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Flux dynamics, which describes the behavior of magnetic vortices in type-II superconductors, governs macroscopic
electromagnetic properties of superconducting materials. Recently, cutting-edge approaches utilizing artificial periodic
nanostructures for active control of the pinning centers help to deepen the understanding of relevant mechanisms of flux
dynamics. This study demonstrates the controlled introduction of large-scale, periodic artificial pinning centers (APCs)
in MgB; superconducting thin films to manipulate flux dynamics. Using focused helium ion beam (He-FIB) irradiation,
we fabricated a square array of nanoscale columnar artificial pinning centers with a period of 100 nm on a 30 nm MgB,
superconducting thin film. Magnetoresistance measurements near the critical temperature (7¢) reveal a pronounced vortex
matching effect, evidenced by sharp resistance minima (dips) at specific integer and fractional magnetic matching fields.
This effect is shown to be highly dependent on external parameters such as temperature, driving current, and the angle of
the magnetic field. Furthermore, the large-area irradiation systematically suppresses 7. and broadens the superconducting
transition of the film. This work establishes He-FIB as a potent tool for advanced flux pinning engineering and provides a
comprehensive understanding of flux dynamics in superconductors with periodic pinning landscapes.
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1. Introduction

The application breakthrough of superconducting materi-
als has always been limited by the energy loss caused by flux
vortex motion and the rapid decay of critical current density
in high magnetic fields. Flux dynamics is the theoretical basis
for revealing this core issue. It systematically describes the nu-
cleation and migration of flux vortices in superconductors un-
der external magnetic fields and their dynamic interaction with
defects, directly determining the macroscopic electromagnetic
properties of superconducting materials.

Within the framework of flux dynamics, the pinning ef-
fect is a key means of suppressing flux flow: defects generate
potential barriers in superconductors and hinder flux motion as
pinning centers, thereby improving the in-field critical current
density of materials. Although traditional random pinning,
originating from defects such as point defects (impurities, va-
cancies, inclusions)' ! and one-dimensional defects (disloca-

tions, irradiation tracks)!6-11]

can enhance the pinning effect,
the introduction of controlled, periodic artificial defects, serv-
ing as artificial pinning centers (APCs), can enable more pre-
cise manipulation of vortex behavior and thus lead to a deeper

understanding of flux dynamics.
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The emergence of artificial periodic pinning technol-
ogy provides a promising avenue to overcome these limita-
tions. By constructing periodic nanostructures through lithog-
raphy, ion etching, self-assembly, and other methods, pre-
cise control over the spatial distribution of pinning centers is
enabled.['>!1 The matching between the periodicity of the
pinning centers and the flux lattice can significantly enhance
the effective pinning force via the vortex matching effect,
thereby achieving higher critical currents in different external
magnetic fields. It has been established that parameters such
as the periodic density, geometric morphology, and material
composition critically influence superconducting performance
by modulating dynamic processes such as flux creep and de-
pinning thresholds.?>->° However, a comprehensive under-
standing of flux dynamics under complex multi-field coupling
conditions, as well as the quantitative structure—performance
correlation, remains elusive.

Recently, advanced fabrication methods like He-FIB
have garnered significant interest for creating artificial peri-
odic structures in superconductors.3%-** Unlike conventional
ion irradiation techniques that require pre-fabricated physi-
cal masks, He-FIB employs a focused helium ion beam for

maskless direct-write patterning. Its resolution can easily
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achieve sub-10-20 nm, far surpassing traditional lithography
and even some masked ion irradiation techniques.*~*?! This
high resolution enables the fabrication of artificial pinning ar-
rays with lattice constants below 100 nm, where pronounced
vortex matching effects are readily observable. Notably, Kar-

rer et al.BY

recently demonstrated a 20 nm periodic pinning
array exhibiting vortex matching at 6 T. Additionally, by tun-
ing the helium ion energy and dose, the penetration depth and
defect density in the superconducting film can be precisely

43-46] This advanced technique represents a signif-

modulated. !
icant leap forward in the nanoscale engineering of flux pinning
landscapes, pushing the boundaries of vortex control. Em-
ploying the He-FIB technique to introduce periodic APCs has
been extensively researched, but reports on MgB, featuring
two-band superconductivity are scarce, especially with He-
FIB precision.

In this study, we employ focused He ion beam mi-
croscopy to fabricate artificial periodic defect arrays in MgB,
thin films. We first observe integer and fractional matching
effects and systematically investigate the influence of temper-
ature, applied current, and the angle of the magnetic field on
vortex dynamics. Our work addresses key questions, including
the mechanism by which fractional matching enhances pin-
ning in MgB,, the interplay between defect geometry and vor-
tex dynamics, and the potential for designing improved super-
conducting devices. This research not only advances our fun-
damental understanding of flux pinning but also contributes
to the development of more efficient superconducting applica-
tions.

2. Methods

High-quality MgB» thin films (~ 30 nm) were epitaxially
grown on SiC (0001) substrates via hybrid physical-chemical
vapor deposition (HPCVD). Subsequently, bilayers of Ti/Ag
(5 nm/200 nm) were deposited by direct current (DC) mag-
netron sputtering as electrical bonding pads. During metal
deposition, a physical shadow metal mask was employed to
expose the microbridge regions intended for subsequent irra-
diation and patterning, thereby avoiding unwanted metal de-
position and ensuring a clean interface.

The microbridges were then patterned using standard ul-
traviolet (UV) lithography followed by argon (Ar) ion milling.
The defined microbridges were subsequently processed using
a helium ion microscope: large-area irradiation was performed
using the area patterning mode, while square arrays of colum-
nar defects (CDs) with a ~ 100 nm period were fabricated via
the point scanning mode. Detailed processing parameters are
provided in the next section.

The surface morphology, structural integrity, and irradi-
ated regions of the fabricated MgB, microbridges were com-
prehensively characterized using multiple microscopy tech-

niques. Initially, the microbridges were examined with an op-
tical microscope (Olympus BH2) to obtain a general overview.
Subsequently, to obtain detailed morphology information and
edge details of the microbridges, imaging was performed with
a scanning electron microscope (SEM) (Nova NanoSEM 430).
Furthermore, a helium ion microscope (HIM, Carl Zeiss Orion
NanoFab) was utilized to achieve high-resolution imaging of
surface defects and the patterned nanoscale structures.

The electrical transport properties of the microbridges
were characterized using a physical property measurement
system (PPMS) with a maximum magnetic field of 9 T. Re-
sistance measurements were carried out using the standard
four-probe technique. A Keithley model 2400 sourcemeter
and a Keithley model 2182A nanovoltmeter were used as the
external current source and voltmeter, respectively. Angle-
dependent resistance measurements were performed using a
horizontal rotator installed in the PPMS.

3. Results and discussions

Figure 1(a) is a schematic diagram of the irradiation
method. Targeted irradiation was performed using a Carl Zeiss
Orion NanoFab helium ion microscope with 30 keV beam
energy to ensure sufficient penetration depth throughout the
entire MgB; film. A low beam current of 1-2 pA was em-
ployed to minimize space-charge effects'*’! and to achieve a
highly focused probe, thereby enabling precise nanoscale pat-
terning and minimizing unintended lateral damage. 34! The
pattern was precisely aligned to cover the entire active area of
the MgB, microbridge between the voltage probes shown in
Figs. 1(b) and 1(c), ensuring that the measured transport prop-
erties are solely influenced by the modified region.

Under backlight illumination, the overall morphology of
the microbridge and the SiC substrate is clearly visible in
Fig. 1(b). The irradiated region exhibits a significant and uni-
form contrast change compared to the surrounding pristine
MgB,. As is well known, darkening usually corresponds to
a decrease in transmittance or an enhancement in light scat-
tering. This indicates that after high-dose helium ion irradi-
ation, high densities of point defects, displacement damage,
and potential voids/bubbles are introduced into MgB,, leading
to amorphization and increased surface roughness.’>°! These
effects significantly enhance light scattering and absorption,
reducing the intensity of transmitted light. As a result, a
darkened contrast is observed under the optical microscope
in backlight mode. In Fig. 1(c), at very high doses (e.g.,
200 ions/nm?), the irradiated region exhibits “whitening” (i.e.,
brighter contrast) under SEM imaging. In SEM, the brightness
(signal intensity) of a region primarily depends on the num-
ber of secondary electrons (SE) emitted from that area. The
greater the emission of secondary electrons, the brighter the re-
gion appears in the image. Typically, for conductive samples,
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higher electrical resistance generally corresponds to darker re-
gions in the SEM image. However, in our experiments, it was
observed that the electrical resistance of MgB, increased after
irradiation, as evidenced by the R—T curve in Fig. 1(d). This
observation deviates from the general expectation that higher
resistance leads to darker contrast. A plausible explanation for
the morphology change is hillock formation.>!2] According
to Kasaei’s work,®! He ions can remain in the substrate and
cause swelling, leading to the formation of small hills with
heights up to 30 nm. These raised regions tend to emit more
secondary electrons under electron beam bombardment, re-
sulting in a stronger signal and a brighter appearance in the
image.

The superconducting transition, measured by resistivity
versus temperature (R-T) in Fig. 1(d), shows a systematic
degradation with increasing dose. With increasing irradia-
tion dose (from O to 100 ions/nm?), the critical temperature
(T¢) shows a systematic and notable suppression, decreasing
from approximately 40.7 K (pristine sample) to about 21.7 K
(100 ions/nm?). Concurrently, the transition width broad-
ens, indicating reduced sample homogeneity and degraded su-
perconducting properties after irradiation. At higher doses
(200 ions/nm?), superconductivity is completely suppressed,
resulting in a finite residual resistance of approximately 1.7 Q
at 2 K.

These observations can be attributed to the introduction of
non-magnetic defects by He ions, which act as pair-breaking
centers in the MgB, lattice, thereby suppressing the supercon-
ducting order parameter in accordance with Anderson’s theory
for dirty superconductors.>3! Further studies, including trans-
mission electron microscopy (TEM), Raman spectroscopy, x-
ray diffraction, first-principles calculations, and molecular dy-
namics simulations, could help to elucidate the exact nature of
these defects and their spatial distribution.

ity measurem

100 nm
100 nm

R (Q)

The pre-patterned MgB, microbridges are loaded into the
helium ion microscope. Using a low ion fluence, the sample
surface is first properly aligned to the focal plane of the ion op-
tics. Controlled defocus is achieved by increasing the working
distance by 10 um from the focal plane, resulting in irradi-
ation spots approximately 20 nm in diameter. Each point is
irradiated with 30 keV He™ ions using a dwell time of 20 s
and a beam current of 1.4 pA. This corresponds to a fluence of
1.8x10° He™ ions per point. The total effective irradiated area
is approximately 30 um x 16 pm as depicted in the inset of
Fig. 2(a). The spacing between adjacent points is determined
by the scanning step of the focused He ion beam.

()
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Fig. 1. Influence of helium ion irradiation on the morphological and su-
perconducting properties of MgB, thin films. (a) Schematic diagram of
the periodic defect array fabrication via focused He-ion beam irradiation.
(b) Optical microscope image of the irradiated microbridge under back-
light illumination. (c) Large-field-of-view SEM image of the MgB, mi-
crobridge structure after He-ion irradiation with a dose of 200 ions/nm?.
(d) Resistance as a function of temperature (R—T) for the MgB, samples
irradiated with various doses of He ions.
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Fig. 2. (a) Helium ion microscope image of the periodic nanoscale pinning array structure with a 100 nm period. The upper-left inset shows an
optical image under backlight illumination of the irradiated area marked with a dashed-line box and the active measurement region marked with
a solid box. (b) Resisitance as a function of temperature (R—7") for a MgB, microbridge with a periodic defect array of 100 nm period. The inset
shows an enlarged view of the gray boxed region indicating the superconducting transition.
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The high-resolution He-ion microscope image in Fig. 2(a)
clearly reveals the nanoscale dot array within the irradiated re-
gion. Note that a dwell time of 1 s was used instead of the
nominal experimental dwell time of 20 ms for a clearly vis-
ible nanohole image. The image shows a uniform hole size
of about 20 nm and a highly periodic, ordered lattice spac-
ing of 100 nm. This directly demonstrates the exceptional ca-
pability of the He-ion microscope for precision nanofabrica-
tion and defect engineering. Through this technique, highly
tunable artificial pinning centers (APCs) can be introduced
into the superconductor. These periodically arranged defects
can exert strong pinning forces on flux vortices, thereby po-
tentially enhancing the field-dependent critical current density
(Jo) without severely degrading the superconducting transition
temperature (7¢). As shown in Fig. 2(b), the critical temper-
ature of the microbridge is 39.9 K and the transition width is
1.23 K, indicating that the He-FIB fabrication process success-
fully creates a periodic array of APCs without inducing signif-
icant degradation of the intrinsic superconducting properties
of the MgB, film.

The flux matching effect, also referred to as the commen-
surability effect, predicts that when the external magnetic field
satisfies certain integer or fractional ratios between the vor-
tex density and the APC density, the vortices are pinned at the
most stable positions, forming a coherent superlattice. This ef-
fect occurs at specific applied magnetic fields known as match-
ing fields.

For a square array with periodicity a, the n-th matching
field B, is given by

o D
Bn:l’lX :n?, (1)

where n is an integer or fractional number of vortices con-
tained within the unit cell of the square pinning array with
area A = a’. B| corresponds to the first matching field, where
the vortex density equals the pinning site density. When the
magnetic field B > By, one of two scenarios may occur: either
some or all APCs are filled with multiquanta vortices when the
APC radius is larger than the coherence length, or interstitial
vortices enter between the APCs.

Some representative stable configurations are illustrated
in Fig. 3(b). The most important case is the first matching
field, By, where the number of vortices exactly equals the num-
ber of pinning sites. At this field, each pinning center captures
a single vortex, forming a highly ordered and stable config-
uration that maximizes the pinning force and minimizes vor-
tex motion, leading to a deep minimum in resistance. Simi-
lar commensurability effects can also be observed at fractional
(e.g., B1/2, B1/3, B1 /4) and integer multiples (e.g., 2B}, 3B})
of the first matching field. In studies of critical currents and
vortex states in superconductors with periodic pinning, numer-

§[12,16,54

ical simulation I and imaging experiments?%! have re-

vealed distinct vortex configurations at integer and fractional
matching fields. For square pinning arrays, ordered vortex lat-
tices form at fillings of n = 1 (fully occupied square grid),
n = 1/2 (checkerboard pattern with alternating occupied and
empty sites), n = 1/3 (imperfect diagonal stripe patterns), and
n = 2/3 (complementary stripe pattern to n = 1/3). At these
fields, more complex yet still ordered vortex configurations,
such as multi-vortex superlattices, are formed, which also lead
to local enhancements in pinning efficiency.

The fractional flux matching effect observed in ex-
periments may be attributed to the presence of fractional
vorticesP>81 in two-band superconductors such as MgB,. In
multiband systems, owing to weak interband coupling, frac-
tional vortices — each carrying a fraction of the standard
flux quantum ®; — can form and stabilize in periodic pin-
ning arrays>®! or along linear normal strips’®”! under specific
circumstances. This leads to matching phenomena at frac-
tional fields, where dissociated vortices align with pinning
sites, manifesting as peaks in the critical current or as self-
induced Shapiro steps in I-V curves. 5!
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Fig. 3. (a) Schematic diagram of the experimental measurement setup.
An external current / is applied, and the resulting voltage V is measured.
A uniform external magnetic field B is applied, denotes the orientation
between the magnetic field direction B and the film normal. The paral-
lel component By is defined as B = Bcos(0). (b) Schematic diagram of
stable configurations of flux vortices in a superconducting thin film with
a square periodic array of APCs under different applied magnetic fields.
APCs are represented as empty circles, and vortices are represented as
solid black circles.
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Fig. 4. (a) Resistance as a function of magnetic field (R—H) curves measured at different temperatures near the superconducting transition
temperature (7;) for an MgB, thin film patterned with a 100 nm-period nanohole array fabricated by helium ion microscopy. All curves were
measured under a constant applied current of 20 pA. (b) Resistance as a function of magnetic field (R—H) curves measured under different applied
transport currents ranging from 20-3000 pA. All curves were measured at a fixed temperature of 38 K.

An

pinning. 3% In superconductors with periodic pinning

alternative  explanation involves interstitial
arrays, interstitial pinning, wherein vortices are located in
the regions between designated pinning sites rather than the
sites themselves, serves as a key mechanism underlying frac-
tional matching effects. Under the condition of weak pinning
strength, some vortices are directly trapped at the artificial
defects, while others occupy the interstitial spaces between
defects at certain fractional fields. These interstitial vortices
are effectively immobilized by the strong repulsion from the
directly pinned vortices. This indirect interstitial pinning sup-
presses vortex creep, leading to the observed resistance dips.

At these specific matching fields, the pinning force
reaches a maximum, vortex motion is strongly inhibited, and
a pronounced minimum in resistance is observed macroscopi-
cally. Therefore, we conducted experiments to investigate the
vortex matching effects in our samples.

As shown in Fig. 4(a), the most prominent features are
the sharp resistance dips that occur at specific, well-defined
matching magnetic fields. This behavior is a direct signature
of the artificial periodic pinning landscape and is fundamen-
tally different from the smooth R—H curves observed in con-
ventional superconductors or films with random disorder. (]

The resistance dips do not appear at all temperatures; their
presence and amplitude are strongly temperature-dependent.
At higher temperatures (38.5 K), the R—H curve shows only
a dip at 0 Oe and tends toward a constant value under rela-
tively higher magnetic fields with no observable matching fea-
tures. At intermediate temperatures, such as 38 K, the dips
emerge and become sharp and deep. Multiple dips at various
integer and fractional matching fields become clearly visible.
The data allow identification of both fractional (n = 1/3, 1/2,
2/3) and integer (n = 1) matching fields. At lower tempera-
tures, the dips, while perhaps still present, weaken, broaden,

or disappear entirely. The entire R—H curve flattens near zero
resistance over a wide field range. At 37.5 K, only dips at the
n = 1/2 fractional matching field and the n = 1 integer match-
ing field are observed, with dips becoming quite broad and
shallow compared with those at 38 K. At 37 K, only a small
dip at n = 2 is present, whereas at 36.8 K, the dip at n =2
becomes deeper.

The temperature dependence of the resistance dips stems
from the competition among three competing energy scales:
thermal fluctuations, an artificial pinning potential, and intrin-
sic pinning strength.[>%41 At higher temperatures (38.5 K),
thermal fluctuations dominate. The thermal energy is high
enough to disrupt the binding of vortices to the pinning sites
and to melt the ordered vortex lattice. Vortices are in a dis-
ordered vortex liquid state where the subtle ordering effect of
the periodic array is overwhelmed by thermal noise. Hence, no
matching effects are observed. As the temperature decreases,
thermal fluctuations are reduced, allowing the ordering influ-
ence of the periodic array to dominate. At the matching fields,
the system achieves a highly stable, ordered vortex configura-
tion with minimal energy, leading to maximal suppression of
vortex motion and the characteristic sharp, negative dips. At
very low temperatures, the intrinsic pinning strength from in-
herent defects or material properties becomes dominant. Vor-
tices are pinned so effectively everywhere that the additional
benefit of periodic matching becomes negligible. The system
enters a collective pinning regime where the resistance is zero
across a wide field range, masking the unique signature of the
artificial array.

The magnetoresistance (R—H) of the MgB, thin film is
measured in Fig. 4(b) under different applied currents to sys-
tematically investigate the influence of the driving current den-
sity on the flux vortex dynamics in a periodic pinning array.
As shown in Fig. 4(b), with increasing transport current, the
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resistance dips at the integer (n = 1) and fractional matching
fields (n = 1/3, 1/2, 3/2) exhibit systematic broadening and a
reduction in amplitude. Under relatively high current condi-
tions, the dips almost disappear, indicating that the matching
effect is almost completely obscured. The R—H curves exhibit
perfect mirror symmetry, R(+H) = R(—H), indicating that the
resistance depends strictly on the magnitude of the magnetic
field rather than its direction. The overall resistance level in-
creases with current, indicating enhanced dissipation from the
flow of unpinned flux vortices.

Upon close inspection, the positions of the matching dips
(e.g., the n = 1/2 and n = 1 dips) show a slight shift toward
lower magnetic fields as the current increases. A possible ex-
planation is that the current flowing through the microbridge
generates its own magnetic field, which superimposes with the
externally applied magnetic field, thereby slightly altering the
effective total field acting on the vortices. For our square de-
fect pinning array geometry, this self-field may partially super-
impose on the external field, leading to a slight reduction in the
required external field to achieve the same matching condition.

An additional mechanism involves elastic deformation of
the vortex lattice induced by the increasing Lorentz force prior
to depinning.[1>3465-681 As the transport current increases, the
Lorentz force exerts shear or compressive stress on the lattice,
leading to distortions in intervortex spacing and lattice sym-
metry. These deformations can alter the effective matching
condition, allowing commensurability features to manifest at
lower external fields, as the distorted lattice accommodates the
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periodic pinning array more readily even under mismatch.

From Fig. 5(a), as the tilt angle (6) increases, the entire
resistance curve shifts toward higher magnetic fields, result-
ing in different matching magnetic fields for different curves.
After transforming the x-axis from the total external field (H)
to its component parallel to the c-axis of the sample (H)| =
Hcos(0)), the resistance dips for the R—H curves at all an-
gles return to the original positions where n = 1/3, 1/2, 2/3
fractional and n = 1 integer matching fields can be identified.
This scaling behavior validates the angular dependence of the
magnetic field matching effect in our periodic defect pinning
arrays. The vortex matching effect is primarily determined by
the vortex components parallel to the columnar defects (CDs),
as this component dictates the interaction with the in-plane pe-
riodic pinning array.!3!-68]

As the angles increase, the resistance dips become
broader and shallower. At very large angles (e.g., 6 = 70°),
the matching effect is significantly suppressed and the dips
nearly vanish. Although the magnetic field perpendicular to
the sample surface remains the same at each matching field,
the total magnetic field increases with the angle. This intro-
duces a magnetic field component that is perpendicular to the
surface of the sample. Artificial periodic defects are most ef-
fective when vortices are straight and aligned along the defect
axes. Tilted vortices interact less with these fixed-geometry
pinning centers, weakening the commensurability between the
vortex lattice and the pinning array. This leads to broader and
shallower dips in R—H curves.
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I
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Fig. 5. (a) Resistance as a function of magnetic field (R—H) measured at different tilt angles between the applied magnetic field H and the
direction perpendicular to the sample surface. (b) Resistance as a function of the parallel component of the magnetic field (R-H)). All curves

were measured at a fixed temperature of 38 K.

4. Conclusion and perspectives

In this study, we successfully achieved large-area irradi-
ation of MgB, superconducting thin films and fabricated arti-
ficial pinning arrays with a period of 100 nm using a focused
helium ion beam (He-FIB) technique. Furthermore, we sys-

tematically explored the resulting vortex matching effects and
their dependence on external parameters.

Large-area helium ion irradiation significantly altered the
intrinsic superconducting properties of the film. The T, was

systematically suppressed, and the transition width broadened
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considerably with increasing irradiation doses. This indicates
that the irradiation introduced uniformly distributed lattice dis-
order, reducing sample homogeneity and leading to amor-
phization at high doses.

MgB; thin films with 100 nm APC arrays were fabricated
by He-FIB. We successfully observed the vortex matching ef-
fects, manifested as sharp resistance dips at specific integer
and fractional matching magnetic fields (e.g., By, By, B3,
B,/3, By) in the R—H curves. These features originate from
the commensurability between the vortex lattice and the pe-
riodic pinning array. The prominence of this matching effect
exhibits a strong dependence on temperature, driving current,
and magnetic field angle.

The matching effect is most pronounced within a specific
temperature window. Thermal fluctuations disrupt vortex or-
der near T;, while the dominance of intrinsic pinning at very
low temperatures masks the modulation effect of the periodic
array.

Increasing the applied transport current leads to broad-
ening, shallowing, and even shifting of the matching dips.
This behavior arises because the self-field generated by the
current slightly modifies the effective magnetic field, and the
increased Lorentz force promotes vortex depinning, thereby
weakening the flux matching effect.

The flux matching effect exhibits pronounced anisotropy.
When the magnetic field is perpendicular to the surface of the
sample, the vortex matching effect is the most prominent, and
resistance dips are the sharpest. For tilted magnetic fields, the
perpendicular field component is the sole physical parameter
governing the flux matching effect. In contrast, the parallel
field component degrades pinning efficiency by inducing vor-
tex tilting.

While our experimental results provide valuable insights
into vortex dynamics in this system, several avenues re-
main for further exploration. In particular, more in-depth
and comprehensive simulation work, such as time-dependent
Ginzburg-Landau (TDGL) modeling, could elucidate the mi-
croscopic vortex configurations at fractional matching fields.
This would complement our observations and offer predictive
insights for optimizing pinning landscapes in MgB, and other
multi-band superconductors. Future studies could also extend
to varying lattice geometries or hybrid pinning strategies to
enhance critical currents for practical applications.

In summary, this work demonstrates the efficacy of He-
FIB as a powerful nanofabrication technique for introducing
controllable, large-area artificial pinning centers in supercon-
ducting films. Furthermore, it provides a comprehensive un-
derstanding of flux dynamics in a periodic pinning system
through a multi-parameter investigation. These findings offer
crucial guidance for the future design of high-performance su-
perconducting devices intended for operation under complex

conditions.
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