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The effect of annealing temperature on the structural and the magnetic properties of
Nig.5Cuo.25Zng.25Fe204 (Ni—Cu—Zn) nanoferrites synthesized using an oxalic-based precursor
method was investigated in detail. A single phase of the Ni—Cu—Zn ferrite was observed from
X-ray diffraction (XRD) data. From the XRD analysis, the grain size was found to increase with
increasing annealing temperature from 500 to 800 °C whereas the lattice constant was found to
decrease. The scanning electron microscope (SEM) analysis showed nanosize grains in the prepared
samples. The magnetization analysis showed that the saturation magnetization (M,) increased with
increasing annealing temperature due to the increasing grain size whereas the coercivity (H.) and
the remanence magnetization (M) showed decreasing behaviors. The Curie temperature (T¢) was
measured for all samples. As the grain size increased the Curie temperature was also observed to
increase. For these samples, the Curie temperatures lies between 426 K to 504 K. The dielectric
constant (¢') was observed to be higher for these samples. The dielectric loss tangent increase slowly
with increasing frequency till a particular frequency, after that it slowly decreased. Therefore the
annealing temperature was observed to have a significant effect on the structural, magnetic and

electrical properties of synthesized Ni—Cu—Zn ferrite.
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I. INTRODUCTION

Spinel Ni—Cu—Zn ferrites have attracted attention
during recent years because of their wide applications
in surface-mounted technology as ferrite inductors incor-
porated into a printed circuit board [1]. Ni—Cu—Zn fer-
rites are the key materials in multi-layer chip inductors
(MLCIs) due to their high permeability, excellent mag-
netic properties, high electrical stability, environmen-
tal stability etc. [2,3]. Research on the application of
Ni—Cu—Zn ferrites in MLCIs is growing as these oxides
can be sintered and synthesized at low temperatures [1,4—
6]. Ni—Cu—Zn ferrites have also been found to have wide
applications in electronic devices such as mobile phones,
cameras, computers, etc. [7]. In the past, Ni—Cu—Zn
nanoferrites were synthesized using different techniques
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[8-10], under different annealing temperatures [11-13]
and by adding different doping elements [8,9,14-18] to
tailor their physical and chemical properties at low tem-
peratures. The synthesis technique was observed to play
an important role in improving the physical properties of
Ni—Cu—Zn nanoferrites. Therefore, in this present work,
we used an oxalic acid-based precursor method [19-21]
to fabricate Ni—Cu—Zn nanoferrites, and we investigate
their structural, magnetic and electrical properties.

II. EXPERIMENTAL PROCEDURE

Nip 5Cug.25Zng.25Fe20y4 (Ni—Cu—Zn) ferrite nano-
powders were synthesized using an oxalate-based pre-
cursor method [19-21]. All the chemicals used were
a.r. grade from Sigma-Aldrich and had purities > 99%.
In this synthesis process, nickel nitrate hydrate
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Fig. 1. (Color online) X-ray diffraction patterns of
Nip.5Cug.25Zng.25Fe2 04 samples annealed from 500 to 800 °C.
Inset of figure shows expanded curve (311) peak.

(Ni(NO3)2.6H20), cupric nitrate hydrate (Cu(NOsj)q
-6H20), zinc nitrate hydrate (Zn(NO3)2-6H20) and fer-
ric nitrate nonahydrate (Fe(NO3)3.9H20) were used as
the starting materials. The entire synthesis process is
described elsewhere [19]. The resultant mixtures were
evaporated on a hot plate at ~ 150 °C for 2 h. The
obtained raw powders were thermally heat treated at
450 °C for 4 h.

The structural properties of the obtained ferrite pow-
ders was measured using Phillips X-ray diffraction
(XRD) with a Ni filter and Co Ko radiation (A =
1.78894 A). The average grain size (D) was calculated
using the most intense peak, the (311) peak by employ-
ing the Scherrer formula. Scanning electron microscope
(SEM) analyses were performed by using a Philips CM-
12 scanning electron microscope attached to an energy
dispersive X-ray spectrometer (EDS). EDS measurement
was carried to further confirm the composition of the pre-
pared samples. The room temperature magnetic prop-
erties were measured with a vibrating sample magne-
tometer (VSM 4500), and the Néel temperatures were
measured by applying a small magnetic field of 20 Oe.
The dielectric properties were measured using a Nova
Control, Alpha high performance frequency analyzer.

III. RESULTS AND DISCUSSION

The X-ray diffraction patterns of Nig 5Cug.o5Zng. o5
Fe;O4 ferrites annealed at temperature from 500 to
800 °C are shown in Fig. 1. The XRD patterns clearly
indicate the formation of a single-phase spinel structure
without any secondary phases. The obtained lattice con-

Table 1. Dependence of lattice constant (a), grain size (D),
coercivity (H.), remanence magnetization (M,) and satura-
tion magnetization (M) and Curie temperature (TN) on the
annealing temperature of Nig.5Cug.25Zng.25Fe2O4 nanoparti-
cles.

Temperature a D H,. M, M, Te
°C)  (A) (mm) (Oc) (emu/g) (emu/g) (K)
500 °C 8.421 27 202 11.8 38.6 426
600 °C 8.419 33 113 8.9 42.8 445
700 °C 8.415 39 91 7.3 50.4 488
800 °C 8.411 45 36 4.3 55.4 504

10.0kV 15.6mm x100k SE(M)

10.0kV 16.1mm x80.0k SE(M)

Fig. 2. SEM images of Nig5Cug.25Znp.25FeaO4 samples
annealed at (a) 500 °C and (b) 800 °C.

stants are nearly in agreement with the standard values
as reported in literature [19]. With increasing anneal-
ing temperature, the XRD peak is observed to become
sharper. The decrease in the full width at half maximum
is evidence of increasing particle size, as shown in Table
1. The lattice constant decreases slightly with increasing
annealing temperature. As observed from Fig. 1, the in-
tensity of the diffraction lines is increasing, and the peaks
are shifting towards higher 20 angles. The changes in the
lattice constant are due to the small difference between
the ionic radii of Ni?t and Fe3*. The ionic radius of Ni?*
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Fig. 3. (Color online) M-H curves of Nig.5Cug.25Zng.25
FezO4 samples annealed from 500 to 800 °C. Inset
of figure shows dependence of saturation magnetizing
(Ms) and coercivity (H.) on annealing temperature of
Ni0,5Cu0,25Zn0,25Fe204 samples.

(0.69 A°) and that of Fe3* (0.67 A°) are very near to
each other. Due to this small difference, the lattice con-
stant was not largely affected. Such kind of similar be-
havior was observed in the Nig 541.5:Cug.3ZngoFes_ Oy
ferrite synthesized using the oxalic-acid-based precursor
method [19]. Evidence in literature confirms that the
lattice constants and the grain size are directly related.
From our investigations, we observed that the lattice pa-
rameters continue to decrease slightly with increasing the
grain size.

Figures 2(a) and (b) show the SEM micrographs of
Nig.5Cug.25Zng o5 Fes Oy ferrite nanoparticles annealed at
500 and 800 °C respectively. The micrographs show
the nanosize grains in the synthesized samples, as well
as slight agglomerations among particles due to smaller
grain sizes in the prepared samples. The SEM images
also illustrate that the grain size increases with increas-
ing annealing temperature. The EDS spectra of the
Nig.5Cug.25Zng o5 Fes O4 samples confirmed the existence
of elemental Ni, Cu, Zn, Fe and O in our prepared sam-
ples, which agrees very well with the results of the XRD
analysis.

The effect of annealing temperature on the magnetic
properties of Nig 5Cug.o5Zng o5FesQy ferrites are shown
in the plot of magnetization versus magnetic field M (H)
(see Fig. 3). All samples showed the typical behavior of
soft magnetic materials. The magnetic properties, such
as the saturation magnetization (M), remanence (M,.)
and coercivity (H.), are strongly linked to the grain size
and the crystal structure. In nanoparticles, finite size,
surface disorders and interparticle interactions were ob-
served to possibly have a strong influence on the mag-
netic properties. In nanostructured materials, the in-
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Fig. 4. (Color online) Magnetization vs. temperature for
Nig.5Cug.25Zng.25 FeaO4 samples measured by applying small
magnetic field for different grain sizes. Vertical arrows desig-
nate Tc. Inset of figure shows Néel temperature vs. average
particle size for Nig.5Cug.25Zng.25Fe2O4 samples.

crease in surface spins will have a strong influence on
the magnetic properties. The short or long-range atomic
ordering in magnetic materials also has its own effect on
the magnetic properties.

With increasing annealing temperature, the value of
My was observed to be enhanced significantly, as shown
in the inset of Fig. 3. For instance, the value of Mj
for the sample annealed at 500 °C was found to be
38.6 emu/g, and that value increased to 55.4 emu/g when
the sample was annealed at 800 °C. The enhancement
due to annealing was found to be 44%. The enhance-
ment of M could be attributed to the increased grain
size. Therefore, in the present case, the annealing tem-
perature had a significant effect on the magnetic prop-
erties of Nig 5Cug.05Zng.o5FeoOy4 ferrite nanoparticles. A
similar kind of magnetic behavior was reported for fer-
rites with different compositions synthesized by using
other methods [22]. The magnetic properties are also
well known to depend on the synthesis techniques and
the conditions. In the case of the remanence magnetiza-
tion and the coercivity, the trends were different. They
both decreased with increasing the annealing tempera-
ture, as mentioned in Table 1. The decrease in the coer-
civity in the present study might be due to the multido-
main nature of the samples at higher annealing temper-
atures [23,24] whereas the enhancement in the coercivity
is usually a typical feature of a canted magnetic structure
[25]. Due to the higher magnetization in these ferrites,
they can be used as loud speakers, refrigerator magnets,
brakes etc., as well as in musical instruments. Therefore,
they have an advantage over other magnets due to their
excellent demagnetization resistance, huge corrosion re-
sistance and low cost; the disadvantage of these ferrites
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is that they are brittle in nature. The low coercivity in
these ferrites is useful in reducing the eddy current losses
and makes magnetizing and demagnetizing easy in these
magnetic materials for industrial applications.

The Curie temperatures for the Nig 5Cug.o5Zng o5Feq
04 ferrite samples were measured with a small ap-
plied field of 20 Oe, and the results are shown in
Fig. 4. The observed Curie temperature values for all
the Nig 5Cug.o5Zng.o5Fe; Q4 ferrite samples are presented
in Table 1. Figure 4 shows the spontaneous change in
the magnetization with increasing temperature. The ob-
served Curie temperatures for our samples were found
to be nearly equal to those of other Ni—Cu—Zn Ferrite
samples. From Fig. 4 (see inset), the Curie temperature
is observed to increase with increasing grain size. Ear-
lier, an increase in the Curie temperature with increas-
ing grain size was observed for MnFe;O4 and NiFesOy
nanomaterials [26-29]. From Fig. 4, as the temperature
increases, the magnetization is observed to remain con-
stant up to a certain temperature, after which it falls
slowly until the magnetization becomes zero. The tem-
perature at which the sample loses its magnetization is
known as the Curie temperature (T¢). At this tempera-
ture, the materials transform from a ferrimagnetic phase
to a paramagnetic phase. For our samples, the measured
Curie temperatures lie between 426 K to 504 K. As the
grain size increased, the Curie temperature was also ob-
served to increase. A low Curie temperature ferrite ma-
terial may be used in the construction of thermostats to
record the measurement activity of radioactive isotopes
[28].

The Curie temperature is also used to identify the
amount of magnetic interaction present in the sample
and it depends on the size of the grain or particle or on
the formula unit. Samples with higher Curie tempera-
tures were observed to have stronger magnetic interac-
tion, as evidenced from Fig. 3. In the present case, the
grain size was observed to increase with increasing an-
nealing temperature; therefore, higher grain sizes may
require more thermal energy to suppress the spin align-
ment in the samples. These results are in good agreement
with those of the previous studies [27-30].

The dielectric behavior among ferrites is considered to
be one of the important properties that predominantly
depend on the synthesis/preparation technique, anneal-
ing time, annealing temperature and type of dopant and
its quantity. The variations in the dielectric constant
(e') with frequency for Ni—Cu—Zn ferrites are shown
in Fig. 5(a). All the samples are observed to exhibit
dielectric dispersion. The dielectric constant was ob-
served to decrease initially with increasing frequency
and then to become almost constant at higher frequen-
cies. Different grain sizes show different dielectric con-
stants but the behaviors are same. At a certain fre-
quency, all the samples show a frequency-independent
behavior which may be explained using the well-known
Maxwell-Wagner-type interfacial polarization, which is
in agreement with Koop’s phenomenological theory [31-
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Fig. 5. (Color online) (a) Variation of dielectric constant
with frequency for Nig.5Cug.25Znp.25Fe204 samples annealed
from 500 to 800 °C, (b) Variation of dielectric loss tangent
with frequency for Nig.5Cug.25Zngp.25Fe204 samples annealed
from 500 to 800 °C.

33]. The dielectric polarization among ferrites is similar
to that of the conduction hopping mechanism. Hopping
of electrons between Fe?* and Fe3*t in the direction of
the applied field occurs and determines the polarization.
The polarization decreases with increasing frequency and
then reaches a constant value. This is based on the fact
that beyond a certain applied frequency, the electron ex-
change between Fe2t > Fe** may not follow alternating
electric field. The larger dielectric constants at lower fre-
quencies may be due to the predominance of Fe?* ions,
interfacial dislocations, grain boundary defects, oxygen
vacancies [19,31,32]. The decrease in the dielectric con-
stant (¢’) with increasing frequency is a natural phe-
nomenon due to the fact that any element contributing
to polarization will show a lagging effect with the applied
field at some higher frequencies.
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The observed dielectric constant values for our
Ni—Cu—Zn ferrite samples are little more than those re-
ported for Ni—Cu—Zn ferrite synthesized by using dif-
ferent processes and different compositions. The con-
duction mechanism among the ferrites is mainly due to
the hopping of electrons between ions of the same ele-
ment with different oxidation states. The lower dielec-
tric constant values are observed among ferrites that are
annealed at lower temperatures due to the low possibil-
ity of ions existing in different valance states which re-
duces the probability of hopping electrons [19,34]. Also,
the grain/ particle size, density, stoichiometry and homo-
geneity of the ferrites are observed to affect the dielectric
constant values [35]. Therefore, as our samples are an-
nealed at higher temperatures, the dielectric constants
are observed to be more.

The dielectric loss tangent (tand) as a function of ap-
plied frequency at room temperature was investigated.
The dielectric loss tangent data plotted in Fig. 5(b)
clearly shows that for all the samples the dielectric loss
tangent increases slowly with the increase of frequency
till a particular frequency, after which it slowly decreases.
Different grain sizes show different dielectric loss tangent
curves and different values. The appearance of a reso-
nance peak at a particular frequency in all the samples
can be interpreted as follows: Imagine that an ion hav-
ing more than one equilibrium position, as an example
consider two positions named A and B having equal po-
tential energies which are separated by a potential bar-
rier, the jumping probability of ions from A to B and
from B to A will be similar. Based on the probability,
ions exchange positions between the two states with some
frequency, called the natural jumping frequency between
the two positions. With the application of an external
alternating field having the same frequency, the maxi-
mum electrical energy will be transferred to the oscillat-
ing ions; due to this, the power loss in the ferrites rises,
thereby resulting in a resonance according to Debye re-
laxation theory [19,36]. The peaks in the dielectric loss
tangent appear when the applied field time is in phase
with the dielectric and when the condition wr = 1 is
satisfied, where w = 27 f, f being the frequency of the
applied field and 7 being the relaxation time, which is
related to the jumping probability per unit time p by the
equation 7 = p/2; i.e., the peak frequency (fmax) is pro-
portional to the jumping probability. With an increase
in fmax and in the annealing temperature, the hopping
or jumping probability increases per unit time.

IV. CONCLUSION

The Nig.5Cug.25Zng.25Fes Oy ferrite nano powders were
successfully synthesized using the oxalic based precursor
method. The XRD analysis confirmed that with increas-
ing annealing temperature, the grain size increased and
the lattice constant decreased. The SEM analysis showed

nanosize grains in the prepared samples. The magnetiza-
tion analysis showed that with increasing annealing tem-
perature, the M, increased whereas the coercivity (H.)
and the remanence magnetization (M,.) showed decreas-
ing behavior. The observed magnetic properties were
directly related to the increase in the grain size due to
the annealing temperature. The Curie temperature (T¢)
was observed to increase with increasing grain size and
to lie between 426 K to 504 K. The dielectric constant
(¢') for these samples was observed to be a little higher
than for other Ni—Cu—Zn ferrite samples. The dielectric
loss tangent was found to increase slowly with increas-
ing frequency until a particular frequency, after which it
slowly decreased.
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