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Optimization of the Absorption of Radiation
in NiZnMn Ferrite by Electron-Phonons in
Composites of Dielectric Polymer and Crystals
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Abstract

Ferrites were synthesized with the formula Ni . Zn  _Mn Fe O, for x = 0, 0.3, and 0.5 mol%,
respectively. The magnetic characteristics and the absorption of radiation of the powder-epoxy
composite were investigated. X-ray diffractometry, XRD and scanning electron microscopy, SEM,
were performed. The magnetic hysteresis was investigated by vibrating-sample magnetometer,
VSM, and the Bohr magneton was compared with the reflectivity measurements of the
composites. The Bohr magneton of 6 uB/cell for NiZn and 7.5 uB/cell for NiZnMn, respectively,
show the effect of inversion between theoretical and experimental results. The NiZn reached
reflectivity of -16 dB at 8 GHz with 98% of radiation absorption. Preliminary analysis indicates
that electronic mobility into the crystals and phonons (vibrational modes) of the structure with
a more efficient epoxy polymer in heat dissipation are the preponderant causes of propagation
and dissipation of magnetic waves into the composite. These indicate that high tendency to
magnetization is not only one cause of the absorption of radiation.
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Introduction high scientific and technological interest because
of their applications in the electronics industry as
magnetic high resistivity devices [8-10]. The spinels
include a broad category of compounds employed
in several areas and for specific purposes, such
as ferroelectric, insulators and superconductors
[11,12]. Preparation of polycrystalline ferrites with
very good magnetic properties generally requires
the use of synthesis via wet or by combustion
process [13-16], as the main problem lies in the

The nanometric ferrites represent a class of
ceramic magnetic materials with wide application
in electromagnetic devices due to their electrical
and magnetic characteristics [1-7]. The general
formula for these ferrites is MFe,0,, wherein M
is one or more divalent metal ions such as Ni%,
Cu®, Mg*, Mn%*, Zn*, and others. Among these
materials, ferrites based on NiZn, NiCuZn, MnZn
and MgNi have’s spinel type structures and have
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fact that many of the properties required for the
applications are not intrinsic but extrinsic [17,18].
Thus, the ferrites are not defined by their chemical
composition and crystalline structure, but instead
also requires knowledge and parameters that
control their microstructure, such as density, grain
size, porosity, excess oxygen, and their intra- and
inter-granular distribution [19,20].

In industrial scale the nanoferrites are prepared
by the conventional ceramic method, which
comes from the mixture of oxides in high-energy
mills. Most of the resulting products are not
stoichiometric and homogeneous in a microscopic
scale, since the compounds have already been
defined and the crystallographic phase can lead to
final product phases that do not react. Thus, the
properties are often not reproducible.

Thus, it is well known that the properties of
ferrites are strongly influenced by the composition
and the preparation method used in their synthesis.
In the laboratory, many current methods, such as
the technique of pyrolysis, sol-gel, coprecipitation
and combustion method have been adopted for
the synthesis using metal nitrates [21-24].

At present, there is a great emphasis on the
study of electromagnetic radiation absorbing
materials, RAM, applied to aerospace industry and
electronics [25]. In the state of the art, the purpose
is to develop materials for protection of electronic
or optical devices used in aerospace (rockets and
satellites) and mobile telephony. In this context,
RAMs of composites ferrites/polymers based on
ferrites with different additives [26] mixed with
epoxy, acrylates and carbon fibers are investigated
[27]. Other materials used are based on polyaniline
(PANI) embedded into a polyurethane matrix [28],
polyvinylchloride (PVC) matrix or polychloroprene
vulcanized [29].

In this work we used the process of citrate
precursors based on the Pechini method [30].
Samples of NiZn, NiZnMn and MnZn were prepared
with Ni . Zn Mn Fe O, as the general formula.
The work consists of a behavioral analysis between
theoretical data calculated using experimental data
in analyzing and the influence of polymer-crystal
on the absorption of electromagnetic radiation in
nanoferrites.

Experimental Procedure

Ferrite were synthesized, using the citrates

precursor method in the overall composition Ni
Zn, Mn Fe,0,, for x = 0 (A1), 0.3 (A-ll), 0.5 (A-Ill),
respectively. The materials used were: citric acid;
C.,H.0, (99.5% Vetec), nickel nitrate; Ni(NO,),-6H,0
(99.5% Aldrich), zinc nitrate; Zn(NO,),-6H,0 (99.5%
Aldrich), manganese nitrate; Mn(NO,),-6H,0
(99.5% Aldrich) and iron nitrate; Fe (NO,),-9H.,0

(99% Aldrich).

Citric acid was mixed proportional to the
mass of metal (2:1) in water in the ratio of 50/50
vol% citric acid-nitrate/water. The solutions
were heated at 70 °C for 6 hours. The citrates
were mixed stoichiometrically in magnetic mixer
according to the before above-mentioned formula.
Mixtures of citrates were heated at 85 °C for 10
hours. The resins were packed in beckeres and
heated in a muffle EDG type (P-S 3) at 350 °C for
3 hours. The powders were deagglomerated in an
agate mortar and sieved in an ABNT (ASTM) 325
mesh. One batch of each powder was calcined at
1100 °C for 3 hours. The powders were analyzed
by X-ray equipment using a Shimadzu XRD 6000
diffractometer with, a tube voltage of 30 kV, tube
current of 30 mA with CuKa radiation (A = 1.5418
A), and an angle 20 step = 2°/min. (15° and 85°).
A Shimadzu graphite monochromator D/tex ultra
was used. The XRD pattern were analyzed by
Rietveld refinement with using the MAUD software
v. 2044 version. A Scanning electron microscopy
(SEM) was made performed in equipment Philips
XL-30-ESEM. The Vibrating sample magnetometry
(VSM) was taken in a LMMM equipment for
measuring MxT in the temperature range of -196
°C to 377 °C. The analysis of reflectivity was made
in an apparatus using waveguide type by IAE/
DCTA within a range of 8.2-12.4 GHz. Direction
coupler (X752C model-HP) was used to measure
the reflected energy of the samples. A synthesized
seeper (83752A model-Agilent) is connected by
a cable to the coaxial adapter, and the spectrum
analyzer (70000 model-HP) is wired in the coaxial
adapter of the signal output. The transmitted
energy is absorbed, the reflected energy is read in
the spectrum analyzer. The reflection coefficient
is determined relative to a reading obtained from
the sample and from a polished metal plate of
intense reflection. The composites were prepared
by mixing epoxy resin (Araldit LY 556, C H, CIO,,
based on bisphenol-A) and packed into molds. The
plates with composites were supported on a metal
plate with 100% reflectivity. The mixture of resin/
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ferrite was weighted in ratio of 50/50. To estimate
the obtained experimental values in terms of the
Bohr magneton, p, [31], the following equation
was applied:

M = (Pm.Ms)/(N.8) (1)

Where M is the magnetization in Bohr
magneton per unit cell, Pm is the atomic weight,
Ms is the saturation magnetization, N is the
Avogadro number, and 8 is the conversion factor
for expressing the magnetic moment per unit cell,
which is equal to0 9.27 x 10'%* erg/Gauss.

Results and Discussions

Figure 1 shows the X-ray diffraction, XRD
pattern of the A-l, A-Il and A-lll samples calcined
at 1100 °C/3h. The A-Il composition do not showed
hematite, while the samples A-lI and A-lll showed
5% and 12%, respectively.

Increasing calcination temperature favors
the formation of single phase for ferrite with
manganese, whereas the spinel crystalline lattice
has more stability above a temperature of 1000 °C.
Temperatures above 1200 °C favor the formation

19200 E:ferrite phase
H: hematite phase
14404 FH

——A-lll - MnZn Ferrite : 1100°C/3h

14404

——A-Il - NiZnMn Ferrite : 1100°C/3h

I

——A-l NiZn Ferrite :1100°C/3h

480+
- H Mw
0 “w“ At v : a—
45

:AJW : W
60 75 90

2 Teta

Figure 1: X-ray diffractogram pattern of the A-I, A-Il and A-lIl ferrites compositions calcineds at 1100 °C/3h.

Table 1: Refinement by Rietveld of A-l, A-1l and A-lll ferrites calcineds at 1100 °C/3h.

Phase % of Phase Lat. Par. (a)(A) Cs (um) Rw Sig
A-l NiZn Ferrite 95+2.1 8.39 1.03+0.08 26.16 1.22
Hematite 5.0+£0.2 5.43 0.54 £ 0.06
A-ll NiZnMn Ferrite 100 8.41 0.61+£0.03 26.05 1.25
A-lll MnZn Ferrite 88+1.3 8.45 1.14+0.10 29.51 1.32
Hematite 12 +0.32 5.42 0.49 £ 0.05

Pessoa RC, Nasar RS, Nasar MC, Araujo JH (2019) Optimization of the Absorption of Radiation in NiZnMn Ferrite by Electron-

Phonons in Composites of Dielectric Polymer and Crystals. Int J Magnetics Electromagnetism 5:017




Pessoa et al. Int J Magnetics Electromagnetism 2019, 5:017 ISSN: 2631-5068 | « Page 4 of 14 o

of a ferrite single phase, thus, it was obtained a 0.61 um (A-1l) and 1.14 um in (A-lll). Generally, in
decreasing of hematite phase in the A-ll and A-lll  this temperature the average crystallite sizes are of
samples. Table 1 shows the refinement by Rietveld the order of more of 1 um. In Figure 2, the XRDs
of samples calcined at 1100 °C/3h with average of the calcined powders at 350 °C/3h and analyzed
crystallite sizes of ferrite phase of 1.03 um (A-l), by Rietveld refinement are shown. The analysis
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Figure 2: X-ray diffraction pattern of the A-l, A-Il and A-lll ferrites compositions calcineds at 350 °C/3h.
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Figure 3: Lattice parameters (a), depending on the compositions of Ni_ . Zn, _Mn Fe O, ferrites.
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showed the formation of a single phase of the
spinel ferrite type.

The structural parameters indicate that the syn-
thesized ferrites crystallize in the cubic structure
with space group Fd-3m:1. The data indicate that
ferrites have an inverse spinel structure. All the
divalent metal ions, such as Ni** and Mn?*, would

occupy tetrahedral positions (normal spinel), but
these not happening demonstrating that divalent
metals occupy both tetrahedral and octahedral po-
sitions (inverse spinel).

The analysis of the lattice parameters with the
concentration of Mn, Figure 3, shows that the
parameter increases linearly with by increasing of x

Figure 4: Scanning electron microscopy, SEM of ferrites, a) NiZn (A-l); b) NiZnMn (A-Il); c) MnZn (A-Il);
calcineds at 1100 °C/3 h.
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concentration. This occurs because the Mn?* (0.824A)
ion has larger ionic radius than the Ni?* (0.694) and
Zn* (0.74A) ions. This clearly shows the diffusion
effect of manganese on the ferrite structure.
Rezlescu, et al. [6] studied the effect of the addition
of divalent ions on the NiZn ferrite and obtained
lattice parameter of 8.39A. The compositions All
and Alll obtained 8.41A and 8.45A, respectively.

In Figure 4, we can see the micrographs by SEM
of samples A-l, A-lIl and A-lll calcined at 1100 °C,
respectively. It is observed the average particle size
of ferrite phase for the sample A-l, Figure 4a, of 1.2
um, which is in agreement with that obtained by
Rietveld refinement (1.03 um).

The sample A-ll, Figure 4b shows macro-
aggregates containing small particles forming
clusters. The image shows an agglomerated
material with diffuse contours of particles having
small average size with 0.1-0.8 um (micrometric
and nanometric particles) when calcined at 1100
°C/3h. By using the Rietveld method, was found
average crystallite size of 0.61 + 0.03 um, thus
having a relative correlation between SEM and
XRD techniques. Due to the formation of macro-
aggregates it is necessary to use high energy X-rays

for accurate determination of the average particle
size. Figure 4c shows an Ab-normal microstructure
with grain size range of (0.3-2.0 um). The arrows
show an incomplete diffusion process caused by
the lower mobility of the Mn?* ion during crystal
growth.

Figure 5 shows the dependence of magnetiza-
tion with the applied magnetic field by magnetic
hysteresis for compositions A-l, A-ll and A-Ill cal-
cined at 350 °C/3h in air. The curves show hystere-
sis trend with low coercivities. The hystereses show
soft magnetic materials. The magnetic parameters,
i.e. of saturation magnetization, remnant magne-
tization and coercive field, obtained from the hys-
teresis are shown in Table 2. The sample A-ll has
the highest value of saturation magnetization of
33.2 Am?/kg. The coercive field, ranging between
0.005 and 0.009 T, is higher for the sample A-l. Ac-
cording to the Rietveld refinement, the average
crystallite size of the three samples are 17.69 (A-1),
16.81 (A-Il), and 14.92 nm (A-lll) when calcineds at
350 °C/3h, respectively. Very small particles below
a critical size Dc, and not well defined, around 100
nm, show a sensitivity to magnetic fields [32]. The
magnetization is explained by coherent rotation of
magnetic moments. In the hysteresis of the sam-
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Figure 5: Hysteresis cycles of the composition of ferrites A-1, A-Il and A-lll, calcineds at 350 °C/3h.
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Table 2: Magnetic properties for composition of A-1, A-Il and A-lll, calcineds at 350 °C/3h.

Ferrite Ms (Am?*/Kg) M. (Am’/Kg) H_(T), Error. Max: * 1.7 x 10*
A-l 30.92+2.82 5.57+£0.81 0.009
A-ll 33.20+£2.97 4.09 £0.68 0.004
A-llI 15.48 +1.82 2.95+0.53 0.006
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ples A-l and A-ll, it is noted that the curves do not
saturate even with a field strength above 1T.

The theoretical magnetization, for each ferrite is
shown below. The values are calculated based on
the magnetic contributions and the stoichiometric
amount of each ion in the structure.

Unit cell of ferrite Ni,.Zn .Fe,0,

Tetrahedral Position (4 Zn?" ions, 4 Fe®' ions),
Octahedral Position (12 Fe*® ions, 4 Ni*? ions) M =
5 uB (12-4) O uB + (4) + 2 uB (4) = 48 uB/unit cell =
6 uB/cell.

Unit cell of ferrite NiO.ZZnO'SMnOSFeZO4

Tetrahedral Position (4 Zn** ions, 4 Fe3*ions),
Octahedral Position (12 Fe3* ions, 1.6 Ni** ions, 2.4
Mn*2ions) M=5 uB (12-4) + O uB (4) + 2 uB (1.6) + 5
uB (2.4) = 55.2 uB/unit cell = 6.9 uB/cell.

Unit cell of ferrite Mn,.Zn, Fe,O,.
Tetrahedral Position

(4 Zn* ions, 4 Fe** ions), Octahedral Position (12
Fe3*ions, 4 Mn?*ions) M =5 uB (12-4) + O uB (4) + 5
uB (4) = 60 uB/unit cell = 7.5 uB/cell.

Figure 6 shows the hysteresis of A-l, A-ll and A-llI

compositions calcineds at 1100 °C/3h. The data
were observed in Table 3 with a high saturation
magnetization of 86.05 Am?/kg for A-l ferrite. The
XRD has shows a reduction of hematite phase and
coincides with increasing magnetic property. Fac-
tors, such as chemical composition, homogeneity
(synthesis) and energy diffusion of the ions in tetra-
hedral and octahedral positions are preponderant
in this process [33]. There is an increase of coerciv-
ity of the sample A-lll at 1100 °C/3h.

It was observed that the magnetization does not
depend only on the quantity of spinel phase. Several
factors alter the final effect of magnetization on
ferrites. The higher theoretical magnetization in
a unit cell, observed in the composition without
nickel, does not imply a high magnetization of the
bulk of the material. Factors such as: Single phase,
added metal type, crystal size and imperfections
are effects that alter the magnetization in the
bulk. These factors alter the movement of the
domain walls causing decreased magnetization.
The microstructure of sample A-l shows particles of
average size of 1 um. Samples A-ll and A-lll, show
small particle sizes around of big particles typical
of Ab-normal microstructure. Competition in the

100

809 —o—A-l: Nizn Ferrite : 1100°C/3h | %
1 —o—A-ll: NiZnMn Ferrite : 1100°CJ3
60~ —v— A-lll: MnZn Ferrite : 1100°C/

Magnetization (Amz/Kg)
o

T

_60_-

-80—-

o B N ——

-1,5 -1,0 -0,5 0,0 0,5 1,0 15
Magnetic Induction (T)

Figure 6: Hysteresis cycles of the composition of ferrites A-l, A-1l and A-lll calcineds at 1100 °C/3h.

Table 3: Magnetic properties of A-l, A-Il and A-Ill compositions calcineds at 1100 °C/3h.

Ferrite M_(Am’/kg) M_(Am?/kg) H_(T), Er. Max: + 6 x 10
A-l 86.05 £ 5.02 1451+1.61 0.008

A-ll 48.26 +3.27 7.47 £1.27 0.008

A-ll1 30.75+3.01 9.82+2.11 0.02

Pessoa RC, Nasar RS, Nasar MC, Araujo JH (2019) Optimization of the Absorption of Radiation in NiZnMn Ferrite by Electron-

Phonons in Composites of Dielectric Polymer and Crystals. Int J Magnetics Electromagnetism 5:017




Pessoa et al. Int J Magnetics Electromagnetism 2019, 5:017

ISSN: 2631-5068 | e Page 8 of 14 »

diffusion process between the Ni and Mn ions
causes a strong inhibition in grain growth (growth
kinetics). The Bohr magneton increase due to the
addition of Mn in NiZn ferrite is decompensated
by inhibition of grain size. This effect limits the
expansion of domains under the application of
magnetic fields. The Mn ion can present states
of Mn*? and Mn*3, which facilitates the diffusion
of the smaller ion [34]. This explains the lower
homogeneity of the microstructure of sample A-lll.

Figure 7 shows the saturation magnetization as a
function of manganese concentration for different

calcining temperatures in ferrite of formula Ni_ .
Zn .Mn Fe O,. One can observe the decrease
in  magnetization with increasing manganese
concentration. Occurs a reversal in the trend of
the magnetization at 900 °C for All compositions.
Due to growth kinetics, larger particles have large
domains volume and therefore get have greater
magnetization. The ion Fe3* has a 3d5 configuration
with five unpaired electrons, so does the Mn?* and
Mn3*ions, having five and four unpaired electrons.
The Ni* and Mn?*/Mn3* ions have a preference for
octahedral positions but may occupy tetrahedral
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9. N Al
| Jo% \\\ e
g0 / \
70 x
60
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8
| I

—#— Niy,,Zn, MnFe,O,
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T
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X 274
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Figure 7: Saturation magnetization as a function of the x manganese concentration in Ni . Zn  .Mn Fe O, ferrites
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Figure 8: Magnetization in terms of magneton of Bohr per cell of Ni . Zn  _Mn Fe O, ferrite.
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positions and form a mixed structure [35], while
the Zn?* ions have a stronger binding energy to
occupy tetrahedral positions.

It can be seen that increasing the concentration
of Mn ions increases the theoretical magnetization.
The theoretical values are obtained in experimental
Bohr magnetons units. Equation 1 is used to
calculate values of Bohr magnetons.

Figure 8 shows the theoretical and experimental
magnetization in terms of the Bohr magneton. The
theoretical magnetization is linear and increased
with the addition of manganese. It is expected that
the substitution of Ni** ions by Mn?* ions will cause
increases in magnetic parameters. However, the
experiment shows that increasing Mn?* does not
obeythe calculation, the magnetizationis decreased
with increasing manganese concentration. This
indicates that the Mn ion replaces partially the
positions of Fe** and forms a mixed spinel structure.

The magnetic measurements show that the
Mn ion replaces the tetrahedral and octahedral
positions and causes the magnetic property in the
ferrite to decrease. The high concentration of the
ion in the octahedral position (low spin) is that
causes the decrease of the magnetization. The
theoretical calculation is done as a function of the
homogeneous distribution in high spin (tetrahedral)
and low spins, but with manganese replacing the
high spin positions.

The addition of Ni** favors the inverse spinel

structure, with the ion in sites B (octahedral
positions), low spin, Figure 9. The low spin state
causes the pairing of electrons in a position of
lower energy and favors higher magnetic result
due to Fe* ions being in tetrahedral positions
with a, high spin. The spinel structure with Ni at
sites A (tetrahedral positions) shows that valence
electrons in the low spin position have strong local
magnetization and increase the vibrational state
(phonons), with a lower demagnetizing effect.
The interaction of electrostatic forces (chemical
bonds) of Ni in the tetrahedral position favors the
effect increase in the vibrational state increase
(phonons). The Mn, when in octahedral positions
B, is positioned in conditions of high stability.
This phenomenon contributes less to the general
vibrational state of the structure. This is observed
with the increase of the lattice parameters with the
concentration of Mn. This fact diminishes the effect
of repulsion between the atomic orbitals of the ions
in the chemical bonds. The remnant magnetization
increased and the coercive field decreased. The
concentration of Mn? - Mn?" causes an increase
in the concentration of electronic vacancies and
changes the electronic conductivity. The electronic
driving effect has an associated magnetic field.
This effect, which depends on the concentration
of vacancies, alters the mobility of the spins and
favors the decrease in the coercive field.

Thus, the Mn* in octahedral position (low
spin) causes increase of the stability of the atomic

8
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— d2y2
. b1 d® metal
Vb { Nill)
d2
T
‘ i H 1 : is seen the

Low-spin Ni(ll)
square-planar
after J-T distortion

Figure 9: Diagram of energy for high-spin (regular octahedral position) and low-spin (regular tetrahedral
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Table 4: Theoretical magnetization, saturation magnetization, experimental magnetization in terms of magnetons
of Bohr and the percentage of phase formed for the compositions calcineds at 900 °C and 1100 °C/3h.

Temperature (°C) Ferrites Magneton of M, (Am?/Kg) M (exp. In terms of Phase % of
Borh (p,) M, (Eq. 1) ferrite

Nizn(A-1) 6 72.37 +5.81 3.07 100

900 NiZnMn(A-II) 6.9 45,55 1+ 3.22 1.92 82
MnZn(A-IIl) 7.5 2.55+0.54 0.11 69
NiZn(A-I) 6 86.05 £ 5.02 3.32 95

1100 NiZnMn(A-II) 6.9 48.26 £ 3.27 2.03 100
MnZn(A-IIl) 7.5 30.75+3.01 1.20 88

Percentage of Phases, Error: (Rw and Sig with precise parameters).

orbitals. Stability decreases the vibrational state
of the atomic structure due to the phonons. The
vibrational intensity of the structure (stretching of
chemical bonds) directly influences the absorption
of radiation from the material. Preliminary studies
by MREI (the random-element-isodisplacement
modified) conclude that this phenomenon is true.

Thus, the inverse spinel structure can promote
a high increase in concentration of bivalent ions
in octahedral positions, having low spin (positions
B), with high energy electrons in the valence
band (chemical bond). The interaction with 6 (six)
neighboring atoms induces a strong absorption of
radiation and change of vibrational state of the
structure.

Table 4 shows that the Bohr magneton has an
inverse tendency to experimental magnetization
in terms of p. The percentage of the ferrite phase
and the saturation magnetization defines the
magnetic hysteresis performance. When calcined
at a temperature of 1100 °C/3h the saturation
magnetization is higher. When manganese is
added, increases the magneton Bohr caused by the
increase of pairs of unpaired electrons.

The change in the magnetic properties of NiZn
ferrite with the substitution of Ni** ions by Mn*
ions strongly depends of factors such as the sol-
ubility of the manganese in spinel lattice and the
positions occupied by these cations in the tetra-
hedral and octahedral sites and of the grains size.
That way these properties also depend heavily on
intrinsic and extrinsic characteristics (synthesis
and processing, additives, chemical homogene-
ity, structure and microstructure factors). The ex-
change interaction between ions of sites A and B
increases as the interatomic distance decreases.
The ionic radius of manganese is 16% higher than
that the nickel radius and hampers the mobility in

the lattice, which can cause variational distribution
of Mn ions (~20% octahedral sites) and as a con-
sequence decrease in magnetization [36]. A small
concentration of Mn* ions having an ionic radius
near the Ni** ion must occur. Due to the possible
substitutions of these ions in different positions of
the atomic structure, there are modifications in the
electrostatic interactions, and stability, according
to the positions occupied by the Mn** ion. Above
700 °C there is a loss of weight due to the volatiliza-
tion of zinc, this leading to the transfer of Fe3* ions
in tetrahedral positions, which increases the can-
cellation of spins and decreases the magnetization.
Other factors include the precipitation of hematite
phase, which have antiferromagnetic property, the
particle size and the volume of the magnetic do-
mains.

Figure 10 shows the reflectivity curves as a
function of frequency for samples A-I (NiZn ferrites)
calcined at 1100 °C/3h in different thicknesses. The
maximum attenuation is observed in sample with
a thickness of 5.5 mm with an absorption of -16.01
dB (97.5%) in the 8.2 GHz region (starting in the
X-band). It is not possible to observe the saturation
of the attenuation of this material, which may have
greater absorption at lower frequencies. Along the
X-band the attenuation decreases to -1 dB. With
a thickness of 5.0 mm the attenuation is -11.88
dB (93.5%) in the 8.7 GHz region. Decreasing the
thickness to 4.0 mm leads to a decrease in the
attenuation to -5.88 dB (74.17%), which decrease
of 20.33% lower than for a thickness of 5.5 mm.
However, the reduced attenuation shows a
behavior of broadband absorber, maintaining the
absorption in the X- band. Thickness of 5.5 mm and
5.0 mm show a narrow band absorber behavior,
magnetic resonance occurs at a specific frequency.
A thickness of 3.0 mm shows an attenuation
of - 2.56 dB (44.5%), which remains unchanged
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between 8.2 and 12.4 GHz. This observation shows
that the average size of the larger grains causes
the formation of multiple domains and increases
the magnetization, interfering in the absorption
characteristic of the material [27].

In Figure 10 it is shown that the polymer-ferrite
composites with a thickness of 5.5 mm absorb
electromagnetic radiation with more intensity.
This is due to the absorption effect of the radiation
by a greater number of ferrite particles and high
dissipation of the waves by phonons in the crystals
with absorption of heat by the interface of ferrite/
dielectric polymer.

The ability of the crystal to absorb the radiation
and propagate the waves by phonons is intrinsically
dependent on the capacity of the polymer to
absorb some of the dissipated heat. Thus, it is clear

Pessoa RC, Nasar RS, Nasar MC, Al

that the dissipation is dependent on the amount
of polymer in the composite. This is made clear by
observing the variable characteristics of radiation
absorption as a function of the thickness of the
composites [28,29].

Table 5 shows that the efficiency of attenuation
of the magnetic wave incident depends on the
inverse factor of manganese addition in ferrites.
The analysis shows that manganese does not
contribute to an increase in reflectivity [37]. The
A-l composition obtain better performs as an
absorbing material, with 97.5% attenuation of
the electromagnetic wave incident at 1100 °C/3h.
Compositions A-ll and A-lll have attenuations of
80% and 50%, respectively. By correlating the
reflectivity data, with the hysteresis curves obtained
in the Rietveld analysis, it can be seen that the
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Table 5: Comparison between different characteristics of A-l, A-Il and A-lll compositions calcineds at 1100 °C/3 h.
Average Attenuation (dB), Absorption Incident Radiation (%), Saturation Magnetization (Ms), Cristal Size (um).

Composition Average Attenn. (dB) Absorption Inc. Rad. (%) Ms (Am?/Kg) Cs (um)
A-l ~-16 98 86.05 £ 5.02 1.03
A-ll ~-7 80 48.26 + 3.27 0.61
A-lll ~-3 50 30.75+3.01 1.14

Comparative scale of reflectivity data.

percentage of absorption radiation increased with
saturation magnetization. As already explained the
crystal size influences the quantity and average
volume of magnetic domains. These factors, with
the percentage of ferrite phase, increase the
radiation absorption of these composites.

The incident radiation alters the phonons in
the crystals and promotes electrons to states of
energy that overcome the gap, valence band/
conduction band. The effect of the absorption of
radiation and energy dissipation depends on the
phonon-electron dualism. Infrared light absorption
causes multiphonon relaxation. The upcoming
thermal radiation in wavelength depends of
chemical bond characteristics inside the crystals
(general vibrational state of structure) [38]. The
total contribution of heat propagation is the sum
of the contributions of electrons and phonons.
The main contribution is made by phonons. The
conduction of heat caused by electrons increases
with the temperature of the composite. The rate,
frequency and time of radiation exposure changes
the maximum heating effect of the crystals. In
order to increase the population of electrons in
the conduction band, the energy must be high
(~1.9 eV) due to positioning above the Fermi level.
This implies radiation with lower wavelength, such
as ultraviolet. The magnetic crystals dispersed
in the dielectric polymer have limited electronic
mobility because the electrons get trapped in the
crystals. This random electronic conductivity also
causes thermal conductivity. The crystal-polymer
interaction limits the conductivity to polymers
in contact with the crystals which reduces the
heat propagation on the surface of the crystals
and causes local effect of nanodegradation. This
explains the factor limiting the size of the crystals,
the dispersion in the polymer and the thickness of
the polymer-crystal composites. The catastrophic
effect of increasing the incidence of radiation
in cycles causes demagnetization of the surface
towards the interior of the crystal. Therefore, the
efficiency of the magnetic effect on absorption

Pessoa RC, Nasar RS, Nasar MC, Araujo JH (2019) Optimization of the Absorption

decreases as a function of time.

In our work nanometric particles did not show
a direct correlation between the Bohr-magneton
and the absorption of radiation. A higher saturation
magnetization does not show high Bohr magneton.
An analysis of the particle size indicates that the low
number of unit cells with coherent magnetization
in small particles causes the decrease in the
absorption of incident radiation. This can be seen
in Table 5 where the composition with 100%
ferrite phase and particles smaller than 1 pum
shows less absorption relative as compared to the
composition with 95% ferrite phase and particles
with an average size of 1 um.

Conclusions

It was concluded that the saturation magneti-
zation coincides with increasing absorption of ra-
diation. However, the calculated Bohr magneton
showed an inverse tendency on the Ms. The nano-
metric particle size limits the effect of the absorp-
tion of radiation due to the small bulk with a low
number of unit cells with coherent magnetization.
This indicates that in micrometric particles, is im-
portant the formation of multi-domain to the effect
for absorption of radiation and an approach with
the calculated magneton of Bohr in ferrites. The
results demonstrate that in nanometric particles
in the absence of multi-domain, high concentra-
tions of imperfections on the bulk and on the sur-
face cause deviations between the calculated Bohr
magneton and the experimental magnetization,
however, yet presents high absorption capacity of
the radiation that depends on the movement of
electrons in the crystal and the propagation of the
waves by phonons in the atomic and polymer struc-
ture. Thus, factors such as the metals forming the
atomic structure and the size of the crystals and
the thickness of the polymer-crystal composite are
predominant factors in the absorption of radiation.
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