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Owing to their high mobility and immunity to topological deflection, skyrmions

in antiferromagnetic (AFM) systems are gaining attention as a potential so-
lution for next generation magnetic data storage. Synthetic antiferromag-
nets (SAFs) offer a promising avenue to tune the properties of the individ-
ual magnetic layers, facilitating the conditions necessary for skyrmions to
be used in practical devices. Despite recent advancements achieving fast
skyrmion mobility, the nucleation of small and rigid circular skyrmions with-
out an external field remains challenging in SAFs. Theoretical predictions
suggest that optical vortex (OAM) beams can stabilize skyrmionic spin tex-
tures by transferring their spin and orbital angular momentum to the mag-
netic material. Here, we delve into this intriguing proposal and successfully
demonstrate the creation of sub-50 nm compact skyrmions in SAFs using
OAM beams, eliminating the need for external magnetic fields. Additionally,
the results underscore the importance of beam energy and the number of
pulses, as both factors play critical roles in the stabilization of these AFM
skyrmionic textures. This breakthrough is significant as it paves the way
for stabilizing true zero-field skyrmions in AFM systems, where magnetiza-
tion is minimally affected by external magnetic fields. This work will open
a potential avenue for stabilizing small, compact skyrmions in antiferroic

systems, facilitating their implementation in logic and memory devices.

" Equally contributing authors.
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1 | INTRODUCTION

Potential technological applications based on conventional ferromagnetic (FM) skyrmions face several inherent chal-
lenges [1], including the transverse deflection [2, 3] of skyrmions due to their non-zero topology and hence the risk of
annihilation at device edges [2, 4], and the comparatively high power consumption [5] required to move them using
spin-polarized currents, etc. Furthermore, in FM multilayers, the influence of interlayer dipolar fields results in the
formation of larger skyrmionic bubbles instead of compact, nanometric skyrmions [6]. Additionally, in FM skyrmions,
the displacement speed is limited due to dissipation [7, 8]. These challenges can be effectively mitigated by working
with antiferromagnetic (AFM) skyrmions, which have the potential to operate at speeds significantly larger than their
FM counterparts [9, 10, 11, 12]. The increased velocity in AFM solitons is a consequence of their intrinsic dynamics,
dominated by the strength of the exchange energy [13]. Another key advantage of skyrmions in AFM systems is
the significant reduction or even elimination of the skyrmion Hall effect [11, 14]. However, controlling and detect-
ing non-collinear AFM order in perfectly compensated antiferromagnets can be difficult. To overcome this challenge,
synthetic antiferromagnets (SAFs) offer an alternative solution [12, 15, 16]. SAFs are constructed using ultrathin FM
layers that are antiferromagnetically coupled by a non-magnetic spacer layer through interlayer electronic coupling of
the Ruderman-Kittel-Kasuya-Yoshida (RKKY) type [17]. In this context, metallic multilayers serve as an ideal platform
for creating SAFs, where the strength of the RKKY coupling and interfacial Dzyaloshinskii-Moriya interaction (iDMI)
can be finely tuned through the judicious selection of metallic interfaces on either side of the FM layers. However, it
should be noted that, due to the compensation of the magnetization, SAFs remain nearly unaffected by magnetic fields
smaller than the RKKY coupling. In this context, several novel methods have been employed to stabilize skyrmions
in the absence of an external magnetic field, including the utilization of frustrated exchange interactions [18], the
exchange bias effect [19], geometrical confinement [20, 21], etc. A more recent approach to stabilize skyrmions at re-
manence involves a combination of enhanced anisotropy along with a tailored magnetic field history, achieved through
a series of minor loops [12, 22, 23]. However, skyrmions stabilized using the aforementioned strategies often exhibit
a lack of rigidity, significantly larger size, and undergo run-out instability when subjected to electrical manipulation,
primarily due to the orientation of the spin-orbit torques [12, 22, 24, 25]. A successful approach to stabilize compact
(< 30 nm) AFM skyrmions in the absence of any external field involves the use of a bias magnetic field below the SAF
heterostructure [16]. Here a bias layer with uniform magnetization (m = z) is required to couple ferromagnetically
with one of the magnetic layers in order to promote the spin spirals along z and expand at the expense of the parts
with m = —z. However, the incorporation of such a bias layer has proven to impede the effective optimization of
spin torques necessary to propel skyrmions in SAFs. Moreover, in biased SAF configurations, the passage of current
through the tracks often triggers domain formation or magnetization switching within the bias layer, consequently
destabilizing the skyrmions. Due to these complexities, none of the reports so far could successfully demonstrate the

solitonic properties of compact AFM skyrmions in SAFs.

This panorama underscores the necessity of exploring alternative methodologies to stabilize small DMI skyrmions
[6] within SAFs without reliance on external magnetic fields or bias layers. Within this framework, optical vortex
beams emerge as a promising solution. By imparting their orbital angular momentum (OAM) into magnetic materials,
these beams have the potential to stabilize skyrmionic textures effectively [26, 27, 28, 29]. The connection between
photon magnetic fields and local magnetic moments is facilitated through a coherent Zeeman or magneto-electric
interaction, potentially benefiting from induced local temperature gradients [26, 27]. By precisely focusing the beam
spot onto targeted regions of a film, one can imprint skyrmions in a controlled fashion. The larger size of the beam spot
initially leads to the creation of a sizable skyrmion, which subsequently undergoes size reduction to accommodate

the various interactions at play. In the present study, we introduce the first proof-of-concept for the nucleation and
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stabilization of compact (<50 nm) skyrmionic spin textures in unbiased SAFs at remanence by employing OAM laser
pulses. Furthermore, we underscore the significance of finely tuning the energy and number of pulses to enhance the
role of the OAM effect while concurrently minimizing the impact of thermal energy.

2 | EXPERIMENTAL DETAILS

2.1 | Deposition of synthetic antiferromagnetic multilayer:

The SAF thin films have been grown at room temperature in a high-vacuum sputtering chamber with a base pressure
of 5 x 1078 mbar on thermally oxidized Si substrates. The sputtering offers an industry compatible process with excel-
lent repeatability with a precision of individual layer thicknesses down to 0.03 nm. The multilayered samples have the
following structure (starting from substrate side): Ta(10 nm)|Pt(8 nm)|Co(1.28 nm)|Ru(0.75 nm)|Pt(0.6 nm)|Co(1.28
nm)|Ru(0.75 nm)|Pt(3 nm). The bottom Pt layer helps to stabilize perpendicular magnetic anisotropy (PMA) and in-
troduce DMI in the system whereas the top Pt serves as a capping layer. The RKKY AFM interlayer coupling is es-
tablished through the combination of thin Ru|Pt layers. A detailed description of various energy and micromagmetic
parameters in similar sample structure has already been reported in Legrand et al. [16]. It should be noted that the
spin-reorientation transition (SRT) thickness for Co in the single layer film is ~ 1.5 nm. The Co layers in the SAF samples
have been intentionally chosen a bit lower (1.28 nm) than the SRT thickness to provide higher magnetic anisotropy
and thus facilitate hosting skyrmions at remanence [22].

2.2 | Generation of OAM beam:

The laser pulses used for this experiment are coming from a Starzz Optical Parametric Chirped Pulse Amplifier (OPCPA)
from Amplitude, with a central wavelength of 1.8 pum and pulse duration of 40 fs (measured by the Frequency Resolved
Optical Gating technique). The repetition rate of the laser can be externally controlled from single shot to 100 kHz.
A combination of a half wave plate (HWP) and polarizer is used to control the pulse energy. The linear polarization
of the laser is then switched to circular by a quarter wave plate (QWP), necessary to introduce an OAM ( +1, 0, -1)
in the beam by a Q plate (Arcoptix). A second QWP is used after the Q plate to control the polarization state of the
final beam, allowing switching from linear to right or left circular. Finally, a telescope enlarges the beam in order to
produce a smaller focus size on the sample after focusing. The intensity and phase distribution of a simulated Laguerre-
Gaussian beam with an OAM=+1, are presented in Fig.1(a) and (b). The experimental spot size of the optimized OAM
beam is ~14 um (Fig.1(c)). The nature of an OAM beam is understood from the distribution of the intensity (Fig.1(d))
along two directional cuts in (c) (the horizontal scale relates to the size on the detector, where the beam is enlarged by
a microscope objective). The phase varies ortho-radially from O to 2z, however the phase gradient in the ortho-radial

direction is very large at the center of the beam, where the intensity is minimum.

2.3 | MFM observation:

The magnetic force microscopy (MFM) observations of the SAF textures have been conducted under vacuum condi-
tions (5 x 1077 mbar). Room temperature images have been acquired using magnetic tips in a double-pass tapping-lift
mode, with a lift height of O nm (however with different excitation amplitude). This mode involved detecting the phase
shift during the second pass after a topographic measurement, enabling the probing of magnetic field gradients along

the vertical direction. The raw AFM probes used are commercially available ultra-short cantilevers with a resonant
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frequency of 300kHz and a force constant of 0.3Nm~'. These probes facilitates high-speed measurements in a
high-vacuum environment, offering an excellent signal-to-noise ratio (with Q > 500). To fabricate the MFM tips, a
bilayer coating of CoFeB (5 to 15 nm) and Al (5 to 30 nm) has been deposited in a sputtering chamber. The thickness
of the bilayer coating has been carefully chosen to minimize the influence of stray fields originating from the tips on
the magnetic textures within the samples, especially during the topographic measurement. A perpendicular magnetic
field has been applied with a maximum uniform field of ~ +120 mT. The apparent size of the skyrmions is determined
by extracting the full width at half maximum (FWHM) from line scans of the textures. It should be noted that the
apparent size of skyrmions observed via MFM is usually overestimated compared to their actual size, owing to the
fact that the stray field is measured several tens of nm above the magnetic textures [16].

3 | RESULTS AND DISCUSSION

Simulated Simulated
intensity phase

Energy distribution

-200 -100 0 100 200
Position (um)

FIGURE 1 OAM beam characterization: (a) Simulated intensity profile of an OAM laser beam. (b) Simulated
phase of a Laguerre-Gaussian beam carrying an OAM = +1. (c) Shape of an OAM beam with an experimental spot
size of ~ 14 um. (d) The blue and red curves correspond to the vertical and horizontal cross-sections of the beam,
respectively, as shown in (c). (e) and (f) topography of the thin films imaged with AFM after exposure to single-shot
OAM beam with energy of ~ 810nJ, and ~ 320 nJ, respectively.

The intensity profile of the experimental spot-size (~ 14 um) of an OAM beam is shown in Fig.1(c). A noticeable
feature in the beam spot is the concentration of energy predominantly within the ring-shaped region, indicated by
the orange-red color. In contrast, the central portion of the beam, represented by the cyan circular area, exhibits the
lowest intensity. Depending on its energy, the OAM beam affects the topography as demonstrated in Fig.1(e) and
(f). In Fig.1(e), we show the impact of a single laser pulse OAM beam with large energy (~ 810nJ). The region of
the film corresponding to the ring area, which contains the majority of the pulse energy, experiences ablation that
extends down to the bottom Pt layer, as confirmed by a topography scan revealing a depth of ~ 10nm. It is worth
emphasizing that despite the substantial beam intensity, the central portion of the beam spot remains unaffected

from a topographical perspective. In another experiment, depicted in Fig. 1(f), the beam’s energy has been chosen
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to be significantly lower, ~ 320 nJ, resulting in a minimal topographical perturbation of less than 1 nm. To observe
a significant impact from the OAM phase, fine-tuning at the center of the beam is necessary, as the pulse intensity
(thermal contribution) is minimal at this point. Therefore, it is important to find a balance when selecting the energy
of the beam, ensuring sizeable contribution from the OAM phase at the center while safeguarding the integrity of the
rest of the sample from destruction.
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FIGURE 2 SAF multilayer characterization: (a) Cross-section of the schematic of the SAF multilayers showing
the antiferromagnetic RKKY coupling between the two Co layers. (b) Hysteresis of the sample shown in (a) measured
using an alternating gradient field magnetometer (AGFM) in both perpendicular and longitudinal configurations.
Zoomed-in loops with AFM exchange field of ~ 170 mT is presented in the inset. (c)-(e) SAF DWs in the non-shot
unperturbed area in the thin film at different external fields measured using vacuum MFM. The dark spots in the
MFM images are appearing from the topography signal due to small lift height used for the measurements.

A schematic cross-section view of the SAF multilayer sample used in this work is presented in Fig.2(a). In Fig.2(b),
we display the hysteresis curves as a function of the external magnetic field along perpendicular (red) and planar (blue)
directions of the SAF multilayer sample. When the perpendicular field strength surpasses the AFM RKKY coupling
threshold (1o Hrkky) applied on both sides, the multilayer magnetization undergoes a reversal until it reaches saturation.
The perpendicular hysteresis loop vividly demonstrates the robust PMA inherent in each FM layer within the SAF. This
deliberate selection of sizable PMA is achieved through meticulous adjustment of the individual FM layer thicknesses
to ensure the stability of skyrmions at remanence. The strength of the AFM coupling in this sample is poHriky =
170 mT. In this study, we have chosen an experimental range of external perpendicular fields < 100 mT (in absolute
value) to avoid saturating the SAF. In Fig.2(c), we display an MFM image obtained in an area of the SAF multilayers
that was not exposed to any laser pulse. Only two domains, separated by lines are present in the 5 x 5um? image.
The domains, as expected, have uniform antiferromagnetic configurations and hence do not generate any stray field
leading to MFM contrast. However, the domain walls (DWs) appear as curved lines in the image. Additionally, we
show the field dependence of such AFM DWs within our experimental range of external field in Fig.2(c)-(e). It is
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observed that there is an incremental modification in the MFM phase intensity from 0.2° to 0.3° upon increasing the
external magnetic field. This phase signal intensity of 0.2°-0.3° serves as a reference to distinguish AFM DWs from
ferromagnetic-like features exhibiting 10 times larger intensities with similar magnetic tips. Additionally, we note that
the shape of the domains remain unaffected by the external field confirming the robust AFM nature of the textures.

1.0deg 0.5 deg

0.8 0.4

0.6 03

0.4 0.2

0.2 0.1

1.0deg 0.3 deg

0.25
0.8

0.2

FIGURE 3 Impact of single-shot OAM pulse on the structural and magnetic phase of the SAF: (a), (b) MFM
image of the sample after the application of a single shot OAM beam with large energy (~ 810 nJ) for the whole spot
and central area with largest OAM, respectively. (c), (d) Similar consequence of single shot OAM beam with lower
energy (~ 320 nJ), respectively. The shape of the ring with highest intensity of the OAM beam is contained within
the cyan circles/ellipses, whereas the central lowest intensity region is represented by the green circle/ellipse.

In Fig. 3(a)-(d), we illustrate the impact of a single-shot OAM pulse (ODAM=+1) on the SAF for two distinct energy
levels. The phase scale for each image has been adopted according to the contrast of the texture present in it. The
MFM phase image in Fig. 3(a) directly correlates with the topography image presented in Fig. 1(e) for an OAM beam
with energy ~ 810 nJ. As anticipated, no phase signal in MFM is observed in the region with the highest energy (ring
shape marked by the cyan colored contours), owing to the partial absence of material, which has been completely
ablated down to the bottom Pt layer. However, in the higher-resolution image of the central low intensity region
(Fig. 3(b)), we can discern a ring (located in-between the cyan and green contours) exhibiting a pronounced magnetic
phase change, followed by the center (inside the green contour) featuring the AFM DW (a line-like contrast at the left-
bottom region of the green colored contour). The phase associated with the ring exceeds 1.0°, indicating a significant
imbalance in the two FM layers within the SAF probably due to excess heating. Nevertheless, the very center of the
beam-spot remains apparently undisturbed, displaying the same magnetic DWs as in the pristine state of the SAF. The
observation confirms that for extremely high-energy OAM beams, a significant portion of the sample is destroyed, with

no noticeable effect at the centre of the beam. In Fig. 3(c) and (d), we present the MFM phase signal corresponding
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to a relatively low-energy OAM beam (~ 320nlJ), which is correlated with the topography scans shown in Fig. 1(f).
In this case, the peripheral ring-shaped region (with minimal topography changes) exhibits a phase signal of ~ 1.0°,
indicating alterations in the properties of the top Co layer. Similar to the previous experiment, the central part of the
beam remains unaltered, preserving the pristine SAF state (as seen by the line-like contrasts in (d)). This observation
suggests the need to further enhance the influence of OAM at the center of the beam. To address this point, we have
assessed the effect of two successive OAM pulses (as opposed to a single-shot approach) with a careful selection of
energy.

0.5deg

0.4

1 pm

FIGURE 4 MFM study of the sample after double OAM shots: (a) MFM phase of the area with the impact of
two-shots OAM pulse with energy ~ 300 nJ. (b) High-resolution phase image of the central area of the OAM shot
area as shown by the square shaped box in (a). (c) Zoomed-in phase image of the square box shown in (b). (d)-(f) Field
dependent phase images of the same area in (b). (g)-(i) Phase images of the same area measured at remanence after
application of various initial magnetic field.

In Fig. 4(a) we show the MFM phase image of the SAF after the impact of two-shot OAM pulses (OAM=+1) with
energy ~ 300 nJ for individual pulses and a lag of 1s between them. In order to minimize the thermal energy, the beam
energy was chosen a bit lower than that in Fig. 3(c). However, it is worth noting that the application of a two-shot
OAM pulse has induced more significant topographic changes compared to the single-shot one. As a result, the film
in the high-energy ring-shaped region has been ablated (this can also be observed from the absence of a phase signal
in the ring area in (a)). Nonetheless, unlike the experiment in Fig. 3(c), there are observable modifications to the MFM
phase at the centre of the laser spot (marked by a cyan color dashed box in Fig. 4(a)), that can be solely attributed to the
impact of OAM. For a more in-depth examination, we present a higher-resolution image of the central area in Fig. 4(b).
On a small part of the central area towards the left, we observe a more pronounced phase contrast ~0.5°, which can
be attributed to minor alterations in the properties of the top Co layer. Nevertheless, in the remainder of the central
area, the phase contrast is approximately 0.2°-0.4°, confirming the presence of AFM textures as also evidenced in the
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zoomed-in image (Fig. 4(c)) within the square-shaped box marked in (b). The AFM nature of all the textures has been
confirmed by measuring the phase signal from the line scan profiles of the images (not shown here). However, it should
be noted that although the textures are AFM in nature, they do not represent rigid skyrmions. To gain insight into the
nature of these textures, we have investigated the influence of an external field and present the phase images as a
function of the varying magnetic field (measurement field: H,,) in Fig. 4(d)-(f). It is evident that within the field range
of 100 mT, the AFM textures reach partial saturation, in contrast to the DWs observed in Fig. 2(c)-(e). This observation
reinforces the notion that the textures we observe here are stabilized as metastable excitations induced by the transfer
of OAM to the SAF. Furthermore, we also have conducted MFM measurements at the remanent state (H, = OmT)
after applying various initial external fields (H;), as depicted in Fig. 4(g)-(i). It is noteworthy that at remanence, the
size and density of the skyrmionic textures are maintained, albeit with slight modifications. Consequently, we can
conclude that the application of two OAM pulses allows us to transfer finite orbital angular momentum to the SAF,
thus nucleating AFM skyrmionic textures. We obtain similar results while measuring an area in the SAF exposed to
two OAM pulses of opposite angular momentum (OAM= -1) confirming the robustness of the process (data presented
in Fig. S3 in the supplementary information). Therefore, the presence of OAM is important but not its sign. We
interpret this result as follows: the OAM transfers some angular momentum to both AF coupled magnetic layers. For
an appropriate transfer, it is able to flip the relevant layer for which magnetization opposes the OAM, leaving the other
one untouched. At the end of the pulse, the RKKY and DMl interactions stabilise the reversed AF state thus nucleating
the skyrmionic entities. However, this approach of two-shots moderate energy OAM beam has two drawbacks: (a)
the shape of the nucleated textures is not rigid, and (b) the ring-shaped periphery of the film exposed to the pulse is
compromised. Therefore, we shift our approach towards utilizing even lower-energy OAM beams, employing multiple

shots rather than just one or two shots, to simultaneously minimize (maximize) the thermal (OAM) contribution.

The impact of multi-shot OAM beams (OAM=+1), with an energy of ~ 84 nJ, a repetition rate of 100 kHz, and
an exposure time of 10 ms, on SAF textures under different field histories and remanent states is presented in Fig.
5. The selected energy level ensures that thermal effects are negligible on the sample topography. From a structural
perspective, the surface of the SAF exhibits virtually no impact from the OAM beams, as evidenced by a topography
signal measuring < 1nm. However, as illustrated in Fig. 5(a), the pulse shape deviates from a near-perfect circle
observed in single or double shots, displaying an elliptical distortion (green dashed contour in (a)). This distortion may
be attributed to the gradual shift of the laser beam over time during repetition or due to thermal drift. Nevertheless,
we have identified a specific region within the beam’s shape by considering the phase signal, denoted by a cyan colored
square box (Fig. 5(a)), which can be regarded as the cumulative center of the beams. It should be noted that even
though multiple pulses have been used, due to significantly lower energy of the individual pulses, we do not observe
any ring-shaped destruction of the film along the periphery of the pulses. In Fig. 5(b) and (c), we show the MFM
image of the same area as in (a), measured at H,, = 90mT and at remanence, respectively. We notice a distinctive
pattern between (a)-(c) where, within the peripheral region (located between the green elliptical contour and the cyan
square box), the film initially saturates and subsequently transitions to a high-contrast (MFM phase > 1.0°) stripe
phase. This shift occurs as a result of the imbalance in the SAF, prompted by the influence of laser pulse induced
heating. However, the central high phase gradient section of the sample (within the cyan square box) appears relatively
unaffected. Higher resolution MFM images at remanence of this central area is depicted in Fig. 5(d) and (e). Here, we
observe the formation of robust skyrmionic textures exhibiting a phase akin to what is anticipated in AFM textures.
We present the first MFM scan (conducted prior to the application of any external field) of the high OAM region of
the sample in Fig. 5(f), revealing isolated skyrmions (depicted as black spots) along with large patches of domains.
The skyrmions stabilized in the virgin state have a mean diameter of 66 + 5 nm with a phase signal of ~ 0.2 — 0.3° (as

obtained from the line scans of the textures shown in Fig. 5(p)). This observation distinctly contrasts with the textures
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FIGURE 5 MFM study of the sample after 1000 OAM shots: First row: field-dependent MFM images of the
textures for the first cycle. (a) Phase signal due to the influence of multi-shot OAM on SAF. The green colored dashed
contour is a guide to the eye to visualize the elliptical distortion of the laser spot due to multiple shooting. The high
OAM area of the total laser spot is represented by a cyan colored square box. (b) MFM image of the same spot as in
(a), however performed at an external magnetic field of 90 mT. (c) Same as (b), however measured in the remanent
state after removal of the external field. (d) High-resolution image of the square box marked in (c). (e) High-resolution
image of the square box marked in (d). Second row: (f)-(j) MFM images of the textures of the central high-OAM part
of the laser beam measured at remanence after application of various H;. Third row: (k)-(o) evolution of magnetic
textures after exposure to several cycles of various H. The scale bar for (k)-(o) are the same and shown in (k). The
phase scale bar for all the images is +0.5°. Fourth row: line sections of the phase of MFM scans. (p) Line sections of
the MFM signal of the virgin state as marked in (f). (q), (r) Similar line sections of the phase signal as marked in (g) and
(m), respectively. The profile of the line sections are fitted with Gaussian curve to find the width (diameter) of the
skyrmions. (s) Diameter of skyrmions as a function of polarity and amplitude of external magnetic field.

produced by single or double-shot OAM pulses. Further, during the field dependence of such textures we observe a
continuous evolution of the large domains, whereas the dark textures remain intact albeit with some modifications in
size. To gain deeper insights into the property of these textures, we performed MFM measurements in the remanent
state within the same area, prior to subjecting the sample to various initial magnetic fields (H;) as illustrated in Fig.
5(g)-(j). It is worth noting that the prominent large patches observed in the virgin state are absent in the SAF after the
initial saturation (Fig. 5(e)). In Fig. 5(g), only the black skyrmionic textures persist as metastable excitations against a
uniform background. In Fig. 5(g)-(i), we depict these same skyrmionic states at remanence with initial magnetic field
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strengths of H; = 100, 90, and 80 mT, respectively. In each case, we obtain skyrmions of similar size (50+ 10 nm) within
the error bar (line scans in Fig. 5(q)). This reveals that the skyrmions stabilized through field history at remanence are
more compact than the ones stabilized in the virgin state prior to application of an external field. This observation
aligns with findings previously reported for FM skyrmions obtained in zero magnetic field [22]. Furthermore, we note
that if we reverse the initial magnetic field (H; = —60 mT) in the opposite direction, the phase of the textures changes
from attractive to repulsive while exhibiting consistent behavior (Fig. 5(j)). As discussed by Legrand et al. [16], the
apparent skyrmion diameter in MFM measurements is often overestimated by 30-50% compared to the actual value
due to the interaction of skyrmions with the moment of the magnetic tip. Hence, we conclude that using this method,
we have stabilized compact DMI skyrmions with diameter < 50 nm. It is noteworthy that the metastable skyrmionic
textures nucleated at remanence demonstrate a remarkable stability over extended periods, lasting for weeks, and

are primarily modified by varying the initial magnetic field strength, H;.

A compelling piece of evidence confirming the imprinted AFM texture in the SAF is the noticeable change in the
size of the skyrmions in response to an external magnetic field (H,,). To investigate this phenomenon further, we
have conducted additional field-dependent measurements on the textures, as depicted in Fig. 5(k)-(o). Here, the rigid
skyrmionic textures exhibit an increase in size at the expense of the previously bright, uniform background. We see
that the mean skyrmion diameter and intensity of the phase signal are 60+5nm, 0.4°; 69+5nm, 0.7°; and 92+5nm, 0.8°,
for H,, = 20mT (Fig.5(1)); H, = 40mT (Fig.5(m)); and H,, = 60 mT (Fig.5(n)), respectively. A comparison of skyrmion
sizes as a function of the polarity and magnitude of the external field is presented in Fig. 5(s). As discussed before,
the skyrmion imprinted in the virgin state (immediately after exposure to the OAM beam and before any field history)
is larger than those stabilized at remanence following the application of a negative or positive external field. This
behavior is predominantly attributed to the reorientation of the spins and the confinement effect of the external field.
Interestingly, the skyrmion size increases with the magnetic field for positive polarity, whereas it remains invariant for
negative polarity. The variation of skyrmion size with the polarity and strength of the external field is mainly driven by
the tip-sample interaction. Even at zero external field (ignoring the tip magnetization), the different distances of the
layers from the magnetic tip contribute to a finite MFM phase signal. The stray field arises from both magnetic layers,
with the top layer (closer to the tip) contributing more than the bottom one. When the external field remains below the
SAF effective field (as in the present case), only the magnetization of the tip aligns with the external field. Skyrmions
then slightly shrink or expand in both layers depending on the external field. Considering two separate cases where
the external field (Hex;) is negative (Hex: < 0) or positive (Hex¢ > 0), we assume that the top layer background
is saturated down (down spin pointing towards Heyx: < 0) with a skyrmion core pointing up, and the bottom layer
background is saturated up with a skyrmion core pointing down (see supplementary Fig. S4 for detailed micromagnetic
representation). This discussion also applies to the opposite orientation. Under these circumstances, when Hgy; <
0, the signal from the top layer skyrmion decreases, whereas the signal from the bottom layer skyrmion increases.
However, the bottom layer generally contributes less due to the larger distance from the magnetic tip. As the skyrmion
core in the bottom layer increases, the signal becomes stronger. This competition between the two counteracting
effects initially leads to a shrinkage in skyrmion size (top layer) followed by field-invariant behavior. Beyond a certain
threshold external field, the bottom layer dominates, and rigid skyrmions become unstable. In the scenario where
Hext > 0, the tip magnetization points up. Here, the signal from the top layer skyrmion core increases, while that
from the bottom layer decreases. Since the top layer contributes more to the phase signal in MFM, the skyrmion size
increases with the increasing external field. Additionally, when the MFM signal is normalized (and we perform FWHM),
we obtain even larger values because the background is non-zero, opposite to the value of the core. However, it is
crucial to emphasize that, when the external field is removed, the skyrmionic textures recover their compact shape.

This underscores the enduring stability of the textures, reaffirming the profound influence of the underlying AFM
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coupling and implication of the OAM beam. To distinguish between the influence of temperature and of OAM in
nucleating skyrmionic textures, we conducted parallel experiments using exposition to multiple Gaussian pulses with
comparable specifications. Our observations indicate that while AFM spin textures are stabilized in the Gaussian
beam under appropriate energy conditions, skyrmionic textures are absent both at remanence and throughout the
magnetic field history. A comprehensive analysis of the impact of Gaussian beam on spin textures is discussed in Fig.
S2 in supplementary information. Finally, the intensity of the laser spot in the vortex beam (Fig. 1(d)) is similar at
the centre and just outside the periphery, with a notable difference in the spatial gradient of the phase. However,
we obtain no alteration in the MFM phase outside the elliptical beam spot irrespective of the field history. The
aforementioned discussion concludes that the AFM skyrmionic spin textures stabilized in our system is a combined
effect of the thermal energy and of the OAM of the laser beams.

4 | CONCLUSION

In summary, we demonstrate a proof-of-concept showcasing the stabilization of compact DMI skyrmions (diameter
< 50 nm) within non-biased SAFs using OAM vortex laser beams, all in the absence of an external magnetic field.
Our findings confirm that both temperature and the magneto-electric coupling induced by the OAM beam are critical
in imprinting these skyrmionic textures onto the SAF. However, to efficiently manipulate the shape, size, and distri-
bution of these skyrmionic textures while maintaining a well-balanced SAF, it is essential to minimize the effects of
thermal energy and simultaneously enhance the influence of the OAM beam. Our results underscore the importance
of fine-tuning beam energy, exposure time, and the number of pulses to achieve the desired state. Interestingly, this
interaction and momentum transfer from light to the material occur on a femtosecond timescale in a single shot,
whereas multiple low-energy shots result in more sustainable skyrmion writing. A potential future direction would
be to use longer mid-infrared wavelengths to further minimize thermal effects. This work is anticipated to open a
new research paradigm for the use of optical vortex beams in generating antiferromagnetic textures, addressing the

limitations of electrical manipulation due to sample-specific design complexities.
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