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Abstract

We have studied the characteristics of different metastable states in NbTi thin film deposited on sapphire substrate in a region
very close to the transition temperature T ., which was estimated to be about 7.6 K in our sample. Localized dissipative zones
are induced (phase-slip centers (PSC) and hot spots (HS)) when a current pulse larger than the depairing critical (/,.) current
is sent through the filament. These resistive zones appear after a delay time at zero voltage (transient superconductivity)
that depends on the thermal cooling time of the material. A time-dependent Ginzburg—Landau (TDGL) theory developed
by M. Tinkham allows to extract the gap relaxation time from the measured time delays at a temperature very close to T .
Furthermore, it appears that, well below T, this relaxation time is dominated by the thermal equilibration time of the film
on its substrate. In addition, the niobium-based material showed a clear evidence that PSC can be considered as precursors

for hot spots.

1 Introduction

In the past decade, non-equilibrium superconductivity has
been a subject of great theoretical and experimental inter-
est due to its potential application in different areas [1-3].
Quantum phase slip centers (PSCs) were demonstrated to
model qubits [4, 5] and were considered to be a promis-
ing competitor to replace Josephson junctions in qubits for
quantum computations. Non-equilibrium superconductivity
has been recently extended for potential usage in techno-
logical optical communication applications [6]. It was also
employed in various kinds of energy detection, particu-
larly single photon detection in the infrared regime via a
superconducting nanowire [7]. This technique is inspired
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by hotspot dynamics in superconducting nanowire. When
photons are absorbed by nanowire with currents close to
I.., the superconductivity collapses locally and is then fol-
lowed by the formation of a resistive state. The duration
of the non-equilibrium phenomenon depends on the wire
thickness; once complete, superconductivity is restored. This
recovery time is called the “reset time” for superconduct-
ing single-photon detectors (SSPDs). During this time, the
device is not affected by any additional photon.

In addition, this metastable superconducting state can be
generated via thermal fluctuation [2, 8] or current induced
states like in I-V characteristics [9—-11]. A recent work
reported on the control of PSCs in high T, superconduc-
tor nanowires using single photon absorption [12]. Refer-
ence [13] reported on the behavior of two dissipative states
in superconducting point contacts. Two different thermal
domains were identified for dc currents exceeding the cur-
rent switching value. In one regime, increased temperature
due to dissipation is close to the bath temperatures, which
are governed by PSC nucleation. However, in the second
regime, the constriction temperature can exceed the bath
temperature favoring a HS formation. This is in agreement
with our analysis and supports the existence of two dissipa-
tive states. However, the current switching method cannot
accurately differentiate between the two dissipative states,
unlike the adopted voltage pulse technique. Niobium-based
materials showed encouraging results and were regarded
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as good candidates for SSPDs. Furthermore, some reports
showed that introducing Ti in NbN modifies the atomic
binding energy, which modifies the electronic and crystal-
line lattice structures. This leads to improvement in various
physical properties [14], such as changes in the signal-to-
noise ratio, increased superconducting transition tempera-
tures [15], and exceptionally high surface smoothness (better
uniformity/homogeneity [16]). NbTiN films have also been
found to have higher electrical conductivity than their par-
ent NbN films, leading to diminished kinetic impedance and
shorter recovery times [17]. A recent work reported on the
measurement of the gap relaxation time at low temperature
deduced from fitting the experimental data on delay times
versus the applied current with the TDGL. However, the
performed fitting was not close enough the Tc to validate
the usage of the TDGL theory [18].

In the present paper, we studied metastable states induced
by current pulses in NbTi filament in the close vicinity of
T,. This system responds analogously to NbN and NbTiN in
single photon detection when non-equilibrium regimes are
created in superconducting wire. Our experimental results
showed the induction of PSCs in the vicinity of T, and
the creation of HSs elsewhere. These two non-equilibrium
states, PSC and HS, have different dissipative textures, even
though they appear after a delay time t, in response to an
overcritical current excitation [1]. We confirmed that the
hotspot is always triggered by a PSC. In the close vicinity
to T, the thermal relaxation time is determined by fitting
the experimental data with the model proposed by Tinkham,
which was based on the TDGL [19].

2 Experimental Setup

In this experiment, NbTi wires possessing a width (w) of 2
um and thickness (b) of 50 nm were sputtered on a sapphire
substrate. The deposition was performed in argon-nitrogen
plasma environment inside a high vacuum chamber (STAR-
Cryoelectronics, NM, USA). The electrical contacts along
with the superconducting wires were patterned using photo-
lithographic and ion milling processes. Figure 1 displays a
sample layout where the total length of the wire is 600 ym
and a current pulse is send in the wire and goes into the
ground. In addition, two-sided probes are incorporated and
designed to measure the voltage along the wire. The cooling
down was performed under vacuum at 4 K in a closed-cycle
cryostat with a temperature controller.

A pulse voltage source was used to send an electrical
pulse with variable amplitude for 450 ns at 10 kHz [18]. In
most cases, the incident wave pulse is reflected back with an
inverted amplitude once the line terminates at zero imped-
ance (superconducting state). In Fig. 1, the terminal imped-
ance of the circuit is 50 Q, where R; =467 Q is mounted in
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Fig. 1 Sample layout, with lateral probes connected to the oscillo-
scope through 467 Q resistors to ensure that the current flows to the
ground

series with the sample and R, = 57 Q is plugged in parallel
in the opposite arm (sample & R ). To segregate the two
waves, we used a delay line and no reflection was expected,
it was absorbed by the 50 Q terminal impedance. Two-sided
probes were connected in series with two resistors (467 Q)
to limit and minimize the outgoing current.

3 Experimental Data

Our samples are characterized in DC mode while we meas-
ured their resistance as a function of temperature for a cur-
rent of 1 uA. The transition temperature was about 7.6 K,
and the resistivity at 15 K was p = 93 uQ.cm. All samples
were investigated under vacuum and at different tempera-
tures below T . The experimental setup shown in Fig. 1
allowed us to monitor the electric current pulse amplitude
and record the voltage response. A constant current below
the I, value is being used in the sample. However, currents
exceeding the critical current amplitude generate a dissi-
pative state in a micrometric length scale with high resist-
ance. A voltage drop occurs in the non-equilibrium zone
and results in a current reduction. To match the condition
of constant current flowing through the sample with high
resistivity, we integrated R, and R, as shown in Fig. 1. The
current can then be calculated using the following formula:
I, = V/50 X Ry/(R; + R,), where V is the applied voltage.
We adopted the electric current pulse technique when
studying non-equilibrium states in superconducting wires.
This technique allows us to segregate different dissipative
modes. A current pulse larger than the pair-breaking cur-
rent is sent into the superconducting filament (wire) which
was cooled below its critical temperature T, and this gave
birth to a dissipative zone having a size of the order of
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a micrometer. The dissipation usually starts with a flux
flow motion, a regime rarely seen in conventional super-
conductors and niobium-based materials using this tech-
nique and in the absence of magnetic field. But it exists
in high T, superconductors very close to T .. Reference
[20] investigated the motion of current-driven vortices in
the presence of magnetic field preceding the nucleation
time of PSC. They claimed that their velocities exceed the
pair-breaking speed limit of superconducting condensate
in Pb . The flux flow motion evolved leads to the PSC
which is expected to occur in one-dimensional filaments
if the transverse dimension is of the order of coherence
length £. The Cooper pair order parameter oscillates at
the Josephson frequency between zero and one, and the
current flowing in this region is superimposed to the one
due to the quasi-particles generated and the Cooper pairs.
The order parameter magnitude has been normalized to
unity; however, this value collapses to zero in a region
where nucleation of PSC occurs. According to the theory
developed in Ref. [21], the phase changes by 2z during
this nucleation. Similar behaviors were observed in wider
filaments and have been generalized into phase slip lines
(PSL) [22, 23].

Figure 2a illustrates the voltage response of the super-
conducting filament to electrical pulses at temperature
close to but below T, (T = 7.20 K). A voltage emerges
after a delay time t;, which is associated with an applied
current value larger than I ., where t, represents the time
needed to destroy locally the superconductivity. As the
current amplitude increases, Cooper pairs accelerate much
quickly, eventually breaking the critical value that leads to
areduction in the delay time. At t, dissipation is initiated,
quasi-particles are generated in a region of the order of the
coherence length and then diffuse to both sides of the fila-
ment to cover a wider zone. The obtained voltage response
showed a raise in time followed by a plateau for the rest of
the pulse duration. It appears to be a stable response. The
same phenomenon was reported in [11], who noted that
multiple steps were observed in I-V characteristic meas-
urements at different temperatures, representing a change
in the number of PSCs in the nanowire. Reference [24]
reported on the delay time t, and its relation to the appear-
ance of the first vortex in quasi-1-D bridges. In addition,
it stated that in 2-D the nucleation time of the first vortex
and nucleation time of the quasi-phase slip line are close
to each other at currents not far from I,. However, our
experiment was performed under zero magnetic field and
used the electrical pulse technique to create different dis-
sipative modes after a certain delay time t; and segregate
them (PSC and HS). We did not experience any nucleation
of vortices before the delay time t,, that initiated the PSC
dissipation.

(a) 8x10™-

V(V)

1 1 1
200 300 400 500

Time (ns)

T
0 100

Expanding HS

V(v)

20

Time (ns)

Fig.2 (a) Measured voltage (Probe 1) versus time in response to dif-
ferent current values at T = 7.20 K for NbTi wire. The depairing cur-
rent is defined as the minimum value of current triggering the appear-
ance of voltage, at 450 ns this critical current is I, = I; = 0.500 mA.
Increasing the current amplitude reduces the delay time as shown in
Fig. (2) I, = 0.511 mA, (3) I; = 0.535 mA, (4) I, = 0.554 mA. (b)
Zoom-in part of the voltage response recorded (Probe 2) at differ-
ent current values as a function of time at T = 7.00 K shows voltage
jumps caused by PSC nucleation, which triggers dissipation followed
by growing HSs with I, = I; < I, < I3in the figure

4 |dentification of Dissipative States
in Temperature Domain

4.1 Conversion of PSC to HS

We noticed that by increasing the applied current pulse
amplitude above the critical current many dissipative states
were created in the superconducting filament between the
two laterals probes. We recorded the voltage between probe
2 and the ground and observed the presence of a new dissi-
pative state. As shown in Fig. 2b, the voltage vs.time showed
an abrupt jump followed by a linear monotonic behavior.
The jump is attributed to PSC nucleation, which evolved
into a non-stable structure that produced an expanding HS.

The non-equilibrium zone formerly created in the super-
conducting state due excess of current is revealed by the
voltage developed after an obstruct time t, [25]. This time
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lag can be determined using the TDGL equation as modi-
fied by Tinkham [19]. It uses the applied current and the
superconducting order parameter given by:

! 2f4df
td(I/Ic)=Td/0 Tlp_piis (1

271,

The parameter preceding the integral function is perti-
nent to the gap relaxation time. However, different reports
showed that it depends on thickness as well as on tempera-
ture [26]. Figure 3 shows a good reconciliation between the
experimental data and the theoretical solution from Eq. 1,
and it yields a fitting parameter 7, = 5.5ns at T = 6.5 K.
We also observed an increase in the value of this parameter
at 7.20 K. This shows that the cooling time for NbTi on
sapphire is temperature-dependent since a cooling time of
4.75 ns was reported previously at 3.6 K [18]. In contrast,
for NbTiN on sapphire, the cooling time was reported to
be temperature-independent in the small temperature range
investigated [27]. Reference [28] reported a similar effect
for YBCO on sapphire, and it showed that the cooling time
of the film increased with increasing temperature. Moreo-
ver, it represents the heat escape time, which determines
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Fig.3 Delay times in log scale as a function of applied reduced cur-
rent I/I, at T = 6.5 K. The red curve is the solution obtained using
non-equilibrium superconductivity theory as described by Tinkham's
TDGL, and it determines 7, in Eq. 1 with fitting parameter 7,(6.50 K)
= (5.5 = 0.2) ns under vacuum. Inset: Voltage vs time for the follow-
ing current values: I, =I. = 3.36 mA, I, = 3.60 mA, I; = 3.64 mA
and I, = 3.72 mA. It shows a growing HS at the substrate tempera-
ture T = 6.50 K
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the sensitivity of a superconducting wire used as a detector
device for the incoming photons in the filament.

4.2 Interpretation of Different Dissipative Modes
in I-T Diagram

In addition to the pair-breaking current I ., we defined the
HS current I, as the minimum current value that is able to
maintain a normal region with a temperature slightly above
T, [27]. The HS current I, is somehow related, but not iden-
tical, to the hysteresis current defined on the dc current-
voltage characteristics of thin films reported in Ref. [29].
The pair-breaking current I and the HS current I, are
temperature-dependent and usually have a crossing tem-
perature T*. In the region extending between T* and T,
the depairing current curve is located below its I, counter-
part [27, 30]. In this case, dissipation is governed by the
PSC as shown in Fig. 2a. In temperature domains slightly
below T* (green zone in Fig. 4), the two current curves are
close to each other but in an inverted order compared to
the other regions. If we increase further the current ampli-
tude, the HS current is reached but this will not affect the
superconducting state since the depairing current has not
yet been reached. Then, once the I, is reached, dissipation
takes place in a localized zone initiated by the PSC which is
then converted to a HS since I > I .. The HS is referred to as
a growing structure and has the tendency to expand along
the filament (as shown in Fig. 2b). The dissipative HS is a
region where superconductivity breaks down and the spot
becomes completely normal. The spot also has a core tem-
perature greater than the critical temperature T .. For lower
temperatures, the difference between the two currents (I, and
I,) becomes important. The destruction of superconductiv-
ity requires a current larger than I .. In this case, the non-
equilibrium state is triggered by a PSC that is immediately

I (0)

L, (0)

DHS

Fig.4 Current versus temperature, clearly exposing different dissipa-
tive mode types (HS, PSC, Flux Flow: FF, Developed HS: DHS). T,
represents the substrate temperature
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transformed into a HS. In the inset of Fig. 3, the voltage is
shown to increase over time and does not contain the jump
that occurred at t, in Fig. 2a.

5 Conclusion

In the present work, we identified the different resistive
regimes originating in a superconducting NbTi bridge
under the action of an excitation current pulse having values
exceeding the depairing current in a region close to T .. The
two main dissipative states PSCs and HSs were identified
and discriminated, and the PSCs were stable while the HSs
were growing structures. On the other hand, PSCs occur in
regions near the transition temperature T ., while HSs are
created at low temperatures. In addition, we also pointed
out that PSC appear to be the precursor of HSs. Finally, the
heat escape time for dissipative states in non-equilibrium
HSs was successfully compared to the theoretical predictions
based on Tinkham’s TDGL theory, we were then led to con-
clude that the heat escape time was temperature-dependent
for our NbTi thin film sample.
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