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With the rise of big data, the increasing volume of information has raised significant demands on data storage tech-
nologies, presenting various challenges to current information storage solutions. Consequently, finding more efficient and
higher-capacity methods for data storage has become crucial. In comparison to conventional semiconductor random ac-
cess memory, magnetic random access memory (MRAM), which has been progressively developed in recent years, shows
promise as a candidate for the next generation of information storage due to its notable advantages, including non-volatility,
high density, stability, low power consumption, and resistance to radiation. Among the MRAM variants, spin–orbit torque
magnetic random access memory (SOT-MRAM) exhibits considerable potential for advancement. Utilizing a vertical mag-
netized thin film structure made up of heavy metal and ferromagnetic metal, SOT-MRAM leverages the strong spin–orbit
coupling effect of the heavy metal to convert the flow of charge into pure spin flow. This process also allows for the injection
of spin accumulation from the interface into the adjacent magnetic layer through mechanisms such as the spin Hall effect
and the Rashba effect, ultimately applying spin–orbit torque to manipulate the magnetic moment of the magnetic layer, fa-
cilitating its reversal. This paper primarily investigates the physical mechanisms underlying the motion of magnetic domain
walls driven by current-induced spin–orbit moments in vertically magnetized heterostructures. Utilizing a magneto-optical
Kerr microscope to observe the movement of the magnetic domain walls, the study analyzes and compares the velocity
behaviors of the domain walls across different cobalt thicknesses. These investigations offer valuable design insights for
applications involving track memory driven by spin–orbit moments.

Keywords: magnetic domain wall, spin–orbit torque, magneto-optical Kerr microscope, track memory
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1. Introduction

Magnetic heterostructure films, owing to their ultra-thin
nature, exhibit a range of intriguing and often unique physi-
cal effects at the interface, positioning them as promising can-
didates for advanced spintronic applications. Among these,
the phenomenon of compensated ferrimagnetism has been ob-
served in thin-film heterostructure systems. However, a com-
prehensive understanding of the relationship between ferri-
magnetism and film thickness remains incomplete, and the
electrical control of ultrafast domain wall motion is yet to
be realized. This work aims to deepen the understanding of
the impact of magnetic thin-film thickness on domain wall dy-
namics and contribute to the development of novel systems for
racetrack memory, based on the motion of domain walls, thus
guiding the future evolution of spintronic devices.

In vertically magnetized heterostructures composed of
heavy metals and ferromagnetic materials, strong spin–orbit
coupling induces an additional asymmetric exchange interac-
tion at the interface, known as the Dzyaloshinskii–Moriya in-
teraction (DMI).[1] This interaction fosters the emergence of
complex spin textures in the magnetic layer, including chiral

magnetic domain walls and topologically protected states.[2,3]

For example, Yu et al. (2014) demonstrated that DMI stabi-
lizes chiral domain walls in ultrathin ferromagnetic films, pro-
viding a robust mechanism for efficient domain wall motion.[6]

Similarly, Murray et al. (2019) emphasized the importance of
such spin textures in achieving high-speed domain wall mo-
tion, which is critical for the development of memory devices
reliant on domain wall dynamics.[7]

Among these spin textures, the Néel domain wall, char-
acterized by a fixed chirality, can be driven by current-induced
spin–orbit torques, thus enabling high-speed domain wall mo-
tion: an essential requirement for next-generation racetrack
memory devices based on domain wall motion.[8,9] The work
of Razavi et al. (2017) and Lau et al. (2016) has highlighted
the potential of current-induced torques in generating highly
efficient domain wall motion, advancing the development of
high-performance spintronic devices.[10,11] The stabilization
of chiral domain walls within systems exhibiting interface
DMI facilitates their motion at high velocities, a crucial factor
for the realization of fast, energy-efficient memory technolo-
gies, as demonstrated by Miron et al. (2011) and Emori et al.
(2012).[24,25]
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The possibility of high-speed, current-driven domain wall
motion has also been extensively studied in ultrathin films
with perpendicular magnetic anisotropy. Moore et al. (2008)
demonstrated that the inclusion of DMI can lead to extremely
high domain wall velocities in ultrathin Pt/Co/AlOx wires, pre-
senting a promising pathway for the development of faster
memory devices.[22] Moreover, Miron et al. (2009) showed
that domain wall manipulation via spin torque can be em-
ployed as an effective method for controlling domain walls
at the nanoscale.[23] These pioneering studies laid the foun-
dation for controlling domain wall dynamics using electrical
currents, a crucial step in the development of spintronic mem-
ory technologies.

2. Results and discussion
2.1. Sample preparation

We use rare earth/transition metal (RE/TM) of Co/Gd het-
erostructure in our experiments and it shows strongly antifer-
romagnetic exchange coupling. The stacking of multilayers
involving ferrimagnets Ta (5 nm)/Pt (5 nm)/Co (0.5 nm)/Gd
(0.6 nm–1.4 nm)/Pt (5 nm) is shown in Fig. 1 below. In this
experiment, samples of heterostructure thin films were pre-
pared by ultra-high vacuum magnetron sputtering, and then the
above films were etched into Hall bar device structure by laser

direct writing instrument and argon ion etching equipment. By
changing the relative deposition rate, the thickness of Gd in
these heterostructures can be changed. All films show perpen-
dicular magnetic anisotropy (PMA). Note that 5-nm thick Ta is
used as the seed layer under Pt/Co/Gd stripes and 5-nm thick
Pt layer is also used as the cover layer to prevent environmen-
tal oxidation.

2.2. Under an out-of-plane magnetic field

Figure 1(a) shows an optical image of the long micro-
structured strip of length 100 µm and width 10 µm. We further
compare the current-induced domain wall (DW) motion under
the magnetic field along the x-axis. Before the microsecond
current pulse is applied to a racetrack-like device, the nucle-
ation of DW is realized by the following steps: In order to con-
trol the motion of magnetic domain walls (DWs), a positive or
negative magnetic field is initially applied to achieve a satu-
ration state within the magnetic domain wall. Subsequently,
the magnetic field strength is reduced to transition into a re-
verse and unsaturated magnetic field, thereby facilitating the
movement of the magnetic domain wall toward the device’s
racetrack region. Additionally, an external magnetic field is
established, and microsecond-duration current pulses are ap-
plied to enhance the control of DW dynamics.

Pt (5nm)

Cd (0.6~1.6 nm)

Co (0.5 nm) 

Pt (5 nm) 

Ta (5 nm) 

(a) (b)
(c)
Gd

Co

Pt

x

y

z

J
VDW

Fig. 1. (a) Schematic diagram of stacking sequence of samples and (b) simulated images of microstrip devices used to study DW motion. The
out-of-plane magnetic field is in the z direction, and the motion of the magnetic domain wall is reversed along x axis. (c) Schematic diagram
of a DW in ferrimagnetic Pt|Co|Gd in the presence of a current j. Arrows and colors in the Co|Gd layers represent the direction of the local
magnetic moment, with the thickness of the arrows being the magnitude of the moment.

It is crucial to note that if the magnitude of the external
magnetic field is below the pinning field threshold, the motion
of the domain walls will be inhibited, as the walls remain im-
mobilized due to local energy barriers. The dynamics of mag-
netic domains and their associated walls are investigated using
a magneto-optical Kerr effect (MOKE) microscope, which al-
lows for real-time imaging of their motion and behavior. This
advanced imaging technique is instrumental in studying the
fundamental mechanisms governing magnetic domain dynam-
ics and has significant implications for applications in fields
such as spintronics and high-density memory technologies, in-
cluding magnetic random access memory (MRAM).

In Fig. 2(b) following a similar nucleation method, a pair
of left-handed Néel DWs are stable in the Ta/Pt/Co/Gd/Pt

stack, in which the interface inversion symmetry breaking
provides a strong interface DMI, and high spin–orbit torque
(SOT) efficiency is achieved. Cobalt, as a transition metal,
possesses a 3d lone pair, while the magnetic moment of the
rare earth element gadolinium is predominantly attributed to
its unpaired 4f electrons. The arrangement of the magnetic
moments of neighboring atoms in opposite orientations results
in a net magnetic moment approaching zero, thus yielding an
antiferromagnetic coupling effect within the system.

In magnetic materials, the spin–orbit coupling (SOC)
phenomenon can significantly enhance the efficiency of con-
verting spin-polarized currents. When a spin-polarized current
traverses the material, it can exert influence over angular mo-
mentum, thereby facilitating the movement of magnetic do-
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main walls. The robust nature of SOC accelerates the dynam-
ics of the magnetic domain walls in response to the applied
current.

Cobalt, being a ferromagnetic material, exhibits a thin-
layer structure that allows its magnetization direction to be
readily influenced by the spin orbital moment. The incorpora-
tion of a gadolinium layer can further augment the SOC effect
at the interface, resulting in an enhanced spin–orbit moment.

At the interface between a heavy metal (such as platinum)
with strong SOC characteristics and a magnetic layer (such as
cobalt), the generation of transverse spin current is facilitated
by the spin Hall effect (SHE). As the current flows through the
platinum layer, these spin currents can induce an SOT within
the cobalt layer, ultimately leading to magnetization reversal.
This interplay between the materials underscores the critical
role of SOC in manipulating magnetic properties for advanced
applications in spintronics.

Figure 2 presents a series of MOKE images captured sub-
sequent to the application of continuous current pulses of a
specified duration. In this context, the rightward direction is
designated as the positive direction of the DW velocity. The
average DW velocity is determined by dividing the total dis-
placement of the domain wall by the cumulative duration of
the applied pulse sequence. Each data set is obtained through
three independent repetitions, and the corresponding average
value is calculated to ensure accuracy and reliability in the re-

sults. This comprehensive approach enables a robust assess-
ment of the dynamics of domain wall motion under continuous
current stimulation.

 mm

x

y

z

Fig. 2. Only applying pulse current without applying magnetic field can
also drive the motions of magnetic domain wall. Black and gray areas
represent downward and upward magnetic domain walls, respectively.

After the continuous current pulse is applied, images of
DW displacement are obtained in 10-µm-wide and 100-µm-
long stripes by MOKE microscope.

Figure 3 depicts the relationship between the velocity of
the magnetic domain wall and the strength of the applied mag-
netic field at various current densities. A noteworthy find-
ing is that the velocity of the magnetic domain wall exhibits
a proportional relationship with the intensity of the applied
magnetic field. Specifically, as the magnetic field strength in-
creases, the velocity of the magnetic domain wall correspond-
ingly escalates, thereby revealing a clear linear correlation.
Furthermore, it is important to highlight that the direction of
the magnetic domain wall’s movement aligns with the direc-
tion of the applied current.
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Fig. 3. DW velocity as a function of the applied out-of plane field (H) along the x-direction at a certain current density in a 10-µm-wide strip device
made of Gd 0.6 nm, 0.8 nm, 1.0 nm, 1.1 nm, 1.3 nm, Gd 1.4 nm, respectively.

As the thickness of Gd is gradually increased, it becomes
evident that achieving a consistent magnetic domain wall ve-
locity initially requires an increase in current density. The
maximum current density occurs at a thickness of 0.9 nm. Be-
yond this point, as the thickness continues to rise, the required

current density begins to decrease. Notably, at a thickness
of 1.1 nm, only the minimum current density is sufficient to
maintain the desired speed.

Correspondingly, figure 4(b) illustrates that Gd at a thick-
ness of 1.1 nm exhibits the steepest slope in the change of
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velocity, suggesting that this thickness is indicative of ferri-
magnetic compensation. This condition appears to correspond
to an optimal regime for the motion of magnetic domain walls,
facilitating the fastest dynamics. Therefore, under controlled
current density conditions, the velocity of the magnetic do-
main wall demonstrates a non-monotonic behavior, initially
decreasing before subsequently increasing, reaching its peak
velocity at a thickness of 1.1 nm.
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Fig. 4. (a) When the thickness of Gd is 1.6 nm, the minimum current density
is needed to achieve the same speed of 2 m/s, so it is inferred that the thick-
ness at this time is the thickness compensation point. (b) Scatter diagram of
the relationship between different Gd thickness, current density, and magnetic
domain wall motion velocity under zero magnetic field.

2.3. Analysis of effect on thickness-dependent spin angu-
lar momentum

Cobalt (Co) and gadolinium (Gd) represent a class of
transition metals and rare earth elements, respectively, each
exhibiting distinct magnetic properties characterized by their
magnetic moments. As the thickness of Gd increases, the
number of Gd atoms within the material also rises, which leads
to a corresponding enhancement in the contribution of Gd’s
magnetic moment. The total spin angular momentum in such
a system accumulates from the magnetic moments of individ-
ual atoms; therefore, an increase in Gd thickness directly cor-
relates with an increase in the overall spin angular momentum
attributable to Gd.

In a Co/Gd heterostructure, the total spin angular momen-
tum is a composite of that contributed by Co and Gd. Conse-
quently, an increase in Gd thickness elevates the spin angular
momentum of Gd, thereby altering the total spin angular mo-
mentum of the entire system. Notably, there exists a condition
during the variation of Gd thickness whereby the total spin an-
gular momenta of Co and Gd equal in magnitude but opposite
in direction at a specific moment, resulting in a cancellation
effect that leads to a net spin angular momentum of zero for
the entire material. This zero net spin angular momentum, par-
ticularly near the spin angular momentum compensation point,
minimizes the inertia associated with the motion of the domain
wall, thereby facilitating high-velocity domain wall dynamics.

The phenomena of current-driven DW motion in heavy
metal/ferromagnet heterostructures can be elucidated through
the synergy of the SHE and DMI. The SHE engenders a dis-
tinctive torque induced by electrical currents, while the DMI
plays a critical role in stabilizing chiral domain walls. The in-
herent symmetry of these chiral domain walls enables uniform

and efficient motion. By stabilizing Néel domain walls with
built-in chirality, DMI supplements the mechanisms required
to elucidate the current-induced domain wall movement within
heavy metal/ferromagnet systems, allowing SHE to drive these
walls effectively and uniformly. This comprehensive under-
standing of the interactions between Gd thickness, magnetic
moments, and domain wall dynamics is fundamental to ad-
vancing the field of spintronics and optimizing the efficiency
of magnetic devices.

3. Conclusions

In conclusion, our investigation into the motion of do-
main walls (DWs) driven by current-induced SOT and external
magnetic fields in rare-earth-transition metal (RE-TM) ferri-
magnets has yielded significant insights. We have successfully
demonstrated that the velocity of domain wall motion, pro-
pelled by current spin torque, can surpass 2 m/s under room
temperature conditions. This discovery highlights the poten-
tial of Gd sub-ferromagnets as highly effective candidates for
achieving rapid domain wall dynamics, which is critical for
the development of next-generation spintronic devices.

The unique dynamic behavior of domain walls in vari-
ous RE-TM ferromagnetic materials is underscored by our de-
tailed analysis, revealing substantial variations in response to
different material compositions and structural configurations.
These findings not only enhance our understanding of the fun-
damental physics governing domain wall motion but also sug-
gest practical avenues for optimizing the parameters that influ-
ence DW dynamics.

We acknowledge that the presence of the top Pt layer
(5 nm) in our sample structure may contribute to the overall
SOT and cannot be neglected, as it may partially counteract
or modify the SOT generated by the bottom Pt and Ta layers.
While the top Pt primarily serves as a capping layer, its pos-
itive spin Hall angle and relatively large thickness, exceeding
the typical spin diffusion length, could attenuate spin currents
from Ta before reaching the magnetic interface. Although
we are unable to perform additional control experiments with
thinner or omitted top Pt layers at this stage, we will study
these effects in future studies.

Overall, this work lays a solid foundation for exploring
the intricate interplay between microstructural properties and
magnetic behavior in RE-TM ferrimagnets. Our results could
serve as a catalyst for future research aimed at developing
more efficient and robust spintronic devices, leveraging the ad-
vantageous characteristics of RE-TM ferromagnetic materials.
This exploration paves the way for innovative applications in
data storage and processing technologies, ultimately contribut-
ing to the advancement of next-generation spintronic systems.
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