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Note 1
Antiferromagnetic coupling before and after current pulsing

Decoupling the antiferromagnetically coupled skyrmion tubes in the synthetic
antiferromagnetic (SyAFM) system (splitting one SyAFM skyrmion into two ferromagnetic
skyrmions or irreversible antiferromagnetic-ferromagnetic transition of the SYyAFM system by
heating) significantly modifies the current-induced dynamics, including the skyrmion Hall

effect!

. To investigate the coupling state of SyAFM skyrmion tubes before and after current
pulsing, we observed the SYyAFM skyrmion tubes at the L3-edge of both Fe and Co using the
scanning transmission X-ray microscopy (STXM) after multiple pulses. As shown in
supplementary Fig. 1, we have unambiguously observed a stable antiferromagnetic coupling
of SyAFM skyrmion tubes before and after multiple current pulses (five times), indicating that
the strength of interlayer exchange coupling is sufficiently large to overcome the opposite
Magnus force at the two sub-lattices and retain their antiferromagnetic (AFM) coupling before
and after the motion®. Thus, the decoupling does not occur before and after the current-induced
motion in the range of current density and magnetic fields used in this work. Note that although

some skyrmion tubes could be annihilated owing to heating, all available skyrmion tubes are

fully antiferromagnetically coupled, as seen in supplementary Fig. 1.
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Supplementary Figure 1 | Direct observation of stable antiferromagnetic coupling of skyrmion tubes.
a, the stack ST2 before (left Fig.) and after (right Fig.) five times the current pulses. The current density
of the injected pulse was J = 9.7x10'" A m™. A perpendicular magnetic field of goH- = 130 mT was
applied at room temperature. Panels b and ¢ denote exemplary contrast profiles along the wire-edge
direction for each skyrmion highlighted in yellow in Fig.la. b, Fe Ls-edge contrast and ¢, Co Ls-edge

contrast. Red and blue curves denote measurements taken before and after current pulsing, respectively.



Note 2
Lorentz transmission electron microscopy imaging

Here, we provide direct evidence of the presence of the Bloch components of domain walls
in the ST1 stack to substantiate our discussion and explanations in the main text. The Lorentz
transmission electron microscopy (TEM) imaging was carried out on a 50 % compensated SAF
deposited onto a SiN membrane using a TFS Titan transmission electron microscope operated
at 300 kV in Lorentz mode. The objective lens was used to apply a magnetic field along the
electron beam direction that was pre-calibrated using a Hall sensor. Images were acquired using

a Gatan UltraScan 1000XP CCD camera.

Supplementary Figure 2a and b are Lorentz TEM images obtained at a tilt angle of 0° and
10°, respectively, that show stripe domains. In out-of-plane magnetized samples, the contrast
at 0° depends on the type of domain wall. Bloch domain walls produce contrast, and the Néel-
type do not. In a tilted condition, the contrast depends on both the domain wall type and the
projection of the out-of-plane component of the magnetic field in the image plane*. Here, the
magnetic contrast is particularly weak at 0° compared to 10°, which indicates that the magnetic
texture is essentially Néel-type. To obtain more information, profiles were extracted from the
images across domains as shown in supplementary Fig. 2¢ and d. In supplementary Fig. 2c, the
profiles show a bright/dark/bright distribution as indicated by three arrows in the plots. This
distribution indicates the presence of a small Bloch component®. In supplementary Fig. 2d, the
blue profile was extracted from a domain oriented perpendicular to the tilt axis, which shows
a strong dark/bright distribution, as expected from the projection of the out-of-plane component.
The red profile in supplementary Fig. 2d was extracted from a domain oriented parallel to the
tilt axis. It shows again a weak bright/dark/bright distribution similar to that obtained at 0°.

This is another indication of the presence of a small Bloch component. At a tilt angle of 10°,
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the projection of the out-of-plane magnetization along the imaging direction is approximately
sin 10° = 17 %. Given that the Bloch component contributes to only one-sixth of the full

contrast under such geometry, its relative contribution is estimated to be ~3 %.
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Supplementary Figure 2 | Lorentz TEM images obtained with a defocus of 4 mm, an external magnetic

field of 85 mT, and a tilt angle of a, a =0°, and b, a=10°. The non-magnetic background was
subtracted using images acquired after saturation®. Upon tilting, the domain contrast is
enhanced for those aligned along the tilt axis, indicating the presence of in-plane magnetization
components. ¢, and d, line profiles extracted from the blue and red lines in panels a and b,
respectively. The polarity and asymmetry in the contrast across individual domain walls show
the mixed Néel-Bloch character, consistent with hybrid skyrmions that lend themselves to the

observed effects.



Note 3
Ferromagnetic resonance for the damping, effective spin Hall angle, etc.

The sample properties, such as the effective damping parameter and the interlayer
exchange coupling field uoHex for the SyAFM systems, were obtained using the technique of
ferromagnetic resonance spectroscopy’®. The sample (ST1 in the main text) was placed upside
down on a co-planar waveguide, and broadband spin dynamics characterization was done using
a technique similar to Ref. 7,8. By sweeping the external magnetic field, which was modulated
with a small AC component of a few Oersteds, we obtained the resonance spectra for different
microwave frequencies. Supplementary Figure 3a shows the color plot and the resonance
frequencies obtained by fitting a sum of symmetric and anti-symmetric Lorentzian’. This
protocol is carried out in the case of the field applied in the direction perpendicular to the
microwave RF field. The measurements were repeated for the field applied parallel to the RF
field. (see blue dots in supplementary Fig. 3b. The resonance frequencies were fitted using Eqgs.
(1) and (2) given in Ref. 7. We extracted the values of quadratic, uoHex, and biquadratic
exchange field, poHbpi-ex, as 0.15£0.01 T and 0.018+0.002 T, respectively. The linewidth was
also extracted from the fitting of the resonance spectra by using a theoretical model in Ref. 7
and is shown in supplementary Fig. 3c. The solid lines in supplementary Fig. 3¢ are the fitting
curves from which we obtain the effective damping parameter o = 0.1+£0.01. This large
phenomenological damping possibly stems from the multiple ultra-thin Ta layers inserted

between the CoB to reduce pinning effects.

We also quantified the spin-orbit parameters through a series of spin torque-ferromagnetic
resonance (ST-FMR) measurements following the technique used in Ref. 10. A typical
resonance curve obtained for the acoustic mode is shown in supplementary Fig. 4a which was

fitted to obtain symmetric and anti-symmetric components of voltage denoted as Vsym and Vasym,
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respectively. From the angular dependence of Vsym and Vasym, we can quantify the spin-torque
parameters. We note that experimentally we could only detect the acoustic mode from ST-
FMR measurements and so we present data only for this mode. However, the parameters
extracted from optical mode data should be similar as already shown in previous work'®. For
the measurements, a thin bar of 5 um-width and 40 pm-length was fabricated by standard
lithography technique (the sample ST1 in the main text), and a Cr/Au waveguide was deposited
on top through which we injected the microwave current at a fixed frequency of 5 GHz while
sweeping the magnetic field in different in-plane directions with respect to the bar. The
definition of the azimuthal angle @ is shown in supplementary Fig. 4. The ST-FMR spectra
were recorded for each angle and fitted using Eq. (3) in Ref. 10. The Vsym and Vasym components
obtained from the fitting are plotted in supplementary Fig. 4c and 4d, respectively, and it can
be seen that both components exhibit a sin20siné dependence as expected in Egs. (S1) and (S2).
The resultant torque parameters were quantified by fitting the data in supplementary Fig. 4c
and 4d to Egs. (S1) and (S2) obtained from Ref. 10. The parameters obtained are summarised

in supplementary Table 1.

—ARAMR

Voo =
SYM " 8AB,c\/1+Ms/(2Bey)

loBsyg sin 6. cos 26, sin 26 sin 8 (S1)

AR . .
Vasym = BAABI\:? IyBge tan 6, cos 26, sin 26 sin @ (S2)

The details of the theoretical equations can be followed up from Ref. 10. In Egs. (S1) and (S2),

UohnumOsulo
ZeMSWdFMdHM’

the Boe 1s the Oersted field, and Bsue is the spin Hall field which is given as Bsug =

HoTasym]
and Bo. = =222 and the terms %, num, Lo, €, w, dim, dim, ARAMR, Oc, ABac, Ms, Bex, fasym, and
2w 4

Osh refer to the Dirac constant, the shunt ratio of current in the heavy metal layer, the current
amplitude in the device, elementary charge, the width of the microbar, the thickness of the total
ferromagnetic (FM) and heavy metal (HM) layers, the anisotropic magnetoresistance (AMR)
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change, the canting angle, the linewidth, the saturation magnetization, the exchange field, an
asymmetry factor of electric currents between the HM and FM layers, and the spin hall angle.
The ratio of Bsur/Bo. = —6.8, indicates that the field-like component is smaller than the

damping-like torque contribution, which mainly drives the skyrmion tube as described in the

main text.
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Supplementary Figure 3 | Ferromagnetic resonance characterizing the magnetic properties. a,
Resonance spectra for the field applied parallel to the injected microwave current. b, Resonance
frequency as a function of the field for two modes obtained by fitting the resonance spectra. The solid

lines are the fittings. ¢, The resonance linewidth extracted for the spectra in supplementary Fig. 3a.
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Supplementary Figure 4 | Spin torque-ferromagnetic resonance (ST-FMR) characterization. a,
Microwave absorption spectra for the acoustic mode at 5 GHz resonance frequency and 6 = 40 deg. b,
Microscope image of the device used. ¢, Viym, and d, Vasym components as a function of 6. The solid

lines are the fittings obtained using Eqgs. S1 and S2.

Supplementary Table 1 | The ST-FMR-related parameter list was obtained experimentally and used

for the micromagnetic simulations of the current-induced dynamics of the SyAFM skyrmion tube.

Parameters Magnitudes
Spin Hall field, Bsyg —434+1.5 uT
Oersted field, Bge 6.3+0.2 uT
Linewidth, AB,. 0.15+0.03 T
Current amplitude, I, 104+0.5 mA
Width of the microbar, w 5 um
Saturation magnetization, M, 09T
AMR change, ARxMr 7+1 mQ
Asymmetry factor, 7,5y 540.2 (x107%)
Exchange field, Boy 0.2+0.04 T
Shunt ratio of current, M 0.6540.1
Spin hall angle, Oy —0.14+0.05
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Note 4

Analytical formula for the skyrmion Hall angle

In this section, we present our analytical treatment of the skyrmion dynamics in a synthetic
antiferromagnetic (SyAFM) system. We model the SYAFM system as a multilayer stack of
ferromagnetic layers separated by a metallic spacer, which are coupled antiferromagnetically
through interlayer exchange interactions. The energy functional includes the key interactions
required to stabilize magnetic skyrmions: ferromagnetic exchange interactions within each
layer, Dzyaloshinskii-Moriya (DM) interactions, and on-site uniaxial anisotropy. Consequently,

the energy functional for each layer, i, describing the multilayer SyAFM reads:
S[ml] = fé‘ dzr {AS(Vmi)Z + D[ml . (V X ml)] - Kefﬁimiz,z — SEX(mi ' m])}, (83)

where D[ml- . (V X mi)] = D[(mi -V)m,; —m, (V- ml-)] and m;(r) denotes the order
parameter of the im-layer, normalized by the saturation magnetization Ms;. Here, As and D are
the spin stiffness constant and the DM strength of the FM layers, respectively, and dex
represents the interlayer exchange constant, which depends strongly on the thickness of the

spacer layer.

To derive the equation of motion for the skyrmion, we start with the Landau-Lifshitz-
Gilbert (LLG) equation, incorporating both field-like and damping-like spin-orbit torques. The

LLG equation for each layer, i, is given as follows:

ami

ami
o = —ymy X Hegry + amy X —= 4 Tsor,, (S4)

where y is the gyromagnetic ratio, a is the phenomenological Gilbert damping parameter, Herr,i
is the effective magnetic field and Tsor, is the spin-orbit torque (SOT) of layer i, respectively.

The field-like and damping-like SOT are given as follows:
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Tsor; = TpLm; X [M; X (Z X j)] + tppm; X (2 X j). (S5)

By assuming that the skyrmion tube spin texture in the multilayer remains rigid during its
steady state motion, we can model the skyrmion dynamics in each layer using the Thiele

equation:
Gi xR, — aD;R, — g Fpr; — T Fpr; = 0, (S6)

where G; is the gyrotropic tensor producing the gyrotropic force perpendicular to the current,
D; is the dissipative tensor describing the generalized drag force acting along the current and,
FrL,; and FpL, are the effective forces arising from the field-like and damping-like components

of SOT respectively. These quantities are defined as follows

Gilpg = fsdzr[mi - (8,m; x 9,m,)], (S7)
Dilpq = fg dzr(apmi ' aqmi)a (S8)
Feilp = [;d?r(2 xj) - 0,m,, (S9)

Forilp = [;d*r[(2 xj) x 8,m;] - m,. (S10)

Upon solving the Thiele equations for the skyrmion velocity (Rx_i, Ry,i), we can calculate the

skyrmion Hall angle, 9siyg, which is given by,

G(TFLFFLx+TDLFDLx)+@Dxy (TFLFFLx+TDLFDLx)~@Dxx(TFLFFLy+TDLFDLy) (S11)

tand ;= — .
SKHE,L G(TFLFFLy+TDLFDLy)+aDyy (TFLFFLx+TDLFDLx)~®Dxy (TFLFFLy+TDLFDL,y)

The index “i” for the tensor elements is omitted here for the sake of brevity. We can further
simplify the expression for Jgyg in Eq. (S11) by assuming that the skyrmion structure in the
multilayer stack is a centrosymmetric cylindrical tube, which allows us to write the

magnetization in each layer as being described by both the radius » and the azimuthal angle ¢,
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i.e, m;(r,¢) = [sin @ (r) cos P (¢), sin O (r) sin @ (¢), cos O (r)]. This yields the following

expression for Jgyg:

aDyx sin(n—v)—(aDyy+4m) cos(n—v)

tan ﬁSkHE,i = (812)

o (4m—aDyy) sin(n—v)+aDy,y, cos(n-v)’

where the current is injected into each layer at an angle # with respect to the x axis. It is
important to note here that we have assumed the profile function ® (r) of the skyrmion to vary

from O (or @) at » = 0 to @ (or 0) as »r — o. Equation (S12) reproduces well the SKHE
measurements at low current densities (namely the low velocity regime). However, at higher
current densities (in the extreme case'!), the skyrmion helicity changes over time requiring an
additional degree of freedom (helicity) to be included in the equations of motion to account for
these changes during the current-driven motion. This would introduce an additional force term
in the Thiele equation, providing a more accurate depiction of the skyrmion dynamics.
However, this is beyond the scope of the current work. Instead, we calculate the accurate Hall
angles by means of micromagnetic simulations, which corroborate the experimental

observations.
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Note 5
Micromagnetic modelling

In our simulations, the skyrmion in each layer was initialized with opposite polarization,
and the energy was minimized to obtain a stable skyrmion tube configuration. The skyrmions
were then driven using spin-orbit torques (SOTs) and currents, and the magnetization state was
recorded at intervals of 100 picoseconds. We systematically varied the current strengths from
1x10" A m2 to 10'> A m 2 while fixing the spin Hall angle to be 0.1 (as obtained from the
ST-FMR measurements in supplementary Note 3). For each current strength, we tracked the
skyrmion positions and averaged the skyrmion Hall angle across all layers. Furthermore, the
Thiele tensors (Eqs. S7-S12) were calculated for both directions of the applied current, and

their difference is shown in supplementary Fig. 5c-d.
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Supplementary Figure 5 | Helicity changes of hybrid skyrmions under different dynamic regimes. a,

Helicity of every alternating layer during a 5 ns pulse width under a positive pulse direction (J=6x10"!

A m~?) in region 1. b, Helicity of every alternate layer during a 5 ns pulse width under a negative pulse

direction (J=—6x10"" A m™) in region 1. ¢, Helicity of every alternate layer during a 5 ns pulse width

under a positive pulse direction (J = 17x10'"" A m™) in region 2. d, Helicity of every alternate layer

during a 5 ns pulse width under a negative pulse direction (J=—17x10'! A m2) in region 2. The helicity

transitions from hybrid type to Néel type during the pulse duration in region 2.
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Note 6

Systematic micromagnetic simulation:
magnetic compensation dependence of the static and dynamic properties

Here, we investigate how the magnetic compensation affects both the helicity distribution
through the film thickness and the current-driven skyrmion dynamics, thereby elucidating the
underlying physics. Supplementary Figure 6a plots the equilibrium helicity in the topmost and
bottommost layers of antiferromagnetically coupled skyrmion tubes as a function of
compensation. At 80 % and 60 % compensation, the helicity is uniform across all layers,
corresponding to a pure Néel-type configuration. At 50 % compensation, a helicity gradient
arises, yielding a hybrid Néel-Bloch character. As compensation falls to 40 %, the Bloch
component grows more pronounced, and at 20 %, the domain-wall texture approaches a nearly

pure Bloch-type, as expected.

Supplementary Figures 6b-e show the corresponding current-induced dynamics. At 20 %
compensation, a pronounced non-reciprocal skyrmion Hall effect appears due to the large
helicity difference between the top and bottom layers. As compensation increases, this non-
reciprocal response is observed only at higher current densities. At 60 % and 80 %
compensation, the skyrmion Hall angle is symmetric with respect to current polarity, consistent
with a pure Néel-type structure lacking Bloch components, and a non-reciprocal effect becomes

insignificant.
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Supplementary Figure 6 | Systematic micromagnetic simulations of antiferromagnetic hybrid chiral
skyrmion tubes. a, 2D magnetization profiles of the topmost and bottommost layers for skyrmions in
SyAFM stacks with 80 %, 60 %, 50 %, 40 %, and 20 % magnetic compensation, respectively. Arrow
directions indicate the magnetization orientation within each layer, while color variations denote the
magnetization direction along the x-axis. The skyrmion Hall angle as a function of current density for

varying degrees of magnetic compensation: b, 20%, ¢, 40%, d, 60%, and e, 80%.
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