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ABSTRACT

Current induced magnetisation switching is of particular interest to develop non-volatile magnetic memories
(MRAM). We studied spin orbit torque (SOT) switching in a Pt/ferromagnet/antiferromagnet Pt/[Co/Ni]./PtMn Hall
cross. For the as-deposited sample which showed no exchange bias effect, SOT switching is observed only under
an in-plane applied field. In this case, when the in-plane applied field tends to zero, the current switching required
diverges and the Hall voltage signal generated by the switching tends to zero. However, the same sample
annealed under a perpendicular to the plane and then under an in-plane applied field demonstrated in zero
magnetic field both square Hall voltage versus current hysteresis loops but also a moderate switching current.
This procedure induces an out-of-plane exchange bias with strengthen Perpendicular Magnetic Anisotropy (PMA)
and an in-plane exchange bias which induces zero field SOT switching. The study of the SOT switching for both
annealing procedures as a function of the injected current and the in-plane field is shown. Those results could
impact the design of future spintronics devices such as SOT-MRAM.

I. INTRODUCTION

Current-induced magnetisation switching studies
allowed developing new spintronics devices such as
Spin Transfer Torque (STT)-MRAM which are now
on the market"”*. Over the past 10 years, lots of
attention has been focused on spin-orbit torque
(SOT) that provides a reliable way to reverse
magnetisation of ferromagnets (FM)"°. Indeed in-
plane charge current injected in heterostructures
which exhibit both characteristic inversion structural
asymmetry and significant spin-orbit interaction
results in an out-of-plane spin current which
generates a torque known as the SOT®’. The SOT
may have two components called damping-like
torque and field-like torque which both interact with
the FM magnetisationg. If the FM layer has
Perpendicular Magnetic Anisotropy (PMA), an
external field applied in-plane is generally necessary
in order to achieve deterministic current-induced
SOT switching. Indeed it is understood that
symmetry needs to be broken to allow the
magnetisation reversal’.

Recently, it has been shown that if the FM
magnetic layer is replaced by a FM/AFM exchange
coupled bilayer, SOT switching can be obtained

under zero in-plane applied field. It is understood
that the presence of the AFM can induce an
exchange bias field Hyz acting on the FM layer
which results in a field shift on the FM hysteresis
loop. Exchange bias or exchange anisotropy has
been discovered decades ago'”'" and studied in
details. Recently, researchers focused on FM/AFM
systems in which the AFM exhibits large Spin Hall
Effect (SHE) in order to induce SOT effect. Fukami
et al."”"*"* demonstrated new opportunities for the
applicability of antiferromagnetic materials in
PtMn/[Co/Ni],. PtMn combines the properties of an
AFM layer generating a bias field but also of a
heavy metal (HM) demonstrating SHE comparable
to Pt or Ta”"". A phase transiton from
paramagnetic to antiferromagnetic phase occurs
around 573 K and the Neel temperature is
remarkably high with an estimated value of at least
810 K22 23.24.

Oh et al.”” demonstrated similarly field-free SOT
magnetisation switching in IrMn/CoFeB/MgO with
both field-annealing and a FM/MgO interface to
support the PMA.

Whereas van den Brink et al. investigated the
system Co/Pt/IrMn which shows field-free switching



thanks to the exchange biased effect induced
system but also helps to understand how relevant
the crystalline structure of the AFM is for a reliable
magnetisation switching”®. Note that in those
systems, the AFM-FM exchange coupling can
provide a better thermal stability for future SOT-
MRAM™.

In our paper, we explore SOT switching in a
Pt/FM/AFM bilayer system where the FM and AFM
layers consist in [Co/Ni] and PtMn, respectively.
The dominant source of spin current originates from
the Pt bottom layer showing a large Spin Hall angle
as in the Pt/Co/IrMn structure studied in ref’’ . We
intend to obtain zero field SOT switching as in
Fukami's work® but also to keep strong PMA to
maintain square Hall voltage versus current
hysteresis loops. To do this we induced both an in-
plane and out-of-plane exchange coupling between
the two layers. This was done by a double
annealing procedure starting with an out-of-plane
field annealing followed by an in-plane field
annealing.

Il. EXPERIMENTAL SECTION

The system SiO» // Ta (5 nm)/Pt (4 nm)/Co (0.3
nm)/[Ni (0.6 nm)/Co (0.3 nm)]2/PtMn (10 nm)/Ta (3
nm) studied is sketched in Fig. 1(a). By working with
an ultrahigh-vacuum magnetron sputtering system,
the PtMn/[Co/Ni]; system has been deposited on
thermally oxidized Si substrates without any
magnetic sources according to the corresponding
order: substrate // Ta (5 nm) / Pt (4 nm) / Co (0.3
nm) / [Ni (0.6 nm)/Co (0.3 nm)]> / PtMn (10 nm) / Ta
(3 nm). In particular, the bottom and top Ta layers
have been used as adhesion and capping layers
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FIG. 1. System structure and description of experimental set-
ups to measure SOT Switching. (a) Sketch of a SiO2 // Ta (5) /
Pt (4) / Co(0.3) / [Ni (0.6) / Co (0.3)]2 / PtMn (10) / Ta (3)
sample. (b) Current pulse profile used for SOT measurements.
(c) Sketch of the experimental set-up to measure the SOT
switching curves with P-MOKE configuration in a single-wire
(5um x 10um). (d) Sketch of the experimental set-up to
measure the Anomalous Hall Effect while injecting current in
Hall cross (5 or 10um x 10um).

respectively. By using a Vibrating Sample
Magnetometer (VSM), we investigated the most

suitable ferromagnet for our study and we confirmed
that sheet-flms involving PtMn exhibit the co-
existence of Perpendicular Magnetic Anisotropy
(PMA) and out-of-plane exchange bias. Once we
managed to get the magnetic properties, the
samples have been patterned into a Hall cross (5
pm or 10 um by 10 pm) and/or into a bar (5 pm by
10 um) by photolithography, magnetron sputtering
and liftoff process. The same method has been
used to set up the Ta(10 nm)/Pt(100 nm) electrodes
in a second round of patterning.

Ill. RESULTS AND DISCUSSIONS
A. Magnetic Properties

The magnetic properties of the sample were
obtained by measuring its magnetisation as a
function of the applied field with a VSM with different
annealing procedures as shown in Fig. 2. Fig. 2(a)
and Fig. 2(b) present the hysteresis loops obtained
on the as-grown sample for field applied
perpendicular to the film plane and in-plane
respectively whereas Fig. 2(c) and Fig. 2(d) show
the hysteresis loops obtained after the double
annealing procedure. The sample is heated at 583K
then a magnetic field of 0.9T is applied along the
direction perpendicular to the film plane (z axis)
during the first 25 minutes and it is then applied
along an in-plane direction (x axis) during the last 35
minutes before cooling down to room temperature.
This provides a significant hysteresis loop shift both
in the in-plane and the out-of-plane directions
without damaging the PMA, i.e. maintaining nice
square loops.
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FIG. 2. Normalized magnetisation M/Ms as a function of the
applied magnetic field. (a) As-deposited structure with the field
applied perpendicular to the plane. (b) As-deposited structure
with the field applied in the plane. (c) After annealing at 583K
under 0.9T with the field applied perpendicular to the plane. (d)
After annealing at 583K under 0.9T with the field applied in the
plane.

Out-of-plane VSM measurements for annealed
films exhibit square loops with a coercive field Hc =
22mT and an out-of-plane exchange bias of 9mT. In
addition, in-plane measurements show an in-plane



exchange bias of 20mT. The saturation
magnetisation, for annealed films, reaches
0.927MA.m™ with an anisotropy field of 500mT
(50000e), that is to say an effective magnetic
anisotropy Ket = 0.23MJ.m>.

It should me mentioned that for a single step
annealing at 583K under a field of 0.9T along the
out-of-plane direction (z axis) during 60 minutes, no
in-plane exchange bias is induced as shown on Fig.
3(a). Then, we performed Magneto Optical Kerr
Effect (MOKE) measurements in polar configuration
using the experimental set-up described in Fig. 1(c)
to get SOT switching curves on single-wire
annealed only in the direction perpendicular to the
plane to demonstrate that no zero field SOT
switching is observed as shown on Fig. 4. On the
other hand, if the annealing is performed with in-
plane field only, no strong PMA is observed as
shown in Fig. 3(b).

B. Anomalous Hall Effect measurements

We performed Anomalous Hall Effect (AHE)
measurements using the experimental set-up
described in Fig. 1(d) to get SOT switching curves
on Hall-crosses for both as-deposited and annealed
systems. We applied pulse current starting from -
60mA to + 60mA (with a pulse profile corresponding
to Fig. 1(b)) under a permanent in-plane magnetic
field ranging from -30mT to +30mT. Fig. 5(a,c)
shows SOT loops for double annealed devices. The
polarity switching occurs at Hxswircn = - 1.5mT for
annealed devices due to the symmetry breaking.
However, we demonstrated (see Fig. 5(b,d)) a
polarity switching at Hx switch = OmT for non-biased
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FIG. 3. Normalized magnetisation M/Ms as a function of the
magnetic field applied in-plane and out-of-plane. (a) Sample
after out-of plane annealing only. (b) Sample after in-plane
annealing only.

devices. Note that the full current switching is
observed only for applied field showing an absolute
value larger than 10mT.

The amplitude of the AHE voltage variation
generated by the SOT magnetisation switching
decreases as the field reaches the polarity switching
field (HxswircH). In the case of the as-deposited
sample at zero applied field Hx = OmT, the critical
current tends to diverge and no switching can be
observed since the switching voltage amplitude
tends to zero. However, a significant switching
voltage variation is observed under zero applied
magnetic field after a double annealing procedure
for a moderate current. Moreover, the Hall voltage
versus current remains a square loop.

The critical switching current Ic is plotted as a
function of the in-plane field Hx in Fig. 6. For the as-
deposited sample the evolution of the critical current
is symmetric i.e. similar behaviour is observed for
positive and negative in-plane field. In the case of
double annealed sample the evolution is
asymmetric. In first approximation the Ic versus Hx
is now centred around Hx switcn = - 1.5mT.

IV. CONCLUSION

In conclusion, we have demonstrated that using a
double annealing procedure which consists in
annealing the sample with a perpendicular to the
plane followed by an in-plane applied magnetic field,
we can combine a zero field SOT switching and a
sharp out-of-plane switching. Indeed this procedure
induces both an in-plane and out-of-plane exchange
bias phenomena which allows an in-plane symmetry
breaking needed for the SOT switching but also
maintains perpendicular magnetisation resulting in
square Hall voltage versus current hysteresis loops.
This procedure can be implemented to improve the
design of future spintronics devices such as SOT-
MRAM.
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FIG. 4. Normalized Kerr intensity as a function of the applied
voltage in P-MOKE configuration.
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FIG. 5. Normalized Vane as a function of injected current - Ic for a SiO2 // Ta (5) / Pt (4) / Co(0.3) / [Ni (0.6) / Co (0.3)]2 / PtMn (10) / Ta (3)
sample. (a), (c) As-deposited sample. (b), (d) Sample after double annealing procedure. (a) For various in-plane fields ranging from +30
mT to -1.5 mT leading to one type of SOT switching polarity. (b) For various in-plane fields ranging from +30 mT to 0 mT leading to one
type of SOT switching polarity. (c) For various in-plane fields ranging from -1.5 mT to -30 mT leading to the other type of SOT switching
polarity. (d) For various in-plane fields ranging from 0 mT to -30 mT leading to the other type of SOT switching polarity.
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FIG. 6. Critical current as a function of the in-plane applied field
Hx for the SiO2 // Ta (5) / Pt (4) / Co(0.3) / [Ni (0.6) / Co (0.3)]2/
PtMn (10) / Ta (3) sample as-deposited (red square) and after
annealing following the procedure described in the text (blue
circles).
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