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Abstract

In the present study, Lig 5.+0.5xTixFes 5-15x04 (Where, 0.0 <x<1.0 in step of 0.2) nanoparticles

were synthesized via sol—gel auto combustion technique. The nanocrystalline samples

exposed to ®0Co gamma (y)-radiation of 5 Mrad dose, to understand its effect on structural,
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morphological, electrical and dielectric properties. The nanoparticles characterized by X-ray
diffraction and field emission scanning electron microscopy (FE-SEM) techniques before and
after irradiation. The irradiated samples give good crystallinity, and small crystallite size (~

25 nm) as compared to pristine samples (~ 45 nm) and the lattice parameter gets decreased up
to ~ 0.01 A. The FE-SEM images of pristine samples show spherical morphology, whereas

irradiated samples showed some cracks in it. Temperature-dependent conductivity measured

by two probe technique reveals that the conductivity decreases (upto ~ 5 x 107°Q1) after
irradiation by obeying Ohmic nature. The dielectric measurements show the strong influence

of irradiation on all the samples.
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1Introduction

The combined electric and magnetic properties of spinel ferrites make them unique as well as
applicable in many fields such as transformer core, recording media, biomedical, a cathode
material for Li-ion battery, supercapacitor, etc. [1]. They are convenient for both electronic
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and magnetic applications [2]. Lithium ferrite (Li-ferrite) is a cubic spinel ferrite, which
belongs to the family of soft ferrite materials with a square hysteresis loop. They possess high
Curie temperature (~ 900 K [3]) and high saturation magnetization (~ 60 emu/gm [4]) thus it
is applicable in the microwave and high-frequency devices. The cubic spinel structure of Li-
ferrite has two crystalline forms, namely ordered a-phase with P4,32/P4332 space group and
disordered p-phase with Fd-3m space group [5, 6]. Li-ferrites can be useful for various
technological applications like microwave devices, computer memory chip, magnetic
recording, radio frequency coil fabrication, transformer cores, rod antennas, magnetic liquids
[7,8,9], etc. Li-ferrite and substituted Li-ferrites are also a capable nominee for cathode

material in lithium batteries [10].

The properties of Li-ferrites are sensitive to various aspects such as the method of preparation
[11], synthesis parameters [12], substituted cations [13], annealing temperature [14]. In
literature, various techniques applied for the synthesis of spinel ferrite in a nanocrystalline
form [15]. Among the several methods, sol—gel auto combustion technique has many
advantages such as homogeneity, uniform grains, small crystallite size, requires low
temperature and cost-effective [16, 17], etc. The properties of Li-ferrite modified by exposing
it to different radiations like X-rays and gamma rays etc. [18, 19]. Moreover, high dose of y-
radiation may create many defects in the crystal hence, the study of y-radiation effects in Li-
ferrite is essential for their role in industrial applications. The amount of defect formation and
property alteration strongly depends on the type of radiation and dose of radiation etc. The
high-energy irradiation may create an interesting phenomenon like sputtering of target
materials, surface morphological changes, etc. Ionizing radiation produces a large number of
ionized and excited molecules along its path. Also, they are non-selective and may interact
with any particle in its pathway. Substitution of the Ti** increases high-frequency response of
spinel ferrites, even in recent year’s application of lithium ferrite enlarged significantly
because of Gigahertz range applications at present. The addition of titanium yield dilute spin
glass behavior in lithium ferrites and can enhance the frequency range [20, 21].

The introduction of Ti** ions in the Li-ferrite as well as the y-rays reduces the formation of

Fe2* ions and creates some defects. Thus, y-radiation and substitution of Ti** ion can modify
structural, morphological, electric and dielectric properties of Li-ferrite. In literature, the y-
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found the properties of Li-ferrite are susceptible to the radiation and these properties can be

modified using an appropriate dose.

With this view, in the existing study, we are projected to investigate the influence of (5 Mrad)

y-radiation on structural, morphological, electrical and dielectric properties of Ti**
substituted Li-ferrite nanoparticles synthesized via sol—gel auto combustion technique.

2 Experimental

2.1Synthesis of Lig 5+0.5xTixFe2.5-1.5¢04 nanoparticles

Lithium nitrate (LiNOs), ferric nitrate nonahydrate (Fe(NO3)39H,0), tetra butyl titanate
(C16H360,Ti) as a source of Li*, Fe3*, and Ti** ions respectively. And citric acid (C¢HgO7) as a
fuel, distilled water (DH,0) and ethanol (C,HgO) as a solvent were used for the synthesis. All
the chemicals of AR grade with ~ 99.99% purity were purchased from Sigma-Aldrich (Merck)
and used for synthesis without further purification. Using sol—gel auto-combustion technique
the Lip 5+0.5¢xTixFes.5-15x04 system with 0.0 <x<1.0 in step of 0.2 were prepared. In our
previous work, the details of synthesis procedure are reported [27]. The as-synthesized
powder was annealed at 800 °C for 6 h for removing an impurity of nitrate remained, also for

well crystal growth.

Two sets of the annealed samples were prepared, out of which one set of samples was
subjected to the planned exposure of Co®0 gamma radiation using gamma chamber, with a
dose rate of 0.1 Mrad/h. The total dose time estimated for irradiation was 50 h to complete the

entire dose of 5 Mrad.

2.2 Characterizations

The XRD patterns were recorded on Rigaku (Miniflex-2) diffractometer using CuK, (A =
1.541 A) radiation in the 20 range of 20°—80°. The Hitachi (S-4800), field emission scanning
electron microscope was used to study the morphology of representative samples. The
temperature dependence of DC conductivity was measured using two probe technique in the
temperature range of 700—1000 K in step of 10 K, I-V characteristics were studied using the

Keithely source meter (2400), in the range from + 5 to - 5 V to estimated room temperature
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resistivity. The dielectric properties were examined using the LCR-Q meter in the frequency
range of 50 Hz to 5 MHz.

3 Results and discussion

3.1 Structural properties

Lio5+0.5xTixFes 5-15x04 nanoparticles. The XRD patterns of LTF-1 sample well matches with
JCPDS card # 82-1436 which belongs to P4132/P4332 space group; corresponds to ordered (a)
phase. The remaining XRD patterns for LTF-2-6 samples well match with JCPDS card #
74-1911 which belongs to Fd-3m space group; corresponds to disordered (8) phases. The XRD
patterns revealed the reflections about cubic spinel structure; no impurity peaks have been
observed in the XRD pattern for LTF-1 to four samples. However, in XRD patterns of LTF-5,6
samples, some reflections belong to TiO, and Li,[O,] phases were oriented, which may
attribute to the incomplete reaction during combustion. Also, higher substitution of Ti** ions
at the place of Fe3* ions having ionic radii 0.76 and 0.645 A [28] respectively. Since, at higher
concentration the Lil*, Ti%* ions are not adequately replacing the Fe3* ions situated at
octahedral [B] site. Thus the impurity phase was oriented. The y-irradiated XRD patterns high
intensity and have broader peak shape, which confirms that the y-irradiated samples are
more crystalline with small crystallite size as compared with pristine samples [29]. In the
irradiated samples; due to the incident radiation some color centers are formed in the crystal,
and we found suitable crystalline material. Also, the massive difference in intensity can
attribute to change in atomic form factor due to ionization of atoms after y-irradiation.
Moreover, the micro stress generated by defects due to gamma irradiation leads to broadening

of diffraction peaks simultaneously.

Fig.1
2004 ~ Un-irradiated
Irradiated
1GU{H) - [f |
| b
= | f | L—
o o | - it it el
T 12000 L L btatd ngtisiny wimessfiose

5 0f 28 18-06-2024, 16:01



Radiation-induced modifications in structural, electrical and dielectric p... https://link.springer.com/article/10.1007/s10854-018-8874-x

= ot
.
g s
= =
— |
B
E £
- = =
. = T
g & B
= = =1 * = = =
=3 R i 5 = 5 2
q0004 | F 4 R -

o bt ot et rmwww B

20 30 40 50 60 70 80
20 (degree)

X-ray diffraction pattern of y-irradiated and unirradiated samples of LTF-1 nanoparticles. (Color

figure online)
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X-ray diffraction pattern of y-irradiated and unirradiated samples of LTF-2 nanoparticles. (Color

figure online)
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X-ray diffraction pattern of y-irradiated and unirradiated samples of LTF-3 nanoparticles. (Color

figure online)
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X-ray diffraction pattern of y-irradiated and unirradiated samples of LTF-4 nanoparticles. (Color

figure online)
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X-ray diffraction pattern of y-irradiated and unirradiated samples of LTF-5 nanoparticles. (Color

figure online)
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X-ray diffraction pattern of y-irradiated and unirradiated samples of LTF-6 nanoparticles. (Color

figure online)

The lattice parameter (a) was calculated using standard relation [30] with the error of + 0.001,

8 of 28 18-06-2024, 16:01



Radiation-induced modifications in structural, electrical and dielectric p... https://link.springer.com/article/10.1007/s10854-018-8874-x

9 of 28

and the values are listed in Table 1. The obtained values of the lattice parameter are compatible
with JCPDS data. However, it is evident from Table 1 that the lattice parameter decreases after
irradiation. And the lattice parameter found to increase with an increase in Ti** concentration
x after irradiation. The difference in ionic radii of Ti%* (0.76 A) and Fe3* (0.645 A) ion leads to
increase in lattice parameter. The variation of lattice parameter with Ti** ion concentration is
shown in Fig. 7. From Fig. 7 it is clear that for irradiated samples the difference in lattice
parameter as a function of Ti** concentration follow the similar trend as that of pristine
samples. The incident radiations increase the energy of ions situated at lattice sites, and
hence, it results in a decrease in lattice parameter and increases in density of the crystal after
irradiation. The X-ray density (dx) [31] was also estimated and summarized in Table 1; the
values decreased with increasing Ti** concentration x which is due to fall in molecular mass.
For irradiated samples holds slightly higher values, the increase in X-ray density for irradiated

samples attribute to the rise in agglomeration of atoms after irradiation.

Table 1 Lattice parameter (a), X-ray density (dy), hopping length (L, Lg), tetrahedral bond
(dav), octahedral bond (dg,), tetra edge (dag) and octa edge (dgey) shared and unshared of
Lio.5+0.5xTixFea.5-1.5x04 Nnanoparticles

18-06-2024, 16:01
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Variation of lattice constant and crystallite size with concentration for y-irradiated and unirradiated

Lios+05xTixFes 5-15¢x0, nanoparticles. (Color figure online)

The intensity of (311) plane is more than that of other planes. Thus the crystallite size was
calculated using FWHM of (311) peak by Scherrer’s formula [32] and tabulated in Table 2. The
values show nanocrystalline nature of the present system before and after irradiation. It can be
seen from Fig. 7 that the crystallite size drastically changed after irradiation, which is due to
increase in agglomeration of atoms by irradiation like quenching process. Similar observations
are also found in the literature for Ni—Zn ferrite [24], Co—Zn ferrite [23] after gamma
irradiation. The small particle size leads to many nanotechnological applications [33, 34].
Hence the irradiated samples can be more useful for many technological applications as
compared with the pristine samples.

Table 2 lonic radii (ra, rg) of tetrahedral and octahedral site and average crystallite size (t) of
pristine (before) and y-irradiated (after) Lig 5+0.5¢xTixF€2.5-1.5x04 Nanoparticles and grain
size (G) for typical samples and porosity

The structural parameters, i.e., hopping lengths (La, Lp), tetrahedral bond length (dar,),
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octahedral bond length (dgy), tetra edge (dag) and octa edge (dggy) were also determined for
all pristine and irradiated samples using the standard relations [35, 36]. The variation of all
these structural parameters with Ti** content x is similar to the behavior of lattice parameter
(a) with x as well as with y-irradiation since all the parameters are proportional to the ‘@’. The
calculated values are listed in Table 2. The tetrahedral (A)-site ionic radii and octahedral [B]-
site ionic radii [37] were also estimated using standard relations [38]. The values of the ionic
radii are given in Table 2, and it is found that the ionic radii increase with an increase in Ti**
concentration x. All the results are in good agreement with the previous report for gamma
irradiated Li-ferrite [19].

3.2 FE-SEM analysis

FE-SEM images of typical samples of the present system are presented in Fig. 8 for pristine
and irradiated samples respectively. The figures show that the fine spherical particles are
agglomerated together. The porous space in agglomerated mobs can be credited to the release
of gases during the combustion process of synthesis. After y-irradiation, the cracked
morphology was observed, which may be due to increase in surface energy by the energy
released by the radiations at the surface during scattering. It is clear from Fig. 8 that the
irradiation can damage the surface morphology of the sample. The average grain size was
estimated using linear intercept method and found in the nanometer range which evidence
that the nano size of the grains. The values of grain size are tabulated in Table 2. The decrease

in grain size can be attributed to cracks in the grains after irradiation.
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FE-SEM images of typical (LTF-1, 3, 6) un-irradiated and y-irradiated Lig 5.05xTixF€2.5-15x04

nanoparticles (scale in inset is 1u m)

3.3 Electrical properties

The variation of electrical conductivity with temperature is shown in Fig. 9 for pristine and y-
irradiated samples. The plots show two distinct regions with its own conduction mechanism
and different activation energy. Similar observations are found for the spinel ferrite in the
literature [39]. The first one belongs to an ordered region with ferrimagnetic phase and the
second one is a disordered region belongs to the paramagnetic phase [40]. The plot shows a
change in slope in each region which corresponds to the Curie point (41, 42]. The electrical
conductivity increases with increase in temperature; it proposes that the sample obeys
Arrhenius relation [43] by showing semiconducting behavior. The graphs with linear nature
suggest us that the variations obeys Wilson’s law and possess semiconducting behavior. It is
found that the substitution Ti** ions results in decreasing the conductivity. The values of
activation energies calculated by Arrhenius plots are summarized in Table 3. The values in the
paramagnetic region are higher as compared to that of in the ferromagnetic region. Since
below Curie temperature, the conduction and valence bands split, while above Curie

temperature bands are degenerate. Thus, it is expected that the activation energy should
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enhance and the activation energy in the paramagnetic region must be larger. The DC

resistivity for irradiated samples is higher as compared with the pristine one, which is due to

the electronic exchange between Fe3* to Fe2* during the irradiation process which affects the

hopping process.
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Table 3 Activation energy of paramagnetic region (E,) and ferromagnetic region (Ey),
activation energy (AE) of pristine and y-irradiated Lig 5+0.5xTixF€2.5-1.5x04 nanoparticles
and grain size (G) for typical samples

Since, the drift mobility of the charge carriers increases with temperature, the DC electrical
resistivity decrease with temperature. The spinel ferrites possess the exponential dependence
of DC electrical resistivity with temperature. In spinel ferrites, the charge carrier jumps from
ion to ion, not through the crystal lattice and the conduction occurs due to the electronic
exchange between Fe3* to Fe2*. Thus, the hopping mechanism can be used to explain
conduction of spinel ferrite wherein charge carrier jumps from ion to ion. Further, the
increase in conductivity with increase in temperature is related to the increase in lattice
vibrations with temperature which in turn leads to more overlap of the orbital and therefore
help the hopping mechanism. A similar variation is observed in case of the resistivity
measured at room temperature. The room temperature DC resistivity of pristine and
irradiated samples was represented in Fig. 10. The figure shows that the resistivity increases
after irradiation for all the samples in the present series and the Ti%* ions increases the
resistivity of Li-ferrite. The electronic exchange, as well as the increase in the Fe2*/Fe3* ratio,
may lead to increase in resistivity after irradiation [44]. The amount of impurity phases in
LTF-6 samples is larger as in LTF-7 (Figs. 5, 6). Hence in this samples somewhat sudden
decrease in DC conductivity, also after irradiation, the increase in impurity phase leads to over
again fall in the DC conductivity value, these can clear from Fig. 9.
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Room temperature resistivity and dielectric constant at 50 Hz frequency of y-irradiated and
unirradiated Lig 54055 TixFe; 5-1.5x04 nanoparticles. (Color figure online)

3.4 Dielectric properties

The dielectric properties of pristine and y-irradiated samples were measured by LCR-Q meter
at room temperature. The capacitance and loss tangent (tan §) were measured in the
frequency range of 50 Hz to 5 MHz. The dielectric constant (¢') was estimated using standard
relation [16], and the values of dielectric constant (¢') and loss tangent (tan §) are plotted
against the log of frequency and presented in Figs. 11 and 12 respectively for pristine and y-
irradiated samples. These parameters decrease with Ti** ions substitution in Li-ferrite and
also decreased after irradiation. The inverse relation of dielectric constant (at 50 Hz frequency)
with resistivity for pristine and irradiated samples is shown in Fig. 10. The concept of
conductivity in dielectric materials exhibits itself in a sketch of how lossy the dielectric
material is, that how well the dielectric material converts the energy in the electric field at a
certain frequency into heat. The figure shows that the dielectric constant decreased and the
resistivity increased after irradiation. The electronic exchange during radiation process is
responsible for decreases in dielectric constant after irradiation. The high value of dielectric
constant at low frequency and rapidly decreases with increase in frequency is observed for all
the samples. Since the dislocations, voids, and defects are present in the crystal structure of
nano ferrites; at low frequencies cause the high value of dielectric constant. When the
frequency reaches a certain frequency limit, the electron hopping cannot follow the electric
field fluctuations and tends to decrease the dielectric constant with increasing frequency. The
decreased behavior of dielectric constant with increasing frequency is because at higher
frequencies; any effect is contributing to polarization is found to struggling. At high
frequencies, the dielectric constant reaches less value due to high conductivity values and
becomes less dependent on frequency. The variation of dielectric constant with frequency can
be explained by space charge polarization due to an inhomogeneous dielectric structure as
discussed by Maxwell and Wagner [45], also obeying Koops’ theory [46]. As Ti** ions increase

in Li-ferrite, the values of dielectric constant decrease, after irradiation, the values are
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somewhat less with the same behavior with frequency. The defects produced by irradiation
cause the change in dielectric properties after irradiation [47]. At low frequencies, the
difference is more as compared to high frequencies. With decreasing Fe ions which are
responsible for polarization, it is expected to decrease the dielectric constant for the present

system. Similar results are available in the literature for spinel ferrites [48, 49].
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It is observed from the behavior of dielectric loss tangent with frequency for all the samples

shows exponentially decreasing tendency with an increase in frequency. Also, the values

follow the same action, as observed in case of dielectric loss. The obtained results are in good

agreement with the literature reports for Li-ferrite [18]. The impurity phases in LTF-5 and 6

(Figs. 5, 6) also affects the dielectric properties and from Figs. 11, 12 it is clear that the decrease

rate in this parameters slows down.

18 of 28

18-06-2024, 16:01



Radiation-induced modifications in structural, electrical and dielectric p... https://link.springer.com/article/10.1007/s10854-018-8874-x

4 Conclusion

The successful synthesis of Ti** ion substituted Li-ferrite achieved via sol—gel auto-
combustion technique. XRD analysis revealed the single phase cubic spinel structure of the
synthesized samples wherein the ordered-disorder transition observed after Ti** ion
substitution for pristine and irradiated samples. The irradiated samples are more crystalline as
compared with pristine. The lattice parameter for irradiated and pristine samples was found to
be comparable with the JCPDS data for Li-ferrite and the crystallite size radically decrease
after irradiation. FE-SEM images showed nano-sized spherical morphology for pristine

samples whereas after irradiation the cracked morphology with nanosized grains was
observed. The substitution of Ti** ions, as well as y-radiation, greatly influenced the electrical
and dielectric properties of Li-ferrites. DC resistivity increase with Ti%* ion substitution, the
room temperature dielectric properties of the system as a function of frequency showed the
normal dispersion behavior and the values were found to be lower as compared to that for Li-
ferrite after Ti%* ions substitution. The irradiation causes a decrease in dielectric parameters
and increases in DC resistivity. Overall the 5 Mrad y-radiation dose can alter the structural,
electrical and dielectric properties of Ti** ions substituted Li-ferrite, which gives better
crystallinity, increase in DC resistivity and a decrease in dielectric properties.
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