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One of acknowledged methods remarkably improving structural, magnetic and electrical properties of spinel ferrite
systems is the substitution of iron ions by some trivalent ions. In the family of spinel ferrites, thanks to its high saturation
magnetization and electrical resistivity as well as low losses, the nickel-zinc ferrite is a very important magnetic material used
in many applications in electrical engineering and electronics. The properties of these materials are in general dependent
upon chemical composition, method of preparation, stoichiometry, sintering time, temperature as well as the atmosphere,

etc. In this study the influence of appropriately selected ions (M = In3+ , Nd3+ , Dy3+ and Er3+ ), partly replacing Fe3+ ,
on the microstructure and magnetic properties of spinel ferrite with the composition Ni0.42Zn0.58M0.02Fe1.98O4 fabricated
by means of standard ceramic technology was investigated.
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1 Introduction

NiZn ferrites are characterized by mixed spinel crys-
talline structure which is normal with respect to Zn and
inverse for Ni according to the scheme

(ZnxFe1−x)A[Ni1−xFe1+x]B

where A and B represent the tetrahedral and octahedral
sublattice, respectively. Its ferrimagnetic ordering is the
result of super-exchange interactions among the ions in
tetrahedral (A) and octahedral (B) sublattice. The 3d
unpaired spins of transition metals exhibit an antiparallel
arrangement which takes place through oxygen anions [1].
The substitution of ferric ions into ferrite systems by some
trivalent ions causes the magnetic dilution due to the in-
corporation of diamagnetic atoms, such as In and Al or
other, eg , rare earth elements (RE), and thus remarkably
influences their structural, magnetic and electrical prop-
erties [2–4]. The increasing amount of In3+ ions in the
spinel nickel ferrite structure where they occupy tetra-
hedral sites (A) (up to x = 0.3 ions per formula unit,
i/fu) improves the magnetic as well as structural param-
eters [5]. Introducing of RE into spinel lattice is associated
with the formation of the RE-Fe interactions which leads
to small changes in the values of saturation magnetiza-
tion Ms and Curie temperature TC . These parameters
are affected by the amount, type as well as ionic radius
rion of substituting ions [6]. RE ions prefer the occupation
of the octahedral position of the spinel lattice since the
radii of RE elements are much larger than those of transi-
tion metal ions. Moreover, these large ions could probably
cause lattice distortion which determines of the solubility

of RE3+ in the spinel structure; the overcome of solubil-

ity limit leads to the formation of the secondary phases.

These secondary phases are usually the orthoferrite and

oxides of RE [7].

It is known that the microstructure (ie, the distri-

bution of ions into the magnetic sublattices of funda-

mental crystalline cells) of spinel ferrites associated with

the chemical composition along with fabrication technol-

ogy route noticeably influences their magnetic properties.

Even a small content of additional components often re-

sults in significant changes in the microstructure associ-

ated eg with different ionic radii of substituting elements

(even a lattice distortion can occur). As a consequence,

the substitution of the original elements by various other

ions allows fine control of the resulting magnetic param-

eters. Rare-earth (RE) elements are especially appropri-

ate substituents for high-frequency applications, since al-

ready a small amount of RE ions causes the increase of

the electrical resistivity and the relative loss factor. Good

microwave absorption properties of rare-earth substituted

NiZn ferrites were confirmed as well, [4].

In this work the effect of indium, neodymium, dys-

prosium and erbium on the microstructure and mag-

netic behavior of spinel nickel-zinc ferrite with compo-

sition Ni0.42Zn0.58M0.02Fe1.98O4 has been studied. The

choice of starting ferrite was based on the previous re-

search where the magnetic characteristics of the ferrite

with various ratios of Ni and Zn have been investigated;

consequently, the sample with maximal remanent magne-

tization having the composition Ni0.42Zn0.58Fe2O4 was

preferred for further substitutions [1].
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Fig. 1. (a) – EDX analysis and (b) – SEM images (b) of Ni0.42Zn0.58M0.02Fe1.98O4 ferrite with M = In3+ , Nd3+ , Dy3+ and Er3+

ions

2 Experiment

2.1 Materials and synthesis

Ferrite powders with the chemical composition
Ni0.42Zn0.58M0.02Fe1.98O4 with M = In3+ , Nd3+ , Dy3+

and Er3+ ions (partly substituting iron in the formula)

were prepared by means of standard double-sintering ce-
ramic method based on solid-state reaction of relevant
metal oxides of analytical reagent (AR) grade (purity bet-
ter than 99%). Dehydrated raw powders were weighed
according to the required stoichiometric fractions and
mixed in liquid ethanol medium in agate grinder. Fur-
ther, the homogenized material was thermally treated in
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two steps; firstly, it was pre-sintered at the temperature of
950 ◦C/1 hour followed by the final sintering at 1200 ◦C/6

hours has been carried out. Required spinel structure was
created by means of solid state reaction expressed as

0.42NiO + 0.58ZnO+ 0.01M2O3 + 0.99Fe2O3

→ Ni0.42Zn0.58M0.02Fe1.98O4 .

Ring-shaped samples with outer diameter D of about

12 mm, inner diameter d = 6 mm and thinkness h about
3.5 mm were used for the measurement of low-frequency
magnetic properties.

2.2 Characterization techniques

The microstructure as well as the chemical compo-
sition of prepared samples has been verified by means

of scanning electron microscopy (SEM) with energy-
dispersive X-ray spectroscopy (EDX) used for semi-

quantitative analysis.

Curie temperatures TC were determined from the
temperature dependencies of ac magnetic susceptibility

χ(T ) of ferrite powder samples using balanced ac bridge
method.

Important magnetic parameters of ferrite samples,
such as the coercive field Hc , remanent magnetic flux
density Br , amplitude permeability µa , etc , were found

from the series of minor hysteresis loops at measured
at defined (sinusoidal) exciting field intensity waveform

H(t) with the frequency f = 50 Hz and maximum ex-
citing field intensity amplitude Hmax varying from 1
to 2500 A/m measured by means of computer-controlled

BH -curve tracer. Also, the initial permeability µi was
evaluated from the dependencies of amplitude permeabil-

ity upon applied field amplitude Hmax as an extrapola-
tion to zero field.

All the experiments have been performed in accor-
dance with relevant standards within the specifications
provided by the instrument vendors.

3 Results and discussion

3.1 Structural properties

The EDX analysis confirmed the presence of all ex-

pected elements, such as Ni, Zn, Fe, O and M (In, Nd, Dy,

Er) in all the compositions of prepared ferrite samples,

Fig. 1(a). The residual elements (Si and C) correspond to

the carrier medium and conductive coating used for the

testing. The differences against the theoretical values can

be most likely attributed to the structural inhomogeneity

and irregular location of particular ions in spinel structure

resulting from the ceramic method of the preparation.

The weight percentage of individual elements is sum-

marized in Tab. 1.

Table 1. The mass content of individual ions in
Ni0.42Zn0.58M0.02Fe1.98O4 ferrite

M wNi wZn wM wFe wO wC wSi

(%) (%) (%) (%) (%) (%) (%)

In 8.09 12.00 0.74 36.30 34.50 6.18 2.07

Nd 8.22 11.70 1.58 36.30 33.60 5.46 2.93

Dy 7.19 9.67 5.44 31.50 33.90 3.79 8.48

Er 7.80 9.80 2.68 34.60 34.80 5.46 4.79

The morphology of all the substituted NiZn ferrite

samples is shown in Fig. 1(b). The SEM images show the

presence of the ferrite particles of an irregular polyhedral

shape with an average size of several micrometers. The

ferrite particles are agglomerated into the clusters which

are natural for magnetic materials. The presence of the

second phase in ferrite samples is not visible due to the

small amount of substituting element (x = 0.02) in all

ferrite systems. This fact is in accordance with the results

published in [4, 8] where the second phase occurs in the

spinel structure at higher contents of RE.
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Table 2. Structural and magnetic parameters of Ni0.42Zn0.58M0.02Fe1.98O4 ferrites

Ferrite composition rion(pm) TC(
◦C) Hc(Am−1) Br(mT) µi(–)

Ni0.42Zn0.58Fe2O4 64.5 186.8 35.1 127.3 515

Ni0.42Zn0.58In0.02Fe1.98O4 80.0 156.4 208.1 171.5 106

Ni0.42Zn0.58Nd0.02Fe1.98O4 98.3 170.3 181.5 149.1 147

Ni0.42Zn0.58Dy0.02Fe1.98O4 91.2 168.4 198.5 136.2 121

Ni0.42Zn0.58Er0.02Fe1.98O4 89.0 165.5 469.4 97.2 52
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Fig. 4. The hysteresis loops of the ferrites with different sub-
stituents obtained at Hmax = 1500 A/m

Amplitude permeability (au), ma

20 100 400

none

Er
DyNd

In

Exciting field amplitude (A/m), Hmax

6 108 806040 200

2000

1600

1200

800

400

Fig. 5. The amplitude permeability µa as a function of maximum
applied field value Hmax

3.2 Magnetic properties

In Fig. 2, the temperature dependencies of ac mag-
netic susceptibility per unit mass χ(T ) can be found.
From these curves, the Curie temperatures TC of all the
samples are determined from the dominant points of in-
flection. As can be seen, the room temperature suscep-
tibility significantly depends on substituting ions. The
non-substituted ferrite Ni0.42Zn0.58Fe2O4 , in more de-
tails studied in [9], is characterized by the highest value
of TC = 186.8 ◦C compared to the substituted ferrites,
see Tab. 2. Apparently, this can be attributed to the
knowledge reported earlier that the exchange interactions
Fe3+–Fe3+ are stronger than Fe3+–M3+ , which results
in the decrease of TC as a result of thermal misalign-
ment of magnetic moments (acting against alignment due
to the exchange interactions) taking place easier in sub-
stituted ferrites [6]. The largest decrease is observed for

substitution by In3+ with the smallest ionic radius. The
Curie temperature is thus observed to be influenced by
the ionic radius of substituted element. M3+ ions enter-
ing the spinel lattice having the ionic radius substantially
larger than that of substituted Fe3+ cause the deforma-
tion the lattice. An interesting observation in case of sub-
stituted ferrites is a nearly linear dependence of the Curie
temperature upon the ionic radius TC(rion) displayed in
Fig. 3.

BH-loops of the ferrites with different substituents ob-
tained at Hmax = 1500 A/m is given in Fig. 4. Significant

differences in the shape of the loops and corresponding

magnetic parameters (coercive field, remanent flux den-
sity, etc ) are visible. The relative amplitude permeability

µa was found as the ratio of the peak values of magnetic
flux density Bmax and applied field Hmax , divided by
the vacuum permeability µ0 . The amplitude permeabil-

ity calculated from the peak values of all the measured
minor hysteresis loops as a function of maximum applied

field value µa(Hmax) is shown in Fig. 5. An extrapolation
of these dependencies to zero fields yields the initial per-

meability µi . The measured values of important magnetic
parameters of all the studied ferrite materials as well as
the Curie temperatures and the effective ionic radii are

summarized in Tab. 2.

4 Conclusions

Observed results indicate that even small quantities
of M3+ ions replacing Fe3+ ions in octahedral position

of spinel structure can act as the cause of considerable
changes in the magnetocrystalline structure of the ferrites
and, consequently, also in the magnetic behavior of ferrite

materials. Thus, the required parameters of the material
can be easily adjusted by embedding proper substituting

ions into the spinel lattice. All the observations can be
explained by the differences in magnetic moments of the

ions replacing the iron in the octahedral B-sublattice and
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also the lattice deformations depending directly on the
ionic radii.
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Ves, Slovakia, in 1967. She graduated from the Faculty of
Chemical Technology at the Slovak University of Technology
in Bratislava, in Electrochemistry Branch, in 1990, and re-
ceived the PhD degree in Electrotechnology and Materials, in
2010. At present, she is a research worker at the Department of
Electromagnetic Theory, Faculty of Electrical Engineering and
Information Technology. Her research activities are mainly the
magnetically soft and hard ferrites, ferrite-polymer composite
materials, and high-temperature ceramic superconductors.
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