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Interlayer exchange coupling (IEC) plays a critical role in spin—orbit torque (SOT) switching in synthetic magnets.
This work establishes a fundamental correlation between IEC and SOT dynamics within Co/Pt-based synthetic antiferro-
magnets and synthetic ferromagnets. The antiferromagnetic and ferromagnetic coupling states are precisely engineered
through Ruderman—Kittel-Kasuya—Yosida (RKKY) interactions by modulating the Ir spacer thickness. Experimental re-
sults reveal that the critical switching current density exhibits a strong positive correlation with the IEC strength, regardless
of the coupling type. A comprehensive theoretical framework based on the Landau-Lifshitz—Gilbert equation elucidates
how IEC contributes to the effective energy barrier that must be overcome during SOT-induced magnetization switching.
Significantly, the antiferromagnetically coupled samples demonstrate enhanced SOT efficiency, with the spin Hall angle
being directly proportional to the antiferromagnetic exchange coupling field. These insights establish a coherent physical
paradigm for understanding IEC-dependent SOT dynamics and provide strategic design principles for the development of

energy-efficient next-generation spintronic devices.
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1. Introduction

Spin-orbit torque (SOT), fundamentally driven by the
spin Hall effect!’-?] or Rashba—Edelstein effect,*! represents
a key writing mechanism for next-generation magnetic ran-
dom access memory. SOT offers substantial performance ad-

vantages, including reduced energy consumption, increased

operational speed, and highly reliable non-volatility,*=°!

along with remarkable efficiency in magnetic switching, 19121

magnetization dynamics control, 3!

[14]

and magnetic domain
propagation. Conventional SOT architectures predomi-
nantly utilize heavy metal/ferromagnet (HM/FM) bilayers.
However, as ferromagnetic spintronic devices undergo pro-
gressive miniaturization, static magnetic crosstalk between
adjacent memory cells inevitably constrains storage density.
In response to these constraints, recent advances in spin-
split antiferromagnet-based all-electric read/write mechanisms
have attracted significant attention,!'>! since antiferromagnets
(AFMs) exhibit zero net magnetic moment and superior resis-
tance to magnetic interference. Nevertheless, spin-split anti-

ferromagnets, including non-collinear antiferromagnets!!®-18]
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and altermagnets,!'”! typically require quasi-epitaxial growth

5,291 presenting substantial com-

on single-crystal substrate
patibility challenges with current industrial manufacturing
protocols. [>!]

Perpendicularly magnetized synthetic antiferromagnets
(SAFs) are promising storage media for state-of-the-art mag-
netic memories and logic devices, effectively integrating the
advantages of FM and AFM.[?>25] SAFs exhibit excep-
tional properties, including enhanced thermal stability, com-
pensated magnetization, reduced stray fields, and tunable
interlayer exchange coupling!?®! (IEC) through Ruderman—
Kittel-Kasuya—Yosida (RKKY) interactions.?’->? The IEC
significantly influences the SOT characteristics of SAFs,
with SOT-induced switching confined between two antipar-

(13331 Notably, SAFs typically demonstrate su-

allel states.
perior SOT efficiency compared to synthetic ferromagnets
(SFs).34351 However, the detailed mechanism through which
IEC modulates the SOT switching current density remains
elusive, hindering the further development of energy-efficient
SAF-based spintronic devices. A systematic investigation of

[EC-tuned SOT effects across both SAF and SF systems is
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therefore essential for understanding the underlying physics
and optimizing device performance.

Here, we systematically investigate the effects of IEC on
magnetization switching, switching current density, and SOT
efficiency in SAF and SF structures. A typical antiferromag-
netic coupling system with IEC featuring RKKY oscillatory
decay characteristics is first constructed. The results show
oscillations in both the critical switching current (/) and the
switching current density (J.) with varying Ir thickness, which
can be attributed to fluctuations in the IEC strength. It is note-
worthy that J. is positively correlated with IEC strength, ir-
respective of the coupling nature (antiferromagnetic or ferro-
magnetic). Further analysis based on the Landau-Lifshitz—
Gilbert equation reveals that the total effective energy bar-
rier to be overcome during SOT switching increases with
IEC strength. Additionally, a positive correlation is demon-
strated between the effective spin Hall angle and the antiferro-
magnetic exchange coupling field. These correlations offer a
strategic approach for enhancing SOT efficiency and reducing
Jo in SAF and SF structures, thereby paving the way for the
development of SAF-based devices for low-power and high-
speed non-volatile memory applications.

2. Experiments

All films were fabricated on thermally oxidized Si/SiO;
substrates using a magnetron sputtering system (AJA Int., Inc.)
with a base vacuum pressure below 4 x 10> mTorr at am-
bient temperature. As illustrated in Fig. 1(a), a Pt layer of
5 nm thickness serves as the spin source, while the stack struc-
tures of FM1 and FM2 consist of Co(0.53)/Pt(0.3)/Co(0.53)
and Co(0.3)/Pt(0.3)/Co(0.3) (in units of nanometer), respec-
tively. The sputtering rate for each layer was pre-calibrated
through x-ray reflection measurements. The Co thickness was
chosen to ensure perpendicular magnetic anisotropy (PMA) in
both FM1 and FM2, with the intermediate Pt (0.3 nm) layer in-
corporated to enhance PMA. The Ir thickness (71;) was varied
between 0.5 nm and 1.7 nm to modulate the IEC, since an Ir
layer below this range would become discontinuous, whereas
a thicker Ir layer would result in a diminished IEC. Further-
more, a 1 nm Ta layer was deposited between the bottom Pt
layer and the substrate to enhance film adhesion, while a pro-
tective 1.5 nm Ta capping layer was grown on the film surface
to prevent oxidation.

For magnetotransport measurements, Hall bar devices
with dimensions of 34 um in length and 5 um in width were
fabricated through a standard photolithography process fol-
lowed by argon ion etching. The deposition of Cr/Au elec-
trodes was subsequently accomplished via a secondary lithog-
raphy and lift-off process. The optical microscope image of
the fabricated Hall bar and the measurement setup are illus-
trated in Fig. 1(b), with the effective film located at the central

cross region of the electrode. Magnetotransport characteriza-
tion was carried out in a superconducting magnet system us-
ing a standard four-terminal method. All measurements were
performed at room temperature. The anomalous Hall volt-
ages were detected by applying current along the x-direction,
subjecting the sample to a varying magnetic field in the z-
direction, and measuring the resultant signal in the y-direction
with a lock-in amplifier. In current-induced SOT switching
measurements, a pulse current with a duration of 30 us was ap-
plied, and the Hall resistance was subsequently recorded using
a small alternating excitation current. A polar magneto-optical
Kerr microscope (PMOKE) was used to visualize the magne-
tization switching process for SAF. For the characterization of
SOT efficiency in SAF and SF, an external magnetic field was
rotated within the xz plane, clockwise and counterclockwise in
each revolution.

(a) =

Cr/Au
electrode

FM1
Pt (5)

Ta (1)

Fig. 1. (a) Structural schematic of SAF. (b) A representative microscopic
image of the Hall bar, along with the corresponding measurement scheme.

3. Results
3.1. Determination of IEC

The magnetic properties of the films were characterized
using vibrating sample magnetometer (VSM) measurements,
with a representative sample (7 = 1.5 nm) shown in Fig. 2.
The presence of multiple switching steps confirms robust anti-
ferromagnetic IEC, while the pronounced rectangular hystere-
sis loops verify strong PMA in both FM layers. A saturation
magnetization of approximately 1250 emu/cm? indicates neg-
ligible interfacial dead layer formation.

The antiferromagnetic exchange coupling field (Hex) was
extracted by evaluating the horizontal displacement of minor
hysteresis loops as the external magnetic field was gradually
reduced. The H. values derived from VSM measurements
show excellent agreement with those obtained from anoma-
lous Hall effect (AHE) characterization. However, a notice-
able discrepancy exists between the VSM and AHE curves
due to different measurement configurations: AHE was per-
formed on patterned Hall bar devices, whereas the M—H, curve
was obtained from the continuous film. Specifically, the 5 pm
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wide Hall bar exhibits a slightly enhanced switching field rela-
tive to the unpatterned film, attributed to pinning effects intro-
duced during microfabrication. Thermal effects are negligible
owing to the weak alternating current used in AHE. Addition-
ally, the amplitude differences observed in intermediate minor
loops originate primarily from current shunting effects inher-
ent to transverse resistivity measurements in AHE.

1500
M (emu/cm?) 0.6
1000F —* Bu (@)
H0.4
~ 500 Jo2
g ~
B e
0 Jo
Y 5
= oo {1-0.2
1-0.4
—~1000
1-0.6
—1500 ' : :
—2000 0 2000
H, (Oe)

Fig. 2. VSM and AHE measurements obtained at f;=1.5 nm. The defini-
tion of the Hey is also sketched.

A comprehensive AHE study was carried out on all de-
vices to investigate magnetization switching dynamics. The
samples were classified into three regimes according to the Ir
interlayer thickness (f1;)

* Strong antiferromagnetic coupling (f;, = 0.5-0.7 nm)
» Ferromagnetic coupling (f; = 0.8—1.3 nm)

* Weak antiferromagnetic coupling (fy = 1.4-1.7 nm)

As shown in Figs. 3(a)-3(c), all devices exhibit robust
PMA. When f;; increases from 0.5 to 0.7 nm, H.y decreases
from 4 T to 1.7 T, reflecting strong antiferromagnetic cou-
pling tuned by the Ir spacer.!*®! For the representative case
of #; = 0.7 nm, magnetic moments in both FM layers align
with the external field (H,) once H, exceeds Hey.3”-*%] Given
the thickness-dependent scaling of anomalous Hall resistance
(Ry) with magnetization, and the fact that FM2 is thinner than
FM1, preferential switching of FM2 occurs during gradual
field reduction.**] Below H., the dominant antiferromagnetic
coupling enforces antiparallel alignment of FM1 and FM2,
leading to sequential transitions during field polarity reversal

W= = =1

as illustrated in Fig. 3(a).

In the intermediate range (f;; = 0.8—1.3 nm), synchronous
switching of FM1 and FM2 is observed, characteristic of fer-
romagnetic interlayer coupling, 3! with only two stable states:

‘1) and “11°. At larger thicknesses (fy = 1.4—1.7 nm), a sec-
ondary antiferromagnetic coupling regime emerges, with a re-
duced Hex (0.21 T atf;, = 1.5 nm). Notably, the maximum Hex
values of 4 T and 0.21 T are recorded at f;; = 0.5 nm and #, =
1.5 nm, respectively, consistent with previous studies. 36401
The dependence of Ry and Hex on ff is summarized in
Figs. 3(d) and 3(e). Ry decreases linearly with increasing ;,
consistent with earlier reports.[3*! This behavior is explained
by the parallel shunt model: as the Ir layer thickens, more cur-
rent bypasses the FM layers, reducing the Hall voltage contri-
bution. The thickness dependence of H.x was fitted using the

RKKY form

sin(¢ + 27'Cl11—/},1:)
x> (H
tIr
where ¢ = —5.12 and A = 1 nm are the phase and Fermi
wavelength of Ir, respectively. The fitting incorporates the an-
tiferromagnetic coupling regions (f; = 0.5-0.7 nm and #; =
1.4-1.7 nm). Although AHE loops yield Hex = 0 in the ferro-
magnetic region, this does not imply absence of IEC; instead,
the coupling strength can be inferred from the fitted curve,
with opposite sign relative to antiferromagnetic coupling.
These results establish the fundamental framework for
understanding how IEC modulates SOT switching behavior in

SAF and SF systems.

3.2. IEC dependent switching current density

The influence of IEC on SOT-induced magnetization
switching is systematically investigated in this subsection.
Current-induced magnetization switching measurements of
two representative samples — an SAF with #; = 0.5 nm and an
SF with #; = 1.1 nm — under various in-plane auxiliary mag-
netic fields (H,) are shown in Figs. 4(a) and 4(b), respectively.
The opposite switching polarities observed under different H,
polarities arise from the spin Hall effect in the bottom Pt layer,
which generates an upward spin current. As a result, counter-
clockwise switching polarity is observed for positive H, and
clockwise polarity for negative H,.

The bottom FM switches first because it is directly in
contact with the spin source. A slight reduction in ARy is
observed at H, = +100 Oe, and switching is suppressed in
the absence of an auxiliary field due to insufficient symme-
try breaking. Remarkably, robust switching persists even at
H, = £3000 Oe, underscoring the excellent anti-interference
capability of both SAF and SF structures.*?! Correlating the
AHE results with the switching resistance ARy confirms that
magnetization switching in the SAF occurs between two an-
tiparallel states, characteristic of typical SOT switching in
SAF (Fig. 4(a)). 13537431 Although the ARy for current-driven
switching is slightly smaller than for field-driven switching,
it still represents full magnetization reversal. This difference
arises because field-driven switching affects the entire Hall
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bar area, whereas current-driven switching only reverses mag-
netization within the current channel, leaving voltage mea-
surement regions unswitched — a result further confirmed by
PMOKE.

The SAF switching was directly visualized using
PMOKE. Under a —22 mA current pulse, black and white re-
gions represent downward and upward magnetized states of
the bottom FM layer at H, = 41200 and —1200 Oe, respec-
tively. As shown in Fig. 5, switching first occurs at the edges
of the current path and then gradually expands to the Hall bar
crossing. By contrast, the SF exhibits switching between two
parallel states, indicative of synchronous switching of the two
FM layers (Fig. 4(b)).

The critical switching current (/) is defined as the cur-
rent corresponding to 50% of the total ARy switching. All
samples exhibit full magnetization switching with the aid of
an in-plane magnetic field, allowing precise extraction of /..
The oscillatory dependence of I on tf, at H, = 500 Oe is sum-
marized in Fig. 4(c). Specifically, lower I. values appear at
transition points between AFM and FM coupling (#;; = 0.8 nm
or 1.3-1.4 nm), whereas higher /. values occur under strong
AFM coupling (f;y = 0.5 or 1.5 nm) and strong FM coupling

(tir = 1.0 nm).

Accounting for the current shunt effect and incorporat-
ing the resistivity and thickness of each metallic layer, 4]
the critical switching current density J. (switching current
per unit area) is obtained as a function of 7, (Fig. 4(d)).
J. exhibits an oscillatory pattern similar to that of I., and
its dependence on fy closely follows the IEC strength de-
rived from RKKY fitting.*] The measured J. ranges from
(4.1-5.3) x 107 A/cm?, consistent with values reported for
SAF.[3340] Ag shown in Fig. 4(e), Hex for AFM coupling is ex-
perimentally measured, while Hex for FM coupling is inferred
from RKKY fitting. Strikingly, J; is positively correlated with
the IEC strength, regardless of whether the coupling is AFM
or FM, as confirmed by the dashed linear fit.

It is worth noting that thickness variation of the Ir layer
has a negligible effect on J; for two reasons. First, the spin
Hall angle of Ir (~ 0.02)[7] is significantly smaller than that
of Pt, yielding only a minor spin current contribution. Second,
Ir and Pt have the same spin Hall angle sign, which could in
principle lead to partial cancellation if both injected spin cur-
rents reach the bottom Co layer. However, no corresponding
increase in J., was experimentally observed.

(b)

7
(a) }

) (c)

6 1.7 nm

1.6 nm

S
s
3
ot ot
1.02 Q 0.5 nm 1.4 nm
1k ot 0.8 nm
1 2 0 2 4 2000 0 2000 —2000 0 2000
H, (T) H, (Oe) H, (Oe)
d
| or, @ | © © H.(T)
o —  RKKY fit
%o
1.6} Y
—~ Qo .
c ? =)
= l4r Q. % Weak
33 2 ) AFM
FM
LA | Coupling
1.2+ P Coupling
[+
b\
1.0F Q.
04 06 08 1.0 12 1.4 1.6 18 04 0.6 08 1.0 1.2 1.4 1.6 1.8
tIr (nm) tIr (nm)

Fig. 3. (a)-(c) AHE measurements for samples with varying Ir thicknesses. The red arrows indicate the magnetic moment orientation in the
upper and lower FM layers. (d) Anomalous Hall resistance (Ry) as a function of Ir thickness, with the dashed line indicating a linear fit of Ry
versus fy;. (€) Hex plotted against #1;, demonstrating characteristic RKKY oscillatory decay behavior. Different background colors denote distinct

coupling regimes.
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Fig. 4. Current-induced magnetization switching at (a) #;; = 0.5 nm and (b) #; = 1.1 nm under different in-plane magnetic fields. The arrows
and numbers denote the sequence of applied Hy. (c) I and (d) J. as functions of #; at H, = 500 Oe. The solid curve shows the RKKY fitting.
(e) Correlation between J. and Hex at Hy = 500 Oe. AFM and FM couplings are represented by navy squares and orange circles, respectively.

The dashed lines indicate linear fits.

+1200 Oe

Fig. 5. The domain-wall evolution observed using PMOKE for a t, =
1.5 nm sample under H, = 1200 Oe. The pulse current width is 120 ps.
The inset shows the magnetic moment orientation of the synthetic anti-
ferromagnet before and after SOT switching.

3.3. Theoretical explanation based on LLG equation

To elucidate the positive correlation between J. and Hey,
a plausible explanation based on the Landau—Lifshitz—Gilbert

(LLG) equation is proposed. The magnetization dynam-
ics of the HM/FM structure can be described by the LLG

equation*®!

dm

d
A = —ymxHEpp+06m><—m

dt

—yHpLm x (m X o),

@

where m represents the magnetization unit vector, ¢ denotes
the Gilbert damping constant, ¥ corresponds to the gyromag-
netic ratio, and o signifies the spin polarization vector, which
is assumed to be collinear with the y-axis. Hpy, is the damping-
like effective field responsible for driving SOT magnetization
switching. The effective magnetic field acting on m, denoted
as Hgpp, encompasses the external magnetic field (Hey¢), the
anisotropy field (Hy), and the interlayer exchange coupling
field (H IEC)~

Next, we consider two magnetic layers (denoted as 1 and
2), which may be coupled either antiferromagnetically or fer-
romagnetically. Assuming the SOT only acts on FM1, the
LLG equations for the unit magnetization vectors () of
layers 1 and 2 are

dm1
dr

= —ymy X (Hex + Hyy + Higcr)
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m
+am; x L —yHpimy x (my x0), (3)
dm2
Tl —ymy X (Hex + Hyp + Higco)
my
a 4
+amy X a “4)

where Higc) = Jmy, Higco = Jmy, and J is the exchange
coupling constant. Considering that the IEC energy can be
expressed as Egc = —Jm | - my, differentiating this energy
with respect to the magnetic moment yields the IEC field act-
ing on Mg as HIECI = —aEIEc/8m1 = sz. Since FM1
is positioned adjacent to the Pt (5) layer in the experimental
design, the spin current generated within Pt (5) exerts torque
exclusively on FM1; thus, Eq. (4) does not include the SOT
term.

For antiferromagnetic coupling (J < 0), Hygc is oriented
opposite to m,, thereby inducing an antiparallel alignment
between the two magnetization layers, whereas for ferromag-
netic coupling (J > 0), Higc; is oriented in the same direc-
tion as m,. Consequently, regardless of the coupling type,
the magnitude of Hygc increases with stronger IEC, resulting
in a corresponding increase in the total effective field Hgp,
which resists the moment switching of FM1. According to
established SOT theory, the damping-like effective field Hpp
is proportional to the injected current density J., expressed as
Hpy, =< J.. Therefore, overcoming the total effective field Hggp

necessitates an increase in Hpy , which directly results in an el-
evation of the critical switching current J.

3.4. IEC dependent SOT efficiency

The IEC can exert a significant influence on the SOT
efficiency in SAF and SF systems. To elucidate this phe-
nomenon, a fixed rotating external magnetic field is applied
in the xz plane, where B denotes the angle of the rotating
magnetic field relative to the x-axis.[>>*31 For a sample with
tr = 0.5 nm, the Ry—f curves exhibit opposite horizontal dis-
placements when I3 = +12 mA and H, = 3000 Oe (Fig. 6(a)).
This magnetization switching behavior can be attributed to the
combined effects of the perpendicular component of the ap-
plied field and the spin—orbit torque. When Iy = +12 mA
is applied, a spin current from the Pt layer is injected into
the Co(0.53)/Pt(0.3)/Co(0.53) structure, generating an effec-
tive field in the +z direction and contributing to H,, which
consequently results in a leftward shift. Conversely, applying
Isc = —12 mA induces a rightward shift. The angular shift
(AB) for the SAF device with f; = 0.5 nm is measured to be
7.0° (Fig. 6(a)), whereas for the SF device with ¢ = 1.0 nm,
AB is 1.55° (Fig. 6(b)). As demonstrated in Fig. 6(c), a linear
relationship is observed between Af and Iy, with the offset
sign being directly correlated with the sign of H,, which is rec-
ognized as a characteristic signature of SOT-induced effective
fields. (49501

—{12m T T — m T
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Fig. 6. Anomalous Hall curves for (a) f;y = 0.5 nm, (b) 7 = 1.0 nm obtained by rotating a 3000 Oe field in the xz plane while applying
Iyc = +£12 mA. (c) Angular displacement Af versus the dc current under H, = #4000 Oe with 7, = 0.5 nm. (d) The SOT effective field Heg
versus H, for representative 1. (€) Saturation SOT efficiency x versus Hey. (f) Effective spin Hall angle, &py, as a function of ;.
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For small angles 3, the z-component of the magnetic
field can be approximated as H, = H, sin 3 ~ H,. The SOT
effective field Hg is thus determined through the relation
Het = Hyf. A summary of Heg for representative Ir thick-
ness samples under various external fields H, is presented
in Fig. 6(d).
initially increase to a maximum value before gradually de-

A striking feature is that H.g is observed to

creasing with increasing H,. Moreover, the magnitude of
H.g follows an approximate hierarchical trend: strong anti-
ferromagnetic coupling > weak antiferromagnetic coupling
> ferromagnetic coupling. The SOT efficiency y, defined as
the SOT effective field per unit current density, is calculated
using ¥ = Hegf(sar) /J, where Heff(sary denotes the saturated
SOT effective field. The saturation SOT efficiencies are deter-
mined to be 13.036 Oe/(10° A/cm?),7.937 Oe/(10° A /cm?),
4.823 0e/(10° A/cm?), 2870 Oe/(10° A/cm?),
2.993 0e/(10° A/cm?), 5.324 Oe/(10° A/cm?), and
5.687 Oe/(10° A/cm?) for #1; values of 0.5 nm, 0.7 nm,
0.8 nm, 1.0 nm, 1.2 nm, 1.4 nm, and 1.5 nm, respectively.
Interestingly, the SOT efficiency yx is proportional to Hex, as
shown in Fig. 6(e). This phenomenon is mainly caused by the
magnetic domain wall propagation dynamics, where strong
antiferromagnetic coupling ensures that the domain walls are
tightly coupled during propagation.*> In contrast, weak an-
tiferromagnetic coupling may allow domain wall separation
during propagation, preventing simultaneous switching of the
upper and lower ferromagnetic layers. Considering the small
variation in switching current density, the SOT efficiency de-
creases under weak coupling conditions relative to strong
coupling scenarios.

The effective spin Hall angle, {pr, is determined by the
equation y = (1/2) [hépL/ (2ettoMstem)],°! where £, e, Lo,
M, and g\ denote the reduced Planck constant, the electron
charge, the vacuum permeability, the saturation magnetiza-
tion, and the FM layer thickness, respectively. As illustrated in
Fig. 6(f), the SF system with ¢, = 1 nm yields a calculated Epp.
value of 0.115, which aligns with the intrinsic spin Hall angle
of Pt,1] validating the reliability of the measurement method-
ology. For the SAF samples with #1; = 0.5 nm, a significantly
enhanced &py. value of 0.523 is observed. This substantial en-
hancement in the effective spin Hall angle can be attributed to
the antiferromagnetic coupling. 3!

4. Conclusion

In this work, the influence of IEC on SOT effects in SAF
and SF was systematically investigated, with particular focus
on magnetization switching, critical switching current density,
and SOT efficiency. The modulation of IEC in both SAF and
SF structures was achieved through precise tuning of the Ir
spacer thickness. Experimental results demonstrated that the
critical switching current density increases linearly with IEC

strength, irrespective of coupling type. Analysis based on the
LLG equation revealed that this linear relationship originates
from the contribution of the interlayer exchange coupling field
to the total energy barrier that must be overcome during SOT-
induced switching.

Significantly higher SOT efficiency was observed with
antiferromagnetic coupling compared to ferromagnetic cou-
pling, with SOT efficiency being proportional to the antifer-
romagnetic exchange coupling field. In practical applications,
a fundamental trade-off exists between reducing the switching
current density and enhancing data stability through increased
IEC. Strong IEC elevates the energy barrier, substantially re-
ducing the probability of spontaneous switching under ther-
mal excitation, thereby improving data stability, albeit at the
cost of a slight increase in J.. Therefore, understanding the
[EC—J; relationship enables optimization of critical industry
metrics through strategic trade-offs among tunneling magne-
toresistance, write power consumption, magnetic interference
immunity, data retention, and write error rate.
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