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We report measurements on voltage instability at high flux-flow velocities jBrtaCyOg. 5 Supercon-
ducting films. Current-voltagd {V) characteristics have been measured as a function of temperature, magnetic
field, and angle between the field and thaxis of the sample. Voltage jumps were observed-M 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 behaviot (T,H)=1* (H)(1—T/T.o) ¥ with I* (H)oc 1/(1+ H/H) ¢, whereT.,, Ho, anda
are fitting parameters, determined by the temperature and magnetic-field dependence of the criticdcurrent
at which the voltage jumps occur. A two-dimensional scaling for the angular dependence of the critical current
I* and the critical voltag&™* associated with the voltage jump has been found and interpreted with a model
based on the two-dimensional behavior of this syst{e30163-182609)10901-9

I. INTRODUCTION in combination with the fact that the voltage jumps also ap-
pear in the vortex-glass stdté)ed to an interpretation of the
Due to the large number of interesting physical phenom~voltage jumps in terms of the depinning or self-organized
ena associated with high flux-flow velocities, such as fluxcriticality.?>?! However, such mechanisms can be excluded
flow instability} crystallization of the vortex systefnand  if the flux-flow behavior(i.e., V1) is detected in thé-V
self-organized criticality, the dissipation mechanism at high characteristics before the voltage jump occurs. Recently we
current densities has recently attracted much attefition. presented observation of voltage jumps at high flux-flow ve-
The experimental approach used was to measure currenbcities inl-V characteristics of BSr,CaCyOg, 5 Supercon-
voltage (-V) characteristics at high dissipation levels by ducting films® Due to its low magnetic irreversibility field,
applying high currents, opposed to experiments at low dissithe flux-flow behavior was found to appear in a large range
pation levels in investigation of the vortex-glass transition orof temperatures and magnetic fields. The experimental re-
vortex melting? In low-T, superconductors, voltage jumps in sults for magnetic fields parallel to tieeaxis of the film were
I-V characteristics originating from different mechanismssuccessfully interpreted with the theory of Bezuglyi and Sh-
were reported in SK2Al,**2In,12 Mo,Si® Ta/Ge! Nb,*®  klovskij (BS), in which the LO model was extended by con-
NbSe,'* and many other system3’®In high-T,, supercon-  sidering the unavoidable heating of quasiparticles due to the
ductors, this voltage jump phenomenon was detected ifinite rate of removing the power dissipated in the sample.
YBa,Cu;0;_»*® The inelastic scattering time of quasiparti- In BS theory, the magnetic-field dependences of the critical
cles can be extracted by interpreting the voltage jumps as eurrent and the critical velocities associated with the voltage
flux-flow instability due to the nonlinear viscosity of the jump are understood as a result of the self-heating which
moving vortices as predicted by Larkin and Ovchinnikovleads to a temperature change of the quasiparticles in the
(LO).> As observed in lowF, superconductor§'™* a  films induced by the dissipated power in magnetic fields.
magnetic-field dependence of the critical curfeand the As an extension of our previous work, we present in this
critical velocitie§'"*8has been found in the highs super-  paper systematic measurements and detailed discussion of
conductor YBaCuw0O;_s and cannot be explained with the the voltage jump phenomenon iV characteristics of
original LO theory. The magnetic-field dependence of theBi,Sr,CaCyOg. s superconducting films, with particular em-
critical velocity renders the extracted values of the inelastipphasis on the heat transfer from film to bath and the anisot-
scattering rate uncertain. In YBaw,O,_s (Ref. 6 the tem-  ropy of the voltage jumps. We found that the flux-flow in-
perature and magnetic-field dependence of the critical curstability is the most likely mechanism for the observed
rent1* was found to scale with a form very similar to that voltage jumps, despite the fact that heating affects the ex-
predicted for the depinning critical curreht in the general- perimental results and should be considered in a quantitative
ized critical-state modéf This scaling behavior df* (T,H), analysis. We will also demonstrate that the voltage jumps in
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Il. EXPERIMENTAL DETAILS 1.0 = T T

Bi,Sr,CaCyOg, s superconducting films of various thick- 0.8k S 107 ;: ;ZKTesla |
nesses were prepared by dc sputtering in a pure oxygen at- ° ’
mosphere from a stoichiometric target onto a heated sub- < 06 f__u’w’ i
strate of (100 oriented SrTiQ.?® As revealed by x-ray E,; e
analysis, all films were purelg-axis oriented. First the films s
were patterned into microbridgéength 100um, width 10 g 04 A
um) by photolithography and wet chemical etching. Silver 0

contact pads were evaporated allowing the measurements of

|-V characteristics with the standard four-point method. The 90°
sample was attached to a copper sample holder, in which a 0.00 & 15 18
thermometer was mounted, and then placed in a cryostat current (MA)

where external magnetic fields of up 6 T could be sup-

plied. The sample holder could be rotated to continuously tilt FIG. 2. Current-voltage characteristics taken onc-axis-
the ¢ axis of the films with respect to the magnetic field, oriented B;Sr,CaCuyOg, » microbridge:(a) at 76 K and magnetic
while the current direction was kept perpendicular to thefields (from lower right to upper left B=0.1,0.2,0.3,0.4,0.5,0.6,
field. Figure 1a) shows a schematic of the setup for the film, 0708,0911523456 TH(c). (b) at temperatures 70

K<T<83 K with intervals ¢ 1 K and a constant magnetic field of
the sample holder and the thermometer. A skeich of the relal- T (Hlic). The definitions of the critical curreht and the critical

t'V? directions of th_e Curren_t, the_ mggnetlc field and the voltageV* are indicated by dotted lineg) at a fixed temperature
axis of the sample is also given in Figtbl. The measure- o 76 k and magnetic field of 0.5 T for various field orientations
ments were performed with rectangular current pulses of 1 §—0,20,30,40,50,60,70,80,90 degrees. The inset shows the data in
length and an interval timef @ s between pulses. In order to a double-logarithmic scale.

avoid the destruction of the microbridge, the maximum volt-

age across it was restricted to below 1(We found that the IIl. RESULTS AND DISCUSSION

breakdown electric field for Br,CaCyOg. s Superconduct-
ing films is about 200—300 V/cmFour samples were mea-
sured and two of them were systematically studied. The Figure 2 showd-V characteristics taken at various tem-
sample(A), whose results are presented in this paper, is @eratures, magnetic fields, and orientations of the field. The
320 nm thick film with superconducting critical temperature data in Fig. 2a) are taken at 76 K with magnetic fields par-
(midpoinY T.=85.2 K and a normal-state electric resistivity allel to thec axis of the film. The field values are given in the
of 506 () cm at 100 K. The data of sampk reported in  caption. Within our experimental resolution the/ charac-
Ref. 8 are presented in this paper for comparison. teristics in magnetic field up to 0.6 T exhibit a discontinuous

A. Voltage jumps in current-voltage characteristics
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voltage jump at a well-defined critical curreht, which is 1.0 — T T y T y
shifted to lower values with increasing magnetic fields. At 10
high magnetic fields, thé-V curves become more smeared 08}  08F— incresse, 10'ms i
and the voltage jumps disappear in magnetic field greater = D tincrease, 10,ms
than 1 T. This behavior is consistent with those found in both < %0‘6' ’
conventional superconductéts'® and in YBgCu0;_5° < 0B @o4f T=e 1
The results obtained in a constant magnetic fidld’, Hllc) o B e e
and various temperaturésom 70 to 83 K in interval of 1 K 5 o4} _
are given in Fig. tb). As an example for the data at a tem- > 0.0
perature of 70 K, the definitions of the critical curréfiand 0 Cf,rem (,:,i)
the critical voltagev* are indicated by dotted lines. In Fig. 02r 1
2(c) we present the data obtained at a constant temperature

0.0 lummes? ' . )

(76 K) and in a constant magnetic fie(@.5 T) with various
field orientations(6=0,20,30,40,50,60,70,80,90 degreds
order to examine the vortex state at lower vortex velocities,
_the data a'_'e plotted agaln_ na dOUbIe'lo_gamhm'C SC"?‘IE'_ in the FIG. 4. 1-V characteristics at 76 K in 0.4 TH(Ic) for various
inset. Obviously, voltage jumps appear itV characteristics
taken at all magnetic field directions. BothV characteris-  acteristics taken with increasing and decreasing currents is given in
tics as well as the critical curreht and the critical voltage the inset. The solid lines and open squares are the data taken with
V* exhibit a strong dependence on the angle between than increasing current and pulse duratiohd ¢ and 10 ms, respec-
magnetic field and the axis of the sample. When the mag- tively. The open circles represent the results obtained with decreas-
netic field is parallel to the axis, the current* necessary to ing currents oftp=1 s.

trigger the voltage jump is lower than that for the perpen- . ,
dicular orientation. Conversely, the corresponding critical(B<6 T) and temperature T=62K) accessible without

voltage V* is much larger for the parallel orientation. This d@mage to the sample in our experiment.
trend of the anisotropic behavior is conserved for all fields

0 3 6 9 12 15 18

current (mA)

durationst, of the current pulses. The comparison of th¥ char-

B. Possible mechanisms
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As discussed in Refs. 6,8, many mechanisms can cause
voltage jumps inl-V characteristics. At high current the
power dissipated both in the microbridge and at the current
contacts could be high enough to cause a voltage jump due to
thermal runaway. There the superconductivity is simply de-
stroyed by excessive Joule heating which leads to an abrupt
increase of the sampl@nicrobridge temperature above the
critical temperaturd .. One simple way to exclude this pos-
sibility is to check the magnetic-field dependence of the dis-
sipated poweP* =1*V* just below the voltage jump at a
fixed temperature. If the voltage jump is caused by a thermal
runaway, P* should be independent of the magnetic field.
Figure 3a) and its inset display the dissipated power of
sampleA at 76 K and sampl® at 79 K in various magnetic
fields. Clearly,P* increases with an increasing magnetic
field. Figure 3b) also shows that for a fixed temperatiiré
K) and in a fixed applied magnetic fie{@.5 T) P* decreases
(from 6.6 to 3.2 mW for increasing tilt anglegfrom 0° to
90°) without suppressing the jumps. These results are con-
sistent with the exclusion of thermal runaway as an explana-
tion for the voltage jumps.

Experimental approaches like using short pulses of
current?1%24Zimmersing the sample in liquid nitrog&or
checking the consistence with independent sets of data
also be used for this purpose. We also measiw¥dcharac-
teristics for various durations of the current pulse and the

corresponding results at 76 K in 0.4 H|(c) are shown in

Fig. 4. Within our experimental resolution thev curves for
current pulse durations of 10 and 1000 ms are identical. In
the inset of Fig. 4 the measurements on the current history
are also presented. No difference betweenl thecharacter-
istics measured for increasing and decreasing current was
observed.

angle (degree)

FIG. 3. (a) Dissipated poweP* =1*V* just below the voltage
jump in sampleA at a fixed temperaturé=76 K and various mag-
netic fields. For comparison the data of samplebtained at 79 K
are shown in the insetb) Angular dependence d¢t* in sampleA
at a fixed temperatur&’6 K) and fixed magnetic field0.5 T).
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field dependence of the critical currehit and the critical
voltage V*. Relating to the hot-spot effect, a temperature
dependence of the critical curremt ~(1—T/T.)? with
v=1/2 has been theoretically predicted and was observed in
both low-T, (Refs. 15,26and highT, superconductors. As
discussed below, the critical currdrit versus temperature in
our Bi,Sr,CaCyOg, s System scales with a power-law form
and an exponeny~3/2. This temperature behavior is not
consistent with the predictions of models based on either the
hot-spot effect or crystallization of the vortex system. The
shapes of -V characteristics can also be used to identify the
cause of the voltage jumps. For example, the shape shown in
Fig. 1 can be used to exclude the channel depirifliagd
hot-spot effect>2¢2’which lead in a stepwise form.

h, (Wicm’K)

PR EETY PETTN® RERTITS PRYT EPETTON JRPTITe T EPwTYy P . .
10° 10° 1';)-7 13‘* 10° 10* 10° 102 10" 1'60 10' In Ref. 6 a scaling behavior for the temperature and
pulse duration ¢, (s) magnetic-field dependence of the critical currentwas ob-

served in YBaCu;O,_,. In this paper we will show that the
FIG. 5. Pulse duration dependence of the heat-transfer coeffisame scaling behavior exists also in®,CaCyOg, s SUper-
cienthg [=P/(IWATg)] for a SrTiQ, substrate, wher® andAT,  conducting films and can be explained by BS theory based
are the dissipated power and the corresponding temperature ion the flux-flow instability under the influence of
crease in the sample due to the finite heat removal rate of the sulself-heating?? This interpretation of the scaling behavior in
strate,| andw are the length and width of the microbridge, respec-combination with the observed flux-flow behavire., V
tively. More details are given in the text. For the calculation we«|) in |-Vcharacteristics can also be used to exclude the
used the thermal constants of,=1 JeniK and Dy  mechanisms of depinning or self-organized criticality.
=0.18 cnf/s for SITIQ, Thus the voltage jumps observed in ous®,CaCuOg. s
superconducting films are not caused by the excessive Joule
The pulse duration of the current was expected to influheating itself(thermal runaway despite the fact that the
ence the heat transfer in the substrate. The temperature iheating effect influences the experimental results and should
creaseA T, in the sample due to the finite heat removal ratebe considered in a quantitative analysis. Having excluded the
of the substrate is expressed 2&s: AT, above possible mechanisms, we will analyze our data with
= BPty/{21 (Do) " 4(Dinto) Y2+ w]c,}, where=4/mY2  the BS theory which extended the LO model on flux-flow
P is the dissipated power in the filrty is the duration of the instability to include the effect of self-heating. It will be
current pulseDy, andc, are the heat diffusion constant and demonstrated that this theory can account for the main fea-
the specific heat of the substrateandw are the length and ture of the experimental results.
width of the microbridge, respectively. In order to simplify
the discussion and give the reader a direct |00k, we plOt the C. Analysis according to the BS extension of the LO theory
pulse duration dependence of the heat-transfer coefficient
h =P/(IwAT)] for a SrTiQ; substrate in Fig. 5, where .
c:[=1 J(/crr? st)i]nd Dth=0.18Q;:n?/s (Ref. 24 aregused. Fig- COUS forcef, =v/[1+(v/v{0)?] is a nonmonotonous func-
ure 5 indicates that the influence of the pulse duratjpon  tion of the velocityv with a maximum at a critical value
the heat flow in the substrate depends strongly on the widtHio=1.020/ 7)) "1~ T/Tc) ¥, whereD is the quasiparti-
w of the microbridge. For example, with the same powerC_|e diffusion_coefficient andri, is_: the_:_inelastic _scatterin_g
level to microbridges ofv=100 and 1Qum, the ratios of the ~time of quasiparticles. Abo_ve this critical ve_locr[y, the Vis-
temperature increastT, for pulse durationsfol s to 1us  COUS for.ce decrea;es Ieadm_g to an even hlgher_ veloc[ty ac-
are about 10 and 1.5, respectively. For microbridges of widttffompanied by a still lower viscosity which culminates in a
w less than 3Qum, the temperature increadeT is almost qux-f_Iow |n_stab|I|ty. This vc_)rt_ex mstablIle appears as a volt-
independent on the pulse duration of the curretgi#1 ms. ~ @ge jump inl-V characteristics. The critical voltagé"® as-
In order to reduce\ Ty, a pulse current duration in the mi- sociated vy|th the vpltage jump is relateq to the critical flux-
crosecond range should be u¢td*?®Substrates like Mgo flow velocity v with the following relationship:
and sapphire with high thermal conductivity can also im-
prove the removal of the dissipated power from the sample. V*=Blufg. 1)
Despite the fact that the temperature increase in the
sample can be minimized by using methods like short current This equation indicates that the inelastic scattering time of
pulses, the dissipated power in the sample cannot be instaguasiparticlesr;, can be experimentally obtained through
taneously removed. The temperature of the sample shoultheasurements of the voltage jumpd #V characteristicsif
exceed that of the bath. The hot-spot effect, which is relatethe voltage jumps originate from this flux-flow instabi)ity
to a localized normal hot-spot maintained by Joule heatingHowever, as shown in Fig. 6, a magnetic-field dependence of
has been proposed as an interpretation of the voltage jumghe critical current* and the critical velocity™* is observed
phenomenon in some loWli; superconductors»?® Different  in experiments and cannot be explained with the LO model.
physical mechanisms attributed to the voltage jumps may b&ecently it has been shown in a theoretical work by Bezuglyi
identified by their characteristic temperature and magneticand Shklovskij(BS) that such a magnetic-field dependence

According to LO theory, in the flux-flow region the vis-
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2 &2@, 76K fields oriented along the-axis direction of the sample. The inset
x N shows the corresponding magnetic-field dependence of the normal-
> v+4++ 74K ized power densityJ* E*/JoE,. The solid lines are theoretical
79K curves of Eqs(4) and (5); the symbols represent the experimental
)§°<)K)( X XK 70K data.
W00 DO 68K o
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o o ﬁﬁa:ﬂ Mo 84K electric fieldE, are temperature dependent, but independent
1 ‘ . of the magnetic field and are expressed as
0.0 15 3.0 45

B (Tesla) Jo=2.627,/e4(D 7)) VKT (1-TIT)¥,  (6)

FIG. 6. (a) Magnetic-field dependence of the critical current
densityJ* and(b) the critical vortex velocitw* at temperatures as
assigned to each curve.

Eo=1.0B(D/ 7)Y 1—TIT,) ¥, @

hereey is the electron charge ang; is the Boltzman con-

) ) .. stant. The  characteristic  magnetic field B
can be caused by the unavoidable heating of qur:13|part|cle§0.37'(g 1eohTin/0nd separates the regions where the influ-

due to the finite removal rate of the power dissipated in theence of the self-heating is of minor and of major importance
sampleé?® According to the BS theory, the quasiparticlesfor the flux-flow instability.

should have a higher temperaturgthan the experimentally Equations(4) and (5) are the parametric form of the cor-
measured temperatufie(bath temperatude Their difference respondingE* andJ* taken in various magnetic fields at a

is determined by the heat balance equation: fixed bath temperature. If the voltage jumpsliV charac-
T —T=doE2/h 5 teristics of the film originate from the flux-flow instability,
a” 1THT ' @) the relationship betweed* andE* should follow Egs.(4)
whereE=uB is the electric fieldd is the film thickness, and and (5). A comparison of the theory and our experimental

his the total heat-transfer coefficient from the filquasi- data obtained at 70 K, as shown in Fig. 7, yields a satisfac-
particle to the bath.o is the flux-flow conductivity and its Oy agreement. By fitting the data taken at various tempera-

electric-field dependence is expressed as tures we obtain the corresponding valuesgindE, which
are given in the inset of Fig.(8). Both J, andE, decrease
(T=Un(l—Tq/Tc)_1/2/[1+(E/Efo)z]Bcz/Bf(B/Bcz), with increasing temperature and are consistent to the tem-

3 perature dependence & andEj reported in Ref. 8.

Following the approach used in Ref. 22, we need to de-
wherea,, is the normal-state conductivitf; o=Buv [ isthe  termine Bt to obtain the timer;, of inelastic quasiparticle
critical electric field,B., is the upper critical magnetic field. scattering.B; can be obtained by fitting the experimental
The functionf(B/B,,) is related to the vortex core overlap. data with the magnetic-field dependence of the normalized
Solving Egs. (2) and (3) at the instability point, the power densityJ* E*/JoEq=(1—t) derived from Eqgs.(4)
magnetic-field dependence of the critical current densityand (5). The inset of Fig. 7 shows these experimental data
J* [=I1*/(dw)] and the critical electric fielE€* (=Buv*) and the fitted curve used to extrd&t. The theoretical curve

at a fixed bath temperature are given by gives a good fit to the experimental data. ValueBefex-
tracted at various temperatures are plotted in Fig.8A
J*1Jo=2/2t343t— 1)V (3t + 1), (4)  strong temperature dependence is observed. Based on the BS

theory we can extract the inelastic quasiparticle scattering

E*/Eo=(1—t)(3t+1)/[2y2t343t— 1), (5)  rate 1k, from Egs.(6) and(7) using the determinedy, Eo,

and B;. The corresponding results for sampleare pre-

with  t=[1+b+(b?+8b+4)¥2/[3(1+2b)] and b  sented in Fig. &). For comparison the data of same
=B/B+. The introduced normalizing current densityand  which were presented in Ref. 8, are also shown in this figure.
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127 r T T T ously, more theoretical and experimental work, especially in
i; N o high-T superconductors with controlled oxygen content, are
10} wl ° . 1 needed here.
g2 o= 1§ The diffusion lengtH .= (D 7;,) ¥ plays an important role
< sl & np Yo, ° 5 4 in BS theory. It must be larger than the core size, in order for
[ ° < 20f D 1= [ ;
) uf —00o o the excitations to leave the core, and larger than the intervor-
- 19} . : :
~ 6f . sl 1 A tex distance to get spatial homogeneity. The values of the
@ 17k o, diffusion length calculated from Ed6) using the extracted
® 64 66 68 70 72 74 76 . . . .
4} ., T(K) . Jo are presented in the inset of FiglbB It decreases with
. increasing temperature like in samBécf. Fig. 4 of Ref. 8.
2t . (@) Clearly, it is not only larger than the vortex core sitgpi-
. . . 4 . s cally 10 nm but also larger than the intervortex distance
64 68 72 76 80 84 88

(about 50 nm in a magnetic field of 1).TThe heat-transfer
coefficient obtained for sampl& varies from 286 W/crhK
at 64 K to 334 W/criK at 76 K. This value is close to the
calculated valug¢390 W/cnt K) including both the heat re-
sistance at the film-substrate bounday000 Wi/cnt K)
(Ref. 24 and in the substrat637 W/cnt K) (cf. Fig. 5. It
is higher than that of sampR (100-130 W/crAK) (Ref. 8
and that obtained for YB&u;O,_ s superconducting films
on the SrTiQ substratg200 W/cnt K) by investigation of
the hot-spot effect’ This may be due to the complicated
heat transfer from film to bath, where the thermal resistance
may appear at the film-substrate boundary, in the substrate,
and at the boundary between the substrate and the sample
holder [cf. Fig. 1(a@)]. The inhomogeneities in the sample
could also lead to an underestimated value of the heat-
transfer coefficient in BS theoR?.

An interesting experimental result observed both in low-
T. (Refs. 7,11-1B8 and highT, superconductofsis the
magnetic-field dependence of the critical curréht In the

0.86 0.92

7T

0.80

0.98

FIG. 8. (a) Characteristic magnetic fiel8; versus temperature.
The values off, andJ, obtained by fitting the data of the critical

electric fieldE* versus the critical current densigf at different ) :
temperatures with Eq€4) and (5) are given in the inse(b) Tem-  YB&CwO;_; system a scaling behavior for the temperature
perature dependence of the inelastic scattering ratg. IThe open and magnetic-field dependence of the critical current denSity
squares and open circles are the experimental results of saAanesJ* was found:

and B, respectively. The solid line is a fit of Eq8) with 1/7
=1.71x 10" st and 1.2x 10" s! for samplesA and B. The
inset shows the diffusion length, of quasiparticles obtained at
various temperatures.

J*(T,H)=J*(H)(1-T/Ty)%? 9)

with J*(H)=C/(1+H/Hy)“, whereT,, Hg, « are fitting
parameters, an@€ is the extrapolated value of the critical
Despite the considerable difference of the absolute valueslensity atT=0 K andB=0 T. A power-law temperature
the temperature dependence of—il;]_,js almost the same in dependence of the critical currelrit was also found in low-
both samples. If 4, is dominated by the inelastic electron- T¢ superconductor®’ Figure §a) shows that the critical cur-
electron scattering, it will be related to the thermally ex-rent densityJ* obtained here also displays a strong tempera-
cited quasiparticle densityn, which is proportional to ture and magnenc_—fleld dependence. In fact3 the data in Fig.
exp(—2A/kgT), where A=1.76(1-T/T,)Y? stands for the 6(a) also scales with Eq®9). The corresponding results for

superconducting gabThus the temperature dependence ofsampleA are given in inset of Fig. @), whereT =98 K,
1min(=n2) is expected to be uoHe=1.35 T, @=0.33, andC=5x10° Alcm? were ex-

tracted. For comparison, we also show the data of saBple
in Fig. 9a), whereT;,=92 K, uoHo=0.1 T, «=0.37, and
C=2.8x10" Alcm? were obtained. The symbols are experi-
mental results, and the solid lines are calculated with(&q.
where 1f, is the extrapolated value of 44 at T.. The ex- This scaling behavior can be explained in the framework
perimental data at high temperatures can be fitted with Eqpf the BS theory. Equation@) and (6) predict that the tem-
(8), shown in Fig. &) as a solid line, and the extracted perature dependence of the critical curréf{T) will be
values for 1f, are 1.7x10'? s and 1.2 10" s™*for  determined by that of the inelastic scattering ratg,Mhich
samplesA andB, respectively. These values are comparablecan be fitted with a form of Eq(8) in the range of high
to those determined for YBBuO, 5'® However, the temperatures. Combining Eqg), (6), and(8), the tempera-
higher electric resistivity in the normal state of sample ture dependence of the critical currdrit is proportional to
corresponds to a lower electron density which implies thaf = (1—T/T.)¥%exd3.52(1— T/T.,)Y4kgT]. As shown in
the corresponding value of 4f should be lower than that in Fig. 9(b) the functionf can be expressed approximately in a
sampleB, if electron-electron scattering dominates. Obvi- power-law form with an exponent of 3/2 in the range of high

Uriy=1rgexp — 4AIKgT), 8
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36 —— — — why P*(=1*V*) does not vanish a8 approaches zero.
(a) This may also be the origin of differing values fbk, ob-
~30 ] tained in fits of the experimental data with £§). Equation
5 (3) is derived for superconductors in the dirty limit with
< 24 1 lo/éy<<1, wherel, is the electron mean free path agglis
2 the BCS coherence length. However, most of the High-
§1-8‘ i superconductors belong to the moderate clean limit with
5 lo/ &, larger than or close to %. Fortunately the main rela-
12r B (Tesla) ] tionship betweerr andE for the clean limit is the same as in
Eq. (3).3° The last possibility, as pointed out in Ref. 7, is the
06F sampleB. influence of pinning if the voltage jumps occur close to the

vortex-glass state. There the total force opposing the vortex

0 ! 2 3 4 3 ® motion will be due to viscosity and pinning.

B (Tesla)
2.5 L] 1 L) v T L)

D. Anisotropy of voltage jumps

In Bi,SrLCaCuyOg, 5 the coherence lengif) in the c-axis

20 direction can be smaller than the distance between the, CuO
planes resulting in an extremely weak coupling between the
o 15 layers. According to Kest al,3! this material behaves as if
S the CuQ planes are decoupled and will show two-
1.0 dimensional2D) behavior. When a magnetic field is applied
to this superconductor, only theeaxis component of the field
05 (perpendicular to the Cuplane$ forms vortices and con-
o (1T expl3.52T (1-TIT) 7] tr]butgs to the dissipation, while the field component in the
ool— 7 oS direction of the Cu@planes penetrates completely. A quan-
084 088 092 09  1.00 tity Q, which depends on the magnetic field applied parallel
TiTe to thec-axis direction, should show an angular dependence if

the field is tilted from thec axis. The relationship between
the value at an anglé and the value at the-axis direction
(#=0°) will obey the following scaling law:

FIG. 9. (a) Scaling behavior of the experimentally obtained
critical current densityd*, where J* (H)=J*/(1—T/T.)%?% The
original experimental data af* of samplesA andB are shown in
Fig. 6(a) in this paper and Fig.(3) in Ref. 8, respectively. The solid _ o
lines are fits ofJ*(H)=C/(1+H/Hy)® The fitting parameters Q(B.T.0)=Q(B cos6,T,0%, (10
used are given in the textb) Theoretically predicted temperature whereQ can represent the critical curreht or the critical
and magnetic-field dependence of the critical current defEig.  voltage V* or even the entird-V characteristic in these
(4) and(6)], wheref(T)o<J*(T). Equation(8) is used for the tem- measurements. In Sec. Il C we found that ffeand V*
perature dependence ofrl/ In order for comparison with the ex- obtained in thec-axis direction of the sample depend on the
perimentally observed scaling of E(®), we plotted the results as magnetic field. Thus an angular dependencé*ofand V*

f.2’3 versusT in a constant magnetic field artf “2 versusB ata  ¢an be expected if Eq10) is applicable. As can be seen in

fixed temperature. Fig. 10, the scaling rule of Eq10) applies well to both the
critical currentl* and the critical voltage/*, where open

temperatures. Becausk is independent of the magnetic squares are the values measured directly in a constant mag-

field, the relationship of* versusB is determined only by netic field with different tilt angles to the axis and solid

Eq. (4). As shown in the inset of Fig.(B), where[J*/J,] 2  triangles represent the values calculated using(Eg).from

versus B/B+ is plotted, Eq.(4) can be simplified toJ* the data taken a#=0° and various fields.

~1/(1+B/B7)¥? in a wide range of magnetic field. Thisis  J, andE, have no magnetic-field dependence, and should

consistent with our experimental observationl6{H) with  therefore have the same value at different angles. When Egs.

an exponentr close to 1/2. (4) and(5) are combined with Eq.10) the same relationship

Although BS theory can account for the main features ofoetweenE* andJ* is predicted in all magnetic-field direc-
our experimental data, a quantitative analysis would be extions. Thus, the data should collapse on an identical curve if
pected to show some disparities between theory and expernive plotE* versusl* obtained at various angles. The corre-
ment due to simplifying assumptions used. For example, Ecgponding results are given in Fig. (BL The symbols repre-

(2) is valid atT not too far fromT,, whereT,—T<T is  sent the experimental data obtained at three fixed tempera-
expected. For higA-. superconductors this temperature tures 65, 71, and 76 K. The angles at which the data were
range could be large. Due to the high critical temperature anthken are given in Fig. 1h). The fits with Eqs(4) and (5)

the short coherence length of the hi§h-superconductors, for the data ing=0° are given as solid lines in Fig. (& and
thermal fluctuations in these systems could be strong and good agreement between the theory and experiments can
lead to high dissipation at zero magnetic field. However, inbe found. According to BS theorf; is proportional to the

this theory, the dissipation at zero magnetic field is presumetime 7, of the inelastic quasiparticle scattering. Therefore
to be zero. Thus a disparity between theory and experimernthe anisotropy ofr;, could be investigated using flux-flow
could appear at low magnetic fields. It may be the reasomnstability in an experiment specially designed to resolve the
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FIG. 10. Critical current* (a) and critical voltage/* (b) at 76
K as a function of the anglé between the magnetic field and the FIG. 11. (a) Relationship of the critical current densi#§ and
axis of the film. Open squares represent the experimental data takeRe critical electric fieldE*. (b) Magnetic-field dependence of the
with B=0.5 T and 0% #<180°, solid triangles are the values cal- dissipated power density. The symbols are the experimental data
culated using Eq(10) from the data taken a#=0° and various.  obtained at various magnetic-field orientations and the solid lines

o ] are calculated with Eqg4) and (5).
angular dependence of the characteristic magnetic Beld

We use the same approach as used in Sec. Il C to elBract netic field. Recent muon-spin-rotation measurements
in various magnetic-field orientations. Figure()i1shows provided microscopic evidence for the transparency of the
the experimental data and the fitting results, where the excuO, (ab) planes of BjSr,CaCuOg, 5 to magnetic fields®
perimental data were plotted d8E*/JyE, versusB cosd#  For a model in which the vortex is formed only tleaxis
following the model of Keset al. The collapse of the data component of the field, the experimentally determined upper
obtained at a fixed temperature and various angles indicatesitical field is a constant foo=0°.
that the dissipated power densities in various field directions In the above discussions we presumed that the anisotropy
are equal when the-axis component of the field remains of the vortex instability originates from the intrinsic layer
constant, as expected from HQ0). This result also demon- structure of this material. In the case of thin films, however,
strates that the characteristic figdg is independent of the both theory and experiments demonstrated that a geometry
direction of the magnetic field. effect could also induce an extrinsic anisotropy of some
The above scaling behavior of the angular dependence gthysical properties. For example, a simple cosine law for the
the critical current* and the critical voltag&/* could also  angular dependence of the magnetic induct{m) in film
be explained as the consequence of the angular dependerttass been predicted by considering a demagnetization
of the upper critical field.,. With a high anisotropy param- effect?® A strong angular dependence of the critical current
eter both the quasi-2D modéland the anisotropic 3D |, (typically defined with a voltage criterion on the order of
modef? predict a simple form for the anisotropy of the upper microvolts was in fact observed in isotropic Nb-Ti filnis.
critical field with H.,(68)~H,(6=0°)/cosé. This leads to HoweverB(6) can only lead to a cosine law scaling of the
a strong angular dependence of the quasiparticle diffusiophysical properties liké, in isotropic films where the upper
coefficientD («cos#) according to the relationship between critical field H., has no angular dependence. Combining the
D andH,, («<1/D).?? Equations(6) and(7) in combination  relation of B., and D, Egs.(4) and (5) yields a magnetic-
with the angle-independeii, and J, give the angular de- field dependence aJ* and E* as a function ofB/B,. If
pendence of the characteristic field aB;=B+(#  their anisotropies were caused by the demagnetization effect,
=0°)/cosé. This indicates a strong anisotropy of the quasi-the angular dependence &f and E* should be scaled by
particle energy relaxation time, (1/cosé). In those mod- cog6, becauseB is proportional to co® and B, is propor-
els one assumes that both the transverse and longitudingbnal to 1/cosf. This is not consistent with our experimental
components of the magnetic fields form the vortices. How-observation. The main difference between the models based
ever, experiments such as Bitter pattéfrshow that the vor-  on the 2D behavior of the superconductor and the demagne-
tices are formed only by the-axis component of the mag- tization effect of the thin-film geometry is the orientation of
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the vortices. In the first model the vortices are always in the 1.0 T T '

c-axis direction with a constam., for 6=0°. In the second 107 e

one the vortices change their orientations and the anisotropy osk 10 5?;9:0?'2?2?40' 1 ]
of the upper critical field should be taken into account in S o} 50607080 ]
analysis of the experimental data. On the other hand, the %

demagnetization effect is significant only in low magnetic S 06p g1 1S
field when the magnetic field cannot penetrate the sample. o $ 101 Te76K 1

The demagnetization effect of HrL,CaCyOg, s films in our 2 g4t 107 -
applied magnetic-field range should be neglected due to its 4 107 107 10010

strong type-ll behavior and the comparatively small lower 02 current (MA)

critical field B;,. Despite the fact that anisotropy of the criti-
cal currentl. in Nb-Ti films is similar to that observed in
some anisotropic higfi;, thin films, the 2D scaling has not 0.0
yet been experimentally observed in isotropic films. In fact 0
the 2D scaling behavior has also not been observed in

YBa,Cus0;_; thin films at either low? or high dissipation FIG. 12. Current-voltage characteristics taken with the same
levels®* Measurements of BBr,CaCyQOg, ; thin films show  axis component of the field at a constant temperature. To examine
a transition from 2D at low temperature, to 3D at temperathe results at low dissipation levels, the data are plotted with a
tures close toT..%® Data from measurements of thin double-logarithmic scale in the inset.
YBa,Cu;0,_5/(Pr,Y,_,)Ba,Cu;0;_s superlattices show ] . )

that the 2D scaling is appropriate only when temperafuie perlm_ental results obtained at 76 K for tbexis component
high enough so that the PrYBCO layers become noffhal. of a field B cos#=0.5 T. As expected from the scaling law
The temperature-dependent 2D scaling behavior for thesef Ed. (10), all I-V characteristics collapse on the same
two cases cannot be explained with the model based on tHéirve. This result indicates that dissipation at any level

current (mA)

demagnetization effect of the film geometry. scales with thes-axis component of the magnetic field.
In the limit of low vortex velocities, pinning plays an
important role. For the anisotropy of the critical currépt IV. SUMMARIES

for example, the same scaling law as EtQ) has been de-

rived based on a mechanism of kink pinnfigrhe anisot- . e : ;
o . ) voltage instability in BjSnLCaCyO superconductin
ropy of the critical current reported in Ref. 37 might be films.gVoItage jur)r/1ps wze Zobse;%/e?ffmv cf)haracteristicg

induced by surface pinning. One facet of this work was de'taken in a large range of temperatures and magnetic fields.

signed_to avoid the cpntributions from pi.nning by measu_ringrhe anisotropy of this voltage jump phenomenon has been
the anlsotroip.y of t.hls superponductor in the I|m|t'of h'.gh studied by tilting the magnetic field from tleaxis direction
vortex velocities. It is also of interest to study the orientation . sample. In all magnetic-field orientations the tempera-
depe_ndence of the flux-flow instability in isofropic SUPEreon-y, e and magnetic-field dependence of the critical current and
ductm% Illms dv;/rr:ere .tr.wo Iangltjlareﬁependencte dOf the CrltlcaLritical voltage associated with the voltage jumps can be in-
current!* and the critical votag IS expected. terpreted as due to a flux-flow instability with the influence

. of self-heating. Their angular dependence can be consistently
Yescribed with a model based on the two-dimensional behav-
ior of this superconductor.

In conclusion, we have extended the investigation on the

the angular dependence of the critical currépt (Refs.
39,42 and of the magnetoresistivity in the low current
limit.*3 To examine the consistence of our results at high
flux-flow velocities with the previous reports in low dissipa-
tion levels, we measured tHeV characteristics for various We would like to thank Q. B. Lu and R. Newsome for the
magnetic-field directions with the sanseaxis component at critical reading of the manuscript. The project was finan-
a fixed temperature. Figure 12 shows the corresponding exially supported by the SFB 262.
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