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Abstract: In this study, we investigate the thermal pinning and depinning behaviors of vortex domain
walls (VDWs) in constricted magnetic nanowires, with a focus on potential applications in storage
memory nanodevices. Using micromagnetic simulations and spin transfer torque, we examine the
impacts of device temperature on VDW transformation into a transverse domain wall (TDW), mobility,
and thermal strength pinning at the constricted area. We explore how thermal fluctuations influence
the stability and mobility of domain walls within stepped nanowires. The thermal structural stability
of VDWs and their pinning were investigated considering the effects of the stepped area depth (d)
and its length (A). Our findings indicate that the thermal stability of VDWs in magnetic stepped
nanowires increases with decreasing the depth of the stepped area (d) and increasing nanowire
thickness (th). For th > 50 nm, the stability is maintained at temperatures > 1200 K. In the stepped
area, VDW thermal pinning strength increases with increasing d and decreasing A. For values of
d > 100 nm, VDWs depin from the stepped area at temperatures > 1000 K. Our results reveal that
thermal effects significantly influence the pinning strength at constricted sites, impacting the overall
performance and reliability of magnetic memory devices. These insights are crucial for optimizing
the design and functionality of next-generation nanodevices. The stepped design offers numerous
advantages, including simple fabrication using a single electron beam lithography exposure step on
the resist. Additionally, adjusting A and d allows for precise control over the pinning strength by
modifying the dimensions of the stepped areas.

Keywords: micromagnetic simulation; vortex domain wall; stepped magnetic nanowire; spin transfer
torque; VDW thermal stability

1. Introduction

The development of storage memory nanodevices has witnessed remarkable advance-
ments in recent years, driven by the need for higher data storage densities and faster
processing speeds [1-5]. A critical component of these devices is the magnetic nanowire,
composed of ferromagnetic (FM) and antiferromagnetic (AFM) materials, which serve as
the backbone for various memory technologies. The key difference between FM and AFM
nanowires lies in the alignment of their magnetic moments. In FM nanowires, the magnetic
moments align parallelly, resulting in a strong net magnetic moment, which enables them to
retain magnetization and makes them ideal for data storage applications. In contrast, AFM
nanowires have magnetic moments that align in opposite directions, canceling each other
out, leading to no net magnetic moment. This makes AFM nanowires insensitive to external
magnetic fields, reducing interference and enhancing data security in storage devices [6-8].
Within these nanowires, vortex domain walls (VDWs) play a pivotal role in determining the
efficiency and reliability of data storage and retrieval processes, with their unique proper-
ties such as chirality, nanoscale size, pinning and depinning behavior, thermal stability, low
critical currents, and compatibility with spintronic technologies, making them a powerful
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tool for advanced data storage devices. However, understanding the behavior of VDWs,
particularly their thermal pinning and depinning characteristics, is crucial for optimizing
the performance of magnetic nanowires in memory applications [9-13].

VDWs are formed due to the unique magnetic configurations within nanowires, and
their stability is influenced by both intrinsic material properties and external factors such as
temperature and current density. The phenomena of thermal pinning and depinning dictate
the mobilization of these domain walls under varying thermal conditions. Understanding
these processes is essential for enhancing the design and functionality of memory nan-
odevices [14-18]. Recent studies have highlighted the significance of constricted magnetic
nanowire dimensions, which directly impact the thermal stability of VDWs. Experimental
and theoretical investigations have shown that achieving precise control over domain wall
propagation behavior is essential for these devices, and this can be accomplished by using
local pinning centers that establish well-defined, stable wall positions. For instance, H. Y.
Yuan and X. R. demonstrate that the presence of notches can effectively pin domain walls at
specific locations within the nanowire. Kurniawan and Djuhana found that current-driven
DW depinning in permalloy nanowires is sensitive to notch geometry, with higher current
densities aiding depinning. Furthermore, Brandao et al. have shown that asymmetric
notches can control magnetic vortex chirality [19-24].

Extensive research has been conducted on the thermal behavior of VDWs in magnetic
nanowires. Some studies have explored the impact of current-induced domain wall motion,
providing critical insights into the factors influencing VDW mobility. Additionally, other
investigations have deepened our understanding of the thermal effects on domain wall
behavior, emphasizing the importance of temperature control in device operation [25-28].

The interaction of VDWs with constrictions in magnetic nanowires has been a fo-
cal point of research, with several studies demonstrating the critical role of geometrical
constraints in domain wall dynamics. These studies illustrate how engineered nanowire
geometries can be utilized to control VDW movement, thereby enhancing the functionality
of magnetic memory devices [29-34].

Theoretical models have also played a significant role in elucidating the mechanisms
of VDW thermal pinning and depinning. Some works have provided comprehensive
frameworks for understanding the energy barriers associated with domain wall motion,
offering predictive tools for designing more efficient nanowire-based devices [35-39].

This article aims to consolidate current knowledge on VDW thermal pinning and
depinning in constricted magnetic nanowires, providing a thorough overview of theoretical
models. By examining the effects of step depth (d) and length (A) [Figure 1] on VDW
stability, we seek to offer insights into the optimization of nanowire designs for enhanced
storage memory applications. This study leverages a broad array of references to present
a comprehensive perspective on the topic, drawing from foundational research to the
latest advancements in the field. Specifically, this study examines the thermal stability
of VDWs by addressing three primary factors: (1) the thermal transformation of VDWs
during dynamic motion, (2) the impact of device temperature on VDW behavior, and (3) the
thermal pinning and depinning process of VDWs in the stepped region.

Figure 1. The stepped nanowire dimensions of 1000 nm in length and 200 nm in width with a VDW.
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2. Theoretical Model

The Object Oriented Micro-Magnetic Framework (OOMMEF) project [40] was employed
to perform magnetic simulations, solving the Landau-Lifshitz—Gilbert (LLG) equation [41].
In cases where the current is aligned with the wire axis, the LLG equation is expressed as

dm

e —ym X Hoyg + Hy, + am X d—m—(wV)m—i—[Smx (u-V) (1)

dt

where v, «, Hoir, Hy,, V, and m represent the gyromagnetic ratio, Gilbert damping parame-
ter, effective magnetic field, thermal field, operator nabla, and unit vector of magnetization,
respectively. The relationship between the thermal field and device temperature is de-
scribed by the following equation:

(s (0,8) Huy 5, )) = b= (e = @

where kg is the Boltzmann constant, i is the vacuum permeability, and V is cell volume [42].

The dimensions of the stepped nanowire used in this study are length (I), width (w),

and thickness (th), with the values (I X w X th) = (1000 nm x 200 nm x th). The stepped

area dimensions, depth (d) and length (1), are (d nm x A nm) as shown in Figure 1. The

magnetic properties of in-plane magnetic materials, such as permalloy, were employed

in this study [43]. A cubic mesh with a unit cell size smaller than the exchange lengths
(Iex = 5.3 nm) is necessary, so a unit cell size of 5 nm was used in all simulations.

3. Results and Discussion

In this research, we simulate an innovative 3D model of a storage memory where
the implementation of functional VDW pinning facilitates the writing and storing of
information within a single stepped nanowire. However, the VDW pinning in the stepped
nanowire is influenced by device temperature. Consequently, we conducted simulations
under varying device temperatures to examine the thermal stability of the VDW structure
both during its motion and within the stepped area during the pinning and depinning
processes. The simulations utilized current density to drive the VDW in the stepped
nanowires. Figure 1 depicts the dimensions of the stepped nanowire used to explore the
thermal stability of the VDW. The VDW is nucleated at an appropriate current density,
moving from left to right toward the stepped area.

This study investigates the VDW thermal stability by focusing on three key aspects:
(1) the thermal transformation of VDW during its dynamic motion, (2) the influence of de-
vice temperature on VDW dynamics, and (3) the process of thermal pinning and depinning
of VDW in the stepped area.

3.1. VDW Thermal Transformation
The steady motion of VDW in magnetic nanowires is described by the Thiele equation.

F—O—Gx(v—u)—i—(B(ow—ﬁu):O 3)

where F is the static force, G is the gyrovector (along the z-axis), and B is the dissipation dyadic.

The VDW dynamics, as elucidated by this equation, is a consequence of the equilibrium
between the restoring force, which confines the VDM within the wire, and the gyrovector,
which induces the magnetization to circulate around the vortex core. However, parameters
like the strength of the applied field, variations in device temperature, and the geometry
of the wire may disrupt the balance, resulting in the transformation of the VDW into a
TDW [4,44-47].

Therefore, the structural stability of the VDW during its dynamics in stepped nanowires
was first investigated. The VDW was driven by a current density of 7.5 x 10! Am~2 at
a device temperature of 0 K, using different stepped nanowire pinning area sizes with
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overall nanowire dimensions of 1000 x 200 x 50 nm?. It was found that the VDW exhibits
higher structural stability in nanowires with area dimensions of (50 x 0 nm?) [Figure 2a],
(100 x 0 nm?) [Figure 2b], and (150 x 0 nm?) [Figure 2c] due to lower easy anisotropy
along the y-axis and higher exchange energy, which keeps the DW magnetization curling
around the VDW core and maintains the balance of restoring force and the gyrovector.
However, when the depth of the stepped area was increased to (200 x 0 nm?) [Figure 2d],
it was observed that the VDW lost the balance between restoring force and the gyrovector;
as a result, it converted into a TDW after 2.5 ns of motion, attributed to the increased easy
anisotropy along the y-axis with the deeper stepped area.

X

Figure 2. VDW dynamics show high structural stability in the stepped nanowire with pinning area
dimensions of (a) (50 x 0 nm?2), (b) (100 x 0 nm?), and (c) (150 x 0 nm?2). (d) VDW transformation in
the nanowire with stepped area dimensions of (200 x 0 nm?).

The same behavior of VDW dynamics in different structures [Figure 2] was observed
when the stepped length was increased to A = 50 nm, as shown in Figure 3.
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Figure 3. VDW dynamics with high structural stability in the stepped nanowire with pinning area
dimensions of (a) (50 x 50 nm?), (b) (100 x 50 nm?2), and (c) (150 x 50 nm?2). (d) VDW transformation
in the nanowire with stepped area dimensions of (200 x 50 nm?).

Thus, in this study, nanowires with A = 0 were used to investigate VDW transformation,
while those with A = 50 were used to investigate VDW dynamics and pinning. Increasing the
step length helps to maintain the VDW structure during the pinning process, as reported in [48].

As the device temperature increases, it is observed that the VDW core rises toward
the edge until its core disappears, resulting in the transformation of the VDW into a TDW.
Figure 4a illustrates the dynamics of the VDW in a nanowire with step (50 x 0 nm?) at a
temperature of 400 K, where the VDW moves without transforming until it reaches the
stepped region. However, at an elevated temperature of 800 K, the VDW core begins to rise,
while the wall maintains greater structural stability as it approaches the stepped region,
as shown in Figure 4b. Upon further increasing the temperature to 1000 K, the VDW core
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ascends until it reaches the nanowire edge, loses its structural stability, and transforms
into a TDW), as depicted in Figure 4c. Figure 4d presents two graphs of m, versus time at
device temperatures of 800 K and 1000 K. The black graph represents VDW dynamics at
800 K, showing a smooth trend without any sign of transformation. In contrast, the red
graph represents VDW motion at 1000 K, indicating a transformation after 5 ns from the
beginning of the motion (pointed to by the blue arrow).
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Figure 4. (a) VDW dynamics show high structural stability in the stepped nanowire with pinning
area dimensions of (50 x 0 nm?). (b) The VDW reached the stepped area with high structural stability
at a device temperature of 800 K. (c) The VDW transformation into TDW at a temperature of 1000 K.
(d) my versus time for two curves with two temperature (T) values.

The same investigation was conducted with stepped area dimensions of 100 x 0 nm?
and 150 x 0 nm?. Figure 5a presents a graph of the transformation temperature (T}) as
a function of stepped area depth (50 nm, 100 nm, and 150 nm) for two different current
density values (J = 7.5 x 101" Am~2 and 1.0 x 10'> Am~2). Figure 5b illustrates the
relationship between m, and time for VDW motion in three nanowires with step depths of
50 nm, 100 nm, and 150 nm, each at its respective VDW transformation temperatures. The
thermal stability of the VDW structure was found to decrease as the step depth (d) increased.
For example, under a current density of ] = 7.5 x 10! Am~2, the VDW remained stable
for approximately 5 ns (shown by the blue arrows) for a step depth of 50 nm, while for
step depths of 100 nm and 150 nm, it remained stable for about 2 ns and 1 ns, respectively.
The reduction in VDW stability time with increasing 4 is attributed to the rise in easy-axis
anisotropy energy along the y-axis.
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Figure 5. (a) T; as a function of d for two current density values. (b) 1, versus time for three curves
with different d values and at T;.
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The thermal stability of the VDW structure can be further enhanced by adjusting the
nanowire dimensions, such as width and thickness. In this study, we investigated the
impact of increasing nanowire thickness on the thermal stability of the VDW structure. We
began by varying the thickness of nanowires with stepped dimensions of 50 x 0 nm? at
a device temperature of 600 K. At this temperature, the VDW transformed into a TDW
for thickness values below 50 nm, while the VDW exhibited greater thermal stability for
thicknesses of 50 nm or more. Figure 6a illustrates the VDW transforming into a TDW at
a thickness of 30 nm, and Figure 6b shows the transformation at 40 nm. However, when
the thickness was increased to 50 nm, the VDW moved to the stepped area with enhanced
structural stability, as depicted in Figure 6¢. To better understand the effect of thickness
on VDW thermal transformation, Figure 6d presents the variation of m, over time for
three different nanowire thicknesses. It is evident that increasing the nanowire thickness
enhances the VDW stability time. For instance, at a thickness of 30 nm, the VDW remained
stable for approximately 2.5 ns (indicated by the blue arrow). With an increased thickness
of 40 nm, the stability duration extended to 4 ns.
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Figure 6. (a) VDW transformation with a device thickness of 30 nm and (b) 40 nm. (c¢) VDW with
higher structural stability with a device thickness of 50 nm. (d) m, as a function of time for three
different device thickness values and the device temperature of 600 K.

A similar investigation into thermal VDW transformation was conducted by varying
the device thickness using nanowires with stepped areas of 100 x 0 nm? and 150 x 0 nm?.
Figure 7 illustrates the relationship between T; and device thickness for these structures. It
is observed that T; exhibits a linear relationship with respect to device thickness across the
different structures.

16001
1200+

& 8001

30 35 40 45 50 55 60
Thickness(nm)

Figure 7. T} as a function of device thickness for nanowires with stepped areas of 50 x 0 nm?,
100 x 0 nm?, and 150 x 0 nm?.
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3.2. VDW Thermal Dynamics

This study explored the impact of device temperature on VDW velocity in two stepped
nanowires with pinning area dimensions of 50 x 50 nm? and 100 x 50 nm?. The results
reveal that VDW velocity increases linearly with both current density and device tempera-
ture for both structures. Additionally, an increase in VDW velocity was observed with an
increase in dimension d, attributed to the transformation of VDW into TDW, which moves
faster than VDW. Figure 8a displays the relationship between VDW velocity and current
density for the 50 x 50 nm? structure at 300 K and 600 K, while Figure 8b illustrates the
same relationship for the 100 x 50 nm? structure. The relation between the VDW velocity
and the current density can be described by the equation

_ 8PP
0= 2ea M, @

where g is the Lande factor, P is the spin polarization, § is the nonadiabatic parameter, y;, is
the Bohr magnetron, | is the current density, e is the carrier charge, a is the Gilbert damping
factor, and M; is saturation magnetization [4,44].
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Figure 8. VDW velocity as a function of the current density for nanowires under device temperatures
of 300 K and 600 K in the stepped nanowire with dimensions of (a) 50 x 50 nm? and (b) 100 x 50 nm?.

3.3. VDW Thermal Pinning and Depinning

Further investigations focused on the thermal pinning and depinning of the VDW as
it reached the stepped area. In this study, a device thickness of 60 nm and A = 50 were
employed to ensure that the VDW approached the stepped area with optimal structural
stability. In the stepped area, we examined thermal pinning using nanowire dimensions
of 50 x 50 nm?. Initially, the VDW was driven by current density toward the stepped
area [Figure 9a] to pin it there [Figure 9b]. Subsequently, the device temperature was
then increased until the VDW depinned from the area to the edge of the nanowire. The
depinning process was examined under various temperatures. At a current density of
7.5 x 10'' Am~2 and a device temperature of 50 K, the VDW was initially pinned in the
stepped area, as shown in Figure 9b and the red graph depicting the relation of normalized
magnetization (1my) versus time in Figure 9e. By increasing the temperature to below 150 K,
the VDW remained pinned in the stepped area. However, at temperatures of 150 K or
higher, VDW thermal pinning decreased, leading to the depinning [Figure 9c,e, green
graph]. Higher device temperatures resulted in reduced pinning durations for the VDW.
For instance, the VDW remained pinned for 22 ns at 150 K, 18 ns at 400 K, and 15 ns at
600 K. During thermal depinning, the VDW changed its chirality to a clockwise direction.
Additionally, at temperatures exceeding 400 K, the VDW exhibited two vortices after
depinning from the stepped area [Figure 9d]. The rise in device temperature resulted in
greater spin fluctuations and VDW oscillations, which may facilitate the release of the VDW
from the stepped region [49].
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Figure 9. (a) VDW dynamics in a stepped nanowire with stepped dimensions of 50 x 50 nm?. (b)
VDW pinning in the stepped area at a device temperature of 50 K. (c) VDW depinning from the
stepped area at the device temperature of 150 K. (d) VDW depinning at a device temperature of 600
K with two vortices. (e) Magnetization components point along the x-direction (1) as a function of
time at different device temperatures.

To better understand the effects of stepped region dimensions on VDW thermal
pinning, a nanowire with stepped area dimensions of 100 x 50 nm? was utilized. The VDW
dynamics as it approached the constricted area are depicted in Figure 10a, while Figure 10b
illustrates VDW pinning at the pinning area. It was discovered that the VDW exhibits high
thermal pinning at temperatures below 600 K, as shown in Figure 10b and the black graph
for 600 K in Figure 10d. However, at a device temperature of 700 K, VDW remained pinned
for 26 ns before depinning from the stepped area, as shown in Figure 10c and the red graph
in Figure 10d. When the device temperature increased to 1000 K, VDW stayed for 20 ns
before depinning from the stepped area, as shown in Figure 10c and the green graph in
Figure 10d. After VDW depinning from the stepped area, similar behavior was observed
as with the stepped area dimensions of 50 x 50 nm?, where VDW changed its chirality
to clockwise. However, with stepped dimensions of 100 x 50 nm?, VDW exhibited more
thermal stability after moving away from the pinning area and did not show VDW with
two vertices at high temperatures.
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Figure 10. (a) VDW dynamics in a stepped nanowire with stepped dimensions of 100 x 50 nm?.
(b) VDW pinning in the stepped area at a device temperature of 600 K. (c) VDW depinning from the
stepped area at a device temperature of 700 K. (d) Magnetization components pointing along the

— T=600 K

(c)

x-direction (mmy) as a function of time at different device temperatures (600 K, 700 K, and 1000 K).
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To achieve higher thermal pinning in the stepped area, a nanowire with pinning
area dimensions of 150 x 50 nm? was utilized. The results demonstrate that the VDW
exhibits significant resistance to depinning in the stepped area as the device temperature
increases. The VDW began depinning from the stepped area at a device temperature of
950 K [Figure 11c,g, red graph], remaining pinned for approximately 70 ns before moving
away. When the device temperature was increased to 1200 K, the VDW stayed pinned for
around 20 ns before depinning from the stepped area to the end of the nanowire as shown
in Figure 11g, green graph.

(8)

— T=800 K
—T= 950 K
e T=1200 K
20 40 60 80
Time(ns)
(h) ) )
—T=1000 K
e T= 1400 K
T=1800 K ]
0 20 40 60 80
Time(ns)

X

Figure 11. (a) VDW dynamics in a stepped nanowire with stepped dimensions of 150 x 50 nm?.
(b) VDW pinning in the stepped area at a device temperature of 800 K. (c) VDW depinning from
the stepped area at a device temperature of 950 K. (d) VDW dynamics in stepped nanowire with
stepped dimensions of 200 x 50 nm?. (e) VDW pinning in the stepped area at a device temperature of
1000 K. (f) VDW depinning in the stepped area at the device temperature of 1400 K. (g) Magnetization
components along the x-direction (11,) over time at temperatures of 800 K, 1000 K, and 1200 K in a
stepped nanowire of 150 x 50 nm?. (h) Magnetization components along the x-direction (1) over
time at temperatures of 1000 K, 1400 K, and 1800 K in a stepped nanowire of 200 x 50 nm?2.

Increased thermal stability of the VDW was observed at higher device temperatures
in stepped nanowires with constricted dimensions of 200 x 50 nm?. Figure 11d shows
the VDW movement within a stepped nanowire of these dimensions, while Figure 11e,f
illustrate VDW pinning and depinning. The data indicate that the VDW remained pinned
until device temperatures reached 1400 K, as evidenced by Figure 11h (red plot), which
shows VDW staying for 50 ns before leaving the stepped area and moving to the end of
the nanowire.
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The length of the step (A) is another dimension that affects the thermal VDW pinning
and depinning. In this analysis, the step length was varied in 50 nm increments. Figure 12a
depicts VDW dynamics in a stepped nanowire with dimensions of 100 nm x 100 nm.
Figure 12b shows VDW pinning at these dimensions and a device temperature of 400 K.
It was found that the VDW depinned from this step size starting at 600 K, as illustrated
in Figure 12c and the red graph in Figure 12d. When the step length was increased to
150 nm (100 nm x 150 nm), thermal VDW depinning occurred at 400 K (Figure 12e), and at
200 K with a step size of 100 nm x 200 nm (Figure 12f). These results indicate that VDW
thermal depinning increases with step length, allowing the VDW to leave the pinning area
at lower temperatures.

B
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Time(ns) Time(ns)

Figure 12. (a) VDW dynamics in stepped nanowire with stepped dimensions of 100 x 100 nm?.
(b) VDW pinning in the stepped area (100 x 100 nm?) at a device temperature of 400 K. (c) VDW
depinning from the stepped area (100 x 100 nm?) at the device temperature of 600 K. (d) The analysis
of the magnetization components along the x-direction (i,) over time at temperatures of 400 K,
600 K, and 800 K in a stepped nanowire of 100 x 100 nm?. (e) Magnetization components along
the x-direction (my) over time at temperatures of 200 K, 400 K, and 600 K in a stepped nanowire of
100 x 150 nm?. (f) Magnetization components along the x-direction (112y) over time at temperatures
of 50 K, 200 K, and 400 K in a stepped nanowire of 100 x 200 nm?.

Here is a summary of how the step depth and length affect VDW thermal stability.
Figure 13a shows the relationship between depinning temperature (T;) and depth (d)
for two current density values. The data reveal that T; has a linear relationship with 4,
increasing as d increases. Conversely, Figure 13b illustrates that T; decreases as the step
length (A) increases.
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Figure 13. (a) The plot of T, as a function of 4 for two values of current density and A = 50 nm. (b) The
plot of T,; versus A and d = 100 nm.

The thermal VDW pinning strength can be analytically described by the diagonal
length (D) of the stepped area. The diagonal length of the stepped area is given by
the equation

D? = A% + p? (5)

where p = w — d, w is the nanowire width, A is the stepped area length, and d is the stepped
area depth, as shown in Figure 14.

d
D :|p
I

A

Figure 14. The stepped area diagonal (D) with dimensions of A and p, where D? = A% + p2.

According to this equation, increasing 4 results in a reduction in D, thereby enhancing
thermal pinning strength. Similar effects are obtained when A is decreased.

To further confirm that the VDW is more likely to depin from the stepped area as the
device temperature increases, we investigated VDW energy by varying device temperature
in two structures with stepped areas of 50 x 50 nm? and 100 x 50 nm?. Figure 15a
shows the VDW energy over time for three different device temperatures in a stepped
area with dimensions of 50 x 50 nm?. It was found that VDW energy increases as the
device temperature rises. Moreover, it was observed that VDW energy decreases from
approximately 9.0 x 10717 J to around 7.0 x 107! J after 10 ns during the depinning
process in the stepped area at a device temperature of 800 K, as indicated by the green
curve. In contrast, at temperatures of 100 K (black curve) and 500 K (red curve), there is
a small reduction in the VDW energy when it reaches the stepped area after 4 ns, after
which the VDW becomes completely pinned and begins to gain energy. On the other hand,
Figure 15b illustrates the VDW energy over time for the same values of device temperature
(100 K, 500 K, and 800 K) with stepped area dimensions of 100 x 50 nm?. It was noted
that at temperatures of 500 K and 800 K, VDW energy decreases during the depinning
process after 11 ns. However, at 100 K, a reduction in energy was observed only during the
pinning process.
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Figure 15. (a) VDW energy as a function of time for three device temperatures with a stepped area of
50 x 50 nm?. (b) VDW energy versus time for three values of device temperatures with a stepped
area of 100 x 50 nm?.

4. Conclusions

In this study, we investigated the thermal pinning and depinning behaviors of vortex
domain walls (VDWs) within stepped magnetic nanowires, emphasizing their implica-
tions for storage memory nanodevices. Our findings highlight the critical role of thermal
fluctuations in modulating the stability and mobility of VDWs, thereby influencing the
efficiency and reliability of memory devices that utilize these nanostructures. Through
comprehensive simulations, we established that the thermal activation energy required
for depinning VDWs from constrictions is significantly influenced by the geometric pa-
rameters of the nanowires and the temperature. Specifically, narrower constrictions and
lower temperatures were found to increase the pinning strength, thereby enhancing the
stability of the stored magnetic states. Conversely, at higher temperatures, the depinning
probability increases, potentially leading to undesired switching events. These insights
into the thermal dynamics of VDWs in magnetic nanowires furnish critical guidelines for
optimizing the design and operation of next-generation storage memory devices. By care-
fully engineering the dimensions of the constricted regions and controlling the operational
temperature, it is possible to achieve a balance between stability and switch ability, crucial
for the performance of high-density, thermally robust memory technologies. Overall, our
study underscores the importance of considering thermal effects in the development of
magnetic nanowire-based memory devices. Future research should focus on exploring
additional material systems and nanowire geometries to further advance the understanding
and application of VDWs in practical memory storage solutions.
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