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Quasiparticle energy relaxation times in NbN/CulNi nanostripes from critical velocity measurements
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The dynamic instability of the moving vortex lattice at high driving currents in NbN/CuNi-based and NbN
nanostripes designed for optical detection has been studied. By applying the model proposed by Larkin and
Ovchinnikov [Zh. Eksp. Teor. Fiz. 68, 1915 (1975)], from the critical velocity v* for the occurrence of the
instability, it was possible to estimate the values of the quasiparticle relaxation times 7z. The results show that
the NbN/CuNi-based devices are characterized by shorter values of 7z compared to that of NbN.
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I. INTRODUCTION

In recent years, a large number of works has been
devoted to the study of superconducting/ferromagnetic (S/F)
hybrids,> not only regarding fundamental issues such as the
consequences of a nonhomogeneous superconducting order
parameter in these systems> and, very recently, the search
for the so-called spin-triplet superconductivity,"'? but also for
the potential application of S/F-based devices such as, for
instance, superconducting spin switch,'>~!® superconducting
diode,'® and quantum electronics devices.?0 Lately, the interest
in these systems has moved also to nonequilibrium super-
conductivity. In this field, NbN/CuNi nanostripes showed an
increase of the photoresponse amplitude with respect to pure
NbN,?! while Nb/CuNi microbridges presented a reduced
slow bolometric contribution compared to the photoresponse
of a pure Nb film.?>?*> Moreover, it has been shown that
quasiparticle relaxation processes for dirty superconductors,?*
originally calculated as well as experimentally measured
with different techniques, are significantly modified in S/F
heterostructures. It seems, in fact, that the presence of the
ferromagnetic layer reduces the values of the quasiparticle
relaxation times 7z.>"?’ This result has been reported for
structures consisting of superconducting Nb coupled to F
layers characterized by different exchange energy, such as
strong Py,” as well as weak PdNi (Ref. 26) and CuNi (Ref. 27)
ferromagnets. In the last cases, the relaxation processes appear
to be modified by the presence of the ferromagnet, as can be
inferred from the temperature dependence of 7;;.2%%” However,
despite this intense activity, the research in the field of the
interplay between superconductivity and ferromagnetism is far
from accomplished. In particular, a systematic investigation of
both conventional and triplet pairing in S/F structures having
nanometric sizes in both thickness and width is lacking. This
kind of study would enable the understanding of the evolution
of the superconducting state in the one-dimensional (1D) limit.
In this direction, pioneering experiments performed on W/Co-
based nanowires revealed nonconventional features,”® while
theoretical works suggest that in the 1D regime, the standard
singlet S/F proximity effect could become long ranged.?
For these reasons, the investigation of ultrathin S/F hybrids
structured at the nanoscale could represent a new frontier for
the research not only in fundamental physics, but also in view
of possible applications. In particular, these structures show
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appealing properties as ultrafast superconducting radiation
detectors due to their unique characteristics in terms of fast
response, quantum efficiency, and photon-number resolving
capability.>® Moreover, the achievement of this challenging
goal is closely related to the realization of ultrathin S/F
hybrids with extremely reduced lateral dimensions, which
is a requisite in order to realize highly sensitive detectors.
The performances of a potential S/F detector will strongly
depend on the choice of the materials, both superconducting
and ferromagnetic. Among superconducting materials, NbN is
the most promising for application as a photodetector. It is well
known, in fact, that NbN guarantees a fast energy relaxation
process due to the extremely reduced characteristic electron-
phonon (e-ph) coupling time.>! Moreover, this material is
characterized by a short coherence length, which assures
that a relatively high superconducting critical temperature 7,
can be obtained even for thicknesses of a few nanometers,
so that NbN ultrathin films can have high single-photon
sensitivity. The choice of the ferromagnetic materials is
also extremely important, since it can strongly influence the
critical temperature and the quasiparticle relaxation process of
the system. Weak ferromagnetic alloys, such as CuNi,?!'->3
have been successfully employed in this research field. In
these systems, the magnetic strength can be controlled by
the amount of the Ni content in the alloy. Depending on
the Ni percentage, the exchange energy E.x can be tuned in
the meV range, leading to a ferromagnetic coherence length,
&r = /hDp/E., of the the order of several nanometers,>3?
therefore comparable to the typical values of the optical
penetration depth at the visible light.?> Finally, compared to
Nb/Py structures,” PdNi- and CuNi-based bridges present
a weaker temperature dependence of the relaxation time,?®?’
which is a feature that could be desirable in the design of a
device.

This paper is devoted to the study of the characteristic
relaxation rates in NbN/CuNi-based devices estimated in the
framework of the model proposed by Larkin and Ovchinnikov
(LO),* as already reported for different superconducting
systems,**3% and also for S/F bilayers.”>~>’ Superconduct-
ing high-velocity vortex lattice instability measurements are
presented for a NbN/CuNi system, consisting of six series of
three parallel nanostripes that are 300 nm wide, in which the
superconducting and the ferromagnetic orders interact via the
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proximity effect. The results are compared with those obtained
for the same structure made of NbN ultrathin film. This
investigation can provide important insight into the relaxation
mechanism in S/F hybrids consisting of ultrathin layers
patterned at the nanoscale, therefore in limits that have not
been explored so far. These results could also provide useful
indications for the design of S/F-based photon detectors.
This work is organized as follows. After a brief description
of the structure of the samples and of the experimental proce-
dures, results are presented for the preliminary characterization
of the samples obtained by measuring critical current density.
The central part of the paper deals with the results obtained
from the investigation of the vortex lattice instability. Finally,
the values of ty obtained from the analysis of the critical
velocity measurements for the two systems are discussed.

II. SAMPLES AND EXPERIMENTAL METHODS

The devices are realized starting from two plain samples: a
single NbN film that is 8 nm thick, and a NbN (8 nm)/CuNi
(3nm) bilayer deposited by dc-magnetron sputtering. The
weak ferromagnetic alloy employed in this work has a com-
position CuNi = Cug4Nigg. Details of samples’ fabrication
are reported elsewhere.?** The sputtered samples have been
subsequently patterned by electron beam lithography into a
meander-type structure consisting of six serially connected
blocks, each containing three parallel wires. The elemental
wires have width w = 300 nm and length L = 20 pm. This
configuration has been specially designed to improve the
performances of nanowire single-photon detectors, since it
simultaneously allows a large detection area and fast response,
as well as large signal amplitudes.*’ A sketch of the device
configuration is reported in the inset of Fig. 1.

Critical temperatures and critical currents /. have been
resistively measured in a “He cryostat using a standard dc four-
probe technique. The V(1) characteristics have been measured
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FIG. 1. (Color online) Normalized resistive transition as a func-
tion of the temperature for the NbN (open triangles) and the
NbN/CuNi (closed circles) devices. Inset: Schematic representation
of the device, showing the series of nanostripes’ blocks.
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both as a function of the temperature and the magnetic
field, with the latter being applied always perpendicularly to
the samples plane. The temperature stabilization during the
measurements was about 1 mK. The values of J. = I./wd
(here d is the sample thickness) have been extracted using an
electric-field criterion of 12 V/m, corresponding to a voltage
threshold of 200 1V in the samples, for all the temperatures and
fields. In order to avoid possible heating effects, the samples
were put into direct contact with the liquid helium and the
V(1) characteristics were measured using a pulsed technique.
The current-on time was 12 ms followed by a current-off time
of 1 s. Any single voltage value was acquired at the maximum
value of the current.

Figure 1 shows the resistive transitions, normalized to the
low-temperature normal state resistance Ry, for both the
NbN/CuNi and the NbN devices. Measurements have been
performed using a constant bias current /, = 1 pA. The values
of the critical temperature of two samples evaluated at the
midpoint of the transitions are 7, = 8.04 Kand 7, = 10.08 K,
respectively. The transition of the NbN/CuNi structure is
clearly broader than the R(7T) of the NbN. This result may
reveal the presence of some dishomogeneity of the NbN/CuNi
nanostripes at this reduced scale. A detailed analysis of the
resistive transitions of both systems is reported in Ref. 21.

III. CURRENT-VOLTAGE CHARACTERISTICS

A. Critical current densities

The critical current densities for both structures have been
preliminary measured at a zero applied magnetic field. At the
lowest reduced temperature t =T/T, ~ 0.4, the values of J,
for the two systems are J" NbN/CuNI = 1.7 x 10'° A/m? and

Jm y =22 x 10" A/m?. The J. values of the NbN/CuNi
device are slightly depressed compared to the data reported in
Ref. 21. This result could be ascribed to aging effects, with
the samples having been stored in air at room temperature
for several months after the first measurements. In particular,
the degradation in the critical currents values could be a
consequence of the relaxation of the disordered CuNi alloy
as well as the interdiffusion of the CuNi on the Nb side.?
V(I) characteristics have been measured as a function of
the magnetic field at 7 = 4.2 K for the NbN device, and
at three different temperatures for the NbN/CuNi, namely,
T =4.2, 3.8, 3.5 K. In Fig. 2, the V(I) characteristics at
T = 4.2 K as a function of the perpendicular applied magnetic
field are shown for (a) the NbN structure (r = 0.42) and
(b) the NbN/CuNi structure (r = 0.52). First we comment
on the multiple steps present on the resistive branches for both
samples, which are due to the switching of the six nanostripe
blocks. In the case of the NbN structure, these features are
extremely resolved, as is evident from the inset in Fig. 2(a),
where the curves are plotted on a semilogarithmic scale. While
the analysis of this behavior, already reported for NbN-based
meanders,*' is beyond the scope of this work, the following
section discusses the evolution of the first voltage jump. As
far as the J. is concerned, the behavior of the normalized
critical current densities versus the applied magnetic field
is shown in Fig. 3, at r = 0.42 and r = 0.47, for both NbN
and NbN/CuNi structures, where the values of J"* are the

054536-2



QUASIPARTICLE ENERGY RELAXATION TIMES IN ...

V(V)

20 40 60 80 100 120 140 160

V(V)

FIG. 2. (Color online) V(I) characteristics as a function of the
magnetic field measured at 7 = 4.2 K. (a) V(I) curves for the NbN
device measured at a magnetic field of, from right to left, 0, 0.05,
0.10, 0.40, 0.60, 0.80, 1.25, 1.50, 2.00, 2.50, 3.00, and 3.50 T. Inset:
The same V(J) curves on a semilogarithmic scale. Here the steps have
been numbered from I to VI for the sake of clarity. (b) V(J) curves for
the NbN/CuNi device measured at a magnetic field of, from right to
left, 0, 0.02, 0.05, 0.20, 0.30, 0.40, 0.50, 1.00, 1.50, 2.00, 2.50, and
3.00T.

ones reported above. The data reveal that both systems present
the same field dependence with a small deviation only in an
intermediate H region, probably ascribable to the presence
of the ferromagnetic layer. The inset of Fig. 3 shows the
temperature dependence of the perpendicular upper critical
field, H., (T), of the NbN/CuNi bilayer.

B. Energy relaxation times

In this section, we will focus on the first abrupt transition
to the dissipative state present in the V(I) characteristics,
which have been labeled as I in the inset of Fig. 2(a). This
jump is more evident at low values of H. As the magnetic
field is increased, the curves appear in fact more smeared,
especially for the NbN/CuNi structure, in which the voltage
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FIG. 3. Normalized critical current density as a function of the
magnetic field for the NbN (open squares) and the NbN/CuNi (closed
circles) devices. The reduced temperatures are t = 0.42and ¢ = 0.47,
respectively. Inset: Temperature dependence of the perpendicular
upper critical magnetic field, H.,, (T), of the NbN/CuNi bilayer.
The line is a linear fit to the experimental data.

jumps also disappear at relatively moderate fields compared to
those of NbN. This abrupt transition can be interpreted in the
framework of the model proposed by Larkin and Ovchinnikov
(LO)* to describe a vortex lattice moving under high applied
driving currents. To solve the problem of an inhomogeneous
system, such as a type-II superconductor in the mixed state,
the Gor’kov equations for the Green’s functions have been
employed using the Keldysh method. According to the theory
of LO, the voltage jumps are a manifestation of the instability
of the vortex lattice, which determines the upper limit for the
current that the superconductor can sustain. Nonequilibrium
effects are a consequence of the variation of the energy
distribution inside the vortex core due to the electric field
present in the flux-flow state. This energy distribution is, in
turn, a direct consequence of the finite inelastic scattering time
of the quasiparticles. In the instability regime, the relaxation
rate of the quasiparticle energy plays a central role®* and this, as
we said, motivates the interest of this kind of characterization
in the case of candidates for optical devices. For a detailed
description of the mechanism involved in the instability
process and of the limits of validity of the theory, the reader
can refer to Ref. 34. Here we stress that at a critical voltage
V*, the escape of the quasiparticle from the vortex core and
the following shrinkage of the latter cause an abrupt transition
to the normal state. This critical voltage can be expressed as

V* = uov*HL, €))

where v* is the maximum velocity reached by the vortex lattice
due to the decrease of the viscous damping, H is the applied
magnetic field, and L is the distance between the voltage
contacts. For the critical velocity, LO obtained the expression

. D'2[14¢(3))'*(1 — )/
- (wtp)'/?

where ¢ (x) is the Riemann zeta function, D is the quasiparticle
diffusion coefficient, and tf is the inelastic relaxation rate of
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FIG. 4. Critical velocity as a function of the magnetic field for
the NbN (solid triangles) and the NbN/CuNi (closed, crossed, and
open circles) devices. Inset: The same data are plotted as a function
of the reduced field H/H,, .

the quasiparticles, which therefore can be estimated through
critical voltage measurements. Moreover, the temperature
dependence of T can provide important information regarding
the dominant relaxation mechanism. An electron-electron re-
combination process should provide an exponential behavior,
namely, 7z = 7,_.exp(2A(T)/kpT),** reflecting the exponen-
tial temperature dependence of the quasiparticle population.
On the other hand, an electron-phonon scattering is governed
by the thermal or nonequilibrium phonon population, which
reflects in a power-law dependence, that is, 7z o« 7734 By
identifying V* as the voltage at which the abrupt transition
to the normal state occurs, the values of the critical velocity
are directly obtained using Eq. (1). The magnetic field
dependencies of v* for the NbN device (r = 0.42) and for the
NbN/CuNi one (¢t = 0.52, 0.47, 0.43) are reported in Fig. 4.

The results confirm the behavior already reported for other
S/F systems involving both strong and weak ferromagnets,
namely, Nb/Py,> Nb/PdNi,?¢ and Nb/CuNi.?’ The bilayers
in fact present higher critical velocities, which, moreover,
disappear at much smaller values of the magnetic field. In the
inset, the same behavior is plotted as a function of a reduced
field, H/H,.—o, where H,,—¢, once the temperature is fixed,
is the maximum field at which the voltage jump is still present.
From this graph, the difference in the values of the critical
velocity for the two systems can be better appreciated. The
saturation value for the NbN meander is in fact v* ~ 180 m/s,
while for the NbN/CuNi itis v* & 1500 m/s. It is interesting to
note that even if the model by LO is strictly valid in the case of
single superconducting films, this last result is consistent with
the dependence reported in Ref. 33 for superconductors with
magnetic impurities. In this case, the theory predicts the vortex
instability to appear at higher electric fields, that is, at higher
critical velocities, due to the fact that the normal excitations
are distributed more uniformly over the entire volume of the
sample.

By taking into account Eq. (2), it also follows that the
values of the relaxation times are substantially different for
the two systems. The value of the quasiparticle diffusion
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coefficient D can be estimated from the slope of the H.,  (T)
curve.*® For the NbN structure, we calculated the value of
D from the H,,, (T) curve of the NbN/CuNi bilayer shown
in the inset of Fig. 3. This assumption is based on the
consideration that in layered S/F systems, the H.,, (T) curves
shift in a parallel way compared to the single superconducting
film.** We obtain D = (4kg/me) x (dch/dT|T:TC)’1 =
1.2 x 107* m?/s, with (d H.2/dT|7—7.) = —0.93 T/K. There-
fore, the value of the relaxation time estimated for the NbN
film at t =0.42 and at uoH =1 tesla (H/Hys—o=1) is
7r =3.5x 107 sand at uoH = 0.6 tesla (H/Hy,—o = 0.6)
is 7z = 1.3 x 1072 s. The characteristic times estimated for
our NbN structures are about two orders of magnitude shorter
than the ones obtained for Nb bridges with the same approach
and at the same magnetic field and reduced temperature.>>2® It
is also worth mentioning that even if the values of tz obtained
for the NbN device are higher compared to those estimated
from photoresponse experiments, the scaling between the
characteristic times of NbN and Nb is consistent with that
reported in Ref. 31. The disagreement in the numbers obtained
for tg is probably due to the different techniques applied to
investigate the electron relaxation dynamics as a consequence
of different excitation energies.24 In one case, in fact, the
nonequilibrium state is photon induced by the formation
of a current-assisted hot spot, while in the present study
the electron excitations are produced by the electric field
at the center of the vortex. From Eq. (2), using the value
D = 1.2 x 107* m?/s previously calculated, we estimated
the value of the relaxation time also for the NbN/CuNi
bilayer. The temperature dependence of tg for the NbN/CuNi
meander at uoH = 0.1 tesla (H/H,,—o = 0.5) is shown in
Fig. 5. The first comment is that as a consequence of the
results on the critical velocities, the values of the relaxation
times for the NbN/CuNi structure are significantly lower than
the ones calculated for NbN. In particular, the value of the
relaxation time for the NbN/CuNi device at + = 0.43 and at
woH =0.2tesla (H/Hyi—o=1)is tg =4.5 x 10~ s, and
at woH = 0.1 tesla (H/Hys—o = 0.5) is 7z = 3.8 x 1071 s,
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FIG. 5. (Color online) Temperature dependence of the quasipar-
ticle relaxation time for the NbN/CuNi device at uoH = 0.1 tesla.
The black dashed (red solid) line is the power-law (exponential) fit of
the experimental data.
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Therefore, the relaxation times estimated for our NbN/CuNi
devices are about two orders of magnitude shorter than the
ones obtained for the NbN nanostripes at the same reduced
temperatures ¢ and magnetic fields H/H,.—o. This central
result of our investigation seems extremely promising for the
design of S/F-based photodetectors. It is well known, in fact,
that the performance of the detecting devices, in particular their
velocity, crucially depends on the characteristics time 7,_pp,
which governs electron-phonon interactions.?* We stress that a
faster relaxation process for a superconductor/ferromagnet hy-
brid compared to its corresponding single S layer is confirmed
by an analogous study performed on Nb/Py,>> Nb/PdNi,*®
and Nb/CuNi?’ bilayers. However, what is interesting to note
is that among the analyzed S/F hybrids, the fastest relaxation
is obtained for the NbN/CuNi structure. Indeed, for r ~ 0.5
and poH ~ 0.1 tesla, the NbN/CuNi system has a value of
1 of about one order of magnitude smaller than Nb/CuNi.?’
Compared to systems with different ferromagnetic layers at
the same value of t and poH, the response of the NbN/CuNi
device appears to be two orders of magnitude faster than
Nb/PdNi and comparable to NbNb/PdNiPy. Here it is also
worth commenting on the fitting procedure performed on the
tg(T) curve, which shows a weak temperature dependence.
The solid line in Fig. 5 is the result of the fit according to
Tg = Te—e eXp[mA(T)/kpT], for m =0.5+£0.1 and 7,_, =
7.7 x 10712 s, where A(T) = A(0)(1 —¢)'/? and the gap
ratio 2A(0) = 4.1k T, is that of NbN.*® The value estimated
for m appears to be extremely low due to the comparable
values of the critical current density of the NbN/CuNi
meander and the NbN. For this reason, the experimental data
have also been fitted using a power-law dependence on the
temperature for the relaxation time. Following Ref. 42, T can
be expressed as tg o« T~". The best fit to the experimental
data is obtained for n = 2.0 £ 0.5, which is not too far from
the one expected in the case of a dominant electron-phonon
scattering mechanism. The dashed line in Fig. 5 indicates
the resulting power-law fit, which can hardly be discerned
from the exponential dependence (solid line). Even if more
reliable information could be obtained performing the analysis
in a wider temperature range, we believe that the results
of both fitting procedures suggest that the electron-electron
recombination is not responsible for the relaxation mecha-
nism for this system, while it seems reasonable to suppose
that the dominant relaxation process is the electron-phonon
scattering. A similar temperature dependence of 7z(7) was
reported for others S/weak ferromagnetic systems,’®?” while a
stronger temperature dependence was obtained for the NbwPy
system.?> This result was interpreted in Ref. 26 considering
that the superconducting correlations are induced deeper inside
a weak F layer. On this length, they can interact with a
different background, where a different relaxation mechanism
can occur. In light of this last result, it is possible to go back to
the comparison between the values of tg for the NbN/CuNi
device and the Nb/CuNi and Nb/PdNi systems. Since for
all of these structures the electron-phonon scattering is the
dominant mechanism, we believe that the significant difference
in the relaxation rates is due to the different relaxation
properties of the superconducting materials present in the
hybrids.
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IV. CONCLUSIONS

V(I) characteristics have been measured on NbN/CuNi
and NbN nanostructures designed for optical detection. The
analysis of the experimental data in two different regimes
gives information about the behavior of both the critical current
density and the vortex lattice instabilities in the two systems.
In particular, from the study at high driving currents, it was
possible to estimate the values of the quasiparticle relaxation
times, which for the NbN/CuNi structure are about two orders
of magnitude shorter compared to the values extracted for the
corresponding NbN device. Moreover, the smooth temperature
dependence of tg suggests that electron-phonon scattering
can be the mechanism responsible for this relaxation, which
is in agreement with the results recently reported for other
S/weak ferromagnetic systems.?®?’ These results encourage
the investigation of the S/F systems in the research for fast
nonequilibrium devices. However, the design of a reliable
device requires a proper choice of the ferromagnetic materials.
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FIG. 6. Dissipated power P* as a function of the magnetic field
uoH at T =4.2 K for (a) NbN/CuNi and (b) NbN devices. The
lines indicate the result of the fitting procedure according to the
theory proposed in Ref. 47. Inset: Critical velocity v* as a function
of ug/* H='/2 for NbN/CuNi at different reduced temperatures. The
line is a guide to the eye to show the H '/ dependence of v*.
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In this respect, in order to further reduce the relaxation times, it
could be interesting to perform the same study on a NbN-based
S/F hybrid in which the superconducting layer is coupled with
a strong ferromagnetic material. On the other hand, the use of
a weak ferromagnet could be more suited to change and tailor
the optical properties of the whole system. In particular, an
increased electron-phonon interaction could reflect itself in an
almost constant value of 7z, which is a feature that could also
be important in view of possible applications.

APPENDIX: THE PROBLEM OF THERMAL HEATING

As already discussed in Sec. I, special care was paid to
minimize any heating effect. However, when plotting the
behavior of v* as a function of H~!/? for the NbN/CuNi
device, a linear dependence in the low-field regime is revealed.
This result, reported in the inset of Fig. 6(a), can in principle
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be ascribed to Joule heating.*’ For this reason, the field
dependence of the dissipated power P* = [*V* at the voltage
jumps has been analyzed. From a theoretical fit of P* as
a function of woH, the magnetic field at which thermal
effects start to influence the flux-flow instability Hy can be
estimated.*’ In Fig. 6, the dissipated power P* as a function
of the magnetic field is reported for both the (a) NbN/CuNi
and (b) NbN devices at T = 4.2 K. The line is a fit to the
experimental data using the expression P = Py(1 — a), where
a=[1+b+®*+8b+4"?] and b = H/Hr.*" From the
fitting procedure, we obtain poHy = 0.37 T for NbN and
woHr = 0.35 T for NbN/CuNi. While in the case of NbN
the agreement with the theory is rather poor, suggesting that
the quasiparticle heating is not dominant in determining the
magnetic field dependence of v*, in the case of NbN/CuNi,
o Hr is considerably higher than the field at which our 7 (7)
analysis has been performed.
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