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Highlights

e Ratchet and crossed-ratchet effects in magnetic domain wall motion
through 2D arrays of asymmetric submicrometric holes have been achieved.

e Micromagnetic simulations and high-resolution magnetic imaging show
that in the submicrometric size regime domain walls become stiff, in-
fluencing their propagation.

e Half vortex topological charge at the perimeter of the holes results in
the asymmetric shape and propagation of the domain walls.

e Simulations predict the control of an asymmetric propagation of do-
main walls in two opposite directions with electrical currents and mag-
netic fields.
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Abstract

The study of ratchet and crossed-ratchet effects in magnetic domain wall motion through 2D arrays of asymmetric
holes is extended in this article to the submicrometric limit in hole size (small size regime). Therefore, the gap has been
closed between the 2D ratchets in the range of tens-of-micrometers (large size regime) and the small size regime 1D
ratchets based on nanowires. The combination of Kerr microscopy, X-Ray PhotoEmission Electron Microscopy and
micromagnetic simulations has allowed a full magnetic characterisation of both the domain wall (DW) propagation
process over the whole array and the local DW morphology and pinning at the holes. It is found that the 2D small
size limit is driven by the interplay between DW elasticity and half vortex propagation along hole edges: as hole
size becomes comparable to DW width, flat DW propagation modes are favoured over kinked DW propagation due
to an enhancement of DW stiffness, and pinned DW segments adopt asymmetric configurations related with Néel
DW chirality. Nevertheless, both ratchet and crossed-ratchet effects have been experimentally found, and we propose
a new ratchet/ inverted-ratchet effect in the submicrometric range driven by magnetic fields and electrical currents
respectively.
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1. Introduction DWs, since they open the door to the design of spin-
tronics devices[8, 9] like magnetic DW diodes [10, 11]
and shift registers.[6, 12, 13] Progress in this field can
also inspire the research in asymmetric motion of fer-
roelectric DWs,[14] skyrmions[15] or vortices in super-

conductors.[16]

The control of magnetic domain walls (DWs) is a
problem of great current interest for the nanomagnet-
ics research community. The development of novel de-
vices, such as racetrack memories[1, 2, 3] or domain
wall logic based systems,[4, 5, 6, 7] is based on the cre-
ation and propagation of DWs. New advances will only
come through the fundamental understanding of mag-
netic DW dynamics in restricted geometries, which re-
quires a deep insight into complex 2D interfaces.

Of particular interest is the ratchet effects that are in-
duced by an asymmetry in the propagation direction of

Magnetic ratchet effect has been studied in dif-
ferent geometries, from extended 2D magnetic films
to magnetic nanowires, dots or even two-dimensional
electron gases.[10, 17, 18, 19, 20] Different mecha-
nisms have been demonstrated to favour asymmetric
DW motion, such as shape anisotropy in an asymmet-
ric geometry,[10, 17, 18, 21] anisotropy gradients cre-
ated by nonuniform irradiation profiles,[12] asymmetric
stray field configurations,[22] Dzyaloshinskii-Moriya
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interactions in ultra-thin films,[23] or asymmetric DW
pinning potentials created by the interaction between
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sample geometry and internal DW structure.[24]

Patterning into an asymmetric configuration has been
one of the preferred options to create magnetic DW
ratchets. However, depending on sample dimensions
relative to DW width, very different mechanisms are
at the origin of the observed ratchet effects. Exam-
ples of patterns with small dimensions compared with
the DW width (i.e. small size regime), can be found
in the asymmetric motion of magnetic DWs through
nanowires with a triangular structure [10] or asymmetric
notches.[25] The studied nanowires are narrow enough
to be considered unidimensional, and thus the DWs be-
have essentially as point particles in a 1D asymmetric
potential created by the changes in DW energy and con-
figuration across the notched structure.[24]

In the opposite limit, archetype of the large size
regime are the studies of DW motion across 2D arrays of
asymmetric holes with large dimensions (i.e. > 10 yum)
compared with the DW width.[17, 26, 27] In this case,
DWs can be approximated as elastic lines of zero width
that can distort throughout their length in response to
the 2D asymmetric pinning potential.[28] The motion
of these DWs can be quite complex. In particular, the
so-called crossed-ratchet effect can be observed: the
preferred direction for DW motion can have two oppo-
site directions depending on the applied magnetic field,
the geometrical parameters and, more importantly, the
shape of the domain wall within the 2D array (flat or
kinked). Interestingly, micromagnetic simulations sug-
gest that the optimum hole size for this effect would be
twice the DW width, that is ~1 um holes for the amor-
phous Co-Si alloys reported in Ref. [26].

To date, there are no comprehensive experimental
results in such small sizes and hence, the aim of the
present work is to extend the study of DW propaga-
tion in 2D arrays of asymmetric holes to the micromet-
ric regime to unravel the ratchet and crossed-ratchet ef-
fects. Additionally, this study closes the gap between
the small (1D nanowires) and large (2D arrays of holes)
regimes already found in the literature. For this pur-
pose, arrays of triangle-shaped holes have been fabri-
cated with triangle sizes comparable to the DW width in
amorphous Co-Si alloys. The propagation modes, pin-
ning and domain wall morphology have been investi-
gated by means of two complementary magnetic imag-
ing techniques: wide field Kerr microscopy and high
resolution X-Ray Photoemission Electron Microscopy
(XPEEM). The experimental results have been com-
pared with micromagnetic simulations. The small size
regime is found to be marked by a reduction of DW
elasticity and by an increasing relevance of edge prop-
agation asymmetries related to Néel DW chirality (i.e.

sense of magnetisation rotation). Additionally, micro-
magnetic simulations of the current induced DW propa-
gation suggest the occurrence of an inverted ratchet ef-
fect.

2. Methods

2.1. Sample fabrication

Amorphous Cog7Sip3 have been deposited on
Si(100) substrates by means of Co and Si co-sputtering
as reported elsewhere.[29] The films -30 nm thick- have
a well defined uniaxial anisotropy, with an in-plane
magnetisation easy axis (EA) defined by the deposition
direction. Reversal of the film magnetisation takes place
mainly by the propagation of Néel type DWs laying par-
allel to the EA.

Arrays of triangle-shaped holes have been fabricated
on the films by means of electron beam lithography
(EBL) followed by an argon ion milling step.[30] The
base of the triangles (displayed as horizontal in the
figures unless otherwise stated) have been fabricated
both parallel and with a 13° tilt with respect to the
EA of the film, with all the tips in each particular ar-
ray either pointing up or down. The total area cov-
ered by each array is a 60 um side square with two 50
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Figure 1: (a) SEM top-view image covering a whole array and the two
trenches. (b) SEM image of a portion of the array with triangle-shaped
holes, m; = my, = 4 and b = 500 nm. (c) Scheme of the geometrical
parameters of the arrays as defined in the main text. 6 and S8 are the
angles defined in Ref. [28], taking the values 6 = 26.5° and 8 = 5.7°,
7.1° and 9.5° for this work. (d) Scheme of the possible propagation
directions of a flat DW (red flat line) and a kinked DW (blue kinked
line). F/B: Forward/Backward flat DW propagation modes; Fy/By:
Forward/Backward kinked DW propagation modes.



pm wide trenches, in which the magnetic material has
been removed to create a channel for the DWs. Fig. 1
shows scanning electron microscopy (SEM) image of
one complete array and a zoomed area. Some residual
electron sensitive resist (PMMA) from the EBL process
could not be fully removed, but it is not expected to sig-
nificantly affect the magnetic measurements.

The base and height of the triangles have the same
size, b, with b = 500 nm and 1 um (see Fig. 1(c)). The
column (/y) and row (h) separations have been chosen
to be multiples of b, i.e. [y = m; - b and h = m, - b, with
my and my, factors taking the values 3, 4 and 5. In order
to compare the observations between the symmetric and
asymmetric cases, an array of thomb-shaped holes, with
b = 500 nm and m; = my;, = 4 has been fabricated, and
the results can be seen in the supplementary material.!

In order to design the array geometries we have taken
as starting point the model for propagation of elastic
interfaces across rectangular arrays of triangular holes
used in previous studies,[28] In this framework, the cho-
sen triangle aspect ratio and inter hole distances corre-
spond to a regime that favours flat DW propagation in
the forward direction (F mode, propagation field Hr)
and kinked DW backward propagation (B mode, prop-
agation field Hg), as defined in Fig. 1(d).

2.2. Magnetic characterisation

Two different imaging techniques have been used
for the magnetic characterisation of the samples: Kerr
microscopy and X-ray PhotoEmission Electron Mi-
croscopy (XPEEM).

Images of the complete arrays have been obtained
with a wide field Kerr effect microscope from Evico
Magnetics GmbH, operating in longitudinal configura-
tion. A magnetic field has been applied in plane parallel
to base of the triangles. Live videos of the DW propaga-
tion across each array have been recorded while chang-
ing the applied magnetic field. The temporal resolution
of the camera is 16 fps, which is sufficient for observ-
ing the propagation of DWs moving at an average speed
slower than 1 um/s. The light-grey and dark-grey ar-
eas in the images relate to magnetisation parallel and
antiparallel to the applied magnetic field respectively.

DW morphology and local pinning at the holes has
been imaged by means of XPEEM at the UE49-PGM-1-
SPEEM beamline of the BESSY II synchrotron (HZB,
Berlin). The magnetic contrast is obtained by using X-
ray Magnetic Circular Dichroism (XMCD) at the Co
L; X-ray absorption edge, applying the standard data
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treatment.[31] XMCD images of a fraction of the arrays
are obtained with resolution of around 30 nm, where the
signal (represented in red-white-blue) is proportional
to the projection of the magnetisation along the direc-
tion of the incident X-ray beam (i.e. 16° angle of in-
cidence measured from sample surface), and therefore
mostly being sensitive to in-plane magnetisation along
the beam. A magnetic sample holder has been used in
order to apply a magnetic field during measurements.

2.3. Micromagnetic simulations

Micromagnetic simulations of the DW pinning and
propagation through the arrays have been performed us-
ing the OOMMEF code.[32] Several arrays of 4 x4 empty
triangular holes have been defined in a rectangular 30
nm thick film elements (so as to simulate the patterned
film). Array geometry is the same as in Fig. 1 with b =
500 nm. Material parameters correspond to those of the
Co-Si alloy: Mg =2-10° Am™', A =3-10"!"" J/m and
uniaxial anisotropy K = 1000 J/m? [27] with the EA
parallel to the isosceles triangle base. Mesh size 10 nm
has been used, smaller than both the material exchange
length, 6., = (2A/qu§)1/2 = 35 nm, and the Bloch pa-
rameter 6y = (A/K)'? = 170 nm.[27] Simulations start
at a zero magnetisation state, with a Néel DW located
in the middle of the array. Then, in order to obtain the
critical fields for DW propagation, a magnetic field is
applied along the EA, and increased in steps until DW
propagation across the first line of triangular holes is
achieved.

3. Results and Discussions

Magnetic characterisation has been performed in tens
of square (m; = my) and rectangular (m; # my) ar-
rays. As expected,[33] the introduction of the holes in-
creases the coercivity of the arrays with respect to the
unpatterned film (8 Oe according to Ref.[29], but val-
ues as low as 4 Oe are obtained in these samples). This
can be clearly observed from the Kerr effect microscopy
live videos: when reversing the magnetisation, switched
domains first nucleate somewhere in the film and then
grow until a DW gets pinned at the edge of the array.
Further increasing the applied field results in the DW
entering and propagating in the arrays. Full videos of
selected examples can be seen in the supplementary ma-
terial.

Results for the arrays aligned with the EA with the tri-
angular holes pointing up and down and separations m;
and my, equal to 3 and 5 are presented in subsection 3.1,
and for square arrays tilted 13° with respect to the EA



with m; = 3,4 and 5 in subsection 3.2. Domain wall
morphology and pinning is studied in subsection 3.3.
Current induced domain wall propagation has been in-
vestigated by means of simulations, and the results for a
square array with b = 500 nm and m; = 4 are presented
in subsection 3.4.

3.1. Flat domain wall propagation.

In the case of arrays fabricated with the triangular
holes aligned with the EA, domain walls are always cap-
tured moving flat (horizontal in the images and videos),
i.e. no kink propagation of DW occurs in these ge-
ometries. Figs. 2 and 3 show a series of photograms
extracted from the videos of the arrays with triangles
pointing down and up respectively, and with b = 500
nm, my; = 5 and my, = 3.

In the first example, a full hysteresis loop is per-
formed, i.e. starting from positive saturation magneti-
sation of the whole array and the surrounding film (light
grey in Fig. 2) the field is decreased and set negative
until negative magnetisation (dark grey) is reached. A
magnetic field of -20 Oe is then applied in order to
ensure magnetic saturation. After that, an equivalent
switching process is reproduced for positive applied
magnetic fields. During all the process, only one do-
main wall at a time is seen within the array, always prop-
agating down () regardless of the sign of the applied
magnetic field. As defined in Fig. 1, this corresponds to
the forward direction (F) for triangles pointing down.

A minor loop is performed in the equivalent array
with the triangles pointing up (in this case the F di-
rection corresponds with a upwards propagation (7)),
as shown in Fig. 3. For this experiment, starting from
positive saturation, the field is decreased, triggering the
movement of a DW in the F direction. Once the DW
is approximately half way into the array, the magnetic
field is switched. This same DW is unable of propagat-
ing in the B direction and stays pinned. Therefore an-
other DW, entering the array in the F' direction from the
unpatterned film, completes the magnetisation switch-
ing process.

As seen so far, DWs always propagate in the F direc-
tion (e.g. down for Fig. 2 and up for Fig. 3) regardless of
the sign of the applied magnetic field or the orientation
of the triangles (up or down), demonstrating the ratchet
effect in DW motion is caused by the asymmetric shape
of the holes.?

2A further proof of the ratchet effect originating from the asym-
metric shape of the holes is presented at the supplementary material,
where similar experiments as the ones described here show that DW
propagation through arrays with symmetric holes respect to the DW
propagation happens in both the F and B direction.
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Figure 2: Kerr microscopy images of the array with » = 500 nm, m; =
5, mj, = 3 and triangles pointing downwards (F direction: |), along a
magnetic hysteresis loop. Yellow vertical arrows indicate the position
and propagation direction of DW. The horizontal colour-faded arrow
indicates the magnetic sensitivity direction (MSD) as parallel (light
grey) and antiparallel to positive field (dark grey). The direction of
the applied field and the EA are also sown as thin arrows. The array
magnetisation can be extracted from the photograms as a function of
the applied field, as shown in the lower panel, where the letters a to k
label the magnetisation of each of the subfigures above.

For each magnetisation process, only the lower criti-
cal DC field for DW propagation can be determined ex-
perimentally, and therefore the critical fields for kinked
DW propagation or backward DW propagation cannot
be resolved for the so far studied arrays. The critical
field for flat forward DW propagation, Hp, is rather a
distribution than a single value since it does not only
depends on the array geometry (e.g. my; or my) but
also depends on several effects: inhomogeneities in
the holes shape and size, DW dynamics,[34, 35] field
change rate, attractive/repulsive forces between pairs
of Néel DWs,[36] DW velocity,[37] as well as intrin-
sic stochastic pinning.[38, 39, 40, 41] Inset of Fig. 4
shows the magnetic field range at which DW movement
has been observed in the videos. The minimum val-
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Figure 3: Kerr microscopy images of the array with » = 500 nm,
my =5, my, = 3 and triangles pointing upwards (F direction: T), along
a minor hysteresis loop. Yellow arrows indicate the propagation direc-
tion of DWs. Lower panel: magnetisation of the array as a function of
the applied field extracted from the photograms.

ues, H i, correspond to the depinning field for the first
row of the arrays which, from the simple elastic theory
approximation,[28] should scale with the inverse of in-
ter-hole distance (i.e. with the inverse of /p). Main Fig. 4
shows the H,,;, vs. 1/l together with a fit to a straight
line, showing that this depinning field has two contribu-
tions: the coercive field of the continuous film (4.7 Oe
from the fit) and the aforementioned dependence with
1/1o.

In summary, flat DW propagation shows a clear
ratchet effect, originated only by the asymmetric shape
of the holes, since the easy DW propagation direction,
defined as F, is coincident with the direction in which
the triangles point. The critical field for F' propagation
has been observed to decrease with increasing inter-hole
distances but cannot be compared with the equivalent
field for B propagation or for kinked propagation, since
the related DW movement has not been observed.
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Figure 4: Minimum field for F propagation, as a function of the in-
verse of inter-hole separation. Continuous line is a fit to a straight
line, where the intersection with the vertical axis returns the coercive
field of the continuous film. Full triangles correspond to square ar-
rays, open symbols to rectangular, small symbols to » = 500 nm and
big symbols to 1 um. m; and my, take values 3 and 5. Inset: magnetic
field ranges at which the F propagation has been observed in arrays
aligned parallel to the EA as a function of the cell area [(lp +b)(h+b)].

3.2. Kinked domain wall propagation.

The absence of crossed-ratchet effect in the arrays
with their EA parallel to the triangles bases is not sur-
prising since they do not present kink nucleation and
propagation of DWs, which is known to be a prereq-
uisite for its occurrence. In the crossed-ratchet mode,
F propagation should occur for flat walls while By
propagation should take place for kinked walls.[17, 28]
Previous theoretical studies predicted kink propaga-
tion to be the softer DW propagation mode for those
geometries,[26, 28] but always starting from an ini-
tial configuration in which the kink was already nu-
cleated. Therefore, in order to experimentally observe
the crossed-ratchet effect, the nucleation of kinks was
favoured by fabricating a set of arrays with a small mis-
alignment (13°) with respect to the magnetic EA of the
film. This is expected to cause the DWs to enter tilted
into the array, therefore facilitating the nucleation of
kinks. In addition, since the magnetic field is also ap-
plied 13° tilted respect to the magnetic EA, there is a
small transversal component of the field, which was al-
ready proven to favour kink propagation. [27]

Indeed, when such an array is produced, kinks do nu-
cleate and propagate, as shown in Fig. 5, where selected
Kerr microscopy images for a square array of triangles
pointing up, with size b = 1 um, and separation m; = 3,
are shown. In the images the yellow arrows indicate the
evolution of kinks, which produce a By (]) movement
of the DW as indicated in Fig. 1. It has to be noted
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Figure 5: Kerr microscopy images in an array 13° tilted with respect
to the EA, with b = 1 um, m; = my, = 3 and triangles pointing up. The
evolution of kinks has been marked with yellow arrows. The applied
field (white arrow) is parallel to the hole rows, i.e. 13° tilted with
respect to the EA (yellow dashed line). The triangle geometry has
been plotted on top of the images for the sake of clarity

that the kinks are nucleated always at the left limit of
the array and propagated towards the right limit, which
is probably an indicator of the chirality of the DW. In
addition, a DW parallel to the EA (i.e. forming a 13°
angle with the horizontal) simultaneously propagates in
the F direction (7). The yellow dashed lines in Fig. 5
indicate the direction of the EA as well as the overall
direction of the wall as it propagates, which can be con-
sidered roughly flat. Therefore, this observation may be
classified as a crossed-ratchet effect.

Surprisingly, no kinks were observed in square arrays
with b = 1 ym and larger separation (i.e. m; = 5),
whereas they were frequently observed in tilted arrays
of smaller holes size (b = 500 nm). The visualisation of
kinks in the smaller arrays is more challenging (due to
the limited resolution of the microscope) nonetheless a
detailed analysis is presented in the supplementary ma-
terial.

Elastic theory calculations predict a ratio of the order
of 3 for HF/HE for square arrays with » = 500 nm and
1 ym and my, > 2.[28] Since both F and Bk propaga-
tions are observed simultaneously in the studied arrays,
the ratio Hp/ Hg is, therefore, much closer to the unity
than anticipated. The difference can be due to the in-
fluence of the coercive field of the film, since it is the
largest contribution to the value obtained for the criti-
cal field for domain propagation (both F and B), but
also to the plausible deviations from the theory that will

be discussed below. In any case, although both critical
fields for F and BX DW propagation have similar val-
ues for the presented arrays, the crossed-ratchet regime
is reachable in the micrometer regime by facilitating the
kink nucleation, which can be achieved by tilting the
arrays with respect to the magnetisation EA.

3.3. Domain wall morphology and pinning

Knowledge on the small scale details of the DW mor-
phology and pinning at the holes as well as the DW
width is needed in order to understand the observed
phenomenology in the global DW propagation across
the asymmetric arrays, as well as to explain the devi-
ations from the elastic theory calculations. Predictions
from the model in Ref. [28] are built on infinitely nar-
row DWs. For a real sample, the requirement is fulfilled
provided than the walls have a constant width and that
their local curvature is always bigger that their width,
which can easily obtained for hole sizes and separations
much larger than the DW width. Besides, within this
model, DWs must be perpendicular to any boundary, in
particular to the sides of the holes. Magnetisation maps
by means of XPEEM in portions of square arrays with
m; = 4 and holes of size » = 500 nm and 1 um clearly
show deviations from those two constraints.

First, from a XMCD image with two different do-
mains, the DW width can be determined to be approx-
imately 400 nm, as shown in Fig. 6 and in good agree-
ment with estimations from Ref. [42]. In this situation
the ratio domain wall width/hole size is such that the
DW internal structure becomes important in determin-
ing DW pinning mechanism and, therefore, deviations
from elastic theory model predictions should be ex-
pected. Second, one can readily see from Figs. 6 and 7
that DWs are not perpendicular to the hole perimeter at
the contact points.>

DW to hole perimeter angles have been measured
along the pinned DW from the experimental XMCD im-
ages, as sketched in Fig. 7 for a square array with m; = 4
and b = 500 nm. Results are summarised in Table 1 and
show two clear trends: first, nearly all obtained values
are smaller than 90°; second, DW configuration is not
symmetric in the top and bottom side of the holes. Aver-
age DW angle at the top side of the holes, aop = 73°, is
clearly smaller than at their bottom side, @pottom = 86°.

It is therefore clear that the boundary conditions im-
posed in the elastic theory model are not valid for these
arrays and that, to predict the interaction of the DW with

3Note that henceforward the EA and the base of the triangles is
displayed as vertical.
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Figure 6: Top: XMCD image of a portion of the square array with
b =1 pum and m; = 4. Red and blue colours indicate two different
domains. Closure domains, in lighter colour, can be seen near the
magnetic film boundaries (e.g. near the trench).The holes have been
plotted on top of the image for the sake of clarity. Botfom: Plot of
the signal in the XMCD image (black dots), mapped along the dashed
line, and its absolute value (red dots).
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Figure 7: (a) XPEEM image of a row of triangles in the square array
with b = 500 nm and m; = 4. (b) Corresponding XMCD image -with
the holes plotted on top- showing a pinned DW. (c) Illustration of the
DW to hole perimeter angles summarised in Table 1. (d) DW configu-
ration at forward depinning calculated by micromagnetic simulations
for an array with the same geometrical dimensions.

the holes, more complicated models are needed, such
as micromagnetic simulations that take into account the
magneto-static energy. Indeed, DW configuration at for-
ward depinning calculated by micromagnetic simula-
tions confirm the experimental results in this array: DW

Table 1: DW angles at each side of each hole in the square array
with b = 500 nm and m; = 4 obtained from XMCD images and
micromagnetic simulations. The error in the estimation of the angles
from the XMCD images is +3°.

Qop ) @pottom (°)
g (0%} s 7 [0%) [e73 (073 ag
XMCDimage 76 72 71 74 8 83 90 86
Mean 73 86
Micromagnetic 71 65 65 65 87 15 77 88
Mean 66 82

to hole intersection is never perpendicular and there is
a clear asymmetry in the angles at top/bottom triangle
sides, with an average difference, @pottom — @1op = 16°,
as shown in Fig. 7 and Table 1. Similar results are ob-
tained for square arrays with b = 500 and m; = 3 and 5
(see Table 2).

Table 2: Calculated DW angles at each side of each hole in square
arrays with b = 500 nm obtained from micromagnetic simulations.

m 3 4 5
Qop 60°+7° 66°+3° 68°+3°
@bottom 81°+£5° 82°+7° 85°+2°
@bottom — Xtop 21° 16° 17°

It is interesting to note that the angle that
would correspond to a flat wall parallel to the EA,
aga = 90° — 6 = 63.5° (where 6 was defined in
Fig. 1), is close to the calculated aop, in particular for
the arrays with the smaller inter-hole distances. This in-
dicates an enhanced DW stiffness, that hinders the DW
to bend into a kinked configuration, thus explaining the
suppression of kink DW propagation modes observed
above.

A closer look at DW micromagnetic configuration
near hole boundaries (Fig. 8(a)) allows to understand
the asymmetries in the pinned DW shape. At the top
hole perimeter, the 180° magnetisation rotation associ-
ated with the pinned DW corresponds to an edge half
vortex with topological charge -1/2. At the bottom hole
perimeter, the vacuum/magnetic material geometry is
inverted and the DW-hole intersection corresponds to a
+1/2 half vortex (for the opposite DW chirality +1/2 and
-1/2 vortices would exchange places). Actually, a Néel
DW segment pinned in between two holes is topologi-
cally equivalent by a 90° rotation to a transverse wall in
a nanowire (which, in its simplest form, is composed of
a pair of +1/2 and -1/2 half vortices at opposite nanowire
edges[43, 44]). The different character of these frac-
tional vortices, results in an asymmetric broadening of
the pinned DW at top/bottom hole sides. These pertur-



Figure 8: Detail of pinned DW close to a triangular hole, obtained
by micromagnetic simulations. (a) Forward flat (F) DW propagation.
(b) Backward flat (B) DW propagation. Note the different spin config-
uration at top/bottom hole perimeters due to the different sign of the
fractional edge vortex in each case.

bations in the Néel DW internal structure extend into
the magnetic film over a distance of the order of 300
nm/200 nm at the top/bottom hole perimeters, i.e. of
the order of hole size » = 500 nm in this array. This
results in a reduction of the effective "free" DW length
that can bend under the pressure of the applied magnetic
field and, therefore, in an enhancement of DW stiffness
as inter-hole distances decrease.

Edge half vortex asymmetry is also at the root of the
observed asymmetric pinned DW shape. This is illus-
trated in Fig. 8(b): in this image, the pinned DW has
been pushed backwards by the pressure of a negative
magnetic field to study the depinning process from the
triangle bases. In this situation, in order to detach the
pinned DW from the triangle hole, top/bottom DW end-
points should propagate along the triangle base: i.e.
with the same edge geometry and under the effect of
the same magnetic field. However, only the top -1/2
half vortex is able to propagate along the triangle base,
whereas the bottom +1/2 half vortex remains pinned
at the triangular hole apex. DW depinning takes place
when the -1/2 half vortex travels all the way down along
the triangle base and annihilates with the static +1/2
half vortex located at the bottom of the triangle. These
differences in propagation mechanism for top/bottom
DW ends become more relevant as hole size is reduced
resulting in the observed asymmetric configuration of
Fig. 7.

In summary, XMCD magnetic imaging and micro-
magnetic simulations show that DW morphology in the
studied arrays is determined by the interplay between
two different asymmetric factors. The first one is elastic
DW bending under the effect of the applied field pres-
sure, that reflects the asymmetry in the patterned tri-
angular hole shape. This is the dominant factor in the
2D arrays of the large size regime in which crossed-
ratchet effects had been observed.[17] The second factor
is half vortex propagation along the edges of the trian-
gular holes, which is one of the key issues in DW prop-

agation in 1D nanowires.[24, 43, 44] This propagation
is asymmetric due to the different topological charges at
top/bottom DW ends and reflects the intrinsic asymme-
try of a chiral Néel DW. Our results show that the small
size regime in 2D arrays of asymmetric holes is marked
by the asymmetry in pinned DW configurations and the
enhancement of DW stiffness due to the increasing role
of edge fractional vortices.

3.4. Current induced DW propagation

At this point, it is interesting to investigate the effects
of a current on domain wall motion. We have performed
micromagnetic simulations starting at a zero magnetisa-
tion state, with a Néel DW located in the middle of the
array. Then, a ramp of electrical current has been ap-
plied in the forward/backward direction, from j = O to
3-108A/cm?. Some images have been extracted from
the whole sequence and plotted in Fig. 9.

A clear asymmetry is observed in the DW propaga-
tion. For positive currents (meaning electrons propa-
gating backward), the depinning of the DW in the B
direction is observed at a current slightly above j =
2 - 1084 /cm?. For negative currents (electrons propa-
gating forward), a factor 2 in j is necessary to achieve
the depinning of the DW. These results suggest that the
ratchet effect may not only exist in current induced DW
motion but that it would be inverted respect to the mag-
netic field induced one, which might be related with a
local increasing of j close to the triangle bases due to
the hole symmetry.

The result from these simulations reveals a new route
for the control of DWs in two opposite directions, each
one with a different driving force (i.e. electrical currents

j=-2.2108A/cm? j=1.6-108A/cm? j=2.0-108 A/cm?
t=2.1ns t=15ns t=19ns

a II II
Negative current Positive current
(forward electrons) (backward electrons)

Figure 9: Micromagnetic simulations of a DW depinning by means
of electrical currents in an array with m; = my = 4, and holes of
size b = 500 nm. (a) Forward DW propagation. (b,c) Backward DW
propagation.



and magnetic fields), which could lead to the develop-
ment of future domain-wall based devices.

4. Conclusions

In the search of an understanding of magnetic ratchet
and crossed-ratchet effects, we have investigated 2D ar-
rays of asymmetric holes exploring the micro and sub-
micrometric range. On one hand, this small size regime
was predicted to be the optimum size for the observation
of these effects. On the other, it also corresponds to the
existing gap in the literature between point-like DWs in
nanowires and the elastic DW lines in 2D arrays of holes
in the large size regime.

We show that both the ratchet and crossed-ratchet ef-
fects are experimental reachable for 2D arrays in the
small size regime, where DWs and holes are compara-
ble in size. However, the occurrence of crossed-ratchet
effects has been demonstrated to be less frequent than
the predictions made by theory and simulations. In-
deed, flat DWs walls are favoured and switching pro-
cesses take place through those walls propagating in the
forward direction for arrays aligned with the EA of the
magnetic film, while for the tilted arrays both F and B
propagation take place at the same field. In any case,
the fabrication of arrays tilted with respect to the EA
has been proven to be a successful route for kink nucle-
ation that then propagates in the B* direction.

Critical fields for kinked backward DW propagation
Hg and flat forward propagations Hr have been seen
to be closer that anticipated. Although the large con-
tribution of the coercive field of the film to both prop-
agation fields has an influence in their ratio, there is
an additional hardening of kink propagation modes in
comparison with predictions from elastic theory mod-
els. This has been confirmed with XPEEM high reso-
lution magnetic images of the DWs in the proximity of
the triangular holes as well as with micromagnetic sim-
ulations. Similarly to what has been studied in mag-
netic nanowires, the role of half vortices -located at
hole edges- becomes increasingly important to deter-
mine pinned DW configurations as hole size becomes
comparable to DW width. This results in stiffer DWs
with asymmetric shapes that mark the small size regime,
which should be considered when designing future de-
vices based on 2D arrays.

Additionally, micromagnetic simulations suggest an
inverted ratchet effect for current induced DW propaga-
tion, opening the door to an alternative road for achiev-
ing the crossed-ratchet regime in small size hole ar-
rays. This offers a promising candidate for novel de-
vices where DW propagation in two opposite directions

can be controlled with electrical currents and magnetic
fields; all this occurring at the sub-micrometric range.
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SUPPLEMENTARY MATERIAL.
2D magnetic domain wall ratchet: the limit of submicrometric holes

J. Herrero-Albillos, C. Castan-Guerrero, F. Valdés-Bango, J. Bartolomé, F. Bartolomé, F. Kronast,
A. Hierro-Rodriguez, L. M. Alvarez Prado, J. 1. Martin, M. Vélez, J. M. Alameda, J. Sesé, L. M. Garcia

Flat domain wall propagation

In this link, a video of a flat wall propagating for-
ward can be watched. The geometrical parameters are
the same as in Fig 3 of the mail text (e.g. with b = 500
nm, m; = 5, my, = 3 and triangles pointing upwards).

Tiangles " Ninti

Flat -:walﬁlr_,
Forward propaz

Figure 1: Snapshot from the video of a flat wall moving F (up).

In Fig. 2(a), an XPEEM image of an area of 3x3 holes
in the bottom-right corner of an array with » = 1 uym,
m; = my, = 4 is shown. One of the trenches can be seen
in the bottom of the image. XMCD images have been
recorded with a larger zoom in the two regions limited
by dashed lines. The frame color of each image indi-
cates the region at which it corresponds.

In (c) a blue (negative magnetisation) domain is con-
fined by two DWs (labelled as 1 and 2) pinned at two
columns of holes, at a 0 magnetic applied field. When
a negative magnetic field is applied, the blue domain
tends to grow, pushing the DWs out. At a higher ap-
plied field (d) both DWs have moved slightly through
the holes. When the field is further increased (e), DW
#1 has enough energy to overcome the pinning of the
holes, propagating to the continuous film in the direc-
tion defined as F. DW #2, however, remains pinned
and does not propagate in the B direction, indicating a
ratchet effect. In (f), an XMCD image is taken in the
region surrounded in (a) by a green dashed line. Thus,

Preprint submitted to Materials & Design

Figure 2: (Colour online) (a) XPEEM image of a corner of the ar-
ray of triangle-shaped holes with b = 1 ym, m; = my, = 4, oriented
parallel to the E.A. The array is limited by the trench below and the
continuous film to the right. (b) XPEEM image corresponding to the
area covered by the orange rectangle in (a). (c to f) XMCD images
have been recorded at increasing magnetic fields. (c), (d), and (e) cor-
respond to the red rectangle, (f) to the green rectangle. Three different
DW can be seen in the sequence (indicated with a number) moving F,
i.e. to the right in the images. DW #2 can be seen in all of the images.
Black lines have been drawn to locate the borders of the holes.

the right DW in this image is the DW 2 that remained
pinned in image (¢). DW #2 has moved towards the
base of the triangles and remained there. A third DW
(labelled as 3) has crossed the entire array from its left
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https://www.dropbox.com/s/3c5gpw3ufki4ngn/Flat%20wall.mp4?dl=0

side in the F' direction. DW #3 has depinned from the
left column of holes and moved in F direction during
measurement, as indicated by the arrows.

This image sequence shows that the origin of ratchet
effect for flat DW propagation lies in the difficulty of
the DWs to depin from the base of the triangle-shaped
holes, in comparison with depinning from their end-
points. Actually, micro-magnetic simulations of for-
ward (Hp) and backward (Hp) propagation fields for a
flat DW across an array with similar geometry give an
asymmetry ratio Hr/Hp = 0.5 caused by the stronger
DW bending needed to depin from triangle bases. Fur-
ther discussion on the results from micro-magnetic sim-
ulations are presented in the main text. In this link a
video of a micro-magnetic simulation with a DW mov-
ing forward can be watched.

Flat domain wall propagation in symmetric holes

In order to prove that only the shape of the holes
is inducing the ratchet effect, one array has been fab-
ricated with symmetric hole shape respect to the DW
propagation direction. Each hole is a rhomb, composed
of two triangles joined at the base, as depicted in Fig.
3. The parameters of the array are » = 500 nm and
m; = my, = 4. The array was produced in the same sub-
strate as the arrays of triangles, following the procedure
as described in the main text.

lo=mb IZb

<>
b
h=m,b

<« EA —» |

Figure 3: Scheme of the geometrical parameters for the arrays of
symmetric holes.

Kerr microscopy images of the DW propagation
through the array are shown in Fig. 4. The image quality
is lower than in the triangle-shaped hole arrays because
the distortion caused by the holes is larger, however
DWs can still be appreciated. The black dashed lines in-
dicate the DW position and the red arrows indicate their
propagation direction. Black rectangles at both sides of
the array indicate the position of the trench.

It can be clearly observed that the two DWs are mov-
ing towards each other in opposite directions, show-
ing no preferred propagation direction and therefore no
ratchet effect. The equivalent array with triangular holes
does show clear ratchet effect, as discussed in the main
text.

Figure 4: (Color online) Kerr microscopy images at different times
during the DW propagation in the array of rhomb-shaped holes.
Dashed lines and yellow arrows indicate the DW position and propa-
gation direction, respectively.

1. Kink domain wall propagation

A video of the Kerr microscopy experiments car-
ried in an array tilted 13° with respect to the EA with
b = lum, m; = my = 3 and triangles pointing up can
be watched in this link. By at the top of the array can be
easily distinguish as the light/dark grey contrast moves
from left to right in only one row at a time. F propaga-
tion occurs following the direction marked by the EA.
Data had been already presented and discussed in detail
in subsection 3.2 of the main text.

Backward kink propagation (Bk) and forward flat propagation

,

Figure 5: Snapshot from the video of a kinked wall moving B (down)
and a flat wall moving F (up) for an array tilted 13° with respect to
the EA with b = 1 um, m; = m;, = 3 and triangles pointing up.

A similar video, for holes with b = 500 is presented
in this link. Although the visualisation of kinks is more
challenging due to the limited resolution of the micro-
scope, flat and and kinked domain wall propagation can
be also identified as in the previous video.

In Fig. 7, selected images form the previous video
are shown as a function of time, where a the central do-
main with clear grey tone is limited by two DWs, that


https://www.dropbox.com/s/1pnbb8v5dsh06mz/simulation.mp4?dl=0
https://www.dropbox.com/s/c0tcogjuaxi4jx8/1%C2%B5m%203%203%20up%2013deg.mp4?dl=0
https://www.dropbox.com/s/mvcw4tqvqybp28j/500%20nm%203%203%20up%2013deg.mp4?dl=0

b=0.5pm. ml=mh=3. Tilted 13°. Triangles pointing up.

Backward kink propagation (Bk) and forward flat propagation (F].

Figure 6: Snapshot from the video of a kinked wall moving B (down)
and a flat wall moving F (up) for an array tilted 13° with respect to
the EA with b = 500 mm, m; = my, = 3 and triangles pointing up.

Figure 7: Selected photograms corresponding to the crossed-ratchet
regime of DW propagation in the array 13° tilted, with b = 500 nm,
m; = my = 3 and triangles pointing up, under a constant magnetic
field of -7.3 Oe.

propagate towards each other in order to complete the
switching process. As the DWs are tilted with respect to
the array period, they suffer an inhomogeneous pinning
by the holes. According to that, the DW at the bottom is
not flat, though the overall movement is in the direction
perpendicular to the E.A., i.e. forward. In contrast, the
top DW propagation occurs through kinks moving from
left to right, i.e. By.

This is more clearly visualised in Fig. 8, where a
grey-scale picture of the progress of the central domain
as a function of time is shown. Here, pictures of the cen-
tral domain at different times have been superimposed.
Time is indicated by the color, from black to white. The
direction of propagation of the DWs is given by the tone
gradient. Yellow stars indicate the points at which a
kink starts propagating to the right side of the array, that
is, in the By direction. The experiments performed in
this array suggest that DWs propagate forward through
flat mode (F), and backward through kinked mode (By),
which means that the crossed-ratchet regime has been
observed for this array as well.

Figure 8: (Colour online) Grey-scale picture of the progress of the
central domain as a function of time in the crossed-ratchet regime, in
the array 13° tilted with respect to the easy axis, with b = 500 nm,
m; = my = 3 and triangles pointing up, under a constant magnetic
field of -7.3 Oe.

2. Current induced DW propagation

Follow this link for the video of micro-magnetic sim-
ulations of the ratchet effect on current induced DW mo-
tion already discussed in the main text.

Current induced DW propagation. Positive current

Micromagnetic simulation. b = 0.5 pym. ml = mh = 4.

Figure 9: (Colour online) Snapshot from the video of micro-magnetic
simulations of a DW depinning by means of electrical currents in an
array with m; = my, = 4, and holes of size b = 500 nm.


https://www.dropbox.com/s/rb2mmjceov30e89/Current.mp4?dl=0
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