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Abstract

We report on the findings of simulations and experiments of vortex states in superconducting
microwires with periodic rectangular pinhole structures. The simulations are performed by
means of numerically solving the time-dependent Ginzburg—Landau (TDGL) equations. With
increasing bias current and for different values of the external magnetic field applied normal to
the structure plane, we first observe a vortex-free Meissner state, followed by a resistive
vortex-flow mixed state and a state with a more intricate vortex pattern. The resulting
dependence of the critical current I, on magnetic field exhibits two plateaus with distinctly
different vortex dynamics. Corresponding experimentally measured magnetic field dependences
of 1. of WSi microwires with periodic pinhole structures and varying hole spacing confirm the
predictions of these simulations, showing two ranges of magnetic field with almost
field-independent critical currents. The experimentally determined critical currents are larger for
smaller pinhole spacings, in agreement with the results of TDGL simulations. The good
agreement of the simulations with the experimental observations presents a convenient strategy
for the optimization of single-photon detectors with or without artificial and natural defects.

Supplementary material for this article is available online
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1. Introduction

Superconducting micrometer-wide single-photon detectors
(SMSPDs), which can be fabricated from a variety of materials
such as NbN, MoSi, WSi, and NbRe, have recently garnered
significant attention [1-7]. The extension of nanowires to
micrometer-wide wires and the corresponding expected alter-
ation of the light detection mechanism at work offer numer-
ous avenues for further exploration. For SMSPDs, the mechan-
ism of light-quanta detection is likely based on vortex genera-
tion and motion. The energy released by normal-state electrons
accompanying the vortex motion generates a voltage pulse that
can be detected by an external circuit. Therefore, the vortex
dynamics in microwires is a particularly important and valu-
able subject for investigation [1, 8, 9]. Recently, it has been
experimentally shown [5] that dark counts of such detectors in
a magnetic field can be suppressed effectively by perforating
the microwires with a grid of pinholes; moreover, the mag-
netic field dependence of the critical current shows a peculiar
plateau at low magnetic fields around zero. Therefore, arti-
ficially perforated pinhole structures or random defects cre-
ated by energetic ion bombardment can drastically affect the
photon-detection performance in superconducting micro- and
nanowires [4, 10—12].

For superconducting thin films or micrometer and sub-
micrometer wide strips without pinholes, single or mul-
tiple vortex motion has been investigated theoretically and
computationally [9, 13, 14]. Vortex motion is directly caus-
ally related to the magnitude of the critical current as defined
by the current-induced transition from the superconducting to
a resistive state. In the case of a single defect (one hole or an
area of suppressed superconductivity), a qualitative analysis
already allows for a good description and prediction of the
behavior of the system. As reported by Vodolazov et al [15],
two mechanisms, namely, the vortex entry via the edge of the
microstrip, and the creation of vortex—antivortex pairs nucle-
ating in the vicinity of the hole, determine the critical current
in such structures in the presence of an applied current and in
an external magnetic field. In the case of many spatially dis-
tributed defects, a simple qualitative analysis of such complex
systems is no longer possible; therefore, simulations on the
basis of the time-dependent Ginzburg—Landau theory (TDGL)
are required [16].

In this work, we computationally study the vortex dynam-
ics in superconducting microwires with three columns of pin-
hole chains with varying pinhole distance in a rectangular peri-
odic arrangement. TDGL simulations directly demonstrate the
dynamics of the vortex state of the microwires in the presence
of a bias current and an external magnetic field, with vortex-
free Meissner states that are well distinguishable from resistive
vortex flow states appearing with increasing current and show
a remarkable complexity of the vortex arrangement at large
bias currents. Using a suitable realistic voltage threshold, our
simulations allow us to determine the critical current as a func-
tion of the magnetic field.

We find that the critical current in varying magnetic fields
exhibits two distinct plateaus, regardless of the size of the pin-
hole spacing. The time-dependent vortex evolution near these
two critical-current plateaus suggests that the presence of the
pinholes enhances the vortex-free Meissner state in the first
plateau and stabilizes the vortex-flow mixed state in the second
plateau. To verify the findings of these simulations, we have
experimentally examined WSi microwires with corresponding
pinhole structures for three different longitudinal pinhole spa-
cings and have observed the two predicted critical-current plat-
eaus in an external magnetic field. By comparing the results
for different pinhole spacings, we also find that smaller hole
spacings correspond to higher critical currents, suggesting an
influence on the vortex dynamics by the geometrical configur-
ation of the pinholes and improving the current-carrying cap-
ability of the microwires.

2. Simulation details

In this work, TDGL simulations were primarily performed
using the Python computational package pyTDGL presented
in [17], which can solve vortex and phase dynamics in arbit-
rarily shaped 2D superconducting thin films, with an applied
external magnetic field, bias current, or both. pyTDGL is
based on the generalized time-dependent Ginzburg-Landau
equation, which has the dimensionless form:

_uw (0. 723W>
m<at+lap(r,t)+2 T W (r,1)
:(e—|q/)\2)w(r,t)—i—(V—iA(r,t))zw(r,t), (1)

where 1 (r,1) = |1 | €' is the superconducting order parameter
describing the superconducting condensate at position 7 and
time ¢, and ¢ (r,t) and A (r,t) are the Coulomb and the mag-
netic vector potentials in the superconducting film, respect-
ively. The parameter € is a real-valued number adjusting the
local critical temperature of the film and is set here to 1 by
default. The constant u = 74/14¢ (3) ~5.79 is the ratio of
relaxation times to the amplitude and phase of the order para-
meter in dirty superconductors, and « is a measure of the
inelastic electron-phonon scattering strength, which is set to
1 in our simulations [8, 9, 17].

The potential fields associated with the normal current
density satisfy the equation:

Vi (r,)=V -Jy=V-Imy* (V—iA (r,0) (r,1) (2)

where J; is the supercurrent density, accounting for the fact
that the total current in the film is free from divergence.
Together with appropriate boundary conditions, pyTDGL
employs a finite element analysis to solve the time depend-
ence of the order parameter, the supercurrent density, the nor-
mal current density, the Coulomb potential and the magnetic
field distribution in superconducting thin films.
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Figure 1. (a) Design of the superconducting microline 1 perforated with pinholes, with a transverse width w = 1 ym and length L = 3 pm.
The pinholes with diameter D = 100 nm are arranged in a rectangular arrangement, for line 1 at equal distances Ax = 200 nm in the
transverse and Ay = 200 nm in the longitudinal direction, respectively; (b)—(d) the mixed state of microline 1 as an example, in an applied
magnetic field of 80 mT and without bias current. The figures, from left to right, show (b) the amplitude |¢) | of order parameter, (c) its
phase, and (d) the corresponding supercurrent density Js per unit width, with circular screening currents forming the vortices. A
magnification of the dashed rectangular areas is shown below these figures, indicating the size = 2£ of a vortex core in the left panel. A
further magnification of the phase map (bottom panels) illustrates the bifurcation phenomenon for a single vortex carrying one flux quantum
®g (left bottom panel) and for a vortex with two flux quanta, trapped by a pinhole (right bottom panel), marked with blue dashed circles. The
London magnetic penetration depth A and the coherence length £ for this simulation were selected as 960 nm, and 13.6 nm, respectively.

In these simulations, we canprobe the time evolution of
the order parameter v (r,z) and directly observe the creation
of magnetic vortices. Moreover, by setting voltage probing
points as shown in figure 1(a), we can also obtain the evol-
ution of the voltage over time due to vortex flow and define
a critical current using a suitably selected voltage threshold.
Based on the pyTDGL simulation package where the G-L
equations are dimensionless [17], we can convert the corres-
ponding dimensionless times and voltages to physical units
by multiplying them with the characteristic time 79 = pioo\?
and voltage Vy = ;f)g\”% = ﬂi‘f;/\z , respectively, where A is the
magnetic penetration depth, £ the coherence length, i the
permeability of the vacuum, ® the magnetic flux quantum,
and B, the upper-critical field. For a typical WSi microwire,
the conductivity is 0 = ﬁ =5x 10° Sm~!, whereas the nor-
mal sheet resistance R and the thickness d of the strip are set
to Ry, = 1000 Q [5] and d = 2 nm, respectively, to account
for the actual values in the subsequent experiments. The res-
ulting characteristic time and voltage units are, with chosen

A= 960 nm (see supplementary material), 79 = 0.58 ps, and
Vo = 2.3 mV, respectively.

3. Results

For our numerical calculations, we have initially modeled
microline 1 (in the following abbreviated as “linel”), with
length L = 3 pm and width w = 1 pum, see figure 1(a). It
contains pinholes with hole diameter D = 100 nm, arranged
in a rectangular configuration with equal hole spacings
Ax = Ay = 200 nm in the transverse and longitudinal dir-
ections, respectively. In our calculations, we used paramet-
ers of a typical WSi microwire with a thickness of 2 nm,
with a London penetration depth A = 960 nm as obtained
from the measured kinetic inductance in pulse-shape experi-
ments on the devices as described in the supplementary mater-
ial and varying coherence lengths of the order of £ ~ 13 nm
[5]. Figure 1(b) shows the resulting mixed state of this line
in an external magnetic field of 80 mT and without bias
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Figure 2. Amplitude |+ | and phase Arg(y)/m of line 1 at different bias currents as indicated on top of each pair of figures for two selected
magnetic fields 0 mT (a)—(c) and 10 mT (d)—(f), with the bias current in the y-direction flowing from top to bottom, and the magnetic field
directing out of the sample plane; (a), (d) vortex-free Meissner states; (b), (e) vortex-flow mixed states around the respective critical currents
1., and (c), (f) above I. in the resistive state, showing patchy normal-state regions in near the pinholes (see also the movies provided in the
supplementary material for details and the possibility to zoom into the graphs).

current as an example. As expected [18], quantized vortices
appear in the sample, with the order parameter amplitude |¢ |
gradually decreasing at the centers (green circles with approx-
imate diameter 2¢, see magnification in the lower left panel of
figure 1). The phase of the order parameter Arg(¢) is shown
in figure 1(c). The unpinned vortices are primarily distrib-
uted at the edge of the sample, and the resulting supercon-
ducting screening currents (red rings) can be clearly observed
in figure 1(d) [19]. The red color along the edges of the line
represents the Meissner shielding current. The overall phase
pattern shows a divergent distribution from the center out-
ward, with a slight asymmetry due to nonuniform magnetiz-
ation as a consequence of the nonuniform vortex distribution.
Unlike for freely moving vortices, the phase changes around
certain pinholes are 47 (corresponding to two magnetic flux
quanta, 2®), such as for the top left and the bottom right two
pinholes, among others, whereas the majority show a phase
change of 27 as expected, carrying one magnetic flux quantum
®(. These phase changes manifest themselves in the corres-
ponding bifurcations in the phase map as displayed in the cor-
responding magnifications of figure 1(c) (lower panels).
Figure 2 shows the amplitudes and phases of the supercon-
ducting order parameter 1) in the superconducting state of line
1 at different bias currents and for two values of the external
magnetic field of 0 and 10 mT. The same material parameters
asin figure 1 (A =960 nm and £ = 13.6 nm) were used for this
simulation. With increasing current, the superconducting state
appears to transform from a pure Meissner state to a state with
aregular vortex flow distribution slightly below the respective
critical currents /., and eventually to a resistive state at even
larger currents. To determine these critical current values, we

have selected a voltage-threshold criterion to be discussed in
detail further below.

At zero magnetic field and below the critical current as
shown in figure 2(a), the amplitude of the order parameter
remains almost constant at 1, and the phase exhibits a plane-
wave periodic variation reflecting the flow of the supercur-
rents. The absence of significant variations of the order para-
meter near the pinholes suggests that there is no vortex or
vortex-pair generation at these sites. A slight suppression of
the amplitude of the order parameter between the pinholes
reflects weak current crowding. In B = 10 mT and below the
respective critical current, figure 2(d), the amplitude of the
order parameter is partly suppressed in the right half of the
strip. The spatial variation of the phase along the y-axis shows
adistinct gradient, which reflects the uneven distribution of the
supercurrents, but the system remains in pure Meissner state as
no vortices appear [20]. This situation can be described qual-
itatively in the following way. The suppression of the order
parameter at the right edge of the strips is a consequence of the
fact that the bias and Meissner currents are flowing in the same
direction, thereby reducing the order parameter more than at
the left edge where these current directions are opposite. A
certain suppression of the order parameter is also observed
between the middle and the right column of the pinholes and
at the right side of the latter pinholes. Here, the local current
density is increased due to current crowding.

In the state of vortex flow at currents near the respect-
ive critical values, as shown in figures 2(b) and (e), several
continuous horizontal lines with strongly suppressed order
parameter appear, connecting the pinholes. For example, in
zero magnetic field, figure 2(b), the amplitude of the order
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Figure 3. (a), (b) Evolution of the voltage across the line 1 over a 1500 79 ~ 0.9 ns time period for two sets of magnetic field and bias
current around the respective critical current, assuming a coherence length & = 13.6 nm; (c) Time slices of the order parameter amplitude at

0 mT and 10.55 pA; (d) Corresponding data for 10 mT and 9.95 pA.

parameter is suppressed across the full width of the strip in
six rows of pinholes. In the other regions, the spatial distri-
bution of the order parameter remains virtually unchanged
as compared to figure 2(a) [21, 22]. In a magnetic field of
10 mT, figure 2(e), the phase of the order parameter displays
a clear bifurcation phenomenon at certain pinhole sites, which
is a typical indication that vortex lines are trapped at these
positions.

At even larger bias currents beyond the critical current, a
vortex flow state appears that displays peculiar patterns, as
shown in figures 2(c) and (f). The order parameter is sup-
pressed in such a manner that patchy normal state regions form
in proximity to the pinholes, resulting in a phase landscape that
becomes exceedingly delicate and appears to be almost chaotic
on both sides of the pinhole rows [9, 13].

We now turn to the details of the time evolution of the
voltage across the bridge based on our simulations of line 1.
After applying a bias current of 10.55 A at f = 0 in zero mag-
netic field, vortex—antivortex pairs are created and move hori-
zontally outward from the pinholes to the edges within certain
pinhole rows, accompanied by a voltage increase from zero
due to the dissipative vortex motion. The generated voltage
turns out to be proportional to the number of such rows show-
ing vortex flow, and it therefore exhibits a stepwise increase
over time as depicted in figure 3(a). This outcome reflects the
fact that the generation of vortices is discontinuous, and a tran-
sient saturation of the number of flowing vortices occurs at
each voltage step. In the first step, the voltage rises by 2.5
voltage units, whereas the subsequent four steps correspond
to 1.25 units, summing up to 7.5 units and 6 affected pinhole
rows in the final state, as also shown in figure 2(b). The 1:1
correspondence between voltage and the number of pinhole
rows exhibiting regular vortex flow can been clearly seen by
inspecting the time sequence of the order parameter of line
1 in figure 3(c), and in the detailed movies provided in the

supplementary material. The fact that vortices first appear at
the top and the bottom of the microstrip is attributed to the cur-
rent crowding at both ends where the uniform current meets
the field of pinholes. The region of the vortex-free Meissner
state is kept as large as possible throughout the whole process.

The corresponding evolution of the voltage over time in
a magnetic field of 10 mT with a bias current of 9.55 pA is
shown in figures 3(b) and (d), along with the accompanying
variations of the order parameter and the creation of line struc-
tures connecting pinholes within individual rows. The system
starts already with a weak current-crowding effect due to the
presence of the Meissner current. In contrast to the zero-field
case, the vortex flow is initially triggered in all pinhole rows
immediately after turning on the bias current due to this cur-
rent crowding, as is shown for ¢t = 73 7 in figure 3(d), and
the voltage rapidly increases to 2 voltage units before partially
decaying to a lower value. Afterward, as in the zero-field case,
more and more pinhole rows exhibit continuous vortex flow
with increasing duration of the process, until a final state is
reached with a stable voltage. The fact that the voltage (and
therefore resistance) steps in zero magnetic field and in 10 mT
are not equal stems from the fact that the order parameter sup-
pression within a pinhole row for the selected different bias
currents turns out to be different at 10 mT than at zero field.
We present a complete set of simulated /-V data in the supple-
mentary material.

Since the dissipated power caused by vortex motion can
drive a microwire from the superconducting to the normal
state, a threshold voltage should be chosen to define the value
of the critical current /. and its variation in an external mag-
netic field that can eventually be compared with experimental
results. We note, however, that the evolution of the voltage as
shown in figure 3 and the -V curves presented in the supple-
mentary material correspond to a case where Joule heat has
no direct effect on the behavior of the electronic system, i.e. a
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Figure 4. (a) Simulated critical current vs. magnetic field of line 1 for four superconducting coherence lengths, £ = 13 nm (black), 13.4 nm
(red), 13.6 nm (blue) and 13.8 nm (green); (b) hole arrangements for lines 1-3 with vertical distances Ay = 200 nm (line 1), 300 nm (line 2)
and 400 nm (line 3) between the holes, with identical dimensions 3x 1 um? of the superconducting film and pinhole diameter D = 100 nm.
(c) simulated critical current vs. magnetic field for three lines with fixed coherence length £ = 13.6 nm and identical voltage threshold 4V,

(=9 mV).

situation with perfect thermal anchoring as it could be realized,
for instance, by immersing the thin film in superfluid helium.
In reality, the transition to the normal state can result in a local
temperature increase within the film material that can ulti-
mately lead to thermal latching (see supplementary material),
so that the measured V(¢) and I-V curves would deviate from
those obtained by the present simulations. Nevertheless, the
bias current leading to a suitably chosen low threshold voltage
should still reflect the technical critical current /.. that is meas-
ured in an actual experiment, above which possible thermal
latching could occur.

We have chosen 4V (=9 mV) as a threshold voltage, which
corresponds to a stable vortex flow across about half of the
pinhole rows for line 1 in B = 10 mT. Figure 4(a) shows the
dependence of the critical current /.(B) on the magnetic field
as calculated for four different coherence lengths, & = 13 nm,
13.4 nm, 13.6 nm, and 13.8 nm, respectively. At zero magnetic
field, the simulated /.(0) decreases with increasing coherence
length, and corresponds to 11.0 nA, 10.68 pA, 10.53 pA, and
10.4 pA, respectively. In a weak magnetic field up to 1-2 mT,
the critical currents remain almost constant, i.e. independent
of the applied magnetic field. A further increase of B bey-
ond 2 mT up to =9 mT results at first in a decrease of I,
but it then becomes again comparably weakly dependent on
magnetic field up to B ~ 13 mT, thereby forming a second
plateau-like feature in /.(B). The I, values at the second plat-
eau also decrease with the increasing £, to 10.34 A, 10.08 pA,
9.95 pA, and 9.8 pA, respectively. Beyond B ~ 13 mT, the
I, values decrease again upon further increasing the mag-
netic field. This double critical-current plateau effect in the
magnetic-field dependence of I, is significantly different from
the previously reported behavior of the critical current of
microwires with one hole or with a triangular hole pattern,
where only a single current plateau around B = 0 was observed
[5, 15]. We therefore conclude that microwires with differ-
ent hole arrangements can react very differently in an external
magnetic field.

We note here that the magnetic field values at the observed
plateaus do not coincide with the vortex-matching field
B, ~ 52 mT, which we estimated from By, ~ ®/ Ax?, assum-
ing one magnetic flux quantum per hole and a geometric cell
of area Ax*. Although this fact may be counterintuitive, it
suggests that other factors primarily determine the occurrence
and width of the I.(B) plateaus. Such a plateau has also been
observed in lines with a single hole [15], for which a matching
field cannot be defined, and the width of the resulting plateau is
clearly related to the diameter of the hole. It has been argued
that, in bridges without holes, vortices form at the edges. In
contrast, in the plateau region of the corresponding pinhole
bridges, vortex-antivortex pairs are generated near the holes
[15], which aligns with our observations (see figures 3(c) and
(d) and the movies in the supplementary material).

To study the possible effect of the longitudinal hole spacing,
we performed additional simulations for microwires with ver-
tical hole distances Ay = 300 nm (line 2) and 400 nm (line 3),
with the same transverse hole distance Ax = 200 nm and hole
diameter D = 100 nm, patterned in bridges of identical size
3x1 ;unz. As a result, the number of rows decreases from 11
(line 1) to 7 (lines 2 and 3). Figure 4(c) shows the dependence
of the critical current on the magnetic field obtained for these
microwires by fixing the coherence length to £ = 13.6 nm and
using the same voltage threshold as for line 1. Two critical
current plateaus in /.(B) also develop in the lines 2 and 3. The
critical currents for the first plateau (B = 0) decrease systemat-
ically with increasing hole distance, from 10.53 pA to 10.3 uA
and 10.16 pA, respectively. The I, value at the second current
plateau is approximately 9.95 A, independent of Ay, which
may be a coincidence. In contrast, the magnetic field range
spanning the second plateau clearly and systematically shifts
to smaller magnetic fields (from 9 to 12 mT in line 1 to 4—
8 mT in line 3). As the number of pinhole rows is identical in
lines 2 and 3, we may tentatively conclude that the observed
tendency of an overall decrease of /. and a shift of the second
plateau to lower magnetic fields with increasing longitudinal
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Figure 5. SEM images of the samples used in the experiments: (a) 1 gm wide and 90 pm long straight microwire with a pinhole grid; (b)
enlarged view of exp-line 1, with pinhole diameter D = 100 nm, and transverse and longitudinal hole spacing Ax = Ay = 200 nm,
respectively; (c) exp-line 2 with Ay = 300 nm; (d) exp-line 3 with Ay = 400 nm.

hole spacing is an intrinsic trend, which is likely caused by
a systematic variation of the respective vortex dynamics with
varying hole distance [23-28]. It is therefore conceivable that,
in the hypothetical limit of an infinitely large Ay, correspond-
ing to a single row of pinholes, only a single plateau remains
around B = 0, as it has been observed in experiments with a
single defect [15].

4. Experimental confirmation

In order to test the pyTDGL simulation results for supercon-
ducting microlines with pinholes with respect to the vortex
dynamics, and in particular to the possible appearance of two
critical current plateaus in a magnetic field, we performed
experiments on dedicated WSi microwires. Figure 5 shows the
SEM images of three structures made of a 2 nm-thick WSi
film, with exact composition Wy 59 Sig4;, sheet resistance of
1000 Q sq~!, and a critical temperature of 2.4 K [5]. The
dimensions of the microwires were w = 1 ym and L = 90 ym
(figure 5(a)). The pinhole arrangements and sizes in the exper-
imentally investigated microlines (denoted in the following as
exp-line 1, 2, and 3) are the same as the model lines in figures 1
and 4, with a transverse spacing Ax = 200 nm and vertical
spacing Ay = 200 nm, 300 nm, and 400 nm, respectively, see
figures 5(b)—(d). The measurements were conducted in a dilu-
tion refrigerator (Oxford Instruments Inc.) with a base tem-
perature of 250 mK. The magnetic field was generated by a
built-in commercial superconducting magnet and controlled
by a Mercury iPS power system with an accuracy of 1 mT.
To measure critical currents and detect voltage pulses, we used
a commercially available single-photon probing platform with
an integrated low-noise voltage bias and amplifier (PHOTEC),
photon counter SR400, and DPO 7354 oscilloscope.

The magnetic field dependence of the critical currents /.(B)
of all three lines with pinholes is displayed in figure 6(a). They
all show a comparable behavior to the two plateaus of the crit-
ical current, see figure 6(b)). At the first plateau around zero
magnetic field, the critical current values /.(0) are 10.65 pA,
10.25 pA, and 10.10 pA for the exp-lines 1-3, respectively.

As predicted by the results of the simulations discussed above,
we observe a second plateau in all three types of lines, with
critical-current values 9.75 pA, 9.65 A, and 9.25 pA, respect-
ively. These experimental results not only clearly confirm the
occurrence of two critical current plateaus for a rectangular
pinhole pattern in superconducting bridges but also correctly
reproduce the qualitative correlation between the value of the
critical current and the longitudinal hole spacing as predicted
by the pyTDGL numerical simulations. In figure 6(c), we tent-
atively directly compare the experimental and simulated /.(B)
dependences from figure 4(a) for exp-line 1, with the best
match for & = 13.4 nm and 13.6 nm.

However, we do not expect a perfect reproduction of all
experimental data from our simulations. While the second
plateaus are well developed in the experiments, they are all
located between approximately 6 mT and 14 mT and do not
show any clear shift with varying Ay as suggested by the sim-
ulated results shown in figure 4(c). Moreover, the measured
magnetic field dependences of I.(B) within and beyond the
second plateaus are stronger than predicted [20]. Possible reas-
ons for these discrepancies are manifold. First, the lines stud-
ied in the experiments were considerably longer than those
in the simulations for practical reasons. Additional influences
may include inadequate modeling of the properties and geo-
metry at the edges of the lines, the pinholes and the electrodes,
and deviating material parameters. We also disregarded pos-
sible thermal latching processes in the simulation due to the
difficulty of modeling all relevant heat flows (see supplement-
ary material for more details), and it is conceivable that heat-
ing effects and thermal latching are responsible for the steeper
transition of the critical current from the first to the second
plateau and the lower experimentally measured critical cur-
rent at the second plateau, in comparison with the calculated
1.(B) that do not include such thermal effects, as shown in
figure 6(c).

Nevertheless, the still surprisingly good agreement between
theory and experiment may be due to the fact that WSi is a
weakly pinning material. Similar superconducting materials
with comparable or even weaker bulk pinning are there-
fore preferable candidates for confirming the theoretical
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Figure 6. (a) Magnetic field dependence of the critical current /.: black, red, and blue curves are for exp-lines 1, 2, and 3, respectively; (b)
enlarged view of the same for magnetic fields between —15 mT and 15 mT; (c) comparison of the simulated /.(B) data with the

experimental values for exp-line 1.

predictions of vortex dynamics in the absence of bulk pin-
ning. Strong bulk pinning of vortices may effectively modify
the properties of superconducting films with an artificial pin-
hole pattern, making the results of corresponding measure-
ments incomparable to those obtained by theoretical models
based on the assumption of zero bulk pinning.

5. Conclusions

In summary, we have studied the vortex dynamics in supercon-
ducting microwires with perforated rectangular pinhole struc-
tures. The results of simulations based on the time-dependent
Ginzburg-Landau equations are compared with correspond-
ing experiments on the magnetic-field dependence of the
critical current for three different longitudinal pinhole spa-
cings. The simulations reveal three qualitatively different vor-
tex states, namely a vortex free state at low currents below
the critical current, and with increasing current a state with
regular vortex flow, followed by a state with a more com-
plex vortex pattern. The occurrence of two distinct plateaus
in the field dependence of I.(B) contrasts with the observa-
tion of a single plateau around B = 0 in structures with a
single hole or a triangular pinhole arrangement. This field
dependence, as well as the qualitative dependence of /. on
the vertical hole spacing, was experimentally confirmed on
WSi microwires with identical hole arrangements, thereby
confirming the validity and power of the numerical simu-
lations. Certain deviations from the theoretical predictions,
such as the observed faster decrease of I.(B) with increas-
ing magnetic field beyond the second plateau and the exact
location of the second plateau may originate from an over-
simplification of the geometrical structure, for example, by
implicitly assuming uniform edge pinning along the edges
of the microwires and thus neglecting edge roughness and
imperfections, or the disregard of a possible thermal latching
process.

Despite these shortcomings, our approach may stimulate
further related investigations, both theoretically and experi-
mentally, on superconducting microwires containing artificial
or natural defects for photon detection applications.
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