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Abstract.

The nanoparticles of Nij_,Al,Fe,O4(x = 0,0.5) were synthesized via using sol-gel route and studied the structural and dielectric
effect of aluminium content on Nickel site. The X-ray diffraction (XRD) revealed the single-phase cubic spinel structure of the
parent compound. The lattice constant, volume, density, bond lengths, specific surface area and crystallite size were determined
from the Rietveld refinement. In the Raman analysis, there are five active modes present in the synthesized samples. FTIR
spectroscopy confirmed the formation of spinel ferrite and showed the characteristics absorption bands of metal oxygen (Fe-
0) observed around 424-450 and 601-620 cm~! corresponding to the stretching vibration frequency of the metal-oxygen at the
octahedral site and tetrahedral site respectively. Dielectric behaviour showed that the value of dielectric constant (¢') and tangent
loss (tan §) decreases with frequency and confirmed the general behaviour of ferrites. The AC Conductivity (o,.) was found lower
in Nig 5Alg sFe,O4 compared to NiFe,Oy.
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1. INTRODUCTION

In recent years, magnetic nanoparticles have garnered sig-
nificant attention due to their wide-ranging utility in tech-
nological and clinical contexts [1]. Within this domain,
ferrospinels constitute a prominent class of magnetic ma-
terials, exhibiting a diverse spectrum of applications span-
ning from low wavenumber to microwave frequencies, as
well as across low to high permeability devices. These ap-
plications encompass areas such as electronics, ferroflu-
ids, magnetic drug delivery, and high-density information
storage [2, 3]. The general compositional chemical for-
mula for spinels is AB> X4, where A2* is a divalent cation,
which might be Mg, Cr, Mn, Fe, Co, or Ni; B3 is a triva-
lent cation, that can be Al, Ga, In, Ti, or V; and X may be
0O, S, Se etc.

Nickel ferrite (NiFe,O4) possesses a crystalline struc-
ture distinguished by its cubic inverse spinel configura-
tion. This arrangement features oxygen atoms organized
in a cubic close-packed pattern. Within this framework,
both divalent metal ions (A), exemplified by nickel (Ni),
and trivalent metal ions (B), such as iron (Fe), concur-
rently occupy positions in both the tetrahedral and oc-

tahedral sites within the unit cell. The unit cell encom-
passes a total of 32 oxygen atoms, orderly arranged in a
cubic close-packed configuration, encompassing 8§ tetra-
hedral sites and 16 octahedral sites that are occupied. The
predilection of a cation for occupying A or B sites is pri-
marily contingent on the cation’s size [4, 5].
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FIGURE 1. The flow chart of the sample preparation by sol-gel
method.
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Diverse methodologies have been employed to syn-
thesize nickel ferrite nanoparticles, including hydrother-
mal synthesis, solvothermal synthesis, co-precipitation,
combustion techniques, and sol-gel auto-combustion ap-
proaches [6]. Notably, the sol-gel auto-combustion tech-
nique has been employed for the creation of ultrafine
nanoparticles. This method offers several advantages over
alternative synthesis techniques, including rapidity, low
external energy demand, a simplified one-step process,
and the generation of homogeneous crystalline nanopar-
ticles [7]. Throughout the previous decade, concentrated
efforts have been channelled toward the enhancement of
the dielectric properties of high-magnetization ferrites.
These endeavors seek to extend their utility in scenar-
ios demanding high-frequency functionality, such as in
the domains of radars, isolators, and circulators. Within
this framework, our research has particularly honed in on
the integration of nickel and aluminium substitutions into
nickel ferrites [8, 9]. Nickel ferrites hold a paramount role
as magnetic materials, with their significance stemming
from their widespread adoption in microwave appara-
tuses engineered for operation at elevated frequencies.
This choice is motivated by their advantageous attributes
of heightened resistivity and minimized losses [9, 10].
The strategic introduction of non-magnetic ions realized
through substitution at the Fe sites, provides a mechanism
to exert control over the properties of spinel ferrites [11].
Especially in the realm of radio and microwave frequen-
cies, the replacement of aluminium within nickel ferrites
demonstrates its adaptability, playing a pivotal role in
curbing both electrical and magnetic losses. Furthermore,
the incorporation of AI’* ions functions to impede the
growth of grains and amplify the mechanical durability
of the ferrite materials. Notably, these nickel ferrites with
aluminium substitutions exhibit heightened electrical re-
sistivity, which subsequently translates into a tangible
reduction in losses attributed to both dielectric effects and
eddy currents [9]. Acknowledging the profound impor-
tance of Al-substituted NiFe;Oy4, the present research em-
barks upon an exhaustive and comprehensive exploration.
It will give us a comparative study for parent nickel fer-
rite over Aluminium substitution nickel ferrite. In mixed-
metal spinel ferrites like Ni;_,Al,Fe;O4, Equimolar 50%
substitution on Nickel site is crucial for studying the
cation distribution in the crystal lattice. It helps in under-
standing how different cations are distributed among the
octahedral and tetrahedral sites in the spinel structure.

The present study focuses on the structural and dielec-
tric properties of AI** ion substitution NiFe;O, spinel
ferrite systems prepared by a sol-gel auto-combustion
method. The Rietveld refinement of XRD suggests the
cubic phase with Fd3m which also corroborates the anal-
ysis of Raman spectra. The frequency-dependent dielec-
tric analysis shows the more stable dielectric constant (£')
on varying frequencies and lower dielectric loss (tan §).

2. EXPERIMENTAL

The flow chart of the experimental method is shown
in Figure 1. The stoichiometric ratio Nij_,Al,Fe;O4
(x = 0,0.5) was chosen and followed the sol-gel auto-
combustion method to prepare nanopowder. Nickel ni-
trate [Ni (NO3),.6H;O] and iron nitrate [Fe (NO3)3.9H,0]
were dissolved in double distilled water and added 20g
of citric acid (C¢HgO7.H,0) to synthesize NiFe,O4 and
followed the same procedure while synthesizing the

Nig 5Alg sFe;O4. We used Aluminium nitrate [Al (NO3),
6H,0], precursor and same precursor Nickel nitrate, and
iron nitrate. The next stage was neutralization of the solu-
tion by adding ammonium hydroxide and the addition of
ethylene glycol to the solution with continuous stirring as
a chelating agent until pH 7. Evaporation of the solution
at a temperature 100°C due to which the highly viscous
gel was formed. The fine powder was obtained and cal-
cinated at 500°C for 6 hours followed by sintering at
550°C for 3 hours. In the present work, X-ray diffraction
(XRD), Raman spectroscopy, Fourier transformation in-
frared spectroscopy (FTIR), and dielectric measurement
are used to study the structural and dielectric behavior of
prepared samples.

3.RESULTS AND DISCUSSION

3.1 X-ray Diffraction Analysis

Figure 2(a) shows the XRD pattern of Nij_,AlFe,O4 (x=
0.0 and 0.5). The major diffracted peaks were obtained at
30.299, 35.67°, 37.320, 43.36°, 53.80°, 57.36° and 62.99°
which found to match with the JCPDS reference code
number 01-074-1913 of NiFe;O4 and the reported data
available in recent literature [12, 13]. In the doped sam-
ple of nickel ferrite, a small peak is observed at ~ 33°
which might be attributed from Fe,O3 which shown as in
the inset of Figure 2(a) [14, 15].

TABLE 1. Extracted Parameters from the Rietveld Refinement
of NiFe;Oy.

Atoms (Wyckoff Positions)| X Y Z
Fe™Z (8a) 0.125 [ 0.125 | 0.125
Fe3/NitZ (16d) 0.500 | 0.500 | 0.500

0 (32¢) 0.255 | 0.255 | 0.255

We observed a progressive shift of peaks toward a
higher angle in the Al-substituted sample (Figure 2 (b)),
which might be possible due to the difference in the ionic
radii of the Ni%* (0.69 A) and of AI** (0.51 A) [16].

Further, XRD data was processed Rietveld refinement
(Figure 3) and matched well with Fd3m space group sym-
metry. The Wyckoff Positions (Table 1) and other fitting
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FIGURE 2. (a) XRD pattern of prepared samples. (Inset: XRD pattern of Fe;O3 reported in JCPDS data extracted from the X’ pert
High Score); (b) Peak shifting in comulative mode of origin of the prepared samples
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FIGURE 3. Rietveld refined XRD Pattern for x (a) 0.0, and (b) 0.50 doping of Al content

TABLE II. Table of Rietveld refinement parameters.

Sample/Parameters| Rp | Rwp | Rexp | X Z
X=0 146 | 1.85 | 2.11 | 0.77
X=0.50 1.64 | 2.15 | 2.10 | 1.05

parameters are summarized in Table 2.

The goodness of fit (12 ~ 1) [17, 18], and values of
other reliability factors such as Ry, Ryp, and Rex validate
Rietveld refinement and support the cubic inverse spinel
structure. Rp, Ryp, and Rexp of refinement residuals are
utilized to evaluate the accuracy of the correspondence
between the observed and computed diffraction patterns,
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FIGURE 4. Crystal structure extract from the refinement data plotted using Vesta software in various mode (a) polyhedral, (b)
reflective, (c) ball and stick (d) individual atomic coordination; (e) Williamson-Hall Plot of Ni;_,AlFe,O4

and the residuals serve as a quantitative measure of the
degree to which the model aligns with the empirical data.
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FIGURE 5. Raman spectra of Nij_,Al,Fe,O4 (x =0,0.5) fer-
rite.

To visualize, we generated the crystal structure using
Vesta software in polyhedral, reflective, ball, and stick
mode as shown in Figure 4 (a-c) From the extracted CIF
file in Rietveld refinement. The green colour denotes the

atoms of Fe2t/ Fe3*t, blue denotes Ni/Al, and red is for
the O- atoms. One can observe from Figure 4 (d) that,
Fe* is coordinated with 4 oxygen atoms forming tetra-
hedral geometry while Fe>" is coordinated with 6 oxygen
atoms forming octahedral. Lattice constant (@ = b = c¢),
bond lengths between the atoms, crystallite size, density,
and volume of the unit cell were found to decrease in
x = 0.5 as compared to the parent sample of nickel fer-
rite (x = 0) (Table 3). The observed decrease in lattice
constant and unit cell volume might be related to the dif-
ference in ionic radii. We observed the maximum change
in the unit cell lattice parameter and volume to be 0.8%
and 2.6% respectively.

Table 3 also illustrates the degree of separation between
Ni-O, Fe-Fe, Ni-Ni, and Fe-O crystals changes as the
amount of Al substitution [19]. X-ray density (p,) for
the prepared ferrites (Table 3) were calculated from the
molecular weight and volume of the unit cell for a full
range of compositions are found 5.364 g/cc and 5.189
g/cc respectively. The variation of X-ray density with
composition is decreased with the A" substitution. The
decrease in py is attributed to the decrease in molecular
weight of the samples with AI** substitution [16, 20].

We used Equation 1 [21] and determined the crystallite
size of the sample. Figure 4(e) shows the Williamson-
Hall (W-H) plot for NiFe,;O4 and Nig sAly 5Fe;04.

KA
ﬁcosezj—|—4e‘o sin @ 1
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FIGURE 6. FTIR spectra of synthesized Nij_,Al,Fe;O4 () x =0, (b) x=0.5.

This plot ascertains the presence of positive strain or
tensile strain in the samples, and the crystallite size of
NigsAlgsFe;Oy4 is less than NiFe,O4. [22] The calcu-
lated parameters of the W-H plot are listed in Table 3.

3.2 Raman Spectroscopy

Further, we recorded Raman spectra of Nij_,AlFe,Oy4
(x=0.0 and 0.5) ferrite at room temperature and analyzed
the vibrational active modes. The Raman mode of the
sample exhibits an inverse spinel structure with proto-
type symmetry O’" and a space group of Fd3m. Accord-
ing to group theory, spinel ferrites exhibit 42 vibrational
modes in which 3 acoustic and 39 optical modes. There
should be 5 active modes (A, + Eg + 3 Fp,) should be
observed in the Nickel ferrite [23, 24]. The Ag and Eg
mode correspond to the symmetric elongation and sym-
metric bending of Fe-O and Ni-O bonds at the tetrahedral
group site whereas F, (2), and Fy, (3) are asymmetric
stretching and bending of Fe-O and Ni-O bonds at the oc-
tahedral site. In addition, the F», (1) mode is attributed
due to the translational motion of the tetrahedral group.
Notable is that modes Ag, Eg, and Fy, (3) display neg-
ligible metal atom displacement. [25] We have assigned
5 distinct Raman modes as shown in Figure 5, however,
there might be multiple Raman modes possible. The ex-
perimentally obtained Raman modes (Table 4) align with
those reported for single crystalline NiFe,Oy, indicating
consistency [26] and validating the XRD results. The
slight shift of the Raman peaks for NiysAlysFe;Oq4 to-
wards higher wave number values compared to NiFe,;Oy4.

3.3 Fourier Transformer Infrared
Spectroscopy (FTIR)

The recorded FTIR spectra for the synthesized samples
are shown in Figure 6. Since spinel ferrites have four
IR active bands that are shown as 4F, They are in the
spectral region v; (630-560 cm™'), v (525-390 cm™!),
v3 (380-335 cm™!) and v4(300-200 cm™!). Two of the
bands reported and found in the far-IR region have not
been observed [27]. The FTIR investigations of the Ni-Al
ferrite samples revealed the presence of two prominent
absorption bands. One of these bands was attributed to
the stretching vibration mode of metal-oxygen bonds in
the tetrahedral sites, while the other band was assigned
to octahedral group complexes, which is a characteristic
feature of spinel ferrites [28].

In the case of the pure Nickel ferrite sample, two
prominent absorption bands corresponding to metal-
oxygen (Fe-O) stretching vibrations were observed at
(424 cm~! and 601 cm™ ') while (454.01 cm™! and 619.3
cm™ 1) in sample (Nigs5AlysFe,O4). These bands can
be associated with the stretching vibration frequencies
of metal-oxygen bonds in the octahedral and tetrahedral
sites, respectively [29, 30]. The disparity in the band po-
sitions between the tetrahedral and octahedral complexes
can be explained by the variation in the (Fe**—-0?~) bond
distances. Furthermore, a comparison of the spectra of
the synthesized samples indicated that the presence of ad-
ditional modes in the aluminium substituted nickel ferrite
sample could be attributed to the existence of impurities
such as Fe, O3 [28].
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TABLE III. Geometric parameters of Nij_,AlFe,O4 prepared

samples. p denotes density in (g/cm?®), D denotes crystallite size

in nanometers, A is the specific surface area in m?/g, and d denotes bond length in A.

x | Lattice constant (A)] Volume (A3) p |D| A d (Ni-O) d (Fet2-0) d (Ni-Ni) d (Fe-Fe)
0.0 8.34 +0.004 580.09 + 0.04|5.364|57|21.677|2.047 +0.003 | 1.8724 0.003| 3.6114= 0.004 {3.458 4+ 0.002
0.5 8.27 + 0.005 566.26 + 0.01(5.189(46(25.174| 2.028+0.034 | 1.8634 0.002 {3.594 4+ 0.002 | 3.441+ 0.004
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FIGURE 7. The variation of (a) dielectric constant, (b) dielectric loss and (c) AC conductivity with frequency of Ni;_,AlFe;04

(a) x =0, (b) x = 0.5 at room temperature.

TABLE IV.

Parameters calculated from Raman spectra of Nij_,Al,Fe,O4 (x = 0, 1/2) ferrite by using intense peaks.

Modes( |.) Sample (—) NiFe,Oy4 [ Nig.5Alg 5Fer 0y
Raman Shift (cm™T)

Fa¢(1) (translational motion) | Tetrahedral Group Site 210+1 212+ 1

E; (symmetric bending) Tetrahedral Group Site 333+1 | 334+1

F2,(2) (asymmetric stretching) | Octahedral Group Site 480+1 | 486+ 1

F2,(3) (asymmetric bending) | Octahedral Group Site 567 +1 571+ 1

A, (symmetric stretching) Tetrahedral Group Site 702 £1 | 703 +£1

3.4 Dielectric Study

Figure 7 (a-c) shows the variation of dielectric constant
(&', tangent loss (tan &), and ac conductivity with applied
field frequency in a range of 1kHz -2MHz and observed
frequency-dependent phenomena for the prepared sam-
ples. Both & and tan 8 shows dispersion with frequency
i.e. the values of € and tan§ are high at low frequency
and then decreases rapidly with the rise in frequency. Ul-
timately, it attains a constant value which indicates the
normal behavior of ferrites [15, 31]. This dielectric dis-
persion possibly depends upon two factors: (i) Electron
hopping between Fe’* and Fe* ions; (ii) Space charge
polarization due to the presence of an inhomogeneous
dielectric structure. The explanation for the high dielec-
tric and loss values at lower frequencies lies in Koops’
assumption [32], which posits that the ferrites generally
consist of grains and grain boundaries, where the resis-
tivity of grain boundaries is larger than the resistivity
of grains which leads to the accumulation of charges at
the interfaces between grains and grain boundaries. That
charge contributes to the polarization and consequently

to the €’ and tan § is high at low frequencies. Whereas, at
high frequencies, most of those charges cannot follow the
variation of the field and therefore their contribution to
the polarization ceases. Therefore, €' and tan § decreases
with rise in frequency and reaches almost constant value
as are observed [33, 34]. We observed low dielectric loss
in NigsAlysFe;O4 compared to NiFe,O4. The low loss
at higher frequencies suggests the potential applications
of these materials in a high-frequency region.

An AC conductivity increases with the increase in fre-
quency, however further increase in frequency which de-
creases as shown in Figure 7 (c). The conduction mecha-
nism in ferrites is explained based on a hopping of elec-
trons between Fe2t and Fe?* ions at octahedral sites [35].
As the frequency of an applied field increases, the hop-
ping frequency of electrons enhances which causes an
increase in the mobility of charge carriers. We ob-
served a lower ac conductivity for Nig 5AlysFe,O4 than
NiFe;O4 but followed the same pattern with frequency.
The decrease in ac conductivity might be possible due
to smaller grain size and higher grain boundaries in
Ni0'5A10.5F6204 [36, 37]
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4. CONCLUSION

Powder samples of Ni;_,AlFe;O4 (x =0,0.5) have syn-
thesized using sol- gel technique and studied the proper-
ties from the results of XRD, Raman, FTIR and dielec-
tric measurements. Rietveld refinement of the XRD pat-
tern confirmed the single cubic spinel phase purity of par-
ent compound with Fd3m space group. Lattice constant,
volume, x-ray density and bond lengths were determined
greater than the doped compound. This might be due to
difference between ionic radii of Ni and Al. Crystallite
size using w-h method were found in the range of 45-
60 nm. The cubic spinel symmetry also confirmed by the
Raman and FTIR measurements. Five active modes of vi-
bration were observed in the Raman analysis. FTIR inves-
tigations revealed the presence of two prominent absorp-
tion at tetrahedral and octahedral site, which might be at-
tributed to the stretching vibration mode of metal-oxygen
bonds. Dielectric constant (€") and loss (tan §) decrease as
the frequency increases in both the samples. The low loss
at higher frequencies suggested the potential applications
of these materials in a high-frequency region. We ob-
served a lower ac conductivity for Nig 5AlysFe,O4 than
NiFe;O4 but followed the same pattern with frequency.
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