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Negative differential resistance and quasiperiodic vortex-antivortex motion in a superconducting
constriction
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We report the observation of the negative differential resistance (NDR) in the current-driven regime of
superconducting MoN/Cu constrictions. Our calculations in framework of time-dependent Ginzburg-Landau
equation reveal that in the constriction at large current there is a channel with dynamically suppressed supercon-
ducting order parameter along which vortices and antivortices move quasiperiodically over time. As the current
increases the constriction switches to the less resistive state with much faster vortices moving periodically over
time (quasiphase slip-line state). Microwave radiation experiments demonstrate the presence of Shapiro steps at
low voltage, where a slow, time-periodic vortex motion is expected. Conversely, Shapiro steps are absent at high
voltage, where the NDR appears, indirectly confirming the quasiperiodic regime.
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I. INTRODUCTION

In superconductors, finite resistance appears at current ex-
ceeding a critical value Ic. This occurs due to vortex motion
in superconductors with size larger than the superconduct-
ing coherence length ξ or the phase slip process in small
size superconducting constrictions or other types of Joseph-
son junctions (JJ). Usually in the resistive state the voltage
increases with an increase in current. In the case of vor-
tices, it is connected to an increase of the vortex velocity,
while in JJ with an increase in the oscillation frequency
of the superconducting order parameter. Due to nonequilib-
rium effects (for example, heating [1], cooling of electrons
in a moving vortex core [2], or complicated vortex dynam-
ics [3]) the voltage-current (VI) characteristic may exhibit
a region with a negative differential resistance (NDR), re-
sulting in an S-shaped VI curve. In current-driven regime,
the state with NDR is unstable and the superconductor
switches to either to a low(zero)- or high-resistance state
with increasing(decreasing) current, leading to a hysteretic VI
characteristic.

However, there are rare phenomena when the VI curve has
N shape and the NDR state is stable in the current-driven
regime. This mainly occurs in systems where chaotic vortex
motion is observed. For example, an N-shaped VI curve is
realized in a superconducting film with a periodic array of
artificial pinning sites and a magnetic field just above the
first matching field [4–7] (where it can coexist with S-shaped
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VI curve [5–7]), underdamped Josephson junctions [8–10],
and a superconducting constriction [11] in the presence of
microwave (RF) high-power radiation. In Ref. [12] similar
NDR has been predicted for asymmetric funnel arrays with
moving particles/vortices where the effect originates from the
rearrangement of static particles and the appearance of the so
called clogging effect. An N-shaped VI curve has been also
observed in Refs. [13,14], although its origin remains unclear.

In our paper, we present another superconducting system in
which NDR exists in a current-driven regime. It is a supercon-
ducting strip with a wide superconducting constriction, where
width wc � ξ and length lc � wc, see Fig. 1. In the constric-
tion the current density distribution is nonuniform due to the
bending of the current lines. At current I > Ic, the vortices en-
ter via the left edge, where the current density is maximal, and
cross the constriction. As the current increases, the number of
vortices increases one by one [15–19], which is evident from
the appearance of the kinks in the VI curve and oscillations
in the differential resistance [see Figs. 2(a) and 2(b)]. At
high current we observe N-shaped VI curve [see Figs. 2(a)
and 2(b)], which is our main experimental result. Using the
time-dependent Ginzburg-Landau equation coupled with the
current continuity equation, we found that in this system at
large current there is a channel with dynamically suppressed
superconducting order parameter along which vortices and
antivortices move quasiperiodically in time. As the current
increases it jumps to a less resistive quasiphase slip-line state
with faster Josephson-like vortices that move periodically in
time. In this respect, it resembles results of Refs. [4–7] where
the transition from chaotic to periodic vortex motion is also
accompanied by a decrease in resistance. Additionally, we
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FIG. 1. Sketch of a current carrying superconducting strip with
a constriction. Across the constriction there is a gradient of current
density (see red and blue curves). For I � Ic the gradient arises solely
due to current crowding near the slit, while for I > Ic the contribution
from moving vortices (V) becomes important. The latter leads to a
maximum of js(x) at the right edge and the antivortex (AV) entry
at I > I∗. Below the sketch we show micrographs of the studied
MoN/Cu strips with constrictions of different widths wc (2.5 and
0.5 µm).

observe RF radiation-induced NDR at high electromagnetic
power radiation having the same origin as in Refs. [8–11].

The structure of the paper is as follows. In Sec. II we
describe our samples and experimental methods. In Sec. III we
present our experimental results. In Sec. IV we show results of
our modeling. In Sec. V we discuss our results and in Sec. VI
make conclusions.

II. SAMPLES AND METHODS

The experiment has been carried out on MoN(40 nm)/
Cu(40 nm) and MoN(40 nm)/Ni(0.5 nm)/Cu(40 nm) con-
strictions. MoN is a dirty superconductor with a normal state
resistivity ρ = 150 µ� cm, a critical temperature Tc = 8.2 K,
and a coherence length ξ (T = 0) = 4.8 nm, while Cu is a
low-resistivity metal (40-nm-thick Cu has ρ = 2.4 µ� cm at
T = 10 K). The copper layer with low resistivity and high
diffusion coefficient acts as a sink, allowing nonequilibrium
electrons to diffuse fast away from moving vortices over
a large distance (much larger than the coherence length in
MoN). This enables us to suppress the influence of self-
heating on vortex motion and reach a state with fast vortices
before transition to the normal state. In our case, we can
neglect proximity-induced superconductivity in Cu since it is
strongly suppressed at I > Ic. This is proved by observation
of the specific current dependence of the kinetic inductance
Lk (I ) of similar MoN/Cu strips without a constriction (see
Figs. 3 and 5 at zero magnetic field and discussion of Lk (I )

FIG. 2. [(a), (b)] Voltage-current characteristics and current-
dependent differential resistance of MoN/Cu constrictions with
different widths. The number of minima in the dV/dI(I) dependence
corresponds to the number of vortices at a given current. [(c), (d)]
Voltage-current characteristics of the constrictions in the presence of
microwave radiation (we adjust RF radiation power to have the same
critical current at different frequencies). Measurements are done with
a shunt. V(I) curves bend backward at high voltages, because in the
figure I is a current flowing via superconductor, which is smaller than
the total current in the presence of a shunt.

in Ref. [20]). In addition, we have samples with Ni(0.5nm)
layer between Cu and MoN (Ni layer considerably suppresses
proximity-induced superconductivity in Cu layer) where prac-
tically the same results are obtained.

FIG. 3. Voltage-current characteristics of MoN/Cu constrictions
at different power and fixed frequency of RF radiation. Measure-
ments are done with a shunt.
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FIG. 4. (a) Calculated voltage-current characteristic of a super-
conducting strip with a constriction (W = 200ξc, wc = 150ξc, lc =
7ξc). Symbols I–IV mark the current range with different vortex
dynamics. In the inset, we show the time dependence of the total
vorticity in the strip Nv = ∮ ∇φdl/2π at different currents (coded
by color). In regime IV, only vortices are present and their num-
ber changes periodically between two and three (not shown here).
(b) Time-averaged superconducting current density distribution js(x)
at the middle of the constriction at different currents, marked with
symbols 0–4 in panel (a). (c) Snapshots of |�|(x, y) in the constric-
tion at different currents. (d) Time-dependent voltage at different
currents.

The MoN/Cu bilayers and MoN/Ni/Cu trilayers are
grown at room temperature by magnetron sputtering with a
base vacuum level of around 1.5 × 10−7mbar on a silicon
substrate with an native ∼2-nm-thick oxide layer. Mo is de-
posed in an atmosphere of a gas mixture Ar : N2 = 10 : 1
at a pressure of 1 × 10−3 mbar and then Ni and/or Cu are

FIG. 5. Voltage-current characteristics of a superconducting strip
with a constriction in the presence of AC Iaccos(2πt/T0) (T0 = 100t0)
of different amplitude Iac. In the inset, we show the low voltage part
of the VI curves. The numbers indicate the positions of integer and
rational Shapiro steps.

deposed in an argon atmosphere at a pressure of 1 ×
10−3 mbar. MoN/Cu and MoN/Ni/Cu strips with a width
of 2.5 and 3.5 µm have been prepared by means of using
mask-free optical lithography. We then use a Ga focused beam
to make a slit and form a constriction (see Fig. 1). The slit
width is about 100 nm and its length varies from 1 µm (for
strips with W = 3.5 µm) to 2 µm (for strips with W = 2.5 µm).
Thus, for the measurements we prepared four constrictions
with a width of wc = 2.5 µm (strips with W = 3.5 µm) and
two constrictions with a width of wc = 0.5 µm (strips with W
= 2.5 µm).

Voltage-current characteristics were measured by four-
probe method. We used a 0.8 � shunt connected in parallel
with the superconducting strip to prevent the strip from
switching to a high-resistance state due to environment noise.
This allowed us to reach NDR region of the VI curve in the
absence of microwave radiation. The shunt was placed on
the distance less than 1 cm from the samples. We checked
that without the shunt we obtained similar results (the results
without the shunt are presented in Appendix B). All measure-
ments were carried out at 4.2 K; the critical temperature of the
hybrids was about 7.8 K.

To check the presence of periodic vortex motion we ap-
plied microwave radiation in the frequency range f = 0.5 −
20 GHz. The radiation was generated by a whip antenna with-
out impedance matching (for more details, see Ref. [11]).

III. EXPERIMENTAL RESULTS

In Figs. 2(a) and 2(b) we show typical VI curves for
constrictions of various widths. Above the critical current,
oscillations in differential resistance are clearly visible, which
are fingerprints of a change in the vortex number [16–19]. We
have at least 7 or 2 vortices in the constriction (depending
on its width), which corresponds to the number of minima in
dV/dI(I) dependence. In the voltage range where oscillations
exist, Shapiro RF-induced steps are observed [see Figs. 2(c)
and 2(d)], validating the time periodicity of the vortex motion.
At high voltages, there is a region of negative differential
resistance on the VI curve. At voltages slightly below this,
dV/dI oscillations are not visible, and Shapiro steps are ab-
sent. VI characteristics are reversible when measured without
a shunt, unless the constriction jumps to a more resistive state
with a resistance of about 1 � (with a shunt they are reversible
at any current).

In Fig. 3 we show evolution of the VI curves with in-
creasing RF power. Shapiro steps do not appear near and
below NDR region, and the NDR amplitude decreases. At a
fixed RF power, the latter effect is more pronounced at higher
frequencies.

IV. QUASIPERIODIC VORTEX-ANTIVORTEX MOTION

To study the origin of the found NDR, we modeled vortex
dynamics and calculated VI characteristic of superconducting
strip with a constriction using the ordinary time-dependent
Ginzburg-Landau equation (equations and details of the
model are presented in Appendix A). In Fig. 4 we show
our results, where the voltage is normalized in units of V0 =
kBTc/|e|, the current is in units of strip depairing current
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without constriction Idep, the time is in units of t0 = h̄/kBTc,
and the distance is in units of ξc = √

h̄D/kBTc (D is the dif-
fusion coefficient). At I > Ic = 0.37Idep, the vortices enter the
strip at the place where the current density is maximal [near
the tip of the slit, see Figs. 1 and 4(b)] and move across the
constriction. With increasing current their number increases
one by one and it leads to kinks in VI curve [15–19] and the
appearance of a vortex jet due to vortex repulsion [17–19,21],
see Fig. 4(c) at I = 0.5Idep. This regime is marked with the
symbol I in Fig. 4(a).

The vortices in the constriction change the current
distribution—the current density from vortices and the trans-
port current are summed up at the right edge of the
constriction [see Fig. 4(b)]. As a result for I � I∗ = 0.58Idep,
when the current density at the right edge reaches depairing
value, the antivortices enter the strip and annihilate with the
vortices inside the constriction (see movie at I = 0.58Idep

within the Supplemental Material, SM [22])—we marked this
regime with the symbol II in Fig. 4(a). This complicates the
vortex-antivortex dynamics, and the period V (t ) increases, as
one can see in Fig. 4(d). This periodic regime is replaced
by a “chaotic” V-AV motion (without any visible period or
quasiperiod) in a narrow current interval (0.63 − 0.642)Idep,
where the vortex jet still exists. It is interesting to note that in
the “chaotic” regime, unusual dynamics is observed when V-
AV do not annihilate and pass through each other (see movie
at I = 0.63Idep within the SM [22]).

For I � 0.644Idep, a sharp increase in voltage occurs due to
shrinking of the vortex jet and the appearance of an area with a
dynamically suppressed order parameter [see Fig. 4(c)] along
which vortices and antivortices move faster than in the vortex
jet regime [regime III in Fig. 4(a)]. This vortex-line state
arises due to finite relaxation time of � (τ�)—at relatively
large vortex velocity and number of vortices the supercon-
ducting order parameter does not have time to recover after
the vortex passage, and a channel appears with suppressed
|�| along which vortices and antivortices move. Physically
similar state has been studied previously in several papers
(see for example [23–25]), experimentally visualized [26–28]
and exists in our system too, but in regime IV. In that state
there are Josephson-like vortices of only one sign (except a
symmetrical superconductor in zero magnetic field [23,24]),
which move periodically in time and physically it resembles
the phase slip line in a wide superconducting strip [23,29,30].
The vortex (phase slip)-line state should be distinguished from
the vortex river state, which may appear in intrinsically or
artificially inhomogeneous superconductors where there are
easy paths for Abrikosov vortex motion, as for example the
rows of holes in Refs. [4–7].

In regime III, a quasiperiodic V-AV motion is observed,
leading to a quasiperiodic V (t ) [see Fig. 4(d)]. Total vorticity
at some moments of time becomes equal to zero or even
negative [see inset in Fig. 4(a)], which means that the number
of vortices is equal to or less than the number of antivortices.
The V-AV annihilate or pass through each other, and then
new vortices and antivortices quickly enter the constriction,
and this process repeats (see movie at I = 0.65Idep within
the SM [22]). Note that the temporary nucleus of the V-AV
lines appear in the “chaotic” part of regime II in different

branches of the vortex jet (see movie at I = 0.638Idep within
the SM [22]), and only at higher current V-AV line becomes a
stable state.

The transition from regime III to regime IV is abrupt,
and it is accompanied by a decrease in voltage. In regime
IV maximal number of vortices is 3, which is significantly
less than in regime III, where the number of vortices and
antivortices can reach 7, but they move much faster providing
not a very large voltage drop. The reverse transition is also
sharp and occurs at a slightly lower current, leading to a
hysteretic VI curve. With the current step used (0.002Idep), we
found no hysteresis during transition between a vortex line
with quasiperiodic V-AV motion (regime III) and a vortex jet
with periodic/“chaotic” V-AV motion (regime II).

Application of AC induces integer and rational Shapiro
steps at low voltages and destroys the NDR (see Fig. 5). As in
the absence of AC the number of vortices increases one by one
with increasing DC, which form a vortex jet and antivortices
appear at I∗ depending on Iac. A sharp increase in voltage
occurs due to the transition from the “chaotic” V-AV jet to
the quasiperiodic V-AV line state, but the next transition to
periodic vortex-line state with smaller number of vortices is
reversible and without NDR already at Iac = 0.02Idep [where
time periodic voltage V (t ) is the sum of two signals with a
period of AC T0 and a significantly shorter period associated
with the passage of fast vortices through the constriction].

V. DISCUSSION

The nonuniform current distribution in the constriction
is a necessary condition for the occurrence of quasiperiodic
vortex-antivortex motion and NDR in the superconducting
constriction. Indeed, in the case of j(x) = const, even in a
wide strip with W � ξ vortex motion is not realized at I >

Ic = Idep and superconductor jumps either to a normal or to
a resistive state with a phase slip line. Only in the presence
of js gradient a resistive state with vortex motion can exist at
zero magnetic field. At high currents, the number of vortices
and their velocity become large enough to ensure τV −V < τ�,
where τV −V is the time required for the vortex to traverse
the intervortex distance. This leads to the deformation of the
vortex cores (� does not have time to recover after vortex
passage) and to the formation of a channel with suppressed �

(regimes III, IV). In our system, a current density gradient
exists across the constriction [see Fig. 4(b)], and both the
vortex velocity and τ� depend on the local current density
js (where higher js results in smaller τ� [31,32]). However,
js is influenced by the vortex distribution within the constric-
tion. Taken together, this considerably complicates the V-AV
dynamics and leads to their quasiperiodic motion. In regime
IV, js remains constant, and since the vortices are Josephson
rather than Abrikosov vortices, they make a small contribution
to js (i.e., js exhibits weak dependence on the number of
vortices and their distribution within the channel), resulting
in periodic vortex motion over time. But even with nonuni-
form js(x), as our calculations reveal (see Appendix A) the
quasiperiodic regime and NDR are realized only for certain
parameters in the time-dependent Ginzburg-Landau model,
which control τ�.
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In contrast, the oscillations of the differential resistance
and the vortex jet are more robust phenomena and exist even
in the London model [15,17,21]. The same is probably true for
the antivortex entry at I > I∗, since a similar effect has been
predicted for a wide superconducting strip where the current
density is nonuniform due to the Meissner effect [23,33]. In
that system, due to the symmetry, local maximum of js(x)
is located in the center of the strip and at a certain current
(similar to our I∗) the vortex-antivortex motion is replaced by
an array of phase slip lines [23]. This prediction has been
confirmed by numerical modeling in the framework of the
generalized time-dependent Ginzburg-Landau equation [24].
Here we found that the situation may be more complex—
there is a vortex line with quasiperiodic relatively slow V-AV
motion [regime III in Fig. 4(a)] with a resistance larger than
that of the line state with fast vortices [regime IV in Fig. 4(a)].
In addition, there is regime with periodic/chaotic slow vortex-
antivortex motion [regime II in Fig. 4(a)], which has not been
discussed previously.

While our simulations qualitatively explain the presence
of NDR in MoN/Cu constriction, there are quantitative
differences between experiment and theory. Firstly, in the
experiment VI curve is reversible, while in theory hysteresis
is observed when the constriction switches between regimes
III and IV. This discrepancy can be explained by environment
noise, which may destroy this small hysteresis.

Secondly, in theory the NDR disappears at a small
amplitude of the AC, when the critical current changes in-
significantly, while in experiment it persists up to high RF
power with a large shift of Ic. We speculate that the Cu layer
may be responsible for this effect. Indeed, the electric field
of RF radiation accelerate superconducting electrons and in-
duces RF superconducting current in the superconductor. The
RF supercurrent reduces critical current of the constriction,
as observed in the experiment. In the resistive state, due to
large difference in ρ between MoN and Cu layers, part of
the normal current must flow through the Cu layer (this ef-
fect reaches its maximal value with the appearance of a the
vortex river). The RF supercurrent is partially converted to the
normal current in the constriction when it is in a resistive state,
and part of this current flows through the Cu layer. This leads
to a decrease in the amplitude of RF current in MoN. In other
words, in the resistive state we expect a smaller amplitude of
the RF current flowing in MoN than in the superconducting
state, and the difference increases with increase in voltage.
Actually, the Cu layer acts as a shunt when the MoN layer
is in the resistive state, and part of the current flows through
the copper. In simulations we cannot take this into account,
since it would require using 3D model, which is a rather time
consuming task.

VI. CONCLUSIONS

Our main experimental result is the observation of nega-
tive differential resistance (NDR) in the current-driven regime
of superconducting MoN/Cu constrictions. We attribute this
observation to the presence of a copper layer, which serves
as a radiator cooling nonequilibrium electrons generated by
vortex motion within the superconducting constriction. In the
presence of microwave radiation, Shapiro steps appear at low

voltages. Together with the current oscillations in differential
resistance, this proves the existence of periodic vortex motion.
Conversely, at high voltages, where NDR appears, Shapiro
steps are not observed.

Our calculations, based on the numerical solution of the
time-dependent Ginzburg-Landau equation, demonstrate the
presence of a channel within the constriction at high currents,
wherein the superconducting order parameter is dynamically
suppressed. Within this channel, vortices and antivortices ex-
hibit quasiperiodic motion over time. This state demonstrates
higher resistance compared to the state at higher currents,
where vortices move periodically at much faster velocity. We
relate the discovered quasiperiodicity to the dependence of
relaxation time of the superconducting order parameter on
the local current density, which in turn depends on the vortex
distribution within the constriction. Notably, in simulations,
Shapiro steps are not observed at high voltages, where pe-
riodic vortex motion is absent. This result corroborates our
experimental findings.
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APPENDIX A: MODEL

We calculate the voltage-current characteristic of a su-
perconducting strip with a constriction using the ordinary
time-dependent Ginzburg-Landau equation for the supercon-
ducting order parameter � = |�| exp(iφ),

u
π h̄

8kBTc

(
∂

∂t
+ 2ieϕ

h̄

)
� = π

8
ξ 2

c

(
∇ − i

2e

h̄c
A

)2

�

+
(

1 − T

Tc
− |�|2

�2
GL

)
� (A1)

coupled with current continuity equation

div j = div ( js + jn) = div

(
−σn

e

π |�|2qs

4kBTc
− σn∇ϕ

)
= 0

(A2)
In Eqs. (A1) and (A2) Tc is the critical temperature, D

is the diffusion coefficient, σn = 2e2DN0 is the conductivity,
N0 is the density of states, qs = (∇φ − 2eA/h̄c) is the mo-
mentum of Cooper pairs (in our case A = 0, since we do not
have a magnetic field), ξ 2

c = h̄D/kBTc, �GL = 3.06kBTc. The
phenomenological parameter u controls the time variation of
|�|: τ|�| ∼ u. The value of the parameter u may be different
in different materials, for example due to variation of inelas-
tic electron-phonon relaxation time τep because τ|�| ∼ τep as
follows from the generalized TDGL model [34].

We solve numerically the Eqs. (A1) and (A2) only in
the superconductor, because we assume that in the N layer
the proximity-induced superconductivity is suppressed by the
current. We neglect the heating of electrons due to dissipation
and their cooling due to time-dependent |�| {the latter effect
may lead to a long relaxation time of |�| [31,32], instability
of the vortex motion [2] and different form of Eqs. (A1)
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FIG. 6. Calculated VI curves of a superconducting strip with a
constriction at different values of the parameter u in Eq. (A1).

and (A2) [34]}. We assume that nonequilibrium electrons
created by moving vortices, diffuse away from the constriction
through the N layer, which has a large diffusion coefficient and
a zero-energy gap. Therefore, we have an almost equilibrium
situation in the superconductor and expect a small value of the
parameter u leading to a small τ|�|.

In the calculations we choose W = 200ξc, lc = 7ξc, wc =
150ξc, length of the strip L = 240ξc, T/Tc = 0.8. To “inject”
current into the strip we use the normal metal-superconductor
boundary conditions in the y direction, �(y = ±L/2) = 0,
−σn∇ϕ|±L/2 = I/W d and isolator-superconductor boundary
conditions in the x direction, ∂�/∂x|±W/2 = 0, ∇ϕ|±W/2 = 0.
The slit is modelled as a region with a critical temperature 2.5
times smaller than in the over part of the superconductor. Most
of the calculations (in particular, results in Figs. 4 and 5) have
been carried out at u = 1.

In Fig. 6 we show the impact of u on the VI curves. As u
increases, the vortices move slower because of the larger τ|�|
and the slope of the VI curve decreases in the slow vortex
motion mode, corresponding to regimes I–II in Fig. 4(a). At
the same time, other properties [kinks, vortex jet, antivortex
entry at I > I∗(u)] remain qualitatively the same. The river
state with quasiperiodic V-AV dynamics is not realized at
u = 2 and system jumps from regime II to regime IV and
vice versa, leading to the hysteretic VI characteristic with-
out N-like area. The hysteresis here is not associated with
heating (we do not take it into account), but originates from
the competition between the time variation of |�| and ∇φ,
as in superconducting microbridge with lc � wc ∼ ξ [35].
For u = 1/2, the range of the currents where quasiperiodic
V-AV motion exists is larger than for u = 1. Our findings
indicate the importance of intrinsic time τ� on emergence of
quasiperiodic V-AV motion and NDR in a superconducting
constriction.

APPENDIX B: EXPERIMENT WITHOUT SHUNT

In Fig. 7(a) we show the results for the MoN/Cu constric-
tion with wc = 0.5 nm (the same sample as in Figs. 2 and 3)
without a shunt. The VI curve is the same as with a shunt,
except that at lower current there is a jump to a more resistive

FIG. 7. (a) Voltage-current characteristics of a constriction with
wc = 0.5 µm without a shunt in the presence of RF radiation. In the
inset of panel (a), we compare the VI curves with (red) and without
(green) shunt in the absence of microwaves. In panel (b) we show
another type of NDR, which appears at high RF radiation power.

state, see inset in Fig. 2(a). Note that the evolution of the VI
curves with increasing RF radiation power is the same as when
using a shunt.

At high RF radiation power (when Ic → 0), another type
of NDR appears at low currents and voltages, similar to that
observed in Refs. [8–11], see Fig. 7(b). Note the quantitative
difference between the NDR at zero/low and high RF radia-
tion power.

APPENDIX C: SAMPLES WITH NI LAYER

In Fig. 8 we present the VI curves of the
MoN(40)/Ni(0.5)/Cu(40) constriction (we have two samples
with W = 3.5 µm and wc = 2.5 µm with very similar
properties). One can see an N-like region and oscillations

FIG. 8. Voltage-current characteristics of MoN/Ni/Cu constric-
tion with wc = 2.5 µm. In the inset we show dependence of the
differential resistance on the current. In this sample we observe sharp
increase of dV/dI at I ∼ 3.7 mA, which we relate with the vortex
entry via intrinsic defect away from a constriction. It is proved by
response on RF radiation, which is typical for two connected in series
Josephson junctions with different critical currents.
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of differential resistance at low voltages, corresponding to
vortex number change. This result shows that the effect of
the proximity-induced superconductivity in the Cu layer is
negligible. Compared to the MoN/Cu samples, we observe
a large change in dV/dI at current a Id ∼ 3.7 mA, which
we relate to vortex entry through an intrinsic edge defect
far away from the constriction. An experiment with RF
radiation proves this—there are radiation-induced features in

differential resistance both near Ic and Id (see inset in Fig. 8),
which resembles the situation with Shapiro steps for two
connected in series Josephson junctions with different critical
currents Ic and Id . While at I < Id Shapiro steps appear at
voltages Vn = n f �0/2 (n is an integer number), at I > Id they
are smeared and located at different voltages (their position
depends on the power of RF radiation) and Id decreases,
similar to Ic.
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