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STRUCTURAL AND TEMPERATURE DEPENDENT DIELECTRIC
PROPERTIES OF TIN SUBSTITUTED COBALT FERRITES
(SnxCoy.xFe20,)

S. ANJUM", A. MASUD
Department of Physics, Lahore College for Women University, Lahore, Pakistan

A string of tin doped cobalt ferrites Sn,Co,Fe,O, where (x=0, 0.2, 0.4, 0.6, 0.8, 1)
samples have been prepared using powder metallurgy route, annealed at 1200°C. The
structural analysis is accomplished using X-ray diffractometer. This analysis confirms that
all the prepared samples have inverse cubic spinel structure. It is also revealed that the
crystallite size and lattice parameter increase with the increasing concentration of tin
(Sn*) ions. This is due to the larger ionic radii of tin. The 3D vitalization of XRD data is
simulated using diamond software. The dielectric properties of the prepared tin ferrites
have been determined using inductor capacitor resistor (LCR) meter. An extensive
analysis of frequency, concentration and temperature dependent dielectric properties of the
synthesized samples are described in this paper. It is concluded that the dielectric constant
and dielectric loss have been decreased and conductivity is increased as the frequency
increases. The observed value of high-dielectric constant and dielectric tangent loss
response at low frequencies has been attributed due to the presence of grain boundaries in
these ferrites. Temperature acts as a significant factor in the enhancement of the dielectric
constant, dielectric loss and a.c. conductivity owing to the mobility of ions which increases
as the temperature increase.
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1. Introduction

Spinel ferrites fall in the category of semiconductor ceramics and have high dielectric
constant that are of considerable interest due to their potential applications in the future
technology. Cobalt ferrite is used in magnetic, magneto-optical recording, electromagnetic, and
spintronics devices [1]. The electrical properties strongly depend on the composition, annealing
conditions, grain sizes, and dopant materials [2]. Dielectric properties of cobalt ferrite have been
studied with various dopant materials and concentrations [3-4]. In most of these studies, a decrease
of dielectric constant and conductivity of the materials with dopant concentration has been
reported. Contrary to the previous analyses, we report an increasing behavior of conductivity and
dielectric constant with doping of tin in cobalt ferrites. The materials with high-dielectric constants
have become immense interest for the miniaturized memory devices that are based on the
capacitive components or energy storage principles [5-6]. The high values of dielectric constant at
various frequencies of La; sSrys NiO, have been investigated on the basis of charge ordering (CO)

[7].

Several reports are available on the electrical conductivity and dielectric properties of bulk
cobalt ferrite [8, 9]. Jonker [10] has studied the electrical properties of a series of bulk Cos..Fe,O4
ferrites and observed two region of conductivity. The hole hoping between Co*" and Co*" ions
contributes to the low-conductivity regions and the electron hopping between Fe** and Fe** ions is
found to be responsible for the high conductivity region. Na et al. [11] have reported the
mechanism for electrical conduction for bulk CoFe,O, under various heat treatment conditions.
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They have also observed a decrease in the electrical resistivity with quenching temperature, which
is mainly because of the decrease in grain boundary resistance in Fe-excess cobalt ferrites.

In current research work a series of tin dope cobalt ferrite Sn,Co,.,Fe,04 where (x=0, 0.2, 0.4,
0.6, 0.8, 1) has been synthesized using powder metallurgy route. The prepared samples have been
characterized structurally and also show their structure in 3D visualization. The comprehensive
study of dielectric properties has been carried out using LCR meter. The frequency, temperature
and concentration dependent dielectric properties are studied in detail. It is report that the grain
boundary is responsible for the high dielectric constant at lower frequencies. Their dielectric
constant and capacitance at low frequency are studied in detail. The conductivity and dielectric
constant values are found to enhance with doping of tin in cobalt ferrites.

2. Experimental setup

The schematic diagram of experimental setup is shown in figure 1. The starting materials
Fe,O3 SnO and CoO powders are 99.99% pure. The specific quantity of the materials according to
the stoichiometry calculation is grinded in a ball milling machine, until homogeneous mixture is
obtained. The mixture is then heat treated at 1200 °C for 2h in Lindberg USA model blue M.
BF51524C furnace and cooled down inside the furnace. The calcined powders are then re-grinded
to form homogenous powder using A-gate motor-pastel.

Raw Materials T
Sample Ball Milling . .
000+r'1:8203+5 » Weighing » (2 hours) ’ Sintering

« Regrinding

Annealing «
-

Characterizations

Compaction

Fig. 1. Block diagram of sample preparation

2.1 Characterization techniques

The prepared samples of tin substituted cobalt ferrite have been characterized using X-ray
diffractometer, diamond software and LCR meter. The structural characterization of samples is
carried out by X-ray diffractometer (D-8 discover, Buruker, Germany, source scintillation Cuka
radiation (1.5406A) detector; eudetube current = 40mA, tube voltage = 40 kV, scan speed =
3°/min increment = 0.05°). The temperature dependent impedance spectroscopy was performed
using LCR meter Quad Tech 1920 in the frequency range of 1 kHz to 1 MHz.

3. Results and discussions

3.1 XRD analysis

The XRD pattern of Sn,Co,Fe,O4is shown in figure 2. The peaks of XRD micrographs
show that all samples of the prepared samples of cobalt ferrites have cubic inverse spinel phase
structure. The diffraction peaks (220), (311), (400), (422), (511) and (440) are confirmed by XRD
micrographs that are accurately coordinated by JCPDC card No. 22-108 [12]. It is observed that
the sample of prepared tin doped cobalt ferrites have no secondary phase and belongs to Fd-3m
space group.
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Fig. 2. XRD micrographs of Sn,Co;,Fe,0,at (a) x=0.0,
(b) x=0.2, (c) x=0.4, (d) x=0.6, (e) x=0.8, (f) x=1.0
The Bragg’s law statement is being used to calculate the d-spacing which is given by [13]:
nA = 2dsin® 1)
The lattice parameter has been evaluated by the formula [14]:

a = dx(h*+k*+1%)"? )

The crystallite size is measured using Scherer’s formula expressed as [15]:
D, = KA/Bcosd 3)

where, K is the shaping factor having value of 0.94, D, is the crystallite size, A is the wavelength of
Cu K, (1.54 nm), B is the full wave half maximum. The dislocation line density is evaluated as
[16]:

c=1/D, 4

X-ray density is evaluated by following equation [17]:
d, = 8M/Na® (5)

The highest peak of (311) from the XRD graph has been used to study the XRD
parameters such as lattice parameter, crystallite size, dislocation line density and x-ray density that
are listed in Table 1.

Table 1. XRD parameters for tin substituted cobalt ferrites

Composition Molecular FWHM d-spacing Lattice Crystallite X-ray
Weight(g) (A% (A% parameter size (nm) density
(A°) (g/nm?’)
SnyCo;Fe,0, 47 0.3542 2.50403 8.304 24.59 1.09
Sng2Cop gFe,0, 51 0.1574 2.50924 8.322 24.61 1.17
Sny.4C0op6Fe,0,4 56 0.3542 2.51213 8.331 24.62 1.28
Sny6C0p.4Fe,0,4 59 0.2755 2.51948 8.356 31.65 1.34
Sny gCoy,Fe,0, 64 0.3542 2.52098 8.360 50.39 1.45
Sn;CogFe,0, 69 0.1574 2.5209 8.361 55.42 1.51
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The graph of crystallite size and lattice parameter as a function of tin concentration is
shown in Fig. 3. It is revealed that the lattice parameter and crystallite size increases with the
increasing Sn*? concentrations. This transpires due to the relative size of the ionic radii of the
dopant. The ionic radius of Sn*? (1.12 A°) which is larger than the ionic radii of Co* (0.78A°)
therefore replacement of cobalt with tin causes the expansion in unit cell, hence the lattice
parameter increases [18].
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Fig. 3. Lattice parameter and crystallite size as a function of Sn?* contents

The x-ray density increases with the increasing amount of Sn*? ions as shown in Fig. 4
which depends on the atomic weight of cobalt and tin atoms. As the atomic weight of tin 118.71
amu which is greater as compared to the atomic weight of cobalt 58.934 amu, thus smaller weight
ion are replaced by large weight ions causing a linearly increase in the x-ray density.
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Fig. 4. X-ray density as function of Sn?* concentration

3.1.1 Estimation of cationic distribution

It is evident from the XRD analysis that cobalt ferrites have inverse cubic spinel structure.
This type of structure mainly comprises of two sites which are named as A (tetrahedral) site and B
(octahedral) site. The iron cations are distributed uniformly between the two sites whereas cobalt
ions prefer to occupy B sites. Tin ions usually occupies the octahedral site. The cation distribution
among the sites A and B site is expressed as [19]:

'\/IeY Fel.Ytetra [Me 1y Fe;|_+Y]OCta 04 (6)

The former fragment of the equation articulates that the cations at A site, whereas the
latter fragment shows the cations at B- site. y is considered as a constant known as degree of
inversion between the two sites. The cation distribution for the sample to be investigated i.e.
Sn,Coy.1Fe,04 (x=0, 0.2, 0.4, 0.6, 0.8 and 1.0) is as follows [20]:
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[Sns Co, Fery5]™"™ [SNixs COxy Fe1ayis] ™™ O4 )
ltetra = OT'sp + Ylco t (1+Y'8)rFe 8
locta = 1/2[(1'X'8)r5n + (X'Y) eo t+ (1+Y+6)rFe] (9)

The estimated cation distribution is listed in table 2. Besides this, the mean ionic radii of
cations existing at both tetrahedral and octahedral sites are given by the equations, respectively
[21].

Metra = aV3 (u-0.25) — R, (10)
locta = a (5/8 - U) — R, (11)

R.= 1.26A, represents the oxygen radius, u is the oxygen parameter and y can be
calculated using the above equations simultaneously.

Table 2. Estimated cation distribution for Sn,Co,Fe,O,

Composition of | Tetrahedral Octahedral

Sn (x) site (A) site (B)

SnyCo,Fe,04 Co0(0.02)Fe(0.98) Co(0.98)Fe(1.2)
Sny,CoygFe,0, | Sn(0.1)Co(0.3)Fe(0.6) Sn(0.1)Co(0.5)Fe(1.4)
Sny.4CopeFe,0, | Sn(0.1)Co(0.2)Fe(0.7) Sn(0.3)Co(0.4)Fe(1.3)
SNy sC0oy4Fe,0, | Sn(0.1)Co(0.1)Fe(0.8) Sn(0.5)Co(0.3)Fe(0.2)
SnygC0ogoFe,0, | Sn(0.1)Co(0.1)Fe(0.8) Sn(0.7)Co(0.1)Fe(1.2)
Sn;CogFe,04 Sn(0.1)Fe(0.9) Sn(0.9) Fe(1.1)

Hopping length is the distance between magnetic ions at A and B site, which is determined
by the relation [22]:

da=0.25aV3 (12)

ds=0.25a\2 (13)

a is the lattice parameter. The hopping length at tetrahedral (d,) and octahedral site (dg) of all the
samples ate tabulated in Table 3.

Table 3. Hopping length at tetrahedral and octahedral site

Composition of Sn (x) A site(dp)A B site(dg)A
SnyCo;Fe,0, 3.596 2.936
SngCog gFe,04 3.603 2.942
Sno.4Cog gFe,04 3.607 2.945
SnosC0g 4F€,04 3.618 2.956
SnosCog 2Fe,04 3.620 2.958
Sn;CogFe,0, 3.619 2.960

The graph of da and dg as a function of Sn concentration is shown in Fig. 5, which shows
that hopping length increases with the increasing substitution of tin because the ionic radii of Sn*?
(1.12A) is greater than the ionic radii of Co*? (0.78A) [23].
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Fig. 5. Hopping length as a function of tin concentration

3.2 3D-visualisation
The 3-D visual of Sn,Co,Fe,O, ferrites at various angles can be viewed by diamond
software, as shown in Fig. 6. Diamond is an excellent software for molecular and crystal strucure
visualtization and simulation. The XRD verifies that the peak intensities are well matched with the

cubic inverse spinel structure

positions and X, y, z coordinates of Sn,Co;.Fe,0, are listed in the Table 4.

Table 4. Atomic coordinates of Sn,Co,.,Fe,O,
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of cobalt ferrites having space group Fd-3m(227). The wyckoff

Atoms Oxidation number | Wyckoff site X Y z
@) -2 32 0.25493 0.25493 0.25493
Sn +2 8a 0 0 0
Co +2 8b Y ¥ Y%
Fe +3 8b Yo Y5 Yo
Sn +2 8b Y ¥ Y%
Co +2 16¢ 1/8 1/8 1/8
Fe +3 16¢ 1/8 1/8 1/8
Sn +2 16¢ 1/8 1/8 1/8
Co +2 16d 5/8 5/8 5/8
Sn +2 16d 5/8 5/8 5/8
Co +2 16d 5/8 5/8 5/8
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Fig. 6. 3D visualization of Sn,Co, Fe,O4at (a) x=0.0,
(b) x=0.2, (c) x=0.4, (d) x=0.6, (e) x=0.8, (f) x=1.0

3.3 Dielectric properties

The dielectric properties such as dielectric constant (¢'), tangent loss (¢”) and ac
conductivity (o,) of Sn,Co,«Fe,O, with (x= 0, 0.2, 0.4, 0.6, 0.8, 1) have been evaluated using
LCR meter. The dielectric parameters have been tailed at different temperatures .i.e. from 25°C to
200 °C with the interval of 5°C at frequency range of 1kHz, 10kHz, 100kHz, 500kHz and 1MHz.

For dielectric measurements, the prepared ferrites were pressed to form circular pellets
with thickness and diameter of 2 and 10 mm, respectively. The contacts were made on the opposite
faces of the pellet using silver paint and copper wires of 12 inches length.

The values of dielectric constant (¢') are determined by the formula [24]:

e€=Cpdle A (14)
where, C is the capacitance of the pellet, ¢, is the permittivity of free space, A is cross sectional
area and d is the thickness of pellet.

The dielectric loss (¢”) can be calculated using the relation [25]:

e" = g’tand (15)

tand is tangent loss, which is ratio between total current and charging current.
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The conductivity is calculated by [26]:
Oy = 27f g, €' tand (16)

where, fis the frequency, eo permittivity of space, ¢ is dielectric constant and tang is tangent loss.

3.3.1 Dielectric constant (), dielectric loss (¢”) and ac conductivity (o) as a function

of Sn*concentration

The observed trend of the dielectric properties of cobalt ferrites is mainly influenced by
cation distribution, sintering temperature, grain size, method of preparation, oxygen parameters,
the ratio of Fe** ions and oxygen anion vacancies in the lattices [27]. The dependency of dielectric
constant (¢"), dielectric loss (¢") and ac conductivity (c,) as a function of tin concentration is
shown in Fig. 7(a), (b), (c), (d), (e), Fig. 8 (a), (b), (c), (d), (e), Fig. 9 (a), (b), (c), (d), (e)
respectively.
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Mechanism of dielectric properties

The ferrites consist of conducting particles that are isolated by insulating grain boundaries.
When applied by an AC external field the mechanism of hopping occurs between Co*™ > Co™ and
Fe*? < Fe™. Hopping is a process in which electrons lose all its information after moving from
one site to another. During the hopping process the electrons get access to the grain boundaries and
charges add up as a result polarization is produced. This polarization is known as space charge
polarization. Some time is taken by the charges in order to line-up to their axes along the AC
applied field [28].

The dielectric constant, dielectric loss and ac conductivity increases with increase in the
concentration due to their cation distribution. There are two sites in inverse spinel ferrites named
as tetrahedral and octahedral sites. As cobalt ferrite is also has inverse spinel structure so Fe*? ions
are equivalently spread between A and B sites where as Co* cations is only filled in B sites. The
substitution of Sn*? ions swaps the Fe**at tetrahedral site whereas Fe*? ions migrate to octahedral
sites replacing the Co*? ions. As a result, Fe*? ions decrease and Sn*? increases at tetrahedral site
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but on the octahedral site Co** decreases and Fe*? ions increases which cause the increase in
dielectric constant and dielectric tangent loss. Increase in the doping of tin enhances the
conductivity due to fewer amounts of Co*? ions at octahedral sites [29].

3.3.2 Variation of dielectric constant (¢’ and delectric loss (&”) with frequency

The frequency response of the real part (¢') and imaginary part (¢") of the dielectric
constant of Sn,Col,Fe,O, is shown in figure 10 and 11, with a frequency range from 1kHz,
10kHz, 100kHz, 500kHz, 1MHz. It is tailed from the graphs that dielectric constant (¢') and
dielectric loss (¢") show increasing trend at lower frequencies and decreases to minimum values
with the increase in frequency. This is a normal trend in spinel ferrites [30].
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The grain boundaries are extra vigorous at lower frequencies than grains in electrical
conduction so the high values of dielectric constant (¢') and dielectric loss (¢") are obtained. The
dielectric constant (¢’) curve represents the energy stored in the system as polarization whereas
dielectric loss (¢"”) shows the energy dissipated in the system [31]. The type of polarization
observed by ferrites is known as interfacial polarization. The mechanism of polarization and
conduction is same in ferrites. When an electron exchange occurs in Fe**ions i.e. Fe™ + ' <
Fe*?, these ions are unable to trail the external electric field. Due to this reason dielectric constant
and dielectric loss has lower values at higher frequencies [32].

As tin occupies octahedral sites, these cations govern conductivity and polarization of” the
material, owing to their close vicinity. The Co*?ions are substituted by Sn*? or Sn**ions. The
presence of double valance state of tin ions i.e. Sn™ and Sn*? are responsible for the electron
exchange among these cations. Thus, the variation in the two valance states leads to an increase in
the dielectric constant (¢) and dielectric loss (¢") [33].
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3.3.2.1 A.C conductivity response with respect to frequency

The ac conductivity (o,) of Sn,Co,.4Fe,O4as a function of frequency is shown in Fig. 12,
with the frequency range from 1kHz, 10kHz, 100kHz, 500kHz and 1MHz. It is deduced using
graphic illustrations that increasing the frequency the conductivity is increased. The frequency
plays a vital role as pumping force for hopping of holes and electron in the material. Some of
trapped charges in the material develop spontaneous behavior as a consequence of increase in the
frequency which in turn leads to an increase in the conductivity of the doped sample. As
mentioned earlier, tin ions occupy tetrahedral sites and the process of dielectric polarization and
conduction is same in ferrites so hoping between Co*? and Co*® and electron hopping between Fe*?
- Fe*® are accountable for conduction mechanism in cobalt ferrites [34]. Other than hole and
electron hopping, variation in the tin ions valance states also causes an electron exchange i.e. Sn*
< Sn* + 2e™ hence, contributes in the increase of conductivity of tin doped cobalt ferrites.
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3.3.2.2 Variation of dielectric constant, dielectric loss and ac conductivity as function of
temperature
The fluctuation in the values of dielectric constant (g'), dielectric loss (¢”) and ac
conductivity (o,;) with temperature has been analyzed, with an extensive range of temperatures
from 25°C to 200°C with an interval of 5°C at different frequencies. The frequency ranges are 1
kHz, 10 kHz, 100 kHz, 500 kHz and 1 MHz The temperature dependency of the dielectric constant
(¢") and dielectric loss (¢") at particular frequencies is shown in Figs. 13, 14 and 15 respectively.
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The influence of temperature on the conductivity of tin doped cobalt ferrites is shown in
Fig. 15. The trend in the graph reveals that conductivity increases with increasing temperature.
This response is observed because of the occurrence of a higher number of Fe*™ produced at higher
temperatures. As a consequence of this phenomena, the probability of hopping between Fe* «>
Fe*® increases, which in turn enhances the conductivity with an increase in the temperature.
Another reason of increasing conductivity is correlated with decreasing porosity with the
temperatures since pores are non-conductive and the charge carriers face the pores during hopping

[35].



1079
4. Conclusions

This research deals with preparation and characterization of tin substituted cobalt ferrites
Sn,CoyFe,04 (X=0, 0.2, 0.4, 0.6, 0.8, 1) using simple ceramic route. It is discovered from the
XRD results that inverse cubic spinel structure is formed.

The lattice parameter and crystallite size is found to increase with increasing tin content.
LCR meter investigation reveals that increasing the tin concentration in cobalt ferrites decreases
the tangent loss and improves the conductivity with the increasing frequency value; this excellent
property of ferrites marks exceptional rank in applications of high frequency devices and
microwave.
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