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Roles of magnetic coupling and spin-orbit torque in the electrical manipulation
of exchange bias in a Pt/Co/IrMn heterostructure
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Heavy-metal/ferromagnet/antiferromagnet heterostructures have attracted significant attention in manipulat-
ing antiferromagnetic ordering electrically. We report electric control of the exchange bias field along both
the out-of-plane and in-plane directions in Pt/Co/IrMn with assist magnetic fields. Experiments with different
directions and amplitudes of the assist magnetic field show the role of magnetic coupling between ferromagnet
and antiferromagnet spins. Furthermore, we find that the magnitude and direction of the exchange bias can
be manipulated by the magnitude of the current pulse. The observed results can be explained based on a
numerical macrospin model; the antiferromagnetic spins are excited and precessed from their ground state
via the spin-orbit torque-driven oscillation and are reoriented, being mediated by magnetic coupling with the
ferromagnet. Our results provide an approach to achieve electrical omnidirectional exchange bias manipulation
and an understanding of the spin dynamics at the antiferromagnet-ferromagnet interface.
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Various intriguing physical phenomena of antiferromag-
netic (AFM) materials, such as ultrafast spin dynamics up to
the terahertz (THz) range, negligible stray fields, and robust-
ness to an external magnetic field, provide a new paradigm
in the field of spintronics [1–3]. To achieve AFM spintronics
devices, electrical control of the magnetic configuration of the
AFM material is an integral part. In recent years, spin-orbit
torque (SOT), which is induced by spin current via spin-orbit
coupling, has been one of the pivotal approaches to elec-
trical manipulation of AFM spins [4–13]. Based on this, a
heavy-metal (HM)/ferromagnet (FM)/AFM heterostructure is
an excellent platform to study the electrical manipulation of
AFM spins because the HM is a source of SOT by electric
current injection, which is the origin of AFM spin exci-
tation [14–20]. Moreover, the interfacial spin configuration
can be experimentally probed by the magnitude and direc-
tion of the exchange bias (EB) field between the FM/AFM
interface using hysteresis loop measurements under applied
out-of-plane and in-plane magnetic fields. Previous works
have demonstrated the reversal of the EB field by SOT in
perpendicularly magnetized HM/FM/AFM heterostructures
[16–18]. However, no consensus has been reached on the
underlying mechanism behind them, owing to the complex
interplay between SOT, magnetic coupling, and thermal fluc-
tuation of the interface spins. This study aims to clarify and
separate experimentally the roles of magnetic coupling and
SOT in the HM/FM/AFM heterostructure. We demonstrated
electrical manipulation of the exchange bias field along both
out-of-plane and in-plane directions by utilizing a magnetic
field that exceeds the uniaxial ferromagnetic anisotropy. The
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direction and magnitude of the EB field after the manip-
ulation procedure were obtained by separately measuring
the hysteresis loops under applied in-plane and out-of-plane
magnetic fields. Furthermore, we determined that the sign
change of the EB field occurred when the electric current
exceeded a certain critical value. Based on the experimen-
tally observed results and our macrospin model calculation,
we elucidated the role of magnetic coupling between the
FM/AFM and described how SOT contributed to the electri-
cal manipulation of the exchange bias in the HM/FM/AFM
heterostructure.

A thin film stack of Ta (3 nm)/Pt (5 nm)/Co (1.2 nm)/IrMn
(8 nm)/Ta (2 nm) is deposited on a SiO2 substrate by dc mag-
netron sputtering as an HM/FM/AFM heterostructure. The
platinum layer serves as a main spin current source, owing to
its relatively larger spin-orbit coupling and smaller resistivity
than those of IrMn [21]. Perpendicular magnetic anisotropy
occurs in the 1.2-nm-thick cobalt FM layer, which requires a
magnetic field of 1 T for aligning the cobalt magnetization
toward its hard-axis (in-plane) (see Supplemental Material
Fig. S1 [22]). The IrMn AFM layer is exchange-coupled to
the cobalt layer. After the deposition of the thin-film stack, the
Hall cross-bar devices are patterned via standard photolithog-
raphy and argon ion etching [Fig. 1(a)]. Charge current flows
in the channel with a 5-μm width, while the Hall voltage
is detected in the transverse line with a 2-μm width. In this
scheme, the longitudinal charge current (x direction) induces
transverse spin polarization (y direction) via spin-orbit cou-
pling, and the spin current propagates along the z direction
[see the coordinate system in Fig. 1(a)]. The generated spin
current clearly exerts the antidamping torque onto the HM/FM
interface. In addition, we believe the spin current also arrives
at the FM/AFM interface through a thin cobalt layer because
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FIG. 1. (a) Hall bar structure and measurement scheme where IP

is the pulsed current with the coordinate system. (b) and (c) Schemat-
ics of the writing procedure in the Pt/Co/IrMn heterostructure. Here,
(b) the μ0H assi

z is the out-of-plane writing assist magnetic field and (c)
the μ0H assi

x is the in-plane writing assist magnetic field. Both writing
assist fields are only applied during the writing procedure. (d) and (e)
Hall resistance (RHall) versus magnetic field along the z-axis (μ0Hz)
after the writing procedure with an IP of +23 mA under a (d) μ0H assi

z

of +0.4 T and an (e) μ0H assi
x of +1.0 T. μ0HEB

z is the exchange bias
field established in the +z direction. (f) and (g) RHall versus magnetic
field along the x-axis (μ0Hx) after the writing procedure with an IP of
+23 mA under (f) a μ0H assi

z of +0.4 T and (g) a μ0H assi
x of +1.0 T.

μ0HEB
x is the EB field established in the +x direction.

the thickness of the cobalt layer is less than the spin diffusion
length in the cobalt layer [16], and our experimental results
cannot be explained without the presence of finite spin torque
in the AFM layer.

Here, we describe the detailed procedures of our experi-
ments. Whole experiments are performed in the order of (i)
writing and (ii) reading processes. For the writing process, we
proceed with the electrical manipulation of the EB [Figs. 1(b)
and 1(c)]. Similar to the experimental procedure of conven-
tional SOT-induced magnetization reversal [24,25], a current
pulse (IP) is applied along the x-axis under a writing assist
magnetic field (H assi). H assi is turned off after IP application,

and the current pulse duration is set to a value of 1 ms in
this study. Unlike the conventional SOT-induced magnetiza-
tion reversal method, we examine the manipulation of the
EB with two different directions of the H assi: out-of-plane
(z-axis, μ0H assi

z ) and in-plane (x-axis, μ0H assi
x ). In the two

cases, an IP of +23 mA (current density, 6 × 1011 A/m2) is
applied under a μ0H assi

z of +0.4 T [Fig. 1(b)] and μ0H assi
x of

+1.0 T [Fig. 1(c)], respectively. After the writing procedure,
we measure the spin configurations of the AFM, which itself
occurs via the magnitude and direction of the EB field.

To measure the EB field, we now conduct reading of the
EB field by measuring the anomalous Hall resistance (RHall)
as a function of both the out-of-plane (Hz) and in-plane (Hx)
external magnetic fields. We obtained four different RHall-H
loops in Figs. 1(d)–1(g) as follows: Figure 1(d) and 1(e),
and Figs. 1(f) and 1(g) show the RHall-Hz (-Hx) curves after
the writing process with μ0H assi

z and μ0H assi
x , respectively.

Figure 1(d) shows the result of a current pulse application
under a μ0H assi

z of 0.4 T, which exhibits a clear square hys-
teresis in RHall. A shift in the hysteresis loop (z-axis EB field,
μ0HEB

z ) is observed, indicating that a negative μ0HEB
z is es-

tablished at the FM/AFM interface at room temperature. In
contrast with the former case, after the writing procedure with
a current pulse under the μ0H assi

x [Fig. 1(c)], the EB in the
measured anomalous Hall curve is quenched, i.e., μ0HEB

z = 0
[Fig. 1(e)].

Subsequently, we focus on the RHall-Hx loop measurement.
We note that RHall typically reflects out-of-plane magnetiza-
tionton components, and the in-plane magnetic field inclines
the magnetizations from the easy axis (z-axis), producing a
decrease in the magnitude of RHall. As shown in Fig. 1(f), the
RHall-Hx loop is symmetric with respect to the sign of the x-
axis, representing the result of the writing procedure under the
μ0H assi

z [Fig. 1(b)] case. However, Fig. 1(g) shows a shifted
RHall-Hx loop (x-axis EB field, μ0HEB

x ) for the case where
the EB is manipulated under a μ0H assi

x of +1.0 T [Fig. 1(c)].
Because the magnitude of RHall reflects the out-of-plane com-
ponent of the magnetization of cobalt, the left-shifted loop is
interpreted as the interfacial FM spins being tilted by negative
μ0HEB

x after the writing procedure with a μ0H assi
x of +1.0 T.

Furthermore, we also obtained the positive EB fields for the
x- and z-axes with negative μ0H assi

x and μ0H assi
z , respectively

(not shown here). From the experimental results, we can hy-
pothesize that the manipulation of the EB in both out of plane
and in plane in a perpendicularly magnetized Pt/Co/IrMn sys-
tem is successfully achieved.

Hereafter, we disentangle the roles of the H assi and
electric current in the electrical manipulation of the EB in
the HM/FM/AFM heterostructure. Initially, we investigate
electrical switching of the EB field by varying the amplitude
of the H assi while maintaining a constant IP amplitude of
+23 mA. In this discussion, the EB manipulations along
the z-axis and x-axis are separately demonstrated. For the
z-axis EB manipulation, the initial state of the EB field
is set to positive in the z direction (μ0HEB

z = +41.5 mT)
by applying IP with a μ0H assi

z of –0.4 T [Fig. 2(a),
black line]. After initialization, writing procedures are
performed with various amplitudes of positive μ0H assi

z
ranging from +0.1 T to +0.4 T. Figure 2(a) shows the
typical anomalous Hall loops for the initial state (black
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FIG. 2. (a) Curves showing RHall versus μ0Hz at an initial state
set by applying an IP under a μ0H assi

z of –0.4 T (black line) and after
writing under a μ0H assi

z of +0.4 T from the initial state (red line).
Here, μ0�HEB

z = μ0HEB
z (μ0H assi

z = −0.4 T) − μ0HEB
z (μ0H assi

z ).
(b) μ0H assi

z -dependent μ0�HEB
z (black circles) and mz (red

open squares with dashed line). (c) Curves showing RHall versus
μ0Hx at an initial state set by applying an IP under a μ0H assi

x

of –1.0 T (black line) and after writing under a μ0H assi
x of

+1.0 T from the initial state (blue line). Here, μ0�HEB
x =

μ0HEB
x (μ0H assi

x = −1.0 T) − μ0HEB
x (μ0H assi

x ). (d) μ0H assi
x -

dependent μ0�HEB
x (black circles) and mx (blue open squares with

dashed line). IP amplitudes are always set to +23 mA.

line) and after writing (red line) with a positive μ0H assi
z ,

where the EB field is switched from positive to negative.
To quantify the dependence of the μ0HEB

z on μ0H assi
z ,

μ0�HEB
z [=μ0HEB

z (μ0H assi
z = −0.4 T) − μ0HEB

z (μ0H assi
z )]

is plotted as a function of μ0H assi
z [Fig. 2(b)]. μ0�HEB

z is
almost constant across the entire μ0H assi

z range. Now we
can focus on the magnetic configuration of the FM layer
during the writing procedure to determine the role of the
H assi in the EB manipulation. We monitored RHall signals
during the writing process (IP = 23 mA with a H assi

z of +0.1
to +0.4 T), which corresponds to the z component of FM
layer magnetization (mz). The normalized RHall with RHall, Max

(IP = 23 mA and H assi
z = 0.4 T), which is mz, are depicted in

Fig. 2(b) as red open squares, and it is constantly one, which
means the magnetization is fully saturated along the +z
direction during the writing processes despite the magnitude
of the H assi

z . We will discuss the physical meaning of these
two results after we explain Figs. 2(c) and 2(d) for the x-axis
EB manipulations.

Similar to z-axis EB manipulation, the initial state of
the EB field is set to positive (μ0HEB

x = +55.0 mT) by IP

application with a μ0H assi
x of –1.0 T. Subsequently, writing

procedures are carried out with a positive μ0H assi
x amplitude

ranging from +0.1 T to +0.9 T. Figure 2(c) represents the
measured RHall-Hx loops for the initial state (black line) and
after writing (blue line) with a positive μ0H assi

x of +1.0 T.
The blue line in Fig. 2(c) shows a loop that has shifted

to the left, indicating that μ0HEB
x has changed to a nega-

tive value with a μ0H assi
x of +1.0 T. We plotted μ0�HEB

x ,
which is defined in the same way as μ0�HEB

z , with black
circles in Fig. 2(d), as a function of the magnitude of the
μ0H assi

x . μ0�HEB
x is strongly dependent on the magnitude

of the μ0H assi
x , increasing gradually with the μ0H assi

x and
saturating above +0.4 T. This is clearly a different behavior
compared with the z-axis EB manipulation cases, as shown in
Fig. 2(b). We measured RHall signals for a μ0H assi

x of +0.1 to
+1.0 T with an IP of 23 mA during the writing process and
show the x components of FM layer magnetization as mx =
{1 − [RHall(μ0H assi

x )/RHall(0)]2}1/2 in Fig. 2(d) with blue open
squares. Here, {1 − [RHall(μ0H assi

x )/RHall(0)]2}1/2 reflects the
contribution of mx during the writing processes with a differ-
ent μ0H assi

x . It begins to increase with an increasing μ0H assi
x

and is saturated above +0.4 T. As shown in Figs. 2(b) and
2(d), μ0�HEB

x,z exhibits noticeable correlations with mx and mz

during the write procedures, respectively. This implies that the
direction and magnitude of the EB field are mainly determined
by the orientation of the magnetization of the FM layer during
the writing procedure rather than the H assi direction itself. In
other words, the degree of alignment of the magnetization of
the FM layer to the x or z directions determines the direc-
tion and strength of the EB fields. The correlations between
μ0�HEB

x,z and mx,z are clear evidence of our claim.
Next, we perform electric current-dependent EB manip-

ulation experiments to show the role of electric current in
EB manipulation. The initial state of the EB field is set to
positive in the z direction by applying an IP of +23 mA with
a μ0H assi

z of –0.4 T. This initial state is the same as that of the
z-axis EB manipulation shown by the black line in Fig. 2(a).
Subsequently, we conduct writing procedures under various
magnitudes of IP. Figures 3(a)–3(c) shows the RHall-Hz loops
after writing with an IP of +14 mA [Fig. 3(a), orange curves],
+16 mA [Fig. 3(b), magenta curves], and +23 mA [Fig. 3(c),
red curves], respectively, under a μ0H assi

z of +0.4 T. Unlike
the case of IP of +23 mA, the hysteresis loops are partially
shifted after applications of IP of +14 mA and +16 mA.
For more clarity, we quantified the degree of partial shift by
presenting μ0HEB

z as a function of the magnitude of IP for a
μ0HEB

z of +0.4 T and –0.4 T [Fig. 3(d)]. The measurement
protocol for black squares (purple triangles) in Fig. 3(d) is
as follows: First, the initial state of the EB field is set to
positive (negative) in the z direction. Next, as the writing
proceeds, IP is swept from +2 mA to +23 mA and from
–2 mA to –23 mA under the applied μ0H assi

z of +(–)0.4 T.
After each writing, the μ0HEB

z is evaluated from a shift in the
RHall-versus-Hz curve. As shown in Fig. 3(d), regardless of
the direction of the μ0H assi

z , μ0HEB
z begins to change when IP

exceeds ±10 mA, and reaches saturation at ±20 mA, which
is the signature of the formation of a multidomain state in
the current-induced manipulation of AFM ordering [26,27].
Surprisingly, the switching direction of the EB field is in-
dependent of the current polarity. An electric current in the
Pt/Co/IrMn system generates a transverse spin current via
spin-orbit coupling, where the electric current polarity deter-
mines the polarity of the spin current. Nevertheless, switching
of the EB field is not affected by the orientation of propagating
spins. This behavior is similar to thermal-assisted effects, such
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FIG. 3. (a)–(c) Curves showing RHall versus μ0Hz after writing with an IP of (a) +14 mA, (b) +16 mA, and (c) +23 mA under a μ0H assi
z

of +0.4 T from the initial state set by applying an IP of +23 mA under a μ0H assi
z of –0.4 T. (d) μ0HEB

z after writing with various IP under a
μ0H assi

z of +0.4 T (black squares) and –0.4 T (purple triangles). The arrows indicate the current sweep direction.

as the field cooling process, and Joule heating is unavoidable
in our experiment. Thermal fluctuation excites AFM spins
thermally and imprints FM magnetization into AFM interfa-
cial spins during the cooling process [28]. However, in our
experiments, the maximum temperature during application of
1 ms and an IP of +23 mA is only 363 K at room temperature
(see Supplemental Material Fig. S2 [22]). This temperature is
far below the reported blocking temperature (450 K to 520 K)
of the 8-nm-thick IrMn layer [19,29]. Therefore, the Joule
heating effect in our experiment is not sufficient to overcome
the energy barrier of interfacial AFM spins solely. However,
Joule heating effects should not be neglected because Joule
heating is nonzero and always lowers the energy barrier of
the interfacial AFM spins. Besides, it is necessary to identify
the other contribution of current in the EB manipulations. We
consider that the THz excitation of the AFM Néel vector of
multigrains via current application is the main origin of the
observed EB manipulations. We will explain our deduction as
follows.

Recent theoretical predictions have described that an an-
tidamping torque of SOT triggers THz oscillation of the
AFM Néel vector in the HM/AFM bilayer [30–33]. More-
over, experimentally observed Néel vector reorientations can
be explained by the antidamping SOT-provoked Néel vector
oscillation in the HM/AFM structure [8,12,34]. Here, to reveal
how the antidamping SOT contributes to current-induced EB
manipulation, a macrospin model is introduced in a FM/AFM
interface system. Figure 4(a) is a schematic illustration of the
current-induced EB switching procedure via AFM oscillation
in a FM/AFM interface system. The system consists of FM
spin (mFM), the first AFM sublattice spin (mAFM1), and the
second AFM sublattice spin (mAFM2) from the bottom, as
shown in Fig. 4(a). We modeled a partially uncompensated
AFM state by assuming that the exchange coupling energy
between mFM and mAFM1 is larger than that between mFM

and mAFM2. The finite EB field is embedded as summing
the different exchange fields of mFM from mAFM1 and mAFM2

[35]. This imbalanced exchange-coupling energy in a partially
uncompensated AFM state is ascribed to the defects and/or
rough interfaces for spin-flop coupling [36,37]. The uniaxial
magnetic anisotropy energies of FM and AFM sublattices and
the Zeeman energy due to the applied external magnetic field
are considered in our model, as well as the exchange energies.
To explain polycrystalline IrMn, the uniaxial anisotropy axis
of AFM sublattices is defined by the random axis inside the

tilted plane from the z-axis (γ̂ ) to the x-y plane [22,38]. Under
the aforementioned assumptions, the total magnetic energy
(E ) is given by the following:

E

Ms
= − 1

2

(
HK

FM(mFM · ẑ)2 + HK
AFM((mAFM1 · γ̂ )2

+ (mAFM2 · γ̂ )2)
)

−
3∑

i=1

⎛
⎝Hz(mi · ẑ) +

3∑
j=i+1

H ex
i j (mi · m j )

⎞
⎠, (1)

where Ms is the saturation magnetization, HK
FM/AFM is the

uniaxial anisotropy field for the FM and AFM layers, Hz is
the external magnetic field, H ex

i j is the exchange field, and mi/ j

(i, j = 1,2,3) denotes mFM, mAFM1, and mAFM2, respectively.
Ms is assumed to be the same value for FM and AFM sublat-
tices for simplicity.

Subsequently, we numerically solve the coupled Landau-
Lifshitz-Gilbert equation including an antidamping SOT
based on the FM/AFM interface model discussed in the Sup-
plemental Material S3 [22]. An external magnetic field is
constantly applied along the –z direction with the SOT by
a current pulse. The physical parameters used in our model
simulation are shown Supplemental Material Table SI [22].
Figure 4(b) presents the time evolution of the IP, and the z
components of mAFM2, mAFM1, and mFM as a result of the
macrospin calculation. We observe that the z components of
mAFM2 and mAFM1 begin to oscillate with a frequency of
0.83 THz during the application of the IP, which agrees with
the aforementioned theoretical predictions [8,30–34]. We note
that while the antidamping SOT induces THz oscillation in
the AFM layer, mFM

z remains unswitched, which is ascribed
to a sufficiently large external magnetic field to overcome
the SOT in the FM layer. Figure 4(c) shows the E calcu-
lated from Eq. (1) as a function of the angle between the
z-axis and the antiferromagnetic sublattice 1 direction in the
xz plane (θAFM1) using the same physical parameters as in
Fig. 4(b). There are two local energy minima states in Eq. (1)
at θAFM1 = 78◦ and 243◦, which are mainly determined by
the randomly assigned uniaxial anisotropy axis of the AFM.
In this calculation, the anisotropy axis γ̂ corresponds to the
plane tilted 20◦ away from the z-axis. There is an energy
difference between the two energy minima, and the minimum
energy state of θAFM1 = 243◦ is lower than the other minimum
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FIG. 4. (a) Schematic illustrations of magnetization configura-
tions of FM mFM (white arrows), and AFM sublattices mAFM1 (red
arrows) and mAFM2 (blue arrows) at each state with current-induced
EB switching. (b) Macrospin simulation results. Here, mFM

z (green
line), mAFM1

z (red line), and mAFM2
z (blue line) are the z components

of mFM, mAFM1, and mAFM2, respectively. JP is the pulse current
density (black line). The inset displays the enlargement of mAFM1

z and
mAFM2

z during current pulse application (1.18 ns to 1.19 ns) to show
the THz oscillations more clearly. (c) Calculated magnetic energy E
as a function of the angle between the z-axis and AFM sublattice
1 in the xz plane, θAFM1. The insets illustrate the magnetization
configurations of the sample at local minima points. (d) Hysteresis
loops obtained by sweeping μ0Hz for each simulation and averaging
mFM

z over 100 macrospin simulations to mimic the multigrain nature
of the polycrystalline sample after switching under a +μ0H assi

x (black
line) and –μ0H assi

x (red line).

(θAFM1 = 78◦). This energy difference is a signature of the EB,
the origin of the unidirectional anisotropy nature, and shift
of the hysteresis loop of the EB system. The lowest state is
determined by coupling with mFM, which is aligned in the
–z direction in this simulation. When turning off the SOT
current, the excited AFM spins settle to local ground states.
Consequently, mAFM1 has a higher probability of settling
along the direction of FM magnetization; therefore, the EB is
manipulated along mFM. The macrospin model presented here
provides a comprehensive explanation for both prior findings
[16] and our own results, which observed that the manipu-
lated EB field directions are independent of current polarity.
When the y-spin polarized spin current causes AFM spins to

oscillate in the xz plane, these spins cease oscillation in a
random direction in the xz plane upon turning off the current,
and settle along the predefined FM magnetization direction.
Consequently, the current polarity becomes irrelevant in the
determination of the EB field direction. Additionally, some
studies have reported that the EB field directions are deter-
mined by the current polarity in the absence of an assist field
in HM/AFM/FM structures [19,20]. These observations can
also be explained by our macrospin model, which indicates
that the SOT induces oscillation of the AFM spins and manip-
ulates the FM state at the same time, ultimately causing the EB
field direction to prefer the FM direction; this process is solely
influenced by the SOT and hence is dependent on the current
polarity.

To provide further evidence to support our model, we
implement our model simulation with positive and negative
assist magnetic fields (±μ0H assi

z ). To account for the prob-
abilistic nature of the mAFM1,2 switching and the collective
effect of AFM grains in polycrystalline FM/AFM systems
with distributed local crystallographic axes [38,39], simula-
tions are repeated 100 times, and the results are averaged
by assuming that each simulation corresponds to a single
grain. We introduce a Langevin thermal field with a random
direction and amplitude, and distributed anisotropy constants
and axes for each simulation. We note that variations in these
parameters do not qualitatively change the results. Figure 4(d)
presents simulated hysteresis loops obtained by sweeping the
z-axis external magnetic field at the final state (time = 2 ns)
of each simulation and averaging mFM

z . The hysteric curves
of mFM

z are exchange-biased, and the EB field is definitely
switched after the application of a pulsed current, depend-
ing on the sign of the μ0H assi

z . Nevertheless, the macrospin
model is unable to consider the interaction between each
domain, the simulation successfully reproduces the experi-
mental EB switching (showing the magnetic configuration of
the FM layer), and the SOT-induced AFM oscillation greatly
contributes to the current-induced EB manipulation in the
HM/FM/AFM heterostructure. Subtle differences in the coer-
civity and magnitude of the EB field between the calculation
and the experimental results are attributed to the single do-
main approximation of our simulation.

In conclusion, we propose a promising tool for the ma-
nipulation of the EB for both out of plane and in plane in
HM/FM/AFM heterostructures. Furthermore, our systematic
experimental investigations and theoretical analyses, based on
a macrospin simulation including a FM/AFM interfacial sys-
tem, substantiate that current-induced EB manipulation stems
from the SOT-induced oscillation of AFM spins and that the
magnetic coupling between FM/AFM layers determines the
magnitude and direction of the EB field.
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