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Topological analysis and experimental control of transformations of domain
walls in magnetic cylindrical nanowires
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Topology is a powerful tool for categorizing magnetization textures by defining a topological index in both
two-dimensional (2D) systems, such as thin films or curved surfaces, and in 3D bulk systems. In the emerging
field of 3D nanomagnetism, both volume and surface topological numbers must be considered, requiring the
identification of a proper global topological invariant to support categorization. Here we consider domain walls
in cylindrical nanowires as an excellent playground for 3D nanomagnetic systems, excited by a charge current,
that generates an (Ersted field. We first provide experimental evidence of previously unreported domain-wall
transformations of topology occurring at the nanosecond timescale. We investigate these transformations with
micromagnetic simulations, tracking both bulk and surface topological signatures. We demonstrate a topological
invariant combining both signatures, while the topological charge varies from bulk to surface during the
dynamics. The experimental change of topology is reproduced when the pulse duration matches the timescale
of the internal transformations of the wall, and the current is switched off before the transformation is complete.
We expect that the topological categorization and dynamical exploitation apply to any 3D nanomagnetic system.

DOI: 10.1103/PhysRevResearch.7.023092

I. INTRODUCTION

Topology has been for long a helpful approach to cat-
egorize nematic, magnetic, and other physical textures [1].
In magnetic thin films and nanostructures, this classifi-
cation includes domain walls (DWSs), vortices-antivortices,
and skyrmions-antiskyrmions. The emerging field of three-
dimensional (3D) nanomagnetism allows the existence of
additional magnetization textures, including Bloch points,
vortex loops, hopfions, and bobbers, among others [2]. Topo-
logical invariants allow the categorization of vector fields cor-
responding to each magnetic texture from the viewpoint of the
possibility of continuous deformation. In 3D nanomagnetic
finite-size systems, in contrast to flat thin films, the calculation
of topological invariants involves distinct mathematical for-
malisms for the volume and for the surface, making analysis
of a system as a whole more complex. In particular, this raises
the question how topological invariants of two subspaces are
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connected together and whether they allow to follow any type
of transformations of the magnetization texture.

DWs in cylindrical nanowires made of magnetically soft
materials represent a textbook case for investigating 3D nano-
magnetism in finite-size systems. Indeed, nanowires exhibit
a geometrical rotation invariance and under some condi-
tions, DWs may be considered as nearly one dimensional,
reducing complexity. Still, when the diameter exceeds approx-
imately seven times the dipolar exchange length (i.e., up to a
few tens of nanometers), complex 3D magnetization textures
may develop [3], involving 3D nanostructure features. The
moderate dimensions of these structures allow for accurate
micromagnetic simulations, and experiments are feasible us-
ing electrodeposition as a versatile growth method for high
quality nanomaterials [4]. Two types of DW topologies exist
in such wires, both energetically metastable and with very
similar energy: the Bloch-point wall (BPW) and the trans-
verse vortex wall (TVW) [3,5-8]. Experimental observations
have demonstrated that these DWs can dynamically change
topology under the application of a sufficiently large stimulus,
either a longitudinal applied magnetic field [9] or a charge
current inducing an (Ersted field [10]. Simulations conducted
under quasistatic conditions (with high damping « = 1, and
moderate driving force) revealed the basics of the underly-
ing microscopic phenomenon, which involves the annihilation
and/or the nucleation of a Bloch point, and the existence of a
pair of surface vortex-antivortex (V-AV). Notably, even when

Published by the American Physical Society
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the initial and final states have the same topology, such as
the switching of sign of circulation of a BPW, intermediate
steps may not. An empirical conservation rule was proposed
that allows to describe the magnetization texture at any time
during a transformation, linking 2D and 3D topological num-
bers [11]. In this report, we provide the experimental proof
of the topological transformations occurring during the BPW
circulation switching, exhibiting a TVW as final state for
nanosecond-short (Ersted field pulses, reminiscent of the tran-
sient change of topology. We demonstrate that it is possible
to predictably convert the topology of a DW from BPW to
TVW or vice versa, depending on the duration of the current
pulse. We also theoretically generalize the topological rule to
transformations involving a larger number of Bloch points and
surface vortices and antivortices, which with micromagnetic
simulations we predict to occur for large stimuli or lower and
thus realistic damping conditions.

II. METHODS

A. Experimental methods

Permalloy (FeyoNigp) cylindrical nanowires were syn-
thesized using template-assisted electrochemical deposition.
Nanoporous anodic aluminum oxide (AAO) templates were
prepared by hard anodization of Al disks (Goodfellow,
99.999 % in purity) in a water-based solution of oxalic acid
(0.3M) and ethanol (0.9 M), applying 140V of anodiza-
tion voltage at 0°Cto 1°C for 2.5h. The remaining Al was
etched with an aqueous solution of CuCl, (0.74 M) and HCI1
(3.25 M), the oxide barrier was removed and the pores opened
to a final diameter of 120 nm with H3POy4 (5% vol.).

The growth conditions were similar to those described in
Ref. [12]. After the electrochemical growth, the AAO tem-
plates were dissolved in H3PO4(0.4 M) and H,CrO4(0.2 M).
Then, the nanowires were dispersed on 20-nm-thick SizNy
windows to allow for transmission microscopy. Nanowires
were contacted electrically using laser lithography in order to
allow the injection of high-frequency current pulses, reveal-
ing resistivity values of approximately 20 uS2cm. In order to
enhance thermal dissipation a 20-nm-thick conformal layer
of Al,O3 was deposited on the device with atomic layer
deposition. This broadens the contact area between the wire
and its supporting surface, allowing for more heat transfer.
Additionally, to enhance thermal dissipation across the SizNy
membrane, a 100-nm layer of Al was deposited on the back-
side of the substrate, while still allowing for transmission
microscopy.

The wires were imaged using x-ray magnetic circular
dichroism (XMCD) coupled to transmission X-ray microscopy
(TXM) [13] at the MISTRAL beamline of the ALBA Syn-
chrotron. The photon energy was set to the Fe L3 absorption
edge, and the x-ray incidence was set 10° off the normal to
the nanowire axis in order to be primarily sensitive to the az-
imuthal magnetization component, while allowing for a weak
sensitivity to the longitudinal component of magnetization.
The selected rotation angle represents a good compromise, as
an incidence angle of 0° permits observation of only azimuthal
magnetization, while angles exceeding 20° result in the ax-
ial magnetic contrast obscuring the azimuthal component.

The calculated XMCD images stands for (I, — I_)/(I; + 1),
where [, and I_ correspond to imaging a region of the sample
with right or left circularly polarized x rays, respectively.

Series of about 64 images of 1 s of duration per x-ray polar-
ization were acquired and drift-corrected prior to averaging in
order to increase the signal-to-noise ratio without compromis-
ing spatial resolution. If not initially present, then DWs were
nucleated by applying, when on the TXM stage, a 10-ns-long
pulse of current density with an amplitude of 1 x 10> A/ m?.
At such a relatively high and prolonged pulse duration, the
sample demagnetizes to a new initial state including domain
walls.

B. Micromagnetics

Micromagnetic simulations were conducted with the
feeLLGood software [14—17], a home-made micromagnetic
code based on finite-element methods. This code enables
the accurate modeling of curved systems by discretizing the
system into a mesh made of tetrahedrons. The feeLLGood
software solves the Landau-Lifshitz-Gilbert—(LLG) Slon-
czewski equation, which takes into account the effect of the
spin transfer torque (STT), if relevant [18-20]. Here we focus
on the key role of the current-induced (Ersted field which was
shown to be the driving phenomenon for DW dynamics in
cylindrical nanowires [21]. Thus, we intentionally disregard
spin-transfer torques, so that the time evolution of the unit
magnetization vector m reads:

m = —yom X He + om x m, D

where yo = poly| [22] is the gyromagnetic ratio, « is the
Gilbert damping coefficient, and Hg is the effective field act-
ing on the system (sum of the (Ersted, anisotropy, exchange,
and magnetostatic fields). The expression for the (Ersted field
in cylindrical coordinates reads woHg = woJp®/2, with J
being the current density.

We consider cylindrical magnetic nanowires homoge-
neously made of Permalloy (Fe;oNigg). A schematic of this
system, along with cylindrical coordinate axes, is depicted in
Fig. 1(a). We consider a wire diameter of 90 nm, for which
both types of DWs have been predicted by simulation to
exist at rest [5,6] and later confirmed experimentally [23,24].
This value is smaller than the experimental diameter, which
allows significant gains in computing time especially as the
wall width roughly scales like the square of the diameter in
this regime [3]. We checked that this does not change the
qualitative conclusions.

Surface charges (0 = —M;m - n) were removed numeri-
cally at both wire ends to cancel out magnetostatics at these
ends and mimic an infinitely long wire. The following mate-
rial parameters were used: spontaneous magnetization M =
8 x 10° A/m, zero magnetocrystalline anisotropy, and ex-
change stiffness A = 1.3 x 10~'' J/m. The resulting dipolar

exchange length Ay = /ﬁ is 5.6 nm. The mesh size used

was 4 nm. Finally, we considered two damping coefficients,
either a moderate damping situation with ¢ = 0.1 or a high
damping situation with o = 1. Magnetization dynamics is
driven by a homogeneous charge current flowing along the
wire axis z, resulting in an analytically calculated radially
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FIG. 1. (a) Schematics of the geometry of the cylindrical
nanowire considered and the current-induced (Ersted field. (b) Sketch
of head-to-head BPW texture with positive (C+) and negative (C—)
circulation, defined with respect to Z, and head-to-head TVW texture.
Light arrows sketch the direction of magnetization around the surface
vortex (respectively, antivortex), here with positive V+ (respectively,
negative AV —) polarity, reflecting the sign of radial magnetization at
the core of the object.

dependent (Ersted field exerting a torque on magnetization.
A steplike current density is applied to the system, with the
starting point being the relaxed configuration of a BPW at
rest, i.e., with no current. While there exist four degenerate
instances of BPWs at rest, differing in head-to-head versus
tail-to-tail domains, and the sign of circulation, the switching
mechanisms are equivalent under time or space symmetries.
We can therefore focus on one type of initial state, without loss
of generality. In this paper, we consider head-to-head domains
and positive initial circulation, defined with respect to 2, sub-
jected to an (Ersted field pulse with negative circulation. The
DW width may be followed throughout the switching process
by monitoring the Thiele wall parameter, which is defined as:

28

" Famrav *

where S is the cross-sectional area of the nanowire.

C. Tracking of surface vortices-antivortices

The BPW is characterized by magnetization curling around
the wire axis [Fig. 1(b)]. Consequently, the magnetization
remains largely parallel to the wire surface at all places,
thereby minimizing surface magnetic charges. As these sur-
face boundary conditions do not allow a continuous vector
field to map the bulk, a magnetic singularity called the Bloch
point is required to exist within the bulk [25,26]. In practice
and at rest, the Bloch point is located on the axis of the
wire at the center of the wall. The TVW is characterized
by a component of magnetization transverse to the wire axis
[Fig. 1(b)], with two loci having full radial magnetization
at the wire surface, one outward and one inward. When the
wire diameter exceeds approximately seven times Aq4 [3],
magnetization tends to curl around these loci, reminiscent
of vortex-antivortex patterns. The vortex core can point ei-
ther outward or inward (along the axis perpendicular to the
plane of the vortex), giving it a “positive” or “negative” po-
larity, respectively. While Bloch points are micromagnetic

singularities [25,26], vortices and antivortices are not, as the
vector field for magnetization in these regions remains con-
tinuous. We will refer to any of these two as V-AV in the
following.

The occurrence of one or the other type of topological ob-
jects uniquely defines the topology of a given DW. Therefore,
it is convenient to monitor them to analyze DW dynamics and
possible transformations, which may involve a larger variety
of situations in the transient state than at rest. To do so, we
use a in-house post-processing tool for Bloch point and V-AV
tracking, developed specifically for tetrahedron-based finite
elements and inspired by vector fields metrics and critical
points analysis applied to computer visualization [27]. The
output lists all topological objects, along with their type and
coordinates. The classification of topological objects consists
in calculating the Jacobian matrix near the critical point and
analyzing its eigenvalues. This mathematical procedure is
implemented distinctly in two and three dimensions. Critical
points are sorted into several categories according to the sign
of real and imaginary parts of the eigenvalues. On the wire
surface, we obtain a spiral-type solution for the vortex and a
saddle-type solution for the antivortex. In the volume of the
wire the head-to-head Bloch point corresponds to the spiral-
saddle-in-type solution, whereas the tail-to-tail Bloch point
corresponds to the spiral-saddle-out-type solution.

III. EXPERIMENTAL PROOF OF THE CHANGE OF
TOPOLOGY DURING DYNAMICS

We experimentally characterized the three-dimensional
magnetic texture by performing TXM-XMCD imaging of
electrically contacted nanowires. An illustrative schematic
of the setup is shown in Fig. 2(a), where a region of the
nanowire is illuminated with right or left circularly polarized
x rays. In this schematic, the magnetic configuration displays
a BPW, which we expect to result in pronounced dark and
bright bipolar XMCD contrast across the wire at this location,
as the magnetization is nearly parallel or antiparallel to the
x-ray beam on the two sides of the wire. Due to the « = 10°
rotation of the sample holder, we also expect that the op-
positely aligned axial magnetic domains are revealed by a
bright and dark grey contrast. Figure 2(b) displays an electron
microscopy image of a Permalloy nanowire with a diameter
of 120 nm, featuring a gold pad at each termination.

Magnetic domain walls were obtained by demagnetizing
the nanowire with a relatively large current pulse. Figure 2(c)
displays a TXM image at the Fe L3 edge of a region of Permal-
loy nanowire. The corresponding XMCD image [Fig. 2(d)]
reveals a dark and bright bipolar contrast, characteristic of the
curling magnetization in a BPW. The light dark and bright
magnetic contrast observed to the right and left sides, respec-
tively, reveals the existence of head-to-head axial domains,
thanks to the 10 ° tilt of the beam of x rays. The combination
of these two contrasts is a unique signature for a BPW with
negative circulation C— with respect to Z. Thanks to the op-
posite contrast arising from the neighboring domains, we can
here dismiss the possibility of the central curling being due to
an azimuthal domain, sometimes found in nanowires above a
certain diameter approximately above 150 nm [12,28].
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FIG. 2. Transmission x-ray microscopy (TXM) imaging of
current-induced domain-wall transformations in a 120-nm-diameter
Permalloy nanowire. (a) Schematic of a TXM setup for imaging
an electrically contacted nanowire exhibiting the magnetic state of
a BPW. (b) Scanning electron microscopy image of an electrically
contacted Permalloy nanowire. [(c) and (f)] TXM images at the Fe
L; edge of different regions of the nanowire. The corresponding
initial magnetic configurations are shown in the XMCD images in
(d) and (g). The black arrows indicate the direction of magnetization.
Subsequent XMCD images, after the application of the indicated
current pulse, show (e) BPW-to-TVW transformation, (h) TVW-to-
BPW transformation, and (i) BPW circulation switching.

In previous investigations, the switching of the circulation
of BPWs driven by the (Ersted field was conducted using
current pulses lasting around 15ns [10]. In the present study,
we considered shorter pulse duration, typically 1 to 2 ns,
of the order of the duration of the magnetization dynam-
ics predicted in micromagnetic simulations [11]. This results
in a change in behavior in certain events. Figure 2(c) dis-
plays the qualitative XMCD image obtained after applying
a 2-ns current pulse along Z with an amplitude of 2.62 x
102 A/ m?, i.e., giving rise to an (Ersted field antiparallel to
the initial BPW circulation. The observed magnetic contrast
indicates the transformation of the BPW into a TVW. This
current-induced transformation had not been reported before,
highlighting the significant impact that a very short pulse
duration has on the dynamics. Figure 2(f) shows a TXM
image at the Fe L3 edge of another region of the nanowire.
Its corresponding XMCD image reveals a TVW configuration
as the initial state [Fig. 2(g)]. On the application of a current
pulse of similar characteristics, the final state exhibits a BPW

configuration [Fig. 2(h)]. Finally, following the application of
another pulse coming with an (Ersted field with antiparallel
circulation, the BPW reverses its circulation, as previously
reported [10,11]. These types of domain wall transforma-
tions were also observed when lower amplitude pulses were
applied, as low as 0.5 x 102 A/ m?, however with longer
duration, up to 5ns.

These experimental observations demonstrate that the
transformations from a BPW into a BPW of reversed circu-
lation and from a TVW into a BPW also take place, consistent
with our theoretical predictions [11]. In addition, we also
evidenced that a BPW can transform into a TVW, when a
sufficiently short current pulse with an antiparallel (Ersted
field is applied. Although the transformations are not always
reproducible under similar stimulus—possibly due to contri-
butions from STT and/or Joule heating—the possibility to end
up in a TVW is abundant and thus unambiguously proven.
The fact that a BPW can either transform to a TVW or reverse
its circulation under a similar current pulse, suggests that the
experimental pulse duration is comparable with the timescale
of the dynamics. Consequently, in the subsequent sections,
we investigate through micromagnetic simulations the mech-
anism of DW transformations, with a special emphasis on the
influence of the pulse duration.

IV. MICROMAGNETIC SIMULATION OF BPW
CIRCULATION SWITCHING

The BPW switching mechanism was previously studied
by micromagnetic simulations under quasistatic conditions to
evidence the basics of the mechanism and a minimum en-
ergy path [11]: damping was nonphysically high with ¢ = 1,
and the applied current density was only slightly above the
switching threshold. Here we explore a broader range of sit-
uations. First, we consider both high (¢« = 1) and moderate
damping (¢ = 0.1), and a larger current density amplitude:
1.50 x 10'> A/ m?, well above the threshold for switching
J. = 0.80 x 10'> A/ m?. The applied current density ampli-
tude of 1.50 x 10'> A/m? corresponds to an (Ersted field
magnitude of 42.5 mT at the periphery of the wire of 90-nm
diameter. We recall that the diameter considered in the simu-
lations is lower than that in the experiments, for the sake of
the computational time.

Figure 3 illustrates the switching process of the circulation
of the BPW for both high and moderate damping, highlighting
the DW width evolution in time, the longitudinal position of
topological objects detected, and surface magnetization maps
(see Fig. 3 caption). Starting from the configuration at rest,
the circulation switching can be decomposed into four main
steps.

Phase 1: The magnetization in the domains undergoes a
torque from the (Ersted field, which rapidly tilts the magne-
tization towards the azimuthal direction @, with a final angle
dependent on the amplitude of the (Ersted field and the ra-
dial position. At the wire surface, this increases the angle of
the DW above 180°. Note that the central part of the BPW
remains mostly unaffected as little torque is exerted, since
the magnetization is largely antiparallel to the (Ersted field.
The DW rapidly shrinks under the action of the (Ersted field
[Fig. 3(a)].

023092-4



PHYSICAL REVIEW RESEARCH 7, 023092 (2025)

TOPOLOGICAL ANALYSIS AND EXPERIMENTAL CONTROL ...

Xii.

viii.

Vii.

(c)

iv. V. Vvi.

(a)

, , , 2
o o o o
[Tel o [Te]
(wu) z
1 [le]
L d Lo
[
7\ - o
vz \ — ./ s
> ~ =
< > m/v /
TN \
e~
(&)
+ <
L o L©
[11] N
© o o o o
<+ N N ¥
(wu) z
8 Fst
-
S Len
1
3
3 Foy
T T T T o
o 1o} o Yo} o
o N~ [Te} N
(wu) v

time (ns)

time (ns)

2.94 ns

S

rrrrrrr PRPDDDDDIND
W ]
CNNRRRNNC LS A S L LA ]

AR Ead
AN RS
e LS A AN A A A o
AR e
P DN I
EO— oD ~qn
««««««« SSsassse 1N
SRRBDIE IIDRBERERET [

. .
R T I
PP ID TPV
A A S
T e
ARG A nasest
Clr G A Ak
2‘ \\\—\\.\.\.\.\.\\\“\
%

Vx.‘v‘P geiity
N

“)A.&T i
PYRRTE S Y]
s i
TN R
xxxxxxxx ORI T

=+

T
R S e
PR AR LTI
PP T T PTy s
A R

RERRNRNT T e

o A AT T
PRI TP e
PRI Ty P
e qree
P A T N
T 00 e
CAA ALY AW At f e

:‘///,._(:: e

[ RN N

PER RN RN TR et

J i. ud :\n\x\\x\\.\
SR R |

AT e
il il iR
vt i e NN
CAAAA A A A A e
T e
[RRRET VPP
R LR EE R
xxxxxxxxxxx Sy
S R R
PPV I TN [N RN

PERN
/PEN

P N N N T L R

rrrrr N R
(N~~~ " “AARRRRAN O
R LN

IR S SO =
//.Aw.,/////////mv

NN NS S S

o R

2n

0.93 ns

0.9ns

0.87 ns

0.73 ns

N N NN NN

R R R |
S NN BT
T R A AN D
R
b NN 2
T AR N By |
SO
NN s g
SRR
R e AN
SRR e
ARV N
RN RRRRRNAARARRS
RN AR AR
R RN RR AR AR AR RAR

[SRRESRN

N R L Y

e e B v
P R N

ARRARRARRRARARNRRAARNRA R
RRARRARANRRARNRRAARARR

TN NNNKKNae s /LA
rr/;/.//:'

S N SN
ARRRRANRNAANRARARNRNAN
ARRRRANRARARRARARRRS
AARARARRARARNRNNRARNRRN
ARARRAARNARARRRARRN

re re
P A A
PRIV
PIIP PN PN PI PP
e

P

RN RN NEaes
] NNNNNNA VL L L

ror NIRRT 1 f 1 7 ) ¢
XA URKARX AR AAD,
(@ il

NN RN

o R R
N

FIG. 3. Switching of circulation of a head-to-head BPW in a 90-nm-diameter homogeneous Permalloy nanowire, for damping values o« = 1

and o = 0.1. A pulse of current density of —1.50 x 10'?

A/ m? is applied in a steplike manner at ¢ = 0, resulting in an (Ersted field antiparallel

to the initial BPW circulation, with a magnitude of 42.5 mT at the surface of the wire. (a) Domain wall width A as a function of time for both

damping parameters. [(b) and (c)] z-axis trace of the topological objects versus time for « = 1 and o = 0.1, respectively. The colors indicate

different topological features: black for Bloch points, red (blue) for vortices with positive (negative) polarity, orange (green) for antivortices

with positive (negative) polarity. [(d) and (e)] Snapshots of the magnetic texture at selected times, for « = 1 and «

selected times are highlighted in (b) and (c)

= 0.1, respectively. The

dimensional external surface views of the nanowire
viewed from the outside. The color map represents the radial

, while

respectively. The top rows show three-

i}

) cylinder surface,

-9

¢4

dimensional

1is red and m,,

the bottom rows despict its unrolled two
magnetization component, where m,,

—1 is blue. Dashed lines highlight the trajectories of V; and AV,.

be discussed in more detail hereafter. During most of this

sequence, the DW width remains small.

Phase 2: At the two transition regions of the DW, largely

displaying axial magnetization, the torque arising from the

Phase 4: The topology of a BPW with circulation parallel
to the (Ersted field is achieved and remains. The DW then

rapidly expands, to reach a width larger than at rest.

(Ersted field leads to a gradual increase of the radial compo-

nent of magnetization.

A breaking of the rotational symmetry

with the radial component of mag-

)

is developing over time

Phases 1 and 4 are qualitatively robust insensitive to the
value of current density and damping. Quantitatively, the

dynamics is faster for larger current densities and lower damp-

ing, although ringing effects arise in the latter case. In the

netization becoming azimuth dependent. This process takes

time, with no significant change in the DW width.

Phase 3: A pair of surface V-AV nucleates when full radial

magnetization is reached at a given locus [29]. This is fol-

following, we focus on phases 2 and 3, which depend on these
two parameters. Consistent with the case of high damping and
close-to-threshold current density [11], Figs. 3(d) and 3(e)

lowed by a complex dynamics involving their motion around

the wire periphery. Other processes involving change of polar-

ity, annihilation or further nucleation may occur, which will
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show that surface V-AV appear in pairs and with the same
polarity. This is a continuous process, without the need for
creating or annihilating a Bloch point, as shown in Figs. 3(b)
and 3(c). However, while in Ref. [11] only one pair of V-AV
is nucleated, here another one appears at r = 2.85ns and
z=33nm for ¢ = 1, and three appear for « = 0.1 (at 0.69,
0.85, and 0.86ns). This illustrates that new pathways arise
for larger driving force or lower damping, which is a usual
micromagnetic phenomenon, as the torque deriving from the
driving force allows the magnetization texture to explore a
larger phase space.

Despite the variety and apparent complexity of behaviors
observed, the processes involving surface and volume objects
always obey the same rules, whatever their total number is as
follows:

(i) Surface V-AV nucleate in the form of a pair of vortex
plus antivortex with the same polarity. Conversely, two such
objects, i.e., with the same polarity, may annihilate continu-
ously.

(i) A Bloch point annihilates on reaching the surface, i.e.,
it leaves the volume. It happens to reach the surface chan-
neling along the core of a V or AV, such as at t = 2.78 ns
for « = 1. The channeling effect can be explained by the fact
that a V or AV texture is found around any Bloch point, so
that the two magnetization textures fit and may overlap. On
the Bloch point annihilation the polarity of the surface V-AV
switches, consistent with the head-to-head or tail-to-tail nature
of the Bloch point and the fact that all 47 orientations of the
magnetization vector must be found in its vicinity [11].

(iii) The merging of a V and AV with opposite polarity
gives rise to the nucleation of a new Bloch point. This process
may indeed be decomposed in the nucleation of Bloch point
and V-AV core switching time reversal symmetry of rule ii,
followed by the continuous annihilation of V-AV with the
same polarity (rule i). Once nucleated, the Bloch point then
moves towards the inside of the wire.

(iv) A pair of V and AV that nucleated together are not
bound together, they may recombine with other AV and V.

(v) Two V or two AV do not nucleate nor annihilate to-
gether.

The rules stated above are consistent with microscopic
processes reported in other contexts, such as the switching
of polarity of a vortex subject to an external axial magnetic
field [30] or dynamically when exceeding a threshold velocity
for a vortex [31] or antivortex [32], the latter two processes
involving also the continuous nucleation of a V-AV pair with
identical polarity.

Let us provide a more quantitative insight about the first V-
AV pair nucleated during the switching process. As observed
in Fig. 3(d), the first set of V-AV appears on the left side of the
DW, with negative polarity, while in Fig. 3(e), it appears on
the right side, with positive polarity. As a matter of fact, even
though the BPW is not chiral at rest, it becomes chiral during
its dynamics [7,33]. Figure 4(a) illustrates this by sketching
the radial component of the torque induced on magnetization
due to the (Ersted field with negative circulation on both sides
of the BPW C+: dm,/dt is negative on the left side and
positive on the right side. This is consistent with the different
polarity for the first V-AV pair, depending on the side of its
nucleation. Thus, it is probable that a V-AV pair that nucleates

(b)

S LS J
CW V- ‘ CCW V+  mmm

\
N

BPW C+

FIG. 4. Identification of the type of the first vortex nucleated
based on the sign of the (Ersted field radial torque during BPW
circulation switching from C+ to C—. (a) A simplified illustration of
the Ersted field induced torque (,m) along the m,, = 0 isolines (blue
and red dashed lines) prior to the switching process. To the left of the
BPW center (black dashed line), the magnetization aligns towards
negative radial values (m, < 0) while it aligns towards positive radial
values (m, > 0) on the right side. (b) Illustration of the vortex in-
plane orientation (clockwise or counterclockwise) while switching.

on the left side of a head-to-head BPW has negative polarity,
while one that nucleates on the right side has positive polarity,
resulting from the sign of the radial component of the Oersted
field induced torque. The understanding of why the polarity of
the first V-AV pair depends on damping is more speculative.
One interpretation could be that in the quasistatic case with
a = 1, flux closure and minimization of the dipolar energy are
promoted since the associated charge of a head-to-head BPW
is positive, which may facilitate the nucleation or neighboring
regions with m, < 0. Conversely, for o = 0.1, precessional
effects are more important, which may lead to the rapid in-
crease of m, on the right side of the DW, quickly adding up to
the pre-existing radial component. However, it is important to
highlight that in this study thermal stochastic effects are not
included, leading to a deterministic dynamics.

Regarding the in-plane circulation of vortices with respect
to the outer normal (clock-wise or counterclockwise), it is
deterministically related to the BPW circulation and whether
they nucleate to the left or to right as illustrated in Fig. 4(b).
Vortices cannot change their initial in-plane circulation during
their subsequent dynamics. Instead of this, they drift to the
opposite side of the BPW i.e., left versus right, to fit its final
circulation after the switching. This is clearly seen in Fig. 3(d)
for V; and V5.

Let us comment on the discrepancies between the experi-
mental and simulated DW widths, which are about 800 nm in
Fig. 2, versus 100 nm in Fig. 3(a). The value estimated from
experiments relies on the dichroic contrast, which is related
to the global magnetization texture. Additionally, in TXM,
we are sensitive mostly to the peripheral magnetization where
magnetization is colinear with the x-ray beam. Micromagnetic
simulations have shown that this is the region where the DW
reaches its largest extension [3]. Consequently, the apparent
experimental width corresponds to the full width of the DW,
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being 800 nm consistent with the distribution of magnetiza-
tion found by micromagnetic simulations [3]. The DW width
computed from micromagnetic simulations is based on the
Thiele definition [Eq. (2)]. This definition is the inverse of the
average-squared gradient of the magnetization, giving more
importance to regions with a larger gradient. This results in
a DW width that is smaller than those calculated using of
other definitions. This effect is particularly pronounced for the
BPW, as it is characterized by a divergence of magnetization
gradients at its core. Furthermore, note that our choice to
consider a diameter of 90 nm in the simulations, compared
to the 120 nm used in the experiments, is expected to nearly
double the observed discrepancy as the wall width scales
roughly with the square of the wire diameter for such large
diameters [3].

V. TOPOLOGICAL ANALYSIS OF BPW
CIRCULATION SWITCHING

The switching mechanism described in the previous sec-
tion involves the interplay between topological objects in the
bulk and at the surface. In magnetism, vector field analysis
using topological numbers [34] usually applies to the objects
evolving either exclusively in volumes or exclusively at sur-
faces, representative of thin and flat structures such as strips.
To our knowledge, the mathematical generalization of the
topological Hopf invariant formula [35] is not yet available
and its derivation is out of our scope here. Thus, given the
absence of rigorous mathematical formalism dealing simulta-
neously with the volume and its bounding surface, we decided
to describe our observations using topological numbers defini-
tions applied to topological defects in magnetism in three and
two dimensions separately [1]. Such classification of topolog-
ical states allows to support the empirical rules reported in
the previous section, which we expect should apply to any 3D
nanomagnetic system.

The Bloch point is a true topological point defect (or sin-
gularity) consistent with the fact that the vector field order
parameter m has dimension d’ = 2, lower than the spatial
dimension d = 3 [34]. To the contrary and as already dis-
cussed, the micromagnetic vortex (antivortex) at the wire
surface is not a singularity, as d’ = 2 and d = 2. In order to
apply the established mathematical formalism [1] in the latter
case to describe vortices and antivortices we consider the XY
vector field consisting of the unit vectors of the two d' =2
magnetization components tangential to the wire surface, i.e.,
with d’ = 1 and d = 2. In this gedanken (or fictitious) planar
magnetization field, vortices and antivortices would be singu-
larities. However, they are not in the full 3D vector field, so
we label them simply with the equivalent integer topological
number.

In the previous paragraph we explained the physical rel-
evance of the topological numbers in 3d and 2d. In the
following we present a rigorous way to implement their nu-
merical identification in a magnetization field. For magnetic
order parameter m = {m®, m”, m¢} the topological number of
a point defect in volume is calculated using following surface
integral [1]:

1

w=— €pem®dm® A dm€, 3)
8 Jov

TABLE 1. Topological characteristics during the BPW circula-
tion switching depicted (a) in Fig. 3(b) for @ = 1, and (b) in Fig. 3(c)
for o« = 0.1. We use following notations: lower index in (); indi-
cates the order of V-AV pair appearance in time. Red (orange) color
corresponds to V(AV) of positive polarity, blue (green) corresponds
to V(AV) of negative polarity. The labels (i)—(xii) correspond to
particular events highlighted in Figs. 3(b) and 3(c).

(a) Wyol CBPW Z(wsurf . P)n =
i -1 C+ - 0
ii -1 C+ (=1+41), 0
iii 0 - (+14+1), 2
iv 0 - (+141); + (=1+1), 2
v 0 - (+1)1 + (+1)2 2
vi —1 C— - 0
(b) Wyol Cvol Z(wsurf . p)n =
vii -1 C+ - 0
viii ~1 C+ (+1-1), 0
ix -1 C+ (+1— 1)y + (=1+1), 0

(+1); + (= 1+ 1)+
0 - 2

* H(F1- 1)y + (+1),
xi -2 C-C— (=1), + 3 -2
Xii -1 C— - 0

where A is the wedge product of differential forms on the 0V
surface (also called two-blade) and €, is Levi-Civita symbol.
In short, the blade product of two vectors is the algebraic area
of the parallelogram defined by the two vectors. Equation (3)
is a general form that can be useful when considering an
arbitrary volume boundary, while the more common writing
in Cartesian coordinates {a, b, ¢} = {x, y, z} is

Wt = / [Qudy Adz+ Qdz Ady+ Qudx Adyl,  (4)
)%

with @y = ;-m - (9ym x 9.m), O, = —-m - (d;m x d.m),
Q.= -m - (3;m x dym), and Q = {Q,, Oy, 0.} also known
as vorticity vector [36]. In practical terms, the two-blade prod-
uct is analogous to the cross product of two vectors, it yields
wyol = +1 for the tail-to-tail configuration and wy, = —1
for the head-to-head configuration of the Bloch point, inde-
pendently on circulation C+4 or C—. For an in-plane (XY)
magnetic order parameter m = {m‘, m"} at a surface, the topo-
logical number is calculated using the following closed curve
I' integral [1]:

1
L / mdm? — mbdm®, )
r

Wsurf = o

this gives wg,+ = +1 for the vortex type configuration and
wgf = —1 for the antivortex type configuration. By defini-
tion for an XY model these values do not take into account
the vortex (antivortex) polarities p of the full micromagnetic
textures with respect to the external normal, which are related
to the distribution of magnetic charges at the wire surface.
Therefore, one needs to consider the quantity wgys - p to fully
link surface and volume topological charges describing the
d’ = 2 texture.
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Tables I(a) and I(b) summarize the topological numbers
computed at every time step denoted by a letter in Figs. 3(b)
and 3(c), i.e., for @ = 1 and « = 0.1, respectively.

We observe that the quantity Aw = wyo] — % > (Wsurf * Phn
is an invariant over any magnetization process. One may
indeed come back to the set of volume-surface interaction
rules listed in the previous section, and check the conserva-
tion of Aw for each. The value of the invariant is —1, set
by the initial conditions of a head-to-head Bloch point and
no surface topological texture. We may note that in many
situations the topological charge is either entirely in the vol-
ume or at the surface, i.e., (i,ii,vi,vii,viii,ix,xii) and (iii,iv,v,X),
respectively. However, there are situation in which a charge
is found in both, here (xi). We simulated the case of a tail-
to-tail DW configuration, which also follows the conservation
of Aw, in that case with value +1. This universality makes
this rule powerful in the analysis of micromagnetics in 3D
confined systems, enabling the description of transformations
involving different topological objects, such as it is the case
here. Note that this conservation rule is similar to the one
described two decades ago in the context of flat and thin
elements, linking topological objects at the surface and at its
edges [37].

VI. CONTROLLED CONVERSION OF DOMAIN
WALL TYPE

In their initial investigations, it was considered that BPWs
and TVWs followed their own dynamics and could not change
into one another due to their different topology [5-7], unless
there was a change in the material or geometrical parameters,
such as in a cone-shaped wire [38]. However, this is only true
for low diameter values, typically 50 nm or less, due to the
prohibitive cost of exchange energy that would be involved
during the transformation. The transformation from TVW to
BPW was first reported experimentally under an applied axial
magnetic field [9]. The underlying microscopic process was
explained by simulation, related to the differential azimuthal
speed of surface V and AV leading to their collision. They
merge and give rise to a Bloch point as their polarity is
opposite, ending up in a BPW in the relaxed state. Later, the
same transformation was reported to happen under an (Ersted
field as the driving force [11]. However, the reverse transfor-
mation had not been predicted. In the following, we illustrate
how to controllably induce this reverse transformation, from
BPW to TVW, exploiting the non-Bloch point nature of
the transient state during the circulation switching process,
hereby explaining the transformations reported in section
partie III.

The dynamic states (iii), (iv), and (v) listed in Table I(a)
and Fig. 3(b) are called topologically trivial in the volume, i.e.,
with wyo = 0. As this is the case for a TVW, at this time we
switched off the current in the simulation and let the system
relax. Figures 5(a) and 5(b) displays the resulting temporal
evolution of V-AV pairs positions along the axial Z and az-
imuthal @ directions when switching off the current at times
(iii) and (iv), respectively. Until the current is switched off,
the plot is the same as in Fig. 3(b). For the total pulse width of
2.80ns, the final state is a TVW. In contrast, for a pulse width
of 2.98 ns, the final state is a BPW of reversed circulation. We

1. final state
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FIG. 5. Final-state dependence on pulse length. The unrolled
two-dimensional (Z - @) cylinder surfaces are viewed from the out-
side. The color map represents the radial magnetization component,
where m, =1 is red and m, = —1 is blue. (a) The final state after
the current is switched off at event (iii) ( = 2.80ns) of Fig. 3 shows
V-AV stabilization, i.e., a TVW configuration. (b) The final state after
the current is switched off at event (iv) (r = 2.98 ns) of Fig. 3 shows
V-AV annihilation, i.e., a BPW configuration.

attribute such difference to the number of neighboring surface
topological textures. Indeed, initially, a single V-AV pair fa-
vors TVW configuration stabilization, whereas a high density
of V-AV pairs on the surface promotes their annihilation with
Bloch point injection into the volume.

We conducted a series of simulations to generalize the
results of Fig. 5, varying the pulse width and damping pa-
rameter. We find that in all cases, if the width of the pulse is
in a suitable range, then a pair of V-AV leads the dynamics
and remains in the system in the final relaxed state without
reintroducing a Bloch point, ending up in a TVW state. If the
pulse is too short, then the final state is a BPW with the initial
circulation, only slightly translated along the axial direction.
Finally, if the pulse is too long so that a second V-AV pair
has been nucleated, then the dynamics continues and ends up
in a BPW with reversed circulation. A deterministic condi-
tion for BPW-to-TVW transformation seems to be that one
single V-AV pair exists in the system at the time the pulse is
switched off.

VII. CONCLUSION

We have investigated the (Ersted-field-induced switching
of circulation of BPWs in cylindrical nanowires, as a prototyp-
ical situation of a magnetization texture in a three-dimensional
nano-object. Through micromagnetic simulations, we have
predicted that the dynamical switching process involves the
interplay of one or more Bloch points, which are bulk
micromagnetic singularities, with one or more pairs of
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surface vortex-antivortex. We evaluate both a bulk topological
number highlighting the number and type of Bloch points, and
a surface topological number based on the mapping of mag-
netization onto a gedanken XY tangential magnetization field.
We exhibit a topological invariant linking bulk and surface
topological numbers along with vortex-antivortex polarity.
During any magnetization process, the topological charge may
shift from volume to surface and vice versa, defining different
categories of topology for the magnetization textures. We
show that the application of a nanosecond pulse of current
with suitable duration can allow to select the topology of
the final state, matching that of a transient state occurring at
a specific time step. While demonstrate experimentally the
effectiveness of this approach, converting Bloch-point walls
into transverse vortex walls. We expect that both the existence
of a topological invariant and the possibility to select the
topology the final state from that of a transient states apply to
any 3D nanomagnetic system. This should provide guidelines
to categorize and control the many topologies and dynamic
control of magnetization textures offered by 3D nanomag-
netism, with potential application in spintronics and magnetic
memory devices for 3D electronics.
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