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Abstract

We have studied non-equilibrium states in NbTi films deposited on fused silica under different surrounding conditions
using electrical current pulses. When the applied current exceeds the depairing current I., a voltage response is observed
after a characteristic delay time ¢4. Although the sample dimensions are much larger than the coherence length &, the
localized micro-metric region formed corresponds to a hotspot. The delay times are quantitatively described using the
Time-Dependent Ginzburg—Landau (TDGL) theory of M. Tinkham, enabling the determination of filament cooling times
for the same sample in both liquid helium and vacuum. We find cooling times of about 7; = 6.0 &= 0.5 ns in vacuum and
5.3 £ 0.5 ns in liquid helium. These results demonstrate that liquid helium has only a minor effect on the film cooling

time, with most of the heat being transferred into the substrate via phonons.
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1 Introduction

The formation of non-equilibrium states in quasi-one-dimen-
sional and two-dimensional superconducting filaments has been
the subject of extensive theoretical and experimental research
in recent years [ 1-4]. These systems are particularly interesting
because they combine reduced dimensionality with the intrinsic
quantum nature of superconductivity, giving rise to rich non-
equilibrium dynamics. Among the most widely studied phe-
nomena are the emergence of resistive states, which represent
local breakdowns of superconductivity under strong excitation.
Such resistive states not only provide fundamental insights into
superconducting dynamics, but also play a crucial role in practi-
cal applications of nanoscale superconducting devices.

Over the past decade, the deliberate creation and control
of resistive states in superconducting nanowires have proven
to be a powerful tool for applications in superconducting
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nano-circuitry [5, 6]. One of the most fascinating directions is
their use in highly sensitive infrared detectors [7, 8] and in the
field of quantum information, particularly in superconducting
qubits [9, 10]. The utility of such devices relies on the extraor-
dinary sensitivity of superconducting filaments to external
excitations, which can trigger a transition from the supercon-
ducting state to a resistive one. In superconducting nanowire
single-photon detectors (SNSPDs), for example, the detection
mechanism is based on the localized suppression of supercon-
ductivity upon photon absorption. This suppressed region, com-
monly referred to as a hotspot, acts as the nucleus of a resistive
domain. The formation and dynamical evolution of the hotspot
are decisive factors in detector performance, directly influenc-
ing detection sensitivity, timing jitter, and reset time.

The physics of hotspot dynamics is closely tied to energy
dissipation in the superconducting state. Once a hotspot is
formed, energy is released as the system transitions locally
to the normal state. This energy is carried predominantly by
quasiparticles and phonons, and its spatial propagation and
redistribution determine how quickly the superconducting
wire recovers. Ultimately, the heat generated in the wire must
be evacuated into the substrate in the form of phonons. The
efficiency of this process depends strongly on the thermal
boundary conductance between the superconducting film and
its surrounding environment. Consequently, both the substrate
material and the external medium, such as liquid helium or
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vacuum, play significant roles in the relaxation process. Under-
standing how these parameters affect heat transfer is essential
for optimizing the performance of superconducting devices
that rely on rapid recovery from non-equilibrium states.

In the present work, we investigate the creation of non-
equilibrium states in NbTi superconducting filaments induced
by electrical current pulses under different environmental
conditions. When the applied current exceeds the depairing
current /., a dissipative normal zone develops after a char-
acteristic delay time ¢4 [11]. This delay provides a direct
window into the timescales of non-equilibrium dynamics in
superconducting wires. By analyzing the dependence of ¢4
on the magnitude of the overcritical current, and fitting the
results with TDGL proposed by Tinkham [12], we extract the
phonon escape times in different environments.

Our measurements reveal a systematic difference between
samples studied in vacuum and those immersed in lig-
uid helium. Specifically, we find that the heat escape time
is slightly shorter in liquid helium than in vacuum, though
the effect is minor. This observation indicates that most of
the heat is dissipated into the substrate rather than into the
external medium. The results highlight the central role of the
film-substrate interface in governing non-equilibrium heat
transfer, while showing that the surrounding liquid helium
contributes only marginally to cooling. These findings pro-
vide new insight into the microscopic processes controlling
energy relaxation in superconducting nanostructures and may
help guide the design of next-generation superconducting
detectors and quantum devices with improved performance.

2 Experimental Setup

NbTi filaments, 50 nm thick and 5 pm wide, were deposited
on fused silica substrates by DC magnetron sputtering under
high-vacuum conditions. The superconducting filaments
and gold contacts were defined using standard photolitho-
graphic techniques followed by ion milling. The sample
geometry is shown in Fig. 1: the central section contains a
constriction with a length of 600 pm. Current pulses were
applied through the wire and directed to ground, while two
wide superconducting side probes were integrated into the
layout to measure the voltage drop across the filament.

For measurements in vacuum, a closed-cycle cryostat
was employed to reach a base temperature of 4 K. The same
sample was subsequently immersed in a liquid helium dewar
and tested using the identical setup. Current pulses of variable
amplitude, with a duration of 450 ns and a repetition rate of
10 kHz, were applied through an air-delay line of 240 ns [13].
The resulting voltage response was monitored with a high-
speed oscilloscope. Current pulses were applied through the
wire and directed to ground, while two wide superconducting
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Fig. 1 Schematic of the sample layout showing the narrow NbTi fila-
ment and two lateral voltage probes connected to the oscilloscope
through 467 resistors. The current pulse is applied along the wire and
directed to ground. The formation of a resistive region within the nar-
row filament is anticipated from the device geometry, and its localiza-
tion between the two probes is inferred from probe-resolved voltage
measurements, as discussed in the text
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side probes were integrated into the layout to measure the
voltage drop across the filament. The current flowing in
the sample was determined by I = 2V//50, where V is the
applied voltage. The superconducting transition temperature
of the films was approximately 7.8 K. All samples fabricated
from the same substrate patch showed consistent behavior,
with the hotspot forming reproducibly near the central region
between the two electrodes, indicating good film uniformity.

3 Experimental Results and Discussion
3.1 Dissipation of Non-Equilibrium States

When a supercritical current is abruptly applied to a super-
conducting filament, the resistive voltage does not appear
immediately. During this initial transient, quasiparticles
and phonons are driven out of equilibrium, while supercon-
ductivity can temporarily persist even though the applied
current exceeds I, resulting in a measurable delay before
a voltage develops. At later times, this transient non-equi-
librium superconducting state may evolve into a localized
dissipative non-equilibrium region, where superconductiv-
ity breaks down and a resistive response emerges.

Under these conditions, superconductivity breaks down
locally and energy dissipation appears. Several distinct modes
have been identified as being responsible for such metastable
states, most prominently the phase slip center (PSC) and the
hotspot (HS)[11]. Both of these dissipation modes are of fun-
damental importance in the study of non-equilibrium super-
conductivity and have also been employed as powerful tools
in particle detection and photon-sensing technologies. For a
superconducting wire biased with a current close to the pair-
breaking current, dissipation can additionally be initiated by the
motion of vortices, which may be induced either by an external
magnetic field or by the self-field of the applied current.
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Phase slip centers were first observed in one-dimensional
superconducting whiskers, where the width of the conductor
is comparable to the coherence length £. When the applied
current increases, the Cooper pairs accelerate until the criti-
cal velocity is reached. At this point, the pairs break within a
region of size £, producing a localized zone where the order
parameter collapses to zero and superconductivity vanishes.
In this region, the normal electrons diffuse almost instanta-
neously, and across its boundaries the phase of the super-
conducting wave function undergoes a discontinuous slip by
27. This process is interpreted as an oscillation of the order
parameter between zero and one in the time domain. During
such events, both the normal electrons and the remaining
Cooper pairs contribute to the overall current transport [15].

When the transverse size of the superconducting wire is
much larger than ¢, dissipation is instead governed by phase
slip lines (PSLs), which exhibit behavior analogous to PSCs
but on a wider spatial scale. PSLs can be explained as trans-
verse flows involving a vortex and an antivortex moving
in opposite directions and annihilating at the center of the
filament [16, 17]. The dynamics of these structures have
been extensively investigated within the theoretical frame-
work of the TDGL [18, 19]. Although PSCs and PSLs differ
in their microscopic physical realization, they manifest in
similar macroscopic transport features. In particular, both
mechanisms produce steps and voltage jumps in the current-
voltage characteristics [20]. Remarkably, the linear portions
of these voltage steps converge toward a single point, which
is referred to as the superconducting current [21].

3.2 Measurement of the Heat Escape Time

Dissipative states induced by an electrical current pulse are
generated in superconducting wires once the applied current
exceeds the critical current I.. Although in wide supercon-
ducting strips edge-enhanced current density and vortex-
mediated dissipation are often expected, no distinct voltage
features that could be uniquely attributed to vortex motion
were identified prior to the appearance of the delayed volt-
age response in the present measurements. However, we
note that flux-flow dissipation does not necessarily require
pre-onset voltage jumps or fluctuations and may result in
a smooth voltage increase once dissipation sets in. There-
fore, while the observed behavior is consistent with hotspot-
related dissipation, the possible contribution of vortex
motion to the emerging resistance cannot be excluded. The
delay time ¢4 represents the characteristic time required for
the collapse of superconductivity in the affected region.
Ref. [14] reported a detailed investigation of the dissipa-
tive mechanisms preceding the onset of the delay time %4,
and examined the influence of an external magnetic field on
this process. In that work, the collapse of superconductivity

in a two-dimensional filament was associated with the nucle-
ation of vortices and the subsequent formation of phase slip
lines (PSLs). Interestingly, it was shown that the delay time
becomes independent of temperature in the quasi-equilib-
rium limit, in contrast to models where the delay time is
governed by non-equilibrium quasiparticle or vortex-related
dynamics rather than by thermal relaxation, and is therefore
expected to exhibit a strong temperature dependence for dif-
ferent ratios of I..

Hotspot localization in the present devices is primarily
determined by the lithographically defined constriction, which
produces a maximum current density at the central region of
the filament, as established in previous theoretical and experi-
mental studies. Although spatially resolved mapping of the
local critical current was not performed, the reproducible
electrical response observed across multiple samples indicates
consistent nucleation of the dissipative region near the center
of the wire. No experimental signatures typically associated
with vortex motion, such as pre-onset voltage steps or fluctua-
tions prior to the delay time td, were observed, even for mea-
surements performed close to Tc. These observations suggest
that the dissipation mechanism in the present NbTi films is
dominated by hotspot formation.” In our experiment, no evi-
dence of the phenomena described in Ref. [14] was observed.
In particular, we did not detect signatures of quasi-particle ava-
lanches or vortex flow prior to the onset of ¢,4. In the present
measurements, no voltage fluctuations or steps were detected
prior to the appearance of the delayed voltage response; how-
ever, this observation alone does not exclude vortex-mediated
dissipation, which may contribute after the onset of the resis-
tive state. In the present measurements, no such signatures
were observed before the delay time ¢4, indicating that these
mechanisms do not trigger the dissipation. This observation
does not exclude the possible involvement of vortices after
the onset of the resistive state. Our measurements were per-
formed in the absence of a magnetic field, and the dissipation
we observed was dominated by the hotspot (HS) mode. Using
the electrical pulse technique, we induced non-equilibrium
states that gave rise to a voltage response after a well-defined
delay time ¢4, associated with either PSC or HS formation.
However, no vortex nucleation was observed before the delay
time that would signal PSC dissipation.

The delay time ¢4 was analyzed within the framework of
the TDGL, later refined by Tinkham [12], which provides
the expression:

1 4
td(I/Ic):Td/ 2/ df

0 %(%)2_f4+f6 (H

where f'is the normalized order parameter, / is the applied
current, and 74 is a fitting parameter reflecting the character-
istic relaxation time of the system.
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The sample was first investigated under vacuum at T =
4.2 K. For currents exceeding I., after the delay time ¢4 a
sudden, monotonic increase in voltage was observed across
the sample, which we identify as the formation of a HS. This
delay decreased systematically with increasing amplitude of
the applied current. Figure 2 shows the measured values of
t4 as a function of current, fitted with (1), yielding a charac-
teristic parameter 74 = 6.0 £ 0.5 ns.

Within the dissipative zone, the local temperature exceeds
the substrate temperature [22]. Heat generated inside the
hotspot is initially confined within a region bounded by super-
conducting zones on either side. Energy is then redistributed
to the neighboring superconducting parts through quasi-par-
ticles (QP) and phonons, leading to the extension of the HS
length, while a fraction of the heat is transferred to the sub-
strate. The non-equilibrium system can thus be viewed as two
coupled subsystems: QPs and phonons. The Rothwarf-Taylor
(RT) model [23] describes the coupled time evolution of these
subsystems. Once Cooper pairs are broken, the resulting QPs
are excited to high-energy states. The rapid electron electron
interactions are followed by slower electron phonon processes,
after which QPs accumulate near the band edge at energies 2A
above the gap. Finally, recombination of QPs occurs, releasing
energy as phonons that carry heat to the substrate.

The same sample was then studied in liquid helium
using the identical setup. Figure 3 shows the variation of
the delay time ¢; with current. Fitting with (1) yielded
T4 =95.3£0.5 ns, a value slightly smaller than that
obtained under vacuum. This parameter reflects the effec-
tive cooling time of the film. Although the current and volt-
age amplitudes in both environments were nearly identical
(difference less than 9%), the faster heat removal in lig-
uid helium reduces 74. The additional cooling pathway is

V(V)

t(ns)

Fig. 2 Temporal evolution of the voltage generated by a single-step
current pulse in the NbTi bridge immersed in liquid helium. The volt-
age shown corresponds to the signal measured at the upper lateral
probe with respect to ground; no voltage signal is detected at the lower
probe. The voltage appears only after a delay time tg, and this delay
decreases as the applied current increases. The traces correspond to 1/
I.=1,1.008,1.025, 1.050 and 1.070 (labeled a to e, respectively)
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Fig. 3 Logarithmic scale of the delay time-current characteristics of
50 nm thick and 5 pm wide NbTi filament measured in vacuum (dots)
at T = 4.2 K. The fitting curve (red) is the TDGL with a prefactor 74
=6.0£0.5ns

provided by direct heat exchange between the hotspot and
the surrounding helium bath through the upper surface and
lateral sides of the wire (Fig. 4).

The comparison between vacuum and liquid helium
conditions emphasizes the role of the environment in deter-
mining the heat escape dynamics. In both cases, the dom-
inant fraction of the heat is evacuated into the substrate.
However, in liquid helium, the wire has an extra dissipa-
tion channel through the helium bath, which marginally
reduces the overall heat escape time. The small difference
between the measured 74 values (6.0 = 0.5 ns in vacuum
and 5.3 £ 0.5 ns in liquid helium) demonstrates that while
substrate cooling is the primary pathway, immersion in
liquid helium introduces an additional but less dominant
mechanism for heat evacuation.

4 Conclusion

Resistive states in superconducting thin NbTi wires were
induced by electrical current pulses and investigated under
two different thermal environments: vacuum and liquid
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Fig.4 The dependence of the delay time tq on the reduced current I/1.
of NbTi filament submerged in liquid helium. The solid line is the best
fit of the experimental results with the TDGL (1) with a prefactor 74
=53+0.5ns

helium. The resulting non-equilibrium dynamics were char-
acterized by the delay time ¢4, which was analyzed within
the framework of the time-dependent Ginzburg—Landau
(TDGL) model. From this analysis, effective heat escape
times were extracted for both environments. The measured
values differ by only about 9% between vacuum and lig-
uid helium, indicating that heat dissipation is dominated
by transfer into the substrate. While the observed behavior
is consistent with hotspot-related dissipation, additional
mechanisms such as vortex dynamics may also contribute to
the resistive response, particularly after the onset of dissipa-
tion. The comparatively small influence of the liquid helium
environment suggests that substrate coupling plays the pri-
mary role in governing the thermal relaxation processes in
the NbTi films.
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