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Abstract

The effect of sintering temperature (TS) on the structural and magnetic properties

of Li0.15Ni0.3Zn0.4Fe2.15O4 is investigated and discussed. The sample is

synthesized by the sol-gel auto combustion method and sintered at 1373e1573

K for 5 h. Phase identification of the powder sample was performed by using

the X-ray diffraction (XRD). The XRD patterns confirmed the formation of

single phase cubic spinel structure. The bulk density is correlated with TS. From

the energy-dispersive X-ray spectroscopy study, it is observed that the

percentage of the elements in the component phases is well consistent with the

nominal composition of the composites. Field Emission Scanning Electron

Microscopy showed that the average grain size (D) is increased with increasing

TS. The frequency (100 Hze120 MHz) dependent complex initial permeability

spectra and relative quality factor increased with sintering temperature up to

1523 K then decreased for further increase in temperature. The complex initial
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permeability has been explained with the help of microstructure, and the

redistribution of cations in their sites.

Keywords: Condensed matter physics, Materials science

1. Introduction

Ferrite is a very important class of magnetic materials from the application point of

view and is extensively used as permanent magnets in market because of their low

price and high magnetic performance [1]. The physical properties of ferrite are

related to the structure of solid. They belong to a large class of compounds which

have a spinel type structure. The spinel type unit cell consists of a cubic array of

32 oxygen anions, 16 Fe3þ ions and 8 Fe2þ ions. A total of 24 metal cations are

distributed among 8 tetrahedral interstices and 16 octahedral interstices [2, 3].

Lithium ferrites form an important class of materials exhibiting high Curie temper-

ature, high resistivity, high saturation magnetization etc. They are used in various

device applications such as telecommunication and microwave device [4, 5, 6, 7].

Recently, with the development of telecommunications, ferrites with high perme-

ability and high frequency stability are widely used to produce all kinds of broad-

band elements. For developing inductors, transformers, and RF components,

which are operating at a high frequency range, soft magnetic nano-composite cores

are being improved day by day [8, 9, 10]. Many compositions of this ferrite contain a

high quantity of nonmagnetic Zn ferrite; it leads to the decrease of Curie temperature

and thermo stability [11].

Recently Islam et al investigated the detailed magnetic properties of Zn substituted

Li-Ni-ferrite [12]. After Zn substitution the initial permeability is enhanced and loss

factor is decreased at a considerable amount. They studied different magnetic param-

eters with respect to the Zn content. However, sintering temperatures have signifi-

cant effect on the structural and magnetic properties of materials. Hence, it is also

necessary to understand the variation of magnetic properties with respect to the sin-

tering temperature. In this research we are interested to investigate the effect of

various TS on the structural and magnetic properties of Li0.15Ni0.3Zn0.4Fe2.15O4.
2. Experimental

2.1. Sample synthesis technique

By using the sol-gel auto combustion technique Li0.15Ni0.3Zn0.4Fe2.15O4 sample

was prepared. We have used citric acid, LiNO3, Ni(NO3)2.6H2O, Zn(NO3)2.6H2O,

and Fe(NO3)3.9H2O as raw materials. For making solution, particular amount of

citric acid and nitrates were dissolved into distilled water. The molar ratio between
on.2019.e01199
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citric acid and metals was 1:3. By using ammonia solution the PH of the solution

was kept fixed at about 7. In the next step the solution was heated at about 360 K

for several hours. A magnetic stirrer was used to stir the solution during the pro-

cedure. After the whole process, dense gel form of the solution was obtained.

Finally, the fluffy nano-sized loose powder was obtained from the gel form of

the solution. Then by using PVA (Polyvinyl Alcohol) the fine powders are granu-

lated and pressed into toroid shaped and disk shaped samples. The schematic dia-

gram of the sample preparation technique is illustrated in Fig. 1. The samples are

then sintered at different temperatures (1373, 1423, 1473, 1523 and 1573 K) for

about 5 hours.
2.2. Characterization

An X-ray diffractometer (CuKa as a target and l ¼ 0.1540598 nm) was used for the

structural characterization of the studied samples. Nelson-Riley function [13] was

used for evaluating the lattice parameters of the composition given in Eq. (1).

FðqÞ ¼ 1
2

�
cos2 q

sin q
þ cos2 q

q

�
ð1Þ

Where q is defined as the Bragg’s angle. The theoretical density (rth) was computed

by using Eq. (2).

rth ¼
8MA

NAa30
ð2Þ
Fig. 1. Schematic diagram of the sample preparation.
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where NA stands for the Avogadro’s number, MA defines the molecular weight of

the composition and a0 is the lattice constant. The bulk density, rB, of the samples

was determined by using Eq. (3).

rB ¼
M
pr2t

ð3Þ

where M is the mass of the sample, r is the radius and t is the thickness of the pellet.

The porosity (P) was evaluated from the relation given in Eq. (4).

Pð%Þ ¼ rth � rB

rth
� 100 ð4Þ

where rB is the bulk density. FESEM (Field Emission Scanning Electron Micro-

scopy) was used for studying the microstructure and surface morphology of the

studied samples. By using the linear intercept technique [14] average grain size

of the samples were evaluated. For studying the frequency dependent initial perme-

ability of Li0.15Ni0.3Zn0.4Fe2.15O4 ferrite Wayne Kerr Impedance Analyzer was

used. The complex initial permeability measurements have been performed in the

frequency range 100 Hze120 MHz at room temperature.

The real part of the complex initial permeability (m=
i ) have been evaluated by using

Eq. (5).

m
=
i ¼

Ls

L0
; ð5Þ

where Ls defines the self-inductance of the sample core and the inductance of the

winding coil without the sample core is given by Eq. (6) [15].

Lo ¼ moN
2S

pd
ð6Þ

Where S is the area of cross section, N is the number of turns of the coil (N ¼ 4),

and the mean diameter can be calculated by using Eq. (7).

d ¼
�
di þ do

2

�
ð7Þ

where di and d0 stands for the inner and outer diameter of the toroidal sample,

respectively. The relative quality factor (RQF) is computed from the relation given

in Eq. (8) [16].

RQF ¼ m
=
i

tan d
ð8Þ
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3. Results and discussion

3.1. Crystal structure, lattice parameter, density and porosity

The XRD patterns of Li0.15Ni0.3Zn0.4Fe2.15O4 for both ash burnt nano powder and

sintered bulk powder are shown in Fig. 2. A slightly broader peak for ash burnt

nano powder [Fig. 2(a)] indicates the formation of nano-sized particles. The crystal-

lite size of this composition is evaluated by using the (311) diffraction peak by the

Scherer formula [2] as shown in Fig. 3(a). The calculated value of the crystallite size

is 27 nm. The FESEM image of this as grown powder [Fig. 3(b)] indicates that the

nano-sized powder is spherical in shape and uniformly distributed. Fig. 2(b) illus-

trates the XRD patterns of Li0.15Ni0.3Zn0.4Fe2.15O4 sintered at 1523 K. Sharp and

well defined intense peaks are observed, indexed as (111), (220), (311), (222),

(400), (422), (511) and (440). The XRD pattern confirms that all compositions

have single phase cubic spinel structure. Though the Ash-burnt nano powder con-

tains one impurity peak, the sintered bulk powder have no impurity peak as all

the peaks in pattern matched well with characteristic reflections of earlier reported

spinel ferrites [17].

The lattice parameter of the sample is plotted against Nelson-Riley function F(q)

in Fig. 4. The lattice constant, density, porosity (P), average grain size, natural

resonance frequency, maximum quality factor and initial permeability of

Li0.15Ni0.3Zn0.4Fe2.15O4 are presented in Table 1. The rB of the

Li0.15Ni0.3Zn0.4Fe2.15O4 sample is increased with the increase in TS from 1373

to 1523 K and above 1523 K, the density is decreased gradually. On the other

hand, porosity (P) of the sample is decreased with the increase in TS up to

1523 K. The increase in rB with TS is expected. This is because during the sin-

tering process, the thermal energy generates a force that drives the grain bound-

aries to grow over pores, thereby decreasing the pore volume and denser the

material. At higher TS (1573 K) the rB decreases because of the increase in
Fig. 2. The X-ray diffraction pattern for powder of Li0.15Ni0.3Zn0.4Fe2.15O4. (a) Ash-burnt nano powder

(b) Sintered bulk powder.
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Fig. 3. The XRD pattern for (311) peak (a) and FESEM image (b) of as prepared powder sample

Li0.15Ni0.3Zn0.4Fe2.15O4.

Fig. 4. The Nelson-Riley function F(q) vs lattice parameter of Li0.15Ni0.3Zn0.4Fe2.15O4.

Table 1. The lattice c

maximum quality facto

x Ts

Li0.15Ni0.3Zn0.4Fe2.15O4 13
14
14
15
15
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intragranular P resulting from exaggerated grain growth as shown in Fig. 5.

When the grain growth rate is very high, pores may be left behind by the rapidly

moving grain boundaries, resulting in pores that are trapped inside the grains.

The discontinuous growth of grain rises with temperature and hence contributing

toward the reduction of the bulk density.
onstant, density, porosity, average grain size, natural resonance frequency,

r and initial permeability of the Li0.15Ni0.3Zn0.4Fe2.15O4 sintered at various Ts.

(K) ao (nm) Pth 3 103

(Kg/m3)
rB 3 103

(Kg/m3)
P (%) Average

grain
size (mm)

fr (MHz) RQFmax m
=
i

(at 1 MHz)

73 0.83840 5.16 4.57 11 1.77 90 7281 123
23 4.62 10 2.04 79 7238 126
73 4.76 7 2.90 22 11999 219
23 4.90 5 6.39 17 12395 250
73 4.79 7 10.52 15 11737 232
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Fig. 5. The FESEM micrographs of Li0.15Ni0.3Zn0.4Fe2.15O4 sintered at (a) 1373, (b) 1423, (c) 1473, (d)

1523 and (e) 1573 K.
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3.2. Microstructure and EDS analysis

The typical FESEMmicrograph of Li0.15Ni0.3Zn0.4Fe2.15O4 sintered at various TS are

shown in Fig. 5. The grain size is significantly increased with the increase in TS. The

values of D for various samples are presented in Table 1. The uniformity in the grain

size and average D can control materials properties such as the magnetic perme-

ability. The behavior of grain growth reflects the competition between the driving

force for grain boundary movement and the retarding force exerted by the pores [18].

The energy dispersive spectroscopy (EDS) of Li0.15Ni0.3Zn0.4Fe2.15O4 is collected

from FESEM to determine the composition at various Ts for 5 hours. Fig. 6 shows

the obtained peaks correspond to Ni, Zn, Fe and O which forms the
on.2019.e01199
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Fig. 6. (a) The micrograph of Li0.15Ni0.3Zn0.4Fe2.15O4 sintered at 1523 K, (b) The EDS spectrum for P1

grain, (c) The EDS spectrum for P2 grain and (d) The EDS spectrum for P3 grain.
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Li0.15Ni0.3Zn0.4Fe2.15O4 sintered at 1523 K. On the other hand, Li has no definite

peak because Li is light element and so it can not be routinely analyzed by EDS.

The EDS confirms the present of all the constituent elements in the composition.

There is no any impurity index in the composition. EDS also confirms the homo-

geneous distribution of the constituent elements. It is observed from the EDS spec-

trum that the percentage of the elements in the component phases is well

consistent with the nominal composition of the phases in the ferrite materials

[19]. Almost similar percentage of the elements is found in other nominal compo-

sition at various Ts.
3.3. Complex initial permeability

Fig. 7 shows the complex initial permeability spectra for Li0.15Ni0.3Zn0.4Fe2.15O4

sample sintered at 1373, 1423, 1473, 1523 and 1573 K. It is observed that the

real part of initial permeability (m=
i ) of Li0.15Ni0.3Zn0.4Fe2.15O4 increases with

increasing TS up to 1523 K and above this a decreasing trend is observed as shown

in Fig. 7. With the increase in sintering temperature pores and voids are reduced

gradually. The permeability decreases above 1523 K because the sample heated at

higher Ts (above optimum Ts) contains increasing number of pores within the grains

which results a decrease in permeability. From Table 1 it is found that the resonance

frequency (fr) is decreased with the increase in sintering temperature, which is the
on.2019.e01199
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desired property of ferrites. An inversely proportional relation of m=
i with fr confirms

the Snoek’s limit [20]. The permeability of the polycrystalline ferrite is related to the

two different magnetization mechanics: spin rotation and domain wall motion [21,

22, 23], which can be described by using Eq. (9).

mi ¼ 1 þ cW þ cspin, (9)

where cw is the domain wall susceptibility given in Eq. (10); cspin is intrinsic rota-
tional susceptibility given in Eq. (11).

cw ¼
3pM2

s D
4g

ð10Þ

cspin ¼
2pM2

s

K
ð11Þ

where Ms is the saturation magnetization, K is the anisotropy constant, D is the

average grain diameter, and g is the domain wall energy. The domain wall motion

is influenced by the average grain size and enhanced with the increase in grain size.

The loss factor, tand is increased with the increase in sintering temperature. The in-

crease in sintering temperature results in increased loss in the sample, thereby

creating defects in the lattice, which gives rise to the magnetic loss.

Fig. 8 shows the variation of RQF with frequency of Li0.15Ni0.3Zn0.4Fe2.15O4 sin-

tered at various TS. The RQF gradually increases with increasing Ts up to 1523 K

and above this the RQF founds to decrease as illustrated in Fig. 9. Abnormal grain

growth is occurred which creates trapped pores inside the grain. This increasing

amount of pores influences the loss factor and turns into the higher value which re-

sults a lower value of RQF.
on.2019.e01199
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Fig. 8. Variation of m
=
i at 1 MHz and RQF with different sintering temperatures of

Li0.15Ni0.3Zn0.4Fe2.15O4.

Fig. 9. The variation of RQF with different sintering temperatures of Li0.15Ni0.3Zn0.4Fe2.15O4.
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4. Conclusions

The XRD pattern confirms that the sample exhibits pure cubic spinel type struc-

ture. The impurity peaks are missing due to the advanced sol-gel auto combustion

synthesizing method. The real part of initial permeability and microstructure are

strongly dependent on TS. Thus it can be concluded that to improve m
=
i by micro-

structure variation, the ferrite must be sintered at optimum temperature. Although

pore and grain boundary would obstruct the movement of domain wall. The higher

value of complex initial permeability is achieved at optimum sintering tempera-

ture. The Li0.15Ni0.3Zn0.4Fe2.15O4 ferrite is promising for the improvement of effi-

cient microwave absorbing materials and reducing the electromagnetic interference

from electronic devices.
on.2019.e01199
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