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Abstract

Nickel ferrite nanoparticles were annealed in order to find dependence of electric/magnetic properties on crystallite size. The following
correlations of crystallite size with physical parameters were found: (a) lattice parameter decreases with the increase in size and it reaches value
for bulk counterpart approximately for crystallites bigger than 7 nm, (b) ac electrical resistivity at room temperature increases with the increase in
crystallite size, (c) for crystallites of �7 nm or smaller electrical resistivity have maximum value at 50 1C, (d) the real part of permittivity at
selected frequency generally decreases with the increase in crystallite size and (e) magnetization increases with the increase in crystallite size.
Deviation of stoichiometry, cation polyvalence, and cation redistribution with annealing are the main factors that influence physical properties of
Nickel ferrite nanoparticles.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

For years now, ferrites in the form of nano powders and thin
films have been arousing great interest in scientific community.
The reason is their applicability in modern technology and the
fact that they often serve as modal systems in the research of
new phenomena in basic sciences. It is well known that
properties of materials at nano scale depend on a number of
factors such as composition, shape, size, surface morphology,
anisotropy, inter-particle interactions, etc. [1]. Ferrites with
spinel structure are traditionally divided into two different ideal
types of structures, normal and inverse. Normal spinel ferrites
are described by the formula (M)[Fe]2O4, where (M) and [Fe]
represent the tetrahedral and octahedral sites occupied by metal
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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and iron ions, respectively. Bulk NiFe2O4 has an inverse spinel
structure with Ni2þ ions occupying half of the octahedral sites
and Fe3þ ions occupying tetrahedral and half of the octahedral
sites (Fe)[NiFe]2O4. Mixed spinel structure, with Ni2þ ions
distributed in both tetrahedral and octahedral sites in different
ratio, was found for nanocrystalline NiFe2O4 [2,3].
Electrical and magnetic properties of nanocrystalline ferrites

depend on the nature of the ions, their charges and their
distribution between tetrahedral and octahedral sites, as well
as on microstructure parameters – predominantly on crystallite
size. The main mechanism of conductivity in spinels is hopping
of electrons among cations in different valence states distributed
over octahedral 16d sites [4]. Stoichiometric nickel ferrite is
generalized as Mott insulator modal system [5]. There are
papers reporting some deviation from stoichiometry [6] and, on
the other hand there are papers claiming formation of stoichio-
metric nanosized nickel ferrite [7]. However, it is doubtful
ghts reserved.
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Fig. 1. Result of the Rietveld refinement for as-prepared (S0) (a) and annealed
nickel ferrite (S700) (b). Dots denote observed step intensities; the line
represents the corresponding calculated values. The difference curve between
observed and calculated values is given at the bottom.
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whether a nanosized stoichiometric nickel ferrite can be
produced. It is known that the electrical properties of bulk
NiFe2O4 are closely related to a small deficiency of oxygen [8].
Deviation from stoichiometry results in polyvalence of iron ions
(þ2, þ3) which leads to a marked lowering of activation
energy of conduction electrons [8], and the resistivity of nickel
ferrites therefore depends on the concentration of ferrous (Fe2þ )
ions. From magnetic point of view, properties of nanomaterials
are significantly modified in comparison with the bulk counter-
parts. Depending on the particle size, Ni-ferrite can exhibit
ferrimagnetism, superparamagnetism or paramagnetism [9,10].
Ni-ferrite nanoparticles with size above 15 nm and bulk counter-
part show ferrimagnetism, while smaller nanoparticles are
superparamagnetic. Paramagnetism is found in noncrystalline
Ni-ferrites [9,10].

It is known that synthesis procedure determines structural and
microstructural characteristics of materials. Hence, there are
numerous papers oriented toward development of new proce-
dures and the improvement of existing ones [11]. Lazarevic at al.
reported soft mechanochemical synthesis of Nickel ferrite nano-
particles using hydroxides and carbonates as starting compounds
[12]. One of the Nickel ferrite samples investigated by Lazarevic
at al. [12] was selected and used in present research. In order to
obtain samples with different crystallite size, as-prepared sample
was annealed at 300, 500 and 700 1C.

The objective of this work was to determine microstructure
of nickel ferrite nanoparticles by combining X-ray diffraction
line broadening analysis and transmission electron microscopy
method, and afterwards to find relations between microstruc-
ture and, structural, electric and magnetic properties.

2. Experimental

High energy ball milling (HEBM) was used for preparation
of Nickel ferrite nanoparticles. Mixtures of crystalline pow-
ders, Ni(OH)2 and Fe(OH)3, were milled in air atmosphere in
planetary ball mill (Fritsch Pulverisette 5). A hardened-steel
vial of 500 cm3 volume, filled with 40 hardened steel balls
with a diameter of 13.4 mm, was used as the milling medium.
The mass of the powder was 20 g and the balls-to-powder
mass ratio was 20:1 [12]. As-prepared sample (S0) was
annealed at 300, 500 and 700 1C for 3 h. The obtained samples
were denoted S300, S500 and S700, according to annealing
temperatures.

For the collection of the X-ray powder-diffraction (XRPD)
data a Brucker D8 Advance X-ray powder diffractometer was
used. The diffractometer was equipped with a Cu-tube. The
generator was set-up at 40 kV and 40 mA. The divergence and
receiving slits were 0.31 and 0.1 mm, respectively. The
scanning range was 15–1151 in 2θ, with a step of 0.051 and
a scanning time of 35 s per step.

Transmission electron microscopy (TEM) images were
obtained using a thermoionic 200 kV Tecnai T20 microscope
operating at an accelerating voltage of 200 kV.

For electrical measurements the samples were prepared by
pressing powders into tablets. A silver paste was used to
connect sample with short lead copper wires in order to put the
tablet into a HP-16047 A test fixture. The material was
stimulated with an AC source and the actual voltage across
the material was monitored. Data equivalent to the real and
imaginary parts of complex electrical quantities are measured
as a function of the frequency of the applied electric field by
using the impedance spectroscopy technique. Impedance
analyzer HP-4194A was used in the frequency range from
100 Hz to 40 MHz at three different temperatures: room
temperature, 50 1C and 70 1C. A personal computer with
in-house developed software tool was used for the control of
the whole measurement process and for acquisition of mea-
sured data. Electrical properties reported here – resistivity,
dielectric permittivity, and loss tangent were derived by
knowing the geometrical dimensions of the sample tablet and
by measuring its capacitance and parallel resistivity.
Magnetic measurements were performed using an MPMS XL-5

SQUID magnetometer. Magnetization vs. field, M(H), was mea-
sured at room temperature up to field of 5 T. Zero-field-cooled
(ZFC) and Field-cooled (FC) magnetization M(T) was measured in



Fig. 2. Lattice parameter (main panel) and crystallite size (the inset) versus
annealing temperature for Nickel ferrite nanoparticles.

Fig. 3. Octahedral (main panel) and tetrahedral (the inset) cation–anion bond
lengths change with annealing temperature for Nickel ferrite nanoparticles
(lines are guide for eyes).
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the temperature range of 2–300 K, and in an applied field of
100 Oe.

3. Results and discussion

3.1. Structural and microstructural analysis

The X-ray diffraction patterns of the samples were indexed
in the expected Fd3m space group. Small differences in
positions and peak widths denote changes of lattice parameters
and microstructure (crystallite size and strain) with annealing.
Collected X-ray diffraction data was used to refine atomic and
crystal structure parameters by Fullprof computer program
[13], such as: lattice and oxygen parameters, occupation
parameters and distances between atoms as well as crystallite
size and microstrain. Fig. 1 shows a good agreement between
experimental data and structure model for S0 and S700
samples.

Refined values of lattice parameters of S0 and S300 were
greater than value for bulk nickel ferrite (a¼8.338 Ǻ [14]).
As could be seen from Fig. 2, lattice parameter decreases with
the increase in annealing temperature, evidently approaching
the bulk value. The reasons for this kind of behavior are cation
redistribution between tetrahedral 8a and octahedral 16d sites
in spinel type structure, polyvalence of cations, as well as
crystal structure defects.

By Mossbauer spectroscopy the cation distribution in the S0
sample was found to be (Ni0.34Fe0.66)[Ni0.66Fe1.34] [12]. It was
expected that annealing would lead to migration of nickel ions
from tetrahedral to octahedral sites and induce rise in the
occupation parameter of nickel in octahedral position, thus
leading to bulk structure. The attempt to refine occupation
parameters of cations and to determine cation distribution in
annealed samples failed. Nickel and iron are second nearest
neighbors in periodic system, so X-ray hardly distinguishes
them, and this leads to unstable refinement of occupancies.
Cation migration from site to site influences interatomic
distances. Oxygen–metal distances for both octahedral and
tetrahedral sites, O–B and O–A, respectively, calculated within
refinement procedures are given on Fig. 3. Increase in O–A
distance with the annealing temperature and vice versa for O–
B distance was found. Consideration of Ni2þ , Fe3þ and Fe2þ

ionic radii values, for both low and high spin states, pointed
out that increase in O–A distance is consistent with replace-
ment of Ni2þ with Fe2þ within tetrahedral sites (r(Fe2þ )4r
(Ni2þ )4r(Fe3þ )), and decrease in O–B distance is consistent
with replacement of Fe2þ (high spin) with Ni2þ within
octahedral sites. Hence, analysis of the interatomic distance
values indicated presence of ferrous ions in the samples.
Mechanochemical synthesis generally induces structure defects
with small deviations from the stoichiometry, followed by
oxidation/reduction of polyvalent ions. The presence of Fe
from the stainless steel vial and balls can provide reducing
environment, necessary to reduce small amount of Fe3þ to
Fe2þ . Assuming that mechanochemical synthesis induces
reduction of some ferric ions in the sample S0, then oxidation
of ferrous ions during annealing could occur. The experimen-
tally found lowering of the lattice parameter is consistent with
gradual oxidation of ferrous ions with the increase in annealing
temperature.
Crystallite size was obtained by line profile analysis of the

X-ray diffraction data using Fullprof program. X-ray line
broadening was analyzed by the refinement of regular TCH–
pV function parameters (isotropic effects) [15]. Crystallite size
values are shown in the inset of Fig. 2. They are nearly the
same for as-prepared sample and the samples annealed up to
500 1C (5–6 nm), and is approximately two times larger for the
sample annealed at 700 1C (E11 nm).
Transmission electron microscopy was used in order to

determine particle size and their distribution and morphology.
Two samples were selected for these examinations: as-prepared
sample and the one annealed at 700 1C. Particles are spherical in
shape and agglomerated due to magnetic interactions among
them (Fig. 4). The particle size is 8–12 nm in the as-prepared



Fig. 4. TEM images of (a) as-prepared and (b) annealed at 700 1C Nickel
ferrite.

Fig. 5. Frequency dependence of electrical resistivity for Nickel ferrite
nanoparticles.
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sample and 15–25 nm (mostly 20 nm) in the annealed sample.
Determined crystallite size from X-ray broadening analysis is
smaller than particle size observed from TEM micrograph
analysis. Hence, we can conclude that particles are composed
from one, two or more crystallites.

3.2. Electrical properties

Variation of resistivity with frequency for investigated samples
at room temperature in the range 103–106 Hz is shown in Fig. 5.
The resistivity decreases with the increase of frequency in all cases
in accordance with Koop's phenomenological theory [16]. The
lowest resistivity was found for as-prepared sample, S0 and
increases with the increase of the crystallite size. To explain this
result we should take in consideration differences between samples
in two aspects: (i) cation distribution within two non-equivalent
spinel sites and (ii) concentration of ferrous ions. Concerning ion
distribution, annealing process was expected to result in migration
of iron ions from octahedral to tetrahedral sites. Then, decrease of
iron concentration in octahedral sites decreases probability of
hopping of electrons between Fe2þ and Fe3þ ions resulting in
resistance increase. Concentration of ferrous ions was concluded to
be the highest in the sample S0 and decreases with the increase of
samples crystallite size. Ferrous ions act as donors in investigated
materials, and decreasing of their concentration influences increas-
ing of resistivity.
Literature data on resistivity of nanosize nickel ferrites

pointed out its maximum at 100 1C [17] or at 105 1C [18].
It seems that interesting phenomena in nickel ferrite nanopar-
ticles occur above room temperature. Consequently, we
investigated variation of resistivity with frequency at selected
temperatures, 25 1C, 50 1C and 70 1C. For samples S0, S300
and S500 resistivity has the highest value at temperature of
50 1C, Fig. 6. It is worth mentioning the work of Younas et al.
[19] where resistivity was the lowest around 85 1C, because of
semiconductor to metal transition in sol–gel synthesized
NiFe2O4. We will briefly discus observed results. Conductivity
of a material is determined by the concentration of free carriers
and their mobility [20]. It is also known that after most of the
donors have lost their carriers the resistance starts to increase
slightly due to the reduced carriers' mobility (as in metals).
Obviously, the measurements were started in this region and
resistivity of samples S0, S300 and S500 increased slightly in
the temperature region up to 50 1C. This so called saturation
region exists up to the temperature where thermally generated
intrinsic carriers occur. Their concentration increases with
temperature and at one point resistivity starts to decrease.
The resistivity values measured at temperature 70 1C were
lower than at 50 1C. So, it can be concluded that at one point in
the temperature region from 50 1C to 70 1C concentrations of
thermally generated intrinsic carriers became high enough to
overcome effect of reduced mobility. Sample S700 behaved
like intrinsic semiconductor, its resistivity decreased with the
increase of temperature.



Fig. 6. Frequency dependence of electrical resistivity for Nickel ferrite nanoparticles measured at different temperatures (see text).
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The variation of the real part of the dielectric constant with
frequency at room temperature is depicted in Fig. 7(a). It dec-
reases continuously with the increase of frequency. For samples
S300, S500 and S700 the decreasing trend becomes slower as the
frequency increases. Dielectric constant is size dependent as can
be seen in Fig. 7(a). It decreases with the increase of crystallite
size for samples whose average crystallites were smaller than
8 nm. Papers referred to nanosize nickel ferrite report that
crystallite size increase was followed by both decrease [21] and
increase [22] of dielectric constant. The model proposed by Tian
et al. [23] predicts a decrease or an increase in dielectric constants
with decrease of particle diameter depending on interface con-
ditions and shape of nanocrystals.

The variation of dielectric loss tangent with frequency at room
temperature is presented in Fig. 7(b). It can be seen that dielectric
loss tangent decreases with the increase in frequency as expected
for ferrites. The other important observation is that the loss is size
dependent. It decreases with the increase in size, except for
sample S300. In comparison with nickel ferrite prepared by the
sol–gel method [18] loss tangent values are lower. The low value
of dielectric loss indicates that the investigated samples are
suitable for high-frequency applications.

3.3. Magnetization versus temperature and field

Temperature dependencies of ZFC and FC magnetization
for as-prepared sample, S0, are shown in Fig. 8. The ZFC and
FC magnetization curves furcate at the maximum temperature
of measurements, 300 K. Temperature of maximum in ZFC
branch Tmax is close to 300 K. The appearance of a maximum
in ZFC magnetization is typical for a superparamagnetic
(SPM) behavior or super spin glasses (SSGs), where Tmax is
the corresponding blocking temperature, TB, or frizzing tem-
perature, TSG. A broad maximum in ZFC branch is a
consequence of a broad particle size distribution, as was
shown by TEM examinations (Fig. 4). In the FC branches
magnetization increases a little bit from room temperature to
200 K, and below it shows a tendency to be saturated. For
SPM systems below TB a constant increase in the FC
magnetization with the temperature decrease is present [24].
In contrast, for SSG systems below TSG flatness or even
decrease in FC magnetization is usually noticed. The found FC
behavior indicates the inter-particle interactions and probably a
spins glass state.
The hysteresis loops of the samples, recorded at 300 K, are

shown in Fig. 9. One of the remarkable features of the
magnetization curves is their increase with applied field and the
absence of saturation even in the field of 5 T (maximum field
strength achievable on XL-5 SQUID magnetometer). The
observed behavior should be mainly addressed to the canting
of spins in the ferrimagnetically ordered particle core due to
strong A–B superexchange interactions [1]. Nevertheless, the
non-saturation can be also an indication of presence of spin
disorder at the particle surface [1]. The MS value has been
estimated by extrapolation of the M vs. 1/H curve when 1/H-0.
Sample S700 has the highest saturation magnetization (MS¼36.5
emu/g) while sample S300 has the smallest value (33 emu/g).
Annealing at 500 1C induced a decrease of MS in sample S500
(MS¼35 emu/g). Obtained MS value for as-prepared sample was
36 emu/g and smaller than value for bulk and ultrafine Nickel
ferrite (about 50 emu/g [25,26]). Besides thermal annealing,
magnetic properties of nickel ferrite nanoparticle can be tuned



Fig. 7. (a) Variation with frequency of the real part of the dielectric constant
and (b) dielectric loss tangent (tan δ) as a function of frequency for Nickel
ferrite nanoparticles.

Fig. 8. ZFC–FC magnetization versus temperature for as-prepared Nickel
ferrite (S0).

Fig. 9. Hysteresis loops of the samples S0, S300, S500 and S700 at 300 K.
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by doping [27]. The coercitivities, HC were found to be: 190 Oe
(S0), 120 Oe (S300), 165 Oe (S500) and 170 Oe (S700). Many
factors have an influence on the values of MS and HC, such as:
crystallite size, microstrain, cation distribution, presence of
parasitic phases, etc. Also, magnetic properties are strongly
influenced by surface, magnetocrystalline and shape anisotropies.
Additionally, magnetic disorder exists around defects in the
interior of the particles and has a contribution to the net value.
4. Conclusion

Evolution of (micro)structural, magnetic, and electric prop-
erties of Nickel ferrite nanoparticles, prepared via soft mechan-
ochemistry exposed to further thermal annealing/heating, was
assessed in detail, and correlation of these properties explored.
Comparative analysis of TEM micrographs and results of
X-ray line broadening analysis showed significant presence of
particles composed of approximately two or more crystallites.
Variation of lattice parameter and octahedral and tetrahedral
cation–anion bond lengths with crystallite size is a conse-
quence of mechanochemically induced nonstoichiometry,
crystal structure defects, cations polyvalence, as well as of
cation redistribution between tetrahedral and octahedral sites.
Ac resistivity of Nickel ferrite nanoparticles increases with
crystallite size and it was the highest for sample annealed at
700 1C. Magnetic investigations indicate the existence of the
interaction among ferrite nanoparticles. Saturation magnetiza-
tion of as-prepared sample is about 30% smaller than value for
bulk nickel ferrite. Magnetic properties are under influence of
different factors and it is not possible to determine contribution
of each of them.
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