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We report an experimental investigation that shows how magnetic vortices are generated and cross a current-
carrying superconducting strip when illuminated by a bright (~MeV) and fast (<500 ps duration) infrared light
pulse. The work has been carried out using a strike-and-probe electro-optic technique on a device consisting of a
parallel superconducting strip configuration, with wide spacing between the strips to allow the interaction of the
photons with single strip. We find that photons hitting one strip induce a collective current redistribution in the
parallel strips, which we can quantitatively account for in the framework of the London model by including the
effect of generated and trapped magnetic vortices in the superconducting loops formed by the two adjacent slots.
The amount of trapped vorticity and its dependence on increasing current density flowing in the illuminated strip
is in good agreement with the photon-assisted unbinding of vortex-antivortex pairs. This work allows us to gain a
deeper understanding of the interaction between photons and current-carrying superconducting strips.

PACS numbers: 74.78.-w; 85.25.Pb; 74.90.+n
I. INTRODUCTION

The potential of superconducting strips as a basis for detection of energetic particles dates back to the 1940s,
when a superconducting wire was first used in alpha particle detection [1]. The idea of photon-assisted vortex
de-pairing in superconductors strips was introduced several decades ago as a possible consequence of the
interaction between light and current-carrying superconductors [2]. The topic is of renewed research interest for
a variety of advanced detection applications, including superconducting nanowires (SSPDs or SNSPDs) [3] for
infrared single photon detection and microscopic superconducting strips for high energy (~ 20 KeV) particle or
single molecule detection [4]. Such superconducting strips based devices can be fabricated with high yield over
large areas with modern mico- and nanofabrication techniques. Furthermore, owing to recent advances in
cryogenic engineering, these next generation superconducting detectors are increasing being adopted for real
world applications.

In the context of SNSPDs, the question of the interaction of photons with superconducting materials is
critical. This holds the key for optimising the mechanism for efficient detection at near- and mid infrared
photon energies [5,6] in superconducting single photon detectors (SSPDs or SNSPDs) based on nanoscale
superconducting strips [3,7,8]. Theoretical investigations [9-13] have improved understanding of the different
magnetic vortices that are generated and cross the superconducting element during single photon absorption.
Experimentally, the main signatures of a photon assisted vortex-based detection process so far observed include
the characteristic decrease in quantum efficiency with photon wavelength [14,15] and the temperature
dependence of the current scale that characterizes the detection [16]. Very recent experiments have also reported
evidence for a vortex-based detection process through measurements of the magnetic field dependence of the
quantum efficiency [17-20] as well as its position dependence within the superconducting element [21]. A
review on the detection mechanisms of SSPDs has been recently published [22].

Superconducting strip have been also used in the detection of biological macromolecules for application in
time-of-flight mass spectrometry [23-25]. Here, the evidence is for a detection mechanism where the output
pulses are generated through the “hot-spot” formed by high-energy phonons produced when the molecules
impact the strip [26,27]. The major difference between superconducting strips and SNSPDs is related to the size
of the superconducting strips (strips are five times thicker and an order of magnitude wider) and in the energy of
the molecules, which is generally about a tenth of keV. In this work, the width and thickness of the strips are



very similar to those used in experiments of single-keV molecule detection, allowing for high-flowing current in
the strip (~ mA) and then large pulse amplitudes for easy detection and high signal-to-noise ratio. Nevertheless,
our results could shed light on vortex dynamics induced in SNSPD by the absorption of single infrared photons
as predicted from the phenomenological model developed in [2] that is still valid for disordered 3D
superconducting strip. Moreover, we use a substrate having optical absorptance of 0 % at the wavelength 1550
nm, meaning that although the power of laser pulse used is very high (~ MeV) the main interaction of photon is
in the superconducting strips and no absorption occurs in the substrate.

In this experiment we use an innovative approach to experimentally investigate whether magnetic vortices
have been formed in a current-carrying superconducting strip after photon impact. Our method is to illuminate
thick, wide single superconducting strips using a parallel configuration with wide spacing between them where
the vortex-antivortex pairs (VAPs) that are nucleated and cross the hit strip can be trapped. We can then
calculate the magnitude of trapped vorticity from the measurement of the current distribution in the parallel
strips. We effectively find that VAPs are nucleated after photons hit the strip being trapped then in the adjacent
spacing and more VAPs are trapped when the current of the illuminated strip increases, in agreement with
photon-induced VAP creation model [2].

I1. FABRICATION AND EXPERIMENTAL SET UP

The specially-designed parallel strip device used in this study is shown schematically in Fig. 1. The device is
based on NbN thin film deposited by DC reactive magnetron sputtering on an MgO substrate. The device
structure is defined by electron beam lithography and reactive ion etching. It is made of six parallel strips having
thickness d = 40 nm, width w = 1 um, length / = 200 wm and spaced by Ax = 5 um for a pitch p = 6 um (p = Ax
+ w) (see Fig. 1 (a)). The spacing is chosen to guarantee that only one strip is struck when the focused laser
beam is aligned with the center of the selected strip. The device has a critical current /.= 29.6 mA and critical
temperature 7, = 15.6 K.
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Fig 1 - Schematic of the strike-and-probe technique with the main sequence of steps. The blue lines indicate the currents.
(a) The device is biased and the histogram shows the initial current distribution before laser illumination [28]. The laser is
off and positioned on a selected strip j (in this case j = 3). (b) A laser pulse strikes the selected strip j (= 3) and an output
signal is recorded. (c) The laser is then moved to the probe strip 7 (in this case i = 1) and a second laser pulse is delivered.
The current that flows in this probe-strip is obtained by registering the generated voltage pulse. The probing is repeated
1,000 times to obtain a statistically-accurate value. The histogram is obtained by repeating the procedure of strip i = 1 for
the strips i = 2, 4, 5, 6. The current is reset to zero after each iteration and the selected strip (the struck-strip j = 3 in our
case) is first illuminated to re-establish the initial condition.

The electro-optic measurements were carried out by using the strike-and-probe technique that relies on two
main components: a specially designed parallel-superconducting-strip geometry and the use of a nano-optical
technique for precision movement and positioning of the focused laser beam on the single strips [28]. The nano-
optical technique employed in this study used a fiber-based miniature confocal microscope integrated in a
closed-cycle Pulse Tube (PT) refrigerator operating at 7 = 3.2 K. The miniature confocal microscope is mounted
on a double piezoelectric XY scanner that provides precision movement across the whole device area. A 50 mW
CW laser diode controlled by a fast electric pulse generator were used to generate the laser pulses with temporal
width less than 400 ps and an energy per pulse of about 10 MeV to excite the strips; the diameter of the focused
laser spot is 1.30 = 0.36 ym (FWHM) with the PT cold head switched on [29]. In setting up the experiment we
use the confocal microscope to obtain a reflection map of the device to precisely locate the coordinates of the
center position for the six strips. For more detail on the experimental set up see ref. 29 and references therein.

A key aspect of the strike-and-probe measurement is that when current above a certain threshold flows
through a strip, i, an impinging laser pulse hitting the strip generates a voltage pulse with an amplitude, 4;, that
is proportional to the current density in the strip, J.. We use this to measure the initial current distribution as in
ref. [28]. We then proceed to measure the current distribution in the strips after that the first switching event has
occurred in a specific strip, j, using two laser pulses to perform the strike and probe measurement. The first laser



pulse is used to strike strip j and redistribute its current in the other strips whereas the second is used to probe
the current in the other strip i after the redistribution has taken place. We do this in the following steps. 1) First
we bias the device from zero to the operation point (Fig. 1 (a)) and the current distributes according with the
shown histogram. 2) Then, the laser is positioned on the strip j, we strike it with a first laser pulse and register
the voltage pulse (the strike of j = 3 — Fig. 1 (b)). 3) The laser is moved from the strip j to the strip i, which is
then struck with a second laser pulse and the resulting voltage pulse height, 4; (the probe — Fig. 1 (c)) is
measured. 4) At this point we bias the device at zero current to reset the current and return to the initial
condition and 5) we can now repeat the steps 1 - 4 1,000 times to obtain a more accurate statistics and improve
the precision of the 4; measurement by averaging. 6) We repeat steps 1 - 5 for all the strips i # . At this point
we have measured all the pulse heights from the strips i # j for the case of when strip j has generated the first
detection event.

III. MEASUREMENTS

The first measurement we perform is that of the initial current distribution in the six parallel strips (see the

black triangles in Fig. 2) from which we calculate an effective London penetration depth of 12.3pum in
agreement with previous measurements [28]. This current distribution can be obtained only with no trapped
vortexes (vorticity) present in the slots adjacent the strips. Therefore we can say that no residual vorticity is
introduced in the device during the cool down also if no magnetic shielding is used.
We observe that the measured pulse amplitudes increase linearly with an increase of the current flowing in the
strip, i.e. 4; « I; [28]. Furthermore, in the strike-and-probe measurements we have observed that the struck strip
does not generate signal pulses if it is repeatedly struck again, unless another strip is struck. This means that
there is a significant reduction in the current flowing through a struck strip. We therefore assume that it is zero.
From the above considerations, the equivalence between normalized signal amplitudes and normalized current
densities can be established:
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This allows us to infer the normalized current density in each strip by measuring the pulse amplitude generated
when a laser pulse strikes it.
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FIG 2. (a) Measured initial current distribution in the six strips (black triangle) and measured current redistribution after
the j = 3 was struck (red dots).

We then measure the current redistribution in the device after a light pulse has struck a generic strip. In Fig.
2 for instance, we show the current redistribution after the strip j = 3 has been hit (red dots). The black triangles
show the initial current distribution. From the measurements, we see that the current distribution has changed
from the initial one and that it involves all the parallel strips in different ways. Hence, a detection event in strip
3 actually lowers the current in strips 1 and 2, whereas the current increases in strips 4, 5 and 6. This shows that
during this process, the current that was present in strip 3 does not simply flow into the other strips after the
detection event but rather a collective current redistribution occurs within the six parallel strips.



To further investigate this phenomenon we have measured the current redistribution when each of the strips
1, 2, 3 and 4 was initially struck and the results are shown in Fig. 3 (a) — (d) respectively. We note that by
symmetry of the device the results of striking initially strip 4 should be the mirror image of what we observe
when striking first strip 3 and this is indeed the case. Also, when strip 2 was initially struck we observe the
current in strip 1 becomes lower than it was initially, indicating that the current is redistributed collectively. In
the next section, we show that a key feature for the interpretation of these measurements in the framework of the
London model is to introduce the presence of vorticity in the basic equation of the generalized London theory
[30].
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FIG 3. (color online) Normalized measured (red dots) and calculated (black circle) current density as a function of the
strip number. The four panels refer to different struck-strips j: (a) j =1, (b) j =2, (¢)j = 3 and (c) j = 4 respectively. The
calculated current density values are obtained from the modified London theory using a = 0.239, fixing the current density
in the struck-strip equal to zero and fitting the experimental data with the normalized vorticity v; as the only free parameter.

Iv. THEORETICAL MODEL AND DISCUSSION

The generalized form of London theory is represented by the equation [30]:

V x (ueA*J) + B=V(r - 1)). (1)

The vorticity term V(r - r;) accounts for the presence of magnetic field sources located at the generic positions
r;. Here A is the London penetration depth. In what follows we show that vortices and the associated vorticity
play a fundamental role in understanding the observed phenomenology. The emerging picture is that when the
laser pulse strikes the strip, magnetic vortices nucleate and remain trapped in the superconducting loops formed
by the two slots next to the struck strip. The presence of trapped vortices influences the current distribution, and
can be quantified by using its vorticity to fit the measured data. We use the hypothesis that J = J(x)e, and
therefore

VxJ= a']—(x)ez.
ox

Since B = B(x)e, so that V(r) = V(x)e,, in our case the Eq. (1) can be written as



we agix ) + B(x) =V (x). )

It is convenient to eliminate J(x) from Eq.(2) and write an equation in terms of B(x). In this way we avoid
derivatives of V(x). Using Ampere’s law, and remembering that uoH = B = B(x)e,, Eq. (2) can be written as

9°B
Bx)-22 280 () G)
ox
or, taking finite differences, as
(2+a)B,~fB,-+lfB,-_/=aV,- i= 1,25 (4)

where B; is the magnetic induction and V; is the vorticity in the spacing between the strips i and i+1. To close
the system of equations, we use the integral form of the Ampére’s law, i.e.

I,
_Momﬁ=36_30 ®)

where By and By are the values of the magnetic induction at the two lateral external sides of the device. We also
assume that

5
2&=&f (©)

Eq. (5) and (6) plus the five relations of Eq.(4) permits the calculation of the seven B; values. Our aim, however,
is the calculation of J;, the current densities in the six strip-lines that can be obtained from

- M()A)CJI = B,’ 7Bi_1 1= 1, 2...6. (7)

The J; values are obtained in terms of the four parameters /s, Bio, @ and Vi. I, is fixed in the experiment and
the value @ = 0.239 is obtained from the measured initial current distribution [28].

The model [Eqgs. (4) — (6)] is very general and we restrict it to describe the experiment by assuming that after
striking the strip j, two things occur: 1) the current flowing in the strip becomes zero, J; = 0, and 2) the device
traps only two vortices with opposite vorticity in the adjacent holes, V; = -Vj.;. The first assumption is suggested
by the observation that on/y the first laser shot in a sequence generates a signal pulse from the struck strip and
this permits solution of the equation Ji(Vj, lpias, @, Biot) = 0 for By The second assumption, i.e. the formation of a
pair of opposing vorticity, is used to set to zero all V; with i # j, j — 1. Thus, the only free parameter in the
model is the value of the vorticity V; at the site j. Since we measure signal pulse amplitudes and compare them
with calculated current densities, it is appropriate to use normalized quantities. The fitting parameter V; is also
normalized to be cast as a dimensionless quantity, i.e.

V.
v.=a /
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We can thus obtain the best-fit value, using a least-squares procedure with a single parameter (the
normalized vorticity, v;) that describes the current distribution when strip-line j has been struck. In Fig. 3 we
show the current distributions calculated for the best-fit values: v = 0.27£0.03, v, = 0.14 £0.02, v;=0.15 =
0.03 and vs= 0.14 +0.02. The calculated distribution for the case of striking strip 1 is distinct because there is
no hole on the left side of the strip and it was obtained by considering trapped vorticity only in the hole next to



the strip. As can be seen, the theoretical distributions fit very well the experimental points and reproduce many
phenomenological characteristics of the physical system. As expected, the predicted current distributions are
twofold degenerate: distributions for striking strip 1, 2 or 3 are mirror images of the ones where strip 6, 5 or 4
was struck respectively [see Fig. 3(c) and 3(d)]. We note that the inclusion of the effect of vortices is crucial in
our analysis in order to replicate the experimental data in a satisfactory way. Any attempt to reproduce the data
within the London model, which does not rely on finite vorticity, failed.

The obtained values for v; for the cases i = 2, 3 and 4 are quite similar to each other whereas v, is almost
double the rest. To investigate further this point, we now do the hypothesis that vortices nucleate and cross the
hit strip as figured out by the model of SNSPD detection mechanism [23]. The current density flowing in the
struck strip lowers the unbinding energy, U(J), for a vortex-antivortex pair at a level comparable to that of a
single photon at wavelength of 1550 nm: Epj0n~ 0.8 €V > U(J). This energy can be roughly calculated as
U(J) ~ 2nKoln(J/J) [2]. Here 2Ky ~ @od € J. where & is the Ginzburg-Landau coherence length (~ 5 nm for the
NbN) and @, is the magnetic flux quantum. We calculate the following values for the VAP unbinding energy
for the different strips: U(J,6) = 0.181 eV, U(Jos) = 0.328 eV and U(J54) = 0.416 eV respectively. At the
operating temperature 7 = 3.5 K (that corresponds to a ratio 7/7, = 0.23) the thermal energy fluctuations are
small compared to U(J), kgT ~ 300 peV, and therefore the probability of VAP generation via thermal processes
is vanishingly small. At this point each photon could produce several pairs of free vortices in proportion to
U(J;), which can then be swept to the sides of the strip by the transport current. For the hypothesis that each
photon has a certain probability of generating an average number of vortices we can assume that v; o
Epuse/ U(J;), where Epy, is the energy of the laser pulse which is kept constant in the experiment. This allows us
to compare the calculated ratio U(J,)/U(J;) = 1.81 to the ratio of the measured vorticity v;/v, = 1.85 = 0.05 and
we find a good agreement showing that it is likely that trapped vortices originate as photo-induced unbound
vortices in the strip-lines. We cannot analyze the ratio U(J)/U(J;) in the same way because the relative
difference in the calculated values induces a variation in the trapped vorticity comparable to the experimental
error. For example, [U(J3) - U(J»)] / U(J;) = 0.211 = (v, - v3) / v, which in turn should induce a variation in the
normalized vorticity of v, - v3 = 0.03 which is about the experimental error in the vorticity values. The trapped
VAPs govern the current distribution occurring among parallel strips after a detection event and the number of
VAPs nucleated from the strip is directly related to the current density flowing in the strip when the light pulse
struck it.

We have also calculated the energy of the system for the different current distributions and investigated how
this changes with the variation of v; when the strip 7 has been struck. In order to do this we use the formula

1
E=E.!'[B2 +u§7\.2J2]dV

that gives the energy within the volume of the device. The two terms are the magnetic energy due to the induced
magnetic flux B and kinetic energy due to the flowing current density J. This equation can be rewritten for our
system as [31]:
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In Fig. 4 we plot the calculated energies with variation of the wv; values for the current distributions shown in
the Fig. 3 corresponding to the struck-strips j = 1, 2 and 3. Due to the twofold degeneracy of the current
distribution for j = 3 and j = 4, the corresponding v4 curve of the energy is identical and has not been shown. It
can be seen from Fig. 4 that the generation of vorticity is energetically favorable in all cases because the
minimum energy when the current is redistributed is reached for vorticity values approximately equal to those
obtained from our fitting procedure.
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FIG 4. Energy stored in the system as function of vorticity. The different curves refer to the cases where the struck strip was
j=3(a),j=2(b)andj =3 (c). The minima in the curves are located at vorticity values in qualitative agreement with the
values obtained by the best fit procedure.

V. CONCLUSIONS

We have performed strike-and-probe measurements on a specially designed device having parallel strips and
large slots between them to investigate the effect generated by the absorption of infrared photons in
superconducting current-currying strips. The thick and wide strips allow us to firstly detect and measure the
amplitude of the pulses induced by laser pulses and secondly, to determine the resulting current distribution in
the parallel strips. By measuring the current redistribution occurring after photon impact on the strips we clearly
see that current does not simply flow into the other parallel strips but rather a collective current redistribution
takes place. Only when we include effect of trapped magnetic vortices in the adjacent slots we can account for
the measured current distributions using the generalized London model. This comparison between our
experimental results and the model strongly indicates that vortices are generated and cross an illuminated
current carrying superconducting strip. The adjacent slots act as superconducting loops, trapping the photo-
induced vortices allowing us to measure and quantify their presence from measuring the current distribution.
The experimental results are in agreement with the hypothesis of creation- and crossing of VAPs in the
illuminated superconducting strip as described in the model of ref. 2 developed more generically for disordered
2D/3D current-carrying superconducting strips. We find also that the amount of trapped vorticity increases with
the current density of the illuminated strip in agreement with that model [2].

It is interesting to consider the relevance of this study to the current debate on the mechanism of infrared
single photon detection in SNSPDs. In our study reported here, the superconducting strips studied have width
of about 10 times- and thickness of about 8 times greater than those used for the SNSPDs. Our device is a 3D
disordered superconducting structure; a typical SNSPD is a 2D disorder superconducting structure. Our device
configuration allows current flow in each strip (~ mA) and produces large pulse amplitudes for easy detection
and high signal-to-noise ratio. Nevertheless, our results could shed light on vortex dynamics induced in SNSPD
by the absorption of single infrared photons since the general validity of the model developed in the ref. 2 of
manuscript that is valid for both 2D and 3D disordered superconducting strips. Moreover no significant heating
effect occurs neither in the substrate (0 % of photons at 1550 nm wavelength are absorbed in the substrate) nor
in the strip. The high power pulse (MeV) can be regarded as a large number of photons (~10°) impinging on the
strips. Due to the small bias current (Ig/Ic = 0.63), a much smaller fraction of this photons (~10’) impinging on



an area of about 2 um’” generates VAPs with a certain probability just like in SNSPDs. The high number of
photons (VAPs) allow sufficient vorticity to be generated, leading in turn to a current redistribution that can be
easily measured. Therefore, this study indicates that the most probable mechanism when optical radiation strikes
a superconducting strip/nanowire is generation and crossing of VAPs. This study therefore supports the
hypothesis that for SNSPDs magnetic vortices play a dominant role in the detection mechanism as recently
reported in literature [23].

As a final conclusion, it is also worth noting the wider potential of the experimental technique employed in
our study. Our low temperature nano-optical setup up allows us to address a microscopic area of the device, and
controllably investigate the device response through a strike-and-probe procedure. The ability to stably trap
photo-induced vorticity makes this device configuration very promising as an ideal test-bed for gaining a deeper
understanding of future experimental investigations concerning the interaction of current carrying
superconductors with photons or energetic particles. We hope to apply this technique to new superconducting
materials and device configurations in the future.
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