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The storage of information in long nanowires with a succession of independently oriented magnetic segments
is of great practical use. It requires both the possibility of independently orienting the magnetization of each
segment and great stability of the inscribed magnetization regarding spontaneous reversals. A practical way
to separate sectors along the wire is by short modulations wider than the original wire that acts as a valve

separating segments with independent magnetic orientations. When these two orientations are different, a
Bloch Point (BP) develops within the modulation. It is precisely this BP that controls the stability of the
system. In the present paper, we study the robustness of such BPs depending on geometrical parameters, such
as the diameter and thickness of the cylindrical modulations as well as on external magnetic fields applied

along the axis.

Introduction

Topological three-dimensional magnetic textures are currently an
intriguing issue in spintronic and nanomagnetism due to the extraor-
dinary properties that such structures possess and which have been
proposed as a key ingredient for improving potential data storage,
transport information, and microwave devices [1-5]. Within this class
of magnetic structures, the most celebrated ones in the past decade
are the skyrmions tubes [6,7], magnetic bobbers [8,9], magnetic hop-
fions [10,11], and Bloch Points (BP) singularities [12-15], the latter
being the main subject of the present study. Notoriously, and because
of their solitonic nature, all the aforementioned magnetic textures
can be considered particle-like magnetic structures and present exotic
topological properties when subjected to external means. In this sense,
one of the main aspects to be considered regarding such topological
properties is the emergent electrodynamics that appear when moving
topological textures [16,17], as showed by the Skyrmion Hall effect in
2D magnetic media [18,19]. In terms of their stability, these exotic
magnetic textures present topological protection under disturbances
or lattice defects, which makes of them very attractive candidates as
potential spintronic devices.

From a fundamental point of view, a BP can be defined as a mag-
netic singularity that usually leads to the transition between distinct
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magnetic configurations. Therefore, the BPs are identified as topologi-
cal 3D magnetic solitons with a vanishing magnetization field at their
center, which possesses remarkable topological properties. Specifically,
in a closed surface around its center, the direction of the magnetization
field covers the whole solid angle an integer number of times, i.e., if
the norm of the magnetization field is preserved, it translates into a
fundamental topological protection, which then gives the topological
features. Thus, a BP is expected to be robust under perturbations and
to give rise to an emergent electrodynamic [16], which might be
evidenced by Hall-effect measurements [20].

A few examples of the importance of the presence of BPs in different
systems are given next. In distinct magnetization processes, it has
been shown that the annihilation of skyrmions confined to nanodots
is mediated by the occurrence of BPs when such a process considers
the contraction of the skyrmion’s core [21,22]. Also, switching in the
vortex core polarization is usually accompanied by the propagation of a
BP [23]. Therefore, the presence, stability, and dynamics of controlled
BP singularities are topics we must deal with when considering po-
tential applications. For instance, the stabilization of a BP has been
theoretically proposed by employing the self-magnetostatic field gener-
ated by a nanocube [24]. Similarly, micromagnetic simulations showed
that a nanodisk with two layers of different chirality could host a stable
and manipulable BPs [25]. Additionally, the center of a vortex domain
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Fig. 1. Geometrical parameters define the system. L: length of the device; d: diameter
of the cylindrical nanowire; D: diameter of the modulation concentric with the
nanowire; T thickness of the modulation; z: modulation position along the symmetry
axis.

wall configures itself a BP [26], so that the current knowledge about
the stabilization of domain walls might bring us new insights on how
to stabilize BPs.

Following that direction, a recent article showed that it is possible
to store information in a succession of segments with different magnetic
orientations [27]. When the concurring segments have a different
orientation, the interface takes the form of a BP [28]. The reliability
of the stored information depends on the stability of the BPs inside
the modulations, and how to stabilize them becomes a challenging and
motivating topic. Some previous reports contain interesting summaries
of the variety of phenomena that appear at the domain walls along rod-
like nanoparticles [26,29-34], including the presence of BPs, but none
of them pay special attention to the conditions to control and stabilize
them.

Here, we explore the possibility of stabilizing a BP in a diameter-
modulated nanowire by modifying the geometry of the nanostructure.
To test the stability, we apply external magnetic fields until the BP is
ejected from the modulation. The main aim of the present work is then
to find the conditions that allow to pin and stabilize the inscription of a
BP inside a cylindrical modulation along a coaxial magnetic nanowire.
This study covers spontaneous reversals as well as induced reversals
triggered by externally applied magnetic fields. In this way, depinning
fields for representative geometrical parameters will be reported.

Because of practical considerations, we cannot cover much of the
configuration space, so that we will restrict ourselves to modulations of
diameters D up to nearly twice the diameter d of the long central wire.
The thickness T will be kept short enough (no larger than twice the
diameter D) to avoid the shape anisotropy [35] favors magnetization
orientation along the axis instead of the spacer (modulation) with a
large perpendicular magnetization that is needed to separate segments
as independent elements.

System and methodology

System

The system under consideration is a homogeneous cylindrical mag-
netic nanowire of diameter d and length L as shown to the left in
Fig. 1. A coaxial cylindrical modulation is grown between the ends of
the wire as part of the same single piece of material; such modulation is
characterized by its diameter D (D > d) and thickness T'. The position
of the center of the modulation along the symmetry axis of the system
is z; for the present paper z = L/2 since we are not interested in the
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influence of the ends of the wire. The diagram to the right in Fig. 1
gives a three-dimensional realization of the system.

We assume the magnetic material is nearly isotropic (like permal-
loy) and that the three sectors of the system can be independently
magnetized. The segments to the end are long enough to ensure shape
anisotropy, allowing permanent axial magnetization in any of the two
directions. The thickness of the modulation is of the order of its
diameter D, not becoming too long as to develop axial anisotropy of
its own.

The length chosen for all the simulations is the same used in
previous publications [27,36] to allow for comparisons: L = 1100 nm
and d = 50 nm. Parameters D and T will be varied, as discussed below.

Initial conditions

To perform the simulations, we prepared the following initial con-
ditions [36]. We assume that a counterclockwise vortex (looking from
above) is initially inscribed in the external part of the modulation
(excluding the core). The relative orientation of the magnetization of
the segments defines four different cases: tail-to-head (TH), head-to-tail
(HT), head-to-head (HH), and tail-to-tail (TT), naming the orientation
of the lower segment first. Both TH and HT present no interface, so they
end up aligning the modulation to have just one ferromagnetic domain.
So, we are left with the last two cases as candidates for hosting a Bloch
Point (BP).

Fig. 2 shows a HH orientation. To the left, we present the initially
inscribed configuration: upwards magnetization in the segment below
and downwards magnetization in the segment above; an abrupt Bloch
domain wall (BW) is defined as presented within the continuous circle
to the right; the discontinuous circle illustrates the initial magnetization
of the middle plane of the modulation as seen from the top. On the right
is the configuration spontaneously generated after a 5 ns simulation
following the dynamics described in the next section; It can be observed
that the BW developed into a BP and that the core is lost in the middle
plane of the modulation, where a BP is clearly appreciated (details to
be discussed in Section “Spontaneous configurations”).

Although our work intends to give a theoretical description of how
the BP stabilization depends on the geometrical parameters of the se-
lected system, one possible experimental way to inscribe a polarization
as the one defined in Fig. 2 is to make use of the shape anisotropy
presented by rods and disks due to their distinct aspect ratios [30,
37]. Specifically, long wires will naturally develop axial anisotropy
by means of the application of external magnetic fields. On the other
hand, disks (such as the proposed modulation) tend to develop trans-
verse or vortex domains in the planes perpendicular to the cylindrical
axis. Therefore, by locating the system near the appropriate external
magnetic fields is enough to ensure that the magnetic configuration in
the modulation naturally converges to the one that their geometrical
components allow. To achieve the head-to-head configuration proposed
in Fig. 2 the segments can be located between the north poles of strong
magnets or electromagnets. At the same time, on the central plane of
the modulation and surrounding it, several curved magnets (like the
usual horseshoe magnets) can be located to produce curling magneti-
zation fields with the desired chirality to induce the vortex within the
modulation. The resulting configuration will naturally minimize energy
to reach a metastable state as presented in Fig. 2. Importantly, we have
checked that even in the case that the initial condition would have a
central core pointing along +-z, the resulting final state holds being a
BP configuration. Nevertheless, other initial conditions (not considered
here) might give rise to other metastable states, which is beyond the
scope of the present study.

Simulation software and material parameters

To study and understand the stability of the confined BPs inside on
modulation and the depinning processes, we have made use of Mu-
max3 [38] to solve numerically the Landau-Lifshitz—-Gilbert equation
given by
dm Y0

i [mxH,; +amxmxH,,) m
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Fig. 2. (Upper) Illustration of the configuration initially inscribed. Here, we present a
head-to-head (HH) configuration: the lower segment points its magnetization upwards
(red), while the upper segment points its magnetization downwards (blue). A flat cross-
section separates both segments, showing a Bloch Wall as the initial separation. A
counter-clock vortex is inscribed at the modulation itself (except the core), looking
from the top end. (Lower) This diagram presents the equilibrium magnetization after
5 ns of simulation. Full circles at the center highlight a vertical cut through the axis,
showing how the Bloch Wall ends up in a Bloch Point. Dashed circles to the right isolate
the cross-section through the middle of the modulation, showing how the vortex also
absorbs the initial core of the modulation. The bar on the bottom indicates a color
code for the magnetization component along the x- and z-axis. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

where m(r,t) is the normalized magnetization vector m(r,t) = M(r,1)/
M,, with M, as the saturation magnetization, y, is the gyromagnetic
ratio and « is the Gilbert damping constant. The equation describes
both the precession and relaxation motion of the magnetization in
an effective field Hg. This effective field originates from the system
interactions and it is obtained through the functional derivative Hes =
—ﬁ% of the energy density functional (see Eq. (2)), where g,
is a magnetic constant. This functional is originated by the internal
interactions E;,, of the system given by the exchange energy E,,, and
dipolar E;;, and the external ones as the Zeeman energy E -

E[m]=E, .+ Egi, + Ezeoman = / e[m]dV
14

3
7]
= / A (Vm)? = DHgy M= poH,,, - M | dV [®)
v i=1 2

We consider permalloy as the material used in the simulations, with
its properties summarized by the following parameters [39]: saturation
magnetization M, = 800 x 10> A/m; stiffness constant A = 13 x 10712
J/m. We have used cell sizes of 2x2x2 nm? and the damping constant
is chosen to a fix value of « = 0.1, to appreciate the dynamics of
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magnetization and solve the LLG equation during 5 ns. This time was
tested to be sufficient for the system to reach equilibrium after the
depinning process.

Results and discussions
Spontaneous configurations

Fig. 2 picks a representative configuration to illustrate the way
simulations are done. An entirely equivalent situation develops for a
TT orientation, so we will stick to HH configurations from now on. This
procedure is repeated through the parameter space. Fig. 3(a) presents
the final configurations for D increasing from left to right in the interval
[60,110] nm at a pace of 10 nm; T increases from top to bottom in the
range [60,110] with increments of 10 nm; while Fig. 3(b) corresponds
to a closed-up view of the extreme cases in our parameters space,
iie, T =D =60nmand T = D = 110 nm. The bar to the right gives
the color code for the magnetization orientations. A double cone with
opposite magnetization orientations develops inside the modulation
immerse in the disk, initially dominated by a vortex. The flat BW has
developed into a small region with zero or nearly zero magnetization,
which is the main characteristic of a BP.

Despite the similarity of the configurations in Fig. 3, subtle dif-
ferences in the magnetization orientations are to be noticed. The red
color (FM upwards) is separated from the green color (vortex) by
a yellow cone (mixed magnetization). Similarly, the blue color (FM
downwards) is separated from the green color (vortex) by a cyan cone
(mixed magnetization). These yellow and cyan cones are wider for
longer and thinner modulations, which points to instability for the
configuration; eventually, an external agent could erase the stored
magnetization. Yellow and cyan cones are almost absent for shorter and
thicker modulations, evidencing a clean cut between magnetic phases
and a better definition of the BP. With longer and thinner modulations,
the vortex mass is partially lost to the benefit of one of the FM domains.
The BP is displaced from the center, trying to escape through one end
of the modulation.

Several comments are in order. First, all these configurations hold
a BP, which keeps the property of TT (or HH) orientations. Second, the
sharpest definition of a BP is reached for wide and short modulations (D
=110 nm, T = 60 nm, in Fig. 3). Third, long and narrow modulations
(D = 60 nm, T = 110 nm, in Fig. 3) give a BP migrated from the
center position evidencing fluctuations tending to destabilize the BP.
Fourth, although wider modulations better stabilize the BP, they could
be challenging to achieve experimentally; for this reason, we will look
for intermediate D values. Fifth, configurations with D = 70-80 nm and
T = 70-80 nm look realizable. We settle for a configuration with D =
80 nm and T = 80 nm as a prototype of a device based on diameter
modulated magnetic nanowires.

Magnetic fields

An external magnetic field along the symmetry axis was applied
to the spontaneously stabilized configurations. The procedure is: the
systems always start in the original state shown in Fig. 3. Then a
homogeneous magnetic field of intensity H, is instantly applied to the
system, and the simulation goes for 5 ns. The magnetization M,(t) is
recorded every 0.01 ns. In the end, the magnetic field is suppressed.
Then, a new simulation begins with the same original state, the external
field is set to a new value H, + AH, and a new simulation of 5 ns is
run. It goes like this until all the desired fields have been invoked. In
Fig. 4 only 1 ns is represented, but no changes were noticed beyond
this range up to 5 ns.

Fig. 4 illustrates the z component of the total magnetization M ()
of the device with respect to the saturation magnetization (when the
system is one ferromagnetic monodomain). Geometrical parameters
correspond to a modulation with 7' = 80 and D = 80 nm. The response
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Fig. 3. (a) Phase diagram giving the final configurations for the most relevant systems
considered in this study. Magnetization orientation is given by the color codes to the
right. (b) A closed up view of the cases D =T = 60 nm (left) and D = T = 110 nm (right)
showing the difference between the internal magnetic configuration for each geometry.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

of the system to four different intensities of the external field H,
are shown: 40 mT, 48 mT, 49 mT, and 50 mT. A marginal increase
in the magnetization is appreciated when going from 40 mT to 48
mT probably due to alignments at the ends and borders. However, a
completely different behavior is noticed for a field of 49 mT: there
are no differences with previous curves for the first 0.20 ns, but
from there on to about 0.65 ns an almost linear increase of M, (t) is
got; then the magnetization flattens with small increases because of
marginal alignments. Under a field of 50 mT, the situation is like the
previous one only shifted to shorter times. In this way, we identify the
depinning field of this system as the first field for which the normalized
magnetization tends to 1.0 after a time of a couple of ns. For the present
example, such a depinning field is 49 mT.

Snapshots in Fig. 4 are illustrative of the dynamics of the system
under external magnetic fields. The first one to the left represents the
original condition coincident with the configuration for D = 80 nm
and T = 80 nm in Fig. 3. It is followed by one obtained at = 0.2 ns,
corresponding to the curve for 49 mT, when the BP is just on the verge
of abandoning the modulation, leaving it as an upward ferromagnetic
domain. The third snapshot represents the field condition when the BP
is transiting to the upper end. The condition in which the BP vanishes
is presented by the fourth snapshot. Relative to the other curves, the
last snapshot to the right presents the saturated and stable condition
of a ferromagnetic monodomain reached even before 1 ns. Previously,
the fifth snapshot applies to the lower curves illustrating the low and
stable magnetization reached for fields under 49 mT; the BP appears
slightly displaced from the center of the modulation, but not enough to
abandon it.

Fig. 5 presents the thickness dependence of the depinning field
for modulations of different thickness as presented in the inset. The
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Fig. 4. Evolution of the normalized magnetization (M,/Mg) of the system for 4
different external magnetic fields as given in the inset. At least a field of 49 mT is
needed to reverse the magnetization: this is the depinning field of the device with
D =80 nm and T = 80 nm. Arrows link the snapshot to the point on the corresponding
curve.
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Fig. 5. Depinning field for the configurations presented if Fig. 3. Diameter of the mod-
ulations are given in the inset along with the symbols identifying actual measurements.
Dashed lines are only a guide for the eyes.

general tendency indicates the depinning field slightly decreases for
longer modulations. This agrees with the general trend of ferromagnetic
domains for longer elements. Shorter modulations are harder to align
their magnetization along the axis. A vertical look across the different
diameters tells that wider modulations require larger depinning fields.
However, the increase in the depinning field is faster for shorter diam-
eters as compared with the modest gain, as D gets over 100 nm. Wide
modulations could be difficult to achieve experimentally. In summary,
modulations with geometrical parameters at the center of this diagram
require depinning fields of the order of 50 mT, which is safe enough for
most of the random magnetic fields a storage device can find in daily
life [40].

Conclusions

A single coaxial modulation grown at the center of a long magnetic
nanowire is enough to host a BP inside. In a HH (or TT) configuration,
a metastable state is reached with the modulation presenting a vortex
with any chirality and the two segments host opposite magnetization
orientations.

A phase diagram shows that despite a general convergence to
metastable states with the BP near the center of the modulation,
weakening signs appear for long and narrow modulations. On the other
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extreme, short and wide modulations offer very stable conditions for
retaining the BP even for external fields of about 80 mT.

However, wide modulations are difficult to obtain, so we continued
the analysis for an intermediate case to test the dynamics of the device
in the presence of external axial magnetic fields.

For the case of an eventual device with D = 80 nm and 7 = 80 nm,
a field of 49 mT along the z axis is needed to expel the BP from the
modulation which unfolds a steady motion of the BP along the segment
to the end of the wire to disappear finally.

Results here were obtained for a likely configuration, but char-
acteristics can be altered to describe different systems intended to
store magnetic fields within successive independent sectors along a
magnetic nanowire. Simple modulations of the same materials could
be enough to serve as safe separators of ferromagnetic domains with
diverse magnetic orientations along the device.
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