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1. Introduction

Geometry-induced nonuniformities of the current streamlines
are critical for superconducting single-photon detectors[1] and
crucially affect the penetration[2] and patterns[3] of magnetic
flux quanta (Abrikosov vortices) in superconductors. In super-
conductor thin films, the vortex dynamics is 2D and it is con-
trolled by the balance between various forces, among which

the vortex–current, vortex–defect, vortex–
edge, and vortex–vortex interactions are
most essential.[4]

The effects of the current streamline
bending on the vortex dynamics can be
probed, for instance, via the artificial intro-
duction of a single edge defect.[5–7] An edge
defect locally suppresses the energy barrier
for the vortex entry[8] and acts as a gate for
fluxons which then cross the superconduct-
ing constriction under the action of the
transport current.[9] The repulsive interac-
tion between vortices stipulates their
arrangement in the form of a vortex
jet,[10] which has an apex at the defect
and diverges toward the opposite edge of
the constriction, see Figure 1b.

A defect at the opposite edge is expected
to attract the vortices[11] and—for the case
of both defects placed on the same straight
line—to promote the vortex–chain arrange-
ment, see Figure 1a. For defects of the
same strength, one will have a chain of

vortices and antivortices (vortices with the opposite direction
of the circulating supercurrent), which will move from the
defects toward the center of the constriction where they will
annihilate.[11–14] Distinct from this, if the edge barrier is sup-
pressed by one of the defects considerably stronger, then one will
deal with the dynamics of vortices of the same sign. Regardless
of the asymmetry of the edge barrier suppression, such a
constriction[3] can be viewed as a wide (w ≫ ξ, w: width; ξ:
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Superconducting bridges exhibit many properties of a Josephson junction, such
as the electromagnetic radiation at overcritical currents I > Ic and steps in the
microwave-irradiated current–voltage (I–V) curves. These Josephson effects stem
from the periodic motion of magnetic flux quanta (vortices) in the narrowest
region of the bridge. According to the Aslamazov and Larkin (AL) theory, the I–V
curve of such a constriction should exhibit voltage kinks each time the number of
vortices in the 1D vortex chain is increased by one. However, in the presence of
defects and fluctuations, the intervortex repulsion stipulates the formation of a
2D vortex jet, which goes beyond the 1D AL model. Here, by milling one or two
slits across a MoSi thin strip, we make vortices to move in a vortex–jet or a
vortex–chain fashion, respectively. Unexpectedly, for the strip with a vortex jet,
we observe equidistant voltage kinks at transport currents I ≃ 2Ic which are
rather far from the assumption of I � Ic in the AL model. At the moment, we have
no explanation for this observation, tending to attribute it to fast relaxation
processes in MoSi and looking forward for a comparison with other super-
conducting materials.
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coherence length) Josephson junction, exhibiting such
Josephson effects as the electromagnetic radiation at overcritical
currents I > Ic and steps in the microwave-irradiated I–V
curves.[15–22] These effects originate from the periodic motion
of fluxons in the narrowest region of the bridge.

For a minor number of fluxons, the I–V curve of slitted super-
conducting thin strips will exhibit voltage kinks, which have
recently been proposed as a hallmark for vortex counting and
velocimetry.[23] Within the framework of the AL model,[12] there
are several characteristic ranges of variation of the current, which
differ in the number of vortices in the constriction. Qualitatively,
the evolution of the vortex dynamics with increase of the current
I can be described as follows.[12] When I exceeds the critical value
Ic by only a small amount, I � Ic, the time of formation of a vor-
tex at an edge of the constriction is long and it is considerably
greater than the time of the vortex motion across the constriction.
Here, Ic corresponds to the vanish of the edge barrier and the
entry of the first vortex into the constriction. With increase of
I, the vortex nucleation time decreases and becomes shorter than
the time of the vortex motion across the strip. The vortex–vortex
repulsion makes difficult the nucleation of the next vortex which
can then only be created when the preceding vortex has passed
through almost the entire constriction. With a further increase of
the current, this situation is repeated for a larger number of vor-
tices. Expectedly, the addition of one vortex in the constriction
becomes less appreciable when there are already many (n) vorti-
ces therein, n ! ðnþ 1Þ, that explains the kinks’ smearing with
increase of n.

Here, we compare the I–V curves for MoSi thin strips with
one and two edge defects (slits), which exhibit voltage kinks
as predicted by AL for wide Josephson junctions. By adjusting
the strength of the edge barrier suppression via slit length varia-
tion, we realize the conditions for a 1D vortex chain (strip with

two slits, Figure 1a) and a 2D vortex jet (strip with one slit,
Figure 1b). The geometrical parameters of the strips and the slits
were chosen for the realization of one- to six-fluxon dynamics
and the occurrence of one to six voltage kinks in the I–V curves.
For both strips, we observe equidistant kink voltages. This find-
ing agrees well with the AL model prediction for the strip with
two slits for which the transport current I � Ic and it is unex-
pected for the strip with one slit at transport currents I ≃ 2Ic
which are rather far from the assumption I � Ic in the ALmodel.
Thus, our observation appeals for a comparative study of various
superconducting materials.

2. Experimental Section

The strips were fabricated from a 15 nm-thick MoSi film on a
Si=SiO2 substrate. Details on the film fabrication and characteri-
zation were reported elsewhere.[9] After the photolithography
step, constrictions of 4 μm (sample MoSi4020) and 2.8 μm width
(sample MoSi2862) were formed by a focused Ga-ion beam (FIB)
milling. The sample names contained information on the bridge
width and the slit lengths. Namely, in sample MoSi4020, the slit
had dimensions 25 nm� 2 μm (width� length), resulting in
the isthmus width w ¼ 2 μm, see Figure 1b. In sample
MoSi2862, two slits with the sizes 25 nm� 0.6 μm and
25 nm� 0.2 μm were milled in front of each other on the same
straight line, see Figure 1a, resulting in the same isthmus width
w ¼ 2 μm. All slits were characterized by a partial suppression of
superconductivity within a 5 nm-wide area around the slit.
This suppression was caused by the Ga poisoning during the
FIB milling. The 25 nm� 2 μm slit in sample MoSi4020 was
characterized by a very pronounced bending of the current
streamlines at its apex, as shown in Figure 1b.

The samples were characterized by the resistivity
ρ8K � 150 μΩ cm, critical temperature T c ¼ 6.43K, upper
critical field Bc2ð0Þ � 10.2 T, electron diffusion coefficient
D � 0.5 cm2 s�1, coherence length ξð0Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏD=1.76kBT c

p ¼
6 nm, penetration depth λð0Þ ¼ 1:05 ⋅ 10�3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ8K=T c

p � 500 nm,
and Pearl length Λð0Þ ¼ 2λ2ð0Þ=d � 32 μm. The Bc2ð0Þ value
was deduced from the slope of the Bc2ðTÞ dependence according
to the expression Bc2ðTÞ ¼ Bc2ð0Þ=0:7� ðdBc2=dTÞT .[9] The
dependence Bc2ðTÞ was obtained for nominally identical films
patterned in the standard four-probe geometry, by using a
0.75ρ8K resistivity criterion, in a series of out-of-plane magnetic
fields.[9] The condition ξ � w < Λ justified the applicability of the
AL theory,[12] which ignored effects of the current-induced mag-
netic field variation on the superconducting properties. The I–V
curves were acquired in the current-driven regime in zero
magnetic field at T ¼ 4.2K. The differential resistance data were
obtained by differentiating the I–V curves with a running average
over nine data points. The differential conductance data were
additionally corrected by subtraction of the background.

3. Results and Discussion

Figure 2 and 3 present the I–V data for samples MoSi2862 and
MoSi4020, respectively. For both samples, the I–V curves have a
zero-voltage section (I) at low currents, an extended quasi-linear

(c) (d)

(a) (b)

Figure 1. Sketches of the current streamlines bending in superconducting
strips a) MoSi2862 with two slits and b) MoSi4020 with one slit. The vortex
motion in the narrowest part of the bridge is assumed to occur in a 1D
chain-like and a 2D jet-like fashion. c,d) Scanning electron microscopy
images of the samples.
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Ohmic branch (II) in the flux–flow regime, and an abrupt flux–
flow instability (FFI)[24,25] jump (III) to a higher resistive state
(see the insets in Figure 2a and 3a). Both I–V curves exhibit volt-
age kinks in regime II. The kinks are nearly equidistant in volt-
age, occurring at integer multiples of the first-kink voltage
VMoSi2862

1 ¼ 14.1 μV and VMoSi4020
1 ¼ 14.2 μV. Up to six voltage

kinks can already be recognized in the I–V curves, but even better
so in the differential conductance and differential resistance
curves shown in Figures 2b,c and 3b,c, respectively. From the
rapid onset of the resistance at low voltages, we deduce the
critical current IMoSi2862

c ¼ 0.68mA and IMoSi4020
c ¼ 0.53mA by

using a 500 nV voltage criterion, see Figure 2d and 3d, respec-
tively. The last voltage point before the FFI jump to the highly
resistive state, V�

MoSi2862 ¼ 85.2 μV and V�
MoSi4020 ¼ 86 μV,

corresponds to an instability current of I�MoSi2862 � 0.76mA ≃
IMoSi2862
c and I�MoSi4020 � 1mA ≃ 2IMoSi4020

c .
At first glance, the I–V curves look qualitatively similar,

exhibiting six kinks which are equidistant in voltage and having
very close values of V� at the FFI point. However, a detailed
inspection of the I–V curves reveals their distinct features.
First, the overall behavior of the differential resistance of strip
MoSi2862 in Figure 2c has a tendency to increase while the
I–V curve in Figure 2a exhibits a positive curvature up to the
FFI point. In contrast, the overall behavior of the differential
resistance of strip MoSi4020 in Figure 3c exhibits a flattening
while the I–V curve in Figure 3a features a negative curvature

close to the FFI point. Second, the minima in the differential
resistance for strip MoSi2862 in Figure 2c look qualitatively sim-
ilar. In contrast, the first three minima for strip MoSi4020 are
very pronounced while the last three minima are hardly seen
in Figure 3c. We tend to attribute this feature to some reconfigu-
ration in the arrangement of vortices in strip MoSi4020. Overall,
we have no explanation for this behavior as it implies that there
appears some mechanism which impedes the motion of vortices
at larger transport currents. As a result, the low-dissipative
regime II is maintained up to larger currents for strip
MoSi4020. Finally, the voltage kinks for strip MoSi4020 are
sharper and look almost as steps in its I–V curve.

We note that the preservation of the low-dissipative state for
strip MoSi4020 does not result in an appreciable increase of the
instability voltage V� and, hence, in an appreciable difference in
the maximal vortex velocities in both samples, which can be
estimated from the relation v� ¼ wV�=ðnvΦ0Þ.[23] Here, w is
the isthmus width, nv the number of vortices in the constriction,
and Φ0 the magnetic flux quantum. Substitution of the V�

values from the I–V curves in Figure 2a and 3a yields
v�MoSi2862 � 13.73 kms�1 and v�MoSi4020 � 13.86 kms�1. The
deduced v� values are very close and agree well with the v� values
reported for MoSi from previous FFI studies on straight super-
conducting strips in the presence of small perpendicular mag-
netic fields. If one assumes that the FFI sets on when the

(a)

(c)

(d)

(b)

Figure 2. a) Voltage kinks in the current–voltage (I–V ) curve of strip
MoSi2862 at T ¼ 4.2 K. Inset: The same I–V curve in a broader range
of currents. b) Voltage versus differential conductance. c) Current depen-
dence of the differential resistance. d) Initial part of the same I–V curve in
the semi-logarithmic representation.

(a) (b)

(c)

(d)

Figure 3. a) Voltage kinks in the I–V curve of strip MoSi4020 at T ¼ 4.2 K.
Inset: The same I–V curve in a broader range of currents. b) Voltage versus
differential conductance. c) Current dependence of the differential resis-
tance. The semitransparent red line corresponds to the differential resis-
tance before averaging. d) Initial part of the same I–V curve in the
semilogarithmic representation.
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time of the vortex motion over the distance between two neigh-
boring vortices becomes shorter than the time of healing of the
order parameter wakes behind them, then the relaxation time
can be estimated as τε ¼ w=ðv�nvÞ, yielding τMoSi2862

ε � 24.3 ps
and τMoSi4020

ε � 24.0 ps, which also agrees with the previous
estimates.[9,10] These estimates are made for the assumed
vortex–river configuration (chain of vortices with depleted vortex
cores) just before the FFI onset, as follows from the numerical
solution of the time-dependent Ginzburg–Landau (TDGL)
equation.[10] The vortex river is formed because of the attraction
of vortices to the wake with retarded recovery of the supercon-
ducting order parameter at high vortex velocities.[10]

Within the framework of the AL model, the vortices are
arranged in a 1D chain.[12] In the presence of fluctuations and
defects, however, a likely arrangement is a 2D vortex jet. The vor-
tex jet shapes have been recently studied both analytically in the
hydrodynamic approximation with respect to the density of vor-
tices and their velocity field and numerically on the basis of
TDGL simulations.[10] Furthermore, vortex jets were experimen-
tally observed in superconducting constrictions by scanning
probe microscopy.[3] Therefore, one may assume that one deals
with a vortex jet in strip MoSi4020 while it is likely a vortex–chain
arrangement in strip MoSi2862. In this sense, the double-slit
geometry of strip MoSi2862 is closer to a wide Josephson junc-
tion with a chain of fluxons than the geometry of strip MoSi4020
in which the strong bending of current streamlines is likely to
stipulate a vortex–chain to vortex–jet transition. The examination
of this assumption should remain for vortex-imaging experi-
ments and TDGL simulations. In particular, the recent TDGL
equation modeling reveals an increase of the kink voltage height
by about 15% with addition of one vortex for strips with shorter
single slits and vortex–jet arrangements.[23] While we have no
explanation for the observation of the equidistant kink voltages
for strip MoSi4020, we tend to attribute it to fast relaxation pro-
cesses in MoSi and look forward for a comparison with other
superconducting materials.

4. Conclusion and Outlook

We have studied the I–V curves for superconducting strips with
one and two slits in which the vortex dynamics is realized in a
vortex–jet or a vortex–chain fashion, respectively. For both geom-
etries, we have observed up to six kinks in the I–V curves which
are equidistant in voltage. Our central observation is that in con-
trast to the strip with two slits, whose resistive response at the
transport current I � Ic allows for treating its equidistant kink
voltage spectrum within the framework of the AL model, this
observation is unexpected for the strip with one slit at transport
currents I ≃ 2Ic which are rather far from the assumption I � Ic
in the AL model. It would therefore be interesting to check
whether the vortex–chain regime (or at least a decrease of the
opening angle of the vortex jet) could be reproduced for strips
with two slits placed on the same straight line in TDGL simula-
tions. Similar to the convergence of a vortex–jet toward the
opposite-edge defect, it would furthermore be interesting to
check whether two edge defects somewhat displaced from the
middle line of the constriction would allow for the stabilization
of the vortex jet, impeding the onset of the FFI. Finally, an

interesting research direction would be to use the geometry-
induced magnetic field nonuniformity in 3D superconducting
membranes to control the transitions between vortex–chain and
vortex–jet regimes.[26] The understanding of the dynamics of vor-
tices in such micro- and nano-architectures is required for the
development of novel fluxonic devices for electromagnetic field
sensing[27] and information processing.[28]
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