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Resistive switching dynamics in current-biased YBa2Cu3O7Àx microbridges excited
by nanosecond electrical pulses

Guillaume Sabouret,* Carlo Williams,† and Roman Sobolewski‡

Department of Electrical and Computer Engineering and Laboratory for Laser Energetics, University of Rochester,
Rochester, New York 14627-0231

~Received 18 June 2002; published 3 October 2002!

We report our studies on the time-resolved dynamics of the superconducting-to-resistive transition in dc-
biased epitaxial YBa2Cu3O72x ~YBCO! microbridges, excited by nanosecond-long current pulses. Our experi-
mental structures consisted of 200-nm-thick epitaxial YBCO films deposited on MgO substrates. They were
patterned into a single 25mm by 50mm microbridge, embedded in the middle of a coplanar transmission line.
The resistive switching was induced by the collaborative effect of both the Cooper-pair bias current and the
quasiparticle pulse excitation, which together always exceeded the bridge critical current, forming the super-
critical perturbation. The experimental dynamics was analyzed using Geier-Scho¨n ~GS! theory, which we
modified to include the dc bias. We observed that the resistive state was established after a certain delay time
td , which, in full agreement with the GS model, depended in a nonlinear way on both the excitation pulse
magnitude and the bridge dc bias. For our nanosecond perturbations, the resistive switching dynamics was the
bolometric process, limited by the phonon escape timetes.
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The response of a superconductor to the injection of c
rent pulses depends directly on the quasiparticle dynam1

since the carriers injected from the external circuit are n
mal ~unpaired! electrons and they disturb the quasiparticl
Cooper-pair dynamical equilibrium. Most commonly, a cu
rent pulse with amplitude higher than the sample criti
current I c is used~supercritical perturbation!, leading to a
collapse of the superconducting state and resulting in a re
tive response. This phenomenon was first investigated in
tallic superconducting thin films by Pals and Wolter2 and has
been recently observed by Jelilaet al.3 in superconducting
YBa2Cu3O72x ~YBCO! microbridges. In both cases, a res
tive ~voltage! response induced by the supercritical curre
was reported to have a certain time delaytd , defined as the
delay between the arrival of the input current pulse and
appearance of the voltage signal. Thetd was directly related
to tD , the time required to achieve collapse of the superc
ductor order parameterD. Jelila et al.3 successfully inter-
preted thetd dependence on the supercritical pulse mag
tude, using the theory developed by Tinkham.1

The supercritical perturbation in a superconducting brid
can also be achieved by a suitable combination of
excitation-pulse magnitudeI pulse and the bias current leve
I dc. In fact, there exists a two-dimensional space of the
percritical perturbations, limited only by the conditionsI total
5I pulse1I dc.I c and I dc,I c . Together, the bias current~dc!
and the pulsed current~time dependent! represent simulta-
neous injection ofbothCooper pairs and quasiparticles into
superconductor, allowing us to study a full range of t
quasiparticle–Cooper-pair dynamics from very weak@(I pulse
'I c and I dc'0) or (I pulse'0 and I dc'I c)# to very strong
(I pulse@I c and I dc.0) perturbations.

The aim of this work is to present our studies
superconducting-to-resistive (S-R) switching of dc-biased
epitaxial YBCO microbridges, subjected to nanosecond e
trical pulses in the supercritical perturbation regime. O
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studies confirm the existence of a substantialtd , which de-
pends in a complicated way on both the magnitude
I pulse(t) and the value ofI dc biasing the microbridge. Ou
measurements were interpreted using a modified Ge
Schön ~GS! theory,4 which allowed for the incorporation o
the dc bias of a superconductor and its relation withtd .

When a long strip of a superconductor is subjected
supercritical perturbation, injected quasiparticles destroy
system equilibrium, resulting in the formation of phase-s
centers, which, in turn, lead to the collapse ofD in a charac-
teristic timetD and the development of a resistive hotsp
across the strip’s weakest link. At the early, nonequilibriu
or ‘‘hot-electron,’’ stage, the quasiparticle relaxation dyna
ics is governed by the inelastic electron-phonon relaxat
time te-ph, which for YBCO is;1 ps.5 The subsequent re
sistive hotspot-formation stage is a bolometric process, c
acterized by the phonon escape timetes, which for YBCO is
typically on the order of nanoseconds and, in general form
given by6

tes5~4d!/~Kv !, ~1!

whered is the YBCO film thickness,K is the average phonon
transparency of the YBCO/substrate interface, andv
52.8 km/s is the velocity of sound in YBCO averaged ov
the three acoustic modes. ThustD should initially follow
te-ph and later be limited bytes. The nonequilibrium process
is, of course, measurable only if the width ofI pulse(t) is of
the order ofte-ph or shorter. Thetd , which determines the
appearance of a macroscopic resistive state, besidestD , is
also related to the sample reduced temperatureT/Tc and to
the magnitudes of bothI pulse and I dc with respect toI c .

Even though the earlier YBCO experiments by Jel
et al.3 were successfully interpreted using Tinkham theor1

we choose to use GS theory4 since it is the only approach
that incorporates the dynamics of both Cooper pairs and q
siparticles. The GS model also allows the study of t
©2002 The American Physical Society01-1
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supercurrent-induced response in both the hot-electron
bolometric regimes. It considers a one-dimensional homo
neous superconducting microbridge in which Cooper p
coexist with quasiparticles. The Cooper-pair dynamics is
scribed by the time-dependent Ginzburg-Landau equati7

while the quasiparticle distribution is given by the Bolt
mann equation.8 The main feature in the GS theory is th
conservation of current between the superfluid and nor
fractions of electrons. The latter relationship allowed us i
natural way to introduce into the GS model the supercurr
bias I dc in addition to the quasiparticle perturbationI pulse(t)
and calculate time evolution of the normal-electron curr
componentI n(t) flowing through the bridge as9

I n~ t !5
1

11
pD0f Q

dQ/dt
@122 f FD~D!#

I total~ t !, ~2!

wheref 5D/D0 andQ52j(T)mv are the main GS variable
@j(T) is the temperature-dependent coherence length
mv is the momentum the Cooper pair#, D05D(T50), and
f FD is the Fermi-Dirac distribution function.

In our approach, the GS differential equations~i.e.,
Ginzburg-Landau and Boltzmann equations! are first solved
in a steady state (t@tes), for a bridge perturbed only byI dc,
resulting in equilibrium values for the parameters of the s
tem. Next, those parameters are used as initial condition
solve again the GS equations for normalizedi total5I total/I c ,
constituted of the samei dc5I dc/I c and a time-varying
i pulse(t)5I pulse/I c , and finally, to compute Eq.~2!. Figure 1
presents the normalized transients of the normal-elec
currenti n(t)5I n /I c , calculated using Eq.~2! for four differ-
ent values ofi dc and the constant, supercriticali pulse. The
shape ofi pulse corresponds to our actual experimentali pulse
signal. We note that after the initial spike~injection of nor-
mal electrons into a superconducting film!, i n drops to zero
and the bridge remains superconducting until theS-Rtransi-

FIG. 1. Normalized normal-electron current vs time, simula
based on the modified GS theory for a YBCO bridge exposed to
supercritical perturbation consisting of a fixed normalizedi pulseand
four different values ofi dc ~see legend!. The time delaytd is defined
as the time interval between the onset of the inductive response
the 50% point of theS-R transition.
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tion that occurs after the delay timetd . The transition itself
is very rapid, since our model takes into account only
intrinsic dynamics of theD collapse, without thermal broad
ening associated with the bridge self-heating. After the tr
sition, i n simply follows thei total pulse. Fori dc.1, the bridge
always remains in the normal state,f 50, and i n directly
reproducesi total. We note that this case,i n exhibits a dc
offset, which, as expected, is equal toi dc. Figure 1 also
demonstrates our way of definingtd as the time interval
needed for thei n component to reach the 50% point of th
S-Rtransition~in particular,td is shown as corresponding t
the 50% point ofi n flowing through the bridge, fori dc50.25
and i pulse51.7!.

Using the procedure outlined above, we performed ext
sive simulations of various conditions leading to theS-R
transition and plotted the results in Fig. 2, which presents
td dependence on bothi dc and i pulse. The td dependence on
the supercritical perturbation forms a surface, which ex
nentially diverges to infinity at thei dc1 i pulse51 boundary
and very rapidly drops toward zero ati dc51. This behavior is
expected. In thei dc1 i pulse,1 range, the perturbation is sub
critical and the bridge always remains in the superconduc
state~only the kinetic-inductive response is possible5!, while
for i dc.1, the bridge remains in the normal state irrespect
of the value of thei pulse perturbation. What is unexpected
the nonlineartd( i dc) dependence for a constanti pulse. From
our solution of the GS model, shown in Figs. 1 and 2, it
obvious thati dc is not just a scaling parameter in thei pulse
.12 i dc switching criterion. The magnitude of the bridg
bias plays the critical role in the switching dynamics not on
for i pulse,1, but also for supercriticali pulse’s, as i dc ap-
proaches 1. Finally, we mention that the white lines, sho
on the td surface in Fig. 2, correspond to our experimen
that will be discussed below.

Our experimental samples consisted of 200-nm-thick
itaxial YBCO films deposited on MgO substrates and p
terned into 8-mm-long, 150-mm-wide coplanar strips~CPS’s!

e

nd

FIG. 2. Time delaytd surface as a function of bothi dc andi pulse.
The td dependence on the supercritical perturbation was calcul
using a modified GS theory for the parameters (T/Tc50.96 and
tD517 ns) directly corresponding to our experimental conditio
~white lines!.
1-2
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with a single 25-mm-wide by 50-mm-long microbridge,
placed across the CPS. The bridges were characterized
zero-resistance transition temperatureTc0582.5 K, transi-
tion width 0.5 K, and a critical current densityJc
.1 MA/cm2 at 77 K. For experiments, the samples we
mounted on a copper cold finger inside a temperatu
controlled cryostat. Nanosecond-wide electrical pulses fr
a commercial current-pulse generator were delivered to
bridge via a semirigid coaxial cable wire bonded directly
the test structure. The dc bias was provided from an indep
dent source and combined with the current pulse throug
broadband microwave bias-tee. A 14-GHz-bandwidth sa
pling oscilloscope was used to monitor the microbridge
sponse. The oscilloscope was connected to the sample
second semirigid cable wire bonded to the output con
pads of the CPS.

Figure 3 shows a series of wave forms of the tim
resolved resistive switching dynamics of our YBCO micr
bridge subjected to a 20-ns, 130-mA current pulse at dif
ent I dc levels. Since theI c of the microbridge was 125 mA
the I pulse itself was supercritical, which, when superimpos
on the dc bias, resulted inI total well aboveI c . The experi-
mental, time-resolved response is qualitatively very sim
to that predicted by GS model and shown in Fig. 1. From
bottom I dc50 wave form to the second wave form from th
top with I dc50.76I c , the resistive response is seen as theS-R
transition and the growth of the plateau region after the
tial inductive peak. TheS-Ritself is stretched, as the resistiv
state produces substantial self-heating, but we can still de
td in the same manner as in Fig. 1. The same self-hea
effect is also visible on the post-pulse falling edge of t
bridge response, asI dc approachedI c . On the other hand, fo
I dc!I c , we observe a small negative inductive peak at
time moment corresponding to the end of the excitat
pulse, suggesting that the bridge in this case remained in
superconductive state or, in other words, thattd was longer
that the 20-ns excitation pulse width. We can also iden
the signature of the flux-creep effect, manifesting itself a
small voltage offset, observed before the initial inducti

FIG. 3. Time-resolved YBCO microbridge response to a 20-
130-mA current pulse for the various bridge bias levels at 79
Tc0582.5 K; I c5125 mA. For the top~thick line! wave form, the
bridge was in the normal state (I dc.I c); note the large voltage
offset that is representative of the normal state of the bridge.
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peak, asI dc increased towardI c . Finally, we note that for
I dc.I c , the measured wave form~top thick line in Fig. 3!
corresponds to the YBCO microbridge in the normal sta
As predicted earlier, the measured output pulse in this cas
just the input current pulse~see Fig. 1! multiplied by the
bridge normal-state resistance. In the experimental case~Fig.
3!, the output signal is slightly distorted due to resistive lo
of the YBCO CPS.

From a series of data sets analogous to Fig. 3, but
lected under different experimental conditions, we extrac
the td values as the time delay between the onset of induc
peak~instantaneous with the arrival of the input pulse! and
the half-point of theS-Rregion of the voltage response. Ou
experimentaltd values along with GS theory are shown
Fig. 4. Figure 4~a! presentstd as a function ofi dc, for three
different values ofi pulse50.53, 0.74, and 1.04, while Fig
4~b! showstd as a function ofi pulse, for i dc50.68, 0.72, and
0.76, respectively. The GS simulated curves in Fig. 4 are
same as the white lines outlined on thetd surface in Fig. 2.
The selected levels of supercritical perturbations werei total
.1.2, corresponding to the excitation range where the G
Tinkham, and Pals-Wolter theories start to disagree.9 We note
that thetd data points agree very well with the GS theor

,
.

FIG. 4. Measuredtd as a function ofi dc ~a! and i pulse ~b!. The
solid lines represent the GS theory and correspond to the white
in Fig. 2. The dashed lines in~a! define the error range in the
amplitude of the current pulse applied the bridge. Note that thetd

scales are logarithmic.
1-3
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The best fit to all our experimental data was obtained
tD517 ns. This latter value is the same as thetes517 ns for
our YBCO-on-MgO films, calculated using Eq.~1! and d
5200 nm andK50.020 for the YBCO/MgO interface.10

Thus we can conclude that for current excitations that
much longer thante-ph, the resistive transition in YBCO
films is governed by the bolometric~equilibrium! process
and its time-resolved dynamics is limited bytes. This latter
observation agrees very well with both theoretical6 and
experimental11 studies of the response of YBCO films e
posed to optical perturbations. It is also consistent with e
lier pulse perturbation experiments, since the literature da12

seem to show thattD is proportional to the film thickness
and is consistent with the experimental determination
tes/d for YBCO deposited on MgO, which is 0.085 ns/nm

In conclusion, we have presented a study of dc-bia
YBCO microbridges excited by nanosecond-long curr
pulses, which lead to supercritical perturbations and resu
in resistive switching, occurring after a certain delay timetd .
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The td depends roughly exponentially on both the amplitu
of the current pulse and the film dc bias current, in a man
consistent with GS theory. The duration of theS-Rresponse
is, in our case, governed by the equilibrium dynamics
quasiparticles in the film and is limited bytes, with no need
to introduce the specialtD relaxation time. We can predic
that td could be shortened by using either thinner YBC
films or better acoustically matched substrates. The resis
response of YBCO bridges exposed to picosecond-long
turbations should be limited by the nonequilibriumte-ph in-
teraction time.
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