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Abstract. In this work, we investigated the domain structure transition in ferromagnetic
nanospheres at the ground-state conditions under zero external magnetic field by micromagnetic
simulation. Four basic ferromagnetic materials, nickel (Ni), permalloy (Py), iron (Fe), and cobalt
(Co), with variation in diameters from 20 to 100 nm were modeled in the simulation. It was
observed that a transition of domain structure occurs from a single-domain to a multi-domain
structure at a specific diameter based on the magnetization energy profile. Interestingly, a vortex-
core orientation in the multi-domain regime was related to the magnetocrystalline axis of the
material, which first aligns with the hard-axis direction, and then changes to the easy-axis direction
for low-anisotropy materials (Ni, Py, and Fe). In contrast, only hard-axis orientation exists for high-
anisotropy materials (Co). Furthermore, it is also observed that the transition of domain structure
was related to the critical diameter. Below the critical diameter, a single-domain structure is
exhibited in which the demagnetization energy was larger than the exchange energy. A multi-
domain structure emerged above the critical diameter where the exchange energy was larger than
the demagnetization energy. The comparable values of critical diameter were also calculated based
on the Kittel and Brown equations. The results of the critical diameter from the micromagnetic
simulation agreed with the theoretical calculations. Therefore, an interpretation of these
magnetization dynamics is an important step in the material selection for granular magnetic-based
storage.
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1. Introduction

The technological advancement of magnetic storage media was enhanced by an
improved understanding of dynamic magnetization in ferromagnetic materials. Some
potential application research of magnetic recordings, such as magnetic random-access
memory (MRAM), magnetic logic, microwave oscillators, and magnetic nanosensors, has
grown extensively in recent years (Udhiarto et al., 2014; Sun et al., 2015; Joshi, 2016; Bhatti
et al, 2017; Sbiaa and Piramanayagam, 2017). Magnetic storage technologies, such as
granular magnetic recording media, have rapidly developed over the last 20 years. The
important key of these technologies was understanding magnetization structure and
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reversal for individual grains or elements (Ali etal.,, 2018; Mu et al., 2019).

Recently, investigation of three-dimensional magnetic nanostructures has attracted
much attention due to fundamental interest in magnetic properties as well as possible
magnetic device applications (Manke et al., 2010; Streubel et al., 2015; Nur Fitriana et al,,
2017; Sanz-Hernandez et al.,, 2017; Suzuki et al., 2018; Fischer et al., 2020). In particular,
micromagnetic simulations for three-dimensional magnetic nanostructures have been
adopted to explain experimental results, in which the detailed domain structures at various
magnetic states can be visualized (Aharoni, 2001; Fidler et al.,, 2002; Evans et al., 2014;
Vousden etal.,, 2016; Leliaert and Mulkers, 2019). Micromagnetic simulation is a mezoscopic
scale modeling, which can be solved using a finite difference or finite element discretization
approach (Miltat and Donahue, 2007; Schrefl et al., 2007; Haryanto et al., 2017). Numerous
studies have been reported that have investigated the domain structure in cube (Hertel and
Kronmiiller, 1999; Hertel and Kronmiiller, 2002; Lu and Leonard, 2002; Piao et al., 2010),
sphere (Boardman et al, 2004; Kakay and Varga, 2005; Yani et al., 2018; Usov and
Nesmeyanov, 2020), cylinder (Piao et al, 2013; Fernandez-Roldan et al, 2019), and
pyramidal shapes (Knittel et al., 2010). Among these, the case of nanospheres has steadily
gained interest since it gives exciting features such as transitional domain structure from
single-domain (SD) to multi-domain (MD), the critical size effect, and the possible magnetic
vortex structure in spheres (Russier, 2009; Kurniawan et al., 2020). However, the ground
state condition of a spherical-shaped magnetic nanoparticle around the domain structure
transition with visual magnetization observation was rarely been studied.

In this work, micromagnetic simulation was utilized to explore the domain structure
transition in ferromagnetic nanospheres at the ground-state conditions without an external
magnetic field. The ferromagnetic materials consisting of Ni, NiosFeo.2 (Py), Fe, and Co have
been investigated with the variation in diameters ranging from 20 to 100 nm. A transitional
behavior of the domain structure from SD to MD has been observed with critical conditions.
The vortex structure was formed in an MD state with the vortex-core orientation toward the
crystalline easy and hard axes of the materials. We have also calculated a critical diameter
based on the analysis of magnetization energy around the transition with a comparable
result to the theoretical Kittel and Brown equations.

2. Methods

The micromagnetic simulation was performed by a public micromagnetic solver
program, an Object-Oriented Micromagnetic Framework (OOMMF) (Donahue and Porter,
1999), which is based on the Landau-Lifshitz-Gilbert (LLG) equation (Gilbert, 2004). The
OOMMEF used the finite difference approximation to solve the micromagnetic problems
(Miltat and Donahue, 2007). The simulation process can be explained by minimizing the
Gibbs free energy under the influence of a particular intrinsic effective field (Hetf), composed
of exchange, anisotropy, Zeeman, and demagnetization fields. Firstly, the sphere-shaped
material model was initialized with specific material parameters and size. In this case, a
nanosphere system with material parameters of Co, Fe, Ni, and permalloy (Py) was explored
with varying diameters ranging from 20 to 100 nm. Table 1 presents the material
parameters used in the simulation model (Skomski, 2001; Lopez-Urias et al., 2005; Coey
2007): saturation magnetization (Ms), exchange stiffness (A), magnetic anisotropy constant
(K), and exchange length (lex). The simulation cell size was set to be 2.5 x 2.5 x 2.5 nm3, and
the LLG damping factor was a = 0.05 for all materials. The exchange length was calculated

from the equation l,, = /24/uyMZ (Skomski, 2003; Coey, 2007; Getzlaff, 2008; Vaz et al.,
2008; Guimaraes, 2009).
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Table 1 The material parameters and the exchange lengths of Co, Fe, Ni, and Py
nanospheres with diameters from 20 to 100 nm

Magnetization Exchange Anisotropy Exchange

Material Saturation, Ms Stiffness, A Constant, K Length, lex
(A/m) x105 (J/m) x10°12 (J/m3) x103 (nm)
Ni 49 9 -5.7 7.72
Py 8.6 13 0.1 5.29
Fe 17 21 48 3.40
Co 14 30 530 4.93

The initial magnetization was set to have a random spin configuration, as illustrated in
Figure 1. Then, the simulation system was set to be relaxed without any external field or
current until the magnetization energy reached equilibrium. Magnetization spin
configuration in the three-dimensional sphere was presented and analyzed by converting
the OOMMF Vector Field (OVF) data to the Visualisation Tool Kit (VTK) data by the
OVF2VTK program (Fangohr, 2009).

Figure 1 Initial magnetization state with random spin configuration. The color bar represents the
magnetization direction

Furthermore, the critical diameter size of the domain structure transition from SD to
MD was also analyzed. We used the Kittel and Brown equations to calculate the sphere
model’s theoretical critical transition diameter and compared it with the simulation results.
The critical diameter equation as proposed by Kittel (Kittel, 1949) is given by

_72JAK

HoM ! (1)
Brown Jr. also proposed the critical diameter of ferromagnetic particles in two types
(Brown, 1968). For the first type, the upper limit for the diameter of SD is given by

DK

D, =7.211 2A2 =7.2111,,

HoM (2)
For the second type, the diameter for the transition from SD to MD is given by
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3. Results and Discussion

Under the minimum energy condition or equilibrium, a transition of domain structure
from a single-domain structure (SD) to a multi-domain structure (MD) is found. The domain
structure of SD exhibits magnetic configuration distribution in one direction, while the MD’s
domain structure tends to form a vortex-wall (VW). Figure 2 shows the magnetization
energy with respect to the diameter variation for all materials with corresponding domain
structures around the transition. It has been observed that the demagnetization and the
exchange energies can be indicators that identify the transition of the domain structure.
The demagnetization energy is mainly related to the magnetostatics mechanism, while the
exchange energy is mostly contributed from the vortex structure (Kakay and Varga, 2005;
Allenspach, 2007; Donahue, 2012; Betto and Coey, 2014; Kafrouni and Savadogo, 2016).
Interestingly, the transition regime can be identified by the demagnetization energy
decrease while the exchange energy increases (the dashed line in Figure 2). The region to
the left of the dashed line in the domain structure shows the SD structure. The diameter
value at the dashed line was 57.5, 37.5, 25, and 50 nm for Ni, Py, Fe, and Co, respectively. To
the right of the dashed line, the domain structure exhibited MD structure. The MD
structures emerge for the Ni, Py, Fe, and Co spheres at a diameter of 60, 40, 27, and 52.5
nm, respectively. It was confirmed that the application of the cell size around the exchange
length of an individual material was sufficient for a stable investigation the transitional
behavior of domain structure in the present study. It seems that our results of the
magnetization energies profile and VW structure in the ferromagnetic spheres depicted the
same trend as reported by Kakay’s works (Kakay and Varga, 2005).

Next, we have examined the VW-core orientation in MD structure. Figure 3a shows Ni,
Py, Fe, and Co spheres in the MD structure. For Ni, Fe, and Py spheres, the VW-core
orientation exhibited two types: easy-axis orientation (EAO) and hard-axis orientation
(HAO). For Co spheres, the VW-core orientation was observed only in HAO. Understanding
the VW-core orientation in EAO and HAO can be considered by the crystal plane direction
(Coey, 2007; Getzlaff, 2008). More interestingly, it is found that the VW-core orientation
related to the crystal plane direction depended on the intrinsic properties such as
anisotropy direction. This result confirms the VW orientation of Ni and Py spheres, that the
EAO was in the direction [111] and the HAO was in the directions [100], [010], and [001].
For Ni, the HAO was from 60 to 75 nm, and the EAO was from 77.5 to 100 nm. For Py, the
HAO was from 40 to 42.5 nm, and the EAO was from 45 to 100 nm. The VW-core orientation
of Fe spheres was oppositely directed from Ni and Py. The EAO was in the directions [100],
[010], and [100] and the HAO was in the direction [111]. The evaluation shows the HAO
was from 27.5 to 47.5 nm, and the EAO was from 50 to 100 nm. Contrary to the other cases,
for the case of Co spheres, the VW-core orientation was observed only in one direction in
the HAO since the EAO [0001] occurred in the SD structure. The HAO appeared from 52.5
to 100 nm.

For further understanding, Figure 3b presents the range HAO and EAO for all the
materials. From the results for Ni, Py, and Fe spheres, it is observed that the VW-core
orientation first occurred in HAO for a specific diameter range, and then stably changed to
the EAO direction. In contrast, Co spheres showed only the VW-core orientation in HAO
after the transition from SD. In this sense, the VW-core orientation transition from HAO to
EAOQ is related to the minimization energy, where the minimization of the demagnetization
energy will be maintained. In addition, HAO and EAO became important in the MD regime
by applying the cell size around the exchange length and the small damping factor.
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Figure 2 The demagnetization and exchange energy density profiles for Ni, Py, Fe, and Co with
respect to the sphere diameter. The dashed line denotes the domain transition region from SD to
MD, where the demagnetization energy decreases and the exchange energy increases. The domain
structures of Ni, Py, Fe, and Co ferromagnets from SD to MD based on the energy density
observation. The bar color represents the magnetization of the My component

Furthermore, the transition diameter of domain structure from SD to MD, called the critical
diameter, for all material parameters was also analyzed by comparing the theoretical
approach and simulation results. As mentioned in the previous section, the critical size of
domain transition from SD to MD can be calculated by the Kittel (Kittel, 1949) and Brown
equations (Brown, 1968). Table 2 shows the results of both the theoretical and
micromagnetic calculations.
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Figure 3 (a) The VW-core orientation of Ni, Py, Fe, and Co spheres in MD structures. There are two
types of VW-core orientation, easy-axis orientation (EAO) and hard-axis orientation (HAO). For the
VW orientation of Ni and Py spheres, EAO is in [111], and HAO is in [100], [010], [001]. For the Fe
sphere, EAO is in [100], [010],[001] and HAO is in [111]. The Co sphere has only HAO since EAO
occurs in the SD structure. The color bar is the magnetization of the My component; (b) The range
of HAO and EAO of the VW orientation for all materials

The critical diameter values of Ni and Fe spheres from micromagnetic simulation were
found to be close to both Kittel (Dx) and the first type of Brown equation (Dso). Py spheres
seem to preferentially follow the first type of Brown equation (Dgo), while the Co spheres
tend to conform to the second type of Brown equation (Ds1). The critical diameter for low-
anisotropy materials such as Ni, Py, and Fe seems to follow the Kittel equation and the first
type of Brown equation. On the other hand, a high-anisotropy material such as Co follows
the second type of Brown equation. As shown above, micromagnetic simulation is very
useful in observing the transition of domain structure from SD to MD and the VW-core
orientation with predicting the critical diameter. The value of the critical diameter also
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depends on the micromagnetic shapes and the simulation cell model. In this case, the
micromagnetic simulation used the finite difference method with the rectangular cells. The
cell size is relatively small for reducing the stair-step effect on the surface (Donahue and
McMichael, 2007). Therefore, the interpretation of these simulation results was important
for understanding the intrinsic behavior of favored magnetization orientation in the
nanospherical magnetic materials. This work could be an important step in the material
selection for magnetic granular-based storage.

Table 2 The critical diameter calculation based on Kittel (Kittel, 1949) and Brown
equations (Brown, 1968) and micromagnetic simulation

Material Theoretical Micromagnetic
Dx (nm) Dgo (nm) Dg1 (nm)  Dsp (nm) Dwp (nm)
Ni 54.05 55.70 78.27 57.5 60.0
Py 2.79 38.14 47.94 37.5 40.0
Fe 19.90 24.52 33.27 25.0 27.5
Co 36.86 35.59 50.85 50.0 52.5

4. Conclusions

In conclusion, we have systematically observed the transition of the domain
structure of Ni, Py, Fe, and Co sphere models using micromagnetic simulation at ground-
state conditions without an external magnetic field. The transition domain structure
from SD to MD was analyzed based on the magnetization energies, namely the
demagnetization and exchange energy. The MD is first recognized when the
demagnetization energy decreases while the exchange energy increases. A VW structure
is formed in the MD regime, and the core orientation of the VW structure has two
orientations, HAO and EAO. It is found that the HAO and EAO of the VW structure relate
to the crystal plane direction. The critical diameter at the transition from SD to MD was
also determined. Interestingly, the simulation results show good agreement compared
with the theoretical Kittel and Brown equations. Therefore, an interpretation of the
magnetization dynamic is an important step in the material selection for magnetic
granular-based storage.
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