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A B S T R A C T

The study of the flux-flow instability in superconducting materials has recently gained renewed attention due to
its potential implications for the use of the analyzed materials as micrometer-sized superconducting detectors
for single photons. The values of the quasiparticle relaxation time (𝜏𝐸) measured for these detectors are affected
by pinning properties. Here, we report electric transport properties of NbReN microstrips of different quality.
For the strip characterized by high resistivity, and large critical currents and pinning, we estimate a value of
𝜏𝐸 that is almost two orders of magnitude larger compared to that of another strip with a smaller value for
the critical current, for which we measure 𝜏𝐸 ∼ 12 ps. This low value is comparable to those reported in the
literature for microstrips made of other highly-disordered superconductors. Our results suggest that NbReN
microstrips have great potential for the realization of superconducting single-photon detectors, depending on
further optimization of their fabrication process and the superconducting properties affected by it.
1. Introduction

Superconducting nanostrip single-photon detectors (SNSPDs) are
advanced detectors of single photons operating mainly in the near-
infrared region with high efficiency and low noise [1–5]. They have
found applications in various fields of quantum technologies, including
quantum optics, communication, and computation [6]. SNSPDs con-
sist of superconducting wires (or strips) with widths of the order of
tenths of nanometers, biased close to their critical current (𝐼c). When
a photon is absorbed, the value of 𝐼c decreases, causing the strip to
switch to the normal state. As described by the ‘‘hot-spot’’ model,
the energy released by the photon breaks the Cooper pairs creating
quasiparticles that locally suppress superconductivity giving rise to a
measurable voltage [7]. SNSPDs offer several advantages such as high
count rates, low dark count rates (DCR), and low timing jitter [3,5,6].
Recent advancements have extended their detection capabilities to
longer wavelengths, including the mid-infrared range. This has opened
up new possibilities for their application also in fields like molecular
spectroscopy, [8] light detection and ranging (LIDAR), [9,10] and dark
matter detection [11]. Typically, SNSPDs are made from materials like
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NbN [12] and NbTiN [13] but amorphous (WSi, MoSi, and MoGe) [14–
16] and disordered (NbRe) [17] superconductors have also been used.

Recently, the ‘‘hot-spot’’ model has been reformulated, suggesting
that when a photon is absorbed in a type–II superconducting film, it
generates vortex-antivortex pairs [18,19]. The significant implication
of this reformulation is that photon detection is vortex-assisted at the
initial stage of dissipation, and it is not limited to nanometer-wide strips
but extends to micrometer-wide type–II superconducting strips, which
are the superconducting materials from which SNSPDs are made. This
extension is possible when 𝐼c is close to 𝐼dep, where 𝐼dep represents the
depairing current. The ratio 𝐼c∕𝐼dep depends on the properties of the
superconducting material, particularly on the values of the electronic
and phononic specific heats [19,20]. Additionally, the width of the strip
(𝑤) must be smaller than the Pearl length 𝛬 = 2𝜆2∕𝑑. Here 𝜆 is the
magnetic field penetration depth and 𝑑 is the thickness of the strip. This
prediction was largely confirmed by experiments since the photon de-
tection was successful also in superconducting microstrip single-photon
detectors (SMSPDs) made from different materials [20–28].

One successful method used to determine whether a supercon-
ducting material is suitable for SMSPDs is the study of the flux-flow
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Table 1
Values of some characteristic parameters of the NbReN microstrips. 𝐿 is the distance
between the voltage contacts, 𝑤 is the width of the microstrip, and 𝑑 its thickness. 𝜌 is
resistivity in the normal state at the temperature just above the superconducting tran-
sition, while 𝑇c is the critical temperature. 𝛬(0) is the Pearl length at zero temperature,
and 𝜆(0) represents the magnetic field penetration depth at zero temperature.

Sample 𝐿 (μm) 𝑤 (μm) 𝑑 (nm) 𝜌 (μΩ cm) 𝑇c (K) 𝛬(0) (μm) 𝜆(0) (μm)

D2 90 2 20 511 4.2 134 1.16
D10 90 10 7.5 300 4.4 200 0.87

instability (FFI) by transport measurements, [29–35] since to have a
fast photoresponse in SMSPDs it is crucial that the superconductor
can sustain a high velocity of the vortices [36]. In this context, the
quasiparticle relaxation time (𝜏𝐸) is a key parameter. 𝜏𝐸 is obtained by
analyzing the current (𝐼) – voltage (𝑉 ) characteristics in the presence of
a perpendicular magnetic field (𝐵 = 𝜇0𝐻) within the framework of the
Larkin–Ovchinnikov (LO) theory, [37] and it provides valuable insights
into the suitability of the superconducting material for SMSPDs [32–34,
38–40].

Due to the good performances of NbRe-based SNSPDs especially
in terms of time resolution, [17] thin films of NbRe nitride (NbReN)
have been recently synthesized with the aim of improving some of the
main figures of merit of the devices [33]. In particular, its reduced
gap and enhanced resistivity suggest testing NbReN as an alternative
material to amorphous superconductors for the realization of SM-
SPDs. We anticipate that NbReN-based devices should exhibit a faster
response compared to those based on amorphous superconductors.
Reduced values of 𝜏𝐸 , comparable to those extracted for NbRe, were
indeed obtained from a preliminary characterization. However, the ef-
fect of disorder and pinning on the transport properties of the material
deserves deeper investigation [33].

In this work, we analyze the vortex lattice instability in microstrips
of NbReN to better explore the material’s tunability for future applica-
tions. We measured transport properties in the presence of a magnetic
field down to a temperature of 2 K and found that the value of 𝜏𝐸
strongly depends on the quality of the strips in terms of pinning and
conductivity. Additionally, the geometrical characteristics and thick-
ness of the strips also affect the quasiparticle relaxation time. Larger
values for 𝜏𝐸 are obtained for the thick and narrow strip, characterized
by a larger critical current density.

2. Experimental and samples characterization

Two NbReN thin films were deposited on SiO2 substrates by dc
reactive sputtering in a ultra-high vacuum (UHV) system, starting from
a stoichiometric 2-inch-diameter Nb0.18Re0.82 target. The base pressure
in the chamber was 2 × 10−8 mbar, and the deposition was performed
in a mixture of Ar and N2 gases. The total pressure was 𝑃tot = 3.5×10−3

mbar, with a N2 percentage of 15% of 𝑃tot , and a power of 350 W.
This resulted in a deposition rate of 0.37 nm/s. The resulting films
had thicknesses (𝑑) of 7.5 nm (sample D10) and 20 nm (sample D2).
Subsequently, they were patterned by optical lithography into a four-
probe geometry with a distance of 𝐿 = 90 μm between the two voltage
contacts and a width of 𝑤 = 10 μm for sample D10 and 2 μm for sample
D2. Sample D10 was obtained by additive patterning, involving the
design of the device geometry using a polymeric positive resist spin-
coated onto the substrate. The NbReN film was then deposited, and
the polymer was removed by lift-off, which may produce an undercut
profile. In contrast, sample D2 was patterned by using direct writing
via a microprinter. Subsequently, the pattern was transferred to the
superconducting layer using argon ion etching, with a dig rate of 1
nm/min. The argon pressure and beam power were maintained at 2.8
mTorr and 5 W, respectively. This technique results in microstrips with
straight edges, ensuring the uniform width of the device. For sample
D2, the microstructuring procedure was conducted a few weeks after
2

Fig. 1. Zero-field resistive transitions of the two microstrips. The insets show the AFM
image of the microstrip D2 (upper panel) and D10 (lower panel).

the sputtering deposition. The insets of Fig. 1 display the Atomic Force
Microscope (AFM) image of both microstrips. Transport measurements
were carried out in a Cryogenic Ltd. CFM9T cryogen-free system. Re-
sistive transitions were conducted in current-biased mode with bias
current 𝐼b = 10 μA. 𝐼–𝑉 curves were measured by applying rectangular
current pulses to the samples for 2.5 ms with a current-off period of 2
s. Voltage measurements were acquired at the maximum current value,
and this process was repeated by sweeping the current both upward
and downward. The absence of hysteresis in the curves indicates that
thermal heating did not affect the measurements. Fig. 1 presents the
resistive curve for both microstrips D2 and D10 in the absence of a mag-
netic field. The critical superconducting temperature, measured at the
midpoint of the transition, is 𝑇c = 4.2K for D2 and 4.4K for D10. These
values are substantially consistent with the 𝑇c of a patterned film of the
same thickness, [33] indicating that the lithographic process did not ad-
versely affect the bridge properties. The low-temperature resistivity (𝜌)
was 511 μΩ cm for sample D2 and 300 μΩ cm for sample D10. Both values
are higher than those previously reported for unpatterned films, which
were also grown under different conditions [33]. The particularly large
value of 𝜌 in microstrip D2, along with the slightly depressed value of
𝑇c, may be partially attributed to the aging process that the device has
been exposed to. Using for the magnetic field penetration depth at zero
temperature the relation 𝜆(0) = 1.05×10−3

√

𝜌∕𝑇c, [41] we find that for
sample D2, 𝜆(0) = 1.16 μm and 𝛬(0) = 134 μm, (the Pearl length at zero
temperature). For microstrip D10, we have 𝜆(0) = 0.87 μm and 𝛬(0) =
200 μm. The zero-temperature in-plane coherence length 𝜉(0) has been
taken equal to 7.2 nm for both samples [42]. This value is obtained
from the measured perpendicular upper critical magnetic field of a 10-
nm NbReN strip specifically prepared for this kind of investigation.
𝜇0𝐻c2(0) is estimated using the Werthamer, Helfand, and Hohenberg
(WHH) theory for the temperature dependence of the critical field, [43]
followed by the simple relation 𝜇0𝐻c2(0) = 𝜙0∕[2𝜋𝜉(0)2], with 𝜙0 =
2.07× 10−15 Wb being the flux quantum. For both bridges, it holds that
𝜉(0) ≪ 𝑤 ≪ 𝛬(0). A summary of the sample properties is presented in
Table 1.

3. Current–voltage characteristics and critical currents

The 𝐼–𝑉 characteristics have been measured at different tempera-
tures and fields for both microstrips. The external field 𝐻 has always
been applied perpendicularly to the plane of the substrate. 𝐼–𝑉 curves
for the both microstrips measured at 𝑇 = 2 K for different fields



Materials Science & Engineering B 304 (2024) 117376Z. Makhdoumi Kakhaki et al.

𝑤

t

f
f

𝐽

i
𝐵
d
b
d
t
t
o
a
o
r
e
c
c
N
i
r
d
i
𝐹
𝑓
d
f
1
m
s
p
t
t
t

Fig. 2. (a) Representative of 𝐼–𝑉 curves of the microstrip D2 at 𝑇 = 2 K in different
magnetic fields from 10 mT to 4 T. (b) The same as panel (a) for the microstrip D10
in different magnetic fields from 10 mT to 5 T. (c) Enlarged plot in the low-voltage
regime of panel (a) to show the nonlinear conductivity regime and the instability jumps.
The point marked on these plots is denoted by coordinates 𝐼∗ and 𝑉 ∗, representing
the instability current and voltage, respectively. (d) Enlarged plot in the low-voltage
regime of panel (b).

are presented in Fig. 2(a) and Fig. 2(b). For clarity, only the upward
sweep is shown. All the curves show a regime of zero voltage at
small bias currents where vortices are pinned. As the current is further
increased, a nonlinear conductivity regime is present until a certain
current 𝐼∗ where the instability jump to the normal state takes place.
The corresponding voltage is denoted as 𝑉 ∗. As the magnetic field is
increased, the discontinuity in the transition disappears, and the return
to the normal state occurs continuously, as better shown in Fig. 2(c) and
Fig. 2(d). Recent observations have indicated that, although the study
of the instability provides a good indication of the superconducting
material’s potential effectiveness as a single-photon detector, a more
precise evaluation of 𝜏𝐸 from the 𝐼–𝑉 curves necessitates a careful
examination of the microstrip edges’ quality [36]. Specifically, a more
rigorous determination of quasiparticle relaxation times can only be
achieved if vortices are predominantly pinned at the edge of the strip.
AFM images of samples D2 and D10 (insets of Fig. 1) show that the edge
quality of the two samples is similar, although the edges of sample D2
appear sharper.

Since the magnetic field dependence of the critical current density
(𝐽c = 𝐼c∕𝑤𝑑) offers insights into the mechanisms at play in different
regimes, [24,34,36,44–46] the 𝐽c(𝐵) behavior has been first analyzed
for the two samples. The maximum current density that a supercon-
ductor can sustain at zero magnetic fields is the depairing current
density, 𝐽dep. When the field is increased and vortices start to enter the
sample, the critical current density is determined by the penetration
and movement of magnetic vortices. At low magnetic fields, in the
Meissner state, the critical current density is dominated by the vortex
penetration at the edges of the strip and 𝐽c ∝ 𝐽edge ∝ (1 − 𝐵∕𝐵s),
where the field 𝐵s depends on the material and the geometry of the
strip through the relation 𝐵s(𝑇 ) = 𝜙0∕(

√

3𝜋𝜉(𝑇 )𝑤), valid for 𝜉(𝑇 ) ≪
≪ 𝛬(𝑇 ) [36,47]. When the field is further increased over 𝐵s∕2, the

volume pinning is the main factor that determines the critical current
density and 𝐽c ∝ 𝐽pin ∝ 𝐵−0.5 [47]. The actual value of 𝐽c corresponds
to the larger value between 𝐽edge and 𝐽pin. In the panel (a) [(b)] of Fig. 3
the 𝐼–𝑉 characteristics of the panel (a) [(b)] of Fig. 2 are shown in a
log–log plot. The horizontal line in the plots marks the voltage criterion
chosen to extract the value of 𝐼c, taken at 𝑉 = 200 μV. This value is far
out from the noise region of the 𝐼-𝑉 curves and allows to determine
𝐼 significantly. In the panel (c) [(d)] of Fig. 3 we show the magnetic
3

c l
Fig. 3. (a) Log–log plot of the same data shown in Fig. 2(a). The three different regimes
in the superconducting state are indicated: pinned vortices (I), nonlinear motion of
the vortices (II), instability of the vortex velocity (III). IV indicates the normal state
region. The solid line shows the nonlinear regime of conductivity before the jump to the
normal-state. (b) Log–log scale plot of the same data shown in Fig. 2(b). (c) Magnetic
field dependence of the critical current density at 𝑇 = 2 K of the sample D2. The
black solid line shows the linear behavior for the critical current density, as obtained
according to Eq. (1) for 𝐵 ≤ 𝐵s∕2. For 𝐵 > 𝐵s∕2, the red dashed line represents the
curve 𝐽c(𝐵) ∝ 𝐵−0.5. (d) The same as panel (c) for the sample D10. The inset shows
he values of 𝐽c for both the microstrips up to 1 T.

ield dependence of 𝐽c at 𝑇 = 2 K for the sample D2 (D10). In the same
igures, using the characteristic values of the two samples, the quantity

c(𝐵, 𝑇 ) = 𝐽c(0)[1 − 𝐵∕𝐵s(𝑇 )] (1)

s plotted as a continuous black solid line for 𝑇 = 2 K and for 𝐵 ≤ 𝐵s∕2.
s∕2 ∼ 9.5 mT for sample D2 and ∼ 2 mT for the strip D10. The red
ashed line shows the dependence 𝐽c(𝐵) ∝ 𝐵−0.5 valid for 𝐵 > 𝐵s∕2. In
oth cases, the plotted lines are notably distant from the experimental
ata points, although the low-field data of microstrip D10 are closer to
he theoretical predictions. At small fields, 𝐽c for sample D10 is more
han a factor two larger than that for sample D2. The measured values
f 𝐽c at 𝐵 ≤ 𝐵s∕2 indicate that the edge barrier does not significantly
ffect vortex entry in both samples. This suggests that neither the lift-
ff nor Ar-etching procedures yield high-quality edges, resulting in a
educed barrier for vortices to enter the samples. It is evident that
dge pinning has a negligible effect, and volume pinning primarily
ontributes to the value of 𝐽c in both strips. At high fields, the 𝐽c(𝐵)
urves of the two samples intersect, as shown in the inset of Fig. 3(d).
otably, the values of 𝐽c for sample D2 exceed those for sample D10,

ndicating stronger volume pinning for sample D2 at high fields. This
esult is confirmed by examining the behavior of the flux-pinning force
ensity, 𝐹p = 𝐽c𝜇0𝐻 , as a function of the magnetic field, as shown
n Fig. 4(a). Both at 2 K and 3 K, D2 exhibits a significantly larger
p compared to D10. Fig. 4(b) shows the reduced flux pinning force,
p = 𝐹p∕𝐹max

p (𝐹max
p is the maximum value of the flux-pinning force

ensity at each temperature), as a function of the reduced magnetic
ield, ℎ = 𝐻∕𝐻∗. Here, we define 𝜇0𝐻∗ as the field at which 𝐽c =
× 106 A/m2 at a certain temperature. In the absence of a direct
easurement of 𝜇0𝐻c2, using a lower normalization field has proven

uccessful in obtaining information about the behavior of the reduced
inning force in superconducting materials [48–51]. In both samples,
he data exhibit a clear scaling behavior, with data points at the two
emperatures falling along the same curve. This alignment indicates
he presence of the same pinning mechanism in both microstrips at

̃
ow temperatures. The value of the reduced field, denoted as ℎ, where
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Fig. 4. (a) Pinning force density as a function of the magnetic field at 𝑇 = 2 K and
𝑇 = 3 K for sample D2 (open and closed circles) and D10 (open and closed squares).
(b) Reduced pinning force density as a function of the reduced field at 𝑇 = 2 K and
𝑇 = 3 K for sample D2 (open and closed circles) and D10 (open and closed squares).
The solid line is the best fit to the data of sample D2 with the formula 𝑓 ∝ ℎ0.6(1−ℎ)1.33.

he dashed line is the curve 𝑓 ∝ ℎ0.5(1 − ℎ).

reaches its maximum, is equal to 0.31. In Fig. 4(b), the solid line
epresents the best fit to the data using the relation 𝑓 ∝ ℎ𝑝(1 − ℎ)𝑞

ith estimated values of 𝑝 = 0.60 ± 0.02 and 𝑞 = 1.33 ± 0.03. Notably,
hese values do not align with established expressions for flux-pinning
n type-II superconductors [52]. However, the 𝑓 (ℎ) curve obtained
ixing 𝑝 = 0.5 and 𝑞 = 1, valid for volume pinning, [52] closely
pproximates to the best-fitting curve and is represented by the dashed
ine in Fig. 4(b). In this case, ℎ̃ = 𝑝∕(𝑝+𝑞) is 0.33. Furthermore, the data
or sample D10 exhibit a different scaling law compared to a previous
eport, carried out on strips with the same width [33]. This deviation
n behavior may be attributed to the presence of inhomogeneities, as
videnced by the extended tail in the reduced pinning force at high
educed fields [33]. However, these observed differences may not only
esult from variations in the quality of samples grown under different
onditions but also from discrepancies in the definition of 𝐻∗ in the
wo cases.

From the previous analysis, it results that in the samples under
tudy, a strong pinning is present. In this case, the shape of the 𝐼–𝑉
haracteristics is modified with respect to the LO expression [37] and
n the high–voltage region the nonlinear curves can be better described
4

Fig. 5. (a)–(e) 𝐼–𝑉 curves for microstrip D10 for selected values of the magnetic field
t 𝑇 = 2 K. The solid lines are the fits to the experimental data by Eq. (2). (f) Magnetic
ield dependence of the fitting parameter 𝛼.

by [53,54]

𝐼 = 𝑉
𝑅N

[

𝛼(1 + 𝛽𝑉 −𝑐 )
1 + (𝑉 ∕𝑉 ∗)2

+ 1

]

(2)

where 𝑅N is the normal state resistance. The parameter 𝛼 has been
introduced to correct the flux-flow resistivity in the limit of low volt-
age, [55] while parameters 𝛽 and 𝑐 describe the renormalization of the
vortex viscosity in the LO theory [37] due to the strong pinning [53]. As
in the LO theory, 𝐼 as a function of 𝑉 is N–shaped [37,53,55]. When
the sample is current-biased, as in our experiment, the 𝐼 and 𝑉 axes
should be exchanged, resulting in an S-shaped curve. Consequently,
when the current reaches the value at which the slope of the 𝐼–𝑉
curve changes sign in the voltage-biased mode, instability occurs, and
the system jumps to the normal state [55]. In panels (a)–(e) of Fig. 5,
we present 𝐼–𝑉 curves at various fields at 𝑇 = 2 K for sample D10.
The red solid lines represent fits to the data using Eq. (2), with 𝛼, 𝛽,
and 𝑐 as free parameters. It is evident that Eq. (2) effectively describes
the experimental data across the entire range. As shown in panel (f)
of Fig. 5, 𝛼 is around 25 at small fields, and, as expected, it decreases
as the field increases, since the 𝐼–𝑉 curves become more smeared and
the jump tends to disappear making the non-linear effects in the curves
less significant. The values of 𝛽 are of the order of 5 × 10−2 and 𝑐
is in the range 0.7–1. These results well match with what has been
previously reported in the literature on high-pinning multilayers [53].
On the contrary, data for microstrip D2 (not shown here) are not well
reproduced by Eq. (2), particularly in capturing the non-linear region
of the 𝐼–𝑉 characteristics before the jump, even when using very large
values of the parameter 𝛼. As we will discuss further below, all these
results affect the determination of the values of 𝜏𝐸 [36].

Finally, we compare the measured value of 𝐽c with the expected 𝐽dep
for the two microstrips. At 𝑇 = 0 and for strips that are both thin and
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Table 2
Calculated values of 𝐽dep at both zero temperature and 2 K, as well as 𝐽c measured at 𝑇 = 2 K and 𝜇0𝐻 = 10 mT. The ratios
𝐽c∕𝐽dep and 𝐽 ∗∕𝐽c are also reported.

Sample 𝐽dep(0) (A∕m2) 𝐽dep(2K) (A∕m2) 𝐽c(2K) (A∕m2) 𝐽c(2K)∕𝐽dep(2K) 𝐽 ∗(2K, 0.5 T)∕𝐽c(2K, 0.5 T)

D2 2.85 × 1010 1.41 × 1010 1.27 × 109 0.07 1.25
D10 5.21 × 1010 1.47 × 1010 3.16 × 109 0.21 15
𝑇
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Fig. 6. Critical velocity of the microstrip D10 as a function of the external magnetic
ield at 𝑇 = 2 K. Inset: The same as in the main panel for the microstrip D2.

ide it is [56]

dep(0) =
8𝜋2

√

2𝜋
21𝜁 (3)𝑒

√

(𝑘B𝑇c)3

ℏ𝑣F𝜌(𝜌𝓁)
(3)

where 𝑣F is the Fermi velocity, 𝓁 electronic mean free path and 𝜁 (𝑥) is
the Riemann zeta function. The comparison with the measured critical
current density at a certain temperature can be done rescaling the zero-
temperature value to the desired value of 𝑇 using the universal form
of [𝐽dep(𝑡)∕𝐽dep(0)]2∕3 (𝑡 = 𝑇 ∕𝑇c is the reduced temperature) described
by the Kupriyanov-Lukichev theory, [57] and performing the numerical
calculations.

To estimate 𝐽dep(0) from Eq. (3) we use the measured values of 𝜌
and 𝑇c for the two samples. Regarding the microscopic parameters of
the two microstrips, we consider [33] 𝓁 = 0.5 nm and 𝜏 = 1.2 × 10−15

s from which we obtain 𝑣F ∼ 𝓁∕𝜏 = 4.2 × 105 cm/s. In Table 2 we
report the measured 𝐽c at 𝑇 = 2 K for the two microstrips together with
the calculated values of 𝐽dep at zero temperature and 2 K. For sample
D10 at 𝑇 = 2 K (𝑡 ≈ 0.5) it is 𝐽c∕𝐽dep = 0.27, which is in agreement
with previous results [33]. At the same temperature, we have a much
smaller value 𝐽c∕𝐽dep = 0.07 for sample D2, indicating again that the
poor quality of the strip can yield misleading information about the
properties of the material.

4. Vortex critical velocity

The sudden jump of the voltage at the end of the linear flux-flow
regime has been studied following the LO theory [37]. From the value
of 𝑉 ∗, the maximum vortex velocity 𝑣∗ is obtained using the relation
𝑣∗ = 𝑉 ∗∕(𝜇0𝐻𝐿). The theoretical LO expression for the critical velocity
gives a magnetic field independent expression which is however valid
only when the quasiparticle nonequilibrium distribution is spatially
homogeneous [58,59]. This condition is satisfied at high fields when
the quasiparticle diffusion length

√

𝐷𝜏𝐸 is larger than the intervortex

distance 𝑎 =
√

2𝜙 ∕
√

3𝜇 𝐻 [58,59]. In this case, 𝑣∗ only depends on
5

0 0 0
the temperature through the expression [37]

𝑣∗ =
𝐷1∕2[14𝜁 (3)(1 − 𝑇 ∕𝑇c)]1∕4

(𝜋𝜏𝐸 )1∕2
(4)

where 𝜁 (𝑥) is the Riemann zeta function and 𝐷 is the quasiparticle
diffusion coefficient. In Fig. 6 the critical velocity is plotted as a
function of the magnetic field at 𝑇 = 2 K for samples D10 (main
panel) and D2 (inset of the figure). Microstrip D10 shows an anomalous
behavior of the critical velocity at very low fields which however has
been already observed in Nb strips of similar width and was attributed
to nonuniform magnetic-flux penetration [60]. Using 𝐷 = 0.48 × 10−4

m2/s for NbReN, [33] we can estimate from Eq. (4) the values of
the quasiparticle relaxation time. At 𝑇 = 2 K and 𝜇0𝐻 = 0.6 𝑇 we
achieve 𝑣∗ ∼ 400 m∕s for sample D10 while for the narrower strip D2
a significantly lower value of 𝑣∗ ∼ 15 m∕s is observed. This difference
is likely related to the fact that for strip D2 the impact of the edge
barrier is negligible, as demonstrated by the data reported in Fig. 3(c).
Moreover, at high fields, the value of 𝐽c is larger for sample D2 than
for sample D10 [see inset of Fig. 3(d)], resulting in lower values for
the critical velocity. As recently observed, an increase in the flux-
flow instability velocity is caused by the degradation of NbRe films
due to surface oxidation [61]. This may be the case in sample D2,
where, as reported above, an aging process results in higher normal
state resistivity and lower 𝑇c. Consequently, the intrinsic relaxation
time of the material is overestimated [36]. For strip D2, the resulting
value of the quasiparticle relaxation time is 𝜏𝐸 ∼ 20 ns, while for
sample D10 we have 𝜏𝐸 ∼ 340 ps, which is consistent with a previously
reported investigation [33]. However, it is important to note that these
values are influenced by the fact that the pinning due to the edge
barrier is not the main mechanism of the flux-flow instabilities, even in
microstrip D10. Therefore, in both samples, the obtained values of 𝑣∗

significantly deviate from those measured in superconducting samples
where explicit efforts were made to optimize conditions for fabricating
strips with sharp edges and low roughness to increase edge pinning.
These optimized conditions were aimed at achieving larger values of
the critical velocity [34,36]. Moreover, the values of 𝑣∗ ∼ 20 km/s
mentioned in those papers [34,36] were obtained at fields of the order
of tenths of mT. In the case of sample D10, at low fields and 𝑇 = 2
K, we measured 𝑣∗ as high as 2 km/s. Given the small diffusivity of
NbReN, this measurement implies 𝜏𝐸 ∼ 12 ps (see Eq. (4)).

The analysis of 𝐽 ∗ = 𝐼∗∕𝑤𝑑 also deserves some attention. In Fig. 7
the 𝐽–𝑉 curves for microstrips D2 and D10 at 𝑇 = 2 K and 𝜇0𝐻 = 0.5

are plotted in a semi-log representation. While at this field and
emperature 𝐽c is larger for sample D2 [see also inset of Fig. 3(d)], the
alue of 𝐽 ∗ is larger for microstrip D10. Specifically, the ratio 𝐽 ∗∕𝐽c
s equal to 1.25 for sample D2 and 15 for sample D10. In general, at
igh fields, 𝐽 ∗∕𝐽c is always smaller for sample D2. In microstrip D2,
here stronger bulk pinning is at play, the instability point appears
ithin a highly-nonlinear plastic flow regime and it is reached at a

ower voltage. As predicted, lower critical velocities are measured in
he presence of stronger pinning [62].

Finally, we examine the behavior of 𝜏𝐸 (𝑇 ) as it can offer valuable
nsights into the relevant relaxation mechanism in play within the
amples. If the dominant contribution comes from electron–electron
𝑒𝑒) recombination, then it is 𝜏𝐸 (𝑇 ) ∝ exp[2𝛥(𝑇 )∕𝑘B𝑇 ], where 𝛥 is
he superconducting gap. In this case, 𝜏𝐸 (𝑇 ) reflects the temperature
ependence of the number of quasiparticles [63]. When the electron–
honon (𝑒𝑝) mechanism plays the main role in the recombination
rocess, since the number of phonons decreases with temperature, we
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Fig. 7. 𝐽–𝑉 curves for microstrips D2 and D10 at 𝑇 = 2 K and 𝜇0𝐻 = 0.5 T. The arrows
ndicate the values for 𝐽c and 𝐽 ∗ for both samples. The horizontal line indicates the
dopted voltage criterion for the determination of 𝐽c.

ave 𝜏𝐸 (𝑇 ) ∝ 𝑇 −3 [64]. In Fig. 8, the temperature dependence of
he quasiparticle relaxation time for microstrips D2 (circles) and D10
squares) is shown for 𝜇0𝐻 = 0.6 T. The solid lines represent the curves
𝐸 (𝑇 ) = 𝜏0 exp[𝑚𝛥(𝑇 )∕𝑘B𝑇 ], where 𝜏0 and 𝑚 have been determined as
itting parameters. The temperature dependence of the superconducting
ap has been taken equal to 𝛥(𝑇 ) = 1.76𝑘𝐵𝑇c

√

cos (𝜋𝑇 2∕2𝑇 2
c ), which

is a good approximation of the Bardeen-Cooper-Schrieffer (BCS) type
dependence over the entire temperature range from zero to 𝑇c [65].
The dashed lines correspond to the best fit to the experimental data
using the relation 𝜏𝐸 (𝑇 ) = 𝐴𝑇 −𝑛, with 𝐴 and 𝑛 as free parameters.
For microstrip D2 the values of 𝜏𝐸 are two orders of magnitude larger
and exhibit a more pronounced temperature dependence. In fact, they
are well reproduced by the 𝑒𝑒 recombination mechanism with 𝜏0 =
3.64 × 10−10 s and a smaller gap for the quasi particles, corresponding
to 𝑚 = 1.35, as shown by the solid red line in Fig. 8. A reduced value
of the coefficient 𝑚 in comparison to the BCS case (where 𝑚 = 2)

as previously observed in the context of the exponential temperature
ependence of the relaxation time in a Nb/Py microstrip. However, this
bservation coincided with an increase in the critical velocity [54]. In
ur case the exponential behavior of 𝜏𝐸 (𝑇 ) is found in correspondence
f lower values of 𝑣∗ which are likely due to the strong bulk pinning
resent in the microstrip [36,66]. The same data points can be equally
ell fitted with the 𝑒𝑝 expression for 𝜏𝐸 (𝑇 ), but with the unphysical
alue 𝑛 = 6 for the exponent. For comparison, we plot the dashed red
ine in Fig. 8 which represents the curve 𝜏𝐸 (𝑇 ) = 𝐴𝑇 −𝑛 with 𝑛 = 3
nd 𝐴 = 3.4 × 10−7 s K3. In this case, a more significant discrepancy
ith the experimental data is observed. In contrast, the data for sample
10 show a weak temperature dependence, in agreement with previous

esults [33]. In this case, the expressions for 𝜏𝐸 (𝑇 ) reproduce two best-
it curves that are almost indistinguishable. However, in the case of
𝑒 relaxation (solid blue line in Fig. 8), the fit to the data does not
ield reasonable numbers. We obtain 𝜏0 = 8.54 × 10−11 s and 𝑚 =
.52, indicating a strongly reduced value of the BCS gap. In contrast,
he fit to the data using 𝜏𝐸 (𝑇 ) = 𝐴𝑇 −𝑛 (dashed blue line in Fig. 8)
ives 𝐴 = 8.54 × 10−9 s K2.3 and 𝑛 = 2.3, close to the value 𝑛 = 3,
ndicating reasonable agreement with the 𝑒𝑝 relaxation mechanism.
imilar behavior with relaxation times of the same order of magnitude
nd nearly constant with temperature has been observed in NbRe. This
esult was attributed to the disordered nature of the material [32].
ikewise, low values for 𝑚 and 𝑛 ∼ 2 were found in superconducting
icrostrips in contact with a ferromagnetic layer, coinciding with an
6

Fig. 8. Temperature dependence of the quasiparticle relaxation time for microstrips
D2 (circles) and D10 (squares) at 𝜇0𝐻 = 0.6 T. The solid (dashed) lines represent the
fitting curves to the data, employing the expressions for 𝜏𝐸 (𝑇 ) valid in the case of the
𝑒𝑒 (𝑒𝑝) recombination mechanisms (see the text for further details).

increase in the critical velocity compared to the bare superconducting
sample [38,67]. However, in the case of NbN/CuNi bilayer a reduction
in 𝐽c compared to pure NbN was also observed [38].

5. Conclusions

In conclusion, we have investigated the electric transport properties
of NbReN microstrips of different quality by measuring 𝐼–𝑉 charac-
teristics under an external magnetic field. Our primary goal was to
estimate the quasiparticle relaxation time, aiming to understand the
suitability of this material for use in SMSPDs. We observed that the
values of 𝜏𝐸 strongly depend on the pinning properties of the samples,
which have been carefully analyzed. Additionally, we found that the
thickness and width of the strips also play a role, as evidenced by a
larger value of 𝐽c measured in the thick and narrow strip. This result
is in agreement with previous observations in Nb bridges [45]. For the
best strip, we estimated a value for 𝜏𝐸 as low as 12 ps at low fields
and temperature. This value is similar to what was obtained at higher
temperature with disordered NbN [68] but one order of magnitude
lower than that obtained with disordered WSi,[69] NbGe,[70] and,
recently, with 𝛾-Mo2N [71]. Furthermore, 𝜏𝐸 weakly depends on the
temperature, indicating, as expected for highly-disordered supercon-
ducting systems, the predominant role of electron–phonon scattering
compared to the electron–electron scattering. Our results altogether
suggest that the right choice of parameters for the device geometry
(with effects on 𝐽c) combined with a tuning in the fabrication process
and material growth (with effects on 𝜏𝐸) should lead to NbReN SMSPDs
with performance which could be even better than those of other
SMSPDs reported to date.
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