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This study was aimed to study the effect of Zn content on the hyperfine parameters and the structural variation

of Ni1-xZnxFe2O4 for x = 0, 0.2, 0.4, 0.6, and 0.8. To achieve this, a sol–gel route was used for the preparation of

samples and the obtained ferrites were investigated by X-ray diffraction, scanning electron microscopy, and

Mössbauer spectroscopy. The formation of spinel phase without any impurity peak was identified by X-ray

diffraction of all the samples. Moreover, the estimated crystallite size by X-ray line broadening indicates a

decrease with increasing Zn content. This result was in agreement with the scanning electron microscopy result,

indicating the reduction in grain growth with further zinc substitution. The room-temperature Mössbauer

spectra show that the hyperfine fields at both the A and B sites decreased with increasing Zn content; however,

the rate of reduction is not the same for different sites. Moreover, the best fit parameter showed that the

quadrupole splitting values of B site increased from the pure nickel ferrite to the sample with x = 0.8.
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1. Introduction

NiZn ferrites have been extensively studied owing to its
importance in both science and applications [1, 2]. They
are adjustable technological material because of their high
resistivity, low dielectric losses, and high Curie temper-
ature [3-7]. Moreover, they have diverse applications in
radio frequency coils, transformer cores, microwave ab-
sorber, power transformer, magnetic recording media, and
chemical sensor [8, 9]. In recent years, significant atten-
tion has been paid to investigate the exchange interactions
of these materials to explain some of their versatile
magnetic properties. The magnetic properties of Ni–Zn
ferrites are strongly affected by their stoichiometric
chemical composition [10, 11]. They have a spinel con-
figuration based on the face centered cubic lattice of the
oxygen ions, with the unit cell consisting of eight formula
units. Zn2+ and Ni2+ ions are known to have very strong
preferences for the tetrahedral (A) and octahedral (B)
sites, respectively, and are thus expected to have a cation
distribution represented by (ZnxFe1-x)A [Ni1-xFe1+x]B O4

[12, 13]. By referring to Zn2+ as a diamagnetic ion, the Zn

substitution in NiFe2O4 leads to an unequal reduction in
magnetic hyperfine interaction of both the A and B
sublattices.

Therefore, it would be interesting to compare the rate of
decrease in the magnetic hyperfine interaction of each
sublattice and also investigate the effect of Zn ion on the
structural deformations. The Ni–Zn ferrite has already
been prepared by methods such as mechanochemical
alloying [14], coprecipitation [15, 16], hydrothermal [17-
19], microwave [20], sol–gel [21-24], citrate precursor
[25, 26], nitrate– and reverse micelle [27]. However, these
materials are sensitive, and their magnetic properties
directly depend on the cation distribution and the particle
sizes, which are affected by the method of preparation.

Thus, the sol–gel route was selected to prepare a series
of Ni1-xZnxFe2O4 (x = 0, 0.2, 0.4, 0.6, and 0.8), because of
its cost-effectiveness and simplicity avoid compounds
with nonstoichiometric chemical composition and high
porosity, which may be obtained by other methods. By
considering 57Fe Mössbauer spectroscopy as an important
probe to study of the hyperfine parameters, the structural
changes and hyperfine interaction were studied.

2. Material and Methods

Ni1-xZnxFe2O4, (x = 0, 0.2, 0.4, 0.6, and 0.8) were syn-
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thesized by the sol–gel auto-combustion method. The
starting materials were Fe(NO3)3·9H2O, Ni(NO3)2·6H2O,
Zn(NO3)2·6H2O, and citric acid. An aqueous solution of
metal ions and chelating agent were prepared in distilled
water. The molar amount of metal nitrate to citric acid
was 1:1. The pH value was adjusted to 7 by dropwise
addition of ammonia solution, and the solution was
evaporated on a hot plate at 80°C to form a condensed
gel. Then, the gel was placed in a laboratory oven at 200
°C. The prepared powders, with different stoichiometries
were calcined at 1000°C to obtain the samples. X-ray
diffraction was performed with a Cu Kα radiation (the
model). The microstructures were characterized using a
scanning electron microscope for estimating the grain
size. Furthermore, Mössbauer spectra of the samples were
recorded using a Mössbauer spectrometer (Model CM
1101 Russia) with velocity in range of −10 to 10 mm/s
under constant acceleration at room temperature. The γ-
rays were provided by a 57Co source in Rh matrix. The
Mössbauer spectra were analyzed by the Mossfit software.

3. Result and Discussions

3.1. Structural analysis

The powder XRD patterns of ZnxNi1-xFe2O4 for x = 0.0,
0.2, 0.4, 0.6, and 0.8 exhibit a single-phase cubic spinel
structure. Fig. 1 shows the XRD pattern of all the samples.
The average crystallite size of the spinel phase was
estimated from the broadening of the XRD peaks using
the Scherrer’s equation. The crystallite size of samples
varies from 82 nm for sample x = 0.0 to 63 nm and x
= 0.8. The lattice constants (a) shows a variation in

ZnxNi1-xFe2O4 (0.0 ≤ x ≤ 0.8), as shown in Fig. 2,
exhibiting an increase with increasing Zn content (Table
1). This increase can be expected in view of the fact that
Ni+2 with smaller radius is substituted by Zn+2 with a
larger ionic radius [28, 29].

3.2. Morphological Analysis

Fig. 3 shows the typical SEM pictures for samples x =
0.0, 0.4, and 0.8, indicating that the grains gradually
decreases with increasing Zn content (x), which is in
accordance with the estimated average particle size obtain-
ed by the XRD results. According to the earlier reports,
the increase in the crystallite size can be attributed to the
increase in the enthalpy of formation. The enthalpy of
formation of Nickel ferrite (−1.22 kcal/mol) is more than
that of Zinc ferrite (−2.67 kcal/mol) [30]. Therefore, the
formation of Zinc ferrite is more exothermic as compared
to the formation of nickel ferrite. In fact, the molecular
concentration of the crystal on the surface during the
growth process is the most important parameter, affecting
the crystal growth [31]. By zinc doping, more heat was
liberated, and this extra heat decreased the molecularFig. 1. X-ray diffraction patterns of the samples Ni1-xZnxFe2O4.

Fig. 2. (Color online) The variation of the lattice constant of

Ni1-xZnxFe2O4 as a function of Zn content. 

Table 1. The lattice constant of Ni1-xZnxFe2O4 (x = 0.0, 0.2,

0.4, 0.6 and 0.8)

Composition

Ni1-xZnxFe2O4

a (Å) 

x = 0.0 8.20 ± 0.01

x = 0.2 8.25 ± 0.01

x = 0.4 8.26 ± 0.01

x = 0.6 8.29 ± 0.01

x = 0.8 8.35 ± 0.01
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concentration at the crystal surface by increasing the
surface temperature and hence preventing the crystal
growth [32]. These results indicate that the addition of Zn
obstructs the crystal growth in Ni–Zn ferrites.

3.3. Mössbauer analysis

The room-temperature Mössbauer spectra of ZnxNi1-xFe2O4

for x = 0.0, 0.2, 0.4, 0.6, and 0.8 are shown in Fig. 4. The
dots in the figure represent the experimental data and
solid lines through the data points are the least-square
fitting. Table 2 summarizes various Mössbauer refined
parameters. The Mössbauer spectra of the samples with x
= 0.0, 0.2, and 0.4 are fitted with two magnetic sextets
referring to the A and B sites, whereas for the sample
with x = 0.6, an extra doublet appeared in addition to those
assigned to the A and B sites. Moreover, the Mössbauer
spectrum of the sample with x = 0.8 shows a clear central
doublet and a weak singlet (Fig. 4).

The quadrupole splitting (QS) for the sample with x = 0
shows a larger value at the octahedral site compared to
that at the tetrahedral site, attributed to the difference
between the cubic symmetry at the A site and trigonal
symmetry at the B site. 57Fe nucleus in a cubic point
symmetry and is known to experience no electric field
gradient (EFG), and thus zero QS. While at the B site, the
trigonal symmetry leads to a nonspherical distribution of
charge on the next nearest ions, generating two opposing
trigonal fields. Therefore, for 57Fe nucleus, a net EFG
appears at the B site, causing a nonzero QS [33]. The
magnetic hyperfine fields for sample with x = 0.0 are
Hhf(A) = 48.5 and Hhf(B) = 52.9, which are comparable to
those reported by De Marco et al. for the pure nickel
ferrite [34]. 

To explain the difference between Hhf(A) and Hhf(B), it
is worthy to note that the magnetic hyperfine interaction
not only depends on the different covalences of the Fe–O
bond at the A and B sites, but also originates from the

average magnetization of each sublattice. In fact the
average nuclear magnetic field for Fe3+ ions is proportional
to the average magnetization of the sublattice, which
changes with the number of magnetic bonds [35, 36]. 

Fig. 3. (Color online) The scanning electron microscopic images of Ni1-xZnxFe2O4 (x = 0.0, 0.4, 0.8).

Fig. 4. (Color online) The Mössbauer spectra of Ni1-xZnxFe2O4

(0≤ x≤0.8).
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For sample with x = 0.0, the iron ions at the B site have
all its intersublattice magnetic bonds with Fe3+ ions of A
site ( − O2−

− ), whereas the presence of the
weaker Fe3+

− O2−
− Ni2+ magnetic bonds at the A site

[37] make the tetrahedral magnetization smaller than that
of the octahedral site, resulting in Hhf(B) > Hhf(A). For
the samples with x > 0, the obtained parameters show that
by increasing the Zn content, Hhf(B) decreases more
rapidly than Hhf(A) and crossovers at x = 0.2 (Fig. 5).

To explain the rate of decrease in the magnetic hyper-
fine interactions of each site, it should be noted that by
increasing the Zn content, some of the magnetic bonds at
the B site vanished by changing FeB − O − FeA to FeB −

O − ZnA. However, the replacement of  with 
at the B site increases the strength of magnetic bond for

iron ions at the A site. Therefore, the magnetization at the
A site increases, whereas it decrease for the B site,
indicating that the rate of reduction in magnetic hyperfine
interaction at the A site is less than that of the B site. 

Moreover, the increase in the line broadening at the B
site was observed for samples 0.2 < x ≤ 0.6. This is
attributed to the effect of spin canting at the B site
because of diamagnetic substitution at the A site [38, 39].

The QS is negligible at the A site by increasing Zn
content. This is a consequence of the cubic symmetry at
the A site which is remained unchanged by the
replacement of Fe3+ with Zn2+ ions. However, the QS
considerably increased at the B site by increasing Zn
content (Fig. 6), which can be explained by considering
the shift of the oxygen ions at the nearest neighbors of the

FeB

3+
FeA

3+

NiB
2+

FeB

2+

Table 2. The Mössbauer hyperfine fitting parameters of Ni1-xZnxFe2O4 (x = 0.0, 0.2, 0.4, 0.6 and 0.8)

Composition

Ni1-xZnxFe2O4

site IS (mm/s) QS (mm/s) Hhf (T) W (mm/s) Area (%)

x = 0.0
A 0.11 ± 0.01 −0.24 ± 0.02 48.5 ± 0.06 0.52 ± 0.05 40.47

B 0.32 ± 0.03 −0.23 ± 0.02 52.5 ± 0.08 0.43 ± 0.04 59.53

x = 0.2
A 0.14 ± 0.02 −0.15 ± 0.03 47.8 ± 0.09 0.52 ± 0.08 49.71

B 0.18 ± 0.02 −0.13 ± 0.04 48.2 ± 0.09 0.65 ± 0.07 50.29

x = 0.4
A 0.23 ± 0.01 −0.02 ± 0.03 45.3 ± 0.11 0.5 ± 0.02 31.68

B 0.28 ± 0.02 0.0 ± 0.05 41.2 ± 0.17 1.13 ± 0.08 68.32

x = 0.6

A 0.14 ± 0.03 −0.28 ± 0.05 36.1 ± 0.18 1.5 ± 0.09 50.43

B 0.29 ± 0.06 0.3 ± 0.08 21.1 ± 0.09 1.5 ± 0.07 34.47

doublet (B) 0.21 ± 0.04 1.2 ± 0.05 − 1.3 ± 0.08 15.10

x = 0.8
doublet (B) 0.32 ± 0.08 0.5 ± 0.01 − 0.39 ± 0.02 96.75

singlet (A) 0.18 ± 0.09 − − 0.35 ± 0.08 3.25

Fig. 5. (Color online) The variation of magnetic hyperfine

field at octahedral and tetrahedral sites of Ni1-xZnxFe2O4 as a

function of Zn content.

Fig. 6. (Color online) The variation of quadrupole splitting at

octahedral and tetrahedral sites of Ni1-xZnxFe2O4 as a function

of Zn content.
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B site from the ideal octahedral symmetry. This distortion
is because of the replacement of the small Fe3+ ions (0.64
Å) by the larger Zn2+ ions (0.74 Å) at the tetrahedra1
sites, increasing EFG at the B site. The effect of octa-
hedron distortion by Zn substitution can be attributed to
the change in the u parameter of NiFe2O4 (0.382) to that
of ZnFe2O4 (0.385) [40, 41]. In the previous study on the
variation of QS for different spinel ferrites, it is proposed
that the change in the QS is proportional to the u para-
meter [42]. Therefore, the monotonic increase in the QS
in Ni1-xZnxFe2O4 system is attributed to increase in the u
parameter. 

For the spectrum of the sample with x = 0.6, acceptable
data fitting was obtained when it is assumed to be the
superposition of one paramagnetic doublet and two broad-
ened sextets. The presence of this doublet can be assigned
to the iron ions at the B site, which are surrounded by
Zn2+ diamagnetic ions at the tetrahedral site. The Zn2+

substitution at the A site induces a relaxation effect for
iron ions at both the sites owing to the weakening of A–B
exchange coupling, thus broadening at the A and B sites.
For sample with x = 0.8, the presence of a central
quadrupole doublet with no signature of sextets indicates
the disappearance of magnetic ordering in both the sites.

In Zn0.8Ni0.2Fe2O4, approximately most of Fe3+ ions
occupy the B-sites, where a trigonal field is present,
causing an EFG at the Fe3+ nucleus, leading to a
quadrupole doublet. Moreover, a small percentage of Fe3+

ions at the A sites do not experience any EFG, because of
the cubic symmetry of this site. Therefore, the spectrum
for the sample with x = 0.8 was a superposition of a
singlet arising from the A site and a doublet correspond-
ing to the B site iron.

4. Conclusion

In summary, a simple sol–gel method was applied to
the synthesis Ni1-xZnxFe2O4 (x = 0.0, 0.2, 0.4, 0.6, and
0.8) system. The XRD patterns indicate the formation of a
well crystalline single cubic structure phase for all samples,
which were annealed at 1000°C for 2 h. The correspond-
ing average crystallite size ranged from 63 to 82 nm by
varying the components x from 0.0 to 0.8. The SEM
images showed that the grain growth was obstructed by
the presence of zinc. The decrease in the grain size was
assigned to the larger enthalpy of formation of nickel
ferrite compared to that of zinc ferrite. The room-temper-
ature Mössbauer measurement shows that by increasing
the zinc content the magnetic hyperfine at the octahedral
site decreased more rapidly than that of the tetrahedral
site. The variation in the Hhf with zinc content is explain-

ed based on the strength of magnetic bonds and super-
exchange interaction, which depended on the replacement
of Ni+2 by Zn2+ ions and the migration of iron ions from
the A site to B site. Furthermore, the spin-canting effect at
the B site because of diamagnetic Zn2+ ions at A site was
used to describe the observed increment in line broaden-
ing of the B site-sextet for samples 0.2 > x ≥ 0.6. The
replacement of the Fe3+ ions by the larger Zn2+ ions at the
tetrahedra1 sites also increased the QS of the octahedral
site, attributed to the change in the oxygen parameter,
thus increasing the EFG at the B site.
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