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Electrical manipulation of exchange bias by spin-orbit torque (SOT) is promising for the design of spintronic
devices, such as multilevel memory and neuromorphic computing. However, an external magnetic field is
required to assist manipulation of exchange bias, which poses a challenge for applications. In this work, we
propose a promising approach to the field-free manipulation of exchange bias through an in-plane ferromagnetic
layer deposited on the current line of the Hall bar device, which can generate an internal effective in-plane field
to realize field-free SOT switching. Furthermore, our devices present memristive behaviors in the absence of an
external field, offering the practical potential for the construction of artificial synapses based on exchange-biased
systems. Meanwhile, this method can ensure the high SOT efficiency and a thermal stability factor (�) of around
56, indicating over 10 years of data retention. The approach to field-free manipulation of exchange bias by SOT
is promising for applications and the development of spintronic devices.
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I. INTRODUCTION

Over the past decade, spin-orbit torque (SOT) has emerged
as an effective method for manipulating the magnetization of
a ferromagnetic (FM) layer in heavy metal (HM)/FM het-
erostructures [1–5], with potential applications in magnetic
memory and spin logic devices [6–9]. In a certain class of
antiferromagnets (AFM), SOT has also proved an effective ap-
proach to modulating the AFM order [10–13]. For application,
AFM materials possess advantages with magnetic field inter-
ference immunity and zero stray fields owing to the zero-net
magnetization [13,14]. When an AFM layer is in conjunction
with a FM layer, an exchange-bias effect can occur, which is
usually characterized as a shift of the hysteresis loop along
the magnetic field axis [15–17]. From the perspective of ap-
plication, the exchange-biased system can provide versatile
functionalities for spintronic devices and related technologies
[13,18].

Recently, SOT was demonstrated to be a promising method
to manipulate the exchange bias through switching the FM
spins and AFM interfacial spins simultaneously [19–22]. By
controlling the magnitude and direction of SOT, the mag-
netic remanence states can be tailored in exchange-biased
HM/FM/AFM systems, which are beneficial to spintronic
devices, such as multilevel memory [22,23], neuromorphic
computing [21,24], and spin logic [25]. However, an ex-
ternal in-plane magnetic field along the current direction is
required to break the symmetry for manipulating exchange
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bias or magnetization by SOT in a perpendicularly magnetized
HM/FM/AFM system. In order to achieve the field-free SOT-
driven magnetization switching, intensive efforts have been
made, for example, by introducing a lateral structural asym-
metry [26,27], engineering a tilted anisotropy [28,29], using
the interlayer exchange coupling [30,31], relying on an inher-
ent magnetocrystalline anisotropy [32], using a magnetic hard
mask in the fabrication of SOT-based MRAM [33], and even
using an ion-irradiation method [34]. Among those methods,
field-free SOT-driven magnetization reversal via exchange
bias has been reported widely [31,35,36]. However, field-free
manipulation of exchange bias by SOT is rarely reported,
which is a challenging issue for the spintronic applications
based on exchange-biased systems.

In this work, we propose a promising approach to field-free
SOT-induced switching of exchange-bias direction and mag-
netization in Pt/Co/IrMn systems with perpendicular magnetic
anisotropy (PMA). Firstly, Pt/Co/IrMn films were patterned
into Hall bar devices, and then a Co(50 nm)/Ta(5 nm) bilayer
was capped on both sides of the current channels for the
Hall bars to generate an internal in-plane effective field by
photolithography and lift-off techniques. The magnetotrans-
port measurements demonstrate the field-free manipulation of
exchange bias and magnetization by SOT. Furthermore, stable
multilevel remanent Hall resistances can be field-free tailored
by successive current pulses, analogous to synaptic plas-
ticity, with potential applications in neuromorphic systems.
Finally, the thermal stability of the device is investigated.
The thermal stability factor � is around 56, indicating that
the device can maintain data nonvolatility for over 10 years
[37]. The method of field-free manipulating exchange bias
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FIG. 1. (a) Device structure with schematic of the magneto-
transport measurements. (b) Polar MOKE hysteresis loop for the
Hall cross of the device under the out-of-plane magnetic field Hz.
The inset shows the dependence of in-plane magnetization Min on
in-plane magnetic field Hin. (c) The in-plane hysteresis loops for
Co(50 nm) covering layer of the device by MOKE. (d) Anomalous
Hall hysteresis loops for the Hall cross in the as-deposited state
(black), after positive (blue), and negative (red) current switching
with an amplitude of 5.06 × 106 A/cm2 subject to an in-plane field
Hx = +500 Oe.

by SOT would be promising for potential applications based
on exchange-biased systems, such as multilevel storage and
artificial synapses.

II. EXPERIMENTAL METHODS

The film stacks Ta(3)/Pt(5)/Co(0.8)/Ir20Mn80(6)/Ta(2.5)
(thickness in nm) were deposited on Corning glass substrates
by direct current magnetron sputtering with a base pressure
below 5.0 × 10−5 Pa. The films were then patterned into 20
μm wide Hall bars using standard lithography and argon
ion milling techniques. A Co(50 nm)/Ta(5 nm) bilayer was
capped on both sides of the current channels for the Hall bars
by photolithography and lift-off techniques. Particularly, the
Co/Ta bilayer was deposited with an in situ in-plane magnetic
field (500 Oe) along the current channel to ensure the in-plane
magnetic anisotropy of Co(50 nm).

The characterization of the hysteresis loops for the as-
deposited samples was carried out through magnetic-optical
Kerr effect (MOKE) microscopy measurements. The anoma-
lous Hall resistance measurements were carried out using a
Keithley 6221 as the current source. For each Hall resistance,
a constant 0.1 mA bias current was applied to read the Hall
voltage. Additionally, the magnetic domain images of the Hall
bars were observed using a MOKE microscope operating on
a differential model.

III. RESULTS AND DISCUSSION

A. Field-free manipulation of exchange bias

As sketched in Fig. 1(a), the in-plane Co bars are ex-
pected to generate a built-in effective in-plane magnetic
field Heff , parallel to the current channel of the Hall bar.
Figure 1(b) shows the typical double-biased hysteresis loop,
resulting from the coexistence of up- and down-magnetized
Co subdomains with opposite exchange-bias fields (Hex). The

FIG. 2. (a,b) Current-induced magnetization switching loops un-
der different in-plane fields Hx varying from 400 to −400 Oe (a),
and −400 to 400 Oe (b). Black arrows indicate the sequence of
applied in-plane fields. (c) Anomalous Hall resistance versus current
density with varying magnitudes of maximal current density (Jmax)
under Hx = 0. (d) Hysteresis loops after positive-current-induced
SOT switching with different Jmax under Hx = 0.

perpendicular hysteresis loop and in-plane linear magneti-
zation response to the magnetic field demonstrate the PMA
of the Pt/Co/IrMn sample. Based on the Stoner-Wohlfarth
model, the PMA effective field is determined to be 9190 ±
20 Oe (for details see the Supplemental Material [38]). As
shown in Fig. 1(c), we also measured the hysteresis loops of
the Co(50 nm) layer, which confirms that the Co(50 nm) layer
possesses in-plane magnetic anisotropy.

Afterwards, the magnetotransport measurements were per-
formed. To evaluate the SOT quantitatively, the harmonic Hall
voltage measurement technique was employed (for details
see the Supplemental Material [38]). The SOT efficiency,
expressed as the dampinglike effective field per unit cur-
rent density, is determined to be 5.82 Oe/(106 A/cm2), which
aligns with previous reports [19,43]. Based on anomalous Hall
measurement, we investigated the SOT-induced switching of
exchange bias and magnetization. The SOT switching was
performed by sweeping positive/negative current pulses with
a pulse width of 1 ms subject to a fixed Hx = +500 Oe.
Figure 1(d) shows the hysteresis loop in the as-deposited state,
which evolves to a positive/negative-biased loop following
the application of positive/negative current pulses. The max-
imal magnitude of applied current density (Jmax) is 5.06 ×
106 A/cm2, and the generated SOT is large enough to tune the
Hex between positive and negative values in Pt/Co/IrMn trilay-
ers with a single-biased hysteresis loop. This result confirms
that SOT can effectively switch the direction of exchange
bias in the Pt/Co/IrMn system, aligning with previous reports
[19–22].

Figures 2(a) and 2(b) illustrate the current-induced
magnetization switching loops under different in-plane fields
Hx varying from 400 to −400 Oe, and −400 to 400 Oe,
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FIG. 3. Field-free current-induced magnetization switching
loops and corresponding magnetic domain images.

respectively. The switching chirality is clockwise/
counterclockwise when Hx is positive/negative, consistent
with the positive effective spin Hall angle of our Pt/Co/IrMn
sample. Moreover, the field-free magnetization switching
can be achieved. When Hx varies from 400 to −400 Oe, the
magnetization switching is not observed at Hx = −60 Oe.
The phenomena can be attributed to the built-in effective
magnetic field Heff of approximately 60 Oe, generated by the
two Co bars, facilitating the field-free SOT switching. When
Hx changes from −400 to 400 Oe, the switching chirality
of the loops is reversed at Hx = +60 Oe, confirming that
the magnitude of Heff in such a device is around 60 Oe.
Subsequently, we focus on the field-free SOT switching.
By changing the Jmax, the anomalous Hall resistance RHall

is switched to different values, as depicted in Fig. 2(c). For
comparison, the RHall is set to −0.13 � initially by applying
a current pulse of J = −5.06 × 106 A/cm2 and Hx = −500
Oe. After each current-induced SOT switching, the hysteresis
loops are measured and are summarized in Fig. 2(d). Clearly,
the remanent state changes after each SOT switching, while
the magnitude of Hex remains constant at approximately 740
Oe. These results confirm that field-free tuning magnetization
and exchange bias by SOT can change the remanence state in
HM/FM/AFM systems, which holds promise for applications
due to the relatively stable multilevel storage states. It should
be noted that the field-free SOT switching is only partial,
mainly because the effective in-plane field produced by Ta/Co
is not large enough to achieve full switching. For complete
application, further experiments are required. For instance,
employing a FM layer with larger magnetic anisotropy
as a “permanent magnet” to provide a stronger built-in
bias field, or decreasing the PMA of the exchange-biased
system to lower the threshold for switching, may be effective
approaches.

To gain insight into the magnetization dynamics associated
with the change in RHall, the domain images were recorded by
the MOKE microscope operating on a differential model [44].
Figure 3 shows the field-free SOT-induced magnetization
switching loop and corresponding magnetic domains images.
Starting from a down-magnetized state, the application of
successive positive current pulses nucleates reversed domains
at the current line. These domains grow progressively, ac-
companied by continuous variation of RHall. When the current
polarity is reversed and J reaches a critical value, the reversed
domains shrink gradually upon the application of successive
negative current pulses. The unique behavior of domain wall
motion in the Hall cross can be explained by the nonuni-
form distribution of current density in the Hall cross [21,31].
Additionally, the irregular shape of the domain wall (tilting

of domain wall) outside the Hall cross may be ascribed to
complicated mechanisms, such as the Dyzaloshinskii–Moriya
interaction (DMI) [45], edge effect of the sample [46], domain
wall speed asymmetry [47], and Oersted field [48], which
needs further experimental investigation. Moreover, MOKE
images indicate the absence of switching along the current
line, potentially due to a low built-in field from the Co/Ta and
a large DMI field in the domain wall. Our analysis suggests
that the built-in field from the Co/Ta (∼ 60 Oe) is weaker
than the effective DMI field at the Pt/Co interface, which
ranges from hundreds to thousands of oersteds [4,49]. Conse-
quently, this discrepancy in field strength is likely insufficient
to completely bias the chirality of the Néel domain walls
necessary for effective switching. Nonetheless, these MOKE
images intuitively demonstrate that the field-free switching in
our Pt/Co/IrMn system results from domain wall motion.

B. Mimicking synaptic behaviors

One of the most important applications of memristive be-
havior is artificial synapses, which are indispensable building
blocks in neuromorphic computing [50–53]. A synapse is a
conjunction between two neuron cells, termed a preneuron
and a postneuron [54,55]. When a preneuron is excited, it
releases the neurotransmitters that are transmitted across the
synapse to the postneuron, resulting in either an excitatory
postsynaptic potential (EPSP) or an inhibitory postsynap-
tic potential (IPSP), along with updates to synaptic weight
[56,57]. The synaptic weight represents the strength of the
correlation between two neighboring neurons. Information
storage and learning in the human brain are exactly a result
of changes in synaptic weight. Synaptic plasticity refers to the
ability of synapses to dynamically adjust synaptic weights.
Typically, the synaptic behaviors can be mimicked by the
responses of resistance changes to the programming of suc-
cessive current pulses [50–53].

As sketched in Fig. 4(a), an artificial synapse based on
the Pt/Co/IrMn structure can be achieved by regarding the
RHall as the synaptic weight, which can be modulated by
the applied current pulses. As illustrated in Fig. 4(b), as
the number of positive/negative current pulses increases, the
RHall increases/decreases gradually, emulating the synaptic
plasticity of EPSP/IPSP, respectively. Initially, the magneti-
zation was set into the up state by a positive reset current
pulse (J ≈ 5.06 × 106 A/cm2) under Hx = –500 Oe. Subse-
quently, a series of 100 current pulses, with an amplitude of
4.91 × 106 A/cm2 and a pulse width of 0.2 ms, was applied
with negative polarity (black points) and positive polarity (red
points). The response of RHall to current pulses can be utilized
to simulate synaptic plasticity behaviors. Particularly, the RHall

of Pt/Co/IrMn stacks is the remanent state and quite stable
over time, classifying the EPSP and IPSP here as long-term
plasticity [50,57].

C. Thermal stability of the devices

From the perspective of practical applications, the thermal
stability factor � is a critical parameter as it determines the
service life of a recording bit for data storage [37,58]. The �

is defined as EB/kBT with EB the activation energy barrier,
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FIG. 4. (a) Left: the schematic of a synapse sandwiched be-
tween pre- and postneurons. Right: the sketch of the Pt/Co/IrMn
system to realize synapse function. The light-colored area shows
the up-magnetized domain, while the dark-colored area shows the
down-magnetized domain. (b) RHall responses to successive current
pulses with negative polarity (black points) and positive polarity (red
points) with current density of 4.91 × 106 A/cm2 and fixed pulse
width of 0.2 ms.

kB the Boltzmann constant, and T the absolute temperature.
Since the magnetization switching is a thermally activated
process, the coercive field HC is expected to depend on the
magnetic field sweeping rate. As demonstrated in Fig. 5(a),
the switching event occurs at lower fields with slower sweep-
ing rates. Here, the sweeping rate ranges from 1 to 100 Oe/s.
The dependence of HC on sweeping rate can be expressed
as [59,60]

HC = Hk

⎡
⎣1 −

√
1

�
ln

(
f0Hk

2�

1

R

)⎤
⎦, (1)

where R = dH/dt is the field sweeping rate, Hk is
the anisotropy field, and f0 is an attempt frequency

FIG. 5. (a) Typical magnetic hysteresis loops of the sample with
the variation of magnetic field sweeping rate of 10 and 100 Oe/s. (b)
The sweeping-rate-dependent coercive field HC.

( f0 = 1 × 1010 Hz). Figure 5(b) shows that Eq. (1) (solid
lines) fits the experimental data well and � is around 56.
This value means that it can ensure the nonvolatility for the
data storage over 10 years [37]. Besides, � for this sample is
almost the same as that for the reference device (Pt/Co/IrMn
device without in-plane Co layer on current line; see the
Supplemental Material [38]). This similarity indicates that
our method can realize field-free switching of exchange-bias
direction and ensure the thermal stability in the meantime.

IV. CONCLUSION

In summary, we propose a promising approach to manip-
ulating exchange bias by SOT without the assistance of an
external magnetic field. This method involves the deposition
of an in-plane FM layer directly on the current line of a Hall
bar device, which generates an internal effective in-plane field,
enabling field-free SOT switching. Moreover, this approach
does not compromise the thermal stability of the device, and
its � is around 56, showing the potential for over 10 years
of data retention time. Further, the memristive behavior in
the Pt/Co/IrMn system can be utilized to simulate a synap-
tic behavior of EPSP/IPSP. This work provides an effective
means for field-free manipulation of exchange bias via SOT,
which shows promise for applications in multilevel storage
and artificial synapses.
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