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Spatial magnetization distribution of cobalt layer is studied by means of three-dimensional micromagnetic

simulations in the range of cobalt thickness d from 21 to 249 nm.

In this range, a spin-reorientation phase

transition occurs, while the cobalt thickness increases, from a state with in-plane magnetization, to a state with
out-of-plane components of magnetization. An infinite cobalt layer is modelled by the 750 nm x 750 nm x d structure
consisting of cubic cells of size of 3 nm and the periodic boundary conditions. For larger thicknesses, a labyrinth,

partially closed, stripe structure has been found.
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1. Introduction

Magnetization states and magnetization processes in
cobalt single layers as well as multilayers, have been in-
tensively studied recently [1] as one of the most interest-
ing subject of the physics of magnetism, which addition-
ally has a huge application potential (e.g. in the engi-
neering of high-density storage devices). Among others,
a large efforts have been focused on the study of the spin-
reorientation phase transitions, driven by the thickness of
cobalt layer. There are two such transitions: one under-
goes at the Co thickness of ca. 2 nm, the second one — at
ca. 20 nm. In the first case, magnetization changes from
an out-of-plane state into an in-plane state, as the thick-
ness increases [2]. In the second case, magnetization rises
from an in-plane state, back to a state with out-of-plane
components, while the thickness increases [3]. Systematic
study of this case by means of micromagnetic simulations,
were reported in Ref. [4], where one of the most interest-
ing results was the formation of a closed stripe domain
structure with Bloch domain walls, the whole resembling
a set of vortex with in-plane oriented vortex axis. These
studies had been performed using a low-time-consuming,
two-dimensional mode of micromagnetic simulation [5],
where the three-dimensional (3D) sample was modelled
as one layer of elongated simulation cells. The present pa-
per is aimed to a development of these studies and uses
the 3D mode of simulation, as well as more advanced
version of the software. Of course, the base of the new
approach is today available computers, which have both
a huge calculation power and memory capacity, and make
it possible to simulate large structures within relatively
short time.
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2. Simulations details

Micromagnetic simulations have been performed us-
ing a fresh version of the OOMMF software [5], namely
the 1.2a5 version issued in 2012. The 3D-simulation
mode has been used. An infinite cobalt layer (laying
in the zy-plane) with a d thickness (measured along the
z-axis) has been modelled by the structure of sizes of
750 nm x 750 nm X d, composed of cubic cells of size of
3 num (i.e. smaller than exchange length equal to 3.2 nm
in the case of cobalt), and the periodic boundary condi-
tions in both z and y directions — see Fig. 1. Conse-
quently, the total number of cells has been varied from
437500 in the case of d = 21 nm, to 5187500 in the case
of d =249 nm.
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Fig. 1. Coordinate system and configuration of cells of
a simulated sample.

Every time, a sinusoidal-like magnetization distribu-
tion has been set as a simulation starting distribution of
magnetization, by means of the following dependence of
the m_, normalized magnetization component on the z
coordinate: m,(z) = 0.75 cos(2wx/p), where p is period,
and with m, = 0 and m, > 0 for the all cells. For a
given d, simulations with starting distributions charac-
terized by different p have been performed in the aim
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Fig. 2. Final spatial distributions of magnetization,
corresponding to the lowest total magnetic energy, in
the case of both d = 30 nm and d = 150 nm and the
following layers of the sample (see additional diagrams
at the top of each figure showing the localization of each
visualized layer): (A) top layer parallel to the zy-plane
(this image is composed of parts of distributions ob-
tained for the two thicknesses, as is indicated in the
image); (B) the middle layer parallel to the zy-plane
(a composed image, too); (C) cross-section layer par-
allel to the zzplane in the middle of the sample. Each
arrow represents magnetization vector averaged over the
cube of 4% cells. In Fig. 2A, in the case of d = 150 nm,
one can distinguish Néel walls, which are parallel to the
y-axis. In Fig. 2B one can see either arrowheads or
arrow-ends as red and blue points, respectively. Addi-
tionally, coloured shadow indicates the m, component
of magnetization (see the scale shown at the left side of
Fig. 2B). Here m,, is larger than zero (m, > 0) in the all
sample, thus it is marked in red. In Fig. 2B one can see
Bloch walls in the form of straight, red-shadowed thick
lines oriented along the y-axis. In Fig. 2C, for the case of
d = 150 nm, one can see the areas of existence of Bloch
walls across the thickness of the sample in the form of
red-shadowed, elongated-stadium-like shapes parallel to
the z-axis.

to find the final distribution with the lowest total mag-
netic energy. As in our previous simulations, the fol-
lowing magnetic parameters have been used: saturation
magnetization My = 1420 kA /m and exchange constant
A =1.3x10"1 J/m. The thickness dependent first uni-
axial anisotropy constant K;(d) for a given d has been
taken from Ref. [6] for the case of Co layer sandwiched
between gold layers, i.e. K; varied from 0.684 MJ/m? in
the case of d = 21 nm down to 0.634 MJ/m? in the case
of d =249 nm.

3. Results

In the all cases of simulated samples with different val-
ues of d, the final spatial distribution of magnetization is
found to be of the type of a partially closed stripe domain
structure with the Bloch domain walls — see an exam-
ple shown in Fig. 2, where different cross-sections of the
simulated sample with both d = 30 nm and d = 150 nm
are visualized in the aim to clarify the distributions as
much as possible.

For different d value, a different p have been found to
have the lowest energy. The equilibrium p(d) dependence
is shown in Fig. 3.
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Fig. 3. Equilibrium p(d) dependence obtained in the
3D mode of simulation (squares). Solid line represents
the best fitting to these points using a power function
with parameters written in the image, as well as the
R? parameter describing the quality of the fitting. For
comparison, the results of simulation obtained in the
two-dimensional mode reported in Ref. [4], are added
(circles).

During simulation for larger thicknesses, a very inter-
esting spatial magnetization distribution in the form of
labyrinth, partially closed, stripe structure has appeared
accidentally, see an example shown in Fig. 4. It should be
underlined that such distribution of magnetization does
not correspond to the lowest energy, thus must be con-
sidered as a metastable state [7]. Usually, simulation
has come to such a solution, when the number of period
of sinusoidal-like domains at the beginning of simulation
was very low, e.g. was equal to 2. In Fig. 4 one can find
very interesting singularities of the magnetization distri-
bution, which can be interpreted as Bloch lines.
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Fig. 4. Metastable spatial distribution of magnetiza-
tion in the case of d = 249 nm and the middle layer of
the sample, parallel to the zy-plane (just like in Fig. 2B).
As in Fig. 2B, one can see either arrowheads or arrow-
ends (as red and blue points, respectively) in the volume
of domains. Domain walls are clearly visible by means of
shadowed curves indicating the m, component of mag-
netization. Now m, > 0 is marked in red while m, <0
— in blue (see the scale shown in Fig. 2B). A sudden
change of the colour of the shadow, when one is moving
along a wall, indicates a Bloch line.

4. Discussion

The p(d) dependence shown in Fig. 3 can be accu-
rately described using an almost square root function.
The square root dependence is commonly used for de-
scribing experimental results in this range of Co thick-
nesses [3], as well as it is theoretically confirmed by the
model of partially closed domain structure [8§].

If one intends to perform simulations for more thick
samples, in the aim to obtain first a wavy structure and
next the domain branching phenomenon (and creation of
dagger-like domains), one should take into account the
following limitations. Experimental results reported in
Ref. [9] show that in the case of cobalt, the wave struc-
ture starts to appear at d ~ 2000 nm. For this thick-
ness, period is expected to be p ~ 760 nm. To simulate
this case, it would be necessary to increase the width of
the simulate sample at least twice, and to increase the
thickness eight times, in respect of the largest structure
simulated recently, i.e. 750 nm x 750 nm x 249 nm. Con-
sequently, the total number of cells of simulated structure
would increase from 5 to 80 million. Unfortunately, this
seems to be too high for today computers and it would
extend the time of calculation unendurably.

5. Conclusions

Spatial distribution of magnetization of an infinite
cobalt layer of the thickness in the range from tens to
hundreds nm can be successfully modelled using the 3D
mode of the OOMMEF software with the periodic bound-
ary conditions. This approach opens new possibilities of
study of equilibrium and metastable 3D magnetization
distributions and allows revealing singularities of magne-
tization distributions as e.g. Bloch lines.
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