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Fluxonic devices explore the interaction of quantized magnetic fluxes in superconductors with
their surroundings to perform logical operations, magnetic field sensing and photon detection, among
other applications. Therefore, knowing in detail the physics governing flux motion is highly impor-
tant. More specifically, it is important to understand the main set of parameters that affect the
thermoelectromagnetic response of the system to dynamic external fields and to be able to predict
the feasibility and limitations of certain phenomena for applications. In this work, we applied the
time-dependent Ginzburg-Landau formalism to study the trajectories of vortices and the charac-
teristic voltage curves for a particular magnetic field cycle longitudinally applied to a cylindrical
superconducting sample. We showed how these cycles vary with different types of impurities and
studied whether this approach might produce practically measurable voltage signatures. In fact, we
found a characteristic pattern in these signatures that occurs regardless of the number of vortices
that penetrate the sample within the cycles.

I. INTRODUCTION10

The development of quantum nanoelectronics has increased access to technologies and devices based on purely11

quantum phenomena. A prominent example is the class of fluxonic devices, which exploit the interaction of quan-12

tized magnetic fluxes in superconductors with their environment. These devices have applications in digital logic13

operations1, magnetic field sensing2, and photon detection, among others3,4. For further research on fluxonic devices,14

superconducting systems in which voltage is induced by vortex motion are of particular interest. The modelling of15

vortex dynamics and the associated induced voltage has a long history, starting with the pioneering work of Machida16

and Kaburaki5, who performed the first direct simulation of the time-dependent Ginzburg-Landau (TDGL) equation17

to obtain the current–voltage characteristics in type-II superconducting thin films. This concept was further devel-18

oped by Berdiyorov et al.6, who demonstrated the formation of kinematic vortex-antivortex lines in strongly driven19

superconducting stripes. Numerical studies of equilibrium vortex configurations in mesoscopic superconductors with20

artificial pinning centres have revealed the role of sample topology in vortex stability7. Furthermore, time-dependent21

simulations have demonstrated vortex-based cellular automata for memory applications with switching times below 2022

ns8. In recent years, interest in controllable vortex motion and voltage generation has increased. Xue et al.9 demon-23

strated open-circuit voltage generation by dragging superconducting vortices with a dynamic pinning potential. A24

complementary approach was proposed by He et al.10, who showed switchable reversal of a vortex ratchet using a dy-25

namic pinning landscape. Chen et al.11 demonstrated voltage generation and vortex array manipulation by applying26

dynamic heat sources to create thermal gradients. Most recently, Duarte et al.12 performed a comparative analysis of27

energy dissipation mechanisms and their role in the formation of voltage pulses during vortex expulsion in gapless and28

gapped nanosized superconductors. Parallel to these efforts, Zotova and Vodolazov13 used the TDGL framework to29

model the detection mechanism of superconducting single-photon detectors, showing that a photon-induced hot spot30

nucleates a vortex–antivortex pair, whose subsequent motion generates a voltage pulse a scenario directly relevant to31

both fundamental vortex dynamics and practical sensing applications. In these studies, the voltage induced by vortex32

motion is commonly treated as an observable of vortex dynamics5,6,9, a control tool for vortex configurations10,11, a33

measure of energy dissipation12, or a detection signal in photon counting13. However, the conversion of this voltage34

into a sequence of detectable pulses and, more importantly, the organization of a cyclic detection process based on35

it remains open conceptual challenges. Our idea is to explore flux cycling in the superconducting channel under a36

time-varying magnetic field. Moreover, the voltage pulses we obtain are qualitatively similar to those observed in37

hotspot-based single-photon detectors, although the triggering event is different: here it is a deliberate magnetic-field38

drive rather than a stochastic photon arrival. The key advantage of our scheme is that the field cycle naturally resets39

the system to the same operating point after each event, so that the next event can be detected in the same way.40

In gapless superconductors, as shown in the work of Lee et al.14, the presence of a finite density of states at zero41

energy leads to a significant damping mechanism for moving vortices even as T → 0. This makes the gapless supercon-42
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ductor an ideal model system for studying the dissipative dynamics of vortices, where the viscous drag coefficient is43

not exponentially suppressed, fundamentally distinguishing it from conventional BCS superconductors. Furthermore,44

the works of Lamura et al.15 and Adhikari et al.16 demonstrated that the gapless state in real systems is intrinsically45

linked to granular microstructures and magnetic impurities, which naturally introduce a disordered landscape and ad-46

ditional pinning centres for vortices. Therefore, the choice of a gapless superconductor as a model system is physically47

justified, as it simultaneously captures both finite dissipation and realistic defect-mediated dissipation mechanisms,48

providing a more complete description of vortex dynamics than idealized BCS models.49

This manuscript is organized as follows: in Sec. II, we outline the theoretical framework, the TDGL formalism, from50

which we start our study; in Sec. III, we describe the numerical approach for deriving our data; in Sec. IV, we present51

and discuss the results of our work, ranging from the electromagnetic response of 2D superconductors submitted to a52

“ramp-up/ramp-down” profile of time-dependent applied magnetic field and a table summarizing the results; and in53

Sec. V, we discuss broad aspects of our results and present our main conclusions.54

II. THEORETICAL FORMALISM55

A. Ginzburg-Landau formalism56

The Ginzburg-Landau (GL) theory of superconductivity is a phenomenological framework that provides a powerful57

description of superconducting phenomena near the critical temperature Tc. It draws on an analogy with second-order58

phase transitions and introduces a complex order parameter Ψ, which characterizes the superconducting state, with59

|Ψ|2 representing the density of Cooper pairs. A dynamic extension of the GL formalism was developed by Schmid17,60

followed by generalizations18–20 that include the superconducting gap. These equations describe the time-dependent61

behaviour of the superconducting condensate. The generalized time-dependent Ginzburg-Landau (GTDGL) equations62

in dimensionless units are given by:63

u
√

1 + γ2|Ψ|2

(

∂

∂t
+ iφ+

γ2

2

∂|Ψ|2

∂t

)

Ψ = (∇− iA)2Ψ+ (1− T − |Ψ|2)Ψ (1)

(

∂A

∂t
+∇φ

)

= Js − κ2∇×∇×A, (2)

where the superconducting current density is:64

Js = Im [Ψ∗(∇− iA)Ψ] . (3)

Here, the order parameter is expressed in units of its uniform value at zero external magnetic field |Ψu|
2 = α0Tc/β,65

where α0 and β are the phenomenological Ginzburg–Landau parameters. Distances are expressed in units of the66

coherence length at zero temperature ξ(0) = ℏ
2/4mα0Tc. The magnetic field is expressed in units of the bulk upper67

critical field Hc2(0) = Φ0/2πξ(0), where Φ0 = hc/2e is the flux quantum. Temperature is measured in units of the68

critical temperature Tc and time in units of the Ginzburg–Landau time at zero temperature tGL(0) = ξ2(0)/Du,69

where D denotes the diffusivity. The scalar potential φ is given in units of ℏ/2etGL(0). Finally, κ = λ(0)/ξ(0) is70

the Ginzburg–Landau parameter, where λ(0) is the London penetration depth at zero temperature. The parameter71

γ = 2τe∆(0)/ℏ is related to the gap of the superconductor, where τe is the electron-phonon scattering time and72

∆(0) is the superconducting gap at zero temperature. The parameter u is related to the relaxation rate of the73

superconducting order parameter due to scattering from impurities and was derived under different microscopic74

conditions. For high concentrations of paramagnetic impurities, Gor’kov and Kopnin21 obtained u = 12. On the75

other hand, Kramer and Baratoff22 demonstrated that, for a superconductor with ordinary impurities in the dirty76

limit u = 5.79. This parameter essentially introduces a different rate of time evolution between the order parameter77

and the vector potential. We compared both of these cases (u = 12 and u = 5.79) with systems where one ignores78

this difference of characteristic times. In such cases, this parameter may be taken as u = 1.79

B. Influence of Heat Dissipation and the Heat Equation80

Recent studies have actively employed models accounting for thermal effects in vortex dynamics within the frame-81

work of the GTDGL formalism. Duarte et al.12 reported that energy dissipation caused by vortex motion in gap and82

gapless superconductors originates from fundamentally different mechanisms. The authors solved the heat conduc-83

tion equation together with the GTDGL equations and demonstrated that local heating ∆T depends on the sample84



3

geometry and vortex velocity, with the key material parameter determining the dissipation magnitude being u. In a85

later work of the same group23, this approach focused on gapless superconductors, where it was shown that heating86

leads to asymmetry in vortex cores during dynamical events, similar to the intertype domain.87

In parallel with these dynamic models, static TDGL studies by de Oliveira et al.24 have revealed that vortices88

significantly alter the thermodynamic properties of the system. In particular, the magnetocaloric potential ∆S(T,H)89

exhibits a complex pattern of peaks and troughs that correlate with vortex penetration modes. This finding indicates90

that even in the static approximation, vortices are thermodynamically active. Their influence on the entropy and91

thermal state in this case depends strongly on the temperature and magnetic field.92

First, the experimental feasibility of detecting such thermal effects has been confirmed by Halbertal et al.25, who93

demonstrated thermal dissipation imaging in nanoscale systems via nanoSQUIDs with a sensitivity of ∆T ∼ 10−7K.94

In this context, local heating at the scale predicted by the simulations12,23 is well within the reach of experimental95

detection. Second, these results confirm the conclusions of the classic work of Skocpol, Beasley, and Tinkham26
96

that thermal effects significantly change the parameters of non-equilibrium superconductivity. Thus, for the correct97

modelling of vortex dynamics under realistic conditions within a purely dynamic approach, the dissipation of heat98

and thermal gradients, which is accounted for via the heat equation (4) is a necessary element of the model. In99

other words, for such small-scale fluxonic devices, such local heating is often significant and should be included in100

simulations. To this end, the TDGL equations are coupled with the heat equation20. This heat equation includes a101

term that accounts for the dissipative mechanism27. The free energy theorem concerning the dissipative mechanism102

was first derived by Schmid17 and then generalized for gap superconductors28. The heat equation with an additional103

term that accounts for energy dissipation in dimensionless units is:104

Ceff

∂T

∂t
= Keff∇

2T +
1

2
WTotal, (4)

with the dissipation term, WTotal =WA +WΨ +Wγ , given by three different contributions:105

WA = 2

⃓

⃓

⃓

⃓

∂A

∂t

⃓

⃓

⃓

⃓

2

, (5)

WΨ =
2u

√

1 + γ2|Ψ|2

⃓

⃓

⃓

⃓

∂Ψ

∂t

⃓

⃓

⃓

⃓

2

, (6)

Wγ =
2u

√

1 + γ2|Ψ|2

[

γ2

4

(

∂|Ψ|2

∂t

)2
]

. (7)

In the equations above, Ceff = CfTcσn/tGL(0)j
2
0 , where Cf is the heat capacity of the material, σn is the conductivity106

at the normal state and j0 is the unity of the current density. The effective thermal conductivity coefficient per unit107

length is Keff = KfTcσn/ξ
2(0)j20 , where Kf is the thermal conductivity of the material. With estimations similar108

to those of Vodolazov20, Ceff = π3/48 is the effective heat capacity and Keff = π4/48u2 is the effective thermal109

conductivity for the equation in dimensionless units. Dissipation in this model comprises three contributions: WA,110

arising from the induced electric field; WΨ, associated with order parameter relaxation; and Wγ , due to the relaxation111

of the superelectron density.112

III. METHODS113

In this study, we aim to evaluate the thermoelectromagnetic response of the proposed fluxonic systems by quantifying114

the characteristic amplitude and time of voltage peaks induced by vortex dynamics in the channel between the edges115

of the sample and the inner boundaries of the square central hole. We consider a long superconducting cylinder with116

a square cross-section and a concentric square hole. This allows us to assume that the order parameter and the local117

magnetic field are invariant along the z direction, simplifying the problem to two dimensions. To describe the currents,118

vortex dynamics and thermal dissipation in the superconducting material, we employ the GTDGL approach.119

According to the microscopic derivation of the TDGL theory, equations are valid for temperatures in the vicinity120

of Tc
19. In our simulations, we set T0 = 0.92Tc and solve these equations for a gapless superconductor (γ = 0) in the121
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Weyl gauge (φ = 0), which reduces Eqs. (1) and (2) to the simpler form:122

u
∂Ψ

∂t
= (∇− iA)2Ψ+ (1− T − |Ψ|2)Ψ (8)

∂A

∂t
= Im [Ψ∗(∇− iA)Ψ]− κ2∇×∇×A (9)

Ceff

∂T

∂t
= Keff∇

2T +

⃓

⃓

⃓

⃓

∂A

∂t

⃓

⃓

⃓

⃓

2

+ u

⃓

⃓

⃓

⃓

∂Ψ

∂t

⃓

⃓

⃓

⃓

2

(10)

In our two-dimensional formulation, the initial conditions are chosen such that the superconductor (defined as a 2D123

square area, Ω) is in zero magnetic field and in thermal equilibrium with the heat bath at temperature, T0:124

Ψ(t = 0)|Ω =
√

1− T0, (11)

A(t = 0)|Ω = B(t = 0)|Ω = 0, (12)

T (t = 0)|Ω = T0. (13)

The boundary conditions are formulated as follows: for the order parameter, we impose zero normal current at125

both internal and external boundaries. Dirichlet conditions are used for the temperature, which is fixed at a certain126

temperature, T0, on all boundaries, and for the magnetic field, which is set to the applied field He on the outer127

boundary. The magnetic field on the inner boundary Hi is not known a priori and is calculated in runtime using128

Ampère’s law, as described in Ref.29.129

n⃗ · (∇− iA)Ψ|∂Ω = 0, (14)

B|∂Ωout
= He, (15)

B|∂Ωin
= Hi, (16)

T |∂Ω = T0, (17)

The GL equations are gauge invariant, but standard discretization breaks this invariance under the gauge transfor-130

mations Ψ′ = Ψexp(iχ), A′ = A+∇χ, Φ′ = Φ− 1
c
∂χ/∂t. Several numerical algorithms have been developed to solve131

the TDGL equations30–32. We employ the so-called link-variables method, which ensures gauge invariance in lattices.132

This method consists of introducing auxiliary fields and treating the components of the vector potential as angular133

variables:134

Ux(x, y, t) = exp

(

−i

∫ x

0

Ax(ξ, y, t) dξ

)

↔ (∂/∂x− iAx)Ψ = Ūx

∂(ΨUx)

∂x
, (18)

Uy(x, y, t) = exp

(

−i

∫ y

0

Ay(x, ξ, t) dξ

)

↔ (∂/∂y − iAy)Ψ = Ūy

∂(ΨUy)

∂y
, (19)

which was initially proposed by K. Wilson33–35. The voltage was calculated via the line integral of the electric field135136

(obtained with E = −∂A/∂t) along a square integration path with side 2L/3 (an average between the outer and inner137

sides), as shown in Fig. (1).138

The simulations were executed for the set of parameters u = {1, 5.79, 12}, κ2 = {1, 5, 10}, a smaller system size139

L = 25.5ξ(0) and a larger system with size L = 38.25ξ(0), both cases with a concentric square hole of side L/3.140

Since we focus on mesoscopic samples, the choice of dimensions is deliberate. In Ref. [36], the authors examined141

the crossover between the macroscopic and mesoscopic vortex regimes in type-II superconductors. For κ2 = 1, the142

critical size that defines the mesoscopic regime follows Lκ2=1
c (T ) = 28.7(1 − Tc)

−0.359. For larger κ2, this critical143

size is even greater, confirming that both sizes we examined are well within the mesoscopic regime. We employed a144

finite differences method for discretizing the system variables where in all cases, the mesh size is hx = hy = 0.3ξ(0).145

Numerical limitations arise in the choice of the time step due to the Euler treatment of the equations and we follow146

standard numerical criteria for assuring convergence37:147

∆t ≤ min

(

δ2

4
,
δ2β

4κ2

)

, with δ2 =
2

1
h2
x
+ 1

h2
y

. (20)

Note that, specifically in the equation above, β is not one of the Ginzburg–Landau parameters, but rather the148

relaxation time of the vector potential, which is related to the conductivity from the relation β = 4πσDκ2

c2
. The149

smallest time step obtained from this criterion, for the case of κ2 = 10 and β = 1, was ∆t = 2.25 · 10−3. In our150
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2L/3

L

L/3

GTDGL Domain

Hole

Contour E dl

FIG. 1. Example of the integration path (white line) used in our simulations for calculating the voltage around the samples.
The voltage was calculated via the line integral of the electric field. The side of the square is 2L/3 and it is concentric with
the inner and outer squares.

calculations we employed an increment, ∆t = 5·10−4, which is inside the convergence radius. Furthermore, the system151

is driven by the time variation of the applied magnetic field. A triangular magnetic field time profile with increments152

of ∆He = 10−7Hc2(0) is applied: the field is ramped up until the minimum vortex number for the given geometry (four153

vortices) is reached, and then ramped down. This procedure maintains a minimal vortex configuration. Although154

the field amplitude is chosen to admit four vortices, in some cases, additional vortices may still enter. The complete155

field cycle proceeds as follows: the field increases linearly until vortices appear, i.e. singular points are observed at156

the phase, around which there is a gap of 2π; the field then is decreased linearly. During this cycle, vortices enter the157

sample and move across the channel to the hole, where they become trapped; upon field reversal, they return through158

the channel and exit.159

IV. RESULTS160

We simulated the time-evolution of the measurable parameters, such as the induced voltage around the sample and161

the dissipated power, for the set of control parameters mentioned in the previous section. The time-evolution results162

are shown as follows: first, in Fig. (2), we present the results for a smaller system, with side L = 25.5ξ(0), where the163

first vortex entry is limited to four vortices in total before ramping down the field; second, in Fig. (3), we present a164165

similar case for a 1.5 times larger sample with L = 38.25ξ(0). Further details of this case are expanded in Figs. (4)166

and (5), where we show several snapshots of the modulus of the order parameter. The idea is to better understand167

pulse formation in systems with a greater number of vortices. By doing so, we determined that the general picture168

of the voltage and dissipated power described for the smaller system occurs for other system sizes and slightly larger169

number of vortices involved in the process. The parameters within the figures are the same for the smaller and larger170

systems changing the values of κ2 = {1, 10} and u = {1, 5.79, 12}. Additionally, we simulate the case where κ2 = 5,171

but the results are essentially the same as those with κ2 = 10. For simplicity, we show only the results for the highest172

value, which is type-II regime, and compare with the lowest case, κ2 = 1, which is closer to the boundary of the173

intertype domain. Finally, we calculate the amplitude and width of the first and last voltage peaks, which are the174

most relevant ones, and present them both in the form of Tab. (I) and Fig. (6).175

As seen in the plots in Figs. (2) and (3), larger values for u generally reduce the amplitude of the voltage peaks in176

dimensionless units, yet in dimensional units they actually lead to an increase. The same is true for the dissipated177

power, generated by the term ∂A/∂t in formula (5). The conversion expression between the voltage in CGS units178

and the dimensionless units for a particular material with critical temperature Tc is as follows:179

Vcgs = V ·
4kB
πe

· Tcu. (21)

In short, one could describe the voltage signatures by two noticeable peaks with a strong sign reversal in the middle180

and a slight change in derivative in the plateau and between these peaks. First, the introduction of the applied field181

generates a sudden appearance of a current and therefore an induced voltage. The energy dissipation is exhibited in182



6

0 2 4 6
time, t

GL
(0) ×10

2

0.0

0.1
H

e
,V

-0.8

0.0

0.8

W

-0.1

0 2 4 6 8
time, t

GL
(0) ×10

2

0.00

0.05

H
e
,
V

-0.2

0.0

0.2

W

0.05

0.0 0.2 0.4 0.6 0.8 1.0
time, t

GL
(0) ×10

3

0.0

0.1

H
e
,V

-0.3

0.0

0.3
W

-0.1

(i)

(ii)

(iii)

0.00 0.25 0.50 0.75 1.00
time, t

GL
(0) ×10

3

0.0

0.2

H
e
,V

-1.2

0.0

1.2

W

-0.2

0.0 0.5 1.0 1.5
time, t

GL
(0) ×10

3

0.0

0.1

H
e
,V

-0.3-0.1

0.0

0.3

W

v-av

0.0 0.5 1.0 1.5
time, t

GL
(0) ×10

3

0.0

0.1
H

e
,V

-0.3

0.0

0.3

W

-0.1

(iv)

(v)

(vi)

κ2=10

u=1

u=5.79

u=12

u=1

u=5.79

u=12

κ2=1He V W

FIG. 2. Voltage signatures (blue lines) for the smaller system, i.e. L = 25.5ξ(0) at T0 = 0.92Tc. On the left column, we show
the cases with κ2 = 10, where plots (i), (ii) and (iii), represent the results for u = 1, u = 5.79 and u = 12, respectively. The
same values for u are applied on the plots on the right, (iv), (v) and (vi), but with κ2 = 1. The right scale of the plot (shown
in red) represents the dissipated power (red line). The time profiles of the applied magnetic field (black curves) are shown as
a guide.

red colour, more specifically, the term Wtotal from the heat equation (4). We show as insets in each panel some of the183

key events, such as vortex positions and their reconfigurations corresponding to the voltage pulses.184185

A. Smaller sample — L = 25.5ξ(0)186

All plots in Fig. (2) show a first peak (or at least an increase in modulus) for the voltages as the field is increased.187

This is caused by the supercurrent shielding response, prior to vortex penetration and subsequent propagation toward188

the hole. Upon vortex entry, the applied magnetic field is decreased and the voltage suffers a strong sign reversal and189

becomes positive. Note that the discontinuity in the time derivative of the applied magnetic field generates a cusp in190

the voltage and dissipation curves. As the field is reduced (even possibly becoming negative, if the vortices remain191

trapped in the hole), a second peak arises as vortices leave the hole, move away, and eventually exit the sample. Let192

us start with the artificial situation where both the order parameter and magnetic field have the same time scale of193

variation (or more precisely, the same coefficient multiplying the time-derivative terms), i.e. for u = 1. This case194

serves as a guide, the typical voltage signatures become accentuated. With large κ2 = {10, 5}, a transient regime195

(where the voltage curve is neither constant nor a peak) was observed. This feature originates from the rearranging196

of the crowding currents at the corners of the square hole. Although this also occurs in other cases (u = 5.79 and197

u = 12), it produces a noticeable signal only in this case, with u = 1 and higher values of κ2. This result supports198
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FIG. 3. Voltage signatures (blue lines) for the larger system, i.e. L = 38.25ξ(0) at T0 = 0.92Tc. On the left column, we show
the cases with κ2 = 10, where plots (i), (ii) and (iii), represent the results for u = 1, u = 5.79 and u = 12, respectively. The
same values for u are applied on the plots on the right, (iv), (v) and (vi), but with κ2 = 1. The right scale of the plot (shown
in red) represents the dissipated power (red line). The time profiles of the applied magnetic field (black curves) are shown as
a guide.

the assumption that even slight flux motion can produce a detectable pulse, albeit small, distinguishable from the199

noise. Additionally, both peaks show a shift in time when vortices are leaving the sample for u = 5.79 and u = 12,200

as shown in the left column of Fig. (2). Again, this shift is expected, since u represents the ratio of the characteristic201

time-scale of variation for the order parameter and the magnetic field. On the opposite extreme of the range of202

parameters, for the case where κ2 = 1, with u = 5.79 and u = 12, i.e. when one considers essentially different203

time-scales for the order parameter and magnetic field, two vortices (a first and then a second one into each side)204

enter the system sequentially, resulting in a total of eight vortices. This causes two large peaks, as mentioned above,205

but with an additional smaller and wider peak appearing between them. This intermediate peak is associated with a206

second vortex entry; its amplitude is reduced because this vortex does not traverse the entire channel. More precisely,207

while the first vortex moves forward and enters the hole, the second vortex moves along the channel but then returns208

and exits the sample before reaching the hole. Notably, for different values of u, the peaks in the voltage and energy209

dissipation arising from vortex motion away from a hole and current rearrangement reach their maximum values only210

after the vortices have already left the sample.211
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FIG. 4. Time evolution of the modulus of the order parameter marked in plot (v) of Fig. (3). The parameters used here were
u = 5.79, κ2 = 1 and T0 = 0.92Tc.
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FIG. 5. Time evolution of the modulus of the order parameter marked in plot (vi) of Fig. (3). The parameters used here were
u = 12, κ2 = 1 and T0 = 0.92Tc.

B. Larger sample — L = 38.25ξ(0)212

In larger systems with u = 5.79 and u = 12, the topological configurations for the order parameter become213

considerably more complex. The larger system size allows vortices to enter in pairs, i.e., two vortices from each side214

simultaneously, as shown in Fig. (3)-(iii). Surprisingly, the voltage curves still look qualitatively similar to those found215

in the previous case for the smaller system: two pronounced peaks at the first and last flux motion along the sample.216

As expected, quantitatively, the absolute values increase overall due to the increased (base) area of the sample. As in217

the smaller system, the larger system with u = 1 and higher κ2 exhibits a noticeable change in derivative or even a218

negligible peak due to current crowding around the hole, with a greater extent than in the smaller system. Another219

key distinction is that once the vortices are positioned along the diagonals, the interplay of further field reduction and220

inter-vortex interactions yields a net force strong enough to expel the vortices. Even more complex cases were found221

with the two representative systems in Fig. (3), which are shown in the plots (v) and (vi). For the cases where the222

number of vortices is too large, additional plots are provided in the figures (4) and (5), which show the evolution of223

the modulus of the order parameter and the shift in temperature in greater detail.224225226

In the smaller system, vortices enter one after another, producing two peaks: a large peak from the first vortex on227

each side and a smaller peak from the second. In contrast, in the larger system, the second pair enters before the228

first pair has reached the hole. As a result, the first pair spreads across the sample and stops propagating toward229

the hole, whereas the second pair rotates, forming a channel through which the vortices move sequentially. This230

behaviour is illustrated in panels (a) to (e) of Fig. (4) and from (a) to (e) of Fig. (5). The continuous redistribution231

of vortices results in noise and broadening of the voltage peak, rather than a single change in the derivative as seen232

in smaller systems for both u = 5.79 and u = 12. Nevertheless, the moment when vortices leave the sample can233

still be identified by the voltage decrease. For vortices trapped in the hole, we observed the following behaviour:234

expelling them requires lowering the applied field to values considerably more negative than those required in the235

smaller system. Consequently, rather than exiting the hole and leaving the sample, these vortices may instead be236

annihilated by additional vortices entering from the outer boundary, either in the hole or in the channel between237

the inner and outer edges. To confirm that the observed phenomenon is indeed vortex/anti-vortex annihilation38, we238

observed the phase of the order parameter and observed singular points with opposite phase cuts, or a discontinuity239

of −2π.240
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Overall, the following behaviour was observed: in all the presented smaller systems, as well as in the larger systems241

with u = 12, κ2 = {5, 10} and u = 5.79, κ2 = 5, the vortices exited the sample in the same manner as they entered.242

In the larger systems with u = 1 and κ2 = {10, 5}, the vortices tried to exit diagonally. Owing to the relatively strong243

applied fields in the larger systems, instead of vortices exiting as in the case of the smaller system, in a number of244

cases, antivortices penetrated into the system and subsequently annihilated either in the superconducting channel or245

cancelled the flux in the hole. This cancelling of flux was observed for κ2 = 1 with u = {1, 5.79, 12}, whereas for246

κ2 = 5 and u = 5.79, annihilation took place in the channel between the inner and outer edges. In addition, for247

u = 5.79 and κ2 = 1, the field was high enough for two external vortices to penetrate simultaneously (from the side);248

the first vortex was annihilated in the hole, whereas the second vortex passed through it. An additional antivortex249

also entered the system due to the strong field.250

Reversing the time derivative of the applied magnetic field not only changes the voltage sign but also sometimes251

slightly reduces the first peak, depending on the exact moment of reversal. To determine the amplitude of the first252

peak without clipping, which will later be used to estimate the pulse amplitude, we also performed simulations for all253

the smaller and larger systems via a simple linear increase in the magnetic field. In this approach, we increase the254

magnetic field until one vortex is trapped in the hole. In any case, all the systems present qualitatively similar results255

with similar trends.256

The next step, following the analysis of the voltage peak formation, was to estimate the amplitudes and characteristic257

times of the most pronounced peaks. Using simulation results from both the linear field ramp and the full field cycle258

(ramp up and down), we obtained estimates of the amplitudes of the first and last voltage peaks, ∆Vf and ∆Vl,259

respectively. The results in CGS units are summarized in Table (I). As shown in the table, the amplitude of the260

voltage pulses primarily increases with increasing u. This is generally explained by the fact that vortex penetration261

into systems with higher values of u requires a higher applied magnetic field, which in turn increases the shielding262

current and, consequently, the voltage. The same reasoning explains the amplitude increase as κ2 approaches 1, since263

departing from the deep type-II regime also requires a higher field. Increasing the system size likewise leads to an264

amplitude increase. However, as noted earlier, the redistribution of vortices associated with the increased system265

size can actually reduce the amplitude, as seen in some systems with u = 12. If one sets T = 1K, then the largest266

amplitude is equal to 872 nstatV for the system with u = 12 and κ2 = 1, and the smallest value is 10.9 nstatV for267

the system with u = 1 and κ2 = 10. That is, even the minimum voltage values obtained during simulations are268

fundamentally measurable via laboratory equipment.269

In the same Table (I) we also present the estimated characteristic times (in CGS units) for the first and last peaks,270

τf and τ l, respectively. The results were obtained from full-cycle simulations by applying the criterion full width at271

half maximum (FWHM). Examining the characteristic times across both parameters reveals two clear trends. The272

dominant control parameter is u: both τf and τ l increase monotonically as u varies from 1–12 in both smaller and273

larger systems. This behaviour is physically consistent with the role of u in the TDGL equation, since it multiplies274

the covariant time derivative ∂ψ/∂t: a larger u corresponds to a more torpid order parameter that relaxes more slowly275

relative to the electromagnetic dynamics, thereby increasing the time elapsed between the applied perturbation and276

the appearance of each voltage peak. In contrast, the dependence on κ2 is comparatively weak and non-monotonic,277

i.e. this relation is not always consistent between the two system sizes: in the smaller system τf tends to increase278

mildly with κ2 at fixed u, whereas in the larger system the opposite tendency is more common, with τf and τ l often279

decreasing or plateauing as κ2 increases. This suggests that, unlike u, which sets the overall relaxation timescale of280

the condensate, κ2 primarily modulates the relative strength of magnetic screening and coupling between ψ and A.281

This is a feature whose net impact on the dynamics is more sensitive to the sample geometry and size than to u282

alone. The same characteristic times are also shown in dimensionless units in Fig. (6), which helps visualize trends283284

that are not immediately apparent from the tabulated values. In every case, τf increases with u for both system285

sizes. The behaviour of τ l is less uniform: it grows monotonically with u for the smaller system, but for the larger286

system it is non-monotonic and depends on κ2, even decreasing with u in some cases (e.g., κ2 = 10). This indicates287

that the sensitivity of the last-peak dynamics to u is modulated by the strength of the magnetic coupling, unlike the288

first-peak dynamics, which respond to u more uniformly. Nevertheless, when Tc = 1K, the characteristic pulse time289

in all systems is of the order of 100 ns, suggesting that devices based on this geometry could achieve response times290

below nanoseconds.291292

V. CONCLUSION293

In this study, we have shown that cycling vortex dynamics in a nanostructured gapless superconductor produces294

a detectable, reversible sequence of voltage pulses. We directly linked the recombination of vortex configurations in295

the superconductor volume to changes in voltage and noted that the most prominent events resulting in the largest296

voltage pulses are the first entry of vortices into the sample and their complete expulsion at the end of the system297
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TABLE I. Estimation for the amplitudes and characteristic times of the two main voltage peaks: first (∆V f , τf ) and last
(∆V l, τ l), respectively, with ∆V measured in nstatV = 10−9 statV and τ measured in ps = 10−12 s.

Smaller system — L = 25.5ξ(0) Larger system — L = 38.25ξ(0)

u κ2 ∆V f ∆V l τf τ l ∆V f ∆V l τf τ l

1 1 64.9 · Tc 96.6 · Tc 196/Tc 97.5/Tc 87.4 · Tc 137 · Tc 3.32/Tc 91.5/Tc

5.79 1 200 · Tc 252 · Tc 303/Tc 339/Tc 391 · Tc 625 · Tc 478/Tc 381/Tc

12 1 421 · Tc 339 · Tc 435/Tc 373/Tc 872 · Tc 108 · Tc 572/Tc 242/Tc

1 5 21.7 · Tc 37.0 · Tc 149/Tc 104/Tc 42.9 · Tc 48.3 · Tc 117/Tc 149/Tc

5.79 5 47.3 · Tc 59.8 · Tc 356/Tc 317/Tc 168 · Tc 197 · Tc 294/Tc 182/Tc

12 5 97.7 · Tc 85.4 · Tc 512/Tc 369/Tc 384 · Tc 152 · Tc 402/Tc 220/Tc

1 10 10.9 · Tc 21.2 · Tc 209/Tc 104/Tc 29.0 · Tc 39.9 · Tc 110/Tc 252/Tc

5.79 10 23.9 · Tc 30.5 · Tc 458/Tc 342/Tc 93.0 · Tc 137 · Tc 306/Tc 203/Tc

12 10 48.1 · Tc 43.2 · Tc 597/Tc 374/Tc 214 · Tc 78.5 · Tc 480/Tc 203/Tc
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FIG. 6. Characteristic times of the first and last voltage peaks for fixed κ2 and u = {1, 5.79, 12}. Solid lines: smaller system
(blue – first, red – last). Dashed lines: larger system (blue – first, red – last). Note that, in dimensionless units, we used
tGL(0) = ξ2(0)/Du as unit of time.

evolution. This is natural, as both events fundamentally affect the current profiles within the superconductor. The298

entry or removal of Abrikosov vortices in a type-II superconductor corresponds to a phase transition, changing the299

state of the superconducting condensate from a homogeneous Meissner state to a mixed state and back. Other vortex300

reconfigurations can still influence the voltage response, albeit generally to a much weaker extent. The fact that both301

vortex entry and exit produce voltage pulses makes the system cycle-reversible. This conforms to the conceptual gap302

identified in Sec. I: prior studies have largely treated vortex-induced voltage as a passive observable of dynamics, a303
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control tool, a measure of dissipation, or a one-time detection trigger, whereas our results indicate that a periodically304

driven vortex system can generate a repeatable, field-controlled cycle of voltage pulses. This raises the possibility that305

such a mechanism could eventually underlie a cyclic detection scheme, in a spirit similar to the hotspot mechanism306

exploited in single-photon detectors, although here, the pulse-triggering event is a deliberate magnetic-field drive307

rather than a stochastic photon arrival.308

The simulations involved a long superconducting cylinder with a square cross-section and a concentric square309

hole. We simulated systems with different lateral sizes L and a hole of fixed size L/3. The smaller system size was310

L = 25.5ξ(0), which provides the minimum vortex configuration for this geometry, whereas a 1.5 times larger system311

had L = 38.25ξ(0). In the latter, the number of vortices reached 20 at a time. Moreover, such an increase in the312

vortex number did not qualitatively change the system behaviour in terms of the emerging pulses not associated313

with vortex redistribution. This demonstrates the resilience of the response with respect to the number of vortices,314

which may be useful for applications, since ideally tuning the system parameters to obtain four vortices strictly may315

be difficult. Although the system of equations ruling this system is quite complicated, the underlying physics is316

governed by a small set of competing factors. Vortex entry and exit produce the dominant voltage peaks, whereas317

secondary features, such as the transient period associated with current crowding at the corners of the hole for high-κ2318

(particularly 5 and 10 for our simulations), and u = 1 systems arise from more subtle reconfigurations and remain319

distinguishable from noise. Both impurities (higher u) and proximity to the type-I regime (κ2 → 1) increased the320

applied field needed to nucleate and expel vortices (critical fields), which in turn increases the shielding current and321

the resulting voltage amplitude, although at the cost of a shorter pulse duration. Increasing the system size similarly322

increases the amplitude but can also introduce vortex redistribution effects that partially offset this gain.323

In some systems, as the field was reduced, antivortices entered and either annihilated the vortices in the supercon-324

ductor channel, as shown in Fig. (2)-(v), or cancelled the flux in the hole, as shown in Figs. (3)-(iv), (4)-(i) and (4)-(j),325

and (5)-(j). Generally, the appearance of antivortices is caused by the fact that, to force vortices out of the hole,326

a relatively strong magnetic field must be applied. This field, therefore, becomes comparable, by modulus, to that327

required for vortex penetration at the very beginning of the system’s evolution. In our simulations, this effect appears328

only in systems with L = 38.25ξ(0) and κ2 = 1, since both the larger size (which enhances screening currents) and the329

proximity to the type-I regime increase the required field. First, the elongation of vortices (and antivortices) in similar330

systems23 can be caused by the proximity to the Bogomolny point and the intertype domain39–41, in which non-trivial331

vortex patterns and configurations were observed. Second, the interaction of vortices with the sample boundaries332

leads to core distortion directly at the edges, and the vortex–antivortex interaction38,42,43 further deforms the profiles.333

As mentioned in the work of Zadorosny44, the presence of the hole/antidote deforms the vortex/antivortex profiles334

into elongated forms, whose low |Ψ2| extensions overlap within the small effective superconducting area, creating a335

channel from the antidote to the system’s exterior.336

Table I summarizes both the estimates for the amplitude and the characteristic times (defined as FWHM - full337

width at half maximum) for the first and last voltage pulses. The pulse amplitude is qualitatively proportional to the338

critical temperature and the characteristic time ∝ 1/Tc. This suggests that superconductors with higher Tc values339

may be preferable for such system implementations. It has also been demonstrated that increasing the value of u340

generally leads to an increase in the pulse amplitude, with the caveat that it also increases its characteristic time.341

More broadly, these results suggest that nanostructured gapless superconductors could be used as a practical342

platform for cyclic flux-based sensing. A simple periodic magnetic field is enough to generate a repeatable sequence of343

voltage pulses with amplitudes well within the reach of standard laboratory equipment and response times reaching344

the nanosecond scale. Since the pulses come directly from the entry and exit of vortices rather than from a single345

triggering event, the mechanism could be used for devices that reset themselves each cycle, which is something of346

clear interest for single-photon detectors, which need to recover quickly between counts, and for flux-based logic or347

memory elements. Naturally, several steps still separate this proof of principle from an actual device, most notably348

the effects of thermal and electrical noise and coupling to a real readout circuit, and these steps should be the focus349

of future work. Additionally, 3D simulations reach the thin-film limit instead of the axially symmetric case might350

lead to more feasible setups. Nevertheless, the fact that the pulse pattern remains qualitatively robust across different351

system sizes and vortex numbers is a good sign that this behaviour is not an artefact of a particular geometry but352

rather a genuine feature of the underlying vortex dynamics.353
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