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An unusual loss mechanism is commonly observed in the high-temperature superconductors in a mag-
netic field near the zero-field transition temperature 7.. Resistive transitions in highly c-axis-oriented
TI;Ba;CaCu,O thin films are presented as a function of field perpendicular to the ¢ axis for the current
both perpendicular and parallel to the field. The data are essentially the same over a span of 5 orders of

magnitude below the normal-state resistance.

Since the macroscopic Lorentz force is zero for the

current parallel to the magnetic field, it plays, at most, a significantly reduced role in this loss mecha-
nism. Our results seriously question any explanation of these losses based on magnetic-flux motion.

PACS numbers: 74.60.Ge, 74.70.Ya

An unusual loss mechanism has been commonly ob-
served in the high-temperature superconductors (HTS)
in a magnetic field near the zero-field transition tempera-
ture T.. This loss manifests itself as a current-indepen-
dent resistance! (for sufficiently low currents) which
broadens the transition in an uncharacteristic manner.
In conventional superconductors, magnetic fields shift
the resistive transitions to lower temperatures, with rela-
tively small broadening, so the shift can be regarded as a
measure of the upper critical field, H.;. For the HTS in
a magnetic field, there is relatively little change in tem-
perature of the initial drop of resistance, at T.(onset),
whereas after an initial decrease, the resistance appears
to be activated; i.e., it increases approximately exponen-
tially with inverse temperature. These effects are more
dramatic in! Bi-Sr-Ca-Cu-O and? Tl-Ba-Ca-Cu-O ma-
terials but are also found in® YBa,Cu;0-. Additionally,
magnetization measurements in YBa,Cu305 single crys-
tals indicate that H,; is larger than that determined from
any extrapolation to zero resistance or even by using the
resistive midpoints.*

This unusual behavior has led authors to suggest the
existence of thermally activated magnetic-flux creep, '
flux-line melting,® or another unknown loss mechanism.
In this paper, resistive transitions of highly c-axis-
oriented Tl,Ba,CaCu,0, thin films are presented as a
function of field perpendicular to the c¢ axis, for the
current both perpendicular and parallel to the field.
The data for these orientations are essentially the same
over a span of 5 orders of magnitude below the normal-
state resistance (just above T.). Since the macroscopic
Lorentz force is zero for the current parallel to the mag-
netic field, it can play, at most, a significantly reduced
role in this loss mechanism, and our results seriously
question any explanation of these losses based on
magnetic-flux motion. This new insight has important
implications for understanding discrepancies between
magnetic and transport measurements in HTS.

Sputtered films of T1,Ba;CaCu,0O, were prepared®’ in

a three-gun dc magnetron sputtering system which used
a turbomolecular pump to provide a typical base pres-
sure of (2-3)%10 ~® Torr. The three guns are aimed at
a common point about 6 in. above the sources which pro-
vides compositional uniformity to 1% over a 2-cm?
substrate area. Targets of Tl, Cu, and a 1:1 BaCa mix-
ture are simultaneously sputtered in a 20-mTorr argon
atmosphere with an oxygen partial pressure of 0.1 mTorr
being introduced directly adjacent to the substrates. The
films were deposited onto (100)-oriented single-crystal or
polycrystalline ZrO,-9% Y,O3 substrates, which were
kept at ambient temperature during the deposition. Film
thicknesses are ~1900 nm. The films were annealed in
a closed Au crucible, which was placed in a flowing-
oxygen tube furnace at 850°-890°C for about 5-30
min. It was also found necessary to include a small pel-
let of target material in the Au crucible in order to ade-
quately reduce the loss of the highly volatile Tl. Electri-
cal contact was made by evaporating patterned Ag films
and applying silver epoxy.

Scanning electron micrographs of such films indicate
an interconnected backbone structure, which looks topo-
logically similar to that found in epitaxial YBa,Cu;0,
films on SrTiO; substrates,® except that the grains are
not oriented along the principal crystal axes of the sub-
strates in our Tl;Ba,CaCu,0, films. The composition
was measured by using energy dispersive x rays, and x-
ray diffraction analysis indicates a high degree of orien-
tation with the ¢ axis perpendicular to the substrate.
Samples were mounted in a gas-flow variable-tempera-
ture insert of a 13.5-T superconducting solenoid. Resis-
tance measurements (ac) were taken with a standard
lock-in technique as a heater surrounding the sample
chamber increased the temperature slowly through the
transition. Strictly identical thermal conditions (starting
temperature and heating rate) were used for all runs.
Standard magnetoresistance corrections were used for
the carbon-glass thermometer, but these do not affect the
relative measurements between current parallel and per-
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FIG. 1. The resistive transitions for various indicated fields
which are perpendicular to the ¢ axis. Both field orientations
with respect to the current are displayed for fields of 0.25, 1.5,
and 6 T. The current density was 7 A/cm?.

pendicular to the field.

Evidence for adequate alignment of the polycrystalline
grains in the film and of the film in the magnet come
from resistive measurements of the upper critical field?
in the same apparatus which gave a giant anisotropy of
~70. Further evidence for the orientational uniformity
of the film come from the torque magnetization anisotro-
py’ (~94) in our films.

Some of the data are shown in Fig. 1 for various fields
perpendicular to the ¢ axis; both field orientations with
respect to the current, I, which corresponds to 7 A/cm?,
are shown for fields of 0.25, 1.5, and 6 T, and they
display minor differences compared to the overall effect.
The resistance for H perpendicular to I is higher in these
cases as well as all others, but this effect is seen in Fig. 2
to decrease with the field strength as H ~%%. It is there-
fore unlikely to be a weak manifestation of the Lorentz
force which is proportional to H, but more likely a result
of warming the sample to room temperature and re-
mounting it between measurements in the parallel and
perpendicular orientations. Such small variations have
been noted previously after thermal cycling when the
field orientation was unchanged.

The behavior of the resistive transition versus field fol-
lows that obtained previously,? with the midpoints of the
transition exhibiting a very large upper-critical-field
slope. The linear portions of the curves shown in Fig. 1
occur for the lowest resistances above the noise level and
can be fitted using a simple thermal activation model.!
However, we do not find a single field-independent pre-
factor, and hence cannot reduce all our data to a single
curve as claimed in Ref. 1. Figure 3 shows that the ac-
tivation energies, Uy, follow an H ~047 scaling law:
They are indistinguishable from measurements in
T1,Ba;CaCu,0; single crystals,'® are much smaller than
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FIG. 2. The differences in resistivity, Ap, between H perpen-
dicular and parallel to the current. They decrease with H, and
therefore are unlikely to be a weak manifestation of the
Lorentz force which is proportional to H. Comparisons were
made at a fixed value of p=0.57 1 Q cm for parallel field.

for?® YBa,Cu309, but are about a factor of 2 higher than
for Bi-Sr-Ca-Cu-O single crystals.! The latter reflects a
somewhat smaller effect of the field on these
T1;Ba;CaCu,0O, films; e.g., in a 12-T field, a reduced
resistance of 10 ™3 is found at about 44 K in our films
and at 32 K in the Bi-Sr-Ca-Cu-O single crystal. At low
fields, the prefactor increases significantly, by a factor of
102 from 12 to 0.25 T. However, it should be noted
that the natural logarithm of the prefactor divided by Uy
varies by no more than 40% over all the field values in-
cluding zero field.

In principle, these resistive tails could be caused by
film defects like grain boundaries since, in spite of the
high degree of c-axis orientation, the films are not epit-
axially grown. However, the overall behavior of the ex-
cess resistance found here is so similar to that of single
crystals10 of Tl;Ba,CaCu,O, (our Uy values, over the
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FIG. 3. The values of Uy follow approximately an H ~%4
scaling law. They are about a factor of 2 higher than for the
Bi-Sr-Ca-Cu-O single crystal, but much smaller than found in
YBa,;Cu;O1.
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entire field range, are indistinguishable from Ref. 10)
and the other HTS! that this possibility seems very re-
mote. Additionally, although one can consider that the
current I and/or flux-line direction may deviate from the
macroscopic average and identify flux-flow dissipation
mechanisms for each field orientation, we cannot en-
vision any flux-flow scenario giving identical dissipations.
Wanderings of current and field from their macroscopic
directions would lead to regions with oppositely directed
Lorentz forces, which would, at least, partially cancel re-
sulting in a smaller net Lorentz force with IIH. Al-
though conventional superconductors in the “force-free
configuration,” with IlIlH, indicate that the critical
current density increases by factors of 20 or more,!!
numerous studies, including the novel idea of flux cut-
ting,12 indicate that flux motion can occur. However,
such effects must be even smaller in our study because
the ratio of current density to field is significantly re-
duced (down to 10 ~%) in the data of Fig. 1, and remain
unchanged as the current is further decreased (until the
voltage becomes smaller than the noise). The fact that
the excess resistance is largely unaffected by the orienta-
tion of current and field implies very strongly that the
Lorentz force is not the origin of the resistive loss in the
HTS. Recent measurements'3 of the excess resistance in
single crystals of YBa;Cu3;0O7 indicate two components,
one showing the sin26 dependence of the Lorentz force,
where 0 is the angle between I and H, and the other be-
ing independent of 6 as in our Tl;Ba;CaCu,Oy films. It
will be important to repeat these measurements in single
crystals and films of the other HTS exhibiting such lossy
behavior.
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Note added.— Similar studies by others have come to
our attention. Iye, Nakamura, and Tamegai'* have per-
formed the valuable contribution of measuring this effect
as a function of angle, to rule out misalignment with the
field as its cause. Kitazawa et al.!®> show that the width

of the transition, defined over about 1 order of magni-
tude in resistance, depends on the field orientation with
the c axis and not the current.
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