Open Access Article. Published on 10 April 2023. Downloaded on 5/7/2026 3:17:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 8387

Received 31st January 2023,
Accepted 10th April 2023

DOI: 10.1039/d3nr00455d

rsc.li/nanoscale

1. Introduction

Domain wall propagation and pinning induced by
current pulses in cylindrical modulated nanowires+

C. Bran,©2*2 J_A Fernandez-Roldan, ©2° J. A. Moreno, A. Fraile Rodriguez, %
R. P. del Real, ©® A. Asenjo, (2 E. Saugar,® J. Marqués-Marchan,?
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The future developments in 3D magnetic nanotechnology require the control of domain wall dynamics
by means of current pulses. While this has been extensively studied in 2D magnetic strips (planar nano-
wires), few reports on this exist in cylindrical geometry, where Bloch point domain walls are expected to
have intriguing properties. Here, we report an investigation on cylindrical magnetic Ni nanowires with
geometrical notches. An experimental work based on synchrotron X-ray magnetic circular dichroism
(XMCD) combined with photoemission electron microscopy (PEEM) indicates that large current densities
induce domain wall nucleation, while smaller currents move domain walls preferably antiparallel to the
current direction. In the region where no pinning centers are present, we found a domain wall velocity of
about 1 km s~ Thermal modelling indicates that large current densities temporarily raise the temperature
in the nanowire above the Curie temperature, leading to nucleation of domain walls during the system
cooling. Micromagnetic modelling with a spin-torque effect shows that for intermediate current densities,
Bloch point domain walls with chirality parallel to the Oersted field propagate antiparallel to the current
direction. In other cases, domain walls can be bounced from the notches and/or get pinned outside their
positions. We thus found that current is not only responsible for domain wall propagation, but also is a
source of pinning due to the Oersted field action.

netic nanowires by means of low power consumption stimuli
such as electric currents. Spintronics is widely recognized

Cylindrical magnetic nanowires provide versatile functional-
ities for data and energy storage, sensing, magnetic nanocir-
cuits or magneto-mechanical actuators.” They are promising
candidates as building blocks for novel three-dimensional
nanotechnology.” The future implementation of such techno-
logy requires manipulation of magnetism in cylindrical mag-
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within the scientific/technological community as a candidate
for future energy-saving nano-applications.’ In comparison
with the use of external fields, current-induced magnetization
dynamics offers more energy efficiency. However, unlike
planar nanowires, spintronics-based manipulation of magnet-
ism in cylindrical magnetic nanowires has not yet been devel-
oped despite their great potential for high storage density and
other novel multifunctionalities.

Magnetic domain walls (DWs) are expected to play a deci-
sive role as information carriers in magnetic circuits and thus
manipulating their dynamics by means of electrical currents is
important for future developments.*® Cylindrical symmetry
gives rise to interesting possible magnetic configurations.®™*°
Typical nanowires investigated experimentally, with diameters
above 50 nm, present two types of DWs:"'** vortex-antivortex
(VAV) and the Bloch point (BP). The dynamics of both DWs is
expected to be different from that of planar nanowires.'*'* For
example, DWs in cylindrical geometry have been predicted to
not suffer from the Walker breakdown phenomenon, charac-
teristic of a planar geometry, and thus potentially very high vel-
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ocities, above 1000 m s™', have been theoretically
predicted."'® Whether these velocities can be achieved experi-
mentally is still an open question.

Although DW dynamics is well studied in planar magnetic
nanowires (prepared by lithography), in cylindrical geometry
only a scarce number of articles have reported experimental
measurements. Ivanov et al.'” measured the motion of 3D
domain walls by simultaneous application of a field and
current in bi-segmented Co/Ni nanowires, estimating the DW
velocity as a few hundreds of meters per second. Schobitz
et al.'® have observed current-induced domain wall motion in
Ni-based nanowires by Magnetic Force Microscopy (MFM) and
X-ray Magnetic Circular Dichroism (XMCD) combined with
Photo-Emission Electron Microscopy (PEEM) measurements,"®
estimating the velocity up to 600 m s™'. On the other hand,
simulations show that during the current-induced dynamics,
the BP DW may be converted into a VAV domain wall, limiting
its velocity. Additionally, the Oersted field was predicted to
play an important role, being the source of DW transformation
and dynamics, even without the direct action of spin-transfer
torques.'>'®

Furthermore, if the BP DW velocities are found to be as
high as theoretically predicted, the control of DW pinning will
be an important aspect towards the implementation of spin-
tronics based on cylindrical nanowires. This may be achieved
by creating special notches designed to stop their propagation.
While the use of notches to pin DWs is well established in
planar geometry,'®*° an efficient control of DW pinning under
an applied field in cylindrical nanowires has not yet been
achieved.”>*

In this article, we investigate the motion of DWs in Ni
cylindrical nanowires with specially designed notches. To
compare their effect with straight nanowires, we fabricated
them only in one part of the NW, leaving the other one free of
defects. Significantly, while our experiment is successful in
terms of nucleation, motion, and pinning, we also unexpect-
edly observed that DWs move not only in the direction antipar-
allel to the current (as set by the spin-transfer torque), but also
in the parallel direction, ie., against the electron flow. Our
simulations (which include the spin-torque effects and the
Oersted field) assist in understanding the current-induced
dynamics of DWs in the presence of notches. They show that
DWs can be scattered from the notches and propagate in the
opposite direction. Importantly, we identified a different DW
pinning mechanism when the Oersted field with the rotational
sense opposite to the initial BP DW can be a source of its
pinning outside the defect region.

2. Results and discussion

2.1. Experimental

Geometrically modulated cylindrical Ni nanowires with an fec
crystallographic structure were grown by electrodeposition into
the pores of anodic alumina membranes (Fig. S1(b)-ESIT).>*
Nanopores with a uniform diameter on one side and period-
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ical geometrical modulations/notches on the other side were
synthesized by pulsed anodization by applying a constant
voltage of 130 V first for 400 s, which produces alumina pores
with a constant diameter, followed by short voltage pulses of
100 and 130 V in order to produce the side of the nanopores
with modulations/notches. The fabricated alumina templates
were filled by electrodeposition-forming arrays of Ni nano-
wires. They were removed from the alumina membranes by
chemical etching and deposited onto a Si substrate. Finally,
they were kept in contact with Au electrodes to allow the injec-
tion of an electric current (Fig. S1(c and d)-ESI}). More details
about the fabrication and contacting procedures are given in
the ESI.§ The SEM images of a contacted nanowire with the
main diameter of about 100 nm and 13 pm length are dis-
played in Fig. 1(a). The nanowire shows modulations/notches
at the left side (area marked in green) and a uniform cylindri-
cal geometry (free of notches) at the right side (area marked in
orange). The geometry is schematically shown in the top
panel. The close-up SEM images of Fig. 1(b) and (c) correspond
to the marked green and orange areas in Fig. 1(a).

As observed in Fig. 1(b), at the right side of the notches,
there is some broadening in the nanowire diameter due to
small variations in the current density which occurs during
the anodization process.

Fig. 2 presents the XMCD-PEEM images of the same nano-
wire acquired at the Ni L3-edge with the X-ray incidence at
about 45° to the nanowire axis, i.e., sensitive to both parallel
and perpendicular magnetization components with respect to
the NW axis. The top panels in Fig. 2 present the direct (XAS)
image of the wire where the areas with and without notches
have been marked by dashed arrows.

Fig. 2(a) in panel (A) shows the NW in a single domain mag-
netic state as indicated by the uniform dark/bright XMCD con-
trast in the NW and its shadow,>® respectively. In the following,
we refer to the contrast of the NW itself when we write “dark”
or “bright” contrast.

Fig. 2(b)-(d) in panel (A) present the XMCD-PEEM images
taken after current pulses of 8 ns with left polarity were
applied.

o, R ) B ) S S T T
T O I R

© e

Fig. 1 Schematic view of a contacted Ni nanowire (top panel). (a) SEM
image of a contacted 13 um Ni nanowire with notches at the left side
(marked in green), (b) the close-up SEM image of the green marked area
in (a), showing the position of each notch marked by red arrows, and (c)
the close-up SEM image of the orange marked area in (a). The scale bar
is1pm.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 XAS images (top panel in A and B) and a sequence of the XMCD-PEEM images taken after current pulses with different intensities and
polarities (indicated by the green arrows) were applied along the contacted Ni modulated nanowire. (a and €) XMCD-PEEM images of the Ni NW,
presenting a single domain state. (b—d) and (f-h) XMCD-PEEM images of the Ni NW taken after current pulses of 8 ns with different amplitudes and
polarities were applied along its length, as represented by the green arrows in the figure. The red arrows and the white dashed line mark the
different pinning centers produced by the notches. The graphical illustrations below each PEEM image represent the magnetic configurations of the

NW.

In Fig. 2(b), the NW is imaged after applying a high ampli-
tude current pulse of 1.1 x 10"> A m™> for 8 ns that is large
enough to break the magnetization into a multidomain state,
as seen from the XMCD contrast, dark/bright/dark/bright/
dark. There are five magnetic domains oriented antiparallel/
parallel/antiparallel/parallel/antiparallel to the polarization
vector (i.e. along the NW axis with three DWs pinned at the
notches labelled (3), (4) and (6) and one DW pinned in the
region of the NW with a uniform diameter). The notch posi-
tions in each XMCD-PEEM image have been determined
through the correlation between the direct X-ray absorption
(XAS) image of the NW and the SEM data.

The orientation of the X-ray beam, around 45° away from
the wire axis, provides magnetic contrast not only from the
domains but also from the DWs. The bipolar contrast observed
in the shadow of the DWs suggest that they are Bloch Point
DWs,*® a fact confirmed also by the simulated XMCD-PEEM
contrast in Fig. S3-ESL.}

After the application of a second current pulse to the mag-
netic state shown in Fig. 2(b) with the same polarity but a
smaller amplitude, 1.5 x 10"* A m™2, the state in Fig. 2(c) was
obtained. The magnetic images suggest that the DW initially
pinned at notch (6) has displaced towards the right, i.e., anti-
parallel to the current direction (along the electron flow). Note
that no pinning center is present at that point.

Concerning the DWs initially pinned at notches (3) and (4),
while the natural direction of motion is that the one pinned at
position (3) would displace to the right, the imaging does not
allow us to exclude the situation in which the DW (4) would
propagate to the left, i.e. parallel to the current (opposite to
the electron flow).

The overall result is that only one main domain wall is
visible in Fig. 2(c). A further current pulse of 2.3 x 10" A m™>

This journal is © The Royal Society of Chemistry 2023

with the same polarity, applied to the magnetic state imaged
in Fig. 2(c), pushes the DW from left to the right, finally devel-
oping into a single domain state (Fig. 2(d)).

Although we have only one data set for the current density
of 2.3 x 10" A m~> where the DW has propagated outside the
NW, we can estimate the lower bound of the DW velocity. Note
that we have not seen additional DW nucleation at this current
density. Neither did we expect a depinning of an additional DW
from the right end of the NW since the pinning there is strong
and even in an ideal case cannot take place without an applied
field.”” Additionally, the ends of the NW are kept at 300 K and
thus thermal depinning of DWs can be excluded. An estimation
of the DW velocity from Fig. 2(d) for a current pulse of 2.3 x 10"
A m™>, applied for 8 ns, gives rise to a value above 1000 m s™*,
in agreement with the theoretical predictions'>'®*® and higher
than the previously reported experimental values.'”*

Fig. 2(e) in panel B shows the NW in a single domain mag-
netic state as indicated by the uniform XMCD contrast.
Fig. 2(f)-(h) present the XMCD-PEEM images taken after
current pulses of 8 ns with right polarity were applied.

Domain walls were nucleated again by applying a high-
amplitude current pulse, 1.35 x 10> A m™>, to the single
domain magnetic state presented in (e). The resulting state,
visible in Fig. 2(f), has three domains and two DWs, one
pinned at notch (3) and another at the left side of notch (6).
Then a sequence of low current pulses (1.5 x 10'" A m™?) also
with right polarity was applied to study DW propagation. In
this case, both DWs seem to displace along the NW, parallel to
the applied current. In Fig. 2(g), the DW at the left is pinned at
notch (6) and the one at the right has stopped outside of the
notch. Upon application of a new current pulse with the same
intensity, the NW saturates, as can be seen from the uniform
bright contrast in Fig. 2(h).

Nanoscale, 2023,15, 8387-8394 | 8389
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Additional information for the behavior of the DW move-
ment is presented in Fig. S2(b) and (c).t In Fig. S2(b),} the NW
is imaged before injecting a current pulse. Here, we observed
three magnetic domains oriented parallel/antiparallel/parallel
to the polarization vector (i.e. along the NW axis). By injecting
an intermediate current pulse of 5 x 10'* A m™2, the DWs, one
pinned at the notch (6) and the other, outside of the notch
(right-side end of the NW), move along the current, parallel to
it, and the NW gets saturated, as can be observed from the
uniform dark contrast in Fig. S2(c).t Note that at these inter-
mediate current densities, thermal depinning can be expected
(see below).

To summarize the effect of the current, we observed that (i)
large current densities (10'> A m™?) produce DW nucleation,
wherein the DW appeared to be pinned after the pulse was
switched off (Fig. 2(b) and (f)). (ii) Smaller currents (10" A
m~?) move DWs. The results show DW dynamics with a lower
current density compared to that predicted in cylindrical nano-
wires with a smaller diameter for transverse domain walls."®
We attribute this fact to the higher Bloch point domain wall
mobility as compared to the transverse one.'®'® While the
largest DW propagation occurs antiparallel to the current
direction (i.e. along the electron flow as is expected and pre-
viously reported'”), some propagation parallel to the current is
also observed. (iii) Some domain walls are stopped at notches
(particularly notch (6)). However, others are stopped at
different inter-notch places and their positions are not repro-
ducible. This suggests a different pinning mechanism which
cannot be fully ascribed to microstructural defects and modu-
lations. Note that DW propagation in the direction of the
applied current as well as the pinning after the application of
low-amplitude current pulses take place in the left part of the
NW, i.e. where the notches are present, while in the right part,
without notches, the propagation is smooth and always
against the current. (iv) For intermediate current pulses, the
domain walls move both parallel and antiparallel to the
current direction. This happens also in the right part of the
NW presented in Fig. S2(c)t (for much higher current den-
sities), which we attribute to thermal domain wall depinning.
All of the above indicates an important role of the notches in
current-induced domain wall dynamics.

2.2. Micromagnetic modelling

To understand the experimental behavior, we first assessed the
temperature rise due to the Joule heating by the current pulse
of realistic temporal shape and a maximum current density at
8 ns (more details in the Methods section and the ESI}). The
simulations show that temperature reaches the maximum
value at the timescale of 9 ns and decays to the ambient temp-
erature in the ca. 40-50 ns timescale. Fig. 3(a) presents the cal-
culated maximum temperature distribution during the appli-
cation of current along the direction of the axis in a single Ni
NW, showing that its maximum is reached at about 300 nm
from the NW ends. Note that in the simulations the tempera-
ture at the ends is maintained at 300 K due to the presence of
contacts. Our modelling shows that the current pulses with
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Fig. 3 (a) The simulated temperature profile along the nanowire for
different values of the current densities. (b and c) Results of thermal
micromagnetic modelling showing the magnetization distribution in the
wire during (b) and after the current pulse (c) for a temperature profile
of 650 K . The images (d) and (e) show nucleated DWs of VAV (d) and BP
type (e). The cross-sectional images of each domain wall are presented
in the bottom panel.

magnitudes higher than 8 x 10'" A m™? raise the temperature
in the middle of the NW above the Curie temperature (for Ni,
T. = 628 K (ref. 29)). For a current pulse of 3 x 10" A m™2, the
temperature increase is around 30 K, while for 1 x 10" A m™,
it is only a few K.

To model thermal nucleation with high current densities,
we used a micromagnetic framework based on the Landau-
Lifshitz-Bloch equation®® with thermal fluctuations®' (more
details in the Method section and the ESIt). Importantly, these
micromagnetics is a valid approach close and above the Curie
temperature, T.. The assumed temperature profile follows the
one obtained using COMSOL Multiphysics® software at 9 ns
and lasts 50 ns. Our simulations show that the current pulses
with magnitudes corresponding to the heating below T, do not
lead to any DW nucleation, neither during the heat pulse nor
after it, speaking in favor of a large energy barrier for this
process. Fig. 3(b) shows the modulus of the reduced magneti-
zation during the pulse when the maximum temperature of
650 K (higher than T.) was reached. The wire presents nearly
null magnetization at its center while still being ferromagnetic
at the edges due to the cooling effects of the electrodes.

Fig. 3(c) shows the results of nucleation after a temperature
profile with a maximum temperature of 650 K being applied.
Importantly, nucleation occurs after the temperature pulse, i.e.
during cooling down of the magnetic system. The results show
a pair of nucleated DWs: one was of the VAV type (left in

This journal is © The Royal Society of Chemistry 2023
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Fig. 3(c) and the augmented image in Fig. 3(d)), and another -
of the BP type (right in Fig. 3(c) and the augmented image in
Fig. 3(e)). In the simulated system, these DWs propagate in the
opposite directions in the absence of any external stimuli. In a
realistic situation, they may be pinned at some pinning
centers such as magnetic notches and defects. Note that the
type of nucleated DW is arbitrary and will vary in simulations
with different temperature disorders.

We turn now to the computational results of magnetization
dynamics at low current densities, considering the tempera-
ture fluctuations being less relevant (more details in the ESI}).
The geometry represents a cylindrical NW of 100 nm in dia-
meter and several microns in length with three notches and a
pre-nucleated BP DW (initially pinned at the central notch for
convenience). Based on the experimental data presented here
and also previous reports indicating that the VAV DW is trans-
formed to a BP DW during the dynamics,*®*> we considered
only the last case. The current interacts with magnetization
through the Zhang-Li spin transfer torque and the associated
Oersted field®* (more details in the ESIt). Note that two types
of BP domain walls can exist: one with a rotational sense paral-
lel to the Oersted field direction (called here as “good” chiral-
ity) and the other one - with a rotational sense antiparallel to
it (“bad” chirality BP DW). The BP DW is followed by the inter-
section of three iso-surfaces defined by m, = 0 (parallel to NW
and coloured in red), m, = 0 (coloured in green), and m, = 0
(coloured in blue).

Our modelling results of DW dynamics with the current
switched on are presented in Fig. 4 and 5. It is worth to
mention that the XMCD-PEEM images were collected in a
stationary situation after the current was switched off and
DWs were stopped, while the simulations allowed us to
understand the dynamic processes during the current appli-
cation. The simulations show that in all cases the DW
dynamics is finished at 8 ns (either because a fast DW pro-
pagated outside the NW or it stopped the propagation due
to pinning), thus the pictures at 8 ns will reflect the station-
ary situation.

The modelling results indicate that under the considered
current densities (1 x 10''-4 x 10"* A m™?), the DW always gets
unpinned from the central notch. The large-distance propa-
gation typically occurs in the NW axis following the direction
antiparallel to the current (indicated by dark blue arrows on
the top of the graphs), i.e. in the direction of the electron flow.
This result is general for negative (left) and positive (right)
applied currents and explains the main direction of the propa-
gation in the experimental results. It also corresponds to the
sign of a non-adiabatic spin-transfer torque reflecting the
direction of the electron flow. Note the complex dynamic DW
structure (indicated by the iso-surface with m, = 0, the reddish
region), which is dynamically changing during the propagation
(called the “butterfly” DW). An important remark is that only a
BP DW with “good” chirality driven by intermediate current
densities can cross the whole NW without pinning, see
Fig. 4(a). For all other situations, we observe a pinning process
either near the left notch (small current densities and “good”

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Dynamics of a Bloch point domain wall with ‘good’ chirality
under two applied current densities in a nanowire with three geometri-
cal notches labelled 1-3. The dark blue arrow above the images indi-
cates the current direction, while the dashed black arrow — the direction
of the Oersted field (Hoe). The BP DW characteristics (close-up image)
are presented in the inset (dashed square), i.e., initially, the DW has a
head-to-head structure with a counter-clockwise rotational sense
coinciding with that of the Oersted field. The iso-surfaces of the x-,
y-and z-zero components of magnetization are coloured in red, green
and blue and the yellow sphere indicates the position of the Bloch point.
(@) The Bloch point with ‘good’ chirality propagates in the direction
opposite to the driving spin-polarized current for an intermediate
current density J = 3 x 10 Am™. (b) A low current density J = 1 x 10!
A m* results in domain wall recoil from the pinning center and temporal
propagation in the opposite direction.

BP chirality, Fig. 4(b)) or near to the right notch (small current
densities and “bad” BP chirality, Fig. 5(b)) or even in the
middle constriction (large current densities and “bad” BP chir-
ality, Fig. 5(a)).

An inspection of the pinning process for low positive cur-
rents (“good” DW chirality) in Fig. 4(b) indicates that the BP is
first unpinned from the middle notch but then recoils
(bounces) when approaching the neighbouring notch, which
leads to its propagation in the opposite direction, and finally it
stops at an intermediate position in the segment after few
nanoseconds. We attribute this recoil to the presence of small
chiral structures (not spatially resolvable by PEEM) created at
the notches. Due to magnetostatic energy minimization,
together with the action of a different local Oersted field, the
magnetization at the notch acquires certain circulations
(visible as blueish regions in Fig. 4 and 5). These structures
interact with the DW and are responsible for its repulsion
from the notch. Also, note a strong emission of spin-waves
from NW ends and notches, which can also interact with the
DW.
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Fig. 5 Dynamics of the Bloch point (marked by the black arrows) with
‘bad’ chirality under two applied current densities in a nanowire with
three geometrical constrictions. The dark blue arrow above the images
indicates the current direction, while the dashed black arrow — the
direction of the Oersted field. The BP DW characteristics (close-up
image) are presented in the inset (dashed square), i.e., initially, the DW
has a head-to-head structure with a counter-clockwise rotational sense
opposite to that of the Oersted field. Red, green and blue colours rep-
resent the isosurfaces of m, = 0, my, = 0 and m, = 0, respectively. (a) The
Bloch point with ‘bad’ chirality is pinned by the effect of the Oersted
field produced by a spin-polarized current for an intermediate current
density J = -3 x 10 A m™%. The black arrows indicate quasi-domain
walls created by the encounter of two chirality domains: from the BP
DW and that created by the Oersted field. (b) At a low current density J
= -1 x 10 A m™, the domain wall propagates in the direction opposite
to the driving spin-polarized current until it is bounced from the notch.

The same DW is of the “bad” chirality type when the
current is applied in the opposite direction. These DWs may
experience a chirality switching;****> however, we did not
observe it in these particular cases (see the results in Fig. 5).
For negative currents (oriented to the left), DW first propagates
to the right and is pinned close to the right notch. What is
striking is that for higher currents this DW gets stopped near
the initial pinning site but at a position farther from the
notch. This effect is due to the Oersted field creating an azi-
muthal magnetization component with the direction opposite
to that of the BP DW, and thus there appears one more quasi-
domain wall (indicated by black arrows), where two chirality
domains meet each other. This quasi-domain wall, which is
induced by the Oersted field, is quite robust and topologically
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protected (since in order to annihilate it, one would need to
unwind one of the chirality) and is a source of pinning for the
initial Bloch point wall. A similar quasi-domain wall is created
at the left side from the original domain wall. Both, together
produce its pinning.

In summary, the simulations show that BP DW with “good”
chirality move under current, but can be reflected from
notches, moving more efficiently at a higher current density.
In contrast, the results are different for the “bad” chirality BP
DW: while at low current densities, an equivalent motion as
for the “good” chirality is observed, at higher current densities,
a pinning by the Oersted field sets in, cancelling any motion
under these conditions. Thus, DW mobility is limited by the
“bad” chirality only at a high current density, but is not
affected at a low current density.

3. Conclusions

In conclusion, by combined theoretical and experimental
studies we have demonstrated the possibility to move Bloch
point domain walls by means of current pulses in modulated
Ni nanowires. First, domain walls were nucleated by current
pulses with a high amplitude, which raised the temperature in
the middle part of the nanowire above the Curie temperature
and provided thermally induced stochastic nucleation. When
the system cools down, these domain walls appeared pinned at
the notches. For smaller currents, domain walls can be moved.
As expected, the largest domain wall propagation occurs in the
direction antiparallel to the applied current direction (parallel
to the electron flow) and the pinning occurs at the notches.
Unexpectedly, we also observed short-distance propagation in
the direction parallel to the current as well as pinning of
domain walls outside the notches. Our dynamical simulations
help in ascertaining the origin of these effects. We have identi-
fied two different pinning mechanisms for domain walls in
cylindrical nanowires: one related to the effect of notches
themselves and another induced by the Oersted field which
creates quasi-domain walls of chiral nature. As for the first
mechanism, it seems that the pinning is additionally assisted
by the Oersted field and a more efficient control can be
expected than that with an external field. For the latter case, to
our knowledge, this is the first time that this mechanism is
reported. Importantly, it is not related to the presence of
notches and will limit the “bad chirality” domain wall propa-
gation in spintronic devices. Finally, we cannot exclude the
influence of thermal depinning mechanisms for intermediate
current densities.

An important finding is our estimation of the domain wall
velocity in the region free of pinning centres, as high as theor-
etically predicted, i.e., of the order of 1 km s', and higher
than previously observed experimentally. We also report lower
current densities which move DWs as compared to the pre-
viously reported results. We believe our results to be of high
significance for further development of spintronic applications
based on cylindrical magnetic nanowires.

This journal is © The Royal Society of Chemistry 2023
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4. Methods

4.1. Synthesis and preparation

Ni nanowires with imprinted notches along their length were
produced in anodic aluminum oxide (AAO) templates.>**73¢
The modulated pores of the AAO templates were fabricated by
pulsed hard anodization (Fig. S1(a)f) in oxalic aqueous solu-
tion. The nanowires were deposited in the fabricated pores by
electrodeposition in a three-electrode cell using a single Watts-
type bath containing 0.38 M NiSO,-7H,0, 0.08 M NiCl,-6H,O
and 0.16 M H3;BO; at a constant voltage of 1 V for about
40 minutes.

The total length of the nanowires in the membrane is about
28 pm. The center-to-center inter-pore distance is kept con-
stant at 320 nm (see Fig. S1(b)7).

After the alumina template was dissolved by chemical
etching, the nanowires were dispersed on a Si/SiO, substrate
and electrically contacted. More details about the sample
preparation are presented in the ESI file.}

4.2. XMCD-PEEM measurements

The XMCD-PEEM measurements were performed at the CIRCE
beamline of the ALBA Synchrotron Light Facility (Barcelona,
Spain) using an ELMITEC LEEM III instrument with an energy
analyzer.®” The samples were illuminated with circularly polar-
ized X-rays at a grazing angle of 16° with respect to the surface.
The emitted photoelectrons (low energy secondary electron
with ca. 1 eV kinetic energy) used to form the surface image
are proportional to the X-ray absorption coefficient and thus
the element-specific magnetic domain configuration is given
by the pixel-wise asymmetry of two PEEM images sequentially
recorded with left-and right-handed circularly polarized
light.>”*® Sample holders with integrated printed circuit board
(PCB)*® were used for the injection of current pulses into the
NW, with ultrasonic wire bonds as connections to the gold
electrode of the sample.

4.3. Micromagnetic modelling

The thermal simulations of individual modulated Ni nano-
wires have been carried out using COMSOL Multiphysics®
software to determine the temperature in the system under the
influence of the current pulses with a rise time of 8 ns and
total duration of 15 ns. We assume a 13 pm Ni nanowire
slightly buried in the SiO, substrate and Cr/Au contacts main-
tained at 300 K. More details are present in the ESL¥
Micromagnetic simulations: Thermal nucleation close to
and above the Curie temperature with spatial temperature pro-
files calculated from COMSOL Multiphysics® simulations has
been investigated using a home-made micromagnetic code
based on the Landau-Lifshitz-Bloch approach. A current pulse
duration up to 50 ns was considered to emulate the heat
accumulation in the system. The simulations of non-thermal
magnetization dynamics were done using Landau-Lifshitz—
Gilbert micromagnetics with a Zhang-Li spin-transfer torque
as implemented in the Mumax program.*® DW dynamics was
investigated under a spin-polarized current with polarization

This journal is © The Royal Society of Chemistry 2023
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(P = 0.5), non-adiabaticity (£ = 0.1) and damping (0.02) in a Ni
nanowire with the standard parameters of Ni used in previous
studies*' (more details in the ESIf). Importantly, here the
Oersted field takes into account the reduced current density in
the modulations.
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