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Giant supermagnonic Bloch point velocities in
cylindrical ferromagnetic nanowires+

Felipe Tejo, 2@ Jose Angel Fernandez-Roldan, {2 ® Konstantin Y. Guslienko,*
Rubén M. Otxoa {2 *f and Oksana Chubykalo-Fesenko () *9

Achieving high velocities of magnetic domain walls is a crucial factor for their use as information carriers
in modern nanoelectronic applications. In nanomagnetism and spintronics, these velocities are often
limited either by internal domain wall instabilities, known as the Walker breakdown phenomenon, or by
spin wave emission, known as the magnonic regime. In the rigid domain wall model, the maximum
magnon velocity acts as an effective “speed of light", providing a relativistic analogy for the domain wall
speed limitation. Cylindrical magnetic nanowires are an example of systems without the Walker break-
down phenomenon. Here we demonstrate that the magnonic limit could be outstandingly surpassed in
cylindrical nanowires with high magnetization, such as iron. Our numerical modeling shows the Bloch

point domain wall velocities as high as 14 km s

, well above the magnonic limit estimated in the interval
1.7-2.0 km s7%. The key ingredient is the three-dimensional conical shape of the domain wall, which
elongates and breaks during the dynamics, expelling backwards pairs of Bloch points. This leads to

domain wall acceleration, the effect, which resembles the “jet propulsion”. This effect will be very impor-

rsc.li/nanoscale

Introduction

Domain walls (DWs) are topological magnetic solitons with a
huge area of potential applications in modern nanoelectronics
and spintronics. Magnetic domain walls (DWs) are currently
used for many applications such as the race-track memory in
information technologies,”” logical circuits,” neuromorphic
computing,® etc. Apart from technological perspectives, there
is a fundamental question of the key mechanism limiting the
propagation of any traveling wave in a given media. Generally,
the maximum speed of information transmission cannot
surpass the maximum group velocity of elementary excitations.
Thus, this maximum velocity, defined as an effective “speed of
light”, can be viewed as analogous to limiting velocity in the
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tant for three-dimensional networks based on cylindrical magnetic nanowires.

special theory of relativity.” Additionally, topological solitons
propagation is limited by wave emission (e.g., acoustic or elec-
tromagnetic), similar to the Cherenkov effect®” (“speed of
sound”). The question arises of how solid are the above restric-
tions and if even higher velocities can be achieved.

Achieving high domain wall velocities in magnetic media is
a key ingredient for many applications because they determine
the device operation time. Unfortunately, in ferromagnetic
materials, the domain wall velocity also suffers from the so-
called Walker breakdown phenomenon.® In permalloy (FeNi
alloy) stripes (widely used for spintronic and magnonic
studies), DW velocity cannot exceed few hundreds of m s™*.°
Consequently, extensive research has been performed to find
solutions to this problem. The manipulation of ferromagnetic
DWs with spin-orbit torques in insulator/metal hetero-
structures with the Dzyaloshinskii-Moriya exchange inter-
actions and out-of-plane magnetization resulted in DW vel-
ocities up to 400 m s™*.'° In low dissipative insulating garnets,
DW velocities up to 4.3 km s~ have been recently reported.”
Unlike the above materials, antiferromagnets and ferrimagnets
close to the angular momentum compensation point, do not
have the Walker breakdown phenomena. In ferrimagnetic
materials for temperatures around a net angular momentum
compensation point high velocities up to 2 km s~ have been
measured.”’ In pure antiferromagnets with special crystal
lattice symmetries such as Mn,Au even higher velocities up to
40 km s™" were theoretically predicted."*"® Within the 1D
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model the DW speed in these materials is limited by the
magnon group velocity,'*'® used as an analog to the “speed of
light” for their dynamics which obey equations similar to ones
in the special theory of relativity. However, numerical model-
ling shows that antiferromagnetic DWs can propagate with vel-
ocities above the magnonic limit.'"® Also, after reaching the
corresponding velocity, the DW is slowed down, and a prolifer-
ation of multiple domain walls arising from the initial wall
has been observed in numerical modeling.**

Cylindrical magnetic nanowires are viewed as building
blocks for three-dimensional applications such as the Internet
of nano things."” They constitute another example of systems
where the absence of the Walker breakdown phenomenon has
been predicted.'® Starting with some diameters, cylindrical
magnetic nanowires possess a very special DW of the Bloch
point (BP) type (BP-DW),"*° in which head-to-head or tail-to-
tail magnetic domains are separated by a vortex domain wall
containing a Bloch point (see Fig. 1). The BP-DW is a 3D mag-
netic topological soliton, whose configuration has a singularity
of the magnetization field with an excess of the exchange
energy. It is stabilized by the minimization of the magneto-
static energy and at rest it has a cylindrically symmetric struc-
ture. In finite nanostructures such as magnetic spheres, it is
characterized by the non-zero and not integer 3D topological
charge due to a variable helicity arising from magnetostatic
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Fig. 1 (a) The magnetization configuration of the cylindrical nanowire
in the absence of a magnetic field. Arrows on the wire surface represent
the magnetization direction in the domain wall plane. The location of
the Bloch point is defined as the position of the intercession of the iso-
surfaces where all three magnetization components m, = m, = m, = 0.
(b) Snapshot of magnetization in the presence of a magnetic field
applied in the direction of the wire axis. The iso-surface m, = 0 forms a
cone at the vertex of which the BP is located.
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energy minimization,”" configuring magnetic fields with a
quadrupolar nature,> which could be used in technological
applications.?® It was predicted that BP has a large mobility in
response to external driving magnetic field.>* Recent numeri-
cal simulations reported the BP-DW velocity in permalloy
cylindrical nanowire circa 1 km s™*, slightly higher than the
magnon group velocity.>> After that, the DW dynamics enter a
so-called turbulent regime characterized by the proliferation of
magnetic “drops”.*® Unfortunately, the dynamics of BP-DWs
have another problem since it has been shown that they
undergo dynamical transformation to the vortex-antivortex
domain wall.?”?®* This phenomenon would significantly
impact and may limit possible applications of cylindrical mag-
netic nanowires.*’

In this article, we show that the BP-DW velocity in ferro-
magnetic cylindrical nanowires of high magnetization (such as
iron) can reach very high values after overcoming the turbulent
magnonic regime, i.e., in the “super-sonic” regime. Fig. 1 illus-
trates the internal magnetization texture of the BP-DW. Being
initially of a symmetrical shape at rest (Fig. 1a), as it moves
along the nanowire under an applied field, the BP-DW devel-
ops a conical shape in which the BP is positioned at the vertex
of the cone (Fig. 1b). The length of the cone increases as time
progresses. As we show later, some internal instabilities break
the cone-shaped DW, creating a pair of new BPs which are
emitted backwards. This produces a “jet propulsion” effect,
accelerating the DW. Our numerical modeling shows the BP
DW velocity values up to 14 km s™', much higher than any
value reported previously in numerical modeling of ferro-
magnetic nanowires.

Results

As an illustrative example, we first discuss the dynamics of a
BP-DW in a nanowire with the radius R = 30 nm, length L =
1.5 pm (see ESIT for nanowires with different diameters). The
details of the model can be found in the Methods section.

An important parameter to describe BP-DW is its chirality,
i.e., the direction of the magnetization circulation in the yz
plane perpendicular to the nanowire x-axis. We start our simu-
lations with DW of “good” chirality, as defined by ref. 18, ie.,
the one with a circular polarisation direction favored by the
torque induced by internal field (depicted in Fig. 1). Then, an
external magnetic field B is applied parallel to the nanowire
axis. Fig. 2a shows an “effective” DW position as a function of
time, evaluated from the zero value of the average magnetiza-
tion along the nanowire axis, ie., (m.t)) = 0 (an experi-
mentally measured quantity) for different driving magnetic
field magnitudes. Fig. 2b shows the BP position along the
nanowire axis for the same driving fields. The BP position has
been calculated by intersecting three iso-surfaces corres-
ponding to zero values of the magnetization components m, =
0, my, = 0, m, = 0. We stress that although the value (m,(t))
could be close to what is measured experimentally by imaging
techniques, it is not a good characterization of the non-rigid

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Effective domain wall position evaluated from the dynamics

of the longitudinal magnetization component (m,)(t), as its zero cross-
ing point, and (b) Bloch-point position as a function of time. The calcu-
lations correspond to a nanowire with a 30 nm radius and different mag-
netic field magnitudes.

domain wall dynamics. Nevertheless, both figures show
similar tendencies except for the void region in Fig. 2b, which
corresponds to the absence of the BP in simulations.

Fig. 2 presents three regimes for the BP-DW motion. In the
regime I, for applied fields B < 15 mT, the DW propagation is
approximately linear in time, and DW velocity increases as the
magnitude of the external field increases. In the regime II, the
DW mobility is significantly decreased for applied fields
15 mT < B < 60 mT. This regime is characterized by a large
emission of small-amplitude spin waves from the BP-DW
towards the nanowire edges, which was associated previously
with the spin-Cherenkov effect.”'®?> Note that the Cherenkov
radiation starts when the moving DW reaches the minimal
phase velocity of the linear spin waves and exceeds it.” Also, in
this regime the DW texture may undergo a series of complex
transformations. Indeed, for B = 35 mT, during some time
interval, the BP does not exist. These effects are similar to pre-
vious works on transforming BP-DW into vortex-antivortex
DW.?” This regime has been reported previously as the one
limiting BP-DW propagation.?” Additional illustrations can be
found in the ESL.f The novelty comes in the regime III for B >
60 mT, where surprisingly, we again discover a quasi-linear
DW motion with time with a very high velocity. This is a
regime in which we will mostly pay our attention.

Fig. 3 summarizes the maximum BP velocity as a function
of the applied magnetic field for two different nanowire radii

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Maximum Bloch point velocity as a function of applied magnetic
field for nanowires with radii (a) 30 nm and two damping parameter
values, @ and (b) 40 nm and « = 0.01. The arrows indicate the points
where large spin emission (regime Il) starts and the DW velocity slows
down.

and two damping parameter values (note that in the initial
interval of time for B = 60 mT and B = 75 mT in Fig. 3b, the BP
mobility is low and we extract the velocity from the high mobi-
lity region). We observe that the critical magnetic fields limit-
ing the transition between different regimes displace to higher
values as the nanowire radius decreases. For R = 20 nm (see
ESI}), we observed only the first and the second DW motion
regimes within the same field interval as considered in Fig. 3.
In contrast, for R = 40 nm, the first regime is displaced to
small fields. This transition between the first and the second
regime occurs in all cases for velocities of approximately
1.7-2.0 km s™', which we associate with the spin Cherenkov
effect, reported previously in ref. 7, 25 and 26. Theoretical esti-
mation of the minimum phase magnon velocity, determining
the start of the magnon emission can be found in our ESL ¥ Its
value is in the interval of 1.5-1.8 km s™*; it decreases as a func-
tion of nanowire radius and slightly increases as a function of
the applied field. In simulations, approaching this velocity pro-
duces a significant spin wave emission and either a stagnation
or a decrease of the DW velocity. Note that as it can be seen in
Fig. 5 of the ESI,T spinwaves in this regime are mainly emitted
backwards and are small-amplitude. However, in the third
regime, the velocity is significantly increased up to circa 4 km
s~ for nanowires with 30 nm radius and 14 km s for 40 nm
radius. We also notice that the velocities increase as the nano-
wire radius increases or the damping value decreases. The
latter is in clear contradiction with the standard Walker 1D
model,® which predicts that above the Walker breakdown field,
the Zeeman energy input is compensated by magnetic relax-
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ation and thus the DW velocity is proportional to the damping
value.?® We highlight that this model is not applicable for our
3D DW which dynamically changes its shape.

To clarify the origin of these behaviors, we show in Fig. 4
snapshots of the magnetization dynamics for B = 60 mT. Since
the Bloch point moves faster than the effective “speed of
sound”, the emission of spin waves is very relevant, especially
visible on the nanowire surface magnetization. Similar to
regime II, small-amplitude spinwaves propagating backward
are present. However, unlike the regime II, the Bloch point is
also surrounded by large-amplitude spinwaves forming a cloud
around it (see available ESI Videot). Most importantly, during
the dynamics, in this regime the length of the cone substan-
tially increases with time, and the cone breaks at some
instant, giving rise to the spontaneous creation of pairs of BPs
near the cone end. This pair forms head-to-head and tail-to-
tail BP-DWs containing BPs surrounded by magnetisation con-
figurations with opposite chiralities. The original BP (part of
the head-to-head BP-DW) detaches from the cone together
with one of the newborn BPs (part of the tail-to-tail BP-DW),
and the other new BP (identical to the original one) is now
located at the DW cone end. Additional illustrations can be

View Article Online

Nanoscale

found in the ESI Video.j After some time, the detached part of
the cone annihilates, leading to further spin wave emission. In
our simulations, we always follow the dynamics of the BP,
which is attached to the main cone, ie., forms part of the
main DW. This mechanism of expelling backwards additional
BPs provides a propulsion-like effect on the main DW cone,
leading to a change in the slope for the DW (i.e. (m,)(¢)) or BP
positions in Fig. 2 and allowing the BP-DW to reach high
velocities.

Several effects are important here. First, the main contri-
bution to increasing the cone length comes from the magneto-
static interactions. Indeed, due to the difference of magneto-
static fields at the nanowire’s surface and center, surface mag-
netization propagates faster, and the one in the center lags
behind, producing an elongation of the DW cone. This effect
is more significant in nanowires with high saturation magneti-
zation, such as Fe, as well as it is larger in nanowires with
larger diameters. Fig. 5 shows time evolution of magnetic ener-
gies during the domain wall propagation. Note the dominant
role of the magnetostatic energy. The elongation of the
domain wall cone leads to an increase of interaction energies,
both magnetostatic and exchange.
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Fig. 4 Snapshots of the magnetization dynamics when a magnetic field of 60 mT is applied for a nanowire with R = 30 nm. (a), (c), and (e) show the
surface magnetization of the nanowire at different times, while (b), (d), and (f) show the internal magnetization configuration of the domain wall.
The green cone-shaped surface represents an iso-surface where the x-component of the magnetization is zero, and the black points indicate the

position of the BPs.
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DW cone reaches the nanowire end and both interaction energies decrease.

The next essential ingredient of the process is the fact that
the cone breaks due to dynamical instabilities. This effect was
noticed previously in ref. 26 as a drop generation behind DW;
however, its significance for the DW velocity was not dis-
cussed, and the large velocity increase was not reported. For
better understanding, we systematically study the dynamics of
the so-called kinetic field, used in the studies of dynamical
instabilities of magnetic solitons such as reversal of the core
polarity in magnetic vortices by vortex-antivortex pair nuclea-
tion*® or DW-pairs proliferation in layered antiferromagnets
such Mn,Au." The kinetic field is defined via the gauge vector
potential introduced to keep the Lagrangian invariant*' and is
1 OLuin , where Ly, = M; (m x ) -n
M; Om 14+m-n
ponds to the kinetic part of the Lagrangian density of our
system, where m is a unit vector in the direction of magnetiza-
tion and n is a unit vector of Cartesian coordinates. Note that
the kinetic field is not a real magnetic field. It is a heuristic
concept introduced for visualization of the points in configura-
tional space with large dynamical instabilities where the frac-
ture of the continuous magnetisation can be expected.

Fig. 6a and b compare the maximum kinetic field magni-
tude and the number of existing BPs along the BP DW dynami-
cal trajectory. Importantly, new BPs are constantly generated
and annihilated (in pairs and with opposite chiralities of
BP-DWs); in this case, up to five BPs can exist simultaneously
in the system. One can relate the appearance of additional BPs
with a burst in the kinetic field. The increase of the DW vel-
ocity is associated with the appearance of new Bloch points,
i.e., the DW velocity was low when only one BP was present in
the system, and the DW accelerates due to the appearance of
the newborn BP pair. The rate of additional BP production
increases with the driving field increasing. For higher fields
(see ESIt for B = 100 mT), the process of creation/annihilation
of the BP pairs occurs continuously during the propagation of
the BP-DW, and it takes place very close to the BP that is part
of the DW, allowing the BP-DW to achieve a continuous displa-

written as hy;, = corres-

This journal is © The Royal Society of Chemistry 2024

cement at high velocity and additional acceleration, compara-
tively to the B = 60 mT case, where the velocities boost are
visible in the DW trajectory.

Finally, the acceleration of the BP, attached to the DW main
cone, is due to the effect, similar to “jet propulsion”. Indeed,
by breaking the cone, the cone size substantially decreases
and the detached part, expelled in the opposite direction,
accelerates the dynamics of the main cone. The energy dissipa-
tion due to the annihilation of detached Bloch points is visible
as oscillations in Fig. 5, both in magnetostatic and in exchange
energies. We have also analysed large-amplitude spinwaves on
the nanowire surface in this regime (see ESIf). Their
maximum amplitude occurs at the moment when the new-
born Bloch points are annihilated. Their group velocity
coincides with that of the Bloch point which is positioned
slightly in front of the point of their maximum amplitude.
Thus, in this regime the massive spinwave emission forms
part of the same process of the energy release from the conical
domain wall: first the cone breaks and creates two Bloch
points, in the subsequent time moments they annihilate and
create large-amplitude spinwaves.

We note here that the rigorous definition of the jet pro-
pulsion effect would require the proof of the linear momen-
tum conservation. Unfortunately, the peculiarity of magnetic
dynamics, the complexity of the 3D non-rigid domain wall
and the presence of damping does not allow us to introduce
this conservation law rigorously. However, as it is clearly
seen in Fig. 6(a and b), the DW accelerates forward in the
moment when it ejects backward new BPs, in a qualitative
agreement with the “jet propulsion” effect. The underlying
mechanism, in this case, is related more to the exchange
interactions than the magnetostatic ones. Indeed, the mag-
netisation configuration around BP in the cone has an
opposite chirality to the one around the newborns closest to
it (see additional illustration in ESI{), and the exchange
interaction produces a repulsion effect between the main
DW and the new BP.

Nanoscale, 2024, 16,10737-10744 | 10741
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(@) Maximum magnitude of the kinetic field as a function of time. (b) Amount of BPs in the nanowire as a function of time. (c) and (d) Spatial

representation of the kinetic field through a nanowire cross-section at two different time instants.

Discussion

Cylindrical geometry offers possibilities to achieve very high
velocities of magnetic domain walls due to the absence of the
Walker breakdown phenomenon. However, because of the
possible dynamical instabilities of the BP-DWs and their trans-
formation to other magnetization configurations, this possi-
bility has been questioned.”” In our numerical modeling, we
report very high velocity (up to 14 km s™') of the BP-DW in
cylindrical magnetic nanowires of high magnetization value,
such as Fe. These velocities are much higher than the “magno-
nic limit”, estimated here as being close to 2 km s™'. We
associate the velocity increase with the “jet propulsion” effect
by a constant ejection of new BPs from the domain wall. The
key to this effect is the cone shape of the DW due to different
magnetization propagation speeds on the nanowire surface
and in its center. Due to its magnetostatic origin, the effect is
more significant in nanowires with high saturation magnetiza-
tion. The internal instabilities break the cone and give birth to
a pair of DWs that are ejected by the main DW. This creates a
jet propulsion effect, accelerating the DW propagation along
the nanowire axis. The emission of BPs from the main domain
wall provides an efficient dissipation mechanism.

Our findings raise again the question about the limits for
the domain wall velocities in ferromagnets. In our view, the
“relativistic limit” of the domain wall velocity related to the
magnon extreme velocities is valid only for the case of (almost)
rigid domain wall dynamics in the 1D case, while our case is

10742 | Nanoscale, 2024, 16,10737-10744

very far from this. We demonstrated that the magnonic limit
does not restrict the velocity for Bloch point domain wall in
the ferromagnetic nanowires with essentially 3D magnetiza-
tion configurations and that the energy dissipation in the form
of Bloch points and repulsive interactions between them helps
to overcome it to a very large extent. We stress again that the
concepts of the Walker breakdown phenomenon and the “rela-
tivistic” magnonic limit are the results of the rigid 1D domain
wall model. In this model, the energetic balance requires the
input energy to be compensated by the dissipation and thus
large DW velocity would require high dissipation rate. The situ-
ation changes when the DW constantly alters its shape and is
moving in a turbulent regime emitting highly energetic objects
since the complete energy balance would include now more
complex interactions. Thus, real limitations of DW propa-
gation speed are not known, especially when complex DW
transformations and consequent energy transfer are expected.
Our results will be very important for developing devices
based on three-dimensional magnetization textures since the
magnetic nanowires will most probably be their parts. It is
important that, in this case, there are only little limitations in
terms of magnetic materials. For example, there is no need for
materials having special crystallographic symmetry, antiferro-
magnetic coupling, Dzyaloshinskii-Moriya interaction, or large
spin-orbit torque effects. It should be also highlighted that
the propagation dynamics of a BP-DW driven by magnetic
fields differ significantly from those driven by spin-polarized

currents.”®?? In the latter case, the combined action of the

This journal is © The Royal Society of Chemistry 2024
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spin-transfer torque and the Oersted field leads to a very
different butterfly-like dynamical domain wall shape and the
velocities are significantly lower. Additionally, the increment
of the velocity is constrained by the domain wall widening at
high current densities.

Our results can also find analogies in other area of research
related to propagation of nonlinear waves. A relevant example
beyond the field of nano-magnetism can be found in the
plastic deformation of a crystalline structure where under low
applied stress the mobility of the dislocation can be success-
fully explained by the linear elastic theory. However, under
large excitation, the dislocation dynamics is able to enter into
a super-sonic regime surpassing the sonic barrier. Several
studies have demonstrated this effect in iron and bec Tungsten
screw dislocations.**** Interestingly, the underlying reason for
this supersonic behavior lies in the generation of secondary
kinks (topological defects) via the so-called mother-daughter
nucleation with opposite Burgers vectors. We found this effect
similar to what we report here for a BP-DW dynamics in a
cylindrical ferromagnetic nanowire.

Methods

Simulations were performed using the GPU-accelerated micro-
magnetic solver MuMax3, which numerically integrates the
Landau-Lifshitz-Gilbert equation of magnetization motion.*®
We considered a single nanowire with three different radii R;,
each associated with different lengths L;, conserving approxi-
mately the wire aspect ratio L/R, that is: Ry = 20 nm, L; =
1200 nm; R, = 30 nm, L, = 1500 nm and R; = 40 nm, Lz =
2500 nm. These parameters were chosen to ensure the exist-
ence of BP-DW.>° We used the magnetic parameters of Fe,
where the saturation magnetization is M, = 1700 kA m™", and
the exchange stiffness is A., = 21 p] m™~". We also considered a
polycrystalline system, so we disregarded the magnetocrystal-
line anisotropy. Discretization size was chosen at 1 X 1 X
1 nm®, which produces very little effect on DW dynamics (see
ESIt). Unless specified, we used the damping parameter value
a = 0.01. The system’s initial state is a BP-DW positioned at
one of the free ends of the nanowire (see Fig. 1a). This con-
figuration is obtained by relaxing a forced head-to-head con-
figuration. We have ensured that the chirality of the BP-DW is
appropriate to favor its movement due to the direction of the
applied magnetic field."® To avoid the nucleation of other
domain walls at the ends of the nanowire, we eliminated the
surface magnetic charges at its ends. In this way, we imitated
an infinitely long wire, which allows the BP-DW to move longi-
tudinally along the nanowire axis.
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