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The universal lack of a Lorentz-force dependence on dissipation for fields parallel to the CuO,
planes of the highly anisotropic high-temperature superconductor T1,Ba,CaCu,0, questions wheth-
er flux motion is the cause of this dissipation. We report measurements over a wide range of current
densities, in the broadened resistive transitions, current-voltage characteristics I(¥), and critical
current densities J.. We rule out the suggestion that this effect is caused by vortices in the CuO,
planes, due to a small misalignment of fields parallel to these planes: That model requires a
significantly larger field component perpendicular to the planes than is reasonable, based on the
measured alignment of the samples and crystal axes. Instead, we consider a Josephson-coupling
model that is consistent with the broadened resistive transitions and the lack of Lorentz-force
dependence. A detailed comparison of the predictions of these models is made: The Josephson-
coupling model is consistent with the temperature dependences of the activation energy U and J.,
and is better matched to the weak-field dependence of J,; while the flux-creep model fits the experi-
mental result for U, but it predicts a much stronger temperature and field dependence of J. than is
found. Possible origins of Josephson junctions in high-quality films and single crystals are dis-
cussed. For the data with the field parallel to the c axis, a conventional flux-flow explanation is also
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quite reasonable.

I. INTRODUCTION

The broadened resistive transitions of high-
temperature superconductors (HTS) in a magnetic field H
parallel to the CuO, phase have been shown' * to be in-
dependent of the macroscopic Lorentz force in the highly
anisotropic HTS, Bi,Sr,CaCu,0,, Tl,Ba,CaCu,0,, and
recently” in YBa,Cu,Oy. Since the Lorentz force is essen-
tial to understand such losses in terms of magnetic-flux
motion, these authors have questioned this commonly
held belief. Others have made various attempts to recon-
cile this contradiction. Explanations based on flux cut-
ting’ or deviations of the microscopic current from its
macroscopic direction (thus allowing a microscopic
Lorentz force and flux motion) cannot explain the virtual
equivalence of the results for the current perpendicular
and parallel to the field direction. The role of the ex-
tremely high anisotropy of the field-dependent properties
of HTS has also been discussed widely: recently, Kes
et al.® argued that only the component of the field H,
that is perpendicular to the CuO, conducting planes gives
rise to a vortex lattice, and that the zeros in the order pa-
rameter and screening currents are restricted to these
planes. They claim that such a model can explain: (a)
the variation of the broadened resistive transition as a
function of the angle between the ¢ axis and the field; (b)
the variation of critical current density, J., determined
from magnetization measurements for fields that are
parallel (||) and perpendicular (1) to the CuO, conducting
planes; and (c) the magnetic torque, 7, as a function of an-
gle, ¢, between H and the ¢ axis. However, these inter-
pretations can be understood simply by decomposing the
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applied field into H, =H cos¢, and a sufficiently large an-
isotropy ( =20) of the field-dependent resistivity, for (a);
the reasonable assumption that J, depends predominant-
ly on H |, for (b); and the highly anisotropic upper critical
field, H,,, for (c), although (c) is contradicted by recent
torque experiments.” Of greater importance for the
present study, these considerations say nothing about
whether J. and/or the resistive dissipations are due to
flux motion.

In addition, Kes et al.® suggest that H, can explain the
resistive dissipation as due to flux motion for Hija
without any Lorentz-force dependence. They correctly
point out that when aligning H perpendicular to the ¢
axis, i.e., H||la, where a lies in the CuO, conducting
planes, the required angular tolerance would be too great
to avoid some finite H, even for the best single crystal.
But their suggestion requires that the broadened resistive
transitions for H||a can be scaled to similar transitions for
Hla, but at a reduced field, Hy=H,. They were unable
to test this prediction with available data. We have made
a quantitative test and our results are inconsistent with
the above suggestion: In all cases, the values of H are
much too large to have resulted from the narrow distribu-
tions of c-axis misorientation measured by x-ray rocking
curves or any possible misalignment of the sample. Thus,
the question about the dissipation mechanism is left
unanswered.

We have measured the broadened resistive transitions,
J. and the current-voltage characteristics, I (¥), in highly
oriented films of T1,Ba,CaCu,0, for both orientations of
the field with respect to the crystal axes and transport
current. New data are also presented for the broadened
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resistive transitions in Bi,Sr,CaCu,0, single crystals.
These measurements span the temperature range from
4.2 to 100 K in fields up to 10 T, and no significant depen-
dence on the macroscopic Lorentz force is ever found.

As an alternative to flux motion, we consider a
Josephson-coupling model (which is explained in detail in
Secs. IV and V) for dissipation which has satisfactorily
explained similar results in granular NbN films,® gives a
natural explanation of the lack of any Lorentz-force
dependence and is consistent with the broadened resistive
transitions, J, and I(V). A detailed comparison of the
predictions of these models to Tl,Ba,CaCu,0, is made:
The Josephson-coupling model is consistent with the tem-
perature dependences of J. and the activation energy, U,
and is better matched to the weak-field dependence of J.,
while the flux-creep model fits the experimental result for
U, but it predicts a much stronger temperature and field
dependence of J. than is found. Possible origins of
Josephson junctions in high-quality films and single crys-
tals are discussed.

It is important to recognize that the I (V) provide the
necessary clue to determine whether J. measurements,
made with an appropriate voltage criterion, indicate the
dramatic onset of dissipation or just reflect the continu-
ing broadening of the resistive transition with field.

II. SAMPLE PREPARATION
AND STRUCTURAL CHARACTERIZATION

Sputtered films of Tl,Ba,CaCu,0, were prepared in a
three-gun dc magneton sputtering system.9 Three targets
of Tl, Cu, and a 1:1 Ba-Cu mixture are simultaneously
sputtered in a 20 mtorr Ar atmosphere with an O, partial
pressure of 4X 1073 Torr. The films were deposited onto
(100) single-crystalline substrates of MgO, which were
kept at 210°C during deposition. The films were
wrapped in gold foil together with TI-Ba-Ca-Cu-O bulk
materials and annealed in flowing O, at 870°C for 6 min,
then slowly cooled at a rate of 10°C/min. Electrical con-
tact was made by sputtering Ag through a mask and lead
wires were attached by pressing In dots. Contact resis-
tance was found to be less than 1 Q at room temperature
and negligibly small below T,. X-ray-diffraction analysis
indicated a high degree of orientation of the 2:2:1:2 phase
with its ¢ axis perpendicular to the substrate, with the
half-width at half maximum (HWHM) of the rocking
curve for Tl,Ba,CaCu,O, films consistently being <0.4°,
and for the sample reported here, it was only 0.2° for the
(0010) peak. Further evidence for the high degree of c-
axis orientation comes from torque magnetization mea-
surements'® on similarly made thin films, which indicated
the HWHM was <0.35°. The samples were then sliced
to a width of 0.05 cm for J, measurements.

Single crystals of Bi,Sr,CaCu,O, were grown using a
flux method.!! Here x-ray diffraction shows the HWHM
of the rocking curve for Bi,Sr,CaCu,0, single crystals is
~0.6° for the (0010) peak. Electrical contact was made
with silver paste, but only the resistive tails could be mea-
sured due to the high contact resistance.

Resistance, J, and I (V) measurements were performed
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in a *He gas-flow cryostat equipped with 13.5-T super-
conducting solenoid.

III. LORENTZ-FORCE DEPENDENCE
AND CRYSTALLINE ANISOTROPY

A. Resistive transitions, p( T, H)

The resistive transitions for Tl,Ba,CaCu,O, films are
shown in the Arrhenius plots of Fig. 1 for a current den-
sity of 10 A/cm?. It is clear that the curves have a simi-
lar shape for the magnetic field, H, in both relevant orien-
tations, Hla and Hjja, where a is a vector L to ¢ and
hence in the CuO, plane. Given enough patience, field
values could be found to overlap the curves and make a
convincing case for the similarity between Hla and Hja.
However, from Fig. 1, we estimate that there is ~15 to 1
ratio of the fields for the two orientations to achieve such
an overlap. This ratio determines the component H, of
the applied field H|ja, which is due to c-axis misalignment
of, or within, the film: it implies that an average of
misalignment of the CuO, planes of 3.8° is required to ex-
plain the losses as in Ref. 6. Such a large average
misalignment is unrealistic. Our x-ray-diffraction studies
consistently show the HWHM of the rocking curve for
TI1,Ba,CaCu,O, films to be <0.4° and in this case was
only 0.2° for the (0010) peak. Using this value, the effect
of any undulation of the CuO, planes is too small for H,
alone to explain the magnitude of the observed dissipa-
tion for Hja. The resistive transitions of the
Bi,Sr,CaCu,0, single crystals in magnetic fields are
shown in Fig. 2, and we find a similar ratio of ~10:1 in
effective fields. Here x-ray diffraction shows the HWHM
of the rocking curve for Bi,Sr,CaCu,O, single crystals is
<0.6° for the (0010) peak. Rough extrapolation of the
other experimental results'*!* on Bi,Sr,CaCu,0, films
and single crystals with our ratios within factor of 2 or 3.
Thus, in all cases, the values of H, required by the model
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FIG. 1. The resistive tails of T1,Ba,CaCu,O, film for the ap-
plied field Hla and H|la at measuring current density of 10
A/cm?. These data are used to estimate the component of the
applied field Hjja, which is la, due to c-axis misalignment of, or
within, the film, that is required to explain the losses as in Ref.
6.
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FIG. 2. Similar plot to Fig. 1 for the resistive tails of
Bi,Sr,CaCu,0, single crystal showing the scaling of field be-
tween H||a and H||c is a factor of 10.
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of Ref. 6 are much too large to have resulted from the
narrow distributions of c-axis misorientations or sample
misalignments, and the suggestion® that the macroscopic
Lorentz-force independence of the resistive tails is a
consequence of an unavoidable finite H is in quantitative
disagreement with these experiments.

In addition, the shapes of the “matched” curves in
Figs. 1 and 2 for H||a and Hla are not identical. In order
to shed further light on this issue, the resistances for the
Tl,Ba,CaCu,0, films, shown in Figs. 3 and 4, for H|la
and Hla, were fit to

p(T,H)=peexp

—U(T,H)
T

=poexp T

—_— |, O

where the activation energy U(T,H) is assumed to have
the form Uy(H)1—¢)¢ T is temperature and
t=T/T,(H). Including T o(H), this is a four-parameter
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FIG. 3. Resistive transitions for H|la and H.I showing the
result of a one-parameter fit to Eq. (1). The parameters used are
po=1.2X10"° Qcm, T,,=104.2 K, and g =2 while U,(H) is
shown in Fig. 5.
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FIG. 4. Resistive transitions for H|lc and H1I showing the
result of a two-parameter fit to Eq. (1). The parameters used are
qg=1.5, T.4(0)=104.2 K, and poH;, =2 T/K, while Uy(H) is
shown in Fig. 5, and the increase of py( H) with field is monoton-
ic, but sublinear.

fit. The fitting procedure is complicated by the “double
transitions,” found in Figs. 1-4, which are very reminis-
cent of resistive transitions for granular materials'* and
two-dimensional Josephson junction'’> or proximity-
coupled'® superconducting arrays. In these cases, the su-
perconducting grains or islands exhibit transitions at
their critical temperature resulting in the initial resis-
tance decrease, but not to zero resistance. These grains
or islands then couple to each other with a supercurrent
at a lower temperature. To avoid the ambiguity of the
double transitions, all fitting of the resistivities excluded
the higher-temperature transition.

For Hjja, we first established a fixed value for p, of
1.2X 1073 Qcm from the highest field data (at 2—-10 T),
which is most sensitive to p, and least sensitive to T.o(H).
It is clear that py<p, (T,y), but that is necessary to prop-
erly account for the double transitions. We expect T, to
be virtually unaffected by H because H,, is so large, and a
value of 104.2 K worked best. This is very close to the
mean-field value of 104.6 K determined by fitting the
resistance above T,, to the two-dimensional fluctuation
model.!” Finally to minimize the arbitrariness of the fit,
we selected ¢ =2 and fitted over three orders of magni-
tude in fixed ranges of p between 107° to 10> Qcm.
The excellent agreement with experiments is shown in
Fig. 3, and the only free parameter, U,(H), is shown in
Fig. 5 and can be fit by

Uy(H)=64500/H"% , )

with H in T. Note that, because of the (1—¢)? factor, U
is considerably smaller than Uy(H): it never exceeds
~ 1000 K. In a second scheme, only p, was fixed, and the
other three parameters were fit for all finite field values:
this resulted in ¢ (H)=1.53-1.65, T.,(H)=102.6-103.1
K and U,(H) values about one-half the previous fit. The
use of a larger fixed g of 2.4 led to reasonable fits, but
with T,o(H) of 107 K for 2 T and 111 K for 10 T: These
T, are too large and exhibit the wrong field dependence.
Also, it would seem impossible to make a convincing fit
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FIG. 5. The field dependence of Uy(H) determined from the
fits of Figs. 3 and 4 for H|ja and H||c. Note that, because of the
(1—1)? factor, U is considerably smaller than U,(H): it never
exceeds ~ 1000 K. The lines are fits described in the text.

to g =1, as was done for granular NbN films.> Thus, us-
ing Eq. (1) and our p(T,H) data, it is difficult to deter-
mine g more precisely than a range of about 1.5 to 2.

In the case of Hla, the resistive transitions shown in
Fig. 4 are significantly broader and T, is expected to de-
pend on H. To minimize the parameters, we require an
estimate of T.o(H). A lower limit for the upper critical-
field slope, H;, =—dH,,/dT at T,, of 1 T/K was ob-
tained from the midpoints of the resistive transitions of
T1,Ba,CaCu,0, films.” Magnetization measurements,
which give the thermodynamic H,,(T) and hence T,o(H),
have not been reported for Tl,Ba,CaCu,0,, but for
YBa,Cu;0; a value of ~2 T/K is found'® and this will be
used together with T,,(0)=104.2 K from above.
Presuming first that the mechanism for Hla is the same
as for H|ja, we set po=1.2X10"°Qcm and fitted again
over three orders of magnitude in fixed ranges of p be-
tween 10°° to 107° Qcm. However, we found that all
fits of Eq. (1) showed unreasonably large deviations with
experiment for a fixed ¢ <2. If g was not fixed, the quali-
ty of the fits was close to that obtained for Hjja, with a
peak dependence on uyH/, from 0.5 to 4 T/K. The best
fits, which used pyH,, =2 T/K, resulted in g~2.7 for
low fields, but larger values at the highest fields (e.g.,
qg=4.4 at 10 T). The Uy(H) is about 10% of the values
found for H||a. (Note that these values of U,(H) are not
the ones shown in Fig. 5.) Fixing ¢ at 2.4 and leaving
T,o(H) free resulted in excellent agreement, but with
noH/,=0.36 T, which is too small based on the mid-
points of the resistive transitions.’

From the above fitting, it is clear that a simple scaling®
of p(T,H) at a large value of Hjja to p(T,H) at a smaller
value of Hla will not work: although the effective field
for the same U, is scaled by the same ratio (~10:1), as
was found for the previous qualitative comparison of
p(H,T), the exponent q is significantly different. For ex-
ample, at uoHla=0.25-1T, ¢ =2.7-2.8, while g <2 for
uoH||a=10 T. The field dependence of g and the unphys-
ically large values (up to 4.4) point to possible problems
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in the above fitting procedure for the case of Hla. These
inconsistencies in scaling indicate that the dominant
mechanisms of dissipation might be different for the two
field orientations with respect to the crystalline axes.

The large values of g were needed to fit the sharper
drop of the experimental p(T), below about 10”7 Qcm,
seen in Fig. 4 for Hla. This sharper drop could result
from a qualitative change in the dissipation. For exam-
ple, if the resistive tails were predominantly due to
thermally activated flux motion for Hla, the sharp drop
could reflect the onset of enhanced pinning. Flux motion
is expected to be easier for Hla because the intrinsic pin-
ning of the crystal structure is missing. To address this
possibility, the transitions of Fig. 4 were fit to Eq. (1) be-
tween T, and the sharp drop. If the mechanism of dissi-
pation is different than for Hj|a, then p, is not expected to
be constant, nor the same value used above. The results
of a two-parameter fit (g was fixed at 1.5, while p, and U,
were varied) are shown in Fig. 4 as the solid lines. The
agreement is excellent over the restricted range, but the
fit clearly requires another explanation for low tempera-
tures in Fig. 4. The values of Uy(H), shown in Fig. 5, can
be fit to 2200/H.%"!, while the increase of py(H) with
field was monotonic, but sublinear. Since the present pa-
per is concerned with the Lorentz-force independence for
Hyj|a, the data for Hla will be discussed elsewhere.

Finally, the resistive tails were measured as a function
of current in films of Tl,Ba,CaCu,0O,. For yjH|ja=1 T,
the resistive tails for current densities, J, of 10 A/cm?
and 1000 A/cm? are shown in Fig. 6 for both field orien-
tations with respect to the current: The minor differences
in resistivities between H1I and H||I are most likely due
to thermal cycling upon remounting the sample. Howev-
er, the data at higher current densities clearly demon-
strate that the lack of a macroscopic Lorentz-force
dependence does not depend on J.
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FIG. 6. The resistive tails at a 1 T field for H||a for measur-
ing current densities of 10 and 1000 A/cm? which are perpen-
dicular (slightly larger p) and parallel to the field. The
differences in the tails between the two current directions are as-
cribed to thermal cycling between measurements and are shown
here to be unaffected by increasing the measuring current densi-
ty.
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B. Current-voltage characteristics, I(V)

The I(V) near the resistive tail region were measured
for all orientations of field and current available. For
Hj|a, there were only minor differences between H1I and
H||I: The I (V) were parallel on a log-log plot, but shifted
in current by about 10% for all T as shown in Fig. 7.
Figure 6 shows similar shifts in the resistive tails which
were ascribed to thermal cycling of the sample and the
same is likely here, thus indicating no Lorentz-force
dependence. For Hla, the I (V) are shown in Fig. 8 for a
temperature range from 24 to 46 K in a 5 T field. The
overall shapes show a similar trend to YBa,Cu;0; films'’
for Hla, but we do not find a pure power law in the I (V)
at any temperature nor the scaling necessary to fit to the
vortex glass model,?’ perhaps because Tl,Ba,CaCu,0, is
more two dimensional.

At the lowest temperatures shown, the I(¥) show a
characteristically different shape, as noted previously,19
exhibiting negative curvature. This negative curvature
allows a natural definition of I, without requiring an am-
biguous voltage criterion. (At room temperature even a
carbon radio resistor exhibits a finite I, based on voltage
criterion!) It is important to recognize that the I(V)
therefore provide the necessary clue to determine when
J. measurements, made with an appropriate voltage cri-
terion, indicate the dramatic onset of dissipation or just
reflect the continuing broadening of the resistive transi-
tion. Such negative curvature in a log-log plot of I(V)
occurs only when the resistance is saturating to the
normal-state value near I.: this can be shown for
Josepshon junctions and must be true for flux creep. The
Anderson-Kim model?! ignores the normal-state limit of
resistance and predicts only an exponential increase of V'
with I. However, Tinkham’s reformulation?*?} includes
this saturation in the same manner as for Josephson junc-
tions.

T

T

T

I (A)

FIG. 7. For Hja of 5 T, the I(V) show only minor
differences between H||I (lines) and HL1I (open squares) that are
similar to shifts in the resistive tails which were ascribed to
thermal cycling the sample. The same is likely here, thus indi-
cating no Lorentz-force dependence of I(V). The temperature
step between successive curves is ~2 K.
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FIG. 8. Current-voltage characteristics for Hla in a 5 T field
between 24 and 46 K. The temperature step between successive
curves is ~ 1 K except for the two highest temperatures.

C. Critical current density, J,

Measurements of J. can always be related to the resis-
tive tails: For a given field, the temperature, T, at which
the resistance (or more commonly, the voltage) of the tail
drops below some arbitrary value defines J.(H,T) as
equal to the measuring current density. Although the re-
sults of Fig. 6 could be extended to higher current density
to determine J,, a voltage criterion at fixed H and T is
more convenient, and the customary 1 uV/cm was used
to define J, for Hla and H|la. For Hja, these data are
shown in Fig. 9, superimposed for both orientations of H
with respect to current: there is no evidence for a macro-
scopic Lorentz-force dependence from 4.2 to 93 K in
fields up to 10 T. The macroscopic Lorentz-force in-
dependence of J, is remarkable when compared to the
dependence in ordinary type-II superconductors which
show?* an anisotropy in J. of 20-100 for the same
geometry. In Nb;Sn, furthermore, the inverse of the crit-
ical current varies in accordance with the Lorentz-force
model as sinf, where 0 is the angle between H and I, ex-
cept for a narrow region near =0 where other mecha-
nisms° limit J,.

From the above discussion of the I(V), it is the nega-
tive curvature at low voltages which indicates the onset of
dissipation at a true ‘‘critical” value of current. Since the
J.(H,T) shown in Fig. 9 are determined from a voltage
criterion, a value is always measured whether the I(V)
exhibits negative curvature or just represents a continu-
ous spreading of the resistive transition. Thus, we
display (see also Ref. 25) the onset of negative curvature
of I(V)in Fig. 9 with the solid line (from data accumulat-
ed for uoH =2 and 5 T), and point out that it corresponds
closely to the rapid decreases of J, with field, found at the
higher temperatures. Figure 10 shows the temperature
dependence of J,, using only values for which the I (V)
exhibit negative curvature, and the best fits are for an ex-
ponent of (1—¢) which is ~2. The dependence of
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FIG. 9. The critical current densities, J., for HLI (open
squares) and HJ|I (solid triangles) vs magnetic field at the tem-
peratures indicated for H||a. These clearly indicate no macro-
scopic Lorentz-force dependence of J.. The I (V) for data above
the solid line show negative curvature.

J.(H,T) can be parametrized as
2

_ 300000 A /cm? T
JC(H,T)—T -?; ) (3)

for which we forced the exponent to be 2 and T,,=104.2
K.

Because of the film geometry, J, for Hla can only be
measured with H1I, and these are plotted in Fig. 11, in
which the solid line again delineates the appearance of
negative curvature in the I(¥V) at lower temperatures.
For the lowest temperatures, the field dependence of J, is
consistent with H ~%2* as in Eq. (3), but the scatter in the
data over the limited region exhibiting negative curature
prevented an accurate determination of the temperature
dependence. When J, with negative curvature in I (V) are
compared for H|la and Hla, a ratio of ~10—15:1 is
again found for the effectiveness of the magnetic field.
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FIG. 10. The temperature dependence of J, at the various in-
dicated field values.
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FIG. 11. Same as Fig. 9 except Hla and only HLI is experi-
mentally accessible.

Using the same argument given for the tails, it is evident
that the formation of a vortex lattice related® to H, is
insufficient to explain the ratio of J, between Hla and
H||a in these T1,Ba,CaCu,0, films.

D. Summary

All the transport measurements reported in this paper,
p, I(V) and J_, as a function of temperature and H||a,
show little or no dependence on the macroscopic Lorentz
force. Even if the small difference shown in Figs. 6 and 7
are real, the broadened resistive transitions, I (¥) and J,
for H||I are so similar to HLI that the Lorentz force is at
most a perturbation. In addition, the suggestion® that
vortices in the CuO, planes, due to a small misalignment
of Hj|a, are responsible for these effects has been shown
to consistently require a field component perpendicular to
a which is significantly larger than is reasonable, based on
the measured alignment of the samples and crystal axes.
The measurements with Hjjc leave open the possibility
that a different mechanism than that for Hjja is partially
or totally involved.

IV. JOSEPHSON-COUPLING MODEL

The independence of the above data for Hjla on the
Lorentz force implies that the dominant dissipation
mechanism is something other than flux motion. We
consider fluctuations in Josephson junctions and show
that they are consistent with the broadened resistive tran-
sitions and the lack of Lorentz-force dependence on all
properties reported in this paper. Such a model has satis-
factorily explained similar results in granular NbN films,?
and J, measurements in granular NbN/AIN multilayers
have shown?® a crossover between flux flow and Joseph-
son coupling. In these cases, traditional models for the
Josephson critical current?’ and dissipation®® were used,
and the junctions occurred laterally in the film plane,
across insulating boundaries between the columnar
grains.”’ In making a connection, it should be em-
phasized that the measurements on HTS were made on
single crystal or very large-grained thin films which do
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not have obvious structural defects to produce Josephson
junctions as do the granular NbN films and NbN/AIN
multilayers. However, Larbalestier and Daeumling®
have recently proposed a model of field-induced granular-
ity in single crystals of YBa,Cu;0, which convincingly
explains their magnetization data. In this model, the field
suppresses the superconductivity in regions that are al-
ready weakened by either point or extended microscopic
defects, which are not seen in conventional analyses of
these crystals. Field-enhanced J, have been previously
measured in conventional superconductors with second-
phase precipitates.! Phillips®? has also recently conclud-
ed that YBa,Cu;0; exhibits ““a complex micromorpholo-
gy which is not revealed by ordinary diffraction experi-
ments.” Either of these models***? could lead to weak
limits or Josephson coupled regions or ‘“grains,” even in
the absence of obvious structural defects.

While the junctions could have their origins in the
above models of complex micromorphology’? or field-
induced granularity,*® due to unspecified point or extend-
ed microscopic defects (oxygen vacancies were postulat-
ed* for single crystals of YBa,Cu;0,), another possible
origin is Josephson coupling between superconducting
layers,* in this case the intrinsic CuO, planes. These in-
terlayer junctions play a role in transport properties if
current flow is not confined to individual CuO, planes,
but most cross to other planes by Josephson tunneling.
The probability of microscopic defects or fluctuations
blocking the current flow is drastically increased in the
two-dimensional (2D) CuO, planes compared to 3D su-
perconductors. Whatever the origin of junctions in HTS
is, we find two common features of all these materials
(granular NbN and NbN/AIN) multilayers and HTS, like
T1,Ba,CaCu,0, ): the Lorentz-force independence of the
resistive tails and internal Josephson junctions.

It is of interest to further consider the intrinsic inter-
layer Josephson junctions, since they give a natural ex-
planation of the variation of the broadened resistive transi-
tions with HTS material. The layers are so weakly cou-
pled in Tl,Ba,CaCu,O, that each layer behaves almost
independently. Evidence for this comes from: the huge
anisotropy of H,, with the consequent extremely short
Ginzburg-Landau coherence length along the c¢ axis;’
torque magnetization;'° and two-dimensional fluctua-
tions.!” For such weak coupling, thermal fluctuations
can be a dominant limiting factor on the Josephson cou-
pling and hence transport properties of the system, such
as resistive losses. By comparison, the coupling between
layers is inherently stronger in YBa,Cu;0, (the electron
effective-mass ratio is ~25 compared to ~10* in
Tl,Ba,CaCu,0, in Ref. 10) and therefore the relative
effect of fluctuations will be significantly reduced. From
these considerations, we can understand the observation
in** YBa,Cu;0, (for H|ja) of dissipation by flux motion
together with the large Lorentz-force-independent back-
ground. The relative strengths of interlayer Josephson
coupling can explain how the Josephson fluctuation
mechanism could be comparable in magnitude to flux
motion in YBa,Cu;0, but dominate transport in
T1,Ba,CaCu,0,.

Note that since the T1,Ba,CaCu,O, films are polycrys-
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talline, albeit with a high degree of c-axis orientation,
Josephson coupling could be between the grains. Howev-
er, similar results’ obtained on single crystals of
Tl,Ba,CaCu,0, suggest that the Lorentz-force-
independent characteristics are not a result of thin-film
grains.

V. COMPARISON WITH JOSEPHSON COUPLING
AND FLUX FLOW

It is clear that the absence of the Lorentz force in all
the measurements reported in this paper favors that a
mechanism other than flux-flow controls the dissipation
in T1,Ba,CaCu,O, films for H||]a. Lorentz-free indepen-
dent dissipation is compatible with a Josephson-coupling
model.® In the following, the experimental results of this
paper for Hjla are analyzed within the Josephson-
coupling and flux-flow models of the dissipation.

A. Resistive transitions

Here we consider the consistency of the parameters of
the fit to Eq. (1) for H|ja with these models. In classical
Josephson junctions of the superconductor-insulator-
superconductor (SIS) type, U is given?® in zero field as

U=*#l;/eky (4)

where the Josephson critical current, I ;, also depends?’
on the magnitude of the superconducting order parame-

ter, ¥, or the energy gap, A(T), such that

_ AT A(T)
2¢R 2kyT

I,(T) anh , (5)

which goes as (1—¢) near T,, and the corresponding
low-temperature limit is /.;(0)~7A(0)/2eRy. Here Ry
is the junction resistance above T,, An extension of the
model to finite fields® relied on the uniformity of B due to
the penetration depth being larger than the other relevant
lengths, as it is in HTS, and used the Abrikosov solution
for the vortex lattice for the field dependence of (¢?) as
1—B /uyH,.,. Combining these for T near T

U=2.56rT,,Ry/Ry(1—B /uoH,)(1—1) , (6)

where R, =%i/e*=4114 Q.

The field and temperature dependence of Eq. (6) was
confirmed by measurements in granular NbN films,® but
the temperature dependence of Eq. (6) is in conflict with
the fits of Fig. 3 for which ¢ =1.5 to 2. This conflict can
be resolved by recent measurements® on individual
grain-boundary junctions in YBa,Cu;0; showing
I.~(1—1)%. These have been interpreted as SIS in which
the boundary conditions of Deutscher and Miiller®® are

applied to the order parameter at the insulator boundary:
thus®’

U=2.567T,o[a/E0)]*Ry/Ry(1—1), @)

where £=£(0)/V'1—t is the superconducting coherence

length and a is the lattice constant.
Superconductor-normal-superconductor (SNS) prox-

imity junctions'®3® are another possibility for the Joseph-
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son coupling. The temperature and field dependences for
clean N layers has been summarized® as

U(T,H)~#I,(t)eky ~T.o( Ry /Ry)(1—1)exp(—dyat) ,
(8)

where dy is the N layer thickness, a=ayV'1+sB/T,
ag=2V3mkyT.o/#vg, vp is the electron Fermi velocity
and s is proportional to the electron diffusivity in the
normal-metal layer. The exponential dependence of U or
J. on VB or t is only seen®® in low-temperature super-
conductors well below T.,: its absence here from the ex-
perimental data at any temperature could be used to rule
out SNS junctions, but a crossover to another mechanism
which limits J, at low temperatures is also possible.

The flux-creep model of Tinkham?? predicts
kpU(T,H)~uoHZ2V,, where the superconducting con-
densation energy is multiplied by the volume triggering
the flux jump, V,~&®P,/B. Hence, U(T,H)
~(1—1¢)3/B, which is consistent with an acceptable fit
of the data of Fig. 3 for H|la. However, the factor of £
results from the length along the flux lines of the region
triggering the flux jump. For the very weak coupling be-
tween CuO, planes in Tl,Ba,CaCu,0O,, there are no con-
tinuous flux lines between these planes and the flux cores
in each CuO, plane act independently. Therefore, for any
H| resulting from misalignment, perhaps £ should be re-
placed with a temperature-independent length the order
of the CuO, planar spacing, and then
U(T,H)~(1—1t)?/B. Thus the flux-creep model fits the
experimental result of U(T,H)~(1—1t)?/B for Hja, but
both models are consistent with the temperature depen-
dence.

B. Current-voltage characteristics

Both the Josephson-coupling model?”?® and the

Anderson-Kim flux-creep theory?! predict a linear volt-
age response at low currents followed by positive curva-
ture of V as I increases. At higher currents, the
Josepshon model predicts negative curvature as the junc-
tion resistance approaches its normal-state value, while
the Anderson-Kim model, which ignores the normal-
state limit of resistance, predicts only an exponential in-
crease of V with I (which implies strictly positive curva-
ture on the log(¥)-log(I) plots of Figs. 7 and 8). A more
complete flux-creep model must include saturation at the
normal-state resistance, but no detailed theoretical pre-
dictions are known to the authors. It is also hard to dis-
tinguish between the predictions of these models below
saturation, given some freedom of parameter choices.
Therefore, the best we can do at present is say that our
I(V) data do not confirm, nor rule out, either model.

C. Critical current density

In the Josephson-coupling model [see Eq. (4)], the criti-
cal current, I .(H,T), is strictly proportional to U. This
has been demonstrated® for granular NbN, in which the
columnar grains were assumed to be on a square lattice,
so the junctions between each pair of grains had an area

~da,, where d is the film thickness and a, the average
grain diameter. Thus, I.(H,T) should be equal to
dayJ,(H,T), and U, and J. were shown® to have the
same field dependence of 1—B /uoH_.,. These measure-
ments also verified the 1 —¢ dependence of U and the in-
verse dependence of I, on Ry, the normal resistance of
the junctions. In this granular model, Ry could be ap-
proximated by py/d, because the junction resistances
dominated py, the normal-state resistivity of the film
along its length. Similar considerations apply for the SIS
model of Ref. 35, although the temperature dependences
of U and J, are then (1—¢)%, and the SNS model, in
which U and J, are also ~(1—1t)* near T,,, but exhibit
exponential dependences at low temperature and high
field. The dependence on normal-state resistance is also
complicated by the exponential dependence®® on d .

The modified flux-creep model’>* derives J.~U/
BV,L, where V, is the volume of the minimum region
triggering an activated event and L is the typical distance
moved. The interpretation of results on YBa,Cu;0,
films?®* led to an evaluation of ¥, and L leading to
J.~(1—1)U. This result is the main difference with the
Josephson-coupling models, for which J.~U. If we
make the reasonable assumption that the length of the
flux lines is restricted to the CuO, planar spacing rather
than proportional to §(T) (as assumed above to fit the ex-
perimental temperature dependence of U), then
J.~(1—1¢)*/B. This is clearly too strong a dependence
for both temperature and field when compared to our
measurements for H||a, which are summarized in Eq. (5).

D. Summary

The above comparisons are not sufficiently incisive to
rule out any mechanism considered for dissipation in
Tl,Ba,CaCu,0O,, for H|ja. The main difference in the
models is the ratio J, /U: it is temperature independent in
the Josephson-coupling model, but proportional to 1—¢
for the modified flux-creep model.?>?* OQur results indi-
cate that the temperature dependences of J, and U are
the same, favoring the Josephson-coupling model. How-
ever, it would be useful to have some specific predictions
about the parameters for the flux-creep model. In addi-
tion, it is possible that the dominant dissipation mecha-
nisms for J. and the resistive tails (through U) are
different: This is unappealing since they both exhibit the
same Lorentz-force independence, but, e.g., they could be
inter- and intra-granular Josephson junctions since J,
was not checked in the single-crystal work.> The flux-
creep model fits the experimental result for U(T,H), but
predicts much stronger temperature and field depen-
dences for J, than are found. The SIS and SNS Joseph-
son models are consistent with the temperature depen-
dences of U(T,H) and J.(T,H), and are closer to the
weak-field dependence measured for J...

Both models are rather vague, and a better prediction
for the field dependence of the Josephson-coupling model
in the highly anisotropic HTS-like T1,Ba,CaCu,0, is still
needed. Nonetheless, presuming that both J. and U are
limited by the same Josephson junctions, the different
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field dependences of J. and U, which is strictly propor-
tional to I, in the Josephson-coupling model, means that
the relevant area of the junctions, A4 j» must depend on
field as H ~%%. The magnitude of A;(H) is harder to as-
sess since we cannot assume I, =J 4, as® for the colum-
nar grains of NbN, because the specific junction
geometry is not known and it could be between CuO,
planes.

VI. SUMMARY AND CONCLUSIONS

The universal lack of a Lorentz-force dependence' ~*

on dissipation in the highly anisotropic HTS-like
Tl,Ba,CaCu,0, for Hjja, as measured by the broadened
resistive transitions, current-voltage characteristics and
critical current densities, leads one to suspect that these
may not be caused by flux motion. We have ruled out the
suggestion® that vortices in the CuO, planes, due to a
small misalignment of Hj|a, are responsible for this effect:
such an explanation consistently required a field com-
ponent perpendicular to a which is significantly larger
than is reasonable, based on the measured alignment of
the samples and crystal axes.

As an alternative to flux motion, we consider a
Josephson-coupling model (explained in detail in Secs. IV
and V) which is consistent with the broadened resistive
transitions and the lack of Lorentz-force dependence on
all properties reported in this paper. A detailed compar-
ison of the experimental data with the predictions of the
Josephson-coupling and flux-flow models is made for
H|la. The main difference in the models is the ratio J ./ U:
it is temperature independent in the Josephson-coupling
model, but proportional to 1—¢ for the modified flux-
creep model.?*?* Our results indicate that the tempera-
ture dependences of J. and U are the same, favoring the
Josephson-coupling model. Although it is possible that
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the dominant dissipation mechanisms for J. and the
resistive tails (through U) are different, this is unappeal-
ing since they both exhibit the same Lorentz-force in-
dependence. The Josephson-coupling model is consistent
with the temperature dependences of U(T,H) and
J(T,H), and is better matched to the weak-field depen-
dence measured for J.. The flux-creep model fits the ex-
perimental result for U(H), but predicts much stronger
temperature and field dependences of J, than are found.
Although no definitive choice of model can be made,
based on the T and H dependence of U and J,, the
Josephson-coupling model agrees at least as well as flux
creep and is consistent with the Lorentz-force indepen-
dence. Possible origins of Josephson junctions in high-
quality films and single crystals are discussed.

Fitting the measurements for H|c requires sufficiently
different parameters that it leaves open the possibility
that a different mechanism than that for Hj|a is partially
or totally involved. For example, flux motion is expected
to be easier for H||c because the intrinsic pinning of the
crystal structure is missing.
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