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Abstract

The effect of Al-substitution on the physical, magnetic and electrical properties of Ni—-Cu-Zn
ferrite of chemical formula Nig4Cug2ZngsAlxFe;«O4 (X = 0 to x = 0.15 with step = 0.025)
which prepared by conventional ceramic method has been studied. X-ray patterns indicated
the presence of a single spinel phase. The magnetization is measured using VSM at room
temperature. The initial permeability is measured, on toroidal samples used as transformer
cores, as a function of temperature at constant frequency of 10 KHz and Curie temperature is
determined. It was found that Al-ion substitute improved the magnetization as well as the
initial permeability. The dc resistivity is also increased with increasing Al — concentration.
Such results are promising ones for the high frequency applications.

1- Introduction:

Ferrites are very important in technological applications as inductor cores because they
have high resistivity compared to metallic materials. The magnetic properties of ferrites such
as the permeability, magnetization and coercive field are affected by the type of the
substituted ion, microstructure and the porosity [1]. The miniaturization trend of electronic
devices results in the rapid development of surface mount devices (SMD) [23]. As one of the
most important SMD, multilayer chip inductors (MLCI) become more and more miniaturized
and integrated [4]. Ni-Cu-Zn ferrite is one of the soft magnetic materials which is used for
MLCI applications because of their relatively low sintering temperature, high permeability in
the R-F frequency region and high electrical resistivity [5, 6]. The effect of substituting
trivalent ions for iron in ferrites has been investigated [7, 8]. Samy et al. studied the effect of
substitution of Nd for iron in the system Cugs Znos Ndx Fe,x O4 and they found that the
sample with x=0.02 improves the magnetization, the relative permeability and the initial
permeability [9]. Sankpal et al.[10] studied the effect of substitution of Al for iron in the
system Nig 7 Zng3 Alx Fe,x O4 and they found that the thermal variations of remanence ratio R
and coercive field H; reveal that this composition contains predominantly multidomain (MD)
grains. With the substitution of AI**, the saturation magnetization Ms and R decrease. The
decreasing behavior is explained on the basis of exchange interaction and the effect of the
anisotropy constant K. In the present study, the effect of Al**-ions substitution on the
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physical, magnetic and electrical properties of Nigs Cug, Zng.4 Alx Fey.x Oy ferrites will be
studied.

2-Experimental procedure:

Samples with the chemical formula Nig4 Cug2 Zng4 Alx Fez.x O4 (X =0 to x = 0.15 with
step = 0.025) were prepared by using standard ceramic technique. High purity oxides, 99.9%
of NiO, CuO, ZnO, Al,O3 and Fe,O; were mixed together according to their molecular
weights. The mixture of each sample was ground to a very fine powder and then presintered at
900°C for 12 h in one cycle. The presintered mixture was ground again and pressed at room
temperature into discs and toroids. They were finally sintered at 1200°C for 5h and then
slowly cooled at room temperature. X-ray diffraction (XRD) patterns were formed using
diffractometer of type x'pert Graphics identify with CuKa radiation. The porosity percentage
(P %) was calculated for all samples according to the relation P% =100 [1 — (d/dx)] %. Where
dy is the theoretical x-ray density of samples which calculated using the formula dy = 8M/Na®
(M is the molecular weight, N is Avogadro’s number and a is the lattice parameter) and d is
the density of each composition measured in water using Archimedes principle. The
magnetization M (emu/g) is measured at room temperature in the magnetizing field H (Oe)
ranged from zero to 6000 Oe using the LDJ vibrating sample magnetometer (VSM) model
9600. The initial permeability (u;) was measured as a function of temperature at constant
frequency (f = 10 kHz) and low magnetizing current of I, = 10 mA. The value of p; was
calculated using poltinnikov's formula [11].which is given by Vs=Kp; K = 0.47NpNsl,Aw / L
where Vs is the induced voltage in secondary coil, N, and Ny are the number of turns of
primary and secondary coils, respectively (N, = Ns = 20 turns). A is the cross — sectional area
of the sample, o is the angular frequency (o = 2 & f) and L is the average path of magnetic
flux (L = 2 & ry) where rp, is the mean radius of toroid.

3- Results and Discussion
3.1 Physical Properties:

The XRD patterns in Fig. (1) indicate that all investigated samples formed in cubic
single spinel phase.The values of d-spacing are calculated according to Bragg's law and hence
the average lattice parameter a (A) is calculated. The variation of a (A) with the Al-
concentration is plotted in

Fig. (2). It is clear that as Al-concentration increases the lattice parameter decreases almostly
linearly obeying vegard's law. Similar behavior was observed in Al-substituted Mn-Zn [12,
13], Ni-Zn [14] and Mn-Ni-Zn ferrites [15]. The decrease in lattice parameter with increasing
Al- concentration could be explained on the basis of the ionic radii due to the replacement of
ions with larger ionic radius of Fe** (0.64A) by the smaller one AI** (0.51A) .

The variations of porosity and the grain size with Al-concentration are shown in table
(2). It is obvious that, as Al-concentration increases the porosity increases up to x=0.05 and
then decreases. This behavior could be explained as following: It is known that the porosity of
ceramic samples results from two sources intragranular porosity (Pinra) and intergranular
porosity (Piner) [16].Thus, the total porosity could be written as the sum of two types i.e.,

P = Pintra + Pinter (1)

Furthermore, it was reported that the intergranular porosity (Piner) is directly proportional to
the grain size [17, 18]. It is found that, see table (1), as Al-concentration increases the grain
size increases up X = 0.05 and then decreases. From this behavior one can observe that ,the
behavior of D, Piyer and P% are the same. Thus according to equation (1), one could be



concluded that the total porosity P (%) for these samples results mainly from the intergranular
porosity (Pinter)-

3. 2 Magnetic Properties
3. 2. 1 Magnetization:

The variation of magnetization M (emu/g) with applied magnetic field H (Oe) for all
investigated samples at room temperature is shown in Fig.(3). As a normal behavior, the
magnetization increases with increasing applied magnetic field and attain its saturation value
for higher fields.The dependence of saturation magnetization(Ms) on Al-concentration is
shown in Fig.(4). It is clear that ,as Al-concentration increases Mg increases up to its
maximum value at x=0.05, with percentage increase AMs % = 6.9 % as shown in table (1),
and then decreases. This could be explained as following: It is known that, for Ni-Zn and Cu-
Zn ferrites there is a canting angle, Yafet-Kittel angle (oyk), between moments in B-site at Zn
concentration=0.4. Such a canting angle is due to the negative B-B interaction [19, 20] .Thus,
the total magnetization could be expressed as:

M:MBCOSOLYK-MA (2)

Where Ma and Mg are the magnetic moments of A and B-sites respectively [21]. According to
that equation, the increase of Ms up to x=0.05 with increasing Al-concentration can be
attributed to the increase of cosavk i.e. decreasing of ayk due to the decrease of the negative
B-B interaction leading to enhancing the parallelism of moments in B-site . For x>0.05,
i.e.further replacement of the magnetic Fe**-ions by non magnetic Al**-ions in B-site leads to
decrease of the magnetic moment of B-site and hence the total magnetization have to
decrease.

3.2.2 Initial Permeability and Curie Temperature:

Fig. (5) shows the variation of the initial permeability( ;) with temperature T(K) for
all samples. It is found that the curves are typical of multi domain grains showing a sudden
drop in p; at the Curie temperature (T). It is determined by drawing a tangent for the curve at
the rapid decrease of . The intersection of the tangent with T-axis determines T.. It was
reported that the sharp decrease of p; with temperature at T, reflects the homogeneity of the
sample which can be expressed as (Ap; /AT) at T¢ [22, 23]. It is known that the increase of the
grain size occurs at the expense of the grain boundaries i.e. samples with larger grain size
expected to be more homogenous. One can note that the sample with x=0.05 has the
maximum Ap; /AT and maximum grain size which confirms the later statement. The
dependence of both the initial permeability p; at room temperature and T, on the Al-
concentration are shown in Fig. (6). It is clear that, as Al-concentration increases ; increases
up to its maximum value at x = 0.05, with percentage increase Ay % =~ 96% as shown in table
(1), and then decreases. The similarity in behavior of p;, D and Ms with Al- concentration
could be understood in view of the approximate equation for initial permeability [1].

u=M2 D1 @

where M, K; and D are saturation magnetization, the anisotropy constant and the average
grain size respectively. It is known that the anisotropy field in ferrites results from the
presence of Fe?*- ions which formed during the sintering process [24, 25]. Therefore, the
replacement of Fe**- ions by AI**- ions leads to decrease the anisotropy constant, with
increasing the Al-concentration , due to the relative reduction in Fe**- ion concentration. The
increase of p; with Al-concentration up to x=0.05 is attributed to the increase of Mg and D
with the decrease of K;.While in the range of x>0.05, it is clear that the value of p; decreases



with increasing Al-concentration. This means that the decrease of both Mg and D with Al-
concentration in that range have the dominant effect.

Fig.(6) shows also that there is no considerable change in curie temperature with
increasing Al-concentration. This constancy could be explained in the light of pair model.
Where, the main factor that affects the value of T, is the A-B interaction [19]. The constancy
of T, could be attributed to a competition between two factors: First, the decrease in the
distance between the moments of A and B sites as noted from lattice parameter leads to
increase of A-B interaction and hence T. has to increase. On the other hand, due to the
replacement of the magnetic Fe** -ions by the non magnetic AI** -one, the A-B interaction
have to decrease leading to decrease T,

3.3 Electrical Resistivity:

The dependence of dc electrical resistivity (p) at room temperature on Al-concentration
is shown in Fig.(7). It is clear that, as Al-concentration increases the resistivity increases.
Similar behavior was reported for Al-substituted ferrites [26-28]. This behavior of p could be
attributed to the decrease of Fe?* and Fe**-ions concentrations with increasing the Al-
concentration. This leads to limit the hopping probability between Fe** and Fe* -ions.

4-Conclusion:

The lattice parameter decreased while the porosity increased with Al**-ion substitution
in Ni-Cu-Zn ferrites. Al-ion substitution in that ferrite improved the saturation magnetization,
the initial permeability and dc resistivity while Curie temperature approximately didn't
affected.
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Fig. (1): X-ray diffraction pattern of Nig4Cug2ZngsAlFe; <04
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Fig.(2): Variation of lattice parameter a (A) with Al-concentration
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Fig.(3): Variation of magnetization M (emu/g) with H(Oe) for
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Fig (5): variation of the initial permeability (u;) with Temperature T(k) of
Nio_4CUo_zzno_4A|XFez_XO4
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Fig.(6): Variation of initial permeability (y;) at room temperature and Curie temperature
(T¢) with Al-concentration
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Fig.(7): The dependence of the electrical resistivity(p) at room temperature
on Al-concentration

Table (1): Variation of D (nm), p (%), Ms(emu/g), AM(%), wi, Api(%) and
Api/AT with Al-concentration(x).

Al-conc. (x) | Grain size | Porosity
D (nm) P (%)

0.00 56 3.7
0.025 293 6.3

0.05 350 9.5

0.075 255 8.4
0.10 130 6.8
0.125 108 5.4
0.15 98 5.3




