (°P; — 'Sy) transition is characterized
by red emission. The P, — 'S, transition peak that
occurs as a result of it can be assigned to the magnetic
dipole (MD) transition, and the phosphor has great
potential as a red phosphor for applications in near

UV chip excited WLEDs because it has a significant
influence on the light output and color rendering
index. The °P, — 'S, transition is well-known to be
hypersensitive, which means that its intensity is
highly dependent on the chemical environment.
When the ion occupies a site with inversion sym-
metry, the intensity of >P, — 'Sy increases, whereas
the electric dipole transition °P; — 'S, increases
when the Mn ion occupies a site without inversion
symmetry. The sharpened and amplified P, — 'Sy
Mn ion emissions in the LaFeOs host lattice indicate
that the bulk of Mn ions are at inversion symmetry

@ Springer
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02mn s

Fig. 6 Elemental mapping: column (1) the area of mapping, (2)
iron distribution, (3) lanthanum distribution, (4) oxygen
distribution, and (5) manganese distribution of the synthesized

locations. The strong peaks of °P; — 'S, and
%P, — 1S, electronic transitions could be attributed to
localized energy transfer. These findings indicate that
the good potential candidates for developing light-
emitting materials (LED), optical, and photocatalytic
applications [33, 36].

3.7 Dielectric property

The frequency-dependent of dielectric constant (¢') of
the pelletized LaMn,Fe;_,O; (x = 0.05-0.25) ferrite
materials for the frequency range from 1kHz to
1 MHz at a various temperature range from 50 to 110

@ Springer
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tat Mok

LaMn,Fe;_,O5; (x = 0.05-0.25) ferrite materials, row wise row
a x=0.05 row b x=0.10, row ¢ x=0.15, d x = 0.20, and
ex=0.25

°C is shown in Fig. 9a—e, the inset figure shows the
respective dielectric loss (d) of the compounds. Gen-
erally, the dielectric constant is described as the
response of the degree up to which the polarization
of a medium is in the presence of applied electric
fields. Ferric perovskite is a good dielectric

material that depends upon the distribution of
cations, particle size as well as the method of syn-
thesis. The dielectric parameters of Mn substituted
LaFeO; have been investigated for the sol-gel syn-
thesized materials [37]. Figure 9 shows the decrease
in ¢ with an increase in frequencies and attain a
constant value at very high frequencies, and it is due
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Fig. 8 The photoluminescence excitation, emission spectra (inset) and schematic energy level diagram of the optical transitions within
LaMn,Fe;_,O; (x = 0.05-0.25) derived from using the Rare Earth Handbook [33]

to the rapid reversal of electric field in high fre- observed similar to ferrite materials [41]. According
quencies so that no surplus ion jumps in the field to the Maxwell-Wagner model and Koop’s theory
direction [38]. This is generally observed in all the [42], the ferrite system is generally considered to be
ferrite compounds [39, 40]. The general trend of = made up of a heterogeneous mixture of highly con-
electrical conduction and dielectric polarization is ducting grains that are separated by grain
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Fig. 9 Frequency dependence of dielectric constant (¢') (main plots) and loss tangent (J) (inset plot) of the a—e of the synthesized
LaMn,Fe;_,03 (x = 0.05-0.25) ferrite materials at various temperatures points

boundaries, but these grain boundaries have less
conduction agree to grains. The dielectric constant
increases as temperature increases as shown in Fig. 9.
This dielectric constant gets increases the variation of

@ Springer

x composition is due to the replacement of Fe by Mn.
This results in to decrease in the rate of hopping
between Fe-Fe interactions. The exchange of elec-
trons between Fe®' to Fe’' located at the A and B
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Fig. 10 Temperature dependence of dielectric constant (¢') and loss tangent (tand) (inset) at a frequency range of 1 kHz to 1 MHz of a—

e LaMn,Fe;_,O5 (x = 0.05-0.25) materials

sites of perovskites result in the dielectric polariza-
tion at higher frequencies.

The variation of dielectric loss with respect to fre-
quency and temperature is shown in Fig. 10. The
dielectric loss on frequency is generally correlated
with losses by conduction. The dielectric loss
increases rapidly towards the lower end of the fre-
quency, when Mn is replaced by Fe ions the grain
size decreases owing to an increase in dielectric losses

due to grain boundaries. When frequency increases
the dielectric losses decrease, but the decreasing rate
get decreases towards the higher frequency this effect
was explained by Koop’s phenomenological theory.
According to this theory, more energy is required for
the conducting at grain boundaries at lower fre-
quencies whereas very less energy is enough for the
conduction at the grains [43—45].
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Fig. 11 Hysteresis loops of the synthesized LaMn,Fe; ,O;
(x = 0.05-0.25) ferrite materials at room temperature

3.8 Magnetic property

Figure 11 depicts the magnetic-hysteresis (M-
H) loops at room temperature as a function of applied
magnetic fields for the synthesized LaMn.Fe;_,O3
(x = 0.05-0.25) ferrite materials. The M-H loops are
not saturated until the maximum field is reached at
15 kOe. Unsaturated magnetization is a frequent
property of nanocrystalline materials caused by sur-
face effects caused by small particle and crystallite
sizes [46, 50]. At ambient temperature, with a Neel
temperature of 740 K, virgin LaFeOj is reported to be
canted antiferromagnetic with G-type spin orienta-
tion in which antiparallel Fe’* spins interact via
intervening oxygen ion [11]. The measured M-H loop
for the synthesized LaMn.Fe;_,O; (x = 0.05-0.25)
ferrite materials demonstrates a typical weak ferro-
magnetic response with varying degrees of magnetic
strength on Mn substitution at Fe sites. The magnetic
response of the produced LaMn,Fe;_,O; ferrite
materials changed noticeably when Mn ions were
substituted in Fe sites. Ueda et al. and Wei et al.

J Mater Sci: Mater Electron (2021) 32:25528-25544

[12, 47] have previously reported similar phenomena.
The saturation magnetization (M), coercivity (H,),
retentivity (M,), and the ratio of remanence to satu-
ration magnetization (M,/M,) for the synthesized
LaMn,Fe;_,O;3 ferrite materials were determined and
listed in Table 3. It demonstrates a gradual increase in
M from 0.47 to 2.168 emu/g with concentration
increases of up to 25%. In contrast, H. is gradually
decreased from 203 to 130 Oe as a function of
increasing the concentration of Mn-dopant in
LaMn,Fe;_,O; ferrite materials. Inset in Fig. 11 show
magnified regions near the origin (H = 0 kOe) so that
the coercivity will be more visible.

The increase in M, for the synthesized LaMn,.
Fe,_,Oj; ferrite materials might be attributable to two
factors. First, there is a mismatch between two mag-
netic sublattices caused by the presence of Fe/Mn on
substitution, which distorts the Fe/MnOg octahedra
and causes a visible change in the Fe/Mn-O-Fe/Mn
bond angle, reinforcing magnetic strength. Such a
potential appears logical and clear from Rietveld’s
refinement of XRD results. A systematic increase
(Table 1) in in-plane Fe/Mn-O,—Fe/Mn bond angle
and out-of-plane Fe/Mn-O,-Fe/Mn bond angle up
to 25% concentration improves the M. This finding is
supported by a similar change in the Fe/Mn-O-Fe/
Mn bending mode in the FTIR spectrum. As a result,
the concentration-dependent tunability of M, is
caused mostly by the strong M-O interaction on
substitution. The second possibility is that the mixed-
valence state of Mn ions (4 3/ + 4) produces double
exchange contacts (Fe’*-O-Mn’>*, Mn**-O-Mn*") in
the lattice, resulting in weak ferromagnetism with
increasing Mn concentration. The superexchange
mechanisms of Fe*"-O-Fe’" and Fe>*-O-Mn>" are
antiferromagnetic according to the Good enough-
Kanamori criteria, whereas the superexchange
mechanism of Fe**-O-Mn*" is ferromagnetic [49].
The possibility of superexchange interaction (Mn>"—

Table 3 Magnetic parameters of the synthesized LaMn,Fe;_,O; (x = 0.05-0.25) ferrite materials

LaMn,Fe,_,0; (x = 0.05-0.25) M (emu/g) M, (emu/g) M,/M; s (UB) H, (Oe) Anisotropy constant, K (Oe)
0.05 0.470 0.029 0.062 0.020 203 99
0.10 0.710 0.057 0.080 0.030 136 100
0.15 1.475 0.174 0.118 0.064 135 207
0.20 1.753 0.221 0.126 0.076 131 236
0.25 2.168 0.290 0.134 0.094 130 293
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O-Mn’*, Mn**-O-Mn*") in the system, however,
cannot be ruled out. Furthermore, due to the high Mn
content in LaFeO; (x =0.25), antiferromagnetic
interactions of Mn®>"-O-Mn”" or Mn**-O-Mn*" may
occur, resulting in a decrease in M, implying a
decrease in ferromagnetism in strongly substituting
ferrite compounds.

The M, is an independent parameter since it is not
entirely dependent on M and H.. Table 3 lists the
values of M, derived from the M-H loop for the
synthesized LaMn,Fe;_,O3; (x =0.05-0.25) ferrite
materials. This value of M, agreed well with earlier
literature [47, 48]. With a rise in Mn-dopant content,
M, increases from 0.029 to 0.29 emu/g. This rise in
M, is attributable to an increase in saturation mag-
netization for the LaMn,Fe;_,Os (x = 0.05-0.25) fer-
rite materials that were produced.

Using M, and M, data, the squareness ratios for the
synthesized LaMn,Fe;_,O3; (x =0.05-0.25) ferrite
materials were computed using the equation below,

Squareness ratio = M, /M; (5)

The Stoner-Wohlfarth model predicts that the
squareness ratio of 3D random particles is M,/M;.
= 0.5 for uniaxial anisotropy and M,/M, = 0.83 for
cubic anisotropy [51]. In the current investigation, the
M,/M; values for all of the synthesized ferrite
materials are less than 0.5, as shown in Table 3. As a
result, all of the materials are in good agreement with
uniaxial anisotropy (< 0.5) than cubic anisotropy.

Magnetic moment per formula unit in a Bohr
magnetron (up) for the synthesized LaMn.Fe;_,O3
(x = 0.05-0.25) ferrite materials were determined
using the equation [51],

s =M * M,/5585 (6)

where M stands for molecular weight and M, stands
for saturation magnetization (emu/g). Table 3 shows
the observed magnetic moment values as a function
of Mn concentration x. It demonstrates that when Mn
ions are substituted for Fe ions in lanthanum ferrite,
the measured magnetic moment increases due to the
strengthening of the A-B superexchange contacts
between the cationic ions.

From the relationship, the magnetic anisotropy
constant (K) of the produced LaMn.Fe;_,O;
(x = 0.05-0.25) ferrite materials may be computed,

K=H, * M,/0.98 (7)

25543

Table 3 shows the behavior of K concerning Mn-
dopant during the synthesis of LaMn,Fe;_,O3; mate-
rials. Table 3 shows that the K increases as the Mn-
dopant increases. This rise could be related to the H,
and M, values. It is proposed that by adjusting the
concentration of dopant, LaMn,Fe;_,O; ferrite
materials with variable magnetic properties may be
designed, which might be used as a promising option
for gas sensing, magnetic memory storage, high-fre-
quency switching, and applications.

4 Conclusion

This work provides a strategy to tune the properties
of lanthanum ferrite utilizing Mn substitution. Upto
Mn-doping, the red photoluminescence properties
were enhanced with near-UV light at 409 nm. Mn-
dopant has a significant influence on dielectric char-
acteristics in the frequency ranges of 1kHz and
1 MHz from 50 to 110 °C, which obey the Maxwell-
Wagner polarization model and Koop’s phe-
nomenological theory. Magnetic investigations at
305 K show an increase in magnetic response, M,
(2.17 emu/g), for x = 0.25% mol of Mn in LaMn,.
Fe;_,O3, where this material effectively offers a new
functional perspective for the creation of magnetic
memory devices.
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