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ABSTRACT: Ferrites having chemical formula, NigsxCuxZngsMgg.Fe,0O,with x =0, 0.1, 0.2, 0.3, 0.4 and 0.5 have
been prepared by auto-combustion route. Selected area electron diffraction (SAD) patterns confirm the spinel structure
of the ferrite.Transmission electron microscopy (TEM) images show a well definednano-crystallite state with an
average particle size of around 34 to 41 nm. The electric properties have been studied by means of DC resistivity.
Shows mainly two regions as 303K to 493K ( 1% region) and above 493K (2" region ). The room temperature
resistivity decreases due to the difference in grain size. The conductivity of the specimen increases with increasing
copper content. Variation of jump length increases with increase in copper content. The drift mobility increases with
increase in Cu-content.
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I INTRODUCTION

Spinel nanocrystalline ferrites are one of the best magnetic semiconductors which have a great importance in
telecommunication, microwave and electronics engineering. They are used in variety of applications ranging from
simple function devices, like small permanent magnets, to sophisticated device used for the electronic industry [1,2].
Some interesting applications of ferrite materials are found in computer peripherals, telecommunication equipment’s,
permanent magnets, electronic and microwave devices, magnetic media used in computers, recording devices and
magnetic cards. The electrical properties are the most important properties of ferrites, which depend on the processing
conditions, sintering temperature, chemical composition and the amount of the additives [3]. High electrical resistivity
is characteristics properties of soft ferrites which are not found in traditional soft ferromagnetic materials like silicon,
steels or perm alloys [4].In recent years, nanocrystalline ferrite materials are becoming a subject of intense research
because of their unique properties, both from the fundamental and the application point of view [5]. Ferrite with a
spinel structure which is formed by a nearly close packed FCC array of anions with holes partly filled by the cations
can be represented by the formula MFe,O, where M represents divalent metallic ions located in M interstitial
(tetrahedral) sites and Fe metallic ions located in (octahedral) sites. Soft spinel ferrite (M Fe, O4, M = Co, Ni, Zn and
Mn, etc.) nanoparticles have been intensively investigated due to their remarkable electrical properties and wide
practical applications in Ferro-fluids technology magnetic drug delivery, magnetic high-density information storage etc
[6,7]

In the present work materials consists of stoichiometric amounts of AR Grade nickel nitrate [Ni (NOs), 6H,0], zinc
nitrate [Zn (NO3), 6H,0], magnesium nitrate [Mg (NOs), 6H,0], copper nitrate [Cu (NO3), 3H,Q] and iron nitrate [Fe
(NO3)2 9H,0] are mixed together with 10 % aqueous solution of polyvinyl alcohol (PVA) and aqueous solution of
sucrose (2 mol per metal ion). This solution is heated slowly at 200 °C for 3h in air atmosphere to form viscous liquid.
The evaporation is accompanied by evolution of brown fumes of nitrogen dioxide (NO,) due to decomposition mixture
of nitrates. This distributes the cations throughout the polymer structure so that selective precipitation is prevented
during the evaporation process. The energy from the exothermic reaction between oxidant and reluctant can be high
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enough to form the desired phase within a very short time.In the second step the precursor solution of metal nitrate—
PVA-sucrose is evaporated completely to produce black fluffy carbonaceous pyrolysed mass.The carbonaceous dry
mass was calcined at 600 °C for 3h. The calcined ferrite powder was granulated using PVA as a binder and were
uniaxial pressed for5 ton/cm? for 5 minutes to produce pellet specimens having 10 mm diameter and 3mm thickness.
The specimens were finally sintered at 800 °C for 4h in air atmosphere.

The aim of our present work is to optimize a composition of the Ni-Cu based ferrite to achieve high resistivity. The
high-performance soft magnetic materials prepared using such a simple and low-cost method will be more promising in
high-frequency applications and industrialization. Hence in the present paper, we have specially focused on the effect
of Cu substitution on micro-structural, and electrical properties were studied and co-related in light of literature in
fundamental point of view.

ILEXPERIMENTAL

Ferrite prepared by ceramic method involves high-temperature to complete the solid-state reaction between the
constituent oxides or carbonates. The particles obtained by this method are rather large and non-uniform in size. These
non-uniform particles, on compacting result in the formation of voids or low density. In order to overcome these
difficulties arising due to ceramic method, many researchers have chosen wet chemical method like co-precipitation,
hydrothermal processing, auto-combustion etc for production of homogeneous, fine and reproducible ferrites at low
temperature. Hence in the present case, we have successfully synthesized Cu substituted Ni-Mg-Zn ferrite using auto-
combustion technique. The details about the synthesis parameters and structural analysis are reported in our previous
paper [8]. The same samples were further used for the in detail analysis of DC electrical resistivity.

TEM images and selected area electron diffraction (SAD) patterns were carried out by (Model: PHILIPS CM200) with
operation voltage 20-200 kV resolution: 2.4 A°. The DC resistivity measurements were carried out using two probe
methods. Keithley’s multimeter (model 2000) was used to record current through the sample keeping voltage across
the sample constant at room temperature and well above Curie temperature.

The relation between resistivity and temperature is expressed as

P =P EXPESE) (1)

Where,p is the DC electrical resistivity at temperature T,

Kg is Boltzmann constant
AE is activation energy corresponding to electrical process.
Drift mobility pgcan be calculated using the relation,

_ 1
Hy = Tep  eeeeereeeeens 2
where, e =the charge of electron
p = the resistivity.

n = the concentration of charge carrier and can be calculated
from the equation

n TTM e, (3)

where, M = molecular weight of the sample.
N = the Avogadro’s number.
pm = actual density.
Pre = the number of iron atoms in the chemical formula of
the ferrites.
The jumping length (L) is determined from the relation
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where, a is lattice constant obtained from XRD studies.
I11.RESULTS AND DISCUSSION

I. TEM STUDY
Transmission electron microscopy (TEM) micrographs are shown in figs.1 (a) and (b) of the nano-sized Ni-Cu ferrite
with Cu content of x=0 and x=0.5. These macrographs are almost spherical in shape and found to be loosely
agglomerated. The agglomeration can be attributed to the magnetic dipole interaction arising between ferrite particles

Fig.1 (a) and (c) TEM micrographs of Nig5.xCuxZng 3 Mo, Fe,0, ferrite nanopowders for x=0 and x=0.5.

Fig.1(b) and (d) SAD patterns marked with miller indices of Nigs«CuxZnos Mgo. Fe,0O, ferrite nanopowders for x=0
and x=0.5

[9]. The estimated average particle size for x=0 is found to be around 34 nm and that for x=0.5 is found to be 41 nm.
This reveals that as Cu content increases the particle size also increases. The present results suggest that, the
substitution of Cu helps for the phase formation of spinel cubic lattice. It means that the temperature required for the
phase formation of the ferrite with Cu doping is low as compared with undoped ferrite. One function of copper is to
decrease the sintering temperature [10]. In the present case, the sintering temperature and sintering time of all the
ferrite samples is same (i.e. 800 °C for 4h) even though, the Cu doped samples shows higher sized grains as compared
to the remaining samples. These results suggest that, addition of Cu enhances the grain growth process, which may due
to the soft nature of Cu as compared to Ni. Similar results were also observed by A. Ghasemi et al. [11] in case of Cu
substituted nickel ferrite prepared by a reverse micelle process. Fig. 1 (c) and (d) shows corresponding selected-area
diffraction (SAD). The diffraction patterns are composed of series of concentric circles marked with miller indices,
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which show ferrite nanoparticles, which are highly polycrystalline with spinel structure. The measured average particle
size is found to be in good agreement with the sizes calculated by Scherer formula.

I1l. ELECTRICAL PROPERTIES

I. VARIATION OF RESISTIVITYWITH TEMPERATURE
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Fig.2 Variation of DC electrical resistivity with inverse temperature of ferrites samples x=0, 0.1, 0.2, 0.3, 0.4 and 0.5

Fig.2 shows variation of DC electrical resistivity with reciprocal of absolute temperature for x=0, 0.1, 0.2, 0.3,
0.4 and 0.5 ferrites samples. Fig.2 mainly shows two regions as 303K to 493K ( 1% region) and above 493K (2™
region ). The first region is almost flat and is analogous to resistivity behavior observed for other spinel ferrites [12].
Figure 2 also indicates that all synthesized samples are semiconductor in nature. In the present case resistivity decreases
with increase in temperature because conduction mechanismin polycrystalline ferrites is mainly reported to be hopping
of electron between ions of the same element having different oxidation states. Under these oxidizing states, the
tendency of Cu?*ions formation is at octahedral site so that, some Fe?* ions can be formed in ferrite in order to increase
the hopping probability between the electrons. As the sintering temperature increases, more Cu* ions are oxidized to
Cu?"ions and result decrease in resistivity with increase in temperature. The conductivity is commonly attributed to the
presence of Fe** ions [13]. The conductivity arises due to the mobility of extra electron which comes from Fe?* ions
through crystal lattice. Similar observations were reported in case of DC conductivity of nanoparticles of Ni-Zn Fe, O,

ferrites [14].
I COMPOSITIONAL VARIATION OFRESISTIVITY AT ROOM TEMPERATURE
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Fig. 3 Room temperature variation of DC electrical resistivity with Cu-content
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Variation of room temperature DC electrical resistivity with Cu-contents is shown in fig 3. It is revealed that
as the Cu-content increases, the room temperature resistivity decreases due to the difference in grain size. Decrease in
DC electrical resistivity is also attributed to increase in grain size. Smaller grains mean less grain to grain contact,
which reduces the electron flow. As the grain size increase (with increase in Cu-content) resistivity is found to decrease.
The room temperature DC resistivity of Mg-Cu-Zn ferrite for (x=0.1) is found to be order of 10° Q cm, which is much
higher than that of Mg-Cu-2Zn ferrite (by 10°Q cm) prepared by the conventional ceramic method [15]. In present case
the room-temperature DC electrical resistivity all of synthesised ferrites samples is found to be of the order of 10° Q
cm which is much higher than that of Ni-Cu-Zn ferrites (10’ Q cm ) prepared by the conventional ceramic method [16].
From fig 3 sharp increase in resistivity at room temperature for x=0.2 may be due to the addition of Cu®* and Ni**ions
in place of Fe?*. This will dilute the electron exchange between Fe** « Fe?" and also hinder the electron hopping.
Similar behavior is observed in Copper and Titanium-Co-doped in Copper-Zinc ferrite [17].

I1l. DETERMINATION OF ACTIVATION ENERGY
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Fig 4. Variation of activation energy (in paramagnetic region) with Cu-content

Variation of activation energy in the paramagnetic region with Cu-content is as shown in fig. 4. The
activation energy of each sample was determined by slope of the linear plots of DC electrical resistivity with
temperature. It can be seen that, the activation energy of the dipole (in paramagnetic region) is 0.303 eV for the pristine
samples whereas the value of activation energy decreases gradually as the concentration of Cu increases. For x = 0.5
the activation energy is found to be 0.2 eV. The conductivity of the samples depends upon the value of the activation
energy, higher is the activation energy, means lower is the conductivity. The conductivity of the specimen increases
with increasing copper content.Similar results were observed from AC conductivity measurements. The value of
activation energy ranges from 0.303 to 0.20 eV. It confirms that our samples are n type conductions [18,19]. The
decrease in activation energy with increase in concentration of Cu is based on change in ionic distance in the spinel
ferrites. The activation energy in ferrimagnetic region is less as compared to that of activation energy in paramagnetic
region. (as shown in Tablel) This is because ferrimagnetic state is an ordered state; while paramagnetic state is
disordered. The later requires more energy for the activation of the charge carriers. Mathe et al. [20] have discussed the
anomalous behavior of activation energy in the temperature range (300 to 833K) and observed that as the temperature
increases the activation energy increases from 0.15 to 0.82 eV. In the present case decrease in the activation energy
may be attributed to the creation of less number of cations and development of oxygen vacancies which might become
productive on rise in temperature.
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Table 1Data on variation of Cu-content (x) mole, DC electrical resistivity ( Opc ), drift mobility (ug),

activation energy in ferrimagnetic region (A E;), activation energy in paramagnetic region (A E,), difference between

activation energy of paramagnetic region and ferrimagnetic region (A E), of Nigsx CuZngs Mgy, Fe, O, ferrite
samples (where x=0, 0.1, 0.2, 0.3, 0.4 and 0.5) with Cu- content.

Cu-content DC electrical Drift mobility,
(x) resistivity, (1) Activation energy AE=AE;-AE,
(poc ) ¥10° (cm?/Vs) (eV)
(Q cm) Ferriregion | Para region
AE; AE,
(eV) (eV)

0 5.1 8.2X 10 0.118 0.303 0.185
0.1 4.2 9.7 X 10" 0.147 0.291 0.144
0.2 23.9 1.86 X10™® 0.068 0.26 0.196
0.3 5.0 7.6 X107 0.018 0.237 0.219
0.4 4.1 1.01X 10 0.134 0.21 0.076
0.5 3.9 1.1X10™ 0.138 0.20 0.062

The values of DC electrical resistivity drift mobility, activation energy in ferrimagnetic and paramagnetic region
difference between them are presented in Table 1.1t conclude that due to high resistivity it order of 108Q cmwide
applications in telecommunication. Drift mobility and activation energy gives information of conduction mechanism.
The present valuesof activation energy in theTable 1suggest that the hopping of small polarons is responsible for the
conduction in samples.

IV. DETERMINATIONOF JUMP LENGTH
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Fig. 5 Variation of jump length (L) with copper content (x)
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Variation of jump length (L) is plotted as a function of copper content (x) in Fig. 5 This shows that L increases
with increase in copper content. The observed increase in L with Cu-content suggests that charge carriers require more
energy to jump from one cationic site to other, which causes an increase in resistivity with increasing Cu-content. The
present result shows that variation of DC resistivity decrease with increasing Cu-content. This is rather expected,
because of the replacement of diamagnetic Cu®* ions by magnetic Ni?* ion which take part in conduction process.

V.DETERMINATION OF DRIFT MOBILITY (ug)
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Fig. 6 Variation of drift mobility ( nug) with temperature

The drift mobility of samples was calculated using Equation (1, 2 and 3) and is plotted as a function of inverse
temperature ( Fig. 6 ).1t is observed from the plot that drift mobility remains constant during the temperature range 303
K to 733 K this is because of charge carries don’t have enough energy to start hopping. As temperature increases
above 733 K the charge carriers start hopping from one site to another. Drift mobility of ions is less for x= 0 than x=
0.5. This concludes that drift mobility increases with increase in Cu-content. The temperature variation of resistivity in
this case was mainly attributed to change in drift mobility with temperature rather than to the variation of charge carrier
concentration. According to the hopping model electrons are strongly localized. The localization may be attributed to
electron phonon interaction. Additional localization of electrons at Fe?* ions is over octahedral site in the spinel lattice.
Similar results were obtained in case of Zn-Mg-Co ferrites [21].

IV. CONCLUSIONS

The auto-combustion method is found to be convenient for the synthesis of nanocrystalline Ni—Cu ferrites. The
formation of single-phase cubic spinel ferrites was confirmed by SAD diffraction patterns. TEM micrographs confirm
that the particles are in nanometer range. DC electrical resistivity has been explained according to site’s preferences.
Resultshows the compositional stability and quality of the ferrites prepared by the auto-combustion method. The
conductivity of the specimen increases with increasing copper content.
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