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Abstract Using a sequence of stepped bias currents in the nanosecond range, we
have studied the destruction of superconductivity in c-axis textured YBayCuzO7
strips of various thickness and structure (single or multi-layers). Sufficiently far
from T¢, vortex flow fades out and gradually gives way to localized dissipative struc-
tures, which can be interpreted either as Phase-Slip Centers (PSC) or normal Hot
Spots (HS). A plot of the corresponding threshold currents in the current—temperature
(I-T) plane indicates when each of them will occur, and how to switch over from one
to the other, in a manner similar to that demonstrated for metallic materials (cf. Ladan
et al., J. Low Temp. Phys. 153:103, 2008). The capability of some YBCO strips to
support PSC’s at arbitrarily low temperatures escapes the common picture.
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1 Introduction: Current-Induced Resistive States in Narrow Strips

If a diameter smaller than the coherence length £ is the primary criterion [1, 2], high-
T. superconducting wires are poor candidates for demonstrating one-dimensional
(1-D) transport. However, the observation of current-induced voltage jumps, sensitive
to microwave irradiation, in the current—voltage (I-V) characteristics of constrictions
of ceramic YBa;CuzO7 (YBCO) has been interpreted in terms of phase-slip centers
(PSC) [3]. In addition, it has been established [4] that strips wider than the Ginzburg-
Landau (G-L) coherence length & can support PSCs, or more properly phase-slip
lines, provided the electron inelastic relaxation time substantially exceeds the coher-
ence time 7. In narrow epitaxial YBCO strips the dissipation was found to shift from
vortex flow (VF) near the critical temperature 7 to resistive singularities character-
istic of 1-D transport, namely PSCs, and hot spots (HS) at lower temperatures [5].
The purpose of this paper is to organize the variety of states arising in a single YBCO
strip as a function of temperature and current {7, /}, in analogy to the study recently
devoted in this journal to niobium strips [6].

While HSs are merely normal zones maintained above the critical temperature 7
by the Joule effect, for a current larger than a well-defined threshold value I, a PSC
is a particular dissipative state of a 1-D filament traversed by a current larger than the
depairing G-L critical current /.. In what may be called the standard PSC model [1],
it consists of a localized dissipation unit, centered on a core of size £ and extending
on both sides over the quasiparticle diffusion length A (typically 1 pm). Therefore,
an ideal current-controlled I-V isotherm appears as a tilted staircase, with a series
of equal vertical steps, each one corresponding to the nucleation of a new PSC. The
inclined parts of each step, of dynamic resistance R, = dV /d I, extrapolate to a com-
mon intersection Is with the V = 0 axis, where Is represents the time-averaged PSC
superfluid current. If the current happens to exceed I (T'), the filament leaves the su-
perconducting state, and the resistance takes on its full normal-state value. That ideal
description needs in some cases to be adapted to the load line of the bias circuit.

Exciting a strip with current step-functions of the time offers several advantages,
in addition to simply limiting the power dissipation. First of all, a delay time 74,
depending in a specific way upon the reduced current intensity 1/ [5, 7], precedes
the nucleation of a PSC. This statement applies to HS nucleation as well, if a HS
necessarily follows the formation of a PSC, as is the case with niobium [6]. So, a
sizeable delay (nanoseconds) between the application of a supercritical current step
and the first voltage rise appears as an unmistakable signature of the nucleation of
either a PSC or a HS singularity, which suffices to distinguish these modes from VF
dissipation. Furthermore, under current-controlled drive (electrical source impedance
>> load impedance), a HS constantly fed with > I,(T) grows in length at a constant
rate and so produces a linearly rising voltage, contrasting with the time independence
of the PSC voltage response.

Which of these resistive modes is effective for given {7, I} conditions can be
pictured (Sect. 2) on a diagram of the critical currents I.(7T) and I(T). These two
curves usually intersect at some temperature 7* with the property I, < Iy, for T > T*,
and vice versa, which justifies the familiar statement [1, 2]: PSCs near 7 and HS
at low temperature. By observing the temporal evolution, retarded or not, stable or
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growing, of the voltage response (Sect. 4), an I-T diagram is constructed. At T < T*,
the first visible response to a single-step excitation is, as expected, a HS since I < I,
but it only occurs at the higher current /(7). The determination of Iy at T < T*
therefore requires a contour in the I-T plane involving a two-step technique. By using
a similar procedure, a HS state can be made to retreat, or even to make a transition to
a PSC state, at temperatures where PSCs have not been supposed to exist (Sect. 5).
In exceptional cases the special electronic properties of YBCO can lead to I. < Iy
everywhere, thus allowing the formation of PSCs at all temperatures (Sect. 6). Table 1
summarizes the observations made with a number of different samples. Finally, an
Appendix is devoted to the measurement of delay times and to their application in
the determination of phonon escape times, which in turn can be used to compute film
temperatures.

It is concluded that—phenomenologically—current-carrying epitaxial YBCO
strips behave essentially like any other superconducting material, aside from the last
distinction made just above.

2 I-T Diagram and Specific Properties of YBCO Films

The I-T diagram of resistive states amounts to a comparison between the G-L de-
pairing current density J.(7") and the minimum current density J,(7) allowing the
formation of a hot spot. Let us first define J,(7p) as the density whose Joule dissi-
pation per unit volume ,oJuz, where p is the normal state resistivity, is sufficient to
maintain a uniformly heated strip in the normal state on a substrate at temperature
Ty, so that

pli=Ct (T, — Ty) ey

with C standing for the volumetric specific heat near 7. In YBCO films, the cooling,
or bolometric, time 7, related to the more familiar thermal boundary resistivity Rpq by
T = RpgCb, where b represents the film thickness, is to a large extent a temperature-
independent quantity, as will be discussed later. For simplicity, we will also assume
that the current density is uniform across a transverse section of the filament, and
that the electron-phonon interactions are sufficiently rapid for a single temperature
T to describe the state of the system at a given position along the strip. For large
temperature deviations from 7., C can no longer be considered as a constant. In
this case it is more appropriate to replace the product C (7. — Ty) by the enthalpy
difference Ah(Ty, — Tc) = h(T.) — h(Ty), where h(T) is the definite integral of C
from 0 K to temperature T

pJ2 =t VAR(Ty — Te) 1)

However, in order to sustain a steady localized HS, the Joule effect per unit volume
pJ? must compensate not only for the heat loss to the thermal bath considered above,
but also for the longitudinal heat conduction along the filament. The combination of
these two modes of heat transfer requires for HS formation [6, 8] a minimum current
density Jy given by

pJZ=pCt (T, — Tv) )
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in the linear approximation of heat transfer. The numerical factor p is equal to 2 under
the assumption of continuity of the heat conductivity across the HS borders. For large
temperature deviations, as with (1), we will replace (2) by

pJg =p'tT AR(T, - To) = ppl; @)

with a numerical factor p’ which might differ somewhat from p.

As an example, one could estimate the current density Jyo in the extreme case of
an YBCO strip on a substrate cooled to Ty, = 0 K. Assuming p’ =2,b=100nm, p =
100 p€2 cm, plus the relation /b = 75 ps/nm established experimentally for YBCO
films deposited on MgO [9], and A(T.) = 45 Jcm™3, derived from by integration
of heat capacity data [10, 11], (2") yields Jyo ~ 10 MA/cm?. (Frequent uses of this
numerically defined 4 (7T) will appear in this work.) A similar calculation performed
at 77 K would gives Jy(77 K) ~ 6 MA/cm?.

On the other hand, the effective critical current cannot be predicted a priori in
YBa;Cu3z07 devices. One could use for J; the expression [12] J. = h/ZnuoeAZS,
in which A, po, and e are respectively the Planck constant, the magnetic permeabil-
ity of vacuum, and the electronic charge. But with £ ~ 1.5 nm for the coherence
length in the (a, b) YBCO plane, and A ~ 250 nm for the London penetration depth
at 77 K, J. would approach ~ 1 GA/cm?, an enormous density indeed. Although
such values have been achieved in exceptionally narrow bridges [12], the percolative
character of the superconducting conduction in wider c-axis oriented films limits the
average current density J., defined as /. divided by the filament cross section, to just
a few MA/cm?. This value just happens to fall in the range of the thermal threshold
current densities Jy,, and that coincidence introduces situations not found in metallic
superconductors.

In view of the preceding estimates of Jpo and Jep, it is not clear which is larger,
so that no general prediction can be drawn as to whether the Jy(T) and J.(T) curves
cross. Both cases, J.o > Jho and J.o (noted JC/O) < Jpo are considered in Fig. 1a, buta
study of the less usual second case will be delayed until Sect. 6. (J¢o < Jy is favored
by a good thermal contact, or by a small critical current density, of whichever origin).
A universal property of (1) is to imply a (1 — r)!/?>-dependence for Jy,(¢) near T,
becoming vertical at T = T, in contrast with J. which, as ¢ approaches 1, has a
form varying from (1 — )3/ to (1 — 1), depending on the filament width [8]. (Here
t is the reduced temperature 7/ T¢). This ensures that the inequality J, > J. holds
near T; in all cases. Low-T strips or whiskers, as well as most high-7 thin strips,
have Jyo < Jco. Therefore there must be an intersection at some crossing temperature
T* separating the high-T domain, where PSCs appear first (star in Fig. 1a) when
increasing the current up to J.(7y), from the low-7 domain where Jy < J;.

At bath temperature Ty, < T*, the first curve to be met by currents of increasing
intensity is Jy(7}) at point L. Although that is theoretically the HS threshold, the fila-
ment experiences no loss of superconductivity at this level. For a voltage to appear, a
transient PSC (fuzzy star in Fig. 1a), generated at a value J > J.(T), is first required,
a process that necessitates a delay time #4 [7], by analogy with the Nb filaments [6].
Only then is the excited PSC zone converted into the hot spot HS . (the index < is
for T, < T*), because the dissipation exceeds the limit imposed by (2) (or 2'). In
brief, monitoring the first response to a single step-pulse of current probes I.(T) at
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Fig. 1a (Color online) J
Principle of construction of the
J-T diagram for 1-D resistive
states. The first voltage response
to a single current step
appearing with a delay
determines the graph J. (7). The
branch Jy,(Ty,) above T* is
obtained by an increase of the
current. For Ty, < T*, the
current density is first raised to
J' > Jo(Tp), then reduced until
the voltage response is flat —
HS threshold Jy,(T},). The
high-J¢ and the (infrequent)
low-J case end respectively at
Jeo and J) at T =0 K. Stars
are for PSCs (transient for

Ty, < T™), rising arrows for HS
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Fig. 1b Current temporal
pattern (top) and voltage 77 K I' LEY 4509d
response in LEY4809d for three
values (in mA) of the return
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all temperatures from 0 K to 7t. Let us remark that, once a dissipative state has been
created, the critical current becomes a function of the local film temperature 7, as
opposed to I, (Ty) which remains a function of the substrate temperature only.
Measuring I, (T;,) above T* is straightforward: I}, is obtained by raising the current
beyond I.(Ty), until the PSC flat voltage switches into a rising voltage revealing a
hot spot HS... On the other hand, the low-temperature (7, < T7*) branch requires a
two-step procedure, still respecting the condition of controlled current bias. Thanks
to a primary short pulse of intensity I’ > I.(T}), some part of the filament is first
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launched into the HS’ state, identified by its fast rising voltage (see oscilloscope traces
in Fig. 1b), then subjected to a current of smaller intensity /. If this “return current” is
above Iy (Ty), an increasing voltage testifies to an expanding HS (top trace). However,
for I < I(Ty), areceding HS (lower trace) is observed. The current that maintains the
steady level HS( should then correspond to (7} ) and so may be used to complete the
(Ic, In, T) diagram. More complex behaviours, involving a return to PSC states, are
detailed in Sect. 5. A pulsed laser excitation may also be substituted for the current
pulse I’ [6].

The length effective in the determination of the PSC differential resistance R, is
twice the quasi-particle diffusion length A = vp(7.TR /2)1/ 2 where 7. is the elastic
collision time, and tR is the transverse inelastic relaxation time [2]. For an order-of-
magnitude evaluation, we will take a Fermi velocity vg ~ 2.2 x 10% m/s in the YBCO
ab plane, and t. &~ 150exp(—7/12 K) ps, following [13]. For tr, we will substitute
the inelastic lifetime tj, related to the microscopic processes of energy loss and of
recombination, as found experimentally in YBCO [14]. Using these values one finds
a temperature-dependent A, ranging from ~ 0.5 um at 80 K, to about twenty times
longer length at 60 K. Provided PCSs may be formed at low T, their measured length
should reflect that exceptionally wide range.

Compared to metallic superconductors, YBCO is characterized by a low concen-
tration of free charge carriers, and consequently a rather weak electronic contribution
to the thermal conduction which is thus dominated by the lattice conduction. A ther-
mal diffusivity of only Dy, = 3.3 (um)?/us at 77 K in the ab plane was found [11]
for bulk samples of high crystalline quality. We assume comparable values to hold in
epitaxial films. Consequently, small values are expected for the HS nominal growth
velocity [6] Up = /D /T & 15 m/s, if one takes T = 5 ns as a typical figure for the
film cooling time. Similarly, one would find about 0.15 um for the thermal healing
length, or a HS minimum half-length of, n = /Dy 7.

3 Experimental Procedures and Samples

The YBCO samples reported on in this paper were deposited using a variety
of techniques. Except in one case (LZCYB77:35 nm YBCO/70 nm YSZ/10 nm
CeO,/Silicon), the substrates were polished [100] MgO surfaces, in order to induce
oriented growth of the film along the c-axis. YBCO films LEY 4553w and 4809d,
from CRISMAT-Caen, were grown by laser ablation (A = 248 nm) of a stoichiomet-
ric target, on top of a 85 nm buffer adaptation layer of epitaxial strontium titanate
(STO) formed on MgO. In the case of sample LEY4809d, the STO layer was cov-
ered by twenty double layers (6 nm YBCO/7 nm STO) before the active film was
deposited [15]. Alternatively, we could use films dc-sputtered from multiple targets
fabricated at CEA-Grenoble, or electron-gun deposited from a stoichiometric target
(LL109-N) at CSNSM-Orsay. When available, electron microscopic observation re-
vealed the crystalline state of the YBCO surface, featuring twins on a typical scale
of 0.3 micrometers. In all cases, the bridge pattern (5 to 40 um wide; two or four
terminals) was obtained by standard photolithography plus ion beam etching.

Gold contact pads were formed at 250°C, under oxygen pressure, on the sputter-
etched material, by using in each case the most suitable method (RF sputtering or
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Fig. 2 Experimental apparatus. One, or two, pulse generators, connected through calibrated resistive at-
tenuators (x dB, in steps of 0.1 dB) deliver rectangular pulses on a 50-ohm line. The sample is cooled by
nitrogen, or helium. It can be directly immersed in the liquid, or enclosed in an evacuated copper cell

Joule evaporation). Since the experiment may involve large currents, up to 250 mA
at low temperature (TO-34; T704a3), a straightforward interpretation of the mea-
surements relies heavily on the quality of the electrical contacts. These procedures
resulted in contact resistances Ry of the order of 30 mg2, at least in the first low-
temperature run. This value could degrade to 50 m2 or more after a dozen runs.
Samples having Rg > 150 m€2 were either repaired or discarded.

Figure 2 is a sketch of the experimental apparatus. Single rectangular current steps,
or more complicated waveforms, of duration up to about 400 ns, are delivered by
one or two pulse generators (analog + digital) to a coaxial line of wave impedance
Z =50 ohms. A 240-ns air delay line allows monitoring the input and the reflected
pulses separated in time, thus probing a two-terminal device by reflectometry, for use
when the lateral probes are not available. The analog source is capable of a finer con-
trol of I, defined as the current producing the longest observable PSC delay time. Let
us note that, although individual currents are known to no better than 1%, current
ratios, such as //1; can be certified to about ten times better accuracy, thanks to the
use calibrated coaxial attenuators.
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In order to clearly distinguish the various modes of dissipation (VF, PSC, HS), it
is essential to achieve satisfactorily the condition of constant-current bias. What is
easily obtained as long as the superconducting bridge has negligible impedance, be-
comes problematic when resistance sets in. A simple analysis, neglecting inductances
and attenuation along the cables, shows that the time-dependent current I through the
strip is related to the input voltage V; by the relation I = (2V; — V)/Z, where V is
the instantaneous voltage measured at a lateral probe (provided the dissipative center
occurs beyond that particular probe). As we will soon see, the rising signal of an ex-
panding HS becomes visibly sublinear beyond a sample resistance V /I of about 3 €2,
and eventually goes to saturation typically around 8 €2. That might lead to confusion
with a PSC voltage, unless these numbers are taken into account. Due to their rather
high resistivity, YBCO bridges are likely to show this behavior, and only the initial
development of a HS may be significant. An alternative was to insert a (compact)
impedance bridge close to the sample to increase the effective series resistance. Sim-
ilarly, the voltage probes were occasionally linked to their respective coaxial cables
via a 150-ohm resistor.

Experiments were performed from 1 K to about 85 K, with standard temperature
controls and cryostatic systems, including pumped liquid helium and pumped liquid
nitrogen. The size of the substrates, and their high thermal conductivity, insure that
the “bath temperature” Ty, is unaffected during a submicrosecond electrical pulse.

4 Current-Induced VF, PSCS, HSS and the I-T Diagram

Under pulsed excitation, the delay time ¢y which precedes the PSC or HS responses
sufficiently distinguishes these modes from the flux-flow (VF) regime, since there is
no delay for the VF resistance except, possibly, on the scale of 7g. The VF resistance
illustrates the two-dimensional character of YBCO films (w 3> &), and usually sets
in at elevated temperatures, finally exclusively dominating the response within about
5 K of 7. The inset of Fig. 3 shows the VF voltage response in microbridge T704a3
fed with current-controlled step pulses. The depinning threshold at 80 K is Iy ~
12.3 mA, corresponding to a current density of J =2 x 10° A/cm?. After a rounded
initial rise, the voltage versus current graph displays a linear behaviour consistent
with a fixed concentration of vortex tubes driven by the Lorentz force.

At a lower temperature (73 K), the vortex flow signal (Fig. 4a; trace «), still
present, shows a slower saturation, as a consequence of the reduced VF resistivity
and resultant increased penetration time of the magnetic induction. More striking is
the delayed appearance, for a (depairing) current I, of a phase-slip center, denoted
PSC1, appearing as a step-voltage on top of the VF signal (trace 8). It is characterized
by a delay time #q rapidly decreasing as the intensity of the drive current increases.
If one identifies the current (63.5 mA) giving the longest observable delay (350 ns
here) as the critical one, it corresponds to a critical density J. = 10.5 MA/cm?, to be
compared with Jyg = 5.85 MA/cm? for the depinning density at 73 K. For 67 mA
(trace y), the delay of PSCI1 is reduced and a second PSC, denoted PSC2, has been
nucleated. Some explanation of the waveshapes at early times (~ 50 ns) is needed:
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Fig. 3 (Color online) Voltage 250 EEEEEEEEE
vs. current plot showing vortex P T704a3 3
creep, followed by linear vortex l
flow, in zero applied magnetic _|J Ll T=80K 5]
field. Inset: VF voltage vs. time 200 o
for several current intensities: o
12.3, 15.1 20.5 and 27.7 mA. —_ ]
The non-strictly equal durations = 150 =
of the two step pulses added é Bl
entail no material consequence = ]
£ 100 .
] & B
A - ]
50 =
= IVF -

%S oI5 20 25 30

Current (mA)

the contact to ground of the sample became loose and it had to be connected ex-
ternally, via a 1-m cable. This caused some initial ringing, which should not affect
measurements performed at long times (several 1077 s).

By subtraction of the VF voltage (extrapolated along the dashed lines in traces b
and c), one can extract the PSC voltages AV} and AV,, and plot the quantities AV
and AV] + AV, (Fig. 4b) as a function of the real current I = (V; 4+ V;)/Zo, where V;
and V; are respectively the incident and reflected voltages measured by reflectometry
at time &~ 350 ns. The linear dependences of both functions upon the current are
manifest, as well as the existence of an excess current Is = 53.5 mA ~ 0.81.1 (73 K).
The mean differential resistance of PSC1 and PSC2, R, ~ 42, leads to a quasiparticle
diffusion length A = wbR,/2p ~ 2 pm. It is not in severe disagreement with A =
vp(tctR/Z)l/2 ~ 0.9 pm, that can be derived from the values 7.(73 K) = 0.3 ps, taken
from Ref. [13], and 7;, (73 K) = 100 ps taken from Ref. [14].

For a larger current intensity (=~ 68.5 mA) at the same bath temperature, the volt-
age response becomes too large to fit in the framework of Fig. 4a. While the delay
is reduced to a non-observable value, the response increases quasi-linearly with the
time, in the manner expected from an expanding HS. Then it bends down as the re-
sistance of the microbridge becomes non-negligible compared to the characteristic
impedance of the line. (At V /I = 5 ohms, the current intensity may have dropped by
5% of its initial value).

Reducing the temperature (7;, = 65 K in Fig. 5) not only inhibits the vortex flow,
but it also increases I, beyond Iy, thereby preventing the possibility of a PSC with a
core temperature Ty, < ¢, because of excessive Joule heating. Therefore, a hot spot
bursts from the transient PSC state {7y, I.(7p)}, according to the trajectory leading
to HS. in Fig. la. (Multiple hot spots were never observed, even in the transient
state). The present graphs with dV /dt ~ 7.2 V/us, yield a HS velocity of growth
U = (wb/2pl)(dV/dt) ~ 52.5 m/s, aresult compatible with Uy estimated at the end
of Sect. 2. Finally, we recall that the apparent HS delay time is just the nucleation
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Fig. 4a Voltage signals vs. time
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Ty, = 73 K, for several current L =67 mA ) Y
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time of the transient PSC necessary for initiating the HS state, if YBCO filaments are
to behave like Nb filaments [6].

Turning to considerations of heating, the linearity of the two I-V plots in Fig. 4b is
somewhat surprising. A rise of a few kelvins from T;, = 73 K should produce a small
increase of the resistivity, a significant reduction of /., and therefore of /g, causing an
increase in the dissipative [1] current (I — Ig), with a proportional effect on V. The
other consequence is a reduction of the diffusion length A, through the variations of
7. and Ty, causing a counter effect on V. A detailed study of these effects is beyond
the scope of this paper.

Results available from sample T704a3 for /. and I, and also for the VF depinning
current [y, are plotted in Fig. 6 as a function of T, above 64 K. (At that temperature,
the flux flow signal is practically inhibited. See Fig. 5.) Although I.(T) and Iy,(T)
are virtually defined without limits in temperature, some portions of their I-T dia-
gram have escaped investigation for two reasons: (a) at low 7, to avoid excessive
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Fig. 5 HS voltage signals at T T T T T
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three current intensities T704a3 I=6 K
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dissipation and (b) near T, because of the dominance of the VF response over the
PSC and HS signals. Throughout the range 65 K to 81.5 K, Iy happens to be about
60% of I.. Below T*, I was obtained following the method pictured in Fig. 1b,
by using a two-step excitation. Let us note that, despite the apparent proximity of
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Fig. 7a (Color online) Plots of J¢(T') and Jy, (T},) in YBCO strip 4553w (b = 120 nm). The fitting curves
(dashed) are, respectively, linear for J¢, and parabolic for J,,

their respective plots, I.(7T) and Iy(T') have a well-defined intersection (T* =72 K;
I* =70.8 mA). The sharpness of the transition from one regime to the other can be
appreciated from the contrast between the 7 < T* domain (HS only, Fig. 5) and the
PSC domain appearing at 7Ty, = 73 K (Fig. 4a), only 1 K above T*.

Similar I-T diagrams were drawn for samples LEY4553w (Fig. 7a) and T704b2
(Fig. 7b). In both cases, I.(T) is well fit by a straight line extrapolating to {I = 0;
T = T¢}. On the other hand, the HS threshold current I,(T) can be represented by a
parabola having its vertex at 7.

The principal characteristics of the samples and results relative to their I-T dia-
grams are collected in Table 1. Quantities directly measured (heavy print) are distin-
guished from those computed (in parentheses), such as the critical current densities
J that were extrapolated according to

Je(t) = Joo(1 + 15121 — 12) A3)

a formula where the monomial (1 — #2)3/2 of (15) of [8] has been adapted for wide
strips (w > A).
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Fig. 7b (Color online) Similar plot in T704b2 (b = 30 nm). The values J; = 9.05 and 14.5 MA/cm?
marked by arrows for T, = 80 and 70 K respectively, are theoretical predictions from (2), with T deduced
from delay times (see Appendix)

Similarly, the Jys are either directly measured, or derived from (2') that relates I
to the enthalpy 2(7") of YBCO and to the thermal time constant T taken as t/ps =
75 (b/nm) for the filaments deposited on MgO substrates, or otherwise determined
from an analysis of the PSC delay times (see Appendix). PSCs were obtained in all
the samples mentioned. The line “Low-T PSC” specifies whether these PSCs could
be observed simply below T*, as it will be developed in the next section, or even
observed at helium temperatures in low-J, filaments (Sect. 6).

5 Return from a Hot Spot State

Once a HS state has been established, it can be made to retreat by reducing the cur-
rent. Let us again consider our previous excitation scheme (Fig. 1a, b) consisting of
a brief intense pulse I’ to initiate a hot spot HS’, followed by a longer “return” cur-
rent pulse, whose magnitude / determines a variety of responses from the filament.
In Fig. 8a, taken at T, < T*, trace 4 shows an increasing HS signal, that grows from
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Fig. 8a Return from HS’ at
T, = 68 K in microbridge
T704b2. Return currents

I > 95 mA support a HS, either I;=100 mA
growing (trace 4), or fixed in i Is= 95 mA
length (trace 3). A PSC plateau I;= 89 mA
(trace 2) is reached for L= 88 mA
89 mA <1 <95 mA. Trace 1
shows the HS recession and
collapse. (The baseline R =0
corresponds to the voltage drop
in contacting pads and wires).
Vertical sensitivities are adapted
for each trace so as to normalize
the HS’ signal

T=68K=<T

HS
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"o =0
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the remnants of HS’ after the end of the I’ pulse. For smaller values of I, the posi-
tive slope diminishes until, for / =95 mA, a quasi-plateau is obtained (trace 3). That
limiting value of the current is, as in Fig. 1b, the working definition of the thermal
threshold current 11, (7}). By continuity, the expected response to a current I < Iy (Tp)
should be a HS receding linearly towards zero. This is not the case. Instead, from
95 mA down to the limiting current called Ijjy(7Tp) = 89 mA (trace 2), there is a
range of I producing steady voltages that, we believe, are PSC signatures. Finally,
for I < Iiim(Ty), the voltage waveform (trace 1) has the character of a receding HS,
with a more or less linear descent, terminated by a sudden collapse once the HS ex-
tension has shrunk to twice the thermal healing length 5. From the voltage drop AV
of about 20 mV, one finds here a value of 25 ~ 200 nm, not far from the prediction
2n =24/ Dyt = 165 nm).

In support of the PSC interpretation, the long-term (or final) voltage was plotted vs.
I (Fig. 8b) in the above range 89 to 95 mA. Its linear variation, reminiscent of that of
Fig. 4b, implies a differential resistance R, = 8.5 2, corresponding to A = 4.5 pm.
If we suppose that the minimum PSC current Iji;, = 89 mA is equal to the critical
current at the (unknown) PSC core temperature T, likely to be shifted up from the
bath temperature 7, = 68 K, it is T (/. = 89 mA) = 74 K from inspection of the
experimental (/, T') diagram of sample 4809d (Fig. 7b).

As a cross check, it is interesting to make an evaluation of the temperatures
reached inside a PSC or a HS. In the HS case, the temperature profile is relatively
flat near the centre as soon as the normal zone exceeds a few 7’s, so that the longi-
tudinal (along the strip) heat loss can be neglected. Then the central temperature Ty
can be computed using the condition: Dissipation rate per unit volume = Transfer
rate to the substrate, namely

pJ? = p(T)I?/w*b> =t AR(Ty, — Tw) 4)
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Fig. 8b (Color online) Plot of il [1] : S S : :
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by adaptation of (2’). The PSC temperature profile is not as flat as the HS one, but
the low thermal diffusivity of YBaCuO again allows neglecting the longitudinal heat
conduction for the calculation of the PSC core temperature 7y,. Now, the dissipation
ol (I — Is)/w?b? per unit volume of the filament replaces pl 2 /w?b? of the normal
state, so that Tp, is given by

VIt =2AwbC[Tm — Th] 5)

where 2 A is a simplification of the effective length (2A + 2n) of Ref. [16].

Being the border between the HS and the PSC behaviors, the PSC upper bound,
(95 mA for sample T704b2 at Ty, = 68 K), should be compatible with both these
states. Equation (4) with p (100 K) =70.5 u2 cm and t(T704b2) = 2.25 ns leads to
Ah =40 Jem™3 and therefore Ty = 103 K for a steady HS. On the PSC side, the
same intensity produces a voltage V = 156 mV. According to (5), the temperature
excursion is only ~ 6.5 K, which maintains T;, safely in the superconducting state.

At the lower end of the PSC range, Ini, = 89 mA and Vpsc = 105 mV, a similar
calculation yields Ty, — Tp = 4.1 K, and therefore Ty, ~ 72 K, that is to be com-
pared with the result 89 mA = I.(74 K) obtained above. This agreement to better
than order-of-magnitude reinforces the PSC assumption, and the measurement of
Lim(Ty), coupled with a T < I plot, leads to a reasonable determination of a PSC
core temperature. (In the normal state, (4) would lead to Ty ~ 100 K, far out of the
superconducting range.)

A simplified view of the PSC generation process is as follows: as soon as [ is
reduced to below I;,(T,), the hot spot undergoes a regression in Ty and in size (down
to 2n) until its own center sinks abruptly below 7¢. For a short time, the local I. is
vanishingly small, so that [ is largely overcritical, and a PSC-type process can start.
It will settle at a central temperature Tr, (/) > Ty if the electrical dissipation V. [ is
able to prevent the reentry into the R = 0O state.

It is interesting to map these various behaviours on an I-T diagram, such as Fig. 9,
specialized to the case T, < T*, with the points U and L marking the relevant val-
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Fig. 9 I-T diagram used to picture the evolution of a normal region suddenly fed with a lower “return”
current I (refer to Fig. 1b), whose intensity determines the type of response (schematized on the right)

ues of Iy(Ty) and Iy (Ty) respectively. For I > I1,(Ty), the response is an expanding
HS. In the PSC range @im(Ty) < I < Ih(Ty), the presumed I <> Ty, relation is de-
scribed by the dotted curve running from (Z) to its intersection (%) with the I.(T)
curve. Continuing with smaller return intensities leads into the domain of the reced-
ing HS, provided I}i,m > Iy, a condition fulfilled for trace 1 of Fig. 8a, since there
Iy ~ Ih/ﬁ =95 mA/ﬁ = 67 mA, while ljjy, is 89 mA. Eventually, below I, (T}),
at a value of I difficult to point accurately, the entire normal length should resume a
non-dissipative state (signal not shown in Fig. 8a) in a time of a few t’s, without any
linear descent.

Detailed observations of the same type were made on sample LEY4553w, with
similar patterns of temporal response. No qualitative difference showed between Ty, =
77 K and Ty, =79 K, on opposite sides of T* =78.5 K.

6 PSCs at Low Temperature in Small- J. Filaments
Any decrease, obtained by design or accidental, of the critical current J.(T') reduces
T* and extends the natural PSC domain (T* < Ty, < T¢) towards low temperature. In

the extreme case, summarized by J/;, < Jpo (see the dashed curve ending at J/; in
Fig. 1), where J.(T) and J4(T) do not intersect, there seems to be no lower bound
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Fig. 10 Low-temperature

(4.2 K) voltage response vs. time
of filament LEY4553u excited
by the superposition of a fixed,
slowly rising, major pulse, and a
fast, finely adjustable pulse.
Before 74, currents (in mA) are
successively: 123.45; 124.1;
125.3; 129.7; 148.1; 149.1. PSC
nucleation times decrease with
the intensity. Note the change of
waveshape on the upper

trace (6), signalling the passage
into the HS mode

LEY 4553u T=42K

VOLTAGE (V)

TIME (ns)

to the generation of PSCs. Such a situation was not reported for metallic supercon-
ductors Al, Sn, In, Nb, Pb, ..., with the exception of low-temperature PSCs reported
in niobium [6]. This phenomenon becomes much more accessible in high-7. materi-
als, where the practical critical current densities are usually far below their theoretical
value. A certain amount of control can be exerted on Jpg, which behaves like (pb) ™~ 172
according to (2). However, a low value of J.g is the key factor, whichever its origin.
The recently introduced ultrathin NbN filaments used as single-photon detectors do
not seem to satisfy this condition, due to a too large value of their electrical resistivity.

From an experimental point of view, the inequality /.9 < Ino should manifest it-
self at any temperature by the appearance of PSCs, confirmed at the minimum, by a
TDGL-compatible nucleation time, a steady voltage under current-controlled drive,
and a constant differential resistance. A voltage response increasing linearly with the
time, characteristic of a hot spot should appear at some higher value of the current.
These features were reported earlier [5] at 4.2 K for the YBCO samples LCZYB-77
and LL109N incorporated in Table 1. Where prohibitively high currents /o were in-
accessible to direct measurement, these were deduced from (2'), and found to obey
Jeo < Jho-

A further demonstration, contrasting the PSC and HS responses at low tempera-
ture, is provided in Fig. 10. We see no trace of vortex flow, but rather a sequence of
stable nucleation times 74 resulting from closely-spaced values of the input current
(values given in the figure caption). Too few z4 measurements could be performed
before destruction of the sample to be exploited as in the Appendix. However, the
HS threshold current is well defined around 149 mA, and the I (PSC) < V(PSC)
graph (not shown) indicates an excess current Is ~ 0.651;, a differential resistance
R, =25 €, and a quasiparticle diffusion length A = 13.2 pm from (5). From the
relation between A and the microscopic interaction times (Sect. 2), that large length
might be due to the low temperature.

While the intrinsic inequality Joo < Juo may result from a particular choice of the
sample parameters, the same situation may also result from deterioration of the sam-
ple in one of several ways. Surface de-oxygenation of YBCO, destroying the super-
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Table 1 Specifications of YBCO strips: thickness b; width w; distance between voltage probes L; num-
ber of terminals used [r]; normal state resistivity at 100 K (p10g), and ratio p300/p100. Critical temper-
ature Te. Crossing temperature 7 in the I-T diagram. Pair-breaking current density Jc, in heavy print
when measured; bracketed if (extrapolated) through (3). HS threshold density Jp,o (computed) from (2'),
except Jy (4.2 K) directly measured in 4553u (Fig. 10). Same convention for thermal relaxation times ©
derived from delay times (Appendix), or alternatively, deduced from (6) (brackets). PSCs observed below
T* by HS quenching (stars), or directly raised at arbitrary low-T (pentagons)

Sample TO-34a LCZYB77 LL109-N LEY4553w LEY4553u LEY4809d T704a3 T704b2
Reference [20] [5] [5] [9] [9] 9] [21] [21]
Substrate MgO  Si MgO MgO MgO MgO MgO MgO
Buffer YSZ/CeO,y 85 nm STO 85 nm STO 20 bilayers

b (nm) 30 35 75 120 120 120 30 30

w (um) 28 10 10 10 10 40 20 20

L (um) [n] 200 [2] 50(2] 1000 [4] 500 [4] 500 [4] 500 [4] 200 [4] 200 [4]

p100 (U2/cm) 265 730 125 165 305 190 86.5 70.5
£300/£100 2.25 2.6 2.8 2.67 247 2.71 2.75 2.68
T. (K) 82 87 89 86 87 88 86 86.5
T* (K) None (74) None 78.5 None (79.5) 72 76.5
Je (77 K) (1.25) (3.25) 1.35 3.60 (2.95) 1.17 7.50 11.1
(mA/cmZ)
Je (4.2 K) 7.6 20.5 9.0 (13.5) 10.25 3.8) (28) (40)
(mA/cmz)
Jho (mA/em?) (10.5)  (4.75) (11.2) (7.35) 124 (5.5) (20.5) (22.5)
T (ns) 2 5.0 6.5 8.5 15

(2.25) (5.6) 9.0) 9.0) (2.25) (2.25)
PSCatT <T* * *
Low-T PSC O Q o]

conductivity over a fraction m of the film thickness, would reduce I.(T') by a factor
1-m, without changing I, (T'), and therefore would reduce the ratio I/ in the dam-
aged area, likely to become the sensitive zone. (Hence, the currents 7, rather than the
densities J, are the relevant quantities.) If the damaged thickness becomes insulating,
the result is an increase of the apparent resistivity p and a decrease of I. by a factor
of +/1 —m. Let us consider the case of sample LEY4553u, that was prepared in the
same run as sample LEY4553w, and was intended to have the same characteristics,
but which turned out to be inferior in terms of normal state conductivity (Table 1)
and of low-temperature critical current. Its first resistive response at 4.2 K is char-
acteristic of a PSC (Fig. 8), as it should be, in contrast to 4553w which has a HS
response (not shown) as soon as Ty, < T* = 78.5 K. It seems that the inequality
Jeo < Jno was induced in this case by ageing.

To summarize this section, resistive structures having the signature of PSCs were
observed, at helium temperatures, in three samples (Table 1) characterized by their
“low” critical current densities. However, since the superconducting path in YBCO
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is made up of a multiplicity of parallel channels, it is not attempted to describe the
origin of this property.

7 Conclusion

C-axis oriented YBayCu3zO7 superconducting strips were found to exhibit features
characteristic of 1-dimensional transport, namely Phase-Slip Centers and Hot Spots.
(The usual vortex flow coexists with these singularities apparently without interfer-
ence.) The prevalence of one mode over the other is governed solely by the relative
values of the macroscopic currents I.(7T") and I;,(T'), regardless of the complicated
topology of the current lines at the nanometer level in oxide superconductors. Be-
tween its center and its borders, a PSC inevitably explores a large span of tempera-
tures, a situation making it difficult to derive detailed information about the electronic
lifetimes. On the other hand, the computed local deviations of the film temperature
appear quite compatible with the experimental I-T diagrams. Furthermore, one finds
an exceptional agreement between the PSC nucleation times and their corresponding
TDGL-based theoretical model, even for T < T, (see Appendix).

By applying nanosecond pulse techniques, we have shown that a hot spot never
arises unless a PSC has been first created, and conversely that a PSC can survive
on a substrate cooled well below 7*. This particular hysteretic state is obtained by
the quenching of a previously generated hot spot. So, in many respects, YBayCuz O
strips behave like conventional metallic superconductors [6]. However, there exist
cases (typically filaments having a reduced critical current density) where PSCs can
be created in a single step of current at any temperature, a phenomenon singular in
the literature of non-equilibrium superconductivity.
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Appendix: PSC/HS Delay and Film Cooling Time

Throughout this work, we have made use of a film cooling time 7 to evaluate the tem-
peratures reached at the center of either a PSC (Ty,) or a HS (7). This characteristic
time is usually estimated from a phonon-escape theory, or derived from bolomet-
ric measurements. However, we use here a quite different determination, practicable
at any temperature in the superconducting state, based on an analysis of the PSC
nucleation time #4. Our 7 is identified with the prefactor 74 of the Pals and Wolter
formula [7]:

2f%df
4/27) I /1e)* = f*+ f°

or tg = tg Fpw (I /1) in short. More exactly, we used an improved theory of the nu-
cleation time, due to Tinkham [17], that modifies the numerator of the integral and

1
(/1) = /0 ©)
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Fig. 11 (Color online) PSC 1000 1 v T v T
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its limits. Here the variable f is reminiscent of (the normalized modulus of) the su-
perconducting wave function introduced in the Ginsburg-Landau equation [7]. The
predicted 74 can again be factorized as 7q4 = tq Fx, where Fry is a function, not only
of I/1.(T), but also explicitly of the parameter T/ T [6]. Asymptotically equivalent
to (6) for I — I, it allows dealing with larger //I.’s and shorter 74s. Here, we ex-
tend it freely to low temperatures, far from 7¢, beyond the domain of validity initially
claimed [7, 17]. In the original formulation, T was meant to represent the gap relax-
ation time, which scales with the short and highly temperature-dependent inelastic
electron-phonon time. Instead it was shown, in particular for the case of YBCO fil-
aments [9], that the experimental tq4 is a relatively long (nanoseconds), temperature-
independent time, proportional to thickness. Whenever a comparison is possible, T
comes close to the bolometric time T measured near 7 [18], or above [19], so that it
seems legitimate to identify one with the other. Furthermore, owing to the low value
of the electron contribution to the total specific heat in YBCO, t should not differ sig-
nificantly from the phonon escape time .5 towards the substrate. Finally, for c-axis
oriented YBCO on polished (001) MgO, STO-buffered or not, a number of data [9]
can be summarized under the numerical form:

T R Tese & 75 (b/nm)ps 7)

over a large span of temperatures. We now give a supplementary example to illus-
trate the procedure introduced earlier [5]. It concerns two filaments, LEY4553w and
LEY4809d, having equal thickness » = 120 nm. The essential difference is in the epi-
taxial buffer multilayer (20 times YBCO + STO), that separates filament LEY4809d
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from its STO-covered MgO substrate (see Table 1). Figure 11 is a double plot of
the PSC nucleation times #q measured at 77 K in the two samples. The fitting curves
are tq Frx [T/ T¢, I /1.(T)] functions, computed for T/ T. =~ 77 K/ T, ~ 0.9, with the
prefactors T = 14 as the sole adjustable parameters. One notes the better fits obtained
with the function Frx compared to Fpw. If we acknowledge that two YBCO fila-
ments of the LEY series have, by fabrication, similar electrical characteristics, the
most relevant difference is to be found in the thermal coupling to their substrates.
The multilayer has the effect of roughly doubling the thermal boundary resistance.

The present determination of 7, given by (7), can be subjected to a direct test
through (2) that relates the HS threshold current density Jy, to the bath tempera-
ture. With the choice p =2, pjgo = 70.5 uQLcm, C = 1.10 J/em3 K near T, and
T = 2.25 ns from (7), applied to sample T704b2, one finds J, = 9.05 MA/cm? at
Ty, =80 K, and Jy, = 14.5 MA/cm? at Ty, =70 K, to be compared with the directly
measured values in the experimental I-T diagram (Fig. 7b). The agreement is strik-
ing, although it might not be as good in samples containing a weak point (signalled
by an anomalously high resistivity and a low critical current).
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