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Nickel substituted nano-sized ferrite powders, Co1-xNixFe2O4, Mn1-xNixFe2O4 and Mn1-2xZnxNixFe2O4 (0.0 ≤ x ≤

0.2), were fabricated using a sol-gel method, and their crystallographic and magnetic properties were

subsequently compared. The lattice constants decreased as quantity of nickel substitution increased, while the

particle size decreased in Co1-xNixFe2O4 ferrite but increased for the Mn1-xNixFe2O4 and Mn1-2xZnxNixFe2O4

ferrites. For the Co1-xNixFe2O4 and Mn1-xNixFe2O4 (0.0 ≤ x ≤ 0.2) ferrite powders, the Mössbauer spectra could

be fitted as the superposition of two Zeeman sextets due to the tetrahedral and octahedral sites of the Fe3+ ions.

However, the Mössbauer spectrum of Mn0.8Zn0.1Ni0.1Fe2O4 consisted of two Zeeman sextets and one single

quadrupole doublet due to the ferrimagnetic and paramagnetic behavior. The area ratio of the Mössbauer

spectra could be used to determine the cation distribution equation, and we also explain the variation in the

Mössbauer parameters by using this cation distribution equation, the superexchange interaction and the

particle size. The saturation magnetization decreased in the Co1-xNixFe2O4 and Mn1-2xZnxNixFe2O4 ferrites but

increased in the Mn1-xNixFe2O4 ferrite with nickel substitution. The coercivity decreased in the Co1-xNixFe2O4

and Mn1-2xZnxNixFe2O4 ferrites but increased in the Mn1-xNixFe2O4 ferrite with nickel substitution. These

variations could thus be explained by using the site distribution equations, particle sizes and spin magnetic

moments of the substituted ions. 
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1. Introduction

Ferrites have been used to fabricate components in a
wide variety of electromagnetic devises, including micro-
wave and magnetic recorders. Ferrites have a spinel
crystal structure (space group Fd3m) in which the O2− ion
lattice forms areas with tetrahedral and octahedral local
symmetry, which are referred to as A and B sites,
respectively. In a normal spinel structure, divalent ions
only occupy the A sites, and trivalent ions only occupy
the B sites. In an inverse spinel structure, divalent ions
occupy half of the B sites, and trivalent ions occupy the
rest of the B sites and all A sites. Cobalt ferrite, CoFe2O4,
has cubic spinel structure and has been extensively
studied due to its interesting magnetic properties. Cobalt
ferrite is basically an inverse spinel for which the corrected

cation distribution becomes (Co0.1Fe0.9)[Co0.9Fe1.1]O4. The
degree of inversion thus depends on the thermal history.
Cobalt ferrite has been regarded a competitive candidates
for use in high-density magnetic recording media as a
result of its high coercivity, moderate saturation magneti-
zation, remarkable chemical stability, and mechanical
hardness [1-3]. When manganese ferrite, MnFe2O4, is
prepared at high temperatures (> 1,173 K), 20 % of the
Mn2+ ions migrate from A to the B sites, and this means
that MnFe2O4 may be characterized as a mixture of
normal and inverse spinel ferrite. Manganese ferrite has
been widely used in microwave and magnetic recording
applications [2]. Mn-Zn ferrites are ceramic materials that
are extensively used to fabricate transformers, frequency
filters, magnetic recording heads, etc., due to their excellent
properties including a high saturation magnetization, high
initial permeability, high resistivity and low losses [4].
Nickel ferrite, NiFe2O4, is a typical soft magnetic material,
and its structure has an inverse spinel in which the tetra-
hedral A sites are occupied by Fe3+ ions and the octahedral
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B sites by Fe3+ and Ni2+ ions [1, 5]. Among ferrospinels,
the inverse spinel type is particularly interesting due to its
high magnetocrystalline anisotropy and unique magnetic
structure. For example, the nickel substituents play an
important role in determining the crystallographic and
magnetic properties of Co, Mn, and MnZn ferrites, and
nickel substitution can also influence the microstructure,
intrinsic properties, atomic diffusity and sintering kinetics.
One of the advantages of using the sol-gel method is that
a lower annealing temperature can be used to enable the
growth of smaller grained powders. The sol-gel method
can thus provide multi-component oxide with a homo-
geneous composition, and it has been employed to pre-
pare many high purity oxide powders, including some
products with spinel-type structures [6-8]. 

In this study, the sol-gel method is used to synthesize
Ni2+ substituted nano-sized Co, Mn and MnZn ferrites,
and their crystallographic and magnetic properties were
compared by conducting X-ray diffractometry (XRD),
scanning electron microscopy (SEM), Mössbauer spectro-
scopy, and vibrating sample magnetometry (VSM).

2. Experiment

The CoFe2O4, Co0.8Ni0.2Fe2O4, MnFe2O4, Mn0.8Ni0.2Fe2O4,
and Mn0.8Zn0.1Ni0.1Fe2O4 ferrite samples were synthe-
sized by using the sol-gel method. Measured amounts of
Co (CH3CO2)2·4H2O, Ni(NO3)2·6H2O, Mn(NO3)2·H2O,
Zn(NO3)2·6H2O and Fe(NO3)·9H2O were first dissolved in
2-Methoxyethanol with an ultrasonic cleaner for 30-50
min. The solution was refluxed at 353 K for 12 h in order
to gel, and was dried at 363 K in a dry oven for 24 h. The
dried powder samples were ground and annealed at 773 K
for 6 h, and all the heat-treatment processes was carried
out in an N2 atmosphere to prevent oxidation of the anion
ions. A large amount of N2 gas flowed early in the
annealing process to remove oxygen inside a quartz tube
and emitting the gas from a dry powder. In order to verify
the purity, all samples were analyzed using an X-ray
diffractometer with Cukα (1.54 Å) radiation. The surface
microstructure was observed using FESEM at room
temperature, and the Mössbauer spectra of the powders
were recorded with a 57Co source in a constant accele-
ration mode to identify the magnetic phase of the ferrite
powders. The saturation magnetization and the coercivity
were then determined via VSM.

3. Results and Discussion

The X-ray diffraction patterns of the Co1-xNixFe2O4,
Mn1-xNixFe2O4 and Mn1-2xZnxNixFe2O4 (0.0 ≤ x ≤ 0.2)

ferrite powders are shown in Fig. 1. The X-ray diffraction
measurement shows that all peaks are consistent with
those of typical spinel structures of ferrite powders, and
no extra peaks corresponding to any secondary phase
were observed. As shown in Table 1, the nickel sub-
stitution increases, the lattice constant of the three ferrites
decreases for Co1-xNixFe2O4 from 0.835 nm at x = 0.0 to
0.834 nm at x = 0.2, for Mn1-xNixFe2O4 decreases from
0.848 nm at x = 0.0 to 0.844 nm at x = 0.2, and for
Mn1-2xZnxNixFe2O4 also decreases with nickel and zinc
substitution from 0.848 nm at x = 0.0 to 0.844 nm at x =
0.1. This can be explained using Vegard’s law, which
states that the larger Co2+ (0.074 nm), Mn2+ (0.091 nm)
and Zn2+ (0.082 nm) ions are substituted by the smaller
Ni2+ (0.069 nm) ions, leading to a decrease in the lattice
constants. The size of the particles was then determined
from the diffraction peak broadening with the use of the
Scherrer equation [9], t = (0.9λ)/(B cosθB), where λ represent
the X-ray wavelength, B is the half width of the (311)

Fig. 1. X-ray diffraction patterns of ferrite powders : (a) CoFe2O4,

(b) Co0.8Ni0.2Fe2O4, (c) MnFe2O4, (d) Mn0.8Ni0.2Fe2O4, and (e)

Mn0.8Zn0.1Ni0.1Fe2O4.

Table 1. Lattice constant and particle size of Co1-xNixFe2O4,

Mn1-xNixFe2O4 and Mn1-2xZnxNixFe2O4 (0.0 ≤ x ≤ 0.2) ferrite

powders.

Sample Lattice constant (nm) Particle size (nm)

CoFe2O4 0.835 25.9

Co0.8Ni0.2Fe2O4 0.834 25.0

MnFe2O4 0.848 25.0

Mn0.8Ni0.2Fe2O4 0.844 26.0

Mn0.8Zn0.1Ni0.1Fe2O4 0.844 90.0
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peak, and θB is the angle of the (311) peak. As shown in
Table 1, the particles size for Co1-xNixFe2O4 decreases
with nickel substitution, while those of Mn1-xNixFe2O4

and Mn1-2xZnxNixFe2O4 increase with nickel and zinc
substitution. This substitution leads to a broadening of the
major peak, that is, a growth of the smaller particle size
of our spinel powders as well as to an improved crystalli-
zation. The particle size of Co1-xNixFe2O4 decreases from
25.9 nm at x = 0.0 to 25.0 nm at x = 0.2, but that for
Mn1-xNixFe2O4 increases with nickel substitution from
25.0 nm at x = 0.0 to 26.0 nm at x = 0.2, and that for
Mn1-2xZnxNixFe2O4 increases 90.0 nm at x = 0.1 with
nickel and zinc substitution. All this suggests that the
particle size of the nickel substituted cobalt, manganese,
and manganese-zinc ferrites powder that were obtained

using the sol-gel method are from 25.0 nm to 90.0 nm,
which are a smaller size that was comparable to that of
powders obtained using ceramic and wet chemical
methods. It has been reported that the particle size of
Mn1-2xZnxNixFe2O4 increased with increasing annealing
temperature from 12.2 nm annealed at 473 K to 90.0 nm
annealed at 773 K [10]. As shown in Fig. 2, the shape of
the grains of the ferrites can be confirmed via FESEM as
100,000 magnifications. All samples have nano-size grains
of a nearly homogeneous size, and the grain size decreases
as the nickel substitution in Co1-xNixFe2O4 increases,
while those of Mn1-xNixFe2O4 and Mn1-2xZnxNixFe2O4

increase as the nickel and zinc substitution increases.
The Mössbauer absorption spectra that were measured

at room temperature for Co1-xNixFe2O4, Mn1-xNixFe2O4

Fig. 2. SEM images (100,000x) of ferrite powders : (a) CoFe2O4, (b) Co0.8Ni0.2Fe2O4, (c) MnFe2O4, (d) Mn0.8Zn0.1Ni0.1Fe2O4, and

(e) Mn0.8Zn0.1Ni0.1Fe2O4.
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and Mn1-2xZnxNixFe2O4 (0.0 ≤ x ≤ 0.2) ferrite powders are
shown in Fig. 3 (a)~(d). The spectra of Co1-xNixFe2O4 and
Mn1-xNixFe2O4 are fitted with two six-line subspectra, and
these are assigned to a tetrahedral A site and octahedral B
sites of a typical spinel crystal structure. As shown in
Table 2, the values of the quadruple splitting (QS) and
isomer shift (IS) of A and B sites are small changed with
nickel substitution, while those of the magnetic hyperfine
fields (Hhf) are increased some in the A and B sites [11,
12, 15]. The increase in the values of the magnetic hyper-
fine fields indicates that the superexchange interaction is
stronger with the nickel substitution in Co1-xNixFe2O4 and
Mn1-xNixFe2O4, which can be explained by using the cation
distribution. The cation distribution depends on many
factors, such as the temperature, pressure, and com-
position [13, 14], as well as the compound preparation
method. The Mössbauer absorption area ratio of the A

and B sites, and the occupation preference of Ni ions for
B sites in a spinel structure, can both be used to determine
the cation distribution of Co1-xNixFe2O4 and Mn1-xNixFe2O4

as: (Co0.28Fe0.72)[Co0.72Fe1.28]O4 for x = 0.0, (Co0.22Fe0.78)-
[Ni0.20Co0.66Fe1.22]O4 for x = 0.2, (Mn0.52Fe0.48)[Mn0.48Fe1.52]O4

for x = 0.0, and (Mn0.40Fe0.60)[Mn0.40Ni0.2Fe1.40]O4 for x =
0.2. Using this cation distribution equation, we can explain
the superexchange interaction being stronger with the
nickel substitution. The increase in nickel ions results in a
higher magnetic moment for the Fe3+ ions (5 uB) at the A
sites, so the A-O-B superexchange becomes stronger in
Co1-xNixFe2O4 and Mn1-xNixFe2O4 even though the lower
magnetic moment Co2+ (3 uB), Fe3+ (5 uB), Mn2+ (5 uB) and
Ni2+ (2 uB) ion distribution are somewhat changes. Figure
3 (c) and (e) show the Mössbauer absorption spectra of
Mn1-2xZnxNixFe2O4 (x = 0.0 and 0.1). The Mössbauer
spectrum of the x = 0.0 sample is fitted with two six-line
subspectra. However, the spectra of the x = 0.1 sample is
fitted with two sextets and one doublet. The area ratio of
the doublet decreased some as Zn and Ni substitution
increased [15]. The Mössbauer absorption spectra can be
explained to be a result of the variation in the magnetic
phase resulting due to the particle sizes. As shown for
Mn1-2xZnxNixFe2O4 ferrite powders [10, 15], the Mössbauer
spectra for the x = 0.0 sample annealed at 523 K and the
x = 0.1 sample annealed at 473 K are attributed to para-
magnetic behavior. This originates from the small particle
size, and the superparamagnetic properties were confirm-
ed by the low-temperature Mössbauer spectra. The Mössbauer
spectrum for x = 0.1 in the Mn1-2xZnxNixFe2O4 ferrite
powder is fitted with two six-line subspectra assigned to
the A sites and the B sites of the Fe3+ ions, as shown in
Table 2. The absorption ratio of the Mössbauer Zeeman
subspectra and the Mn population data for x = 0.0 in
Mn1-2xZnxNixFe2O4 can be used to determine the cation
distributions as (Mn0.61Zn0.1Fe0.29)[Mn0.19Ni0.10Fe1.71]O4 for
x = 0.1. This can be compared with (ZnxFe1-x)[Mn1-xFe1+x]O4

for a Zn-Mn ferrite and (Mn0.52Fe0.48)[Mn0.48Fe1.52]O4 for

Fig. 3. Mössbauer spectra of ferrite powders at room tempera-

ture : (a) CoFe2O4, (b) Co0.8Ni0.2Fe2O4, (c) MnFe2O4, (d)

Mn0.8Ni0.2Fe2O4, and (e) Mn0.8Zn0.1Ni0.1Fe2O4.

Table 2. Room temperature Mössbauer parameters of Co1-xNixFe2O4, Mn1-xNixFe2O4 and Mn1-2xZnxNixFe2O4 (0.0 ≤ x ≤ 0.2) ferrite

powders. Hhf is the magnetic hyperfine field, QS is the quadrupole splitting, and IS represent the isomer shift relative to metallic

iron at room temperature. 

Sample
Hhf (kOe) QS (mm/s) IS (mm/s)

A site B site A site B site A site B site

CoFe2O4 523.0 497.0 0.05 0.01 0.36 0.29

Co0.8Ni0.2Fe2O4 532.6 497.5 0.05 0.01 0.36 0.29

MnFe2O4 481.0 441.1 0.00 0.01 0.30 0.40

Mn0.8Ni0.2Fe2O4 483.0 445.1 0.01 0.02 0.29 0.41

Mn0.8Zn0.1Ni0.1Fe2O4 480.9 434.4 0.01 0.06 0.26 0.46

− − 1.15 0.31
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x = 0.0 [16, 17].
The magnetic properties of the Co1-xNixFe2O4, Mn1-x-

NixFe2O4 and Mn1-2xZnxNixFe2O4 (0.0 ≤ x ≤ 0.2) ferrite
powders can be determined at room temperature by using
VSM. Fig. 4 shows the hysteresis curve, and Table 3
shows the changes in the saturation magnetization (MS)
and coercivity (HC). In the Co1-xNixFe2O4 ferrite powders,
the values of Ms decreased from 85.38 emu/g (x = 0.0) to
72.21 emu/g (x = 0.2) with the nickel substitution. This
decrease can be thus be explained by a smaller magnetic
moment for Ni2+ (2 uB), as compared to a larger magnetic
moment of Co2+ (3 uB). From the cation distribution
equation, the Fe3+ (5 uB) distributed between the A and B
sites remain almost unchanged, so the Ms values of the
NixCo1-xFe2O4 ferrites should decrease, by nickel substitu-
tion. The HC values also rapidly decrease from 1,480.0
Oe (x = 0.0) to 1,255.0 Oe (x = 0.2) as the nickel sub-
stitution increases. The coercivity in polycrystalline ferrites
is well known to strongly depend on the magneto crystalline
anisotropy constant, and the grain size. In Co1-xNixFe2O4

ferrite powders, the grain size does not change abruptly,
so the main effect on the coercivity decrease may be a
lower magneto crystalline anisotropy constant for Ni2+,
with respect to that of Co2+. These results indicate that,
the nickel substitute cobalt ferrites show lower coercivity
and saturation magnetization, than pure cobalt ferrite
powders. In Mn1-xNixFe2O4 ferrite powders, the values for
MS increased from 42.83 emu/g (x = 0.0) to 45.68 emu/g

(x = 0.2) and HC also increased from 79.2 Oe (x = 0.0) to
119.4 Oe (x = 0.2) with nickel substitution increases, and
these changes can be explained by considering the differ-
ences in the site distributions and in the spin magnetic
moments of the substituted ions. The Mössbauer absorp-
tion area showed that the octahedral Mn and Fe ions
decreased and the nickel ions increased at x = 0.2. The
substitution of ions with greater magnetic moments (Mn2+

and Fe3+ = 5 uB) by those with a lesser magnetic moment
(Ni 2+ = 2 uB) could be expected to reduce the saturation
magnetization. However, the results of this work do not
support this explanation. Therefore, the nickel ion sub-
stitution effects on the saturation magnetization and the
coercivity may be concluded to do not be as proportionate
to the size of the particle. The XRD and SEM results
show that the particles increased in size with nickel ion
substitution, and this could have led to an increase in the
saturation magnetization and coercivity. Similar reports
have been presented for Co0.5Mn0.5Fe2O4 nanoparticles
[18], and in Mn1-2xZnxNixFe2O4 ferrite powders the coer-
civity decreased from 79.2 Oe (x = 0.0) to 64.2 Oe (x =
0.1) as the zinc and nickel substitution increased, and this
could be related to the increase in the particle size [14,
15]. The superparamagnetic phase resulting from the
smaller particle size changed to a ferrimagnetic phase at x
= 0.1, as confirmed by the Mössbauer spectra. The
saturation magnetization also some decreased from 42.83
emu/g (x = 0.0) to 36.55 emu/g (x = 0.1) as the zinc and
nickel substitution increased. The variation in the saturation
magnetization for Mn1-2xZnxNixFe2O4 could be qualitatively
explained by the superparamagnetic phase due to the
particle size and the spin magnetic moment of the sub-
stituted ions. The Mössbauer absorption area indicates
that the doublet due to the superparamagnetic phase
decreased at x = 0.1, and this could produce high values
for the saturation magnetization. However, the replacement
of ions with a larger magnetic moment ions (Fe3+ = 5 uB)
by ions with a smaller magnetic moment (Mn2+ = 5 uB,
Ni2+ = 3 uB) could produce low values for the saturation
magnetization. As a result of these two effects, the

Fig. 4. Hysterisis curves of ferrite powders : (a) CoFe2O4, (b)

Co0.8Ni0.2Fe2O4, (c) MnFe2O4, (d) Mn0.8Ni0.2Fe2O4, and (e)

Mn0.8Zn0.1Ni0.1Fe2O4.

Table 3. Saturation magnetization (Ms) and coercivity (Hc) of

Co1-xNixFe2O4, Mn1-xNixFe2O4 and Mn1-2xZnxNixFe2O4 (0.0 ≤ x

≤ 0.2) ferrite powders annealed at 773 K.

Sample Ms (emu/g) Hc (Oe)

CoFe2O4 85.38 1,480.0

Co0.8Ni0.2Fe2O4 72.21 1,255.0

MnFe2O4 42.83 79.2

Mn0.8Ni0.2O4 45.68 119.4

Mn0.8Zn0.1Ni0.1Fe2O4 36.55 119.9
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saturation magnetization decreases slightly as the Zn and
Ni substitution increases [14]. These results reflect a
relatively low coercivity and saturation magnetization
compared with the values for MnFe2O4, Mn0.6Zn0.4Fe2O4,
and Mn0.6Ni0.4Fe2O4 ferrite powders [17, 19].

4. Conclusions

Nickel-substituted nano-sized cobalt, manganese, and
manganese-zinc ferrite powders, Co1-xNixFe2O4, Mn1-x-
NixFe2O4 and Mn1-2xZnxNixFe2O4 (0.0 ≤ x ≤ 0.2), were
fabricated via the sol-gel method, and their crystallo-
graphic and magnetic properties were compared. All ferrite
powders had a single spinel structure and their lattice
constants decreased with the substitution of nickel in
Co1-xNixFe2O4, Mn1-xNixFe2O4 and Mn1-2xZnxNixFe2O4

ferrites, while the particle size decreased in Co1-xNixFe2O4

ferrite but increased in Mn1-xNixFe2O4 and Mn1-2xZnxNix-
Fe2O4 ferrites. 

For the Co1-xNixFe2O4 and Mn1-xNixFe2O4 (0.0 ≤ x ≤
0.2) ferrite powders, the Mössbauer spectra could be fitted
as a superposition of two Zeeman sextets due to the
tetrahedral and octahedral sites of the Fe3+ ions. However,
the Mössbauer spectrum of Mn0.8Zn0.1Ni0.1Fe2O4 consisted
of two Zeeman sextets and one single quadrupole doublet
as a result of the ferrimagnetic and paramagnetic behavior.
The area ratio of the Mössbauer spectra can be used to
decide the cation distribution of Co1-xNixFe2O4 and
Mn1-xNixFe2O4 as: (Co0.28Fe0.72)[Co0.72Fe1.28]O4 for x =
0.0, (Co0.22Fe0.78)[Ni0.20Co0.66Fe1.22]O4 for x = 0.2, (Mn0.52-
Fe0.48)[Mn0.48Fe1.52]O4 for x = 0.0, (Mn0.61Zn0.1Fe0.29)-
[Mn0.19Ni0.10Fe1.71]O4 for x = 0.1. We also explained the
variation of Mössbauer parameters using this cation di-
stribution equation, superexchange interaction and particle
size. 

The hysteresis curves of the Co1-xNixFe2O4, Mn1-xNix-
Fe2O4 and Mn1-2xZnxNixFe2O4 (0.0 ≤ x ≤ 0.2) ferrite
powders revealed a typical soft ferrite pattern, and the
saturation magnetization decreased in the Co1-xNixFe2O4

ferrite from 85.38 emu/g (x = 0.0) to 72.21 emu/g (x =
0.2) and in the Mn1-2xZnxNixFe2O4 ferrite from 42.83 emu/
g (x = 0.0) to 36.55 emu/g (x = 0.1), and increased in the
Mn1-xNixFe2O4 from 42.83 emu/g (x = 0.0) to 45.68 emu/
g (x = 0.2) with nickel substitution. The coercivity also
decreased in the Co1-xNixFe2O4 from 1,480.0 Oe (x = 0.0)
to 1,255.0 Oe (x = 0.2) and in the Mn1-2xZnxNixFe2O4

ferrite from 79.2 Oe (x = 0.0) to 64.2 Oe (x = 0.1), and
increased in the Mn1-xNixFe2O4 ferrites from 79.2 Oe (x =
0.0) to 119.4 Oe (x = 0.2) with nickel substitution. These

variations could be explained using the site distributions,
particle sizes and the spin magnetic moments of the
substituted ions. 
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