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Abstract

This study explores the comprehensive characterization of Y and Co*" co-substituted LaFeOs nanoparticles synthesized
via the sol-gel auto-combustion method. The synthesized samples, La;.,Y,Fe;., Co,O3 (x =0,0.10 and y = 0,0.03,0.05,0.07)
were characterized by employing various techniques such as x-ray diffraction (XRD), Scanning Electron Microscopy (SEM)
with EDX, Raman spectroscopy, UV-visible spectroscopy, and Vibrating Sample Magnetometry (VSM). The Raman and
XRD analysis, supported by Rietveld refinement, provided conclusive evidence of a pure orthorhombic LaFeO; phase.
Microstructural studies unveiled an agglomerate-type, irregular particle distribution, while EDX analysis confirmed the
elemental composition. The XPS study gives evidence about the presence of both Fe*™ and Fe*" oxidation states, and Co has
a Co>* oxidation state. UV-vis spectroscopy demonstrated enhanced visible light absorption, revealing a reduced bandgap
with increasing doping percentages. VSM measurements exhibited M-H loops, substantiating the weak ferromagnetic nature
of the materials. Moreover, these nanoparticles exhibit dielectric constants and low dielectric losses, making them suitable
for use in devices for communication. Overall, these findings may offer valuable contributions to the understanding of
nanomaterial characteristics for potential applications in diverse fields.
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Research Highlights

e Synthesis of La;YFe;., Co,03 (x=0,0.10 & y=0,0.03,0.05,0.07) nanoparticles by sol-gel method.
o Confirmation of orthorhombic structure with Pbnm space group from XRD, Rietveld and Raman analysis with a decrease

in crystallite size from 48 to 12 nm.

e Disclosement of the presence of both Fe*" and Fe*" oxidation states and Co doping has a Co?* oxidation state from XPS
analysis. The bandgap tuning from 2.09 to 1.56 eV with an increase in Co®" doping concentrations.

e Weak ferromagnetic behavior observed for all the NPs. Enhanced M, M,, and H, for the 7% Co*" doped LFO.

e The 7% Co*" doped LFO exhibited the highest dielectric constant, lowest tangent loss and highest conductivity.

—

Introduction

In recent years, Perovskite oxides have drawn a substantial
attraction because of their favorable traits and unique che-
mical and physical features, making them useful for
numerous technological applications in domains notably
energy conversion, environmental remediation, electro-
chemical sensors, transducers, capacitors, dynamic random-
access memory and non-volatile computer chips [1, 2].
These materials, which get their name from the mineral
perovskites, are distinguished by their remarkable electrical
and optical properties due to their distinct crystal structure
[3]. Perovskite materials generally have the chemical for-
mula ABO;, where A is mostly an alkali earth metal or
lanthanide and B is a transition metal [4, 5].

Among the perovskites, LaFeO; (LFO) has been raised as
a most potential and promising candidate with exceptional
characteristics, including high catalytic activity, electrical
conductivity and stability under extreme conditions [6]. The
structure of LFO is orthorhombic with space group Pbnm at
ambient temperature, retaining up to ~957 °C. Furthermore,
a first-order structural phase transition from orthorhombic to
rhombohedral occurs between 960 °C-1005 °C and a
second-order phase transition from rhombohedral to cubic at
very high temperatures ~1867 °C, close to the melting
temperature (~1890 °C) [7]. The presence of magnetic
ordering in LFO is created by the antiferromagnetic super-
exchange interaction between two Fe’' ions via oxygen
anion, where the Fe-O-Fe bond angle is close to 180°. Each
Fe** in LFO is surrounded by six anti-parallel Fe*" nearest
neighbors [8]. Moreover, LFO exhibits weak ferromagnetic
ordering due to the partial ion Fe*" tilt spin and anti-parallel
interaction [9]. Furthermore, band gap tuning of perovskite
nanoparticles proved to be efficient for various applications
including solar cells, optoelectronic and optical devices, and
photo-catalysts for water splitting [10].

Additionally, in thin film or heterostructure forms, LFO
has fascinating features related to its electrical conductivity.
Because of this ability, LFO possesses the potential to be
used in a wider range of electrical and optoelectronic
applications, such as photovoltaic cells, memristors, and
resistive switching devices [11]. More opportunities to
improve LFO’s performance in various applications arise
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from its electronic property controllable via interface
effects, strain engineering, and controlled defect engineer-
ing [12]. The exceptional stability of LFO under harsh
environmental conditions is another advantage, making it
suitable for high-temperature applications. Its tolerance
towards oxygen vacancies and thermal expansion mismatch
has been extensively studied, highlighting its potential in
solid oxide fuel cells, oxygen separation membranes, and
thermal barrier coatings [13].

Selective doping, at A-site/B-site/both, is a process that
is used to enhance and modify the properties of perovskite
materials, making these useful for multifunctional applica-
tions such as electronic devices, memory devices, optoe-
lectronic devices and energy-related technologies [14]. The
doping with rare earth elements like cerium, praseodymium,
neodymium, samarium and gadolinium ions at A site of
LFO brings a noticeable change in its magnetic and optical
properties [15]. An excellent improvement in the result of
dye degradation has been reported on europium, gadoli-
nium, dysprosium, and neodymium-doped LFO [16].
Yttrium-doped lanthanum ferrite also exhibited weak fer-
romagnetic properties along with remanent magnetization
[5, 16]. Tb-doped LFO exhibited significant improvements
in dielectric results [17]. Transition metal doping on the
B-site of LFO has been studied extensively during the past
two decades [18-21]. Since the transition metal cations
have similar ionic radii with Fe, these are mostly preferred
as dopants. However, the dopant concentration plays a
significant role in the crystal structure formation. Rini et al.
has also reported that beyond a certain dopant concentration
(Co*h), the structure of LFO changed from orthorhombic to
rhombohedral [22]. Gu et al., [23] have also studied the
effect of cobalt doping in LFO and reported about sus-
tainable evidence of the antiferromagnetic behavior and its
use in n-butanol sensors [23, 24]. Manganese (Mn) is also a
prominent doped material on the B-site that gives a new
perspective for memory device creation [25]. It has also
been published that the introduction of dopants like Mn, Co
and Cu in LFO remarkably enhanced the photoelec-
trochemical performance [26]. Moreover, co-doping with
divalent metal ions at A-site and transition metal ions at
B-sites in LFO has shown a significant effect on its struc-
tural and electrical properties.
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After a thorough study on doped LFO, it has been
revealed that there are rarely any studies on the collective
doping of yttrium and cobalt ions. In this work, we present a
comprehensive investigation of the Y-Co ion-doped LFO
synthesized by auto-combustion method. The effect of
doping concentrations on the structural, microstructural,
optical, magnetic and dielectric properties is thoroughly
studied, exploring their application domain in multi-
functional devices.

2 Experimental details
2.1 Synthesis method

The perovskite samples of La;..Y,Fe;,Co,0O3 (x=0,0.10
and y=0,0.03,0.05,0.07) are prepared from nitrates
precursor-based modified auto combustion method. The
base materials are of analytic-grade lanthanum nitrate
(LaN304.6H,0), ferric nitrate (Fe (NO3);.9H,0) along with
the dopants yttrium nitrate hexahydrate(Y(NO3);.6H,0) and
cobalt nitrate hexahydrate (Co(NO;),.6H,0). Initially, the
appropriate amount of raw materials were added to DI water
to prepare 0.05 mol/L solution. After the proper dissolution
of powders, the chelating agent citric acid monohydrate
(C¢HgO7.H,O) was added, maintaining a cation-to-anion
ratio of 1:4. The polymerization process started by stirring
the solution in a magnetic stirrer at 550 rpm for 3 hr. Sub-
sequently, the sol was kept inside the hot air oven at 150 °C
overnight to form the xerogel, followed by the auto-
combustion method. Finally, the collected powder was
grinded finely and calcined in a muffle furnace at 800 °C for
4 hr, where the heating and cooling rates were set at 5 °C
per min. The final products with their code names are pre-
sented in Table 1.

2.2 Characterization techniques

All the X-ray diffraction (XRD) patterns were traced with
the help of PANalytical X’pert PRO with Cu Ko radiation
to determine the structure, phase and space group. The
FULLPROOF SUITE software was used for the refinement
of observed XRD peaks, which helped to determine the
crystal structure. The 3D structure of all NPs are obtained

Table 1 Code Names of La,Y,Fe;y, Co,03 NPs

CODE NAME MATERIAL COMPOSITION
LFO LaFeO;

LFO-1 Lagg Yo.1 Feg97C00.0303
LFO-2 Lagy Yo.1 Fego5C00,0503
LFO-3 Lagy Yo.1 Feg93Cog0703

using VESTA software. The visible Raman spectrometer
(Renishaw), using an Argon gas LASER of wavelength
514.5nm, was used to confirm the phase and chemical
structure of all synthesized samples. The Field Emission
Scanning Electron Microscope (FESEM) was used to get an
insight visual of the samples to determine the size, shape
and particle growth. The absorbance and band gap energy
(E) of all the materials were analyzed by UV-vis spectro-
meter (Cecil CE3055). To measure the absorbance of the
materials, the powder samples were compacted into pellets,
and a standard reference in the range of 200-900 nm
wavelength was used for proper absorbance data. After
getting the values, we analyzed the band gap energy (E,) by
plotting the Tauc plot using the standard equation. The
chemical state analysis of the samples were analyzed using
X-ray photoelectron spectroscopy (XPS) (Physical Elec-
tronics, PHI 5000 VersaProbe III). All the peaks were
analysed using XPEAK41 software. To obtain the impe-
dance data, all the powder samples were pelletized with a
diameter of ~12 mm and thickness of ~1 mm for dielectric
measurements. The pellets were sintered at 500°C for 2 hr.
An impedance analyzer (HIOKI IM3536, Japan) was used
to measure the dielectric properties of the sintered pellets at
room temperature. Vibrating Sample Magnetometry (VSM)
(Lake Shore 7410 Series VSM) was adopted for magnetic
measurement at room temperature.

3 Results and discussion
3.1 (Micro)structural characterization

X-ray diffraction is a valuable technique used to get infor-
mation regarding crystal structures, texture, orientation,
phases, etc. Figure 1a—d shows the XRD patterns with the
refinement of La;,YFe;,Co,0O3 (x=0,0.10 and y=0,
0.03, 0.05, 0.07), observed at room temperature. In Fig. 1a,
all the peaks of pure LFO are distinguished, sharp, perfectly
matched and indexed according to the standard JCPDS file
74-2203 [27]. The refinement of XRD patterns are done
using FULLPROOF suite software. It gives an excellent
agreement to the orthorhombic structure (space group
Pbnm) of ferrite samples without changing the structural
and lattice symmetry. The absence of extra peaks, other
than lanthanum ferrite, in the observed XRD patterns indi-
cated the phase purity of the samples. The different para-
meters like bond lengths, bond angles, Ry, Ry and y are
observed from Rietveld refinement analysis and presented
in Table 2. It is observed that there is a decrease in unit cell
volume, which may be due to the substitution of Co over Fe
for the cationic distribution at both sites. The 3D views of
the crystal structures (shown inset to Fig. la—d) of all the
NPs are obtained by using VESTA software and respective
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Fig. 1 a—d Refined XRD patterns of LFO, LFO-1, LFO-2, and LFO-3 NPs. The insets show the 3D view of the crystal structures using VESTA

software

bond angles and bond lengths are calculated. The bond
length enhanced, and the Fe-O-Fe angle reduced con-
centrations. The average crystallite size was calculated
(using Scherrer’s equation [28]) as 42, 23,22, and 21 nm for
LFO, LFO-1, LFO-2, and LFO-3, which gives a clear
indication of gradual decrement in crystallite size for the
synthesized perovskite materials & the interplanar spacing
(d) are computed and listed in Table 2.

The Williamson-Hall method was also used to calculate
the average crystallite size and microstrain of the NPs,
shows in Fig. 2a-d [28]. The crystallite sizes can be
obtained by using the relation fcosf=4esind + kA/D where
p is the FWHM, 6 denotes the angle of diffraction, & is
lattice strain, k is a constant number 0.89, A is 0.154 nm and
D denotes the crystallite size. The crystallite sizes of the
synthesized NPs were ranged from 12-48 nm. The Gold-

_ ((1=x)Rpa+xRy)+R
(291, T = 5[ iRt vRe, 1R,

where R is the ionic radius of each constituent element, and
x and y are the dopant concentration percentage, usually
determines ion stability, distortion, and compatibility within

schmidt tolerance factor
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a perovskite material. When the tolerance factor T was in
the range of 0.71-0.9, the crystal structure would be
orthorhombic/rhombohedral structure. In our case, the T
value was observed to decrease with an increment of doping
%, which gives an agreement for better ionic stability and
less distortion. The microstrain (g) indicates the degree of
distortion in the crystalline lattice calculated by the W-H
plot. The dislocation densities, 5, were obtained for these
materials (Table 2), which confirmed the excellent crystal-
linity of La;Y,Fe;Co,03 (x=0.1, y=0.03, 0.05, 0.07).

A non-destructive technique of chemical research,
Raman spectroscopy yields much evidence on phase and
polymorphy, molecular interactions, chemical structure, and
crystallinity. The observed Raman shifts with respect to
intensity is displayed in Fig. 3. The Theoretical analysis of
orthorhombic structures using group theory yields an irre-
ducible representation of the Pbnm space group, I'=7A,
+ 7By + 5By + 5B3g + 8A, + 10By, + 8By, + 10B3, [30].
Out of these modes, the Raman active modes
corresponding to Pbnm space group are 7A,+ 7By,
+ 5By, + 5B3, [31].



Journal of Sol-Gel Science and Technology (2024) 111:381-394 385
Table 2 Structural parameters of )
LFO. LFO-1, LFO-2 & LFO-3 Parameters LFO LFO-1 LFO-2 LFO-3
calculated from Rietveld Lattice parameters ~ a = 5.555 a=5532 a=5529 a=5527
refinement analysis & other A)
formulae b=5.562 b=5.562 b=5.557 b=5.552
c=7.853 c=17.829 c=7.825 c=17.820
d-spacing (A) 2.14 2.16 2.17 2.16
Volume (A%) 242.692 240.957 240.501 240.445
Crystallite Size 48 15 13 12
(nm) (W-H plot)
Bond length A) Fe-O1=1.97 Fe-O1=1.99 Fe-O1 =2.002 Fe-O1 =2.024
Fe-02 =2.009 Fe-02 =2.003 Fe-02 =2.006 Fe-02 =2.012
Bond Angle (6, Fe-O1- Fe-Ol1- Fe-O1- Fe-O1-
deg) Fe = 159.6848 Fe =159.3923 Fe = 159.7944 Fe = 159.5078
Fe-O2- Fe-O2- Fe-O2- Fe-O2-
Fe =155.3374 Fe = 155.4734 Fe = 155.8386 Fe = 155.6585
¥ 1.84 1.44 1.51 1.44
R, 25.5 24.9 27.7 26.4
Ryp 14.8 15.3 16.4 15.9
Rexp 10.90 12.74 13.35 13.27
T 0.871 0.815 0.794 0.775
Dislocation Density 0.0025 0.0018 0.0019 0.0023
®
Strain (g) 0.0016 0.0035 0.0034 0.0037
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Fig. 2 a—-d Willamson-Hall (W-H) plots of LFO, LFO-1, LFO-2, and LFO-3 NPs
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2000

Table 3 The peak positions of the observed Raman modes and their
corresponding irreducible representations

NPs Raman Shift (cm™)
Ag(S) B3g(3) BZg Blg(()) Second-Order
Scattering
LFO 272 429 524 629 1136 1309
LFO-1 298 432 511 614 1128 1304
LFO-2 302 442 514 615 1124 1291
LFO-3 306 446 506 618 1121 1249

Figure 3 shows the Raman spectra of LFO, LFO-1, LFO-
2 and LFO-3 NPs, observed in the wavenumber range
200-2000cm™! at room temperature. All the detected
Raman modes are presented in Table 3. Raman modes
below 200 cm ™! in LFO can be attributed to the deforma-
tion caused by the displacement of La cations, whereas
modes between 200300 cm ™! are due to oxygen octahedral
tilt in La. The 400-500cm~' mode corresponds to the
oxygen octahedral bending vibrations. Modes above
500 cm ™! are ascribed to oxygen stretching vibrations [32,
33]. The Raman modes are shifted slightly towards the
lower wave number, that could be attributed to the variation
in the average ionic radii at A-site [34]. The comprehensive
features witnessed above 1000cm™ are associated with
second-order scattering [33].

The FESEM micrographs of LFO, LFO-1, LFO-2, and
LFO-3 nanoparticles are depicted in Fig. 3a—d. The FESEM
images significantly display the formation of irregular and
inhomogeneous shapes of LFO. The FESEM image of
LFO-2 shows well nanocrystalline grains and agglomerated
random shapes, which is nearly similar to the longitudinal
spherical signature of the particles. However, LFO nano-
particles were observed to be more porous and have greater
grain size than the doped ones [18]. The typical EDS
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spectra for LFO & LFO-2 samples, shown in Fig. 3e, f,
confirm the elemental composition and purity of these
materials. The constituent elements of the samples, such as
La, Y, Fe, Co, and O, are present in appropriate stoichio-
metric proportions (Fig. 4). The acquired results are corro-
borated with the observed uniform distribution of the
constituent elements, displayed in color mapping images
(shown in Fig. 5a—f).

3.2 Chemical state investigation

The XPS technique was adopted to understand the surface
chemistry of the synthesized NPs. The XPS analysis usually
determines the elemental composition and chemical and
electronic state of various elements within a material. The
high-resolution XPS spectra of the La 3d core levels, along
with the deconvoluted spectra for both LFO and LFO-2
samples, reveal distinctive doublets corresponding to La
3ds/, and La 3ds,, peaks, as illustrated in Fig. 6a. In the case
of the LFO sample, the binding energies for the La 3ds/, and
La 3d;3, peaks were observed at 836.1 and 853.2eV,
respectively, with accompanying shake-up peaks at 839.25
and 856.11 eV. However, for the LFO 2 sample, the peaks
exhibited a slight shift towards lower binding energies
compared to the LFO sample. The difference in binding
energy between these two peaks is ~ 16.8 eV for both LFO
and LFO-2 samples, indicating the + 3 oxidation state of La
ion in both samples [35]. The deconvoluted Fe 2p XPS
spectra is depicted in Fig. 6b. For the LFO sample, distinct
peaks were observed at 709.6 and 722.7 eV, corresponding
to Fe*™ 2psy, and Fe?™ 2p,, respectively. Additionally,
peaks at 711.8 and 725.1 eV, along with satellite peaks at
719.1 and 733.3 eV, were identified as Fe>* 2ps, and Fe**
2p1p, respectively. These findings suggested the coex-
istence of both 42 and +3 oxidation states of Fe ions within
the prepared materials. Furthermore, a slight shift in the
peak positions was observed for the LFO-2 sample com-
pared to the LFO sample. This shift is indicative of per-
turbations in the Fe-O bonds, maybe resulting from the
introduction of dopant atoms [26]. The deconvoluted Y 3d
XPS spectrum reveals distinct peaks, with the Y 3ds, peak
observed at 160.11 eV and the Y 3d3/, peak at 158.24 eV, as
depicted in Fig. 6e. The energy splitting of ~ 1.8eV
between the Y 3ds, and Y 3d;), peaks strongly indicates the
presence of Y in the +3 oxidation state [36]. The high-
resolution Co 2p XPS spectrum, in Fig. 6b, exhibits two
prominent peaks at 781.85 and 794.11 eV, representing the
Co 2p3); and Co 2py, states, respectively. Additionally, two
separate satellite peaks were also observed at approximately
787.20 and 803.49eV. These findings strongly suggest
a+ 2 oxidation state for Co in the material [19, 37].
Figure 6¢ shows two O 1 s peaks observed at 529.44 eV and
531.3 eV, which may be attributed to oxygen lattice species
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Fig. 4 FESEM images of the synthesized NPs: (a) LFO, (b) LFO-1, (¢) LFO-2, (d) LFO-3 and EDX spectra for (e) LFO, (f) LFO-2 NPs

(Op) and oxygen hydroxyl species (Oy), respectively [38].
For LFO-2, these two peaks were observed at 529.35eV
and 531.28 eV. The peak at 529.35eV is attributed to a
metal oxygen bond, while the peak at 531.28 eV is asso-
ciated to a low oxygen coordinated defect site and surface
absorbed oxygen species [39].

3.3 Optical response

The optical response of the synthesized nanoparticles were
investigated by recording the absorbance spectra using UV-
vis spectroscopy in the wavelength range 200-800 nm
displayed in Fig. 7a. A stronger absorbance is obtained in
the wavelength range of 250-600 nm in case of LFO sam-
ple, showing the absorption edge at 597 nm. The inclusion

of dopants slightly lowers the absorbance in this region. On
the other hand, in the wavelength range 500-800 nm, it can
be noticed that LFO-2 nanoparticles exhibited the highest
absorbance among the doped samples. The absorption
edges are found to be shifted slightly as a function of
doping. The optical bandgaps of these samples were com-
puted by plotting a graph between
(oehv)? and hv, where a denotes the absorbance. This is
adopted in accordance to the Tauc’s model of energy
bandgap determination for direct bandgap semiconductors,
(ahv)? = A(Eg-hv) [18]. It can also be noted that the Tauc’s
model for indirect bandgap semiconductors did not match
well to our experimental results. The bandgap energies were
estimated by extrapolating the linear region of the absor-
bance edge to the abscissa (Fig. 7b—e). Figure 7f shows the

@ Springer



388

Journal of Sol-Gel Science and Technology (2024) 111:381-394

Fig. 5 a—f Color mapping
images of LFO-2 NPs and the
constituent elements La, Y, Fe,
Co, O, respectively

with

variation of bandgap energy
doping concentrations. It can be inferred that doping
significantly influences in lowering the bandgap, E,
(for LFO-3) = 1.56 eV being the lowest one achieved. The
results indicate that these doped nanoparticles can have
potential use in solar cells and photocatalytic applications.
The formation of sub-bandgap energy levels within the
bandgap, caused by interface defects and cavities, is
accountable for the minimal decrease in bandgap due to the
transformation of energy levels [40].

3.4 Magnetic response

Figure 8 exemplarily shows the M-H Loop obtained from
the VSM measurements for La;.,Y,Fe;.,Co,O3 (x=0.1,
y=0.03, 0.05, 0.07) NPs at room temperature (RT) with the
applied magnetic field of 2 T. The LFO is usually known to
exhibit weak ferromagnetic behavior because of the canted
internal spin and the high percentage of uncompensated
spins from the surfaces of the nanocrystals. The values of
observed maximum magnetization (M), coercivity (H,.) and
remanent magnetization (M,) of the parent as well as doped

@ Springer

samples are inscribed in Fig. 8. It is observed that for parent
material (LFO), M; and H_. values are 0.123 emu/g and
302 emu/g respectively, which is matched to the reported
values by Sendil Kumar et al. [41]. The observation of weak
ferromagnetism in cobalt-doped LFO may be a result of the
substitution of Co ion in place of Fe at the B site of LFO
[42]. Co substituted samples have a greater remanent
magnetization (M,) value than the parent material due to the
enhancement of magneto crystalline energy of all the syn-
thesized materials along with inclined angles modification
of the Fe’* moments [9, 43]. Amongst all, the LFO-3
exhibited the M; of 0.136 emu/g and H. as 337 emu/g.
These results suggest that the M; and M, values increase
with particle size, mainly due to spin non-collinearity at the
surface [44]. The insets of Fig. 8a—d represent the rate of
change of magnetization (dM/dH) with respect to the
applied magnetic field. The loops exhibit differential mag-
netic susceptibilities (y =dM/dH). All the observed loops
show a typical butterfly shape, and the coercivity values can
be calculated by obtaining the fullwidth at half maximum
(FWHM), which is nearly equal to our observed values for
all the samples [45].



Journal of Sol-Gel Science and Technology (2024) 111:381-394 389

LFO | Fe 2p32
Fe 2p,,>

=
s S || LFO-2|
= & pro-z] Fe 2pg,;
2 = Fe 2p,,>
T ‘B
= S
=
870 865 860 855 850 845 840 835 830 740 735 730 725 720 715 710 705
B.E.(eV)
B.E.(eV)
LFO| oL LFO-2I oL
S s o
. . H
© ©
~ OH ~
£ 2
»
2 2
£ £
() (d)
534 532 530 528 534 531 528 525
B.E.(eV) B.E.(eV)
LFO-2 | LFo2 Co 2py;,
_ Y 3dg), Y 33, - Co 2py;,
5 S
S S
2 =
@ 2
Qo 2
£ \ £
(e) ®
1";2 160 158 1%6 154 820 810 800 790 780 770
B.E.(eV) B.E.(eV)

Fig. 6 XPS spectra of (a) La 3d, (b) Fe 2p, (¢) O 1s for LFO, (d) O 1s for LFO-2, (e) Y 3d, (f) Co 2p for LFO and LFO-2 nanoparticles

The squareness ratios of the M-H loops are computed by ~ observed as 0.138, 0.16, 0.183 and 0.196, respectively.

dividing the positive remanent magnetization to the max-  These values signify the possibility of magnetic interactions
imum saturation magnetization. This parameter is highly  in our synthesized NPs. It may be one of the reasons for the
significant in understanding the inter-grain magnetic inter-  enhanced magnetic parameters in the studied samples.

actions in the materials [45]. The nonzero values of these

parameters confirm the presence of inter-grain magneto- 3.5 Dielectric response

static interaction in the materials. When S = 0.5, it confirms

the existence of the randomly distributed non-interacting  The frequency-dependent dielectric responses of the sintered
grains. Likewise, when S < 0.5, the magneto-static interac- LFO, LFO-1, LFO-2, and LFO-3 pellets are evaluated at
tions between the grains may be allowed. The calculated  room temperature. Figure 9a depicts the monotonous
squareness ratios of LFO, LFO-1, LFO-2 and LFO-3 are decrease of dielectric constants (g,) with an increase in
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of NPs

frequency for all the samples, indicating the usual dispersion
behavior. A sharp rise in ¢, is quite evident for the samples
with higher Co** dopant concentration: g, (LFO) =348 and
g; (LFO-3) = 1953 at a frequency of 3 Hz. It demonstrates the
increase of exchange of Fe ions (Fe*™ < Fe’™) due to partial
Co** substitutions, thus stimulating the polarization effect,
attributed to the Maxwell-Wagner type interfacial polariza-
tion, which is apparent in ferrites [46]. It is noteworthy to
mention here that the XPS analysis on these samples also
manifested the coexistence of Fe*™ and Fe*™ ions. The con-
verged and flat lines at higher frequencies may be due to the

@ Springer

effect of electronic polarization caused by the disorientation
of the electric dipoles [47]. Figure 9b displays the frequency-
dependent dielectric losses (tand) observed for the LFO,
LFO-1, LFO-2, and LFO-3 pellets at room temperature. The
tand values are quite small ( < 3) throughout the applied range
of frequencies, reaching a minimal value (~0) at very high
frequencies. The variation trend is similar in all the samples,
showcasing the typical dielectric dispersion of tand [48].
The electrical properties of these materials were inves-
tigated through complex impedance spectral analysis. Fig-
ure 9c, d displays the variation of the real and complex parts
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of the impedance (Z’, Z”) as a function of applied signal
frequency, measured at room temperature. All the samples
exhibited a decreasing trend in Z’, Z” up to 10*Hz, and
thereafter converged and flat lines up to 10°Hz, following a
similar trend to the dielectric constant graphs. This validates
the dominance of space charge polarization in the low-
frequency region, in line with the dielectric data presented
above. Moreover, both impedance values were found to be
highest for LFO and lowest for LFO-3 sample, indicating
better conduction mechanism in LFO-3. Figure 9e shows

the Nyquist plots (Z” vs. Z’) of the prepared samples. The
observed semi-circular arcs indicate that the conduction
mechanism in these samples is mainly dominated by the
contributions from the movement of grain boundaries [49].

4 Conclusions

Yttrium and cobalt-doped Lanthanum Ferrites were suc-
cessfully synthesized using the auto-combustion method.
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plot of Lay,Y,Fe; yCo,03 (x=0.1, y=0.03, 0.05, 0.07) NPs

The XRD study, along with Rietveld refinement and Raman
spectroscopy, provided a good agreement on a pure phase
orthorhombic structure with pbnm space group in all the
synthesized NPs. As the doping concentration increased, a
change in bond length and bond angles and a decrease in
crystallite size from 48 to 12nm was observed. The
microstructural studies using FESEM and EDX demon-
strated the agglomerated structure and proper elemental
composition. The chemical state analysis provided evidence

@ Springer

of the presence of both the Fe*™ and Fe®" ions. The UV-vis
spectroscopy technique was adopted to study the absor-
bance and bandgap of the prepared NPs. The bandgap could
be tuned from 2.09 to 1.56eV with the increase of Co
doping concentrations. The VSM study for all NPs showed
weak ferromagnetic behavior in the parent material as well
as in doped ones. The value of M, for all the NPs increased
from 0.123emu/g to 0.136 emu/g upon doping. The
frequency-dependent dielectric constant and loss followed
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the same trend of all the samples. LFO-3 attained the
highest dielectric constant value (= 1953 at 3 Hz) compared
to other materials. Y and Co doped LFO-3 exhibited the
lowest (=1.79 at 3Hz). The impedance study explained
that LFO-3 exhibited the highest conductivity. The materi-
als with improved dielectric constant and low dielectric loss
can be beneficial in memory storage devices and Bluetooth
devices.
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