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Vortex Motion Study of Oxidised Superconducting
NbRe Microstrips

Xingchen Chen, Carla Cirillo, Mikkel Ejrnaes, Loredana Parlato, Giovanni Piero Pepe, Carmine Attanasio, Sense
Jan van der Molen and Michiel J. A. de Dood

Abstract—We report measurements of the flux flow instability
velocity in 8nm thin superconducting NbRe microstrips. In
particular, a change in vortex motion after the film has been
lightly oxidised is observed. We propose a possible mechanism
according to which pinning is caused by domain walls where
the superconducting properties are discontinuous and support
our claim by a toy-model time-dependent Ginzburg-Landau
simulation. Since our model is very general and applies to any
type-II superconductor, we expect similar effects on other air-
sensitive ploycrystalline thin film superconductors.

Index Terms—Vortex flow, vortex pinning, superconducting
critical current, thin film superconductor, superconducting mi-
crostrip, superconductivity in magnetic field

I. INTRODUCTION

IN type-II superconductors the magnetic field can penetrate
into the superconducting state in the form of the flux

quanta. This is commonly known as vortex entry [1]. Due
to the Lorentz force, the vortices can move freely within
the superconductor. The study of the dynamic vortex regime
provides a platform to comprehend nonequilibrium-correlated
physics [2] [3]. Furthermore, it is of great importance for the
application of superconducting devices that operate at near-
critical currents [4]–[6].

Under vortex-free conditions, before the superconductor
reaches the depairing current, the superconducting state can be
destroyed locally due to the local impurity or certain geometry
[7]. In the presence of vortices, however, the dynamic vortices
cause low energy dissipation well inside the superconducting
state. Experimentally this is commonly measured as a resistive
state before the Cooper-pair-depairing current is reached. Typ-
ically, the energy dissipation is solely induced by the viscous
vortex flow, the measured resistive states have highly nonlinear
current-voltage (I-V) correlations [8]. A discontinuous jump to
the normal state is observed at a current known as the flux-
flow instability point. At this point, the vortices are moving at

Manuscript received September 19, 2023; revised December 19, 2023.
(Corresponding author: Xingchen Chen and Michiel J. A. de Dood)

Xingchen Chen (email: chen@physics.leidenuniv.nl), Sense Jan van der
Molen and Michiel de Dood (email: dood@physics.leidenuniv.nl) are with
Huygens-Kamerlingh Onnes Laboratory, Leiden University, P.O. Box 9504,
2300 RA Leiden, The Netherlands

Carla Cirillo is with CNR-SPIN, c/o Università di Salerno- Via Giovanni
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Università degli Studi di Salerno, I-84084 Fisciano, Salerno, Italy

the maximum velocity that can be sustained in the presence
of the damping force [9].

Assuming uniformly distributed quasiparticles across the
sample, Larkin and Ovchinnikov predicted theoretically that
the instability flow velocity v is independent of the magnetic
field as long as the diffusion length of the quasiparticle is
larger than the triangular vortex lattice constant a(B). At
smaller fields, this translates to vτ ∝ a(B) ∝ B(−1/2), τ
is the quasiparticle relaxation time [3] [10]. In the presence
of pinning centers provided either by specific device geometry
or structural defects, however, the commonly used relation no
longer holds [10]–[13].

In the presence of local defects and variations, the quasipar-
ticle diffusion is no longer homogeneous across the sample,
instead, the diffusion is only uniform along the direction of
the specific flow direction [10]. This results in a distribution
of the vortex flow velocity where the velocity depends heavily
on the location of the specific vortex. Through measuring the
dissipation, only the average flow velocity can be obtained.

With increasing magnetic field the flux flow instability
velocity increases, as more and more vortices start to interact
with one another, weakening the pinning effect. The flux-flow
instability velocity reaches a maximum at a certain magnetic
field. Beyond this field more vortices are pushed into the
sample, making the quasiparticle distribution more and more
uniform, and the flux-flow velocity stabilises, recovering to the
B−1/2 dependency.

NbRe thin films have been recently proposed as a promising
superconducting material for the realization of single photon
detectors [14] [15]. This was indeed confirmed in NbRe-
based devices made both in the forms of nanowires [16] and
microstripe [17] [18]. For a high-quality 15 nm thin film, the
instability flow velocity was reported to exceed 500 m/s at high
fields, corresponding to a quasiparticle relaxation time of about
100 ps [14], putting them well within the range of popular
Superconducting Nanowire Single Photon Detector (SNSPD)
materials such as NbN [19], NbTiN [20] [21], MoSi [22] and
WSi [23].

Here, we report a reduction in flux flow velocity that
we interpret as pinning behaviour in lightly oxidised 8 nm
NbRe film. The surface defects, act as pinning centres, and
change the flux-flow behaviour of the film. In fact, for a
clean polycrystalline film, the flux flow instability velocity is
measured to saturate around 450 m/s at high fields, whereas in
the oxidised film, a strong pinning effect for vortex flow with
a maximum saturation flow velocity of about 200 m/s near Tc

is observed.
We emphasise the importance of long-term prevention of
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oxidation in fabricating a NbRe-based nanowire single photon
detector. The decrease in flux flow instability velocity corre-
sponds directly to an increase in the quasiparticle relaxation
time. This limits the minimum required recovery time of an
SNSPD as well as the timing jitter. For applications, a well-
designed cover layer that prevents slight oxidation will be
required.

II. METHOD

8 nm thin NbRe films were sputtered with a DC diode mag-
netron sputtering system onto a SiOx(300nm)/Si substrate in
10×10−3 mbar Ar background. The sputtering target is 99.9%
pure bulk Nb0.20Re0.80 [24]. Devices were created using
negative resist and electron beam lithography and patterned
using an Ar plasma in an ion beam etcher.

The device geometry is shown in figure 1, where the outer
two probes are used as current leads while the inner two probes
are used to measure voltage. All microstrips have a length of
10 µm, but the width of the microstrip varies from 1.8 µm to
4.8 µm. During measurements, all magnetic fields are out of
the plane, normal to the device surface.

Fig. 1. Optical microscope image of a typical device ready to be measured.
The strip width shown in the figure is 1.8µm.

III. RESULTS

We first present results for an unoxidized film. Figure 2
shows measured IV curves as a function of magnetic field
strength on a log-log scale for a device of width 3.3 µm
measured at 3.0 K. The flux flow dissipates energy before
the abrupt jump to normal state resistance of the devices. The
jump corresponds to the flux flow instability and the last points
before the jump are used to calculate vortex instability velocity
v = V/(BL) where V is the measured voltage, B is the
magnetic field and L is the device length.

At the higher magnetic field, the uncertainty in finding the
instability point becomes increasingly larger due to the mixing
of contributions from both the localised normal transition and
vortex flow to the energy dissipation. The blue dashed line in
figure 2 highlights the field at which the step-like transition
in energy dissipation becomes increasingly gradual. This is
also reflected in the calculated results of instability velocity in
magnetic fields.

Fig. 2. IV curves of a 3.3 µm wide NbRe microstrip measured at T=3.0 K.
The different curves correspond to a magnetic field that increases from B=0
T to 3 T in steps of 0.1 T. The flux flow and flux flow instability region are
marked in the graph before the linear region of normal device resistance. The
blue dashed line indicates where the sudden jump to normal state resistance
becomes gradual-like. Insert is the differential resistance obtained for each
measured IV curve.

The vortex instability velocity found from the data in
Figure 2 is plotted in figure 3. The red line is based on
the Bardeen-Stephen model and serves to guide the eye. The
velocity reaches values of about 500 m/s at smaller fields
and stabilises around 450 m/s at larger fields (B > 1.5 T).
Our results are well-matched with previously measured data
on a slightly thicker film [16]. The fast vortex instability
velocity corresponds to a very short quasiparticle relaxation
time, supporting the claim that thin film NbRe is a promising
candidate for fast and efficient single-photon detection with
SNSPDs [25]–[27].

Fig. 3. Instability velocity derived from figure 2 as a function of out-of-plane
magnetic field. The black dots show the experimental data and the red curve
represents the Bardeen-Stephen model and serves to guide the eye.

When the etched devices are left in contact with the air
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for 3 hours, the oxidation will slowly vary the film surface
condition from polycrystalline to amorphous oxides. Although
the superconductivity still survives, the flux motion becomes
nonuniform and this impacts the diffusion of quasiparticles.

The detailed measurements of the magnetic response of a
1.8 µm wide device at 2.5 K are shown in figure 4 as a typical
result for lightly oxidised devices. At each individual field,
the vortices go through pinning, normal flow, instability and
eventually a jump in the IV-curve to normal state resistance
with increasing current. The different regimes for vortex
motion are marked in the figure.

Fig. 4. IV curves of an oxidised 1.8 µm wide device with increasing magnetic
field in steps of 0.01 T measured at 2.5 K. The different regions of flux motions
are marked in the graph. Insert is the differential resistance calculated with
the measured IV curve, the same regions are indicated.

From the data, it is clear that the measured voltage for the
flux flow region on the lightly oxidised film is much lower
than that of the unoxidised film, indicating a much smaller
energy dissipation. We interpret these results as the presence
of extra pinning centres for vortices across the devices. The
difference in vortex motion can also be seen in the differential
resistance graph (insert in Figure 4), where a flattening in the
differential resistance is present before the jump to the normal
state.

The flux flow instability velocity as a function of the
magnetic field behaves in a completely different manner
compared to the previous results. Figure 5 shows the vortex
instability velocity as a function of the magnetic field for
several different devices at different temperatures. The colours
of the markers represent the temperature while the shape of
the markers indicates different devices. The square and round
symbols correspond to 4.8 µm and 2.2 µm wide microstrips,
respectively.

The data in Figure 5 do not follow the B−1/2 trend observed
in Figure 3 at any temperature. Instead, at lower magnetic
fields the instability velocities are small and only start to
increase at magnetic fields around 20 mT and saturate at about
180 m/s for fields of 1.0 T. This is even more pronounced in
the data for a microstrip device that is 1.8 µm wide shown

in the insert of Figure 5, where at low temperature (2.0
K) the velocity stays well below 5 m/s for fields below 70
mT. The flux flow instability velocity of the unoxidised film
shown in Figure 3 is similar to what had been observed in
superconductors that present heavy pinning behaviour where
the unrestricted movement of vortices is disrupted by pinning
centers [28].

Fig. 5. Flux flow instability velocity as a function of out of the plane magnetic
field for 2 devices of width 4.8µm (square) and 2.2µm (round symbol)
measured at different temperatures. Inset shows the same measurements on
a smaller device of 1.8µm width. Blue-coloured data were collected at near
the critical temperatures of the devices.

The consistent values for the flow velocities across different
oxidised devices suggest the change in film condition is homo-
geneous for all of them. This excludes the possibility that the
flux is trapped by local defects that could be generated while
fabricating individual devices. We propose that the dramatic
decrease in the flux flow instability velocity, and hence the
increase in quasiparticle relaxation times, is caused by the
pinning of vortices. These pinning centres could exist at the
domain wall of oxidised and unoxidized patches across the
sample surface.

IV. ANALYSIS AND DISCUSSION

The properties of superconductors can often dramatically
vary when the surface starts to oxidise [29] [30]. In our
devices, we observe normal state resistivity and the critical
temperature, defined as the temperature at zero resistance, to
be comparable between the oxidised (240 ± 10 µΩ cm, 4.21
± 0.01K) and the original film (238 ± 10 µΩ cm 4.23 ±
0.01K for the 1.8 µm wide strip as an example). This indicates
the modification of the film is very limited, although the light
oxidation might lead to inhomogeneities of the film. However,
there is an evident change in the film behaviour concerning
critical current density as shown in the previous section. We
explain our results by assuming that slight oxidation leads
to part of the device gaining a different superconducting
characteristic length than the rest. We propose a toy model
in which the changes on the device surface act as pinning
centres where the flux is likely to be trapped.
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To support our claim, we perform simple time-dependent
Ginzburg-Landau simulations with COMSOL Multiphysics
to qualitatively illustrate our hypothesis. The time-dependent
Ginzburg-Landau equations are [31]:

∂Ψ

∂t
= −(

i

κ
∇+A)2Ψ+Ψ− |Ψ|2Ψ (1)

σ
∂A

∂t
=

1

2iκ
(Ψ∗∇Ψ−Ψ∇Ψ∗)− |Ψ|2A−∇× (∇×A−B)

(2)
With boundary conditions of:

∇Ψ · n = 0

∇×A = B

A · n = 0

(3)

Where Ψ is the order parameter, A is the vector potential
of the electromagnetic field, σ is the normalised normal
state conductance, κ = λ/ξ, λ is the penetration depth,
ξ is the coherence length and B is the applied magnetic
field. A quantitative calculation of energy dissipation in an
actual device is beyond the scope of this article. The detailed
formulation of the numerical simulation has been published in
[31]–[33].

It is important to note that we are only solving the partial
differential equation for the superconducting wave function
in the magnetic field at timescales where a steady-state is
achieved. In these calculations, there is no superconducting
current direction, and we are not varying the amount of current
sustained in the system. The loss of energy from the system
or the flow of the flux when the current is increased in the
system cannot be obtained from such calculations. Instead,
the simulation models how flux enters the superconductor and
diffuses into the energetically most favourable arrangement
close to the device’s critical current. Full simulation details
can be found in reference [31].

Figure 6 shows the vortex distribution in a steady-state
configuration for two superconductors that contain an area (the
inner rectangle) with a different superconducting characteristic
length. The simulations are done for value κ = 100 obtained
from the reported values for a 60 nm NbRe film [14]. The
dimensions in the simulation are normalised with respect to the
London penetration depth. For the case where the coherence
length is larger in the inner rectangle, shown in Figure 6(b),
the vortices are attracted to the domain wall to sustain the
lowest energy configuration. The same happens at the corners
of the rectangle in Figure 6(a).

We expect that as the current sustained in the supercon-
ductor increases, the vortex will have difficulty flowing across
the boundaries, whereas the vortices that are trapped along
the domain wall will experience less pinning in the flow. The
energy dissipation measured across the whole device is the
sum of the dissipation of all vortex motion. This implies that
the calculated flux flow instability velocity in the oxidised
devices is the average velocity of the vortex motion in all
different regions. The quasiparticle relaxation time will also
vary locally and depend non-linearly on the local flow velocity.
For a wide distribution, it is no longer reasonable to use

Fig. 6. False colour graph of superconducting order parameter under magnetic
field simulated with time-dependent Ginzburg-Landau theory of a Type II
superconductor with two regions that have different coherent lengths. The
outer regions have a width of 0.5λ and a length of 0.2λ, and the inner
regions have a width of 0.25λ and a length of 0.1λ. The outer region has
κ = 100 [14] [34]. In (a) the inner rectangle has κ = 110 whereas in (b) the
inner region has κ = 90.

the average velocity to calculate the average quasiparticle
relaxation time.

We also want to point out that the tendency of vortices
to be attracted to the boundary of two regions with different
coherence lengths will increase the effect of pinning in the
system. Accordingly, the overall velocity of flux motion is
dramatically reduced. As the simulation applies to any type-II
superconductor, we should expect a similar degradation effect
in other polycrystalline systems that are prone to oxidation.

V. CONCLUSION

We have investigated the effect of oxidation on the magnetic
response of flux-flow behaviour in 8 nm thin superconducting
NbRe films. A degradation of the film that we attribute to a
slight oxidation dramatically decreases the flux flow instability
velocity and therefore increases quasiparticle relaxation time.
Our observations can be explained using a toy model where
the domain wall between the oxidised area and clean area
provides pinning forces for the vortices. Similar effects should
be taken into account in other materials for fast and efficient
photon-detecting techniques if these materials are sensitive to
oxidation and/or surface modification.
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