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The effect of manganese (Mn)-ion substitution on the structural, magnetic, and electrical properties of
nickel-zinc (Ni-Zn) ferrite of chemical formula Ni, ¢, Mn, Zn, ,Fe,O, (¢ = 0.0, 0.1, 0.2, 0.3, 0.4, 0.45, 0.5,
0.55, 0.6) has been studied. It was found that Mn ion substitution increases the average grain diameter and
improves the magnetization as well as the initial permeability. At the same time, the direct current (dc)
resistivity at room temperature was found to increase with Mn ion substitution. The increase of both
magnetization and dc resistivity due to the Mn substitution in a Ni-Zn ferrite is a promising result for

applications in high-frequency fields.
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1. Introduction

Nickel-zinc (Ni-Zn) ferrite is one of the most popular soft
ferrites that is used commercially due to its important magnetic
and electrical properties. This ferrite has been extensively used
as a magnetic core material for a large number of devices and
electrical components, such as phase shifters, circulators, iso-
lators, inductors, transformers, and computer memories. The
dependence of the magnetic and electrical properties of Ni-Zn
ferrites on the composition and temperature has been exten-
sively studied (Ref 1-3). The effect of copper (Cu), titanium,
and lithium-ion substitutions on the electrical and magnetic
properties of Ni-Zn ferrites also has been studied (Ref 4-9).
Dionne and West (Ref 9) investigated the effect of manganese-
iron (Mn-Fe) substitution on the magnetic properties in Ni-Zn
ferrite. They found that the saturation magnetization and Curie
temperature (T) decreased with increasing Mn ion concentra-
tion. In the present work, the effect of Mn-Ni substitution on
the structural and magnetic properties of Ni-Zn ferrite was
investigated.

2. Experimental Procedure

Ferrite samples with the chemical formula Ni,4, Mn,
Zn, 4Fe,0, (r = 0, 0.1, 0.2, 0.3, 0.4, 0.45, 0.5, 0.55, 0.6) were
prepared by conventional ceramic processing methods. High-
purity oxides (99.99%) of NiO, ZnO, and Fe,05; with MnCO;
were mixed together according to their molecular weights. The
mixture of each composition was ground to a very fine powder
and presintered at 900 °C for 15 h. The presintered mixture was
ground again and pressed at room temperature under a pressure
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of 3.8 x 10® Pa into tablet and toroidal forms. They were finally
sintered at 1300 °C for 4 h in two cycles and then slowly cooled
at a rate 1 °C/min in N, atmosphere to room temperature.
X-ray diffraction patterns were generated using a diffrac-
tometer with Cu K., radiation. The theoretical x-ray density
(d,) of the samples was calculated using the formula (d, =
8M/Na®) where M is the molecular weight, N is Avogadro’s
number, and a is the lattice parameter. The density d of each
composition was measured in toluene using the Archimedes
principle. The porosity percentage (P %) was calculated ac-
cording to the relation p = 100 [1 — (d/d,)]%. The grain size
was obtained by using scanning electron microscopy. From
these micrographs, the average grain size was calculated. The
magnetization (emu/gm) was measured by using the vibrating
sample technique. The magnetizing field ranges from O up to
0.9 T. Toroidal-shaped samples were used as transformer cores
for measuring the initial permeability; the inner diameter was
equal to 0.75 cm, the outer diameter was equal to 1.55 cm, and
the average thickness was equal to ~0.3 cm. The initial perme-
ability, p;, was measured as a function of temperature at a
constant frequency (f = 10 KHz) of the sinusoidal wave. The
magnetizing current in the primary coil, I, was kept constant at
4 mA. The value of p; was calculated using Poltinnikov’s
formula (Ref 10). According to this formula Vg = K, where
Vj is the induced voltage in the secondary coil, and K = 0.4 I1
IoNpNAw/L, where Np and Ng are the number of turns of
primary and secondary coils, respectively (Np = Ng = 15
turns), A is the cross-section area of the sample, w is the an-
gular frequency, and L is the average path of the magnetic flux.

3. Results and Discussion

3.1 Physical Properties

The x-ray diffraction patterns showed that all samples con-
sisted of the cubic single spinel phase. The interplanar spacing
was calculated according to Bragg’s law as well as the average
lattice constant (a). The theoretical lattice constant is calculated
using (Ref 11):

ay = % [(ra+R)+ V3 (rg + R,)] (Eq 1)
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Fig. 1 The variation of the lattice constant a (A) with Mn concen-
tration (¢)

where R, is the radius of the oxygen ion (1.32 A), and r, and
rg are the ionic radii of tetrahedral and octahedral sites, respec-
tively. To calculate r, and rg, the following cation distribution
was assumed:

(Zng 4 Mny g, Feg g o5,) [Mng o, Nigg, Fey4.05] O4

This cation distribution is based on the premise that 80% of Mn
ions occupy the tetrahedral position (i.e., the A site), while the
remaining 20% occupy the octahedral position (i.e., the B site)
(Ref 12). Moreover, Zn ions preferentially occupy the tetrahe-
dral sites, whereas the Ni ions occupy the octahedral sites. The
ionic radius for each site was calculated according to (Ref 11):

ra =[(0.4) rz2+ + (0.8 1) ry2+ + (0.6 — (0.8 1)) rp3+]
rg =[(0.2 1) ry2+ + (0.6 — 1) ry2+ + (1.4 + (0.8 1)) ree3+1/2

The values of r,2+, Fy2+, Fred+s and ry+ are the ionic radii
of Zn, Mn, Fe, and Ni, respectively. These values are taken
from Ref 13, in which the ionic radius depends on its coordi-
nation number. Figure 1 shows the variation of the experimen-
tal and theoretical lattice constants with Mn concentration for
all samples. It is informative to note that the lattice constant for
the nonsubstituted sample (i.e., the 1 = 0 sample) is 8.373 A,
which is in agreement with values previously reported (8.384
(Ref 1) and 8.381 A (Ref 14). It is clear that the lattice constant
increases linearly with Mn concentration and obeys Vegard’s
law. Such behavior can be attributed to the replacement of the
Ni%* ion, which has a radius of 0.72 A, by the Mn** ion, which
has a radius a little larger than 0.8 A. Additionally, the experi-
mental values of the lattice constant are greater than those of
the theoretical values, and the difference between them de-
creases with increasing Mn concentration. This can be attrib-
uted to the formation of Fe?* ions, which have an ionic radius
greater than Fe**.
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Fig. 2 Change of porosity (P%) and the average grain diameter D
(pwm) with Mn concentration

The variation in porosity and the grain size with Mn con-
centration of all samples is shown in Fig. 2. In this case, the
porosity is almost constant with increasing Mn concentration,
whereas the average grain diameter increased. This could be
explained as follows: It is well-known that the porosity of
ceramic samples results from two sources, intragranular poros-
ity (Pjne) and intergranular porosity (P;,.,) (Ref 15). Thus, the
total porosity P is the sum of the two types, that is, P = (P,
+ P,,.)- Furthermore, it was reported that as the grain size
increases the intergranular porosity increases (Ref 16). There-
fore, the constancy of the total porosity leads to the conclusion
that the intragranular porosity decreases with increasing the Mn
concentration.

3.2 Magnetic Properties

3.2.1 Magnetization and Coercive Field. Figure 3 shows
the change in magnetization with the applied magnetic field (H
up to 0.9 T) for all samples at 77 K. As in normal behavior, the
magnetization increases with increasing applied magnetic field
and attains its saturation value for fields higher than 0.6 T. The
saturation magnetization M, is determined by extrapolating the
magnetization curve to H = 0. The dependence of the satura-
tion magnetization M, on Mn concentration is shown in Fig. 4.
It is clear that as the Mn ion concentration increases, the satu-
ration magnetization increases rapidly up to a concentration of
0.45, but for concentrations >0.45, the magnetization increases
only slightly. The increase of M with increasing concentration
can be explained according to the cation distribution. It is clear
that as the Mn concentration increases, the magnetization of the
B-site (Mp) increases while that of the A-site (M,) remains
constant. As the net magnetization (M) equals (Mg — M,) and
should increase with increasing Mn concentration. This is
found to be the case for concentrations up to 0.45. The slight
increase in magnetization for concentrations >0.45 can be at-
tributed to two factors:

*  The increase of canting angle between the moments in the
B-site leads to a decrease in the magnetization (Ref 17).
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Fig. 3 The magnetization M (emu/g) versus the applied magnetic
field H (T)
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Fig. 4 The variation of saturation magnetization M, (emu/g) and
coercive force H, (mT) with Mn concentration (7)

e The increase in the magnitude of the total magnetic mo-
ments in the B-site leads to a magnetization increase.

These two factors seem to compete with each other
such that M, increases only slightly for concentrations
>0.45.

Figure 4 shows the change in the coercive force (H_) with
Mn ion concentration. It is obvious that the magnitude of H,
decreases with increasing Mn content. This may be explained
as follows: It is known that the coercive force has a direct
relation with the anisotropy constant of the sample, and, ac-
cording to the one-ion model, the anisotropy field of ferrites
depends on the amount of Fe?* ions in the sample (Ref 18).
From the previous discussion on x-ray measurements, it seems
that the amount of Fe** ions decreases as a result of increasing
Mn content. This means that the anisotropy constant decreases
with increasing Mn content and that, consequently, the mag-
nitude of H_ also decreases.
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Fig. 5 The temperature dependence of the initial permeability
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Fig. 6 The variation of the initial permeability w; (at room tempera-
ture) and 7 (K) with the Mn concentration (f)

3.2.2 Initial Permeability and Curie Temperature. The
variation of the initial permeability p; with temperature is
shown in Fig. 5. It was found that the curves are typical of
multidomain grains showing a sudden drop in p; at 7. The T
is determined by drawing a tangent to the curve at the point of
rapid decrease in ;. The intersection of the tangent with the
temperature axis determines 7. The sharp decrease in p; with
temperature at T reflects the homogeneity of the sample (Ref
19). It is obvious that as the Mn concentration increases, the
sharpness of the curve increases (i.e., the homogeneity in-
creases). This can be attributed to the increase in the average
grain size of the ferrite as Mn concentration increases. Figure
6 shows the dependence of initial permeability w; on the Mn
concentration at room temperature. It is obvious that the varia-
tion in p; with Mn concentration increases more rapidly for
concentrations =0.45 than for those >0.45. This behavior can
be explained using the following approximate equation for the
initial permeability (Ref 20):

Volume 14(1) February 2005—101



T T T T T T
0.24 4 125
0.22 4 1%
=
Kl
% -
415
L‘g 0.20 3
c £
S = u
=2 —m—Fe® conc. 410 €
— =
£ 0.18 4 —op €]
8 =
c
<3 . i
8 5
0.16 4
40
0'14 T T T T T T
0.0 0.1 02 03 0.4 05 06

Mn-concentration

Fig. 7 The dependence of the resistivity p (at room temperature) and
Fe?* jon concentration on the Mn concentration (¢)

M3iD

i =
VK,

(Eq2)

where My is the saturation magnetization, D is the average
grain diameter, and K, is the magnetocrystalline anisotropy
constant. According to the above results, both M and average
grain diameter increase as Mn content increases. This leads to
an increase in the value of ;. Furthermore, it was also reported
that the anisotropy constant for Ni-Zn ferrite (K, = —1.7 x 10
J/m?) is greater than that of Mn-Zn ferrite (K, = —0.2 x 10°
J/m?) (Ref 21). This means that as the Mn concentration in-
creases, the anisotropy constant (K;) decreases, and thus the
initial permeability also increases. Therefore, all the parameters
in Eq 2 are responsible for the rapid increase in ; for concen-
trations =0.45. On the other hand, for samples with concen-
trations >0.45, according to Eq 2, p; depends on the square of
M., but M, only slightly increases with concentration. So M,
seems to dominate over D and K|, leading to the slight increase
in p; with increasing concentration.

Figure 6 shows the change in T with Mn concentration. It
is seen that as Mn concentration increases, T decreases. This
can be explained as follows. It is known that the 7 depends
mainly on A-B interactions. In these samples, as mentioned
above, an increase in the Mn concentration causes an increase
in the lattice parameter. This means that the distances between
the ions increase, which leads the different A-B interactions to
decrease. Also, according to Ref 22, the exchange integral
[Veeaynizr@) = (=27.4 K)] is greater than [Jge3 sy mn2 @) =
(=19.1 K)], which causes the A-B interactions to decrease, and
hence, the T, also decreases.

3.2.3 Resistivity at Room Temperature. Figure 7 shows
the variation in electrical resistivity (p) at room temperature as
a function of the Mn ion concentration. It is clear that the
substitution of Mn ions leads to an increase in the resistivity of
all samples. This behavior can be interpreted in terms of the
formation of Fe** ions due to the oxygen loss during the sin-
tering process. The concentration of Fe** ions in each sample
is estimated from the difference between the experimental and
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theoretical values of the lattice constants. The change in Fe**
concentration with Mn content is also shown in Fig. 7. It should
be noted that as the Mn concentration increases, the concen-
tration of Fe** decreases, which is in agreement with the fact
that Mn ions cause the suppression of Fe** ion formation (Ref
23). Therefore, as the ferrous ion concentration decreases, the
hopping between Fe** and Fe?* decreases, which leads to an
increase in the resistivity.

4. Conclusions

e The substitution of Mn ions into Ni-Zn ferrite greatly af-
fected the physical properties, with the lattice parameter
and the average grain size increasing. The intragranular
porosity also increased at the expense of the intergranular
porosity.

* The magnetic properties of Mn-substituted Ni-Zn ferrites
improved with increases in both magnetization and initial
permeability. The electrical resistivity of the samples also
increased. These results are promising for high-frequency
applications.
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