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Ferrites with the general formula Mg1+xMnxFe2−2xO4 (where x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8 and 0.9) were prepared by the standard ceramic technique and studied by
means of X-ray diffraction, magnetization, a.c. susceptibility and dielectric constant
measurements. The X-ray analysis confirmed the single-phase formation of the samples.
The lattice parameter is found to increase up to x = 0.3 and thereafter it decreases as x
increases. The cation distribution has been studied by X-ray analysis and magnetization.
Magnetization results exhibit collinear ferrimagnetic structure for x ≤ 0.3 and thereafter
structure changes into non-collinear for x > 0.3. Curie temperature (TC) obtained from a.c.
susceptibility data decreases with increasing x . The dielectric constant (ε′), loss tangent
(tan δ) show strong frequency dependence. C© 2005 Springer Science + Business Media,
Inc.

1. Introduction
Ferrites have been the subject of extensive study be-
cause of their wide range of applications from mi-
crowave to radio frequency and of their importance
in understanding the theories of magnetism. They ex-
hibit relatively high resistivity at carrier frequency, suf-
ficiently low losses for microwave applications. These
materials are extensively used in microwave devices,
computer memory chips, magnetic recording media etc.
[1].

Ferrites belonging to magnesium ferrite family hav-
ing inherent rectangular hysteresis loop were first to be
identified for the use in memory cores. The magnesium
ferrite (MgFe2O4) is partially inverse ferrite [2] and
it’s degree of inversion depends upon heat treatment
[3]. The interesting physical and chemical properties
of ferrospinels arise from their ability to distribute
the cations among the available tetrahedral (A) and
octahedral [B] sites.

The knowledge of cation distribution and spin ar-
rangement is essential to understand the magnetic prop-
erties of spinel ferrites. The addition of tetravalent ions
and trivalent ions in ferrite influences the electrical and
magnetic properties of the system [4–9]. The structural
and magnetic properties of Mg ferrite with nonmag-
netic substitution of divalent Zn2+, Cd2+, trivalent Al3+
and tetravalent Ti4+ have been investigated [10–13] by
many workers. The substitution of magnetic ion such
as Cr3+ in MgFe2O4 has been reported in the literature
[14].

However, no reports are available in the literature
on the magnetic and dielectric properties of magnetic
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Mn4+ substituted magnesium ferrite. Hence an attempt
has been made to investigate the effect of magnetic
Mn4+ substitution on the structural, magnetic and di-
electric properties of MgFe2O4 by X-ray diffraction,
magnetization, a.c. susceptibility and dielectric con-
stant measurements. The present work reports the in-
vestigations carried out in the magnesium ferrite by
simultaneously substituting Mg2+ in combination with
a tetravalent magnetic Mn4+ ion.

2. Experimental
The samples of the general formula Mg1+x Mnx -
Fe2−2x O4 were prepared by the standard ceramic tech-
nique for 0 ≤ x ≤ 0.9 in steps of 0.1. The starting
materials were analytical reagent grade oxides Fe2O3,
MgO and MnO2. These oxides were mixed in sto-
ichiometric proportions, wet ground for four hours
and presintered at 900◦C for 12 h. In the final sin-
tering process, the material was held at 1050◦C for
24 h and slowly cooled to room temperature (2◦C/min).
The X-ray diffraction patterns for all the samples were
recorded on Philips X-ray diffractometer (PW3710).
The magnetization measurements were carried out us-
ing high field hysteresis loop technique [15] at 300 K.
The a.c. susceptibility for the polycrystalline samples
was measured using the double coil set up [16] op-
erating at a frequency of 263 Hz and in r.m.s. field
of 7Oe. The dielectric constant (ε′) and loss tangent
(tan δ) were measured in the frequency range 100 Hz to
1 MHz at room temperature using an HP 4284 LCR-Q
meter.
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Figure 1 Typical X-ray diffraction patterns for x = 0.1, 0.3 and
0.5.

3. Results and discussion
X-ray diffraction patterns for all the ferrites under in-
vestigation have been obtained using Cu Kα radiations
(λ = 1.540). Typical X-ray diffraction patterns for x =
0.1, 0.3 and 0.5 are shown in Fig. 1. Analysis of X-ray
diffractograms reveals the formation of single-phase
cubic spinels, showing well defined reflection of al-
lowed planes. The lattice parameter of all the samples
were calculated with an accuracy of ±0.002 Å from
XRD data.

The variation in lattice parameter with Mn4+ content
is presented in Fig. 2. It can be seen from the Fig. 2 that
the lattice parameter increases with x up to x = 0.3 and
thereafter it decreases as x increases. This non-linear
behaviour of lattice parameter (a) with composition x
is attributed to the simultaneous replacement of Fe3+

ions (0.67 Å) by Mn4+(0.52 Å) and Mg2+(0.66 Å). The
non-linear behaviour of ‘a’ with composition x may be
due to the fact that the system under investigation is not

Figure 2 Variation of lattice constant ‘a’(Å) with composition ‘x’.

completely normal or inverse. Similar behaviour was
reported by many workers [17, 18]. Initial increase in
‘a’ is an indication of the effect of addition of Mg2+
and Mn4+ ions. Further, decrease in ‘a’ for x > 0.3 is
due to the replacement of larger Fe3+ ions by smaller
Mg2+ and Mn4+ ions.

The X-ray density dx is calculated according to the
formula [19].

dx = 8M/Na3 (1)

where M is the molecular weight, N is the Avogadro’s
number and ‘a’ is the lattice constant. The values of
X-ray density are reported in Table I. It is seen that the
X-ray density dx decreases with increasing Mn content
x .

The cation distribution in spinel ferrite was avail-
able from the study on the X-ray diffraction [20–22],
Mössbauer effect [23] and magnetization methods [24].
According to Bertaut [25]. Weil Bertaut and Bochirol
[26], the best information on cation distribution in
spinel is achieved by comparing experimental and the-
oretical intensity ratios for reflections (220) and (440).
According to Ohnishi and Teranishi [27] the inten-
sity ratio of the planes I(400)/I(220) and I(422)/I(400) are
considered to be sensitive to the cation distribution pa-
rameters. The distribution of cations among the avail-
able sites in spinel has been experimentally proved to
an equilibrium function of temperature.

TABLE I Lattice constant (a) and X-ray density (dx), for Mg1+x Mnx -
Fe2−2x O4 system

Composition x Lattice constant a (A) X-ray density dx (g/cm3)

0.0 8.381 4.512
0.1 8.414 4.387
0.2 8.425 4.298
0.3 8.437 4.208
0.4 8.422 4.158
0.5 8.410 4.104
0.6 8.401 4.044
0.7 8.392 3.984
0.8 8.386 3.920
0.9 8.399 3.829
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In the present method, the ratio of intensities of re-
flections due to the planes (220) and (400) has been
chosen as a criterion to determine the cation distribu-
tion. The absorption and temperature factors are not
taken into account in our calculations because these do
not affect the relative intensity calculation for spinel at
room temperature [28].

To determine cation distribution, it is necessary to
calculate for each composition the I400/I220, I400/I422
intensity ratios expected for given arrangement of the
cations and compare them with the experimental values.
For the calculation of the relative integrated intensity,
‘I ’, of a given diffraction line from powder specimen,
the following formula is valid [29].

Ihkl = |F |2hkl · P · LP (2)

where F is structure factor, P is multiplicity factor, LP
is Lorentz polarization factor.

For obtaining the cation distribution of
Mg1+x Mnx Fe2−2x O4 system, we have accepted
the cation distribution of MgFe2O4 (x = 0.0) ferrite,
which is represented by

(Mg0.07Fe0.93)[Fe1.07Mg0.93] (3)

and is close to the cation distribution given by other
workers [30].

The structure factor, F is a function of oxygen param-
eter u, as well as distribution parameter y. The formulae
for the structure factors for the planes (hkl) are taken
from those reported by Furuhashi et al. [31]. The multi-
plicity factor and Lorentz polarization factor are taken
from literature [19]. The ionic scattering factor reported
in [32] are used for the calculation of the structure factor
F.

The distribution of Mg2+, Fe3+ and Mn4+ amongst
octahedral [B] and tetrahedral (A) sites in the
Mg1+x Mnx Fe2−2x O4 was determined from the ratio
of X-ray diffraction lines I400/I220 and I400/I422
(Table II).

Computerized calculation of intensity for the planes
I400/I220 I400/I422 are performed for various values of
distribution parameter y. The value of the distribution

T ABL E I I Cation distribution and intensity ratio for Mg1+x Mnx Fe2−2x O4 system

I220/I400 I422/I400

Composition x Cation distribution Obs. Cal. Obs. Cal.

0.0 (Fe.93Mg07)A [Fe1.07Mg0.93]B 1.175 2.032 0.404 0.688
0.1 (Fe.85Mg.15)A [Fe.95Mn0.1Mg0.95] 0.957 1.796 0.278 0.611
0.2 (Fe.77Mg023)A [Fe.83Mn0.2Mg0.97] 1.152 1.562 0.294 0.534
0.3 (Fe.69Mg031)A [Fe.71Mn0.3Mg0.99]B 1.242 1.360 0.392 0.468
0.4 (Fe.61Mg.39)A [Fe.59Mn0.4Mg1.01]B 1.133 1.181 0.223 0.408
0.5 (Fe0.53Mg.47)A [Fe0.47Mn0.5Mg1.03]B 0.697 1.013 0.269 0.354
0.6 (Fe0.45Mg.55)A [Fe0.35Mn0.6Mg1.05]B 0.966 0.877 0.237 0.307
0.7 (Fe0.37Mg.63)A [Fe0.23Mn0.7Mg1.07]B 0.567 0.739 0.115 0.262
0.8 (Fe0.29Mg.71)A [Fe0.11Mn0.8Mg1.09]B 0.714 0.616 0.108 0.220
0.9 (Fe0.20Mg.80)A [Mn0.9Mg1.1]B 0.363 0.500 0.060 0.179

parameter y is reached by comparison of theoretical and
experimental intensity ratios of (220) and (400), (400)
and (422) planes. The value of y for which the theo-
retical and experimental ratios agree closely, is taken
to be the correct one. The theoretical and experimental
intensity ratios are compiled in Table II.

The electron exchange interaction (Fe2+ ↔ Fe3+ +
e−) results in a local displacements of electrons dur-
ing the sintering process of ferrite. It has been reported
that the jump length of electrons influences the physical
properties of the ferrite system [33]. Electrons that are
hopping between B and A sites are less probable com-
pare to that between B and B sites, because the distance
between two metal ions placed in B sites is smaller than
that if they were placed one in B sites and the other
in A sites [34, 35]. The jump length L on the octa-
hedral site is determined from the following relation
[36].

L = a
√

2

4
(4)

where a is the lattice parameter.
The variation of jump length L as a function of Mn4+

content x is shown in Fig. 3. It is observed from Fig. 3
that the jump length decreases with increase in Mn4+
content x .

The values of magneton number nB (saturation mag-
netization per formula unit in Bohr magneton) at
room temperature were obtained from hysteresis loop
technique, by using the following relation [37].

nB = Molecular weight × saturation magnetization

5585
emu/g

(5)

Table III gives the values of the saturation magnetiza-
tion σs and the magneton number nB. It is seen from
Table III that the samples with 0.0 ≤ x ≤ 0.9 show fer-
rimagnetic behaviour which decreases with increasing
Mn4+ content. The variation of nB with Mn4+ con-
tent x can be explained on the basis of the fact that
non magnetic Mg2+ ions replaces the magnetic Fe3+
ions at tetrahedral sites A and due to the predominant
inter sub-lattice A-B superexchange interaction, the net
magnetic moment per formula unit is increased. The
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T ABL E I I I Saturation magnetization (σs), Magneton number (nB), Yafet-Kittel angle (θYK) for Mg1+x Mnx Fe2−2x O4 system

Magneton number nB (µB)
Yafet-Kittel

Composition x
Saturation magnetization
σs (emu/g) Obs. Cal. angle θYK

Curie temperature
TC (K)

0.0 17.99 0.644 0.7 0.0 690
0.1 27.00 0.812 0.8 0.0 670
0.2 27.70 0.960 0.9 0.0 650
0.3 29.03 0.997 1.0 0.0 645
0.4 28.58 0.957 1.1 15.08 640
0.5 27.81 0.726 1.2 22.18 635
0.6 19.82 0.629 1.3 35.80 630
0.7 16.30 0.517 1.4 43.24 625
0.8 12.38 0.386 1.5 51.51 620
0.9 8.08 0.247 1.7 62.49 610

Figure 3 Variation of jump length L with Mn content x .

variation of nB with x = 0.3 is satisfactorily explained
on the basis of Neel’s two sub-lattices model of ferri-
magnetism [38]. The decrease in nB for x > 0.3 can
be explained on the basis of Yafet-Kittel triangular type
magnetic ordering of spins on the B sub-lattice.

According to Neel’s two sub-lattice model of ferri-
magnetism, the Neel’s magnetic moment per formula
unit in µB, nN

B is expressed as,

nN
B = MB(x) − MA(x) (6)

where nN
B is Neel magnetic moment per formula unit in

µB, MB and MA are the B and A sub-lattice magnetic
moment in µB. Since MgFe2O4 is a partially inverse
spinel and Mn4+ ion has a tendency to occupy B-site,
the cation distribution based on magnetization and X-
ray intensity calculation has been given in Table II.

Compositional dependence of magneton number nB
in µB calculated from Neel’s models for x = 0.0 to 0.9
using above equation and cation distribution is shown in
Fig. 4. It can be seen from Fig. 4 that the calculated nN

B
values agree well with experimentally found values for
x = 0.0 to 0.3, confirming a collinear magnetic struc-
ture. However for 0.3 < x < 0.9 it clearly differs from
the observed values indicating that significant canting
exists on B-site, suggesting magnetic structure to be

Figure 4 Variation of nB with x .

non-collinear for x > 0.3. The variation of nB with x
for x > 0.3 can be explained on the basis of Yafet-
Kittel Model [39]. The Y-K angles were calculated by
using the following formula,

nB = MB · cos αyk − MA (7)

and are given in Table III.
Thus, the change of spin ordering from collinear to

non-collinear displays a strong influence on the vari-
ation of saturation magnetic moment per molecule as
observed by magnetization (Fig. 4) with chemical com-
position.

The typical plots of a relative a.c. susceptibility
χT/χRT (RT = room temperature) against temperature
(T) for x = 0.2, 0.4, 0.6 and 0.8 are shown in Fig. 5,
which exhibits normal ferrimagnetic behaviour. A sharp
peak near 500 K is observed for x = 0.2. As x increases
the peak diminishes. Further it is observed that the sus-
ceptibility remains almost constant with temperature
which is characteristic of multi domain (MD) particles.
The Curie temperature determined from a.c. suscepti-
bility measurements is shown in Fig. 6 as a function of
x . It is observed from Fig. 6 that TC decreases with the
increase in x . The decrease in TC is attributed to the
fact that the A-B interaction decreases because of the
replacement of Fe3+ ions by Mn4+ ions on the octahe-
dral [B] sites and Mg2+ ions on the A sites.
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Figure 5 Thermal variation of a.c. susceptibility (x = 0.2, 0.4, 0.6 and
0.8).

Figure 6 Variation of Curie temperature with Mn content x .

Figure 7 Variation of dielectric constant ε′ with frequency for the sam-
ples with x = 0.2, 0.4, 0.6 and 0.8.

Since the polycrystalline ferrites are very good di-
electric materials, the variation of dielectric constant
(ε′) and dielectric loss tangent (tan δ) is measured as a
function of dopant concentration and frequency.

Fig. 7 shows the variation of dielectric constant with
frequency measured at room temperature for typical
samples x = 0.2, 0.4, 0.6 and 0.8. It can be seen from
Fig. 7 that the dielectric constant (ε′) decreases with the
increase in frequency. The behaviour of frequency de-
pendence of ε′ for Mg1+x Mnx Fe2−2x O4 is in very good
agreement with the well known spinel ferrites [40, 41]
for which ε′ decreases continuously with increasing fre-
quency range. A more dielectric dispersion is observed
at low frequency region. This observed behaviour may
be due to Maxwell-Wagner interfacial type of polariza-
tion [42, 43], which is in agreement with Koops phe-
nomenological theory [44] by the electronic exchange

Fe3+ ↔ Fe2+ + e−1

one obtains local displacement of electrons in the di-
rection of the applied electric field. This displacement
determines the polarization in ferrite. The decrease of
polarization with increase of frequency may be due to
the fact that beyond a certain frequency of the elec-
tric field, the electronic exchange between Fe2+ and
Fe3+ cannot follow the alternating field, therefore the
real part of dielectric constant decreases with increasing
frequency.

The variation of dielectric loss tangent (tan δ) against
log frequency at room temperature is depicted in Fig. 8
for x = 0.2, 0.4, 0.6, 0.8. It can be seen from Fig. 8
that all the samples show a normal dielectric behaviour
with frequency. The parameter tan δ decreases exper-
imentally with the increase of frequency. A distinct
maximum in tan δ cannot be seen for any sample. The
maximum in tan δ occurs when the jump frequency of
electron between Fe2+ and Fe3+ is equal to the fre-
quency of the applied field [45].
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Figure 8 Variation of the dielectric loss tangent with frequency for the
samples with x = 0.2, 0.4, 0.6 and 0.8.

4. Conclusion
The suggested cation distribution of the system
Mg1+x Mnx Fe2−2x O4 shows that Mn4+ occupy octahe-
dral B site. Magnetization measurements exhibit Neel’s
collinear ferrimagnetic structure for x = 0.0 to 0.3
which is explained on the basis of Neel’s model. The
Curie temperature TC obtained from a.c. susceptibility
data decreases with the increase in Mn4+ content x . The
dielectric constant ε′ and loss tangent tan δ show strong
frequency dependence.
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