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Abstract

Magnetic nanoparticles MnFe, Mo O, (x=0.00, 0.04, 0.08 and 0.10) have been prepared by wet coprecipitation method at
calcination temperature 673 K. X-ray powder diffraction (XRD) was used to study the structural properties of the prepared
samples, whereas the vibrating sample magnetometer (VSM) and Mossbauer spectrometry measurements (at 7=300 K and
T=177 K) were used to investigate the magnetic properties. The single-phase cubic spinel structure of the ferrites samples
was confirmed by the XRD patterns, and a nonlinear variation in the crystalline size was revealed. VSM hysteresis loops
confirmed the ferromagnetic behavior in all the samples with an increase in saturation magnetization with the molybdenum
doping. Mossbauer spectra at 300 K showed a mixture of the magnetic sextet and central quadrupole doublet with enhance-
ment in the magnetic sextet in the Mo-doped samples. Moreover, Mossbauer spectra at 77 K revealed the disappearance of
the quadrupole doublet in all samples, indicating the enhancement of magnetic properties of manganese ferrites nanoparticles

due to Mo-doping.
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1 Introduction

Among the various types of nanomaterials that found very
wide practical applications in technology, ferrites caught
great attention. Ferrites nanoparticles, by their fascinating
properties, are the most explored magnetic nanoparticles up
to date. The high saturation magnetization (M), high electric
resistivity, low dielectric loss and the very good chemical
stability [1-4] are all properties that make ferrites nanopar-
ticles important candidate in many applications as in induc-
tors, high-frequency systems as well as other biotechnologi-
cal applications.

The properties of spinel ferrites nanoparticles depend on
many various factors and mainly on the cations distributions
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among the tetrahedral and octahedral sites. Therefore, they are
sensitive to the presence of doping cations, the types and the
amounts of these cations. Many researchers have focused on
investigating the effect of doping on spinel ferrites nanopar-
ticles with various types of dopants [5-7]. Among different
types of dopants, transition metal (TM) ions have shown sig-
nificant effects and changes in the structural, optical, electric,
and magnetic properties of spinel ferrites nanoparticles [8—10].
Various TM ions such as Mn, Cu, Ni, Cd, Co, and Mo were
used as dopants on several kinds of spinel nanoferrites, and
their consequent effects on the different physical properties
of these nanoferrites were reported [11-15]. Kumar et al. [15]
reported that Mn-doping on CoFe,0,, NiFe,O, CuFe,0,, and
ZnFe,0, nanoparticles, makes them good sensors for the LPG
(liquefied petroleum gas) with higher responses for the Mn-Zn
ferrites nanoparticles. Velinov et al. [16] found that Cu-doped
manganese ferrites nanoparticles reveal higher catalytic activ-
ity than the pure CuFe,O, and MnFe,O, nanoferrites in the
methanol decomposition. Moreover, the optical limiting stud-
ies performed by Yuvaraj et al. [17] show that the Cu-doped
manganese ferrites nanoparticles are potential candidates for
optoelectronic device fabrication. Also, magnetic properties of
ZnFe,0, and CrNiFe,0, nanoparticles were enhanced when
doped by Ni and Co transition metals, respectively [18, 19].
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On the other hand, Mo-doping was carried out on cobalt
and zinc ferrites. It was reported that Mo substituted suc-
cessfully the single-phase cubic structure of spinel ferrites
and affected greatly the magnetic properties of both Co and
Zn ferrites [20, 21].

In the current work, manganese ferrites nanoparticles
(MnFe,0,) doped by molybdenum were prepared by the wet
coprecipitation method. To investigate their structural prop-
erties, XRD technique was used. Moreover, magnetic meas-
urement, as well as Mdssbauer studies, was carried out to
study the effect of molybdenum on their physical parameters
such as saturation magnetization, coercivity, and hyperfine
parameters (isomer shift, quadrupole shifts, hyperfine field).

2 Experimental methods

Manganese ferrites nanoparticles with the formula
MnFe, Mo,0, (x=0.00, 0.04, 0.08, and 0.10) were pre-
pared by using the wet chemical coprecipitation method.
In this method, metal chlorides such as ferric chloride
(FeCl;-6H,0), manganese chloride (MnCl,-4H,0), and
molybdenum chloride (MoCls) were mixed in distilled water
as starting materials. Raising the pH to 12.5 was carried out
by adding sodium hydroxide solution (NaOH). Then, wash-
ing with distilled water was done until pH becomes 7. The
samples were then dried at temperature of 353 K for 24 h.
Finally, the powder samples of MnFe, ,Mo,O, were heated
for 4 h at a calcination temperature of 673 K.

MnFe, Mo O, samples were characterized by using
PANalytical X’Pert Pro diffractometer (Co-Ka radiation
with 4=1.78901 A), Vibrating Sample Magnetometer
(Lake Shore 7410), and 3'Fe Mossbauer spectrometry meas-
urements were taken at both temperatures 7=300 K and
T=77 K, by using a >’Co/Rh y-ray source mounted on an
electromagnetic drive, using a triangular velocity form, in a
transmission scheme.

The lattice parameters and the size of the coherent dif-
fraction domain were determined with MAUD software [22],
which is based on the Rietveld method combined with Fou-
rier analysis. For MOssbauer data analysis, the ‘MOSFIT’
program was used (unpublished program). The hyperfine
structures were modeled by involving Zeeman sextets and
quadrupole doublets composed of Lorentzian lines. The iso-
mer shift (§) values were referred to that of a-Fe at 300 K.

3 Results and discussion
3.1 Structural analysis
The XRD patterns of MnFe, Mo, O, (x=0.00, 0.04, 0.08,

and 0.1) samples are shown in Fig. 1. The main diffraction
peaks are corresponding to (220), (311), (400), (511), and
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Fig.1 XRD patterns of MnFe, Mo,0, (0 <x<0.1) nanoparticles

Table 1 The variation of lattice parameters and crystalline size of
MnFe, Mo, 0, (0 <x<0.1) nanoparticles

Samples Lattice parameter a (A) Crystal-
line size
(nm)
MnFe,0, 8.391 22
MnFe, ysMog 40, 8.385 19
MnFe, ¢,Mo (30,4 8.375 23
MnFe, )Mo, ;0, 8.353 31

(440) planes. All the detected peaks confirmed the formation
of the single-phase spinel structure of MnFe,O, with space
group Fd-3 m (JCPDS card no.75-0034). Similar results
were reported by Ansari and Khan for Co-doped MnFe,0,
prepared by using the sol-gel technique [23]. Ansari and
Khan reported the formation of the single-phase cubic spinel
structure of the Co-MnFe,0, samples with no unreacted
constituents or impurity phases. The lattice parameters and
crystalline size of MnFe, Mo O, (x=0.00, 0.04, 0.08, and
0.1) samples are listed in Table 1.

The average crystalline size was determined by XRD
Rietveld refinement using MAUD [24]. As Table 1 shows,
the crystalline size of the samples indicates a nonlinear vari-
ation with Mo-doping. The crystalline size first decreases
for low Mo-doping from 22 nm for pure manganese fer-
rite sample (x=0) to 19 nm for the sample with x=0.04,
whereas a further increase in Mo-doping leads to the
increase in the crystalline size to reach 31 nm for the sam-
ple with x=0.1. Similar kinds of findings were reported by
Joshi et al. [25] for Ni-doped cobalt ferrites where the crys-
talline size decreased with x=0.5 and then increased for
x=1, whereas the difference in tetrahedral and octahedral
ionic radii of both Fe’™ and Mo’* ions can be considered
the reason behind the reduction in the lattice parameter with
the increase in Mo-doping. The tetrahedral ionic radius of
Fe* ions (0.49 A) is greater than the tetrahedral ionic radius
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of Mo’* ions (0.46 10\), and the octahedral ionic radius of
Fe** jons (0.55 A) is greater than the octahedral ionic radius
of Mo>* ions (0.61 A). Heiba et al. [20] reported a similar
decrease in lattice parameter CoFe,O, nanoparticles doped
by molybdenum and prepared by the solution combustion
method.

3.2 Magnetic properties

Figure 2 displays the magnetic hysteresis (M-H) curves
of MnFe, Mo, O, showing that all the samples exhibit a
long range of ferromagnetic ordering. For all samples, the
hysteresis loops open at low fields (see inset of Fig. 2) and
approach the saturation magnetization at about 10 kg. The
magnetic properties of ferrites usually depend on mor-
phology, crystalline size and mainly the superexchange
couplings between the magnetic cations via the mediating
oxygen O*anions [7]. Figure 3 shows the variation in satu-
ration magnetization My as a function of Mo content. The
value of M, increased with Mo content from 22.8 emu/g
for the pure manganese ferrite (x=0) to 39.0 emu/g for
MnFe, g¢Moy 4,0, sample (x=0.04) and then decreases as
Mo increased to reach 33.1 emu/g for MnFe, (Mo, ;0, sam-
ple (x=0.1).

The magnetic order of the ferromagnetic in the spinel
cubic system is mainly due to the superexchange interac-
tions occurring between the metal cations in tetrahedral
(A) and octahedral (B) sites. Therefore, the variation of
saturation magnetization of MnFe, Mo O, samples is
related to the cations distribution among A and B sites.
Based on Neel’s molecular field model [26], the (A-B)
interactions are much stronger than (A—A) and (B-B) inter-
actions. For spinel ferrites, the net magnetic moment of
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Fig.3 The variation of saturation magnetization M, (emu/g) of
MnFe, Mo,0O, nanoparticles as a function of the Mo content (x)

the lattice is obtained by the vector sum of magnetic sub-
lattices A and B: M(x) =Myg(x)—M,(x), where My and M,
represent the magnetic moment of octahedral and tetra-
hedral sites, respectively. Therefore, the enhancement of
saturation magnetization attained at low Mo-doping by
sample with (x=0.04) may be attributed to the replace-
ment of Fe* ions in the tetrahedral sites by Mo>* ions.
At this low doping of Mo, the occupancy of Fe** ions in
the octahedral sites is not affected. However, the entrance
of one Mo>* ion into the manganese ferrite structure
forces two Fe>* ions to expel from the A sites causing the
increase in M. Dwivdedi et al. [27] reported that the occu-
pancy of Mo ions in the tetrahedral sites of cobalt ferrites
caused the increase in M| values with increased doping,
whereas the decrease in M, for higher Mo-doping of the
MnFe, Mo,O, samples with x> 0.08 may be attributed
to the accommodation of some Mo’* ions in octahedral
sites leading to the reduction in the moment of B site and

Fig.2 M-H loops for 50
MnFe, Mo, O, with
(0<x<0.1) at room tempera-
ture
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hence the saturation magnetization. Similar behavior of M
variation was reported by Heiba et al. [20] for Mo-doped
CoFe,0, in which the M, values increased up to x=0.15
and then decreased for x >0.2.

On the other hand, the variation of the coercivity (H,)
values of MnFe, Mo,O, samples and the crystalline size
(D) with the Mo content (x) is shown in Fig. 4. The coer-
civity value is observed to attain an overall decrease with
the increase of crystalline size and Mo content. Spinel
ferrites usually form crystallites that act as a single domain
in deciding the magnetization nature of the material.
However, when the crystalline size increases, the crys-
tallite breaks up to form a number of small domains to
reduce the large magnetization energy. This consequently
causes a decrease in coercivity due to the contribution of
domain walls [28]. The remanence ratio of all the pre-
pared samples is less than 0.5 which means that they are
multidomain nanoparticles [29]. In the case of the multid-
omain region, the coercivity decreases as the particle size
increases according to the following relation:
Ho=a+Z, 1)
where a and b are constants, and D is the particle size [30].
A similar decrease in H. with the increase in crystalline size
was observed in Co—Zn ferrites nanoparticles [31].

3.3 Mossbauer spectroscopy

In order to get more information about the effect of molyb-
denum of the structural and magnetic properties of man-
ganese ferrite nanoparticles, >’Fe Mossbauer spectra of
MnFe, Mo, O, samples were recorded at room tempera-
ture 7=300 K and at low temperature T=77 K without
applying any external field.
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Fig.4 The variation of coercivity H,. (G) and crystalline size D (nm)
of MnFe, Mo O, nanoparticles as function of the Mo content (x)
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3.3.1 Room temperature Mdssbauer spectrometry

Figure 5 represents the spectra at room temperature of
MnFe, ,Mo,0O, samples with x=0, 0.04, 0.08, and 0.1. The
Madssbauer spectra show a mixture of a magnetic state char-
acterized by a six-line pattern (sextet) corresponding to Fe
cations occupying tetrahedral (A) and octahedral (B) sites in
the unit cell, and a partial paramagnetic state (central quad-
rupole doublet). The mean values for all samples of the vari-
ous Mdssbauer parameters like isomer shift (6), quadrupole
splitting (A), hyperfine field (By,), and the relative percent
(%) are presented in Table 2. The obtained values of isomer
shift < &> in all samples are typical of the Fe** ions, and we
could exclude the presence of Fe”* ions [32].

It is shown that as Mo-doping increases, the percentage
of the magnetic contribution increases, whereas the doublet
decreases from 36% for pure sample (x=0) to 18% for the
sample with maximum Mo-doping (x=0.1). The presence
of the quadrupolar doublet, that is superimposed on mag-
netically split sextets, may be due to the distribution in the
grain size and the presence of superparamagnetic behavior in

Relative Intensity

Fig.5 Mossbauer spectra of the MnFe, Mo, O, nanoparticles at
T=300K
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Table 2 Different hyperfine parameters obtained from fitting the
Mossbauer spectra of MnFe, Mo,O, nanoparticles with x=0, 0.04,
0.08, and 0.1 at T=300 K

Sample T7=300K <é> <A> <Bhyp> (T) Rela-

(mm/s) (mm/s) tive

area
%
x=0 Doublet  0.33 0.828 0 36
Sextet 0.34 —0.026 46.0 64
x=0.04 Doublet 0.31 0.973 0 20
Sextet 0.33 —0.062 46.2 80
x=0.08 Doublet 0.32 0.6 0 18
Sextet 0.33 -0.04 46 82
x=0.1 Doublet 0.28 0.949 0 18
Sextet 0.33 -0.04 46.1 82

addition to ferromagnetic one [33]. However, the increase in
the magnetic contribution with Mo-doping may be attributed
to the variation of the crystalline size which was revealed by
the XRD analysis where the size was decreased for x=0.04
and then increased for x> 0.04. Therefore, the crystallite
size should be taken into consideration in addition to the
effect of Mo-doping on the manganese ferrite. When the
particle size decreases, the surface to volume ratio became
more significant which can be attributed to the increase of
the spin disorder on the surface of nanoparticles. The sur-
face spin disorder is due to the modification of the exchange
interactions between surface magnetic ions in incomplete
coordination. Therefore, the surface to volume ratio affects
the magnetic properties. When the particle size increases,
the effective anisotropy constant decreases. The magnetic
states of the core and the surface of the nanoparticles are
different. Therefore, the increase of magnetization can be
attributed to the independence of the core magnetic moment
and the surface moments where coupling reaches a finite
state of superexchange interaction [34, 35]. Similar behav-
ior was observed by Srinivas et al. [33] in Ni—Zn ferrites
where they reported the increase in the intensity of sextets
due to an increase in crystalline size. Siddique and Butt [36]
reported the presence of paramagnetic quadrupole doublet
in MnFe,0, nanoparticles prepared by the coprecipitation
method in addition to the magnetic sextet, and its relative
contribution was found to be 58% attributing it to the super-
paramagnetic relaxation effect.

3.3.2 T=77 KMaossbauer spectrometry

To investigate the thermal effect, the Mossbauer measure-
ment was taken at 77 K for all samples. As illustrated in
Fig. 6 the hyperfine structure consists mainly of magnetic
sextets. The spectrum for x=0 is fitted by a sextet, and
a discrete distribution of hyperfine fields correlated with

Relative Intensity

Fig.6 Mossbauer spectra of the MnFe, Mo O, nanoparticles at
T=77K

that of isomer shift to describe the asymmetrical profile
of lines. All samples consist of broadened six-line and
asymmetrical patterns without any observed quadrupole
doublet. The disappearance of the quadrupole doublets in
both samples at T=77 K, confirms that those obtained at
room temperature were due to thermal superparamagnetic
fluctuations.

The mean values of the different Mossbauer param-
eters for all samples are shown in Table 3. According to
this table, the magnetic contribution due to the distribu-
tion in the grain size still exists only in the pure sample
(x=0) with percentage equals to 40%; however, with the
Mo-doping the percentage of magnetic contribution due
to the occupancy of Fe** ions on A/B sites increased to
become 100% in all Mo-doped samples. This is in agree-
ment with the room temperature results, which confirmed
the increase in magnetic contribution due to crystalline
size increase. The mean isomer values obtained (in the
range 0.43 and 0.45 mm/s) indicate the presence of only
Fe* ions, in agreement with room temperature results.

@ Springer
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Table 3 Mean hyperfine

- Sample T=77K <6> (mm/s) <A> (mm/s) <By,,> (T) Relative area %
parameters obtained from P
fitting the Mossbauer spectra x=0 Sextets Fe**(A/B) 0.45 —0.05 50.8 60
21;1\3“5 %ﬁfhg.‘(’)xg + ;zrg?llestw“h Sextets distribution ~ 0.47 0.02 417 40
T=77K x=0.04 Sextets Fe**(A/B) 0.44 -0.04 50.5 100
Sextets distribution - - - -
x=0.08 Sextets Fe**(A/B) 0.44 —-0.038 50.3 100
Sextets distribution - - - -
x=0.1 Sextets Fe**(A/B) 0.43 -0.05 50.5 100
Sextets distribution - - - -
4 Conclusion 8. D. Ravinder, A.V.R. Reddy, G.R. Mohan, Mater Lett 52, 259

MnFe, Mo,O, nanoparticles were successfully prepared by
the wet coprecipitation method. The XRD analysis revealed
that all samples obtain a single-phase cubic spinel struc-
ture and a nonlinear variation in the crystalline size. The
room temperature (M—H) loops of MnFe, Mo O, samples
showed the ferromagnetic behavior in all samples with an
increase in the values of Ms with Mo-doping, while those
of Hc decreased. Mossbauer spectrometry measurements at
T=300 K revealed the presence of a mixture of the magnetic
sextet and central quadrupole doublet in all samples. How-
ever, an enhancement in the relative area of the magnetic
sextet and decrease in that for the doublet appeared in the
Mo-doped samples. On the other hand, Mdssbauer spectra at
77 K revealed the disappearance of the quadrupole doublet
in all samples, indicating the enhancement of magnetic prop-
erties of manganese ferrites nanoparticles due to Mo-doping.
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