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Helium ions put magnetic skyrmions on the track
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Magnetic skyrmions are deemed to be the forerunners of novel spintronic memory and logic devices. While their observation and their current-driven motion at room temperature have been demonstrated, certain issues regarding their nucleation, stability, 1 pinning and skyrmion Hall eect still need to be overcome to realise functional devices.

Here we demonstrate that focused He + -ion-irradiation can be used to create and guide skyrmions in racetracks. We show that the weakening of the perpendicular magnetic anisotropy and Dzyaloshinskii-Moriya interaction in the track dened by ion-irradiation leads to the formation of stable isolated skyrmions. Current-driven skyrmion motion experiments and simulations reveal that the skyrmions move along the irradiated track, resulting in a suppression of the skyrmion Hall eect, and that the skyrmion velocity and connement can be enhanced by tuning the magnetic properties. These results open up a new path to nucleate and guide skyrmions in racetrack devices.

Magnetic skyrmions are topological magnetic textures that hold promise for applications in spintronic devices owing to their nanometric size and particle-like properties. [START_REF] Kang | Skyrmion-Electronics: An Overview and Outlook[END_REF][START_REF] Fert | Magnetic Skyrmions: Advances in Physics and Potential Applications[END_REF] This has steered intensive research leading to their observation at room temperature and their current-induced manipulation in ultra-thin lm multilayers. [START_REF] Sapozhnikov | Articial Dense Lattice of Magnetic Bubbles[END_REF] These typically comprise a heavy metal, a nm-thick magnetic material and a non-magnetic layer, combining the essential perpendicular magnetic anisotropy (PMA) and Dzyaloshinskii-Moriya interaction (DMI) for the skyrmion stability, as well as spin-orbit torques (SOTs) for their current-driven motion. [START_REF] Jiang | Blowing Magnetic Skyrmion Bubbles[END_REF][START_REF] Woo | Observation of Room-Temperature Magnetic Skyrmions and Their Current-Driven Dynamics in Ultrathin Metallic Ferromagnets[END_REF][START_REF] Hrabec | Current-Induced Skyrmion Generation and Dynamics in Symmetric Bilayers[END_REF][START_REF] Legrand | Room-Temperature Current-Induced Generation and Motion of Sub-100 Nm Skyrmions[END_REF] The most prominent skyrmion-based applications such as racetrack memory [START_REF] Fert | Skyrmions on the Track[END_REF] and logic devices 1216 rely on the stabilisation and controlled shift of trains of skyrmions by current pulses inside narrow magnetic tracks. While the demonstration of their current-driven motion in µm-wide tracks at room temperature was a rst important step, [START_REF] Woo | Observation of Room-Temperature Magnetic Skyrmions and Their Current-Driven Dynamics in Ultrathin Metallic Ferromagnets[END_REF][START_REF] Hrabec | Current-Induced Skyrmion Generation and Dynamics in Symmetric Bilayers[END_REF][START_REF] Juge | Current-Driven Skyrmion Dynamics and Drive-Dependent Skyrmion Hall Eect in an Ultrathin Film[END_REF] the eective realisation of such racetrack devices still faces important bottlenecks. Firstly, moving skyrmions are subject to a gyrotropic force due to their non-trivial topology, resulting in a transverse motion toward the edge of the track. This so-called skyrmion Hall eect (SkHE) is a major issue as it can lead to the skyrmion annihilation on the track edge. 1719 Secondly, reliable skyrmion motion in tracks is impeded by pinning and uncontrolled skyrmion nucleation/annihilation events, which can result from local lm inhomogeneities [START_REF] Juge | Current-Driven Skyrmion Dynamics and Drive-Dependent Skyrmion Hall Eect in an Ultrathin Film[END_REF][START_REF] Juge | Magnetic Skyrmions in Conned Geometries: Eect of the Magnetic Field and the Disorder[END_REF][START_REF] Büttner | Field-Free Deterministic Ultrafast Creation of Magnetic Skyrmions by SpinOrbit Torques[END_REF] as well the roughness on the track edges created by the lithography and etching processes. [START_REF] Jiang | Direct Observation of the Skyrmion Hall Eect[END_REF]2224 The latter is a critical issue for tracks with nanoscale lateral dimensions targeted for highdata-density applications. Finally, the large stray eld emanating from the edges can also signicantly aect the skyrmion size and stability and prevent dense packing of parallel racetracks.

To solve these issues, a promising approach is to pattern skyrmion racetracks by local modication of the magnetic properties. The idea is to dene a magnetic potential well that will help stabilising the skyrmions as well as guide their motion, leading to faster and SkHE-free dynamics 2540 combined with reduced pinning. This can be achieved by local ion-irradiation, 4143 and in particular light-ion-irradiation such as He + . Unlike heavier ions, He + ions (in the 10 keV energy range) traverse the stack inducing short-range atomic displacements and implant deep into the substrate. [START_REF] Rettner | Characterization of the Magnetic Modication of Co/Pt Multilayer Films by He+, Ar+, and Ga+ Ion Irradiation[END_REF] This leads to a gentle modication of the magnetic properties, preventing harsh material damage such as surface sputtering [START_REF] Balk | Simultaneous Control of the Dzyaloshinskii-Moriya Interaction and Magnetic Anisotropy in Nanomagnetic Trilayers[END_REF] and cascade collisions. This technique was shown to modify the magnetic properties through soft intermixing in typical ultra-thin trilayers. [START_REF] Chappert | Planar Patterned Magnetic Media Obtained by Ion Irradiation[END_REF]4648 More specically, the PMA and DMI, of interfacial origin in these ultra-thin lms, can be nely tuned by playing on the irradiation dose. 4547,[START_REF] Devolder | Irradiation-Induced Tailoring of the Magnetism of CoFeB/MgO Ultrathin Films[END_REF][START_REF] Nembach | Tuning of the Dzyaloshinskii-Moriya Interaction by He+ Ion Irradiation[END_REF] Spatial modulation of the magnetic properties can be achieved by irradiating through a mask [START_REF] Chappert | Planar Patterned Magnetic Media Obtained by Ion Irradiation[END_REF] or by using a focused ion beam (FIB). [START_REF] Fassbender | Magnetic Patterning by Means of Ion Irradiation and Implantation[END_REF] It can thus be used as a method to pattern the magnetic properties without physical etching that introduce defects at the edges of the nanostructures. It was recently used to nucleate isolated skyrmions in dierent conned geometries such as dots dened by local ion-irradiation, [START_REF] Sapozhnikov | Articial Dense Lattice of Magnetic Bubbles[END_REF]5153 although the connement precluded any manipulation of the nucleated skyrmions. In addition, He + -irradiation can actually reduce the pre-existing pinning centre density through interface smoothing. [START_REF] Zhao | Enhancing Domain Wall Velocity through Interface Intermixing in W-CoFeB-MgO Films with Perpendicular Anisotropy[END_REF][START_REF] Devolder | Magnetic Properties of He+ Irradiated Pt/Co/Pt Ultrathin Films[END_REF][START_REF] Cayssol | Enhancing Domain Wall Motion in Magnetic Wires by Ion Irradiation[END_REF] In this work, we investigated the skyrmion nucleation and their channelled current-driven motion at room temperature in Pt/Co/MgO racetracks patterned by He + -irradiation. This stack is known to exhibit large interfacial DMI and to host stable, homochiral Néel skyrmions at room temperature. [START_REF] Boulle | Room-Temperature Chiral Magnetic Skyrmions in Ultrathin Magnetic Nanostructures[END_REF] Magnetic microscopy experiments reveal that the weakening of the anisotropy and DMI in the irradiated tracks leads to the formation of stable, sub-50 nm isolated magnetic skyrmions. Moreover, current-driven skyrmion motion experiments and simulations show that the skyrmions move along the track dened by He + -irradiation, resulting in a suppression of the SkHE. Micromagnetic simulations and analytical models allow us to identify the material properties in order to enhance the skyrmion velocity and connement in the tracks. These results open up a new route to nucleate and guide magnetic skyrmions in racetrack memory and logic devices.

We rst investigated full lm samples consisting of Ta(3)/Pt(3)/Co(0.97)/MgO(0.9)/ Ta(2) (thicknesses in nm) to get an insight into how He + -irradiation aects the magnetic properties of this stack. The lms were deposited at room temperature by DC magnetron sputtering on Si/SiO 2 substrates. They were then uniformly irradiated at room temperature (using a Helium-S ® system from Spin-Ion Technologies) with a 15 keV He + ion beam at dierent ion uences. Fig. 1(a) and (b) show respectively the anisotropy eld and the DMI constant measured in the irradiated lms. These were measured from hard-axis loops by vibrating sample magnetometry (VSM) and by Brillouin light scattering (BLS) spectroscopy, [START_REF] Belmeguenai | Interfacial Dzyaloshinskii-Moriya Interaction in Perpendicularly Magnetized Pt/Co/AlO x Ultrathin Films Measured by Brillouin Light Spectroscopy[END_REF] respectively (see Supporting Information). As the uence increases, we observe that the PMA decreases monotonically, while a decrease of the DMI is observed at low uence followed by a slight increase at larger uence.

When traversing the material stack, the ions induce short-range atomic displacements in the order of a few inter-atomic distances, leading to interface intermixing and hence altering the interface-induced PMA and DMI. [START_REF] Chappert | Planar Patterned Magnetic Media Obtained by Ion Irradiation[END_REF][START_REF] Fassbender | Tailoring Magnetism by Light-Ion Irradiation[END_REF] In particular, it was found that the Pt/Co interface roughness, in other words intermixing, increases linearly with irradiation uence, resulting in a continuous decrease of interfacial PMA. [START_REF] Devolder | Light Ion Irradiation of Co/Pt Systems: Structural Origin of the Decrease in Magnetic Anisotropy[END_REF] Regarding the DMI, a similar decrease of the The red tracks, of dimensions 6000 × 150 nm 2 with a spacing of 300 nm, indicate regions irradiated using a He + FIB. The XMCD-PEEM image of the inset shows the magnetic conguration at µ 0 H z ≈ 10 mT and for a uence 6 × 10 14 cm -2 . (d) pMOKE hysteresis loops measured in 2 × 2 µm 2 irradiated areas of the sample treated by FIB (c) using a sub-µm focused laser spot. Note that, although nominally identical, the patterned sample (c,d) had a slightly larger PMA pre-irradiation than the full lm sample where µ 0 H K and D were measured (a,b). Therefore, a larger uence is needed to bring the magnetisation in the plane: 12 × 10 14 cm -2 in (d) against 2 × 10 14 cm -2 in (a). DMI with the He + -irradiation dose was reported in W/FeCoB/MgO ultra-thin lms, [START_REF] Zhao | Enhancing Domain Wall Velocity through Interface Intermixing in W-CoFeB-MgO Films with Perpendicular Anisotropy[END_REF] although an increase was reported in Ta/CoFeB/MgO [START_REF] Diez | Enhancement of the Dzyaloshinskii-Moriya Interaction and Domain Wall Velocity through Interface Intermixing in Ta/CoFeB/MgO[END_REF][START_REF] Casiraghi | Bloch-to-Néel Domain Wall Transition Evinced through Morphology of Magnetic Bubble Expansion in Ta/CoFeB/MgO Layers[END_REF] and Ta/CoFeB/Pt 50 lms. Ab initio calculations predict that intermixing at the Pt/Co interface results in a slight diminution of DMI, [START_REF] Zimmermann | Dzyaloshinskii-Moriya Interaction at Disordered Interfaces from Ab Initio Theory: Robustness against Intermixing and Tunability through Dusting[END_REF] around 20%, in good agreement with our experiments (Fig. 1(b)).

We note that the Co/MgO interface is expected to be more robust against intermixing than the Pt/Co interface. Indeed, Pt and Co have a negative enthalpy of mixing while that of Mg and Co is positive. [START_REF] Debski | New Features of Entall Database: Comparison of Experimental and Model Formation Enthalpies[END_REF] Co will therefore preferentially mix with Pt than with Mg.

Hence, the eect of ion-irradiation on the magnetic properties at the Co/MgO interface may be neglected as a rst approximation.

We then studied the eect of local He + -irradiation in a similar Pt/Co/MgO lm. The lm was pre-patterned into 3-µm-wide tracks by electron beam lithography and ion beam etching. It was then irradiated with a He + FIB at constant ion energy (25 keV), which allows us to control the geometry of the irradiated areas with a high spatial resolution (down to a few nm). Fig. 1(c) displays a scanning electron microscopy (SEM) image of a Pt/Co/MgO track with 150-nm-wide irradiated tracks marked in red. The image on top, acquired by X-ray magnetic circular dichroism photo-emission electron microscopy (XMCD-PEEM), [START_REF] Aballe | The ALBA Spectroscopic LEEM-PEEM Experimental Station: Layout and Performance[END_REF][START_REF] Foerster | Custom Sample Environments at the ALBA XPEEM[END_REF] displays the magnetic conguration in the presence of an external out-of-plane (OOP) magnetic eld µ 0 H z ≈ 10 mT. We observe skyrmions and elongated stripes aligned along the tracks while the pristine area is uniformly magnetised. Fig. 1(d) displays the OOP hysteresis loops measured for dierent uences ranging from 0 (pristine) to 12 × 10 14 cm -2 .

The loops highlight the gradual softening of the magnetic layer with increasing uence up Table 1: Experimental parameters used in the micromagnetic simulations. The saturation magnetisation (M s ) and the anisotropy eld (µ 0 H K ) were extracted from VSM measurements. A higher µ 0 H K in the non-irradiated zone was also used to study its eect on the dynamics. The DMI constant (D) was extrapolated from the BLS measurements presented in Fig. 1(b). The exchange constant (A) and the magnetic damping parameter (α) were taken from a previous study in the same system. [START_REF] Juge | Current-Driven Skyrmion Dynamics and Drive-Dependent Skyrmion Hall Eect in an Ultrathin Film[END_REF] A lower α was also used to study its eect on the dynamics. We now look closely at the magnetisation texture in the irradiated tracks of Fig. 1(c). To get more insight into these experimental results, we performed micromagnetic simu-lations with Mumax3 63 using the experimental parameters listed in Table 1. We considered a simulation window of dimensions 500 × 500 × 0.9 nm 3 where x and y periodic boundary conditions were imposed to mimic the experimental conditions. Then, we simulated the ion-irradiated tracks by a 150-nm-wide region with lower PMA and DMI. In the simulations, we start from a labyrinthine worm domain conguration and let it relax at zero external eld (Fig. 3(a)). We observe that the worm domains spread over both the non-irradiated and the irradiated regions, in accordance with the MFM observations. Then, as the external OOP eld is increased, the worm domains shrink along the irradiated region with reduced PMA and DMI, acquiring an elongated shape along y, while the non-irradiated region saturates due to its larger anisotropy (Fig. 3(b)). Upon further increase of the OOP eld, the skyrmions shrink and acquire a circular shape. This is explained by a reduced inuence of the connement potential when the skyrmions become smaller than the track width (Fig. The simulations also allow us to investigate the current-driven dynamics of the magnetic skyrmions in the irradiation-dened racetracks. We only considered the damping-like SOT (DL-SOT) since the eect of the eld-like SOT is negligible in our system. [START_REF] Juge | Current-Driven Skyrmion Dynamics and Drive-Dependent Skyrmion Hall Eect in an Ultrathin Film[END_REF] The DL-SOT reads

1 2 3 (b) (e) (c) (f) (a) (d) (g) (h)
M s µ 0 H K |D| A α (MA m -1 ) (mT) (mJ m -2 ) (pJ m -1 ) Non-irradiated 1.
T DL = -µ 0 γC DL Jm × [(ẑ × ĵ) × m],
with γ the gyromagnetic ratio, m the reduced magnetisation vector, ĵ the unit vector in the current direction and C DL the eective eld per unit current density associated with the DL-SOT. We take C DL = 2.1 × 10 -14 T A -1 m 2 from previous experiments. [START_REF] Juge | Current-Driven Skyrmion Dynamics and Drive-Dependent Skyrmion Hall Eect in an Ultrathin Film[END_REF] The current ows along +y, the current density is J = 6.6×10 10 A m -2 and the external OOP eld is µ 0 H z = 33 mT. We assume that the current is owing in both the irradiated and non-irradiated areas, leading to a spatially homogeneous SOT in the magnetic track, and only considered the damping-like SOT (the led-like SOT was neglected). [START_REF] Juge | Current-Driven Skyrmion Dynamics and Drive-Dependent Skyrmion Hall Eect in an Ultrathin Film[END_REF] For each current density, the steady-state velocity is calculated at a moment when the skyrmion is moving in a straight line along the edge of the ion-dened track (i.e. along y).

by the gyrotropic force (SkHE). The left-handed Néel chirality (imposed by the sign of the DMI), the skyrmion core polarity (set by the external eld direction) and the sign of the spin Hall angle (given by the heavy metal layer), dictate a longitudinal motion along the current direction (y) and a deection along -x. 9,17 After 15 ns, the skyrmion reaches the track edge. The energy barrier at the track edge leads to a force opposite to the gyrotropic force, suppressing the transverse skyrmion motion, such that the skyrmion starts sliding along the edge, without SkHE. [START_REF] Purnama | Guided Current-Induced Skyrmion Motion in 1D Potential Well[END_REF][START_REF] Lai | An Improved Racetrack Structure for Transporting a Skyrmion[END_REF][START_REF] Sampaio | Stability and Current-Induced Motion of Isolated Magnetic Skyrmions in Nanostructures[END_REF] In the absence of track, i.e. assuming that the whole area is irradiated, the skyrmion moves in the direction imposed by the SkHE (see Fig. 4(b)):

the larger the current density, the larger the deection and the faster the skyrmion reaches the edge.

In Fig. 4(c-h), we show experimental results illustrating the guiding of the skyrmion motion: The images show the current-driven motion of a few skyrmions in irradiated tracks (area in red) at two dierent angles with respect to the current direction: 0°(Fig. 4(c-e))

and 22.5°(Fig. 4(f-h)). For each sequence of images, between each acquisition, a single 11 ns current pulse of amplitude J = 6.6 × 10 11 A m -2 is injected in the direction indicated by the arrow. Remarkably, the skyrmions move back and forth within the irradiated racetrack, at velocities of v(0°) ≈ 35 m s -1 and v(22.5°) ≈ 60 m s -1 along the track, while a signicant SkHE is expected at these velocities. [START_REF] Juge | Current-Driven Skyrmion Dynamics and Drive-Dependent Skyrmion Hall Eect in an Ultrathin Film[END_REF] To get a deeper insight into the dynamics, we simulated the steady-state velocities of the moving skyrmions. Fig. 5(a) shows the skyrmion velocity as a function of the current density for the scenarios with and without track: the presence of the track not only guides the skyrmion motion, suppressing their transverse velocity, but also enhances their longitudinal velocity. The energy barrier at the track edge creates a repulsive force, thereby cancelling the gyrotropic force, which in turn helps in enhancing the longitudinal velocity. [START_REF] Hrabec | Current-Induced Skyrmion Generation and Dynamics in Symmetric Bilayers[END_REF][START_REF] Purnama | Guided Current-Induced Skyrmion Motion in 1D Potential Well[END_REF][START_REF] Iwasaki | Colossal Spin Transfer Torque Eect on Skyrmion along the Edge[END_REF][START_REF] Sampaio | Stability and Current-Induced Motion of Isolated Magnetic Skyrmions in Nanostructures[END_REF] Note however that above some threshold current density/velocity (1.3 × 10 11 A m -2 /25 m s -1 in the simulations), the energy barrier is not large enough to compete with the gyrotropic force and the skyrmions are expelled out of the racetrack. [START_REF] Yoo | Current-Driven Skyrmion Expulsion from Magnetic Nanostrips[END_REF] ). However, the maximum velocity to achieve a conned dynamics is little aected by the magnetic damping (around 60 m s -1 for µ 0 H K = 288 mT in this case). A similar behaviour was reported for the skyrmion dynamics in patterned tracks. [START_REF] Iwasaki | Colossal Spin Transfer Torque Eect on Skyrmion along the Edge[END_REF] To explain these results, we consider a simple analytical model based on the Thiele equation, [START_REF] Thiele | Steady-State Motion of Magnetic Domains[END_REF] where the skyrmion spin texture is assumed to stay rigid during its motion.

Assuming further that the skyrmion radius (R) is large compared to the domain wall width (∆), the steady-state velocity along the track writes:

v track = π 2 γ∆ α C DL J cos χ (1)
where χ is the angle between the current direction and the track. Thus the skyrmion velocity scales inversely with the damping parameter α in the track. In the absence of track, the velocity reads: [START_REF] Hrabec | Current-Induced Skyrmion Generation and Dynamics in Symmetric Bilayers[END_REF][START_REF] Juge | Current-Driven Skyrmion Dynamics and Drive-Dependent Skyrmion Hall Eect in an Ultrathin Film[END_REF] v f ree = π 4

γR αR 2∆ 2 + 1 C DL J (2) 
The gain in velocity in an ion-dened racetrack compared to a connement-free motion writes v track /v f ree = 1 + tan 2 θ SkH cos χ, where θ SkH is the skyrmion Hall angle, i.e the angle between the current and the skyrmion motion direction (without track). For small damping values, α ∆/R, v track /v f ree ≈ 2∆ cos χ/ (αR). For instance, for R/∆ ≈ 5 and α ≈ 0.01, a gain in velocity of around 40 is expected. The velocity in the track can therefore be enhanced by using low-damping materials and by increasing the anisotropy barrier height.

Regarding the inuence of the anisotropy barrier, the maximum velocity before the skyrmion leaves the track writes v max = F max /G ( tan χ tan θ SkH -1) -1 , where F max is the maximum lateral force due to the connement potential and G is the gyrovector. Thus, when the current ows along the track (χ = 0), the maximum velocity depends only on F max , which in our case is set by the dierence in anisotropy between the irradiated and non-irradiated regions. It can be enhanced by playing on the angle χ between the current and the track and as expected it diverges when the track is aligned along the skyrmion Hall angle χ = θ SkH .

In summary, light-ion-irradiation oers a new method to stabilise skyrmions in tracks and guide their motion with foreseen advantages of lower pinning, both at the edge and within the tracks. In this study, we showed that by locally tailoring the interface PMA and DMI with a focused ion beam, He + -irradiation enables the formation of skyrmions in a lm where they would not otherwise be stable. Micromagnetic simulations reproduce well these results and conrm that, not only irradiation helps in the stabilisation of skyrmions, but also connes them in designed geometries and channels their motion. The repulsive force from the track edge enhances their longitudinal velocity up to a critical current density above which the skyrmions are expelled from the racetrack. Increasing the depth of the potential well along with using low damping materials would allow to reach even higher skyrmion velocities, free from skyrmion Hall eect. Moreover, He + -irradiation is applicable to virtually any kind of ultra-thin materials including ferrimagnets, 6769 synthetic antiferromagnets [START_REF] Legrand | Room-Temperature Stabilization of Antiferromagnetic Skyrmions in Synthetic Antiferromagnets[END_REF] or exchange-biased ferromagnets, 7173 for example to channel the skyrmion motion without any external eld. This method can also be applied through a mask using a broad ion beam, which makes He + -irradiation compatible with large-scale wafers for applications. In short, this external degree of control oers promising perspectives to further improve control of magnetic skyrmion stability and dynamics in ultra-thin lms, giving a signicant push towards their technological integration. SI.pdf: This le includes information on the measurement of the Dzyaloshinskii-Moriya interaction by Brillouin light scattering spectroscopy.

Figure 1 :

 1 Figure 1: (a) Anisotropy eld, dened as the hard-axis saturation eld measured by VSM, and (b) DMI constant, extracted from BLS experiments, measured in Pt/Co/MgO extended lms irradiated at dierent uences with a mm-size He + -ion beam (see Supporting Information). (c) XMCD-PEEM (top) and SEM (bottom) images of a 3-µm-wide Pt/Co/MgO wire.The red tracks, of dimensions 6000 × 150 nm 2 with a spacing of 300 nm, indicate regions irradiated using a He + FIB. The XMCD-PEEM image of the inset shows the magnetic conguration at µ 0 H z ≈ 10 mT and for a uence 6 × 10 14 cm -2 . (d) pMOKE hysteresis loops measured in 2 × 2 µm 2 irradiated areas of the sample treated by FIB (c) using a sub-µm focused laser spot. Note that, although nominally identical, the patterned sample (c,d) had a slightly larger PMA pre-irradiation than the full lm sample where µ 0 H K and D were measured (a,b). Therefore, a larger uence is needed to bring the magnetisation in the plane: 12 × 10 14 cm -2 in (d) against 2 × 10 14 cm -2 in (a).

Figure 2 :

 2 Figure 2: (a-f) MFM images showing the magnetic texture in the irradiated tracks of Fig. 1(c) at dierent external out-of-plane magnetic elds: (a) µ 0 H z = 0 mT, (b) 10 mT, (c) 19 mT, (d) 24 mT, (e) 33 mT, (f) 43 mT. In (a), the magnetisation was saturated beforehand by a large eld µ 0 H z ≈ -100 mT. (g) Line-scans of the MFM signal (symbols) acquired for the three skyrmions in (f). Solid lines are Gaussian ts. (h) Skyrmion diameter, dened as the full width at half maximum of the Gaussian, as a function of the external eld and averaged over multiple skyrmions in images (d-f).

Fig. 2 (

 2 Fig.2(a-f) show magnetic force microscopy (MFM) images acquired for dierent OOP external elds. At H z = 0 (Fig.2(a)), the image displays labyrinthine worm domains. Then, upon increasing the external eld, the bright domains progressively shrink, up to a point where the pristine zone becomes uniformly magnetised (Fig.2(b)), revealing stripe domains well aligned in the irradiated tracks. Increasing further the eld (Fig.2(c-f)) leads to the separation of these worms into a single array of isolated skyrmions, that are then compressed towards smaller sizes. In the pristine zone, on the contrary, the large magnetic domains do not shrink into isolated skyrmions when increasing the external eld due to the larger anisotropy, as indicated by the non-zero remanence in the zero-uence loop of Fig.1(d).Furthermore, skyrmions can be compressed to very small sizes. Fig.2(g) shows line-scans of the MFM signal (symbols) acquired at µ 0 H z = 43 mT for the three skyrmions marked in Fig.2(f) with Gaussian t (solid lines), which gives the full width at half maximum d sk1 = 33 nm, d sk2 = 22 nm and d sk3 = 41 nm. Using this denition, we plot in Fig.2(h)the skyrmion diameter as a function of the external eld extracted from Fig.2(d-f), which reaches an average of 35 nm at µ 0 H z = 43 mT.
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  (c) and (d)). Fig.3(e) shows the evolution of the skyrmion size along x and y as a function of the external eld, in line with our experimental ndings (Fig.2(h)). We also studied the eect of the irradiation uence, i.e. anisotropy and DMI values, on the skyrmion size (Fig. 3(f)): the skyrmion diameter increases with irradiation uence since the domain wall energy is reduced at larger uence due to the lower anisotropy and DMI (see Fig. 1(a) and (b)).

Fig. 4 (

 4 a) shows successive snapshots of a skyrmion moving after the injection of a current density J = 6.6 × 10 10 A m -2 along +y. In the rst few ns, the injected current leads to a skyrmion motion along the track direction (y) due to the DL-SOT-induced driving force, as well as a transverse motion toward the edge induced

Figure 3 :

 3 Figure 3: Micromagnetic simulations. Skyrmion stabilisation in a 150-nm-wide irradiated track (region between the dotted lines) at a uence 1.5 × 10 14 cm -2 and at dierent external magnetic elds, applied opposite to the skyrmion core magnetisation: (a) µ 0 H z = 0 mT, (b) 8 mT, (c) 19 mT and (d) 33 mT. The window size is 500 × 500 nm 2 with a grid of 512 × 512 × 1 cells and periodic boundary conditions on both the x and the y direction. (e) Skyrmion size along x and y as a function of the external eld for a uence 1.5 × 10 14 cm -2 and (f) as a function of the uence for µ 0 H z = 33 mT.

Figure 4 :

 4 Figure4: (a) Simulated current-driven skyrmion motion in a 150-nm-wide irradiated track (region between the dashed lines). The current ows along +y, the current density is J = 6.6×10 10 A m -2 and the external OOP eld is µ 0 H z = 33 mT. We assume that the current is owing in both the irradiated and non-irradiated areas, leading to a spatially homogeneous SOT in the magnetic track, and only considered the damping-like SOT (the led-like SOT was neglected).[START_REF] Juge | Current-Driven Skyrmion Dynamics and Drive-Dependent Skyrmion Hall Eect in an Ultrathin Film[END_REF] (b) Skyrmion trajectories recorded at dierent current densities. (c-h) Sequence of XMCD-PEEM images showing the current-driven motion of skyrmions in He +ion-irradiated Pt/Co/MgO tracks (red shaded area) at an angle (c-e) 0°and (f-h) 22.5°w ith respect to the current direction. Between each image, a single 11 ns current pulse of amplitude J = 6.6 × 10 11 A m -2 is injected. The external eld is µ 0 H z ≈ 10 mT.

  Figure4: (a) Simulated current-driven skyrmion motion in a 150-nm-wide irradiated track (region between the dashed lines). The current ows along +y, the current density is J = 6.6×10 10 A m -2 and the external OOP eld is µ 0 H z = 33 mT. We assume that the current is owing in both the irradiated and non-irradiated areas, leading to a spatially homogeneous SOT in the magnetic track, and only considered the damping-like SOT (the led-like SOT was neglected).[START_REF] Juge | Current-Driven Skyrmion Dynamics and Drive-Dependent Skyrmion Hall Eect in an Ultrathin Film[END_REF] (b) Skyrmion trajectories recorded at dierent current densities. (c-h) Sequence of XMCD-PEEM images showing the current-driven motion of skyrmions in He +ion-irradiated Pt/Co/MgO tracks (red shaded area) at an angle (c-e) 0°and (f-h) 22.5°w ith respect to the current direction. Between each image, a single 11 ns current pulse of amplitude J = 6.6 × 10 11 A m -2 is injected. The external eld is µ 0 H z ≈ 10 mT.

Figure 5 :

 5 Figure5: (a) Skyrmion velocity as a function of the current density with and without irradiated track where µ 0 H K = 7 mT inside (µ 0 H K = 72 mT outside) the track. In the absence of track, µ 0 H K = 7 mT everywhere. (b) Skyrmion velocity as a function of the current density for dierent anisotropies outside the irradiated track and dierent damping values α. The black and red stars correspond to the maximum velocities that can be reached in each scenario. (c) Maximum skyrmion velocity as a function of the anisotropy eld outside the track. The external eld, opposite to the skyrmion core magnetisation, is µ 0 H z = 33 mT in all cases. For each current density, the steady-state velocity is calculated at a moment when the skyrmion is moving in a straight line along the edge of the ion-dened track (i.e. along y).

  Fig.5(b)). However, the maximum velocity to achieve a conned dynamics is little aected
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