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Abstract Barium hexaferrite with nominal chemical com-
position BaMnZn,Fe 9019 has been synthesized by sol-gel
method, using polymethyl methacrylate (PMMA) as a tem-
plate. Fourier transform infrared spectroscopy (FT-IR) and
X-ray powder diffraction (XRD) were used for approving
the formation of barium hexaferrites. In addition, trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM) were performed to investigate the struc-
tural and morphological properties of BaM. The dielectric
properties were studied by impedance measurements as a
function of frequency (in the range 0.1 Hz—1 MHz). The
XRD patterns confirmed the formation of single-phase mag-
netoplumbite with crystallite size around 73 nm. The results
of dielectric parameters and conductivity measurements
showed three regions with different behaviors in electrical
conduction mechanism.
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1 Introduction

M-type hexaferrites, BaFe;;019 (BaM) and SrFei2019
(SrM), have many technological applications due to their
useful magnetic properties. Hexaferrites are important fer-
romagnetic oxides due to their intrinsic magnetic prop-
erties, such as high values of Curie temperature (7¢),
coercivity (H), and saturation magnetization (M), along
with their corrosion resistance, excellent chemical stabil-
ity, and low cost [1-4]. These features make them poten-
tial candidate for use in magneto-optical devices, record-
ing media, permanent magnets, and microwave devices
[10].

M-type hexaferrites are also important microwave
absorbing materials. Since they are magnetically hard, with
high H; and magnetic permeability, and contain a high
magnetocrystalline anisotropy.

These ferrites have been synthesized by various tech-
niques and using different compositions [4, 5]. In order to
meet the requirements for specific uses, the properties of
BaM ferrites are changed by replacing of cations on the
Ba and Fe sites. The substitution of Ba?t, Sr¥t [2, 3],
APT, Ga*t, and Cr*t [6, 7], coupled with Zn>*, Co 2,
Mg?t, Zr2t, Ti*t, Sn**, and Ir** substitution, can eas-
ily both modify and improve the magnetic properties (the
saturation magnetization, coercivity, anisotropy constant,
and ferromagnetic resonant frequency) of M-type ferrites
[8-10].
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A variety of techniques have been used to synthesize pure
and substituted BaFe|»,019 particles, which include chem-
ical coprecipitation [11], sol-gel [12], reverse microemul-
sion [13], ball milling [14], and sol-gel auto combustion
[15] techniques. In the present work, BaMnZn,Fe{9O19
nanoparticles have been synthesized by sol-gel method
using polymethyl methacrylate (PMMA) as a template. The
effect of Mn—Zn substitution on the electrical properties of
barium hexaferrite has been discussed.

2 Experimental
2.1 Chemicals

Iron (II) oxide nonahydrate, Fe(NO3), - 9H,0O; barium
nitrate, Ba(NOj3),; zinc nitrate, Zn(NO3);-4H,O; man-
ganese nitrate, Mn(NO3)> - xH>O; NH3 solution; citric
acid (CgHgO7); and PMMA (Cs0O;,Hg), were obtained from
Merck and used without further purification.

2.2 Instruments

Bruker D2, X’pert Pro Diffractometer which is operated
at 40-kV voltage and 250-mA current using Cu K, radia-
tion (A = 1.547 A) was used for X-ray powder diffraction
(XRD) analysis.

Fourier transform analysis was performed by using Matt-
son Satellite spectrometer in the range of 4000—400 cm™!
in order to investigate the nature of chemical bonds formed.

Scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) analysis were performed
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Fig. 1 FT-IR spectra of synthesized BaFe;o(Mn>tZn?*Zn**)0O19
NPs after calcination at 850 °C for 1 h
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using FEI XL40 Sirion FEG and FEI Tecnai G2 Sphera
microscope to study the surface morphology, particle size,
and aggregation of grains, respectively.

The real (¢') and imaginary (¢”) parts of complex
dielectric permittivity &* [= &' (») + i&” (w)] were mea-
sured with a Novocontrol dielectric impedance analyzer.
The dielectric data (¢, ¢”) were collected during heat-
ing as a function of frequency. The films were sand-
wiched between gold blocking electrodes and the con-
ductivities were measured in the frequency range 0.1 Hz
to 1 MHz at 10 °C intervals. The temperature was con-
trolled with a Novocontrol cryosystem between —100 and
250 °C.

2.3 Procedure

For typical synthesis of the product, certain amounts of
Fe(NO3)2-9H,0 and Ba(NO3), were dissolved in deionized
water followed by the addition of citric acid, and its pH was
adjusted to 7 by using NH3 solution. Then, the solution was
slowly concentrated at 80 °C for about 1 h and PMMA was
added into the precursor solution. After ultrasonic vibration
for 10 min, the mixed solution was evaporated at 70 °C till
a viscous gel formed which was dried at 110 °C and finally
calcined at 850 °C for 1 h [16].

3 Results and Discussions

3.1 Fourier Transform Infrared Spectroscopy Analysis
The Fourier transform infrared spectroscopy (FT-
IR) spectra of calcined Ba hexaferrite sample

[BaFe;o(Mn2tZn?*tZn**)Oy9] is presented in Fig. 1.
There are characteristic bands for ferrites observed for the
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Fig. 2 XRD powder pattern of BaFe o(Mn2tZn**Zn?t)09 NPs,

indexed with JCPDS card no.: 84-0757, along with the simulated
pattern using Rietveld analysis
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sample. The strong absorbing bands appeared at around 591
and 438 cm~! corresponding to typical Fe-O stretching
vibration bands in BaFe;o(Mn?tZn2tZn2")09 [17-19].
Small band near 2900 cm~! occurs due to the presence of
moisture absorbed by the sample.

3.2 XRD Analysis

Figure 2 shows the Rietveld refinement of XRD data of
the product. In Fig. 2, the red spheres represent experimen-
tal data; the black solid line is calculated values by using
Rietveld method. Results show that the calculated values are
in good accordance with experimental data. All the peaks in
Fig. 2 could be indexed to M-type hexagonal structure. XRD
powder pattern of the product was in good agreement with
JCPDS cards no.: 84-0757 [20, 21]. The lattice parameters
and average crystallite size (based on the Scherrer formula)
were calculated as a = b = 5.889 A, ¢ = 23.197 A, and as
73 nm, respectively.

3.3 SEM and TEM Analysis

SEM micrograph and TEM images of the product are pre-
sented in Fig. 3a—c, respectively. Figure 3a shows the aggre-
gation/agglomeration of nanoparticles into sheet-like struc-
tures. A closer examination using TEM revealed irregular-
shaped and aggregated nanoparticles forming large sheets.
There are round-shaped particles in the range of 50-300 nm,

Fig. 3 a SEM and b, ¢ TEM
micrographs of as-synthesized
BaFe o(Mn2tZn?tZn?)Oy9
NPs

as well as nanorod-like high aspect ratio nanoparticles with
a diameter of 30-50 nm and a length of 60-300 nm observed
in the micrographs. The strong aggregation is attributed to
the calcination process which could generate high tempera-
tures due to the combustion of the polymer.

3.4 Electrical and Dielectric Analysis

Most of heterogeneous materials (polymers and composites
of differently sized structures) represent both conductive
and dielectric (insulating) phases. Many of these systems,
together with ferroelectric polymers and composites [22—
25], present a very similar frequency dependency of con-
ductivity and permittivity, often named universal dielectric
response by Jonscher [26]; its behavior is completely simi-
lar to that of Fig. 4. A typical universal dielectric response
is that at lower frequency ac conductivity is frequency
independent, especially above 90 °C; however at higher fre-
quencies it increases by obeying the following power law
behavior as

o (w) = op” (1)

The overall response can often be described by o (w) =
00 + Aw" where w is the angular frequency and n(0.6 <
n < 1.0) and A are the temperature-dependent constants.
The real part of the permittivity (¢’) can also be expressed
by a power law decay [27] such that, ¢’aw™™ where m can
be 1—n.
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Fig. 4 a Conductivity analysis of as-synthesized BaFe o(Mn>*Zn?*Zn?*)Oy9 NPs as a function of frequency at different temperatures. b, ¢ A
detailed semilog representation of a according to the transition temperature region below and above 95 °C

3.4.1 AC Conductivity

The frequency-dependent conductivity graphs of the sam-
ple are shown in Fig. 4a. The ac conductivity value was
obtained from the following standard equation, (2):
o' (@) = opc(w) = &"(w)weg @)
where o’ (w) is the real part of ac conductivity, w (= 27 f)
is the angular frequency of the signal applied across the
sample, ¢” is the imaginary part of complex dielectric per-

mittivity (¢*), and g9(= 8.852 x 10~14 F/cm) is the vacuum
permittivity.
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Conductivity analysis of as-synthesized BaFejo(Mn>*
Zn>*tZn?>t)019 samples represents two types of character-
istic behavior depending upon temperature range before and
after 95 °C. At higher temperature and higher frequency, ac
conductivity complies with the rule of power law given as

3

where w = 27 f, while at lower temperature it represents
a variety of trends, which can be examined in three regions
as follows: (i) the first is the twisted section where the
region is both frequency- and temperature-dependent. The
ac conductivity of lower frequency dependency increases
almost linearly up to 1-40 Hz depending upon temperature

o (w) = 0"
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Fig. 5 Arrhenius plot of as-synthesized BaFe o(Mn*tZn**Zn?t)09
NPs as a function of the reciprocal temperature at various frequencies

as shown in Fig. 4a, b but linearity extend up to 40 Hz for
90 °C.

In other words, it is found to possess almost fre-
quency independency up to 1 kHz. (ii) The second region,
temperature-dependent region only, in which conductivity
increases with the elevated temperature, including higher
temperature with a frequency up to 20 kHz. (iii) The third
region obeys the power law, in which starting point of the
ac conductivity of frequency dependency is found to shift
to higher frequency while temperature is increased up to
150 °C.

Arrhenius plots of conductivity for frequencies up to
2.1 MHz show that conductivity increases with both fre-
quency and temperature except for some fluctuation in
conductivity for lower frequency (1, 4, and 12 Hz) and up
to medium temperature as illustrated in Fig. 5. DC conduc-
tivity can be considered to have multiple activation energy
region; however, once the frequency is increased, Arrhenius

Fig. 6 Real part of permittivity 00—
(Eps’) (dielectric constant) ;
analysis of as-synthesized

BaFe o(Mn?tZn*+Zn?")0y9 at
a below 90 °C and b above

90 °C

Real Permittivity, ¢

plot for each curve over 100 Hz showed that the plot obey
the well-known exponential rule as follows

Ea
o (T) =opexp (_kB_T> 4

and can be characterized with two activation region while
more than two under 100 Hz conductivity.

3.4.2 Dielectric Properties

It can be clearly seen from Fig. 6 that the dielectric con-
stant (¢’) decreases with increasing frequency and then
reaches a constant value with two different tendencies in
a certain temperature region. This behavior is expected for
ferrites and is attributed to the interfacial polarization (space
charge polarization) (by Maxwell-Wagner model) [28, 29].
This model states that the dielectric structure of ferrites
is assumed to be made up of two layers. The first layer,
being a conducting layer, contains large number of grains
and the other layer consists of grain boundaries that are
poor conductors. The polarization in ferrites is via a mech-
anism similar to the conduction process i.e., by electron
exchange between Fe?t and Fe3t. The decrease in polar-
ization with frequency is due to increase in the frequency of
externally applied electric field, and as a result, the electron
exchange between Fe’* and Fe?* ions cannot follow the
frequency of the applied alternating field. The higher values
of dielectric constant at lower frequency are due to voids,
dislocations, and other defects [30]. According to Koop’s
model, the dielectric constant at lower frequency comes
from the grain boundary which has a high dielectric constant
due to high resistivity at grain boundary. The dielectric con-
stant at higher frequency comes from the grains which have
small dielectric constant values due to low resistivity. High
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dielectric constants decrease the penetration depth of the
electromagnetic waves by increasing the skin effect. Hence,
the much lower dielectric constants obtained for the ferrites
ensure their application at high frequencies.

The dielectric loss as a function of frequency for the
sample is depicted in Fig. 7. The dielectric loss profiles
are similar to those of the real part of dielectric con-
stant, and additionally, ac conductivity profiles give some
more information according to the regional transition as a
function of both temperature and frequency. Hudson [31]
has shown that the dielectric losses in ferrite are gener-
ally reflected in the conductivity measurements where the
materials of high conductivity exhibit high losses and vice
versa.

3.4.3 Tangent Loss Measurements

Tangent loss analysis of as-synthesized BaFejo(Mn™2
Znt2Znt2)09 NPs is examined and classified into three
regions according to both current conduction and field prop-
agation in Fig. 8. When the loss is about unity, lossy
conduction mechanism can be dominant under the condi-
tion of a given temperature and frequency region. According
to Koop’s model, the lossy mechanism at lower frequency
comes from the grain boundary which has a high dielectric
constant due to high resistivity at grain boundary. However,
at higher temperature, tangent loss represents properties of
high conductivity materials as shown in Fig. 8 over a loss
(%) of 10 up to 100 with a field propagation of high loss
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Fig. 7 a Imaginary part of permittivity (dielectric loss) analysis of as-synthesized BaFeo(Mn2tZn?*Zn?t)O9 NPs which is also classified into

two regions at b low and ¢ high temperature
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Fig. 8 Tangent loss analysis of as-synthesized

BaFe o(Mn2tZn?tZn>*)O19 NPs as a function of frequency at
various temperatures, up to 150 °C

medium of as-synthesized BaFe o(Mnt2Znt2Zn*%)0O19
grains. Poor conduction can be seen under a loss (%) of 0.1
because of small dielectric constant at higher frequency and
also due to low resistivity.

4 Conclusion

BaMnZn,Fe19O19 NPs were synthesized by conventional
sol-gel method. SEM micrographs reveal polydispersed
particle size and morphology, mostly aggregates in the form
of hexagonal sheets. The dielectric constant (¢') and dielec-
tric loss factor (tan &) decrease with frequency and are in
good agreement with the dc electrical resistivity data. The
characterization of electrical conductivity, dielectric con-
stant, and dielectric loss as well as tangent loss reveal that
three regions in electrical mechanism can be originated from
the interfacial polarization and large number of grains caus-
ing conducting layer and also grain boundaries resulting in
poor conducting region. This type of structural and electri-
cal properties of the sample can be utilized for a variety of
the built-in sensor technology within a designated region in
the VLSI technology.
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