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SUMMARY We report our studies on electrical current pulse
perturbation of superconducting YBa2Cu3O7−x (YBCO) epitax-
ial thin films. When a current pulse is applied to a YBCO micro-
bridge, a voltage develops across it that depends on the ampli-
tude of the input current pulse. For a total current (input current
pulse plus the dc bias) that is lower than the critical current Ic,
an inductive voltage response is observed. When the total cur-
rent exceeds Ic, a resistive response is generated and is observed
after a certain delay time td. The origin of the resistive response
was analyzed using the Geier and Schön model, which is based
on the time-dependent Ginzburg-Landau equation. Our experi-
mental samples consisted of 200-nm-thick epitaxial YBCO films,
patterned into coplanar-strip (CPS) transmission lines, contain-
ing either two-microbridge or single-microbridge test structures.
For the two-microbridge samples, a train of 100-fs-duration opti-
cal pulses was used to excite the larger microbridge and generate
∼2-ps-duration electrical pulses, which were then applied to per-
turb the smaller microbridge, which was independently biased in
the superconducting state. In this case, an electro-optic sam-
pling system was used to measure the YBCO kinetic-inductive
voltage responses with the picosecond time resolution. For the
single-microbridge structures, an electronic pulse generator was
employed to supply the input current pulse, and a 14-GHz sam-
pling oscilloscope was used to monitor the microbridge responses.
The latter signals were in very good agreement with the model of
Geier and Schön, assuming that the quasiparticle dynamics pro-
cess that resulted from the nanosecond-wide current excitation
was bolometric and followed the phonon escape time τes.
key words: Y-Ba-Cu-O thin �lm, Y-Ba-Cu-O microbridge,

kinetic-inductive voltage response, supercritical current modula-

tion, superconductive-resistive transition

1. Introduction

The nonequilibrium properties of superconductors have
been extensively studied via photon radiation, cur-
rent injection, and thermal phonon excitations. In the
case of YBa2Cu3O7−x (YBCO) photoexcitation exper-
iments, it has been shown that this superconductor
exhibits single-picosecond nonequilibrium quasiparticle
generation and Cooper-pair recombination dynamics
[1]. The response of a superconductor to the injec-
tion of current pulses depends on the excitation-pulse
magnitude. For subcritical current levels (current-pulse
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amplitude that is smaller than the sample critical cur-
rent Ic), one expects the kinetic-inductive response [1],
while supercritical perturbations lead to the eventual
collapse of the superconducting state and the resistive
response. This latter phenomenon was first investi-
gated in metallic superconducting thin films by Pals
and Wolter [2] and has been recently observed experi-
mentally in YBCO microbridges by Jelila et al. [3]. In
both cases, the supercritical-current-induced voltage re-
sponse was reported to have a certain time delay td, de-
fined as the time delay between the input current pulse
and the appearance of a resistive voltage response. The
td is attributed to the time required to achieve complete
collapse of the superconductor order parameter ∆, and
Jelila et al. [3] interpreted the td dependence on super-
critical pulse magnitude using the theory developed by
Tinkham [4].

The aim of this work is to present our studies on
epitaxial YBCO microbridges subjected to picosecond
and nanosecond electrical pulses in both the subcriti-
cal and supercritical pulse regimes. We show that in
the case of sub-Ic excitation, the response is purely in-
ductive and there is no time delay between the input
current pulse and the voltage response. Our studies
using supercritical nanosecond-wide pulses confirm the
existence of a substantial td, which depends not only
on the magnitude of the excitation pulse, but also on
the value of the dc current biasing the microbridge.
Our measurements were interpreted using the Geier
and Schön (GS) model [5], which, contrary to the Tin-
kham model [4], takes into consideration the dc bias
of a superconductor. We also demonstrate, for the
first time, that for perturbations much longer than the
electron–phonon scattering time τe-ph, the dynamics of
the current-induced resistive state is bolometric and is
governed by the phonon escape time τes.

2. Theoretical Model

When a long strip of a superconductor is subjected to
supercritical current pulses, quasiparticles are injected,
perturbing the system equilibrium and resulting in the
formation of phase-slip centers, which, in turn, lead to
the collapse of ∆ and the development of a resistance
across the strip. At the early, “hot-electron” stage,
the quasiparticle dynamics is due to inelastic electron–
phonon collisions, characterized by τe-ph, while later,



734
IEICE TRANS. ELECTRON., VOL.E85–C, NO.3 MARCH 2002

the process is limited by the bolometric τes and leads
to a resistive hotspot formation. As a result, a macro-
scopic voltage appears with a time delay td after the
supercritical injection of quasiparticles.

Even though the earlier YBCO experiments, re-
ported by Jelila et al. [3], were quite successfully in-
terpreted using the Tinkham theory [4], we choose to
use the GS theory [5] since it is the only approach
that incorporates the dynamics of both Cooper pairs
and quasiparticles. Thus, the GS model allows the
study of the supercurrent-induced response in both the
hot-electron and bolometric regimes. It considers a
one-dimensional homogeneous superconducting micro-
bridge in which Cooper pairs coexist with quasiparti-
cles. The Cooper-pair dynamics is described by the
time-dependent Ginzburg-Landau equation, while the
quasiparticle distribution is given by the Boltzmann
equation [6]. Another constraint is the conservation
of current between its normal and superfluid fractions.
The latter allows the introduction, in a natural way,
of not only the perturbation supercurrent Ipulse(t) but
also the dc bias current Idc. The td is defined as the
time needed for the normal current component to rise
to 50% of the total current through the bridge.

Figure 1 presents two sets of our GS model simu-
lations of td dependence on the normalized total excess
current Itotal/Ic (Itotal = Ipulse + Idc) for different val-
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Fig. 1 Simulated dependence of the time delay response in
YBCO microbridges when subjected to varying levels of super-
critical excess currents, using the Geier and Schön model. (a)
Nonequilibrium hot-electron regime; (b) bolometric regime.

ues of the bridge Idc. The plot in Fig. 1(a) was obtained
assuming that the nonequilibrium, hot-electron dynam-
ics process is governed by τe-ph. We note that this
regime is applicable for the picosecond external pertur-
bation with large peak currents, as td is in the single-
picosecond range for significant current overdrives.

On the contrary, in Fig. 1(b), the quasiparticle re-
laxation is governed by the bolometric process, lim-
ited by τes. Experimentally, the latter corresponds to
nanosecond-long external perturbations and fits the ex-
perimental conditions presented in Ref. [3]; td is in the
tens-of-nanoseconds range, decreasing rapidly for large
excess currents (Itotal/Ic > 2.5).

3. Experiment

Our experimental samples (Fig. 2) consisted of 200-nm-
thick epitaxial YBCO films deposited on MgO sub-
strates and patterned into two different structures. The
first structure type (Fig. 2(a)) consisted of 8-mm-long,
30-µm-wide coplanar strips (CPS’s) containing two mi-
crobridges that were 5µm wide by 10µm long and
10µm wide by 20µm long, respectively. The second
type (Fig. 2(b)) consisted of 150-µm-wide CPS’s with
a single 25-µm-wide by 50-µm-long microbridge. The
structures were characterized by a zero-resistance tran-
sition temperature of Tc = 82.5K and a critical current

dc bias line
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bridge
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Fig. 2 Sample configurations used in experiments. (a) two-
bridge structure for time-resolved, EO measurements. (b) single-
bridge structure for ns-wide current pulse excitations. In both
cases, YBCO CPS’s were covered with Au to enhance their high-
frequency properties.
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density Jc > 1MA/cm2 at 77K.
To study the hot-electron, current-induced pertur-

bation of the microbridge, the sample with the two mi-
crobridges was used. A train of 100-fs optical pulses
was focused onto the larger microbridge to generate
∼2-ps-duration electrical pulses that were then used
as the input current pulses for the smaller, indepen-
dently biased microbridge. In this case, an electro-optic
(EO) sampling system was used to measure the time-
resolved voltage response of the microbridge. Details
of the EO sampling system have been published else-
where [7], but, in general, the EO system can be re-
garded as an optoelectronic oscilloscope characterized
by < 300-fs temporal resolution and submillivolt volt-
age sensitivity.

For an analysis of the current-induced bolometric
resistive response, a current-pulse generator was used
to inject nanosecond-wide electrical pulses across the
single-microbridge test structure. A 14-GHz sampling
oscilloscope was used to monitor the microbridge re-
sponse.

4. Results and Discussion

4.1 Picosecond-Current-Pulse Perturbation

For the two-microbridge samples, Fig. 3 shows voltage
transients recorded (using the EO sampling system)
from the smaller microbridge, which was perturbed by
an input current pulse generated optoelectronically by
the larger microbridge (see Fig. 2(a)). The biasing of
the switched microbridge was independent of the pulse-
source microbridge and was varied from zero to 0.95 Ic.
The input current pulses were typically 2 ps in dura-
tion and had an amplitude reaching ∼100mV. Since the
CPS had a characteristic impedance of 75Ω, the latter
corresponded to the current-pulse maximum amplitude
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Fig. 3 Measured responses of a YBCO microbridge subjected
to input current pulses that were generated optoelectronically
from a second microbridge. The dc bias level of the microbridge
under test was varied from 0 to 0.95 Ic. The voltage response is
due to a nonequilibrium kinetic-inductance process.

of the order of ∼1mA. With Ic of the microbridge be-
ing ∼100mA, the total input excess current was always
much lower than the input level required to initiate the
collapse of ∆ and generate a nonequilibrium resistive
voltage response (see Fig. 1(a)). Therefore, the wave-
forms in Fig. 3 show no sign of the resistive response
due to a collapse of ∆ but rather the kinetic-inductive
voltage response:

Vkin =
d

dt
(ItotalLkin), (1)

where, for a given Idc, the subcritical, in this case, input
perturbation Ipulse(t) causes a transient change in su-
perfluid fraction of electrons and hence a change in the
bridge kinetic inductance Lkin , together leading to the
kinetic voltage Vkin . The observed, dc-bias-dependent
oscillatory shape of the waveforms is characteristic of a
kinetic-inductive waveform [1].

4.2 Nanosecond-Current-Pulse Perturbation

To analyze the response of YBCO microbridges to
nanosecond-current pulses, we turn to Fig. 4. The
dashed line is the input to the microbridge from an
external current-pulse generator having a rise and fall
time of ∼0.5 ns, a duration of 20 ns, and Ipulse = 95mA,
below Ic = 125mA. The input-pulse time variation as-
sures that any observed response is strictly bolometric
since, as we stated before, the hot-electron dynamics
time in YBCO is much shorter than the 0.5-ns input
rise and fall times. Thus, during the excitation the
microbridge remains within the thermal equilibrium.
With the microbridge unbiased (Idc = 0) and main-
tained far below Tc, the observed voltage response is
shown as the thick solid line in Fig. 4. Since the input
excess current is subcritical and, hence, not sufficient
to cause a resistive response, the observed response, as
in Sect. 4.1, is attributed to the inductive effect, where

120

80

40

0

–40

–80

100

80

60

40

20

0

R
es

po
ns

e 
(m

V
)

Time (5 ns/div)

In
pu

t-
cu

rr
en

t p
ul

se
 (

m
A

)

Observed
response

Simulation

Input-current
pulse

T = 79 K

Fig. 4 Measured (thick solid line) and simulated (thin solid
line) voltage response from a microbridge subjected to a 20-ns,
subcritical current pulse from an external pulse generator (dashed
line). The output voltage is due to an equilibrium inductive
process.
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the output voltage is the time derivative of the input
current scaled by the superconductive inductance Lsc

of the microbridge:

V = Lsc
dIpulse

dt
, (2)

where we neglected the transient Lkin effect. Since
Lsc ∼ λL (the magnetic field penetration depth), V
diverged as T approached Tc, following the λL depen-
dence on temperature. Simultaneously, we note that
there was no voltage response when either the bridge
was kept above Tc or Idc was above Ic.

The thin solid waveform is a simulation of the re-
sponse of the microbridge when subjected to the in-
put current (dashed line in Fig. 4), with the Lsc calcu-
lated based on the bridge geometry and λL. The sim-
ulated response agrees very well with the experiment.
The discrepancy in the amplitudes is due to the lim-
ited resolution of our sampling oscilloscope, which re-
sulted in lower-than-actual amplitudes of the measured
responses.

When the current amplitude Itotal applied to the
microbridge was supercritical, the output voltage re-
sponse was noticeably different. Figure 5 shows a se-
ries of waveforms of the voltage response of a YBCO
microbridge subjected to a 20-ns, 130-mA current pulse
at different Idc levels. Since the Ic of the microbridge
was 125mA, the Ipulse itself was supercritical, which,
when superimposed on the dc-bias level, resulted in
Itotal well above Ic. From the bottom waveform with
no biasing to the second waveform from the top with
Idc = 0.76 Ic, the contribution of the resistive response
is seen as the onset and growth of the plateau region
after the initial positive peak. The evolution of the volt-
age response is explained in that the ∼0.5-ns rise time
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Fig. 5 Measured voltage response from a microbridge sub-
jected to a 20-ns, 130-mA, supercritical current pulse with vary-
ing levels of dc biasing. The resistive response, seen as the rise
in the plateau region of the response, occurs earlier and is more
prominent at higher dc bias levels.

of the input current pulse is differentiated as the still-
superconducting microbridge appears as an inductive
element, giving the first peak. Later, since the total
input current is supercritical, ∆ starts to collapse, as
explained in Sect. 2, giving rise to the resistive response
after the delay time td. Finally, when Idc > Ic, or, al-
ternatively stated, when the YBCO microbridge is in
the normal state, the measured output pulse, shown as
the top (thick line) waveform in Fig. 5, is just a slightly
distorted (lossy CPS propagation effect) input current
pulse.

From Fig. 5, td was established following the GS
model procedure as the delay between the onset of the
inductive peak (instantaneous with the arrival of the
input current pulse) and the half-point of the resistive
region of the response. Our experimental td values were
compared to the GS theory and are shown in Fig. 6 as
a function of Itotal/Ic, for Ipulse/Ic = 0.53, 0.74, and
1.04, respectively, and Idc/Ic = 0.76 (Ic = 125mA). We
note that the normalized total excess current Itotal/Ic

levels for the three points were 1.29, 1.5, and 1.8, re-
spectively. The extracted data points agreed very well
with the predictions of Geier and Schön (solid line)
with no fitting parameters and with the only assump-
tion that the quasiparticle dynamics in our YBCO mi-
crobridge is governed by the bolometric process with
τes = (4d)/(Kν), where d is the film thickness, K is
the average phonon transparency of the film-substrate
interface, and ν is the velocity of sound [8]. For our
YBCO-on-MgO films, τes was calculated to be 17 ns.
It should be pointed out that contrary to the Jelila
et al. work [3], we did not need to introduce the spe-
cial ∆ relaxation time τ∆ since the response dynamics
observed by us is clearly limited by τes. We can also
predict that td could be shortened by using either thin-
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Fig. 6 The measured delay time values (dots) and the GS sim-
ulation (solid line) of the microbridge response when biased at
0.76 Ic and subjected to a current pulse of 66, 93, and 130 mA,
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ner YBCO films or better acoustically matched sub-
strates, with the intrinsic limit being τe-ph—the time
that governs the nonequilibrium quasiparticle dynam-
ics (see Fig. 1(a)).

5. Conclusion

We have presented a study of YBCO microbridges
excited by current pulses, under the condition that
the voltage response, which arises from picosecond-
duration input perturbations, is nonequilibrium. At the
same time, input current pulses that have nanosecond
durations lead to the equilibrium response. When the
total current to the microbridge is subcritical, there is
a time-derivative-type voltage response due to the su-
perconducting inductive process. On the other hand,
supercritical input current pulses result in a resistive
response, occurring after a certain delay time td. The
td depends on both the amplitude of the current pulse
and the film dc bias. Our experimental values of td, ob-
tained under the nanosecond-long perturbations, were
consistent with the GS model with the duration of the
actual response governed by τes. This latter result
shows that the resistive response observed in YBCO fol-
lows the dynamics of quasiparticles in the film and for
picosecond-long perturbations should be limited by the
nonequilibrium electro-phonon interaction time τe-ph.
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