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Abstract

Magnetic skyrmions are topological magnetic textures with great promise as nanoscale bits of
information in memory and logic devices. Although room temperature ferromagnetic
skyrmions and their current-induced manipulation have been demonstrated, their velocity has
been limited to about 100 m/s; in addition, their dynamics are perturbed by the skyrmion Hall
effect, a motion transverse to the current direction caused by the skyrmion topological charge.
Here we show that skyrmions in compensated synthetic antiferromagnets can be moved by
current along the current direction at a velocity up to 900 m/s. This is explained by the
cancellation of the net topological charge leading to a vanishing skyrmion Hall effect. Our
results open an important path toward the realization of logic and memory devices based on the
fast manipulation of skyrmions in tracks.

Main Text

Magnetic skyrmions have attracted a widespread interest in recent years owing to their rich
physics at the interface of magnetism and topology as well as promising applications in the field
of non-volatile memory and logic. Magnetic skyrmions are topologically non-trivial chiral
whirling spin textures (1). They have a topological charge S=+1, i.e the skyrmion magnetization
wraps the spin unit sphere once. Their topological stability, along with their small lateral
dimensions, down to the nanometer scale, grant them particle-like properties. Skyrmions can
also be moved efficiently by an electrical current (2-6). These unique properties can be
exploited to store and compute information at the nanoscale in devices where skyrmions are the
information carriers. The observation of magnetic skyrmions at room temperature in sputtered
ultrathin films as well as their current-induced motion have lifted important roadblocks towards
the practical realization of such devices (3, 4, 6-9).

However, ferromagnetic (FM) skyrmions suffer from several limitations in view of
applications. Firstly, their dynamics in tracks are perturbed by the skyrmion Hall effect (3), i.e.
a motion transverse to the driving force [see Fig.1A, (1) and (2)]. This effect results from a
Magnus force Gz X v acting on the moving skyrmion, a direct consequence of its topology
(here G is the amplitude of the skyrmion gyrovector proportional to the skyrmion topological
charge S and the layer magnetic moment, v is the skyrmion velocity vector, z is the unit vector
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normal to the film plane). This is an important issue for devices because it can cause skyrmions
to move toward the track edges where they can be annihilated. Secondly, the current-induced
skyrmion velocity barely exceeds 100 m/s (3—6, 10, 11). According to the Thiele equation (3,

12, 13), the skyrmion velocity scales as v ~ Jﬁ ~ cos B¢,y and the skyrmion Hall angle
T
ar

Oskyr @S tan Oggpyp = U—Z =—, with a the magnetic damping and ar = G /D, where D is the

dissipation constant. Thus, the skyrmion Hall effect limits the skyrmion velocity, via the
introduction of an additional topological magnetic damping a (14). These limitations could be
circumvented by considering skyrmions in antiferromagnets (15-18, 18-24). In these materials,
antiferromagnetically coupled skyrmions reside in different sublattices have opposite core
polarities and hence opposite topological charges. Thus, the coupled skyrmions experience
opposite Magnus forces resulting in a cancellation of the skyrmion Hall effect (see Fig. 1B).
This leads to an increased velocity with predicted current induced motions over 1000 m/s (15—
18, 18-24). Although the stabilization of antiferromagnetic (AF) topological spin textures has
been recently shown in bulk MnSc2S4(25) and Fe»03(26), in IrMn antiferromagnets using
exchange bias(27), and in synthetic antiferromagnets (28, 29), demonstrating their current-
nduced dynamics remains challenging. However, recent experiments in ferrimagnets revealed
the impact of the angular momentum compensation on the skyrmion dynamics : for instance, a
vanishing skyrmion Hall effect was demonstrated for elongated pinned bubbles at the angular
momentum compensation of the ferrimagnets (30); reduced skyrmion Hall angle (0-25°) and
enhanced velocities were also reported in ferrimagnetic alloys and synthetic ferrimagnets (31—
33).
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Fig. 1 Compensation of skyrmion Hall effect and enhanced velocity in SAF skyrmions (A)
Skyrmions with a core magnetization pointing down (resp. up) hold a topological charge of S=-1 (resp.
S=+1) and have a gyrovector G along +z (resp —z). When moving, they are deflected to the left (resp.
right) by the Magnus force Fm = Gxv where v is the velocity of the skyrmion as illustrated in (1) and
(2). (B) In SAF, AF coupled skyrmions with opposite topological charges experience opposite Magnus
forces. The two forces are canceled out and the SAF skyrmion move along the current direction. (C)
Normalized skyrmion velocity (black line) and skyrmion Hall angle (blue line) as a function of the net
magnetization in a SAF calculated using experimentally obtained parameters (36).

Compensated synthetic antiferromagnets (SAFs) combine key advantages for studying the
dynamics of AF skyrmions and utilizing them in devices. SAFs are composed of ultrathin
ferromagnetic layers separated by a non-magnetic spacer and AF-coupled via the Ruderman-
Kittel-Kasuya-Yosida (RKKY)-type interlayer interaction(34). The stabilization of AF
skyrmions at room temperature was recently demonstrated (28, 29) in compensated Pt/FM/Ru



based SAFs as well as their nucleation using local current injection or ultrafast laser pulses(29).
These stacks combine the necessary ingredients to stabilize skyrmions and move them
efficiently with current: a large perpendicular magnetic anisotropy (PMA), the Dzyaloshinskii-
Moriya interaction (DMI) and spin orbit torques (SOT). Owing to the cancellation of the
Magnus force, a significant enhancement of the skyrmion velocity is expected in compensated
SAFs compared to ferromagnetic stacks(14) (see Fig.1B). In addition, SAFs are deposited by
sputtering, a technique widely used in the microelectronics industry, and are compatible with
CMOS (complementary metal oxyde semi-conductor) technology. They can also be integrated
in magnetic tunnel junctions, which can be employed for the electrical readout of the skyrmions
(35).

Here we show that in optimized compensated synthetic antiferromagnets, skyrmions can be
driven by spin orbit torque at velocities up to 900 m/s along the current direction, i.e. without
skyrmion Hall effect. This is explained by the vanishing net topological charge in the SAF. Our
results are substantiated by analytical and micromagnetic simulations using experimentally
derived material parameters.

AF skyrmions in SAF at room temperature
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Fig. 2 Skyrmions in optimized compensated SAF (A) Composition of the SAF stack (see text for
thicknesses). (B) Normalized magnetic moment as the function of the out-of-plane external magnetic
field measured by vibrating sample magnetometry. Black and red lines corresponds to decreasing and
increasing magnetic field respectively. (C) MFM images measured at zero applied magnetic field after
applying sequentially an in-plane field of around 400 mT followed by a perpendicular field of 170 mT.

The SAF stack is composed of a Pt(3)/Co(1.58)/Ru(0.85)/Pt(0.5)/Co(1.58)/Ru(0.85) (nominal
thickness in nm) multilayer capped with a thin Ta(1.5 nm) layer, deposited by sputtering



deposition (Fig. 2A). We carefully optimized its composition in order to stabilize skyrmions
and move them efficiently with currents(5): the Pt/Co interfaces provides the PMA and DMI
necessary to stabilize the skyrmions and the spin orbit torque to move them with current (36).
The Ru thickness was optimized to achieve AF RKKY interlayer exchange coupling with a
coupling field of poHrkky=205 mT. The thickness of the Co layers was adjusted such that the
layers are perpendicularly magnetized but close to the in-plane/out-of-plane spin reorientation
transition, leading to a linear and reversible hysteresis loop indicating a multidomain state (Fig.
2B). The lower effective PMA combined with the DMI reduces the domain wall energy and
favors the nucleation of domains as well AF skyrmions (29). Isolated skyrmions can be
nucleated using external magnetic field sequences (29, 36). Figure 2C shows an example of a
magnetic force microscopy (MFM) image at zero field displaying isolated skyrmions and larger
domains nucleated after applying sequentially a large in-plane field followed by a perpendicular
magnetic field (170 mT) (for other examples see (36)). The skyrmions have different shapes
and their size ranges between 100 nm and 700 nm with an average of 215 + 102 nm (36). This
large dispersion can be explained by the deformation induced by the pinning of the skyrmions
on material inhomogeneities as is also observed in ferromagnetic ultrathin films (37, 38). In
contrast to FM skyrmions, the stray field energy plays little role in the size of AF skyrmions
owing to their vanishing moment, and their diameter d results from a fine balance between the
DMI, exchange and anisotropy energies. Models (29, 39) predict a skyrmion diameter d =
2

()

2
1-(57)
critical DMI for which the single domain state is no longer stable, where A is the exchange
constant and Kesr the effective PMA (29, 39). Using experimental parameters, a diameter d =
197 nm is predicted, in line with our results. Quantitative measurements of the stray field of the
SAF skyrmions using scanning nitrogen vacancy (NV) center magnetometry confirm that our
SAF is fully compensated and that the skyrmion magnetizations in the two layers are AF-
aligned, in agreement with micromagnetic simulations (36). X-ray magnetic circular dichroism
photo-emission electron microscopy (XCMD-PEEM) experiments as well as micromagnetic
simulations confirm the left handed chirality of the skyrmions expected from the DMI at the
Pt/Co interface (36).

Fast current induced dynamics of SAF skyrmions

To study the current induced dynamics, the stack was patterned in 3 um wide tracks in contact
with metallic electrodes for current injection using a standard nanofabrication process (Fig S6,
(36). In Fig. 3, sequences of MFM images display characteristic current induced motion
experiments. Between each MFM image acquisition, a single current pulse is injected in the
track. In Fig. 3A, the consecutive injections of 1 ns current pulses lead to the motion of a SAF
skyrmion in the current direction. The distance and trajectory induced by the current pulse vary
from one pulse to another, which can be explained by the effect of pinning on inhomogeneities
in the material (3, 5, 6, 40). However, on average, the skyrmion moves with minimal deviation
from the current direction (~1° ). Note that the observed direction of motion, i.e along the
current, is consistent with the sign of the spin Hall effect in Pt and the left handed chirality of
the skyrmions arising from the DMI at the Pt/Co interface (5, 8) and is in agreement with
previous experiments in Pt/Co based stacks (4, 5).

2.7A with A = /Ki the domain wall width, D the DMI constant, D, =~ the
eff



Phase offset

Fig. 3. Current induced motion of SAF skyrmions Current induced motion of SAF skyrmions
observed by magnetic force microscopy (MFM). Plotted is the phase offset in color scale measured in
lift mode. (A) Sequence of MFM images measured after the consecutive injection of a 1.160 ns, 1.18
ns, and 0.9 ns current pulses with densities J =8.0 x 1011 A/m2, 8.0 x 1011 A/m2and 7.6 x 1011 A/m?
respectively (velocity of the skyrmion of 280 m/s, 400 m/s, 640 m/s respectively). (B) Sequence of MFM
images measured before (top), after the consecutive injection of a positive current pulse (middle) and a
negative current pulse (bottom) with width 0.6 ns and density 8.5 x1011 A/m? and -7.9 x1011A/m?
respectively. (v=900 m/s and 720 m/s respectively) (C) Sequence of MFM images measured before
(top), after the injection of a negative current pulse (middle) and after a positive current pulse (bottom)
with widths 0.55 ns and density -8.2 x 1011 A/m2 and 7.9 x 1011 A/m2 respectively. All measurements
are performed at zero applied magnetic field and room temperature. The white and colored dashed lines
in A, B, C connect the positions of the skyrmions before and after the current pulses. Drift was corrected
using a defect on the topography images.

Skyrmions can also be moved back and forth along the current direction by consecutive current
pulses with opposite polarities as shown in the sequences of Fig. 3, B and C and in Fig. S24-
S30 (36) . For instance, in Fig. 3B, a skyrmion is moved along the current direction by
successive positive and negative 0.6 ns current pulses with velocities of 900 m/s and 720 m/s
respectively. In Fig. 3C, several skyrmions with different sizes move in the direction of the
applied current pulses. However, some skyrmions change their shape and size when moving
and one of them does not move. This behavior is also observed for ferromagnetic skyrmions in
ultrathin films and can be explained by the pinning of the skyrmion textures on inhomogeneities
(5).

Despite these irregular dynamics, the average velocity g, and skyrmion Hall angle 8, of the moving
skyrmions can be obtained from systematic current-induced motion experiments (see Fig. 4 and (36)).
Figure 4A, black squares, displays the dependence of ¥g;, on the current density. The skyrmion velocity
is calculated by dividing the distance travelled by the skyrmion over the current pulse width (between
0.5 ns and 1.3 ns). o, increases with the current density with a low mobility regime at low current
density (5x1011A/mM2<J<6.5%x1011A/m2) with 250<wg, <300 m/s and a larger mobility at higher current



density with 7g;, reaching a maximum of 895 + 285 m/s for a current density of 8.9x1011 A/m2. Our
experiments reveal a vanishing skyrmion Hall effect: 65, = 6.4° + 16.4° and does not show any
dependence on the skyrmion velocity (Fig.4B, black squares). To study the impact of the magnetic
compensation on the skyrmion dynamics, we have measured the same quantities in a Pt/Co/Ru trilayer
(Fig. 4, blue dots) as well as a synthetic ferromagnetic (SF) stack where both Co layers are
ferromagnetically coupled by RKKY using a thicker Ru interlayer (1.4 nm instead of 0.85 nm)(36) (Fig.
4, red triangles) . Note that data are for one sample for each material stack and the error bars denote the
standard deviation across different skyrmions plus experimental error. In contrast to the SAF stack, a
maximum velocity of around 120 m/s for the single Co layer stack and 80 m/s for the SF stack is
observed. These values are in line with the one measured in previous current induced motion
experiments of ferromagnetic skyrmions in ultrathin films (4, 5). The skyrmion Hall angle is found to
increase with the velocity and eventually saturates at larger velocity to around 60° for the single layer
and 85° for the SF stacks (36). This behavior was already reported in FM stacks and can be attributed
to the interaction of the skyrmions with material disorder, which decreases the skyrmion Hall angle at
lower drives/velocities (3, 5, 10, 41). These experiments demonstrate that the velocity enhancement and
cancellation of the skyrmion Hall effect observed in the SAF stack are related to the SAF magnetic
compensation.

T T T T 140 T T
A m  SAF B m SAF
1000 A SF | 120 | A SF 4
@ Single layer @ Single layer
—— Model SAF o T i ]
800 | —A— Simu umag SAF B o sl , A ]
0 o E \
E e} 7 a S & oo FA ‘J P 7
> P - © L 9 |
£ - }/A/‘ _l- £ 40 .
o ' - - = H
G 400 - , ///’ . + 1 & =of ]
4 -
Pl - E , R
wof T8 N [T
il 20 |- E
/. '
(d Flé‘ é A i L
0 L, o= 0 B ‘é }é‘i s L -40 L 1 7]
0 2 4 6 8 10 00 000
Current density (10" A/m?) Velocity (m/s)
m, 4
A 1 C
300 |
0 250 3~
| % 200 £
t=0ns 0.9ns 1.14ns 1.5ns g |, <
=150 2 =
100 | | =
O
JI ot 0
J=0.4TA/m?2 0.6 TA/m? 0.89 TA/m? 0 0.5 ! 15 2

t (ns)

Fig. 4. Fast current induced dynamics of SAF skyrmions with vanishing skyrmion Hall effect (A)
Average skyrmion velocity as a function of the current density measured experimentally in the SAF
stack (black squares), synthetic ferromagnetic (SF) (red triangles) and single ferromagnetic layer stacks
(blue dots). The black line corresponds to the prediction of the Thiele model for the SAF stack using
experimentally obtained material parameters (see table S2 and section 2.7 in Ref (36)). The black
triangles correspond to the velocity obtained from the micromagnetic simulations (o=0.14). The upper
and lower dotted lines corresponds to the velocity obtained from micromagnetic simulations for a=0,1
and o=0,18 respectively. (B) Skyrmion Hall angle as a function of the velocity of the SAF skyrmion
(black squares), SF skyrmions (red triangles) and single layer skyrmion (blue circles). Each point is an



average over 3 to 47 measurements (36). Note that shown data are for one sample per material stack and
the error bars denote the standard deviation across different skyrmions for the same sample plus the
experimental errors.
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Fig. 5 Simulations of the current-induced skyrmion deformation and inertial dynamics (A-B)
Deformation of a skyrmion (A) with time during a 0.5 ns Gaussian current pulse for J=8.9x1011A/m2
and (B) for various current densities at the maximum of the 0.5 ns Gaussian pulse. The panels plot the
z-axis magnetization in color scale. The last panel in the bottom row shows a zoom of the spin texture
for J=8.9x1011 A/m2 (Black/white contrast indicates the magnetisation pointing downward/upward and
the colou=r wheel illustrates the orientation of the in-plane magnetisation).C) Time dependence of the
instantaneous skyrmion velocity (blue line) induced by a 0.50 ns square current pulse of density
J=4x1011 A/m2 (red line). The inset shows the time dependence of the distance between the AF coupled
skyrmions, dy, in a direction perpendicular to the current.

Micromagnetic simulations and analytical modelling

To better understand these results, we carried out analytical modeling as well as micromagnetic
simulations using experimentally obtained magnetic and transport parameters, including
magnetic damping, SOT and DMI (36). The experimental results are first compared to the
Thiele equation, which is known to capture the skyrmion dynamics well (5, 42). Under the
assumption that the skyrmion spin texture is rigid during its motion, the steady state velocity v
results from a balance between the different forces on the skyrmion Fgpr + G X v + a[D]v =
0 where Fsor is the SOT force along the current direction and [D] the dissipation tensor. For a
SAF skyrmion, the net gyrovector G = 0 owing to the opposite topological charges of the AF
coupled skyrmions composing the SAF. Thus, SAF skyrmions move along the current direction

with no skyrmion Hall effect, in agreement with the experimental observations. From the Thiele

equation, the velocity can be expressed as (36) v = % where R is the skyrmion radius, A

a'R
the domain wall width, Bsot is the effective damping like SOT field and y the gyromagnetic
constant. The dependence of the velocity on the current density predicted by the model is plotted
in
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Fig. 4A (black line) (36). We observe that the model correctly reproduce the large velocity at
large current density. However, it does not reproduce the low mobility regime and non-linear
increase observed experimentally. These regimes can be accounted for by the effect of pinning,
which is known to play a major role in the skyrmion dynamics in ultrathin films for low driving
force and which is not taken into account in the model (5, 7, 41).

To shed more light on the skyrmion dynamics in the SAF, we performed micromagnetic
simulations using experimental magnetic and transport parameters (36). As expected, the
simulations show that both AF coupled skyrmions move in the current direction in the steady
state, with no skyrmion Hall effect. At low current density, the skyrmion velocity scales linearly
with J (



T T T T 140 T
A m  SAF B m SAF
1000 4 SF ] 120 - | A SF
@ Single layer @ Single layer
—— Model SAF o T i T
800 | —A— Simu umag SAF 1 o sol q FA
g o E \
E 600l i 1 © for FA ‘J Y
> Py - T i 9
£ . /A/A’ _l- T 40
o . ——A— QM
E 400 | , /’ - + .5 20 | HT
4
4 /A @ g 0 ” )—§—{
200 A&7 % %‘ : | L
1l 20 |
Z, ” L
(d Fl@‘ é A i
0 L, o= 0 @ ‘é }é‘i 2L 40 L 1 7]
0 2 4 6 8 10 00 1000
Current density (10" A/m?) Velocity (m/s)
m, 4
A e
300+
0 250 3~
| % 200 £
t=0ns 0.9ns 1.14ns 1.5ns g |, <
< 150 2 =
100 | | =
O
JI 3 ot 0
J=0.4 TA/m? 0.6 TA/m2 0.89 TA/m? 0 0.5 1 1.5 2

t (ns)
Fig. 4A, black triangles) and is in good agreement with the prediction of the Thiele model (black
line). However, above 2x10'* A/mz2, a sublinear drop is observed, whose amplitude increases
with the current density. The dotted lines in Fig. 4A show the error range resulting from the
main parameter uncertainty, namely the damping parameter a=0.14+0.04 (36). One sees that
the simulations correctly reproduce the experimental range of velocity measured at large current
densities. The simulations also reveal that the non-linear velocity drop at large drive is caused
by a dynamical deformation of the skyrmion, which is not taken into account in the Thiele
model. Indeed, during the pulse injection, an expansion along with an elliptical deformation of
the skyrmion is observed in simulations, and becomes more pronounced with time and
increasing current, with the appearance of DW-like sections at large current (see Fig. 5A). This
deformation is a pure dynamical effect that was already reported in FM skyrmions (5, 10, 43,
44), and is explained by various factors including kinetic effective field (45, 46) and
inhomogeneous magnetization canting (47); for AF skyrmions (16, 19, 21-24, 48), the
inhomogeneous gyrotropic forces play an additional role (48). The deformation is accompanied
by an inhomogeneous tilt of the skyrmion magnetization away from the Néel chirality, which
increases with current (see Fig. 5B and Fig. S39-S42 (36)). This behavior is similar to the one
observed in SOT driven FM DW motion, where the SOT-induced spin rotation decreases the
resultant driving force on the DW and eventually leads to a saturation of the DW velocity at
high current drives (49). This picture is confirmed by simulations of the SAF DW dynamics,
which show that the skyrmion velocity is close to the DW ones (Fig. S40 (36)). Thus, the
observed velocity saturation can be explained by a transition to a DW-like dynamics at larger
drives induced by the large skyrmion deformation. This behavior was also reported for FM
skyrmions (44), but is unexpected in AFM, where the AF exchange torque between the
sublattices is expected to prevent the current-induced DW spin rotation. This is not the case in



our SAF stacks owing to the low RKKY exchange interaction. However, simulations reveal
that a larger velocity can be reached by increasing the RKKY interaction (930 m/s for a RKKY
field poHrRkky=950 mT instead of 680 m/s for poHrkky =205 mT), which can be achieved by
stack engineering (Fig. S41, S42, (36)). Another way to limit the effects of velocity saturation
is to contain the deformation and DW spin rotation using shorter current pulses: for instance, a
larger velocity of 760 m/s is predicted using a shorter pulse width of 100 ps (Fig. S38, S42
(36)). Reducing the deformation is also crucial for devices with narrow tracks because
skyrmions transform into 360 domain walls when touching the track edge (19).

Simulations also reveal that SAF skyrmions feature intrinsic inertial dynamics: it takes ~100 ps
for the skyrmion to reach a velocity plateau in response to a square current pulse (Fig. 5B). A
closer look at the AF coupled skyrmion trajectories shows that this inertia can be explained by
the finite AF RKKY interlayer interaction. When injecting a fast rising current pulse, the AF
coupled skyrmions move perpendicularly to the current direction but in opposite directions,
owing to the opposite gyrotropic forces +Gvy. The resulting distance dy between the skyrmions
leads to a reaction force Frxxy = +k dy caused by the rise in the RKKY energy (here k is the
spring constant). Eventually, the two forces compensate and the skyrmions move along x with
a finite distance dy = +Gvx/k, which is typically a few nanometers in our simulations (Fig. 5C,
G2+(aD)?
————— . The

, Where Jpxgy IS

inset). The resulting inertia can be described (36) by an effective mass m =

. . . . 1
corresponding relaxation time T = — (36) is expected to scale as 7 ~
2aD JRKKY

the amplitude of the RKKY interaction, which is confirmed by micromagnetic simulations (36).
Note that inertial effects cannot be seen with our quasi-static experiments. The simulations
show that the total skyrmion displacement AX remains proportional to voT for a current pulse
of length T where vo is the steady state skyrmion velocity (36). Thus, this inertial effect does
not affect the measured averaged velocity vag=AX /T, nor, for applications, devices based on
the position of skyrmions.

Discussion and outlook

We now discuss the origin of the large enhancement of the current induced skyrmion velocities
in SAF as compared to the FM stacks. Three effects can be invoked. Firstly, the compensation

2
of the gyrotropic force, which leads to an increase of the velocity by a factor _[1 + (a%) ~

(2—2) ~ 3.8+ 1.5 (Fig.1C). Secondly, the presence of a large SOT effective field (22.1+0.14

mT/(TA/m?), as measured from second harmonic measurements, larger than in a single
Pt/Co/Ru trilayer (17£0.14 mT/(TA/m?)), despite a twice larger thickness (Section 1.4, Table
S2, Fig. S4, S5 (36). This large SOT suggests an efficient spin Hall effect, with an effective
spin Hall angle per FM layer (657f = 0.125) 1.3 times larger than the one measured in single
Pt/Co/Ru trilayer (6,7 = 0.096)(36). Note that the SOT effective field was measured in the
SF stack, where the Ru layer is slightly thicker as compared to the SAF stack (1.4 nm instead
of 0.85 nm) (36). A similar enhancement of 67} in multiple repetitions of (Pt/Co/X) trilayers
(with X = Pt, Ir, Cu or Ta) as compared to a single trilayer was already reported (50, 51). This
may be explained by a SOT that is generated not only from the bottom Pt(3nm) layer but also
from the Ru/Pt bilayer (52, 53). Additionally, the bilayer (a«=0.14+0.06) features a lower
magnetic damping as compared to the single layer (0.33+£0.09), which can be accounted for by
the increased effective magnetic thickness.

Our results provide an important insight into the dynamics of fast-moving antiferromagnetic
skyrmions. They also open promising perspectives for the development of fast-operation
skyrmion-based devices, including non-volatile memory, nanoscale oscillators, Boolean and
non-conventional logic, in a class of material compatible with the semi-conductor industry and
spintronic devices
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Materials and Methods
1. Characterization of the magnetic and transport properties of the synthetic
antiferromagnetic stack

1.1 Growth optimization and characterization

We describe in this section the material optimization of the synthetic antiferromagnetic
(SAF) stack. The stack was deposited by magnetron sputtering on a highly resistive Si
substrate with native SiOo. It is composed of two antiferromagnetically coupled Pt/Co layers
through a thin Ru layer to achieve RKKY AF coupling:
Ta(3)/Pt(3)/Co(t)/Ru(0.85)/Pt(0.45)/Co(t)/Ru(0.6)/Ta(1.5), nominal thicknesses in nm. The
Co(t) layers in the stacks were deposited as a wedge on a 100 mm wafer using off-axis
deposition, such that the Co thickness varies linearly along the wafer between 1.4 and 1.9 nm.
The Ru spacer is inserted to obtain the RKKY coupling between both ferromagnetic layers
with try = 0.85 nm to reach the maximum AF coupling (34, 56). The thickness of the
interlayer Pt layer (0.45nm) in contact with Ru was optimized in order to achieve large
RKKY interaction as well as to have similar anisotropies in both layers, which favors the
stabilization of SAF skyrmions. The Pt/Co interface was used to achieve PMA and DMI. The
Pt layers allow to generate the spin-orbit torques to move the skyrmions.

To characterize the magnetic properties of the bottom and top Co layers constituting the SAF,
two stacks were deposited, where the thickness of one of the Co layer is 0.3nm, such that it is
dead magnetically. These stacks are represented in Figure S6A and Figure S6C respectively.
The range of the Co thickness was optimized to be close to the spin reorientation transition.
Figure S6B and Figure S6D show the out of plane hysteresis loops measured by MOKE in
these two samples. The thickness t is varied between 1.42nm and 1.62 nm using a wedge
deposition and the loops display the gradual transition from perpendicular to in-plane
anisotropy.

For the current induced skyrmion nucleation and motion experiments, the full SAF stack was
deposited on a highly resistive Si wafer with native SiO2 and 3 um wide tracks contacted to
gold metallic electrodes were patterned using standard nanofabrication processes (see Figure
S11). The thickness of the Co layer was chosen to be around 1.58 nm, which corresponds to a
position of +14 mm on the wafer (see Figure S6B and Figure S6D), such that it is close to the
in-plane to out-of-plane transition.

The stacks of Figure S6A and Figure S6C were used to measure the perpendicular effective
magnetic anisotropy of the top and bottom Co(1.58 nm) layers respectively. It was estimated
by measuring the saturation field from in-plane hysteresis loop using vibrating sample
magnetometry. This leads to an effective anisotropy field poHk=12.4+16 mT for the bottom
layer (Figure S6A) and 35.4 + 14 mT for the top layer (Figure S6C).

1.2 Measurement of the magnetic damping

The measurement of the magnetic damping and spin orbit torque usually requires the
manipulation of the magnetization using an external magnetic field as well as the detection of
its orientation. However, this cannot be achieved in the compensated SAF owing to its
vanishing magnetic moment. To solve this issue, we considered a bilayer stack, named
synthetic ferromagnet (SF), where the Ru interlayer is thicker (1.4nm). This allows us to
achieve a FM coupling of both Co layers instead of an AF one (34). Under the assumption
that the SOT sand magnetic damping are little affected by the change in the Ru thickness, this
enables the measurement of the average effective magnetic damping and SOTSs constituting
the SAF.



We describe in this section the measurement of the magnetic damping in the SF sample. To
measure the magnetic damping, we consider magnetic field-induced domain wall (DW)
dynamics experiments using polar magneto-optical Kerr effect ()MOKE) microscopy (57). At
remanence, a dense multidomain state was observed, which prevents the study the domain
wall dynamics. To obtain larger domain, a slightly thinner Co layers tco = 1.3 nm (instead of
1.58 nm) was used, which allows an increase of the magnetic anisotropy and thus the
stabilization of larger magnetic domains. Eventually, the sample we studied had the following
composition: substrate/Ta(3 nm)/Pt(3 nm)/Co(1.3 nm)/Ru(1.4 nm)/Pt(0.45nm)/Co(1.3
nm)/Ru(0.6 nm)/Ta(1.5 nm) deposited on a Si/SiO2(500nm) substrate.

The reversed domain is generated by applying a local out-of-plane magnetic field pulse using
a micro coil. The differential pMOKE image shows the displacement of domain walls induced
by the application of a local ouf-of-plane magnetic pulses (see Figure S7A, inset). The
velocity of the domain wall is estimated from the average value of the domain wall
displacement in all directions in the sample plane.

The velocity of the domain wall as a function of the applied field poH is shown in Figure
STA, circle. In the steady-state regime, the domain wall velocity writes vpy, = ppw HoH
where ppy is the domain wall mobility. The mobility is extracted from the linear fit of the
experimental results in the flow regime (see Figure S7A, black line). In the flow regime
(magnetic field lower than the Walker field), upy, = yA/a where y is the gyromagnetic ratio
and A the domain wall width. The domain wall width is estimated from the relation A=

fA /K = with A the magnetic stiffness of Co and Kesr the effective anisotropy. Here we used
e

A =16 pJ/m (5) and Kefr=poHk efMs/2=0.31% 0.05 MJ/m? using an effective anisotropy field
MoHke=0.43+0.05 T obtained from the in-plane saturation hysteresis loop (Figure S7B) and a
saturation magnetization Ms = 1.43 + 0.05 MA/m (29, 56). Using these parameters and
assuming the domain wall dynamics is in the flow regime, one gets or = 0.18 £ 0.03. Since the
damping is obtained for a thickness tco = 1.3 nm instead of tco=1.6 nm in the SAF stack, the
final damping of the SAF asar, was estimated assuming the damping scales as 1/tco, which
leads to asar = 0.14 = 0.04. Table S1 summarizes the magnetic parameters as well as the
damping and the resulting damping parameters.

Ms (MA.m?) Vw (ms?) toHy (T) | Keps oF OSAF
(MJ.m3)
1.43 £0.05 173 +£11 043+ 0.307+ 0.18 0.14 £0.04
0.05 0.047 +0.03

Table S1 Magnetic parameters used to estimate the magnetic damping constant asar of
the SAF stack.
Similar measurements were performed in a stack with only one ferromagnetically active
layer, namely Si/Ta(3)/Pt(3)/Co(t)/Ru(0.85)/Pt(0.45)/Co(0.3)/Ru(0.6)/Ta(1.5) (thickness in
nm). A magnetic damping of 0.33£0.09 is found.

1.3 Measurement of the Dzyaloshinskii-Moriya interaction (DMI)

The DMI was measured in the same SF sample as the one used in section 1.2 using domain
wall dynamics experiments in the presence of an in-plane magnetic field (58, 59). In these
experiments, circular magnetic domains are expanded by out-of-plane magnetic field pulses in
the presence of a static in-plane field Bx (Figure S8A). The DMI can be seen as a longitudinal
field (Homi) localized on the Neel DW, with opposite directions for up/down and down up
DWs (49). The velocity of the DW is minimal when the in-plane field compensates the DMI
field, i.e when the DW gets a Bloch DW configuration (58). The velocity of the DW vs By is



shown in Figure S8B. The mlnlmum of the curve allows the determination of poHpwm = 78.0
7.7 mT. Since poHppmy = (t is the total Co thickness), we extract Ds = 2.02 £ 0.84 pJ/m

and a value D = 0.62 £ 0.24 mJ/m for the thickness of the AF sample. This value is in
agreement with Brillouin Light Scattering experiments performed in Pt/Co/Ru stacks (29).
1.4 Spin Orbit Torque (SOT) measurements

The spin orbit torques were measured in (i) the SF stack of composition substrate/Ta(3
nm)/Pt(3 nm)/Co(1.58 nm)/Ru(1.4 nm)/Pt(0.45nm)/Co(1.58 nm)/Ru(0.6 nm)/Ta(1.5 nm) where
both Pt/Co layers are ferromagnetically coupled and (ii) a stack that would mimic the bottom
layer of the SAF (cf Figure S6C). The SOT were measured using the second harmonic
method described in Ref. (60). The method is based on the measurement of the first and
second harmonic response of the anomalous Hall voltage and planar Hall voltage to a small
alternating current (10 Hz). To this end, the sample was patterned into 30 um wide Hall
crosses. The setup allows us to rotate the sample 360° around the normal to the sample plane
while an external field is applied. Two different measurements were performed: in-plane (IP)
and out-of-plane (OOP) angle scans. The OOP angle scans are used to extract the anisotropy
field and the IP scans allow us to extract the torques. By systematic angle scan measurements
at different external magnetic fields, we are able to extract the effective anisotropy field
parameters HoHk = 56 + 19 mT for the SF stack and poHk = 35 £ 14 mT for the bottom layer
of the SAF stack.

The second harmonic planar Hall resistance R / includes the contribution of the damping like
(DL) R field like (FL) RZ/, and thermal components R resistance: RY = RZ, + RZ/ +

RVT . The different contributions can be separated from their distinct angular symmetries. The
damping-like and thermal components have the same dependence on the in-plane angle ¢,
while the FL has a different one:
Rf,{ + sz cos ¢y
sz ~ 2 cos3 ¢y — cos Py

Figure S9A and B are showing an example of an in-plane angle scan measurement of the first
Rf and second harmonic RIZ{ planar Hall resistances as a function of the IP angle field
orientation (¢). The component R2; + RZJ. and R?/ can then be extracted from their in-plane
field angular dependence (Figure S9C and D). One can show (60) that RFL « 1/H,,; and
RY + RZ o 1/(Hex, — Hy) Where H,,, is the applied magnetic field.

By systematic measurements of these contributions for different external IP magnetic field
amplitudes, we obtained the dependence of R on 1/H,,: and Rf){ + R 70N 1/(Hgye — Hy)
(Figure S10A and Figure S10B, dots). The DL and FL components of the torques are
extracted from the slope in the linear regime (red lines) (Figure S10A and Figure S10B). The
model assumes a macrospin model, i.e the magnetization is saturated. The deviation from the
linearity observed at large 1/Hex: in Figure S10 can be explained by the formation of domains
at low field. The data in Figure S10 show the results for the torques for the SF system. The
same procedure was followed for the bottom layer.

From these experiments, the damping like and field like spin orbit torques for the
ferromagnetically coupled bilayer SF are:

FL Torque (T/(A/m?)) (0,53 +0,06) x107*
DL Torque (T/(A/m?)) (2,21 £0,14) x107*




For the bottom FM layer, the torques are

FL Torque (T/(A/m?)) (0.86+0.07) x10°14
DL Torque (T/(A/m?)) (1.70+0.14) x10°14

1.5 Summary of magnetic and transport parameters

Saturation Ms 1.43+0.05 MA m?
Magnetization

Exchange Constant Aex 16 +6 pJ m?
DMI constant D 0.62+0.24 mJ m
Anisotropy field (top)  Hkop 12.4 +16 mT
Anisotropy field Hi bottom 35.4 +13 mT
(bottom)

Anisotropy constant Kiop 1.294+0.09 MJ/m?3
(top)

Anisotropy constant Kbottom 1.31+0.09 MJ/m?3
(bottom)

Damping like spin DL-SOT 2.21+0.14 101 TAm?
orbit torque field

Field like spin orbit FL-SOT 0.53+0,06 10" TAIm?
torque

Gilbert Damping a 0.14+0.04

Constant

Effective magnetic tco 1.3+0.15 nm
thickness of the Co

layer

RKKY Field Hriky 205 +5 mT
Domain wall width A 27+7.6 nm
Gyromagnetic ratio Y 194.846.3 GHz/T

Table S2 Magnetic and transport parameters.

Table S2 summarizes the magnetic and transport parameters of the SAF sample. The
saturation magnetization was measured from the dependence of the magnetic moment on the
Co magnetic film thickness in Pt/Co/Ru (56). The exchange constant was taken from Ref. (5).
The effective magnetic thickness t of the Co layer was measured from the magnetic moment
per unit area Ms x t measured by SQUID magnetometry. The domain wall width A is obtained
from micromagnetic simulations (see below) by fitting a line scan of the z component of the



magnetization along the diameter of the two skyrmions using the function m,(r) =1 —

2
__fcosh e \vhere c is the skyrmion radius (61-63) and averaging over the two skyrmions.
cosh Zc+cosh( )

A
The gyromagnetic ratio was measured by ferromagnetic resonance in Pt/Co/Pt and Pt/Co/Ru
ultrathin films. To extract the current density, we assume that the current flows
homogeneously with the SAF stack, neglecting the 1.5 nm oxidized Ta capping layer and the
3 nm Ta seed layer with large sheet resistance.

2 Magnetic force microscopy experiments

The MFM tip is a low moment commercial tip from Nanosensor with reference PPP-LM-
MFMR. According to the manufacturer specifications, the hard magnetic coating on the

AFM tip is characterized by a coercivity of approximatively 250 Oe and a remanence
magnetization of app. 150 emu/cm3 (these values were determined on a flat surface) with an
effective magnetic moment 0.5x of standard AFM probes, guaranteed AFM tip radius of
curvature < 30 nm magnetic resolution better than 35 nm, AFM tip height 10 - 15 pm

For the current injection, the sample was patterned into 3 um wide tracks (10 in parallel)
contacted to gold electrodes using a standard nanofabrication process. For these experiments,
a bipolar voltage pulse generator from Kentech with a rise time of approximately 300 ps and a
maximum voltage pulse of 80 V was used. The amplitude and full width at half maximum
(FWHM) of the transmitted voltage pulse was measured for each voltage pulse application
using a sampling oscilloscope with 50 Q input impedance, which allows us to extract the
current pulse amplitude. Figure S28 shows an example the (hormalized) transmitted voltage
pulse and a Gaussian fit (red curve) leading to a FWHM of 0.53 ns. The average velocity Vay
of the skyrmions was calculated from the displacement AX of the skyrmion induced by the
current pulse as vay =AX / FWHM. Note that for a Gaussian pulse vay relates to the maximum
Vav __ VI
Vmax B m
corrected for drifts using a defect on the topography images.

instantaneous velocity v,,,4, as ~ 1.0645. To measure AX, MFM images were

Current induced skyrmion motion in synthetic ferromagnetic (SF) stacks

To evaluate the impact of the magnetic compensation on the current induced skyrmion
dynamics, synthetic ferromagnetic (SF) multilayer stacks were grown. The composition of the
stack was the same as the SAF stack except for the Ru thickness, which was set to 1.4 nm
instead of 0.85 nm to obtain a ferromagnetic coupling:
Ta(3)/Pt(3)/Co(1.58)/Ru(1.4)/Pt(0.5)/Co(1.58)/Ru(0.6)/Ta(1.5) (thickness in nm). Hysteresis
cycles display linear and reversible hysteresis showing that the sample is close to the
perpendicular to in-plane reorientation transition (see Figure S12). Magnetic force microscopy
images show stripe domains at remanence (Figure S23) and skyrmions can be nucleated by
applying an out-of-plane magnetic field (see Figure S13A for a magnetic field B,=15 mT)
with an average diameter of 215 nm (standard deviation of 102 nm). To study the current
induced dynamics, the SF stack was patterned into 3 um wide track using nanofabrication
tools. The track design was the same as the SAF one (see Figure S11). To study the current
induced skyrmion dynamics, MFM images were acquired before and after the injection of a
short (3-5 ns) current pulse. An example is shown Figure S13 where the injection of the
current pulse leads to the displacement of several skyrmions in the track (see white arrows).
The average velocity for each skyrmion is then obtained by dividing the displacement by the
pulse width. These experiments were repeated for different current densities. The velocity and
skyrmion Hall angle of all events are shown in Figure S14. The resulting average velocity vs
current density and skyrmion Hall angle curves are shown in Figure S15 and Figure 4 of the
main text.



Current induced skyrmion motion in single ferromagnetic layer stack

To evaluate the impact of the magnetic compensation on the current induced skyrmion
dynamics, single ferromagnetic layer stacks were also grown. The composition of the stack
was: Ta(3)/Pt(3)/Co(1.58)/Ru(0.85)/Ta(1.5) (thickness in nm).

Skyrmions can be nucleated by applying an out-of-plane magnetic field (see Figure S13A for
a magnetic field of 15 mT) with an average diameter of 107 nm (standard deviation of 17
nm). To study the current induced dynamics, the stack was patterned into 3 um wide track and
MFM images were acquired before and after the injection of a short (3-5 ns) current pulse. An
example is shown in Figure S16 where the injection of the current pulse leads to the
displacement of several skyrmions in the track (see white arrows). The average velocity for
each skyrmion is then obtained by dividing the displacement by the pulse width. These
experiments were repeated for different current densities. The velocity and skyrmion Hall
angle of all events are shown in Figure S17. The resulting average velocity vs current density
and skyrmion Hall angle curves are shown in Figure S18 and Figure 4 of the main text.

Micromagnetic simulation and analytical modelling
1.1 Magnetic parameters and static micromagnetic simulations

We performed micromagnetic simulations for a ferromagnet (FM)/spacer(S)/ferromagnet
(FM) trilayer structure where the FM layers are anti-ferromagnetically coupled via RKKY
interaction. The magnetic parameters used for the micromagnetic simulations were measured
experimentally and are given in Table S2. We assume that the value are the same for both Co
layers. However, the magnetic anisotropy of the top layer was slightly increased (36 mT
instead of 12 mT) within error bar of the effective anisotropy of the SAF, such that the
magnetization of the domain is not reversed by SOT for the maximal current density. In
addition, the DMI was slightly adjusted within error bars (D=0.76 mJ/m2 instead 0.62 mJ/m?2)
such that the skyrmion diameter is similar to the experimental ones, ~215 nm (see section 3).
Simulations are performed using the open-source finite-difference micromagnetic solver
Mumax3 (64).

To obtain the static configuration, we initialize a Néel skyrmion in both FM layers and
minimize the total energy using the in-built steepest conjugate gradient method in Mumaxa3.
In Figure S39(a) and Figure S39 (b), we show the static magnetization configuration of a
stabilized skyrmion in both FM layers (m; in color code). Figure S39 (c) shows a 1D linescan
of the z component of the magnetization of the top and bottom layers along the skyrmion
diameter and Figure S39(d) shows the corresponding magnetization profile in the form of
vector arrows. A left-handed chiral Néel-type skyrmion is obtained in both FM layers in
agreement with the sign of the DM at the Pt/Co interface and the XMCD-PEEM magnetic
microscopy experiments. Using these parameters, an average domain wall width of
A=22.7+6.4 nm is obtained.

1.2 Micromagnetic simulations of the current induced skyrmion dynamics

For the micromagnetic simulations of the current induced skyrmion dynamics, the
experimental values of the SOT shown in Table S2 were used. The SOT is applied on both Co
layers. To mimic experimental results, the current induced average skyrmion velocities Vay
(show in Fig4A of the main text) were deduced from the net displacement of the skyrmions
AX using their positions before and after the application of a current pulse with FWHM of
500 ps (see Figure S28) with va=AX/FWHM.

Supplementary Text
Observation of SAF skyrmions and chiral Domain Walls using X-PEEM



X-ray magnetic circular dichroism combined with photoemission electron microscopy was
performed at the Nanospectroscopy beamline at the Elettra synchrotron, Trieste (Italy) in
order to determine the chirality of the skyrmion and domain walls in the SAF sample(8).
Figure S20A shows a XMCD-PEEM image acquired at the Co L3 absorption edge and at zero
external magnetic field. The image displays a multi-domain state including an isolated SAF
skyrmion with a diameter approximately of 250 nm. Although the SAF is fully compensated,
a magnetic contrast is observed. This is explained by the surface sensitivity of the PEEM such
that most of the photo-emitted electrons come from the top Co layer. The XMCD contrast is
proportional to the projection of the magnetization on the beam direction. Since the X-ray
beam impinges on the sample surface plane at a grazing angle of 16°, the contrast is
approximately three times larger for the in-plane component of the magnetization than for the
out-of-plane one. This feature allows the observation of the internal in-plane spin structure of
DWs or skyrmions(8). In Figure S19A, the white and black contrast in the domains
corresponds to the out-of-plane component of the magnetization, respectively down and up.
However, the stronger black/white contrast observed for domain walls perpendicular to the X-
ray beam is explained by the in-plane component of the DW magnetization with a Néel
configuration. In Figure S19B, we plot the XMCD contrast measured along the white line in
Figure S20A, which is along the X-ray beam and perpendicular to the domain walls. A peak
in the XMCD contrast is observed at the DW position separating white and black domains,
and a dip at the DW position separating the black and white domains. The peak means that the
DW magnetization is oriented opposite to the in-plane component of the X-ray beam for an up
—down DW, while the dip means that the in-plane component of the magnetization is oriented
along the in-plane component of the beam direction for down-up DW. This demonstrates that
the magnetization rotates as T«—\—7 corresponding to a left handed Néel chirality of the
DW, which is in agreement with the sign of the DMI expected in Pt/Co/Ru interfaces(29).
Another example is shown in Figure S20. In Figure S20B, a peak in the dichroic contrast is
observed for black/white DWSs along the red line in Figure S20B, and a peak for white/black
domain walls. We also performed linescans along DWSs which are parallel to the beam
direction. We show for example in Figure S20C the linescan along the blue line in Figure
S20A, crossing a domain wall parallel to the X-ray beam. No peak or dip are observed,
showing that the domain wall magnetization is perpendicular to the X-ray beam direction, and
thus to the domain wall surface, in agreement with its Néel configuration. We note that we
only observe the top Co layer. Nevertheless, the AF coupling and Pt/Co interface of the
bottom layer promotes DWs of the same chirality in both FM layers so a left-handed Néel
spin texture is also expected in the bottom Co layer.

Magnetic contrast in the magnetic force magnetic microscopy experiments

We discuss in this section the magnetic contrast observed in the magnetic force microscopy
experiments. Figure S21A reproduces Fig. 2C of the main paper, which shows an MFM
image of domains and skyrmions measured at zero field. We observe a domain contrast,
which can be accounted for the perturbation of the domain magnetization by the stray field of
the magnetic tip (65-67). This effect is expected to scale as 1/Kef? where Ker=K-oMs/2 is
the effective perpendicular magnetic anisotropy (65, 66). Hence, the small Keft, in our sample
favors this domain contrast despite the relatively low magnetic moment of the tip.

In addition, a larger dark contrast is observed at the domain wall positions. Figure S21B
shows the MFM contrast along a linescan crossing HH/TT and TT/HH domain walls (black
line in Figure S21A) where HH and TT stands for head-to-head and tail-to-tail SAF
configuration. A dip in the MFM contrast is observed at both domain wall positions.
Similarly, two successive dips are observed when crossing magnetic skyrmions (see Figure
S21C).



To better understand these results, we performed micromagnetic simulations of the magnetic
contrast using the MFM module of the Mumax3 code (64) and the parameters of Table S2.
Figure S22 (A-B) shows the MFM contrast of a domain wall assuming the tip behaves as a
point monopole (Figure S22A), with a tip distance of 20 nm. A black/white contrast is
observed around the domain wall. The corresponding contrasts along a line scan crossing the
domain walls is shown in Figure S22 B. The anti-Lorentzian shape (succession of a peak and
a dip) was already reported in the literature for perpendicularly magnetized SAF domain walls
(68, 69) and can be explained by the different distance of the two AF coupled domain walls
from the tip. Corresponding simulations of skyrmion profiles are also shown in Figure S22(C-
D).

Dips in the MFM contrast for DWs were already reported in perpendicularly magnetized SAF
(68, 70, 71). They were accounted for a shift of the DWSs in the AF coupled layers leading to
the creation of a small perpendicularly magnetized domain where all layers are coupled
ferromagnetically. The creation of this ferromagnetic domain is explained by a gain in the
stray field energy at the cost of an increased RKKY energy. The ferromagnetic domain size &
results from a balance between these two energies and scale as (71) 6~Ms?t?/Jrkky, With t the
layer thickness, and Jrkky the interlayer coupling.

However, our micromagnetic simulations (see Figure S39C) do not predict a ferromagnetic
domain at the domain wall position: only a tiny displacement (~ nm) of the domain wall. Thus
this cannot explain the systematic dips observed experimentally in the MFM contrast.

A possible explanation for the observed domain wall contrast is that the formation of a small
ferromagnetic domain at the DW position is favored by the magnetic tip stray field. This
would explained that the domain wall always appear as a dip, namely that the DW
magnetization is aligned along the tip magnetization. A similar feature was reported in Ref.
(68) (see Figure 15 of Ref. (68)). This scenario is further supported by the comparison of the
MFM contrast amplitude of domain walls in synthetic antiferromagnetic and ferromagnetic
stacks. Figure S23(A,C) shows a strip domain texture measured at remanence by MFM in the
SF stack described in section 0. Linescans of the phase contrast show that worm domains lead
to a peak in the MFM phase with an amplitude of around 0.07-0.08°, which is similar to the
ones measured for domain walls in SAF stack, which are around 0.05° (Figure S21). We note
however that the amplitude and shape of the stray field measured by scanning NV
magnetometry imaging experiments (see next section) are in agreement with the skyrmion
profile obtained from the micromagnetic simulations, which is nearly fully compensated.
Since NV magnetometry is non-perturbative, this further supports that the formation of this
ferromagnetic domain at the domain wall position is favored by the tip stray field.

Scanning NV magnetometry imaging experiments

In order to evaluate the effect of the magnetic moment of the MFM tip on the magnetic
texture, we performed additional scanning nitrogen vacancy (NV) magnetometry imaging for
comparison. Scanning NV magnetometry is a non-perturbative technique which measures
quantitatively the magnetic stray field produced by the magnetic texture by monitoring the
Zeeman shift of the magnetic resonance of a single NV center in diamond. The comparison of
the MFM and NV images shown in Figure S24A and B demonstrates that, although the MFM
tip may lead to the formation of a small ferromagnetic domain wall, it has a negligible effect
on the observed magnetic bubble shape, which is similar in both experiments.

In addition, since the NV magnetometry measurement is quantitative, we can compare the
stray field map with calculations of the stray field produced by a skyrmion of diameter 200
nm whose profile can be determined using the micromagnetic parameters detailed in Table
S2. Figure S24C presents the simulated stray field map produced by such a skyrmion at 36 nm
from the sample surface, which is the height of the NV center in the experiment from Figure
S24B. The magnetic field is also projected along the direction of the NV center quantification



axis in order to allow a direction comparison. We find a good agreement between the
simulation and the data on the small skyrmion at the top of the image, indicating that the SAF
is compensated and that the computed skyrmion profile corresponds to the actual skyrmion
profile.
Additional data from magnetic force microscopy experiment

1.3 Skyrmion nucleation induced by external magnetic fields

In this section, we present some additional examples of skyrmion nucleation using the
external magnetic field. Figure S25 shows MFM images measured at zero applied magnetic
field obtained after the nucleation procedure. A large negative magnetic field of -0.7 T was
first applied perpendicularly to the sample plane. Then, positive out-of-plane magnetic fields
of +220 mT and +175 mT were applied sequentially. This leads to the formation of isolated
domains as well as of skyrmions (Figure S25A). Further application of an out-of-plane
magnetic fields of 185 mT leads to the formation of small isolated skyrmions (Figure S25B
measured at zero applied magnetic field). The sensitivity of SAF skyrmions to external fields
can be explained by the uncompensated moments in the AF coupled DWs (68, 71) that act as
nucleation centers for magnetization reversal in SAFs. Note that the nucleation procedure
using magnetic field is stochastic and varies from sample to samples, which may be explained
by a thermally activated process sensitive to defects. More deterministic nucleation of SAF
skyrmions can be achieved using local current injection as well ultrafast laser excitation as
show in Ref. (29).

1.1 Impact of the skyrmion size on the skyrmion dynamics

The diameter of the skyrmion is extracted from the area of the MFM contrast as seen in the
inset of Figure S26A. The distribution of the diameter of the skyrmions that were moved by
current pulses is shown in Figure S26A. The average value of skyrmion diameter is 215+ 102
nm. Larger skyrmion diameter, above 300 nm, may be explained by a predominant effect of
pinning on the skyrmion size (37, 38). The variation of the skyrmion size before and after the
current pulse is shown in Figure S26A. Excluding the few events with large deformation
(>100%), the average deformation is small (5%), meaning the current pulse leads nearly
equally to a decrease or an increase of the skyrmion size. Since it is expected that the current
induced torques leads to an enlargement of the skyrmion diameter, this points to skyrmion
pinning as the main origin of the observed deformation. The standard deviation of the
skyrmion diameter deformation is found to be 35%. Thus, although large current induced
skyrmion deformations are observed, these are uncommon events

We plot in Figure S27A the velocity vs the skyrmion diameter for current densities between
7.5x10' A/m2 and 8.9x10!* A/m2. No dependence of the average velocity is observed for
diameters above 300 nm, while a small decrease is noticed for skyrmion diameters below 300
nm. These measurements are compared to the prediction of the Thiele model using

experimental parameters,: v, ~ —atBLYR__ (qg6 section 1.7), shown in red line in Figure
Za(K+2 exp(—ﬁ))
S27A. As pointed out in the main text, the model overestimates the velocity. However, it also

shows that in our material stack, the velocity depends little on the diameter for diameters
above 250 nm, with v = TofoLY2 for R 5> A, in agreement with the experimental data. The

small decrease of the skyrmion velocity observed experimentally for diameters below 300 nm
is also accounted for by the model. Figure S27B compares the velocity for skyrmion
diameters below 400 nm (red points) and for all skyrmion diameters (black points). No
significant difference is observed.

1.2 Additional experimental data on current-induced skyrmion motion




We present in this section additional experimental results on current-induced skyrmion
motion. In Figure S29, we show examples of current induced skyrmion motion events of
small isolated skyrmions at zero external magnetic field. In Figure S29A, a 0.8 ns current
pulse with density J=7.1x10** A/m2 leads to a displacement of around 310 nm of an isolated
skyrmion with a diameter of around 90 nm in the current direction. This corresponds to an
average velocity of around 380 m/s. In Figure S29B, the back and forth motions of a 125 nm
diameter skyrmion induced by 0.8 ns current pulses with successive positive and negative
current polarities are shown (J=7x10** A/m2). A minimal skyrmion Hall deviation is
observed. An average velocity of respectively 370 m/s and 560 m/s is deduced from the
skyrmion displacement.

In Figure S30, we show another example of a current induced skyrmion motion event where a
skyrmion moves around 750 nm after the injection of a 1.1 ns current pulse of density
8.65x10' Am=. The skyrmion is moving along the current direction.

Figure S31 and Figure S32 show other examples of current induced skyrmion motion.

Figure S33 shows an example of the current induced motion of larger elongated skyrmions.
Such events were not included in the skyrmion velocity statistics due to the significant error in
the measurement of the center of mass of the skyrmion compared to the skyrmion
displacement. Figure S34 shows other examples of current induced skyrmion motion events
with very high velocities. Here 4 skyrmions are moved back and forth by injecting
successively positive and negative current pulses. A significant deformation of the skyrmion
is observed after being moved by the current pulse, which is explained by pinning on
inhomogeneities and/or dynamical deformation of the skyrmions [12]. The injection of the
first current pulse of width 0.53 ns and density 8.85x10 A/m2 (Figure S34 top-middle) leads
to a displacement of all the skyrmions in the current direction, respectively by 795 nm (dotted
red line), 639 nm (dotted blue line), 537 nm (dotted white line), 353 nm (dotted black line),
that corresponds to velocities of 1505, 1210, 1017, and 668 m/s, respectively. The domain
wall on the right is also moving by 760 nm corresponding to a velocity of 1440 m/s. Note that
the injection of higher current density/longer pulses leads to the nucleation of multiple
domains, which can be explained by Joule heating and/or spin orbit torques.

Figure S35 shows the same images as Figure 3 in the main text but with a larger field of view
such that topological defects can be seen on the images.

Figure S36 shows the velocities extracted from all the current induced skyrmion motion
events for both positive and negative current densities. The experimental velocity vs current
density curves of Figure 4 of the main text was obtained by averaging the velocity over events
with the same current velocity with: 3 events averaged for J = 5.0 x 10! A/m?; 5 events
averaged for J = 5.4 x 101! A/m?, 14 events averaged for J = 6.2 x 10*A/m?; 6 events
averaged for J = 6.9 x 10*A/m?; 6 events averaged for J=7.5 x 10'*A/m?, 8 events averaged
for J = 7.8x 10 A/m?, 47 events averaged for J = 8.1 x 10'* A/m?, 28 events averaged for J =
8.5 x 101 A/m?, 12 events averaged, for J =8.9 x 10 A/m?,

Figure S37 shows the skyrmion Hall angle of all events of current induced skyrmion motion
and their average vs current density and velocity. Figure S38 compares the velocities for
positive and negative current pulses, where no difference is observed as expected.

Additional micromagnetic simulations and analytical modelling data
1.3 Static and dynamical topological charge distribution

In Figure S40, we show the topological charge density maps of the top and bottom FM layers
for static as well as moving skyrmion configurations. Mathematically, the topological charge

density is definedasn = m - (‘Z—': X ‘Z—';'). The topological charge Q can then be calculated as

the spatial integral of 1, Q = ﬁ [f ndxdy. Figure S40(a) and (b) show the topological charge



density for static skyrmion configuration at t=0 ns. It can be seen that the topological charge
density has opposite signs for the top and bottom layers, as expected, with highest amplitude
in the skyrmion domain wall region. However, the maps are not completely anti-symmetric
due to different anisotropy values in the top and bottom layers that modifies the domain wall
width of the skyrmion. The numerically calculated topological charges for top and bottom
layers are -0.998 and 0.997, respectively. Figure S40(c) and (d) show the topological charge
density map for the top and bottom FM layers, of the moving skyrmion for a DC current pulse
of J=5.6x10*A/m? at t=0.53ns. Due to the skyrmion deformation, the topological charge
density no longer contained symmetrically in the domain wall region but is concentrated at
some specific points. However, the cancellation of the topological charge is still maintained
with a charge Q for the top and bottom layers of -0.9998 and 0.9996, respectively.

1.4 Comparison of the instantaneous and average velocities

Since the average skyrmion velocity vay is measured experimentally from the net-
displacement as vVar=AX/tpuise, ONe May wonder how vay compares to the instantaneous
velocity. We plot in Figure S41 micromagnetic simulations of the instantaneous velocity for
J=1x10' A/m? as a function of time for a DC square pulse of tpuse=2 ns. The instantaneous
velocity reaches a plateau after around 200 ps indicating inertial effects. We also show the
average velocity calculated from the net-displacement as AX/tpuise With dashed black line. We
find that the average velocity is the same as the steady-state velocity.
We also studied the impact of the current density amplitude. Figure S42a shows the
instantaneous velocity of the skyrmion for Gaussian current pulses with different densities.
The shape of the applied current pulse is also shown alongside using dashed pink line (right y-
axis). Due to the inertial effects, the maximum instantaneous velocity for each case does not
coincide with the maximum of the Gaussian pulse. The maximum value of the instantaneous
velocity as a function of current density is shown in Figure S42B together with the
corresponding average velocity calculated from the skyrmion displacement. The lines refer to
the analytically calculated velocities. While the average and maximum velocities coincide at
lower current density, the maximum velocity is significantly smaller at the larger current
density which may be attributed to the deformation of the skyrmion. The deformation also
explains the sublinear drop in the simulations compared to the model, as outlined in the main
text.
We also studied the impact of inertial dynamics on the skyrmion dynamics for current pulses
with a width similar to the relaxation time. Figure S43a shows the average skyrmion velocity
as a function of the pulse width (FWHM) ranging from 100 ps to 530 ps for J=4x10*! A/m?
and J=8.9x10! A/m2. For J=4x10% A/m2, little dependence of the velocity on the pulse width
is observed. Thus, the inertial dynamics affect little the average velocities deduced from the
skyrmion displacement. On the other hand, for J=8.9x10!* A/m2, the velocity increases as the
pulse width is decreased. As discussed below, this can be attributed to the lower skyrmion
deformation at shorter pulse.
In Figure S43b, we show the effect of the skyrmion size on the velocities by performing
simulations using two different DMI values. A smaller DMI leads to a smaller skyrmion
diameter. We find that the velocity is larger for the bigger skyrmions consistent with the 1D-
model presented in the main paper.

1.5 Micromagnetic simulations of the current induced skyrmion deformation

This section discusses the current induced dynamical deformation and its impact on the
skyrmion dynamics. As underlined in the main text, the simulations reveal that during the
pulse injection, an expansion along with an elliptical deformation perpendicular to the
skyrmion motion occur, that becomes more pronounced with time and increasing current,
with the appearance of DW like sections at large current (see figure 5 of the main text). Figure



S44A shows the time dependence of the average skyrmion diameter (black line) during the
injection of a 0.5 ns current pulse for a current density of 8.9x10'* A/m2 (show as dotted pink
line). The diameter increases during the pulse injection and features inertial dynamics, the
maximum in diameter being observed around 250 ps after the current pulse maximum. The
elliptical deformation also increases with the current density (see Figure S44B, blue symbols
for the dimension along the major and minor axes). Interestingly, the major axis of the
deformation is not perpendicular to the current, as observed in previous works on AF
skyrmion dynamics (16, 19, 21-24, 48) but slightly tilted. The elliptical deformation is
concomitant with a sublinear drop of the skyrmion velocity (around 4x10'* A/m2, Figure
S44B). The deformation is also accompanied by a rotation of the DW magnetization away
from its Néel orientation in both layers, which increases with the current density (see Figure
S44C).

This behavior is similar to the one observed in SOT driven FM DW motion, where the SOT
induced spin rotation decreases the resultant driving force on the DW and eventually leads to
a saturation of the DW velocity at high current drives (49). This picture is confirmed by
simulations of the DW dynamics in the SAF stacks, which show that the skyrmion velocity is
close to the DW one (see Figure S45A) as well as the DW magnetization angle (see Figure
S45B). Thus, the observed velocity saturation can be explained by a transition to a DW like
dynamics at larger drives induced by the large skyrmion deformation.

This behavior was also reported for FM skyrmions(44), but is unexpected in AFM, where the
AF exchange torque between the sublattices is expected to prevent the current induced DW
spin rotation. This is not the case in our SAF stacks due to the low RKKY exchange
interaction (RKKY field of around 205 mT). However, a larger velocity can be achieved by
increasing the RKKY interaction. Figure S46A shows that the velocity monotonously
increases with the RKKY interaction (930 m/s for H«=950 mT instead of 680 m/s for Hx=200
mT), which can be achieved by stack engineering. Another way to limit the velocity
saturation is to contain the deformation using shorter current pulses: Figure S46B shows that
the velocity increases and the skyrmion diameter decreases when decreasing the pulse width
from 500 ps to 100 ps.

Figure S47 compares the velocity (A) domain wall angle (B), and skyrmion dimensions along
the major (C) and minor axes (D) vs current density for (i) a 0.5 ns current pulse and a RKKY
field poHrkky=205 mT (red square), (ii) a larger RKKY interaction of poHrkky=410 mT
(blue circles) and (iii) a shorter current pulse of 0.1 ns (black triangles). Using shorter pulse
width allows a significant reduction of the elliptical deformation of the skyrmion (see
snapshot in Figure S47F) as well as the rotation of the DW magnetization angle. A larger
RKKY interaction affects little the lateral deformation of the skyrmion (see snapshot Figure
S47G), but significantly decreases the DW magnetization rotation. Thus a significant
enhancement of the skyrmion velocity can be achieved by increasing the RKKY interaction as
well as using a shorter pulse width thanks to the reduced DW magnetization rotation as well
as reduced skyrmion deformation.

1.6 Micromagnetic simulations of the impact of the RKKY interaction on the
inertial dynamics in SAF skyrmions

To investigate the impact of the RKKY interaction on the inertial dynamics of the SAF
skyrmion observed in Fig5B of the main text, we performed simulation of the SAF skyrmion
velocity in response to a square pulse for different RKKY field (Hrkky) (see Figure S48A and
B for a zoom on the rise/fall of the velocity). One observes that the larger the RKKY
interaction, the smaller the rise/fall time of velocity. The rise and fall time constant 7 for each
Jrkky and for each of the skyrmions composing the SAF can be extracted by assuming an



exponential fall/rise time dependence. Figure S48C shows that the average 1/ T increases
approximately linearly with Hrkky in agreement with the expectation of the Thiele model (see
below). This demonstrates the clear link between the inertial behavior seen in the rise and fall
of the SAF skyrmion speed and the RKKY exchange coupling. Phenomenologically, when
the SOT pulse triggers the SAF skyrmion motion, the Magnus effect splits the AF coupled
FM skyrmions apart since they have opposite core polarity. The RKKY exchange coupling is
a recovering force that compensates for this splitting and stores energy, until a steady state is
reached which explains the inertia seen in our simulations. We show in the next section that
this inertia can be described from the Thiele equations of two skyrmions coupled by the
RKKY exchange interaction. Note that a similar analysis was recently published in Ref.(54).
1.7 Thiele model of the SAF skyrmions dynamics

To model the dynamics of the SAF skyrmion, we consider the Thiele model, which assumes
that the skyrmion spin texture is rigid during its motion (42). We describe the dynamics of the
SAF skyrmions as two AF skyrmions (Sk1, Sk2) coupled by the RKKY exchange
interactions:

F.%OT + Gl XV — k(Rl — Rz) — aD1v1 =0

F.%OT + GZ X Vo — k(RZ - Rl) - aDsz =0
Here R; the position of the skyrmion i, vithe velocity, D; the dissipative tensor, G; the
gyrovector, F&, the force due to the DL-SOT and K is a spring constant that describes the
restoring force between the two skyrmions due to the RKKY exchange interaction Jrkky.
We write d = (Ry — R3), Fsor = Fsor + Feor, AFsor = Fior — For, Um = @ Av =

V1 — v,. We assume D1 = D2= D and since the two skyrmions have opposite core polarities,
G1=-G2=Gu:. Then

Fsor + G X Av — 2aDv,, = 0 (1)
AFSOT + 2G X Um — 2kd — aDAv =0 (2)
For a Néel skyrmion and a current flowing along X, Fgor = Fsoru, and assuming D is
diagonal with Dxw=Dyy=D, (3) and (4) lead to

Fsor — GAvy, — 2aDvy, , = 0 (3)

GAv, — 2aDvy,, = 0 (4)

26V — 2kd,, — aDAv, = 0 (5)

AFsorx — 2Gvp,, — 2kd,, — aDAv, = 0 (6)

Steady state
In the steady state, the skyrmions have the same speed thus Av = 0. This leads to the
solution:

v = Fsor

Mo 2aD
Note that this result is equivalent to considering a single SAF skyrmion with G=0 and a
Thiele equation: Fgor — 2aDv,, = 0 (Note here that D is the dissipative tensor for 1
skyrmion in the SAF).
2nMgt’

Fsor and D write (13) Fsor ® poMgtm?Hp, Ru,and D ~ — (% + %) assuming R>>A.

Here t is the film thickness, t’=t/2, R the skyrmion radius, p,HoL the damping like effective
field. Thus, the steady state velocity writes for R>>A
_ TBsor/Ry



This expression was used in Figure S4, red line, of the main paper using the parameters of
Table S2.
t' 2mR

An expression valid for smaller R can also be obtained using (72) D = M% (T +

41 exp (— %)), which leads to

TuoHpr YR
R R
Za(Z + 2exp (— ﬂ))

~
Um =

Inertial dynamics
Combining (3) and (5) and writing Av,, = 2y

dt
One gets
aD dFsor

d m,x
(FSOT + Ta— ) —2aDvy, , = m—l;t @)
2 2
Where m = %( + (aG—D) )

Thus, the RKKY exchange interaction leads to an additional inertial term in the Thiele

. . . . C G2
equation with an inertial mass m and characteristic time constant t = 2% = Ses (1 +

2
(?) ) For circular skyrmions with no deformation and small lateral shift d, one can show

that k= 21/ gkky (g + %), with R the skyrmion radius and A the domain wall width. Thus, the

. . R 1 . .
inverse of the relaxation time scales as -~ k ~ Jrkxy , aresult in agreement with the

micromagnetic simulations. Note that during the review process, Panigrahy et al. reported
similar results on the skyrmion inertia in synthetic antiferromagnets (54).

1.8 Topological spin Hall torque

We explore numerically the effect of a topological spin Hall torque in an effort to explain the
high speed measured for AF skyrmions (22, 73-75). The resulting torque writes (22) %‘ =

—b;A*N,,,0,m with b; = ’jfjp where P is the spin polarization, g the electron charge, ug the

sq

Bohr magneton, J the applied current density and A a parameter describing the amplitude of
the topological spin Hall torque (22, 73).
The resulting Thiele force can be expressed as:

Mt
Feste = = bjA? f f ((3ym x 8,m) - m)? dx dy

The steady state motion of AF skyrmion writes:
_ Ftst,x
Usts,x = m
We perform a numerical integration of the torque to estimate its effect on an AF skyrmion
speed. We vary the core radius and domain wall width of the skyrmion and estimate the speed
for a range A2 values from 3 to 50 nm? (22, 73) assuming J=8x10** A/m2 and P=0.5. The
skyrmion spin texture is expressed as:

6(r) = 2 atan ( exp (r ;R))

and the magnetization is expressed in polar coordinates (r, 8, ¢):




sin(6(r)) cos()
m = sin(6(r)) sin(e)
cos(6(1))

This leads to a Néel skyrmion spin texture with left handed domain wall. We perform a
numerical integration of the force resulting from the topological spin Hall torque for A=24.5
nm with a range of R/A ratio from 1 to 5. We compute the speed of the skyrmion and compare
it with the DL-SOT speed of an AF skyrmion according to Thiele equation. The results are
plotted in Figure S49. We see that the effect of the topological torque is negligible for large
skyrmions, in agreement with literature. However, we also see that there is a strong increase
in speed as R/A gets close to 1. Moreover, this increase in speed due to the topological torque

is proportional to A2 which shows that a large A2 can lead to very high speed even for small
skyrmions.
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Figure S6 Thickness dependence of the magnetic properties of the top and bottom Co
layer of the SAF stacks (A, C): Schematic representations of the stacks used to characterize
the magnetic properties of the bottom (A) and top layer (C) constituting the SAF stacks. The
thicknesses are in nanometer. The Co(t) layer is deposited as a wedge, such that its thickness
varies along the 100 mm Si wafer. (B) Magneto-optical Kerr effect (MOKE) hysteresis loops
(magnetic field applied perpendicularly to the sample plane) of the stack A (bottom FM layer)
measured at different positions along the 100 mm Si wafer. The different positions correspond
to different thicknesses of the Co layer. The curves are offset for clarity. (D) Same for the
stack in C (top FM layer). The chosen thickness for experiments is highlighted with the
thicker line in orange (15.8A).
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Figure S7 Field-induced DW dynamics experiments for magnetic damping
measurements (A) DW velocity as a function of the applied out-of-plane magnetic field
measured at room-temperature. The blue dots denote the experimental data and the solid line
is a linear fit in the flow regime. The error bars denote the standard deviation. (Inset)
Differential P MOKE image shows the expansion of the magnetic domain after applying the
applied out-of-plane magnetic field pulse. (B) Magnetic moment vs. the external in-plane
field measured by vibrating sample magnetometry. The extracted anisotropy field is poHk =
0.43+£0.05T.
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Figure S8 Field-induced domain wall dynamics experiments to determine Howmi. (A)

Differential pMOKE images showing the expansion of the circular domain (white contrast)
induced by a magnetic field pulse of 57 mT for a constant in-plane field Bx = 0 (left) and Bx=
60 mT (right) (B) Domain wall velocity vs. in plane field Bx for a perpendicular magnetic



field pulse B,= 57 mT and a pulse width of 30 ns for up/down and down/up domain wall
(black and red curves).
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Figure S9: Second harmonic planar Hall effect measurements of the spin orbit torque
(A-B) First (A) and second (B) harmonic Hall resistance vs the in-plane field angle
orientation ¢ (B) Second harmonic planar Hall resistance (black) and the fit (red) vs the field
angle. (C) Field like and (D) Damping like and thermal contributions of the second harmonic
resistance as a function of ¢ . These measurements are performed for an external field of 1.3T.
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Figure S11 X-PEEM image of a track for the current induced skyrmion motion
experiments
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Figure S12 Hysteresis cycle of the synthetic ferromagnetic stack. Kerr signal as a function
of the perpendicular magnetic field.
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Figure S13 Current induced skyrmion motion in synthetic ferromagnet observed by
magnetic force microscopy A Sequence of MFM images acquired before and after the
injection of a current pulse of 4.95 ns with density ] = 6,95 x 101! A/m? . B Sequence of
images acquired before and after the injection of a pulse of 5.01 ns with current density of | =
6,70 x 1011 A/m?. The white arrows in the bottom images show the displacement of the
skyrmions induced by the current pulse.
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Figure S14 Current induced skyrmion velocity and skyrmion Hall angle in synthetic
ferromagnetic stack Skyrmion velocity A and skyrmion Hall angle B as a function of the
current density. One square dot corresponds to one event. An external out-of-plane magnetic
field of 15 mT is applied.
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Figure S15 Current induced skyrmion velocity and skyrmion Hall angle in synthetic
ferromagnetic stack A Average velocity vs current density of moving skyrmions. B Average
skyrmion Hall angle vs skyrmion velocity. The error bars stand for the standard deviation. An
external out-of-plane magnetic field of 15 mT is applied.
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Figure S16 Current induced skyrmion motion in single ferromagnetic layer stack
observed by magnetic force microscopy A Sequence of MFM images acquired before and
after the injection of a pulse of 5.05 ns with current density of ] = 4,36 x 10'* A/m?. B
Sequence of images acquired before and after the injection of a pulse of 4.99 ns with current
density of ] = 5,14 x 101! A/m?2. An external out-of-plane magnetic field of 15 mT is
applied. The white arrows in the bottom images show the displacement of the skyrmions
induced by the current pulse.
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Figure S17 Current induced skyrmion velocity and skyrmion Hall angle in single
ferromagnetic layer stack Skyrmion velocity A and skyrmion Hall angle B as a function of
the current density. One square dot corresponds to one event.
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Figure S18 Current induced skyrmion velocity and skyrmion Hall angle in single
ferromagnetic layer stack A Average velocity vs current density of moving skyrmions. B
Average skyrmion Hall angle vs skyrmion velocity. The error bars stand for the standard
deviation.
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Figure S19: Observation of the chiral structure of domain walls using XMCD-PEEM
magnetic microscopy. (A) XMCD-PEEM image of a multidomain state of the SAF stack (B)

Line profile of the magnetic contrast along the white dotted line in (A). The line scans were
performed with a certain width in order to get an average signal.
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Figure S20: Observation of the chiral structure of domain walls using XMCD-PEEM
magnetic microscopy. (A) XMCD-PEEM image of a multidomain state of the SAF stack.
(B) Line profile of the magnetic contrast along the red dotted line in (A) (Domain wall



perpendicular to the X-ray beam). (C) Line profile of the magnetic contrast along the blue
dotted line in (A) (domain wall along the X-ray beam). The line scans were performed with a
certain width in order to get an average signal.
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Figure S21 MFM contrast of domain wall and skyrmions. A MFM image measured at
zero applied magnetic field showing domain walls and skyrmions (same as Figure 2C of the
main paper). B MFM phase along the black line in A crossing HH/TT and TT/HH domain
walls. C MFM phase along the red and blue lines in A crossing two skyrmions with opposite
core magnetization.
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Figure S22 Micromagnetic simulation of the MFM contrast A Simulation of a MFM
contrast of a magnetic domain wall. B MFM contrast along a line scan perpendicular to the
domain wall. C-D. Same for a skyrmion.
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Figure S23 Magnetic force microscopy experiments of the synthetic ferromagnetic stack.

(A,C) MFM images at zero field. (B,D) Magnetic contrast along the linescan in A and C. The
magnetic tip is the same as the one used for the SAF stack.



Figure S24 Comparison of MFM and NV center magnetometry data A) MFM image
measured at zero external magnetic field, on the same track geometry as the one used for the
current induced motion after applying an out-of-plane magnetic field sequence of -1 T then
175 mT. B) Stray field map of the same region as in A measured with scanning NV center
magnetometry, at a distance of 36 nm from the sample surface. The field component shown
here is the projection onto the NV center quantification axis (polar angle 61°, azimuthal angle
0°). The measurements were performed at zero external magnetic field. C) Simulation of the
expected stray field map above a skyrmion of diameter 200 nm, whose profile is calculated
using the micromagnetic parameters shown in Table S2.

A

Figure S25 Nucleation of SAF skyrmions using external magnetic fields (A) MFM images
of skyrmions in a magnetic stripe at B = 0 at room temperature acquired after applying
sequentially out-of-plane magnetic fields of 220 mT and 175 mT. (B) MFM image measured
at zero applied field obtained from A after an additional application of an out-of- plane field
of 185 mT. The scale bar is 1 pm.
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Figure S26 Distribution of the diameters of the skyrmions The inset is a MFM image of a
typical skyrmion. The diameter d of a skyrmion is calculated from the area A inside the

border (drawn in white) with d = J%. The error bars are the sample standard deviation. We

only considered here the diameter of skyrmions for which a motion was observed during the
current induced motion experiments B Distribution of the variation of the skyrmion diameter
before and after the pulse (average 5%, standard deviation of 35%, excluding events with
deformation >100%).

A 1600 T T T T T T T T T T I T T T T
1200 L = all points
1400 - u 7 e d<400nm

)

i~
=

1 1000

=
e

800 |

©
s

600

] a0t ;
] 200 |- +HE +

0 . I . 1 . I . 1 . .
0 100 200 300 400 500 600 700 0 1 L L L L

Velocity (m/s)

@
=

Velocity (m/s)

S
38

bS]
=

5 6 7 8 9

Diameter (nm)
Current density (10" A/m?)

Figure S27 Velocity vs skyrmion diameter for current densities between 7.5x10'* A/m2 and
8.9x10! A/mz2. Blue dots are single events, black dots are averaged values for different
skyrmion diameters (error bars stand for standard deviation), the red line is the prediction of
the model for J=8.12x10* A/m?, the dotted orange lines corresponds to the prediction of the
model for J=7.5x10'* A/m2 and 8.9x10% A/m2. The skyrmion diameter corresponds to the one
measured before the pulse injection.B Velocity vs current density for skyrmion diameter
smaller than 400 nm (red points) and skyrmion with all diameters (black points).
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Figure S28 Example of current pulse used for the current induced skyrmion

experiments Experimental normalized voltage pulse as a function of time (black line) and its
Gaussian fit (red line).

Figure S29 Current induced skyrmion motion of isolated skyrmions at zero external
magnetic field A MFM image of an isolated skyrmion before (top) and after (bottom) the
injection of a 0.81 ns current pulse with density J=7.1x10** A/m2. The skyrmion move by
around 310 nm. B MFM image of an isolated skyrmions skyrmion before (top), after (middle)
the injection of a positive current pulse of 0.84 ns (skyrmion displacement of 310 nm) and
density J= 6.9x10* A/m2 and after (bottom) the injection of a 0.81 ns current pulse of density
J=7.1x10% A/mz2, skyrmion displacement of 450 nm.



Figure S30 Current induced motion of a SAF skyrmion observed by MFM Magnetic
force microscopy image before (top) and after (bottom) the injection of a 1.1 ns current pulse
of density 8x10'! A/mz2. The scale bas is 1um.
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Figure S31 Current induced motion of SAF skyrmions observed by magnetic force
microscopy (MFM). A Sequence of images acquired after injection of subsequent pulses of
1.2 ns, 1.3 ns, 1.2 ns 1.2 ns with respectively current density ] = 6.4 x 10* A/m?, —5.8 X
1011 A/m?, —7.2 x 10 A/m?, 7.2 x 10 A/m? The corresponding velocities are 430
m/s, 160 m/s, 340 m/s, 440 m/s respectively. B Sequence of images acquired before and after
the injection of a pulse of 0.9 ns with current density of ] = 8,1 x 101! A/m?. The
corresponding velocities are 780, 800, 440 m/s respectively.
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Figure S32 Current induced motion of SAF skyrmions observed by magnetic force
microscopy (MFM). A Sequence of images acquired before and after the injection of two
subsequent pulses of 0.54 ns and 0.53 ns with current density respectively of J=7.7 x10*
Alm? and —8.0 x10™A/m?. The corresponding velocities are 780 m/s, 800 m/s and 440 m/s. B
Sequence of images acquired before and after the injection of a pulse of 1,3 ns with current

density of J=5,19 x10% A/m2. The corresponding velocity is 280 m/s.




Figure S33 Current induced motion of domain walls and SAF bubbles Magnetic force
microscopy image before (top) and after (bottom) the injection of a 0.62 ns current pulse of
density 8.0x10* A/mz2. The white lines in the bottom image corresponds to the position of the
elongated skyrmion before the pulse injection. The scale bar is 1 um.

1pm

Figure S34 Back and forth motion of SAF skyrmions induced by current pulses
Magnetic force microscopy image before (top) and after the injection of a positive (middle)
and negative (bottom) 0.53 ns current pulse of density 8.85x10!* A/mz2. Scale bar is 1 pm.
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Figure S35 MFM images showing current induced motion experiments. The images are the
same as the one of Figure 3 of the main text but zoomed out such that a topological defect can
be seen on the image. The scale bars are 1 pum.

>
v e

_. 1000F w] 1500} .
o "';f i n
E 500+ R
2-.' T g H
S o = .
o oL . | o 1000 - - 8
[T - el L L
z - g L] P a t: H
c . - -
S -5007_;.:-.' - 1 5 . Tll-l - 2
E HIE E 500+ - b
% -1000+," 1 = an® o Caer
w " 7 - ol l.-- : : = .”

1500 | . . : ol o

-5 0 5 5 6 7 8 9
Current density (10" A/m?) Current density (10" A/m?)

Figure S36 A Skyrmion velocities vs current density of all the current induced skyrmion
motion events. B same as A but plotted in absolute value.
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Figure S37 Skyrmion Hall effect in the SAF stack A Skyrmion Hall angle vs current

density of all the current induced motion events. B. Average skyrmion Hall angle vs current
density. C. Average skyrmion Hall angle vs velocity.
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Figure S38 Comparison between the velocities measured for positive and negative
current pulses. A shows the values averaged over several events (the error bars stand for the
standard deviation) and B shows the corresponding velocities distribution.
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Figure S39: Micromagnetic simulation of the SAF skyrmions spin texture (a) and (b)
show the z-component of magnetization in top and bottom FM layers, respectively. (c) shows




a 1D linescan through (a) and (b). (d) shows the linescan using the vector arrows representing
the magnetic moments.
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Figure S40 Maps of topological charge density for different cases. (a) and (c) represent the
topological charge density map for the top and bottom FM layer at t=0ns (static), respectively.
Similarly, (c) and (d) represent the topological charge density map for the top and bottom FM
layers, of the moving skyrmion for a DC pulse with J=5.6x10A/m2 at t=0.53ns. Note that
slightly different parameters were used for these micromagnetic simulations with a=0.216,
Hktop=12.4 mT, Hk pottom=35.4 mT, y=175.9 GHz/T, D=0.62 mJ/m2.
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Figure S41: Instantaneous velocity vs time for J=1x10**A/m?. Black dashed line shows the
average velocity calculated from the displacement of skyrmion.
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Figure S42 Instantaneous velocity and average velocities for varying current densities
(a) Instantaneous velocity for a Gaussian current pulse of varying amplitudes. The right y-axis
shows the shape of the injected pulse (dashed pink line). (b) Maximum instantaneous velocity
and average velocity as a function of current pulse amplitude. The solid lines show the

analytically calculated velocity.
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Figure S43 Average velocities for short current pulses (a) Average velocity as a function
of the Gaussian pulse width (FWHM) for J=4x10!* A/m2 and J=8.9x10! A/mz2. (b) Average
velocity vs J for two different skyrmion diameters obtained for two different sets of
parameters.
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Figure S44 Current induced skyrmion deformation A Time dependence of the average
skyrmion diameter during the application of a 0.5 ns current pulse with density J=8.9x10**
A/m2. The diameter is calculated from the area of the skyrmion. B skyrmion velocity vs
current density for a 0.5 ns current pulse (black squares). Skyrmion dimension along the
major (“D1”, open blue triangles) and minor (“D2”, blue circles) axes of the skyrmion
elliptical shape at the maximum of the pulse. C Angle ¢ of the DW magnetization along the x
axis (see inset, right DW) for the bottom (black squares) and top (pink triangles) layers. The
angle is calculated with respect to the —x axis. Inset: skyrmion magnetization at the maximum
of the current pulse during the injection of a 0.5 ns pules with density 8.9x10* A/m2,
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Figure S45 Comparison of current induced DW and skyrmion dynamics A Current
induced DW (black square) and skyrmion (red circles) velocity vs current density. Inset:
example of the magnetization pattern of one layer in the SAF during the current pulse
injection. B DW angle ¢ vs current density of the top (red dots) and bottom (black dots) layers
of a DW in a track (open symbols) and a skyrmion (DW position same as Figure S44C, inset).
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Figure S46 Impact of the RKKY interaction and pulse width on the skyrmion velocity A
Skyrmion velocity and diameter at max current vs A. RKKY field for a pulse width of 0.5 ns
and B. pulse width for an RKKY field of poHrkky=205 mT for J=8.9x10! A/m2,
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Figure S47 Impact of the RKKY interaction and pulse width on the skyrmion dynamics
(A-D) A Velocity v, B domain wall magnetization angle ¢ (bottom layer), dimension of the
skyrmion C along the major (D1) and D minor (D2) axis for (i) a 0.5 ns current pulse and a
RKKY field poHrkxy=205 mT (red square), (ii) a 0.5 ns current pulse and poHrkky=410 mT
(blue circles) (iii) a 0.1 ns current pulse and poHrkxy=205 mT (black triangles) (E-G)
Magnetization pattern at the maximum of the current pulse corresponding to E (i), F (ii) and G
(iii). The angle ¢, and dimensions D1 and D2 are measured at the current pulse maximum.



A 80 B 80 T T T C = T
= Hpyy=100mT top Sk T
PR PO o ae —— H,,=200mT top Sk 20 - N
= H_,,=300mT top Sk T
60 - _ 4
———H,=400mT top Sk 25| >T< x
Hpyy=500mT top Sk i |
0} ~20} L%
Ea0 2 . X
¥ w15 X
= H,,=100mT top Sk X
= H_x=200mT top Sk 10 )-r<
= H,,=300mT top Sk 20 - 171
“ H,,=400mT top Sk X
H,\,,=500mT top Sk 51
| I | 0 | I Nt 0 1 | I | 1
0,00 0,25 0,50 075 1,00 150 175 200 225 250 275 3,00 100 200 300 400 500
t (ns) t (ns) Heey (MT)

Figure S48 Impact of the RRKY exchange interaction on the inertial dynamics (a-b)
Time dependence of the skyrmion velocity in response to a 2 ns square pulse (J=1011 A/m?)
for different HRKKY interaction fields ((a) and (b) are zoom on the rise and fall of the
velocity). (c) inverse of the time constant of the SAF skyrmion displacement computed by
fitting the rising and falling edge of the skyrmion speed. The mean and the error bar are
plotted, where the error bar is the standard deviation over the data. The mean value takes into
account the top and bottom skyrmions and the rise and fall time constants (i.e. 4 data points
each). Note that slightly different parameters were used for these micromagnetic simulations
with 0=0.216, Hktop=12.4 MT, Hk pottom=35.4 mT, y=175.9 GHz/T, D=0.62 mJ/m2,
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Figure S49: Calculation of the topological spin Hall torque Comparison of the speed of AF
skyrmion due to SOT driving (in orange) and the equivalent speed due to the topological spin
torque (in blue and violet). We compare the results for two values of the topological spin
torque range: A2 = 3 nm and 50 nm?. The applied current density is 8x10* A/m? along the x
direction, the domain wall width is fixed at 24.5 nm and we vary the core radius of the
skyrmion from 24.5nm (R/A =1) to 122.5nm (R/A = 5). Note that slightly different parameters
were used for these micromagnetic simulations with a=0.216, Hktop=12.4 mT, Hk pottom=35.4
mT, y=175.9 GHz/T, D=0.62 mJ/m2,
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