Resistive Switching Dynamicsin Current-Biased Y-Ba-Cu-O
Microbridges Excited by Nanosecond Electrical Pulses

The response of a superconductor to the injection of current
pulses depends directly on the quasiparticle dynamicst since
the carriers injected from the external circuit are normal
(unpaired) electrons that disturb the quasiparticle—Cooper-
pair dynamical equilibrium. Most commonly, a current pulse
with an amplitude higher than the sample critical current | is
used (supercritical perturbation), leading to a collapse of the
superconducting state and resulting in the resistive response.
This phenomenon wasfirst investigated in metallic supercon-
ducting thin films by Pals and Wolter? and has been recently
observed by Jelila et al.3 in superconducting Y Ba,Cuz07_y
(YBCO) microbridges. In both cases, a resistive (voltage)
response induced by the supercritical current was reported to
have a certain time delay ty, defined as the delay between the
arrival of the input current pulse and the appearance of the
voltage signal. The ty was directly related to tp, the time
required to achieve collapse of the superconductor order pa-
rameter D. Jelila et al.3 successfully interpreted the ty depen-
dence on the supercritical pulse magnitude, using the theory
developed by Tinkham.1

The supercritical perturbation in a superconducting bridge
can aso be achieved by a suitable combination of the excita-
tion-pulse magnitude |, and the bias current level 14c. In
fact, atwo-dimensional spaceof thesupercritical perturbations
exists, limited only by the conditions lyptg = lpuise + 1dc > Ic
and |4 < I.. Together, the bias current (dc) and the pulsed
current (time dependent) represent simultaneous injection of
both Cooper pairs and quasiparticles into a superconductor,
allowing usto study afull range of the quasi particle-Cooper-
pair dynamics from very weak [(Ipyse = I and Iy ® 0) or
(Tpuise @ 0 and lgc = 1¢)] to very strong (Ipyge >> Ic and
| 4c > 0) perturbations.

The aim of thiswork isto present our studies on supercon-
ducting-to-resistive switching of dc-biased epitaxial YBCO
microbridges, subjected to nanosecond el ectrical pulsesinthe
supercritical perturbation regime. Our studies confirm the
existence of a substantial ty, which dependsin a complicated
way on both the magnitude of I,,s(t) and the value of 14
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biasing the microbridge. Our measurements were interpreted
using a modified Geier and Schon (GS) theory,* which, con-
trary to the Tinkham model, 1 allowed for the incorporation of
thedc biasof asuperconductor anditsrelationwithty. Wehave
also demonstrated that for perturbations much longer than the
electron—phonon time tq y,, the dynamics of the current-
induced resistive stateislimited by the bol ometric processand
tp reduces to the phonon escape time ¢ .

When a long strip of a superconductor is subjected to
supercritical perturbation, injected quasiparticles destroy the
system equilibrium, resulting in the formation of phase-slip
centers, which, inturn, lead to the collapse of Din acharacter-
istictime fpand the development of aresistive hot spot across
the strip’sweakest link. At the early, nonequilibrium, or “hot-
electron,” stage, the quasi-particle relaxation dynamics is
governed by inelastic electron—phonon scattering, while the
later resistive hot-spot-formation stage is a bolometric pro-
cess. Thus, tpshouldinitialy follow t_;, and later belimited
by te. The nonequilibrium processis, of course, measurable
only if thewidth of I, s(t) isof the order of ¢, or shorter.
The tq, which determines the appearance of a macroscopic
resistive state, is related not only to ¢ but also to the sample
reduced temperature T/T. and to the magnitudes of both | s
and | 4 with respect to | ..

Even though the earlier Y BCO experimentsby Jelilaet al.3
were successfully interpreted using the Tinkham theory,! we
choose to use the GS theory* since it isthe only approach that
incorporates the dynamics of both Cooper pairs and quasipar-
ticles. The GS model alows the study of the supercurrent-
induced response in both the hot-electron and bolometric
regimes. It considers a one-dimensional homogeneous super-
conducting microbridge in which Cooper pairs coexist with
quasiparticles. The Cooper-pair dynamicsis described by the
time-dependent Ginzburg—L andau equation,® whilethe quasi-
particle distribution is given by the Boltzmann equation.® The
main featurein the GStheory isthe equation for the conserva-
tion of current between the superfluid (Cooper pair) and
normal fractionsof electrons, andit allowed ustointroduce, in
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a natural way, the bias Iy, in addition to the quasiparticle
perturbation I s(t). In our approach to the GS model,’ the
three aforementioned differential equationsarefirst solved for
aconstant subcritical current (thedc bias), resulting in equilib-
rium values for the parameters of the system at atime >> t
Next, those equilibrium parameters are used as initial condi-
tions to solve the GS equations for Iy, constituted of the
same |4 and avarying transient |, s¢(t). The ty is defined as
the time needed by the normal current component to rise to
50% of the total current through the bridge.

Figure 89.36 presents our GS model simulations of ty
dependence on the reduced bias current i 4. = 14/l and on the
reduced current pulse ipyise = lpuise/lc- The ty dependence on
the supercritical perturbation formsasurface, which exponen-
tially diverges to infinity at theige + ipyse = 1 boundary and
very rapidly drops toward zero at ig; = 1. This behavior is
expected. In the igc + inyse < 1 range, the perturbation is
subcritical and the bridge always remainsin the superconduc-
tive state (only the kinetic-inductive response is possible),
while for ig. > 1, the bridge remains in the resistive state
irrespective of the value of the iy g perturbation. What is
unexpected is the nonlinear t4(iyc) dependence for a constant
Ipuise- From our solution of the GSmodel, shownin Fig. 89.36,
itisobviousthatigcisnot just ascaling parameter intheip s
> 1—iy Switching criterion. The magnitude of the bridge bias
plays the critical role in the switching dynamics not only for
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Figure 89.36

The time delay tq surface as a function of both the reduced bias current igc
and the reduced current pulse ipyise. The tg dependence on the supercritical
perturbation was calculated using a modified GS theory for the parameters
(T/T¢ = 0.96 and tp = 17 ns) directly corresponding to our experimental
conditions (white lines).
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Ipuise < 1 but also for supercritical iy se'S, asige approaches 1.
Finally, we mention that the white lines, shown on the ty
surface in Fig. 89.36, correspond to our experiments and will
be discussed below.

Our experimental samples consisted of 200-nm-thick epi-
taxial Y BCO filmsdeposited on MgO substratesand patterned
into 8-mm-long, 150-mMm-wide coplanar strips (CPS's) with a
single 25-mm-wide by 50-nm-long microbridge, placed across
the CPS. The bridges were characterized by a zero-resistance
transition temperature T = 82.5 K and a critical current
density J. > 1 MA/cm? at 77 K. For experiments, the samples
were mounted on a copper cold finger inside a temperature-
controlled nitrogen cryostat. Nanosecond-wideel ectrical pulses
from acommercial current-pulse generator were delivered to
the bridge via a high-speed, semirigid coaxial cable wire-
bonded directly to thetest structure. The dc biaswas provided
from an independent source and combined with the current
pulse through a broadband microwave bias-tee. A 14-GHz-
bandwidth sampling oscilloscope was used to monitor the
microbridge response. The oscill oscope was connected to the
sampleviaasecond semirigid cablewire-bonded to the output
contact pads of the CPS.

Figure 89.37 shows a series of waveforms of the time-
resolved resistive switching dynamics of our YBCO micro-
bridge subjected to a 20-ns, 130-mA current pulse at different
|4 levels. Since the | of the microbridge was 125 mA, the
lpuise itself was supercritical, which, when superimposed on
the dc bias, resulted in ;4 Well above .. From the bottom
waveformwith nobiasing tothe second waveformfromthetop
withl4.=0.76 1, theresistiveresponseisseen asthe onset and
growth of the plateau region after theinitial kinetic-inductive
peak. Thetimeevolution of thevoltageresponse startswith the
small inductive peak, asthestill-superconducting microbridge
appearsasaninductive element and differentiatesthe~0.5-ns-
wide rising edge of the input current pulse.” Later, since |y
issupercritical, the superconducting state startsto collapse, as
discussed earlier, giving riseto the resistive response after the
delay time ty. The top (thick line) waveform in Fig. 89.37
corresponds to I 4. > | or, aternatively stated, to the YBCO
microbridge in the normal state. We note that in this case, the
measured output pulse isjust the input current pulse, slightly
distorted duetoresistiveloss of theY BCO CPS. A voltage due
to the flux-creep effect can be observed before the inductive
peak, as the small offset of the waveform, when | 4. increases
toward I.. A similar plateau can also be isolated between the
inductive and resistiveresponses, when ty > 20 ns. Plotting the
l4c-V curve in both cases permitted us to identify a shift
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corresponding to I,se and, therefore, allowed us to compute
the actual amplitude of theinput pul se acrossthe microbridge.

From a series of data sets analogous to Fig. 89.37, but
collected under different experimental conditions, we ex-
tracted the ty values as the time delay between the onset of
the inductive peak (instantaneous with the arrival of the input
pulse) and the half-point of the rising edge of the resistive
region of the voltage response. Our experimental ty values
along with the GS theory are shown in Fig. 89.38. Fig-

soundin’Y BCO averaged over thethree acoustic modes. Thus,
we can conclude that for current excitations that are much
longer than te o, the resistive transition in YBCO films is
governed by thebolometric (equilibrium) processanditstime-
resolved dynamics is limited by ¢ This latter observation
agrees very well with both theoretical® and experimental 10
studies of the response of YBCO films exposed to optical
perturbations. It is also consistent with earlier pulse perturba-
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Time-resolved YBCO microbridge response to a 20-ns, 130-mA current
pulse for the various bridge bias levelsat 79 K. Tep = 82.5K; I¢ = 125 mA.
For the top (bold) waveform, the bridge was in the normal state (Iqc > I¢);
note the large voltage offset that is representative of the resistive state of
the bridge.

The measured tg as a function of (a) the reduced bias current igc and (b) the
reduced current pulse ipyise. The solid lines represent the GS theory and
correspond to the white lines in Fig. 89.36. The dashed lines in (a) define
the error range in the amplitude of the current pul se applied the bridge. Note
that the tq scales are logarithmic.
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tion experiments, since the literature datall seem to show that
tpisproportional to the film thickness and itsvalueis consis-
tent with the experimental determination of te for YBCO
deposited on MgO, which is t o = 0.085 ns/nm.

In conclusion, we have presented a study of dc-biased
Y BCOmicrobridgesexcited by nanosecond-long current pulses,
which led to supercritical perturbations and resulted in resis-
tive switching, occurring after a certain delay time ty. Thety
depends roughly exponentially on both the amplitude of the
current pulse and the film dc bias current, in amanner consis-
tent with the GS theory. The duration of the superconducting-
to-resistiveresponseis, inour case, governed by theequilibrium
dynamicsof quasiparticlesinthefilmandislimited by t o, with
no need tointroducethe special tprelaxationtime. Wecanalso
predict that ty could beshortened by using either thinner Y BCO
films or better acoustically matched substrates. The resistive
responseof Y BCO bridgesexposed to picosecond-long pertur-
bations should be limited by the nonequilibrium
te pn interaction time.
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