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Abstract: In the last years, magnetite (FesO4) nanoparticles have been prepared with various
methods to produce the FesO. with high performance especially in microwave absorption
properties. In general, the characterization of reflection loss using microwave of the Fe3O.
particles has been carried out in the range of 2-18 GHz. In this work, the rotational molecular
model was developed to analyze the reflection loss peaks in the range of the frequency. The
primary technique of simulation was an interpolation of peak frequencies originating from the
molecular rotational transition of the FesO4 particles. The data analysis presented that the
mechanism occurs at the electromagnetic absorption of the Fe3O4 particles is rotational
molecular. Interestingly, it is presented that the result of the simulation is in line with the
results of the characterizations of several materials that have been reported in some literature.
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1. Introduction

In the last decades, the research by focusing on the microwave absorption properties of materials has
been developed significantly [1]. One of the bases that trigger such development is related to the
various applications such as defense technology, especially for radar absorbing material [2].
Nowadays, one of the magnetic material groups that has excellent performance as the radar absorbing
material is magnetite (Fe;O4) nanoparticles [3], especially in the microwave range.

So far, the FesO4 nanoparticles have been synthesized in many morphologies, shapes, and sizes to
produce a better performance in absorbing microwave. Other strategies have also been conducted to
produce the Fe;O4 nanoparticles in nanocomposites [4-8], core shells [9-11], or coated with other
materials [12,13]. Unfortunately, studies that exploring microscopic phenomena related to the
microwave absorption properties of the Fe;O4 nanoparticles are rarely reported. Therefore, the study
by focusing on the microscopic view of the microwave absorption of the Fe;O4 nanoparticles is a great
importance, both through the development of theoretical, computational, and experimental research.

Based on the previous studies, the microwave absorption values of the various materials using
Fe304 as the main compound have maximum were in the range of 2-12 GHz [14-16]. From such
literature, it is known that the reflection loss tends to increase by decreasing the thickness of the
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samples and by increasing frequency. Therefore, it is essential to investigate the microscopic
phenomenon regarding microwave absorption of Fe;O4 nanoparticles. The importance of this study is
not only to reveal fundamental physical phenomena in the material but also to predict and improve
microwave absorption performance for further application development. In this paper, we report the
symmetry top rotational molecular model and microwave absorption calculation method for the Fe;O4
nanoparticles.

2. Materials and methods

In this work, the calculation method was employed by symmetry top rotational molecular model.
Based on the crystal structure, FesO4 is a material consisting of two substructures, i.e., tetrahedral and
octahedral structures. The crystal structure of the Fe;Os is visualized in Figure 1. The two
substructures have different characters in absorbing electromagnetic wave due to the different inertial
moment resulting in the different energy levels of them. The inertial moment for the substructures are
represented in Equation 1-3.

2
loct = 4Moxy Mp (1)
2
liet )1 = 2Moxy (1 —cos O)rg 2)
2 Moxy 2
Lot = moxy(l— cose)rB + . (mFe + moxy)(1+ 2c030)rB + ((mFe + 3m0Xy)rB +
MEg +4Moyxy 3)

n 1/2
6m0xyrB (3 1+ 2cos 0)) )rB

where lgct is the inertia moment for octahedral phase of the FesOa particle, Iy, and I are the

inertia moments for tetragonal phase of the Fe;Oj particle, m,y, is the mass of oxygen atom (16 amu),
mr. is the mass of an iron atom (55.847 amu), r4 is the distance of oxygen atom to Fe (+3) atom (2.066
A) in the crystal balance condition [17]. Based on the data, we propose the rotational Hamiltonian of
tetrahedral and octahedral for Fe;O4 particles as presented in Equation 4-7.
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Figure 1. Tetrahedral and octahedral structure of Fe3O4 particles
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where H,; is Hamiltonian for the octahedral phase of the Fe;O4 particle and Hyet is Hamiltonian for
the tetragonal phase of the Fe;O4 particle.

If the two Hamiltonian are subjected to Eigenfunction of the Fe;Os particles, the Eigenvalue will be
presented in Equation 6-7.
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where J is quantum number of molecular orbit with the value of 0 to oo, while M =J, J-1, .. ., -J.

Based on the Raman selection rules [18], the rotational transition can be found for AJ=+1+2.
Therefore, it will imply on the change of allowed energy level as shown in Equation 8.
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The above requirement can also apply to the change of energy level on tetrahedral and octahedral
structures of Fe3;O4 particles. Besides that, in this work, we also apply the rotational energy of Fe;Os
particles. Therefore, the visualization of the absorption intensity of the Fe;Oy4 particles depends on the

ratio of the number of the particles in the certain level and ground state [19].
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where J is total orbital quantum number, N 3 i1s molecular number on J-level, No is molecular

number on ground state, £, is rotational energy level, and T is temperature when the photons directed
to the samples.

Using Raman selection rule, we calculate and visualize the absorption of the electromagnetic
intensity of FesOs particles as a function of frequency using Borland Delphi 7. The primary technique
for the calculation is by determining the change of energy level of the Fe3;O4 particles using Equation 8
and conducting similarity with the FEinstein’s photon energy (£ = #f). Based on the calculated
frequency, we interpolate for all frequencies of the electromagnetic wave that suitable with the
absorbed photon intensity as shown in Equation 9.

3. Results and discussion
Based on the theory of quantum theory, the intensity of the absorbed photon is proportional to the
square of the transition moment represented by Equation 10.

S AT (10

Where (//r" and Wr* are two functions of the state of the system in which the molecular transition

occurs [20]. For the rotational system, the transition moment of the system is proportional to the
number of molecules at that level [19], where the formulation is given by Equation 9.

According to the above calculations, the visualization of microwave absorption by Fes;O4 particles
is obtained as the curve in Figure 2. Based on the curve, it is seen that the intensity of the photon
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absorbed by the Fe;Os particles increases with the increase of the quantum number of molecular
orbitals J. The frequency characteristics of the photons absorbed by Fes;O4 particles ranging in the
range of 2-12 GHz. It is intuitively understood that the above visualization of the theoretical results is
in accordance with the result of microwave absorption characters for the samples with the main
materials of FesO4 particles. It is due to the suitability of the absorption curve obtained from the
characterization and theoretical visualization. In addition, the microwave absorption characters for the
sample with the thickness variation obtained a curve that is not different from the expectation, i.e., the
maximum absorption occurs at a frequency of about 10 GHz as shown in Figure 3 [21].
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Figure 2. Visualization of ratio of molecule number and frequency of absorbed photon

Physically, the absorption of electromagnetic waves of the materials including Fe3O4 particles has a
close relationship with the optical quantum phenomenon that is the phenomenon of stimulation
absorption. If a photon comes to a molecule at a particular energy level, a jumping of the molecular
energy level from low energy to higher energy can occur as long as its frequency is proportional to the
difference between the two energy levels of the molecule. This jumping energy must be accompanied
by photon absorption events [20]. Schematically, the absorption event is illustrated in Figure 4.

Drude Lorentz's theory has described the complex permittivity as one of the causes of
electromagnetic wave absorption [22]. Thus, it can be concluded that the reflection loss value obtained
from the permittivity complex and permeability complex [23], is proportional to the intensity of
photons absorbed by the material. Therefore, the visualization curve of the rotational transition, which
is a theoretical model, the intensity of photons absorbed by Fes;O, particles can be compared to the
reflection loss curve of the experiment.
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Figure 3. The reflection loss of the prepared Fe;O4 nanoparticles
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Figure 4. Schematic of two energy levels of particle population stimulated by photon

From the characterization of microwave absorption properties of the material, it can be seen that the
thickness of the sample causes a change in the level of frequency of absorbed electromagnetic waves.
The thicker the sample layer, the lower the absorbed electromagnetic wave frequency. This
phenomenon is based on the physics concept for single-layer absorber as shown in Equation 11-12
[23]:

Zin -1

RL(dB) = 20Log (11)
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Where RL and Z;, are the reflection loss and input impedance, respectively.
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Where ¢, is the complex permittivity of the sample, fis the frequency, d is the thickness of the sample,
and c is the speed of light in vacuum.

Based on the theoretical visualization of the rotational model of the molecule, the frequency and
intensity of electromagnetic waves absorbed by the Fe3;O4 particles depend on the quantum number of
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molecular orbitals .J, where the higher the quantum number of the molecular orbital, the higher the
absorbed intensity [24]. It can be understood by referring the equations that become the basis of the
visualization, Equation 8-9. From the experimental data and theoretical model, there is a similarity of
characteristics related to the shape of the curve. This phenomenon related to the quantum number of
molecular orbitals J in quantum mechanics is a quantum number that describes the shape of a
molecular orbit. When samples have different thicknesses, the attractive forces experienced by atoms
in the molecule are also different. Thus, the shape of the orbit of atoms in the molecule changes
implying a change in the quantum number of molecular orbitals J. The reasoning that causes the
difference in sample thickness affects the peak frequency shift for reflection loss.

4. Conclusions

Based on the calculation and visualization of the absorbed electromagnetic intensity by Fe;O4 particles
via rotational molecular transition approach, it is identified that the absorption pattern of the Fe3O4
particles has a similar pattern with the experimental data. It also gives information that the mechanism
occurs at the electromagnetic absorption of the Fe;Oy4 particles is the rotational molecular mechanism.
Therefore, for further experiment, the rotational molecular mechanism can be taken into account for
investigating microwave absorption, especially for the Fe;O4 particles.
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