
J Supercond Nov Magn (2017) 30:3603–3609
DOI 10.1007/s10948-016-3873-8

ORIGINAL PAPER

Synthesis, Characterization, Optical Properties,
and Electron Paramagnetic Resonance for Nano
Zn0.5Co0.5Fe2−xPrxO4

Z. Bitar1 · S. Isber2 · S. Noureddine3 ·D. El-Said Bakeer4 ·R. Awad1

Received: 20 May 2016 / Accepted: 27 October 2016 / Published online: 15 November 2016
© Springer Science+Business Media New York 2016

Abstract Nano ferrite samples of type Zn0.5Co0.5Fe2−x

PrxO4, 0 ≤ x ≤ 0.2, were prepared by co-precipitation
method for different concentration of Pr ions at a calcina-
tion temperature of 823 K. The samples were characterized
using x-ray diffraction and transmission electron micro-
scope (TEM), UV spectroscopy, FTIR, and electron para-
magnetic resonance (EPR). The increase in concentration
of Pr ions shows a significant change in the formed nano
ferrite particles size, degree of aggregation, energy band
gap, and lattice parameters. X-band (9.24 GHz) EPR spec-
tra at room temperature showed a decrease in the g factor
as the Pr content was increased. Furthermore, the variation
of the Pr3+ concentration in the samples led to different
aggregation states, ranging from isolated nanoparticles with
average crystal size of 28.5 to about 15 nm, as confirmed by
x-ray diffraction and high-resolution transmission electron
microscopy.
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1 Introduction

In recent years, ferrites and ferrite-based compounds have
been attracting much attention due to their potential applica-
tion in magnetic recording media, magnetic fluids, catalysis
agents, gas sensors, and biomedical equipment [1–6].

The first systematic study on the relationship between
chemical composition and magnetic properties of vari-
ous ferrites was reported by Hilpert in 1909. Hilpert had
successfully prepared spinel ferrites, such as manganese,
copper, cobalt, magnesium, and zinc. Later on, in 1960,
Feynman revisited this particular idea in his article “there
is plenty of room at the bottom” [7] where he discussed
his thoughts for creating innovative low-dimensional mate-
rials at the nanoscale. In the last two decades, material
scientists paid increasing attention to the implications of
size effects on material properties and the field of nan-
otechnology attained a leading role. Meanwhile, research on
nanosized materials has developed into a large interdisci-
plinary field of research which opened the era of material
science. The most important feature of these nanomateri-
als is given by their chemical and physical properties which
markedly differ from those of the bulk [8].

The preparation of nano ferrites can be done by various
physical and chemical methods like sol-gel, ball milling,
chemical combustion, co-precipitation, etc. In the present
work, we chose the co-precipitation method because of its
simplicity and its suitability for better control of the particle
sizes and shapes [9].

Spinel ferrites, which are formed by a nearly close-
packed fcc array of anions with holes partly filled
by the cations, can be represented by the formula
(M1−δFeδ)A(MδFe2−δ)BO4, where A and Brepresent the
tetrahedral and octahedral sites, respectively. M represents
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divalent ions like Mn, Co, Ni, Zn, or Mg and δ represents the
inversion parameter [10]. The structural and magnetic prop-
erties of spinel ferrite depend on the distribution of cations
over the two sub lattices, tetrahedral A sites and octahe-
dral B sites which are occupied by different metal ions.
Co0.5Zn0.5Fe2O4 is a mixed spinel with Zn and Co ions
occupying the tetrahedral A sites and the octahedral B sites,
respectively [11].

Rare earth ions with unpaired 4f electrons have strong
spin-orbit coupling of angular momentum. The introduc-
tion of rare earth ions into spinel ferrites would result in a
4f-3d coupling through the RE3+–Fe3+ interactions which
will determines the magneto crystalline anisotropy of the
material. Doping with rare earth ions is also helpful in
reducing the grain size of the materials and it affects the
lattice parameters. Indeed, substituting Fe3+ by a larger-
sized rare earth ion would normally increase the lattice
parameters and reduce some of the strain in the lattice.
Shahane et al. investigated the effect of Zn substitution on
the structural and magnetic properties of Ni–Co ferrites.
They reported a linear increase of the lattice parameter
with increasing Zn content. They have also used Neel’s
collinear two-sub-lattice model to explain the behavior of
the magnetization saturation as function of Zn content [12].
Moreover, Kuar et al. studied the effect of Gd3+ ions sub-
stituted in Ni0.5Zn0.5GdxFe2−xO4 ferrite nanoparticles by
electron paramagnetic resonance (EPR). A decrease in the
Landé value and an increase in relaxation time was found.
These results were correlated with the change of particle
size as function of Gd3+ concentrations [13]. Ahamed et al.
investigated the effect of introducing rare earth cations into
the ferrites spinel structure of type MgCexEryFe2−x−yO4.
They found out that these materials can be suitable for
Microstrip patch antenna since they increase the gain and
improve the directivity of antenna [14]. Sahib et al. also
succeeded in growing ZnNiyCexFe2−x−yO4 [15] and mea-
sured the saturation magnetization versus Ce content. They
have also investigated the semiconducting behavior of their
compounds.

In the work, we present the effect of Pr3+ content on the
structural, optical, and magnetic properties of Co-Zn fer-
rite. The variation of various Pr3+ dopping level on these
properties are also discussed.

2 Experimental

Nanosized (Co0.5Zn0.5Fe2−xPrxO4), 0.0 ≤ x ≤ 0.3
were prepared by Co precipitation method. The analytical
grade chemical reagents are iron (III) chloride hexahydrate
(FeCl3•6H2O), cobalt (II) chloride hydrate (CoCl2•xH2O),
zinc chloride (ZnCl2), and praseodymium (III) chloride
(PrCl3•xH2O) were taken in stoichiometric amounts of

ratios. The nano ferrites were then dissolved in distilled
water and mixed using magnetic stirrer at 40 ◦ C. For co-
precipitation of such prepared solution, a solution of NaOH
(4 M) was added in drop-wise with constant stirring pro-
duced by a magnetic stirrer. The pH of the solution was
maintained at 12.5–13 in order to transform the hydroxides
of metals into nano particles. The solution was maintained at
60 ◦ C with constant stirring for 2 h. This duration was suffi-
cient for the transformation of hydroxides into spinel ferrite.
The precipitated particles were then washed several times
with distilled water to remove the impurities. The precipi-
tated particles were then dried in an oven at 97 ◦ C for 24 h.
The resulting solid was grinded into powder and calcined at
temperature 823 K for 6 h.

The nanosized (Co0.5Zn0.5Fe2−xPrxO4) were character-
ized by XRD using Bruker D8 advance powder diffractome-
ter with Cu–Kα radiation (λ = 1.54056 Å) in the range
10◦ ≤ 2θ ≤ 80◦ . In order to examine the morphology of
the nanoparticles, we used Jeol transmission electron micro-
scope (TEM) JEM-100CX, operated at 80 kV. For the TEM
measurements, the samples were prepared by placing small
drop of nanoparticle dispersion liquid on a copper grid and
dried with air at room temperature for several hours.

The FTIR measurements were carried out using an FTIR
8400S Shimadzu UV-visible spectrometer. The absorbtion
spectra of the samples have been taken in the wavelength
range from 200 to 600 nm by using Jasco-V-670 - UV-
Visible spectrometer.

EPR spectra of samples with various Pr3+ content were
investigated using a Bruker X-band (9.24 GHz), a system-
atic study on the g values and peak to peak line width �Hpp

was made. In order to obtain a broad and sharp signal the
receiver gain was placed at 10 mV, microwave power at
˜12 mw, and field modulation amplitude ˜20 G at 100 KHz.

3 Results and Discussion

3.1 X-Ray Diffraction Studies

XRD spectra of Co0.5Zn0.5Fe2−xPrxO4, 0.00 ≤ x ≤ 0.2,
are shown in Fig. 1. All the characteristic diffraction peaks
correspond to the cubic spinel structure of Co0.5Zn0.5Fe2O4

(JCPDS Card no. 22-1086) [16, 17] with space group Fd3m.
The peaks in the XRD pattern of the samples can be per-
fectly indexed to the (111), (220), (311), (400), (422), (511),
(440), and (533) facets of the Co0.5Zn0.5Fe2O4 phase (as
shown in Fig. 1). The diffraction peaks are broad because
of the nanometer size of the crystallites. It is worthwhile
mentioning that no additional or impurity phases corre-
sponding to any other structure were detected in the XRD
spectra which confirms that Pr3+ ions have been incor-
porated into spinel lattice. The main peak corresponding
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Fig. 1 XRD spectra of
Zn0.5Co0.5Fe2−xPrxO4 for
various Pr+3 concentrations

to the crystal plane with Miller indices of (311) was cen-
tered between 2θ = 35.28o and 35.65o, for all samples
Co0.5Zn0.5Fe2−xPrxO4 with 0 ≤ x ≤ 0.2; this confirms the
presence of cubic face structure of Co0.5Zn0.5Fe2−xPrxO4

nanoparticles.
The average crystallite size is calculated using Dbye-

Scherrer’s equation:

D = 0.9λ

βcosθ
(1)

where θ is the diffraction angle, λ is the wavelength of
incident x-ray and β is the full width at half maximum
(FWHM) of the XRD peak in units of radians [18, 19]. The
estimated values of the crystallite sizes are given in Table 1.
It was found that the crystallites sizes decrease with increas-
ing the concentration of Pr3+ ions in the samples. This may
be due to the larger ionic radius of Pr3+ ions (0.99 Å) as
compared to that of Fe3+ ions (0.645 Å) which required
more energy to make Pr3+ ions enter into the B sites to com-
plete crystallization and grains formation [20]. The average
crystallites’ size value of undoped Co0.5Zn0.5Fe2O4 was

found to be larger than that reported for similar samples pre-
pared by co-precipitation method for which the nanosized
powder were annealed at 573 K for 24 h [21].

The lattice constant a of our samples (spinel structure)
was calculated from the position of the prominent peak
(311) using Bragg’s equation:

a = dhkl

√
h2 + k2 + l2 (2)

where a is the lattice parameter; dhkl is the lattice spacing;
and h, k and l are the miller indices. It was found that the
lattice constant decreases with increasing Pr3+ concentra-
tion ions (as shown in Table 1). This can be attributed to
the large ionic radius of ion which prevents it from occu-
pying the tetrahedral and the octahedral sites which form
aggregates on the grain boundary [22]. As Pr3+ ion content
increases, the aggregates increases and lead to further com-
pression in the spinel lattice. The lattice parameter value
obtained for pure Co0.5Zn0.5Fe2O4 is in good agreement
with the reported value [16].

Table 1 Crystallite size using Sherrer equation (max peak) and TEM, lattice parameter a the values of ν1, ν2, and energy gap for different
concentration of Pr+3 (0.00 ≤ x ≤ 0.20)

Pr content XRD TEM FTIR UV

D (nm) Lattice constant (a) (Å) D (nm) ν1 (cm−1) ν2 (cm−1) Band energy (eV)

0 28.3 8.4404 7.74 570.95 434.00 3.06

0.04 19.4 8.4349 7.39 576.74 449.43 3.08

0.08 18.7 8.4291 7.25 586.38 430.14 3.09

0.2 14.7 8.4057 6.30 632.67 441.71 3.12



3606 J Supercond Nov Magn (2017) 30:3603–3609

3.2 TEM Studies

The TEM images of nanosized Co0.5Zn0.5Fe2−xPrxO4,
x = 0.0, 0.04, 0.08, and 0.2 are shown in Fig. 2. The images
show that the particles are spherical in shape with the pres-
ence of some moderately agglomerated particles as well as
isolated particles. It was also observed that the average grain
size is decreased with increasing Pr3+ concentration as per
their values listed in Table 1. This decrease in grain size
was also obtained from the analysis of the XRD measure-
ments. We observed that the particle sizes estimated from
TEM images are rather smaller than those estimated from
Scherrer’s equation using the XRD spectra. This difference
is probably due to the fact that the samples for TEM mea-
surements were prepared from reaction solution and not
from powder. At this point, aging conditions play a decisive
role in the particles sizes. Particle sizes in reaction solution
are susceptible to aging effects which in turn may result
in high band gap energy. Thus, we believe that aging in
reaction solution is one of the main effects responsible for
deviation in sizes measured by XRD and TEM.

3.3 FTIR Studies

In addition to the XRD characterization, we ran a series
of FTIR spectra on our samples to further investigate their

purities and their structural compositions. The FTIR spec-
tra of the prepared samples with different concentrations
of Pr3+ ions are shown in Fig. 3. They confirm the for-
mation of spinel structure by the presence of the two main
absorption bands with very low intensities in the range 700–
400 cm−1. The highest absorption band, ν1, was observed
in the range 700–500 cm−1; it corresponds to intrinsic
stretching vibrations of the metal at the tetrahedral site,
Mtetra ←→O. The lowest band, ν2, was observed in the
range 500–400 cm−1, and it corresponds to octahedral metal
stretching, Mocta ←→O (see Table 1). The observed shift
in the bands of the doped samples can be attributable to
a difference in the metal ion–oxygen distance for the two
sublattices [23] and the change in the lattice constant [24].
The slight shift in the ν1 bands with increasing the concen-
tration of Pr3+ ions can be contributing to the variation of
the metal–oxygen bonds in the tetrahedral sites due to the
transition between the extent of normal spinel and inverse
structures. The shift of ν2 as a function of Pr content shows
an increase followed by a decrease at higher Pr content
which may be due to mixed cationic distribution at the tetra-
hedral sites [25–27]. The broad band (3600–3200 cm−1)

centered at 3423.76 cm−1 can be assigned to hydrogen-
bonded O–H stretching vibration arising from absorbed
water which shows the presence of humidity in the prepared
samples.

Fig. 2 TEM images for nano
Zn0.5Co0.5Fe2−xPrxO4. a
x = 0.00, b x = 0.04. c
x = 0.08, and d x = 0.2

X= 0.0

X= 0.08

X= 0.04 

X= 0.2
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Fig. 3 FTIR spectra of the
samples for x = 0, 0.04, 0.08,
and 0.2
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3.4 UV-VIS Spectroscopy

Many models were used to determine the optical prop-
erties of nano ferrites. In the present study, we used

the Tauc model. The optical gap associated with the
Co0.5Zn0.5Fe2−xPrxO4 nano ferrites was determined by
plotting (αhv)2 over a limited range of photon energies hv

and extrapolation the linear part of the curve (αhv)2 = 0,
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Fig. 4 Photoresponse versus energy curves for the determination of the optical band gap energy for Zn0.5Co0.5Fe2−xPrxO4 (0 ≤ x ≤ 0.2)
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as shown in Fig. 4. The absorption coefficient (α) was
calculated using the measured absorbance (A)

α = 2.303
A

t
, (3)

where t is the thickness of the sample.
Tauc optical gap is defined as occurring at the intercept of

this linear extrapolation with Y -axis. The absorption coeffi-
cient α near the band edge in many nano ferrites shows an
exponential behavior upon the photon energy that may be
described by:

(αhυ)n = A(hυ − Eg) (4)

where Egis the energy band gap energy, n is either 2 for a
direct band gap material or 1

2 for indirect band gap mate-
rial, and (h?) is incident photon energy. The energy band
gap listed in Table 1 were calculated for n = 2 [28]. The
obtained values (Table 1) of the optical band gap show
an increase with increasing the concentration of Pr3+ ions,
which is in conformity with the decrease of the particle size
as obtained by TEM and x-ray measurements.

3.5 EPR Measurements

X-Band EPR spectra (9.24 GHz) were recorded at room
temperature for Co0.5Zn0.5Fe2−xPrxO4 with various Pr+3

concentrations are shown in Fig. 5. A single, strong and
broad symmetric EPR signal was observed for all samples
with the resonance magnetic field Hr shifting to higher
values as the Pr3+content was increased.

The spectroscopic Landé factor (g value) was determined
from the magnetic resonance field Hrby:

g = h υ

β Hr

(5)

Fig. 5 Room temperature EPR spectra (9.25 GHz) for
Zn0.5Co0.5Fe2−xPrxO4 (0 ≤ x ≤ 0.2)

Table 2 Variation of g value, resonance filed (Hr), peak to peak line
width (�Hpp) for nano Zn0.5Co0.5Fe2−xPrxO4

Pr content Hr (gauss) gvalue �Hpp (gauss)

x = 0 2132 3.097 2016

x = 0.04 2435 2.712 2701

x = 0.08 2405 2.746 2473

x = 0.2 2826 2.337 2172

where h is Planck’s constant, υ is the microwave frequency
(9.24 GHz), β is the Bohr magnetron All the spectra were
analyzed and fitted to a single EPR absorption line to obtain
the values of magnetic resonance fieldsHr , g values and
peak to peak (�Hpp) line width The calculated values are
listed in Table 2.

The EPR spectra show that as the Pr3+ content was
increased, the EPR lines were broadened and shifted to
higher resonance fields. This behaviour could be explained
by a strong dipolar interaction and decrease in super
exchange interactions which lead to the broadening of the
resonance line. The g-values were found to decrease from
3.10 ± 0.01 to 2.34 ± 0.01 with increasing Pr3+ ion con-
centration. The decrease in the g values may be attributed
to a super exchange interaction between Fe2+ and Fe3+ at
octahedral B sites [29]. As the concentration of Pr3+ is
increased, the peak-to-peak line width (�Hpp) increases to
reach maximum values for samples with x = 0.08. However,
when the concentration of Pr3+ ions becomes sufficiently
high the extra process of exchange narrowing comes to
be effective. The decrease in the EPR line width at high
concentrations could be due to the Anderson exchange nar-
rowing [30]. The exchange narrowing is a mark of clustering
of magnetic ions in samples with high Pr3+ contents.

4 Conclusions

Zn–Co nano ferrite doped with Pr ions (Zn0.5Co0.5Fe2−x

PrxO4) has been successfully synthesized using co-
precipitation method. The x-ray diffraction confirmed the
formation of single-phase cubical spinel structure with size
in the range 14.7–28.3 nm. The XRD profiles showed a
decrease in the lattice constant and crystallite size with the
increase in the concentration of Pr+3 ions. TEM results
showed the distribution of grains and morphology of the
samples. The formation of the ferrite nanoparticles was con-
firmed from the metal–oxygen (M–O) vibration bands of
the FTIR spectra. A slight shift in the bands of the sub-
stituted samples was observed due to the change in the
lattice constant. The band gaps calculated from the UV–Vis
spectroscopy show an increase from 3.05 to 3.12 eV with
the increase of Pr+3 ions concentration. EPR studies show
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dependence of EPR parameters on Pr+3 concentrations. The
g factor decreases from 3.097 to 2.337, the resonance mag-
netic field increases from 2132 to 2826 gauss. The decrease
in g value is associated with increase in particle size as Pr3+
ions concentration increases in Zn–Co nano ferrite. Also,
the increase in Pr+3 concentrations increased the dipolar
interaction and decreased the super exchange interactions.
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