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PHYSICAL
AND
MAGNETIC
PROPERTIES
OF
NANOSIZED
MN0.5NI0.5¬FE2-XPRXO4 PREPARED BY CO-PRECIPITATION METHOD
Abstract
Nanosized Mn0.5Ni0.5Fe2-xPrxO4, x=0.0, 0.02, 0.04, 0.06, 0.08, 0.1 and 0.15 are prepared by co-precipitation
method at calcination temperature 650oC for 4 hours. X-ray diffraction patterns show the presence of
the cubic (Mn-Ni)- ferrite phase and anti-ferromagnetic a-Fe2O3. The variation in the lattice parameter “a”
is due to the replacement of smaller radius ions Fe+3 by larger radius ions Pr+3. Transmission electron
micrographs indicate that the particles are spherical in shape. The moderately agglomerated particles are
present due to the interaction between the magnetic nanoparticles. UV-visible optical (UV) and Fourier
Transform Infrared (FTIR) spectroscopies show a significant change in the absorption bands as the Pr
content increases. The calculated values of the optical band gap energies show an increase as the Pr
content increases. This is due to the decrease of the particle size. From VSM analysis, it was found that
the saturation magnetization (Ms) and the coercivity (Hc) are strongly dependent on Pr content. The results
of M-H loop are interpreted in terms of the observed anti-ferromagnetic phase a-Fe2O3, phase core shell
interaction and cation redistribution.
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1. INTRODUCTION:
Magnetic nanoparticles have exhibit large attention owing to the unique magnetic properties
derived from their nanosize and uniform size distribution [1]. Compared to their conventional bulk
components, nanosized’s small dimension at the grain boundaries is the main source responsible for
its superior magnetic, electrical, dielectric and mechanical properties [2,3].
Spinels have been attractive to researches for continuous scientific interest and have been
deeply investigated in materials science because of their superior physico-chemical properties [4].
Among spinel compounds, spinel ferrites (AB2O4, M= Ni, Mn,Zn, etc.) have received much research
attention due to broad practical applications in several important technological fields such as
ferrofluids, hyperthermia for cancer therapy, magnetic high-density information storages [5–7]. In
normal spinels, all the A-sites (tetrahedral) are occupied by divalent transition metal ions while in
inverse spinels, the divalent ions occupy B-sites (octahedral). The concentrations of ferrous, ferric
and substituted metal ions and their distribution over tetrahedral and octahedral sites play a vital role
in determining their magnetic and electrical properties [8].
Mn–Zn ferrite, as a soft magnetic material, is an important member of spinel family [9].
Many synthesis approaches have been employed to prepare nanosized spinel ferrite materials such
as the sol-gel method [10], micelle and hydrothermal method [11], microemulsion method [12] and
the co-precipitation method [13]. Among these methods, co-precipitation method turns to be the
mostly used one to prepare nanocrystalline of a variety of materials due to its simplicity, low cost
and its ability to control the grain sizes and their distribution [14]. Several researched were studied
the effect of the rare earth elements substitution on the spinel ferrites [14-19]. The results showed a
change in the grain size as well as an enhancement in the magnetic properties of ferrites due to
substitution by different ions.
In the present work, the effect of partial substitution of Fe+3 ions by Pr+3 in structure, optical
and magnetic properties of (Mn-Ni)-ferrite was investigated. For this purpose, samples of
Mn0.5Ni0.5Fe2-xPrxO4 (x=0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.15) were synthesized by co-precipitation
method. The samples are characterized by X-ray powder diffraction (XRD), Transmission electron
microscope (TEM) and Fourier transform infrared (FTIR). The optical and magnetic properties of
the prepared samples are also examined by UV-vis spectroscopy and the vibrating sample
magnetometer (VSM). The results show that the properties of (Mn-Ni)- ferrite are strongly affected
by the concentration of Pr3+.

2. EXPERIMENTS AND CHARACTERIZATION:
2.1 Preparation of Nano Powder
Nanosized samples of Mn0.5Ni0.5Fe2-xPrxO4, with x=0.0, 0.02, 0.04, 0.06, 0.08, 0.1 and
0.15, are prepared by co-precipitation method. The analytical grade chemical reagents are
MnCl2.(4H2O), NiCl2.(6H2O), FeCl3.(6H2O) and PrCl3.(7H2O). Stoichiometric ratios are
dissolved in distilled water and mixed using magnetic stirrer at 60 ºC. 4M NaOH solution is
added drop by drop to the mixture with continuous magnetic stirring until the pH reaches 12.5.
Then the solution is heated with continuous stirring at 60 ºC for 2 h. The formed precipitate is
washed using distilled water to remove unwanted salt residues and are finally dried at 80 ºC for
24 h. Finally, the dried powder is calcined at 650 ºC for 4 h to improve the crystalline properties.

2.2 Characterization of the Samples
Samples of Mn0.5Ni0.5Fe2-xPrxO4 are characterized by XRD using Bruker D8 advance
powder diffractometer with Cu-Kα radiation (λ = 1.54056 Å) in the range 4◦ ≤ 2θ ≤ 80◦. The
particle morphology is observed using Jeol transmission electron microscope JEM- 100CX,
operated at 80 kV. Functional groups of the samples are studied via Fourier Transform Infrared
Spectroscopy (FTIR) using Michelson interferometer. The optical band gap energy of the samples
is calculated by using the UV-visible optical spectroscopy, in the range 200 nm and 700nm,
obtained by V-670 NIR Spectrophotometer. The magnetic effect of manganese and iron doping
on zinc oxide is analyzed by tracing room temperature magnetic hysteresis loops using vibrating
sample magnetometers (VSM) Lakeshore 7410.
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3. RESULTS AND DISCUSSION:
3.1 Structure and Morphology
XRD patterns of Mn0.5Ni0.5Fe2-xPrxO4 are shown in figure 1. Obviously, the diffraction
peaks indicate the formation of cubic spinel structure of Mn-Ni ferrites [20,21] with space group
Fd3m. Some additional peaks belong to anti-ferromagnetic material (-Fe2O3) [22]. Hessien et al
[23] and Hu et al [24] reported that the extra hematite phase, considered as an extra phase, may
be completely dissolved and converted to ferrite phase at 12000C. It is clear that the relative
concentration of hematite increases with the gradual increasing in Pr3+ concentration. The lattice
constant 𝑎 of spinel structure can be calculated for prominent peak (311) as follows:
𝑎 = 𝑑ℎ𝑘𝑙 √ℎ2 + 𝑘 2 + 𝑙 2

(1)

where 𝑑ℎ𝑘𝑙 is the interplanar distance and (ℎ, 𝑘, 𝑙) are the miller indices. Lattice constant
values at different concentrations of Pr3+ are listed in Table 1. It is clear that the lattice parameter
“a” slightly changes as the doping of Pr3+ increases, and this is attributed to the difference in ionic
radii of Pr3+ (1.013 Å) and Fe3+ (0.64Å) [40]. Pr3+ ions are expected to enter into the octahedral
sites in place of Fe3+ ions which could result in an internal stress to make the lattice distorted and
an expansion of unit cell, resulting in the larger lattice constants [25, 26]. Similar results are
reported [27, 28]. The average crystallite sizes of the samples are calculated from XRD using
Debye- Scherer’s formula

D=

k
 cos 

(2)

where, D is the average crystallite size, λ is the X-ray wavelength, β is the full width at half
maximum (FWHM), θ is Bragg angle and k is Scherrer constant equal to 0.9. As listed in table 1,
the crystallite size gradually decreases for x>0.02 of Pr3+. This may be due to larger bond of Pr3+
— O2- as compared with Fe3+— O2- which requires more energy to make Pr ions enter into the
lattice to complete crystallization and grow grains [29,30].
TEM micrographs of nanosized Mn0.5Ni0.5Fe2-xPrxO4, x = 0.0, 0.04, 0.1 and 0.15, are
shown in Figures 2(a-d). The observed inhomogeneous crystalline structure is mainly due to
the presence of secondary (-Fe2O3) phase. It is clear that the particles are spherical in shape.
Some moderately agglomerated particles are present due to the interaction between the
magnetic nanoparticles. Moreover, the average grain size is decreased with increasing Pr3+
concentration, as listed in Table 1. This result is consistent with XRD results. The particle sizes
estimated from TEM images are rather smaller than those estimated from XRD spectra, this is
probably due to the fact that the samples for TEM measurements are prepared from reaction
solution and not from powder. At this point, aging conditions play a decisive role in the particle
sizes. Particle sizes in reaction solution are susceptible to aging effects which in turn may result
in higher band gap energy [15]. Thus, the aging in reaction solution is one of the main effects
responsible for deviation in sizes measured by XRD and TEM.

3.2 FTIR Analysis:
FTIR spectra of nanosized Mn0.5Ni0.5Fe2-xPrxO4 are shown in figure 3. The vibrations in a
crystal lattice are usually observed in the range of 300–700 cm−1[31]. The highest one, ν1, is
generally observed at 590 cm−1 which caused by the stretching vibrations of tetrahedral metal–
oxygen bond, whereas the lowest band, ν2, is usually observed at 445 cm−1 which is assigned to
octahedral metal stretching. It is seen from Figure 3, the high frequency band ~600 cm-1 peak is
the stretching vibration of tetrahedral metal oxygen bond between Fe3+ and O2- that commonly
features in the ferrites [32]. As it is seen in Figure 3, the Fe–O stretching vibration has a little
shifting to higher wavenumber. Similarly shifting in the band positions is reported in the literature
[33,34]. This shift is due to the disorder occurring between Fe3+ and O2- bond kind of substituting
Pr3+ atoms [33].
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3.3 UV-Spectroscopy
Optical investigation of nanosized Mn0.5Ni0.5Fe2-xPrxO4, in the wavelength range of 200 to
700nm, is shown in figure 4. The sharp peak at 272 nm and 372 nm in the UV–visible spectra
indicates that the colloids are well dispersed. The absorption peak of the doped (Mn-Ni)-ferrite
samples showed a blue shift towards a smaller wavelength. This shift might be due to surface
effects, change in the crystallite size, morphology or an indication that the electronic structure of
undoped (Mn-Ni) ferrites is altered by Pr doping [35]. The optical band gap energy of nanosized
Mn0.5Ni0.5Fe2-xPrxO4 for direct band gap is calculated by using Tauc’s relation:
(αhυ)n = A( hυ − Eg)

(3)

where Eg is the optical band gap energy and υ is the frequency of the incident photon, n is
either 2 for a direct band gap material or 2/3 for indirect band gap material, (hʋ) is incident photon
energy. The Tauc’s optical gap is determined by plotting (αhʋ) 2 over a limited range of photon
energies hʋ and the extrapolation of the linear part of the curve (αhʋ) 2=0, as shown in the figure
5. The absorption coefficient (α) has been calculating using the measured absorbance (𝛼 =
4𝜋𝑘′/𝜆) with 𝑘′ being the absorption index or absorbance. The obtained values of the optical
band gap energies (Eg) are listed in Table 2. Eg shows an increase as the Pr content increases.
This could be due to the decrease of the particle size and the decrease of density of localized state
in the conduction band [36]. This can be explained on the basis of Bras’ effective mass model
[37] according to which the measured band gap, Eg can be expressed as a function of particle size
as:
𝐸𝑔 = 𝐸𝑔 𝑏𝑢𝑙𝑘 +

ℎ 2 𝜋2 1
(
2𝑒𝑟 2 𝑚𝑒

+

1
1.8𝑒 2
)−
𝑚ℎ
4𝜋𝜀𝜀0𝑟

(4)

where r is the particle size, 𝐸𝑔 𝑏𝑢𝑙𝑘 is the bulk energy gap, me is the effective mass of
the electron, mh is the effective mass of the holes. 𝜀 and 𝜀0 are the relative permittivity and
free space permittivity, respectively. ħ is the Planck’s constant divided by 2π and e is the
charge on electron.

3.4 Magnetic Measurements:
The magnetic measurements are carried out by using M-H hysteresis loops at room
temperature and are shown in Figure 6. From these curves, saturation magnetization (Ms),
remanence magnetization (Mr), the corecivity Hc and magnetic moment μm are determined and
the values of these quantities are listed in Table 3. The magnetic moment (μm) per unit formula
in Bohr magneton is calculated from saturation magnetization by using the following formula:
𝜇𝑚 = (𝑀𝑤 × 𝑀𝑠 )/5585

(5)

where, 𝜇𝑚 is the magnetic moment and 𝑀𝑤 is the Moleculer weight. Obviously, it is clear
that all samples are ferrimagnetic in nature. As seen from table 3, as the content of Pr3+ increases
from 0.0 to 0.06, Ms increases from 22.528 emu/g to 49.7 emu/g. Upon further increases in Pr3+
content, Ms decreases to reach 17.018 emu/g. The increase in Ms till x = 0.06 may be because
Fe3+ ions do not occupy all octahedral sites and also a small fraction can occupy tetrahedral sites,
i.e., the inversity increases with Pr substitution which prefers occupying octahedral sites and
hence the magnetic moment (μm) is enhanced also [30] The decrease in the Ms with increase in
the Pr3+ content is very likely related to decrease in the particle size. This size dependent effect
has been well established in magnetite nanoparticles where it was interpreted in terms of the
presence of magnetic dead layer on the surface of a nanoparticle [38]. Also, the decrease in Ms
can be attributed to the formation of the anti-ferro magnetic material (-Fe2O3) or the cation
redistribution between tetrahedral (A) and octahedral (B) sites.[39]. Moreover, the coercivity Hc
and the Mr also depends on particle size [15].
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4. CONCLUSION:
Nanosized samples Mn0.5Ni0.5Fe2-xPrxO4 were successfully synthesized by co-precipitation
method. XRD analysis patterns showed the presence of the cubic ferrite phase as well as hematite as
impurity phase (-Fe2O3). The lattice constant increased slightly as the concentration of Pr3+
increased. This is probably due to the replacement of smaller radius ions Fe3+by larger radius ions
Pr3+. Moreover, the crystallite size gradually decreased as the concentration of Pr increased. FTIR
analysis showed two absorption peaks in the range of 400-600cm-1 characterizing the spinel ferrites.
The optical band gap energy was found to increase with the increase of Pr content. This was attributed
to the decrease of the particle size and the decrease of density of localized state in the conduction
band. The magnetic study manifested the ferrimagnetic behavior of the prepared samples. The
magnetic parameters were strongly affected by the concentration of Pr.
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Figures Captions:
Figure 1: XRD patterns for nanosized Mn0.5Ni0.5Fe2-xPrxO4 samples.
Figure 2: TEM images of nanosized Mn0.5Ni0.5Fe2-xPrxO4 samples:
(a) x = 0.0, (b) x= 0.04, (c) x= 0.1 and (d) x= 0.15.
Figure 3: FTIR spectra for nanosized Mn0.5Ni0.5Fe2-xPrxO4 samples annealed at 650 ºC.
Figure 4: The UV spectra of nanosized Mn0.5Ni0.5Fe2-xPrxO4 samples.
Figure 5: Photoresponse versus photon energy curves for the determination of the optical band gap
energy of nanosized Mn0.5Ni0.5Fe1.96Pr0.04O4 samples.
Figure 6: (M–H) curves of nanosized Mn0.5Ni0.5Fe2-xPrxO4 samples.
Table 1: lattice parameter 𝑎, crystallite size D using Sherrer equation (max peak) and TEM of Mn0.5Ni0.5Fe2xPrxO4 samples
Average crystallite size D (nm)
x

a (Å)

0.00
0.02
0.04
0.06
0.08
0.10
0.15

8.359
8.335
8.358
8.343
8.334
8.347
8.376

XRD

TEM

34.42
35.33
19.88
14.62
17.25
18.13
16.85

11.24
9.97
8.30
8.07
6.53
4.86
5.47

Table 2: The optical band gap energy of nanosized Mn0.5Ni0.5Fe2-xPrxO4 samples
x

Eg (eV)

0.00
0.02
0.04
0.06
0.08
0.10
0.15

3.010
3.015
3.033
3.053
3.051
3.060
3.070

Table 3: Variation of saturation magnetization (Ms), remanence magnetization (Mr) , the corecivity (Hc) and
magnetic moment μm for nanosized Mn0.5Ni0.5Fe2-xPrxO4

x

Ms
(emu/g)

Mr
(emu/g)

0.00
0.02
0.04
0.06
0.08
0.10
0.15

22.528
20.496
31.121
49.710
17.448
14.090
17.018

2.967
0.321
0.178
0.229
0.226
1.154
0.855
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Hc
(Oe)

μm

135.29
20.229
7.495
6.083
17.179
109.36
63.595

0.939
0.859
1.315
2.115
0.748
0.608
0.747
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