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Magnetic Skyrmions in a Hall Balance with Interfacial

Canted Magnetizations

Jingyan Zhang, Ying Zhang, Yang Gao, Guoping Zhao,* Lei Qiu, Kaiyou Wang,
Pengwei Dou, Wenlin Peng, Yuan Zhuang, Yanfei Wu, Guogiang Yu, Zhaozhao Zhu,
Yunchi Zhao, Yagin Guo, Tao Zhu, Jianwang Cai, Baogen Shen, and Shouguo Wang*

Magnetic skyrmions are attracting interest as efficient information-storage
devices with low energy consumption, and have been experimentally and
theoretically investigated in multilayers including ferromagnets, ferrimagnets,
and antiferromagnets. The 3D spin texture of skyrmions demonstrated in
ferromagnetic multilayers provides a powerful pathway for understanding
the stabilization of ferromagnetic skyrmions. However, the manipulation
mechanism of skyrmions in antiferromagnets is still lacking. A Hall balance
with a ferromagnet/insulating spacer/ferromagnet structure is considered to
be a promising candidate to study skyrmions in synthetic antiferromagnets.
Here, high-density Néel-type skyrmions are experimentally observed at zero
field and room temperature by Lorentz transmission electron microscopy in

a Hall balance (core structure [Co/Pt],/NiO/[Co/Pt],) with interfacial canted
magnetizations because of interlayer ferromagnetic/antiferromagnetic coupling
between top and bottom [Co/Pt], multilayers, where the Co layers in [Co/Pt],,
are always ferromagnetically coupled. Micromagnetic simulations show that
the generation and density of skyrmions are strongly dependent on interlayer
exchange coupling (IEC) and easy-axis orientation. Direct experimental
evidence of skyrmions in synthetic antiferromagnets is provided, suggesting
that the proposed approach offers a promising alternative mechanism for
room-temperature spintronics.

Magnetic skyrmions, with a topologically protected nontrivial
spin texture, have been widely investigated for potential appli-
cations in devices with ultralow power consumption, such as
logic, memory, and neuromorphic computing bits.™1 The
generation of this exotic spin texture in the multilayers is

energetically favorable because of the com-
petition among various magnetic interac-
tions, 1131 where the skyrmions can be
stabilized by tuning the stack sequences
and external excitations.!*] For example,
the local injection of a spin-polarized cur-
rent can be used to promote skyrmion
nucleation.™® Extensive research into
skyrmions and their dynamics near room
temperature (RT) in ferromagnets has
greatly extended their use in spintronic
devices because of their robust thermal
stability and tunability.""-?*l However, the
skyrmion Hall effect (SKHE), observed as
a deflection with respect to the current
direction, leads to the lateral accumulation
and annihilation of skyrmions,??! which
greatly hinders ferromagnetic skyrmion-
based applications. These fundamental
limitations are being addressed by inves-
tigating the behavior of skyrmions in fer-
rimagnets and antiferromagnets.

The skyrmions in ferrimagnets can be
detected because of partially compensated
magnetization, consistent with previous
theoretical ~ predictions.”?8]  Antiferro-

magnets could overcome the limitations of ferromagnetic skyr-
mions by taking advantage of their fast domain wall motion
and absence of stray fields.[?*3% Furthermore, it has been theo-
retically demonstrated that the SKHE finally vanishes in antifer-
romagnets because of the symmetry of the two opposite spin
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lattices.132] Unfortunately, completely compensated magneti-

zations in ideal antiferromagnets result in challenges related
to the detection and manipulation of antiferromagnetic skyr-
mions.’3 Fortunately, chiral behavior including interlayer
Dzyaloshinskii-Moriya interactions (DMI) and stabilized skyr-
mions has been demonstrated in synthetic antiferromagnets
(SAFs),363% where the alignment of the magnetic moments
can be tuned by manipulating two ferromagnetic layers coupled
antiferromagnetically.“**! However, the microscopic origin of
skyrmion generation is complicated, where opposite skyrmions
in SAFs with two ferromagnetic layers have been theoretically
proposed.[*# Recently, the 3D spin texture of skyrmions asso-
ciated with their depth-dependent evolution was observed in
ferromagnetic multilayers.[?>*%] Therefore, it is essential to
perform detailed structural analyzes and experimental manip-
ulation of skyrmions in SAFs, which will greatly enhance the
understanding of the physical mechanism and assist further
design of 3D skyrmions-based devices. A Hall balance with a
[Co/Pt]4/NiO/[Co/Pt], structure was used here to investigate the
chiral spin textures. A Hall balance has been proposed experi-
mentally**#! to realize multi-state storage, where the interlayer
coupling between top and bottom [Co/Pt], multilayers is highly
sensitive to the NiO spacer thickness. In a Hall balance, the
interlayer exchange coupling (IEC) between the antiferromag-
netic and ferromagnetic couplings can be successfully tuned by
varying NiO thickness. Furthermore, the insulating NiO spacer
could provide a promising approach for tuning the spin struc-
ture by electric-control (current/voltage). We report the experi-
mental observation of high-density Néel-type skyrmions at RT
using Lorentz- transmission electron microscopy (L-TEM) in
a Hall balance with canted magnetizations. The micromag-
netic simulation further proves that the tilting of the easy axis
can reduce the degree of difficulty (IEC strength) to generate
skyrmions, which is in good agreement with the canted mag-
netizations identified by polarized neutron reflectometry. Our
findings are expected to provide greater freedom to effectively
manipulate the chiral behavior in such systems.

Two configurations, with parallel/antiparallel alignments
of the magnetic moments, have been confirmed in SAFs with
two ferromagnetic layers separated by an ultrathin spacer
(metal or oxide layer). In our previous studies, using the novel
concept of SAFs with a core structure of [Co/Pt],/NiO/[Co/P1],
based on out-of-plane ferromagnetic layers, namely a Hall
balance, we achieved multistate storage and logic in a single
cell.b04] In this study, we use the Hall balance to investigate
the topological properties of such structures. The core struc-
ture of the sputtered Hall balance is shown schematically in
Figure 1a, where the interfacial DMI is very small because
of the symmetry of the multilayers. A vertical pure spin cur-
rent generated from the Pt layer due to spin Hall effect can
be injected into ferromagnetic layers to generate a spin-orbit
torque when an in-plane current flows in a bottom Pt layer. It
was demonstrated that the spin-orbit torque could induce the
magnetization switching of the adjacent magnetic layer.”) The
bottom Pt layer serves as a spin-current source to generate
spin-orbit torque, which facilitates the generation of magnetic
skyrmions. In general, the strength and type of IEC, including
ferromagnetic coupling (FMC) and antiferromagnetic cou-
pling (AFMC), are highly sensitive to the properties of the
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multilayered structure, such as the Co/Pt atomic ratio, period
number, and NiO-layer thickness (ty;o). We therefore fabri-
cated a series of multilayers with different NiO thicknesses
to control IEC; the interfacial DMI and total magnetization
are not highly dependent on ty;o. For the sputtered Hall bal-
ance multilayers, a very sharp interface between the [Co/Pt],
multilayers and NiO spacer was clearly observed (Figure S1,
Supporting Information). Further details regarding the struc-
tural characterization of the samples are provided in the sup-
porting information. We used the shift of the minor loop
(Hey to quantify the IEC strength, and observed a strong
dependence on ty;o. Figure 1b shows H,, as a function of
tyio, where the oscillation of the H,, curve indicates the large
tunability of IEC by varying ty;o. In addition, an IEC oscil-
lation between the FMC and AFMC was observed, with a
period of tyijo = 0.4 nm. We attribute this to the modulation
of multiple electron-wave reflections induced by the antifer-
romagnetic order in the (111) NiO plane. The different IEC
behavior leads to different spin configurations, which can
be detected in the magnetic hysteresis (M-H) loops of typ-
ical samples in external fields applied perpendicularly to the
film, as shown in Figure 1c. The M-H loop for ty;o = 1.3 nm
indicates that the antiferromagnetic state occurred in the posi-
tive field (nearly zero field), when the field was decreased from
positive to negative saturation. Therefore, it is reasonable to
conclude that the M—H loop for ty;o = 1.3 nm results from [EC.
Perpendicular magnetic anisotropy was observed in the Hall
balance for various ty;o values for both the AFMC and FMC
states in the multilayered structure. Multiswitching in the M—H
loop (red circle in Figure 1c) was clearly observed for the sample
(tvio = 1.3 nm) with H,, = 203 Oe (Figure S2, Supporting
Information), indicating the existence of AFMC between the
top and bottom [Co/Pt], multilayers. Furthermore, the rem-
nant magnetization (at zero field) was not zero in Figure Ic,
suggesting that the magnetizations of the two [Co/Pt],
multilayers were opposite, but not strictly equal. The spin
configuration will be characterized by the polarized neutron
reflectometry. In contrast, only two stable states were obtained
in the synthetic FMC structure (blue square in Figure 1c),
where direct magnetic coupling occurred between the top
and bottom [Co/Pt], multilayers with ty;o = 1.0 nm. The Hall
loops for the sample with ty;o = 1.0 and 1.3 nm are shown in
Figure S2c,d (Supporting Information). The saturation p,,
was 0.97 and 0.95 uQ cm for ty;o = 1.0 nm and fy0 = 1.3 nm,
respectively, nearly independent on ty;o as observed previ-
ously.l However, the resistance state of the sample is highly
sensitive to ty;o, thus providing a simple way to tune its state.
For example, only two configurations were observed in the
FMC sample with ty;0 = 1.0 nm (Figure S2¢, Supporting Infor-
mation), whereas an additional resistance state was observed
in the AFMC Hall balance with ty;o = 1.3 nm (Figure S2d,
Supporting Information). The high p,, value for the sample
with tyi0 = 1.3 nm was achieved for the parallel state of the
two [Co/Pt], multilayers (e.g., in a magnetic field of 650 Oe) .
When the field is decreased from 650 to 0 Oe, the magnetic
configuration of the two [Co/Pt], multilayers becomes antipar-
allel, resulting in a low p,, value. The positive slope of Hall
effect at high fields (inset of Figure S2c, Supporting Informa-
tion) indicates hole-like transport in these multilayers.

© 2020 Wiley-VCH GmbH
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Figurel1. a) Schematicillustration of experimental geometry for L-TEM imaging, where the dimensions of Si;N,membrane were 0.1 mm x0.1mm x10 nm.
A typical Hall balance with a core structure of [Co/Pt],/NiO/[Co/Pt], was used. b) Shifted field H,, of the minor loop as a function of ty;o. c) Normalized
M-H loops for the samples with tyo =1.0 nm (blue squares) and 1.3 nm (red circles) with external fields applied perpendicular to the films. L-TEM
images of [Co/Pt],/NiO/[Co/Pt], multilayers with FMC and AFMC were collected at zero fields with an angle of +15°. d,e) High density of skyrmions in

the Hall balance with different IEC (i.e., various tyio values).

To characterize the magnetic domains directly by L-TEM,
the Hall balance with various ty;o was deposited directly onto
a Si3N, membrane using the same growth parameters. The
L-TEM images show almost no magnetic contrast for the
Hall balance with AFMC and FMC (Figure S3, Supporting
Information). We applied simultaneous external excitation
with a pulsed electric current and a perpendicular magnetic
field to individual samples with FMC and AFMC at RT and
then completely removed the external excitations. High-
density skyrmions at zero fields were clearly observed in the
L-TEM images in multilayers with both ty;o = 1.0 and 1.3 nm
(Figure 1d,e, respectively), where the skyrmions density
was =75 um=2. The manipulation procedure using external
fields in combination with in-plane electric currents and per-
pendicular magnetic fields to generate skyrmions is similar
to that in a previous study on conventional ferromagnetic
multilayers.'®) However, the mechanism and magnetization
dynamics in the Hall balance with FMC/AFMC need to be
explored further. Experimental observation of high-density
skyrmions in a Hall balance with varied IEC provides a novel
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approach to investigate the topological behavior in synthetic
antiferromagnets.

Domain structures can be analyzed by tilting the L-TEM
specimens to change the contrast. Néel-type skyrmions have
been confirmed experimentally using this method, where an
obvious contrast reversal at relatively opposite angles and the
disappearance of contrast at nearly 0° were observed.l*22 We
performed L-TEM at zero fields for tilt angles of —15°, 0°, and
+15°, as shown in Figure 2a—c, respectively. We observed bright
and dark regions with good contrast for the selected skyrmions
at a tilting angle of —15°. For the opposite angle of +15°, the
reversed bright and dark magnetic contrast was clearly observed,
while no magnetic contrast was observed at 0°. This contrast
behavior was attributed to the existence of Néel-type skyr-
mions in our Hall balance with both FMC and AFMC, whose
configuration is shown in Figure 2e. Generally, the energy of a
skyrmion (4/AK — 7| D|) is always smaller than that of a con-
ventional domain wall (4+/AK), and thus the Néel-type spin
texture is preferred.[”#¥l The right insets of Figure 2d show
enlarged images of the selected single skyrmion for tilt angles

© 2020 Wiley-VCH GmbH
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Figure 2. L-TEM images of the Néel-type skyrmion at zero fields for various tilting angles. a—c) Magnetic skyrmion images for a sample with ty;o=1.3 nm
and AFMC, at tilting angles of —15° (a), 0° (b), and +15° (c), showing the disappearance of contrast at 0° and contrast reversal for opposite angles.
d) Line profiles of three images along the transverse axis of the skyrmions showing the contrast differences. Enlarged skyrmions with a radius of
90 nm are indicated. €) Schematic of the spin structures for Néel-type skyrmions in our experiments.

of £15 °. The intensity asymmetry of these magnetic skyrmions
indicates polarities of +1 and —1, respectively, from the asym-
metry direction (bright-dark or dark-bright). We obtained line
profiles of the images at various tilt angles along the transverse
axis of the skyrmions, while the intensity contrasts of the three
images at various tilt angles are shown in Figure 2d. The size of
a magnetic skyrmion was determined by the distance between
the maximum and minimum value of a certain tilt angle, which
provided a radius of about 90 nm for our samples. During the
current-induced skyrmion creation process, the type and size of
skyrmions for AFMC and FMC samples is not be changed by
external magnetic fields, although the density varies (Figure S4,
Supporting Information).

Polarized neutron reflectometry (PNR) is a powerful tool for
analyzing the magnetic structures in thin films, as it is highly
sensitive to in-plane magnetization but insensitive to perpen-
dicular magnetization in magnetic films or multilayers.[*>" We
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used PNR to quantitatively analyze the magnetic moments and
their orientations. The magnetic scattering of the neutrons with
spin-up and spin-down leads to different momentum-transfer
(Q) dependences of the reflectivity curves (R*" and R, respec-
tively). The ratio R™/R— is the non-spin-flip reflectivity, for
which the neutron spin is parallel and antiparallel to the mag-
netic field, respectively. The spin asymmetry (SA) is defined as
(R™ = R7)/(R™ + R™), which is very sensitive to the in-plane
magnetization of the film (components with M//Q). Figure 3a,b
shows the R™ (red square) and R (blue circle) as functions of Q
measured under in-plane magnetic fields of 20 Oe and 9000 Oe,
respectively, for a Hall balance with AFMC (tyj0 = 1.3 nm).
The depth dependence of the neutron and magnetic scat-
tering-length density (SLD) profiles were extracted by fitting
the reflectivity data using GenX software.’! When the applied
magnetic field (such as 9000 Oe) is larger than the saturation
field, all magnetic moments are forced to lie in-plane, leading

© 2020 Wiley-VCH GmbH
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Figure 3. a,b) PNR spectra showing R** (red squares) and R (blue circles) as a function of Q measured with in-plane magnetic fields of 20 Oe (a)
and 9000 Oe (b) for the Hall balance with AFMC (tyi0 =1.3 nm) . The insets show the related spin asymmetry. ¢) Schematic of the magnetic structure

of the multilayers with AFMC at RT.

to significant differences between the R*" and R reflectivity
curves. However, when a very low magnetic field (such as
20 Oe) is applied, the R™ and R reflectivity curves overlap
almost completely, as shown in Figure 3a. This is because mag-
netic neutron scattering is only sensitive to the components
with M//Q. In contrast, the weak nonzero SA exhibits a small
in-plane magnetization component, as shown in the inset of
Figure 3a, strongly indicating the existence of canted mag-
netizations in the sample. We schematically illustrate the spin
structure of a Hall balance with AFMC in Figure 3c. Note that
whenever [EC is AFMC, canted magnetizations adjacent to the
NiO spacer were clearly observed, although these had ideally
been thought to be perpendicular. The angle of the canted mag-
netic moments was nearly 7° for multilayers with ty;o = 1.3 nm.
A similar behavior was observed for the FMC multilayers with
tyio = 1.0 nm, as shown in Figure S5 (Supporting Information),
with an angle of 4°. These PNR results are a confirmation of
the existence for canted magnetic structure in synthetic anti-
ferromagnets, which significantly enhances our understanding
of the physical mechanism of topological spin textures, such as
magnetic skyrmions.

The micromagnetic simulation has been considered as
a quick and powerful tool,?**25253 which is used to study
magnetic skyrmions in our Hall balance. Figure 4 shows the
skyrmion density (1) as a function of IEC energy (Ejgc) and
the angle 0 of the easy axis (EA). For perpendicular magnetic
anisotropy with 8 = 90°, the ideal 1, for typical values of Ejgc
is shown in Figure 4a. No skyrmions can be stabilized when
Eigc < —1.4 m] m™2. For Ejpc = —1.5 m] m~2, a maximum value
of 1y = 100 um~2 was observed. Further increasing Eygc resulted
in a significant decrease in 7, indicating that the Ejgc plays a
decisive role in skyrmion nucleation. For a systematic compar-
ison, we present a contour map of 7, as a function of Ejgc and
0 in Figure 4b, where the blue region represents the area with
no skyrmions. The white line indicates the critical boundary
of Ejc, beyond which skyrmions can be generated. For
example, the critical value of Epc is —=1.31 m] m~2 for 6 = 85°
and increases to —1.45 m] m™2 for 6 = 90°, indicating that the
easy axis affects the Ejgc region of the maximum 7,. However,
for even larger negative Fjgc values, where skyrmions can be
nucleated, 7, remains considerably lower (=25 um~2, as marked
by the green area) than that of the red region (=100 um7). In
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order to tune 7, an external excitation (in-plane current and
perpendicular magnetic field) is applied. Figure 4c shows the
skyrmion number (density) for typical Ejpc values under simul-
taneous excitation. The positive and negative Ejgc values corre-
spond to FMC and AFMC, respectively. The domains and skyr-
mions remain stabilized when the applied external excitations
are removed. There was a significant change in the skyrmion
number (density) obtained over a wide energy region. Although
Ejgc is extremely low (0.1 m] m™), a high density of Néel-type
skyrmions was observed, suggesting that the energy region for
skyrmion nucleation was much wider than that of multilayers
without external excitations. The skyrmion number (density) as
a function of Ejgc is plotted in Figure 4d. Note that the skyr-
mion density in multilayers with both FMC (positive energy)
and AFMC (negative energy) was high, which is in good agree-
ment with our experimental results. A detailed discussion of
skyrmion generation, where the skyrmions in the Hall balance
with ground state and external excitation were simulated, is
provided in the supporting information. In the ground state,
the antiparallel magnetization alignments (including the oppo-
site skyrmions) formed in the Hall balance with various Ejpc
(Figures S6 and S7, Supporting Information). After the external
excitation was removed, the current injected into the bottom Pt
layer play an effect on both top and bottom [Co/Pt] multilayers
in a Hall balance with weak Ejc, leading to different variations
in the domain structure. The skyrmions will form in both the
top and bottom ferromagnetic layer for the Hall balance with
various IECs, as shown in Figure S7 (Supporting Informa-
tion). These simulations provide a novel perspective for under-
standing the high density skyrmion induced by external excita-
tion in the Hall balance with AFMC and FMC. We conclude
that magnetic skyrmions can be generated over a wide range
of Ejgc, although 7, in our experiments was slightly lower than
the predicted value, which may be because of a smaller DMI
in the Hall balance compared to the theoretical values. Our
simulations, together with the experimental results, demon-
strate an efficient method for controlling the nucleation and
density of skyrmions, which is a critical for manipulating the
skyrmion storage density, by tuning the IEC and the EA angle.
In addition to the nucleation of skyrmion in the Hall balance,
the dynamics under a pulse current should be paid more atten-
tion. The effort has been taken to drive skyrmion motion by

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a Eigc=-1.0 mJ/m? Eigc=-1.5 mJ/m?

www.advmat.de

EIEC= -2.0 !'l’lJ/l.’lfl2

¢ Eigc=-0.1 mJ/m?

— high

- zero

Skyrmions number

0 1 2 i 1 i 2 1 1 i
-1.5 -1.0 -05 0.0 02.5 1.0 1.5
Ejgc (MJd/m?)

Figure4. Micromagnetic simulation of skyrmions for various Egc and the angle (6) values of EA. a) The simulated volume has an area of 200 nm X200 nm
and a thickness of 9 nm. The spin configuration for the bottom layer is shown. The EA is normal to the film with 6=90°, and the stable magnetization
distribution is shown for Ejzc =-1.0, —1.5, —2.0, and —2.4 m) m~2. b) Contour map of the extracted skyrmion density as a function of E;¢c and 6 without
external excitation. The critical boundary of IEC energy for the emergence of skyrmions is shown by the white dashed line, where the high value is
100 um=2 in our micromagnetic model. c) Stable magnetization distribution for various IEC energies, including FMC (positive energy) and AFMC
(negative energy), where the excitation (in-plane current and perpendicular magnetic field) is removed. The simulated volume has an area of
400 nm x 400 nm and a thickness of 9 nm. The spin configuration for the top layer is shown. d) The skyrmion number as a function of IEC energy.

The two insets represent the spin configuration in the Hall balance with FM and AFM coupling.

various pulse currents. Unfortunately, no movement has yet
been clearly observed, which may be due to the strong pinning
effect and low current density in our Hall balance. Meanwhile,
some technological difficulties (such as micro/nanofabrication
of the sample deposited on thin Si;N, membranes) should be
solved in further studies on skyrmion motion. Our simula-
tions indicate that the skyrmion Hall angle can be significantly
suppressed, as shown in Figure S9 and Video S1 (Supporting
Information), while the skyrmion in the Hall balance with
AFMC was driven by a pulse current. Recently, it has been
demonstrated that the pinning effect plays an effective role
in skyrmion dynamics.***! Furthermore, a comparison
between the skyrmion motion of antiferromagnets and ferro-
magnets in the presence of a defect was presented, where the
defect has a more important role in antiferromagnets com-
pared with ferromagnets.l’®! It is reasonable to expect that the
motion of the skyrmions in a Hall balance with AFMC should
be effectively slowed down or even captured when defects exist
in the channel.

In conclusion, high-density Néel-type skyrmions were
observed at RT using L-TEM of the Hall balance with FM and
AFM couplings, where the magnetic moments were confirmed
by PNR to be canted in both the bottom and the top [Co/Pt],
multilayers. Our micromagnetic simulations provide new
insights into the underlying physics about the formation and
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density of skyrmions, together with its dependence on Ejgc
and the easy axis. Further work to investigate the dynamics
and the electric control of skyrmions is in progress. Our find-
ings highlight the possibility of engineering skyrmion-based
spintronic devices in robust synthetic antiferromagnets in the
near future.

Experimental Section

Sample Fabrication and Magnetic Characterization: The films/
multilayers were deposited simultaneously on thermally oxidized Si
wafers and SizN, membranes using magnetron sputtering (AJA, ATC-
2200) at RT. The core stack was Pt(3 nm)/[Co(0.4 nm)/Pt(0.8 nm)],/
NiO/[Co(0.4 nm)/Pt(0.8 nm)],, where the metal and oxide layers were
prepared by direct current (DC) and radio frequency (RF) magnetron
sputtering, respectively. The base pressure was <6 X 10 Pa, and a
working pressure of Ar at 0.5 Pa during sputtering was maintained. The
films deposited on thermally oxidized Si wafers were used for magnetic
measurements with vibrating sample magnetometry (Model 4HF),
where the external magnetic fields were applied in-plane or perpendicular
to the films.

Real-Space Structural Images: Structural analysis was performed
using high-resolution TEM (Tecnai F20). L-TEM (JEOL 2100F) was
used for magnetic domain imaging of the films deposited onto Si;Ny4
membranes. To determine the spin structure of the skyrmions, three
sets of images were obtained (at positive, negative, and zero angles)
using a charge-coupled device camera. During imaging, the out-of-plane

© 2020 Wiley-VCH GmbH
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magnetic fields were tuned by varying the strength of the microscope
objective-lens current.

Polarized ~ Neutron  Reflectometry — Measurements:  The  PNR
measurements were conducted using the Multipurpose Reflectometer
at the China Spallation Neutron Source. The neutron reflectivity curves
were recorded at RT as a function of the momentum transfer Q =
47 sin O/A, where A is the neutron wavelength and 6 is the angle of
incidence between the neutron beam and the film plane. To access a
broad momentum-transfer range, the reflected neutrons were collected
at different angles of incidence.

Spin-Dependent Transport Measurements: After film growth, the samples
were patterned into a Hall cross with widths of 10 um using standard
lithography and ion milling methods. A Keithley 6221 current source and
a 2182A nanovoltmeter were used for the DC Hall-voltage measurements
at RT, where a current of 1 mA was applied to eliminate thermal effects.

Micromagnetic ~ Simulations: The simulations were performed
using the Object-Oriented Micromagnetic Framework (OOMMF) to
investigate the dependence of skyrmions on Ejgc and the EA angle. The
model included two coupled [Co/Pt], layers separated by 1 nm, where
each Co/Pt was 1 nm thick. The layers had an area of 400 nm x 400 nm.
The unit cell was 2 nm x 2 nm x 0.5 nm, which was sufficiently smaller
than the typical exchange length and the skyrmion size, ensuring a
balance between numerical accuracy and computational efficiency. The
blue and red regions represented spin point-out and point-in vertical to
the plane, respectively. The angle of the EA was the angle between easy
axis and the film plane. The main external excitation parameters were:
the current density j = 1.9 x 10° A m~2, the magnetic field H = 50 Oe,
and duration of the current and magnetic field t = 2 ns. The AFM and/
or FM coupling strength was tuned during simulation, where the AFM
and FM coupling strength was from —2.4 to -0.1 m) m= and from
0.1to 1.5 m) m~2, respectively. The spin dynamics was controlled by the
Landau-Lifshitz—Gilbert (LLG) equation

dm
dt

_ o dMm
_VHZIJ’XMJW\/TSMXW (1M

where the Gilbert gyromagnetic ratio y=2.21x10° mA s, the damping
constant & = 0.3, and the saturation magnetization M, = 580 kA m™.

Here, Heg is the effective field, given by

O(ET +Ep + Ejnger
HeFF=_:ua] ( T a;.w : ) )

An AFMC energy exists between the top and the bottom FM layers,
which is expressed by

TpB
Einter = JdSAinter [(%]] (3)

The average energy for each layer can be expressed by

2
_ Mm* _ (n'MT)Z _Mopge T
Eintra = jdVAintra |:V( M ):| K Mé 2 M Hd(M ) + (4)

R(M;’ aM;(r +M§ aM)"[ _M‘[ aM; _M‘r aM)‘f]

M2 dx dy X ox Y dy

where 7 is the layer index (7= T, B), and the magnetic coupling energy
Aintra Within the top/bottom Co/Pt layer is 15 p] m™. The anisotropy
constant is K= 0.8 M] m™, and the EA angle is 85°-95°. Here, Hy(M)
is the demagnetization field, and the DMI strength is 3 m) m™2, y, is the
vacuum permeability constant, and n is the unit surface-normal vector.
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