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Abstract

Spinel ferrites are attaining huge importance in the modern era, due to their incredible
properties, which means they are widely used in various fields. Therefore, in this paper a cost-
effective and environmentally friendly preparation of Mgg ,5Niy25CUg5_,COxFe197Lag 030,
(x = 0.0, 0.125, 0.25, 0.375, and 0.5) ferrites via the sol-gel auto-combustion method were
carried out. How the structural and functional properties varied with the Cu to Co ratio was
studied. It was found that the crystallite size (D) was reduced from 47.2 to 27.6 nm as the Co**
increased from x = 0.0 to 0.5. While the two major absorption bands including the higher
frequency band (v1) and lower frequency band (v2) lie in the range of 573.80 — 538.65 cm™ and
470.37 — 405.65 cm™! belong to the spinel matrix. Five active Raman modes were found in the
range of wave number 200 — 800 cm™! corresponds to the sublattices of the spinel structure.
The optical bandgap increased from 0.85 eV to 1.33 eV for x = 0.0 to x = 0.25 and then observed
optical band gap was 1.15 eV and 1.46 eV for x = 0.375 to x = 0.5. The resistivity (p) was
minimum for Co?* concentration x = 0.25 at low temperature, while at high temperature the
resistivity (p) was maximum for Co** doping x = 0.25. The temperature coefficient of resistance
percentage (TCR %) was —2.66%/K at 513 K for x = 0.25, as shown in the graphical abstract.

At lower frequencies, the impedance was observed maximum for Co?* doping x = 0.125 and
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minimum for x = 0.375. These findings indicate that the as-prepared ferrites are a potential
candidate for optoelectrical and bolometric devices.

Keywords:
spinel; sol-gel auto-combustion; absorption band; resistivity; temperature coefficient.

1 Introduction

Spinel ferrites are a ceramic material formed by the combination of iron oxide mixed
with a quantity of divalent (Ni**, Zn**, Cu**, Cd**, Mn**, Mg?" etc.) and trivalent (La**, Ce’*,
Nd*, Sm**, Dy**, Eu’**, Er**, and Ho") cations. Spinel ferrites have the formula AB204, where
“A” and “B” represent the divalent and trivalent cations, respectively [1]. Ferrites have two
types: soft and hard ferrites, with spinel ferrites belonging to the soft ferrites having low
coercivity. They can easily be magnetized and demagnetized, also they have high resistivity at
room temperature (RT). Soft ferrites are used in biomedical applications [2], cores of
transformers [3], drug delivery [4], antennas [5], pharmaceutical [6], sensors [7], high-
frequency power [8], and storage devices [9]. From various literature, there are several methods
of preparation including the co-precipitation method [10-14], sol-gel auto combustion method
[15-17], solid-state method [18], hydrothermal route of preparation [8], which have
successfully been used to study the properties of ferrites.

Jnaneshwara et al. [19] reported Co,_, Cu,Fe,0, nano ferrites synthesized via solution
combustion route and suggest that the Cu** doped cobalt ferrites could be used for microwaves
devices. It was observed that the crystallite size was increased from 13.37 to 34.54 nm with the
addition of Cu* cations. The absorption bands exist around 382 cm™ and 578 cm™! corresponds
to octahedral (B-) and tetrahedral (A-) sites, respectively. Samavati et al. [20] synthesized
Co,_xCu,Fe,0, using a cost-effective and easy co-precipitation approach. Also, the authors
reported that the increase in Cu** concentration enhances local disorder at both A- sites and B-
sites in the lattice, according to Raman scattering studies. Pourzaki et al. [21] studied Co**
substituted Mg ferrites prepared by standard ceramic method and observed that the crystallite
size and lattice constant were increased with the increase of Co** doping, while Ahmad et al.
[22] reported Cu,_,Co,Fe,0, synthesized by employing the so-gel route and confirmed the
formation of spinel matrix Cu-Co ferrites. Pubby et al. [23] synthesized Co** substituted Ni
ferrites by sol-gel method. The lattice constant increased with doping of cobalt, while porosity
and crystallite size decreased. It was also noted that as the cobalt doping increased, the active
modes of Raman spectra shifted to a lower wavenumber. Bharathi ef al., [24] reported
CoFe1.925Laoo07504 inverse spinel ferrite with secondary phase LaFeO3s and observed that the

lattice constant had a value of 8.401 A. Two separate regions can be seen in temperature-
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dependent resistivity curves, indicating two different types of conduction mechanisms.
According to the literature study and the best of our knowledge there is no literature present
that proposed the synthesis of Mgy ,5Nig5CUgs_CoxFe; 97Lag 030, (Co-MNCLF) spinel
ferrites. In this research work Co-MNCLF spinel ferrites with x varies from 0.0 to 0.5 with step
interval of 0.125 were prepared by using sol-gel auto-combustion method and reported their
structural study, absorption bands, vibrational modes, optical band gap, resistivity and

temperature coefficient of resistance.

2 Experimental details
2.1. Material used and preparation method of Co-MNCLF ferrites
Mgo25Nig25CUgs_xCoxFeq g7Lag 0304 (x = 0.0, 0.125, 0.25, 0.375, and 0.5) ferrites

were synthesized using the sol-gel auto-combustion method. Following chemicals Mg
(NO3),.6H,0, Ni (NO3),.6H,0, Cu (NO3),.3H,0,Co (NO3),.6H,0, La (NO3)5.6H,0, Fe
(NO3)3.9H,0 were used and a stoichiometric amount of these materials were taken and
dissolved in distilled water. Citric acid and metal nitrates were added with 1:1. Here, citric
acids act as a chelating agent for metal ions and organic fuel during the combustion process.
Ammonia was added drop by drop to maintain the as-prepared solution pH to 7. The
temperature of the magnetic stirrer was maintained at 80 °C unless the gel was formed and then
turned to 300 °C that caused the ash formation. Sintering was performed at 800 °C for 8 h. The
obtained Co-MNCLF material was grounded and used for different characterizations. The
preparation process steps are depicted in Fig. 1.
2.2. Characterization techniques

To obtain the Bragg angle (26) range 20°60°, X-ray diffractometer (XRD), D8
Advanced, Bruker, Cu-Kq radiation, and A = 1.5418 A was used. Perkin Elmer Infrared (PEIR)
Spectrometer was used to record Fourier-transform infrared (FTIR) spectra. This study
explained the cation distribution at tetrahedral and octahedral sites in ferrites. Raman spectra
were used for the structural and vibrational mode analysis of materials. Perkin Elmer, UV—-
visible Double Beam (UV-DS) Spectrophotometer Model Lambda 25 used to record the UV-
visible spectra. The temperature-dependent electrical properties were determined by two
probes current-voltage (I-V) measurement, for this purpose KEITHLEY electrometer model

2401 was used. The dielectric analysis was performed with an IM3536 LCR meter.

3 Results and their discussion of Co-MNCLF ferrites

3.1 X-ray diffraction (XRD) study
The XRD patterns of the Co-MNCLEF ferrites at room temperature are shown in Fig. 2.
The diffraction peaks (220), (311), (222), (400), (422), and (511), (440) of the Co-MNCLF

3



compound are well indexed from the origin via the higher 26 values to the crystal planes
(JCPDS card no: 34-0425). This corresponds to the F d -3 m space group, including secondary
phase formation corresponding to orthorhombic structure LaFeO3 (JCPDS card no: 75-0541).
Several researchers have previously observed orthorhombic phases of rare earth substituted
ferrites [10, 15]. The high reactivity of Fe** ions with La*" ions at grain boundaries may have
caused the emergence of this second secondary phase [15]. The presence of paramagnetic La**
ion (Ous) formed LaFeOs was reduced the magnetism and magnetic behaviour [25]. The

crystallite size (D) of the as-prepared ferrites was calculated by Scherer’s formula [11];
ni

- BCos6 (1)
where n =0.94, “f” indicates the FWHM (full width at half maxima), and “6” is Bragg’s angle.

The FWHM measured with (311) peaks increased with the addition of Co** doping, indicating
that the crystallite size (D) is reduced as the Co** cations concentration increases. The “D”
values were reduced from 47.2 to 27.6 nm as the Co** doping increased from x = 0.0 to x = 0.5
(Table 1). The graphical representation of FWHM and crystallite size (D) are given in Fig. 3
and the reduction in the crystallite size (D) may be due to the bond energy of Co—O being

greater than Cu—O. Bragg’s law was used to determine d-spacing (inter planer spaces) [11];
ni

d= (2)

" 2sind

€Cc__9%

where “n” shows the order of diffraction. The lattice constant (@) was calculated by the
following equation [11];
a=dvhZ +kZ+1* 3)

where (h k [) are miller indices. The d-spacing (d) and lattice constant (a) for the ferrites are
given in Table 1. As the doping (x) increases from x = 0.0 to x = 0.5, the “d” and “a” both
decrease and graphically are represented in Fig. 4. Vegard's law explains the decreasing trend
in the value of the lattice parameter with the Co?* substitution. Vegard's law predicts the linear
change in the lattice parameter for the spinel matrix with the replacement of different ions
based on the change in ionic radii of replacing and replaced ions. Since the ionic radius of the
Co** ion (0.65 A) is smaller than that of the Cu”* ion (0.73 A), the lattice constant (a) is
effectively reduced [26]. Also, the presence of La** ion limits the growth of the crystal structure
due to the formation of the LaFeOs3 phase, resulting in a decrease in lattice constant when
compared to a pure MNCLEF ferrite. The unit cell volume (V) is calculated by the equation [27];

V=a? 4)
The unit cell volume (V) decreased from 586.15 A to 575.43 A. The hopping lengths La and

Lz were calculated for the sublattices A- and B-sites using the following equations [28];
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=28 5)

Ly=22 (©)

The calculated values of “La” and “Ls” for all the as-prepared ferrites are listed in Table 1. The

polaron radius (y) is calculated using equation (7) [10];

y =3 Joe (M)
The estimated values of “La” and “Lp” along polaron radius (y) are reported in Table 1 and
graphically represented in Fig. 5. The “La”, “Ls” and *“y” were reduced as the concentration of
Co?* was increased, which means that a smaller amount of energy is required for the charge
carriers to migrate from one cationic site to another [29]. The “y” values are smaller than the
hopping lengths, which could be attributed to the creation of small polarons [30]. The X-ray

(dy), bulk (dg) and relative (dg) densities were calculated by the following relations [29, 31];

8M
dX = NAa3 (8)
Mass M
dB = Volume = nr2xh ©)
d
dg = ﬁ (10)

where “M” is the molecular weight of the sample and Na = 6.02x10">* mol™' (Avogadro’s
number). The density of ferrites plays a vital role in controlling their properties. Table 1 shows
the measured bulk density and X-ray density for the investigated ferrite system. With the
replacement of Co?* for all of the compositions, an increase in X-ray and bulk densities was
observed (Fig. 6). The bulk density is often found to be smaller than the corresponding X-ray
density. This may be due to the presence of pores that formed and were established during the
sintering process or sample preparation [32]. The relative density was reduced from 120.73 to
115.92 as the doping increased from x = 0.0 to x = 0.5 (Fig. 6). The percentage of porosity (P%)

was estimated using the following relation [33, 34];
P(%):[I—Z—Z]xloo (11)

As the doping of Co** increased, the porosity percentage of the ferrite reduced from 17.17 %
to 13.73 %. The formation of the orthorhombic LaFeOs phase has filled the inter-granular
voids, resulting in increased density [28]. Hence, the addition of the Co** ion is predicted to

have a decreasing effect on porosity and as depicted in Fig. 6.



The lattice parameters including the specific surface area (S) [27], packing factor (p)
[27], strain (&) [27] and dislocation density (0) [27] were calculated by using formulas from

equations (12), (13), (14) and (15) and given in Table 1.

6000 D
§=220 (12) p=3 (13)
e=— (14) - (15)

The specific surface area (S) and strain () were increased with the replacement of Co** with
Cu?* in the Co-MNCLPF ferrites (Table 1). It is also observed from Table 1 the packing factor
(p) was decreased with the substitution of Co?* cation in the lattice sites. The dislocation density
(0) examines the superiority of the as-prepared ferrites. It can be seen in Table 1 the values of
“6” were increased from 4.49 x10™to 13.10 x10™* nm™ as the Co** cation doping changed from
x=0.0tox=0.5.

3.2 Functional group and absorption bands study

FTIR spectra were recorded between 400-4000 cm™ at RT to study the functional group
and absorption bands for the as-prepared Co-MNCLF ferrites, as shown in Fig. 7. Oxygen-
tetrahedron (Fe—O) and oxygen-octahedron (O—Fe—O) bending vibrations are correlated with
higher and lower frequency bands (v1 and v2), respectively. The two major frequency bands
(higher frequency band (v1) and lower frequency band (v2)), lie in the range of 573.80 — 538.65
cm! and 470.37 — 405.65 cm™!, respectively (Table 2). The disparity was observed in v1 and v2
with the substitution of Co** ions. The decreasing trend in v2 is due to the change in the
octahedron's size. The octahedral site is reduced in size as Fe** and Co®* ions migrate to the
octahedral site. Similarly, the remaining Co®" ions occupy the tetrahedral site and induce
shrinkage in v1. The force constants at both tetra- and octahedral sites were calculated by the
equation [30];

K =4m?v?%c*m (16)
where “c” and “m” represent the speed of light and reduced mass (2.601 x 102 g). Table 2
shows that the calculated values of force constants (K1 and K?2) for tetrahedral and octahedral
bands are showing a decreasing trend. It may be due to the decrease in ionic radii of tetrahedral
and octahedral sites.

The peaks around 885 cm™ may be due to the bonding of the C—C group [35]. The
bands around 1120 cm may be due to the remaining C-O vibration [36]. The stretching
vibration of the hydroxyl group is attributed to the observed peak at around 3410 cm™', while
the symmetric and asymmetric stretching vibration of atmospheric CO2 groups is attributed to

the other observed peaks at around 1400 and 1600 cm™ [37, 38].
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3.3 Raman spectra analysis

Raman spectroscopy is an important tool for discovering substance vibrational and
structural properties. Co-MNCLF ferrites have an AB204 cubic spinel matrix, which
corresponds to the (F'd -3 m) space group and has eight formula units per unit cell. The smallest
Bravais cell has just 14 atoms, while the complete unit cell of cubic symmetry has 56. As a
result, 42 different vibrational modes are possible. The following optical phonon distribution
is predicted by group theory: 5T;,,(IR) + A;4(R) + E; (R) + 3T,4(R). The 5T1u modes are
infrared (/R) active modes [18], while the remaining Raman (R) active modes (Aig + Eg + 3T2g)
are due to the motion O* anions and both the tetrahedral (A-) site and octahedral (B-) site
cations. Raman spectra of Co-MNCLF ferrites were recorded between the range of 200-800
cm'. A least-square fit with Lorentzian line shape was used to fit the Raman spectra to evaluate
the natural frequency, line width, and lattice effect in all ferrites, and their Lorentz fit spectra
are depicted in Fig. 8(a-e).

The values of active Raman modes are reported in Table 3. The Raman mode “A1¢” lies
in the range 677 — 690 cm™' represents the symmetric stretching of the bond that exists between
Fe**/Metal-O% in the tetrahedral (A-) site. The Raman modes “T2¢ (3)”, “T2 (2)” and “E,” lie
in the range 548 — 633 cm’!, 468 — 487 cm’!, and 328 — 391 cm, respectively originating in
the octahedral (B—) site due to anti-symmetric stretching of metal-oxygen bonds. Finally, the
translation movement of the MOs4 tetrahedral units is associated with the T2¢ (1) mode, lying in
the range of 301-322 cm™.

3.4 UV-vis spectroscopy analysis
The optical band gap (Eg) of materials that are good candidates for optoelectronic
applications is the most significant property. The absorption coefficient (o) for Co-MNCLF

ferrites was calculated by using the following equation [10];

a = 2.303 “’gl(*‘) (17)

where ‘A’ and ‘I’ represent absorbance and the path length of light in which absorbance takes
place, respectively. Tauc’s plots (Fig. 9(a-e)) were used to determine the optical band gap of
Co-MNCLF ferrites and the following relation was employed as [10];

ahv = B(hv — Eg)" (18)
where ‘A’ is Planck constant, ‘v’ is the frequency, and ‘B’ is the transition probability
dependence constant. “n” is constant, having value 1/2 or 2. It was found that the optical band
gap (Eg) increased from 0.85 eV to 1.33 eV for x = 0.0 to x = 0.25 and then observed optical

band gap was 1.15 eV and 1.46 eV for x = 0.375 to x = 0.5, respectively, as shown in Fig. 9(a-



e). Itis because Co** is less conductive than Cu®* and also the existence of La** formed LaFeO3

phase at grain boundary is responsible for this trend.

3.5 I-V measurement analysis

Let us now turn to the impact of Co?* doping on the electrical characteristics of the as-
prepared ferrites. Fig. 10 illustrates the temperature dependence of resistivity (p) for the Co-
MNCLEF ferrites in the temperature range 323—673 K. Fig. 10 also reveals the Arrhenius plots
i.e., 10°T as a function of the log of resistivity. A kink occurs in the Arrhenius plots in the
range 393 — 433 K (Table 4) for all the ferrites and represents Curie temperature (7c). The kink
of 10%T values change with the dopant concentration and the x = 0.25 sample has a smaller
value than other samples. It may be due to a change in dopant concentration and the
development of the LaFeO3 phase at grain boundaries. It has two regions separated by the
black dotted line (Fig. 10). The region before the Curie temperature (7c) is associated as a
ferromagnetic region, while the region above Curie temperature (7¢) is called the Paramagnetic
region. The resistivity (p) increases in the Ferro region and then drops continuously in the para
region with increasing temperature for all ferrites. The activation energy (Ex) is calculated by
taking the slope of Arrhenius plots using relation [27];

E, = 2.303 X kg x 103 x slope (eV) (19)

where “kp” represents Boltzmann constant (8.602 X 10~ eV/K). The activation energy (AE) of
the Co-MNCLF ferrites are given in Table 4 and observed that the maximum “E,” was 0.8625
eV for sample concentration x = 0.25 (Fig. 11). The concentration of charge carriers () was
estimated using equation [27];

_ NadpPre
= acelre 20)

where “Pg,” is the number of Fe atoms in Co-MNCLF ferrites and the calculated values of “%”
are reported in Table 4. The drift mobility (1) of Co-MNCLEF ferrites were determined via the

following equation [27];

1

Ha == 1)

where ‘e’ charge of an electron (4.8032451x107'% esu) [11]. The calculated values of “u,” were
decreased from 1.217 x10* to 1.108 x10°'* cm?/Vs, as the doping of Co?* increased from x =
0.0 to x = 0.5 at 323 K (Fig. 11). It was observed from Fig. 2 that LaFeO3 phase intensity
increased with the substitution of dopant ions along with La** ions. Therefore, the drift mobility
was reduced when compared with the pure MNCLF sample (as seen in Fig. 11). It was also

observed from Fig. 11 that the maximum Curie temperature was 433 K at x = 0.25.
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Fig. 12(a-c) indicates the plots of Co** concentration (x) versus (a) log of resistivity (p)
at low temperature [323 K — 413 K] (b) log of resistivity (p) at medium temperature [423 K —
493 K] (c) log of resistivity (p) at high temperature [503 K — 673 K]. It was found from Fig.
12(a) that the resistivity (p) was minimum for Co®* concentration x = 0.25 except at 323 K and
Fig. 12(b-c) revealed that the resistivity (p) was maximum for Co** doping x = 0.25 at higher
temperatures. It was also observed from Fig. 12(a-c) that at low temperature the resistivity (p)
increased when the temperature increased from 323 K to 413 K. Electron hopping between
ions of a similar element with different valence states is responsible for resistivity. In other
words, a change in resistivity is caused by cationic distribution in the spinel matrix. In our case,
one of the following processes governs the existence of ions with several valence states:

Co?* + Fe** — Co*" + Fe?*
Fe’* + Fe** — Fe’* + Fe?*
Co* + Co** — Co?** + Co™*

It was also observed from Fig. 12(b-c) that the resistivity (p) was reduced as the
temperature increased in the medium (423 K — 493 K) and high (503 K —673 K) temperature
range. The decrease in resistivity with rising temperature due to high lattice vibrations at high
temperatures could be explained by the maximum transfer of electrons, causing the ions to
come closer for easier electron transfer and thus inducing conduction.

The temperature coefficient of resistance (TCR) is extremely valuable for assessing the
sensitivity of infrared detectors (IR) used in night vision bolometers [39]. The TCR percentage

was calculated using the following relation [40];
e
TCR=2 |%2] % 100 (20)

Where “T” is temperature and “p” is resistivity. The TCR% data of Co-MNCLF as a function
of temperature is shown in Fig. 13. The peak position of the Fig. 13 revealed that TCR% values
are —3.01%/K at 433 K, —6.97%/K at 433 K, —2.66%/K at 513 K, —5.54%/K at 433 K and
—4.71%/K at 443 K for x = 0.0, x = 0.125, x = 0.25, x = 0.375 and x = 0.5 sample, respectively.
It may be due to the existence of La** ions which formed the LaFeOs phase at the grain
boundaries along with the dopant ions. Sintering temperature and time are two elements that
could also affect peak TCR% value [41]. These findings indicate that Co-MNCLF ferrites
could be employed in bolometric devices, which is encouraging.

Fig. 14(a-c) revealed the plots of Co** concentration (x) versus TCR % at different
temperatures. It can be seen in Fig. 14(a) that the TCR % is positive between the temperature

range 323 K — 393 K and has a maximum value at Co** doping x = 0.375. It was also found



from Fig. 14(a) that the values of TCR % reduced as the temperature increased from 323 K to
393 K. It can be shown in Fig. 14(b) that the values of TCR % between the temperature range
403 K — 493 K and has different TCR % at different temperatures as well as different Co**
concentration (x). Fig. 14(c) revealed that the TCR % was increased with increasing the
temperature from 503 K to 573 K. Fig. 14(d) indicated the TCR % at 623 K and 673 K for
different Co®*ion concentrations.
3.6 Dielectric analysis

At room temperature, the dielectric constant including real (¢') and imaginary (&'") part
as a function of frequency were measured and illustrated in Figs. 15(a) and 15(b), respectively.
With an increase in frequency, the dielectric behavior, both real and imaginary parts of the
dielectric constant, exhibits a declining tendency. In the low-frequency area, the dielectric
behavior dispersion is quite sharp, whereas, in the high-frequency region, it is constant. The
polarization caused by changes in space charge polarization and cation different valence states
is thought to be the cause of the behavior. The difficulty of the electric dipoles to follow fast
changes in the field causes the dielectric constant to behave nearly frequency-independent at
higher frequencies. Because the electronic and atomic polarization is mostly unaltered at these
frequencies, the frequency dispersion seen in this work is considered to be attributable to
interfacial polarization [42, 43]. Two-layer model, the observed behavior may be described
using Maxwell-Wagner interfacial polarization, which agrees with the phenomenological
theory of Koop's. Koop's theory suggests that the materials are made up of two layers: one with
good conducting grains and the other with extremely resistive grain boundaries. The electrons
are reached by a hopping mechanism to the insulating grain boundaries, where they concentrate
due to the structure's resistivity. This charge accumulation under the impact of the field leads
to a rise in interfacial polarization and, as a result, a larger dielectric constant value at low
frequencies. Because the charge carrier's inhomogeneous dielectric matrix takes a certain
amount of time to align themselves along the direction of the field, the dielectric constant
naturally reduces as the frequency increases. In the low-frequency area, between two Fe sites
hopping of charges, i.e., Fe’* and Fe?*, synchronize with the field, but in the larger frequency
region, this synchronization fails and the field lags, resulting in an independent frequency like
a response [42, 43]. Furthermore, at high frequencies, the dielectric constant is insensitive to
the heterogeneity impact, and grain boundary resistivity is greater, which slows down the
hopping process and lowers the dielectric constant value. It was also observed from Figs. 15(a)

and 15(b) that the dielectric constants first reduced and then increased with the substitution of
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Co’" ions at the lattice sites. For Co** doping x = 0.125, has minimum dielectric constants. It
has a maximum value for x = 0.25 at low frequency and for x = 0.375 at high frequency.

The dielectric loss factor known as tangent loss (tan 0) is a significant component of
total core loss in ferrites. The structural homogeneity, the quantity of Fe?* ions, and synthesis
variables including sintering time, temperature, and heat all influence the magnitude of the loss
tangent. The fluctuation of “tan ¢ as a function of “log f’ is shown in Fig. 15(c). Because
charge hopping between Fe** and Fe** can only follow the frequency of the field up to a certain
point, the “tan ¢ drops as the frequency of the field increases. There is a close link between
ferrite's conduction mechanism and their dielectric properties. The resistivity of the grain
boundaries increases as the frequency increases, decreasing the charge exchange mechanism
and therefore lowering the dielectric loss value [44]. The “tan 0” follows the same pattern as
the dielectric constant, first reduced and then increased as the Co** doping increases. For x =
0.125 concentration, the tangent loss has minimum value.

Ferrite's electrical characteristics are comparable to that of semiconductors and are an
important factor in determining their use in electronic devices [42]. At room temperature, the
ac conductivity (oac) of Co-MNCLEF ferrites was measured as a function of frequency, depicted
in Fig. 15(d). It was found from Fig. 15(d) that the “oac” increased with increment in the applied
frequency. It may be due to the hopping frequency between Fe** and Fe* ions rising as the
field frequency increases, therefore ac-conductivity increased.

At room temperature, Fig. 16(a) depicts the change of the real part of impedance (Z')
with frequency for all the ferrites. With increased frequency, the value of “Z’” is found to
rapidly declined and the reduction in “Z’” implies that conduction is rising as frequency
increases. At lower frequencies, the value of “Z’” was observed maximum for Co** doping x =
0.125 and minimum for x = 0.375. The higher “Z"” values at lower frequencies indicate more
polarization and this is due to the presence of all types of polarization at lower frequencies. It
was also important to note that the values of “Z’” for all the ferrites coincide around 1 MHz.
The lower values of “Z'” for all the ferrites at higher frequencies is due to space charge
polarization that exists at the homogenous phase boundaries in ferrites under externally applied
fields. Fig. 16(b) depicts the change of imaginary part of impedance (Z'") with frequency for
all the ferrites. It is clear from Fig. 16(b) that the values of “Z'" also reduced with increasing
the frequency and the minimum values of “Z'””” was found for Co®* concentration x = 0.125.

The Cole-Cole (CC) plots, “Z'” against “Z""”, is shown in Fig. 17(a-e). For the Co-

MNCLF ferrites, two semicircles were observed. The semicircle at lower frequency indicates
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the total grain resistance and grain boundaries, whereas the semicircle at higher frequency
simply represents grain resistance. Starting from the origin, all Co** replaced compositions
display a single semicircular arc and second semicircles in the CC plots suggest that the
materials only have a grain influence on the conductivity mechanism [42]. It was observed that
the diameter of the semicircle increased with the Co** ions doping up to x = 0.375 and then
decreased. The resistance of the grain is corresponding to the diameter of the CC plots
semicircle [42].

The Q factor value is the reciprocal of the dissipation factor (tan o) [45]. The log of
frequency versus Q-factor plots is seen in Fig. 18. It was noted that the value of Q is larger at
a higher frequency above 1 MHz. As a result, the resonance frequency of more than 1 MHz
and the excellent quality factor indicate that Co-MNCLF ferrites may be used in high-
frequency multilayers and resonance circuits.

4 Conclusions

For Co-MNCLF ferrites synthesized by employing the sol-gel auto-combustion method, it was
observed that as Co** doping (x) increases from x = 0.0 to x = 0.5, the lattice constant (a) was
reduced, while the replacement of Co** for all of the compositions, an increasing trend in X-
ray and bulk densities was found. The disparity was found in v1 and v2 with the substitution of
Co?*ions. The Raman mode “A1;” lies in the range 677 — 690 cm™ while Raman modes “T2,
(3)”, “T2¢ (2)” and “Eg” lie in the range 548 — 633 cm’!, 468 — 487 cm™!, and 328 — 391 cm!,
respectively. Moreover, the T2 (1) mode lies in the range of 301-322 cm™'. The optical band
gap (Eg) was minimum (0.85 eV) for x = 0.0 and maximum (1.46 eV) for x = 0.5. The resistivity
(p) was reduced as the temperature increased in the medium (423 K — 493 K) and high (503 K
—673 K) temperature range. The peak position of the temperature versus TCR% revealed that
the TCR% values are —3.01%/K at 433 K, —6.97%/K at 433 K, —2.66%/K at 513 K, —5.54%/K
at 433 K and —4.71%/K at 443 K for x = 0.0, x = 0.125, x = 0.25, x = 0.375 and x = 0.5 sample.
The dielectric constants first reduced and then increased with the substitution of Co* ions at
the lattice sites. At lower frequencies, the value of “Z”” was maximum for Co®* doping x =
0.125 and minimum for x = 0.375. The high optical band gap, resistivity, and TCR are valuable
for the promising infrared detector (IR) for night vision bolometers and optoelectrical.
Therefore, the sample with Co** concentration x = 0.125 has exhibited the highest temperature
coefficient of resistance (—6.97%/K at 433 K) among other samples that indicated that it might

be a promising infrared detector (IR) for night vision bolometers.
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