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Abstract

The structure, morphology, temperature dependent electrical and frequency dependent dielectric
behavior of Cu* substituted Ni—Zn spinel ferrite nanoparticles having generic formula

Nip70-xCuxZng 30Fe;0, (x=0.00, 0.05, 0.15 and 0.25) prepared by sol—gel auto combustion technique
with citric acid as a chelating agent is reported here. The XRD patterns revealed the presence of cubic
spinel structure. The crystallite size was obtained using Scherrer’s formula which varies between 29
and 34 nm. The lattice parameter was found to increase with an increase in copper concentration. FTIR

spectra show the characteristic bands for tetrahedral and octahedral sites. The morphology
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investigated by SEM technique demonstrates the nanocrystalline grain formation with almost
spherical geometry. The grain size obtained from SEM analysis is in the range of 69—88 nm. The
particle size obtained through TEM image analysis varies from 30 to 35 nm. The electrical and
dielectric behavior was studied using a two-probe technique as a function of temperature and
frequency respectively. Various electrical parameters like DC resistivity, activation energy, drift
mobility, charge carrier concentration, diffusion coefficient were obtained as a function of copper
concentration ‘x’. Arrhenius plot indicates the semiconducting nature of Cu?* substituted Ni—Zn spinel

ferrite. The dielectric constant and dielectric loss tangent both decreases with increase in frequency

and concentration of Cu2*.
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1Introduction

Ferrites are ferrimagnetic ceramic materials with iron III oxide as their main component along with
metal oxides. They exhibit a wide range of electromagnetic properties useful for a variety of
technological applications. The most common ferrites are spinel type ferrite with the general formula
MFe,0,, where, M is a divalent metal ion like Ni2*, Co%*, Cu2*, etc. Over the past decade, spinel ferrites
have grown tremendously as interesting magnetic nanoparticles. These magnetic nanoparticles have
been studied to illustrate the effects of nanoscale finite size on the structure, morphology and its

electric as well as dielectric behavior. They have been widely studied since they offer the major
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advantages due to their unique size as well as excellent physicochemical properties. The spinel ferrite
nanoparticles can be used in various technological applications such as gas sensing, magnetic
resonance imaging, ferrofluids, cancer therapy, drug delivery systems, electrical and electronic devices
dielectric losses are the remarkable properties of spinel ferrite which makes them useful in many new
domains of technological applications. The interesting electrical and dielectric properties of spinel
ferrite nanoparticles depend mainly on synthesis techniques. The wet chemical methods like sol—gel,
co-precipitation, thermal decomposition, micro-emulsion, reverse micelle, hydrothermal

these synthesis methods, sol—gel auto combustion is the most preferred method as it offers many
advantages like homogeneity at an atomic scale, fine particle size distribution, requires low
temperature, offers good chemical stability, high yield, easy and cost effective compared to other
synthesis methods. However, the selection of fuel, metal nitrate to fuel ratio, pH, annealing
temperature etc synthesis parameters has to be taken care in order to obtain the good nanocrystalline
particles. Apart from the synthesis method suitable choice of dopant, its ionic size, valency, site
preference and amount of doping affects the structural, electrical and dielectric properties of

nanocrystalline spinel ferrite nanoparticles.

In the literature, pure (cobalt, nickel etc.) [15, 16] as well as mixed (Ni—Zn, Cu—Zn, etc.) [17, 18] spinel
ferrites in nanocrystalline form have been studied by many researchers with a view to understand their
electro-magnetic behavior at a nanoscale. The substitution of copper ions in Ni—Zn spinel ferrite at
nickel site (octahedral) is reported in the literature for few concentrations [19,20,21]. Their studies
revealed that on copper doping, the structural, electrical and magnetic properties were influenced.
Many of the researchers have studied NiCuZn spinel ferrite for multilayer chip inductor application and
other applications such as high frequency devices. The divalent ions such as Co%*, Cu2*, Mg2+
[22,23,24] etc doping to Ni—Zn spinel ferrite may lead to interesting properties. The substitution of
Cu2* in Ni—Zn spinel ferrites make them suitable for miniaturization of electronic components and
fabrication of integrated electronic devices such as an inductor, transformer, phase shifter, memory etc.
The recent discoveries of giant magneto resistance, macroscopic quantum tunnelling, etc have
attracted additional attention to nanosized Ni—Zn spinel ferrites for their use in magnetic tape
recording and magneto-optic devices. It is worth to mention here that if Cu?* is doped in Ni—Zn spinel
ferrite it can reduce the sintering temperature. Further it may enhance the density as well as the
crystalline growth and electrical resistivity. Hence, the prepared material may be useful for microwave

applications.

The aim of the present work was to synthesize single phase NiCuZn nanoparticles using sol—gel auto

combustion method with metal nitrates as oxidants and citric acid as a fuel. Further, to study the
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effects of copper substitution on structure, morphology, electrical and dielectric properties of Ni—Zn
spinel ferrite nanoparticles using XRD, FTIR, SEM and HR-TEM characterizations and electrical as well

as dielectric measurements for potential application in some electrical and electronic devices.

2 Experimental

NiCuZn ferrites with a composition of Niy7¢-xCuxZng 3oFe;0, (x=0.00, 0.05, 0.15 and 0.25) were
synthesized by sol—gel auto combustion method. The oxidants as nickel nitrate [(Ni(NOs),-6H,0],
copper nitrate [Cu(NO3),6H,0], zinc nitrate [Zn(NOs),6H,0], ferric nitrate [Fe(NO3)39H,0] and citric
acid (C¢HgO7) as fuel in analytical-grade were used as raw materials. In order to release maximum
energy, the total valencies of metal nitrates to that of fuel must be balanced. Thus, according to
propellant chemistry [25], the metal nitrate to fuel ratio was calculated and chosen as 1:3 (metal
nitrate:citric acid). The stoichiometric amounts of metal nitrates (Ni, Cu, and Zn), ferric nitrate and
citric acid (1:2:3) were weighed and then dissolved in distilled water separately. The mixed solution of
all the raw materials was taken in a glass beaker and kept on a hot plate with temperature of 90 °C and
stirred around 400 rpm. On gel formation, the temperature was further increased to 120 °C. When all
the water molecules evaporated, the viscous gel began to bubble, within few seconds it started to ignite
and burnt with the glowing flints. The process of auto-combustion was completed within few seconds
by yielding the fluffy ash. The as-prepared powder was annealed at 600 °C for 6 h and then cooled to

room temperature in the air atmosphere using programmable muffle furnace (Thermolyne-1500).

3 Characterizations

The crystallographic properties were characterized by Philips X-ray diffractometer (XRD, Cu target, Ka
radiation, 40 kV, and 40 mA). FTIR studies were performed by Perkin Elmer spectrometer in the range
of 400—4000 cm~L. The microstructure of samples was observed by scanning electron microscopy
(SEM, JEOLJSM-6490L), from SEM micrographs the average grain size (D) was estimated. The
elemental composition was investigated by energy dispersive spectrum (EDS) technique attached with
SEM. The morphology and particle size distribution were performed using high-resolution
transmission electron microscopy (FEI, technai G2 F20). The DC electrical resistivity and dielectric
measurements were carried out by two-probe technique as a function of temperature in the
temperature range from room temperature-850 k and as a function of frequency in the range of 50 Hz
to 1 MHz respectively. Both the measurements were performed on disc shaped pellets of dimensions

12 mm x 3 mm. During measurements both the surfaces of pellet were silver pasted for good ohmic
contact. The DC electrical measurements were used to obtain the electrical parameters such as DC

resistivity, activation energy, drift mobility, charge carrier concentration, diffusion coefficient. Using
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values of capacitance, the dielectric constant was determined for each sample. Both dielectric constant

and dielectric loss tangent were also studied for varying concentration of divalent copper ions.

4 Results and discussion

4.1 TGA-DTA

The minimum required temperature for the complete decomposition can be estimated from the
thermal behavior of as-prepared powder. It is treated as a minimum temperature for annealing the
prepared material to have better crystallization and or to remove the nitrate impurity if any remained.
TGA-DTA curve for a typical sample x = 0.15 is shown in Fig. 1. The TGA-DTA curves were recorded in
the temperature range from room temperature - 800 °C with the rate of 10 °C/min in the air
atmosphere. It is observed from TGA curve that the combustion process was carried out through three
stages with the total weight loss of 11.5%. The first stage (20—94 °C) can be attributed to vaporization
of trapped water molecules followed by decomposition of citric acid in the second stage (95-285 °C).
The final stage in the temperature range (286—596 °C) show the sustained mass loss of 5.4% which can
be presumed to the crystallization of the ferrite. Beyond the temperature 597 °C the TGA curve exhibits
the flat response indicating no significant weight loss which suggests the formation of the ferrite
phase. Furthermore, DTA curve exhibits two exothermic humps centered at 175 and 490 °C. The peak
at 175 °C can be attributed to the decomposition of citric acid while broad hump at 490 °C is to be
attributed to auto combustion reaction. During this reaction the removal of nitrates takes place and the
formation of ferrite phase occurred. This study hints the formation temperature of the NiCuZn spinel

ferrite is ~ 500 °C. Our results are analogous to that of reported spinel ferrite nanoparticles [26].

Fig.1
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TGA-DTA plot for a typical sample x =0.15

4.2 Structural characterizations

4.2.1XRD

Figure 2 shows the X-ray diffraction patterns of the annealed Nig7¢-xZng 30Fe;0,4 (x=0.00, 0.05, and
0.15) nanoparticles recorded at room temperature using Cu-ka radiation. The XRD patterns show the
Bragg reflections (220), (311), (222), (400), (422), (511), and (440). All these reflections belong to
cubic symmetry. The analysis of XRD patterns favored the formation of all samples with single phase
cubic spinel structure. Our XRD patterns are in close agreement with other XRD patterns of Ni—Zn
spinel ferrite of JCPDS-22-1119. The inset in Fig. 2 shows a broadened peak of the most intense peak
(311) which was used to calculate the crystallite size. The crystallite size for each sample was calculated
using Scherrer’s formula (t = 0.9/cos, where the symbols have their usual meanings). The crystallite
size varies in between 29 and 34 nm. The obtained values of crystallite size are given in Table 1 which

confirms the nanocrystalline nature of all the prepared samples.
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Table 1 Structural parameters as lattice parameter (a), X-ray density (dy), bulk density
(dg), porosity (P), crystallite size (t) and hopping lengths (L, and L)

The values of interplanar spacing d and Miller indices (h k 1) were used to estimate the values of lattice
parameter (a). The lattice parameter of all the samples was calculated using the standard relation a=d
VN and their values are given in Table 1. It is evident from Table 1 that the lattice parameter increases
with increase in copper substitution ‘x’. The increase in the lattice parameter is linear obeying Vegard’s
law and can be attributed to the larger ionic radius of Cu2* (0.67 A)ions as compared to Ni2* (0.64 R)
ions. A similar variation of lattice parameter is reported in the literature for other NiCuZn spinel ferrite
[27].

The X-ray density was calculated using the relation d,=8M/Naa3 where, M is the molecular weight of
the sample, N, is the Avogadro’s number and a3 is the unit cell volume. The increase in X-ray density
was observed as copper substitution increases which may be due to the fact that the increase in
molecular weight overtakes the increase in volume, thus X-ray density increases. The values of the X-
ray density and bulk density are tabulated in Table 1. It is observed that the bulk density dg is less than
X-ray density dy, the difference between the X-ray density and bulk density is due to the existence of

inter and intra granular porosity of the samples.

The percentage porosity was obtained from the values of the X-ray density and bulk density using the
relation P = (dy - dg)/dx and presented in Table 1. It is observed from Table 1 that the percentage porosity
varies from 35 to 37%.

The XRD data was also used to determine other structural parameters like hopping length for

tetrahedral and octahedral sites. The hopping length for tetrahedral A-site and octahedral B-site was

calculated using following relations

SS{{\text{L}} {\text{A}}}={\text{a}}\surd \left(3\right){{/4{\AA}}}SS
(1)

SS{\text{L}}_{{\text{B}}} = {\text{a}}\surd \left( 2 \right)/4{\AA}SS
(2)
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The values of hopping length obtained by using above relations are given in Table 1. It is observed from
this table that, like lattice parameter hopping length for tetrahedral (A) and octahedral [B] site
increases with increasing copper substitution.

4.2.2FTIR

FTIR spectra of annealed samples of concentration x = 0.00, 0.05, 0.15 and 0.25 were recorded in the
range of 400—4000 cm~! at room temperature and shown in Fig. 3. It reveals the prominent peaks
below wavenumber 1000 cm ™! which are the common features of the formation of spinel ferrite
skeleton. These peaks are the characteristic features of spinel ferrites and are attributed to the
stretching and bending vibrations due to interactions between cations and oxygen atoms at tetrahedral
(A) and octahedral [B] sites. Also, the changes in bond lengths of Fe—O at tetrahedral (A) site and
octahedral [B] site results into the difference in the band values.

.
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FTIR spectra of Nip79-xCuxZng 3gFe;0,4 (x =0.00, 0.05, 0.15 and 0.25)

In the FTIR spectra of each sample, the broad band near 3400 and 1630 cm™! are observed. This can be
due to stretching and bending vibrations of O—H of the free or absorbed water, suggesting the presence
of hydroxyl group in the present samples. The water may be absorbed due to large volume to surface
ratio of the sample. The similar results are seen in the reports [28]. The band observed at 1022 cm~!in
each spectrum is attributed to metal-alloy. The two prominent absorption bands in the range of 556—

587 and 406—398 cm™! are observed. These bands are the common features of spinel ferrites [29] and
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are attributed to Fe—O bond. The observed difference in band positions is expected because of the
differences in distances of Fe—O for both tetrahedral A-site (1.865 A) and octahedral B-site (2.02 A)
[30]. This can be interpreted by the stronger bonding at the A-site than that of at the B-site. In
conclusion, it is the formation of ferrite skeleton. The values (Fig. 3) of band position as v; and vy,
which reveals that the higher frequency absorption bands were shifted towards higher frequency while
that of lower frequency shifted towards lower frequency. This can be a consequence of the increase in
particle size. It is worth to mention here that, for nanoparticles the change in chemical group

environment leads to change in the vibration frequency of that group.

4.3 Morphology

4.3.1SEM-EDS
The SEM micrographs as well as EDS spectra of the samples x = 0.00, 0.05 and 0.15 are shown in Fig. 4.

The morphology of the studied samples was investigated using SEM images. The primary analysis of
SEM images indicates the grains of varying sizes, a fluffy morphology and sponge-like porous
structure. The observed morphology is similar to that of reported for nanocrystalline spinel ferrites
[31] prepared by wet chemical route. It is worth to mention here that the porous structure has a large
specific surface area which indicates a much more active surface area useful for various technological
applications. Further, it is observed from Fig. 4 that the grain size is not uniform indicating the
possibility of agglomeration of nanoparticles. The estimated average grain size is 69, 74 and 88 nm for
x=0.00, 0.05 and 0.15 respectively which suggests the nanocrystalline nature of the NiCuZn spinel
ferrites. The increase in grain size with increasing Cu content ‘x’ can be attributed to the liquid phase

formation during annealing which results in increase of grain size [27].

Fig. 4
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SEM images and EDS spectra of Niy79-xCuxZng 3oFe;0, (x=0.00, 0.05, and 0.15)

An elemental composition of each sample was determined by employing EDS technique. EDS spectra of
samples are presented in Fig. 4. An EDS spectrum of sample x = 0.00 shows the peaks of Ni, Zn, Fe and
0. The peak for Cu appeared in remaining samples and its percentage was found to increase with
copper content ‘x’. The stoichiometry estimated by EDS spectra is very close to that of theoretically
anticipated values. It is worth to state that the formation of NiCuZn spinel ferrite using sol—gel auto-
combustion assisted by citric acid has fully favored. Furthermore, the energy supplied during reaction
has homogeneously distributed through the used oxidants which completely converted and formed

NiCuZn spinel ferrite.

4.3.2 TEM-SAED
The TEM images, particle size distribution, SAED patterns of x = 0.00, 0.05, and 0.15 and HR-TEM

images of sample x = 0.00 as well as 0.15 are depicted in Figs. 5, 6, 7. It demonstrates that each image
consists of spherical nanoparticles and has a narrow size distribution. It is clearly observed that the
separate as well as the agglomeration to certain extent of the particles is present. The agglomerations
can be attributed to the high surface area of magnetic nanoparticles. Similar results for ferromagnetic
spinel ferrites were observed as reported in [32]. The average particle size estimated by Gaussian of all
particles in each image as shown in Figs. 5, 6, 7 is 30, 32 and 35 nm for x = 0.00, 0.05 and 0.15

respectively. The estimated average particle size of each sample is in close agreement with that of
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calculated by XRD. Also, from SAED patterns it is observed that they are similar to each other and the
diffraction rings are well consistent with the hkl planes present in the cubic spinel structure.
Furthermore, the superposition of bright spots on Debye rings in SAED patterns suggests a
polycrystalline structure of NiCuZn system. The corresponding HR-TEM images of x = 0.00 and 0.15
ferrite nanoparticles were used to estimate the distance between lattice fringes. The values of inter-

planar distance are 0.18 and 0.24 nm which are corresponding to 422 and 222 planes verified with that

of given by XRD data.

Fig.5
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TEM images, histogram of particle size distribution, SAED pattern and HR-TEM for x = 0.00
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Fig. 6
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TEM images, histogram of particle size distribution, SAED pattern and HR-TEM for x = 0.15

4.4 Electrical studies

4.4.1DCelectrical resistivity
The DC electrical resistivity of Nig70-xZng 30Fe;0, where x = 0.00, 0.05, 0.15 and 0.25 as a function of

temperature was measured using two probe technique in the temperature range from room
temperature to 850 k. The DC electrical resistivity is a vital property of ferrite, particularly for high-
frequency applications wherein high resistivity is the pre-requisite. The resistivity of the spinel ferrites

depends on porosity, grain size, density and sintering temperature.

The variation in room temperature resistivity as a function of copper content ‘x’ is plotted as shown in
Fig. 8. It is observed that as Cu?* ions substitution increases room temperature DC resistivity also
increases. The observed values of DC resistivity of parent sample (Ni—Zn ferrite) have nearly doubled
upon the substitution of copper content from 0.0 to 0.25. This signifies that the nano ferrite with such
high resistivity lead the low eddy current losses which are desirable for their applications in
transformers, electromagnets, inductors and other electronic components. The observed behavior of
resistivity of Ni—Zn ferrite with copper content ‘x’ can be explained on the basis of Verwey’s hopping
mechanism [33]. According to Verwey, in ferrites, the conduction occurs due to hopping of electrons
between ions of the same element with different valence states (Fe3* and Fe?*) dispersed over
crystallographically equivalent sub-lattices which results in space charge polarization. The hopping
probability strongly influence by the concentration of Fe3*/Fe2* ion pairs at octahedral B-sites and

activation energy. In parent sample Niy70Zng 30Fe;0,, at octahedral B-site the concentration of Fe3*/
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Fe2* is considered to be maximum. When Cu2* is substituted, partial migration of Fe3* ions from
octahedral B-site will be took placed because of the occupancy preference of Cu2* towards octahedral

B-site. As a consequence, the number of Fe3*/Fe2* ions will be reduced by resulting a decrease in
hopping of electrons thereby increasing resistivity. Another reason in resistivity enhancement can be
increased activation energy (Table 2).

Fig. 8
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Table 2 Activation energies in paramagneticregion (Ep), ferromagnetic region (E¢) and
change in activation energy (AE), charge carrier concentration (n), and diffusion
coefficient (D)

The plots of the log of resistivity (Q cm) versus 1000/T (k1) called Arrhenius plot for all samples are
shown in Fig. 9. It is observed from Arrhenius plots that the linear relation of DC resistivity has two
distinct regions. Each region has its own conduction mechanism and different activation energy. The
first region belongs to a ferrimagnetic phase which generally obeys the hopping mechanism and also
called as the ordered region. The second region known as disordered region belongs to the
paramagnetic phase. The change of magnetic order in ferrites from ferrimagnetic phase to

paramagnetic phase is associated with the Curie point i.e. change in slope in DC electrical resistivity
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plot has been reported by many researchers [34, 35]. Here, the Curie point was shifted to lower
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temperature upon substitution and increase in copper content ‘x’. A similar behavior of Curie point was

observed in divalent metal ion substituted spinel ferrite [36]. The value of Curie temperature for each

sample is presented in Fig. 10. The decreasing behavior of Curie temperature can be explained on the

basis of A-B exchange interaction due to the distribution of Fe3* ions amongst available tetrahedral (A)

and octahedral [B] sites. When copper substituted, according to site occupancy, Cu?* might have

entered to tetrahedral A-site, which displaces the Fe3* ions from A-site to B-site. Thus, the weakening

of A-B exchange interaction may occur which results in the increase of distance of moments between A

and B sites. This is well supported by the increase of lattice parameter upon copper substitution. Hence,

copper substitution has decreased the Curie temperature of NiCuZn nanocrystalline spinel ferrite.

Fig.9
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The activation energy calculated using the standard relation [37] varies between 0.23 and 0.48 eV is
tabulated in Table 2. The activation energy in both ferrimagnetic, as well as paramagnetic regions
increases with copper substitution. Comparing both the activation energies it is evident that the
activation energy of paramagnetic region is larger than that of the ferrimagnetic region. This indicates
the influence of the change in the magnetic phase on the conduction in both regions. The activation
energy is illustrated as a function of composition in Fig. 11. The behavior of activation energy can be
explained in terms of jump length on octahedral site which was determined using XRD data. Activation
energy and the hopping process may influence by jump length of the charge carriers at B-site. Figure 11
shows the increase in jump length with an increase in Cu contents. This causes an increase in

activation energy required for jumping of charge carriers between sites.

Fig. 11
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The variation in resistivity at different temperatures with varying composition ‘x’ is presented in
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Fig. 12. It is evident from Fig. 12 that the DC electrical resistivity for x =0.00, 0.05, 0.15 and 0.25
decreases as temperature increases suggesting the semiconducting behavior. Similar behavior of DC
electrical resistivity as a function of temperature for nanocrystalline spinel ferrites has been reported
[38, 39]. The decrease in DC electrical resistivity as a function of temperature can be attributed to the
thermal mobility of charge carriers which increases as temperature increases. Thus, DC electrical
resistivity decreases with increase in temperature.
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4.4.1.1 Drift mobility
The drift mobility of copper substituted Ni—Zn spinel ferrites was calculated using the following

relation [40].

SS{\mu _d}=\frac{1}{{ne\rho }3}S$
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where 114 is the drift mobility, n is the charge carrier concentration, e is the charge on the electron and
the p is the resistivity. The value of charge carrier concentration for each sample was obtained by a
standard relation as given in [41] and presented in Table 2. The concentration of charge carriers with
copper substitution was found to increase from 9.60 x 1022 to 9.98 x 1022 atoms/cm3. The observed
values of drift mobility for samples x = 0.00, 0.05, 0.15 and 0.25 are very small (2.28 x 10~ to 8.52 x
1079). Such a small values of drift mobility for spinel ferrites are reported earlier by other researchers
for various spinel ferrites [42, 43]. The plots of drift mobility (cm?2/Vs) versus temperature (K) are
shown in Fig. 13. It is revealed from Fig. 13 that the charge carrier mobility increases as temperature
increases. Moreovetr, Fig. 14 shows the variation in drift mobility with copper content ‘x’. It is observed
that the drift mobility as a function of copper content ‘x’ decreases which can be explained on the basis

of increased charge carrier concentration.
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4.4.2 Diffusion coefficient
The diffusion coefficient as a function of temperature for each sample was evaluated by following

relation [40]

SSD=\frac{{\sigma {k_B}T}}{N{eA2}}}S$
(4)

where D is the diffusion coefficient, s is the conductivity, kg is the Boltzmann constant, T is the
temperature, N is the number of atoms/cm3 and e is the charge on the electron. The calculated values of
diffusion coefficient for each sample at two different temperatures are summarized in Table 2. It is
observed from Table 2 that the diffusion coefficient increases as temperature increases. Due to increase
in conductivity with the temperature the diffusion coefficient increases. On the other hand, the
diffusion coefficient decreases as presented in Fig. 15 for two different temperatures with copper
content ‘x’. This can be attributed to the creation of cation vacancy and reduction in oxygen vacancies

upon copper substitution in the sub-lattice.
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4.5 Dielectric properties

The dielectric response of Cu2* substituted Ni—Zn spinel ferrite at room temperature with varying
frequency was studied as dielectric constant and dielectric loss tangent.

4.6 Dielectric constant

The dielectric constant is of importance of high frequency devices. In ferrites, the dielectric constant is
mainly contributed by electric, ionic, dipolar and interfacial polarizations. At low frequency around
1kHz, dipolar and interfacial polarizations are principally important. The variation of dielectric
constant over frequency range 50 Hz—1 MHz is depicted in Fig. 16.

Fig.16
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It reveals the large dispersion at low frequency which gradually changes in high frequency, indicates
normal dielectric phenomenon. Similar behavior for other nanocrystalline spinel ferrites is reported
[44]. It is noted that the dielectric constant decreases sharply at low frequency and getting slow down
at high frequencies by attaining the almost constant value and become independent of frequency. The
sharp decrease in response at low frequency is attributed to the polarization of cations. The high
dielectric constant at low frequency can be explained on the basis of Maxwell-Wagner interfacial
polarization model [45, 46] which depends on heterogeneous structure which consist grains with poor
conductivity grain boundaries and is well consistent with Koops’ theory [47]. It is a well-known fact
that the grain boundaries with poor conductivity are highly active in low frequency and that of with
good conductivity play a role in high frequency. This is the \({\varepsilon _1} \approx {\varepsilon
_2}\) reason the large dielectric constant observed at low frequency and low value of dielectric constant
appear at high frequency. According to Koop’s model, in polycrystalline ferrites the grains and grain

boundaries are considered as one system. He had assumed

SSx = \frac{{d {2} }}{{d {1} }} \le 1,{\text{ }}\rho {1} \le\rho _{2}\,{\text{and}}\,\varepsilon {1}
\approx \varepsilon {23$$

(5)

then, dielectric constant can be expressed as

SS\varepsilon A{\prime}=\frac{{{\varepsilon 1}}3}{x} - \frac{{{\varepsilon 2}}3}{x3}SS
(6)

where x is the thickness of the grain boundary, \({\varepsilon _1}\) is a dielectric constant of grain and
\({\varepsilon _2}\) is a dielectric constant of grain boundary, \({\rho _1}\) and \({\rho _2}\) are
resistivity of grain and grain boundary respectively. Hence, the dielectric constant in low frequency is
determined by grain boundary since the grain boundaries are more effective than the grains during
electrical conduction. Thus, as thinner the boundary as, the larger the dielectric constant is. At higher
frequency, the decrease in dielectric constant is attributed to the fact that the polarization decreases
with increase in frequency. The polarization of the induced moments could not synchronize the
frequency of externally applied electric field since the inhomogeneous dielectric structure requires a
finite time for line up its axes in parallel to the applied external electric field. The electronic exchange
between Fe3*—Fe2* lags behind the frequency of applied signal. Moreover, at higher frequencies, the
dielectric constant is insensitive to heterogeneity. The observed low values of dielectric constant at high

frequency (Fig. 16) are in close agreement with that of reported for spinel ferrites [48].
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As shown in Fig. 17, dielectric constant decreases with copper substitution, exhibiting minimum with
x = 0.25. The dielectric constant appeared in low frequency varied between 1138 and 152 for Cu2*
substituted samples and for Ni—Zn spinel ferrite sample it is (3696). This can be attributed to the
substitution of copper ion in Ni—Zn spinel ferrite. Relatively low melting point of copper reduces the
sintering temperature of Ni—Zn spinel ferrite, resulting, suppression of formation of Fe2* as well as the
polarization in ferrites. Thus, hopping of electrons between Fe2* and Fe3* decreases therefore, the
dielectric constant decreases. However, the dielectric constant of composition x = 0.10 was found to
increase slightly. It can be related to relatively low resistivity of that sample (Fig. 17). Moreover, Fig. 17
indicates that both DC resistivity at room temperature and dielectric constant at very low (50 Hz)
frequency are complementary in nature. A large resistivity is corresponding to small dielectric constant
while a small resistivity is corresponding to a large dielectric constant. This justifies the well-
established fact that the dielectric behavior mainly governed by the conduction mechanism. The
increased resistivity hinders the space charge carriers thereby impeding the space charge polarization.

Thus, the dielectric constant decreases with increase in copper substitution.

Fig.17
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4.6.1Dielectric loss tangent
The dielectric loss tangent represents the energy dissipation in the dielectric material which depends

on various factors such as structural homogeneity, stoichiometry, and concentration of Fe2* ions.
The variation on dielectric loss tangent with frequency is presented in Fig. 18. It is observed that the
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dielectric loss tangent decreases exponentially with increase in frequency. It revealed the large
dispersion at low frequency and decreases gradually at higher frequencies by attaining the almost
constant values. It may be attributed to the conduction mechanism [49] in ferrites and the Maxwell—-
Wagner polarization model. If the frequency of applied signal is smaller than the hopping frequency of
ions between Fe3*—Fe2* then the electrons follow the applied field hence the dielectric loss tangent at
low frequency is maximum. Whereas at higher frequencies, minimum dielectric loss tangent is

observed as the hopping frequency of ion exchange cannot follow the applied signal.

Fig.18
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Moreover, the dielectric loss tangent with copper concentration was found to decrease. The high
frequency dependence of dielectric constant with copper substitution is shown in Fig. 18. It clearly
shows that the dielectric loss of samples with increase in copper content at high frequency is much
lower than that of in low frequency, suggesting the potential application of NiCuZn spinel ferrite in
high frequency.

To summarize, high DC resistivity and low dielectric loss with potentially good magnetic behavior can
make this material decidedly suitable for high frequency (few MHz) transformer cores, multilayer chip
inductors, microwave devices etc.
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5 Conclusions

Copper substituted Ni—Zn spinel ferrite was successfully prepared by nitrate-citrate route. The phase
formation and purity checked by XRD patterns revealed the cubic spinel structure. Auxiliary
confirmation of formation of ferrite skeleton was revealed by FTIR. The morphology investigated by
SEM and TEM techniques suggested the porous foam-like, spherical nature with agglomerations.
Arrhenius plots revealed the semiconducting nature of the studied samples. The activation energy and
the DC electrical resistivity both enhanced with copper substitution. The dielectric constant and loss
tangent both exponentially decayed with increase in frequency. Overall, copper substitution
remarkably affects structural, electrical and dielectric properties of nanocrystalline Ni—Zn spinel
ferrite.
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