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Skyrmions Under Control—FIB Irradiation as a Versatile

Tool for Skyrmion Circuits

Valentin Ahrens, Clara Kiesselbach, Luca Gnoli, Domenico Giuliano, Simon Mendisch,
Martina Kiechle, Fabrizio Riente, and Markus Becherer*

Magnetic data storage and processing offer certain advances over conventional
technologies, amongst which nonvolatility and low power operation are the
most outstanding ones. Skyrmions are a promising candidate as a magnetic
data carrier. However, the sputtering of skyrmion films and the control of the
skyrmion nucleation, motion, and annihilation remains challenging. This work
demonstrates that using optimized focused ion beam irradiation and annealing
protocols enables the skyrmion phase in W/CoFeB/MgO thin films to be
accessed easily. By analyzing ion-beam-engineered skyrmion hosting wires,
excited by sub-100 ns current pulses, possibilities to control skyrmion nuclea-
tion, guide their motion, and control their annihilation unfold. Overall, the key
elements needed to develop extensive skyrmion networks are presented.

1. Introduction

Skyrmions, magnetic bubbles with a fixed chirality and a
topological charge of +1,2l have been found in several mate-
rial systems such as noncentrosymmetric ferromagnetic com-
poundsP®# van der Waals ferromagnets,>® and sputtered thin
films.”8! Numerous proposals have been made using skyrmi-
onsas a data carrier in Boolean or new, alternative computing
systems.’ B3] However, the number of experimental realiza-
tions of these systems is still lacking behind. Reasons for this
are the delicate interplay of magnetic energies which stabilizes
skyrmions and the difficulties in controlling their nucleation,
motion, and annihilation. Sputtered thin films, comprised of
a heavy metal layer, a magnetic layer and another heavy metal
layer or an oxide, are prospective candidates to host skyr-
mions. Herein, the magnetic properties of the stack are easily
tuned via the individual layer materials and thicknesses. One
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typical approach to produce samples
with stable skyrmions is the sputtering
of wedges, thus scanning a large part of
the parameter space by realizing all pos-
sible thickness combinations in a certain
range.* 1% Whilst being straightforward
and extremely useful for scientific pur-
poses, the small area that actually shows
skyrmions and the inherent energy gra-
dient found within this area, are serious
obstacles for the development of extensive
skyrmion networks. However, not only
the materials but also annealing, ion and
electron beam irradiation can drastically
alter the magnetic properties of thin-film
systems.l"-23 Irradiation has already been
successfully employed to localize skyrmion appearance in mag-
netic media.l?*?’! Irradiation techniques enable the patterning
of magnetic media on the nanometer scale and thus circum-
vent the highly complex physical structuring in this size range.
In this work, we give a detailed description, how skyrmion
phases in the archetypal SOT-MRAM system W/CoFeB/MgO!2°!
can be accessed either via aimed annealing, ion irradiation, or
a combination of both. Furthermore, we show that bidirectional
(increasing and decreasing) anisotropy manipulation using
ion irradiation is possible in this material system. Finally, we
demonstrate skyrmion repulsing areas, realized by a drastic
reduction of the local anisotropy. From there on, we system-
atically explore the possibilities of controlling the motion of the
skyrmions using these repulsive barriers. We stop, guide, and
even nucleate skyrmions in a controlled manner by electrical
pulses using different geometries of ion irradiation. While
only scratching at the surface of the possibilities of irradiation-
controlled skyrmion motion, we demonstrate an essential set of
basic building blocks to be used in anticipated skyrmion logic
circuits. In contrast to previous worksl?#?281 we use strong ion
irradiation to form barriers instead of increasing the skyrmion
stability locally. Thus we show an utterly novel approach to
tackle the problems on the road toward skyrmion-based devices.

2. Results and Discussion

2.1. Film-Level Study

The first goal of this work was the analysis of the effects of
Ga* irradiation on the magnetic layers. To do so, we use a
sample that was previously annealed for 10 min at 275 °C
in an N, atmosphere, just sufficient to gain perpendicular

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

BSUSO1T SUOWWOD BAIERID 3Gedt|dde auy Ag paueAob aJe S YO ‘88N JO SaINJ 10} ARIq1T BUIUO AB]IM UO (SUORIPUD-PUB-SWBH D" A3 1M ARIq 1BUTIUO//SONY) SUORIPUOD PUe SWB | 8U) 89S *[£202/20/82] Uo ARiqiauliuo AB]IM ‘ounioL 1a 1iod PA (a1 SIS 0uLio L IQ 091uxdliod AQ TZE202202 BWIPe/Z00T OT/10p/Lod 43| 1M Arelqifpul|uo//Sany woy papeojumoq ‘2 ‘€20 ‘S607TZST


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202207321&domain=pdf&date_stamp=2022-12-03

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

(V] w W~
T

—_

o

=
g
=
>
=
=
&S|
S
e
(<]
ol
=
3
g
3
=

External field (mT)
St P

Rl
G

3.5

Saturation Field (mT)

45 53 65

8.0

Ion dose (Ions/cm?) -1012

Figure 1. Magnetic phase diagram of domain structures in Ga*-ion-irradiated parts of the sample, treated with different ion doses as given on the
x-axis for each column of images. The rows show the same parts of the sample at different external fields applied in the oop direction given on the
y-axis for each row. In the inset plot, the domain periodicity at zero field (last row of the image) is plotted for numerous irradiation doses (blue) giving
a comprehensive overview. In the same plot also the magnetic saturation field is shown (orange). The orange and blue squares indicate the closest

state to that used in the later studies of the article.

magnetic anisotropy (PMA). In the following, we analyze
the domain structure in the annealed film and in squares
(20 um x 20 pum) treated with ion irradiation in fine steps
from 8 x 10" to 1 x 10" ions cm~2. In Figure 1, we present an
overview of the domain structure evolution with an increasing
external magnetic field (from 0 to 3.4 mT) on the y-axis, and
the ion dose on the x-axis. From the pristine domain configura-
tion at zero field (bottom row), an initial increase of the domain
size with low irradiation doses is visible. At a turning point,
around 2.5 x 10" ions cm™, this trend reverses, and we observe
a shrinking of the domains. Analyzing the zero-field domain
periodicity in fine steps using 2D fast-Fourier-transformation
analysis/®! (inset plot Figure 1) reveals the very behavior quanti-
tatively, underlining the rich effects of the ion irradiation on the
energy landscape. Furthermore, the saturation field underlines
the same development. An increasing irradiation first reduces
the magnetic field needed to completely reverse the magneti-
zation in the irradiated square for low doses, while it starts to
increase the saturation field again above 3.5 x 10" ions cm™.
Similar trends have been shown in Ta/CoFeB/MgO thin
films!!%3031 and are attributed to a steep initial increase of the
effective anisotropy K.g, caused by a reduction of the saturation
magnetization, followed by a gradual decline.

Adding an external magnetic field H,y, in the out of plane
(oop) direction, as another degree of freedom, allows us to
further explore the magnetic phase diagram. In the pristine
sample, the domains start to rip apart into individual skyr-
mions with increasing field. Above around 2 mT only very few
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domains remain, after most have transformed into skyrmions.
Increasing the external field beyond 2 mT, leads to a reduction
of the skyrmion density.

When the sample is further irradiated up to a dose of 4.5 x
10" jons cm™ no skyrmions are formed, with one exception.
A single skyrmion appears at a dose of 0.9 X 102 ions cm™,
that, however, can be assumed to occur at a larger defect. Fur-
thermore, we observe that the first apparent shrinking of the
domains, and their complete annihilation, occurs for interme-
diate ion doses at lower magnetic fields. The shrinking of the
domains at lower magnetic fields is attributed to a reduced pin-
ning potential for irradiated films.!32 Beyond that a reduction
of the saturation magnetization that in turn leads to weaker
demagnetizing fields is expected.’*32 This effect along with a
higher domain wall energy density opy in areas with increased
effective anisotropy makes a multi-domain-state, energy wise,
less favorable compared to a single-domain configuration, and
thus lets the domains annihilate at lower external fields.

Beyond an ion dose of 4.5 x 10" ions cm™ we again observe
the formation of a few individual skyrmions at low magnetic
fields. The skyrmion density increases for higher ion doses,
at the same time the stability against external magnetic fields
increases again. For very high ion doses, finally, no domain
patterns could be observed. This may be due to our system’s
limited optical resolution or the transition from an easy-axis to
an easy-plane anisotropy with increasing irradiation. Assuming
a very low effective anisotropy for the untreated film and at
higher doses, our observations are in line with the expectation
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Figure 2. Comparison of the effects of thermal annealing at 275 °C in N, atmosphere (squares) and ion irradiation (dots) on a W/CoFeB/MgO sample,
by means of FMR and magneto-optical measurements. On the x-axis, the respective annealing time (above, starting at 25 min, as the sample was pre-
annealed for 20 min) and ion dose (below) are given. a) The effective magnetization Mg is shown as extracted from the FMR measurements along
with its 95% confidence interval of the fit. b) Magneto-optical measurements are used to gain the coercivity H. and the mean domain periodicity, the

error bars are the FWHM of the Gaussian fit.

that bubble formation appears near the spin reorientation tran-
sition.’3] Bubble formation in combination with a significant
Dzyaloshinskii-Moriya interaction (DMI) consequently leads to
the formation of skyrmions.343

To figure out the effects of the irradiation and compare them
to the effects of annealing in Figure 2, we used another sample
with nominally the same stack. The sample was cut into two
pieces to ensure the same starting conditions for both studies.
We consider the first steep increase of domain periodicity, as
seen in the inset of Figure 1, unsuitable for this study. In this
regime, we would be able to collect only few data points, as ion
doses far below 1 x 10'? ions cm™ are not reasonably achiev-
able with the used focused ion beam (FIB) system. Therefore
the sample was annealed step-wise for 20 min to gain a max-
imal PMA and access the beginning of the declining part of the
domain periodicity graph. The closest state is also marked in
Figure 1 by an orange square. From there, the development of
both trends of the domain periodicity (dark blue in Figure 2),
for thermal annealing (squares) and irradiation (circles) are to a
large extent comparable and correlate very well with the perio-
dicity from the inset of Figure 1, assuming the maximum perio-
dicity as a starting point. We see a continuous reduction of the
domain periodicity, and the coercive field, while the effective
magnetization Mg (which is negative as we are dealing with
PMA systems) steadily increases, with increasing irradiation or
annealing. An increase of M., is often attributed to stronger
intermixing of the magnetic layer and an attributed reduction
of the saturation magnetization.?)! Beyond the effects on the
uniaxial anisotropy and the saturation magnetization, for strong
intermixing also a reduction of the effective exchange constant
can be considered. Surprisingly, the parameter changes due
to irradiation are very similar to that of annealing, within the
measurement error range. This correlation gives a strong inci-
dence that also annealing, even in an inert gas atmosphere
at such low temperatures as 275 °C, leads to interdiffusion
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between the CoFeB layer and the interface materials. Beyond
the 3 x 10" ions cm™ irradiation step and the 40 min annealing
step, the SNR in the ferromagnetic resonance (FMR) measure-
ments gets too small to draw based conclusions. This is most
likely due to a reduction of the effective, measurable magnetic
material that contributes to the signal. Nonetheless, we can
clearly state that both annealing and irradiation enable access to
similar states of the domain phase diagram.

2.2. Effect of Irradiation on Skyrmions

For now, we have analyzed the effects of ion irradiation on the
magnetic properties of the film. As a second step, we evaluate
the effects of Ga* irradiation on skyrmions. Therefore, we pro-
duce a skyrmion hosting sample purely by annealing (state
marked in Figure 1 by a blue square). Annealing is used over
irradiation as previous studies show that irradiation can drasti-
cally alter the skyrmion motion.?*3¢] We then analyze the effects
of ion irradiation on the size of the skyrmions. We image uni-
formly irradiated squares (20 um x 20 um) magneto-optically
and extract the average size of the skyrmions using the spot
identification and radius estimation provided by TrackMate, "]
hereby bubbles with low circularity were neglected to reduce
the influence of coexisting domains. The skyrmion sizes do not
change significantly over a broad range of ion doses, as plotted
in Figure 3. This invariability does not resemble the increase of
the skyrmion size with decreasing anisotropy that are expected
from the models of Wang et al.*® One might argue that the
size invariability measured is below the diffraction limit of
magneto-optical imaging and therefore is not real. Nonethe-
less, we see a reduction of the skyrmion size with an increasing
external field, throughout the whole ion dose range, which is in
line with skyrmion size models**38l and experimental observa-
tions.?*# But, the changes of the skyrmion sizes detected are
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Figure 3. Evaluation of the average skyrmion sizes over the ion dose for three different external magnetic fields. Each data point shows the mean diam-
eter of all skyrmions discovered in the corresponding irradiated areas of the sample (20 um x 20 um), and the error bars show the standard deviation
of the data. The images in the upper part show the domain structure in these squares for three different ion doses at 1.4 mT. The images on the right

present the domain structure for three different external fields and an ion dose of around 2.8 x 102 ions cm2.

in the few 10 nm range. Such minimal changes in the skyrmion
size are challenging to be detected optically. We argue that due
to a large number of skyrmions analyzed we are able to detect
even such small changes in the skyrmion size, however we
cannot exclude other effects such as the Faraday effect in the
objective lens or shifts in the focusing of the microscope to be
responsible for the observations. Anyhow, even considering all
these additional effects we expect the changes in the average
skyrmion size, that can be detected to be below a few 10 nm.
The relatively invariant skyrmion size could be explained,
assuming that the major contribution to the size change is due
to a change of the domain wall width Jy,. Another explanation
is that two counteracting mechanisms are occurring at the same
time, for example, a reduction of the effective anisotropy K.
along with a reduction of the DMI constant D. This however
is considered unlikely as the DMI constant is not expected to
be strongly reduced by ion irradiation!'®22 in contrast even an
increase of D is possible.l*?] Finally the increase of the skyrmion
size for low doses even contradicts the skyrmion size models
that indicate an increase of the skyrmion size for decreasing
anisotropy. The high diameter values for low doses are there-
fore likely to be measurement artifacts due to the low number
of skyrmions in this state, so inevitably more not completely
compressed domains are considered. Concluding, we believe
that a more detailed investigation of the effects of ion irradia-
tion on skyrmions sizes, by means of higher resolving meas-
urements is needed to shed light on this unexpected behavior.

2.3. From Areal Irradiation to Local Manipulation

Low-dose ion irradiation (1 x 102 to 4 x 102 ions cm™ for Ga,
1% 10% to 4 x 10'° ions cm™ for He") has proven to be a versa-
tile and flexible tool to engineer the magnetic properties and,
consequently, the skyrmion motion. 242836l

The concept of creating tracks by irradiating the tracks them-
selves with ions, as presented in refs. [24, 28], while being
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straightforward and working well, potentially comes with the
downside of introducing additional pinning centers in the track.
The higher number of atomic defects, created by the irradia-
tion, is feared to increase depinning currents and even reduce
skyrmion velocities in the track as shown in ref. [36].

Therefore, our aim was to create repulsive barriers for the
skyrmions, by strong FIB irradiation, and thus tailor the skyr-
mions trajectories. For our experiments that scrutinize cur-
rent-driven skyrmion motion, we decided to use samples that
show a large number of skyrmions but still feature them in
the isolated state at low fields. The domain state of the sample
is shown with a blue square in Figure 1. Here, it is important
to mention that, when applying current pulses to the mag-
netic layers, the number of observed skyrmions significantly
increases as domains get ripped apart into skyrmions. Moving
the investigated magnetic structures by current also gives us a
strong hint that they are actually skyrmions as they move as
rigid objects instead of simply expanding (which would be the
case for topologically trivial magnetic bubbles). In addition, we
clearly see the angular motion due to the skyrmion Hall effect,
which further substantiates our assumption. Beyond that, also
other publications show stable skyrmions in the same mate-
rial system,3643] however a direct proof of the skyrmion nature
(analyzing the DW structure by, e.g., Lorentz TEM) was out of
the scope of this work.

2.3.1. Repulsive FIB Barriers

To first prove that the FIB irradiated areas are actually repul-
sive we treated a magnetic wire locally with a ion dose of 1 x
10" ions cm™2. With this technique we created tracks of dif-
ferent width ranging from 0.5 to 3 um by irradiating the sur-
roundings with Ga* ions. One example, a 0.5 um-wide track, is
shown by the transparent green areas in Figure 4a. Below 2 pm
track-width, when applying current pulses to push a skyrmion
toward the entrance of the small track, the skyrmions cannot
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Figure 4. Two series of magneto-optical images of current-driven skyrmions. a) A track, exposed to an oop field of —0.7 mT, that is composed of the
untreated magnetic film while the surrounding barriers, indicated in transparent green, are irradiated with an FIB with high ion dose (=1x10'® ions cm™?).
The same skyrmion after 0, 50 and 100, 50 ns-long current pulses with a current density of 1.4 X 10" A m~2 (cumulative pulse time given in the images),
is not able to enter the 500 nm-wide track but is repelled from the irradiated areas. b) Three skyrmions, driven by current pulses (images after 0, 16 and
32, 50 ns-long pulses, current density 1.4 X 10" A m~2), at a constant perpendicular field of 1 mT. The skyrmions move along a 2 um-wide track, formed
by Ga* irradiation. The skyrmions move straight along the track as the heavily irradiated areas act as a repulsive barrier, counteracting the motion due

to the Magnus force. In the final image, the beginning and end positions of the skyrmions are indicated to visualize the straight motion along with the

hypothetical free motion of a skyrmion in red.

enter the track. For our example track from Figure 4a, the skyr-
mion stays at the same spot even after application of 100, 50 ns-
long current pulses with a current density of 1.4 x 10" A m~2,
while the skyrmions in other parts of the film move freely.
Increasing the current density now enables the skyrmion to be
pushed over the repulsive force into the FIB area, annihilating
it in a controlled manner.

The track, too small for the skyrmion to enter, thus creates
an effective barrier for the skyrmion and keeps it in one spot.
At the same time, skyrmions that nucleate inside of the track
are annihilated within a few (below 5) pulses as they imme-
diately touch the walls of the artificial confinement. In litera-
ture, the concept of repulsive point defects for skyrmions is
well supported, in the form of analytical and numerical calcu-
lations* and ab initio studies®! that finds the origin of the
repulsive force in the high non-collinearity at the defect site.
In ref. [46] a simulative study shows repulsion of skyrmions by
areas with strongly reduced anisotropy. This repulsion appears
due to the fact that the skyrmions are unstable in the regions
with modified anisotropy, thus a repulsive dipolar force guides
the skyrmion along that region. Therefore, we assume the irra-
diated regions to act repulsive on the skyrmions in the same
manner. The irradiated regions still maintain a magnetiza-
tion, but with an easy-plane anisotropy. At the border also local
field gradients can occur that are known to influence skyrmion
motion as well.l'®#] Alternatively, the irradiated areas can be
considered mostly non-ferromagnetic, as a large amount of
the magnetic atoms are displaced into the W layer or even the
substrate, due to multiple recoil events. Even more, also mag-
netic atoms that persist in the layer can be oxidized due to the
excess oxygen in the MgO in its vicinity. In this case, we would
encounter skyrmion edge repulsion*®#! that follows a similar
mechanism as for the areas with strongly reduced anisotropy.
One might argue that also a local change of the electric con-
ductivity, induced by the ion irradiation, could lead to a change
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in the skyrmion motion. To rule out effects on the resistivity,
we analyzed the resistance of four different magnetic wires on
the same sample with equal dimensions (30 pm x 35 pm). Two
of these wires were untreated, and two had irradiated tracks
covering nearly one-fourth of the wire, one with a dose of
5 x 10'2 ions cm™? the other with 1 x 1013 ions cm™2, respec-
tively. The resistances of the untreated wires were 468 and
503 Q while the stronger irradiated wire had a resistivity of
500 Q and the less irradiated wire of 483 Q. We do not see any
trend in the change of the resistance of the wires with altering
irradiation in the used dose range and thus do not expect
relevant influences.

2.3.2. Skyrmion Tracks

As we have seen, strongly FIB irradiated areas exert a repul-
sive force on the skyrmions. To counteract the Magnus force
we analyzed wider tracks (2 to 3 pm) in the current direction
surrounded by FIB areas. The “free” motion of skyrmions
in the untreated film we see is the expected angular motion
under the skyrmion Hall angle. In contrast, in the tracks the
skyrmions move straight, as they are repelled from the walls.
A series of images revealing three skyrmions traveling straight
along a 2 um is presented in Figure 4b. For this track, a mostly
linear flow of individual skyrmions is achieved. Also for the
2.5 um-wide track we see motion of skyrmions along the track,
with diminished directionality, meaning that more angular
motion from one side of the track to the other is apparent.
Nonetheless, the skyrmions move along the track. For the even
wider track (3 um), the amount of nonstraight motion events is
further increased. Summing up, we can influence the motion
of skyrmions by repulsive barriers in a way that they coun-
teract the effects of the Magnus force, and the skyrmions move
straight along tracks and in the direction of the current flow. To
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Figure 5. Detailed analysis of the nucleation process of skyrmions and domains at an FIB-created skyrmion nucleation center. a) Series of images
showing the consecutive nucleation of two skyrmions (blue circles) at a heavily irradiated SNCs, represented in transparent green. Images are shown
after 0, 4, 8, 12, and 16 pulses with a duration of 50 ns and a current density of 1.88 x 10'" A m=2. b) Phase diagram showing an overview of how driving
50 ns current pulses with a given current density (y-axis) at a given external field (x-axis) affect the nucleation at the structure from (a). The marker
shape indicates the form of nucleation encountered for the given combination of current and magnetic field. It has to be noted that also in the random
nucleation case we still see nucleation at the SNC. The color of the marker, on the other hand, shows the dominant magnetic state for this combination.
From low currents and low fields to high currents and high fields, there is a transition from a dominant domain state (orange) over the coexistence
of skyrmions and domains (blue) to a prevalence of skyrmions (green). The transparent green region indicates the parameter combinations where

controlled nucleation of stable skyrmions is possible.

minimize the effects of Joule heating, we deliberately used low
current densities to move the skyrmions, just enough to gain
a steady motion. The average skyrmion velocity in the track is
with 0.97 m s7! slightly lower than in the free film, where we
measure a velocity of 1.50 m s™!. However, considering a skyr-
mion Hall angle of 35° as shown in other publications,?*>% we
gain a velocity component of the motion in the direction of the
current that is with 1.23 m s7! close to what we measured in the
free film, while for an irradiated track we would expect to need
a higher current density to even achieve a steady motion.®!

2.3.3. Skyrmion Nucleation Centers

We only miss out on the nucleation device to complete the
set of fundamental skyrmion circuit elements, nucleation,
guiding, and annihilation. We employed the same irradiation
as for guiding and annihilation, for the controlled nucleation
of skyrmions. A heavily irradiated skyrmion nucleation center
(SNC) is created using a dose of =1 x 10" ions cm™. A series
of images showing skyrmion nucleation at such an SNC is
presented in Figure 5a. While we created SNCs with different
shapes (circles, drops, and semicircular D-shaped structures),
we observed the same behavior for all shapes and used semicir-
cular SNCs for the following studies as visualized in Figure 5a.
In contrast to the shape, the size of the SNC can have a drastic
influence. At circles with a diameter up to 500 nm we could not
detect a relevant change in the nucleation behavior. This means
that no SNC can be created with too small structures, this limit
is near the size of the skyrmions and therefore most likely
scales with the skyrmion size. Structures larger than 2 um can
nucleate skyrmions at different sites, thus becoming unpredict-
able. Intermediate sized SNCs (1.2 um diameter) can nucleate
individual skyrmions in a deterministic way. The concept of
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nucleation of skyrmions at defects with lower anisotropy has
already been systematically analyzed using simulations in
ref. [51] and observed at natural defects.’?l Although the simu-
lations use structures one order of magnitude smaller than in
our experiments, the nucleation process is qualitatively similar.
First, a larger domain structure emerges from the irradiated
part and finally rips off, forming a skyrmion. But it is impor-
tant to note that a precise combination of current and magnetic
field is needed to nucleate a skyrmion in the wire. Varying both
the external magnetic field and the pulse current density, we
explored how we can influence the nucleation of skyrmions at
the SNC by carefully choosing these parameters. The results
of this study, shown in Figure 5b, reveal that the effect of the
external magnetic field is very comparable to that observed in
Figure 1, meaning that for increasing the external field, we
see a transition from a prevalent domain state to a skyrmion
state. However, it is worthwhile mentioning that this transition
point is shifted toward lower fields for higher current density
pulses. In other words, a sufficiently large field can compress
the domains right away into skyrmions. Strong current pulses
consequently can rip apart domains into smaller ones that in
turn can be compressed into skyrmions already by lower fields.
While stronger current pulses facilitate nucleation at the SNC,
with increasing current, in this case above 2.2 x 101! A m2, we
start to also see more and more random nucleation of skyr-
mions throughout the wire. This nucleation is expected to occur
due to spin-orbit torque mediated switching.®? Furthermore,
these intense pulses can also randomly annihilate skyrmions by
the same mechanism and are thus not suitable for the intended
task of controlled nucleation. While the individual switching
events are most likely initiated by thermal fluctuations, we
expect Joule heating to play a negligible role, due to the short
length (50 ns) and the low duty cycle (below 5%) of the current
pulsing. Indeed, using the quasi-1D heat transport approach
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from ref. [53], we can estimate the steady-state temperature
increase in the magnetic wire used for nucleation (resistance
of the wire Ry = 1.6 kQ) with the given maximum current
densities and duty cycle as 6.1 K (details of the estimation are
given in Supporting Information). This is, however, neglecting
the electrical contacts comprised of 400 nm-thick Cu layers,
that additionally act as a heat sink thus further reducing the
Joule heating effect. In the central part of the phase diagram,
we see the coexistence of skyrmions and domains and a sig-
nificantly increased probability of nucleation of one or the other
at the created SNC. When the parameters are chosen care-
fully, we can find a window where deterministic nucleation of
skyrmions at the SNC is possible, marked with a transparent
green background in Figure 5. When we now want to control
whether or not a skyrmion is nucleated at the SNC, we have
two options. On the one hand, the straightforward solution is to
adjust the pulse current to either nucleate a skyrmion or shift
it with a lower current but at low velocity. To use this concept, a
local separation of the nucleation center and the skyrmion track
would be needed. On the other hand also a slight increase of
the magnetic field from 1.2 mT and below to 1.3 or 1.4 mT shifts
the nucleation from domains toward skyrmions. Increasing the
magnetic field further can also completely inhibit the nuclea-
tion of new magnetic textures, while keeping the existing
skyrmions stable. This paves the way toward a combination of
skyrmionic and domain wall based devices where the dipolar
fields of a nanomagnet, as used, for example in perpendicular
nanomagnetic logic,?>>* can turn on and off the nucleation of
skyrmions, thus writing new skyrmions in a track for one of
the two possible coupling fields.

3. Outlook

Concluding, we have proven that targeted annealing and irra-
diation enables the skyrmion phase to be accessed easily in
sputtered thin films. In contrast, the influence of irradiation on
the skyrmions size seems low. Furthermore, strong FIB irra-
diation is a versatile tool to tailor skyrmion motion locally. It
enables to build barriers and skyrmion nucleation centers. We
mainly focused on the usability of the investigated mechanisms
for logic and storage purposes. However, the exact mechanisms
behind the observed effects still appear largely unclear. To dis-
entangle the exact interplay between the highly complex effects,
supportive simulations and measurements with a much higher
lateral and time resolution will be needed. On the other hand,
going the next step toward skyrmion-based computing devices
represents a steady option. The first step here, is the transition
to technologically relevant sub-50 nm skyrmions with suffi-
cient stability over a broad field range. The irradiated structures
are typically in the range of the skyrmion size and an irradia-
tion resolution of 20 nm is easily achievable with common
FIB systems to manipulate magnetic properties.l”! Therefore,
we consider a scaling down to this size range unproblematic,
eventually switching to He* ions for even higher precision and
smaller structures.

Another material system with smaller, more stable skyr-
mions also enables building of more complex skyrmion net-
works. In such, more robust, systems we also expect the
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random nucleation due to stronger current pulses to be con-
siderably reduced. Potential candidates are multilayers of the
same material stack,’! low damping CoFe based thin films
with stable skyrmions over a broad field range,®® or antifer-
romagnetically coupled bilayers that show highly stable skyr-
mions at zero field.’”) Nonetheless, the ability to build tracks
in nearly arbitrary shapes with high precision opens doors
toward realizing proposed skyrmions logic systems like con-
servative logic.’) In this light, it might be worthwhile to fur-
ther explore the effect of varying ion doses on the nucleation
mechanism and the repulsive force acting from the barriers.
Going even further, coupling nanomagnets to skyrmion nuclea-
tion centers, exploiting the field dependence of the nucleation,
logical states can theoretically be transferred from one domain
(domain wall logic) to the other (skyrmion logic). Realizing
such systems is the next logical step to combine the benefits
of both technologies and merge two prospective, beyond com-
plementary metal-oxide—semiconductor (CMOS), spintronic
device concepts without leaving the magnetic domain. Finally,
also the use of the presented results for reservoir computing,®®l
Brownian computing,® and other non-Boolean architectures
is a thought-provoking approach as it can short pass the intri-
cate physical structuring.

4. Experimental Section

Sample  Fabrication: ~ Samples  comprised  of  Si/SiO,/W(3)/
CoyoFesoBy0(0.9)/MgO(1)/Ta(l), with the respective layer thickness
in nm given in brackets, serve as skyrmion host for the studies. These
samples were produced in a home-built RF-sputter deposition system
realized in a confocal geometry to enable reasonably short delays between
the deposition of the individual layers. After deposition of the layers,
the magnetic properties were adjusted using an annealing step in a N,
atmosphere at 275 °C. The annealed films were covered with another
3 nm layer of Ta to protect them during the subsequent processing steps.
Then the samples were structured by optical lithography and ion beam
etching (Ar*), utilizing a nominally 2 um-thick photoresist as a hard mask.
For current pulsing experiments, another lithography, e-beam deposition,
and lift-off step were performed to make contact structures for individual
magnetic wires. An exemplary image of a contacted magnetic wire along
with an illustration of the measurement setup is shown in Figure 6.

Focused lon Beam lIrradiation: To tailor the magnetic properties locally,
a 50 keV Ga* focused ion beam system with a nominal beam diameter
of 5 nm was used. Aiming for ion doses ranging from below 1 x 10"
to 2 x 10" ions cm2, the ion beam current at 2 pA was fixed and the
irradiation time was adjusted to the desired value. The used Micrion
9500 EX FIB system, allowed for irradiation of arbitrary shapes enabling
the realization of tracks and spots on the structured magnetic wires.
It is worth mentioning that though strong irradiation is spoken of, to
separate distinct irradiation regimes in the article, the used ion doses
were far from those needed to physically mill the material.®% While an
ion dose of 1x 10" ions cm~2 might appear low, and in fact means that
only a single ion per 10 nm? hit the surface of the film, the effect of low
dose ion irradiation on the magnetic properties was drastic. Reason
for that was the high amount of recoils and secondary collisions in the
magnetic film that caused a huge amount of atomic displacements in
the material stack. Using Monte Carlo based stopping and range of ions
in matter simulations,® it is found that each ion caused =1000 atomic
displacements in a radial range of =15 nm around the point of entrance
of the Ga* ion. Even more the vast majority of these collisions (per
material volume) took place in the Ta and W layers and with a slightly
lower ratio in the CoFeB and MgO layers. The underlying SiO, and Si
layers were significantly less affected.
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Figure 6. Schematic overview of the employed measurement system. a) Magnetic material stack. b) Structured and electrically contacted magnetic
wires, visualizing the concept of local Ga* ion irradiation on the wires. c) Dedicated chip carrier board that guides the current pulses sent from a
nanosecond-pulser, with pulse-width .. Consequently, the pulses are measured via an oscilloscope to extract the exact current densities Ig. d) An
exemplary wide-field magneto-optical Kerr effect (WMOKE) measurement where current pulses move the skyrmions in a magnetic wire. By imaging

before and after a number of current pulses the skyrmion trajectories are extracted.

Metrology: The magnetic structures were analyzed using magneto-
optical measurement systems in laser and wide-field, polar Kerr effect
configuration. These measurement systems enabled the recording
of hysteresis loops and the imaging of magnetic domains on the
samples. Beyond static domain images, recording current-driven
skyrmion motion was possible in a quasi-static manner. The skyrmions
were imaged in the magnetic wire, current pulses were injected in
the nanosecond timescale, and the same wire was imaged again.
From the differences in these images, it was possible to track the
displacement of the magnetic textures caused by the current pulses.
The TrackMate algorithm[¥! enabled extraction of velocities and the
skyrmion Hall angle. To be able to measure the pulse current precisely,
one side of the magnetic wire was connected to the 50 Q input of
a fast oscilloscope, while the other side was connected to a current
pulser. In order to assess the current density, the width of the magnetic
wire and the thickness of the entire sputtered stack (s, = 8.9 nm)
minus the thickness of the MgO layer (1 nm) was used. As a result
of this, the current that contributes to the motion of the skyrmions
but can give an upper bound for the needed current densities was
knowingly overestimated.
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Supporting Information is available from the Wiley Online Library or
from the author.
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