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ARTICLE INTFO ABSTRACT
Article history: Polycrystalline samples of Mg substituted lithium ferrites (Li;-xMgyxFes.xOg (LMFO) (x=0,
Received 26 August 2019 0.003, 0.005, 0.007 and 0.01) have been prepared by conventional solid-state reaction. X-
Accepted 13 January 2020 ray diffraction patterns revealed the formation of a single-phase cubic structure with P4,32
Available online 27 January 2020 space group. The dielectric constant of lithium ferrite increased with Mg substitution attain-
ing a maximum value for x=0.005 (sr =3034, tan §=0.001at 1MHz) at room temperature.
Keywords: Temperature-dependent dielectric response in the high frequency range (1MHz-1GHz)
Ferrimagnetism showed the relaxor behaviour of the dipoles, evident from the shift in the loss tangent
Lithium ferrite with frequency. The activation energy of LMFO is found to be in the range of 1.39 -
Dielectric constant 0.35eV. An enhanced permeability is found to be ~29 for x=0.007 at 1 MHz, RT. The vari-
Microwave devices ation in permeability is attributed to the variation in thickness of the domain walls and

magneto-crystalline anisotropy. The temperature-dependent magnetization curves reveal
the ferrimagnetic transition of LFO at 600 °C, which reduced with Mg substitution. Magnetic
hysteresis loops showed the highest saturation magnetization (M = 54.6 emu/g) for x=0.007
among all the samples. The magnetic properties are explained by considering Neel’s two
sub-lattice model. Thus, LMFO samples, (especially with x=0.005) are very promising for
circulator and phase shifter applications.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Among the spinel ferrites, lithium ferrite (LiFesOg/Lig sFep 504)
(LFO) has been extensively studied owing to its chemical sta-
bility, exceptional magneto-dielectric properties. LFO exhibits
high Curie temperature (T.), square hysteresis loop, high sat-
uration magnetization (Ms), excellent dielectric properties,
and high resistivity, etc. [6,7]. Because of its low cost, it
can be a better substitution for extensively used yttrium
iron garnet (YIG) for microwave applications [8,9]. Further-
more, they are also used in lithium-ion batteries, memory,
and magnetic recording devices, magnetic resonance imaging

1. Introduction

Spinel ferrites are materials that have attracted much atten-
tion for a long time by virtue of their unique optical, electric,
and magnetic properties [1-3]. Therefore, these materials are
very promising for various applications in novel technologi-
cal devices such as circulator, gyrator, phase shifter, etc. [4,5].
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enhancement, magneto-caloric refrigeration, and gas sensing
applications [10-16].

Lithium ferrite (soft ferrimagnetic material) exists in the
form of bcc cubic crystal lattice having an inverse spinel
structure (AB,04), in which A and B occupy tetrahedral and
octahedral sites, respectively. The 8A and 16B sites in cubic
spinel ferrites are occupied by iron and divalent cations [17].
The effect of cationic ordering on the ferromagnetic reso-
nance (FMR) and the structural properties of single-crystal LFO
have been investigated by Pachauri [18]. Different preparation
methods have been used to synthesize lithium ferrite (LFO),
such as sol-gel [19], solvothermal [20], microemulsion [21],
spray pyrolysis [22], coprecipitation [23], microwave-induced
combustion [24], etc. Moreover, dielectric and magnetic prop-
erties of lithium ferrite can be tailored and optimized to
device-specific by choosing appropriate chemical substitu-
tions with nonmagnetic ions. Soibam et al. [25] reported that
the replacement of Co?* does not affect quadrupole splitting
and isomer shift. It is reported that the aluminium (Al) sub-
stituted lithium ferrite nanoparticles prepared using citrate
gel auto combustion method show a reduction in the satu-
ration magnetization [26]. Whereas the substitution of Ca on
Li-Zn ferrite is found to enhance porosity and degrades the
permeability. Sattar et al. [27] found that the replacement of
Ca in place of Zn is a better option for improving electrical
and magnetic properties rather than for Fe and Li. Rathod [28]
et al. explained the correlated vibrations of the octahedral and
tetrahedral complexes and the absorption bands in FTIR spec-
tra of Li-Zn ferrites. Hilli et al. [29] studied the electro-magnetic
properties of samarium (Sm) doped LFO nanoparticles. The
resistivity of Sm doped LFO increased with Sm concentra-
tion. Bamme et al. [30] reported the dielectric properties of
Cd substituted LFO using the microwave-induced combustion
method. The dielectric constant degraded with Cd substi-
tution and the quality factor shows cusps in the frequency
range of 80-400 kHz. The citrate precursor method was used to
prepare nanosized zirconium (Zr), and manganese (Mn) sub-
stituted LFO [31]. With an increase of Zr and Mn content, DC
electrical resistivity enhanced, which follows the polaron hop-
ping mechanism.

Similarly, with the increase in Zr-Co concentration, coer-
civity increases, but saturation magnetization decreases [32].
Nutan et al. [4] studied the complex permittivity, and per-
meability of Co substituted LFO for microwave applications.
Argentina et al. [33] reported that LFO is better than the mag-
nesium ferrites and nickel ferrites used at the microwave
frequency region due to its relative effectiveness. El-Shaarawy
et al. [10] studied structural, dielectric behavior, and ac
conductivity in the lower frequency range (20Hz-10MHz)
of Mg-doped LFO powders and found that AC conductivity
increased with Mg concentration. Due to the high Curie tem-
perature, high electrical resistivity, and low production cost,
magnesium substituted LFO has been used in many electri-
cal devices for high-frequency applications [34]. Nevertheless,
most of the studies with this material focused either purely
on the magnetic properties or electrical and dielectric prop-
erties at lower frequency regions, whereas the ferrite grains
were more effective in high frequency regime. However, to
the best of our knowledge, there is no study available on the
temperature-dependent broadband dielectric properties and

permeability measurements, which are essential for figuring
out the stability of the devices fabricated with these ceramics.
Further, to use this material for microwave device applica-
tions, it is necessary to have an understanding of both e,
wr, and their loss tangents along with the magnetic proper-
ties.

Therefore, it is interesting to investigate the broadband
frequency (1 MHz -1 GHz) and temperature-dependent dielec-
tric response, and permeability of Mg-substituted lithium
ferrites. In this study, the conventional solid-state reaction
method is used to prepare the Mg-substituted spinel lithium
ferrite. In the present study, the objective of substituting
Mg is to lower the loss tangent, as lithium ferrite exhibit
higher loss tangent, and the minimization of loss tangent
is essential for microwave applications. The substitution of
divalent ions (Mg?*) in the place of monovalent (Li*) and a
trivalent cation (Fe3*) also affects bond length (Fe—O, Li—O)
and bond angle Fe—OF—e, which eventually asserts influ-
ence on the electric and magnetic properties. The effect of
Mg-substitution on structural, microstructural, and magnetic
response is studied; dielectric and permeability responses are
investigated in broad frequency ranges at different temper-
atures (—140-250°C). Further, the electrical conductivity of
these samples is also studied.

2. Experimental procedure

Polycrystalline Lij.xMgyxFes.xOg; x=0, 0.003, 0.005, 0.007 and
0.01 (LMFO) were prepared by the conventional solid-state
reaction method using commercially available constituents.
The starting reagents were Fe,O3 (purity 99%, M/s JiangXi-
HaiTe Advance Material, China), MgO (purity 99%, M/s Sigma
Aldrich) and Li,COs3 (purity 99%, M/s Sigma Aldrich) were used
as in stoichiometric ratio. The starting materials were pul-
verized using a planetary ball mill (M/s Fritsch, Pulverisette
6), and the obtained powders were calcined at 800°C for 3h.
The calcined powders were re-milled again for 5h (to reduce
particle size and enhance the density) and compacted into
two different shapes disc (diameter — 10mm, thickness -
1mm) for electrical and toroidal shapes for permeability mea-
surements. To obtain the maximum relative density, initially,
the samples were sintered at different temperatures, and it
was found that the sample sintered at 1050°C exhibited the
maximum relative density. Therefore, further studies were
carried out with these samples. The Archimedes method was
used to determine the relative density of the sintered sam-
ples.

The structural characterizations of the prepared samples
were studied using X-ray diffractometer (M/s Rigaku TTRAX-
111, 18 kW, Cu-K, radiation A=1.5405A) in the 26 range of 20°
to 70°. Field emission scanning electron microscopy (FE-SEM)
(M/s Zeiss, Sigma) was used to record the surface morphology.
The temperature and frequency-dependent dielectric con-
stant (s), dielectric loss (tan §) and permeability (u,) were
measured from —140°C to 250°C in the frequency range
of 1MHz to 1GHz using impedance and material analyzer
(M/s Agilent Technologies, 4991A) with a basic accuracy of
+0.8% attached to an automatic temperature controller (M/s
Novocontrol, BDS 2300). The magnetic cell (M/s Agilent Tech-
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nologies, 16454A) was used for measuring the permeability of
the prepared samples. Vibrating Sample Magnetometry (VSM)
(M/s Lakeshore, 7410 series) with field accuracy +0.05% was
used to carry out high-temperature magnetic measurements.
Magnetization was also measured at low-temperature ranges
(10K -300K) by using the physical property measurement sys-
tem (M/s Quantum Design, DynaCool) with noise levels less
than 6E-7 emu.

3. Result and discussion
3.1.  Structural analysis

The X-ray diffraction patterns (XRD) of LMFO ceramics sin-
tered at 1050°C are shown in Fig. 1(a). LFO is known to exist
in two different crystalline phases: a-phase and B-phase. a-
phase (ordered phase) exhibits FCC inverse spinel structure
(space group - P4132), while B-phase exhibits disordered phase
(space group - Fd3—m). The observed XRD reveals the forma-
tion of cubic ferrite (JCPDS Card No. 82-1436), confirming that
Mg-substituted LFO exists only in the a-phase. The presence of
B-phase or any other secondary phases due to the substitution
of Mg is not observed in XRD patterns, confirming the phase
purity of the prepared samples. The enlarged view of the pre-
dominant diffraction peak (311) around 26 ~ 35° is depicted
in Fig. 1(b). As the concentration of Mg increased, Bragg’s
reflections shifted towards lower angles, which resulted in
an increase in the lattice parameters and cell volume (see
Table 1) associated with the structural distortion due to dis-
similar ionic radii of the Mg?* (0.71 A) with Li* (0.76 A) and Fe3*
(0.64A).

Further analysis was carried out using the Rietveld refine-
ment method to estimate the crystal phase, space group,
and atomic positions by using FullProf Suite. Fig. 1(c) shows
the representative refined XRD pattern for x=0.005. It was
noted that Mg substituted lithium ferrite was in a single-phase
cubic structure with (space group - P4;32) [10]. The good-
ness of the fitting was estimated by the R-values, as listed
in Table 1. To observe the cell distortion due to Mg substitu-
tion in LFO, the illustrative unit cells were produced by the
Vesta software, as shown in Fig. 2. It is observed that the trig-
onal bipyramids of iron and lithium show a tilt as the Mg
content increases. These tilts eventually affect the magnetic
as well as electric properties, discussed in later part of this
paper.

The lattice strain and crystallite size in the LMFO ceramics
were estimated by using the Williamson-Hall plot method:

k. .
ﬂc050=6+4asm0 (1)

Where k is the shape factor, g the full-width half maxima
(FWHM) of the diffraction peak, A the incident X-ray wave-
length, 0 is the Bragg angle, D is the crystallite size, and ¢ is
the strain [35]. Fig. 3 shows the plots between g cost and 4 siné.
Strain and crystallite size was calculated from the fitted line
listed in Tablel. The crystallite size and strain were found to
be in the range of 70-95nm and 0.09%-0.15% for x=0-0.01,
respectively. The crystallite size and strain both were found to
be enhanced with an increase in Mg content.

3.2.  Surface morphology analysis

The surface morphologies of the LMFO ceramics are shown in
Fig. 4. It is observed that the pure and Mg-doped LFO samples
exhibit uniform grain distribution with dense microstructure.
The microstructure and grain size are strongly affected by Mg
substitution. The density of the LMFO is found to increase
with Mg concentration. The average grain size is measured by
Image J software (linear intercept method), and the obtained
grain sizes are in the range of 1.265-0.978 wm. The variations in
the grain size can be explained by different parameters, such
as the concentration of various ions and diffusion coefficient
[36]. The grain size of the ferrites is highly influenced by the
domain wall contributions in the low-frequency regime [37],
which can also be seen in permeability. The flexibility of the
grain boundary causes grain growth. Further, grain growth and
re-crystallisations are related to the mobility of grain bound-
aries [36,38].

3.3.  Dielectric properties

3.3.1. Dielectric dispersion with frequency

The frequency-dependent dielectric constant measured in the
temperature range of —140°C to 230°C is shown in Fig. 5.
The dielectric constant of the LMFO samples is found to
decrease with applied frequency, which is a typical response of
a linear dielectric. The contribution to the dielectric constant
comes from different polarization mechanisms, such as ionic,
electronic, interface, and dipole polarization, which influence
the frequency-dependent dielectric response. In the high-
frequency regime, the dielectric response mainly gets affected
by a dipole, ionic, and electronic polarization; the frequency-
dependent dielectric constant may also be explained based
on the electron hopping mechanism and dipole relaxation.
The reduction of dielectric constant till 100 MHz can be due
to the relaxation of dipoles. On an application of the exter-
nal electric field, the interchange of electrons in between Fe3+
< Fe?* builds up local displacement of charges that causes
polarization. Polarization reduces with an enhancement in
frequency. The hopping of electrons is signed up to a particu-
lar frequency, beyond which it gets relaxed. Hence, &y becomes
constant [39-41]. Whereas, the larger value of dielectric con-
stant at lower frequency regime may be ascribed to grain
boundary defects and predominance of Fe?* ions. A similar
kind of response is reported by Igbal [31] and Surzhikov [40]. It
is noted that the dielectric constant of the samples enhanced
with Mg substitution up to x=0.005 compositions and reduced
further with the addition of Mg. This can be attributed to the
higher polarizability of Mg, uniform grain size, and maximum
relative density.

Dielectric constant improves with temperature, as can be
seen from Fig. 5. At higher temperatures, the dipoles align
easily, leading to a higher dielectric response. The dielectric
response is enhanced with Mg substitution. From the earlier
studies, itis found that Li* ions reside only at tetrahedral sites,
whereas Mg?* prefers both octahedral and tetrahedral sites.
Hence, it replaces the Fe3* ions to B-site from A- site. Conse-
quently, more Fe?*-Fe3* ion pairs get accumulated at B-site,
thus increasing the hopping mechanism [10]. Interestingly,
x=0.005 samples exhibited the best dielectric response at the
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Fig. 1 - (a) X-ray diffraction pattern of Li;.xMg>xFes_xOg samples. (b) Zoomed portion of the XRD around 35°. (c) Refinement

pattern of LMFO (x=0.005).

Table 1 - Unit cell parameters calculated from the XRD pattern of the LMFO ceramics.

Composition x=0 x=0.003 x=0.005 x=0.007 x=0.01
a=b=c (A) 8.3259 (6) 8.3344 (4) 8.3293 (2) 8.3358 (4) 8.3506 (7)
V (A%) 577.15 578.92 577.87 579.22 582.31

D (nm) 70.11 82.16 70.31 90.14 95.11
Strain 0.009 0.0011 0.0014 0.0014 0.0015

Ve 1.76 2.89 253 2.92 2.62

L

10.99sM80 01

Fe, 99505 LigggMgg g)Fe, 99Og

Fig. 2 - Schematic representation of unit cells of LMFO. The green colour and the blue colour show the Li/Mg trigonal

bipyramids and Fe/Mg trigonal bipyramids respectively.

whole measured temperature range, and all other samples
displayed better dielectric response as compared to pure LFO.
The values of dielectric loss and dielectric constant obtained
at some frequencies and temperatures are listed in Table 2.
Very low dielectric loss is achieved with Mg substitution when
compared to previous reports [26,30,31].

3.3.2. Variation of the dielectric property with temperature

The temperature (-140 to 250 °C) dependent dielectric constant
(er) and dielectric loss (tan §) obtained at different frequencies
are shown in Figs. 6 and 7, respectively. As the temperature
increases from —140°C, the dielectric constant of LFO ini-
tially increases and exhibits a hump at around 170°C and
then decreases for a further rise in temperature. This trend
is also true for the other compositions; x=0.003, 0.005, and
0.007. However, the hump in dielectric constant shifts toward
higher temperatures with an increase in the Mg concentration,
till X=0.007. In contrast, for x=0.01 samples, the dielectric
constant increases continuously with temperature without

any hump or reduction in the values. The value of dielec-
tric constant increases from 619 to 3034 while the dielectric
loss reduces remarkably from 2.87 to 0.001 as the Mg concen-
tration increases from X =0 to X=0.005 at RT. For LFO, as the
temperature increases, tan é rises initially exhibiting a cusp at
—40°C and again increases sharply above 170°C at 1 MHz. The
same trend is followed for all frequencies. The samples with
x=0.003, 0.005, and 0.007 also followed the same trend, but the
hump shifts toward a lower temperature range. The shiftin the
hump is attributed to the relaxation of dipoles. For x=0.01, the
values of tan § increase smoothly with temperature, accom-
panied by a sharp rise above 180°C. The rise in dielectric
response is attributed to the higher relative density, and the
lattice distortion of the Mg substituted compounds. Further,
it is found that the dielectric constant and dielectric loss are
improved with an increase in temperature due to the displace-
ments of localized charge carriers. However, the enhancement
in the conductivity of the samples may be attributed to the
increasing mobility of charge carriers as a result of applied
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Fig. 3 - W-H plot of LMFO ceramics (a) x=0, (b) x=0.003, (c) x=0.005, (d) x=0.01.
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Fig. 4 — FE-SEM micrograph of the LMFO samples for (a) x=0, (b) x=0.003, (c) x=0.005, (d) x=0.01.
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Fig. 5 - Frequency dependent dielectric constant of LMFO ceramics, measured at different temperatures (—140-230°C) (a)

x=0, (b) x=0.003, (c) x=0.005, (d) x=0.01.

Table 2 - The obtained permittivity and dielectric loss tangent values of LMFO ceramics.

Composition x=0.00 x=0.003 x=0.005 x=0.007 x=0.01
Temp Frequency er Tand er Tand (10~?) &r Tansd (10-2) & Tand (1072?) &r Tansd (10-2)
Q)
—140 1MHz 26 0.63 134 0.3 181 0.42 121 0.27 80 0.18
10 MHz 13 0.40 40 0.29 45 0.31 36 0.28 35 0.16
100MHz 10 0.14 20 0.12 21 0.15 20 0.10 20 0.11
1GHz 11 0.09 17 0.05 18 0.06 18 0.05 16 0.06
30 1MHz 619 2.87 1759 0.15 3034 0.16 1670 0.16 626 0.20
10 MHz 74 3.22 756 0.26 1201 0.28 723 0.23 273 0.26
100MHz 36 0.91 139 0.56 143 0.88 157 0.51 96 0.31
1GHz 16 0.70 17 0.98 12 0.93 21 1.03 19 0.55
100 1MHz 1733 3.51 2941 0.17 4859 0.16 3188 0.16 1226 0.26
10 MHz 185 4.15 1333 0.22 2113 0.24 1350 0.23 463 0.25
100MHz 48 1.81 239 0.66 174 1.03 250 0.67 155 0.36
1GHz 24 1.17 7.35 3.9 7 1.9 24 3.9 13 1.02
170 1MHz 2614 4.64 4796 0.24 7227 0.23 5459 0.16 2449 0.32
10 MHz 412 4.24 2135 0.23 3251 0.23 2306 0.24 765 0.33
100MHz 53 4.00 211 1.12 61 14 205 1.6 192 0.53
1GHz 22 1.82 4 3.8 8 1.7 24 2.5 14 1.3
240 1MHz 143 22.8 4857 1.85 6056 1.89 6738 0.90 2830 1.31
10 MHz 315 9.75 2290 0.72 3129 0.71 3306 0.38 1060 0.60
100MHz 37 8.39 121 1.62 66 1.5 29 2.1 128 1.2
1GHz 19 2.62 3 1.6 14 1.6 10 2.32 20 1.61

thermal energy. The observed high dielectric constant and
low loss (order of 10~3) in the high-frequency regime makes
LMFO as a better candidate for microwave applications [33,42].

At lower temperatures, both the dielectric constant and loss
tangents are lowered, and it is due to the lower thermal vibra-
tions and the freezing of dipoles. Further, the substitution of
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Mg effectively minimized the loss tangent in these ceram-
ics.

3.4.  Electrical properties

By using the Arrhenius equation, activation energies (Ea) are
extracted from temperature variation ac conductivity (cac)
[43].

Ogc = 00 exp(—EA/kBT) (2)

Where, o, T, kg is the pre-exponential factor, absolute tem-
perature, and Boltzmann constant, respectively. The In (oac)
vs 1000/T is plotted at 1MHz for LMFO (x=0, 0.003, 0.005,
0.007, 0.01), and is shown in Fig. 8(a). AC conductivity is found
to increase with temperature and Mg?* ion concentration.
The principle of the electrical conduction mechanism can
be understood by the dielectric polarization mechanism. The
increase in the conductivity with a concomitant increase in
temperature is because of thermally activated interchange of
the charge carriers among Fe?* and Fe3*. Further, the increase
in the conductivity due to Mg?* ion is attributed to the con-
centration ratio of Fe3*/Fe?* ions on the B site. The activation
energy is extracted from the slope of the fitted line and is
found to be 1.39eV for x=0, which is decreased to 0.35eV for
x=0.005. However, it shoots up again with an increase in Mg
concentration.

The frequency variant ac conductivity can be explained by
using the power equation.

oac(w) = Aw" (3)

where A is the temperature-dependent parameter, w the
angular frequency, and n is dimensionless temperature-
dependent parameter whose value lies between 0 and 1. For
n=0, the ac conductivity is independent of frequency, and for
n < 1, the ac conductivity is dependent on frequency. Fur-
ther, this region is divided into two parts, for 0.5 < n < 1, the
exchange of electron occurs among Fe?* and Fe3* ions, and for
n < 0.5, the dominant contribution is from ionic conductivity.
Fig. 8 (b) shows the logarithmic variation of room temperature
oqc Vs frequency. The ac conductivity increases with frequency,
which is a typical characteristic of semiconducting materials.
This behavior can also be explained using the pumping force
corresponding to applied frequency, which is responsible for
the hopping of charge carriers [26,44]. The value of n was cal-
culated from the slope of the fitted curve. The obtained value
for LFO is 0.138, which enhances with an increase in Mg con-
centration and the values are found in the range of 0.689 -
0.761, indicating the exchange of electrons between Fe?* and
Fe3* ions.

3.5. Magnetic properties

Fig. 9 shows the variation of magnetization curves as a func-
tion of temperature ( M-T ) for LMFO samples. Magnetization
decreases with an increase in temperature, which can be due
to the fact that the iron spins at octahedral and tetrahedral
sites are sealed in the direction of the applied magnetic field
at low temperatures. With a rise in temperature, spins get

randomize due to thermal energy, resulting in the decrease
of magnetization. Above a certain temperature, the magneti-
zation becomes zero, which indicates a paramagnetic state.
According to Fig. 9, the Curie temperature (T.) of LMFO is
shifted to lower temperatures as Mg concentration changes.
The T, for the pure LFO is 600°C, and it decreases with Mg
substitution; the values of T, are listed in Table 3. The substi-
tution of non-magnetic Mg?* ions in place of iron ions in both
A and B sites of AB,0O4 lithium ferrite inverse spinel causes
the A-B interaction to be weak, which leads to a reduction in
magnetization, and the Curie temperature.

The room temperature M-H loop of LMFO ceramics are
shown in Fig. 10(a). The values of coercivity (Hc), satura-
tion magnetization (Ms), and remanent magnetization (M)
are listed in Table 3 and plotted with Mg concentration in
Fig. 10 (b). Itis observed that saturation magnetization reduces
as a function of Mg concentration. Nevertheless, the sample
with x=0.007 exhibits the highest saturation magnetization
among all the other substituted samples. The observed mag-
netization could be due to the impact of several factors such
as A-B exchange interaction, cation distribution, anisotropy,
density, and grain size [26,45-48]. This can be better under-
stood by Neel’s two-sublattice model. According to Neel, three
types of interactions exist A-A, B-B, and A-B. Among these, the
superexchange A-B interaction is the strongest one. The resul-
tant magnetization arises as a result of a vector sum of two
sublattices A and B [49]. In order to accommodate the Mg?*
ions at the A-site, Fe3* ions get transferred from A site to B
site, which causes the initial decrease in saturation magneti-
zation (Ms). Hence, Fe3* ion content increases at B-site, causing
the antiparallel spin coupling, which eventually results in the
reduction of A-B exchange interaction strength, and conse-
quently, decreases the magnetization. The increase in Ms for
x=0.007 may be due to Mg?* ions, which are substituted for
Li* and occupy the tetrahedral A site with an analogous trans-
fer of Fe3* from A to B site. This enhances the magnetization
in the B site. The random behavior of H¢ is attributed to the
variation of particle size and magnetic anisotropy [50,51]. The
Mg substitution on LFO leads to the structural distortion, as
depicted in Fig. 3, which modifies Fe—OF—e bond angles at both
the tetrahedral and octahedral positions and the Fe—O bond
length (Table 3). Further, the magnetocrystalline anisotropy
was determined by analyzing the initial M-H curve with the
law of approach (LAP) to saturation [52]:

+yH 4

2
oo ()
105u5Ms \ H

Where the coefficient 8/105 is the polycrystalline specimen
with cubic anisotropy, K1, and yH are the cubic anisotropy
constant and forced magnetization due to the increase of sat-
uration magnetization, respectively. Fig. 10 (c) shows the fitted
curve of LAP with the experimental initial magnetization data.
The anisotropy constantis found to decrease with Mg content,
except for x=0.003. The obtained values are 1.17E5 and 1.03E5
erg/cm? for x=0.00 and 0.007, respectively.

Fig. 11(a and b) shows the variation of zero-field cooled
(ZFC) and field cooled (FC) magnetization as a function of tem-
perature (10 K-300K) for x=0and 0.007 samples. The ZFC curve
is obtained by cooling the sample in zero field from room tem-
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Table 3 - Magnetic parameters of LMFO ceramics.

Parameters x=0 x=0.003 x=0.005 x=0.007 x=0.01
M; (emu/g) 59 48 50 55 53
M;(emu/g) 5.44 3.51 3.32 3.75 4.78
Hc(Oe) 80.38 88.09 81.25 86.47 105.92
T(°C) 600 556 598 605 596
Fe—0 (A) 1.9236 1.9199 1.9188 1.9202 1.9237
Fe—OF—e (°) 121.20 120.15 123.48 127.56 132.39

perature to 10K, then the magnetic field is applied at 10K,
and simultaneously magnetization is recorded while increas-
ing the temperature. Similarly, FC magnetization is obtained
by cooling the samples at 1kOe. For LFO, ZFC and FC curves
show a decrease in magnetization with an increase in temper-
ature, and both curves merged at 203 K. However, for x=0.007,
ZFC curve initially increases with an increase in temperature

up to 30K, then decreases, and merged with FC curve at 210K.
Similar kind of response is also observed by Shirsath [53] and
Dar [54]. The slow relaxation of the particles and the exis-
tence of the energy barrier of magnetic anisotropy may be the
main cause for bifurcation of ZFC and FC curve [21,55]. These
particles have a low anisotropy energy barrier to overcome
their energy barrier by the thermal activation energy. The M-
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H loop at 20K and 280K were recorded for x=0.00 and 0.007,
as shown in Fig. 12(a and b), respectively. The obtained satu-
ration magnetization for LFO is 66.52 and 62.07 emu/g at 20K
and 280K, respectively. The x=0.007 exhibits enhanced satu-
ration magnetization, 73.04 and 57.85 emu/g at 20K and 280K,
respectively. The coercivity and remanent magnetization is
improved with a decrease in temperature.

3.6.  Permeability analysis

The frequency (1MHz to 1GHz) and temperature (-140 to
250°C) dependent real part of permeability is plotted for LMFO
ceramics, as shown in Fig. 13(a) and (b). The obtained perme-
ability for pure LFO is u,=27.88 at 1 MHz frequency, which is
a comparable value with previously reported data [56]. Perme-
ability strongly influenced by Mg concentration. For x=0.003,
the permeability decreases to 23.94. However, for x=0.005 and
x=0.007, the permeability raises to 28.56 and 29, accordingly.

The variation in permeability mainly depends on the thick-
ness of the domain walls (3), magneto-crystalline anisotropy
(K1), the average grain size (Dy), and inner stress (o), which can
be well understood by this relation [57].

4 o 1oM2Din/ 1 + (3/2) Asor] 875 (5)
where, M;, As, and B are the saturation magnetization, satu-
ration magnetostriction constant, and volume concentration
of impurity, correspondingly. According to the previous anal-
ysis (initial magnetization curve with Law of approach to
saturation), K; decreased with Mg concentration, which can
be ascribed to the enhanced permeability. A transition in
the range of 70 to 90°C is observed from the temperature-
dependent permeability for all the LMFO ceramics. Fig. 13(c)
shows the variation of magnetic loss as a function of fre-
quency for LMFO ceramics. For LFO, the magnetic loss initially
decreases with a rise in frequency up to 10MHz and then
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increases exhibiting a broad peak at around 100 MHz. All other
ceramics follow the same trend whereas, they exhibited a
sharp peak with a shift towards higher frequency with Mg
concentration.

According to the surface morphology analysis, Mg sub-
stituted LFO exhibited smaller grain size, which is ascribed
to inhibition of grain growth due to Mg. From the dielectric
response, it is found that with Mg substitution, the dielectric
constant enhanced along with reduced loss tangent. This vari-
ation is explained based on the electron hopping mechanism.
Again, magnetization decreased with an increase in Mg con-
centration, which is due to the change in cationic distribution
and exchange interaction. Further, permeability response is
correlated with magnetic and surface morphology results.

4, Conclusions

LMFO ceramics have been successfully synthesized by the
conventional solid-state reaction method. XRD analysis
and Rietveld refinement revealed the formation of a pure
phase cubic spinel structure. All the ceramics exhibit dense
microstructure. Enhanced dielectric (¢ =3034, tan §=0.001 at
RT, 1MHz) is observed for the Mg composition, x=0.005. AC
conductivity increases with an increase in temperature as well
as Mg?* concentration due to the exchange of electrons among
Fe?* and Fe3* ions. The LMFO with x=0.007 exhibits best per-
meability (ur =29) and magnetic properties (M; =55.64 emu/g)
at room temperature. The change in magnetic behaviour is
explained by superexchange interactions and Neel’s two sub-
lattice models. A combination of high dielectric constant, low
loss tangent (order of 10~3), high permeability, and magnetic
properties of LMFO make x=0.005 specimens a good candi-
date for microwave applications such as phase shifter and the
circulator.
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