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ABSTRACT

Cylindrical magnetic nanowires have been studied extensively over the past ten years due to the presence of domain walls with novel topology
and outstanding dynamic properties. In soft magnetic systems, where shape anisotropy forces the magnetization along the wire axis, and for
radii above 50 nm, two topologically distinct walls have been previously identified. The Bloch point wall (BPW) has a circulating magnetization
texture around the circumference and contains a single Bloch point within the center of the wire cross section. In contrast, asymmetric
transverse walls (ATWs) have a circulating magnetization structure on the surface and contain two topological defects, a vortex and an anti-
vortex on opposing sides. These surface defects are connected via a vortex tube that penetrates the volume. In this study, we have numerically
investigated the domain wall magnetization textures for nickel nanowires of radii 50-120 nm. Beyond reproducing the known BPW and
ATW topology, we discover a new domain wall type that contains aspects of both. This new domain wall type, which we call asymmetric
dual Bloch point wall (ADBPW), has surface vortices similar to an ATW and two Bloch-point textures adjacent to the internal vortex tube.
Time-resolved simulations investigating the stability of ADBPW show its field-driven transformation into a BPW via the ejection of a single
Bloch point at the surface and subsequent annihilation of surface vortices.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0089291

Three-dimensional (3D) magnetic nanostructures have the micron range, allowing aspect ratios above 20 to be achieved.

recently emerged as a platform to explore interesting spin textures
through intricate control of 3D geometry, ” topology,”” and
frustration.'”'" In particular, cylindrical magnetic nanowires
(N'Ws) have proven to be a reliable system to demonstrate a diverse
range of physics including the stabilization of spin textures with
novel topology, such as Bloch points, helical domain walls,'” and
Skyrmion tubes,’” '” as well as important dynamic phenomena
such as the spin Cherenkov effect’® and field-driven dynamic
transformation of the domain wall topology.” Such systems also
hold promise in a diverse range of technological applications,
including data storage,'”'® logic devices,' smart drug delivery,”
and cancer treatment.”’

From an experimental point of view, 3D NWs are attractive
for a multitude of reasons. These systems are readily fabricated
using cheap and relatively simple methodologies, the most promi-
nent being that of the electrodeposition into anodized alumina
templates.””** This methodology allows one to access NWs with
diameters in the range of 100 nm and below, with lengths in

Recently, the achievable complexity of the NWs using the above
method has been extended into arrays of interconnected NWs.”
In addition, more complex techniques such as two-photon litho-
graphy (TPL)** " and focused electron beam deposition (FEBD)***’
can be used to place cylindrical magnetic nanowires into arbitrary
geometries, allowing one to probe the impact of curvature and 3D
defects.

The energetic phase diagram of single NigiFe;9 (Permalloy)
NWs has been reported by Ferguson et al.,”’ which illustrates the
existence of three domain wall (DW) types in the radius range span-
ning 5-50 nm. These results have been further reported in the work
by Jamet et al,”* simulating a radius range spanning 10-70 nm.
At low radii, transverse walls (TWs) are observed as the lowest
energy state, while at high radii, Bloch-point domain walls (BPWs)
become favorable. This is a consequence of the increasing relative
contribution of the magnetostatic energy with the radius, making it
energetically favorable to avoid the strong stray fields of TWs by the
curling of the magnetization circumferentially about the NW, at the
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cost of higher exchange energy. The resulting BPW contains a Bloch
point (BP) in its center as part of its topology. Notably, other DW
types that have higher energies can be rendered metastable by an
energy barrier in the transformation to the lowest energy DW. One
example of such a metastable DW is observed in the BPW regime
and is known as the asymmetric transverse wall (ATW, labeled as a
transverse vortex wall by Jamet et al.’*), with energy slightly above
that of the BPW.’! The ATW surface magnetization texture is shown
in Fig. 1(a), exemplifying the surface vortex characteristic of this
DW type. The accompanying isosurfaces for a component of the
magnetization M, = +0.8 is shown in Fig. 1(b), which illustrates the
vortex tube connecting the surface vortex (top) to the anti-vortex
(bottom). Figures 1(c) and 1(d) show the corresponding surface tex-
tures and isosurfaces for the BPW. The surface texture illustrates the
wrapping of local magnetization about the surface of the wire, and
the volume isosurfaces illustrate the BP location where the radial
magnetization component changes sharply and local magnetization
vanishes.

In this article, we report on the study of soft magnetic cylin-
drical NWs of a fixed length and radius that varies between 50
and 120 nm in 10 nm steps, using finite-difference micromagnetic
simulations. We observe the typical BPW and ATW relaxed states
as reported previously’! and, above a threshold radius, we fur-
ther observe the existence of a new DW type showing topological
characteristics of both the BPW and ATW.

The micromagnetic simulations were performed using
MuMax3*’ and Ubermag,”*” both of which employ a finite-
difference discretization of the simulation space in order to solve
the Landau-Lifshitz-Gilbert (LLG) equation,
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Here, M is the normalized magnetization vector, yo = 2.211
x 10> m A™' s7! is the gyromagnetic ratio, a is a phenomenological
damping constant, and H is the effective field,

-1 d¢[M]
T oM, oM

2

where ¢ is the energy density, 5%[1{4”] is the variational derivative of

the energy density with respect to the normalized magnetization,
Mj is the saturation magnetization, and y, = 1.2566 x 10 ® Hm™".
Material parameters of nickel (Ni) were used’® with the exchange
stiffness, Aex =9 x 1072 T m™ and M, = 4.9 x 10° A m™. The
exchange length is defined as

lex =V ZAex/HOMsz (3)

and takes a value of ~7 nm for Ni. The discretization cell size was
set to 4 nm, about half the exchange length, to ensure accurate
results. The magnetocrystalline anisotropy (MA) was assumed to be
zero for Ni, reflecting the averaging of local MA axes as considered
previously.””” The total energy of the system can then be written as

1
£= —AuM-V'M - SHoM(Hy - M), (4)

FIG. 1. Simulated magnetization textures of domain walls in a Ni nanowire of 60 nm radius. (a) Surface magnetization texture of an asymmetric transverse wall (ATW).
Red and blue hues correspond to positive and negative magnetization My along the wire, respectively. (b) Volume isosurfaces of an ATW with magnetization component of
M, = +0.8 (orange), and M, = —0.8 (pink). The vortex tube is illustrated by the pink isosurface with the top corresponding to the vortex and the bottom to the anti-vortex.
(c) Surface magnetization texture of a Bloch point wall (BPW). (d) Isosurfaces of a BPW. The Bloch point is located between the pink and yellow surfaces. The reader is
referred to Figs. S1 and S2 for further visualization of the ATW surface magnetization and volume isosurfaces, respectively.
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where H, is the demagnetizing field.”> MuMax3 is a graphics pro-
cessing unit (GPU) accelerated package which is frequently used
in the literature for large-scale simulations of cylindrical magnetic
NW systems.' " Ubermag is a central processing unit (CPU) based
package which uses Python Jupyter Notebooks as a front-end for
the Object-Oriented Micromagnetic Framework (OOMMEF).** For
dynamic simulations, the realistic value of a = 0.1 was used.”™
For relaxation simulations, the damping constant was increased to
« = 1, to reduce computational time.”"*

The simulated NWs have a fixed length of 6 ym such that the
aspect ratio of all NWs is greater than 20, rendering the influence
of the finite simulation length on the DWs negligible. The radii
of the NWs were varied from 50 to 120 nm in steps of 10 nm.
Three regions within the wires were then defined, each of 2 ym
length. The magnetization in the end regions was fixed, point-
ing away from the central region, to result in tail-to-tail DWs. In
the central region, the initial magnetization was spatially random.
The relaxation dynamics was calculated through conjugate gradi-
ent energy minimization of the LLG equation in Ubermag”’ and
through a Runge-Kutta (RK23) solver in MuMax3.” The relax-
ation was repeated 12 times for each radius, with a different initial
random seed for each, to determine the energy densities for each
DW type.

Dynamic simulations were performed by unpinning the end
regions, and magnetic charges at the extremities of the NW were
compensated to emulate an infinitely long wire. Critical fields at
which DWs transform into a different state were obtained by
incrementing the field applied along the axis of the wire (x-axis)
in steps of 0.2 mT. The dynamics of the transformation were

M, =-0.8 M,=0.8
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then investigated by applying 0.2 mT above the critical field
and recording the evolution for 10 ns, sufficient to complete the
transformation.

BPWs and ATWs (shown in Fig. 1) are observed as relaxed
states for all radii simulated, consistent with previous work,”**"**
Unexpectedly, a new DW type was found for radii above 80 nm.
Figure 2(a) illustrates the surface magnetization structure of this
new DW for a radius of 90 nm. From an external perspective, it
looks similar to an ATW as shown in Fig. 1(a), with a characteris-
tic vortex/anti-vortex pair on opposing surfaces of the nanowire, but
with an elongated surface anti-vortex (Fig. S1). The volume isosur-
faces, Fig. 2(b), at Mx = £0.8, however, reveal a topological difference
to the ATW. The isosurfaces show abrupt changes at two points,
which are revealed as BPs by the magnetization texture on spherical
surfaces of 5 nm radius around these points, as well as the My = 0,
My = 0, and M, = 0 isosurfaces [Fig. 2(c)]. The local magnetization
rotates about the equatorial region of the sphere, which separates
the positive and negative components of My. The local magnetiza-
tion tilts toward the poles as the distance from the equator increases,
which is consistent with circulating BP spin textures."’ ** The BP
on the left-side rotates counterclockwise (CCW), and the BP on the
right-side rotates clockwise (CW). We call this new DW type an
asymmetric dual Bloch point wall (ADBPW).

The energies of simulated nanowires with internal DWs as
a function of radius are shown in Fig. 3, where the dotted
and dashed lines correspond to the magnetostatic and exchange
energies respectively, and the solid line corresponds to the total
energy. The energies of uniformly magnetized wires with uncom-
pensated magnetic charges at the wire ends are also plotted in

FIG. 2. (a) Surface magnetization texture of the asymmetric dual Bloch point wall (ADBPW) in a wire of 90 nm radius. Red and blue hue correspond to positive and negative
magnetization My along the wire, respectively. (b) Isosurfaces at which My = +0.8 (red) and My = —0.8 (blue). Bloch points (BPs) are found at the intersection of the two
isosurfaces. (c) A rotated view of the isosurfaces in (b), with spherical regions plotted at the transition regions. The gray boxes show zoomed in views of the spherical regions
with the surface magnetization plotted at the top, and three isosurfaces corresponding to My = 0, My = 0, and M, = 0, at the bottom. The intersection of the isosurfaces
locates the BPs. The spherical surfaces indicate that the left BP rotates clockwise, and the right BP counterclockwise.
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FIG. 3. Nanowire energy density components plotted as a function of radius for
all observed DW types. The solid line corresponds to the total, the dotted lines to
the magnetostatic and dashed lines to the exchange energy density components.
The inset shows the percentage difference in total energy densities between the
ground state (BPW), the ATW and ADBPW. The reference line corresponds to a
uniformly magnetized wire with uncompensated charges at the wire extremities
(and, therefore, a magnetostatic contribution only).

Fig. 3 for reference. All energies are also shown in the sup-
plementary material, Table ST1. Figure 3 illustrates the energy
density such that one can adequately compare relative energies
across wires of different volumes. We find that across all simu-
lated radii, the BPW is the ground state, which agrees well with
the literature.”””” The ATW is a metastable excited state with a
<5% larger energy compared to the BPW across all simulated radii
(see Fig. 3, inset). The ADBPW is instead observed only at radii
of 80 nm and higher with 5.53% larger energy than the BPW at
r = 80 nm and 2.84% larger energy at r = 120 nm.

Figures S2 and S3 illustrate, in more detail, the key differences
between a conventional ATW and the ADBPW by plotting surfaces
of constant magnetization component. In the ATW, Fig. S2, the sur-
face vortex structure with a tube of magnetization with a strong
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negative M, component and a circulating magnetization in My pen-
etrates the volume of the wire, providing a means to decrease the
magnetostatic energy. As the diameter of the wall increases, it is
expected that there will only be a small increase in the exchange
energy, mostly dictated by interactions between the extended vortex
tube and local magnetization. However, the magnetostatic energy
will increase more rapidly, as a greater proportion of the local mag-
netization within the vortex texture has unfavorable interactions,
with both the tube and the tangential magnetization on the nanowire
surface. One means to locally reduce such unfavorable magnetostatic
interactions is to produce circulating textures within the cross-
sectional plane of the wire as seen in the ADBPW, Fig. S3. This
produces a stable 3D magnetization texture consisting of a vortex
(winding number, n = +1) and an anti-vortex (n = —1) upon oppos-
ing surfaces and two Bloch points of opposing circulation within the
volume, overall producing an efficient flux closure. The circulating
textures within the cross section have central regions that join the
uniformly magnetized regions with high My components from both
sides, yielding local constraints suitable for BP formation. The sym-
metry of the magnetization texture yields two BPs on either side of
the vortex tube.

The energy densities calculated in Ubermag/OOMMF and
MuMax3 are compared for all DW types and across all radii in
Fig. S4. All energy density components for the ATWs [Fig. S4(a)]
lie within +0.8%; BPWs [Fig. S4(b)] lie within +2.5%; and ADBPWs
[Fig. S4(c)] lie within +3.5%. We further validate the energy den-
sities for the three DW types observed where the cell size is varied
over the range of 10, 5, and 2.5 nm. Energy density differences are
calculated with reference to a cell size of 4 nm. These are shown in
Figs. S5 and S6 for ATWs and BPWs, respectively, both simulated
at r = 50 nm and Fig. S7 for ADBPWs simulated at r = 80 nm.
All components of energy density differences are less than 10%, and
therefore, the choice of a 4 nm discretization is sufficient.

To investigate the stability of the ADBPW against the applica-
tion of magnetic fields, we have performed simulations with external
fields applied along the NW axis, in the positive x-direction, and
incremented in steps of 0.2 mT from 0 to 2 mT, where the initial
state is the ADBPW at r = 90 nm shown in Fig. 2. The magnetiza-
tion relaxation after each step is simulated, and it was observed that
the ADBPW converts to a BPW at a field of 1.6 mT. To determine
the dynamics of this transformation from the original relaxed DW
state, a static field of 1.6 mT is applied along the long axis in the pos-
itive direction and the system is allowed to evolve for 10 ns, saving
the magnetization and energies every 100 ps. Figure 4(a) shows the
evolution of energy densities between 0 and 3 ns (excluding the Zee-
man term). The total energy density difference between the ADBPW
and the BPW is 200 J m™> or 5.7% difference, close to the difference
observed in Fig. 3 for r = 90 nm, which yielded 141 ] m™ or 4%
difference.

Figures 4(b)-4(g) show snapshots of the surface magnetiza-
tion (top panels) and the volume isosurfaces (bottom panels) where
M = £0.8. The snapshots are indicated by vertical dashed lines on
the energy density evolution in Fig. 4(a). At 0.5 ns [Fig. 4(b)], the
structure of the wall has largely remained unchanged (see Fig. 2).
The energy density components are all also largely unchanged
between 0 and 1.5 ns. Around 1.5 ns [Fig. 4(c)], the energy density
components begin to change; the exchange energy decreases and the
magnetostatic energy increases such that the total value remains the
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FIG. 4. Conversion of an asymmetric dual Bloch point wall (ADBPW) to a Bloch point wall (BPW) after application of a 1.6 mT external field along the 90 nm radius NW (a)
Energy density components as a function of time. The dashed (dotted) lines correspond to the exchange (magnetostatic) energy, and the solid line indicates the total energy
(excluding Zeeman). The vertical lines correspond to the snapshots shown in (b)—(g) (b)-(d) 0.5, 1.5, and 1.9 ns - the anti-vortex of the ADBPW moves around the surface
of the NW toward the vortex. The isosurfaces, where My = +0.8, indicate that the right-hand side BP moves toward the vortex, simultaneous to the anti-vortex displacement.
This BP-anti-vortex displacement is indicated in (a) by the red region (d)-(f) 1.9, 2.2, and 2.4 ns, the BP is ejected at the surface and the surface magnetization re-aligns
after the annihilation of the vortex and anti-vortex. This is indicated by the green region in (a). (g) 3.0 ns - the BP has moved as the NW is magnetized along the external

field.

same. The change arises because the anti-vortex moves circumfer-
entially and the BP within the positive M region (red, RHS) moves
radially toward the vortex. At 1.9 ns [Fig. 4(d)], the magnetostatic
energy is almost at its peak value, indicating that the BP within
the positive magnetized region is close to the surface (shown by
the decreasing size of the blue isosurface). The total energy density
decreases rapidly from 1.9 to 2.4 ns. From 2 ns, the BP is no longer
visible within the isosurface plots, suggesting that it has been ejected,
giving rise to the peak in the magnetostatic energy due to uncom-
pensated magnetic charges at the surface. At 2.2 ns [Fig. 4(e)], the
vortex and anti-vortex have annihilated, and the isosurfaces indi-
cate only a single BP within the volume, which is moving in the
opposite sense to the applied field along the negative x-direction,
along with the entire wall structure. We note that in experiments,
the movement of BPWs usually occurs at larger fields (~30 mT, for
a Permalloy NW of radius 25 nm and length 2 ym), due to the
intrinsic pinning of the BP.” Here, the transition provides suffi-
cient dynamics for the BP and wall structure to move some 500 nm
along the NW within the 3 ns shown in Fig. 4. This time point also
corresponds to alocal minimum in the exchange energy density evo-
lution, which is followed by a small rise, which can be attributed
to the rotation and re-alignment of the magnetization local to the
vortex—anti-vortex annihilation position. In addition, the magne-
tostatic energy has decreased due to the closure of the vortex tube
within the volume. At 2.4 ns [Fig. 4(f)], the local magnetization
has realigned through a circumferential wrapping around the NW

surface. This is shown by a sharp increase in the magnetostatic
energy where unfavorable alignment of the local magnetization is
required to rotate the wrapping around the surface in the same direc-
tion. At 3 ns [Fig. 4(g)], the surface magnetization is that of the
typical BPW circumferential wrapping, the isosurfaces have contin-
ued along the negative x-direction, and all energy components have
flattened. From 3 to 10 ns, the energy density components continue
to decrease toward the energy density values found in Fig. 3 for a
BPW at r = 90 nm. We note that the dynamical mechanism observed
here is reminiscent of the recently reported domain wall transforma-
tions between ATWs and BPWs in cylindrical nanowires of 140 nm
diameter.” Here, it was observed experimentally and from simula-
tions that an ATW, upon some threshold field, would transform into
a BPW via the annihilation of the vortex—anti-vortex pair and subse-
quent nucleation of a BP at one surface. Interestingly, for single BP
systems, the reverse process, though seen in experiments, could not
be reproduced in simulations.” Here, it was noted that for BPWs,
the BP remains at the center of the nanowire cross section, with
completely symmetric energy landscape essentially eliminating the
movement of the BP from the cross section center. In the ADBPWs
realized in this study, the initial off-axis BP positions, in the pres-
ence of an external field, provides a route for the BP to reach the
surface, promoting the transition. We anticipate that our study will
spark further experimental investigations into domain wall topol-
ogy and associated dynamic transformations in cylindrical magnetic
nanowires.
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In conclusion, this work has investigated DWs in soft mag-
netic cylindrical NWs in the radius range of 50-120 nm. The widely
reported BPW and ATW are the lowest energy and the first excited
state observed, respectively. Importantly, a new metastable DW type,
the ADBPW, was found and its magnetization texture is seen to
harbor features of both the BPW and the ATW, with two internal
BPs adjacent to a vortex tube connecting the surface vortex and anti-
vortex. The stability and dynamics of the ADBPW state were probed
under externally applied fields. The ADBPW is found to transform
into a BPW via ejection of a BP and relaxation of surface magnetiza-
tion textures. This work sheds new light on the relationship between
different topological spin textures, stabilization of Bloch points,
and dynamic transformations between domain walls in cylindrical
magnetic nanowires.

See the supplementary material for additional figures compar-
ing typical and the presently studied domain walls, energy density
difference studies, and the supplementary material video showing
full dynamics of ADBPW to the BPW transformation.
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