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Abstract A series of Mg0.5Mn0.5Fe2−xCoxO4 (0 ≤ x ≤
0.5) samples were synthesized by citrate precursor method.
The impact of replacing Fe ions by Co on the structural
parameters and magnetic properties of the system was
investigated utilizing X-ray diffraction and M–H magnetic
measurements at room and low temperatures. Phase anal-
ysis revealed a single-phase spinel for all samples, and
cation distribution was suggested using data of magne-
tization loops, Rietveld analysis and then confirmed by
Bertaut method. Both saturation magnetization and coerciv-
ity increase with Co content up to x = 0.3, then decrease
slightly. The variation of lattice parameter, the interatomic
distances, and the bond angles upon increasing the Co
content was determined and then correlated with cation
distribution and the magnetic behavior.
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1 Introduction

Spinel ferrites are highly versatile materials with applica-
tions in various technological fields; they are characterized
by unique magnetic and electrical properties. Of these mate-
rials, the Mg–Mn ferrites have high initial permeability,
high dc resistivity, low loss factor, high saturation magne-
tization with a rectangular hysteresis loop, high-frequency
response, and relatively high Curie temperature, thereby
quite beneficial for applications like memory and switch-
ing circuits, hyperthermia, resonance magnetic imaging and
magnetic fluids [1–4]. For high frequency applications, the
main desirable characteristics of ferrites are high dc resistiv-
ity, low dielectric losses, high initial permeability, and low
saturation magnetization [5]. High initial permeability and
high resistivity were obtained upon substituting In3+ in Mg–
Mn ferrite [6]. Improvement in the dc resistivity has been
observed at the expense of deterioration in the magnetic
properties of Al3+ and Cr3+ substituted Mg–Mn ferrites [7].

Magnetic properties depend mainly on the cation dis-
tribution among the crystallographic sites available in the
material lattice. On the other hand, the distribution of
cations among the lattice sites depends on the procedure of
material’s preparations [8–10]. Spinel ferrites crystallize in
the space group Fd 3̄m with a unit cell containing 32 oxy-
gen atoms. The unit cell contains 32 octahedral (16c and
16d) and 64 tetrahedral (8a, 8b, and 48f ) sites. Among
those available sites, only one eighth of the tetrahedral and
half of the octahedral are occupied. Taking the center of
symmetry at

(
1/4

1/4
1/4

)
, cations may occupy the tetrahe-

dral site 8a at (000) (A site) and/or the octahedral site 16d

at
(

3/8
3/8

3/8
)

(B site). For Mg0.5Mn0.5Fe2O4 ferrite, Mg
ions have a strong preference for occupying the octahedral
B sites, while Mn ions prefer the tetrahedral A sites [11, 12].
Normally, Co ions prefer the B-site; nevertheless, partially
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inverse Co ferrite was reported depending on the synthesis
process [13].

In the present study, X-ray powder diffraction (XRD)
with Rietveld analysis, transmission electron microscope
(TEM), and magnetic measurements at room and low
temperatures have been performed to find out the effect
of Co doping in nanocrystalline Mg0.5Mn0.5Fe2−xCoxO4,
(0 ≤ x ≤ 0.5; step 0.1) on the microstructural parame-
ters, cation distribution among the A and B sites, and the
magnetic parameters of the system.

2 Experimental

Mg0.5Mn0.5Fe2−xCoxO4 (0 ≤ x ≤ 0.5; step 0.1) sam-
ples were synthesized using stoichiometric amounts of iron,
magnesium, and cobalt nitrates, manganese acetate, and cit-
ric acid using deionized water as a solvent. The solution
was heated with stirring till the water evaporates. The gel

was dried at 180 °C for 1 h, sintered at 400 °C for another
hour, and then cooled to room temperature [14, 15]. X-
ray diffraction patterns were collected using PANalytical
diffractometer (X’pert MPD) with Cu-Kα radiation. The
X-ray powder diffraction patterns of the samples were col-
lected on a Philips diffractometer (X’pert MPD) with a
goniometer using Cu-Kα radiation and a step-scan mode
(step size 2θ = 0.02°; counting time 2 s) in the angular range
2θ = 10–80°. LaB6 standard was used to correct instru-
mental broadening. The crystal structure and microstructure
were refined by applying Rietveld profile method [16],
using MAUD program [17]. The powder morphology was
recorded using transmission electron microscope (TEM,
JEOL JEM-100CX) with an accelerating voltage up to
100 kV. Magnetic measurements were carried out with the
Quantum Design Model 6000 Vibrating Sample Magne-
tometer (VSM) option for the physical properties measure-
ment system (PPMS) in magnetic field interval up to 4 T at
10 and 300 K.

Fig. 1 a X-ray powder
diffraction for
Mg0.5Mn0.5Fe2−xCoxO4
(0 ≤ x ≤ 0.5) and b Rietveld
refinement profile for
Mg0.5Mn0.5Fe2O4 sample
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3 Results and Discussion

3.1 Structural and Microstructure Analysis

The X-ray diffraction patterns obtained for the prepared
samples Mg0.5Mn0.5Fe2−xCoxO4 (0 ≤ x ≤ 0.5) are shown
in Fig. 1, where broad diffraction peaks indicate the nano
nature of the prepared samples. Phase analysis revealed a
single-phase spinel for all samples. The obtained diffrac-
tion patterns were used for structural and microstructural
analysis applying Rietveld method; the obtained refined
structural parameters are given in Table 1 and Fig. 2. X-ray
is a poor tool in distinguishing between the atoms close to
each other in the periodic table, e.g., Co and Fe. In Rietveld
analysis, we used the cation distribution among the A and
B sites obtained from magnetic analysis (in next section) as
starting values for the refinement process. In order to con-
firm this suggested cation distribution for the single-phase
samples, Bertaut method [18] was applied. Bertaut method
relies on the choice of some of few reflections known to be
sensitive to cation distributions, such as I220/I400, I220/I422,
and I422/I440. The refinements of these chosen reflections
were done, by minimizing the R factor defined as [18]
follows:

R =
∣
∣
∣∣
∣

(
IObs.
hkl

IObs.
h,k,l,

)

−
(

ICal.
hkl

ICal.
h,k,l,

)∣
∣
∣∣
∣

All the observed intensities (Iobs) for the corresponding
planes have to be corrected first by using Buerger formula
[19]:

Ihkl = |F |2hklPLp,

where F is the structure factor, P is the multiplicity factor,
and Lp is the Lorentz polarization factor for each (hkl) [20].
The displacement parameter corrections were neglected due
to its small values. The best cations distribution obtained
from Bertaut method were subjected to further refinements
using Rietveld method and are shown in Table 1, the obtain
cation distributions quite match with those obtain from mag-
netic measurements. Inspecting these cation distributions,
one can notice the preference of Mg and Co to reside at the
octahedral B site as expected [13, 21].

Figure 2 shows that upon replacing Fe3+ by Co2+, the
refined lattice parameter (a) firstly decreases for x = 0.1
and then increases continuously with increasing x. In addi-
tion, the crystallite size is reduced from 10.2 nm for x = 0.0
to 5.8 nm for x = 0.1, and then retain more or less the same
value (≈5 nm) for the remaining samples. To achieve bet-
ter view concerning the crystallite size and the morphology,
the TEM image of Mg0.5Mn0.5Fe2O4 ferrite nanocrystals
was obtained (Fig. 3). From the microstructure, it is clear
that the nanoparticles are almost regular in shape and tend
to agglomerate due to their mutual magnetic interactions.
The matching between the crystallite size revealed from

Table 1 Refined values of oxygen positional parameter u, cation occupancies, and X-ray intensity ratio obtained from Rietveld refinements of
Mg0.5Mn0.5Fe2−xCoxO4

x 0.0 0.1 0.2 0.3 0.4 0.5

u 0.3670(13) 0.3724(14) 0.3729(14) 0.3734(14) 0.3745(18) 0.3695(14)

Cations occupancy factors

A Mg 0.110(9) 0.083(14) 0.169(15) 0.192(19) 0.195(19) 0.199(21)

Mn 0. 490(9) 0.346(14) 0.336(15) 0.312(19) 0.280(19) 0.269(21)

Co 0.0 0.012(14) 0.044(15) 0.074(19) 0.092(19) 0.119(21)

Fe 0.389(9) 0.558(14) 0.452(15) 0.418(19) 0.435(19) 0.413(21)

B Mg 0.195(9) 0.208 (16) 0.165(13) 0.153(17) 0.152(19) 0.151(21)

Mn 0.005(9) 0.077(16) 0.081(13) 0.093(17) 0.110(19) 0.116(21)

Co 0.0 0.044(16) 0.077(13) 0.114(17) 0.151(19) 0.190(21)

Fe 0.806(7) 0.671(16) 0.672(13) 0.641(17) 0.581(19) 0.543(21)

X-ray intensity ratio ± 0.005

I220/I400 Exp. 1.13 1.31 1.35 1.23 1.10 1.09

Cal. 1.18 1.18 1.26 1.17 1.14 1.13

I400/I440 Exp. 0.78 0.81 0.65 0.87 0.73 0.79

Cal. 0.63 0.70 0.67 0.64 0.69 0.63

I220/I440 Exp. 0.87 1.07 0.88 1.07 0.81 0.86

Cal. 0.74 0.83 0.85 0.75 0.79 0.72
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Fig. 2 Variation of lattice parameter, a, and crystallite size, D, with
Co content x in Mg0.5Mn0.5Fe2−xCoxO4 (0 ≤ x ≤ 0.5) system

Fig. 3 TEM micrograph of the Mg0.5Mn0.5Fe2O4 sample

Fig. 4 Configuration of the ion pairs in spinel ferrites with favorable
distances and angles

the TEM image and that obtained from Rietveld analysis is
quite reasonable.

The ideal value of the positional parameter u is 0.375
for which the arrangement of O2− ions is exactly a cubic
closed packing. In actual spinel lattice, this ideal pattern is
slightly deformed. For the present Mg0.5Mn0.5Fe2−xCoxO4

system, u < 0.375 (see Table 1) indicating that O2− ions
move toward the cations in the tetrahedral A site along the
〈111〉 directions, which means that the tetrahedral interstices
contract with a corresponding expansion of the octahedral
B sites.

The bond lengths between cations (Me–Me) (b, c, d , e,
and f ), cations–anion (Me–O) (p, q, r , and s), and the
bond angles (θ1, θ2, θ3, θ4, and θ5) between the cations and
cation–anion (Fig. 4) are given by following relations [22]:

p=a(5/8 − u) b=√
2(a/4) θ1 =cos−1

(
p2+q2−c2

2pq

)

q =a
√

3(u − 1/4) c = √
11(a/8) θ2 =cos−1

(
p2+r2−e2

2pr

)

r =a
√

11(u − 1/8) d = √
3(a/4) θ3 = cos−1

(
2p2−b2

2p2

)

s =a
√

3
(

u
3 + 1/8

)
e = √

3(3a/8) θ4 =cos−1
(

p2+s2−f 2

2ps

)

f = √
6(a/4) θ5 =cos−1

(
r2+q2−d2

2rq

)

The values of the interatomic distances between cation–
anion (Me–O) and cation–cation (Me–Me) for Mg0.5Mn0.5

Fe2−xCoxO4 samples are listed in Table 2. Inspection of
Table 2 reveals that the interatomic distances between the
cation–anion (p, q, r , and s) and those between the cations
(b, c, d , e, and f ) change by increasing the Co concentra-
tion. This can lead to a change in the superexchange strength
(wave function overlapping) with a resulting in the magnetic
properties. Table 3 shows the estimated bond angles. From
the results, the angles θ1, θ2, and θ5 decrease, while θ3 and
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Table 2 Interatomic bond lengths between the cation–anion (p, q, r , and s) and between the cations (b, c, d, e, and f ) for Mg0.5Mn0.5
Fe2−xCoxO4 samples

Me–O (Å) Me–Me (Å)

x p q r s b c d e f

0.0 2.1617 1.6979 3.3624 3.5893 2.9623 3.4736 3.6281 5.4421 5.1309

0.1 2.1147 1.7748 3.4347 3.6125 2.9599 3.4708 3.6251 5.4377 5.1267

0.2 2.1116 1.7830 3.4434 3.6168 2.9614 3.4726 3.627 5.4405 5.1294

0.3 21086 1.7913 3.4523 3.6213 2.9632 3.4746 3.6291 5.4437 5.1324

0.4 2.1006 1.8084 3.4697 3.6288 2.9649 3.4767 3.6312 5.4469 5.1354

θ4 increase with higher Co2+ content. The angles θ1, θ2, and
θ5 suggest the weakening of the A–B and A–A interactions,
while the decrease in θ3 and θ4 is indicative strengthen-
ing of the B–B interaction in the system. Generally, in
ferrimagnetic materials, the increase in A–B (θ1 and θ2

angles) decreases the superexchange strength [22]. As Co2+
ions substitute iron in Mg0.5Mn0.5Fe2−xCoxO4 matrix,
the above situation are reverse; A–B (θ1 and θ2 angles)
decrease; hence, superexchange strength is enhanced.

3.2 Magnetic Measurements

Magnetic characterization of the Mg0.5Mn0.5Fe2−xCoxO4

samples was achieved through tracing room-temperature
(RT) M–H curves (Fig. 5a) and hysteresis loops at 10 K
(Fig. 5b), where both illustrate the variation of the magneti-
zation as a function of the applied magnetic field extending
up to 40 kOe. For both cases, the saturation point was
not approached. This could be explained when consider-
ing the superparamagnetic nature of the produced sam-
ples. Hysteresis loops traced at 10 K were used to obtain
the saturation magnetization (Ms) and the coercive field
(Hc); values of Ms being deduced from the extrapolation
of the M vs. 1/H curves to 1/H → 0 [23]. The varia-
tion of saturation magnetization and coercivity with Co2+
content is also illustrated in Fig. 6 where they showed
similar trend, despite the inverse proportionality between
Hc and Ms according to Brown’s relation: Hc = 2 k1/Ms

[24], where k1 is the magnetocrystalline anisotropy con-
stant. This may be attributed to the dominating effect of

increasing magnetocrystalline anisotropy with increasing
Co2+ content.

Saturation magnetization of our samples is controlled
mainly by the cation distribution of four elements with
three of them being magnetic, namely Fe, Co, and Mn. In
addition, the presence of more than one valence state for
each of those three elements makes the matter more com-
plicated. During the autocombustion process, oxidation of
Mn2+ to Mn3+ [25–27] and Co2+ to Co3+ [28] is quite
probable, while electron neutrality allows the subsequent
presence of larger radius and less magnetic Fe2+ cation.
The crystallite size for the whole samples is quite similar,
and the combined effect of surface and local spin canting
could be attributed to single canting angle for the mag-
netic moment of the B site, MB. Spin canting effects highly
explain the observed small Ms values of the present samples
compared to the estimated ones. This behavior was reported
for other ferrites and was interpreted in the light of core–
surface model [29, 30] According to this model, the crystal
grain can be divided into two parts, namely the core and
the surface, with significantly different magnetic proper-
ties. For the grain surface, the spins possess highly random
coordination, which frustrates the superexchange interac-
tion, resulting in a canted spin configuration on the surface.
Hence, it does not align completely in the direction of the
applied magnetic field. For the core, it has a normal crys-
tal structure, in which the single domain is formed. When
the grain size equals the domain size, the observed mag-
netization originates mainly from the spin rotation of the
core.

Table 3 Interatomic bond
angles for
Mg0.5Mn0.5Fe2−xCoxO4
samples

x θ1 θ2 θ3 θ4 θ5

0 127.9 159.74 86.50 117.96 84.84

0.1 126.13 156.28 88.83 121.34 81.48

0.2 125.95 155.98 89.05 121.67 81.19

0.3 125.78 155.68 89.27 121.99 80.89

0.4 125.43 155.05 89.77 122.73 80.26



2522 J Supercond Nov Magn (2015) 28:2517–2524

H (kOe)
-40 -20 0 20 40

M
(e

m
u/

g)

-25
-20

-15
-10

-5
0
5

10
15

20
25

x = 0.1
x = 0.2
x = 0.3
x = 0.4
x = 0.5

H (kOe)
-40 -20 0 20 40

M
 (e

m
u/

g)

-40

-30

-20

-10

0

10

20

30

40

x = 0.1
x = 0.2
x = 0.3
x = 0.4

(a)

(b)

Fig. 5 a Room-temperature and b 10 K M–Hcurves for Mg0.5Mn0.5
Fe2−xCoxO4 (0.1 ≤ x ≤ 0.5) samples

The Ms data at 10 K were used to evaluate approxi-
mate values for the experimental magnetic moment per unit
formula nobs

B in units of the Bohr magneton μB, using the
following formula [31]:

nobs
B = MW × Ms

5585

These values and the values of lattice parameters (aXRD)

were all used to suggest a cation distribution of the samples
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Fig. 6 Saturation magnetization (Ms) and coercive field (Hc) for
Mg0.5Mn0.5Fe2−xCoxO4 (0.1 ≤ x ≤ 0.5) samples at 10 K

of this work, as illustrated in Table 4. Values of nobs
B are to

be compared with the theoretical ones nNeel = MB − MA

(obtained from the proposed cation distribution), where MA

and MB are the A and B site sublattice magnetic moments,
respectively. The values of the magnetic moments of the
system constituent elements in terms of μB are 5, 4, 5, 4,
3, and 0 for Fe3+, Fe2+, Mn2+, Mn3+, Co2+, and others,
respectively. In fact, substituting the trivalent Fe ion with
the divalent Co ion provides a significant source of nonstoi-
chiometry of the prepared samples. However, the possibility
of the oxidation of Mn2+ and/or Co2+ to Mn3+ and Co3+
reduces this effect. Comparison between the variation of
both nNeel and nobs

B with Co2+ content is illustrated in Fig. 7,
which shows a quite similar trend.

The increase of nobs
B with x ≤ 0.3 and its subsequent

decrease for x > 0.3 could be explained as follows. Sub-
stituting Fe3+ with Co2+, which has strong preference of
occupying the B site, produces two competing effects. First,
it displaces more nonmagnetic Mg2+ cations from the B site
to A site and more magnetic Mn2+ from the A site to B
site, and thus enhancing magnetization. On the other hand,
substituting more Co2+ content increases nonstoichiometry
and enhances the probability of producing the nonmag-
netic Co3+ with the associated less magnetic Mn3+and
Fe2+ cations, all of which occupy the B site. Moreover, the
small observed values of nobs

B compared to those of nNeel is
attributed to the surface and local spin canting effects related
to the small crystallite sizes of the present samples. The
Yafet–Kittel [32] magnetic ordering of the local moments
may further explain the small values of nobs

B .
The saturation magnetization in Yafet–Kittle model is

given by Ms = MB cos θY−K − MA, where θY−K is a Yafet–
Kittel canting angle, which is estimated for our samples and
are listed in Table 4, where their large values are attributed
to the small crystallite sizes.
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Table 4 Cation distribution of Mg0.5Mn0.5Fe2−xCoxO4 (0.1 ≤ x ≤ 0.5) samples

x Cation distribution MB (emu/g) MA (emu/g) θY−K(◦)

0.1
(

Mg2+
0.084Mn2+

0.346Co2+
0.010Fe3+

0.560

) [
Mg2+

0.416Mn2+
0.149Mn3+

0.005Co2+
0.085Co3+

0.005Fe2+
0.047Fe

3+
1.293

]
O2−

3.932 7.673 4.560 39.25

0.2
(

Mg2+
0.169Mn2+

0.330Co2+
0.045Fe3+

0.456

) [
Mg2+

0.331Mn2+
0.161Mn3+

0.0009Co2+
0.146Co3+

0.009Fe2+
0.027Fe3+

1.317

]
O2−

3.896 7.972 4.065 43.31

0.3
(

Mg2+
0.196Mn2+

0.312Co2+
0.072Fe3+

0.420

) [
Mg2+

0.304Mn2+
0.169Mn3+

0.019Co2+
0.209Co3+

0.019Fe2+
0.019Fe3+

1.261

]
O2−

3.860 7.929 3.876 44.29

0.4
(

Mg2+
0.197Mn2+

0.280Co2+
0.090Fe3+

0.433

) [
Mg2+

0.303Mn2+
0.170Mn3+

0.050Co2+
0.260Co3+

0.050Fe2+
0.012Fe3+

1.155

]
O2−

3.844 7.653 3.835 43.75

0.5
(

Mg2+
0.198Mn2+

0.269Co2+
0.118Fe3+

0.415

) [
Mg2+

0.302Mn2+
0.166Mn3+

0.065Co2+
0.317Co3+

0.065Fe2+
0.001Fe

3+
1.084

]
O2−

3.815 7.465 3.774 43.49
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Fig. 7 Observed and theoretical magnetization moment for Mg0.5
Mn0.5Fe2−xCoxO4 (0.1 ≤ x ≤ 0.5) samples at 10 K
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Further confirmation of the suggested cation distribu-
tion was obtained by applying a theoretical estimation of
the lattice parameter for each composition and comparing
it with that obtained by XRD analysis. For each sample,
the average ionic radii per molecule of the tetrahedral and
octahedral sites, rA and rB were calculated based on the sug-
gested cation distribution of Table 4, using the following
formulae [23]:

rA =
∑

i

αiri , rB = 1

2

∑

i

αiri

where αi is the concentration of the element i of ionic radius
ri on the respective side. The ionic radii for Mg2+ (0.57 and
0.72 Å), Mn2+ (0.66 and 0.83 Å), Fe3+ (0.49 and 0.645 Å),
and Co2+ (0.58 and 0.745 Å) are taken with reference to
both sites, with the first value corresponds to that of the
A site. Both Mn3+ (0.645 Å), Co3+ (0.61 Å), and Fe2+
(0.78 Å) were assumed to occupy only the B site. Values of
rA and rB are shown in Fig. 8, where the variation of rA with
Co content is quite similar to that of nobs

B , which supports
the suggested cation distribution. Theoretical values of the
lattice parameter were then calculated from the following
relation [23]:

ath = 8

3
√

3

[
(rA + RO) + √

3 (rB + RO)
]

where RO is the ionic radius of oxygen. The lattice parame-
ters estimated from the suggested cation distribution match
to less than 0.0001 % of that acquired from Rietveld
analysis.

4 Conclusion

Single-phase nanocrystalline Mg0.5Mn0.5Fe2−xCoxO4

(0 ≤ x ≤ 0.5) samples were synthesized by citrate precursor
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method. Rietveld analysis revealed that the present system
is neither normal nor inverse with a clear preference of Mg
and Co to reside at the octahedral B site and Mn to reside
at the A site as expected. The suggested cation distribution
(obtained from Rietveld analysis then confirmed by Bertaut
method and theoretical lattice parameter) accounts quite
well for magnetization behavior and the variation of lattice
parameter. The crystallite size decreases upon increasing
Co content, while the refined lattice parameter (a) firstly
decreases for x = 0.1 and then increases continuously for
the higher values. Both saturation magnetization and coer-
civity increase with Co content up to x = 0.3 then decrease
slightly. The bond angles θ1, θ2, and θ5 decrease, while
the angles θ3 and θ4 increase with introducing Co2+ in the
matrix Mg0.5Mn0.5Fe2−xCoxO4.
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