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The effect of Zn substitution on the structure
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Abstract The series ZnxMg1−xNiFeO4(0.0≤ x ≤1.0) were prepared by the conventional
solid state double sintering ceramic techniques and studied using X-ray diffraction (XRD),
and Mössbauer spectroscopy techniques. The diffraction patterns of all samples show sin-
gle phase cubic spinel structure. Mössbauer spectroscopy measurements at liquid nitrogen
temperature show an ordered magnetic structure with well resolved tetrahedral and octahe-
dral sites. Data analysis were performed in order to investigate the magnetic properties of
the materials and their cation distribution behavior between the tetrahedral and octahedral
sites. These will be discussed based on the substitution of both diamagnetic divalent.

Keywords Mössbauer · Spin canting · Effective magnetic moment · Cation distribution

1 Introduction

Due to their, low eddy current losses, moderate permittivity, high resistivity and, high per-
meability, the insulating magnetic oxide, spinel ferrites are becoming the subject of interest
in theoretical as well as technological applications. Most of the physical properties of
the spinel ferrites have been strongly influenced by the methods of preparation and heat
treatment. The dominant magnetic super exchange inter-sublattice interaction in the spinel
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ferrite is the (A)-O-[B] interaction, which is mostly twenty fold stronger than the intra-
sublattices [B]-O-[B] and (A)-O-(A) interactions [1]. Nickel ferrite is a magnetic material
of much important technological applications. To understand its exchange interaction, crys-
tallographic lattice structure and magnetic properties it is always preferable to mix it by
different magnetic or diamagnetic ions [2].

This work reports on the compositional dependence of the structural and magnetic
properties of Zn+2 substituted Mg-Nickel ferrite having the general chemical formula
ZnxMg1−xNiFeO4 (x= 0.0 to 1.0 step 0.2), using the XRD, VSM and Mössbauer spec-
troscopy.

2 Experimental

The series of the ZnxMg1−xNiFeO4 (x= 0.0 to 1.0 step 0.2) ferrites were prepared by the
conventional double sintering ceramic technique as described earlier [3]. The purity, and
homogeneity of each of the studied samples as well as their cells lattice constants are deter-
mined by X-ray powder diffraction patterns (XRD) using Phillips PW1820 diffractometer
with CuKα radiation (λ =1.5404 Å). The Rietveld method using the FULLPROF software
is applied to determine the structural analysis of the series [4]. The scan ranges were kept
the same for all samples (2θ = 20o-80o) using a step size of 0.02o with sample time of 2 s.

Magnetization as a function of the temperature in an applied magnetic field of 0.05 T and
also as a function of magnetic field (1.3 T; max.) were measured using a vibrating sample
magnetometer (VSM). Mössbauer spectra were obtained at 295 K and 78 K on a powdered
sample using a constant acceleration spectrometer with 50 mCi 57Co in Rh source. The
low temperature measurements were performed using a liquid nitrogen flow cryostat. The
spectrometer was calibrated with an α-Fe foil spectrum at 295 K. The measured data were
analyzed using recoil program for a non-linear least-square fitting assuming Lorentzian
lines for discrete sites [5].

3 Results and discussion

X-ray powder diffraction pattern of the series depicted in Fig. 1 revealed that all studied
samples could be indexed in terms of a single phase cubic spinel with no additional phases.
The structural analysis details are obtained by using the Rietveld methods program which
confirm the homogeneity of the single phase (space group Fd-3m No. 227) of the samples.
Relevant refinement data for one of the series are collected in Table 1, and plotted in Fig. 2.
In Table 2 the experimental lattice parameters of the series are listed. The increase of the
lattice parameter with increasing the Zn content is related to the replacement of Mg2+ ion
of ionic radius 0.650 Å by Zn2+ which has larger ionic radius of 0.740Å.

The Magnetization hysteresis curves of the studied series measured at room temperature
and applied field between -1300 and +1300 Oe are plotted in Fig. 3. The saturation mag-
netization of each concentration is calculated by extrapolating the data of magnetization M
versus the reciprocal of the applied field 1/H. As shown in Fig. 3, the saturation magnetiza-
tion increases smoothly from x = 0.0 to 0.6 reaching the maximum value of 10.6 emu/g for x
= 0.6 composition and then decreases gradually while Zn contents increases. To understand
such behavior the saturation magnetization are used to calculate the experimental magnetic
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Fig. 1 The X-ray diffraction patterns of ZnxMg1−xNiFeO4(0.0 ≤ × ≤= 1.0)

moment in Bohr magneton per formula unit using the relation: μB = MWxMs

5585 where MW
is the molecular weight of each composition and Ms is its saturation magnetization [6]. The
results are plotted in Fig. 4.

In the cubic mixed Mg/Zn Ni-spinel ferrite, the diamagnetic Zn2+ ions reside preferen-
tially in the A-site replacing the diamagnetic Mg2+ ion and the Fe3+ (μB = 5) leading to the
reduction of the magnetic moment of the A-sublattice. According to the Neel’s two sublat-
tices model, the net magnetization, which is the vector sum of the magnetic moments of the
two sublattices, will increase within the region of 0≤x≤0.6. However, as shown in Fig. 4,
magnetization decreases at higher level of doping and no longer following the Neel’s model.
The reason for this behavior is that low Zn2+ concentration reduce the number of spins
occupying the A sublattice, causing the net magnetization to increase. As the Zn2+ content
increases the exchange interactions are weakened and the B spins are no longer held rigidly
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Table 1 Rietveld refinement results for the sample Mg0.4Zn0.6NiFeO4

Ion Wyck Occ. x y z

Zn2 8a 0.570 0.00 0.00 0.00

s Fe3+ 8a 0.430 0.00 0.00 0.000

Mg2+ 16d 0.200 0.625 0.625 0.625

Zn2+ 16d 0.015 0.625 0.625 0.625

Ni3+ 16d 0.500 0.625 0.625 0.625

Fe3+ 16d 0.285 0.625 0.625 0.625

O2− 32e 1.000 0.385 0.385 0.385
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Fig. 2 Rietveld plot of the sample Zn0.6Mg0.4NiFeO4. The points represent the measured data, the
continuous line is the theoretical data and the continuous line below them is their difference

parallel to the few remaining A spins. The decrease in B sublattice moment, can be inter-
preted as spin departure from collinearity caused by spin canting. The canting effect was
initially studied by Yafet and Kittel to interpret the spin departure by modifying the Neel’s
model [7]. In their interpretation they assumed that the tetrahedral and octahedral sublat-
tices of ferrites may be subdivided into sublattices in such a way that the vector resultant
of the magnetic moments of the sublattices are aligned in such directions that will influ-
ence the effective magnetism [8]. Krishna and et. al. attributed the dependence of saturation
magnetization on the Zn contents to the spin-disorder and spin-canting [9]. Gismelseed [10]
and Sattar [11] also described this effect for samples of Ni-Cr ferrite and Cu-Zn ferrite
respectively.
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Table 2 Lattice parameter constant and cation distribution of Mg1−xZnxNiFeO4

Zn content (x) Lattice parameter (a) (Å) Cation Distribution

0.0 8.339696 (Mg0.31Fe0.69)[Mg0.69NiFe0.31]

0.2 8.369689 (Mg0.19Zn0.2Fe0.61)[Mg0.61NiFe0.39]

0.4 8.373944 (Mg0.07Zn0.4Fe0.53)[Mg0.53NiFe0.47]

0.6 8.375323 (Zn0.57Fe0.43)[Mg0.40Zn0.03NiFe0.57]

0.8 8.383841 (Zn0.61Fe0.39)[Mg0.20Zn0.19(Ni0.1)Ni0.9Fe0.61]

1.0 8.385540 (Zn0.64Fe0.36)[Zn0.36(Ni0.3)Ni0.7Fe0.64]
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Fig. 3 Hysteresis Loops of ZnxMg1−xNiFeO4(0.0 ≤ × ≤ 1.0)

The Mossbauer spectra of the ZnxMg1−xNiFeO4 series, (x= 0.0 to 1.0 step 0.2) mea-
sured at 78 K are illustrated in Fig. 5, showing resolved magnetic sextets. The data were
fitted by two magnetic components assigned to the two crystallographic tetrahedral (A)
site and octahedral [B] site. The obtained hyperfine interaction parameters are collected in
Table 3. From the Table the outer magnetic component of larger isomer shift and larger
magnetic field is assigned to the octahedral site and the inner magnetic component to the
tetrahedral site. These can be attributed to the cation-anion inter-nuclear separations, which
are normally larger for the B-site compared to that of A-site. The linewidth broadening of the
tetrahedral site for x ≥ 0.6, is expected due to the distribution of the hyperfine magnetic field
at the tetrahedral site due to the cations configuration on the octahedral crystallographic site
[3].
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Fig. 4 Effective magnetic moments of ZnxMg1−xNiFeO4(0.0 ≤ × ≤= 1.0) versus Zn contents a left from
VSM data b right; from M?ssbauer cations distribution

The magnetization of the ferrite system depends on the cations distribution and their
immigration between the two crystallographic sites. Therefore, the effective magnetic
moment can be calculated as a net magnetic moment per formula unit of the two crystal-
lographic sites, using the derived cations distribution and their nonzero magnetic moment.
The ionic magnetic moment of Fe3+, and Ni3+ are 5μB and 3μB respectively while for
Mg2+ and Zn2+ are both zero. To derive the cations distribution among the two crystallo-
graphic sites, the ratios of the areas AA and AB, under the resonance curve of the Mössbauer
subspectra and, the recoil free fractions of Fe at the octahedral (fB) and tetrahedral (fA)

sites (which are assumed to be equal at low temperature) were used to estimate the Fe site
occupancy for each site (i.e. nA/nB = AA fB/AB fA) [12]. The Mössbauer spectra
recorded at 78 K shown in Fig. 5 were used to determine the cation distribution of the series
because they have better resolution compared to that measured at 295 K. As Zn2+ pref-
erentially occupying the tetrahedral sites at the expense of both Mg2+ and Fe3+, we have
managed to establish the cation distribution of each sample as shown in Table 2.

From the cation distribution given in Table 2 and the values of ionic magnetic moments
of Fe3+, and Ni3+ , the effective magnetization for each content of Zn has been calculated
on the basis of Neel’s model, as the net magnetic moment per formula unit and the result
(right), is plotted together with results obtained from the VSM data (left) in Fig. 4. As shown
in the figure the effective magnetic moment has the same trend as the one obtained from
the VSM measurements i.e. it starts increasing gradually to a maximum value at Zn = 0.6
following the Neel’s model and then decreases with higher value of Zn content deviating
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Fig. 5 Liquid Nitrogen Mössbauer spectra of ZnxMg1−xNiFeO4(0.0 ≤ × ≤= 1.0)

from the Neel’s model. In our previous work on mixed ferrites-chromate [10], to achieve good
agreement between the observed and calculated effective magnetic moment we assumed
some of the Cr3+ moments (situated at the B-site) are aligned parallel rather than anti-
parallel to the A-sites moments. Applying the same assumption for the present study, for
zinc contents of more than 0.6 a fraction of Ni3+ ionic spins (see Table 2) will align anti-
parallel to the rest of the Ni3+ on the B-site.
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Table 3 Mössbauer hyperfine parameters at 78 K of Mg1−xZnxNiFeO4, the isomer shift δ (±0.02),
quadrupole shift 2ε (±0.02), and linewidth � (±0.02) are in mm/s

Tetrahedral sites (A) Octahedral sites [B]

X δ 2ε � Bhf A (%) δ 2ε � Bhf A(%)

0.0 0.37 0.01 0.30 51.0 69 0.49 0.03 0.22 53.7 31

0.2 0.38 −0.01 0.28 50.4 61 0.45 0.02 0.25 52.8 39

0.4 0.37 −0.02 0.30 49.0 53 0.39 0.01 0.24 51.0 47

0.6 0.40 −0.04 0.56 47.2 44 0.40 −0.01 0.29 50.1 56

0.8 0.48 −0.08 0.77 43.7 39 0.39 0.01 0.32 49.0 61

1.0 0.44 −0.06 0.77 43.7 36 0.40 −0.01 0.32 48.8 64

Magnetic field in Tesla

4 Conclusion

A series of Zinc substituted Mg-Ni ferrite were prepared by conventional double sintering
ceramic method and, structurally examined by X-ray diffraction techniques confirming the
formation of single cubic spinel ferrite. The value of the saturation magnetization and hence
the calculated effective magnetic moment increase smoothly reaching the maximum value
at Zn content of 0.6 and then decrease as Zn-content increases. The saturation magnetization
results were compared with the calculated effective magnetic moment using the cations
distribution driven from the resonance area of the Mössbauer subspectra of the tetrahedral
and octahedral crystallographic sites. The findings of the two methods confirmed that the
dependence of the magnetic properties of the series could only be explained on the basis of
non-collinear spins.
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