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Investigations of the internal structures of domain walls have attracted great attention in magnetism for
potential applications such as sensors, racetrack memories and spin-wave-based logic operations. In this work,
we investigated the role of vortices and antivortices in the transformations of the internal magnetization con-
figuration of one-dimensional and two-dimensional domain walls in Permalloy thin films. The magnetization
reversal of the one-dimensional domain walls proceeds with in-plane rotations of their magnetizations. In

contrast, the magnetization reversal of the two-dimensional domain walls proceeds with in-plane rotations
of their magnetizations at the surfaces and out-of-plane rotations of their magnetizations in the interiors of
the walls. Both types of domain walls reverse their internal magnetizations by displacing a resulting single
vortex along their wall axes. This displacement proceeds via the nucleation and annihilation of vortices and

antivortices inside the walls.

1. Introduction

The control and modulation of the internal magnetization configura-
tions of domain walls is a focus of extensive research in magnetism [1-
10]. The reversal of the bi-stable orientation of the internal magnetiza-
tion of domain walls has been purposed for magnetic data storage [2,
3,10] and sensor [5] applications. Controlled internal configurations of
domain walls are required for a reliable operation of racetrack mem-
ories [4,6,7,11,12] and spin-wave-based logic operation circuits [13—
16]. Moreover, the internal configurations of domain walls within
applied external fields [9,17] and current pulses [18] are investigated
for topological spintronic applications [17,19]. The internal magneti-
zation configurations of domain walls depend on the thickness [20]
and magnetic anisotropy [21-23] of the constituting material. In a soft
magnetic material such as Permalloy (Py), the magnetization configura-
tions of domain walls change from one-dimensional to two-dimensional
at ~100 nm with an increase of the film thickness [20,24]. In a Py
film of a thickness of < 20 nm, one-dimensional symmetric Néel walls
(SNWs) exist [20,24]. The magnetization inside the SNWs is oriented
only in the plane of the film. For an intermediate film thickness,
i.e., from approximately 20 to 100 nm, cross-tie walls (CTWs) exist.
These are composed of oppositely oriented one-dimensional SNW seg-
ments separated by alternate vortices and antivortices [20,25,26]. In
these walls, the oppositely oriented one-dimensional SNW segments
are arranged in a cross-tie configuration [20,25,26]. In thicker films
with a thickness >100 nm, two-dimensional asymmetric domain walls

(ADWs) exist [20]. The ADWs possess both in-plane and out-of-plane
orientations of magnetization. The ADWs minimize their stray field by
turning their magnetization in the plane of the film at the surfaces
and out of the plane of the film in their interiors [20,27,28]. The
near-surface magnetization regions inside the walls with an in-plane
magnetization are called Néel caps (NCs), and the magnetization re-
gions in the interiors of the walls with an out-of-plane magnetization
are called Bloch cores of the walls [20,27,28]. The ADWs are further
classified into asymmetric Néel walls (ANWSs) and asymmetric Bloch
walls (ABWs) depending on their “S-” and “C-type” cross-sectional
magnetization configurations, respectively [20,24]. In the ANWs, the
upper and lower NCs are formed on the left and right sides of the
Bloch cores or vice-versa [20]. However, in the ABWs, both the upper
and lower NCs are formed on the same side of the Bloch cores [20].
In our previous studies, we determined that perpendicular anisotropy
splits the Bloch cores inside the ANWs into alternately upwards- and
downwards-tilted magnetization segments [21]. However, the Bloch
cores inside the ABWs do not split due to the presence of a vortex-like
structure in the cross-sections of the ABWs [21].

The internal magnetizations of the domain walls also transform
within an applied magnetic field [8,9,20,24,29,30]. These transforma-
tions proceed with the nucleation of various types of transition struc-
tures (TSs) inside the walls; TSs separate the domain wall segments of
different magnetization configurations [26,30-39]. In one-dimensional
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domain walls, vortices and antivortices are formed as TSs [25,26,40].
However, in two-dimensional domain walls, different combinations of
vortices and antivortices at the surfaces and magnetic singularities
(i.e., the Bloch points (BPs)) [9,39,41-45] in the interiors of the walls
form various types of complex three-dimensional TSs [35,36,39,45-47].
The micromagnetic simulations [26,31-33,35,36,38,39,41,43,47,48]
and other theoretical work [20,49,50] on the configurations of the
different types of TSs as well as their observed behaviors inside the
domain walls by different experimental techniques [9,37,42,44,46]
have been reported in the literature. Nguyen et al. [4] investigated
the internal structure of two-dimensional domain walls in Py stripe
structures and found out that these walls can be moved with an external
magnetic field of about 1 mT. Zverev et al. [31,32,39,40] and Redjdal
et al. [36,47] described the detailed configurations of various types
of the TSs inside the ABWs and ANWs in Py films. However, despite
the vast knowledge of the TSs and various types of domain walls, the
role of TSs in the transformations of the internal magnetizations of
two-dimensional domain walls has not been investigated in detail.

In this study, the role of vortices and antivortices as TSs in the
reversal of the internal magnetizations of one-dimensional and two-
dimensional domain walls is investigated. Py patterns with lateral
dimensions of 2.3 x 6.7 um? and thicknesses of 40 and 130 nm were
fabricated to investigate the configuration transformations inside one-
dimensional and two-dimensional domain walls, respectively. To inves-
tigate the magnetizations inside a single domain wall, the short-axis
magnetization reversals of these elongated rectangular structures were
analyzed using Magnetic Force Microscopy (MFM). The short axis
reversal favors the formation of a single domain wall perpendicular
to the direction of the applied magnetic field. Additionally, the cor-
responding micromagnetic simulations were performed to understand
the three-dimensional magnetization transformations inside the domain
walls.

2. Experimental and micromagnetic simulation details

The micropatterned Py (NigyFe,) films were fabricated using electron-

beam lithography (EBL) and DC magnetron sputtering techniques. First,
a thin layer of a positive poly methyl methacrylate resist was spun
onto the silicon substrates, and then the resist layer was patterned and
developed using EBL. Thereafter, Py films with thicknesses of 40 and
130 nm were deposited at 2.0 pbar Argon pressure with a constant
sputter rate of 18 nm/min. After the deposition, a lift-off process was
performed in an acetone bath, and the samples were cleaned with
de-ionized water. No protective capping layer was deposited on the
samples.

Magnetic imaging of the samples was performed with a Bruker
Multimode 8 MFM using Olympus AC240TS cantilevers coated with
a 30 nm thick CoCr layer [51]. For micromagnetic calculations, the
Object-Oriented MicroMagnetic Framework (OOMMEF) software [52]
with cubic cells of 20x20x 10 nm? size were used. The saturation magne-
tization of M = 860 kA/m, an exchange constant of A = 13x107!2 J/m,
and a gyromagnetic ratio of y = 2.21 x 10° m/As were assumed in the
simulations. To perform the static simulations, a damping parameter
of a = 0.5 was applied. The convergence criterion | M x H |/M2 <
1 x 107 as a torque-minimization condition was employed in the
calculations [53]. The simulations were performed without considering
any influence of the temperature on the magnetization processes [54].

3. Reversal of the internal magnetization of one-dimensional do-
main walls

The domain configurations investigated by MFM at various applied
fields are shown in Fig. 1. The corresponding simulated images are
shown in Fig. 2. The sample is initially saturated along the +y direction
(directions defined in Fig. 2). With a decrease in the applied field, the
domain walls formed along the long edges of the sample (not shown
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in the results) join to form a single domain wall parallel to the x axis,
as shown in Figs. 1(a) and 2(a). This domain wall is connected to two
domain wall junctions on its ends [55-57]. In Fig. 1(a), this domain
wall forms a bipolar contrast, changing its appearance from bright-
brown to dark-brown colored along the +y direction. In the simulated
image Fig. 2(a), the contrast of this domain wall changes from orange
to green along the +y direction. Opposite magnetic charges inside the
two halves of the wall, which are produced by an in-plane rotation of
the magnetization inside the domain wall, produce a bipolar contrast
in the MFM scan [20,58]. A continuous contrast of this domain wall
along its length indicates the absence of any TS inside the wall. In Fig.
1(a), the domain wall forming the upper trapezoidal-shaped domain
(the domain formed with the upper long edge of the sample) changes its
contrast at the left domain wall junction. The change in the domain wall
contrast along the broken line is visible in Fig. 1(a). The contrast of this
domain wall remains unchanged at the right domain wall junction. The
reversal of the domain wall contrast at the left wall junction indicates
the presence of a vortex on the left domain wall junction, indicated by
a black arrow in Fig. 1(a). Simplified schematics for the configurations
of a domain wall junction with and without a vortex are shown in Fig.
3. In these images, it is shown that a vortex may or may not form at the
wall junction knot depending on the orientations of the magnetization
inside the domains and domain walls around the knot [57]. They are
formed to minimize the total energy of the magnetic system. Depending
on the applied external field, the domain wall junctions with and
without vortices form and arrange within the domain configurations
to minimize the magnetic stray field energy. The domain wall formed
parallel to the x axis in Fig. 1(a) is a SNW with a vortex formed at its left
end. This is also confirmed in Fig. 2(a) with the magnetization inside
the SNW oriented along the +y direction. A schematic illustration of
such a SNW formed at high positive field is shown in Fig. 4(a). The
angle of this SNW increases with a decrease in the applied external
field, because the magnetization inside the adjacent domains relaxes
more along the sample edges. This, in turn, increases the magnetic
charges inside the domain wall, thereby decreasing the stability of
the domain wall [20]. On further decreasing the applied field, i.e., at
+1.7 mT (Fig. 1(b)), the SNW stabilizes with the nucleation of vortex-
antivortex pairs (VAVPs) as TSs. Locations of a vortex and an antivortex
in one of the VAVPs are indicated with dashed arrows in Fig. 1(b).
The nucleation of VAVPs transforms the SNW into a CTW [25,26]. In a
40 nm thick Py film, the SNW with the wall angle >100° transforms
into a cross-tie pattern of 90° SNWs [24,59], because a 90° SNW
has only 12% of specific wall energy of the 180° SNW [20]. Such a
transformation of the SNW into a CTW is observed in the simulated
results in Fig. 2(b), as the angle of the SNW in Fig. 2(a) approaches to
~105°. A simplified schematic configuration of such a CTW is shown
in Fig. 4(b) with an antivortex in the middle of the wall and one
vortex on both right and left wall junction. In Fig. 1(b), the nucleation
of two VAVPs creates two segments of reversed magnetization inside
the domain wall, i.e., dark-brown to bright-brown color along the +y
direction. One of the reversed wall segments between a vortex and an
antivortex is marked by black markers in Fig. 1(b). The nucleation of
the segments with reversed domain wall contrasts, i.e., the green to
orange color along the +y direction, in the simulated results is shown
in Fig. 2(b). Such reversed segments inside the domain wall enlarge
with the further increase in the applied field along the —y direction, as
indicated by the black markers in Figs. 1(b) to (e) in the MFM images,
and seen in Figs. 2(b) to (d) in the simulated results. Upon increasing
the field along the —y direction, the antivortices located at the cross-ties
of the 90° SNWs stay more or less fixed at their nucleation sites [60,61],
while the vortices displace towards the +x direction and annihilate with
the next-neighboring antivortices rather than with the co-nucleated
antivortices. The displacement of the vortex, which is formed at the
left end of the SNW (location indicated by an arrow), towards the +x
direction is shown in Figs. 1(b) to (e). The consequent reversal of the
domain wall contrast as a result of the displacement of the vortex is
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(c) zero field
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Fig. 1. MFM images of a 40 nm thick 2.3 x 6.7 pm? Py sample within different applied fields. A magnetic field was applied along the short axis of the sample,
i.e., parallel to the y axis, and swept from +80 mT to —80 mT. (a) to (f) show the transformation steps of a SNW into a CTW and back to a SNW. The locations
of a vortex (V) and an antivortex (AV) nucleated inside the CTW are shown in (b). Expansion of a reversed magnetization domain wall segment is described with

black markers from (b) to (e). Black arrows display the displacement of a vortex inside the wall.

(b) +5.3mT

c) zero field
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Fig. 2. OOMMF-simulated images of a 40 nm thick 2.3x6.7 pm? Py sample within different applied fields. A magnetic field was applied along the short axis of the
sample, i.e., parallel to the y axis, and swept from +500 mT to —500 mT. Each arrow represents an averaged magnetization vector inside 11 x 11 adjacent cells
at the sample surface. Black arrows are in-plane magnetization vectors, whereas blue and red arrows are the in-plane projections of the magnetization vectors
tilted upwards and downwards, respectively. Green and orange areas represent positive and negative charge densities, respectively.

(a) (b)

Fig. 3. Simplified schematics showing a domain wall junction (a) with and
(b) without a vortex (shown as a dot) at the junction knot. Lines represent
the domain walls. Magnetizations inside the domains and domain walls are
represented by black and red arrows, respectively.

visible in these images. Displacements of all vortices towards the +x
direction and their consequent annihilations with the corresponding
next-neighboring antivortices lead to the reversal of the whole domain
wall magnetization orientation from +y direction to —y direction.
Finally, a SNW is again formed showing a continuous bipolar contrast
with a single vortex attached at the right end of this domain wall, as
shown in Figs. 1(f) and 2(e). Such a SNW with reversed magnetization
is illustrated in Fig. 4(c). In this process, a resulting single vortex is

displaced from one end of the SNW to another, via VAVPs nucleation
and annihilation to reverse the domain wall magnetization.

4. Reversal of the internal magnetizations of two-dimensional
domain walls

To interpret the surface magnetization of the sample observed by
MFM measurements (Fig. 5), the domain configurations are visualized
in different planes along the thickness of the sample (Fig. 6), as well
as the cross-sections of the domain wall (Figs. 7 and 8) using three-
dimensional micromagnetic simulations. To specify the different planes
of views, the coordinate axes of the sample are selected as described
in Fig. 6, where the scales along the x, y and z axes vary from O to
6700 nm, 0 to 2300 nm and O to 130 nm, respectively. For a general
specification of the different viewing planes, the dimensions along all
axes are converted into a dimensionless O to 1 scale. Fig. 5 shows the
MFM data of the sample within different fields during the reversal of
the sample’ s magnetization parallel to the y axis (i.e., parallel to the
short axis of the sample). The OOMMF-simulated images of the domain
configurations in three different xy planes of the sample along the
thickness, i.e., the lower plane (z = 0), middle plane (z = 0.5) and upper
plane (z = 1.0) for different fields, are shown in Fig. 6. The locations
of the vortices and antivortices are indicated in the upper and lower
planes. The corresponding cross-sectional images of the domain wall in
the yz planes at different field steps are presented in Figs. 7 and 8. In
all cross-sectional images the out-of-plane direction towards the reader
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a) High positive field

(b) Near zero field
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c) High negative field

MMM%

Fig. 4. Simplified schematics for magnetization inside the domains (black arrows) and domain walls (red arrows) in a 40 nm thick sample at different expected

field range. Vortex is shown as a thick black dot.

(@) +19.3mT (b) + 16.7 mT

(c) + 4.8 mT

(d) zero field

R

Fig. 5. MFM images of a 130 nm thick 2.3 x 6.7 pm?> Py sample within different applied fields. A magnetic field was applied along the short axis of the sample
and swept from +80 mT to —80 mT. (a) to (i) show the transformation steps of a SNW into an ADW and back to a SNW. In (e), the location of the reversal of

the Bloch core, i.e., a Bloch reversal (BR), is indicated.

is along the +x direction. Also, simplified schematics of different types
of domain walls are shown in Fig. 9.

The sample is first saturated along the +y direction. Upon decreas-
ing the field to +19.3 mT, the domain walls formed along the long
edges (not shown in the results) and join to form a single domain
wall parallel to the x axis, as shown in Fig. 5(a). This domain wall
is connected to two domain wall junctions at its ends (see Fig. 3 for
wall junctions). This domain wall forms a bipolar contrast both in the
MFM image in Fig. 5(a) and in the simulated result in Fig. 6(a). A
continuous contrast of this wall along its length indicates the absence
of any TS inside the wall. In Fig. 5(a), the domain wall forming the
upper trapezoidal-shaped domain (as described before in Section 3)
changes its contrast at the left domain wall junction. The contrast of
this domain wall remains unchanged at the right domain wall junction.
The reversal of the domain wall contrast at the left wall junction
indicates the presence of a vortex at the left domain wall junction,
which is also confirmed by comparing the MFM data in Fig. 5(a) with
the simulated data in Fig. 6(a). The position of the vortex is marked by
a black arrow in Fig. 5(a). A cross-sectional image of the wall taken
from Fig. 6(a) is shown in Fig. 7(a). An in-plane orientation of the
domain wall magnetization in the cross-sectional image in Fig. 7(a)
and a bipolar contrast of this wall shown in Fig. 5(a) indicate that
this domain wall is a SNW. The angle of this SNW is 80°, which was
measured at the middle plane of Fig. 6(a). A schematic illustration of
such a SNW is shown in Fig. 9(a). Upon further decreasing the applied
field, the magnitude of the bipolar contrast of the domain wall in the
MFM measurement decreases, as shown in Fig. 5(b). A cross-sectional
view of the domain wall taken from the corresponding simulated image
in Fig. 6(b) is shown in Fig. 7(b). From Fig. 6(b) it is found that the
angle of this domain wall increases to 143°, and the magnetization

configuration inside the domain wall transforms into a curved shape
with the overall magnetization still pointing towards the +y direction,
as observed in Fig. 7(b). With the decrease in the applied field, the
magnetization inside adjacent domains relaxes more along the edges
of the sample (i.e., parallel to the x axis), therefore, the angle of the
domain wall increases. The increase in the domain wall angle leads to
an increase in the magnetic charges around the wall [20]. However,
the amount of the magnetic charges (formed due to the increasing
angle) around a SNW configuration at this thickness (130 nm), would
be much larger compared to the amount of the charges around the same
angle SNW in a 40 nm thick sample. Therefore, with a decrease of
the applied field, the one-dimensional SNW transforms into a curved
shaped two-dimensional domain wall, instead of a cross-tie pattern of
one-dimensional 90° SNWs (i.e., into a CTW as observed in the 40 nm
thick sample). This domain wall is an ANW, where a partial out-of-
plane magnetization orientation in the interior of the wall produces less
magnetic charges around the wall, compared to the charges that would
be produced around a same angle SNW. An ANW and the magnetization
inside its adjacent domains are illustrated in the schematic diagram in
Fig. 9(b). The bipolar nature of the MFM contrast of the ANW observed
in Fig. 5(b) is because of the orientation of the overall magnetization
inside the domain wall along +y direction [62,63]. Upon further reduc-
ing the applied field, the out-of-plane component of the magnetization
in the interior of the domain wall increases to prevent the magnetic
charges due to an increase in the wall angle. Therefore, the bipolar
MFM contrast of the domain wall further reduces, as seen in Fig. 5(c).
The cross-sectional view of the domain wall from Fig. 6(c) is shown in
Fig. 7(c). With the further decrease of the applied field, the increase in
the magnetic charges around the wall is prevented by transformation of
the orientation of the overall magnetization along +z direction (shown
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(a) +42.3 mT (b) +19.3 mT
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Fig. 6. OOMMF-simulated data for a 130 nm thick 2.3 x 6.7 um? Py sample within different applied fields. A magnetic field was applied along the short axis of
the sample and swept from +500 mT to —500 mT. Three images corresponding to three xy planes, i.e., z = 0, z = 0.5 and z = 1.0, along the thickness of the
sample are shown for each magnetic field step. Positions of the vortex (V), antivortex (AV) and Bloch point (BP) are marked. Each arrow represents an averaged
magnetization vector inside 11 x 11 adjacent cells. Black arrows are in-plane magnetization vectors, whereas blue and red arrows are the in-plane projection of
magnetization vectors tilted upwards and downwards, respectively. Green and orange colored areas represent positive and negative charge densities, respectively.

in Fig. 7(d)). In this process, the magnetization in the interior of the
domain wall rotates completely out of plane, and the domain wall
transforms into an ABW with the reversal of one of the NCs at the
sample surface. Such transitions of the ANW into an ABW are observed
in the MFM measurements shown in Fig. 5(c), where the remaining
ANW segments displaying slight bipolar contrasts are indicated by
dashed arrows. In the upper plane (z = 1.0) presented in Fig. 6(d),
a VAVP nucleates close to the right end of the domain wall. The

antivortex, nucleated at the right end of the upper NC, moves towards
the left end to reverse the upper NC and annihilates with the vortex
present at the left end of the upper NC. The corresponding schematics
is shown in Fig. 9(c). As antivortices at this thickness have no long
“cross legs” (i.e., CTWs), they move easily. The cross-sectional image
in Fig. 7(d) (taken at the same field as the xy planes shown in Fig. 6(d))
describes the reversal of the upper NC. The ANW to ABW transition
stage in Fig. 5(c) displays the transformation of the bipolar contrast
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Fig. 7. Cross-sectional images of the domain wall along the yz planes taken
from Fig. 6 within different applied fields. The x value in each image indicates
the location parallel to the x axis at which the cross-sections are taken. The
out-of-plane direction is along the +x direction. Domain wall angle is measured
from the middle planes presented in Fig. 6. The images show a complete
thickness of the sample i.e., 130 nm parallel to the z axis, while a 260 nm
long segment of the sample parallel to the y axis is selected to describe the
cross-sectional magnetization configuration of the domain wall. Each arrow
represents an averaged magnetization vector inside a single cell. Black arrows
represent the in-plane magnetization, whereas the red and blue colored arrows
represent the out-of-plane projection of the magnetization inside a single
cell. Green and orange colored areas represent positive and negative charge
densities, respectively.

to a unipolar contrast of the domain wall. Tiny segments of the bipolar
contrast at locations close to the broken arrows indicate the presence of
the TSs between the ANW and ABW segments of the domain wall. These
TSs consist of vortices and antivortices inside the NCs at the locations of
the transformations between the different types of ADWs (i.e., between
ANWs and ABWs). At zero field, an ABW with a unipolar MFM contrast
is formed as shown in Fig. 5(d), and in the simulated images in Figs.
6(e) and 7(e). The schematic orientation of an ABW is illustrated in Fig.
9(c). A transition between a clockwise and counter-clockwise ABW is
observed by MFM in Fig. 5(e) and in the simulated data in Fig. 6(e).
The magnetization configurations of the domain wall around this TS
are shown in different cross-sectional yz planes in Figs. 8(a) to (c),
and the configuration in different xy planes is shown in Fig. 8(d). This
is a “T3” TS between the clockwise and counter-clockwise chiralities
of the ABW [31,35,37,44]. The Bloch core of the ABW reverses its
magnetization orientation, while the orientations of the NCs at both
surfaces remains unreversed across this TS [31,35,37,44]. The Bloch
reversal (BR) in the MFM data of Fig. 5(e) is observed with a reversal of
the unipolar contrast of the ABW due to the reversal of the out-of-plane
orientation between +z and —z directions. This TS contains a BP at its
center [39,41-43]. The equal magnitude of the opposite out-of-plane
orientations of the magnetization in Fig. 8(b) indicates the location of
a BP in the “T3” TS in this simulated result. A further increase in the
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Fig. 8. (a) to (c) show the cross-sectional images of the “T3” TS inside the
ABW at zero field in Fig. 6(e) from x = 0.5 to x = 0.6. The angle of the
domain wall was measured from the middle plane in Fig. 6(e). (a) to (c) show
the complete thickness of the sample i.e., 130 nm parallel to the z axis, while
a 260 nm long segment of the sample parallel to the y axis is selected to
describe the cross-sectional magnetization configuration of the domain wall.
The magnetization configuration in the xy plane for this TS is shown in (d). (e)
shows the magnetic configuration after the nucleation of a VAVP at the right
end of the lower NC in Fig. 6(f). (f) shows the magnetic configuration before
the VAVP annihilation at the lower NC in Fig. 6(g). Black arrows represent the
in-plane magnetization, whereas red and blue ones represent the out-of-plane
projection of the magnetization inside a single cell. Green and orange areas
represent positive and negative charge densities, respectively.

applied field along the —y direction starts saturating the domain wall
magnetization in the reversed orientation. Therefore, the ABW which
is favored only at small or zero fields [20,29] becomes unstable and
transforms into an ANW with the reversal of the remaining NG, i.e., the
lower NC. In Fig. 6(f), a VAVP nucleated in the lower NC (Z = 0) at
the right end of the domain wall reverses a segment of the lower NC
parallel to the direction of the applied field. The detailed magnetization
configuration of this VAVP is shown in Fig. 8(e). Such reversals of
NC segments and the consequent transformation of the ABW into an
ANW are observed in Fig. 5(f). Three such segments of bipolar contrast
domain walls nucleated inside the ABW are presented in Fig. 5(f). At
this field, i.e. at —7.2 mT, ABWs and ANWs co-exist inside the domain
wall. In Fig. 5(g), three VAVPs at the transitions between the ANW
and ABW segments are indicated by black markers. In Figs. 6(g) (z
= 0) and 8(f), one of such VAVP is shown inside the lower NC. Fig.
7(f) describes the onset of the lower NC reversal by pushing the cross-
sectional vortex-like structure of the ABW towards the lower NC. VAVPs
in Fig. 5(g) annihilate with an increase in the applied field, and the
domain wall transforms into an ANW as shown in Figs. 5(h) and 6(h).
The cross-sectional image in Fig. 7(g) (taken from Fig. 6(h)) shows an
ANW with its overall magnetization pointing along the —y direction.
The schematic illustration in Figs. 9(d) and (e) describe annihilation of
vortex-antivortex pair in the lower NC and a resulting reversed ANW.
Further increase of the magnetic field transforms the ANW into an SNW
as shown in Figs. 5(i) and 6(i), which is clearly observed in the cross-
sectional image in Fig. 7(h). A single vortex presents at the right end of
this SNW is marked by a black arrow in Fig. 5(i), the presence of which
is confirmed by the simulated data shown in Fig. 6(i). In this process,
the magnetization throughout the domain wall rotates again in the in-
plane orientation. A reduced angle of the domain wall, i.e., 70° in Fig.
7(h), at a high magnetic field strength keeps the magnetic charges low
around the domain wall. A reversed SNW is illustrated in Fig. 9(f).
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Fig. 9. Simplified schematics for magnetization inside the domains (black arrows) and domain walls (red arrows) in a 130 nm thick sample at different expected

field range. Vortex is shown as a thick black dot.

The spike-shaped contrast formed at the sample edges in Fig. 5
is due to the magnetic charges appearing at the imperfect edges of
the sample. This contrast is absent in the simulated images shown in
Fig. 6 due to the assumption of perfect edges of the sample. Rough
boundaries can lead to the pinning of domain walls and hence can
change the remanent state during magnetization reversals [23,64]. The
focus of this study is to discuss the reversal of one- and two-dimensional
domain walls, which formed along the long axis of the structures. The
spike-shaped contrast had no influence on the reversal of these domain
wall, which was proved in the simulations. However, the number of
vortices and antivortices within the domain walls can vary with the
magnetic anisotropy and pinning sites within the material body. More
specifically, the number of vortices and antivortices can change with
the composition of material, thickness and grannular structure of the
film [23]. All this could lead to a change of number of nucleations
and annihilations of vortices and antivortices within the domain walls.
At least one vortex-antivortex nucleation and annihilation event is
required to switch the NCs of the two-dimensional domain walls or
the SNWs in one-dimensional domain walls. However, in particular the
basic mechanism of domain wall reversal (by changing the shape and
types of domain walls) would remain the same.

Recent investigations on the domain wall dynamics have advanced
the control and manipulation of domain walls [65,66]. For example,
Jeon et al. [67] have shown that the spacing between chiral domain
walls can be controlled down to sub—100 nm and Guan et al. [68] pre-
sented that using ionic liquid gating the domain wall speed can reach
several hundred ms~!. We investigated the two-dimensional domain
walls in a static field. In a dynamic field, the behavior of the vortices,
antivortices and singularities would play a crucial role in determining
the stability and motion of two-dimensional domain walls.

5. Conclusion

The role of vortices and antivortices as TSs in the reversal of
the internal magnetization of one-dimensional and two-dimensional
domain walls is explained. TSs nucleate and annihilate to stabilize the
domain walls against the magnetic charges induced inside a varying
magnetic field. Segments of domain walls with reversed magnetization
orientations nucleate and enlarge with the nucleation and annihilation
of TSs, respectively. In this process, domain walls complete the reversal
of their magnetization configurations by displacing a resulting single
vortex along their axes. However, with the change of the film thickness,
the different modes of transformations inside the domain walls lead to
a change in the behavior of the TSs.

In 40 nm thick films, the domain walls reverse their magnetization
configurations through in-plane rotations of their magnetizations. Nu-
cleation of vortices and antivortices as the TSs inside one-dimensional
domain walls reduces the magnetic charges by transforming the domain
walls into the segments of smaller-angle domain walls. This results in
the transformation of a SNW into a CTW. The CTW transforms back
into a SNW with reversed magnetization orientations to complete the
domain walls’ magnetization reversal.

The domain walls in 130 nm thick films reverse their magnetization
configurations through both in-plane and out-of-plane rotations of their
magnetizations. First, an out-of-plane rotation of magnetization in the
interior of the domain walls transforms the one-dimensional SNWs
into two-dimensional ANWs. Thereafter, the two-dimensional ANWs
reverse their magnetization by the in-plane reversal of both of their
NCs’ magnetization configurations, with the nucleation of vortices and
antivortices inside the NCs. This reversal of the two-dimensional ANWSs’
magnetization configurations proceeds via their transformations into
two-dimensional ABWs. Finally, the reversed two-dimensional ANWs
transform into reversed one-dimensional SNWs by another out-of-plane
rotation of magnetization. Reversal of the internal magnetizations of
the walls at this thickness proceed through successive reversal of upper
and lower NCs, or vice versa, which generates three-dimensional TSs.
The TSs at this thickness stabilize the domain walls by changing the
shapes of the walls (i.e., by changing ANWs into ABWs), rather than
transforming the domain walls into smaller-angle wall-segments.

Since flux closure magnetizations are also formed in soft magnetic
materials other than Py [20]. The domain wall reversal mechanism
described in the manuscript is also valid for other soft magnetic materi-
als [20,69]. However, the thicknesses of the materials for the formation
of one- and two-dimensional domain walls could vary.
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