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ABSTRACT

Neuromorphic computing (NC) has drawn enormous attention from the research community for its efficacy in artificial intelligence. NC
aims to emulate the neurobiological features of neurons and synapses, the building blocks of the human brain. To achieve this, researchers
have studied various device designs based on spintronic domain wall (DW) devices. However, there is still a need for more efficient device
design with optimized pinning strength. In this paper, we have proposed and studied the concept of ladder DW devices. The device resem-
bles the conventional ladder, and the junction between two consecutive DW segments offers a torque originating from Pypjace On the DW,
in a direction opposite to the torque due to the spin-orbit torque. We observed a variety of virtues such as DW pinning, damped DW
oscillations, sustained DW oscillations, and DW depinning. Here, the pinned domain walls can effectively mimic the functionalities of
neuromorphic synapses. Therefore, we studied the DW motion in ladder devices with eight pinning sites and demonstrated a maximum of
12 multilevel magnetization states, a prerequisite for the synaptic devices. Additionally, the DW oscillations (with a maximum of ~0.25 GHz
frequency) are potentially useful for realizing the neurons. We performed micromagnetic simulations and studied the above-mentioned
functions for a wide range of parameters. This study paves the way for new device engineering to achieve multi-functional DW devices,
useful for NC. Additionally, two-dimensional DW motion in our devices also opens the possibilities for DW-based logic devices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0282764

I. INTRODUCTION

Artificial intelligence (AI) has significantly improved the
quality of life as it can assist us in various areas such as robotics,
defense, transport, healthcare, education, banking, chatbots, and
gaming.” Despite the great demand, AI could not reach the
desired state-of-the-art because of the enormous energy consump-
tion associated with its hardware. The San Francisco-based Al
research lab states that from 1959 to 2012, energy consumption has
doubled every 2 years.” Presently, Al utilizes machine learning
algorithms on the traditional von Neumann computing architec-
ture. Here, the central processing unit (CPU) and memory units
are physically separated, which results in a reduction in the opera-
tional speed and an enhancement in the energy consumption of
the devices.”” Therefore, an alternative computing platform is
required. One such alternative architecture is neuromorphic com-
puting (NC), also known as brain-inspired computing architecture,
which draws inspiration from a highly energy-efficient and

naturally intelligent human brain.””” For instance, the latest super-
computer requires an energy of 10°W x h in training a language
processing model. However, the human brain can perform all of its
activity for over 6 years with an identical amount of energy.’

The human brain is a complex network of billions of neurons
interconnected through a huge number of synapses. The neurons
act as processors, and the synapses act as memory elements. One
neuron receives inputs from several other (pre) neurons, and once
the input signal reaches a threshold, it fires. Subsequently, the
signal is transmitted to the post-neurons via corresponding syn-
apses. The synapse, joining the concerned pre- and post-neuron,
controls the signal transmitted between them. The general idea of
synthetic NC is building a circuit composed of artificial neurons
interconnected through artificial synapses. At the fundamental
level, the proximity of neurons and synapses reduces the physical
traveling of data between processing and memory units, leading to
energy-efficient computations. Like biological counterparts,
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multiple synapses can connect the same neurons, with each
synapse having a different level of synaptic weight to control the
transmitted signal.

Therefore, to achieve the synaptic function, synthetic devices
must exhibit multilevel resistance states.”*~'" Different methodolo-
gies have been developed to fabricate artificial neurons and
synapses.“’13 First approach is to construct electrical circuit using
complementary metal-oxide-semiconductor (CMOS) compatible
circuit elements.” Second possible approach is to employ different
functional materials such as ferroelectrics,'* phase-change materi-
als,”” spintronics materials,” > and resistive materials.”* The
second approach is proposed to be closer to reality as it can enable
energy-efficient, compact, and simpler NC architecture. Among the
above-mentioned functional materials, spintronic domain wall
(DW) devices have been largely investigated due to low energy con-
sumption, high endurance, and non-volatility.'>*>~*° In the begin-
ning, the spin-transfer-torque (STT) was used to drive the DWs.
When current is applied through a ferromagnetic (FM) nanowire,
the spins carried by spin-polarized current exert a torque on the
local magnetic moments of the FM nanowire and thereby induce the
DW motion.”” Later, a spin-orbit torque (SOT) was observed to be
more energy-efficient for driving DWs.”>** The current density (J)
used for DW motion through the SOT is smaller by an order or two,
as compared to the STT. When the charge current is passed through
a heavy metal (HM) layer adjacent to an FM layer, the bulk spin
Hall effect (SHE) and/or interfacial Rashba-Edelstein effect converts
the charge current to spin current. This spin current can be used to
exert a torque on the local magnetization of the FM and hence drive
the DWs. In 2018, Sengupta et al. simulated energy-efficient neuro-
morphic elements in a DW-based magnetic tunnel junction (MTJ)
device using the virtues of the SOT.”>** Despite growing interest, the
field of DW-MTJ-based NC is still in its early phase, with much pro-
gress yet to be made toward realizing its full potential.

In MT]J-based spintronic synapses, the reference layer has a
fixed magnetization, while a DW in the free layer controls the
device resistance to encode synaptic weight. Relying on natural
material defects for DW pinning causes variability and reduces
control accuracy. To achieve precise and consistent DW positioning
across large arrays of MTTs, artificial pinning sites must be inten-
tionally engineered during fabrication.

Researchers have proposed the concept of artificial pinning
sites via altering geometric/magnetic properties locally, to realize
deterministic multi-resistance (multilevel magnetization) states.””
Initially, researchers used triangular notches to pin the DWs.
Klaui et al., studied the triangular notches in ring-like NiFe nano-
wires and demonstrated the pinning of the DWs.”” Later, Hayashi
et al. investigated triangular notches in straight NiFe nanowires and
showed successful pinning of the DWs.”® Parkin et al. fabricated
multiple triangular notches in NiFe nanowires and observed the
successive pinning and depinning of DWs at all the pinning sites.””
Alternatively, Al Bahri et al. proposed the idea of the staggered
nanowire to pin the DWs."’ They performed micromagnetic simu-
lations as well as experiments to observe DW pinning in NiFe
nanowires. Kumar et al., have studied meander DW devices, using
the Kerr microscopy technique, in W/CoFeB/MgO stack to pin the
DW.'® They also measured anomalous Hall resistance and showed
a total of nine multiple resistance states in such devices. More
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recently, Rahaman et al. have utilized the concept of pine-tree DW
devices for synaptic applications. They achieved a total of nine mul-
tilevel magnetization states." "’

In addition to geometrical pinning methods, several non-
geometrical methods were also investigated. Polenciuc et al. used
exchange bias to achieve the DW pinning.*” Jin et al. studied the
ion-implantation B" ions, non-magnetic metal diffusion in FM
wire, and exchange coupling between out-of-plane magnetized wire
(DW device) and crossbars with in-plane magnetization to fabri-
cate the synthetic pinning sites.”*’ Durner et al. used localized
stray fields generated by a nanoscopic magnetic inhibitor to pin the
DW in a magnetic nanowire.”* Few groups have explored dipolar
interactions between DWSs, which were employed to achieve
DW pinning.">** Kumar et al have introduced the interfacial
Dzyaloshinskii-Moriya interaction (iDMI) locally at nanoscale
regions to achieve multilevel magnetization states.”’ In addition,
the pinning sites have also been suggested to generate oscillating
voltages at microwave frequencies in the DW devices via DW oscil-
lations. Sbiaa et al. have used stepped nanowires to demonstrate
DW oscillation in the GHz frequencies.”® Voto et al. have utilized
the geometrical constriction of the shape of double-sided notches
in perpendicularly magnetized nanowires to excite spin waves at
GHz frequencies.”” Between geometrical and non-geometrical
means, the geometrical pinning sites are more industry-friendly,
and therefore, they may be preferred in applications. Despite
several geometrical pinning strategies, there is a need for more effi-
cient, fabrication-friendly approaches to achieve optimized pinning
strength. Too weak pinning leads to unstable DW motion, while
overly strong pinning increases depinning thresholds and power
consumption, compromising synaptic weight control. Moreover, in
most studies, the number of intermediate magnetization states is
limited by the number of pinning sites along the one-dimensional
device track. Therefore, increasing pinning sites and intermediate
states is essential for enhanced device performance.

In this paper, we have proposed and studied a unique concept
of ladder DW devices for NC applications. In such devices, the
neighboring DW device segments adjoin at an angle of “6 .” When
the DW reaches the junctions of two DW device segments, it experi-
ences a geometrical opening. Consequently, it experiences a torque
due to the Laplace pressure (Piqpiace) On the elastic DW. Due to the
competition of torque due to Ppaplcc and SOT, the DW exhibits
interesting dynamics in the form of DW pinning, DW oscillations,
and DW depinning. We have performed detailed micromagnetic
simulations to investigate DW dynamics in our proposed ladder DW
devices. We demonstrated a maximum of 12 multilevel magnetiza-
tion states in the ladder DW devices with eight pinning sites.
Additionally, a maximum frequency of ~0.25 GHz was found in
DW oscillation around the pinning sites. In addition to high-speed,
multilevel synaptic applications for NC, another intriguing aspect of
the ladder DW device is its two-dimensional DW motion, which
can be advantageous for spin-based logic devices.

Il. SIMULATION METHOD

A. Details of micromagnetic properties

To study the SOT-driven DW dynamics in the proposed
devices in detail, we performed micromagnetic simulations using
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Mumax3, based on the extended Landau-Lifshitz-Gilbert (LLG)

equation,”™
dm N L dm L N

- —7o(M X Hegr) + | m X ) " v (M x Hsugp),

1)

where 7 is the reduced magnetization, y, is the gyromagnetic ratio,
a is the Gilbert damping factor, and Heg is the effective magnetic
field in the FM system. The effective field can be written as the
sum of the fields corresponding to various energies present in the
system, which takes the following form in the present case:

Her = Hexchange + Hanisotropy + Hdemag + Hpwmr, (2)

where the applied external magnetic field term has been neglected,
as no external magnetic field was used in our simulations. In
Eq. (1), the first term represents the precession of the magnetiza-
tion induced by the effective magnetic field and the second term
accounts for magnetization damping. The last term, representing
the Slonczewski-like torque, where Hgyg is the effective SOT field
due to SHE.”' This term is modeled using Slonczewski STT param-
eters within the Mumax3 simulation framework.”* The simulation
parameters used during the simulations are listed in Table I, and
these are typically observed in the experimental research of
W/CoFeB/MgO material systems.'®”>>* The DW was driven
through SOT in all the simulations where iDMI is used for deter-
ministic and field-free DW motion. Moreover, the DW was
inserted at the left end of the device and pushed further using DC/
pulse current in all the simulations. It ’s important to note that the
Laplace force is not externally applied but instead arises from the
built-in micromagnetic physics implemented in MuMax3.

B. Details of the device geometry

As schematically shown in Fig. 1(a), the neighboring segments
of the ladder DW device meet at an angle of 6 (in degrees) with
respect to the normal (y axis). When several such segments are
connected, the DW device resembles the conventional ladder.
Therefore, we call our DW devices “ladder DW devices.” First, we
simulated the ladder DW devices with one pinning site. To get a
detailed understanding of a wide range of tilt angles, we studied the

TABLE |. Simulation parameters utilized during micromagnetic simulations.

Parameters Value
Cell size 1x1x1nm’
Exchange length (I.) ~4.9 nm
Spin Hall angle (0s) -0.5
Damping constant (6) 0.012
Exchange constant (Aey) 1.5%x 107" J/m
Saturation magnetization (M) 1x10°A/m
iDMI constant (D) 0.5 mJ/m?
Anisotropy constant (K,,) 1x10°)/m?
Anisotropy direction 0,0, 1)

ARTICLE pubs.aip.org/aip/jap

a\- I

W, /Cos 6
(d)
Cases w, (nm) w; (nm) w, (nm)| /, (nm) Remarks

Ca 32 32 32 32
C, 32*cosf 32/cos6 32 32
C, 32*cosf 32 32*cosf 32
C; 32 32/cos6 32
C, 32 32

Coy-C4: 1= 96 nm, w,= 32 nm
l,, w, R: same, w,: |, wy: 1
I, ws. same, w,, w,: |, R: 1
32/cos® w,, w,: same, [, wy: 1, R: 1
32*c0s6|32/cos® wa,w,: same, [, R: 1, w,: |

FIG. 1. (a) The schematic representation of ladder DW devices. The symbols
Wy, Wo, W3, Wy, |y, Is, R, and © represent the width of the horizontal DW device
segment, spacing between the horizontal segments, the cross section between
the horizontal and vertical segments, the width of the vertical segment, the
length of the vertical segment, the length of the DW device segment, resistance,
and the tilt angle of the vertical segment, respectively. (b) The schematic illustra-
tion of the ladder devices with zero tilt angle with respect to normal. (c) The
depiction of four studied cases, as illustrated below in detail. (d) The table sum-
marizing the variations in parameters involved in the studied cases [correspond-
ing to (b) and (c)).

DW dynamics for different 8 values of 0° 30° and 60°. The length
of each segment (1) is set at 96 nm, while the width (w,) is fixed at
32nm. The segments along the +y axis form a cross-connection
with those along the +x axis. The above-mentioned cross-
connection is a geometrical opening, and therefore, when the DW
reaches the vicinity of this region, it experiences Ppace On the
elastic DW. The torque acts in a direction opposite to the torque
due to the driving electrical current (zso7). To get a deeper insight
into the effect of different geometrical parameters on the Pyaplaces
we studied the DW motion in four different types of ladder DW
devices. For this, we studied different combinations of the length
(1,) and width (w,) of the vertical segments, the width of the cross
section between the first and second segments (ws), and spacing
between the horizontal segments (w,).

Case 1: To get a clearer understanding of the four studied
cases, we have presented a schematic of a reference case (i.e., ladder
devices with 8=0°) [see Fig. 1(b)]. Here, we have also defined the
characteristic parameters, described above. Note that these simula-
tions were performed in devices with a single pinning site. In case
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1, the length and the width of the vertical segment (i.e., /, and w,)
remain the same for all the studied angles. Consequently, the cross
section increases as the angle increases. On the contrary, the
spacing between the horizontal segments decreases with the
increase in the angle. Here, the magnetostatic interaction between
the magnetization in the horizontal segments may come into con-
sideration. Case 1 also implies that the resistance and hence the
current distribution in horizontal and vertical segments remains
unaffected by the change in the angle. This case is schematically
illustrated in Figs. 1(c-C;).

Case 2: In case 2 [Figs. 1(c-C,)], the length of the vertical
segment (I,) remains independent of the studied angles. However,
the width (w,) decreases with the increase in the angle “6.” This is
to keep the cross section (ws) constant. These conditions result in
the reduction of the spacing between the horizontal DW device
segments with the increase in the angle. As the dimensions of the
vertical segment change with the change in the angle, the resistance
of the vertical segments also carries 8 dependence.

Case 3: In case 3 [Figs. 1(c-C;)], the length of the vertical
segment () increases with an increase in 6. The width (w,),
however, remains the same. This results in an increase in the cross
section (w3), while the spacing between the horizontal segments
(w,) remains the same for all the studied angles. Similar to case 2,
the dimension of the vertical segment is angle sensitive, and there-
fore, the resistance changes with the change in the angle.

Case 4: In case 4, both the length (I,) and the width (w,) of
the vertical segment change as a function of tilt angle. However,
the spacing between the horizontal segments (w,) and cross section
(w3) remains the same. Moreover, the resistance of the vertical
segment changes with a change in 6.

Once we understood the DW dynamics in DW devices with
single pinning sites, we extended our simulations for the ladder
DW devices with 12 segments. We chose the parameters corre-
sponding to case 1 of the above description. The reason for these
choices is discussed in detail in the subsequent sections. Here, the
reference device stands for the straight nanowire with the parame-
ters, presented in Table II. As we can see, the distribution of the
current density in horizontal and vertical DW device segments
plays an important role in SOT-driven DW dynamics in our ladder
DW devices. The current density calculation may be trivial in
devices with one pinning site. However, it is tricky for the devices
with 12 segments. Therefore, to calculate the current distribution in
different segments of the DW device, we employed Delta-Wye

TABLE II. The geometrical parameters of the ladder DW devices with eight pinning
sites. Here 6, L, and N represent the angle of tilt of slanted segments, the total
length of the devices, and the number of segments, respectively. In addition, wy, wy,
and ws represent the characteristic widths of the design (as described in Fig. 1). LD
is used as an acronym for the ladder device.

Device 6(°) Lmm) N w, (nm) w,(nm) ws;(nm)
Reference 0 776 1 32

LDO00 0 776 12 32 32 32
LD30 30 660 12 32 28 37
LD60 60 660 12 32 16 64
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resistor networks.” The details of this scheme are presented in the
supplementary material, Sec. 1.

lll. RESULTS AND DISCUSSION

A. Domain wall dynamics in reference domain wall
device

To understand and compare the DW dynamics in ladder
devices, we first simulated the DW motion in the reference devices
(Fig. 2). In the first step, we simulated the DW motion in reference
devices at a current density of 5 x 10" A/m? [see Fig. 2(a)]. As can
be seen, the DW moves from the left end of the wire to the right
without any pinning, which is an expected result. The DW velocity
at this current density was found to be 127.6 m/s. Furthermore, we
investigated DW motion for a large range of current densities start-
ing from 1x10'° A/m* to 1x10'> A/m>. However, for the clarity
of the plot, we have shown the results for selected current density
values (please refer to the supplementary material, Sec. 2 for the
rest of the results). These results are presented in Fig. 2(b). Here,
the DW position is represented by the z-component of magnetiza-
tion (m,). Similar to what was discussed above, the DW sweeps
completely from one end of the device to the other for all the
current densities. The overall linear variation in m, with simulation
time (#) indicates that the DW moves without pinning in the refer-
ence wire. In addition, the slope of m, vs t increases with the
current density, which suggests that the DW velocity increases with
the current density. "’

B. Domain wall dynamics in ladder domain wall
devices with single pinning site

1. Domain wall pinning

Subsequently, we performed micromagnetic simulations for
ladder DW devices with one pinning site (C1-C4 in Fig. 1). The
total length of the devices with a single pinning site is 324 nm. To
avoid the edge effect due to the demagnetizing energy, we enlarged
the extreme segments by a length of 96 nm. For all cases, we
inserted DW at a distance of 114 nm away from the left end of the
devices. We applied a constant current for 100 ns and observed the
SOT-driven DW dynamics. As can be seen in Fig. 3(a), for case 1
and 6=30° (current density of 5x10'° A/m?), the DW slowly
moved from its initial position toward the pinning site (in about
1ns), performed damped oscillation for about 15ns, and got
pinned at the pinning site.

To understand the phenomenon of DW pinning, we
repeated these simulations for devices with tilt angles of 0°, 30°
and 60° (case 1 for all devices) at current densities ranging from
1x10" A/m® to 1 x 10> A/m*>. DW dynamics results are presented
in Figs. 3(b)-3(d). As can be seen, the DW shows the “pinning
with damped oscillations” at smaller current densities for all the
devices. At intermediate current densities, the DW shows sustained
oscillations at GHz frequencies. Upon further increment in the
current density, the SOT overcomes the energy barrier, and hence,
the DW depins from the pinning site. We defined this current
density as the depinning current density (Juep)-

From these simulations, we extracted the detailed DW dynam-
ics at the pinning site for a full range of current densities and
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— 5 The images have been taken from the
— 10 initial simulation time (t=0ns) to t=5ns
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50 in the time interval of 1 ns. (b) The varia-
20 tion in the DW position (m,) vs simulation
time (t) for the reference nanowire at
current densities ranging from 1 x 10 to
1x10™ Am2 For the sake of clarity,
plots corresponding to a few current den-
sities only have been presented.
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FIG. 3. (a) The snapshots of instantaneous magnetization states in devices with 6 =30° (case 1) (and single pinning site). The simulation images are taken at different
times upon application of J=5x 10" Aim2 The m, variation with t at different current densities in devices with (b) 6=0°, (c) ©=30°, and (d) 6=60° with a single
pinning site. (€) The phase diagram of DW dynamics as a function of 6 and J. Different names have the following meanings. P1: DW pinning with damped oscillations,
P2: DW pinning with distorted damped oscillations, P3: DW pinning with fluctuations. O: sustained oscillations, D1: DW depinning with distorted damped oscillations, D2:
depinning, and D3: depinning with nucleation. (f) The variation in depinning current density as a function of 6 in different studied cases.
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presented them in the phase diagram [see Fig. 3(e)]. The phase
diagram comprises a total of seven regions, which are described in
the following manner. (i) P1: the region represents the “DW
pinning with damped oscillations” at the pinning site. (ii) P2: this
region illustrates the “DW pinning with distorted damped oscilla-
tions.” (iii) P3: in this region, the DW exhibits the “DW pinning
with some fluctuations.” (iv) O: the DW shows “sustained oscilla-
tions” in this region. (v) DI: in this region, the “DW depins with
distorted damped oscillations.” And (vi) D2: region and (vii) D3:
region show “depinning” and “depinning with random nucleation
of domains,” respectively. We have included the results for tilt
angles 15° in the phase diagram for more details. Please see the
supplementary material, Secs. for more discussion on the phase
diagram.

Contrary to the DW motion in the reference wire, we observed
the pinning of DW for a large range of current densities in all the
investigated ladder DW devices. Moreover, the depinning current
density increases with the tilt angle for the devices (under case 1).
As mentioned earlier, this is because the geometrical expansion at
the junctions of segments is the origin of Py ,pjace» Which effectively
leads to DW pinning. This Ppgpp.ce increases as the tilt angle
increases. Since the resistance distribution in the horizontal and
vertical segments remains the same for all the devices with different
tilt angles, the current distribution plays a minimum role while
facilitating the DW pinning at the pinning sites. Generally, in the
transition from pinning to depinning events, the DW shows sus-
tained oscillating behavior.

Furthermore, we extended these simulations for the three
other cases [see Fig. 1(d)]. The results of case 3 are approximately
similar to those we observed for case 1. We summarize these results
by presenting the graphs of depinning current density for all the
studied cases [see Fig. 3(f)]. This is mainly because the width of
the vertical segment remains the same as case 1. Therefore, the
torque from Py pace is expected to be similar. On the contrary, the
depinning current density is smaller for both 8=30° and 6 =60° in
cases 2 and 4. This is because the width of the vertical segment is
smaller for both of these cases. Therefore, the torque due to the
Praplace Teduces for both of these cases. In addition, the resistance
distribution varies for cases 2, 3, and 4. However, our results indi-
cate that the current distribution may not have a significant effect
on the pinning of the DWs in devices with one pinning site.
However, this should become critical in ladder devices with eight
pinning sites. Our simulation results for all four cases also indicate
that cases 1 and 3 are better as compared to cases 2 and 4. Between
cases 1 and 3, the resistance distribution is simplistic for case 1.
Therefore, we have chosen case 1 for further investigation.
Moreover, we investigated the oscillation phenomenon in case 1 in
greater detail and we will discuss the results in Subsection III B 2.

2. Domain wall oscillations

If we examine the DW dynamics in greater detail, the bent
shape of DW within the pinning site corresponds to a metastable
equilibrium, representing a local minimum in the system’s total
energy. Upon bending, Praplace 18 generated, acting as a restoring
force that drives the DW back toward its flatter shape. The effect
due to Ppaplace is the retraction of DW from a pinning site, similar
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to a ball bouncing off a hard surface. According to the collective
coordinate models, DW can behave as a rigid object with effective
inertia.”®® As a result, DW can retract from the geometrical
expansion if the increase in total energy (due to longer DW length)
is not compensated by SOT. Rather than immediately settling at
the pinning site, the DW dynamics continues to evolve, with mag-
netic damping gradually dissipating the kinetic energy of DW.
When the external driving force is again dominating, it pushes the
DW toward the pinning site. This interplay between driving force,
restoring Proplaces inertia, and damping leads to a sustained
back-and-forth DW motion, manifesting as DW oscillations.

This oscillatory behavior can be qualitatively modelled with
the damped-driven Harmonic oscillator. In the present case,
SOT-generated torque acts as a driving force for the DW motion.
We first try to comprehend the oscillation dynamics at low
J < Jaep- At this condition, the torque due to Py,pace exceeds SOT.
So, in the pinning site we can ignore the effect of applied J. In the
absence of J, these oscillations are governed by the balance between
the restoring Paplaces the DW’s effective mass and inertia, and
damping effects from the magnetic medium.’® The resulting oscil-
latory motion is gradually damped out over time as energy is dissi-
pated through magnetic damping.

For small displacements around the pinning site, we can
assume that the DW propagates following Newton’s second law.
This assumption allows us to write a dynamic equation of the
damped harmonic oscillator analogous to spring-mass system
within a damped medium,

mx = —kx — bx, (3)

where x is the DW displacement from equilibrium and m is the
DW mass as defined by Déring.” The first term in right-hand side
of Eq. (3) represents the restoring force, where k can be interpreted
as an elastic constant that depends on the pinning potential
(PLaplace)- The second term is the intrinsic damping term, where b
represents intrinsic damping coefficient proportional to Gilbert
damping constant (@) of the material.
The formal solution of the above Eq. (1) is

x(t) = e (Clet\/ &g g Cie'V dz*“’g), (4)

where d = b/2m is the damping factor; @, = k/m is the natural fre-
quency of the DW in the absence of damping, where k can be
interpreted as an elastic constant that depends on the pinning
potential (Pppiace); and constants C; and C, can be determined
from the initial boundary conditions. In the underdamped regime,
while d<wy, Eq. (2) represents the DW dynamics with amplitude
gradually decreasing to zero.

From the phase diagram shown in Fig. 3(a), we observed
similar findings. As shown in Fig. 3(b), at low J < Jgep for the
ladder device with 8=0°, DW undergoes damped harmonic oscil-
lation before being settled (pinning) at the pinning site. This
pinning mechanism, followed by damped oscillatory motion,
remains consistent across all devices, irrespective of the values of 6.

Besides pinning with damped oscillation, DW also exhibits
sustained oscillation, which appears as a transition regime between
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pinning and depinning regions. To keep sustained oscillations, the
energy lost due to damping must be compensated by SOT. Hence,
sustained oscillation begins when the SOT generated by external ]
becomes comparable to the torque arising from Py pjace. As a result,
the system maintains a constant amplitude and frequency of oscil-
lation, with no net increase or decrease in total energy over time.
This allows the DW to continuously move back and forth in a kind
of resonance condition where maximum DW displacement is
observed. The observed sustained oscillations of the DW under
constant SOT are indicative of an auto-oscillator regime. The
general form for a non-linear auto-oscillator is represented by

mx = —kx — bx + g(x, ¥)x. (5)

Here, the third additional term represents the non-linear anti-
damping (from SOT). The anti-damping term must exceed the
intrinsic damping for the onset of self-sustained oscillation as
observed in a similar non-linear system such as spin-torque nano-
oscillators (STNQs)."°!

As discussed earlier, the DW exhibits sustained oscillations
over a specific range of current density and magnetic parameters in
case 1. As can be seen in Fig. 4(a), when we apply the current with
a corresponding current density of 1.1x 10" A/m* (case 1 and

(c)
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6=0°), the DW exhibits sustained oscillations. For a better under-
standing of the results, we also present a focused view of oscilla-
tions (see Fig. S5 in the supplementary material) for the simulation
time ranging from t=0 to 5ns. We have also presented the corre-
sponding instantaneous magnetization states [see Fig. 4(c)]. As we
can see, upon the application of the current density with the above-
mentioned magnitude, the DW moves toward the pinning site and
reaches the pinning site at t=1.2ns. Here, an additional torque
from the Ppaplace Starts acting on the DW in a direction opposite to
the SOT. This torque has dependence on the spatial position as
well as time. Under the influence of this torque, the DW travels in
the opposite direction. As soon as it reaches a position where the
SOT overcomes the torque due to the Prppace (£=2.3 ns), the DW
begins to move forward again. The magnetizations at t=1.2 and
t=2.3ns represent the two extreme positions of the DW during
the oscillations. In subsequent times, the DW continues to oscillate
between these positions. In all the simulations, we ran the simula-
tions for a simulation time of 100 ns and observed the sustained
simulations for the whole time. Oscillatory dynamics in artificial
synapses is beneficial as it can enable brain-like temporal process-
ing by bridging synaptic and neuronal functions, allowing a single
hardware element or closely integrated module to mimic both syn-
aptic plasticity and neuronal behavior.>®* The material parameters

1.2 ns

L

FIG. 4. (a) The DW position (m,) vs
simulation time (t) graph for devices
with single pinning site, 6=0° (case
1), and J=1.1x 10" Aim? (t=100 ns).

(b) Fast Fourier transformation (FFT) of
(m,) vs simulation time (t) plot [pre-
sented in Fig. 4(a)]. (c) Depiction of
instantaneous  magnetization  states
[corresponding (a)]. The numbers in

the images indicate the simulation
timescale. (d) The variation in the fre-
quency and relative amplitudes with J
for ladder DW devices with 6 =0°.
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were also kept the same as listed in Table I of the paper. To esti-
mate the frequency of DW oscillations, we performed a fast Fourier
transformation (FFT) of the m, vs t graph, 6=0° and
J=1.1x10" A/m>. The oscillation frequency was found to be
0.043 GHz [see Fig. 4(b)]. A similar oscillatory behavior of DW
dynamics was also observed for ladder DW devices with non-zero
6. These results are presented in Figs. S6(a)-S6(f) in the
supplementary material.

In addition, we anticipate that the oscillation frequency and
amplitude can be tuned by varying the applied current density. To
study this aspect in our simulations, we studied the dependence of
the oscillation frequency and amplitude on the applied current
density and observed a decreasing trend of frequency and an
increasing trend of amplitude with current density in all the
devices [see Fig. 4(d)]. A maximum frequency of ~0.17 GHz was
observed in this set of simulations. At smaller current densities, the
DWs show some damping in addition to sustained oscillations. As
the current density reaches a certain value, a perfect resonance con-
dition is obtained. This is the reason we observed an increasing
trend in the amplitude. In addition, when the DW travels a long
distance, it should take a longer time to complete one cycle of the
oscillations. This is why we see a decreasing trend in the frequency
as the current density increases. A further increase in the current
density causes the depinning of the DW. This is because the SOT
overcomes the energy barrier. We have also presented the simula-
tion results for ladder DW devices with non-zero 6 in Figs. S6(h)
and S6(i) in the supplementary material.

Subsequently, we also observed that the oscillation frequency
and the amplitude are tunable with respect to the magnetic param-
eters and, therefore, we performed detailed micromagnetic simula-
tions to understand the effect of material parameters like M;, K,,
and A., on the DW oscillations. Here, we have discussed the results
corresponding to devices with 8=0° Similar observations have
been obtained in other devices as well. We first fixed the current
density at J=1.1x10'"" A/m® and varied saturation magnetization
(M,). These results are presented in Fig. 5(a). For M, lower than
0.7 x 10° A/m, DW shows strongly damped oscillations followed by

—_
Q
S—
—_
.22
~—
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pinning at the first pinning site. As M increases, the amplitude of
oscillation increases, and the dynamics transit toward sustained
oscillation. The maximum amplitude of oscillation corresponds to
M,=1x10° A/m, which was previously used for all simulations.
For M, values of 1.1 x 10° A/m and 1.2 x 10° A/m, DW depins and
completely sweeps the device. A maximum frequency of ~0.3 GHz
was observed in this set of simulations. This situation is similar to
the one we observed in the variation in the frequency and ampli-
tude with current density, and therefore, the oscillation frequency
reduces as saturation magnetization increases, which is an expected
result. In addition, an increase in M, causes a decrease in PLaPlace.(’/1
A reduction in the restoring force reduces the oscillation frequency.

Furthermore, we studied the effect of the anisotropy constant
(K,) on DW oscillation [see Fig. 5(b)]. At K, smaller than
1x10° ]/m3, the energy barrier is too low. So, the DW easily
crosses the pinning site without any effective pinning. This is
because Pyaplace is directly proportional to the anisotropy constant
of the material.”*"°° The maximum amplitude for sustained oscilla-
tion is observed at K, = 1 x 10°J/m>. Above K, = 1.2 x 10° J/m°, the
DW gets pinned firmly at the pinning site after performing
damped oscillations. Moreover, as the anisotropy constant
increases, the frequency increases and amplitude decreases. A
maximum frequency of ~0.25 GHz was observed in this set of sim-
ulations. The nature of DW oscillation as a function of K, is oppo-
site to that observed for M, This is because saturation
magnetization and anisotropy constant have opposite effects on the
restoring force. As shown in Fig. 5(c), we have also studied the
effect of the exchange constant on the frequency and amplitude of
DW  oscillations. In the range A=0.5x% 107" /m  to
A =1.5x% 107" J/m, DW dynamics show oscillations. However, it
shows a negligible effect on the frequency of oscillations. A
maximum amplitude for sustained oscillation is observed at
Ax=15x10""J/m. From Ay =15x10""J/m to 2x 107" J/m,
the DW shows depinning with distorted damped oscillation. A
maximum frequency of ~0.18 GHz was observed in this set of sim-
ulations. We have also presented the complementary details of DW
oscillations in the supplementary material, Sec. 6.
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C. Multilevel magnetization states

Finally, we performed the micromagnetic simulations for the
full ladder DW devices—containing 12 segments—to achieve mul-
tilevel magnetization states. We considered the ladder DW devices
with geometrical parameters corresponding to case 1. Before apply-
ing the current pulses to realize multilevel magnetization states, we
also applied the DC for the full ladder device and observed approx-
imately similar phase diagram of DW dynamics as we observed for
a single pinning site. These results have been presented in the
supplementary material, Sec. 7. Subsequently, we applied the
current pulses to achieve multilevel magnetization states. The mag-
nitude of the current density was chosen in such a way that the
current density is either equivalent to or slightly higher than the
depinning current density. Moreover, the pulse widths were opti-
mized to push the DW from one pinning site to the next one. First,
we performed these simulations for LD00O and observed a staircase-
like variation in the magnetization. A total of six magnetization
states were achieved in this case [see Fig. 6(a)]. In these devices, a
current density of 6 x 10'" A/m* was utilized. One can also see that
constant magnetization states are not flat.

The instability in the multi-level states can be attributed to
two primary factors. The full ladder DW device hosts multiple
DWs. As a result, while one DW is pinned, others may still be
moving, causing fluctuations in the multilevel magnetization states.
A potential solution is to implement a feedback-controlled calibra-
tion mechanism that actively monitors DW positions and finalizes
the synaptic weight update only when all DWs are simultaneously
pinned. However, integrating such sensors and control circuitry
into dense neuromorphic arrays requires careful design to balance
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complexity, power consumption, and scalability. Future research is
needed to optimize system-level integration for large-scale, low-
power neuromorphic architectures.

Besides this, inter-DW dipolar interactions also contribute to
instability. As discussed before, this effect can be mitigated by opti-
mizing material parameters—for example, reducing the saturation
magnetization (M) and tuning the effective anisotropy (K.g)—to
minimize stray fields and thus inter-DW coupling. Additionally,
optimizing the spacing between horizontal segments can further
reduce dipolar interactions and enhance the stability of intermedi-
ate magnetization states.

Furthermore, we repeated these simulations for LD30 [see
Figs. 6(b) and 6(d)]. In these devices, we applied a current density
with the magnitude of 3x 10" A/m* and different pulse widths
(based on optimized parameters). As can be seen in Fig. 6(d), the
DW reaches the first pinning site from the nucleated site in 1.5 ns.
Once it reached the first pinning site, we turned off the current and
observed the DW dynamics. The DW gets pinned at the first
pinning site. As mentioned earlier, the geometrical expansion at
the pinning site hosts the DWs in the current off-period. We
further applied the same current density, and, as a result, the DW
leaves the first pinning site and moves further. This process contin-
ues, and a total of 12 magnetization states were observed for LD30
devices. Finally, we performed similar simulations with the LD60
devices, and a total of 7 magnetization states were observed [see
Fig. 6(c)]. A current density of 3 x 10'" A/m* was utilized in these
devices as well. The reason for the reduction in the magnetization
states is the increased pinning strength of the pinning sites. In this
situation, controlling the pinning and depinning process becomes
difficult. In addition, larger pinning strength causes the nucleation

a
@ Lorg o data (LDO0O) (b) 107257 e data (LD30) LR o data (LD60)
fit (s= 0.02) fit (s= 0.05) fit (s= 0.04)
0.54 0.54 0.54
EN 0.0+ EN 0.04 EN 0.04
_nel 0 el 0 el FIG. 6. The m, vs t graph to illustrate
0-5 05 S1t 05 the multilevel magnetization states in
(a) LDOO, (b) LD30, and (c) LD6O.
-1.01 -1.0 S12 1.0 Here, for the smooth representation, a
0 5 10 15 20 25 30 0 10 20 30 40 50 0 5 10152025 30 35 40 cubic spline was fitted to the input data
(d) t (ns) t (ns) t(ns) points, where “s” refers the smoothing
parameter.”” (d) The simulation images
LD30 of the instantaneous DW position to
provide a visual understanding of DW
Ons 29.9 ns pinning at the junctions of consecutive
segments of LD30. The simulation
times at which DWs attain particular
1.50 ns 42.0 ns configurations are mentioned beside
each image.
9.80 ns 43.4 ns
16.2 ns 44 8 ns
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of the magnetic domains at the pinning sites, and hence, the sys-
tematic DW motion becomes challenging. From these results, we
conclude that LD30 exhibits optimized pinning strength and may
be suited for experiments. We have also presented the images of
instantaneous magnetization states for devices LD00 and LD60 in
the supplementary material, Sec. 8.

These simulation results serve as the proof-of-concept of the
pinning mechanism in the ladder device design. However, we
acknowledge that for practical integration into a large-scale neuro-
morphic system, it is essential to implement such synaptic devices
at the nanoscale-particularly within magnetic tunnel junctions
(MTTs), where both the free and reference layers are structured in a
ladder geometry. With such implementations, our proposed
concept can evolve into a practical spintronic synapse. Nonetheless,
we recognize that this would require significant optimization in
terms of materials, device fabrication, and integration processes,
which are beyond the scope of the current study and are being con-
sidered for future work.

Here, we also discuss the scaling effects of the proposed DW
devices. As dimensions of the devices are reduced, several factors
influence DW dynamics and device performance. In particular,
even when the aspect ratio is maintained during geometric scaling,
key parameters such as Laplace pressure (Praplace) and pinning
strength are still affected. For a DW device with geometrical expan-
sion, the depinning field is inversely proportional to the width of
the nanowire.”*”"" As the width of the nanowire is reduced, the
depinning field at the pinning site is expected to increase, indicat-
ing a larger Pp,place and enhanced pinning strength. At nanoscale
dimensions, the DW width becomes comparable to the feature size,
making the system highly sensitive to edge imperfections and
minor fabrication variations. These unintended defects can intro-
duce stochastic pinning, which may compromise the reliability and
repeatability of DW motion. Nevertheless, when strong geometrical
pinning sites are deliberately introduced, they can dominate over
such random effects and enable more controlled, reproducible
behavior—although this remains a fabrication challenge. To
address these issues, strategies such as high-resolution lithography,
post-lithography techniques, optimized etching, and annealing
process can be employed to minimize edge roughness and struc-
tural inconsistencies.” "’

IV. CONCLUSION

In this paper, we proposed and studied the neuron and
synapse functions in uniquely designed ladder DW devices using
micromagnetic simulations. In contrast to reference DW devices,
our ladder DW devices with single pinning sites show the pinning
of the DW for a wide range of current densities and geometric
parameters. Our results show that the pinning strength of the
pinning site directly depends on the geometric opening at the
pinning sites. This is because Ppypjace 0N the elastic DWs is related
to such an opening. In addition to DW pinning, our devices also
exhibit oscillations, whose frequencies are tunable as a function of
current density and magnetic parameters like saturation magnetiza-
tion, anisotropy constant, and exchange constant. DW oscillations
with a peak frequency of 0.25 GHz were observed, making them
suitable for neuron-like behavior in neuromorphic systems. Finally,
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we simulated the ladder DW devices with eight pinning sites and
demonstrated the multilevel magnetization states in our devices. A
maximum of 12 states were observed in our devices. Moreover, a
tilt of 30° provides an optimized condition for the maximum
number of magnetization states. Our study provides an alternative
dimension for developing DW device-based neuromorphic com-
puting. Another exciting feature of the ladder DW device is the
two-dimensional DW motion, which can be useful in spin-based
logic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for more details of the simula-
tions: Delta-Wye resistor network; DW motion in the reference
wire; DW dynamics in ladder DW devices with a single pinning
site, the phase diagram of ladder DW devices with a single pinning
site; DW oscillations in ladder DW devices with a single pinning
site; effect of material parameters on DW oscillations in ladder
devices with a single pinning site; DW dynamics in full ladder DW
devices with eight pinning sites; the effect of material parameters
on DW oscillations in ladder devices with a single pinning site;
DW dynamics in full ladder DW devices with eight pinning sites;
and DW motion in full ladder DW devices: synaptic behavior.
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