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ABSTRACT

The interest in spintronics devices based on domain wall (DW) motion has gained attention for many years. However, the stochastic behaviour of DW motion is still a
fundamental issue for the practical implementation of DW devices. In this study, we demonstrate that effective domain wall pinning can be achieved by using
exchange interaction between Co/Ni multilayer with perpendicular magnetic anisotropy (PMA) and Co layer with in-plane magnetic anisotropy (IMA) to create
locally tilted magnetisation. The strength of exchange interaction is tuned by varying the thickness of spacer layer Pt between the PMA and IMA layers, thus forming
different tilt angles. Micromagnetic simulations were performed to verify the relation between pinning field and magnetisation tilt angle. Polar Kerr microscopy
shows the current-driven DW pinning and depinning in the Co/Ni multilayer device with Co crossbars, where the thickness of spacer layer Pt is 1 nm. The proposed

approach can potentially be used in future DW memory device applications.

1. Introduction

Spintronic devices based on domain wall (DW) motion has garnered
the curiosity of researchers working on it due to its potential applica-
tions [1-5]. The three-dimensional domain wall memory combines the
advantages of hard disk drive (HDD), such as high capacity [3,6], and
magnetic random-access memory (MRAM) [7-10], such as low energy
consumption and ultrafast operation. High capacity can be achieved by
arranging a series of ferromagnetic nanowires on a wafer with vertical
or horizontal configurations. For reading purpose, each nanowire is
assembled with a tunnel magnetoresistance (TMR) sensor. DWs are
driven to the TMR sensors along the wire for reading. Since there is no
mechanical motion in DW memory’s reading and writing processes, it is
expected to be more energy efficient. Pulsed spin current with a dura-
tion of nanoseconds and an amplitude of 10'° A/m? [11-14], was re-
ported to drive DWs, up to high speeds of kilometre per second [15].

DW motion shows stochastic behaviour in the presence of magnetic
field and electric current [16-18]. The critical challenge for DW
memory application is the control of DW position at the nanoscale re-
gime. In previous studies, many groups have reported that the creation
of notches along the wire is a successful method for DW pinning by
creating an energy potential [19-21]. However, notch fabrication re-
quires high-resolution lithographic technology. More importantly, it is
not uniform due to the various notch size from process variation. We
have studied metal diffusion and ion-implantation to tune magnetic
properties locally to pin DWs [22,23]. Those non-geometrical methods
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have been shown to be useful to control DW motion precisely. However,
metal diffusion requires high-temperature annealing, which destroys
the perpendicular magnetic anisotropy (PMA) for multilayer samples.
In this letter, we propose an alternative approach to the formation of
pinning sites using locally tilted magnetisation and explore the physics
and device characteristics.

2. Micromagnetic simulation

At first, we performed micromagnetic simulation using mumax3 to
demonstrate that a tilted magnetisation can pin DW in PMA nanowire
[24]. The model is shown in Fig. 1(a). The nanowire with PMA carries
data bits based on the out-of-plane magnetisation direction. By depos-
iting an in-plane magnetic anisotropic (IMA) layer at desired positions,
the magnetisation of the PMA nanowire is tilted locally, and this region
acts as a pinning site to control domain wall motion. The PMA nanowire
was set with a dimension of 1024 nm in length, 144 nm in width and
2nm in thickness. The parameters used are: the magnetic anisotropy
Ko = 8 x 10°J/m?, the saturation magnetisation Mgy = 6 X 10°A/m,
the damping constant a=0.1 and the exchange stiffness
Ag =13 x 1072 J/m [25]. In certain cases, the damping constant a
was varied to study its effect. The magnetisation direction is initialised
to a saturated state along z-direction (0,0,1).

Firstly, we studied the DW dynamics in PMA nanowire without
tilted magnetisation. The DW dynamics under applying magnetic field
were described by the Landau-Lifshitz-Gilbert (LLG) equation,
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Fig. 1. (a) The simulation model built in this study. The nanowire along x direction displays perpendicular magnetic anisotropy (PMA) and the magnetisation is tilted
by an in-plane magnetic anisotropic (IMA) nanowire. DW position vs. time driven by (b) magnetic field and (c) current. DW velocities are 240 m/s and 254 m/s for
the magnetic field driven and current driven DWs respectively.
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Fig. 2. (a) The schematic of DW pinning at tilted magnetisation position. The DW position in PMA nanowire with tilted magnetisation pinning site against time
driven by different (b) magnetic fields and (c) electric currents. Depinning (d) magnetic field and (e) electric current density at different angles and values of damping
constant a.
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Fig. 3. (a) The stack of (Co/Ni), PMA multilayer. (al) and (a2) The hysteresis loops for (Co/Ni), PMA and Co IMA samples at different directions. The inset in (al) is
the schematic of applied magnetic field (H) direction. The angle represents the angle between applied magnetic field and the film-plane. The inset in (a2) is the Co
IMA stack. (b) and (c) The diagram of (Co/Ni), multilayer with IMA Co layer, and the spacer layer Pt between them is 1 nm and 2 nm respectively. (b1) and (b2) The
hysteresis loops for (Co/Ni), multilayer sample with IMA Co layer along different directions, where the spacer layer Pt is 1 nm. (c1) and (c2) The hysteresis loops for
(Co/Ni), multilayer sample with IMA Co layer along different directions, where the spacer layer Pt is 2 nm. Images (b2) and (c2) are the zoom-in images of (b1) and

(cl).

oM _
a
where vy is the gyromagnetic ratio, a is the Gilbert damping constant, M
is the magnetisation, and the Heg is the effective field acting on the
local magnetic moment M which includes the external field, perpen-
dicular anisotropy, exchange interaction and magnetostatic interaction.
When the current was sent to the system, the additional torque, named
as spin-transfer torque according to Zhang and Li [26], will act on the
magnetisation. The DW dynamics were described by the extended LLG
equation by taking into account both the adiabatic and non-adiabatic
spin-transfer torques,
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where ¢ is the degree of non-adiabatic, which we set £ = 0.3. The
parameter u has the units of velocity, which is proportional to current
density j and can be expressed as,

_ Hp i
2eyM;(1 + &%)

where pp is the Bohr magneton and M the saturation magnetisation.
Fig. 1(b) and (c) shows DW position vs. time in a homogeneous

nanowire driven by magnetic field H, = 300 Oe and electric current

with density J = 2 x 102 A/m? respectively. DWs showed a constant
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Fig. 4. The normalised remanent magnetisation (M,/M;) change with applied
field angles.

velocity of 240 m/s and 254 m/s with respect to the magnetic field and
electric current. As the next step, we simulated a structure by in-
troducing the region with in-plane magnetisation to achieve tilted
magnetisation. The magnetic anisotropy at the magnetisation tilted
position will be altered, to K,; = 5.5 x 10°J/m®. The magnetisation

tilted angle was defined by 6, expressing as (O, sin(%@), cos(%@)).
Fig. 2(a) shows the nanowire with tilted magnetisation (M). The
tilted magnetisation area has the dimensions of 200 nm in length and

144nm in width. The tilt angle was set to 0 = 5°, expressing as
(0, sin(%), cos(%)). DW shows steady motion before reaching pinning
site. At the position with tilted M, it was pinned. We plotted the DW
position as a function of time for different values of the applied mag-
netic field (H) and electric current (J), as shown in Fig. 2 (b) and (c),
where the magnetisation tilt angle is 5° at the pinning position. When
the magnetic field is below 840 Oe, DW moves up to and gets pinned at
the position with tilted M position, and the velocity is increasing with
magnetic field increasing, which is determined from the slope of the
steady motion. When the field is increased to 850 Oe, DW was depinned
and travelled to the end of the nanowire. A similar trend was observed
for current-driven DW motion. The depinning current density was de-
termined to be at 3.64 X 10'2A/m?. Fig. 2(d) and (e) summarise the
depinning filed and current for different tilt angles with various
damping constant a, from 5° to 25°. The depinning field and current
does not consistently increase with tilt angles. For different values of
damping constant a, the depinning current is larger for a larger value of
a (for a fixed tilt angle). It is to be noted that all the simulations in this
study were performed at zero K. In general, the depinning field and
depinning current are expected to be lower at higher temperatures,
such as the operating temperature of a domain wall device [27].

3. Results and discussion

The simulation results predicted the possibility of DW pinning with
tilted magnetisation. To achieve the tilted magnetisation experimen-
tally, we grew Co/Ni multilayers using magnetron sputtering, and the
stack structure is shown in Fig. 3(a), which is abbreviated as (Co/Ni),.
Ta (5 nm) is used as the seed layer for good adhesion. The underlayer Pt
(5nm) is used for out-of-plane orientation of (Co/Ni),. The thickness of
Co and Ni layers are 0.25nm and 0.5nm respectively. The capping
layer Pt was deposited, to protect the magnetic film from oxygenation.
In addition, it can also be used to tune the exchange coupling strength
with the in-plane orientation layer.
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Fig. 3(al) shows the hysteresis loops for (Co/Ni), multilayer mea-
sured using vibrating sample magnetometry (VSM) applied field along
different directions, as determined by inset in Fig. 3(al). The loop
shows perfect square shape along the out-of-plane (OOP) direction,
which is labelled as 90. Along in-plane (IP) direction, labelled as 0, the
loop shows a straight line. Both these results indicate that the material
has an out-of-plane magnetic anisotropy. While the loops for samples
with 3nm thick Co show the square shape along the IP direction and
straight line along OOP direction, which indicate the in-plane magne-
tisation, as shown in Fig. 3(a2). The inset shows the Co sample stack for
measurement.

Fig. 3(b) and (c) show stacks of the PMA with IMA layer, where the
spacer layer Pt is 1 nm and 2 nm respectively. By depositing a Pt spacer
layer with various thickness, the exchange coupling can be tuned, thus
altering to tilt magnetisation of (Co/Ni), PMA layer to a different angle.
It is important to note that the thickness of the Pt spacer determines the
exchange coupling and hence the extent of tilting of magnetisation in
the PMA layer. In the thin film level, the thickness of the Pt layer was
optimised, and it was observed that the magnetisation of (Co/Ni),
multilayer could be tilted for a Pt thickness of 1 nm, as shown in Fig. 3
(b1 and b2), where (b2) is the zoom-in figure for (b1). However, when
the Pt layer is 2nm thick, (Co/Ni), multilayers and Co layer are de-
coupled, as shown in Fig. 3(cl and c2).

We calculated the normalised remanent magnetisation (M,/M;)
change with applied field angles, as shown in Fig. 4. The value of M,/M;
for (Co/Ni), PMA sample shows the highest along OOP direction and
lowest along IP direction, which confirms the excellent PMA properties
of (Co/Ni), sample. For (Co/Ni), PMA coupled with Co IMA sample, the
value of M,/M; shows highest along IP direction and lowest along OOP
direction. It was expected to have a maximum value at some particular
angles, where the magnetisation of the PMA layer would tilt. However,
the magneirzation measured by VSM mostly picked up from Co IMA
layer, whose thickness is larger. Hence, the tilt angle could not be
measured.

Since it is difficult to estimate the tilt angle at the pinning site ex-
perimentally, we calculated the tilt angle by micromagnetic simulations
using mumax3 [24]. A cell size of 1 x 1 X 1 nm® was used in this si-
mulation. The IMA layer’s material parameters are:
My, = 1000 x 10*A/m, Ky, = 200 x 10°J/m® and the exchange stiff-
ness, A; = 10 x 10~ '2J/m [28]. The magnetisation of the IMA Co
layer lies in the (0, 1, 0) direction and the thickness is 3 nm. The ma-
terial parameters for the PMA layers are: My = 655 x 10°A/m,
Ky = 374 x 10°J/m>® and exchange stiffness Ao = 15 x 10~ '2J/m
[29]. The thickness of the PMA layer is 2 nm. The exchange coupling
Acex10 between PMA and IMA layers is defined as Ao = S*Aex—averages
where S is a scale factor, indicating the coupling strength and Acx-average
is the average exchange coupling between PMA and IMA layers.
Fig. 5(a—d) show the captured magnetisation images in the y-z plane
with various scale factor S. With an increase in S, the tilting of mag-
netisation of the PMA layer to y-direction was enhanced. When
S = 0.04, the magnetisation of the PMA layer is fully tilted to the in-
plane direction, as shown in Fig. 5(d).

We calculated the magnetisation tilt angle 0 at the remanence using
the following equation,

0= Cos_l(mrem/msat)

where My, is the normalised remanence (M;em/Msar), and mg,, is the
normalised saturation, equal to 1 in this simulation [29]. We simulated
the hysteresis loops with different scale factor values. Then we ex-
tracted magnetisation of the PMA layer along different directions at
remanence state and plotted magnetisation (M) component with scale
factor change. The magnetisation along x-direction (m,) is almost zero.
While the magnetisation along y-direction (m,) increases with an in-
creasing S scale factor, the magnetisation along z-direction (m,) de-
creases, as shown in Fig. 6(a). These results indicate that the magne-
tisation of the PMA layer is tilted to the y-direction with larger
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Fig. 6. (a) The magnetisation (M) component and (b) the tilt angle calculated with various exchange coupling Aey1o-

exchange coupling. Fig. 6(b) shows the tilt angle with various scale
factor S, which increases linearly up to S = 0.03 with a tilt angle of 60°.

To test the pinning at the device level, (Co/Ni), nanowires with Pt
as capping layer were patterned to have a width of 1 um and length of
100 um, by using electron-beam lithography (EBL) and ion milling
etching. One more step of electron beam exposure was carried out to
make a resist trench for depositing Co layer. After the Co layer was
deposited by sputtering, lift off was performed to strip the resist. These
Co crossbars, which are orthogonal to (Co/Ni), nanowires, have a

width of 800 nm and a thickness of 3nm. A pad was fabricated at the
left side of the wires to nucleate domains. The sample was first satu-
rated with a +5kOe field along the OOP direction. Subsequently, a
1 ms pulsed magnetic field was applied in the reverse direction. To
observe the nucleated domains, the MagVision Kerr microscopy system
was used. The magnetic field required for nucleating a DW was dif-
ferent for samples with different Pt thickness. For sample with a Pt
thickness of 1 nm, the required field was 180 Oe, whereas for sample
with 2 nm thick Pt it was 150 Oe.
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Fig. 8. DW pinning and depinning driven by electric current. The current density was noted at the left side.

After nucleating a reversed domain, the pulsed magnetic field was
applied with increasing amplitude while keeping the pulse duration
constant. As can be seen in Fig. 7(a), DW can be pinned at a field of
—215Oe in the first position for sample with a Pt thickness of 1 nm.
The domain wall gets depinned at a higher applied field ~—226 Oe. In
contrast, when Pt spacer layer thickness is 2 nm (Fig. 7(b)) DW shows
continuous motion i.e. DW does not get pinned at the crossbar position.
These results indicate that the pinning is effective at an optimum
thickness of Pt, where the exchange coupling is optimum.

We also carried out DW pinning investigations, in the device with Pt
thickness of 1 nm, by driving the DW using electrical current. In this
study, the Co IMA crossbar layer was designed to have different widths
such as 1 pm, 800 nm, 600 nm, and 400 nm from the left to right of the
device. At first, the device was saturated by applying + 5 kOe along the
OOP direction. Subsequently, a pulsed magnetic field of —100 Oe was
applied. After a domain was nucleated at the nucleation pad, the DW
was moved towards the nanowire with an external magnetic field.
Then, a series of pulse current J was passed through the wire in the
direction indicated by the arrow J. The DW was found to move along
the electron direction.

Fig. 8 shows the DW position for different current density values, as
noted at the left side of Fig. 8. It was observed that the DW can be
successfully pinned at the pinning sites and is able to be depinned with
an increased current density. This allows the DW to be pinned at the
next pinning site with a higher pinning strength.

4. Conclusion

We proposed and showed that the regions with a tilted magnetisa-
tion could pin the domain walls in a ferromagnetic nanowire. The si-
mulation results support the possibility for the tilted magnetisation to
pin domain walls. In the experimental study, the tilted magnetisation of
the (Co/Ni), PMA layer can be achieved by depositing a magnetic layer
of Co with in-plane magnetic anisotropy. The spacer layer between
PMA and IMA layer should be less than 1 nm to tune the exchange
interaction strength between them. The angle of the magnetisation of
the PMA layer increases linearly with increasing exchange coupling up
to 60°, and then begin saturating towards the in-plane direction. The
simulation results were confirmed by the study on (Co/Ni), devices,
where the pinning of domain wall was observed in (Co/Ni), wire at the
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position of the crossbar driven by electric current, and its propagation
was controlled by regions with tilted magnetisation.
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