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1. Development of materials and systems beyond state of the art: Synthetic
Antiferromagnets.

1.1. Starting point and literature survey

Synthetic antiferromagnets (SAF) are composed of two ferromagnetic layers that are antipar-
allel exchange-coupled by a nonmagnetic thin interlayer through RKKY interaction. The latter is
an oscillatory exchange coupling mediated by the conduction electrons of the interlayer mate-
rial that oscillates and decays on the length scale of atomic distances depending on the Fermi
vector of the material [1,2]. SAFs are long established in spintronics industry. The giant magne-
toresistance (GMR) effect occurring when realigning the layers from antiparallel to parallel en-
abled a new generation of sensors and read heads for hard disk drives [3]. Due to the even
bigger resistance changes in tunneling magnetoresistive devices (TMR) they have superseded
GMR devices in many applications [4]. Most TMR devices also exploit SAFs, but only use them
statically with the basic idea to reduce/tailor the magnetic stray field that the free layer expe-
riences. The advantages that a SAF can offer with respect to improved dynamics and potential
new functionalities have only recently come into focus. A short overview of the perspectives of
SAF spintronics is presented by Duine at al. in [5]. Employing a compensated antiferromagnetic
system minimizes the energy stored in the stray field and therefore enhances the dynamics. In
addition, the nonferromagnetic system can have a Dzyaloshinskii-Moriya interaction with a
neighboring ferromagnet and thus modify the type of domain walls and induce chirality in the
system and the exchange coupling between the layers provides additional torques. Therefore
e.g. a strongly enhanced domain wall velocity was observed by Yang et al. [6]. Coupled vortices
of opposite polarity led to increased frequencies of the vortex dynamics and pushed the con-
fined magnon spectra to higher frequencies [7]. While SAFs have been intensively investigated
as discussed above, a key new aspect in particular for the control of confined spin structures is
the control of the sign and the magnitude of the DMI. This is one of the significant factors for
formation of skyrmions in SAFs. For that, it is indispensable that the sign of the DMl is controlled
for both upper and lower ferromagnetic layers with interlayer exchange coupling which can be
achieved by appropriately tuning the materials and interface properties that govern the DMI
[8]. An obvious choice for the material is Pt as the bottom-heavy metal layer, because choosing
it as a top heavy metal leads to decreasing interfacial DMI. W would also be one of the most
appropriate candidates in terms of current induced skyrmion motion due to the giant spin-Hall
angle previously identified [9]. As to interlayer exchange coupling materials, there were dis-
cussed different options; one is to use just one material (Ru, Ir, Rh) [10], another option is to
use heterostructures such as Ru/Pt, Ir/Pt, Ir/Ru/Ir, or Pt/Ru/Ir. The former requires one to break
spatial inversion symmetry using ferromagnets like Co/CoFeB, CoB/CoFeB, [Co/Ni], or CoFeB
with a gradient of composition along the thickness direction, otherwise the DMI might cancel
between the top and bottom interfaces of the interlayer exchange coupling material [11]. For
SAFs, the coupling between the layers as well as the anisotropy and DMI, which are all very
sensitive to local structural variations, has shown to lead to significant pinning effects, which
can make the spin structure poorly reproducible. For instance, it was previously shown that the
Pt/Co system exhibits strong pinning, and thus, using polycrystalline Co as the ferromagnets is
not an ideal choice and SAF skyrmions in Pt/Co systems have not been easily manipulated by
currents [12].
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1.2. Strategy and Methods

Here, we will focus on amorphous ferromagnets such as CoB, CoFeB, CoFeSiB, etc. where we
have shown reduced pinning as there are no grain boundaries. Note that this simultaneously
leads on average to a decrease of the magnetic anisotropy, DMI, and interlayer exchange cou-
pling, which can depend on crystallization effects at interfaces. This makes it difficult to obtain
systems with ultra-strong anisotropy and DMI as required, for instance, for extremely small
skyrmions. Taking into account all of these effects, we developed a plan to deposit appropriate
materials for the dynamics in SAF systems to be used in non-conventional computing. As a
benchmark for the film quality, we investigate the formation of skyrmions and skyrmion diffu-
sion, as the latter indicates low pinning in the magnetic system. We further investigate the
coupling of such SAFs with skyrmions to their environment as well as skyrmion-skyrmion inter-
actions, since the latter are nonlinear and therefore suitable for unconventional computing ap-
plications.

One interesting idea is to tune the strength of the interlayer exchange coupling during the ap-
plication of the system by electric fields, as this is a highly promising and potentially effective
approach for realizing energy-efficient applications. Recent interest has focused on the mag-
neto-ionic effect in SAFs, driven by its potential to enable high-density data storage devices
with ultra-low power consumption. However, the underlying mechanism responsible for the
magneto-ionic effect on the interlayer exchange coupling remained elusive. Therefore, we cre-
ated SAF stacks of composition Si(substrate)/Si0O2(100nm)/Ta(5nm)/Pt(1.2nm)/Ir(0.4nm)/
Coo.6Fe0.2Bo.2(0.8nm)/Pt(1nm)/Ir(0.4nm)/Coo.6Fe0.2Bo.2(0.8-1.0nm)/HfO2(3nm). On top of the
HfO, layer, that serves as a source of oxygen for the metallic layers below, the ionic liquid 1-
ethyl-3-methylimidazolium-bis(trifluormethylsulfonyl)imide [EMIM]p[TFSI]_ was deposited
and a glass substrate coated with indium tin oxide (ITO) was used as the top electrode. Different
gating voltages were applied and the change of the magnetic response of the SAF system with
perpendicular magnetic anisotropy was monitored by polar magneto-optical Kerr effect
(MOKE), SQUID magnetometry and photoelectron spectroscopy. Figure 1 shows exemplary the
high tunability of the magnetic response of the system to the electrical bias.

Figure 1: MOKE loops for SAF after different gat-
ing (order from top 0V, -0.8V, -1V, -1.2V, -1,4V, -
1.6V, -1.8V, -2V, -2.2V,-2,4V, -2.6V, -2.8V, -3V, re-
sponse vertically shifted). The ungated system
(topmost) shows a switching at small fields,
where the AFM coupling between the layers
stays intact and both layers switch simultane-
ously with field, and a high field switching where
the AFM coupling is broken by the external field
Hi. Both fields undergo nonmonotonic varia-
tions with gating. The non-monotonic behavior
of Hixt as a function of the magnetic field was in-
vestigated for tces of top FM equal to 0.9 nm. Hys-
teresis loops were recorded successively after
each 30-s application of gating voltage. (Figure
modified from [A]).
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To understand the changes in magnetic properties, we investigated the modifications in chem-
ical and electronic structure occurring due to the ionic liquid gating process using near-edge X-
ray absorption fine structure (NEXAFS) spectroscopy and X-ray photoemission spectroscopy
(XPS) measurements.

In our work, we found that the modulation of the interlayer exchange coupling is highly sensi-
tive to the thickness of the ferromagnetic layer. We have identified that the changes in the
interlayer exchange coupling induced by the gate voltage can be associated with the magneto-
ionic effects on the top ferromagnetic layer of the SAF. The direct contact between the high ion
mobility oxide and the top ferromagnetic layer plays a crucial role in facilitating these effects,
largely modifying the anisotropy of the layers. A detailed scientific discussion of the results was
published in Applied Physics Letters [A].

One big advantage of SAF devices is their negligible stray field. This leads to higher possible
device densities and potentially ultrafast dynamics prompting a shift towards antiferromag-
netic topological spin textures as information carriers. In addition to skyrmions, which are top-
ological spin structures in perpendicular magnetized systems we realized such chiral in-plane
topological antiferromagnetic spin textures namely merons, antimerons, and bimerons in SAFs
by concurrently engineering the effective perpendicular magnetic anisotropy, the interlayer
exchange coupling, and the magnetic compensation ratio. An ideal system to explore and ma-
nipulate both structural and dynamical properties of topological spin textures are SAF plat-
forms as those we report in [B]. They consist of a multilayered heterostructure made of ferro-
magnetic thin films separated by nonmagnetic metallic spacers and antiferromagnetically cou-
pled via the interlayer exchange interaction. We tailored the amount of compensation such
that they exhibited an arbitrarily small magnetic moment and, therefore, combine the most
interesting features of both ferromagnetic and antiferromagnetic scenarios: minimal stray
fields, the ability to stabilize homochiral spin textures, and the potential for ultrafast spin dy-
namics; all in a device compatible easy-to-fabricate polycrystalline multilayer setting. A precon-
dition to assess the topological nature of such spin textures is to be able to measure their chi-
rality. In this regard, SAFs offer the advantage to employ the advanced surface- or element-
sensitive imaging methods available for ferromagnets. Spontaneously formed stable homochi-
ral spin textures on a global scale have hitherto not been reported before our work. The ferro-
magnetic films consist of the bilayer Fe0.6C00.2B0.2(FCB)/C00.6Fe0.2B0.2(CFB) and are sand-
wiched between the nonmagnetic spacers Pt and Ir. This breaks the mirror symmetry of the
heterostructure, thus providing a finite DMI. Experimentally we employed scanning electron
microscopy with polarization analysis (SEMPA) to image the in-plane component of the mag-
netic spin texture. This is a surface-sensitive technique, that we can use in house at our partner
JGU. It uses the spin-polarized secondary electrons emitted from a magnetic material and gives
a two-dimensional (2D) vector map of the in-plane magnetization as shown in Figure 2. The
sensitivity of SEMPA is limited to 1-2 nm depth from the surface, which enables us to image
the topological spin textures present only in the topmost magnetic layer. This unique feature
of SEMPA is especially effective on SAFs and allows us to investigate the formation of topolog-
ical spin textures even in a fully compensated composition.
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AFM Néel Meron (Q = 1/2)

Figure 2: (a) SEMPA image showing the in-plane (IP) spin components of the topmost ferromagnetic
FMa layer, or, equivalently, the IP component of the Néel order of the meron textures. (b) Magnetic
force microscopy (MFM) image showing the out-of-plane (OOP) spin component of the FM, layers, that
is the OOP component of the Néel order of the meron structures in the same area. Dark brown and
white MFM contrasts indicate the upward and the downward direction, respectively. Black dotted cir-
cles represent merons of helicity y = i, whereas double black dotted circles indicate antimerons, both
with Q = -%. White circles represent merons having an arbitrary helicity with Q = %5 and white double
circles denote merons of helicity y=0 and Q = %. Two adjacent black circles (single and double) are
identified as bimerons with net topological charge Q=-1 and are additionally highlighted by ellip-
ses. (c) An AFM Néel meron having y =0 and Q =%, (d) an AFM Néel meron having y=mand Q =-%. (e)
an AFM antimeron having Q = -%. (Figure modified from [B]).

Our experiments show the existence of room-temperature stable bimerons in compensated
SAFs at zero external magnetic fields. We have developed an analytical model and performed
micromagnetic simulations using experimentally extracted parameters to explain the stability
of the chiral topological structures in zero magnetic field. Based on the input parameters, we
can construct phase diagrams of the observed topological structures in the SAF system. We
could demonstrate multimodal vector imaging of the three-dimensional Néel order parameter,
revealing the topology of those spin textures and a globally well-defined chirality, which is a
crucial requirement for controlling current-induced dynamics. Our analysis revealed that the
interplay between interlayer exchange and interlayer magnetic dipolar interactions plays a key
role to significantly reduce the critical strength of the DMI required to stabilize topological spin
textures, such as antiferromagnetic merons, in SAFs, making them a promising platform for
next generation spintronics applications. An in-depth discussion of the respective results was
published in Nature Communications in reference [B].

Scattering analysis offers a fundamental route to revealing particle interactions with direct im-
plications for device technologies relying on ensembles of particles such as magnetic skyrmi-
ons. To investigate skyrmion-skyrmion interactions as well as the transient response to the spin
torque of the SAF skyrmion lattice, we prepared and optimized a low-pinning SAF stack com-
prising thin multilayers with two alternating ferromagnetic sublattices (A and B). To probe the
particle interactions, the magnetic system was tuned to obtain full magnetization compensa-
tion, as evidenced by the hysteresis curves measured using a SQUID magnetometer. The stra-
tegic incorporation of Fe-rich and Co-rich ferromagnetic layers into the two ferromagnetic sub-
lattices enabled independent probing of each sublattice via X-ray imaging using the correspond-
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ing absorption edges at a synchrotron and thus provided a direct method to visualize the anti-
ferromagnetic skyrmion lattice. The uniqueness of our experimental setup opened the door to
sublattice-resolved studies of pinning potentials as well as transient response, a key determi-
nant of spin-texture dynamics in any magnetic systems with multiple sublattices. Scanning
transmission X-ray microscopy (STXM) performed at the Fe L3 and Co L3 absorption edges re-
vealed an inverted skyrmion contrast between sublattices A and B. This inversion reflects the
antiparallel out-of-plane magnetization in adjacent layers, confirming robust antiferromagnetic
interlayer exchange coupling across the multilayer stack. Within this framework, skyrmions in
sublattice A exhibit a topological charge of Qa = +1, whereas those in sublattice B carry Qg = -1.
Together, they constitute a SAF skyrmion lattice.
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Figure 3: Static imaging of the antiferromagnetic skyrmion lattice taken at the identical magnetic exter-
nal field strength of -0.25T. The SAF multilayer was stack composed of Fe-rich (sublattice A, yellow) and
Co-rich (sublattice B, pink) ferromagnetic layers, antiferromagnetically coupled via Ir spacers. Sublattice-
selective X-ray imaging of the antiferromagnetic skyrmion lattice at the Fe (left) and Co (right) Ls ab-
sorption edges. The inverted magnetic contrast between sublattices confirms robust antiferromagnetic
coupling of the skyrmion lattice throughout the multilayer. (Figure modified from [C]).

We have driven the skyrmion lattice using short current pulses and imaged the response in real
time by synchronizing with the X-ray pulses from the synchrotron. In the low-current regime (J
= 2.8x10''A/m?), where the strength of the current-induced spin-orbit torques is comparable
to the local pinning potential, the motion is governed by a spatially inhomogeneous energy
landscape. In this case, variations in pinning strength give rise to an incoherent dynamical re-
gime in which different parts of the lattice respond differently to the same uniform drive. De-
spite the application of a uniform current, the lattice response is spatially heterogeneous: some
skyrmions remain pinned. Pinned skyrmions act as rigid obstacles within the lattice, inducing
constraints that can be described in a mechanics approach and lead to anisotropic strain in
neighboring skyrmions. As adjacent skyrmions are pushed by under the applied current, these
constraints result in boundary elongation or compression. The complex behavior of the individ-
ual skyrmion motion allowed us to extract the skyrmion interaction potential directly from the
nanosecond relaxation dynamics of skyrmions, which lie at the lateral boundary between mo-
bile and pinned regions. In this geometry, the pinned skyrmions act as fixed scattering centers,
providing boundary conditions for quantifying the skyrmion—skyrmion interaction potential.
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We tracked the experimentally measured recoil trajectories of the skyrmions following the ter-
mination of the nanosecond current pulse and employed an inverse estimation based on the
Thiele equation. For high current regimes, all skyrmions could be unpinned, and we observed
a coherent flow, where the lattice translates uniformly. Quantification of the reproducible post-
pulse relaxation trajectories via an inverse analysis method based on the Thiele equation yields
the nanoscale skyrmion—skyrmion scattering potential, which decays exponentially with a
range of 30 nm, in full agreement with micromagnetic simulations. At higher current densities,
the lattice exhibits coherent motion free from detectable Hall and inertial effects or dynamical
deformation, enabling robust GHz operation. These findings establish a quantitative framework
for SAF skyrmion interactions and demonstrate deterministic control of their collective dynam-
ics over billions of cycles even in the incoherent flow regime, thereby paving the way for multi-
skyrmion spintronic devices. Details of these results are currently submitted for publication in
a peer reviewed journal and the manuscript is available under reference [C].

The work described above was done on SAFs that showed essentially two-dimensional mag-
netic structures despite their multilayered structure with the different ferromagnetic layers
showing opposite magnetic behavior. Those 2D spin structures exhibit fully reciprocal dynamics
as there are no symmetry-breaking mechanisms available due to their limited complexity. On
the other hand, 3D topological spin textures beyond 2D magnetic skyrmions, such as skyrmion
tubes offer additional perspectives for devices. It has been shown that the more complex dy-
namics of such 3D spin configurations enable novel functionality such as triggering extremely
non-linear electromagnetic responses, which leads to advanced skyrmionic applications, in-
cluding skyrmion-based logic with diodes and neuromorphic computing, where one of the in-
dispensable crucial components is the non-reciprocal dynamics of the topological objects.

In thin-film multilayer systems or SAFS with an interfacial DMI, a hybrid chiral skyrmion tube is
an archetypal example of a 3D topological spin texture. Hybrid chiral skyrmion tubes can
emerge due to the energy competition between long-range dipole interaction and interfacial
DMI. Their structure uniquely exhibits twisting of the helicity across the thickness direction,
which can result in intrinsically distinct dynamics compared to that of conventional skyrmion
tubes with homogeneous chirality. However, such possibly unique dynamics of the hybrid chiral
skyrmion tubes have not been demonstrated, so it is unclear if these 3D topological spin struc-
tures could be apt for active elements in spintronic applications. To realize such skyrmions
tubes we modified the Fe/Co ratio in SAF multilayers from Co rich at the bottom layers to Fe
rich at the top layers, which inverts the direction of the DMI along the direction perpendicular
to the layer. The stack structures consisted of Ta(5.00)/[Pt(1.00)/Ir(0.40)/FMs1/Pt(1.00)/
Ir(0.40)/FMr1]x15/Pt(1.00) (numbers in nm) (ST1, hereafter), and Ta(5.00)/[Pt(1.00)/Ir(0.40)/
FMs2/Pt(1.00)/ Ir(0.40)/FMr2]x25/Pt(1.00) (ST2, hereafter), respectively, deposited on 100 nm-
thick silicon nitride membrane substrates. The FMg and FMr layers are addressed as a bottom
(Co-rich) ferromagnetic and top (Fe-rich) ferromagnetic layer, respectively, and they are anti-
ferromagnetically coupled via the Pt/Ir interlayers. For imaging, we used an element-specific
detection technique: scanning transmission X-ray microscopy (STXM) with magnetic circular
dichroism as the contrast mechanism. This demonstrated the interlayer AFM coupling that led
to fully coupled skyrmions in the layers. Current pulses synchronized with the X-ray pulses en-
abled imaging of the dynamic behavior. From the statistical evaluation of the movement of the
skyrmions tubes one can calculate the average skyrmions velocity. For a quantitative evaluation
of the skyrmion Hall effect, we employed the same protocol as for the skyrmion velocity, where
the averaged skyrmion Hall angle, Bave, is extracted from the peak of the Gaussian fitting. We
find that the values of Baveare reciprocal for both current pulse polarities at vave = 10 m/s, which
corresponds to the creep/depinning regime. Surprisingly, we find an intriguing behavior for the
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higher velocity in the flow regime of uave = 25 m/s, where the degeneracy of two Gaussian peaks
regarding the current polarity is distinctly lifted, indicating the presence of a non-reciprocal
skyrmion Hall effect in the flow regime.

Figure 4: Examples of the tracked current in-
duced motion of SAF skyrmions tubes. Current
flow is in perpendicular direction and from the
transverse deflection the skyrmion Hall angle
is calculated. The figure is modified from Fig. 2
in [D].

The spin structure of the skyrmion tube obtained from relaxation at zero field using micromag-
netic simulations provides further insights into the effect of magnetic compensation on the
equilibrium structure. These simulations reveal that the skyrmion helicity varies across differ-
ent layers due to net stray fields arising from the net magnetization in the multilayer system
and varies with the applied current. Our theoretical modeling qualitatively corroborates that
the non-reciprocity stems from the dynamic oscillation of skyrmion helicity during its current-
induced motion. The findings highlight the critical role of the internal degrees of freedom of
these complex skyrmion tubes for their current-induced dynamics. An in-depth discussion of
the respective results is published in Nature Communications in reference [D].

For the sake of completeness, we shortly report on other aspects of skyrmion dynamics and
interactions, which we studied in relation to NIMFEIA. In Ref. [E], we investigated the effects of
chiral polypeptides on skyrmion stability and dynamics and published the results in Nano Let-
ters. In Ref. [F], we studied the change of the dynamics in coupled magnetic layers, where one
undergoes a magnetic compensation and has zero moment like a properly tuned SAF, and pub-
lished the findings in Phys. Rev. B. The role of dipolar interactions in skyrmion lattices was stud-
ied in Ref. [G]. In Ref. [H], we focused on the ultrafast dynamics of chiral spin structures in
antiferromagnets and published the findings in Phys. Rev. B.

1.3. Summary and conclusions

In conclusion, we made a broad investigation of the potential of SAFs for applications relevant
to NIMFEIA based on complex material stacks that were tailored for the specific scientific ques-
tions to be solved within Task 4.3. More detailed results than mentioned in this report can be
found in the scientific papers that are published with NIMFEIA acknowledgements in [A]-[H].
These papers discuss partly also topics that are outside the scope of NIMFEIA.
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