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Abstract

Magnetic skyrmions are topological solitons promising for applications as encoders for
digital information. A number of different skyrmion-based memory devices have been recently

proposed. In order to demonstrate a viable skyrmion-based memory device, it is necessary
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to reliably and reproducibly nucleate, displace, detect, and delete the magnetic skyrmions,
possibly in absence of external applied magnetic fields, which would needlessly complicate
the device design. While the skyrmion displacement and detection have both been thoroughly
investigated, much less attention has been dedicated to the study of the skyrmion nucleation
process and its sub-ns dynamics. In this study, we investigate the nucleation of magnetic
skyrmions from a dedicated nano-engineered injector, demonstrating the reliable magnetic
skyrmion nucleation at the remnant state. The sub-ns dynamics of the skyrmion nucleation
process were also investigated, allowing us to shine light on the physical processes driving the

nucleation.

Magnetic skyrmions are topological quasi-particles that can be stabilized in magnetic materi-
als exhibiting perpendicular magnetic anisotropy (PMA) and an anti-symmetric exchange inter-
action (Dzyaloshinskii-Moriya - DM - interaction). The DM interaction arises from the breaking
of the inversion symmetry in the magnetic material 2. For multilayered PMA thin film systems
where the inversion symmetry is broken at the interface between the different layers that com-
pose the superlattice stack, the resulting interfacial DM interaction leads to the stabilization of
Néel-type magnetic domain walls and skyrmions>~. Examples of multilayer stacks where room-
temperature Néel-type magnetic skyrmions can be stabilized include Pt/Co/Ir®, Pt/Co/MgO*, and
Pt/CoFeB/MgO’.

Magnetic skyrmions exhibit a set of interesting properties such as a topological contribution
to the Hall resistivity>®, and they can be displaced with low current densities down to 10°-
107 Am~2 for single-crystalline materials exhibiting bulk DM interaction at cryogenic tempera-
tures !0, These properties make magnetic skyrmions particularly interesting both for fundamental
studies and for applications in novel non-volatile magnetic memory concepts such as the skyrmion
racetrack memory?, in skyrmion-based probabilistic computing concepts!!, and in skyrmion-based
logic processors 2.

In order to fabricate a viable skyrmion-based memory, the controllable and reproducible nu-

cleation, motion, detection, and deletion of the magnetic skyrmions needs to be demonstrated.



Skyrmion motion has been object of profound attention in the last years, leading to not only the
demonstration of a reliable current-driven motion’-!3-13_ but also to the study of the dynamics of
the spin-orbit torque (SOT)-induced skyrmion motion’. Due to the influence of the skyrmion topol-
ogy on its transport properties (giving rise e.g. to the topological Hall effect®), also the electrical
detection of magnetic skyrmions has been thoroughly investigated, ranging from the investigation
of the topological Hall effect in skyrmion crystals in materials exhibiting bulk DM interaction® to
the detection of isolated magnetic skyrmions in multilayer stacks exhibiting interfacial DM inter-

action>19,
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Figure 1: Schematic overview of the skyrmion nucleation device. (a) False color scanning elec-
tron micrograph of the injector structure employed for the skyrmion nucleation, with a schematic
overview of the electronic setup employed for the pump-probe experiments. The timing and syn-
chronization signals are marked in red. (b) Schematic cut view of the skyrmion injector sample
(see red dashed line in (a)), showing the composition and thickness of the different layers. (c) Sy
parameters for the microwire and microcoil and cross-talk between the microwire and the micro-
coil. The fast-Fourier transform (FFT) of a 5 ns long pulse is also depicted, showing that the cutoff
frequency for this excitation is on the order of 1 GHz, where the cross-talk between the microwire
and the microcoil is much lower than the S, parameter for both components.

However, although micromagnetic simulation studies have been carried out (see e.g.!’~1%),

only a limited experimental attention has been dedicated to the controlled nucleation of such mag-
netic quasi-particles. These studies mostly focus on the nucleation of magnetic skyrmions arising
from natural or artificially fabricated defects in the magnetic material 1%2%, or from constrictions

patterned directly into the magnetic material '>2!. However, the properties of a natural defect site



cannot be directly controlled, as different defect sites are not reproducibly equal both within the
same and between different samples, making them unsuitable for the reliable and reproducible
skyrmion nucleation that would be required in a device. Furthermore, due to the difficulty in deter-
mining the exact properties of the material in the defect site (e.g. the local values of the saturation
magnetization or of the PMA), the interpretation of the processes occurring during the nucleation

has to rely on a priori assumptions on the properties of the defect site 192

, or involve challenging
investigations of the material>>. In the case that the skyrmion nucleation is achieved through a pat-
terned constriction in the magnetic material 19.21 'the fabrication of the constriction itself requires a
precise patterning, unnecessarily constraining its geometry. A constrained device geometry leads
to a limited functionality of the magnetic device, complicating the design of a skyrmion-based
memory employing such nucleators.

The fabrication of a constriction in the magnetic material leads to a non-uniform local distri-
bution of the current density, which is then employed for the spatially-defined nucleation of the

magnetic skyrmions '%-?!

. However, one can also employ a patterned contact structure for achiev-
ing a non-uniform distribution of the current density, as proposed in the work of Hrabec et al.?>.
This design is a viable alternative for the electrical skyrmion nucleation, as a dedicated injector re-
quires neither the direct patterning of the magnetic material nor to rely on natural or artificial defect
sites. However, no detailed experimental investigations on the processes (and on their dynamics)
that lead to the nucleation of a magnetic skyrmion from a dedicated injector device have been
carried out as of now, leaving open questions on the physical mechanisms driving the nucleation.
Moreover, all of the currently available studies on the current-induced skyrmion nucleation
require a permanently applied out-of-plane magnetic field for the stabilization of the magnetic
skyrmions. The magnetic fields range in magnitude from sub-10 mT %2123 to above 100 mT%.
The requirement of a permanently applied magnetic field is strongly detrimental for an application
of magnetic skyrmions as an information carrier. A completely field-free stability of the nucleated

skyrmions would instead be strongly desirable, as this would avoid the requirement of integrating

permanent out-of-plane magnetic fields in the skyrmion-based device.



With the experiments presented in this work, we have overcome the issues discussed above
by demonstrating the controlled skyrmion nucleation from a nano-engineered injector device. The
injector was tailored to achieve a high current density at its tip, designating the region where
the magnetic skyrmion is nucleated. The injector was fabricated on top of a Ta(3.2 nm)/Pt(2.6
nm)/[CoggB32(0.8 nm)/Ir(0.4 nm)/Pt(0.6nm)]«3/Pt(2.1 nm) PMA stack, exhibiting a saturation
magnetization of Mg = 665 kAm~!, a PMA of k = 600 kJm 3 determined by magnetometry mea-
surements (see the Methodology section for additional details), and an interfacial DM interaction of
D = 1.17 mJm~2, determined by Brillouin Light Scattering measurements>. This stack, from now
on referred to as Pt/CoggB3,/Ir, was tailored to allow for the stabilization of magnetic skyrmions
at the remnant state, therefore removing the requirement to carry out the experiments in presence
of a permanently applied magnetic field. The zero-field stability of magnetic skyrmions could
also be predicted by micromagnetic simulations (see the supplementary information for an exam-
ple). Additionally, the patterning of a nanostructured injector device on top of the Pt/CoggB3,/Ir
stack allows for the deterministic current-induced nucleation of magnetic skyrmions without the
necessity to rely on random natural defects of the material, or on constrictions patterned directly
into the material. Finally, thanks to the use of time-resolved scanning transmission X-ray mi-
croscopy (STXM), and to new developments in the time-resolved capabilities of the instrument?4,
the sub-ns dynamical processes leading to the current-induced skyrmion nucleation (and magnetic
field-induced deletion) could be unraveled.

For the skyrmion nucleation and deletion experiments reported here, we fabricated 500 nm
wide Cu skyrmion injector structures on top of a Pt/CoggB3,/Ir microwire (see Figure 1(a-b) and
the Methodology section). The skyrmion nucleation (starting from a uniformly magnetized state) is
achieved by the injection of short current pulses from the Cu contact into the magnetic microwire.
In order to reset the magnetic configuration back to a uniformly magnetized state within a ns
timescale, a necessary condition to be able to perform time-resolved pump-probe experiments, an
Q-shaped Cu microcoil was fabricated on top of the microwire. This allows for the generation

of ns-wide out-of-plane magnetic field pulses that can be employed to magnetically saturate the
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Figure 2: Quasi-static investigation of the skyrmion nucleation and deletion processes. (a-c) Quasi-
static XMCD-STXM images of the current-induced nucleation and field-induced deletion of a
magnetic skyrmion. (a) Initial uniform magnetic configuration. The edges of the microwire are
marked by the black dashed lines, the edge of the injector is marked by the light blue dashed line,
and the edge of the microcoil is marked by the dark blue dashed line. (b) Nucleation of a magnetic
skyrmion (area of dark contrast in the image) by injecting a 5 ns long current pulse in the microwire.
(c) Recovery of the initial magnetic configuration by injecting a current pulse across the microcoil,
leading to the generation of an out-of-plane magnetic field pulse. (d) Dependence of the current
density required to nucleate an isolated magnetic skyrmion on the duration of the current pulse
injected from the skyrmion injector. A skyrmion nucleation window can be observed from these
measurements. The current density shown in (d) was calculated in the region of the microwire
where the current density exhibits a uniform distribution. All of the static XMCD-STXM images
employed to obtain the results shown in (d) can be found in the supplementary information.

region around the injector. Note that the microwire and the microcoil are electrically insulated
through the use of a 200 nm thick SiO, insulation layer, and that the geometry of the samples was
optimized to minimize reflections of the injected current pulses, and to minimize the cross-talk
between the microcoil and the microwire (see the Methodology section and Figure 1(c) for more
details, also about the sample fabrication).

The Pt/CoggB3,/Ir multilayer stacks employed here stabilize Néel-type skyrmions at the rem-

nant state (see Ref.? for a proof that Néel-type domain walls are stabilized in this PMA stack,



and the supplementary information for micromagnetic simulations of this multilayer stack). The
zero-field skyrmion stability provides a strong motivation to use Pt/CoggB3,/Ir stacks with respect
to other common multilayer stacks that require the presence of an external out-of-plane magnetic
field for the skyrmion stability>~7-13:14.19-21.23.25.26 * Because of this, we could perform the nucle-
ation experiments at the remnant state, where the influence of external static magnetic fields on the
nucleation and deletion processes can be safely ignored. This allows for an easier interpretation
of the physical processes causing their nucleation and deletion, and removes the requirement to
integrate a permanently-applied magnetic field with the skyrmion-based device.
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Figure 3: Dependence of the area of the magnetic skyrmions nucleated with a current pulse with
respect to the charge injected in the Pt/CoggB3,/Ir stack by the current pulse. Different pulse widths
have been considered and, for a given pulse width, a roughly linear dependence of the area of the
magnetic skyrmion with respect to the charge injected in the Pt/CoggB3,/Ir stack can be observed.

The skyrmion nucleation experiments were performed by STXM imaging both in the quasi-
static and pump-probe regimes, using the X-ray magnetic circular dichroism (XMCD) effect?’ as
a means to obtain the magnetic contrast (see the Methodology section for additional details about
the technique). A first verification of the conditions necessary for the skyrmion nucleation at the
nanostructured injector contact was performed by quasi-static STXM imaging. Here, the magnetic
configuration after the injection of a single current pulse of variable widths and amplitudes (the
current densities shown in this work were calculated in the section of the microwire exhibiting a

uniform current density - see the supplementary information and the Methodology section for ad-



ditional details) was investigated. Prior to the injection of each pulse, the microwire was initialized
in a uniformly magnetized state by injecting a 4 ns wide current pulse across the microcoil (at a
peak current of 350 mA, resulting in a peak out-of-plane magnetic field of 50 mT in the region
surrounding the injector - see the Methodology section and the supplementary information for ad-
ditional details). An example of the quasi-static XMCD-STXM imaging experiments carried out in
this part of our work is shown in Figure 2(a-c), also depicting the nucleation and deletion protocol
employed for the time-resolved experiments presented in the sections below.

As summarized in Figure 2(d), we observed three different scenarios depending on the width
and amplitude of the injected current pulse (all of the images employed to obtain the results shown
in Figure 2(d) are shown in the supplementary information). For low current densities (black
squares in Figure 2(d)), the uniformly magnetized state remained unchanged upon the injection
of the current pulse. For high current densities (red circles in Figure 2(d)), a multidomain state,
most likely caused by the heating of the Pt/CoggB3,/Ir microwire to above its Curie temperature
(475 K - see the supplementary information for additional details), was nucleated. Between these
two cases, a window of pulse widths and amplitudes leading to the reproducible nucleation of
an isolated magnetic skyrmion was observed (light blue diamonds in Figure 2(d)). A monotonic
decrease of the threshold current density for both the nucleation of an isolated skyrmion and for
the stochastic nucleation of a multi-domain state with the width of the current pulse can also be
noticed in Figure 2(d). It is also noteworthy that for the pulse widths and amplitudes considered
here it was possible to nucleate a magnetic skyrmion with a pulse energy down to about 500 pJ,
which is comparable to the energy required to write a bit in commercial NOR flash memories?8.
Further optimizations in the energy efficiency of the skyrmion nucleator presented here (e.g. by
employing shorter switching current pulses) could therefore lead to a better energy performance
than NOR flash memories, proving that the encoding of digital bits as magnetic skyrmions can be
a competitive alternative.

From the images where the nucleation of an isolated skyrmion was observed in Figure 2(d),

we extracted the area of the nucleated magnetic skyrmion as a function of the injected electrical



charge. These results are shown in Figure 3, where it is possible to observe that the area of the
magnetic skyrmion exhibits a roughly linear dependence on the injected charge for a given pulse
width, following a similar behavior observed for the partial SOT-induced switching of Pt/Co/AlO
nanodots?’, hinting that the SOTs are one of the driving mechanisms behind the skyrmion nucle-
ation process. For longer pulses, the amount of charge required for the nucleation of a magnetic
skyrmion with a similar area is higher than for shorter pulses with higher current densities. This
behavior, along with the observation that the minimum nucleation current density decreases with
an increasing pulse width, indicates that part of the energy of the pulse is spent in the heating of
the material. The results are in agreement with the currently employed models for SOT-assisted

19,30

magnetization switching , where a reduction in the switching current density with an increase

of the temperature was observed®!. A minimum skyrmion size with an area of 2.5 x 10* nm?,
corresponding to a diameter of about 150 nm, was observed from the results presented in Figure 3.
This skyrmion size is compatible with calculations of the domain periodicity at the remnant state in
similar PMA multilayer stacks optimized for a high interfacial DM interaction®, and the stability
of small skyrmions in the Pt/CoggB3,/Ir multilayer system investigated here could be predicted by
micromagnetic simulations (see the supplementary information for additional details).

Observing Figure 3, it can also be noted that almost no skyrmions with an area above 2.5 x 10°
nm?, corresponding to a diameter of about 550 nm, are nucleated (the injection of a longer pulse
would lead, as shown in Figure 2, to the creation of a multi-domain state). A similar maximum
skyrmion size was observed for nucleation experiments performed on wider Pt/CoggB3,/Ir mi-
crowires, allowing us to exclude geometric confinement as a reason for the observed maximum
skyrmion size. The presence of a maximum skyrmion size differentiates the magnetic states ob-
served here from magnetic configurations such as the asymmetric bubbles used for determining
the magnitude of the DM interaction?, where their size is determined by the duration of the mag-
netic field pulse employed for its nucleation, and where no limitations to their maximum area are

present.

After investigating the quasi-static skyrmion nucleation (and deletion) processes, we turned



our attention to the time-resolved imaging of the dynamical processes behind the current-induced
skyrmion nucleation and the magnetic field-induced skyrmion deletion. These experiments were
performed by time-resolved STXM imaging using a 5 ns wide nucleation pulse with a current
density of 1.4 x 102 Am~2, and a 350 mA, 4 ns wide, deletion pulse. The results of one such
time-resolved investigation are depicted in Figure 4, where both the current-induced nucleation
(Figure 4(a)) and the magnetic field-induced deletion (Figure 4(b)) are shown (videos of the time-
resolved images can be found in the supplementary information). Figure 4(c-d) depict respectively
the time-resolved variation of the skyrmion area during the nucleation and deletion. Note here
that the shape of the nucleated skyrmion is elliptical (part of the skyrmion is nucleated below the
Cu injector, where the X-ray absorption from the 200 nm thick Cu contact leads to a decrease in
the contrast). This is most probably due to the combination of the roughly elliptical shape in the
distribution of the current density around the injector structure (see the supplementary information
for additional details), and to the unavoidable presence of pinning sites close to the Cu injector,
which can affect the shape of the nucleated skyrmions .

Thanks to the possibility of precisely determining the time position of the zero delay between
pump and probe (within a single 200 ps time step), the time-resolved variation of the skyrmion area
can be overlaid and compared with the current/magnetic field excitation (see the Methodology sec-
tion for additional details). For both nucleation and deletion, it can be immediately observed from
Figure 4(c-d) that they do not exhibit a detectable incubation time within the 200 ps time step em-
ployed here and therefore start synchronously with the onset of the current/magnetic field pulse.
The absence of an incubation time for the nucleation process provides, after the quasi-static behav-
ior shown in Figure 3, another indication that the nucleation is driven by SOT-induced switching of
the magnetization, which responds instantaneously to the excitation?. In the time-resolved images
depicting the nucleation of the magnetic skyrmion (snapshots shown in Figure 4(a)), it is possible
to observe that the generation of the magnetic skyrmion appears to start with the nucleation of
an opposite domain in the left of the injector contact, followed by the expansion of the magnetic

domain up to its final size, indicating that the skyrmion nucleation process appears to be driven by

10
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Figure 4: Dynamical imaging of the time-resolved current-induced skyrmion nucleation and mag-
netic field-induced skyrmion deletion processes. (a-b) Snapshots of differential time-resolved
STXM images of (a) the nucleation and (b) the deletion processes. The edges of the injector
are marked by the light blue dashed lines in the figure. (c¢) Time-resolved variation of the area of
the magnetic skyrmion during the current-induced nucleation process. (d) Time-resolved variation
of the area of the magnetic skyrmion during the field-induced skyrmion deletion process. The
width of the magnetic field pulse was tailored to be equal to the time required for the complete
deletion of the magnetic skyrmion. The magnitude of the magnetic field shown in (d) depicts the
magnetic field at the tip of the injector structure determined by finite-element simulations (see the
supplementary information and the Methodology section).

domain wall expansion.

Due to the requirements of the pump-probe technique, the current-induced nucleation and mag-
netic field-induced annihilation processes were repeated about 10'° times at a repetition frequency
of 500 kHz, demonstrating that the nucleation and deletion processes are, within the limitations
of the pump-probe technique, both reproducible and deterministic. The reproducibility of the
skyrmion nucleation process observed in the time-resolved images provides an additional indi-
cation that the nucleation process is driven by a deterministic process such as the SOT-induced
switching, and not by a stochastic process such as thermal-induced nucleation. In fact, thermal-

induced nucleation processes would give rise, due to their stochastic nature, to a loss of magnetic
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contrast in the area of the microwire where the skyrmion nucleation process occurs. As this loss of
contrast was not observed in the time-resolved images reported here, thermal-induced nucleation
as the mechanism behind the skyrmion nucleation process reported here can be excluded.
Another observation that can be made from the time-resolved variation of the skyrmion area
shown in Figure 4(c-d) is that, for both the nucleation and deletion processes, the area of the mag-
netic skyrmion varies roughly linearly with the duration of the current/magnetic field pulse up to
a maximum size. This behavior is in agreement with the quasi-static experiments shown in Fig-
ure 3, and additionally with time-resolved observations on the partial switching of Pt/Co/AlO,
nanodots?’, providing yet another indication that SOTs drive the current-induced skyrmion nucle-

ation.
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Figure 5: Skyrmion nucleation and deletion dynamics as a function of the direction of the nucle-
ation current. Time-resolved variation in the XMCD contrast for the current-induced skyrmion
nucleation and magnetic field-induced skyrmion deletion processes for different directions of the
nucleation current and deletion field. A magnetic skyrmion can be nucleated independently from
the direction of the nucleation current and from the orientation of the starting single-domain con-
figuration (which is selected by the sign of the resetting magnetic field pulse). The inset shows
the sign convention used for the nucleating current and deleting magnetic field, and the region of
interest (ROI) employed for the calculation of the time-resolved XMCD contrast variation.

We also investigated the influence of the direction of the electrical current employed for the
nucleation of the magnetic skyrmions. Here, we performed pump-probe imaging experiments of
both the nucleation and deletion processes with a 2 ns probing time step as a function of the direc-

tion of both the nucleating and deleting pulses. The time-resolved change of the magnetic contrast
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in the region surrounding the injector structure during the nucleation and deletion processes was
measured. Those results are shown in Figure 5. The sign convention for the direction of the nucle-
ation current and deletion magnetic field is shown in the inset of the figure, while the area where
the time-resolved change in the magnetic contrast was measured is marked by ROI in the same
inset. From the time traces shown in Figure 5, it is possible to observe that a magnetic skyrmion
can be nucleated for all four possible combinations of the directions of the nucleating current and
deleting magnetic field. Moreover, the dynamics of the nucleation and deletion processes occur on
the same timescales in all four combinations, indicating that the nucleation process occurs inde-
pendently from the direction of the current flowing in the injector.

In the absence of static external magnetic fields, the four possible combinations of the direc-
tions of the nucleation current and deletion field are symmetric. The magnitude of the torque
generated by the SOT effect will therefore be equal for all four possible combinations?’. If the
injected spin current is sufficiently high, a switching of the magnetization will be observed '*-2%-39,
independently of the direction of the spin current. The sign of the torque will be affected by the
orientation of the electrical current, affecting the direction of the domain wall expansion, but it will

nonetheless lead to a switching of the magnetization?’

, in agreement with the results presented in
Figure 5.

Consequently, the results shown above allow us to conclude that the current-induced skyrmion
nucleation process is driven by the SOT-induced switching of the magnetization in the area at the
tip of the nano-engineered injector structure. It is however necessary to consider that the injec-
tion of the 5 ns-wide pulse considered here will lead, due to Ohmic losses, to the heating of the
Pt/CoggB3,/Ir microwire, but it is equally important to note here that the hottest point in the mi-
crowire is not located at the tip of the injector contact, but rather at the center of the microwire (see
the supplementary information for additional details), ruling out purely thermal-induced switching
processes as the cause behind the skyrmion nucleation. The heating, however, assists in the reduc-

tion of the critical current densities required to achieve a SOT-induced switching>'. This indicates

that the switching process is driven, for these pulse widths, by the synergy between the SOTs and
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the heating caused by the injected pulse.

As shown in Figure 2 and Figure 4 and in the figures and videos provided in the supplemen-
tary information, the nucleation of the magnetic skyrmion takes place at the tip of the injector
structure. Nucleations outside of this region occur only for the pulses with current densities much
higher than the single skyrmion nucleation threshold (see Figure 2(d) and the images in the supple-
mentary information). This can be explained by considering the geometry of the injector, and by
the distribution of the current density during the injection of a current pulse (see the supplementary
information for a finite-element simulation of the current density in the microwire). In particular,
it can be observed that the magnitude of the current density at the tip of the injector is of about a
factor 3 larger (in a circular region of about 150 nm in diameter) than the current density in the
uniform section of the Pt/CoggB3,/Ir microwire. The injector geometry presented here provides
thus a localized high current density spot that locally fulfills the requirements for the SOT-induced
switching of the magnetization. This high current density spot does not correspond to the hottest
point on the microwire (see the supplementary information for additional details).

In addition, the magnetic skyrmions nucleated at the injector structure described here can be
detached from it via the injection of current pulses with low (i.e. below the skyrmion nucleation
threshold - see Figure 2(d)) current density, causing the motion of the magnetic skyrmion>? from
its nucleation point and, eventually, its detachment from the injector structure. An example of the
detachment of the magnetic skyrmion from the injector structure is shown in Figure 6, where the
magnetic skyrmion was detached from the injector structure by the injection of four consecutive
5 ns-long current pulses with a peak current density of 6.5 x 10" Am~2. It is worth to note here
that, although an optimization of the width and amplitude of the current pulse for the release of the
skyrmion with a single pulse is still necessary, the detachment of the magnetic skyrmion from the
injector structure was demonstrated.

To facilitate the detachment of the magnetic skyrmion from the injector structure, and to inte-
grate the injector structure into a spintronic device such as a skyrmion racetrack, a design such as

the one shown in Figure 6(d) could be employed. In this case, the nucleation would occur by inject-
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ing a current pulse from the injector structure, while the detachment and motion of the magnetic
skyrmion would occur by injecting a current pulse across the Pt/CoggB3,/Ir microwire (marked
by Jgispl in Figure 6(d)), generating a uniform current density across the microwire. To avoid the
shunting of the current pulse across the injector structure, current pulses of opposite polarity can be
injected from the two ends of the microwire, creating a virtual ground in the region of the skyrmion
injector (see e.g.>* for a similar concept of virtual ground, employed for the generation of rotating

magnetic fields).

(b)
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Cu injector
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e s,
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Figure 6: Detachment of the magnetic skyrmions from the injector structure. (a) Starting state,
with a skyrmion nucleated by injecting a current pulse across the injector structure. (b) Magnetic
state after the injection of three 5 ns-long current pulses with a peak current density of 6.5 x 10!
Am~2, showing that the skyrmion is displacing away from the injector structure and deforming.
(c) Magnetic state after the injection of a fourth 5 ns-long current pulse with a peak current density
of 6.5 x 10! Am~2, showing that the skyrmion has detached from the injector structure, and
recovered its circular shape. The edges of the microwire are marked by the black dashed lines,
while the edge of the injector is marked by the light blue dashed line (note here that, for this
sample, the injector structure was fabricated with a misalignment of 500 nm from the center of the
microwire). (d) Proposed design for a simple skyrmion racetrack employing the injector structure
described in this work. The detachment of the skyrmion from the injector would be carried out
by injecting a current pulse across the Pt/CoggB3,/Ir microwire (marked by Jgisp1). The injector
structure would also be redesigned to exhibit a point-contact structure (see cross-section shown in

(e)).

On a first glance, the skyrmion nucleation protocol described here appears to be a similar con-

19,20

cept to the SOT-induced nucleation of magnetic skyrmions at natural defects or, especially, at

constrictions patterned directly in the magnetic material, which rely on a localized non-uniformity

1921 " However, while some simi-

in the current distribution to facilitate the skyrmion nucleation
larities can be observed, our approach exhibits the advantage that the skyrmion nucleation does

not rely on any natural (or artificial) defects and constrictions on the magnetic material, but on the
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patterning of an injector structure on top of the magnetic material. This avoids the necessity for
the fabrication of controlled pinning sites on the magnetic material and, with the proposed design,
the skyrmion injector structure can be fabricated directly on top of a skyrmion racetrack, where the
nucleated skyrmions can then be displaced by a current pulse injected across the microwire. This
design provides a simple method for nucleating the magnetic skyrmions, while allowing for the en-
gineering of the functionality of the material by tailoring the design of the electrical contacts to the
required process (e.g. displacement of the magnetic skyrmions in a racetrack memory element).
Furthermore, the zero-field skyrmion stability provides a framework where magnetic skyrmions
can be manipulated, allowing for the possibility to fabricate skyrmion-based devices free of any
external permanent magnets.

A final observation is that the Pt/CoggB3,/Ir stack employed here was not, due to the presence
of the two top and bottom Pt layers of almost equal thickness explicitly optimized to achieve high
SOTs, but rather for the stabilization of magnetic skyrmions at the remnant state whilst keeping a
moderate SOT strength. This can be observed e.g. in the lower domain wall velocities reported
in3 for this stack if compared to PMA stacks explicitly optimized for high SOTs (see e.g.3>3).
Therefore, the fact that an efficient skyrmion nucleation and detachment could be demonstrated for
the Pt/CoggB3,/Ir stack reported here provides a proof of the robustness of the skyrmion nucleation
protocol that we propose here.

In conclusion, we have shown that the fabrication of a nano-engineered injector structure on top
of a Pt/CoggB3o/Ir superlattice allows for the deterministic nucleation and detachment of isolated
magnetic skyrmions at the remnant state by the injection of ns-wide current pulses. Quasi-static
and time-resolved STXM imaging of the skyrmion nucleation process allowed us to observe that
the process is driven by the SOT-induced local switching of the magnetization, and quasi-static
STXM investigations of the properties of the switching pulses (width and current density) allowed
us to conclude that the dynamical heating of the microwire also plays an important, but not ex-
clusive, role in the switching by reducing the threshold current density for longer pulses. The

combination of the flexibility of the geometry of the magnetic material given by the use of an in-
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jector structure for the skyrmion nucleation with the zero field stability of the magnetic skyrmions
in the Pt/CoggB3,/Ir superlattice stack offers a leap forward towards the device applicability of
magnetic skyrmions. In particular, our approach permits the generation of a skyrmion "where and
when we want it", and will provide an easy framework to investigate the skyrmion properties in

absence of external fields.

Methodology

Sample fabrication and characterization

The microstructured wires were fabricated to a width of 2 um by electron beam lithography fol-
lowed by liftoff out of a Ta(3.2 nm)/Pt(2.6 nm)/[CoggB32(0.8 nm)/Ir(0.4 nm)/Pt(0.6nm)] »3/Pt(2.1
nm) multilayer stack. The Pt/CoggB3,/Ir stacks were deposited by magnetron sputtering at a rate
of approximately 1 As~! using an Ar plasma at a pressure of 3.2 mbar (base pressure of the depo-
sition chamber in the low 108 mbar range). More details on the deposition of a similar multilayer
stack can be found in Ref.?%. For the lithographical fabrication, a bilayer of methyl-methacrylate
(MMA) and of poly(methyl-methacrylate) (PMMA) resist was spincoated on top of 200 nm thick
x-ray transparent Si3N4 membranes on 200 um thick high resistivity Si frames. The MMA/PMMA
bilayer was exposed by electron beam lithography using a 100 kV Vistec EBPG 5000Plus electron
beam writer with a writing dose of 1600 uC cm~2. The exposed resist was developed by immer-
sion for 90 s in a solution of methyl-isobutyl-ketone and isopropyl alcohol 1:3 in volume, followed
by immersion in pure isopropyl alcohol for 60 s. After the deposition of the magnetic material, the
unexposed resist, along with the magnetic film on top, was removed by immersion in pure acetone.

The microwires were contacted by 200 nm thick Cu electrodes fabricated by electron-beam
lithography followed by liftoff. The Cu was deposited by thermal evaporation using a Balzers
BAE?250 thermal evaporator. One of the electrodes was fabricated in a rounded geometry with a
250 nm radius of curvature, designed to obtain a diverging current flow. To generate the magnetic

field pulses employed for the deletion of the magnetic skyrmion, an Q-shaped, 400 nm thick,
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Cu microcoil was fabricated on top of the microwire once again by electron-beam lithography
followed by a lift-off process. The microwire and the microcoil were electrically insulated through
a 200 nm thick SiO; layer deposited between the two layers by electron beam evaporation (using
a Univex 450 electron beam evaporator). For all the layers, injector, insulator, and microcoil, the
same process employed for the patterning of the magnetic material was utilized. Cu was chosen as
electrode material as this guarantees a high x-ray transmittivity at the Co L3 edge, allowing for the
investigation of the magnetic configuration of the sample also below the electrodes.

The quality of the samples fabricated according to the protocol described above was verified
by scanning electron microscopy imaging (see Figure 1(a)). Their electrical properties (in par-
ticular, the impedance matching of both the Pt/CoggB3,/Ir microwire and the microcoil, and the
cross-talk between the two) were verified by time-domain reflectometry measurements using an
Agilent Infiniium DCA-J 86100C sampling oscilloscope. With this technique, the S,; parame-
ters of the microwire, microcoil, and the cross-talk between them was determined. The results of
this characterization are shown in Figure 1(c). The electrical resistance of the samples, employed
for monitoring the quality of the sample during the quasi-static and time-resolved STXM inves-
tigations, was measured using a Keithley 2400 source meter, employing a probing current of 10
UA.

The magnetic properties of the Pt/CoggB3/Ir multilayer stacks were characterized by mag-
netometry measurements using a superconducting quantum interference device (SQUID). From
these measurements, the temperature dependence of the saturation magnetization, employed to
determine the time-resolved variation of the temperature close to the injector structure, could be

determined.

Skyrmion nucleation and deletion protocol

The skyrmions were nucleated by injecting a current pulse across the injector structure. For the
quasi-static investigations, the width and amplitude of the current pulse were varied from 1 to 20

ns and from 8.5 x 10! to 1.7 x 10'> Am~2 respectively. For the time-resolved investigations,
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5 ns wide current pulses with a peak current density of 1.4 x 10'> Am~2 were employed. The
current pulses were generated using a Tektronix AWG 7122C 10 GSa s~ arbitrary waveform
generator (AWG) combined with a MiniCircuits ZPUL-30P non-inverting pulse amplifier. For the
generation of the magnetic fields employed for the skyrmion deletion, 4 ns wide current pulses
with a peak current of 350 mA were injected across the microcoil structure. A temporal gap
of about 1 us between the current and magnetic field pulses was employed. The magnetic field
pulses were generated using an Avtech AVM-4-C 20 V pulse generator, which was triggered by
a synchronization signal generated with the second channel of the AWG. Both the nucleation and
deletion pulses were monitored using a Keysight DSO-S 404A 20 GSa s~! real time oscilloscope.
The oscilloscope was terminated with a 50 Q impedance, allowing for the measurement of the
current flowing across the microwire and the microcoil. The electrical connections to the sample

are shown in Figure 1(a).

STXM imaging

The quasi-static and time-resolved STXM imaging of the skyrmion nucleation and deletion pro-
cesses was performed using the STXM installed at the PolLux (X07DA) endstation of the Swiss
Light Source3’. With STXM imaging, circularly-polarized monochromatic x-rays generated by
the synchrotron light source (tuned to the Co L3 absorption edge) are focused on the sample using
diffractive optics (Fresnel zone plate). The x-rays transmitted through the sample are recorded
using an avalanche photodiode (APD) as photon detector. To form an image, the sample is raster
scanned with a piezoelectric stage. For the experiments presented here, a Fresnel zone plate with a
25 nm outermost zone width was employed. The width of the entrance and exit slits to the beam-
line monochromator was selected to achieve an x-ray beam spot on the order of 25-30 nm, defining
the spatial resolution of the images presented in this work.

The time-resolved images were acquired in the pump-probe regime illuminating the sample
with circularly-polarized x-rays with negative helicity. Thanks to the use of a broadband APD,

combined with a dedicated field-programmable gate array (FPGA) setup (which handles also the
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synchronization between the x-ray pulses and the electronics that excite the sample - see Fig-
ure 1(a)), the entire filling pattern of the synchrotron light source can be employed for the acqui-

sition of the time-resolved images?*38

. Time steps of 2 ns and 200 ps were employed for the
time-resolved images presented here. The synchronization between the pump and probe signals
(in particular, the determination of the time position of the zero delay - or #y) was determined using
a laser diode with a rise time faster than 200 ps connected to the same electronic setup employed
for the experiments. This allowed for a determination of #y within an accuracy of below 200 ps.

The time-resolved images shown in Figure 4 and in the videos provided in the supplementary
information were acquired as differential images. Here, the average magnetization configuration
before the nucleation or after the deletion of the skyrmion (i.e. when the area around the magnetic
wire is in a uniformly magnetized state) was subtracted from each frame of the time-resolved
series. Similarly to an XMCD image, the resulting differential image shows the nucleation and
deletion of the magnetic skyrmion through a variation in the image intensity.

The area of the magnetic skyrmions shown in Figure 3 and the time-dependent area of the
magnetic skyrmion shown in Figure 4 were determined through a thresholding of the quasi-static
and time-resolved STXM images. The threshold was selected to be half of the width of the change
in contrast between the skyrmion and the outlying domain of opposite magnetization (i.e. selecting
the region corresponding to m; = 0 as threshold). To improve the statistics on the time-resolved
images, a 3 point moving average in the time domain was employed.

The error bars shown in the time axis (x axis) of Figure 4(c-d) were calculated by considering
the 3 point moving average (i.e. for each time step ¢, the image is composed of the average between
the time step ¢, and the time steps ¢ £ 200 ps), leading to an error bar of £ 200 ps. The error bars
in the skyrmion area axis (y axis) of Figure 4 were calculated by modifying the threshold used to
determine the skyrmion area by one standard deviation of the noise in the uniformly magnetized

part of each frame in the time-resolved movies.
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Micromagnetic simulations

The micromagnetic simulations were performed with the finite differences simulation package
MuMax33°. For the simulations, the measured values for the saturation magnetization, PMA,

3

and for the DM interaction were employed, as reported in”. A simulation grid of 1 x 1 x 0.1

nm?® was employed for the simulations. Three magnetic layers of 0.8 nm thickness separated by

nonmagnetic layers of 1 nm thickness were simulated.

Finite-element simulations

The current density distribution during the injection of a current pulse, as well as the spatial dis-
tribution of the magnetic field generated by injecting a pulse across the microcoil was simulated
using the commercial multiphysics finite-elements simulation software ANSYS-Maxwell. For the
simulations, the measured values of the current flowing through the Pt/CoggB3,/Ir microwire or
through the microcoil were employed. The results of the finite-element simulations performed
for the current and magnetic field distributions are shown in the supplementary information. The
values of the current density shown in Figure 2 and Figure 4 were taken from the region of the
microwire where the current density exhibits a uniform spatial distribution. Close to the injector
structure, a strong spatial variation of the current density was observed, with a peak current density
of about a factor 3 higher than in the uniform section.

The distribution of the temperature in the Pt/CoggB3,/Ir microwire during the injection of the
current pulses was simulated with the commercial multiphysics finite-element simulation software
ANSYS. The distribution of the dissipated power caused by ohmic losses in the microwire (simu-

lated with ANSYS-Maxwell) was employed in the simulation of the temperature.

Determination of the sample temperature

The temperature of the sample during the injection of the current pulse was determined from the

time-resolved STXM images. In particular, the variation of the magnetic contrast in the uniformly
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magnetized region of the Pt/CoggB3,/Ir microwire was measured. From this measurement, the
time-resolved variation of the saturation magnetization of the sample (under the assumption that
the uniformly magnetized region of the Pt/CoggB3,/Ir microwire maintains its PMA) could be de-
termined. The time-resolved variation of the sample temperature, shown in the supplementary
information along with further details on the determination of the sample temperature, could then
be determined by comparing the value of the saturation magnetization with quasi-static magne-

tometry measurements of the saturation magnetization as a function of the sample temperature.
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Supporting Information Available

The following files are included in the supplementary information:

e Skyrmion_Nucleation_SI.pdf: Supplementary information to the manuscript containing sim-
ulations of the magnetic field generated by the Q2-shaped coil, the simulations of the current
density at the injector contact, the simulations and experimental determination of the temper-
ature of the Pt/CoggB3,/Ir stack at the injector contact, the raw images employed to obtain
the graphs shown in Figure 2(d) and Figure 3, and the simulations showing the zero-field

stability of the magnetic skyrmions in the Pt/CoggB3,/Ir stack.

e Skyrmion_Nucleation_200ps.avi: Video of the time-resolved dynamics of the skyrmion nu-
cleation process with a time resolution of 2 ns. Field of view in the image is 1000x800

Ill’Il2

e Skyrmion_Deletion_200ps.avi: Video of the time-resolved dynamics of the skyrmion dele-

tion process with a time resolution of 200 ps. Field of view in the image is 1000x 800 nm?

This material is available free of charge via the Internet at http://pubs.acs.org/.
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