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Evidence for a logarithmic pinning barrier in BizSr2Ca2Cu3O„ tapes
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Relaxation measurements using torque magnetometry were performed for textured Bi2Sr2Ca2Cu30
tapes at 77 K. Experiments were carried out for different orientations of the external field with respect
to the texture axis (defined as the c axis), which coincides with the tape normal. The experimental torque
data were separated into reversible and irreversible anisotropic contributions. It is shown that the ir-
reversible contribution scales with the field component parallel to the c axis. Relaxation data investigat-
ed nearly up to equilibrium show a power-law behavior ln(M/Mo) ~ln{,t/to). The results indicate a
logarithmic pinning barrier U(J) ~ln(JO/J). The dependence of the barrier height on the field com-
ponent parallel to the texture axis is determined from experiments with different orientations of external
fields up to 400 kA/m. From relaxation curves, relations between the current density and the electric
field are derived that obey a power law over five orders of magnitude of the induced electric field. The
results are compared with electrical-transport data. Pinning potentials derived from torque as well as
electrical-transport studies for different magnitude and orientation of the magnetic field scale well with
the field component parallel to the c axis. The results are discussed in the framework of weakly coupled
pancake vortices.

I. INTRODUCTION

A typical feature of high-T, superconductors in com-
parison to conventional ones is the occurrence of giant
Aux-creep effects. These effects were investigated in a
large number of papers by measuring magnetization re-
laxation. In early experiments magnetization decay
currently was found to obey a logarithmic relaxation law
which may be understood in the frame of the Anderson-
Kim Aux-creep model. ' The logarithmic decay law of the
Anderson-Kim model' results from the assumption of a
linear dependence of the pinning barrier on current densi-
ty. For long times the logarithmic decay in this model
changes to an exponential approach to equilibrium.
Several recent experimental observations indicate devia-
tions from that model. Nonlogarithmic relaxation be-
havior was found, for instance, by Thompson, Sun, and
Holtzberg for proton-irradiated single crystals of
YBa2CU307 (Y-Ba-Cu-0) at 30 K, by Konczykowski,
Malozemoff, and Holtzberg for Y-Ba-Cu-0 single crys-
tals near T„and by Sandvold and Rossel for Y-Ba-Cu-O
films. The data are interpreted by means of an interpola-
tion formula, which at short times reduces to the
Anderson-Kim form and in the long-time limit crosses
over to a [ln(t)j ' ~ decay. This formula may be under-
stood in the frame of the vortex-glass model as well as in
the collective-creep model (e.g. , Ref. 7). Experimentally
observed deviations from the logarithmic decay law may
be related to deviations of the current dependence of the
barrier from the linear law of the Anderson-Kim model. '

The interpolation formula is related to an inverse power-
law barrier. A logarithmic dependence of the pinning po-
tential on the current density was suggested by Zeldov

et al. for explaining relaxation data of Y-Ba-Cu-0 films.
The dependence of the effective pinning barrier on the
magnetization (i.e., the current density) was measured by
Maley and Willis' and McHenry et al. " for grain-
aligned Y-Ba-Cu-0 as well as single crystals of
La, 8Sro &4Cu04, respectively. They found a somewhat
better fit of the experimental results assuming a logarith-
mic barrier rather than an inverse power law. From a
theoretical point of view, Vinokur et al. ' have pointed
out that the logarithmic current dependence provides a
good approximation for the creep activation barrier in
the single-vortex creep regime. For this case an exact
solution of the Aux-creep problem was given by Vinokur,
Feigelman, and Geshkenbein' which results in self-
organized criticality. A completely different approach to
the Aux-creep problem assumes a distribution of pinning
barriers (e.g. , Ref. 14). Common to all single-barrier
models, deviations from a logarithmic decay law become
apparent only after appreciable decay of magnetization.
However, for reasons of experimental sensitivity, most in-
vestigations are performed under conditions where the
effective pinning barriers are high in comparison to kT;
i.e., either the pinning centers are relatively strong as, for
instance, in Y-Ba-Cu-0 in comparison to Bi-Sr-Ca-Cu-0
or the temperature and magnetic field are sufBciently low.
For the extremely anisotropic materials of Bi-Sr-Ca-Cu-0
or Tl-Ba-Ca-Cu-0 type, there are a few papers in the
literature which report deviations from a logarithmic re-
laxation law. Shi and Xu, ' for instance, interpret their
nonlogarithmic relaxation data for single crystals of
BizSr2CaCu20 by the interpolation formula originating
from the collective-creep model. Evidence for collective
Aux pinning is claimed by Svedlindh et al. ' for
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Bi2 2Sr, 7CaCu2O„single crystals. van der Beck et al. '

find for a Bi2Sr2CaCuzO single crystal a logarithmic
dependence U(J) with deviations at low current densi-
ties. In the framework of the collective-creep model, they
describe their data by an inverse power-law barrier, the
power of which varies continuously with current density.
Maley et aj'. ' report for Pb-doped Bi2Sr2Ca2Cu30 tape
that their results can be fit quite well with the logarithmic
form of U(J).

Relaxation measurements reported in the literature
mainly are confined to the case of the magnetic field be-
ing parallel to the crystal c axis. For inclined field direc-
tions peculiarities of the vortex structure occur especially
in the case of clearly layered materials of the Bi-Sr-Ca-
Cu-0 type that have consequences for the relaxation be-
havior. In the present paper we combine relaxation mea-
surements with investigations of the anisotropy of Aux

line pinning in Bi-Sr-Ca-Cu-O. In particular, we report
relaxation data in a rapid relaxation regime for the field
being inclined with respect to the c axis. We investigate
textured tapes of BizSrzCazCu30„which is estimated as a
promising material for technical applications at 77 K.
However, problems arise due to severe inhuence of Aux

creep at high fields especially for field orientation parallel
to the c axis. We address these problems in the present
paper by investigations by means of torque magne-
tometry. This method has been probed to be useful for
an elucidation of all kinds of anisotropy, e.g. , of the vor-
tex lattice energy (e.g. , Refs. 19—21) and vortex pin-
ning. ' With the torque method one starts relaxation
from a steady state. Problems with Aux redistribution
and overshoot effects which may occur with field sweep
methods may be avoided. In the case of torque magne-
tometry the induction of the sample is nearly constant
during the whole cycle of field rotation. Problems with
incomplete field penetration are avoided if the magnitude
of the rotating field is large enough. Using a very sensi-
tive torquemeter we were able to observe relaxation for
several field orientations nearly up to equilibrium. The
equilibrium torque value may be determined with the
necessary accuracy in order to check quantitatively devi-
ations from a logarithmic decay law. This aspect is ig-
nored in some papers and accordingly strange effects may
result. We will show that the measured torque relaxation
data may be interpreted by a logarithmic pinning barrier.
From relaxation data we derive current-voltage charac-
teristics. It will be shown for the present case of high
current density tapes of Bi2Sr2Ca2Cu30 that a power
law holds over five orders of magnitude of the induced
electric field with the power depending in a typical
manner on the field component parallel to the c axis.

II. EXPERIMENTAL DETAILS

The present experiments were performed with melt-
processed polycrystalline Bi-Sr-Ca-Cu-0 in the form of a
silver-sheathed tape. The tape was prepared by a special
process involving several annealing and pressing steps.
Resistivity measurements show a transition to the normal
state at T, = 106 K with a transition width AT= 3 K, re-

vealing that the samples are mainly of the 2:2:2:3 type.
Investigations by scanning electron microscopy show that
the samples consist of platelike grains. The plate normals
which are identical with the c axes are aligned within an
angular range of 10 parallel to the tape normal. Speci-
mens of 5 mm length with a cross section of the super-
conducting core of 1.65X0.025 mm were cut from the
tape for measurements. The smallest dimension is paral-
lel to the mean c-axis direction.

Torque measurements were performed after zero-field
cooling at constant temperature of 77 K as described pre-
viously (e.g. , Ref. 24). Two types of experiments were
carried out. First, an external magnetic field was turned
in a plane which contains the mean c-axis direction per-
pendicular to the tape. The torque G exerted on the sam-
ple was measured in dependence on the angle 0 between
field direction and the mean c-axis direction. Measure-
ments were carried out for field rotation with forward

(G& ) and reverse rotational sense (G„) in order to get in-

formation on rotational hysteresis losses. Field rotation
rate was 1 deg/s for all experiments with exception of one
run where the rate dependence was investigated in the
range 1 —10 deg/s. From the experimental torque data,
reversible (G„„)and irreversible (G,„) torque contribu-
tions were determined according to

G„,= —,'(G~+ G„),

G;„=—,'(G~ —G„) .

(la)

(lb)

III. EXPERIMENTAL RESULTS

Examples of typical torque curves G(8) are shown in
Figs. 1(a)—1(c) as dotted lines for several values of the
external magnetic field. The angle 0 is measured begin-
ning from the c axis as sketched in the inset in Fig. 1(a).
The,reversib e torque contribution determined according
to Eq. 1(a) is shown as a solid line in Figs. 1(a)—1(c).
Moreover, traces of relaxation experiments are shown as
vertical line pieces in Figs. 1(b) and 1(c) which approach
the reversible curve. The irreversible torque contribu-
tions G;„(8), i.e., the rotational hysteresis losses caused

by pinning of the vortices, were extracted from the exper-
imental torque curves according to Eq. (lb). Results are
shown in Fig. 2 for several values of the external magnet-
ic field H„,. With increasing H„, the irreversible torque
becomes more anisotropic. This torque contribution is
caused by the pinning of vortices and may be used for es-
timation of the critical-current density as discussed
below.

Relaxation curves G(t) were measured as above de-
scribed for different stopping angles 0. The approach to
equilibrium is demonstrated by the results shown in Fig.
1(c). It may be seen that the relaxation traces from both
the forward as well as the reverse curve almost reach the

In a second group of experiments, the relaxation of the
torque after stopping the stationary rotation of the exter-
nal magnetic field H,„,was measured for several values of
H„, and various directions 0. The relaxing torque was

recorded for a period of about 10 s.
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FIG. 2. Dependence of the irreversible torque on the magni-
tude and orientation of the external magnetic field H,„,.
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reversible curve. The reversible torque is due to aniso-
tropic contributions to the free energy of the system. It
rejects mainly the layered structure of the high-T, crys-
tal lattice (cf. Ref. 26). For characterization of the relax-
ation process, we take into account only the irreversible
torque part 6;„, e.g. , the difference between the mea-
sured torque G(t) and the value of the reversible torque
G(t )=G„„determined as described above. Results of
relaxation measurements for the case of the external field
parallel to the CuO planes as well as under an inclination
of I9=45' are shown in Fig. 3 with lin-log scaling of the
coordinate axes. For the sake of comparison, we have
normalized the torque relaxation data with respect to the
torque G(to) for to = I s after a stopping field rotation.
Relaxation proceeds more rapid for smaller 0 and higher
values of the external field. One may see that the often
used lin-log plot gives curved lines especially for the case
of higher fields for which the relaxation proceeds rapidly.
Only for the case that the relaxing quantity is yet far
from equilibrium may the relaxation be approximated by
a logarithmic dependence. The data evaluation per-
formed below shows that the relaxation process obeys a
power law in the whole investigated range.

IV. DISCUSSION

A. Anisotropy of losses

(g -2.5
The measured torque is given by

G/V=p~M XH,„„G/V=poPIH, „,sin(M, H,„,), (2)

-5.0
(c) H „, = 400 kA/m

-7.5
45 90 135 180

8 (deg)

FIG. 1. Dependence of torque on the direction of the exter-
nal magnetic field (dotted lines), calculated reversible torque
(solid line); and relaxation traces [vertical line pieces in (b) and
(c)] for external magnetic fields of (a) 8 kA/m, (b) 80 kA/m, and
(c) 400 kA/m.

where V is the sample volume, H,„, is the external mag-
netic field, and M is the magnetization of the supercon-
ductor related to the Aux density B and the internal field
H;„, by M=B/po —H;„,. The magnetization may be split
into a reversible part M„, and an irreversible part M;„.
The reversible one is a function of the field direction due
to the anisotropy of the system free energy (cf., e.g. , Ref.
26). In the present case of textured material, the intrinsic
anisotropy of the layered superconductor is masked by
the broadening effect of the orientation distribution func-
tion of the grain ensemble. For that reason an analysis of
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those curves with respect to the anisotropy ratio of the
e6'ective electron masses is beyond the scope of the
present paper.

The irreversible part of the magnetization, M;„, occurs
in the case of torque magnetometry due to the steady
change of the field orientation which forces the vortex
system in a nonequilibrium configuration. The irreversi-
ble part of the magnetic moment, m;„, is related to the
current density J in the sample according to

m;„=—,
' rXJd r . (3)

1.0

0.8

0 ~ oo

~ +I' He„t (kA/m)

0.6
(9

O

0.4
32

The current density is related in a nonlinear, tensorial
way to the electrical field E, which is induced by the
changing induction B in the sample. The problem of
finding the J-E relations will be dealt with in Sec. IV C.
A complete theoretical analysis of that problem was
given by Klupsch for a disklike sample, for which the
current is confined to the disk plane; i.e., M has only a
component M, parallel to the disk normal. In that case
one may calculate critical-current densities from torque
results in analogy to the well-known Bean model. In this
way, for instance, the orientation dependence of large ir-

reversible torque for c-axis textured Y-Ba-Cu-O films

may be understood. The following experimental argu-
ments show that the magnetization in the present case of
Bi-Sr-Ca-Cu-0 has merely a z component which depends
on the z component of the external magnetic field, only.
The experimental torque curves of Fig. 1 show that for a
field parallel to the c axis (O=O') there is no transverse
component of the magnetization which would involve
currents Aowing perpendicular to the CuO planes. We
derive the value of the irreversible magnetization M;„
from the irreversible torque contribution (Fig. 2) by using
Eq. (2) and assuming sin(M, H,„,) = sinO:

M;„,=G;„/( V@OH,„,sinO) . (4)

Then we get the curves shown in Fig. 4. Plotting that
data versus H, =H„,cos0, we get a single curve shown in

Fig. 5. There, regarding the texture width, we took into
account the misorientation of grains by assuming for the
case of a field perpendicular to the texture axis a value
0=85. From the irreversible magnetization, one may
calculate a critical-current density according to an exten-
sion of the Bean model to the present case of a turning
field. We have provided in Fig. 5 a second scale on the
right-hand side of the figure showing critical-current den-
sities estimated according to J, =4M;„/D (D is the sam-
ple width). In this way the figure demonstrates the
strong dependence of critical currents on the field com-
ponent H, parallel to the c axis. With increase of that
field component, the critical-current density decreases
nearly exponentially. A nearly exponential decay of criti-
cal currents with increasing field was reported also for
Y-Ba-Cu-0 (e.g. , Refs. 30 and 31). However, because of
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FIG. 5. Irreversible magnetization (left scale) and critical-
current density (right scale) vs the field component 0, parallel
to the c axis.

the dependence of J, only on the component H, in the
present Bi-Sr-Ca-Cu-0 material, one may expect for the
ideal parallel-field configuration (i.e., a sample with ideal
alignment of the ab planes and the field) critical-current
densities independent of the field amplitude as high as the
zero-field value. The excellent scaling of M;„with the
field component H, independent of the angle 0 confirms
the assumption that M;„ is aligned with the c axis during
the whole cycle of field rotation. Accordingly, the associ-
ated currents are confined to the ab plane. The torque
data reflect the typical anisotropy of dissipation in
layered high- T, materials, which was also
found by angular-dependent electrical-transport measure-
ments. ' ' ' Scaling of the magnetic response with the
field component parallel to the c axis was found also by
Duran et al. by ac-susceptibility measurements on
Bi-Sr-Ca-Cu-O. Taking into account a typical demagnet-
ization factor N„=0.97 for the present samples, one can
see that in the whole parameter range of our measure-
ments poH, is nearly identical with the fiux density B,.
Obviously, dissipation may be understood as due to
motion of pancake vortices which are driven during field
rotation along the CuO planes, thereby surmounting pin-
ning barriers due to crystal defects located in the CuO
planes. This picture was already used by Kes et al. for
explaining several experimental results for the case of a
field parallel to the CuO planes. The kind of defects re-
sponsible for pinning of pancake vortices is not yet clear.
Tachiki, Koyama, and Takahashi have suggested a
model for explaining the experimentally found critical-
current anisotropy by assuming that vortex kinks are
pinned by some kind of planar defects perpendicular to
the CuO planes. We have shown recently that planar
defects (e.g. , twin planes in Y-Ba-Cu-0) have no infiuence
on the maximum of the irreversible torque component
which arises for the field direction parallel to the CuO
planes. Moreover, in the present samples planar defects
parallel to the c axes of the grains may not be expected.
Instead, point defects (e.g., oxygen vacancies) in CuO
planes may represent pinning centers for point vortices as

B. Torque relaxation

The measured torque relaxation data shown in Fig. 3
may be easily transferred into magnetization data using
Eq. (4) and taking advantage of the discussion of Sec.
IVA. The results are plotted in Fig. 6 in a log-log plot.
All curves are rather straight. The slope increases with
increasing field. It is obvious that the Anderson-Kim ap-
proach cannot explain the data at least for higher field
values. We compare our experimental data with relevant
models from the literature which are characterized by the
assumption of different dependences of the barrier height
on current density: the inverse power-law barrier, the
logarithmic barrier, and the linear barrier according to
Anderson and Kim. ' The interpolation formula resulting
from the vortex-glass ' or collective-creep model,

M(t) =Mo [1+pkT/Uoln(t /t, z) ]

is related to an inverse power-law barrier

U( J)=( Uo/p )[(Jo/J )
—I],

which gives a relaxation rate

d lnM kT
d lnt Uo+pkT ln(t/t, s)

(5)

The logarithmic barrier

U(J)= Uoln(JO/J)

leads to a power law

M(t) =Mo( t /t, ~)

with

(9)

S=kT/Uo .

In the Anderson-Kim flux-creep model, ' one has

(10)

was argued previously by Kes et al. (e.g., Ref. 35).
The observed H, dependence of the irreversible magne-

tization (Fig. 5) shows that pinning decreases remarkably
with increasing field component parallel to the c axis; re-
gardless, the field amplitude is raised or the field orienta-
tion is changed toward the c-axis direction (9=0'). Both
latter processes are associated with an increase of pan-
cake density and a related increase of pancake interac-
tion. On the contrary, when the field direction ap-
proaches the CuO planes (8=90'), the pancake lattice be-
comes extremely diluted and interactions fade away.
With decreasing field amplitude, vortex interaction de-
creases too and the apparent anisotropy of the irreversi-
ble magnetization vanishes (cf. Fig. 4). This picture is
confirmed by the second group of experiments discussed
in the next section, which deals with torque relaxation.

In the case of Y-Ba-Cu-O, deviations from the just dis-
cussed model of the quasi-two-dimensional layered super-
conductor are observed. Fischer et al. have reported
magnetization measurements on single crystals of Y-Ba-
Cu-0 for several field directions. Their results show that
only in a range 0'+0&60 are screening currents nearly
confined to the CuO planes.
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M(t) =Mo [ 1 —kT/U ol n(t /t, tt) ],
U(J) = Uo(1 —J/Jo ),
S=kT/[U, kT—ln(t/t, tt)],

(12)

(13)

~ 0 ' ~ & s s
's oyoo

$~

I I ~ I IIIII I I I I III ~

Haxt (kA/m)-

where Uo is the undisturbed pinning barrier for current
J =0 and t,ff is a characteristic time depending on micro-
scopic properties and initial conditions. Comparison of
the decay functions [Eqs. (5), (9), and (11)]shows that the
latter two equations may be regarded as special cases of
the interpolation formula Eq. (5). The logarithmic bar-
rier results from the inverse power law in the limit p ~0.
The Anderson-Kim formula represents the case p = —1.
Further characteristic values of p are derived within the
collective-creep model. At least three creep regimes are
distinguished: p =

—,
' for single-vortex creep, p =

—,
' for

hopping of small bundles with a transverse size R «A. (A,

is the London penetration depth), and p =
—,
' for hopping

of large bundles. For 2D collective creep, a value p =—', is

proposed. These exponents were derived for small hop-
ping distances L «a (a vortex-lattice constant). In the
opposite limit, ' ' the value p =

—,
' may be derived.

In order to check the suitability of the different models

for a description of the present experimental data, we
have tried to fit our data using Eq. (5) for several charac-
teristic values of the power p. Results are demonstrated
in Fig. 7 for an example of rapid relaxation with a rela-
tively large field inclined by an angle of 45 with respect
to the c axis. There, we have plotted the experimental
data in a frame [M/Mo] ~ versus ln(t/t, It) for distinct
values of p. There, a value of 10 s was chosen for t,ff.
Curves of the type given by Eq. (5) are straight lines in
the plot of Fig. 7. Apparently, the experimental data lie
on curved lines for p values that are different from zero.
As a quantitative measure, we have given in the inset of
Fig. 7 the goodness Q of fitting with straight lines in
dependence on the power p. The best fit [i.e., the max-
imum of the curve Q(p)] is given for a value p =0.06,
which is closer to p =0 than to any other of the above-
mentioned theoretical values. This confirms the earlier
arguments in favor of a logarithmic barrier. ' It should
be pointed out that a spurious bending of decay curves
may occur at large times due to an error 6M„„of the
value of the reversible magnetization. The accuracy of
the end value of the relaxation M(t ) =M„„determines
the maximum time up to which the decay data are
confident. Beyond this time the error 5M„„causes in bi-
logarithmic representation of decay curves a spurious
curvature either upward if a too small value of M„, is as-
sumed or downward if M„, is overestimated. In the
present experiments, the condition 5M„„«M;„,(t,„) is
always fulfilled, where t,„=10 s is the maximum
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FIG. 6. Relaxation of the irreversible part of the magnetiza-
tion for different external magnetic fields for directions (a)
0=45 and (b) t9=90'.

FIG. 7. Experimental decay data (H,„,=80 kA/m, 0=45')
in a M vs lnt plot for different p values: p =

—,', —,', and —, {in-
terpolation fortnula [Eq. (5)] ); p=0 (power law [Eq. (9)]);
p = —I (Anderson-Kim [Eq. (11)]). In the inset the correlation
coefficient Q for a fit of the experimental data with Eq. (5) is
given as dependent on p.
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measuring time. We can clearly rule out for our data the
exponents p =—', and —,

' predicted for the low-current re-
gime of the collective-creep model (hopping of vortex
bundles). Also, the value p =—', given for 2D creep as well

as the value p= —,
' cannot be confirmed by our results.

Regarding the high temperature and the very low current
densities of the present results, single-vortex creep—
characterized in the collective-creep model by a value

p =
—,
' —seems to be unlikely. Comparing experimental

values of p reported in the literature, one observes a con-
siderable scattering of the data. For the case of Y-Ba-
Cu-O, besides logarithmic decay (p = —1) there are given
small values of 0. 1 ~p ~0.5 (Ref. 40) or even zero (loga-
rithmic barrier) '' as well as values up to p =3. Thomp-
son, Sun, and Holtzberg have reported the temperature
dependence of p for the range 4.2~ T 70 K. They
found a maximum of p at T =30 K with roughly p =

—,'.
Remarkably, the decrease of p at higher T may be extra-
polated to p =0 at about 80 K. For the case of
Bi2Sr2CaCu20, Svedlind et al. ' fit their data by
ln(t/to) ~, which differs from the interpolation formula
at least by a factor of p '. They report 1.0 &p & 1.8 and
10 & t,ff & 10 s. van der Beck et al. ' report for
Bi2Sr2CaCu20s+„single crystals a U(J) dependence at
high current densities close to logarithmic. However, for
fitting the same data by U, (J, /J )~, they claim a cross-
over from p =—', at high currents to p =

—,
' at lower ones.

The reason for the inconsistency of most literature data is
not yet clear as was pointed out in Ref. 40 too. The
present investigations on Bi2Sr2Ca2Cu30 tapes dier
from the literature data besides by the material and ex-
perimental procedures and also by the temperature and
field range. Present data refer to a comparatively high
temperature of 77 K, where one deals with a regime of
very rapid relaxation near the irreversibility line or—in
the framework of the vortex-glass model —with the criti-
cal region near the vortex-glass transition. Comparing
with Y-Ba-Cu-0 data, one should regard that in the
present case of Bi-Sr-Ca-Cu-0 we deal with a much more
anisotropic material, the quasi-two-dimensional character
of which makes the predictions of the vortex-glass model
questionable. It should be pointed out that the present
data are the closest to the irreversibility line available in
the literature until now. So di6'erences of p values to the
literature data may not be surprising. Moreover, we ar-
gue that the power-law decay (p =0) reported here may
be typical for the close neighborhood of the irreversibility
line.

which may be approximated by

D dH, dME=—po +
2 dt dt

(14)
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(sample width D), where M, is determined by Eq. (4) and
a minor change of H, =H cosO is taken into account,
which arises in our noncompensated torquemeter due to
a very small change of the sample orientation during
torque relaxation. In this way we have calculated from
the relaxation curves G(t) the dependence of the electri-
cal field on the current density. Results of the calcula-
tions are shown in Fig. 8. They demonstrate the validity
of a power law for the electric-field —current-density
characteristic. A consequence of a power law is an ambi-
guity of the definition of "critical"-current densities.
Discrepancies in the literature regarding J, values deter-
mined by electrical and magnetic methods (e.g. , Refs. 24
and 30) may be caused by using different voltage criteria
for defining critical-current densities J, on the nonlinear
current-voltage characteristics. Comparing results of
both methods, Ries, Neumiiller, and Schmidt found for
melt-processed BizSr2CaCu2O a power law too. At
lower temperatures, Kim et al. ' found a negative curva-
ture in a log-log plot of current-voltage characteristics
which allows a reasonable definition of J, . The transition
to power-law behavior in the current-voltage characteris-
tics was interpreted by Koch et al. as the vortex-glass
transition temperature.

According to the work of Zeldov et al. , a logarithmic
barrier leads to a power law for the E-J dependence,

C. Electrical-field —current-density characteristics
0 1 2

57

1.4

Above, we have given arguments that the irreversible
part of the magnetization has only a z component parallel
to the c axis. Consequently, only a component J parallel
to the CuO planes occurs. Then we may calculate the
current density according to J(t)=4M;„(t)/D (D is the
sample width). The electric field may be calculated ac-
cording to

vxE= dB
dt

23 5.7

10 10 10

j (A/cm )

FICx. 8. Electrical-field —current-density characteristics de-
rived from torque relaxation for 0=45' (o ) and 0=90 (~ ) for
different values of H, .
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E/Eo = (J/Jo), Eo =voLB, (15)
1Q2

where vp is an attempt frequency and L a hopping dis-
tance. We have combined in Fig. 8 data of measurements
for different orientation and amplitude of the external
magnetic field with the corresponding z component of the
field given on each curve. There, we have taken into ac-
count the grain miso rientation by assuming a value
0=80' for the case of a field parallel to the tape plane.
The results show that the slope Uo /kT of the E(J) curves
is determined by H, independently of the field direction
and field magnitude. For comparison, we have per-
formed electrical-transport measurements for samples
manufactured by the same process. The data cover a
range of the electric field of (0.5 —1.7) X 10 V/cm. In
comparison, electrical-field values realized by torque
magnetometry are at least two orders of magnitude small-
er. Electrical measurements were performed for two
directions of the magnetic field: parallel to the c axis
(9=0') and at an angle 0=90'. Note that the case 9=0
is not accessible for torque mognetometry. The data also
obey a power law and scale with the field component H, .
The pinning barrier Uo/kT determined from the power
of the E-J curves is plotted in Fig. 9 in dependence on the
field component H, for the magnetic as well as the elec-
trical measurement data. There is a remarkable match of
all data obtained by electrical as well as magnetic
methods with different magnetic-field magnitudes of
1.6—2000 kA/m. It should be noted that the data
comprise different field directions 0. Here, again, we see
the scaling of the data with H, =H,„,cosO. The coin-
cidence of the data for the different field directions on one
curve shows that the relaxation rate is determined by the
pancake density in such a way that Up decreases with in-
creasing Aux density. The data show roughly a depen-
dence H, ", where n varies from —,

' at low H, to nearly 1

at the highest pancake densities. In the literature, n =1
was suggested (e.g. , Ref. 43). However, experimental
data in the literature scatter considerably. Comparing
the data with the relaxation curves of Fig. 3, one may see
that especially those curves deviate from logarithmic be-
havior according to Anderson and Kim which are
characterized by low Up/kT. For a maximum observa-
tion time of about 10 s in the present measurements, de-
viations from logarithmic creep become apparent for
Up/kT ( 10. In that case of "rapid" relaxation, we deal
in the neighborhood of the so-called irreversibility line.

.0

I—
10'

~ ~

D 0

1Q0

10
~ ~ 4 ~ S I ~ ~ ~ ~ ~ I l

10 10
~ ~ ~ 8 I ~ ~ ~

10 10

tude as well as the field direction may be reduced to the
dependence on the field component parallel to the c axis,
which represents the density of pancake vortices situated
on CuO planes. Losses (e.g. , rotational hysteretic ones)
arise when the pancake vortices are forced by a change of
the external magnetic field to move along the CuO
planes. Thereby, they experience the pinning potential of
defects situated in those planes. The resulting pinning
barrier decreases strongly with increasing vortex density.
Torque relaxation results show that the fIux-creep model
of Anderson and Kim' is applicable only in a parameter
range where creep effects are small. Otherwise, decay
curves follow a power law which is in accordance with a
logarithmic pinning barrier suggested previously by Zel-
dov et a/. for Y-Ba-Cu-0 thin films. The logarithmic
barrier differs from other suggestions in the literature re-
garding the shape in real space of pinning potentials U(x)
by its long-range tail. A physical justification of that po-
tential shape was already given by Zeldov et al. The
somewhat exotic behavior of that potential for x ~0 may
be eliminated by a correction according to a suggestion
by Welch. Our experimental data suggest that the pin-
ning of pancake vortices in extremely layered CuO-based
materials i.n the vicinity of the irreversibility line may be
described by a logarithmic barrier.
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