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ARTICLE INFO ABSTRACT
Keywords: In the current study, nanocrystalline CoY( sxLag sxFe2.xO4 (Where x = 0.00, 0.02, 0.04, 0.06, 0.08,
CoYo sxLag sxFeax0q and 0.10) ferrites have been synthesized via a sol-gel auto combustion process. The synthesized

Sol-gel auto combustion powders were pressed into pellet forms and sintered at 900 °C for 4 h in the air. X-ray diffrac-

gsrr;ol:{:itliie edance tometry (XRD) confirmed the single-phase cubic spinel structure of the synthesized samples
Ban drigap P having the mean crystallite domain sizes ranging from 122 and 54 nm. FTIR spectroscopic ana-

lyses revealed two strong bands within the range of 600 to 350 cm ™}, further confirming the cubic
inverse spinel structure of the prepared materials. The surface morphologies and composition
were investigated by Field Emission Scanning Electron Microscopy (FE-SEM) and Energy
Dispersive X-ray (EDX) Spectroscopy. The magnetic hysteresis curves recorded at room temper-
ature exhibit ferrimagnetic behavior. The highest coercivity (Hc~1276 Oe) was found at a high
doping (x = 0.10) concentration of Y3+ and La®" in cobalt ferrite. Dielectric constant increase
with increased doping concentration whereas real-impedance and dielectric loss decrease with
increased in doping concentration and applied frequency. The band gap energy increased from
1.48 to 1.53 eV with increasing Y>* and La®"concentrations in the UV-Vis region. The elevated
levels of magnetic and dielectric substances in the ferrite nanoparticles suggest that the material
could be used for magnetic recording media and high-frequency devices.

1. Introduction

Spinel ferrite nanoparticles have been broadly studied for their applications in the diverse field of science and technology due to
their unique properties such as structural, electrical, thermal, and magnetic properties. These properties depend on the formulation
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process, quantity, type of dopant, high mechanical strength, and good chemical stability of the ferrites [1-6]. The general formula of
spinel ferrites is AB;O4, where A represents divalent metal cations and B represents trivalent metal cations. On the other hand,
tetrahedral and octahedral cation sites in a crystal are filled respectively by A sites and B sites in a cubic close packing with oxygen.
Among the spinel ferrites, cobalt ferrite has obtained tremendous attention for its unique magnetic, catalytic, chemical stability,
electric, and medical properties [7], which have been broadly employed for different technical applications in catalysis, medical
diagnostics, high-frequency and magneto-recording devices, information storage systems, sensors, and therapy [8,9]. Due to their low
cost and outstanding performance for high-frequency applications, cobalt ferrites are one of the most suitable magnetic materials.
Cobalt ferrites may be used in fabricating high-density magnetic recording media for their characteristics, including their strong
coercivity, adequate saturation magnetization, mechanical toughness, and chemical stability [10,11].

The CoFey04 has a face-centered cubic (FCC) structure with a large unit cell and lies in the centrosymmetric Fd3m (227) space
group. Spinel ferrites are classified into three types based on their cation distribution: normal, inverse, and intermediate spinel
structure. In a normal spinel CoFeyQy4 structure, Co** occupies the tetrahedral (A) sites, and Fe®* occupies the octahedral (B) sites. In
the case of inverse spinel, Co?" ions remain occupied in the octahedral sites, and Fe>* ions remain uniformly allotted in tetrahedral and
octahedral sites [12]. Replacing rare-earth (RE) ions with spinel nano-ferrites has flourished as a hopeful trick in developing their
magnetic, dielectric, and electric properties, which depend on their material properties like synthesis method, cation distributions, and
grain size [13,14]. Moreover, it plays a vital role in tailoring the physicochemical properties for many promising applications in
magnetic recordings, high-frequency circuits, electronic devices, sensors, transformer cores, and telecommunications [15,16]. Besides,
La®* and Y** doped nano spinel ferrites have desired features used in multilayer chip inductors (MLCI), primarily employed in cellular
phones, laptop computers, and video cameras with other applications [17]. Nano grain size is required for high-density recording
media science it will reduce media noise for light scattering at grain boundaries. Well-crystallized nano cobalt ferrites improve
magneto-recording capability and the influence of Lanthanum replacement appears advantageous [8].

The magnetic properties of spinel ferrites obtained through stoichiometry control with doped RE elements have recently gained
much attention from researchers. La®* (1.06 A) and Y3* (0.95 i\) have no 4f electrons and a larger ionic radius than Fe*2 (0.67) and
Co*2 (0.78), suggesting that they could be used to improve structural, dielectric, and magnetic properties. Several researchers have
reported a strong revolution in the structural, dielectric, electrical, optical and magnetic properties of cobalt ferrites due to the
combination of RE ions such as Ce>*, Dy**, Gd®*, etc. and mentioned an improvement in its electrical and magnetic properties [16,
18]. R. Indhrajothi et al. investigated Lanthanum-ion-substituted CoFe;04 as anode material for lithium-ion battery application and
noticed that the substitution of La>" reduced the size of crystallites and the electrical conductivity of cobalt ferrite [19]. P. Kumar
observed that DC resistivity increased, but saturation magnetization was decreased with the incorporation of La>" in the cobalt ferrite
[20]. For instance, when La*? jons were used instead of CoFey04 nanoparticles, the saturation magnetization went down from 97.35
emu/gm to 75.84 emu/gm, and the optical band gap went up from 1.45 eV to 1.56 eV observed by I. K. Punithavathy [9]. K. H. Sharma
et al. reported that lanthanum-doped cobalt ferrite rings could be utilized on magnetic coils and computer data cables to reduce
hysteresis loss [11]. The incorporation of Y3* into CoFey04 nanoparticles increases the optical band gap from 3.39 eV to 3.91 eV and
decreases the saturation magnetization from 69 emu/g to 42 emu/g noticed by S. B. Das [21].

To prepare RE doped spinel ferrite nanoparticles methods such as sol-gel method, solid-state reaction route, the sonochemical
method, the flash method, the hydrothermal method, the co-precipitation method, the micro-emulsion process, etc. [17,22,23] have
all been used. Among these methods, the sol-gel auto-combustion procedure is one of the finest techniques for formulating cobalt
ferrite nanomaterials because it creates unpolluted, regular, and uniform nanomaterials by controlling diverse parameters like reagent
density, P of the medium, time of reaction, and temperature. The current study used the sol-gel auto combustion method to synthesize
CoYy sxLag sxFey.xO4 nanoparticles, where metal nitrates such as cobalt nitrate, yttrium nitrate, lanthanum nitrate, and ferric nitrate
were used as the source materials and citric acid was used as the burning agent. In particular, spin couplings of rare-earth 3d-4f
electrons and other magnetic cations have been accused of improving the magnetic sequence and increasing the net magnetization
of the spins. From the perspective of potential high-frequency applications, the present study aims to investigate the Y>* and La®*
doped Cobalt ferrite.

The magnetic, dielectric and optical properties of Cobalt ferrites are significantly changed by the addition of and La*"ions.
Additionally, the Y3+ and La®" ions reach the octahedral site, thus enhancing the cobalt ferrite’s inversion parameter. Only a few
reports on Y>' and La®" doped ferrites nanoparticles have been published so far. Therefore, researchers have been devoted to
investigating the properties of Y>* and La®*doped cobalt ferrite. In this study, the change in structural, morphological, magnetic,
electrical, and optical properties of non-magnetic Y>* and La®" doped CoFe,04 nanoparticles are shown and discussed in more detail
below.

Y3+

2. Experimental details
2.1. Materials and methods

Lanthanum and Yttrium substituted spinel Cobalt Ferrite CoY sxLag sxFe2.xO4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) were
synthesized by Sol-gel auto combustion method. Highly pure analytical grade (~99.9%, Merck, Germany) Cobalt Nitrate (Co
(NO3)2.6H50), Yttrium Nitrate (Y(NO3)3.6H0), Lanthanum Nitrate (La (NO3)3.6H50), Ferric Nitrate (Fe (NO3)3.6H>0, Citric acid
(CgHgO7) were used as initial materials for the synthesis of cobalt ferrite-based nanomaterials. All metal nitrates and citric acid were
mixed in appropriate stoichiometric amounts and dissolved in a required amount of de-ionized (DI) water to make a homogenous
solution. The molar ratio of nitrates and citric acid was kept at 1:3and separately stirred for 30 min by a magnetic stirrer at room
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temperature until the solutions were completely dissolved. Citric acid has a higher complexion capability and lowers combustion
temperature (200 °C —250 °C), which plays an essential role in the segregation and homogeneous distribution of metal ions. These
different solutions were dropwise mixed using a burette in a common beaker followed by a continuous stirring for 1 h. Ammonia was
added drop-wise to keep the solution’s pH at ~7.0. The resulting pH-controlled solution was placed on top of the hot plate with a
magnetic stirrer and stirred vigorously at 85 °C for 2-3 h to make the desired sol. Afterward, the sol was further heated until a viscous
brown gel was formed. It was transferred to a furnace at a temperature of 200 °C for about 20 min, where the self-combustion occurred,
and a fluffy loose dry ash was produced. Then, the obtained ash was grounded with a mortar pestle to prepare fine powder. 2 wt%
polyvinyl alcohol (PVA) was mixed with the powder as a binder to form pellets through a hydraulic press machine where 3 + 0.5 MPa
pressures [2] was applied for 5 min. The prepared green pellets were sintered at 900 °C in a furnace for 4 h in the air. Finally, the pellets
surface was polished by fine abrasive paper to better contact with sample holder of an impedance analyzer and silver paste was add to
in both sides to improve electrical conductivity. Schematic diagram for the synthesis of Y>© and La®" doped Cobalt ferrite nano-
particles by sol-gel auto combustion process is shown in Fig. 1.

2.2. Analysis of the data

The X-ray diffractometer was employed to analyze the structural analysis and phase formation of the prepared samples (XRD;
Rigaku, Smart Lab). Cu-Ka radiation (A = 1.5406 °A) was used to analyze the XRD pattern at a scanning speed of 10.00°/min at room
temperature with 40 KV at 40 mA and 0.02° step width in the 26 range10°-80° range. Utilizing (hkD) values and inter-planar spacing,
the cubic structure’s lattice parameters were determined from XRD data by the following relation [2]:

a:dhkl /h? + k2 + 2 (1)

where d denotes inter-planar spacing and h, k, and 1 represent the crystal plane’s Miller indices.
The crystallite size(D) calculated by Williamson-Hall method [24]. According to this method, x-ray diffraction peak broadening
FWHM (B is written as

P = Psize + Pstrain o

This relation can be modified by

0.944
4
ﬂhkl DCo 0 + 4¢ tan 0

0.944
or, B Cos G:T + 4e Sin 0

0.944
or, fq Cos 0=€(4 Sin 0) + R 3)

Where Bpi, 4, D and ¢ are full width at half maximum, the wavelength of Cu-K, radiation, crystallite size, and micro strain of the
prepared samples respectively. Here
The X-ray density (p,) was derived using the following equation [25]:
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Fig. 1. Schematic diagram for the synthesis of Y>* and La®>* doped Cobalt ferrite nanoparticles by sol-gel auto combustion process.
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where M, N and a represents molecular weight, Avogadro’s number, and lattice constant of the materials respectively. The bulk
density of the synthesized samples was calculated by the following relation:

m
=1 ®)
where m is mass (gm), r is radius and t is thickness of the prepared pallet samples.
And the porosity of the sample was measured by the following equation
(1.
P(%) = (1 px>% ©)
Where px is X-ray density and pb is bulk density of the prepared samples.
Tetrahedral Site radii rp (A) and octahedral site radii rg (A) are calculated by the following equation [26].
rA (A) =(u—025)ay/3 — Ry 7)
- (A) =(0.625—u)a — R, ®

where u, a, and Ro are represented oxygen positional parameter, lattice parameter and oxygen ion radius respectively. The FTIR
spectra of synthesized samples were recorded utilizing a Fourier Transform Infrared (FTIR, PerkinElmer) in the frequency region of
350-600 cm ™ !.The force constants of the tetrahedral site (Kp and octahedral site (Kp) are derived by using the following equation
[27].

2
Mv;

K, —0.942128
‘ "M+ 32

9

K=2"Kk2 (10)
1 2]

where M, v;, and voare the molecular weight of prepared samples, the vibration frequency for tetrahedral and octahedral sites,
respectively. The FE-SEM images and EDX spectrum of the synthesized samples were taken by Field-Emission Scanning Electron
Microscopy (FE-SEM; JSM-7610F, Japan). A Vibrating Sample Magnetometer (VSM; EV-6, Microsence) was used to evaluate mag-

netizations versus applied magnetic field curves (M — H hysteresis) at room temperature. The anisotropy constant (K) was calculated
by the following formula [9].

K— HcMs

0.98 (11)

where Hc and Ms are coercivity and saturation magnetization respectively.
The squareness ratio (R%) and Bohr magnetization (1)g) in magnetic moment were determined by using the following formula

Mr
2_7°
R = s 12)
MMs
s = 5585 s

where Mr is the remanent magnetization, Ms saturation magnetization and M is molecular weight for the prepared sample.
Room-temperature dielectric properties was determined by High Precision Impedance Analyzer (4294A, Agilent) where applied
the frequency range 100Hz to 110 MHz.The silver paste was employed on both sides of the prepared samples to enhance electrical
conductivity.
The dielectric constant (¢) of the synthesized samples have been derived by using the formula
Cd

= 14
e 14)

where £ is the permittivity at the free space, A is the cross-sectional area, C is the capacitance of the circular-shaped pellets, and d is
the thickness of the pellet samples. At room temperature, Diffuse reflectance spectroscopy (DRS) of the materials was undertaken to
use an UV-VIS-NIR spectrometer (UV-2600, Shimadzu).
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3. Results and discussion
3.1. Structural analyses

The identification of the crystal phase for CoY( sxLag sxFe2 xO4 nanoparticles with a series of x = 0.00 to 0.10 was accomplished by
the XRD technique were shown in Fig. 2(a). The observed diffraction peaks of the XRD pattern of prepared samples were matched with
the standard JCPDS Card No. 00-022-1086 and 01-082-8578 where CuKa (1 = 1.540562 A) was used as X-ray source radiation. Bragg’s
peaks are noticed at 18.33, 30.16, 35.64, 37.21°, 43.22° 53.54, 57.02" and 62.71° corresponding to the crystal planes of (111),
(220), (311), (222), (400), (422), (511), and (440) respectively. The appearance of all the diffraction peaks of synthesized nano-
particles ensures the formation of the cubic inverse spinel structure and the * sign indicates the mixed impurity phase of LaFeOs. For
higher concentrations (x = 0.06 to 0.10), owing to the larger ionic radius of Y3+(0.95 Z\), La3+(1.06A) than Co™? (0.78/?\) and Fet3
(0.67 A), excess Y** and La®" cannot get into the crystal lattice, pile up at the grain boundaries as a secondary phase. There is a
solubility limit for the replacement of Fe>*ions by La®" ions for its larger ionic radius. As a result, the numbers of Fe>*ions that can be
replaced byLa®* ions are constrained. Thus, it is anticipated that LaFeOs phase will form along the grain boundaries as a result of an
excess replacement of La>* ions found similar observation in Ref. [9].

The crystallite sizes were calculated by the Williamson-Hall method using equation 2, and 3 and given in Table 1 and the W-H plots
of B cos 6 versus 4 sin 0 for the synthesized samples are shown in Fig. 2(b). A linear plot provides the intercept from which the crystal
size (D) was calculated, and the strain value was obtained from the straight-line fitting of the slope. It is observed that crystallite sizes of
CoYy sxLagsxFeaxO4 decreased than pure cobalt ferrite due to difference in ionic radii of doped ions and replaced ions from the
interstitial sites and the results matches with ref. [8,9,28,29]. The specific surface area (S) was calculated by (S) = Dipx , here D is
crystallite size, and p, is X-ray density. The calculated specific surface areas were 9.12 rnz/grn, 20.54 mz/gm,16.77 mz/gm,19.01
m?/gm,14.48 m?/gm and 17.41 m?/gm for x = 0.00,0.02,0.04,0.06, 0.08 and 0.10, respectively.

The lattice parameters were calculated from XRD by equation (1) and Rietveld Refinement using Profex software. The lattice
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Fig. 2. (a) X-ray diffraction patterns and (b) Williamson and Hall (W-H) plots of CoY( sxLag sxFes.xO4 nanoparticles with different compositions x
= 0.00-0.10.



Table 1

Structural parameters of synthesized CoY sy Lag sxFez xOaferrite (where x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) nanoparticles sintering temperature at 900 °C.

Value of x ~ Lattice parameter a @A) Crystallite size Dnm  Micro strain ~ X-ray density (gm/cm®)  Bulk density (gm/cm®)  Porosity (%)  Tetrahedral site radii ~ Octrahedral site radii rp A)

From XRD _ Rietveld Refinement +1 £€x107° +0.0005 +0.0005 +0.0005 ra (A) +0.0005

+0.0005

Data +0.0005

+0.0005
x = 0.00 8.327 8.382 122 1.63 5.39 1.77 68.27 0.5693 0.7117
x = 0.02 8.332 8.383 54 1.09 5.41 2.13 60.62 0.5705 0.7130
x = 0.04 8.342 8.384 66 1.19 5.42 2.23 58.85 0.5727 0.7154
x = 0.06 8.346 8.385 58 1.19 5.44 2.38 56.25 0.5737 0.7164
x=0.08 8.352 8.384 76 0.14 5.45 2.57 52.84 0.5750 0.7178
x=0.10 8.357 8.386 63 1.2 5.47 2.61 52.28 0.5761 0.7191
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parameter showed increasing behavior, which is attributed to the difference in the ionic radii of doped ions (Y3* = 0.90 AandLa®t =
1.16 [o\) and replaced ions (Fe3+ =0.645 A) from the interstitial sites. The increasing lattice constant follow Vegards law [8] and similar
observations were also reported by Refs. [9,29]. The X-ray density (pyx), bulk density (pp) and porosity (P%) of the prepared samples
were calculated by equations (4)—(4)—(6) respectively. It is observed that the p, and pj rise with rising doping concentration due to
presence of the pores which mainly rely on sintering conditions. On the other hand, the percentage of porosity losses with a rise in Y*3
and La®" content which may be due to increase balk density. The tetrahedral site radii (rp) and octrahedral site radii (rg) were
calculated using equations (7) and (8) respectively [Table 1]. From Fig. 2(b), the slope of the plot was contained positive. The
calculated strain values show that the as-prepared samples have a positive strain value, which is indicative of the presence of tensile
strain. The structural parameters of cobalt ferrite by adding either lanthanum or yttrium were examined by several researchers [8,9,28,
29], but here our study both La®" and Y>* was doped together. In this research revealed that the prepared samples had increased lattice
parameters and density but decreased crystallite sizes, porosity and micro strain than cobalt ferrite.

Tetrahedral bond length (dax), octahedral bond length (dgx), tetrahedral edge (daxg), shared octahedral edge (dpxg) and unshared
octahedral edge (dpxgy) were calculated using investigational values of lattice parameter (a) and Oxygen positional parameter U (u =
0.381 f\) [26]. The structural parameters values are dax, dgx, daxe, dexe and dpxgy of CoYo sxLag sxFea.xO4nanoparticles tabulated in
Table 2 dpax and dpy are the shortest distance between A-site cations and B-site cations, respectively. It is seen that the tetrahedral edge
and octahedral edge follow an increasing trend with increasing dopant concentrations. This is often ascribed to the rise in lattice
constant with an increase in Y>* and La* content in the samples.

3.2. Fourier Transform Infrared spectroscopy (FTIR) analysis

The FTIR study detected the prepared sample’s behavior as determined by the absorption band frequencies. In the case of inverse
spinel ferrites, the frequency range between 350 and 600 cm ™! was generally studied. The FTIR spectra (T%) of the ferrite samples
predominately form two frequency peaks at the tetrahedral site (A-site) and octahedral site (B-site), which is attributed to the
stretching vibrancy of metallic-oxygen ions at the interstitial sites.

The formation of the higher absorption peak vy; (592-597 em 1) and the lower absorption peak vy; (395-401 em™ 1) corresponds to
the stretching vibrations of Fe®*-0 ions at the tetrahedral (A) site and the octahedral (B) site, respectively, as shown in Fig. 3. The
synthesized nano-ferrites show a cubic inverse spinel structure formed in the range of the absorption peak mentioned [30]. The FTIR
spectrum also shows the presence of moisture. Moreover, the frequency peak around 1639 cm ™! arises from the absorbed water and
atmospheric Co,. The absorption peaks around 1600-3500 cm ™! are assigned for the adsorbed water molecule, representing the O-H
stretching and H-O-H bending modes of vibration, respectively. Besides this, absorption peaks arise at1129 cm ! attributed to the
deformation of the C-H group [31]. The tetrahedral force constant (K) and octahedral force constant (Kp) were calculated by
equations (9) and (10) and presented in Table 2. It is well known that the bond length is inversely proportional to the force constant. K;
and Ko decrease with an increase in doping concentrations, which has been attributed to the variation in cation-oxygen bond lengths
at the A and B-sites [32]. The A-site bond length (A-O) is smaller than the B-site bond length (B-O). This is because the covalence of the
tetrahedral site bond A-O is higher than that of the octahedral site bond B-O.

3.3. Field Emission Scanning Electron Microscopy (FESEM) analysis

The microstructure of CoY sxLag sxFes.xO4 exhibits normal grain growth and a relatively uniform and homogeneous distribution,
as shown in Fig. 4(af). It was noticed that undoped cobalt ferrite x = 0.00 showed well-faceted grains with no agglomeration, but Y>*
and La®>"*doped cobalt ferrite x = 0.08 and x = 0.10 nanoparticles’ grain was spherical with a little agglomeration. The agglomeration
of grain structure was due to the calcinations process, magnetic nature, and small crystallite size [33]. The structure is consolidated
when the grains are gathered and the clusters are elevated because the magnetic force and weak Vander wall bonds play a significant
role in retaining these aggregates in the samples [34].

The average grain size was calculated by Image J software and distribution curve was presented with FE-SEM in Fig. 4(a—f). The
grain size distribution of Cobalt ferrite particles is uniform in all cases. The average grain sizes of the prepared samples are approx-
imately 137 nm, 102 nm, 98 nm, 82 nm, 63 nm, and 52 nm for x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10, respectively. Gain sizes were
reduced systemically with composition due to larger atomic sizes (Y3 and La3™) and Vander Wall forces [11]. SEM images revealed

Table 2

Structural parameters: hopping length tetrahedral site (L), hopping length Octahedral site (Lg), bond length (dax and dgx), tetrahedral edge (daxg),
sheared octahedral edge (dpxg), un-sheared octahedral edge (dgxgy), absorption bands tetrahedral sites (v;)and octahedral sites (v3), tetrahedral sites
force constant (K,) and octahedral sites force constant (Ky) of CoYq sxLag sxFexxO4nanoparticles.

Valueof Ly (A) Lg(A)  dax(A)  dex(A)  daxe dpxe () dpxey " Vs K. x 10° (dynes/ Ko x 10° (dynes/
X A4 A4 cm™ Cm™' cCm™? Cm™2)

x = 0.00 3.6056 2.9443 1.8893 2.0332 3.0853 2.8027 2.9457 597 401 1.33 2.80

x = 0.02 3.6078 2.9458 1.8905 2.0342 3.0872 2.8044 2.9475 596 400 1.32 2.79

x=0.04 3.6123 29493 1.8927 20366 3.0909 28077  2.9510 595 399 1.32 2.78

x=0.06 3.6139 29507 1.8936 20376 3.0923  2.8091  2.9524 594 397 1.31 2.76

x = 0.08 3.6165 2.9528 1.8950 2.0391 3.0946 2.8111 2.9545 593 396 1.31 2.75

x=0.10 3.6186 2.9546 1.8961  2.0403  3.0964 28128  2.9563 592 395 1.29 2.74
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Fig. 3. FTIR spectra of CoYq sxLag sxFesxO4 nanoparticles with different compositions x = 0.00-0.10.

Fig. 4. FE-SEM micrographs and the grain size distribution curves of CoYy sxLag sxFe2 xO4 nanoparticles with different compositions: (a) x = 0.00;
(b) x = 0.02; (¢) x = 0.04; (d) x = 0.06; (e) x = 0.08 and (f) x = 0.10.

that the grains are at the nano scale with vivid pores which is more suitable to the gas sensing applications because smaller grains have
larger specific surface area [35].

The energy dispersive X-ray analysis (EDX) spectra of pure Cobalt ferrite (x = 0.00) and Y>* and La®>* doped Cobalt ferrite (x =
0.10) nanoparticles correspond to the elements Co, Y, La and Fe were presented in Fig. 5(a and b) and it represent that Y3* and
La®"ions exist in synthesized samples.

3.4. Room-temperature magnetic properties

At room temperature, the magnetic properties of CoY( sxLag.osxFe2xO4 nanoparticles (where x = 0.00, 0.02, 0.04, 0.06, 0.08, and
0.10) were investigated by Vibrating Sample Magnetometer (VSM). Fig. 6(a) depicts the M — H loop of Y3+ and La®>" doped Cobalt
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Fig. 6. (a) Room temperature Hysteresis (M-H) curve of the Co Yq sy Lag sx Feax O4 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) nanoparticles and (b)
is magnified view of the M — H curve of (a).

ferrite nanoparticles plotted with an applied magnetic field of 20000 Oe. The S-shaped hysteresis loops were observed in Fig. 6(a and
b), which indicates the soft magnetic nature of the prepared samples.

The magnetic properties of ferrite nanoparticles like saturation magnetization (Ms), remanence magnetization (Mr), squareness
value (R2), coercivity (Hc), and Bohr magnetization (ng) have been influenced by several factors such as chemical composition,
synthesis techniques, density, grain growth, A-B exchange interaction, and anisotropy [36]. Table 3 contains data on magnetic
properties and it is shown that the saturation magnetization varied from 68 emu/g to 78 emu/g with the increase in Y>* and
La%*doping concentrations in cobalt ferrite nanoparticles. The saturation magnetization of pure cobalt ferrites is 74 emu/g.The doping
concentration x = 0.02 was obtained minimum crystallite size and highest saturation magnetization. The anomalous behavior of Ms
can be explained on the basis of crystallite size, grain size, and coercivity [37]. The magnetic saturation parameters can be influenced
by both internal (composition) and external (micro structural) factors. This phenomenon can be explained on the basis of Néel's
sub-lattice model [38] and the exchange interactions between Fe®" ions and substituted ions at the interstitial sites of the crystal
lattice, such as the tetrahedral site (A-site) and the octahedral site (B-site). Generally, the octahedral site is occupied by rare earth ions
due to their larger ionic radius, whose magnetic moment is created by 4f electrons located there. At room temperature, the rare earth
ion’s magnetic dipole moment stays disorganized and randomly generated, and consequently, Y>* and La®*ions can be taken into
account as non-magnetic ions contributing zero magnetic moment [37]. From Néel’s two-sublattice model [38], the magnetic moment
per formula unit is determined by INg = Mp-M,, the magnetic moments of the A and B sites are My and Mg, respectively. The magnetic
moments of Co, Y, La and Fe are 3pg, Opp, Opgand Spprespectively.lt is evident that non-magnetic rare earth ions occupy octahedral
sites; the pp decreases in the cation distribution model; and the A-B interactions are stronger than the A-A and B-B interactions [39].
The calculated ng = 3.0pp, 2.90up, 2.80pp, 2.70ps, 2.60 pg and 2.50pp for x = 0.00,0.02, 0.04, 0.06, 0.08 and 0.10 respectively.

The coercivity (Hc), anisotropy constant (K), squareness ratio (R?) and Bohr magnetization (ng) in magnetic moment are calculated
using equations (11)-(11)—(13) and tabulated it Table 3. At first, the coercivity (Hc) decreases from 740 Oe to 342 Oe for doping
concentration x = 0.000 to 0.04 and again it increases from 7020e to 1278 Oex = 0.066 to 0.10. It may be due to enough defects or
porosity in the sample, which is in agreement with M. A. Amessier et al. [17]. The Hc is affected by a variety of factors such as size,
defects, porosity, microstrain, the preferred site occupancy of various ions and ionic radii of rare earth, magnetic moment,
magneto-crystalline anisotropy, and so on [40]. On the otherh and, Hc varies inversely withthe grain size of the nanoparticles. It was
observed that the maximum Hc (1286 Oe) and minimum grain size (52 nm)were obtained for the doping concentration x = 0.10. So,
the increased coercivity with Y>* and La®" substitutions could be attributed to grain size reduction.

It was observed that that the anisotropy constant varies from 24.59 erg/g to 101 erg/g, squareness ratio 0.272 to 0.421 and
magnetic moment 2.92j15-3.33pp which is related to saturation magnetization and coercivity value. The squareness ratio R? = Mr<0.5
for all samples, which indicates that Cobalt ferrite and Y3* and La®* doped cobalt ferrite issuparpamagnetic state [37].

Table 3
Saturation magnetization (Ms), Remanence magnetization (Mr), Coercivity (Hc), Squareness value (Mr/Ms), CoercivityHc, Anisotropy Constant (K)
and Bohr Magneton (I]g) for Co Y sx Lag sx Fex.xO4 ferritenanoparticles.

Value of  Saturation Magnetization Remanent Magnetization Squareness value CoercivityHe Anisotropy Constant K Bohr Magneton
X Ms (emu/g) Mr (emu/g) (Mr/Ms) (Oe) x 10? (erg/g) Mp) (up)
x=0.00 74.55 20.27 0.272 740 57.46 3.13

x=0.02 78.90 30.27 0.384 515 42.32 3.33

x=0.04 69.04 27.74 0.402 342 24.59 2.92

x=0.06 69.46 21.91 0.315 702 50.79 2.96

x=0.08 68.56 28.85 0.421 1016 72.55 2.93

x=0.10 76.61 30.24 0.394 1278 101.98 3.29
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3.5. Room-temperature dielectric properties

The dielectric study gives information on the crystal structure, charge storage capacity, grain boundary, and transport properties of
dielectric material [41]. The real dielectric constant (£¢) of CoYq sxLag sxFez xO4 (x = 0.00, 0.02.0.04, 0.06, 0.08, 0.10) at room tem-
perature in the frequency range 100Hz to 110 MHz have been derived by using equation (14). The variation of the dielectric constant
as a function of frequency for all the samples is shown in Fig. 7(a). The value of ¢ depends on factors such as preparation method,
sintering temperature, grain size, density, porosity, and surface homogeneity [42]. The dielectric constant of all the samples shows a
higher value at the lower frequency region; as the frequency rises, the ¢ decreases and becomes constant at a specific frequency,
indicating the typical ferromagnetic behavior without any unusual peak. This behavior in the dielectric constant is associated with the
Maxwell-Wagner type of interfacial polarization in agreement with Koop’s phenomenological theory [43]. According to this model,
the dielectric constant is attached to dipolar, electronic, ionic, and interfacial polarization, influencing the dielectric properties. Grain
boundaries are much effective at low frequency, but when at high frequency, the grains become highly conducting into action, due to
which the dielectric constant decreases. The obtained ¢ values systematically increased from 74.68 to 149.31 for all the samples.
Primarily, when the electric field is applied to the samples, the electrons follow the field and pile up at the grain boundaries through
hopping, which produces polarization. But upon a particular frequency, the electron exchange between Fe?*/Fe>* ions cannot follow
the field that causes the decrease in polarization. As a result, the ¢ decreases with the increasing frequency of the applied field. From
our data, it can be inferred that Y>* and La®>*doped cobalt ferrites tend to vary significantly, improving the nano ferrites for microwave
frequency applications.

At room temperature, the change of dielectric loss (tand) of CoY( sx Lag sx Fea.xO4 nano particles with frequency has depicted in
Fig. 7(b). It is noticed that the tans reduces with an increase in frequency which exhibits normal dielectric behavior for Y3+ and La®*
doped CoFe;04 nanoparticles. At low frequency regions, the tand reduces directly but with the rise in frequency, the tand value reduces
until attaining a certain point where the value of tand remains constant for all samples. This attitude is observed because of the grain
boundary effect, which needs more energy to interchange electrons between Fe?" and Fe>* ions [44]. However, the dielectric loss
reduces at higher-frequency areas which could be attributed to the inability of domain wall motion with the fast change of applied AC
field.

The room temperature frequency dependence AC conductivity (6ac) of CoYg sx Lag sx FezxO4 (where x = 0.00, 0.02, 0.04, 0.06,
0.08, 0.10) nano particles are demonstrating in Fig. 7©. The AC conductivity displayed a rising tendency with the rise in frequency for
all the samples. The o, of ferrites is increase with frequencies which is narrated by Koop’s two-layer model and the space charge [43].
The conduction mechanism in spinel ferrites is due to the hopping between ions with mixed valence. It is clear that the doping of Y>*
and La®" ions in CoFe;04 ferrites improves the ac conductivity and also corroborations the mechanism for the improvement in the
dielectric constant and corresponds with the report in R. S. Yadav et al. [26].

Impedance spectroscopy is a well-known technique to explore the electrical response of ceramic materials as a function of fre-
quency, whose properties depend on their ceramic quality and the impedance of electrodes, the distribution of dopants, and grain and
grain boundary performances [45]. This technique also reports on imaginary and real parts of the impedance substance of a material.
This analysis is mainly used to fit the impedance data into an equivalent circuit representing the material under investigation. The
Nyquist plot states the whole performance of grain and grain boundary resistance.

Fig. 8 (a) illustrates the change of the real part of impedance (Z') as a function of frequency. It is observed that Z' reduces gradually
with the increase in frequency, which indicates the discharge of space charges as a result of a reduction in the interruption charac-
teristics of the material. Besides, a rise in conduction with frequency suggests that the ferrites be treated as a semiconductor material
[46].

Fig. 8(b) shows the frequency versus imaginary impedance (Z') at room temperature for all prepared samples. It is observed that
the imaginary impedance reduces with increased employed frequency and remains low it at high frequency. This plot expresses
relaxation peaks owing to space charge relaxation, which is attached to charge carriers resulting from energy vacancies [47].

A Nyquist plot for unfitted and fitted data with an equivalent circuit for CoY( sx Lag sx Fes.xO4 nanoparticles was shown in Fig. 9, at
a frequency range of 40 Hz to 110 MHz.These plots were fitted to an equivalent circuit with the help of Zsimp Win software, and the
data obtained from the fittings were tabulated in Table 4. One semicircle was successfully displayed by an equivalent circuit model (R,
Q1) and (R, Q2) where R; and R; are the grain resistance and grain boundary resistance, respectively, and Q; and Q are constant
phase elements for grain and grain boundary, which are capacitive parameters. Non-ideal Debye-like behavior of the capacitance, C =
R'™™1 Q1 where the value of n is 1 for pure capacitance and zero for pure resistance behavior. The table showed that the grain
exhibited ideal capacitance behavior and the grain boundary exhibited non-ideal capacitance behavior due to the presence of
relaxation process with the same relaxation time or disorder in the grain boundary. From Table 4, the grain resistance and grin
boundary resistance were found to drop in magnitude with the increasing doping concentration. Fig. 9 showed no complete semicircle
for the samples x = 0.00, 0.02, and 0.06, expressing that the grain boundary impedance was outside the measurement scale. This may
be owing to the presence of some extra time constant, that appears beyond the surveyed frequency range. Semicircle shapes were
observed for x = 0.08 and x = 0.10 samples in the high frequency region because the grain and grain boundary contributions were
superior to the grain contributions [48]. Moreover, it was noticed that the value of Z' and Z" in the spectra reduces with increasing
doping concentration, suggesting that the net resistance of the Co Yg s5x Lag sx Fea.x O4 nanoparticles falls consistently.

3.6. Optical properties
UV-Visible spectroscopy is an important tool to thoroughly examine the optical energy gaps of nanoparticles. Diffuse reflectance
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spectroscopy (DRS) of Y3* and La®" doped CoFeyO4was studied within the wavelength range of 220-1400 nm by a UV-Vis-NIR
spectrometer and analyzed data was presented in Fig. 10. The UV-Vis reflectance data for al samples are converted to absorption
through Kubelka-Munk’s theory. The Kubelka-Munk function is straight proportionate to the absorption coefficient (a), measured

usingthis relation F(R,) = % ,here F (R,) and R, are the Kubelka -Munk function and diffuse reflectance respectively [49].

The UV absorption bands of CoY( sx Lag sx Fes.xO4 nanoparticles were found in the range of 300-600 nm for all the samples. It is
conspicuous that synthesized powder nanoparticles have a broad absorption ranging from deep UV to visible part of the radiation
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Table 4
Different parameters of the equivalent circuit components of Nyquist plot curve.
Value of x (CoYo.sx Lag sx Grain resistance R Grain Capacitance C; m Grain boundary resistance Grain boundary ny
Feyx04) (KQ) pF R, (KQ) capacitance Cy pF
x = 0.00 103 1.763 1 99730 6.918 0.4523
x = 0.02 117 1.763 0.9986 26690 8.009 0.4718
x = 0.04 84 1.888 1 11670 14.07 0.4799
x = 0.06 40 3.534 0.9706 3683 20.89 0.4916
x = 0.08 17 6.450 0.9533 2796 25.65 0.4690
x = 0.10 13 7.599 0.9494 2191 39.22 0.5838
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Fig. 10. (a)UV-Vis diffuse absorption spectra(b) and (c) Tauc plot of band gap energy of CoYg sx Lag sx FeoxO4 ferrite nanoparticles.

which might have been connected to the quantum size effect, suggesting that they can be used as a photocatalyst. In Fig. 10(b) and (c)
the optical band gap was identified at the intercept of the linear extrapolation with the X-axis. The band gap was calculated from the

Tauc plot by {hyF(Ra)%] ochy — Eg,here « is absorption coefficient, Eg is the energy of the band gap, v is Planck constant and h is the
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frequency of the incident light [50]. The value of n = '; is used for direct Eg and n = 2 is used for indirect Eg. The optical band gap was

destined using the Tauc plot by extrapolating the linear part of the plot huF(Roo)% =0.

The E obtained to be 1.48 eV, 1.53eV, 1.52 eV, 1.52 eV, 1.49 eV and 1.50 eV for x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10 respectively
for CoYy sx Lag sx Feo.xO4 ferrite. Physically, there exist same conduction and valence bands in the direct band gap of the hole mo-
mentum and the electron. The direct Egfound1.48 eV described the electron requires 1.48 eV of energy to release a photon from the
valence band to the conduction band. The value of Eg was increased with doping concentration than pure cobalt ferrite which might
have been attribute to several causes like the presence of a little impurity, carrier density, crystal size and strain etc. [51], matched with
the reports [9,17,30]. The band gap energy increases with decreasing grain sizes, consistent with FE-SEM and UV-Vis spectroscopy
findings, suggested thaty®* and La*® improves optical properties.

4. Conclusion

CoYy sx Lag sx Fea xO4 nanoparticles have been successfully synthesized by the sol-gel auto combustion process. Structural, mag-
netic, electrical, and optical properties of pure and doped CoFe;04 were studied in detail. The XRD spectra expressed the single-phase
cubic spinel structure with the crystallite sizes varying from 122 nm to 54 nm. The lattice parameters increased from 8.382 At08.386
A with increasing Y>* and La™ concentrations in cobalt ferrite as the radius of small ions was replaced by the radius of larger ions.
FTIR spectra confirmed the presence of octahedral and tetrahedral sites and the metal-oxygen bond at 593 cm ™ 'to 597 cm™! corre-
sponding to the stretching M — O bond in the prepared samples. FE-SEM micrographs of synthesized samples showed well-defined
grain growth while the grain size decreased from 137 nm to 52 nm. VSM study of synthesized ferrite exhibited soft ferrimagnetic
nature, and the maximum H.(~1276) was obtained for x = 0.10. The dielectric measurement such as dielectric constant, low dielectric
loss, conductivity and impedance exhibits that samples were responsive to applied frequency. The dielectric constant is reduced at high
frequencies as a common behavior of magnetic materials. The conductivity increases with an increase in Y>* and La®*concentration of
the cobalt ferrite owing to an increase in the charge carrier mobility. It was observed from Nyquist plots that the conductivity of ferrite
contributed by both grains and grain boundaries. The optical band gap energy counted from the Tauc plot, reveals the raising tendency
with increasing doping concentration. The prepared ferrite nanoparticles with improved structural, magnetic, and dielectric properties
suggested that these materials may be compatible for magneto-recording and high-frequency applications.
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