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ABSTRACT

Spin-orbit torque (SOT) offers a promising route for energy-efficient magnetization manipulation in low-power spintronic devices.
Synthetic antiferromagnet (SAF) structure, in particular, enhances device performance through ultrafast magnetization switching
and magnetic stray-field resilience. However, achieving deterministic SOT switching in perpendicularly magnetized SAFs typically
requires an additional in-plane magnetic field or structural engineering to break inversion symmetry, which complicates their
practical implementation. Here, we demonstrate field-free deterministic SOT switching in ultra-thin perpendicular SAFs operating
at room temperature, designed with a symmetric CoFeB (0.6 nm)/W/CoFeB (0.6 nm) structure. This switching occurs only under
antiferromagnetic coupling conditions between the two CoFeB layers, and the switching chirality can be tuned via the spacer
layer thickness and temperature. Micromagnetic modeling reveals that symmetry breaking arises intrinsically from the interplay
between Ruderman-Kittel-Kasuya-Yosida and Dzyaloshinskii-Moriya interactions, which stabilize the asymmetric Néel-Bloch
mixed domain walls of both CoFeB layers. These domain walls manifest as dynamic spin textures with a net chiral driving force,
enabling deterministic magnetization switching without the need for external fields or engineered structural asymmetry. Our
findings provide a streamlined path toward practical applications of ultrathin SAFs in structurally simplified, fabrication-friendly
SOT memory and logic devices.

manipulation [4-7]. Recent advancements have demonstrated
that SOT-MRAM offers superior operational performance com-
pared to spin-transfer torque MRAM, with faster switching
speeds, reduced power consumption, improved reliability, and

1 | Introduction

Rapidly advancing spintronic technologies enable ultralow-
power non-volatile magnetic random-access memory (MRAM)

with enhanced scaling and stability [1-3]. A key enabler of
this progress is spin-orbit torque (SOT), a mechanism that
leverages strong spin-orbit coupling, typically in heavy-metal
(HM) layers, to convert charge currents into spin currents,
thereby enabling ultrafast and energy-efficient magnetization

distinct decoupling between read and write paths [8-13]. How-
ever, a fundamental requirement for achieving deterministic
perpendicular magnetization switching via SOT (generated by
bulk spin Hall effects [14-16] or interfacial Rashba-Edelstein
effects [17-20]) is the breaking of inversion symmetry to
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establish a specific spin polarization orientation relative to the
magnetization.

A typical SOT-based magnetic tunnel junction (MTJ), the key
functional element of MRAM, comprises a ferromagnetic free
layer interfaced with a heavy-metal layer. Compared to ferro-
magnetic free layers, synthetic antiferromagnets (SAFs) have
emerged as a superior free-layer architecture, offering multifunc-
tional advantages including enhanced thermal stability, reduced
switching current density, suppressed stray fields, and accelerated
switching dynamics [21-26]. However, effectively harnessing
SOT in SAF-based MTJs imposes stringent requirements on the
HM spacer materials used to generate the spin current and
mediate Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling. Pt
and Ta are commonly used as heavy-metal layers in previous
work [27-29]. Nevertheless, inherent limitations constrain their
applicability in SAF-based SOT systems, such as that Pt suffers
from a low spin Hall angle and extremely low RKKY coupling
capability [29-31], whereas Ta exhibits similarly limited spin
Hall conductivity despite its RKKY-mediated interaction [30,
31]. In contrast, tungsten (W) demonstrates superior potential
as a spacer material for SAF architectures. Its CMOS compat-
ibility, coupled with a pronounced spin Hall angle and robust
RKKY interaction generation [30-32], makes W a promising
solution for future SOT-based spintronic memory and logic
devices.

Despite these benefits, the mandatory use of an additional in-
plane magnetic field to break inversion symmetry in conventional
SOT switching fundamentally necessitates the development of
field-free SOT-driven magnetization switching, especially in
perpendicularly magnetized SAFs (p-SAFs) for better scaling [33-
37]. The field-free deterministic SOT switching in p-SAFs has
predominantly relied on engineered asymmetries (structural or
exchange field gradients) [38, 39], in-plane effective field [40, 41],
in-plane exchange bias [42], or interlayer Dzyaloshinskii-Moriya
interaction (DMI) [43, 44]. Although these methods can break
inversion symmetry, their implementation increases the complex-
ity of the device fabrication process, requiring, for instance, the
preparation of wedge films or the introduction of additional in-
plane anisotropic layers. An alternative approach is to harness the
intrinsic symmetry-breaking induced by interfacial DMI at heavy-
metal/ferromagnet interfaces [38, 45, 46]. Although DMI breaks
spatial inversion symmetry, it also stabilizes homochiral Néel-
type domain walls that impose a rotational symmetry constraint
on SOT-driven domain wall motion [47, 48], preventing field-
free directional domain expansion. Moreover, approaches relying
on engineered asymmetry may face challenges in maintain-
ing switching uniformity, reproducibility, and scalability over
large device areas, which are critical requirements for practical
SOT-MRAM technologies. Thus, achieving field-free determin-
istic SOT-driven switching in perpendicularly magnetized SAF
systems without auxiliary symmetry-breaking operations still
remains a fundamental challenge.

In this work, we designed ultra-thin perpendicular SAFs with
symmetric ferromagnetic layers, CoFeB (0.6 nm)/W/CoFeB
(0.6 nm), with tailored W spacer thicknesses. These SAFs demon-
strate field-free deterministic SOT switching at room temperature
without any additional engineered structural asymmetries or
in-plane magnetic fields. The switching emerges exclusively

under antiferromagnetic (AFM) coupling conditions between
the two ultrathin magnetic layers, a critical requirement fur-
ther corroborated by the quantified exchange coupling field
(H,y) at different temperatures. The switching chirality (clock-
wise or counterclockwise) can be reversed by tuning the W
spacer thickness and the measurement temperature, suggesting
a reversed direction of symmetry-breaking field. Our micromag-
netic simulations reveal that the observed deterministic SOT
switching in ultra-thin perpendicular SAFs is attributed to a
mixed domain wall between Néel and Bloch types, induced
by RKKY-type AFM coupling and interfacial DMI, resulting in
asymmetric domain wall symmetry breaking. Our work provides
an effective approach for field-free deterministic SOT switch-
ing using ultra-thin perpendicular SAFs for high-density, low-
stray-field, and low-power-consumption SOT-based spintronic
devices.

2 | Results and Discussion

21 | Field-free Deterministic SOT Switching in
SAFs at Room Temperature

Each layer in the samples was fabricated by direct cur-
rent/radiofrequency (DC/RF) magnetron sputtering sequentially
on a Si/Si0, substrate. Starting from the bottom layer, the sample
structure is composed of SiO,/MgO (1.48 nm)/CoFeB (0.6 nm)/W
(tw)/CoFeB (0.6 nm)/MgO (1.48 nm)/W (2.48 nm)/Nb (3 nm).
High-resolution transmission electron microscopy (HR-TEM)
was performed on a sample with t; = 1.58 nm to determine
its atomic structure (Figure 1a). The corresponding elemental
mapping is shown in Note S1 (Figure S1), revealing that all
layers remained amorphous after rapid thermal annealing. While
the two MgO interfaces can be clearly distinguished by atomic
contrast, the CoFeB/W interface was not discernible because
both metals have amorphous structures [49]. Typically, such
an ultrathin CoFeB film exhibits small H. and weak magneti-
zation [50] due to the magnetic dead layer. More importantly,
the perpendicular-magnetized SAF composed of such ultrathin
CoFeB has not been realized before. To evaluate the Hall resis-
tance, the samples were patterned into a Hall bar shape using
photolithography/ion milling (Figure 1b inset and Figure S2).
The Hall resistance (R,, = the Hall voltage (V3) / electrical
current (I,)) originates mainly from the anomalous Hall effect
(AHE) governed by the z-component of the net magnetization.
The room-temperature AHE loops of the sample with different
thicknesses of W (ty,) all exhibit robust perpendicular magnetic
anisotropy (PMA) and relatively large H. (100 ~ 450 Oe), as
demonstrated in the left panels of Figure 1b-f. When H, is
larger than the exchange coupling field (H,,), the stable states
correspond to the magnetization of the two CoFeB layers pointing
to the +z and —z directions, as displayed in the inset of Figure 1c
left panel. As the H, decreases to a value less than H,,, the
magnetization can switch from the parallel state to antiparallel
state corresponding to the AFM coupling. The top and bottom
CoFeB layers in SAFs with ty = 2.14, 1.92, 1.58, and 1.36 nm
display characteristics of AFM coupling, whereas the ty; =1.24 nm
SAF exhibits FM coupling behavior. These spacer-thickness-
dependent AHE loops reflect the classic RKKY-coupled SAF
characteristics, demonstrating long-range oscillatory interlayer
coupling via hysteresis loop analysis [31, 51, 52].
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FIGURE 1 | Field-free SOT switching behaviors with the AHE results. (a) Atomic structure of a cross-sectional SAF, MgO/CoFeB/W
(1.58 nm)/CoFeB/MgO, by HR-TEM. (b-f) Anomalous Hall loop (left panel) and field-free SOT switching (right panel) of SAFs with different W
thicknesses of b) 2.14 nm, c¢) 1.92 nm, d) 1.58 nm, €) 1.36 nm, and f) 1.24 nm at room temperature. The inset in the left panel of b) is a schematic of

the SAF Hall bar for electrical transport measurements. The inset in c) shows a schematic of magnetic moment switching in the SAF Hall bar for AHE

loop and SOT switching. The anomalous Hall voltage is measured along the y-axis with currents applied along the x-axis, whereas the magnetic field is

swept perpendicular to the device. The Hall bar width is 5um. Ryy represents the Hall resistance.

In the symmetric SAF structure, we conducted field-free SOT-
driven magnetization switching at room temperature. The driving
current signal is illustrated in Figure 2a, where successive
write current pulses with a duration of 1ms and a maximum
amplitude of 10 mA (current from positive to negative and
then back to positive) are injected in the x-axis of the Hall
bar, while a sensing current of 100 pA is applied after each
pulse to detect the magnetization state via the y-axis R,,. The
samples with ty = 2.14-1.36 nm exhibit field-free SOT switching
(Figure 1b-e, right panel), whereas the ty = 1.24 nm sam-
ple shows negligible SOT switching behavior (Figure 1f, right
panel), indicating that field-free SOT switching only occurs
under AFM coupling. It should be noted that, owing to inherent
asymmetries between the two CoFeB/W interfaces and prac-
tical limitations on the maximum applicable current density
(close to the device breakdown limit), the two CoFeB layers
switch with different fractions (inset of the right panel of
Figure 1c). Specifically, the switching fractions (at 300 K) are
approximately 76% for ty, = 2.14 nm, 41% for ty, = 1.92 nm,
and 11% for ty = 1.58 nm. As a result, although the mea-
sured SOT signal appears as partial switching, it originates
from deterministic magnetization reversal in both layers. To
directly verify the magnetic origin of the field-free SOT switch-
ing, magneto-optical Kerr effect microscopy (Truth Instruments
KMPL-S) was performed during current sweeping. Progressive
and directional domain evolution was observed, with domains
nucleating and expanding under one current polarity and revers-
ing along the opposite sequence upon current reversal. This
polarity-dependent behavior confirms that the Hall switching
loops originate from deterministic current-induced magnetiza-
tion reversal rather than measurement artifacts (see Note S3 and
Figure S3).

To further verify the intrinsic nature of the field-free SOT
switching, the in-plane magnetic field (H,) dependence of the
SOT switching was measured on a ty = 1.92 nm device under
H, = 0, £20, +£100, +£500, and +700 Oe. A monotonic decrease
of the switching signal with increasing |H,|, together with a
field-induced chirality reversal, confirms the intrinsic origin
of the field-free SOT switching (see Note S4 and Figure S4).
Notably, the field-free SOT switching chirality is clockwise for
SAFs with ty = 2.14, 1.92, and 1.36 nm and counterclockwise
for those with y = 1.58 nm, indicating that the magnetization
switching chirality can be reversed by varying the thickness of
the W spacer layer. Meanwhile, the uniformity of field-free SOT
switching was verified by measuring six random devices on the
same film (ty = 2.14 nm), all exhibiting consistent switching
behavior (see Note S5, Figure S5 and Table S1). Furthermore,
a 0.6 nm single-layer CoFeB film does not exhibit field-free
SOT switching, where an additional in-plane magnetic field
is required to break the symmetry (Note S6 and Figure S6),
suggesting that the RKKY interaction plays a crucial role in field-
free SOT switching. We also note the concept of interlayer DMI
(long-range chiral exchange interaction), which has been iden-
tified as an important symmetry-breaking mechanism in SAFs
[53-55]. A hallmark of significant interlayer DMI is a unidirec-
tional shift of the switching loops, manifested as finite current
and field biases (i.e., offsets along the current and field axes)
arising from asymmetric switching thresholds under opposite
in-plane fields [44, 53-57]. In our symmetric CoFeB/W/CoFeB
structure, SOT switching measurements under in-plane fields of
+20 Oe, +100 Oe, and +500 Oe show no detectable asymmetry
(Figure S4), indicating that interlayer DMI is not dominant in our
system. We therefore attribute the deterministic field-free SOT
switching primarily to the interplay between RKKY coupling and
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FIGURE 2 | Temperature-dependent field-free SOT switching in MgO/CoFeB (0.6 nm)/W/CoFeB (0.6 nm)/MgO with different W thicknesses. (a)
Current pulses for SOT switching measurements. Writing current pulses (+10 mA, 1 ms) were applied to modulate the magnetic state of the CoFeB

layers. After each writing pulse, a delay time (1 ms) was set, and then a read current (100 pA, 5 s) was applied to detect the magnetic state of the CoFeB
layers by AHE. (b-f) Temperature dependence of field-free SOT switching for the SAFs with W thicknesses of b) 2.14 nm, c) 1.92 nm, d) 1.58 nm, e)

1.36 nm and f) 1.24 nm at different temperatures.

a residual net interfacial DMI arising from unavoidable growth
asymmetries.

2.2 | Temperature-Dependent Field-Free SOT
Switching With Different W Thicknesses

To delineate a comprehensive picture of the switching behaviors,
we systematically conducted field-free SOT switching measure-
ments on SAFs with various spacer thicknesses, ty = 2.14-

1.24 nm, over a temperature range of 60-350 K (corresponding
AHE loops are in Note S8, Figures S8-Sll1). Following the
same measurement method (Figure 2a), in the sample with
ty = 2.14 nm (Figure 2b), the critical SOT switching current
decreases monotonically with increasing temperature, a behavior
originating from the thermal-fluctuation-induced reduction of
PMA, while it exhibits a consistent clockwise switching chirality
in the entire temperature range. The sample with &y = 1.92 nm
(Figure 2c) exhibits the same clockwise field-free SOT switching
characteristics.
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Intriguingly, reducing the W thickness to 1.58 nm (Figure 2d)
reveals a distinct temperature-dependent field-free SOT switch-
ing behavior. While field-free SOT switching persists over 60-320
K, a notable switching chirality reversal occurs at ~240 K,
with clockwise switching below and counterclockwise above
this temperature. This temperature-tunable switching of chirality
has not been previously reported [39, 41]. The SOT switching
loop vanished at 340 K due to strong thermal agitation. The
temperature dependence of the SOT switching, as determined
from the AHE loops (Figure S9), may reflect the presence of
interlayer exchange coupling (IEC). In addition, the reproducibil-
ity of field-free SOT switching was confirmed by six consecutive
measurements on an additional &y = 1.58 nm device at 300 K,
showing consistent counterclockwise switching behavior (see
Note S7 and Figure S7).

When the W thickness decreases to 1.36 nm (Figure 2e), SOT
switching is absent below 280 K. A minor but robust clockwise
switching chirality emerges at 300 K, with a small switching
ratio of ~4% that persists at 340 K. This is corroborated by the
AHE loop (Figure S10), which confirms the lack of field-free SOT
switching in the FM coupled state. With a further reduction in W
thickness to 1.24 nm, SOT switching is absent at 60-300 K, where
the behavior is similar to that of the sample with £ = 1.36 nm, in
which no SOT switching occurs under FM coupling (Figure S11).
This confirms that field-free SOT switching in the SAF system
requires AFM coupling exclusively. The 300 K field-free SOT
switching data for the t; = 1.24 nm sample shown in Figure 1f are
identical to the 300 K loop presented in Figure 2f. The apparent
difference in signal-to-noise ratio arises from the different vertical
scales used in the two panels. Remarkably, a counterclockwise
SOT switching emerges near 330 K, with a higher switching
ratio than that of the sample with &, = 1.36 nm, underscoring
the role of W thickness in modulating thermal stability and
switching chirality. This thickness-mediated chirality control may
arise from the interplay between RKKY coupling and a net chiral
effective field (e.g., due to asymmetric interfacial DMI or a weak
interlayer DMI).

We propose that the temperature dependence of field-free SOT
switching is governed by the following mechanism: thermal
weakening of PMA directly reduces the critical switching current
and leads to the disappearance of switching at elevated tem-
peratures. More importantly, the observed reversal of switching
chirality indicates that the net chiral-symmetry-breaking effective
field changes sign with temperature. In the SAF with symmetric
interfaces, the DMI contributions from the top and bottom
CoFeB/W interfaces may compete. When the spacer thickness
(e.g., ty = 1.58 nm) lies near a critical region of the RKKY
oscillation period, variations in temperature can significantly
modulate the combined effect of the two interfacial DMI terms
by altering the IEC strength or inducing noncollinear magnetic
configurations. Once this net effective field reverses beyond
a critical temperature, the chirality of the stabilized domain
walls also reverses, ultimately leading to the inversion of the
SOT-driven magnetization switching chirality.

The critical switching current density (J.), a key metric for SOT
switching behavior, was derived using the parallel circuit model
(Note S9 and Figure S12). Here, J, is defined as the minimum
current density flowing through the W spacer required to induce
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FIGURE 3 | A summary of critical switching current density J, of
field-free SOT switching at 300 K for conventional SAFs. Comparison of J,
in this work (red-dotted box) with previously reported conventional SAFs
with field-free SOT switching. The percentages in the figure represent
the field-free SOT switching ratio of the literature, where “normalized”
indicates that the ordinate of the AHE or SOT curve of the literature
has been normalized, and “none” indicates that the AHE curve is not
displayed.

a complete switch in the SOT switching loop. Figure 3 compares
the field-free SOT critical switching current J. observed from
SAFs with different ferromagnetic layer thicknesses. Data points
are classified by color and shape according to the mechanism
enabling field-free SOT switching, including interlayer DMI
[44], ion irradiation [58], in-plane effective field [40, 41, 59-64],
exchange bias [42], noncollinear spin textures [65], and vertical
composition gradient [66]. Our SAF structure has achieved a J,
of 7.82 x 10" A m™, an order of magnitude lower than that
of conventional SAFs with similar ferromagnetic thicknesses,
and is comparable to the lowest reported values in various SAF
systems. Meanwhile, while maintaining a low J,, the thermal
stability factor (A) of the device is estimated to be A ~ 20
at room temperature (see Note S10, Figure S13 and Table S2),
indicating a reasonable balance between switching efficiency and
thermal stability. It should be noted that most previously reported
field-free SOT switching in SAFs, including our present work
(~76% and ~41%), exhibit partial switching rather than complete
magnetization switching. Within this context, we have compared
our J, values with those reported in the literature, labeling their
respective switching ratios when provided (Figure 3). A complete
summary of the field-free SOT switching ratios for all SAF devices
investigated in this work is provided (see Note S10, Table S3).
Notably, this study demonstrates field-free deterministic SOT
switching in a SAF incorporating ultra-thin (0.6 nm) magnetic
CoFeB layers. A key advantage of such thin layers is their
ability to mitigate electrostatic screening effects [67-69], which
enables efficient magnetization manipulation via external electric
fields, such as nonvolatile ferroelectric polarization. Physically,
properties such as interfacial electronic structure [70], DMI [71],
magnetic domain walls [72], and magnetic skyrmions [73] can
differ markedly from those in thicker films. From an application
perspective, such layers exhibit low magnetization and enable
reduced switching voltages [74-77]. Although ultrathin CoFeB
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temperatures ranging from 20 to 360 K. f) Extracted H,, of the SAFs from a-e).

layers typically exhibit enhanced magnetic damping due to
interfacial spin pumping and two-magnon scattering [78], the
reduced total magnetic moment in these layers can lower the
switching energy barrier, thereby enabling effective low-power
SOT switching.

2.3 | Temperature-Dependent Interlayer
Exchange Coupling

Given that field-free deterministic SOT switching occurs only
under AFM coupling across a broad temperature range, under-
standing the temperature dependence of IEC is essential to
elucidate the SOT switching mechanism. Systematic AHE behav-
iors were performed on samples with t,; = 1.02-2.14 nm at 20-360
K (Figure 4a-e, Note S12 and Figures S15, S16). From these
loops, six critical parameters were extracted: H,,, coercivity (H,),
remanent R, (R,y..), saturation field (H,), saturation Ry, (Ryy.),
and squareness (R,y../Ryy.5), to establish quantitative correlations
between magnetic switching and thermal effects (Figure 4f, Note
S13), where the H,, was determined via minor-loop analysis (Note
S11 and Figure S14). Additionally, temperature-dependent AHE
behavior of a single 0.6 nm CoFeB layer confirms ferromagnetic
order throughout the temperature range of 20-350 K (Note S14
and Figure S19).

In the sample with &y = 2.14 nm, the AHE loops exhibit a
transition near 220 and 268 K (Figure 4a and Figure S16a) from
tris-loop to double-loop. Despite these changes, AFM coupling is
maintained, as indicated by consistently positive H,, (Figure 4f).
These transitions are more clearly reflected in abrupt changes in
H_ and Ry, (Figure S17), arising from competing energy contri-
butions involving exchange, anisotropy, and Zeeman interactions
[79, 80]. Similar AFM-coupled behavior is observed in the sample

with ty = 1.92 nm, with transition temperatures near 220 and 290
K (Figure 4b and Figure S16b), consistent with its field-free SOT
switching characteristics. The sample with &y = 1.58 nm exhibits
an unstable AHE loop evolution near 255 K while retaining
AFM coupling (Figure 4c). Located near an RKKY oscillation
node, its IEC is highly sensitive to temperature, resulting in
a metastable region (ty = =~1.58 nm) (Figure 4f). Unlike the
continuous evolution in SAFs with thicker ty,, a reversal of the net
chiral effective field may emerge due to the extreme sensitivity of
the interlayer exchange coupling near the RKKY oscillation node
under thermal perturbations, leading to a change in the preferred
Néel domain-wall chirality and consequently in the observed SOT
switching direction.

When ty is reduced to 1.36 nm, the AHE loop evolves continu-
ously with transitions near 160 and 280 K (Figure 4d and Figure
S16d). Above 280 K, H,, > 0 indicates RKKY-type AFM coupling.
Between 160-280 K, H,, = 0 (single-loop behavior) suggests
the probable emergence of pinhole-mediated FM coupling [81].
Below 160 K, H,, < 0 suggests RKKY-type FM coupling. The
sample with ty; = 1.24 nm shows similar coupling behavior with
transitions shifted to ~140 and 320 K. More slanted hysteresis
loops were observed over a wider temperature range, indicating
higher pinhole density. The pinhole density at ty = 1.36 nm
should be relatively low, as evidenced by robust PMA. Thus, even
minimal pinholes can significantly influence coupling in such an
ultrathin structure.

For ty = 1.02 nm, a slanted single-loop hysteresis persists in
the entire temperature range, indicating strong FM coupling.
A comprehensive phase diagram was constructed to delineate
the three coupling regimes: RKKY-type AFM, RKKY-type FM,
and pinhole-induced FM, as a function of ty and temperature
(Figure S18d). The samples with t; > 1.58 nm retain RKKY
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AFM coupling, while thinner spacer layers exhibit temperature-
dependent competition among various coupling mechanisms.
Crucially, these findings confirm that ferromagnetic coupling,
regardless of origin, inhibits field-free SOT switching.

2.4 | Spin Dynamics and Domain Evolution of
CoFeB/W/CoFeB SAF

To gain deeper insights into the field-free SOT switching mech-
anism in ultrathin SAF structures, micromagnetic simulations
were performed to model the switching dynamics of magnetic
domains in the two CoFeB layers. The simulations solved the
Landau-Lifshitz-Gilbert equation using Mumax3 in a 360 X 50
x 1.2 nm? region. The nonmagnetic spacer layer is not explicitly
modeled, but is incorporated through its effective RKKY interac-
tion. We first performed systematic micromagnetic simulations
by sweeping the RKKY coupling strength and the interfacial DMI
constant over experimentally relevant ranges (see Methods and
Note S15). The results show that deterministic field-free SOT
switching occurs only for AFM RKKY coupling (J < 0) and within
a finite window of DMI values, whereas no switching is observed
for FM coupling, in agreement with experiments (Figure S20).

Based on this parameter mapping, we then focus on a repre-
sentative set of parameters that yields complete magnetization
reversal, with the RKKY coupling energy set to J = +0.004
J m™ and the interfacial DMI constant of the bottom CoFeB
layer set to D, = —8 x 10™* J m™2. The driving current is
illustrated in Figure 5a. Under AFM coupling conditions, initial
magnetizations of the top (+m,) and bottom (—m,) CoFeB layers
are set antiparallel. Note that the plotted m, is the z-component
of the normalized magnetization vector and reflects only the
magnetization direction. The AHE signal is proportional to the
effective perpendicular magnetization. Because the two CoFeB
layers have unequal effective perpendicular magnetic moment
densities, their opposite switching does not fully cancel, resulting
in a finite signal. While applying a positive current pulse, the
magnetic moments of both layers tilt predominantly along the x-
direction at approximately 0.2 ns (Figure 5b and Figure S21a). The
moments underwent nonuniform oscillations, spontaneously
forming domain walls before relaxing into opposite states via
domain wall motion within 0.2 ns, a nearly symmetric process
for the my, and m, components between layers (Figure 5d,e
and Figure S22a, b). Snapshots of the magnetic moments in the
bottom CoFeB layer revealed that current injection, combined
with RKKY and DMI, led to a dynamic noncollinear spin texture
within 0.03 ns, identified as a hybrid Néel-Bloch domain wall
(Figure S23b).

To clarify the microscopic origin of the deterministic field-
free switching, we analyze the symmetry of the domain wall
configuration under SOT. In a pure Néel-type domain wall, two
configurations with opposite chirality are degenerate (Figure
S23a), and under a given current-induced spin polarization, they
experience SOT-driven forces of equal magnitude but opposite
direction, resulting in no preferred direction for domain wall
motion [48, 82, 83]. Importantly, the presence of a Néel-Bloch
mixed domain wall (Figure S23b) does not by itself break this
symmetry. In a perfectly symmetric SAF, the domain walls in
the two layers remain antisymmetric due to AFM coupling, and

the in-plane magnetization components are fully compensated,
leading to a complete cancellation of the SOT-induced forces
even when both Néel and Bloch components are present. In
our system, however, the two CoFeB layers are not strictly
equivalent due to interfacial asymmetry (e.g., MgO/CoFeB versus
W/CoFeB), which leads to different interfacial DMI contribu-
tions and magnetic parameters. As shown in Figure 5f,g, when
combined with RKKY-mediated AFM coupling, the red dashed
box compares the magnetic domain structures of the upper and
lower CoFeB layers at the same position under the same pulse
current time, showing asymmetric Néel-Bloch mixed domain
walls. As a result, the in-plane magnetization components of
the two domain walls do not fully compensate, resulting in
incomplete cancellation of the SOT-driven forces. This gives rise
to a finite net driving force on the coupled domain wall, which
can be equivalently viewed as an effective in-plane field that
breaks the chirality symmetry and selects a preferred direction
for domain wall motion. This interpretation is further supported
by the MOKE microscopy measurements (Figure S3), where
under zero external magnetic field the magnetization reversal
proceeds through reproducible directional domain evolution: one
side of the Hall bar switches first, followed by domain expansion
across the device, while the propagation sequence reverses under
opposite current polarity. Such polarity-dependent domain-wall
motion is consistent with the existence of a finite uncompensated
driving force. Therefore, the deterministic field-free switching
originates from the asymmetry of the coupled domain wall
structure.

This structure provided a nonzero driving force, enabling deter-
ministic magnetization switching via the propagation of strip-
domain walls (before 0.19 ns) and wave-curved walls (after
0.25 ns). Although the domain structure continuously evolved,
the hybrid domain walls remained throughout, exhibiting com-
ponents along all three axes. After the current pulse terminates
at 5 ns, the system relaxed toward a uniform state within 0.2 ns,
showing sub-nanosecond relaxation dynamics (Figure 5e). A
similar magnetization switching process occurred in the top
CoFeB layer (Figure S22). In contrast, under FM coupling (e.g.,
both layers initialized downward), the applied current pulse only
resulted in damped precession of the magnetic moments without
deterministic magnetization switching (Figure 5c, Figures S21b
and S24). No sustained noncollinear spin texture or chiral domain
wall was found in this case to break the inversion symmetry.

It is well known that DMI at heavy-metal/ferromagnet interfaces
stabilizes homochiral Néel walls [45], whose configuration yields
anegligible net driving force under SOT, preventing deterministic
magnetization switching without an in-plane field. In contrast
to prior observations in both FM-coupled (CoNi/Ir/CoNi [84])
and AFM-coupled (Co/Ni/Co [65]) SAFs, our study demonstrates
that RKKY-mediated AFM coupling, synergizing with DMI,
stabilizes hybrid Néel-Bloch domain walls, and the domain walls
of the upper and lower ferromagnetic layers are asymmetric.
This distinct symmetry-breaking configuration is the key to
achieving robust field-free SOT switching. Furthermore, the IEC,
which governs magnetic interactions and spin dynamics, exhibits
strong thickness- and temperature-dependent behavior in the
spacer layer. Sub-nanometer thickness variations can shift the
IEC between AFM and FM regimes, thereby mediating DMI
reconfiguration to achieve deterministic field-free switching.
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FIGURE 5 | Micromagnetic simulation. (a) Current pulse applied to W spacer for SOT switching: 5 ns pulse with a current density of 1x 1012 A m~2

and a 2 ns relaxation process. (b, ¢) Switching dynamics of magnetization m driven by current pulses with b) AFM coupling and ¢) FM coupling for
the bottom-CoFeB. The m,.,, my.,, and m,, represent components of the normalized magnetization vector in the X, y, and z directions of the bottom
CoFeB layer, ranging from —1 to +1. (d, ) The snapshots of the magnetic domain structure in the x-y plane during the d) pulse current process and e)
relaxation process, respectively. The values of m, are defined by red (+m,) and blue (-m,) colors, where darker colors indicate larger magnitudes of the
m, component. White areas represent mixed domain walls with in-plane components. (f, g) The snapshots of the magnetic domain structure in the x-y
plane at f) 0.25 ns and g) 5 ns, the pulse current process for the top-CoFeB and bottom-CoFeB layers. The red dotted lines enclose the magnetic domains

at the same positions on the top and bottom layers.

3 | Conclusions

In summary, this work demonstrates field-free deterministic
SOT switching in ultrathin perpendicular CoFeB/W/CoFeB SAFs
at room temperature via controlled W spacer thickness, elimi-
nating the need for complex structural asymmetry or external
magnetic fields. Systematic experiments establish that field-free
SOT switching occurs exclusively under AFM coupling, with
chirality determined by the effective field sign in the system.
Temperature-dependent H,, analysis quantitatively links AFM
coupling strength to SOT switching characteristics across spacer
thicknesses. Micromagnetic simulations reveal that RKKY-
mediated AFM coupling, together with DMI, stabilizes Néel-
Bloch mixed domain walls. The asymmetric mixed-domain walls
in the top and bottom CoFeB layers break symmetry, enabling
deterministic switching. By mapping thickness-temperature
phase diagrams and clarifying mechanisms for chirality con-
trol, this study offers a general strategy for designing high-
density SOT-MRAM with low stray fields and reduced power
consumption.

4 | Experimental Section
4.1 | Sample Growth and Characterization

All samples were deposited by magnetron sputtering at room
temperature onto thermally oxidized Si (100) substrates coated
with 300 nm of SiO,. The base pressure was better than 3.8 X
10~ mTorr. In the heterostructures, the bottom 1.48-nm-thick
MgO layer served as a buffer to improve film adhesion, and
the top 2.48-nm-thick W layer and 3-nm-thick Nb layer served
as a capping layer to prevent sample oxidation in air. The
deposition rate of CoFeB using direct current (dc) sputtering was
0.166 A 57!, and the deposition rate of MgO using radio frequency
(rf) sputtering was 0.0489 A s7!, at an Ar pressure of 1.5 and
2 mTorr, respectively. The deposition rates of W and Nb were
0.102 A s (dc, 1.2-mTorr Ar) and 012 A s («f, 1.7-mTorr
Ar), respectively, which were calibrated by ellipsometer and
atomic force microscopy. After deposition, multilayer structures
were rapidly annealed at 300°C for 2 min in a N, atmosphere.
Microstructural characterization was conducted via HR-TEM
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using cross-sectional specimens prepared by focused ion beam
milling.

4.2 | Device Fabrication

The magnetic films were patterned into Hall bar devices with a
channel width of 5 um and a length of 36 um using ultraviolet
lithography and Ar-ion beam etching. Then, contact pads of
Ti (15 nm)/Au (45 nm) layers were deposited by electron-beam
evaporation and lift-off, serving as electrodes to reduce contact
resistance.

4.3 | Electrical Measurements

Temperature-dependent AHE and SOT switching measurements
were carried out in a magnetic probe station (Lake Shore CRX-
VF) from 20 to 360 K. For the AHE loops, an out-of-plane
magnetic field was scanned with a 100 pA applied current, using a
Keithley 2182A nanovoltmeter and a Keithley 6221 current source.
The SOT switching was characterized by injecting a series of 1-
ms writing current pulses (+10 mA range, 1 mA step) into the
longitudinal channel. After a 1-ms delay, the magnetization state
was read by applying a 100 pA sensing current for 5 s, with
the final Hall resistance taken as the median of 50 consecutive
readings.

4.4 | Micromagnetic Simulation

Micromagnetic simulations were performed using the Mumax3
software package to investigate magnetization dynamics during
the switching process. These simulations were governed by the
LLG equation, which was extended to include SOT terms to
model the influence of spin-orbit interactions. The simulated
structure comprised a double-layer CoFeB film, with each layer
having a uniform thickness of 0.6 nm, resulting in a total
thickness of 1.2 nm. The computational domain, representing
the entire simulated structure, had dimensions of 360 nm in
length, 50 nm in width, and 1.2 nm in height. This domain
was discretized into a cuboid mesh for the simulation. To focus
exclusively on the intrinsic magnetization behavior driven by
SOT, all simulations were performed at absolute zero (0 K) and
in the absence of an external magnetic field. The simulated
parameters were following CoFeB/W/CoFeB system: top-CoFeB
saturation magnetization M, =1.078 X 10° A m™!, bottom-CoFeB
saturation magnetization My, = 0.843 x 10° A m™! according to
experiments, exchange stiffness A =1 x 107" J m~! (Ref. [85]),
uniaxial anisotropy constant K, = 8 x 10° J m™~* according to
experiments and literature (Ref. [49, 86]) and spin Hall angle gy
=-0.3 (Ref. [32]). The interfacial DMI constant of bottom-CoFeB
was set to Dy = [-1.0 x 1073, —0.4 x 1073] I m~2 (Ref. [86-88]), the
step was 0.1 x 1073, and the interfacial DMI constant of top-CoFeB
was set to D, =1.2 D,,. The RKKY energy was set toJ=[—1.0 X 1072,
1x1072]J m~2 according to experiments and literature (Ref. [49]),
step was 2 x 1073. The simulated current density wasj =1x 10> A
m~2. The pulse current time was 5 ns, and the relaxation time was
2ns.
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