Control of the Walker breakdown by periodical magnetic wire width modulation
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Suppression of the Walker breakdown in confined wires is key to improving the operation and reliability of
magnetic domain-wall-based devices including logic, memory, and sensor applications. Here, via micromagnetic
simulations we demonstrate that a periodical wire width modulation with suitable geometric parameters can fully
suppress the Walker breakdown of a field-driven domain wall, conserving its spin structure in the whole operating
field range of a device. Key differences in the efficacy of the wire width modulation are observed for wires with
different widths and thicknesses such that different domain wall states are energetically stable. In particular, the
approach is found to be effective in expanding the field-operating window of a device in the case of smaller wire
widths and thicknesses (below 150 nm wide and 15 nm thick), whereas in larger wires the advantages from the
suppression in Walker breakdown are counteracted by the increase in domain wall pinning and the reduction in
the nucleation field for new domain walls. Simulations on intersecting magnetic wires prove the importance of
suppression of the Walker breakdown. Since the domain wall behaviour is chirality dependent, introducing
periodical wire width modulation conserves the spin structure thus reducing stochasticity of the domain wall
propagation.

I. INTRODUCTION

Domain walls (DWs) confined in magnetic wires [1] can be manipulated by applied magnetic fields or electrical
currents, which together with various methods for the detection of magnetic domain orientation makes them of
great interest for applications such as non-volatile logic [2], memory devices [3], and magnetic sensors [4-6].
Magnetic DW propagation in nanowires recently drew scientific attention as a medium for neuromorphic
computing [7-9] due to its inherently stochastic behavior.

An important characteristic of a field-driven magnetic DW-based device is its field-operating window (FOW),
which describes the field range where the device operates reliably. Often the FOW is described as an interval
between DW depinning and nucleation regimes [10]. Below the depinning field the DW does not move under
applied fields, whereas above the nucleation field new DWs are spontaneously created. Since both scenarios lead
to device failure it is important to understand these regimes and for maximum flexibility and efficiency it is
desirable to enlarge the FOW [11]. One particularly crucial problem for DW applications related to the lower end
of the FOW is the high stochasticity of the DW pinning/depinning behavior [12-14]. In particular, many DW-
based device concepts include complex geometrical features including curved wires [2,10], various notches [15]
and intersection regions [11] where reliable DW propagation is challenging. Furthermore, real systems have
material and processing related imperfections, and all these can serve as pinning centers, limiting the FOW and
device reliability. DW propagation through such pinning centers is in particular strongly affected by the DW spin
structure. Additionally, the DW propagation and spin structure has a complex dependence on the strength of the
applied field [16,17]. At low fields, a steady motion is observed, where the DW propagation velocity depends
linearly on the applied field [18]. Above a certain field threshold, called the Walker field, the DW velocity drops
abruptly, a phenomenon known as Walker breakdown [18]. An associated periodical change of the DW spin
configuration from a so-called transverse wall to a vortex wall and back, with a periodical rotation of the
magnetization vector in the plane perpendicular to the magnetic wire, causes an oscillatory displacement of the
DW over a distance known as the Walker period. Periodic DW spin-structure transformations above the Walker
breakdown are caused by the finite value of the damping constant and the resulting interplay between the
magnetostatic and the exchange energy. This regime is undesirable for the device operation due to the changing
DW spin structure and low DW propagation velocities [19]. At even higher fields the DW exhibits again faster,
but turbulent motion and more complex spin states with multiple vortices. Hence, the fast and steady propagation
below the Walker breakdown is most robust and preferred for device applications. The Walker field depends
crucially on the wire composition [20-22] and geometry [23], however in many studies the Walker field is lower
than the field required to depin walls in the device. A thorough control over an external field projection driving
the DW in a real device is often not possible. As a result, the devices need to operate above the Walker field within
the highly stochastic oscillatory and turbulent DW propagation regimes. Therefore, for more reliable device
operation it is necessary to understand how to either decrease the depinning field, or increase the Walker field, or
both, in order to enable fast device operation within the steady propagation regime for the FOW.

In order to overcome some of these issues, various special approaches to the design of a magnetic wire have been
considered and shown to drastically affect the DW maotion, thus providing a route to achieving deterministic and



reliable DW propagation. First, the application of an oscillating longitudinal external magnetic field was found to
suppress the Walker breakdown [24], however this is very hard to implement technically for devices. Alternatively,
simulations of magnetic wires with random natural-like rough edges showed the suppression of the vortex
nucleation associated with Walker breakdown and the transverse domain wall stabilization, which enables high
domain wall velocities [25], although DW propagation in magnetic stripes undergoes the Walker breakdown at
low fields in experiments [16]. On this basis, the periodic modulation of the magnetic wire width using different
geometries (comb-like [26], introducing gaps [27], triangular features [28] or wavy wires [23,29-33]) was
suggested as a way to generate a periodical stray field modulation and thus provide a controllable means to
overcome the Walker breakdown. The viability of these approaches has been investigated in simulations [29-33]
and experiments [22,30] on simple short straight wires. In particular, authors have proposed a wire-width
modulation with a period smaller than the Walker period in order to disturb every spin structure transformation
and thus to suppress the Walker breakdown [30]; simulations have demonstrated Walker breakdown suppression
by introducing a 50 nm period modulation with fields up to 30 mT [29]. Enhanced robustness of the DW
propagation through a magnetic wires’ intersection with introducing wire width modulation and was observed in
Ref. [32]. However, while the proof of concept of the physics of the wire width modulation has been shown,
existing data on the wire width modulation is fragmentary and scattered. Furthermore, the details of the Walker
breakdown suppression and in particular the optimal geometries for maximizing the field operating window and
achieving efficient device operation necessary to employ the approach in both straight wires and more complex
device elements such as intersections remain unknown, calling for further work.Considering all previously
suggested modulation shapes this work focuses on sinusoidal modulation since this avoids sharp cusps and notches
that could act as pinning or nucleation sites and is easier to realize on a small scale by means of electron beam
lithography. Despite recent device concepts based on DW motion often using electrical current drive [13, 34-35],
the study of domain wall propagation under external magnetic fields is still reasonable, since the basic patterns of
the Walker breakdown suppression through disturbing vortex core formation in external field can be extended to
the case of current drive. Besides, at present the only commercial application of domain wall propagation in a
magnetic wire is a multiturn rotation sensor[4-5,36] that is controlled by an external magnetic field. It has room
for improvement[6,11,33], in particular increasing the maximum number of turns counted. Engineering solutions
are limited by the stochastic behaviour of the DWs and a way to displace DWs in magnetic wires in a controlled
manner would spur the development of more DW applications.

In this paper we performed an extensive set of micromagnetic simulations of the DW propagation in soft
magnetic wires across a large geometrical parameter space in order to gain a comprehensive understanding of the
effectiveness of geometrical wire width modulation in suppressing the Walker breakdown. Our work links the
periodical magnetic wire width modulation to the domain wall phase diagram, thereby explaining the variety of
published results. The existence of multiple possible spin configurations of DWSs in magnetic wires was
demonstrated to be the main reason of the propagation stochasticity. Despite higher DW propagation velocities
being attractive for applications, uncontrollable changes in the DW spin structure during propagation affect the
device operation reliability. To this end, our investigation, unlike previous studies, is focused on the domain wall
spin structure rather than its propagation velocity. Simulations were performed for various wire thicknesses (5-30
nm), widths (100-200 nm), modulation periods (45-1000 nm) and amplitudes (0-12%) in order to clarify the
Walker breakdown suppression mechanism and to figure out conditions for optimal performance of future
applications, including in complex device elements such as wire intersections which are vital components of
various new concepts. The results are discussed in relation to the different DW spin structures and considering the
FOW of the device.

Il. METHODS

Micromagnetic simulations were performed with the MuMax3 [37] program at zero K temperature. Standard
values for Py of A, = 13:1072 J/m and a = 0.01 [38] have been used for the exchange stiffness and the Gilbert
damping. For the saturation magnetization Ms = 7.95-10° A/m was used, as determined by means of
superconducting quantum interference device (SQUID) for permalloy films grown in our lab. For static
simulations, i.e. depinning and nucleation field detection, a larger value of a = 3 [39] was used to speed up the
relaxation. The cell size in the in-plane directions is 5 nm, which was chosen not to exceed the permalloy exchange
length of 4 = 5.7 nm, and the full film thickness t in the out-of-plane direction. The geometries studied are
permalloy wires with wavy edges following sinusoidal curves of fixed phase and opposite sign (Figure 1 inset).
The thickness t remains constant, while the width is modulated between w + 2a, where w is the average width, a
is the amplitude, and t << w. The simulated wire length is 6 um mimicking an infinitely long wire. Before
propagating the domain walls in the simulations, the wires were initialized with a DW positioned 500 nm away



from the end of the wire. The domain wall type was chosen based on the known DW phase diagram, taking into
account the wire dimensions, and then the state was relaxed before applying the field along the wire to displace
the wall. To find the nucleation fields additional simulations were performed with a ring in the vortex state with
diameter d = 8 um, d >> w. Applying an external in-plane field above the critical value (nucleation field) we
observe the magnetisation switching with the formation of two DWs in the ring.

I1l. RESULTS

In order to understand the influence of periodic wire width modulation on domain wall propagation, we first
perform micromagnetic simulations on field-induced domain wall propagation for different amplitudes of the
modulation, while keeping the other geometrical parameters fixed. First we look at the simulated displacement of
the DW vs. time in order to understand the propagation regimes [18]: at low applied fields the DW displacement
changes linearly with time (Figure 1a, blue curve), then with increasing field above Walker breakdown one
observes periodical reverse DW motion reflected in the oscillations in the graph and a dramatic drop of the DW
velocity as seen by the change in the slope (Figure 1a, red curve), where the DW displacement over one time
period is called the Walker period. Finally, at higher applied fields both the Walker and time periods gradually
decrease, and the propagation becomes linear again (Figure 1a, green curve). The wire modulated at an amplitude
of 3 % of its width in the right panel of Figure 1a demonstrates the same DW propagation mechanism as the
unmodulated wire, but shifted towards higher magnetic fields. In order to visualize this, we extract the DW
displacement vs. time slope to give the DW velocity as plotted in Figure 1b, along with the Walker period, as a
function of the applied field.
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Figure. 1. (a) Domain wall displacement under external field as a function of time for an unmodulated and a
modulated (50 nm period and 3% amplitude) magnetic wire with 12 nm thickness, 150 nm average width.
Presented curves depict three DW propagation regimes: steady (blue), oscillatory (red) and turbulent (green). (b)
Examples of DW velocities and Walker periods vs. applied field for magnetic wires with 12 nm thickness, 150 nm
average width, 50 nm modulation period and 0, 3, and 8% modulation amplitudes (blue, red, and green curves
respectively). The dotted vertical lines represent the Walker breakdown values for the corresponding wires. A
schematic representation of the magnetic wire width modulation is shown in the inset.

The figure demonstrates exemplarily the way periodical wire width modulation affects the DW propagation.
The graphs depict the simulated DW velocities and Walker periods for three magnetic wires with 150 nm average
width, 12 nm thickness, 50 nm modulation period and 0, 3, and 8% modulation amplitude (blue, red, and green
curves respectively). A schematic of the geometry can be seen in the inset. Corresponding snapshots from the
simulations at certain time steps for selected field strengths of 6 and 16 mT are shown in Figure 2.
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Figure. 2. Snapshots of sections of the micromagnetic simulations, demonstrating DW propagation through an
unmodulated (0%) magnetic wire and wires with 3% and 8% modulation at certain time steps for selected field
strengths of 6 mT (left) and 16 mT (right). The unmodulated wire demonstrates the DW spin-structure
transformation, while transverse DWSs propagate through the modulated wires unchanged at 6 mT. At 16 mT the
3% modulated wire also exhibits Walker breakdown accompanied by the DW structure transitions and a significant
drop of the average DW velocity, as indicated on the right. In the center, a color wheel encoding the magnetization
directions is given, together with enlarged sections of the modulated wires visalizing the used width modulation

For the unmodulated wire, as seen in the blue curve, one can see a linear velocity vs. field dependence below 2
mT, followed by an abrupt velocity drop corresponding to the onset of oscillating DW motion with a slow average
velocity and periodic spin structure changes leading to a finite Walker period (depicted in Figure 2, 0% wire at 6
mT). Starting from 10 mT the DW propagation becomes turbulent (0% wire in Figure 2 at 16 mT) and the DW
velocity rises approximately linearly again with increasing applied field. Only above 20 mT does the velocity
approach and then exceed the velocities in the steady-motion regime. In this turbulent regime there is no well-
defined change in spin structure and therefore the Walker period tends to zero.

The red curve demonstrates the case for 3% wire amplitude modulation. Here, there is no DW propagation
below 4 mT, since the DW is pinned. With further increased applied field the DW is depinned and propagates
steadily with increasing velocity up to the Walker breakdown at around 10 mT (the 3% wire in Figure 2 at 6 mT
demonstrates such steady DW propagation and at 16 mT oscillatory motion). Above 18 mT turbulent motion is
seen. Periodical magnetic wire width modulation shifts both the Walker breakdown and the transition between
oscillatory and turbulent regimes towards higher fields and the oscillatory regime range shrinks significantly. The
DW propagation in the turbulent regime demonstrates the same mechanism and similar velocities for both,
modulated and unmodulated wires, as seen in Fig. 1b.

According to the Stoner-Wohlfarth model, the DW nucleation fields depend on the magnetic wire dimensions

[10] as H,, = %Msﬁ where t and w are the wire thickness and width respectively and M;s is the saturation

magnetization. Due to the local wire widening, new undesired DWSs are nucleated in the modulated wire at lower
fields compared to the unmodulated wire (40 mT instead of 44 mT). Thus overall, the periodical wire width
modulation with 3% amplitude expands the upper limit of the steady DW flow range from 2 mT to 6 mT, with a
slight reduction of the oscillating DW propagation range, but also decreases the FOW (the range between the DW
depinning and nucleation fields) from 44 mT for the unmodulated wire to 36 mT for 3% amplitude modulation.
Furthermore, there is a small increase in the maximum steady state DW velocity. The green curves correspond to
the larger modulation amplitude (8%). In this case the DW depinning field is pushed to even higher fields (5 mT)
and the nucleation of new DWs occurs at lower fields (28 mT) which means the FOW shrinks to 23 mT from 44
mT in the case of the unmodulated wire. The DW propagation in the modulated wire demonstrates only steady
motion at lower fields (8% wire in Figure 2) which becomes turbulent [10] above 21 mT. No oscillatory spin
structure changes are seen and thus there is no defined Walker period. The DW velocity vs. applied field curves
demonstrate a smaller slope for higher modulation amplitudes in the steady regime; this DW slowdown is another
undesired effect of the wire width modulation on the DW propagation.

Having seen that the width modulation can increase the Walker field we would like to identify wire-width-
modulation parameters that keep the Walker breakdown field above the new DW nucleation fields, such that DWs
undergo steady motion throughout the FOW and the Walker breakdown is fully suppressed. A set of modulated
wires with different thicknesses varied from 5 to 30 nm was simulated to ascertain the changes in DW propagation
behaviour with varying initial DW states for a fixed width and modulation period (150 nhm average width and 50



nm period). Transverse and vortex DWSs can be stable or metastable depending on the magnetic wire width and
thickness [15,40]; larger width and thickness wires tend to support vortex domain walls or more complex multi-
DW states [39,41], while transverse DWSs are stable for smaller widths and thicknesses. One might expect
qualitatively different DW behaviour in these geometries. The simulated DW velocities as a function of both the
applied field and the wire thickness are shown in a colour map in Figure 3 for the case of (a) 8% modulation and
(b) no modulation. The boundaries of the DW depinning, new domain wall nucleation and for the onset of the
Walker breakdown are indicated by the lines on the graph. Field values below which depinning, where no DW
propagation is observed, and above nucleation, where new undesirable DWs arise in the wire, are marked dark
blue and dark red, respectively. The unmodulated wire demonstrates no pinning in our simulations and the Walker
fields do not exceed 1 mT for all geometries and thus are not presented in the graph. In the case of modulated wires
the Walker fields can be outside the FOW (lower than the depinning field or higher than the nucleation field) which
makes their determination impossible.

One can observe a fast Walker field decay with increasing wire thickness and a corresponding reduction of the
width modulation efficiency for the modulated wire in Figure 3a, while no change in the propagation mechanism
is observed in Figure 3b depicting the case of unmodulated wires. This highlights a qualitative difference in the
effect of width modulation on DW propagation for wires with different widths and thicknesses.
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Figure 3. DW velocity colour maps vs. applied field and DW nucleation, depinning and Walker fields plotted vs.
width modulation amplitude at fixed period (50 nm) and fixed amplitude (8%), for (a) width-modulated and (b)
unmodulated magnetic wires, the average wire width is 150 nm. Black lines depict the nucleation field for new
DWs, solid white lines represent the depinning field and dashed white lines represent the Walker field. The
unmodulated wire demonstrates no pinning in our simulations and the Walker fields do not exceed 1 mT for all
geometries and thus are not presented in the graph.

As mentioned before, according to the DW phase diagram [41] there are distinct ranges of permalloy wire
widths and thicknesses providing stable transverse DWs (in the case of smaller widths and thicknesses) or vortex
DWs (for larger widths and thicknesses). In order to separately investigate these two regimes, we simulated one
set corresponding to energetically favourable transverse DWs (10 nm thickness, 100 nm width, 45-1000 nm
modulation periods and 0-12% amplitudes) and a second set of simulations for stable vortex DWs (30 nm
thickness, 200 nm width, 80-1000 nm modulation periods and 0-15% amplitudes).

Figure 4 depicts the DW velocity colour maps in a magnetic wire with a thickness and width that yields stable
transverse DWs as the lowest energy static configuration (10 nm thick and 100 nm average width). Introducing a
wire width modulation with increasing amplitude (Figure 4a) gradually increases the depinning field and decreases
the nucleation field of DWs, which leads to the decrease of the FOW of devices based on DW propagation.
Nevertheless, the modulation also gradually suppresses the Walker breakdown (gradual rise of the Walker field)
which leads to an increase of the DW velacities. In the region of high-amplitude wire-width modulation (10-12%
on the graph) the Walker field is pushed beyond the nucleation field and thus the DW propagation is steady in the
whole FOW with velocities higher than for an unmodulated wire (amplitude 0% on the graph). Therefore, the
Walker breakdown has been completely suppressed within the FOW. Figure 4b demonstrates the DW velocities
for different modulation periods at a fixed width modulation amplitude of 10%. For large modulation periods we
find a reduction of DW nucleation fields that can be attributed to the introduction of narrow areas of extended
lengths in the magnetic wires, while the other DW behaviour characteristics remain similar to the unmodulated
wire (low depinning and Walker fields, similar values of DW velocities). For small modulation periods a strong
non-linearity in the dependence of the nucleation, depinning, and Walker fields on the modulation period is
observed. The FOW is strongly reduced, but the Walker field remains above the nucleation field, indicating the



conservation of the DW spin structure within the FOW. For very small modulation periods of 45-50 nhm we find
very low DW depinning fields that are beneficial for applications.
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Figure 4. DW velocity colour maps vs. applied field and DW nucleation, depinning and Walker fields plotted vs.
(a) width modulation amplitude at fixed period (50 nm) and (b) width modulation period at fixed amplitude (10%).
The wire thickness is 10 nm and the average width is 100 nm. The initial domain wall configuration is a transverse
DW, which remains stable below the Walker field.

Figure 5 in contrast demonstrates the DW propagation in thicker magnetic wires with larger widths. Here a very
different behaviour is clearly seen: no significant gain in the Walker field is observed because of the much larger
depinning fields, which are higher than or only just below the Walker field for the vortex walls. The nucleation
fields exhibit a similar dependence on the wire width modulation amplitude to the case of the smaller widths and
thicknesses, and the effect of the DW slowdown introduced by the wire width modulation appears in lower
velocities in the region of higher modulation amplitudes in Figure 5a and in the region of smaller modulation
period in Figure 5b.
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Figure 5. DW velocity colour maps vs. applied field and DW nucleation, depinning and Walker fields plotted vs.
(a) width modulation amplitude at fixed period (80 nm) and (b) width modulation period at fixed amplitude (8%).
The wire thickness is 30 nm and the average width is 200 nm. The initial domain wall configuration is a vortex
DW, which remains stable below the Walker field.

IV. DISCUSSION

Firstly, the observed DW propagation behaviour in soft magnetic wires is qualitatively in agreement with previous
works [16-18]. Above the Walker field the DW propagation becomes oscillatory with periodical reverse motion,
and the Walker period characterizing the spin-structure transformation length, i.e. the displacement distance over
the time period between domain wall transformations, becomes smaller with higher applied field. The effect of the
periodical wire width modulation can be understood as a result of introducing a spatially oscillating stray field
energy that distorts the DW spin structure transformations [24,25,30], resulting in increasing Walker periods
(Figure 1). A width modulation with sufficient amplitude and a period smaller than the spin transformation length
at a given field is found to suppress the Walker breakdown leading to a steady DW propagation [28,30-32].
However, this simple description is clearly an oversimplification since the simulations here indicate a significant
influence of the wire dimensions. For smaller widths and thicknesses, in the case of energetically favourable static



transverse DW states, the periodical wire width modulation greatly affects the propagation and significantly helps
to conserve the transverse DW structure. As a result, the Walker breakdown is pushed towards higher fields
enabling its full suppression within the FOW. One can find an optimal region of the wire-width modulation period
around 50 nm (Figure 3, 100 nm wire width, 10 nm wire thickness and 10% modulation amplitude) corresponding
to a fully suppressed Walker breakdown and a gradually reduced effect at higher values (Figure 4).

Larger widths and thicknesses of magnetic wires provide larger nucleation fields and thus a larger FOW [10],
which is desirable for most applications. However we observe a significant rise in the depinning field when
introducing the periodical wire-width modulation, which is either higher or similar to the rise in the Walker field,
thus the wire width modulation does not provide any gain in the DW steady propagation field range.

Undesirable effects of the wire width modulation, i.e. a rise of the depinning field, a reduction of the nucleation
field, significanlty reducing the FOW, and a smaller slope of the velocity/applied field curve (Figure 1) with
increasing modulation amplitude are observed for all wire geometries. These detrimental effects are minimal for
large modulation periods where due to the small edge curvature the DW behaviour resembles an unmodulated
wire. Also a significant reduction of the DW propagation fields for wires with smaller widths and thicknesses in
the region of low modulation periods in Figure 4b enlarging the FOW is an important finding. The modulation
period in this case is close to the DW width, which can be identified as a potential reason for the effect.

The DW propagation through complex structures, including notches, curved shapes, and wire intersections is
highly stochastic due to an unpredictable DW spin structure interacting with the edge of the magnetic wire [6,42].
Conserving the DW chirality by suppressing the Walker breakdown significantly reduces or fully eliminates the
typical stochastisity of the DW propagation through such complex structures. In particular, the chirality analysis
of the DWs propagating through a 90° wire crossing reveals a strong dependence of the behaviour on the exact
spin structure: the final propagation direction can in fact be controlled by the DW chirality. Details on an example
for DW propagation through an intersection of width-modulated magnetic wires, demonstrating the reduced
stochasticity by avoiding chirality-dependent undesired propagation scenarios, can be found in the Supplementary
material.

These results clearly show that a definition of the FOW ranging from depinning to nucleation fields is not
applicable here: The introduction of additional elements in the design of sensor devices is incompatible with this
simple approach described in Ref. [10]: constrictions, expansions, curved regions, and crossings of magnetic wires
serve as both anchoring and nucleation centers and can even lead to a narrowing of the actually useful FOW down
to zero [11]. The upper limit of the useful FOW of such devices is in fact given by the Walker field and not by the
nucleation field. The introduction of a periodic magnetic wire-width modulation narrows the FOW in the
definition of Ref. [10], but the obtained suppresion of the Walker breakdown nevertheless enables the reliable
operation of such devices within a much larger field range compared to straigt wire edges, so the actually useful
FOW in a device is increased. eliminating further elements of the sensor structure or reducing their influence on
the FOW. Our approach thus allows to control the naturally occuring stochasticity of the DWs in magnetic wires,
which can be also useful for application inneuromorphic computing [7-9].

In conclusion, a comprehensive set of micromagnetic simulations of the influence of wire width modulation on
the DW propagation in soft magnetic wires is performed and presented. Key differences in the efficacy of the wire
width modulation are observed for wires with different widths and thicknesses such that different domain wall
states are energetically stable. In the particular case of magnetic wires with smaller widths and thicknesses,
corresponding to the energetically favourable static transverse DWSs, periodical wire width modulation with
sufficient amplitude and a period smaller than the Walker period at a given field can fully suppress the Walker
breakdown and thus makes the DW propagation in magnetic wires and more complex structures fast and
reproducible. Our results suggest that periodic width modulation is a promising approach for improving the
reliability of DW propagation in devices within an expanded range of the FOW.

SUPPLEMENTARY MATERIALS

The supplementary shows as an example the result of a series of simulations of a field-driven transverse DW
passing a wire crossing. Straight DW transmission without altering the state of the side arms is considered a success
and everything else a failure. Comparing the result of a crossing of unmodulated wires with one using the
modulation showing the optimum FOW above, we find an improved robustness of the DW propagation as a
function of field strength and angle, that can be correlated with the preservation of the exact spin structure of the
DW in the latter case.
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