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Flux-flow instability and its anisotropy in Bi 2Sr2CaCu2O81d superconducting films
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We report measurements on voltage instability at high flux-flow velocities in Bi2Sr2CaCu2O81d supercon-
ducting films. Current-voltage (I -V) characteristics have been measured as a function of temperature, magnetic
field, and angle between the field and thec axis of the sample. Voltage jumps were observed inI -V charac-
teristics taken in all magnetic-field directions and in extended temperature and field ranges. An analysis of the
experimental data, based on a theory for viscous flux-flow instability with a finite heat-removal rate from the
sample, yielded the inelastic scattering rate and the diffusion length of quasiparticles. Reasonable values of the
heat-transfer coefficient from film to bath have been obtained. This theory can also successfully explain the
observed scaling behaviorI * (T,H)5I * (H)(12T/Tco)

3/2 with I * (H)}1/(11H/H0)a, whereTco , H0, anda
are fitting parameters, determined by the temperature and magnetic-field dependence of the critical currentI *
at which the voltage jumps occur. A two-dimensional scaling for the angular dependence of the critical current
I * and the critical voltageV* associated with the voltage jump has been found and interpreted with a model
based on the two-dimensional behavior of this system.@S0163-1829~99!10901-9#
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I. INTRODUCTION

Due to the large number of interesting physical pheno
ena associated with high flux-flow velocities, such as flu
flow instability,1 crystallization of the vortex system,2 and
self-organized criticality,3 the dissipation mechanism at hig
current densities has recently attracted much attention4–8

The experimental approach used was to measure cur
voltage (I -V) characteristics at high dissipation levels
applying high currents, opposed to experiments at low di
pation levels in investigation of the vortex-glass transition
vortex melting.9 In low-Tc superconductors, voltage jumps
I -V characteristics originating from different mechanism
were reported in Sn,10–12Al,11,12 In,12 Mo3Si,5 Ta/Ge,7 Nb,13

NbSe2,14 and many other systems.15,16 In high-Tc supercon-
ductors, this voltage jump phenomenon was detected
YBa2Cu3O72d.

4,6 The inelastic scattering time of quasipar
cles can be extracted by interpreting the voltage jumps a
flux-flow instability due to the nonlinear viscosity of th
moving vortices as predicted by Larkin and Ovchinnik
~LO!.1 As observed in low-Tc superconductors,7,11–13 a
magnetic-field dependence of the critical current6 and the
critical velocities6,17,18has been found in the high-Tc super-
conductor YBa2Cu3O72d and cannot be explained with th
original LO theory. The magnetic-field dependence of
critical velocity renders the extracted values of the inela
scattering rate uncertain. In YBa2Cu3O72d ~Ref. 6! the tem-
perature and magnetic-field dependence of the critical
rent I * was found to scale with a form very similar to th
predicted for the depinning critical currentI d in the general-
ized critical-state model.19 This scaling behavior ofI * (T,H),
PRB 590163-1829/99/59~2!/1481~10!/$15.00
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in combination with the fact that the voltage jumps also a
pear in the vortex-glass state,6,7 led to an interpretation of the
voltage jumps in terms of the depinning or self-organiz
criticality.20,21 However, such mechanisms can be exclud
if the flux-flow behavior~i.e., V}I ) is detected in theI -V
characteristics before the voltage jump occurs. Recently
presented observation of voltage jumps at high flux-flow
locities in I -V characteristics of Bi2Sr2CaCu2O81d supercon-
ducting films.8 Due to its low magnetic irreversibility field
the flux-flow behavior was found to appear in a large ran
of temperatures and magnetic fields. The experimental
sults for magnetic fields parallel to thec axis of the film were
successfully interpreted with the theory of Bezuglyi and S
klovskij ~BS!, in which the LO model was extended by co
sidering the unavoidable heating of quasiparticles due to
finite rate of removing the power dissipated in the sample22

In BS theory, the magnetic-field dependences of the crit
current and the critical velocities associated with the volta
jump are understood as a result of the self-heating wh
leads to a temperature change of the quasiparticles in
films induced by the dissipated power in magnetic fields.

As an extension of our previous work, we present in t
paper systematic measurements and detailed discussio
the voltage jump phenomenon inI -V characteristics of
Bi2Sr2CaCu2O81d superconducting films, with particular em
phasis on the heat transfer from film to bath and the ani
ropy of the voltage jumps. We found that the flux-flow in
stability is the most likely mechanism for the observ
voltage jumps, despite the fact that heating affects the
perimental results and should be considered in a quantita
analysis. We will also demonstrate that the voltage jumps
1481 ©1999 The American Physical Society
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1482 PRB 59Z. L. XIAO et al.
all magnetic-field orientations have the same origin and
heating effect can be used to probe the anisotropy of
superconductor.

II. EXPERIMENTAL DETAILS

Bi2Sr2CaCu2O81d superconducting films of various thick
nesses were prepared by dc sputtering in a pure oxyge
mosphere from a stoichiometric target onto a heated s
strate of ~100! oriented SrTiO3.

23 As revealed by x-ray
analysis, all films were purelyc-axis oriented. First the films
were patterned into microbridges~length 100mm, width 10
mm! by photolithography and wet chemical etching. Silv
contact pads were evaporated allowing the measuremen
I -V characteristics with the standard four-point method. T
sample was attached to a copper sample holder, in whi
thermometer was mounted, and then placed in a cryo
where external magnetic fields of up to 6 T could be sup-
plied. The sample holder could be rotated to continuously
the c axis of the films with respect to the magnetic fiel
while the current direction was kept perpendicular to
field. Figure 1~a! shows a schematic of the setup for the film
the sample holder and the thermometer. A sketch of the r
tive directions of the current, the magnetic field and thec
axis of the sample is also given in Fig. 1~b!. The measure-
ments were performed with rectangular current pulses of
length and an interval time of 3 s between pulses. In order t
avoid the destruction of the microbridge, the maximum vo
age across it was restricted to below 1 V.~We found that the
breakdown electric field for Bi2Sr2CaCu2O81d superconduct-
ing films is about 200–300 V/cm.! Four samples were mea
sured and two of them were systematically studied. T
sample~A!, whose results are presented in this paper, i
320 nm thick film with superconducting critical temperatu
~midpoint! Tc585.2 K and a normal-state electric resistivi
of 506 mV cm at 100 K. The data of sampleB reported in
Ref. 8 are presented in this paper for comparison.

FIG. 1. ~a! Schematic of the setup for film, sample holder, a
thermometer.~b! Relative direction of current, magnetic field, andc
axis of the sample. The definition of the tilt angleu is also shown.
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III. RESULTS AND DISCUSSION

A. Voltage jumps in current-voltage characteristics

Figure 2 showsI -V characteristics taken at various tem
peratures, magnetic fields, and orientations of the field. T
data in Fig. 2~a! are taken at 76 K with magnetic fields pa
allel to thec axis of the film. The field values are given in th
caption. Within our experimental resolution theI -V charac-
teristics in magnetic field up to 0.6 T exhibit a discontinuo

FIG. 2. Current-voltage characteristics taken on ac-axis-
oriented Bi2Sr2CaCu2O81d microbridge:~a! at 76 K and magnetic
fields ~from lower right to upper left! B50.1,0.2,0.3,0.4,0.5,0.6
0.7,0.8,0.9,1,1.5,2,3,4,5,6 T (Hic). ~b! at temperatures 70
K,T,83 K with intervals of 1 K and a constant magnetic field o
1 T (Hic). The definitions of the critical currentI * and the critical
voltageV* are indicated by dotted lines.~c! at a fixed temperature
of 76 K and magnetic field of 0.5 T for various field orientation
u50,20,30,40,50,60,70,80,90 degrees. The inset shows the da
a double-logarithmic scale.
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voltage jump at a well-defined critical currentI * , which is
shifted to lower values with increasing magnetic fields.
high magnetic fields, theI -V curves become more smeare
and the voltage jumps disappear in magnetic field gre
than 1 T. This behavior is consistent with those found in b
conventional superconductors11–13 and in YBa2Cu3O72d.

6

The results obtained in a constant magnetic field~1 T, Hic)
and various temperatures~from 70 to 83 K in interval of 1 K!
are given in Fig. 2~b!. As an example for the data at a tem
perature of 70 K, the definitions of the critical currentI * and
the critical voltageV* are indicated by dotted lines. In Fig
2~c! we present the data obtained at a constant tempera
~76 K! and in a constant magnetic field~0.5 T! with various
field orientations~u50,20,30,40,50,60,70,80,90 degrees!. In
order to examine the vortex state at lower vortex velociti
the data are plotted again in a double-logarithmic scale in
inset. Obviously, voltage jumps appear inI -V characteristics
taken at all magnetic field directions. BothI -V characteris-
tics as well as the critical currentI * and the critical voltage
V* exhibit a strong dependence on the angle between
magnetic field and thec axis of the sample. When the mag
netic field is parallel to thec axis, the currentI * necessary to
trigger the voltage jump is lower than that for the perpe
dicular orientation. Conversely, the corresponding criti
voltageV* is much larger for the parallel orientation. Th
trend of the anisotropic behavior is conserved for all fie

FIG. 3. ~a! Dissipated powerP* 5I * V* just below the voltage
jump in sampleA at a fixed temperatureT576 K and various mag-
netic fields. For comparison the data of sampleB obtained at 79 K
are shown in the inset.~b! Angular dependence ofP* in sampleA
at a fixed temperature~76 K! and fixed magnetic field~0.5 T!.
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(B<6 T! and temperature (T>62K! accessible without
damage to the sample in our experiment.

B. Possible mechanisms

As discussed in Refs. 6,8, many mechanisms can ca
voltage jumps inI -V characteristics. At high current th
power dissipated both in the microbridge and at the curr
contacts could be high enough to cause a voltage jump du
thermal runaway. There the superconductivity is simply d
stroyed by excessive Joule heating which leads to an ab
increase of the sample~microbridge! temperature above th
critical temperatureTc. One simple way to exclude this pos
sibility is to check the magnetic-field dependence of the d
sipated powerP* 5I * V* just below the voltage jump at a
fixed temperature. If the voltage jump is caused by a ther
runaway,P* should be independent of the magnetic fie
Figure 3~a! and its inset display the dissipated power
sampleA at 76 K and sampleB at 79 K in various magnetic
fields. Clearly,P* increases with an increasing magne
field. Figure 3~b! also shows that for a fixed temperature~76
K! and in a fixed applied magnetic field~0.5 T! P* decreases
~from 6.6 to 3.2 mW! for increasing tilt angles~from 0° to
90°! without suppressing the jumps. These results are c
sistent with the exclusion of thermal runaway as an expla
tion for the voltage jumps.

Experimental approaches like using short pulses
current,4,10,24,25immersing the sample in liquid nitrogen6 or
checking the consistence with independent sets of data6 can
also be used for this purpose. We also measuredI -V charac-
teristics for various durations of the current pulse and
corresponding results at 76 K in 0.4 T (Hic) are shown in
Fig. 4. Within our experimental resolution theI -V curves for
current pulse durations of 10 and 1000 ms are identical
the inset of Fig. 4 the measurements on the current his
are also presented. No difference between theI -V character-
istics measured for increasing and decreasing current
observed.

FIG. 4. I -V characteristics at 76 K in 0.4 T (Hic) for various
durationst0 of the current pulses. The comparison of theI -V char-
acteristics taken with increasing and decreasing currents is give
the inset. The solid lines and open squares are the data taken
an increasing current and pulse durations of 1 s and 10 ms, respec
tively. The open circles represent the results obtained with decr
ing currents oft051 s.
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1484 PRB 59Z. L. XIAO et al.
The pulse duration of the current was expected to in
ence the heat transfer in the substrate. The temperatur
creaseDTs in the sample due to the finite heat removal ra
of the substrate is expressed as:24 DTs
5bPt0 /$2l (D tht0)1/2@4(D tht0)1/21w#cp%, whereb54/p1/2,
P is the dissipated power in the film,t0 is the duration of the
current pulse,D th andcp are the heat diffusion constant an
the specific heat of the substrate,l andw are the length and
width of the microbridge, respectively. In order to simpli
the discussion and give the reader a direct look, we plot
pulse duration dependence of the heat-transfer coeffic
hs@5P/( lwDTs)# for a SrTiO3 substrate in Fig. 5, where
cp51 J/cm3 K andD th50.18 cm3/s ~Ref. 24! are used. Fig-
ure 5 indicates that the influence of the pulse durationt0 on
the heat flow in the substrate depends strongly on the w
w of the microbridge. For example, with the same pow
level to microbridges ofw5100 and 10mm, the ratios of the
temperature increaseDTs for pulse durations of 1 s to 1ms
are about 10 and 1.5, respectively. For microbridges of wi
w less than 30mm, the temperature increaseDTs is almost
independent on the pulse duration of the current ift0.1 ms.
In order to reduceDTs , a pulse current duration in the m
crosecond range should be used.10,24,25Substrates like MgO
and sapphire with high thermal conductivity can also i
prove the removal of the dissipated power from the sam

Despite the fact that the temperature increase in
sample can be minimized by using methods like short cur
pulses, the dissipated power in the sample cannot be ins
taneously removed. The temperature of the sample sh
exceed that of the bath. The hot-spot effect, which is rela
to a localized normal hot-spot maintained by Joule heat
has been proposed as an interpretation of the voltage j
phenomenon in some low-Tc superconductors.15,26 Different
physical mechanisms attributed to the voltage jumps may
identified by their characteristic temperature and magne

FIG. 5. Pulse duration dependence of the heat-transfer co
cient hs @5P/( lwDTs)# for a SrTiO3 substrate, whereP andDTs

are the dissipated power and the corresponding temperatur
crease in the sample due to the finite heat removal rate of the
strate,l andw are the length and width of the microbridge, respe
tively. More details are given in the text. For the calculation
used the thermal constants ofcp51 J/cm3 K and D th

50.18 cm2/s for SrTiO3.
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field dependence of the critical currentI * and the critical
voltage V* . Relating to the hot-spot effect, a temperatu
dependence of the critical currentI * ;(12T/Tc)

g with
g51/2 has been theoretically predicted and was observe
both low-Tc ~Refs. 15,26! and high-Tc superconductors.27 As
discussed below, the critical currentI * versus temperature in
our Bi2Sr2CaCu2O81d system scales with a power-law form
and an exponentg'3/2. This temperature behavior is no
consistent with the predictions of models based on either
hot-spot effect or crystallization of the vortex system. T
shapes ofI -V characteristics can also be used to identify t
cause of the voltage jumps. For example, the shape show
Fig. 1 can be used to exclude the channel depinning14 and
hot-spot effect,15,26,27which lead in a stepwise form.

In Ref. 6 a scaling behavior for the temperature a
magnetic-field dependence of the critical currentI * was ob-
served in YBa2Cu3O72d. In this paper we will show that the
same scaling behavior exists also in Bi2Sr2CaCu2O81d super-
conducting films and can be explained by BS theory ba
on the flux-flow instability under the influence o
self-heating.22 This interpretation of the scaling behavior
combination with the observed flux-flow behavior~i.e., V
}I ) in I -Vcharacteristics can also be used to exclude
mechanisms of depinning or self-organized criticality.

Thus the voltage jumps observed in our Bi2Sr2CaCu2O81d
superconducting films are not caused by the excessive J
heating itself ~thermal runaway!, despite the fact that the
heating effect influences the experimental results and sh
be considered in a quantitative analysis. Having excluded
above possible mechanisms, we will analyze our data w
the BS theory which extended the LO model on flux-flo
instability to include the effect of self-heating. It will b
demonstrated that this theory can account for the main
ture of the experimental results.

C. Analysis according to the BS extension of the LO theory

According to LO theory, in the flux-flow region the vis
cous forcef v}v/@11(v/vLO* )2# is a nonmonotonous func
tion of the velocityv with a maximum at a critical value
vLO* 51.02(D/t in)

1/2(12T/Tc)
1/4, whereD is the quasiparti-

cle diffusion coefficient andt in is the inelastic scattering
time of quasiparticles. Above this critical velocity, the vi
cous force decreases leading to an even higher velocity
companied by a still lower viscosity which culminates in
flux-flow instability. This vortex instability appears as a vo
age jump inI -V characteristics. The critical voltageV* as-
sociated with the voltage jump is related to the critical flu
flow velocity vLO* with the following relationship:

V* 5BlvLO* . ~1!

This equation indicates that the inelastic scattering time
quasiparticlest in can be experimentally obtained throug
measurements of the voltage jumps inI -V characteristics~if
the voltage jumps originate from this flux-flow instability!.
However, as shown in Fig. 6, a magnetic-field dependenc
the critical currentI * and the critical velocityv* is observed
in experiments and cannot be explained with the LO mod
Recently it has been shown in a theoretical work by Bezug
and Shklovskij~BS! that such a magnetic-field dependen
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can be caused by the unavoidable heating of quasipart
due to the finite removal rate of the power dissipated in
sample.22 According to the BS theory, the quasiparticl
should have a higher temperatureTq than the experimentally
measured temperatureT ~bath temperature!. Their difference
is determined by the heat balance equation:

Tq2T5dsE2/h, ~2!

whereE5vB is the electric field,d is the film thickness, and
h is the total heat-transfer coefficient from the film~quasi-
particle! to the bath.s is the flux-flow conductivity and its
electric-field dependence is expressed as

s5sn~12Tq /Tc!
21/2/@11~E/ELO* !2#Bc2 /B f~B/Bc2!,

~3!

wheresn is the normal-state conductivity,ELO* 5BvLO* is the
critical electric field,Bc2 is the upper critical magnetic field
The functionf (B/Bc2) is related to the vortex core overlap
Solving Eqs. ~2! and ~3! at the instability point, the
magnetic-field dependence of the critical current den
J* @5I * /(dw)# and the critical electric fieldE* (5Bv* )
at a fixed bath temperature are given by

J* /J052A2t3/4~3t21!1/2/~3t11!, ~4!

E* /E05~12t !~3t11!/@2A2t3/4~3t21!1/2#, ~5!

with t5@11b1(b218b14)1/2#/@3(112b)# and b
5B/BT . The introduced normalizing current densityJ0 and

FIG. 6. ~a! Magnetic-field dependence of the critical curre
densityJ* and~b! the critical vortex velocityv* at temperatures a
assigned to each curve.
es
e

y

electric fieldE0 are temperature dependent, but independ
of the magnetic field and are expressed as

J052.62sn /e0~Dt in!21/2kBTc~12T/Tc!
3/4, ~6!

E051.02BT~D/t in!1/2~12T/Tc!
1/4, ~7!

heree0 is the electron charge andkB is the Boltzman con-
stant. The characteristic magnetic field BT

50.37kB
21e0ht in /snd separates the regions where the infl

ence of the self-heating is of minor and of major importan
for the flux-flow instability.

Equations~4! and ~5! are the parametric form of the cor
respondingE* andJ* taken in various magnetic fields at
fixed bath temperature. If the voltage jumps inI -V charac-
teristics of the film originate from the flux-flow instability
the relationship betweenJ* and E* should follow Eqs.~4!
and ~5!. A comparison of the theory and our experimen
data obtained at 70 K, as shown in Fig. 7, yields a satisf
tory agreement. By fitting the data taken at various tempe
tures we obtain the corresponding values ofJ0 andE0 which
are given in the inset of Fig. 8~a!. Both J0 andE0 decrease
with increasing temperature and are consistent to the t
perature dependence ofJ0 andE0 reported in Ref. 8.

Following the approach used in Ref. 22, we need to
termine BT to obtain the timet in of inelastic quasiparticle
scattering.BT can be obtained by fitting the experiment
data with the magnetic-field dependence of the normali
power densityJ* E* /J0E05(12t) derived from Eqs.~4!
and ~5!. The inset of Fig. 7 shows these experimental d
and the fitted curve used to extractBT . The theoretical curve
gives a good fit to the experimental data. Values ofBT ex-
tracted at various temperatures are plotted in Fig. 8~a!. A
strong temperature dependence is observed. Based on th
theory we can extract the inelastic quasiparticle scatte
rate 1/t in from Eqs.~6! and~7! using the determinedJ0, E0,
and BT . The corresponding results for sampleA are pre-
sented in Fig. 8~b!. For comparison the data of sampleB,
which were presented in Ref. 8, are also shown in this figu

FIG. 7. Relationship of the critical electric fieldE* and the
critical current densityJ* obtained at 70 K and various magnet
fields oriented along thec-axis direction of the sample. The inse
shows the corresponding magnetic-field dependence of the nor
ized power densityJ* E* /J0E0. The solid lines are theoretica
curves of Eqs.~4! and ~5!; the symbols represent the experimen
data.
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Despite the considerable difference of the absolute val
the temperature dependence of 1/t in is almost the same in
both samples. If 1/t in is dominated by the inelastic electron
electron scattering, it will be related to the thermally e
cited quasiparticle densitynq which is proportional to
exp(22D/kBT), where D51.76(12T/Tc)

1/2 stands for the
superconducting gap.4 Thus the temperature dependence
1/t in(}nq

2) is expected to be

1/t in51/t0exp~24D/kBT!, ~8!

where 1/t0 is the extrapolated value of 1/t in at Tc . The ex-
perimental data at high temperatures can be fitted with
~8!, shown in Fig. 8~b! as a solid line, and the extracte
values for 1/t0 are 1.7131012 s21 and 1.2231011 s21 for
samplesA andB, respectively. These values are compara
to those determined for YBa2Cu3O72d.

18 However, the
higher electric resistivity in the normal state of sampleA
corresponds to a lower electron density which implies t
the corresponding value of 1/t0 should be lower than that in
sampleB, if electron-electron scattering dominates. Ob

FIG. 8. ~a! Characteristic magnetic fieldBT versus temperature
The values ofE0 andJ0 obtained by fitting the data of the critica
electric fieldE* versus the critical current densityJ* at different
temperatures with Eqs.~4! and ~5! are given in the inset.~b! Tem-
perature dependence of the inelastic scattering rate 1/t in . The open
squares and open circles are the experimental results of sampA
and B, respectively. The solid line is a fit of Eq.~8! with 1/t0

51.7131012 s21 and 1.2231011 s21 for samplesA and B. The
inset shows the diffusion lengthl e of quasiparticles obtained a
various temperatures.
s,

-

f
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e

t

ously, more theoretical and experimental work, especially
high-Tc superconductors with controlled oxygen content, a
needed here.

The diffusion lengthl e5(Dt in)
1/2 plays an important role

in BS theory. It must be larger than the core size, in order
the excitations to leave the core, and larger than the inter
tex distance to get spatial homogeneity. The values of
diffusion length calculated from Eq.~6! using the extracted
J0 are presented in the inset of Fig. 8~b!. It decreases with
increasing temperature like in sampleB ~cf. Fig. 4 of Ref. 8!.
Clearly, it is not only larger than the vortex core size~typi-
cally 10 nm! but also larger than the intervortex distan
~about 50 nm in a magnetic field of 1 T!. The heat-transfer
coefficient obtained for sampleA varies from 286 W/cm2 K
at 64 K to 334 W/cm2 K at 76 K. This value is close to the
calculated value~390 W/cm2 K) including both the heat re-
sistance at the film-substrate boundary~1000 W/cm2 K)
~Ref. 24! and in the substrate~637 W/cm2 K) ~cf. Fig. 5!. It
is higher than that of sampleB ~100–130 W/cm2 K) ~Ref. 8!
and that obtained for YBa2Cu3O72d superconducting films
on the SrTiO3 substrate~200 W/cm2 K) by investigation of
the hot-spot effect.27 This may be due to the complicate
heat transfer from film to bath, where the thermal resista
may appear at the film-substrate boundary, in the subst
and at the boundary between the substrate and the sa
holder @cf. Fig. 1~a!#. The inhomogeneities in the samp
could also lead to an underestimated value of the h
transfer coefficient in BS theory.22

An interesting experimental result observed both in lo
Tc ~Refs. 7,11–13! and high-Tc superconductors6 is the
magnetic-field dependence of the critical currentI * . In the
YBa2Cu3O72d system a scaling behavior for the temperatu
and magnetic-field dependence of the critical current den
J* was found:

J* ~T,H !5J* ~H !~12T/Tco!
3/2 ~9!

with J* (H)5C/(11H/H0)a, whereTco, H0, a are fitting
parameters, andC is the extrapolated value of the critica
density atT50 K and B50 T. A power-law temperature
dependence of the critical currentI * was also found in low-
Tc superconductors.28 Figure 6~a! shows that the critical cur-
rent densityJ* obtained here also displays a strong tempe
ture and magnetic-field dependence. In fact, the data in
6~a! also scales with Eq.~9!. The corresponding results fo
sampleA are given in inset of Fig. 9~a!, whereTco598 K,
m0H051.35 T, a50.33, andC553106 A/cm2 were ex-
tracted. For comparison, we also show the data of sampB
in Fig. 9~a!, whereTco592 K, m0H050.1 T, a50.37, and
C52.83107 A/cm2 were obtained. The symbols are expe
mental results, and the solid lines are calculated with Eq.~9!.

This scaling behavior can be explained in the framew
of the BS theory. Equations~4! and~6! predict that the tem-
perature dependence of the critical currentI * (T) will be
determined by that of the inelastic scattering rate 1/t in which
can be fitted with a form of Eq.~8! in the range of high
temperatures. Combining Eqs.~4!, ~6!, and~8!, the tempera-
ture dependence of the critical currentI * is proportional to
f 5(12T/Tc)

3/4exp@3.52(12T/Tc)
1/2/kBT#. As shown in

Fig. 9~b! the functionf can be expressed approximately in
power-law form with an exponent of 3/2 in the range of hi
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temperatures. BecauseJ0 is independent of the magnet
field, the relationship ofI * versusB is determined only by
Eq. ~4!. As shown in the inset of Fig. 9~b!, where@J* /J0#22

versus B/BT is plotted, Eq.~4! can be simplified toJ*
;1/(11B/BT)1/2 in a wide range of magnetic field. This i
consistent with our experimental observation ofJ* (H) with
an exponenta close to 1/2.

Although BS theory can account for the main features
our experimental data, a quantitative analysis would be
pected to show some disparities between theory and ex
ment due to simplifying assumptions used. For example,
~2! is valid at T not too far fromTc, where Tq2T!T is
expected. For high-Tc superconductors this temperatu
range could be large. Due to the high critical temperature
the short coherence length of the high-Tc superconductors
thermal fluctuations in these systems could be strong
lead to high dissipation at zero magnetic field. However,
this theory, the dissipation at zero magnetic field is presum
to be zero. Thus a disparity between theory and experim
could appear at low magnetic fields. It may be the rea

FIG. 9. ~a! Scaling behavior of the experimentally obtaine
critical current densityJ* , whereJ* (H)5J* /(12T/Tco)

3/2. The
original experimental data ofJ* of samplesA andB are shown in
Fig. 6~a! in this paper and Fig. 2~a! in Ref. 8, respectively. The solid
lines are fits ofJ* (H)5C/(11H/H0)a. The fitting parameters
used are given in the text.~b! Theoretically predicted temperatur
and magnetic-field dependence of the critical current density@Eqs.
~4! and~6!#, wheref (T)}J* (T). Equation~8! is used for the tem-
perature dependence of 1/t in. In order for comparison with the ex
perimentally observed scaling of Eq.~9!, we plotted the results a
f 2/3 versusT in a constant magnetic field andJ* 22 versusB at a
fixed temperature.
f
x-
ri-
q.

d

d
n
d
nt
n

why P* (5I * V* ) does not vanish asB approaches zero
This may also be the origin of differing values forH0 ob-
tained in fits of the experimental data with Eq.~9!. Equation
~3! is derived for superconductors in the dirty limit wit
l 0 /j0!1, wherel 0 is the electron mean free path andj0 is
the BCS coherence length. However, most of the highTc
superconductors belong to the moderate clean limit w
l 0 /j0 larger than or close to 1.29 Fortunately the main rela
tionship betweens andE for the clean limit is the same as i
Eq. ~3!.30 The last possibility, as pointed out in Ref. 7, is th
influence of pinning if the voltage jumps occur close to t
vortex-glass state. There the total force opposing the vo
motion will be due to viscosity and pinning.

D. Anisotropy of voltage jumps

In Bi2Sr2CaCu2O81d, the coherence lengthjc in thec-axis
direction can be smaller than the distance between the C2
planes resulting in an extremely weak coupling between
layers. According to Keset al.,31 this material behaves as
the CuO2 planes are decoupled and will show tw
dimensional~2D! behavior. When a magnetic field is applie
to this superconductor, only thec-axis component of the field
~perpendicular to the CuO2 planes! forms vortices and con-
tributes to the dissipation, while the field component in t
direction of the CuO2 planes penetrates completely. A qua
tity Q, which depends on the magnetic field applied para
to thec-axis direction, should show an angular dependenc
the field is tilted from thec axis. The relationship betwee
the value at an angleu and the value at thec-axis direction
~u50°! will obey the following scaling law:

Q~B,T,u!5Q~B cosu,T,0°!, ~10!

whereQ can represent the critical currentI * or the critical
voltage V* or even the entireI -V characteristic in these
measurements. In Sec. III C we found that theI * and V*
obtained in thec-axis direction of the sample depend on t
magnetic field. Thus an angular dependence ofI * and V*
can be expected if Eq.~10! is applicable. As can be seen i
Fig. 10, the scaling rule of Eq.~10! applies well to both the
critical currentI * and the critical voltageV* , where open
squares are the values measured directly in a constant m
netic field with different tilt angles to thec axis and solid
triangles represent the values calculated using Eq.~10! from
the data taken atu50° and various fields.

J0 andE0 have no magnetic-field dependence, and sho
therefore have the same value at different angles. When
~4! and~5! are combined with Eq.~10! the same relationship
betweenE* andJ* is predicted in all magnetic-field direc
tions. Thus, the data should collapse on an identical curv
we plot E* versusJ* obtained at various angles. The corr
sponding results are given in Fig. 11~a!. The symbols repre-
sent the experimental data obtained at three fixed temp
tures 65, 71, and 76 K. The angles at which the data w
taken are given in Fig. 11~b!. The fits with Eqs.~4! and ~5!
for the data inu50° are given as solid lines in Fig. 11~a! and
a good agreement between the theory and experiments
be found. According to BS theory,BT is proportional to the
time t in of the inelastic quasiparticle scattering. Therefo
the anisotropy oft in could be investigated using flux-flow
instability in an experiment specially designed to resolve
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angular dependence of the characteristic magnetic fieldBT .
We use the same approach as used in Sec. III C to extracBT
in various magnetic-field orientations. Figure 11~b! shows
the experimental data and the fitting results, where the
perimental data were plotted asJ* E* /J0E0 versusB cosu
following the model of Keset al. The collapse of the data
obtained at a fixed temperature and various angles indic
that the dissipated power densities in various field directi
are equal when thec-axis component of the field remain
constant, as expected from Eq.~10!. This result also demon
strates that the characteristic fieldBT is independent of the
direction of the magnetic field.

The above scaling behavior of the angular dependenc
the critical currentI * and the critical voltageV* could also
be explained as the consequence of the angular depend
of the upper critical fieldBc2. With a high anisotropy param
eter both the quasi-2D model32 and the anisotropic 3D
model33 predict a simple form for the anisotropy of the upp
critical field with Hc2(u)'Hc2(u50°)/cosu. This leads to
a strong angular dependence of the quasiparticle diffus
coefficientD (}cosu) according to the relationship betwee
D andHc2 (}1/D).22 Equations~6! and ~7! in combination
with the angle-independentE0 and J0 give the angular de-
pendence of the characteristic field asBT5BT(u
50°)/cosu. This indicates a strong anisotropy of the qua
particle energy relaxation timet in (}1/cosu). In those mod-
els one assumes that both the transverse and longitu
components of the magnetic fields form the vortices. Ho
ever, experiments such as Bitter patterns34 show that the vor-
tices are formed only by thec-axis component of the mag

FIG. 10. Critical currentI * ~a! and critical voltageV* ~b! at 76
K as a function of the angleu between the magnetic field and thec
axis of the film. Open squares represent the experimental data t
with B50.5 T and 0°,u,180°, solid triangles are the values ca
culated using Eq.~10! from the data taken atu50° and variousB.
x-

tes
s
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nce
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netic field. Recent muon-spin-rotation measureme
provided microscopic evidence for the transparency of
CuO2 (ab) planes of Bi2Sr2CaCu2O81d to magnetic fields.35

For a model in which the vortex is formed only thec-axis
component of the field, the experimentally determined up
critical field is a constant foru50°.

In the above discussions we presumed that the anisot
of the vortex instability originates from the intrinsic laye
structure of this material. In the case of thin films, howev
both theory and experiments demonstrated that a geom
effect could also induce an extrinsic anisotropy of so
physical properties. For example, a simple cosine law for
angular dependence of the magnetic inductionB(u) in film
has been predicted by considering a demagnetiza
effect;36 A strong angular dependence of the critical curre
I c ~typically defined with a voltage criterion on the order
microvolts! was in fact observed in isotropic Nb-Ti films.37

HoweverB(u) can only lead to a cosine law scaling of th
physical properties likeI c in isotropic films where the uppe
critical field Hc2 has no angular dependence. Combining
relation of Bc2 and D, Eqs. ~4! and ~5! yields a magnetic-
field dependence ofJ* and E* as a function ofB/Bc2. If
their anisotropies were caused by the demagnetization ef
the angular dependence ofJ* and E* should be scaled by
cos2u, becauseB is proportional to cosu andBc2 is propor-
tional to 1/cosu. This is not consistent with our experiment
observation. The main difference between the models ba
on the 2D behavior of the superconductor and the demag
tization effect of the thin-film geometry is the orientation

en
FIG. 11. ~a! Relationship of the critical current densityJ* and

the critical electric fieldE* . ~b! Magnetic-field dependence of th
dissipated power density. The symbols are the experimental
obtained at various magnetic-field orientations and the solid li
are calculated with Eqs.~4! and ~5!.
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the vortices. In the first model the vortices are always in
c-axis direction with a constantBc2 for u50°. In the second
one the vortices change their orientations and the anisot
of the upper critical field should be taken into account
analysis of the experimental data. On the other hand,
demagnetization effect is significant only in low magne
field when the magnetic field cannot penetrate the sam
The demagnetization effect of Bi2Sr2CaCu2O81d films in our
applied magnetic-field range should be neglected due to
strong type-II behavior and the comparatively small low
critical field Bc1. Despite the fact that anisotropy of the crit
cal currentI c in Nb-Ti films is similar to that observed in
some anisotropic high-Tc thin films, the 2D scaling has no
yet been experimentally observed in isotropic films. In fa
the 2D scaling behavior has also not been observed
YBa2Cu3O72d thin films at either low38 or high dissipation
levels.21 Measurements of Bi2Sr2CaCu2O81d thin films show
a transition from 2D at low temperature, to 3D at tempe
tures close toTc .39 Data from measurements of thi
YBa2Cu3O72d /~PrxY12x)Ba2Cu3O72d superlattices show
that the 2D scaling is appropriate only when temperatureT is
high enough so that the PrYBCO layers become norma40

The temperature-dependent 2D scaling behavior for th
two cases cannot be explained with the model based on
demagnetization effect of the film geometry.

In the limit of low vortex velocities, pinning plays a
important role. For the anisotropy of the critical currentI c ,
for example, the same scaling law as Eq.~10! has been de-
rived based on a mechanism of kink pinning.41 The anisot-
ropy of the critical currentI c reported in Ref. 37 might be
induced by surface pinning. One facet of this work was
signed to avoid the contributions from pinning by measur
the anisotropy of this superconductor in the limit of hig
vortex velocities. It is also of interest to study the orientati
dependence of the flux-flow instability in isotropic superco
ducting films where no angular dependence of the crit
currentI * and the critical voltageV* is expected.

The 2D behavior of the Bi2Sr2CaCu2O81d superconductor
was also investigated at low dissipation levels via measu
the angular dependence of the critical currentI c ~Refs.
39,42! and of the magnetoresistivity in the low curre
limit.43 To examine the consistence of our results at h
flux-flow velocities with the previous reports in low dissip
tion levels, we measured theI -V characteristics for various
magnetic-field directions with the samec-axis component a
a fixed temperature. Figure 12 shows the corresponding
.
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perimental results obtained at 76 K for thec-axis component
of a field B cosu50.5 T. As expected from the scaling la
of Eq. ~10!, all I -V characteristics collapse on the sam
curve. This result indicates that dissipation at any le
scales with thec-axis component of the magnetic field.

IV. SUMMARIES

In conclusion, we have extended the investigation on
voltage instability in Bi2Sr2CaCu2O81d superconducting
films. Voltage jumps were observed inI -V characteristics
taken in a large range of temperatures and magnetic fie
The anisotropy of this voltage jump phenomenon has b
studied by tilting the magnetic field from thec-axis direction
of the sample. In all magnetic-field orientations the tempe
ture and magnetic-field dependence of the critical current
critical voltage associated with the voltage jumps can be
terpreted as due to a flux-flow instability with the influen
of self-heating. Their angular dependence can be consiste
described with a model based on the two-dimensional beh
ior of this superconductor.
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FIG. 12. Current-voltage characteristics taken with the samc-
axis component of the field at a constant temperature. To exam
the results at low dissipation levels, the data are plotted wit
double-logarithmic scale in the inset.
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