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Abstract
The electrical manipulation of magnetization and exchange bias in antiferromagnet/ferromagnet
thin films could be of use in the development of the next generation of spintronic devices. Current-
controlled magnetization switching can be driven by spin-orbit torques generated in an adjacent
heavy metal layer, but these structures are difficult to integrate with exchange bias switching and
tunnelling magnetoresistance measurements. Here, we report the current-induced switching of
exchange bias field in a perpendicularly magnetized [rMn/CoFeB bilayer structure using a spin-
orbit torque generated in the antiferromagnet IrMn layer. By manipulating the current direction and
amplitude, independent and repeatable switching of the magnetization and exchange bias field
below the blocking temperature can be achieved. The critical current density for the exchange bias
switching is found to be larger than that for CoFeB magnetization reversal. X-ray magnetic circular
dichroism, polarized neutron reflectometry measurements and micromagnetic simulations show that

a small net magnetization within the IrMn interface plays a crucial role in these phenomena.
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Electrical manipulation of the magnetization and exchange bias in antiferromagnet
(AFM)/ferromagnet (FM) heterostructures!-1? is expected to be of use in several high-performance
spintronic devices, including magnetic tunnel junctions and magnetoresistance sensors. An efficient
method for electrical switching of the FM magnetization is to use the spin—orbit torque (SOT)
generated from a heavy metal (such as W, Ta, Pt) layer in AFM/FM/heavy metal structures®>!1-14,
The in-plane exchange field generated at the AFM/FM interface enables field-free switching of the
perpendicular magnetization and, compared to spin-transfer torque (STT)-driven devices, SOT-
driven systems can potentially offer decreased switching times and thus faster data writing!>.
However, manipulation of the exchange bias is usually achieved by field cooling, which requires an
external magnetic field and high temperature, hindering its application in practical devices! %17,

Alternatively, it has recently been demonstrated that the exchange bias field at the AFM/FM
interface can be switched by the SOT generated in the Pt layer in a Pt/Co/IrMn structure, passing
through the thin Co layer®. Strong SOTs can also be generated in certain AFM thin films (such as

IrMn and PtMn) due to their giant spin Hall angle!8-2?

, allowing simpler spintronic devices to be
created’>?°. For example, field-free switching of perpendicular magnetization has been achieved in
PtMn/[Co/Ni], structures where no heavy metal layer is required, with both the in-plane exchange
bias and SOT originating from the AFM/FM system?3. An advantage of using an AFM/FM/oxide
stack is that it is easier, compared to AFM/FM/heavy metal structures, to integrate tunnelling
magnetoresistance (for electrical reading of FM magnetization?®?”), SOT and exchange bias
switching in a single device.

In this Article, we report the current-induced switching of the exchange bias field by the SOT

generated from the AFM IrMn layer in IrMn/CoFeB/MgO heterostructures. Controlling the



orientation of the interfacial IrMn spins, and hence the exchange bias field, and the magnetization

direction of the CoFeB yields four unique states in this system. The current-controlled switching

between these states is demonstrated by modulation of the current direction and amplitude, and the

critical current density for exchange bias switching is experimentally determined. The underlying

mechanism is investigated by X-ray magnetic circular dichroism (XMCD) and polarized neutron

reflectometry (PNR) measurements to directly probe the depth- and element-specific magnetization

contributions of the constituent layers. Furthermore, temperature-dependent measurements and

micromagnetic simulations are used to evaluate the impact of the anisotropy energy of the interfacial

pinned spins on the exchange bias manipulation.

Sample preparation and magnetic properties

Thin films of Ta(2 nm)/Ir20Mnsgo(5 nm)/CosoFesoB2o(tcores)/MgO(2.5 nm)/AlLO3(5 nm) with

fcores 0f 1.1 nm to 1.2 nm are deposited on thermally oxidized Si substrates by magnetron sputtering

(Fig. 1a). After deposition, the samples are annealed under a strong perpendicular magnetic field

(more details can be found in the Methods). Magnetization hysteresis loops measured with out-of-

plane and in-plane magnetic fields are shown in Fig. 1b and Fig. 1c, respectively, with #cores = 1.2

nm. The samples exhibit strong perpendicular magnetic anisotropy (PMA) and an exchange bias

(EB) field (uoHeg) of 1.1 mT in the out-of-plane direction, as shown in Fig. 1b.

The films are then patterned into Hall bar devices using standard photolithography and dry

etching techniques. Figure 1d shows a micrograph of the Hall bar device and illustration of the

measurement setup. A current pulse with a width of 10 ms and delay of 100 ms is applied along the

longitudinal (x-direction) channel while the voltage is measured along the transverse (y-direction)

channel. An exchange bias field of 1.6 mT is obtained by measuring the anomalous Hall resistance



(Ruan) under perpendicular magnetic fields (Fig. le), in accordance with the result from the
magnetization hysteresis loop. The temperature dependence of the exchange bias is shown in Fig.
S1 (see Section 1 in the Supplementary Information), where a clear increase in the exchange bias
field can be observed when the temperature decreases. In addition, the current-induced SOTs are
measured using the harmonic technique?®- (see Section 2 in the Supplementary Information). The
spin Hall angle (6su) for the samples with #cores = 1.2 nm is measured to be 0.04, which possesses
the same sign as that for [rMn in previous reports'®2°, but the opposite sign to that for Ta'3, indicating
that the SOT in our samples originates mainly from the IrMn layer rather than from the Ta buffer
layer. Further, SOT-driven magnetization switching is achieved in the presence of an in-plane
magnetic field of uoHx = 100 mT, as shown in Fig. 1f.
SOT-driven exchange bias switching

Exchange bias switching driven by current-induced SOT is observed in the IrMn/CoFeB/MgO
structures. Figure 2a illustrates four states for the CoFeB magnetization and the interfacial IrMn
spins: the up-parallel (Up) state, down-parallel (Dp) state, up-antiparallel (Uap) state, and down-
antiparallel (Dap) state, where the up and down represent the orientation of the FM magnetization,
while the parallel and antiparallel represent the relative orientation between FM magnetization and
the interfacial AFM spins. The transitions among these four states are shown with black and blue
arrows. By applying an out-of-plane magnetic field, the magnetization direction can be reversed,
while the orientation of the interfacial AFM spins, and hence the exchange bias field, remains
unchanged, leading to transitions between the Up and Dap states, as shown in Fig. 2b. Switching of
the magnetization from up to down can also be realized by applying a negative pulse current in the

presence of an in-plane magnetic field of uoHx = 100 mT, as shown in Fig. 2c. Interestingly, the



exchange bias field before the magnetization switching is -1.3 mT (Fig. 2b), but it changes to 1.6

mT after the magnetization switching (Fig. 2d), indicating reversal of the exchange bias field from

negative to positive driven by the SOT current. In addition, reversal of the exchange bias field from

positive to negative is demonstrated in Section 3 of the Supplementary Information. Usually, the

exchange bias can be modulated by field annealing, that is to simultaneously apply an external

magnetic field and a temperature higher than the blocking temperature. Here, we demonstrate that

the exchange bias can also be switched by a current, which is essential for practical applications.

Next, we explore the independent switching of magnetization and exchange bias field to

investigate the relationship between them. We find that when a relatively small current (e.g. 7 mA)

is applied to a sample with Dp state, only the magnetization switches, while the exchange bias field

remains unchanged, leading to a transition from Dp to Uap state, as shown in Fig. 2e. This indicates

that the critical switching current for the CoFeB magnetization is smaller than that for exchange

bias field, which will be discussed in detail later. Then, in-plane pulse currents with amplitude of 8

mA or -8 mA are applied to the samples with Uap state. After applying positive currents, the

exchange bias field is reversed alone, but the magnetization remains unswitched, resulting in a

transition from Uap to Up state (see Fig. 2f-h). In contrast, after applying negative currents, the

magnetization is reversed alone, but the exchange bias field remains unswitched, resulting in a

transition from Uxp to Dp state (see section 4 of the Supplementary Information). These results show

independent switching of exchange bias field and magnetization depending on the SOT current

polarity.

In order to further illustrate the current polarity dependence of exchange bias switching, it is

necessary to present bidirectional switching of exchange bias field depending on the polarity of SOT



currents, while the CoFeB magnetization remains unswitched. However, because the critical

switching current for exchange bias field is observed to be larger than that for the CoFeB

magnetization, the exchange bias switching from a parallel initial state is usually accompanied by

the reversal of CoFeB magnetization (e.g. Up to Dp state in Fig. 2b-d). Therefore, we apply an

external magnetic field with a magnitude of 250 mT and an inclined angle 8 of about 3° from the

sample plane. This magnetic field possesses a perpendicular component to fix the CoFeB

magnetization upwards and an in-plane component to assist the SOT switching. Figure 3a-d

demonstrates the transition from Up to Uap state upon applying a negative SOT current in a sample

with fcores = 1.14 nm. We can see that the CoFeB magnetization remains unswitched (see Fig. 3¢)

even when /= -9 mA is applied, while the exchange bias field is reversed from negative to positive

(see Fig. 3b and 3d) under the effect of SOT, leading to the transition from Up to Uap state. Then a

positive current (/ = 9 mA) causes the switching of exchange bias field from positive to negative

with CoFeB magnetization still pointing up, resulting in the transition from Uap back to Up state

(see Section 5 in Supplementary Information). Moreover, the transitions between Dp and Dap states

depending on the SOT current polarity are demonstrated in Fig. 3e-h and Section 5 in Supplementary

Information, where the perpendicular component of the external field fixes the CoFeB

magnetization downwards. These results clearly show the current polarity dependence of exchange

bias switching.

Besides, we note that the current passing through the metal layers will lead to a rise in temperature

due to the Joule heating effect, as demonstrated in Section 6 of the Supplementary Information.

However, when a pulse current of 8 mA is applied, the temperature is measured to be 367 K, which

is much lower than the blocking temperature (estimated as higher than 400 K), indicating that Joule



heating is not the primary reason for the exchange bias switching.
XMCD and PNR measurements

The exchange bias effect’’*? has long been attributed to interfacial coupling between
uncompensated moments on the surface of an antiferromagnet, with the spins in a neighboring
ferromagnet®. X-ray** and neutron scattering experiments®> support this model and emphasize a
distinction between pinned uncompensated moments which contribute to exchange bias, and
rotatable uncompensated moments, which do not. These techniques are applied here to investigate
exchange bias in the IrMn/CoFeB system.

X-ray magnetic circular dichroism is a technique which provides element-specific sensitivity to
uncompensated moments. A sample was prepared by field annealing along the film normal (out-of-
plane) direction to align the antiferromagnet. The Fe and Mn X-ray absorption (XA, shown in
Section 7 of Supplementary Information) and XMCD were then measured with the X-rays and a
450 mT magnetic field applied at 20° grazing incidence. This field saturates the magnetization in-
plane, including the CoFeB and any rotatable moments in the IrMn. The XMCD signal from the Fe,
Fig. 4a, indicates its parallel alignment with the magnetic field; the Mn signal in Fig. 4b indicates a
small net magnetization from the IrMn oriented antiparallel to the Fe. The alignment of the Mn
antiparallel to the magnetic field incurs a Zeeman energy cost, implying the Mn and CoFeB must
possess a compensating antiparallel coupling. This also suggests that the uncompensated Mn
moments are located at the [rMn/CoFeB interface. The magnetic field was then reduced to 10 mT
and the sample was rotated such that the X-rays and applied field were along the film normal, and
the XA/XMCD spectrums were remeasured. The new spectrums indicate that the Fe and

uncompensated Mn spins realign to the out-of-plane orientation while maintaining their antiparallel



configuration. Comparing the Mn XMCD signal measured with a large in-plane versus a small out-

of-plane field reveals nearly the same magnitude, within approximately 5%, suggesting virtually all

of the Mn has rotated to follow the CoFeB. Lastly, the field was reduced to zero and the sample was

rotated back to the 20° grazing incidence geometry and the XA/XMCD was measured. The Fe

spectrum shows a small signal, likely due to the projection of the out-of-plane moment due to the

20° alignment, but no detectable signal in the Mn spectrum, indicating no residual in-plane

magnetization exists from the Mn. Thus, we may conclude that as much as 95% (representing the

detection limit) of the uncompensated moments within the IrMn are rotatable while the rest are

pinned.

Polarized neutron reflectometry allows the magnetization to be spatially resolved along the depth

of the sample. For these measurements, the sample is annealed with an in-plane field. Measurements

were performed with an in-plane field of 700 mT and 2 mT. The high field condition is performed

to pull the CoFeB magnetization in-plane, while for the low-field measurement, the CoFeB will

rotate out-of-plane due to its perpendicular anisotropy. The small field (2 mT) is necessary to

maintain the polarization of the neutron beam during the measurement. Based on the XMCD data,

the rotatable Mn spins in the low-field measurement are expected to follow the CoFeB

magnetization out-of-plane, while any pinned Mn spins will remain in-plane. Since PNR is

exclusively sensitive to in-plane magnetization, the low-field measurement will only be sensitive to

the pinned Mn moments.

Figure 4c shows the PNR data and modeled curves as a function of the perpendicular momentum

transfer vector Q (the spin asymmetry is shown in Section 8 of the Supplementary Information).

The theoretical curves are consistent with the experimental results, capturing all of the major



features. The converged model of the sample’s depth-resolved scattering length density (SLD), used
to calculate the theoretical curves in Fig. 4c, is shown in Fig. 4d. For both of the field conditions,
only a small antiparallel magnetization may be present at the IrMn interface (red line in Fig. 4d),
consistent with the small Mn XMCD signal. The best fit to the data includes a magnetization of 45
+ 12 KA'm'! in the 700 mT measurement and 10 = 8 KA'm™' in 2 mT, which oriented antiparallel
to the CoFeB and the magnetic field. The magnetization in the 2 mT measurement is much smaller
than that in the 700 mT measurement, suggesting that the pinned Mn spins are a small minority of
the uncompensated spins. Using these magnetization values, the PNR is consistent with a picture in
which approximately 9% of the Mn at the interface is uncompensated, and of that 95% is rotatable
and follows the CoFeB. It is important to acknowledge here that such small interfacial moments are
difficult to demonstrate conclusively through PNR in this system due to the proximity of the large
CoFeB moment. Rather, the PNR specifically indicates that models which incorporate an overall
IrMn moment favor antiparallel alignment and show no evidence that the majority of such a moment
is strongly pinned rather than rotating to remain antiparallel with the CoFeB. Thus, the XMCD and
PNR results are in agreement, indicating a majority of the uncompensated Mn moments, which are
located at the IrMn surface, are rotatable and align anti-parallel to the CoFeB.
Micromagnetic simulations of exchange bias switching

Based on these observations, micromagnetic simulations (see the Methods) are performed to
explore the existence of exchange bias and its manipulation by SOT in our experiments. Figure 5a
shows the schematic of the AFM/FM exchange bias system, including the bulk AFM, the interfacial
AFM spins and the FM layer. The interface consists of two types of uncompensated spins*+3¢, i.e.,

the pinned spins which, marked in red, remain nearly unchanged under the stimulus of external



magnetic fields and the rotatable spins which, marked in blue, can switch with the FM magnetization.
Based on the XMCD and PNR results, only a small number of interfacial spins are set as pinned
spins (see Section 9 in the Supplementary Information) while others are rotatable. Perpendicular
magnetic fields are swept before and after a SOT pulse to obtain the corresponding exchange bias
field.

Initially, a positive exchange bias field is obtained, as shown in Fig. 5b. When we apply a SOT
current of Jsor = 90 MA-cm, the FM magnetization can be switched (not shown) while the
exchange bias field is still positive, as indicated in Fig. 5c. Moreover, Fig. 5c also shows that a large
SOT current (Jsor = 270 MA-cm™) can be used to reverse the exchange bias field, which implies
that the switching current density for exchange bias field is larger than that for FM magnetization.
This is ascribed to the large anisotropy difference between the pinned spins and the FM
magnetization in our simulations and is further verified in the temperature-dependent experiments
(see the next section). Figure 5d and 5e are snapshots of the z component of FM magnetization at
selected times upon the application of different SOT currents. Due to the Heisenberg interaction,
the FM magnetization marked by the black dashed circles are consistent with the interfacial pinned
spins beneath the FM layer. When Jsor = 90 MA-cm? is applied, a domain wall (DW) nucleates at
the edge and then propagates through the sample. However, the anisotropy difference between the
pinned spins and FM magnetization induces a strong pinning force, thus the domain expansion stops
at the pinned area. With the FM magnetization almost switched, the pinned spins remain unchanged
(see the marked areas), still generating a positive exchange bias field. In contrast, the DW can be
gradually depinned when a large SOT current (Jsor = 270 MA-cm) is applied, as shown in Fig. 5e.
Therefore, the pinned spins are finally switched, resulting in a negative exchange bias field.
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Through sweeping the SOT current density, it is clearly shown in Fig. 5fthat the critical switching
current density for the exchange bias is larger than that for the magnetization. Based on this
phenomenon, the FM magnetization and exchange bias can be independently manipulated using
different SOT currents rather than via perpendicular magnetic fields (see Section 10 in the
Supplementary Information). Both our simulation and experimental results illustrate that the
physical mechanism of SOT-driven exchange bias switching would be related to the switching of
pinned spins at the AFM/FM interface. The switching behaviour of interfacial pinned spins driven
by SOT current is similar to that of FM magnetization, but the pinned spins possess stronger
magnetic anisotropy, leading to larger critical switching current for the exchange bias. However, the
impact of the bulk property of AFM on the exchange bias switching have not been identified in our
study. Further investigation on AFM/FM bilayer system requires direct detection of magnetic
moments in the bulk AFM.

Temperature- and thickness-dependent switching

To confirm the different critical current densities for magnetization and exchange bias field,
temperature- and thickness-dependent switching are explored. Figure 6 demonstrates reversal of
magnetization and exchange bias field driven by gradually increasing currents. The Hall resistance
(left axis) and the exchange bias field (right axis) are measured after each current is applied. For the
samples with CoFeB thickness fcores = 1.2 nm and temperature 7 = 300 K (see Fig. 6a), sharp
magnetization switching occurs at a current of 6 mA (corresponding to 12.7 MA-cm?), while the
exchange bias field remains almost unchanged, making switching of the magnetization alone
possible. By gradually increasing the pulse current, exchange bias switching occurs at a current of
8 mA, showing an obviously larger critical switching current for the exchange bias field than for the
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FM magnetization. Furthermore, two methods are demonstrated to modulate the critical switching

current for the exchange bias field. The first method is controlling the thickness of the FM layer. As

shown in Fig. 6¢, for the samples with thinner CoFeB layers (fcores = 1.1 nm), a larger critical

current (>10 mA) is required to achieve switching of the exchange bias field. The second method is

adjusting the temperature. By decreasing the temperature to 255 K, the critical switching current

increases, as shown in Fig. 6b; while the critical current decreases when increasing the temperature

to 345 K, resulting in exchange bias switching for the samples with #coreg = 1.1 nm, as shown in Fig.

6d. More details about temperature dependence of exchange bias switching can be found in Section

11 of the Supplementary Information. These results demonstrate effective manipulation of

magnetization and exchange bias through control of temperature and CoFeB thickness.

Conclusion

We have reported current-induced exchange bias switching via the SOT originating from the

AFM layer in an IrMn/CoFeB bilayer. The independent switching of magnetization and exchange

bias field in a repeatable manner is demonstrated by manipulating the current direction and

amplitude in the presence of an in-plane magnetic field. Experimental results from PNR and XMCD

indicate a small net magnetization exists at the IrMn interface, comprised primarily of rotatable

uncompensated Mn spins and a much smaller fraction (<10%) of pinned spins. Micromagnetic

simulations and temperature-dependent measurements show that the critical current density to

switch the interfacial pinned spins, and hence the exchange bias field, is larger than that of

magnetization reversal, and this difference allows the FM layer and exchange bias to be individually

manipulated by SOT currents, rather than via perpendicular magnetic fields.

Methods
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Ultrahigh-vacuum magnetron sputtering was used to deposit sub./Ta(2 nm)/Ir2)Mngo(5

nm)/CosoFes0B20(fcore)/MgO(2.5 nm)/AlO3(5 nm) stacks without applying an external magnetic

field during deposition. The CoFeB thickness (#core) is 1.1 nm to 1.2 nm. Ta was used as the bufter

layer. After deposition, the samples were annealed in vacuum (<1077 Torr) at 200°C for 30 minutes

under a perpendicular magnetic field of 1.5 T. The magnetic properties of the blank stacks were

studied with a vibrating sample magnetometer. Subsequently, standard photolithography and dry

etching techniques were utilized to pattern the thin films into Hall bar devices. The widths of the

longitudinal channel and the transverse channel for the Hall bar devices were 5 um and 3 pm,

respectively.

X-ray absorption (XA) and X-ray magnetic circular dichroism (XMCD) were performed at

beamline 4.0.2 of the Advanced Light Source. Sample stacks were composed of Ta(5 nm)/Ir20Mnsgo(5

nm)/CosoFesB2o(1 nm)/MgO(2 nm)/Ta(2 nm). Measurements were performed with the applied field

along the X-ray propagation direction. Since the objective of the XMCD study was to determine the

fraction of uncompensated IrMn spins which follow the CoFeB, in the inherently uniaxial exchange

biased state, it was important to perform the XMCD measurements with alternating photon helicity

rather than alternating applied field. Further, alternating field is not possible when studying the final

in-plane remnant state. All measurements were therefore performed using alternating photon

helicity with 0.9 circular polarization. The data was collected at room temperature in total electron

yield mode. The sample was aligned either with the applied magnetic field and X-ray propagation

direction along the film normal or along in grazing incidence with the beam and field inclined at 20°

relative to the film plane.

Polarized neutron reflectometry (PNR) was performed using the PNR instrument at the NIST
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center for neutron research. Incident and scattered neutrons were polarized either parallel or
antiparallel to the applied field direction. Because of the perpendicular anisotropy of the CoFeB,
only net magnetization contributions are expected parallel to the applied field or along the out-of-
plane direction. No spin-flip scattering is therefore expected, and measured only the non-spin-flip
cross sections. We therefore collected the 11 and || scattering cross sections as a function of the
perpendicular momentum transfer vector Q. Data was reduced using the reductus software program
and fit with the Refl1D software package3”-®.

Micromagnetic simulations were performed using the GPU-accelerated platform Mumax3*°. In
our simulations, the pinned spins possess a higher effective anisotropy than the rotatable spins*’
whose anisotropy strength equals to that of the FM layer. According to the XMCD and PNR results,
antiparallel coupling is set between the rotatable spins and the FM magnetization. Considering that
the initial hysteresis of our samples is oppositely shifted to the field cooling direction, even under a
magnetic field of +5 T, the interfacial pinned spins are speculated to ferromagnetically couple with
the FM layer*!, as set in the model. Note that in our simulations, we only consider the FM
magnetization (three layers) and one layer of interfacial spins because previous studies have
indicated that interfacial spin orders behave basically independently with the adjacent bulk AFM
grains when modulating the exchange bias*?. Though the influence of the bulk AFM cannot be ruled
out, the main features in our experiments can be well reproduced with this simplification. Based on
the previous reports on the grain size in IrMn/CoFeB***, both the FM layer and interfacial AFM
were divided into grains with an average size of 10 nm using a Voronoi tessellation, and the position
of grains in the FM layer did not coincide with that in interfacial AFM*. The applied SOT pulses
last for 10 ns and then are removed, relaxing the system for 10 ns. All the simulations were

14



performed at a temperature of 300 K except that the hysteresis was recorded at 0 K to exclude

thermal effects. For material parameters adopted in our simulations, see Section 12 in the

Supplementary Information.

Data availability

The data that support the plots within this paper and other findings of this study are available from

the corresponding author upon reasonable request.

Code availability

The micromagnetic simulator Mumax3 wused in this work 1is publicly accessible at

https://mumax.github.io/.
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Figure captions

Fig. 1 | Magnetic properties of the IrMn/CoFeB/MgO films and the Hall bars. a, Schematic of the

IrMn/CoFeB/MgO stacks. b,c, Magnetization hysteresis loops under (b) perpendicular and (c) in-plane

magnetic fields, with fcores = 1.2 nm. A perpendicular exchange bias field of 1.1 mT is obtained after

annealing. d, Micrograph of Hall bar device and illustration of the setup for Hall bar measurements. e,

Anomalous Hall resistance (Ruai) under perpendicular magnetic fields. An exchange bias field of 1.6 mT

is obtained, consistent with the result from the perpendicular magnetization hysteresis loop. f, SOT-driven

magnetization switching in the presence of an in-plane magnetic field poHx = 100 mT.

Fig. 2 | Exchange bias and magnetization switching driven by current-induced SOT. a, Schematic

configurations of four states for the CoFeB magnetization and interfacial IrMn spins (up-parallel (Up) state,

down-parallel (Dr) state, up-antiparallel (Uar) state, and down-antiparallel (Dap) state), and transitions

among them. b-d, Concurrent switching of the magnetization and exchange bias field driven by a pulse

current in the presence of an in-plane magnetic field (uoHx = 100 mT). The measurements of exchange

bias field before and after magnetization switching are shown in b and d, respectively, where the exchange

bias switching from -1.3 mT to 1.6 mT can be observed. e, Independent switching of magnetization with

a relatively small current (€7 mA), the exchange bias field remains unchanged. f-h, Independent switching

of exchange bias field with a positive current of 8 mA, the magnetization remains unchanged. The insets

illustrate the initial states before currents are applied and the final states after the largest currents (7 mA

or +8 mA) are applied.
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Fig. 3 | Bidirectional switching of exchange bias field depending on SOT current polarity. a,

Schematic of transitions between Up and Uap states depending on SOT current polarity. b-d, Independent

switching of exchange bias field from Up to Uar state with a negative current. An external magnetic field

with a magnitude of 250 mT and an inclined angle 6 of about 3° from the sample plane is applied. The

measurements of exchange bias field before and after switching are shown in b and d, respectively. e,

Schematic of transitions between Dp and Dap states depending on SOT current polarity. f-h, Independent

switching of exchange bias field from Dp to Dap state with a positive current.

Fig. 4 | XMCD and PNR during switching. a,b, XMCD of the (a) Fe and (b) Mn in the IrMn/CoFeB

structure. XMCD results have been offset for clarity and show the three field conditions of 450 mT 20°

grazing (red), 10 mT out-of-plane (blue), and 0 mT 20° grazing (green). ¢, PNR and theoretical fit at 700

mT and 2 mT. Curves offset for clarity. d, Converged scattering length density (SLD) profile used to

generate the fits in panel c. Note that the plotted profile does not show the entirety of the thermally grown

SiO2 or Si substrate.

Fig. 5 | Micromagnetic simulation results of exchange bias and its manipulation by SOT. a

Schematic of the AFM/FM exchange bias system. b,c, Hysteresis loops (b) before and (c) after application

of SOT currents when Jsot = 90 MA-cm and Jsot = 270 MA-cm2. d,e, Snapshots of the z component of

the FM magnetization configuration (m;) at selected times when (d) Jsor = 90 MA-cm and (e) Jsot = 270

MA-cm2. f, Switching of the exchange bias and magnetization under different SOT current densities. In

the simulations above, an in-plane magnetic field poHx = 30 mT is incorporated to realize deterministic

SOT switching. The magnetization switching curve is from one single simulation, while the exchange bias

switching is simulated six times. The error bars are standard deviations.

Fig. 6 | Temperature and thickness dependence of magnetization and exchange bias switching. a-
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d, Switching of magnetization and exchange bias field driven by gradually increasing currents in the

presence of an in-plane magnetic field of poHx = 100 mT. Samples with (a,b) 1.2 nm CoFeB are

investigated at (a) T= 300 K and (b) T = 255 K, while samples with (c,d) 1.1 nm CoFeB are measured at

(c) T=300 K and (d) T =345 K. The Hall resistance (left axis) and the exchange bias field (right axis) are

measured after each current is applied. The initial state is the down-parallel (Dp) state. The error bars are

standard deviations.
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Fig.3
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