CrossMark

ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Ceramics International 40 (2014) 155-162

CERAMICS
INTERNATIONAL

www.elsevier.com/locate/ceramint

High frequency electrical transport properties of CoFe,Oy4
and Sr,NiMnFe,,0,, composite ferrites

Attia Aslam®, M.U. Islam™*, Irshad Ali*, M.S. Awan®, Muhammad Irfan?,
Aisha Iftikhar®

“Department of Physics, Bahauddin Zakariya University, Multan 60800, Pakistan
®Center for Micro and Nano Devices, Department of Physics, COMSATS Institute of Information Technology, Islamabad, Pakistan

Received 6 March 2013; received in revised form 24 May 2013; accepted 30 May 2013
Auvailable online 5 June 2013

Abstract

Composite ferrite ceramic materials were obtained by mixing sol/gel derived CoFe,0, and Sr,NiMnFe,0,, nanopowders sintered at 1050 °C
for 3 h. The synthesized samples were characterized by XRD, Scanning Electron Microscopy, FT-IR, electrical resistivity and dielectric
measurements. XRD analysis revealed that there is no new phase observed, indicating that no chemical reaction occurs between spinel and
hexagonal phases and the intensity of Y-phase gradually decreased by increasing spinel concentration. Crystallite size calculated from XRD data
decreased by increasing spinel concentration. Room temperature resistivity and activation energies of the samples increased with increasing spinel
concentration. Dielectric constant of pure Y-type hexagonal ferrite decreased by increasing spinel concentration up to ~8.5. At higher frequency
further decrease in dielectric constant was observed due to Maxwell-Wagner type relaxation with few resonance peaks beyond 2 GHz. Imaginary
part of dielectric constant showed the similar behavior with frequency. Low dielectric constant, low dielectric losses and high resistivity make

these composite ferrites useful in electromagnetic attenuation materials and microwave devices.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The increasing exploitation of microwave (MW) frequencies
for telecommunication has increased electromagnetic interfer-
ence (EMI), pollution and stimulated the development of MW
absorbers. Absorption of EM waves occurs in magnetic
materials due to the magnetic losses. Ferrites exhibit substan-
tial magnetic losses in the vicinity of their ferromagnetic
resonance (FMR). Because of this they are one of the best
materials for MW absorption [1]. Spinel ferrites are preferred
for its high permeability while hexagonal ferrites have
extremely high ferromagnetic resonance frequency in the
GHz range. A little research work has been reported to prepare
composite materials of spinel and hexagonal ferrite in order to
utilize advantages of both materials [2]. Hence composite
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ferrites could be adjusted in a wide region of frequency from
several megahertz up to several hundreds of megahertz [3].
Recently multilayer chip inductors (MLCI) used in the
hyperfrequency regions have been rapidly developed as sur-
face mounting devices (SMD). Incorporating spinel into
hexagonal ferrites could improve the densification of the
composite ferrites at relatively low temperatures [4,5]. Com-
ponents made from composite ferrites can work stably in a
wide temperature region from —20 up to 120 °C, and have dc
resistivities larger than 10' Q-cm. This meets the requirement
for fabrications of components by electroplate processing [2].
Due to larger resistivity and medium high frequency region,
the composite ferrites are becoming promising medium for
components used at medium high frequencies, such as micro-
transformers and MLCI etc [6]. In the present paper different
compositions of the composite ferrite system of xCo-
Fe,O4+yMnNiY where the ratio of x:y is 1, 5 and 10 were
prepared and investigated thoroughly.
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2. Materials and methods
2.1. Preparation of composite ferrites

CoFe,0, spinel ferrite was prepared by sol-gel auto-com-
bustion technique. Stoichiometric amount of Fe(NO3);.9 H,O
and Co(NOj3),*6H,0 and PEG (Polyethylene glycol with a
molecular weight of 62.07 g/mole) was dissolved in deionized
water and mixed in a 500 ml beaker. The pH value of the
solution was adjusted to 7 to avoid the occurrence of harmful
nitrogen dioxide during the process of heat treatment. The dark
brown solution obtained was dried at 80 °C on hot plate to get
a brown porous gel. The gel was then ignited and calcined at
950 °C for 8 h in order to get CoFe,O, ferrite nanopowder
with grain size of about 78.33 nm.

Y-type hexagonal ferrite with nominal composition of
SroNiMnFe ,0,,(MnNiY) was prepared by mixing the solu-
tions obtained by dissolving the stoichiometric amount of
MHC12 o 3H20, N1C12 ° 6H20, Sr(N03)2, FC(NO3)3 o 9H20 and
C3H4OH(COOH); in deionized water. Ignited gel was calcined
at 1100 °C for 8h to get ferrite powder with grain size
59.8 nm.

Both these kinds of ferrite powders were mixed together so
as to get homogenous mixture. The proportions chosen were
1:1, 5:1, and 10:1 in terms of weight ratio of CoFe,O4:MnNiY.
The composite ferrite samples with the proportions above were
named C;, C, and Cj, respectively. Appropriate amount of
Bi,O3 was introduced as sintering aid. The mixed powders
were sintered at 1050 °C for 3 h. All the samples were pressed
into disks with the addition of 5 wt% PVA as a binder for
characterization.

2.2. Characterization

The crystal structure was determined using JDX-3532 JEOL
diffractrometer which was operated at 40 kV and at 30 mA
equipped with Cu-K,, (A=1.5418 A) with Ni filter. JSM-5910
SEM was used for the study of morphology of all the samples.
The FT-IR measurements were performed by using box
furnace, thermo-scientific Nicolet Model 6700. DC electrical
resistivity was measured by using two probe method. Keithley
source meter model 2400 was used for resistivity measure-
ments. The permittivity of the samples was measured using
Agilent impedance analyzer model E4991 A RF.

3. Results and discussions
3.1. Phase identification

The XRD patterns of the ferrite samples are shown in Fig. 1.
All the peaks were indexed by comparing JCPDS Cards no.
01-079-1743, 01-072-0749 for MnNiY ferrite and 00-001-
1121, 00-001-1108 for CoFe,0, ferrite.

It is apparent that all the composites consist of two phases:
hexagonal (peak labeled as Y) and spinel (peak labeled as S).
The absence of any new phase proved that there is no chemical
reaction between spinel and hexagonal ferrites [7]. It is

S 1—Y
Z—Cl
3—c,
s s S 4G
S 5—S
N B 0 A
o 1
’5\ S
2 s
> Sy S S
= 4 Jnv.‘s ! ok "
g Y s S s S
S S
E‘ 3'1 _AIYI?'w A A.J”L -
YYs
s“lesY Ys S
2
Y
YlnYllyyY v, Y
1
T T T T T T T T T T T T T 1T

10 20 30 40 50 60 70 80 90
20 (degree)

Fig. 1. X-ray Diffraction patterns of CoFe,O4(S) and Sr,NiMnFe;,0,,
(MnNiY) ferrites and their composites: C;, C,, Cs.

observed that intensity of Y-phase gradually decreases by
increasing spinel concentration in Sr,NiMnFe;,0,, however
spinel peaks seems to be gradually dominating. Lattice
parameters a, ¢ and volume of the unit cell for Sr,NiMn
Fe,0,, and CoFe,0, tabulated in Table 1 are in good
agreement with the reported results [8,9]. Crystallite size for
each sample was calculated from XRD patterns by using the
well-known Scherrer formula [10] and the values are listed in
Table 1. The observed crystallite size for composites is smaller
than the pure MnNiY and CoFe,O, ferrites because the
addition of CoFe,0,4 in MnNiY inhibits the grain growth.

3.2. Microstructure

The SEM micrographs of the samples are shown in Fig. 2.
Fig. 2 (a,b) shows the platelet grains of hexagonal ferrite and
the spherical grains of spinel ferrite respectively. CoFe,O,
particles fill homogeneously in the interspaces arising due to
irregular alignment of Y-type hexagonal platelet grains [11].
The grain size decreased by increasing the spinel concentration
in the composite ferrites as listed in Table 1 is quite consistent
with the reported results [12]. Due to interaction of CoFe,Oy,
and MnNiY inter-particle mass transport of CoFe,O, or
MnNiY is hindered and therefore, grain growth of both
compositions becomes difficult [3]. Also the segregation of
Bi,O5 at grain boundaries inhibits the grain growth and
diffusion of MnNiY into grains besides lowering the sintering
temperature [11].

3.3. FT-IR spectra

The FT-IR spectra of sintered samples in the wave number
range 200-4000 cm ™' is shown in Fig. 3. In spinel ferrites, the
absorption band around 600 cm™ is attributed to stretching
vibrations of tetrahedral complexes and the band around
400 cm™! is attributed to octahedral complexes [13] The
absorption bands of Co-O and Fe-O bonds appeared at



Table 1

Crystallite size, lattice parameters, cell volume, grain size, dielectric constant, resistivity, product of square root of resistivity and dielectric constant, and n-values of Sr,NiMnFe;,0,, (MnNiY), CoFe,O,4 and C;, C,, Cs.
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399.2 and 528.8 cm™' which are in quite expected range
confirming the spinel CoFe,O, structure, consistent with the
XRD results [14]. Similarly bands at about 418 and 542.2 cm’!
in SroNiMn Fe ,0,,(Y) are interpreted as the M-O stretching
vibrations of hexaferrite and confirmed the formation of
hexagonal structure, consistent with the XRD results [15,16].
The difference in band position is expected because of
difference in Fe>*—0?~ distance for octahedral and tetrahedral
sites [17], however absorption bands for composite C;, C,, C3
appeared at 406.4, 547.7, 410.5 and 542.6, 399.2 and 535.09
cm™! respectively indicating absorption bands due to lattice
vibration modes of M—O bonds as reported in [14—16].

3.4. DC resistivity measurement

3.4.1. Room temperature resistivity
The DC-electrical resistivity was measured by the two-point
probe method using the relation mentioned in [18].

p=RA/h )

where R is the resistance, 4 is thickness and A=nr" is the area
of the pellet of the sample having radius r. Fig. 4 shows the
room temperature resistivity vs. spinel concentration. The
resistivity values have been tabulated in Table 1. It is observed
that resistivity increases with the spinel addition from
1.01 x 10° to 1.85 x 10® Q-cm. Generally resistivity increases
with the decrease in grain size in polycrystalline materials.
Smaller grains produce large number of insulating grain
boundaries which act as barriers for hopping electrons. Due
to smaller grains, grain-to-grain surface contact area also
become smaller and therefore a lesser probability of electron
hoping [12]. In the present case, the mean grain size of
composite samples is comparatively lower than that of pure
MnNiY ~1.11 pm and CoFe,O, ~3.65 pm. Since cobalt
ferrites have higher resistivity than MnNiY ferrites, therefore
the addition of CoFe,O,4 in MnNiY ferrite results in enhance-
ment of resistivity of composite samples. Since BiO3; was
added as sintering aid in composite ferrites and it is reported
[19] that Bi’* may act as scattering centers for the carriers
hopping between two octahedral sites, that hinders the hopping
mechanism between Fe®* and Fe’ ions and results in an
increase of resistivity. For applications in microwave devices
highly resistive materials are required [20]. The increase in
resistivity results in material's diminution of eddy current
losses that make them useful in radio frequency circuits, high
quality filters, rod antennas and transformer cores [21].

3.4.2. Temperature dependent resistivity

Arrhenius plots for all the samples measured in the
temperature range 303-453 K are shown in Fig. 5. It is clear
from the figure that dc resistivity is decreasing linearly with
temperature for all the samples according to the following
relation [22].

p = poexp (Ba/ kpT) (5:5)

where Ea is the activation energy of the charge carriers, p,
is the constant, 7 is the absolute temperature, kg is the
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Fig. 2. SEM profiles of (a) SrpNiMnFe;,0,, (MnNiY), (b) CoFe,0y4 (S), (c) C; (d) C, and (e) Cs.
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Fig. 3. FT-IR spectra for CoFe,O, (S) and Sr,NiMnFe;,0,, (MnNiY) ferrites
and their composites: C;,C,,Cs.

Boltzmann's constant, indicating the semiconducting behavior
of these samples. This can be attributed to thermally activated
mobility of charge carriers. Impurities are responsible for
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Fig. 4. Plot of room temperature resistivity vs. spinel concentration (wt%) for
CoFe,0y4 (S) SroNiMnFe,0,, (MnNiY) ferrites and their composites: Cy, C,, Cs.

conduction in ferrites at room temperature, while polaron
hopping is the main conduction mechanism at higher tempera-
tures. According to verwey, “the electronic conduction in
ferrites is due to hopping of electrons between ions of same
element present in more than one valence state, distributed
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Fig. 5. Arrhenius plots for CoFe,O4 (S) Sr,NiMnFe;,0,, (MnNiY) ferrites
and their composites: C;, C,, Cs.
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Fig. 6. Plot of activation energy vs. spinel concentration for CoFe,O4 (S)
Sr,NiMnFe;,0,, (MnNiY) ferrites and their composites: C;, C,, Cs.

randomly over crystallographically different lattice sites” [23].
The values of activation energies ranges from 0.015eV to
0.34 eV indicating that hopping is due to electrons as well as
polarons [24]. The hopping probability depends upon the
separation between the ions involved and the activation energy
[23].

3.4.3. Activation energy

From the slope of Arrhenius plots the activation energies
were calculated and are plotted in Fig. 6 as a function of spinel
concentration. This variation is similar to the compositional
variation of DC resistivity indicating that the sample with
higher resistivity has higher values of activation energies and
vice versa [25].

3.5. Dielectric properties

3.5.1. Dielectric constant

The relative speed that an electromagnetic signal can travel in
a material is determined by the dielectric constant of that
material. The speed of microwaves decreases when microwaves
enter in a dielectric material, by a factor nearly equal to the
square root of the dielectric constant [26]. Fig. 7 shows the
variation of dielectric constant vs. frequency from MHz to
3 GHz range. There is a gradual decrease in dielectric constant
with few resonance peaks observed at higher frequencies. Initial
dispersion in dielectric constant is mainly due to the relaxation
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Fig. 7. Dielectric constant vs. frequency for CoFe,O4 (S) SroNiMnFe;,0,,
(MnNiY) ferrites and their composites (C;, C,, Cj).

of dipoles; however the matching of the frequency of the
applied field and the frequency of charge transfer between Fe?™
and Fe’* can produce resonance at higher frequencies [27].
During sintering non-uniform distribution of oxygen ions at
grains and grain boundaries results in interfacial polarization
which is the one reason for dielectric properties in ferrites
however at high frequencies dipolar, ionic, electronic polariza-
tion respectively contributes to dielectric constant [28,29]. Since
the polarization reduces the field inside the medium. Hence
dielectric constant decreases by increase in frequency [30].
Dipolar and ionic polarizations are the dominating mechanisms
contributing to dielectric properties in ferrites in radio (MHz) to
microwave (GHz) frequency range. In real materials, at micro-
wave frequency and beyond, resonance peaks are observed due
to undamped dipoles. However strongly damped dispersions are
observed below microwave frequency [29]. Just like Maxwell—
Wagner model in which there are two layers in the dielectric
structure of ferrites. First conductive layer at higher frequencies
consist of large number of grains is separated by other high
resistive thin layer (grain boundaries) at low frequencies.
Electronic exchange between Fe** and Fe’* results is polariza-
tion in ferrites which is similar to conduction process. At higher
frequencies this hoping of electron from Fe** and Fe** becomes
difficult with the alternating frequency due to which the net
displacement of charge in one direction decreases and therefore
the dielectric constant decreases. However the high dielectric
constants at low frequencies may be due to impurities, voids,
moisture, dislocations and density. In Koops model for hetero-
geneous dielectrics the reason for the dispersion in the dielectric
constant is that the electrons can respond to the changes in
applied electric field only if the time required for hopping is less
than half the period of the alternating field [26,28,31]. Accord-
ing to Iwauchi large number of Fe’™ ions at octahedral sites
increase the electronic transfer between Fe’™ and Fe’* and
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Table 2

Relaxation time for main relaxation peaks in dielectric constant, dielectric loss and tangent loss.
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Composition Dielectric constant Dielectric loss Tangent loss

71(ns) 75(ns) 73(ns) 71(ns) 75(ns) 73(ns) 71(ns) 75(ns) 73(ns)
Sr,NiMnFe,0,, 0.0849 0.0810 0.0615 0.0879 0.0822 1.07 0.0873 0.0821 1.06
C; 0.0845 0.0829 0.0616 0.0878 1.19 - 0.0875 1.21 -
C, 0.0845 0.0828 0.0615 0.0877 1.20 - 0.0876 1.19 -
Cs 0.0843 0.0819 0.0617 0.0882 1.16 - 0.0881 1.48 -
CoFe,0, 0.0846 0.0812 0.0616 0.0878 1.01 - 0.0874 1.20 -
results in higher values of dielectric constant [32]. Since spinel 35
ferrites are soft ferrites and have smaller dielectric constant than 17
hexagonal ferrites that may be one reason for decrease in 30
dielectric constants in composite ferrites by addition of CoFe,O, [== = SrNiMnFe,,0,,
in Sr,NiMnFe ,0,,. Moreover the mixing of CoFe,O, in 254 | ==G,
Sr,NiMnFe;,0,, suppress the grain growth and gives rise to -~ 3 ¢
smaller grain size, which results in enhancement of grain boun- ~:* 20 + 4=—C,
daries which is attributed to decrease in dielectric constant [33]. 8 6 5o~ CoFe0,
Due to increasing skin effect, the penetration depth of electro- 2
magnetic waves is decreased by high dielectric constant; how- g §
ever low dielectric constant at higher frequencies make ferrites g
applicable at higher frequencies [31]. Since by mixing CoFe,O,
in MnNiY dielectric constant and dielectric losses decrease it is
useful for applications in microwave devices [21]. The condition
for observing resonance in these curves is given, [28].

T L T 4 T U T ¥ T ) T 4 T

wt~1 (1) 00  50x10° 10x10° 15x10° 20x10° 25x10° 3.0x10°

where w=2nf,,, and 7 is the relaxation time that is related to
the jumping probability per unit time, p, by an equation 7= 1/2p
or [34]

Smax@ P (2

Relaxation time for each main relaxation peaks is shown in
Table 2.

3.5.2. Relationship between dielectric constant and resistivity

The values of dielectric constant and resistivity are listed in
Table 1. It can be observed from the table that the dielectric
constant is approximately inversely proportional to the square
root of resistivity in all the samples, while the product &', /p
nearly remains constant as shown in Table 1. Almost same
results were observed by Ishaque et.al [13].

3.5.3. Dielectric loss

Fig. 8 shows the behavior of dielectric loss as a function of
increasing frequency which is quite similar to real part of the
dielectric constant that can be explained according to smith
and wijn that there is a inverse relation between the ratio of
complex dielectric permittivity to ac conductivity with the
applied field [35]. Materials having high conductivity gener-
ally have high dielectric losses and vice versa because in
ferrites the dielectric losses are generally reflected in the
conductivity measurements [36,37]. Relaxation time for each
main relaxation and resonance peak is shown in Table 2.

f(Hz)

Fig. 8. Dielectric loss vs. frequency for CoFe,O, (S) SroNiMnFe;,0;,
(MnNiY) ferrites and their composites (Cy, C,, C3).

064 1
05 - .
1 SeranFele22
2——C,
04 - 3 c.
g 4——C
Eo 03 - 3
= 5 CoFe,0,
=
2 02
3
2
014 4
14
0.0 5
0.1 T T T T T T T T T T T T T
00  50x10° 1.0x10° 15x10° 2.0x10° 25x10° 3.0x10°
f(Hz)

Fig. 9. Dielectric loss tangent vs. f(Hz) for CoFe,O4 (S) SroNiMnFe;,0,,
(MnNiY) ferrites and their composites (Cy, C,, Cj).

3.5.4. Dielectric loss tangent

Fig. 9 shows the variation of dielectric loss tangent (tan 8)
with frequency. The decrease in tan 8 is due to the fact that the
hopping of electron between Fe* and Fe** do not follow the
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Fig. 10. In 0, vs. Inw(Hz) for CoFe,O, (S) SroNiMnFe;,0,, (MnNiY)
ferrites and their composites: Cy, C,, Cs.

frequency of the alternating electric field [38]. Peak in the graph
appear because of the strong correlation between conduction
and the dielectric behavior in the ferrite, because when the hop-
ping frequency of the electrons between the ions with different
chemical valence approximately approach to external electric
field, peaks are observed in the graphs [39]. It is clear from
figure that in composites, tan & decreases by increasing spinel
concentration, because the increase in resistivity results reduc-
tion in tan & [40]. Several factors affect the value of tand such as
stoichiometry, structural homogeneity, which in turn depend on
composition and sintering temperature of the samples [41].
According to Maxwell-Wagner theory both ¢ and tand are
inversely proportional with frequency [42]. Low dielectric losses
are required for low core loss in ferrites and energy dissipation
in the dielectric system is represented by Dielectric loss factor
(tan d) [31]. Relaxation time for the main dispersion peaks are
shown in Table 2.

3.5.5. AC conductivity

Plot of logarithmic conductivity Vs logarithmic frequency is
shown in Fig. 10. The AC conductivity (o,.) was determined
using formula [35];

Cue = 27f€,€" (5.6)

It can be observed that conductivity increases with increasing
frequency. Maxwell-Wagner model or heterogeneous model of
the polycrystalline structure of ferrites (Koops 1951) can be used
to explain this behavior. By increasing the frequency of applied
field, the conductive layer become more active and hence
promote the hopping of electron between Fe*™ and Fe®* ions,
thereby increases the hopping frequency and hence the conduc-
tivity. The dispersion in conductivity can be explained by Koop's
theorem in which ferrite compacts were considered as multilayer
capacitor, where ferrite grains and grain boundaries have different
properties. With frequency the effect of the multilayer condenser
rises which enhance the conductivity [43]. Resonance peaks at
high frequency are due to the same reason as described in the
previous section. Materials exhibiting high losses have high
conductivity and vice versa because the dielectric losses in
ferrite is generally reflected in the conductivity measurements

[31]. The conduction mechanism in ac conductivity may be
determined according to the equation [44];

d(w) = Bo" (5.7)

Slope of the line plotted between Ing versus Inw equal to the
exponent ‘n' and intercept equal to InB on vertical axis at In
@=0. Electrical conduction will be dc conduction or fre-
quency independent if n=0 and if n<1 electrical conduction
will be frequency dependent or ac conduction. In our case the
values of n lies between 0.6182 and 0.9971 as shown in
Table 1, that indicates that the studied samples follows charge
hopping mechanism and exhibit ac conduction [44].

4. Conclusions

SEM results revealed, increase of density with spinel
concentration due to homogeneous distribution of CoFe,O,
and filling in the interspace produced due to irregular align-
ment of the hexagonal platelet grains of MnNiY matrix. The
room temperature dc electrical resistivity of the composite
ferrites was found to increase from 1.00 x 10% to 1.85 x 10
(Q-cm), which is an important objective to make them useful
in core materials. Temperature dependence of dc resistivity
showed the semiconducting behavior of all the samples.
Activation energy of the composite ferrites was greater as
compared to pure ferrites, which indicated that samples with
higher resistivity have higher activation energy and vice versa.
Dielectric constant decreased with increase in spinel concen-
tration which makes them good electromagnetic radiation
absorbing materials due to reduction in skin effect. Due to
electronic exchange between Fe’* and Fe’* permittivity
decreased with increase of frequency consistent with
Maxwell-Wagner model. Imaginary part of permittivity and
loss tangent showed normal behavior of dielectrics with
frequency for all the samples. Ac conductivity increased with
frequency but decreased with spinel concentration. The con-
ductivity mechanism determined is of hopping type.
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