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Abstract

Structural and magnetic properties of Al substituted LiggNig1ZngsAlFe,.O, ferrites (x=0.0-0.40 in steps of
0.10) prepared by solid state reaction technique have been investigated. Characterization and phase
identification of the samples were performed by X-ray diffraction (XRD) technique. The formation of cubic
spinel structure without any secondary phase was confirmed by X-ray diffraction analysis. Lattice constant of
the compositions decreased with the addition of Al content obeying Vegard’s law. The average crystallite size of
the samples calculated using Debye-Scherrer equation varied in the range of 19 nm-73 nm. Also, theoretical
and bulk density decreased with the substitution of Al content. Besides, porosity showed opposite trend. The real
part of initial permeability of the samples decreased the increase in Al content due to replacement of Fe* ions
by AI** ions which prefer B-(octahedral) to A-(tetrahedral) sites in the AB,O, spinel type ferrites. The higher
resonance frequencies were observed with the increase in Al content. The doping of AI** influences magnetic
parameters due to modification of the cation distribution.
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I. Introduction

From basic and applications point of view, research interest in nano-crystalline spinel ferrites has
greatly promoted in last few decades. The studies of nano-sized ferrites have become great important in modern
technological applications such as high density magnetic storage, magnetic carries site specific drug delivery,
contrast enhancement of MRI, high frequency power application etc. [1-3]. According to their crystal structure,
spinel ferrites have naturally two super lattices (i.e. tetrahedral (A) sites and octahedral (B) sites) in AB,O,
crystal structure. Preparation conditions, chemical compositions, sintering temperature and quantity of
substitution can change the physical properties of spinel ferrites [4]. Various magnetic properties of spinel
ferrites depend on chemical composition and cation distribution in tetrahedral A and octahedral B sites because
of their AB,0, crystal structure [5]. Lithium ferrites and substituted lithium ferrites are promising materials in
the field of microwave devices due to their low cost, high Curie temperature, narrow hysteresis loop and low
dielectric loss [6-9]. Many researchers have also investigated that Ni substituted lithium ferrite and Zn
substituted lithium ferrite seems to improve magnetic properties [10,11]. In order to find favorable magnetic
properties with low losses especially at high frequencies, various authors have studied Zn substituted Li-Ni
ferrites and Ni substituted Li-Zn ferrites [12,13].Recently aluminum has been shown to have an influence on the
magnetic and dielectric properties of ferrite [14-15]. The Al doped Ni ferrite is promising materials for a wide
range of application at radio and microwave frequencies where dielectric and magnetic losses are required to be
minimum [16-18]. Several researchers have studied Ni-Zn-Al [19], Li-Co-Ti-Al [20], Mn-Ni-Zn-Al [21]. To the
best of our knowledge, no literature is found on Al substituted Lig 4Nig1ZngsAlcFe,O,4. Therefore, in the present
study, the effect of Al substitution on the physical and magnetic properties of LiggNig1ZngsAl Fe,O4, prepared
by standard solid state reaction technique has been investigated.

I1.Experimental
2.1 Sample preparation
The Al substituted Li-Ni-Zn ferrites with chemical formula LiggNig;ZngsAlFe,O4(
x=0.00,0.10,0.20,0.30 and 0.40) were prepared by using the standard solid state reaction technique. Powder of
Li,0(99.9%), NiO(99.9%), Zn0(99.9%) and Al,03(99.9%) were used as starting materials and weighted
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according to the stoichiometric ratio. These stoichiometric amounts of power were mixed and grinded
thoroughly by hand. The grinded powers were calcined in air at 600°C for 5 hours to obtain final product. The
calcined powders were then grinded into the fine powders. The fine powders were pressed uniaxially into disk-
shaped and toroid-shaped samples. The samples were finally sintered at 1150°C for 6 hours in air. For sintering
process, the heating and cooling rates were 5°C/min.

2.2 Characterization
The structural characterization of theferrite powders was observed by an X-ray diffractometer() with

Cu K, radiation (A=0.1540598 nm).The lattice parameter of a cubic sample was calculated by using the formula:
h? + k% + 12 where, a is the lattice parameter, (hkl) are the Miller indices of the crystal planes and d is the

inter-planar spacing. The exact lattice constant for each composition was determined by Nelson-Riley function

[22]. The crystallite size of the prepared samples were investigated by X-ray diffractometer.

The bulk density, pg, of the samples was calculated using the formula: pB:% , Where M is the mass of the

sample, r is the radius and t is the thickness of the disk-shaped samples.The theoretical density, py, Was

determined using the expression: py,= ﬁﬂ Where N, is the Avogadro’s number, M4 is the molecular weight
A

3
ap
of the samples and a, is the lattice constant. The porosity, P, was calculated from the relation: P(%) =

100.

The initial permeability spectra as a function of frequency were investigated by a precision impedance analyzer
(Wayne Kerr, Model No. 6500B). The complex permeability measurements on toroid-shaped samples were
performed at room temperature in the frequency range 100 Hz- 120MHz.The real part (x;) and the imaginary

Pth—PB X
Pth

part (u;') of the complex permeability was calculated using the following relations: ,u; = L—S and #z =
0
’ - - - - - - 2
u; tand,where L, is the self-inductance of the sample core andL, is derived by the following relatlon,[LO:%]

[23], where Ly is the inductance of the winding coil without the sample core, N is the humber of turns of the coil

(N=4), S is the area of cross section and d = (di:;'l(’) is the mean diameter, where d;and dyare the inner and

outer diameter of the toroidal sample respectively. The relative quality factor (RFQ) was calculated from the

relation:RFQ = %[24], where tan 6 is the loss factor.

I11.Results and Discussions

3.1 Lattice constant, particle size, density and porosity of the samples
The X-ray diffraction (XRD) patterns of A** jon substituted various Lig gNi1ZnosAlFe,O, ferrites sintered at

1150°C are shown in Fig. 1.
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Fig. 1: XRD diffraction pattern for various LigNig1ZngsAlFe, O, sintered at 1150°C

The XRD analysis confirms the formation of single phase cubic spinel structure with the absence of
any secondary phase. By analyzing the XRD patterns, the positions of the peaks for all compositions match well
with the characteristic reflections of spinel structure type ferrites reported earlier [25]. Slightly broader (311)
peak in the XRD pattern of the calcined powders confirms that nano-sized particle is formed. The lattice
constant, theoretical density, bulk density and porosity for all samples are given in Table 1.
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Table 1: The lattice constant, particle size, density, porosity and natural resonance frequency for various
LiolgNio_lZnOBAl FeZ_xO4.

Al Lattice Particle Theoretical Bulk density, Porosity Resonance
Content constant size D(nm) density, ps(gm/cm?) P(%) frequency

X a(A%) pin(gmicm®) £.(MHz)
0.00 8.43957 73 4.8 4.38 8.7 2.56
0.10 8.39541 68 4.8 4.32 9.93 2.82
0.20 8.37879 44 4.77 4.02 15.84 3.23
0.30 8.36381 42 4.74 3.88 18.04 4.01
0.40 8.28955 19 4,72 1.9 59.68

The lattice constant (a,) of various LiggNig1ZngsAlFe, O, compositions were plotted as a function of Al
content shown in Fig. 2.
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Fig. 2: The variation in lattice constant and particle sizes as a function of Al content.

From this figure, it is found that the lattice constant is slightly decreased with the increase of AI**
content. The decrease in lattice constant with AI** jon substitution can be explained on the basis of Vegard’s law
[26]. The law explains the linear variation in lattice constant with the ionic radii of the doped and the replacing
ion.In this study Fe*" ion is substituted by AI** ion. As the ionic radius of AI** (0.51A°) ion is smaller than that
of Fe* (0.67 A°) ion, the substitution of Fe** ions with AI** results in a decrease in the lattice constant of the
ferrites.Similar results were observed by R.A.Bugadet al (2013) [27] and K. Vijaya Kumar et al (2015) [28].

The average particle sizes are evaluated from the highest intense diffraction peak (311) of the XRD

pattern by using the Debye-Scherrer formula[29],D = 0'9/1/[%059 , where A is the wave length of X-ray, 0 is

the angle of the incident beam in degree and B is the full width at half maximum (FWHM) of the fundamental
reflection (311) in radian. The average crystallite sizes of the particles are found to be in the range of 19-73 nm,
which are tabulated in Table 1. The particle size of various LiggNig1ZnosAlFe,.Oyferrites for a fixed sintering
temperature has been decreased with increasing AI** doping as shown in Fig. 2. Similar observations are
reported by KwangPyoChae et all (2012) [20].

Density has been become important in controlling the properties of nano-sized ferrites. The impact of
Al¥*content on the pg and P for various LiggNig1ZnysAlFe, O, compositions sintered at 1150°C are shown in
Fig. 3.
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Fig. 3: Bulk density and porosity of various LiggNig1ZngsAlFe, 4O, sintered at 1150°C

It is obtained from this figure that ps decreases and porosity increases with increasing AI** content.
This phenomenon can be explained on the basis of the atomic weight of constituent atoms. The atomic weight of
Al (26.982 amu) is much less than that of Fe (55.845 amu) [30].The decrease in the values of density may be
due to intergranular/intragranular porosity resulting from discontinuous grain growth [31]. Gain growth and
densification are closely connected according to the Lange and Kellet [31]. The values of theoretical density
(pt), bulk density (pg) and porosity (P) for all samples are tabulated in Table 1. pydecreases with the
enhancement of Al content due to the molecular weight of each composition reduces with the addition of AI**
content. From Table 1, it is observed that the values of theoretical density are higher than the values of bulk
density. This may be due to the existence of pores in the samples. Similar trends are reported by Ajmal and
Magsood for Ni-Zn ferrites [33]. The porosity of the samples enhances with the addition of AI** content. This is
due to the lower density of AI** ions.The increment of porosity can also be explained on the basis of particle
size. It is explained that the size of the particles decreases, the porosity increases in the range of 8.7-59.68%
[34].

3.2 Initial permeability as a function of frequency
The variation of real part of complex initial permeability (y;) for Al substituted various LiggNig1ZngsAlFe; O,
compositions sintered at 1150°C in the frequency range 100 Hz-120 MHz is shown in Fig. 4.
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Fig. 4: The frequency dependence real part of initial permeability (u'l) for various LiggNig1ZngsAlFe, Oy
sintered at 1150°C.
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It is observed that y; reduces with the addition of AI** content. The maximum value of y;is found for
parent composition.These can be explained on the basis of cation distribution in Al substituted
LiosNio1ZnosAlFe,.0, samples. It is known that Li'* (non-magnetic), Ni** (magnetic moment = 2pig) and Zn?*
(non-magnetic) ions occupy B-sites, although Fe®" exist at both A- and B- sites of the AB,O, spinel ferrites [35].
On the other hand, AI** (non-magnetic) ions prefer octahedral site to tetrahedral site [14,36]. The assumed
cation distribution of various LiogNig1ZngsAlFe,.O, may be written as, (Fedd)a[LiosNig1ZnosAlLFe; 1.,]s04,
where the parentheses and square brackets represent A- and B-sites respectively. In the above cation
distribution, Li**, Zn?* and AI** do not influence on the net magnetic moment. According to the Neel’s
molecular field theory [37], the A-B super-exchange interaction is prevailing over intra sub-lattice A-Aand B-B
interaction and the net magnetization is the vector sum of the magnetic moments of the individual A and B sub-
lattice i.e. M = Mg-Ma. When AI** ion replaces Fe** ion and also prefers octahedral to tetrahedral site, then the
magnetic moment of B sub-lattices decreases with increasing Al content. This may weaken A-B super
interaction due to non-magnetic AI** ion does not take part in the exchange interaction. Besides, the magnetic
moment of A sub-lattices remains constant with the addition of Al content. As a result, net magnetization
decreases with increasing Al content.It is known that the u; of polycrystalline ferrite is related to two different
magnetizing mechanisms: spin rotation and domain wall motion [38,39], which can be written as u; =1+y, +
Xspin » Where x,, and x,,;, are domain wall susceptibility and intrinsic rotational susceptibility. x,, and xp

2

may be written as y,, = “:4;2 2 and Xspin = % , Where Mg K, D and vy are the saturation magnetization, total
anisotropy, average grain diameter and domain wall energy respectively.As u; is proportionally related with
magnetization, it decreases with increasing AI** doping. In addition, the spinel structure type ferrites are
strongly impacted by its composition, additives and grain sizes of the material. The higher the grain sizes, the
greater the magnetization and permeability. The variation in y; as a function of frequency is shown in Fig. 4. It
is found that the H; of all compositions remain almost constant at a certain frequency range and then ll£
decreases with increase in frequency. The general characteristic of the initial permeability spectra is that u;
remains almost constant at a certain frequency range, while it reduces rapidly to a very lower value at higher
frequency. A critical frequency at which the H; remains fairly constant in the frequency range is known as
resonance frequency, f... The value of resonance frequency for all compositions varies 2.56-4.01 MHz which is
tabulated in Table 1.

Beyond the measured frequency range (> 120 MHz), no resonance frequency, f,. is found for
LiggNig1Zng sFe,0,.Soft ferrites can be efficiently used below the resonance frequency. It is possible to explain
the variation in permeability with frequency according to the Globus model [40]. According to this model,
permeability remains constant with frequency as long as there is no phase lag between the applied field and the
domain wall displacement.There are two resonance peaks in ferrites: one at lower frequencies ( ~1MHz) which
is due to the domain wall oscillations [41,42] and the other at higher frequencies ( ~1GHz)which is due to
Larmour precession of electron spins[43].

The variation in magnetic loss factor with frequency for various LiggNig1ZngsAlFe, O, compositions
sintered at 1150°C is shown in Fig. 5. It is observed that from this figure, the magnetic loss tangent increases
with increasing Al content. Magnetic loss arises due to non-uniform domain wall motion, various domain
defects, and variation of flux density and annihilation of domain wall [44].Beyond the measured frequency
range (> 120 MHz), no loss tangent is observed for LiggNig1ZngsAlgoFe;s04. The loss factor becomes high at
lower frequencies but reduces rapidly with the increase of frequency and at high frequencies it becomes almost
remain constant. It is observed that losses are lower at high frequencies due to domain wall motion is existed
and the magnetization is forced to change by rotation [45].
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Fig. 5: Loss factor variation with frequency for various LiggNig1ZngsAlFe, O, sintered at 1150°C

3.3 Relative Quality factor

Fig. 6 illustrates the variation in Q factor as a function of frequency for various LiggNig1ZngsFe,O4 samples
sintered at 1150°C.The Q factor reduces with the addition of Al content.
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Fig. 6: The variation of quality factor with frequency for various Lig gNig.1ZnosAlFe,O, sintered at 1150°C.

This may be due to the growth of imperfection and defects compared to those of other samples. Beyond
the measured frequency range (> 120 MHz), no Q factor is observed for LiggNig1ZngsAlg.Fe; 0, and
LiggNig1ZngsAlg4Fe; 04 For practical application the quality factor is often used as a measure of
performance.The Q value increases with an increase in frequency and show a peak at around 1MHz. The highest

value of quality factor (Qmax= 5294) is observed for parent LiggNig;ZngsFe,0, composition. This composition
also gives lowest magnetic loss.

IV. Conclusions

The substitution of Al on Li-Ni-Zn ferrites influences structural and magnetic properties. The XRD
patterns confirm the formation of single phase cubic spinel structure with any absence of secondary phases. The
particle sizes are in the range of 19 nm to 73 nm. The lattice constant decreases with the addition of Al content
which can be explained on the basis ofionic radii. The bulk density decreases with increasing Al content. On the
other hand, porosity shows increasing trend.The initial permeability also shows decreasing trendwith the
increase in Al content which can be explained on the basis of cation distribution. The resonance frequency of
permeability moves toward higher frequency.This studied material may be helpful for designing high frequency
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devices and components. Therefore, AI**

ferrites.

ions play a key role to modify magnetic properties of Li-Ni-Zn
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