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Phase Transition of Fe3O4 Magnetic Material Based on

Observation of Curie Temperature and Hysteresis
Curve: Micromagnetic Simulation Study

Dewi Azzahra Puspita, Lutfi Rohman, Artoto Arkundato, and Ratna Dewi Syarifah

ABSTRACT

Phase transition yesng happens to the material magnetite (FesQOas) is an
interesting phenomenon to study because it has many important
applications, one of which is RAM (Radar Absorbing Material). The
magnetic properties of nanomaterials are known to be influenced by their
size. In this simulation research, the research objective was to analyze the
temperature value of the Curie and the hysteresis curve of the FesOs
material with variations in the size of the material sample cube of 5 nm, 8
nm, 10 nm, 12 nm, and 15 nm. In this study, using a micromagnetic
simulation method based on atomistic models with the Vampire program.
The results showed that the Curie temperature value in the FesO4 material
was influenced by variations in the size of the material. The Curie
temperature values when the side sizes of the cube are 5 nm, 8 nm, 10 nm,
12 nm, and 15 nm, namely 650 K, 635 K, 650 K, 665 K and 645 K. The
characteristics of the hysteresis curve for FesOs material based on
simulations at each material size (5 nm, 8 nm, 10 nm, 12 nm, and 15 nm)
for several temperatures (0 K, 328 K, 473 K and 773 K) indicate that there
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I. INTRODUCTION

Phase transition is a cooperative phenomenon that
involves a complete change in the structure and physical
properties of a material when an external variable
(temperature) is changed continuously. This theory is used
to explain ferroelectric, structural, magnetic and even
superconducting phase transitions. Usually a phase
transition is followed by some symmetric breakdown. For
example a magnetic system: at temperatures above the Curie
temperature the system has zero magnetization in a zero
field or the magnetization does not point in a certain
direction. When the temperature is lowered below the Curie
temperature, the magnetization spontaneously points in a
certain direction. Thus, the directional symmetry in
magnetization is broken [1].

Curie temperature is the critical temperature for the
ferromagnetic phase transition of a solid material to become
paramagnetic due to heating and can be observed with the
release of a heated ferromagnetic material from a permanent
magnet [2]. The change in state from a ferrimagnetic or
ferromagnetic phase to a paramagnetic phase is called a
phase transition. This situation occurs only when the
characteristic permanent magnet appears below the Curie
temperature of about 400 °C (673 K) for common
ferromagnetic materials such as ferrite or neodymium.
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Above this characteristic temperature the spins tend to be
random which causes the state to change into a
paramagnetic phase [3]. The phase transition changes are
influenced by the magnetization and energy values of a
magnetic material. The phase transition is influenced by the
external magnetic field, the spin of its neighbors, and the
resulting interaction strength [4].

Magnetite which has the chemical structure of Fe3O, is
ferrimagnetic materials have an inverse-spinel cubic
structure and are very important ferrimagnetic materials,
because from the study of magnetite the theory of
ferrimagnetic materials can be understood [5]. In
nanoparticle size, magnetite is superpamagnetic, has a high
coercivity field value and a low Curie temperature [6].
Supported by other properties, such as its non-toxic (non-
toxic) and non-rejection in the body (biocompatible).

In recent years, research on FezO4 has been carried out
not only experimentally but also by simulation using the
Monte Carlo method approach. The results of the simulation
are expected to be used as predictions and optimization of
experimental research.There are several applications
regarding the FesOs material, namely as a drug delivery
system [7], a lightening agent in MRI (magnetic resonance
imaging) [8] and a localizing therapeutic agent in
chemotherapy [9]. Magnetite mixed in the material can
improve the quality of the material, the biosensor, the
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coating of magnetite mixed with glucose oxide in the
biosensor can increase the sensitivity of the sensor and
increase its resistivity [10] while liquid magnetite
(ferrofluid) added to oil can reduce the temperature and
pressure at engine [11].

Fes04 is also an absorbent material for electromagnetic
waves which has good magnetic properties, so one of its
applications is used asthe basic ingredients for making RAM
(Radar Absorbing Material) because it is to dampen
reflections or absorb microwaves. RAM is designed as a
material that can suppress the reflection of electromagnetic
energy on the absorption surface, by removing the electric
or magnetic field from the wave into heat with its electrical
and dielectric capabilities [12], so that RAM is very good
when superimposed on the fuselage, submarines and many
tools in the military field so that it is not able to be detected
by radars that emit radar waves. Thus it is very useful in the
development of national defense technology [13].

Ferrimagnetic is a material in which it is considered to
have a magnetic moment belonging to the atoms, so that it
has spontaneous magnetization, even in the absence of an
external magnetic field. This material has a very large
magnetic susceptibility and is temperature dependent.
Similar in properties to ferromagnetic materials, if heated
above temperature curie, then ferrimagnetic and
antiferromagnetic training will turn into paramagnetic
materials [14]. Magnetite is an example of the most popular
ferrimagnetic material, whereas ferromagnetic which has an
anti-parallel magnetic moment pattern below the critical
temperature is called anti-ferromagnetic [15], [16].

At room temperature, the magnetite material is
ferrimagnetic. As the temperature increases towards the
Currie temperature, thermal fluctuations destroy the
alignment of the ferromagnetic magnetic moment at the
tetrahedral position, so that the ferromagnetic strength
decreases. When the Curi temperature is reached, the
amount of  magnetization = becomes zero and
superparamagnetic properties are observed [17].

In this study, the researcher wishes to do analysis about
studies Curie temperature values, and coercivity fields with
variations in size on the material FesOs uses a Vampire
micromagnetic simulation. The Vampire program that runs
on the Windows operating system functions to simulate the
magnetic properties of a ferromagnetic material atomically,
able to determine the magnetic properties of a material such
as the temperature curie and the hysteresis curve.Some data
will be processed with Origin software and then visualized
with Povray software.

The purpose of this study was to determine the effect of
side size variations of the cube on differences in the
magnetic properties of FesOs material. The magnetic
properties of a material can be determined using the
hysteresis curve and temperature curie. The hysteresis curve
can provide information about the magnitude of the
coercivity field when the magnetization is equal to zero,
while the Curie temperature provides information on the
critical temperature of the magnetic material. So, in this
study, the magnetic properties of Fe3O4 material based on its
hysteresis curve and temperature curie will also be described
so that it can be used as a reference or reference in the field
of technology.
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Il. METHODOLOGY

The methodology in this research is to conduct a literature
review by collecting data sources in the form of books,
journals, theses, theses and the internet to obtain material
input parameters to be simulated. Furthermore, to support
the micromagnetic simulation program, the variables used to
determine the magnetic properties of the material are
determined. The material used in this research is FesOa
magnetic material. After the simulation process is complete,
the results will be obtained in the form of numbers that are
visualized in the form of graphs and domain structures in 3
dimensions. The results are then analyzed and concluded
according to the problem formulation in this study.

Several micromagnetic simulation programs to simulate
the magnetic properties of a material are OOMMF, NMAG
and Vampire. In this research, the software used to support
the process of implementing the micromagnetic simulation
includes the Vampire 4.0 program which is run on the
Windows operating system to simulate the magnetic
properties of a ferromagnetic material atomically. Before
doing the simulation, first prepare an input script containing
the characteristics of the magnetic material so that the
running program can be run. Then from the simulation
results obtained the output file which will be processed with
the Origin program. Origin is a software that is used to plot
the output files in order to obtain a Curie temperature graph,
magnetic susceptibility and material hysteresis curves.

The determination of the coercivity field using a
hysteresis curve was carried out by varying the temperature
of 0 K, 328 K, 473 K and 773 K, for each size of the
material given. Then the shape of the material was
visualized using the Povray program, and the material
properties were analyzed based on the domain structure
based on variations in the size of the material. Notepad ++
software, used to edit the preparation of scripts.

TABLE I: DATA TYPES FOR TEMPERATURE SIMULATION

Simulation Attributes Size and Variation Unit
Particle size 5,8,10,12,and 15 nm
Minimum temperature- 0-1000 K

maximum temperature

TABLE Il: DATA TYPES FOR HYSTERESIS CURVE SIMULATION
Simulation Attributes Size and Variation Unit

Particle size 5,8, 10, 12 and 15 nm
Room 0
Computer operations 328
Kelvin,
Temperature Overheat _ 473 K
Approaching the Tc
value of the Fe30,4 773
material

The following is a schematic of the research design
displayed in the form of a flow chart:
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Fig. 1. Flowchart of the research design.

I1l. RESULTS AND DISCUSSION

A. Curie Temperature

Symptoms of the transition from the ferrimagnetic phase
to the paramagnetic phase can be found in the temperature
measurement of the curie for various sizes of Fes;O4
materials. The value of Tc is obtained by observing the
curve showing the change in slope characteristics of the
relationship between susceptibility, magnetization and
temperature as a result of the emergence of a second-order
phase transition from the ferromagnetic phase to the
paramagnetic phase.

Research on the Curie temperature was carried out to
determine the magnetic properties of a material. The process
of determining the Curie temperature is carried out using 5
variations of material sizes, namely 5 nm, 8 nm, 10 nm, 12
nm, and 15 nm with a nanocube geometric model. The
variation in the size of the side of the cube is used to
determine the effect of the change in size on the resulting
Curie temperature value, so that the optimum Curie
temperature value is obtained from the material Fe3O..

The temperature range used is 0 K to 1000 K with
intervals of 5 K. The change in magnetization with respect
to temperature is shown in Fig. 2. To determine the Curie
temperature value of a material is done by analyzing the
change in magnetization with increasing temperature.
Therefore, to determine the temperature of the material
Curie, it can be done by looking at the change in
magnetization close to zero along with increasing
temperature until it becomes constant. When the
magnetization approaches zero, the material has reached the
limit from the properties of ferromagnetic materials to
paramagnetic materials [18].

By observing the curve of Fig. 2 it is clear that the
magnetization value of the Fe;04 material changes from the
ferrimagnetic region at temperatures below Tc to the
paramagnetic region at temperatures above Tc. So, it can be
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said to experience a change in phase transition from
ferrimagnetic to paramagnetic.
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Fig. 2. Graph of the relationship between magnetization and temperature of
the Fe30, in the variation of the side size of the nanocube model.

The value of the Curie temperature can be found through
graphical analysis of the plotting results of the combined
relationship between magnetization and susceptibility to
temperature. Combining these graphs is done to obtain a
more accurate Curie temperature value, by knowing the
highest magnetic susceptibility, the value of the Curie
temperature of the material can be determined easily based
on the change in magnetization.

Magnetic susceptibility usability can be used to determine
the Curie temperature value of a material by considering the
highest magnetic susceptibility produced [19]. Fig. 3 is a
graph of the determination of Curie temperature based on
the change in magnetization and the highest magnetic
susceptibility from the results of this study, namely for the
size of 15 nm.
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Fig. 3 (a) Graph of changes in magnetization and temperature susceptibility
to Fe;O, material at a size of 10 nm,
(b) Visualization of the process of changing the direction of spin in Fe;O,4
material at a size of 10 nm.
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There are two graphs that are interconnected in the Curie
temperature determination graph shown in Fig. 3. The black
graph is a graph of the relationship between magnetization
and temperature, while the graph in blue is a graph of the
relationship between magnetic susceptibility to temperature.
From this graph, it can be seen that, magnetization decreases
with increasing temperature until the magnetization
approaches zero and then becomes constant.

Furthermore, in the magnetic susceptibility graph, it can
be seen that the highest level of magnetic susceptibility is at
the point of magnetization close to zero. This is relevant to
the previously described concept that the material is at its
Curie temperature point when the magnetization approaches
zero and the magnetic susceptibility of the material reaches
its maximum point. Through Fig. 3, a connecting line (red
line) can be drawn between the highest magnetic
susceptibility and near zero magnetization. So that through
this connecting line, the Curie temperature of the material
can be determined precisely.

A characteristic of a ferrimagnetic material is that its
atomic spins are spontaneously polarized in the absence of
an external magnetic field applied. This situation occurs
when the temperature given does not exceed the Curie
temperature. When it exceeds the Curie temperature, the
spin orientation of the material will change to random and
result in a change in the material from being ferrimagnetic
to paramagnetic material. The process of changing the
direction of magnetization in FesO4 material at a size of 10
nm can be seen in Fig. 3 (b) which shows that the spins
initially in the same direction will change to random,
resulting in a decrease in the value of the magnetization.

The greatest magnetization occurs when the temperature is
0K, that is, when the spins have a unidirectional orientation
(see Fig. 3 (b) point 1). Then in Fig. 3 (b) point 2, the
direction of the spin orientation changes slightly due to the
increase in temperature, the magnetization value is still
large. In Fig. 3 (b) point 3, it shows that the direction of the
spin orientation is changing, where the point is approaching
the Curie temperature value, which causes the magnetization
value to get smaller. In Fig. 3 (b) point 4, the Curie
temperature value shows a magnetization state that is close
to zero, where the direction of the spin orientation is
increasingly random, and begins to show no upward
direction. Next in Fig. 3 (b) point 5 and point 6 the direction
of the spin has become very random with the addition of
temperature (above the Curie temperature value) until the
magnetization is close to zero, which indicates that the
material has turned into a paramagnetic material. This
magnetic transition limit is known as the Curie temperature,
which is at point 4, where the ferromagnetic material before
undergoing change into a paramagnetic material. This
causes the spin orientation to look more random at
temperatures above the Curie temperature value.

Based on the results obtained by observing the
magnetization close to zero and the highest susceptibility
value, the Curie temperature value of each side size can be
seen in Table 11I.
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TABLE Ill: VALUE OF MATERIAL CURIE TEMPERATURE FE3O4
NANOCUBE MODEL

Curie Temperature, Tc (K)

Variation of Side

Size of the Cube Simulation Results Reference
(nm)
z 650
3 635
10 650 773-873
12 665
15 645

Research on phase transition phenomena in ferrimagnetic
material FesOs has been carried out by conducting
micromagnetic simulations using the Vampire program. The
transition temperature or Curie temperature, Tc of the Fe3O4
material does not clearly indicate a consistent dependence
on material size variations.

B. Hysteresis Curve

The phase transition of FesO4 magnetic material can be
analyzed from its magnetic properties by looking at the
hysteresis curve. The properties of magnetite, especially
particle size, particle distribution and response to magnetic
fields greatly influence the application of magnetite. The
data from the simulation results were analyzed using the
original software to create hysteresis curves and determine
the magnetic quantities of the material, such as saturation
magnetization (Ms) and coercivity field (Hc) for each
sample.

Analysis of the characteristics of the hysteresis curve is
carried out by providing an external field of -2 T to 2 T with
a step of changing the magnetic field every 1 T. The
hysteresis curve is generated through the process of
graphing the change in magnetization to the influence of the
external field. The hysteresis curve obtained will be
analyzed for the coercivity and saturation fields. The
simulation of hysteresis curve determination is carried out at
sizes of 5 nm, 8 nm, 10 nm, 12 nm, and 15 nm, with
different temperature variations, namely 0 K, 328 K, 473 K
and 773 K. Temperature variation is used to determine the

change in the hysteresis curve by giving different
temperatures.
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Fig. 4. Hysteresis curve of the material Fe;O, with variations in size when
the temperature is 328 K .

Based on Fig. 4, it can be seen that the given size

variations produce different coercivity field values with the
effect of 328 K temperature. This indicates that the
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difference in material Fe;O4 size affect the magnitude of the

resulting coercivity and saturation field values.

The

increasing size of the material causes the coercivity field
value to increase.
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Fig. 6. Hysteresis curve of 8 nm material Fe;O,with temperature variations
(a) 0 Kand 328 K (b) 773 K and 850 K.
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Hysteresis curves with temperature variations are shown in
Fig. 5 to Fig. 9, namely when the temperature is below and
above the Curie temperature value. The value of the
coercivity field (Hc) which changes periodically causes the
curve to become full like a hysteresis loop.
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TABLE IV: THE VALUES OF THE COERCIVITY AND SATURATION FIELDS OF
THE NANOCUBE MODEL MATERIAL FE3Q,

Variation Coercivity Field (Hc) Saturation Field (Hs)

in Size () (M

(nm) OK 328K 473K 773K 0K 328K 473K 773K
5 1.20 0.50 0.37 - 0.98 0.96 0.95 -
8 1.20 0.52 0.45 - 0.98 0.99 0.99 -
10 120 045 042 - 098 098 094 -
12 120 055 047 - 098 098 0.98 -
15 1.20 0.52 0.52 - 0.98 0.97 0.96 -
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Fig. 9. Hysteresis curve of 15 nm size material Fe;O4 with temperature
variations of (a) 0 K and 328 K (b) 773 Kand 850 K .

Fig. 5 to 9 show the hysteresis curve when given the
temperature variations given to the side sizes of 5 nm, 8 nm,
10 nm, 12 nm and 15 nm cubes. The shape of the resulting
hysteresis curve varies with each size variation. As the size
of the material FesOa increases, the coercivity and saturation
fields will increase.

The side size of the 5 nm cube is susceptible to
superparamagnetic effects which is indicated by the shape of
the hysteresis curve which decreases with increasing
temperature. The smaller hysteresis curve indicates that the
resulting coercivity and saturation fields are getting smaller.
Hysteresis curves in the size range 8 nm to 12 nm the values
of the coercitivity and saturation fields increase with
increasing variations in the size of the sides of the material
cube. In the material the highest coercivity and saturation
field values are at the size of 12 nm, this indicates that when
the size of 12 nm the material FesOs still has strong
magnetic properties.

At variations in temperature at each material size FesO.
given, affects the coercivity field value of the hysteresis
curve that is formed. When the material is given a
temperature variation of 0 K, 328 K, 473 K and 773 K the
coercivity field value decreases with increasing temperature.
This is because the spin orientation is getting more irregular
as it approaches the Curiosity temperature, so that the
coercivity field of the material will decrease. Even for some
conditions the coercivity and saturation fields cannot be
determined because the hysteresis curve shape has been
damaged, as shown in Fig. 5 to Fig. 9 point (b). The
coercivity field values and the material Fe3O4 saturation
fields can be seen in Table IV.
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The theoretical tendency of decreasing the saturation
magnetization value occurs because in this range the value
its total magnetic moment has also decreased. This
coercivity value is also influenced by grain and crystal size,
where when the value of the crystal size increases, the
coercivity field decreases, which indicates that the magnetic
properties of the material decrease due to the non-uniform
direction of the high magnetic dipole moment [20], and vice
versa. The greater the coercivity field value, the stronger and
better the magnetic properties of the material are [21].

The change in magnetization occurs due to the influence
of the external field on the ferromagnetic material. The
change in spin direction during the magnetization process of
magnetic materials can be affected by the external field and
temperature. Fig. 10 and Fig. 11 show the process of
changing the magnetization of the material FesQOy, the size of
5 nm at 0 K and 328 K temperatures. The process of
changing the magnetization observed on the hysteresis curve
is 10 points, starting from the positive saturation
magnetization to returning to that point forming a cycle.
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Fig. 10. Changes in the direction of magnetization to the external field of
the Fe;O, material at 0 K temperature of 5 nm nanocube geometry.
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Fig. 10 shows the process of changing the hysteresis
curve magnetization in the material FesOs, size of 5 nm at
0 K temperature, the spin orientation tends to be
homogeneous. This is because the hysteresis curve is not
influenced by temperature. Starting from point 1, where the
direction of the spin orientation is still in the same direction,
namely upward (spin-up). When the external field decreases,
there is a change in the magnetization of the material. Point
2 is the limit where the magnetization decreases slightly and
the direction of the spin orientation begins to change
slightly. At point 3 and point 4 it shows that the direction of
the spin orientation is getting more random and the spin
does not point upward anymore because the external field is
decreasing. At point 5 is the state of magnetization of the
material Fe3O4, begins to move in the opposite direction at
the first point to the 6th point where the spin direction of the
atom points downward. Then at the 7th point the
magnetization began to increase again as the external field
increased. The increasing magnetization can be seen at point
8 and point 9 where the spin direction starts to move in the
opposite direction to point 3 and point 4. However, the value
of the external field at point 8 and point 9 moves towards
the positive x-axis, while at point 3 and point 4 previously
the external field moves towards the negative x-axis. Until
the 10th point, which is a state where the external magnetic
field value of the material is FezO4, start back up like in
point 1.
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Fig. 11. Changes in the direction of magnetization to the external field of
the Fe;O, material at a temperature of 328 K size 5 nm nanocube geometry.
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Fig. 11 is the hysteresis curve of the material Fe3O4, at
328 K. Starting from point 1, the x-axis direction is positive,
where magnetization has an atomic spin orientation that
tends to be shifted, which is upward dominant. When the
external field is reduced there is a change in the
magnetization of the material Fe3O4. The second point is the
limit of the magnetization state before it changes and the
magnetization decreases but the direction of the spin
orientation tends to remain the same. Point 3 and point 4 are
a state of magnetization that begins to change marked by the
direction of the spin orientation that changes to the right.
The 5th point is a state when the magnetization changes the
direction of the spin orientation downward. Point 6 is the
opposite of point 1 on the negative x-axis. This is indicated
by the downward orientation. The 8th point and the 9th
point of magnetization have changed again, which is the
opposite of the 3rd and 4th points which are marked by the
direction of the spin orientation that is no longer downward
but changes direction tending to the left.

IV. CONCLUSION

Variation in the size of the sides of the cube in the
material Fe3O4, based on simulation resultslooks affect the
value of the Curie temperature and hysteresis curve test
material. Curie temperature values for materials FezO4, at
sizes 5 nm, 8 nm, 10 nm, 12 nm and 15 nm are 650 K,
635 K, 650 K, 665 K and 645 K.

The results of the analysis show that the Fe3O4 material
undergoes a phase transition and structure from being
ferimagnetic to paramagnetic at a temperature of 773 K for
all material size variations.
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