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ABSTRACT

Switching of perpendicular magnetization via spin-orbit torque (SOT) is of particular interest in the development of non-volatile magnetic
random access memory (MRAM) devices. We studied current-induced magnetization switching of Ir/GdFeCo/Cu/Pt heterostructures in a Hall
cross geometry as a function of the in-plane applied magnetic field. Remarkably, magnetization switching is observed at zero applied field. This
is shown to result from the competition between SOT, the Oersted field generated by the charge current, and the material’s coercivity. Our
results show a means of achieving zero-field switching that can impact the design of future spintronics devices, such as SOT-MRAM.
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INTRODUCTION

The development of magnetic random access memory (MRAM)
devices such as spin transfer torque (STT)-MRAM"” and spin orbit
torque (SOT)-MRAM’™ depends on advancing the understanding of
current-induced magnetization reversal processes. During the past
decade, attention has been focused on spin-orbit torque (SOT)
switching of perpendicular magnetic anisotropy (PMA) materials to
provide a reliable, faster, and scalable platform for SOT-MRAM.
Injection of an in-plane charge current in heterostructures generates a
transverse spin current due to the structural inversion asymmetry and
significant spin—orbit coupling. The resulting out-of-plane spin cur-
rents exert a torque, known as the SOT," on the magnetization that
can switch it. The SOT may have two components, known as the
damping-like and field-like torques, which both affect the magnetiza-
tion of a ferromagnetic (FM) layer in contact with a heavy metal
(HM). However, in most studies, SOT switching of perpendicularly
magnetized layers is only observed if an in-plane magnetic field is
applied that breaks the axial symmetry. For future applications, e.g.,
low-power memory and computing devices, both low switching
current thresholds and operation at zero applied field are required.

Recent research has focused on developing a better understand-
ing of the SOT physics, which can be used to design ultrafast and
power efficient spintronic devices."”™"* To implement field-free SOT
devices, different approaches were investigated, such as structural
and stack engineering,'°™'® vertical composition gradient,"” exchange
biasing of a FM,”"~** and the use of ferroelectric substrates.”” These
were explored to realize deterministic external-field-free switching
within the SOT device itself.

One material of particular interest is the ferrimagnetic alloy
GdFeCo. In this material, the moments on the rare-earth (Gd) sublat-
tice are exchange coupled antiferromagnetically to those on the
transition-metal (FeCo) sublattice.”® The net magnetization and coer-
civity of the GdFeCo alloy can easily be tuned by changing its com-
position or the temperature.”” Moreover, GdFeCo has shown very
interesting all optical switching properties™ and current-induced
“self-torque.””” Different studies involving SOT switching of ferri-
magnetic alloys have been reported recently and shown to be very
energy efficent.”’ ™

In this paper, we study current-induced magnetization switch-
ing in a GdFeCo Hall cross. We demonstrate that current-induced
switching can be obtained without any in-plane applied field. A
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state diagram is built from the Hall resistance measurements as a
function of the injected current and the in-plane field. Our results
can be understood by considering the SOT switching and the effect
of the Oersted fields that tend to nucleate longitudinal magnetic
domains of opposite direction on each side of the wire. The latter
becomes dominant when no in-plane field is applied and leads to a
partial magnetization reversal.

EXPERIMENTAL DETAILS

The studied heterostructure, SiO,/Ta (5nm)/Ir (5nm)/
Gdyy3Fess1Co76 (5 nm)/[Cu (5 nm)/Pt(5 nm), was grown by mag-
netron sputtering and patterned into 10 um wide wires to form a
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FIG. 1. GdFeCo Hall cross: (a) Schematic of the measurement setup and of
the GdFeCo sample stack, SiO,/Ta (5nm)/Ir (5nm)/Gd,43Fegs1Co76 (5 nm)/
(Cu (5 nm)/Pt(5 nm). (b) Dependence of the anomalous Hall resistance on the
external magnetic field applied perpendicular to the film plane Hz.
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Hall cross as sketched in Fig. 1. The 5 nm Gd,43Fess ;Coy 6 layer is
a “FeCo rich” alloy, which means that the alloy’s net magnetization
is aligned with the FeCo sublattice moments and the compensation
temperature is below room temperature. Thus, the net magnetiza-
tion remains aligned with the FeCo sublattice moments even
during current pulses that may heat the sample. The anomalous
Hall resistance, Ropg that is measured as a function of the applied
field perpendicular to the film plane, along the z direction, demon-
strates that the film has a perpendicular magnetic anisotropy
(PMA) [Fig. 1(b)]. This measurement allows us to determine the
value of Rygg when the sample is fully saturated along the positive
and the negative z direction.

RESULTS AND DISCUSSION

Current pulses 100-us in duration are injected parallel to the
in-plane magnetic field along the x axis. In Fig. 2, we show the Hall
resistance measured as a function of the current density and the
applied field. Taking into account that the spin Hall angle of Pt is

36

estimated to be 3.5 times larger than that for Ir”° and that the spin
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FIG. 2. Anomalous Hall resistance measurements on the GdFeCo based
device with various in-plane applied fields. (a) Raqe as a function of the injected
current density pulse in two different in-plane applied fields (H,=+118 and
—1330e). (b) Rae as a function of the injected current density under no
applied field (Hx=0).
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diffusion length in Cu is much larger than its 5nm thickness, we
concluded that the top Pt layer interfaced with Cu is the main
source of spin current leading to SOT. We can observe a full mag-
netization reversal, i.e., the same amplitude as for Rayg (Hz), with
only a small in-plane applied field [Fig. 2(a)]. Note that by chang-
ing the sign of the applied field, the symmetry of the hysteresis
loop is changed as expected and demonstrated in various SOT
studies.”™” The current density needed for the switching,
2x 10" A/m?, is typical of the results reported in the literature.””’
Remarkably, a clear switching is also observed without the applied
external field, though the full AHE amplitude is not reached
[Fig. 2(b)]. Several reports claiming zero-field switching only show
relative AHE amplitudes. Lower AHE effect amplitudes may be
attributed to heat effects. However, with a small in-plane applied
field, we find that the full AHE amplitude is recovered.

To study in more detail the influence of both the injected
current and the in-plane applied field (Hy), we created an Hy
current density J (Hy-J) state diagram, as shown in Fig. 3. For a
given in-plane applied field, Rayyrz measured while sweeping the
current from +3 x 10'" to =3 x 10'' A/m* was subtracted from the
Rang value measured while sweeping the current from —3 x 10'! to
+3x 10" A/m* to obtain AR. AR is different from zero when there
is hysteresis. This state diagram allows one to rapidly determine the
critical current for switching as a function of the in-plane applied
field as well as the AHE amplitude associated with the switching.

The anomalous Hall resistance depends on the projection
of the magnetization along z (Mz). Consequently, the in-plane
applied field (H,) tilts the magnetization thus reducing the projec-
tion on z and as a result AR. To investigate the mechanism of the
current-induced magnetization switching in GdFeCo heterostruc-
tures, we combined anomalous Hall resistance measurements with
quasistatic Kerr effect microscopy imaging to establish the mag-
netic state after injecting a current pulse. The magnetic configura-
tion of the GdFeCo Hall cross is shown in Fig. 4 for different
current pulse amplitudes. Dark (bright) contrast indicates a
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FIG. 3. Current density vs in-plane field state diagram. The diagram is obtained
by measuring the Hall resistance as a function of the current density for various
in-plane applied fields (Hy). AR represents the resistance difference between
the resistance measured by sweeping the current density from +3x 10" to
—3x10" A/m? and the one measured by sweeping back the current density
from —3x 10" to +3 x 10" A/m?,
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magnetization-up (down) domain. The signature of the Oersted
fields created by the injected current pulses can be observed in
Figs. 4(b)-4(d). Indeed, the Oersted fields generated by a current
flowing in a wire break the magnetization in two domains of oppo-
site direction along the x direction parallel to the current flow.

In Fig. 4, we concentrate on the evolution of the anomalous
Hall resistance and the associated magnetic configuration in zero
in-plane field (Hy =0) as a function of the current density J. Note
that the shape of those hysteresis loops (Rapg vs J) varies with the
initial magnetic configuration. In Fig. 4(a), two of the typical hys-
teresis loops are shown. For both, we started by injecting the
highest positive current density pulse amplitude (+3 x 10" A/m?)
leading to the formation of two parallel elongated domains of
opposite magnetization direction due to the Oersted field generated
by the injected current as seen in Fig. 4(d). Consequently, approxi-
mately half of the magnetization in the Hall cross is switched
leading to an intermediate anomalous Hall resistance
(Rapr=0.07 Q). The domain is stable until a current of opposite
sign is injected that will generate an Oersted field high enough to
drive the domain out of the cross as show in Fig. 4(c). This allows
the Hall resistance to reach a saturated state at a value of 0.04 Q.
Note that the Hall cross breaks the “wire” symmetry. Indeed, the
Oersted field in the cross is lower because the current density is
lower and domain may stay in the branches and be dragged.

For larger injected current, the threshold for which a domain
can be nucleated on the other side of the Hall cross is reached.
Elongated domains with opposite magnetization direction are then
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FIG. 4. Current-induced magnetization switching under zero applied field in a
10 um Hall cross: (a) Hall resistance Rane as a function of the injected current
J starting from large positive current. A full loop in black and a minor loop in red
are shown. (b)—(d) are Kerr images taken for different current values as shown
in (a).
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FIG. 5. Cross section of the Oersted field obtained using COMSOL® simula-
tions for a current of J =3 x 10" A/m? injected in a Ta(5)/Ir(5)/GdFeCo(5)/Cu(5)/
Pt(5) 10 x50 x 25 nm® wire.

stabilized as seen in Fig. 4(b), leading to a similar intermediate
value for the Hall resistance as in Fig. 4(d). If the injected current
is decreased starting from a magnetic configuration shown in
Fig. 4(c), a partial square hysteresis loop as shown by the black
curve can be obtained [Fig. 4(a)].

In Fig. 5, we show a cross section of the COMSOL® simulation
of the generated Oersted field in our stack. First, it confirms that the
expected antisymmetric geometry as the magnetic field is perpendic-
ular to the film plane on the edges with opposite directions and in
the film plane at the center of the wire. The field reaches 80 Oe,
which is more than the coercive field of our sample (50 Oe).

The effects of the Oersted field are often neglected in SOT switch-
ing measurements. In our stack, the GdFeCo layer is surrounded by
20nm of highly conductive metal layers, which can explain its high
values for the generated field. Here, we have shown that it strongly
affects the reversal of the magnetization by SOT. In Fig. 2, in the pres-
ence of an external magnetic field, the loop for Hy = —133 Oe presents
a strong asymmetry with respect to the switching current density. This
asymmetry follows the path of the Oersted field switching. The Oersted
field reduces the SOT threshold current when the switching occurs
toward the same state for both mechanisms.

CONCLUSIONS

In this work, we demonstrated current-induced magnetization
switching of GdFeCo heterostructures at zero bias field.
Magneto-transport measurements combined with Kerr effect
microscopy imaging revealed that the magnetization switching in
the GdFeCo Hall crosses is the result of SOTs and the Oersted
fields generated by the current pulses. Our findings could help
implement field-free SOT based magnetic memories.
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