Open Access Article. Published on 26 August 2025. Downloaded on 9/22/2025 10:40:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

W) Check for updates ‘

Cite this: DOI: 10.1039/d5cp01730k

Ahmet Bahadir Trabzon,
Mehmet Cengiz Onbasli

3° Arash Mousavi Cheghabouri

*Cd

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Quantifying polycrystallinity effects on skyrmion
dynamics and device performance

+< and

Skyrmion-based devices promise energy-efficient spintronic functionalities, but polycrystalline magnetic films
can degrade performance by inducing skyrmion pinning. Here, we use micromagnetic modeling to quantify

the impact of polycrystallinity-induced variability in key material parameters such as saturation magnetization,

Dzyaloshinskii—Moriya interaction, and uniaxial anisotropy on skyrmion stability, dynamics, and hysteresis loops
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in Co/Pt films and device geometries. We demonstrate that variations exceeding 5% in these parameters
across grains significantly increase the likelihood of pinning, with the effects depending on both grain size and
distribution. Our findings establish quantitative tolerance thresholds and highlight the importance of fabricating

films with narrow grain size distributions and stringent control over material uniformity to enable robust,

rsc.li/pccp

1. Introduction

Spintronic devices that harness topological magnetic structures
such as skyrmions hold great promise for energy-efficient comput-
ing, memory, and logic applications."™ However, their transition
from fundamental research to practical technologies is impeded by
material inhomogeneities—most notably, the effects of polycrys-
tallinity in thin films.®> Grain boundaries introduce local variations
in magnetic properties, leading to skyrmion pinning that disrupts
motion and induces stochastic device behavior.>” Although several
experimental studies have observed these effects,® ' a comprehen-
sive theoretical and numerical framework to quantify the impact of
polycrystallinity on skyrmion dynamics remains lacking. This gap
limits the ability to design reliable and reproducible skyrmion-
based devices.

Skyrmion pinning sites arise from local variations in magnetic
parameters and the polycrystalline nature of magnetic interfaces.
Overcoming these pinning sites typically requires higher current
densities, which in turn lead to significant Joule heating and
thermal drift. To mitigate these effects, experimental demonstra-
tions have relied on pulsed current operation with low duty cycles
and low-temperature conditions."* While such approaches have
enabled proof-of-concept results, polycrystallinity and the resulting
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pinning-free operation in skyrmion-based spintronic devices.

inhomogeneities continue to limit device functionality and
reliability.

To address these challenges, we developed micromagnetic
models to systematically quantify the impact of polycrystallinity
on skyrmion motion and device performance. Using Voronoi-
based polycrystalline geometries, we introduced statistical var-
iations in key magnetic parameters, saturation magnetization,
Dzyaloshinskii-Moriya interaction, and uniaxial anisotropy, to
realistically capture material inhomogeneities. We evaluated
how grain size distributions and parameter fluctuations influ-
ence skyrmion pinning, stability, and transport. This approach
enables the identification of critical tolerance thresholds for
material uniformity, offering practical design guidelines for
skyrmion-based devices with reduced susceptibility to pinning-
related defects.

Previous studies have explored the influence of polycrystallinity
on spintronic devices, but many relied on simplified models that did
not capture realistic distributions of material parameters.”™** Sev-
eral approaches assumed uniform or periodically varying aniso-
tropies,"” overlooking the discrete nature of grains in nanoscale
devices. Similarly, earlier experimental efforts to mitigate pinning
lacked systematic insights into how grain-dependent magnetic
properties affect device reliability.'®"” Our work addresses this gap
by providing a quantitative framework that captures the stochastic
nature of polycrystalline materials, enabling predictive design stra-
tegies for skyrmion-based technologies.

The remainder of this paper is structured as follows. We first
describe the methodology used to model polycrystallinity in
micromagnetic simulations. This is followed by our results on
skyrmion dynamics and pinning effects, which we compare
with previous theoretical and experimental studies. Finally, we
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discuss the key findings and conclude with design considera-
tions for improving skyrmion-based device performance.

2. Methods

To analyze the effects of material parameter variability, parti-
cularly in Mg, Ky, and Dj,q, across polycrystalline Voronoi
regions, we performed micromagnetic simulations of hysteresis
loops, anisotropy, and skyrmion dynamics in racetrack and
logic gate geometries.”® We also investigated how the number
of Voronoi regions affects both hysteresis behavior and sky-
rmion motion.

2.1. Micromagnetics

Our simulations were performed using MuMax3 software,"®
which implements the finite-difference method to solve the
Landau-Lifshitz-Gilbert (LLG) equation. Each magnetization
vector has a magnitude corresponding to the saturation mag-
netization Mg, In the presence of exchange stiffness (Aex),
uniaxial anisotropy (K,), and Dzyaloshinskii-Moriya interaction
(DMI) (Ding), spins tend to align with an effective field given by

1 0610

I__i ff = 2, <=
¢ ,u'()MSal 5m

1)

where the total energy density & is the sum of contributions
from exchange, Zeeman, demagnetization, anisotropy, and
DMI energies:

gtot - Acx(vn_'i)2 - ,u()Msat (7?1 : ﬁcxt)
- .uOMsal (”ﬁ . ﬁdemag) - Ku(”ﬁ . 2)2 (2)

+ Ding[m:V - i — (i1 - V)m.]

here, H., and ﬁdemag denote external and demagnetizing fields,
respectively. All simulations assume the uniaxial anisotropy
axis is oriented along the out-of-plane Z-direction.

We focus on both hysteresis loops and skyrmion dynamics.
For hysteresis simulations, the system is relaxed for each
external magnetic field step until equilibrium is reached. In
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Fig.1 Demonstration of Voronoi regions on (a) 256 nm x 256 nm x 8 nm
thin film and (b) logic inverter gate ?>
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contrast, skyrmion dynamics require solving time-dependent

equations using the LLG equation with spin-transfer torque:
dm ey
dr 1+a?

{rﬁ x Hop + oc[rh’ X (r?z X I-?effﬂ} (3)

where y is the gyromagnetic ratio and « is the damping
constant. We use two spin-transfer torque terms to manipulate
skyrmions: Slonczewski-type spin-transfer torque (STT) for
current-perpendicular-to-plane (CPP) geometries and Zhang-Li
STT for current-in-plane (CIP) configurations. In the CIP model,
the Zhang-Li torque is defined as:

Ty = ﬁ{(l S Ea)i X [ x (i - V)i + (& — )it x (i - )]}
(4)

where

HBHo =
_ 7. 5
ZeyoBsat(l + 62)] ( )

where ¢ is the non-adiabaticity parameter, yo = yuo, Ho is the
vacuum permeability, ug is the Bohr magneton, e electron

0=

charge, Bg,: saturation field, and]’ = jX is CIP. To eliminate
skyrmion Hall effect, we used ¢ = o which simplifies Tz, to

- 1 pguy . Om
= _FBR ). 6
L= + o2 ZeyoBsatm m Ox ©)

2.2. Modeling multi-crystallinity

We modeled polycrystalline structures using Voronoi tessella-
tions, which emulate the grain morphology found in thin
magnetic films. A custom Python script was developed to
generate Voronoi patterns within a given simulation domain.
Seed points were randomly distributed in the x—y plane to
create distinct Voronoi regions, each representing a single
crystallite. Formally, for a set of seed points p;, i = 0,1,...,N,
the corresponding Voronoi cell V; is defined such that:

Vi={(x9) € R:[|(x,y) = pill < lI(x,3) = pilIVij} ()

Each Voronoi region was assigned local magnetic properties
drawn from normal distributions centered around nominal
values of M K,, and D;,q with the investigated standard
deviations. These variations mimic the physical inhomogene-
ities introduced by polycrystallinity in real materials. For sim-
ple geometries such as rectangles or racetracks, the Voronoi
tessellation was applied across the full simulation domain. For
more complex device layouts (e.g., skyrmion logic inverters), the
tessellation was masked using the device outline to restrict the
polycrystalline regions to the active magnetic area (Fig. 1).

2.3. Simulation and statistical techniques

For each simulation configuration, we generated multiple ran-
dom realizations of polycrystalline structures to capture the
statistical variability introduced by grain-dependent material
fluctuations. Each realization included a unique Voronoi tes-
sellation and a random sampling of local values for M., Ky,
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and D;,q drawn from normal distributions centered around
nominal values with specified standard deviations (e.g., 0 = 1%,
6 =3%, 6 =5%, 0=7%).

For hysteresis loop simulations, the grid size was set to
256 X 256 x 1, with cell sizes of 1 nm x 1 nm x 8 nm. Material
parameters within each Voronoi region followed a normal
distribution with a standard deviation of ¢ = 10%.

For each simulation, distributions of the key parameters
were independently generated across the Voronoi tessellation.
We analyzed both in-plane and out-of-plane hysteresis beha-
vior. At each field step, the system was allowed to relax until
convergence was reached. Field increments were taken in steps
of 0.5% of the saturation field By,;, where By, is defined as the
external field strength required to fully align the magnetization.
For skyrmion dynamics, we used both mean values and dis-
tributions of material parameters. Simulations were repeated
for a large number of statistical realizations to extract both
average behavior and stochastic deviations. Unless stated other-
wise, Aex = 15 pJ m ™~ was used for all simulations. For simula-
tions of skyrmion dynamics, mean values of Mg, = 580 kKAm ™,
K, = 0.8 M] m >, Di,q = 3.5 mJ m™> were used.

3. Results

3.1. Hysteresis loop comparisons

We set the Dzyaloshinskii-Moriya interaction constant to
Ding= 0.4 mJ m >, the uniaxial anisotropy constant to
K,=1 k] m>, and varied the mean saturation magnetization
Mg, throughout the thin film. Fig. 2 shows the grain distribu-
tion and corresponding values of Mg, The same grain geome-
try was reused for other parameter sweeps to ensure consistent
comparisons.

We fixed Mg, = 400 kA m™ ' and varied the film thickness
from 1 nm to 8 nm to examine how multi-crystallinity influ-
ences the in-plane hysteresis loops. The coercive field B, was
found to vary with both the number of Voronoi regions and
the film thickness. As shown in Fig. 3a, the influence of
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multi-crystallinity becomes more pronounced in thicker films,
where the difference in B. between multi-crystalline and single-
crystalline films increases. For an 8 nm film, we swept through
various values of Mg,, and the corresponding hysteresis loops
are presented in Fig. 3b. The coercive field B, increases linearly
with Mg, for 50 and 250 regions, ranging from 0 to 10 mT. In
contrast, for other region counts, the dependence is non-linear,
and B. is typically between 20-30 mT, which is significantly
higher than in the 50 and 250 region cases.

Out-of-plane hysteresis simulations revealed magnetic vor-
tex patterns at certain film thicknesses. The vortex cores were
primarily dictated by the underlying multi-crystalline region
distributions. Representative examples are shown in Fig. 4.
Notably, while vortex patterns are typically absent in single-
crystalline films at greater thicknesses, they did emerge in
some multi-crystalline configurations.

To study the effect of anisotropy variations, we varied K,
across Voronoi regions while fixing M,= 580 kA m™'. K, values
ranged from — 10° and 10° ] m >. The effective anisotropy,

1
defined as K¢ = K, _EMOMSM2’ differs by less than 5% for

both positive and negative K, when K, is less than 10* ] m >

1
due to z,uOMsatz =42x10° T m? » 10* ] m* being much

larger than K. As a result, low K, values have similar effects
regardless of sign.

Polycrystallinity significantly reduced the coercive fields in in-
plane hysteresis loops compared to single-crystalline structures.
This reduction was most pronounced in the 100-region configu-
ration across all tested K, values except for K, = 10° ] m ™, where
the 250-region case showed the largest reduction (see Fig. S4).
Additionally, the slope of the outof-plane hysteresis loops
increased with higher K, values.

Finally, we fixed M, = 580 kKA m " and K, =1 k] m ™, and
evaluated five different region counts along with the single-
crystalline case by introducing spatial variation in D;,q. We did
not sweep across Dj,q values, as it significantly affects the
saturation field B, Instead, we compared three cases:

d) 200grains e) 250 grains Msu(kAm)

%3.6

w
s

S
Frequency

>
Q
c
7]
=1
o
@
e
[l

=
)

0 250 500 750 1000 1250 l)0 500 1000

Area (nm2) Area (nm2)

1500 1500

Illustration of grain size distributions for (a) 50, (b) 100, (c) 150, (d) 200, (e) 250 grains on 256 nm x 256 nm x 8 nm thin film.
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multi-crystallinity becomes significant for thicker films. (b) Coercive fields versus M, for the film thickness of 8 nm where the effects of multi-crystallinity

is more visible.
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Fig. 4 Example vortex profiles on 256 nm x 256 nm x 8 nm: (a) single-
crystalline (b) number of regions: 50 (c) number of regions: 250. Depend-
ing on the number of regions, vortex profiles may or may not occur.
Locations of vortex centers change depending on the distribution of
regions.

Ding = 0.4 mJ m 2, and Djhq = 0 mJ m 2. In the 8 nm films,

introducing polycrystallinity led to a 5-10% increase in the in-
plane coercive field across both Dj,4 cases. The corresponding
hysteresis loops are shown in Fig. S6.

3.2. Skyrmion dynamics in skyrmion racetracks

We simulated a polycrystalline racetrack with dimensions of
50 nm x 250 nm, in which material parameters varied spatially
across the structure. The parameter variations were modeled as
Gaussian distributions with specified means and standard
deviations.

In the top row of Fig. 5d, skyrmion dynamics are simulated
within a 50 nm x 250 nm slab is divided into 100 parts, resulting in
an effective radius of approximately 6.31 nm per part. The motion of
the skyrmion is tracked under varying material parameters. Under
these conditions, after 8.0 x 10'* A m~? no pinning is observed for
the simulated parameters. In the bottom row of Fig. 5d, the slab is
divided into 70 segments. Here, we observe a threshold (cutoff)
current density for simulations involving variations in Dzyaloshins-
kii-Moriya interaction and uniaxial anisotropy. However, no cutoff
was observed when only the saturation magnetization was varied.

In real polycrystalline materials, the exchange interaction
across grain boundaries is often reduced. To capture this effect,

Phys. Chem. Chem. Phys.

we divided the 50 nm x 250 nm polycrystal film into approxi-
mately 100 segments and decreased the exchange interaction
between grains by 10%. Skyrmions were driven using a current
density of j =5 x 10" A m 2 for 4 ns. As in earlier simulations,
we introduced variations in each material parameter indepen-
dently, with standard deviations of ¢ = 2% and ¢ = 4%.

For each case, we performed 30 simulation runs and calcu-
lated the skyrmion pinning probability. These results are
compared with simulations that did not include reduced
exchange at grain boundaries. Table 1 summarizes the pinning
probabilities within 4 ns. A slight increase in pinning prob-
ability is observed when the exchange interaction is reduced,
especially for higher disorder levels.

3.3. Skyrmion dynamics in skyrmionic logic gates

The multi-crystallinity of materials affects the performance of
skyrmionic devices. We investigated the effects of multi-
crystallinity on Boolean-universal skyrmionic logic gates
proposed in ref. 3, in which any type of logic operation can
be obtained by combining fundamental blocks.

We specifically analyzed the inverter gate, as its logic func-
tion can be realized with a single block. The device operates in
three stages: initialization, transmission/blocking, and clear-
ance. Fig. 6 summarizes the working principle of the device.

0 — 1 Operation: Skyrmions are driven in the device from
left to right by the Zhang-Li spin transfer torque (STT). When
there is no skyrmion at the bottom of the device the input is 0,
and the right-probing skyrmion moves to the right end of the
device, resulting in an output of 1.

We investigated the effects of variations in material para-
meters (Mgae, Ky, Dina) across Voronoi regions on the device
performance. We swept through the standard deviation values
o of the normally distributed material parameters for 5 differ-
ent region counts on the base image: 50, 100, 150, 200, 250
which correspond to average grain radii of 21.4 nm, 15.1 nm,
12.4 nm, 10.7 nm, and 9.57 nm, respectively. We observed that
if ¢ > 5% for any parameter, success rates of the device
drastically decrease for most cases. Therefore, we analyzed

This journal is © the Owner Societies 2025
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Fig. 5 Plots for the pinning probability for a skyrmion in a racetrack for different grain sizes.

Table 1 Pinning probabilities of skyrmions within 4 ns for different
parameters with and without reduction of exchange among grains

o =2% o =4%

Reduced Without Reduced Without

exchange reduction exchange reduction
Meae 21/30 16/30 22/30 20/30
Ky 4/30 3/30 26/30 26/30
Dind 11/30 7/30 27/30 25/30

the interval of ¢ = 0-4% in detail by running batch simulations for
each combination of ¢ and region counts (Fig. 7 and 8).

Increasing the standard deviation of any parameter intensified
skyrmion pinning. For each combination of number of grains and
g, we ran 50 simulations with different random seeds meaning that
we ran 2000 simulations for each parameter. Success rates for each
parameter is shown in Fig. 8a-c. Within the analyzed regime,
average success rates of the 0 — 1 operation for variations on
Mg, Ky, and Dynqg are 42.95%, 49.45%, and 36.95%, respectively.
Increasing ¢ decreased the success rates. For each parameter,
number of 250 regions decreased the success rates. However, there
is no simple relation between number of points and success rates,
success rate is parameter-dependent.

1 — 0 Operation: To block the incoming skyrmion, a
domain wall is created during the initialization stage. The
incoming skyrmion is then blocked by the domain wall at the
neck of the device, fulfilling the 1 — 0 condition.

We simulated 1 — 0 operation similar to 0 — 1 operation,
introducing multi-crystallinity and checked whether the opera-
tion is successful or not. Success rates for each parameter are
shown in Fig. 8d-f. Within the analyzed regime, average

This journal is © the Owner Societies 2025

0-1
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Fig. 6 The skyrmionic inverter gate performs logic operations for both
the 0 » 1and 1 — O transitions. A skyrmion is periodically sent from the
left to the right of the device, while the input is applied from the bottom.
When there is no input, the skyrmion propagates freely through the device,
resulting in an output of 1. Conversely, when the input is 1, a domain wall
forms at the neck of the device, blocking the periodically sent skyrmion. As
a result, the output is realized as 0. Finally, in the clearance stage (not
shown in the figure), a current is applied to the top of the device, removing
the domain wall and skyrmion to prepare the device for the next operation.

success rates of the 1 — 0 operation for variations on Mgy,
Ky, and Dj,q4 are 34.33%, 33.34%, and 21.29%, respectively.

4. Discussion
4.1. Hysteresis loops and device performance

In the hysteresis loop simulations, we observed distinct mag-
netic profiles depending on the grain size and film thickness.
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Fig. 7 Some examples of pinned skyrmions across Voronoi regions when
introduced variations on (a) Msa, (b) Ky, and () Ding.

Increasing the film thickness made the effects of multi-
crystallinity more pronounced. We attribute this behavior to
the contribution of the film’s out-of-plane magnetization to the
demagnetizing field. The introduction of multi-crystallinity
alters the magnetic energy landscape and demagnetizing fields,
thereby affecting the magnetic configuration of the films. These
changes in the magnetic and energy profiles can hinder sky-
rmionic device performance by causing skyrmion pinning.
Using different grain distributions, we conducted batch simu-
lations to evaluate the success rates of skyrmionic devices,
specifically a logic inverter gate. The operation mechanisms
of the logic gate differ between the 0 — 1 and 1 — 0 cases,
relying on current-driven skyrmions and domain wall for-
mation, respectively. Consequently, the success rates obtained
from the simulations vary between these two cases. Since
domain wall structures are generally less stable than sky-
rmions, their formation is significantly affected when polycrys-
talline materials are used.

a ) Mgae: 0— 1 Operation b)

Ku: 0- 1 Operation C)

View Article Online
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A similarity between the two cases is that increasing the
standard deviation of material parameters across Voronoi
regions generally decreases the success rates. We also observed
that the most sensitive parameter for overall device perfor-
mance is Dj,q in both cases. However, we did not observe any
trivial relationship between the success rates and the number
of Voronoi regions.

In addition to pinning behavior, a likely reason for failure is
that skyrmion trajectories become distorted and their velocities
fluctuate in polycrystalline regions, despite constant current
injection.

4.2. Pinning from a theoretical perspective

Skyrmion radius can be expressed analytically by the following
equation:*°

Aex
R =nD;
" md\/16AexKeff2 — 12 Ding? Keir

(8)

1 . . .
where K. = Ky —EuOMsatz is effective anisotropy constant.

This analytical expression is derived by minimizing the total
energy density given in eqn (2) with respect to both the sky-
rmion radius and wall width as independent variables.

In polycrystalline materials, deviations of parameters from
their mean values across grains cause different stable skyrmion
radii in each grain. Larger differences in R between regions
increase the probability of pinning due to the energy cost
associated with a skyrmion moving between grains that prefer
different sizes. Each grain has its own optimal skyrmion radius
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Fig. 8 Success rates of logic operations 0 — 1 (a)-(c) and 1 — 0 (d)—-(f). Values lower than 100 correspond to device failures.
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based on its local material properties. When a skyrmion
attempts to move from one grain to another, it must either
retain its original size (which incurs an energy penalty in the
new environment) or adjust its size to match the preferred
radius of the new grain (which also costs energy). These energy
barriers hinder skyrmion motion, creating pinning sites that
trap skyrmions or require external forces to overcome. This also
explains why applying higher currents lowers pinning probabil-
ities, as shown in Fig. 5.

Taking the partial derivatives of eqn (8), fractional radius
changes (0R/R) can be related to fractional changes in material
parameters. Using the parameters in Section 2.3, the following
relations are obtained,

OR 5Dind 1 5Dind
oz - - =494 9
<R>M Do | T6doKar Dua
TEZDde
OR 0K, Ky mD}— 324K oKy
<7> - T ind = 1.6172Y (10)
R Maat,Ding Ku chf 32Acchff - 27TDind Ku
57R _ 5Msut _ Msutz TCDindz - 32Acchff
R KusDind_ Msat Ho chf 32Acchff - 2TEDind2
oM.
=0.853—2 (11)

sat

From these equations, it is clear that the most sensitive
parameter affecting pinning is D;,q which is consistent with the
results shown in Fig. 8.

The above sensitivity coefficients were obtained by perturb-
ing one parameter at a time. However, in real polycrystalline
films Msat, Ky, and Dj,q may fluctuate simultaneously and with
non-zero correlations. Hence, opposing K,-Ms,: (eqn (10) and
(11)) variations can partially cancel out their net effect on R,
while additive K,—Dj,q (eqn (9) and (10)) variations act coopera-
tively and amplify it, potentially enhancing pinning. This
indicates that reliable device design should consider the full
covariance structure of grain-to-grain parameter variations
rather than independent tolerances alone.

Even though this theoretical sensitivity analysis may give
insights into skyrmion pinning, it has several limitations when
applied to real polycrystalline systems. The analytical expres-
sion assumes isolated skyrmions in an infinite medium and
treats parameter variations as smooth continuous changes,
while polycrystalline materials present a more complex
environment where skyrmions interact with grain boundaries,
other skyrmions, and structural defects, and experience abrupt
transitions in crystal structure and magnetic properties at grain
boundaries that lead to pinning mechanisms beyond simple
size mismatch. Additionally, this static equilibrium approach
neglects dynamic effects and current-induced torques that are
important in real device operation. Despite these limitations,
the sensitivity analysis provides valuable guidance for under-
standing which material parameters most strongly influence
pinning behavior and serves as a starting point for more

This journal is © the Owner Societies 2025
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sophisticated models that account for the complex microstruc-
tural environment of polycrystalline materials.

Beyond the size-based analysis above, skyrmion structure
fundamentally affects pinning sensitivity.?® For thin-wall sky-
rmions (R/w > 1 where w is domain wall widths of skyrmions)
with distinct core and wall regions, exchange and DMI varia-
tions primarily affect the wall region, making these skyrmions
highly sensitive across grains. Thick-wall skyrmions (R'w =~ 1)
lack distinct regions and are primarily sensitive to anisotropy
variations, as the entire structure responds to K, changes.
This distinction explains why parameter tolerances may
differ depending on skyrmion operating conditions and
applied magnetic fields that control the thin-wall to thick-wall
transition.

4.3. Effects of reduced exchange among grains

In realistic polycrystalline materials, grain boundaries may act
as regions with reduced exchange stiffness. This reduction in
exchange stiffness increases the skyrmion pinning probability.
Along grain boundaries, this reduction also causes a suppres-
sion in the transmission of torque across grains. Hence, the
effective torque acting on a skyrmion when driven by spin-
polarized currents is reduced especially around a grain bound-
aries. From a micromagnetic perspective, the Heisenberg
exchange energy between neighboring spins is given by
Eex = ,]gi.gj, and the corresponding torque is proportional to
T o AeS; X Sj. A decrease in exchange stiffness A.x at grain
boundaries reduces the interfacial exchange torque. As a result,
the driving torque exerted by neighboring grains becomes
insufficient to coherently propagate the skyrmion through the
disordered landscape. This effect confines the skyrmion within
the local energy well defined by a single grain or a cluster of
grains, thereby increasing the probability of pinning. The
results in Table 1 support this explanation, as pinning prob-
abilities increase in the presence of reduced exchange stiffness
near grain boundaries for all tested material parameters.

4.4. Effects of temperature

The polycrystalline effects presented in these results do not
include random thermal field fluctuation effects due to finite
temperatures. The random magnetic anisotropy field term
originating from finite temperature noise could be included
in the micromagnetic models. This term might serve to de-pin
skyrmions by nudging them out of a local energy minimum,
while stability of skyrmions is also reduced due to the random
spatial drift effects due to local grain geometries and their
demagnetization fields. Our room temperature micromagnetic
models showed that skyrmion stability is significantly dimin-
ished compared to the 0 K models. Recent studies of skyrmion
pinning by localized defects reveal that thermal de-pinning
follows Arrhenius behavior:* 7(T) = toe”***”, where 7 is lifetime
of skyrmions and the activation energy AE depends on the
pinning potential depth. Thus, even though thermal field may
help de-pin skyrmions, overall device performance is hindered
because of the unstable skyrmions under thermal field.
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Our micromagnetic models might therefore underestimate
the pinning probabilities and variability. In any case, a poly-
crystalline film structure must be designed to have low gradi-
ents in magnetic parameters in the first place to avoid failing
under the further detrimental effects thermal gradient fields.
Our results provide essential insights on the effects of using
polycrystalline materials on spintronic device operations and
their reliability. We believe that these insights might make or
break the future success of low-power spintronic devices and
grain engineering with uniform magnetic material parameters
is essential.

4.5. Experimental concerns

In polycrystalline skyrmion systems, experimental values of
critical current densities and skyrmion motion reliability vary
significantly due to microstructural inhomogeneities. For
instance, amorphous or polycrystalline multilayers such as
[Pt/GdFeCo/MgO],, exhibit blurred skyrmion boundaries and
require high current densities (e.g., 4.23 x 10" Am > with 5 ns
pulses) for motion, as demonstrated in STXM imaging
experiments.'! These requirements are influenced by pinning
sites at grain boundaries, amorphized regions in the layers,
increased damping, and Joule heating, which are not fully
captured by idealized micromagnetic models. Moreover,
experiments®’ have shown that longer pulse widths reduce
the critical current density, but this trade-off is limited by
heating effects. Thus, our reported current thresholds are
model-specific and should be interpreted as illustrative trends
rather than absolute values, underscoring the complexity of
direct experimental-model comparisons in non-ideal systems.

Based on our findings, achieving low variability in Dzya-
loshinskii-Moriya interaction (DMI) and maintaining grain
sizes larger than device dimensions are critical for robust
skyrmion device performance. Material systems such as
Ta/CoFeB/MgO are promising due to their tunable perpendi-
cular magnetic anisotropy and well-characterized DMI beha-
vior, especially when fabricated with atomic-scale thickness
precision. Among deposition techniques, sputtering remains
the most practical for device fabrication, but key parameters
such as sputtering pressure, total film thickness, substrate
temperature, and post-deposition annealing conditions
strongly influence grain morphology and interfacial quality.
Lower sputtering pressures and moderate annealing tempera-
tures typically yield larger grains and sharper interfaces, both of
which are essential for reducing parameter fluctuations and
suppressing skyrmion pinning. Thus, careful control of deposi-
tion and thermal treatment parameters is essential to meet the
material uniformity thresholds we identified through micro-
magnetic modeling.

We identify that standard deviations in material parameters
greater than 5% can significantly reduce skyrmion device
reliability, but we do not present a universal guideline table,
since these critical thresholds vary with film stack type, mag-
netic layer thickness, and device geometry. Instead, our simula-
tions provide a framework that can be adapted to specific
material systems and geometries by re-running the parameter
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sensitivity analyses under application-specific device geometry,
stack and grain size distribution constraints.

This work presents several novel contributions that advance
the understanding and design of skyrmion-based spintronic
devices beyond prior studies. While the role of polycrystallinity
in skyrmion pinning has been qualitatively acknowledged, we
introduce a quantitative tolerance framework that defines
critical fluctuation thresholds in key magnetic parameters
(Msat, Ky, Ding) beyond which device functionality is compro-
mised. Our use of Voronoi-based polycrystalline geometries,
combined with thousands of micromagnetic simulations,
enables statistically meaningful predictions of skyrmion pin-
ning probabilities and device success rates. Furthermore, we
derive analytical sensitivity relationships linking material para-
meter fluctuations to skyrmion radius and pinning risk, reveal-
ing DMI as the most sensitive contributor. Importantly, our
findings are translated into actionable fabrication guidelines,
including recommended material stacks and deposition pro-
cess parameters to mitigate polycrystallinity-induced failures.
These contributions represent a comprehensive and practical
framework that bridges micromagnetic theory with real-world
device engineering, offering insights not previously addressed
in the literature.
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