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Abstract: In this paper the effect of Co-Zr substitution on permittivity and permeability of polycrystalline
M-type hexaferrite (Ba(CoZr)xFe12-2x019 with 0 < x < 0.5) and their composite thick films was investigated at
RF and microwave frequencies ( X- band). Enhanced sintering temperatures as well as higher Co-Zr
concentration in the polycrystalline Ba(CoZr)xFe12-2x019 samples resulted in enhancement in the complex
permittivity. This rise in permittivity is understandable in ferrites due to increased concentration of easily
polarizable FeZ* ions in the high temperature sintered samples. Co-Zr substitution resulted in grain growth,
enhancement in electrical conductivity and enhanced dielectric parameters. Permeability of these samples,
measured at X-band frequencies by cavity perturbation technique, was found to be decreasing on Co-Zr
substitution, because of substitution of magnetic Fe ions by nonmagnetic Zr ions. However the complex
permittivity don’t show remarkable change within X-band frequency range. The permittivity values of thick
films were expectedly found to be less as compared to corresponding bulk materials both at low and
microwave frequencies. Temperature dependence of dielectric properties of these ferrite-composite thick
films also infers that these films can be useful up to a temperature of 200°C without material degradation.
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1. Introduction

Pure and substituted M-type barium hexaferrites (BaFei2019) have been intensively investigated due to their
application in a variety of magnetic and electronic devices such as high density magneto-optical recording,
microwave devices and components, ferrite cores, filler in the magnetocomposites and recently as multiferroics
[1-8]. Greater permeability, high Curie temperature and higher magnetic resonance frequency of
hexaferrites than spinel ferrites make these materials and their composites suitable for microwave
absorbers in the GHz range [9, 10]. BaFe12019 has strong magnetocrystalline anisotropy along c-axis, this
strong uniaxial anisotropy leads to low permeability and high resonant frequency (f = 42.5GHz) [11]. It is
well known that the dielectric and magnetic properties can be modulated by substitution for Fe3+ and Ba2+
ions with suitable dopant ions. Different cations or cation combinations such as Zn-Ti, Sn-Ru, Co-Ti, Co-Ir,
Zn-Ir, Ni-Sn, (Co,Zn)-Ru, Mn, and Cu-Ti have been used to partially substitute Fe3* in barium hexaferrite to
reduce its high magnetic uniaxial anisotropy without much affecting the saturation magnetization (Ms) for
applications in high-density magnetic recording and microwave absorption devices [12-18]. Choosing an

208 Volume 3, Number 3, September 2015


mailto:mukeshdimri@yahoo.com

International Journal of Materials Science and Engineering

appropriate synthesis route, optimizing the synthesis conditions and suitable dopants have been used to
modify the magnetic and dielectric properties [19-24]. The values of complex relative permittivity and
permeability of constituent material of a microwave absorber determine the reflection and attenuation
characteristics of the absorber. It is, therefore, important to study these properties at microwave
frequencies. There are very few studies on complex permittivity and permeability of Co-Zr substituted
barium hexaferrite bulk samples [25], and no studies on their composite thick films in the GHz region.
Though, we had earlier reported the dielectric and magnetic properties of Co-Zr doped barium hexaferrite
nanopowders and their composites in our previous study [26].

Due to lack of literature on microwave measurements on bulk and polymer composites thick films of
Ba(CoZr)xFe12-2x019 (x = 0, 0.1, 0.2, 0.35 and 0.5) hexaferrites, a systematic study have been done. The
dopant concentration above x = 0.5 resulted in the segregation of secondary phases, so the present study
was limited below this dopant level. The effects of dopants and sintering temperature on permittivity and
permeability at RF as well as at microwave frequencies have been investigated and reported in this article.

2. Experimental

Polycrystalline bulk samples of Ba(CoZr)xFe12-2x019 (x = 0, 0.1, 0.2, 0.35 and 0.5) were prepared by citrate
precursor method. Analytical grade metal nitrates and acetates were used as the starting materials. A
stoichiometric amount of aqueous solutions of Ba(NO3), , Fe(NO3).9H20, Co(NO3)3.6H20 and zirconium
acetate was dissolved in citric acid solution under constant stirring. The molar ratio of cations to citric acid
was 1:1. Then, an appropriate amount of ammonia solution was dropped into the solution under
continuous stirring to adjust the pH value to around 7. The mixed precursor solution was heated at 80°C
under continuous stirring till the solvent is completely evaporated off. Further heating of 80°C completes
the combustion process and results into a fluffy powder. That powder is calcined at 600°C for 1 hour, and
later disc shape uniaxially pressed pellets were sintered at 1200°C for 3 hours. Besides, an undoped sample
was sintered at various temperatures in the range 1100-1300°C for 3 hours. Composite thick films of
Ba(CoZr)xFe12-2x019 - polymer were prepared by mixing the ferrite powder with an epoxy resin (EPG280) in
different weight ratios, and the paste like mixture was molded in the shape of sheets (of thicknesses below
100 micrometers) .

Powder X-ray diffraction patterns of the polycrystalline samples were recorded (Rigaku X-ray
diffractometer, source Cu Ka) for ascertaining the single phase formation and grain size. SEM micrographs
(using Cambridge stereoscan 360 scanning electron microscope) were employed to determine the
microstructure and particle size. For the dielectric measurements the disk shape pellets and composite
films were coated with silver electrodes. Frequency (50 Hz-1 MHz) and temperature dependence of
dielectric constant and dielectric loss were recorded with the help of precision LCR meter (Hewlett Packard
model 4284A). A cavity perturbation technique [26] was used to determine the complex permittivity and
permeability at X-band microwave frequencies (8 - 12 GHz) using a vector network analyzer (model
HP8719ES). These parameters are calculated at specific frequencies due to limited electric and magnetic
resonant modes in cavity. The details about the cavity and method of measuring complex permittivity and
permeability have been described in earlier publications [26, 27].

3. Results and Discussions

3.1. Structure

X-ray diffractograms for the polycrystalline Ba(CoZr)xFe12-2x019 samples are shown in Fig. 1. Comparison
with standard data (JSPDS file # 84757) reveals single phase hexaferrite formation for all the compositions.
The dopant concentration (Co-Zr) above x = 0.5 resulted in the segregation of impurity phases (so higher

209 Volume 3, Number 3, September 2015



International Journal of Materials Science and Engineering

concentrations are not included for further studies). Lattice parameters are given in Table 1. It may be
noted from the table that the lattice parameter ‘@’ increases slightly, whereas the lattice parameter ‘c’
decreases with increase in the Co and Zr concentration. This may be due to the difference in ionic radii of
Co2+(0.65 A) and Zr#+ (0.72 A) ions as compared to the octahedral iron (Fe3*) ions (0.55 A) [28]. The ‘c/a’
ratio, therefore, decreases with the increase in the concentration of substituent ions. It indicates that
change of easily magnetized c-axis is larger than a-axis with Co2*and Zr#* ions substitution. Co?* cations
prefer to occupy the octahedral iron sites (4f, and 2b), whereas Zr 4* ions prefer tetrahedral (4f.) and
trigonal bipyramidal (4f1) lattice sites [29, 30]. However, the c/a ratio have been reported to increase in
Ba(CoZr)xFe12-2x019 samples prepared by conventional ceramic route [25]. The contrary behavior in our
samples may be due to difference in synthesis method (chemical solution method) and presence of oxygen
vacancies during sintering. The sintering at higher temperature changes the iron valence Fe3* to FeZ+, those
have larger ionic radii (0.78 A) as compared to Co2*and Zr** ions. The grain (crystallite) sizes were also
calculated using the Debye - Scherrer’s formula [31] and were found to be nearly 25 nm.
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Fig. 1. X-ray diffractograms of polycrystalline Ba(CoZr)xFe12-2x019 samples sintered at 1200°C for 3 hours
(a)x=0.5,(b)x=0.35(c) x=0.2 and (d) x = 0.0.

Table 1. Lattice Parameters (with Estimated Errors), Grain Sizes and Particle Size of the Polycrystalline
Ba(CoZr)xFe12-2x019 Bulk Samples

o "
Composition ) ) Approximate particle Crystallite size
(A) (A) ¢/a ratio
(x) size (um) from XRD (nm)
(£ 1%) (£1%)
0.00 5.89 23.26 3.95 4 32
0.20 5.90 23.22 3.94 3 22
0.35 5.90 23.14 3.92 9 27
0.50 5.91 23.01 3.89 7 25
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3.2. Frequency Dependence of Dielectric Properties of Pristine and Doped Samples

3.2.1 Pristine barium hexaferrite samples

Before preparing cation substituted samples, an effort was made to fabricate pristine samples with good
dielectric properties over the radiofrequency range, by carrying out solid state sintering at three different
temperatures. The dielectric constant (&') and loss factor (tand= &'’ /¢") estimated at RF frequencies (50 Hz -
1 MHz) for undoped barium hexaferrite samples sintered at 1100, 1200 and 1300°C are plotted in the Fig. 2.
The Dielectric constant of the sample sintered at 1200°C is higher than the corresponding values for the
sample sintered at 1100°C, and is almost unchanged over the entire range (except at lower frequencies,
where the values are higher) unlike the sample sintered at 1300°C (which shows much higher values at
lower frequencies). It may be noted that the sample prepared at 1300°C exhibits much higher loss values
over the entire frequency range, and also records unusual increase in the loss tangent with frequency,
though the trend starts showing up in the other samples too. Thus the sample sintered at 1200°C is most
suitable for further studies by after doping.

__1.0x10" 6

o

— "a;“

800’ —m— 1100°C S 97 —m— 1100°C

- —e— 1200°C =, —s— 1200°C

< 6.0x10° 1300°C = 1 1300° C

(@] a

[} o 34

£ 4.0x10° =

° w 27

= 2.0x10° . S 4]

= 00— 0 oo . —

© oL S m—m_sn ma - . Tg—w—a—a—2—0-0-—80 —&i
Rl | T T T T T T T T T T T T T T T
0.0  20x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10° 0.0  20x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10°

frequency (Hz) frequency (Hz)
(a) (b)

Fig. 2. Frequency dependence of (a) The dielectric constant and (b) Loss tangent for the polycrystalline
barium hexaferrite (BaFe12019) samples sintered at different temperatures.

Variation of the real and imaginary parts of the permittivity with the X-band frequencies is shown in Fig.
3. The properties of the samples are almost unchanged in this frequency range. The values of dielectric
parameter (€') are higher for the ferrites sintered at higher temperatures, as it was also observed at lower
frequencies, and increase monotonically with frequency except that the maximum value is obtained for the
sample sintered at 1200°C. Dielectric constant is increased two fold at this sintering temperature. The
dielectric losses also rises in general for samples sintered at higher temperatures. However, the sample
sintered at 1200°C shows less variation than the one sintered at 1300°C. Almost unchanged values of
dielectric parameter (¢') both in the RF and microwave range, and its maximum value in the MW range with
least variation in tan 6 for the sample sintered at 1200°C, make it an optimum temperature for sintering.

The observed increase in the dielectric parameters with sintering temperature can be understood by
considering the variation in electrical conductivity with sintering temperature. Sintering at higher
temperature enhances the Fe2+ ions, which are more conducting ions as compared to other cations present
in ferrites. Presence of more FeZ* ions due to sintering at higher temperatures therefore results in high
dielectric constant and losses.
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Fig. 3. Permittivity of undoped barium hexaferrite (BaFe12019) bulk samples measured at X-band
frequencies, sintered at different temperatures.

3.2.2 Cation substituted barium Hexaferrite samples

The variation of dielectric constant and loss tangent (tan §) at RF frequencies for Ba (CoZr)«Fe12-2x019
bulk samples sintered at 1200°C/3h are shown in Fig. 4. The values of dielectric constant and loss are
initially high at lower frequencies (below 1 KHz). This is attributed to interfacial dislocation pile-ups,
oxygen vacancies, grain boundary defects, etc. in polycrystalline ferrites [34]. With further increase in the
frequency, there is a gradual decrease in the values of dielectric constant due to fall in the contribution of
orientation polarization in this frequency range. The decrease in dielectric constant and loss tangent as
frequency increases and the increase of dielectric constant with increasing sintering temperature (Fig. 4)
can be explained by Koop’s theory [36], which takes the dielectric structure as an inhomogeneous medium
composed of two Maxwell- Wagner type layers. In this model, the dielectric structure is imagined to consist
of fairly well-conducting ferrite grains separated by poorly conducting grain boundaries.
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Fig. 4. Frequency dependence of dielectric constant and loss tangent of Ba(CoZr)xFe12-2x019
polycrystalline bulk samples

Increase in grain size and density also result in enhanced conductivity and increase in dielectric
parameters. The polarization in ferrites has largely been attributed to the presence of Fe2+ ions which give
rise to heterogeneous spinel structure. It is also visible from the Fig. 4 that Co and Zr substitutions enhance
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the dielectric constant and loss factor, possibly more Fe2+ ions in crystal lattice sites on substitution. The
Fe2+ ions being more easily polarizable than Fe2+ ions, an increase in Fe2+ concentration would result in high
electrical conductivity. So samples with low resistivity have higher dielectric constant at low frequencies
[39]. Similar behavior in dielectric parameters was also observed in Co-Ti doped barium hexaferrites
studied by Haijun et al.[16] .

Compositional dependence of the real and imaginary parts of the complex permittivity measured at 8.6
GHz, and permeability measured at 9.36 GHz are shown in Figs. 5 (a) and (b), respectively, for the
Ba(CoZr)xFe12-2x019 bulk samples sintered at 1200°C / 3h. Permittivity (¢' and &'") decreases upto Co-Zr
concentration x = 0.35 and increases on further increase in Co-Zr concentration (x), this may be due to
replacement of octahedral Fe3+ lattice sites by Co2*and Zr** ions and again that affects the resistivity and
dielectric constant. Co%* cations prefer to occupy the octahedral iron sites (B sites), whereas Zr*+ prefers
tetrahedral (A sites) iron sites [29]. It is also known that the B sites of a hexagonal ferrite play a dominant
role in the phenomenon of electrical conductivity, and the conduction in these ferrites may be due to
hopping of electrons in Fe3++ e <& Fe2+ at B sites [38]. The substitution of Co?* for Fe3* on the B sites
(octahedral sites) acts to reduce Fe2* concentration and also there is hopping between Co2* and Co3+.

Increase in Co and Zr substitution to Fe ions, the number of ferrous and ferric ions at B sites decreases. It
seems likely that the concentration of Fe2* on B sites becomes very small whereas the concentration of Fe3+*
on B site remains high. In terms of a model of electron hopping, the electron exchange is suppressed.
Therefore, the dielectric conductivity and consequently the local displacement of electrons in the direction
of an external AC electric field (and holes in opposite direction) which determines dielectric polarization in
ferrites decrease as Co-Zr substitution increases. Consequently the dielectric constant ¢’ and loss tangent
decrease as x increases upto x = 0.35. On further increase above this concentration, the excess Co and Zr
ions which have to occupy A sites will force the remaining Fe ions at A sites to migrate to B sites. Hopping
probabilities between Co3* and Co2* may also become appreciable as the concentration of Co increases. As a
result, the dielectric constant increases above this concentration.

Real part of complex permeability (i') measured at 9.6 GHz, decreases with the increase in the Co-Zr
concentration (see Fig. 5(b)), which was expected, because of the substitution of the tetrahedral Fe3+* ions by
the non-magnetic Zr** ions, which usually prefer the tetrahedral and bipyamidal lattice sites [29].
Imaginary parts (u'") also have lower values and it follows the same trend in frequency dependence as ',

which can be seen in Fig. 5(b).
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Fig. 5. Compositional dependence of real and imaginary parts of (a) permittivity (measured at 8.6 GHz), and
(b) permeability (measured at 9.36 GHz) of Ba(CoZr)xFe12-2x019 polycrystalline bulk samples sintered at
1200°C.
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3.3. Ferrite-Polymer Composite Thick Films

In the following sections the frequency and temperature dependence of complex permittivity of these
ferrite-polymer thick films are discussed.
3.3.1. Dielectric properties at low frequencies

Variation of the dielectric properties of Ba(CoZr)xFei2-2x019 hexaferrite composite thick films(ferrite to
polymer weight ratio was 1:1) with the frequency (50 Hz - 1 MHz) is shown in the Fig. 6. Dielectric constant
is nearly constant in the measured frequency range and there was no resonance/dispersion in the
measured frequency range upto 1MHz. Permittivity increases with the increase in Co and Zr concentration
in ferrite; similar frequency variation of permittivity were observed for bulk hexaferrite samples (see Fig. 5).
The polycrystalline ferrite consists of grain and grain boundaries. Orientation polarization is dominant in
ferrite-polymer composites [40]. This orientational polarization is the result of the process of electron
transfer between ferrous (Fe?*) and ferric (Fe3+*) ions [41]. Further, the dielectric losses in the measured
frequency range (Fig. 6(b)) are quite low as compared to corresponding bulk ferrites. These properties may

be good for device applications, where low losses are desired.
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Fig. 6. Frequency dependence of dielectric parameters for the Ba(CoZr)xFe12-2x019 powders-polymer
thick films having a weight ratio of 1:1.
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Fig. 7. Variation of dielectric parameters with the temperature for the Ba(CoZr)0.1Fe11.8019 composite
thick film sample (ferrite to polymer weight ratio = 1:1).
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Fig. 7 shows the temperature dependence of the dielectric parameters for a representative composite
thick film sample (Ba(CoZr)o.1Fe11.8019). Usually the peaks found in dielectric constant - temperature curves
may occur either due to the magnetic transition (around Curie temperature) or by electron -hole hopping
due to different valence state of Fe2+ and Fe3+. But in this case, as can be seen from Fig. 7 (a), the sharp peak
is around 250°C (~523K), which is not the Curie temperature for this ferrite, so it may be due to the electron
hopping, this was also observed in other study on Zn-Ti doped barium hexaferrite bulk samples [12]. Also
the effects of grain boundaries and the filler polymer can be seen in the broad anomalies around 450K in
temperature dependence of dielectric parameters (¢',¢” and tand), the peaks related to grains usually
appears at higher temperatures. In addition, these peaks showed pronounced frequency dispersion, with
the maximum shifting to higher temperature with increasing frequency, which is observed in other ferrite
systems as well [12, 33, 35]. The utility temperature of these ferrites may be below those peaks, so the
polymer composite films can be utilized at least upto 250°C. The losses are also very low upto the
temperatures around 350°C, and dielectric constant as well as loss have lower values at higher frequency (~
1 MHz).

The dependence of ferrite filling factor on real and imaginary parts of the complex permittivity measured
(by cavity perturbation method) at 8.6 GHz for Ba (CoZr)o.sFe11019-polymer thick film samples is shown in
Fig. 8. The values of the dielectric parameters increase with the increase in the fraction of ferrites in the
polymer matrix, which is expected due to higher values of dielectric parameters for the hexaferrite (¢' ~ 20)
as compared to the polymer (¢' ~ 2). Those values are important for tailoring the electromagnetic
parameters for X-band absorbers, because one can choose the optimum compositions which satisfy the
condition on the values of € and p (€ = y, for best microwave absorption results).
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Fig. 8. Dependence of dielectric parameters (measured at 8.6 GHz) on ferrite filling factor in polymer for the
Ba(CoZr)0.5Fe11019-polymer thick film samples.

The variation of the real and imaginary parts of the complex permittivity at microwave frequencies for
the Ba (CoZr)«Fe12-2<019 —polymer thick film samples are shown in Fig. 9. These are measured at 3 resonant
frequencies due to limitation of the measurement method [26, 27], but we can see that dielectric constant is
nearly constant in the measured frequency range of X-band; losses also don’t show any remarkable change
in this range. This is because these microwave frequencies are too high for orientations polarization which
was responsible for fall in €' with frequency in low frequency region. However, from these figures we can
see that the values of real and imaginary parts of complex permittivity are higher for Co-Zr substituted
compositions and do not show any frequency resonance or dispersion in this frequency range.
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Thus from the frequency dependent measurements on complex permittivity, one can infer that the
ferrite-composite thick films do not show any dispersion in dielectric parameters measured either in low
frequency region (50 Hz - 1 MHz) or in X-band microwave frequency ranges.
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Fig. 9. Variation of the dielectric parameters with the X-band frequencies for the Ba(CoZr)xFe12-2x019 -
polymer thick film samples.

4. Conclusions

Polycrystalline samples of Ba(CoZr)yFei2:2x019 ferrites have been prepared by the citrate precursor
method, and their composite thick films were screen printed after mixing the ferrite powder with polymer
epoxy resin (EPG280). Grain sizes increase on enhancing the sintering temperature, although the grains are
smaller as compared to those samples prepared by the conventional ceramic method. Increase in sintering
temperatures as well as the CoZr substitution result in increase in the dielectric parameters both at RF and
microwave frequencies. The dielectric parameters at both RF and microwave frequencies were measured
for thick films, and found to be lower as compared to corresponding bulk materials. Permeability of these
samples, measured at X-band frequencies by cavity perturbation technique, were found to be decreasing on
Co-Zr substitution, because of substitution of magnetic Fe ions by nonmagnetic Zr ions. However the
complex permittivity don’t show remarkable change within X-band frequency range because these
microwave frequencies are too high for orientation polarization which was responsible for fall in €' with
frequency in low frequency region. The temperature dependence of dielectric properties of these
ferrite-composite thick films shows that these can be useful without degradation for applications upto a
temperature of 200°C.
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