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Abstract

A series of single phased Y-type hexagonal ferrites SroNi, _ Mg Fe ,0,, (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5) were synthesized by the sol-gel
auto combustion method. The effects on structural, magnetic and electrical properties have been investigated by substituting Mg>™ at
Ni2™ sites. The X-ray diffraction (XRD) patterns confirm single phase Y-type hexaferrite and various parameters such as lattice
constants, cell volume, X-ray density, bulk density and porosity have been calculated from XRD data. The Fourier transform infrared
(FTIR) spectra show the characteristics absorption ferrite peaks of the sintered sample. The microstructure was studied by scanning
electron microscopy (SEM). All the ferrites show a hexagonal platelet-like shape which is a most suitable shape for microwave
absorption. The dielectric constant followed the Maxwell-Wagner interfacial polarization and relaxation peaks were observed in the
dielectric loss properties. The room temperature dc electrical resistivity and activation energy were found to decrease for samples x=0.1,
0.2 and increase for the rest of samples hence making these materials suitable for multilayer chip inductors (MLCIs). A soft magnetic
behavior was revealed by M—H loops. Saturation magnetization (M), retentivity (M,), coercivity (H.) and magnetic moment (ng) were
found to decrease as the Mg>™ contents increased.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Hexagonal ferrites have a wide range of applications in
the field of materials science. The family of hexagonal
ferrites can be classified on the basis of chemical composi-
tion and crystal structure. These are subdivided into five
fundamental and simplest structural types: M, W, Y, X
and Z [1]. Gorter [2] made the first attempt to determine
the position of the magnetic ions and orientation of the
spins in the crystal lattice by considering exchange inter-
actions. It was observed that the spins are collinear in the
basal plane particularly in Y-type hexagonal structure. The
structure of Y-type hexaferrite has space group (R3m) and
is often designated as (TS)”|(TS)(TS) (TS)"|(TS)—, where
the prime means the block is rotated 120° around the
c-axis [3]. The structure consists of three Y blocks (formula
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units). Each Y block consists of two layered spinel S block
and four-layered antiferromagnetic T block. The metallic
cations in the blocks occupy either tetrahedral or octahe-
dral sites between the oxygen polyhedra [4]. The knowl-
edge of the distribution of cations is of utmost importance
in understanding their physical and chemical properties.
Due to their magneto-dielectric properties, hexaferrites
play an important role in the field of electronic industry.
The magnetic properties of hexaferrites have been studied
extensively [5-8]. Y-type hexaferrites provide a useful
combination of ferrimagnetic and insulating properties
and are well known for their use as magneto-electric
devices. Also these materials have high initial magnetic
permeability and high resistivity and for this reason these
are considered as suitable in hyper frequency regions (300—
1000 MHz) as well as multilayer chip inductors (MLCIs)
and multilayer chip beads (MLCBs). Moreover, Y-type
hexagonal ferrites exhibit excellent magnetic properties
also in hyper-frequency region, and are good candidates
as soft-magnetic materials for chip components [9]. Besides
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magnetic properties, the dielectric constant of ferrite
materials is also crucial for MLCIs [10]. In the multi-layer
structure, the unavoidable wiring capacity is resonated
with inductance and limits the cut-off frequency of induc-
tive components. Therefore, low permittivity is expected to
optimize the frequency character of inductive components.
The sol—gel technique is receiving much attention because
it can be applied to prepare an extremely wide variety of
materials. This technique also offers the possibility of
controlling not only the size and distribution of particles
but also their shape.

In the present work, strontium based Y-type hexaferrites
were substituted with Mg>™ ions at Ni*™ sites in order to
study the structural, electrical and magnetic properties of
these ferrites. The objective of this research work is, by
using sol-gel technique, to prepare a core material with
high resistivity and lower coercivity which must have
applications in hyper frequency regions.

2. Experimental

A series of single phase Y-type hexagonal ferrites of
composition SroNi,_ Mg Fe;,0, (x=0.0, 0.1, 0.2, 0.3, 0.4,
0.5) were synthesized by the sol-gel auto combustion method.
Sr(NO3), (>99%, Sigma Aldrich, Germany), NiO ( > 99%,
Merck, Germany), Fe(NO3); - 9H,O (498%, Sigma Aldrich,
USA) and Mg(NO3),-6H,O (+98%, Sigma Aldrich, UK)
were used as starting materials. According to stoichiometric
calculations, required amount of salts were used to make
solution in 100 ml deionized water. As NiO is not soluble in
deionized water, it was dissolved in nitric acid (HNOs), heated
up to 80 °C to convert it into nickel nitrate, which is a soluble
salt in water. Citric acid (99.91%, Fisher Scientific, UK) was
used as a chelating agent. Maintaining the pH value at about
7-8 by using ammonia solution (35%, Fisher Scientific, UK),
stirring continued under temperature at 80 °C, at this tem-
perature evaporation of deionized water started and after
complete evaporation, reaction started. The reaction continued
and the color of solution was golden yellow during heating
process. At the end, the golden gel was formed. When
temperature was increased to about 200 °C, this gel started
turning into ash i.e. auto combustion was done. Heating
continued till the whole gel turned into loose and fluffy
powdered sample. Each sample was ground using agate
mortar and pestle for 10 min to obtain a fine powder.
The powder was then sintered at 1150 °C for 7 h to obtain
the Y-type hexagonal ferrites. The samples were furnace
cooled to obtain the equilibrium position of the cations. The
powder was then pressed into pellets at a pressure of
(~35kN) for about 3 min using Paul-Otto Weber hydraulic
press. Polyvinyl alcohol was used as a binder for pelletization.
The pellets were kept in a furnace at 300 °C for 1h to
evaporate the binder. The X-ray diffraction (XRD) patterns
were recorded at room temperature in the 26 range 20° to
70° by using a computer controlled JDX-60PX, JEOL
Boston model which was operated at 40 kV and at 30 mA.
The radiation used was Cu-K, (A=1.5406 A) with Ni filter.

The samples for infrared (IR) studies were prepared according
to the technique used by Mazen [11] by mixing the powdered
sample with KBr in the ratio 1:100 by weighing to insure
uniform dispersion. The IR spectra were recorded on Shi-
madzu 84008 IR spectrometer in the near infrared region 400
4000 cm ™ . The scanning electron microscope (Model: Hitachi
S4160) was used to examine the morphology and to evaluate
the grain size of the investigated ferrites. The DC electrical
resistivity (p) for all these samples was measured by two-probe
method, because of the high resistivity of these ferrites. In
order to measure it the following relationship was employed;

where, R, A and ¢, are the resistance, area of cross-section and
thickness of pellet respectively.

Moreover the capacitance of all the samples was mea-
sured by LCR meter and then dielectric constant was
calculated by the formula;

e=Cd/Ae, 2)

Here C is the capacitance of a capacitor in Farad, d is the
distance between the plates in a parallel plate capacitor, &, is
the permittivity of free space (8.85x 10 > Fm "), and 4 is
the cross sectional area of the flat surface of the pellet.
Vibrating sample magnetometer (BHV-50, Riken Denish
Company Ltd, Japan) was used in order to measure the
magnetic parameters such as saturation magnetization (M),
retentivity (M,) and coercivity (H.) for selected samples.

3. Results and discussion
3.1. FTIR analysis

Chemical and structural changes and the phases present
in the material during combustion and sintered processes
can be observed by FTIR spectroscopy. Fig. 1(a) shows the
FTIR spectrum of the un-sintered powder indicating the
characteristic bands of the O—H stretching vibration of
water and citric acid in the 3700-2700 cm ' range, while
the anti-symmetrical and symmetrical stretching vibration
bands of CO, related to citric acid are located at about
1586 cm~'. The bands of NOj located at 1385 cm ™' are
ascribed to the N=0, N-O stretching and bending vibra-
tion. After sintering (Fig. 1(b)), the absorption band of
O-H-, CO,— and NOs- bands disappeared. The absorp-
tion bands at approximately 590 cm ™' and 433 cm ™' are
due to the Fe—O metal-oxygen bonds, the powder sintered
at 1150°C only revealed the well resolved absorption band
corresponding to the metal-oxygen stretching vibration of
the Sr,Ni,_ Mg, Fe,O,, single phase. The vibration
bands present in the spectra at 590 cm™' and 433 cm ™!
are the common features of all the ferrites [12-15]. So it is
very clear to attribute these bands to the vibrations present
due to cations in the spinel block of Y ferrite. Here it may
be noticed that the difference of opinion is observed from
the reported data. Waldron [16] in 1955 and Hanfer and
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Fig. 1. FTIR spectra of an unsintered (a) and sintered (b) sample of
strontium hexaferrite.

Kristaloger [17] in 1961 attributed the former band to the
intrinsic vibration of tetrahedral complexes corresponding
to the highest restoring force whereas the latter one is for
the stretching vibrations of the octahedral group. However
Preudhomme and Trate [15,18,19] verified that the above
attributions are true only if the tetrahedral cations—oxygen
bond is stronger or at least of the same order of magnitude
than the octahedral cations—oxygen bond. For this the
tetrahedral cations Ct must be of higher valence than the
octahedral cation Co otherwise former band must be
assigned to stretching vibration of the octahedral group.
So here the absorption band at 590 cm ™! is assigned to the
stretching vibrations of the octahedral group in the spinel
blocks and the band at 433 cm ' is attributed to the stretching
vibrations of the tetrahedral group present in S blocks.

3.2. XRD analysis

X-ray diffraction studies were carried out to determine
the structure of Y-type hexaferrites Sr,Ni,_ Mg . Fe;,05,
(x=0.0,0.1, 0.2, 0.3, 0.4, 0.5) samples. XRD patterns of all
the samples are shown in Fig. 2 and all the peaks in XRD
patterns were compared with JCPDS data (PDF # 73-2035).
It reveals that the investigated ferrites were of single phase
Y-type hexagonal structure. All the peaks were indexed and
lattice constants (a and ¢) and volume of unit cell for each
concentration were calculated by the following relations
respectively [20,21],

2 2o 0 A
sin“f = @(h +hk+k )+(4_c2)l 3)

Here 4 is the wavelength, a and ¢ are the lattice
constants and hkl are the corresponding Miller indices.

V = da*csinl20° 4)

The calculated values of lattice constants and unit cell
volume are given in Table 1. It can be observed that the
values are in good agreement with earlier reported values
for this structure [22]. The results also show that lattice
constant a of un-substituted sample is less than that of
substituted samples. It is due to the difference in ionic radii
of the substituted ions (Ni>* =0.69 A, Mg>* =0.66 A) [23]
while ¢ decreases because ionic radius of Mg?™ is less than
that of Ni>*. Also there is a decrease in the intensity of
(113) peak in XRD patterns with addition of Mg®* ions
concentration. This decrease infers that the Ni** preferen-
tially occupied the octahedral B-site on the (113) plane [23].
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Fig. 2. XRD patterns of strontium hexaferrite SroNi, _ Mg, Fe[,0,, with
different compositions (x=0.0-0.5).
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Table 1

Values of different parameters calculated for Mg-substituted NioY-hexagonal ferrites.

Parameters x=0.0 x=0.1 x=0.2 x=0.3 x=0.4 x=0.5
Lattice constant a (A) 5.88 5.90 5.90 591 591 5.80
Lattice constant ¢ (A) 4345 43.40 43.35 43.15 43.15 43.40
Cell volume (A% 1301 1308.3 1308.3 1305.1 1305.1 1264.33
X-ray density (g/cm?) 5.200 5.020 5.010 5.010 4.980 4.965
Bulk density (g/cm’) +0.01 4.71 4.70 4.64 4.52 3.97 3.48
Porosity (fraction) 0.09 0.06 0.07 0.09 0.20 0.29
Resistivity (Q-cm) 6.09 x 10° 6.38 x 10° 421 % 10° 3.2x 10° 5.79 x 10° 7.52 x 10°
Activation energy (eV) 0.3474 0.2937 0.2883 0.4620 0.4860 0.5032

3.3. Physical properties

Bulk density plays a key role in analyzing the ferrite
materials and in the present study it was calculated by the
relation [24];
_om
~ wh

where m, r and h are the mass, radius and thickness of the
pellets respectively. The values of bulk density for all the
samples are listed in Table 1. It is evident that bulk density
shows a decreasing trend by increasing the Mg>™ concen-
tration in Y-type hexaferrites. The decreasing behavior of
the bulk density is attributed to the fact that atomic weight
and density of Mg (24.30 amu, 1.74 g/cm®) are less than
that of Ni (58.69 amu, 8.91 g/cm? ) [25]. X-ray density of
all the samples was also calculated by the formula [26];

IM
NpV

where Z is 3 because the hexagonal unit cell in Y-type
ferrite is composed of three overlapping T and S blocks
(3(TS)) and of 18 oxygen layers [22], M is molar mass, N
is Avogadro number and V is the unit cell volume. The
values of X-ray densities are listed in Table 1. It is clear
that X-ray density decreases by the increase of Mg>*
concentration in Y-type hexagonal ferrites. The decrease in
X-ray density can be explained by the fact that density of
Mg atom (1.74 g/em?) is less as compared to Ni atom
(8.91 g/em?), also the atomic concentration of Mg is less
(42x10**cm™3) than atomic concentration of Ni
(9.14 x 10> cm ) [27]. It can also be observed that the
values of bulk density (dg) were found to be in general less
than those of X-ray density (dyx), which was expected due
to the presence of unavoidable pores created during
sintering process [28]. Moreover the porosity (P) of all
the samples was calculated by the relation [29];
dp

P=1 . (7

The values of porosity for all the samples are listed in
the Table 1. It is clear that value of porosity increases by
increasing Mg concentration for all samples. This increase
in porosity can be attributed to the decrease in bulk density
[27].

dp Q)

dy = (6)

3.4. Morphology

Fig. 3 reflects the representative SEM micrographs of
the investigated ferrites. All the samples show a well
defined hexagonal platelet-like shape, which is a most
suitable shape for microwave absorbing purposes [28].
Moreover, the grain was smaller, more perfect and homo-
geneous for the ferrites substituted with Mg>™ (average
grain size 0.74—1.01 um) than that of pure ferrite (average
grain size 1.11 pm). It might be attributed to the Mg>*
ions having smaller value of ionic radius which were
substituted in the ferrite.

3.5. Room temperature resistivity

The measured values of room temperature resistivity for
all the samples have been listed in the Table 1. It is
observed that resistivity decreases firstly up to x=0.2 and
then increases for rest of the samples hence making these
materials suitable for multilayer chip inductors (MLClIs).
The decrease in resistivity by addition of Mg>" ions
indicating the preferential occupation of Mg?* ijons at
A-sites resulting a migration of Fe*™ ions into the
octahedral sites. The increase in concentration of Fe®™
ions at B-sites increases the hoping rate of electrons, which
in turn enhances the conductivity to maximum. In the
second case it increases due to the fact that the Mg>* ions
go to B-sites. Now the ferrous and ferric ions are not
available at B-sites and hence there is low specific con-
ductivity or high resistivity [29].

3.6. Temperature dependent resistivity

Temperature dependent resistivity of these samples
was measured in the temperature range of 303453 K.
Fig. 4 exhibits the behavior of electrical resistivity as a
function of temperature. A sharp decrease in resistivity
with increase in temperature is observed due to hopping of
electrons. Moreover at low temperature the deleterious
effect of some impurities may increase resistivity, but at
higher temperature this influence becomes negligible. The
conduction mechanism can be explained by Verwey et al.
[30] hopping mechanism. According to Verwey, the con-
duction mechanism in ferrites occurs mainly through the
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Fig. 3. SEM images (a—d) of strontium hexaferrite Sr,Ni,_ Mg Fe;,0,, for x=0.0, 0.2, 0.4, and 0.5.
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Fig. 4. Variation of resistivity (p) with temperature for SroNi,_,
Mg, Fe 1,05, (x=0.0-0.5) hexaferrites.

hopping of electrons between Fe?™ and Fe® ", the ions of
the same elements distributed randomly on B-sites. The
number of such ions depends upon the sintering conditions
and the reduction of Fe’™ and Fe’t ions at elevated
temperature [31]. Also hole hopping between Ni** and
Ni** ions on B-sites will contribute to electric conduction
in ferrites. In the present work, the hole conduction
depends on Mg>™ concentration at the expense of Ni*™
concentration. The activation energy was calculated from
the plots of Inp versus 1000/7 for all the samples.
Activation energy showed the Arrhenius type temperature

dependence in the range of 303-453 K i.e.
p=poet/ ®)

where p,, is resistivity at room temperature, k is Boltzmann
constant (1.38 x 10> J K1), E, is activation energy and
T is absolute temperature. The value of activation energy
was calculated from the slope of the resistivity versus
temperature graph. The value of activation energy E, was
found to decrease for samples x=0.0, 0.1, 0.2 and then
there was an increase for rest of the samples, with increases
in Mg®* content (Table 1). It was expected because the
sample with low resistivity value has low value of activa-
tion energy and vice versa [23].

3.7. Dielectric properties

The dielectric behavior is one of the most important
characteristics of ferrites which markedly depend on the
preparation conditions, e.g. sintering time and tempera-
ture, type and quantity of additives. The frequency
dependence of the dielectric constant for all samples is
shown in Fig. 5. It is seen that dielectric constant decreases
with increasing frequency and then reaches a constant
value. The observed variation can be explained on the
basis of space charge polarization. According to the
two-layer model of Maxwell and Wagner, which is in
agreement with Koop’s phenomenological theory [32-34]
the space charge polarization arises due to inhomogeneous
dielectric structure of the material. It is composed of large
well conducting grains separated by thin poorly or non-
conducting inter-grain boundaries. The bi-layer formation
results by high temperature sintering. The polarization
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takes place in an electronic exchange between the
ferrous and ferric ions, which produce local displacements
in the direction of applied external fields. Similarly the
Ni*T & Ni?* +e™ gives the hole concentration in the
octahedral sites which produce the local displacements in
the opposite direction of the applied fields. The observed
behavior of dielectric constant decreases with increase in
frequency is due to the fact that above certain frequencies
the electronic exchange between the ferrous and ferric ions
does not follow the applied field. The large value of
dielectric constant at lower frequency may also be due to
the predominance of species like Fe>™ ions, interfacial
dislocations, piles up, oxygen vacancies, grain boundary,
defects etc [33,34]. Whereas the decrease in dielectric
constant with frequency is natural due to the fact that
any species contributing to polarizability is found to show

lagging behind the applied field at some higher frequencies.
Among all the samples, the lower dielectric constant value
is observed for the SroNi; sMgg sFe;,0,, sample, because
of the unavailability of ferrous and ferric ions in the
octahedral sites, which are preferentially occupied by
Mg>* ions. Moreover the dielectric constant of all the
samples was calculated by the Eq. (2) [35,36]. Fig. 6 shows
the variation of loss tangent with frequency for the samples
of Sr,Ni, _ Mg, Fe;,0,, hexaferrites. It can be seen that an
abnormal dielectric behavior was observed for all the
samples because of the fact that dielectric relaxation peaks
were found. According to Rezlescu model the relaxation
peaks may be due to the collective contribution of both p
and n type of charge carriers [37]. The electronic exchange
between Fe* ™ and Fe?™ and hole transfer between Ni*™
and Ni*" in the octahedral sites are responsible for such
behaviors. Furthermore the jumping frequencies of loca-
lized charge carriers are almost equal to that of the applied
electric field [23].

3.8. Magnetic properties

The M-H loops measured at room temperature for some
selected samples (x=0.0, 0.3, 0.5) are shown in Fig. 7. The
magnetic parameters such as saturation magnetization
(M), coercivity (H.), retentivity (M,), squareness and
magnetic moment (ng) were obtained from the loops and
are listed in Table 2. It is evident that values of all these
parameters lie in the range of earlier reported values for
this structure [38]. It is also clear that saturation magne-
tization (M), retentivity (M,), coercivity (H.) and magnetic
moment (ng) decrease with the increase of Mg contents.
The variation of these parameters as a function of Mg
concentration is shown in Fig. 8. The decrease in M and
M, can be explained on the basis of magnetic character and
anisotropic nature of Mg®" ions. This decrease suggested
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Fig. 7. Hysteresis loops for Mg-substituted Ni,Y-hexagonal ferrites for
x=0.0, 0.3, and 0.5.
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Table 2
Values of saturation magnetization (M), retentivity (M,), squareness,
magnetic moment (ng) and coercivity (H.) for x=0.0, 0.3, 0.5.

Samples x M M, Squareness ng H

(emu/g) (emu/g) M,/ M (uB) (Oe)
0.0 40.34 16.68 0.410 9.94 555.44
0.3 34.44 13.44 0.390 8.04 437.21
0.5 32.84 10.65 0.324 7.63 276.06
T T 600
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Fig. 8. Variation of saturation magnetization (M), retentivity (M,) and
coercivity (H.) with concentration (x).

the decrease of strongly interacted magnetic state towards a
less magnetized state [39]. The magnetic order of S-block
was due to super exchange interaction mechanism of metal
ions between A and B sites. The replacement of Ni** ions
by Mg>™ ions (having zero magnetic moment) which had
B-site occupancy resulted in the reduction of super exchange
interaction between A and B sites. In other meaning as
Mg> " concentration increased, the magnetization of B-sites
My decreased while that of A site M remained constant.
As net magnetization is equal to Mg— M so it was found
to decrease. Moreover the decrease in H, with Mg” ™"
contents was due to the reason that the anisotropy constant
value of Ni ferrite is greater than that of Mg ferrite. So the
replacement of Ni*™ by Mg?ions leads to a decrease in
coercivity values for the investigated Y-type hexagonal
ferrites [38].

4. Conclusion

Single phased Y-type hexagonal ferrites Sr,Ni, Mg,
Fe1,0,, have been synthesized successfully by using sol-gel
followed by an auto combustion method. The XRD data
reveal that all the synthesized samples are single phase.
The FTIR spectra show the characteristics peaks of the
ferrite system. The SEM images reveal that the grain is
smaller and more homogeneous for Mg®" substituted
ferrite than the pure ferrite. All the ferrites show a

hexagonal platelet-like shape which is a better shape for
microwave absorption. The room temperature dc electrical
resistivity was found to decrease for x=0.0-0.2 and
increases for rest of the samples. The dielectric constant
decreased with increase of frequency due to electronic
exchange between Fe’' and Fe® ™ satisfying the Koop’s
phenomenological theory. The variation of loss tangent
with frequency showed an abnormal dielectric behavior for
all the samples. Relaxation peaks resulted and it might be
due to the collective contribution of both p- and n-type of
charge carriers. Saturation magnetization (M), retentivity
(M,), coercivity (H.) and magnetic moment (ng) were
found to decrease with the increase of Mg content. Owing
to all these distinguished parameters, it can be affirmed
that these materials are suitable for multilayer chip
inductors (MLCIs) and multilayer chip beads (MLCBs)
as high resistivity and low coercivity are basic requirements
for these applications.
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