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D. C. Camargo-Barajas , C. Valenzuela-Rodriguez , and J. Barba-Ortega
Departamento de F́ısica, Universidad Nacional de Colombia, Bogotá, Colombia.
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In this work, we study a superconducting nano/bridge in the presence of an external magnetic
field and laterally applied currents. A specific number of symmetrically spaced subdivisions has
been introduced into the system (we will call them legs). With this, we compute the main electronic
variables, such as the magnetization and the scalar potential, as functions of the applied external
current for a fixed external magnetic field and as functions of the external magnetic fields for a
fixed external current. Due to this variation, we will study, in separate sections, the behavior of
Abrikosov and kinematic vortices; for a second variation, we study the different values of the first
Shapiro step that are observed. Subsequently, we present the Cooper pair density and the total
current in the superconducting sample, together with the phase of the superconductor condensate.
These results allow us to understand the influence of vortices in the mesoscale sample and how
these subdivisions increase or decrease the first critical currents and the number of vortices in the
sample, establishing a valid proposal for organized control of the fluxoids in the superconducting
meso-sample.

Key words: Superconductivity; Vortex state; Meso-sample; Abrikosov; Shapiro jumps;
Kinematic vortex.

I. INTRODUCTION

Over the last few decades, we have witnessed the
widespread application of technology in various aspects
of daily life, pushing it to limits that were unthinkable
before this revolution [1–3]. Thus, in recent years, there
have been significant leaps in data processing and Big
Data storage [4], culminating in the implementation
of various quantum computers that have been used to
solve problems that are inconceivable for conventional
computers, due to the complexity or the time required
for their solution [5, 6]. However, the innovation on
which much of our technology is based relies on materials
called semiconductors [1–4, 7]. While these have enabled
this revolution, they present two major shortcomings
[8]. The first is the significant ohmic loss (Joule effect)
they exhibit [8–10]. Second, because processing power is
highly dependent on temperature, considerable energy is
required to keep these new servers at low temperatures,
enabling guaranteed higher processing speeds [8, 11].
This has limited the performance of these computers to
date, and it is important to emphasize that this is a fun-
damental problem with the types of materials currently
used; this includes the new quantum computers, because
superconducting circuits have not yet been developed
for this new technological implementation [13, 14].

Given the above, it has become necessary to change
the focus to the materials used in new supercomputers;
for this, the materials called to be implemented as a
fundamental solution are the so-called superconductors
[14–16]. These, in conventional terms, are divided into

two large groups: (i) Type I and (ii) Type II [17, 18]. The
first ones present a complete shielding of the externally
applied magnetic field (Meissner-Oschenfeld Effect) and
the conduction of the electric current (superconducting
current) without Ohmic losses [1–3, 5, 8, 13, 19], at a
certain critical temperature; the latter, although they
allow the magnetic field to enter the sample, do so
quantized and in coexistence with the normal state
(called the Shuvnikov state)[21, 22]. This allows the
movement and stabilization of vortices (topological
defects), which are largely responsible for the material’s
different magnetic responses [21–23]. By defining the
material’s inherent interactions, these vortices can
enable the coordinated movement of the supercurrent
during the transition of electronic elements from semi-
conductor to superconducting versions, which exhibit
higher efficiencies [24], shorter computation times [25],
and lower energy losses [26]. Therefore, special emphasis
has been placed on the study and manipulation of the
vortex state through significant variations in geometries
(conventional and unconventional) and different sym-
metries in meso-systems [23–27]. Finally, over the last
5 years, attempts have been made to design systems
similar to conventional electronic systems, but in a
superconducting version [27, 28]. Excellent efficiencies
have been achieved in different diodes. Special emphasis
has been placed on periodic systems, in which organized
and periodic distributions of the order parameter can
be generated, which can be used for the inflection of su-
perconducting potentials, for structured storage of these
superconducting nano/structures, taking into account
the proximity interactions in these mesos/tructures; in
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fact, some functional systems have been designed, based
on a superconducting meso-bridge [29–31].

In the present work, we study the main electronic
variables, the most important being the magnetization
and the scalar potential in a superconducting meso-
bridge, with different periodic additions of sub-bridges,
which allow the symmetric division of the supercon-
ducting sample into subsections, allowing the control of
the also periodic location of the Cooper pair density,
generating a particularly interesting interaction of the
super/current (See Fig. 1), in addition to applied exter-
nal current, which can be manipulated to improve the
performance in the organized processing of the Qubits,
if considered as a superconducting chip. Next, we study
the phase behavior of the superconducting condensate,
which allows us to study the distribution of topological
defects within the superconducting sample, together
with the distribution of the total current in the sample.
Finally, we emphasize the fact that the distance between
these periodic sections does not exhibit a proximity in-
teraction, because it is greater than the coherence length.

This paper is organized as follows. Section I describes
the theoretical framework, including the time-dependent
Ginzburg–Landau equations used in our analysis.
Section II shows the main results of our numerical sim-
ulations, including voltage-current characteristics, first
critical current, diode efficiency, and vortex nucleation
varying κ or magnetic fields. Finally, we summarize our
conclusions and outline future directions in Section III.

II. THEORY AND MODEL

We studied a real two-dimensional superconducting
meso-bridge under a fixed external magnetic field (H =
Hz) applied in the ẑ direction. The geometry of our
superconducting meso-sample is illustrated in Fig. (1).
The interface between the lateral region and the vacuum
is denoted by ∂Ωi, i = 1, 2 (sections where the external
current enters). The dimension of the numerical sam-
ple is A×B. With this in mind, an external transport
current (J) -in −x̂-direction- is applied to the supercon-
ducting meso-sample on the lateral side of the geometry.
In this work, we employ the Generalized Time-Dependent
Ginzburg-Landau Theory (TDGL), formulated under
the dirty limit and expressed in dimensionless units, as
described in Refs. [1, 2, 5, 10, 16, 21–26, 30, 31].

1
√

1 + Γ2|ψ|2

[

∂ψ

∂t
+

Γ2

2

∂|ψ|2
∂t

+Φψ

]

= (i∇+A)2ψ + ψ(1− |ψ|2), (1)

for the potential vector:

∂A

∂t
= J− κ2(∇×∇×A), (2)

where:

J = Re
[

ψ̄(−i∇−A)ψ
]

−∇Φ, (3)

FIG. 1: Geometrical parameters defining the supercon-
ducting layout. The total height is denoted by a, while
b and c correspond to the widths of the lower and upper
constrictions, respectively. All dimensions are given in
units of the coherence length ξ(0). The system consists
of a superconducting multi-constriction structure with
periodic modulations along the transport direction. The
yellow arrow indicates the incoming current, while the
gray arrow represents the outgoing current. The black
dots denote the positions where the scalar potential dif-
ference is computed.

and κ characterize the type of superconductor by re-
lating the spatial variation of the order parameter ψ to
the penetration of the magnetic field into the sample.
In GL theory, κ is a dimensionless quantity defined as
the ratio between the magnetic penetration depth and
the coherence length of the superconductor[32–35]. This
parameter determines whether a material is classified as
type I or type II: for κ < 1/

√
2 the superconductor is type

I, while for κ > 1/
√
2 it is type II. The higher values of κ

correspond to a softer vortex lattice, thus facilitating vor-
tex penetration at lower values of J. In conjunction with
the continuity equation, which also adopted the Coulomb
gauge ∇ ·A = 0 and Maxwell’s first law, the expression
for the scalar potential (Φ) is obtained as a Poisson time-
dependent equation, which is given by:

∇
2Φ =

∂ρ

∂t
= −∇ · J. (4)

The Eqs. (1)-(4) are solved in a self-consistent approach
and the Neumann boundary conditions for the poten-
tial/external current are n̂ · ∇Φ = −J in sections with
external current (∂Ωi, i = 1, 2) and n̂ · ∇Φ = 0 in the
other sections, with n̂ being a surface normal vector. In
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addition, J corresponds to the total superconducting cur-
rent density (Meissner plus external/transport). In the
quasi-steady regime, ∂tρ ≃ 0, so that Laplace’s equation
(∇2Φ = 0) holds in the bulk, with solvability requiring
that the net injected current equals the extracted one.
Because a pure Neumann problem determines Φ only up
to an additive constant, we fix the reference by enforc-
ing, e.g., ⟨Φ⟩∂Ω2

= 0. The instantaneous voltage is then
computed as the difference of surface-averaged potentials
at the electrodes (leads)

V (t) = ⟨Φ⟩∂Ω1
− ⟨Φ⟩∂Ω2

, ⟨Φ⟩S =
1

|S|

∫

S

Φ dS, (5)

where, S denotes the leads surface—i.e., a subset of the
boundary ∂Ω—over which the potential is averaged. The
voltage follows from time-averaging V (t) over the sta-
tionary window. Furthermore, in Eqs. (1), (2), and (3),
dimensionless units were introduced as follows: the order
parameter ψ is in units of ψ∞ =

√

−α/β (the order pa-
rameter at the Meissner-Oschenfeld state), where α and β
are two phenomenological constants; H1 is the first crit-
ical field (Meissner-Oschenfeld field); lengths are in units
of the coherence length ξ; time is in units of the Ginzburg-
Landau characteristic time tGL = πℏ/(8KBTc); fields are
in units of Hc2, where Hc2 is the bulk second critical
field; the vector potential A is in units of ξHc2; κ = λ/ξ
is the GLP, which describes the type of superconductor
as a function of the spatial variation of the order param-
eter ψ and the penetration of the magnetic field into the
sample and Γ = 10.Therefore, a dual mesh composed of
Voronoi cells is intrinsically associated with the Delaunay
triangulation. This duality enables the approximation of
spatial derivatives by evaluating fluxes across the edges
of the Voronoi cells. The resulting discretized equations
employed in the method are given by [36–39]:

u(ψn+1
i e(iµ

n

i
∆tn) − ψn

i )

∆tn
√

1 + γ2|ψn
i |2

+
uγ2

(

|ψn+1
i |2 − |ψn

i |2
)

ψn
i

2∆tn
√

1 + γ2|ψn
i |2

=
(

ϵi − |ψn
i |2

)

ψn
i +

1

ai

∑

j∈N (i)

Un
ijψ

n
j − ψn

i

eij
sij , (6)

and

∑

j∈N (i)

µn
j − µn

i

eij
sij =

∑

j∈N (i)

Im

{

(ψn
i )

∗ U
n
ijψ

n
j − ψn

i

eij

}

|sij |

−
∑

j∈N (i)

An
ij −An−1

ij

∆tn
|sij |. (7)

For numerical calculations, we use the mesh size δx =
δy = δz = 0.1, the constant values: η = 5.79, β = 1.0,
ζ = 0.50, κ = 2.0 and ν = 0.03 [10, 13, 16, 19]. For
tolerance in convergence of the order parameter ψ, we
employ ϵ = 1.0−9, and the errors are of order O(∆x)2

for space and time. For boundary conditions of the or-
der parameter, we employ Robin’s boundary condition

n · (i∇ + A)ψ = −iψ/b, with n being a surface nor-
mal vector and b, the de-Gennes extrapolation param-
eter and we have taken b → ∞ in the lateral contacts
and b = 0 in the rest of the sample. Finally, as shown
in Fig. 1, the dimensions of the external numerical mesh
are A = 30ξ, B = 15ξ and C = 1ξ. Here, sij represents
the stiffness matrix. In particular, pyTDGL incorpo-
rates an adaptive time-stepping algorithm that adjusts
the time increment ∆tn according to the characteristic
timescale of the system dynamics. This ”nanobridge” ge-
ometries were constructed with shapely, initially defin-
ing the rectangular bars and bridges that were then uni-
fied into a single polygon. This polygon was converted
into a tdgl.Polygon object and resampled to obtain
smooth contours suitable for mesh generation [40, 41].
The applied field is prescribed by means of an external
vector potential, whereas the current is injected through
terminals defined on the outer legs. With that, we pro-
ceed with the main results of our superconducting sam-
ple.

III. NUMERICAL RESULTS

First, we present the magnetization, Cooper-pair den-
sity, and phase for the system under consideration (see
Fig. 1(a)) for varying numbers of periodic subdivisions
of the mesoscopic sample. Thus, in Fig. 2, we present
the magnetization as a function of the external applied
magnetic field, for different amounts of the periodic
defects in the superconducting sample (legs), where we
observe that in all the variations, they are initially in
the Meissner-Oschenfeld state, after which, the slope in
the magnetization changes and the vortices enter, and
we observe that these first critical fields are different
and decrease as we have a greater amount of periodic
defects, this is because the inclusion of these defects
affect the energy barrier at the borders, generating a
decrease in it, allowing the vortices to enter more easily,
after which, the system transitions to the normal state.
However, due to the symmetry of the sample, we expect
the vortices to position themselves in equilibrium at the
center of the sample—where there is a greater amount
of material—and to stabilize through their mutual
interaction.

We now present the Cooper-pair density |ψ|2 and
the phase of the superconducting condensate (see Fig.
3) for the configuration featuring two larger side sections,
under varying applied magnetic fields. We observe that
at lower magnetic field values (Fig. 3(a)), two vortices
are located near the central section of the sample;
as the magnetic field increases, a greater number of
vortices enter this central section. Due to their repulsive
interaction, they lower the energy barrier in this area,
causing it to transition to the normal state more rapidly
than the more distant sections. Finally, the phase reveals
the number of vortices present in the sample for the
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FIG. 2: Magnetization, as a function of the applied
external magnetic field H, for the different number of

legs and external current J = 0.

specific field values analyzed, This study was conducted
in the absence of external currents in order to compare
the behavior with the inclusion of currents.

(a)

(b)

FIG. 3: Cooper-pair density |ψ|2 (a) and phase ϕ show-
ing vortex nucleation for increasing magnetic field, and
magnetization (c), for the two-leg H geometry.

With this, we present in Fig. 4(a) the density of
Cooper pairs for the superconducting system, in the
presence of 3 symmetric divisions in the supercon-
ducting sample, for different values of the external
magnetic field, but in the absence of external currents
J = 0.0. The initial observation is important: the
vortices are located in the central position of the sample,
at equidistant distances from each other, due to the
interaction between the borders and between them. We
observe that they are positioned in the superconducting
sample, where there is greater symmetry, ignoring the
fact that, in general, they are the positions with the

FIG. 4: Cooper pair density (|ψ|2) and phase (ϕ) for
three particular cases for a fixed number of periodic
subdivisions of the superconducting meso-sample, for

three values of the external magnetic field (a)
H = 1.80mT, (b) H = 2.20mT, and (c) H = 2.60mT,
all cases considered in the absence of external current.

greatest amount of material and that, as the value of
the magnetic field increases, the number of vortices
increases. Locating itself in the position that minimizes
the energy, which in this case is the Gibbs free energy,
are the central positions, so the transition to the
normal state quickly follows the holding. Together, we
present the phase (ψ = |ψ|eiϕ), where we observe the
behavior of the phase of the superconducting condensate.

With this, in Fig. 5(a), we present the density
of Cooper pairs, for different values of the magnetic
field in conjunction with different amounts of periodic
defects, where it is clearly observed that due to the
intrinsic size of the defects, in these sections the vortices
do not enter, due to the high energy barrier, while in the
central sections, the vortices are grouped periodically,
causing this section to transition more quickly to the
state normal. Now, observe the distribution of the
vortices in the central sections, which allows establishing
potentials between the vortices, which cause them to be
in fixed positions of the sample, and due to the effect
of repulsion with the first neighbors, they are forced to
limit their movement, with only a certain very slight
vibration being possible away from this equilibrium
position.

Finally, in Fig. 6(a-h) we present the phase of
the superconducting condensate, for the same values
of the external magnetic field and the same amount of
periodic defects in the mesosample. We observe that
the field in the phase of the superconducting condensate
coincides with the number of vortices inside and that,
according to the amount of change in the phase, for the
larger values of the applied external magnetic field, the
vortices come together more, reaching a giant vortex
near the center of the sample. Finally, as expected,
within the defects (legs), there is no change in phase,
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FIG. 5: Cooper pair density (|ψ|2) for three particular
cases of a fixed number of periodic subdivisions of the
superconducting meso-sample, for three values of the

external magnetic field (a) H = 1.80mT (b)
H = 2.20mT and (c) H = 2.60mT, all cases considered

in the absence of external current.

FIG. 6: Phase ϕ for H-shaped geometries with 4, and 8
legs at different magnetic fields.

indicating the absence of vortices (in the normal state).

This concludes the study of the state of vortices
in the meso/superconducting system, in the absence of
external currents, which only allows the existence of
Abrikosov-type vortices. And more importantly, the
fundamental fact of the existence and organization of
these vortices as a function of the number of sample
divisions and the applied external fields. Therefore, we
present the kinematic vortices in the superconducting
sample, arising from the field in the superconducting
condensate phase induced by external currents in the
absence of an applied magnetic field. These vortices
form vortex-antivortex pairs that enter through the
boundaries of the superconducting sample and move
along the points of greatest symmetry, eventually annihi-
lating at the system’s maximum symmetry point. Thus,
we initially calculate the scalar potential (voltage). In
Fig. 7, we present this behavior of the scalar potential
as a function of the applied external current and for
different numbers of periodic systems (legs) of the

superconducting meso-sample. As a result, we observe a
change in the slope for certain currents; these changes
are called Shapiro jumps. We observe that as the
number of legs increases, these jumps occur at higher
values of the applied current, indicating faster movement
of the kinematic vortices and interaction between these
lines, where the creation/annihilation of these pairs
occurs. This also indicates a very rapid increase in
the system’s energy barrier near the boundary and, in
these particular cases, a nonlinear addition of the total
supercurrent in the sample. After this, the classical
linear behavior is obtained, whose slope describes the
resistive states in the superconducting sample.

FIG. 7: Current–voltage characteristics for multi-leg de-
vices (n = 1–7) showing the onset of the dynamical
regime.

Now, in Fig. 8, we present the total current distri-
bution in the superconducting sample—comprising both
the superconducting current and the applied current.
We clearly observe that, due to the periodic defects in
the sample, the current streamlines exhibit oscillations
around these defects; the resulting reduction in circula-
tion leads to a periodic lowering of the barriers at these
defect sites. Additionally, it is important to note the
magnitude of the supercurrent at the center of the sam-
ple, where the maxima do not lie exactly along the same
line parallel to the y-axis. This suggests that the diffi-
culty of the current entering the periodic sections drasti-
cally affects vortex mobility, driving the vortices toward
the center of the sample and—albeit with low probabil-
ity—causing them to enter these sections.
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FIG. 8: Distribution of superconducting current for the
case J ̸= 0 and H = 0, for a five-leg geometry. The ap-
plied current corresponds to the dynamic critical current,
with Isource = +9µA and Idrain = −9µA.

To determine the appropriate dynamical regime for
vortex nucleation, current–voltage (I–V ) curves were
first computed through a coarse current sweep, followed
by a refined sampling around the onset of the resistive
state. The dynamic critical current was defined as:

Idync = argmax
I

(

dV

dI

)

(8)

The differential resistance was evaluated numerically us-
ing finite differences. Currents slightly above this thresh-
old, typically in the range (1.03-1.10) Idync , were then se-
lected to probe the kinematic vortex regime, where time-
dependent phase-slip processes dominate the dynamics
[26, 27, 30, 31]. For each selected current, vortices and
anti-vortices were detected directly from the complex or-
der parameter ψ = |ψ|eiθ by computing the discrete
winding number of the phase field over the triangular
elements of the mesh. The phase θ = arg(ψ) was evalu-
ated at the mesh nodes, and for each triangle (a, b, c) the
wrapped phase differences were computed in the princi-
pal branch (−π, π]. The local winding number was then
obtained as:

w =
1

2π
(∆θab +∆θbc +∆θca) . (9)

Triangles with w = +1 were classified as vortices, while
w = −1 identified anti/vortices. To ensure robustness,
only elements with sufficiently suppressed amplitude |ψ|
were retained, reflecting the fact that topological defects
necessarily occur at points where the order parameter
vanishes [8–11, 13, 14, 14–16]. Since multiple adjacent
elements may correspond to a single physical core,
detected candidates were grouped using a distance-based
clustering procedure, yielding one effective center per
vortex or anti/vortex. Finally, to distinguish bulk kine-
matic vortices from spurious defects induced by strong
current injection near the electrodes, each detected
center was classified according to its distance from the
contact regions. Vortices located within a prescribed
neighborhood of the terminals were labeled as CONTACT,
while those sufficiently far from the boundaries were
labeled as BULK. This separation is crucial in current-
driven simulations, where boundary-induced suppression

of superconductivity can otherwise bias the vortex count
and obscure the intrinsic dynamical behavior of the
system.

Vortex counting was carried out by identifying lo-
cal zeros of |ψ|2 and verifying phase singularities around
each point. For each candidate, a small closed contour C
was constructed, and the phase circulation was evaluated
numerically by linearly interpolating the phase over
the mesh triangles. The integral was discretized as a
sum of angular differences corrected by 2π jumps, so
that phase changes were projected onto the interval
(−π, π]. Since this procedure relies directly on the
local structure of the phase field, it is instructive first
to examine the spatial distribution of θ. The phase is
extracted from the complex order parameter ψ = |ψ|eiθ
as θ = arg(ψ), consistently with the logarithmic rep-
resentation lnψ = ln |ψ| + iθ. As shown in Fig. 9,
the phase develops strong spatial gradients across the
central bridge, together with localized distortions that
signal the presence of topological singularities. These
features provide the input for the winding number
analysis described above.

FIG. 9: Zoom of the superconducting phase distribution
(θ/π) in the central region for the nlegs = 5 configura-
tion under applied current. The phase gradients reflect
the imposed current and exhibit localized distortions that
anticipate the formation of vortex–anti/vortex pairs.

FIG. 10: Automatic detection and counting of vortices
and anti/vortices using the winding number method in
a multi-leg H-shaped superconducting geometry under
applied current.
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In Fig. 10, the spatial distribution of the vortex phase
is shown for nlegs = 4. Topological singularities are
identified via the winding number computed on the
numerical mesh, where green circles denote vortices (+1)
and red crosses anti/vortices (−1). Rather than relying
exclusively on local minima of |ψ|2, this identification
is based on the quantized phase circulation, providing
a direct characterization of the topological nature of
the defects. The system is evaluated near the dynamic
critical regime (I ≈ Ic), where vortex–anti/vortex pairs
emerge and contribute to dissipative transport, revealing
their dependence on both geometry and applied current.
From a physical perspective, the spatial distribution
of the detected defects reflects the interplay between
current-driven dynamics and the energy landscape
imposed by the sample geometry.

In the absence of geometric perturbations, one might
expect vortex–anti/vortex pairs to nucleate more sym-
metrically, for instance near the central region where
phase gradients are strongest. However, it is well estab-
lished that in mesoscopic superconductors the nucleation
and motion of kinematic vortices are highly sensitive
to current inhomogeneities and boundary conditions,
which can significantly lower the energy barrier for
vortex entry at specific locations. In particular, sharp
edges, corners, and variations in width lead to current
crowding, thereby creating preferred nucleation sites
that are not necessarily aligned with geometrical centers.
Although the global current is applied from left to right,
the current-density distribution reveals a pronounced
vertical redistribution, with streamlines bending and
concentrating toward the outer corners of the lateral
branches as is shown in 8. These regions act as effective
edge hot spots, where the local current density is en-
hanced and the superconducting order parameter is more
easily suppressed, favoring vortex entry. Consequently,
the emergence of vortex–anti/vortex pairs near the
extremities of the legs, rather than at the nominal phase
origin, should be understood as a geometry-induced
effect, where mesoscale boundary features govern the
localization of topological defects and ultimately control
the dissipative dynamics of the system.

FIG. 11: Kinematic vortices for the meso-system under
study, at specific values of the applied external current.

Finally, in Fig. 11, we present the Cooper-pair density
for the mesoscopic system, including external currents,
for specific values of the applied current. We observe

channels forming near the defects—where the system re-
mains superconducting while coexisting with a normal
state—which allows for the observation of periodic nor-
mal/superconducting regions along the sample. This
generates periodic potentials due to the potential barri-
ers in the superconducting sections, potentially enabling
control of this potential via the external current.

IV. CONCLUSIONS

In this work, we studied multi-bar supercon-
ducting nano/bridge geometries within the time-
dependent Ginzburg–Landau framework, considering
both magnetic-field-driven and current-driven regimes.
The simulations show that the number of lateral legs
strongly modifies the electromagnetic response of the sys-
tem, affecting magnetization, current distribution, phase
structure, and the onset of dissipative behavior. For the
case H ̸= 0 and J = 0, the results show that increas-
ing the number of legs enlarges the number of effective
regions where Abrikosov vortices can be accommodated,
leading to distinct vortex distributions and changes in the
magnetization curves as a function of the applied field.
For the case J ̸= 0 and H = 0, the I–V characteris-
tics allowed us to estimate a dynamic critical current for
each geometry, providing a reference scale for the onset of
the resistive regime. Additionally, the spatial analysis of
the order parameter, phase, and superconducting current
reveals that the device geometry governs where dissipa-
tion first develops. In particular, the winding-number
method confirmed the emergence of vortex–anti/vortex
excitations near the dynamic regime. It showed that
their location is strongly influenced by current crowd-
ing at edges and lateral branches. Altogether, these re-
sults demonstrate that multi-bar geometry is not a sec-
ondary detail, but a controlling factor in the vortex dy-
namics and transport properties of the nano/bridge. Fi-
nally, it is important to highlight that the inclusion of
these multi-bars, combined with external current con-
trol, generates periodic patterns alternating between the
normal and superconducting states; this creates a peri-
odic energy barrier that allows for the control of kine-
matic vortices and, potentially, Abrikosov vortices. As
future work, we will examine complementary geometries
to determine more systematically under which conditions
vortex–anti/vortex pairs nucleate, and how their forma-
tion depends on symmetry, confinement, and current dis-
tribution.
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