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ABSTRACT: The fundamental limits currently faced by traditional
computing devices necessitate the exploration of ways to store,
compute, and transmit information going beyond the current CMOS-
based technologies. Here, we propose a three-dimensional (3D)
magnetic interconnector that exploits geometry-driven automotion of
domain walls (DWs), for the transfer of magnetic information
between functional magnetic planes. By combining state-of-the-art 3D
nanoprinting and standard physical vapor deposition, we prototype
3D helical DW conduits. We observe the automotion of DWs by
imaging their magnetic state under different field sequences using X-
ray microscopy, observing a robust unidirectional motion of DWs
from the bottom to the top of the spirals. From experiments and
micromagnetic simulations, we determine that the large thickness
gradients present in the structure are the main mechanism for 3D DW automotion. We obtain direct evidence of how this
tailorable magnetic energy gradient is imprinted in the devices, and how it competes with pinning effects that are due to local
changes in the energy landscape. Our work also predicts how this effect could lead to high DW velocities, reaching the Walker
limit during automotion. This work demonstrates a possible mechanism for efficient transfer of magnetic information in three
dimensions.
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he exponentially increasing demands of the informa- increased functionality of computing elements.””® In order to

I tion age for denser, more-efficient, and better- achieve this, however, it is necessary to develop 3D

connected computing devices pose significant chal- interconnectivity in magnetic devices without requiring

lenges to the microelectronics industry. Instead of relying multiple energetically costly charge-to-spin conversion steps.

purely on horizontal scaling, one way to address this is to start It is thus important to find efficient mechanisms to transfer

vertically stacking computing elements, a concept incorporated magnetic information between planes using entirely magnetic
in the modern 3D V-NAND memories." In addition to offering interconnectors.

higher densities, the move to 3D would offer a route toward First steps toward highly interconnected spintronics’ have

higher integration and improved connectivity, enabling been made by demonstrating the propagation of pure spin

computing paradigms going beyond von Neumann architec-
tures, such as neuromorphic computing.”

An area that would particularly benefit from the advance to
3D technologies is spintronics. While offering robust, low-
power, and nonvolatile devices,” current 2D spintronic
technologies are lacking in densities when compared to their
CMOS counterparts.” On the other hand, the low power Received: November 21, 2021
consumption of spintronic devices makes them particularly AccePted‘ May 6, 2022
well-suited to vertically integrated technologies where heat Published: May 17, 2022
removal starts becoming problematic.” Going to 3D would
allow us to leverage the many unique effects that arise in 3D
nanomagnetic structures that could offer further scaling and

currents in 3D nanochannels'’ and high level of control over
the domain walls (DWs) in 3D nanomagnetic conduits using
external magnetic fields."" In addition to external stimuli, DWs
can also be efficiently moved under the influence of geometry,
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ACS Nano
driven by intrinsic spin-structure changes. This so-called DW
automotion has been previously studied in 2D"*~"* and is a

promising mechanism that could allow fast, low-power, and
robust transfer of magnetic information. In particular, using
geometry-induced motion, the information could be trans-
ferred between functional planes where the state-of-the-art
spintronic tools can be applied (Figure la).
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Figure 1. Fabrication of 3D magnetic interconnectors. (a) Concept
device using 3D interconnectors to transfer magnetic information
between two functional planes. (b) Scaffold for the DW conduit
fabricated with FEBID using MeCpPt(Me); precursor on a Si
substrate. The scaffold is a 3 pm inward-curving spiral with four
supporting pillars for mechanical stability. (c) Functional films
deposited using physical vapor deposition (PVD) onto the
structure and the substrate. Because of the directionality of
PVD, the supporting pillars and the area directly beneath the
structure are free from PVD materials. The magnetic state of the
structure is investigated with the shadow X-ray magnetic circular
dichroism photoemission electron microscopy (shadow XMCD-
PEEM) method by comparing the signal from right-handed
circularly polarized X-rays and left-handed circularly polarized X-
rays. (d) SEM image taken at 45° tilt of the resulting structure
after X-ray irradiation is shown. A mild initial bending of the
original FEBID scaffold when exposed to PEEM environment is
observed, after which the structure becomes stable (see section S1
in the Supporting Information for details). Scale bar = 1 gm.

While there are several ways in which the geometry of a
system can be exploited to induce DW automotion, here we
focus on three main effects: curvature gradients,ls’lé changes in
the cross-section of magnetic material,"*'” and magnetostatic
interactions with magnetic surface charges. Specifically, we
design a prototype 3D magnetic nanostructure in order to
investigate the viability of the geometry-driven DW motion
using state-of-the-art 3D nanofabrication.

We realize our prototype 3D automotive devices by
harnessing focused-electron-beam-induced deposition
(FEBID) to deposit a smooth, 3-yum-tall, 150-nm-wide, spiral
scaffold with nonmagnetic C—Pt material (Figure 1b)."® The
spiral geometry is also particularly appealing because of its
potential to vertically interconnect multiple planes with a small
form factor, and for the underlying physics associated with its
chiral geometry.'”*" The spiral has an increasing out-of-plane
tilt and smoothly curves inward. Following a previously
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developed fabrication procedure,'”*" we subsequently deposit

functional materials with physical vapor deposition (PVD) via
thermal evaporation perpendicular to the substrate onto the
entire sample (Figure 1c). For the magnetic layer, we use S0
nm of permalloy (NigyFe,), because of its low coercive fields,
and good DW conduit properties.”””> We sandwich the
permalloy layer with S-nm Al layers to prevent oxidation, and
add a 10-nm Au capping layer that serves as a highly eflicient
source of photoelectrons in shadow-PEEM and suppresses the
XMCD signal from the Py on the substrate.”*

The fabricated conduit combines magnetostatic interactions,
curvature, and thickness gradients, all three of which are
mechanisms for DW automotion, as discussed earlier. First,
curvature is known to induce an effective Dzyaloshinskii—
Moriya interaction (DMI) and anisotropy'*>*~*” that can lead
to the DW automotion or pinning in curvilinear systems with
inhomogeneous curvature.'>'® In our structure, this is
implemented by the inward curving spiral geometry, with a
curvature gradient of 0.09 pum™> in its central region (see
section S2 in the Supporting Information). While the 3D wires
also contain torsion, it is expected to introduce negligible
quadratic corrections to the automotion, unless the motion is
also driven by spin torques.'””" Second, changes in the cross-
sectional area are known to strongly affect the DW energy
landscape, preferentially moving it toward smaller cross
sections,’” which is an effect that has been experimentally
demonstrated in 2D ferromagnetic rings.14 Taking advantage
of the directionality of evaporation, by the increasing steepness
of the structure, we induce a negative thickness gradient, and
thus a decreasing cross-sectional area normal to the spiral
surface with height. Based on the model of the fabricated
spiral, an average thickness gradient of —5.3 nm/um is
obtained in this way (see section S2 in the Supporting
Information). In 2D films, thickness gradients are often
achieved using moving shutters’”’’ or plasma-enhanced
chemical vapor deposition methods,”’ which create wedge
thin films on a scale of tens of micrometers to millimeters.
Thus, the highly spatially varying thickness gradients achieved
with 3D nanopatterning present a powerful advantage of this
3D fabrication procedure.

Finally, while the bottom of the spiral is connected to the
substrate film, the top is freely standing, which results in the
formation of magnetic surface charges. These can interact with
the DW charges, inducing its motion. The strength of the
magnetostatic interaction reduces rapidly with the distance
from the edge. Therefore, these interactions are negligible in
extended systems such as complex circuits where DWs are far
from the edges. However, they are important to consider when
investigating finite systems such as the ones in this work.

RESULTS AND DISCUSSION

Micromagnetic Simulations. To investigate the effect of
the geometry on the DW automotion and determine the
dominant automotive force in our system, we first perform
dynamic finite-element micromagnetic simulations (see the
Methods section). We use the model of the 3D structure
closely matching the investigated spiral (see section S2 in the
Supporting Information). Starting from the magnetization in a
head-to-head configuration (Figure 2a, part (i), we observe the
formation of a vortex DW (Figure 2a, part (ii), which moves
up purely under the influence of the geometry (Figure 2a, part
(iii), and ultimately fully switches the structure (Figure 2a, part
(iv). As the DW moves through the structure (blue line in
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Figure 2. Simulations of DW automotion in 3D conduits. (a) Simulation snapshots for a model matching the fabricated structure: (i)
initialization, (ii) relaxation into a DW, (iii)) DW motion, (iv) final state. The blue dashed line on (i) shows the spiral central line along
which the DW position is measured. (b) Position of the DW during simulations, as a function of simulation time (the as-fabricated structure
is shown in blue). (c) The relevance of different automotion effects is investigated by considering a spiral with curvature gradients (C), with
(T) and without (T) gradients in thickness, and with (MS) and without (MS) surface charges at the top edge. The T case corresponds to a
constant vertical thickness (T = 50 nm), whereas T corresponds to a constant normal thickness (T, = 50 nm); the effect of the charges (MS)
is removed by adding a 5-um extension. All structures have a 5-um extension at the bottom edge to simulate the continuous connection with
the substrate. The curvature gradient (red line in panel (b)) is not enough to drive the DW motion by itself. While the edge magnetostatics
(orange line in panel (b)) can drive the motion, the strongest effect is achieved by thickness gradients (green line in panel (b)). After 10 ns,
speeds of 200 m/s are surpassed, with the DW exhibiting Walker breakdown and the characteristic oscillatory motion. (d) Energy evolution
of the DW as a function of position on the spiral during motion. The edge magnetostatics (orange) driven motion shows a slow, steady
decrease in energy that becomes steeper as DW approaches the top. The thickness-gradient-driven motion has, throughout, a more steeply
decreasing energy with steplike drops in the Walker regime. For the case with “only curvature” (red), where no automotion is observed, the
DW is initialized at different positions on the spiral and its energy measured upon relaxation.

Figure 2b), it accelerates toward the top, reaching speeds
above 200 m/s (see sections S3 and S4 in the Supporting
Information) before exhibiting the Walker breakdown. The
characteristic Walker breakdown-induced oscillations™ can be
seen by the back-and-forth motion of the DW after t = 15 ns
(see section SS in the Supporting Information for details).
With such high velocities observed in the combined system,
we consequently perform simulations on a modified model to
determine the relative strengths of the driving mechanisms.
First, we focus only on the curvature gradient-driven
automotion. We suppress the effect of thickness present in
the real structure by modifying the film cross-section to obtain
uniform thickness (thickness panel in Figure 2c). Moreover,
we suppress any significant magnetostatic interactions with the
edge by adding a S-um extension (magnetostatics panel in
Figure 2c). In the modified structure, the DW remains at the
position where it was initialized, exhibiting no significant
automotion (red line in Figure 2b). The weak effect of
inhomogeneity of curvature is further reinforced by observing
no significant changes in the energy of the system with DW
initialized at different heights along the structure (red line in
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Figure 2d). This agrees with previous theoretical studies where
an order of magnitude larger curvature gradients were used to
induce automotion."

We next introduce realistic edge magnetostatics by removing
the top extension while keeping the model otherwise identical
(magnetostatics panel in Figure 2c). This results in the DW
moving steadily to the top, speeding up as it approaches the
top of the structure (orange line in Figure 2b). However, the
motion is slow (~30 m/s, see section S4 in the Supporting
Information), compared to the original structure, with only a
weak gradient in energy as the DW moves up (orange line in
Figure 2d).

Finally, we remove the edge magnetostatics by again adding
the S-um extension, and consider the influence of gradients in
film thickness (thickness panel in Figure 2c). In the simulated
structure with thickness gradient (green line in Figure 2b), the
DW accelerates to the top with motion closely matching the
as-fabricated structure that combines all three automotive
effects. Because of the lack of additional magnetostatic effects,
the motion is slightly slower, and the Walker breakdown
delayed. Furthermore, the energy evolution of the purely
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Figure 3. Angular study. (a) Top view of the fabricated structure (outline is present to guide the eye). The definition of the coordinate
system is shown in bottom left, and the direction of X-rays denoted in pink. The location of the potential pinning site is shown in light pink.
(b) Plot of the DW height normalized by the total structure height as a function of the initialization field angle @y (see section S10 in the
Supporting Information for measurement details). Orange symbols correspond to experimental data, after removal of the initializing field
and the following automotion. The black dashed lines represent the nucleation site (before automotion) of DWs as predicted by simulations.
In the blue-shaded region, we measure multidomain final states with the DW position largely independent of the initialization angle (see
panel (d), for example), suggesting a pinning site ~63% up the structure (orange dashed line). In the almond-shaded region, we
experimentally observe single-domain final states denoted by the points at the top of the plot (see panel (c), for example). The checkerboard
region indicates the transition region where both types of behaviors can be observed. At the points denoted by crosses, we observe states
with DWs that are not fully annihilated (see section S12). The two vertical red lines denote the initialization directions shown in more detail
in panels (c) and (d). (c) Initialization at 180°. Experiment (i) shows the DW in the upper part of the structure (orange arrow). X-rays are
coming from below (pink arrow). Simulations (ii) and (iii) show the top view of the simulated initial structure state (Simulation (ii)) and
the state closely matching the experiment (Simulation (iii)) colored by m, (bottom), and the corresponding PEEM shadow (top). After the
initialization (Simulation (ii)), both DWs (orange arrows) move up the structure (black arrows), with the snapshot matching the
experimental state being the one with the single DW in the proximity to the pinning site (Simulation (iii)). (d) Initialization at 60° leads to
single-domain state (Simulation (i)). Here, both DWs (orange arrows) are initialized below the pinning site (Simulation (ii)), and
annihilated to reach the single-domain state (Simulation (iii)). All scale bars = 1 ym.

thickness-driven motion (green line in Figure 2d) approx- incident beam.”*** Since our structure has a complex 3D
imately matches the fabricated structure (blue line in Figure shape, interpreting the contrast is not trivial. Therefore, we
2d), with the Walker breakdown accompanied by the release of supplement the experimental results by computing the
spin waves, resulting in the steplike decreases in energy. From resulting XMCD images of the micromagnetic simulations
this study, by combining different simulations, we conclude (see the Methods section).
that the DWs in our structures are predominantly driven by the In order to observe DW automotion experimentally, we
spatial modulation of film thickness, while the curvature measure the magnetic states of the spirals and the location of
gradients and the edge magnetostatics are secondary effects. DWs as a response to magnetic fields. Specifically, we perform
Note that such a local gradient in thickness is difficult to realize two types of experiments. First, in an “angular study”, we test
in 2D devices. the entire device functionality by generating DWs at different
Shadow-XPEEM Measurements. Having determined the positions within the structure. For this, we apply an in-plane
dominant mechanism for DW automotion in the 3D saturating magnetic fields at different angles and measure the
interconnectors under investigation, we next use shadow X- remanent state for each angle. Second, after understanding the
ray magnetic circular dichroism photoemission electron behavior at multiple angles, we select a suitable angle for an
microscopy (shadow-XPEEM) to experimentally investigate “Initialize and release” experiment, where we initialize a pair of
the automotion predicted by simulations. In shadow-XPEEM, DWs at a chosen angle (150°), and track their position as the
the photoelectrons excited by the X-rays are measured in the magnetic field is reduced.
shadow of the structure, exploiting X-ray magnetic circular Angular Study. In the “angular study” we initialize the
dichroism (XMCD) to probe the magnetization parallel to the system with an in-plane saturating (70 mT) field in 15°
8863 https://doi.org/10.1021/acsnano.1c10345
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Figure 4. Depiction of the initialize and release methodology. (a) Top-view SEM image of the structure with outline to guide the eye. The
direction of the applied field B is shown in yellow, and the direction of X-rays in pink. The schematic of the expected magnetization state at
high field values before automotion, with the location of domains (blue and red arrows), DWs (orange dots) and the pinning site (light pink)
are overlaid onto the structure. (b) Shadow-XPEEM snapshots of the magnetization states at 7 and 0 mT. All scale bars are 1 pgm. (c)
Simulated shadows for (0) as-initialized DW, (1) relaxed state for a 7mT field applied at 150° (corresponding to image 1 in panel (b)), (3)
single DW simulation snapshot with the closest match to 0 mT (2) state in panel (b). Orange arrows in panels (b) and (c) indicate the
positions of the DWs at each field value; black arrows indicate the upward automotion of the DWs observed between this and the following
field value. (d) Top view of the simulation states colored by m,_ corresponding to the computed PEEM contrast in panel (c).

increments, imaging the magnetic state of the spirals at
remanence with a fixed X-ray direction (see Figure 3a for the
definition of the coordinate system). Because of the spiral
geometry, the DWs are initialized at positions where the spiral
is perpendicular to the applied field. Depending on the field
initialization angle, we observe two main regimes (Figure 3b):
single-domain between 45° and 105° (and by symmetry
between 225° and 285°), and multidomain between 315° and
45° (and by symmetry between 135° and 225°), with a narrow
variable transition region between them. The multidomain
regime contains a single DW, which is located at approximately
the same place, between 50% and 70% up the structure height
for the entire range of angles (orange dots in Figure 3b). For
each of the regimes, we show the PEEM images along one
example angle: 180° for multidomain (Figure 3c), and 75° for
single-domain (Figure 3d). This behavior was found to be
reproducible across an array of three structures, with the full
data in section S12 in the Supporting Information.

To understand these experimental findings, we use
simulations considering the state initialized by the applied
magnetic field and the time evolution of the magnetization
when the field is removed. Specifically, when the magnetic field
is applied, two diametrically opposed DWs are formed (dashed
lines in Figure 3b) that, in all cases, show a smooth upward
automotion when the field is removed, ultimately leading to a
single-domain state.

Therefore, the experiments showing multidomain states
reveal the presence of pinning sites due to imperfections in the
structures that compete against DW automotion. As the DWs
initialized at different positions in the multidomain regime are
consistently measured at the same place following relaxation,
this implies that some have moved under no fields and have
been pinned during automotion. Indeed, this final state is
consistent with the systematic DW automotion up the
structure after the field is removed, with a pinning site located
~63% up the structure. This location corresponds to the
connection to one of the supporting legs (see Figure 3b),
implying that the presence of this support introduced local
changes in the magnetic energy landscape, most likely due to
the changes in the strain of the film at that location.

The experimental finding that some angles lead to
multidomain and others to single domain states can be
understood by the location of the pinning site, relative to the
two initialized DWs. For angles corresponding to the
multidomain regime, the two initialized DWs are on opposite
sides of this pinning site (see how the orange dashed line in
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Figure 3b is positioned between the two black dashed lines).
The DW initialized above the pinning site is expected to escape
through the top, while the one below gets stuck below the
barrier. The same interpretation is also consistent with the
single-domain regime. There, both DWs are initialized below
the pinning site (see how both dashed lines in Figure 3b are
positioned below the orange line). As they move up, they are
forced into each other by automotion, annihilating at the
barrier (see simulations in Figure 3d). In particular, the upper
DW gets trapped in the pinning site first, leading to the
interaction of both walls when the second also reaches this
area. In most cases, both walls annihilate, leading to a single
domain state as observed in the experiments (Figure 3d).
However, in a few cases, we observe how the two domain walls
are still present at remanence, being located around the
pinning site region (see crosses in Figure 3b). The absence of
annihilation is expected when the pinning of the lower wall is
greater than its automotive effect, and also due to the possible
presence of topological repulsion.*** Furthermore, variations
of DW structure for speeds above the Walker breakdown, and
the stochastic nature of DW pinning processes will also result
in a transition region between single-domain and multidomain
states that is not sharp, with variances across the three
measured structures (see section S12).

Initialize and Release Experiment. Following the
angular study that allowed us to indirectly observe the effect
of DW automotion and understand how DWs behave as a
function of the direction of the initialization field, we next
design an “initialize and release” experiment to directly track
the automotion of the two DWs. For this, we initialize the
structure with 70 mT fields at 150° (corresponding to the
multidomain regime; see Figure 4a), and image the magnetic
configuration of the spiral as the field is reduced to zero in
discrete steps, measuring at 7, 4, and 0 mT (see Figure 4b for
the cases corresponding to the two extreme values).
Complementary simulations following the same protocol are
also performed (see Figures 4c and 4d).

At 7 mT, we observe a multidomain state with the two DWs
located below and above the pinning site, as in the initialization
experiment discussed before (Figure 4b). Both domain walls
are observed above the positions where they were initialized
according to simulations (see Figures 4c and 4d), indicating
that the reduction of the field from 70 mT to 7 mT has already
allowed the automotion of DWs up the spiral. Indeed, when
relaxing this simulated state under the application of 7 mT
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field, both DWs move up and against the field, in agreement
with the experimentally observed state.

Reducing further the field from 7 mT to 4 mT does not
introduce a noticeable change in the experimental state (not
shown here), implying that the automotion effect is smaller
than the combined effect of pinning and the opposing external
magnetic field. Removing the fields completely, in both the
experiment and simulations, leads to the DWs moving up the
spiral. We observe the upper DW escaping through the top,
with the bottom one remaining pinned during automotion at
~55% up the spiral, in good agreement with the position of the
pinning site identified in the angular study. The direct
observation of systematic upward motion of the DWs further
confirms that DWs in this type of 3D magnetic interconnectors
experience an automotive force that is purely geometrical in
character, resulting in a spontaneous unidirectional motion
into the third dimension, and representing a route toward low-
energy magnetic interconnects.

CONCLUSIONS

In summary, in this work, we demonstrate the realization of 3D
complex-shaped DW interconnectors that exhibit geometrically
driven domain wall automotion. These devices are fabricated
with a combination of FEBID 3D nanoprinting with high-
quality magnetic materials deposited with PVD. Via micro-
magnetic simulations, we evaluate the strength of individual
contributions to the automotion and identify the gradients in
film thickness as the dominant contribution, capable of moving
DWs at speeds above 200 m/s and inducing Walker
breakdown. We demonstrate the validity of the concept
using shadow-XPEEM by directly observing the reproducible
automotion and investigating the pinning landscape in the
fabricated devices. The realization of strong and spatially
varying gradients in thickness, which are difficult to realize in
2D, represent an attractive prospect for domain wall
manipulation in 3D architectures, and an interesting tool for
functionalizing spintronic interconnectors. On the fundamental
side, we envision this work to inspire further exploration of a
variety of spin textures and their automotion in 3D.'****° The
proposed concept could be exploited by scalable fabrication
methods,” for a field- and current-free method for unidirec-
tional magnetic information transfer between functional planes.
This concept could help address two of the main challenges
that spintronics faces when moving to three dimensions. First,
although the motion of domain walls is well-controlled in 2D,
robust motion in 3D interconnects has yet to be established.
Second, current-driven domain wall motion in 3D suspended
nanostructures without large heat sinks faces severe heat
dissipation challenges. By providing a purely geometric transfer
of information between planes—an ’elevator effect”—DW
automotive devices such as the one described here promise to
circumvent these challenges and offer a route to the
implementation of 3D spintronic devices, which have possible
applications in high-density magnetic memories and unconven-
tional computing.

METHODS

Fabrication. The 3D spiral scaffold was fabricated with MeCpPt-
(Me), on p-doped Si substrate using focused-electron-beam-induced
deposition with the Helios 600 system at the Wolfson Electron
Microscopy Suite of University of Cambridge. The electron beam was
set to 21 pA, 30 kV. Beam scanning patterns were created from the
designed STL files, using the custom pattern generating software,"®
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and the total fabrication time was 14 min per structure. Physical vapor
deposition was done using an in-house thermal evaporator. The
deposition rates were as follows: 3.75 nm/min for Al, 1.8 nm/min for
Nig,Fey, and 0.7 nm/min for Au. The structure imaged from multiple
directions and further information on PEEM-induced deformation is
available in section S1 in the Supporting Information.
Micromagnetic Simulations. All micromagnetic simulations
were performed with the finite-element magnum.fe library.’® We
use the material parameters typical of permalloy: Mg = 8 X 10° Am™,
A 13 x 107" J m™, and consider the exchange field, the
demagnetization field, as well as the external field, but no magneto-
crystalline anisotropy. The models were meshed with GMSH*’ with a
characteristic mesh edge length of 5.7 nm. This corresponds to the

permalloy dipolar exchange length 7, which is defined as 7 = |22
I,

S =
oMs

5.7 nm. The details of the simulation structure are available in section
S2 in the Supporting Information.

In order to acquire the simulation results presented in Figure 2, a
single DW is initialized 1 um from the bottom in a head-to-head
configuration with the magnetization tangential to the spiral. First, the
state is relaxed into a DW by integrating the Landau—Lifshitz—Gilbert
(LLG) equation with high damping (& = 1), simulating slow ramp-
down of the fields after initialization. Second, the dynamics of the DW
are investigated by again relaxing with LLG, now using realistic
damping for permalloy (a = 0.01).

The simulations presented in the angles study (Figure 3b,
initializations in Figures 3¢ and 3d, and in the section S12 in the
Supporting Information were acquired by starting from the magnet-
ization fully pointing in the direction of the corresponding magnetic
field. The state is then integrated with LLG using high damping (a =
1) and stopping once the DW is formed. The simulation states
showed in Figures 3c and 3d (Simulation (iii)) are snapshots where
the shadow most closely matches the simulated state, since, because of
the lack of pinning, simulated DWs always propagate to the top of the
structure.

The simulations presented in Figure 4c are acquired by starting
from the magnetization pointing in the 150° direction, with a small
(10°) tilt introduced to prefer left-handed vortex DW circulation that
better matches the data (see section S11 in the Supporting
Information for details). As observed previously, the state is first
relaxed into a DW with high damping (& = 1). The state is further
integrated under 7 mT external fields with LLG using realistic
damping (@ = 0.01) to allow DW dynamics (Figure 4c, part 1).
Finally, the effect of removal of the field is observed by removing the
external field term, and further evolving the LLG (Figure 4c, part 2).

Shadow-XPEEM. Shadow-XPEEM images were taken at the
CIRCE beamline of the ALBA Synchrotron Light Facility.** The X-
ray beam incident at 16° was set to ~1 eV below the Fe L; edge (see
section S7 in the Supporting Information for XAS spectra). The start
voltage was 6.0 V, and the contrast aperture was 30 ym. In situ fields
were applied using an improved version of the sample holder with
quadrupole in-plane electromagnet described in ref 41. which allows
larger field values due to a reduced gap size in the magnetic yoke. For
the details of image processing procedure, see section S8 in the
Supporting Information and the corresponding software in ref 42. The
simulated images were generated from micromagnetic simulations,
using a custom ray tracing code described in ref 43 (see section S9 in
the Supporting Information).

Measuring Domain Wall Position. In order to determine the
variation of the DW position as a function of initial angle (Figure 3b),
the position of the DW in the shadow is measured from the bottom of
the structure, normalized by the total shadow length. The location of
the DW wall is acquired by plotting the XMCD signal as a function of
position in the shadow and looking for regions of rapidly changing
contrast, signifying the presence of the DW. For details, see section
S10 in the Supporting Information.
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DATA AVAILABILITY

The raw experimental and computational data supporting the
findings of this study are openly available at the DIGITAL.C-
SIC repository (http://hdlhandle.net/10261/268139).

CODE AVAILABILITY

The code used to produce XMCD images is available at 10.
5281/2en0do.5094555,** and the code for simulations of
XMCD images from micromagnetic simulations can be found
at 10.5281/zen0d0.5094531.%
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