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Abstract

We synthesized soft magnetic spinel ferrite ZnMg-ferrite (Zn; _ Mg, Fe,O4, where x=0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) nanoparticles
using the co-precipitation method. Structural and magnetic properties have been studied in detail. XRD revealed that the structure
of these nanoparticles is spinel with crystallite size lies in the range 21-31 nm. Lattice parameter decreases with increasing Mg
concentration due to the smaller ionic radius of the Mg>* ion. FTIR spectroscopy also confirmed the formation of spinel ferrite by
showing the characteristic absorption bands at 420 cm ' and 545 cm ~'. Vibrational band of metal ion at tetrahedral site (Mo, ) with
oxygen ions (O-M—O) is shifted toward higher wave numbers with the increase of Mg concentration. The magnetization showed an
increasing trend with increasing Mg concentration due to the rearrangement of cations at tetrahedral and octahedral sites, while the
corecivity remained constant due to the soft nature of the ferrite composition. Both structural and magnetic properties of ZnMg-ferrite
nanoparticles strongly depend upon Mg>™ cation doping percentage.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mixed spinel ferrites have been studied intensively over
the last few years due to their potential applications [1-3].
Spinel ferrites have the chemical formula MFe,O,4 in which
M can be any divalent metal cation. In spinel ferrite,
oxygen forms an FCC-lattice with divalent cations at
tetrahedral (A) and/or octahedral (B) sites. The unit cell
of a spinel ferrite consists of 32 oxygen, 16 trivalent iron
and 8 divalent metal ions [4]. The spins at tetrahedral and
octahedral lattice sites are anti-parallel to each other.
Preference of divalent metal ion M>™ depends upon the
type of the spinel structure e.g. normal, inverse and mixed
spinel structures. In case of inverse spinel structure, e.g.
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nickel ferrite and cobalt ferrite, Fe’> T ions are distributed
equally over both lattice sites and divalent metal M>™ ions
that prefer B sites. Physical properties are strongly influ-
enced by the preference of metal ions on these lattice sites
[5]. The structural and magnetic environments of these two
lattice sites can be controlled by the chemical composition,
synthesis methods, and annealing temperature. The con-
centration and types of cations substitution also have very
dominant effects on the physical properties [6,7]. Magne-
sium ferrite (MgFe,04) has an inverse spinel structure with
the preference of Mg?™ cations mainly on octahedral sites
[8-10], while zinc ferrite (ZnFe,O4) has normal spinel
structure, in which Zn®* cations mainly occupy tetrahe-
dral sites [11,12]. Both Zn** and Mg>™ divalent ions are
non-magnetic in nature. In this article, we will focus on the
influence of magnesium divalent caions doping on struc-
tural and magnetic properties of zinc ferrite nanoparticles.
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2. Experiment

ZnMg-ferrite (Zn, _ Mg, Fe>O,4) nanoparticles with compo-
sition x=0.0, 0.1, 0.2, 0.3, 0.4, and 0.5 were synthesized using
a conventional co-precipitation method. The chemical co-
precipitation technique is comparatively easy to scale up and
widely used to synthesize ferrite nanoparticles. The chemical
reagents used in this experiment were ferric nitrate
Fe(NOs); - 9H,0, zinc nitrate Zn(NO3),- 6H,O and magne-
sium nitrate Mg(NQO3), - 6H,0. All the chemical reagents were
of analytical grade and used without any purification.

Solutions of Zn(NOs),-6H,0O, Mg(NOs),-6H,O and
Fe(NO3); - 9H,0 in their stoichiometry were dissolved in
distilled water under constant stirring, until a clear solu-
tion was obtained. To obtain ferrite nanoparticles which
are less dispersed in size, of smaller size and more
chemically homogeneous, the mixing of reagents was
carried out very quickly by adding the precipitating
reagent NaOH rapidly into metal solutions at constant
stirring till co-precipitation occurred. The solution was
kept at temperature of 70 °C for 45 min for transformation
of the hydroxides into ferrites. The pH value was main-
tained in the range of 12—13. Distilled water was used to
clean precipitates until these precipitates were free from
chloride and sodium ions. Washed precipitates were dried
in an oven at temperature 100 °C for 12 h to remove water
content. At the end, dried powder was mixed homoge-
neously in mortar and agate for 25 min to get the desired
ZnMg-ferrite nanopartticles.

All synthesis parameters were kept constant except for
the concentration of divalent cations (Mg”>™ and Zn>™).
Structural characterization was done using X-ray diffrac-
tion (XRD), Fourier transform infrared (FTIR) spectro-
scopy and transmission electron microscopy (TEM).
Magnetic characterization was done using a vibrating sample
magnetometer (VSM).

3. Results and discussion

X-ray diffraction (XRD) was carried out using Cu-K,
(0.154 nm) radiation at ambient temperature. Fig. 1 shows
the X-ray diffraction patterns of samples Zn; _ Mg, Fe,04
nanoparticles with x in the range 0.0-0.5. All the indexed
peaks correspond to spinel ferrite structure for all the
samples and therefore confirm the formation of spinel
ferrite nanoparticles. Average crystallite sizes using all
indexed peaks for each sample were estimated by using
the Debye—Scherrer’s formula and is in the range 21-31 nm
for different Mg concentrations.

The average crystallite size was calculated (for all the
indexed peaks) using the Debye—Scherrer’s formula as
given in Eq. (1):
t=0.9//pcos 6 (1)

where ¢ is the average crystallite size, 6 is the diffraction

angle, 4 is the wavelength of incident X-ray and f is the full
width half maximum of the XRD peak in units of radians.
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Fig. 1. XRD patterns of Zn;_,Mg,Fe,O, nanoparticles with x in the
range 0.0-0.5.

The average crystallite size vs. Mg concentration is plotted in
Fig. 2(a). Average crystallite size scatters in the range 21—
31 nm for different compositions. It has a minimum crystallite
size 21 nm for x=0.5 Mg concentration due to the smaller
ionic radius of Mg>* ions.

The lattice parameter ‘@’ was estimated using lattice
spacing (d) values and respective miller indices (/4 k /). The
lattice constant ‘@’ was calculated by using the formula as
given in Eq. (2):

a=d/NR+k>+1? (2)

where « is the lattice parameter, d is the lattice spacing
and A, k, [ are the miller indices. The lattice parameter
obtained by using XRD data lies in the range of 8.40—
843 A for different Mg concentrations as shown in
Fig. 2(b). It decreases with increasing Mg concentration
due to the smaller ionic radius of Mg?*(0.06 nm) cation as
compared to ionic radius of Zn>*(0.08 nm) cation [13,14].

Transmission electron microscopy (TEM) micrograph of
one of the samples with composition Zng Mg ,Fe,04 at
100 nm scale is shown in Fig. 3. TEM image reveals that
the nanoparticles are nearly spherical in shape and have
narrow particle size distribution. Nanoparticles are
agglomerated due to the presence of magnetic interactions
among particles.

Vibronic studies using infrared radiation are a good
fingerprint for the local chemical bonds [15]. Formation of
ferrite nanoparticles has been also studied by FTIR
spectroscopy in the far-infrared region 400—660 cm ™' as
shown in Fig. 4. FTIR absorption measurements were
carried out using the KBr pellet technique. In spinel
ferrites, the bands in the ranges of 545-575cm~' and
420-430 cm ' are usually assigned to tetrahedral and
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Fig. 2. (a) Plot of average crystallite size ‘©’ vs. Mg concentration, and

(b) plot of lattice constant ‘a’ vs. Mg concentration of Zn;_ Mg, Fe,O4
nanoparticles with x in the range 0.0-0.5. Solid lines just show the trend.
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Fig. 3. TEM micrograph of ZnygMg,,Fe,O4 nanoparticles at 100 nm
scale.

octahedral ions vibrations with oxygen ions, respectively,
which are also characteristic bands of spinel ferrite. The
band at 420 cm ' is due to the vibration of the chemical
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Fig. 4. Far-infrared spectra of KBr-pelletized nanoparticles samples
Zn,_ Mg, Fe,0O, with x in the range 0.0-0.5. Bands at 545 and
420 cm ™! correspond to tetrahedral and octahedral site coordination of
metal ions with oxygen in the spinel crystal structure, respectively. Arrow
indicates the shift of O-M—O vibration band with increasing Mg
concentration.

bond O-Mg—O in location of octahedron and the band
at 545cm ™! is due to the vibration of the chemical bond
O-M—O in location of tetrahedron. The presence of
these absorption bands signifies the formation of spinel
structure of zinc ferrite. It is also observed that the
O-M—O band is shifted to higher wave numbers with
the increase in Mg concentration (as indicated by an arrow
in Fig. 4). Keny et al. [16] reported a shift of a tetrahedral
band of Mg ferrite toward higher wave number as
compared to the Zn ferrite. The shift of the O-M —O
vibration band with increasing Mg concentration signifies
the preference of Mg ions in tetrahedral lattice sites in
addition to octahedral sites. Pradeep et al. [8] reported that
the Mg” ™ ions prefer both tetrahedral and octahedral sites
in Mg ferrite nanoparticles.

Magnetization measurements were carried out using a
vibrating sample magnetometer (VSM) at room tempera-
ture with a maximum applied magnetic field of 8 kOe.
Fig. 5(a) shows the MH-loop of pure Zn ferrite nanopar-
ticles at room temperature. Magnetization of mixed spinel
ferrites nanoparticles is strongly influenced by the cationic
distribution on tetrahedral and octahedral lattice sites.
Pure zinc ferrite (x=0.0) nanoparticles show a paramag-
netic like loop with hysteresis (due to surface effects in
ferrite nanoparticles) due to its normal spinel structure.
Bulk zinc ferrite exhibits normal spinel structure in which
Zn*>* and Fe’" ions are distributed on tetrahedral and
octahedral sites, respectively. The presence of hysteresis in
zinc ferrite nanoparticles (see the inset of Fig. 5(a)) is due
to incomplete normal or mixed spinel structure of zinc
ferrite nanoparticles and/or due to the presence of dis-
ordered surface spins [17-19].
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Fig. 5. (a) MH-loop of pure zinc ferrite (ZnFe,O4) nanoparticles sample,
and (b) MH-loops of the samples Zn; _ Mg, Fe,O, with x in the range
0.0-0.5. Insets in both figures show the coercivity region.

Magnetization parameters such as coercivity (H.) and
magnetization at 8 kOe (Mgyro.) were calculated from
Fig. 5(b) and are shown in Fig. 6(a,b). The magnetization
at maximum field of 8 kOe monotonically increases with
increasing Mg concentration as illustrated in Fig. 6(a).
In spinel ferrites, magnetic moments at tetrahedral and
octahedral lattice sites are anti-parallel to each other [20].
In the literature, it is reported that the pure bulk Mg ferrite
exhibits inverse spinel structure in which Mg®*" ions prefer
octahedral sites, while in nanoparticles form Mg ferrite
shows magnetic behavior due to its incomplete inverse
spinel structure at nano-scale [8—10]. Increase of the net
magnetization with increasing Mg concentration is due to
the misbalance of Fe’* ions on octahedral and tetrahedral
lattice sites. Misbalance of Fe*™ ions strengthens the A-B
superexchange interactions which results in the increase of
the net magnetization [21]. Therefore the magnetization
of ZnMg-ferrite nanoparticles depends on the distribution
of Fe’* ions among tetrahedral and octahedral lattices
sites because both Mg®* and Zn?* ions are non-magnetic
in nature. In nanoparticles, spins on the surface of
nanoparticles also play an important role in determining
magnetic properties [22,23]. It can affect the overall
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Fig. 6. (a) Variation of the magnetization at 8 kOe (Mg xoe) Vs. Mg
concentration, and (b) variation of the coercivity (H,) vs. Mg concentration.

magnetic behavior of individual nanoparticles [24,25].
The decrease of magnetization with decreasing diameter
of ferrite nanoparticles is a very well known effect, since
the surface to volume ratio becomes of significant impor-
tance. The atoms on the surface have truncated bonds and
less coordination neighbors, thus their mutual exchange
interaction is reduced due to surface disorders. This sur-
face disorder is due to bond frustration of exchange
interaction between ferrimagnetically coupled spins of
different sublattices near the surface [26]. As the particle
size gets smaller, such disorder and frustration at the
nanoparticle’s surface become progressively dominant
due to large surface to volume ratio. Kodama and
Berkowitz [27] reported a model for magnetization (M)
of fine nanoparticles which shows a decrease in M with
diminishing particle size due to the presence of disordered
surface spins. In our case, although sample with x=0.5 Mg
concentration has minimum crystallite size (21 nm) we still
got the maximum magnetization for it, which indicates the
dominance of cationic distribution over size effects in our
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samples. The coercivity (H.) fluctuates in the range of 90—
100 Oe as the Mg concentration is increased from 0.0 to
0.5. Smaller values of coercivity for all the samples indicate
the soft magnetic nature of these ferrite nanoparticles and
also the presence of ferrimagnetic behavior at room
temperature.

4. Conclusions

Zinc ferrite nanoparticles doped with Mg cations
(Zn,_ Mg,Fe,O4 with x in the range 0.0-0.5) were
sucessfully synthesized by the co-precipitation method.
Initial structural characterization was done by using
X-ray diffraction analysis. Average crystallite size was
calculated by Debye Scherrer’s formula which lies in the
range of 21-31 nm for different compositions. The lattice
parameter decreases with increasing Mg concentration due
to the smaller ionic radius of Mg>™ ion as compared to the
Zn*" jon. TEM images show that there is not so much
scattering in the particle size and nanoparticles are nearly
spherical in shape. Specific vibrational bands in FTIR
spectroscopy signify the formation of spinel Zn-Mg ferrite
nanoparticles which is in agreement with the XRD data.
FTIR results revealed the shift of vibration band located at
tetrahedral site with increasing Mg concentration which is
due to changes in the local chemical environment and
bond lengths. On doping Mg cations, ferromagnetic
behavior increases which changes the shape of MH-
loops. The magnetization at the maximum field mono-
tonically increases with increasing Mg concentration which
is attributed to the change in the cationic distribution at
tetrahedral and octahedral sites. Smaller values of the
coercivity show the soft magnetic nature of these ZnMg-
ferrite nanoparticles.

It can be concluded that different changes occur in the
properties of Mg doped Zn-ferrite nanoparticles due to the
rearrangements of divalent metal cations at different
lattice sites.
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