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In this work, we have explored the dynamic properties of a Bloch Point singularity confined in a diameter-
modulated magnetic nanowire. By means of micromagnetic simulations, we have characterized the system
when varying the position at which the modulation is located as well as the response under a constant
magnetic field. We found that the presence of the Bloch Point promotes the emergence of two distinct modes
with energies above the lowest energy mode. These modes are differently affected when the geometry of the

system changes and with the application of a magnetic field. However, as a general result, the Bloch Point
modes are split for high magnetic fields and when the modulation is near the end of the nanowire. Thus, our
results might establish a valuable strategy for detecting Bloch Point singularities.

Introduction

Cylindrical magnetic nanowires are currently at the heart of build-
ing new technologies in information processing and storage. They have
been proposed as detectors of electromagnetic pulses [1], microwave
circulators or phase shifters [2-5]. One of the highlighted features of
magnetic nanowires is the variety of magnetic configurations that can
be hosted in them, which might appear in the magnetization reversal
processes or as (meta)stable states. For instance, it has been reported
that according to its geometry, the system can reverse its magnetization
through transverse or vortex domain walls [6,7]. Different magnetic
textures can be stabilized when reducing the length of the nanostruc-
ture, converting it into a nanodisk or nanodot. In such cases, and
depending on the energy contributions, magnetic vortices or skyrmions
structures can emerge as insulated solitons or as cluster structures
too [8-11].

A very interesting class of 3D magnetic textures appears, for in-
stance, at the core of a vortex domain wall, the so-called Bloch Points
(BPs) [12-20]. A BP can be defined as a magnetic singularity that usu-
ally leads to the transition between distinct magnetic configurations.
For instance, 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 [18]. A similar
event occurs when switching the polarity of a vortex core hosted in
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a magnetic nanodot [21]. Thus, a BP can be identified as a three-
dimensional (3D) magnetic soliton with a vanishing magnetization field
at its center which possesses exotic 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
topological protection. In other words, the two-dimensional topological
charge is an integer number. In contrast, its 3D topological charge, or
the Hopf number, was only recently fully computed, showing that it can
take non-integer values due to the contribution of the magnetostatic
energy [22].

From an experimental point of view, it has recently been possible
to image 3D magnetic configurations by using magnetic tomogra-
phy based on electron holography or X-ray magnetic circular dichro-
ism [23]. As stated above, this class of three-dimensional magnetic
solitons can be found in cylindrical nanostructures such as nanowires
or nanodots [12]. There is currently vast experience in manufacturing
magnetic nanowires, nanodisks and nanodots through distinct experi-
mental techniques. The proper control on the geometrical parameters of
magnetic nanowires allows even to control the diameter of such struc-
tures, synthesizing the so-called diameter-modulated nanowires [24-
33]. The main virtue of this kind of nanostructures, is that the region
with a pronounced modulation in the diameter provides a pinning
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potential, which depends on the geometry and the position of the
modulation [34].

If two different magnetic orientations coexist within a nanowire,
a reversion process can be triggered by different mechanisms (spon-
taneous, magnetic field, electrical current, or temperature gradient).
The propagation of the domain wall could be stopped or stabilized at
the modulation depending on the balance of geometry and intervening
interactions. This feature opens the possibility of stabilizing a particular
domain wall in the modulation. In specific, we are interested in stabi-
lizing a Vortex Domain Wall (VDW) in a diameter-modulated nanowire
because the central part of such structures configure itself as a BP. That
is the reason this kind of domain wall is sometimes called Bloch Point
Domain Wall (BPDW).

The stabilization of BPs in terms of the geometrical parameters is
a topic that has recently gained the attention of many researchers. In-
deed, some of us have searched for some signatures about it in a recent
work related to the possibility of storing information in diameter-
modulated nanowires [35]. Therefore, the conditions to confine BPs
in a controlled way is an issue that, although still not completely
explored, there are certain insights on how to achieve it. A more exotic
and intriguing scenario occurs when a confined BP is excited with
a magnetic pulse and its absorption spectrum is studied. This is an
unexplored scenario where its importance relies on how the different
spin-wave modes are excited around a confined BP. Considering the
exotic and well-known dynamical properties of other topological soli-
tons as skyrmions or vortices [36,37], the dynamical response that a BP
would have when applying a magnetic pulse lacks at present a detailed
analysis.

The dynamical response of cylindrical nanowires has been well stud-
ied in the past [38,39]. A geometrically homogeneous and uniformly
magnetized nanowire has been well characterized when excited with
a microwave field. The low energy excitations correspond to the edge
modes localized at the end of the nanowire, while higher energy spin-
wave modes localized at the bulk of the nanostructure are called the
bulk modes. Recently, it was shown that incorporating a geometrical
modulation on the diameter allows for adding new transitions reso-
nance modes, which behave like transitions peaks between the edge
and bulk modes [40].

In this work, by using micromagnetic simulations, we take advan-
tage of the possibility of confining a BP within a diameter-modulated
magnetic nanowire to stabilize and then study the dynamical response
of the system when subjected to a magnetic pulse applied perpendicular
to it. We aim to find and uncovering the different resonant modes
that a magnetic nanowire can display in the presence of a confined
BP in a geometric modulation. The focus of the present study is to
analyze how the resonance modes of a modulated nanowire hosting a
BP change when we alter the external conditions. This can be achieved
by moving the position of the modulation or when we subject the
system to external magnetic fields (for now, we consider fields parallel
to the nanowire axis only).

This paper is organized as follows: the next section describes the
Micromagnetic simulations; the third section is dedicated to results and
discussions, where we have separated the dynamical response in two,
first as a function of the position of the modulation and then as a
function of the external magnetic field. The last section corresponds
to the conclusions. Additionally, we prepared a separate file with
Supplementary Information to provide for a wider basis for deeper
discussions.

Micromagnetic simulations

For our micromagnetic simulations, we have used the free licensed
software Mumax3 [41] by discretizing the space into cubic cells of
2 x 2 x 2 nm®. The nanowire is characterized by a length L, diameter
d, and the modulation has the shape of a nanodisk with height W,
diameter D and is located at a position z, that we consider variable,
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Fig. 1. Schematic representation of the system studied.

and measured from the basis of the nanowire (z = 0), as depicted in
Fig. 1.

The stabilization of the BP depends on the magnetic and the geo-
metrical parameters chosen. For such a purpose, we have fixed L =
1100 nm, d = 50 nm, W = 100 nm, and D = 90 nm, and the nanowire
is considered being composed by NigyFe,o (Py), a magnetic material
whose magnetocrystalline anisotropy can be neglected [42] in such
a way that only the exchange and dipole-dipole interactions are the
responsible for the stabilized (meta)stable states. To get a BP domain
wall as a metastable state, we artificially imposed a tail-to-tail magnetic
configuration as initial state and then leave the system reach a local
minimum which results in a VDW or, more specifically, a BPDW as
shown in the Fig. 2. Concretely, we numerically solve during 5 ns the
Landau-Lifshitz—Gilbert (LLG) equation:

m = —ym X Heg + am X m, (€8]

where y is the gyromagnetic ratio, « = 0.5 the phenomenological
Gilbert damping, and H is the effective field defined as uyH.; =
—8E,[M]/5M, being 5/6M the variational derivative with respect to
the magnetization M; and the magnetic energy E,, is defined as

E, [m] =/dV[A > (vm) - @M.Hd—M.B], @
Vv i=x,y,z 2

that corresponds to the exchange interaction with stiffness constant A,
the dipolar energy expressed in terms of the magnetostatic field H,, and
the last term corresponds to the Zeeman interaction, respectively; m =
M/M; stands for the normalized magnetization, M is the saturation
magnetization, u, the vacuum susceptibility, and B is an external
magnetic field that might consider static or dynamical components.
For all our calculations, the magnetic parameters we used are the
corresponding to the Py [43]: A = 13 x 107!2 J/m and M, = 800 x 10
A/m. As a first state, in the procedure of obtaining the BPDW as a
metastable state, we have considered absence of any external magnetic
field. As we mentioned earlier, Fig. 2 shows a schematic of the initial
and final state of our micromagnetic simulations. Although the reached
state does not correspond to the ground state of the system, it is a
metastable state comprising a vortex domain wall with a Bloch Point
singularity in its center (see Fig. 2), which becomes the starting point
for studying the dynamical response [44].

A possible way to inscribe a polarization as the one defined in
Fig. 2 is to make use of the different shape anisotropy presented by
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Final

Initial

Fig. 2. Left panel: initial state for the micromagnetic simulations. Right panel: Final
state after solving the LLG equation during 5 ns. The circled images correspond to the
z- and x- component of the magnetization field when cuts along yz and xy planes are
made, respectively.

rods and disks due to their distinct aspect ratios [45,46]. Thus, long
wires (segments of the device) will naturally develop axial anisotropy;
external magnetic fields can induce the needed polarity along the
axis. On the other hand, disks (modulation of the device) tend to
develop transverse or vortex domains in the planes perpendicular to
the cylindrical axis. So, what is needed is to locate the device near
the appropriate external magnetic fields to induce polarities that their
geometrical components naturally sustain. 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 displayed
to produce curling magnetization fields with the desired chirality to
induce the vortex within the modulation. The resulting configuration
will naturally minimize energy to reach a metastable state.

Once the metastable state is stabilized, the next step is to excite such
a configuration with a microwave magnetic pulse of the form h(r) =
1.0 x exp (—10°1) § kA/m [47-52]. The amplitude of this pulse must be
small enough to keep the system in the linear response regime [49,53].
The dynamical response is also obtained by numerically solving the
LLG equation but now using « = 0.015 (value that is lower than 0.2
commonly used for a dynamic study [48,54,55]) and the magnetic
energy E, now considers the additional contribution to the Zeeman
term coming from the application of the dynamical microwave field.
The temporal evolution of the magnetization under the action of the
exciting field is collected for 20 ns recording the magnetization config-
uration at uniform time intervals of 5 ps allowing a spectral resolution
of 0.05 GHz [56,57].

The analysis of the recorded data continues now in the following
way: the small exciting magnetic field A(r) and the magnetization dis-
tribution M (r, ) are transformed to the frequency domain [A(w), M (w)]
using the Fast Fourier Transform (FFT) method. The dynamic sus-
ceptibility, which corresponds to the imaginary part of the magnetic
susceptibility, is calculated by dividing the Fourier transform of the
response M (w) by the Fourier transform of the excitation A(w). Finally,
in order to confirm the origin of the resonant peaks, we can reconstruct
the spatial profiles of the resonant modes [58,59] by calculating the
temporal Fourier image for each site as (., f,) = DFT, (m(r;j;.1)),
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where DFT, is the Discrete-time Fourier Transform, the subscript ijk
corresponds to the spatial coordinates x,y,z of each cell, and the
subscript » refers to the position of the frequency in the power spectra.
These images are essentially the profiles of the magnetization for any
frequency.

Results and discussions
Dynamical response as a function of the position of the modulation

Our dynamical study begins by analyzing the zero-field case (i.e.,
only the microwave magnetic pulse contributes to the Zeeman term
in the effective field), and we focus on the dependence that the spin-
wave modes have on the position at which the modulation is located.
This section then intends to elucidate the role that the modulation and
its position have on the dynamical response of the confined BP. In
other words, here we ask about how the geometry of the system affects
the dynamical response of it. A related article previously published
addressed a similar system but with a different magnetic configuration
as a metastable state in the modulation [50]. Here, the presence of the
BP completely changes the condition of the problem.

We start by considering the modulation in the half of the nanowire
(z = 550 nm) and then we displace the modulation towards the top
end of the nanowire in steps of 10 nm. Fig. 3 shows the frequency
of the resonance modes as a function of the position at which the
modulation is located. In Fig. 3(a) we show a tracing of the resonance
modes, and the colored circles corresponds to three selected positions of
the modulation for each resonance mode, whose origin is represented
by the spatial distribution of the spin-wave modes in Fig. 3(b). From
Fig. 3(a) we can identify 5 modes with variable amplitude, as evidenced
by the color bar varying from the most intense modes (white) to the
less ones (black). It has been previously established that in cylindri-
cal nanowires with geometrical modulations, the lowest energy mode
corresponds to the edge mode; the next higher frequency mode is due
to the modulation itself; high energy modes can be recognized as bulk
modes [48]. These features are mainly attributed to the competition
between the exchange interaction and the magnetostatic energy in-
duced by the modulation [50,60], whose dynamical response is altered
due to the presence of a BP within modulation. The zone affected
by the mode presents magnetization polarizations as presented by the
color variations in Fig. 3(b). The corresponding frequency is given in
Fig. 3(a).

Let us firstly focus on the case z = 550 nm. In this case, the lowest
energy mode for this choice of parameters is still the edge mode.
However, the next two modes (modes 2 and 3) are exclusively activated
due to the presence of the BP singularity and its dynamics. Indeed, the
center of the BP has the maximum spin amplitude (red color), while
the rest of the nanostructure is not excited, as depicted in Fig. 3(b)
(see the first row for modes 2 and 3). Therefore, the presence of the
BP is responsible for activating modes 2 and 3, and the difference
between them lies in how the BP environment is excited. Modes 4 and
5 correspond to the so-called bulk modes, where the entire nanowire
is excited. Note that mode 5 has the largest amplitude because, in this
case, there is a major portion of magnetic material excited with high
spin amplitudes.

Next, we examine the system when the modulation moves towards
the top end of the nanowire. Let us firstly focus on the positions z <
900 nm. As we can see from Fig. 3, modes 1, 2, and 3 are almost
unaltered in the entire range considered. However, a different behavior
occurs for z > 900 nm, as will be discussed below. The reason why
these modes remain constant for a large range of the position z can be
understood in terms of the nature of the modes: Mode 1 corresponds to
edge mode localized at the end of the nanowire, so it is only affected
by the stray field produced by the modulation when localized near the
ends. A similar behavior occurs for modes 2 and 3, which are activated
due to the presence of the BP singularity. Again, once the interaction
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Fig. 3. (a) Frequency of the resonance modes as a function of the position at which the modulation is located. The lines cyan, purple, blue, white, and orange correspond to the
modes 1, 2, 3, 4, and 5, respectively. The small solid circles denote the corresponding spin distribution shown in the right panel. The vertical green line is included to depict
the position of the modulation at which the system no longer stabilizes the BP and ultimately relaxes into the homogeneous state. The color bar represents the amplitude of the
y-component of the absorption spectrum. (b) Spatial distribution of the selected resonance modes depicted with small solid circles in the left panel. Here, in the vertical color bar
located at the right, the amplitude varies from maximum (red color) to minimum (blue color). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

between the ends of the nanowire with the BP singularity becomes
slightly appreciable, then the resonance modes change their behavior,
as depicted in Fig. 3(a).

Modes 4 and 5 are affected when moving the modulation towards
the end of the nanowire. As shown in this figure, each of these modes
split into two new modes, modes 4a (5a) and 4b (5b). This behavior
can also be understood by the nature of the modes. In fact, since
these modes correspond to bulk ones, they are characterized by the
spin excitation of the entire nanostructure; therefore, it is natural to
expect that changes in the geometry provoke changes in the resonance
modes. We argue that the emergence of modes 4a (5a) and 4b (5b)
is because of the modulation that makes the system behave like two
separated nanowires. Thus, the bulk modes separate according to the
two different sections of the nanowire separated by the modulation.
Note that mode 4a vanishes for z > 800 nm because this mode
corresponds to the spin excitation of a smaller section of the nanowire
so that, when approximating to the end, there is not enough volume
magnetic to be excited. The same reason applies for mode 5a, which
does not disappear, but its resonance frequency decreases considerably
while the position z increases, as suggested in Fig. 3(b) in the second
row.

The region z > 900 nm is more interesting, where the three lowest
energy modes present splitting. First, mode 1 splits into modes 1a and
1b. As seen from Fig. 1(b) in the middle and bottom row, modes la
and 1b correspond to the spin excitation localized in the bottom end
of the nanowire (mode 1a) and the top end (mode 1b). Such splitting
relies on the fact that the system behaves like two different nanowires
separated by the modulation. Then, each of these nanowires has its own
edge mode, corresponding to modes 1a and 1b. A similar behavior can
be found when the modulation is at z = 950 nm. In both cases, the
emergent modes correspond to edge modes.

The splitting of modes 2 and 3 occurs for a completely different
reason. Recall that these modes are activated by the BP stored within
the modulation. Note that mode 2 holds at z = 900 nm, and modes 2a
and 2b only appear at z = 950 nm. As evidenced in the bottom row in
Fig. 3(a), these emergent modes correspond to the BP excitation in the
upper and lower half of the modulation, respectively. Since for z > 950
the system cannot stabilize a BP within the modulation, we conclude

that the splitting modes appear as a feature of the system when it is
near ejecting the BP from the modulation. This behavior can also be
identified for mode 3; however, in this case, this mode already split
into modes 3a and 3b at z = 900 nm. For z = 900 nm, the demagnetizing
field produced by the upper end is noticeable enough to make the BP
unstable within the modulation. Again, once the modulation reaches
z = 950 nm, the stability of the BP weakens, and for even larger z,
the pseudo-homogeneous state is favored. A further analysis of the BP
stability is developed in Supplementary Information. Finally, modes 4
and 5 (bulk modes) split at a modulation position close to half of the
nanowire. In these cases, Fig. 3(b) shows that this splitting agrees with
the above hypothesis that the nanowire behaves like two independent
nanowires. In fact, modes 5a and 5b (also 4a and 4b) correspond to the
separated excitation of the upper and lower segments of the nanowire.

Dynamical response as a function of the external magnetic field

In this section, we focus on the effects that the application of an
external magnetic field has on the spin-wave modes of the system when
keeping the position of the modulation fixed. Therefore, the primary
purpose of this section is to clarify how the internal magnetic structure
(which changes because of the application of the external magnetic
field) of the BP affects the spin-wave modes of the system while leaving
the geometry unchanged.

The procedure we follow here differs slightly from the past section.
We consider the same geometry, but the modulation now remains
unchanged at half of the nanowire (z = 550 nm). Next, we apply a
constant external magnetic field (bias field) along the (—z)—direction
and let the system relaxes until it reaches a metastable state. This
state is considered as the initial state, which is ultimately perturbed
by applying a small magnetic pulse along the perpendicular axis to the
nanowire. The results regarding the dynamic properties are collected in
the same way as the past section, and they can be summarized in Fig. 4,
where we show the frequency of the resonance modes as a function of
the external magnetic field and the spatial distribution of the spin-wave
modes at selected resonance frequencies (depicted with small circles in
Fig. 4(a)).

Fig. 4(a) shows modes 1 through 5, and their dependence on the
magnitude of the external magnetic field along the axial direction. We
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Fig. 4. The response of the system to the external excitation is depicted in this illustration. (a) This panel gives the frequency dependence on the intensity of the applied magnetic
field. (b) This panel presents the modes for 3 values of the external field by means of a color code given to the extreme right: red corresponds to large precession amplitude as
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are clearly appreciated as the field increases and the corresponding new frequencies are labeled by adding a or b to the original mode label. The solid circles refer to the values
of the field used in the panel (b). As the field increases to the right it eventually reaches a critical value (illustrated by the vertical green line at 59 mT) at which the BP relaxes
into the homogeneous state. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

can identify several aspects with similar behavior as those discussed in
relation to Fig. 3. For instance, we have also depicted with a green line
the limit scenario when the system is no longer capable of stabilizing
the BP within the modulation. This occurs for a field ~ 59 mT. For
fields higher than it, the system relaxes into a homogeneous state. We
start by considering the edge mode, which corresponds to the excitation
of spins at the end of the nanowire. As seen from Fig. 4(a), this mode
has monotonic increasing with the magnetic field. Note that, unlike the
previous case, mode 1 does not split. This can be explained in terms of
the effect that the magnetic field has on the magnetic configuration of
the nanowire. In fact, as long the magnetic field increases, the system
aligns the spins in such a direction so that the microwave field can
no longer separately activate the two ends of the nanowire. Instead, as
presented in Fig. 4(b), mode 1 is characterized by the excitation of both
ends at 0 and 15 mT. Still, when increasing the field to 30 mT, only the
bottom end is excited, which explains the absence of a splitting mode.

Modes 2 and 3, are split when increasing the magnetic field. Specif-
ically, mode 2 splits into modes 2a and 2b at ~ 15 mT and mode
3 splits into modes 3a and 3b at ~ 3 mT, as seen in Fig. 4(a). We
can see from Fig. 4(b) that mode 2 at 0 mT corresponds to the BP
excitation. However, at 15 and 30 mT, modes 2a and 2b correspond
to the BP excitation in the upper and lower half of the modulation.
Note that this behavior is analog to moving the modulation along the
nanowire axis. For mode 3, and the corresponding modes 3a and 3b,
the effect of applying a magnetic field is pretty like the one reported
in the previous section. Indeed, the application of a magnetic field
promotes the separated excitation of the two distinct regions within
the modulation. Moreover, the bulk modes 4 and 5 split into modes
4a (5a) and 4b (5b) if the magnetic field is nonzero. From Fig. 4(b)
we can see that mode 4 at zero field is characterized by the spin
excitation of the entire nanowire excepting the modulation zone, just
like if we would consider two separated nanowires. Furthermore, the
amplitude of the excitation is variable along the two sections. Once the
magnetic field increases, the system holds exciting the same regions
as at zero field, but now the amplitude varies differently in the two
sections, which explains the presence of modes 4a and 4b. Finally,
the highest frequency mode, mode 5, splits into modes 5a and 5b
at low magnetic fields. Note that mode 5 at zero field corresponds

to a higher spin excitation of the two separated (by the modulation)
sections of the nanowire. However, when increasing the magnetic field,
these sections are separately excited. Indeed, at 15 mT the modes 5a
and 5b correspond to the excitation of the upper and bottom section,
respectively. The same happens at 30 mT, where the excited regions
are notoriously more pronounced.

Conclusions

We have performed a detailed analysis of the dynamic properties
of a diameter-modulated nanowire with a BP singularity hosted within
the geometrical modulation. We have considered two aspects capable of
modifying the dynamic properties: the position of the modulation and
the strength of an external magnetic field. In both cases, we identified
five modes: mode 1 corresponding to the edge mode, while modes
2 and 3 emerge due to the presence of the BP. Modes 4 and 5 are
the bulk modes. When changing the modulation position, we found
that the three lowest modes are almost unaltered until the modulation
reaches a critical region at which the stray field generated by the end
of the nanowire is strong enough to interact with the modulation.
Interestingly, the BP modes (modes 2 and 3) split into two new modes,
respectively. We attribute this behavior to the system being near to
revert the magnetization, and therefore the BP within the modulation
becomes unstable, allowing then to excite two different modes.

A similar behavior is found when applying an external magnetic
field. Here, we also reported five modes with the same features as
the above case. Again, the BP modes split into two new modes when
increasing the magnetic field. The origin of these modes is the same as
when changing the modulation position. Therefore, we also attributed
this splitting to that the system tends to revert its magnetization. In
fact, in the presence of certain magnetic fields, the BP is always being
pushed out of the modulation, which agrees with the case when the
modulation is near the end of the nanowire, where the effect of the
stray field generated by the end on the modulation is essentially to
eject the BP from the modulation. Thus, we have explored a system
capable of hosting a BP singularity as a metastable state and whose
dynamic properties strongly depend on the geometrical parameters and
the application of an external magnetic field. The main contribution of
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our work relies on the fact that we characterized a system that is excited
when the BP localizes within the modulation. In this sense, the behavior
of the system might be useful in recognizing the presence or absence
of a BP singularity by only exploring the splitting of certain modes.
Specifically, we showed that the first two optical modes correspond to
the BP modes, so that, when applying a magnetic field, these modes will
split into two new modes. Similarly, by locating the modulation near
the end of the nanowire, our results predict the splitting of the first two
optical modes, which is an unequivocal signature of the presence of a
BP. It is important to point out that the behavior obtained in our results
could have variations according to the choice of the magnetic and
geometrical parameters. Therefore, to extract analytical and general
results from them is an issue that is out of the scope of the present
study, and we leave it for future works.
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