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Abstract The structural and dielectric properties were studied for Zn substituted copper spinel ferrite having the formula
CuyZn,Fe,04 where [x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0]. This ferrite prepared by an auto-combustion sol-gel method and
calcined at different temperatures (500, 800, and 1100°C). The X-ray diffraction pattern of these compositions showed the
formation of the single phase spinel structure. Furthermore, the XRD have been used to calculate the lattice parameter,
particle size, bulk density and porosity for all ferrite samples. The particle size varied from 18.5 nm to 36 nm, while the lattice
parameter decreased with calcination temperatures and Zn-ion content in the range (8.2688-8.3304 A°). X-ray density
decreases from 5.536 to 5.562 g/cm® and porosity increases from 6.4 to 12.8 % with increasing Zn-ion content. The dielectric
constant decreases from 56*10° to 26*10° and the loss tangent from 8.52 to 0.33 with frequency (in the range of 50 Hz —
5MHz), while the dielectric constant takes high values with high Copper content ferrites. a.c. Conductivity increases (from
0.27*10° to 168 *10° Q™*.cm™) with increasing frequency. On other hand; A.C. Resistivity decreases (from 361*10° to
0.59*10° Q.cm) with frequency for all Cu-Zn ferrite samples.
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1. Introduction

Spinel structure ferrites are an important class of electrical
materials due to their high electrical resistance and low eddy
current losses which make them useful in radiofrequency
circuits, high quality factors, transformer core, magnetic
recording media, magnetic fluids and other devices [1-5].

Polycrystalline nanoferrites are very good dielectric
materials and depends on several factors, including the
method of preparation, sintering conditions, chemical
composition, crystallite size and cation distribution in the
two sublattices i.e. tetrahedral (A) and octahedral [B] lattice
sites, [6-17]. According to the crystal structure, copper
ferrite is an inverse spinel ferrite and Zn ferrite is normal
spinal, and the substitution of zinc in copper ferrite modifies
the dielectric properties of copper ferrite which are useful in
many device applications [18, 19]. Cu-Zn nanoferrite play
significant role among ferrite materials due to their high
electrical resistivity, high dielectric and low tangent losses
[20, 21]. Hence it is important to study their dielectric
behavior at different frequencies.
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The auto-combustion sol-gel method has been chosen in
the present study to synthesize the Cu-Zn nanoferrites
(CuyZnyFe,0,; where x = 0.0 to 1.0) at temperature 220°C,
and calcined at temperatures 500, 800, 1100°C. Spinel
structures, crystallite size, lattice parameter, and theoretical
densities were characterized using X-ray diffractometry
patterns date for Cu-Zn ferrites. The variations of dielectric
constant, dielectric loss and a.c. conductivity for Cu-Zn
ferrite samples sintered at 1100°C with different Zn content
have been studied as a function of frequency using
impedance analyzer LCR meter in the range 50Hz- 5MHz.

2. Experimental
2.1. Synthesis

Cu-Zn ferrites of composition Cuy,Zn,Fe,0, (where;
x=0-1.0) were synthesized using auto-combustion sol-gel
method. The appropriate amount of nitrates [Zn(NO3),.6H,0,
CU(NOg)z.SHzo and FE(N03)39H20] and citric acid
[CeHgO-..H,0] were dissolved in distilled water to form
aqueous solution. The pH value of solution was adjusted to
pH=7 using ammonia solution. Then the aqueous solution
was heated and evaporated at 90°C under intensive stirring to
transform into a highly viscous gel. The obtained gel is dried
inside electric oven at a temperature of 120 °C. Auto
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combustion reaction is initiated by heating the dry gel at
220 °C.

The as-burnt powders were divided into four parts and
calcined separately at temperatures 220, 500, 800, and
1100°C for 3h] and then mixed with small amount (2%
weight) of saturated polyvinyl-alcohol aqueous solution and
uniaxially pressed at 3 ton/cm® pressure to form pellet
shaped samples with diameter ~12 mm and thickness ~1.5
mm. The pellet samples were sintered at 1100°C for 3 hours.
High purity silver paint was added to the each face of the
samples for good electric contacts.

2.2. Characterization

Structural characteristics of ferrite samples were
determined by X-ray diffraction patterns obtained in the (26)

range of (20°) to (70°) with (Cu Ke) radiation (1 = 1.5406 A).

The average particle size was determined by using Scherrer
formula assuming all the particles to be in spherical in shape,
[22].

D = 0.9M\B cos 6 (1)

where, D is the crystallite size, B is the line width at half
maximum ( rad), A the X-ray wavelength and 0 is the Bragg
angle.

The lattice parameter (a) was determined as,

a = L (W?+k*+1)¥ [ 2 sind 2)

where; h, k, | are the Miller indices of the crystal planes.

The bulk density dg of the samples is determined by
measuring the volume and mass of the sintered ferrite
samples using the relation:

dg=m/V @)
where; m is the mass of the bulk sample in grams and V is
volume (in cm®).

The X-ray (theoretical) density of prepared ferrite
powders was calculated using the relation;

dy = 8M / N a° 4)

where; M is molecular weight, (N) the Avogadro's number
and, (a) is the lattice parameter.

The porosity (P) of the sintered samples calculated using
the relation;

P = [(dy-dg) / dyx]*100 % (5)

a.c. conductivity and dielectric measurements as a function
of the frequency for all ferrite samples were performed in the
range of 50Hz - 5MHz using a impedance analyzer LCR
meter.

The real dielectric constant (s';) was calculated using the
relation;

€,=Ct/g A (6)
where; (C) is the capacitance of the sample, (t): the thickness,
(A): the surface area and ¢, the permittivity of free space.

The imaginary part of dielectric constant (g,") was calculated
using the relation;

g"= ¢/, tan o @)

where (tan d) is dielectric 10ss tangent.
tan 6 = g/ ¢ (8)

From dielectric constant &', and dielectric loss tangent
(tan §), the a.c. conductivity (64 Of the ferrite samples can
be calculated using the relation [23].

6 oo = O &'g, tan & 9

where; (0=2nf) is the angular frequency. o, is frequency
dependent and it is attributed to the dielectric characteristics.

3. Results and Discussions
3.1. Structural Properties

3.1.1. XRD Characteristics of CugsZnggFe,04

XRD studies have been carried out on the dried gel
(120°C), the as-burnt (220°C) powder, and the ferrite
samples calcined at 500, 800 and 1100°C.

Figure (1) shows the XRD patterns of five
Cu.g4Zng¢Fe,0, ferrite powders. The dried gel powder (at
120°C) is amorphous in nature. The as-burnt powder (at
220°C) is a single phase Cu-Zn ferrite with spinel structure;
similar to that of the as-calcined samples at temperatures 500,
800, and 1100°C. The observed peaks at (220), (311), (222),
(400), (422), (511), and (440), confirmed the spinel structure
of the samples. This indicates that the Cu-Zn ferrite can be
directly formed after the auto-combustion of the gel without
calcinations.

The increase of the calcinations temperatures results in
sharper peaks with the increased intensity and higher
crystallization without changes in the obtained phases.

The right side of figure (1) shows the XRD pattern of the
most intense peak (311) of the CugsZngeFe,O, ferrite
powders calcined at different temperatures. It can be clearly
observed that the diffraction peak (311) became narrower
and shifts toward bigger angles with increasing temperatures
due to recrystallization processes and it results in the
increase of crystallite size.
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Figure (1). XRD patterns of CugsZno¢Fe,O, ferrite calcined at different

temperatures
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Crystallite size, lattice parameter, X-ray density and
porosity of the ferrite powders were estimated from the more
intense peak (311) of the X-ray diffraction patterns by
equations (1-5) are listed in the Table (1).

Table (1). Observed XRD data for CugsZnggFe,O, ferrite calcined at
different temperatures (for 311 peak)
T (°C) D(nm) | a(A°) d ds p %
glem® glem®
0
220°C 18.5 8.322 5.536 3.84 30.6
as-burnt
500 °C 21.4 8.316 5.547 3.95 28.8
800°C 25.5 8.311 5.558 4.85 12.7
1100°C 30.76 8.309 5.561 5.1 8.3

Figure (2) shows the crystallite size increases from 18.5 to
33.9 nm with increasing calcination temperatures in the
range of 220-1100 °C for Cug4ZnggFe,O, ferrite, and it
shows that the synthesized ferrite powders having nano-sized
crystallites. The high calcinations temperature of the ferrite
can cause the coalescence of smaller grains, resulting in an
increased average grain size for the nano-particles. While the
lattice constant decreases slightly from 8.322 to 8.309 A°
with increasing calcination temperatures up to 1100°C.
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Figure (2). Variation of crystallite size and lattice parameter of the

Cug4Zng6Fe,0, ferrite with calcinations temperatures

Figure (3) shows the dependence of bulk density (dg),
X-ray density (dy) and porosity (P) of the ferrite samples on
the calcination temperatures. It is clearly observed that the
density (dg) increases with increasing the calcination
temperature and saturates at 1100°C, and consequently, the
pores (porosity) decrease through diffusion kinetics.

Also the X-ray density (dyx) depends upon the lattice
parameter (a) as shown in figure (3). As the lattice constant
decreases slightly with increasing calcination temperatures, a
corresponding increase of the X-ray density is expected. It is
also observed that X-ray densities are higher in magnitude
than the corresponding bulk densities. This may be due to the
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decrease of pores (porosity) during the sample preparation or
the calcination process.

B -
x-raydens.ity i . - 35
N 3.5 A -l___“‘ o - 30
S o5 N -5 &
E * .
2 45 r20 5
"? > 15 E
2 g | bulkdensity g
3 -y F10
3.5 porosity L5
3 T . . . . -0
0 400 800 1200
sinteringtemperature (Ts) °C
Figure (3). Variation of x-ray density, bulk density and porosity of the

Cup4Zno6Fe,0, ferrite with calcinations temperatures

3.1.2. XRD Characteristics of Cu;_Zn,Fe,0,

The X-Ray powder diffraction pattern for the
Cuy.Zn,Fe,0, ferrite samples (where; x=0.0, 0.2, 0.4, 0.6,
0.8 and 1.0) sintered at 1100°C for 3 h are shown in figure (4).
The observed peaks (220), (311), (222), (400), (422), (511),
and (440) confirmed the spinel structure of the samples.
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Figure (4). XRD patterns of Cuy..ZnsFe,O, ferrite samples calcined at

1100°C with different x value

The XRD patterns in figure (4) shows that the peaks
became broader and shifts toward smaller angles with
increasing Zn-ion content (x), which may be attributed due to
the reduced crystallite size with Zn-ion content. As a result,
the mean particle size was found in the range Of (27-36) nm
calculated for more intense peak (311) of the XRD
diffractogram employing by Scherrer’s formula.

Crystallite size, lattice parameter, x-ray density, bulk
density and porosity of most intense XRD pattern peak (311)
of Cu-Zn ferrite samples were calculated by using the
relations (1-5) listed in Table (2).
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Table (2). Observed data from XRD of Cu-Zn ferrite samples with Zn ion
content (X)

Zncontent (x) | D(nm) | a(A°) g/grxn3 g;i?ng p %
0 35.94 8.2688 5.62 5.26 6.4

0.2 33.09 8.2824 5.60 5.19 7.4

0.4 30.76 8.2960 5.58 5.05 9.6

0.6 28.35 8.3074 5.57 4.94 11.3

0.8 27.50 8.3211 5.55 4.89 11.9

1 26.79 8.3304 5.54 4.83 12.8

The crystallite size and lattice parameter have been plotted
as a function of Zn-ion content (x), in Figure (5). As can be
seen, a decrease in crystallite size with respect to Zn ion
content (x) has occurred, while the lattice constant (a)
increase with Zn ion content (x). The increment of the lattice
constant can be attributed to replacement of larger ions
(Rzns2 = 0.82 A) by smaller ones (Reys, = 0.70 A).
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Figure (5). Crystallite size and lattice parameter of Cu-Zn ferrite samples

with respect to Zn content

Bulk and x-ray densities plays important role in
controlling the structural properties of the Cu-Zn ferrite. The
effect of Zn substitution on the X-ray density, bulk density
and porosity of the ferrite are listed in table (2) and shown in
figure (6). It is observed that X-ray densities are higher in
magnitude than the corresponding bulk densities. This may
be due to the existence of pores which formed during sample
preparation or sintering process.

Figure (6) shows the effect of Zn content on the X-ray
density, bulk density and porosity of the ferrite samples. It is
observed that bulk density decreases with the increase in Zn
content. This decrease in densities can be due to the density
of Zn** (7.14 gm/cm?), which are lower than those of Cu?*
(8.96 gm/cm®) and Fe* (7.86 gm/cm®) [24]. Also the
porosity values are found to be increases significantly with
increasing Zn-ion content.

The Cu-ferrite at (x = 0.0) has the highest density of
dg=5.16 g/cm®, d, = 5.26 g/cm® and lowest porosity 6.4% as

shown in figure (6). When the Zn content (x) increases, the
bulk and x-ray densities reduced which in turn increases the
porosity. Hence, it is concluded that porosity increases with
the increasing Zn-ion content due to the creation of more
cation vacancies with the reduction of oxygen vacancies.
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Figure (6). x-ray density, bulk density and porosity of Cu-Zn ferrite

samples with respect to Zn-ion content

3.2. Dielectric Characteristics

The variation of dielectric constant, dielectric loss tangent
and a.c. conductivity with Zn-ion content were studied as a
function of frequencies in the range of (50Hz to 5MHz) as
shown in figures (7-14). It is seen that all the parameters
decrease with increasing frequency and Zn-ion content.
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Figure (7). Variation of dielectric constant (¢ ) as a function of frequency
for Cu-Zn ferrite samples for different Zn-ion content (x)

Figure (7) shows the variation of real dielectric constant
€' as a function of frequency at room temperature in the
range of (50Hz to 5MHz) for Cu,.Zn.Fe,O, ferrite samples.
It is observed that the dielectric constant €," decreases with
the increasing frequency. Ferrite samples are assumed to be
composed of conducting grains and separated by
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non-conducting grain boundaries. When electrons reach such
non conducting grain boundaries through hopping, and due
to the high resistance of the grain boundaries, the electrons
pile up at the grain boundaries and produce polarization. At
higher frequencies, the electron does not follow the
alternating field. This decreases the probability of electrons
reaching the grain boundary and as a result the polarization
decreases [25].

The dielectric constant g' behavior of Cu-Zn ferrite is
largely affected by Zn-ion content (x) at three selected
frequencies 10kHz, 100kHz, and 1MHz as shown in figure
(8). The decrease in dielectric constant with increasing Zn
content and frequency may be due to the migration of Fe**
ions from octahedral site to tetrahedral site which decreases
the hopping and hence decreases the polarization.
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Figure (8). Variation of dielectric Constant (g") as a function of Zn content
(x) for Cu-Zn nanoferrite samples at different frequencies

The values of tangent loss (tan ) depend on a number of
factors such as stoichiometric, Fe®* content and structural
homogeneity, which in turn depend on the composition and
calcination temperature of the ferrite samples.
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Figure (9). Variation of dielectric loss tangent (tan 8¢) as a function of
frequency for Cu-Zn nanoferrite samples with different Zn content (x)
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Figure (9) shows the variation of tangent loss as a function
of frequency for Cu-Zn ferrite samples with different Zn-ion
content (x). This figure shows a high tangent loss initially
(8.52) which decrease at high frequencies to value (0.33).
The high loss tangent are due to hopping of electrons
between Fe** and Fe** ions.

Imaginary part of dielectric constant (dielectric loss) &" is
calculated by using equation (7) and is an important
parameter of the total core loss in ferrites. Hence for low core
loss, low dielectric losses are desirable. Dielectric loss (g;")
as a function of frequency for Cu-Zn nanoferrite samples
with different Zn-ion content (x) is shown in figure (10). The
dielectric loss profile is similar to those of the tangent loss in
the previous figure. The increase in hopping electron result
in a local displacement in the direction of the extent electric
field causing an increase in electric polarization enhances
dielectric loss factor.
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Figure (10). Variation of dielectric loss (¢,") as a function of frequency for
Cu-Zn nanoferrite samples with different Zn content (x)

The behavior of Cu-Zn ferrite is largely affected by Zn-ion
content (X) at three selected frequencies 10 kHz, 100 kHz,
and 1 MHz as shown in figure (11).
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Figure (11). Variation of dielectric loss (&) as a function of Zn-ion
content (x) for Cu-Zn nanoferrite samples at different frequencies
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The decrease in dielectric loss with increasing Zn-ion
content and frequency takes place when the jumping
frequency of electric charge carriers can not follow the
alteration of applied electric field beyond certain critical
frequency. And this confirms that the ferrite with high
Zn-ion content suitable for use in high frequency
applications.

3.3. ac. Conductivity

The a.c. conductivity (6,.) of Cu-Zn ferrites has been
carried out at different frequencies in the range (50Hz to
5MHz) with different Zn-ion content (x). It was observed
from the figure (12) that the o, increases with increasing
applied frequency, while it decreases with increasing Zn-ion
content (X) at each frequency.

The hopping of electron between Fe** and Fe** ions on
the octahedral sites is responsible for conduction in ferrites.
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Figure (12). Variation of a.c. conductivity (c,.) as a function of frequency
for Cu-Zn nanoferrite samples with different Zn content (x)

It is observed from Figure (13) that o, decreases with the
increase in Zn-ion content of the Cu-Zn ferrite at different
frequencies.
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Figure (13). Variation of a.c. conductivity (c,c) as a function of Zn
content (x) for Cu-Zn nanoferrite samples with different frequencies

In CuyZn,Fe,0, ferrite system, the conduction depends
upon the concentration of Zn ions on A-site to the
concentration of Cu ions on B site [26].

Figure (14) shows the variation of a.c. resistivity (p,.) asa
function of frequency in the range 50 Hz to 5MHz for Cu-Zn
ferrite samples with different Zn content (x). It can be seen
that, the a.c. resistivity was decrease with increasing the
applied frequency. a.c. resistivity decreases with increasing
applied frequency.
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Figure (14). Variation of a.c. resistivity (pac) as a function of frequency
for Cu-Zn nanoferrite samples with different Zn content (x)

4. Conclusions

The auto combustion technique yields nano crystalline
single phase Cu-Zn ferrites. The XRD pattern shows the
formation of single phase cubic spinel structure for all the
samples. Lattice constant and porosity increase whereas
X-ray density and bulk density decreases with increasing
Zn-ion content in Cu-Zn samples. The crystallite size of the
ferrite compositions varies from 27nm to 36 nm. Dielectric
constant decreases with the increase in Zn-ion content.
Dielectric constant and dielectric loss tangent both decrease
with the increasing frequency and can be explained on the
basis of space charge polarization. a.c. conductivity
increases with increasing frequency, while, it decreases with
increasing Zn-ion content This is due to the good
conductivity of copper than that of Zinc. On the other hand,
the a.c resistivity decreases with increasing frequency, while
increases with increasing zinc content .The substitution of
Zinc ion in the Cuy,Zn,Fe,0, ferrites causes appreciable
changes in its structural, dielectric and electric properties.
The obtained experimental results provide important
information on improving properties of Cu- ferrites for
electronic application.
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