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Abstract: Polycrystalline Ni-Mn-Zn nano-ferrites doped by the fractional amount of Ce3* ions were
fabricated using the sol-gel method. Characterizations of the as-prepared samples were performed by
using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray analysis
(EDAX), vibrating sample magnetometer (VSM), and dielectric measurements. Rietveld refined XRD
patterns revealed the single-phase cubic spinel structure of the samples corresponds to the space group
Fd-3m. Minor shifting of peak positions towards lower diffraction angles increases lattice parameter
from 8.4105 to 8.4193 A with the addition of Ce3* ions. , The surface morphology and homogeneity of
the samples were investigated by using SEM and EDAX spectra. Grain size obtained from SEM
analysis is found in the range 29 nm to 33 nm with negligible agglomeration. Analysis of EDAX spectra
confirms the stoichiometric proportion of the constituents. Substitution of Ce3* ions shows typical
ferromagnetic curves with enhanced saturation magnetization and magneton number from 54 to 63
emu/gm and 2.71 to 3.09 g respectively. Dielectric measurements of the entire samples show the
typical behavior of spinel ferrite. The results predict that the samples are best suitable for high-
frequency region applications.
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1. Introduction

Since the last several years' ferrites with spinel structures have been extensively used
in various technological applications such as microwave devices, recording media, high-
frequency transformer cores, intelligent transformer cores, magnetic fluids, and medical
diagnostics [1-6]; presently, these nano-scale materials have been synthesized in large amounts
for their improved properties [7-10]. In particular, the high electrical resistivity of soft ferrites
makes them suitable for high-frequency applications due to low losses of eddy currents in AC
fields [11]. The conduction mechanism in these materials depends upon the synthesis routs,
nature and percentage of impurity added, and sintering conditions which have been the subject
of continuous investigation. When the particle size approaches its critical size, below which
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each particle behaves as a single domain and hence electrical and magnetic properties are
greatly influenced at nano-scale dimensions [12]. Modern data storage devices require better
control of the morphology and size of the particles.

Among the class of soft ferrites, mixed Mn-Zn and Ni-Zn ferrites gained more attention
due to their high electrical resistivity (~ 107 ohm), low-cost synthesis, and dielectric loss, very
high mechanical strength, and chemical stability [13, 14]. It becomes an interesting subject to
substituting a small amount of rare-earth (RE) ions in mixed Ni-Mn-Zn ferrites. Literature
reports suggest that the substation of the fractional amount of RE ions in spinel lattices induces
a significant change in electrical and magnetic properties [15-18]. The strong spin-orbit
coupling of angular momentum and 4f unpaired electrons observed in RE ions introduces RE-
Fe interactions, which significantly influences the magnetic behavior of spinel ferrites. Several
researchers have made attempts to investigate the RE substitution effect on the
physicochemical properties of spinel ferrites. M. R. Narsabadi et al. have investigated that the
Ce®" doped copper ferrite nanoparticles can be used as efficient photocatalysts for the
photocatalytic degradation of harmful organic dye. [19]. M. H. Abdellatif et al. have studied
the effect of RE ions (La, Ce, Sm, Gd, and Dy) on the vibrational spectra of Mn-Cr spinel
ferrites [20]. A. B. Gadkari et al. have reported that the Y3* ions doped in Mg-Cd ferrites
occupy the octahedral — B site [21]. S. K. Gurav et al. have studied the effect of Zr**-Zn?* co-
substitution on lithium ferrites' structural and magnetic properties [22]. Recently, the Ce®*
substitution effect on spinel ferrites’ magnetic and electrical properties has been reported [23-
25]. To the best of our knowledge, no reports are available on the Ce®* substituted Ni-Mn-Zn
mixed ferrites. By keeping the above facts in mind, we have aimed to synthesize and
characterize the Ce3* doped Ni-Mn-Zn ferrite nanoparticles.

Numerous synthesis methods have been developed to fabricate pure and doped ferrites,
even at low temperatures and low cost. Sol-gel synthesis is one of the best approaches to
producing ferrite nanoparticles at low temperatures with better homogeneity and high yield
[26, 27]. In the present work, we have adopted the sol-gel synthesis approach to fabricate
Nio.3sMno3sZnosFerxCexO4 ferrite nanoparticles. The newly prepared samples were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive X-ray analysis spectra (EDAX), vibrating sample magnetometer (VSM), and
dielectric properties.

2. Materials and Methods

Polycrystalline nanocrystals of Nio.3sMng.35ZnosFe2xCexOs (x = 0.0, 0.025, 0.050,
0.075 and 0.1) were fabricated by using sol-gel auto-ignition route. Ultra-pure (>98.5%) A. R.
grade metal nitrates of constituent elements Ni(NO3)2-H120s, Mn(NO3)2-H120s,
Zn(NOs3)2-H1206, Fe(NO3)3-H1809 and Ce(NOs)s- H1s09 (Sigma Aldrich, USA) were taken as
starting materials. All the starting materials were dissolved with their stoichiometric proportion
in a sufficient amount of double-distilled deionized water. The mixed solution was kept on a
hot plate with a magnetic stirrer for continuous stirring at a constant temperature of 90 °C.
Chelating agent citric acid was mixed in the nitrate solution with the stoichiometric ratio of 1:3
of metal nitrate to citrate. The pH of the solution was kept constant at 7 by slowly adding the
liquid ammonia to the solution. Continuous stirring at constant pH and temperature for 2 to 3
hours converts the solution into a viscous gel. After half an hour, the dark brown gel was burnt

https://biointerfaceresearch.com/ 5022


https://doi.org/10.33263/BRIAC124.50215030
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC124.50215030

by self — ignition process and converted into brown ash. Final powders were obtained after
final sintering at 900°C for 6 hours.

Powder X-ray diffraction (Philips, Model 3710) patterns were recorded at room
temperature within the 20 range of 20° to 70° by using Cu-Kgradiations having the incident
wavelength A = 1.5406 A. The microstructure and surface morphology of the samples were
understood using transmission electron microscopy (JEOL JEM 2100). Magnetic
characterization was carried out by applying the magnetic field up to 15KOe by employing a
vibrating sample magnetometer. Disc-shaped samples with silver paste were used to
understand the dielectric behavior of the samples within the frequency range 50Hz to 50MHz
by using Hioki HITESTER 3532-50.

3. Results and Discussion

Sharp Bragg’s lines are observed in the Rietveld refined XRD patterns (Figure 1) of
Nio.35Mng.35ZN0.3Fe2-xCexOs Which are indexed well for the intensity planes (220), (311), (222),
(400), (422), (333), and (440). All the indexed planes representing the cubic spinel structure of
the samples with space group Fd-3m and indexed to the zinc ferrite, confirmed by standard
COD card No. 96-900-6895 [28]. No traces of secondary phases are observed in the XRD
patterns, confirming the samples' phase purity. Close observation of the most intensive peak
(311) (Figure 1(F)) shows that the addition of Ce®* ions in Ni-Mn-Zn ferrites decreases peak
intensity, while peak positions shifted slightly towards lower diffraction angles. Lattice
parameter ‘a’ and the data obtained from Rietveld refinement of X-ray diffraction patterns by
FullProf software are given in Table 1. The refinement has been continued until the value of
goodness factor (y2) reaches between 1 and 2. The obtained values of the lattice parameter as
a function of Ce®* addition lie in the range of 8.4105 A to 8.4193 A. The increase in lattice
parameter is closely related to the shifting of peak positions towards lower diffraction angles.
The reason behind this is the replacement of Fe3* ions having lower ionic radii (0.069 nm) by
Ce** ions having higher ionic radii (0.115 nm).
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Figure 1. Rietveld refined XRD patterns of Nig.3sMno3sZnosFe2-«xCex04 (a) X = 0.0, (b) x = 0.025, (c) x = 0.050,
(d) x=0.075, (e) x = 0.1 and () expanded view of the plane (311).
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Table 1. Rietveld refined parameters of Nig35Mng 35Zng sFe2.xCexOa.

‘x’ ‘a’ (A) ¥ Rp Rwe Rexp
0.0 8.4105 1.05 10.8 11.7 15.14
0.025 8.4135 1.05 10.5 111 13.78
0.050 8.4142 1.07 10.2 115 14.59
0.075 8.4185 1.08 12.1 14.5 16.34
0.1 8.4193 1.21 12.5 15.8 16.45

X-ray density of the powdered samples was calculated using the relation given in the
literature [29], and the bulk density of the samples can be obtained using the relation

dguk =M /(nrzh). It can be seen that the X-ray density increases from 5.2491 to 5.3401 gm/cc

(Figure 2 (a). Percentage porosity of the samples was estimated by using the following relation
[28]:

P(%)= [—dx _dB“'k)xloo (1)
dX
Figure 2 (a) indicates that the porous nature of the sample decreases with the increasing
percentage of Ce3* ions in Ni-Mn-Zn ferrites. Crystallite size of the powdered samples was
estimated by using the peak position (6g) and peak width (Brwnm) Of the most intensive peak
(311) in the following relation [30];
KA

ty, =— 2
St BrwrmCosOg @

where K is crystallographic constant (K~0.9), A-is the incident wavelength (1.5406 A). From
Figure 2 (b), it can be seen that the crystallite size of the samples increases from 21.73 to
22.71 nm with the addition of Ce3* ions in Ni-Mn-Zn nanocrystals. The specific surface area
‘S’ for all the compositions was evaluated by using the following relation [29]:

S_ 6000 3)

ta11 X dgui
Figure 2 (b) clearly shows that the introduction of Ce3* ions decreases the specific
surface area ‘S’ from 62.18 to 56.91 m? gm™.
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Figure 2. (a) variation of X-ray density (dx) and porosity (P), (b) variation of crystallite size (t311) and specific
surface area (S) with Ce®* content ‘x” in Nip35Mno35Zno.sF€2.xCexOs.

The shape size and morphology of the sample were studied by using scanning electron
microscopy images. Figure 3 (a, b, and c) shows the SEM images of the samples x = 0.0, 0.05
and 0.1, respectively. SEM images indicate that most of the grains have an approximately
spherical shape with some agglomeration. The average grain size was estimated using the
software Image J, and the grain size distribution is shown in histograms of Figure 3 (d, e, and
f). Similar to crystallite size, grain size also increases from 30 nm to 33 nm, substituting Ce®*
https://biointerfaceresearch.com/ 5024
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ions in Ni-Mn-Zn ferrites. Figure 4 (a, b and c) respectively shows the EDAX spectra of typical
samples x = 0.0, 0.05 and 0.1. The table shown in Figure 4 (d) gives the atomic and weight
percentage of constituent elements, which almost agrees with the prepared stoichiometric
proportion. Analysis of EDAX spectra confirms that all the expected constituent elements are
present in the ferrites without any impurity.
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Figure 3. Scanning electron micrographs of the samples (a) x = 0.0, (b) x = 0.05, (¢) x = 0.1; and histograms of
(d) X= 0.0, (E) X= 0.5, (f) x =0.1 for Nio,35|\/|no,3szno_3Fez.XcexO4.
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Figure 4. Energy dispersive X-ray analysis spectra of Nig3s5Mng35ZngsFe2-xCexOs where (a) x = 0.0, (b) x =
0.05, (c) x = 0.1 and (d) weight and atomic percentage of constituent elements.
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Figure 5. Hysteresis curves of Nig.35Mno35ZngsFez-xCexO4 (inset shows the variation of saturation magnetization
with Ce®* substitution).

The magnetic behavior of Ce®* substituted Ni-Mn-Zn soft ferrites sintered at 900°C is
illustrated in Figure 5. Replacement of Fe3* ions by Ce® ions in Ni-Mn-Zn crystal lattice at
octahedral — B site increases the saturation magnetization (Ms) linearly. The inset of Figure 4
shows that saturation magnetization (Ms) increases from 64.42 to 72.04 emu/gm. Bohr
magneton number ‘ng’ (us) was computed using the following relation [31]:

My, x Mg - (@)
N, x9.27x10
where, My is the molecular weight of the sample, Ms is saturation magnetization, and Na is
Avogadro’s number. Computed values of Bohr magneton (ng) show an increasing trend from
2.71 to 3.09 (us) with the substitution of Ce3* ions in Ni-Mn-Zn spinel ferrites.

ng(bg)=

o+ B-Atom Oxygen atom

Figure 6. Favorable ion-pair configurations with interionic distances (Me-O, and Me-Me) and bond angles (6).

In general, the magnetic behavior of spinel ferrites is strongly dependent on the three
common magnetic interactions. Super exchange mechanism produces such interactions (A-A,
A-B, and B-B) among the cations and neighboring anions in spinel ferrites. The strength of
these interactions is completely susceptible to the bond lengths (Me-O and Me-Me) and bond
angles (0). As strength is inversely proportional to bond lengths, A-B interactions are stronger
than A-A and B-B interactions due to their shorter bond lengths. Figure 6 illustrates the
favorable ion-pair configurations with inter-ionic distances and bond angles. Cation - anion
distances (p, q, r, and s), cation-cation distances (b, c, d, e, and f) and bond angels (61, 62, 03,
04, and 6s) were computed by using the equations given in Table 2 with their computed values
for each composition [10, 32]. It can be seen that both cations — anion (Me-O) and cation —
cation (Me-Me) distances increased with the substitution of Ce3* ions in Ni-Mn-Zn ferrites.
These results are analogs with the increase in lattice parameter, which increases the unit cell
volume [32]. Bond angles associated with the A-B interactions (61 and 62) and A-A interaction
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(85) are found to be decreased with Ce>* substation, suggesting the weakening of A-B and A-
A interactions in Ni-Mn-Zn ferrites. While as increasing bond angles (63 and 64) suggesting
the strengthening of B-B interactions with the substitution of Ce®** ions in Ni-Mn-Zn spinel
lattice.

Table 2. Interionic distances (M¢-O, Me-Me) and bond angles (0) of Nio35Mng 35ZnosFez-xCexOa.

JFormula\ ‘x’— 00 | 0025 | 0050 | 0075 | o1
Me-O distances

5
p= a[g - ujA 1.9455 1.9459 1.9458 1.9464 1.9462
1
g=a\3 [u ijA 2.2596 2.2693 22797 2.2890 2.2994
1
r=aJil ( u- ZJA 4.3268 4.3453 4.3653 4.3831 4.4031
u o1
s=a\3 (g + E)A 3.8806 3.8895 3.8987 3.9075 3.9167
Me- M. distances
a
b=+2 (ZJA 3.0642 3.0698 3.0754 3.0810 3.0866
a
c=411 (ng 3.5931 3.5997 3.6062 3.6128 3.6194
a
d=3 [ZJA 3.7529 3.7598 3.7666 3.7734 3.7803
3a
e=43 [EJA 5.6294 5.6396 5.6499 5.6602 5.6704
a
f=v6 [ZJA 5.3074 53171 5.3268 5.3365 5.3461
Bond angles
- 1 p2 +q2 —C2
0y = Cos 200 11727 117.15 117.02 116.91 116.78
1 p?+r?-e?
0, = cos 207 123.12 12277 12237 122.05 121.65
1 2p2 —b?
03 = COS > 103.96 104.20 104.48 104.70 104.98
P
1 p2 +s2 —f2
04 =cos B 128.20 128.24 128.29 12833 12838
-1 r? 4 q2 —d?
05 = cos g 60.15 59.91 59.65 59.44 59.18

Dielectric constant (¢') for all the samples was computed by using the relation
g = Cd/sonrz, where C-is capacitance, d-is sample thickness, r-is radius of the disc-shaped

sample, and ¢,- is the free space absolute permittivity. Plots are drawn between dielectric

constant and applied frequency within the range of 50 Hz to 5 MHz. Figure 7 (a) shows the
typical behavior of spinel ferrites which shows higher values of dielectric constants at low
frequencies and decreases fast and becomes almost constant at high-frequency regions. This
variation of the real part of permittivity can be explained based on atomic, electronic, ionic,
and interfacial polarization [24]. The hopping mechanism suggests that, at the low-frequency
region, hopping electrons cannot have sufficient energy to cross the highly resistive grain
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boundaries, which results in the formation of polarization at grain boundaries. According to
Koop’s phenomena and the Maxwell-Wagner model, ferromagnetic materials consist of two
layers: highly conducting grains and highly resistive grain boundaries [33-36]. At the low-
frequency region, the grain boundary effect is more predominant and hence shows a higher
dielectric constant due to space charge polarization. At higher frequency regions, hopping
electrons can easily cross the grain boundaries, and hence dielectric constant decreases sharply
and becomes constant. Dielectric loss tangent (tan o) is obtained by using the relation (
tand=¢"/¢" ), and its variation is shown in Figure 7 (b). It is observed that the dielectric loss
tangent follows similar behavior as seen for the dielectric constant. As described by Hudson
[37], a material having high resistivity possesses low dielectric loss. Hence, Ce®" doped Ni-
Mn-Zn ferrites with low dielectric loss can be effectively used in high-frequency data storage
applications.

600 -
fe, (a) ——X=00 (b) —*—Xx=00
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Figure 7.(a) Variation of dielectric constant (¢') and (b) variation of dielectric loss tangent (tan &) with log f for
Nio.3sMno 35Zno sFe2.xCexOa.

4. Conclusions

Ce®" substituted Ni-Mn-Zn spinel ferrite nanoparticles with a chemical formula
Nio.3sMng.35ZNo.3Fe2xCexOs was prepared by sol-gel auto-ignition process. The prepared
samples possess a single-phase cubic spinel structure. Goodness factor ranging from 1.05 to
1.21 confirms the refinement quality of the X-ray patterns. Substitution of Ce3* jons increases
the lattice parameter, X-ray density, and crystallite size. SEM micrographs confirmed the
spherical shape of the particles with some agglomeration, and the grain size obtained was in
the range of 30 to 33 nm. EDAX spectra show the phase purity of the samples and observed
atomic and weight percentages are in good agreement with their stoichiometric proportion in
the compositions. Insertion of Ce3* ions in Ni-Mn-Zn crystal lattice increases the saturation
magnetization from 64.42 to 72.04 emu/g. Analysis of favorable ion-pair configurations
suggesting the predominance of B-B interactions. Lower dielectric loss at higher frequency
regions suggests that Ce®" substituted Ni-Mn-Zn ferrites are suitable for high-frequency
appliances.
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