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Probing Confined Vortices with a Superconducting Nanobridge
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We realize a superconducting nanodevice in which vortex traps in the form of an aluminum square are
integrated with a Dayem nanobridge. We perform field cooling of the traps arriving to different vortex
configurations, dependent on the applied magnetic field, to demonstrate that the switching current of the
bridge is highly sensitive to the presence and location of vortices in the trap. Our measurements exhibit
unprecedented precision and ability to detect the first and successive vortex entries into all fabricated
traps, from few hundred nm to 2 µm in size. The experimental results are corroborated by Ginzburg-
Landau simulations, which reveal the subtle yet crucial changes in the density of the superconducting
condensate in the vicinity of the bridge with every additional vortex entry and relocation inside the trap.
An ease of integration and simplicity make our design a convenient platform for studying dynamics of
vortices in strongly confining geometries, involving a promise to manipulate vortex states electronically
with simultaneous in situ control and monitoring.
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I. INTRODUCTION

The London prediction of the flux quantization was
verified in seminal experiments performed on supercon-
ducting cylinders in the 1960s by Deaver and Fairbank
[1], and Little and Parks [2]. Subsequently it was shown
that such microscopic tubes of magnetic flux in super-
conductors can arrange themselves into a regular lattice,
proving the earlier theoretical finding of Abrikosov [3].
Creation of vortices in a superconducting material enables
coexistence of normal inclusions in an otherwise super-
conducting environment, and allows the system to retain
superconducting properties up to larger applied magnetic
fields.

The behavior of vortices in mesoscopically engineered
superconductors, with key geometric features comparable
in size to the governing length scales of superconduc-
tivity (coherence length ξ and/or penetration depth λ),
has been of tremendous research interest since the 1990s
[4–8]. Only since recently, the devices based on single-
vortex control have been proposed and realized [9], par-
tially owing to the prospect of the surprisingly high
speed of vortex “writing” and “erasing” [10,11]. Direct
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imaging of vortices was realized to date by numer-
ous microscopy techniques, involving scanning tunnel
microscopy [12,13], Lorentz microscopy [14], differen-
tial magneto-optical technique [15], magnetic decoration
imaging [16], scanning Hall probe microscopy [17], or
scanning superconducting quantum interference device
(SQUID) microscopy [18–20]. The ballistic Hall mag-
netometry on mesoscopic superconductors could capture
magnetization jumps caused by the single vortex entry
[5]. Detection of vortex entry was also done indirectly
by the measurement of magnetoresistance [21–24]. Sim-
ilarly, normal metal-insulator-superconductor junctions
were employed to probe different configurations of vortices
within small superconducting islands, owing to sensitivity
of the quasiparticle tunneling to the Meissner currents in
the junction [13,25].

The techniques visualizing and sensing distribution of
vortices in mesoscopic samples are thus quite broad. How-
ever, the approaches based on electrical probing of the
vortex configuration, which would be compatible with
construction of modern-concept devices remain very lim-
ited. The ability to manipulate and detect single vortices
is an essential requirement for construction of functional
superconducting devices in the emerging field of the vor-
tex electronics [9]. For example, it was demonstrated that a
controlled placement of a vortex can strongly influence the
characteristics of an adjacent Josephson junction [26,27],
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the use of which in devices is at the very core of the modern
quantum technology.

In this paper, we use a Dayem nanobridge connected
to aluminum nanosquare traps as a sensing element for
the vortex configurations in the traps. We show that the
entry and arrangement of vortices in the field-cooled sam-
ple directly influence the pattern of the switching current
of the nanobridge. The demonstrated implementation of
the device allows electronic detection of individual vor-
tices, which can also be treated as a means to control the
transport properties of the bridge. These features make our
device a convenient platform for presenting desired func-
tionalities rooted in the physics of the superconducting
vortices.

II. METHODOLOGY

A. Samples

We fabricate a series of samples by means of single-step
standard electron-beam lithography. To control the posi-
tion of vortices reliably it is often required to embed the
pinning centers in the studied devices [27]. It is also possi-
ble to confine their position by providing a suitable geome-
try [5,28], which is the strategy employed in our work. The
structures are 30-nm-thick aluminum layers evaporated on
the silicon substrate, consisting of vortex traps in a form of
squares linked by a narrow Dayem nanobridge [typically
approximately equal to 50 × 200 nm, cf. Fig. 1(a)]. The
connecting leads have much smaller width than the vortex
box (typically approximately equal to 300 nm, cf. Table I).
Such a design ensures that in the studied range of mag-
netic fields vortex will penetrate the nanostructure only
within the trap area(s). The sides of the fabricated vortex
boxes were between 580 nm and 1.9 µm. Five samples are
symmetric, with the same box on each side of the bridge,
two samples contain one box only and two are reference
nanostripes (contain no boxes).

B. Measuring protocol

We measure the switching current of the nanobridges
in the dilution refrigerator at constant bath temperature of
T0 = 400 mK. We use the same measurement protocol like
in our previous works [30,31]. The method is based on the
testing of nanobridge with a train of N identical current
pulses. The pulse may transit the nanobridge to the normal
state with temperature above Tc (such a transition is called
a switching event) or it may remain in the superconducting
state. Switching events are recorded on the oscilloscope as
voltage pulses [Fig. 1(b)]. Depending on the pulse ampli-
tude Itest, the number of switchings in the train n may
vary from 0 to N , although n takes values different than
0 or N only for a very narrow range of pulse amplitudes,
rendering S-shaped dependence of the switching proba-
bility P = n/N on the testing current. A few iterations
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FIG. 1. Sample layout and measurement protocol. (a) The
sample consists of the square vortex traps connected via a short
Dayem nanobridge. The traps are connected to the contact pads
through approximately 100-µm-long and 300-nm-wide leads.
Electric signal is applied to one of the contact pads, while the
other pad is grounded. Insets show SEM images of the typical
aluminum structures of the single and double vortex traps. (b)
We send a train of N pulses to the nanobridge in order to deter-
mine its switching probability P. For a certain current amplitude
of the testing pulses (I0.5) the nanobridge switches to the normal
state around N/2 times. (c) In each cycle we send an additional
pulse before every testing of the nanobridge, which acts as a
“reset.” The annealing pulse always switches the nanobridge to
the normal state and overheats the vortex trap above Tc. In our
experiment the real probing pulse is more complex and consists
of a short part of higher amplitude intended to test the junction
(so-called testing pulse), and much longer, typically 5 µs long,
sustain part, enabling the readout of the state of the bridge with a
low-pass-filtered line.

in testing current amplitude allow the switching current
ISW corresponding to P = 0.5 to be found with sufficient
accuracy.

We introduce the additional prepulse (i.e., annealing
pulse) before each probing pulse, whose amplitude is
always higher than Isw [Fig. 1(c)]. The annealing pulse
always switches the nanobridge to the normal state, which
leads to overheating of the vortex trap above Tc = 1.3 K
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TABLE I. Measured parameters of the selected studied samples. Nanostructures are fabricated in single and double box configura-
tions, with side W [cf. Fig. 1(a)], or as a nanostripe interrupted with a Dayem bridge of the length l and the width wn (as extracted from
the SEM images). Aluminum thickness for all samples is 30 nm. wL stands for width of the lead nanostripe. Nanobridge switching cur-
rents Isw are measured for probability P = 0.5 at bath temperature T0 = 400 mK. Samples A and B are fabricated on the same silicon
chip, using the same lithography and evaporation processes. Detailed SEM photos of each sample are provided in Fig. S1 within the
Supplemental Material [29].

Sample W (nm) l (nm) wn (nm) wL (nm) Isw (µA) Chip

A (Double) 860 195 55 310 50.7 1
B (Single) 860 220 45 320 21.9 1
C (Single) 980 200 40 245 22.5 2
D (Double) 1050 140 40 285 29.7 3
E (Nanowire) · · · 300 60 540 58 4
F (Nanowire) · · · 210 70 600 45 5

[32]. The subsequent cooling, taking place in the presence
of constant magnetic field, is governed by electron-phonon
coupling and lowers the temperature of the box below Tc
in a few tens of nanoseconds [33] leading to capturing of
the quantized filaments of the magnetic field in the box.
The number and configuration of trapped vortices depend
on the external magnetic field. Owing to electron-phonon
coupling and QP diffusion the sample continues to cool
down back to the bath temperature T0 in a few microsec-
onds [34]. The interval between pulses is much longer
than the thermal relaxation time of the sample, typically
�t = 100 µs. The Dayem nanobridge with adjacent boxes
are well thermalized at the bath temperature T0 when the
testing pulse arrives. Hence, our protocol provides thermal
cycling of the sample for each prepulse and for some test-
ing pulses, namely those, which are assisted by switching
of the nanobridge to the normal state. Of note, the global
temperature of the cryostat remains unaltered during the
whole experiment, for the Joule heating it involves only
the mesoscopic sample, i.e., bridge, vortex box, and adja-
cent nanoleads. The annealing pulse can be perceived as a
reset pulse removing any magnetic memory from the sys-
tem and initializing the state of the boxes. If the testing
pulse changes the vortex configuration, the annealing pulse
would bring the system to the statistically same initial
condition.

C. Validation by Ginzburg-Landau simulations

To gain insights into vortex states inside the trap(s) and
their relation to the switching current of the nanobridge
connected to the trap(s), we perform time-dependent
Ginzburg-Landau (TDGL) simulations. The behavior of
the superconducting condensate in the TDGL approach
is described by a complex-valued order parameter, which
is allowed to vary in time and space, under the effect of
applied magnetic field and/or current. We use the TDGL
formalism derived for dirty superconductors [35,36],
where the dimensionless equation for the order parameter

reads

u
√

1 + γ 2|�|2
(

∂

∂t
+ iϕ + γ 2

2
∂|�|2

∂t

)
�

= (∇ − iA)2� + (
1 − |�|2) �. (1)

Here u ≈ 5.79 is the ratio of the relaxation time for the
amplitude and phase of the order parameter [37]. A is
the magnetic vector potential due to applied magnetic
field, and ϕ is the electrostatic potential. Parameter γ (= 5)
embodies the effect of disorder in the sample, and charac-
terizes the influence of the finite inelastic scattering time on
the behavior of the condensate. Equation (1) is solved self-
consistently with the equation for the scalar electrostatic
potential

∇2ϕ = ∇ · Im
[
�∗(∇ − iA)�

]
. (2)

An external current is applied as a boundary condition to
the latter Poisson Eq. (2). In these equations, all lengths are
measured in units of coherence length ξ , magnetic fields in
units of the upper critical field Hc2, time in units of the
Ginzburg-Landau time τGL = π�/8kBTcu, current densi-
ties in units of j0 = 3

√
3/2jdp, where jdp is the depairing

current density, and voltage in ϕ0 = �/e∗τGL.
The equations are then discretized using the link-

variable method, on a Cartesian grid, where the order
parameter � is defined on lattice nodes and the vec-
tor potential A on the links between them. The time
step is chosen sufficiently small to guarantee the numer-
ical stability of the forward-time central-space integra-
tion scheme for Eq. (1). Discretized equations are solved
numerically on a lattice with a uniform grid constant
of 22.5 nm, which must be taken significantly smaller
than the shortest length scale in the system—the coher-
ence length ξ at the considered temperature. The value
of ξ(T = 0) is obtained through the dirty-limit formula
ξ(0) = 0.855

√
ξ0l, where ξ0 ≈ 1600 nm is the BCS coher-

ence length, and l ≈ 11.5 nm is the mean free path obtained
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from the experimentally measured normal-state resistiv-
ity of the reference samples. Using the well-established
temperature dependence of coherence length [38] from
the two-fluid model ξ(t̃) = ξ(0)

√
1 − t̃4/(1 − t̃2), where

t̃ = T/Tc, we obtain ξ(400 mK) = 128 nm, which is used
in all simulations of the experimental data.

Note that in the performed simulations, no other fitting
parameters are used. The geometric parameters are taken
as listed in Table I, except for the width of the nanobridge
wn (which is nontrivial to properly extract it from the
experimental images due to the granularity of the junc-
tion, see Supplemental Material [29]). In simulations, wn
is adjusted to an effective uniform width, which yields the
same critical current density of nanobridges in all sam-
ples in the absence of the magnetic field, following the
experimentally measured switching current Isw.

In order to accurately simulate the experimental
protocol, for each value of applied magnetic field an

independent current sweep is executed. First, the order
parameter is initialized randomly to simulate freezing in
from the normal state, resulting in a stochastic initial state.
The stochasticity of the nucleation process makes it possi-
ble to obtain different (metastable) initial vorticity states
at the same magnetic field. Subsequently, the system is
evolved deterministically as the applied current is ramped
up until the phase-slip event occurred indicating the onset
of the switching process.

III. A DAYEM NANOBRIDGE AS A VORTEX
SENSOR

In Fig. 2 we show the collection of Isw measured as a
function of magnetic field for various fabricated samples.
Independently of the sample geometry, for low applied
perpendicular magnetic fields we see monotonous lower-
ing of the Isw, associated with depletive effect of Meissner
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FIG. 2. Normalized nanobridge switching currents versus the perpendicular magnetic field B⊥ for a series of vortex traps (samples
A–D, sizes indicated in the panels) and reference nanostripes (samples E and F), measured at bath temperature T0 = 400 mK. Up to
the first vortex entry Isw decreases monotonously with magnetic field (Meissner state) and changes abruptly at B0. Samples A and B, in
double and single trap configuration, respectively, both with the side of the trap W = 860 nm, exhibit the same threshold magnetic field
values for successive vortex entries into the trap (marked with vertical dashed lines in the top-left panel) although Isw decreases faster
with the field for the sample with a double vortex trap. Nanostripes E and F lack the two-dimensional confining effect on vortices, and
above B0 exhibit irregular, but fully reproducible pattern of Isw(B⊥).
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screening currents on the superconducting order param-
eter along sample edges [6,7]. As we increase the mag-
netic field we observe a nearly periodic series of cusplike
changes of the Isw of the nanobridge. We associate the
appearance of the steps with the successive entries of
vortices, at magnetic fields corresponding to quantized
magnetic flux through the vortex traps.

A. Vortex penetration field

The first observed cusp in Isw(B⊥) marks the first vor-
tex penetration field B0. For long type-II superconducting
stripes it is expected that upon exceeding B0 the Gibbs
free energy exhibits a (meta)stable minimum for existence
of vortices in the middle of the strip, separated by Bean-
Livingston barriers from the edges of the strip [39]. This
threshold magnetic field for vortex penetration takes the
functional form:

B0 = βBm = β
π�0

4W2 , (3)

where �0 is the magnetic quantum flux (h/2e), W the width
of the strip. β is the phenomenological scaling parameter,
which in the original prediction for stripes is equal to 1
[40,41], if we assume that the local energy minimum in the
middle of the strip (but not necessarily the ground state) is
sufficient to stabilize the vortex (Bm is the field value for
which such a minimum appears for the first time). A more
restrictive threshold field BG for the existence of vortices
in the strip was proposed in Ref. [42]. BG corresponds to
the field for which the local energy minimum becomes the
ground state of the system. At fields between Bm and BG,
the Gibbs free energy has a local minimum at the center
of the strip. The vortex may then leave the strip but only
if it overcomes the energy barrier due to thermal activa-
tion. In practice, we expect that the vortices become stable
in the strip at a field between Bm and BG. These predic-
tions were experimentally validated in Ref. [17], by direct
observation of vortices using Hall-probe microscopy. A
corresponding condition was provided in Ref. [43]. The
authors considered the interplay between two mechanisms:
the thermal nucleation of vortex-antivortex pairs during
field cooling of the strip, and the vortex escape through
the energy barrier that exists above Bm. Comparison of the
two competing effects leads to the critical field for vortex
trapping B0, with β = 2.1.

In our experiment we expect to see a similar enhance-
ment of B0 in comparison with Bm. For applied fields below
B0, the Meissner screening currents are increasing with
magnetic field. At each entry of a next vortex these screen-
ing currents are reduced and the net spatial distribution
of the field is changed. Therefore, the order parameter of
the bridge is affected by both the stray field of the vortex
state [27] and the detailed pattern of the screening currents
in the vicinity of the bridge. The first effect has more of
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FIG. 3. Vortex penetration field B0 for different considered
vortex boxes and stripes. Experimental data (full symbols) for
single, double boxes, and nanowires, extracted from Fig. 2, as
well as the simulated data points (hollow symbols), follow the
analytical expression for metastable equilibrium of the vortex
in the superconducting strip [Eq. (3)], up to a multiplying con-
stant β = 2.45 for traps, and β = 1.7 for stripes. For visual
comparison, the dashed line shows the values of B0 for β = 1.

a long-range character while the second is more local,
within a coherence length from the bridge. Both effects
contribute to the fact that nanobridge detects the transition:
the Isw(B⊥) sharply changes at B0.

We collect the data for all single and double trap geome-
tries, as well as for the reference nanostripes, to plot the
first-vortex-entry field B0 against 1/W2 in Fig. 3. The
functional dependence of Eq. (3) describes our data very
well, albeit with β = 2.45. Our data for nanostripes yield
β = 1.7. The further increase of β in boxes, compared to
stripes, is expected to come from their small sizes, which
are comparable to a penetration depth of the magnetic field
λL. Consequently, the sample can remain in the Meissner
state up to the higher fields. On the other hand, the vortex
field lines close up to a big extent through the borders of
the sample, which seems to increase the energetic cost of
hosting the vortex inside the trap.

To additionally validate these findings, we employ the
TDGL simulations on selected samples. Always starting
from the quasinormal state and with 100 repetitions for
each value of the applied magnetic field, we increase the
field incrementally, in the absence of applied current, and
recorded the threshold field B0 for which the probability
of vortex entry is 50%. So the obtained vortex penetration
field is shown together with the experimental data in Fig. 3.

B. Behavior of critical current with vortex penetration
and ordering

We next proceed to examine the effect of the device
geometry on Isw(B⊥). We fabricate two similar samples
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(A and B), using the exact same process and place them
on the same silicon chip. The only difference is that one
is mirror symmetric, with one box on each side of the
nanobridge (Fig. 2, sample A, blue curve), while the sec-
ond sample contains just one box (cf. Fig. 2, sample B,
black curve). Both Isw(B⊥) characteristics show the same
features—the penetration field of the first vortex is nearly
identical (yielding flux approximately equal to 2.45�0
through each trap, cf. Fig. 2), and magnetic field values
at which successive vortices enter into the trap(s) are the
same for both samples [�B⊥ ≈ 3 mT, i.e., yielding just
over one quantum of flux per trap (approximately equal
to 1.1�0)], up to the applied field of approximately equal
to 25 mT, where Isw shows accelerated decrease and its
periodic behavior collapses.

To shed light on this behavior of the critical current
as a function of the applied magnetic field, we perform
TDGL simulations of both samples A and B. The results
are presented in Fig. 4 for sample A and in the Supplemen-
tal Material for sample B [29]. They show discontinuous
changes of the switching current of the nanobridge with
each entry of vortices into the trap(s). The values of applied
field at which vorticities of the boxes change, correspond
to the experimental traces of Fig. 2, despite virtually no
fitting of the parameters being used. When comparing the
curves, one should bear in mind that the experimental data
in Fig. 2 presents the switching currents averaged over
many testing pulses, with each pulse probing not nec-
essarily the same vortex configuration, especially close
to the transition field, when in the field-cooled sample

FIG. 4. Normalized critical current of sample A, calculated by TDGL simulations (red points). Solid line shows experimental data.
Each simulated point is calculated independently for the fixed value of the applied magnetic field. It is obtained as a result of successive
equilibrations at step-increasing values of the applied current. The switching current is defined as the one corresponding to the onset of
the phase-slip process in the bridge or, at higher fields, in the leads. The color bars denote the total number of trapped vortices nv(B⊥)

at the given applied magnetic field. This number is stochastic: it is possible to obtain a different number of trapped vortices when
repeating the simulation starting from randomized initial conditions (simulating nucleation from the quasinormal state). The trapping
stochasticity is at the root of not sharp transitions between vortex configurations, i.e., reentrant behavior is observed whenever we see
a decrease in v(B⊥) although B⊥ is increased. The stochasticity may explain occasional rounding of the experimental curves since
they result from measurements performed over N = 1000 realizations for each field. Noteworthy, the simulated points are grouped
according to own vortex number. Those families are marked with broken lines in the plot to provide a convenient guide for an eye. For
some magnetic field values, simulation predicts expulsion and entry of the vortex during testing pulse before the switching current of
the nanobridge is reached (visible as a two-color bar, where the change of color marks the current for which vortex is expelled or has
entered). At a field of approximately 27 mT vortices start to enter into leads giving rise to an irregular pattern of ISW(B⊥) (cf. Fig. 5).
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various numbers of vortices can be trapped after appli-
cation of the annealing pulse. On the other hand, the
theoretical calculation presented in Fig. 4 is based on a sin-
gle current sweep for each value of the analyzed magnetic
field.

In the simulations, one sees that each vortex entry in
either box or the lead adjacent to the nanobridge changes
the Cooper-pair density distribution at the bridge and
thereby affects its switching current. In Fig. 4 one can
distinguish separable branches in Isw(B⊥) dependence,
each characterized by its own vortex number. The inspec-
tion of the order parameter (see insets in Fig. 4) reveals
its enhancement on the edges of the boxes and in the
nanobridge when a next vortex is added to the box. It
arises from the suppression of the Meissner currents (cf.
state with and without vortex in Video 1). Consequently,
it leads to the increase of the switching current at the tran-
sition regions. Once the vortices penetrate in the leads (in
this case at fields beyond approximately equal to 27 mT),
the applied current may cause criticality in the leads
before the criticality in the nanobridge is reached, lead-
ing to nonregular, but fully reproducible quasiexponential
decay of Isw(B⊥) dependence. This is clearly evidenced in
both experimental and simulated data for both samples A
and B.

Similar behavior is observed in samples C and D, albeit
with decreased period of vortex entries and corresponding
cusps in the Isw(B⊥) characteristics, associated with larger
vortex traps compared to samples A and B (the TDGL
calculation for sample C is presented within the Supple-
mental Material [29]). However, in the case of stripes
connected by a nanobridge, where lateral trapping con-
finement is alleviated compared to the square boxes, the
periodic behavior of Isw(B⊥) is lost—as shown for samples
E and F in Fig. 2. We show the corresponding simu-
lated data for sample E in Fig. 5, and note the very good
agreement in both the slope of Isw(B⊥) and the penetra-
tion field of vortices in the leads (stripes). However, upon
further increase of the magnetic field, one notices increas-
ingly pronounced instability and the onset of criticality
in leads in experimental data at significantly lower fields
than in simulations. The width of the leads (approximately
equal to 5ξ ) allows for the formation of just one vortex
row [44], whose density is fast increasing with magnetic
field, and whose stability is strongly affected by the qual-
ity of sample edges and the heating incurred during vortex
entry and motion, which may explain our observations. For
additional comparison, we show in the inset of Fig. 5 the
behavior of the critical current of the stripe alone, with-
out the nanobridge (constriction), that once again validates
the penetration field of vortices (the first cusp seen) and
matches the tail characteristics of the simulated data for
sample E at higher fields when the switching current of the
nanostripe becomes lower than the switching current of the
bridge.

FIG. 5. ISW(B⊥) characteristics of sample E, calculated using
TDGL simulations (red dots) in comparison with experimental
data (blue line). The bars show the range of fields and currents for
which the vortex row exists in the nanowire. At the onset of the
vortex entry, the row is unstable at higher applied currents and
it is expelled from the sample (such an event is marked as the
termination of the bar before the switching current is reached).
The inset shows the comparison of the simulation presented in
the main panel to the simulated critical current of the nanostripe
of the same size, but without any nanobridge. Noteworthy, in the
latter case, the Isw shows nonmonotonous behavior attributed to
the changes in the edge currents and the order parameter after
vortex row enters into the stripe.

C. High sensitivity at transitions between the vortex
states

At this stage, to emphasize both stability and sensitiv-
ity of the performed measurement, we detail the measured
Isw(B⊥) trace in Fig. 6 for the sample with double trap and
W = 860 nm as a representative example (sample A, cf.
Fig. 2; the analogous detailed traces for samples B, C, and
D are provided in Figs. S5–S7 within the Supplemental
Material [29]). One can see that at the transitions Isw is vis-
ibly enhanced (see, e.g., the first and third vortex entries),
but the increase is often preceded by a reduction of the
switching current in a narrow range of applied magnetic
field. We postulate that such behavior is a result of dissi-
pation appearing in the trap when the testing pulse, when
ramped up, expels the vortex before the switching current
is reached. In such a case, expelled vortex creates quasipar-
ticles, whose presence decreases the switching current of
the bridge. Such an expulsion is only possible for a narrow
range of fields, since vortices are stronger bound in local
energy minima further away from the transition fields—the
Bean-Livingston barrier grows with the field [39,45,46].
Also, to observe the expulsion of a vortex from the box,
the expulsion current must be lower than the switching
current of the bridge ISW. This reasoning is in line with
simulation data (Fig. 4): in general the entry of the addi-
tional vortex increases the value of switching current, but
there are cases when a single vortex is pushed out from
the box before the criticality in the bridge is reached [see
Videos 1(a) or 1(b)]. Vortex expulsion presumably creates
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FIG. 6. Switching current versus the perpendicular magnetic field B⊥ (sample A) for the nanobridge connecting two vortex traps,
both with side of W = 860 nm (see inset), measured at bath temperature T0 = 400 mK, with enlarged transitions to the next vorticity
level.

more quasiparticles, reducing the value of the critical cur-
rent in the bridge. Taking this interpretation, we expect that
for the discussed sample, close to the transition from the
Meissner state to the state with one vortex in each box,
there is no vortex expulsion that would precede the switch-
ing process in the junction (transition no. 1 in Fig. 6).
Here, the switching current is enhanced due to the pres-
ence of vortices in the boxes. During transition no. 2, when
one additional vortex is added to each box, there is small,
but well-measurable suppression of the switching current.
The trace is somewhat rounded, which can be ascertained
to statistical character of the measurement, which aver-
ages 1000 realizations for a given field: for some testing
pulses, vortex is expelled before criticality in the bridge
is reached—such instances correspond to a suppressed
value of the switching current, and for other testing pulses
switching happens before vortex is expelled—such cases
account for an enhanced value of the switching current.
The picture is much clearer for transition no. 3, especially
for positive fields, with a well-defined field value for the
next vortex entry into one of the boxes, followed by the

narrow region of magnetic fields where the switching cur-
rent is enhanced due to the presence of this one additional
vortex. The subsequently suppressed switching current
corresponds to the magnetic field for which additional vor-
tex enters into the second box. Unlike the earlier additional
vortex, the second one can be expelled when ramping up
the testing current, causing dissipation and reducing the
critical current of the junction. However, at larger fields,
its stability is enhanced and it can no longer be pushed
away with the current lower than the switching current of
the bridge. In that case, the presence of the second addi-
tional vortex increases the switching current even further,
compared to the case with only one additional vortex. Sim-
ilar analysis can be carried out for other transitions, with
transition no. 5 looking especially appealing. Here, for
negative magnetic fields, we see two overlapping clearly
distinct ranges of magnetic fields, where the expulsion of
one additional vortex is possible. The overlap corresponds
to the simultaneous expulsion of the two additional vor-
tices producing a pronounced dip in the switching current
trace. The suppressed section of the trace to the right from
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VIDEO 1. Visualization of the simulation results for (a) a sin-
gle vortex and (b) one vortex out of five expelled from device
A, and (c) a row of vortices expelled from device E at constant
perpendicular magnetic fields and increasing applied currents.

the dip corresponds to the scenario with only one addi-
tional vortex in the box, which can be expelled with the
testing current. The suppressed part of the trace to the
left from the dip corresponds to the scenario with two
additional vortices in the boxes: one that can be expelled
with the testing current and the second, which is now sta-
ble, although it has been mobile at lower magnetic field
amplitudes. As intuitively expected, simultaneous expul-
sion of the two vortices should lead to stronger dissipation
and larger reduction of the switching current, as compared
to the case with only one vortex expelled. One should
note that such effects are not considered in our simula-
tions; our TDGL approach does not include thermal effects
due to moving vortices and dissipation, so that the cal-
culated switching current is only dependent on the vortex
configuration at the switching threshold.

IV. DISCUSSION

For all samples with vortex traps, we see a regular,
ordered behavior of Isw, while for those with superconduct-
ing stripes we observe an intricate trace of Isw(B⊥) above
vortex penetration field B0. All measurements are fully
reproducible (as shown in Fig. 2). The detected behavior
of vortex states as a function of trap size W remains in
agreement with the seminal measurements on aluminum
superconducting discs [5], as well as squares [47], where

similar vortex-related features in magnetization and trans-
port are reported. Obviously, the number of possible vortex
configurations in the boxes increases with the number of
vortices in the trap. These configurations may have sim-
ilar free energies as shown by the numerical calculations
for the similar systems [48,49]. We expect that some of
the steps visible in our Isw(B⊥) characteristics may be
attributed to the transitions between those states, as the
switching current of the nanobridge for a particular vortex
configuration will be sensitive to the proximity of a vortex
to the bridge.

Our reported sensitivity of the junction to the vicinal
Meissner currents are in agreement with the findings of
Ref. [13], where suppression of the zero bias conductance
of the scanning tunneling tip is explained by a reduction
of the supercurrents running at the sample edge when each
next vortex enters the mesoscopic superconductor. Simi-
lar local restoration of the order parameter related to the
adding of a new vortex was discussed in Ref. [50] and was
detected as the increased voltage at a fixed current running
through the normal-metal–insulator–superconductor junc-
tion probing the edge of a mesoscopic disc. In all those
cases, vortex entry reduced the Meissner screening cur-
rents, which, in turn, enhanced the superconducting gap
at the geometrical borders. This directly affects the super-
conducting critical current of an attached nanobridge (as in
our case) and changes the number of quasiparticles respon-
sible for local charge transport (as in the aforementioned
Refs. [13,50]).

In the structures studied in our experiments, the ener-
getic minimum of the single vortex is most likely localized
in the center of the traps. By nanoengineering the trap
it is possible to pin the vortex closer to the bridge, thus
enhancing its influence on the distribution of Meissner cur-
rents in the bridge. Such a pinning center can be favorably
defined as a hole in the trap [51,52] or as a region of
suppressed superconductivity, e.g., due to the nanoisland
of copper or gold deposited on top of the trap [13]. We
should probably emphasize that our samples exhibit some
granulation (approximately 15–20 nm in size, cf. Fig. S1
within the Supplemental Material [29]) and some related
pinning, which may affect the vortex configurations. Nev-
ertheless, the switching currents are to a large extent the
same for positive and negative magnetic fields (cf. Fig. 6).
The small asymmetry of the results with respect to the field
polarity may come from the unique shape and morphol-
ogy of each vortex box and thus different configurations of
the vortex-pinning ensemble. Consequently, vortices may
occupy different positions when reversing the sign of the
applied magnetic field or testing current.

Our device is compatible with current biases even at
the level of a few hundreds of microamps, i.e., in the
range where expulsion of vortices should be possible, as
suggested by experimentally measured suppression of the
switching current (cf. Fig. 6—transitions no. 3,4,5) and
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supported by simulation. It is a key feature distinguishing
our arrangement from settings where tunneling Josephson
junctions are used to probe the vortex matter in meso-
scopic samples. As an illustration of such an effect, we
show the time-dependent simulation results of the expul-
sion of a single vortex and one vortex out of five in
device A [Videos 1(a) and (b) within the Supplemental
Material [29], respectively], and the expulsion of a row
of vortices from device E [Video 1(c) within the Sup-
plemental Material [29], respectively] at a certain value
of the external magnetic field and while ramping up the
applied current. In the simplest scenario, such an expul-
sion would allow switching currents of the nanobridge to
be changed, offering a feature to build vortex-based logical
devices [9,47,53,54].

The presented study implicates that superconducting
devices should be made with narrow wires to eliminate the
existence of unwanted vortices that contribute to noise and
decoherence of quantum circuits. The empirically found
criterion for thin aluminum stripes offers B0 = 1.34�0/W2

as a threshold value for the first vortex entry.

V. CONCLUSION

We fabricate and thoroughly test several submicron
superconducting devices in which the Dayem nanobridge
as a sensing element is connected to aluminum nanosquare
traps or stripes. We demonstrate that the pattern of the
switching current of the nanobridge in applied magnetic
field Isw(B⊥) is governed by configuration and dynamics
of vortices in the adjacent traps. The Ginzburg-Landau
simulations give insight into the behavior of the Meissner
screening currents influenced by the arrangement of vor-
tices and affecting the criticality of the nanobridge. Exper-
imental data show additional intricate behavior, where
dissipation associated with expulsion of a single vortex
leads to pronounced suppression of the critical current
of the nanobridge. Our device delivers a convenient in
situ probe for the presence and/or location of vortices
in nanoengineered superconductors. Conversely, we show
that transport properties of a Dayem bridge in magnetic
field can be controlled by the size and vorticity of the adja-
cent islands. We anticipate that the presented approach is
compatible with the manipulation of the vortex configura-
tion with electric current and paves the way to demonstrate
novel-concept logical devices.
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[52] M. V. Milošević, G. R. Berdiyorov, and F. M. Peeters,
Fluxonic cellular automata, Appl. Phys. Lett. 91, 212501
(2007).

[53] M. V. Milošević and F. M. Peeters, Vortex manipulation in
a superconducting matrix with view on applications, Appl.
Phys. Lett. 96, 192501 (2010).

[54] A. S. Mel’nikov and V. M. Vinokur, Mesoscopic super-
conductor as a ballistic quantum switch, Nature 415, 60
(2002).

044073-12

https://doi.org/10.1103/PhysRevLett.114.077002
https://doi.org/10.1103/PhysRevLett.103.217003
https://doi.org/10.1103/PhysRevB.73.024514
https://doi.org/10.1002/andp.201300111
https://doi.org/10.1103/PhysRevLett.93.257002
https://doi.org/10.1103/PhysRevB.60.4285
https://doi.org/10.1063/1.2813047
https://doi.org/10.1063/1.3425672
https://doi.org/10.1038/415060a

	I. INTRODUCTION
	II. METHODOLOGY
	A. Samples
	B. Measuring protocol
	C. Validation by Ginzburg-Landau simulations

	III. A DAYEM NANOBRIDGE AS A VORTEX SENSOR
	A. Vortex penetration field
	B. Behavior of critical current with vortex penetration and ordering
	C. High sensitivity at transitions between the vortex states

	IV. DISCUSSION
	V. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


