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We report our studies on the time-resolved dynamics of the superconducting-to-resistive transition in dc-
biased epitaxial YBz&Cu;0,_, (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 2bm by 50 um 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 Geien$@® theory, which we
modified to include the dc bias. We observed that the resistive state was established after a certain delay time
tq, 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 time
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The response of a superconductor to the injection of curstudies confirm the existence of a substarttjal which de-
rent pulses depends directly on the quasiparticle dynahicspends in a complicated way on both the magnitude of
since the carriers injected from the external circuit are nordus{t) and the value of 4 biasing the microbridge. Our
mal (unpaired electrons and they disturb the quasiparticle—measurements were interpreted using a modified Geier-
Cooper-pair dynamical equilibrium. Most commonly, a cur- Scha (GS) theory," which allowed for the incorporation of
rent pulse with amplitude higher than the sample criticalthe dc bias of a superconductor and its relation wjth
current |, is used(supercritical perturbation leading to a When a long strip of a superconductor is subjected to
collapse of the superconducting state and resulting in a resi§UPercritical perturbation, injected quasiparticles destroy the
tive response. This phenomenon was first investigated in meyStem equilibrium, resulting in the formation of phase-slip
tallic superconducting thin films by Pals and Wottand has ~ Centers, which, in turn, lead to the collapsedoin a charac-
been recently observed by Jelit al® in superconducting teristic time 7, and the development of a resistive hotspot

YBa,C0, , (YBCO) microbridges. In both cases, a resis across the strip’s weakest link. At the early, nonequilibrium,
2 7—X . 1 - “ ” H H H
tive (voltage response induced by the supercritical current™ hot-electron,” stage, the quasiparticle relaxation dynam

was reported to have a certain time detay defined as the ¢ is governed by the inelastic electron-phonon relaxation
P ay time 7¢_n, Which for YBCO is~1 ps® The subsequent re-

. : Sistive hotspot-formation stage is a bolometric process, char-
appearance of the voltage signal. Tthevas directly related acterized by the phonon escape timg, which for YBCO is

to 7, the time required to achieve ccsnllapse of the supercony pically on the order of nanoseconds and, in general form, is
ductor order parameted. Jelila et al” successfully inter-  giyen py

preted thety dependence on the supercritical pulse magni-
tude, using the' Fheory develqpeq by Tinkham. _ ' o= (4d)/(Kv), (1)
The supercritical perturbation in a superconducting bridge
can also be achieved by a suitable combination of thevheredis the YBCO film thicknes is the average phonon
excitation-pulse magnitudk,,sc and the bias current level transparency of the YBCO/substrate interface, amd
l4c- In fact, there exists a two-dimensional space of the su=2.8 km/s is the velocity of sound in YBCO averaged over
percritical perturbations, limited only by the conditiohg,  the three acoustic modes. Thug should initially follow
=l puset lac>1¢c andly<l.. Together, the bias currefdc) Te-ph @nd later be limited by-.s. The nonequilibrium process
and the pulsed curreritime dependentrepresent simulta- is, of course, measurable only if the width lgf;s{t) is of
neous injection oboth Cooper pairs and quasiparticles into a the order ofr,., or shorter. Thety, which determines the
superconductor, allowing us to study a full range of theappearance of a macroscopic resistive state, besidess
quasiparticle—Cooper-pair dynamics from very wédk,sc  also related to the sample reduced temperafiliie. and to
~l¢ andl4~0) or (I,yse=0 andlg~l1.)] to very strong the magnitudes of bothyse @and I 4 With respect td ;.
(Iouse> ¢ andl4>0) perturbations. Even though the earlier YBCO experiments by Jelila
The aim of this work is to present our studies onet al® were successfully interpreted using Tinkham théory,
superconducting-to-resistiveS(R) switching of dc-biased we choose to use GS thefrgince it is the only approach
epitaxial YBCO microbridges, subjected to nanosecond elechat incorporates the dynamics of both Cooper pairs and qua-
trical pulses in the supercritical perturbation regime. Oursiparticles. The GS model also allows the study of the
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FIG. 1. Normalized normal-electron current vs time, simulated 1.0 5.9
based on the modified GS theory for a YBCO bridge exposed to the . ‘ .
supercritical perturbation consisting of a fixed normalizgge and FIG. 2. Time delayty surface as a function of both. andi se-

four different values of, (see legend The time delay, is defined ~ Thety dependence on the supercritical perturbation was calculated

as the time interval between the onset of the inductive response art$ing a modified GS theory for the parametefdT.=0.96 and
the 50% point of theS-R transition. 7, =17 ns) directly corresponding to our experimental conditions

(white lines.

supercur_rent-|r_1duced response in both _the h(_)t-electron ar}gon that occurs after the delay tintg. The transition itself
bolometric regimes. It considers a one-dimensional homogelé very rapid, since our model takes into account only the
neous sulpercond.uctir_]g microbridge in Wh.iCh COOper.pair?ntrinsic dyna,mics of the\ collapse, without thermal broad-
coexist with quasiparticles. The Cooper-pair dynamics 'S.deéning associated with the bridge éelf-heating After the tran-
scribed by the time-dependent Ginzburg-Landau equation, '

while the quasiparticle distribution is given by the Boltz- lew;,;nrsélrrr?gilzsfoilrlloﬁsethne(l)[rﬁgl)uslfaet.biog df;é’ithzi?erg?e
mann equatiofi. The main feature in the GS theory is the y g n y

conservation of current between the superfluid and norma{lepmduces'tma" We note that this case, exhibits a dc

fractions of electrons. The latter relationship allowed us in aOﬁset’ which, as expected, is equal itg. Figure 1 also

natural way to introduce into the GS model the supercurrenﬁiemonsm’ltes our way of defining as the time |_nterval
needed for the,, component to reach the 50% point of the

bias| 4. in addition to the quasiparticle perturbatib t o . . .
de d b P lisd 1) IS-Rtransmon(m particular,ty is shown as corresponding to

and calculate time evolution of the normal-electron curren . X . .
component (t) flowing through the bridge s g1nedi50%_p;)|%t of , flowing through the bridge, fairy,=0.25
pulse— +- /-

Using the procedure outlined above, we performed exten-

Io(t)= ! lotal( ), (2)  sive simulations of various conditions leading to t8eR
14 mAofQ [1-2fep(A)] transition and plotted the results in Fig. 2, which presents the
dQ/dt FD tq dependence on boily, andiyyse. Thety dependence on

the supercritical perturbation forms a surface, which expo-
wheref=A/Ag andQ=2¢(T)mv are the main GS variables nentially diverges to infinity at théy+iuse=1 boundary
[£(T) is the temperature-dependent coherence length anghd very rapidly drops toward zeroigt= 1. This behavior is
mv is the momentum the Cooper phid,=A(T=0), and  expected. In theég.+ipuse<1 range, the perturbation is sub-
fep is the Fermi-Dirac distribution function. critical and the bridge always remains in the superconductive

In our approach, the GS differential equatiofise.,  state(only the kinetic-inductive response is possilevhile

Ginzburg-Landau and Boltzmann equatipase first solved  for i4.> 1, the bridge remains in the normal state irrespective
in a steady statet$ 79, for a bridge perturbed only by,  of the value of thd s perturbation. What is unexpected is
resulting in equilibrium values for the parameters of the systhe nonlineary(i4) dependence for a constantse. From
tem. Next, those parameters are used as initial conditions teur solution of the GS model, shown in Figs. 1 and 2, it is
solve again the GS equations for normalizgg,= Il ot/ ¢ » obvious thati 4 is not just a scaling parameter in thg,s.
constituted of the samey.=Iq4/l. and a time-varying >1—i4. switching criterion. The magnitude of the bridge
ipuisdt) =l puise/ I ¢ » @nd finally, to compute Ed2). Figure 1 bias plays the critical role in the switching dynamics not only
presents the normalized transients of the normal-electrofor i,s<1, but also for supercritical seS, as ig. ap-
currenti(t)=1,/l., calculated using Ed2) for four differ- ~ proaches 1. Finally, we mention that the white lines, shown
ent values ofiy. and the constant, supercriticg),se. The  on thety surface in Fig. 2, correspond to our experiments
shape ofi, s COrresponds to our actual experimenitgjs.  that will be discussed below.
signal. We note that after the initial spikjection of nor- Our experimental samples consisted of 200-nm-thick ep-
mal electrons into a superconducting film, drops to zero itaxial YBCO films deposited on MgO substrates and pat-
and the bridge remains superconducting until$Rtransi-  terned into 8-mm-long, 15@:m-wide coplanar strip€CPS'9
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FIG. 3. Time-resolved YBCO microbridge response to a 20-ns,
130-mA current pulse for the various bridge bias levels at 79 K. 7 (b)
Teo=82.5K; I,=125 mA. For the togthick line) wave form, the 60 - ' ' R : ]
bridge was in the normal statd4>1.); note the large voltage 50| _ane(;esrchén N
offset that is representative of the normal state of the bridge. a0 ®ig. =076 |
g @ ig.=0.72
with a single 25um-wide by 50um-long microbridge, F 30 g =068 |7
placed across the CPS. The bridges were characterized by a & sl
zero-resistance transition temperaturg,=82.5 K, transi- °
tion width 0.5 K, and a critical current density, E

T=79K

>1 MA/cm? at 77 K. For experiments, the samples were
10k To=825K

mounted on a copper cold finger inside a temperature-

. . A= 17ns =17
controlled cryostat. Nanosecond-wide electrical pulses from e
a commercial current-pulse generator were delivered to the 04 0.6 08 1.0 12
bridge via a semirigid coaxial cable wire bonded directly to
the test structure. The dc bias was provided from an indepen-
dent source and combined with the current pulse through a FIG. 4. Measured, as a function of 4 (a) andi s (b). The
broadband microwave bias-tee. A 14-GHz-bandwidth samsolid lines represent the GS theory and correspond to the white lines
pling oscilloscope was used to monitor the microbridge re-in Fig. 2. The dashed lines ite) define the error range in the
sponse. The oscilloscope was connected to the sample viaaaplitude of the current pulse applied the bridge. Note that the
second semirigid cable wire bonded to the output contac$cales are logarithmic.
pads of the CPS.

Figure 3 shows a series of wave forms of the time-peak, asl4. increased toward.. Finally, we note that for
resolved resistive switching dynamics of our YBCO micro- | 4>1., the measured wave foriitop thick line in Fig. 3
bridge subjected to a 20-ns, 130-mA current pulse at differcorresponds to the YBCO microbridge in the normal state.
ently levels. Since thé, of the microbridge was 125 mA, As predicted earlier, the measured output pulse in this case is
the | pysc itself was supercritical, which, when superimposedjust the input current pulsésee Fig. 1 multiplied by the
on the dc bias, resulted iny, well abovel .. The experi-  bridge normal-state resistance. In the experimental ¢ége
mental, time-resolved response is qualitatively very similar3), the output signal is slightly distorted due to resistive loss
to that predicted by GS model and shown in Fig. 1. From theof the YBCO CPS.
bottom| 4.=0 wave form to the second wave form from the ~ From a series of data sets analogous to Fig. 3, but col-
top with14.=0.76 ., the resistive response is seen as3HR  lected under different experimental conditions, we extracted
transition and the growth of the plateau region after the inithety values as the time delay between the onset of inductive
tial inductive peak. Th&-Ritself is stretched, as the resistive peak(instantaneous with the arrival of the input pulsad
state produces substantial self-heating, but we can still defintlne half-point of theS-Rregion of the voltage response. Our
tq in the same manner as in Fig. 1. The same self-heatingxperimentalty values along with GS theory are shown in
effect is also visible on the post-pulse falling edge of theFig. 4. Figure 4a) presentdy as a function of 4, for three
bridge response, dg. approached.. On the other hand, for different values ofi,,s=0.53, 0.74, and 1.04, while Fig.
l4c<l¢, we observe a small negative inductive peak at thek(b) showsty as a function of s, forig.=0.68, 0.72, and
time moment corresponding to the end of the excitatior0.76, respectively. The GS simulated curves in Fig. 4 are the
pulse, suggesting that the bridge in this case remained in treame as the white lines outlined on thesurface in Fig. 2.
superconductive state or, in other words, thawvas longer The selected levels of supercritical perturbations wigjg
that the 20-ns excitation pulse width. We can also identify>1.2, corresponding to the excitation range where the GS,
the signature of the flux-creep effect, manifesting itself as ainkham, and Pals-Wolter theories start to disadriéé note
small voltage offset, observed before the initial inductivethat thety data points agree very well with the GS theory.

Reduced current pulse (i, yise)
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The best fit to all our experimental data was obtained forThety depends roughly exponentially on both the amplitude
7o=17 ns. This latter value is the same as the=17 ns for  of the current pulse and the film dc bias current, in a manner
our YBCO-on-MgO films, calculated using E¢l) andd  consistent with GS theory. The duration of tBeRresponse
=200 nm andK=0.020 for the YBCO/MgO interfac¥. s, in our case, governed by the equilibrium dynamics of
Thus we can conclude that for current excitations that argyuasiparticles in the film and is limited s, With no need
much longer thanre ,p, the resistive transition in YBCO to introduce the speciat, relaxation time. We can predict
films is governed by the bolometri@quilibrium) process thatt, could be shortened by using either thinner YBCO
and its time-resolved dynamics is limited bys. This latter  fiims or better acoustically matched substrates. The resistive

obseryationéllagree.s very well with both theoreficahd response of YBCO bridges exposed to picosecond-long per-
experimental studies of the response of YBCO films ex- ¢, pations should be limited by the nonequilibrium ,;, in-
posed to optical perturbations. It is also consistent with ear:

X ; ) ) ; 1 teraction time.

lier pulse perturbation experiments, since the literature'flata

seem to show that, is proportional to the film thickness,  The authors want to thank Ying Xu for her assistance in

and is consistent with the eXperimental determination Obxperiments and Professor Boris ShapirO, Bar llan Univer-

Tes/d for YBCO deposited on MgO, which is 0.085 ns/nm. ity for fruitful discussions. This work was supported by
In conclusion, we have presented a study of dc-biaseq|sF Grant No. DMR-0073366 and Grant No. 2000164 from

YBCO microbridges excited by nanosecond-long currente s -Israel Binational Science Foundation, Jerusalem,
pulses, which lead to supercritical perturbations and resultefy, 5|

in resistive switching, occurring after a certain delay tirpe
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