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a b s t r a c t

The effect of Al-substitution on the physical, magnetic and electrical properties of Ni–Cu–Zn ferrite of
chemical formula Ni0.4Cu0.2Zn0.4AlxFe2−xO4 (x = 0 to x = 0.15 with step = 0.025) which prepared by con-
ventional ceramic method has been studied. X-ray patterns indicated the presence of a single spinel
phase. Analysis of IR-spectrum indicated the occupation of Al-ions the octahedral site in ferrite lattice.
eywords:
i–Cu–Zn ferrites
agnetization

nitial permeability

SEM micrographs showed that the average grain size D decreased with increasing Al-content. The mag-
netization 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 (Tc) is determined. It was found that Al-ion substitute improved the magnetization as
well as the initial permeability with no considerable effect for it on the value of Tc. The dc resistivity is
also increased with increasing Al-concentration. Such results are promising ones for the high frequency

applications.

. Introduction

Ferrites are very important in technological applications as
nductor cores because they have high resistivity compared to

etallic materials. The magnetic properties of ferrites such as the
ermeability, magnetization and coercive field are affected by the
ype of the substituted ion, microstructure and the porosity [1].
he miniaturization trend of electronic devices results in the rapid
evelopment of surface mount devices (SMD) [2,3]. As one of the
ost important SMD, multilayer chip inductors (MLCI) become
ore and more miniaturized and integrated [4]. Ni–Cu–Zn fer-

ite is one of the soft magnetic materials which is used for MLCI
pplications because of their relatively low sintering temperature,
igh permeability in the R-F frequency region and high electrical
esistivity [5,6]. The effect of substituting trivalent ions for iron in
errites has been investigated [7–9]. The effect of Al-substitution
n the magnetic and electrical properties of different ferrites was
tudied by many authors [10–14]. Unfortunately, they reported
hat, due to the substitution, there was a decrease in the val-
es of saturation magnetization MS, initial permeability �i, Curie

emperature, remanence ratio R, and coercive field whereas the
nisotropy field and electrical conductivity were increased. In pre-
ious work, [15,16], a significant effect due to the Al-substitution
n the magnetic and electrical properties were reported in the
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Mn0.5Ni0.1Zn0.4AlxFe2−xO4 ferrite system (0 ≤ x ≤ 0.15 in steps of
0.025). Many studies were carried out on the Ni–Cu–Zn ferrite sys-
tems keeping the Cu-concentration at 0.2 [17–21]. Furthermore,
Ref. [22] reported that, for Cu-substituted Ni–Zn ferrite, the bulk
density, initial permeability and dc electrical resistivity increased
with optimum copper concentration of x = 0.2. In the present study,
keeping the Zn-concentration equal to 0.4 which corresponding to
the maximum magnetization in Cu/Ni–Zn ferrites [23], the effect
of Al3+-ions substitution on the physical, magnetic and electrical
properties of Ni0.4Cu0.2Zn0.4AlxFe2−xO4 ferrites will be studied.

2. Experimental procedure

Samples with the chemical formula Ni0.4Cu0.2Zn0.4AlxFe2−xO4 (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, Al2O3 and Fe2O3 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 mix-
ture was ground again and pressed at room temperature into discs and toroids. They
were finally sintered at 1200 ◦C for 5 h and then slowly cooled at room temperature.
X-ray diffraction (XRD) patterns were formed using diffractometer of type x’pert
Graphics identify with CuK� radiation. The porosity percentage (P%) was calculated
for all samples according to the relation P% = 100[1 − (d/dx)] %, where dx is the theo-
retical X-ray density of samples which calculated using the formula dx = 8M/Na3 (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.

FTIR spectra were carried out (using Perkin Elmer spectro-photometer) in the range
from 150–650 cm−1. The grain micrographs were obtained by low vacuum scan-
ning electron microscope (SEM type JEOL JSM5600). 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 (�i) was measured as a function of temperature at constant frequency

dx.doi.org/10.1016/j.jallcom.2010.11.056
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Fig. 1. X-ray diffraction pattern of Ni0.4Cu0.2Zn0.4AlxFe2−xO4.

f = 10 kHz) and low magnetizing current of Ip = 10 mA. The value of �i was calcu-
ated using poltinnikov’s formula [24]. which is given by Vs = K�i , K = 0.4�NpNsIpAω/L

here Vs is the induced voltage in secondary coil, Np and Ns are the number of
urns of primary and secondary coils, respectively (Np = Ns = 20 turns). A is the cross-
ectional area of the sample, ω is the angular frequency (ω = 2�f) and L is the average
ath of magnetic flux (L = 2�rm) where rm is the mean radius of toroid. The dc resis-
ivity was measured using tablet shape samples by the two-probes method with
n–Hg contacts.

. Results and discussion

.1. Physical properties

.1.1. X-ray analysis
The XRD patterns, in Fig. 1, indicate that all investigated sam-

les are formed in cubic single spinel phase. The values of d-spacing
re calculated according to Bragg’s law and hence the average
attice parameter a (Å) is calculated. The variation of a (Å) with
he Al-concentration is plotted in Fig. 2. It is clear that as Al-

oncentration increases the lattice parameter decreases almost
inearly obeying vegard’s law. Similar behavior was observed in Al-
ubstituted Mn–Zn [25,26], Ni–Zn [27] and Mn–Ni–Zn ferrites [15].
he decrease in lattice parameter with increasing Al-concentration
ould be explained on the basis of the ionic radii due to the replace-
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Fig. 2. Variation of lattice parameter a (Å) with Al-concentration.
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Fig. 3. The variations of porosity (P%) and the grain size (D) with Al-concentration.

ment of ions with larger ionic radius of Fe3+ (0.64 Å) by the smaller
one Al3+ (0.51 Å).

3.1.2. Porosity and grain size
The variations of porosity (P%) and the grain size with Al-

concentration (x) are shown in Fig. 3. It is obvious that, as
Al-concentration increases the porosity decreases. This behavior
could be explained as follows: it is well known that the porosity
of ceramic samples results from two sources intragranular poros-
ity (Pintra) and intergranular porosity (Pinter) [28]. Thus, the total
porosity (P%) could be written as the sum of two types i.e.

P% = Pintra + Pinter (1)

Furthermore, it was reported that the intergranular porosity (Pinter)
is directly proportional to the grain size [29,30]. Fig. 4 shows the
SEM micrographs to four selected samples. The average grain size
(D) of each sample was determined using main linear intercept
method by drawing random lines on the obtained photographs and
counting the number of grain boundaries [31]. The average grain
size (�m) was calculated by dividing the length of the straight line
over the number of grain boundaries. It is found that, see Fig. 3, as
Al-concentration increases the average grain size decreases. From
this behavior one can observe that, the behaviors of D, Pinter and P%
are the same. Thus according to Eq. (1), one could be conclude that
the total porosity P (%) for these samples results mainly from the
intergranular porosity (Pinter).

3.1.3. IR spectra analysis
The study of far-infrared spectrum is an important tool to get

information about the position of ions in the crystal through the
vibrational modes [32]. According to the group theory, the normal
and inverse cubic spinel should have four IR bands representing
the four fundamentals (�1, �2, �3 and �4) [33]. It has been reported
that, the first three IR fundamental bands are due to tetrahedral
and octahedral complexes, while the fourth one is due to the lattice
vibrations [32].

Fig. 5 shows the IR spectra of four selected samples with x = 0.0,
0.05, 0.1 and 0.15. The positions of their bands are reported in
Table 1, where the high frequency bands �1 (about 570) and �2
(393–397) are attributed to the vibrations of iron ions in both
tetrahedral and octahedral positions respectively. The third vibra-
tional frequency band �3 (339–285) is associated with the divalent

octahedral metal ions and oxygen complexes. Finally, the lattice
vibrational frequency band, �4, is in the range (208–270) cm−1

[34]. It is obvious from the table that, as the Al-concentration (x)
increases �1 almost constant while �2 and �3 increase. These results
reveal that the radius of octahedral site rB decrease with Al-content
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Fig. 4. SEM micrographs of Ni0.4Cu0.2Zn0.4AlxF
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shown in Fig. 6. As a normal behavior, the magnetization increases
with increasing applied magnetic field and attain its saturation
value for higher fields. The dependence of saturation magnetiza-
tion (Ms) on Al-concentration is shown in Fig. 7. It is clear that, as
Al-concentration increases Ms increases up to its maximum value at

70

80
Wavenumber (cm-1)

ig. 5. Infrared spectra of Ni0.4Cu0.2Zn0.4AlxFe2−xO4 with x = 0.0, 0.05, 0.1, and 0.15.

here the band frequency is inversely proportional to the bond
ength [25]. The shift of the lattice vibration band �4 to the higher
requency could be attributed to the difference in masses between
ubstituted and displaced ions. In our composition, we replace Fe3+-

ons by Al3+, which has smaller mass, thus the total mass of lattice
ecreases leading to increase the frequency of �4 band (�˛

√
1/m).

Therefore, in the light of the above discussion of the spectra, one
ould be conclude that Al3+-ions completely occupy B-site. Also, it

able 1
hange of wave number (cm−1) of the IR observed bands with Al-content.

Al-conc. Tetra. Octahedral bands Lattice vibration

(x) �1 �2 �3 �4

0 570 393 339 285 254 231 208
0.05 572 396 352 286 259 234 209
0.1 571 397 360 289 264 238 208
0.15 570 395 362 289 270 235 208
e2−x O4 with x = 0.0, 0.05, 0.10 and 0.15.

is well known that Zn2+-ions prefer to occupy A-site, where Cu2+-
ions prefer to occupy B-site. Then, the following cation distribution
is assumed.

(Zn0.4Fe0.6)[Ni0.4Cu0.2AlxFe1.4−x]O4 (2)

where the brackets () and [] denote to A- and B-sites, respectively.

3.2. Magnetic properties

3.2.1. Magnetization
The variation of magnetization M (emu/g) with applied mag-

netic field H (Oe) for all investigated samples at room temperature is
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Fig. 6. Variation of magnetization M (emu/g) with H (Oe) for
Ni0.4Cu0.2Zn0.4AlxFe2−xO4.
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x > 0.05, it is clear that the value of �i decreases with increas-
ing Al-concentration. This means that the decrease of both Ms

and D with Al-concentration in that range have the dominant
effect.
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ig. 7. Variation of saturation magnetization Ms (emu/g) with Al-concentration.

= 0.05, with percentage increase �Ms% = 6.9%, and then decreases.
his could be explained as following: it is known that, for Ni–Zn
nd Cu–Zn ferrites there is a canting angle, Yafet-Kittel angle (˛YK),
etween moments in B-site at Zn concentration = 0.4. Such a cant-

ng angle is due to the negative B–B interaction [23,35]. Thus, the
otal magnetization could be expressed as:

= MB cos ˛YK − MA (3)

here MA and MB are the magnetic moments of A- and B-sites,
espectively [36]. According to Eq. (2), MA and MB could be written
sing the values of magnetic moments for Ni2+ (2�B), Cu2+ (1�B),
n2+ (0�B), Al3+ (0�B) and Fe3+ (5�B) as:

A = (0.4 ∗ 0 + 0.6 ∗ 5)�B,

B = (0.4 ∗ 2 + 0.2 ∗ 1 + x ∗ 0 + (1.4 − x) ∗ 5)�B

hus the total magnetic moment in Eq. (3) is given by,

= �B(8 − 5x) cos ˛YK − 3�B (4)

n view of Eq. (4) and according to the value of x, the increase of Ms

p to x = 0.05 with increasing Al-concentration could be attributed
o the increase of cos ˛YK i.e. decreasing of ˛YK due to the decrease
f the negative B–B interaction leading to enhancing the paral-
elism of moments in B-site. For x > 0.05, i.e. further replacement
f the magnetic Fe3+-ions by non magnetic Al3+-ions in B-site leads
o a decrease of the magnetization of B-site and hence the total

agnetization should decrease.

.2.2. Initial permeability and Curie temperature
Fig. 8 shows the variation of the initial permeability (�i) with

emperature T (K) for all samples. It is found that the curves are
ypical of multi domain grains showing a sudden drop in �i at the
urie temperature (Tc). It is determined by drawing a tangent for
he curve at the rapid decrease of �i. The intersection of the tangent
ith T-axis determines Tc. It was reported that the sharp decrease

f �i with temperature at Tc reflects the homogeneity of the sample
hich can be expressed as the slope of the linear part (��i/�T) at

c [37,38]. It is known that the increase of the grain size occurs at
he expense of the grain boundaries i.e. samples with larger grain

ize expected to be more homogenous. One can note that, as Al-
ontent increases the slope of the linear part decreases due to the
ecrease of the grain size which confirms the later statement. The
ependence of both the initial permeability �i at room temperature
nd Tc on the Al-concentration are shown in Fig. 9. It is clear that, as
T(k )

Fig. 8. Variation of the initial permeability (�i) with temperature T (K) of
Ni0.4Cu0.2Zn0.4AlxFe2−xO4.

Al-concentration increases �i increases up to its maximum value at
x = 0.05, with percentage increase ��i% ≈ 96%, and then decreases.
The similarity in behavior of �i, D and Ms with Al-concentration
could be understood in view of the approximate equation for initial
permeability [1,15,37].

�i
∼=
(

M2
s D√
K1

)
(5)

where Ms, K1 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 Fe2+-
ions which formed during the sintering process [39,40]. Therefore,
the replacement of Fe3+-ions by Al3+-ions leads to decrease the
anisotropy constant, with increasing the Al-concentration, due
to the relative reduction in Fe2+-ion concentration. The increase
of �i with Al-concentration up to x = 0.05 is attributed to the
increase of Ms and the decrease of K1.While in the range of
0.1750.1500.1250.1000.0750.0500.0250.000

Al-Concentration

500

Fig. 9. Variation of initial permeability (�i) at room temperature and Curie temper-
ature (Tc) with Al-concentration.
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Fig. 9 shows also that there is no considerable change in
urie temperature with increasing Al-concentration. This con-
tancy could be explained in the light of pair model. Where, the
ain factor that affects the value of Tc is the A–B interaction

23]. The constancy of Tc could be attributed to a competition
etween two factors: first, the decrease in the distance between
he moments of A and B sites as noted from lattice parameter leads
o increase of A–B interaction and hence Tc has to increase. On the
ther hand, due to the replacement of the magnetic Fe3+-ions by
he non magnetic Al3+-one, the A–B interaction have to decrease
eading to decrease Tc.

.3. Electrical resistivity

The dependence of dc electrical resistivity (�) at room temper-
ture on Al-concentration is shown in Fig. 10. It is clear that, as
l-concentration increases the resistivity increases. Similar behav-

or was reported for Al-substituted ferrites [41–43]. This behavior
f � could be attributed to the decrease of Fe2+ and Fe3+-ions con-
entrations with increasing the Al-concentration. This leads to limit
he hopping probability between Fe3+ and Fe2+-ions.

. Conclusion
The lattice parameter decreased as well as both porosity
nd average grain size with increasing Al3+-ion substitution in
i–Cu–Zn ferrites. IR-spectrum indicated the occupation of Al-ions

he octahedral site. Al-ion substitution in that ferrite improved the
aturation magnetization, the initial permeability and dc resistiv-

[

[
[
[
[
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ity whereas there was no considerable effect in the value of Curie
temperature due to the Al-substitution.
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